


 

PREFACE 
 

This CD collects the papers submitted to the 14th International Congress on the 

Chemistry of Cement (ICCC 2015), which was held in Beijing, China between 

October 13~16, 2015, and organized by China Building Materials Academy and the 

Chinese Ceramic Society. Since the First International Congress on the Chemistry of 

Cement started in London in 1918, it has become the most influential event for 

information exchange and promoting global cooperation on cement and concrete 

science and technology.  

This congress attracted papers and attendee from 43 countries. It covers: (1) 

clinker chemistry, (2)  hydration of portland cement, (3) supplementary cementing 

materials, (4) chemical admixtures and rheology, (5) durability and service life 

prediction, (6) alternative binders and (7) standard and codes. A large number papers 

discuss the considerable progress towards understanding chemistry, microsture, and 

durability of cement and concrete. The challenge still remains of finding new ways to 

reduce CO2 emission during cement and concrete production, to extend the service 

life of concrete. Considering cement and concrete as viable construction materials 

must be retained and sustained, considerable efforts still should focus on the 

environmental challenges that the industry and society now face. The main objective 

of this congress was to provide a platform for interactions between researchers, 

producers and engineers all over the world to produce cross-fertilization ideas aimed 

at developing rational miltiple-disciplinary ideas.  
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Abstract 

Most of fly ashes produced today are mainly used as the supplemental cementitutious material to partially replace 

cement used in many building and construction applications. How to increase the cement replacement is the most 

important task for fly ash utilization. Alkaline activation of fly ash has been used to completely replace cement in many 

cases. The effects of three key fundamental properties of fly ash, particle size and its distribution, chemical 

compositions, and mineral compositions, related to alkaline activation have been not well established. This study is to 

investigate the effects of alkaline and fly ash particle size on the strength development using a fly ash/cement blend at 

70/30 by weight.  

For these high fly ash cement blends, water glass as the alkaline activator can significantly increase compressive and 

flexural strengths at all aging times. The use of finer fly ash under this alkaline activation can further enhance the 

strengths except at the early stage, such as 3 days. As expected, strength improvement by water glass is higher than that 

by fly ash fineness. However, the results show that alkaline activation is still not sufficient to achieve 3- and 28-day 

strengths of these high fly ash cement blends equivalent to the pure cement, except 28-day compressive strength. In 

addition, these blends, regardless of the use of water glass or water, seem to have two strength growth stages, while the 

pure cement has only one growth stage due to cement hydration. 

  

 

Originality 

The objective of this research is to study the effects of fly ash fundamental properties on strength development under 

alkaline-activation condition for the fly-ash-rich cement blends. Three key fundamental properties of fly ash are 

particle size and its distribution, chemical compositions, and mineral compositions. This paper covers the particle size 

and its distribution of the high fly ash cement blends under alkaline activation. The future papers will address the other 

two aspects, chemical compositions and mineral compositions of fly ash. 
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1. Introduction 

The value of fly ash as a resource is mainly expressed in its pozzolanic activity. Fly ash is composed 

of particles with different chemical and mineral compositions as well as morphologies. Most fly ash 

particles are glass spheres. The activity is contributed from the surface of these glass spheres, which 

directly relate to surface area (particle size), chemical compositions, and mineral compositions of the 

surface. The major applications of fly ash are based on its activity, especially for building materials. 

Fly ash is typically used as an ingredient in production of cement, such as fly ash Portland cement, or 

as a supplemental cementitious material to partially replace cement in mortars or concretes. The 

typical loading level is not higher than 40% by weight in the total cementitious material content, 

except certain low-end concretes, such as low strength or roller compacted concrete allowing 50% or 

65% cement replacement by fly ash respectively, according to GBJ 146-90, “technical guidance for fly 

ash used in concrete applications”. How to increase the cement replacement, particularly no less than 

70%, is the most important task for fly ash utilization. 

Geopolymer made of 100% fly ash using water glass can achieve 28-day compressive strength (> 55 

MPa) higher than the pure cement at the curing condition of room temperature (Zhao Y. et al 2014). 

Therefore, this study is to investigate the effect of water glass as the alkaline activator on compressive 

and flexural strengths of the 70% fly ash + 30% cement blends as a function of aging time up to 120 

days. The effect of different fly ash particle sizes from the same fly ash on both strengths with time is 

also studied under the same alkaline activation.    

2. Experimental 

2.1. Raw Materials 

2.1.1 Cement: Cement is the P.O. 42.5 reference cement, purchased from China Building Materials 

Academy. Its chemical compositions are listed in Table 1. 
Table 1 Chemical compositions of reference cement 

Compositions SiO2 Al2O3 CaO Fe2O3 SO3 MgO Na2Oeq f-CaO LOI Cl- 

Content (%) 25.10 6.38 54.87 4.19 2.66 2.61 0.56 0.79 2.18 0.009 

2.1.2 Fly ashes 

2.1.2.1 Raw fly ash (FA0) 

Raw fly ash obtained from Beijing thermal power plant from Guohua Power Company, a subsidiary of 

Shenhua Group, has its chemical compositions listed in Table 2. This raw fly ash has its particle size 

distribution of D50=22.9 µm and D90= 97.6 µm with its particle size range from 0.2 to 630 µm.  
Table 2 Chemical compositions of raw fly ash 

Compositions SiO2 Al2O3 CaO Fe2O3 SO3 MgO K2O Na2O 

Content (%) 41.25 35.58 10.14 5.94 1.73 0.68 1.25 0.84 

To effectively study the fly ash particle size effect under the same chemical and mineral compositions, 

two fly ash samples, FA1 and FA2, with different fineness were produced by our laboratory from the 

same raw fly ash, FA0.  The particle size distributions of these 3 fly ashes are shown in Figure 1. 

 
Figure 1. Particle size distributions of fly ashes used in this study 



 

2.1.2.2 Fly ash 1 (FA1) 

FA1 was used as the finer fly ash with its particle size distribution of D50=13.7 µm and D90=40.0 µm 

with the particle size range from 0.2 to 95 µm. FA1 met the fly ash fineness requirement for Class I, 

specified in GB/T1596-2005 “fly ash used for cements, mortars, and concretes”, which has the 

residues on 45µm sieve not higher than 12% by weight. 

2.1.2.3 Fly ash 2 (FA2) 

FA2 was used as the reference fly ash with its particle size distribution of D50=25.1 µm and D90=77.7 

µm with the particle size range from 0.2 to 160 µm. FA2 met the fly ash fineness requirement for 

Class II, specified in GB/T1596-2005 Fly ash used for cements, mortars, and concretes, which has the 

residue on 45µm sieve not higher than 25% by weight. 

2.1.3 Sodium hydroxide 

Sodium hydroxide was the chemical grade purchased from Sinopharm Chemical Reagent Beijing Co., 

Ltd. 

2.1.4 Water glass 

The original water glass, purchased from Beijing Hongxing Guangsha Chemical Building Materials 

co., LTD., is an industrial grade with the original moduli of 2.4. Water glass used in this study has 

modulus of 1.5 and density of 1.5g/cm3, prepared from the original water glass and NaOH. 

2.1.5 Water  

Water is the normal tap water at NICE. 

2.2. Experimental Process 

2.2.1 Sample preparation and its fluidity:  

Each sample was prepared according to the standard mortar paste preparation procedure with designed 

formulations as listed in Table 3, and tested according to GB.T2419-2005 Test method for fluidity of 

cement mortar. The desired fluidity was 180-190 mm for this study. 

2.2.2 Sample conditioning:  

All samples were cured in water and inside in the HBY-40A curing box set at the constant temperature 

of 20±1°C and relative humidity of > 90%. 

2.2.3 Strength:  

Compressive and flexural strengths were tested according to GB/T17671-1999 Method of testing 

cements-Determination of strength.  

3. Results and Discussion 

Table 3 lists the experimental design and the test results to study the effects of water glass and fly ash 

fineness on compressive and flexural strengths with time. The compressive strength data is the average 

of 6 test specimens, while the flexural strength data is the average of 3 test specimens.  All samples 

were prepared under the similar fluidity.  
Table 3 Experimental design and test results 

Sample formulation and ID #1 #2 #3 #4 

Solid 

Cement（g） 450 135 135 135 

Fly Ash（g） 
0 FA1 FA2 FA2 

0 315 315 315 

ISO Standard Sand（g） 1350 1350 1350 1350 

Activators 
Activator Water Water Glass Water Glass Water 

Activator/solid ratio (by wt.) 0.5 0.79 0.85 0.48 

Test properties 

Fluidity （mm） 186 188 190 190 

Flexural Strength (MPa) 
3 days 2.9±0.0 1.8±0.1 1.8±0.1 0.7±0.0 

28 days 4.9±0.1 3.6±0.1 2.9±0.1 2.6±0.1 



 

56 days 5.0±0.3 4.6±0.2 4.3±0.4 3.3±0.1 

91 days 6.0±0.0 5.0±0.4 4.6±0.1 3.8±0.3 

120 days 5.7±0.2 5.8±0.4 5.2±0.1 _* 

Compressive Strength 

(MPa) 

 

3 days 19.9±0.6 15.6±1.2 15.1±0.2 3.6±0.1 

28 days 38.4±1.9 48.0±1.0 33.0±1.4 12.9±0.5 

56 days 40.9±3.3 45.6±2.3 41.3±3.3 17.7±1.0 

91 days 48.8±1.4 49.1±4.1 42.9±3.4 23.4±0.6 

120 days 49.0±2.6 68.6±0.7 60.1±3.1** _* 

*Due to lack of material, no Sample #4 specimen was prepared for 120-day strength.   

** Three out of 6 specimens were not included due to poor sample preparation. 

3.1. Compressive Strength  

Figure 2 shows compressive strength results at 3, 28, 56, 91, and 120 days and their growth profiles 

for the fly ash cement blends and their comparison with the pure cement sample. 

 
Figure 2 Growth of compressive strength with time for the fly ash cement blend and cement 

The blends using water glass (#2 and #3) had compressive strength much higher than the blend using 

water (#4) which also had strength much lower than the pure cement sample (#1) at all aging times. 

The blend using finer fly ash (#2) had the same early strength at 3 days but higher strength at 28 days 

or beyond than the blend using reference fly ash (#3). The blend #2 had higher 28-day strength (48.0 

±1.0 vs. 38.4± 1.9 MPa), but lower 3-day strength (15.6 ±1.2 vs. 19.9± 0.6 MPa) than the pure cement 

sample (#1). Of course, the strength improvement due to finer fly ash is not as high as the use of water 

glass. The results demonstrate that the blends using water glass and finer fly ash still has lower 3-day 

compressive strength, but higher strength at 28 days or beyond than the pure cement. 

Typically, concrete has the 1st order strength growth profile due to cement hydration as shown in 

Figure 3 (1989). The strength is the summation of hydration of its 3 mineral phases C3S (Tricalcium 

Silicate), C2S (Dicalcium Silicate), and C3A (Tricalcium Aluminate) in cement. Figure 4 also shows 

different growth rates with a similar profile for various cement types (Dimitris T., 2008; Monjurul 

H.M. et al, 2011). 



 

 
Figure 3. Typical compressive strength of concrete due to cement hydration 

 
Figure 4. Typical strength profile for different types of cements 

In Figure 2, the pure cement (#1) has the strength growth profile similar to the typical cement 

hydration as in Figures 3 and 4. Strength increases with time but levels off after the aging time of 28 

days. However, all 3 fly ash-cement blends, regardless of the use of water glass or water, seem to have 

two growth stages; the first stage is up to 91 days and the second stage is in a much faster growth pace 

than the first stage after 91 days. The first growth stage is believed to be dominated by cement 

hydration, while the second growth stage is driven by fly ash alkaline activation. For the blends 

containing cement, fly ash, and water glass, the strength development can come from not only cement 

hydration, but also fly ash alkaline activation due to Ca(OH)2 from cement hydration and water glass. 

Water glass alkaline activation can contribute to strength growth in both stages. Finer fly ash is not 

expected to affect the early strength growth, particularly at 3 days, which is primarily dominated by 

cement hydration in the first stage, but can enhance the strength growth at 28 days or beyond due to 

higher surface area for fly ash alkaline activation. 

3.2. Flexural Strength  

Figure 5 shows flexural strength results at 3, 28, 56, 91, and 120 days and their growth profiles for the 

fly ash cement blends as comparison with the pure cement sample. Again, the use of water glass 

increases flexural strength, and finer fly ash can further enhance flexural strength except at 3 days. 

Strength improvement by fly ash fineness is not as high as the use of water glass. However, all the fly 

ash cement blends have flexural strength lower than the pure cement sample at all aging times, except 

at 120 days for the blend using finer fly ash and water glass which has the flexural strength equivalent 

to the pure cement sample. The results show that the fly ash cement blends have 3- and 28-day 

flexural strength lower than the pure cement sample. Flexural strength growth of the pure cement 

sample also follows the first order kinetics, while the blends seem to have two growth stages, similar 

to compressive strength. Fly ash fineness shows no effect to 3-day strength because the strength 

growth is dominated by cement hydration. 



 

 
Figure 5 Growth of flexural strength with time for the fly ash cement blend and cement 

4. Theoretical analysis 

In the blend system containing cement, fly ash and water glass, reactivity of fly ash is affected by two 

factors. The first factor is due to the products from the cement hydration, such as C-S-H gel, Ca(OH)2, 

etc. The other factor is the mixtures of silica monomers, dimers or trimers, Na+, OH- , etc, from water 

glass.  Under the combined actions of Ca(OH)2 and alkaline OH- , silica and alumina monomers were 

dissolved and released from the amorphous phase of the fly ash particle surface, and then re-

polymerized with silica from water glass to form N-A-S-H gel as shown in Figure 6 (Garcia-Lodeiro I. 

et al, 2012). 

  
Figure 6 Geopolymerization of fly ash and its productions 

Because of the above reactions, different types of gels can co-exist, such as C-S-H, N-A-S-H, (N,C)-

A-S-H gels. Researchers (Garcia-Lodeiro I. et al, 2007, 2008, 2009, 2010) studied and proved these 

coexisting gels as shown in Figure 7. In the cement/fly ash/water glass blend, due to the different 

reaction rates, C-S-H gel firstly appeared and then N-A-S-H and (N,C)-A-S-H gels began to emerge. 

These gels supported strength development of the blend.  

The data in this paper also prove that water glass does increase compressive and flexural strengths of 

the fly ash cement blend. Even though the blends with water glass (#2 and #3) have 3-day strength 

lower than the pure cement sample (#1), they have much higher strength than the blend with water 

only (#4). Apparently, N-A-S-H and (N,C)-A-S-H gels improve not only early strength but also late 

strength for the blends. 



 

 
Figure 7 TEM micrograph of mixed gels (a) A2 and (b) A3;  (c) EDX analysis. [A2=(PH=13.10, Si/Al=2.0, 

Ca/Si=0.5); A3=(PH=12.87, Si/Al=2.0, Ca/Si=1.0)] 

Literature (Hemmings et al. 1986, 1987, 1988) indicates that fly ash with small particle size usually 

has more glass phase, although chemical and mineral compositions are similar between large and 

small particles. It is well-known that higher surface area or more glass phase on the surface gives 

higher reactivity or activity. The data in this paper also confirm that the blend with finer fly ash has 

higher strength due to higher surface area at 28 days or longer, but the same 3-day strength in the early 

growth stage which is dominated by cement hydration, not by fly ash alkaline activation. 

5. Conclusions 
For the 70% fly ash/30% cement blends, water glass as an alkaline activator can significantly increase 

both compressive and flexural strengths at all aging times, but still cannot achieve 3- and 28-day 

strengths as high as the pure cement, except 28-day compressive strength. The use of finer fly ash can 

further increase the strengths at 28 days or longer, but does not further increase the 3-day strengths, 

since the early strength is dominated by cement hydration. Pure cement has the typical 1st order 

strength growth profile due to cement hydration, while the fly ash cement blends seem to have two 

growth stages. Strength growth in the second growth stage is due to fly ash alkaline activation, and can 

achieve long term strengths higher than the pure cement. How to replace no less than 70% cement by 

fly ash to achieve 3- and 28-day strengths equivalent to 100% cement is still a challenging research. 
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Abstract 
Alite in industrial clinker is usually M3 type as the presence of MgO. It is also reported that the M3 type of alite 

performs not as good as the M1 type. A promised 10% increment of the strength by the modification of M3 to M1 

was reported. SO3 can modify alite polymorph in the MgO contained clinker. 

In this paper, the modification of alite by SO3 was performed in an industrial production line with the production 

of 2000 t per day. The mineral composition of the clinker and the formation of clinker were investigated. The 

modification of the alite polymorph on industrial line was made by addition of desulfurized gypsum into the raw 

meal. 1.15~1.39% of SO3 in the clinker could yield M1 alite for clinker with ~2.66% MgO. Within the gypsum 

amount added, clinker can be produced, but more attention should be paid to maintain a steady production of the 

clinker. 

Alite content decreased as the existence of extra SO3 in the clinker, which complicated the relationship between 

the alite polymorph and the compressive strength. All the mechanical properties fall in the demand of the standard. 

 

Originality 

We obtained the modification method of M3 to M1 alite by simply introducing SO3 in the form of gypsum for 

industrial trial, which proved the potential for the application of technique in large scale. The industrial trial 

provided details of the advantages and disadvantages of SO3 dosage in the real production situation. More 

characteristics of the M3 and M1 alite were confirmed by high resolution XRD, providing more evidence for the 

identification of alite polymorph. 

 

Key words: alite polymorph, modification, industrial trial 
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1. Introduction 

Alite in works clinker is mainly M3 polymorph (Maki and Goto 1982, Maki and Kato 1982, Taylor 1997) as 

the present of MgO which cannot be avoided as the co-growth of dolomite and calcite. It was reported that 

M3 alite performed not as well as M1 alite which can be stabilized with SO3, yielding a 10% increment of 

the strength (Staněk and Sulovský 2002). The MgO/SO3 governs the alite polymorph relationship based on 

statistic testing of a series of works clinker as shown in Figure 1 (Maki and Goto 1982). 

 
Figure 1 Relationship between MgO/SO3 in the clinker and alite polymorphs, reproduced figure according to Ref (Maki and 

Goto 1982, Taylor 1997) 

The characterization of alite polymorph is mostly done with the XRD patterns. A closer look into the 

characteristic windows/range would provide valuable information of the polymorphism of alite. There are 

two widely used windows for identification of M1 and M3, 29~32° and 51~52° (Cu Kα radiation) (Maki and 

Kato 1982, Taylor 1997), besides these two windows, Courtial (Courtial, de Noirfontaine et al. 2003) found 

three additional windows for the identification of M1 and M3 alite, which make the identification more 

reliable and efficient recently confirmed by Wang (Wang, Li et al. 2014) using high resolution powder XRD 

equipment. 

However, there are also some potential risks for adding SO3 into the raw meal: i) an over dosage of SO3 

would harm for the kiln system by forming kiln rings (Taylor 1997); ii) SO3 itself would be harmful for the 

formation of alite (Li, Xu et al. 2014); iii) an elevated SO3 was not good for the dimension stability of the 

cement (Horkoss, Lteif et al. 2011); iv) instabilities for the kiln operation. 

In this paper, the modification of alite by SO3 was performed in an industrial production line with the 

production of 2000 t per day. The mineral composition and formation of clinker were investigated. The 

influence of the alite modification on the compressive strength was tested. We also try to confirm the 

documented risks caused by SO3. 

 

2. Experiment 

Approximate 0.9~1.5% SO3 in clinker was introduced by adding desulfurize gypsum in the raw meal 

on production line of 2000 t clinker per day. Clinker samples were collected with 1 hour interval on the 

production line, and then the data were averaged by mixing 24 hours in the ball mill to represent the clinker 

for a whole day. Once the composition of the raw meal was modified, mixed sample was done for 8 hours 

(i.e. within one day, there were three averaged samples: night, day and middle). The resulting testing was 

performed on the homogeneous samples. 

All the production parameter were monitored continuously. Special attention was paid on the amount of 



clinker produced, total usage of coal (this was also related to the energy consumption), temperature of 

secondary wind and the electricity used for the kiln. All these parameters were used to evaluate the overall 

production process and the energy consumed for the industrial production for the clinker. 

The mortar compressive strength of the clinker was tested according Chinese standard (GB/T 17671-

1999). The chemical composition of the clinker was done using XRF by PANalytical spectrometers. 

XRD data were collected using Rigaku Smartlab working at 45 kV 200 mA and Rigaku Miniflex 600 

working at 40 kV, 15 mA. Mineral composition of the clinker was obtained using the Rietveld analysis. More 

detailed experimental process and the parameter related to the XRD data can be fine in Ref (Li, Xu et al. 

2014, Wang, Li et al. 2014). 

The overall trial was done for 11 days from the initial time gypsum was added into the raw meal to the 

SO3 content in the clinker dropped back to the normal amount. The corresponding samples were labelled 

with the date. 

 

3. Results and discussion 

3.1. Operation parameters for the kiln 

The SO3 addition did show disturbance of the operation system for the production line. The operation 

parameters during the industrial trial were monitored. Total amount for the coal used in the kiln and the 

temperature for the secondary wind were shown in Table 1. SO3 addition into the raw meal (began at 21) 

disturbed the steady coal used and the temperature of the secondary wind. The resulted clinker nodules were 

not as big as the normal production (see Figure 2), which would cause storage difficulties. 

The expected risk of kiln rings caused by the deposition of alkali sulfates was not occurred during the 

trial. No extra amount of deposition materials in the kiln system and the pipes were observed. The SO3 

emission was also within the limit of the standard. 

Table 1 Kiln parameter during the industrial trial 

Labels Coal used  

(kg per ton clinker) 

Temperature of the secondary wind  

(℃) 

SO3  

(% in clinker) 

16a 137.0 1108.9 0.37 

18 136.7 1106.3 0.42 

19 140.0 1097.6 0.46 

20 143.5 1078.9 0.40 

21 130.6 1057.3 0.55 

22b 115.2 953.1 0.92 

23 113.0 889.5 1.15 

24 125.5 940.8 1.37 

25 130.3 946.8 1.36 

26 130.0 1023.7 1.22 

27 135.5 1087.8 1.28 

28 night 140.0 1110.4 1.27 

28 day 140.0 1097.3 1.29 

28 middle 140.0 1102.4 1.27 

Notes: a. normal production of clinker from 16-21. 

       b. addition of gypsum into the raw meal. 



 

Figure 2 Clinker nodules for (a) ordinary production and (b) industrial trial with SO3 

3.2. Mineral composition 

The mineral composition of the produced clinker showed a decreasing trend for the C3S content with 

the increase of the SO3 content in the clinker (see Figure 3), which is in agreement with the previous results 

(Horkoss, Lteif et al. 2011, Li, Xu et al. 2014). The underlying reason could also be the drop of the sintering 

temperature in the kiln (see Table 1). 

 

Figure 3 Mineral composition for the clinker produced during the trial 

 

3.3. Alite polymorphism 

SO3 in the high MgO content clinker could modify the alite polymorphs. When SO3 content lower than 

0.65%, M3 alite presents in the clinker. While the content of SO3 goes up to 0.9~1.4%, M1 alite is the main 

phase in clinker. There are 8 characteristic windows for the identification of M1 and M3 type of alite (see 

Figure 5), 5 of which are the same as the characters discussed by Courtial (Courtial, de Noirfontaine et al. 

2003) and Taylor (Taylor 1997) and Maki (Maki and Kato 1982). To obtain the characteristics of the 

identification of M1 and M3 alite, higher angle resolution is needed, and the Kα2 line of Cu radiation should 

better be removed (Li, Xu et al. 2014, Wang, Li et al. 2014).  

Based on the XRD patterns, the alite polymorphs were classified. A visual plot of the polymorph of alite 

and MgO/SO3 content was then given in Figure 5. To get the MgO/SO3 value, the effective MgO was obtained 

by deducting the periclase in the clinker from the overall MgO content. 
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Characteristic ratio of MgO/SO3 for M3 and M1 alite was 2.682 and 1.115, respectively. The observed 

values of MgO/SO3 is higher than those proposed by Maki (Maki and Goto 1982) which is 1 (as shown in 

Figure 1).  

 

 

Figure 4 Characteristic windows for M3 and M1 alite, W2 to W9 are feasible for the identification of alite polymorph. 

 

 
Figure 5 Alite polymorph and MgO/SO3 relations(Li, Xu et al. 2014)hip for clinker from industrial trial. 

 

3.4. Mechanical properties 

Within the amount of SO3 dosed in this trial, there were no risks for the mechanical properties. The 

obtained clinker showed similar mechanical properties compared to the normal produced clinker (as shown 

in Table 2). All the related testing results were within the limits for the standard with some minor shift of 

some specific values.  

The compressive strength suffered a decrease at 1 and 3 days. For the later ages (28, 90 and 180 days), 

all the clinkers performed similarly. The decreased amount of C3S for the clinkers was mainly attributed to 

the drop of the early age strength of the cement. 



As the drop of the C3S content with the dosage of SO3, it was impossible to distinguish the relationship 

of the alite polymorphs and the compressive strength even if the polymorphs of alite were identified.  

 

Table 2 Mechanical properties of the clinker. 

Date Milling time Specific area w/c Initial setting Final setting Soundness 

 min m2/kg % min min  

21 32.0 343.0 23.3 85.0 135.0 OK 

22 32.5 341.0 23.5 83.0 113.0 OK 

23 32.5 351.0 23.5 76.0 106.0 OK 

24 33.0 349.0 23.3 90.0 136.0 OK 

25 33.0 340.0 23.5 85.0 115.0 OK 

26 34.0 343.0 23.5 90.0 130.0 OK 

27 34.5 340.0 23.4 86.0 136.0 OK 

28 35.5 351.7 23.3 85.0 130.0 OK 

29 35.7 351.0 23.4 98.0 130.7 OK 

30 35.5 351.3 23.4 88.3 133.3 OK 

31 35.3 352.7 23.3 91.7 141.7 OK 

Ave. 34.6 349.0 23.4 88.0 130.0 OK 

 

 

Figure 6 Compressive strength of the clinker produced during the trial 

4. Conclusion 

The modification of the alite polymorph on industrial line was made by addition of desulfurized gypsum 

into the raw meal. 1.15~1.39% of SO3 in the clinker could yield M1 alite for clinker with ~2.66% MgO. 

Within the gypsum amount added, clinker can be produced, but more attention should be paid to maintain a 

steady production of the clinker. 
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Alite content decreased as the existence of extra SO3 in the clinker, which complicated the relationship 

between the alite polymorph and the compressive strength. All the mechanical properties fall in the demand 

of the standard. 
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Abstract 

Grey relational analysis of grey system theory was applied to study the relationships between the heat 

consumption of clinker and production process parameters which base on the actual data of 2500 t / d 

clinker production of a company, and discuss the ways of new dry process cement technology 

optimization and energy-saving technologies, and then the industry practice and optimization were 

implemented. The results showed that the degree of relation between the clinker heat consumption of 

clinker and production process parameters is high which was analyzed by grey relational. 

Without sacrificing output and quality of clinker to reduce heat consumption of clinker by optimizing 

ingredients of the clinker proportioning, reducing the pulverized coal ash, reasonable controlling the 

parameter of clinker firing system, improving the residence time of material in precalciner to 

reduce  incomplete combustion degree of coal and improving the decomposition rate of materials and 

others integrated approach. After industry practice and optimization, the heat consumption of clinker 

decreased about 7.36% and the clinker production capacity (tpd) increased about 22%, which showed 

that grey theory has an important guiding significance for the optimization and improvement of 

production line system. 

 

Originality 

Grey relational analysis of grey system theory was applied to study the relationships between the heat 

consumption of clinker and production process parameters，which was applied to find the way to 

reduce the clinker heat consumption and optimize and improved production line system. The results of 

industry practice and optimization, show that the energy saving and production optimization effect is 

obvious. So it can be concluded that the grey theory has an important guiding significance for the 

optimization and improvement of production line system. 

 

Key words: grey relational analysis; heat consumption of clinker; technologic parameters; engineering 

practice ; system optimization 
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1. Introduction 

Cement industry is a high energy consumption industry, which energy consumption is close to 

12-15% of all industrial energy consumption [1]. Cement industry was accused of high energy 

consumption. At the same time, the cement production is facing major challenges of the high 

cost of energy prices rising. And how to save energy and improve energy utilization is a 

critical problem. While the heat consumption of clinker closely related to parameters of the 

clinker production process, and the parameters effects of clinker heat consumption and their 

interaction are very complex[2]. At present, the laws between the clinker heat consumption 

and some parameters were analyzed by mathematical statistics and multivariate linear 

regression equation. But the correlation coefficient of regression equation is small [3], and the 

relationship between the factors and the effect of multivariate on the target is still unable to 

comprehensive analysis. However, grey theory will be random quantity as a gray quantity 

which changes within a certain range, and the discrete of sequence as a grey process, then 

resulting in partial known information and the rules. In the study of the inherent law which 

between the clinker heat consumption and control parameters in the production process, there 

are many factors which can affect the clinker heat consumption , however the testing data and 

information in daily production is limited and information, the grey system theory can be 

applied to study the limited data and analysis the effect of various control parameters on the 

heat consumption of clinker and the relationship between the control parameters. And then to 

find an effective way to reduce the clinker heat consumption. 

2. The grey correlation method 

Grey correlation analysis method is on the degree of the close of the geometry curve and the 

main purpose is to find the influence degree of various factors on the system and primary and 

secondary order of impact system of developing trend. 

The calculating formula of grey correlation analysis in this study [4, 5] as follows: 

(1) Determine the sequence of system behavior: 

To 
0M  as the reference sequence: ))(,),2(),1(( 0000 nMMMM ＝  , 

To 
iM  as the comparing sequence: ))(,),2(),1(( nMMMiMi ii ＝  , .,,2,1 mi ＝  

(2) Evaluate the initial value of each sequence as: all the numbers of sequence are divided by 

the first number of the sequence: 

  ))(,),2(),1(()1( nNNNM

M
N iii

i

i

i ＝＝ ， .,,2,1 mi ＝        

(3) Evaluate the extreme-difference analysis of each sequence as: each number of 

comparing sequence minus the number of each reference sequence respectively, and the 

absolute value of the difference as: 

  ⊿ ）（ki =| ））（ k(k 0NN i |，⊿ ）（ki =（⊿ ）（1i ，⊿ ）（2i ，…，⊿ ）（ni ）， .,,2,1 mi ＝  

(4) Select the optimization values of all the extreme - difference analysis: 

  Maximal value )(maxmax kA i
ki
Δ＝ ，Minimum value )(Δminmin kB i

ki
＝ . 

(5) Evaluate the correlatives coefficient ： 

  γ ξkΔ

ξ
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i
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ki +

+
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(6) Evaluate the correlation：The averaging of correlation coefficient of all sequences，as 



follow： 
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3 The correlation analysis of the clinker heat consumption and control parameters of 

production process  

3.1 The sequences of clinker heat consumption and control parameters of production 

process  

The actual data of 2500t/d new dry process cement production line of a company was studied, 

the actual clinker production of the line can meet the design production, but the clinker heat 

consumption was higher than other new dry process cement production lines with the same 

production , the annual average clinker heat consumption is higher 3426 kJ/kg. So there was a 

big space to reduce the heat consumption.  

Production process parameters of the line were collected and divided into two parts index of 

raw materials composition and clinker firing. And the clinker heat consumption was defined 

as the reference sequence, two parts of raw material composition and clinker firing control 

index were defined as the comparing sequence, respectively. The correlation degree 

were calculated separately of them. And the results as shown in Table 1. 

Table 1 Sequence symbols of Clinker heat consumption and control parameter 

Sequence Control parameter of raw material Control parameter of clinker firing 

)0(

1
M  clinker heat consumption /kJ·kg-1 

)0(

2M  
Raw meal fineness（Sieve allowance of 

0.08mm square hole sieve）/% 
Raw materials feed into klin /t·h-1 

)0(

3M  
Raw meal fineness（Sieve allowance of 

0.2mm square hole sieve）/% 

Oxygen content of gas export of 

preheater /% 

)0(

4M  Lime saturation factor of the clinker (LSF) 
Exit gas temperature of the first stage   

preheater /℃ 

)0(

5M  Silica ratio (SM) 
Exit gas temperature of decomposing 

furnace /℃ 

)0(

6M  Iron modulus (IM) 
Exit gas temperature of the fifth stage   

preheater /℃ 
)0(

7M  Coal fineness /% The third air temperature /℃ 

)0(

8M  
Moisture of pulverized coal of the kiln 

(Mad)/% 
Kiln speed /r·min-1 

)0(

9M  
Volatile of pulverized coal of the kiln (Vad) 

/% 

The highest temperature of the kiln 

body /℃ 

)0(

10M  Ash of pulverized coal of the kiln (Aad) /% 
Fuel ratio of kiln and decomposing 

furnace 
)0(

11M   Apparent decomposition rate of raw/% 

3.2  Results and discussion of grey correlation analysis 

The grey correlation degrees of the clinker heat consumption and the control index of raw 

material and clinker firing were calculated respectively according to the grey theory. The 

results are shown in Table 2 and Table 3. 

It can be concluded from the Table2 that the relation between the raw material control 

parameters and clinker heat consumption was closely. And the clinker rate values and the 

quality of pulverized coal had a serious effect on the clinker heat consumption. However 

correlation between the raw meal fineness（Sieve allowance of 0.2mm) and the clinker heat 

consumption is smaller than others. So optimization of clinker rate values and coal quality 

would be an effective method of reducing the clinker heat consumption. 

http://www.iciba.com/decomposing_furnace
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Table2 The correlation degree of clinker heat consumption and the control parameters of the raw 

material 

Subseries 

Raw meal 

fineness/% 
Clinker rate value Pulverized coal of the kiln /% 

0.08 

mm 

0.2 

mm 
LSF SM IM 

Coal 

fineness 
Mad Vad Aad 

Grey 

correlation 
0.9483 0.6990 0.9856 0.9809 0.9803 0.8336 0.9293 0.9643 0.9823 

 

Table 3 The correlation degree of clinker heat consumption and firing control parameters  

The relationship between firing control parameters and clinker heat consumption was closely 

according to Table3, and the correlation is large, especially the exit gas temperature of the 

fifth stage and decomposing furnace and apparent decomposition rate of raw. So the methods 

of effectively reduce the clinker heat consumption as  follow: improving the complete 

combustion of pulverized coal in the furnace and  reducing combustion lag, reducing the exit 

gas temperature of the fifth and the first stage preheater, increasing the temperature of the 

third air improving and apparent decomposition rate of raw in decomposition furnace; 

choosing the best state of kiln speed, fuel ratio of kiln and decomposing furnace and so on. 

3.3 The engineering practice and the result analysis 

According to the analysis of the above, in original production technology and equipment, 

clinker rate values and coal quality have got optimized, and coal fineness, moisture and ash 

were cut down and strictly controlled. At the same time, constant debugging the production 

running parameters which mainly based on coal, raw meal feeding and kiln speed. Seek to 

find out the reasonable matching of wind, coal and law materials feeding. Besides ，the 

production line was examined and repaired all-round. 

The production line was demarcated by thermodynamic equilibrium for evaluating the 

optimization results. And the optimization results were shown in Table 4. 

Subseries Grey correlation 

Raw materials feed /t·h-1 0.9020 

Oxygen content of gas of preheater export/% 0.8022 

Exit gas temperature of the first stage preheater/℃ 0.8789 

Exit gas temperature of decomposing furnace/℃ 0.9241 

Exit gas temperature of the fifth stage preheater/℃ 0.9466 

The third air temperature/℃ 0.9070 

Kiln speed/r·min-1 0.8869 

The highest temperature of the kiln body/℃ 0.8691 

Fuel ratio of kiln and decomposing furnace 0.8298 

Apparent decomposition rate of raw/% 0.9274 

http://www.iciba.com/decomposing_furnace
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It can be seen from the Table4 that production ability of the production line has been greatly 

improved, the output of clinker is 3051 t/ d, the production increased by 22% than the design 

value. And the clinker heat consumption is 2944 kJ/kg after deduction of waste heat for 

electricity generation, comparing to the design clinker heat consumption of 3178 kJ/kg which  

Table4 Comparing the clinker heat consumption and production quality after optimization of process 

parameters to the design value 

Item Design value The value of after optimization 

The clinker heat consumption /kJ·kg-1 3178 2977 

Production quality /t·d-1 2500 3051 

has reduced about 7.36%. At the same time, the production line is in advanced level of the 

same type kiln, the production line running  steadily, operation parameters and the indicators 

obtained reasonable optimization and in the normal range, and the space of further saving 

energy and increase production is limited. 

4. Conclusion 

1. The correlation degree of the clinker heat consumption and production process parameters 

is big which is analyzed by grey relational. 

2. The inherent law which between the clinker heat consumption and control parameters in the 

production process can be researched by grey correlation analysis method for improving the 

production process. Mainly optimization projects as follows: improving coal quality and 

appropriating adjustments clinker rate values, improving the complete combustion of 

pulverized coal in the furnace and  reducing combustion lag,  reducing the exit gas 

temperature of the fifth and the first stage preheater, improving the apparent decomposition 

rate of raw in decomposition furnace, and seeking to find out the reasonable matching of wind, 

coal and law materials feeding. 

3. After industry practice and optimization, the clinker heat consumption decreased about 

7.36% and the clinker production capacity increased about 22%, which showed that grey 

theory has an important guiding significance for the optimization and improvement of 

production line system. 
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Abstract 

Investigations carried out for last years in cement polish industry indicate usefulness of calcareous fly ash in technologies 

of production of clinker with low CO2 index. In this paper fly ash from lignite coal combustion process are analyze. There 

are fly ash with high CaO and Al2O3 concentration, with chemical composition similar to blast furnace slag, containing 

calcium oxide not combined in carbonate minerals.  

In the paper, laboratory and industrial trials on ordinary Portland clinker production using calcareous fly ashes and 

granulated blast furnace slag has been discussed. These by-products cover 25-30% and 40-45% non-carbon CaO content 

respectively. The scope of the tests covered also carbide lime containing 60-65 noncarbonated CaO form. 

Investigations demonstrated in the article confirmed for calcareous fly ash, carbide lime and blast furnace slag, i.e. non 

carbonate component of raw mix  allow to decrease CO2 emission, depending on addition of no carbonate material to 

raw mix and CaO content in this material. 

 
Originality 

The article described ability to reduce of CO2 emission by using by-product, non-carbonate CaO form  in burning process 

of ordinary Portland clinker production. Laboratory tests and industrial trials confirmed clearly reduction of CO2 

emission by using calcareous fly ash, carbide lime and blast furnace slag to raw mix. It is possible to reduce emission up 

to 100 kg CO2 per Mg of clinker depending on addition of no carbonate material to raw mix and CaO content in this 

material, and also cement plant technical and technological conditions. 
 

 

Keywords: calcareous fly ash; carbide lime; blast furnace slag; emission CO2; ordinary Portland clinker 
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Introduction 

The problem to reduce energy consumption and CO2 emission in cement production processes is 

one of the most important duty in cement industry. The development of cement production 

technology to limit CO2 emission covers two main trends; composite cements production with 

large quantity of non-clinker constituents and modification of Portland clinker burning process. 

Production of composite cements with high content of non-clinker constituents leads to reduction 

of CO2emission by supplementing Portland cement clinker with non-clinker constituents. In 

Poland mainly blast furnace slag S and siliceous fly ash V are used for composite cements 

production, in which proportion of clinker gradually decreases. In Poland during last 15 years 

production of Portland cement CEM I decreased from 43% to 28% mass of national cement 

production. Next way to obtain required CO2 emission limits in cement industry is a modification 

of burning process.  

 

 
 

As we can see on diagram there are several possibilities to reduce CO2 emission in clinker 

production. The main solutions cover low-lime clinker production, production of Portland 

clinkers from raw materials containing CaO not combined in carbonate minerals, and using 

alternative fuels with high amount of biogenic carbon and finally production of non-conventional 

clinkers without alite and C3A phases (1-5). In Poland to reduce CO2 emission in the OPC clinker 

burning process are manly realized by using alternative fuels with high amount of biogenic carbon. 

Figures 1 and 2 show progress of using alternative fuels and efficiency to reduce CO2 emission 

in the production of Portland clinker in the Cemex Poland factory. 



 

 
Figure 1 Utilization of alternative fuel in the OPC burning process in Cemex Poland factory 

 

 
Figure 2 Reduction CO2 emission in the OPC burning process in Cemex Poland factory 

Investigations to reduce CO2 emission by using no carbonate raw materials as a raw mix 

constituent are present analyzed in laboratory scale, also by industrial tests. 

In the paper the works of Cemex Poland factories in terms of further reduction of CO2 emission 

were discussed. The investigations were focused to use of no carbonate raw materials as a 

constituent of raw mix for OPC clinker production. Calcareous fly ash from lignite coal 

combustion process, carbide lime and blast furnace slag, i.e. raw materials cover high content of 

no carbonate form of CaO were used. In the article were analyzed results of laboratory and 

industrial tests. Possibilities to reduce CO2 emission in the clinker production, by using mentioned 

no carbonate materials were estimated. 
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Materials and methods 

As no carbonate raw materials were used in the laboratory tests and industrial production of 

clinkers following materials:  

 Calcareous fly ash - from lignite coal combustion process,  

 Carbide lime - landfilled waste material from carbide production, 

 Granulated blast furnace slag  - by-product from blast furnace process. 

The chemical compositions of the raw materials shown in table 1. 
Tab. 1 The chemical compositions mentioned  no carbonate raw materials 

No carbonate 

material 

Constituent 

LOI SiO2 Al2O3 Fe2O3 CaO CaO* MgO Na2O K2O SO3
 

% mass, 

Calcareous fly 

ash 
2.12 44.9 19.0 4.25 26.6 25.9 1.73 0.13 0.14 3.94 

Carbide lime 27.1 2.47 1.34 0.23 66.9 60.2 0.68 0.00 0.00 0.76 

Blast furnace 

slag  
+0.5 39.6 6.47 0.49 42.3 42.3 8.03 0.42 0.84 0.08 

Remark: * no carbonate form 

Raw mix compositions with all no carbonate raw materials were calculated for the same 

assumptions for laboratory and industrial tests: 

• Common raw materials: chalk, clay, iron dust, siliceous fly ash, 

• Modular  characteristic of clinker: MK 2.7, MG 1.8, LSF 96% 

• Phase composition of clinker: Alite 59%, Belite 18%, C3A 9%, C4AF 8%, CaO free  2.5%. 

• Absorption fuel ash. 

The calculated proportions of raw materials in reference mixes are given in table 2. Reference 

mixes compositions were corrected by no carbonate raw materials. For the laboratory tests were 

prepared raw mixes containing 2, 4, 6, 8 and 10% of the mass no carbonate addition. Industrial 

tests clinker production were conducted with the addition 2 and 3 % of carbide lime and 3, 4 and 

5% of calcareous fly ash.  
Tab 2 The composition of reference mixes 

Type of test 

Raw material 

Chalk Clay 
Siliceous 

fly ash 
Iron dust 

Calcareous 

fly ash 

No carbonate 

material 

% mass 

Calcareous fly 

ash 
85.26 8.26 5.31 1.18 0.00 0.00 

Carbide lime 86.94 8.84 0.00 1.84 2.00 0.00 

Blast furnace 

slag 
86.88 8.79 0.00 1.93 2.40 0.00 

For laboratory tests CO2 emission for raw mixes with no carbonate materials were calculated 

based on determinations of total carbon TC content. CO2 reduction level was calculated from 

difference between TC content of reference raw mix containing carbonate raw materials and TC 

content of raw mix with no carbonate material. TC contents were determined by elementary 

infrared analysis. 

For evaluation of raw mix burnability experimental  Musikas method was chosen (7). The method 

is based on free CaO content determination of the sample burned in the range  1000°C to 1450°C 

during 20 minutes. The sample as tables formed under pressure about 17 MPa are before burning 

primarily calcinated at 900°C during 90 minutes. The burnability criteria according to this method 

are given in table 3. 

 
 



 

Tab. 3 Burnability criteria according to Musikas method [7] 

Musikas index value Burnability 

> 4.2 Excellent 

3.7 – 4.2 Very good 

3.3 – 3.7 Good 

2.7 – 3.2 Moderate 

2.3 – 2.7 Weak 

< 2.3 Very weak 

Results and discussion 

Theoretical reduction CO2 emission for raw mixes with no carbonate addition were calculated 

and given in table 4. Reduction CO2 emission  for particularly no carbonate material were 

calculated taking into consideration that irrespective of the type of no carbonate material l % mass 

CaO non-carbonate incorporate to clinker reduces emission about 12 kg CO2 per Mg of clinker. 

Adequately e.g. using 10% calcareous fly ash containing 25.9 % CaO non-carbonate can reduce 

CO2 emission by 30 kg CO2 per Mg of clinker - tab 4. Using 10% carbide lime or blast furnace 

slag containing 60.2 and 42.3 % CaO non-carbonate allowed to reduce CO2 emission by 72.4 kg 

and 48.9 kg CO2 per Mg of clinker respectively. 

Calculated values of emission reductions for each no carbonate material (tab.4) were reviewed by 

total carbon content in the mixes.  

The emission value was calculated from the difference total carbon content, in reference raw mix 

and TC of raw mix with no carbonate addition. Examples, the results of these laboratory tests for 

blast furnace slag are given in table 5.  These results correlate well with theoretical calculations. 
Tab. 4 Theoretical calculation of reduction CO2 emission 

No carbonate 

addition in raw 

mix, 

% mass 

Raw mix with calcareous 

fly ash 

Raw mix with carbide 

lime 

Raw mix with blast furnace 

slag 

Raw mix/ 

Mg clinker 

Reduction  

CO2/ Mg 

clinker 

Raw mix/ 

Mg clinker 

Reduction  

CO2/ Mg 

clinker 

Raw mix/ 

Mg clinker 

Reduction  CO2/ 

Mg clinker 

kg 

0 1550 0 1550 0 1550 0 

2 1535 6.2 1546 14.5 1534 9.8 

4 1519 12.4 1542 29.0 1517 19.5 

6 1504 18.4 1538 43.6 1501 29.3 

8 1489 24.2 1534 58.0 1485 39.1 

10 1474 30.0 1530 72.4 1470 48.9 

Tab. 5 Reduction CO2 emission in laboratory tests for blast furnace slag. 

Blast furnace slag addition in raw mix, 

% mass 

Reduction  CO2/ Mg clinker 

kg 

0 0 

2 13.4 

4 25.7 

6 36.1 

8 43.2 

10 49.8 
The industrial tests clinker production from raw mixes containing 2 and 3 % of carbide lime and 

3, 4 and 5% of calcareous fly ash were burnt in industrial modern kiln capacity 5000 tons per 24 

hours with cyclone preheater and precalciner system in Cemex Polska factory. The results of 

reduction CO2 emission are given in table 6.  

During industrial tests burnability raw mixes containing calcareous fly ash and carbide lime, were 

investigated according to Musikas method.  The results as a Musikas index value are given in 
table 7.  Properties of clinkers according to normative compressive strength after 2 and 28 days 

were investigated. The results for calcareous fly ash and carbide lime tests are given in table 7.  



 

Tab. 6 Reduction CO2 emission for clinkers produced in industrial kiln Cemex Polska factory 

No 

carbonate 

additionin 

raw mix, 

% mass 

Raw mix with calcareous fly ash Raw mix with carbide lime 

Theoretical 

reduction  CO2/ Mg 

clinker 

Industrial  

reduction  CO2/ Mg 

clinker 

Theoretical 

reduction  CO2/ Mg 

clinker 

Industrial  

reduction  CO2/ Mg 

clinker 

kg 

0 0 0 0 0 

2 6.2 No tested 14.5 11.1 

3 9.3 10.2 21.8 23.5 

4 12.4 12.8 29.0 No tested 

5 15.5 16.0 36.2 No tested 

Tab.7 Burnability of laboratory raw mixes 

Raw mix 

No carbonate addition in 

raw mix, 

% mass 

Burnability  

Musikas 

index (tab. 3) 

Compressive strength, MPa 

After 2 days After 28 days 

Reference 0 2.8 - moderate 32.6 62.6 

Calcareous 

fly ash 

3 3.3 - good  35.8 64.4 

4 3.4 - good 35.7 64.6 

5 3.7- good 35.8 67.1 

Carbide lime 
2 3.4 - good 32.2 62.6 

3 3.6 - good 32.4 64.2 

The industrial trials confirming results of laboratory tests described above. Using 3, 4 or 5% 

calcareous fly ash in raw mix composition allowed to reduce CO2 emission by 10.2 kg, 12.8 and 

16.0 kg CO2 per Mg of clinker respectively. Using 2% or 3% carbide lime in raw mix composition 

allowed to reduce CO2 emission by 11.1 kg and 23,5 kg CO2 per Mg of clinker respectively. 

Calcareous fly ash and carbide lime lead to improvement of raw mix burnability. Due to better 

clinker burnability and lower content of carbonate it can assumed reduce energy consumption  in 

burning process. 

The industrial trials show that using of calcareous fly ash and carbide lime as a constituent of raw 

mix no change significant hydraulic properties of clinker. 

Conclusions 

Laboratory and industrial trials demonstrated the usefulness of no carbonate raw materials to 

reduce significantly CO2 emission from cement Portland clinker production. Investigations 

demonstrated in the article confirmed for calcareous fly ash, carbide lime and blast furnace slag, 

i.e. non carbonate component of raw mix  allow to decrease CO2 emission, depending on addition 

of no carbonate material to raw mix and CaO content in this material. Theoretical it is possible to 

decrease emission up to 100  kg CO2 per Mg of clinker. Practically this value depending on 

technical and technological conditions of cement plant especially kind of own raw materials using 

in the factory. 
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Abstract 

In this paper, through the comparison of calcinations kinetics process of high-strength low-calcium 

silicate clinker and ordinary silicate clinker, the calcinations kinetics process was discussed by 

applying the methods of raw materials chemical analysis, X-ray diffraction etc. The results of study 

were shown that: the burnability of raw meal of high-strength low-calcium clinker was better than that 

of ordinary Portland clinker, the sintering temperature was reduced by about 50~100℃; the 

calcinations reaction activation energy was calculated respectively by the kinetics formula and the 

Arrhenius formula. The calcinations reaction activation energy of high-strength low-calcium silicate 

clinker was decreased by 32 kJ·mol-1 compared with the ordinary Portland clinker. In the scale 

production process of high-strength low-calcium silicate clinker, 29kg CO2 emissions was reduced per 

ton of clinker compared with the ordinary Portland clinker. 

Keywords：high-strength low-calcium; silicate clinker; burnability; activation energy; CO2 emission 

reduction 

 



 

1 Introduction 

High-strength low calcium silicate clinker is different from ordinary Portland cement clinker 

in which the main mineral is C3S (about 50~65%), C2S as the dominant mineral in 

high-strength low-calcium silicate clinker is more than 40%. High-strength low-calcium 

cement has large advantages in the field of engineering construction due to its high early 

strength, low hydration heat, low dry shrinkage rate etc. The content of carbonate minerals in 

raw material and the content of Alite of high-strength low-calcium cement decreased due to 

its low calcium design, corresponding to the sintering temperature and calcinations energy 

consumption were reduced. Large amounts of limestone and coal resources were saved, at the 

same time, large amounts of gas emissions of CO2, SO2, NOx etc. were reduced, accordingly, 

the loads of resources, energy and environment of the cement industry were reduced (Lin 

Zongtao, 2006). Thus, the study of high-strength low-calcium silicate clinker calcinations 

process to promote the new requirements of energy-saving emission reduction and climate 

change of cement industry in China is of significance. In the paper, the theoretical guidance 

for the future research of high-strength low-calcium silicate clinker was provided through the 

study of raw minerals burnability, sintering activation energy, energy saving and emission 

reduction of cement industry etc.  

2Experiment 

2.1Experiment raw materials 

Limestone, shale, iron slag, alumina etc industrial raw materials were from Sichuan 

Jiahua Group Co. Ltd. in this study. The sieve residue content of all the raw materials got past 

the 80μm sieve was less than 10%. The main chemical composition analysis of all the 

materials was shown in table 1.1. 

Table1.1 The chemical composition analysis of raw materials 

Raw 

materials 

Loss on 

ignition 

w（SiO2） w（Al2O3） w(Fe2O3) w(CaO) w(MgO) ∑ 

Limestone 39.78 5.99 0.89 0.40 51.04 0.10 98.20 

Shale 7.01 73.33 6.10 1.90 7.70 0.98 96.92 

Iron slag -1.95 36.34 7.07 40.89 6.99 5.6 94.94 

Alumina 9.50 45.89 21.40 15.45 2.36 0.97 95.57 

2.2The raw material mixture ration and mineral composition 

According to the set three rate values of clinker, the trial and error method of mixed 

ingredients calculation was used (Shen Wei, 2008). The ordinary Portland silicate clinker

（referred to as P）and high-strength low-calcium silicate clinker（referred to as B）mixture 

proportion. The mixture proportion of raw materials and the theoretical content of clinker 

mineral（obtained by the Bogue calculation method）were shown in table 1.2 and table 1.3. 

 

 

 

 

 



 

Table1.2  Raw materials mixture proportion（%） 

Clinker 

varieties 

Limestone Shale Iron slag Alumina 

Actual rate values 

KH SM IM 

P 0.828 0.057 0 0.115 0.901 2.501 1.600 

B 0.793 0.08 0.045 0.082 0.780 2.339 0.913 

Table1.3  Theoretical mineral proportion of clinker（%） 

Clinker 

varieties 

C3S C2S C3A C4AF ∑ 

P 58.644 18.764 10.275 8.597 96.28 

B 30.764 45.073 16.177 3.856 95.87 

2.3Experimental scheme 

2.3.1Clinker preparation 

The raw materials were mixed with 8~10% water, pressed into specimens of φ30*4mm,  

transferred to oven of 105~110℃, and then the raw material specimens dried were transferred 

to the ladder lifting high temperature furnace. 

1） The burnability research of raw materials of B and P 

The raw materials specimens were calcined at the temperature of 700℃, 800℃, 900℃ 

for 1h; the raw materials specimens were pre sintered at the temperature of 950℃ for 0.5h 

while calcined at the temperature of 1000℃, 1050℃, 1100℃, 1150℃, 1200℃, 1250℃, 

1300℃, 1350℃, 1400℃, 1450℃ etc, and then B and P specimens were calcined at the 

temperature designed above for 1h. 

2）The calcinations activation energy of B and P 

The raw materials specimens were pre sintered at the temperature of 950℃ for 0.5h 

while calcined at the temperature of 1 200℃、1250℃、1300℃、1350℃ etc, and then B and 

P specimens were calcined at the temperature designed above for 20min, 30min, 45min, 

60min respectively. 

Clinker specimens calcined（B and P）were cooled in the air with the electrical fan, parts 

of clinker specimens calcined of B and P were grinded to powdery materials which got past 

the 80μm sieve was less than 10% with the agate mortar. And then the powdery materials of 

B and P were placed in the dryer to prepared for the subsequent experiments. 

2.3.2The methods of test 

    1）The test of f-CaO 

The f-CaO content of clinker was tested by the rapid determination method of 

ethanol-glycol, according to the determination of GB/T176-2008”cement chemical analysis 

test method”. 

2）The test of loss on ignition 

The loss on ignition of clinker was tested by the method of burning subtraction, 

according to the determination of GB/T176-2008”cement chemical analysis test method”. 

3）XRD mineral detection 



 

The clinker mineral composition was detected by the XRD of D8-ADVANCE made in 

German. 

2.4The calculation method of activation energy 

The calculation process of high-strength low-calcium silicate clinker calcinations 

activation energy was usually divided into two steps：1）the calculation of clinker mineral 

formation rate; 2） the formation rate was drew into the kinetics equation, and then the 

reaction activation energy was calculated according to simultaneous Arrhenius formula.  

The main mineral of ordinary Portland clinker is Alite(C3S). The reaction model was 

close to spherical model, belonged to the three-dimensional diffusion controlled reaction. The 

clinker mineral formation activation energy was calculated by Kim Stringer equation and 

Arrhenius formula. The main mineral of high-strength low calcium silicate clinker was 

Belite(C2S), the formation of clinker was controlled by Ca2+ migration velocity, so the 

formation process of high-strength low calcium silicate clinker belonged to interfacial 

chemical reaction(the first order reaction). The mineral formation activation energy of 

high-strength low calcium silicate clinker was calculated by the first order reaction kinetics 

equation and Arrhenius formula (Wang Chunfang, 2012 and Zhang Rui, 2010). 

2.4.1The clinker formation rate 

    The clinker formation rate (G) was represented by the conversion of calcium oxide (Xu 

Guangliang etal, 1996). 
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    In the formula, G- the clinker reaction formation rate; 

                 C- The raw materials burning base CaO%; 

                 fCaO- The f-CaO content of calcined clinker; 

                 L- The loss on ignition of calcined clinker. 

2.4.2The calculation of activation energy 

    1）The calculation of activation energy of ordinary Portland clinker formation 

    According to Kim Stringer equation (Huang Wenxi etal, 1985 and Xu Guangliang etal, 

1992); 
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                           （2） 

    In the formula, K- The reaction rate constant; 

                 t- The calcined time. 

    The liner correlation coefficient and reaction rate constant Kt of different temperature 

were obtained through the D(G) and t were fitting. And then the Portland silicate clinker 

formation activation energy Ea and the constant K0 were obtained according to Arrhenius 

formula. 
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    In the formula, K0- The constant; 

                 Ea- The reaction activation energy, J/mol; 

                 R- The gas constant, 8.314J/mol; 



 

                 T- The absolute temperature of reaction. 

    2) The calculation of high-strength low calcium silicate clinker formation activation 

energy 

    According to the first order reaction kinetics equation: 

1 ln 1 =R G K t  （ ）
                                (4) 

    In the formula, K- The reaction rate constant; 

                 t- The calcined time. 

    The liner correlation coefficient and reaction rate constant Kt of different temperature 

were obtained through the R1 and t were fitting. And then the high-strength low calcium 

silicate clinker formation activation energy Ea and the constant K0 were obtained according to 

Arrhenius formula. 

3. Experimental results and analysis 

3.1The analysis of raw materials burnability 

The raw material specimens were calcined according to the certain calcinations system, 

the content of f-CaO in clinker was the characterization of the burnability of raw materials. 

The lower the content of f-CaO in clinker was, the better the raw material burnability (Li Juan, 

2013). The content of f-CaO in high-strength low-calcium silicate clinker was lower than the 

content of f-CaO in ordinary Portland clinker at every calcined temperature point from figure 

2.1. This is mainly due to high-strength low-calcium silicate clinker low calcium design, more 

liquid phase volume, small viscosity, large ion migration velocity, thus high-strength 

low-calcium raw materials burnability was superior to ordinary Portland raw materials. 
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Figure 2.1 The content of f-CaO in clinker of B and P 

2.2Spectral analysis of XRD 
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Figure2.2 The minerals change trend of P specimens as with calcinations temperature 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

●C3S

○β-C2S

★CaCO3

☆SiO2

◆ CaO

□γ-C2S

▲Al相
△ Fe相

1100℃

1150℃

1200℃

1250℃

1300℃

1350℃

1400℃

1450℃

1050℃

1000℃

900℃

800℃

700℃

△▲ ●

□ □ ◆

◆

○
○

● ●

◆

★★★★★★

★

☆ ☆

★

★

 

Figure2.3 The minerals change trend of B specimens as with calcinations temperature 

    As were shown from figure2.2 and figure 2.3, the process of carbonate decomposition 

and the change trend of minerals in clinkers of B and P were the same basically below the 

temperature of 1300℃.Large mounts of unreacted free calcium oxide were obtained in both B 

and P below the temperature of 1300℃, which was consistent with the test result of f-CaO. 

The diffraction peak intensity of C3S、β-C2S、C3A etc minerals in B and P clinker were 



 

gradually increased and overlapped seriously with the increase of calcinations temperature 

from 1300℃ to 1450℃. For the high-strength low-calcium silicate clinker, the diffraction 

peak intensity of f-CaO was very weak, over the temperature of 1350℃, which was consistent 

with the test result of f-CaO. That indicated the clinker minerals of B were formed basically at 

the temperature of 1350℃. Whereas, for the ordinary Portland silicate clinker, the diffraction 

peak intensity of f-CaO was very sharp at the temperature of 1350℃, more f-CaO content 

was obtained in P clinker. The clinker minerals of P were formed basically at the temperature 

from 1400℃~1450℃. The firing temperature of B clinker was reduced by 50℃~100℃ than 

P clinker. 

2.3 The calculation of clinker firing activation energy 

    The test results of the f-CaO content and loss on ignition of B and P clinker specimens, 

and the activation energy results were shown in table2.2, table2.3. 

Table2.2   The test results and calculated results of B clinker  

Temperatur

e 

℃ 

Time 

min 

Loss on 

ignition 

% 

f-CaO 

% 

K 

(×10-5/S) 

Ea  

KJ/mol 

 

 

1200 

20 4.53  30.36 

1.31 

 

 

 

 

 

 

152 

 

30 1.39  19.18 

45 2.98  19.68 

60 4.75  17.35 

1250 

20 3.80  18.54 

2.79 
30 1.20  12.44 

45 1.37  9.92 

60 2.58  8.98 

1300 

20 3.65  10.64 

4.42 
30 1.83  8.72 

45 1.30  3.61 

60 1.46  3.54 

1350 

20 1.32  5.91 

3.95 
30 0.64  2.43 

45 0.46  2.66 

60 0.39  0.73 

 

 

 

 



 

Table2.3 The test results and calculated results of P clinker 

Temperatur

e 

℃ 

Time 

min 

Loss on 

ignition 

% 

f-CaO 

% 

K 

(×10-5/S) 

Ea 

KJ/mol 

 

 
1200 

20 4.98  29.34 

8.44 

184 

30 2.58  28.35 

45 2.65  25.46 

60 2.54  24.65 

1250 

20 4.59  21.24 

1.75 
30 2.42  18.85 

45 2.30  16.43 

60 1.75  15.88 

1300 

20 4.30  15.65 

3.00 
30 3.24  15.72 

45 2.16  13.98 

60 0.66  9.81 

1350 

20 3.53  8.77 

3.25 
30 2.22  6.87 

45 1.95  5.69 

60 0.68  4.36 

    As were shown in table2.2 and table2.3, the reaction activation energy of B and P clinker 

were 152 kJ·mol-1, 184 kJ·mol-1 respectively. The reaction activation energy of B clinker was 

reduced by 32 kJ·mol-1 than P clinker. According to the chemical reaction kinetics basic 

principle, with the increase of the activation energy, the potential barrier of the desired 

chemical reaction was increased. So, the chemical reaction was hindered, and the reaction rate 

decreased correspondingly. If the chemical reaction rate was increased, the reaction 

temperature would be increased. And the reaction rate constant of clinker formation would be 

increased with the increase of reaction temperature. 

4. CO2 emission reduction 

    The cement industry production process was an extremely complex system. The accurate 

calculation of CO2 emission reduction was often difficult to achieve, so the following 

calculated result was estimated simply. 

    According to the formula of carbonate decomposition CO2 emission of “HJ2519-2012 

Environment Labeling Product Technical Requirements: Cement”: 

44
1000

56
cR C  

                             (5)
 

In the formula, R- CO2 emission content of per unit of clinker, kg/t; 

             Cc- CaO content in clinker, %. 

    According to the chemical analysis and the mixture proportion of raw materials, the CaO 



 

content of B clinker was about 61.90%, the CaO content of P clinker was about 65.54%, and 

then the calculated result of CO2 emission reduction of high-strength low-calcium clinker was 

about 29kg/t. 

5. Conclusion 

    1) High-strength low-calcium raw materials burnability was superior to ordinary 

Portland raw materials, and the firing temperature of B clinker was lower of 50℃~100℃ than 

P clinker. 

    2) The reaction activation energy of high-strength low-calcium silicate clinker was 152 

kJ·mol-1 through the calculation of the first order kinetics equation model and Arrhenius 

formula. The reaction activation energy of ordinary Portland silicate clinker was 184 kJ·mol-1 

through the calculation of the Kim Stringer equation kinetics equation model and Arrhenius 

formula. The calcinations reaction activation energy of high-strength low-calcium silicate 

clinker was decreased by 32 kJ·mol-1 compared with the ordinary Portland clinker. 

    3) CO2 emission reduction of high-strength low-calcium clinker was about 29kg/t 

compared with the ordinary Portland clinker compared with the ordinary Portland clinker. 
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Abstract 

If the temperature of materials to feed into rotary kiln is increased from 900℃ to 1000~1200℃, both the solid-phase 

reaction and liquid-phase reaction took palace in the kiln will be significant increased. In other words, the above 

process of enhancing the calcinations for the raw meal in the calciner takes advantages of the efficient heat transfer 

under the suspension state, and the results are certificated to help increase the clinker production significantly. 

Through calcination condition comparison, this paper studied characteristics of temperature field distribution of rotary 

kiln of cement preclinkering technology system. Some results are found by system study. Shorter L/D kiln type of 

preclinering technology can obtain more stable temperature field calcining zone. The highest solid temperature of 

preclinkering technology is higher than 80℃, and high temperature region (>1450 ℃) length is 2 times, which is good 

for clinker burning and higher clinker quality. 

 

Originality 

The paper firstly calculates and analyses characteristics of temperature field distribution of rotary kiln of cement 

preclinkering technology system. 

 

Keywords: cement preclinkering technology; temperature distribution; kiln production; energy consumption 
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1. Introduction 

Since Aspdin obtained for cement invention patent in 1824, human beings began to use the cement as 

main building material of the era at large scale. Lasting nearly two hundred years, the production of 

cement process equipment also changed. Cement kiln developed from vertical kiln, rotary kiln, wet-

process kiln, preheater kiln to precalcining kiln, far into the ecological environment type to meet the 

requirements of environmental protection. 

Precalcining kiln system has been the mainstream of cement clinker calcinations technology over the 

past decades. However, as a bottleneck, the residual decomposition of calcium carbonate and the 

slowly temperature rising process in the kiln limit the capacity to keep growing and the energy 

consumption to keep reducing. As the main contradiction, the rates of the heat transfer and need for 

the clinker burning is hugely imbalanced.  

According to the previous research, if the temperature of raw meal to feed in the kiln is increased from 

900℃ to 1000~1200℃, both the solid-phase reaction and liquid-phase reaction took palace in the kiln 

will be significant increased (Zhou Yongkang, 2000; Zhao Yimin, 2012; Chen Xiaodong, et al., 2004). 

In other words, the above process of enhancing the calcinations for the raw meal in the calciner takes 

advantages of the efficient heat transfer under the suspension state, and the results are certificated to 

help increase the clinker production significantly.  

Through calcination condition comparison, this paper showed a new type technology which called 

cement preclinkering technology (Wang Lan, et al., 2007). And it is studied that characteristics of 

temperature field distribution of rotary kiln of cement preclinkering technology system. 

2. Concept of cement preclinkering technology 

The process route of preliminary idea for cement preclinkering technology is shown in Figure 1.Firstly 

raw meal enter the preheater system, and through multistage (four or five stages) the gas-solid heat 

transfer inside the cyclone preheater, raw meal is preheated to 700~800℃. Raw meal enters the 

preclinkering furnace for heat transfer and chemical reaction, and after the last level high temperature 

cyclone preheater gas-solid separation, raw meal temperature obtains 1000~1200℃. Then raw meal 

immediately goes into shorter rotary kiln(L/D=8~10) in which the temperature is about 

1000/1200~1450~1350℃, and clinker solid reaction and liquid sinter process happen. Lastly, the 

clinker goes into cooler, and then goes out of it. 

 
Fig.1 Concept of cement preclinkering technology process 



 

 

3. Computational models and solution methodology 

3.1. Model simplification and hypothesis 

(1) The research process is as a quasi steady state. Namely, when a space point is sure in coordinate 

system, a variety of flow rate and temperature do not change with time. 

(2) Flue gas temperature is evenly distributed on the arbitrary section of rotary kiln.  

(3) Kiln shell temperature is uniformly distributed along the circumferential.  

(4) In the circumferential direction of rotary kiln, raw meal, flue gas and kiln coat in axial of rotary 

kiln can be regarded as adiabatic.  

(5) The emissivity is not changes with place, time and temperature.  

(6)Thermal conductivity coefficient of kiln coat and raw meal are as a constant. 

3.2. Analysis of energy conservation 

 
Fig.2 Energy balance in infinitesimal body of rotary kiln 

Energy balance in infinitesimal body of rotary kiln is shown in Figure 2. Along the length direction of 

rotary kiln, a small cylindrical section is intercepted, which is as the balance calculation of 

infinitesimal control body. Energy balance of infinitesimal body can establish differential 

mathematical model of rotary kiln. Heat transfer in rotary kiln include radiation heat and convective 

heat transfer between the gas and material, radiation heat and convective heat transfer between gas and 

bare wall, and composite heat exchange between the covered wall and material, etc.  

The flue gas energy balance equation is shown as that: 

g

gi gpgi ig ew g esdx

dT
Q QC nM H 

        （1） 

The material energy balance equation is shown as that: 

s

sj spsj jg es ew es cw csdx

dT Q Q QC nM H  
         （2） 

Kiln cylinder energy balance equation is shown as that: 

sh g ew es ew cs cw
Q Q Q Q

  
      （3） 

In the above equation，i represents gas components, Mgi represents the mass of the gas flow of the i 

group, Cpgi represents the heat capacity of the gas of the i group, j represents the material composition, 

Msj represents the quality of the material flow of the j group, Cpsj represents the specific heat of the j 



 

 

group materials, Qg-ew represents heat transfer between gas and exposed wall, Qg-es represents heat 

transfer between gas and material surface, Qew-es represents an exposed wall and the heat transfer 

between the material surface, Qcw-cs represents covered by material surface and heat transfer between 

materials, Qsh represents heat loss to the environment, ΔHg represents gas and heat of reaction, ΔHs 

represents solid phase reaction heat. 

4. Results and discussion 

By calculation, temperature distribution of flue gas, raw meal and kiln coat of rotary kiln is shown in 

Figure 3. 

 
(a) Cement preclinkering technology 

 
(b) Cement precalcining technology 

Fig.3 Temperature profiles in cement rotary kiln of gas, solid and coating  



 

 

Seen from the characteristics analysis of temperature distribution of rotary kiln of precalcining 

technology in Figure 3, the temperature field is divided by decomposition zone (72-56 m), transitional 

zone (56 ~ 24 m), sintering zone (24 ~ 4 m) and cooling zone (4 ~ 0 m). At the same time, the 

maximum temperature of flue gas and raw meal are not on the same cross section, but the maximum 

temperature of flue gas and kiln coat are almost on the same section. The maximum temperature of 

raw meal is lagging behind, which shows that raw meal has higher heat capacity than that of flue gas, 

so the temperature change is relatively slower.  

Seen from Figure 3, under the condition of raw meal entering rotary kiln, raw meal temperature 

increases very slowly in the area (56 to 72 m). Raw meal into the rotary kiln also needs absorb a large 

number of heats, which influences the temperature of the raw meal increase. At the same time, 

carbonate decomposition process becoming slowly, has caused highly active CaO "inactivation" and 

reduced its chemical reaction ability. Relevant scholars’ new ecological studies (Deng Fujun, et al., 

2011) have shown that the activity of different calcium oxide has a great influence on the follow-up 

solid phase reaction. So the area which raw meal temperature rises slowly is one which the energy 

configuration in precalcining technology is not reasonable. Raw meal activity is reduced in this area, 

and clinker sintering velocity is slower. So the decomposition zone and part of transition zone which 

raw meal goes into are heat bottleneck of precalcining technology, which can cause the increase of 

heat loss and sintering time.  

Under the condition of cement preclinkering technology, the raw meal temperature which goes into 

the kiln is 1070℃ and the decomposition rate is 97.1%.  The heat load will be greatly reduced and the 

physical and chemical process will be speeded up in rotary kiln, which can use shorter kiln (L/D = 10) 

for clinker sintering.  

Seen from the characteristics analysis of temperature distribution of rotary kiln of preclinkering 

technology in Figure 5, the temperature field is divided by decomposition zone (48-44m), transitional 

zone (44 ~ 24 m), sintering zone (24 ~ 4 m) and cooling zone (4 ~ 0 m). At the same time, the 

maximum temperature of flue gas and raw meal are not on the same cross section, but the maximum 

temperature of flue gas and kiln coat are almost on the same section. 

Seen from Figure 3, under the condition of preclinkering technology, raw meal goes into rotary kiln 

and its temperature increases quickly, which is helpful for the quick chemical between highly active 

carbonate mineral decomposition and silicon aluminum elements. Newly born phase can reduce 

activation energy of solid phase reaction, thus increas rate constant of solid phase reaction, and then 

speed up the reaction. 

Solid temperature profiles in sintering zone of preclinkering and precalcining process is shown as 

below. 

 
Fig.4 Solid temperature profiles in sintering zone of preclinkering and precalcining process 



 

 

Production practice shows that the calcining temperature and time directly affect the output and 

quality of clinker (Ji Liangping, et al., 2010). Seen from Figure 6, under the condition of preclinkering 

technology, the calcining zone temperature distribution of rotary kiln which  the ratio L/D is 10 has a 

more stable area and higher temperature. The highest temperature of the material can reach 1537℃, 

and the temperature zone of the material above 1450℃ is up to more than 8m. But under the condition 

of precalcining technology, the highest temperature of the material can reach 1457℃, and the 

temperature zone of the material 1450℃ is less than 4m. 

The highest temperature of the material in the process of preclinkering technology is higher 80℃ than 

that of  precalcining technology, and the high temperature region (>1450℃) length is 2 times of 

precalcining process. It is good that the clinker has enough time to keep higher sintering temperature, 

which makes C3S mineral develope well and improves the quality of clinker. 

5. Conclusions 
Shorter L/D kiln type of preclinkering technology can obtain more stable temperature field sintering 

zone. The highest solid temperature of preclinkering technology is higher than 80℃ , and high 

temperature region (> 1450℃) length is 2 times, which is good for clinker burning and higher clinker 

quality. 
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Abstract 

 

Refined by-products from the aluminium industry’s spent pot lining (SPL) waste are a valuable source of fluoride, 

alkali, alumina and carbon for clinker manufacturing. Fluoride acts as a cost effective mineralizer resulting in an 

easier clinker burnability that reduces thermal energy consumption and/or promotes higher clinker alite levels. Alkalis 

allow an increase of the alkali level in clinker which can improve the alkali-sulfur balance and increase the content of 

soluble alkalis in cement. Alumina can substitute partially other alumina correctives in raw meal or can be employed to 

increase the portion of aluminate in mineralized clinker. Finally, the carbon fraction of refined by-products from the 

aluminium industry substitutes fossil fuels in the clinkering process. 

To better understand the impact of the refined by-products on the clinker manufacturing process and their mineralizing 

properties in particular, a series of laboratory burnability investigations was performed and industrial clinker 

produced using refined by-products from the aluminium industry was characterized. 

 

This work has established that the beneficial effect of fluoride on clinker burnability does not depend on the type of 

fluoride mineral used, be it cryolite (Na3AlF6), villiaumite (NaF), fluorite (CaF2), or sodium silicofluoride (Na2SiF6). 

The different pure fluoride salts including those present in refined by-products from the aluminium industry such as 

HiCAl 40 were used to dope industrial rawmeals and undergo laboratory burnability testing. These doped rawmeals 

exhibited similar burning behaviour at the same fluoride content. 

 

It has also established that HiCAl 40, a refined by-product derived from spent potlining, has similar burnability 

improvement characteristics to fluorite tested in rawmixes at 94 Lime Saturation (LS). At this LS, to achieve a free lime 

of 1.5%, a temperature reduction of the order of 100 OC is indicated - with commensurate potential energy and other 

savings in industrial clinker burning. HiCAl 40 exhibited similar characteristics when incorporated into rawmixes at 97 

and 101 LS. 

 

A clinker sample produced with refined by-product from the aluminium industry resulting in enhanced cement strength 

development was characterized. It confirms the transfer and incorporation of fluoride and sodium from the by-product 

into clinker. 

 

Originality 

Pure fluoride minerals potentially occurring in the by-products from the aluminium industry such as cryolite (Na3AlF6), 

villiaumite (NaF), fluorite (CaF2), and sodium silicofluoride (Na2SiF6) were tested as mineralizers by doping industrial 

raw meals. 

 

Clinker burnability studies using industrial raw materials were conducted for different levels of clinker lime saturation, 

mineralizer dosage and burning temperature. Thereby the impact of refined by-product from the aluminium industry 

was benchmarked against the use of calcium fluoride and hence other fluoride carriers. 

Finally, the studies were complemented with results from industrial clinker mineralized with refined by-product from 

the aluminium industry. 

 

Keywords: Clinker Mineralization, Burnability, Fluoride Minerals, Spent Pot Lining
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1. Introduction 

 

Refined by-products from the aluminium industry's spent pot lining (SPL) waste can be a valuable 

source of fluoride, alkali, alumina and carbon for cement clinker manufacture. The optimum value of 

these components can be realized only when the refinement process produces a material that is safe 

and chemically consistent, the most suitable clinkering process can be identified and the efficacy of 

the product relative to alternatives can be proven. 

 

Cooper, B.J., (2014) has described the application of industrial ecology to address environmental 

issues associated with SPL generated by the aluminium smelting industry and has identified the 

processes necessary to successfully introduce refined SPL into the cement industry. An important 

aspect of these processes is the calcination and treatment to remove cyanides, oxidize residual sodium 

and aluminium metal and safely burn the resultant explosive hydrogen and organic gases which would 

otherwise prevent refined SPL materials from being classified as a safe and valuable by-product. 

 

The optimum cement/clinker plant scenario for the utilization of the fluoride and other components in 

refined SPL has been described by Zimmermann,Y.C.,(2015) who demonstrates the case where 

maximum value that can be obtained from all the ingredients in refined SPL when applied to the 

appropriate cement plant. 

 

The mineralization properties of fluoride in cement manufacture is well known and is extensively 

documented (Christensen, N.V., et al (1993), Glasser, F.P., (2004), Gosh, S.P., (1997), Hertford, D., 

(2003, 2010), Johansen, V., et al (1979, 2011), Klemm, W.A., et al (1993), Moir, G.K., et al (1992), 

Taylor, H.F.W., (1997)). It is common to use calcium fluoride (fluorite), often commercially also 

known as fluorspar, as a fluoride source and cement plants with reliable supplies of fluoride are known 

to produce a mineralized clinker which has superior strength making characteristics compared to 

conventionally produced clinker. The higher quality of such clinkers may be used to improve cement 

quality and/or increase the yield of cement per unit of clinker.  

 

This work makes a contribution to the understanding of the efficacy of 'HiCAl 40', a refined product 

derived from SPL, relative to other fluoride carriers and provides examples from its' industrial 

application. 

 
2. Experimental 

 

2.1. Raw Materials 

 

Industrially produced cement rawmeals were sourced from a cement plant utilizing natural gas as 

major fuel in the clinkering process. Smaller quantities of flyash, finely ground silica sand and high 

grade limestone used as corrective materials were also supplied by this manufacturer. In all cases the 

rawmaterial combinations necessary to achieve the desired clinker compositions were materials used 

and produced commercially.  

 

The fineness of rawmeal was typical of industrial roller mill product at 85% < 90 microns. 

High grade limestone was ground to a similar size. Silica sand corrective was specifically ground to 

< 32 microns to minimize the effect of this material on burnability. 

 

SPL derived HiCAl 40 was a sample of a commercial export shipment. 

 

 

 

 



 

2.2.1 Characterization of Rawmixes 

 

Various physical - chemical models developed in the industry indicate that the burnability of cement 

clinker rawmix is predominantly related to the content of coarse (> 32 microns) Quartz, coarse (> 90 

microns) Calcite, Lime Saturation (LS) and Silica Ratio (SR). 

 

For the initial study using analytical grade fluoride carriers adjustment of the rawmix composition was 

not considered necessary. 

 

In the case of evaluating the effect of Fluoride level, Lime Saturation and Temperature, rawmixes 

were prepared with the intention to keep constant, to the greatest extent possible, all variables other 

than those being investigated. Particle size was 'controlled' by maximizing the content of the 

industrially produced rawmeal. Only the mixes containing relatively larger proportions of HiCAl 40 

required correction with high grade limestone which was ground to a fineness similar to rawmeal. The 

very small quantities of fine silica sand and /or flyash corrective are not considered to be of any 

consequence.  

The simple equations traditionally used in the cement manufacturing industry (Bogue R.H. (1955) 

were used to calculate rawmaterial proportions, rawmix composition (to achieve hypothetical clinkers) 

and the product hypothetical clinker composition.  
 

2.2.2 Characterization of HiCAl 40 

 

The SPL derived HiCAl 40 used in this study was sourced from samples retained from commercial 

export sales or deliveries. 

The major characteristics are shown below in table 1. Note that the chemical analysis total exceeds 

100 as SPL derived HiCAl 40 is a product of a reduction furnace and the inorganic analysis results 

here are expressed as the highest oxidation state as practised in the cement industry.
 

Table 1a Chemical composition of HiCAl 40          

Property  Unit Value 

Moisture % 14.8 

Ash % 54.6 

SiO2 %   9.1 

Al2O3 % 17.5 

Fe2O3 %   4.9 

CaO %   1.7 

SO3 %   1.5 

K2O %     0.27 

Na2O % 13.2 

F % 10.1 

C % 43.3 

Heat Value MJ/kg 13.6 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 1b Mineralogical Composition of HiCAl 40                                   

Mineral Formula Unit Value 

Graphite-2H C % 35.5 

Villiaumite NaF % 11.2 

Corundum Al2O3 % 15.0 

Gibbsite Al(OH)3 %   2.7 

Cryolite Na3AlF6 % 14.9 

Fluorite CaF2 %   3.4 

Diaoyudaoite NaAl11O17 %   4.3 

Other 

crystalline 

Unidentified,  

possibly 

NaAlSiO4  

% Est 8.7 

Other 

crystalline 

 % Est 4.3 

 

 

2.3. Methodology 

 

2.3.1 Sample / Nodule Preparation 
 

Samples of known composition of the required cement rawmeal, fine flyash, finely ground silica sand 

and fluoride carrier (or HiCAl 40) was accurately proportioned to the required chemical composition. 

Two levels of fluoride were selected as variables for sodium fluoride (NaF), calcium fluoride (CaF2), 

cryolite (Na3AlF6) and sodium fluorosilicate (Na2SiF6) as the fluoride sources. Three levels of added 

'Target Fluoride' were used for the study involving HiCAl 40 and calcium fluoride (CaF2).  

 

The materials were selected and proportioned to keep constant other factors known to influence 

rawmix burnability.  

 

8-10 nodules of each of the mixtures were prepared by mixing with water to form a stiff paste, rolling 

by (gloved) hand to a diameter of 8-10mm and then kept in a drying oven at 105 °C for several days 

prior to burning. 

 

Selected samples from each test series were then analyzed by XRF to ensure that the desired 

hypothetical clinker characteristics had been achieved. This provided evidence that the original 

analyses and rawmaterials were correctly proportioned.  
 

2.3.2 Rawmix Burning  

 

The laboratory furnace was programmed so that the starting temperature for burning samples was 

200OC below the target burning temperatures of 1400OC in the case of the pure fluoride carriers.  

For the work conducted at 97 and 101 Lime Saturation (LS) the target burning temperatures were 

1350OC, 1400OC and 1450OC respectively. 

 

Following introduction of the sample the furnace was programmed to increase temperature by 8OC per 

minute for 25 minutes to the target temperature. (For the work at 94 LS conducted earlier (also at 

target burning temperatures of 1350OC, 1400OC and 1450OC) the rate of temperature rise was 10OC 

per minute requiring 20 minutes to reach the target temperature).  

 

Given the relatively large energy input to the furnace the very small and variable contribution from the 

carbon content of the HiCAl was not considered to be of significance. 

 



 

The samples were then ‘soaked’ at the target temperature for 20 minutes prior to being removed and 

rapidly cooled. This process produced a furnace produced ‘clinker’. 

 

2.3.3 Chemical Analysis of Furnace produced Clinkers 

 

Clinker samples were analyzed for uncombined residual free lime (CaOf) by the traditional 

glycerol/alcohol method (ASTM C114) as the burnability indicator. Selected clinker samples were 

also analyzed by XRF to confirm that the potential characteristics (LSF, SR, AR ) did not change 

during the burning process. 

 

 

3. Results and Discussion 

 

3.1. Burning Results for Analytical Grade Fluoride Carriers  

 

Rawmixes containing sodium fluoride (NaF), calcium fluoride (CaF2), cryolite (Na3AlF6) and sodium 

fluorosilicate (Na2SiF6) were prepared, nodulized and burnt at 1400OC. This range of fluoride carriers 

contains also those minerals present in SPL, as determined by X-Ray Diffraction analyses of HiCAl 40 

during the past decade. Villiaumite (NaF) and cryolite (Na3AlF6), the major fluoride contributors in 

HiCAl 40, were also included as a 50/50 blend, i.e. each contributing half of the added fluoride. 
 

 

Table 2 below shows the hypothetical clinker characteristics calculated from the compositions of the 

rawmixes prepared for this study, conducted with a LS target of 100 - indicating only marginal 

differences in variables known to affect burnability. 

 
Table 2 - Hypothetical Clinker Characteristics - Analytical Grade Fluoride Carriers 

 

 Unit  NaF CaF2 Na3AlF6 Na2SiF6 NaF + Na3AlF6 

Added Fluoride % NIL 0.20 0.40 0.20 0.40 0.20 0.40 0.20 0.40 0.20 0.40 

             

LS - 100 100 100 101 101 100 100 100 100 100 100 

SR - 2.50 2.50 2.50 2.50 2.50 2.47 2.44 2.51 2.52 2.48 2.47 

AR - 1.64 1.64 1.64 1.64 1.64 1.66 1.69 1.64 1.64 1.65 1.66 

Na2O eq. % 0.51 0.84 1.17 0.51 0.51 0.68 0.84 0.62 0.73 0.76 1.01 

Alkali/Sulfur - 2.40 3.95 5.52 2.40 2.40 3.16 3.93 2.90 3.42 3.56 4.74 

C3S % 74 74 74 75 76 73 73 73 72 74 73 

C3S ( corrected for 1% 

free lime) 

% 70 70 70 71 72 69 68 69 68 70 69 

C2S % 3.9 3.8 3.8 2.9 2.0 4.3 4.7 4.8 5.6 4.1 4.3 

C2S (corrected  for 1% 

free lime) 

% 6.9 6.9 6.9 6.0 5.1 7.4 7.8 7.8 8.7 7.1 7.3 

C3A % 8.4 8.4 8.3 8.4 8.3 8.6 8.8 8.4 8.3 8.5 8.6 

C4AF % 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 

Liquid phase (1338 °C) % 22.1 22.3 22.6 22.0 21.9 22.2 22.3 22.1 22.2 22.3 22.4 

Liquid phase (1400 °C) % 25.0 25.2 25.4 24.9 24.8 25.3 25.7 25.0 25.0 25.3 25.6 

Liquid phase (1450 °C) % 25.4 25.6 25.9 25.3 25.2 25.7 26.1 25.4 25.5 25.7 26.0 

 

 

Table 3 shows the residual free lime content (as burnability indicator) of the clinkers produced from 

the rawmixes containing fluoride derived from analytical grade carriers. 

 

 

 

 



 

Table 3 - Free Lime content of clinker burned at 1400OC 

  FFFFluoride Source Fluori  

Added Fluoride  NaF  CaF2 Na3AlF6 Na2SiF6 NaF/Na3AlF6 

%    Free Lime (%)                    

NIL   3.4   

0.2 2.7 2.7 2.4 2.6 2.3 

0.4 2.6 2.8 2.3 2.2 2.5 

 

The results suggest there is little difference attributable to the fluoride carrier type. By addition of 

0.20 % of F to rawmixes, the free lime level could be reduced from 3.4 % to around 2.5 % in this 

laboratory test. The results also indicate that there is little improvement in burnability when increasing 

the added F content to 0.40%. 

 

3.2. HiCAl 40 as Fluoride Carrier  

 

Rawmixes were prepared at LS 94, 97, and 101 respectively, nodulized and burnt at temperatures of 

1350OC, 1400OC and 1450OC as previously described. The LS 94 series was done in conjunction with 

a series of burns containing fluorite as fluoride source for comparison. 

 

3.2.1 Burning Results for HiCAl 40 and CaF2 (fluorite) at 94 LS 

 

Table 4 summarizes the hypothetical clinker characteristics of rawmixes for the LS target of 94 and 

shows that only added F level and in the case of HiCAl 40, the associated Na2O are significant 

variables. Selected XRF analyses of rawmixes provided evidence that the hypothetical targets were 

achieved. 

 
Table 4 - Hypothetical Clinker Characteristics at LS 94 - HiCAl 40 and CaF2 as fluoride source 

  

LS Target 94 LS Target 94 

Fluoride Source   HiCAl 40 CaF2 

Added Fluoride % 0.00 0.07 0.20 0.33 0.00 0.07 0.20 0.33 

LS - 94.0 93.9 93.8 93.8 94.0 94.0 94.0 94.1 

SR - 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 

AR - 1.69 1.68 1.65 1.61 1.69 1.71 1.73 1.75 

Na2O % 0.41 0.48 0.61 0.75 0.41 0.41 0.41 0.42 

C3S % 60.1 60.0 59.8 59.6 60.1 60.0 60.0 59.9 

C3S (corrected for 1%  

free lime) % 56.1 56.0 55.8 55.6 56.1 56.0 56.0 55.9 

C2S % 18.2 18.2 18.2 18.3 18.2 18.1 18.1 18.0 

C2S (corrected for 1%  

free lime) % 21.2 21.2 21.2 21.3 21.2 21.1 21.1 21.0 

C3A % 9.2 9.1 8.9 8.7 9.2 9.3 9.4 9.5 

C4AF % 10.0 10.1 10.2 10.3 10.0 10.0 9.9 9.8 

 

The results of free lime tests on the actual clinkers produced from the rawmixes above are shown in 

Figure 1 below. 

 

As expected the free lime content (as burnability indicator) reduces as the temperature increases.  

The free lime content also reduces as the added fluoride content is increased to 0.33%. Comparison of 



 

the two sets of data suggests that the HiCAl 40 fluoride carrier has a very similar affect on burnability 

to that of fluorite. 
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Figure 1 - Effect of Added Fluoride on Free Lime - HiCAl 40 and Fluorite at various temperatures - LS 94 

 

In figure 2 below the same results are shown differently and can be used to infer that to achieve a free 

lime content of 1.5% a reduction in burning temperature of the order of 100OC is indicated. A similar 

reduction is apparent for fluorite sourced fluoride at 94 LS whereby the conclusion is not as well 

defined at the lower temperatures. 
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Figure 2 - Relationship between Free Lime and Temperature for levels of HiCAl 40 and CaF2 sourced fluoride  

 

 

3.2.2 Burning Results for HiCAl 40 at 97 LS and 101 LS 

 

Table 5 summarizes the hypothetical clinker characteristics of rawmixes for the LS target of 97 and 

101 and again shows that only the added fluoride level and perhaps the associated Na2O are significant 

variables. The purpose of the highest lime saturation rawmix was essentially to see whether any degree 

of mineralization could be observed in a static furnace environment under these conditions. 

 
Selected XRF analyses of rawmixes again provided evidence that chemical composition was not 

changed during burning and that the hypothetical clinker targets were achieved. 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5  Hypothetical Clinker Composition HiCAl 40 at LS 97 and LS 101   

  

LS Target 97 LS Target 101 

Fluoride Source 
 

HiCAl 40 HiCAl 40 

Added Fluoride  % NIL 0.07 0.20 0.33 NIL 0.07 0.20 0.33 

LS  - 97.0 97.0 97.0 97.0 101.0 101.0 101.0 101.0 

SR  - 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 

AR  - 1.79 1.77 1.85 1.94 1.71 1.75 1.84 1.93 

Na2O % 0.48 0.56 0.71 0.87 0.46 0.55 0.71 0.86 

C3S % 66.6 66.6 66.2 65.7 76.0 75.8 75.3 74.7 

C3S (corrected for 1% 

free lime) % 62.6 62.6 62.2 61.7 72.0 71.8 71.3 70.7 

C2S % 11.5 11.5 11.6 11.8 2.8 2.9 3.1 3.3 

C2S (corrected for 1% 

free lime) % 14.5 14.5 14.6 14.8 5.8 5.9 6.1 6.3 

C3A % 9.4 9.3 9.7 10.0 8.8 9.0 9.4 9.7 

C4AF % 9.4 9.5 9.2 8.9 9.4 9.3 8.9 8.6 

 

Figure 3 below shows the free lime results for the clinkers produced from rawmixes at LS 97. Results 

are very similar to those at LS 94 except that as expected, the level of residual free lime is higher. The 

effect of the added fluoride and temperature are again clearly demonstrated. The effect on burning 

temperature for equivalent free lime is again of the order of 100OC.  
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Figure 3 Effect of Added Fluoride on Free Lime - HiCAl 40 - LS 97 

 

 

Figure 4 shows the residual free lime content for the clinkers produced from rawmixes at 101 LS. 

Whilst it is apparent that both temperature and fluoride level improve burnability it is also apparent 

that free lime levels below 2% were not attained even at 1450OC and the highest fluoride addition rate. 

This implies that whilst the burnability is improved reduction of free lime below 1% has not been 

achieved in the static furnace at the high LS. 
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Figure 4 Effect of Added Fluoride on Free Lime - HiCAl 40 - LS 101 

 

 

4. Industrial Application 

 

HiCAl 40 is used in several plants to exploit the potential of alkali and fluorides from this source for 

cement manufacturing. Table 6 shows the chemical and mineralogical composition of a clinker 

produced using HiCAl 40 with a F level of 0.19% and a Na2O content of 0.41%. It confirms the 

successful incorporation of the minor elements from the refined by-products into clinker. 

The mineralogical composition with 66% of alite and 10% of aluminate indicate a good clinker 

reactivity. 
 

Table 6a - Chemical composition of industrial clinker with HiCAl 40           

Property  Unit Value 

LOI % 1.40 

SiO2 % 20.59 

Al2O3 % 5.83 

Fe2O3 % 2.97 

CaO % 66.61 

MgO % 0.93 

SO3 % 0.30 

K2O % 0.23 

Na2O % 0.41 

TiO2 % 0.26 

Cl % 0.01 

F % 0.19 

 

Table 6b - Mineralogical composition of industrial clinker with HiCAl 40                                     

Mineral Unit Value 

Alite (XRD) % 65.70 

Belite (XRD) % 16.18 

Aluminate 

(XRD) 

% 9.95 

Ferrite (XRD) % 7.27 

 

Figure 5 shows a comparison of industrial cement mortar strength measured for cements produced 

from clinker with and without HiCAl 40. The results confirm the better clinker reactivity as expected 

for clinker with elevated fluoride and alkali contents whereby the relative impact is most pronounced 

for the 3 and 7 days strength results. 
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Figure 5 Effect of HiCAl 40 on Cement Mortar Strength 

 

 

5. Conclusions 

 

This work has established that the beneficial effect of fluoride on clinker burnability does not depend 

on the type of fluoride mineral used, be it cryolite (Na3AlF6), villiaumite (NaF), fluorite (CaF2), or 

sodium silicofluoride (Na2SiF6). The different pure fluoride salts including those present in refined by-

products from the aluminium industry such as HiCAl 40 were used to dope industrial rawmeals and 

undergo laboratory burnability testing. These doped rawmeals exhibited similar burning behaviour at 

the same fluoride content. 

 

It has also established that HiCAl 40, a refined by-product derived from spent potlining, has similar 

burnability improvement characteristics to fluorite tested in rawmixes at 94 LS. At this LS, to achieve 

a free lime of 1.5%, a temperature reduction of the order of 100 OC is indicated - with commensurate 

potential energy and other savings in industrial clinker burning. HiCAl 40 exhibited similar 

characteristics when incorporated into rawmixes at 97 and 101 LS. 

 

A clinker sample produced with refined by-product from the aluminium industry resulting in enhanced 

cement strength development was characterized. It confirms the transfer and incorporation of fluoride 

and sodium from the by-product into clinker. 
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Abstract 
Belite Calcium SulfoAluminate (BCSA) cements, also known as sulfobelite cements, have been developed as OPC 
substitutes. BCSA cements contain belite as main phase (>50 wt%) and ye´elimite as the second content phase 
(~30 wt%). BCSA are less calcite demanding materials than OPC, with the consequent diminution of carbon 
dioxide emissions from decarbonation in the kiln. Although BCSA cements have been proposed as a sustainable 
alternative to OPC, an important technological problem is associated to them: these materials develop low 
mechanical strengths at intermediate hydration ages (3, 7, and 28 days). One of the proposed solutions to this 
problem is the activation of BCSA clinkers by preparing clinkers with high percentage of coexisting alite and 
ye'elimite. These clinkers are known Belite-Alite Calcium Sulfoaluminate (BACSA) cements. Their manufacture 
may produce 15% less CO2 than OPC. Alite is the main component of OPC and is responsible for early 
mechanical strengths. The reaction of alite and ye´elimite with water will develop cements with high mechanical 
strengths at early ages, while belite will contribute to later curing times. Moreover, the high alkalinity of BACSA 
cement pastes/mortars/concretes will facilitate the use of supplementary cementitious materials with pozzolanic 
activity that also contribute to decrease the CO2 footprint of these ecocements. 
 
In this work, four BACSA clinkers with different compositions (belite ~ 70-55 wt%, alite ~ 10-15 wt% and 
ye’elimite ~ 10-15 wt%) were synthesized (at laboratory scale). Lime, gypsum, kaolin and sand were used as raw 
materials and clinkering temperatures from 1280 to 1300 ºC were studied. Every BACSA clinker was chemically 
and mineralogically characterized through X-ray fluorescence and laboratory X-ray powder diffraction 
(LXRPD), the latter in combination with the Rietveld methodology to obtain the full phase assemblage. The 
clinker with the targeted composition (belite ~ wt 60 %, alite ~ 13 wt% and ye’elimite ~ 10 wt%) was chosen to 
perform the scaling-up (2 kg). To do so, the processing parameters (milling time and clinkering conditions) have 
been optimized. 
 
Finally, the hydration of the corresponding BACSA cement pastes (prepared with the scaled-up clinker and 
anhydrite) was studied through thermogravimetric analysis (at very early hydration time) and LXRPD in 
combination with the Rietveld methodology, at 1 and 7 hydration days to determine degree of hydration. 
 
Originality 
Our key challenge is to design “New formulations of optimised belite-alite calcium sulfoaluminate (BACSA) 
which must develop mechanical strengths comparable to those of ordinary Portland cement, OPC, with a 
reduction in CO2 emissions of at least 15% when compared to OPC production.” 
 
Because of that, BACSA clinkers with high amounts of alite and ye'elimite are desired. However, a good raw 
meal combination is far from being well-established. This work reports a study of the different combinations of 
belite-alite calcium sulfoaluminate raw materials with different mineralogical compositions and the scale-up of 
the selected one. Both cement phase assemblage and hydration mechanisms of the corresponding cement pastes 
are also being correlated. 
 
Keywords: BACSA cement, clinkering, hydration, Rietveld Quantitative Phase Analysis, X-ray powder diffraction 
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1. Introduction 
The manufacture of Calcium SulfoAluminate (CSA) cements is more environmentally friendly than 
OPC (Gartner, 2004; Aranda & De la Torre, 2013), as their production releases up to 35% less CO2 
than the latter. CSA cements present a wide range of phase assemblages, but all of them contain over 
50 wt% calcium sulfoaluminate (also known as ye´elimite or Klein’s salt), jointly with belite, ferrite 
and other minor components (Chen & Juenger, 2011; Quillin, 2001; Gartner & Li, 2006; Janotka et al, 
2007). Their main performances are fast setting, durability and, depending on the amount of added 
sulphate they are self-levelling materials or shrinkage controllers (Pera & Ambroise, 2004; Winnefeld 
& Barlag, 2010; García-Maté et al, 2015). These materials are commonly used for niche applications 
due to their high cost (due to the very high alumina contents). 
 
Currently, Belite Calcium SulfoAluminate (BCSA) cements have been developed as OPC substitutes 
(Morin et al., 2011; Cuberos et al., 2010; Gartner & Li, 2006; Álvarez-Pinazo et al, 2014; Álvarez-
Pinazo et al., 2013). BCSA cements contain belite as main phase (>50 wt%) and ye´elimite as 
secondary main phase (~30 wt%). BCSA are less calcium carbonate demanding materials than OPC, 
with the consequent decrease of carbon dioxide emissions from decarbonation in the kilns. In addition, 
OPC clinkering temperature is ~1450 ºC, while for BCSA is ~1300 ºC. Moreover, these materials are 
easier to grind, implying an energetic saving and indirect emission depletion. Although BCSA 
cements have been proposed as a sustainable alternative to OPC, some important technological 
problems are associated to them: i) these materials develop low mechanical strengths at intermediate 
hydration ages (3, 7 and 28 days). ii) Weakness of these cements is that the basicity of the pastes is not 
very high and therefore, the pozzolanic effect with fly ash or slag is expected not to be very effective. 
 
One of the proposed solutions to this problem is the activation of BCSA with the production of 
cements that contain alite jointly with ye´elimite, known as Belite Alite Calcium SulfoAluminate 
(BACSA) cements. Their manufacture may produce 15% less CO2 than OPC. Alite is the main 
component of OPC and is responsible for early mechanical strengths. The reaction of alite and 
ye´elimite with water will develop cements with high mechanical strengths at early ages, while belite 
will contribute to strength developments at later ages (Pérez-Bravo et al, 2013; Liu et al, 2009; Lili et 
al, 2009.; Li et al, 2007; Ma et al, 2006; Liu & Li, 2005; Ma et al, 2013). Furthermore, the high pH 
values resulting from alite hydration could enhance the pozzolanic reaction facilitating the use of 
supplementary cementitious materials. However, there are inherent difficulties in the production of 
BACSA, due to the differences between the optimum formation temperatures of main phases. Alite 
formation is favoured by the presence of melted phases and at least a temperature of 1350 ºC is 
required. On the other hand, decomposition or melting of ye´elimite takes place over 1350 ºC (Puertas 
et al, 1995; Fuertes & Fernandez, 1995; Li et al, 2014). Fortunately, the addition of minor quantities of 
fluorite (Li et al, 2007; Blanco-Varela et al, 1997) and other minor elements such as Mg (Liu & Li, 
2005), Cu (Ma et al, 2006), Mn (Lili et al, 2009), Ti (Liu et al, 2009) or Zn (Pérez-Bravo et al, 2013) 
to raw materials will yield to the coexistence of these two phases by using clinkering temperatures of 
~1300 °C. Minor elements act as fluxes by reducing the formation temperature of alite. Fluorite, in 
addition, works as mineraliser by enlarging the crystallisation volume of this phase (Blanco-Varela et 
al, 1997). 
 
The main aim of this study is to prepare a BACSA cement with high contents of belite / ye’elimite / 
alite and to understand hydration mechanisms at early ages. In order to do so, laboratory XRPD and 
Rietveld methodology (De la Torre et al., 2001) are employed. The results are compared to those 
obtained from thermogravimetric (TG) analysis. 
 
2. Experimental 
 
2.1. Materials 
2.1.1. Clinkering 



 

Four clinkers were prepared by mixing appropriated amounts natural raw materials of lime, sand, 
gypsum and kaolin. Table 1 shows elemental composition of the raw mixtures, excluding CO2 and 
water. Table 1 also includes the clinker nomenclature used in this work and the targeted (nominal) 
phase contents. These clinkers are labelled as BACSA_# referred to essay number. 
 
Raw materials were mixed by hand in an agate mortar during 30 minutes. The clinkering was carried 
out by pressing the raw mixtures into tablets of ∼3 g of 20 mm diameter. The tablets were placed on 
Pt/Rh crucibles and heated at 900 °C for 30 min at a heating rate of 5 °C/min. Then, the temperature 
was raised at the same rate to the final temperature (1300 °C) and held for 15 min. Finally, the clinkers 
were quenched using forced air convection. 
 

Table 1. Nominal elemental composition of raw mixtures (expressed as oxides) excluding H2O and CO2 and 
targeted phase content (both in wt%) of BACSA clinkers.  

Clinker BACSA_1 BACSA_2 BACSA_3 BACSA_4 

Oxide  
CaO 59.3 62.1 60.9 61.2 

Al2O3 10.7 13.6 8.6 10.1 
SO3 2.0 3.3 4.9 3.5 

Fe2O3 4.9 1.6 1.6 1.6 
SiO2 23.3 24.5 24.0 23.6 
Phase  
C2S 55 50 50 45 

C4A3Ŝ 15 25 15 18 
C3S 15 20 25 30 

C4AF 15 5 5 5 
CŜ --- --- 5 2 

 
2.1.2. Scale-up 
BACSA_4 was chosen to be scaled-up to 2 kg, for reasons discussed below, using the raw materials 
described above. The raw meal was pre-homogenized for 90 min in a micro-Deval machine (A0655, 
Proeti S.A., Spain) at 100 rpm with steel balls (9 balls of 30 mm, 10 balls of 18 mm and 20 of balls of 
10 mm). The mixture was pressed into pellets of ~ 30 g of 55 mm of diameter. Six pellets were placed 
in a large Pt/Rh crucible. The pellets were heated at 900 °C and held for 30 min (heating rate of 5 
°C/min). Then, they were further heated at 1280 or 1300 °C and held for 15 min (at same heating rate). 
Finally, the samples were quenched using forced air convection. The clinkered pellets were ground 
until all clinker material crossed through a 75 μm sieve. 
 
2.1.3. Cement Preparation 
Cements were prepared by mixing BACSA_4 scaled-up clinker with 12 wt% of anhydrite. This 
amount of anhydrite corresponds to the stoichiometric content in order to complete the reactions with 
ye’elimite and other aluminates to form ettringite. The anhydrite (CŜ) was prepared by heating the 
commercial micronized natural gypsum (CŜH2) marketed by BELITH S.P.R.L. (Belgium) at 700 °C 
for 1 h. The cement showed Blaine fineness about 520 m2/kg. 
 
2.1.4. Cement Pastes Preparation 
Cement pastes were prepared with distilled water using water/cement (w/c) mass ratio of 0.50. Pastes, 
prepared according to UNE-EN 196-3, were poured into a hermetically closed polytetrafluoroethylene 
(PTFE) cylinder shape mold during the first 24 h at 20 ± 1 ºC (García-Maté et al, 2015). Then, 
samples were taken out and stored within deionized water at 20 ± 1 ºC. Hardened pastes were 
characterized after 1 and 7 days of hydration. The stopping hydration of cement paste was carried out 
as reported by García-Maté et al, 2015. 
 



 

2.2. Analytical techniques 
2.2.1. Laboratory X-Ray Powder diffraction (LXRPD) data collection and analysis 
LXRPD studies were performed on anhydrous materials and stopped hydration pastes. Anhydrous 
materials were recorded on an X'Pert MPD PRO diffractometer (PANalytical) using strictly 
monochromatic CuKα1 radiation (λ=1.54059Å) [Ge (111) primary monochromator] and X'Celerator 
detector. Data were collected from 5º to 70° (2θ) during ~ 2 hours. The samples were rotated during 
data collection at 16 rpm in order to enhance particle statistics. The stopped hydration pastes data were 
collected on a PANalytical EMPYREAN automated diffractometer. Powder patterns were recorded 
using CuKα1,2 radiation between 5º and 70º in 2θ with a step size of 0.013º during 2 hours.  
 
All the patterns were analyzed by the Rietveld method using GSAS software package (Larson and 
Von Dreele, 1994) by using a pseudo-Voigt peak shape function (Thompson et al, 1987) with the 
asymmetry correction included (Finger et al 1994) to obtain Rietveld Quantitative Phase Analysis 
(RQPA). 
 
2.2.2. Thermal analysis 
Thermogravimetric and differential thermal analyses (TG-DTA) were performed in a SDT-Q600 
analyzer from TA instruments (New Castle, DE) for a ground fraction of every paste after stopping 
hydration as described above. The temperature was varied from room temperature (RT) to 1000 ºC at a 
heating rate of 10 ºC/min. Measurements were carried out in open platinum crucibles under air flow. 
The weighed loss from RT to 600 ºC was assumed to be water (chemically bounded water) and that 
from 600 to 1000 ºC was considered as CO2 (Table 2). 
 

Table 2. Weight losses from the TGA study on BCSA_4 cement pastes. 

Pastes age (days) Theoretical 
weight loss* (%) 

Weight loss 
RT-600 ºC (%) 

Weight loss 
600-1000 ºC (%) 

1  33.3 19.5 0.7 
7  33.3 20.6 0.9 

* Theoretical weight loss due to the total initial free water. 
 
2.2.3. pH measurement 
A fraction of pastes was filtered in a Whatman filter (pore size of 8 μm) after 10 min of hydration. The 
pH of the filtration waters was measured by using standard digital pHmeter (Álvarez-Pinazo et al, 
2014) 
 
3. Results and Discussion 
3.1. Synthesis  
Figure 1 shows LXRPD patterns for the synthetic BACSA clinkers. Table 3 gives RQPA of all the 
studied clinkers. Rietveld results are normalized to 100% of crystalline phases (i.e. the presence of an 
amorphous/non-diffracting fraction is not taken into account). The phase compositions for the 
synthetic clinkers were somewhat different to their target phase composition design. Inspecting the 
data in Table 3, it has to be highlighted that the maximum percentages of alite on the clinkers was 
about 16 wt% (except for BACSA_1 where there was absence of alite). On the other hand, the 
maximum percentages of ye’elimite assemblage on the clinkers were ~13 wt%. This fact indicates that 
the maximum assemblage alite/ye’elimite on clinker, from our raw materials, has a mass ratio between 
1.3 and 1.4 in mass percentage. According to these results BACSA_3 and BACSA_4 were the most 
promising clinkers to be scaled-up as they presented the higher amounts of both alite and ye’elimite. 
BACSA_1 was ruled out due to the absence of alite and BACSA_2 presented non-negligible 
percentages of gehlenite (C2AS). C2AS is described as intermediate phase in the mechanism of 
formation of CSA clinkers and does not present hydraulic properties (Odler, 2000; Lawrence, 2003). 
 

 



 

Table 3. RQPA (wt%) for BACSA clinkers obtained from LXRPD. 

Clinker BACSA_1 BACSA_2 BACSA_3 BACSA_4 BACSA_4 scaled-up 

Phase   
ß-C2S 65.0(1) 44.9(3) 59.9(2) 51.8(2) 59.4(2) 
γ-C2S 2.7(1) 12.2(2) 2.9(2) 8.5(2) 1.2(1) 
C4AF 22.0(2) 8.2(2) 7.6(1) 7.0(1) 6.5(2) 

CŜ - - 0.5(2) - 0.5(6) 
o-C4A3Ŝ  3.5(1) 1.9(6) 9.7(2) 9.1(4) 10.4(1) 
c-C4A3Ŝ - 7.9(7) 0.6(2) 3.0(4) - 

C3S - 13.0(3) 13.1(2) 16.0(2) 14.3(2) 
C12A7  6.6(1) 2.1(8) - 2.3(1) 4.5(1) 

Fluorellestedite - - 5.0(3) - 2.6(1) 
C3A  - - 0.8(7) 2.3(8) - 

C2AS  - 7.0(3) - - - 
Free lime - 2.7(5) - - - 

 

     
 

Figure 1. LXRPD patterns for BACSA clinkers.  C12A7,  C4AF,  o-C4A3Ŝ,  ß-C2S,  C3S,  
 C2AS,  Free lime,  Fluorellestedite,  C3A 

 
Small amounts of the room-temperature polymorph of dicalcium silicate, γ-C2S, were also found in all 
clinkers. This phase is formed on cooling by the polymorphic transformation, β-C2S→γ-C2S, but it is 
hydraulically inactive and therefore its presence is undesirable in clinkers. The formation of γ-C2S is 
enhanced by i) prolonged holding times at high temperatures, ii) low cooling rates and iii) the absence 
of foreign ions such as sodium or potassium which could stabilize the β-form. Also, small amounts of 
mayenite and C3A were found in the clinkers. These phases are hydraulically very active in the 
absence and presence of sulphates, consequently their presence in the clinkers has to be taken into 
consideration to prepare the corresponding cements. Fluorellestedite (F-ellestedite) is present in 
BACSA_3 however, this is an inert phase. Taking into account these results, the chosen clinker to be 
scaled-up was BACSA_4 and RQPA of the scaled-up clinker is also reported in Table 3. 
 
3.2. Hydration of BACSA cement 
BACSA_4 ‘scaled up’ hydration behaviour was studied at very early ages. Table 4 gives direct RQPA 
results of pastes hydrated at 1 and 7 days. Figure 2 shows DTG curves of BACSA_4 cement at 
selected times of hydration. As a first step, phase identification was performed, concluding that C4A3Ŝ 
and C3S have totally and partially disappeared, respectively, after 7 days of hydration. Ye’elimite 



 

reacts with anhydrite to form ettringite and amorphous aluminium hydroxide hydrated; on the other 
hand C3S may react with water to form C-S-H gel and portlandite. However crystalline portlandite 
was not detected by LXRPD. Furthermore, portlandite (crystalline or amorphous) was not detected by 
DTA-TG. Thus, portlandite seems not to be formed in these experimental conditions. These results are 
in agreement with Winnefeld & Barlag (2009) and Hargis et al. (2013). The portlandite in these types 
of pastes seems to favour the formation of AFm-type phases.  
Figure 3 shows Rietveld plots of BACSA_4 hydrated at 7 days as an example of the refinements.  
 
 

 
Figure 2 DTG curves of BACSA_4 cement paste after 1 and 7 days of hydration 

 
Table 4. RQPA results (wt%) on cement pastes, as a function of hydration time obtained from LXRPD. 

Phases to 1d 7d 
ß-C2S 53.3(2) 52.2(2) 48.6(2) 
γ-C2S 1.1(1) - - 
C4AF 5.8(2) - - 

CŜ 11.2(2) - - 
o-C4A3Ŝ 9.3(1) 4.1(1) 4.1(2) 

C3S 12.8(2) 1.2(2) 1.2(2) 
C12A7  4.0(1) 1.1(1) 0.7(1) 

Fluorellestedite 2.3(1) 4.1(1) 4.1(2) 
C-S-H - 0.6(1) 1.3(2) 

CH - - - 
AFm-type 

phases 
- 2.6(1) 4.9(1) 

AFt - 35.3(2) 36.6(2) 
katoite - 1.7(1) 2.5(1) 

 
The fast emergence of ettringite may stimulate high mechanical strength values at early ages jointly 
with the reactivity of C3S. The pH value of the pastes was measured to understand the effect in 
dissolution of high hydraulic phases (ye’elimite, mayenite, alite and anhydrite), giving a value of 
~12.6 (after 10 min hydration). This value is similar to that obtained for a BCSA cement without any 
C3S in its phase assemblage (Alvarez-Pinazo et al, 2014). It is known that the depletion of dissolved 
sulfate ions causes the increase of hydroxide concentration, and consequently a higher pH value 



 

(Winnefeld & Lothenbach, 2010). However, as mentioned before portlandite (CH) was not observed at 
any studied age. 

 
Figure 3. Rietvled plot of BACSA_4 paste at 7 days of hydration.  C12A7,  ß-C2S,  C3S,  AFt, 

 AFm-types phases,  katoite,  C-S-H – tobermorite,  Fluorellestedite, 
 
 
4. Conclusions 
The main goal of this contribution has been the preparation of a belite-alite-calcium sulfoaluminate 
clinker with a designed phase assemblage, with high an alite/ye’elimite mass relation between 1.3 and 
1.4. Furthermore, the hydration of this cement with anhydrite and w/c of 0.5, presented a high pH 
value than can be attractive for use of fly ash as supplementary material.  
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Abstract 

A new type of cement is made from raw materials that are typically used to make ordinary Portland cement 

(OPC) clinker. The kiln feed raw mix proportions are adjusted so as to produce a clinker rich in low-lime 

calcium silicate phases such as CS and C3S2 instead of the high-lime phases C3S and C2S typical of OPC. 

Production of such clinker requires 30% less limestone compared to OPC clinker and allows sintering at 

temperature as low as 1200oC compared to 1450°C for OPC. The clinker is ground to make a cement of similar 

fineness to OPC, and its total manufacturing CO2 emissions are estimated to be 30% less than for OPC. This 

cement does not harden by hydration; rather, it hardens by carbonation. Its main carbonation products are 

CaCO3 and SiO2. The CaCO3 is primarily formed as calcite with some vaterite. The SiO2 is present in a 

non-crystalline form. Microstructural evaluation shows that silicon is less mobile than calcium during curing 

and remains around the cement particles. However, the CaCO3 precipitates in the pore spaces of the cement 

matrix.  

 

This cement is a patented cement of Solidia Technologies and is commercially available as Solidia Cement ™.   

  

Originality 

This is original work carried out at Solidia Technologies. 
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1. Introduction 

The cement industry is a significant contributor to global greenhouse gas emissions. A 2005 study by 

the World Resources institute (WRI) has reported that the cement industry was responsible for 3.8% of 

the total global greenhouse gas emissions (WRI, 2005). The International Energy Agency (IEA) has 

set a target for the cement industry to reduce its CO2 emissions from the 2.0 Gt emitted in 2007 to 1.55 

Gt by 2050 (IEA, 2008). This must be accomplished despite a predicted 43 to 73% growth in 

worldwide cement production (Barcelo L., et al, 2013). The specific CO2 emission per tonne of cement 

produced must be reduced from 0.8 t to between 0.35 t and 0.42 t to meet this target. To achieve this 

goal, a radical approach to cement manufacturing and CO2-funtional cement chemistry must be 

undertaken. 

1.1. Portland Cement and CO2 Emissions 

Portland cement clinker is produced by burning a mixture of calcareous and siliceous raw materials in 

a rotary kiln at high temperature. Calcareous material, such as limestone, and siliceous material, such 

as sand, clay, or similarly composed materials are ground and processed at a sintering temperature of 

~1450°C in a kiln. The clinker nodules produced by the sintering process are then ground and 

combined with ~5% gypsum to produce finished cement. Portland cement production emits CO2 by 

two direct mechanisms: 

 The primary source of CO2 emission is the decomposition of CaCO3 to produce CaO(s) and 

CO2(g). 

 Heat necessary to achieve reaction and sintering temperature in the kiln is supplied 

through the burning of fossil fuels.  

CO2-emissions are also indirectly created through the use of electricity. Mining, crushing and grinding 

of raw materials to create the raw meal feed to the kiln and final grinding of cement clinker contribute 

to this category. Emissions from use of purchased electricity can vary widely depending on the source 

of the electricity and are relatively small, about 10% of the total CO2 emissions. Due to this, 

contributions to CO2 emissions from the use of electricity are omitted in the calculation here.  

Portland cement clinker typically contains up to 70% CaO by weight. The calcination of limestone 

used to achieve this proportion of CaO releases ~540 kg of CO2 gas per tonne of clinker produced 

(Barcelo L., et al, 2013). The CO2 emitted from combustion within the kiln can vary depending on the 

type and efficiency of the kiln as well as the fuel source. A high efficiency kiln with a five stage 

pre-heater and pre-calciner has an efficiency of 58% which results in a CO2 emission of ~ 270 kg CO2 

per tonne of clinker produced. An older wet-process kiln with an efficiency of 26% can have a CO2 

emission from combustion as high as 600 kg CO2 per tonne of clinker produced (Barcelo L., et al, 

2013). The contribution of calcination and combustion process of Portland clinker production yields 

an associated specific CO2 emission of 810 kg to 1,146 kg per tonne of clinker produced. 

1.2. Carbonatable Calcium Silicate Cement 

A new type of cement, carbonatable calcium silicate cement (CCSC), has a chemistry and 

functionality that allows it to have a significantly reduced CO2 footprint compared to Portland cement. 

In CCSC, low-lime calcium silicate phases such as wollastonite/pseudowollastonite (CaO∙SiO2, CS) 

and rankinite (3CaO∙2SiO2, C3S2) are preferred to the high-lime alite (3CaO∙SiO2, C3S), belite 

(2CaO∙SiO2, C2S) tricalcium aluminate (3CaO∙Al2O3, C3A), and tetracalcium aluminate ferrite 

(4CaO∙Al2O3∙Fe2O3, C4AF) phases of Portland cement. 



 

1.3. Carbonatable Calcium Silicate Cement CO2 Emissions 

Since the high-lime phases present in Portland cement clinker can be omitted, the requirement for CaO 

in the clinker is reduced. As discussed in section 1.1, up to ~67% of CO2 emitted during the production 

of Portland cement clinker in a high efficiency kiln may be due to the calcination of CaCO3 within the 

raw materials. For CCSC, the lime content can be reduced from 70% to 45%, which translates to a 

reduction of CO2 emissions from 540 to 370 kg per tonne of clinker during the calcination process. 

The remaining CO2 emissions are due to the combustion of carbon-rich fuels within the kiln. The 

calcination of limestone is a strongly endothermic reaction and consumes most of the heat input, so the 

reduction in kiln feed limestone content also leads to a significant reduction in kiln fuel requirements. 

The formation of clinker phases is also more exothermic for CCSC than for OPC, which further 

reduces kiln fuel requirements. In addition, there is a small extra savings due to the reduction in the 

peak sintering temperature from ~1450°C needed to make OPC clinker, down to as low as ~1200°C 

for CCSC; however, since the cement kiln is an efficient counter-current heat exchanger this peak 

temperature change only affects fuel consumption by a few percent. The combined effect is a potential 

kiln fuel savings of ~30%. The calculated heats of reaction are summarized in Table 1 (Sahu S., 

DeCristofaro N., 2013). In this calculation several assumptions were made, so the real number may be 

slightly different than what is reported here. The CO2 emissions as calculated by reduction of CaCO3 

in the raw mix and an estimated 30% fuel savings are shown in Table 2. The details of the CO2 saving 

opportunities are also discussed in previous publications (DeCristofaro N., Sahu S., 2014, Atakan V., et al, 

2014).  

Table 1: Reaction enthalpies calculated for Portland cement clinker and a theoretical carbonatable calcium 

silicate clinker. Carbonatable calcium silicate clinker numbers are based on a modeled clinker and may vary 

slightly depending on phase composition. 

Reaction Portland cement clinker 

 ΔH (GJ/t) 

Carbonatable calcium silicate clinker  

ΔH (GJ/t) 

Calcination +2.138 +1.514 

Decomposition of clays +0.063 +0.075 

Formation of clinker phases -0.377 -0.538 

Total +1.757 +1.051 

 

Table 2: Summary of CO2 emissions as reported for Portland cement clinker compared to the predicted CO2 

emissions for a carbonatable calcium silicate clinker. 

CO2 Emission source Per tonne Portland 

cement clinker 

Per tonne carbonatable calcium 

silicate clinker 
Change 

Calcination 540 kg 375 kg -30.6 % 

Combustion 270 kg 190 kg -29.6 % 

Total CO2 Emission 810 kg 565 kg -30.2 % 

2. Experimental 

2.2. Synthesis of Carbonatable Calcium Silicate Cement 

CCSC was produced using a rotary cement kiln. Limestone and sand typical of ordinary Portland cement 

production were ground to 82% passing 200 mesh. The ground raw material was processed in a rotary kiln with 

4-stage preheater. The burning zone temperature was maintained at ~1260°C.   



 

2.3. Finish Milling 

The resultant clinker was crushed and ground to a Blaine fineness of approximately 490 m2/kg by means of a 

closed-circuit ball mill equipped with a separator. The particle size of the ground cement was measured by laser 

diffraction in water suspension (Malvern Mastersizer 2000, Malvern, UK).  

2.4. Chemical and Phase Analysis 

The clinker was sampled and analyzed for elemental composition by X-ray fluorescence (XRF) and phase 

composition by X-ray diffraction (XRD). Clinker samples were made into fused glass beads for XRF analysis 

and measured using a Panalytical Axios WDS spectrometer (Alemo, NL). Data was collected using a 

Panalytical Cubix3 diffractomer (Almeno, NL) with 1600W Cu Kα radiation from 5° - 65° 2Θ, 0.017°/s, 60s per 

step. Amorphous content was determined by comparison of the collected pattern to a crystalline rutile standard. 

Silica was present as quartz, cristobalite and trydimite.  

2.5. Formulation of Concrete 

Concrete was prepared using the mixture proportions provided in Table 3. The water/cement mass ratio (w/c) 

was maintained at 0.29. A high-range water reducer was used at dosage rate of 10 ml/kg of cement. Concrete 

cylinders were cast and carbonated (as detailed below) and compressive strengths were measured using the 

ASTM C39 method. A carbonated cylinder is shown in Figure 1. 

Table 3: Mixture proportion of concrete samples. 

Component Dry mass % Proportion (kg/m3) 

Cement 18% 427.2 

Sand 31% 735.7 

1/4” Aggregate 26% 617.1 

3/8” Aggregate 25% 593.3 

 

 
Figure 1: CCSC concrete cylinder after carbonation. 

2.6. Carbonation Reaction of Cement and Concrete 

Carbonation of the concrete cylinders was carried out in a closed container. The reaction of 

carbonatable calcium silicate phases with CO2(g) requires mild temperatures (< 100°C) and a high 

concentration of CO2 to proceed. Moisture was always present during carbonation process.  



 

A sample of cement was carbonated in an aqueous environment. Distilled, deionized water was heated 

to 60°C in a reactor with a condenser to maintain the water level. CO2 was bubbled through the reactor 

using a diffuser and a mineral oil bubbler was used at the reactor outlet to maintain a high 

concentration of CO2. The cement sample was introduced to the reactor to achieve water to solids ratio 

of 10:1 and stirred for one hour. After the reaction period the solids were extracted using a vacuum 

filter with 0.22 µm filter paper and immediately dried. The reacted cement was analyzed by XRD to 

observe the change in the phase composition upon carbonation.  

2.7. Scanning Electron Microscopy (SEM) 

A small cut portion of a concrete cylinder was dried and epoxy impregnated and cured. After curing 

one of the surfaces was polished to ¼ micron finish. The polished surface was sputter coated with 

carbon and examined under a SEM in backscattered mode. A Tescan, Mira 3 Field Emission SEM at 

20 keV was used to acquire the images.  

3. Results and Discussion 

3.1. Chemical Composition of the Clinker 

The average elemental composition of the clinker as measured by XRF and expressed as oxides, is shown in 

Table 4, together with the measured ignition loss. 

Table 4: The average composition of CCSC. 

Component CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI950°C Trace 

Concentration 

(mass %) 42.76 43.20 6.00 2.47 2.03 0.14 1.00 1.06 0.27 0.23 

3.2. Phase Composition of the Clinker 

The average phase composition of the clinker as determined by quantitative X-ray diffraction with 

Reitveld refinement is shown in Table 5. 

Table 5: The average phase composition of CCSC as measured by X-ray diffraction. 

Component Formula Concentration 

(mass %) 

Pseudowollastonite CaSiO3 22.3 

Wollastonite CaSiO3 0.2 

Rankinite Ca3Si2O7 18.1 

Belite Ca2SiO4 1.3 

Amorphous  22.2 

Melilite (Ca,Na,K)2(Al,Mg,Fe2+)[(Al,Si)SiO7] 30.5 

Bredigite Ca7Mg(SiO4)4 0.3 

Silica SiO2 5.0 

Lime CaO 0.1 

3.3. Particle size of the cement 

The particle size distribution of the cement is provided in Figure 2. The statistics of the particle size 

distribution is provided in Table 6. 

Table 6: Particle size distribution statistics. 

d10 d50 d90 

1.60 µm 13.42 µm 33.94 µm 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Carbonation Reaction of Concrete 

The results of compressive strength measurements are provided in Table 7. 

Table 7: Test results of compressive strength (3 samples were tested). 

Bulk density (kg/m3) Compressive strength (MPa) 

2436 56.4 ± 3.4 

 

Wollastonite/pseudowollastonite (CaSiO3) and rankinite (Ca3Si2O7) react with CO2 as described in 

equations 1-2. 

CaSiO3(s) + CO2(g) 
𝐻2𝑂
→     CaCO3(s) + SiO2(s)                (1) 

Ca3Si2O7(s) + 3CO2(g) 
𝐻2𝑂
→     3CaCO3(s) + 2SiO2(s)        (2) 

Additionally, the amorphous component of the cement can carbonate to some extent, depending on its 

calcium content and bulk chemistry. The formation of CaCO3(s) and SiO2(s) is associated with a net 

solid volume increase. This reaction is what gives CCSC the ability to generate strength, similarly to 

the solid volume increase produced by hydration in Portland cements. A thin layer of water present on 

the surface of the cement particles is necessary to catalyze the carbonation process by allowing the 

transport of calcium (Ca2+) ions, as well as the carbonate (CO3
2-) and bicarbonate (HCO3

-) ions formed 

from dissolved CO2(g). Silica has low solubility in this aqueous phase and so is not transported over 

long distances. Water is not consumed in the reaction but slowly evaporates during curing. 

The diffraction pattern obtained from measurement of the carbonated cement is shown in Figure 3. Results 

of Rietveld refinement are given in Table 8. The results show that calcite with small amounts of aragonite 

and vaterite were formed. The proportions of CaCO3 polymorphs formed are controlled by impurities 

present in the cement and the reaction conditions used. The silica formed during the carbonation process is 

present as an amorphous calcium-depleted rim around the residual uncarbonated particles and thus was not 

detected by XRD. 

Figure 2: Particle size distribution of the cement. 



 

 

Table 8: Quantification of carbonated CCSC XRD results. Only the crystalline components were quantified.   

Component Formula Concentration (mass %) 

Pseudowollastonite CaSiO3 13.6 

Rankinite Ca3Si2O7 7.9 

Melilite (Ca,Na,K)2(Al,Mg,Fe2+)[(Al,Si)SiO7] 41.8 

Silica SiO2 5.7 

Calcite CaCO3 31.1 

 

Scanning electron microscopic (SEM) images of the hardened CCSC concrete collected in backscattered 

electron (BSE) imaging mode are provided in Figures 4 and 5. High brightness reactive phase particles are 

generally surrounded by a dark rim of calcium depleted amorphous silica. The space between cement 

particles is filled with CaCO3 particles of intermediate brightness. The dark area is the porosity left after the 

carbonation process. The carbonation of CCSC produces a densified material through the direct 

precipitation of CaCO3 in the pores, where it acts to bind together the components of the concrete. 

 

Figure 3: XRD patterns collected for cement before and after carbonation. The patterns were normalized and 

truncated for clarity. The dissolution of pseudowollastonite, rankinite (CS, C3S2) and precipitation of calcite (C) is 

apparent. The major peak associated with melilite (M) is unchanged by the carbonation reaction. Only a small 

amount of belite was present in the unreacted cement and is not visible at this scale. 



 

 

Figure 4: FESEM-BSE image showing the microstructure of the carbonated paste area. 

 

Figure 5: FESEM-BSE image showing the microstructure of the carbonated area around an unreacted cement 

particle. 

 



 

4. Conclusions 

The production of CCSC typically emits about 30% less CO2 than the production of Portland cement, and 

the total energy consumption is also about 30% less. Concretes made by carbonating CCSC can achieve a 

reduction in carbon footprint by as much as 70% compared to conventional OPC-based concretes.  This is 

achieved a) by reducing the CO2 emitted during cement production from 810 kg per tonne of OPC clinker 

to 565 kg per tonne of CCSC clinker; and b) by consuming up to 300 kg of CO2 per tonne of this cement 

during the CO2-curing.  

The carbonation of the cement produces amorphous SiO2 and crystalline CaCO3. The CaCO3 polymorphs 

formed were primarily calcite but vaterite and/or aragonite may be present in some circumstances. The 

proportions of the CaCO3 polymorphs formed depend on impurities in the cement and the reaction 

conditions used. The carbonation reaction results in a net increase in the solid volume of the cement, which 

densifies the system by filling the pores with reaction products and allows CCSC to produce concretes with 

good mechanical properties. Depending on the application, the cement content and the cement quality, a 

final carbonated concrete product may contain up to 7 wt.% of sequestered CO2.  

Acknowledgements 

Part of this work was supported US Department of Energy’s (DOE) National Energy Technology 

Laboratory (NETL).  

References 

- World Resources Institute (WRI), 2005. Navigating the numbers. Greenhouse Gas Data and International 

Climate Policy. ISBN 1-56973-599-9. 

- International Energy Agency (IEA), 2008.  Energy technology perspectives 2008, scenarios and strategies to 

2050. Paris. ISBN 978-92-64-04142-4. 

- Barcelo L., et al, 2013. Cement and carbon emissions [on-line].Materials and Structures. DOI: 

10.1617/s11527-013-0114-5. 

- DeCristofaro N., Sahu S., 2014. CO2-Reducing Cement, World Cement, January.  

- Atakan V., et al, 2014. Why CO2 matters – advances in a new class of cement. ZKG, 3 2014 pp. 2-5. 

- Sahu S., DeCristofaro N., 2013. White Paper on Solidia CementTM [on-line]. On: 

http://solidiatech.com/white-papers/ [Accessed 2nd February 2015]. 



 

 1 

Compositional and Structural Evolution of Calcium Silicate Phases  
 

HOU Guihua1, GAO Xiaojiao1，2, LU Bao1，3, ZHU Huajun1, CUI Entian1 and ZHANG 

Qinfang1* 
1. Key Laboratory for Advanced Technology in Environmental Protection of Jiangsu Province, 

Yancheng Institute of Technology, 224051, China 

2. Department of Materials Science & Engineering, Changzhou University, Changzhou, Jiangsu, 

213164, China. 

3. Department of mechanics and material engineering, Hohai University, 210098, China 

 

Abstract: Calcium silicate is the main mineral of Portland cement clinker, in which low heat 

consumption and exhaust emissions require low calcium content. Therefore, exploring the presence of 

low calcium minerals will lay the foundation for the design and research of Portland cement clinker 

with energy-saving and low-emission. Using an efficient structure search method based on a particle 

swarm optimization algorithm and experimental technique, we study the compositional and structural 

evolution of calcium silicate phase, i.e., probable existing mineral phase from combining calcium oxide 

with silica oxide, preparing condition and hydration properties of 3CaO·2SiO2 (C3S2). Our results 

show that five calcium silicate phases including C3S, C2S, C3S2, CS and CS2 are stable. C3S2, less 

concerned phase, forms under the temperature arranged from 1100℃to 1460℃and its hydraulic 

activity is low in the room temperature with the hydration productions containing C-S-H gel and 

Ca(OH)2. Under the condition of 3-day hydrothermal curing at 80℃, its compressive strength reaches 

8.6MPa for 2×2×2 test block. 

 

Originality 

Variable stoichiometry structure prediction method has been used to study the structural evolution of 

calcium silicate phase. The variable composition compounds containing calcium and silica oxides are 

found to be only stable with the ratio of 3:1, 2:1, 3:2, 1:1 and 1:2.  

To the best of our knowledge, there are still few studies on the crystal structure information of C3S2, not 

to mention the investigation of its hydration properties. In this paper, the solid state sintering process is 

adopted for the preparation of C3S2 with the starting materials of CaCO3 and SiO2 analytical reagent. 

Its diffraction pattern is measured by XRD and compared with computational methods. Under the room 

temperature and hydrothermal curing condition at 80℃, its mechanical properties and its morphology 
are analyzed.  

 

Keywords：Calcium silicate, structural evolution, C3S2, saving energy cement 
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1. Introduction 

Since the Portland cement invention, the research hotspot in this field was to reduce the 

heat consumption of clinker and exhaust emission during calcinations process. The CaO 

content in Portland cement was about 65%, and about 511kg CO2 was produced per 1 ton 

clinker. Therefore, the emitted CO2 during burning Portland cement clinker was originated 

form the decomposition of limestone (CaCO3). Moreover, the heat consumption of CaO 

accounted for about 60 percent of the total heat consumption. As a result, low CaO content 

not only can reduce the thermal consumption of clinker and the emission of CO2 and exhaust 

gas, but transform the limestone mine with lower CaO content and the industrial waste of 

higher CaO content into valuable raw materials. As a consequence, the study on reducing the 

calcium content of Portland cement clinker is of terribly important. On the basis of such a 

consideration, many studies on Belite have been made. Unfortunately, the hydrating activity 

required rapid cooling velocity, which hindered its industrialization. By contrast, it was 

important to investigate whether there were other low-calcium minerals except the familiar 

C3S, C2S, and CS, formed between CaO and SiO2. In this study, using an efficient structure 

search method based on a particle swarm optimization algorithm and experimental technique, 

we studied the compositional and structural evolution of calcium silicate phase, and further 

investigated the preparation condition and hydration property of 3CaO·2SiO2 (C3S2). 

2. Experimental 

2. 1. Experimental section 

A computing simulations of reaction between CaO and SiO2 was conducted by calypso 

program. The C3S2 and cement clinker were synthesized using CaCO3，SiO2，Al2O3, and Fe2O3 

as raw materials. All chemicals, were of analytic reagent grade and used without further 

purification. 

2. 2. Characterization 

X-ray diffraction (XRD) patterns of samples were recorded on a D max/RB X diffractometer. 

Transmission electron microscopy (TEM) images were taken with a FEI QUANTA2000 

transmission electron microscope. 

3. Results and Discussion 

3.1. Crystal structure predictions to the mineral from reaction CaO with SiO2 

The crystal structure predictions were performed with particle swarm optimization (PSO) 

method as implemented in the CALYPSO code. The PSO algorithm offered an efficient and 

fast way to obtain reliable structures with only the input of chemical composition. It searched 

for structures with space group symmetry in combination with density functional theory 

calculations. We investigated the phase stabilities and structural changes of various CaO-SiO2 

(C-S) systems without external pressures. The relative formation enthalpy of C-S systems was 

calculated by using fractional representation (CaO)x(SiO2)y with respect to the CaO and SiO2 

as  ΔH=( H(CaO)x(SiO2)y- xHCaO - yHSiO2 )/(x+y)                         (1) 

The enthalpy H for each compound was obtained for the most stable structure searched by the 

CALYPSO method. The convex hulls depicted in figure 1 shows the metastable phases, which 

have negative relative enthalpy of formation. 

http://cly.njtech.edu.cn/view.asp?id=1736&leibie2=216
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Figure 1 Relative enthalpies of formation per atom for different C-S Phases. 

 We identified the formation of five stoichiometric calcium silicate phase (CS2, CS, C3S2, C2S, 

and C3S, shown in figure 2) having unforeseen structural features that might be 

experimentally synthesizable over a wide range of temperature and pressures.  

 

Figure 2 Predicted structures of C-S at ambient pressures. (a) CS2. (b) CS. (c) C3S2. (d) C2S (e) C3S. 

 It was much interested to us that the C3S2 phase was not so well studied systematically which 

had lowest relative enthalpies of formation under ambient pressures and quite similar crystal 

field with C2S (The average interatomic distances between Ca(Si) and O were much close). 

3.2. Pure C3S2 forming process  

C3S2 was synthesized by solid state synthesis method using CaCO3 and SiO2 as raw materials, 

as shown in figure 3. When the reaction temperature was 1200℃, peaks ascribed to C2S 

appeared, and there were still unreacted CaO and SiO2. But no C3S2 peaks were detected. As  

temperature rising to 1320℃, the diffraction peaks ascribed to C3S2 were detected, and the 

peak strength of C2S、CaO and SiO2 declined. It was obviously that C3S2 was prepared by 

reacting C2S, CaO and SiO2. Rising to 1460℃, all peaks except for these of C3S2 disappeared. 

At 1480℃, peaks ascribed to C2S and SiO2 were detected again, indicating that C3S2 

decomposed into C2S and SiO2. Thus it could be concluded that the formation temperature 

and decomposition temperature of C3S2 were 1300℃ and 1480℃, respectively.  



 

 4 

10 20 30 40 50 60 70













2()

1200C

1320C

1420C

1460C

1480C



 













 

 









  
 

  


 












  





 



 



 


  





  










C
3
S

2
   CaO

C
2
S      SiO

2













 

Figure 3 The formation process of pure C3S2 

To date, only a few papers on C3S2 have been published. Shinsuke named it rankinite 

[Shinsuke S. et al., 1976.]. C3S2 also exsited in mines and slag  and the corresponding 

formation temperature and decomposition temperature were 1100℃ and 1460℃, respectively 

[Hillret M., et al., 1991; Engel V. S., et al., 2013.]. The formation temperature was different 

from that of ours, which originated from the different chemical reactivity of raw materials and 

the intermediates. As mentioned, in our study, the formation temperature of C3S2 was higher 

than that of C2S. So the chemical reactivity of C2S had significant influence on the formation 

temperature of C3S2. 

3.3. Burnability of clinker with different C3S2 content 

To investigate the influence of liquid phase on C3S2 formation and the performance of 

Portland cement clinker, we synthsized clinker samples with different cement clinker 

compositions and discussed their fromation processes. Figure 4 gave the corresponding XRD 

patterns.   
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Figure 4  XRD patterns of clinker samples with different cement clinker compositions (reaction 

temperature: 1400℃; calculation time: 1h) 

In figure 4, the mineral composition of sample 1, 2, and 3 were (C3A 16%, C4AF 19%, C3S2 

65%), (C3A 13%, C4AF 17%, C3S2 70%), and (C3A 12%, C4AF 13%, C3S2 75%), respectively. 

Among them, C3A and C4AF were collectively referred to as fluxed minerals. The fluxed 

minerals in sample 1 accounted for as high as 35 percent. Only the peaks ascribed to C3A, 

C4AF, and C3S2 were detected in clinker product, and all the peaks were clear and symmetric, 

which indicated that the composition of sample 1 conformed with what we designed. The 

fluxed minerals in sample 2 accounted for about 30 percent. The XRD pattern of sample 2 

was similar with that of sample 1, but the peaks had poor symmetry. For sample 3, the fluxed 

minerals accounted for about 25 percent. As shown in figure 4, compared with these of 

sample 1 and 2, there were new peaks appered in samples 3, which can be scribed to C2S and 

SiO2, and the symmetry of all peaks was poor. From what has been discussed above, it would 

be reasonable to believe that during synthesis process, the liquid phase of clinker had great 

influence on the formation of C3S2 and the formation of C2S was easier than that of C3S2 

under the similar conditions.   

3.4. C3S2 hydrating performance   

Figre 5 presented SEM figures of hydrated C3S2 samples under different curing conditions. As 

can be observed from figure 5a，at 25℃, pure C3S2 was loose after 28d hydration. The 

hydration products were few and only distributed on the surface of particles. The hydration 

activity of C3S2 under this curing condition was low. But when the curing temperature was 

90℃, pure C3S2 became one flesh (figure 5b), exhibiting high hydrating activity. The 

hydration products should be C-S-H. 
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               a: at 25℃for 28d             b: at  90℃for 28d 

Figure 5. SEM figures of hydrated C3S2 samples under different curing conditions 

3.5. C3S2 compressive strength   

Table 1 showed the compressive strength of C3S2 (2×2×2 test block) under different cooling 

conditions and curing conditions. As seen in Table 1, the cooling conditon had no discernible 

effect on the hydrating perfprmance of C3S2. But hydrothermal curing affected greatly on the 

compressive strength of C3S2. Compared with sample 1, the compressive strength of sample 3 

after 3, 7, and 28d maturation had driven a 3, 5, and 3-fold increase, respectively. The highest 

compressive strength was 8.6 MPa. But overalll, the hydrating activity of C3S2 was low. 

Tab 1. the Compressive strength of C3S2 

sample cooling condition curing condition 
Compressive strength/MPa 

3d 7d 28d 

1.pure C3S2 rapid cooling 25℃ 2.2 3.5 12.1 

2. pure C3S2 slow cooling 25℃ 2.1 3.3 11.9 

3. pure C3S2 rapid cooling 80℃ 8.6    19.8  33.2 

4. pure C3S2 slow cooling 80℃ 8.3    19.1  28.2 

4. Conclusions 

Our results showed that five calcium silicate phases including C3S, C2S, C3S2, CS, and CS2 

were stable by the compositional and structural evolution of calcium silicate phase, i.e., 

probable existing mineral phase from combining calcium oxide with silica oxide. C3S2 formed 

under the temperature arranged from 1300℃to 1460℃. Beyond 1460℃, C3S2 decomposed 

into C2S and SiO2. Under the condition of 3-day hydrothermal curing at 80℃, its compressive 

strength reaches 8.6MPa for 2×2×2 test block. 
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Abstract 

The study prepared synthetic ye'elimite doped with the impurities in phosphogypsum and investigated its early age 

hydration. Results indicates that the impurities of F and P2O5 could promote the formation of the synthetic ye'elimite. F 

contributes to the crystallization, leading to the formation of large crystal synthetic ye'elimite. And P2O5 could stablize 

C4A3$-c. Without the presence of gypsum, pure synthetic ye'elimite is considerred to be much more reactive than 

synthetic ye'elimite doped with F and P2O5, synthetic ye'elimite prepared with natural gypsum is much more reactive 

than that prepared with phosphogypsum. With the presence of gypsum, the hydration reactivity of the synthetic 

ye'elimite doped with F and P2O5 approached to the pure synthetic ye'elimite and the hydration reativity of synthetic 

ye'elimite prepared with NG approached to that of the synthetic ye'elimite prepared with NG. 
Keywords: hydration behavior; synthetic ye'elimite; impurities in phosphogypsum 
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1. Introduction 

Phosphogypsum (PG) is a by-product discharged from the production of phosphoric acid by “wet 

technique” (Yang X. et al, 2013a), in a relation of 1 ton of phosphoric acid to 4.5~5.5 tons of PG 

(Silva L. O. F. et al., 2010a). It is composed primarily of calcium sulfate dihydrate (CaSO4·2H2O) and 

partially of some impurities, such as phosphate, fluorides, sulfate ions and organic matters. For the 

time being, the global output of PG is estimated to be around 280 millions tons each year, among 

which exceeding 50 millions are generated in China. Due to low utilization (~15% for the world, while 

only ~10% for China), the discarded PG occupies considerable land resource, exposes to the weather 

without treatment and leads to serious environmental contamination (Zhou J. et al., 2012a). 

In order to achieve the goal of environment protection, many attempts have been tried to reuse PG 

in the applications of building materials, agricultural fertilizers and as setting controller in the 

manufacture of Portland cement (PC). But owing to the influence of F and P in PG on the properties of 

building materials and the setting time and strength development of PC, its extensive application is 

limited. 

Calcium sulphoaluminate cement (CSAC) is a binder mainly composed of calcium sulphoaluminate, 

belite and gypsum in various ratios. Owing to its specialized composition, the calcining temperature of 

CSAC is about 100 oC-200 oC lower than PC. Besides, its overall CO2 reduction amount up to 40%. 

Therefore, it is considered as environment protective and energy-saving. Recently, Shen Yan et al 

utilized PG to substitute for natural gypsum (NG) to prepare the CSAC, which provides an available 

way for the large consumption of PG, in a relation of 1 ton of CSAC clinker to 0.3 ton of PG. 

However, the minor elements of P and F in PG delay the setting time and early strength development. 

Calcium sulphoaluminate (4CaO·3Al2O3·SO3, short for C4A3$) is one of the major phase composition, 

whose hydration affects the setting time and hydration significantly. Therefore, it is meaningful to gain 

a deep insight into the influence of the minor elements of F and P on the hydration of calcium 

sulphoaluminate C4A3$. 

There are some studies about the influence of clinkering process on the formation of C4A3$ based 

clinker (Bullerjahn F. et al., 2014; Álvarez-Pinazo G. et al., 2014a). However, these systems with so 

many parameters (mineral composition, amount of sulphate source, belite polymorphisms and 

water/solid ration) are too complex to give a certified answer to the influence of minor elements on the 

formation and hydration of C4A3$ Consequently, a simplification of the problem by the study of 

synthetic ye'elimite is advisable. Previous investigation found that both CaF2 and P2O5 influenced the 

formation of C4A3$ significantly. Previous investigations (Li Y. J. et al., 2001a; Li Y. J. et al., 2001b) 

found that a slight amount of both CaF2 and P2O5 can boost the formation of C4A3$. When exceeding 

1.0 wt %, the formation of C4A3$ is inhibited. Gianlorenzo Valenti et al prepared C4A3$ with 

phophogypsum and pure gypsum and gave a detailed study of the influence of purities on the 

formation of C4A3$ (Gianlorenzo V. et al., 1987a). All of the papers do not give a detailed 

characterization (morphology, composition, microstructure and crystal lattice) on the synthetic 

ye'elimite which influence the hydration reactivity significantly. Another unfortunate point is that no 

detailed study of the hydration of the synthetic ye'elimite within 24 hrs is given. 

Ye'elimite is the main phase in CSAC prepared with PG. In order to make a step forward to better 

understanding of setting time and early strength development of CSAC prepared with PG, 

stoichiometric ye'elimite, synthetic ye'elimite doped with F and P and synthetic ye'elimite prepared 

with PG and NG were synthesized, characterized and compared. Besides, the hydration within 24 hrs 

together with the hydration degree of the synthetic with and without the presence of gypsum was 

investigated. 

2. Experimental 

2.1 Sample preparation 

Ye'elimite was synthesized with analytical reagent CaCO3, Al2O3 and CaSO4·2H2O (Sinopharm 

Chemical Reagent Co., Ltd, China, 99.999%, <80μm). The chemical reagents were weighed 

accurately according to the stoichiometric design of C4A3$ to obtain the mixtures. Besides, 0.5 wt % 

CaF2, 1.0 wt % Fe2O3 and 1.0 wt % P2O5 (in the form of Ca3(PO4)2) were added into the mixtures, 

separately. Also the synthetic ye'elimite was synthsized with NG and PG to compare the different 



 

influences of the minor elements. The elemental composition of NG and PG are presented in Table 1 

and proportions of the raw material are shown in Table 2. 

After adding 200% water into the mixture, they were homogenized by a planet ball mill for 30 min 

with the rotation speed of 100 r/min to form an emulsion which was then dried at 105 oC to obtain 

bulk samples. Finally, the bulk samples were heated at 1350 oC (heating rate of 5 oC/min) for 4 h and 

followed by a rapid cooling in the air to room temperature. 
Table 1  Elemental composition, determined by XRF and expressed as oxide wt. %, of NG and PG 

Sample SO3 CaO SiO2 MgO Al2O3 Fe2O3 K2O SrO P2O5 D-P2O5 

NG 39.92 32.96 6.75 3.03 1.51 0.79 0.75 0.51 — — 

PG 38.54 30.07 1.77 — 0.53 0.12 0.14 0.05 0.71 0.45 
D=Dissolvable, LOI=Loss on ignition 

Table 2  Proportions of the raw materials of C4A3$/g 

Sample CaCO3 Al2O3 CaSO4·2H2O/PG/NG CaF2/Fe2O3/Ca3(PO4)2 

C4A3$-blank 49.20 50.12 28.21// — 

C4A3$-05_F 49.20 50.12 28.21// 0.50// 

C4A3$-1_P 49.20 50.12 28.21// //2.19 

C4A3$-PG 47.33 49.95 /34.05/ — 

C4A3$-NG 46.15 49.61 //32.87 — 

15 wt % of gypsum mixed with the synthtic ye'elimite on investigate the influence of sulfate on the 

hydration of the synthtic ye'elimite. 

2.2 Laboratory X-ray powder diffraction (LXRPD) measurement 

After milling the samples to pass 76 μm sieve, the powder was applied to LXRPD analysis on   a D8 

Advance diffractometer, Germany, using CuKα radiation at 40 kV and 40 mA. The continuous 

rotation was applied during the data acquisition. An overall measurement time of 2 h per pattern was 

required for good statistics over the range of 5-65 o with a step size of 0.02° to satisfy the Rietveld 

quantitative analysis. The hydrated samples were shattered and treated with acetone (to terminate the 

hydration) and diethyl ether (to remove free water). Finally, after being dried at 60 oC for 24 h, the 

hydrated samples will be milled to pass 76 μm sieve and stored in a desiccator over gel lime (to ensure 

the protection against the H2O and CO2) for the above stated LXRPD analysis. 

2.3 Quantitative phase analysis 
Table 3 ICCD-PDF and ICSD collection codes for all phases used for XRD identification and Rietveld 

refinement 

 Space group ICSD code PDF-code 

C4A3$-c I4-3M 9560 71-0969 

C4A3$-o PCC2 80361 85-2210 

CA P121/N1 241240 70-0134 

C12A7 I-43d 6287 75-2072 

CaSO4 AMMA 16382 72-0916 

SiO2 P3221 62407 78-1255 

Rietveld methodology was adopted to realize the quantitative phase analysis of the samples by 

TOPAS 4.2 software which was developed by Bruker Corporation. The refined overall parameters 

were background coefficients, cell parameters, peak shape parameters and phase scales. The peak 

shapes were fitted by using the pseudo-Voigt function. The Crystallographic structures used during the 

refinement of the samples are given in Table 3. 

After hydration, the composition of the hydrated sample became sophisticated. Crystalline phases 

together with the amorphous phases jointly compose the system. Therefore, Rietveld method coupled 

the internal standard method were adopted to determine the unhydrated C4A3$. 

2.4 Sacnning electron microscopy (SEM) measurement 

After being Au coated in the vacuum for 240 s to satisfy the demands of conductivity, the samples 

were applied to SEM analysis with TESCAN VEGA 3 with the votage of 25 kV and current of 20 μA. 

2.5 Isothermal conduction calorimetry measurement 

Isothermal conductive calometry analysis was applied to investigate the hydration activity of the 

samples. The experiment was performed on an eight channel TAM AIR calorimeter. 2 g samples with 



 

the w/c=0.5 were used and the measurement was conducted last for 24 h at the constant temperature of 

20 oC . Heat flow curves were integrated the obtain the cumulative heat release. 

2.6 Hydration degree calculation 

The hydration degree of C4A3$ of the samples can be figured out by Equ.(1): 

)
m

m
1(

ydratedunhydratedunh

hydratedhydrated




 ×100%                                       (1) 

Where α is the hydration degree/%, ωunhydrated is the C4A3$ content in the unhydrated samples/%, 

munhydrated is the weight of the hydrated samples/g, ωhydrated is the C4A3$ content in the hydrated 

samples/%, mhydrated is the weight of the hydrated samples g. 

3. Results and Discussion 

In order to gain a better understanding of the mineral composition of the samples, Rietveld 

quantitative phase analysis (RQPA) is conducted. Rietveld plot for the sample of C4A3$-blank is 

selected and shown in Fig.1. 

 
Fig.1  Rietveld plot for the sample of C4A3$-blank, Rwp=13.76% (It is considered high credibility for the datas 

when Rwp is below 15%.) 

Table 4  RQPA results (wt%) of the samples normaliszed to 100% crystaline phases 

Samples 
C4A3$-

o 

C4A3$-

c 
CA 

C12A7/C11

A7·CaF2 
CaSO4 SiO2 TC4A3$ Rwp 

C4A3$-blank 80.09 3.99 11.80 1.60/ 2.52 — 88.08 13.76 

C4A3$-05_F 91.21 4.49 — /3.45 0.84 — 96.70 11.09 

C4A3$-P 86.21 8.16 4.98 0.46/ 0.19 — 94.37 9.38 

C4A3$-PG 83.83 10.47 3.78 1.46/ — 0.46 94.20 13.11 

C4A3$-NG 93.74 3.92 — 1.84/ — 0.50 96.67 7.26 

Table 4 shows the the RQPA results. With the addition of the impurities, there is a significant 

increase in the extent of formation of C4A3$. Soichmetric ye'elimite has been reported to be main 

orthohombic with space group Pcc2 at room temperature (Nickolas J. Et al., 1995a; Cuesta A. et al., 

2013a). The polymorph of C4A3$-blank is in accordance with the previously reported. Previous 

investigations indicate that CA disappeared at 1350 oC (Idrissi M. Et al., 2010a). But 11.80% CA is 

observed in the sample, which may be due to the long time heat preservation leading to the 

decomposition of C4A3$. 
Appropriate amount (<1.0%) of CaF2 can boost the formation of C4A3$. While too much (>1.0%) 

CaF2 inhibits the formation of C4A3$, which is attributed to the stabilization of C11A7·CaF2 (Li Y. J. et 

al., 2001a; Lu L. C. Et al., 2005a). With 0.5 wt % CaF2 added into the sample, the extent of formation 

of is boosted and, meanwhile, 3.45 wt % C11A7·CaF2 is stabilized. But 0.5 wt % CaF2 does not have 

significant infulence on the polymorph variation. 

Previous investigations found that [PO4] can replace [AlO4], which inevitably leades the high 

temperature stability of CA and hinders of the chemical reaction of 3CA+CaSO4→C4A3$. The rule is 

pronounced for the calcining temperature of 1250 oC (Benarchid M. Y, et al., 2005a). When the 

temperature rises to 1350 oC, the higher temperature motivates the reactivity of CA. Therefore, 

compared with the extent of formation of C4A3$ in C4A3$-balnk, the C4A3$ content in C4A3$-01_P 

increases, which fitts nicely with the result obtained by Li et al (Li Y. J. Et al., 2001b). Nevertheless, 



 

4.98 wt % of CA is still detected in the sample. Besides, Due to the incorporation of [PO4] into the 

crystal structure of C4A3$ (Chae W. H. et al., 1997a), the content of C4A3$-c increased at the expense 

of C4A3$-o. 

Comparing the sample of C4A3$-NG with C4A3$-PG, there is a rise of C4A3$-c content in C4A3$-PG. 

Furthermore, sample of C4A3$-PG contains 3.78 wt % CA which inhibits the formation of C4A3$. All 

of these results are in accordance with that of sample C4A3$-1_P, which again demomstrates that P2O5 

could stablize CA and favors the formation of C4A3$-c. 

     
(a) C4A3$-blank                        (b) C4A3$-05_F                     (c) C4A3$-1_P 

     
(d) C4A3$-PG               (e) C4A3$-NG 

Fig.2 The SEM photos of samples calcined at 1350 oC for 4 hrs. 

Fig.2 shows the SEM photos samples calcined at 1350 oC for 4 hrs. From Fig.2 (a), it can be seen 

that the crystal size of C4A3$ varies to alarge extent but mainly within the size of 1 μm. Lu et al found 

that CaF2 contributes to the crystal growth of calcium barium sulphoaliminate at 1300 oC and 1350 oC 

(Lu L.C. et al., 2005a). From Fig.2 (b), it can be seen that CaF2 significantly influences the crystal size 

of C4A3$. With the addition of 0.5 wt % CaF2 added into the sample, the growth of C4A3$ is promoted, 

leading to a sharp increase in the crystal size which were about 4-8 μm. From Fig.2 (c), it can be seen 

that, with 1.0 wt % P2O5 added into the sample, C4A3$ crystals adhesive to each and form large size 

crystals. Seeing from Fig.2 (d) and (e), comparing the crystal size of C4A3$-NG with C4A3$-PG, there 

is also a distinctive increase in the crystal size of C4A3$-PG, which is within 1-5μm. It may be due to 

the joint effect of CaF2 and P2O5 in PG. 

3.2 Isothermal conduction calorimetry 

The hydraulic reactivity of the synthesized ye'elimite was checked by means of isothermal 

conduction calorimetry measurement. Fig.3 shows the rate of heat evolution for the samples without 

the presence of gypsum. The heat release during the initial period of 0-0.2 h is mainly assigned to the 

partial dissolution of readily soluble alkalis, partial dissolution of gypsum and ye'elimite, the initial 

precipitation of hydrates (AFm/AFt and AH3), wetting of the system (Bullerjahn F. Et al., 2014a; 

Winnefeld F. Et al., 2010a; Zhang L.et al., 2002a; Hargis C. W. et al. 2013a). Most probablely, the 

difference in the intensity of the initial heat is assigned to the rate of phase dissolution and the rate of 

hydrates formation, which can be demonstrated by the reactivity of the synthetic ye'elimite. 
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(a)                                                                               (b) 

Fig.3 Rate of heat evolution for the samples without the presence of gypsum 

After initial period, the rate of heat evolution curve of sample C4A3$-blank can be characterized by 

one weak exothermic peak and one pronounced exothermic peaks. The weak peak reaches a summit at 

2.4 h with a maximum heat flow of 1.3 mW/g. The characteristics fit nicely with the hydration of CA 

(Klaus S. R. Et al., 2013a). Followed by an intensive sharp exothermic peak which reaches a summit 

at 7 h with a maximum heat flow of 24 mW/g. It is the main reaction of the hydration of C4A3$ and is 

responsible for the setting and hardening of the paste. After summit, the heat flow decreases without 

showing any shoulder till 24 h. Previous investigations reported that the main hydration of pure 

ye’elimite is located at 15h. The distinction is attributed to the different synthesis temperatures and 

different amounts of water (Winnefeld F. Et al., 2010b). 

Rate of heat evolution curve of sample C4A3$-05_F by an extensive exothermic peak which is 

within the range of 2-24 h with a summit located at 10 h. The incorporation of F into the lattice of 

C4A3$ will inevitably leads to the distortion of the crystal structure, which contributes to improving 

the reactivity of C4A3$. Nevertheless, meanwhile, CaF2 promotes the crystallization and form large 

crystals (see Fig.2 (b)), which is adverse for the contact between water and C4A3$. Therefore, sample 

C4A3$-05_F hydrates early but it lasts for a relatively longer time period. 

Rate of heat evolution curve of sample C4A3$-1_P is characterized by a pronounced exothermic 

peak which reaches a summit at 16 h. Due to the substitution of [PO4] for [SO4], there is a slight 

variation of crytal lattice which is demonstrated by the variation of d value. It leads to a slight increase 

in C4A3$-c content at the expense of C4A3$-o. Although C4A3$-c considerred as easier to hydrate with 

water without the presence sulfate source than C4A3$-o (Cuesta A. et al., 2014a), the hydration 

reactivity is postponed. Previous investigations also found that the simultaneous addition of Cr2O3 and 

P2O5 can also lower down (Benarcid M. Y. Et al., 2005b). Furthermore, impurity of P2O5 delay the 

setting of Portland cement clinker (Murakami K. Et al., 1969a). 

From Fig.3(b), it can be observed that, sample C4A3$-NG starts to hydrate at 5 h, reaches a summit 

at 9 h with maximum heat flow of 45 mW/g. While sample C4A3$-PG starts to hydrate at 8 h and 

reaches a summit at 12 h with maximum heat flow of 5 mW/g. Till 24 h, the hydration does not 

terminate. All of these prove that the joint effect of F and P2O5 lowers down the reactivity of the 

synthetic ye'elimite. 
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(a)                                                               (b) 

Fig.4 Rate of heat evolution for the samples with the presence of gypsum 

Fig.4 shows the rate of heat evolution for the samples with the presence of gypsum. It is noticed that 

the hydration of the synthetic ye'elimite is mainly within the time of 0-12h. Although F and P2O5 in the 

synthetic ye'elimite leads to distortion of the crystal structure and stabilization of C4A3$-c, which 

contributes to promoting the hydration reactivity, the hydration reactivity of C4A3$-05_F and C4A3$-

1_P is lower than that of C4A3$-blank and the hydration reactivity of C4A3$-PG is lower than that of 

C4A3$-NG. Previous investigations found that sulfate source can promote the hydration of ye'elimite 

(Cuesta A. et al., 2014a). With the presence of gypsum, the hydration reactivity of sample C4A3$-05_F 

and C4A3$-1_P is almost parallel to that of sample C4A3$-blank and hydration reactivity of sample 

C4A3$-PG is almost parallel to that of sample C4A3$-NG. Therefore, it is concluded that PG can 

substitute for NG for the manufacture of CSAC without bring so much adverse effect on the setting 

and hardening of the cement paste. 
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(a)                                                                (b) 

Fig.5 Hydration degree of ye'elimite without the presence of gypsum 

With the purpose of making a better understanding of the hydration of the synthetic ye'elimite, 

Rietveld quantitative phase analysis is conducted and the hydration degree of ye'elimite is figured out 

by Equ.(1). Fig.5 shows the hydration degree of ye'elimite without the presence of gypsum. From 

Fig.7(a), it is concluded that, without the presence of gypsum, more C4A3$-blank hydrates than sample 

C4A3$-05_F and C4A3$-1_P within 16 h. However, till 24 h, it is observed that the hydration degree of 

sample C4A3$-05_F and C4A3$-1_P exceeds that of sample C4A3$-blank. From Fig.7(b), it is 

concluded that the degree of hydration of sample C4A3$-PG is lower than that of sample C4A3$-NG. 

The results prove that CaF2 and P2O5 can lower down the hydration reactivity of the synthetic 

ye'elimite. Previous investigaitons (Li Y. J. et al., 2001a; Li Y. J. et al., 2001b) concluded that CaF2 

and P2O5 can boost the hydration of synthetic ye’elimite from the photos of the hydrated samples and 

XRD analysis, which is attributed to the simultaneous presence of hydroxide and gypsum. 
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(a)                                                                              (b) 

Fig.6 Hydration degree of ye'elimite with the presence of gypsum 

Fig.6 shows the hydration degree of ye'elimite without the presence of gypsum. From Fig.6(a), it is 

concluded that, with the presence of gypsum, within 20 h, the hydration degree of three samples is 

almost equivalent. From Fig.6(b), it is concluded that the degree of hydration of sample C4A3$-PG is 

lower than that of sample C4A3$-NG. The results are in good agreement with the result obtained by the 

cumulative hydration heat. All of these again prove that PG can substitute for NG for the manufacture 

of CSAC without bring so much adverse effect on the setting and hardening of the cement paste. 

4. Conclusions 
First of all. It is worth hilighting the successful procedure of preparing the synthetic ye'elimite with 

doped impurities of F and P2O5 and synthesizing ye'elimite with NG and PG. The paper does not only 

characterize the synthetic ye'elimite, but also give a detailed description of the hydration of the 

synthetic ye'elimite with and without the presence of gypsum. 

Follwing results can be concluded from the investigations: 

(1)The impurities of F and P2O5 could promote the formation of the synthetic ye'elimite. F contributes 

to the crystallization, leading to the formation of large crystal synthetic ye'elimite. And P2O5 could 

stablize C4A3$-c. 

(2)Withou the presence of gypsum, pure synthetic ye'elimite is considerred to be much more reactive 

than synthetic ye'elimite doped with F and P2O5. It is attributed to that F contributes to the formation 

of large crystal synthetic ye'elimite, which is an advers for the sufficient contatc between ye'elimite 

and water. The synthetic ye'elimite prepared with natural gypsum is much more reactive than that 

prepared with PG, which demonstrates that the joint effect of F and P2O5 lowers down the hydration 

reactivity of the synthetic ye'elimite. 

(3)With the presence of gypsum, the hydration synthetic ye'elimite doped with F and P2O5 approached 

to the pure synthetic ye'elimite and the hydration synthetic ye'elimite prepared with NG approached to 

that of the synthetic ye'elimite prepared with NG. Therefore, it is concluded that the presence of 

gypsum promoted the hydration reactivity to a large extent. 
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Abstract 

Structural characteristics of belite incorporating various amount of BaO and their reactivity with 

water was investigated by means of XRD, FT-IR and calorimetry. The results indicates that the 

incorporating amount of BaO in belite lead to high temperature polymorphic forms of belite stabilized 

to room temperature, at the same time reactivity of belite increased. The internal reason for BaO 

stabilizing high temperature polymorphs can be assigned to coordinate number of M increasing which 

lead to more stable of high temperature phases and transformation from high temperature polymophs 

to low temperature polymorphs hindered when Ca2+ substituted by Ba2+ in belite crystal structure. At 

the same time, M-O distance increases, which leads to an decrease of bonding strength between M-O, 

therefore the crystal structure becomes easier to attacked by protons and results in more reactive with 

water. 

Originality 

Effect of BaO on the polymorphs and reactivity of belite which is the solid solution of dicalcium silicate 

and more closing to the real state in cement clinker especially for low carbon cement was revealed. 

Moreover, the reason for both high temperature polymorphs stabilization and reactivity increasing of 

belite with incorporating BaO was assigned to be related to M-O bond and [MOx] polytredon 

changing caused by Ca2+ substituted by Ba2+. 

Keywords: Belite; BaO; polymorph; reactivity 
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1 Introduction 

As a low calcium cementitious mineral, belite not only exhibits advantages in manufacturing 

process, for example, less energy consumption and CO2 emission, lower requirement on raw 

materials such as low grade limestone, but also provides excellent properties such as less 

temperature raising due to hydration heat, more durable for the hydrated products of belite 

containing more C-S-H gel and less Portlandite, comparing to the major silicate phase in 

ordinary Portland cement alite. In traditional Portland cement, belite is the secondary 

important mineral which mainly contributes to long term performance of cement and usually 

composites 15~30% in clinker by mass (H.F.W Taylor, 1997). Nowadays, resource 

consumption and CO2 emission of traditional Portland cement are widely concerned in the 

background of global natural resource and energy shortage deteriorates year by year, new 

cement based on belite which are more sustainable in production such as belite-rich cement, 

sulfoaluminate belite cement and so on attracts great interest of chemists and engineers of 

cement and concrete. Therefore, belite-based low calcium cement be believed to be one of 

most important cement materials for the future (A.G. De la Torre, 2005; A.K. Chatterjee, 

1996 ) . However, as a orthosilicate mineral, belite (usually β form in cement) reacts with 

water much lower than that of alite, i.e. reactivity of belite is much lower than alite.  

Therefore, belite-based cement hydrates with water much slower than OPC and suffers from 

low early strength which limits its application in civil engineering. Reactivity increase or 

activation of belite is the key problem for developing belite-based cement.  

A great deal of effort have made on structure of belite since it first composited it with 

2CaO▪SiO2 (abbr. C2S) by Le Chatelier in 1887 (Le Chatelier, 1905). As an result, 5 

polymorphs of C2S been proved to exist from room temperature to melt point and the basic 

structure of each polymorphic modification was constructed (M. Regourd, 1983; W.G. 

Mumme et al, 1996). Several foreign ions have been found to be able to stabilize high 

temperature polymorphic forms (such as β, α’ and α) of C2S to room temperature (Rinaldi et 

al, 1986; Young et al, 2004), and ion radius, C/R and C2/R were proposed to be used for 

assessing the stabilizing ability of β form dicalcium silicate during cooling process (Feng et al, 

1986).  

Barium is an ordinary element in same group with calcium, but radius is much larger than 

calcium, and its stabilizing ability of β form proposed by stabilizing judgements and 

confirmed by experimental (Feng et al, 1986). Moreover, BaO have been reported to stabilize 

higher temperature phase such as α’ or even α polymorph in the Ca2SiO4-Ba2SiO4 system (B. 

Matkovic et al, 1986; K. Fukuda et al, 1992).  

Belite, the solid solution of dicalcium silicate, is the real phase existing in cement clinker 

system instead of dicalcium silicate, was seldom investigated under the effect of foreign ions 

other than routine solution ion such as Al3+, Fe3+ and so on. This paper is aim to clarify the 

effect of barium oxide on the structure and reactivity with water of belite. 

2 Experimental 

2.1 Materials 

Chemical reagent, i.e. calcium carbonate, silicon dioxide, alumina trioxide, magnesium oxide, 

ferric oxide, calcium sulfate, calcium phosphate, potassium carbonate and titanium oxide, all 

of which are analytical grade, were used as raw materials for chemical design in this 

experimental. 



2.2 Methods 

2.2.1 Sample preparation 

Raw meal of control belite was proportioned according to typical belite composition given by 

Talyor (see table 1). Barium oxide was added into raw mix to obtain designed content in 

calcined belite sample according to table 2. All the raw mixes blended homogeneously and 

pressed to pellets with the size of Ø30 mm×6 mm after mixed with 6%~8% water, then the 

pellets dried in an oven of 105℃ to remove moisture. The dry raw meal pellets were put on 

an platinum disk into an high temperature electrical furnace that employs molybdenum 

disilicide heating elements as heater. The furnace heat up with a speed of about 4℃/min to 

1400℃ and retained the temperature for 4 hours, then the platinum disk was took out of the 

furnace chamber and cooled to room temperature under the blowing of an electrical fan, as a 

result, belite samples obtained and store in a desiccators for further using.  

Tab. 1 typical chemical composition of belite 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 

Belite 0.1 0.5 2.1 31.5 0.1 0.2 0.9 63.5 0.2 0.9 

Tab. 2 Content of BaO in belite 

No. Ba0 Ba1 Ba2 Ba3 Ba4 Ba5 Ba6 Ba7 

BaO content（%） 0 0.5 1 1.5 2 3 4 5 

2.2.2 Characterizations 

Belite samples were examined by XRD, IR, optical microscopy, and isothermal calorimetry, 

and details of equipment and test parameters are as follow: Bruker D8 Advance 

diffractometer with CuKα radiation and LynxEye detector was employed for XRD of samples. 

The diffractometer was operated at 40 kV and 250 mA, recorded from 5° to 60° in 0.02° (2θ) 

per step and each step stayed for 3 seconds per step. Rietveld quantitative phases analysis of 

belite samples were carried out by using a Topas 3.0 software. FT-IR spectrum was carried 

out on a Tensor 27 IR spectrometer, with a range of wave length of 2000-360 cm-1. 

Transmission technique was used and the samples were prepared as KBr pellets. Isothermal 

calorimetry were carried out with an TAM Air 8 channel isothermal calorimeter, operated 

with W/C=0.5 and under 30 ℃. 

3 Results and discussion 

3.1 Effect on structure 

After cooling, all the belite pullets kept the shape before calcination except the reference one 

which broken into several pieces and partly dusted during cooling process. All the samples 

were ground into powder passed through a 80 μm sieve with an agate, and the powder 

samples were tested by XRD, IR and calorimetry.  

Figure 1 shows the XRD patterns of belite samples with various amount of BaO. Although 

main diffraction peaks of belite polymorphs locates in similar angle range which leads to an 

serious overlaps of XRD patterns, there still a few peaks assigned to specific polymorphs, 

such as the diffraction peak of d=3.01 reflects (103) plane of γ form modification, peak at 

d=2.62 reflects (105) plane of β polymorph,  peak at d=2.66 reflects (260) plane of α’L form 

and (130) plane in α’H form, depending on these peaks different polymorphs can be 

distinguished. It can be seen from figure 1 that XRD patterns of belite samples evolve 

regularly with incorporating BaO content increasing. The peak at d=3.01 diminished 

gradually, which indicates that the proportion of γ form modification in belite samples 



decreases with BaO increasing. The characteristic diffraction peak of β form grows a bit 

bigger from control to Ba 1, but dies away since Ba 2 with BaO keeping raise. The peak at 

d=2.66, which dues to α’ (α’L and α’H) form Characteristic diffraction, is only a small hump in 

samples with BaO below 3%, however, it grows up rapidly when BaO content over 3%, 

which suggests that α’ form rises sharply when the BaO content above 3%. 
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Fig. 1 XRD patterns of belite with BaO 
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Fig. 2 Phases composition of belite samples with BaO 

Quantitative analysis of phases composition of belite samples with various content of barium 

oxide carried out using Rietveld method, figure 2 shows the result. The result clearly 

illustrates that all the existing polymorphs in belite sample incorporating various amount of 

BaO.  In the reference sample, about 15% γ form modification is detected, and the transition 

of the γ form from β form accompanying with volume expansion which leads to breaking and 

dusting of sample. However, when there is BaO in belite, even though the amount is low 

(0.5%), γ form proportion existed in the samples is much lower. With BaO increasing, γ form 

decreases continuously until disappear. β form as a dominant polymorph in all the belite 

samples except the one with 5% BaO, increases and reaches the max proportion of about 80% 



when BaO content in belite is 0.5%, and then decreases with BaO  content increasing, 

especially after BaO exceeding 2% from which large amount of α’ form stabilized. α’L form 

increases steadily with BaO rising, and another α’ ----α’H only stabilized when BaO exceeds 3% 

but increasing sharply with BaO increasing. A little amount of alite shows up when BaO 

exceeds 3%, and this is because cation in belite crystal is surplus for connected all the [SiO4
4-] 

to form belite, and the excessive cation reacts with belite and results in a small amount of alite 

formed. 
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Fig. 3 Infrared spectrum of belite with BaO 

As a nesosilicate mineral, belite or dicalcium silicate structure composed with isolated [SiO4] 

tetrahedron connected by Ca2+, and the dominant vibration of belite mineral are the vibration 

of [SiO4]. Four active vibrations of isolated [SiO4] are symmetrical stretching frequency ν1, 

doubly degenerated in plane bending ν2, triply degenerated antisymmetrical stretching 

frequency ν3 and triply degenerated out of plane bending ν4. Of these vibrations of isolated 

[SiO4], only ν3 and ν4 are IR active, and their frequency range are 800-1000 cm-1 and 550-450 

cm-1, respectively. According to the report by Puertas, (Puertas et al, 1985), vibration 

frequency of about 440 cm-1 and 997 cm-1 in belite polymorphs can be assigned to the 

characteristic frequency of γ form and β form modification, respectively. The α’ form 

modification which argued to be higher degree of structural symmetry from spectrum of IR, is 

assigned to the characteristic frequency around 910 cm-1. However, the two α’ form 

modifications α’L and α’H can hardly be distinguished by IR spectrum for there are only very 

little difference in structure of these two polymorphs. FT-IR spectrums evolution of belite 

samples incorporating various amount of barium oxide showed in figure 3. It can be seen 

from figure 3 that the intense of characteristic absorption peak of γ form decreases with BaO 

increasing in belite samples, and that of β form increases from control to Ba1 but decreases 

from Ba1 to Ba7. In contrast to γ form and β form, the intense of characteristic absorption of 

α’ form continuously increases from control to Ba7, which can be attributed to the rising of α’ 

phase in content. The evolution of IR spectrum of belite incorporating various of BaO agrees 

well with XRD patterns.  



All the IR vibration frequency of [SiO4] obtained from the absorption peaks of belite samples 

with different amount of BaO are listed in table 3. From the list, vibration of  triply 

degenerated antisymmetrical stretching ν3 which split to 3 subbrands around 994, 917 and 849 

cm-1, as well as the triply degenerated out of plane bending ν4 which split to subbrands around 

519 and 394 cm-1, both shift to low frequency direction with BaO content increasing. The 

vibration of [SiO4] shifting to low frequency suggests that the bonding of cation and [SiO4] 

decreases such as the radius of cation (M2+) increasing (N.R. Yang, 1993), which leads to 

Si-O distance become a little shorter and bonding of Si-O grow stronger, in other words, the 

bonding of cation and O become weaker.  

Tab.3 IR vibration frequency of belite samples with BaO 

No. Vibration frequency (cm-1) 

control 994.63 917.55 849.24 519.22 394.57 

Ba1 994.87 916.10 846.44 519.04 392.01 

Ba2 994.77 915.21 845.87 518.64 388.41 

Ba3 994.49 914.24 845.40 518.41 386.88 

Ba4 994.19 914.09 845.45 518.37 387.84 

Ba5 993.52 913.67 845.24 518.14 387.14 

Ba6 992.13 913.46 844.74 517.53 389.18 

Ba7 990.44 914.27 844.44 516.98 386.66 

 

3.2 Effect on reactivity 
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Fig. 4 Curves of heat evolution rate of belite with BaO 

When hydrated with water under constant environmental temperature, the hydration heat 

liberation curves of belite with different amount of BaO shows quite a big difference (see 

figure 4). The main heat liberation peak in the heat liberation curve of reference sample 

without BaO is broad and flat, with peak value reached at hydrated about 40 hours, which 

suggests that the hydration process of belite without BaO experienced a long introduce period 

of 15-30 hours, and the max hydration velocity with water is quite low, which result in a max 

heat liberating rate of only about 0.7 J/(h.g). With incorporating amount of BaO increasing, 

main liberation peak of belite sample hydration become narrower and taller, the max heat 

liberating rate increased from 1.0 J/(h.g) of Ba1 to 2.3 J/(h.g) of Ba7. At the same time, 



introduce period shortened with BaO increasing. These phenomena states that the reactivity 

of belite samples increases with incorporated BaO increasing. 

Although small amount of alite contributes in some content to the hydration heat of Ba7, most 

of the difference of heat liberation curves can be ascribed to structure changing caused by 

incorporating BaO.  

3.3 Discussion 

Ion radius of Ba2+ is 135 pm and that of Ca2+ is 99 pm, so the volume of Ba2+ is about 2.5 

times of that of Ca2+. The most probably existing way of Ba2+ ions is substituting partial of 

Ca2+ ions when solid incorporated into crystal structure of belite. After Ca2+ substituted by 

Ba2+, distance between cation and anion (O2- in [SiO4]) become much longer (Under the dense 

packing hypothesis and just considering radius changing, the distance of Ca-O is 119.5 pm 

and that of Ba-O is 137.5 pm, the latter one increased almost 10%.), which not only leads to a 

great increasing of [MOx] volume but also leads to an weakening of M-O bond. Therefore, 

average M-O distance and volume of [MOx] increases with incorporating BaO increasing, 

which also confirms by evolution of cell parameters of β modification with BaO content 

(figure 5). Cell parameters except angle β, as well as cell volume increases with BaO content 

increasing, are resulted from the distance increasing of M-O. The cell parameters evoltution 

with BaO content is similar with that with temperature increasing which leads to 

transformation from β to α’L (K. Fukuda, 2000). 
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Fig. 5 Evolution of cell parameters of β polymorph in belite samples with BaO 

Ba2+ substituting Ca2+ in belite crystal structure affects polymorphs stability and 

transformation among them. On the one hand, coordinate number trends to be greater while 

volume of [MOx] polyhedron increasing, so high temperature forms of belite become more 

stable at low temperature such as room temperature. On the other hand, as a foreign ions in 

belite crystal, Ba2+ hinders the displacive or martensitic transformation of α’L to β, or even the 

order-disorder transformation of α’H to α’L (E. Burzo, 2004), depending on the substituting 

rate of Ba2+. For these reasons, more high temperature polymorphs retains with more BaO 

incorporated in belite sample. Ca2+ substituted by Ba2+ not only has effect on connecting way 

of M2+ and [SiO4], but also influences the bonding strength between them. According to the 

relationship of interaction vs interatomic separation of two atoms model, the bonding strength 

or bonding energy of M-O decreasing with distance increasing. More Ca2+ substituted in 

belite crystal structure, the average distance of M-O becomes longer, and bonding of M-O 

becomes weaker simultaneously. Therefore, when react with water, [SiO4] are easier to accept 

protons from water, or [SiO4] shows more Brønsted basicity which means that the crystal 

structure are easier to attack by protons during hydration process. As a result, reactivity of 

belite increases.  

4 Conclusions 

In the present work, the following results can be concluded: 

(1) High temperature polymorphs stabilized to room temperature by incorporating BaO in 

belite, and within the content range of this study (0~5% wt), more high temperature 

modifications stabilized with increasing BaO content. High temperature polymorphs are 

stable and transformation from high temperature polymorphs to low temperature 

polymorphs hinders are the main mechanism of BaO stabilizing high temperature 

polymorphs. 

(2) The reactivity of belite with water increases with BaO content continuously increasing, 

and this is because increasing incorporating BaO leads to a weaker of M-O bonding and 

more basic of [SiO4]. 
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Abstract 

Calcium phosphoaluminate solid solution (LHss) was the main phase of phosphoaluminate cement (PALC), which 

exhibited good strength development. Based on this, a series of new cement minerals, Ba-bearing calcium 

phosphoaluminate solid solution, were synthesized in this paper. Its composition and microstructure were investigated 

by means of X-ray diffraction, DSC-TG, SEM-EDS, MIP and hydrated heat analysis. X-ray diffraction analysis showed 

that the substitution of Ba2+ for Ca2+ can effectively change the crystal structure of L phase and improve its hydration 

activity with the content of BaO rise. Whereas, when the content of BaO exceeded 20%, the mineral of BaOAl2O3 was 

formed due to the combination of BaO and Al2O3. DSC-TG and SEM-EDS results revealed that the hydration products 

of LHss phase were modified by the substitution of Ba2+ for Ca2+, which endowed Ba-bearing LHss phase with much 

higher strength evolution. 
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1. Introduction 

Portland cement was called the “First cement series”, and high-alumina cement was the second 

one in the term of cement history development (Craig W. Hargis et al., 2013). High alumina cement 

was developed as the successful result of a search to find a cement who has high resistance to 

chemical attack by sulphates and were found to have excellent resistance to many other forms of 

chemical attack. Its paste can set normally, but harden rapidly. The concrete can produce a useful 

strength in 6h and a strength at 24h equal to that given by Portland cement at 28 days (Harold F. W. 

Taylor, 1997). What’s more, when used with other refractory aggregates, it can be used to make 

refractory castables having application in some heat-using industries (S. Jonas et al., 1998; Kenneth 

J.D. et al., 2000). Despite the fairy extensive use and good mechanical performance of high alumina 

cement, they showed certain shortcomings in their hydration process. One of them is that the hydration 

products of the cement generally showed temperature and time dependent conversion from CAH10 and 

C2AH8 to C3AH6, resulting in volume change and strength decrease (Bradbury, C. et al.,1976; Midgley, 

H.G. et al.,1977; Mangabhai, R. J. et al.,2001). Shiqun L. and Jiashan H. carefully researched the 

alumina-rich area in CaO-Al2O3-P2O5-SiO2 and found that the a new ternary phase formed (Shiqun, L. 

et al., 1999; Jia, L. et al., 2001). Electron probe microanalyser results showed that the chemical 

composition of new phase L was CaO·(1-X-Y)Al2O3·XSiO2·YP2O5, X=0.146~0.206, 

Y=0.048~0.081(Jiashan, H., 2004). It’s a solid solution transformed from the monocalcium aluminate 

(CaO·Al2O3), and they named it LHss phase. The paste of that phase showed hydration performances 

of good early strength and increasing long-term strength. The substitution of alkaline-earth like 

Ba2+/Sr2+ for Ca2+ to improve the performance of the hydration activity of cementious minerals has 

been reported in the past few years. N.K. Katyal found that the addition of BaCO3 significantly 

reduced the time and temperature of the formation of C3S (N.K. Katyal et al., 1999). Xin, C found that 

a certain amount BaO for CaO in C4A3$ can form a new mineral C2.75B1.25A3$, compared with the 

former, the hydration C2.75B1.25A3$ can produce higher hydration activity and early strength (Xin, C. et 

al., 2000; Xin, C. et al., 2004). In this study, it is found that the substitution could effectively change 

the formation and hydration of calcium phosphoaluminate solid solution (LHss). 

 

 

2. Materials and methods 

All the raw materials used in this experiment such as CaCO3, BaCO3, Al2O3, Ca3(PO4)3, SiO2 and pure 

alcohol were analytical reagents, came from Sinopharm Chemical Reagent Co., Ltd, whose purity and 

fineness were at least 99.0% (weight percentage) and 74μm respectively. L phase was weighed 

accurately according to the ratios of CaO/Al2O3=2.3597, CaO/(Al2O3+P2O5+SiO2)=1.5205. The 

replacement rates of BaO for CaO in mole fraction was set as 0%, 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 

17.5%, 20%, 22.5%, 25%, 27.5% and 30%, which were named as specimen A,B,C to M, respectively. 

The mixtures were blended separately with deionized water, placed in the drying oven at 105℃ 

for 4 hours. After that, they were pressed into square pieces of 40mm*40mm*5mm. The sintering 

temperature of 0% was 1560℃, the others were 1540℃. The heating rates were all 5℃ per minute and 

all the specimens were kept for 4h at maximum temperature in a MoSi2 furnace. Then the sintered 

specimens were cooled with a fan to room temperature and ground to pass the No.200 sieve. 

Then the powders were mixed with water and the paste was put into the 2×2×2cm3 mould. Then 

we shaped them with vibration. The pure cement paste was curd in relative humidity of 90% at 20℃ 

for 1 day, and then cured in water at 20℃. 

Compressive strength were taken at the 1, 3, 7 and 28 days, and the fractions after that were put in an 

oven at 30℃ for 1 hour and put in alcohol for the next analyses. 

Fineness of cement clinker was acquired according to GB/T1345-1991(China) by negative 

pressure sieving method and the percentages of residue on sieve were controlled within 0.5~3wt%. 

Compressive strength was performed on a testing machine of 50 KN capacities (MTS CMT5504, 

China), X-ray diffraction diffractograms were recorded at D8 Advance (German) using Cu Kα 

radiation at a voltage of 40kv and current of 40mA. The measurements were performed at 2θ = 5°to 



 

60°with an increment of 0.02°and the scan speed was 0.2s. SEM analysis was conducted by field 

emission scanning electron microscopy (FEI QUANTA FEG, America) at a voltage of 20kv and 

current of 20nA. EDS results were got by INCA energy X-MAX-50X (Oxford Instrument, England). 

Eight channel isothermal micro heat meter (Thermometric TAM Air, Sweden) was used to get 

hydration rate and hydration heat curve. The DSC (TGA/DSC1/1600HT) was recorded from room 

temperature to 650℃  at a heating rate of 10℃ /min. Mecury intrusion porosimetry (MIP) was 

conducted in two continuous intrusion-extrusion cycles. 

Mercury intrusion calorimetry (MIP, Micromeritics, AutoPore 9500 IV) was used to study the pore 

size distribution of hardened cement pastes. The hydration process of cement pastes or mortars were 

ceased by soaking in alcohol for 3 days. Then specimens were put in the freeze dryer for three days 

before testing. 

 

3. Results and Discussion 

3.1 synthesis of LHss phase  

Specimen A was prepared by the solid-phase reaction, and then the specimen was milled to pass 

the 200 mesh sieve. XRD results of LHss specimen were shown in fig.1. It can be seen that the main 

phases of the sintered specimen were LHss, there was still peaks of α-C3P and CA. As we can see, the 

main d-spacings of phase L were 0.6485nm, 0.3745nm, 0.2901nm, 2648nm, 0.2452nm, 0.2164nm. It 

was in accord with Li’s results. 
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Fig.1 XRD pattern of specimen A 

 

3.2 Doping of BaO  

3.2.1 XRD analysis  

With the addition content of BaO increase, the intensities of phase L decreased. But L phase still 

took the main part of the specimens when the content of BaO was in the range of 0% and 20%. While 

the addition of BaO continued, over 22.5%, the main phases of specimen changed into CA (calcium 

aluminate) and BA (barium aluminate. Table 1 showed the change of d values with the increasing 

amount of BaO. D-spacing of the peak at about 23.7 degree changed from 3.7445 Å to 3.7914 Å, 

which indicated that more barium ions entered into the lattices of L phase with the dosage increase. 

The substitution of big radius ions contributed to the bigger D-spacing of L phase lattice. In addition, 

the peaks the L decreased in height from 0% to 20%. And when the dosages reached 22.5%, the main 

phase of the sintered specimens changed. Phase BA takes a big part. BA was reported to be a non-

hydraulic binding material. The hydration of BA can generate Ba(OH)2, which can easily dissolve in 

water. What’s more, Ba(OH)2 can absorb H2O to form Ba(OH)2H2O, which can cause volume 

expansions in the hardened paste, with the results of strength decrease in concrete(A. K. Chatterjee, 



 

2009;A. Braniski,1957; M. Drozdz et al.,1974; M. Mohapatra et al.,2007). 
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Fig.2 XRD patterns of doped specimens  

 

Table 1 Change of d values (Å) 

No. d values  

A/0% 3.7445 2.6457 2.8993 2.4484 2.1622 6.4758 1.5722 2.2880 

B/2.5% 3.7486 2.6484 2.9060 2.4552 2.1659 6.4910 1.5772 2.2970 

C/5% 3.7486 2.6483 2.9063 2.4548 2.1624 6.4861 1.5750 2.2981 

D/7.5% 3.7605 2.6546 2.9149 2.4601 2.1664 6.5197 1.5808 2.3032 

E/10% 3.7636 2.6594 2.9156 2.4587 2.1702 6.4952 1.5820 2.3055 

F/12.5% 3.7670 2.6652 2.9176 2.4653 2.1762 6.5181 1.5843 2.3101 

G/15% 3.7696 2.6667 2.9229 2.4661 2.1735 6.5258 1.5857 2.3091 

H/17.5% 3.7797 2.6744 2.9339 2.4731 2.1796 6.5554 1.5893 2.3168 

I/20% 3.7914 2.6819 2.9368 2.4787 2.1843 6.5644 1.5898 2.3224 

 

3.2.2 Densities of specimens  

The atomic weight of barium is 137, which is more than twice as that of calcium. So there would 



 

endow the specimen with high density. Here, Archimedes displacement method was used to measure 

the density of specimen, and the results were demonstrated in Fig.3. It can be seen that there was a big 

change in density of specimen with or without BaO. So the water cement ratios of the cement paste 

must adjust along with the density change to ensure under the same consistency. The water cement 

ratios corresponding to specimen with different dosage were also shown in Fig.3. 
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Fig.3 Densities and W/C varied with the BaO dosages 

 

3.2.3 Compressive strength  

Compressive strength results were shown in fig.4. It can be seen that the substitution of Ba2+ for 

Ca2+ has a complex effect on the compressive strength. When the content of Ba2+ is below 5%, it 

showed a good effect on the 1d and 3d strength. When the content is higher, the compressive strength 

showed an increase with the increase of the content of Ba2+, but when the content is above 20%, the 

strengths showed a big decrease in each curing ages. When were cured for 90 days, the harden pastes 

of 27.5% and 30% cracked. When the content is 20%, the compressive strength of each age were 

higher than the blank. 
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Fig.4 Compressive strength of doped specimens  

 

3.2.4 XRD patterns of hydrated specimens 

From the patterns, we can see that the main hydration product of L phase is C2(A,P)H8 in 1 to 7 

days. When it was cured to 28d, the peaks of C(A,P)H10 emerged. At 90 days, C(A,P)H10 became one 

of the main hydration products. When the doping content of Ba2+ reached 20%, the emergence of 

intermediate product, C2(A,P)H8 was avoided and the main hydration product changed to 

C(B)(A,P)H10.And the hydration of L phase was obviously accelerated. At 7 day curing age, there 

were still obvious peaks of L phase in the blank specimen, but in the patterns of 20% dosages, doped L 

phase was almost consumed. So it can be concluded that the hydration of L phase can be accelerated 

by doping of Ba2+. 
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Fig.5 XRD patterns of hydrated specimens  
 

3.2.5 SEM-EDS results of hydrated specimens  

  From the SEM images of hydrated LHss phase, flake products were found in the gaps. EDS results 

indicated that they were calcium aluminate hydrate with the solution of P and Si. Because of the 

modification of BaO, the hydrated products of doped LHss changed. It can be seen from the SEM 

Images that the products were smaller in size, it’s only about one third of the former in size, and more 

thin in thickness. What’s more, there were more gels in the gaps. EDS results showed that the products 

was also modified by Ba2+. So it can be deduced that the introduction of Ba2+ into the L phase can not 

only speed up the hydration of L phase, but also can lead to the change of the hydration products of L, 

which corresponding to the better strength increase of doped L phase(20% BaO content) than the 

blank one.  

 

 



 

 
 Fig.6 SEM and EDS results of LHss phase at 3d curing age  

 

 

 
Fig.7 SEM and EDS results of doped L phase (20% content) at 3d curing age  

 

 

3.2.6 DSC results of hydrated specimens  

   Figure 8 depicted the DSC thermograms of hydrated pastes at 20℃  up to 28 days. The 

thermograms show two endothermic peaks located at 110~140,270~280℃.The first endothermic peak 

is due to C(A,P)H10. The endothermic peak located at 270~280℃ is attributed to the C2(A,P)H8.(V. S. 

Ramachandran et al., 1973; M. Heikal et al., 2005) 

   DSC results were shown in fig.8. In fig.9(a), the hydration products C(A,P)H10 and C2(A,P)H8 can 

be identified by the endothermal effects at 150℃~200℃ and 200℃~280℃ separately. And it can be 

seen that the percent of C2(A,P)H8 in the hydration products decreased with the dosages of BaO 

increased. When the dosages of BaO are at 20%, the hydration products are mainly consisted of 

C(A,P)H10, which was in accordance with the results of XRD patterns. 
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Fig.8 DSC thermograms of hydrated pastes  

 

3.2.7 Mercury injection method of hardened cement paste 
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      Fig.9 pore diameter distribution analysis 

  Mercury intrusion porosity expressed by the cumulative porosity curves and pore size distribution 

histograms were shown in fig.9. 
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Fig.10 Cumulative porosity curves analysis 



 

  It is reported that some heavy metals can improve the sintering of the clinker (N.K. Katyal et al., 

1999), so as to influence the hydration of the minerals. This change may show a variation in the 

porosity of the hardened cement paste (Daman K. Panesar et al., 2014; Hongyan M. et al., 2014; 
Xudong C. et al., 2013). 

Pore diameter distribution of hardened cement pastes was demonstrated in fig.10.From the figure, 

we can see that specimen A and I exhibited almost the same distribution in the range of 1 to 200μm. 

But in the range of 5nm~1μm, specimen I showed a quite different change compared with the blank. 

The pores of specimen I mainly located in the area from 10nm to 50nm. Whereas , that of the 

controlled specimen was from 10nm to 5μm. So it can be concluded that the doping of BaO can 

effectively change the hydration behaviors of calcium phosphoaluminate solid solution, then more gels 

would generate and reduce the pores in the cement paste. This can also be confirmed by the SEM 

images in fig.8. 

  Cumulative porosity curves were demonstrated in fig.10. The total porosity of specimen A and I are 

27.6% and 17.6% respectively. That is why specimen I exhibited a much higher compressive strength 

than the blank. 

 

3.2.8 Isothermal conduction calorimetry   

 

Fig.11 and 12 showed the calorimetric curves for specimen A, C, E, G, I and K. Fig.12 is the heat 

flow curves of the studied cements. From the figure, specimen C, E and G all showed a higher 

hydraulic activity compared with the blank. But to specimen I, the maximum hydration rate was later 

but higher than the other four. Cumulative heat curves showed that specimen C, E, G, K all have a 

higher heat release in the first 30 hours. But specimen I and the blank showed almost the same 

behavior in that interval. But specimen G exhibited a much higher heat release in the subsequent time, 

and gained an almost same heat release compared with C, E and G. Owing to the almost same heat 

release with the blank, specimen I showed a modest increase at 1d curing age. But after 1d, the heat 

flow curve showed the highest heat release, which gave the specimen a much higher strength at 3d 

curing age and lower porosity. The reason may be that the cement paste of specimen I has hardened by 

30 hours. The strength of the hardened paste was strong enough to resist the thermal defect from the 

heat release after 30 hours (Peng G. et al., 2014; Lura P et al., 2003). To specimen C, E and G, the 

hydration of LHss was boost, and they all have higher and earlier heat release than the blank. So they 

owned higher strength at 1d and 3d, but lower strength increase in the subsequent curing times. 

Due to the different phase constituent in specimen K, it exhibited a heat release when contacted 

with water, which derived from the hydration of BA. In the absence of LHss, there wasn’t any phase 

who can provide long-lasting hydration. So the heat release  keeps steady in the subsequent time. 
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Fig.11 Calorimetric heat-flow curves  
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Fig.12 Calorimetric cumulative heat curves 

 

 

4  Conclusions 

(1) In the series of Ba-bearing calcium phosphoaluminate solid solution, the 20% content specimen 

showed the best strength development. 

(2) The addition of BaO can accelerate the transition from C2(A,P)H8 to a more stable hydration 

product, C(A,P)H10. 

(3) Due to the modification of BaO, the hydration products were smaller in size, and more gels 

generated. So the 20% composition showed a higher strength and lower porosity. 

(4) Compared with other specimens, 20% content specimen showed a modest heat release in the first 

30 hours, but the highest heat release after 1d, which can avoid the thermal defect in the plastic 

stage of the hardened cement pastes. 
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Effect of Doping Fluorine and Sulphur on the Solid Solubility of MgO and 
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Zongfu Guan, Changju Yang, Kang Li,  Xubin Zu, 

School of materials science and engineering, Zhengzhou University, Zhengzhou, China, 

450001 

Abstract  

By using chemical analysis, mechanical property testing, petrographic analysis and XRD Rietveld method, the 

effects of doping sulfur and fluorine on the solid solubility of MgO, the strength, microstructure of clinker 

samples were investigated, and the characteristic peak and the cell parameters of the extracted alites were 

analysesed with XRD Rietveld refining. The results showed: adding a certain amount of SO3, CaF2 in the clinker, 

the MgO solid solubility could be effectively promoted. When the addition content of CaF2 was less than 

0.25%, the solid solubility of MgO increased with the increase of SO3 content. With the increase of 

CaF2 content, the effect of the SO3 content change on the solid solubility of MgO was more and more weak. 

When the content of SO3 was less than 1.2%, increase of CaF2 content was more conducive to the solid solubility 

of MgO. Only adding SO3, the compressive strength at 28 days with the content of 

SO3 increases was decreases. Adding 0.50% CaF2 simultaneously, the strengths at 3 day and 28 day ages were 

increase at first and then decreased with the increase of SO3 content. On the proper content of CaF2, adding a 

certain amount of SO3 was helpful to improve the strength of the clinker, and there exists an optimal dosage. And 

within a proper addition range of CaF2, the concentration of CaF2 was more, the strength of clinker was 

higher.  Solid solution of both SO3 and MgO, the M2-M3 polymorph of alite could be stabilited at room 

temperature. And in the condition of adding a proper amount of SO3, the symmetry of alite will improved with 

the content of CaF2 increase. Compared with only adding MgO samples, SO3 and CaF2 simultaneous 

doping made the crystal axis a of alite cell slightly smaller, the b and c axis slightly larger, and crystal axial 

angles almost unchanged. 

Keywords：high MgO clinker, strength, doping, solid solubility, microstructure 

  
Originality 

   Impurity ions doping have an important influence on alite crystal, which could cause the change of C3S lattice 

constant and symmetry thereby improving the strength of cement clinker. In a case of doping proper Fluorine 

and Sulphur, the strengths of high MgO clinker could be improved effectively. 

   By doping some impurity ions the Mg2+ could be induced location solid solution, the Mg2+ solid solubility was 

increased and the amount of f-MgO was decreased, meanwhile the concentration of defects were increased in 

alite, alite structure was adjusted and higher symmetry crystalline with high cementitious activity was stabilized 

so the high-strength of high magnesium clinker could be manufactured, which is originality.  
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1 Introduction 

   Cement industry is a resources dependent industries, limestone is one of the most important 

resources, which is taken about 1.2 to 1.3 tons to produce one ton cement clinker. With the 

enlargement of cement plant scale and consuming of limestone mining resource, more and more 

cement plants had to use low-grade with high magnesium limestone manufacturing cement clinker. In 

this process, although MgO content is controlled within a range of national standard requirement and 

autoclave test for soundness of cement is qualified, the higher magnesium content of clinker always 

appear the phenomenon that early age strength is satisfactory and late age strength grows slowly (Luo 

Kuiyuan., 2002; Zhang Weidong., 2006). The report ( Chi Jinguo. et al., 2008) also mentioned: the 

cement compressive strength at 3 days fell 0.9MPa with the increase of MgO content from 3.2% to 

4.8% in clinker, but flexural  strength declined 2.4MPa at 28 days. 

   So far, the phenomenon that the late strength growing slowly of high magnesium clinker has no 

exact theoretical explanation, micro-cracks caused by expansion of f-MgO in high magnesium clinker 

within hardening paste should be an important factor. Therefore, as much as possible to reduce f-MgO 

in the high magnesium clinker and to increase solid solubility of MgO in clinker minerals are the key 

to improve the strength of high magnesium clinker. 

   MgO is common impurity ions in clinker minerals. MgO solid solubility has larger fluctuation range, 

which was considered generally (Shen Wei., 2008) that the total solid solubility of MgO in Portland 

clinker could be up to 2%. Among them, about (1- 2)% went into alite, (0.4-3.2)% into C4AF, and 

some of less than 1.0% in C2S and C3A. Two factors, physical factors and chemical factors could be 

used to improve solid solubility of MgO in the cement clinker. Physical factors might be burning 

system parameters and grinding conditions, chemical factors might be introducing some impurity ions 

that could improve MgO into clinker minerals, which would be used as artificially adjusted technical 

measures. Considering process equipment and technology economy, chemical adjustment may be 

more effective measures.  

Studies(Liu X. et al., 2002; Li Yanjun. et al., 1999) investigated Sulphoaluminate cement series 

and found that MgO and SO3 simultaneous doping existence could produce the effect of restraint each 

other. Zhao’s report(Zhao Ximei. et al., 1989) shown that MgO could promote C3S formation at low 

temperatures and SO3 favored solid solution of MgO in belite-barium calcium sulphoaluminates 

cement clinker. In a certain range, the quantity of periclase decreased and crystal size became smaller 

with increasing CaF2/SO3 ratio, CaF2 could inhibit the growth of periclase crystals(Lu Lingchao. et al., 

2010). 

   Further the doped ions dissolving in the crystal lattice could not only effect on the solid solution of 

other impurity ions but also could lead to change of the C3S lattice constant, thereby transform the 

symmetry of the C3S. Maki and Kato ( Maki I. Kato K., 1982)investigated polymorphic transformation 

of C3S with different levels of MgO and observed that the M1 to M3 types could be obtained at room 

temperature with increasing MgO content. Staněk,s work (Stanek T. Sulovsky P., 2002) shown that 

improving clinker MgO/SO3 ratio and the C3S was M1 type, otherwise it was M3 type. However, 

improving MgO/SO3 ratio lowers the activity of the raw material and increases the proportion of 

M1/M3. Li ( LI X. Huang H. Xu J. et al., 2012) studied the effect of MgO and SO3 on alite 

polymorphs, MgO could stabilize M3 type and SO3 favored the formation of M1 type and the 

ingredients programs, burning temperature and brning time had no significant effect on alite 

polymorphs. M1 type coexists with M3 under interaction of MgO and SO3, and the amount of both 

M1 and M2 was not clear quantity relation between the MgO / SO3 ratio. 

   So, it is very meaningful to investigate how the multi-ion effect(MIE) influnces the alite structure, 

that the MIE includes such as chemical bond parameters of Mg2+ ion and other impurity ions. By 

doping some impurity ions the Mg2+ could be induced location solid solution, the Mg2+ solid solubility 



 

was increased and the amount of f-MgO was decreased, meanwhile the concentration of defects were 

increased in alite, alite structure was adjusted and higher symmetry crystalline with high cementitious 

activity was stabilized so the high-strength of high magnesium clinker could be manufactured.  

2 Experiment  

   Industrial raw materials, limestone, dolomite, sandstone, clay, sulfuric acid residue and natural 

gypsum were provided by SDICX Zhengzhou cement co.Ltd. CaF2 was chemical reagent.  The various 

chemical analysis results of industrial raw materials were shown in Table1. The raw meal ingredient of 

experimental sample was designed: KH = 0.92, SM = 2.8, IM = 1.6, designed MgO content in samples 

was 5% accorded with the upper limit of national standards. Different concentrations of SO3 and CaF2 

were added independently or simultaneously to raw meal samples. The modulus and mineral 

composition of basic clinker was shown in Table 2, admixture program in series samples were shown 

Table 3.      

Table1. Chemical composition of the raw materials 

Raw materials Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O  Σ 

limestone 42.23 2.12 0.99 0.37 52.26 0.74  0.27 0.05 99.03 

dolomite 45.50 0.40 0.39 0.48 36.67 15.66  0.11 0.07 99.28 

gritstone 0.82 93.87 2.10 1.08 0.17 0.66  0.71 0.07 99.38 

clay 9.12 63.61 13.84 5.25 2.01 2.65  0.71 0.07 97.26 

Iron powder 7.98 25.26 19.94 37.87 3.16 0.74  2.47 0.28 97.7 

gypsum 20.28 10.16 2.27 0.96 27.66 2.23 34.00 0.71 0.39 98.66 

 

Table2. the modulus and mineral composition of basic clinker 

clinker modulus  mineral composition of basic clinker/ % 

KH n p C3S C2S C3A C4AF ∑ 

0.920  2.80  1.60  62.30  14.73  7.55  8.99  93.58  

 

Table3.Admixture in series samples 

samples MgO CaF2 SO3 

A1 5.00 0.00 0.00 

A2 5.00 0.00 0.40 

A3 5.00 0.00 0.80 
A4 5.00 0.00 1.20 
A5 5.00 0.00 1.60 
A6 5.00 0.00 2.00 
B1 5.00 0.25 0.00 
B2 5.00 0.25 0.40 
B3 5.00 0.25 0.80 
B4 5.00 0.25 1.20 
B5 5.00 0.25 1.60 
B6 5.00 0.25 2.00 
C1 5.00 0.50 0.00 
C2 5.00 0.50 0.40 
C3 5.00 0.50 0.80 
C4 5.00 0.50 1.20 
C5 5.00 0.50 1.60 
C6 5.00 0.50 2.00 



 

   Various industrial raw meal were ground in a laboratory mill to pass a 0.080mm sieve until the 

screen residue was less than 5%, each the raw meal was weighed accurately according to Table 2. 

Then the meals were homogenized and added 10% water, which were pressed to the form raw meal 

pieces as Ф80mm about weight 150g under the pressure of 100KN. Dried at 110 ℃ for 24 hours, they 

were put into a MoSi2 furnace and burned at 1450 ℃for 30 min , taken out immediately and quenched 

with a fan. 

   According to the Ref (CBMA., 1982)described the method: Powder samples were extracted firstly 

from burned clinker with acetic acid and methanol solution, and then the content of MgO in clinker 

residue was determined by the EDTA differential subtraction ,thereby calculating content of f-MgO in 

clinker. 

   Clinker samples were fixed sulfur, the structure of petrographic were observed by reflecting 

microscope after grinding, polishing, corroding. 

   Clinker samples were added 5% gypsum, ground in a ball mill to a fineness of 330 ± 10m2/Kg and 

the clinker mortars strength was measured according to the national standard GB / T 17671-2005. 

   Four typical programs, A1、A4、B4 as well as C4 were Selected from all samples, which were 

prepared again, correspondingly the samples renamed as A1a, A4a, B4a and C4a. The KH value of 

four programs were adjusted to 1.05 in order to ensure that all silicate mineral in clinker were alites, 

keeping other parameters constant and then were sintered fully. And the samples were ground in an 

agate muller, then the sample powders were disposed at first by ethylene glycol alcoholic solution to 

remove the free CaO, and then they were dried, the silicate minerals were extracted with the treatment 

of potassium hydroxide sucrose solution. The XRD data were obtained using a X’Pert Pro X-ray 

diffractometer, and the date were collected from 29°-52.5°(2θ) with a step size of 0.01° at 1°/min, the 

X-ray tube was operated at 40kv and 40mA . The extracted residues was mainly alite testified by XRD, 

and the alites crystallographic forms were determined by XRD patterns with Ref (Guinier A, Regourd 

M., 1968)    

   The samples were tested by XRD step-scanning in the range of 10° to 70°(2θ)with a step size of 

0.02°and a counting time of 2s/step, stacking 2 times. The diffraction data were refined by the 

Reitveld method using Fullprof software. The peak profiles were fitted using Pseudo-Voigt function, 

structure models were selected from the international crystallographic databases (ICSD), structural 

date of C3S for M3 monoclinic model published in 1985 by Nish, ICSD numbered 64759, and MgO 

model ICSD number is 61325. Because the alite cell is very complex only the some parameters were 

refined such as scaling factor, zero point, background, cell parameters, peak shape parameters and 

peak width parameter, the atomic coordinates and thermal effects were not involved in the fitting 

calculations. 

3 Results and analysis 

3.1 Effect of doping SO3 on the f-MgO  

   Effect of the doping SO3 on f-MgO content in clinker was shown in Fig1. A group samples single-

doped with SO3, B group samples doped with 0.25% CaF2 and different levels of SO3, while C group 

samples doped with 0.5% CaF2 and different levels of SO3. 



 

 

 

 

 

 

 

 

 

    

 

 

 

 

    

    

   Fig1 shown that f-MgO content decreased substantially from the 3.48% to 1.03% with increasing 

SO3 content in the clinker when doped independently SO3. Correspondingly, the calculations predicted 

that increasing SO3 increased the solid solubility of MgO in clinker from 1.52 to 3.97. Adding SO3 

could promote MgO solid solution in clinker. As a result that the solid solution substitution reaction 

could occur in the burning process with the formula as follow: 

 
＇＇
OSiSi

SC
AlS O62OAlSO                            3

323                    （1）   

 

   In condition of containing variety impurity ions, defect reaction take places more likely coordination 

replacement between the different price ions rather than with vacancies or interstitial ions to keep 

price balance, which can keep the system at lower energy level that is more helpful to stabilization of 

crystal structure. The solid solution of S6+ could promote the Al3 + dissolved in the clinker as shown in 

equation (1). The solid solution of S6+and Al3+ will cause crystal distortion. Si4+ ion radius is 0.26nm; 

Al3+ ionic radius is 0.39nm in the case that the coordination number is equal to 4. When Si4+ replaced 

by Al3+ within the tetrahedron vacancies, the tetrahedron vacancies would be enlarged due to the Al3+ 

ionic radius is bigger than the Si4+ ionic radius, which could indirectly cause the distortions of adjacent 

calcium oxygen octahedrons, the octahedron vacancies becomes smaller. In the case that the 

coordination number is equal to 6:00, Mg2+ radius is 0.72nm and Ca2+ radius is 1.0nm.  The Mg2+ with 

smaller ionic radius would more easily be taken over Ca2+ with larger ionic radius gone into oxygen 

octahedron vacancies. Therefore, SO3 eventually promoted the solid solution of MgO in the silicate 

crystals. In addition, SO3 can reduce the viscosity of the intermediate phase and surface tension, which 

may also be a factor to promote the solid solution of MgO in the intermediate phase. Therefore, the 

solid solution of MgO in the clinker increases with increasing content of SO3. 

   Increasing SO3 content decreased the f-MgO content of clinker from 2.45% to 1.41% in case of 

simultaneously doped fixed content of CaF2 (0.25%), and the decrease was significantly smaller than 

single-doped of SO3. Correspondingly the MgO solid solubility in clinker increased slowly from 

2.55% to 3.59%. Contrasted A with B Groups, the f-MgO content in clinker did not change 

significantly with increasing SO3 content at adding 0.5% CaF2, ranging from 1.29% to 1.48%, that was 

already very low in fact. Correspondingly, MgO solid solubility was not much float with the change of 

SO3 content of clinker, ranging from 3.52% to 3.71%. 

   Compared with specimens of A, B, C groups, it could be found that increasing of CaF2 content 

decreased significantly f-MgO with simultaneously doped a small content of SO3(0~1.2%). But the f-

MgO content was almost consistent with increasing CaF2 content when SO3 content exceeded 1.2%. 
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Fig1. the effect of SO3 on the f-MgO in clinker 



 

Study ( Diouri A, Boukhari A., 1997) deemed that increasing fluorine content could increase effect of 

double substitution with Al3+ and S6+ for Si4+ in alite shown in formula(1). Increasing F- content could 

promote significantly the substitution of the S6+ and Al3+ when adding little content of SO3 in clinker.  

Generally, the solid solubility would increase with the increase of impurity ions content. When the 

SO3 solid solubility was so high to be near the limit, the effect of F- would be not significant with the 

increase of SO3 content. Data in fig1 shown that when SO3 content ≤1.2%, increasing CaF2 content 

was more conducive to MgO solid solution in clinker, but when SO3 content exceed 1.2%, increasing 

CaF2 content has no significant effect on MgO solid solution and even a weak negative effect. 

   Therefore adding a certain amount of SO3, CaF2 could promote effectively the solution and 

absorption of MgO in clinker. When CaF2 content ≤0.25%, MgO solid solution increased with 

increasing SO3 content, however, the impact of SO3 content on MgO solid solution was weaker with 

the increase of CaF2 content. Increasing CaF2 content was more helpful to MgO solid solution in 

clinker within a small content of SO3 (SO3≤1.2%), and with SO3 content exceeded to 1.2%, the 

increase of CaF2 content could not significantly contribute to the solution of MgO. 

2.2 Physical and mechanical properties of high magnesium clinkers doped with impurity ions 

   Mechanical properties results of the clinker samples shown in Table 4. As can be seen in Table 4, 

the bending strengths at 3 and 28 day ages were increase at first and then decreased with the increase 

of SO3 content in the A, B, C groups. A certain content of SO3 is helpful to improve the clinker 

bending strength, but there was an optimal dosage. 

Table4. strengths of series clinkers 

No. 
flexural  strength  ∕ MPa compressive strength ∕ MPa 

3d 28d 3d 28d 

A1 6.3 8.4 32.2 54.7 

A2 6.8 8.2 34.5 54.4 

A4 7.4 9.2 35.8 53.8 

A5 7.4 9.7 32.9 53.5 

A6 6.3 9.3 28.8 51.5 

B1 5.2 8.8 24.3 58.0 

B2 7.3 8.7 32.7 55.3 

B4 7.6 8.7 36.4 55.0 

B6 7.0 8.9 32.9 57.3 

C1 6.0 8.2 28.4 58.1 

C2 6.7 9.2 33.9 59.6 

C3 6.6 8.8 34.3 62.3 

C4 7.6 10.5 34.8 60.0 

C5 6.7 9.0 32.6 59.9 

C6 6.0 8.9 30.6 58.9 

 

   In the case of doped with SO3 alone, the compressive strength of clinker at 28 days showed a gradual 

downward trend from 54.7MPa to 51.5MPa. 

   With doped 0.25% CaF2, the compressive strength at 3 day ages showed a gradual increasing trend 

with the increase of SO3 content, which reached the maximum when SO3 was added about 1.2% and 

then decreased slightly again with the increase of SO3 content. And the compressive strength at 28 day 

ages showed the roughly same trend. Compared with the A groups, in the case of doping the same SO3 



 

content, the compressive strength at 28 day ages was heightened about 2 ~ 6MPa.with doped 0.25% 

CaF2 simultaneously than SO3 alone. 

   With the increase of SO3 content, the strengths of the clinker doped with 0.50% CaF2 at 3 day and 28 

day ages were increased at first and then decreased. In other words, in the premise of doping a suitable 

amount of CaF2, and adding a certain amount of SO3 could contribute to increase the compressive 

strength, but there was an optimal dosage. Compared with the results of A and B groups, it could be 

observed that in the case of doping the same SO3 content, the compressive strengths of C Groups 

doped with 0.50% CaF2 were higher than A, B groups. 

   In conclusions, although independently doped SO3 is helpful to improve MgO solid solution in the 

clinker, the compressive strength of clinker decreases with increasing SO3 content of clinker. Complex 

doped CaF2 and SO3 can effectively improve the strength of high magnesium clinker. Especially 

within the range of this experiment, in the case of doping the certain SO3, the strength of the clinker is 

higher with increasing CaF2 content. This phenomenon may be due to the complex doping CaF2 and 

SO3 could distort the crystal structure so that the high temperature symmetry crystal form of alite 

could be maintained at room temperature. 

3.3 XRD characteristics of extractive alite  

 

                          

Fig. 2 XRD curve of the alite extracted 

from clinker added 1.2%SO3 
Fig. 3 XRD curve of the alite extracted from 

clinker added 1.2%SO3 and 0.25%CaF2 

Fig. 3 The XRD curve of the alite extracted 

from the clinker added 1.2%SO3 and 

0.50%CaF2 

       

   The XRD patterns of the alite extracted from the clinker A4a doped with 1.2% SO3 were shown in 

Fig2. It could be seen that the XRD pattern appeared the smooth diffraction peak of (009) and (224) 

within the 2θscope of (32-33)°, and it appeared an obvious split within the 2θscope of (51-52.5)°, and 

have the (620) and (040) diffraction peaks, which accords with the diffraction characteristics of M2-

M3 type. 

   The XRD patterns of the alite extracted from the clinker B4a doped with 0.25% CaF2 and 1.2% SO3 

were shown in Fig3. Fig3 showed that the XRD pattern appeared the smooth diffraction peak of (009) 

and (224) within the 2θscope of (32-33)°, and it appeared an obvious split within the 2θscope of (51-

52.5)°, and had the (620) and (040) diffraction peaks, peaks width within the 2θscope of (51-52.5)° 

become smaller, which had a combined trend. With analysis of characteristic peak, the peaks 

characteristic was close to with the diffraction characteristics of M2-M3 form, and could mainly exist 

at M3 form. 

    The XRD patterns of the alite extracted from the clinker C4a doped with 0.50% CaF2 and 1.2% 

SO3 were shown in Fig4. Fig4 showed that the XRD pattern appeared respectively a single diffraction 

peak within the 2θ scope of (29-30)° and (32-33)°, which had a trend combined a single diffraction 
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peak within the 2θ scope of (51-52.5)°. The XRD pattern accords with the diffraction characteristics of 

M3 form. 

   From the above dicussion, it is could be known that M2-M3 form of alite could be stabilized at room 

temperature with doped both SO3 and MgO in clinkers, which coincided with the repord(Diouri A. et 

al., 1997; Yu L. et al., 2013). And adding a certain amount of SO3, alite symmetry will gradually 

improve with an increase of CaF2 content. Alites with high symmetry would have high cementious 

activity. With the increase of CaF2 content the strength of clinker at 28 day ages can increas when SO3 

content was 1.2%. 

3.4 Effect of doping on the lattice parameter of alite  

   

 

 

 

 

 

 

 

 

 

Fig5. XRD Reitveld refining process for alite 

 Rietveld refine process for the XRD patterns of the extractive alites within the 2θ of (10-70)°was 

shown in fig5,and the calculated results such as lattice constants of the alites was gaven in table 5. The 

preliminary results indicated that the samples belong to monoclinic polymorph, three sub-polymorphs 

M1, M2 and M3 is kown as the same monoclinic form with small transformations in structure, the 

calorific effect of phase transition was even not observed difference among them by thermal analysis, 

only features on the crystallographic were some difference (Maki I. Kato K., 1982; Guinier A, 

Regourd M., 1968) So, the Nishi crystal cell model was fitted as basis phase simply，and the lattice 

parameters calculated and fitted by Reitveld method. Then the results was compared with M3 crystal 

model built by Nishi, to observe the influnce of various factors on the crystal parameters. 

                                         Table5. lattice constants of alites extracted from clinker 

 A / nm B / nm C / nm α / ° β / ° γ / ° Rwp 

nishi-M3 3.30830 0.70270 1.84990 90 94.12 90  

A1a 3.30526 0.70347 1.85100 90 94.16 90 28.6 

A4a 3.30481 0.70489 1.85351 90 94.21 90 26.8 

B4a 3.30418 0.70513 1.85387 90 94.16 90 29.5 

C4a 3.30484 70.0531 1.85325 90 94.18 90 27.9 

 

   As can be seen, Samples only doped SO3 or both SO3 and CaF2, the a axis were slightly smaller and 

the b axis and c axis were slightly larger compared with the samples only doped MgO, the crystal axis 

angle unchanged substantially. While the relationship between the crystal axis angle and the doping 

amount was not obvious in the experimental range. 

3.Conclusions  

   (1) Adding a certain amount of SO3 and CaF2 could effectively promote MgO solid solution and 

absorption in clinker. MgO solid solubility increased with increase of SO3 content when CaF2 content 

≤0.25%. However, with the increase of CaF2 content in clinker, the effect of SO3 content on MgO 
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solid solubility would be weak little by little. Increasing CaF2 content was more helpful to MgO solid 

solution in clinker when SO3 content was 1.2%. 

   (2) The compressive strength of the clinker single-doped SO3 at 28 day ages decreased with the 

increase of SO3 content. While compressive strength of the clinker doped with SO3 and 0.50% CaF2 at 

3, 28 day ages were increased at first and then decreased with increase of SO3 content. Adding a 

certain amount of SO3 was helpful to improve the strength of the clinker in case of doping proper 

content of CaF2 in clinker, and there existed an optimal content. In the case of same SO3 content, the 

compressive strength of samples doped CaF2 was higher about 2~6MPa than non-doped CaF2. Within 

a proper range of CaF2 dosages, the more concentration of CaF2 was doped, the higher strength of 

clinker would be. 

  (3) M2-M3 type of alite could be stabilized at room temperature when contained both SO3 and 

MgOin clinker. And doping a certain amount of SO3, alite symmetry will gradually improve with 

increasing CaF2 content in clinker. Samples with independently doped SO3 or both SO3 and CaF2 

made the a crystal axis slightly smaller and b axis and c axis slightly larger compared with samples 

independently doped MgO, crystal axis angle unchanged substantially.  
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Abstract 

With adding certain fluoride, the effects of phosphorus on the solid solubility of MgO in high MgO cement 

clinkers, the strength and microstructure of the clinker samples were investigated by chemical analysis, 

mechanical property testing and X-ray diffraction (XRD). The results showed: only doping Ca (H2PO4) 2·H2O in 

the clinker, with the increase of the content of P2O5, 28-day strength of cement clinker increased slightly. At the 

same content of F-, complex mixing Ca (H2PO4) 2.H2O or CaHPO4.2H2O were conducive to improving the later 

strength of the clinker. In case of doping phosphorus ion by Ca (H2PO4) 2·H2O in the clinker of containing F-, 

with the increase of P2O5 content, the strengths at 28 day ages were increase at first and then decreased, the  of 

P2O5  had a optimal content, then the effect was not distinct if the content of the phosphorus was too high or too 

low. Adding the opportune CaF2 in the clinker, with the increase of Ca (H2PO4) 2·H2O content, the concetrations 

of f-MgO ≤ 1.66%, and the trend was downward in the rough. Doping CaHPO4.2H2O was more helpful to 

improve the solid solubility MgO than Ca (H2PO4) 2·H2O. In the range of the experimental doping amount, 

single-doped CaF2 , the M2-M3 polymorph of alite could be stabilized only. And when the addition content of Ca 

(H2PO4) 2·H2O was 0.2% on the basis of adding CaF2, the mixture of M3 to R polymorph of alite could be 

stabilized. But, the Ca (H2PO4) 2·H2O had the optimal content, while the content Ca (H2PO4) 2·H2O was high  to 

0.8%, polymorph of alite transformed M2 to M3 polymorph again. 

Keywords：high MgO clinker, strength, doping, solid solubility, microstructure 

Originality 

   Doping impurity ions causes a change of of C3S lattice constant and improve the C3S symmetry thereby 

improving the strength of high MgO cement clinker. Phosphorus and Fluorine simultaneous doping have 

positive effect on the strength of high MgO cement clinker and have a optimal content. The flexural and 

compressive strength at 28 days is up to 10.0 MPa, 60.2 MPa, respectively. 

   The MgO content is controlled within the limit of the China standard GB175-2007 in order to ensure 

autoclave test for soundness of cement qualified, but clinker contained the higher amount of MgO always comes 

up the phenomenon that strength grow slowly (The micro-cracks caused by expansion of f-MgO in clinker within 

hardening slurry should be the main factor and it would be a valid method to improve the strength of high MgO 

clinker that as much as possible to reduce f-MgO and increasing the solid solubility of MgO in clinker minerals. 

so, the effects of phosphorus on the solid solubility of MgO in high MgO cement clinkers, the strength and 

microstructure of the clinker  is originality. 

                                                 
1 Corresponding author： guanzf@zzu.edu.c Tel: 13643809513 
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1. Introduction 

   Alite (solid solution of tricalcium silicate) is the principal and the best with comprehensive 

performance mineral phase in cement clinker, which plays decisive role in exertion of cement 

properties. Incorporating certain impurity ions in the process of ingredient, and the impurity ions 

dissolve in the crystal lattice C3S, will form impurity defects, which causes the change of C3S lattice 

constant, thereby improving the symmetry of C3S. The studies (Guan Zongfu, Chen Yimin, et al., 

2006) showed that the polymorph of C3S solid solution is MⅠ type when the solid solubility of P2O5 is 

0.4% (wt%) in C3S; doping 1.0% CaF2 in C3S, the crystal of C3S is also MⅠ type, when the contents of 

CaF2 is up to 2.0%, the C3S is R type. With complex doping of P2O5 and CaF2, the symmetry of C3S 

solid solution can be improved remarkably. By adding 0.4% P2O5 and 0.7% CaF2, the R-type C3S can 

be stabilized at room temperature. M. N. De Noirfontaine (De Noirfontaine M. N. et al., 2009) 

investigated the effect of P2O5 on the pure C3S crystal structure, which indicated that the limit of the 

solid solubility of P2O5 in C3S less than 0.1%, single-doped P2O5 has no effect on polymorph of alite, 

which is T1 type yet. While A. Diouri,s (Diouri A, Boukhari A., 1997) works concluded that the effect 

on stabilization of polymorph C3S, complex doping 0.62% P2O5 and 0.69% Mn2O3 can be obtained 

M3-type alite. The studies( Zhu Xiaoyan., 2007) showed also that complex doping a certain amounts 

of CaF2 and CaHPO4, polymorph C3S solid solution is R-type at room temperature. 

   MgO is common impurity ions in clinker minerals, the MgO content is controlled within the limit of 

the China standard GB175-2007 in order to ensure autoclave test for soundness of cement qualified, 

but clinker contained the higher amount of MgO always comes up the phenomenon that strength grow 

slowly (Luo Kuiyuan., 2002; Zhang Weidong., 2006) even the f-MgO content in clinker is not too 

high, which is difficult to obtain a high strength of clinker. The reason, micro-cracks caused by 

expansion of f-MgO in clinker within hardening slurry should be the main factor. It would be a valid  

method to improve the strength of high MgO clinker that as much as possible to reduce f-MgO and 

increasing the solid solubility of MgO in clinker minerals.  

2 Experimental procedure 
   On the premise of ensuring a certain content of MgO in clinker, the raw meal of two groups of 

modulus were designed respectively in a wider rang of KH: the one was KH=0.94, SM=3.0, 

IM=1.6(high KH value) and the other was KH=0.82, SM=3.0, IM=1.6(low KH value).Different 

dosages of P2O5 and CaF2 were incorporated into raw meal with single or multi-doped form. F- from 

CaF2 , P2O5 from Ca(H2PO4)2.H2O or CaHPO4.2H2O were added to raw meal with analytical grade 

chemical agents. The different dosage of phosphorus was designed to contrast the influence of these 

two factors on high MgO clinker properties. 

   Other industrial raw materials such as limestone, dolomite, sandstone, clay, iron powder and natural 

gypsum were provided by Henan Guotou Xindeng cement Ltd. The chemical analysis results of 

industrial raw materials are shown in table 1. Clinker modulus and doping program are given in table 2. 

Table 1 Chemical composition of the raw materials 

 Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O 

limestone 40.87 4.18 1.38 0.94 49.36 2.24  0.58 0.06 

dolomite 45.50 0.40 0.39 0.48 36.67 15.66  0.11 0.07 

gritstone 0.82 94.87 2.10 1.08 0.17 0.66  0.71 0.07 

clay 6.19 67.31 14.50 5.55 1.95 1.77  2.23 1.23 

Iron powder 7.98 25.26 19.94 37.87 3.16 0.74  2.47 0.28 

gypsum 20.28 10.16 2.27 0.96 27.66 2.23 34.00 0.71 0.39 

 

 

 

 



 

Table 2 Modulus of basic clinker and admixture in series samples 

modulus                               admixture 

NO. KH n p CaF2 Ca(H2PO4)2·H2O CaHPO4.2H2O MgO 

F1 0.94 3.0 1.55 0.7 0 - 5 

F2 0.94 3.0 1.55 0.7 0.2 - 5 

F3 0.94 3.0 1.55 0.7 0.4 - 5 

F4 0.94 3.0 1.55 0.7 0.6 - 5 

F5 0.94 3.0 1.55 0.7 0.8 - 5 

H1 0.94 3.0 1.55 0.7  0.4 5 

H2 0.94 3.0 1.55 0.7  0.6 5 

H3 0.94 3.0 1.55 0.7  0.8 5 

G1 0.82 3.0 1.55 0 0.4  5 

G2 0.82 3.0 1.55 0 0.6  5 

G3 0.82 3.0 1.55 0 0.8  5 

I1 0.82 3.0 1.55 0.7 - 0.4 3 

I2 0.82 3.0 1.55 0.7 - 0.6 3 

I3 0.82 3.0 1.55 0.7 - 0.8 3 

    

  Each industrial raw material were ground in the laboratory mill to pass a 0.080mm sieve until the 

residue was less than 5%, each the raw meal was weighed accurately according to Table 2. Then the 

meals were homogenized, pressed to form pieces as Ф80mm approximately 150g under the pressure 

of 100KN with plus 10% water. After dried at 110 ℃ for 24 hours, they were put into an electriic 

furnace and burned at 1450 ℃ for 30 min , then taken out and quenched immediately with a fan. 

   The samples for strength testing were prepared by grounding the clinkers with added 5% gypsum in 

an experimental ball mill. Than the fineness, strength and setting times were tested according to the 

China Standard GB / T 17671-2005. 

   The silicate phase samples were extracted from the clinker powders with acetic acid and methanol 

solution, and then the content of MgO in the silicate phase samples were determined by the EDTA 

differential subtraction.  

   Clinker lumps were fixed with sulfur, than ground and polished, and corroded by nitric acid and 

alcohol solution，and were observed by reflecting microscope at 200 times. 

   Based on the four typical clinker proportions of F1, F2, F5 and H3, and adjusted thire KH value to 

1.05, remained other parameters unchanged, the clinker samples were prepared again. 

Correspondingly the samples were named F1a, F2a, F5a and H3a. All the clinker samples were ground 

in an agate muller until the size of the samples particles was less than 10μm, and then were extracted 

to obtaine silicate mineral phases. Firstly these samples were disposed using the alcoholic solution 

with ethylene glycol to remove the free CaO, then were dried, lastly silicate minerals were extracted 

from clinkers with the treatment of potassium hydroxide sucrose solution. The extracted silicate 

minerals could be recognized as alite phases because the KH of the clinkers extracted from were 

designed more than 1.0. The X-ray diffraction analysis of extraction samples were performed at a 

X’Pert Pro X-ray diffractometer, and the date were collected from 29°-52.5(2θ) in step sizes of 0.01° 

at 1°/min, with the X-ray operated at 40kv and 40mA . The alites crystallographic forms were 

determined refer to the method introduced in literature (Guinier A, Regourd M., 1968).        

3 Results and discussion  
3.1 influence of doped P2O5 on Physical and mechanical properties       



 

Physical and mechanical properties of high MgO clinker doped P2O5 were shown in table 3.  

 

Table 3 Strengths of series clinker samples   

No. 
specific 

surface 

area/ 

m2/kg 

autoclavin

g 

soundness 

noemal 

consistenc

y 

setting time 

min. 

bending strength  

∕ MPa 

compressive 

strength ∕ MPa 

initia

l 

final 3d 28d 3d 28d 

F1 312  pass 25.1  159 244 6.2  9.2  31.4  62.5  

F2 366  
pass 

24.6  157 247 6.8  10.0  36.0  69.9  

F3 342  
pass 

24.2  150 244 6.6  9.7  31.4  67.8  

F4 341  
pass 

24.0  148 274 6.2  10.5  27.1  67.0  

F5 348  
pass 

24.0  105 301 5.1  9.3  18.1  62.1  

H1 363  
pass 

25.0  137 238 6.1  9.7  28.5 67.1 

H2 342  
pass 

25.4  148 330 4.5  9.6  18.2 62.7 

H3 374  
pass 

24.2  168 266 5.1  10.3  23.0 70.5 

G1 341  
pass 

25.0  103 181 4.4  8.5  16.0 57.3 

G2 342  
pass 

25.4  125 205 3.1  8.6  7.9 55.5 

G3 343  
pass 

24.2  142 234 2.9  8.7  9.3 60.4 

I1 364  
pass 

24.4  150 243 4.8  8.5  23.2 57.6 

I2 377  
pass 

24.8  142 304 4.3  8.6  19.3 58.6 

I3 352  
pass 

25.2  161 338 3.7  8.4  15.0 56.8 

   As seen in table 3, although the content of MgO in clinker were higher, the autoclave test for 

soundness of various samples were qualified, which meet with the requirement of GB175-2007. The 

setting time of the samples was tested and results shown: Whether single-doped Ca(H2PO4)2·H2O or 

compound-doped CaHPO4.2H2O and CaF2, with the increase of the content of P2O5, both initial and 

final setting times of the samples were increased. compound-doped CaHPO4.2H2O and CaF2, the 

initial setting time of the high MgO clinkers were shortened with the increase of the accounts of P2O5, 

however, the tendency was opposite for the final setting times. 

  At the same content of CaF2, with the increase of the content of P2O5, the bending strengths of 

samples doped with Ca(H2PO4)2·H2O at 3 and 28 day ages were unaffected essentially, which were 

closed to control group. Compared the compressive strength with control group, the 28-day 

compressive strength of samples compound-doped with CaHPO4.2H2O and CaF2 were higher, which 

were more than 60MPa. The compressive strength of F2 group was highest, F3, F4 groups followed. 

The 28-day strength of F5 group was closed to control group of F1. Meanwhile, contrasted 3-day 

strength of these groups, the strengths at 3 day ages were increase at first and then decreased, the F2 

group reached the peak, corresponding to the 28-day compressive strength, which indicated that 

adding P2O5 could effectively improve the 28-day compressive strength of the cement clinker in the 

case of a lower doping content of CaF2. There was an optimal content of P2O5, which mean the effect 

was not distinct if the content of the phosphorus was too high or too low. In the experiments, the effect 

is the best adding 0.4% to 0.6% Ca (H2PO4) 2·H2O in clinker. 

   Compared F1 with H1, H2, H3 groups, It could be observed that 28-day compressive strength of H1, 

H2, H3 groups doped with CaHPO4.2H2O and CaF2 are higher than F1 group, but the 3-day 

compressive strength are below F1 group. Meanwhile, these four groups bending strength remain 



 

almost the same level, which are little changed. In the range of the experimental doping amount, the 

strength of cement clinker was highest when the doping content of P2O5 is 0.8%.  

   Compared to experiment strength of H, F groups in the range of the experimental doping amount(≤ 

0.60%), the strengths of clinkers doped CaHPO4.2H2O is lower slightly than the samples doped Ca 

(H2PO4) 2·H2O, in other words, doping  Ca (H2PO4) 2·H2O is more helpful to clinker sintering as well 

as the increase of the clinker strength. 

   The high magnesium limestone is generally low-grade, which contains the limestone with low 

content of CaO. In order to investigate the effect of single ion doping as well as adaptability of doping 

on clinker modulus, two groups specimens with lower lime saturation factor(KH = 0.82) were 

formulated, and maintaining constant of clinker three modulus, changing P2O5 content and MgO 

content in clinker. 

  Compared with G group specimens, the 28-day bending strengths increased slightly with the increase 

of the composite of P2O5. The 28-day compressive strength was 60.4MPa when doping content of 

P2O5 was 0.8%, which was highest in G group. It could be seen that influence of single-doped P2O5 on 

cement clinker strength was not obvious. If the clinker strength would be adjusted by doping P2O5 

alone, the content of P2O5 was required more amount. Further, although the KH of G group samples 

was lower, its strength was far below F and H group samples. Even though considering the lower KH, 

the differences of strengths between the two groups were still larger. It could be very important 

influence on the strengths whether doping calcium fluoride or not, the effect of compound adding 

fluoride and phosphate was far greater than single-doped phosphorus. 

   Compared with I group samples, in the case of the same contents of F-, with the increase of the 

contents of P2O5, the bending strengths at 3 and 28 day ages were no change substantially. The 3-day 

compressive strengths of clinker were reduced significantly with the increase of the content of P2O5. 

And 28-day compressive strengths were equivalent roughly. In which, the 28-day compressive 

strength of clinkers upped to the maximum when P2O5 was added 0.6% in clinker. But it was no 

different with clinkers doped with 0.4% P2O5. Thus, in conclusion, in the case of the samples with a 

low content of MgO(MgO=3%), the optimal content of P2O5 are 0.4% to 06%. 

2.2 influence of doped P2O5 on f-MgO  
     Magnesium oxide in clinker exist as three forms: one is dissolved into clinker vitreous; the other is 

dissolved into clinker mineral; the last one is periclase crystals existed in clinker that not compounded 

with mineral components, called free magnesia oxide. Investigating MgO solid solution dissolved in 

clinker, the contents of MgO in every mineral phase should be measured separately and then 

calculated them by addition method. Although the MgO solid solubility in each mineral phase and the 

total amount could be obtained more accurately in theory, the analysis process was more complicated 

and the addition method would raise the errors in fact. Therefore, ensuring a certain adding contents of 

MgO in clinker, the content of f-MgO was measured, the solid solution amount of MgO in the clinker 

was calculated by the subtraction method. The analysis results of f-MgO in high MgO cement clinkers 

doped P2O5 were shown in table 4. 

 
Table 4 Contents of free MgO in clinker samples     

sample F1 F2 F3 F4 F5 H1 H2 H3 G1 G2 G4 I1 I2 I3 

f-MgO 1.19 1.07 0.59 1.66 0.48 0.24 1.54 0.24 
1.3

0 

1.5

4 

1.7

4 

0.1

2 

1.5

4 

0.1
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   As can be seen, with the increase of P2O5 content, the f-MgO amount reflects an upward trend in the 

G group samples single-doped with Ca (H2PO4) 2.H2O, raised from1.30% to 1.74%. But the variation 

was small, within 0.5%. Because of MgO content in clinker was fixed, it demonstrated that the solid 

solubility of MgO was decreased by subtraction method with the increase of P2O5 amount. Compared 

with the compressive strength, It could be seen that the 28-day strength keeps rising although f-MgO 

content increased. This was probably due to the incorporation of P2O5 effectively improved the 



 

activity of alite, which causes the change of strength was far greater than the decrease of strength 

caused by little f-MgO tiny expansive, therefore, overall performance of the strength was increased. 

    Known by observed F group samples data: in conditions of doping certain amount of CaF2, the f-

MgO content was less than 1.66% and overall reflected downward trend with the increase of Ca 

(H2PO4) 2·H2O amount. And the inflection point appeared when the P2O5 content was 0.6%. Compared 

with the data of previous compressive strength, it could be seen that although f-MgO content was not 

lowest in the group when the P2O5 amount are 0.4% and 0.6%, the 28-day compressive strength was 

highest. So, at lower content of f-MgO(less than 2%) in clinker, it could not be the main factor 

influenced on the strength when f-MgO changed within a tiny range, which could be concerned with 

the polymorph transformation of the alite caused by doped P2O5 and CaF2。 

   Observed the H and I groups data, it also obtained that in the case of fixing the content of CaF2, the 

f-MgO in clinker was maximum when the addition of P2O5 with form of CaHPO4.2H2O was 0.6%, 

then the f-MgO concentrations were very low doping 0.4% to 0.8% P2O5, almost to the horizontal line. 

Compared with strength data, it could be cognized that at lower content of f-MgO(less than 2%) in 

clinker, the change of f-MgO within a tiny concentration range was not main influence factor on the 

strength. 

   Furthermore, compared with F and G groups, it was observed that doping P2O5 with CaHPO4.2H2O 

was more helpful than Ca(H2PO4).2H2O to improve the solid solubility of MgO. It could be that the 

two forms of the phosphate compounds exist  different melting point, which leads to the irons of P5+ 

entered into the clinkering reaction system at different time. Thereby, P5+ entering selectively into 

different mineral phases. 

3.3 Influence of doping P2O5 on structure of alite in high MgO clinkers 
   The XRD pattern of extractive alite samples from F1 doped with 0.7%CaF2 were shown in Fig1. As 

seen in Fig1, the XRD pattern appeared the smooth diffraction peak of (009) and (224) within the 

scope of the (32-33)°, and it appeared an obvious split within the scope of the (51-52.5)°, and 

appeared the (620) and (040) diffraction peaks. Compared with various kinds symmetry XRD pattern 

of alites in literature(Guinier A, Regourd M., 1968), it accords with the diffraction characteristics of 

M2-M3 type. 

   The XRD patterns of extractive alite samples from F2 doped with 0.70% CaF2 and 0.20% Ca 

(H2PO4) 2·H2O were shown in Fig2. The XRD pattern appeared a single diffraction peak within the 

scope of the (29-30) °. And the XRD pattern appeared the smooth diffraction peak of (009) and (224) 

within the scope of the (32-33) °. And the crystal surface (4
一

04) appeared on the shoulder of the (224) 

diffraction peak. Besides, the XRD pattern appeared an obvious split ends within the scope of the (51-

52.5) °. But the two peaks have a combined trend. Therefore, the XRD pattern of F2 accords with the 

diffraction characteristics of M3-R type. 

   The XRD patterns of extractive alite samples F5 doped with 0.70% CaF2 and 0.80% Ca (H2PO4) 

2·H2O were shown in Fig3. In fig3, the XRD pattern of F5 was similar to the F1’s. The XRD pattern 

of F5 accorded with the diffraction characteristics of M2-M3 type. 
 

 

 

 

 

 

 

 
 

 

                                  

                                         Fig1. the XRD curve of extractive alite sample with 0.7%CaF2  
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                          Fig2. the XRD curve of extractive alite sample with 0.7%CaF2 and 0.20% Ca(H2PO4)2·H2O 

  

 
  

 

 

 

 

 

 

 

 

 
 

                 

 

                                  Fig3. the XRD curve of extractive alite sample with 0.7%CaF2 and0.80% Ca(H2PO4)2·H2O 

 

 

 

 

 

 

 

 

 
 

                           

                                   Fig4. the XRD curve of extractive alite with 0.7%CaF2 and 0.80% CaHPO4.2H2O 

    
     The XRD patterns of extractive alite samples H3 doped with 0.70% CaF2 and 0.8% CaHPO4.2H2O 

were shown in Fig4. the XRD pattern of the extracted sample H3 respectively appeared a single 

diffraction peak within the scope of the (29-30)° and scope of the (32-33)°, which had a trend 

combined a single diffraction peak within the scope of the (51-52.5)°. The XRD pattern of H3 

accorded with the diffraction characteristics of M3-R type, and it could be mainly exist in the R type.  

   Known by compared with F1, F2, F5 group samples, in the range of the experimental doping amount, 

single-doped with CaF2 can only made the alite stabilized in M2-M3 type. On the basis, adding 

appropriate Ca (H2PO4) 2·H2O(0.2%) can improve the symmetry of alites, alite could be stabilized in 

M3-R type. But, the Ca (H2PO4) 2·H2O had the optimal content. while the content of Ca (H2PO4) 

2·H2O(0.8%) is too high, polymorph of alite transformed M2 to M3 again. Contrasted to 28-day 
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strength of those group samples, and the compressive strength of F1, F2, F5 samples are 62.5, 69.9 

and 62.1 MPa respectively, the size of compressive strength was consistent with the level of alite 

symmetry. Therefore, as previously analyzed, It could be believed that the variation of strength could 

be mainly related to the polymorph transformation of alite caused by doped P2O5 and CaF2. 

   Compared with F5 ,H3, it is observed that the symmetry of alite polymorphs doped with 

CaHPO4.2H2O(0.8) was higher than Ca (H2PO4) 2.H2O in the case of fixing the doping amount of 

CaF2. And the hydration activity of the alite was also higher, which was more conducive to the 

development of later strength. And it corresponds with the previous strength data. 

4 Conclusions 
   (1) With the increase of the content of P2O5, 28-day strength of cement clinker doped with Ca 

(H2PO4)2.H2O increased slightly. At the same content of F-, compound-doped Ca (H2PO4) 2.H2O or 

CaHPO4.2H2O were conducive to improving the later strength of the clinker. In case of containing F- , 

adding Ca (H2PO4) 2.H2O in the clinker, the strengths at 28 day ages were increase firstly and then 

decreased with the increase of P2O5 content, the P2O5 had an optimal content, then the effect was not 

distinct if the content of the phosphorus was too high or too low. 

   (2) Adding the appropriate CaF2 in the clinker, the concentrations of f-MgO are less than 1.66% with 

the increase of Ca (H2PO4)2.H2O content, and the trend was downward roughly. Doping CaHPO4.2H2O 

was more helpful to improve the solid solubility MgO than Ca (H2PO4) 2.H2O.  

   (3)In the range of the experimental doping amount, single-doped CaF2, the M2-M3 polymorph of 

alite could be stabilized only. On the basis of doped CaF2, when the adding 0.2% of Ca (H2PO4) 2.H2O, 

the mixture of M3 and R polymorph of alite could be stabilized. But, the Ca (H2PO4) 2.H2O had the 

optimal content, while the content Ca (H2PO4) 2.H2O is high to 0.8%, polymorph of alite transformed 

M2 to M3 type again. 
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Abstract 

The effect of Fe2O3 content on properties of calcium aluminate cement is studied in this paper. The results show 

that setting time, compressive strength and CA+CA2 mineral content of calcium aluminate cement increase with 

the content of Fe2O3 from 2.44% to 2.94%. However, refractoriness and water requirement of normal 

consistency maintain at a stable level; On the contrary, when the content of Fe2O3 increases from 2.94% to 

3.43%, refractoriness and water requirement of normal consistency of cement decrease, And the setting time, 

strength and CA+CA2 mineral content keep stable. It is concluded that the optimum content of Fe2O3 is about 

3% based on properties and its application condition. 

Originality 

Fe2O3 is one of impurities in calcium aluminate cement, and it has negative influence on heat resistance of 

calcium aluminate cement, so the content of Fe2O3 is not more than 2.5% in GB201. In this paper, the effect of 

Fe2O3 content on properties of calcium aluminate cement including setting time 、compressive strength 、

refractoriness and water requirement of normal consistency etc. has been studied, The results show that the 

optimum content of Fe2O3 is about 3% based on properties and its application condition. The conclusion is 

the first originality. 

Relative contents of CA and CA2 mineral have been determined by X ray fluorescence spectrometer, the 

quantity of CA and CA2 is in agreement with the results that the constant strength and slightly lower 

refractoriness occure in cement. This is the second originality. 

Keywords: calcium aluminate cement; setting time; compressive strength; refractoriness; water requirement of 

normal consistency; mineral content. 

 

 

 

 

 

 

 

 

 

 

 

 

1 Corresponding author: gjunping@aliyun.com, Tel +86-10-51167803, Fax +86-10-51167480 



1. Introduction 

The type and content of mineral composition have the major effects on properties of calcium 

aluminate cement（CAC）. The main minerals of CAC include CA, CA2, C2AS and C12A7. The quantity 

of CAC mineral formed is related to the main chemical components of CaO, Al2O3, SiO2, Fe2O3 under 

the similar batching and sintering conditions. The objective of this paper was to investigate the effect 

of Fe2O3 content on properties of CAC.  

2. Experimental 

2.1. Raw Materials 

Requirements for clinker preparation：The CAC of designed strength class CA-50 are made by bauxite 

with different Fe2O3 contents and limestone under same thermal systems and similar chemical 

composition conditions. The samples are sintered by the cement kiln of Guiyang Jianai Special 

Aluminate Company Limited. 

Requirements for cement grinding: The cement samples are ground to residue on 0.045 mm sieve of 

13%-15%。 

The chemical compositions of samples are shown in table 1. 

Tab.1 Chemical composition of clinkers for experiment/% 

No. Fe2O3 SiO2 Al2O3 CaO MgO TiO2 K2O Na2O Loss S 

F25 2.44 6.78 52.77 33.43 0.98 2.33 0.56 0.08 0.39 0.239  

F30 2.94 6.27 52.27 34.15 1.02 2.35 0.50 0.06 0.51 0.293  

F35 3.43 6.03 51.57 34.19 1.03 2.35 0.41 0.05 0.76 0.298  

2.2 Testing Methods 

Chemical composition of cement is tested according to GB/T205 Methods for Chenmical Analysis of 

Aluminate Cement.  

Fineness is determined in accordance with GB/T1345 The Test Sieving Method for Fineness of 

Cement. 

The physical properties such as setting time and compressive strength are measured according to 

GB201-2000 Calcium Aluminate Cement. 

Mineral composition is determined by X ray fluorescence spectrometer according to EU ROHS 

standard tester. 

3. Results and discussion 

3.1. Water requirement of normal consistency  

The relationship between Fe2O3 content and water requirement of normal consistency of CAC is 

showed in Figure 1. As can be seen from Figure 1, water requirement of normal consistency of CAC 

remains stable as Fe2O3 content is increased from 2.44% to 2.94%; and decreases while the Fe2O3 

content is further increased to 3.43%. 

3.2. Setting time   

Figure 2 presents the relationship between Fe2O3 content and setting time of CAC. The result shows 

that the setting time of cement is prolonged with Fe2O3 content in CAC increasing from 2.44 % to 

2.94 %, and keeps stable while Fe2O3 content further increasing to 3.43 %. 

3.3. Compressive strengths  

The relationship between Fe2O3 content and compressive strengths of CAC is showed in figue.3. It is 



indicated that the compressive strength of cement at all testing ages grows with the Fe2O3 content 

increasing from 2.44% to 2.94%, and maintain stable while Fe2O3 content reaching 3.43%. This 

influential law is similar to the setting time in above section. 
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Figure 1 the relationship between Fe2O3 content and water requirement of normal consistercy(Abbr. WRNC) 
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Figure 2 the relationship between Fe2O3 content and setting time 
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Figue 3 the relationship between Fe2O3 content and compressive strengths at testing ages 

3.4. Refratoriness   

Figure 4 is a diagram between Fe2O3 content of cement and refratoriness. Results show that the 

refractoriness of cement decreases as the Fe2O3 content in cement increases from 2.44% to 3.43%. The 

refractoriness decreases sharply with increase of Fe2O3 content from 2.44% to 2.94%, and becomes 

more slowly when the content of Fe2O3 increases from 2.94% to 3.43%.  
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Figue 4 the relationship between Fe2O3 content and refractoriness 

These results show that the properties of CAC are influenced by mineral compositions, including CA, 

CA2, C2AS and C12A7 etc.. CA is a major constituent of CAC. It reacts rapidly with water, and plays 

the important roles in early strength development of the cement. The hydration speed of CA2 is slower, 

which contributes little to the early strength, but significantly to increase in late strength. In addition, it 

is observed to benefit the heat resistance of CAC. The C2AS has low hydraulic reactivity, and is 

worthless to strength development of cement. The main characteristics of C12A7 are rapid hardening 

and setting, and the excessive contents of C12A7 can cause rapid setting, low strength and heat 

resistance for cement. In order to analyze the influence of Fe2O3 content on properties of CAC, the 

main minerals have been determined by XRF, and the results are showed in table 2. 

Results show that CA content increases, CA2 and C2AS content decrease  with the content of Fe2O3 

increasing from 2.44 % to 2.94 % in CAC. At the same time, the compressive strengths of cement at 

all testing ages are found to grow and heat resistance declines. When the Fe2O3 content of CAC 

increasing to 3.43 %, the quantity of CA and CA2 decreases slightly. This evidence is in agreement 

with the results that the constant strength and slightly lower refractoriness occure in cement. 

The Table 2 also shows that the relative content of reactive minerals CA and CA2 is the lowest when 

the Fe2O3 content is 2.44%, meanwhile, the total relative content of inert mineral C2AS is the highest. 

When the Fe2O3 content is increased from 2.44% to 3.43%, the sum of CA and CA2 relative content is 

increased firstly , then declined. So it is beneficial for increasing the quality of clinker and application 

of CAC when the content of Fe2O3 is limited to about 3%. Consequently, the optimum content of 

Fe2O3 in CAC is 3% in this experiment.  

Tab2  The relative content of minerals in CAC sample with different Fe2O3 contents(XRF) 

4. Conclusions 

The results obtained from the study on effect of Fe2O3 content on properties of CAC are briefly 

outlined below. 

(1) In this experiment, when the Fe2O3 content in CAC increases from 2.44% to 3.43%, water 

Fe2O3 content/ % 
Relative content of minerals in CAC 

CA CA2 CA+ CA2 C2AS 

2.44 107.66 24.38 132.04 66.87 

2.94 120.18 20.82 141.0 58.46 

3.43 117.36 20.3 137.66 59.95 



requirement of normal consistency is reduced, setting time is prolonged, compressive strength of 

cement at all testing ages is increased, and refractoriness is declined. These properties except for 

refractoriness are good to application of CAC. Otherwise, low refractoriness does not contribute to the 

use of CAC as refractory casting materials. Based on properties and application of CAC, it is 

concluded that the optimum content of Fe2O3 is about 3% in CAC. 

(2) A certain amount of Fe2O3 can improve the sintering quality of CAC. 

(3) Compared with the 2.94% or 3.43% of Fe2O3 in CAC, CA content is lower and CA2 content is 

higher when Fe2O3 content is 2.44%. In theory, the cement tends to hydrate more slowly, and require 

less water for normal consistency. In fact, this is contrary to the results obtained in this paper, and 

further experiential research is required to substantiate this view.  
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Abstract  

Ba-bearing calcium sulfoaluminate (C2.75B1.25A3$) is a promising mineral characterized by rapid 

hydration rate and volume stability, as a constituent of the low-CO2 alternative clinker. In this paper, 

C2.75B1.25A3$ mineral was prepared with analytical grade reagents CaCO3, Al2O3, BaSO4 and BaCO3. 

Results show that K2O and MgO can respectively promote the decomposition of CaCO3 at the dosage 

of 0.5~0.8 wt.%, and 4.0~5.0 wt.%. A small amount of K2O (<1.1wt.%) significantly favors the 

formation of C2.75B1.25A3$ with little BaAlO4 and BaSO4, and the hydration rate and compressive 

strength are both improved expect for the 1.4 wt.% K2O-doped sample. In the presence of MgO, 

C2.75B1.25A3$ mineral forms with a little BaSO4 and in a morphology of round particles with small size 

of 0.3~1μm at 4 wt.% MgO, meanwhile, MgO distinctly improves the hydration process, and the rate of 

hydration release at 4.0 wt.% is 0.072W/g, which is larger than that of 0.5 wt.%-K2O-doped sample of 

0.045W/g. The compressive strength at 1d increases by 56% and the increasing rates of sample with 

2.0 wt.% MgO and 0.8 wt.% K2O are respectively 37% and 33% compared with the blank. In general, 

MgO favors the formation and hydration activity of C2.75B1.25A3$ more significantly than those of K2O. 
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1. Introduction 

Calcium sulfoaluminate (C4A3$) is one of the main constituents of a low-CO2 alternative 

clinker (Gartner E., 2004; Odler I. et al., 1996; Zhang H., Odler I. et al., 1996; Ma B., et al., 

2014), which possesses a rapid hydration rate and is the most abundant constituent of 

sulfoaluminate cement clinkers (Fukuda N., 1961; Majling J., 1993; Sahu S. et al., 1994; 

Majling J. et al., 1993; Ma B. et al., 2013). The substitution of Ba2+ for Ca2+ to improve the 

performance of C4A3$ has been reported (Teoreanu I. et al., 1986; Yan P., 1993; Cheng X. et 

al., 1997; Chang J., 1998). Cheng Xin et al (Cheng X. et al., 2000; Chang J., 2001; Chang J., 

2002; Cheng X., 2013) have synthesized the single crystal of Ba-bearing calcium 

sulfoaluminate, gained the structural data, and confirmed the relationship of structure and 

activity among Ba-bearing calcium sulfoaluminate minerals. Besides, It has been found out 

that barium-bearing calcium sulfoaluminate (C2.75B1.25A3$) develops the highest compressive 

strength in the series of CaO·xBaO·3Al2O3·CaSO4 (C3-xBxA3$) minerals (Cheng X. et al., 

2000; Cheng X. et al., 2004).  

Compared with C4A3$, C2.75B1.25A3$ is a more promising mineral, which is characterized by 

high early strength, good permeability resistance, high corrosion resistance, low alkalinity and 

so on (Zhang J., 2015). The induction period for the hydration process of C2.75B1.25A3$ is 

much shorter than that of C4A3S (Chang J., 2002; Cheng X. et al., 2004; Wang S. D., 2013): 

the hydration of C2.75B1.25A3$ begins to accelerate at 4h and most of the hydration heat is 

released at 4-12h. By contrast, the hydration of C4A3S mineral begins to accelerate at 23h and 

its hydration heat at 42h is equal to the hydration heat of C2.75B1.25A3$ at 12h. It is thus clear 

why C2.75B1.25A3$ mineral has the superior performance in terms of early strength and high 

strength. 

More intention is thus being paid to C2.75B1.25A3$-C2S cement. In earlier researches, 

C2.75B1.25A3$ was introduced into belite-rich cement to produce belite- C2.75B1.25A3$ cement, 

which is a new type of energy-efficient and environmentally friendly cement (Lu L. C. et al., 

2007). It was reported that C2.75B1.25A3$ enhanced the early age property of this cement 

compared with belite cement (Zhang W. W. et al., 2007a; Zhang W. W. et al., 2007b; Lu L. C. 

et al., 2008). It was known that there exist various minor components in the natural materials 

(limestone, clay, etc) for cement production, such as MgO, K2O and so on. Therefore, it is 

essential to figure out the influence of MgO and K2O on the formation and hydration activity 

of C2.75B1.25A3$, and currently no such work has been reported. 

This study mainly investigates the separate role of K2O and MgO in theC2.75B1.25A3$ minerals’ 

formation and the hydration and hardening properties such as hydration rate, hydration heat 

release, compressive strength development, and microstructures of hydration products by 

using chemical reagents. It is hoped that this paper could offer available data for further 

industrial production of belite-barium calcium sulphoaluminate cement. 

2. Experimental 

2.1 Sample preparation 

The samples were synthesized using analytical chemical regent grades of CaCO3, Al2O3, 

BaSO4 and BaCO3 (99.0% from Sinopharm Chemical 3sReagent Co., Ltd, China) to eliminate 

the influences of other impurities as much as possible. K2O and MgO were separately added 

into the raw materials of C2.75B1.25A3$, whereas the K2O and MgO were respectively derived 

from K2CO3 and MgO (99.0% from Sinopharm Chemical Reagent Co., Ltd, China). Tab. 1 



shows the specific dosages of dopants (percentage in relation to the pure C2.75B1.25A3$). The 

pure C2.75B1.25A3$ without dopants is taken as the blank. The raw materials (finer than 74μm) 

were mixed and wet ground in the planetary mill for 40 minutes to ensure a homogenous 

blend. Mixtures were then dried to a water content of about 10.0% and compressed to form 

40mm×40mm×3mm cubes. After that, the cubes were oven-dried at 105oC for 1-2h before 

being calcined to 1380 oC at a heating rate of 5 oC/min and held for 2h and then cooled 

immediately. The calcined samples were ground to the residue weight of a 74μm sieve less 

than 5.0% for property determinations. F-CaO content in all samples was determined to be 

zero according to ethanediol-alcohol method by the fast f-CaO measurement apparatus. 

Tab. 1 Dosages of added K2O and MgO/wt.% 

Dopants  Specific dosages 

K2O 0 0.5 0.8 1.1 1.4 

MgO 0 2.0 3.0 4.0 5.0 

The ground samples were mixed with 8.0 wt.% CaSO4·2H2O (99.0% from Sinopharm 

Chemical Reagent Co., Ltd, China). Pastes were prepared at a water/cement ratio of 0.35, cast 

20 mm×20mm×20mm molds and vibrated to remove air bubbles, and then wiped the surface 

flat with the scraper. The molded pastes were kept at 20±2 °C and relative humidity exceeding 

95.0% for 12h, and then removed from the molds. The demolded samples were cured in a 

water tank at 20±2 °C for 1, 3, 7 and 28 days.  

2.2 Sample testing 

2.2.1 Free-CaO tests 

The content of free-CaO in cement clinkers was measured according to ethanediol-alcohol 

method by the fast f-CaO measurement apparatus. 

2.2.2 Thermal analysis 

Differential scanning calorimetry (DSC) and Thermogravimetric analysis (TGA) test were 

performed to monitor the reaction process of C2.75B1.25A3$ mineral formation. The equipment 

used was a simultaneous thermal analyzer (TGA/DSC) from Mettler Toledo. The dynamic 

heating ramp varied between 30°C and 1500°C at a heating rate of 10 °C/min with α-alumina 

(a-Al2O3) as the reference material. Measurements were carried out in alumina crucibles 

under Argon atmosphere.  

2.2.2 X-ray diffraction (XRD) 

XRD data were collected on D8 ADVANCE X-ray diffractometer with strictly 

monochromatic Cu Kα radiation (λ=0.154nm) produced by Bruker in Germany. The overall 

measurements for samples were carried out in the range of 10° to 60° (2θ) with a step size of 

0.02° (2θ), a step time of 4s per pattern, an accelerating voltage of 40 kV and a current of 40 

mA. 

2.2.3 Scanning electron microscopy (SEM) 

Pieces of hydrated samples at different ages were coated with carbon to provide a conductive 

surface for SEM imaging. Observation of mineral morphological feature was examined by 

using a Field Emission Scanning Electron Microscope (GUANTA 250-FEG, USA) with a 

Link Energy Disperse Spectroscopy (LinkISIS300 type, USA) system. The distribution of 

elements in minerals was analyzed by Energy Spectrum analysis (EDS). 

2.2.4 Hydration heat-evolution test 

An isothermal heat-conduction calorimetry (TAM air C80, Thermometric, Sweden) was used 



to measure the hydration heat evolution of samples mixed with 8.0 wt.% CaSO4·2H2O. The 

water/cement ratio was 0.30 and experimental temperature was 25.0±0.1 °C. Samples and 

water were tempered for several hours before mixing, then the water was injected into the 

reaction vessel and the samples were stirred in the calorimeter for several minutes. This 

procedure allowed monitoring the heat evolution from the very beginning when water was 

added to samples. Data acquisition was performed for about 6 days. 

2.2.5 Compressive strength test 

Compressive strength tests were carried out according to Chinese standard titled Common 

Portland Cement (GB 175-2007). The determination of compressive strength was performed 

after 0.5, 1, 3, 7 and 28 days of hydration, and subsequently the hydration reactions of the 

pastes were stopped by absolute ethyl alcohol. Each resultant value of compressive strength 

was an average value calculated from six determinations.  

3 Results and discussions 

3.1 The formation of C2.75B1.25A3$ mineral 

3.1.1 Thermal analysis 
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Figure 1 DSC/TG results of C2.75B1.25A3$ raw mixtures doped with K2O 

Tab. 2 Temperature of the endothermic peaks labeled in Figure 1  

K2O 

Dosages/wt.% 

Temperature/℃ 

1# 2# 3# 4# 5# 

0.0  279.3  - 831.3  1373.2 1458.5  

0.5  277.4  529.2 822.8  1324.6 1448.4  

0.8  275.6  523.9 808.6  1308.2 1442.9  

1.1  273.0  527.2 825.0  1281.9 1377.1  

1.4  276.8  523.9 835.6  1274.5 1360.6  

 

 

 

http://dict.youdao.com/search?q=absolute&keyfrom=E2Ctranslation
http://dict.youdao.com/w/ethyl/
http://dict.youdao.com/w/alcohol/


Figure 1 shows the DSC and TG curves of C2.75B1.25A3$ raw mixtures with K2O. The DSC 

curves display a number of thermal effects, and TG curves show the associated decarbonation 

as the main weight loss. Tab. 2 gives the temperature of peaks with labels meaning the 

position of peaks in Figure 2. The two small endothermic peaks at about 300oC and 500 oC, 

corresponding to small weight losses, result from the dehydration and dehydroxylation of the 

raw materials (Wang S. D., 2013). The sharp endothermic peaks between 800 oC and 900 oC 

(3# position), with substantial weight losses associated, correspond to the decomposition of 

CaCO3. It can be seen that the addition of K2O (0.5~1.1 wt.%) leads to a lower decomposition 

temperature of CaCO3, and especially at 0.8 wt.% K2O, the temperature is decreased by 23 oC 

(Tab. 2). In contrast, 1.4 wt.% K2O has little effect on decomposition temperature of CaCO3. 

This indicates that a certain content of K2O contributes to the decomposition of CaCO3, which 

favors the formation of C2.75B1.25A3$ mineral. Finally, the small peak at about 1400 oC in each 

sample is observed (4# position). This peak is within a large downward trend, due to partial 

decomposition of C2.75B1.25A3$. It is found From Figure 1and Tab. 2 that *K2O accelerates the 

decomposition of C2.75B1.25A3$, and the decomposition temperature reduces gradually with 

increasing K2O dosage. While K2O reaches the maximum dosage as designed 1.4 wt.%, the 

temperature is still over 1360 oC which is the synthesized temperature of 

belite-C2.75B1.25A3$ cement. 
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Figure 2 DSC/TG results of C2.75B1.25A3$ raw mixtures doped with MgO 

Tab. 3 Temperature of the endothermic peaks labeled in Figure 2  

MgO 

Dosages/% 

Temperature/℃ 

1# 2# 3# 4# 5# 

0.0  279.3  - 831.3  1373.2 1458.5  

2.0  218.1 538.8 835.4 1325.9 1430.1  

3.0  227.5  539.3 842.2  1302.3 1423.6  

4.0 219.5  532.6 825.5  1288.4 1417.1  

5.0  219.9 526.3 819.4  1274.5 1401.2  

 



Similarly, the thermal analysis of C2.75B1.25A3$ raw mixtures doped with MgO is discussed 

and the results are shown in Figure 2 and . Four main endothermic peaks in the samples with 

MgO are also observed as discussed above. It can be seen that when MgO dosage are 

respectively 2 wt.% and 3 wt.%, the decomposition of CaCO3 is slightly delayed while it is 

accelerated as MgO rises. The decomposition temperature decreases by 10 oC at 5.0 wt.% 

MgO. Meanwhile, the final peak (4# position) shifts to a lower temperature position with 

MgO content increasing, which indicates that the presence of MgO plays a positive role in 

C2.75B1.25A3$ decomposition. This is in line with the effect of K2O on its decomposition 

obtained from Figure 1, but less decline in the decomposition temperature of 

C2.75B1.25A3$ appears under the influence of MgO as given in Tab. 3.  

3.1.2 XRD analysis 

XRD patterns of C2.75B1.25A3$ doped with K2O are shown in Figure 3. It can be seen that the 

characteristic diffraction peaks of C2.75B1.25A3$ (d=0.3787nm, d=0.2681nm) at about 23.5o and 

33.4 o (2θ) vary little with doping K2O, in addition, the peak of C2.75B1.25A3$ (2θ=41.2o) 

becomes increasingly higher at 0.5 wt.% and 0.8 wt.% K2O but it is slightly weakened with 

the rise in K2O dosage. It is indicated that added K2O promotes the formation of 

C2.75B1.25A3$ mineral. Apart from C2.75B1.25A3$, small amounts of BaSO4 and BaAlO4 are 

present in the samples. It is noted that the intensity of BaSO4 peak (2θ=19.7o) remarkably 

decreases with K2O dosage of 0.5 and 0.8 wt.% while it heightens as K2O content rises. 

Similarly, a BaAlO4 peak at about 28.4o shows the same trend. These variations suggest that 

synthesized C2.75B1.25A3$ mineral has fewer impurities when K2O dosage is 0.5 wt.% and 0.8 

wt.%. Thus, it can be conclude that 0.5~0.8 wt.% K2O is favorable for the formation of 

C2.75B1.25A3$ mineral. 

 

Figure 3 XRD patterns of C2.75B1.25A3$ doped with K2O 



 

Figure 4 XRD patterns of C2.75B1.25A3$ doped with MgO 

Figure 4 is the XRD patterns of C2.75B1.25A3$ doped with MgO. Different from the sample 

with K2O, no BaAlO4 peaks appear in the samples doped with MgO, moreover, the intensities 

of BaSO4 peaks (d=0.3092nm, d=0.2488nm, d=0.2100nm) change little with MgO dosage 

increasing. This indicates that MgO makes significant sense to the synthesis of pure 

C2.75B1.25A3$ mineral. Besides, it is clearly observed in Figure 4 that intense peaks of 

C2.75B1.25A3$ (d=0.3787nm, d=0.2681nm) obviously strengthen when the MgO dosage is 4.0 

wt.%, the intensity of C2.75B1.25A3$ peaks increases to the maximum. However, the peak at 

about 23.5o is obviously weakened when MgO dosage reaches 5.0 wt.%. This illustrates that 

MgO promotes the formation of C2.75B1.25A3$ mineral at the dosage of 3.0 ~ 4.0 wt.%. 

Additionally, it can be seen that the characteristic diffraction peak of C2.75B1.25A3$ mineral 

(2θ=23.5o) shifts to a lower diffraction angel position with increasing MgO content. This may 

be due to Mg2+ partially substitutes Ca2+ or Ba2+ in the same main group elements in the 

periodic Tab. of chemical elements and this results in a rise in the interlunar spacing.  

3.1.3 Morphology and mineralogy analysis 

Monocrystal C2.75B1.25A3$ has a complete crystal shape, belonging to rhombic dodecahedron 

(Cheng X., 2013). Whereas, C2.75B1.25A3$ mineral is usually not regular rhombic 

dodecahedron, but close to the dodecahedron or in shape of sphere (Wang S. D., 2013; Wang 

C. P., 2005). Regarding the results of Figure 3 and Figure 4, only SEM and EDS pictures of 

samples optimized by appropriate K2O and MgO are illustrated in Figure 5. As shown from 

Figure (a), the pure C2.75B1.25A3$ mineral in our study is nearly of small size of 0.5~2μm in 

the spherical shape, and part of small rounded particles are wrapped in each other with 

unclear grain boundary. However, from Figure 5(b), it is found that there is a morphology of 

sphere and polyhedron, and grains grow well with clear grain boundaries, moreover, K2O 

favors the formation of big C2.75B1.25A3$ crystals. In the sample with 0.8 wt.%, the particles 

are uneven distributed with the size ranging from 0.3μm to 3μm. Under the influence of MgO, 

the C2.75B1.25A3$ mineral generally occurs as regular smooth and round appearance but the 

boundaries between grains are not very clear (Figure 5(c)), furthermore, small particles and 



homogeneous distribution are observed, compared with the blank and the samples with K2O,. 

At 4 wt.% MgO, particle size is in the range of 0.3~1μm, which may further enhance the 

hydration of C2.75B1.25A3$ mineral. In general, C2.75B1.25A3$ mineral grains form well with 

clear grain boundaries when dopants are added. 

 

(a) 

  

(b) 

   

(c)   

Figure 5 SEM-EDS images of various samples. (a) the blank, (b) sample with K2O, (c)sample with 

MgO 

3.2 The hydration activity and mechanical property 

3.2.1 Hydration heat analysis 

It has been reported that the hydration of C2.75B1.25A3$ includes five stages: initial hydration 

period, induction period, acceleration period, deceleration period and stabilization period 

(Chang J., 2002). To reflect the effect of K2O and MgO on the early-age hydration activity of 

C2.75B1.25A3$ in detail, the heat liberation of hydration of studied samples during 24 hours are 



measured as shown in Figure 6 and Figure 7, respectively. 

  

                     (a)                                    (b) 

Figure 6 Calorimetric heat flows and heat curves for samples doped with K2O (w/c=0.35). (a) rate of 

heat liberation, (b) total heat evolved 

Figure6 (a) and (b) respectively displays the rate of hydration heat released and the 

cumulative heat release of samples doped with K2O. Obviously, added K2O with various 

dosages has different influence on the hydration reaction. Rather intense heat liberation within 

few minutes is due to the initial rapid hydration of C2.75B1.25A3$ in the pre-induction period. It 

can be seen that the first signal in sample with 1.4 wt.% K2O occurs 10 minutes later in the 

initial hydration than that of other samples (Figure 6(a)). Soon thereafter, the overall rate of 

hydration is slowed down in the induction period. The end time of the induction period has an 

important effect on the hydration. As shown from Figure 6(a), 1.4 wt.% K2O has an adverse 

effect on hydration reaction of C2.75B1.25A3$, which retards the induction period nearly 6 hours 

compared with the blank. This delay is also observed from the accumulated hydration heats 

(Figure 6(b)). However, the hydration process significantly accelerates with less K2O added. 

At 0.8 wt.% MgO, the second big broad signal appears firstly, and then in one hour there also 

exists the singal in the sample with 0.5 wt.% K2O. The accumulated hydration heats with 0.5 

wt.% and 0.8 wt.% are 510 J/g and 498 J/g, respectively. The phenomena indicate that high 

amount of K2O (1.4 wt.% ) has noticeable retarding effects, while appropriate amount of K2O 

(< 1.1 wt.%) plays a significant role in the hydration process. 

The hydration heat flow and cumulative heat release of samples doped with MgO are 

illustrated in Figure 7. It can be seen that there are little difference between the studied 

samples in the initial hydration, which all happen in 15 minutes (Figure 7(a)). However, for 

the following stage there exists a big difference between the sample with and without MgO. It 

is clear that MgO remarkably shortens the induction period. The acceleration period appears 

over 6 hours earlier at 5.0 wt.% MgO than that of the blank. When MgO dosage is 4.0 wt.%, 

the induction period is comparable with that of sample with 3.0 wt.% MgO while the 

hydration rate of 4.0 wt.%-doped MgO sample is the largest as high as 0.072 W/g. Meanwhile, 

the stabilization period of samples with MgO nearly arrives after 8h, however, for the blank it 

occurs after 14h. This means that MgO distinctly enhances the hydration activity of 

C2.75B1.25A3$. From Figure 6(b), it can be discovered that how long the total heat release 

approaches corresponds with the rate of heat release. On the other hand, it can be seen that 

MgO help the acceleration period of hydration arrive within 4 hours except for the sample  



  

(a)                                  (b) 

Figure 7 Calorimetric heat flows and heat curves for samples doped with MgO (w/c=0.35). (a) the rate 

of heat liberation, (b) total heat evolved 

with 2.0 wt.%. In contrast, the acceleration period of samples with 0.5~1.1 wt.% K2O appears 

within 7h , which is 3 hours later than that of samples with 3.0~5.0 wt.% MgO, furthermore, 

the maximum rate of hydration of 0.5 wt.% K2O-doped sample is about 0.045 W/g, which is 

smaller than that of 4.0 wt.%-doped MgO of 0.072 W/g. It is indicated that the effect of MgO 

on hydration activity of C2.75B1.25A3$ is a little better than that of K2O. This may be due to the 

reason that samples with MgO, especially at the optimum dosage of 3.0~4.0 wt.%, favors the 

formation of C2.75B1.25A3$ mineral with little impurities which is obtained from the analysis of 

Figure 3 and Figure 4. Besides, the results are also supported by the results of Figure 5. 

3.2.2 Compressive strength 

Pictorial diagrams of the compressive strength of the studied pastes are provided in Figure 8, 

and Tab. 4 gives the strength increase rate of pastes doped with K2O and MgO. Figure 8 

shows that the compressive strength of all of the pastes increases with curing time, moreover, 

the strength gain of all pastes mainly develops at early ages (0.5, 1 and 3 d), and oppositely it 

develops slow at late ages especially the variation from 7 days to 28 days. It is apparent that 

doped K2O and MgO separately have different influences on the compressive strength. With 

the pastes curing at 12h, the presence of 0.8 wt.% K2O increases the compressive strength and 

the strength drops remarkably when the dosage of K2O is 1.4 wt.%. In contrast, MgO of two 

dosages both increase the compressive strength. Figure 8 also shows a conspicuous increase 

of the compressive strength at 1d when 4.0 wt.% MgO is added, which increases by 56% 

compared with the blank sample (Tab. 4). Additionally, the increasing rates of sample with 2.0 

wt.% MgO and 0.8 wt.% K2O are respectively 37% and 33% while the compressive strength 

of sample with 1.4 wt.% K2O reduces by 47%. As the extension of curing ages, it appears the 

similar variation trend among the pastes with dopants. Throughout the strength development 

of 7 and 28 days, it can be discovered that the strength of 4.0 wt.% MgO-doped sample at 7d 

is 89.8 MPa, and even larger than those of other samples at 28d. Considering these results, it 

thus can be concluded that MgO distinctly enhances the strength development of samples, and 

4.0 wt.% MgO promotes the strength most significantly. Appropriate amount of K2O 

improves the compressive strength while high content of K2O (1.4 wt.%) lead to an adverse 

effect. All results discussed here are in accordance with the previous results of Figure 7. 



 

Figure 8 Compressive strengths of studied pastes 

Tab. 4 Strength increasing rate of samples with additions relative to the blank sample/% 

Sample Label 
Strength improvement rate  

0.5d 1d 3d 7d 28d 

0.8 wt.% K2O 38 33 18 15 5 

1.4 wt.% K2O -25 -42 -1 -5 -14 

2.0 wt.% MgO 18 37 26 22 8 

4 Conclusions 

In this paper, from the basis of multiple perspectives, we studied the influence of K2O and 

MgO on the formation and hydration activity of C2.75B1.25A3$. Major conclusions can be 

drawn as follows. K2O and MgO can respectively promote the decomposition of CaCO3 at the 

dosage of 0.5~0.8 wt.%, and 4.0~5.0 wt.%, besides, they both lower the decomposition 

temperature of C2.75B1.25A3$ mineral. A small amount of K2O (<1.1wt.%) significantly favors 

the formation of C2.75B1.25A3$ with little BaAlO4 and BaSO4, correspondingly, whose 

hydration process is faster than that of 1.4 wt.%-doped sample. C2.75B1.25A3$ mineral forms 

with a little BaSO4 in the presence of MgO, furthermore, C2.75B1.25A3$ forms better at an 

optimal dosage of 3.0~4.0 wt.%. MgO distinctly improves the hydration process, and the rate 

of hydration release at 4.0 wt.% is 0.072 W/g, which is larger than that of 0.5 

wt.%-K2O-doped sample of 0.045 W/g. The compressive strengths are increased at required 

ages only except for 1.4 wt.% K2O-doped paste. At 4.0 wt.% MgO dosage, The strength at 1d 

increases by 56% and the increasing rates of sample with 2.0 wt.% MgO and 0.8 wt.% K2O 

are respectively 37% and 33% compared with the blank. K2O leads to morphology of sphere 

and polyhedron grains with clear grain boundaries, while MgO favors the formation of small 

round C2.75B1.25A3$ in the range of 0.3~1μm at 4 wt.% MgO. Additionally, MgO promotes the 

formation and hydration activity of C2.75B1.25A3$ more significantly than those of K2O. 
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ABSTRACT 

Calcium sulpho-aluminate modified portland cement（SMP）, containing3.0%, 5.5%, 7.0%, 9.0% of 

MgO were prepared. DTA, XRD, SEM and EDAX are used to investigate the effect of MgO on sintering 

of SMP. The results show that MgO can accelerate the decomposition rate of CaCO3 and lower the 

decomposition temperature about 10 ℃. The amount of periclase increases with the increase of MgO 

content. Periclase in the clinker exists mainly around the hole. Periclase generally growth with the 

intermediate phase, the size of the periclase is 1~4 μm. 

 

Keywords: magnesia; Calcium sulpho-aluminate modified portland cement（SMP）; formation of 

minerals; periclase 
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1. Introduction 

Calcium sulpho-aluminate modified portland Cement（SMP）is a energy-conserving type and 

high-properties cement which containing main minerals Ca3SiO5(C3S), Ca2SiO4(C2S), and 

3CaO·3Al2O3·CaSO4(C4A3S). This cement is introduced C4A3S into Portland cement, making 

the cement not only keep the basic properties of Portland cement but also the properties of 

rapid hydration and hardening, higher early age strength , micro expansion and corrosion 

resistance(Li Xiuying et al., 1994). 

For Portland cement clinker, investigators (Maki I., 1986; Liu Xiaocun et al., 2002) 

considered that a suitable amount of MgO is beneficial to the formation of clinker. Generally, 

the amount of MgO is up to 2% in clinkers. Free periclase appears when the addition is 

exceeded. Delayed expansion of periclase can impair the soundness of cement. In the system 

containing SO3 and MgO at the same time, MgO can prevent the C3S mineral phase content 

decreasing and the hydration activity lowering caused by the combination with SO4
2- and Al3+ 

in the clinker; the SO3 can decrease the pernicious effect of periclase when the content of 

MgO is higher. 

However, for SMP containing higher amount of SO3, little research has investigated the 

influence of MgO on the mineral formation of the clinker. In the present work, DTA, XRD, 

SEM are used to investigate the influence of MgO on the mineral formation of SMP by 

adding different contents of MgO to the raw material. 

 

2. Experimental 

2.1. Raw Materials 

The limestone, sandstone, fly-ash, sulfuric acid slag and analytically pure chemicals such as 

Mg2(OH)2CO3 ,CaSO4·2H2O and CaF2 were used as starting materials. The composition of 

raw materials is shown in Table 1. The mineral composition of the test clinker has been 

chosen: C3S 54%, C2S 12%, C4A3S 13%, C4AF 9%, CaSO4 7%(wt.%). 

Table 1    Chemical composition of raw materials (wt.%) 

Material Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 ∑ 

Limestone 42.39 2.47 0.59 0.58 50.64 2.50 0.11 99.28 

Sandstone 1.29 93.44 2.30 1.85 1.67 0.30 0.07 100.9 

Fly ash 2.33 53.86 25.17 4.36 3.58 0.99 0.28 90.57 

Sulfuric acid slag 1.07 59.64 4.65 23.40 6.30 3.18 1.54 99.78 

2.2. Experimental Process 

The starting materials were ground in a laboratory ball mill respectively to obtain fineness of 

8%–10% over 0.08 mm sieve. The raw mixture was prepared by mixing adequate quantities 

of the starting materials with the addition of 0.5% CaF2 and different contents MgO. The 

amount of MgO added to the samples is shown in Table 2. 

Table 2  MgO content in the clinker (wt.%) 

Sample no. M1 M2 M3 M4 

MgO 3% 5.5% 7% 9% 

The raw mixtures were mixed with 8% water and pressed with pressure of 20 MPa into discs 

using a mould with the size of 50 mm in diameter and 10 mm in thickness. The discs were 

dried more than 60 min in an oven, and burned in an electric furnace with silicon 



 

molybdenum bars heating elements at different temperatures (1200 °C, 1250 °C, 1280 °C, 

1350 °C) for 30 min, respectively for 60 min, then removed from the furnace at once and 

cooled rapidly by fan.  

2.3. Test Methods 

In order to investigate clinker formation at different temperatures, the content of free lime in 

the clinkers was determined chemically after dissolving the clinker with ethanol-glycerin. The 

reaction process of raw mixtures was analyzed by DTA-TG. The mineral compositions of the 

clinkers burned at different temperatures were analyzed by XRD (Cu, Kα,λ=0.154 nm). The 

microstructure was observed by a Hitachi S4800 field emission scanning electron microscopy 

(FESEM) operating in electron mode (15 KV and 75 mA). 

3. Results and discussion 

3.1. The burn-ability of the clinkers 

Table 3 The effect of amount of MgO on free lime content in clinker (wt.%) 

Sample no. 1200℃ 1250℃ 1280℃ 1350℃ 

M1 7.13 2.35 0.51 0 

M2 7.22 2.55 0.45 0 

M3 7.18 2.80 0.61 0 

M4 7.09 2.48 0.56 0 

 

The free lime contents of clinkers burned at different temperatures are shown in Table 3. It 

was found that the amount of the free lime has no evident change with increasing MgO 

content. The free lime content of clinkers M3 and M4 with 7.0–9.0% MgO is still low. This is 

different from Portland cement. In SMP clinker, lower free lime content of the clinkers may 

be due to the interaction of higher SO3 and higher MgO. So a higher content of MgO may can 

be permitted in SMP clinker than in OPC clinkers. 

3.2. Thermal analysis 

The DTA-TG curves of raw mixes with 3.0%,5.5%,7.0% and 9.0% MgO are given in Fig. 1. 

The endothermic peak at about 140 °C is produced by the dehydration of raw materials. There 

is a endothermic reaction between 400 °C and 450 °C in DTA curves, at the same time, loss 

of weight is appeared in TG curves and increased with the increase of MgO content, this is 

attributed to the decomposition of MgCO3. The expected endothermic effect between 700 °C 

and 900 °C is attributed to the decomposition of CaCO3. In addition, the endothermic peak of 

CaCO3 decomposition becomes sharp gradually. It proves that MgO can accelerate the 

decomposition rate of CaCO3, and can reduce CaCO3 decomposition temperature about 10 ℃. 

The endothermic peak near 1160℃ in DAT curves indicate the endothermic reaction occurs 

in the system, due to there is no obvious changes in weight in the TG curve, the possibility of 

mineral decomposition is small. Investigators (Ma Suhua et al., 1994) considered that the 

formation of C4A3S minerals is a endothermic reaction. Therefore, the endothermic peak near 

1160℃is probably resulting from the formation of C4A3S mineral. Observe the TG curves can 

be found that loss of weight appears around 1330 ℃, the exothermic peak also appears in 

DTA curves, this may be ascribed to the decomposition of C4A3S mineral. 
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Fig. 1. The DTA/TG curves of samples with different contents of MgO. 

3.3. Effect of MgO on the minerals formation 
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Fig. 2. The XRD of samples with different contents of MgO. 

 

The XRD patterns of the clinkers burned at 1280℃are shown in Fig. 2. By the Fig. 2 shows, 

the main mineral compositions of the clinkers are C3S , C2S, C4A3S and MgO and a small 

amount of C11A7·CaF2, CA, CA2 and iron phase solid solution, etc. Comparing the intensity of 

XRD peaks of various samples, it can be seen that with the increase of MgO content , the 

position of the MgO diffraction peaks has not changed, but the intensity change, 

characteristics diffraction peaks of MgO (2θ= 43°) strengthened gradually. The amounts of 

C3S and C4A3S in the clinker M1and M2 are basically the same, but a little more than in the 

clinker M3 and M4 with 7.0% and 9% MgO respectively. This may be because the higher 

content of MgO in clinker M3 and M4 should make the relative content of the C3S and C4A3S 

lower, assuming that MgO does not enter significantly into these phases. 



 

   

Fig.3. SEM of clinker sample M1. 

   

Fig.4. SEM of clinker sample M3. 

The microstructures of samples M1 and M3 were investigated by SEM (Fig. 3). Sample M3 is 

more compact and has a lower porosity than sample M1, because the high liquid phase 

quantity causes easy sintering and consequently lowers the porosity. The quantity of coarse 

pores was reduced in sample M3. These pores have a round and elongated shape. Irregular 

pores are connected in some situations. Periclase in the clinker distributes inhomogeneously, 

exists mainly around the hole. Generally, Periclase grows with the intermediate phase. The 

size range of the periclase is 1~4 μm. 

 

4. Conclusions 

1) Within the scope of this study, the endothermic peak of CaCO3 decomposition becomes 

sharp gradually, MgO can accelerate the decomposition rate of CaCO3, and can reduce 

CaCO3 decomposition temperature about 10 ℃ 

2）With the increase of MgO content, the contents of periclase become higher, and the 

contents of C3S , C2S, C4A3S are lower relatively. 

3）With the increase of MgO content, the clinker is more compact and has a lower porosity. 

Periclase in the clinker distributes inhomogeneously, exists mainly around the hole. Generally, 

Periclase grows with the intermediate phase. The size range of the periclase is 1~4 μm. 
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Effect of Preparation Parameters on Mn-Ce/TiO2 Catalysts for Low-

temperature Selective Catalytic Reduction of NO 
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Chaoyang District, Beijing 100024 China 

Abstract 
The catalytic performance of NO removal was studied over Mn-Ce/TiO2 catalysts prepared by different preparation 

parameters, such as preparation method, manganese precursor, Mn/(Mn+Ce) molar ratio and calcination conditions. 

It was found that samples prepared by impregnation method, which had the largest surface area and highly dispersed 

active component particles, showed the best denitration activity. As manganese precursor, manganese nitrate and 

manganese acetate were more conducive to high denitration efficiency than manganese chloride. The highest NO 

conversion of 92% is achieved at the Ce/(Mn+Ce) molar ratio of 0.15, which is much higher than that of the pure 

manganese constituent. The increase of calcining temperature favored the crystallization of active components, leading 

to the decline of catalytic activity. 

 

Key words: Mn-Ce/TiO2; denitration; low temperature SCR; calcination temperature 

1. Introduction 

Nitrogen oxides (NOx), which could cause varieties of pollutions to the atmosphere, such as acid rain, 

photochemical smog and eutrophication of surface water, etc., are among the worst pollutions in the world 

nowadays. Moreover, they can also be involved in the formation of particulates in air and as a result, have 

significant adverse effect to ecological environment and human health. Therefore, it is urgent to control the 

emission of NOx to avoid further pollution. Selective Catalytic Reduction (SCR), in which reducing agents 

(NH3, CO, thiourea, etc.) were used to transform NOx into N2 and H2O with the help of oxygen at the right 

temperature and the presence of a catalyst, has been proved as an effective technology to reach that goal. 

Vanadium-based catalysts doping with WO3 or MoO3 are the most prevalent commercial catalysts used in 

engineering. This kind of catalyst has to be installed upstream the particle matter collector to meet their 

active temperature of 573~673K. As a result, the high concentration of dust, fly ash and other harmful 

impurities in the flue gas would cause such problems as deactivation, blockage or abrasion, leading to the 

increase of cost. Obviously, low temperature SCR technology can avoid these problems.   

However, the catalytic effect will be decreased dramatically when used beyond this range, in which high 

concentrations of dust, fly ash and other harmful impurities in the flue gas can easily pollute them and 

increase the operating costs in the end.s However, such problems can be avoided by using the low-

temperature SCR technology. According to the literature(Kapteljn F, et al., 1994;Thirupathi B, et al., 2011;Liu 

FD, et al., 2011), transition metal oxides, especially with manganese oxide added, have better low-

temperature activities than other catalytic. This is mainly due to the advantage of their non-crystal type and 

valence state exchange of MnOx over redox reaction. And some studies(Qi G S, et al. 2003; Machida M, et al., 

2000;Li H, et al., 2010) found that manganese-cerium oxides had a higher SCR activity than pure manganese 

oxides, which mostly used powder catalyst to test denitration performance. But because of the reason that it 

didn’t have a certain kind of shape and mechanical strength, the powder catalyst was difficult to apply in 

industry. 

In this paper, the Mn-Ce/TiO2 catalyst strips were prepared by extrusion molding. The effect of preparation 

parameters, such as preparation method, manganese precursor, Mn/(Mn+Ce) molar ratio and calcination 

conditions, was investigated. And Mn-Ce/TiO2 catalyst strips were characterized by XRD, BET, and FT-IR 

measurements. 

2. Experimental 

2.1. Catalysts Preparation  
(i)Co-precipitation method(CP): An amount of distilled water was added to the solution, which containing 

appropriate amount of Ce(NO3)3·6H2O and Mn(NO3)2·4H2O(50w%). A certain amount of ammonia solution 

was added in the mixture with stirring as the precipitator. Then through washing and centrifuging, the paste 

was obtained. The mixture of Mn-Ce composites and TiO2 powders were kneaded into a group with a certain 

amount of deionized water, and then extruded into strips via a mini-extruder. Finally, the strips of Mn-

Ce/TiO2 catalyst were dried at 65℃ overnight in the oven, and then calcined at 500℃for 6h in the muffle 
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furnace. 

(ii)Citric acid method(CA)：In this method, manganese nitrate was used as manganese precursor and cerium 

nitrate as cerium precursor. Mn(NO3)2·4H2O (50w%) solution and Ce(NO3)3·6H2O were dissolved in 

distilled water. A certain amount of citric acid solution instead of the aqueous solution of ammonia is added 

drop-wise to the salt solution. The mixture solution was dried at 65℃ overnight, and calcined at 500℃ for 

6h. The Mn-Ce composites and TiO2 powders were kneaded into a group with a certain amount of deionized 

water, and then extruded into strips via a mini-extruder. Then, the strips of Mn-Ce/TiO2 catalyst were dried 

at 65℃ overnight in the oven, and finally calcined at 500℃for 6h in the muffle furnace. 

(iii)Impregnation method(IM)：The TiO2 powder was mixed with deionized water into a group, shaped into 

strips via a mini-extruder, then dried at 60 ℃, and finally calcined at 800℃ for 6h  in a muffle furnace. 

Using a small amount of deionized water dissolved Ce(NO3)3·6H2O and manganese precursor, 

Mn(NO3)2·4H2O (50w%) solution, Mn(CH3COO)2·4H2O) and MnCl2. Then the mixed solution was placed 

on the magnetic stirrer and stirred evenly. The TiO2 strips were dipped into the beaker containing the 

mixture. Finally the TiO2 strips adsorbed completely were dried at 60℃ and calcined at 500 ℃for 6h in the 

muffle furnace. 

3. Catalyst Characterization 
Bulk crystalline structures of catalysts were performed on a German D8 advance X-ray diffraction using a 

Cu Kα(λ=0. 15406nm) X-ray source, within the scan range 10-80°. 

BET surface area, pore volume, and the pore size distribution were measured by nitrogen adsorption using a 

Autosorb-iQ physical adsorption system (Quantachrome Instruments, USA). 

Infrared analysis (IR) were tested with Nico let 205 FTIR spectrometer, wave number range is 400~4000cm-

1, the sample was pressed into a sheet with KBr, the test temperature was 22 ℃, relative humidity of 50%. 

4. Catalyst activity measurement 

Using standard cylinders to simulate flue gas used in the experiment, the gas composition of NO (600 × 10-6), 

NH3 (600 × 10-6), O2 (6%) and N2 as carrier gas. In all the runs, the total gas flow rate of 833ml/min and 

GHSV was about 1000 h-1. The loading volume of catalyst sample is 5ml. The SCR activity measurement 

was carried on in a quartz tube fixed bed reactor which specifications is Φ 8 mm × 1000 mm. Using an 

external electric heating mode, the temperature of fixed bed was controlled by tubular resistance furnace. 

The NO concentration at the inlet and outlet of the reactor was analyzed by a flue gas analyzer (Testo350, 

Germany). During the measurements, the NO concentrations at four temperature points, 100℃, 150℃, 

200℃ and 250℃,were measured respectively. And each test temperature point was in stable reaction for at 

least 10min. The NO conversion was calculated using the following equation: 

 

where, NOin (ppm) is the inlet NOx concentration; NOout (ppm) is the outlet NOx concentration. 

5. Results and discussion 

5.1. Effect of preparation method on the denitrification activity of catalyst 

 



 

 

Fig. 1 Comparison of Mn-Ce/TiO2 catalysts prepared by different preparation methods for the selective catalytic 

reduction of NOx by NH3. Reaction conditions: NO=600 ppm, NH3=600 ppm, O2=6%, GHSV=10000 h-1. 

(a) Co-precipitation method(CP); (b)Impregnation method(IM); (c)Citric acid method(CA) 

Fig. 1 shows the NO reduction activities of Mn-Ce/TiO2 catalysts prepared by different methods. All 

catalysts show high NO conversions, especially the catalysts prepared by the impregnation method, which 

presents high NO conversion in the low-temperature range (80~200℃). At 150℃, the NO conversion of 

Mn-Ce/TiO2(IM) catalysts reaches up to 95%. For catalysts prepared by co-precipitation method and citric 

acid method, it is 85% and 70% respectively. We can see that preparation methods significantly affect the 

catalytic performance of catalysts. The SCR activity decreases in the following sequence: IM>CP>CA.  

 
Fig. 2 XRD patterns of Mn-Ce/TiO2 catalysts prepared by different methods 

(a)Co-precipitation method(CP); (b)Impregnation method(IM); (c)Citric acid method(CA) 

Table 1 BET surface area, pore volume and pore diameter measurements of catalysts prepared  

by different preparation methods 

preparation method 

Surface 

Area /m2·g-

1 

Pore Volume 

/cm3·g-1 

Pore diameter 

/nm 

Co-precipitation method 8.91 0.03 12.5 

Impregnation method 10.27 0.06 21.6 

Citric acid method 9.19 0.03 16.1 

The specific surface of manganese oxide phases and the high surface concentration of manganese are 

decisive important for the SCR performance of the metal oxide catalysts at low-temperatures, the study 

found(Kapteljn F, et al., 1994). Fig.2 displays the X-ray diffraction patterns of the Mn-Ce/TiO2 catalysts 

with different preparation methods. No peaks of crystalline phase for all metal components (Mn, Ce) is 

observed on all samples, suggesting that manganese oxides or cerium oxides are highly dispersed over the 

anatase TiO2 support in the amorphous phase. All the catalysts consist of peaks belonging to TiO2 as anatase 

phase(JCPDS: 21-1272). The BET specific surface area, pore volume and pore diameter of different samples 

are presented in Table 1. The results shows that the specific surface area of Mn-Ce/TiO2(IM) catalysts, about 

10.27 m2/g, was found to be slightly larger than that of the other two samples, about 8.91 m2/g and 9.19 m2/g. 

However, the pore diameter of Mn-Ce/TiO2(IM) catalysts increased greatly. As concerning the factors 

affecting activity, the enhanced dispersion of CeO2 and MnOx, as well as the larger surface area, presents a 

great advantage, as they may provide more surface active sites to adsorb O2 and NO from the gas phase and 

then release activated oxygen species(Cui MS, et al., 2013).  



 

 

 
Fig. 3 FT-IR spectra of Mn-Ce/TiO2 catalysts prepared by different methods 

(a) Co-precipitation method(CP); (b)Citric acid method(CA); (c)Impregnation method(IM) 

Fig. 3 shows the FTIR absorption spectroscopy of samples with different preparation methods measured in a 

transmission mode, which can supply more information about the microstructure of Mn-Ce/TiO2 serial 

catalysts. As we can see, Mn-Ce/TiO2 (CP) and Mn-Ce/TiO2 (CA) samples show the FTIR absorption bands 

at 3421 and 1635cm−1, which are attributed to surface hydroxyls and adsorbed H2O, respectively(Qi GS, et 

al., 2004). This demonstrates that the two kind of catalysts have stronger water absorption capacity than Mn-

Ce/TiO2 (IM) samples which only have the FTIR absorption bands at 1635cm−1. In the fundamental vibration 

region, a broad band centered at 500~800cm−1 was observed for all samples, which can be ascribed to the 

absorption of Ti-O(Chen L, et al., 2010). 

5.2. Effect of manganese precursor on the denitration activity of catalyst  

 
Fig. 4 Comparison of Mn-Ce/TiO2 catalysts prepared by different manganese precursors for the selective catalytic 

reduction of NOx by NH3. Reaction conditions: NO=600 ppm, NH3=600 ppm, O2=6%, GHSV=10000 h-1. 

(a) manganese nitrate；(b) manganese acetate；(c) manganese chloride 
As the increase of test temperature, the denitration efficiency of all samples increases gradually in figure 4. 

The curve of denitration efficiency for Mn-Ce/TiO2(MN) is similar to Mn-Ce/TiO2(MA) catalysts, which is 

significantly higher than Mn-Ce/TiO2(MC) catalysts in the temperature range of 80~200℃. At 200℃, the 

denitration efficiency of Mn-Ce/TiO2(MN) and Mn-Ce/TiO2(MA) catalysts reaches up to 90% above. By 

contrast, it is only 70% at 200℃for Mn-Ce/TiO2(MC) samples. Due to the difference in valence state and 

structure of MnOx, the denitration activity for these catalysts is also different. Kapteijn et al.( Kapteijn, et al., 

1994) investigated the activity and selectivity of pure manganese oxides for SCR of NO by ammonia and 

found that the activity and selectivity for N2 of the unsupported manganese oxide were determined by the 

oxidation state and the degree of crystallinity, and that Mn2O3 exhibited the highest selectivity for nitrogen 

while the MnO2 exhibited the highest activity. The sequence of MnOx catalytic activity for unit surface area 

is increased as following: MnO2 > Mn5O8 > Mn2O3 > Mn3O4. 



 

 

 
Fig.5 XRD patterns of Mn-Ce/TiO2 catalysts prepared by different manganese precursors 

(a) manganese nitrate；(b) manganese acetate；(c) manganese chloride 

The XRD patterns of the Mn-Ce/TiO2 catalysts with different manganese precursors are shown in Fig. 1. 

From Fig. 1, we can see that the XRD patterns for Mn-Ce/TiO2 (MN) catalysts did not show intense or sharp 

peaks for manganese oxides or cerium oxides and only anatase phase can be observed. However, for Mn-

Ce/TiO2 (MA) samples, typical diffraction peaks of MnO2 (JCPDS：44-0141) were identified. And we can 

see the diffraction peaks of Mn8O10Cl3 (JCPDS：30-0821). Kang(Kang M, et al., 2006) prepared MnOx by 

precipitation and the effects of two factors, temperature in precipitation and calcination temperature, were 

investigated. The resulting showed that some decomposition and amorphous also help to improve the 

catalytic activity of catalysts. It is consistent with our study. 

5.3. Effect of ceria content on the denitration activity of catalyst  

 
Fig. 6 Comparison of Mn-Ce/TiO2 catalysts with different molar ratios of Mn/(Mn+Ce) for the selective catalytic 

reduction of NOx by NH3. Reaction conditions: NO=600 ppm, NH3=600 ppm, O2=6%, GHSV=10000 h-1. 

(a) 0%；(b) 10%；(c) 15%；(d) 20%；(e) 40% 

Results on NO conversion as a function of temperature is given in figure 6 for Mn-Ce/TiO2 catalysts with 

different molar ratios of Mn/(Mn+Ce). As we can see that the NO conversion activity is greatly improved 

with the increasing of Ce loading from 0 to 0.15, but when the Ce/(Mn+Ce) ratio is increased from 0.2 to 0.4 

it begin to decrease. It seems that there is an optimal ceria content beyond which the overloaded Ce would 

cover the active sites and thus it would be small or even negative to improve the SCR reaction. The highest 

NO conversion of 92% is achieved at the Ce/(Mn+Ce) molar ratio of 0.15, which is much higher than that of 

the pure manganese constituent. The catalytic activity for NO conversion decreases in the following order: 

Mn(85)-Ce(15)/TiO2> Mn(90)-Ce(10)/TiO2> Mn(80)-Ce(20)/TiO2> Mn(60)/Ce(40)–TiO2> Mn(100)/ TiO2.  



 

 

 
Fig. 7 XRD patterns of Mn-Ce/TiO2 catalysts with different molar ratios of Mn/(Mn+Ce) 

(a) 0%；(b) 15%；(c) 40% 

Fig.7 shows the powder XRD patterns of the Mn-Ce/TiO2 samples. According to the main features of the 

patterns, the samples can be divided into two groups: Mn-pure catalysts (with manganese oxide content of 

100%) and Ce-adding catalysts (adding cerium oxide in active component). In all samples, no cerium oxide 

phases are detected by XRD. For pure manganese oxide sample, i.e. Mn/TiO2 catalysts, typical diffraction 

peaks for Mn2O3 (JCPDS: 41-1442) are identified besides anatase and little rutile. As a good oxygen 

reservoir, ceria (CeO2) has aroused great interest of researchers because of its oxygen storage and reducing 

properties. After adding Ce, the peaks of Mn oxide are disappeared, due to the synergistic effect of Mn and 

Ce. As described in previous research(Yu DQ, et al., 2010), the doped ceria can interact with MnOx and 

titania species and achieve the enrichment of amorphous manganese oxide active phase, and fortify the 

available mobile oxygen on the surface of catalyst. These aspects could be attributed to Mn-Ce/TiO2 

samples’ high denitration activity. 

5.4. Effect of calcination temperature on the denitration activity of catalyst 

 
Fig.8 Comparison of Mn-Ce/TiO2 catalysts calcined at different temperature for the selective catalytic reduction of NOx 

by NH3. Reaction conditions: NO=600 ppm, NH3=600 ppm, O2=6%, GHSV=10000 h-1. 

(a) 500℃；(b) 600℃；(c) 700℃;  (d) 800℃ 

The denox performance of the Mn-Ce/TiO2 catalysts calcined at 500℃, 600℃, 700℃ and 800℃ for 6h is 

tested within a reaction temperature range from 100℃ to 250℃ under a simulate flue gas stream as shown in 

Fig.8. It was observed that, Mn-Ce/TiO2 catalysts calcined at 500℃and 600℃ show superior catalytic 

activity in the whole temperature range with NOx conversion above 90% at 150℃, and the NO conversion 

activity of Mn-Ce/TiO2-500℃ catalysts show some slight decrease at high test temperatures (200~250℃). 

With the increase of calcination temperature, the activity of catalysts is obviously reduced at low 

temperature especially below 150℃, indicating the possible severe structural change of Mn-Ce/TiO2 

catalysts after calcination at high temperatures. The denitration rate of Mn-Ce/TiO2-700℃ catalysts drop to 

20% at 100℃, while there is almost no active in low temperature of catalysts calcined at 800℃. 



 

 

 
Fig. 9 XRD patterns of Mn-Ce/TiO2 catalysts calcined at different temperature 

(a) 500℃, (b) 600℃, (c) 800℃ 

Typically, the calcination temperature mainly affects the oxidized state and crystallinity of MnOx. Figure 4 is 

obtained the XRD patterns of Mn-Ce/TiO2 catalysts at different temperatures, all the peaks of Mn-Ce/TiO2 

catalysts calcined at 500℃ and 600℃ are anatase, while rutile ,MnOx and CeOx were not observed. It 

indicated thatTiO2 consists of anatase as the unique phase and MnOx and CeOx were well dispersed over the 

support calcined at 500℃ or 600℃. When the calcination temperature of catalysts were raised to 800℃, the 

diffraction peaks of Mn2O3 (JCPDS:65-7467) and CeO2 (JCPDS :65-5923)  are detected. And there were two 

crystal forms, anatase and rutile, coexisting in TiO2, indicating that the crystal form transformation of TiO2 

happened.  
Table 2 BET surface area, pore volume and pore diameter measurements of the catalysts calcined  

at different temperature 

Calcination 

temperature/℃ 

Surface Area 

/m2·g-1 

Pore Volume 

/cm3·g-1 

Pore Size 

/nm 

500 10.27 0.06 21.6 

600 5.19 0.02 12.1 

800 1.13 0.01 25.7 

The BET surface areas, pore volumes, and pore sizes of the various catalysts are summarized in Table 2. 

From Table 2 we can see that the Mn-Ce/TiO2 (500℃) has the largest surface area (10.27 m2/g) and the 

surface area of catalysts calcined at 800℃ is only 1.13 m2/g. We can see that with the increasing calcination 

temperature, there is a continuous decrease in the BET surface area and the decrease is greater after 

calcination at 800℃. It can be due to various factors that the subsequent decline in the surface area upon 

thermal treatment at higher temperatures, such as growth of crystallite size, formation of various mixed 

oxide phases, and sintering. 
6. Conclusions 

In summary, Mn-Ce/TiO2 catalysts were prepared by different preparation parameters, characterized and 

tested for NO reduction. Due to the large surface area and highly dispersed active component particles, the 

impregnation method prepared catalyst showed superior denitration performance. The SCR activity of 

catalysts prepared by different preparation methods decrease in the following sequence: IM>CP>CA. 

Compared with manganese chloride, manganese nitrate and manganese acetate are more suitable as a 

precursor, leading to the decline of catalytic activity. With the increasing of Ce loading from 0 to 0.15, the 

NO conversion activity is greatly improved, but when the Ce/(Mn+Ce) ratio is increased from 0.2 to 0.4 it 

begins to decrease. With the increase of calcination temperature, the activity of catalysts is obviously 

reduced at low temperature especially below 150℃. 
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Abstract 

Utilizing all-components waste concrete without separation treatment as alternative raw materials to 

produce recycled cement is a significant method to recycle waste concrete in original resource level. 

Hardened cement paste (HCP) from waste concrete is the characteristic component of recycled cement 

raw materials. Hydration products and unhydrated cement particles (UCP) from HCP will carry out a 

series of physical and chemical changes in calcination process, which impacts the clinker calcination 

process and clinker mineral properties. This paper mainly studies the effect of UCP on calcination 

process of recycled cement clinker. The HCP with different hydration degrees were prepared by using 

Portland cement P·Ⅱ52.5 to replace 0~30% of full-hydration hardened cement paste (99.3% hydration 

degree). Artificial waste concrete, prepared by mixing HCP, limestone and silica fume (substitute of 

sand) in the mixing proportion of four-components concrete (C40), was used to prepare recycled 

cement raw meal with UCP in different proportions. Burnability test of raw meal and petrographic 

analysis of clinker were the main test methods. On this basis, the study on effect of the added CaF2 

dosage on burnability and microstructure of clinker with high-content (30%) UCP in its raw meal was 

also carried out. The results indicates: recycled cement raw meal with the proportion of UCP over 5% 

presented poor burnability; when UCP excessed 15%, the content of C2S in clinker presented an 

increasing tendency, and the clusters of Blite that affected the early strength of recycled cement paste 

appeared in different degrees; CaF2 contributed to the improvement of burnability of recycled cement 

raw meal with UCP in high content, and the optimum dosage is 0.5%. 

 

Originality 

Due to the wide source of waste concrete and its different strength grades and work time, UCP from 

HCP in waste concrete covers a wide range of content. In high performance concrete, proportion of 

UCP is over 30% of total cement dosage; because of short hydration time, proportion of UCP can 

reach 30%~40% in waste concrete from commercial concrete mixing plants. Therefore, it is necessary 

to study the effect of the UCP content in HCP on calcination process of the recycled cement clinker 

with waste concrete as its alternative raw meal. It has been reported that UCP can play a role of seed 

crystal in calcination process of recycled cement clinker. However, the system researches and clear 

conclusions on the effect mechanism of HCP in calcination process have not been formed. In this paper, 

artificial waste concrete were used to adjust the UCP contents in raw meal and the effect of UCP on 

the calcination process were studied by comparing f-CaO contents and petrographic photos of clinker 

produced by different raw meals. This paper contributes to explaining the calcination mechanism of 

recycled cement clinker produced by waste concrete. 
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1. Introduction 

Recycled cement and recycled aggregate, produced by utilizing waste concrete as raw 

materials, belong to the resource recovery of waste at original level. Application of these two 

recycled products in concrete production is beneficial for realizing the complete cyclic 

utilization of concrete materials (Wang Z. M., et al., 2006). Recycled aggregate has captured 

more attention of researchers during the last decade. However, recycled aggregate is 

significantly affected by mechanical strength of waste concrete and the separation technology 

in pretreatment process, and its property is unstable and highly discrete (Cui Z. L., et al., 

2012). In addition, reutilization of coarse aggregate in waste concrete is dominant method in 

recycled aggregate research, while the separated waste mortar is inefficiently utilized (Lu P. 

G., et al., 2014). 

The waste concrete with limestone as coarse aggregate can provide coarse aggregate and sand 

as substitutes of calcareous and silicious cement raw materials, respectively. The dehydrated 

phase in hardened cement paste possesses the similar oxide compositions to cement raw meal. 

Hence, all components of waste concrete can be utilized as raw materials in the calcination 

process of clinker to produce recycled cement (Ai H. M., et al., 2012).  

Hardened cement paste (HCP) is the characteristic component of recycled cement raw meal. 

It has been reported that the dehydrated phases from hydration products in HCP are beneficial 

for decreasing the formation temperature of clinker minerals and accelerating the clinkering 

reaction in the calcination process. Meanwhile, unhydrated cement particles (UCP) can act as 

a role of seed crystal (Meng S. S., et al., 2006; Shan J. M., et al., 2006; Zheng J. S., et al., 

2012).  

Due to the wide source of waste concrete and its various strength grades and work time, UCP 

in HCP covers a wide range of content. In high performance concrete, proportion of UCP is 

over 30% of total cement dosage. Moreover, for the reason of short hydration time, proportion 

of UCP can reaches 30%~40% in waste concrete from commercial concrete mixing plants. 

(Yang L., et al., 2004). Hence, this paper attempts to explore the effect of the HCP with UCP 

in different proportions (different hydration degree) on calcination process of recycled cement 

clinker with waste concrete as its alternative raw material. On this basis, the study on effect of 

the added CaF2 dosage on burnability and microstructure of clinker with high-content UCP in 

its raw meal is also carried out. 

2. Experimental 

2.1. Raw Materials 

HCP was artificially prepared from cement paste specimen with water/powder ratio 0.4. 

Cement is P.Ⅱ52.5 cement from Dalian Onoda Cement Co., Ltd (DOCC) in Liaoning 

province, China. Paste specimens were cuboid of 40×40×160 mm and firstly cured in 

standard environment with RH 95%±5% and 20℃±2℃ for 1day. After demolding, the 

specimens were crushed into small blocks and cured in a consistent temperature and moist 

heat condition for 1 year, which were kept in a covered container filled with water and placed 

in the oven at 60℃. Hydration degree of artificial HCP was measured at 99.3% on the basis 

of the quantity of chemically bound water, which is deemed as complete hydration. The HCP 

with different hydration degree were prepared by blending fully-hydrated HCP with P·Ⅱ52.5 

cement in different proportion (0%, 5%, 10%, 15%, 20%, 25% and 30%), marked N1~N7.  

HCP, limestone and silica fume were ground by a ball mill to a fineness of 5% residue on a 



 

75μm sieve, respectively. Silica fume was chosen as the substitute of sand to exclude the 

complicated influence of high crystallinity SiO2 on the calcination of recycled cement clinker. 

These materials were blended to prepare the artificial waste concrete according to the mix 

ratio shown in table1, which was modified from concrete mix ratio of four-components C40 

concrete by keeping the identical SiO2 content in silica fume and sand. Limestone and silica 

fume are sourced from cement industrial materials from DOCC.  

Correction materials Al2O3 and Fe2O3 and mineralizer CaF2 are analytical reagent. The 

chemical compositions of raw materials by XRF are shown in table 2.  

Tab. 1 Concrete mix proportion /% 

C40 concrete 
Compositions Cement Limestone Sand 

Content  16.8 46.4 28.4 

Artifical waste concrete 
Compositions HCP Limestone Silica Fume  

Content  21.6 48.4 30 

 

Tab. 2 Chemical compositions of raw materials /% 

Compositions SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O Na2O Loss 

HCP 15.18 57.84 2.46 3.71 -- 1.81 0.25 -- 16.83 

Waste Concrete 32.51 39.21 0.71 0.95 0.10 0.49 -- -- 25.06 

Limestone 0.95 55.05 0.31 0.29 -- 0.09 0.12 -- 42.99 

Silica Fume 95.95 0.24 0.09 0.04 0.34 0.17 0.96 0.08 2.03 

2.2. Experimental Process 

The raw meal modulus of recycled cement are KH=0.9 ± 0.02, SM=2.5 ± 0.02, IM=1.6 ± 0.02. 

Raw materials were ground into a fineness of 5% residue on a 75μm sieve, respectively, and 

blended uniformly according to the mix proportion shown in table 3. Raw meal was formed 

into a cylindrical specimen of Φ50×8 mm under a pressure of 50kN. After drying in an oven 

at 105℃ for 24h, the specimens were calcinated in an electric furnace at 950℃for 30min 

firstly, and afterwards were removed out quickly and kept in another furnace at 1400℃ for 

30min. Finally, the calcined specimens were removed from the furnace and cooled down 

rapidly to room temperature by mechanical fan for the next test.  

Tab. 3 Mix proportion of recycled cement raw materials  /% 

Compositions Waste concrete Limestone Al2O3 Fe2O3 

Content  44.95 50.05 3.24 1.75 

The raw meal specimens with 30% UCP in HCP (N7) was added with 0.5%, 1.0% and 1.5% 

mineralizer CaF2 and marked M1~M3, respectively. The specimens were calcinated in the 

same calcination process at the identical modulus. The calcined specimens were ground into a 

fineness below 75μm. The powders were used in ethylene glycol method to determine the 

content of free lime. The blocky calcined specimens, after surface polishing and eroding with 

1% alcohol nitric acid solution for 20~40s, were used to petrographically analysed on a 

XJZ-6A metalloscope (original magnification ×640).  

3. Results and Discussion 

3.1. Burnability   

The f-CaO content of recycled cement clinker with different content of UCP in raw meal is 

illustrated in figure1. f-CaO content in clinker increases with UCP content rising. As UCP 

content exceeds 5%, f-CaO contents are all beyond the standard value of 1.5%, which is 

indicative of poor burnability of raw meal.  

UCP, acting as seed crystal in the calcination process of clinker, is beneficial for accelerating 



 

solid phase reaction, promoting the C3S nucleation rate under low supersaturation condition 

and improving clinker mineral crystal growth, which is favourable to improve the calcination 

and mineral microstructure of recycled cement clinker. However, as UCP will be reheated to 

the calcination temperature and cooled down to room temperature, excessive UCP leads to 

high energy consumption. Therefore, in the identical heating and heat preservation condition, 

excessive UCP results in insufficient clinkering reaction, less C3S and more f-CaO in clinker. 

In addition, the dehydrated phase from hydration products by low-temperature heat treatment 

is thermally metastable and highly reactive, which is beneficial for lowering the formation 

temperature of clinker mineral phase and accelerating the clinkering reaction. However, the 

increase of UCP content in recycled cement raw meal is accompanied with hydration products 

content decreasing, which leads to less dehydrated phase appearing in the calcination process 

and clinkering reaction slowing down. It’s another reason for poor burnability of the recycled 

cement raw meal with high content UCP. Moreover, this phenomenon reveals that the effect 

of dehydrated phase from hydration products has a more significant improvement effect on 

recycled cement clinker calcination than UCP as seed crystal.  

 

Fig.1 Free lime content in recylced cement clinker  

with different content of UCP in raw meal 

HCP and the high crystallinity SiO2 sourced from sand in unseparated waste concrete are two 

distinctive components of recycled cement raw meal from the traditional raw meal. It has 

been reported, in case of the proportion of waste concrete increasing, the firm and steady Si-O 

structure and difficultly-decomposed silicon-oxygen tetrahedron in sand lead to raw meal 

burnability deteriorating, clinker quality declining and energy consumption growing (Meng S. 

S., et al., 2006; Zheng F. Y., 2007). Mineralizer are utilized by cement production enterprises 

to promote depolymerizing activity of SiO2. 

CaF2, a widely-used mineralizer, can provide F- to break crystal lattice of raw materials, 

promote reaction activity of raw meal, accelerate calcium carbonate decomposition and 

significantly reduce the liquid phase appearance temperature. In addition, CaF2 is beneficial 

for decreasing the liquid viscosity, promoting molecular diffusion in liquid phase and 

accelerating the formation of alite.  

In this paper, CaF is added into the raw meal with high content of UCP to improve the poor 

burnablity. As shown in figure 2, CaF2 significantly improve the burnablity. The f-CaO 

content of clinker remarkably declines with CaF2 dosage increasing. The raw meal, added 

0.5% CaF2, reaches the requirement of burnability with f-CaO content at 0.75%.  



 

 

Fig.2 Free lime content in the recylced cement clinker with different  

content of CaF2 and 30% UCP in raw meal 

3.2 Petrographic analysis  

Petrographic microstructure of the recylced cement clinker with different content of UCP in 

raw meal are exhibited in figure 3. In the pictures of specimens with UCP content beyond 

15%, more detectable blite appears and accumulates, which is a potential negative factor on 

early strength of recycled cement. The increasing content of UCP impacts little on the 

formation of alite, which presents well-crystalline microstructure with clear and sharp crystal 

boundaries and fine and symmetrical crystal grains.  

   

N2 (5%) N3 (10%) N4 (15%) 

   

N5 (20%) N6 (25%) N7 (30%) 

Fig.3 Petrographic microstructure of the clinker with different UCP content in raw meal 

The effect of CaF2 on petrographic microstructure of recycled cement clinker with 30% UCP 

in raw meal, is shown in figure 4. The obvious solid solution phenomenon is detected in 

specimen M2 with 1% CaF2, and as the dosage of CaF2 growing, alite crystal grain become 

coarse and the amount of liquid phase increases. In the petrographic pirture of M1, the dosage 

of CaF2 at 0.5%, alite is well crystalline with an appropriate length diameter ratio. Meanwhile, 

the liquid phase amount is close to the blank sample N7. When CaF2 dosage reaches 1.5%, 

substantial liquid phase and bulky alite crystal grain appear in the microstructure. 



 

Petrographic analysis suggests that the optimum dosage of CaF2 for clinker mineral growth is 

0.5% 

   

M1 (0.5%) M2 (1.0%) M3 (1.5%) 

Fig.4 Petrographic microstructure of the recylced cement clinker with different content of CaF2  

and high content of UCP in raw meal 

4. Conclusions 

The UCP from HCP significantly impacts the burnability of recycled cement raw meal. The 

raw meal with UCP content beyond 5% present poor burnability.  

The UCP from HCP has little influence on the formation of alite in recycled cement clinker. 

As UCP content exceeds 15%, more detectable blite appear and accumulate, which is 

a potential negative factor on early strength of recycled cement.  

The addition of CaF2 remarkably improves the burnability of recycled cement raw meal with 

high content (30%) of UCP. The dosage over 0.5% lead to a detectable increase in amount of 

liquid phase and negatively affects the microstructure of clinker mineral.  
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Abstract 

Calcium fluoride can be used as mineralizer in the manufacturing of Portland cement clinker in order to decrease the 

temperature of clinkerization and/or increase the alite content of clinker. Also, by-products with fluorides could be 

valorized as mineralizers, for example by-products of the primary aluminum industry. But it is necessary to evaluate 

and understand the influence of these additions on the composition of the cement phases. 

In the present study eight individual single phases of cement clinker have been synthetized (monoclinic-C3S, triclinic-

C3S, -C2S, -C2S, orthorhombic-C3A, cubic-C3A, C4AF and ferrite with different quantities of aluminum fluoride 

added to the respective raw meals. And the effect of the fluoride addition has been evaluated by analyzing different 

physico-chemical characteristics. The chemical composition has been analyzed by XRF, ICP and F-determination. The 

mineralogy has been determined by XRD. Also, a microstructural and compositional analysis of the phases has been 

done by BSE-EDX analysis, identifying the possible variations of the microstructure and composition due to the 

aluminum fluoride mineralizers; and, analyzing the localization of the fluoride in the clinker phases. 

According to the results obtained, no adverse influence of the aluminum fluoride addition has been detected in the 

synthesized single clinker phases. The detected changes are an increase of the crystal size, mainly of the calcium 

silicates, and a preferential concentration of fluoride in the aluminate phases. These changes would also be expected in 

clinker mineralized with calcium fluoride according to the literature. These results indicate a possible use of aluminum 

fluoride as mineralizer in the manufacturing of Portland cement clinker. 

 

Originality 

The use of aluminum fluoride as mineralizer in the cement clinker manufacturing is not reported so far at industrial 

level. The use of such by-products allow a reduction of the energy cost in the clinkerisation process and a valorization 

of an industrial waste. The present study analyzes the influence of this addition on the single clinker phases to 

determine the main changes and to verify that there are no adverse effects on clinker formation. 
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1. Introduction 

The well-known mineralising action of fluoride has been applied to cement clinkering with at least 

partial success. Usually calcium fluoride has been used as mineralizer in the manufacturing of clinker 

cements. Fluoride lowers temperatures at which liquid develops and, under comparable conditions, the 

melt viscosity and surface tension of the liquid is reduced (Blanco et al., 1995) (Christensen, 1980) 

(Klemm et al., 1979) (Older, 1980) (Older, 1980). Thus good theoretical explanations are given for the 

fluxing action of F (Altun, 1999) (Blanco et al. 1995) (Chen et al., 2010) (Domínguez, 2010) ( Klemm 

et al., 1979) (Kolovos et al., 2001). 

However fluoride also behaves as a mineraliser, altering the stability, polymorphism and reactivity of 

the clinker phases. The many consequences of F mineralisation in multiphase systems can have both 

favourable and unfavourable consequences. These have generally been identified in the course of 

studied of isolated compositions and have not generally been systematized to the point where generic 

conclusions can be adduced and unfavourable effects avoided or mitigated (Altun, 1999) (Blanco et al., 

1995) (Castillo, 1990) (Chen et al., 2010) (Domínguez, 2010) (Emanuelson et al. 2003) (Johansen, 

1979) (Kacimi et al. 2006) (Older, 1980a) (Raina 1998) (Raina, 1998). 

The literature also contains gaps. For example, although the action of CaF2 is clearly different from 

that of NaF, the differences between the two, as described in the literature, are largely unquantified 

(Badanoiu et al., 2010) (Kacimi et al., 2006) (Stanek, 2002).  

The use of fluoride with high content of aluminium has been studied by Shame and Glasser, 1987, the 

fluoride substituted in alite was analysed and they observed that while substitution of fluoride was 

limited, the two pairs (Al+F) readily replaced silicon, while maintaining an electrostratic balance. It 

was shown that at or near the maximum substitution, alite could be made at as low as 1075ºC. Such 

alite was the rhombohedral phase. The cement industry usually applies calcium fluoride as mineralizer 

when manufacturing clinker. Some industrial by-products contain high quantities of fluoride. The 

manufacturing of the aluminium from bauxite generate wastes with high content of carbon, fluoride 

and aluminium [Welch, 1999]. In the combined Bayer Process calcination and bauxite calcination red 

mud is produced and sodium dominate the soluble cations during the storage, decreasing with the time, 

and different types of heavy metals are produced [Liu et all, 2007].  

In the present study the use of by-products from the manufacturing of aluminium (HiCal) as 

mineralizers is done. Different proportions of fluoride has been added to the Porland cement clinker 

phases, C3S, C2S, C3A, C4AF and ferrite, to analyse the modification produced by adding of this 

product. These clinker phases have been studied by different techniques to observe the modification of 

different properties due to the adding of fluoride. 

2. Experimental 

2.1. High Fluoride By-product 

The HiCal product, from the manufacturing of aluminium, is a ground grey powder. The chemical 

composition of HiCal showed a high content in carbon, aluminium, fluoride, silicon, iron and calcium 

and less quantity of alkalis and metals. The chemical composition has been analysed by different 

techniques, total organic carbon with a Leco CS230, mayor compounds by X-ray fluorescence with a 

S8 Tiger Bruker, minor compounds by inductively coupled plasma with a Varian model 725-ES and 

chlorines by potenciometry. In table 1 the chemical composition is shown. Also, the mineralogical 

composition of HiCal, analysed by X-ray diffraction with equipment D8 Bruker, is graphite, cryolite, 

villiaumite, corundum and diaoyudaoite. The proportions of these compounds are shown in table 2. 
Tab. 1 Chemical compositions of HiCal /% 

Composit. TOC Al2O3 F SiO2 Fe2O3 SO3 CaO V2O5 ZrO2 Ga2O3 Na2O K2O  

% 38.62 16.036 12.83 6.177 4.534 2.115 1.839 0.037 0.005 0.003 16.656 0.35  

Composit. MgO TiO2 ZnO MnO2 NiO CuO P2O5 Cr2O3 BaO PbO2 SrO CdO Cl- 

% 0.353 0.109 0.077 0.055 0.043 0.033 0.033 0.029 0.018 0.014 0.009 0.001 0.03 

Tab. 2 Mineralogical composition of HiCal /% 

Graphite (C) 18.40% 

Cryolite (Na3AlF6) 17.52% 

Villiaumite (NaF) 9.43% 

Corundum (Al2O3) 7.00% 



 

Gibbsite (Al(OH)3) 5.09% 

Diaoyudaoite (NaAl11O17) 3.04% 

Fluorite (CaF2) 2.44% 

Amorphous 39.06% 

The analysis of HiCal by-product is showing a high content of organic carbon and amorphous material. 

With respect to the mineralogy is observed different types of aluminium compounds and calcium and 

sodium fluoride. 

2.2. Synthesis of Clinker Phases 

Eight different clinker phases have been synthetized without of fluoride and with 0.25% and 0.50% of 

fluoride, calculating the amount of HiCal to added according with their fluoride content. The phase’s 

synthetized are: C3S triclinic, C3S monoclinic, C2S alpha, C2S beta, C3A cubic, C3A orthorhombic, 

C4AF and ferrite. The C3S phases are synthetized 2h heating ramp to 1495ºC, holding for 2h and 

fast cooling. The α-C2S is synthetized 1 h 45 min heating ramp to 1250ºC, holding for 7h and 

fast cooling. The β-C2S is synthetized 1 h 45 min heating ramp to 1450ºC, holding for 4h and 

fast cooling. The C3A cubic and C3A orthorhombic are synthetized 1 h 45 min heating ramp to 

1450ºC, holding for 3h and slow cooling. And finally, C4AF and ferrite have been synthetized 1h 

30 min heating to reach 1300ºC, then holding for 2h and fast cooling. The synthesis of these 

clinker phases has been done according the procedures described by Wesselsky and Jensen, 2009. 

During the treatments, partial melting could be occurs. 

A total of twenty four clinker phases are studied in the present work. Three percentages of fluoride 

(0%, 0.25% and 0.50%) of each eight phase. 

In addition of these clinker phases, samples of C3S triclinic, C3S monoclinic, C2S alpha, C2S beta, C3A 

cubic, C3A orthorhombic, C4AF and ferrite with 1.40% and 2.70% of fluoride have been synthetized 

to analyse the distribution of fluoride in these phases by scanning electron microscopy combined with 

X-ray microanalysis. 

2.3. Experimental Analysis 

The variation clinker phases due to add of fluoride has analysed using different instrumental 

techniques, to evaluate de modification of chemical, mineralogical, microstructural and compositional 

characteristics. 

The chemical composition of the clinker phases has analysed using X-ray fluorescence (S8 Triger 

Bruker equipment), for major compounds, inductively coupled plasma (Varian mod 425ES), for minor 

compounds and selective ion for analysis of small quantities of fluoride. 

The mineralogical compounds of the synthetized phases have done using X-ray diffraction (D8 Bruker) 

and the quantitative analysis of these compounds has done by Rietvelt refined software Topas 3.0. 

Also, the microstructural analysis of clinker phases has done by electron microscopic techniques. 

Fracture samples have been observed and analysed using scanning electron microscopy combined 

with X-ray dispersive energy microanalysis. And, polish samples have been observed and analysed 

using backscattering electron microscopy combined with X-ray dispersive energy microanalysis. The 

equipment’s used are an electron microscopy Hitachi S-4800 and X-ray microanalysis Bruker Nano X-Flash 

detector 50300. 

3. Results and Discussion 

3.1. Chemical Composition  

The chemical composition of clinker phases with incorporation of aluminium fluoride (HiCal) shown 

small variation with respect to the original clinker phases without any fluoride addiction. 

In the calcium silicate phases (C3S and C2S) a slight decrease of calcium is observed both in alite and 

belite with the addition of fluoride, as can be seen in the figure 1(a).With respect to the silicon an 

slight decrease in the alite phases (C3S tri and C3S mono) while an slight increase in the belite phases 

(α-C2S and β-C2S) is produced with the addition of fluoride (figure 1(b)). These effects are associated 

with the increase of content of aluminium and iron due to the composition of HiCal product. 

With respect to the aluminium phases, C3A cubic, C3A ortho, C4AF and ferrite, a decrease of calcium 

is observed in the C3A phase with the adding of fluoride, while a slight decrease of calcium of calcium 



 

is observed in the C4AF phases with the adding of fluoride. With respect to the aluminium and iron, 

these are increasing in all aluminate phases (C3A cubic, C3A ortho, C4AF and ferrite).  

The quantity of fluoride has been determined in each of the sixteen samples with fluoride addition 

using a selective ion electrode. Previously the clinker phase samples have been attacked using a 

specific procedure se for cement materials [Zimmermann, 2014]. In all the case a higher quantity of 

fluoride is observed with the higher content of fluoride added. Although, the proportion of fluoride 

measurement are less than the 50% of the theoretical quantity added to the samples. It is necessary to 

consider that the procedure to determine the fluoride quantity is different to the procedure to 

characterize the composition of HiCal. The fluoride is fix mainly in C3S phases (C3S mono and C3S tri) 

while the rest of clinker phases shown amounts smaller than 0,08% of fluoride. The amounts of 

fluoride in each clinker phase are shown in figure 2. 
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(a) SiO2 and CaO in calcium silicate phases. (b) CaO, Al2O3 and Fe2O3 in aluminium phases. 

Figure 1 Variation of compounds in clinker phases due to adding of HiCal product (aluminium fluoride). 

 
Figure 2 Increase in fluoride due to the adding of HiCal product (aluminium fluoride). 

All the changes in composition aren t́ significant and are associated with the composition of HiCal 

product and their addition. The fluoride fixed in the clinker phases in small than 0.2% in all cases and 

appearance mainly in C3S phases (C3S mono and C3S tri) and C3A cubic. The techniques to quantify 

the fluoride content in the HiCal and in the synthetized phases are different, although a partial 

volatility of fluoride seems occurs. 
3.2. Mineralogical Composition  



 

The crystalline phases have been analysed by X-ray diffraction. And, the quantity of C3S, C2S, C3A 

and C4AF is determined using Rietvelt refinement, for each of the single phase’s synthetized. In figure 

3 the percentage of C3S, C2S, C3A, C4AF and ferrite phases is shown. 

Figure 3 Variation of quantities of C3S, C2S, C3A and C4AF due to the adding of HiCal product 
(aluminium fluoride). 

It is observe that the C3S phases (monoclinic and triclinic) are increased due to the addition of HiCal, 

while the percentage of C2S phases (α and β), C3A (cubic and orthorhombic) and C4AF phases are 

decreased with the addition of fluoride. And, ferrite phase shows a variable behaviour. With respect to 

the C3S triclinic a significant decrease of larnite is observed with the addition of HiCal product, with 

percentages of 5,39%, 3,22% and 1,67% of larnite with 0%, 0.25% and 0.50% of fluoride. Apart of 

these phase C12A7 has been detected in C3A cubic, with percentages of 6.68%, 8.32% and 10.08% with 

0%, 0.25% or 0.50% of fluoride, respectively; while C12A7 is not observed in C3A orthorhombic. Also, 

formation of C12A7 is observed in C4AF and Ferrite, with an increase in their percentages with the 

increasing of the HiCal addition. The percentages are 3.37%, 6.89% and 9.33% for C4AF and 2.63%, 

3.08% and 3.49% for ferrite; with 0%, 0.25% and 0.50%, respectively. 

3.3. Microstructural and Compositional Analysis  

3.2.1 SEM-EDS analysis. Distribution of Fluoride in the Phases 

In order to analyse the distribution of fluoride in the clinker single phases a high quantity of HiCal 

product has been added, until have 1.4% and 2.7% in the crude mixes. A significant variation of 

microstructure in clinker phases had observed with the addition of fluoride. Examples of the 

microstructure of each clinker phase without fluoride, 1.4% and 2.70% is shown in figure 4. 
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Figure 4 Variation of microstructure with the addiction of fluoride in each clinker phase. 

With the addiction of the HiCal product and increase of fluoride, the C3S phases (monoclinic and 

triclinic) increase the density and the crystal size. The C2S phases (α and β) mainly showed a 

modification of shape and a densification. The C3A (cubic and orthorhombic), C4AF and ferrite phases 

are showing mainly a variation of shape, with a more angular form instead of the rounded initial form. 

Also, is observed a modification of the interfaces between grains with the adding of the fluoride. An 

example of the aspect of interfaces in clinker phases with 2.70% is observed in figure 5. In general, 

different types of crystals are observed in the interfaces. 
Calcium silicates with 2.7% of fluoride 

C3S monoclinic C3S triclinic α-C2S β-C2S 

    
Aluminium phases with 2.7% of fluoride 

C3A cubic C3A orthorombic C4AF Ferrite 

    
Figure 5 Aspect of the interphase of the grains in samples with 2.70%. 

With respect to the distribution of fluoride in the clinker phases this has been observed mainly in the 

interfaces. But the distribution in the different phases and with the different addiction of fluoride is 
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variable. With the addiction of fluoride a partial melting seems occurs and the formation of interphase 

products is observed and in this case the fluoride has the opportunity to fractionate into the melt 

phases.  

Several punctual analyses have been done in the different types of crystals and in the interphases. In 

Figure 6 the dispersion of values of fluoride content is shown. These values are punctual analysis 

taken in the different microstructures observed in each single clinker phases. 

 
Figure 6 Fluoride content in punctual analysis of different clinker phases. 

3.2.2 BSE-EDS analysis 

Polished samples of each clinker single phase’s synthetized with 0%, 0.25% and 0.50% of fluoride 

have been analysed to see the modification of the microstructure and to analyse their chemical 

composition. 

In general, a densification and an increase of the clinker size have been observed with the addition of 

fluoride. In figure 7 a general aspect of the C3S mono, C3S tri, α-C2S, β-C2S, C3A cubic, C3A ortho, 

C4AF and ferrite is collected.  

Also, the chemical composition has determined as a mean value of around fourth areas analysis. The 

CaO – SiO2 – Al2O3 ratio of the samples with different fluoride addition has been represented in the 

ternary diagram in figures 8 and 9. On the other hand, the fluoride is not well detected in the area 

analysis due to resolution limit of this element in very small quantities.  
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Figure 7 General aspects of the clinker phases with different content of fluoride. 

In silicon calcium clinker phases there aren t́ any significant changes due to the addition of fluoride. 

Only C2S-β is showing a different composition, but is not associated with fluoride. On the other hand 

the C3A cubic, C3A ortho, C4AF and ferrite phases are showing similar compositions without and with 

fluoride. It can be seen from figure 9 that the ferrite has a different composition with respect to the rest 

of aluminate phases. 
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Figure 8 Composition of silicon calcium phases.  Figure 9 Composition of aluminate phases. 

4. Conclusions 
The by-products of the aluminium industry can be used as mineralizer in the manufacturing of cement 

Clinker. Unlike traditionally used mineralizers based on calcium fluoride, these products have a high 

content of fluoride and aluminium. 

The addiction of 0.25% and 0.50% of fluoride in the clinker phases haven t́ significant or adverse 

modifications in these phases. 



 

The variation in the chemical composition due to the addiction of fluoride is slight and it is associated 

with the own composition of the by-product. With respect to the fluoride the higher incorporation is 

observed in the C3S phases and lesser extent in C3A, C4AF and ferrite phases. And, in the analysis by 

electron microscopy combined with X-ray microanalysis is observed that the fluoride is accumulated 

mainly in the interfaces of the alite phases, in the C3A phases, C4AF and ferrite. 

The addition of HiCal produced a significant decrease of larnite in the C3S triclinic phase.  But also, an 

increase of C12A7 is observed in the ferrite-aluminate phases with higher proportion of C12A7 with the 

increase of fluoride. 

The fluoride incorporate to the clinker products are less than the fluoride added to the mixes, this may 

indicate that have been somewhat volatile. 

Also, the increase in the addiction of fluoride induces an increase in the crystal size of the clinker 

phases. 

There aren t́ an appreciable modification of the relative composition of CaO-SiO2-Al2O3 in the C3S 

and C2S phases. Neither an important modification can be observed in the relation CaO-Al2O3-Fe2O3 

in the C3A phases, C4AF and ferrite. 
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ABSTRACT 

In belite-barium calcium sulphoaluminate cement, C2.75B1.25A3$ (2.75CaO•1.25BaO• 3Al2 O3• 

SO3) is one of important minerals and governed directly the early-strength of cement. Due to the 

complexity of phase composition of the cement system, a binary system C2.75B1.25A3$-C2S is 

selected to investigate the formation of C2.75B1.25A3$ in this paper. In addition, the early age 

hydration characteristics of C2.75B1.25A3$ in the binary system is monitored by ESEM. In the range 

of 1100 oC-1200 oC, the earlier formed C2S hinders the formation of C2.75B1.25A3$ in binary 

system. On the contrary, when the temperature is in the range of 1200 oC-1350 oC, the primarily 

formed C2S could provide surface for the nucleation of C2.75B1.25A3$ and cut down the potential 

barrier (△Gk
*) for the heterogeneous nucleation of C2.75B1.25A3$, which contributes to the 

formation of C2.75B1.25A3$. Moreover, at 1350 oC, the large amount of previously formed C2S 

benefits the extent of formation of C2.75B1.25A3$. The possible reason was that it could prevent 

sulfur element from evaporation. In early hydration age, AFm and AFt originating from 

C2.75B1.25A3$ hydration are found within 2 h and 12 h under 95% RH at 1 oC, respectively, 

whereas C2S is unhydrated at this moment. 

Keywords: C2S; C2.75B1.25A3$; Formation; Hydration 

 

RESUMEN 

En C2.75B1.25A3$ (2.75CaO•1.25BaO•3Al2O3•SO3) mineral sistema de cemento belita 

modificado, la formación de C2.75B1.25A3$ gobernado directamente la resistencia inicial de clinker 

de cemento. Debido a la complicación de este tipo de sistema de composición de la fase de 

cemento, la formación de C2.75B1.25A3$ sólo en la presencia de C2S se discutió en este documento. 

Además, la hidratación temprana edad característico de C2.75B1.25A3$  en la presencia de C2S se 

controló por ESEM. En el intervalo de 1100ºC-1200 oC, el C2S anterior formado impide la 

formación de C2.75B1.25A3$ en sistema binario. Por el contrario, cuando la temperatura estaba en el 

intervalo de 1200 oC -1350 oC, el C2S formado principalmente contribuyó a la formación de 

C2.75B1.25A3$, que podría proporcionar la superficie para la nucleación de C2.75B1.25A3$ y cortó el 

barrera de potencial (△  Gk *) para la nucleación heterogénea de C2.75B1.25A3$. Además, en 1350 

oC, la gran cantidad de previamente formada C2S era beneficio para la extensión de la formación 

de C2.75B1.25A3$. La posible razón era que podría prevenir elemento azufre de evaporación. En la 

era de la hidratación temprana, AFM y AFt procedentes de C2.75B1.25A3$ hidratación se encuentran 

dentro de 2 horas y 12 h por debajo del 95% de humedad relativa a 1 oC, respectivamente, 

mientras que C2S está hidratado en este momento. 
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1. Introduction 

The Portland cement (PC) clinker manufacture consumes about 2900 to 3300 MJ per ton of 

clinker [1], which is considered to heat the raw meal to the temperature exceeding 1450 oC that 

allows alite phase to form [2]. Moreover, around 830-970 kg CO2 per ton [3, 4] are emitted of 

clinker in direct [5-7] and indirect ways [8, 9], which brings about enormous environmental 

footprint [6]. In short, the cement industry is responsible for 5-7% of all anthropogenic emissions 

[10-11] word wide. In order to attain sustainable development for manufacture of PC, there has 

been a revival of intensive interests in exploring high belite cement with low lime saturation factor 

(LSF), which leads to an increase in belite amount and a decrease in alite phase content in the 

clinker [12-16]. 

However, C2S, even with high activity form [17, 18], is less active than C3S, which has 

become the most significant limitation for the extensive application of belite cement [17, 19]. 

Thus, many investigations were performed in attempt to introduce another high early-strength 

mineral with low CaO such as C4A3$ [20-23] or C2.75B1.25A3$ (2.75CaO•1.25BaO• 3Al2O3•SO3) 

[24, 25]  into belite cement clinker system. Compared with C4A3$, C2.75B1.25A3$ possesses much 

higher early-strength [26, 27]. Consequently, belite-C2.75B1.25A3$ system, with the designed 

composition of 9.0% C2.75B1.25A3$, 75% silicate mineral and 16% intermediate phase (by weight, 

as following) [28, 29], has promise to receive attention nowadays.  

In belite-C2.75B1.25A3$ system, the formation of C2.75B1.25A3$ governed directly the 

early-strength of cement clinker. Consequently, it is necessary to reveal the influence of silicates 

and intermediate phases on the formation of C2.75B1.25A3$, which is not explored in previous work. 

On account of the belite as one of the main phases and the complication of phase composition for 

this new type of cement clinker system, the binary system of C2S-C2.75B1.25A3$ was designed to 

gain a deep insight into the effect of the high content of C2S on the formation of C2.75B1.25A3$. 

Furthermore, for that the early mechanical property of belite cement is connected with its early 

hydration characteristics, the hydration and evolution process of this binary system is monitored 

by ESEM at early stage. Moreover, this research also lays foundation for the basic study of 

suiphoaluminate mineral modified silicate cement. 

2. Experimental 

2.1 Specimens Preparation  

The used chemicals CaCO3, Al2O3, SiO2, BaCO3 and BaSO4 were reagent grade, which come 

from Sinopharm Chemical Reagent Co., Ltd, China. All regents were weighted accurately 

according to the anticipated proportion (Table 1) to obtain the mixtures. The mixtures were 

blended uniformly with water by planetary ball mill and placed in the drying oven at 105 oC for 4 

h. After that, they were pressed into discs with the size of 40 mm×40 mm×3 mm at 10MPa. Then 

the discs were heated to different high temperatures (1000 oC, 1100 oC, 1150 oC, 1200 oC, 1250 oC, 

1300 oC and 1350 oC) for 2 hours with the rise speed of 5 oC per minute in high temperature 

furnace and cooled with forced air rapidly. Finally, the specimens were ground to pass 200 mesh 

sieve for the next analysis. 

Three kinds of specimens were prepared in this experiment. The binary system clinker of 



C2S-C2.75B1.25A3$ (37.5:9.0 in weight) was synthesized and named as specimen No.1. Moreover, 

the pure minerals of C2.75B1.25A3$ and C2S were also fabricated and named as the reference 

specimen No.2 and No.3. Due to the solid solution of BaO and SO3 [30], excessive 6.44wt% (as 

carbonate) BaCO3 and 4.41wt% (as sulfate) CaSO4 (taking the extra calcium into consideration) 

were added into the raw material of specimen No.1. Table 1 displays the proportioning of the 

specimens 

 

Table 1 Proportioning of the specimens (g/100g specimen)  

Specimens CaCO3 SiO2 Al2O3 BaSO4 BaCO3 

No.1 97.77 24.13 8.09 6.17 1.30 

No.2 37.61 — 41.80 31.89 6.74 

No.3 116.22 34.88 — — — 

 

2.2 Specimen testing 

Free lime displays the burnability of the specimen. F-CaO content of the specimens was 

determined by ethanol-glycerin method. X-ray diffraction analysis was performed by X-ray 

diffraction (D8 Advance, Germany) using Cu Kα radiation with an increment of 0.01° and 

maintaining time of 0.5s at a voltage of 40 kv and current of 40mA in 5-60 2θ range. The 

DSC-TGA analysis was carried out by simultaneous thermal analyzer (TGA/DSC1/1600HT, 

Germany) with heating rate of 10 oC·min-1 in flowing Ar at rate of 50 ml·min-1. FT-IR 

spectroscopy analysis was conducted by infrared spectrometer (Nicolet 380, America) with a 

detector DGTS CsI and 32 scans were recorded to register each specimen. The scans were taken in 

the mid-infrared region at frequencies of 4000 cm-1 to 400 cm-1, with a spectral resolution of 4 

cm-1. Specimens for SEM-EDS analysis were prepared by cutting with a diamond saw and 

polishing with silicon carbide discs. The prepared samples were coated with 12 nm thick gold and 

examined by field emission scanning electron microscopy (SEM: QUANTAFEG, America; EDS: 

INCA, England) at a voltage of 20 kv and current of 20 mA. Specimen for ESEM analysis was not 

required special treatment. Early stage hydration characteristics of specimen No.1 prepared at 

1350 oC were monitored by ESEM with Carl Zeiss EVO 15. The morphology of water drops and 

the ternary phase diagram of H2O were shown in Fig.1. When the work condition of ESEM was 

controlled at the center of the shuriken in the phase diagram, specimen in the chamber subjects to 

a relative humidity (RH) of 95% and 1 oC. Moreover, six specimens were used for the 

determination of the measure data. 

app:ds:field
app:ds:emission
app:ds:scanning
app:ds:electron
app:ds:microscopy
http://dict.youdao.com/search?q=ternary&keyfrom=E2Ctranslation


 

Fig.1 Morphology of water drops and the ternary phase diagram of H2O  

 

2.3 Quantitative analysis 

Due to so far without the crystal structure parameter of C2.75B1.25A3$, reference intensity ratio 

(RIR) method is chosen to quantify the mineralogical data, which was one of the most simple and 

quickest ways to quantify X-ray diffraction data [31] and has been proven effective in the 

quantification of mineralogical data [32]. To confirm the weight fraction of C2.75B1.25A3$ mineral 

in specimen No.1 and No.2, RIR method was conducted. Mixtures were prepared by mixing 

specimen No.1 and No.2 with CaF2 in the weight ratio of 10:1. This mixture was dispersed in a 

0.5% (w/v) aqueous solution of polyvinyl alcohol to form a suspension in which the 

solid-to-liquid ratio was 1:2. The suspension was spray dried at 105 oC and the collected particles 

were used for the RIR method quantitative analysis. The pure C2.75B1.25A3$ mineral used in 

quantitative analysis was fabricated by sintering the discs at 1350 oC for 4 h [33]. 

Fig.2 shows the XRD pattern of specimen No.1 and No.2 sintered at 1000oC. From Fig.2, it 

is noticed that a certain amount of aluminate mineral (CA and C12A7) forms in specimen No.1 and 

No.2 at 1000 oC. Meanwhile, not any obvious f-CaO characteristic peaks are detected in specimen 

No.2, while three obvious f-CaO characteristic peaks appear in specimen No.1. So the majority of 

f-CaO used to form C2.75B1.25A3$ has been consumed at 1000 oC. In addition, the f-CaO content 

considered to form C2.75B1.25A3$ is no more than 4.0% in specimen No.1 by weight. Therefore, it 

is reasonable to regard the f-CaO in specimen No.1 as the part which is applied to form C2S. 

Therefore, it is reasonable to figure out the extent of formation of C2S in specimen No.1 and No.3 

by Eq.1 indirectly or directly with the following equation: 

   

C2SCaO-f

CaO-f
-1                                     (1) 

Where α is the extent of formation of C2S. For specimen No.3, f-CaO is the lime content of 

specimen at any temperature. For specimen No.1, f-CaO is 5.17 times the lime content of 

specimen at any temperature. f-CaOC2S is the CaO content in 2CaO•SiO2. 

http://dict.youdao.com/search?q=ternary&keyfrom=E2Ctranslation
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Fig.2 XRD patterns of specimens No.1 and No.2 sintered at 1000℃ 

 

Results and discussions 

3.1 Variation of phase composition 

3.1.1 Extent of formation 

To inspect the effect of C2S on the formation mechanism of C2.75B1.25A3$ mineral, the extent 

of formation of C2.75B1.25A3$ in the specimen No.1 and No.2 were achieved by RIR method. A 

methodology used to calculate the extent of formation of C2S is based on the assumption that the 

free CaO in specimen No.1 belonged to the part applied to form C2S. This methodology has been 

proven in the experimental part. It is highlighted that free CaO content is a key factor for the 

quantitative analysis of C2S. Due to it s easy hydration, it is mandatory to perform the free CaO 

content test immediately after the sintering of the specimens. 

A comparison of the extent of formation of C2.75B1.25A3$ and C2S in specimen No.1, No.2 

and No.3 is shown in Fig.3. It is observed that in the range of 1000 oC to 1200 oC，the extent of 

formation of C2S in specimen No.1 is relatively higher than that in specimen No.3. In particular, 

when sintering temperature proceeds in the range of 1200 oC to 1350 oC, C2S can form in a much 

more rate in specimen No.1 than that in specimen No.3. As for C2.75B1.25A3$ mineral, in the range 

of 1000 oC to 1200 oC, its rate of extent of formation in specimen No.1 is much slower than that in 

specimen No.2. When the temperature changes into the range of 1200 oC to 1350 oC, the extent of 

formation of C2.75B1.25A3$ in specimen No.1 increases much faster than that in specimen No.2. 

Eventually, the extent of formation of C2.75B1.25A3$ in specimen No.1 exceeds that of specimen 

No.2 at 1350 oC. 
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Fig.3 Extent of formation of C2.75B1.25A3$ and C2S in the specimens 

 

3.1.2 X ray diffraction analysis 

Fig.4 illustrated the XRD patterns of specimen No.1 sintered at different temperatures. As 

shown in Fig.4 (a), in the range of 1100-1200 oC, the main phases are BaSO4 and free CaO. Also, 

slight amount of intermediate phase, such as BA, CA and C12A7, is found. The characteristic peaks 

of C2.75B1.25A3$ and C2S are detectable but weak at 1200 oC. As seen from Fig.3 (a) and (b), in the 

range of 1250-1350 oC, the diminution of diffraction peaks of free CaO and the appearance of 

characteristic peaks of β-C2S and γ-C2S can be observed, proving that large amount of C2S is 

formed. From Fig.4 (b) and (c), it is seen that with the rise of sintering temperature, the intensity 

of characteristic peaks of β-C2S becomes stronger, while the intensity of characteristic peaks of 

γ-C2S displays contrary tendency. Ultimately, the characteristic peaks of γ-C2S are not detectable 

in specimen No.1 sintered at 1350 oC, due to its absence or minor content. In specimen No.3, 

γ-C2S is the main polymorph. This is different from that in specimen No.1, whose main 

polymorph is β-C2S. The reason is the partial substitution of Ba2+ and [SO4]
4- for Ca2+ and [SiO4]

4- 

in C2S, which results in a rise in both disorder state of lattice and entropy of the system [19] and 

supports the maintenance of high temperature form of β-C2S at ambient temperature [3, 7, 34]. As 

shown from Fig.4 (a) and (c), it is observed that the intensity of characteristic peak for 

C2.75B1.25A3$ (3.7888 Å, 2.2010 Å, 1.9494 Å) increase rapidly at 1350 oC. Meanwhile, the 

characteristic peaks of BA, CA and C12A7 disappear simultaneously. Combination with the 

discussion of previous work [35], this indicated that the formation of C2.75B1.25A3$ mineral is 

sufficient. 
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Fig.4 XRD patterns of specimen No.1 sintered at different temperature.  

 

3.1.3 FT-IR spectrum analysis 

The FT-IR spectrum shows the main absorption band and identification group of the functional 

group. The FT-IR result of specimens sintered at different temperatures is illustrated in Fig.5. As 

shown in Fig.5, at high wavenumber stage the major absorption peaks concentrate at 3640 cm-1, 

which is assigned to the vibration of [OH]. The reason is that partial f-CaO reacts with H2O and 

generates Ca(OH)2 during the specimens being preserved. The above mentioned absorption peak 

intensity presents a decreasing trend with the rise of temperature, indicating that the reduction of 

CaO content in the specimen. The result is in accordance with the X-ray diffraction analysis. At 

1000 oC, BaCO3 decomposes thoroughly [35]. Therefore, the vibration band at 1450 cm-1 is 

mainly attributed to the portlandite carbonation. The vibration band at at 1180 cm-1 and 1080 cm-1  

is mainly due to the asymmetric stretching vibration of [SO4].  
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As shown in Fig.5, The asymmetric stretching vibration of [SiO4] tetrahedron of C2S is 

displayed at 856 cm-1-950 cm-1. When the sintering temperature exceeds 1350 oC, the peak 

becomes more and more obvious, which indicates a large amount of C2S is formed. The bending 

vibration of [SO4] tetrahedron sites at 600 cm-1-700 cm-1. Owing to the bending coupling vibration 

of [SO4] tetrahedron and [AlO4] tetrahedron, obvious peaks emerge at 683 cm-1, 640 cm-1 and 615 

cm-1 [36] when the sintering temperature is 1350 oC, indicating that C2.75B1.25A3$ can form 

perfectly at this temperature. All of the above stated results are identical with those acquired from 

XRD analysis. 
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Fig.5 FT-IR spectrum of specimen No.1  

 

3.1.4 Differential scanning calorimetric analysis 

Differential scanning calorimetric analysis is applied to monitor the evolution of solid phase 

reaction during the process of the raw meals being sintered. The heat evolution during the process 

of sintering the specimen is illustrated in Fig.6. Decomposition of CaCO3 is characterized by 

evident endothermic peak at 600-850 oC. The beginning temperature for the decomposition of 

CaCO3 in specimen No.1 is almost identical with that of specimen No.3, but the terminated 

temperature lowers down sharply from 865 oC to 835 oC, proving that CaCO3 decomposition rate 

is promoted in specimen No.1. As seen from Fig.6, an obvious exothermal peak attributed to the 

formation of β-C2S shows at around 1360 oC in the curve of specimen No.3. Due to no mineralizer, 

its formation temperature is relatively higher than that in cement clinker. By contrast, the 

dispersed exothermal peak corresponding to the formation of β-C2S in the curve of specimen No.1 

shows at around 1270oC, which is prior to the formation of β-C2S in specimen No.3. 

This is due to the existence of Ba and S element, which tends to lower down the eutectic 

point of the system. A strong and sharp endothermal peak due to the decomposition of 

C2.75B1.25A3$ mineral is displayed at around 1370oC in the curve of specimen No.2. While at the 

same temperature, no such a peak is observed in the curve of specimen No.1. Consequently, it 

comes to a conclusion that the decomposition of C2.75B1.25A3$ in specimen No.1 is postponed or 



inhibited. 
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Fig.6 DSC curve of the specimens 

 

3.2 Phases growth and distribution in the binary system 

Textual relationships, mineral grain morphology and elemental distribution were studied by 

SEM images and EDS spectra. Fig.7 shows two representative SEM images and four EDS spectra 

of specimen No.1 obtained at 1350oC. EDS result proves that the mass at point ‘1’position 

presenting red blood cell shape with a hole in the middle is C2.75B1.25A3$ and the mass at point 

‘2’position is belite solid solution (partial substitution of Ba and S for Ca and Si in C2S). 

Therefore, it is concluded that C2S and C2.75B1.25A3$ can coexist in the binary system. 

 

 

（a）                                  (b) 



    

(a1)              (a2)             (b1)                (b2) 

Fig.7 SEM and EDS analysis of specimen 1 sintered at 1350℃ 

3.3 Formation mechanism discussions 

In the range of 1100oC-1200oC, the primarily formed C2S are not conductive to the 

combination of elements of calcium, barium, aluminum and sulfur from, hindering the formation 

of C2.75B1.25A3$. It explains the reason why the extent of formation of C2.75B1.25A3$ in specimen 

No.1 is relative lower in 1100oC-1200 oC. As is known to all, crystal formation undergoes the 

following two steps of nucleation and crystal embryos growth [37]. Nucleation normally can be 

classified to two categories of heterogeneous nucleation and homogeneous nucleation. 

Heterogeneous nucleation tends to nucleate on the surface, interface and wall of container, which 

contributes to cutting down the potential barrier (△Gk
*) of the heterogeneous nucleation. X ray 

diffraction analysis and FT-IR spectrum analysis indicate that the large amount formation 

temperature of C2S and C2.75B1.25A3$ are 1250 oC and 1350oC respectively. Therefore, in the range 

of 1200 oC-1350 oC, primarily formed C2S can provide surface for the nucleation of C2.75B1.25A3$, 

which cuts down the △Gk
* for the heterogeneous nucleation of C2.75B1.25A3$. Besides, the 

condition of high temperature can boost the frequency of collisions between elements of calcium, 

barium, aluminum and sulfur which are considered to form C2.75B1.25A3$. The above stated 

interprets the growth rhythm of C2.75B1.25A3$ and the reason why the rate of extent of formation of 

C2.75B1.25A3$ in specimen No.1 is relative higher in 1200 oC-1350 oC. At 1350oC, the extent of 

formation of C2.75B1.25A3$ in specimen No.1 exceeds that in specimen No.2. It may attribute to 

that the large amount of previously formed C2S prevent sulfur element from evaporation, which is 

benefit to the formation of C2.75B1.25A3$ [38]. 

3.4 Characteristics of early hydration 

Fig.8 displays the hydration process of specimen No.1 without CaSO4·2H2O monitored by 

ESEM under the condition of 95% RH and 1 oC. As shown from Fig.8, four locations of specimen 

are analyzed. From the micrographs of random location 1 at 0.5 h, 1.5 h, 3 h, it is easy to notice 

the interlocking of the hydration products, which is always dominating the setting of cement [21]. 

At 6 h, it is observed that a continuous hydration film is formed on the surface of specimen, which 

are consist of hydrated calcium sulphoaluminate and alumina gel. From the micrographs of 

location 2 at which much C2.75B1.25A3$ mineral exists, flake monosulfate (AFm, 

3CaO·Al2O3·CaSO4·12H2O) is observed after 2 h.  With the prolonging of curing time, no ore 

AFm forms is observed at 4 h, proving that AFm mainly forms within 2 h. With hydration time 

prolonging, the amount of AFm does not increase significantly. This means that AFm could form 

sufficiently. However, from the micrographs of typical location 3 and 4, minor AFt with needle 

shape is observed after 12 h. Previous investigation also found that the main hydrate of 

C2.75B1.25A3$ in belite-barium calcium sulphoaluminate cement with 8% CaSO4·2H2O is ettringite 

http://dict.youdao.com/search?q=alumina&keyfrom=E2Ctranslation
http://dict.youdao.com/w/gel/


(AFt, 3CaO·Al2O3·3CaSO4·32H2O) [26]. Therefore, it is reasonable to speculate that the solid 

solution of sulphur for belite in the binary system lowers down, which inevitably leads to an 

excessive amount of sulphur in the specimen No.1 and promotes the formation of AFt. At 

hydration age of 12 h, no plate Ca(OH)2 is found in Fig.8. This indicates that C2S mineral is 

unhydrated at this stage. 

 

  

  

  



  

Fig.8 ESEM micrographs of specimen No.1 sintered at 1350℃ 

Conclusions 

In the range of 1100oC-1200oC, the primarily formed C2S are not conductive to the elements 

combination of calcium, barium, aluminum and sulfur, hindering the formation of C2.75B1.25A3$. It 

explains the reason why the extent of formation of C2.75B1.25A3$ in the binary system is low in this 

temperature range. On the contrary, when the temperature is in the range of 1200 oC-1350 oC, the 

primarily formed C2S contributed to the formation of C2.75B1.25A3$, which could provide surface 

for the nucleation of C2.75B1.25A3$ and cut down the potential barrier (△Gk
*) for the 

heterogeneous nucleation of C2.75B1.25A3$. Besides, the condition of high temperature can boost 

the collisions frequency of the elements of calcium, barium, aluminum and sulfur. The above 

stated facilitate the formation of C2.75B1.25A3$. At 1350 oC, the extent of formation of 

C2.75B1.25A3$ in specimen No.1 exceeds that in specimen No.2. It may attribute to that the large 

amount of previously formed C2S prevent sulfur element from evaporation, which is benefit to 

improve the extent of formation for C2.75B1.25A3$. In early hydration age, AFm and AFt originating 

from C2.75B1.25A3$ hydration are found within 2 h and 12 h under 95% RH at 1 oC, respectively, 

whereas C2S is unhydrated at this moment. 
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Abstract 

In this paper the issues how to enhance the rupture strength of recycled coarse ceramic aggregate 

concrete were discussed. 24 specimens of 40mm 40mm 160mm  casted with soaked coarse ceramic 

aggregates and cement motar were used to examine experimentally the effect of silane coupling agent 

solution concentration and immersion time on the rupture strength of interfacial transition zone (ITZ) 

between recycled coarse ceramic aggregate and cement motar. The experiment results showed that the 

bonding performance for the ITZ in the recycled coarse ceramic aggregate concrete could be greatly 

improved by immersing the coarse ceramic aggregates in some diluted adhesion agent and was 

confirmed by the stereomicroscope analysis; the rupture strength increased with increasing the 

immersion time, and first increased but then decreased with the increase of silane coupling agent 

solution concentration; the compressive strength after 28-day curing increased by 38.4% by using 15% 

replacement of coarse rubble aggregates by the present soaked coarse ceramic aggregates; even for 

100% replacement of coarse rubble aggregates by the present ceramic aggregates, the compressive 

strength of the recycled ceramic aggregate concrete is still higher than that of natural rubble aggregate 

concrete; when the replacement of coarse aggregates reaches 60%, elasticity modulus of the present 

recycled concrete is still improved by 3.2% compared to that of natural rubble aggregate concrete.  

 

Originality 

Very few studies on the improvement of bonding performances of the ITZ of recycled coarse 

ceramic concrete were carried out. This paper deals with discussions on how to enhance the bonding 

properties of recycled coarse ceramic concrete. The experiment results showed that the bonding 

performance for the ITZ in the recycled coarse ceramic aggregate concrete could be greatly improved 

by immersing coarse ceramic aggregates in some diluted adhesion agent such as silane coupling 

solution. The micro-mechanism of the IZT was analyzed with the stereomicroscope, confirming the 

aforementioned findings. An optimal level was decided from comparisons of different levels of the 

adhesion agent. The present research achievements have contributed to the recycling of waste ceramic 

products. 

 

Keywords: Recycled coarse ceramic aggregate; concrete; bonding performance; mechanical property; 

adhesion agent. 
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1. Introduction  

Along with the promotion of green conception of recycled concrete, it is an important way 

for future construction industries to recycle solid waste. The production of ceramic in China 

has ranked the first place in the world for consecutive 13 years. It is widely used in civil 

engineering and daily life. At the present, the let-out and pile-up of solid ceramic waste 

occupies a large area of land and contaminates water, severely impacting sustainable 

development. One way out of these problems is to recycle the ceramic waste. Lots of 

researches on the mechanical property and durability of recycled concrete were carried out by 

domestic and overseas scientists [1-3]. The research results showed that the recycled concrete 

could be applied to the practical civil industry.  

Ceramics has features of strong crushing index, high porosity and water absorption, low 

strength and so on. The water absorption problems were solved with the pre-wet method and 

mix proportion design [4, 5]. Wan [6] conducted a large amount of experiments and data 

analysis, concluding that the recycled concrete has good workability and can be used as 

nonstructural concrete. Du and Wang [7, 8] employed the physical surface-hardening method 

and the chemical grout-soaking method to examine experimentally the mechanical properties 

of recycled concrete. It was shown that both methods can effectively improve the properties. 

Moreover, the standard compression tests indicated that the rupture of recycled concrete starts 

easily from the ITZ between the cement stone and the recycled coarse ceramic aggregates. 

However, researches on the bonding properties of the ITZ of recycled ceramic concrete are 

very few. Some of them focused on the structure of ITZ and its element distribution [9-11]. 

We are not aware of any researches on improving the bonding properties in the literature. 

This paper discusses the possibility of improving the bonding property of recycled 

ceramic concrete by using some diluted adhesion agent such as silane coupling agent. The 

mechanical properties of recycled ceramic concrete are examined with the experimental 

method. The microstructure of the ITZ is analyzed with the stereomicroscope method. The 

present research will give us some information for developing more advanced recycled 

ceramic concrete and expanding its application. 

2. Raw Materials 

2.1 Cement 

The cement used in the present research is composite Portland cement PC32.5 made by 

Jiangxi Provincial Limited Corporation of Sea-Snail Cement. 

2.2 Aggregates 

The coarse aggregates are composed of natural rubbles and ceramic waste. The natural 

rubbles are mechanically crushed Nanchang limestone with 5-25mm in diameter and 2.75 

kg/m3 in apparent density. The ceramic wastes are 5-25mm in diameter and 2.375 kg/m3 in 

apparent density, resulting from damaged large ceramic vases in the process of ceramic vase 

production in the Jiangxi Provincial Jingdezhen workshops. The fine aggregates are from well 

graded Ganjiang river sands with 2.5 fineness modulus and 2.65 kg/m3 in apparent density. 

All other physical indices of the recycled ceramic aggregates meet the requirements of 

‘Recycled Aggregates Used for Concrete’ (China standard specification: GB/T 25177-2010). 

Table 2.2.1-2.2.3 gives respectively crushed indices, water absorption and mechanical 

properties of the present recycled ceramic wastes. 

 



Table 2.2.1 Crushed index (%) 

Air-dry condition Saturated surface dry condition 

6.2 7.9 

 

Table 2.2.2 Water absorption (%) 

30min 60min 120min 240min 24h 48h 

1.98 2.41 2.66 3.14 3.31 3.33 

 

Table 2.2.3 Mechanical property (%) 

Apparent density (kg/m3) Bulk density  (kg/m3) Porosity factor (%) 

2375 1218 47 

 

2.3 Chemical Reagents 

   The silane agent used in this study is KH-550 made by the Nanjing Jingtianwei Limited 

Company of Chemical Engineering. It is a transparent and yellowish liquid used broadly, 

being alkaline and soluble in water. 

3. Experimental Programs 

3.1 Experimental apparatus  

   The experimental apparatus used in the present study are compression, rupture and 

universal testing machine, stereoscope CK-300. Some of them are shown in Fig.3.1.1. 

 

  
(a) Compression testing machine                (b) Rupture testing machine 

Fig. 3.1.1 Experimental setups 

 

3.2 Specimen preparation 

3.2.1 Sliced ceramic aggregate - cement motar specimen 

The external wall tile of 450mm×45mm×5mm in size was cut into 40mm×40mm×5mm 

slices as coarse aggregates, as shown in Fig. 3.2.1.1. They were respectively immersed in 

concentration 2%, 4% and 6% of KH-550 silane coupling agent. The immersion time for each 

concentration is designed as 10, 40, 70 and 100 minutes.  

 



 
 

Fig. 3.2.1.1 Sliced ceramic aggregates 

 

The mix proportion of cement motar was designed as: cement : sand : water = 1 : 3 : 0.5. 

According to the China standard specification ‘Method of Calibration for Strength of Cement 

Motar’ (GB/T17671-1999), the well-mixed cement motar were injected into a 40 mm×40 

mm×160 mm wooden formwork in twice. When the first injection reached the half or so 

height of the formwork, the injected cement motar was vibrated and compacted, and then the 

sliced ceramic aggregates were symmetrically inserted into the formwork. Finally, the second 

injection was continued. All sliced recycled ceramic aggregate - cement motar specimens 

were demolded after casting and then cured at 20±3℃with relative humidity 90%. The 

configuration of the specimen is shown in Fig. 3.2.1.2.  

           

     Fig.3.2.1.2 Configuration of recycled ceramic slice aggregate - cement motar specimen 

 

3.2.2 Recycled coarse ceramic waste aggregate - cement motar specimen 

The cement used in the present section is ordinary Portland cement PO42.5. The ratio of 

water cement is designed as W/C = 0.29. PVC tube with Φ50mm ×100mm in size was used 

for test specimen preparation. Firstly, one end of the PVC tube was sealed and the inner side 

of the PVC tube was coated with lubricating oil; secondly, the cement motar was injected into 

the tube to reach the half or so length of the tube and then vibrated and compacted; thirdly, a 

certain thickness of recycled coarse ceramic waste aggregates were poured into the tube; 

finally, the cement motar was filled the rest space of the tube and then vibrated and 

compacted. All test specimens were kept in the curing room. The tests were arranged into 2 

groups. One group is to consider the unsoaked recycled coarse ceramic waste aggregates, and 

the other considers the recycled coarse ceramic waste aggregates to be immersed for 100 

cement mortar 

 

cement mortar sliced 

ceramic 

aggregate 

77.5 77.5 5 

40 



minutes with 4% silane coupling agent. When the specimen was cured for 7 days, it was 

hydrated fully after the plastic wraps at both ends of the PVC tube were removed. When the 

specimen was cured for 14 days, the PVC tube was taken away and then the specimen was 

dried by natural air. A 10 mm ×10 mm ×15 mm sample of the ITZ between the recycled 

coarse ceramic waste aggregates and the cement motar was cut from the dried specimen by 

cutting machine. The sample was dried at 60℃ for 2 hours in the drying oven and then taken 

out and cooled at ambient temperature. Photographs for the front view and side view of the 

ITZ from the cooled sample were taken by the stereoscope CK-300 made by Caikang 

Company. 

3.2.3 Recycled coarse ceramic waste aggregate concrete specimen 

The strength of recycled coarse ceramic waste aggregate concrete was designed as C25. 

Six groups of tests were arranged according to different coarse aggregate replacement (0%, 

15%, 30%, 45%, 60% and 100%) of natural rubbles by recycled ceramic waste. The recycled 

coarse ceramic waste aggregates were soaked with 4% silane coupling agent for 100 minutes 

before replacing the rubbles. The mix proportion of the recycled coarse ceramic waste 

aggregate concrete is given in Table 3.2.3.1. 

 

 

 

Table 3.2.3.1 Mix proportion of the recycled coarse ceramic waste aggregate concrete 

Series 

Number 
Cement Sand Rubble 

Ceramic 

waste 
Water W/C 

NC1-1 372 649 1204 0 175 0.47 

RC15% 372 649 1023.4 180.6 175 0.47 

RC30% 372 649 842.8 361.2 175 0.47 

RC45% 372 649 662.2 541.8 175 0.47 

RC60% 372 649 481.6 722.4 175 0.47 

RC100% 372 649 0 1204 175 0.47 

Note：NC or RC in the Table represents 0% or some replacement of rubbles by recycled ceramic waste 

The recycled coarse ceramic waste aggregate concrete mixing was performed in 

laboratory. The soaked recycled coarse ceramic waste aggregates were added after cement 

and sand were mixed well and then stirred up by adding water. In light of the China standard 

specification ‘Applied Technology Rules for Recycled Concrete’ (JGJ/T 240-2011), all the 

recycled coarse ceramic waste aggregate concrete specimens were casted into test cubes with 

150 mm ×150 mm ×150 mm in size and kept in the casing room for 1 day. Afterwards, they 

were demoulded and cured at 20±3℃ with relative humidity 90% for 28 days. Moreover, a 

control specimen with 150 mm ×150 mm ×300mm in dimension was also prepared. Each 

group of test has three parallel specimens and final experimental value is an average of the 

three measurements. 

4. Experimental Results and Discussions 

4.1 Bonding properties of recycled ceramic waste aggregates - cement motar 

   The rupture strength was tested at 3-day, 7-day and 28-day curing period. All tests were 



respectively designed as 4 series such as I-0, I-2, I-4 and I-6 according to solution 

concentrations of 0%, 2%, 4% and 6% for silane coupling agent. Each series of tests included 

4 groups on account of 10-min, 40-min, 70-min and 100-min immersing time. For example, 

for series I-0, it can be marked as I-01, I-02, I-03 and I-04 corresponding to different 

immersing time mentioned above, respectively, and so on for the others. Each group of tests 

have three parallel specimens and final experimental value is an average of the three 

measurements. Some but not all of specimens in the rupture test are shown in Fig. 4.1.1. 

 

Fig. 4.1.1 Recycled ceramic slice aggregate – cement motar specimens 

4.1.1 Failure pattern 

The failure pattern of specimens after the rupture test is given Fig. 4.1.1.1. 

 

  

 

Fig. 4.1.1.1 Failure patterns of specimens after the rupture test 

 

It can be seen from Fig. 4.1.1.1 that cracks in the specimens start from the interface 

between recycled ceramic slice aggregates and cement motar, implying the ITZ is weak one. 

The weakness depends on the rupture strength of specimen. It is also found that most of the 

cracks result from the glaze of ceramic aggregates but only a small number from the rough 

surface. The greater the roughness, the stronger the rupture strength of the ITZ, indicating the 

glaze reduces the bonding strength of the ITZ. In addition, the specimens of series I-6 break 

more easily than other three series specimens do. This means that the heavier solution 

concentration of silane coupling agent cannot always get better effects than less solution 

concentration for the bonding properties. 

4.1.2 Bonding strength vs immersion time and solution concentration 



Fig. 4.1.2.1 plots the variation of curves for the rupture strength of the ITZ against the 

immersion time for the sliced recycled ceramic aggregates with KH-550 silane coupling agent. 

It can be seen from the Figure that when the solution concentration of the agent is fixed and 

the immersion time is greater than 80 minutes, the rupture strength of the ITZ increases 

generally with the increase of the immersion time and curing time. The longer the immersion 

time, the stronger the rupture strength and the same for the curing time. The largest rupture 

strength occurs at 100-min immersion time. However, when the solution concentration is 

lower ( 2% ) and the immersion time is less than 40 minutes, an exception to the pattern 

occurs, implying that the bonding strength between the aggregates is much weaker at the 

moment.  

Fig. 4.1.2.2 indicates the variation of relationship between the rupture strength of the ITZ 

and the solution concentration of KH-550 silane coupling agent. It can be observed that when 

the immersion time is fixed and the solution concentration is greater than 1%, the rupture 

strength of the ITZ increases generally with the increase of the solution concentration until it 

reaches 4% and curing time. As the solution concentration exceeds 4%, the rupture strength of 

the ITZ decreases, indicating that it is not that the heavier the solution concentration the better, 

either. This confirms further that the viewpoints in previous section.  

To sum up the aforementioned discussions, a useful conclusion can be drawn that 4% 

sliane coupling agent and 100-min immersion time is the best choice of improving the 

bonding properties of recycled ceramic waste aggregate - cement motar. 
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Fig. 4.1.2.1 Rupture strength of ITZ against immersion time 
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Fig. 4.1.2.2 Rupture strength of ITZ vs solution concentration 

 

4.2 Micromechanism of recycled ceramic waste aggregates - cement motar 

   The stereomicroscope was used to analyze the structural topograph of ITZ from the 

cooled sample mentioned in section 3.2.2. Fig. 4.2.1 gives the front view and side view of the 

ITZ sample from the unsoaked recycled coarse ceramic waste aggregates - cement motar 

specimen and Fig.2.2.2 from the soaked recycled coarse ceramic waste aggregates - cement 

motar specimen. Comparison of the two Figures shows that there are many close and 

independent pores with different sizes in the ITZ sample from the unsoaked recycled coarse  

 

     

（a）Front view of the ITZ                      （b）Lateral view of the ITZ 

Fig. 4.2.1 Stereomicroscope photographs of the ITZ sample with unsoaked ceramic aggregates 

 



     

（a）Front view of the ITZ                      （b）Lateral view of the ITZ 

Fig. 4.2.2 Stereomicroscope photographs of the ITZ sample with unsoaked ceramic aggregates 

 

ceramic waste aggregates - cement motar specimen, but smooth, dense and no apparent pores 

in the ITZ sample from the soaked recycled coarse ceramic waste aggregates - cement motar 

specimen. This means that the bonding strength of ITZ in the soaked recycled coarse ceramic 

waste aggregates - cement motar specimen is higher, and thus improve the strength of 

recycled coarse ceramic aggregate concrete. 

 

4.3 Mechanical properties of recycled coarse ceramic waste aggregate concrete 

4.3.1 Compressive strength 

The final failure morphologies of concrete specimens corresponding to all different 

replacement rates (0%, 15%, 30%, 45%, 60% and 100%) of rubbles by recycled coarse 

ceramic waste aggregate are presented in Fig. 4.3.1.1.  It can be seen from the Figure that all 

failure morphologies are similar. At the moment of failure, the crack numbers of the recycled 

coarse ceramic waste aggregate concrete increase with increasing the replacement rates. 

When the replacement rate surpasses 45%, the lateral surface of the recycled concrete began 

to have a bump and fall off, and when the replacement rate reaches 100%, the buckling and 

cracks on the lateral surface of the recycled concrete appears most seriously. In addition, we 

can observe from the broken specimens that the failure surface does not result from the ITZ 

between the recycled ceramic aggregates and cement motar and very few ceramic aggregates 

are crushed. This means that the silane coupling agent improved not only the bonding 

property of ITZ but also the compressive strength of the recycled ceramic aggregate concrete. 

 

    



    

    

  

Fig. 4.3.1.1 Failure morphologies of recycled coarse Ceramic waste aggregate concrete  

Fig. 4.3.1.2 plots the curve of experimental measurements for the compressive strength 

of the recycled coarse ceramic waste aggregate concrete against the replacement rates of 

rubbles by recycled ceramic aggregates. It is found from Fig. 4.3.1.2 that the compressive 

strength cured for 28 days of the recycled concrete whose ceramic aggregates were soaked by 

the silane coupling agent is generally higher than that of the natural rubble concrete. When the 

replacement is 15%, the compressive strength of the recycled concrete reaches maximum and 

43.32MPa, increasing by 38.4% compared to that of the natural rubble concrete. However, the 

compressive strength of the recycled concrete decreases with the increase of the replacement 

rates.  
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Fig. 4.3.1.2 Relationship between recycled concrete compressive strength and replacement rate 

 



4.3.2 Rupture strength 

Fig. 4.3.2.1 presents failure patterns corresponding to 0% and 60% replacement rates of 

natural rubbles by recycled coarse ceramic waste aggregates. It is shown that there are no 

significant differences in the failure patterns between the natural rubble aggregate concrete 

and the recycled ceramic aggregate concrete. Table 4.3.2.1 gives experimental measurements 

of rupture strengths for the two replacement rates. From the table we can observe that there 

are also no differences in their rupture strengths.  

  

Fig. 4.3.2.1 Failure patterns corresponding to 0% and 60% replacement rates under bending loads  

 

 

Table 4.3.2.1 Comparisons of experimental rupture strengths 

 corresponding to 0% and 60% replacement rates 

Replacement 

rate 
Bearing capacity（KN） Rupture strength Rb（MPa） 

Rupture strength Rb 

Mean value（MPa） 

0 36.38 35.61 34.68 3.608 3.532 3.439 3.53 

60% 39.92 34.94 33.03 3.959 3.465 3.276 3.57 

 

4.3.3 Elastic modulus 

Table 4.3.3.2 lists comparisons of experimental measurements of elastic modulus for the 

two replacement rates. It can be observed from the table that even for 60% replacement rate 

of natural rubbles by soaked recycled ceramic waste aggregates, the elastic modulus has still 

increases by 3.2% compared to that of natural rubble concrete. 

 

Table 4.3.2.2 Comparisons of experimental elastic modulus 

 corresponding to 0% and 60% replacement rates 

Replacement 

rate 
Bearing capacity（KN） Elastic modulus Ec（Mpa） 

Elastic modulus Ec 

Mean value（Mpa） 

0 296.2 423.52 358.18 26200 28200 27200 27200 

60% 339.97 438.97 464.25 26900 28500 29000 28100 

 

As for concrete on road engineering, the first requirement to be met for recycled coarse 

aggregate concrete is its rupture strength, by comparison with the compressive strength. The 

compressive strength may be regarded as a reference index. From the discussions above we 



can conclude that even if replacement of natural rubbles by soaked ceramic waste aggregates 

reaches 60%, the present recycled concrete still meets the operating requirements of road 

engineering. 

4.4 Concluding remarks 

We have presented our test researches on the possibility to improve the bonding properties 

of recycled ceramic waste concrete by using KH-550 silane coupling agent. Through this 

study, some useful conclusions can be drawn in the following: 

(1) To maximize the improvement of bonding properties for recycled ceramic waste 

concrete, the best concentration of silane coupling agent is 4% and the best soaking time for 

recycled ceramic waste aggregates is 100 minutes; besides, the best replacement of natural 

rubbles by soaked ceramic aggregates is 15% 

(2) Under conditions of (1), the compressive strength of the present recycled ceramic 

waste concrete increases by 38.4% compared to that of the natural rubble concrete. However, 

the compressive strength of the recycled concrete decreases with the increase of the 

replacement rates when the replacement rate exceeds 15%. 

(3) Even if the replacement of natural rubbles by soaked ceramic waste aggregates reaches 

60%, the present recycled concrete still meets the requirement of road engineering; 

(4) Micromechanism analysis by the stereomicroscope method confirms further that the 

present technology is one of ways to improve the bonding properties of recycled ceramic 

waste concrete. 
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Abstract 

The chemical reactions necessary for manufacturing cement clinker are complex and not entirely 

understood in detail. The possibility to make experimental measurements in Portland cement 

manufacture is limited and therefore detailed knowledge of the processes taking place in the rotary kiln 

is difficult.  In the last years there have been great advances in computational thermodynamics and 

developed both software and thermodynamic databases that allow a large number of calculations and 

in this way contribute to a better understanding of the process occurring in the rotary kiln without need 

of experimental measurements. The aim of this research is to use the software FactSage with the 

database FT-Oxid for calculations to enable further understanding of the clinker manufacturing 

process. In this work were used compositions based on the relationships that describe the quality of 

Portland cement clinker of a known raw material composition. These relationships between the four 

main oxides CaO, SiO2, Al2O3 and Fe2O3 are described in cement manufacturing by the lime saturation 

factor (LSF), the silica ratio (SR) and the alumina ratio (AM). High temperature equilibrium 

calculations were performed in order to study the process taking place in the kiln in a temperature 

range consistent with the process (700-1600 °C). Phases coexisting were determined, their distribution 

and stability ranges. Phase transformation on cooling was study using a non-equilibrium model to 

predict the final phase distribution and this one was used to describe the quality of cement clinker. The 

results were compared with Bogue calculations. We discuss the scope and limitations of the database 

and the method used in this work. Also limitations on use of models for the solid solutions of some 

phases of interest and the absence of pure compounds than can be relevant were found leading to 

wrong simulations in some cases. 

 

Originality 

Cement production has been subject to several technological changes, each of which requires detailed 

knowledge about the high temperature process involved in the rotary kiln. A global equilibrium 

analysis of the process is interesting because it provides a basis to consider the whole process, or just 

distinct parts of it, as in this case a rotary kiln. In this research we are exploring the possibility to study 

the process taking place on the rotary kiln without need of experimental measurements in terms of a 

global equilibrium by using computational tools that enables complex multiphase chemical 

calculations and provides thermodynamic data of good quality that are applicable to cement clinker 

production. Because the speed of the calculations we can study the effect of variation on composition in 

the quaternary system using the well known lime saturation factor (LSF), the silica ratio (SR) and the 

alumina ratio (AM) and in this way determine the better composition for the manufacturing of cement 

clinker. 

 
Keywords: Cement Clinker; High temperature chemistry; Quality prediction; Computational tools, 

Calphad method. 
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1. Introduction 

Portland cement is obtained by grinding an artificial material, called clinker, with a small amount of 

gypsum (5 wt %). The gypsum controls the rate of set and may be partly replaced by other forms of 

calcium sulphate. Portland cement clinker is made by heating a mixture of limestone (80 wt %) and 

clay (20 wt %) or other materials of similar bulk composition and sufficient reactivity up to the so-

called clinkering temperature (Tc) in the range of 1400–1500 °C (Taylor H. F. W., 1997; Jackson P. J., 

2004). Partial fusion occurs, and nodules of clinker are produced. Clinker, as the main constituent of 

cement, is composed of various crystal phases; the two major phases are solid solutions of two 

calcium silicates, Ca3SiO5 (C3S) and Ca2SiO4, (C2S) referred to as alite and belite, respectively. The 

two other phases are solid solutions of two calcium aluminates, Ca3Al2O6 (C3A) and Ca4Al2Fe2O10 

(C4AF) (Telschow S., et al, 2012). 

Depending on the reaction conditions (temperature, pressure, reaction time, composition); a significant 

variety of phases can be formed from the four major reactants CaO, SiO2, Al2O3, and Fe2O3 of the raw 

material for Portland cement clinker manufacturing. Taking additional minor compounds like MgO 

and alkalis into account, the number of phases can increases drastically (Lea ś chemistry of cement 

and concrete, 2004). For simplification, this research is based only on reactions of pure CaO, SiO2, 

Al2O3 and Fe2O3, which are also dominating under industrial conditions. It is common to abbreviate 

the chemical formulas as shown in Table 1 (Taylor H. F. W., 1997). 
Table 1.  Abbreviation of the chemical formulas used in the cement industry 

Chemical 

Compound 
Abbreviation Clinker Phase Abbreviation 

CaO C Ca3SiO5 C3S 

SiO2 S Ca2SiO4 C2S 

Al2O3 A Ca3Al2O6 C3A 

Fe2O3 F Ca4Al2Fe2O10 C4AF 

  CaAl2O4 CA 

The chemical reactions necessary for manufacturing cement clinker are complex and not entirely 

understood in detail. Because most of the chemical reactions occur in a rotary kiln where reached 

temperatures exceed 1450 °C, the possibility to make experimental measurements is limited and 

therefore detailed knowledge of the processes taking place in the rotary kiln are difficult (Barry T.I.,et 

al, 2000). Therefore, it is, in general, possible today to predict the properties of clinker and cement 

obtained at the end of the process, depending on starting conditions such as raw meal composition, 

type of fuel and air/gas mixtures, and kiln dimensions (Telschow S., et al, 2012). In the last years there 

have been great advances in computational thermodynamics and developed both software and 

thermodynamic databases that allow a large number of calculations and in this way contribute to a 

better understanding of the process occurring in the rotary kiln without need of experimental 

measurements (Saunder N., et al, 1998; Lukas H. L., et al, 2007; Noirfontaine, M. N.,et al,2011). The 

aim of this research is to use the software FactSage with the database FT-Oxid for calculations to 

enable further understanding of the clinker manufacturing process using compositions based on the 

relationships described in the next paragraphs to take into account industrial factor in the research. 

Based on phase relations in the four component system, several equations have been derived to 

describe the quality and quantity of Portland cement clinker of a known raw material composition 

(Taylor H. F. W., 1997, Lea ś chemistry of cement and concrete, 2004). In all equations, the chemical 

compositions are expressed in wt %. The control of clinker composition and optimization of plant 

performance is greatly assisted by the use of three ratios (Taylor H. F. W., 1997).  

The Lime Saturation Factor (LSF): it is used to quantify the amount of CaO in the raw material that 

can be combined with SiO2, Al2O3, and Fe2O3 to form the main clinker phases C3S, C2S, C3A, and 

C4AF. For satisfactory clinker quality, LSF should be in the range of 0.92-0.98, in this work we are 

using LSF in the range 0.92-1.05 because we want to explore both an excess and a deficit of CaO in 

the mixtures. A common equation is given in eq (1). 

     LSF= CaO/(2.8 SiO2 + 1.18 Al2O3 + 0.65 Fe2O3)                                                                              (1) 



 

Silica Ratio (SR): usually in the range 2−3, describes the proportion of the silica phases to aluminate 

and ferrite phases and reflects the ratio of solid phases (the silica phases) to the liquid phase, formed 

by aluminate and ferrite in clinker 

     SR=SiO2/ (Al2O3 + Fe2O3)                                                                                                                 (2) 

Alumina Ratio (AR): expresses the ratio between the aluminate phase and ferrite phase and indicates 

which of these two phases is forming the melt phase  

      AR=Al2O3/Fe2O3                                                                                                                               (3) 

Calculations were performed on a relevant part of the quaternary system CaO-SiO2-Al2O3-Fe2O3 

which is the basis of the high temperature chemistry in the rotary kiln and were used compositions 

based on the industrial relationships described above. The compositions used for the calculations are 

shown in the table 2.  
Table 2. Compositions used to perform calculation with FactSage based on the industrial ratios LSF, SR and AR. 

the chemical compositions are expressed in wt %. 

C S A F LSF SR AR 

68.04 23.67 4.14 4.14 0.92 2.86 1.00 

68.97 23.03 5.78 2.22 0.95 2.88 2.60 

68.90 22.81 4.15 4.14 0.96 2.75 1.00 

69.53 22.38 5.23 2.86 0.98 2.76 1.83 

70.15 21.94 6.32 1.58 1.00 2.78 3.99 

70.08 21.73 4.69 3.50 1.02 2.65 1.34 

71.02 21.08 6.32 1.58 1.05 2.67 4.00 

In this work high temperature equilibrium calculations were performed in order to study the process 

taking place in the kiln in a temperature range consistent with the process (700-1600 °C). Phases 

coexisting were determined, their distribution, stability ranges and energy changes associates with 

some of the main reactions. Phase transformation on cooling was study using a non-equilibrium model 

to predict the final phase distribution and this one was used to describe the quality of cement clinker. 

The results were compared Bogue calculations. We discuss the scope and limitations of the database 

and the method used in this work. 

2. Thermodynamic data and models 

Calculations were performed using the software FactSage together with the database FT-Oxid (Bale 

C.W.,et al, 2009). In the quaternary system CaO-SiO2-Al2O3-Fe2O3 the main phases that may be of 

interest in the chemistry of cement are the liquid phase and solid solutions of C3S, C2S, C3A and C4AF. 

The software FactSage uses the modified quasichemical model to simulate the behavior of liquid 

phases (Noirfontaine, M. N.,et al,2011). C3S (alite) is modeled as a stoichiometric compound and 

corresponds to the mineral Hatrurite. C2S (belite) the database allows modeling this phase as a pure 

compound (Ca2SiO4) or as a solid solution of Ca2SiO4 + Fe2SiO4 the database also include structural 

variations of both the pure compound and the solid solution. C3A (aluminate) can be modeled as a 

stoichiometric compound Ca3Al2O6 or a solid solution of Ca3Fe2O6 + Ca3Al2O6. C4AF (ferrite) the 

solid solution phase is modeled as Ca2Fe2O5 + Ca2Al2O5.  

The database FT-Oxid also contains information for a lot of pure solids that was included for 

calculations like polymorphs of SiO2 and Al2O3, wollastonites, rankinite and gehlenite, but it is notable 

the absence of compounds of interest for the study of the clinker formation mainly for the system 

CaO-Al2O3 and a model for the solid solution of C3S.  

3. Results and Discussion 

3.1. High temperature equilibrium 

In the figure 1 is shown the results of the simulation for a system with two different global 

compositions, in this figure it is possible to study the evolution of the masses of each phase over the 

temperature range that is of importance for manufacturing Portland cement clinker (700 – 1600 °C) 

and simulate the condition under thermodynamic equilibrium inside the rotary kiln in the clinkering 

zone. Below 1300 °C the behaviour of the phases on equilibrium it’s the same except in the amounts 

of C3A and C4AF, above 1300 °C there is a significant variance between the two systems especially in 

the amounts of C3S and C2S, in both cases C3S decomposes below 1300 °C, The estability of C3S 



 

above 1300 °C calculated from the software is a result of the optimization and assessment of the 

binary system CaO-SiO2 (Bale C.W.,et al, 2009). 

In the table 3 is shown the phase distribution at 1450 °C for all the compositions studied and it can be 

seen the variance in the high temperature equilibrium whereas increase the CaO in the quaternary 

system. 

  
(a) (b) 

Figure 1. The masses of the main phases in chemical equilibrium as function of temperature for a bulk 

composition of LFS=0.98, SR=2.68 and AR=1 (a) and LSF=1.0, SR=2.78 and AR=3.99 (b). 

 

Table 3. Equilibrium phases distribution at 1450 °C wt%. 

LSF Liquid C3S C2S CaO 

0.92 19.996 59.515 20.479  

0.95 22.272 65.634 12.094  

0.96 20.027 69.496 10.477  

0.98 21.401 73.691 4.9085  

1.00 22.801 77.032  0.78157 

1.02 20.511 78.871  0.61785 

1.05 22.801 73.764  3.4348 

The results shown in the figure 1 and table 3 illustrate the importance of the high temperature 

equilibrium study because enables the research of compositions that optimize the C3S formation.  

3.2. Phase transformation on cooling 

The cooling of Portland cement clinker is made quickly and begins when the material is still in the 

rotary kiln, under these conditions, the phase assemblage is not in thermodynamic equilibrium. A 

physical model is therefore needed to take account of the relative rates of some processes. A simple 

method and implemented by FactSage is the Scheil model (Saunder N., et al, 1998, Pelton A. D.,2014). 

In the Figure 3 the results using the Scheil cooling model are shown. The calculation was performed 

from equilibrium at clinkering temperature (1450 ° C). The phase distribution at the start of the 

cooling calculation is the shown in the table 3. 

The results of the Scheil cooling calculation were compared with Bogue calculations for all 

the compositions studied in this work. The table 5 summarizes the results of the final phase 

assemblage predicted with FactSage and the Bogue calculation. There is a good agreement 

between the phase distributions in both cases. In this comparison was use the valor predicted 

for the free CaO in the Bogue calculation. 
 

 

 



 

  
(a) (b) 

Figure 2. The accumulated mass of each individual phase formed during Scheil cooling for a bulk composition 

of LFS 0.98 SR 2.68 and AR 1 (a) and LSF 1 SR 2.78 and AR 3.99 (b) from 1450 °C, including C2S and C3S 

that were unmelted at 1450 °C. In both cases the C3S is retained and the liquid phase remains below the 

temperature at which it forms. 

 

Table 4. The masses of the phases calculated to form as a result of Scheil cooling from 1450 °C compared with 

Bogue calculation. 

Scheil cooling calculation 

LSF C3S C2S C3A C4AF CaO 

0,92 60,32 22,35 8,08 9,20  

0,95 66,15 16,12 10,98 5,65  

0,96 70,30 12,36 8,10 9,20  

0,98 74,29 8,11 9,81 7,19  

1,00 77,75 4,24 12,27 3,87 0,16 

1,02 79,85 2,06 8,83 8,41 0,62 

1,05 74,48 4,24 12,27 3,87 3,43 

Bogue calculation 

0,92 63,23 20,18 3,97 12,61  

0,95 63,75 17,93 11,56 6,76  

0,96 73,32 10,09 3,98 12,61  

0,98 73,68 8,58 9,03 8,71  

1,00 73,37 7,57 14,08 4,82 0,16 

1,02 81,09 1,13 6,50 10,66 0,62 

1,05 70,14 7,53 14,08 4,81 3,43 

In this research we found that this database has the necessary information to perform a variety of 

calculations and simulations that lead to contributions in the areas of chemical equilibrium at high 

temperatures and studies about the cooling process of systems related to clinker. Also limitations on 

use of models for the solid solutions of some phases of interest and the absence of pure compounds 

than can be relevant were found leading to wrong simulations in some cases. 

The main advantage of the method used in this study is that it is not necessary to identify the reactions 

which are necessary to the formation of the main phases that contains the Portland cement clinker to 

perform the different calculations, because the software uses a method for the minimization of Gibbs 

free energy in which reactions do not need to be fixed.  

It is also important to note that it requires performing experimental research to evaluate the quality of 

the results and generate additional information to improve existing models. The computational tools 

not intended to exclude the experimental research, but can focus on and minimize the amount of 

testing required for a particular purpose. 

 

 

 



 

4. Conclusions 
The use of computational tools for the study of cement production process can be helpful. The speed 

of the calculation enables to investigate various effects such as changes in composition and 

temperature. 

FactSage together with the database FT-Oxid are especially helpful in the study of the system CaO-

SiO2-Al2O3-Fe2O3 as it has complete information and compounds relevant to the chemistry of Portland 

cement can be modeled either as stoichiometric compounds or solid solutions. 

In addition to chemical equilibrium and cooling calculations with the software is possible to calculate 

phase diagrams, chemical potentials, activities, enthalpies, entropies etc, which can be especially 

helpful for the study of the chemistry of cement and process simulations at different scales. 
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Abstract 

It has long been empirically and phenomenologically understood that there exist close relations between cement 

hydration and its impedance spectroscopy. Much is left to be desired as to the reason why it should be so. In the present 

work impedance spectra of cement paste and mortar have been shown in complex plane plots along with its equivalent 

circuits which in its simplest case are a resistance Rs in series with a component composed of a resistance Rp and a 

capacitance Cp in parallel. Apart from the fact that Rs has known to be related to the porosity of the paste or the 

mortar, the Rp which can be measured by the diameter of a semicircle in the complex plane, is proportional to the 

hydration degree, while Cp is the capacitance of the double layer on the surface of the hydrated particles in the cement 

paste. As the hydration goes further, the circuit parameters Rs, Rp and Cp change in a definite direction. Mineral 

admixture such as slag and fly ash in mortar will change these circuit parameters that can be elucidated from the 

mechanism of the hydration process. 

 

Originality 

Interpretation of the physical meaning of impedance parameters in the measurement of cement paste upon which it is 

possible to further investigate the mechanism of cement hydration. 
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1. Fundamentals 

A certain cubic specimen of cement paste or mortar was put in close contact with two opposite 

stainless steel plates which were used to be blocking electrodes for AC impedance measurement. A 

small sinusoidal voltage signal of certain frequency was put on; the sinusoidal current response of the 

same frequency could be measure. The current response will be of the same frequency but of different 

phase. The ratio of the voltage to the current must be expressed by a complex value termed as 

impedance. The complex impedance Z can be divided into two parts, namely, the real part Z’ and the 

imaginary part Z”.Z’ and Z” are function of frequency, so 

 Z(jw)=Z’(w)-jZ”(w)                                                                                                                         (1)  

where: w is angular frequency w 2 f , f is frequency and 1j    

Usually the set of complex impedance at different frequencies can be plotted in a complex plane which 

is customarily called Nyquist plot. For a redox reaction in electrolytic solution, the typical Nyquist 

plot can be shown as Fig.1. The hydration of cement paste and mortar is of the same shape . 

 

 

 

 

 

 

Fig.1 Typical Nyquist plot of a hydration process of cement 

From Fig.1 one can see that the curve is composed of two parts, i.e. a semicircle in the high frequency 

region and a straightline of slope 1 in the low frequency region. The Nyquist plot of Fig.1 can be 

represented by an equivalent circuit shown in Fig.2.           

 

 

 

 

Fig.2 Equivalent circuit for Fig.1 

In Fig.2, Rs is resistance of electrolytic solution, Rp is resistance of charge transfer, Cp is capacitance of 

double layer. For cement paste and mortar, as they are of the same shape as the redox reaction in 

electrolytic solution, one should ask what redox reaction takes place in it. As is well known, the 

hydration of cement paste and mortar is a typical ionic and colloid process in which there is no process 

of electron transfer from one molecule to another. For the sake of simplicity, the calcium silicate can 

be chosen as representative and the hydration reaction of cement paste and mortar can be shown as 

follows: 

C3S+H → CH+C-S-H                                                                                                                      (2) 

2.  Mechanism of Cement hydration 

As Fig.1 is only typical for redox reaction, in our previous work(Shi ML, 2003), it is assumed that in 

the hydration process of cement paste and mortar there exist hydrated electrons e.aq . However, they 
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have as yet not been found by other experiment. How to solve this puzzle and explain the charge 

transfer in the process?  Correct interpretation of this process can not only deepen our understanding 

of the hydration of cement paste and mortar, but also extend the use of impedance spectroscopy to a 

larger scope other than electrochemistry. Further, from the impedance data one could get deeper 

insight into the kinetics of the hydration reaction.  

Though impedance technique is generally applied in chemical reactions including electron transfer 

from one molecule to another, for electric charges bigger than electron it should also be valid. One 

example is the intercalation reaction in lithium battery(Shi ML, 1982),  where lithium ion is much 

bigger than electron. In the hydration reaction, water molecule is slightly dissociated into proton and 

hydroxide ion , the very proton plays the role of the charge to be transferred. It is a process of 

Bronsted acid base reaction(Wells M, 1998)： 

 Base + p → Acid + Base                                                                                                                  (3) 

In the present case, calcium silicate and other components in cement are Bronsted base and the 

hydration product C-S-H gel is Bronsted acid(Wells M, 1998). 

3.  Kinetic Parameters 

So far kinetics of hydration of cement paste and mortar is described by hydration rate, i.e. , hydration 

degree per unit time or hydration depth per unit time(Taylor HFW, 1990; Czernin W, 2002), it is rather 

rudimentary for accurate measurement of the process. Impedance spectroscopy as a sophisticated 

technique affords a simple and rapid way to obtain the knowledge. 

As the results of the impedance measurement of hydration process are of the shape as plotted in Fig.1 

and represented by equivalent circuit shown in Fig.2, the electric parameters shown in Fig.2 can easily 

be obtained from the curve in Fig.1. Rs can be obtained from the intercept of semicircle on the left side 

of the real axis, Rp can be obtained from the diameter of the semicircle, Cp can be calculated from the 

frequency of the peak of the semicircle: 

Rp﹒Cp=1/w                                                                                                                                      (4)  

From Rs one can obtain the information of porosity, on the other hand, from Rp the information of 

degree of hydration can be obtained. Cp is the capacitance of C-S-H gel, i.e. the quantity of ions and 

other charges in the gel. One can compare these parameters of cement paste or mortar for different w/c 

ratio, different curing ageing, with different mineral admixtures and different other conditions. To 

compare specimens of different w/c ratio , one find that for w/c ratio range from 0.5 to 1.5, the value 

of Rp are almost the same, that is to say, they are of the same hydration rate. Parameters of the same 

specimen at different curing age were shown in Tab.1( Zhang Y, 1999; Zhang Y et al., 2000; Shi ML et al., 

2002a; Shi ML et al., 2002b). 
Tab.1 Impedance Parameters of Cement Paste for different Curing Ages 

 30d 45d 60d 90d 180d 

Rs/kΩ 0.644 0.538 0.467 0.305 0.298 

Rp/kΩ 0.32 1.43 1.87 2.55 3.19 

Cp/μF 4.0 18 21 28 45 

From Tab.1 one can see that Rs is gradually smaller with time while Rp and Cp are gradually bigger. 

Parameters of cement paste with different minerals at the same curing condition were shown in 

Tab.2(Zhang Y, 1999; Zhang Y et al., 2000; Shi ML et al., 2002a; Shi ML et al., 2002b). 
Tab.2 Impedance Parameters for Specimens with Different Mineral Admixture at 90d 

 Rs/kΩ Rp/kΩ Cp/μF 

Control(cement paste) 0.305 2.55 28 

Mortar 0.311 2.70 27 

Slag(30% by mass) 0.335 3.91 15 

LLF(30% by mass) 0.339 4.05 9 

HLF(30% by mass) 0.392 4.36 14 

In Tab.2, LLF is low lime fly ash, HLF is high lime flyash. From Tab.2 one can see that the 

impedance parameters of mortar are similar to the control.  From Rs of the specimens one can see that 



 

mineral admixture only slightly change pore structure of the cement paste and mortar. On the other 

hand, hydration degree is changed significantly by adding mineral admixtures.                       

The mineral admixtures can be divided into two categories: those of hydration-sensitive and 

hydration-insensitive. Sand is hydration-insensitive, addition of it does not change the mechanism and 

kinetics of hydration process, however, silica fume, fly ash and slag are hydration-sensitive, which 

may change the kinetic parameters of the hydration process( Shi ML et al., 2000; He HZ et al., 2003). 

Kinetic parameter in electrochemistry can be expressed by exchange current Io(Bard AJ et al., 2003). 

Io is related to impedance parameter Rp as 

0

p

RT
I

nFR
                                                                                                                                      (5) 

Where: F is Faradaic constant and R is gas constant, T is absolute temperature. For ion hydration, the 

average value of n is 4-6, for proton, as it is very small, n is reasonably assumed to be 1 in 

Literature(He HZ et al., 2003) . 

Rate constant k in kinetics can be related to Io as 

0I nFAkc                                                                                                                                     (6) 

Where: A is area of the electrode, c is the concentration of proton which can be known from the pH 

value of the pore solution in cement paste or from the electric charge in C-S-H gel: 

pQ C dE                                                                                                                                       (7) 

As the voltage in impedance measurement ranges from -5mV to+5mV, the electric charge Q can be 

calculated by 

0.01VpQ C                                                                                                                                (8) 

From formula (6) one can see that the rate constant k of the hydration process is determined by two 

factors: exchange current I0 and proton concentration in C-S-H gel. 

Kinetic Parameters of cement paste and specimens mixing with different mineral admixtures are 

shown in Tab.3. 
Tab.3 Kinetic Parameters of Cement Paste with Different Mineral Admixtures at 90d 

 Control 
Slag 

(30%by mass) 

LLF 

(30%by mass) 

HLF 

(30% by mass) 

I0/μA 10.20 6.65 6.42 5.96 

CHF/μF 28 1 9 14 

Q/μC 0.28 0.15 0.09 0.14 

k/cm2s-1 2.28 2.77 4.46 2.66 

From Tab.3 one can see that the rate constant for specimen with LLF is the biggest though the 

exchange current is small as compared with the control. 

4. Conclusions 

Hydration of cement paste and mortar is a process of proton transfer, in other words, it is a Bronsted 

acid base reaction. 

By impedance technique one can obtain ample information of mechanism and kinetics of cement 

hydration.  

Kinetics of the hydration process of cement paste and mortar can be expressed by exchange current i0 

and rate constant k , which can be calculated from impedance parameters of the equivalent circuit. 

Mineral admixtures can be divided into two categories, those change the kinetics of hydration and 

those do not change. 
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Abstract 

Currently, Indian cement industry is having option of increasing production of blended Portland cements using 

supplementary cementitious materials and utilizing raw materials principally derived from industrial by-

products, such as various slags, for responding rapidly to the perceived societal need of sustainability in 

manufacturing practice and green development. It will not only help in solving the environmental pollution 

problems associated with the disposal of these wastes but also help in conservation of natural resources which 

are fast depleting. However, careful analysis of the industrial practice reveals that majority of the commercial 

manufacturers rely more on using supplementary cementitous materials/blended cement route for increasing 

sustainability while very limited population try and utilize industrial by products while clinkerisation. 

Additionally, it can also be observed from scientific literature that although numerous industrial by-products are 

demonstrated to be useful for clinkerisation at laboratory scale, the data seriously lacks in any information 

about experiences of such materials on industrial scale. Consequently, absence of data related to industrial 

wastes with respect to material handling and grinding, clinker grindability, operational problems while 

clinkerisation in kiln and effect on sp.heat consumption, influence of minor constituents on cement properties, 

etc., largely deter manufacturers from using such wastes since economic consequences related to disturbances in 

quality/productivity remains a concern. For achieving fuller potential of industrial wastes in cement 

manufacturing more and more plant experiences and data are desired, which may reduce the inhibition. Present 

paper exemplifies the approach by elaborating on a case study on utilization of non-ferrous slag (NFS) from Zn 

smelter as a raw mix component from a detailed lab-scale investigation involving physico-chemical and 

mineralogical characterization, burnability study, etc. followed by experiences of about 2 months full scale plant 

trial operating at 5,500 Tonnes/day for addressing practical concerns.      

The study establishes practicality of replacing one of the raw mix additives, namely Laterite using non-ferrous 

slag, based on plant observations while using about 10,000 Metric Tonnes of this slag with dosage rate in the 

range of 1.5 – 2.8% with limestone stock pile LSF levels of 115-116, in terms of its impact on raw materials 

grinding, pyro-processing (burning), cement mill performance and product quality norms.  

Although kiln operations were fairly steady without any process problems, material hardness of the given slag 

was observed to affect raw mill productivity marginally by around 6 tph for maintaining given finenesses. 

Introduction of non-ferrous slag in the system was observed to be almost neutral in terms of specific heat 

consumption (kcal/kg clinker) and clinker liter weight. Use of NFS did not cause any refractory related problems 

during continuous operations over a period of two months. Cement quality on the other hand is seen to be 

improving after incorporation of given slag as raw mix component as witnessed by increased clinker actual C3S 

by 2-3 units, based on XRD-microscopy investigation and physical strength characterisation, probably due to 

mineralizing action of the ZnO present in the slag. Grindability of clinker in terms of Bond work index was seen 

to be decreasing from 11.8 to 10.2 kwh/MT. Consequently, Cement mill performance in production of various 

cements using the above clinker is seen to be almost similar with respect to throughput, power and Blaine 

thereby allaying concerns about harder clinker due to slag incorporation. Based on the trial findings, it was 

concluded that the non-ferrous slag from zinc industry, can be gainfully utilized as an alternative source of 

additives thereby providing an environmentally safe solution for the safe disposal of hazardous waste while 

conservation of laterite. 

 

Originality 

Present work details a comprehensive scientific investigation on incorporating non-ferrous slag from Zn 

smelters as an alternative raw material in clinker making with a dual objective of natural resource conservation 

and safe disposal of industrial wastes. The study not only explains about physico-chemical and mineralogical 

laboratory investigations but also specifically focus on experiences from industrial plant trials unlike typically 

observed in the academic literature on alternative raw materials for cement making. Moreover the literature is 

largely skewed towards usage of such slags as filler in concrete application rather than as a raw mix component 

in clinker making thereby adding to the novelty. The elements of experiences related to industrial concerns about 
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such wastes with respect to material handling and grinding, clinker grindability, operational problems while 

clinkerisation in kiln and effect on sp.heat consumption, influence of minor constituents on cement properties, 

etc., increases the utility of the present contribution beyond academic purpose. It is believed that such efforts will 

contribute positively in bridging the gap between scientific research and industrial practice and provide the 

necessary impetus to the cement manufacturers for adopting sustainability principles beyond obvious ways. 

 

Keywords: Alternative Raw Material; Clinkerisation; Non-ferrous slag from Zn smelter; Mineralizer; 

Sustainability in cement manufacturing 
 



 

1. Introduction 

Sustainability based on green development being major focus of Indian cement industry, 

manufacturing practice is encouraged to increasingly incorporate supplementary cementitious 

materials and industrial by-products for production of blended Portland cements. This strategic re-

alignment is expected to tackle environmental pollution problems associated with the disposal of 

industrial wastes or by-products more effectively while conserving natural resources required as 

additives for cement raw mix design consideration. However, careful analysis of the industrial practice 

reveals that majority of the commercial manufacturers rely more on using supplementary cementitious 

materials/blended cement route for increasing sustainability while very limited population try and 

utilize industrial by-products while clinkerisation.  

While probing the reasons for the above it is evident from scientific literature that although numerous 

industrial by-products are demonstrated to be useful for clinkerisation at laboratory scale, the data 

seriously lacks in any significant information about experiences of such materials on industrial scale. 

For example, material handling and grinding characteristics, clinker grindability after incorporation of 

such products, operational problems like influence of added material on coatings in equipment, 

blockages in the kiln while clinkerisation and consequential effect on sp.heat consumption, influence 

of minor constituents on equipment refractory as well as cement properties, etc. are some of the major 

concerns for the cement manufacturer, which governs the decision of incorporating given by-product. 

Therefore, absence of this much needed data related to industrial wastes largely deter manufacturers 

from using such wastes since economic consequences related to disturbances in quality/productivity 

remains a concern.  

For achieving fuller potential of industrial wastes in cement manufacturing more and more plant 

experiences and data are desired, which may reduce this inhibition. Present paper exemplifies the 

approach by elaborating on a case study on utilization of non-ferrous slag from Zn smelter as a raw 

mix component from a detailed lab-scale investigation followed by experiences about 2 months full 

scale plant trial operating at 5,500 Tonnes/day for addressing practical concerns. The study establishes 

practicality of replacing one of the raw mix additives, namely Laterite using non-ferrous slag, based on 

plant observations while using about 10,000 Metric Tonnes of this slag with dosage rate in the range of 

1.5 – 2.8% with limestone stock pile LSF levels of 115-116, in terms of its impact on raw materials 

grinding, pyro-processing (burning), cement mill performance and product quality norms.  

The Zn smelter in question is situated in northern India in the vicinity of a cement manufacturing plant 

and produces about 200 tonnes of slag daily. In absence of any gainful utilization of the slag the 

smelter has accumulated quantity of about of 9.0 million tonnes over several years. The disposal of 

this slag, containing ZnO and PbO in the range of 4 – 15% and 0.3 to 0.75% respectively, was a major 

concern of the smelter. The other constituents of the slag were Fe2O3, SiO2, CaO and Al2O3 in the 

typical ranges of 40, 18, 15 and 10% respectively thereby making it tentative iron additive for cement 

manufacturers.   With Zn reported in literature as being mineraliser for clinkerisation, the smelter was 

keen to explore possibility of utilization of their non-ferrous slag as raw mix component in cement 

making.  

Based on scientific experimention it is well known that zinc oxide acts as mineralizer during 

clinkering process and improves the burnability of raw mixes by accelerating clinker formation (Misra 

K. C. and Borthakur P. C. 1992, Guangllang X., et. al., 1992, Bhatty J. I., MacGregor F. M., Kosmatka 

S. H. 2004). Further, studies have attributed the enhanced formation of alite and C2(AF) while 

suppressing belite and C3A formation to ZnO doping (Odler I. and Schmidt O. 1980). As far as phase 

distribution of Zn in clinker is concerned it is reported that the later retains preferentially in ferrite 

phase followed by alite, aluminate and belite phases (Hornain H. 1971). Taylor [Taylor H. F. W. 1997) 

has also suggested that increasing ZnO content tends to stabilize triclinic, monoclinic and 

rhombohedral polymorphs of C3S. It is also observed that out of total zinc added in the system 

approximately half of the zinc is distributed in silicates with preference for alite over belite. The 

remaining is distributed into the matrix with preference for the ferrite phase (Knofel D. 1978). 

However, it is reported that small amount of PbO or ZnO tend to retard the hydration of Portland 

cement significantly due to formation of an impermeable layer of products–heavy metal hydroxides or 



 

amphoteric salts produced in the reaction between the oxides & C3S. Further, it is also suggested that 

during cement hydration zinc is incorporated in the inter layer of C-S-H(I) (Ziegler F. et.al. 2001).  

There are also some studies on role of other heavy metals apart from Zn in trace amounts on 

burnability and cement hydration (Stephen D., Knofel D. 2001). It was concluded that the heavy 

metals upto 1000 ppm have no measurable influence on burning process as well as and hydration 

characteristics. Usually it is suggested that the heavy metals tend to get immobilized in the hardened 

cement matrix (Lieber W. 1968). However the study cautioned about adverse impact on formation of 

pure clinker phases if the introduction of heavy metals exceed this range. Similarly, the studies 

focusing on the stabilization mechanism & leaching of heavy metals from different cement composite 

materials (Tamas F.D. 1992, Nocon-Wezelik W., Malolepszy J. 1997) have indicated that degree of 

immobilization of Pb or Zn to be very high however with highly disordered C-S-H in hydrated 

products (Nocun-Wezelik W. et.al. 1994).  

It was evident from the literature that the extent of fixation of zinc and lead introduced through the 

present nonferrous slag in the clinker was not known satisfactorily; requiring further investigation. 

Hence an extensive lab scale study for elucidating nature of fixation of zinc and lead in the clinker 

phases apart from probable reason of their immobility was carried out as part from this study and is 

reported elsewhere (Singh A. K. et.al. 2007) while highlighting major findings in subsequent sections. 

2. Experimental 

The entire experimentation is divided in two phases namely, detailed lab scale studies for establishing 

feasibility, dosages and compatibility with given raw mix followed by extensive plant trials for 

evaluating practical aspects of the incorporation of the slag and its consequences in plant productivity 

and product quality. 

Lab scale experimentation involved complete characterisation of non-ferrous slag, burnability studies 

incorporating the given slag in cement raw mix upto 5%, resulting clinker characterization including 

entrapment behavior of constituents of the slag in clinker phases, their leachability and hydration 

behavior. Plant scale validation involved monitoring of mill productivities in cement as well as raw 

material grinding, kiln behavior including coating tendencies and sp.heat consumption, clinker 

mineralogy and granulometry at cooler exit and cement hydration characteristics. 

2.1. Lab scale studies 

2.1.1 Materials and Methods 

All the raw materials like limestone, iron additive (Red Ochre) were sourced from a commercial 

cement plant having manufacturing capacity of about 2 million tonnes. The non-ferrous slag referred 

as NFS, was collected from the smelter as explained above. All the raw materials were characterized 

chemically using Bruker S-4 Pioneer Sequential XRF at varying X-ray generator power according to 

elements (Refer table-1A). Mineralogical composition of Non-ferrous slag was determined using 

Bruker D-8 Advance diffractometer with the instrumental Bragg-Brentano Geometry equipped with a 

Cu K radiation & a graphite monochromator on the diffracted beam. The X-ray analysis of NFS 

indicates presence of predominantly amorphous material. Additionally, Hematite (Fe2O3), Iron Oxide 

(FeO), Gehlenite (Ca2Al2SiO7), Hercynite (FeAl2O4)  and Zinc oxide (ZnO) minerals were identified 

in the slag (figure 1(A)). The oxide and mineralogical compositions of slag indicated its suitability as a 

corrective raw mix ingredient for cement manufacturing. 

In order to evaluate suitability of given NFS for the purpose various raw mixes were prepared 

incorporating NFS upto 5% followed by studying their clinkerisation programmable high temperature 

furnace at 1450 deg C as explained in detail elsewhere (Singh A. K. et.al. 2007). The resulting clinker 

samples were subsequently subjected to Chemico-Mineralogical Characterization. The chemical and 

mineralogical analyses of the lab fired clinker samples with & without NFS were carried out using S-4 

pioneer XRF and D8-Advance diffractometer respectively. Free lime of each clinker sample was 

determined volumetrically in accordance to Indian standard IS: 4032. The method of selective 

dissolution and extraction was adopted to estimate the distribution of Zn and Pb in silicate & non-

silicate phases (Taylor H.F.W. 1997). Further, to identify the distribution of Zn & Pb in different 

clinker mineral phases, SEM & EDAX spot analysis of selected lab fired clinker samples were carried 



 

out using Zeiss EVO 40 SEM and Oxford EDAX as elaborated in detail earlier (Singh A. K. et.al. 

2007). 

Hydraulic Characteristics of lab prepared cement samples made from above clinkers were evaluated 

for various times in the range of 0.5 hrs. till 28 days. Cement pastes were prepared at w/c =0.40 and  

cured at 27 ± 20 deg C for desired ages respectively for the study of the hydration behavior 

Correspondingly hydration was stopped at different time intervals by using iso-propyl alcohol/ether 

mixture followed by drying at 105 deg C and XRD and TG-DSC analysis. The TG-DSC analysis of 

hydrated sample for different time periods were carried out using Netzsch STA 409 PC LUXX upto 

1000 deg C at heating rate of 10 deg / min in an inert atmosphere. The non-evaporable water content 

of hydrated samples were calculated from the weight loss in the temp range from 100 deg C to 1000 

deg C using  thermo gravimetric curves. 

Finally, leachability of Zn/Pb during hydration of the cement sample prepared was determined upto 

reaction time of 24 hrs as detailed in Singh A. K. et.al. 2007. The filtrate obtained from the test was 

subjected to analysis by Inductively Coupled Plasma (ICP-OES, Leeman Inc.) for estimation of zinc 

and lead. The residue obtained from the test, on the other hand, was dried at 100 deg C for subjecting 

to XRF analysis for estimation of Zn/Pb. Similar studies were repeated for 28 days hydrated sample. 

All the reagents used for the analysis were of Suprapure grade, E-Merck Germany and 18MΏ water 

from Millipore system was used for ICP-OES analysis. 

2.2. Plant scale trials 

2.2.1 Materials and plant trial methodology 

After successfully evaluating suitability of NFS for replacing one of the raw mix additives in the given 

cement plant, namely Laterite (as explained in results and discussion section) a plant trial was carried 

out with NFS dosage rate in the range of 1.5 – 2.8% with limestone stock pile LSF levels of 115-116 

while using about 10,000 Metric Tonnes of this slag. During the trial a potential raw mix design was 

prepared by having reference to cement plant’s existing clinker chemical & mineralogical parameters 

based on average chemical composition of the slag with following plan. 

1. NFS would be replacing the laterite completely and would be dosed as per desired quantities 

through laterite hopper using weigh feeder. 

2. The dosage of NFS was to be maintained such that ZnO remains in the decided range 

3. Limestone LSF was to be maintained in more or less similar range as compared to the unit’s 

regular practice to assess effect of NFS realistically. 

4. Kiln feed moduli values were maintained as per the regular practice in addition to targeted 

clinker composition parameters. 

During the plant trial prime concern was the adverse physical characteristics of NFS slag, which 

consists of angular particles, mostly between 4.75mm to 0.075mm in size, having 80% -1mm. Density 

of the slag as measured by helium pycnometer is 3.7131 gm/cc and Bond grindability index of the slag 

was evaluated to be in the range of 17-18 kwh/T. Hence grindability of the slag was expected to 

impact the raw mill productivity adversely considering the typical values of Bond index of regular raw 

materials to be in the range of 10-12 kwh/T and kiln feed size requirement to be in the range of 80-

82% -90 microns. 

The objective of the plant trials was to observe kiln operational stability, critical quality & process 

parameters and systematic collection of clinker samples for investigating their physical & chemical 

properties. The concentration of ZnO in raw meal & kiln feed was monitored on hourly basis using 

table top XRF at the site location. Further, close monitoring of the following process parameters 

during the trial was done to evaluate the suitability of the slag for clinkerisation. 

1. Raw mill throughput and power 

2. Kiln throughput rate 

3. Kiln specific power consumption 

4. Specific heat consumption in pyroprocessing 

5. Cement mill throughput and specific power 

6. Deleterious effect of slag on kiln lining, if any 

Similarly quality of the resulting clinker was monitored using following parameters. 



 

1. Clinker C3S 

2. Liquid content 

3. Clinker grindability 

4. Physical properties of products 

 

3. Results and Discussion 

3.1. Lab scale verification of suitability of NFS as raw mix component  

Lab scale clinkerisation indicated that the incorporation of NFS helped in reducing free lime content in 

the clinker with increasing NFS dosage in the given range without altering chemical and mineral 

characteristics of product significantly (figure 1(B), table-1B, 1C). The observations supported 

probable role of zinc available in given NFS as a mineraliser in acceleration of clinkering in spite of 

reduction of iron bearing additive in the raw mix. Presence of minor quantities of PbO was attributed 

to NFS and was well within the limits for heavy metals. 

    

Li
n 

(C
ou

nt
s)

0

100

200

300

400

500

600

2-Theta - Scale

10 20 30 40 50 60 70

He

Fe

He
Lo

Lo

    Ge
Ge

         He Her

        Her

Her

Zn

Ge
Ge GaHe He

He
He

Lo
Lo

Ga

Her

Fe

Ge/Lo

Fe=Iron Oxide [FeO]

Her=Hercynite [Fe+2Al2O4]

Ge=Gehlenite [Ca2Al2SiO7]

Ga=Gahnite [ZnAl2O4]

Zn

Zn

Zn

Zn=Zinc Oxide [ZnO]

Lo=Lead Oxide [Pb2O]

He=Hematite [Fe2O3]

 
(A) 

L
in

 (
C

o
u
n
ts

)

0

100

200

300

400

500

600

700

800

2-Theta - Scale

12 20 30 40 50 60

     C3/C2

C3

C3 C3

C3

C2

C3

C3

C2

C3

C3

B

B
B

B
B

B B

A

AA

C3

C3

ZF/ZS ZF
ZF ZF

C2

C2

ZS/C2 ZS

C3/C2=C3S/C2S

A=C3A

B=C4AF

ZS=Calcium Zinc Silicate [Ca2ZnSi2O7/CaZnSi2O6]

ZF=Zinc Iron Oxide [ZnFe2O4]

 
(B) 

Figure 1 Mineralogical analysis of materials; (A) XRD analysis of NFS, (B)  Mineralogical analysis of lab 

scale clinker made without and with NFS indicating lower free lime   

 

The results also indicated marginally increased C3S with increasing NFS dosage. However a 

significant reduction in C3A content was observed in presence of NFS. Further, apart from the normal 

clinker mineral phases, the XRD patterns of clinkers with NFS showed presence of zinc bearing 



 

minerals namely calcium zinc silicate and zinc iron oxide respectively thereby indicating probable zinc 

assimilation pattern in the clinker.  

 

 

 
Tab.1A : Chemical Composition of Raw Materials 

Sr.  Composition 

(%) 

Samples 

LS1 LS2 LS3 Red Ochre I Red Ochre II Pb-Zn slag 

1 

2 

3 

4 

5 

6 

7 

8 

LOI 

SiO2 

Al2O3 

Fe2O3 

CaO 

MgO 

PbO 

ZnO 

36.03 

13.99 

2.12 

1.58 

45.69 

0.50 

- 

- 

34.65 

13.30 

2.73 

1.98 

45.05 

0.50 

- 

- 

35.11 

13.44 

2.21 

1.16 

42.41 

0.56 

- 

- 

17.17 

9.86 

32.37 

32.94 

1.99 

0.15 

- 

- 

17.83 

13.28 

37.95 

21.00 

3.96 

0.39 

- 

- 

4.08* 

17.46 

8.72 

38.98 

14.88 

0.93 

1.33 

12.36 

  Raw material Proportion  

1 Control  94.3 - - 5.7 - - 

2 2% NFS 94.3 - - 3.7 - 2 

3 5% NFS - 71.8 21.1 - 1.8 5 

*weight gain on ignition; LS: limestone 

 

Tab.1B:  Oxide Composition of Clinker Samples  

Clinker Sample SiO2 CaO Al2O3 Fe2O3 MgO ZnO PbO 

Control Clinker 21.16 63.92 4.54 3.85 1.31 0.00 0.00 

2% NFS Clinker 21.20 64.19 3.91 3.76 1.35 0.330 0.005 

5% NFS Clinker 21.14 63.64 3.47 3.87 1.41 0.779 0.007 

 

   Tab.1C: Mineralogical Composition of Clinker Samples 

Sample Identification Actual phase composition (%)* 

C3S C2S C3A C4AF 

Control clinker 55.03 25.94 7.38 11.65 

2% NFS clinker 58.80 24.59 3.73 12.62 

5% NFS clinker 59.32 24.49 3.60 12.53 

* determined by TOPAS software, based on Rietveld refinement 

 

 

The scanning electrons photomicrograph showing spots for elemental analysis with and without NFS 

are given in figure 2 (refer table-2 for analysis). Spot analysis indicated inclusion of Zn in C3S 

probably causing replacement of Ca++ by Zn++ due to similar valences.  The SEM-EDAX analysis 

showed that maximum zinc was entrapped in the alite and ferrite phases. A detailed spot analysis 

elaborating probable mechanism of the same is already reported in centre’s earlier work (Singh A. K. 

et.al. 2007). 

Further, the zinc oxide in residues of SAM and KOH-Sugar extractions of the sample clinker, analyzed 

with XRF, showed that it is incorporated in both the silicate as well as in interstitial phases in almost 

equal proportions (table-3). 

 

The experimentation clearly indicated preliminary suitability of NFS for the manufacture of ordinary 

Portland cement. 

 

For studying the hydration characteristics of these lab prepared clinkers, the respective 

samples were mixed with mineral gypsum in required quantities and ground in lab scale mill 



 

followed by conducting hydration studies. Figure 3 shows variation in peak intensities of C3S 

and CH in hydrating samples at various hydration times as determined using XRD. The 

studies confirmed that incorporation of NFS as raw mix component does not alter the 

hydraulic properties of the cements significantly. However NSF when added in excess of 2-

2.5% may decrease early rate of hydration marginally. To verify the observation Differential 

Scanning Calorimetry (DSC) was used to evaluate thermal signatures of gypsum, ettringite 

Ca(OH)2 and AFm phases in hydrated samples at various times ranging from 30 minutes to 12 

hours. 
 

Tab.2: EDAX Analysis of Spots on lab prepared clinker samples 

 

 

Element 

Percentage (Wt. %) 

Control 2% NFS 5%NFS 

S1* 

Alite 

S2* 

Matrix 

 

S3* 

Matrix 

S4* 

C4AF 

S5* 

Alite 

S6* 

Alite 

S7* 

Matrix 

S8* 

Alite 

S9* 

Calcium 

zinc 

silicate 

S10* 

Matrix 

Ca 48.9 36.95 38.23 35.64 53.76 49.00 49.80 51.67 39.15 46.46 

Si 12.7 4.38 7.41 3.47 9.74 12.79 6.39 10.77 9.16 1.20 

Al 0.92 13.44 9.26 11.04 0.61 0.77 0.75 0.67 0.95 0.47 

Fe 1.15 7.78 7.42 12.41 1.23 0.90 9.54 0.94 1.21 17.3 

Mg 0.50 1.03 1.03 1.39 0.37 0.62 0.42 0.57 0.84 ND 

Zn ND* ND ND ND 0.37 0.32 1.04 0.89 13.77 5.43 

Pb ND ND ND ND ND ND ND ND ND ND 

   *S1-10: Spot 1-10; ND=not detected 

 

Tab.3: Distribution of ZnO in clinker phases determined using of SAM and KOH-Sugar extraction 

method 

Clinker  ZnO in clinker ZnO in silicate phase ZnO in Matrix 

Control 0.00 0.00 0.00 

2% NFS 0.33 0.17 0.16 

5% NFS 0.78 0.44 0.34 

 

 

Comparative evaluation of the hydrated cement samples with and without NFS indicated similar 

characteristics except peak intensities of these phases. They are observed to be marginally lower in 

case of cements containing more than 2-2.5% NFS as detailed elsewhere (Singh A. K. et.al. 2007). 

The concentration of ZnO in residues obtained from extraction of hydrating paste at different time 

intervals is given in figure 4 indicating its independence with respect to time. Further, the liquid phase  

received in  extraction from hydrating  pastes  including filtrate of 28 days mix extract were analyzed 

by ICP, which were below detectable limits. It confirmed that Zn/Pb does not leach out in liquid and 

hence it is reasonable to assume that Zn from NFS gets entrapped in the clinker mineral phase almost 

completely without creating much concerns. 

3.2. Plant trials  

On the basis of the average chemical composition of the slag (NFS), a potential raw mix design was 

prepared with reference to desired plant clinker properties (table 4). 

A summary of critical operational and quality parameters before the trial and during the trial is given 

in table 5 and 6. Table 5 shows raw meal and clinker quality parameters with and without NFS 

incorporation. While table 6 includes raw mill parameters, kiln parameters and cement mill parameters 

for these conditions respectively. Based on the various data and operational trends following 

observations are made during the trial. 



 

1. Lead-Zinc slag could replace laterite additive completely without any compatibility issues. 

During the trial period about 10,000 MT of NFS slag was used over a period of 2 months. 

However, the consumption of red ochre was seen to be increased by marginally around 0.2% 

due to lower Al2O3 content in NFS as compared to that in laterite.   

2. Raw mill productivity was decreased marginally due to material hardness.  

3. During the trials, kiln operations were fairly steady without any process problem. Introduction 

of NFS in the system was almost neutral in terms of specific heat consumption (kcal/kg 

clinker) and did not cause any refractory related problems during continuous operations over a 

period of two months. 

4. Clinker liter weight was found to be almost similar with and without introduction of NFS. 

Bond work index of clinker with and without NFS was evaluated to be in the range of 10.2-

11.8 kWh/T indicating negligible influence of NFS on clinker grindability. As a result, the 

cement mill performance in terms of throughput and power consumption was at par during the 

trial with that before the trial.  

5. Incorporation of NFS in the raw mix indicated an increase in clinker actual C3S content by 2-3 

units as observed in XRD (table 7). This may be due to the mineralizing action of the ZnO 

present in the slag used as discussed earlier. The effect was also evident in physical properties 

of cements. Further, figure 5 shows comparison of photomicrographs of clinker with and 

without NFS indicating no detrimental effect of NFS on clinker phase development. Similarly, 

strength development of cements made with NFS also did not show any significant difference 

than that without NFS (table 8). 
 

 

 
Figure 2: SEM-EDX characterization of clinker samples; A. Control clinker, B. Clinker made with 2% NFS, C. 

Clinker made with 5% NFS  
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Figure 3: Variation in peak intensities for CH & C3S in hydrated samples 
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Figure 4: Independence of Zn concentration in residue after extraction of hydrating paste with respect to 

hydration time 

 

 
Tab.4: Average chemical composition of nonferrous slag used for the trial vs Laterite and raw mix 

composition 

Pb-Zn 

Slag 

GOI* SiO2 Al2O3 Fe2O3 CaO MgO ZnO 

4.97 18.6 10.5 34.5 16.5 2.7 8.5 

Laterite LOI SiO2 Al2O3 Fe2O3 CaO MgO  

14.0 17.50 16.0 50.0 0.50 0.32  

                         *weight gain on ignition 

 

Sr.  Component Raw mix composition 

  Regular Plant Trial 

1 Limestone % 93.25-93.5 92.7-93.2 

2 Laterite % 1.5-1.85 - 

3 Red Ochre % 4.85-5.0 5.0-5.3 

4 Nonferrous Slag % - 1.5-2.8 

5 LSF of Pile 116.6-117 116.6-118 

 

 



 

 

 

Tab. 5: Comparison of raw meal and clinker quality parameters before and during the trial 

  Raw meal    Clinker  

Sr. Parameter Regular*  During trial  Parameter Regular*  During trial 

1 SiO2 13.0-13.2 12.8-13.1  SiO2 21.09-21.13 21-21.3 

2 Al2O3 3.6-3.74 3.5-3.6  Al2O3 5.84-5.94 5.78-5.84 

3 Fe2O3 3.1-3.34 3.1-3.2  Fe2O3 4.99-5.15 4.9-4.95 

4 CaO 43.0-43.5 43.1-43.2  CaO 64.5-65.0 64.9-65.3 

5 ZnO - 0.15-0.2  ZnO - 0.2-0.33 

6 LSF 98.3-99.0 99.6-101.1  LSF 92.04-92.15 92.4-92.8 

7 SM 1.86-2.0 1.9-2.0  SM 1.9-1.95 1.97-1.98 

8 AM 1.12-1.2 1.1-1.2  AM 1.15-1.17 1.18-1.19 

 Residues       

9 90m 19.0-21.7 20.1-20.8  Liter weight, gm 1180-1222 1204-1215 

10 212m 3.0-4.0 3.25-3.7  Liquid % 29.7-30.7 29.9-30.5 

     Bogue Potential composition 

11     C3S 48.0-49.2 49.7-50.0 

12     C2S 23.4-24.2 22.5-23.5 

13     C3A 6.9-7 7.0-7.1 

14     C4AF 15.2-15.7 14.9-15.1 

* Regular operating specifications of plant 

 

 
Tab.6: Comparison of plant productivity during the NFS trial with that without NFS incorporation 

Section 

Throughput rate (TPH) Sp. Power consumption (kWh/T) 

Regular  During trial Regular During trial 

Rawmill 359.9 353.9 16.78 17.17 

Kiln 241.6 227.0 24.86 27.07 

Cement Mill 

OPC 43 Gr 273.1 274.9 25.10 25.17 

OPC 53 Gr 262.9 265.6 26.74 26.36 

PPC 263.7 265.3 27.12 27.11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   
Clinker without NFS 

 

   
Clinker with NFS 

 

Figure 5: Microphotographs of clinker made with and without NFS indicating well developed crystals and 

homogenous distribution of phases 

 

Tab.7: Mineralogical evaluation of plant clinker with and without NFS using XRD for phase 

determination  

Sr. C3S [%] C2S [%] C3A [%] C4AF [%] 

 Clinker without NFS  

1 57.14 23.3 2.5 17.01 

2 55 25.03 2.18 17.79 

Clinker with NFS 

1 59.26 23.44 0.58 16.26 

2 54.72 26.22 0.7 17.88 

3 49.16 24.69 1.83 15.8 

4 55.78 25.63 1.13 17.06 

5 60.95 21.11 0.84 15.6 

6 60.02 20.9 0.84 17.87 

7 57.02 23.71 1.11 17.88 

8 55.82 25.31 0.97 17.51 

9 57.96 22.98 0.91 14.68 

10 62.76 18.87 1.4 16.58 

11 66.2 16.54 1.15 15.74 

12 59.17 21.73 1.33 17..34 

 

 

 

 

 



 

Tab.8: Comparison of physical properties of Ordinary Portlant Cements with and without incorporation 

of NFS 

Sr. Sample Blaine 

(m2/kg) 

% 

NC 

Setting time 

(min) 

Compressive strength 

(MPa) 

    IST FST 1 day 3 days 7 days 28 days 

1 Without NFS 328 28.0 125 160 24.3 42.1 51.8 63.3 

2 287 28.5 135 180 21.5 39.0 47.9 59.5 

 

3 With NFS 251 26.5 140 180 22.0 38.7 47.6 59.7 

4 292 28.5 130 160 19.7 37.6 46.8 58.1 

5 321 27.0 145 185 23.0 42.9 54.7 69.5 

 

 

4. Conclusions 
Present study establishes practicality of replacing one of the raw mix additives in cement making, 

namely Laterite using non-ferrous slag (NFS) from Zn smelter based on extensive lab scale studies 

followed by plant trials. During the plant trial about 10,000 Metric Tonnes of this slag with dosage rate 

in the range of 1.5 – 2.8% was utilized for studying its impact on plant performance in terms of raw 

materials grinding, pyro-processing (burning), cement mill performance and product quality norms. 

Although kiln operations were fairly steady without any process problems, material hardness of the 

given slag was observed to affect raw mill productivity marginally by around 6 tph for maintaining 

given finenesses. Incorporation of given slag as raw mix component is observed to increase actual 

clinker C3S by 2-3 units, based on XRD-microscopy investigation and physical strength 

characterisation, probably due to mineralizing action of the ZnO present in the slag. Grindability of 

clinker incorporating NFS in terms of Bond work index was seen to be almost similar. Hence, cement 

mill performance in production of various cements using the above clinker is seen to be almost similar 

with respect to throughput, power and Blaine thereby allaying concerns about harder clinker due to 

slag incorporation. Based on the trial findings, it was concluded that the non-ferrous slag from zinc 

industry, can be gainfully utilized as an alternative source of additives thereby providing an 

environmentally safe solution for the safe disposal of hazardous waste while conservation of laterite. 

The approach demonstrated above clearly provides much required information for adopting newer 

alternative raw materials in manufacturing practice while enhancing sustainability and should be 

encouraged by industry-academia interactions for creating wider acceptability of alternative raw 

materials or industrial by-products by the cement manufacturers. 
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Abstract 

Through the preparation of pure cement clinker and cement clinkers doped with Cu2+、Zn2+、Cr6+、Cd2+ and Pb4+ 

ions, we study the influence of Cu2+、Zn2+、Cr6+、Cd2+ and Pb4+ ions on the clinker property and the distributions of 

the heavy metals in the clinker using the chemical analysis testing method, XRD, petrographic analysis, EMPA etc. The 

results showed that doping heavy metals in the clinker may increase quality of intermediate phase、improve the 

burnability of raw material ;After calcining, there are huge corrosion alite mineral in the clinker .The distribution of 

heavy metals has selectivity in the clinker. 
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1. Introduction 

Co-processing technology of waste containing heavy metals in cement kiln, referred to as green 

manufacturing technology of cement industry and safely co-disposal technology of wastes, have 

attracted experts to pay attentions on this filed over the past several decades, which is an important 

direction (Jiang E. Z. et al., 2003; Qiao L. S., 2003; Zhu J. P. et al., 2003; Yao Y. et al., 2012; Wei L. 

Y. et al., 2009; Yuan L. et al., 2002; Cui S. P. et al., 2004; Lan M. Z. et al., 2008). Co-processing 

technology of waste in cement kiln, derived from aactivities that transferring wastes original or pre-

treated to kiln system of cement production to incinerate (for the purpose of hazard-free, mainly 

clinker calcining process), provides heavy metal ions solidification by ions replacement, interlayer 

solidification and other forms, in order to effectively avoid "secondary pollution". At the same time, 

the existing achievements show that dispersion and replacement from heavy metals added, have 

significant influence on clinker sintering, as reaction kinetics, liquid viscosity, phase crystallization, 

liquid phase equilibrium and microstructure aspect [M. Murat et al., 1996; D.Stephan et al., 19997, 8]. 

However, current researches are focused on the effect of doping heavy metals on clinker and 

solidification ratio. It is often found that different authors draw different conclusions. The existing 

achievements show that the increasing amount of waste co-disposal has potential growing heavy 

metals in some cases, therefore influence research of heavy metal on the clinker burning and 

performance appeares significantly important. In addition, research on distribution of heavy metals in 

the clinker is another topic, which can be used to explore the solidification mechanism of heavy metals 

and predict the leaching characteristics of heavy metals. Therefore, on the basis of previous studies, 

this paper focuses on the influence research on clinker burning from heavy metal with different dosage, 

related solidification ratio of heavy metal in clinker, and distribution of heavy metal combined the two 

methods (electron probe and clinker extraction). Study on the maximum waste co-processing amount 

and solidification form of heavy metals in cement kiln is another important topic.  

2. Experimental 

2.1. Raw Materials 

Limestone, sandstone, bauxite, iron ore were sourced from Liulihe cement plant in Beijing City, China. 

Related chemical composition is shown in table 1. Heavy metal, as Cu2 +, Zn2 +, Cr6 +, Cd2 + and Pb4 +, 

were supplied by chemicals company, as analytically pure compound K2Cr2O7, PbO2, Cd(NO3) 

2·4H2O, CuO, ZnO.  
Tab. 1 Chemical composition of raw materials /% 

Compositions LOSS SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SUM 

Limestone 42.05 2.79 0.75 0.49 51.19 1.82 0.2 0.04 99.48 

Sandstone 2.45 82.62 6.53 5.09 1.22 0.54 0.83 0.05 99.35 

Bauxite 6.96 54.12 29.13 4.98 1.08 0.31 1.47 0.33 98.4 

Iron-ore slag 2.99 49.33 3.07 36.85 4.25 2.41 0.18 0.07 99.19 

2.2. Sample preparation 

Five raw meals were made by mixing clinker raw materials and increasing amounts of heavy metals 

mixtures. Blank raw meals are prepared in accordance with saturation coefficient (KH) 0.93, silicon 

ratio (SM) 2.47, aluminum ratio (IM) 1.22, without doping of mixtures. Mixtures containing 0, 2, 5, 7 

and 10 wt.% of clinker raw meals for other four raw meals were prepared (all heavy metals were 

mixed with equal mass), as seen in Table 2 (where A0 is blank raw meal). All meals were respectively 

homogenized and dryed in wet grinding planetary ball mill. Sample tablets were achieved by raw meal 

mixed with a certain water under pressure, fully dried, heated to 950℃ placed on a silicon carbide 

heating furnace for 30min, then kept at 1450℃ for 30min on silicon molybdenum rods electric furnace. 

Then samples were wind cooled to room temperature. 

 
Table 2 Content of heavy metal in raw meal 

Samples A0 A1 A2 A3 A4 

w % 0 2 5 7 10 

w---Mass fraction of heavy metals 

 



 

2.3. Analytic procedure 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES, PLASMA SPEC-1) were used 

to study heavy metal concentrations in blank clinker samples and clinker samples doped with different 

contents of heavy metals(Cu, Zn, Cr, Cd, Pb), calcined at 1450 ℃. F-CaO content of clinker samples 

were determined by ethylene glycol- ethanol method. X-ray diffractometry(XRD, D8 advance, Bruker, 

German) were used to study the mineral composition of all clinker samples. Crystalline phase 

morphology of clinker samples were analysed by graphic microscope. Phases of clinker samples 

doping 5% heavy metals were separated by clinker phase extraction method, and then related heavy 

metal contents in different clinker phases are analysed. Surface distribution of heavy metal (doping 

5%) in clinker is achieved by EPMA-1600 electron microprobe. 

3. Results and Discussion 

3.1. Incorporation of Cu2+、Zn2+、Cr6+、Cd2+ and Pb4+  

In laboratory studies, the migration of heavy metal ions in the clinker calcination process can be 

divided into two parts: solidification in clinker and evaporation into air. Using HCl-HNO3-HF acid 

digestion system to dissolve clinker, the solution of the corresponding were obtained respectively. 

Heavy metal content in A0~A4 product calcinated on 1450℃ were detected by ICP, the results seen in 

Table 3: (solidification were heavy metals content in clinker, solidification ratio is calculated by 

according to eq.1.  

 

 

                                                                      （eq.1） 

 

 

K--- The amount of heavy metals in clinker, µg/g 

S--- The amount of heavy metals in raw meal, µg/g 

Loss---The loss of raw material (0.366) 

 
Tab. 3 Incorporation of heavy metal /% 

Sample 

No. 

Cu Zn Pb Cr Cd 

Solution 

quantity 

Incorporation  

ratio  

Solution 

quantity 

Incorporation 

 ratio 

Solution 

quantity 

Incorporation  

ratio 

Solution 

quantity 

Incorporation 

 ratio 

Solution 

quantity 

Incorporation 

ratio 

A0 / / / / / / / / / / 

A1 0.35 54.76 0.36 56.61 0.26 41.80 0.22 34.13 0.33 52.65 

A2 0.42 28.00 0.45 30.00 0.26 17.4 0.31 20.60 0.32 21.20 

A3 0.69 31.14 0.72 32.00 1.09 49.47 0.44 19.85 0.45 20.45 

A4 0.85 30.20 0.87 30.20 1.17 40.20 0.66 19.80 0.57 19.60 

As Table 3 shown, solidification rate is relatively low under the calcination conditions; and different 

heavy metals have different rates. When mixed with 2% heavy metals (that means 0.4% for each 

heavy metal), solidification rate of these five heavy metals is generally stable at about 30% -55%, 

while solidification contents of each heavy metal show the increasing trend.  

 
3.2. f-Cao analysis  

F-CaO detection helps predict doping effects of heavy metals on clinker burning, and excessive f-

CaO values of clinker may affect the volume stability. Except the samples described in sector 2.2, this 

study also had prepared clinker samples calcined under 1350℃ and 1400℃. Therefore f-CaO results 

of each samples calcined under 1350℃, 1400℃ and 1450℃ can be shown in Figure 1: 
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Fig. 1 Effect of heavy metal content on f-CaO content 

 

It can be seen from the above figure, compared with the f-CaO content of blank sample A0, calcined 

under 1350℃, doping of heavy metal can reduce f-CaO content of clinker. And when dosage was less 

than 5%, f-CaO content shows a decreasing trend with the increasing dosage; when dosage above 5%, 

f-CaO content shows a increasing trend with the increasing dosage, but lower than that of A0. When 

samples calcined under 1400℃ and 1450℃, dosage as 2% helps clinker burning, but when dosage 

above 2%, f-CaO content of samples remarkably increased, over the f-CaO content of A0, and brings 

out damage on the performance of the clinker. Therefore, a small amount of heavy metals doped in 

clinker plays a positive role, but with the dosage continues to increase, especially under high 

temperatures, they will be adversely affected. Related reason for this may be Alite mineral 

decomposition, caused by the incorporation of heavy metals. 

2.3 Clinker mineral composition 

Solification modes and maximum solidification content for each heavy metal in clinker phases are 

different. When dosage under maximum solidification content, crystal structural changes of clinker 

minerals happened, such as phase transformation, dislocation and defects, due to heavy metal ion 

solution. When dosage above maximum solidification content, clinker mineral phases happened 

qualitative change, resulting in the formation of new substances or raw clinker mineral phases 

decomposition [8-11]. 

Clinker phase composition of sample A0 ~ A4, calcined under 1450℃, are detected, shown in Figure 

2: 

  
 

 

 

 

 

 

 

 

 

 

Fig.2 XRD patterns about effects of heavy metal doping on the mineral composition 

 

As seen from the Fig. 2: main mineral phases of Sample A0 ~ A4 are C3S, C2S, C3A, C4AF and f-CaO, 

in maturity clinker condition. With dosage of heavy metals increasing, diffraction peak intensity of f-
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CaO first decreased and then increased, which means small dosage can benefit clinker burning and 

higher dosage may lead to f-CaO content actual increasing. That corresponds with the f-CaO analysis 

results. diffraction peak intensity of C3S and C2S first increased and then decreased, with the 

increasing dosage. When dosage is 7%, diffraction peak intensity of C3S mineral decreased 

signidicantly; in the further, dosage increased into 10%, diffraction peak intensity C3S mineral 

decreased following the trend and contents of C3S mineral reduced. diffraction peak intensity of iron 

aluminate increases, and the peak width increases gradually, with the dosage of heavy metals 

increasing. That means dosage of heavy metals benifits liquid phases formation. 

2.4 Clinker morphology 

Petrographic analysis on clinker mineral topography doping by Cu, Zn, Cr, Cd and Pb are shown in 

Figure 3: 
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Fig. 3 Lithofacies map about the effect of heavy metal doping on mineral morphology 

 

From the above Fig. 3, Alite is smaller, most in 10-30μm, pores and holes are more, about the bland 

sample A0. When doping 2% of heavy metals, alite phases begins to increase, well-developed alite 

crystals and giant crystal appeared, about 100μm or so, and mineral inclusions appeared on the alite 

surface contains, pores and holes are fewer; surfaces of belite minerals show fine cross stripes, for 

sample A1. When doping 5% of heavy metals, giant alite phases and corroded edge happened, piled 

distribution of belite phases, for sample A2. When doping 7% of heavy metals, alite mineral crystals 

are not complete, mostly in corrosion, and mesophase increased significantly, for sample A3. 

Therefore, with increasing of doping heavy metals, ailte mineral crystals have sufficient time to 

nucleation, become too large and adversely affect the performance of the clinker. 

 

2.5 Distribution of ions(Cu2+、Zn2+、Cr6+、Cd2+ and Pb4+) in the clinker minerals 



 

Clinker phase extraction [12] is used to separate clinker doping with 5% heavy metals , as main silicate 

minerals isolated, the intermediate phase and iron phase. XRD diffraction is used to detect minerals 

mineral composition. Based on the solution principle of silicate minerals, HCl-HNO3-HF tribasic acid 

digestion system is used to digest these three kinds of minerals, for the purpose of respectively 

corresponding solution. Heavy metal concentration of each phases solution are detected by ICP, and 

the results are shown in Figure 4, Table 4: 

  

 

 

 

 

 

 
Fig. 4 XRD patterns of the samples after extraction 

 

Table 4 Content of heavy metals 

Samples Cr（ppm） Pb（ppm） Cu（ppm） Zn（ppm） Cd（ppm） 

Silicate phase 24.7 8.5 25.7 31.4 13.9 

mesophase 27.5 10.2 156 242 8.75 

Iron phase 29.2 9.8 165 276 7.55 

 

It can be seen from XRD diffraction results that clinker phase extraction method can be a good 

separation method for the clinker minerals. Within the silicate phase, minerals are mainly C3S, C2S; 

within the intermediate phase, minerals are mainly C2AF, C3A and MgO; within iron phase, minerals 

are mainly C2AF and MgO. After acid digestion, it can be found that Cu, Zn, Cr, Cd and Pb are 

distributed in all minerals phases, Cd is more solidified in silicate phases, and Cu, Zn are more 

solidified in intermediate phase. Therefore, distribution of heavy metals have their own nature 

selectivity in the clinker. 

2.6 Electron probe analysis  

Surface distribution results of sample doping 5% heavy metals are shown in Figure 5, using the 

Shimadzu EPMA-1600 electron microprobe: 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Electron probe map about the distribution of heavy metal 

 

The bright spot-like substance in the figure is sourced from heavy metals concentration. It can be 

found that Cu, Zn, Cr, Cd and Pb are distributed in all minerals phases, Cr, Cu and Zn is more 
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concentrated in phases, Pb and Cd are less concentrated in phases. Possible reason for this is that Pb 

and Cd is volatile and less solidificated at 1450℃. 

In some regions there is aggregation of heavy metals. Cd have gathered in silicate minerals. Zn and Cu 

have gathered in the intermediate phases with aluminum, and silicate minerals phases. Cr is of uniform 

distribution, in every phases. Pb is mainly gathered in the intermediate phase. 

3 Conclusions 

(1) At 1450℃ calcination conditions in laboratory, the incorporation rate of heavy metals is low, but 

stable at about 30% -55%. 

(2) Low amount of heavy metal doped in low temperature can reduce the f-CaO content; with the 

increasing of temperature and heavy metal content, f-CaO content increased, and the adverse effects 

appear gradually. The XRD results have shown that the doping metal exceeding 10% will result in the 

decomposition of clinker. 

(3) In the clinker burning process, heavy metal doping can increase the amount of liquid phase, so that 

crystal size of alite mineral is increased to more than 100μm. 

(4) The distribution of heavy metals in the clinker are selective; Zn, Cu are mainly solidified in the 

intermediate phase, are also distributed in the silicates. Cr, Cd and Pb are distributed both in the 

silicate phase and the intermediate phase. 

 

Acknowledgements 

The financial help of the National Key Basic Research and Development Program (“973” Program) of 

China (Project No., 2010CB735803) is gratefully acknowledged. 

References 
- Jiang E Z, Cui Y S, 2003. Cement Industry for Sustainable Development. Beijing: Chemical Industry Press. 

- Qiao L S, 2003. Cement Issues Related to the Use of Waste (five). Cement , 5, 1-9. 

- Zhu J P, Chang J, et al, 2003. Use of Municipal Solid Waste, Sewage Sludge Fired Ecological Cement. Bulletin 

of the Chinese Ceramic Society, 2, 57-61. 

- Yao Y, Wang X, et al, 2012. The Research on Heavy Metal Ions Curing and Its Influence on the Cement 

Hydration Process. Bulletin of the Chinese Ceramic Society, 5 ,1138-1144. 

- Wei L Y, Yan B L, Wang L, 2009. Domestic Cement Kilns Co-processing of Waste Standards and Norms 

Analysis. Cement , 10, 1-5. 

- Yuan L, Shi H S, 2002. Cement Industry Cement --Urban Ecological Direction of Sustainable Development. 

Cement , 5, 1-4. 

- Cui S P, Lan M Z, Zhang J, Wang C Y, 2004. Effect and Incorporation of Heavy Metal Elements in Hazardors 

Industrial Wastes during Clinker Formation. Journal of the Chinese Ceramic Society, 32 (10), 1264-1269. 

- Lan M Z, 2008. The Behavior Research of Heavy Metal in Cement Clinker Burning and Cement Hydration 

Process. Beijing: Beijing University of Technology. 

- M. Murat, F. Sorrentino, 1996. Effect of large additions of Cd, Pb, Cr, Zn to cement raw meal on the 

composition and the properties of the clinker and the cement. Cement and Concrete Research, 26, 3, 377-385. 

- D.Stephan, R.mallmann, D.knofel, et al, 1999. High intakes of Cr, Ni and Zn in clinker：PartⅠ. Influence on 

burning process and formation of phases. Cement and Concrete Research, 29, 1949-1957. 

- K.Kolovos, S.Tsivilis, G.Kakali, 2002. The effect of foreign ions on the reactivity of the CaO-SiO2-Al2O3-

Fe2O3 System Part Ⅱ, Cations. Cement and Concrete Research, 32, 463-469. 

- Xie Y, 2009.Study on the technology of co-processing MSWI ash in cement industry and solidifying 

mechanism of heavy metal. South China University of Technology. 



 

Influence of Alkalis Oxides Doping on Structure and Reactivities of 

Tricalcium Silicate 
 

Xuehong Ren, Wensheng Zhang, Jiayuan Ye 

State Key Laboratory of Green Building Materials, China Building Materials Academy,No.1 

Guanzhuang Dongli  Chaoyang District, Beijing 100024, China 

 

 

Abstract 

The influences of alkali oxides doping on the crystal structure, defects and hydration behavior of 

tricalcium silicate C3S were investigated by X-ray powder diffraction with the Rietveld method, 

inductively coupled plasma optical emission spectroscopy, thermoluminescence(TL) and isothermal 

calorimetry. Samples with different kinds and concentrations of alkalis but the same polymorphic form 

(T1 form) has been successfully produced. Changes in the crystal structure of C3S could mainly be 

monitored by changes in lattice parameters, which are correlated with the concentration and 

substitution types of alkalis. Despite the fact that the content of alkalis remaining in C3S is quite low, 

TL and hydration behavior of C3S are significantly influenced. The initial hydration activity is 

dramatically increased and highly related to the intensity of the irradiation-induced TL peaks at low 

temperatures due to their direct correlation with defects. The oxygen vacancy sites resulting from the 

substitution of alkalis for Ca could readily account for the acceleration of the initial hydration of C3S. 

 

Originality 

The crystal structure and properties of doped tricalcium silicate (C3S) can deviate from pure C3S 

significantly. The influence of alkalis on clinker formation and properties has been studied a lot in the 

literature. However, there are a number of interacting factors in the clinker, such as the amount of 

liquid formed, its appearance, temperature, viscosity, surface tension and other clinker minerals, etc, 

which is very complex and difficult to understand. Up to now, the influence of alkalis on the hydration 

reactivity of the main clinker phase C3S has not been published. It is necessary to prepare pure C3S 

phase to understand the role of alkalis in C3S. We prepared samples with different kinds and 

concentrations of alkalis but the same polymorphic form (T1 form). Changes in lattice parameters are 
correlated with the concentration and substitution types of alkalis. Trace amounts of alkalis have 

significant effect both on the TL and hydration reactivity of C3S. The initial hydration activity is 

dramatically increased and highly related to the intensity of the irradiation-induced TL peaks at low 

temperatures due to their direct correlation with defects. The oxygen vacancy sites resulting from the 

substitution of alkalis could readily account for the acceleration of the initial hydration of C3S. 
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1. Introduction 

Tricalcium silicate (Ca3SiO5 abbreviated to C3S) is the main and most hydraulic phase of all ordinary 

Portland cement (OPC) clinkers, having the decisive impact on the setting behavior and strength 

development. In the clinker, natural constituents of the industrial raw materials, such as MgO, Al2O3, 

Fe2O3 and alkali oxides, are unavoidably introduced into C3S. The solid solution of C3S is commonly 

named alite. The crystal structure and properties of alite deviate from pure C3S significantly (Taylor H. 

F. W., 1997). Therefore, the knowledge of the influence of various impurities on the structure and 

properties of separate clinker phase C3S is very important for the production and use of OPC as well as 

the study on hydration mechanism. 

Systematic work on C3S solid solutions with MgO, Al2O3 and Fe2O3, which are the groups of the main 

impurity of alite in the clinker, has been performed by Dietmar (Stephan D. et al., 2006; Stephan D. et 

al., 2008a; Stephan D. et al., 2008b). It was found that changes in hydration activity were more 

dominated by the type of oxide than by the height of changes in lattice parameters. As a secondary 

impurities present in C3S, alkalis can be incorporated into C3S to stabilize the T1 or T2 form up to 

1.4wt % K2O , 1.4wt % Na2O and 1.2 wt% Li2O at 1500°C, respectively (Woermann E. et al.,1979). 

In commercial clinkers, normally less alkalis oxides are incorporated. The influence of alkalis on 

clinker formation and properties has been studied a lot in the literature (Jawed I., et al., 1977; Jawed I., 

et al., 1978). However, there are a number of interacting factors in the clinker, such as the amount of 

liquid formed, its appearance, temperature, viscosity, surface tension and other minerals etc, which 

is very complex and difficult to understand. Up to now, the influence of alkalis on the hydration 

reactivity of the main clinker phase C3S was not published.  

The main objective of this work is to briefly identify the correlation between substitutions, 

polymorphism, defects and hydration reactivity of C3S solid solution with Li2O, Na2O, K2O. In order 

to study the hydration reactivity of C3S solid solution without considering any effect resulting entirely 

from the polymorphic form, it is advisable to produce samples with different alkalis content but the 

same polymorphic form. Fierens and co-workers (Fierens P. et al., 1973a; Fierens P. et al., 1973b) 

found that the influence of substituent ions on the reactivity of C3S was due to the presence of defects, 

which could be studied using thermoluminescence(TL). In the present study, thermoluminescence, the 

very sensitive method of detection of defects, was used to study crystal defects of C3S and its solid 

solutions. A possible explanation for changes in the hydration reactivity of C3S was proposed on the 

basis of analysis of the extrinsic defects introduced by the incorporation of alkalis. 

2. Experimental 

2.1 Preparation of Specimens 

Pure tricalcium silicate was prepared by solid-state reactions using stoichiometric amounts of CaCO3 

and SiO2 (analytical grade chemical reagents). First, SiO2 was grinded in the agate mortar machine for 

1 h. Secondly, the mixture of CaCO3and SiO2 were homogenized for 5 h, grinded in the agate mortar 

for 0.5h, and then pressed into 30 mm diameter cylindrical pellets. The pellets were placed on a 

platinum dish and first heated from 900 °C at a rate of 4 °C/min up to 1600 °C, then at 1600 °C for 6 h, 

and then rapidly cooled from the highest temperature applying air flow. The resulting powders were 

reground, pelletized and heated at 1600°C for 6h. The cycle of grinding and burning was repeated until 

the free lime content was reduced to < 0.5wt%.  

In order to produce pure C3S solid solutions without any by-product, the amount of alkalis added 

should be chosen according the solid solution limit, but to counteract the evaporation of alkalis, a 

certain excess of alkali oxides was added. The starting material C3S was further mixed with Li2CO3, 

Na2CO3·10H2O, and K2CO3 respectively in various molar ratios (Table 1). The powder specimens 

were pressed into pellets and heated from 1250°C at a rate of 4°C/min up to 1600°C, then at 1600°C 

for 3 h. To ensure the completion of substitution reaction and make the sample more uniform, the 

cycle of grinding and firing was repeated until a constant free lime concentration was analyzed, 

indicating substitution reaction equilibrium. The same process was also carried out on pure C3S and its 

final free lime was less than 0.2%. After the synthesis all samples were ground under the same 

conditions to 340±50 m2/kg (Blaine). Since reactivity is markedly affected by specific surface area, the 

influence of sample fineness on the reactivity will be taken into account in the discussion section.  



 

2.2 Testing method 

It is generally known that elemental composition of materials can be very accurately determined using 

inductively coupled plasma optical emission spectroscopy (ICP-OES). To determine the alkali 

contents, the samples were analyzed by ICP-OES. The free lime (f-CaO) contents were determined by 

the ethylene glycol method. All powder diffraction data were recorded with a Bruker D8 Advance X-

ray diffraction diffractomete in the range of 5–65° 2θ using CuKα1,2 and 1D position sensitive 

detector(PSD) (Lynxeye), 38 kV, 270mA. Rietveld refinements were performed using the Topas4.2 

program. Fundamental parameter approach was used to calculate the lattice parameters of all samples. 

Final global optimized parameters were: zero shift error, background coefficients, scale factor, lattice 

parameters and preferred orientation when appropriate. Additionally to the crystal size, the 

fundamental parameter approach of TOPAS4.2 made it possible to calculate the strain of the samples. 

The thermoluminescence measurements were carried out with automated Risø DA-15 TL/OSL system. 

The readers are equipped with bialkali PM tubes (Thorn EMI9635QB) and Hoya U-340 filters 

(290~370 nm). The built-in 90Sr beta sources give dose rates of 0.108 Gy/s. The heating rate used was 

5 °C/s. TL measurements were performed after 100 s irradiation. The hydration behaviour of samples 

was investigated by monitoring the hydration reaction with an isothermal conduction calorimeter 

(TAM air Sweden) with the water/solid ratio=0.5 at 20.0±0.1 oC. 
Table I. Concentration of alkalis oxides in the raw mixtures and C3S  

 Li2O  Na2O K2O 

Sample No. L1 L2 L3 L4 N1 N2 N3 N4 K1 K2  K3 K4 

Alkalis oxides added (mol %) 1 3 5 7 1 3 5 7 1 3 5 7 

Alkalis oxides for T1 (mol %)(Woermann E., 1979) 0~3.7 0~2.5 0~3.1 

Alkalis oxides for T2 (mol %)(Woermann E., 1979) 3.7~8.5 2.5~3.3 3.1~5 

First burn:Δf-CaO (wt. %) 0.49 0.24 0.4 4.53 0.11 0.51 0.45 0.33 0.12 0.3 0.45 0.99 

Last burn:Δf-CaO (wt. %) 0.51 0.26 0.3 0.19 0.14 0.48 0.21 0.27 0.12 0.23 0.3 0.31 

Retained alkalis oxides (mol %)  0.019 0.02 0.022 0.024 0.34 0.79 0.96 2.3 0.032 0.036 0.056 0.056 

Ca/M Ions(mol)  54.92 26.53 27.84 16.15 0.84 1.24 0.45 0.24 7.64 13.04 10.94 11.3 

Note* free lime content of control in the first cycle and second is f-CaO=0.27 and f-CaO=0.18 respectively 

Δf-CaO=Difference of CaO content between the doped C3S and pure C3S 

Ca/M: molar ratio of change of Ca-ions to alkali ions retained in the final samples. 

3. Results and Discussion 

3.1 ICP-OES Analysis 

The contents of alkali oxides in the final samples were analysed by ICP-OES (see Table 1). It can be 

seen that a great amount of lithium and potassium are evaporated within analytical error, but about one 

third of the sodium remains in the final samples. It is believed that alkalis retaining in the final 

samples are incorporated into C3S except for forming alkali compounds, otherwise they will 

evaporated due to their high volatility. The substitution reaction can be considered to be completed 

according to the constant free lime concentration between the first burning and the last burning cycle. 

In order to judge the way in which alkalis is incorporated into C3S, difference of CaO content (Δf-

CaO )between doped C3S and pure C3S is also given in Table 1. The results do not show any clear 

mechanism on first sight, because two or more effects could occur simultaneously and only five 

samples from every metal were analysed. The conclusion about the role of alkalis in C3S has been 

reached by Woerman et al. (Woermann E. et al.,1979).They concluded that K replaces Ca with 

valency balance by removal of oxygen; Na replaces Ca and occupies interstitial sites, in addition some 

oxygen atoms are removed; Li replaces Ca as well as Si and occupies interstitial voids. In the present 

work, the incorporation of alkalis oxides in C3S were first analysed by calculating the amounts of 

alkalis and Δf-CaO in terms of moles (given in table 1). If alkalis replaces Ca exclusively, the reaction 

of 1 mol of alkalis ions, should result in the liberation of 1mol of CaO. According to the final amount 

of lithium ions in C3S, changes in f-CaO content after the substitution reaction is much higher than 

that caused by the substitution reaction, which can be due the decomposition of C3S, indicating that 

C3S is unstable in the present of lithium. However, the decomposition of C3S reduces with the 



 

increasing amounts of Li2O, which can be due to the fact that lithium carbonate itself can occur as a 

molten salt to promote further formation of C3S. As is reported, C3S is stable in the presence of 

sodium oxide. The diffusion amount of sodium into C3S is higher compared with the liberation 

amounts of free CaO, indicating that Na not only replaces Ca but also occupies interstitial sites. This is 

in agreement with the report of Woerman (Woermann E. et al.,1979). Although C3S was reported to 

be decomposed to KC23S12 and free CaO in the presence of potassium oxide, f-CaO content decreases 

with the increase of potassium source, especially for K3 and K4, which is less than that of pure C3S. It 

may be conjectured that potassium carbonate can also occur as molten salts resulting in a favorable 

effect on the formation of C3S.  

3.2 Crystal structure refinement 

The characteristic of selected angular windows (31.5–33.5° and 51°–53°) appearing in the XRD 

patterns are the same for all the samples, and concurs with the characteristic of T1 form C3S. Samples 

with different alkalis content but the same polymorphic form has been successfully produced. Based 

on the X-ray diffraction data the crystal structures of the samples were refined by the Rietveld method. 

The internal T1 structure was fitted to that of Golovastikov et al. (triclinic C3S, ICSD codes: 4331). 

Fig.1 shows refinement plots of data for pure C3S, and feature insets of the fingerprint regions unique 

to T1 form. On casual inspection of the residual Rietveld plots in Fig. 1, the fits appear excellent. After 

refinement, the cell parameters were extracted. The changes of lattice parameters a, b, c and α, β, γ of 

doped C3S in comparison with pure C3S are given in Tables 2. In this table unit cell values of pure C3S 

are also included, for the sake of comparison. Changes in the crystal structure of C3S could mainly be 

monitored by changes in parameters b, c and γ. Parameter b mainly exhibites a slight decrease, and an 

increase of parameter c and γ were detected. The height of changes in lattice parameters seems to vary 

irregularly with the increasing amounts of Li and Na. However, a higher degree of changes were 

observed with the increasing amounts of K. This can be linked to the different substitution types of 

alkalis. Since Li and Na can occupy interstitial voids (Li also may replace Si ), lattice contraction 

resulting from the substitution for Ca can be counteracted by the lattice expansion. Consequently, the 

distortion in the crystal structure will be increased with the increasing amounts of K, but this not the 

case for Li and Na. These results are in fair agreement with the role of alkalis in C3S (Woermann E. et 

al.,1979).  

 
Fig. 1 Measured and calculated XRD pattern of pure C3S after refinement with triclinic structural data. The insets 

show the fit of one representative regions 28-33° for C3S 

3.3 Thermoluminescence analysis 

Fig. 2 shows the original TL and irradiation induced TL glow curves of pure, Li-doped, Na-doped 

and K-doped samples. As shown in Fig.2a, four samples already have a very strong dominating peak 

before irradiation performed. According to literatures (Ren X. et al.,2012; Fierens P. et al.,1975), part 

of the extra energy during quick quenching process is stored as electrons trapped on metastable levels. 

When the electrons are thermally released from traps, electron-hole recombination takes place and 

results in the emission of light. Therefore, the trapped electrons are responsible for the original 

thermoluminescence. Obviously, the intensity of original TL links with the number of trapped 

electrons, and thus, the metastable energy can be evaluated through the original TL area between 200-

450 °C. It be seen from Fig. 2a that although alkalis are incorporated in trace amount in C3S, the doped 

samples stand out by the increased intensity of TL, suggesting that alkalis doping can enhance the 

energy storage in C3S. 
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Table 2 The shift of the lattice parameters of tricalcium silicate by incorporation of alkalis 

 a b c α β γ 

control 
11.6324(5) 14.2084(5) 13.6866(4) 105.30(5) 94.55(3) 89.85(8) 

 △a △b △c △α △β △γ 

L1 
-0.00051 -0.00282 -0.0015 -0.009 0.003 0.006 

L2 
-0.00006 0.00259 0.00221 0.003 -0.001 0.003 

L3 
0.00102 0.00309 0.00276 0.004 0.001 0.002 

L4 
-0.00094 -0.00057 0.00038 -0.001 -0.003 0.007 

N1 
0.00042 0.00044 0.00201 -0.003 -0.004 0.008 

N2 
-0.00013 -0.00176 0.00135 -0.005 -0.008 0.014 

N3 
0.00057 -0.00109 0.00218 -0.007 -0.008 0.016 

N4 
-0.00096 -0.00228 0.00076 -0.005 -0.007 0.015 

K1 
-0.00049 -0.00091 0.00004 -0.001 -0.002 0.004 

K2 
-0.00059 -0.00155 0.00027 -0.003 -0.001 0.006 

K3 
-0.00089 -0.00372 0.00043 -0.008 -0.010 0.015 

K4 
-0.00056 -0.00349 0.00080 -0.009 -0.007 0.018 

Table 3 Refined crystal strain for C3S with various alkalis 

 0% 1% 3% 5% 7% 

Li 
0.019921 0.051342 0.000101 0.000103 0.000102 

Na 
0.019921 0.032738 0.031194 0.03997 0.054107 

K 
0.019921 0.030679 0.027422 0.050974 0.052156 
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(a) Original TL                              (b) Irradiation induced TL 

Fig.2 TL glow curves for samples before and after irradiation. 

Irradiation induced TL are more closely related to crystal defects of C3S and can be used to analyze 

extrinsic defects caused by the incorporation of alkalis. Analysis achieved on samples by perfoming 
90Sr beta irradiation(Fig. 2b) leads to a glow curve presenting peaks of very weak intensity, and 

additional peaks appear in 50-200°C. According to literatures (Ren X. et al.,2012; Ren X. et al.,2015), 

TL peaks in 200-450°C result from its residue original thermoluminescence. The temperature position 

is characteristic of the trap nature and their intensity depends on concentrations of both the traps and 

the recombination centers. The TL curves for all the samples in the region 50°C-200°C appear to 

present different peaks overlapped, and it is difficult to identify them clearly. Fierens reported that 

there are three peaks in the TL curves in the region 50-200°C for pure C3S which indicate the presence 

of three electron traps. In Fig. 2b, analogous traps can be found. One strong dominating peak can be 

recognized appearing at 100°C, 97°C, 94°C and 94°C in control, Li-doped, Na-doped samples and K-

doped samples respectively. This TL Peak for the sample with Li is the most strongest and that for 

pure C3S is the weakest one. The TL sensitivity of pure C3S and its solid solution can be associated 

with the concentration of intrinsic and extrinsic point defects in the crystal lattice, as reported that of 



 

quartz (Sawakuchi A.O. et al., 2011). According to the substitution type discussed above, the intrinsic 

point defects in pure C3S are mainly supposed to be oxygen vacancies VO
••, which contribute to the 

emission of TL. The similar shape of the TL curves of all the samples indicated the similar point 

defects present in them. Alkalis exists as monovalent ions M+ in C3S, charge neutrality is mainly kept 

by forming oxygen vacancy VO
••, which probably increases the concentration of electron traps in the 

crystal. However, since sodium also forms interstitial Nai defects for charge compensation, the 

recombination process might be promoted with the increasing content of sodium.  

3.4 Calorimetric analysis 

The rates of heat evolution for samples are shown in Fig. 3, and the cumulative heat-evolved curves 

are shown in Fig.4. It can be seen from Fig. 3 that the initial reaction of C3S with alkalis is 

dramatically increased. The rates of heat evolution for samples doped with 1%Li2O, 1%Na2O, 1%K2O 

are shown in Fig. 3d. It can be seen from Fig.2b and Fig.3d that the more intense the irradiation 

induced TL peaks, the higher the initial reactivity of the sample. This can be due to the fact that both 

the initial reaction and the irradiation induced TL are closely related to the crystal defects. This is 

supported by the finding of Stewart(Stewart H. R. et al., 1983), who found that foreign ions have a 

significant effect on the early hydration of C3S due to the fact that foreign ions can alter the number of 

active sites in the crystal system of C3S. According to the defect type discussed above, the oxygen 

vacancy sites resulting from the substitution of alkalis could readily account for the acceleration of the 

initial hydration of C3S. 
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Fig. 3 Heat evolution rate curve for pure and alkalis doped C3S hydration 

It can be seen from Fig.3d and Fig. 4d that Li, Na and K have different effects on the hydration 

behavior of C3S. In our previous studies, we have shown that there is a positive correlation between 

the hydration reactivity, represented by cumulative heat release, and the original thermoluminescence. 

It can be seen from Fig.2a and Fig.4d that the reactivity of alite evolved after 32h is positively 

correlated with the original thermoluminescence except K1. The deviation for K1 might be due to the 

presence of KC23S12, which probably affects the hydration behaviour of C3S. In our recent study (Ren 

X. et al.,2012) it has been found that the positive correlation between the hydration reactivity and the 

original thermoluminescence mainly paned out during the nucleation and growth process. However, in 

the present study, the positive correlation is flexible during the first 32h. This can be due to the large 



 

variation in the specific surface area, for which the shift rang for specific surface area is not ±20 as 

that was kept in the literature, but reached to ±50 m2/kg.  

0 12 24 36 48 60 72
0

50

100

150

200

250

300

(a) Li doping
 

 
C

u
m

u
la

ti
v
e
 h

e
a
t/

(J
.g

)

Time of hydration/h

Control

 L1

 L2

 L3

 L4

0 12 24 36 48 60 72
0

50

100

150

200

250

300

(b) Na doping 

 
C

u
m

u
la

ti
v
e
 h

e
a
t/

(J
.g

)

Time of hydration/h

 Control

 N1

 N2

 N3

 N4

 

0 12 24 36 48 60 72
0

50

100

150

200

250

300

(c) K doping 

 

Time of hydration/h

C
u
m

u
la

ti
v
e
 h

e
a
t/

(J
.g

)

Control

 K1

 K2

 K3

 K4

0 10 20 30 40 50 60 70
0

50

100

150

200

250

300

(d) Li, Na, K doping at 1%
 

 

Time of hydration/h

C
u
m

u
la

ti
v
e
 h

e
a
t/

(J
.g

)

 Control

 L1

 N1

  K1

 
Fig. 4 Cumulative heat for pure and alkalis doped C3S hydration 

4. Conclusions 
The following conclusions may be derived from the present study. 

1. A great amount of Lithium and potassium is evaporated, but about one third of sodium remains in 

the final samples. C3S is unstable in the presence of lithium, however, the decomposition of C3S 

reduces with the increasing amount of Li2O, suggesting that lithium carbonate can occur as a molten 

salt to promote further formation of C3S. C3S is stable in the presence of sodium. Potassium carbonate 

can also occur as molten salts resulting in a favorable effect on the formation of C3S.  

2. Li replaces Ca as well as Si and occupies interstitial voids. Na not only replaces Ca but also 

occupies interstitial sites. Potassium replaces Ca with valency balance by removal of oxygen. Slight 

changes in lattice parameters and crystal strains are observed, and they are closely correlated with the 

concentration and substitution types of alkalis.  

3. Trace amounts of alkalis have significant effect on the thermoluminescence of C3S due to the 

extrinsic defect caused by the incorporation of alkalis. 

4. Despite the fact that the content of alkalis in C3S is quite low, the hydration behavior of C3S has 

been greatly changed. The initial hydration activity is dramatically increased and highly related to the 

intensity of the irradiation-induced TL peaks at low temperatures(corresponding to shallow traps). 

This can be due to the fact that both of them are closely correlated with the number of defects. The 

acceleration of the initial hydration can be attributed to the oxygen vacancy sites resulting from the 

substitution of alkalis. 

Acknowledgements 

The authors are grateful for the financial supports of the National Natural Science Foundation of 

China (grant No. 51172222 and No. 51302256). 

References 
- Fierens P., Tirlocq J., Verhaegen P., 1973a. Luminescence et hydratation du silicate tricalcique, Cement and 

Concrete Research, 3(5), 549–560. 



 

- Fierens P., Tirlocq J., Verhaegen P., 1973b. Influence du mode d'excitation sur la thermoluminescence du 

silicate tricalcique, Cement and Concrete Research, 3(3) , 227–232. 

- Fierens P., Verhaegen P., 1975. Energy storage and tricalcium silicate reactivity [J]. Cement and Concrete 

Research,  5(1) , 89. 

- Jawed I., Skalny J., Marietta N., et al., 1977. Alkalies in cement: a review Ⅰ. forms of alkalies and Their Effect 

on Clinker Formation, Cement and Concrete Research, 7, 729–730. 

- Jawed I., Skalny J., Marietta N., et al.,1978.  Alkalies in cement: a reviewⅡ. Effects of alkalies on hydration 

and performance of portland Cement, Cement and Concrete Research, 8, 37–52. 

- Ren X., Zhang W., Wang B., Ouyang S., 2012. Effect of Alumina Doping on Structure and Reactivities of Alite 

with Multiple Foreign Ions, Journal of the Chinese Ceramic Society, 40(2), 200–206. 

- Ren X., Zhang W., Ye J., et al., 2015. Effect of Ferric Oxide doping on the structure and reactivity of alite with 

multiple impurities, Journal of the Chinese Ceramic Society, 43(8), 1–6. 

- Sawakuchi A.O., DeWitt R., Faleiros F.M., 2011. Correlation between thermoluminescence sensitivity and 

crystallization temperatures of quartz: Potential application in geothermometry, Radiation Measurements, 46(1), 

51–58. 

- Stephan D., Wistuba S., 2006. Crystal structure refinement and hydration behaviour of 3CaO·SiO2 solid 

solutions with MgO, Al2O3 and Fe2O3, Journal of the European Ceramic Society, 26(1–2), 141–148. 

- Stephan D., Dikoundou S.N., Raudashl-Sieber G., 2008a. Influence of combined doping of tricalcium silicate 

with MgO, Al2O3 and Fe2O3: synthesis, grindability, X-ray diffraction and 29Si NMR, Materials and Structures, 

41(10), 1729–1740. 

- Stephan D., Dikoundou S.N., Raudashl-Sieber G., 2008b. Hydration characteristics and hydration products of 

tricalcium silicate doped with a combination of MgO, Al2O3 and Fe2O3, Thermochimica Acta, 472(1-2), 64–73. 

- Stewart H. R., Bailey J. E., 1983. Microstructural studies of the hydration products of three tricalcium silicate 

polymorphs, Journal of Materials Science, 18, 3686-3694. 

- Taylor H. F. W., 1997. Cement Chemistry, 2nd ed., Thomas Telford Edition.  

- Woermann E., Hanhn T., Eysel W., 1979. The substitution of alkalies in tricalcium silicat, Cement and Concrete 

Research, 9, 701–711. 

- Zhang W., Ren X., Ouyang S., 2011. Development on ion substitution effect on the crystal structure 

andproperties of tricalcium silicate, Journal of the Chinese Ceramic Society, 39(10), 1666–1672. 



Influence of alternative fuel on cement quality 
 

Y.Krivoborodov1, S.Samchenko2, I.Burlov3, T.Kouznetsova4 
1. Mendeleev University of Chemical Technology, Moscow, 125047, Russia, 

2. Moscow State University of Сivil Engineering, Moscow, 129337, Russia, 

3. JSC “Podolsk-cement”, Podolsk, 142101, Russia, 

4. Mendeleev University of Chemical Technology, Moscow, 125047, Russia, 

 

 

Abstract 
The usage of alternative fuel in Portland Cement clinker production caused the enrichment of its composition with 

several minor components. For example, the usage of cord tyre waste accompanied by the increase of ZnO in clinker. 

Zink action on cement clinker was studied researches (XU Gufngilang, etc., 1992; A.Boikova, etc.,1978; H.Bolio-

Arcero and F.Glasser, 1998; A.Bochenek and W.Kurdowski, 2013). In known papers, the influence of ZnO was studied 

as mineralizator of clinker sintering, accelerators of cement setting and its effect on cement strength. Authors opinions 

are differ enough. Some authors report that ZnO has no disadvantageous influence on the properties of Portland 

Cement. 

In propose paper it is shown the study of influence of the usage of cord tyre waste on liquid phase sintering, type 

gaseous atmosphere, solid phase reaction between clinker minerals and ZnO. It was fixed the influence of these factors 

on clinker production and quality of cement. It is shown that energy activation of sintering clinker increased and phase 

composition exchanged in ZnO presence in row mixture. 

 

Originality 

This paper is related to the topic chemistry and engineering of the clinker production process at the usage of cord tyre 

as alternative fuel. The main goal of the study is the elucidate of the possibilities the usage of cord tyre without the 

change the type of atmosphere in kiln during clinker sintering, to achieve good understanding influence of ZnO on 

phase compositions and cement properties. 

 

Keywords: Zinc oxide, sintering, phase composition, hydration, cement properties.                   
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1. Introduction 

Cement production is the large energy consumer. At the last decade to decrease the natural fuel 

consumption the usage of alternative fuel, particularly cord tyre waste develops quickly. However the 

usage these waste in Portland Cement production can increase the minor components in clinker, for 

example zinc, iron and sulphur which are in cord tyre. These elements presence in among row mix can 

influence on sintering of clinker and its phase composition. In publications (Older I., 1980; XU 

Gufngilang et al, 1997) it was shown that zinc oxide is mineralizator and provides the increase 

temperature of clinker sintering. According to the study (Boikova A., 1974; Timashev V., 1980) minor 

elements are present in clinker as solid solution in main clinker phases promote the increase their 

hydrative activity. In research (Kurdowski W., et al., 2014; Barbanyagre V., et al., 1997; Bolio-Arceo 

Y., et al., 1998) it was fixed the interaction between CaO, Al2O3, ZnO and formation phases 

Ca3ZnAl4O10 and Ca6Zn3Al4O15. According to (Kurdowski W., et al., 2014) these phases influence as 

accelerators of cement setting. But in the paper (Gineys M., 2011) it was fixed that ZnO decelerates 

setting and hardening of cement. Some authors (N.Gineys et al., 2011) consider that has no 

disadvantageous influence on the properties of Portland cement till the 0.7% Zn0 content in clinker. 

Thus authors opinions are differ enough. 

Besides that supplementary fuel combustion in the rotary kiln can cause reducing gaseous atmosphere 

which promote deterioration of clinker quality and decrease the cement strength. This influence is 

fixed for a long time ago and it is generally known. 

The main goal of the study is the elucidate of the possibilities the usage of cord tyre as      

supplementary fuel and to achieve the better understanding influence of ZnO on phase compositions 

and cement properties. 

2. Experimental 

2.1. Row materials 

Row mixes were prepared by the usage of row materials of cement plant “Podolsk-Cement”: 

Limestone, ash and shown in table 1. 

Tab.1 Chemical composition of row materials, % 

Material L.o.i. SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq. 

Limestone 42.48 3.86 0.13 0.40 52.05 0.79 0.19 0.10 

Ash 18.43 50.56 15.75 6.50 5.00 2.97 0.26 0.53 

Iron ore waste 2.07 58.69 0.30 33.55 2.48 1.48 0.45 0.90 
 

Prepared row mix was characterized by LSF = 0.92; silica ratio SR= 2.14; alumina ratio AR = 1.31 

(sample 1). To this row mix divided finely powder of cord tyre was added. Quantity of powder was 

5% (sample 2). Beside that samples of raw mixes (No 3-6) were prepared by addition 0.5 – 2% ZnO to 

sample 1. 

2.2. Experimental Process 

From each of row mixes samples as cylinder 2x2 cm were prepared. They sinter was done in 

laboratory kiln at temperature 800, 1000, 1200, 1300 and 14000C during 30 min. Sintered samples 

were studied by X-ray diffraction, using Rietveld mrthod, scanning electron microscopy (Taylor 

H.F.W., 1990), optical microscopy (Kouznetsova T., et al., 2007). Common and special chemical 

analysis are used too. Special chemical analysis is the method on base the different solubility of 

clinker minerals in the solution (Roiak S.M., et al., 1957). So, to separate silicate phases from calcium 

alumina and ferrite phases is useful the usage of boric acid solution. For separation calcium alumina 

phases from calcium ferrate it is used sugar solution. Zink content in solid solution with different 

clinker phases was determined using the plasma emission spectrometer too. Common chemical 

analyses executed according to the standard methods given in GOST 5382-91. Above mentioned 

methods were used to study both laboratory and industrial clinkers. 

All clinkers were milled in laboratory mills up to obtain cements characterized by specific surface area 

Ssp= 350 m2/kg. Strength of cements were executed according to standard methods of GOST Russia 

310.1–310.4. Beside that, the small specimens of size 2x2x2 cm were prepared too. 

 



3. Results and Discussion 

3.1. Influence of cord tyre on clinker firing 

DTA of row mix No1 (initial mix) showed that there are some endothermic peaks on DTA curve: at 

800C (water evaporation), 4500C (decomposition of silicate components), 9000C (decarbonation of 

CaCO3). The further heating of row mixes accompanied by appearance exothermal peak at 12200C 

(crystallization of belite) and at 13300C liquid phase appears. The study heating process of row mix 

No2 (mix 1 with the addition of cord tyre) shows some exothermal peaks (at 250, 380,450,6000C) at 

DTA curve which characterized more complicated process of row material at its heating. In the 

interval 200 – 6000C rubber burns down, tyre cord oxidizes. It is need to point that temperature of 

decomposition of CaCO3 and liquid phase appearance is decreases in comparison with this process at 

mix1 firing. 

Determination of free lime shows (table 2) at firing of studied mixes quantity CaOfree in mix 2 more 

ess than it in mix 1 at the same temperature. 

Tab.2. Quantity of free CaO in firing samples, % 

 

Sample 

Quantity  CaOfree  at temperature, 0C 

1200 1300 1400 

 1 25.0 7.5 1.58 

 2 20.3 5.2 0.38 
 

Study of the fired samples using XRD showes that the addition tyre cord into row mix promote 
the increase   ferrite phase and decrease calcium alumina as result. These changes and the 
presence of minor components (Zn, SO3) as result tyre cord addition assist the decrease of 
clinker melt viscosity and better crystallization of clinker minerals. Each sample wastudied by 
usage optical microscopy. The examination of polished and etched section in reflected light of 
samples showed the next results (figure 1). 

 

 

 

 

 

 

 

 

 

 

                                      (a) sample 1                                                (b) sample 2 

Figure 1. Reflected light micrograph of studied clinker samples 
 

Mineral crystallization of sample 2 is better than one of sample 1. The alite are good hexagonal 

crystals, 40-50 μm in mean dimension, the belite crystals are rounded. Between alite and belite phases 

are aluminate and ferrite phases. They are represented as the homogeneous phase that means a good 

clinker (according to Kouznetsova T. et al., 2007). In sample 1 the alite has skeleton imperfect crystals 

100-150 μm in dimension. Belite is represented by badly angular unclear crystals. Between the alite 

and belite phases, aluminate phases in grey colour definite shapeless crystals. Ferrite phases is not 

ndefinite. 

Cements after grinding experimental clinker in laboratory mill were tested by the specimens in 2x2x2 

cm at w/t cement ratio = 0.4. Test shows that the strength of cement specimens from clinker 2 is 

higher on 2 MPa in comparison with cement obtained by milling clinker 1.This fact in our opinion is 

results of modification of clinker minerals. As it was mentioned in cord tyre there is zink. That is way 

we carried out the next investigations. 

 

 



3.2. Zinc influence on phase composition of clinker and cement properties 

For above mentioned mix 1 ZnO was added. Its quantity was 0.5; 1.0; 1.5 and 2.0 % to row mix mass.  

Prepared mixes were sintered at 1200, 1300 and 14000C at exposure for 30 min. Results of the CaOfree 

determination in sintered specimens are given in table 3. 

Tab.3. Quantity of CaOfree on dependence of ZnO 

into row mix at different temperature of row mixes firing 

 

T, 0C 

ZnO quantity, % 

- 0.5 1.0 1.5 2.0 

1200 25.0 11.0 9.7 9.0 8.0 

1300 7.5 2.5 1.15 1.0 0.6 

1400 1.58 - - - - 
 

As we can see the ZnO addition into the row mix assist to increase immobilization of CaO. Even 0.5% 

ZnO assists the decrease of CaOfree almost in twice. 

For the determination of kinetics of clinker mineral formation the row mix with addition 2% ZnO was 

fired at 1200-14000C during 5-30 min. The authors (Glasser F., 1983) considered some kinetic models 

to explain their data: diffusion control, movement of a reaction interface, nucleation and growth model. 

In opinion (Butt Y.M., et al., 1967) the best fit to his experimental data was obtained by use of unite 

Tamman-Fishbek equation: 

                                         1 - 3

100

100 G
 - С  = ln               

where G – transformation degree of component, k – rate constant,  - time  

           C – constant of reaction                    

According to the authors this equation the reaction between described as chemical-diffusion controlled 

process. Results of definition of rate constant k is given in table 4. 

Tab.4. Rate constant of mineral formation reaction 

material 
Temperature, 0C 

1200 1300 1400 

Row mix without ZnO    

Rate constant  k 2.15 2.345 2.40 

The same with 2% ZnO    

Rate constant  k 5.73 6.631 7.36 
 

Data of experiments show that at the ZnO presence in row mix the reactions of clinker formation 

accelerate and activation energy for this process reduce (up to 25%). This fact can be explained by the 

change of liquid phase properties thanks ZnO addition. Numerous investigations (Butt Y., at al., 1974; 

Maki I., 1986.) show that the minor component changes the properties of interstitial melt of clinker, in 

particular the viscosity. Its decrease promote fast dissolution of CaO and C2S in the liquid phase and 

alite formation. 

The distribution of zinc in clinker phases was studied. Using above mentioned special chemical 

method based on the different solubility of clinker phases in chemical solutions. Silicate phases were 

dissolved in 5% H3BO3, calcium alumina and ferrite phase are the precipitate. It was fixed that zinc is 

both in silicate and interstitial phase (calcium alumina and ferrite phases). Data of table 5 shows the 

zinc distribution in clinker phases. 

Tab.5. Zinc distribution in clinker 

Quantity of zinc in 

clinker,% 

Zinc in clinker phases, % Correlation quantity of zinc 

in silicate and interstitial 

phases 
Silicate phase Interstitial phase 

1 0.2 0.8 1:4 

2 0.6 1.2 1:2 

 



Analyses show that zinc distribution in silicate phases less than in the interstitial phase. The increase 

of zinc in clinker leads to the increase its quantity in silicate phases but zinc quantity distribution in 

interstitial phases is more than in silicates in whole. 

In order to establish the zinc influence on hydration and the strength of cement. Two cements were 

milled in laboratory mills and tested. 

Test results are given in figure 2. 
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Figure 2. Strength of cements during 1 – 28 days hardening 

1 – without zinc in clinker; 2 – with 2% ZnO in clinker. 

 

The results show that in the zinc presence in clinker the cement strength increases up to 13.6% at 28 

days hardening in the comparison of the strength of cement without ZnO. Especially the increase of 

strength it is note at the early time of hardening (up to 7 days). 

For this time the increase the specimens strength gets 21%.  
 

4. Conclusions 

Alternative fuel as cord tyre is useful to the cement production. Its usage promotes the improvement of 

sinter of clinker thanks to the presence zinc in it.  

In the zinc presence the burnability of row mix is improved even at 0.5% ZnO.  Energy activation of 

clinker formation at the addition zinc into row mix decreases up to 25% in the comparison of one 

without zinc. 

Zinc distributes on the different phases of clinker but the most is present in the interstitial phase. At 

the zinc presence in clinker cement is more activity and get more high strength at all times hardening 

at 1-28 days. 
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Abstract 

The contents of calcium sulphoaluminate ( 4 3C A S ) mineral were set as a series 5-20 percent and 

accordingly fixed tricalcium silicate (C3S) mineral contents at 30, 45, 60 percent respectively in 

alite-sulphoaluminate cement clinker. The burning and properties of clinker were investigated. Results 

showed that: For certain C3S content, the clinker sintering is loose when the content of 4 3C A S  mineral 

is 5%, and the free lime amount is low, the cement setting time is long, the early age compressive 

strength is low, and a significant increase in the 28 days compressive strength is observed. When the 

contents of 4 3C A S  mineral are 10% and 15%, the free lime amount is low, the clinker sintering 

compacter, the main mineral formation are good, and the cements show proper setting time and high 

compressive strengths. When 4 3C A S  mineral content is 20%, the free lime amounts are high, the setting 

time of the cements are shorter, the early age compressive strengths are higher, while the compressive 

strength growth are smaller. 

 

Originality 

Alite-sulphoaluminate cement are prepared by introducing 4 3C A S  into the Portland cement clinker，

which has the excellent properties. In this experiment, the contents of 4 3C A S  were set as a series 5-20 

percent in alite-sulphoaluminate cement clinker. When the 4 3C A S  mineral content is 5% in the clinker, 

the early strength of the cement is lower, but the strength growth rate is bigger; When the 4 3C A S  

mineral content is 10% or 15%, the whole strengths are higher; When the 4 3C A S  mineral content is 

20%, the 3 d and 7 d compressive strength are higher, but the strength growth rate of 28 d decreases. At 

present, there are few reports about the influence of 4 3C A S  mineral content on the burning and 

properties of alite-sulphoaluminate cement clinker, this is the originality of the experiment. 

 

Keywords: calcium sulphoaluminate mineral; alite-sulphoaluminate cement clinker; burning 

properties 

 

 

 

 

 

 

 

 

 

 

* Corresponding author: liu-xcsd@163.com, Tel +86-531-87974453, Fax +86-531-87974453 

 

mailto:liu-xcsd@163.com


1. Introduction 

The calcium sulphoaluminate mineral ( 4 3C A S ) has the fast setting and hardening, high early 

age strength and hydration hardening expansion properties, etc. This kind of mineral with 

special properties expands the varieties of cements, such as sulphoaluminate cement and 

ferroaluminate cement known as the third series cement, which is mainly composed of 4 3C A S  

mineral (Deng Junan, 1982; Wang Yanmou et al., 1993; Wang Yanmou et al., 1994). Some 

belite cement achieved a high early strength and certain practicability by introducing a proper 

amount of 4 3C A S  mineral (Glasser F. P. et al., 2001; Sui Tongbo et al., 1999; Guo Suihua et 

al., 2001; Sui Tongbo et al., 2003; Feng Peizi et al., 1999). Alite-sulphoaluminate cement can 

be prepared by introducing 4 3C A S  into the Portland cement clinker to replace or partially for 

tricalcium aluminate (C3A), which has not only the properties of Portland cement, but also has 

the excellent properties of the quick hydration and hardening, high early age strength and the 

volume does not shrinking or slightly expanding when hydrating (You Baokun et al., 1980; 

Kravchenko I. V. et al., 1978; Kuzhecova T. V. et al., 1991; Liu Xiaocun et al., 1993). At 

present, there are few reports about the influence of 4 3C A S  mineral content on the burning 

and properties of alite-sulphoaluminate cement clinker, the related experimental researches 

are carried out in this paper. 

2. Experimental 

2.1. Raw Materials 

Commercial raw materials such as limestone, sandstone, clay, Al2O3 powder, phosphogypsum 

and the pure chemicals Fe2O3 and CaF2 were used as test materials. The chemical 

compositions of raw materials are given in table 1. 

The 4 3C A S  mineral contents in the cement were 5%, 10%, 15% and 20%, respectively. 

Changing the content of C3S and C2S accordingly, and C3S content were designed by 30%, 

45% and 60%, C2S content was changed along with 4 3C A S  and C3S content, C4AF and 

CaSO4 content remained 5% respectively. The chemical and mineral compositions of clinkers 

are shown in table 2. 
Tab. 1 Chemical compositions of raw materials /% 

raw material Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 ∑ 

lime stone 42.16 2.86 0.61 0.48 51.01 2.01 0.07 99.20 

sandstone 2.86 85.40 8.07 2.29 0.48 0.46 0.10 99.66 

Al2O3 powder 0.20 0.10 98.5 0.03 0.02 0.01 -- 98.86 

phosphogypsum 20.40 3.35 0.55 0.58 31.44 0.11 42.60 99.03 

Tab. 2 Chemical and mineral compositions of clinkers /% 

Sample No. 
Chemical compositions Mineral compositions 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 ∑ C3S C2S 4 3C A S  C4AF CaSO4 ∑ 

A1, (5-30) 26.07 3.42 1.64 61.74 2.46 3.46 98.79 28.71 53.08 4.76 4.99 4.83 96.36 

A2, (10-30) 24.41 5.84 1.64 60.42 2.38 4.10 98.79 28.74 48.29 9.59 4.98 4.83 96.44 

A3, (15-30) 22.75 8.26 1.64 59.10 2.30 4.73 98.78 28.78 43.50 14.44 4.98 4.83 96.52 

A4, (20-30) 21.08 10.68 1.64 57.77 2.23 5.37 98.77 28.77 38.73 19.28 5.00 4.84 96.61 

              

B1, (5-45) 24.82 3.42 1.64 62.94 2.50 3.46 98.78 43.08 38.64 4.75 5.00 4.83 96.30 

B2, (10-45) 23.16 5.84 1.64 61.62 2.42 4.09 98.77 43.13 33.85 9.58 5.00 4.83 96.38 

B3, (15-45) 21.50 8.25 1.64 60.30 2.34 4.73 98.77 43.17 29.05 14.42 4.99 4.83 96.47 

B4, (20-45) 19.83 10.68 1.64 58.98 2.27 5.37 98.76 43.22 24.24 19.27 4.98 4.83 96.55 

              

C1, (5-60) 23.57 3.42 1.64 64.14 2.54 3.46 98.76 57.49 24.20 4.75 4.99 4.82 96.25 

C2, (10-60) 21.91 5.83 1.64 62.82 2.46 4.09 98.76 57.54 19.40 9.58 4.98 4.83 96.33 

C3, (15-60) 20.25 8.25 1.64 61.50 2.38 4.73 98.75 57.55 14.62 14.41 5.00 4.83 96.41 

C4, (20-60) 18.58 10.67 1.64 60.18 2.31 5.36 98.74 57.61 9.80 19.25 5.00 4.83 96.50 

2.2. Experimental Process 

The raw meal were prepared by mixing adequate quantities of raw materials and an amount of 



0.25 % CaF2 was added in each sample, and grinded in a laboratory ball mill to give a residue 

of ~10 % on the 80 μm standard sieve. The ground raw meal were mixed with water and 

pressed into 60×8 mm discs using a mould and then dried. 

The discs were burned to clinker in an electric silicon molybdenum furnace. The burned 

temperatures were set as 1310 ℃ for group A, 1320 ℃ for group B and C, and remained 50 

minutes respectively, removed from the furnace at 1200 ℃ and cooled them rapidly in air. 

The cements were made by mixing 95% clinker and 5% gypsum and were grinded in a 

laboratory ball mill to give a residue of ~10 % on the 45 μm standard sieve. 

2.3. Analysis 

The clinker was grinded to the particles small than 80 μm and the free lime content was 

determined chemically after dissolving in ethanol-glycerin. 

The group C clinker was fine grinded and the SO3 content was determined by barium sulfate 

quality method. 

The hydration exothermic rate and heat evolution content of C1 and C3 cement hydrated for 

80 h were analyzed by TAM Air isothermal calorimeter. 

Group A, B and C clinker were analyzed by XRD (Cu, Kα, λ = 0.154 nm), respectively. The 

C3 clinker was observed by SEM, the 3 days hydration of A3, B3 and C3 samples were also 

analyzed by XRD, respectively. The compressive strengths were tested on 20 mm cubes 

prepared from cement paste with a water/cement ratio of 0.30 at 3, 7 and 28 days after 24 h 

curing in moist air and subsequently in water. The setting time was tested on paste with a 

constant water/cement ratio of 0.30 using a cylindrical mould of 40 mm diameter and 40 mm 

height. In order to comparing with the strength of Portland cement clinker, the strength 

development of Portland cement clinker was tested using the same method.  

Cement reacts with water to form hydration products, the more hydration products formed 

during a certain time, the more combined water produced, and the more quickly hydration 

created. Therefore, the amount of combined water could be used in the characterization of the 

formation of hydration products, which can explain the degree of cement mineral reaction 

with water; at the same time, the different cement minerals form different hydration products 

through hydrating, which have different thermal decomposition temperatures. Therefore, the 

determination of the dehydration of weight loss at different temperatures can identify what 

kind of hydration products produced, and relate to the cement minerals. 

This experiment measured the weight loss of cement paste at the different temperatures by 

burning method, indicating the combined water content of cement paste in order to 

characterizing the hydration process of cement. 

3. Results and discussion 

3.1. Burning performance of clinker 

Comparing the appearance of clinkers, with an increase of 4 3C A S  content, the clinkers 

become more compact and the hardness of the clinker gradually increases at the same C3S 

content. It can be observed that the amount of liquid increases at the corresponding burning 

temperature with the increase of Al2O3 and SO3 contents in the sample, and the clinker 

burning are easy. However, the density and hardness of clinkers decrease and the sintering 

degree reduce with the increase of C3S content at the same 4 3C A S  content. It can be known 

from figure 1 that free lime content of each clinker is all lower, indicating that the clinker 

burning are easy on the whole. Specifically, for group A, B and C samples, when the contents 

of 4 3C A S  are 5%, 10% and 15% respectively, the free lime content in clinker is lower 

relatively which benefiting the clinker mineral formation. And when the 4 3C A S  content is 

20%, the free lime content of clinker is generally high; the clinker mineral formation becomes 

difficult. For group C with a high C3S content, the free lime content of clinker is overall the 

highest than other groups and the clinker mineral formation is more difficult. 

3.2. The formation of clinker mineral 

XRD analysis of group A, B and C are shown in figure 3, figure 4 and figure 5, it can be seen 

that the main minerals of each group sample are C3S (d = 3.04, 2.78, 2.61, 2.19 and 1.77), 

4 3C A S  (d = 3.75, 2.65 and 2.17) and C2S (d = 2.78, 2.75, 2.61 and 2.88), and a small amount 



   
Figure 1 Free lime content of the clinker          Figure 2 SO3 content of group C clinker 

of C4AF (d = 7.29), the formation condition of clinker mineral consists with the designed 

mineral composition. When the designed 4 3C A S  mineral content is 5% in clinker, the 

diffraction peaks (d = 3.75, 2.65 and 2.17) of the mineral are not obvious. With the increase of 

the designed content, the intensity of the diffraction peaks of 4 3C A S  mineral gradually 

increase and more 4 3C A S  mineral is formed in the clinker. SO3 content of group C clinker is 

shown in figure 2, it is known that SO3 has a partly resolved and volatilized at high 

temperatures, but the loss is not much. When the designed 4 3C A S  content is 5% in clinker 

that the diffraction peaks are not apparent, there are two reasons, one is the detection precision 

of the instrument not enough, another is due to SO3 dissolving in other minerals, which 

reduced the amount of SO3 that is used to form 4 3C A S . The diffraction peaks of C3S (d = 3.04 

and 1.77) mineral in group A, B and C show that the intensity of that gradually increase with 

the increase of the designed content, many C3S mineral is formed in the clinker. The overall 

analysis of mineral formation, C3S and 4 3C A S  mineral can well coexist in clinker in a larger 

content range. But the height of diffraction peaks of C3S mineral in the group A, B and C has 

a certain reduction with the increase of the designed 4 3C A S  mineral, the C3S mineral content 

decreases, this indicates that, the high Al2O3 and SO3 content hinder the C3S mineral 

formation. And the effect of designed C3S content change on the 4 3C A S  mineral formation, it 

can not been observed from the XRD patterns. 

   
Figure 3 XRD patterns of group A clinker         Figure 4 XRD patterns of group B clinker 

Figure 6 shows SEM photograph of C3 clinker. It can be seen clearly, the main mineral 

formation is good. C3S mineral crystal size is about 20~40 m, 4 3C A S  mineral crystal size is 

about 2~5 m, C2S mineral crystal size is about 10~30 m. 



   
Figure 5 XRD patterns of group C clinker         Figure 6 SEM photograph of C3 clinker 

3.3. Hydration reaction of cement 

The hydration reaction of cement is an exothermic reaction and testing the cement hydration 

heat can be characterized the hydration process of cement. Figure 7 shows the hydration heat 

evolution rate of C1 and C3, having different content of 4 3C A S  mineral. The content of 

4 3C A S  mineral is 5% in C1, and 15% in C3. The first exothermic peak of C3 cement is 40.5 

J/g/h, and the first exothermic peak of C1 cement is 32 J/g/h. C1 cement exothermic peak is 

smaller and exothermic duration is longer than C3. After the first exothermic peak, it enters 

into a hydration induction period. C1 cement induction period lasts a long time than C3 

cement, and it is corresponding that the C1 cement setting time is longer. At about 20 h, it 

comes to the second hydration exothermic peak. C3 cement exothermic peak is 12.5 J/g/h, C1 

cement exothermic peak is 7 J/g/h. The hydration exothermic rate of C3 is large, the second 

exothermic peak is narrower, and the exothermic peak is higher. This is mainly caused by the 

rapid hydration and the large hydration heat evolution rate of 4 3C A S  mineral. 

Figure 8 shows the hydration heat evolution content of C1 and C3 cement. The heat evolution 

content of C1 and C3 cement are 320 J/g and 200 J/g respectively. So, the content of 4 3C A S  

mineral increases, leads to the cement hydration exothermic rate and the hydration heat 

evolution content increase. 

   
Figure 7 Hydration exothermic rate of C1          Figure 8 Heat evolution content of C1 

and C3 cement                            and C3 cement 

Figure 9 shows the XRD patterns of A3, B3 and C3 cement at 3 days hydration, which can be 

used to analyze the hydration products of cement. The diffraction peak at d = 9.75 is ettringite 

(AFt), d = 8.91 is monosulphate (AFm), and d=4.92 is Ca(OH)2. Therefore, the cement forms 

the hydration products are ettringite, AFm and Ca(OH)2 at 3 days hydration, and the content 

of Ca(OH)2 increases obviously with the increase of C3S content. 



Figure 10 shows the loss on ignition (content of hydration combined water) of the cement at 3 

days hydration at different temperature. For the hydration products dehydrating temperature, 

most of C-S-H gel and hydrated calcium sulphoaluminate (AFt and AFm) are lower than 

200 ℃; the dehydration of Ca(OH)2 is at 200-600 ℃; some other C-S-H gel dehydrate at 

600-1000 ℃. If the pastes are carbonized, formed CaCO3 will decompose at 600-750 ℃. At 

room temperature (25 ℃) to 1000 ℃, is the total loss. The content of hydration products can 

be quantitatively calculated by measuring the loss at the special temperature. 

   
Figure 9 XRD patterns of the cement              Figure 10 Loss on ignition of the cement 

at 3 days hydration                            at 3 days hydration 

From figure 10, it shows that the loss on ignition of the cement at room temperature to 

200 ℃, sample C1-C4 increases gradually, indicating the formation of hydration products 

content increase gradually, which are mainly caused by hydrated calcium sulphoaluminate 

dehydration. The loss of C2, C3 and C4 are larger than C1, but the increases are smaller at 

200℃-600℃ , this indicates that formed Ca(OH)2 content change is smaller. At room 

temperature to 1000 ℃, the total loss increase gradually and markedly, indicating the 

formation of hydration products increase gradually, which are mainly caused by the increase 

of hydrated calcium sulphoaluminate gradually and obviously. 

3.4. Setting performance of cement 

Figure 11 shows the setting time of group A, B and C cement. It can been seen that the initial 

setting time and final setting time of cement are significantly reduced with the increase of 

4 3C A S  mineral content for the same group of samples, and the interval between initial and 

final setting time also shorten significantly. This is because that 4 3C A S  mineral is a rapid 

hardening and the early strength mineral which the hydration hardening rate is quick, the 

more 4 3C A S  mineral, the more hydration products produce, and is the shorter setting time of 

the cement. This corresponds to the above analysis of the cement hydration process, the 

induction period duration of C1 cement is markedly prolonged compared with that of C3 

cement. 

However, from figure 11, the setting time of the cement is extended obviously with the 

increase of the designed C3S content in clinker in general, the initial and final setting time are 

also prolonged obviously. This is different from Portland cement. The reason is mainly that 

the content of the hydration product Ca(OH)2 increases with the increase of C3S content, 

which results in the retarding action enhancement for aluminate and sulphoaluminum 

minerals with gypsum (Hargis C. W. et al., 2013; Saoût G. L. et al., 2013). 

3.5. Strengths of cements 

Figure 12 shows the compressive strength of the cement, in order to compare, the figure also 

shows the strength of Portland cement under the same test conditions. 

From figure 12, it can be known that the 3d and 7d compressive strength of group A samples 



containing 30% C3S mineral increases with increasing of 4 3C A S  mineral content, but the 

strength growth rate decreases for A4 sample containing 20% 4 3C A S  mineral. The 28d 

compressive strength of A4 sample is significantly lower than that of other three samples. The 

3d and 7d compressive strength of group B samples containing 45% C3S mineral increases 

with the increase of 4 3C A S  mineral content obviously. Although the 28d strength of B4 

sample is higher than that of B1 sample, the strength growth rate decreases significantly. For 

group C samples containing 60% C3S mineral, are similar to group A and B cement (Pelletier 

L. et al., 2010). The hydration hardening rate of 4 3C A S  mineral is fast, the hydration product 

ettringite are acicular crystals (Hargis C. W. et al., 2013), can strengthen the structure of the 

cement stone, increasing the cement strength. However, when the 4 3C A S  content is too many, 

a large amount of ettringite is formed in a short time, resulting in the partial damage of 

cement stone structure, leading to the decrease of the cement strength or strength growth rate. 

   
Figure 11 Setting time of the cement          Figure 12 Compressive strength of the cement 

In general, the strength of the cement is high and the strength growth rate is good when the 

4 3C A S  mineral content is 10% or 15%. When the 4 3C A S  mineral content is 5%, the 3 d and 7 

d compressive strength of the cement is lower, but the growth rate of 28 d strength is big and 

attains a high strength. When the 4 3C A S  mineral content is 20%, the 3 d and 7 d strength are 

higher, but the strength growth rate of 28 d decreases. With the increase of designed C3S 

mineral, the setting time of the cement prolongs, the cement strength increases and the values 

are higher. In contrast, the setting and hardening of alite-sulphoaluminate cement are faster, 

the early strength is higher, the whole strengths are also higher; but the hydrating and setting 

and hardening of Portland cement are slower, the early strength is lower, and the strength 

growth rate is larger. 

4. Conclusions 

The density of the clinker and the free lime content increase with the increase of designed 

4 3C A S  mineral. 4 3C A S  and C3S minerals can well coexist in the clinker in a large range of 

mineral content. The influence of C3S mineral content change on the formation of 4 3C A S  

mineral is small, while the high 4 3C A S  mineral content hinders the formation of C3S mineral. 

The hydration exothermic rate and heat evolution content increase with the increase of 4 3C A S  

mineral content, and the hydration induction period shortens. Moreover, the initial and final 

setting time of cement are significantly shortened with the increase of 4 3C A S  mineral content, 

and the interval of the initial and final setting time also shorten significantly. 

When the 4 3C A S  mineral content is 5% in the clinker, the early strength of the cement is 

lower, but the strength growth rate is bigger. When the 4 3C A S  mineral content is 10% or 15%, 

the whole strengths are higher. When the 4 3C A S  mineral content is 20%, the 3 d and 7 d 

compressive strength are higher, but the strength growth rate of 28 d decreases. 
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Abstract 

The effect of addition of TiO2 and the influence of type of binder, surface roughness and micro/macro-structure 

on photoactivity have been evaluated on mortars with four types of cements and three roughness. The 

classification according to photocatalytic efficiency was the same for both NOx degradation and self-cleaning in 

function of mixes  ́ composition (Portland cement≈calcium aluminate cement>fly ash>slag mortars). These 

differences have been attributed to redox potential of the aqueous phase of pores network and the 

photoabsorption energies of cementitious matrix components. Concerning the roughness and structure, it was 

found that the available active surface is a necessary parameter for evaluating photocatalytic efficiency. Thus, 

during the process of fabrication photocatalytic mortars, the chemical composition of cementitious matrix, final 

texture and microstructure of the material must be carefully selected to accomplish the requirements of 

photocatalytic efficiency.                                                                                   

 

Originality 

Nowadays, photocatalytic construction materials are being increasingly used; however there are some variables 

whose influence has not been thoroughly studied and that are quite important in the real world conditions. 

During the process of manufacturing cementitious-based construction materials, different types of cement and 

binders can be used. These materials can cause significant modifications in redox properties or photoabsorption 

capabilities, which can influence significantly the photocatalytic behaviour. On the other hand, it is necessary to 

know the real influence of the finishing of the mortar surface when using these products. Therefore, the study of 

the influence of chemical composition of cementitious matrix and physical parameters as surface roughness or 

micro/macro-structure on photocatalytic activity is very relevant.  

In this study, the analysis of chemical composition of cementitious matrix in function of binder type used has 

reported original results. The interpretation of the photocatalytic activities based on different redox potentials of 

pore network aqueous phase of and photoabsorption energies of the different constituents of the cementitious 

matrix is highly innovative. On the other hand, one of the most relevant results to our study is that it cannot be 

directly related roughness with active surface; there is a point of roughness in which the available surface is 

maxima. 
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1. Introduction 

Photocatalytic enriched building materials provides promising results for degradation of air 

contaminates such as VOCs and NOx (Bengtsoon and Castellote, 2010; Bengtsson and Castellote, 

2014; Bengtsson et al., 2009; Jimenez-Relinque and Castellote, 2014), self-cleaning (Folli et al., 2009) 

self-sterilizing(Goswami et al., 1997), and anti-fogging properties. Even, more recently, the possibility 

to eliminate pollen from the air (Sapiña et al., 2013) have been postulated. In this context, 

incorporation of TiO2 in cementitious materials offers a promising potential due to the binding 

properties of cement, to their porous structure and compatibility of their alkaline pH with TiO2 (Chen 

and Poon, 2009).  

The interactions of TiO2 nanoparticles with the cementitious materials have been investigated by 

several research groups. Until now, it has demonstrated that the mixed of TiO2 with mortars or 

concretes may affect the performance of fresh and hardened state. From a structural point of view, the 

addiction of these nanoparticles may cause a decrease in workability on mortars or concretes 

(Diamanti et al., 2013), together with a decrease in the average pore size of the final product (Nazari et 

al., 2010; Ruot et al., 2009), and generally an increase in compressive and flexural strength (Chen et 

al., 2012; Lackhoff et al., 2003; Nazari et al., 2010; Zhang and Li, 2011; Zou et al., 2006). Although, 

all these properties depend on the amount of nanoparticles added. Kawakami et al. (2007) 

demonstrated that compressive strength, modulus of elasticity and flexural strength decreased 

proportionally with increasing ratio of TiO2 between 5% and 10% (Kawakami M, 2007). Comparing 

these studies, there appears to be an optimal amount of photocatalyst, beyond which enhancement of 

strength properties is reduced. Zhang (2011) attributed this to a decreasing distance between 

nanoparticles, which disables calcium hydroxide from growing, and therefore produces a reducing the 

strength of the concrete (Zhang and Li, 2011). Nevertheless, it is still controversial whether the added 

nano-TiO2 particles have certain puzzolanic activity or they are only fine non-reactive fillers (Chen et 

al., 2012; Diamanti et al., 2013; Lackhoff et al., 2003; Nazari et al., 2010). 

On the other hand, the suitable development of a photocatalytic process in cement-based materials 

requires a better understanding of the effect of cementitious substrate characteristics on photocatalytic 

efficiency. Modern cement-based materials often include the use of supplementary cementing 

materials. These admixtures are often co-products or wastes for other industries or natural materials. 

Typical examples are natural puzzolans, fly ash, ground granulated blast-furnace slag and silica fume. 

These materials can react chemically with calcium hydroxide released from the hydration of Portland 

cement to form cement compounds with different structure and chemical composition, redox 

properties, etc., which can influence significantly the photocatalytic material behavior. In real 

applications, when it fabricated cement-based materials, different finished of surface can be used. 

Considering that the photocatalytic process is basically a surface process, is necessary to know the real 

influence of superficial texture when using photocatalytic products. The texture surface can seriously 

affect for the deposition of contaminants, bioreceptivity, photocatalytic removal process and 

subsequent washing. Hüsken et al. (2009) established that high substrate roughness favored 

degradation on photocatalytic concrete due to the availability of higher active surface area (Hüsken et 

al., 2009). Others authors were in agreement with these results (Guo et al., 2013; Ramirez et al., 2010), 

and recognizing the advantage of roughness surface to TiO2-particles retention.  

Overall, it can be concluded that, despite the previous studies carried out about the influence of 

chemical composition of cement matrix, surface roughness and micro/macro-structure, more detailed 

study of these parameters must be done. Preliminary, the authors reported (Jimenez-Relinque et al., 

2015) the influence of these parameters on different cementitious matrix. In the first part of the study it 

has been evaluated the influence of nano-TiO2 particles on the properties of mortars in fresh state and 

hardened cement based materials. The second part has been focused on evaluation the effect of 

cementitious Matrix, Surface Roughness and Microstructure on self-cleaning ability and pollutant 

removal potential of photocatalytic mortar 

 

 

 



 

2. Experimental 

2.1. Materials and specimen preparation 

Normalized mortars (water/cement ratio= 0.5 and cement /sand ratio = 1/3) with four different types of 

cements: ordinary Portland (OPC), calcium aluminate (CAC), blast furnace slag (SC) and fly ash 

(FAC) were prepared following the mixing procedure of standard UNE-EN-196-1. Samples including 

2% of titanium dioxide (Aeroxide® TiO2 P25-PhC) on weight of cement and samples without TiO2 

were also made. Three different surface roughness mortars were prepared according to average 

deviation from the horizontal plain: below 0.1 mm (fine specimens, F), between 0.5 mm and 1 mm 

(medium specimens, M) and above 1 mm (rough specimens, R). 

2.2. Specimen Characterization 
Mortar consistency and occluded air in fresh state were measured following the procedure described in 

the Standard EN 1015-3-Part 3 and UNE-EN 1015-7 respectively. Compressive and flexural tensile 

strengths of mortars were determined according to the UNE-EN 1015-11 standard. Mineralogical 

composition and microstructure were characterized through mercury intrusion porosimetry, X-ray 

fluorescence (XRF) and scanning electron microscopy (SEM). The optical characteristics were 

measured by UV-visible diffuse-reflectance spectroscopy (UV-vis DRS). 

2.3. Photocatalytic efficiency 

NOx removal ability of hardened cementitious samples was tested using a continuous flow reactor 

with 2.81 litters capacity. As light source a 300-W solar lamp (OSRAM UltraVitalux) was used. The 

inlet gas was a mixture of air with 1 ppmv of NO, flowing at a rate of 3 L/min. The concentration of 

the outlet gas was measured using a chemiluminescence analyzer (AC-32M, Environment SA). The 

tests were performed at 23°C and a relative humidity of 30%. The experimental procedure begins by 

placing the sample inside the reactor. Afterwards, the inlet gas mixture starts to flow until it stabilizes. 

In this moment, the lamp is turned on for 1 h. The results of the amount of NOx removal during the 

irradiation by the test sample are calculated as percentage of NOx removed after the irradiation test in 

function of the initial NOx concentration. 

Self-cleaning capability of photocatalytic mortars was determined by monitoring the discolouration of 

organic dyes (Rhodamine B (RhB)-UNI 11259:2008 and methylene blue (MB)-ISO 10678:2010). 6 

ml of solution, either RhB (0.0083 g∙L-1) or MB (0.015 g∙L-1) were used. Colour measurements were 

taken with a portable spectrophotometer CM-2300d-Konika Minolta. The results were expressed 

according to CIELAB system (Bengtsson and Castellote, 2014; Ruot et al., 2009). The percentage of 

discolouration was expressed with the coordinate of dominant colour of dye a* or b* for RhB and MB, 

respectively. This effect only could be tested on OPC-PhC and SC-PhC with both dyes, while FAC-

PhC y CAC-PhC it has been unable because the color of cement matrix that made it impossible to 

measure changes of color dye. Photolysis values for the dyes have been found to be negligible if 

compared with photocatalytic degradation values for all materials (data not shown). 

3. Results and Discussion 

3.1. Characterization of the mixes 

The physico-mechanical and structural characterizations of mortars for the different formulations were 

shown in Figure 1. Results indicated that workability decreased around a 25% (as an average) with the 

addition of TiO2 for all types of cements. The decreased workability of mortars was probably due to 

the extremely fine size and high specific surface area of TiO2 particles incorporated in  mortars, which 

caused higher water demand (Nazari et al., 2010; Ruot et al., 2009).  Despite the presence of 

nanoparticles could play a positive filler effect (Chen et al., 2012; Lackhoff et al., 2003; Nazari et al., 

2010; Zhang and Li, 2011; Zou et al., 2006), a slight decrease in mechanical strength was observed in 

PhC specimens. This behavior has been attributed to the perceptual diminution of the amount of 

cement in total sample (Lucas et al., 2013). In addition, due to the lower fluidity of PhC specimens, 

homogeneity of the samples can be affected, leading to smaller compressive strengths. No effect in 

flexural strength and air occluded by the addition of TiO2 was observed.  

 



 

Concerning porosimetry, it can be observed that the addition of TiO2 induces noticeable changes in the 

total porosity of OPC samples. Also, mean pore diameter diminishes significantly in comparison with 

the reference without TiO2 in all samples. The addition of TiO2 seems to act as effective filler of voids 

leading to a refinement of the porosity, with a shift of the single mode pore distribution towards 

smaller pores, encountering the entire maximum for the PhC mixes at sizes smaller than 0.05 microns.  

The elemental analysis of samples through XRF, it can be seen that the final amount of TiO2 is very 

similar for OPC-PhC, SC-PhC and FAC-PhC, around 0.6%, being higher for CAC-PhC that reaches 

0.9%.  Concerning the rest of elements, SC-PhC samples have higher amount of S and Mg, and CAC-

PhC of Fe and Al than the rest.  

 

 

 

 
 

Figure 1. Consistency, fresh apparent density, occluded air, compressive and flexural tensile strengths, total 

porosity and average pore size for the different formulations. 

  

Photoabsorption energy (PE) has been determined through the intersection between the tangent line to 

the absorption edge and the baseline absorption (Elder et al., 2000) by plotting (F(R)*hυ)0.5 versus the 

energy of exciting light (hυ), where F(R) was calculated according to Kubelka Munk function 

(Kubelka and Munk, 1931). PE (eV) obtained were 2.95 for OPC-PhC, 3.35 for SC-PhC, 3.10 and 

3.50 for FAC-ShC and for CAC-PhC 2.85 and 3.07.  

3.2 Photocatalytic activity results 

Table 1 shows the results of NO, NO2 and NOx degradation for each sample.  From these data, it can 

be seen that the classification according to photocatalytic efficiency for NO degradation in function of 

mixes  ́ composition is:  CAC-PhC>OPC-PhC > FAC- PhC> SC-PhC. However, CAC-PhC sample 

generates more NO2 than the other samples, which makes the total balance for NOx quite similar for 

OPC-PhC and CAC-PhC mortars. Regarding surface properties, it can be clearly observed that an 

increase in roughness increases NOx degradation percentage as well. 

 

 

 

 

 

 

 



 

Table 1 Results of NO, NO2 and NOx degradation for the different formulations. 

NOx NO NO2 

F M R F M R F M R 

OPC-PhC 19,79 23,6 24,8 19,6 22,5 25,3 0,19 1,1 -0,5 

SC-PhC 15,62 15,4 18,67 15,52 16,11 19,22 0,1 -0,71 -0,55 

FAC-PhC 16,63 19,97 20,49 18,47 20,52 21,06 -1,84 -0,55 -0,57 

CAC-PhC 19,3 22,09 24,3 21,8 23,01 28,5 -2,5 -0,92 -4,2 

 

The self-cleaning efficiency was evaluated in function of RhB and MB dyes discoloration. The 

simultaneous evolution of colour coordinates a* and b* as projected in the plane of luminosity L of the 

colour sphere (almost constant during the tests) is shown in Figure 2, where the initial values of the 

specimens before adding the dyes, are also given.  From this figure, it can be deduced that the final 

colour of the specimens after the addition of RhB is quite dependent on the roughness of the surface, 

not finding a direct relationship, being much more similar for every roughness in the case of MB.  

During illumination, the colour in every specimen tends towards the initial one or more yellowish 

colour (OPC-PhC, M and R) than before staining. In Table 2, the percentage of degradation rate for a* 

coordinate, in the case of RhB, and b*, for MB, are presented. From these data, it can be seen that 

classification according to photocatalytic efficiency for self-cleaning in function of mixes  ́

composition is:  OPC-PhC > FAC- PhC> SC-PhC. The results also indicated that, in general, the 

specimens with medium roughness (M) performed better than the corresponding specimens with fine 

surface (F) and rough surface (R), being the rough samples usually the least active. This difference 

between textures is more significant after 24 hours.  

 

 

 

 

 

 

 

 



 

 
Figure 2. Evolution of a* and b* CIELAB coordinates during the 24 hours of irradiation. Subscripts(o) means 

initial colour of specimen before application of  dyes. 

 
 

 

 

 

 



 

 

 

 

Table 2.  Absolute percentage of degradation rate at different time (Rhours) for a* and b* coordinates for RhB and 

MB respectively. 

    a* b* 

Formulation 
Surface 

R0,5 R1 R2 R3 R4 R24 R0,5 R1 R2 R3 R4 R24 
roughness 

OPC-PhC 

F 9 13 26 37 44 51 11 23 39 50 56 63 

M 19 26 34 42 49 60 6 22 30 40 52 68 

R 10 17 24 30 36 47 5 20 29 30 42 52 

SC-PhC 

F 2 5 8 13 18 44 13 29 33 38 37 49 

M 2 7 10 11 18 46 7 14 22 31 47 59 

R 7 7 12 14 16 36 14 - 18 24 33 42 

FAC-PhC 

F - - - - - - 6 11 20 30 39 62 

M - - - - - - 14 17 30 36 42 57 

R - - - - - - 20 24 30 37 43 51 

 

3.3 Roughness effect on the photocatalytic efficiency 

The behavior of photocatalytic efficiency for degradation of NOx seems to be directly related with 

roughness. As expected, an increase in roughness increases NOx degradation percentage as well. 

However, for self-cleaning process it seems that other superficial parameter is more decisive in this 

respect. This parameter may be the active exposed surface of specimen. Through integration of 

samples contour profiles, it has been calculated that average surface area exposed for M and R 

specimens is 1.26 and 1.18 times respectively higher than the area of F specimens. In detail, the 

behavior in process can be explained as follow: For self-cleaning experiments, where the dye has been 

directly spread on the surface, the specimens with M Roughness that correspond with the most surface 

area exposed are the most actives. In the case of R samples, the less efficiency on self-cleaning than F 

specimens might be explained because the homogeneous distribution of dyes on the mortar surface 

was not completely achieved. Therefore, it can generally be said that in the conditions used for NOx 

experiments not seem be more decisive the active surface area than roughness on the contrary to self-

cleaning. It may be considering that gas flow adjusted to 3 L∙min-1, which is quite high, allows that 

the gas reached the more open roughness corresponding to specimens R, taking profit of all the excess 

of exposed area.  However, for specimens M, only a part of their excess of area is effective for NOx 

degradation due to the more closed roughness, which implies the gas cannot reach the entire surface 

with the flow imposed. This could explain that specimens M showed a higher efficiency than F, but 

slightly lower than R samples 

3.4. Effect of the microstructure on the photocatalytic efficiency 

Always taking into account that the effect of composition is mixed with the microstructure effects, that 

are being analyzed considering all the available mixes, the relationships between the total porosity (% 

vol) and the average pore size for the photocatalytic samples in function of the percentages of 

degradation for NOx and MB are presented in Figure 3, where for the photocatalytic efficiency, the 

individual data for each roughness as well as the average for the three roughness are given.  RhB 

results are not given here as only two mixes were tested.  From Figure 3 c-d, it can be deduced that the 

percentage of degradation increases when the average pore size grows.  However, the same tendency 

is not found concerning the total porosity (Figure 3 a-b) where a decreasing trend can be observed.   In 

order to refine the pores involved in the processes, the pore size distributions have been quantified into 

different ranges.  In Figure 4, the amount of pores higher than 5 m (pores of air), between 5 and 0.05 

m and smaller than 0.05 m, in function of the efficiency of degradation, are presented.  In Figure 4 

a-b it can be seen that the big pores, even though they do not show a relationship, present a decreasing 



 

trend with the degradation for both, NOx and dyes.  The same can be said for the small pores smaller 

than 0.05 microns.  However, there is a positive trend within the capillary pores, where degradation 

increases when increasing the porosity in this range.  This is in agreement with results in Figure 3 c-d, 

as these samples present the average pore size in the range of smaller pores.   
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Figure 3. Relationships between the percentages of degradation for NOx and MB in function of total porosity 

and average pore size. The linear correlation corresponds to the average values for each mix. 

 

 



 

y = -2546.9x + 31.319
R² = 0.6046

10

15

20

25

30

0.002 0.004 0.006

%
 d

e
g

ra
d

a
ti

o
n

 N
O

x

d> 5 (microns)

F

M

R

Average

a)
y = 176.8x + 16.243

R² = 0.3707

10

15

20

25

30

0.00 0.02 0.04

%
 d

e
g

ra
d

a
ti

o
n

 N
O

x

5>d>0,05 (microns)

c)

y = -148.64x + 25.332
R² = 0.6286

10

15

20

25

30

0.00 0.02 0.04 0.06

%
 d

e
g

ra
d

a
ti

o
n

 N
O

x

d< 0,05 (microns)

e)

y = -8051.7x + 91.931
R² = 0.4574

20

30

40

50

60

70

80

0.002 0.004 0.006

%
 d

e
g

ra
d

a
ti

o
n

 M
B

 (
2

4
 h

)

>5 (microns)

F

M

R

Average

b)

y = 1468.7x + 29.587
R² = 0.2546

20

30

40

50

60

70

80

90

0.00 0.02 0.04

%
 d

e
g

ra
d

a
ti

o
n

 M
B

 (
2

4
 h

)

5<d<0,05 (microns)

d)

y = -366.19x + 67.491
R² = 0.6319

20

30

40

50

60

70

80

0.00 0.02 0.04 0.06

%
 d

e
g

ra
d

a
ti

o
n

 M
B

 (
2

4
 h

)

d<0,05 (microns)

f)

 
 

Figure 4. Amount of pores in function of the efficiency of degradation.  a-b) d>5 m (pores of air), c-d) between 

5 and 0.05 m and e-f) smaller than 0.05 m. The linear correlation corresponds to the average values for each 

mix. 

 

These results are in accordance with other authors that have demonstrated that a higher porosity does 

not necessarily imply a higher photoactivity (Strini et al., 2005).  However, they are not in agreement 

with (Sugrañez et al., 2013) that, for the same type of cement and varying the amount and type of sand 

used, as well as the water/cement ratio found that photocatalytic efficiency for NOx  was related to the  

macroporosity of the mortars. Lucas et al. (Lucas et al., 2013) found that the photocatalytic activity 

was favoured by an increased porosity, provided that there was not a prevalence of the small pores 

(<0.1 mm). Small pores appeared to obstruct pollutant diffusion into the cementitious matrix. This is 

not in disagreement with the results obtained here, provided that in (Lucas et al., 2013) general 

porosity of the samples was higher than in this work and most of porosity was in the capillary range 

identified here. On the other hand, the negative effect of big pores could be attributed to adsorption of 

the contaminants into the matrix toward zones deeper than that reached by the light.   

 

 

 

 

 

 



 

3.5. Effect of mixes composition on the photocatalytic efficiency 

The differences as function of mixes composition have been attributed to two possible causes: the 

oxidation-reduction potentials of the aqueous phase of the pore network and PE of the different 

constituents of the cementitious matrix. 

The redox potential of the pore solutions for the four different formulations analyzed were: OPC (139 

mV), SC (-377), FAC (106) and CAC (131 mV)(Andersson et al., 1989). Reduction conditions have 

also been found in SC by (Longuet et al., 1973).  This is due to the fact that OPC are normally 

produced under oxidation conditions; being most of their iron content present as Fe(III), to the near-

exclusion of Fe(II)(Glasser, 1997). Therefore, they are associated to pore fluids slightly oxidizing 

(potentials relative to a standard hydrogen electrode of +100 to +200 mV).  However, blast furnace 

slags contain a little iron which is present as mixtures of colloidal metallic iron, Fe(II) and Fe(III). The 

main couples involve sulfur S2- substitutes in part for O2- in the glass network. This chemically-

reduced S reacts with water at high pH and with cement sulfates to furnish a range of 

electrochemically active S speciations. Slag-rich blends have been experimentally observed to have 

potential values in the range -200 to - 400 mV (Andersson et al., 1989; Glasser, 1997; Macphee and 

Glasser, 1993). Taking into account these approximate potential values. The relatively poor activity of 

SC-PhC mortars may be due to some species in this matrix are capable of entering into direct 

competition with NOx oxidation, minimizing  the oxidation capability  the contaminant by reactive 

oxygen species generated in the photocatalytic reaction. Concerning PE of photocatalytic cementitious 

matrix, a relationship can be derived in function of photocatalytic efficiency. This result confirmed 

that the different constituent of cementitious matrix modify the absorption energy characteristics of the 

material, resulting in different photocatalytic efficiencies.  PE values have shifted to lower energy 

(longer wavelength) relative to bulk TiO2 (Aeroxide® TiO2 P25, Eg = 3.2 eV) in OPC-PhC, FAC-PhC 

and CAC-PhC. However, SC-PhC and the second optical absorption energy of CAC-PhC showed the 

PE displacement in the opposite direction (higher energies).  This band gap narrowing happens when 

the absorption band of the TiO2 and absorption edge of different constituents of the cementitious 

matrix that absorb light in the same region overlap. This is reflected in a decreasing of the necessary 

threshold energy for material photoexcitation, resulting in higher photocatalytic efficiency. In this case, 

SC not exhibited this behavior, resulting in lower photoactivity of this last case in comparison with the 

other ones.  

4. Conclusions 

The addition of 2% TiO2 on the weight of cement decreased the workability, reduced the compressive 

strength of mortars and the mean pore diameter diminished significantly. Photocatalytic activity 

directly depends on the chemical nature of admixture materials of mortars, surface roughness and 

micro-structure. In detail, it has been demonstrated that parameters as the oxidation-reduction 

potentials and photoabsorption energy of the different constituents of cementitious matrix, and the 

available active surface of samples are crucial parameters on the determination of photocatalytic 

cement-based materials activity. Thus, during the process of fabrication photocatalytic mortars, the 

chemical composition of cementitious matrix, final texture and microstructure of the material must be 

carefully selected to accomplish the requirements of photocatalytic efficiency.   
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In Kazakhstan there are more than a quarter of waste iron and steel industry of the former 

Soviet countries, including species from the overburden and mining and tunnel works - 22.8%, 

tailings - 42.1%, metallurgical slag - 15.6%, sludge production of alumina - 19 2%. Only about 3% 

recycled found use in industry. 

At factories producing steel and engineering industries are large-waste steel slag, the use of 

which in the technology of cement and concrete and other silicate materials difficult. The main 

problem of the use of said toxins associated with the presence of a metastable calcium orthosilicate, 

which is at ambient temperature thermodynamically unstable and can move in a stable form, which 

is accompanied by a volume expansion of 10%, and causes degradation of the material. 

According to the literature data classic slags contain β CaO * SiO2, ferrites (typical - 2CaO * 

FeO3), calcium phosphate 3SaO * P2O5, solid solutions (Ca, Fe, Mg, Mn) O. Steel slag contain 

three main phase: 2CaO * SiO2; 2CaO * Fe2O3; (Fe, Mn, Mg) O. Steel slag used for the 

preparation of mixed cement, concrete, bituminous concrete. Suitability for their use determined the 

content of metastable S2S. Given the experience of the use of these toxins for silicate materials we 

propose to use steel slag to produce glass-ceramic materials. 

Used in the slags are wastes of metallurgical plant and represent a low-cost raw materials. 

We used acidic and basic steel slag metallurgical plant. 

Complex investigations steel slags "Ispat Karmet" revealed that feature steel slags is the 

presence of the metastable β-S2S. The chemical analysis of the basic open-hearth slag process 

indicate a higher content of magnesium and chromium. In slags also revealed the presence of 

manganese, phosphorus, which can manifest in the synthesis of the doping effect of Portland 

cement clinker. 

XRD analysis confirmed the presence of slag β-S2S (d = 3,4874; 2,8; 2,4642; 1,326A0), γ-

S2S (d = 3,87; 2,76; 1,90A0). Petrographic studies of basic open-hearth and converter slag found 

that in the present dicalcium silicate slag β- and γ- forms. 

In basic open-hearth slag quantity γ-S2S when compared with the converter slag prevails. In 

figures 3 and 4 shows photomicrographs of slag, which shows that the number of S2S in slags more 

than 50%. Typically, large crystals of periclase MgO, iron chromite FeO.Cr2O3, spinels CaO ∙ 

V2O3, pieces of lime, etc., bearing the scars of erosion (molten slag penetration, cracking with 

slagging walls, etc.), indicate that the slag during the process was not homogeneous. There were 

still no solutions, unassimilated slag slag particles or refractory materials. These large crystals or 

amorphous inclusions called random or exogenous. 

In some cases they are related to the composition of the slag, which is by nature not able to 

process at temperatures of steelmaking dissolve at all or dissolve rapidly, these minerals. In other 

cases, when the dissolution of solid minerals in the slag is slow, communication composition 

dissolves minerals and slag solution cannot be. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On Fig. 5 and 6 shows photomicrographs main сcrystallized steel slags. Large crystals are 

light-colored compound Mg, dark crystals - compound Fe. 

 

 

Figure 3 - Micrograph of steel slag basic open-hearth furnace     х280 

Figure 4 - Micrograph of steel slag converting furnace 

 х280 

γ-C2S 

β-C2S 



Of particular interest are much smaller crystals of the minerals formed during cooling and 

crystallization of the molten slag and the melt is not present in the steelmaking process as a separate 

phase (Figure 7). 

   

On Fig. 8 chromite crystals visible iron, painted in green color, some of the crystals are 

cracked. Molten slag penetrating into the cracks in some cases forming compounds containing slag 

forming agent and a compound of Fe. 

Basic slag in the transition to a solid state crystallize relatively easily. As a result, a solid 

basic slag can distinguish the following minerals: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Connections Fe 

Figure 5 - Micrograph of steel slags with Mg content х280 

Figure 6 - Micrograph of steel slags with Fe content   х280 

Connections Fe 

Connections Mg 

Connections Mg 
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Figure 7 - fine crystalline 

Mg compound     х28 

 

 

Figure 8 - fine crystalline Mg compound and chromium compounds  

х280 

Connection Mg 

Connection 

Mg 

Connection 

Cr 



From the foregoing, it is clear that processes steelmaking slags consist of basic and acidic 

oxides which form between chemical compounds: silicates, phosphates. Some amphoteric oxides, 

such as Al2O3, depending upon the nature of the environment can act as bases or acidic oxides 

(such as mullite 2Al2O3 ∙ SiO2 and Al2O3 acidic environment plays the main role of the oxide, and 

noble spinel MgO ∙ Al2O3 - acid). 

However, slags, especially the main, are multi component systems, they can be a very large 

number of complex compounds formed from various oxides. Therefore, to calculate the 

concentrations of free oxides have to make the assumption that the slags are two or three complex 

compounds. 

Steelmaking slag processes, as well as other non-metallic melts, consisting of ions of 

positively or negatively charged particles. These particles not electrically neutral molecule is a 

simple structural unit as slag. 

X-ray analysis revealed that all natural and artificial minerals have crystal lattice in which the 

nodes are simple or complex ions, but not atoms and molecules. This is particularly clear in the case 

of detected major oxides. For example, in the lattice nodes periclase her busy ions Mg2 + and O2-. 

Even lattice minerals such as quartz, rutile TiO2 or SiO2 likely ion. Upon melting, these minerals 

form their ions become even greater individuality and do not form electrically neutral particles. 

All these elementary events accompanied by a charge transfer layer contacting the metal with 

slag or slag charging layer contacting with the metal. 

It is important to emphasize that all these basic acts can take place only when there are 

substances in the slag in the form of the corresponding ions. 

However, the existence of ions (Fe2 +, Mn2 +, Ca2 + and O2-, SiO44-, etc.) does not mean 

the absence of oxides or compounds of these oxides, i.e. ionic theory does not deny the existence of 

free and bound oxides; the existence of ions means only that the elementary particles in 

conventional slags are not neutral molecules and charged particles-ions. 

In fact, it is understood that equivalent FeO Fe2 ++ O2- ions; CaO - Ca2 ++ O2; MnO - Mn2 

++ O2 and MgO - Mg2 ++ O2 ions. 

The process of slag formation depends on the composition of the charge, the technology of 

melting. Changes in the composition of slag with time in the open-hearth furnace volume of 600 

tons, working scrap ore process of JSC "Mittal Steel Temirtau" are shown in Table 1. 

 

Table 1 - Chemical composition of steel slags 

 

Time, t - 

min 

The slag chemical composition, wt% 

SiO2 Al2O3 MnO MgO CaO S Cr2O3 P2O5 FeO Fe2O3 

0-15 18,4 4,3 10,6 9,8 24,5 0,08 0,1 0,21 20,4 11,5 

0-30 17,3 4,1 10,7 10,0 28,3 0,08 0,12 0,18 18,9 10,2 

1-00 16,6 5,1 8,2 11,4 30,4 0,1 0,11 1,2 19,1 8,1 

1-50 13,8 5,2 11,3 8,6 44,3 0,1 1,8 1,6 9,2 5,4 

 

Early slagging depends on the dissolution process, the amount of refractory mineral slag (slag 

basicity of lime, silica - under acidic). 

To prevent early slagging sometimes used in steel production bauxite, the introduction of 

which changes the mineralogical composition of the slag. When introduced into the aluminate slag 

component formed aluminosilicates which may alter the activity of toxins. With a view to the 

possibility of use of steelmaking slag as the main component of Portland cement clinker raw mix 

three species were baked at a temperature of steel slags 13000S, 14500S. Complex physical and 

chemical studies of burnt slag and slag with the addition of 2% Cr2O3 showed the following 

modifier. 

Radiographs of burnt slag present lines belonging to γ-C2S (d = 3,87; 2,76; 1,90), and β-S2S 

(2.26; 2.46; 2.36; 2.12; 1, 33). At the same time, IR spectra and steelmaking slag SiO fluctuations 



were observed in the frequency range 870 cm-1, characteristic for S2S. After firing slag additives 

1.2; 3% Cr2O3 oscillations appear at frequencies 1-980sm 920sm-1, characteristic for β-S2S 

disappear absorption bands 670, 760, 770sm-1, belonging to Cr compounds. X-ray analysis of burnt 

slag in the presence of the modifier indicates the disappearance of the phase γ-C2S (Figure 3.17). 

The results of IR spektrOSKOPIISVIDZhETELSTVUYuT that chromium oxide additive in 

all quantities has a modifying effect on the dicalcium silicate. Fluctuations in the frequency range 

920-970 cm-1 become wider and more intense. X-ray analysis data indicate the formation of β-S2S 

(d = 2,446; 2,76; 2,81). The results of the physico-mechanical properties studies slag Cr oxide 

additive shown in Table 3.4. Cr3 + is introduced into the crystal lattice to stabilize the phase and 

C2S C2S. The results of electron microscopy studies of the microstructure of the mixtures with the 

addition of Cr2O3 indicate increased porosity of the mineral, increasing the size of grains of C2S. 

 

Table 2 - Component composition of the raw mixtures and the activity of clinker with the 

addition of 2.0% Cr2O3 

 

№  The composition of the raw material 

batches % КН k 

temperature, 
0С 

 

СаО, % 

steel slag limestone loess 

1  74,21 25,79 - 0,70 4,51 1300 3,5 

2  70,14 59,86 - 0,75 4,42 1300 3,2 

3  67,34 35,66 - 0,8 4,40 1300 3,25 

4  58,65 41,35 - 0,85 4,38 1300 3,0 

5  74,21 25,79 - 0,70 4,51 1350 2,13 

6  70,14 29,86 - 0,75 1,44 1350 2,0 

7  67,34 35,66 - 0,8 4,40 1350 1,90 

8  58,65 41,35 - 0,85 4,38 1350 1,5 

9  74,21 25,79 - 0,70 4,51 1370 1,3 

10  70,14 29,86 - 0,75 1,44 1370 0,3 

11  3734 35,66 - 0,8 4,40 1370 0,52 

12  58,65 41,35 - 0,85 4,38 1370 0,85 

13  55,46 40,32 4,22 0,70 2,80 1350 0,35 

14  53,33 42,7 3,97 0,75 2,80 1350 0,84 

15  50,06 46,3 3,64 0,80 2,5 1350 0,82 

16  46,77 49,7 3,53 0,85 2,5 1350 0,5 

 

At the same time, the content of Cr2O3 samples with more than 2.5%, observed in absence of 

CrO3 (absorption band 970sm-1). 

Studies suggest getting β-S2S in the presence of 1-2% Cr2O3. Cr2O3 with increasing 

additions of up to 3% and more stabilized Cr6 +, which is undesirable. It is likely that the change in 

pH of the medium affects the formation of Cr6 +. 

The results indicate the possibility of obtaining calcium silicates without going to S2S β-γ-

C2S, which is accompanied by an increase in the crystal lattice and the destruction of the slag. 

 

  



 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Micrograph of clinker based on steel slag, KH-007 

Figure 10 - Micrograph of clinker based on steel slag, KN-0.8 



The flow processes clinker judged by absorption of lime. Changes in microstructure 

clinkers from the introduction of Cr2O3 in the structure of C2S and formation of a stable active 

phase contribute to the activity of the clinker-based steelmaking slags. Experiments have shown 

the possibility of using steelmaking slag as a main component of Portland cement clinker. 
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Abstract:  

The influence of Fe2O3 on the formation and decomposition kinetics of calcium sulphoaluminate formed from tricalcium 

aluminate and calcium sulfate was investigated in this paper. Rietveld quantitative analysis was used to get the mineral 

compositions. Thermogravimetry (TG) and differential scanning calorimetry (DSC) methods were also introduced to 

detect the formation and decomposition of calcium sulphoaluminate. Results showed that 1 wt.% Fe2O3 accelerated 

both the formation and decomposition of C4A3$,  resulting a decrease of approximate 50 °C for the formation and 

decomposition temperature. The formation and decomposition activation energies obtained by isothermal method for 1 

wt.% Fe2O3 were 184 ± 25 kJ/mol and 523 ± 17 kJ/mol, respectively. The optimal formation region for C4A3$ was from 

1150°C to 1300°C and from 8 hours to 1 hour with 1 wt.% Fe2O3, which could provide useful information on the 

formation of C4A3$ containing clinkers.  

 

Originality 

Isothermal and isoconversional were applied to calculate the formation and decomposition activation energy 

of calcium sulphoaluminate, formed from tricalcium aluminate and calcium sulfate,along with 1 wt.% Fe2O3 

adulteration. The quantitative analysis of the phase composition was performed by X-ray powder diffraction analysis 

using the Rietveld method. Meanwhile, Thermogravimetry and differential scanning calorimetry methods were 

introduced to detect the formation and decomposition of calcium sulphoaluminate. 

 

Key words: calcium sulphoaluminate, isothermal method, Fe2O3 adulteration, activation energy 
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1. Introduction 

In our first paper of this series (Li, Zhang et al. 2014), we explored the formation kinetics of calcium 

sulfoaluminate (C4A3$
 †), which was formed from tricalcium aluminate (C3A) and gypsum, called pure 

system of the reformation of C4A3$. However, in fact, the production of C4A3$-containing cements can’t use 

the chemically pure reagent. Generally, C4A3$-containing cements are produced from bauxite, red mud, 

limestone and gypsum (Fukuda 1961, Glasser and Zhang 2001). While iron can be abundantly presented in 

bauxite and red mud, iron can have a significant impact on the mineralogical phases contained in the 

C4A3$-containing cements (Osokin, Krivoborodov et al. 2003). Essentially, iron affects the formation of 

C4A3$.  

The study of Fe2O3 inclusion on the formation of calcium sulfoaluminate won big interest since the 

appearance of ferroaluminate-sulfoaluminate cements, which was developed in China in 1970s (Wang, Ding 

et al. 1986). Li et al. (Li, Liu et al. 2007) found that Fe2O3 promoted the formation of C4A3$ and decreased 

the decomposition temperature of C4A3$. Zupancic (Zupancic, Kolar et al. 1994) also claimed that Fe2O3 

could accelerate the formation of C4A3$. The iron content in C4A3$ solid solution has been studied by a mass 

of researchers. Chen et al. (Chen, Feng et al. 1992) claimed that the maximum of iron in 

3CaO-3Al2O3-CaSO4 system could come up to 22.61 wt.%. Bruno (Touzo, Scrivener et al. 2013) found that 

iron contents up to 8.8 wt.% were found in the C4A3$ phase coexisting with melt and ferrite. However, an 

excess of Fe2O3 inclusion in the C4A3$ will generates new phases (Touzo, Scrivener et al. 2013), which could 

complicate the exploration for formation kinetics C4A3$. On the other hand, according to the 

literature(SuMuzhen, Jun'an et al. 1992, Andac and Glasser 1995), iron content of Fe2O3 in industrially 

production has been measured to be between 0.6 and 1.6 wt.%. Huang et al. (Huang, Shen et al. 2007) 

discovered that the maximum quantity of C4A3$ can be obtained at 1300 oC doped with 1 wt.%. Meanwhile, 

the proportion of sulfate loss increases as Fe2O3 is added (Li, Liu et al. 2007, Touzo, Scrivener et al. 2013). 

Thus, the amount of Fe2O3 is unfavorable exorbitant in C4A3$. While the iron content in industry production 

is between 0.6 and 1.6 wt.% (SuMuzhen, Jun'an et al. 1992, Andac and Glasser 1995), 1 wt.% Fe2O3 may be 

suited in the system of C4A3$, yielding from C3A and gypsum.  

As a matter of convenience, all the solid-state reactions involved in this paper, as same as the former one, 

will not list here entirely. C4A3$ could be generated from C3A and calcium sulphate, shown in Eq.(1) 

(Ragozina 1957, Ma, Snellings et al. 2013). 

3 2 6 4 4 6 12 43 ( ) 6Ca Al O CaSO Ca Al O SO CaO    (1) 

While the decomposition of C4A3$ will also be generated by the Eq. (2) (Li, Zhang et al. 2014): 

4 6 12 4 3 2 6 2 22 ( ) 10 6 2Ca Al O SO CaO Ca Al O SO O       (2)
 

As shown above, for most of the industrial scale production of C4A3$, there would always be some Fe2O3 in 

the raw materials which would be inevitably affect the activation energy of the reaction of C4A3$. The kinetic 

data for C4A3$ from C3A and gypsum taking Fe2O3 into consideration would be more practical for the 

potential industrial production for such kind of cement or minerals. Although the properties of Fe2O3 in the 

formation and decomposition of pure C4A3$ were clearly investigated, the influence of Fe2O3 on the kinetics 

of C4A3$, yielding from C3A and C$, have not been investigated. In this paper, a detailed investigation of 

kinetics variation for C4A3$, doped with 1 wt.% Fe2O3, was performed with the sintering temperature ranged 

from 1000 oC to 1400 oC. The activation energies of the formation and decomposition of C4A3$ were 

calculated and presented by isothermal method 

 

2. Materials and methods 

                                                        
† Cement nomenclature will be used, i.e., CaO=C, SO3= $, Al2O3= A; SO2, O2, CO2 were not abbreviated. 



C3A was sintered in a resistance furnace at 1450 oC for 180 min as the same way reported in the previous 

paper (Li, Zhang et al. 2014), (the f-CaO content was 2.76%, calculated with the Rietveld method). Then, 

C3A was ground to a fineness of 400 m2/kg (Blaine). Mixed disks (named F-1 in this paper, while the 

samples in the first paper named F-0, see Table 1), made of C3A and gypsum and 1 wt.% Fe2O3 doped in 

them, were heated at 10 oC/min to the target temperatures (ranged from 1000 oC to 1400 oC with a step of 50 
oC ) for the isothermal method. Samples were held for various length of time (0 h, 0.25 h, 0.5 h, 0.75 h, 1 h, 3 

h, 9 h and 20 h) at each target temperature. The samples were placed in platinum crucibles for sintering 

temperature over 1250 oC. All the samples were performed in the same resistance furnace and cooled with 

forced air. 

Table 1 Compositions of the samples (wt. %) 

a the proportion of Fe2O3 was added by the amount of C3A, CaSO4·2H2O and Fe2O3, where was 1 wt.% by 

the amount of C3A, CaSO4 and Fe2O3. 

All the samples were finely milled to carry out the X-ray diffraction (XRD) measurements. XRD data were 

collected on a Rigaku X-ray equipment (Rigaku Smartlab, Cu kα radiation, λ=0.15406, the X-ray tube was 

operated at 40 kV and 35 mA.) from 5° to 80° (2θ) in a speed of 5°/min, with a step size of 0.02°. The 

quantitative analysis were also performed with GSAS EXPGUI(Calos, Kennard et al. 1995, Toby 2001), in 

the principle of Rietveld as the same way stated in Ref (Li, Zhang et al. 2014). The mass-changing and 

formation of C4A3$ in F-1 and F-0 were investigated by Thermogravimetry (TG) and differential scanning 

calorimetry (DSC) from room temperature to 1400 oC at a constant heating rate of 10 oC/min, with the 

reference material of α-Al2O3. 

Samples were stored in a desiccator during experiment process (before and after of the grinding and testing).  

 

3. Isothermal method  

The isothermal method is based on maintaining samples at several temperatures and a set of α-t (α is 

conversion values and t is sintering time) points is produced at each temperature. These methods are based 

on the isothermal rate equations(Khawam and Flanagan 2006). Generally, the integral reaction for isothermal 

can be expressed as Eq. (3): 

(α)g kt  (3) 

Where, g(α) is the integral model, t is the sintering time and k is the rate constant. The temperature 

dependence of the rate constant (k) is usually given by the Arrhenius equation(Laidler 1984):  

a

R=
E

Tk Ae


 (4) 

Where A is the preexponential (frequency) factor, Ea is activation energy, T is absolute temperature, and R is 

the gas constant. Combing Eq. (3) and Eq. (4), integral reaction can be redescribed as Eq. (5)  

a

R(α)
E

Tg Ae t


  (5) 

The solid-state reaction models used in isothermal method were discussed minutely in our first paper, and the 

Jander diffusion model was still applicable in the F-1 system. 

 

4. Results and discussion 

4.1. TG-DSC 

The results of TG (Fig. 1(a)) showed that mass loss of F-1 was more than that of F-0 (0.41 wt. %), even at 

Sample C3A CaSO4·2H2O Fe2O3 

F-0 82.48% 17.52% 0 

F-1 81.70 17.35 0.95 a 



the temperature below 1150 oC. This may be ascribe to the loss of sulfate, while Fe2O3 promotes the 

formation of C4A3$ and the loss of sulfate, which was consistent with that of Hanic’s (Hanic, Galikova et al. 

1985). When temperature exceeded 1150 oC the mass loss became sharp, 7.66 wt. % mass loss at 1400 oC 

than that at 1100 oC in F-1 (6.82 wt. % mass loss for F-0). This was due to the Fe2O3 decreased the 

decomposition temperature of C4A3$, C4A3$ came to decompose with the rose of the sintering temperature.  

In the previous paper (Li, Zhang et al. 2014), C4A3$ came to decomposed at 1200 oC with the sintering time 

prolonged. The DSC data showed that an endothermic peak belonging to the formation of liquid phase in F-0 

was at 1235.5 oC, while the corresponding temperature was 1226 oC in F-1. This indicated that Fe2O3 

decreased the initial decomposition temperature of C4A3$ (Huang, Shen et al. 2007, Idrissi, Diouri et al. 

2010).  

 

 (a)TG                              (b) DSC 

Fig. 1 TG and DSC results of F-0 and F-1 

4.2. Solid reaction 

The isothermal method used in the formation and decomposition of C4A3$ in F-1 was as same as that in F-0. 

The formation of C4A3$ from C3A and C$ goes by Eq. (1), with the reversed form of Eq. (1) is showed in Eq. 

(6): 

4 6 12 4 3 2 6 4( ) 6 3Ca Al O SO CaO Ca Al O CaSO  
 

(6) 

Considering the decomposition of C$, the decomposition of the C4A3$ can be reformed to produce Eq. (2), 

which is also recognized as a gas-solid reaction: 

4 6 12 4 3 2 6 2 22 ( ) 10 6 2Ca Al O SO CaO Ca Al O SO O       (7) 

C3A was sintered as described in the first paper (Li, Zhang et al. 2014), with identical f-CaO content and C3A 

content. In this paper, the average Rwp in all the Rietveld refinements was 13.14 ± 3.35%.  

Just as shown in Fig. 2, C4A3$ and f-CaO occurred at temperature 1050 oC, but the contents of these two 

phases were very low at the temperature below 1150 oC (Fig. 2(a), (b)). However, the amount of 

C4A3$ increased with the increased sintering time, even when the temperatures below 1150 oC (Fig. 2(a) and 

(b)). The content of C4A3$ increased more than that of F-0 at elevated temperature (Li, Zhang et al. 2014), 

because of the promoted formation of C4A3$ by Fe2O3 (Chen, Feng et al. 1992). No further formation of 

C4A3$ was observed higher than 1250 oC (Fig. 2(d), (e), (f)), most of the reactions were transformed to 

C4A3$ during the heating process. When temperature went up to 1200 oC (Fig. 2(c)), the decomposition of 

C4A3$ initialized, which corresponded to the results of TG/DSC. 

The C4A3$ decomposed quickly at the temperature higher than 1250 oC (Fig. 2(d)). We can see that the 

decomposition temperature of C4A3$ in F-1 was 50 oC lower than that in F-0. In other words, the Fe2O3 

lowered the decomposition temperature of C4A3$ in F-1, which was consistent with previous study (Li, Liu 



et al. 2007). 

 

Figure 2 Area plots of the phase compositions for the sintering of F-1 at the temperatures of 1050°C (a), 

1150°C (b), 1200°C (c), 1250°C (d), 1300°C (e), and 1400°C (f) with a prolonged sintering time. 

At temperature of 1400 oC, C4A3$ disappeared within 20 hours (Fig. 2(f)). When treated at the temperature 

higher than 1400 oC, the samples were easily tended to form liquid phase and the amount of C4A3$ was rare 

at the temperature high than 1400 oC. So, the C4A3$ decomposition temperatures in F-1, discussed in this 

paper, were ranged from 1200 oC to 1400 oC. 

Fig. 3 showed the contour plots of the phase content versus the temperature and time highlight the formation 

and decomposition of C4A3$. The sintered temperatures and time could both improve the formation and 

decomposition of C4A3$ in F-1, same as in F-0. The optimal formation temperature and sintering time were 

approximately from 1150 oC to 1300 oC and from 8 h to 1 h. The decomposition occurred when sintered for a 

considerable time at the temperature high than 1200 oC. At the temperatures higher than 1300 oC, the speed 

of decomposition reaction surged with the elevated temperature.  



 

Figure 3 Contour plots of the phase compositions versus temperature and time for F-1, C3A content (a), 

C$ content (b), C4A3$ content (c), and f-CaO content (d). 

The diffusion model are widely used in the kinetics formation of the aluminate formation and 

C4A3$ formation and the Jander diffusion model was used to calculate the kinetic in the first paper, the 

Jander diffusion model was used in the isothermal method to calculate the kinetics of the formation and 

decomposition kinetics of C4A3$. As discussed before, the primary reaction in F-1 was the formation of 

C4A3$ at temperatures lower than 1250 oC. At temperatures higher than 1250 oC, the domain reaction was the 

decomposition of C4A3$. As the data, used in the fitting process, required at least 5 points, the data used in 

the formation and decomposition were both selected at least 5 points. All the fitting results were are 

presented in Fig. 4 and Fig. 5.  

The activation energy (Ea) of the formation C4A3$ in F-1 was 184 ± 25 kJ/mol, with the preexponential factor 

(A) was 7.17 × 103 S-1. This was 49 kJ/mol lower than that in F-0, and was agreed with that the Fe2O3 

promoted the formation of C4A3$. 

The activation energy (Ea) of the decomposition of C4A3$ in F-1 was 523 ± 17 kJ/mol, with the 

preexponential factor (A) was 1.71 × 1011 S-1. This was 269 kJ/mol lower than that in F-0. 

 



 

Fig. 4 Jander fittings for different temperatures in F-1; the inset plot is the Arrhenius fitting for the formation 

of C4A3$. 

 
Figure 5 Jander fittings for different temperatures in F-1; the inset plot is the Arrhenius fitting for the 

decomposition of C4A3$. 

 

5. Conclusions 

The formation and decomposition of C4A3$, formed from C3A and gypsum, both could be promoted by 

Fe2O3. The formation and decomposition temperature could be decreased by approximate 50 oC with 1 wt.% 

Fe2O3 dosage.  

The activation energies of formation and decomposition of Fe2O3 doped C4A3$ were 184±25 kJ/mol and 

523±17 kJ/mol, 49 kJ/mol and 269 kJ/mol lower than that in F-0, respectively. The optimal formation region 

for C4A3$ was from 1150°C to 1300°C and from 8 hours to 1 hour, providing useful information on the 

formation of C4A3$ containing clinkers.  
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Abstract 

Climate Change continues driving the development of Portland and non-Portland cements production process, aiming 

at reducing the CO2 emissions. Cement industry is usually accounted for 4-6% of all anthropogenic CO2 emissions. In 

2010 global cement production was 3,300 M tones, with an amount of CO2 emitted nearly to 900 kg CO2 for every 

1000 kg of cement produced. Furthermore new ways to produce cementitiuous binders have taken great significance 

under the current sustainability/low carbon economy around the world. Sustainable construction and performance-

based products are an irreversible trend, yet they do represent an opportunity for CEMEX to capitalize if properly 

prepared to face change.  

This paper describes how CEMEX Research Group has defined its path toward different binder/cement technologies. 

Low Carbon Cements - cements which have similar properties to Portland Cement- are produced with lower emission 

of CO2 into the atmosphere. 

CEMEX is following distinct research streams to develop specialized products with enhanced attributes to address 

specific market opportunities, and differentiate ourselves from the rest. These products include Calcium Sulfoaluminate, 

Belite Clinker and Low Temperature Clinker (LTC) which reduce Limestone decarbonation and the total Energy 

required in the clinkerization process up to 20%. 

There are still several challenges ahead for these and other new/sustainable technologies to overcome; research 

(fundamental & applied) and development of novel technologies, will be needed to achieve its potential maturity, and 

become feasible options for the industry.  

 

Originality 

Cement features and properties are usually taken for granted, evolution of Portland cement in the past 100 years has 

been almost imperceptible, and nevertheless the world is now demanding sustainable products with enhanced features. 

Production of a new generation of cements being able to match and surpass traditional Portland cement performance 

but with a significant reduction in its carbon footprint is the aim of this work.   

The production of a modified product using other agents whilst changing some of the process variables is what gives 

the process its innovation feature.  

By addressing the production of a combination of belite, sulfur and alumina compounds it can be seen that CO2 

emissions could be significantly decreased, between 10 and up to 20%, resulting in the first originality of the product.  

And secondly the modification of the clinker phases that may differ from traditional Portland phases, which in return 

have the potential to reach competitive compressive strengths at 28 days (94% of performance) when compared to 

traditional Portland cement clinker. 

 

 

Keywords: Low Carbon Cement; Calcium sulfoaluminate; Clinker; Portland cement, Belite. 
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1. Introduction 

 

Production of Portland cement clinker could be further optimised in order to minimise the 

requirements of energy in the different parts of the process and nowadays, with the use of innovative 

technology, energy demand could be reduced even more (Lawrence, 1998; Gartner, 2004; Schneider, 

et al., 2011). Since cement is usually accounted with a significant amount of CO2 release, CEMEX is 

continuously trying to incorporate new ways to reduce these emissions levels. The manufacture of 

calcium sulfoaluminate cements is currently seen as a sustainable option for CEMEX and the cement 

industry, showing rapid setting time and enhanced compressive strengths (García-Maté et al., 2015). 

Nevertheless the control parameters at the industrial production represent a challenge and the need for 

a tighter control to succeed in its production. 

Some authors have reported success cases at industrial production of sulfoferroaluminate-belite 

cements surpassing traditional Portland technology close to 100 days (Popescu et al., 2003). 

 

There are other options besides the use of calcium sulfoaluminate cements, such as alinite based 

cements based on former USSR patents (Lawrence,1998); early investigations show that alinite crystal 

structure is similar to alite and reported of being formed at temperatures as low as 1000°C-

1200°C,(Wu et al., 2011; Kim et al., 2003) but with some problems with the current use of Chlorides 

in modern formulations. 

 

Belitic cements in their different forms have been present for a long time as well, using either 

traditional or alternative raw materials and in some cases using mineralisers (García-Díaz et al., 2012; 

Kacimia et al., 2009) where it has been reported to produce belite cements from calcinations at 900°C 

(Hughes, 2009). Recent CEMEX investigations show that competitive performance versus traditional 

Portland cement cannot be reached yet. Pure belite phases at different conditions deliver good results 

but still distant from traditional Portland cement. However it remains as a potential option if finding 

the correct production conditions. 

 

The use of eutectic point reducers has been tested in several locations with good results as well 

(Quintero Mora, 2013) taking advantages of CEMEX own patents, allowing Portland cements to be 

competitive in some markets.  

 

Blended cements have been in the scenario for quite some time as well, having an important stream on 

pozzolanic cements. Pozzolanic blended cements take the advantage of the reaction between free lime 

present in the cement and pozzolan to produce cementitiuous products (Gartner, 2004) that will match 

or in occasions surpass traditional Portland cement. Recent investigations made at our research centre 

show as well that pozzolanic cements are a very good option to decrease CO2 footprint, but there is a 

limit depending on each business unit. Increasing fineness of the cement can boost the pozzolanic 

reaction but only up to some extent, while surpassing certain limit will not deliver additional benefits 

in terms of performance.  

                     
Fig.1 Free lime behaviour by eutectic point  Fig.2 Pozzolanic Cement performance by 

on traditional Portland clinker formation.  increasing fineness up to 9% more. 



 

There are other approaches to reduce CO2 footprint using technologies that differ from common 

Portland cement technology. Some authors have reported to synthesize products by hydrothermal 

process which will produce reactive belite or directly C-S-H gel (Guerrero et al., 1999; Garbev et al., 

2011) 

 

The present work focuses on obtaining reactive C2S and enhancing early compressive strength with 

C4A3S only as an additive. There are 5 different known polymorphs of C2S designated as , ’h, ’L, 

 and  (Taylor, H.F.W., 1997). The C2S polymorphs  or ’ are potentially the most reactive forms 

and can be obtained between 1150-1250°C. If  or ’ polymorphs are not achieved during the 

sintering process polymorph will be used for testing. Some authors have presented different 

techniques to form and evaluate calcium sulfoaluminate phase in different types of cement clinker (Ma 

et al., 2013; Li et al., 2013; Martín-Sedeño et al., 2010; Ukrainczyk et al., 2011; Sharp et al., 1999); in 

our case the C4A3S (1000-1200°C) phase will be evaluated in its performance as an additive to 

enhance compressive strengths of the cement produced. Additionally, it is known from literature that 

the presence of SO3 also helps to stabilize C2S polymorphs (Lawrence, 1998). 

 

Lime Saturation Factor (LSF) will be decreased to values in the order of 80-86 to obtain a belite based 

cement. This will allow the use of more silica material and the incorporation of higher amounts of 

alumina in the process, without using additional high alumina raw materials.  

 

Based on preliminary calculations, CO2 from decarbonation could be reduced by 7 to 11%, while CO2 

from fossil fuels can be reduced by 5-9% 

 

2. Experimental 

 

2.1. Raw Materials 

Selected raw materials for initial trials are typical raw materials for the production of Portland cement 

clinker, such as limestone, alumina, iron correctors and high alumina clays. High alumina clay and 

gypsum will allow calcium sulfoaluminate compound to be formed at the selected production 

temperatures. 
 

Table.1 Chemical analysis of clay used for raw meal preparation 

 
 

2.2. Experimental Process 

 

2.2.1 First approach 

The first set of experiments aims to produce cement clinker reducing the carbon footprint. The 

sintering was done in a stationary furnace at 1200°C, the cement clinker was air quenched and 

analyzed by X-Ray fluorescence (XRF) and X-ray diffraction (XRD, Rietveld method). Lime 

Saturation Factor was reduced to 82-83, resulting in a limestone content reduction from 65% of the 

base line to 56-51% in the series of experiments. The limestone reduction between 9-14% and the 

decrease in sintering temperature from 1450°C to 1200°C will allow for a lower demand of energy for 

both decarbonation and sintering, with the corresponding reduction in CO2 footprint. 

 

2.2.2 Second approach 

Due to the results obtained in the first approach it was decided to increase the LSF to 86, further 

decrease limestone content down to 49%, increase alumina and increase sulfur content in the cement 

clinker. The sintering was done in a stationary furnace increasing sintering temperature from previous 

1200°C to 1250°C and analyzed by XRF and XRD; the cement clinker was quenched in air and using 

cold water in a water bath. Lime Saturation Factor was increased from 82 to 86.  



 

2.2.3 Third approach 

Using the same conditions as in the second approach it was decided to evaluate if a third approach 

would be necessary by only increasing temperature from 1250°C to 1300°C to enhance cement clinker 

reactivity. 

 

3. Results and Discussion 

 

3.1 Results of first approach 

The clinker produced at 1200°C achieved free lime content as low as 1.1% in the design with 51% 

limestone, yet the amount of calcium sulfoaluminate expected to be obtained (7-10%) was not 

achieved (actual below 3%) and the C2S polymorph required (’) also was also not achieved 

(actual ). 

 

The temperature reduction compared to traditional Portland cement clinker was 250°C, which serves 

the purpose of carbon footprint reduction. 

 

Design with 51% Limestone and 5.57%SO3 shows just slightly higher sulfoaluminate peak by X-Ray 

diffraction (XRD), but still the level of C4A3S is not in the range desired (Rietveld method shows 

only close to 3%) and C2S is found only in  polymorph.  

 

                     
Table. 2 Main variables of resulting clinker at   Fig.3 Free lime (FL) behavior at 1200°C in the  

different limestone content.     presence of sulfur and alumina. 
 

In the first set of results the design with 51% limestone was chosen for physical testing due to its 

lowest free lime content of 1.1%. Results obtained show only 32-38% efficiency vs. base line between 

1-7 days and 78% at 28 days. This compressive strength is still distant from a product that could be 

used in the same range as Portland cement. 

 

 
Fig. 5 Compressive strengths results of first  

approach compared to traditional Portland cement. 

 

Chemical Analysis 56% Lst 55% Lst 53% Lst 51% Lst

Al2O3 6.38 6.36 6.35 6.25

SO3 3.46 4.00 4.59 5.57

Free Lime 1.78 1.66 1.2 1.05

LSF 82.5 82.3 82.2 82.1

SR 2.4 2.5 2.4 2.4

AR 2.1 2.1 2.1 2.1

C3S Bogue 16.4 14.3 11.9 8.7

C2S Bogue 53.7 55.1 56.4 58.3

C3A Bogue 11.7 11.8 11.7 11.5

C4A3S Rietveld <3 <3 <3 <3



 

3.2 Results of second approach 

According to the results from the first approach it was decided to increase sintering temperature by 

50°C (up to 1250°C) and increase the LSF to 86 to enhance cement clinker reactivity and as well to 

increase alumina and sulfur content to promote calcium sulfoaluminate formation, since in the first 

approach it was very difficult to obtain such phase. 

 

It can be clearly seen that even with a higher amount of alumina the calcium sulfoaluminate phase is 

not fully present until sulfur content is increased up to 7%. The increase of LSF delivers higher free 

lime content in the cement clinker but still in acceptable ranges (Max. 2.2) 

 

                      
Table. 3 Main variables of resulting clinker at   Fig.4 Free lime (FL) behavior in the presence of  

different limestone content with modified LSF.   Sulfur (SO3) and alumina (Al2O3) with modified 

LSF. 

 

According to the results obtained the designs with 52% and 49% limestone content (calcium 

sulfoaluminate 5.3-6.6 and a mix of , ’,  belite polymorphs) were selected, now re-named as 

Design 3(D3) and Design 4(D4).  
 

In the second set of results D3 and D4 were tested, finding out that the best performance design is D3, 

which achieved between 50-60 efficiency versus base line between 1-7 days and 93% at 28 days. 

 

                    
Fig. 6 Compressive strengths results of second  Fig. 7 Compressive strengths results of second  

approach compared to traditional Portland cement.  approach with chloride based admixture. 

 

In order to increase performance D3 was re-evaluated this time with the inclusion of a chemical 

admixture based on chlorides. Results are slightly better at early ages and achieving 94% efficiency 

versus base line at 28 days. 

 

3.3 Results of third approach. 

After completing physical testing, it was studied the possibility of increasing sintering temperature to 

1300°C. For this purpose D3 was exposed to different times and temperatures to review their influence 

Chemical Analysis 56% Lst (D1) 55% Lst (D2) 52% Lst (D3) 49% Lst(D4)

Al2O3 7.14 6.99 7.03 6.91

Fe2O3 2.80 2.83 2.83 2.83

SO3 4.14 5.05 6.05 6.99

Free Lime 1.73 1.03 1.69 2.16

LSF 86.1 86.4 86.3 86.5

SR 2.2 2.2 2.2 2.1

AR 2.5 2.5 2.5 2.4

C3S Bogue 19.8 18.4 14.5 12.2

C3S Rietveld 21.7 21.8 18.1 10.1

C2S Bogue 46.9 47.6 49.9 50.8

C2S Rietveld 56.4 57.5 56.4 61.9

C3A Bogue 14.2 13.7 13.8 13.5

C3A Rietveld 1.3 0.6 0.6 0.0

C4A3S Rietveld 1.1 3.6 5.3 6.6



 

in the C4A3S formation. 

 

It was found that regardless the length of time of exposure, long (L) medium (M) or short (S), D3 

retained a similar level of C4A3S at 1250°C, while when increasing to 1300°C the time of exposure of 

the sample as well as the increase of temperature by itself have an impact in the formation of 

sulfoaluminate. Results in all cases at 1300°C show significantly lower formation of calcium 

sulfoaluminate phase. 

 

                         
Fig. 8 Calcium sulfoaluminate content at    Fig.9  Belite polymorphs mix at different 

different  residence time and     production temperatures. 

production temperatures.    

 

The mix of , ’,  belite polymorphs was as well evaluated at 1250°C and 1300°C finding out that 

increasing temperature from 1250°C to 1300°C has a slight variation mainly in the amount of -C2S 

obtained (decreasing from 6.3% to 2.7%) according to this data it was decided not to pursue an 

increase in temperature for an additional performance evaluation. 

 

4. Conclusions 
Cement with lower CO2 footprint could be achieved in industrial production (up to 20% decrease). 

The product shall be based on belite with the inclusion of C4A3S as an additive and can be 

produced at 1250°C. A good burnability (measured as free lime) comparable to traditional Portland 

cement clinker could be maintained despite of the decrease of 200°C in the production temperature. 

Performance at 28 days shows promising results (94%) although early compressive strengths need to 

be improved. Further investigation needs to be performed to improve belite polymorphs and the 

C4A3S content to enhance performance at early ages. C4A3S formation is tied to sulphur availability 

(above 6%) and production temperature (below 1250°C); otherwise the phase is poorly obtained. 
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Abstract 

Recycled cement produced by utilizing waste concrete as alternative raw materials provides a high 

value-added method to recycle waste concrete. Hardened cement paste (HCP) in waste concrete, the 

characteristic component of recycled cement raw meal, impacts matching, formation and properties of 

clinker mineral phase. The phase transformation and composition changes of HCP in calcination 

process play a significant role to explain the mechanism of HCP on recycled cement clinker mineral 

phase transformation. This paper mainly studies the thermal characteristics of HCP and its mineral 

phase transformation in calcination process. HCP (99.3% hydration degree) was prepared from the 

Portland cement paste (P.Ⅱ52.5) under wet and heating curing condition of 60℃ for one year. 

Thermal characteristics of HCP at the temperature range of 25~1450℃ was studied by DSC-TG; 

mineral composition and clinker microstructure of the HCP calcinated at 1150℃, 1250℃, 1350℃ 

and 1400℃ were studied by f-CaO content measure, XRD pattern analysis and petrographic analysis. 

The results showed: decomposition of hydration products in HCP was the dominant process under 

800℃, and crystal form transformation of the regenerated C2S from the decomposed C-S-H happened 

at 695℃; solid phase reaction mainly occurred over 1000℃, and main clinker minerals were 

regenerated; appearance of liquid phase and formation of C3S happened at around 1311℃, and the 

mineral phases with the highest crystallinity degree appeared at 1350℃; no other phases except 

clinker minerals were found in the experiment. 

 

Originality 

Aiming to utilize the hardened cement paste (HCP) after heat treatment to produce regenerated 

cementitious materials, many researchers have carried out the thorough researches on dehydration 

and decomposition of hydration products in HCP. The heat treatments in the correlational researches 

are mainly under 1000℃, while HCP will experience a calcination temperature range of 1350~1450℃ 

in the calcination process of recycled cement clinker with all-components waste concrete as raw meal. 

It has been reported that dehydrated phase from hydration product in HCP contributes to decreasing 

the formation temperature of clinker mineral phase and accelerating the clinkering reaction, and that 

unhydrated cement particles can play a role of seed crystal in calcination process. However, the system 

researches and clear conclusions on the mechanism of HCP in calcination process have not been 

formed. The main innovation of this paper is that the thermal characteristics of HCP and its mineral 

composition changes under the calcination temperature were studied on the basis of composition 

characteristics of the recycled cement raw meal prepared from waste concrete. This paper contributes 

to explaining the calcination mechanism of recycled cement clinker produced by waste concrete.  

 

Key words: hardened cement paste; calcination; thermal characteristics; mineral properties  
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1. Introduction 

Recycled cement, produced by utilizing unseparatedly all-components waste concrete as 

alternative raw materials, provides a high value-added method for resource recovery of waste 

concrete and an effective solution to increasing shortage of limestone in Chinese cement 

production. Furthermore, it provides an effective way of sustainable development for cement 

and concrete industry (Ai H. M., et al., 2011, 2012; Shi J., et al., 2006).  

Hardened cement paste (HCP), characteristic component of recycled cement raw meal, 

mainly consists of hydration products and unhydrated cement particles. The hydration 

products, mainly calcium silicate hydrate (C-S-H gel), calcium hydroxide (CH) and AFt, are 

gradually decomposed and dehydrated at elevated temperatures, which is completed at 800℃ 

or higher temperature. Furthermore, the dehydrated cement phase possesses rehydration 

capability and cementitious property (Shui Z. H., et al., 2009). The dehydrated phases from 

the hydration products can rehydrate to form the initial hydration products, which has an 

application perspective in the production of recycled cementitious materials. Therefore, much 

of the research on heat-treated HCP has examined the dehydration and decomposition process 

of hydration products and analyzed the microstructure of dehydrated phase. However, heat 

treatments in correlational studies are mainly below 1000℃ (Alonso C., et al., 2004; 

Castellote M., et al., 2004; Lü L. N., et al., 2008).  

HCP experiences a calcination temperature range of 1350~1450℃ in the calcination process 

of recycled cement clinker with waste concrete as raw materials. It has been reported that the 

dehydrated phases from hydration products by low-temperature heat treatment are thermally 

metastable and highly reactive, which are beneficial for decreasing the formation temperature 

of clinker minerals and accelerating the clinkering reaction. Moreover, unhydrated cement 

particles, acting as seed crystal in recycled cement calcination process, are rewarding for 

improving the burnability of raw meal and promoting the clinker quality (Shan J. M., et al., 

2006). However, the system researches and clear conclusions on the mechanism of HCP in 

recycled cement calcination process have not been formed.  

The phase transformation and composition change of HCP in calcination process are crucial 

to reveal the mechanism of HCP on recycled cement clinker calcination. This paper attempts 

to explore the high-temperature thermal characteristics of HCP through DSC-TG analysis, 

and study the mineral compositions and microstructure of HCP at various calcination 

temperatures by f-CaO content measure, XRD pattern analysis and petrographic analysis. 

2. Experimental 

2.1. Raw Materials 

HCP, separated from waste concrete difficultly due to its firm bonding with sands, was 

artificially prepared from cement paste specimen with water/powder ratio 0.4. Cement is P.Ⅱ

52.5 cement from Dalian Onoda Cement Co., Ltd (DOCC) in Liaoning province, China. Paste 

specimens were cuboid of 40×40×160 mm and firstly cured in standard environment with RH 

95%±5% and 20℃±2℃ for 1day. After demolding, the specimens were crushed into small 

blocks and cured in a consistent temperature and moist heat condition for 1 year, which were 

kept in a covered container filled with water and placed in the oven at 60℃. It is the optimum 

temperature to accelerate cement hydration and prevent the decomposition of AFt. In addition, 

hydration degree of artificial HCP was measured at 99.3% on the basis of the quantity of 

chemically bound water. The chemical compositions of HCP by XRF is shown in table 1.  



 

Tab. 1 Chemical compositions of HCP /% 

Compositions SiO2 CaO Al2O3 Fe2O3 SO3 K2O Loss 

Content 15.18 57.84 2.46 3.71 1.81 0.25 16.83 

Artificial HCP and P.Ⅱ52.5 cement were ground into a fineness below 45μm, respectively. 

And their mineral compositions were analysed on a Rigaku-D/Max2400 automatic X-ray 

diffractometer (2θ range 10~70°, step size 0.02°). The XRD patterns (see figure1) illustrate 

that CH crystal and the C-S-H gel with weak diffraction peaks are dominant component of 

HCP. The peak of slowly hydrated C2S at around 33° is indicative of a small amount of 

unhydrated cement particles still existing in HCP. Results of hydration degree test and XRD 

patterns indicate that HCP almost hydrates completely in the moist heat condition at 60℃for 

1 year.  

 

Fig.1 X-ray diffraction patterns of HCP and P.Ⅱ52.5 cement 

2.2. Experimental Process 

HCP, after drying in an oven at 105℃ for 24h, was ground by a ball mill to a fineness of 

10% residue on a 75μm sieve. HCP powder was thermally analyzed by DSC-TG (NETZSCH 

STA 449F thermal analyzer, Germany).  

HCP powder was formed into a cylindrical specimen of Φ50×8 mm under a pressure of 50kN. 

After drying in an oven at 105℃ for 24h, the specimens were rapid heated and calcinated for 

30min in the prepared electric furnace that has been previously heated to the specified 

temperature (1150℃, 1250℃, 1350℃, 1400℃), respectively. Then the calcined specimens 

were removed from the furnace and cooled down rapieidly to room temperature by 

mechanical fan for the next test.  

The calcined specimens were ground into a fineness below 45μm. The powders were used in 

ethylene glycol method to determine the content of free lime. The mineral compositions of 

calcined specimens were analyzed on a Rigaku-D/Max2400 automatic X-ray diffractometer 

(CuKα irradiation, tube voltage 40kV, tube current 100mA, 2θ range 10~70°, step size 0.02°). 

In addition, the blocky calcined specimens, after surface polishing and eroding with 1% 

alcohol nitric acid solution for 20~40s, were utilized to petrographically analysed on a 

XJZ-6A metalloscope (original magnification ×1000).  

3. Results and Discussion 

3.1. DSC-TG analysis 

The DSC-TG curve of HCP in the elevated temperature range of 25~1450℃ are shown in 



 

figure 2. Three remarkable endothermic peaks are detectable in DSC curve. The peak at 

465℃ is indicative of the decomposition of CH in HCP. The decomposition of C-S-H gel 

and crystal transformation of regenerated C2S (β-C2S transforming to α’L-C2S) trigger 

formation of peak at 695℃ (Zongshou L., 2012). Moreover, the endothermic peak at 1311℃ 

is suggestive of liquid phase appearing and a multitude of regenerated C3S forming (Alonso 

C., et al., 2004; Lü L. N., et al., 2008).  

The TG curve suggests that HCP loses most weight (around 30%) in the temperature range of  

25℃~750℃. The release of free water and bond water in the hydration products is the main 

process at low temperature. At the temperature around 450℃, a multitude of CH crystal 

decomposing result in substantial weight loss of HCP. The inflexion point at 726℃ in TG 

curve is suggestive of the complete decomposition of C-S-H gel. With the temperature 

beyond 800℃ , the curve presents a tendency toward flatness, which implies that the 

dehydration and decomposition reaction of HCP are almost completely accomplished. 

Furthermore, the curve presents little weight loss of HCP beyond the temperature of 1000℃.  

 

Fig.2 The DSC-TG curve of HCP 

3.2 Free lime content  

The f-CaO content in the HCP calcinated at different temperature is illustrated in figure 3. 

With the calcination temperature rising, f-CaO content in the HCP presents a gradually 

decreasing tendency. In the calcination process of HCP at the temperature below 800℃, 

dehydration and decomposition reaction of hydration products are the main process, and 

f-CaO is sourced from the decomposed products of AFt, AFm and CH (Castellote M., et al., 

2004). With the temperature increasing, f-CaO reacts with other dehydration products (C12A7, 

Al2O3) to generate fluxing mineral such as C3A. When liquid phase appears, f-CaO reacts 

with the regenerated C2S from C-S-H gel to regenerate C3S. Consequently, these reactions 

lead to the reducing content of f-CaO. As shown in figure 3, f-CaO content merely changes 

0.03% with temperature rising from 1350℃ to 1400℃, which implies that these mineral 

regeneration reactions are completely accomplished.  

The photos of the HCP calcinated at different temperature are exhibited in figure 4. The 

specimen calcinated at 1350℃ presents dense and firm, and linear contraction is measured at 

24.8%. The specimen calcinated at 1400℃ possesses liquid phase on its dark surface. These 

pictures indicate that solid phase reaction intensifies with the calcination temperature 

increasing.  
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Fig.3 f-CaO content in the HCP heated under different temperature 

 

Fig.4 Pictures of the HCP heated under different temperature 

3.3 Mineral compositions 

The XRD patterns of HCP (figure 5) demonstrate that characteristic peaks of main cement 

mineral phases (C3S, C2S, C3A and C4AF) are detectable in the specimen calcinated at 1150℃, 

but with blunt peak shapes and poor crystallinity. Moreover, the peaks of f-CaO and 

intermediate phases (CA, C12A7) also appear in the XRD patterns. With the calcination 

temperature increasing, peaks of four main minerals sharpen, which is indicative of the 

crystallinity degree promoting. Meanwhile, f-CaO peaks gradually weaken. In addition, peaks 

strengthen little at the temperature over 1350℃, which is accordant with results of f-CaO 

content test.  

 
Fig.5 XRD pattern of the HCP heated under different temperature 

3.4 Petrographic analysis 

Figure 6 exhibits the petrographic pictures of HCP. The specimen calcinated at 1150℃ 



 

presents a porous microstructure and mineral morphology is fuzzy and indistinct. At the 

temperature 1250℃, the amount of micropore declines, mineral morphology reaches the 

detectable level and a small amount of liquid phase appear. However, mineral phases 

accumulate and present coarse crystal grain and fuzzy crystal boundary. As the temperature 

rising to 1350℃, a multitude of alite with high crystallinity regenerate, and present distinct 

crystal boundary. The amount of liquid phase visibly increases, and the interspace between 

alite and blite is filled with a few vitreous phases, C3A and C4AF as intermediate phase. With 

the temperature up to 1400℃, intergrowth and intersolution phenomenon occur among 

minerals. A few alite present edge melting and intergrow with blite. In addition, no other 

phases except clinker minerals are found. 

The petrographic analysis indicates that solid phase reaction and clinker reaction are the 

dominant process in the calcination process of HCP at high temperature (T>1000℃). Main 

minerals in cement clinker (C3S, C2S, C4AF and C3A) are regenerated and reach the highest 

crystallinity degree at 1350℃. In addition, no other phases except for cement clinker mineral 

phases are detected.  

  
(a) 1150℃ (b) 1250℃ 

  
(c) 1350℃ (d) 1400℃ 

Fig.6 Petrographic microstructure of the HCP heated under different temperature 

4. Conclusions 

In the calcination process of HCP, decomposition of hydration products is the dominant 

process at the temperature below 800℃, the regenerated C2S from C-S-H gel decomposition 

transforms crystal form at 695℃, and liquid phase appears and substantial C3S regenerates at 

around 1350℃.  



 

Solid phase reaction and clinkering reaction are the main process in HCP in the temperature 

range of 1150~1400℃, and main mineral phases in cement clinker (C3S, C2S, C4AF and C3A) 

are regenerated. No other phases except for cement clinker mineral phases are detected. 

Crystallinity degree of regenerated cement clinker minerals increases with the temperature 

rising, and C2S and C3S both reach the optimum crystallinity degree at the temperature 

1350℃. At a higher temperature, alite presents edge melting and intergrowth with C2S.  
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Abstract 

With the chemical structure parameters such as price, electronegativity and ionic radius of the common 

used impurity ions, the superficial distortions of the doping alite was calculated, and the multi-ions 

effect expression was proposed. According to the calculation results of multi-ion effect，the clinker 

samples were prepared with doping F-, P5+, S6+, Zn2+, Cu2+, Mg2+, Al3+, Fe3+ etc with chemical agents. 

The possible symmetry of the alites extracted from the clinker was estimated referring to the 

calculation results and analyzed with the XRD. And the strengths of the clinkers with 5% gypsum were 

tested. The outcome showed: Multi-ion effect factor could be expressed as 

）…+0.0529CuO0.0478ZnOOP 0.03710.0564SO0.0113CaFk（-Δ 5232  ， The calculating 

results of multi-ions effect expression existed some correlation with the diffraction characteristics of 

polymorphic transformation of the alites，there also existed a certain correlation between the strength 

of clinker with the polymorph transformation alite in the clinker. which could be used as a reference to 

dosage proportion of raw meal when doping of some impurity ions using wastes to manufacture high 

strength clinker. 

Originality 

The multi-ions effect expression was proposed. Multi-ion effect factor could be expressed 

as ）…+0.0529CuO0.0478ZnOOP 0.03710.0564SO0.0113CaFk（-Δ 5232  . Which could be 

used as a reference to dosage proportion of raw meal when doping of some impurity ions using wastes 

to manufacture high strength clinker. 

Keywords：cement clinker; multi-ion effect; symmetry;  doping; strength 
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1.Introduction: 

Alite is the largest content of mineral with the best physical, chemical properties in the 4linds 

of clinker minerals. So the clinker performance largely depends on the properties of alite. In 

order to improve the clinker strength, improve alite activity and content are the main technical 

method(Guan Zongfu，2007). 

In order to improve the cementious activity of cement clinker, a lot of works dedicated to 

exploring and improving C3S crystal structure. Katyal(N K Katyal，S C Ahluwalia，R Parkash，

1857～1862；N K Katyal，S C Ahluwalia，Ram parkash，1851～1855；N K Katyal，S C Ahluwalia，

R Parkash，2000；-N K Katyal，S C Ahluwalia，R Parkash，1999) reported that：When the content 

of Cr2O3 in(0～0.5)% 、（l～2)% and(4～5)%, C3S was separately stable at the T1 type、T2 

type and M1 type；When the content of BaO in 2% and (4～5)%，C3S was stable at the 

triclinic and monoclinic type. In 1450℃, When the solid solubility of TiO2 in C3S was (0～

2)%, C3S solid solution was stable at the triclinic; But when the dosage of TiO2 increased 

to(4～5)%, the solid solution of C3S was stable at the monoclinic type. The limit of TiO2 in 

C3S solid solubility was 4.5%. 

Ren Xuehong(Ren Xuehong，Zhang Wensheng，OuYang Shixi；2012)studied that the complex 

doping effected on alite metastable structure and polycrystalline transition with doped seven 

typical foreign ions such as Na+, K+, Mg2+, Al3+, Fe3+, P5+ and S6+. The result shown that when 

the seven kinds of ions was added compositely at the regular content, it can significantly 

promote alite burning, and the main stable M3 type Alite. Boikova(Boikova A I,1985) 

investigated the effect of doping dosage ZnO in individual ores of C3S on alite crystals and 

shown that alite could be stabilized T1-T2 type adding 1.0% ZnO; doping 2.0% ZnO favored 

the formation of T2, T3-M1 type alites; doping 2.5% ZnO could stabilize M1-M2 type alite;  

alite crystal was M2-R type when the doping content of ZnO is 4.0%; alite crystal could be 

stabilized R type doping 5.0% ZnO. N. Gineys et al(Gineys N．， Aouad G．， Damidot D,2011) 

Put forward their research conclusion:If the ZnO content in the cement clinker was more than 

0.7%, in particular, the stability of C3A clinker phase has changed, C3A content decreased and 

C3A was synthesized Ca6Zn3Al4O15. When the ZnO content exceeds 2%, C3A completely 

disappeared, substituted Ca6Zn3Al4O15. Wang et al (Wang Yue,Wang Lan,Wang Xin ,et al) studied 

the influence of Cr3+ ions on the crystal structure and properties of C3S. Doping 0.5% and 1% 

Cr3+ alite was stabilized T1 type; doping 2% Cr3+ favored the formation of T2, T2 type alites. 

When the content continues to increase exceed 4%, mineral decomposition. D. Stephan et 

al(Stephan D， Maleki H， Knöfel D，et al) researched the effect of doping Cr3+ and Zn2+on 

cement clinker, They deemed that the main cause of these metal ions on the structure and 

activity of C3S, Low concentrations (0-0.5wt.%) of heavy metal ions had little effect 

on C3S crystal, and at least more than 0.5wt.% Cr3+, Zn2+ caught changed the C3S crystal. 

Doping was an important and effective means to control the quality of clinker, but the 

application in industrial scale has encountered some difficulties, the main problem was that:(1) 

higher dosage of volatile non-metallic ions (Group) (such as fluorine, sulfur, etc.) has caused 

the risk of the Skin jams of preheater system.(2) Due to the price factor, the introduction of 

dopant ions mainly by waste slag. The onset of higher volume of some better metal ion in 

clinker, but the target ion content in waste slag was very low, the introduction 

of favorable ion at the same time will bring other elements of 

excess, caused ingredients difficult or on burning impact. Therefore, this paper puts forward a 



 

new residue combination according to the effect of impurity ion group, to implement 

the idea of high strength of cement clinker. According to the basic properties of ions ;such as: 

the size effect, the price effect and electronegativity, and then calculated and analyzed these 

basic attributes. Proposed the multi ion effect of clinker burning, with the enterprise find 

the effects of impurity ion group on clinker properties to guide the ions doped redients. 

2. The calculation and experiment 

2.1.The apparent distortion calculation 

Since the ionic radius, tariff structure and ionic lattice coordination number of the original 

ions different to impurity ions, When doping the impurity ions will cause the change of the 

lattice constant of alite. We simply taken the ion solution as a replacement of rigid ball，The 

calculation formula of the apparent distortion of the Alite cauld be expressed as(Guan Zongfu, 

Chen Yimin, Guo Suihua,et al.)： 

MRa

nZRRi









  
                                (1) 

In the formula：δ—the amount of change of the lattice constant；Ri—the impurity ion radius；

R—Substituted ionic radius；Z—the number of molecules contained in a unit cell；M—the 

molar mass of impurity；ω—ingredients proportion of impurities；n—where the number of 

ion molar compounds. 

2.2.Experiment 

Industrial raw materials were provided by Henan Guo Tou Xin Deng cement pant. These 

industrial raw materials mainly include limestone, dolomite, sandstone, clay, acid slag, natural 

gypsum, etc. Doping ions introduced with analysis of pure chemical reagents, F- introduced in 

the form of CaF2, and P2O5 were introduced in the form of Ca(H2PO4)2.H2O, Zn2+ introduced 

in the form of ZnO. The chemical analysis results of industrial raw materials are given in 

table1. Fixed the rate of the clinker as: KH=0.94，SM=2.65，IM=1.61. Clinker rate values and 

doping solution are shown in tables 2 and 3. 

Table.1 Chemical analysis of industrial raw materials 

Raw 

material 
Loss SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Sum 

Limestone 43.25 1.30 0.82 0.24 53.40 1.21 0.10 0.08 100.40 

Clay 6.19 67.31 14.50 5.55 1.95 1.77 2.23 1.23 100.73 

Acid slag 7.98 25.26 19.94 37.87 3.16 0.74 2.47 0.28 97.70 

Sandstone 0.82 94.87 2.10 1.08 0.17 0.66 0.71 0.07 100.48 

Table.2 Clinker rate values and Mineral composition 

Clinker rate values Mineral composition，% 

KH n p C3S C2S C3A C4AF 

0.940 2.65 1.61 68.42 11.27 8.14 9.65 

 

 

 

 



 

Table.3 doping solution 

Number CaF2 P2O5 ZnO 

A0 0 0 0 

A1 0.7 0.5 0 

A2 0.7 0.5 0.1 

A3 0.7 0.5 0.3 

A4 0.7 0.5 0.5 

A5 0.7 0.5 1 

The raw material was grinded in laboratory mill, and carried on the ingredients as shown in 

table 1. After homogenization in a mixer for 10min, the mixture was plus in 10% of the water 

and press-molded under a pressure of 100KN. The pressure sample were placed in an oven of 

110℃drying for 24 hours. Then the drying samples were introduced into a muffle furnace, 

and maintained at the 1450℃ for 30 min, then cooled quickly under fan and crushed. 

Clinker burning sample was added 5% gypsum, ball mill grinding with a standard test surface 

area 330 ± 10m2 / Kg, according to the national standard GB / T 17671-2005 detection clinker 

mortar strength. 

Selected from a sample of four program A1、A2、A3、A4 and A5. All members of silicate 

phase in firing samples were extracted according to the sugar - KOH solution in the literature. 

The extraction were identified by X-ray diffraction with 40KV voltage, 40mA current, and 

using the Cu Kαradiation. Besides, The  XRD continuous scanning in the range of 29°

-52.5°with the step width of 0.01 and the speed of 1°/min(GUINIER A, REGOURD M，

1968). 

3.Results and discussion 

3.1.The calculation results and analysis of the Multi-ion effect 

Used ion model, approximate that the single ion in alite crystal existed as a rigid sphere, The 

unit cell parameters used the three square lattice which found by Maki, Nishi, Regourd et al ; 

According to the situation of different ions of each ion replacement of Alite cell inside, with 

three oblique alite lattice parameter as a reference. the number of molecules contained in the 

unit cell is 18, a=1.167nm, b=1.424nm, c=1.372nm. It should be noted: Due to only 

considered the electrostatic valence and geometric factors of ion ,Alite's apparent distortion 

calculation values were approximated.The results can not be used to analyze the exact amount 

of change in the lattice parameters of Alite, But for the analysis judgment has certain guiding 

significance to adjust the trend of impurity ions on lattice structure. 

The assumption that the impurity oxides dosage was 1%， according to the formula 1, 

Alite's apparent distortion was shown in table 4. 

Table.4 the changes of apparent distortion of Alite 

impurities MgO Al2O3 Fe2O3 CaF2 P2O5 SO3 PbO CuO TiO2 

Substituted atom Ca Si Ca O Si Si Ca Ca Si 

Molar mass 40.31 101.96 159.7 78.08 141.95 80.07 81.41 79.55 79.87 

concentration /w% 1 1 1 1 1 1 1 1 1 

Molar concentration 

/mol 
0.0248 0.0196 0.0125 0.0256 0.0141 0.0125 0.0123 0.0126 0.0125 



 

Z 18 18 18 18 18 18 18 18 18 

Ion concentration 

/mol/cell 
0.4464 0.3528 0.2254 0.4608 0.2538 0.2248 0.2211 0.2263 0.2254 

the impurity 

ion radius/Ri 
0.65 0.5 0.64 1.36 0.34 0.29 0.74 0.72 0.68 

Substituted ionic 

radius/R 
0.99 0.41 0.99 1.4 0.41 0.41 0.99 0.99 0.41 

(Ri-R)/R -0.3434 0.2195 -0.3535 -0.0286 -0.1707 -0.2927 -0.2525 -0.2727 0.6585 

a 1.167 1.167 1.167 1.167 1.167 1.167 1.167 1.167 1.167 

b 1.424 1.424 1.424 1.424 1.424 1.424 1.424 1.424 1.424 

c 1.372 1.372 1.372 1.372 1.372 1.372 1.372 1.372 1.372 

δ -0.1314 0.0664 -0.0683 -0.0113 -0.0371 -0.0564 -0.0478 -0.0529 0.1272 

As can be seen from the calculation results of the above table，when various ion content was 

1%, and the solution rate was 100%. The apparent amount of distortion that caused by 

impurity ions were different. In the condition of the same proportion of ingredients, 

MgO,Al2O3, Fe2O3,CuO and TiO2 have great effect on the apparent distortion of alite, 

other anions and anion group such as F-, P5+, S6+ on the impact of 

Alite apparent distortion was relatively small. 

The apparent amount of distortion caused by impurity ions were different, In the actual 

production of the clinker, and these ions might exist in which one or several, 

Various ion will also have an impact on the alite apparent distortion. For the 

simple superposition of these common effects. We assumed that the impact factor 

was delta multi ion effect—Δ. 

…+CuO+ZnO+OP+SO+CaF+kΔ CuZn52P3S2F                   (2) 

k —  constant, k was the apparent distortion which caused by the common ions such 

as magnesium、 aluminum and iron. We have calculated the values in Table 4 into the 

formula 2 to get the following formula: 

）…+0.0529CuO0.0478ZnOOP 0.03710.0564SO0.0113CaFk（-Δ 5232    (3) 

Research on the impurity ions and the C3S symmetry, the ZnO has a very important 

significance for the crystal analysis. Because of different doping of ZnO might  stabled the 

whole series crystal of C3S(BOIKOVA A I，1986). The amount of solid solution of Zn and the 

apparent distortion amount of C3S listed in Table 5(Guan Zongfu, Chen Yimin, Guo Suihua,et 

al)，as the analysis reference value. 

Table 5 The corresponding relation between the polymorphic transition and distortion 

ZnO（w）% 0 1.0 2.0 2.5 4.0 5.0 

δ 0 -0.0478 -0.0959 -0.1196 -0.1914 -0.2392 

Crystal type T1 T1~T2 T2，T3~M1 M1~M2 M2~R R 

3.2.The effect of fluorine and phosphorus blend with Zn on the apparent distortion of alite 

The calculated results of alite apparent distortion in table 6 



 

Table.6 The effect of fluorine and phosphorus blend with Zn on the apparent distortion of alite 

impurities MgO Al2O3 Fe2O3 CaF2 P2O5 ZnO ZnO ZnO ZnO 

Substituted 

atom 
Ca Si Ca O Si Ca Ca Ca Ca 

concentration 

/w% 
0.92 0.85 0.92 0.7 0.5 0.1 0.3 0.5 1 

Δ -0.1209 0.0564 -0.0628 -0.0079 -0.0186 -0.0048 -0.0144 -0.0239 -0.0478 

Calculation results in Table 6 were compared with Table 5, predicted the change of Alite 

crystal type. The results were shown in Table 7 

Table.7 The prediction of Alite crystal type 

Number A0 A1 A2 A3 A4 A5 

Δ -0.1273 -0.1538 -0.1586 -0.1682 -0.1777 -0.2016 

crystal type M2 M2 M2 M2 M2，M3 R 

3.3.The effect of fluorine and phosphorus blend with Zn on The crystal structure of Alite 

The silicate phase of samples were extracted with the method described above. Then the extracted 

samples were ground with an agate mortar and were taken to do XRD. Finally, the fingerprint 

peaks in 29°-32°, 51°-52.5 °region peaks were used to analyze the symmetric diffraction 

characteristics of C3S. As shown in Figure 1 to figure 5 

  

It can be seen from fig.1 that the XRD pattern of the extracted sample A1 appears the smooth 

diffraction peak of 009 and 224 within the scope of the (32-33)°. The XRD pattern appears a 

obvious split ends within the scope of the (51-52.5)°, and have the 620 and 040 peaks. The 

XRD pattern of A1 accords with the diffraction characteristics of M1 in literature. When 

added 0.1% ZnO, as shown in Figure 2 and figure 3, the symmetry of the crystal types has 

increased, but the change of crystal properties was little, you might 

app:ds:accord%20with
app:ds:literature


 

seen the crystal characteristics of M2 type. The content of ZnO continued to increase up 

to 0.5%，as shown in Figure 4，the XRD pattern appears a obvious split ends within the scope 

of the (51-52.5)°, but the two peaks have a combined trend. So, the XRD pattern of A4 

accords with the diffraction characteristics of M3 in literature. When the dosage of ZnO was 

1%, as shown in Figure 5，Besides, the XRD pattern appears a obvious split ends within the 

scope of the (51-52.5)°，The XRD pattern of A5 accords with the diffraction characteristics of 

M2 in literature. Results were generally consistent Between the crystal type and strength.  It 

was relatively consistent between the crystal type and the experimental results. 

3.4.The effect of fluorine and phosphorus blend with Zn on the physical properties of 

cement clinker 

The basic physical properties of sample group of clinker was shown in Table 8. As can be 

seen from the table, along with the Zn ion incorporation,  the setting time of clinker also 

increases compared with non-doped. When fluorine and phosphorus content unchanged, With 

the content increase of Zn ion(≤0.5%), the flexural strength of 3d and 28d changed little, 

but the increase in compressive strength; When the content is 0.5%, the 28d compressive 

strength of clinker reached the highest level. The zinc ion content continues to increase; it will 

reduce the compressive strength of clinker. 

Table.8 The basic physical properties of cement clinker 

Number 

specific 

surface / 

m2·kg-1 

Standard 

consiste-nc

y water /% 

setting time 

/min 

flexural strength 

/MPa 

compressive strength 

/MPa 

initial 

settin

g 

final 

setting 
3d 28d 90d 3d 28d 90d 

A0 396.4 24.4 61 107 5.7 8.2 8.4 28.2 58.5 63.9 

A1 361.4 24.0 72 154 5.4 7.5 8.8 30.2 62.3 70.8 

A2 347.2 24.4 169 247 6.0 7.9 9.4 30.7 62.5 72.9 

A3 341.5 24.0 146 201 6.2 8.5 8.9 33.3 65.4 74.2 

A4 349.2 23.9 163 230 6.2 8.5 9.2 33.6 66.7 75.3 

A5 356.3 23.7 250 302 6.3 8.6 8.6 33.4 65.9 65.9 

4.Conclusion 

To quantitatively evaluate the effect of cement clinker burning.With the chemical structure 

parameters such as price, electronegativity and ionic radius of the common use impurity ions, The 

calculating distortions of the doping alite was made, and the multi-ions effect expression was 

proposed.Multi-ion effect factor could be expressed as 

）…+0.0529CuO0.0478ZnOOP 0.03710.0564SO0.0113CaFk（-Δ 5232  . 

The calculating results of multi-ions effect expression existed some correlation with the diffraction 

characteristics of polymorphic transformation of the alites，there also existed a certain correlation 

between the strength of clinker with the polymorph transformation alite in the clinker。which 

could be used as a reference to dosage proportion of raw meal when doping of some impurity ions 

using wastes to manufacture high strength clinker. 
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Abstract 

 

Oil-Based Mud (OBM) cutting waste, generated by the petroleum and drilling companies during the process of 

crude oil drilling, is a common waste generated across many of the Arabian Gulf countries. Currently the options 

for the treatment of OBM cutting waste are very limited, and they are often simply stored in a lined pit, awaiting 

further treatment. In addition, OBM cutting is classified as a hazardous waste, and therefore the Government of 

Oman is keen to find a suitable waste management solution for this industrial waste. However, the mineralogical 

composition of OBM cutting, plus the presence of organic residues from the crude oil make it a possible candidate 

to be used during cement clinker production. 

 

It this study, OBM cutting has been added, as received, to the raw meal of a cement plant. It is calcined at 650 oC 

and burned gradually up to a temperature of 1450 oC in a laboratory furnace to produce Portland cement clinker. 

Eleven clinker samples were then prepared by using different levels of OBM cutting waste (zero: reference sample, 

1.0, 2.0, 3.0, 5.0, 7.0, 15.0 and 30.0 %). The potential for incorporation in clinker has then been assessed by a 

range of techniques. Powder X-ray Diffraction (XRD) has been used to examine the mineralogy, while Scanning 

Electron Microscopy (SEM) has been used to examine the clinker microstructure to determine the fractionation of 

trace elements from the OBM in each clinker phase. The free lime in the prepared samples was found to fall within 

a range of 2.0% to 2.88 %. The XRD pattern showed some slight differences in the phases formed in the clinker as 

the OBM content increased. However, the main clinker phases were found to be formed in all clinker samples. The 

initial results concluded that OBM cutting waste may be successfully used during the production of Portland 

cement clinker. Subsequent work is recommended to examine the hydration behavior of each phase within the 

clinker to further examine the effects of OBM addition. 

 

 

Originality 

 

While there have been a great many studies on the use of industrial byproducts in the manufacturing of cement 

clinker; both as a replacement of raw materials or a source of energy, we are unaware of any studies on the use of 

Oil-Based Mud cutting waste. Furthermore, this study will progress from studying the resultant clinker mineralogy 

to looking at the effect of OBM addition on the clinker phases formation, paying particular attention to the effects 

on the major phases microstructure. It is anticipated that this study will provide a valuable insight into the potential 

for use of this currently orphan waste n Portland cement production.  
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1. Introduction 

 

Cement manufacture requires about 3.2 – 6.3 GJ of energy and 1.7 Tons of raw materials to 

produce one ton of clinker [1]. The main consumption of energy in the cement process is 

burning the raw materials at the kiln stage to produce the clinker which required temperature 

of about 1450 oC. In general, fossil fuels such as natural gas, coal and diesel are used to obtain 

the clinkering temperature. In addition, alternative fuels have been used successfully in many 

cement plants to reduce the consumption of costly fossil fuels. Furthermore, many industrial 

wastes from various industries have been utilized to replace some raw materials, such as 

refused slags for steel and copper industries, lining bricks from aluminum smelters and spent 

refinery catalysts [2-6]. In this research, the waste from process of oil drilling operation has 

been investigated.  

 

Oil-Based Mud (OBM) cutting waste, generated by the petroleum and drilling companies 

during the process of crude oil drilling, is a common waste generated across many of the 

Arabian Gulf countries. OBM is a lubricant and coolant during the drilling process; consisting 

of a mixture of drilling fluids and clay such as bentonite, added to provide viscosity and 

filtration control [7]. The major function of OBM during the oil-drilling process is illustrated 

in Table 1. 

 
Table 1 The function of drilling fluid such as OBM 

As a carrier of cuttings from 

the hole & permit their 

separation at the surface 

Cool and clean the bit 

Reduce friction between the 

drill pipe and wellbore or 

casing 

Maintain the stability of 

wellbore 

Prevent the inflow of fluids 

from the wellbore 
Form a thin, low-permeable 

filter cake 
Non-damaging to the 

producing formation 

Be non-hazardous to the 

environment and personal 

 

 

Currently the options for the treatment of OBM cutting waste are very limited, and the wastes 

are often simply stored in a lined pit, awaiting further treatment. In addition, OBM cutting is 

classified as a hazardous waste, and therefore the Government of Oman is keen to find a 

suitable waste management solution for this industrial waste [8]. Fortunately, the 

mineralogical composition of OBM cutting waste, plus the presence of organic residues from 

the crude oil make it a possible candidate to be used during cement clinker production. 

 

Utilizing this drilling waste to replace part of the raw materials in cement manufacturing, as a 

partial substitution for limestone, will result in reducing the large consumption of limestone; 

thus reducing abiotic depletion. Based on the chemical composition of the OBM cutting waste, 

it could theoretically be used to replace the limestone, and supplement some of the principal 

elements in the process of clinker phases formation, such as calcium, silicon and aluminum. 

Also, the calorific value of the OBM cutting waste, makes it a valuable component in 

reducing the thermal energy requirement of clinkerization, which leads to the reduction of the 

fuel used during clinker manufacture.  

 

However, the formation of the major clinker phases, such as alite and belite are controlled by 

the burning conditions and the raw meal chemical and physical properties. In this study, the 

raw meal has been prepared with different % of OBM, to investigate the effect on the clinker 

quality of replacing the raw meal with OBM.  

 



 

2. Experimental  

 

2.1.  Raw Materials 

 

The raw meal was collected from the cement plant (Oman Cement Company) from the raw 

mill outlet airslide. It comprised limestone, quartzophillite, irone ore and kaoiln. The OBM 

cutting waste was obtained from an oil-drilling company, and had been stored for about one 

year prior to collection. The OBM was ground using a laboratory ball mill. From these raw 

materials, 8 samples were prepared by adding OBM as mentioned in Table 1.  

 

 
Table 2. The Chemical analysis of the raw meals used to prepare the Clinker samples 

Chemical Analysis 

Raw meals samples prepared with different OBM % 

1 Ref. 2 3 4 5 6 7 8 

Oxides 

% 
Raw 

Meal 
100.0 99.0 98.0 97.0 95.0 93.0 85.0 70.0 

OBM % 0.0 1.0 2.0 3.0 5.0 7.0 15.0 30.0 

SiO2 20.9 13.66 13.66 13.73 13.80 13.88 14.02 14.17 14.75 15.83 

Al2O3 4.74 3.01 3.01 3.03 3.04 3.06 3.10 3.13 3.27 3.53 

Fe2O3 2.35 2.71 2.71 2.71 2.70 2.70 2.69 2.68 2.66 2.60 

CaO 31.85 43.35 43.35 43.24 43.12 43.01 42.78 42.55 41.63 39.90 

MgO 2.22 0.86 0.86 0.87 0.89 0.90 0.93 0.96 1.06 1.27 

SO3 1.81 0.12 0.12 0.14 0.15 0.17 0.20 0.24 0.37 0.63 

Na2O 0.89 0.08 0.08 0.09 0.10 0.10 0.12 0.14 0.20 0.32 

K2O 0.41 0.24 0.24 0.24 0.24 0.25 0.25 0.25 0.27 0.29 

LOI @ 950 oC 32.7 39.21 39.21 39.14 39.08 39.01 38.88 38.75 38.23 37.26 

 

 

 

2.2.  Preparation of Clinker Samples 

 

The Portland cement clinker samples were prepared in the laboratory in three heating 

steps. The raw meal was placed in a plantinum crucible and dried at about 110 oC for one 

hour. This dried powder was then heated at 1200 oC for about 40 minutes, then finally 

burned gradually at 1450 oC for 30 minutes. The resultant clinker was then cooled using a 

water bath.  

 

2.3.  Testing Methods 

The crystalline structure of the raw materials and the thermally treated samples were 

analyzed at room temperature by powder X-ray diffraction (XRD) using a Philips 1710 

diffractometer, with CuK radiation ( = 1.54056 Å) and a graphite monochromator. The 

XRD measurements were carried out by step scanning method (2  range from 5o to 70o) 

with scanning rate of 0.02/s and a step time of 2 s. 

 
The polished clinker cross-sections samples were examined using a JEOL JSM-5800LV 

scanning electron microscope fitted with an EDS detector. The scanning was carried out 

at 15 kV and a 20 mm working distance. Selected areas of samples were imaged at 50x 

magnification, using both backscattered and secondary electron detectors. 



 

 

3. Results and Discusion 

 

In all samples, the results obtained, although the free lime contained is affected by the 

OBM added, are still showing major clinker phases as C3S, C2S, C3A and C4AF as 

indicated in figure 1.In all clinker samples, the free lime was detected in relatively high 

concentrations which are shown in Table 3. Specifically, the free lime concentration in 

reference sample and sample number 6 (OBM 7%) is the highest. In fact, it is expected 

that the clinker prepared at the laboratory is higher in free lime compared with the clinker 

prepared in rotary kiln. The clinker prepared in the laboratory is stationary, unlike the 

rotational movement in rotary kiln [9].  

Table 3 Free Lime concentrations of the prepared clinker 

Sample No. 1 2 3 4 5 6 7 8 

% of OBM added 0.00 1.00 2.00 3.00 5.00 7.00 15.0 30.0 

Free Lime % 2.87 2.35 1.26 2.26 2.66 2.90 2.57 2.05 

AM 1.11 1.12 1.13 1.13 1.15 1.17 1.23 1.36 

AM : Alumina Modles (ration of Al2O3 to Fe2O3) 

 

Figure 1 is showing the microstructure micrograph for the prepared clinker samples 

analyzed using Sacnning Electron Microscope (SEM). The belit crystals appeared round 

shape with sizes range from 24.9 μm to 31.7 μm (Figure 1). It can be observied that the 

size of belite crystals relatively bigger than alite crystals in samples 2, 5 and 7 (Figure 1: b, 

e and j). The alit phase in clinker sample 4 is showing angular alit shape with relatively 

high concentration of liquid phase compared to the other samples. Furthermore, Figure 1e 

shows the belite crystals in higher concentrations compared with other samples, 

specifically to clinker samples 3 and 4 (Figure 1c and 1d). Those two samples 3 and 4 are 

the least free lime content of 1.26 and 2.26 % respectively. Thus suggesting that all 

uncombined CaO are consumed during the clinkerization reaction to form the alite which 

may attributed to the easy burning and optimized raw meal chemistry in these two samples. 

However, there are variation in the free lime content between the clinker samples, 

especially the reference sample 1 and sample 6 are the highest. 

  



 

 

Figure 1 The XRD of the prepared clinker samples 

 



 

   
a. Clinker Sample 1 (Reference sample)  b. Clinker Sample 2 

   
c. Clinker Sample 3  d. Clinker Sample 4 

   
e. Clinker Sample 5  f. Clinker Sample 6 

   
j. Clinker Sample 7  g. Clinker Sample 8 

   
Figure 2 The SEM micrographs of the Clinker samples 

According to Taylor [10], alite phase modification type is could be obtained by the XRD 

spectra intensities at the range between 51 to 52.5 o2θ. The monoclinic polymorph M3 is 

indicated by observing two similar intensities in this range [10, 11]. However, higher intensity 

of the first peak indicates the presence of the monoclinic polymorph M1 as shown in figure 3a. 

Thus, the XRD patterns of samples 2,3,4,5 and 6 are indicating that those samples have a 



 

combination of both polymorph M1 and M3. Where, on the other hand sample 1, 7 and 8 are 

properly monoclinic Alite M1. 

 

 

Figure 3 The XRD patterns in the range 32 - 33 and 51-52  2theta 

 

 

 

4. Conclusion  

 

 The clinker produced using the OBM did not reveal signifacnt differences in term of 

clinker phases formation. 

 The free lime decreases with increasing the % of OBM up to 2%OBM addition. 

However, the free lime increases in the range 3 – 7 % OBM followed decrease free 

lime concentration at higher % of OBM.  

 The Belite size is in the range of  24.9 μm to 31.7 μm.  



 

 The addition of OBM % is likely to control the alite polymorph type. 
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Abstract 

The Chinese cement industry is now facing several problems, including increasing environment pressure and serious 

overcapacity. In this paper, the chinese cement and cement industry are re-examined in the light of aiming for low CO2 

emissions in cement manufacturing, development of recycling and integration with related industries. Progress towards 

a smart cement industry is advocated for the manufacturing of environmentally friendly cement products. The green 

degree (GD), low CO2 emission degree (LCD) cycling degree (CD) and smart degree (SD) of different industries are 

quantitatively characterized based on material flow, energy flow and information flow. Moreover, comparisons are 

made among industries of cement, steel, nonferrous metallurgy, glass, and ceramics in different historical periods and 

this shows that cement and steel, traditional still modern as building materials, are not replaceable. It is demonstrated 

that ecology, lowering CO2 emissions, recycling and integration, and smart development are the four requisites for 

transformation in the Chinese cement industry, and the main path of transformation is presented as well. It is stressed 

that success of the transformation will largely depend on innovation in science and technology. 

 

Originality 

In this paper, the cement and cement industry are re-examined by combining “oriental philosophy” and “western 

philosophy”. Based on the in-depth analysis of material flow, energy flow and information flow during cement 

manufacture and usage processes, the green degree (GD), low CO2 emission degree (LCD), cycling degree (CD) and 

smart degree (SD) were creatively put forward, accordingly, the ecological performance, low carton, cycling and 

intelligence degree were quantitatively characterized. The future direction of development of the cement industry was 

presented from the technical innovation point. 

 

Keywords: Cement industry; green degree; low CO2 emission degree; cycling degree; smart development; future 
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1. Introduction 

The basic needs for human survival are clothing, food, shelter and transportation, among which 

"shelter" and "transportation" greatly rely upon construction and building materials. Among the many 

building materials, cement is seen as the "food" for building and plays an irreplaceable role in the 

process of human civilization. 

Modern cement was born[1,2] in 1824 with the patent awarded to the British engineer J. Aspdin, for 

"Portland cement". Modern cement is a kind of traditional and yet modern building material based on 

ancient cementitious materials. As is shown in Figure 1, cement and steel, with a brief history of 190 

years, represent some of the greatest achievements of human endeavour and the milestones of 

civilization in the history. 

 

Figure 1  History of Materials[3]. 

The Chinese cement industry has been playing a vital role for the rise of China over the past 100 years 

since its initial growth. Figure 2 shows the Chinese cement output and its share in the total world 

cement output over the last 30 years. It can be seen that with the rapid development of the economy 

and increasing demand for cement, China’s cement output has grown rapidly. It has become the 

world's largest cement production country since 1985, and its output has accounted for over half of the 

total in the world since 2006. 



 

 

Figure 2 Output of Chinese Cement and Ratio between Chinese and World Cement Output in the Last 30 

Years(Source: Chinese Cement Association[4]) 

 

Cement has been the bulk indispensable building material after the foundation of new China. It has 

been widely used in civil construction, water management, national defence and traffic engineering 

and plays a very important role in the construction of the national infrastructure. By the end of 2014, 

the proportion of Chinese living in urban areas had reached 55%, highway is up to 112,000 km, high-

speed railway reaches 16,000 km, the number of water conservancy dams has increased to nearly 

90,000 with a total length of dikes of more than 250,000 km.  

As a result of the unremitting efforts of several generations of cement workers, Chinese cement 

manufacturing technology and equipment have reached the world leading level. Based on the new dry 

cement production technology, the Chinese cement industry is striving for the aims of large scale, high 

efficiency equipment, high performance, clean process and comprehensive utilization of wastes. The 

technology and equipment have so far not only satisfied the domestic needs, but have also been 

exported to overseas.  

In the development of cement industry, there are several problems to solve. First, growing pressure on 

the environment which is unsustainable, and the substantial increase in management cost of 

enterprises. In July 2013, the Chinese Ministry of Environmental Protection issued new standards with 

stricter limits on emission of dust particles, SO2 and NOx. A considerable number of cement plants 

cannot meet these limits with existing technology. Second, there is serious overcapacity. Profitability 

is greatly threatened. In 2014, Chinese cement output was 2.476 billion tons, while the actual capacity 

is 3.315 billion tons, the capacity utilization rate was only 75%, which is far below the internationally 

recognized rate of 85%. Third, the rate of development is slowing down. The theoretical thermal 

consumption of cement per kg is 1,800-2,165 kJ (including raw material drying, 5 ~ 8% water is 

included). Since the pre-calcination technology has been developed, thermal consumption per unit of 

cement clinker has decreased from 3,100 kJ/kg clinker to 2,250 kJ/kg, however, it is difficult to further 



 

reduce the calcination thermal consumption further given that there is now a thermal loss of only 200 

kJ/kg clinker in the manufacturing process.  

What is the future for Chinese cement industry? What are the essentials to the future cement research? 

We urge researchers to ponder these questions and seek answers. 

2. Transformation in Chinese Cement Industry 

There is no other new material that can completely take the place of cement. With the growing 

pressure on environment, consumption of resources, and the increasing demand of environment 

protection, significant transformations will continue to take place in cement industry, including more 

environmentally friendly products, low CO2 emissions in manufacturing, recycling development and 

integration with related industries, and smart cement industry. 

2.1. Green Cement Products 

The production of materials comes along with material flow and energy flow. Ecological products 

result from the minimum use of raw materials and energy during the process of manufacturing with 

minimum negative impact on the environment. An objective should be the use of wastes as raw 

materials or semi-finished products for production, in order to reduce the need to extract more raw 

materials from the environment.  

Ecological degree of products can be measured by the green degree (GD): 
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product qualifiedunit for  materials of usage Actual

product qualifiedunit for  resources nature of usage lTheoretica

 (1) 

Where:  

Ms -- the actual usage of the solid materials (mineral raw materials), kg/kg products; 

Ml-- the actual usage of liquid raw materials (water), kg/kg products; 

Mg-- the actual usage of raw gas (air), kg/kg products; 

Me-- the actual usage of energy (converted into standard coal), kg/kg products; 

Mw-- the actual usage of wastes, kg/kg products; 

Mts--the theoretical usage of the solid materials (mineral raw materials) rate, kg/kg products;  

Mtl-- the theoretical usage of liquid raw materials (water), kg/kg products; 

Mtg-- the theoretical usage of raw gas (air), kg/kg products; 

Mte-- the theoretical usage of energy (converted into standard coal), kg/kg products; 

Mt-- total raw materials required for the production of per unit product, kg/kg products. 

GD<1，the manufacturing process is pollutants emissions process; GD =1, the manufacturing process 

is almost a theoretical process, with no excessive damage on the environment; GD >1,the 

manufacturing process is eco friendly, and the products can be defined as ecological products. 

The larger GD is, the higher the green degree of the process.  



 

In accordance with the above definition about the green degree, on the basis of the actual production 

situation of various industrial products, we have calculated green degree for magnesium alloy, 

aluminum alloy, crude steel, cement, glass and building ceramics and other industrial products, as is 

shown in Figure 3. Accordingly, Chinese cement green degree can be calculated in terms of 

technology progress level over the years, as is shown in Figure 4. 

 

Figure 3 Comparison of GD of Different Industries in China. 

 

Figure 4 GD of Chinese Cement Industries from 2002 to 2011 

It is seen from Figure 3 that compared with other structural materials, cement is the material with 

highest utilization ratio of raw materials and good ecological performance. With the development of 

science and technology, the cement industry will play a more and more important role in municipal 

garbage disposal, sludge disposal and hazardous waste treatment, so the green degree of cement 

products will be higher.  

Figure 4 shows that the green degree of Chinese cement industry has been increasing year by year, 

which is mainly due to the major breakthrough in energy saving and emission reduction technology 

especially the dust control technology applied in Chinese cement industry recently. The manufacturing 

process of cement and cement products is becoming more and more ecological.  



 

It took over 1000 years [5] for lime and volcano ash from ancient Rome to switch to Portland cement 

invented by British engineer J. Aspdin. With the limited reserves of high quality natural resources, it is 

the inevitable choice to manufacture high performance cement today using industrial wastes rich in 

calcium silicate or aluminosilicate minerals. 

 

2.2. Lowing CO2 emissions in Cement Manufacturing 

Global warming has become a focus of international community, especially the huge amount of 

greenhouse gas CO2 emissions is the main factor of climate warming. Controlling CO2 emissions is the 

urgent task faced by human society.  

The total amount of global CO2 emissions in 2013 was 36 billion tons, of which industrial CO2 

emissions accounted for about 29% (as is shown in Figure 5), and cement industry was one of the 

major industrial sectors that generated CO2 emission[6]. The global cement output is about 4.2 billion 

tons in 2013. The Chinese clinker coefficient in cement is 0.560 and the average clinker coefficient in 

other parts of the world was 0.780. If one assumes 0.815 tons of CO2 release per ton clinker, it is 

calculated that the global cement production is about 2.2 billion tons of CO2, accounting for 6% of the 

global CO2 emissions, and accounting for 21% of global industrial CO2 emissions. Based on the above 

data, lowering CO2 emissions in cement manufacturing has an important significance for the global 

CO2 emissions reduction.  

 

Figure 5. Basic Composition of Global CO2 Emissions[7] 

 

Figure 6. Individual Country’s CO2 Contributions to Global CO2 Emissions[8] 



 

China is the world's largest country in energy consumption and its CO2 emissions accounted for about 

27% of global emissions and ranked the first in the world (as is shown in Figure 6). As the world's 

largest developing country, China has the responsibility and obligation to make contributions to the 

reduction of global greenhouse gases emissions (especially CO2). The Cement industry, coming after 

the power industry with coal, is the second largest emitter of Chinese industrial CO2 emissions [9]. 

Lowering CO2 emission of the manufacturing process in the cement industry is an important objective..  

 

Figure 7. Chinese Industrial Components of CO2 Emission 

Almost 0.930 ton of CO2 is produced with every ton of cement clinker, in which direct CO2 emission 

due to the consumption of fossil fuels by cement clinker calcinations is 0.393t/t cement clinker, and 

direct CO2 emission produced by decomposition of carbonate in the raw material is about 0.500t/t 

clinker, indirect CO2 produced by power consumption during clinker calcinations is 0.035t/t clinker 

(assuming energy consumption of per ton clinker calcinations is 3,200MJ and power consumption is 

24kwh/t clinker. Calorific value of standard coal is 29.300MJ/kg standard coal, fixed carbon content 

of standard coal is 0.733, effective oxidation fraction of coal is 0.982, the coefficient of carbon being 

converted into carbon dioxide is 3.670, and conversion coefficient of coal to electricity is 0.404kg 

standard coal/kwh). CO2 generated by limestone decomposition accounts for about 53% of the total 

CO2 emissions during clinker production process.  

Figure 8 shows changes in CO2 emissions of unit cement product in Chinese cement industry from 

2000 to 2013. It can be seen that the CO2 emissions of unit cement product in China decreased 

significantly, with the rapid progress of cement manufacturing technology due to progress in 

calcination technology, which enables energy consumption per unit of cement product to decrease 

gradually, moreover, direct CO2 emissions produced by clinker calcinations decline accordingly. At 

the same time, slag, fly ash and other industrial solid wastes used as active admixtures by the cement 

industry greatly reduces direct CO2 emissions produced by decomposition of carbonate. Indirect 

emissions caused by electricity consumption is decreased year by year, but the progress is not so 

obvious (the slope of the line is very small), which indicates that the innovation of the mechanical 

equipment is slow. 



 

 

Figure 8. CO2 Emissions Produced by Every Unit Cement Products in China From 2000 to 2013 

 

2.2.1 The Main Approaches to Achieve low CO2 emissions in Cement Manufacturing Process 

Cement production technology has gone through the development of shaft kiln, wet process rotary kiln, 

rotary kiln, Lepol kiln and suspension preheating technology since Portland cement was invented [11-13]. 

Since Japanese Ishikawajima Harima Heavy Industries Company invented new suspension preheater 

(New Suspension Preheater, referred to as NSP kiln) based on Humboldt kiln (four stage cyclone 

suspension preheater kilns) in 1971, the cement industry production has benefited from the new dry 

cement production technology -- suspension preheating and precalcining technology [14]. Since cement 

production is a high energy consuming process, energy consumption has been the subject of technical 

progress. After 100 years of development, the new XDL (named after Prof XU Delong) cement 

clinker calcining technology invented in China in 2003 has successfully reduced heat consumption of 

unit cement clinker from 7,942 kJ/kg clinker to 2,839kJ/kg clinker (as is shown in Figure 9). So the 

use of new technology to decrease heat consumption of clinker calcinations is one of the important 

ways to realize low CO2 emission cement manufacturing process. 

 

Figure 9. The Waste Heat Utilization Chart of the XDLCement Clinker Calcination Technology. 



 

 

Figure 10. The Technical Progress of Cement Industry since 1887. 

Table 1. Comparisons of Technical Indicators between XDL Cement Calcining New Process and the 

Traditional NSP Technology 

Item XDL Process NSP Process ChangeRatio   (%) 

Solid-gas ratio                (kg.solid/kg.gas)     2.00 0.90 +122.00 

Kiln output                                         (t/d) 3592 2500 +43.68 

Heat consumption                      (kJ/kg.cl) 2839 3350 -15.25 

System heat consumption          (kJ/kg.cl) 2366 3078 -23.13 

Temp. of waste gas                            (C) 260 320～360 -21.21 

Volume of waste gas             (Nm3/kg.cl) 1.23 1.52 -19.08 

Electricity consumption        (kWh/kg.cl) 24.22 26～30 -13.50 

SO2 emission                               (kg/t.cl) 0.075 0.305 -75.41 

NOx emission                              (kg/t.cl) 0.164 0.392 -58.28 

Strength of Clinker             （MPa） 57.78 51.75 +11.65 

Calcining efficiency               (%) ＞99 90～95 +7.03 

  

Compared with the ordinary dry suspension preheating and precalcining cement clinker technology, 

XDL new technology has the following technical  advantages[15,16]: first, the clinker calcination, raw 

meal preparation and mineral powder production are combined together to make full use of the system 

waste heat. Moreover, the comprehensive heat consumption of unit cement clinker production is 

reduced to 2,366 kJ/kg clinker (as is shown in Table 1); second, due to use of high solid gas ratio 

preheater and external circulation, high solid gas ratio decomposing furnace, the contact area of gas 

and solid, times of heat exchange and heating time is doubled, so that heat efficiency and 

decomposition rate of kiln material are both significantly increased, the clinker output is increased by 

40%, the unit volume output of rotary kiln can be as high as 5.890t/ m3.d (see Figure 10); third, the 

emission of SO2 and NOx is low; fourth, the strength of cement clinker is increased by 10% and there 



 

is better flexibility to use inferior raw materials. Various technical indicators are shown in Table 1[15, 

16]. 

The Cement production process can be summarized as "two grindings and one calcination". The so-

called "two grindings" refer to the two grinding processes including cement raw meal preparation and 

cement preparation. It is estimated that power consumption of the two grinding processes accounts for 

62% of overall power consumption in traditional cement manufacturing process (as is shown in Table 

2). So the grinding energy conservation is another important way to realize lower CO2 emissions in 

cement production.  

Table 2 Power Consumption of Unit Product of Cement Plant[17]. 

Consumer Name Power Consumption per Unit clinker (kW·h/t) 

(kW·h/t)Unit(kW·h/t) 

Ratio(%) 

Reclaiming and Homogenizing 5.5 5 

Raw Material Grinding 26.4 24 

Raw Meal Homogenizing 6.6 6 

Clinker Manufacture 24.2 22 

Cement Grinding 41.8 38 

Transportation,Packing,Shipment 5.5 5 

Total 110 100 

Powder processing has a long history. In ancient China, powder processing technology evolved from 

pestle to roller and millstone, and the contact between grinding equipment and ground materials 

developed from "point contact" to "line contact" and then "plane contact". As a result, the grinding 

efficiency is significantly improved and the grinding energy consumption is reduced. Modern grinding 

technology, nurtured by ancient wisdom, has also experienced the progress from "point contact" of 

ball mill to "line contact" of roller mill and high pressure roller mill (Table 3). Table 4 and Table 5 

show the comparison between effects of grinding raw material, slag and clinker using different 

techniques. It is concluded that progress of grinding techniques should be sort to further reduce CO2 

emissions in the cement manufacturing process. The results indicate that non ball milling is the future 

trend in cement industry (Figure 11). 

Table 3. Progress of Grinding Process 

 

Table 4. Comparisons of Techniques for Raw Material Grinding  



 

Standard Vertical Mill Ball Grinder Rolling Machine 

Maximum Feeding 

Water 
Up to 25% 

Without Drying bin , Up to 

3% 

With Drying bin , Up to 6% 

With Drying bin and Outer 

Drying , Up to 12% 

6%-10% 

In Powder Selecting 

Machine or Outer Drying 

Energy Consumption per 

Unit 

60%-70% 100% 40%-50% 

Production Flexibility Satisfied None Satisfied 

Compared with 

Construction Cost of Ball 

Mill 

110%-120% 100% 110%-120% 

Table 5. Contrasts between Grinding of Slag and Clinker 

 Slag Clinker 

Energy 

Consumptio

n（kWh/t） 

Ball mill(host) 65～75 35～40 

Vertical mill 26～29 21～25 

Investment 

(10K RMB) 

Ball mill 850 850 

Vertical mill 2000 2000 

Operation 

and 

Maintenance 

Ball mill 

High energy consumption, dry 

classification is needed, poor 

environment coordination 

High energy consumption, 

dry classification is needed, 

poor environment 

coordination 

Vertical mill 

Low energy consumption, 

drying, grinding and grading in 

one set, good environmental 

coordination 

Low energy consumption, 

drying, grinding and grading 

in one set, good 

environmental  coordination 

 



 

 

Figure 11. Market Share of Different Kinds of Grinding Processes in Cement Industry 

In addition, to replace clinker by preparing ecological cement with other industrial solid waste residue 

that is rich in silicate and aluminosilicate substitution, is the third approach to realize low low CO2 

emission manufacturing process[18]. With the increase in clinker substitution rate, CO2 emissions per 

unit cement product are significantly reduced [10]. 

2.2.2 low CO2 emissionDegree of Cement Manufacturing Process  

The low CO2 emission degree (LCD) can be used to measure the level CO2 emissions in the 

manufacturing process. The definition formula is as follows, 

product qualifiedunit  of emissions CO2 ofamount  total

product qualifiedunit  of emissions CO of level leading world 2LCD  (2) 

0＜LCD≤1. The closer LCD is to 1, the closer is to the leading contemporary level. 

In accordance with the above definition about low CO2 emission degree, on the basis of actual 

production situation of various industries in China, LCD of magnesium alloy, aluminum alloy, crude 

steel, cement, glass and building ceramics and other industrial products can be calculated separately, 

as is shown in Figure 12. It is shown that compared with non ferrous metallurgy, iron and steel and 

energy industries, Chinese cement industry shows lower CO2 emission degree and it keeps abreast with 

the global advanced level in general. Moreover, the innovative XDL process represents the  leading 

level globally, where LCD=1. XDL cement clinker calcining technology together with non-ball 

milling can reduce unit CO2 emissions by 6%. In the future, lowering CO2 emissions in the cement 

manufacturing process is likely to be achieved via collecting and reusing CO2 on one hand, and 

utilizing heat source under 80 ℃on the other. 



 

 

Figure 12. Contrast between Low CO2 emission Degree (LCD) of Different Industrial Products in China 

 

2.3 Recycling Development and Integration withRelated Industries 

The Chinese philosophy stresses “Round tao”. “Round” means recycling interlinkage while “tao” is 

related to yin-yang alternation. “Round tao” is used to explain the rules governing relations between 

phenomena including contradiction, interaction and reciprocal development, namely, integration and 

harmony between things. Metal, wood, water, fire, earth, the five basic elements in the universe, are 

closely related to each other. In particular, earth as the nonorganic material is related more closely 

with fire and gold (as is shown in Figure 13). In real life, metallurgists employ pyrogenic process and 

use CaO as slagging constituent to extract metal with high purity while producing huge amounts of 

slag rich in silicate and aluminosilicate, e.g., iron making, steel making, melting magnesium and 

copper smelting. There are such significant issues as how to innovate metallurgical and calcinating 

process to extract pure metal and generate electricity while producing slag as good as cement clinker, 

and how to intensively develop metallurgical and power industries while effectively reducing the 

environmental burden and realizing harmonious coexistence between human society and nature, and 

recycling development and integration with related industries. 

 

Figure 13. The Five Elements 

2.3.1 Assumption of Producing High Calcium Fly Ash in Power Plants 



 

In 2013, Chinese coal (including coal gangue) power generation was 3947.400 billion kwh, 

accounting for 94% of the total amount of thermal power generation, producing about 0.300 billion 

tons of fly ash. Since a large amount of coal will produce a lot of fly ash, CO2, SO2 and NOx, related 

technologies must be applied to control relevant emissions. Figure 14 shows the production process in 

Chinese thermal power plants, where selective catalytic reduction denitration process (SCR) and 

limestone-gypsum wet flue gas desulfurization (FGD) are mainly used. Due to the use of NH3 as 

reducing agent and catalyst which needs to be replaced every 3~4 years, the denitration cost is quite 

high for SCR process (10,000 yuan per ton of NOx). Besides, it is easy for NH3 to escape in the 

process, which causes second pollution. In addition, there are other disadvantages as well, for instance, 

in the FGD process low temperature electrostatic precipitator (ESP) and wet electrostatic precipitator 

(WESP) are required respectively in front of and behind the desulfurization tower, hence, a large 

complex system and a high initial investment. 

 

 Figure 14. Current Thermal Power Plant Production Process 

A point-to-point treatment, is taken in both SCR and FGD processes, which results in a longer 

production process. What’s more, a failure of one individual link may break down the entire 

production line and the operating rate will be affected accordingly. In order to get rid of air pollution 

caused by coal-fired boiler, wisdom in traditional Chinese medicine is brought into full play. Every 

symptom has its essential cause, which should be tracked and treated. Likewise, the fundamental 

solution to the problem lies in the likelihood to grind coal and desulfurized limeston together, which 

enables desulfurization in combustion reaction, hence production of super high calcium fly ash as a 

result. In experiments, high efficiency desulfurization in combustion is realized, in the process of 

which the ratio of desulfurizer is adjusted in accordance with the Ca/S ratio. Meanwhile, accurate, 

real-time and on-line high sensitivity detection of sulfur content in coal is achieved through ECA 

element analyzer and the signal is fed back to the feed bag in time (as is shown in Figure 15). 

It is proved that by mixing and grinding limestone and coal fuel together strictly according to Ca/S 

(calcium sulfur ratio) and going through the temperature reaction in the furnace, the furnace 

temperature does not drop but rise slightly. In addition, sulfur in coal is trapped during combustion of 

pulverized coal. Moreover, the desulfurization rate is high, and sulfur minerals are transformed into 

calcium sulfate, dicalcium silicate, sulphoaluminate, sulphoferrite and other useful cementitious 



 

minerals by solid state reaction, so that the quality of fly ash is greatly improved. High calcium fly ash 

high performance can partially replace cement clinker for cement manufacturing.  

 

Figure 15. SchematicProcess of Manufacturing High Performance Fly Ash by Adding Calcium and 

Desulfurization in Accurate Furnace. 

2.3.2 Idea of Enhancing Quality of Blast Furnace Slag in Steel Production Process 

China is the largest producer of steel. Chinese pig iron production was 0.712 billion tons in 2014 and 

produced 0.200 billion tons of blast furnaces slag, accounting for about 60% of global production. The 

main ironmaking method used in current iron and steel enterprises is the blast furnace reduction 

process. The traditional production process needs to preheat cold limestone to 800~950℃ to ensure 

that the limestone is decomposed as CaO, and the decomposed CaO then will be cooled down to room 

temperature and used as binder and powdered iron raw material for mixing and granulating, and then 

go through high temperature sintering in the sintering equipment. In the process of preheating and 

decomposing + cooling + high temperature sintering, there will be a lot of waste heat wasted. Besides, 

only iron making is considered in the process, little attention is paid to the composition and properties 

of the resulting slag. The production of every 1 ton of pig iron produces 0.300 ton of slag. It is 

estimated that Chinese steel industry produced at least 0.200 billion tons of blast furnace slag in 2014. 

If the existing process is improved, not only to ensure the quality of the iron but also the quality of the 

produced slag, high quality cement clinker can be made, maximum benefit can be realized by iron and 

steel and building materials enterprises, and the integration of materials production can be effectively 

achieved.  

Based on the ideas above , the idea of producing high calcium cement clinker while producing iron is 

proposed as is shown in Figure 17: in contrast to the traditional process, the early stage of limestone 

calcination and subsequent adding lime stone into blast furnace processes are both eliminated, while 

enough limestone powder is added one-time according to the later reaction needs during granulation 

process to make them fully decomposed in the sintering process and participate in slagging reaction in 

blast furnace. As a result, the calcination times of calcareous raw materials are reduced (once is 

sufficient), slagging needs are considered in the ingredients (high calcium). This process is energy-

saving and effective in producing high quality cement clinker, and it verifies the likelihood in 

recycling and establishing integration between steel industry and that of building materials. 



 

 

Figure 16. The Process of Ironmaking along with Production of High Calcium Cement Clinker 

2.3.3 Integrated Utilization of Municipal Solid Wastes 

With the acceleration of Chinese urbanization, a large amount of construction waste has appeared in 

China (some 1.500 billion tons of construction waste being produced annually), causing severe 

environmental problems. It is urgent to utilize this construction waste. In the early days, it was 

difficult to separate powder waste bricks from concrete in the construction garbage, so the use of 

construction wastes was limited to landfill, excluding steel and timber. With the breakthroughs of pre 

separation technology (as is shown in Figure 18), the powder, steel, brick and concrete can be 

completely separated from construction wastes, which lays the solid foundation for high value-added 

fine utilization of construction wastes. In the future, waste steel bar can be recycled for steel making; 

concrete can be recycled as aggregate used in construction; brick after crushing and grinding can be 

made into lightweight aggregate. The performance of powder made by waste bricks is close to slag, 

which can be used as concrete mineral admixture. Construction powder wastes can be used as plaster 

or mortar. Recycled and intensive development of various industries is an important way to realize 

ecological civilization, and will also create new ecological benefit. 

 

Figure 17. Scheme of Construction Wastes Recycling Process.  

2.3.4 The Cycling Degree of Cement Industry and its Related Industries 



 

The purpose of recycling of cement industry and its related industries is to completely use their solid 

wastes which are rich in silicate and aluminosilicate to replace cement clinker and produce high 

quality cementing materials, e.g., cement or concrete. The cycling degree (CD) of cement industry and 

its related industries can be calculated by reciprocal of clinker coefficient and expressed as: 

                                          1
1


k
CD  (3) 

CD-cycling degree, dimensionless; 

k-clinker coefficient, the ratio of cement clinker usage per unit cement products, dimensionless. 

The range of k is [0~1], while the range of CD is [0~∞]. When CD is 0, it means there is no recycling, 

with the increase of CD, the degree of recycling is increased to infinity. Figure 19 shows CD of 

Chinese cement industry over the years. It is shown that CD of Chinese cement industry and its related 

industries increase year by year, by the end of 2014, Chinese cement output is 2.476 billion tons, while 

clinker is only 1.417 billion tons, the CD is as high as 0.750 accordingly. 

 

Figure 18. Cycling Degree of Chinese Cement Industry from 1990 to 2013 

 2.4 Smart Cement Industry 

With the popularization of information technology and information communication technology such 

as internet, mobile internet, cloud computing, big data, the fourth industrial revolution led by 

intelligence is coming. In the new generation of information technology and acceleration of industrial 

integration, the Chinese cement industry needs to keep up with the trend of the times, with a 

realization of the significance of smart industry. There are three key aspects in smart cement industry, 

(1) smart manufacturing process; (2) smart marketing and management; and (3) smart development. 

SD can be used to measure intelligence degree in the process of manufacture of cement. The equation 

is: 

Number Staff Total The

erpriseCement Ent ofOutput  Annual
SD  (4) 



 

The larger SD is, the higher the per capita GDP of cement manufacturing enterprises. The intelligence 

degree, marketing and management informatization can be reflected by SD. 

The smart degree of Chinese cement enterprises in 2014 is summarized in Figure 20 according to the 

annual output and staff number.  

 

Figure 19. Comparison of SD between Main Chinese Cement Enterprises   

2.4.1  Smart Manufacturing Process 

Currently, DCS automation control system has been used in almost all Chinese cement enterprises, 

however, compared with the world advanced level, the capability of optimization and integration of 

process and timely automatic optimization control level all lag behind. It is urgent to upgrade the 

automation knowledge and improve the management personnel skills. With the establishment of 

physical information system (CPS), ubiquitous sensors and embedded terminal system, intelligent 

control system and communication facilities will be formed into an intelligent network in hopes to 

gradually realize the seamless link of information and human-machine interaction, reduce the 

interference level difference, reduce the waste of resources and equipment caused by the fluctuation of 

production line damage, and improve equipment operating efficiency, and eventually to improve the 

product quality, reduce production costs, reduce pollutant emissions, and promote green development 

of cement enterprises. 

2.4.2  Smart Marketing and Management 

With the continuous development of modern cement manufacturing enterprises, and their interaction 

with financial, logistics, e-commerce and other related industries, its management becomes more and 

more complex. At the same time, in the ever-changing market economy environment, smart marketing 

and management of cement enterprises is becoming more and more important. In the future, cloud 

technology will be applied in cement enterprises and will bring them into a closer ties with related 

enterprises. With the guide of big data, a new overall management and service system will be 

http://www.iciba.com/informatization


 

materialized covering all the major phases from the design of the products, their manufacturing, their 

delivery, to their application and maintenance, and new values will be established as well. 

2.4.3  Smart Development 

In light of the current problems Chinese cement industry is facing, namely, overcapacity and throat-

cutting competition, we must take overall control over the industry. Industry association is taken as 

leader to foster coordination and cooperation between cement enterprises, and to promote 

comprehensive set of production and marketing. Peak production is applied to reduce pressure on 

environment, thus human being and nature can coexist in harmony. The formation of a highly flexible, 

personalized, smart production and service mode will be realized. 

3. Suggestions for the Transformation in Chinese Cement Industry  

The development mode of cement industry has to change since we are facing severe environmental, 

resources and overcapacity problems. The transformation has to be taken from the conventions which 

mainly depend on investment and resources consumption to innovation-driven development which 

means green development, low carbon development and recycling development. The transformation 

could be painful since it entails breaking away  from old fashioned practices and will require great 

adjustment in both our minds and our practices. 

3.1 Re-examination of Cement and Cement Industry 

In the teaching and research of material engineering, there are different disciplinary areas and subjects. 

People mainly focus on the study of components, structure and performance of cement since it was 

found and used while its essence of being cementing material is neglected. Furthermore, people seem 

to fail to realize that the final product is nothing but high quality concrete and that all kinds of solid 

wastes can be modified into high quality cementing materials.We need to trace back to the essence of 

cementing materials and to understand what cement is and what cement industry is all about. The new 

thinking and new orientation will define the future development. 

3.2 Recycling Development and In-depth Integration with Related Industries: Key to the 

Transformation  

Recycling development and in-depth integration with related industries including construction 

materials, metallurgy engineering, energy resources, chemical engineering and municipal construction 

is the most important way for green and low carbon development in cement industry. The R&D of 

chain connection technology and initiative of intensive development will decide the depth of 

integration between these industries. R&D of recycling engineering and its technology should be the 

main research area of innovation-driven development. Moreover, utilization of CO2 emitted during 

cement calcinations is vital to the recycling development.  

3.3  Taking Concrete for the final Products, Increasing Cement Categories and Extending the 

Industrial Chain 



 

On one hand, as a kind of cementing material, cement is just the middle product while concrete is the 

end product for construction. Nowadays, the profit margins for normal cement products are small 

since they are oversupplied. On the other hand, the performance of special cements such as the 

expansive cement for dam construction, the high abrasion resistant cement for the express ways and 

heavy-loaded road and corrosion resistant cement for marine construction fails to live up to the 

expectations. Therefore, the only way out is to keep a close eye on the ultimate demand in the market 

and integrate cement industry with concrete production. 

3.4  Realization of Smart Development 

In the face of the fourth industrial revolution, we must accelerate the in-depth integration of cement 

industry with information technology and promote an all-round transformation to achieve the smart 

development.  

4.  Conclusion 

Cement is a kind of traditional yet young building material, which cannot be replaced in a fairly long 

period of time. The vitality in the cement industry lies in the incessant transformation and 

development. Green, low carbon, integration and smart development are the inevitable trends in the 

transformation. The success of the transformation largely depends on science and technology 

innovation.  
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Abstract 

This paper focused on the effects of SO3 content on the formation of cement clinker, which contains some 

magnesium and alkali,exploring the optimal mixing ratio between C4A3$ and C3S. The formation of 

minerals in the clinker was analyzed by differential scanning calorimetry and thermogravimetry (DSC-

TG). Likewise, scanning electron microscope (SEM) and XRD were used to carry out the analysis of the 

micro-structural and hydration products. The alite-ye’elimite cement clinkers were made by using heat 

treatment, yielding clinkers with C3S of 55~70% and C4A3$ of 2~5%. The balance of C3S and C4A3$ was 

obtained with an optimal compressive strength of the resulted clinker. The corresponding hydration 

mechanism of the clinker was also addressed in this paper to get some clue of the structural basis of the 

improved properties. 

. 

Originality 

1. C3S and C4A3$ can be coexisted by the secondary treatment in lower temperature; 

2. The content of C3S can improved greatly which can reached 65% while the C4A3$ reached 4%; 

3. The emission of CO2 can be reduced compared to OPC; 

4. This cement has some great performance. 

 

Keywords:  C4A3$  C3S  formation  mixing ratio 
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1. Introduction 

Alite-Calcium sulfoaluminate(ACSA) cement is a new energy-efficient cement, which 

contains an appropriate amount of sulphoaluminate(C4A3$) based on conventional Portland 

cement clinker, C4A3$ is a mineral with high early strength which can decrease the shrinkage 

rate of traditional Portland cement in some extent and improve the physical properties of cement 

such as frost resistance, impermeability, durability, etc(Li, Zhang et al. 2014). Alite forms 

rapidly at about 1450℃ while C4A3$ mostly decomposes above 1350℃.A new protocol for 

the production of alite-rich alite-ye`elimite clinker based on two successive sintering steps has 

been reported(Ma, Snellings et al. 2013). 

SO3 and MgO are the most frequently minor components in industrial clinkers. (Maki and 

Goto 1982, Maki, Fukuda et al. 1992)The SO3 dosage in the cement clinker can reduce the 

content of C3A and the value of C3S/C2S, due to the decrease of the liquid’s viscosity and surface 

tension(Li, Xu et al. 2014), hindering the formation of C3S and having a strong preference for 

belite. The SO3 dosage can also impact C4AF contents. MgO is able to compensate the adverse 

effects of sulfur on the formation of C3S(Li, Huang et al. 2012).Additionly,a small amount of 

MgO and alkali metal can decrease the sintering temperature, increase the liquid content, and 

reduce the viscosity of the liquid phase. Studies (Li, Huang et al. 2012, Wang, Li et al. 2014) 

have shown that the highest limit of the incorporated amounts of MgO in the clinker minerals 

is about 2 wt.%. The clinkers with relatively high amounts of MgO sintered under a higher 

temperature could cause MgO to enter into the liquid; during the consequent cooling process, 

much of the MgO remains in the aluminate and ferrite phases, but small amounts of MgO can 

separate as small periclase crystals(Long 1983). 

    C4A3$ has a great contribution to 1d,3d early strength of cement, whlie C3S is good to 28d 

strength. In general, sulfoaluminate cement has a great performance of 1,3d strength but 

unsatisfactory 28d strength. In this work, optimization the mixing ratio between C4A3$ and C3S 

in Alite-Calcium sulfoaluminate cement clinker was studied to get a new cement with excellent 

3d and 28d strength. 

2. Experimental 

2.1 Raw materials 

Experiments using only limestone, fly ash,clay and silica as a raw material, and each 

component is shown in Table1. 

Table 1 Composition of raw material of each component (wt.%) 

Composition LOSS SiO2 Al2O3 Fe2O3 CaO MgO 

Limestone 43.31 0.34 0.24 0.25 54.93 0.13 

Fly ash 1.96 54.15 31.49 3.38 1.98 1.27 

Clay 17.02 30.75 31.24 15.32 2.35 0.65 

Silica 0.36 93.95 2.38 1.96 0.48 0.32 

Ingredients parameters of experimental design: SM = 2.50, IM = 3.10,and 5 different KH 

values were designed in this study:0.90,0.92,0.93,0.94,0.96. 

Cement raw material ingredients ratio used in the experiment are shown in Table2, and 

appropriate amounts of MgO (2%),SO3 (3%,3.2%,3.5%) and K2O (0.8%) were added to the 

clinkers. The mixture was mixed with water (4%) and pressed into a disk mold(40mm×25mm) 



at a pressure of 15MPa. 

Table 2 Raw material mix for the preparation of the clinkers (wt.%) 

Label Limestone Fly ash Clay Silica 

KH90 78.60 7.45 5.00 8.95 

KH92 78.92 7.36 4.90 8.81 

KH93 79.07 7.31 4.87 8.76 

KH94 79.25 7.26 4.80 8.68 

KH96 79.54 7.19 4.72 8.56 

2.2 Experimental process 

Clinkers were sintered in a resistance furnace, the temperature of which was calibrated 

with Ferro PTCR-MTH testing rings. Samples were palced in Pt slice, heated at a rate of 10℃

/ min, calcinations at 900℃ for 30 min, and then up to sintering temperatures (1450℃,1470℃) 

and held for a required time(60min).The clinkers were then cooled with forced air. To achieve 

the coexistence of alite and ye'elimite, a secondary heat treatment was use to the clinkers. It has 

a same heating rate with the Burning system, and calcinations at 1270℃ for 1h. 

2.3 Compressive strength tests 

The composition of the standard mortars was as follows: ACSA/sand/water =1/3/0.5. 

Prismatic samples (40×40×160 mm) were cured at 20 ± 1℃and 95% relative humidity. Then, 

the samples were removed from the mould after 1 d and immersed in water at 20℃ until they 

were utilized for compressive strength testing. Before the compressive strength tests, the 

prismatic samples were first subjected to a flexural test. After the specimens were cured for 1, 

3 and 28 days, the compressive strengths were tested using the unconfined compression 

machine with a maximum load of 200 kN. Each compressive strength value represents the 

average of the results from 6 specimens tested. 

2.4 Characterization 

All the samples were finely ground to perform the powder X-ray diffraction measurements. 

XRD data were collected on a Miniflex using Cu Kα radiation running in reflection geometry 

(θ/2θ) at room temperature. The data were collected from10° to 70°(2θ) for a period of 12 min, 

with a step size of 0.01°. The X-ray tube was operated at 40 kV and 15 mA. The Rietveld 

quantitative analysis was performed with GSAS EXPGUI(Toby 2001). 

The hydration heat release of the different cements (blank and reference matrix) was 

determined by a conduction calorimeter with external mixing. The calorimetry tests were 

conducted in an eight-channel Thermometric TAM Air instrument using plastic ampoules, and 

the heat flow was collected for time periods up to 75 h at a temperature of 20°C and an 

atmosphere of air. The cement pastes (water/cement ratio of 0.5) were mixed before testing (4 

± 0.01 g sample mass). 

The microstructures of the different pastes were also observed using a scanningelectron 

microscope (SEM) (Model JSM-5900, JEOL Co., Japan). The specimens werefractured; then, 

small samples were affixed to the SEM specimen holder using an epoxy resin and then coated 

with a very thin layer of gold to promote electrical conductivity. 

3. Results and discussion 

3.1 Burnability of the clinkers 



 

Fig.1 F-CaO content of the clinkers doping with 3% SO3 in different burning systems 

In this work, 2 different burning temperature(1450℃ and 1470℃) were used. The content 

of f-CaO was a key point to determine the sintering of clinker. Fig.1 shows the f-CaO content 

of clinkers which were secondary heat treated in 2 different burning systems. Its content was 

enhanced with the increasing of KH value and SO3 dosage. Obviously, SO3 dosage plays a more 

important role to the expanding of f-CaO content.  

 

Fig.2 XRD patterns of clinkers with 0.93 KH and different SO3 dosage 

The presence of SO3 in the clinkers reduced the C3S/C2S ratio, and the reaction of CaO 

with belite is inhibited with the content of SO3 increased. That’s why the more SO3 doping, the 



more content of f-CaO appears. The burning system with sintering temperature of 1470℃ 

gains lower f-CaO content compared with the other one. And the follow–up works are based 

on this burning system.  

3.2 Mineral composition  

The clinkers prepared using the above experimental procedures were characterized using 

XRD and the Rietveld method.As shown in Fig.2,C4A3$ increased significant with the SO3 

dosage enhanced, f-CaO is opposite. And there is only a small amount of C2S in these 

clinkers(Table 3). KH and SO3 were observed to the mineral composition of the clinker formed. 

The contour plot of some phase compositions versus the KH and SO3 doses presented in Fig.2.It 

reveal that larger KH values were detrimental to C3S formation (Fig.3(a)).For independent of 

the value of KH, the C3S content enhanced dramatically with the increase of KH value (Table 

3) by 53.42% and 65.01% C3S for KH90S30 and KH92S30.Otherwise,SO3 doses have some 

effect on the decrease of the C3S content. Furthermore, the C4A3$ content was primarily 

controlled by the added SO3(Fig.3(b)).The theoretical amount of SO3 in KH93S32 was 

4.57%,whereas the experimental value of SO3 gained by chemical methods is 2.99%.The 

volatilization of SO3 is 34.6% by using the disk mold (40mm×25mm). 

Table 3Mineral compositions of the resultant clinkers calculated using the Rietveld method (%). 

Labels KH SO3dosage C3S C2S C3A C4AF f-CaO f-MgO C4A3$ Rwp
1 

KH90S30 0.90 3.0 53.42 26.18 8.25 5.90 0.29 3.61 2.06 11.84 

KH92S30 0.92 3.0 65.01 17.48 7.59 3.90 0.45 3.22 2.20 9.94 

KH93S30 0.93 3.0 64.88 14.46 9.88 4.89 0.45 3.24 2.06 9.58 

KH94S30 0.94 3.0 67.75 14.62 8.24 3.42 0.42 3.25 2.08 9.74 

KH96S30 0.96 3.0 68.22 9.41 9.29 5.46 0.53 3.64 2.86 10.41 

KH90S32 0.90 3.2 57.57 22.55 6.61 5.62 0.38 3.85 3.30 10.62 

KH92S32 0.92 3.2 62.03 19.94 6.59 3.68 0.80 3.62 3.11 10.54 

KH93S32 0.93 3.2 64.96 15.99 6.97 4.27 0.64 3.73 3.17 10.48 

KH94S32 0.94 3.2 68.60 13.02 6.60 3.92 0.65 2.89 4.08 10.10 

KH96S32 0.96 3.2 70.11 11.76 5.33 4.11 0.91 3.40 4.12 9.86 

KH90S35 0.90 3.5 56.05 25.16 5.10 4.86 0.76 3.80 4.06 11.64 

KH92S35 0.92 3.5 63.02 17.53 5.42 4.78 0.89 3.51 4.67 11.31 

KH93S35 0.93 3.5 64.73 15.00 6.87 4.76 0.63 3.30 4.31 11.37 

KH94S35 0.94 3.5 65.51 15.31 5.34 4.17 1.22 3.08 4.78 12.66 

KH96S35 0.96 3.5 68.28 10.39 6.04 4.87 1.99 3.13 4.95 10.57 

                                                        
1 Rwp is the weighted residue of the Rietveld refinement 



 

(a). C3S                                  (b).C4A3$ 

 

(c). f-CaO 

Fig.3.Contour plots of the clinker composition vs. KH values and SO3 doses: (a) f-CaO, 

(b) C4A3$ and (c) C3S 

3.3. Compressive strength measurement 

To determine the optimum ratio between two phases, ACSA with different content of C3S 

and C4A3$ was produced in the laboratory (Table 4).  

Table 4 Mineral compositions of the clinkers for Compressive strength tests calculated using the 

Rietveld method (%). 

Labels KH C3S C2S C3A C4AF f-CaO f-MgO C4A3$ Rwp 

MKH-Blank 0.93 73.67 8.04 11.68 4.00 0.02 2.39 0 8.63 

MKH1 0.93 63.74 18.17 7.54 4.51 0.51 3.38 2.02 11.87 

MKH2 0.93 63.90 18.65 5.96 4.57 0.58 3.27 2.88 11.07 

MKH3 0.93 64.36 18.18 3.32 5.64 0.72 3.27 4.52 10.00 

MKH4 0.93 64.65 17.62 2.42 4.86 1.38 3.14 5.61 8.51 

The compressive strength results for the 1-,3-,and 28-day curing ages of the samples 

with same KH (0.93) but different C4A3$ content are provide in Fig.4.As shown, the 

compressive strength of 1-,3-day curing ages increase significantly due to the existence of 

C4A3$ ,the increase rate of which can reach a very high degree of 1-day(67.77%) and 3-

day(14.46%) while the compressive strength of 28-day decreased less(3.54%) 

comparatively(Fig.5).   



 
Fig.4 Column plot of the compressive strength of the mortar strength for MKH group 

 
Fig.5 Compreessive strength of the MKH2 and the increased compressive strength (inset) compared 

with MKH-Blank 

However, the variation of the compressive strength of the cements during the early ages 

is small as C4A3$ content increased. Therefor, the more the C4A3$ content not the higher of the 

compressive strength of early ages.MKH2 gains an outstanding performance in the compressive 

strength of all the 3 curing ages. Its compressive strength of 28-day curing age only decreased 

1.23 MPa compared with MKH-Blank.  

 

 



4. Conclusions 

A great amount of C3S and C4A3$ could coexist in the burning system with sintering 

temperature at 1470°C and secondary heat treatment temperature at 1270°C,while the content 

of  f-CaO is qualified.  

Clinkers doped with 2% MgO can offset the hurdle which SO3 caused to the formation of 

C3S. The KH value should not be higher than 0.96 while 3% SO3 has been doped in the clinker. 

The compressive strength of early curing ages can be improved obviously because of 

C4A3$,the increasement of which can get an amazing extent for 1-day compressive strength 

(67.77%).Cement with 3% C4A3$ content has the best performance in compressive strength. 
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Abstract 
Cement manufacture is one of the industries with high energy consumption. Presently it consumes approximately 2% of 

total world energy. In the process 80% of total energy consumption lies out on an obtaining of clinker. Thus 

intensification of burning process is of great importance in cement manufacture. However, clinker burning in rotary 

kilns is insufficiently powerful technological process for rotary kilns have low space factor of material and high fuel 

rate. It points at the necessity the further researches directed to intensification of obtaining of clinker. During for many 

years it was undertaken the investigation and development other processes. So it was suggested fluidized bed 

clinkerization [Hiroshi Uchikawa, 1994], sol-gel process [Tamasch et all, C.H.Page, et all, 1991], microwave heating 

[Yi Fang, et all, 1996], etc. This paper deals with the investigation and development of a technology of production of 

Portland Cement, alumina cement and mono mineral clinkers in the melt process using plasma kiln. The possibility of 

complete utilization of waste and slag heaps provides for selective separation of metals while simultaneously obtaining 

binders makes the technology suggested highly significant as it is highly economical and energy-saving. The authors 

propose plasma practice of clinker obtaining. The results of SEM, optical microscopy, XRD and other techniques 

showed the peculiarities of melted clinkers, obtained by plasma method, in comparison with sintered clinkers. The 

results showed that it is possible to obtain cements on the basis of melted clinkers, having compressive strength equal to 

50-80 MPa and higher. The bending strength was 5-8 MPa after 28 days of hardening. The cements therewith can be 

classified as fast-hardening ones. Thus it is possible to obtain clinkers industrial for production of fast-hardening, high 

strength, sulphure resistant, high alumina cements and other types of cements. Besides that using 

 

Originality 

Improving and the increase of effectiveness of clinker production is the aim of many research works. It is suggested new 

process manufacture of melting clinker. This process allows to product clinker for different types of cements: P alumina 

cement, alumina – spinal and mono mineral cements. The properties all types cements are represented in this paper. 

 

Key words: plasma kiln, melting clinker, clinker phase composition, mono mineral clinker, cement properties. 
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1. Introduction 

Clinker burning in rotary kilns is insufficiently powerful technological process for rotary kilns have 

low space factor of material and high fuel rate. It points at the necessity the further researches directed 

to intensification of obtaining of clinker. During for many years it was undertaken the investigation 

and development other processes. So it was suggested fluidized bed clinkerization (Hiroshi Uchikawa., 

1994), sol-gel process (Tamas V. et al., 1987; Page C. et al., 1991), microwave heating (Yi Fang Yi., 

et al, 1996), alinite cement, radiation process, nanocement technology which were summarized in the 

paper (Chatterjee A.), melting process (Khadilkar S., et al., 1997), synthesis in molten salts (Maries A., 

et al., 2011), etc. In our investigations we proposed plasma practice of clinker obtaining (Burlov Y.A., 

et al., 2006; Burlov Y.A., et al., 2011). Plasma method promotes cement production from waste of 

industrial production withdrawal of metals, allows to make production mobile, ecologically clean, to 

go down of a minimum outbursts of a dust and gases. This paper deals with the continuation of the 

study and development technology of alumina and mono mineral cements technology, i.e. such 

cement clinkers which production in rotary kiln is difficult  enough.     

The goal of this investigation is the production of calcium aluminates, ferrites, clinker of alumina and 

alumina-spinal cements in comparison with the sintered clinkers. 

2. Experimental   

2.1. Row materials 

Alumina of Pikalev alumina plant, limestone, aluminothermy slag – waste of vanadium production, 

magnesite were used. Their chemical composition is represented in table 1. 
Tab.1. Chemical composition of initial materials 

Material L.o.i. SiO2 Al2O3 Fe2O3 CaO MgO others 

Alumina - 0.1 99.46 0.13 0.23 0.10 - 

Slag-waste - 0.55 67.1 0.45 20.5 9.0 2.4* 

Magnesite 36.6 1.35 0.29 0.73 25.78 35.25 - 

Limestone  42.7 0.80 0.30 0.12 55.48 0.10 - 

*V2O5 is shown 

Using above mentioned materials some row mixes were prepared to obtain clinkers such composition: 

1. CA,CA2, C12A7, C3A – mono mineral clinkers; 

2. Clinker for alumina cement consisting  CA as the main phase and other phases; 

3. Clinker for high alumina cement consisting CA2 as the main phases; 

4. Clinker for alumina-spinal cements. 

2.2. Experimental process 

For  synthesis of melting clinkers commercial grade initial materials in right proportion were  blended. 

Then each of them was melted in laboratory plasma kiln during one hour. For synthesis of sintering 

clinkers all initial materials were milled in laboratory mills for one hour with corundum media. The 

milled materials were made into specimens (cylinder 2x2 cm) acting hydraulic press at a pressure of 

2000 kg/cm2 and then fired at 15000C for 2 hrs. The samples were analyzed for their free lime contents 

which did not exceed 0.2% for any clinker. 

Melting and sintering products were crushed and ground in ball mills. The Blaine surface area of 

cements was maintained in the range of 400 – 440 m2/ kg. 

All samples were studied by X-ray diffraction, using Rietveld method, SEM (Taylor X., 1990) and 

optical microscopy (Kouznetsova T., et al., 2007; Maki I., 1986). 

In optical studies the polished section of clinker and crushed clinker powders were used. The crushed 

powders are used to determine the refractive index of clinker minerals, the study of polished section 

allows to fixed crystal habit and form, and common characteristic of clinker crystallization. 

 For the determination of strength and other properties standard methods were used, small specimens 

(cube with size 2x2x2 cm) were prepared and tested too. Specimens with W/C=0.4 and 

cement/sand=1:0 were prepared. Six cubes for each cement have been tested and their average are 

reported. 



3. Results and Discussion 

3.1. Melting clinker 

In result of melt process calcium alumina were obtained. Their phase analysis is given in table 2. 
Tab.2. Phase composition of clinker, % 

NN 

samples 

Clinker 

Calculated composition 

Real composition 

CA2 CA C12A7 C3A 
Glas 

phase 

1 CaO∙2Al2O3 100 - - - - 

2 CaO∙Al2O3 - 100 - - - 

3 12CaO∙7Al2O3 - - 98 - 2 

4 3CaO∙Al2O3 - - - 97 3 

All clinkers were investigated by XRD and microscopy. Clinker 1 calculated to obtain CA2 factually 

consists of this phase which fixed at XRD powder patterns (figure 1) on its reflection peaks with d= 

0.443; 0.350; 0.307 nm, etc. 

 

 

 

 

 

 

 

 

 

 

                                              a)                                                                                        b) 

Fig.1. XRD powder patterns of clinker 1 (CA2), a) and its microscopy (b) 

Optical microscopy shows that calcium dialumina is represented by prismatic anisotropic crystals with 

refractive indexes Ng = 1.655 and Np= 1.617 (figure 1b). According to the analyses clinker 2 presents 

calcium alumina CA ( d = 0.467; 0,296; 0,285 nm). Its crystals are as plate form with Ng = 1.665 and 

Np= 1,647 (figure 2) 

 

 

 

 

 

 

 

 

 

                                                                                                

                                             a)                                                                                          b) 

Fig.2. XRD powder patterns of clinker 2 (CA), a) and its microscopy (b) 

Analogous study was done on clinker 3 and 4. It was fixed that clinker 3 and 4. Their characteristics: 

clinker 3 (С12А7) has the reflection peaks with d= 0.489; 0.268; 0.218 nm and its crystals are isotropic 

with N= 1.6104; clinker 4(C3A) is characterized by d= 0.406; 0.269; 0.219 nm on XRD powder 

patterns and refractive index N=1.715 of isotropic crystals. 

After milling of clinkers their properties were examined. Results are given in table 3. 



Tab.3. Setting time and strength of grounded clinkers (cements) 

No Composition S, m2/kg 

Setting time, 

hrs-min W/C 

Compressive strength, MPa, 

after days 

initial final 1 3 28 

1 CA2 411 5-15 11-30 0.35 5.9 43.5 102 

2 CA 404 3-00 4-30 0.37 63.7 64.5 72 

3 C12A7 401 0-07 0-10 0.50 9.3 12.1 4.3 

4 C3A 395 instantly 0.60 0.7 2.0 0.6 

Test results show a full correspondence between the composirion of cements and their properties, as 

this were published for many times (Midgley H., 1967; George C., 1980; Kouznetsova T., 1986). 

These results allow consider that  in case necessity  to change cement setting time and strength it is 

possible to regulate them by different composition of above mentioned phases.  

3.2. Clinker for alumina-spinal cements 

Two row mixes were prepared. One of them consisted of lime stone, alumina and magnesite in 

proportion to obtain clinker with 40% CA and 60% spinal MgO∙Al2O3 (sample 4) and clinker 

consisted of only spinal (sample 5). Each of mixes is melted in plasma kiln at 20000C and it is cooled 

slowly at ingot mould. 

Analysis showed that clinker 5 has consisted of 97% MgO∙Al2O3 and a little (3%) of glass phase. 

Spinal is determined by its reflection peaks d= 0.244; 0.202; 0.156; 0.143 nm. According to the optical 

microscopy spinal is represented by isotropic crystals with refractive indexes N= 1.718. Figure 3 

shows the polish section of clinker 4 and 5. 

                                           

              

 

 

 

 

 

 

 

 

 
                                       a)                                                                                  b) 

Figure 3. a – polish section of spinal MA (clinker 5) and b – clinker 4 (CA+MA), 

dark-grey long crystals – CA and light cubic crystals – MA, x400 

In this work cements with the different proportions between CA and MA were tested. The results is 

shown in figure 4. 
                                                     

 

 

 

 

              

 

 

 

 

 

 

 

 

Figure 4. Compressive strength of cements consisted of different proportions CA + MA. 

blue – 30% MA, orange – 50% MA and light grey – 70% MA 



Test results fixed that the proportion: 30% VA and 70% has been the highest strength of cement paste 

but its refractoriness is lower in comparison with the other cement shown in figure 4. Optimal 

proportion between MA and CA in cement can be chosen on depends of main goal of work: 

refractoriness or strength is need. 

4. Conclusions 

Plasma melting process allows to product clinker for different types of cements: alumina cement, 

alumina – spinal and mono mineral cements. This new synthetic rout allows to develop of novel 

classes of cements. 

 

References                                                                                                                                           -  

– Uchikawa H., 1994. Present problem in cement manufacturing. Research Onoda Cement Company, 

Cement Mat., 7-44. 

– Tamas F., Morozova L.P., Kouznetsova T.V., 1988.Preparation of calcium aluminates by a chemical 

method.Cement and Concrete Research.,8, 375-388. 

– Page C.H., Thombare C.H., Kamat R.D., Chatterjee A.K., 1991. Developmant of sol-gel technology 

for cement manufacture. Advances in erials, Am.Cer.Soc. 643-660. 

– Fang Y., Roy D.M., Chen Y., Silsbee M.R., 1997. Cement clinker formation from fly ash by 

microvawe processing. Proceedings of the 10th ICCC, Geteborg, 1, 1i010. 

– Chatterjee A.K., Chemistry and engineering of clinkerization process – Incremental advances and 

lack of breakthroughs. Cement and Concrete Research. Special Issue, 624-641. 

– Khadilak S.A., Lele P.G., Gosh D., Chatterjee A.K. Melting process for clinkerization – a technical 

reexamination. Proceedings of the 10th ICCC, Geteborg, 1, 1i008. 

– Maries A., Tyrer M., Inman D., Simons S., Sheik R., Bensted J. A sustainability Analysis of a 

Potential Low Energy Route tj Cement Production by Synthesis in Molten Salts. Abstracts and 

Proceedings of 13th ICCC, Madrid, 84. 

– Burlov Y.A., Burlov I.Y., Krivoborodov Y.R. New Technology of Portland Cement Clinker. 2006. 6 

Simposium on Cement and Concrete, China. 

– Burlov Y.A., Burlov I.Y., Krivoborodov Y.R. Synthesis of special cements using different waste., 

2011. Abstracts and Proceedings, Madrid. 59. 

– Taylor H.F.W., 1990. Cement Chemistry. Academic Press, London. 475 p. 

– Kouznetsova T.V., Samchenko S.V. 2007. Optical Microscopy of cement production materials (in 

Russian). Moscow, Civil Engineering University. 302 p. 

– Maki I. 1986. Relatioship of processing parameters to clinker properties; influence of minor 

components. 8th ICCC,  Rio-de-Janeiro, 1, 35-47. 

– Midgley H., 1967. The mineralogy of set high alumina cement.Tranc.Brit.Cer.Soc.66, 161-187. 

– George C., 1980. The hydration kinetics of refractory aluminous cements and their influence on 

concrete properties. Tranc.Brit.Cer.Soc.,79, 82-90. 



Preparation of Alite-ye'elimite cement clinker by gas-solid reaction 
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Abstract： 

In this article, Alite-ye'elimite cement clinker was through the portland cement clinker by SO2. The 

qualitative analysis of the phase composition was performed by X-ray powder diffraction analysis 

(XRD). The experiment of isothermal calorimetry was used to analysis the hydration performance of 

Alite-ye'elimite cement. 

Results showed that when the temperature reached 1000℃ the compositions of Portland cement 

clinker changes. With the increase of temperature C4A3$, CaSO4 and C5S2$ were generated. C5S2$ has 

been identified by many investigators as an inert hydrating phase. When the temperature up to 1250℃, 

C5S2$ basically decomposition. As the existence of C4A3$, the heat release of Alite-ye'elimite cement 

was higher than Portland cement at the initial period of hydration. 

 

Originality: 

At present, a large number of coals used and a lot of sulfur dioxide discharged in the process of coal 

combustion under the cement industry production. If we could use the exhaust sulfur dioxide it will 

make a certain contribution to environmental protection. Sulfur dioxide gas-solid reaction method 

could utilize sulfur dioxide and also produced Alite-ye'elimite high-performance cement. 

 

Keyword: Alite-ye'elimite cement clinker   C4A3$   C5S2$ 
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1. Introduction 

Alite-ye'elimite cement (S.M.P) was a cementitious material with high early strength and 

micro expansion hydraulic. As its dominant mineral phase was C3S, it still belongs to the 

category of Portland cement. S.M.P clinker has superior characteristics such as low sintering 

temperature、excellent early performance and good early late strength etc. Its volume stability 

and durability were also better than Portland cement. Most important, the clinker had superior 

effects on stimulate the activity of fly-ash. It has been widely used in world.  

Research of alite-ye'elimite cement starting with anhydrous calcium sulphoaluminate based 

on the expansion source of silicate expansive cement. 1958 A.Klein[1] measured C4A3$ in the 

K-type expansive cement. The crystal structure of C4A3$ was similar to sodalite 

Na8[AlSiO3O4] and blue stones(Na,Ca)4-8[AlSi3O4]. The water molecule could easily 

penetrate the holes to make C4A3$ reacted to AFt and generate volume expansion. 1962, 

P.E.Halstead[2] proposed the tentative thinking of calcinate Portland cement clinker containing 

a certain proportion of the C4A3$. And numerous studies of the former Soviet Union Cement 

Research Institute proved the feasibility of direct firing of the clinker. I.V. Kravchenk[3]、

T.V.Kuzhecova[4] also reported a production and preparation method of alite-ye'elimite clinker. 

I.Odler et al [5,6] through improving quantity of gypsum in Portland cement and choose 

fluorite as the mineralizer, studied the feasibility of preparing alite-ye'elimite clinker. 

In alite-ye'elimite clinker, C3S、C2S、C4A3$ and C4AF were main minerals. C4A3$ was 

equivalent added to the system of Portland cement clinker, replace or partly replace C3A. In 

this system, C4A3$ improved and enhanced the early strength, while C3S ensured the stable 

development of later strength. Tab.1 described the three-phase diagram of C3S、C2S and 

C4A3$. General typical mineral composition of S.M.P clinker was 50～70% C3S、5～15% 

C2S and 5～10% C4A3$。 

Tab.1  Three-phase diagram of C3S、C2S and C4A3$ 

Minerals Clinker Minerals composition 

C3S、C2S Portland cement clinker Alite：50-70% 

Belite：10-20% 

 

 

C3S、C2S、C4A3S̅ 

 

Alite-ye'elimite clinker 

Alite：50-70% 

Belite：10-20% 

Ye’elimite：2-5% 

 

 

 

C2S、C4A3S̅ 

Sulfoaluminate Belite cement 

clinker 

Belite：50-60% 

Ye’elimite：20-30% 

 

Sulfoaluminate cement clinker Belite：15-30% 

Ye’elimite：55-75% 

But in the system of alite-ye'elimite clinker, C4A3$ and C3S were considered to be 

incompatible[7].Table 2 listed the mineral compatibility of C4A3$ with each phase in the 

system of CaO-SiO2-Al2O3-SO3. It is generally believed that C4A3$ significantly formed at 

1250℃ and began to decomposed at 1300℃. But substantial formation of C3S was higher 

than 1350℃[7,8]. Therefore, how to realize the metastable coexistence of C4A3$ with C3S in 

alite-ye'elimite clinker was the key technology. At present, the realization technology 



solutions of C4A3$ coexisted with C3S are mainly the methods of ion doping and secondary 

firing. 

Tab.2 Simplified scheme of Compatibility Relations. Phase Composition 

Designation Oxide Silicate Aluminate Sulphate 

Ⅰ CaO — — C$,C5S2$,C4A3$ 

Ⅱ CaO — C3A C5S2$,C4A3$ 

Ⅲ CaO C2S C3A C5S2$ 

Ⅳ — C2S C3A C5S2$,C4A3$ 

Ⅴ — C2S C3A,C12A7 C4A3$ 

Ⅵ — C2S C3A,C12A7 C4A3$ 

This paper used a new method of secondary firing named gas-solid reaction method. Gas in 

this method were employed for SO2. By controlling gas flow、temperature、calcination time 

and other variables we could get different mineral composition of alite-ye'elimite clinker. The 

qualitative analysis of the phase composition was performed by X-ray powder diffraction 

analysis (XRD). 

In this paper, we selected several representative cement clinkers with different mineral 

composition under the gas-solid reaction to further explore the hydration mechanism. The 

experiment of isothermal calorimetry was used to analysis the hydration performance of 

alite-ye'elimite cement. 

 

2. Materials and methods 

2.1 Materials 

Natural raw materials such as limestone, fly ash, sandstone, steel slag were used as test 

materials. The compositions of the raw materials were determined by chemical analysis and 

the results are given in Table 3. 

Table.3 Chemical composition of raw materials (wt %) 

 L.O.I. SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO SO3 

Limestone 43.36 0.47 0.22 0.18 55.41 0.26 0.01   

Sandstone 2.17 80.93 7.32 2.66 2.58 0.28 3.31 0.05 0.04 

Fly ash 0.86 61.63 22.75 5.47 5.42 0.87 1.85 0.28 0.13 

Steel slag 1.09 63.98 4.27 20.84 4.36 3.01 0.60 0.69 0.53 

  

2.2 Methods 

In this work, four groups of Portland cement clinkers with different composition have been 

investigated. According to the change of IM, we designed four groups of clinkers and named 

I1、I2、I3、I4(IM=1.5、2、2.5、3). The chemical composition of cement raw materials was 

measured by X-ray fluorescence(XRF) spectrometry and the results are given in Table 4. 

Table.4 Chemical composition of cement raw materials 

 KH SM IM Limestone Sandstone Fly-ash Steel slag 

I1 1 2.4 1.5 79.44 3.05 12.45 5.06 

I2 1 2.4 2 79.53 2.87 14.34 3.26 

I3 1 2.4 2.5 79.59 2.74 15.71 1.96 

I4 1 2.4 3 79.64 2.64 16.70 1.02 

The mixture of raw materials were grounded and pre-homogenized for 12h, then the 



powder were mixed with 6% water and pressed with 30 MPa into discs about 80 g. The discs 

were heated according to the protocols shown below:(1) Room temperature up to 900℃(10℃

/min) and at 900℃ for 30min (2)Up to 1450℃ and at 1450℃ for 30min. 

Alite-ye'elimite clinkers were underwent secondary heat treatment by gas-solid reaction 

from the four different kinds of Portland cement clinkers. The experiment gas was adopted 

SO2 and the gas flow were selected 4 patterns(30ml/min、40ml/min、50ml/min、60ml/min). 

After second firing cycle at 1100-1250 °C for 30min we got the alite-ye'elimite clinker.  

In order to investigate the formation degree of mineral phase at different temperatures, the 

mineral composition of the clinker was analyzed by XRD. All the samples were finely ground 

to perform the powder diffraction measurements. 

To investigate the hydration of the cements, cement pastes were prepared with W/C ratios 

of 0.5. All hydration experiments were carried out at 20 °C. Conduction calorimeter 

(Thermometric TAM Air) was used to determine the rate of hydration heat liberation during 

the first 72 h. 4g of cement were weighed into a flask and corresponding amounts of water 

were added. The flask was capped and placed into the calorimeter. Due to the external mixing, 

the very early thermal response of the samples could not be measured. The total heat of 

hydration after 72 h was determined by integration of the heat flow curve between 30 min and 

72 h. 

 

3. Results and discussion 

3.1 X-ray diffraction analysis  

The change of phase composition with ongoing reaction was determined by XRD. XRD 

analyses(Fig.1) of group I3(Clinker A) revealed that at the temperature of 1100℃ and under 

the reducing atmosphere of SO2, a series of reactions occured： 

C3S → C2S + CaO                                                          (1) 

CaO + SO2 +
1

2
O2→ CaSO4                                                   (2) 

C3A + CaSO4 → C4A3$                                                      (3) 

C2S + CaSO4 → 2C2S•CaSO4 (C5S2$ )                                          (4) 

From the XRD results of gas-solid reaction, the minerals C4A3$ and CaSO4 were found. 

But at the same time we could also found the mineral ternesite(C5S2$). C5S2$ has been 

identified by many investigators as an inert or very slowly hydrating phase, which most 

probably contributes neither to strength nor to the durability of cementitious systems[9]. With 

the increase of temperature to 1250℃, ternesite will be decomposed into C2S and CaSO4.  

The XRD results of the samples with same temperature(1250℃) and different gas flow 

under gas-solid reaction were given in Fig.2. It revealed that when the gas flow was relatively 

lower (30ml/min, 40ml/min), it could be obtained alite-ye'elimite clinker with relatively ideal 

composition (an amount of C4A3$ and high content of C3S). When the gas flow was relatively 

higher (50ml/min, 60 ml/min), although there could be certain amounts of C4A3$ and CaSO4 

generated, but there would be a certain amount of C5S2$ generated especially when the flow 

was 60 ml/min. 



 

Fig.1 Results of XRD pattern of the samples with the same gas flow(40ml/min) and different 

temperatures under gas-solid reaction 

 

Fig.2 Results of XRD patterns of the samples with the same temperature(1250℃) and different gas 

flow under gas-solid reaction 

 

 



3.2  Isothermal calorimetry                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

According to the results of XRD, 2 groups of clinkers and Clinker A were selected to study 

the hydration mechanism. The experiment of isothermal calorimetry was discussed. Fig.3 

described the XRD patterns of this three samples(Clinker A:the Portland cement clinker of 

group I3; S1150:clinker under the reaction of 1150℃ and 60ml/min, the contents of C4A3$ and 

C5S2$ are both more; S1250:clinker under the reaction of 1250℃ and 40ml/min, more C4A3$ and 

less C5S2$).  

 
Fig.3 X-ray diffraction analysis of Clinker A,S1150 and S1250. 

 

Fig.4 Curves of heat flow and accumulative heat of three hydration products. 

The results of isothermal calorimetry were given in Fig.4. According to [10], the heat 

release during the initial period is assigned to the dissolution of free lime, reactive sulfates 

(arcanite, hemihydrate and aphthitalite), partial dissolution of anhydrite and aluminate and the 

initial precipitation of ettringite. This induction period may be related to the nucleation of 



C-S-H. During the induction period, anhydrite can still dissolve and ettringite slowly 

precipitates. The acceleration period for the OPC is mainly due to the fast dissolution of alite 

and the precipitation of portlandite and C-S-H phase. A shoulder in the heat flow after the 

acceleration period is observed in OPC after 20 h and is assigned to the renewed hydration of 

C3A. 

Fig.4(a) presented the heat flow of cements which were obtained using conduction 

calorimetry. As the existence of C4A3$, the initial peaks of S1150 and S1250 were higher than 

Clinker A and the second peak of S1150 and S1250 were earlier than Clinker. After the second 

peak another peak was found in the curve of Clinker A, this peak belong the heat from renewed 

hydration of C3A. The result showed that the clinker after gas-solid reaction inhibit the renewed 

hydration of C3A. 

From the results of Fig.4(b), due to the existence of C4A3$, the heat release during the 

initial period of S1250 and S1150 was higher than Clinker A. But after about 10h, due to the 

slow hydration rate of C5S2$ the heat release of S1150 was less than Clinker A and S1250.  

 

4. Conclusion 

When SO2 was introduced into the Portland cement clinker, a series of reactions occured 

when the temperature reached 1100℃： 

C3S → C2S + CaO 

CaO + SO2 +
1

2
O2→ CaSO4  

C3A + CaSO4 → C4A3$ 

C2S + CaSO4 → 2C2S•CaSO4 (C5S2$ ) 

After the gas-solid reaction C4A3$ and CaSO4 were appeared. But at the same time we could 

also find the mineral ternesite(C5S2$). With the increase of temperature to 1250℃, C5S2$ will be 

decomposed into C2S and CaSO4.  

When the gas flow was relatively lower (30ml/min, 40ml/min), it could be obtained 

alite-ye'elimite clinker with relatively ideal composition (an amount of C4A3$ and high 

content of C3S). When the gas flow was relatively higher (50ml/min, 60 ml/min), although 

there could be certain amounts of C4A3$ and CaSO4 generated, but there would be a certain 

amount of C5S2$ generated especially when the flow was 60 ml/min. 

From the results of isothermal calorimetry we could concluded that due to the existence of 

C4A3$ the heat release of S1250 and S1150 was higher than Clinker A at the initial period of 

hydration. But after about 10h, due to the slow hydration rate of C5S2$ the heat release of 

S1150 was less than Clinker A and S1250. 
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Abstract 

 

In India, Phosphogypsum is currently generated over 9 million tonnes as an industrial waste during 

phosphoric acid manufacturing in the wet process treatment of natural rock phosphate by sulphuric 

acid digestion. Phosphogypsum is being disposed into open sandy yards or in ponds close to the plants 

in the form of slurry made by pumping phosphogypsum with sufficient quantity of water. After 

percolation and drying, the phosphogypsum is stockpiled for future use. Around 20% of the 
phosphogypsum generated is used as a set retarder in cement manufacturing. However, still large 
quantities of phosphogypsum lie unutilized. The proper reuse of phosphogypsum is needed to solve 

environmental and disposal problems. In present work, a chemical method for making cement from 

acidic phosphogypsum was investigated. It was found that Phosphogypsum can be decomposed to lime 

rich material in nitrogen atmosphere and in presence of reducing agents like coal, petroleum coke etc. 
The liberated lime is used for making clinker in combination with other raw materials simultaneously, 
which is subsequently converted to cement and the liberated SO2 can be processed further to produce 

sulphuric acid. In this paper the decomposition of phosphogypsum, intermediate phase development, 
details of clinker phase formations etc. will be presented along with the strength development and 

hydration of the cement produced. The cement so produced conforms to the specifications of Indian 
standard of OPC 33 Grade (IS: 269-2013). 
 

Originality 

 

An Environmental and disposal problem of phosphogypsum needs to be solved. Several attempts have 
been made from time to time to find ways and means of utilising phosphogypsum in different areas. Its 
utilisation as a set retarder in cement is limited due to presence of detrimental impurities especially 
phosphates and fluorides. Utilisation via clinkerisation route developed in this work fixes the impurities 
in the crystalline phases and makes it possible to reuse large quantities of waste phosphogypsum in 
India. 
 

 

Keywords: Waste utilization, phosphogypsum, cement, sustainability, compressive strength 
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1. Introduction 

Phosphogypsum (PG) is a by-product of the fertilizers industry, obtained by etching natural 

calcium phosphates by sulphuric acid. It consists of primarily of calcium sulphate di-hydrate 

with small amounts of silica, usually as quartz and un-reacted phosphate rock, radioactive 

material (like radium, uranium), heavy metals namely arsenic, cadmium, chromium, mercury 

and fluoride. It is manufactured commonly using a single (di-hydrate) or two-step 

(hemihydrate-di-hydrate) process. PG causes water and air pollution due to the presence of 

noxious vapour containing heavy metals, sulphates, fluorosilicates, hydrogen fluorides 

(Szlauer et al., 1990). Many environmental problems arise throughout the entire chain, one of 

which is the production of phosphoric acid, which is particularly well-known for the 

discharge of waste gypsum into surface water and the release of the highly polluting 

substances, phosphorous, cadmium and radon-226 into the environment (Marvic and Sencar, 

1995). The effect of fluorides emitted either as silicon tetra fluoride or hydrogen fluoride is 

more marked on vegetation than living creatures due to their accumulation in plants. Disposal 

of phosphogypsum and its associated process water, including acidity, dissolved metals and 

radio-nuclides gives rise problems when the phosphogypsum is dumped on land. The most 

serious effect of discharging improperly treated pond wastes is the rapid change in pH, which 

can affect most species of fish, aquatic life and vegetation (Gorbunov et al., 1992). Frankovic 

et al 2013 studied the preparation of sulfoaluminate cement using phosphogypsum as one of 

the major raw material. There are few publication in the literature using PG as one of the raw 

material for cement manufacturing, du Toit P, 1988.  The quality & quantum of 

phosphogypsum generation depends upon the quality of the phosphate rock, process route 

used to produce phosphoric acid, calcium sulphate generated either in di-hydrate 

(CaSO4.2H2O) or the hemi-hydrate (CaSO4.1/2 H2O) form. The combined process for cement 

and sulphuric acid manufacture is known as Mueller-Kuchne process and was well known in 

the early part of 20th century, but the process uses natural gypsum or more commonly 

anhydrite. Phosphogypsum generation in India  is about 9 Million Tonnes per annum (based 

on the assumption that 2 Tonnes of phosphogypsum generated per ton of phosphoric acid 

production).While some quantities are utilized for production of ammonium sulphate and few 

other uses, there are accumulated stocks of more than 15 million metric tonnes of 

Phosphogypsum at various plant sites. In India, The Hazardous Waste (Management, 

Handling & Trans boundary Movement) Rules, 2008 notified under the Environment 

(Protection) Act, 1986 excluded phosphogypsum from hazardous waste category under 

Schedule-I, and stipulate that the management of phosphogypsum from phosphoric acid 

fertilizer plants will be carried out in accordance with the guidelines of Central Pollution 

Control Board (CPCB). Depending on the demand, the phosphoric acid units sell the 

phosphogypsum for different applications which include (i) for use as soil conditioning (for 

alkaline soil) or as fertilizer in agriculture (ii) in cement manufacturing to control the settling 

time of cement (as a retardant) and (iii) small quantity is used in the production of plaster, 

plaster boards, gypsum fibre boards, and gypsum blocks (CPCB-India, 2014-15).  

In present work, a chemical method for making cement from acidic phosphogypsum was 

investigated. It was found that Phosphogypsum can be decomposed to lime rich material in 

nitrogen rich atmosphere and in presence of reducing agents like coal, petroleum coke etc. 

The liberated lime is used for making clinker in combination with other raw materials 



 

simultaneously, which is subsequently converted to cement and the liberated SO2 can be 

processed further to produce sulphuric acid. 

 

 

 

2. Experimental 

2.1. Raw Materials  

Phosphogypsum was collected from Birla Copper-Dahej, India for the study and the other raw 

materials such as Shale and Iron ore were collected from one of our cement plants. Fuel used 

was imported South African coal being used at one of our plants. Chemical composition of 

the various materials were carried out using WDXRF of Bruker AXS model S4.The 

mineralogical phases of the various raw materials were determined by XRD analysis, using 

Bruker AXS D8 Advance diffractometer with Nickel filtered Cu Kα radiation (λ=1.5405Å, 

40kV and 30 mA). Proximate analysis of the coal was carried out using Leco TGA analyzer 

and calorific value was determined using the Leco Isoperibol bomb calorimeter, AC-420. The 

chemical composition of ash was determined by XRF. The various raw materials such as 

Phoshogypsum, shale and iron ore were pulverized so as to maintain a residue of 15-16 % on 

90 m sieve and 1-2% on 212 m sieve. Pulverized coal with a fineness of 10% on 90 m 

sieve and less than 1% residue on 212 m sieve was used in the study. Based on the chemical 

composition of the raw materials different raw mixes were designed using varying amounts of 

coal so as to find out the optimum coal dosage required for carbothermic reduction of the 

phosphogypsum using nitrogen gas as an inert medium. After determination of the optimum 

dosage, a suitable raw mix was designed keeping the target C3S as 55% and the LSF as 0.95 

with moduli values ie., Silica modulus (SM) and Alumina Modulus (AM) as 2.40 and 1.50 

respectively. 

 

2.2. Burnability studies 

Based on the raw mix design, various materials including pulverized coal were weighed, 

blended and homogenized followed by preparation of nodules of about 1-1.5 cm in diameter. 

Nodules of about 1 cm in diameter were prepared by mixing with water and were dried in an 

electric oven at 105± 5oC for 4 hours before subjecting them for burnability studies. The dry 

nodules were then introduced in a programmable high temperature electrical furnace, 

Nabertherm at ambient temperature, which was gradually raised to 1350oC & 1400oC 

respectively with a retention time of 30 minutes with Nitrogen gas as an inert medium. The 

fired nodules were then taken out from the furnace and air quenched. The lab fired clinkers 

prepared respectively were finely ground and subjected to free lime determination by 

Ethylene Glycol method (IS 4032) and chemico-mineralogical characterization using XRD 

and microscopy techniques. 

 

2.3. Physical properties of cement produced from the clinker 

The nodules were fired in different batches so as to prepare a bulk quantity of clinker, about 8 

kilograms, so as to study the physical properties of cement produced from it. Two sets of 

cement were produced with different fineness at a desired SO3 content of 3.0% by addition of 

gypsum as a set retarder while grinding of the clinkers in lab ball mill. Physical property of 



 

cement mortar was tested as per Indian standard IS-4031. 

 

2.4 Calorimeter studies 

The Isothermal conduction calorimetry (ICC) is an efficient tool to study the stages related to 

the hydration of cement pastes or mortars at constant temperature. The calorimeter 

continuously measures and displays the heat flow related to the hydration reactions taking 

place in the cement paste after mixing. The respective cements were then studied for heat 

liberation using conduction calorimeter at a w/c ratio of 0.40 

 

3. Results and Discussion 

3.1. Characterization of materials & Burnability studies 

The chemical analyses of the various raw materials used are given below in Table 

1.Phosphogysum contains CaO and SO3 as the major constituent whereas the Shale contains 

SiO2 and Al2O3 as the major constituent and Iron ore contains Fe2O3 as the major constituent. 

The proximate analysis of the coal used in the study is given in Table 2 and its ash 

composition is given in Table 3.The mineralogy of the various materials determined by XRD 

are given in Table 4. PG primarily contains gypsum as the major phase with minor amounts of 

anhydrite and Quartz.  

 

Table 1: Chemical composition of the raw materials (in %) 

 

Raw Materials  LOI  SiO2  Al2O3  Fe2O3  CaO  MgO  Na2O  K2O  SO3  Cl  P2O5  F-  

Phosphogypsum 20.63 2.64 0.44 0.15 31.33 0.30 0.02 0.10 44.24 0.004 0.63 0.59 

Shale 14.95 47.92 12.84 5.68 12.63 1.77 0.36 3.15 0.02 0.008 0.08 ND  

Ironore 2.78 23.68 2.04 71.61 0.94 0.32 0.04 0.05 0.24 0.001 0.18 ND  

 

Table 2: Proximate analysis of the fuel  

 

 

Table 3: Chemical composition of the fuel ash (in %) 

 

L.O.I SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Cl P2O5  TiO2  

0.73 46.60 25.89 4.33 9.12 1.19 0.4 0.55 5.85 0.015 0.25 0.66 

 

Table 4: Mineralogy by XRD 

 

Raw material Minerals identified 

Phoshogypsum  Gypsum, Anhydrite, Quartz etc 

Shale  Quartz, Calcite, Albite 

Iron ore Hematite, Kaolinite  

 

The basic reduction reactions are as given below in equations (1-2). It can be seen that 

 IM% VM% Ash% Fixed Carbon% GCV(kcal/kg fuel) 

1.42 25.6 15.6 54.7 6301



 

Calcium sulphide is an important intermediate formed initially and reacts further with 

anhydrite and carbon reduces anhydrite to form CaO and SO2. All these reduction reactions 

are endothermic in nature. 

 

(1).................................. 

 

(2)................................ 

 

The oxygen partial pressure is very important in controlling the above reduction reaction. If 

the oxygen % exceeds over 0.6% the oxidation of sulphide formed takes place converting 

back to anhydrite. This SO2 can be converted to sulphuric acid by standard contact process. 

The phosphogypsum was first heated at 9000C without mixing coal and other set of 

phosphogypsum was fired after mixing with coal. XRD analysis of the respective materials 

indicate that in absence of carbon only anhydrite is formed whereas in  the presence of 

carbon anhydrite as well as calcium sulphide is formed as shown in Figure 2 & 3 respectively. 

The raw mix were prepared with addition of different amounts of pulverized coal viz. 5 %, 

10 % & 15% respectively and fired at 14000C & 13500C so as to know the optimum dosage of 

coal desired for reductive decomposition of CaSO4 as well as to know the phase composition 

of the lab fired clinkers subsequently formed. From the figure 4 it can be seen that the 

optimum dosage of coal required for the decomposition of CaSO4 is around 10% of the raw 

mix and the same is corroborated by the XRD quantification of the respective clinkers. The 

free lime was found to be higher, in clinkers fired at 13500C 

 

 

Figure 1 : XRD of Phosphogypsum 
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Figure 2: XRD of Phosphogypsum heated at 9000C (without coal) 

 

 

Figure 3: XRD of Phosphogypsum heated at 9000C (with coal) 

Table 5: XRD quantification of clinkers fired at 14000C 

 

Phases (%) 

Coal-5% Coal-10% Coal-15% 

14000C 14000C 14000C 

C3S 14.73 42.31 18.03 

C2S 28.2 36.21 55.87 

C3A 10.76 5.10 2.71 

C4AF 0.17 10.91 12.01 

CaSO4 39.86 2.33 2.83 

Yeelimite 3.7 ND ND 

CaS 2.5 0.7 7.3 

Free lime                              

(Ethylene Glycol Method) 0.28 1.77 1.02 



 

 

 

Figure 4: XRD of Phosphogypsum containing raw mixes with different % of coal 

 

The various proportions of raw materials along with 10.5% coal used for the designated mix 

are given in Table 6. Computed compositions of the target clinker in terms of potential Bogue 

composition and moduli values of the designed raw mix and clinker are tabulated in Table 7. 

 

Table 6: Raw Mix and Fuel mix Composition 

 

Raw material % 

Phosphogypsum  86.0 

Shale 13.0 

Iron ore 1.0 

Coal 10.5 

 

 

Table 7: Theoretical Raw Mix Design Parameters 

 

  LSF SM AM C3S C2S C3A C4AF Liquid 

Raw mix 1.02 2.39 1.3  ~  ~  ~  ~  ~ 

Clinker 0.95 2.36 1.48 55.77 20.03 8.25 11.26 25.39 

 

The nodules were prepared in bulk by blending different proportions of materials as per 

design using water and then dried in oven at 105± 5oC for 4 hours before subjecting them for 

burnability studies. The nodules were fired at 1400 oC at a heating rate of 20 oC / min with a 

retention time of 30 mins.  The fired nodules were then taken out from the furnace and air 

quenched.  The clinkers prepared respectively were stored in air tight containers. After firing 

of all the nodules, representative clinker sample was taken from the bulk by Quarter & 

Coning method and one part of the sample was finely ground for chemico-mineralogical 

characterization using XRF, XRD etc. Free lime was determined using ethylene glycol 



 

method. Another part of the sample was subjected to optical microscopy analysis for 

micro-structural studies. The chemical composition of the clinker and the potential Bogue 

composition along with the various modulii values are given in Table 8 and Table 9 

respectively. The XRD quantification of the clinker is given in Table 10. The XRD results 

indicate that the alite formed in the clinker is lower than the target C3S owing to stabilization 

of the belite, C2S phase in presence of high SO3 and P2O5 content as reported by various 

authors(Mohan et al, 2011 & Kwon Woo-Teck et al,2005). Halicz et al, 1983 also reported 

that P2O5 forms a solid solution with C2S thus stabilizing it and causing reduction in the 

concentration of C3S with a corresponding increase in the free lime content. Our experimental 

results also confirm similar decrease in the C3S phase and the corresponding increase in the 

C2S phase. 

 

Table 8: Chemical composition of the Clinker (in %) 

 

L.O.I SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 CaOF 

0.22 21.36 5.12 3.82 64.05 1.10 0.20 0.65 1.85 0.45 0.88 1.65 

 

Table 9: Various ratios & Potential Bogue composition 

 

LSF SM AM C3S C2S C3A C4AF 

0.92 2.39 1.34 52.2 21.86 7.10 11.62 

 

Table 10: XRD quantification of Bulk clinker fired at 14000C 

 

C3S C2S C3A C4AF CaSO4 CaS 

41.51 39.25 5.25 10.08 2.13 0.8 

 

Optical microscopy study indicates that the clinkers show typical features usually not seen in 

clinkers manufactured using limestone as the main raw material. The alite crystal size are 

large with subhedral to anhedral in shape and the belite crystal occurs as round crystals with 

lamellae, as fringes around the alite crystals. The interstitial matrix is well crystallized with 

C3A and C4AF phase being easily distinguished. These sort of features are generally found 

when high sulphur, P2O5 containing raw materials and/or fuels are used in presence of 

reducing  atmosphere (Pandey S P et al 2013 and Stanek et al 2009). 

 

3.2. Strength development in cement 

Physical properties of cements made with different fineness at a constant SO3 of 3.0% 

prepared by grinding the clinker with required amount of gypsum are given in Table 11. The 

physical properties of the cements indicate that the material possesses a moderate strength 

with strengths higher than the minimum requirement for OPC 33 Grade as per Indian standard 

(IS 269). With increase in fineness further improvement is seen especially in the compressive 

strength. 

 

 



 

 

Table 11: Physical properties of lab prepared cements 

 

 

 

3.3 Calorimeter studies  

 

The total heat release values for control cements with different fineness are 212 & 220 J/g 

respectively at 96 h. It can be seen from Figure 5 that the heat flow curve is similar to the 

normal cements and with increase in the fineness of cement the total heat released increases 

with the time. Thus, hydration study corroborates the observed trend in the compressive 

strength of the cement samples under consideration. 

 

 

Figure 5: Heat flow curves & Total heat liberated for both the cements 

 

4. Conclusions 

Despite the use of waste phosphogypsum as a source of CaO, the cement produced have 

properties that are comparable with the cement manufactured by the conventional limestone 

process. Both the initial & final setting times of the cements made from PG are also in the 

normal range indicating the fixation of Fluoride & P2O5 in the clinker matrix. However, it was 

observed that the alite activation is rather sluggish for the clinker probably due to the typical 

clinker microstructure resulting a marginal decrease in the compressive strength development  

at all ages, but the overall heat release of the hydration is comparable to that of normal 

cement. Further optimization studies are required to see the possibilities of improving the 

cement to currently used OPC-43 grade or OPC-53 grade cement in India.  
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Abstract 

The production process information management was systematically researched based on the Fuyang 

South Cement Company. Issues existing in this company were analyzed detailedly, which covered    

manufacture process, energy consumption, equipment management and quality management. Against 

those problems, a Manufacturing Execution System（MES）composed of the following five modules, 

known as remote real-time monitoring, manufacture process management, energy consumption 

management, equipment management, and quality management was built. The development ideas and 

functionality of those modules were depicted in detail in this article. 

Over the nearly one year’s operation, the production process information management was proved to 

have some beneficial effects. The efficiency of production management was increased obviously, and 

the workload of statistician was reduced significantly. Besides, the specific energy consumption for the 

clinker manufacture dropped about 10%, and the equipment management became well-regulated 

compared with the past. In the meanwhile, the problems of data islands were mostly solved. 

 

Originality 

Most of the cement companies in China have owned more advanced main and auxiliary equipment, and 

reached lower energy consumption compared to the other cement companies in the world. However, the 

informationization level in most cement companies in China was far behind the modern cement 

companies. Even if most companies in China established the Distributed Control System (DCS) to 

monitor the manufacture process, and the vast majority owned its Office Assistance（OA）system, the 

production process information management stands in the way of promoting the information system 

dues to its complexity and innovation.  

According to existing statues in one of the representative cement enterprises in China, a system of 

production process information management was successfully built over one year, and it consisted of 

five modules, known as remote real-time monitoring, manufacture process management, energy 

consumption management, equipment management, and quality management. Its operation was proved 

to have several beneficial effects to the production process, and the informationization level in this 

company was improved greatly.  

 

Keywords: cement company; production process information management; manufacture process 

management; energy consumption management; equipment management 
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1 Introduction 

The cement production in China has exceeded 2.4 billion tons for the two consecutive years, 

which was nearly half of the worldwide cement production. Compared to the advanced 

enterprise in the developed countries, some of the cement companies in China have owned 

more advanced main and auxiliary equipment, reached lower energy consumption, discharged 

less pollutants, which dues to the competing market, renovated technology and rigorous 

regulation (Gao Changming, 2013). However, the level of production process information 

management in most cement companies in China is far behind the modern companies in the 

developed countries. Even if most companies established the Distributed Control System 

(DCS) to monitor the manufacture process, and the vast majority owned its Office Assistance 

（OA）system, the Manufacturing Execution System (MES) stands in the way of promoting 

the information system.  

2 Case study 

2.1 Issues 

Fuyang South Cement Company, one of the most efficient and modern cement plants in 

China with a capacity of 2.0 million ton clinker per year, belongs to China National Building 

Materials Group Corporation (CNBM), which is the largest building materials enterprise. An 

up-to-data DCS, a standard inventory management system and OA system were built over the 

past years. To improve the level of the company’s manufacture information technology and 

decrease the labor costs, a MES was put forward by the CNBM. Several issues were 

discovered through the earlier investigation, as shown in the following. 

A. Relevant information is distributed in many islands. DCS, OA system and other systems 

are relatively independent, which makes the access to information is long and tedious. 

B. A variety of software was installed to satisfy a specific function, leading to a real jungle of 

information systems. Standard software mostly doesn’t fit to all specific requirements, and 

additional subsystems must be installed to cover all requirements, which drops the acceptance 

of users (Raimund Claurnitzer et al., 1999). 

C. The manufacture process management is a bit confusing. The lack of remote monitoring 

function, some unreasonable production plans, the inefficient artificial report forms, the 

irregular performance evaluations, etc., make the manufacture a mess.  

D. Energy consumption for the specific process and equipment is unclear. The lack of 

relevant energy measurement instruments makes it impossible to certain the accurate energy 

consumption for the specific process and equipment. 

E. Equipment management is far less than systematic. Most of the equipment maintenance is 

still at the level of breakdown maintenance and scheduled maintenance, far behind predictive 

maintenance and reliability centered maintenance. Equipment ledger, spare parts management, 

and lubrication management are basically unsystematic. 

F. Quality management is time-consuming, and relative data couldn’t be shared with other 

departments. Once quality accidents occurred, there was no way to find its reasons. 

G. A loose affiliation exists among the manufacture process, energy consumption, equipment 

management and quality management, resulting in a bad information flow. 

2.2 Solution 

Against those problems, a system, which could simplify access to information, connect the 

islands and combine information, achieve the combination management of manufacture 



 

 

process, energy consumption, equipment and quality, must be implemented. Besides, such a 

system could integrate the DCS and OA system, to clear up the confusing system landscape 

and increase confidence. 

A Manufacturing Execution System was researched based on those functions to satisfy the 

need of most of China’s cement enterprises. The software architecture and hardware 

architecture for the MES system are described as Figure 1 and 2 respectively. Overall, the 

system mainly includes three sectors, known as data acquisition, transmission and application. 

The technique of multi-thread to realize real-time acquisition of signal, the mass data mining 

and processing technique to improve the efficiency of the data analysis, and the framework of 

B/S software were all adopted to enhance the system performance and implement the system 

functionality. 
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Figure 1 Software architecture for the MES system 
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Figure 2 Hardware architecture for the MES system 

2.3 Modules  



 

 

The system is composed of the following modules, known as remote real-time monitoring, 

manufacture process management, energy consumption management, equipment management, 

and quality management functionally. Those five modules could be viewed as a separate 

system respectively, or an entire MES system, where five modules closely contact one 

another. A detail description for the five modules will be shown in the following. 

2.3.1 Remote Real-time Monitoring 

Different from the widely used DCS in the cement enterprises, this module was instructed 

based on B/S structure to realize remote real-time monitoring, which gives the production and 

management staff the access to supervise the process operation through any computer 

installed with internet explorer.  

Besides, mass data accumulated even than three years are permitted to store for the summary 

of production rules. A creation of replay of the flow graph plays an important role in the 

analysis of production accident (as shown in Figure 3) and the trend curve configurations 

support several trend curves of the production parameters to be viewed. 

 

Figure 3 Replay of the Flow Graph 

2.3.2 Manufacture Process Management 

Almost all of the production report forms in most China’s cement enterprises are filled up 

artificially, leading to a lagging information flow and a job of labor-intensive. Based on the 

special report forms used by Fuyang South Cement Company, which differ from other 

companies, the proper electric report forms were developed to satisfy the production need. All 

of the report forms used in the production, covering production operation record, production 

operation for the work group, production daily report, and monthly report and so on, were 

built and act as the base data in the construction of other modules (as shown in Figure 4). This 

module significantly improves the efficiency of the information flow transfer, thus the 

efficiency of production management is enhanced.  

Aiming at the existing confusion of the meters for the consumption of raw materials and fuels, 

we created a simple and effective method to build a sub-module named as stock checking 

management. This sub-module included all of the warehouse forms, such as the cylinder, the 

cone, and so on. Stock checking staffs simply need to measure the height of the free 

warehouse, and put this data to the sub-module to obtain the stock of this warehouse. Then, 

this result will be transferred to generate the measurement balance report daily and monthly. 

Such a sub-module avoids the waste of raw materials and fuels, and helps to achieve the 

refined management. 



 

 

A sub-module known as process analysis was also built to help production operator analysis 

the change of parameters like the kiln production, mass content of f-CaO, and so on.  

  

 
Figure 4 The electric report forms for the production operation express 

2.3.3 Energy Consumption Management 

Energy costs in a cement enterprise occupy a huge portion (around 60% percent) of the total 

production cost. Reduction of specific energy consumption (kWh/t) and energy cost 

(costs/kWh) reduction are the goals for the built of this module (C. Barreiro et al., 1990). 

Mechanical electric meters are widely used in most of China’s cement enterprise, and Fuyang 

South Cement Company is no exception. Therefore, 57 smart meters were installed in the 

high voltage and main low voltage distribution rooms to achieve goals of electronic energy 

metering and process data recording. Besides, the specific data of fuel consumption were 

recorded from DCS. On those bases, specialized software was researched to realize those two 

goals. 

Reduction of specific energy consumption is the subject matter of this section. The data of 

energy consumption was then processed and refined to energy information which in effect 

uncovers hidden saving potentials after the recording of process data. Histograms, pie charts 

and pareto diagrams were then depicted to present the trends of specific energy consumption 

of the raw mill, the main fans, the coal mill, and so on (as shown in Figure 5). Correlation 

analysis and association analysis of those data would pinpoint weak spots in energy usage, 

pertinent recommendations would then be put forward, and the previous production plans 

would be changed correspondingly. 

Reduction of the energy cost could be realized mainly through the management of the power 

time of the raw mill and coal mill, whose capacities were usually higher then the kiln. 

According to the electricity price policy, the peak and valley time price are quite different, as 

shown in Figure 6 (Liu Songhui et al., 2014). To maximize the utilization of those mills under 

peak time, and minimize the utilization under peak time, a mathematical model was 

established, which would also ensure the normal storage of the raw materials and fuels. On 

the basis of this, a proper equipment downtime and starting time was given, which decreased 

the daily operation time under peak time to nearly none form one hour and a half of the coal 

mill. 

 



 

 

 
Figure 5 The specific electrcity consuption in the crushing workshop  
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Figure 6 The electricity price for one day 

2.3.4 Equipment Management 

As the cement industry evolved, keeping equipment running without failure became crucial. 

Loss in production due to equipment failure was no longer affordable due to the increasing 

demand (Matthias Bolliger et al., 1999). To improve the running ratio of the equipment is the 

ultimate goal for this module. Therefore, extremely emphasis must be put forward to the 

equipment maintenance.  

In the cement industry, maintenance is a costly and at the same time controllable expense. 

The initial concept of equipment maintenance was reactive maintenance, which means the 

equipment wouldn’t be overhauled until the breakdown occurred. Scheduled or preventive 

maintenance replaced reactive maintenance as the more and more importance was attached to 

it, resulting in better equipment availability (Sheetalnath Mahalungkar et al., 2004). 

Nowadays, the focus on this industry is shifting from scheduled or preventive maintenance to 

the new technology of reliability centered maintenance while most enterprise in China 

remains in the scheduled maintenance or even breakdown maintenance. 

The basic implementation of the predictive maintenance was achieved through the 

construction of this module. The construction of the intelligent patrol monitors, wireless 

network and the related software (as shown in Figure 7) made the vital parameters like 

vibration, oil temperature of the equipment to be collected periodically, the automatic transfer 

of those data to be achieved, and the analysis of the machinery conditions to be possible. The 



 

 

equipment management personnel just need to log into their own accounts to identify the 

equipment to be inspected, overhauled, or scrapped.  

Besides, the functions of the remote real-time monitoring of the equipment, equipment ledger, 

equipment inspection management, hidden dangers management and spare parts management 

were all evolved in this module. It means, in short, this module realized the dynamic 

closed-loop management of the equipment. 

  

(a) The base station of wireless network           (b) The intelligence patrol monitor 

Figure 7 The construction of wireless network and intelligence patrol monitor in the plant 

2.3.5 Quality Management 

Ensuring the compliance of the ground product with the increasingly demanding cement 

quality standards has been a core issue in the cement industry. Several parameters, like the 

strength after a certain period of time, percentage sulfur trioxide (SO3) content, or fitness of 

the cement material determine to what extent the final product satisfies the desired 

specifications. 

However, it’s a time and energy consuming work to do the testing for a list of parameters 

every few hours, besides more importance should be attached to the calculation result, the 

accuracy of which may lead to a production accident. But even worse, more time and energy 

should be taken to type those data into computer, and deliver the final report forms from one 

department to another. The above problems severely hinder the efficiency and labor 

productivity of the quality managers to deliver the useful information of the product quality. 

The quality management module solved those problems by connecting the interface of some 

testing equipment to this module, developing the specialized report forms for the quality 

testing (as shown in the Figure 8), calculating the results of those testing parameters 

automatically, and realizing the auto-flow of the quality information. Such measures 

improved the efficiency of the quality management, and the accuracy of the results was also 

significantly enhanced. 

In addition, a sub-module for the auto-patching system corresponding to the product’s quality 

and manufacture parameters was developed to stabilize the manufacturing process, and a 

sub-module for predicting the strength after 28 days was also established to provide guidance 

for the production process. 



 

 

 
Figure 8 Quality daily report form for the Fuyang South Cement Company 

 2.4 Effects 

The MES was put to use in January, 2014 and some remarkable effects have been achieved 

over the nearly one year’s operation.  

A. The efficiency of production management has been improved significantly, and the 

workload of statistician has been reduced obviously. In particular, almost all of the report 

forms are generated, calculated and transformed automatically without any intervention from 

the outside, reducing the time consuming from more than 4 hours to nearly a few minutes. 

Besides, the sub-module of stock checking management makes it truly convenient to balance 

the materials flow.  

B. The specific energy consumption for the clinker manufacture dropped about 10% through 

operation for half a year. The average electricity consumption for per clinker was 56.035 kWh 

for the previous three months in 2014, and this value dropped to 49.983 kWh for the next two 

months. Specifically, the changes of electricity consumption for the clinker burning over time 

were depicted as Figure 9.  
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Figure 9 The changes of electricity consumption for the clinker burning over time 



 

 

C. The equipment management became well-regulated compared to the past. Equipment 

ledger, spare parts management, equipment lubrication management, and hidden dangers 

management were all realized, and the traditional scheduled maintenance was upgraded to the 

dynamic closed-loop management, which initially formed the equipment predictive 

maintenance. These above measures significantly improved the running ratio of the 

equipment, and the maintenance cost was cut down dramatically. 

D. The problems of data islands were mostly solved. Data of manufacture process, energy 

consumption, equipment management and quality management were all collected, utilized 

and transferred collectively and continuously. Extra software to satisfy additional 

requirements is basically unnecessary, which makes the management of the production 

process simple and easy. 

3 Outlooks 

The initial targets have been realized through the above production process information 

management system, which covered almost all the aspects of the production process. With the 

application of information technology and automation techniques in the cement production, 

some more functions are to be developed on the basis of this system. 

For example, the intelligence control system installed in the cement company usually resulted 

in a bad result, and one of the main reasons is that the amount of primitive data is too small to 

establish an accurate model. So, the combination of this system and the intelligence control 

system helps to the collection, analysis of a huge number of data, which will enhance the 

accuracy of the control model significantly. Besides, such a combination provides a 

preparation for the unattended system. 
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Abstract 

This paper summarizes the proficiency testing programme of cement chemical analysis performed by China 

Building Material Test & Certification Group Co., Ltd. (CTC) in 2013. There are ten items to be required to test 

according to GB/T176-2008 standard. The paper puts out two statistic analysis methods combined, and makes 

statistic analysis to all results submitted by participants. 
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1. Introduction 

The proficiency testing programme of cement chemical analysis numbered CTC PT-2013-02 is 

organized and performed by China Building Material Test & Certification Group Co., Ltd. (CTC). 

CTC is a Proficiency testing provider (PTP) certificated by China National Accreditation Service for 

Conformity Assessment (CNAS). It works according to ISO/IEC17043:2010. All results of 

proficiency testing programmes organized by PTP will be used directly by CNAS. 

CTC has organized and performed the proficiency testing programme of cement chemical analysis 

twelve times since 2002. Also it organizes comparison testing programme of cement properties all 

over China every year from 1985. Those testing programme results have been widely used by many 

organizations for quality control and management. 

2. Experimental Programme Design 

2.1 Objectives 

Cement is a very important building material for the construction quality. At present, there are more 

than two thousand labs with cement testing ability in China. However, their testing ability exist big 

difference due to region, circumstance, personnel and equipment. In order to get the information of 

labs ability certificated, it is necessary to organize the testing programme. Each participant can 

estimate the position of their results within the same test class. They will also contribute to 

improvements in resource management, help evaluate the operators’ qualifications and check on the 

quality of the equipment and the validity of the operating procedures. Finally, these tests are part of 

quality control monitoring. 

2.2 Participants 

Totally 103 labs took part in the program over twenty eight regions, among 92 labs accredited by 

CNAS. 

2.3 Testing items and method 

2.3.1Testing items: 

Loss on ignition（L.O.I）、Insoluble substance（IR）、Sulfur trioxide（SO3）、Magnesium oxide

（MgO）、Silicon dioxide（SiO2）、Iron sesquioxide（Fe2O3）、Aluminium sesquioxide

（Al2O3）、Calcium oxide（CaO）、Potassium oxide（K2O）、Sodium oxide（Na2O） 

2.3.2 Testing method:  

Method for chemical analysis of cement，GB/T176-2008 

2.4 Details on cement sample 

2.4.1 Method of sample preparation 

Cement samples divided into two types of A and B are all Common Portland cement, which 

manufactured by two companies in Beijing. The cement was homogenized by vibrating screens with 

diameter of 0.9mm so as to obtain as identical samples as possible. Then put the cement into plastic 

bottles without chloride, The bottles are self-sealed by their caps and then use a plastic bag vacuum 

packaging. Every bottle sample weights about 20g.  

2.4.2 Homogeneity check 

Draw out ten bottles randomly. All bottles’ samples should be tested by one person continuously  as 

possible as he can. Homogeneity check data has been presented in Table 1. Method of analysis of 

variance has been used to estimate the testing results. Under significance level of 0.05, When F is less 

than or equal to 3.02 which is F0.05（9，10）, sample homogeneity could be considered as qualified. 

Testing method for homogeneity check is as same as 2.3.2. 
Table 1       Homogeneity check result of sample A and B 

Sample  

No. 

CaO（%） SO3（%） 
Sample  

No. 

CaO（%） SO3（%） 

First 

time 

Second 

time 

First 

time 

Second 

time 

First 

time 

Second 

time 

First 

time 

Second 

time 

A01 63.93 63.99 2.45 2.46 B01 61.85  61.91  2.75 2.79  

A02 63.86 63.83 2.51 2.48 B02 61.94 61.90  2.77 2.76  

A03 63.95 63.90 2.45 2.50 B03 61.90  61.95  2.74 2.75  

http://www.iciba.com/at_present
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A04 63.90 63.97 2.47  2.49  B04 61.97  61.92  2.71 2.75  

A05 63.89 63.87 2.49  2.51  B05 61.92  61.84  2.74 2.71  

A06 63.94 63.86 2.45  2.47  B06 61.88 61.85  2.73 2.75 

A07 63.99 63.90 2.50 2.49  B07 61.94 61.97  2.70 2.76 

A08 63.84 63.87 2.51 2.46 B08 61.90 61.89 2.74 2.74 

A09 63.89 63.92 2.48  2.45  B09 61.98 61.92  2.74 2.79  

A10 63.88 63.96 2.47 2.50 B10 61.85  61.90  2.79 2.78 

F 1.20 1.06 F 1.89 1.52 

Critical 

value of F 
F0.05（9，10）=3.02 

Conclusi-

on 

Under significance 

level of 0.05, the 

homogeneity of  

CaO in sample A is 

qualified. 

Under significance 

level of 0.05, the 

homogeneity of  

SO3 in sample A is 

qualified. 

Conclusi-

on 

Under significance 

level of 0.05, the 

homogeneity of  

CaO in sample B is 

qualified. 

Under significance 

level of 0.05, the 

homogeneity of  

SO3  in sample B is 

qualified. 

2.4.3 Stability check 

    CTC has developed many standard substance in building materials field since 1978. According to 

our long experience to manufacture standard substance, the compositions of cement are stable within 

five years conditioned well. 

2.5 Design for statistical analysis method and evaluation principle 

2.5.1 Robust statistical technique 

Every result has been give a Z value which is calculated as following formula 

Z=(x-X)/σ             (1) 

Where  

x   is the measurement result of participators 

X   is the assigned value 

σ   is the standard deviation for proficiency assessment 

The programme involves statistic elements as number of results, median, normal IQR, coefficient of 

robust variation (Cv), minimum (Min), maximum (Max) and range (R). Median is used for the assigned 

value (X), and normal IQR for the standard deviation for proficiency assessment (σ).  

Evaluation principle for the results of participators as follows, 

∣ Z∣ ≤2, then the recorded value is considered as correct 

2＜∣ Z∣ ＜3, then the recorded value is considered as suspect 

∣ Z∣ ≥3, then the recorded value is considered as an outlier 

2.5.2 Allowable deviation between labs 

When the result is suspect or outlier, allowable deviation technique will be used. If its absolute 

deviation is in the allowable range, the result will be considered as qualified, otherwise as unqualified. 

Allowable deviations between labs are provided from standard specification of method for chemical 

analysis of cement, GB/T176-2008, shown in Table 2. 
Table 2            Allowable deviation of cement chemical analysis 

Testing items Allowable deviation Testing items Allowable deviation 

L.O.I ±0.25 Fe2O3 ±0.20 

IR ±0.10 Al2O3 ± 0.30 

SO3 ±0.20 CaO ±0.40 

MgO ±0.25 K2O ±0.15 

SiO2 ±0.20 Na2O ±0.10 

Note：All of allowable deviation are from  reference method in GB/T176-2008. 

3. Statistic Treatment Results and Performance Evaluation 

3.1 By robust statistic technique 

http://www.iciba.com/qualified
http://www.iciba.com/qualified
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There are two groups of results to be taken into consideration from sample A and B. Z value can be 

calculated according to formula (1). Every testing result will be valuated by Z value as result of correct, 

suspect and outlier. 
Table 3         Median of sample A and B 

Testing items Sample A Sample B 

SO3（%） 2.50 2.78 

MgO（%） 2.22 2.09 

L.O.I（%） 2.51 3.36 

IR（%） 0.51 0.46 

SiO2（%） 20.68 20.65 

Fe2O3（%） 2.57 2.86 

Al2O3（%） 4.44 4.95 

CaO（%） 63.69 62.00 

K2O（%） 0.72 0.68 

Na2O（%） 0.12 0.15 

Table 4             Statistic elements 

Testing items Result No. Median Normal IQR Cv (%) Min Max Range 

SO3 

（%） 

Sample A 2.50 0.041  1.63 2.28 2.77 0.49 2.50 

Sample B 2.78 0.037  1.33 2.27 2.99 0.72 2.78 

MgO

（%） 

Sample A 2.22 0.067  3.01 1.62 4.14 2.52 2.22 

Sample B 2.09 0.044  2.13 1.53 3.78 2.25 2.09 

L.O.I

（%） 

Sample A 2.51 0.063  2.51 2.14 3.76 1.62 2.51 

Sample B 3.36 0.057  1.71 3.06 3.53 0.47 3.36 

IR

（%） 

Sample A 0.51 0.050  9.72 0.40 3.85 3.45 0.51 

Sample B 0.46 0.063 13.70 0.39 2.19 1.80 0.46 

SiO2

（%） 

Sample A 20.68 0.141  0.68 19.22 21.24 2.02 20.68 

Sample B 20.65 0.178  0.86 20.05 21.31 1.26 20.65 

Fe2O3

（%） 

Sample A 2.57 0.056  2.16 2.48 2.78 0.30 2.57 

Sample B 2.86 0.028  0.97 2.81 3.08 0.27 2.86 

Al2O3

（%） 

Sample A 4.44 0.067  1.50 4.31 6.47 2.16 4.44 

Sample B 4.95 0.065  1.31 4.26 5.10 0.84 4.95 

CaO

（%） 

Sample A 63.69 0.148  0.23 57.21 63.94 6.73 63.69 

Sample B 62.00 0.102  0.16 59.77 62.28 2.51 62.00 

K2O

（%） 

Sample A 0.72 0.022  3.09 0.60 0.90 0.30 0.72 

Sample B 0.68 0.030  4.36 0.59 0.76 0.17 0.68 

Na2O

（%） 

Sample A 0.12 0.019 15.44 0.05 0.35 0.30 0.12 

Sample B 0.15 0.022 14.83 0.10 0.59 0.49 0.15 

Table 5             Statistic Treatment Results 

Testing 

item 

Result 

number 

|Z|≤2（correct） 2＜|Z|＜3（suspect） |Z|≥3（outlier） 

Result 

number 

Account for 

(%) 

Result 

number 

Account for 

(%) 

Result 

number 

Account for 

(%) 

SO3 94 81 86.2 4 4.2 9 9.6 

MgO 91 73 80.2 4 4.4 14 15.4 

L.O.I 98 88 89.8 6 6.1 4 4.1 

IR 76 67 88.2 3 3.9 6 7.9 

SiO2 58 50 86.2 0 0 8 13.8 

Fe2O3 65 56 86.2 4 6.1 5 7.7 



 

Al2O3 64 57 89.1 4 6.2 3 4.7 

CaO 72 64 88.8 3 4.2 5 7.0 

K2O 78 69 88.5 4 5.1 5 6.4 

Na2O 78 69 88.5 5 6.4 4 5.1 

3.2 By allowable deviation technique 

For those suspect or outlier results, labs can calculate their absolute deviation. They can evaluate those 

results by themselves according to Table 2, when they analyse the reasons. If the deviation is among 

the corresponding range of allowable deviation, it also can be regarded as qualified. 
Table 6           Statistic Treatment Results 

Testing item 
Result 

number 

Qualified Unqualified 

result number Account for (%) result number Account for (%) 

SO3 94 89 94.7 5 5.3 

MgO 91 81 89.0 10 11.0 

L.O.I 98 95 96.9 3 3.1 

IR 76 65 86.7 11 13.3 

SiO2 58 42 72.4 16 27.6 

Fe2O3 65 63 96.9 2 3.1 

Al2O3 64 62 96.9 2 3.1 

CaO 72 68 94.4 4 5.6 

K2O 78 76 97.4 2 2.6 

Na2O 78 76 97.4 2 2.6 

3.3 Comparison of statistic treatment results by two statistic techniques, showed in Table 7 and 

Table 8. 

Except for IR and SiO2, all unqualified results are those outlier results. All suspect results are qualified. 

As for the allowable deviation are narrow, unqualified results numbers of IR and SiO2 are much more 

than outlier numbers.  
Table 7          Comparison of results of two statistic techniques (1) 

Table 8             Comparison of results of two statistic techniques (2) 

Testing 

items 

Robust statistic technique Allowable deviation technique 

|Z|≥3 (outlier) 2＜|Z|＜3 (suspect) Unqualified 

Lab code Lab code Lab code 

SO3 
002 ， 007*， 008， 024*， 054，
056*，069，074，081* 

025 ，066 ， 071 ，
083 

007*， 024*， 054*， 056*，
081* 

MgO 

007*， 010*， 024*， 028， 038*，
042*， 043*， 045， 056*， 061*，
066，069*，092，101* 

008，012，079，099 

007*， 010*， 024*， 038*，
042*， 043*， 056*， 061*，
069*，101* 

Testing  

items 

Number of  

suspect result 

Number of   

outlier result 

Total number of suspect and 

outlier result 

Number of  

unqualified result 

SO3 4 9 13 5 

MgO 4 14 18 10 

L.O.I 6 4 10 3 

IR 3 6 9 11 

SiO2 0 8 8 16 

Fe2O3 4 5 9 2 

Al2O3 4 3 7 2 

CaO 3 5 8 4 

K2O 4 5 9 2 

Na2O 5 4 9 2 



 

L.O.I 042*，045*，054*，096 
004 ， 046 ， 058 ，
060，061，091 

042*，045*，054* 

IR 
007*，036*，042*，045*，069*，
101 

038，043，046 

007*， 036*， 038*， 042，
043*， 045*， 046*， 069*，
072，099，101* 

SiO2 
007*，010*，036*，042*，046*，
062*，069*，101* 

/ 

007* ， 010* ， 011 ， 015 ，
016 ， 036* ， 038 ， 042* ，
046*，052，062*，063，069, 

070，089，101 

Fe2O3 010，042*，062，069*，096 007，012，074，081 042*，069* 

Al2O3 036，042*，062* 007，027，041，096 042*，062* 

CaO 007，025，042，056，069 012，063，084 007*，025*，042*，069* 

K2O 004*，007，026，042*，099 002，061，069，101 004*，042* 

Na2O 026*，049，069，101* 
002 ， 004 ， 041 ，
042，054 

026*，101* 

Note: Those codes with * are outlier and unqualified meanwhile. 

4. Conclusion 

Proficiency testing programme of cement chemical analysis has been generally welcomed to control 

testing quality by labs and administrations. It has been a fixed programme organized by CTC every 

year. It is the first time for us to judge the results for proficiency testing programme of cement 

physical properties by two statistic techniques in China. A better combination of two statistic 

techniques is a new research subject for us. 
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Abstract 

Alite-ye'elimite cement has excellent performance that combines desirable characteristics of calcium 

sulfoaluminate cements and Portland cement. In this study, limestone, sandstone, bauxite, fly ash and gypsum 

were used as raw material. A new method to synthesized Alite-ye’elimite cement had been investigated. We 

considered   formation of minerals under different ingredients and calcine temperature to find the best project 

to produce Alite-ye’elinite cement clinker. The experiment results confirmed that Alite-ye’elimite cement could 

be synthesized under basicity coefficient of 1.4, aluminum sulfur ratio of 1.7, alumina silica ratio of 0.37, using 

a secondary heat treatment step at 1300 °C after regular Portland clinker firing at 1450 °C. 

 
Originality 

In this work, we use bauxite and fly ash as raw materials, so the production cost can be reduced. In order to 

achieve the coexistence of alite and ye'elimite we use a secondary heat treatment step at 1300℃ after regular 

Portland clinker firing at 1450℃. 
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1. Introduction 

Sulphur aluminate cement is the lower CO2 emissions and energy consumption of the firing and 

grinding process compared to Portland cement clinker. Although the early strength of ordinary 

sulphur aluminate cement is high than Portland cement, the late strength will be poured shrinkage. 

Alite-ye'elimite cement is a alternative cement that combines desirable characteristics of calcium 

sulfoaluminate cement and Portland cement, which not only solved the disadvantage of low early 

strength of ordinary Portland cement, and also overcome the phenomenon of shrinkage of the late 

strength of the sulphur aluminate cement. Wang Yanmou studied the temperature range of multiple 

systems coexisting mineral phase(Wang Yanmou. et al.,  1999), which laid a foundation in the 

invention of high iron sulphur aluminate cement and the high silicon sulphur aluminate cement. Liu 

Xiaocun studied the synthesis process of Alite-sulphoaluminate cement by adding fly ash in 

ingredients(Liu Xiaosun. et al., 2001). Results show that fly ash could 

instead iron powder and decrease the amounts of bauxite, not only the ingredients are easy to control, 

but the raw material was easy to wear and burn better. Christensen indicate that Alite form in 1300℃ 

in CaO-SiO2-Al2O3-Fe2O3 multiple phase containing 1% of CaF2(Christensen N H. et al., 1979). the 

temperature is 1450℃ without CaF2. 

Traditional method to preparation Alite sulphur aluminate cement added CaF2 to the raw materials in 

sintering process, which reduced the calcination temperature. But, low hardness and high brittleness 

of CaF2 reduced the hardness and toughness of concrete mixed with fluorite. In addition, fluorite 

increased the generation of HF and many other toxic fluorides, which caused great harm on the 

environment. Therefore, it is valuable produce cement with the same performance under the condition 

of not adding fluorite. Shen Xiaodong studied dynamics of the Alite sulphur-aluminate cement’s 

forming process without adding fluorite(Suhua Ma. et al.,  2013).  They raise the temperature to 

1450℃ first, and then made it fell to low temperature. Lastly they heat the mineral to the temperature 

of the C4A3S phase’s generation. There has a second heating process which will cause waste of 

resources. In my paper, we conducted ingredients and firing project on the influence of clinker 

mineral composition under the condition of without fluorite. 

2. Experimental 

2.1 Materials and methods 

Tab. 1 Chemical composition of materials 

Compositions Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 

limestone 41.70 4.28 0.92 0.44 50.69 1.37 0.08 0.04 

sandstone 0.42 91.45 3.59 1.55 0.90 0.17 0.17 0.07 

bauxite 14.84 31.26 45.87 2.86 1.92 0.17 0.11 2.41 

fly ash 4.10 50.17 31.83 4.09 4.08 1.15 1.06 1.32 

gypsum 6.78 1.63 0.44 0.06 41.67 3.72 45.17 0 

ash content of coal 0 35.05 19.62 31.04 5.52 0.76 0 0 

Raw materials such as limestone, sandstone, bauxite, fly ash and gypsum are provided by polar bear 



building materials of Tangshan. Composition analysis for each raw material has been studied. 

1) X-ray fluorescence (XRF) spectrometry was used to measure the bulk chemical composition. 

2) Silicon molybdenum bar furnace are used to fire raw material. 

3) X-ray diffraction and ithofacies analysis are used to analyze clinker mineral phase in the 

experiments. 

2.2 Proportion 

In the study, attention was focus on the clinker mineral changes of CaO-SiO2-Al2O3-Fe2O3-SO3 

cement system. Clinker mineral composition was controlled by the basicity coefficient, sulfur to 

aluminum ratio and aluminum to silicon ratios. We designed two kinds of ingredients in this 

experiment. Composition of raw materials was shown in table 2. 

Tab. 2 Composition of raw materials 

raw materials limestone sandstone fly ash bauxite gypsum 

Proportion one 73.8 8.7 0 14.5 2.8 

Proportion two 78 6 1.5 8.5 6 

2.3 Burning Methods 

Considering that the coexistence of C3S and C4A3S in the CaO-SiO2-Al2O3-Fe2O3-SO3 cement system, 

we set the fire temperature is 1200℃-1450℃. 

Tab. 3 Scheme of clinker sintering 

 sintering scheme 

Scheme  one the sinter temperature is 1350℃, and the time of constant 

temperature is 40 minutes 

Scheme  two the sinter temperature is 1450℃, and the time of constant 

temperature is 40 minutes, lowered to 1250℃, and the time of 

constant temperature is 40 minutes 

Scheme  three the sinter temperature is 1350℃, and the time of constant 

temperature is 40 minutes, lowered to 1250℃, and the time of 

constant temperature is 40 minutes 

Scheme  four the sinter temperature is 1450℃, and the time of constant 

temperature is 40 minutes, lowered to 1300℃, and the time of 

constant temperature is 40 minutes 

 

3. Results and discussion 

3.1. XRD analysis of the clinker 

The clinkers of the first ingredients burning according to the first three solutions were analyzed by 

XRD, and the results are shown in figure 1. 
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Figure1. X-ray diffraction patterns of the clinkers of the first ingredients burning 

Fig 1 shows a comparison of the X-ray diffraction grams of three different sintering schemes the 

first raw material ratio. We can see that there are no C3S in all schemes. The C4A3S phase appears 

in scheme one and scheme three, but not form in scheme two. In scheme one and scheme three, 

the burning temperature of 1350℃ is in the stage of the coexistence of C2S and C4A3S phases. In 

the second scheme, there is no C4A3S phase. It is probably due to the decomposition of C4A3S 

when the temperature higher than 1350℃. The absence of C3S phase may be that the ingredients 

scheme goes against the formation of C3S. So we adjust the composition of raw materials as 

proportion scheme two. 

 

 

Figure2. X-ray diffraction patterns of the clinkers of the second ingredients burning 



Fig 2 shows a comparison of the X-ray diffraction grams of four different sintering schemes with the 

second raw material ratio. There are C4A3S and C2S phases in the clinker with the first method, but no 

C3S phase. It is probably due to the sintering temperature is not reached C3S’s formation temperature 

of 1350℃-1450℃. We put the calcination temperature increased to 1450℃. Considering the 

decomposition of C4A3S when the temperature higher than 1350℃, we adopt scheme two. From the 

XRD image, we can see the C3S formed in this sintering temperature, but the C4A3S phase is not 

producing again at 1250℃. It is probably due to 1250℃ is not best temperature to produce C4A3S. In 

the third method, the C3S’s absence may be that the temperature is not reaching the formation 

temperature of C3S. In scheme four, we get the coexistence phases of C3S and C4A3S. The C3S formed 

when the temperature increase to 1450℃ and C4A3S formed in cooling process of 1300℃. 

3.2. Lithofacies analysis of the clinker 

 

 

 

 

 

 

 

 

 

Figure 3 Lithofacies photos of multi-component system clinker :A×200, B×100 

Fig 3 shows lithofacies photos of multi-component system clinker. We can see that the ratio of C3S or 

C2S is relatively lower than C4A3S, and the grain boundaries are blurry. The grey part in the photo 

may be C4A3S and it has a high percent of 40. The bice part may be C3S. It shows tabular or irregular 

shapes and it has a percent of 30-40. C2S is about 10-20 percent with grey color in the multi-

component system clinker. The shape is irregularly perfectly round and the grain boundaries are blurry. 

There are blurry stomata, black intermediate phase and white intermediate phase in the clinker. 

4. Conclusions 

(1) When we burning the raw meal with the first proportion scheme that alkalinity coefficient with 

1.2, alumina-sulphur ratios with 3.82 and alumina-silica ratio with 0.43, there is no C3S with the 

three different sintering schemes. The C4A3S is decomposition when the temperature is over 

1450℃. 

(2) When alkalinity coefficient is 1.4, alumina-sulphur ratios is 1.7 and alumina-silica ratio is 0.37, 

there are C3S with the temperature over 1450℃. Then when lower the temperature to 1300℃ 

with heat preservation time of 30min, the C4A3S is forming again. Therefore we get the 

coexistence phases of C3S and C4A3S. 

A B 



(3) From the clinker of the two proportion schemes, we can see that the C3S is easy to form when the 

ratio of Ca/Si is over 3/1 and the temperature is over 1450℃. 
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Abstract 

The internal standard and G-factor methods were applied to Rietveld X-ray diffraction quantitative analysis of Portland 

cement using X’Pert Highscore Plus and GSAS-EXPGUI software. The phase content of Portland cement was derived 

from Rietveld refined scale factor, calculated diffractometer constant and the mass attenuation coefficients by G-factor 

method. And the quantitative result from G-factor method was compared by internal standard methodology which was 

employed by separately adding 20% and 50% (weight percentage) of SiO2 as internal standard. The results show that 

the quantitation of Portland cement obtained by both of the above independent methods are almost consistent. And the 

absolute errors of phase content between these two methods are small. The absolute errors of most crystals are less 

than 1% in quantitative compare except C4AF, which is 1.2%, while the amorphous determination has the absolute 

error of 2.1%. 

 

Originality 

1. The internal standard and G-factor methods were both applied to Rietveld X-ray diffraction quantitative analysis of 

Portland Cement using GSAS software.  

2. The quantitative results of these two methods were compared and accuracy was analyzed.  

3. Although the internal standard is one of the same phases existed in sample, the formula was deduced to determine the 

phase content included both crystals and amorphous. 

 

Keywords:Rietveld quantitation; G-factor method; internal standard method; Portland Cement  
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1 Introduction 

The microstructure and composition of cementitious materials are the fundamental link between the 

processes and properties of those materials. However, based on its inherent characteristics of complexity and 

heterogeneity, the microstructural and mineralogical compositions have not, as yet, fully studied to 

understand the above relationships and predict the hydration behaviour (Scrivener K. L. et al., 2004). The 

main obstacle is the lack of accurate and precise methods to quantify the potential phase composition 

including crystals and amorphous. For cement, the most widely used method for quantitative analysis is the 

Bogue calculation (Bogue R. H., 1929). However, the results may be far from reality mainly due to the 

contradiction between solid solutions and theoretically stoichiometric calculation of the phases (Taylor H. F. 

W., 1997; Aldridge L. P. et al., 1973). Microscopy point counting (Taylor H. F. W., 1997) as another 

quantitative method was proved to produce quite reliable phase quantification for the silicate phases (C3S 

and C2S) but difficultly for small crystal size phases (C3A and C4AF). In addition, this method is very time 

consuming and attempts for its automation have failed so far.  

As an alternative approach, based on quantitative XRD analysis, Rietveld method (Rietveld H. M., 1969) has 

been established as a straightforward tool for characterizing the phase assemblage of cements, showing an 

improvement in efficiency, accuracy and precision (Walenta G. et al., 2001; Le Saoût G. et al., 2011; De la 

Torre A. G. et al., 2003; Aranda M. A. G. et al., 2012). The principle of this method is that the intensities 

calculated from crystalline structures are fitted to the observed X-ray powder pattern by a least-squares 

refinement. The weight fraction (Wα) is calculated according to Eq. (1) and relative parameters (Z is the 

number of chemical formulas in the unit cell; M is the molecular mass of the chemical formula; V is unit cell 

volume; Sα is the Rietvled scale factor) are obtained directly from the above refinements (Hill R. J. et al., 

1987; Bish D. L. et al., 1988). Unfortunately, Ke (diffractometer constant) and μs (sample mass absorption 

coefficient) can not be derived from the Rietveld refinement. As the parameters of Ke and μs are only 

correlated with diffractometer and sample, Eq. (1) may be converted to Eq. (2) if the sample is composed 

only of crystalline phases with known structures.  

eα α α α α s
WS Z MK V                                      (1) 

α α α α α i i i i

p

SW Z M V S Z M V                                   (2) 

Nevertheless, the presence of amorphous or some unaccounted crystalline phases component in cements has 

been reported by several authors (Maki I., 1979; Han K. S. et al., 1988). If so, Eq. (2) will give the 

overestimated quantitative results. Currently, there are two main strategies, namely, internal standard as well 

as external standard (G-factor) method, to solve this problem. The internal standard firstly derives the 

amorphous content from the overestimation of this crystalline standard, Eq. (3) (De La Torre A. G. et al., 

2001): 
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                               (3) 

Where Wst and Rst are respectively weight fraction of added internal standard and Rietveld quantitative result 

of internal standard. Then crystalline phase contents are converted by fixing their own ratio under the 

condition of the former refinement. Meanwhile the external standard (G-factor) method is focus on 

determining the diffractometer constant Ke, with an appropriate standard (Eq. (4)) (O'Connor B. H. et al., 

1998). Then the calculated constant, G value, is used to determine the weight fraction of each crystalline 

phase based on Eq. (5). From the difference between 100 wt% and the sum of the crystalline phase contents, 

an overall weight percentage of amorphous can be subsequently derived. 

t ste s

2

st st stG K WS V                                   (4) 

2

α α sα α VW S G                                    (5) 

These two methods were separately applied to quantitative analysis of cementitious materials by several 

authors (De La Torre A. G. et al., 2001; Suherman P. M. et al., 2002; Whitfield P. S. et al., 2003; Cline J. P. 

et al., 2011; Aranda M. A. G. et al., 2012; Jansen D. et al., 2011). Pass by careful experimental process, 

internal standard and G-factor methods had been proved to give the reliable quantitative results. However, 

due to their own inherent disadvantages, some errors might inevitably appear during the calculation. The 

research described in this paper was aimed at comparing the quantitative results and evaluating the 

differences of quantification between these two methods.  
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2 Materials and methods 

2.1 Raw Materials 

The Portland cement (code. P.Ⅰ42.5, labeled as PC) was quantitatively studied by Rietveld method. 

Standard powder of α-Al2O3 (code. SRM-676a), SiO2 (code. AB111366) and one polished polycrystalline 

quartz rock were also used in this work. Powder sample of α-Al2O3 and SiO2 were produced separately by 

National Institute of Standards and Technology (America) and ABCR GmbH. Co. KG (Germany).  

2.2 Sample preparation 

The above powder samples were separately ground by hand in an agate mortar for 15 minutes. The SiO2 

powder (AB111366) used as internal standard was mixed with the Portland cement by adding 20 wt% and 50% 

wt% (labeled as PC_SiO220% and PC_SiO250%). Mixtures were homogenized by hand for 30 minutes in an 

agate mortar. 

2.3 Experimental test 

Chemical composition of Portland cement detailed as table 1 was determined by X-ray fluorescence 

(SRS3400, Bruker AXS Corporation, Germany). Laboratory X-ray powder diffraction patterns (LXRD) were 

recorded in Bragg-Brentano reflection geometry (θ/2θ) on an X'Pert MPD PRO diffractometer (PANalytical 

International Corporation, Netherland). The detailed instrument settings for LXRD were given in Table 2. 

All the above patterns were analyzed by the Rietveld method with X’Pert Highscore Plus and GSAS-

EXPGUI software. 
Table 1 Chemical composition (in weight percentage) of cement 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LoI 

0.35 2.16 3.52 18.1 0.11 2.35 0.71 57.1 0.19 0.17 2.76 2.57 

 

Table 2 LXRD instrument settings 

Parameter Continuous scanning 

X-ray radiation power 

Intended wavelength type: CuKα1 

45 kV/40 mA 

Kα1= 1.540598Å 

Detector X Ćelerator detector 

Monochromator Johansson Ge (111) 

Divergence slit (°) 0.5 

Soller slit (rad) 0.04 

Anti-scatter slit (°) 0.5 

Step width (°) 0.0167 

Measure time (h) 2 

Sample spinning speed (r.p.m) 15 

Scan range (°2 ) 5-70 

 

3 Results and Discussion 

3.1. Rietveld quantitative analysis of Portland cement by external standard (G-factor) method 

The two key assurances of Rietveld quantitative analysis using external standard (G-factor) method are 

accurate G-factor calculation and significant G-factor application (Aranda M. A. G. et al., 2012). α-Al2O3 

(SRM-676a) was firstly used as standard to calculate the G value. After finishing the Rietveld refinement of 

α-Al2O3, the scale factor, density and unit cell volume were obtained by GSAS-EXPGUI software. The mass 

absorption coefficient of α-Al2O3 standard (μ=30.91 cm2/g) under the condition of CuKα1 radiation was 

calculate by X’Pert Highscore Plus software. In addition, based on the known crystallinity of α-Al2O3 ( 2 3Al OC

=99.02%), the G factor ( 2 3Al OG ) could be calculated theoretically according to Eq. (4). It is noteworthy that 

the calculated G-factor is not quite stable, affected by some artificial factors during the sample preparation 

such as fluctuation of surface roughness, heaped density and so on. To avoid such errors, the polished 

polycrystalline quartz rock was used as secondary standard with identical diffractometer configuration. It 

was subsequently placed on the diffractometer in the same orientation without spinning and data collecting 

was close in time as possible to the α-Al2O3 measurements. That could make sense of the formula of 

2 3 2Al O SiOG G . After the LXRD pattern of quartz rock was refined, the crystallinity of this block sample was 

calculated. The above process including Rietveld refinements of α-Al2O3 powder and quartz rock were 

carried out about seven independent measurements, the averaged crystallinity of this block sample was 

determined as 87.9%. The relative parameters and results after Rietveld refinement were listed in Table 3. 
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Table 3 Rietveld refinement of α-Al2O3 powder and quartz rock 

α-Al2O3  Quartz 

GSAS 

Fraction 

Weight 

Percentage of 

Crystal 

Calculated G 

Value 
 

GSAS 

Fraction 

Weight 

Percentage of 

Crystal(%) 

Averaged Weight 

Percentage of 

Crystal(%) 

175.78 99.02 5.60×10-20  474.95 88.5 

87.9 

174.35 99.02 5.55×10-20  469.65 88.2 

174.47 99.02 5.56×10-20  470.6 88.3 

178.86 99.02 5.70×10-20  476.66 87.3 

177.09 99.02 5.64×10-20  474.68 87.8 

175.19 99.02 5.58×10-20  475.17 88.8 

180.73 99.02 5.75×10-20  479.24 86.8 

The quartz rock was sequentially considered as the external standard to calculate the G-factor, which applied 

to Rietveld quantitative phase analysis of Portland cement. Crystal structure files were to describe 

CaSO4•2H2O, C4AF, C3S, β-C2S, CaSO4, SiO2, CaCO3 and MgO were those published elsewhere (Aranda M. 

A. G. et al., 2012). The refined overall parameters were cell parameters, zero-shift error, peak shape 

parameter and phase fractions. A lineal interpolation function was chosen to fit background. Peak shapes 

were fitted by using the pseudo-Voigt function with the asymmetry correction included by refining Gaussian 

contribution and Lorentzian contribution when appropriated. During the process of Rietveld refinement, the 

refined peak shape parameters had regular convergence and least-square R factors, assessed the fittness of 

pattern, decreased gradually. The Rietveld plot obtained at the final round of refinement of PC sample was 

shown in Figure 1. The Rietveld quantitative results (amorphous content is not included) and the least square 

R-factors such as RWP and RP were displayed in Table 3. The stable refinements and satisfactory fits as 

indicated by the smoothness of the Yobs-Ycalc curve illustrated the Rietveld refinement of Portland cement 

sample was reliable.  
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Ζ: CaSO4•2H2O; Γ: C4AF; Δ:C3S; Β:β-C2S; Ν: CaSO4; Θ:SiO2 O:CaCO3; M:MgO 

Figure. 1 Rietveld LXRD patterns of Portland cement (The dots correspond to observed data, the red line is the 

calculated patterns, and the green line shows the calculated background. The difference between the calculated and 

observed patterns is plotted at the bottom in blue) 

Table 3. Rietveld quantitative results of Portland cement 

Analysis Phases and R-factors PC 

Quantitative results 

/Wt% 

C3S 59.4(2) 

β-C2S 17.3(6) 

CaCO3 2.1(1) 

C4AF 13.5(3) 

CaSO4•2H2O 1.1(1) 

CaSO4 4.2(2) 

MgO 1.6(1) 

SiO2 0.7(1) 

Criteria of fit 

RWP (%) 6.2 

RP (%) 4.4 

RF
2

 (%) 6.9 

LXRD data collecting of the external standard quartz rock was as close in time as possible to those of 

Portland cement and with identical diffractometer configuration. After correlative parameters obtained from 

Rietveld refinement, G value was calculated as 5.69×10-20 (Table 4). The mass absorption coefficient of 
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Portland under the condition of CuKα1 radiation was determined as 95.10cm2/g based on XRF result by 

X’Pert Highscore Plus software. Quantitative analyses of crystal phases in Portland cement were sequentially 

performed by means of Eq. (4). Amorphous content (Amor, actually, Amor=amorphous+not 

determined+misfitted) was calculated according to the fact that the sum of all contents is equal to 100%. The 

details were given in table 5. 
Table 4 G value calculation based on Rietveld refinement of quartz rock 

Cquartz 
Phase fraction by 

GSAS* 

Density 

(g/cm3) 

Refined unit cell 

Volume (cm3) 

Total Mass Absorption 

Coefficient (cm2/g)  
G value 

87.9 479.24 2.648 1.13×10-22 34.84 5.69×10-20  

*Phase Factor in GSAS is: SGSAS=S·V 

Table 5 Quantitative results of PC sample by G method 

Phase 
GSAS phase 

fraction* 

Density 

(g/cm3) 

Unit cell Volume 

(cm3) 
Weight Fraction(%) 

C3S 1.8373 3.171 4.30×10-21 41.9 

C2S 6.3723 3.298 3.47×10-22 12.2 

CaCO3 0.8892 2.716 3.67×10-22 1.5 

C4AF 3.5337 3.73 4.33×10-22 9.5 

CaSO4•2H2O 0.3983 2.306 4.96×10-22 0.8 

CaSO4 1.9768 2.959 3.06×10-22 3.0 

MgO 2.5995 3.579 7.48×10-23 1.2 

SiO2 0.9423 2.644 1.13×10-22 0.5 

Amorphous – – – 29.4 

*Phase Factor in GSAS is: SGSAS=S·V 

3.2. Rietveld quantitative analysis of Portland cement by internal standard method 

The SiO2 powder was used as internal standard by adding respectively 20 wt% and 50% wt% to Portland 

cement. LXRD patterns of PC_SiO220% and PC_SiO250% mixtures were refined according to the similar 

strategy that was applied to the above G-factor method. The Rietveld refined plots and quantitative results 

were separately given in Figure 2 and Table 6. Combined with less fluctuant difference curve (blue curves 

were plotted at the bottom in Figure 2) and relative lower least square R-factors, it was concluded that the 

refinement projects was satisfactory and quantitative results were more reliable.  
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(a)                           (b) 

Ζ: CaSO4•2H2O; Γ: C4AF; Δ:C3S; Β:β-C2S; Ν: CaSO4; Θ:SiO2 O:CaCO3; M:MgO 

Figure. 2 Rietveld XRD patterns of PC_SiO220% (a) and PC_SiO250% (b) 

Table 6 Rietveld quantitative results of PC_SiO220% and PC_SiO250% 

Analysis Phases and R-factors PC_SiO220% PC_SiO250% 

Quantitative results 

/Wt% 

C3S 45.5(2) 23.8(2) 

β-C2S 10.6(5) 8.0(5) 

CaCO3 1.9(1) 0.7(1) 

C4AF 8.9(2) 4.9(3) 

CaSO4•2H2O 1.1(1) 0.5(1) 

CaSO4 3.0(1) 2.0(1) 

MgO 1.4(1) 0.7(1) 

SiO2 27.5(1) 59.3(1) 

Criteria of fit 

RWP (%) 6.42 7.33 

RP (%) 4.53 5.04 

RF
2

 (%) 6.75 6.08 
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There are two advantages of using SiO2 powder as internal standard: 1) High crystallinity and sharp peaks 

could decrease the errors in the process of peak profile fitting; 2) Characteristic peaks had high identification 

resolution, with non-overlapped signals with sample peaks. It is important to highlight that PC sample 

contains a small amount of SiO2, see Table 3. Consequently, in the calculation of the amorphous content by 

the quantification of SiO2 by equation (3) this has to be taken into consideration, as it could lead to 

theoretical calculated errors in the quantification if ignored. Thus, the modified formula was expressed as Eq. 

(6), which could solve the above problem. 

S(PC) Amor S S

S(PC+Sta)

S Amor S

'

'
(1 )(1 )

(1 )(1 )

W W W W
W

W W W

  


  
                              (6) 

where WAmor is the weight fraction of amorphous in PC sample; WS and WS
′ is respectively weight fraction of 

added internal standard (SiO2) and overestimated Rietveld quantitative result of SiO2; WS(PC) and 

WS(PC+Sta)
′were respectively Rietveld quantitative result of SiO2 in PC sample without and with added internal 

standard.  

Weight fractions of crystalline phases (Phase α：Wα) in PC sample could be subsequently obtained from Eq. 

(7) after finishing amorphous quantitative analysis.  

S

S

Amor
'
α

α

(1 (1 ))

1

W
W

W W
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                              (7) 

Where Wα
′ represented overestimated Rietveld quantitative result of Phase α. The final quantitative results of 

PC_SiO220% and PC_SiO250% mixtures and relative weight fractions of phases in the original PC sample 

were shown in Table 7. 
Table 7. Rietveld quantitative results of OPC_SiO220% and OPC_SiO250% including amorphous phases derived by  

internal standard method. 

phase 
PC_SiO220%  PC_SiO250% (ACn) 

PC+ standard (%) PC (Original) (%)  PC+ standard (%) PC (Original) (%) 

C3S 33.7 42.2  20.2 40.3 

β-C2S 7.9 9.8  6.8 13.5 

CaCO3 1.4 1.8  0.6 1.2 

C4AF 6.6 8.2  4.2 8.3 

CaSO4•2H2O 0.8 1.0  0.4 0.9 

CaSO4 2.2 2.8  1.7 3.4 

MgO 1.0 1.3  0.6 1.2 

SiO2 20(standard) +0.4(PC) 0.5  50(standard) +0.2(PC) 0.5 

ACn 25.90 32.4  15.3 30.6 

3.3. Comparative analysis of Rietveld quantitative results of Portland cement obtained by external (G-

factor) and internal standard methods. 

In order to evaluate quantitative differences of the above two methods applied to Portland cement, relatively 

independent quantitative results were compared to calculate the absolute error of each phase (Table 8). The 

data of ‘Internal standard method’ column was obtained by averaging quantitative results of PC_SiO220% 

and PC_SiO250% samples. The results show that the absolute errors of phase content between those two 

methods are small. Most of phases show less than 1% of absolute error in quantitative difference with one 

exception that the absolute error of C4AF which is 1.2%, while the amorphous determination has the absolute 

error of 2.1%. The consistent quantitative results indicated that both G-factor and internal standard method as 

two independent approaches could objectively reflect the relative phases content in Portland cement, 

including amorphous contents. 
Table 8 Comparative analysis of quantitative results of PC sample  

Phase 

Weight Fraction (%) 

External standard (G-factor) 

method 
Internal standard method Absolute error 

C3S 41.9 41.2 0.7 

C2S 12.2 11.7 0.5 

CaCO3 1.5 1.5 0 

C4AF 9.5 8.3 1.2 

CaSO4•2H2O 0.8 0.9 0.1 

CaSO4 3.0 3.1 0.1 

MgO 1.2 1.3 0.1 

SiO2 0.5 0.5 0 

ACn 29.4 31.5 2.1 

http://dict.cnki.net/dict_result.aspx?searchword=%e8%af%86%e5%88%ab%e5%ba%a6&tjType=sentence&style=&t=identification+resolution
http://dict.cnki.net/dict_result.aspx?searchword=%e8%af%86%e5%88%ab%e5%ba%a6&tjType=sentence&style=&t=identification+resolution
javascript:void(0);
javascript:void(0);
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Compared with the above two methods, each one has both advantages and disadvantages. External standard 

(G-factor) method could avoid errors that may arise from mixing an internal standard with the sample such 

as diluted or altered the sample, inaccurate crystallinity estimation of internal standard and so on. Certain 

phase error made in Rietveld quantification was independent and would not impact on the quantification of 

other phases. On the contrary, the main disadvantage of external standard method was the proper 

determination of the diffractometer constant, i.e. G value.  

4 Conclusions 

Based on Rietveld refinement, weight fraction of phases in Portland cement sample were successively 

qualified by external (G-factor) and internal standard method. The results show that the quantitative phase 

analyses of Portland cement obtained by both of the above independent methods are almost consistent. Most 

of phases show less than 1% of absolute error in quantitative difference with one exception that the absolute 

error of C4AF quantification is 1.2%, while the amorphous determination has the absolute error of 2.1%. If 

the original sample contains the internal standard, the formula for amorphous calculation based on the 

quantification of the internal standard should be modified as
S(PC) Amor S S

S(PC+Sta)

S Amor S

'

'
(1 )(1 )

(1 )(1 )

W W W W
W

W W W

  


  
. 

Acknowledgements 

This research is supported by National Natural Science Foundation of China (no. 51102181), National Basic 

Research Program (973) of China (no. 2009CB623104).  

References 
- Aldridge L. P., Eardley R. P., 1973. Effects of analytical errors on the Bogue calculation of compound composition. 

Cement Technology, 4, 177-182. 

- Aranda M. A. G., Ángeles G., León-Reina L., 2012. Rietveld quantitative phase analysis of OPC clinkers, cements 

and hydration products. Reviews in Mineralogy and Geochemistry, 74, 169-209. 

- Bish D. L., Howard S. A., 1988. Quantitative phase analysis using the Rietveld method. Journal of Applied 

Crystallography, 21, 86-91. 

- Bogue R. H., 1929. Calculation of the compounds in Portland cement. Ind Eng Chem Anal Ed, 1, 192-197. 

- Cline J. P., Von Dreele R. B., Winburn R., et al., 2011. Addressing the amorphous content issue in quantitative phase 

analysis: the certification of NIST standard reference material 676a. Acta Crystallographica Section A: Foundations of 

Crystallography, 67, 357-367. 

- De La Torre A. G., Bruque S., Aranda M. A. G., 2001. Rietveld quantitative amorphous content analysis. Journal of 

applied crystallography, 34, 196-202. 

- De la Torre A. G., Aranda M. A. G., 2003. Accuracy in Rietveld quantitative phase analysis of Portland cements. 

Journal of applied Crystallography, 36, 1 169-1 176.  

- Han K. S., Glasser F. P., Gard J. A., 1980. Studies of the crystallization of the liquid phase in Portland clinker: Effects 

of MgO and Na2O. Cement and Concrete Research, 10, 443-448. 

- Hill R. J., Howard C. J., 1987. Quantitative phase analysis from neutron powder diffraction data using the Rietveld 

method. Journal of Applied Crystallography, 20, 467-474. 

- Jansen D., Stabler C., Goetz-Neunhoeffer F., et al., 2011. Does Ordinary Portland Cement contain amorphous phase? 

A quantitative study using an external standard method. Powder Diffraction, 26, 31-38 

- Le Saoût G., Kocaba V., Scrivener K. L., 2011. Application of the Rietveld method to the analysis of anhydrous 

cement. Cement and Concrete Research, 41, 133-148. 

- Maki I., 1979. Mechanism of glass formation in portland cement clinker. Cement and Concrete Research, 9, 757-763. 

- O'Connor B. H., Raven M. D., 1988. Application of the Rietveld refinement procedure in assaying powdered mixtures. 

Powder Diffraction, 3, 2-6. 

- Rietveld, H. M., 1969. A profile refinement method for nuclear and magnetic structures. Journal of applied 

Crystallography, 2, 65-71. 

- Scrivener K. L., Füllmann T., Gallucci E., et al., 2004. Quantitative study of Portland cement hydration by X-ray 

diffraction/Rietveld analysis and independent methods. Cement and Concrete Research, 34, 1 541-1 547. 

- Suherman P.M., van Riessen A., O’Connor B., et al., 2002. Determination of amorphous phase levels in Portland 

cement clinker. Powder Diffraction, 17, 178-185. 

- Taylor H. F. W., 1997. Cement chemistry. 2nd ed. London: Thomas Telford publishing. 

- Walenta G., Füllmann T., Gimenez M., et al., 2001. Quantitative Rietveld analysis of cement and clinker. 

International Cement Review, 51-54. 

- Whitfield P. S., Mitchell L. D., 2003. Quantitative Rietveld analysis of the amorphous content in cements and clinkers. 

Journal of materials science, 38, 4 415-4 421. 
 

javascript:void(0);


 

 

Speciation of trace and minor elements in cement clinker production 
 

Bodil Hökfors1,2*, Rainer Backman1 

1. Department of Applied Physics and Electronics, Thermal Energy Conversion Laboratory, Umeå University, SE-901 

87 Umeå, Sweden 

2. Research and Development, Cementa AB, SE-117 43 Stockholm, Sweden 

 

Abstract 

Trace and minor elements like arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), mercury (Hg), 

manganese (Mn), nickel (Ni), lead (Pb), antimony (Sb), thin (Sn), thallium (Tl), vanadium (V) and zinc (Zn) are 

important in cement clinker manufacturing. Even in low concentrations these elements influence the production 

processes, the quality of the products and the environment. The environmental issues are the volatility of elements at 

high temperatures to the atmosphere and the leachability of elements from concrete products to the surroundings. If a 

prediction tool was available of the fate of elements to the gas phase and to the cement clinker phases several 

advantages could be achieved. Therefore a calculation tool is developed based on thermodynamic equilibrium 

calculations with a two-step method. Most of the thermodynamic data are taken from the FactSageTM database 6.4 and 

the solutions phases are adjusted for cement clinker and similar applications. 

The tool estimates the volatility of the elements at a temperature below onset of melt formation during production and 

after formation of melt. The results from the simulations are volatility of each element at low and high temperature and 

if the element is non-volatile it concentrates in the condensed phases. 

In this article four sets of full scale industrial data from a cement clinker and a lime production plant are used to 

evaluate the prediction tool. The results comprise an inventory of the extent of thermodynamic data for selected trace 

and minor elements, thermodynamic calculations with distribution to gas or condensed phases with input from full 

scale measurements, the influence of oxidizing, less oxidizing and slight reducing conditions on the behavior of 

elements, results from full scale industrial measurements and a comparison between the calculated and the measured 

distribution of elements. For the cement clinker production eleven elements and for the lime production twelve elements 

are considered. 

Thermodynamic data of As, Cd, Hg, Sb, Sn and Tl compounds in condensed phases are spare. When there exists 

adequate thermodynamic data, the agreement between calculated data and full scale industrial data is reasonable for 

Co, Cr, Cu, Mn, Ni, Pb, V and Zn. Thermodynamic predictions reproducing cement clinker and lime production show 

that: As, Cd, Hg, Sb, Sn and Tl are completely found in the gas phase, Co, Cr, Mn, Ni and V are completely found in the 

condensed phases and Cu, Pb and Zn are distributed between both the gas phase and the condensed phases. Further 

thermodynamic calculations give that Cu, Pb and Zn are influenced by changed partial pressure of oxygen in the 

atmosphere. 

 

Originality 

The originality of this paper is the industrial process data and the thermodynamic chemistry data. The industrial data 

from both cement and lime production plants are previous unpublished. The data that has been collected, analyzed and 

reported are trace and minor elements from four sets of full scale processes. The thermodynamic data is uniquely 

developed and evaluated to suite the chemistry of the cement and lime production processes. 
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1. Introduction 

The behavior of some trace and minor elements (As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Sb, Sn, Tl, V 

and Zn) in cement clinker production are investigated in this work. The behavior of these elements is 

of importance for the industrial processes, for the environment as well as for the product quality. It is 

further possible that the leachability of elements in cement clinker products is dependent of what 

clinker phase the elements are distributed in and also dependent on the exposure of concrete specimen 

to CO2, chloride and sulphates (Togerö, 2004 and Müllauer et al., 2012). Another aspect to learn more 

about the elements concentration to different phases is that the elements affect the melting but also the 

crystallization behaviors of the oxide melt (reference). 

Full scale industrial data from a cement plant are compared with results from thermodynamic 

equilibrium calculations. Full scale data are measured from a cement clinker plant during stable 

running conditions as well as during a test trial. The test trial data are measured during use of used 

spent tires as partial replacement of the traditional fuel. 

Full scale data during two time periods are also available from a lime producing plant and reproduced 

with thermodynamic calculations. Further is the influence of oxygen concentration in the gas phase on 

the speciation of elements also modeled. 

2. Materials and methods 

2.1. Industrial full scale measurements 

Full scale measurements of a cement clinker producing unit have been made. The unit is a modern dry 

cement plant with preheating cyclones using coal as fuel. Complete mass balance for a reference 

period (CEM REF) as well as for a trial test with used car tires as complementary fuel (CEM TIR) is 

used as data in the thermodynamic calculations. 

The lime producing plant that is measured is a modern rotary kiln plant producing quick lime. Data 

from the lime plant includes a reference period (LIME REF) and a trial test with oxygen addition in 

the combustion zone (LIME OX). 

Samples were collected from all incoming and outgoing material and gas streams. For the cement 

clinker and the lime plant this includes raw material and fuels as incoming material and the outgoing 

materials are the flue gases and collected dust. The cement clinker plant is equipped with a by-pass 

duct for flue gas cleaning which generates gas together with dust. 

2.2. Thermodynamic equilibrium calculations 

Thermodynamic equilibrium calculations predicting the fate of trace elements in cement clinker and 

lime manufacturing are calculated with FactSageTM (Bale et al. 2009). Thermodynamic calculations 

were performed to examine the distribution of trace and minor elements to the gas phase and to the 

condensed phases. 

 

 
Figure 1 Illustration of the calculation method used involving two separate thermodynamic equilibrium 

calculation boxes. 

The calculations were performed with a two-step method as shown in figure 1. Input data are the 

measured and analyzed samples from the full scale reference and the test trials. Input data are referred 

to ‘N2+O2’, ‘fuel’ and ‘raw meal’. Carbon and hydrogen originating from the fuel is recalculated to 



 

 

equivalent amount of nitrogen since their occurrence is only influencing the amount of the gas phase. 

The oxygen surplus is defined as a fixed partial pressure of the equilibrium products. Three levels of 

partial pressure of oxygen are used in the calculations. 

The first calculation step is performed at a temperature just below onset of formation of oxide melt. 

The oxide melt phase starts to form in the cement clinker calculations at 1150°C and for the lime 

calculations the corresponding temperature is 1070°C. The elements that have evaporated at this 

temperature are removed from the system, referred to ‘Vapor low T’ in figure 1. The gas added to the 

next box, referred to ‘High temperature’ constitutes therefore only nitrogen and oxygen. The oxygen 

surplus is again fixed to the tree levels mentioned earlier. The condensed phases from the low 

temperature calculation are added as input to the high temperature box. Results from calculations in 

the high temperature block are the condensed phases that cooled are the products; the cement clinker 

and the quick lime respectively. The gas phase constitutes the elements that have been vaporized after 

the oxide melt has been formed. The temperature in the high temperature calculations are the 

temperature gaining the best quality product, for the cement clinker process it is 1420°C and for the 

lime process it is 1200°C. 

Equilibrium calculations at three levels of partial pressure of oxygen (pO2) were executed. The levels 

are at oxidizing conditions (pO2 0.05) and less oxidizing (pO2 0.005) and slight reducing (pO2 

0.0005). pO2 is the partial pressure of oxygen in the gas phases. This will give indications of the 

partial pressure of O2 influence on the fate of trace elements to the gas phase or the condensed phases. 

The oxidizing condition is the most abundant and preferred state in the processes. The less oxidizing 

condition might be found in local areas in the process where oxygen feed is not sufficient. The slight 

reducing condition calculates with even lower partial pressure to examine extreme scenarios. The 

likeliness that total reducing conditions occur is in the fuel particles due to its consumption of oxygen 

but it is not likely to happen in a cement clinker or lime producing plant. 

A comparison with full scale industrial plant data from a cement clinker production plant were used to 

evaluate the thermodynamic calculations. The elements considered are arsenic (As), cadmium (Cd), 

cobalt (Co), chromium (Cr), copper (Cu), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), 

antimony (Sb), thin (Sn), thallium (Tl), vanadium (V) and zinc (Zn). 

The full scale measurement for the cement clinker production does not include As, Hg or Sb. 

In EU’s directive 2000/76 on the incineration of waste, the elements included are: As, Cd, Co, Cr, Cu, 

Hg, Mn, Ni, Pb, Sb, Tl and V. Of interest are also the behavior of Sn and Zn. Zinc due to its high 

concentration in rubber from car tires (Kääntee 2004) and its influence of the final product’s cement 

reactions with water (Taylor 1997). 

2.3. Thermodynamic database 

The key to successful thermodynamic predictions are the quality of the thermodynamic data available. 

The thermodynamic database used in the calculations is a result of development of FactSageTM 

database 6.4 data (Hökfors et al., 2014). Some modifications are made to adapt the thermodynamic 

data to include the elements considered in this work. 

The database developed is further modified to include the elements to be examined. The phases in the 

calculations holding minor and trace elements are; the oxide melt, the monoxide phase, the belite 

phases α’-Ca2SiO4 and α-Ca2SiO4, the bixbyite phase and the stoichiometric (CaO)3(V2O5) phase. 

The thermodynamic data in the database for the oxide melt includes the components MgO, FeO, Fe2O3, 

Na2O, SiO2, TiO2, Ti2O3, CaO, Al2O3, K2O, Ca3(PO4)2, CaSO4 and the components considered in this 

work; As2O3, CoO, CrO, Cr2O3, Cu2O, MnO, Mn2O3, NiO, PbO, SnO and ZnO. To be able to predict 

the behavior of Cd, Sb, Tl and V, the components CdO(s), Sb2O3(l), Tl2O(l) and V2O5(l) are added as 

ideal solutions to the oxide melt phase. The monoxide phase is a solution of rocksalt (cubic) structure, 

the components in this phase are FeO, Fe2O3, CaO, MgO, ZnO, Al2O3, NiO, CoO, MnO, Cr2O3, TiO2, 

Mn2O3 and Cu2O. The belite phases α’-Ca2SiO4 and α-Ca2SiO4 composed of the components Ca2SiO4, 

Fe2SiO4, Mn2SiO4 and Ca3(PO4)2. The α’-phase also holds Pb2SiO4 and Zn2SiO4. The bixbyite phase is 

a cubic structure solution phase with Mn2O3 that is dilute in Fe2O3, Cr2O3 and Al2O3. There are also 

stoichiometric phases in the database of the main elements possible to from like Ca3SiO5, CaO, MgO, 

Ca3MgSi2O8, CaSO4, etc. 



 

 

3. Results and Discussion 

Following results for the selected trace and minor elements are described in this work; results from full 

scale industrial measurements on speciation of the elements to the gas and the condensed phases, an 

inventory of the extent of thermodynamic data, thermodynamic equilibrium calculations with 

distribution to gas or condensed phases with input data from full scale measurements, the influence of 

oxidizing, less oxidizing and slight reducing conditions on the behavior of elements and a comparison 

between the calculated and the measured distribution of elements. For the cement clinker production 

eleven elements and for the lime production twelve elements are considered. 

3.1. Full scale industrial measurements  

Data from the four industrial measuring periods are summarized in Table 1. For each element, the fate 

to gas respectively condensed phases is expressed as % of total amount. In Table 2 are the 

concentrations of each element in the products shown, in the cement clinker as well as in the quick 

lime. Results are from single samples taken during the measurements campaigns. 
Tab. 1 Results from the full scale industrial measurements on the final destination of the elements analyzed /% 

 Cement clinker plant data Lime plant data 

 Stable running 

Conditions 

Trial test with 

used tires 

Stable running 

Conditions 

Trial test with 

addition of oxygen 

 Condensed 

phases 

Gas phase Condensed 

phases 

Gas 

phase 

Condensed 

phases 

Gas 

phase 

Condensed 

phases 

Gas 

phase 

As n.a.a n.a. n.a. n.a. 74.4 25.6 66.0 34.0 

Cd 98.0 2.0 95.7 4.3 64.0 36.0 52.8 47.2 

Co 99.8 0.2 99.8 0.2 71.6 28.4 77.3 22.7 

Cr 99.9 0.1 99.7 0.3 73.5 26.5 78.7 21.3 

Cu 99.7 0.3 99.8 0.2 70.8 29.2 78.4 21.6 

Hg n.a. n.a. n.a. n.a. 90.7 9.3 90.7 9.3 

Mn 99.6 0.4 99.6 0.4 89.5 10.5 90.2 9.8 

Ni 99.9 0.1 99.8 0.2 72.1 27.9 73.5 26.5 

Pb 98.4 1.6 97.5 25 20.8 79.2 66.0 34.0 

Sb n.a. n.a. n.a. n.a. 85.1 14.9 90.7 9.3 

Sn 100.0 0 100 0 n.a. n.a. n.a. n.a. 

Tl 65.4 34.6 81.6 18.4 n.a. n.a. n.a. n.a. 

V 99.8 0.2 99.8 0.2 73.7 26.3 78.1 21.9 

Zn 99.8 0.2 99.9 0.1 78.9 21.1 68.1 31.9 
a). n.a. is not analyzed 

 
Tab. 2 Concentrations of elements in products from the full scale industrial measurements /ppm 

 Stable running 

conditions 

Trial test with used 

tires 

Stable running 

conditions 

Trial test with addition of 

oxygen 

 Cement clinker Cement clinker Quick lime Quick lime 

As n.a.a n.a. 1.8 1 

Cd 0.06 0.02 0.11 0.06 

Co 11 7 1.3 1.4 

Cr 39 43 6 8 

Cu 18 10 2 3 

Hg n.a. n.a. 0.02 0.02 

Mn 420 660 177 181 

Ni 18 11 4 4 

Pb 13 8 1 6 

Sb n.a. n.a. 0.2 0.2 

Sn 10 1 n.a. n.a. 

Tl 0.11 0.15 n.a. n.a. 

V 441 667 11 14 

Zn 92 207 25 13 
a). n.a. is not analyzed 

 



 

 

 

In table 3 are the results of the analytical measurement uncertainty from the full scale industrial 

measurements stated. It is difficult to measure the correct analytical value of elements in cement 

clinker and lime plants since the concentrations of elements are low and the material sampling is 

difficult due to large material streams. The uncertainty is expressed as absolute value of the difference 

between incoming and outgoing amount in per cent of incoming amount of each element. 
Tab. 3 Results of the analytical measurement uncertainty from the full scale industrial measurements /% 

 Cement clinker plant 

data 

Lime plant data 

 Stable 

running 

Conditions 

Trial test 

with 

used tires 

Stable 

running 

Conditions 

Trial test 

with 

addition 

of oxygen 

As n.a.a n.a. 34 55 

Cd 57 78 23 11 

Co 21 4 19 8 

Cr 126 46 22 12 

Cu 60 24 42 3 

Hg n.a. n.a. 33 33 

Mn 63 57 8 n.a. 

Ni 83 2 16 18 

Pb 8 28 60 24 

Sb n.a. n.a. 37 44 

Sn 2479 541 n.a. n.a. 

Tl 98 98 n.a. n.a. 

V 23 34 39 66 

Zn 9 114 16 21 

The analytical uncertainty is, on an average what is expected for these types of measurements. For 

measurements of Sn it is very high and the results should for Sn not be considered reliable. 

3.2. Thermodynamic calculations  

3.2.1 Inventory of thermodynamic data 

Thermodynamic data for the elements considered in this work are described below. The extent of 

thermodynamic data for trace elements in the gas phase and in the condensed phases (solution phases 

and stoichiometric phases) is the limiting factor for successful prediction. Possible final fate phases for 

each trace and minor element is summarized in Table 4. 
Tab. 4 Possible component to form in the gas phase and the condensed phases for each element in the 

thermodynamic calculations 

 Gas 

phase 

Condensed phases 

  Oxide 

melt 

Monoxide α’-

Ca2SiO4 

α-

Ca2SiO4 

Bixbyite 

Mn2O3 

(CaO)3(V2O5) 

As As AsO 

AsF3 

As2O3      

Cd Cd CdO CdOb      

Co Co CoF2 

CoCl2 

CoO CoO     

Cr Cr CrO2 

CrF3 

CrO Cr2O3 Cr2O3   Cr2O3  

Cu Cu CuO 

CuCl 

Cu2O Cu2O     

Hg Hg HgO 

Hg2 

      

Mn Mn 

MnCl2 

MnS 

MnO 

Mn2O3 

MnO 

Mn2O3 

Mn2SiO4 Mn2SiO4 Mn2O3  



 

 

Ni Ni 

Ni(OH)2 

NiF2 

NiO NiO     

Pb Pb PbO 

PbCl 

PbO  Pb2SiO4    

Sb Sb SbO 

SbO2H2 

Sb2O3
b      

Sn SnO 

Sn2O2 

SnF2 

SnO      

Tl Tl Tl2S Tl2O      

V VO2 

VOCl3 

VO 

V2O5
b     (CaO)3(V2O5) 

Zn ZnS 

Zn2Cl4 

ZnO ZnO Zn2SiO4    

a). Some of possible components to form in the gas phase. 
b). Component is possible as an ideal solution. 

3.2.2 Experimental data of minor and trace element solubility in typical cement clinker phases 

As described above there is a lack of thermodynamic data of cement clinker minerals holding trace 

and minor elements, but there are experimental data available. The concentrations of Cr, Ni and Zn in 

the clinker phase Ca3SiO5 (alite) as a result of doping the clinker with high concentrations of element 

is described by (Stephan et al., 1999a). Similar experimental data for solubility in Ca3Al2O6 (aluminate) 

and Ca4Al2Fe2O10 (ferrite) are described by (Stephan et al., 1999b). Threshold limits for the solubility 

of Cu, Ni, Sn and Zn in the cement clinker phases alite, belite (C2S), aluminate and ferrite is 

experimental determined (Gineys et al., 2011) and the properties of the clinker when threshold limits 

are reached (Gineys et al., 2012). 

3.2.3 Fate of minor and trace elements to the gas phase and the condensed phases 

The results from the calculations are summarized in table 5. The input data of the calculations are 

identical as industrial measured data. The distributions of elements to the gas phase and to the 

condensed phases in % of incoming amount of element are shown. The elements in the gas phase are 

the sum of gaseous species from both equilibrium calculations boxes (‘Vapor Low T’ plus ‘Vapor 

High T’ according to figure 1). 
Tab. 5 Distribution of elements to the gas phase and the condensed phases from thermodynamic calculations 

In gas 

phase/% / 

In 

condensed 

phases % 

Cement 

Reference 

Cement 

Tires 

Lime 

Reference 

Lime 

Oxygen 

As n.a.a n.a. 100/0 100/0 

Cd 100/0 100/0 100/0 100/0 

Co 0/100 0/100 0/100 0/100 

Cr 0-0.1 0/100 0/100 0/100 

 /99.9-100    

Cu 0.4-0.7 0.2-0.8 0/100 0/100 

 /99.3-99.6 /99.2-99.8   

Hg n.a. n.a. 100/0 100/0 

Mn 0/100 0/100 0/100 0/100 

Ni 0/100 0/100 0/100 0/100 

Pb 90.0-90.4 91.3-91.7 98.7-99.4 99.0-99.4 

 /9.6-10.0 /8.3-8.7 /0.6-1.3 /0.6-1.0 
a). n.a. is not analyzed 



 

 

All elements considered in this work have the possibility to end up in the gas phase and in the oxide 

melt with one exception, namely Hg that has not the possibility to form in any condensed phase and 

therefore independently ends up in the gas phase. 

As, Cd, Sb, Sn and Tl have all the possibility to end up in the gas phase or in the oxide melt. The 

results from thermodynamic calculations gives that they all to 100% end up in the gas phase. 

Co, Cu and Ni are possibly distributed between the gas phase, the oxide melt and the monoxide phase. 

Calculations show that Co and Ni totally end up in the condensed phases and for Cu more than 99.2% 

of it is found in the condensed phases. The cement clinker calculations give that Co, Cu and Ni are 

found in the products of the oxide melt phase. The lime calculations show distribution of elements 

between the oxide melt and the monoxide phase, the majority are found in the monoxide phase with a 

few percentages in the oxide melt. 

Pb is possible to distribute between the oxide melt and the α’-Ca2SiO4 phase. For the cement clinker 

calculations, 8-10% of Pb is found in the condensed phases, corresponding for lime calculations is 

approximately 1%. In cement clinker Pb is found in the oxide melt, in lime Pb is found in the oxide 

melt and a very limited amount in α’-Ca2SiO4. 

Cr, Mn, V and Zn all have in common the possibility to distribute between two or more condensed 

phases. 

Cr is possible as CrO and Cr2O3 in the oxide melt and as Cr2O3 in the monoxide phase and in the 

bixbyite phases. Cr is close to 100% found in the condensed phases. The distribution between the 

phases are for the lime calculations in the monoxide phase 99 to 100% and for the cement clinker 

calculations 34 to 66% is found in the monoxide phase and the rest is found in the oxide melt. At 

slight reducing conditions the larger amount is found in the monoxide phase. 

Components with Mn are found as MnO and Mn2O3 in the oxide melt and in the monoxide phase, as 

Mn2SiO4 in α’-Ca2SiO4 and in α-Ca2SiO4 and as Mn2O3 in the bixbyite phase. Mn occurs as a stable 

component in the condensed phases to 100% in both the cement clinker and the lime processes. In the 

cement clinker condensed phases Mn is found only in the oxide melt phase. In lime calculations the 

most dominant Mn containing phase is the monoxide phase while small amounts of Mn is found in the 

oxide melt and in the α’-Ca2SiO4. 

V is possible as component in the oxide melt and as the stoichiometric phase (CaO)3(V2O5). The 

stoichiometric phase is stable and all V allocates to this phase. 

Zn is found as a component in the condensed phases of the oxide melt, the monoxide phase and in α’-

Ca2SiO4. Between 67.7 to 99.8% of Zn is for the cement clinker calculations found in the condensed 

phases, corresponding for the lime calculations are 99.8 to 100%. Zn is in the cement clinker 

calculations found in the oxide melt, for the lime calculations Zn is found predominantly in the 

monoxide phase with small amounts in slag and α’-Ca2SiO4. 

3.2.4 Apportionment ratio of minor and trace elements in condensed phases 

The distribution of the minor and trace elements to condensed phases are for the cement clinker 

calculations identical both for the cement reference and the cement tires calculations. The elements Co, 

Cr, Cu, Mn, Ni, Pb and Zn all distributed to 100% in the oxide melt. All of V is distributed to the 

(CaO)3(V2O5) phase. 

The calculations of elemental distribution to the condensed phases for the lime reference and the lime 

oxygen calculations are shown in Table 6. 
Tab. 6 Distribution of elements to the condensed phases for the lime reference and the lime oxygen 

calculations /% 

 Oxide melt Monoxide α'-Ca2SiO4 (CaO)3(V2O5) 

Co 8-12 88-92   

Cr 1 99   

Cu 4-6 94-96   

Mn  100   

Ni 6-10 90-94   

Pb 90-94  6-10  

V    100 

Zn 1-2 98-99   



 

 

The calculated results show a span of maximum 4% for some elements regarding distribution to 

condensed phases. The results show that a changed combustion atmosphere influences the distribution 

of elements between condensed phases a little, while the changed in fuel combustion does not. 

3.2.5 Influence of pO2 on distribution of elements between gas and condensed phases 

The volatility for the majority of elements is not influenced if pO2 in the calculations are 0.05, 0.005 

or 0.0005. Only Cu, Zn and Pb are influenced by pO2. For Cu and Zn the volatility of the elements 

increase with decreased pO2. For Cu it is only a minor change but for Zn the volatility increase from 4 

to 28% for the reference case calculations and from 0 to 32% for the cement tires calculations as 

shown in figure 2. 

 
Figure 2 Distribution of Cu and Zn to condensed phases. 

All elements but one, loses their volatile compound in the first step of the calculation, before onset of 

formation of oxide melt. The exception is Pb. Pb loses, in the cement calculations about 10% of 

incoming Pb to the gas phase in the first step, as shown in figure 3. 
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Figure 3. Distribution of Pb to the gas phase at two temperatures. 

3.3. Reproduction of industrial data with thermodynamic calculations  

The industrial data is used as input data to the thermodynamic equilibrium calculations. 

Thermodynamic calculated results are compared with full scale data. The results are categorized, with 

increasing conformity between results, in bad, ok and good agreement, see Table 7. 
Tab. 7 Comparison between the calculated results and the results from full scale industrial measurements of 

speciation of trace and minor elements /bad, ok, good 

 Cement clinker data Lime data 

As n.a. Bad 

Cd Bad Bad 

Co Good OK 

Cr Good OK 

Cu Good OK 

Hg n.a. Bad 

Mn Good Good 

Ni Good OK 

Pb Good OK 

Sb n.a. Bad 

Sn Bad n.a. 

Tl Bad n.a. 

V Good OK 

Zn Good Good 

The thermodynamic calculations show good agreement with industrial data for the cement clinker for 

elements Co, Cr, Cu, Mn, Ni, Pb, V and Zn. For Cd, Sn and Tl the agreement is bad. The calculations 

of lime production are not as good, Mn and Zn have good agreement, the results for Co, Cr, Cu, Ni, Pb 

and V are OK and the results for As, Cd, Hg and Sb are bad. 

4. Conclusions 

• Thermodynamic data of As, Cd, Hg, Sb, Sn and Tl compounds in condensed phases are spare 

(there exist only one or less compounds). 

• When there exists sufficient thermodynamic data, the agreement between calculated data and 

full scale industrial data is reasonable. 
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• Thermodynamic predictions reproducing cement and lime production gives that: 

As, Cd, Hg, Sb, Sn and Tl are completely found in the gas phase. 

Co, Cr, Mn, Ni and V are completely found in the condensed phases. 

Cu, Pb and Zn are distributed between both the gas phase and the condensed phases. 

• Thermodynamic calculations give that Cu, Zn and Pb are influenced by changed partial 

pressure of oxygen in the atmosphere. 
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Abstract 

A simple co-processing model is proposed to handle domestic waste by using NSP(New 

Suspension Preheater)kiln, and it aims to tackle the difficulties of handling domestic waste 

located in rural areas but near NSP cement plant. Trials have been conducted to analyze the 

effect on clinker quality, kiln operation condition and pollutant emission when feeding the 

pre-processed demotic waste at 20t/h, 50t/h, 80t/h respectively. The results of trials indicate: 

when the feeding of domestic waste is less than 80t/d, the clinker 28d strength is decreased by 

3Mpa at maximum which is in compliance with state standard; the kiln refractory coating as 

well as operation condition are not influenced; the pollutant emission is not influenced, and 

dioxin emission in gas flow is 0.0040 ng TEQ/Nm3 which is far below state standard of emission 

limitation. 
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1. Introduction 

Today, in order to handle the domestic waste in rural area, the method is to store outdoor, 

incinerate or compost[1,2], all of which cannot deal with the waste properly and will easily result 

in secondary pollution due to lack of professional equipment and proper guidance. 

In recent years, the NSP kiln has attracted more and more attentions of insiders[3-10], because 

of its natural advantages on demotic waste handling due to high burning temperature, alkaline 

atmosphere, negative pressure, ash-free production. A variety of technologies have been 

formed internationally, such as the CKK system of Tongling CONCH cement plant[11], the 

RDF technology of Huaxin cement plant[12], the HOTDISC technology of F.L.Smith 

company[13],etc. However, objects of these techniques are large quantities of municipal solid 

waste or combustible components of waste. There are great differences between village waste 

and municipal waste on the quantity, source, characteristics, extent of collection and 

transportation ect.[14]. It is imperative for towns near the NSP kiln to find a simple and 

inexpensive technology of disposition. 

 

2. Technical processing and design of the trail 

The trial is completed relying on a NSP kiln production line with capacity of 4500t/d in a 

cement plant, its technical processing shows in Figure 1. The simple preprocessing of primitive 

domestic waste in the waste sorting plant is shown in Figure 2. The set of monitoring point of 

NSP kiln before and after the co-incinerating are shown in Figure 3. 
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Fig. 1 The flow chart of co-processing of domestic waste of township in the NSP kiln 
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Fig. 2 The preprocessing diagram of primitive domestic waste  

During the trial, the waste was put into the end of tertiary air duct (TAD) at a rate of 7 ~ 8 t/h. 
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According to the amount of co-incinerating waste, the trial is divided into four groups: the 

blank trial, feeding of 20t/d, 50t/d and 80t/d. The test duration time is 6 hours during the trial. 

The frequency of parameters acquisition on NSP kiln system and pollutant monitoring is every 

30 min. The frequency of collection of clinker samples is every 2h. 

 

Fig. 3 The set of monitoring point of NSP kiln 

 

3. Results and discussion 

3.1 The properties of waste 

According to the laboratory analysis, the moisture of domestic waste is 41.86%, ash 24.10%, 

volatile matter 34.04%, and wet basis gross calorific value is 5839kJ/kg. It can be seen that 

domestic waste has plenty water and volatile matter, low calorific value. From Table 1, the 

chemical composition of ash of the waste is similar with that of the coal. Both of their silicon 

content is the highest. By contrast, sulfur and chlorine which are the harmful substances to the 

cement kiln operation in domestic waste is more than that in the coal. But the absolute amount 

of sulfur and chlorine is less. 

Tab.1 The contrastive chemical composition of coal and waste ash 

Chemical Composition SiO2/% Al2O3/% Fe2O3/% CaO/% MgO/% SO3/% Cl-/% 

Waste Ash 52.11 8.17 4.38 21.48 2.33 0.27 0.61 

Coal Ash 57.85 25.11 4.60 5.91 2.02 0.72 0.05 

3.2 Impact on the NSP kiln system 

It is divided into two aspects about the influence of co-incinerating domestic waste in cement 

kiln system: firstly, it may affect the stable operation of the kiln system; secondly, it is likely 

cause the formation of the ring inside the kiln. 

The monitoring results of kiln system shown that the average value of temperature and 

negative pressure have no obvious variation within the limits of 80t/h. Although the domestic 

waste have height water content and low calorific value, the amount of co-incinerating waste 

is only about 2% relative to raw material feed rate of 350t/h. It means the NSP kiln system 

can adequately to dispose it. The fluctuations of temperature of the calciner outlet and 

negative pressure of preheater system is obvious, when the amount of the feeding of the 



domestic waste is 50t/d, since high fluctuations of moisture content of waste, or inexperience 

of operator. But those fluctuations are under the control. 

Tab.2 Parts of the kiln working parameters during the trial 

Monitoring 

points  

The operation parameters 

 of the kiln system 

Blank 

trial 
20t/d 50t/d 80t/d 

Negative  

pressure of C1 

outlet 

Average 

value/-Pa 

Before the trial 

4780.55 

4822.33 4758.14 5273.43 

During the trial 4811.6 4776 5300.35 

After the trial 4832 4873 5285.7 

Variance 

Before the trial 

56.34 

73.69 102.66 39.61 

During the trial 47.85 132.99 74.6 

After the trial 7.43 57.92 24.08 

Temperature of 

calciner outlet 

Average 

value/-Pa 

Before the trial 

872 

875 867.86 875.86 

During the trial 886 887.8 870.4 

After the trial 877 888.9 878 

Variance 

Before the trial 

8.21 

3.39 5.58 6.26 

During the trial 5.34 12.7 9.66 

After the trial 6.68 5.67 7.27 

Negative  

pressure of C4 

Average 

value/-Pa 

Before the trial 

2096.06 

2180.67 2077.29 2271.29 

During the trial 2134.6 2046.27 2267.5 

After the trial 2151.38 2041.4 2255.6 

Variance 

Before the trial 

81.08 

38.75 72.83 71.74 

During the trial 50.5 135.72 63.21 

After the trial 54.84 82.08 51.3 

Negative  

pressure of C5 

Average 

value/-Pa 

Before the trial 

1479.43 

1477.83 1498.29 1669.71 

During the trial 1441 1523.6 1637.75 

After the trial 1475.5 1441 1706.5 

Variance 

Before the trial 

62.43 

60.6 52.24 51.43 

During the trial 11.4 152.85 51.75 

After the trial 50.2 67.89 20.26 

Negative  

pressure of 

back-end of the 

kiln 

Average 

value/-Pa 

Before the trial 

311.54 

288.17 344.29 376 

During the trial 327.6 302.33 429.2 

After the trial 428.71 299.5 451.9 

Variance 

Before the trial 

36.53 

22.14 28.29 33.55 

During the trial 42.38 29.66 40.68 

After the trial 38.64 48.96 28.5 

 

Normally discharging chute of the fourth and fifth stage cyclone (C4 &C5) (temperature of 700℃ 

~ 800℃) are most vulnerable. It will affect the ventilation of the preheater system over time, 

even we handle the coating of discharging chute. The reason is that alkali of original raw 

material and fuel may evaporate during the burning and enter the gas phase, and react with 

sulfur dioxide and chlorine generating sulfuric acid alkali and chloride alkali, then arrive the 



pre-calciner system with the airflow, and become liquid phase when the temperature ˂800 ℃, 

and condense onto the raw material particles. After cyclic enrichment, condensing material will 

result in the formation of ring inside the kiln. It can be reflected by the negative pressure of C4 

& C5. Table 2 shown that it has little effect on the average negative pressure of C4 & C5 

within the limits of the feeding of the domestic waste at 80t/d. While the fluctuations of 

negative pressure of C4 & C5 is obvious during the stage of the feeding of the domestic waste 

at 50t/d, and back to normal state after co-incinerating. Therefore, less influence to the 

refractory and the operation of the NSP kiln system when the feeding of the domestic waste is 

80t/d. The fluctuations of negative pressure are caused by the non-uniform waste particle size 

and fluctuations of moisture content of waste. 

3.3 The impact on the quality of cement clinker 

During the trail, the quality of cement clinker may be affected because of entrance of 

incineration products of waste. The comparison result of clinker quality is showed in Table 3. 

Tab.3 The comparison of clinker quality 

Test 

group 

Blaine 

fineness 

/(m2·kg-1) 

Consistency 

/% 

Setting time/min 
Compressive 

Strength/MPa 

Break 

Strength/MPa 

Initial 

setting 

Final 

setting 
3d 28d 3d 28d 

Blank 

trial 
361 24.4 97 163 30.1 68.3 6.0 9.4 

20t/d 361 24.0 87 127 27.1 66.8 5.7 9.3 

50t/d 360 24.8 77 117 27.0 65.8 5.8 9.7 

80t/d 358 24.6 80 123 30.2 65.5 6.2 9.6 

Table 3 shown that the amount of co-incinerating waste within the range of 20~80t/d, the 

quality of cement clinker is still far more than the requirements of timely state standard 

“Common Portland Cement”[15]. 

3.4 The impact on the pollutant emissions of NSP kiln system 

The mainly conventional pollutants are NOX, SO2 and particulate matter in the kiln gas. Dioxin 

is included in monitoring polluting substances, while co-incinerating the domestic waste. The 

monitoring results of conventional pollutant emissions are listed in Table 4. It is shown that 

there is no negative impact on the emissions of the kiln system within the limits of the feeding 

of the domestic waste at 80t/d. The monitoring results are in line with “Emission standard of 

air pollutants for cement industry” [16].On one hand, the conditions of NSP kiln including 

alkaline environment, oxidizing atmosphere and good mixture of gases and products can 

prevent particulate matter from escaping and absorb the acid gas, such as SO2. On the other 

hand, the kiln gas can be further cleansed by conditioning tower, raw mill system, Selective 

Non-Catalytic Reduction (SNCR) system and the ESP system. 

  



Tab.4 The monitoring results of the emission of pollutants from the stack 

Test group 
Ventilation/ 

(Nm3·h-1) 

Temperature 

/℃ 

SO2/ 

(mg·Nm-3) 

NOX/ 

(mg·Nm-3) 

Particulates/ 

(mg·Nm-3) 

《GB 4915-2013》 — — 200.0 400.0 30.0 

Blank trial 259525 93.6 2.4 283.2 12.0 

20 

t/d 

Before the trial 363636 95.5 2.0 308.4 12.0 

During the trial 370121 96.4 3.0 306.2 12.0 

After the trial 375988 98.1 1.6 267.6 12.0 

50 

t/d 

Before the trial 364810 113.6 2.6 258.8 11.4 

During the trial 373554 146.3 2.3 258.3 10.0 

After the trial 366389 148.7 2.5 325.0 10.1 

80 

t/d 

Before the trial 382652 94.8 2.0 288.7 12.0 

During the trial 351260 97.5 1.5 271.3 12.0 

After the trial 321330 99.5 2.1 306.0 12.0 

 

The detection result of dioxin in the flue gas from the stack is 0.0040 ng TEQ/Nm3 when the 

feeding of the domestic waste is 80t/d. It is far below the limits of 0.1000 ng TEQ/Nm3 of the 

state standard[17]. Previous studies show that dioxin form because of the combustion of 

precursors or chlorinated organics with catalytic of heavy metals or ash. Chlorine is the main 

source of dioxin generation, and there are bits of chlorine in the materials and fuel, so the 

primary reason of generation of dioxin is co-incinerating waste. The plastic and other material 

whose chlorine content is high had been removed in the pretreatment process of waste. 

Moreover, the environment that high temperature, fierce turbulence and gas residence up to 7s 

in calciner can control generation of dioxin. Therefore the detection result of dioxin in the flue 

gas from the stack is very low. 

3.5 The scope of services 

If cement kilns system whose capacity is 4500t/d clinker, could deal with 80t/d of waste and 

the generation of domestic waste form a town resident was 0.5kg/d [18], the cement kilns 

system can serve a 160,000 of population. The scope of services depends on local population 

densities. If the town is too far from the cement plant, it will result in some difficulties for the 

transportation of the waste.  

For the purpose of low-cost, harmless disposal of the domestic waste, the local population and 

economy ect. should be considered comprehensively. 

 

4. Conclusions 

The results show that: when co-incinerating quantity was within the limits of 80t/d, there was 

less influence on the refractory and the operation of the kiln system. The quality of cement 

clinker changed indistinctively and is still far more than the requirements of timely state 

standard. Besides, there was no negative effect of co-incinerating wastes on the emission of 

pollutants from the stack. The concentration of dioxin in flue gas was far below the state 

standard. The process has certain meaning of reference for the towns which has difficult on 



financial and collection of waste. 
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Abstract: Calcium barium sulphoaluminate(CBSA), derived from calcium sulphoaluminate(CSA), 

has excellent cementitious properties. In this study, the sintering system of CBSA with a theoretical 

stoichiometric Ca3.5Ba0.5Al6SO16was investigated. Rietveld refinement was performed using 

TOPAS4.2 software to quantitatively calculate the content of CBSA the actual ionic site occupancy 

of Ba2+. The results indicate that the contents of Ca4-xBaxAl6SO16 increases with increasing 

sintering temperature in the 1200℃-1400℃ ranges. When sintered at 1400℃ for 180min, the 

content of CBSA reaches 76.2%. However, it begins to decompose at 1440℃ and the content of 

which decreases. The replacementrate of Ba2+ was also enlarged by increasing sintering 

temperature and prolonged sintering time. Sintering at 1400℃ for 180min is considered as the 

optimum when replacementrate of Ba2+ and the content of CBSA was taken into account. 

Originality:Calcium barium sulphoaluminate cement is an ideal candidate for marine concrete repair 

for its excellent performance. The sintering system is a basal work for the application of calcium 

barium sulphoaluminate cement. The minerals from different sintering systemsare quantitatively 

calculated by Rietveld refinement method. The actual replacementrate and replacement position are 

also examined. 

Keywords：Calcium barium sulphoaluminate; sintering system; Ba2+ replacementrate; Rietveld 

refinement 



1. Introduction 

Calcium barium sulphoaluminate(CBSA), derived fromcalcium sulphoaluminate(CSA), is the 

dominantmineral of sulphoaluminate cement and plays a decisive role on the performance of 

sulphoaluminate cement. The mineral properties of CBSA will be improved, thereby improving the 

performance of cement when Ca ions are replaced by the Ba ions (Tereanu et al., 1986; Yan, 1993; 

Chang, 1998; Cheng, et al., 2000). With the improvement of testing techniques and analysis 

softwares, Rietveld refinement can be used to study the atomic site occupancy, changes of lattice 

parameters, crystal structures and crystal phases during the solid solution reaction (Young, 1993). 

The results showed that the CSA could be cubic(Halstead et al., 1962; Saalfeld et al., 1972), 

tetragonaland orthorhombic (Calos et al., 1995; Peixing et al., 1992, Krstanović et al., 1992). 

Hargis et al.refined the three crystal systems separatelybyRietveld refinement and showed that the 

fitting results of the orthorhombic are the best (Hargis et al., 2014). Cuesta et al.indicated that 

CSA mineral could be orthorhombicand that orthorhombic crystal sometimes would transform 

into the cubic at around 470°C (Cuesta et al., 2013). Andacet al. also showed that crystal system 

transition occurred at around 470°C (Andac et al., 1994). Pinazoquantitatively analyzed the 

sulphoaluminate cement with orthorhombicand cubic CSAusingRietveldrefinement methods 

(Álvarez et al., 2012).      

With Rietveld refinement and high qualified XRD data, quantitative phase analysis of the 

sintered products and atomic site occupancy of barium ions can be obtained. In this paper, 0.5 mol 

barium ions was prepared to replace the calcium ions in sulphoaluminate mineral and the minerals 

were sintered at 1200°C, 1300°C, 1350 °C, 1400°C and 1440°C, respectively, for 90min, 120min, 

150min and 180min. Phase identification was carried out using Diffract EVA software. Rietveld 

refinement was performed using TOPAS4.2 software to quantitatively calculate the purity of 

CBSA and theionic site occupancy of Ba2+. The optimum sintering system of CBSA and the 

effects of which on the ionic site occupancyof Ba2+were investigated. 

2. Experimental procedure 

2.1 Sample Preparation 

Analytic chemical reagents calcium carbonate (CaCO3),anhydrite calcium sulfate(CaSO4), 

barium carbonate (BaCO3) and neutral alumina (Al2O3) were used as raw materials.  

2.5mol CaCO3, 0.5mol BaCO3, 3mol Al2O3 and1mol anhydrous CaSO4 were mixed and 

grinded for 10min. Then the raw materials were put into a stainless mold of Ф5cm*20cm and 

pressed. The round cakes obtained were put into a high temperature furnace for sintering. The 

target temperature were 1200 °C, 1300°C, 1350°C, 1400°C and 1440°C, respectively. The 

prolonged sinteringtime for each temperature was 90min, 120min, 150min and 180min. The 

minerals were cooled rapidly to the room temperature and then were grind for analysis after 

sintered. 

2.2 Test Methods  

2.2.1 XRD Measurement  

XRD Measurementswere carried out by employing a BrukerAXS D8 Advance 

with Davinci X-ray diffractometer with CuKα (λ=1.5406Å，40 kV and 40mA, scan interval 

10–60° 2θ, 0.01° and 1s per step). The detector was lynxeye linear detector with an opening of 

2.94°. The step size was 0.02 and the measurement time per step was 1s. EVA software was used 

for phase determination.  



2.2.2 Quantitative phase analysis and atomic site occupancy analysis 

Rietveld refinement was employed by TOPAS4.2 software for quantitative analysis and 

atomic site occupancy analysis. The Rietveld refinement strategy consisted of emission profile, 

background, instrument factors and zero error. 

In Rietveld refinement process, Rwp (radiation work permit) was used to evaluate the fitting 

resultsas Eq.(1). Generally, when Rwp is less than 15, the result could be considered as reliable 

(Jansen et al., 1994).  
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Where, Rwp indicates radiation work permit; yi(obs) is the measured diffraction strength at 

the point 2θi in the diffraction pattern; yi(cal) presents the calculated diffraction strength at the 

point 2θi in the diffraction pattern and wi-weighting factor. 

   Lattice parameters, atomic coordinates, atomic site occupancy and temperature factors were 

considered in the refinement process. 

Replacement rate (P) of Ba ions was introduced as Eq.(2): 
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Where, P presents the replacement rate of Ba ions; Ba-c and Ca-c are the occupancy rate of 

Ba ions and Ca ions in cubic yeelimite; Ba-o and Ca-o are the occupancy rate of Ba ions and Ca 

ions inorthorhombic yeelimite; W-c and W-o are the percentages of cubic yeelimite and 

orthorhombic yeelimite, respectively. 

The replacement rate R(%) is defined as Eq.3. 

R=P×4/0.5×100%    (3) 

Where, R presents the replacement rate of Ba ion; P is the ionic site occupancy of Ba ion; 4 

and 0.5 present the total cation and the number of Ba ion in theoreticalCa3BaAl6SO16. 

3 Results and Discussion 

3.1 Qualitative analysis of minerals 

The minerals sintered at 1200°C, 1300°C, 1350 °C, 1400°C and 1440°C for different time 

were analyzed by EVA software. The XRD patterns sintered for 180 min are shown in Fig.1 and 

the corresping COD codes are presented in Table 1. 

Table 1 Phases and COD Codes 

Phase COD-Code Phase COD-Code 

C4A3Š-Cubic 

C4A3Š-Orthorhombic 

BA 

BŠ 

CA 

9009938 

4001772 

1010630 

1010542 

2002888 

CA2 

C4A3 

C12A7 

CŠ 

C 

3500014 

9002486 

4308078 

9004096 

1011094 
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Fig.1 XRD patterns of CBSA mineral at different sintering system 

The diffraction peaks of mesophases including CaO, BaSO4, Ca3Al2O6, CaAl2O4, 

Ca12Al14O33, BaAl2O4, CaSO4are obvious. When the sintering temperature is higher than 1100°C, 

mesophases such as C12A7, CA, C4A3 could be formed in the sintering process (Ma et al., 2008; 

Zhang et al., 2001). The samples sintered at 1200°C (Fig.1) show relatively messy peaks. The 

characteristic diffraction peaks ofCBSA sintered at 1300°C are relatively obvious and the 

characteristic peaks ofmesophases decreased. The characteristic peaks ofCBSA sintered at 1350°C 

and 1400°C are further strengthened and the mesophases reduced. The characteristic peaks 

ofCBSA sintered at 1440°C are obvious, however, the characteristic peaks of mesophases begin to 

increase due to the decomposition of CBSA. 

3.2 Quantitative phase analysis and barium ionic replacement 

According to the results of qualitative analysis, the structure documents of CaO, BaSO4, 

Ca3Al2O6, CaAl2O4, Ca12Al14O33, BaAl2O4, CaSO4and Ca4-xBaxAl6SO16were importedinto 

TOPAS4.2 software for quantitative analysis. All the phases and corresponding ICSD codes are 

listed in Table 2. Ca4-xBaxAl6SO16 is derived from Ca4Al6SO16 and there is only a little offset at 

the diffraction peaks compared with that of Ca4Al6SO16. The ICSD code of Ca4Al6SO16 was used 

to refine the structure of Ca4-xBaxAl3SO16. In the replacement process, the probability that Ca2+at 

each position is replaced by Ba2+ is the same. The Rwp values are all less than 15, which indicate 

the quantitative analysis results are reliable. The total amount of orthorhombic and cubic CBSA is 

marked as Ca4-xBaxAl6SO16and the quantitative analysis results are presented in Fig.2. 

 

 

 

 



Table 2 Phases and ICSD codes 

Phase ICSD-Code Phase ICSD-Code 

Ca4Al6SO16-cubic 9560 CaAl4O7 16191 

Ca4Al6SO16- Orthorhombic 80361 Ca12Al14O33 261586 

BaAl2O4 246028 CaSO4 183919 

BaO 186427 CaO 261847 

CaAl2O4 180997   

When the sintering temperature is fixed at 1200°C and 1300°C, the total amountof 

Ca4-xBaxAl6SO16 is less than 40%. With the increase of prolonged sintering time, the amount of 

Ca4-xBaxAl6SO16 shows a negligible increase rate and the amounts of CaO, BaSO4, Ca3Al2O6, 

CaAl2O4, Ca12Al14O33, BaAl2O4, CaSO4are relatively large with a total content of over 50%. 

Gypsum cannotreact completely at 1200°C and 1300°C. When the sintering temperature is 

1350°C and 1400°C, the proportion of Ca4-xBaxAl6SO16 is significantly increased and it increases 

with the increase of prolonged sintering time. And the mesophases are significantly reduced, 

correspondingly. When the prolonged sintering time is 180min at 1400°C, Ca4-xBaxAl6SO16 

accounts forapproximately 76.2%. However, the amounts of Ca4-xBaxAl6SO16 decreased at 

1440°Cdue to the decomposition. The content of gypsum is less than 1% when sintered for 

180min at 1350°C and 1400°C. Nevertheless, CaSO4, free BaO and CaO formed at 1440°C due to 

the decomposition of CBSA.  
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Fig.2 Results of quantitative analysis 

As is shown in Fig.3, the replacement rate of Ba2+ shows seriousdependence on the sintering 

system. It maintained at less than 40%ignoring the increasing prolonged sintering time when 

sintered at 1200 and 1300°C. At relatively low sintering temperature (1200°C and 1300°C), Ba2+ 

cannot be cooperated in the calcium sulphoaluminate and the extra Ba2+ exists as other 

mesophases such as BaAl2O4, CaSO4. When the sintering temperature is higher, the replacement 

rate increases with increasing prolonged sintering time. The replacement rate could reach 100% 



with increasing sintering temperature and prolonged sintering time in the 1350°C -1400°C range. 

The decrease is also caused by the decomposition of CBSA. 

 

Fig.4 Ionic replacement rate of Ba2+ at different sintering system 

From the correspondence between the content of Ca4-xBaxAl6SO16 and replacement rate of 

Ba2+, the two indexes arrived at the maximum under the same sintering system. 1400°C for 

180min is considered the optimum. 

4. Conclusions 

(1) In the sintering process of CBSA mineral, except for orthorhombic and cubic CBSA, 

there also exists mesophases including CaO, BaSO4, Ca3Al2O6, CaAl2O4, Ca12Al14O33, BaAl2O4, 

CaSO4.The content ofCBSA shows serious dependence on the sintering system. When sintered at 

1400°C for 180min, the content of CBSA reaches 76.2%. A higher sintering temperature will lead 

to the decomposition of CBSA. 

(2) Not all the Ba ions can be cooperated in the calcium sulphoaluminate in the sintering 

process. The replacement rate of Ba2+ increased with the increasing sintering temperature and 

prolonged sintering time and it reached the maximum when sintered at 1400°C for 180min. 

(3) Considering the sintering content of CBSA and replacement rate of Ba2+, the best 

sintering system is a prolonged sintering time of 180min at 1400°C. The sintering content of 

CBSA is 76.2% and the replacement rate of Ba2+ is 100%. Ca3.5Ba0.5 Al6SO16 was synthetized. 
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Abstract 

The nuclear engineering cement (NEC) with different mineral phase was experimentally burnt. With 

chemical analysis, petro-graphic analysis, physical properties tests, X-ray diffraction (XRD), 

Petrographic description, optimized mineral match, clinker’s properties and microstructure were 

studied. The burn abilities and mineral constituent of nuclear engineering cement with different KH, 

SM, and IM were studied, and the matching relationship was discussed. The results show that the 

suitable range of KH is less than 0.92, SM 2.2~2.8, IM 0.7~0.9.In this range, the burnability is well, the 

liquid phase decreases when SM is more than 2.8, crystal misdistribution. The clinker burned at 

normal firing temperature, the crystal has uniform distribution, edge sharpness, the particle size is 

between 20~40μm，well crystallized.  

 

Originality 

Prepare nuclear engineering cement with iron tailings as raw material to achieve the balance of high 

early strength, low hydration heat and appropriate dry shrinkage rate. Mix raw materials with 

different ratio value to study how the phase optimization affects the microcosmic structure and 

performance of NEC. 

 

Key Words: Nuclear Engineering, Nuclear Engineering Cement, Phase Optimization;  
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1. Introduction 

More and more nuclear engineering programs in China leads to the insistent demands of the 

development of a new cement type with unified standards to ensure the cement quality. 

Nuclear engineering cement is used for the pivotal parts of nuclear power plant, such as 

nuclear island and containment. The long-term mechanical properties, cracking resistance and 

durability of mass contract are of great importance for insuring the construction quality and 

safety. Alite is the most important component of Portland cement [1], though its formulation 

needs high temperature, and provides high heat of hydration. The belite formation is much 

easier, the belite hydration process is slower, but the low strength is the disadvantage. 

The aim of this work was to report the preparation and properties of nuclear engineering 

cement clinker; the preparation contains the design of cement modulus, to acquire suitable 

mineral composition, and the optimizing of mineral composition to determine the fitting 

content range of C3S and C3A, to provide theoretical foundation for the production of nuclear 

engineering cement and the development of national standard. 

2 Experimental 

2.1 Raw materials 

The four kinds of raw material used in this investigation were fetched from the materials for 

production of China United Cement Corporation. Chemical analysis was performed according 

to the Chinese standard GB/T176-2008. The chemistry analysis results are in Table 1. 

Table1 Chemical analysis of raw materials (w/w %) 

Material LOI  CaO SiO2 Al2O3 Fe2O3 MgO R2O  Total 

Limestone 41.98  52.66  1.72  0.89  0.50  0.66  0.25  98.66 

Silica 0.18  0.61  94.70  1.40  1.31  0.13  0.23  98.56 

Iron tailings 0.53  4.42  62.05  5.22  21.73  3.08  0.99  98.02 

iron ore  11.26  2.78  42.53  29.91  10.01  0.85  0.69  98.03 

Table 2 Values of SR, AR, and LSF of raw mixes 

sample KH SR AR 

A1 0.86 2.50  0.90 

A2 0.88 2.50 0.90 

A3 0.90 2.49 0.90 

A4 0.92 2.49 0.90 

B1 0.88 2.20 0.90 

B2 0.88 2.80 0.90 

C1 0.88 2.50 0.70 

C2 0.88 2.50 1.10 

2.2 Ecperimental Process 

Raw mixes is given in Table 2 according to the exact values of silicate ratio (SR), aluminate 

ratio (AR), and Lime saturation rate (KH) and all samples were burned for 30 minutes at 

temperatures 1350℃, 1400℃, and1450℃ in high-temperature electric resistance furnace. 

And quenching processing at ambient temperature is needed to obtain the preparative clinkers. 

The compositions of clinkers are typically in the region of ordinary Portland cement clinker 
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[2]. Crushed and ground clinker was prepared to burnability test, and Synchrotron X-ray 

powder diffraction (XRD) spectra were recorded using X'Pert Pro CuKα, covering2θ=10-70° 

to determine the formation of the clinker phases, and petrographic description using incident 

light microscope to outline the relation between the microstructure and the composition 

change of clinkers. 

3 Results and Discussion 

3.1 Raw material burnability 

Part of the clinkers was grinded and tested with glycol-ethanol method to determine the free 

lime, the free lime amounts of clinkers burned at different temperatures was shown in Fig. 1, 

the results show that the free lime content increase when the KH, SR and AR increase 

regardless of the calcination temperature. As the calcination temperature increase from 

1350℃ to 1450℃, the free lime content decrease, regardless of the cement rate, this indicates 

that the burnability decreases as the temperatures increase. The free lime contents are more 

than 1.0 when calcination temperature is 1350℃, so the calcination temperature shall be at 

least 1400℃. When the SR and AR are stable values, the corresponding KH shall be less than 

0.92, considering free lime content 1.0 as the standard value. Analogously, when the SR is 

less than2.8, AR is less than 1.1, the clinkers have well burnability. 

     

(a) Burnability of raw material with different KH    (b) Burnability of raw material with different SR                             

 
(c) Burnability of raw material with different AR 

Fig. 1 the free lime of raw materials respectively burnt at 1350℃，1400℃and 1450℃. (a) is for 

different KH with fixed SR and AR, (b) is for different SR with fixed KH and AR, and (c) is for 

different AR with fixed KH and SR. 

3.2 Characterization of clinkers 

As there are no difference in the phase composition of the samples burnt at 1400℃ and 

1450 ℃，only one result is given in the figs. The raw mixture gave major amounts of alite, 
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belite, tricalcium aluminates (C3A) and tetra calcium aluminoferrite (C4AF) burnt at 1450℃ 

with different KH is shown in Fig 2. And the major amounts of clinkers burnt at 1450℃with 

different SR and AR are shown in Fig 3 and Fig 4. Alite and belite are the major phase in all the 

samples. Clinker alite exists in three crystal system; triclinic, monoclinic, and rhombohedral [3]. 

The clinker generally contains monoclinic alite after cooling; the polymorphic state of belite 

obtained at ambient temperature is present in the monoclinic β-form in all the clinkers. 
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Fig 2 The XRD of burnt raw materials at 1450℃ with different KH 

 

 

 

 

 

 

Fig 3 The XRD of burnt raw materials at 1450℃ with different KH 

 

 

 

 

 

 

 

Fig 4 The XRD of burnt raw materials at 1450℃ with different KH 

3.3 Micro-structure analysis 

We took the clinkers burnt at 1450℃ to Petrographic description to observe the 

microstructure of the clinker phases using polarizing microscope, cause the microstructure 
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determine the quality of clinker and cement. The images are shown in from Fig 5 to Fig 10.  

   

Fig 5 stumpy and irregular lamellar Alite,           Fig 6 Alite with long draw ratio and thin  

 Filled with microcrack (KH: 0.86)                hexagonal Alite, (KH: 0.88)               

   

Fig 7 regular crystal habit and distribution,          Fig 8 more wrappage, intercresecence,  

intercrescence，without grain boundary            Alite with corrosion and fracture surface                                  

   

Fig 9 stumpy Alite with small crystal and       Fig 10 small thin clintheriform and hexagonal Alite 

with dissolution boundary                   bigger Alite with general intercrescence 

                   

  The images show the change of the clinker mineral microstructure; there are long and thin 

irregular lamellar alite with the grain size about 20μm and granular belite with apparent 

micro-crack in Fig 5 and Fig 8. As the increases of KH, the amount of short stumpy and alite 
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increases, the grain size is about 25μm, some short columnar alite appears. The amount of 

belite decreases, and is concentrated distribution. When the KH is 0.88, SR=2.5, AR=0.9, 

there are a large sum of hexagonal laminar alite, with the grain size around 35μm, and some 

fine columnar alite among the intermediate phase, hardly belite, as shown in Fig 6 and Fig 9. 

4 Conclusions 

When the clinker was burnt at 1450℃ in the muffle fulmace, the free lime content is less than 

1.0%, the calcination temperature shall be around 1450℃ to develop NEC. To obtain clinkers 

with enough amounts of Alite and well burnability, the KH shall be more than 0.86, take the 

microstructure into consideration, the KH shall be around 0.88, SR shall be around 2.5, and 

AR shall be around 0.9. 
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ABSTRACT 

Portland cement is synthesized from a mixture of limestone and clay at high temperature (1450 °C), in 

which partial fusion of raw materials and the formation of clinker nodules are produced. Subsequently, 

the clinker is mixed with a small percentage of gypsum and ground together to make the cement. 

Clinker is essentially a synthetic rock containing 4 phases: alite (C3S), belite (C2S), celite (C3A) and 

ferrite (C4AF). In the search for high performance materials, where a strict control of chemical 

composition, shape and particle-size distribution is required; and from an energy-environmental 

viewpoint, alternative methods become pathway for synthesis of materials such as cement. Some 

researchers have reported the possibility to obtain silicate and aluminate cements by alternative 

synthesis methods, which optimize both time and temperature, such as Pechini method, Sol-gel method, 

Microwave assisted method, and Combustion methods. The development of these alternative methods, 

focuses on obtaining products with similar characteristics to cement, generates an interesting 

challenge, and opens an important expectation at industrial scale. On this account, the present paper 

reports on the synthesis process of calcium silicates through Solution Combustion Synthesis (SCS) and 

Self-propagating High-temperature Synthesis (SHS) methods.  

 
Originality 

Synthesis hydraulically active calcium silicates, such as alite and belite, by combustion in solution 

(SCS) and by self-propagating high temperature (SHS), using chemical reactants such as calcium 

nitrate tetrahydrate and colloidal silica, and citric acid, glycine and urea as fuels, is an original 

process developed by the Group of Cement and Construction Materials from the National University of 

Colombia. The development of this alternative synthesis process for manufacturing cementitious 

materials of this type and the variables taken into account in this process, are unique and have not 

been reported in the scientific literature. 

 

KEYWORDS: Portland Cement, Chemical Synthetic Methods, New Cementing Materials, 

Solution Combustion Synthesis (SCS), Self-propagating High-temperature Synthesis (SHS). 
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1. Introduction 

This paper presents the fabrication process of pure calcium silicate phases, similar to Portland 

cement silicates, alite (C3S) and belite (C2S), via alternative synthesis methods. These 

methods use paths different to those of solid state processes, both seeking high-performance 

materials where an strict control of chemical composition, microstructure, shape and particle-

size distribution is required (Mossino, 2004), and by employing chemical, mechanical or 

combustion routs, among others, in which there is a reduction of temperature and energy 

consumption via heat treatments; since these methods accelerate the diffusion process present 

during solid state, a greater control of stoichiometry, structure and reactivity is provided 

(Boch y Niepce, 2007). One of the most important attributes of these synthetic methods 

reported in the literature (Chrysafi et al., 2007), is the possibility of obtaining products with 

particle size distributions in the submicron range, which would mean that cements 

manufactured beforehand by these routes, allow obtaining a much more reactive when 

compared with traditional Portland cement material, which could modify their heat of 

hydration, the setting time, the mechanical strength and durability. 

2. Combustion methods 

Combustion methods are redox reactions in which calcium nitrate hydrate salts 

(Ca(NO3).4H2O) produce oxidation, and reduction is made from the fuels, Citric Acid 

(C6H8O7), Glycine (NH2CH2COOH) or Urea (CO(NH2)2). 

Combustion-based techniques are effective energy-saving methods for synthesis of advance 

materials (Merzhanov et al., 1972; Mukasyan et al., 2007), they are alternative ways to 

improve conventional oven techniques and have become important for synthesis and 

processing of advance ceramics, composites, alloys and nanomaterials (Montoya et al., 2013; 

Jaramillo et al., 2013). Methods for combustion can be differentiated as follows: Solution 

Combustion Synthesis (SCS), Self-propagating High-temperature Synthesis (SHS), Low-

temperature Combustion Synthesis (LCS), and Volume Combustion Synthesis (VCS) or 

Thermal Explosion (Patil et al., 2008).  

Creating a fuel-oxidant mixture is significant in the field of propulsion and explosives; and 

parameters used to express it are closely linked to the stoichiometry of the mixture. The redox 

mixture's stoichiometric composition is calculated based on the total of oxidant and fuel 

oxidizing and reducing valences, in pursuit of releasing as much energy from the reaction as 

possible (Fumo et al., 1996).  Spontaneous combustion method characterizes by the fact that 

once the initial exothermic reaction starts, via external thermic source, a reaction wave is 

generated (typically of 0.1 to 10 cm/s) at high temperature (between 1000 and 3000 °C), 

which propagates through the mixture in a self-sustaining manner, leading to solid material 

formation without involvement of any additional energy (Mukasyan et al., 2007). In the case 

of SCS, the whole sample is heated uniformly until reaction self-initiates, simultaneously, 

throughout the whole volume. After ignition, in both methods, the solid formation occurs 

without participation of any additional energy (Mukasyan et al., 2007). 

SCS and SHS combustion methods include self-sustaining reaction in metal nitrate solutions 

and with organic fuel, which can be classified according to their chemical structure, that is, 

depending on the type of reactive groups (amino, hydroxyl and carboxyl) connected to the 

hydrocarbon chain (Varma et al., 2003).  

Combustion methods have a series of features that constitute for synthesized products unique 

properties:  

1. Firstly, initial liquid state reaction stages (for example, aqueous solution) enable mixing of 

reagents at molecular level, allowing uniform and precise nanoscale formulation of the 

desired composition.  

2. Secondly, elevated reaction temperatures ensure product purity and high crystallinity. This 

feature allows omission of the subsequent calcination to achieve the desired phase 

composition of the synthesized products by the conventional sol-gel method.  

3. Thirdly, due to shortness in processing time, and formation of great variety of gases during 

the synthesis, the particle size growth is inhibited, causing synthesis of nano-sized powders, 

with high specific surface. 
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Mukasyan et al., (2007) conclude that combustion methods are efficient for synthesis of 

nanoscale materials and for production of fine complex Oxide powders. Additionally, they 

ran a preliminary analysis on thermodynamic calculations of self-ignition processes and 

revealed that the majority of metal nitrate mixtures and fuels, such as Glycine and Urea, are 

not exothermically weak, therefore such mixtures may be synthesized by Self-propagating 

High-temperature Synthesis (SHS) method.  

Such reactions are a means to produce materials through simple processing, with relatively 

low energy, high purity, and metastable phases formations, which simultaneously, induce to 

synthetic and densification processes. Associated combustion temperatures, impurities 

volatilization, and propagation of the wave produce High purity. The metastable phases are 

generated by the high thermal gradient and the rapid cooling rate (Mukasyan et al., 2007).  

3. Cement phase synthesis by combustion methods 

The application of combustion methods for manufacturing clinker, or any of its phases, have 

been reported by Fumo et al. [18], who synthesized calcium aluminates; Huang and Chang 

[17], who synthesized nanocrystals of β- Ca2SiO4 at low temperature; and Zapata and Bosch 

[16], who synthesized belite cement clinkers at low temperature. 

Fumo et al., [18] reported the synthesis of three calcium aluminates at 500 °C: the CA, CA2 

and C12A7, using hydrated crystalline salts (nitrates) as precursors and urea as fuel. Huang and 

Chang [17], synthesized β-Ca2SiO4 with SCS, using colloidal silica and calcium nitrate as 

precursors and citric acid as fuel. Findings showed that increasing the calcination temperature 

from 650 to 1100 °C, results in higher crystallization and lower specific surface area, making 

the belite more reactive, and increases its hydration release heat. After the combustion 

process, the resulting powder is brought to an electric furnace and calcined in air at 650 °C for 

four hours [17]. These authors concluded that the synthesis of β-Ca2SiO4 occurred 

successfully, at a synthesis temperature of 650 °C.  

Meanwhile, Zapata and Bosch [16], studied the synthesis of belite cement at low temperatures, 

using calcites as calcium source, and zeolites as source for silica and alumina, by a modified 

method of combustion inspired by Cruz [36] and Burgos-Montes et al. [37]. The process 

reported by Zapata and Bosch [16] start by the grinding of the raw materials (calcite and 

zeolite), followed by the addition of ammonium nitrate and urea, as fuel. Subsequently, the 

mixture is heated for three minutes at 70 ºC and then for two minutes at 250 ºC. Once the gel 

is obtained, it is brought to a furnace at 1200 ºC, where the combustion process takes place 

for 15 minutes. The samples synthesized by modified combustion methods were analyzed 

with XRD method, and showed the formation of belite, alite, calcium aluminate and gehlenite. 

The authors reported that they managed to lower the synthesis temperature by 250 °C 

compared to the conventional synthesis method, and established that the urea is most 

appropriate fuel, since it produced the lowest volume of gases. 

4. Experimental process 

4.1. Chemical reactants 

To produce alite (C3S) and belite (C2S) calcium silicates, two different synthesis methods, 

Self-propagating High-temperature Synthesis (SHS), and Solution Combustion Synthesis 

(SCS) were used; as well as three types of fuel: citric acid, glycine and urea. The following 

chemical reactants also were used for the synthesis: 

 Merck KGaA Calcium Nitrate Tetra-hydrate (Ca(NO3)2.4H2O), as Calcium source, 

with 98% purity. 

 Lithosol 1530 as Silica (SiO2) source for the SCS method and Silica from Protokimica, 

quartz type 325, for the SHS method. 

 J.T. Baker Citric Acid Monohydrate (C6H8O7.H2O) 99 %, granular, Panrac Glycine 

(NH2CH2COOH) 99 %, and Merck KGaA Urea (CO(NH2)2) as fuels. 

 To modify the pH of Glycine and Urea we use Nitric Acid, and Ammonia to modify 

the pH of Citric Acid.  

4.2. Equipment 

The synthesis process is conducted in a Schott Duran 1 L. Glass Beaker, inside a Frontier 

Junior Extractor Hood for gas emission control and combustion process explosions; a 

Scilogex MS7-H550-Pro heating and magnetic stirring table, in which processes of 
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dissolution, gelation and synthesis are produced; and an Adventure Ohaus 3 Digits Digital 

Scale to weight the chemical reactants. For pH measurements a Thermo Scientific Orion 3 

Star Advanced Series Meter was used. 

4.3. Material Calculations – Stoichiometry (Proportions)  

To produce alite and belite through combustion, a calcium source, a silica source, and fuel: 

Citric Acid, Glycine and/or Urea, are required. 

 Alite –  (Ca3SiO5) Synthesis: Quantities of chemical reactants calculation:  

3Ca(NO3)2 + SiO2 + n (Fuel)                        Ca3SiO5 + gas   (1) 

 Belite – (Ca2SiO4) Synthesis: Quantities of chemical reactants calculation:  

2Ca(NO3)2 + SiO2 + n (Fuel)                        Ca2SiO4 + gas   (2) 

Identifying the number of moles (n) of Citric Acid, Glycine and Urea from equations 1 and 2 

respectively, is essential. Calculation is made from the sum of the Calcium Nitrate Tetra-

hydrate [(Ca(NO3)2.4H2O)] valences and fuels (Citric Acid, Glycine and Urea), as described 

in Section 2 (Fumo et al., 1996). To establish the amounts of the chemical reagents needed in 

the synthesis of 5 g of material (alite and belite), the molecular weight shown in the following 

table was used. 

Table. Molecular Weight. 

MOLECULAR WEIGHT 

# COMPOUND CHEMICAL FORMULA  WEIGHT  

1 Calcium Nitrate Tetra-hydrate Ca(NO3)2.4H2O 236.143 g/mol 

2 Silica SiO2 60.084 g/mol 

3 Citric Acid C6H8O7 210.14 g/mol 

4 Glycine NH2CH2COOH 75.064 g/mol 

5 Urea (NH2)2CO 60.05 g/mol 

6 alite Ca3SiO5 228.31 g/mol 

7 belite Ca2SiO4 172.24 g/mol 

4.4. Experiment design 

The experimental design is established from the initial experimental approach and 

identification of the key variables to be considered for the proper development of the research. 

It can be framed in the layout design type "Mixed factorial" (2*32=18), given the 

identification of the following variables: Synthesis methods: 1° Spontaneous combustion 

synthesis (SHS) and 2° Solution Combustion synthesis (SCS); Fuels: 1° Citric Acid, 2° 

Glycine and 3° Urea; and pH: 1° Between 1 and 2, 2° Between 2 and 3, and 3° Between 3 and 

4. Øe relations = Oxidant/Fuel =1. The response variables are: 1° alite (C3S) and 2° belite 

(C2S).  

4.5. Synthesis process description (SCS y SHS) 

As previously stated, the SCS and SHS techniques are combustion methods. In terms of 

process, the difference between the two methods lies in the source for Silica (SiO2) and the 

impact of this in the homogenization process. Lithosol 1530 is used for the SCS method, 

which is dispersion of Silica Acid in water, and Protokimica’s Silica for the SHS Citric Acid, 

Glycine and Urea are used as organic fuels for the reaction, as the case may be.  

SCS: As chemical reactants, we started off Calcium Nitrate Tetra-hydrate (Ca(NO3)2.4H2O), 

colloidal silica - SiO2 (Lithosol 1530) and Citric Acid (C6H8O7), Glycine (NH2CH2COOH) or 

Urea (NH2)2CO.  

SHS: As chemical reactants, we started off Calcium Nitrate Tetra-hydrate (Ca(NO3)2.4H2O), 

quartz 325 - SiO2 and Citric Acid (C6H8O7), Glycine (NH2CH2COOH) or Urea (NH2)2CO.  

Once the weight of various chemical reactants has been established, the solution preparation 

process initiates inside a Beaker, to which calcium nitrate is added and dissolved in deionized 

water with continuous stirring at 600 rpm, looking for separation of the Ca+2 cation and 

liberate it from the Nitrate molecule. Subsequently, the fuel (Citric Acid, Glycine or Urea) is 

added, with continuous agitation; the latter brakes O-H bonds, which remove the H, leaving 

the molecule with a (-) charge that allows for the development of the complexation process, 

which is "bond" between the Ca and the fuel molecule. Finally, the formation of a continuous 

network in the solution occurs. This binding arises thanks to the electrostatic attraction 
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between the negatively charged Ca and the fuel.  

Once the complexation process is finished, Silica is added and the pH calculations of the 

mixture is made and adjusted accordingly to the established experiments design, the 

temperature increases to 70 °C, plus 45 min of agitation at 600 rpm to separate the Silica 

molecule, allowing the Silicon to disperse in the previously formed network which then, 

forms the gel. The pH of Citric Acid can be found between 0.65 and 0.79, that of Glycine 

between 5.46 and 6.57, and the pH of Urea between 6.07 and 7.25. Ammonia is used to raise 

the pH of Citric Acid, Glycine or Urea in the solution and/or Nitric Acid to lower the pH of 

Glycine or Urea until the required pH has been reached. The temperature should not exceed 

72 °C during the process, because the fuel's molecule could be destroyed. Once the gel is 

formed, the magnet is removed and the agitation completed, then the gel’s temperature is 

increased to 300 °C, thus allowing us to reach the ignition point and generate combustion. 

This process is performed inside an Extraction Hood to avoid risks originated during the 

combustion process. 

5. Process results 

Out of the two selected processes, SHS and SCS, our study shows the best method is the SCS, 

due to its more controlled process and the fact that it allows recollection of a larger quantity 

of synthesized material. Figures 1 and 2 show combustion process time of ignition, carried 

out with Glycine as fuel; Figures 3 and 4 show synthesis performed with Citric Acid. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 1 y 2. Ignition combustion process with Glycine 

Figure 3 y 4. Ignition combustion process with Citric Acid 

In the above figures (1, 2, 3 and 4), one can observe that the process with glycine as fuel is 

more exothermic and the temperature of the synthesis is higher, leading to a greater difficulty 

in obtaining the products of the synthesis. That shows the needs to work in technological 

developments at the time of a possible industrial scaling. 

Figures 5 and 6, show synthesized products inside Glass Beakers, both of which display the 
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amount of material obtained during synthesis processes, with two types of fuels (Glycine and 

Citric Acid), possibly due to the exothermic reaction generated by the fuel type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

Figure 5. Sample 4 – alite (Glycine)        Figure 6. Sample 7 – alite (Citric Acid) 

DRX were taken, to identify the expected phase’s formation, from the synthesized materials 

obtained after applying the experiment design. We took the DRX with a used equipment 

brand PANalytical, reference x'pert PRO-MPD. The sweep angle (2θ) used was between 10 

and 60 °, step was 0.013 ° and the accumulation time was 59 seconds. 

Figure 7. Diffractogram: alita synthesis      Figure 8. Diffractogram: belite synthesis 
The diffractogram in Figure 7 shows the major peaks of a Rhombohedral alite and a 

monoclinic belite. The peak of 100 % of the alite in 34.378, 85 % in 29.425, 82 % in 32.600 

and 66.5 % in 51.779 in to the angle 2θ, which could indicate the formation of calcium 

silicates. Also some of the major peaks of the belite, which would overlap to the alite peaks, 

the 100 % in 32.762 and the 81.7% in 32.990, are observed. 

Meanwhile, the diffractogram shown in Figure 8 shows the major peaks of two belites, one 

monoclinic and other orthorhombic. The peaks of the belite at 100 % are between 32.762 and 

32.764, 82 % in 32.156 and the 77 % between 29.628 and 32.990 in to the angle 2θ, which 

could indicate the formation of dicalcium silicates. 

Finally, synthesized Calcium Silicates through combustion, alite and belite, showed hydraulic 

activity, as shown in Figure 9. This figure shows the possibility of manufacturing cylindrical 

elements, after being cured for 3 days in water. 
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Figure 9. Samples with synthetic materials hydrated. 
a) alite mixture (50 %) + belite (50 %), b) alite (1000 %) and c) belite (100 %). 

6. Conclusions 

 We conclude is possible to produce Calcium Silicates with hydraulic activity by means of 

combustion methods (SCS and SHS). As observed in Figures 7, 8, and 9. 
 During the experimentation process we were able to identify that the Solution Combustion 

synthesis (SCS) method works better than the Spontaneous Combustion (SHS) process, as 

it allows better homogenization and complexation processes of chemical reactants. 
 Likewise, in case of SCS technique, we concluded that we could not do the synthesis with 

Urea as fuel; either by the two Combustion Methods (SCS and SHS) and with none of the 

already established pHs. 
 With Glycine as a fuel, combustion is obtained by both methods, and there is not a clear 

identification of the process variations when changing the pH.  
 The obtained material through both methods (SHS and SCS), using Glycine as fuel, is a 

very fine white powder. Whereas with Citric Acid as fuel, the material obtained is gray. 
Acknowledgements 
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Abstract 

The early‐age performance of concrete is determined by the properties of the cementitious binder and the evolution of 

chemical reactions therein at early ages. The composition of particles, and hence their reactivity may be size-dependent, 

e.g., especially in case of materials such as fly ash. Since reactivity is a key variable which dictates the progress of 

reactions, it would be valuable to separate cementitious minerals into well‐defined sizes, wherein, by eliminating 

dispersion in size, the effects of composition on reactivity can be systematically unraveled.  

 

This study applies a novel inertial microfluidics (IMF) based procedure to separate cementitious powders on the basis 

of particle size. Special attention is paid to optimize device designs and protocols to help particles in a fluid streamline 

achieve unique equilibrium positions within the devices. From such equilibrium positions, particles can be more easily 

retrieved in a size dependent fashion using symmetrical outlet configurations with tuned fluidic resistances. The IMF 

method is critically assessed in terms of its ability to: (1) separate cementitious powders, and thus serve as a viable 

fractionation procedure and (2) quantify the particle yield and size selectivity as a function of experimental process 

parameters, i.e., fluid flow rate and solid loading. The outcomes of this study establish quantitative metrics regarding 

the ability of inertial microfluidics methods to classify mineral (and polydisperse) particles on the basis of their size.    

 

Originality 

This study, for the first time, applies IMF methods to separate polydisperse cementitious particulates on the basis of 

size. 3D microfluidics devices and processes are designed, optimized and evaluated in terms of separation metrics, 

including particle yield and size selectivity of particles, in relation to process parameters. Results obtained from this 

study provide new guidance regarding the strengths and limitations of the IMF technique, and on future research 

questions which need to be answered before high-fidelity, high-yield size based particle separations can be efficiently 

carried out.    

 

Keywords: inertial microfluidics, polydisperse, inertial forces, particle sorting, cement.  
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1. Introduction 

The rate and extent of strength gain of a concrete at early times is determined almost exclusively 

by the evolution of the properties of the cementitious binder.  The binder itself is a mixture of a 

products that for during the reaction of cementitious minerals with water, and so the cement particle 

physical properties (e.g., surface area), and chemical composition are decisive in determining the 

behavior of a given concrete at early times. The cementitious particles are predominantly calcium 

silica or calcium aluminosilicate minerals or glasses (Taylor, 1990) having a wide distribution of 

particle size and shape; typically the particle size ranges from < 0.1 μm to 100 μm. At fixed 

composition, the rate of reaction of particles per unit volume increases with decreasing particle size 

due to the increasing specific surface area. In addition, reports have suggested a particle size 

dependence of the phase composition of multi-phase cementitious particles and of fly ash particles 

produced by coal combustion (Berry et al., 1989), although the exact relationships are unknown and 

probably vary from material to material. Determining the exact compositional dependence of reaction 

rates is therefore challenging because of the inherently wide distribution of particle sizes and shapes. 

The problem would be more tractable if these kinds of powders could be separated into narrow size 

bins, but most existing methods for fractionation (e.g., wet sieving, density fractionation, field flow 

fractionation, etc. (Tiessen et al., 1983; Giddings, 1984) are cumbersome, time consuming, and 

produce very low particle yields. Therefore, for detailed understanding of dependency of size on 

reactivity and compostion, size-classified materials are a preprequisite.   
A novel inertial microfluidics (IMF) method has recently been shown to effectively fractionate 

biological cells (Di Carlo et al., 2007; Di Carlo et al., 2008; Di Carlo, 2009). IMF separations are 

performed with on-chip devices that generate inertial lift forces, thereby driving particles toward size-

dependent equilibrium lateral positions in a fluid streamline within a high aspect-ratio microchannel 

(Di Carlo et al., 2007; Di Carlo et al., 2008; Di Carlo, 2009; Anderson et al., 2000; Jo et al., 2000;   

Nam et al., 2006; Luo et al., 2008; Kang et al., 2009; Hansson et al., 2012; Lee et al., 2011; Hur et al., 

2010; Choi et al., 2009; Stott et al., 2010; Nagrath et al., 2007; Nilsson et al., 2009; Cheng et al., 2007; 

Wu et al., 2009; Pratt et al., 2011; Enger et al., 2004; Gijs, 2004; Wong et al., 2004; Pamme, 2007; 

Bhagat et al., 2009; Hou et al., 2010; Hur et al., 2011). As the particles converge towards these 

equilibrium positions, they are collected in symmetric outlets configured with tuned fluidic resistances. 

Inertial approaches have garnered significant interest because such separations are particle‐size 

dependent, continuous, and can operate efficiently at high flow rates compared to other methods.  

Recently, polystyrene particles ranging in diameter from 1 μm to 10 μm have been separated by IMF 

methods according to size and shape, with a selectivity of ±2 μm and with yields up to 90 % Chen et 

al., 2008). Hansson et al. also successfully demonstrated the high-throughput filtration of particles 

using IMF by constructing parallel arrays of up to 16 microfluidic channels for filtration of randomly 

sized particles.  

The high‐throughput capabilities of IMF methods potentially offer a significant advance in the 

fractionation and characterization of inorganic powders. However, IMF separation studies to date have 

been conducted using particles already having a narrow particle size distribution (PSD) or at least 

well-defined shapes and size classes. For application to pulverized powders with wide PSDs, the 

selectivity and yield of IMF has not been assessed. Moreover the role of several IMF design or process 

parameters on the size selectivity and yield remain unclear, including:  

(a) The relationship between the size of particles and hydrodynamic forces,  

(b) The variations in inertial lift forces and secondary flows with respect to the suspension’s 

physical characteristics and flow rate,  

(c) The variations in hydrodynamic forces with respect to device geometries (i.e., having straight 

or curvilinear channels, channel dimensions), and,  

(d) The effects of particle shape on their equilibrium positioning within the microchannel. 

Heightened understanding of the influence of these key parameters is required to tailor the IMF 

approach, and its application to powders with wide size and shape distributions. 

 



 

This study seeks to establish the applicability of IMF methods as a viable approach to separate 

mineral powder particles, having either narrow or wide PSDs, into narrow size classes.  A critical part 

of the study is the optimization of device fabrication procedures and process parameters to enhance 

particle yields and separation fidelity. The results provide insights about strengths and limitations of 

the IMF technique, and also suggest research questions that should be answered in the future before 

high-fidelity, high-yield particle separations can be efficiently performed.  

 

2. Experimental 

2.1. Powder Composition and Physical Properties 

Four powders were evaluated: (i) ordinary portland cement (OPC), (ii) ground limestone, a common 

filler material used in concrete binders (Lothenbach et al., 2008; Oey et al., 2013), (iii) coal fly ash 

(FA), a post-combustion residue that is often used as a pozzolanic additive in concrete (Lothenbach et 

al., 2011), and (iv) three size-classified silica microsphere powders with median diameter of 1.5 µm, 

4.0 µm or 8.0 µm.  

 

 
Figure 1: The particle size distributions (PSDs) of cement (OPC), coal fly ash (FA), limestone 

powders and silica microspheres. The highest uncertainty in the measured particle size distribution is 

6%, based on variation in the median diameter (d50) of PSDs of six replicate measurements. Based on 

the uncertainty in the d50 values, the error in the specific surface area is expected to scale with the 

product of the particle size (d) and Δd50, where Δd50 is 0.06. 

The OPC was an ASTM C150 compliant Type I/II formulation with an estimated phase mass 

composition of 58.5 % C3S, 18.4 % C2S, 5.6 % C3A, 9.2 % C4AF, 4.2 % CaCO3, 1.3 % MgO and a 

Na2O equivalent of 0.40 %b. The ground limestone (CaCO3) is a commercially available powder of > 

95 % purity produced by OMYA A.G. The oxide composition of the FA powder, estimated using X-

ray fluorescence, is 57.98 % SiO2, 27.71 % Al2O3, and 6.23 % Fe2O3, with minor quantities of CaO, 

MgO, Na2O, K2O, P2O5, TiO2 also measured. The silica microsphere powders were used to test the 

selectivity and yield of the device for powders with uniform shape and narrow size range. 

 

                                                      
b Standard cement chemistry notation is used. As per this notation: C = CaO, S = SiO2, A=Al2O3, H = H2O, F = Fe2O3. Na2O equivalent 

represents the alkali oxide content in cement represented as a function of K2O and Na2O. 



 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2: SEM micrographs of the different particles used in this study: (a) OPC, (b) limestone, (c) 

fly ash, (d) ≈1.5 µm silica microspheres, (e) ≈4 µm silica microspheres and (f) ≈8 µm silica 

microspheres. The scale bars shown in (a, b and c) and (d, e and f) are 30 µm and 3 µm respectively. 

The particle size distribution of each powder was measured by static light scattering (SLS) using 

ultrasonically agitated isopropanol as a carrier fluid to prevent reaction or agglomeration during the 

measurement. The measured size distributions are shown in Fig. 1. The density of OPC, FA, limestone 

and silica microspheres was assumed to be 3250 kg/m3, 2700 kg/m3, 2600 kg/m3, and 2650 kg/m3, 

respectively. The specific surface areas of the OPC, FA and limestone powders, inferred from their 

PSDs by assuming spherical particles (Bullard et al., 2004), are 418 m2/kg, 495 m2/kg, and 401 m2/kg, 

respectively. Similarly, the specific surface area of the silica microsphere powders with median 

diameter of 1.5 µm, 4.0 µm, and 8.0 µm are calculated as being: 1791 m2/kg, 508 m2/kg, and 270 m2/g, 

respectively.  

Representative scanning electron micrographs of the powder particles, in secondary electron mode, are 

shown in Fig. 2. Both the OPC and limestone have non-spherical particles (ARparticle > 1) in a wide 

range of sizes, while the silica particles are nearly spherical (ARparticle ≈ 1) and possess a narrower size 

distribution. The FA particles are present in a wide range of shapes, with a wide range of 

inhomogeneity in the surface morphology of the larger particles, although the majority of the small 

particles appear to be nearly spherical. The influence of particle shape distribution on the separation 

selectivity will be discussed in a later section.  

2.2. Device Design and Experimental Parameters 

The device design parameters were used to fabricate the IMF device shown in Fig. 3. The device 

incorporates a straight microchannel with cross-section dimensions of H = 47 µm and W = 30 µm, and 

Lc = 40 mm. The inlet of the IMF device is where the suspension is injected (see Fig. 3). Following the 

inlet and long inertial focusing channel, there is a gradual expanding outlet region, with a radius of 

curvature (Rcurvature) of 3 mm, which allows the particles to maintain their streamline positions without 

Dean flow effects (Di Carlo, 2009). Previous studies (Di Carlo, 2009) have indicated that the gradual 

expansion in the channels increases the spacing between equilibrium positions of particles of different 



 

sizes, so that each outlet can collect particles from any given equilibrium position with less 

interference from nearby positions.  

At the start of an experiment, a prepared suspension of powder in ethanol is loaded into a syringe 

connected to a pump. The suspension is magnetically stirred within the syringe to avoid sedimentation 

and maintain a constant solid loading (Vf) ranging from 0.1% to 0.5% of the total volume. The 

suspension is injected into the device at a constant flow rate (Q), in this case ranging between 55 

µL/min and 135 µL/min. Special care is taken to retain the fluid at a similar height over the course of 

the experiment to minimize changes in piezometric head which could result in differing levels of 

particle sedimentation within the syringe, and the IMF device before they migrate to their lateral 

equilibrium positions.  The particles are collected in separate vials connected to the device outlets 

using 60 µm PEEKTM tubing.  

 

 

Inlet

Lchannel = 40 mm

 
Figure 3: (a) The design schematic of the IMF device. Outlets 1 to 7 are shown as O1 to O7. 

 
Of the seven outlets shown in Fig. 3, outlets O5, O6, and O7 are identical by symmetry to outlets O3, 

O2, and O1, respectively. Therefore, the remainder of this section will focus on the characteristics of 

outlets O1 through O4.  When comparing the outlets, the resistance ratio, αij, of outlet i to outlet j is 

defined as the ratio of the fluid flow rates Qi/Qj. For the design shown in Fig. 3, α12 = ¾, α13 = ½, and 

α14 = ¼. The outlets have serpentine geometries to increase fluidic resistance and minimize flow-rate 

distortions (Masaeli et al., 2012). In the discussion in the subsequent sections particle collections in 

different outlets are described in the terms of the resistances of the outlets in which they are collected. 

It should be noted that outlets of higher resistances (O1, O7, O2 and O6) could alternately also be 

referred to “outer” channels, on account of siphoning fluid closer to the inertial focusing channel walls, 

and outlets of lower resistance (i.e., O3, O4 and O5) as “inner” channels, as they follow fluid 

trajectories closer to the microchannel centerline. This IMF device is thus optimized to permit size 

separation of cementitious particles into 4 different size classes.  

Optical microscopy based image capture and analysis (ICA) is applied to characterize particle size-

selectivity and particle enrichment in the different outlets. Particles collected in a given outlet are 

dispersed onto a glass slide, and an optical microscope fitted with a 20x objective is used to image the 

particles. To characterize particle separations in a statistically consistent manner, at least eight images, 

with a field of view (FoV) of 420 µm x 420 µm, are captured for particles exhausted at each outlet. 

Illumination, brightness and contrast are each adjusted to achieve the best distinction between the 

particle boundaries and the background. The images are processed using a custom algorithm 

embedded within ImageJ (Abràmoff et al., 2004).    
The image-processing algorithm applies the following routines to improve image features: (a) a 

Gaussian filter to remove background noise, (b) intensity thresholding to distinguish the particle 

boundaries from the background and (c) a watershed algorithm to subtract the residual image from the 

particles and their boundaries. The macro then performs a pixel count within the particle boundaries 

and an image scale of 0.3225 µm/pixel edge is used to generate a PSD for the image. The sizes of the 



 

particles are related to both their cumulative volume percentages and the corresponding particle 

numbers. Results obtained from all the images for a given outlet are averaged to present a single PSD 

for that outlet. The outlet PSDs are used to evaluate particle yields according to Eq. (1) and fitted with 

Rosin-Rammler (RR) functions to describe the dispersión ratio (DR) as show in Eq. (2).  

 

Particle Yield 

 
(1) 

 
 

(2) 

where, N is the particle number, i refers to a specific outlet and “a” refers to specific size. The 

parameter σ corresponds to the standard deviation of the PSDs as calculated from digression of the 

fitted PSDs with respect to the measured ones. 

 
3. Results and Discussion 

3.1. Limestone and Fly Ash Powders  

Measurable size-based separations were achieved for both limestone and FA, as shown in Fig. 4. The 

size distribution of particles accumulated in a given outlet was similar  to that collected in its 

symmetric outlet (Figs. 4 a-b). The cumulative distributions in Fig. 4(a-b) appear to be quite similar 

among outlets O2, O3, and O4. However, the selectivity among these outlets is more readily observed 

in terms of the median diameter of the collection in each outlet, as shown in Figs. 4(c-d). The median 

diameter (d50) of limestone or FA particles collected in a given outlet expectedly increases with 

decreasing outlet resistance.   
As shown in Fig. 5(a-b), the overall dispersion in the sizes of particles collected (across the entire size 

span) in all outlets reduces by ≥ 40 % compared to that of the inlet. The dispersion ratio (DR) varies 

by about 10 % from one run to the next, but an outlet’s dispersion ratio is generally smaller in higher-

resistance outlets. For example, DR varies between 0.32 and 0.40 in outlet O2, but varies between 

about 0.45 and 0.60 in outlet O4. As described earlier, however, the smallest particles in either powder 

(i.e., less than about 3 µm in diameter) were not well-focused in any of the experiments because of 

limitations in IMF device design. As a result, the smaller particles accumulated in all outlets and 

prevented yet lower DR values from being realized. Finally, the highest yields (i.e., quantified in terms 

of particle counts) of both fly-ash and limestone particles were achieved in outlets 2 and 6 (see Figs. 6 

a-b).   

    
(a) (b) (c) (d) 

Figure 4: Particle size distributions (PSDs) of limestone measured by ICA for outlets: (a) limestone 

O1 to O4 and (b) FA collected in different outlets O4 to O7. The median diameter (d50) of: (c) 

limestone and (d) FA particles as retrieved from different outlets. The highest uncertainty in the d50 

values, hence the particle sizes, as determined from ICA on replicate images is on the order of 7% for 

limestone 16 % for coal fly ash, respectively. 

 



 

  
(a) (b) 

Figure 5: The dispersion ratio for (a) limestone and (b) FA particles as retrieved from the different 

IMF device outlets. The highest uncertainty in the DR value based on ICA on replicate images is on 

the order of 10% for limestone and 17% for coal fly ash respectively. 

 

  
(a) (b) 

Figure 6: The particle yields for (a) limestone and (b) FA particles as retrieved from the different IMF 

device outlets. The highest uncertainty in the particle count, and hence particle yield based on ICA on 

replicate images is on the order of 10% for limestone and 21% for coal fly ash, respectively. 
3.2. Ordinary Portland Cement Powder  

The results for IMF-based separation of the OPC powder are summarized in Fig. 7. These results are 

quite similar to those obtained for limestone and coal fly ash as shown in Figs. 4, 5 and 6. Fig. 7(a) 

shows that OPC particles smaller than 5 µm accumulated preferentially in the highest-resistance 

outlets O1 and O7, and that particles larger than 10 µm accumulated primarily in the lower-resistance 

outlets O3, O4, and O5. Particles with sizes between these extremes accumulated preferentially in 

outlets O2 and O6. The particle size distributions in symmetrically equivalent outlets are once again 

similar, as shown in Fig. 7(a, b). As observed for limestone, the dispersion ratio of OPC particles 

accumulated in an outlet tends to increase with decreasing outlet resistance, as shown in Fig. 7(b).   

 



 

   
(a) (b) (c) 

Figure 7: (a) Median diameter (d50), (b) dispersion ratio and (c) average particle yield for OPC 

particles retrieved from the different outlets. Excellent repeatability is observed across all 3 repetitions 

(runs). The highest uncertainty in the d50 values, and hence the particle sizes , the DR value and the 

particle count (and hence the particle yeild) as determined from ICA on replicate images is on the 

order of 15%, 10% and 18.0% respectively. 

Particles observed in the higher-resistance outlets O1, O2, and in their symmetric equivalents O6 and 

O7, had dispersion ratios between 0.24 and 0.38, which represents a considerable narrowing compared 

to the inlet distribution. In contrast, the lower-resistance outlets O3, O4, and O5 had dispersion ratios 

between 0.40 and 0.60. Once again, the highest particle yields were achieved in outlets O2 and O6 

(Fig. 7c). Substantial changes in the IMF device design would be required to produce significantly 

narrower distributions in each outlet, primarily because of the established inability of the smallest 

particles to achieve inertial equilibrium positions in the device used. 

3.3 Discussion 

The results obtained on all the powder separations are in excellent agreement with those reported by 

Yamada and Seki and by Zhou et al. (Yamada et al., 2005; Zhou et al., 2013). For example, Yamada 

and Seki conducted experiments using a 40:3 mass ratio mixture of 1.0 µm and 2.1 µm polymer 

microspheres in a suspension with 0.002 % mass loading. In their study, small amounts of liquid were 

repeatedly removed from the microchannel through side branch channels to align and concentrate 

particles close to the channel walls as they continued to move downstream. They reported preferential 

accumulation of the 1.0 µm particles in higher-resistance (outer channels) outlets, as they rapidly 

migrated close to the channel walls and of 2.1 µm particles in lower-resistance (inner channels) outlets, 

as they took longer to migrate close to the channel walls (Yamada et al., 2005; Zhou et al., 2013). This 

behavior is similar to that observed in our study, wherein smaller particles migrated rapidly to the 

channel walls and collected in outer channels (higher resistance) whereas larger particles remained 

close to the channel centerline until collected in the inner channels (lower resistance). However, it 

should be noted that in the work of Yamada and Seki and Zhou et al., the collection of particles was 

employed in the non-inertial regime and, as such, particle collections were merely based on their 

migration with respect to the channel walls (or centerline) before they acquire their inertial equilibrium 

positions. Contrastingly, in our work, the IMF devices are designed with microchannel lengths tuned 

to allow particles to acquire their inertial equilibrium positions before collection.  
Zhou et al. used a combination of microchannels with different aspect ratios to study the inertial 

focusing behavior of 9.94 µm and 20 µm particles suspended in a liquid with 0.025 % mass loading. 

They reported that for a fluid flow rate of 100 µL/min, the 20 µm particles were found predominantly 

in lower-resistance outlets and 9.94 µm particles in higher-resistance outlets. These results were 

explained in terms of the influence of particle size on the magnitude of the inertial lift forces. It was 

suggested that smaller particles are subjected to smaller wall-induced lift, so they equilibrate closer to 

the channel walls than larger particles (Zhou et al., 2013). Even though this explanation ignores the 

effect of shear-gradient lift forces,  for a given channel aspect ratio, the magnitude of wall-induced lift 

forces is indeed expected to scale in proportion to particle size. Zhou et al. also suggested that larger 



 

particles experience a greater rotation-induced lift that causes them to migrate away from smaller 

particles and towards the channel centerline within the IMF device.   

4. Conclusions 

This work has explored the feasibility of IMF-based methods for size fractionation of mineral 

particulates having irregular shapes and size distributions spanning several orders of magnitude. When 

operated at high flow rates, IMF devices are able to separate the particles according to size into 

overlapping classes, each of which has a narrower size distribution than the parent (i.e., input) particle 

system. For some size classes, the spread of the size distribution was reduced by about 75 %. Optical 

image capture and analysis methods have been developed to measure the quality of the separations in 

terms of a dispersion ratio (DR) of the standard deviations of the output to the input size distributions. 

Particle shape, the width of the input size distribution, and the solids concentration in suspension all 

influence the separation quality at a given flow rate. Suspension properties and flow conditions that 

increase the frequency of interparticle collisions, or that produce multiple equilibrium positions for 

particles of equivalent size, will degrade the quality of separations by keeping the smaller particles 

unfocused. These aspects, especially those of particle shape effects, remain worthy of further research 

and attention.  
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Abstract 

Calcium carbide Slag is one kind of industrial wastes from CaC2 hydrolysis reaction. The calcium carbide slag not only 

occupies the land, but also pollutes the surrounding environment due to the long-time piles-up. Calcium carbide slag 

can be a substitute for the natural limestone to produce cement clinker and also with a high portion of CaO as an 

excellent calcium raw material, thus, it not only reduces the pollution that the calcium carbide slag brings to the 

environment, but also reduces the exploitation of non-renewable resource-limestone. The main mineral phases of 

calcium carbide slag is Ca(OH)2，there are many differences in decomposition temperatures between the calcium 

containing raw materials. When calcium carbide Slag is added, the forming process of cement clinker and the major 

reactions happened in that process changes. The empirical equation for the calculating forming heats of cement clinker 

made of limestone is no longer applied for those made of calcium carbide Slag.In this paper, the empirical equation for 

forming heat calculation of calcium carbide slag added cement clinker is promoted and testified by acid dissolution 

experiments. Results show that the change of raw materials has great influence on the forming heat of cement clinker. 

When the traditional raw materials are replaced with calcium carbide slag, the forming heat of cement clinker will 

reduce. Calculating the forming heat by our revised empirical equation can help reduce errors and bring great 

convenience for the calculation and evaluation of heat efficiency. This research provides theoretical underpinning for 

the study and calculation of forming heat of steel slag added cement clinker. 

 

Originality 

In cement kiln thermal studies, empirical equation in cement kiln thermal measurements is used to calculate the 

formation heat of cement clinker, which applies in the case where limestone and clay are the calcium siliceous raw 

materials. However, if the raw material is industrial residue, carbide slag for example, the method in JC/730-2007 

appendix B should be involved in the calculation, which is complex with large calculating quantity and less-accessible 

data. According to Hess's Law, hydration heat, dilution heat, reaction heat and formation heat can be calculated by the 

dissolution heat. The idea, to test forming heat of cement clinker by acid dissolution experiment, is inspired by Dahl, 

who tried to evaluate the amount of vitreous by dissolution heat. Our country has already established national standard 

for hydration heat test of cement by acid dissolution method. All these studies are based on the Hess's Law, including 

our attempt to test forming heat of cement clinker by this method. 
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1. Introduction 

System heat and CO2 emission of decomposition kiln mainly depend on the decomposition of CaCO3. 

Due to different properties of raw materials and fuel, variations of raw materials ratios and clinker 

compositions, the theoretic heat consumption of calcination fluctuates from 1630 kJ to 1800kJ per 

kilogram clinker. If part of active calcium waste, such as carbide slag and high calcium fly ash, is used 

to replace natural raw materials, it can reduce the consumption of coal and natural limestone, on the 

other hand, it can also reduce the CO2 emission of calcium carbonate decomposition, and then the 

burning heat consumption of clinker and its environmental load value can be reduced. The main 

component of carbide slag as a waste of chemical plant is Ca(OH)2. During the formation process of 

cement clinker, the decomposition heat of calcium hydroxide is different from that of calcium 

carbonate which is the main component of limestone, therefore the formation process and formation 

heat of clinker is different. In the thermal power research of cement kiln, an empirical formula in 

thermal measurement of cement kiln has been used to calculate clinker formation heat all the time 

(Building Materials Science Research Institute, 2010). However, the empirical formula is based on 

taking limestone as calcium raw ingredients, while for carbide slag and other industrial waste 

ingredients, a method as described in Appendix B (Chinese Building Industry Press, 2007) of JC/730-

2007 should be adopted for calculation. This method is quite tedious with the vast amount of work, 

and some of the data is not easy to achieve. Since the chemical composition and mineral composition 

of carbide slag is quite different from limestone raw materials, the empirical formula for formation 

heat calculation of limestone and clay ingredients is not suitable for that of carbide slag. In this paper, 

the formation process of clinker composed of carbide slag will be investigated by analyzing the 

composition and structure of carbide slag. Meantime, the theory of chemical thermodynamics is 

adopted to deduce a simple formula for formation heat calculation of the clinker composed of carbide 

slag, and the acid dissolution experiment is used to determinate and verify formation heat of carbide 

slag ingredients. 

2. Composition and structure of carbide slag 

2.1. Chemical composition of carbide slag 
Raw materials used for tests in this paper, such as limestone and bauxite were taken from JYSP 
cement plant, sandstone was taken from JYZJ cement plant, nickel slag was taken from JYQY cement 
factory, four kinds of carbide slags were taken from SPHH chemical plant. The chemical analysis 
results of raw materials were shown in Table 1.  
 

Tab. 1 Chemical compositions of raw material  /% 

   Loss SiO2 Al2O3 Fe2O3 CaO MgO R2O SO3 ∑ 

Limestone 41.67 5.03 1.1 0.21 50.55 1.13 0.2 0.08 99.97 

Sandstone 1.6 85.77 5.47 1.94 3.0 0.65 0.51 0.18 99.12 

Bauxite 13.65 45.07 25.21 4.8 5.33 0.91 2.74 1.7 99.41 

Nickel slag 0 32.45 4.98 42.3 7.38 1.91 0.78 5.31 95.11 

Carbide slag1# 29.74 4.89 1.76 0.61 61.39 - 0.1 0.21 98.70 

Carbide slag 2# 27.97 4.02 1.08 0.79 64.86 - 0.19 0.26 99.17 

Carbide slag 3# 25.01 5.00 2.92 0.30 66.12 - 0.1 0.30 99.75 

Carbide slag 4# 25.38 4.07 2.19 0.38 66.45 0.32 - - 98.79- 

 

As seen in Table 1, the main chemical composition of carbide slag and limestone were basically the 

same, which mainly oxides were CaO, SiO2, Al2O3 and Fe2O3. Meantime, a few harmful components, 

such as K2O, Na2O, SO3 and Cl-, were also contained in carbide slag. According to the chemical 

composition, the content of CaO in carbide slag with a range of 60%-67% was much higher than that 

in limestone; therefore, it can be used as top quality calcareous materials. Loss on ignition of carbide 

slag was quite low, which was about 0.6-0.75 of loss on ignition of limestone, so the theoretic 

consumption of raw material with carbide slag was less. The contents of trace components in carbide 



 

slag, such as K2O, Na2O, MgO etc. alkali contents, were low; especially, the content of MgO was 

close to zero. This is because that during the production process of carbide slag, and in high 

temperature of 2000 degrees and reductive atmosphere conditions, MgO in carbide slag was reduced 

to simple substance and escaped with K2O, Na2O after gasification. However, as the low alkali content 

of carbide slag and its raw material was not favorable to reduce the minimum eutectic temperature, the 

quantity of liquid phase may be less, and the liquid viscosity was increased leading to poor burn-

ability, which was not helpful for sintering of clinker and formation of C3S. 

2.2. Mineral composition 

 

      
           Figure 1 The X-ray diffraction of carbide slag          Figure 2 The differential thermal analysis of carbide slag 

 

1# carbide slag was analyzed by X-ray diffraction and differential thermal analysis with the test results 

shown in Figure 1 and Figure 2. The XRD results show that when 2θ are 18.020°, 28.719°, 34.120°, 

47.220°, 50.821°, 54.381°, 62.599°, 64.579°, 71.923°, the diffraction peaks of Ca(OH) 2 are clearly 

observed and the corresponding d values are 4.9185, 3.1059, 2.6256, 1.9232, 1.7951, 1.6857, 1.4827, 

1.4419, 1.3117, respectively. The main mineral phase of carbide slag is Ca(OH) 2. Meantime, when 2θ 

are 22.924°, 29.420°, 35.939°, 39.343°, 43.100°, 47.220°, 48.502°, the diffraction peaks of CaCO3 are 

clearly observed and the corresponding d values are 3.8763 Å, 3.0335 Å, 2.4968 Å, 2.2882 Å, 2.0971 

Å, 1.9232 Å, 1.8754 Å. Hence, the main mineral phase of carbide slag is CaCO3 besides Ca(OH)2. 

This may be because the carbide slag is long-term stored, the mineral phase composition Ca(OH)2 

reacts with CO2 in the air as well as SiO2. 

The differential thermal and thermogravimetric results show that in the heating process of carbide slag, 

it is mainly Ca(OH)2 decomposition with decomposition temperature of 400-600℃. Compared with 

the thermal decomposition characteristics of calcareous material of limestone, decomposition 

temperature of Ca(OH)2 in carbide slag is much lower than that of CaCO3 in limestone. Moreover, 

according to relevant thermodynamic data, endothermal decomposition of Ca(OH)2 is 1160 kJ kg-1, 

while the endothermal decomposition of CaCO3 is 1660 kJ kg-1. Therefore, from the decomposition 

temperature and endothermal decomposition of main mineral phase, when carbide slag is used to 

replace limestone, it is helpful to reduce heat consumption in the decomposition stage of raw material 

theoretically. 

The decomposition reaction formula of calcium carbonate which is the main mineral composition of 

limestone is shown as follows: 

       3 2( )CaCO CaO CO g 
                                                                             (1) 

The standard enthalpy of the reaction is: 

,298 2 3( ) ( ) ( )r f f fH H CaO H CO H CaCO       
                                               (2) 

                                     =-634294 – 393505 + 1206666 = 178867 J/mol 

The decomposition reaction formula of calcium hydroxide which is the main mineral in carbide slag is:  
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      2 2( ) ( )Ca OH CaO H O g 
                                                                          (3) 

The standard enthalpy of the reaction is: 

,298 2 2( ) ( ) ( ( ) )r f f fH H CaO H H O H Ca OH       
                                             (4) 

                                 =-634294 - 241814 + 986211=110103 J/mol 

 

In the clinker formation process, if the calcareous material provides the same calcium oxide for solid 

phase reaction, decomposition heat required by calcium carbonate is much greater than that of calcium 

hydroxide. From this perspective, when carbide slag is used to replace limestone and produce the 

cement, the decreased decomposition temperature of calcareous materials will be favorable for the 

reduction of formation heat of the clinker theoretically, so the total heat consumption can be reduced. 

After the limestone is replaced by carbide slag, the forming reaction process of clinker has been 

changed, so the traditional experience formula can't be directly used in formation heat calculation of 

clinker which is added by carbide slag ingredients. 

3. An empirical formula derivation of formation heat for calcining cement clinker with carbide 

slag 

Clinker formation heat refers to the heat required by dry material when it at reference temperature(0 or 

20℃)is made of 1Kg clinker at the same temperature under certain production and no material or heat 

loss conditions. It only relates to the variety and property of original fuel and chemical composition of 

clinker, while has no relations with intermediate reaction process of clinker formation. According to 

the method described by Stetson, raw components in all clinkers are converted into free oxides by 

counting thermal effects of minerals in clinkers, and these oxides are given their required heat, and 

then formation heat of cement clinkers are calculated simply. Based on this theory, through accounting 

the initial state and final state of the material, the enthalpy required by the change between two states 

is formation heat, so an empirical formula of formation heat of steel slag cement clinker, and the basic 

thermodynamic data required to calculate can be found out in handbook of thermodynamic data of 

inorganic chemistry (D.L. Ye. et al., 2002). 

In order to study the simple calculation method of clinker formation heat, many scholars has done 

much analysis work about the thermal effect of various raw materials and obtained the new 

thermochemical results, and also obtained new understanding on mineralogy structure of raw materials 

and cement clinker. H Zur Strassen(H Zur Strassen, 1957) finally has deduced a complex and lengthy 

calculation method through counting thermal effects of minerals in clinkers, converting raw 

components in clinkers into free oxides, giving these oxides the required heat, simplified calculating 

the formation heat of cement clinker, and finally getting the calculation formula of formation heat 

directly with chemical analysis data of raw materials and clinkers: 

4.11 6.48 7.646 5.116 0.59sh T C CQ a m c s f         
                                   (5) 

Where, Ta
 is the percentage content of Al2O3 in 100g clinker (%), Cm

is the percentage content of 

MgO in 100g clinker (%), s is the percentage content of SiO2 in 100g clinker(%), f is the percentage 

content of Fe2O3 in 100g clinker(%), Cc
is the percentage content of CaO coming from CaCO3 

decomposition in 100g clinker (%). 

It means that Ta
is completely from clay mineral, and this calculation method usually exists errors of 2 

kcal/Kg. As seen from the experience formula, this formula is derived on the basis of limestone and 

clay system and is clearly not suitable for an industrial slag system. Well then, how much impacts will 

this simple calculation formula of formation heat on the new dry cement clinker? 

The results of chemical analysis, mineral composition analysis, thermal decomposition characteristics 

analysis of carbide slag and experimental tests show that there are a lot of difference in formation heat 

of clinkers with carbide slay and limestone, respectively. The traditional empirical formula cannot be 

used to calculate the formation heat of clinkers with carbide slag ingredients. This paper has derived a 

simple calculation formula of formation heat of cement clinker using carbide slag ingredients as 



 

calcium raw material with chemical thermodynamics theory, which provides a convenient way to 

calculate formation heat of cement clinker with carbide slag ingredients. 

The basic thermodynamic data required for calculation can check the inorganic chemistry handbook of 

thermodynamic data. The absorbed heat of 1g (100%) CaO generated is: 

Q= ,298 2 2( ) ( ) ( ( ) )r f f fH H CaO H H O H Ca OH       
/MCaO                                                               (6) 

=110103/56.08=1963.3202 J/g=468.9 kcal/kg 

So the absorbed heat of 1% CaO production is: Q1=4.689kcal/kg 

If the content of calcium oxide decomposed by calcium hydroxide is Hc
, then 

        2( ) 4.689Ca OH HQ c 
 kcal/kg                                                                      (7) 

Carbide slag is used to replace limestone to make clinker, and its calcium oxide is from the 

decomposition of the calcium hydroxide and calcium carbonate as well as other raw materials besides 

calcium hydroxide and calcium carbonate, which we list as follows:  

   H C Rc c c c  
                                                                                       (8) 

Where, c is the content of CaO in clinker (wt%), cH is the content of CaO from the decomposition of 

Ca(OH)2(wt%), cC is the content of CaO from the decomposition of CaCO3(wt%), cR is the content of 

CaO from the decomposition of other raw materials besides Ca(OH)2 and CaCO3 (wt%). 

According to literature, thermal effect formulas of calcium carbonate decomposition and mineral 

formation of cement clinker are: 

        3CaCOQ 
7.532 Cc

                                                                               (9) 

 3 2 3 4, , , 0.114 5.116 0.286 0.589C S C S C A C AFQ c s a f       
                                      (10) 

Where, c is the percentage content of CaO in 100g clinker (wt%), s is the percentage content of SiO2 

in 100g clinker (wt%), a is the percentage content of Al2O3 in 100g clinker (wt%), f is the percentage 

content of Fe2O3 in 100g clinker (wt%). 

Therefore, all thermal effects of CaO are combined together, and formula (8)、(9)、(10) are added up 

to get the thermal effects of CaO: 

                          2 3 3 2 3 4( ) , , , ( )CaO Ca OH CaCO C S C S C A C AF CaOQ Q Q Q  
 

                        = 
4.689 7.532 0.114H Cc c c    

                                                                      (11) 

Then formula (8) is taken into formula (11) to get: 

 
4.803 7.646 0.114CaO H C RQ c c c     

                                                               (12) 

Generally speaking, Rc
in the formula has a little effect on the value of clinker formation enthalpy and 

can be neglected; error is less than 100 cards, thus we get the final formula for the thermal effect of 

calcium oxide: 

        CaOQ 
4.803 Hc

+7.646 Cc
                                                                           (13) 

As the derivation process of the thermal effect of other oxides is basically unchanged, the thermal 

effect of several other oxides remains unchanged, and a simple calculation formula of formation heat 

is obtained for cement clinker which is made from carbide slag: 

4.11 6.48 4.803 7.646 5.116 0.59sh T C H CQ a m c c s f           
                            (14) 

Where, aT is the percentage content of Al2O3 in 100g clinker (wt%), mC is the percentage content of 

MgO in 100g clinker (wt%), s is the percentage content of SiO2 in 100g clinker (wt%), f is the 

percentage content of Fe2O3 in 100g clinker (wt%), cH is the content of CaO from the decomposition 

of Ca(OH)2(wt%), cC is the content of CaO from the decomposition of CaCO3(wt%). 

 

 



 

4. Formation heat determination of the clinker composed of carbide slag 
In the material dissolution process, the energy difference which results from the interactions of solute 

and solvent particles and interactions of original solute particles is called heat of solution. It is an 

important thermochemical data. According to Gass's law, the heat of solution can be used to calculate 

the hydration heat, heat of dilution, reaction heat and heat of formation. The background of formation 

heat determined by acid dissolution method is derived from the content of vitreous body estimated by 

heat of solution method which was adopted by Dahl (L.Dahl et al., 1956). Afterwards, national 

standard of cement hydration heat determinate by acid dissolution method. The basis of these studies 

is proposed based on this assumption, so this method is also taken to determinate formation heat of 

cement clinker. 

This paper has designed the saturation ratio of cement clinker SM=2.6, silicic acid rate KH=0.90, 

alumina ratio IM=1.6, and the carbide slag, sandstone, nickel slag and aluminum vanadium soil 

ingredients are chosen as raw material to mix with proportioning ratio shown in Table 2. The clinker 

was calcined in the laboratory and the formation heat was determined by acid dissolution method. The 

test results are compared with calculation results of chemical thermodynamics, traditional empirical 

formula (5), derived formula (14) and shown in Table 3. 

 
Tab. 2  Ratio of different raw materials (%) 

Carbide slag Sandstone Bauxite 
Nickel 

slag 
Fly ash Steel slag Coal ash 

81.44 10.51 6.01 2.04 -- -- 2.204 

 
Tab. 3 Comparison of clinker formation heat of different methods 

method 

calculated value 

by traditional 

formula method 

determined value 

by acid 

dissolution 

method 

calculated value by 

chemical 

thermodynamics 

derived formula in 

this paper 

clinker formation 

enthalpy（kcal/kg） 
420.3 282.8 282.5 254.6 

 

The calculated results show that if the empirical formula is used to calculate the formation heat of 

clinker, it will produce an error of 137.8kcal/kg, and therefore the experience formula derived in this 

paper should be used to calculate clinker formation heat of carbide slag ingredients to ensure the 

accuracy of the heat efficiency. The formation heat of cement clinker composed of carbide slag is 

about 254.6kcal/kg. Theoretically, the cement clinker produced by carbide slag ingredients can greatly 

reduce formation heat of cement clinker. The main reason is that decomposition temperature and heat 

of Ca(OH)2 which is the main component of carbide slag ingredients is lower than that of CaCO3 

which is the main component of limestone, thereby the formation heat of the clinker of carbide slag 

ingredients is low. Compared with traditional empirical formula, the calculating formula derived in 

this paper has small test error, convenient and fast calculation for the clinker formation heat of carbide 

slag ingredients. 

5. Conclusions 
After the carbide slag is replace of limestone, decomposition temperature and decomposition heat of 

Ca(OH)2 which is the main component of carbide slag is lower than the main component CaCO3 of 

limestone. The decomposition temperature of Ca(OH)2 is about 500℃, which is lower than the 900℃ 

of CaCO3. Decomposition heat of Ca(OH)2 is 1963.3202kJ/kg•CaO, while the decomposition heat of 

CaCO3 is as high as 3178 kJ/kg•CaO. 

After the carbide slag is replace of limestone, the formation process of the clinkers is almost the same, 

but the mineral phase formation temperature of the clinker is slightly lower than the traditional clinker. 



 

When using the same rate value, the formation heat of cement clinker with carbide slag ingredients is 

about 254.6kcal/kg, while that for limestone ingredients is 420.3kcal/kg. Hence, the cement clinker 

produced by carbide slag ingredients can greatly reduce its formation heat. 

The experience formula derived in this paper to calculate the formation heat of the clinker with carbide 

slag ingredients has characteristics of small error, and acid dissolution method used to determine the 

formation heat of cement clinker has characteristics of accuracy and reliability. 
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Abstract 
In conventional Portland cementitious material, the hydration products of Alite play an important role 

in providing early strength, however the system with imperfect early strength will crack in service due 

to shrinkage, which is the main reason that impair the durability of concrete and limit the combination 

of supplementary cementitious materials (SCMs). Ye’elimite(C4A3$) has a fast hydration rate and 

shows extraordinary early strength along with low sintering temperature, proper expansion in the 

hydration process and other merits . If introduced into Portland cement clinker to form Alite - 

Ye’elimte system, C4A3$ will significantly improve the performance of traditional Portland cement only 

if take full advantages of both minerals which don’t coexist during sintering due to different stable 

temperatures.  

We observed the mineral changes during the heating and cooling process with different ingredients of 

alumina and sulphur, in order to study the mineral composition and compatibility of Alite and 

Ye’elimte. The main test and analysis methods included XRD analysis, TG/DSC, petrographic analysis 

to observe the phase changes and using chemical method to measure the content of free calcium oxide 

and sulfur. We attained phase diagram under different raw materials and temperature. The results 

showed that appropriate amount of sulfur in the raw materials can easily improve the burnability 

evaluated by the content of tricalcium silicate and free calcium oxide. About 2.5wt% C4A3$ and 60% 

alite could be found in the clinker by cooling the sample which contents 4.7% alumina and 3% sulfur to 

1250℃. While other ingredients cannot obtain coexist system of Alite and Ye’elimte during once 

sintering with cooling process. 

 

Originality 

In this work, the samples with different ingredients were sintered by increasing rate of 10℃/min, and 

took out at 1150℃,1250℃,1350℃,1450℃,1550℃ respectively ,continuously, during cooling process 

at the same rate the samples were took out at 1350℃, 1250℃,1150℃ and 1050℃. Each sample was 

cooled by fanner to room temperature and was analyzed by XRD, TG/DSC, petrographic analysis etc. 

to observe the phase changes. The former research indicated that Alite and Ye’elimte could not be 

compatible during only once sintering. However, by controlling the cooling process and different 

ingredients of raw material, we obtained the coexistence system of 2.5wt% C4A3$ and 60% Alite. 
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1. Introduction 

As we all known , cement and concrete materials play irreplaceable role in modern society 

both in the infrastracture usage and economic contribution as the largest amount manmade 

material in this world. The production of cementitious material in China has been far ahead 

for many years, especially in 2014, nearing 2 tons per capita. The producing process 

combined with high expense of money, energy, resource and large amount of CO2 emission 

which agonizes every researchers in our field. So to meet the sustainable development needs, 

we were driving to come up with methods to make the cements industry more green. Three 

main methods are perfecting the clinker design and sintering process, mixing as much 

supplementary cementitious materials (SCMs) as possible and improving the durability of 

concrete. The first one has been mature having little space to promote due to the using of new 

dry process line as well as preheating making the clinker chemistry dug over. As for the 

SCMs mixing, the processing cost could be reduced due to the usage of industrial waste, 

however the hydration products will suffer low early strength. It is the principal way to 

achieve low carbon by improving the concrete durability to enhance the service life. While 

the impairing durability of concrete bears the brunt of shrinkage.   

Ye’elimite has lot of merits especially the following three. First low Calcium content leads to 

Low carbon dioxide emission and low sintering temperature during clinkering and saving 

grinding energy as wel. Second high early strength could improve the cementitiousness of the 

compound system with more SCMs, making full use of wastes will do much good for the 

environment. Lastly, the hydration product of yeelimite have moderate expansion and this 

would compensate the shrinkage of the concrete and improve the durability. The combination 

of Ye’elimite contents 3 types. Blending the mineral with ordinary Portland cement (OPC) is 

applied in quick mending and floor materials facing the challenge on the properties control 

such as setting time, long-time stableness and durability. Sintering Belite-Ye’elimite cement 

at low temperature(compared to OPC) costs lower grinding energy with less CO2 emission, 

however it consumes large amount high quality bauxite which limits large scale 

production.Synthesis the alite-yeelimite cement could take both of the minerals’ goodness, 

their hydration products could combine at micro even nano scale leading to high early 

strength, structure stableness and moderate expansion improving the durability which has 

promise to replace the OPC ameliorating the construction industry in a greener way.  

According to the researches before, due to the different forming temperature region, Alite and 

Ye’elimite could not coexist during once sintering cause decomposition of Alite below 

1350℃ and dissolving of Ye’elimite above 1300℃. Shen. et have explored a sintering 

program to make this two phases coexist by super-cooling the sample below 900℃and 

reheating it at 1300℃ to reform Ye’elimite by the reaction of calcium aluminate and gypsum. 

In this research, we study on the composition changes during heating and cooling progress 

with different aluminate and sulphate content, aiming to make Alite-Ye’elimite coexistence 

clinker during only once sintering process. 

 

2.1. Raw Materials 

We use the limestone, first-class fly ash, slag and sandstone from China Resources Cement 

Holdings Limited(CRC) as raw materials, and their compositions are as Tab. 1 shows. We 



 

take AR Calcium sulphate dihydrate as the source of sulphate in the raw materials.  

Tab.1 Chemical compositions of raw material /% 

Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOSS 

Limestone 0.34 0.5 0.26 54.66 0.13 0.04 43.31 

FA 54.15 31.49 3.38 1.98 1.27 0.23 1.96 

Slag 30.75 31.24 15.32 2.35 0.65   17.02 

Sandstone 86.65 5.61 2.07 0.91 0.26 0.01 2.85 

 

2.2. Experimental Process 

Sample preparation 

The raw materials were ground in a laboratory ball mill to obtain a fineness of 6-8% over an 

80 μm sieve. Three different ingredients raw meals were made by mixing the raw materials in 

the laboratory ball mill with controlling the aluminum amount vary from large, medium to 

small. We added 0.6% K2O (using AG KHCO3 as the source of K2O, calculated by external 

mixing in the raw meal), 2%MgO (using AG MgO, calculated by internal mixing in the 

clinker) to lower the sintering temperature of Alite. Then mixed each of  them with 0, 1%, 

3%, 5%, 7% SO3 (using AG Calcium sulphate dihydrate, CaSO4•2H2O, calculated by internal 

mixing in the raw meal) respectively. Use S-S0, M-S0, L-S0, S-S1, M-S1, L-S1... to report 

the samples. Then each sample were added 6wt% water and pressed under the pressure of 20 

MPa into a disk with Ф 40 mm×10mm. The dried disks with different ingredients were 

sintered by increasing rate of 10℃ /min from room temperature, and took out at 

1150℃,1250℃,1350℃,1450℃,1550℃ respectively, during cooling process at the same rate 

the samples were took out at 1350℃, 1250℃,1150℃ and 1050℃. Each sample was cooled 

by fanner to room temperature and analyzed by XRD, TG/DSC, petrographic analysis etc. to 

observe the phase changes. We ground about 3g clinker of each samples to pass through 80μ

m sieve in order to do some chemistry experiment and LXRPD. 

 

Laboratory X-ray powder diffraction(LXRPD) 

We used LXRPD for phase identification and quantification. The patterns was recorded on a 

Rigaku SmartLab 3000A diffractometer, using CuKα radiation (λ=0.15406 nm) and a D/teX 

Ultra detector. The X-ray tube was operated at 40 kV and 15 mA. An overall measurement 

time of only ~12 min per pattern was needed for Rietveld analysis over the angular scale of 

10° to 70° (2θ) with a 0.01° step size. 

Rietveld Analysis of LXRPD 

The programs of GSAS suite were used for Rietvel quantitative phase analyses along with the 

EXPGUI graphic interface. The final global optimized parameters were as follows: 

background coefficients, cell parameters, phase fraction and peak shape parameters including 

GU, GV, GW.The refinements were performed based on the following structures: C3S(ICSD 

81100 ), C2S(ICSD 79553), C3A (ICSD 1841), C4AF(ICSD 2841), f-CaO (ICSD 52783) 

C4A3$ (ICSD 80361), C$ (ICSD 1956), and f-MgO(ICSD 031051).  

 

Thermo gravimetric (TG) and Differential scanning Calorimetry (DSC) 

The data were recorded on a METTER TOLEDO 1600LF instrument with a combined TG 

and DSC system to investigate the physical and chemical changes of the raw meals during 

heating and cooling process. The raw meals were heated from 30℃ to 1450℃ with a heating 



 

rate of 10°C/min then cooling to 100℃  at same rate under N2 atmosphere all the 

measurement time. 

Phase Morphology Analysis 

Optical microscopy (Olympus LEXT OLS 4000) was used to analyze the phase morphology. 

Ahead of it, the clinkers were embedded in epoxy resin for 1d to solidify, then the clinkers 

were polished by abrasive paper from 600, 900, 1500 to 3000# and etched for 15 s in a nital 

solution (1 ml conc. HNO3+99 ml 99.5 vol.% ethanol) to make the different mineral phases 

more contrastable. 

 

3. Results and Discussion 

3.1. Composition of Raw Meals 

Tab.2 shows the chemical compositions of raw meals of different aluminate contents .The 

data was attained by chemical methods, and it shows that the three basic raw meals indeed 

contain different amount of aluminate from small to large. 

 

Tab.2 Chemical compositions of raw meals/% 

Compositions SiO2 Al2O3 Fe2O3 CaO MgO LOSS 

S-S0 13.32 3.18 1.12 43.27 1.64 35.63 

M-S0 13.07 4.28 1.75 42.66 1.98 35.06 

L-S0 12.71 4.79 0.87 43.45 1.89 35.08 

 

3.2. LXRPD and Rietveld Analysis 

Every samples’ XRD data were recorded via LXRPD measurements, and they have similar 

mineral phase changing pattern with different contents except L-S3 due to the re-formation of 

Ye’elimite during cooling process. Figure1 shows the XRD pattern of L-S3 during curing 

process which could identifies the mineral phases changing. At 1150℃ C2S has been formed 

and along with the increasing of temperature it reacts with f-CaO to form C3S. During 

heating , Ye’elimite forms a lot at 1250℃ and the amount of it drops largely beyond 1350℃ 

while f-CaO decreases rapidly at 1450℃ corresponding to the considerable amount of C3S 

which means it could not coexist with Ye’elimte at once sintering. During cooling, the amount 

of C3S doesn’t change a lot and Ye’elimite come out again from 1250℃. 

 

 

Figure 1 The XRD pattern of L-S3 during heating and cooling process 

 

Tab.3 shows the mineral contents of L-S3 during curing time calculated by GSAS-EXPGUI 



 

software package and the Rwp (Rwp is the weighted residue between the Rietveld refinement 

plot and experimental XRD pattern ) is below 15% between refinement and measurement data 

for all samples. Figure 2 shows the refinement plots of L-S3-1550 and L-S3-1150. In the 

figure red points represents the experiment data, green line for refinement and purple curve 

for the differential residue between them .All peaks of the measurement and refinement date 

match to each other at the corresponding position, and the differential residue mainly comes 

from the intensity of some peaks of silicate phase may due to the preferential tropism coming 

from the larger particle sizes or pressure during the preparation of the XRD test.  

 

Tab.3 Mineral contents of the L-S3 during heating and cooling process/% 

Note:*- means the sample taken out during cooling process at corresponding temperature. 

 

(a) L-S3-1550℃ during heating                    (b) L-S3-1150℃ during cooling 

Figure 2 Rietveld refinements for the samples 

According to the data from Tab. 3, Figure 3 illustrates the mineral changing in a clearer way. 

At low temperature 1050℃  and 1150℃ , there are SiO2 , f-CaO, anhydrite and 

gehlenite(C5S2$) mainly original components of raw meals and low temperature productions 

in the sample. Above 1350℃, C3S begins to form and serves as the major part with C2S in the 

component palette. During cooling, C3S changes little before 1250℃ then decreases rapidly, 

while it’s noticeable that the content of C3S reduces at first then rises again to anther peak 

around 1270℃ the temperature of maximum Ye’elimite in the heating process. So we 

obtained the coexistence system with 2.5wt% C4A3$ and 61% Alite when cooling to 1250℃. 

 

3.3.Thermo gravimetric (TG) and Differential scanning Calorimetry (DSC) 

The curve of TG/DSC is shown in the Figure 4, which has six peaks in the DSC curve and 

two obvious decrease ranges in the TG curve illustrating the phase changing corresponding to 

 C3S C5S2$ C2S C3A SiO2 f-CaO MgO Yeelimite Anhydrite C4AF Rwp 

1150  20.28  10.40  5.58  5.70  46.50  1.48  3.48  6.59   13.28  

1250  2.19  48.08  0.00  15.92  23.00  2.12  8.69    12.34  

1350 3.87   62.68  9.36  0.99  16.89  2.19  3.74    12.98  

1450 52.61   26.55  9.68   7.01  1.34  1.84   0.97  11.09  

1550 71.73   16.68  5.81   2.24  0.75  0.00   2.78  14.43  

1450-* 72.21  6.98 8.52  1.15 0.43 2.20 1.62 0.81 13.99 

1350- 73.02  13.76 6.92  0.98 1.35 1.33 1.27 1.36 14.65 

1250- 61.07  20.14 11.04  1.84 1.75 2.46 0.43 1.27 14.85 

1150- 52.15   31.03  8.17   1.16  1.85  3.08  0.50  2.04  13.71  

1050- 60.91   21.62  10.53   1.22  1.98  2.59  0.44  0.70  14.00  



 

the XRD results. Around 750℃, there is 32.4592wt% reduction of the sample with large 

amount exothermic flow which is the characteristic of the decomposition of calcite. The 

second region may due to little evaporation of sulphate from the decomposition of C5S2$. At 

1237℃ there is a very small endothermic peak in the DSC curve which could be the symbol 

of the largest Ye’elimite content. After that, the curve shows dramatic heat absorption may 

due to the C2S formation till to 1335℃ followed by the dissolution of Ye’elimite and C2S 

making it turns its way to the other side to 1377℃, then invert owing to the C3S emerging. 

During cooling, as a result of the decomposition of C3S, DSC shows steep exothermic trend 

except in the region between 1360℃ to 1246℃ when the clinker has some C3S re-crystalline 

and Ye’elimite re-form which makes this two mineral coexist. And we draw the conclusion 

about these two phases because of the reference of LXRPD and Rietveld Analysis as well as 

the other part of TG/DSC curve. 

 

 

(a) Heating process of L-S3         (b) Cooling process of L-S3 

Figure 3 The phase content change of specimens during heating and cooling process. 

 

 

Figure 4 TG/DSC plot of L-S3 raw meal during heating and cooling process 

 

3.4. Phase Morphology Analysis 

Phase Morphology analysis pictures are shown in Figure 5 in which Belite is the oval-shaped 

particle with smooth rim and Alite is larger inerratic pattern with straight rims. The dosage of 



 

SO3 and aluminum has effect on both size and content of Alite and Belite. When the content 

of  SO3 and aluminum is little, the silicate phases are small homogeneous crystals with 

straight rims in large scale(see Figure 5 a, d). In the one hand with the increase of aluminum, 

the silicate phases grow with more of oval-shaped crystal(see Figure 5 b, e). In the other hand, 

with more dosage of SO3 the Alite grows dramatically and more Belite surrounds it, in the 

meanwhile, the more SO3 content the more inhomogeneous the Alite is because of the dosage 

of SO3 producing more liquid phase to assist the dissolution of the silicate forming larger Alite. 

It shows the moderate aluminum and SO3 makes the sintering easier to form Alite.  

 (a) S-S0×200    (b) M-S0×200            (c) S-S1×200 

 (d) S-S0×400    (e) M-S0×400            (f) S-S1×400 

Figure 5 Phase morphology of samples via optical microscopy  

4. Conclusions 

Moderate amount of sulfur in the raw materials can easily improve the burnability evaluated 

by the content of tricalcium silicate and free calcium oxide. With the help of MgO, the C3S 

could be still stable at rather low temperature when the Ye’elimite could form. As a result, the 

Alite could coexist with Ye’elimite during cooling at only once sintering which is proved by 

the results of the LXRPD Rietveld analysis and TG/DSC. About 2.5wt% Ye’elimite and 60% 

Alite could be found in the clinker by cooling the sample which contents 4.7% alumina and 

3% sulfur to 1250℃. While other ingredients cannot obtain coexist system of Alite and 

Ye’elimte during once sintering with cooling process. 
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Abstract 

The strip-like Mn-Ce/clay and Mn-Ce/TiO2 catalysts, which using MnOx and CeOx as active 

components, clay and TiO2 as supports respectively, were prepared by impregnation method. The 

as-prepared catalysts were systematically characterized by XRF, BET, XRD, NH3-TPD and in situ 

DRIFTS respectively. Meanwhile, their denitration performance was also studied. The experimental 

results presented that Mn-Ce/clay and Mn-Ce/TiO2 had little difference in denitration performance, 

which can be attributed to the amorphous status of their active components. When the loading amount 

of Mn-Ce was 30%, the as-prepared catalyst showed the highest activity at 150~200℃, and the 

denitration rate was over 90%. 

Keywords: Mn-Ce/clay; Mn-Ce/TiO2; impregnation method; denitration  

1. Introduction 

NOx is a major component of air pollution and able to result in acid rain and photochemical 

smog, which will directly causes damage to human body (Shelef M. 1995; Parvulescu V. et al. 

1998; Lietti L. 1998) .therefore, how to control efficiently NOx has been a significant 

problem in the world. At present, NH3-SCR technology is acknowledged as the most effective 

one to remove NOx domestic and overseas, which has been applied widely to coal-fired 

power. 

The core section of SCR denitration technology is to prepare high active catalyst. The 

V2O5/TiO2 catalyst is widespread investigated one, the denitration rate of which is capable of 

reaching rather high rate at the temperature of 300~450℃. However, the active temperature 

window of the catalyst is so high that brings about the short life of catalyst. Hence, 

development of high active catalysts at low temperature has currently turned into a key point 

to solve these problems. 

It is well-known that the clay mineral has improved performance of surface adsorption, 

wettability, and plasticity because of its small volume and large specific surface area. In 

addition, the clay also possesses other advantages such as wide raw material sources, good 

bonding performance, high temperature resistance, and low cost. Zhang Xiongfei et al. have 

prepared the honeycomb V2O5/TiO2 catalyst with clay as support, the denitration rate of which 

reached 90% in the range of 400~500℃. Here, strip-like Mn-Ce catalysts, which have been 

proved to possess excellent activity at low temperature (Kang M, Park E D, Kim J. M. et al. 
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2007), were prepared by impregnation method with clay and TiO2 as supports respectively. 

To the best of our knowledge, the utilization of clay in low temperature SCR catalyst has 

not been reported before as well as the compare of clay and TiO2.  

2. Experimental  

2.1. Catalyst preparation  

Mn-Ce/TiO2 and Mn-Ce/clay catalysts were prepared by impregnation method. First, the clay 

or TiO2 powder and molding promoter (CMC) were mixed together. Then a certain amount of 

deionized water was added into the mixture to make a plastic compound, which formed into 

strip-like shape through an extrusion molding process. After that, the strip-like support 

precursor was dried at 60℃for 12h and finally calcined at 800℃ for 6h.  

In a typical impregnation process, a certain amount of Ce(NO3)3·6H2O was first dissolved in 

deionized water followed by the addition of Mn(NO3)2(50wt%) solution. The mole ratio of 

Mn/Ce in the mixed solution was 85:15. Then the above strip-like support was immersed into 

the resulting solution for impregnation. When the solution was adsorbed by the support 

completely, the as-prepared catalyst was dried and calcined at 500℃ for 6h. The loading 

amount of active component was calculated according to the following formula: 

Load=Mass(Mn+Ce)/Mass(support). All chemicals were analytical grade and used without 

further purification. 

2.2. Catalytic activity evaluation  

Catalytic activity test was carried out at different temperature. A fixed bed evaluation 

platform was employed to test the activity of catalyst, the reaction of ammonia selective 

catalytic reduction of NO took place in a quartz tube reactor (8mm inner diameter, 10mm 

outside diameter, 1000mm long). 5ml catalyst sample was put into the reactor before test, the 

temperature of catalyst bed was controlled by tubular resistance furnace (SK2-2-10, Beijing 

enterprise). A simulated exhaust gas mixture(0.06% NO, 0.06% NH3, 6% O2 and N2 for 

balance) was fed to the catalyst sample through a set of rotameters, the gas hourly space 

velocity(GHSV) was set to 10000h-1 corresponding to the total flow rate of 833ml/min. 

In view of NO molecule could be adsorbed by catalyst in experimental condition, so NO gas 

was primarily fed into the reactor, while the concentration of NO in outlet and inlet equaled, 

the other simulated gases just began to be fed into the reactor. Under testing, NO 

concentration in outlet and inlet was detected by flue gas analyzer for 10 min at different 

temperature, then the average value of NO concentration was attained, finally the denitration 

rate of catalyst was calculated according to the following formula: φ=(C0-C1)/C0 [C0: NO 

concentration of inlet C1: NO concentration of outlet]. 

3. Performance characterization 

D8 advance X-ray diffractometer(German) was employed to analyze catalyst crystal phase. 

First, the catalyst sample was grinded before testing, Cu Kα served as light source, the scan 

scope of x-ray diffractometer was between 10°～80° interval, and x-ray wavelength was 

0.15406nm. 

S4-Ex-plorer (German Bruker company produce) x-ray fluorescence spectrometer (XRF) was 

introduced to determine chemical composition of the clay. 

Autosorb-iQ(America Contador instrument company produce) physical adsorption instrument 

was brought to determine specific surface area, pore volume, pore diameter of catalyst. N2 

served as adsorbate, and the sample was degassed for 3h under vacuum condition at 300℃. 

TPD test was performed in Chem BET Pulsar TPR/TPD (America Contador instrument 



company produce) chemical adsorption instrument, primarily the sample was retreated for 1h 

at 550℃ under He atmosphere, then cooled to room temperature, finally fed adsorbed gas 

(NH3) and maintained flow gas for 1h, after reaching to adsorption saturation, the sample’s 

temperature was raised to 100℃ and catalyst sample was purged with He for 1h, following to 

start temperature program and record TCD signal value. 

Type 6700 (American NICOLET company) Fourier transform infrared spectrometer equipped 

with diffusion reflection optics accessory was utilized to research the reaction behavior of gas 

molecule on the surface of catalyst. A proper amount of catalyst powder was placed in the 

pool of in situ diffusion reflection optics accessory. Prior to acquisition of DRIFTS spectra, 

the sample was firstly retreated, and the sample temperature was raised from room 

temperature to 200℃ and kept for 2h, meanwhile the sample was purged in N2, then the 

sample temperature was decreased to room temperature, afterwards, pyridine vapour was fed 

into sample to perform adsorption process for 1h, finally the sample was purged in N2 again, 

afterwards, the adsorption of pyridine on catalyst sample surface was determined at different 

temperature.  

4. Results and Discussion  

4.1. Analysis of clay component               

The results of clay XRF in table 1 

The XRF result of clay is listed in table 1, the clay is mainly consist of SiO2 and Al2O3 as well 

as slightly contains K2O and Fe2O3 etc. For prepared catalyst, K, Na, Ca, Mg are harmful 

components but slight on the scale. Therefore, the clay is propitious to be catalyst support. 

4.2. XRD analysis of Clay 

The XRD pattern of the clay is presented in Figure 1, comparing with SiO2 standard XRD 

pattern(JCPDS:78-2315), the clay XRD pattern is in agreement with SiO2 standard one. It is 

not found the diffraction peaks of Al, Ti, Mn Oxides etc. Perhaps, the crystallinity of SiO2 is 

too high, which covers up the tiny diffraction peaks of other oxides. 

 

Components 

content（%） 

SiO2 

61.88 

Al2O3 

24.87 

K2O 

5.17 

Fe2O3 

4.79 

Na2O 

1.05 

MgO 

0.75 

CaO 

0.64 

Components 

content（%） 

TiO2 

0.57 

P2O5 

0.11 

MnO 

0.05 

Rb2O 

0.04 

ZrO2 

0.37 

ZnO 

0.01 

Y2O3 

0.01 



Figure 1 XRD pattern of the clay 

4.3. XRD analysis of Mn-Ce/TiO2 and Mn-Ce/clay Catalysts  

The XRD patterns of Mn-Ce/clay and Mn-Ce/TiO2 catalyst are shown in figure 2, It reveals 

that there are just respectively SiO2 and TiO2 characteristic peaks. Although the loaded 

amount of active component on catalyst sample reaches to 30%, the characteristic peaks of 

Mn and Ce oxides of two type of catalysts are neither observed in the patterns. Many 

researches indicate that amorphous MnOx is more conducive to SCR reaction compared to 

regular crystal MnOx. 

   

Figure 2 XRD patterns of Mn-Ce/clay and Mn-Ce/TiO2 catalysts 

4.4. BET analysis of Mn-Ce/TiO2 and Mn-Ce/clay Catalysts 

The BET results of catalyst Mn-Ce/clay and Mn-Ce/TiO2 are listed in table 2, which show the 

catalyst based clay has large surface area and pore volume, small pore diameter. These 

superiorities all contribute to catalytic reaction. 

Table 2 BET results of Mn-Ce/clay and Mn-Ce/TiO2 catalysts 

Catalyst 

 

Surface 

area/m2·g-1 

Pore 

volume/cm3·g-1 

Pore 

diameter/nm 

Mn-Ce/TiO2 10.272 0.05537 21.5603 

Mn-Ce/clay 13.884 0.19979 1.12417 

 

4.5. NH3-TPD analysis of Mn-Ce/TiO2 and Mn-Ce/clay Catalysts 

The NH3-TPD curves of Mn-Ce/clay and Mn-Ce/TiO2 catalysts are shown in figure 3. From 

the graph, it can be observed that the two catalysts both have a weak NH3-desorption peak 

around 300℃, moreover Mn-Ce/clay’s peak is higher than Mn-Ce/TiO2’s. Besides, the two 

type of catalysts also have a NH3-desorption peak respectively between 600-700℃, the peak 

of Mn-Ce/clay is still more noticeable compared to Mn-Ce/TiO2’s, but the NH3-desorption 

peak of Mn-Ce/TiO2 is rather broad. In addition, Mn-Ce/TiO2 catalyst has a high 

NH3-desorption peak between 700-800℃. It can be seen that the NH3 adsorption around 

300℃ should belong to weak adsorption and one between 600-700℃ be strong adsorption. 

For the catalyst, moderate adsorption is favorable to catalytic reaction (edited by Huang 



Zhongtao et al. 2006), too strong or too weak adsorption is either adverse to continuous 

reaction. Too weak adsorption makes little reactant molecules be activated, but too strong 

adsorption does not favor for desorbing product molecules, which also hinders continuous 

reaction. Comprehensively analyze the two prepared catalysts, the stronger adsorption of 

Mn-Ce/clay catalyst than Mn-Ce/TiO2 catalyst is possibly ascribed to its large specific surface 

area and big capacity at 300-400℃. At high temperature of 600-700℃, Mn-Ce/TiO2 catalyst 

owns intense adsorption to NH3, which may correlate with physical and chemical nature of 

TiO2, this indicates the different type of supports can also impact on NH3 adsoption intensity.  

 
Figure 3 NH3-TPD curves of Mn-Ce/clay and Mn-Ce/TiO2 catalysts 

4.6. In situ DFIR analysis of Mn-Ce/TiO2 and Mn-Ce/clay Catalysts 
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 Figure 4 DRIF patterns of Mn-Ce/TiO2 catalysts  
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Figure 5 DRIF patterns of Mn-Ce/clay catalysts 

 

The DRIF curves of Mn-Ce/TiO2 and Mn-Ce/clay catalysts are presented respectively at 

different temperature in figure 4 and 5. From figure 4, it can be seen that the adsorption peak 

at band 1580 cm-1 is assigned to the infrared absorption of the heterocyclic C-H vibration of 

pyridine, and the IR band observed at 1540 cm-1 is attributed to the vibration of pyridine ion 

on Brönsted acid sites, the weak adsorption peak at 1450 cm-1 is formed by coordinated 

pyridine molecule absorbed on Lewis acid sites, it shows that the activity sites of Mn-Ce/TiO2 

catalyst is mostly Brönsted acid sites, the Lewis acid sites rarely contribute to the activity 

sites of Mn-Ce/TiO2 catalyst. Moreover, it is found that the IR adsorption peak on Lewis acid 

sites declines obviously with increasing temperature, but the IR adsorption peak on Brönsted 

acid sites does not fall down obviously, which indicates that the change of temperature has 

little influence to the adsorption on Brönsted acid sites.  

In figure 5, at approximate region of 1500cm-1, there are mainly two IR adsorption peaks, 

including 1580cm-1 and 1450cm-1. the peak at 1580cm-1 is likewise assigned to the infrared 

absorption of the heterocyclic C-H vibration of pyridine, the other peak at 1450cm-1 is caused 

by coordinated pyridine molecule absorbed on Lewis acid sites. However, there is hardly the 

adsorption peak at Brönsted acid sites, which demonstrates Mn-Ce/clay catalyst has few  

Brönsted acid sites. Meanwhile, it is clearly observed that the amount of pyridine molecule 

adsorption at Lewis acid sites reduces significantly compared to Mn-Ce/TiO2. From the 

adsorption change on Lewis acid sites of two type of catalysts, we can reach a conclusion that 

the pyridine adsorption on Lewis acid sites is declining with increasing temperature (from 

50℃ to 150℃).  

Moreover, according to NH3-TPD and in situ DRIF curves of two type of catalysts, we can 

work out a conclusion which Lewis acid sites is assigned to weak acid sites, because there is 

an obvious desorption peak on the NH3-TPD curve of Mn-Ce/clay catalyst around 350℃. 

However, this desorption peak is not apparent on NH3-TPD curve of Mn-Ce/TiO2 catalyst, 

and refer to the DRIF curves of two type of catalysts, Mn-Ce/TiO2 catalyst has few Lewis 



acid sites between 50-150℃ , but the activity sites of Mn-Ce/clay catalyst is mostly Lewis 

acid sites. Besides, In DRIF curves of two types of catalysts, it is found that only the IR 

adsorption peak of Lewis acid site reduces down obviously as temperature goes up, but 

Bronsted acid sites not declines apparently. So the desorption of NH3-TPD of Mn-Ce/Clay 

catalyst around 350℃ should be the NH3 desorption on Lewis acid sites. Thus, it is 

determined that Lewis acid sites are weak acid sites on two type of catalysts. 

4.7. Activity evaluation of Mn-Ce/TiO2 and Mn-Ce/clay Catalysts 
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Figure 6 Activity curves of Mn-Ce/clay and Mn-Ce/TiO2 catalysts 

 

The activity of two type of catalysts is tested on catalyst activity test platform, the denitration 

rate of two type of catalysts are presented in Figure 6, From activity curves, we can see that 

Mn-Ce/TiO2 catalyst has higher activity than Mn-Ce/clay between 100-200℃. However, 

Mn-Ce/clay has higher activity compared to Mn-Ce/TiO2 above 200℃. for the reason, we can 

make an analysis from the following ways; firstly, it is seen that the absorbance peak of 

Lewis acid sites on two kind of catalysts is very weak above 100℃ from DRIF curves of two 

type of catalysts. And the IR adsorption peak of Bronsted acid sites of Mn-Ce/TiO2 catalyst is 

pretty obvious, but Mn-Ce/clay catalyst hardly has Bronsted acid sites. Therefore, 

Mn-Ce/TiO2 catalyst has higher catalytic activity in the range of 100-200℃  

As for 200-300℃, why the activity of Mn-Ce/clay catalyst is higher than Mn-Ce/TiO2 

catalyst, we can make some analysis from NH3 adsorption condition on two type of catalysts. 

From NH3-TPD curves of two type of catalysts, Mn-Ce/clay catalyst has an intensive 

desorption peak at 600℃, but the desorption peak of Mn-Ce/TiO2 is weak and broad at 600℃. 

Besides, the desorption peak of Mn-Ce/TiO2 is very intensive at 750℃, it is known that the 

NH3 adsorption on catalyst at 600℃ is attributed to moderate intensity, which is beneficial to 

catalytic reaction, but the NH3 adsorption at 750℃ is assigned to strong adsorption, which is 

not in favor of catalytic reaction. Thus, Mn-Ce/clay catalyst with moderate adsorption is more 

conducive to catalytic reaction compared to Mn-Ce/TiO2 with strong adsorption above 200℃, 

so the activity of Mn-Ce/TiO2 catalyst is inferior to Mn-Ce/clay catalyst between 200~300℃. 



 

5. Conclusion 

Trough researching Mn-Ce/TiO2 and Mn-Ce/clay catalyst, what is obtained as follow; The 

active components of two type of catalysts are amorphous status, and the main components of 

clay are SiO2 and Al2O3. The catalyst which is prepared with clay as support occupies good 

properties including specific surface area and pore volume, bore diameter prior to TiO2-base 

catalyst. In addition, clay-base catalyst has moderate adsorption with reactant, these are all 

contribute to catalytic reaction. However, as far as active sites (including L and B acid sites) 

on catalyst surface is concerned, clay-base catalyst is inferior to TiO2-base catalyst, 

particularly the amount of Bronsted acid sites, which influences the activity of clay-base 

catalyst in low temperature. Comprehensively, the reasons that both catalysts show similar 

performance in denitration are led by many aspect factors including surface texture and 

crystallinity of catalyst and so on, and the feasibility using caly as support to prepare Mn 

serial catalyst is also achieved, which can lay the foundation for further researching and 

modifying Mn-Ce/clay catalyst. 
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Abstract 

The capture capacity and its mechanism of C-S-H gel to heavy metal ions (Cr , Pb , Zn , Cd , Cu) with 

different valence and existence form were analyzed by X-ray diffraction analysis, X-ray photoelectron 

spectroscopy, transmission electron microscopy analysis, scanning electron microscopy analysis, 

toxicity characteristics leaching procedure (TCLP) and other analysis method. Meanwhile, the curing 

stability of C-S-H gel to heavy metal at 210 days of age was also discussed. The research results showed 

that the immobilization mechanism and capture capacity of C-S-H gel to heavy metal ions with different 

valence and existence form were different. The toxicity characteristic leaching procedure (TCLP) was 

used to evaluate the level of immobilization of heavy metals in C-S-H gel. It was found that the degree of 

Cd, Zn and Cu ions immobilization was very high (exceeding 99%), while the degree of Cr(VI) 

immobilization was very weak (about 50%). At the same time, the degree of multi-heavy metal ions 

immobilization was a little lower than to a single heavy metal ion. A time-series study showed that the 

immobilization and stability of Cr(VI) and Pb was weak within 210 days of age. In addition, at the 

hydration liquid phase, the presence of Cr(VI) had a tremendous effect on the immobilization stability of 

lead at 28 days of age, while Cr(III) had less impact on it. There were some differences on the capture 

capacity of C-S-H gel with different calcium silicon ratio to heavy metal ions. The degree of 

immobilization of heavy metal ions was reduced under the freezing and thawing, salt chlorine erosion 

and complex environmental factors condition, and the immobilization of Cr(VI) was the most affected, 

followed by lead, zinc. 

 

Key words: C-S-H gel; immobilization; stabilization; heavy metal 

 

1. Introduction 

Calcium silicate hydrate (C-S-H) gels are considered to be particularly important hydration 

products of Portland cement, with a high specific surface energy and ion exchange capacity, which 

control cation mobility through physical structural incorporation, co-precipitation, outer-sphere 

surface complexation and inner-sphere surface complexation(P. Mandaliev et al., 2010). Studies 

have shown that, C-S-H gels can be formed amorphous silicate hydrate Cr/Ca by co-precipitation, 

or can reach Cd2+ capture by ion exchange methods (Marie-Pierre Pomiès et al., 2001); Ni2+ can 

directly enter the internal and then form complexes on inner surface of C-S- H gel structure (VesPa 

M et al., 2007); Nd2+ can form complexes on inner surface of C-S- H gel during 1 day, and Nd-Ca 
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bond and Nd-Si bond distance increases with the prolonged time (P. Mandaliev. et al., 2010); Pb2+ 

precipitation can be formed on the surface of cement particle and then prevent further cement 

hydration, which lead to difficult of effectively immobilization of Pb2+ (Ivey D B, et al., 1990; 

Herrera E, 1992); but some researchers consider that they can form stable compounds with the 

C-S-H gel, thus to change the density and nanostructures of C-S-H, and to reinforce 28d 

compressive strength of cement (Thevenin G, et al., 1999; N.Gineys, 2010). 

However they pay less attention to research the differences of C-S-H gels capture capacity and 

immobilization stability when heavy metals coexist and have interaction. Recently, preliminary 

discussion have been made on C-S-H gels capture capacity and stability when heavy metal ions 

coexist in hydration solution(Taylor H F W, 1990) by the research team. This article carried out the 

influence research of heavy metal cations (with different types and valence) on C-S-H gels, and 

immobilization stability difference research on C-S-H gels through solution synthetic C-S-H gel 

method.  

2 Materials and methods 

2.1 Raw materials 

Siliceous materials used for C-S-H gel solution synthesis are Na2SiO3·9H2O, calcareous 

materials are Ca(NO3)2·4H2O; heavy metal elements are introduced by chemical pure chemicals as 

Cr(NO3)3·9H2O, K2Cr2O7·12H2O, Pb(NO3)2, Cu(NO3 ） 2·3H2O, Zn(NO3)2·6H2O and 

Cd(NO3)2·4H2O; test water is de-ionised water, with conductivity of 0.01μs/cm or less, and shall be 

boiled for 30 minutes to remove dissolved CO2 before they is used.  

2.2  Preparation of sample 

2.2.1  Synthesis of pure C-S-H gels 

C-S-H gels have varieties of compositions and structures, therefore different Ca/Si ratio C-S-H 

gels have largely different component and morphology. Therefore, this article have carried out 

comparison test of two C-S-H gel samples with Ca/Si ratio 0.8 and 1.8, by the solution synthesis 

method. The specific processes are carried out: a certain amount Na2SiO3·9H2O are weighed and 

then dissolved in deionized water, and then mixed with a certain Ca(NO3)2·4H2O, according to a 

certain Ca/Si ratio and 10:1 water/solid ratio, and appropriate amount of NaOH solution to control 

pH as 13.0; then mixtures are achieved and cured for 7 days under 60℃; Pure C-S-H gel samples 

can be achieved after filtration rinsed with deionized water to remove the unreacted Na+, NO3
-, and 

dry in a vacuum oven.  

2.2.2 Synthesis of C-S-H gels doped with different heavy metals 

5 types of chemical pure (CP) heavy metal reagent are weighed separately and then dissolved 
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in deionized water; and this solution are dropped into sodium silicate-calcium nitrate mixed 

solution, controlled with water-solid ratio as 10:1 and pH 13.0 by adding an appropriate amount of 

NaOH solution; then mixtures are agitated sufficiently and cured for 7 days under 60℃; C-S-H gel 

samples doped with different heavy metals can be achieved by the above method. In this process, 

content of heavy metal ions are 2% and 4% of the total mass of sodium and calcium nitrate 

mixtures in the samples.  

2.3 Methods 

XRD analyses were performed on samples. A Bruker D/MAX-ⅢA is used. The X-ray patterns 

were acquired in the 2θ (10–100°) interval with a scanning step of 2°/min. The microstructure was 

observed on polished sections with a Hitachi S4800 field emission scanning electron 

microscopy(FESEM) operating in electron mode (15 KV and 75 mA); nanoscale microstructure 

was observed with EMJ 2100 transmission electron microscopy (TEM). Structural change was 

analyzed with ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS) operating in 

monochromatic Al Kα and Mg/Al dual anode source, best energy resolution ≤0.45eV, sensitivity 

(Ag 3d 5/2 energy resolution ≤0.50eV) ≥400000cps, vacuum degree of chamber 2.9×10-7Pa 

and measured shot rate of about 4nm/min. To test heavy metal leaching contents, C-S-H gels with 

different ages were leached to obtain solution. Finally, the solution samples were tested with 

PLASMA SPEC-1 Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES).  

3  Results and discussion 

3.1  immobilization capacity of C-S-H gels on heavy metal ions 

Table 1 and 2 show the immobilization ability comparison of C-S-H gel with different Ca/Si 

ratios to single heavy metal ions.  

 

Table 1. Comparison between C-S-H gel immobilization abilities on different heavy metal 

ions 

C-S-H 

Ca/Si 

ratio 

dosage of 

heavy 

metal, % 

Cr3+ Cr6+ Pb2+ Cu2+ Zn2+ Cd2+ 

leac

hing 

cont

ent, 

ppm 

capture 

rate 

(%) 

leac

hing 

cont

ent, 

ppm 

capture 

rate 

(%) 

leach

ing 

conte

nt, 

ppm 

capture 

rate (%) 

leac

hing 

cont

ent, 

ppm 

capture 

rate 

(%) 

leachi

ng 

conte

nt, 

ppm 

capture 

rate (%) 

leac

hing 

cont

ent, 

ppm 

capture 

rate 

(%) 

C/S=0.8 
2% 0.7 99.5 300 62.5 66.0 89.4 0 100 2.0 99.1 0 100 

4% 0 100 --- --- 62.0 90.2 1.5 99.7 14.0 97.2 0.1 99.99 

C/S=1.8 

2% 0 100 373 50.6 52.3 91.6 0 100 10.0 99.2 0 100 

4% 0.1 99.9 --- ---- 41.7 93.3 0 100 2.8 97.7 0 100 

Note: in the sample preparation process, heavy metal ions concentration of C-S-H filtration washing solution was 

minimal, negligible. 
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Table 2-1. Immobilization comparison between C-S-H gel with different Ca/Si ratio and Cr3+ on different 

heavy metal ions 

C/S 

Conte

nts of 

ion 

Cr3+ Pb2+ Cu2+ Zn2+ Cd2+ 

leaching 

content, 

ppm 

immobiliz

ation 

ratio, 

% 

leaching 

content, 

ppm 

immobili

zation 

ratio, % 

leaching 

content, 

ppm 

immobiliz

ation 

ratio, % 

leaching 

content, 

ppm 

immobi

lization 

ratio, % 

leaching 

content, 

ppm 

immobili

zation 

ratio, % 

0.8 
2% 3.4 96 0.1 99.9 0 100 0.09 99.8 0 100 

4% 3.0 96.5 0.2 99.5 0 100 0.3 99 0.2 99.9 

1.8 
2% 1.4 98.7 0.6 99.6 0 100 0.1 99.8 0 100 

4% 0.2 99.8 1.5 98.6 0 100 3.2 96.3 0 100 

Note: in the sample preparation process, heavy metal ions concentration of C-S-H filtration washing solution was 

minimal, negligible. 

 

Table 2-2. Immobilization comparison between C-S-H gel with different Ca/Si ratio and Cr6+ on different 

heavy metal ions 

C/S 

Conte

nts of 

ion 

Cr6+ Pb2+ Cu2+ Zn2+ Cd2+ 

leaching 

content, 

ppm 

immobiliz

ation 

ratio, % 

leaching 

content, 

ppm 

immobiliz

ation 

ratio, % 

leaching 

content, 

ppm 

immobili

zation 

ratio, % 

leaching 

content, 

ppm 

immobili

zation 

ratio, % 

leaching 

content, 

ppm 

immobili

zation 

ratio, % 

0.8 
2% 62 76 1.8 97.3 2.6 97.4 2.2 97.7 0.04 100 

4% 170 57.5 1.1 98.0 2.2 97.7 1.0 97.6 0.04 100 

1.8 
2% 61 77 1.7 97.4 0.05 99.9 0.04 100 0.04 100 

4% 150 60.2 0.8 98.2 0 100 0.04 100 0.04 100 

Note: in the sample preparation process, heavy metal ions concentration of C-S-H filtration washing solution was 

minimal, negligible. 

 

Table 1 shows that, C-S-H gel has a strong ability to capture Cr3+, Cu2+, Zn2+, Cd2+ and other 

single heavy metal ions in hydration liquid phase, whether Ca/Si ratio high or low, average capture 

rate more than 97%; and when dosage of heavy metal ions increased from 2% to 4%, capture rates 

from C-S-H gels on heavy metal ions have no significant change. However, capture ability of 

C-S-H gels on Pb2+ are relatively weak, average rate about 90%; especially capture ability on Cr6+ 

are the weakest, average rate only about 50%-60%.  

Table 2 shows that, when there are a variety of heavy metal ions coexisting, capture ability of 

C-S-H gels with different Ca/Si ratio are differences on heavy metal ions; and these differences 

become more and more obvious along with the differences of heavy metal ion species and valence 

state. That means, when Cr3+ coexists with Pb2+, Cu2+, Zn2+, Cd2+ and other ions, whether heavy 

metal ions high or low in hydration liquid phase, capture ability of C-S-H gels on heavy metal ions 

are relatively high (≥96%), especially ability on Cu2+, Cd2+ and other ions almost 100%; and 

capture rate on Cr3+ from C-S-H gels with high Ca/Si ratio are higher than that with low Ca/Si ratio. 
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When Cr6+ coexists with other ions, capture ability from C-S-H gels on Cr ion is still low, and can 

significantly reduce when Cr6+ content increases (to 4%) in liquid phase; at the same time, its 

capture capacity on Cu2+, Zn2+ and other ions decreased slightly (from 99.9% down to 97.3%), and 

capture rate on heavy metal ions  from C-S-H gels（II）with high Ca/Si ratio are higher than that 

C-S-H（I） with low Ca/Si ratio.  

3.2  stabilization from C-S-H gels on heavy metal ions 

Fig.1 show the comparison of stabilization from C-S-H gels with different Ca/Si ratios and ages on 

single heavy metal ions(dosage as 4%).  

 

 

 

 

 

 

 

 

 

（a） low Ca/Si ratio C-S-H（C/S=0.8）              （b）high Ca/Si ratio C-S-H（C/S=1.8） 

Fig.1  stabilization of C-S-H gels on heavy metal ions 

Fig.1 shows that, regardless Ca/Si ratio, immobilization ratio of 28d hydration C-S-H gels on 

Cr3+, Cu2+, Zn2+, Cd2+ and other ions are basically stable. And immobilization ratio of C-S-H (I) gel 

on Cr3+, Cu2+, Cd2+ and other ions are close to 100%, that on Zn2+ increased from 97.2% earlier to 

98%, however that on Pb2+ decreased to 76%; immobilization ratio of C-S-H (II) on heavy metal 

ions are similar with the above condition. Immobilization ratio of C-S-H (II) on Pb2+ decreased 

from 93.3% to 85.4%. When hydration prolonged to 210d, immobilization ratio of C-S-H gels on 

heavy metal ions are no obvious change. At the same time, capture capacity of C-S-H (II) gels on 

heavy metal ions are stronger than that of C-S-H (I) gels; and regardless Ca/Si ratio, 

immobilization ratio of C-S-H gels on Zn2+ is slightly lower than that on Cu2+ and Cd2+. 

It is concluded that immobilization sequence of C-S-H gels on heavy metals follows as: 

Cu2+≈Cd2+≈Cr3+＞Zn2 +＞Pb2+＞＞Cr6+, from Fig.1.  

Fig.2 shows that stabilization comparison of C-S-H gels with different Ca/Si ratios and ages 

on multiple heavy metal ions. 
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（a）multiple heavy metal ions with Cr
3+                           （b）multiple heavy metal ions with Cr

6+ 

Fig.2   stabilization comparison of C-S-H （I）gels on multiple heavy metal ions 

 

 

 

 

 

 

 

 

 

 

（a）multiple heavy metal ions with Cr
3+                   （b）multiple heavy metal ions with Cr

6+ 

Fig.3   stabilization comparison of C-S-H （II）gels on multiple heavy metal ions 

From the above Fig.3, after 28d hydration, immobilization rate of C-S-H gel on heavy metal 

ions is basically stable, and when multiple heavy metal ions coexisting in hydration liquid phase, 

immobilization of C-S-H with different Ca/Si ratios on heavy metal ions has a large difference. 

When Cr3+ coexists with Pb2+, Cu2+ and other ions, well immobilization are achieved of C-S-H（I） 

and C-S-H（II）  gels on Cu2+, Cd2+, Zn2+ and other ions, and with the prolonged ages, 

immobilization rates are no significant changes. But Cr3+ and Pb2+ immobilization are special 

cases, unlike the former. With hydration ages prolonged to 28d, immobilization rate of C-S-H（I） 

on Cr3+ decreased to 93%, and that on Pb2+ decreased to 65%; but immobilization rate of C-S-H

（II） on Cr3+ is up to 98.8%, but that on Pb2+ has no significant changes, still around 88%, as seen 

from Fig.2a and Fig.3a.  

When Cr6+ coexists with Pb2+, Cu2+ and other heavy metal ions in hydration liquid phases, 
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immobilization rate of C-S-H on heavy metal is similar with the above. With prolonged hydration 

age, regardless of Ca/Si ratio, immobilization rates of C-S-H gels on Cu2+, Cd2+ and other ions are 

quite high, but that on Cr6+ are significantly lower, from 57.5% earlier to 30%~40% on 28d. It must 

be keep in mind that, capture ability of C-S-H gel on Pb2+ in the later ages is greatly reduced, on 

28d, the capacity reduced from 95% earlier to 8%. Thus, when the presence of Cr6+ in hydration 

liquid phase, C-S-H gels have a great impact on the post-capture stability on Pb2+ ions, as in Fig.2b 

and Fig.3b.  

From the above test results, immobilization sequence of C-S-H gels on heavy metals follows 

as: Cu2+≈Cd2+＞Zn2 +＞Cr3+＞Pb2+, when Cr3+ coexist with Pb2+, Cu2+ and other heavy metal ions; 

immobilization sequence of C-S-H gels on heavy metals follows as: Cu2+≈Cd2+＞Zn2 +＞Cr6+＞

Pb2+, when Cr6+ coexist with Pb2+, Cu2+ and other heavy metal ions.  

4  Analysis and discussion  

4.1 XRD analysis 

4.1.1 Influence of different heavy metals on C-S-H gels 
 

C-S-H gels are poor of crystallinity and almost of amorphous state, with diffuse diffraction 

peaks at 0.182nm and 0.28 ~ 0.32nm in the XRD diffraction pattern (Nanru YANG et al., 1998). 

Fig.4 and Fig.5 show that the XRD diffraction analysis and comparison between different C-S-H 

gel structure with with different Ca/Si ratios, before and after the doping of different heavy metals.  

 

 

 

 

 

 

 

 

（a)  5~60°                                         （b)  27.5~31.5° 

Fig.4  XRD of C-S-H gel （c/s=0.8）doped different heavy metal irons  
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（a)  5~60°                                         （b)  27.5~31.5° 

      Fig. 5  XRD of C-S-H gel （C/S=1.8）doped different heavy metal irons 

 

It is can be seen from the above figures, that when Cr3+, Pb2+, Cu2+, Zn2+, Cd2+ and other 

heavy metals exists individually in hydration liquid phase, influences from C-S-H gels with 

different Ca/Si ratios are in differences. For C-S-H gels with low Ca/Si ratio (C/S=0.8), when there 

is existing heavy metal ions in hydration liquid phase, main diffraction peak (d=0.3028nm) of 

C-S-H gels increased, degree of crystallinity become worse, especially for Zn2+, Cr3+ and Cu2+. 

Taking Cu2+ as an example, diffraction characteristic peak position (2θ=29.5˚) of C-S-H gel 

occurred some shift δ (see Fig.1b). This may be caused by: for C-S-H gels with low Ca/Si ratio 

(C/S=0.8), small amount of Zn2+, Cr3+ and other heavy metal cations may squeeze the interlayer 

interval of C-S-H gel silicate structure, to decrease crystallinity of C-S-H and increase dispersion of 

diffraction peaks; but Cu2+ ion contents squeezing the interlayer interval are relatively larger, to 

shift diffraction characteristic peak position of C-S-H and make no displacement reaction occurred.  

For C-S-H gels with high Ca/Si ratio (C/S=1.8), when Cr3+, Cu2+, Zn2+ and other heavy metals 

exists individually in hydration liquid phase, obvious Ca(OH)2 diffraction peak (d=0.2627nm，

2θ=34˚) appeared in the C-S-H gel diffraction pattern (see Fig.2). This may be caused by: [SiO4]
4– 

tetrahedral structure of high Ca/Si ratio C-S-H gels is divided into short-chain by Ca; Zn2+, Cu2+, 

Cd2+ and other ions are easier to break C-S-H chain layer structure and replace Ca ions to form 

relatively stable compounds, such as Zn2+ replaces Ca in C-S-H gels and forms crystalline hydrate 

Ca[Zn(OH)3H2O]3
 (G. Kakali et al., 1998; Andreas Stumm et al.,2005); and Ca2+ dissolution from 

liquid hydration phase promotes formation of supersaturation Ca(OH)2 and crystal nucleation and 

growth, and with the increasing of Ca2+ substitution ions, crystal quantity and crystallinity of 

Ca(OH)2 increased. 

4.1.2 Influence of different ionic valence condition on C-S-H gels 

Fig.6 shows that influence analysis and comparison of heavy metal ions with different valence states 

(Cr3+, Cr6+) on C-S-H gels, by the XRD diffraction method.  
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 (1) C-S-H gel with l ow Ca/Si（Ca/Si =0.8） 

 

 

 

 

 

 

 

(2) C-S-H gel with high Ca/Si（Ca/Si =1.8） 

Fig. 6  XRD of C-S-H gels （Ca/Si =1.8）solidified heavy metal ions with different valence states 

  
Seen from the above figure, influence from heavy metal ions with different valence states (Cr3+, 

Cr6+) are different on C-S-H gels. When Cr3+ exists in the liquid phase hydration, for main XRD 

diffraction peak (d=0.3028nm) of low Ca/Si ratio C-S-H gels, peak width increased, and 

crystallinity decreased; for high Ca/Si ratio C-S-H gels, related diffraction patterns showed obvious 

Ca(OH)2 diffraction peak (as described above), while main diffraction peaks of C-S-H gels also 

occurred a certain deviation δ.  

Opposite to the former, when Cr6+ exists in the liquid phase hydration, diffraction patterns of 

C-S-H gels show no obvious change and no obvious Ca(OH)2 characteristic peaks, regardless of 

low Ca/Si ratio or high Ca/Si ratio.  

Thus, Cr3+ ions have an impact on the structure of C-S-H gel, but Cr6+ ions have little impact. 

4.2  Electron binding energy impact from heavy metal ions on Si, Ca atom of C-S-H gels 

It can be seen from the above analysis, heavy metal ions with different species and different 

valence states have different influences on C-S-H gels with Ca/Si ratios, especially for that with 

high Ca/Si ratio. Fig.7 shows that analysis and comparison of electron binding energy on Si, Ca 

atom of C-S-H gels with high Ca/Si ratio, before and after doping different heavy metal ions.  
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（1） Si  2P                                           （2） Ca  2P 

                 Fig. 7  XPS of C-S-H gel （C/S =1.8）doped heavy metals before and after 
      

 

It can be seen from the above figure that, Si 2P and Ca 2P electron binding energy substantially 

all changed, when C-S-H gel doped heavy metal ions. And for different types of heavy metal ions, 

there are certain differences which can affect electron binding energy. Si 2P binding energy of pure 

C-S-H gel is 101.0eV. And when C-S-H gels doped with Cr3+ or Pb2+, related Si2P binding energy 

increased into 101.6eV, peak width was widened, Si-O binding mode in chain layer may occur 

some changes; when C-S-H gels doped with Zn2+, related Si2P binding energy increased slightly, not 

significantly; when C-S-H gels doped with Cu2+, related Si2P binding energy increased slightly and 

peak intensity significantly weakened. 

Ca sources of pure C-S-H gels from CaO in intermediate layer and interlayer for balancing 

charges, and binding energy of peak Ca2P are individually 346.7eV and 350.2eV. When C-S-H gels 

doped with Cr3+ or Pb2+, binding energy of peak Ca2P significantly changed, are individually 

increased to 347.9 eV and 351.4 eV; when doped with Zn2+, binding energy of peak Ca2P increased, 

not significantly as the former; when doped with Cu2+, binding energy of peak Ca2P instead 

decreased to 346.4eV and 349.9eV, and peak intensity are also significantly reduced. Thus, due to 

differences existing between C-S-H gel immobilizations with different heavy metal ions, their 

impact on chain layer structure of silicon-oxygen tetrahedron are different, especially impact from 

Cr3+ or Pb2+ on chain layer structure similar, and electron binding energy of Si2P, Ca2P greatly 

enhanced; but the impact of Cu2+ is the opposite.  

In addition, different valences of heavy metal ions have different impact on chain layer 

structure of C-S-H gel silica tetrahedral with high Ca/Si ratio, as shown in Fig.8. From the figure, 

different with that of Cr3+, when C-S-H gels doped with Cr6+, electron binding energy of Si2P and 

Ca2P are basically no changes, there is a big difference with the former. 
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Si 2P                                               Ca 2P 

Fig.8  XPS  of  C-S-H  gel （C/S =1.8）doped Cr3+ and Cr6+   

As can be seen from the above analysis, there are differences between binding modes of heavy 

metal ions in C-S-H gels, which bring out Si2P and Ca2P electron binding energy fluctuations in 

silicon-oxygen tetrahedron. Atom binding modes in silicon-oxygen tetrahedron from Cr3+ or Pb2+are 

similar, Si2P and Ca2P electron binding energy are enhanced; for Zn2+, its electron binding energy 

are enhanced minor; but Si2P and Ca2P electron binding energy from Cu2+ are the opposite with the 

former, and its peak intensity are significantly weakened.  

4.3  TEM analysis of C-S-H gels before and after doping 

      Fig.9 shows that nanoscale morphology of C-S-H (II) gel doped Pb2+, Cd2+, Cu2+ and others 

observed under TEM (200 thousand times).  

 

 

 

 

 

 

（a） pure C-S-H（II）gel                  （b） pure C-S-H（II）gel +4% Pb2+  

 

 

 

 

    （C） C-S-H（II） doped 4% Cu2+         （d） C-S-H（II） doped 4% Cd 2+ 

Fig.9  The appearance of C-S-H gel (C/S=1.8) doped heavy metal ions before and after
 

 
 

As seen from Fig. 9, for pure C-S-H (II) gels, fiber particles are packed tightly, particle 

distribution are in uniform, laminated together; but after doping heavy metal ions, structures of 
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C-S-H gels occurs to varying. When doping a certain Pb2+, fiber particles of C-S-H（II） are arranged 

nonuniformly and appeared isometrical point-like aggregates; When doping a certain Cu2+, fiber 

particle aggregate distribution become more uneven; but when doping Cd2+, fiber particle aggregate 

distribution of C-S-H（II） gels are less uniform, not significant as that of Cu2+. It is concluded that 

doping Pb2+、Cd2+、Cu2+ and other heavy metal ions makes the silicon-oxygen tetrahedron chain 

arrangement of high Ca/Si ratios C-S-H（II） gels become more irregular; and different heavy metal 

ions have different influences on C-S-H（II） gels, especially Pb2+ influence at least.  

As seen from the above analysis, C-S-H gels have different capture stability and stabilization 

on heavy metal ions, and there are some distinct differences in capture capacity of heavy metal for 

Ca/Si ratios. The possible reasons for the conclusion are: the structure of low Ca/Si ratio C-S-H(I) 

gels (C/S=0.6～1.5) are mainly resemble-1.4nm Tobermorite, [SiO4]
4–tetrahedral as Q2 form, each 

silica tetrahedron layer is connected as two layers straight chain structure, multiply layer structures 

by each layer connected to the other layer with Ca phase, bridging oxygen tetrahedra linear spacing 

between each straight chain of silicon-oxygen tetrahedral is smaller, only 0.56nm, as shown in 

Fig.5b (Taylor H F W, 1990). 

 

 

 

 

 

 

(1) B - bridging oxygen tetrahedra;  (2) º - Ca atom;  (3) P - pair tetrahedra ;  (4) H – OH ion 

图 10  1.4nm Tobermorite structure(Taylor H F W, 1990)  

Ca binding energy in low Ca/Si ratios C-S-H（I） structures are higher, reducing coordination 

of calcium in compounds(Andreas Stumm et al.,2005). Ionic radius and electronegativity are 

different of Cr3+, Pb2+, Cu2+, Zn2+, Cd2+and others. Ionic radius and electronegativity of Cr3+ and 

Zn2+ are relatively smaller, metal activity are higher; ionic radius and electronegativity of Pb2+ are 

relatively larger, metal activity are the lowest. Due to straight chain bridging oxygen tetrahedral 

spacing closer in C-S-H gel silicon-oxygen tetrahedron, when Pb2+, Cu2+, Zn2+ and other heavy 

metal ions existing in hydrate liquid phases, Cr3+, Zn2+ and others, which are smaller in 

electronegativity and ionic radius, may squeeze into interlayer gap of C-S-H(I) gels, increasing 

straight chain bridging oxygen tetrahedral spaces between silicon-oxygen tetrahedron and 
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decreasing crystallinity of C-S-H gels; however most heavy metal ions are physical adsorbed on the 

surface of C-S-H gel by diffuse scattering electric double layers, therefore no new phases formed. 

Meanwhile, a few Cd2+ and Cu2+ may squeeze the structure gaps of C-S-H(I) gels, and form stable 

crystalline silicate compounds(Marie-Pierre Pomiès et al., 2001) with Cd2+ and Cu2+, bring out 

some offset of major peak position of C-S-H(I) gels. When multiple heavy metal ions coexisting in 

hydrate liquid phases with Cr3+, Pb2+, Zn2+ and others, Cd2+ may preferentially form stable silicate 

crystalline and gel-like compounds (Marie-Pierre Pomiès et al., 2001) with Cd2+, but forming 

quantity are limited to structural space of chain layers; meanwhile most heavy metal ions may be 

physical adsorbed on the surface of C-S-H gel by diffuse scattering electric double layers. For Pb2+, 

related ionic radius are larger, about 0.13 nm, and related metal activity are relatively lower; when 

multiple heavy metal ions coexisted, it has less opportunity and quantity to enter the interior of 

C-S-H structure. Therefore, low Ca/Si ration C-S-H（I） may solidify Pb2+ relying on gravity to 

maintain charge balance of the diffuse scattering electric double layer physical adsorption; and with 

the prolonged hydration, quantity of foreign ions in electric double layer increases to a certain 

extent, decreasing Pb2+ adsorption from C-S-H and instability. 

In structures of high Ca/Si ratios C-S-H (II) gels(C/S=1.5～2.0), combination of OH radical and 

Ca-O plane are in differences with the former, as resemble –Jennite or group nesostructure silicate 

structure(Taylor H F W, 1990). With the increasing of Ca/Si ratios, silica oxygen tetrahedron 

polymerization of C-S-H gels are gradually reduced, the number of bridging oxygen is gradually 

reduced, chain of silica oxygen tetrahedron is gradually shorten(Taylor H F W, 1990). Meanwhile, 

silica oxygen tetrahedron of C-S-H（II） gels are mainly as Dimer Q1 structure (about 50%), and its 

related spacing between straight chains are larger than that of C-S-H（I）(see Fig.11), therefore 

foreign metal cations are easier to squeeze into chain structure spaces and have more opportunity 

than the former to form new compounds by ion-exchange reaction with Ca. Ionic radiuses 

differences of Cu2+, Zn2+, Pb4+ and Cd2+, especially Cd2+ and Ca2+, which is possible for 

replacement reaction; but ionic radiuses differences of Cr6+ and Ca2+ are larger, which is 

nonpossible for replacement reaction. In addition, residual anions in silica oxygen tetrahedral of 

high Ca/Si ratios C-S-H (II) gels are higher than that of former(Andreas Stumm et al.,2005), which 

is in favor of foreign cation adsorption. 
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(1) B - bridging oxygen tetrahedra (2)º - Ca atom;  (3) P - pair tetrahedra ; (4) H – OH ion 

图 11 Jennite structure(Taylor H F W, 1990)  

As seen from this study, immobilization capacity and stability of C-S-H（II） gels on heavy 

metal ions are higher than that of C-S-H（I） on the whole; and due to the strengthening of 

replacement reaction with Ca ions, C-S-H（II） gels, doping with heavy metal ions( Cr6+ 

exception), have shown obvious Ca(OH)2 diffraction peaks, which may be increased with the 

increasing content of heavy ions in the hydration liquid phase. Meanwhile, due to different ionic 

radiuses and electronegativities from heavy metal ions, heavy metal may have different combing 

modes in C-S-H gels, which bring out variation of Si 2P and Ca 2P electron binding energy in 

silicon-oxygen tetrahedron. Combing modes of Cr3+ or Pb2+ in silicon-oxygen tetrahedron are 

similar, related Si 2P and Ca 2P electron binding energy are enhanced, but for Zn2+ followed; 

influences from Cu2+ on Si 2P and Ca 2P electron binding energy are the opposite to the former, of 

which related peak intensity significantly decreased (Fig.7). When multiple heavy metal ions 

coexist in hydration liquid phase, Cd2+, Cu2+ and other ions are easier to interrupt Ca-Si bonds, and 

combined stability in C-S-H（II） structure; Pb2+ ions has higher ion radius (0.13nm) and 

electronegativity, and bridging oxygen tetrahedron space between straight chains of high Ca/Si 

ratio C-S-H are higher, which may make less Pb2+ enter C-S-H structure and form stable 

compounds reacted bonded with Ca and Si (Nanru YANG et al., 1998), therefore Pb2+ 

immobilization/stabilization in latent hydration are increased than that of C-S-H（I）. Meanwhile, 

heavy metal ions of high Ca/Si ratios C-S-H chain layer structures are coupled and inclusion, which 

make layer structure of C-S-H gels become more uneven, anion structure of [SiO4 ]4–tetrahedral are 

interrupted, bonding and quantity of Ca and Si are increased, therefore immobilization/stabilization 

from C-S-H gels latent hydration are increased on heavy metal ions.  

It is worth noting that, C-S-H gels have the worst immobilization on Cr6+, especially when 

Cr6+ coexisted with other multiple heavy metal ions in hydration liquid phases, immobilization on 

Pb2+ and Zn2+ in C-S-H gels latent hydration are greatly reduced, especially for capturing rate of 

Pb2+ ion reduced to a minimum (8%). The reasons of this phenomenon need to be further explored. 

5 Conclusion 
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(1) C-S-H gels have strong immobilization capacity on single heavy metal ions(Cr3+, Cu2+, Zn2+, 

Cd2+ etc.), regardless of Ca/Si ratio high or low, but have the weakest capacity on Cr6+; at the latent 

hydration (~210d), immobilization capacity on heavy metal ions from C-S-H can be enhanced, but 

immobilization on Pb2+ can be reduced to a certain degree.  

(2) When Cr3+ coexisted with multiple heavy metal ions in hydration liquid phases, C-S-H gels 

have good immobilization on heavy metal ions, but at the latent hydration, C-S-H gels have weaker 

immobilization on Pb2+. Immobilization/stabilization sequence of heavy metal ions follows as the 

order: Cu2+≈Cd2+＞Zn2 +＞Cr3+＞Pb2+;  

(3) When Cr6+ coexisted with multiple heavy metal ions in hydration liquid phases, immobilization 

from C-S-H gels on Pb2+ is greatly affected; at the latent hydration, immobilization rate of Pb2+ 

drastically minimized (mechanism remains to be further studied), immobilization / stability 

sequence of heavy metal ions follows as the order: Cu2+≈Cd2+＞Zn2 +＞Cr6+＞Pb2+. 

(4) immobilization / stability of C-S-H gels on multiple heavy metal ions are significantly different 

with that of single heavy metal.  

(5) Compared with C-S-H (I) gels, C-S-H (II) gels have much stronger immobilization/stability on 

heavy metal ions.  

(6) immobilization/stability from C-S-H gels ions on Cr with different ionic valence condition are 

quite different; when Cr6+ existing in hydration liquid phase, it has huge impact on 

immobilization/stability of C-S-H gels on Pb2+ ions.  
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Abstract 

While minor impurities in the form of (Al, Fe, Mg) are understood to have substantial influences on the structure and 

reactivity of the siliceous cementing phases, specific details at the atomistic level remain unclear. Starting from pure 

tricalcium silicate (TI-Ca3SiO5), first-principles calculations are for the first time employed to investigate the structural, 

mechanical and electronic descriptors of this OPC relevant phase. The modeling elements are validated against 

experimental values of structural and mechanical properties, and thermochemical data for pure/impure TI-Ca3SiO5. A 

complete tabulation of the elastic constants for TI-Ca3SiO5 and its impure variants is reported. In general, substantial 

sensitivity to the type, nature and concentration of impurity substitution is noted, revealing spin polarization to be 

dominant factor. All impurities are noted to destabilize the crystalline lattice, an observation which reflects across 

depressions of the thermochemical, mechanical and electronic properties. While preferences for atomic site substitution 

are elucidated, the evidence suggests that isovalent impurities are insensitive to the substitution site while aliovalent 

impurities prefer to substitute in proximity to each other. New analysis of charge localization and charge transfer 

suggests that in the absence of structural defects, TI- Ca3SiO5 with Mg and/or Al impurities is likely to show an intrinsic 

reactivity similar to pure TI- Ca3SiO5. However, the insertion of spin-polarized Fe-atoms results in greatly depressed 

reactivity. These conclusions drawn from DFT level studies are in broad agreement with experimental observations. 

Starting from a crystallographically consistent template of TI-Ca3SiO5, this research provides guidance regarding how 

manipulations of impurity distributions and thus crystalline lattices can be applied to enhance the reactivity of, or to 

reduce the energetic processing burden of OPC.  

 

Originality 

This study, for the first time treats from a first principles level, the influences of atomic impurities on triclinic Ca3SiO5 

(TI-Ca3SiO5): a critical template phase of relevance to ordinary portland cement (OPC). The outcomes of the work help 

us to better understand the influences of impurity species on the structure and crystallography, mechanical properties 

and electronic descriptors of pure and impure TI-Ca3SiO5. New information of this nature helps correlate atomistic 

features to cement phase reactivity: a critical activity to design the next generation of highly reactive cementing 

formulations. In light of environmental pressures bracketing the construction industry, studies of this nature are critical 

to improve the performance of OPC as a construction material and bring new efficiencies and better sustainability to its 

use. 
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1. Introduction 

The manufacture of ordinary portland cement (OPC) accounts for around 6-9% of global CO2 

emissions.1 To reduce the CO2 of cement production and consumption,2 special attention has been 

devoted to optimize concrete mixture proportion.3 One promising re-engineering strategy to improve 

cement reactivity is the controlled introduction of chemical impurities into the cementing phases. A 

fundamental understanding how impurities influence the crystalline structure and the reactivity of the 

dominant siliceous cementing phases remains unclear.4,5,6,7,8,9 It is significant because increasing phase 

reactivity is a means to achieve material sustainability by using smaller quantities of highly reactive 

OPC to produce concretes with properties comparable to those produced today.  

Amongst four major phases of OPC, alite is a dominant constituent of cement clinkers and it shows 

high hydraulic reactivity and ability for rapid strength gain. There are seven polymorphs of Ca3SiO5 

including triclinic (T), monoclinic (M) and rhombohedral (R) structure.3 Dunstetter et al. concluded 

that all polymorphs can be described as a result of the “displacive polymorphism” displayed by these 

structures. However, it is difficult to experimentally ascertain the effects of impurity species on the 

reactivity of alite, since it is already impure at room temperature. On the other hand, phase pure 

Ca3SiO5 which crystallizes in a triclinic lattice (i.e., TI-Ca3SiO5) is stable at room temperature and is 

amenable to impurity substitution.5 For this reason, the crystallographically consistent template of TI-

Ca3SiO5 is chosen as an initial starting point to better understand the influences of impurities on 

cement phase structure and reactivity.   

Recently, Manzano et al. 10  studied the influence of ionic substitutions on the structure, elastic 

properties, and electronic structures of alite (MIII-Ca3SiO5) and belite (β-Ca2SiO4) using force field 

and DFT methods. Their classical simulations indicated that impurities such as (Al, Fe, Mg) do not 

show preferred substitution sites. However, their DFT results showed that the chemical nature of the 

impurities has very different impacts on the electronic structure, in turn, influences reactivity. Given 

the lack of similar information for TI-Ca3SiO5, a critical template phase, this study for the first time 

applies DFT calculations to rigorously understand the influences of Mg2+, Al3+ and Fe3+ impurities–on 

both its structural and electronic features. The results provide guidance on deconvoluting the role of 

impurities, and bonding features in these phases: key information that is needed to synthesize highly 

reactive cements by careful manipulations of impurity species while limiting the number of trial-and-

error cycles, and impure compositions considered in experiments. 

2. Computational Methodology 

The crystalline structure of TI-Ca3SiO5 (TI-C3S) established by Golovastikov et al. was used as the 

initial starting point for our calculations.11 TI-Ca3SiO5 belongs to the P1 space group and its unit cell 

contains 162 atoms with 83 irreducible atoms. As shown in Figure 1, the structure consists of an array 

of 18 [SiO4]
4- tetrahedra and 18 interstitial O sites. The tetrahedra include 72 O atoms wherein the 18 

Si atoms constitute shared vertices for each of the three irregular Ca polyhedra. Among the 18 

interstitial O sites, 17 O atoms serve as common vertices for six Ca octahedra and the exceptional O 

atom only connects with five Ca polyhedra.11 Starting from an optimized TI-Ca3SiO5 structure where 

lattice parameters and atomic positions were allowed to relax, (Al, Fe, Mg) ions were systematically 

inserted into the TI-Ca3SiO5 lattice. In order to ensure charge balance, we introduced 1:1 substitutions 

of Mg for Ca, while Al and Fe insertions were made by simultaneously replacing 1 Ca and 1 Si atom 

with 2 Al or 2 Fe atoms in the positions of the former species.3 In general, (Al, Fe, Mg) atoms replace 

Ca atoms at four highly symmetric points (0, 0, 0), (0.5, 0.5, 0.5), (0, 0.5, 0) and (0.5, 0, 0.5) (Figure 1). 

To investigate the influences of the site preference of impurities, an additional Mg, Al or Fe impurity 

was inserted at the nearest, second-nearest or third-nearest site to the initial high-symmetry 

substitution site. As such, the “third-nearest” site corresponds to a position nearest to the high-

symmetry point (0.5, 0.5, 0.5).  

All density functional theory (DFT) calculations were performed using the Quantum Espresso 

distribution.12 A plane-wave basis and Vanderbilt ultrasoft pseudopotentials were used.13 The Perdew-

Wang (PW91) generalized gradient approximation (GGA) was adopted to treat exchange-correlation 

effects in the form of the PW91 functional.14 Cutoffs of 816 eV and 8163 eV were imposed on the 

kinetic energy and charge density, respectively. Integration of the first Brillouin zone (BZ) was 



 

performed at the gamma point. The convergence accuracy on the total energy was set to 1.36x10−7 eV. 

Atomic relaxations were allowed when all structural optimizations were carried out. All the crystal 

structures were optimized with a numerical threshold of 2.57x10-4 eV/Å. To elucidate the role of 

magnetism, spin polarization in the form of both ferromagnetic (FM) and antiferromagnetic (AF) 

solutions was imposed when Fe impurities were introduced into TI-C3S. Visualizations of all the 

structures and charges were performed using VESTA.15  

 

Figure 1: The crystal structure of TI-Ca3SiO5. (a) Si tetrahedra (blue), Ca polyhedra (gray) and O 

atoms (red) are shown. In (b) {100} plane, (c) {010} plane and (d) {001} plane projections are shown. 

The black spheres correspond to calcium atoms at four high-symmetry points: (0,0,0), (0,0.5,0), 

(0.5,0,0.5), and (0.5,0.5,0.5). The small green atom denoted with an arrow is the exceptional O atom 

which is only connected five Ca polyhedra. 

The independent second order tensorial components were evaluated by applying small strains to the 

equilibrium structure. Eight values of strain (i.e., ε = ±0.0025, ±0.0050, ±0.0075, ±0.0100) were 

considered. In order to retrieve the necessary components of the elastic constants, the atomic 

coordinates were allowed to relax. The elastic constants were used to determine the bulk (K), shear (G) 

and elastic (E) moduli per the Reuss-Voigt-Hill (RVH) approximations.16 Quantifications of the elastic 

constants are used to estimate the mechanical stability of the crystalline lattice under the due constraint 

that the 6×6 matrix describing the complete elastic tensorial components (Cij) must be “positive 

definite”.17  

The following thermochemical/energetic properties were further addressed: (a) enthalpy of formation 

of a phase from its elements (ΔHfe, Eq. 1) and simple oxides (ΔHfo, Eq. 2) for phases represented by 

the generic composition Ca(3-x-y-z)MgxAl2yFe2zSi(1-y-z)O5 and (b) cohesive energy (EC, or lattice energy) 

of all phases (Eq. 3): 

  Eq. (1) 

     Eq. (2) 

         Eq. (3) 

where, Etot is the total energy of the compound, EEL is the energy of elemental Ca, Mg, Al, Fe, Si in the 

ground state, EO2 is the energy of the oxygen dimer (Eq. 1), Eox (ox = CaO, MgO, Al2O3, Fe2O3, SiO2) 

is the total energy of the corresponding oxides (Eq. 2) and E’atom (atom = Ca, Mg, Al, Fe, Si, O) is the 

energy of isolated Ca, Mg, Al, Fe, Si, O atoms (Eq. 3). The X-ray diffraction (XRD) patterns of all 

phases were calculated for comparison with experiment (when available) for an incident beam 

corresponding to Cu-Kα radiation using X’Pert HighScore Plus.18 The first principles based GIPAW 

method was applied to compute solid-state magic angle spinning nuclear magnetic resonance (MAS-

NMR) parameters including the: chemical shielding tensors, quadrupolar coupling constant Cq and 

asymmetry parameter . 19 All NMR spectra were processed using the SIMPSON distribution using 

calculated chemical shifts and quadrupolar parameters.20 



 

3. Results and Discussion 

3.1 Pure and Impure TI-Ca3SiO5: Validation of the Crystallographic Template 

To ensure the accuracy and reliability of the calculations three independent checkpoints were 

established by comparison, when available, with experimental determinations of the: (a) lattice 

parameters and X-ray diffraction datasets, (b) enthalpies of formation, and (c) the mechanical 

properties in the form of elastic moduli. As such, the systems considered herein include: (1) pure 

phase: TI-Ca3SiO5 and (2) TI-Ca3SiO5 containing Mg and Al impurities. The impure variant 

considered herein, i.e., of composition Ca2.944Mg0.037Al0.037Si0.981O5 was chosen as being similar to an 

impure variant evaluated by De la Torre et al. with a composition of Ca2.95Mg0.03Al0.04Si0.98O5.错误!未

定义书签。 To evaluate such a system, a supercell (3×1×1) having 486 atoms was constructed by 

expanding the unit cell (162 atoms) along the x-coordinate where 2 Ca atoms were substituted with 2 

Mg atoms, and 1 Ca and 1 Si atom were further substituted by 2 Al atoms, respectively in the lattice.  

In general, the calculations are able to reproduce correctly the lattice parameters, and X-ray signatures 

for pure TI-Ca3SiO5 (see Table 1 and Figure 2); though less precisely for the impure Ca3SiO5 

composition.错误!未定义书签。,错误!未定义书签。
  

Table 1: The structural and thermochemical properties of pure and impure TI-Ca3SiO5 

Checkpoint # 1 a (Å) b(Å) c(Å) α (°) 
β 

(°) 

γ 

(°) 
Volume(Å3) ΔHFo/ΔHFe (kJ/mol) 

DFT Calculation 11.73 14.28 13.73 104.8 94.4 90.1 2215.4 -109.4/-2674.2 

Experiment 11.67 14.24 13.72 105.5 94.3 90.0 2192.1 
-117.2/-2933.1 [错误!未

定义书签。] 

EDFT =145.3GPa, EEXP = 135-147 GPa 

[24] 
GDFT =57.7GPa KDFT =100.4GPa 

Checkpoint # 2 a (Å) b(Å) c(Å) α (°) 
β 

(°) 

γ 

(°) 
Volume(Å3) ΔHFo/ΔHFe (kJ/mol) 

DFT Calculation 11.72 14.27 13.69 104.7 94.3 90.0 2209.5 -104.2/-2668.8 

Experiment 11.62 14.16 13.63 105.0 94.6 90.1 2157.2 ~  

EDFT =141.7GPa, EEXP = 125 GPa [24] GDFT =56.2GPa KDFT =98.5GPa 

The calculated enthalpy of formation though in very good agreement with other computational studies 
21 is underestimated by ≈9%  and ≈7% as compared to experiment.22,23 Finally, the elastic constants 

were determined for the pure and impure TI-Ca3SiO5 variants constructed. In fact, comparison with 

experimental results are currently only available for the Young’s modulus of pure TI-Ca3SiO5 for 

which the value of 145.3 GPa reported herein is in good agreement with measurements (EEXP = 135-

147 GPa24). The only checkpoint available for the impure variant  is for alite (EDFT = 141.7 GPa vs. 

EEXP = 125 GPa24) which is in good agreement in spite of differences in the crystal system and the 

impurity content. 

 
(a)                                                                             (b) 

Figure 2: A comparison of the simulated and experimental x-ray patterns of: (a) pure (Checkpoint # 1) 

and (b) impure variants of TI-Ca3SiO5 (Checkpoint # 2). The simulated patterns are at the most offset 

0.30° offset with respect to the experimentally measured patterns.11  

The results of the MAS-NMR simulation are shown in Figure 3. For 43Ca NMR, distinct NMR peaks 

are located in the region from 30 to 130 ppm, being concentrated between 80 and 105 ppm. Fore pure 

TI-Ca3SiO5, the calculated values of the coupling constant, CQ ranged between 1.2-to-5.8 MHz, in 



 

reasonable agreement with Moudrakovski et al. 25 On substitution of Al species, e.g., at Si and Ca sites, 

the 43Ca NMR signal shows some line broadening, which may indicate the initiation of displacive 

phase transitions towards the T2-T3 and M series of Ca3SiO5 polymorphs.25 In the case of 29Si NMR, 

discrete resonance peaks located between -68 ppm to -76 ppm are noted (for pure TI-Ca3SiO5) 

corresponding to nine isolated Q0-[SiO4]
4- tetrahedra as highlighted by Stephan et al. and 

Moudrakovski et al. 25,26 Once again, Al substitution results in broadening and some super-position of 

the NMR signals. 25,26 It is noted that when Al species substitute in proximate Ca and Si sites (i.e., 

Case 7: where  Ca-O-[Si] changes to [Al]-O-[Al]), the local organization of tetrahedral units is altered. 

For example, the new [AlO4]
5- tetrahedra formed connect to each other via a bridging oxygen atom, 

with the central [AlO4]
5- tetrahedron also being linked to a neighboring [SiO4]

4- tetrahedron via another 

bridging oxygen atom. As a consequence, when proceeding from left-to-right (see Figure 4(c)), the 

[Al]-O-[Al]-O-[Si] units display a Q1-Q2-Q1 configuration.27 These aspects are discussed further later. 

 
(a)                                                                           (b) 

 
(c) 

Figure 3: Calculated NMR spectra for: (a) 43Ca and (b) 29Si for selected impurity scenarios. Solid blue 

and red dotted lines correspond to pure TI (Case 1) and TI with Al impurities (Case 7). (c) Shows the 

arrangement of tetrahedra in T1 containing Al impurities (Case 7). Ca, Si, Al and O atoms are 

represented as gray, blue, small gray and red spheres, respectively.  

3.2 TI-Ca3SiO5 containing Impurities: Structural and Electronic Properties 

Cell Volumes and Cell Parameters: The introduction of impurities alters both linear and angular 

lattice parameters (and cell volume) in relation to the type/extent of the impurities themselves. As can 

be seen from Figure 6a, the normalized cell volume reduces monotonically upon Mg insertions (~2%) 

while it remains essentially unchanged upon Al insertion (Figure 4a). This effect is attributed to the 

formation of a larger [AlO4]
5- tetrahedron in lieu of the [SiO4]

4- tetrahedron. On the other hand, the 

smaller ionic radius of the Mg atom engenders a reduction in the normalized cell volume, as Mg 

substitutions for Ca species are increased. Significantly, and in agreement with Stephan and Wistuba,5 

while Mg atoms do influence cell dimensions, Al insertions alter cell angles more substantially, 

enhancing the distortion of the crystalline lattice.5  Further, when Mg impurities are present (~0.9%), 

the cell volume decreases by around 1.3%, in agreement with the observations of De la Torre et al.错

误!未定义书签。  

In the case of spin polarized Fe substitutions, a negligible expansion of the cell volume (<0.5%) is 

reported. When spin polarization is not imposed, a yet smaller reduction (~0.2%) in the cell volume 

emerges. Based on energetic considerations, the antiferromagnetic (AF) phase is more stable than both 

the ferromagnetic (FM) (ΔE=0.2 eV) and the spin-unpolarized phases (ΔE=3.0 eV). The reported 

volume expansion for the Fe system is due to: (1) the atomic radius, which is larger for Fe than for Al 



 

and (2) the effects of magnetic coupling between neighboring atoms which induces a lattice 

expansion- similar behavior as observed in alloys.28  

Finally, the simultaneous aliovalent substitution of Mg and Al causes a slight reduction of the cell 

volume (-0.5%); which is similar to the trend noted in the case of only Al substitutions. This result 

indicates an averaging effect related to the influence of an atomic substituent on its local electronic 

neighborhood. t should additionally be noted that, for all cases, the change in cell angles is no larger 

than 0.8°: this indicates that for all the considered substitutions, a crystal system or space group 

transition is unlikely to occur.  

 

   
(a) (b) (c) 

Figure 4: Trends in the: (a) normalized cell volume, (b) normalized density and (c) normalized lattice 
energy as a function of the impurity concentration (dosage). 

Fig. 4b shows the normalized density of all the Ca3SiO5 variants as a function of the impurity 

concentration. In general, changes in density are small and range between ≈ ±2%. In the case of Al or 

Fe impurities where the cell volume remains unchanged (Al) or only slightly increases (Fe), density 

trends are dictated by atomic weights. Fig. 6c shows trends in the normalized lattice energy as a 

function of the impurity concentration, revealing that the lattice energy becomes less negative with 

insertion of impurities. This is unsurprising since impurity insertions are (often) expected to 

destabilize a condensed phase. When the effects of spin polarization are considered, this 

destabilization, as averaged across the unit cell, ranks as (Figure 4c): Mg ≈ Fe > (Mg + Al) > Al as 

indicated by the magnitude of the negative slope, thus suggesting that the average bonding strength 

inversely decreases from the stronger covalent (i.e., Al, and Fe: participatory in tetrahedron formation) 

to the weaker ionic species (Mg). Further, when substitutions are induced at equivalent dosage but at 

different atomic sites, the lattice energy shows slight change across the Al- and Fe-doped systems but 

remains essentially unchanged for Mg-insertions. This suggests that there is site preference on phase 

stability. While this outcome is unsurprising in the case of isovalent substitutions, it also remains 

consistent across single/multi-element aliovalent substitutions, which induce local violations of charge 

neutrality. This suggests that the dominant means of ensuring charge balance is due to a rearrangement 

of O atoms in the local atomic neighborhood rather than to the valence of the substituent species.   

Atomic Rearrangements: We note that none of the [SiO4]
4- groups are affected by Mg doping 

indicating that the coordination state of the Ca atom/site is unaltered on Mg insertion. The substitution 

of Al into the lattice can occur either with respect to a Si or a Ca site.3 In the former case, the 

persistent Al tetrahedron does not display any rotation or distortion  with respect to its Si counterpart. 

In contrast, a substantial rearrangement appears when Al occupies a Ca site, that is when 2 Al atoms 

are inserted at proximal Ca and Si sites respectively. In this case (where Ca-O-[Si] changes to [Al]-O-

[Al]), the Al species occupying the Ca position attracts interstitial O atoms to form a new [AlO4]
5- 

tetrahedron which bonds to the Al tetrahedron (i.e., an AlIV organization29) that occupies the (original) 

Si site; via a bridging oxygen atom. This is due to the covalent nature of the Al-O bond which is 

stronger than the ionic Ca-O bond. The new [AlO4]
5- tetrahedron formed from the interstitial oxygens 

shows substantial distortion as highlighted by an increase in the bond length and deviation of bond 

angles from the ideal tetrahedron angle of 107.9°. It is important to point out that this new Al-



 

tetrahedron no longer forms when an Al insertion is relocated to a Ca site separated from the initial Si 

site– in which case Al maintains an octahedral organization (i.e., [AlO6]
9-, corresponding to AlVI

29). 

These two Al-doping scenarios thus explain simultaneous observations of AlIV and AlVI via 27Al NMR 

in realistic Ca3SiO5 systems. As such, it appears that in the case of proximate Al substitutions, the 

need to achieve local charge balance forces the formation of a new [AlO4]
5- tetrahedron, to 

counterbalance charge and ionic size misfits caused by Coulombic interactions between the AlCa
+ and 

AlSi
- sites respectively. However, when Mg and Al substitutions coexist, their effects on atomic 

rearrangement appear to be independent showing that Mg at Ca site has a negligible impact, but Al 

insertion at both Si and Ca sites strongly influences the local atomic arrangement as discussed above.         

Similar to Al, the substitution of Fe in the lattice can occur either with respect to Si or Ca sites or 

atoms. Here, spin polarization plays an important role on atomic arrangements. When the AF and FM 

spin phases are considered, substantial rearrangements are seen when Fe atoms occupy proximal Ca 

and Si sites. For example: at the Si site, the [FeO4]
5- tetrahedron is substantially expanded due to 

magnetic couplings between the different atomic species as compared to closed shell systems. This 

expansion pushes away the bridging O atoms in the [Fe]-O-[Fe] case (with respect to the original Ca-

O-[Si] arrangement), causing these oxygen’s to bond with the Fe atom substituted at the Ca site. This 

results in the formation of a new [FeO4]
5- tetrahedron at the Ca site at the expense of the Ca 

polyhedron – i.e., when [Fe]-O-[Fe] results, FeIV coordination is maintained at both doping sites. It 

should be noted that the Fe tetrahedron thus formed is substantially more distorted than the [AlO4]
5- 

feature (i.e., formed at the Ca site) discussed above. Similar to the Al-doped systems discussed above, 

Fe-doping results in the formation of the Q1-Q2-Q1 ([Fe]-O-[Fe]-O-[Si]) tetrahedral configurations (see 

Figure 3c) in spin-polarized Fe systems. Also, for case where the Fe atoms are not adjacent, Fe 

occupying the Ca site induces the formation of a new [FeO4]
5- tetrahedron which occurs due to the 

strong ionic interactions between Fe and O atoms associated a with strong localization of charge 

density.  

3.3 The Influence of Impurities on Substitutional Site Preference and Phase Stability 

The enthalpy of formation of all the different TI-Ca3SiO5 polytypes is illustrated in Figure 5. Both the 

type and nature of substitution  impact the formation enthalpy  indicating a thermodynamic preference 

for certain substitution sites.错误!未定义书签。,30 A decrease in the enthalpy of formation, with 

increasing impurity concentration, suggests that TI-Ca3SiO5 becomes more and more unstable with 

impurity insertion. A more detailed examination of formation enthalpies corresponding to the same 

concentration but at different sites, suggests that Al/Fe impurities prefer proximity in the lattice, while 

in contrast, Mg atoms do not show any specific site preference. In the case of co-doped (Mg + Al) 

systems, while the 2 Al atoms desire proximity to each other, the Mg and Al species desire to be 

separated from each other. This outcome is related to the above discussion wherein Al or Fe species 

induce the formation of new Al or Fe tetrahedra at the Ca site. This response occurs as the impurity 

species attract each other due to Coulombic interactions (i.e., between AlCa
+ and AlSi

- or FeCa
+ and FeSi

- 

species).  

 

 
Figure 5:  The enthalpy of formation from the elements as a function of the impurity dosage. 



 

3.4 The Influence of Impurities on the Mechanical Properties 

The moduli of all the different cases considered, calculated using the Reuss-Voigt-Hill (RVH) 

approximation are reported in Table 2, with the results for pure TI-Ca3SiO5.
16 The mechanical stability 

of the material is ensured within the Born criterion 31 that restricts the overall Cij matrix ensuring that 

its principal minor determinants are positive. This analysis also confirms that the systems considered 

herein are mechanically stable. In general, and similar to alite, the elastic (i.e., Young’s) and shear 

modulus decreases when impurities are present, with Al (~5%) and Fe (~6%) showing a more 

substantial influence than Mg impurities (Figure 6a and 6b). This trend in the mechanical properties is 

closely replicated by the diagonal components of the stiffness tensor: (a) C11, C22, C33 and (b) C44, C55, 

C66 which encompasses the longitudinal and shear components respectively. Furthermore, independent 

of the type/extent of doping, the degree of longitudinal (C33/C11 = 1.038 ± 0.018) and shear (C66/C44 = 

0.743 ± 0.009) anisotropies is similar across all cases. Analogous to other systems, it is noted that 

impurities destabilize the structure, thus decreasing its stiffness. When Fe impurities are present, 

magnetic coupling/spin induce reductions in the mechanical moduli; an effect similar to that reported 

in intermetallic compounds, and which occurs due to magnetic influences on the electronic structure.32 

Finally, it is also interesting to note that the trends for both elastic and shear moduli are reasonably 

correlated with the cell volume (Figure 6c), indicating that the local influences of impurities on atomic 

bonding and structural expansion/contraction result in very direct alterations of the stiffness (and thus 

mechanical stability) of the polymorph considered.  

   
(a) (b) (c) 

Figure 6: (a) The normalized elastic modulus and (b) the normalized shear modulus as a function of 

the impurity dosage and (c) the elastic moduli as a function of the cell volume. 
Table 2: The mechanical moduli (GPa) of pure and impure TI-Ca3SiO5 phases. 

 Pure Mg-1 Mg-2 Mg-3 Mg-4 Al-1 Al-2 Fe-1 Fe-2 Fe-3 

K 100.35 100.47 100.89 100.27 100.90 98.71 97.13 98.60 100.87 97.85 

G 57.72 57.61 57.41 57.03 57.86 56.13 54.89 55.97 55.62 54.15 

E 145.31 145.09 144.76 143.82 145.73 141.57 138.57 141.20 140.96 137.16 

v 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.27 0.27 

M 155.73 155.55 155.33 154.33 156.23 151.91 148.80 151.55 151.79 147.63 

3.5 The Influence of Impurities on Electronic Descriptors 

To further probe the bonding characteristics of the various species, we look into changes in the 

electronic charge density normalized with respect to the bond length along a path surrounding the 

defects, (e.g., Ca-O-[Si], Mg(Ca)-O-[Si] or Ca(Al)-O-Si[Al]). Once again, Mg and Al substitutions 

show substantial contrast. In Figure 7a, the oscillating response of the charge density difference 

normalized with respect to the corresponding bond length displayed by pure TI-C3S is replicated by 

the Mg doped phase for which a small perturbation is noted beyond -1.5 Å, corresponding to the Mg-

O bond (to the left). In general, wide oscillations correspond to stronger bonding. Thus, in TI-Ca3SiO5 

the Ca-O bond is weaker than its Si-O counterpart; with such differences arising from the ionic nature 

of the former and covalent nature of the latter. Mg substitutions at Ca sites do not change the charge 

density profile. However, when Al atoms are inserted, the charge profile changes drastically. This is 

consistent with the formation of a new [AlO4]
5- tetrahedron as previously discussed. This 

rearrangement also indicates charge transfer from Al(Ca)-O to O-Al(Si), an additional factor which 

allows for this system to achieve local charge balance. The bonding behavior of Al substitutions at 



 

both, the Ca and Al sites is similar, indicating a symmetric response with respect to both substitution 

sites. In the case of the AF-Fe system, the charge density response resembles that noted in the case of 

Al-doping, despite a slight negative shift. This is related to the “covalency character” of the involved 

atomic species showing the Fe-O-Fe bonds to be the least covalent with respect to those that involve 

Al and Si. Further, the reported charge density distribution is consistent with the formation of a new 

tetrahedron centered on Fe and a balance of charge ensured by charge transfer from the Si to the Ca 

site.  

 

  
(a) (b) 

Figure 7: The charge density difference × Vcell (e) as a function of the bond length. The 0 point 

coincides with the bridging O atom, negative values correspond to Ca or substitutions at the Ca site 

and positive values correspond to Si or substitutions at the Si site. (a) pure TI-Ca3SiO5 and TI with 

Al/Mg substitutions. (b) TI-Ca3SiO5 with Al and Fe substitutions. 

Charge transfer: Different schemes have been proposed to analyze local partial charges on atoms 

such as Bader charge and Lowdin population analysis 33,34,35 Bader charge analysis suggests that the 

presence of the Mg atoms decreases the overall charge of the system (-0.10e). On the contrary, the two 

Al atoms donate 5.26e instead of 5.43e (donated by the Ca+Si species) and thus the charge transferred 

to the system is reduced by 0.17e. Furthermore, Bader analysis shows that the AF system donates 

3.08e thus reducing the charge transferred to the system by 2.35e. Such differences, besides causing 

charge localization, makes TI-Ca3SiO5 containing Al and Fe impurities more susceptible to 

electrophilic attack.  

Chemical reactivity, which in molecules can be related to the valence band maximum (VBM) and the 

conduction band minimum (CBM) in bulk systems. While the VBM describes electrophilic attack, 

CBM governs nucleophilic attack. Figure 8 shows the partial charge density at the VBM and the CBM 

of TI-Ca3SiO5. These findings are consistent with those of Durgun et al.,
错误!未定义书签。 who reported 

similar features for MIII-Ca3SiO5. Interestingly, the partial charge density at the CBM only exists at 

interstitial sites between the Si-tetrahedra and Ca-polyhedra, suggesting that the interstitial sites would 

experience nucleophilic attack before the [SiO4]
4- tetrahedra and/or Ca-polyhedra respectively. Further, 

the influence of impurity species on partial charge densities at the CBM and VBM is resolved. While 

Mg impurities do not modify the VBM, Al species induce a slight change. In the case of CBM, charge 

density for the central Mg atom decreases, but that of the corner Mg increases. Interestingly, Al 

species also cause a decrease in the charge density at the center of the cell where Al is not substituted; 

this induces a degree of localization around the Ca site due to the formation of the new [AlO4]
5- 

tetrahedron. These results imply that Mg and Al impurities do not broadly modify the reactivity of TI-

C3S under electrophilic attack. Furthermore, both these impurities (i.e., Mg, Al) have limited influence 

on the reactivity under nucleophilic attack.5 In contrast, a strong charge localization in both VBM and 

CBM appears when Fe impurities are inserted into TI-Ca3SiO5. However, this feature is different when 

either the AF or the spin-unpolarized Fe systems are considered. In fact, while the partial charge 

densities of the AF case reveal the T2g and Eg characters of VBM and CBM, respectively, those of the 

spin-unpolarized case look alike and no appreciable differences are observed. Therefore, it can be 

concluded that when Fe species are present, reactivity under both electrophilic/nucleophilic attack is 

highly localized. As such, it can be expected that the decrease in the number/density of reaction sites 



 

will express into a substantial decrease in reactivity of TI-Ca3SiO5 with Fe substitutions–a conclusion 

which is in broad agreement with experimental observations.5 It should also be noted that, since the 

cell volumes of the pure and impure systems considered are nominally similar, the maximum 

isosurface value (MIV, e/Å3), can be linked to the degree of charge localization.错误!未定义书签。 

As noted in Table 3, Mg/Al impurities slightly decrease localization at VBM while at the same time 

they slightly increase charge localization at CBM. On the other hand, when Fe impurities are present, 

the MIV is about three times larger than that of pure TI-Ca3SiO5 and strong localization is displayed. 

In particular, the MIV value increases by two orders of magnitude at CBM. 

   
(a) (b) (c) 

Figure 8: Partial charge density for pure TI-Ca3SiO5 of the: (a) VBM (b) CBM (c) CBM remarked 

with polyhedra. Calcium (Ca), silicon (Si) and oxygen atoms (O) are represented as gray, blue and 

red spheres, respectively. 

 

Table 3: The maximum isosurface value of the charge density (MIV, e/Å3) for pure and 

impure TI-Ca3SiO5 

Polytype MIV at VBM (e/Å3) MIV at CBM (e/Å3) 

Pure TI (Case 1) 0.084902 0.001715 

TI-Mg (Case 4) 0.081823 0.001806 

TI-Al (Case 7) 0.077469 0.002460 

TI-Fe (no spin) (Case 13) 0.165750 0.199470 

TI-Fe (AF) (Case 14) 0.222030 0.373920 

4. Conclusions 
Starting from pure tricalcium silicate (TI-Ca3SiO5), first-principles calculations are employed to 

investigate the structural, mechanical and electronic descriptors of this OPC relevant phase. The 

calculations are validated against experimental values of structural and mechanical properties, and 

thermochemical data for pure, and impure TI-Ca3SiO5 variants. In general, substantial sensitivity to 

the type, nature and concentration of impurity substitution is noted, revealing spin polarization to be 

dominant factor. All impurities are noted to destabilize the crystalline lattice, an observation which 

reflects across depressions of the thermochemical, mechanical and the electronic properties. 

Preferences for atomic site substitutions are elucidated. The analysis of charge localization and 

transfer suggests that in the absence of any structural defects, TI-Ca3SiO5 with Mg and/or Al 

impurities is likely to show an intrinsic reactivity similar to pure TI-Ca3SiO5. On the other hand, the 

insertion of spin-polarized Fe-impurities is expected to result in depressed reactivity. While worthy of 

further validation, the conclusions drawn from DFT-level studies are in agreement with experimental 

observations. The outcomes of such work are relevant, as starting from a fully crystallographically 

consistent template of TI-Ca3SiO5, the research provides guidance regarding how specific 

manipulations of impurity distributions (and thus crystalline lattices) could be applied to enhance the 

reactivity of, or reduce the energetic processing burden of OPC.  
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Abstract 

In a clinker burning process, thermal energy is supplied so that a proper clinker mineral may be obtained. In this 

burning process the reactions among lime, quartz, belite and liquid phase is extremely important for the formation of 

alite as the main clinker phase. Reactivity of quartz in the clinker raw materials is one of the important parts of the 

rate-controlling step for these clinker burning reactions. Also it is important for reducing thermal energies required to 

clinker burning process. The purposes of this study are to investigate the relationship between crystal properties and 

reactivity of quartz and the influence of crystal properties of quartz on the formation of clinker minerals. 

The reactivity of quartz is related not only particle distribution of sandstone but also crystal properties of quartz itself. 

The crystal size of quartz which includes the effect of crystal strain could be determined with the powder X-ray 

diffraction with high precision and in a short time. The crystal size of quartz in sandstone was in proportional to the 

specific surface area of sandstone in a clinker raw material. Also crystal size of quartz in a sandstone from different 

sources shows different value even when these specific surface area are the same, which likely to reflect to mineral 

texture in source rock analyzed by optical microscope. 

The effect of crystal size of quartz in the raw materials on the formation of clinker minerals in the burning process was 

investigated by X-ray powder diffraction experiments. The results of experiments show that as the crystal size of quartz 

in the raw materials become small, the rate of formation of belite which is occurred at 1200℃ become higher. The 

crystal size of quartz affects the rate of formation of belite at low temperature region.Although the particle size of 

quartz in the raw materials is same, the free lime (f.CaO) content in the burned clinker decreases as the crystal size of 

the quartz decreases. 
 

Originality 

Previously, the chemical composition and particle size distribution of the raw materials has been known to affect the 

formation reaction of the clinker minerals. This study shows that crystallite size of quartz in the raw material affect the 

formation reaction of clinker minerals. By using X-ray powder diffraction experiments, the crystallite size of quartz in 

the raw material was found to affect the rate of formation of belite and alite. Also the crystallite size of quartz in the 

raw material was found to be indicator of the f.CaO content in the clinker. 
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1. Introduction 

The chemical and mineralogical composition of raw materials greatly influence cement clinker 

formation. This is a major factors that must be considered in an evaluation of the burnability of raw 

mixes. In general, limestone, sandstone, clay, and iron materials are the main clinker raw materials. 

After mixing and grinding these to create a predetermined bulk chemical component, clinker is 

obtained through burning in a rotary kiln. In the burning process, thermal energy is supplied so that a 

proper clinker mineral may be obtained. During the burning process, the reactions among lime, quartz, 

belite and liquid phase are extremely important for forming alite in the clinker (Ghosh, S. N., 1991). For 

this reason, the reactivity of quartz and the viscosity of the liquid phase are closely related with the 

clinker burnability, and are also important for reducing the thermal energy required by the clinker 

burning process.  

Since a large particle size in sandstone that contains a lot of quartz would adversely affect the 

burnability, the fineness of the sandstone serves as an index of the burnability of the clinker, as well as 

the lime saturation factor and the silica ratio (Christensen, N. H., 1979a; Christensen, N. H., 1979b). 

Burnability is influenced by both the fineness and the reactivity of the quartz. Unless we can 

determined the size and reactivity of the raw mixture, we may waste thermal energy on in appropriate 

burning, which may lead to unstable kiln operation. Moreover, quartz is also contained in industrial 

waste such as coal ash, waste soil, and sludge, so the reactivity of the quartz in the mixture cannot be 

measured. The parcentage of coarse grains of quartz larger than 45 micrometer may be estimated 

based on the acid-insoluble residue after sieving (Alsop P et al., 1995) , however, the reactivity of quartz 

changes with both fineness and crystal properties. Currently, there are not measured in the 

manufacturing process. 

Crystal properties such as crystal size and strain can be determined using X-ray powder diffraction 

(XRD) and a peak profile analysis. This study investigates the relation between clinker burnability and 

the crystal properties of quartz. Furthermore, we examined the effect of crystallite size of quartz on the 

rate of formation of clinker minerals. As the first step, this paper focuses on sandstone, which contains 

the most quartz among the raw materials. 

 

2. Experimental 

2.1. Raw Materials 

Table 1 summarizes the chemical composition of sandstone which is used in cement plants as a silica 

source. Its purity exceeds 85% on an ignited basis, so a tracer amount of clay minerals in the 

sandstone was detected. The raw materials used for clinker production are listed in Table 2. 

Commercially available reagents (calcium sulfate, and alkali carbonate) were also used as starting 

materials. These raw materials and commercial reagents were mixed to adjust the clinker moduli along 

with the sulfur oxide and alkali oxide in the clinker. A minimal amount of reagents, 1%, was used to 

adjust the clinker’s minor elements. 

 
Table 1 SiO2 content in the sandstone* (%) 

A B C D E F 

90.3 89.9 89.2 86.5 85.8 85.4 

          *:ignited basis 

 

Table 2 Raw Materials for manufacturing clinker 

Source Material 

Lime Native lime stone utilized by cement plant 

Alumina Coal ash discharged from coal-fired power plant 

Iron Copper slag produced by copper refinery 

Silica Native sandstone utilized by cement plant as raw material (Refer to Table 1) 

Other 

Calcium sulfate (CaSO4) 

Potassium carbonate (K2CO3) 

Sodium carbonate (Na2CO3) 



 

2.2. Adjustment for fineness of sandstone 

Sandstone samples with different fineness for use in XRD measurements and clinker burnability tests 

were produced in a tungsten carbide (WC) disc mill by dry processing. The fineness of the sample was 

measured according to JIS R 5201:1997, “Physical Testing Methods for Cement”. 

2.3 Measurement of crystal size 

The crystal size of the particles is not generally the same as the particle size due to the presence of 

polycrystalline aggregates. Fig. 1 is a schematic diagram of the crystal size and particle size (M. 

Yamashita et al., 2014). The broadening of the X-ray diffraction peaks depended on the crystal size 

and crystal strain as well as the X-ray diffraction apparatus and its optical system. The peak area 

becomes wider as the crystal strain increases and the crystal size decreases. X-ray profile analysis is a 

simple and powerful tool for estimateing the crystal size and strain (Ramakanth, K., 2007) . 

This study collected X-ray diffraction profiles using a Bruker’s D8 ADVANCE employing CuKa 

radiation (0.154nm). The XRD measurement conditions were the same as in reference (M. Yamashita et 

al., 2009) except for the scanning angle (2theta) range between 10 and 110deg. with a one-dimensional 

detector. Bruker’s TOPAS Version 3 was used for calculating the crystal size and strain with Whole 

Powder Pattern Decomposition (WPPD) using fundamental parameters for the profile function. 

It is possible to easily calculate the crystal size and strain, but the correlation of the two parameters 

becomes too high and we cannot evaluate both with high precision. We therefore fix the strain to a 

constant and assume that the difference in peak width depends only on the crystal size. 
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Fig. 1 Schematic diagram of the crystal size and particle size 

 

2.4 Microscope Observation 

Thin sections of sandstone were examined under a polarizing microscope to investigate the crystal 

properties and mineral texture of quartz. We used a Nikon OPTIPHOT-POL M-06 petrographic 

microscope for the thin section analysis. The thin sections have a thickness of 30 μm. 

2.5 Fabrication of clinker using sandstone with different fineness. 

The clinker was prepared so that the chemical and mineral compositions were the same as those of 

ordinary Portland cement clinker. Raw materials and commercially available reagents (Table 2) were 

used as starting materials to adjust the clinker modulus along with sulfur oxide and alkali oxide in the 

clinker. The powdery starting materials were mixed well. The raw mix was then formed into a 

cylindrical tablet (10g: φ20 x15mm) and thoroughly dried at 105°C for 18h. Next it was calcined at 

1000°C for 60min and then burnt at 1450°C for 10 to 80min in an electric furnace and quenched in air. 

Tables 3 and 4 refer to an example of chemical and mineral composition (using sandstone A) 

determined by Bogue’s equation for the clinker. JIS R 5204:2004 “Chemical analysis method of 

cement by x-ray fluorescence” and JCAS I-01 “Determination Method for Free Calcium Oxide” were 

employed to determine the chemical composition and free lime content of the clinker. 

We investigated the effect of crystal size of quartz in the raw materials on the formation of clinker 

minerals in the burning process. We used two sandstone samples (B and D) for which crystal size 

differed widely. Fineness of sandstone was adjusted using WC disc mill by dry processing. The 

fineness of the sample was measured according to JIS R 5201:1997, “Physical Testing Methods for 

Cement.” Table 5 lists the Blaine value and crystal size of the sandstones used. 



 

The powdery starting materials were mixed well. The raw mix was then formed into an identical 

cylindrical tablet and thoroughly dried for the same time. Next, it was calcined at 1000°C for 60min 

and then burnt at 1200°C, 1300°C, and 1400°C for 20min in an electric furnace and quenched in air. 

Bruker’s TOPAS Version 3 was used for calculating the amount of Alite and Belite. 

 
Table 3 Example of Chemical composition of the clinker (%) 

 

Table 4 Example of Clinker modulus and mineral composition using Bogue calculation 

 

 

 

 

 
Table 5 Relationship between sandstone and Blaine value 

Sandstone Blaine value (cm2/g) Crystal size (nm) 

B-1 3740 226.0 

B-2 9400 176.2 

D-1 3900 326.3 

D-2 8480 246.6 

 

3. Results and Discussion 

3.1. Influence of Mineral Texture on crystal size 

Fig. 2 plots the relationship between the Blaine value of different sources of sandstone and the crystal 

size of the quartz in each sandstone (M. Yamashita et al., 2014). As in the previous result, the crystal 

size of the quartz decreased with increasing Blaine values of the sandstone. However, the crystal size 

of the quartz exhibited a larger variation even if the Blaine value of the sandstone is the same. The 

crystal size estimated from XRD measurement and its pattern fitting is reflected in the Blaine value 

and its particle size, as well as in the crystal properties. Hence, we examined sandstone with a 

different crystal size of quartz but with the same Blaine value under a polarization microscope. 

Fig. 3 depicts the optical microstructure of A and B sandstone, in which the crystal size of quartz was 

estimated at 210nm and 260nm respectively for the same Blaine value of 6000cm2/g. The crystal size 

at this Blaine value is calculated from the relation of linear regressions in the Fig. 2. Sandstone B was 

considered to be chert and sandstone A seemed to be quartzite based in its mineral texture and SiO2 

content. In general chert, one of the sandstone, is composed of very small quartz crystals.  

The quartz crystal size in quartzite is larger than that of chert, depending on the metamorphism 

temperature. The differences in the crystal size of quartz between the sandstones reflect these 

petrological features. The crystal size of quartz depends on the fineness of the sandstone the original 

mineral texture and the degree of crystal stability or instability during grinding. 

 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 MnO P2O5 

22.00 5.80 3.00 66.05 1.01 0.44 0.24 0.26 0.29 0.06 0.13 

Modulus (-) Mineral Composition (%) 

H M S M I M A I LSD C3S C2S C3A C4AF 

2.14 2.50 1.93 3.79 0.920 57.1 20.0 10.3 9.1 
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Fig. 2 Relationship between the Blaine value of sandstone ground 

by a disc mill and the crystal size of quartz 

 

  

Fig. 3 Optical microstructures of sandstone (left:A, right:B) 

 

3.2. Clinker burnability 

We investigated the influence of the crystal size of quartz in the sandstone on the clinker burnability. 

Fig. 4 plot the relationship between the burning time and the amount of free lime (f.CaO) in the 

clinker . Fig. 5 plots the relationship between the crystal size of the quartz in the sandstone and f.CaO 

content which fixed the burning time constant (10 - 80 min). The f.CaO content in the clinker 

decreased with decreasing crystal size of quartz in the sandstone (M. Yamashita et al., 2014).  

Next, we investigated the burnability of clinker for different crystal sizes of quartz in the raw mixture. 

Fig. 6 plots the relationship between the Blaine value of sandstone and f.CaO in the clinker. Fig. 7 

plots the relationship between the crystal size of quartz in sandstone and f.CaO in clinker. Since the 

Blaine value increased as the f.CaO in the clinker decreased, there are large differences of f.CaO 

content even if the Blaine value is constant. For example, The difference in f.CaO content range from 

2.3 to 3.3% when the Blaine value of the sandstone is around 7500cm2/g. In addition, there was a 

significant correlation between the amount of f.CaO in clinker and the crystal size of quartz. For 

example, f.CaO in the clinker ranged from 2.7 to 3.2% with the crystal size of quartz in the sandstone 

we used. This result demonstrates that the crystal size of quartz includes characteristic features 

regarding the fineness of the source material (here, sandstone) and crystal properties related to the 

burnability of clinker. The crystal properties of quartz was highly correlated with the f.CaO content in 

clinker burned for a specified time as an index of the burning reactivity compared to the specific 

surface area (M. Yamashita et al., 2014). 
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Fig. 4 Relationship between burning time and f.CaO 

content in the clinker 

Fig. 5 Relationship between the crystal size of quartz 

and f.CaO with various burning times 
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Fig. 6 Relationship between the Blaine value of 

sandstone and f.CaO in clinker 
Fig. 7 Relationship between the crystal size of quartz 

and f.CaO in clinker 

 

3.3. Clinker mineral formation 

Table 6 presents the relationship between sandstone and the amount of clinker minerals in each 

temperature is shown in Table 6. Figures 8 and 9 and 10 plot the relationship between the mineral 

composition and temperature. Regardless of the fineness, the amount of alite was hardly changed at 

1200 to 1400°C. The amount of belite was increased as the fineness increases at 1200°C; similarly the 

amount of f.CaO was decreased as the fineness increases at 1200°C. The increment of belite 

corresponds the decrement of f.CaO. We found that the crystal size of quartz affects the rate of 

formation of belite at low temperature region. 
 



 

 

Table 6 Relationship between sandstone and the amount of clinker minerals in each temperature 

Sandstone Blaine value (cm2/g) Clinker mineral (%) 1200°C 1300°C 1400°C 

B-1 3740 

   Alite  0.5 25.2 52.5 

   Belite 57.3 42.8 26.0 

   f.CaO 30.8 11.2 3.7 

B-2 9400 

   Alite  0.5 27.7 55.2 

   Belite 62.0 43.1 25.1 

   f.CaO 23.8 9.1 2.5 

D-1 3900 

   Alite  0.9 26.0 53.9 

   Belite 58.5 43.3 26.8 

   f.CaO 27.1 9.8 2.9 

D-2 8480 

   Alite  0.7 28.3 55.3 

   Belite 61.7 44.1 25.5 

   f.CaO 22.5 7.7 2.4 

 

 

0

10

20

30

40

50

60

1100 1200 1300 1400 1500

M
in

er
al

 c
o
m

p
o
si

ti
o
n
 (
％

)

Temperature (℃)

B-1

B-2

D-1

D-2

Alite

 

20

30

40

50

60

1100 1200 1300 1400 1500

M
in

er
al

 c
o
m

p
o
si

ti
o
n
 (
％

)

Temperature (℃)

B-1

B-2

D-1

D-2

Belite

 
Fig. 8 Relationship between the Alite composition and 

temperature 
Fig. 9 Relationship between the Belite composition 

and temperature 
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Fig. 10 Relationship between the f.CaO composition 

and temperature 

 

 



 

4. Conclusions 
We investigated clinker burnability using the crystal properties of quartz in raw mixtures. The crystal 

size of quartz, which includes the effect of crystal strain, could be determined  quickly with high 

precision using powder X-ray diffraction. The result reveals that there was a significant correlation 

between the amount of f.CaO in clinker and the crystal size of the quartz. The results also reveal that 

the crystal size of quartz does not affect the rate of formation of alite at high temperature region, and 

the crystal size of quartz affects the rate of formation of belite at low temperature region. 

Few cases of direct measurement of the reactivity of quartz in the clinker raw mixture have been 

reported. Usually, for a cement plant, the burnability of raw meal is managed by adjusting the 

chemical composition and bulk fineness of the raw mixture. However, this can not evaluate the 

reactivity of quartz directly. The crystal properties of quartz were highly correlated with the f.CaO 

content in clinker burned for a specified time as an index of the burning reactivity compared to the 

specific surface area. 
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ABSTRACT:  

The influence of silicon rate to the alite-ye’elimite cement clinker was investigated in this paper. 

The resulting clinker was analyzed for the content of free lime, sulfur and microscopical 

description. The methods of X-ray fluorescence (XRF) and X-ray diffraction (XRD) were applied 

to clinker. The results show that the decrease of SM in the clinker can promotes clinker’s 

burnability. 
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1 *corresponding author: Suhua Ma, E-mail address: yc982@163.com 



1 Introduction 

Ye’elimite(C4A3$) is a mineral with rapid hydration, high early strength, small volume shrinkage 

during hydration and corrosion resistance (J.Beretka.et al.,1993; S.Sahu.et al.,1994). Hence a new 

clinker named alite-ye’elimite clinker was proposed by introduction ye’elimite into Portland 

cement clinker (I.Zhang.et al., 2002). Ye’elimite can be made from CaCO3, Al2O3 and CaSO4 at a 

temperature of 1250℃(M.Su. et al., 1992; M. M. Ali. et al). Compared to the alite, calcium 

sulfoaluminate release only 0.56g CO2/ml cementing phase (E.Gartner. et al., 2004; J.S. Damtoft. 

et al., 2008). Alite-ye’elimite cement clinker is a hydraulic material composed mainly of 

tricalcium sicicate (C3S), dicalcium silicate (C2S), trtracalcium aluminoferrite (C4AF) and 

ye’elimite (C4A3$). It is used as rapid setting cement with high early strength or as shrinkage 

reducer (E.Sakai.et al., 2004; S.Nagataki. et al., 1998).  

In addition, this type of clinker is easier to grind compared to ordinary Portland cement. Besides 

the copper slag and phosphorus slag can be used for the manufacturing of alite-ye’elimite clinker. 

The SM governs the proportion of silicate phases in the clinker, which affects the mineral 

composition of clinker.  

The aim of this paper is to investigate, the influence of the SM to the alite-ye’elimite cement 

clinker, which can be useful for industrial applications. 

2 Experiment methods 

2.1 Raw materials 

Limestone, sandstone, copper slag, phosphorus slag, fly-ash and gypsum were used as raw 

materials. Their chemical compositions are shown in Table 1. 

Table 1. Chemical components of the raw materials measured by X-ray fluorescence (XRF) 

 LOSS SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P2O2 CuO SO3 

Limestone 42.24 2.63 0.83 0.44 52.16 1.46 0.08 0.01 - - - 

Sandstone 1.55 86.21 5.02 5.50 0.62 0.20 0.82 0.02 - - - 

fly-ash 2.72  49.86 31.84 4.45 5.41 0.98 0.98 0.85 - - - 

copper slag - 26.48 9.01 38.77 11.89 2.25 0.61 0.23 - 0.25 - 

phosphorus slag   - 39.32 4.14 0.86 48.16 1.93 0.59 0.17 1.65 - - 

Gypsum 20.16 13.10 4.85 1.73 23.68 2.84 0.95 0.54 - - 31.47 

2.2 Preparation of clinker 

The raw materials were ground in a laboratory ball mill to obtain a fineness of 6-8% over an 80 

μm sieve. The raw meals were made by mixing these raw materials in the laboratory ball mill 

according to control parameters including a lime saturation factor (KH) of 1.00±0.02, silicate 

modulus (SM) of 1.90, 2.15, 2.40, 2.65, 2.90 and IM of 2.50. The raw meal was mixed with water 

and pressed under a pressure of 15 MPa into a disk with Ф 40 mm×8 mm. The dried disks were 

calcined in a resistance furnace at different temperatures(1250℃, 1300℃, 1350℃, 1400℃, 

1450℃) for 60 min, then removed from the furnace immediately and cooled rapidly by a fan to 

produce clinker. Some part of the clinker samples were ground to pass through an 80 μm sieve. 

2.3 Experiment methods 

The content of free lime (f-CaO) was determined chemically after dissolving the clinker in 

ethanol-glycerin. The content of sulfur was extracted by BaCl2 in hydrochloric acid. X-ray powder 

diffraction (XRPD) analysis was used for phase identification and quantification. The XRPD 

patterns was recorded on a Rigaku SmartLab 3000A diffractometer with CuKα radiation 



(λ=0.15406 nm). The X-ray tube was operated at 35 kV and 30 mA. The optics configuration 

includes a fixed divergence slit (1/2°) and a D/teX Ultra detector. The measurements were 

collected using θ-θ reflection geometry. Data were collected from 10° to 70° (clinker) in the 

continuous mode. To analyze the phase morphology, optical microscopy (Olympus LEXT OLS 

4000) was used. Before that, the clinkers were embedded with epoxy and kept for 1 d; then, the 

clinkers were polished and etched for 15 s in a nital solution (1 ml conc. HNO3+99 ml 99.5 vol.% 

ethanol). 

3. Results and discussion 

3.1 The burnability of cement clinker 

The burning of the clinker is reflected by its free lime (f-CaO) content. The f-CaO contents are 

shown in Table 2 for clinkers burned at different temperatures. The SM governs the proportion of 

silicate phases in the clinker. Increase in SM lowers the proportion of liquid at any given 

temperatures and makes the clinker more difficult to burn. Table 2 shows the decreasing the SM 

accelerates the burning of clinker and promotes the absorption of f-CaO. The removal of f-CaO by 

reaction with C2S is quickly at a relatively low temperature (1250℃-1350℃).   

Table 2. f-CaO content v.s. SM and temperatures (%) 

 1450℃  1400℃  1350℃  1300℃  1250℃  

SM=1.90 0.17 0.21 0.41 0.76 1.77 

SM=2.15 0.20 0.41 0.47 0.62 2.85 

SM=2.40 0.50 0.53 0.65 1.27 5.18 

SM=2.65 0.65 0.68 0.79 2.67 12.07 

SM=2.90 0.64 0.85 1.76 11.46 18.03 

3.2 The content of sulfur in the clinkers 

The content of sulfate incorporated in the calcium silicate phase is self-limiting. Hanic et al have 

provided useful information on its decomposition in the range of 1170-1450℃，that shows that the 

calcium oxide generated by decomposition can form an eutectic melt with calcium sulfate[]. As 

the temperature increased, the content of sulfur decreased. 

Table 3. sulfur content v.s. SM and temperatures(%) 

 1450℃ 1400℃ 1350℃ 1300℃ 1250℃ 

SM=1.90 2.88 3.10 3.00 3.17 3.21 

SM=2.15 3.05 2.98 3.20 3.50 3.60 

SM=2.40 3.05 3.06 3.03 3.00 3.20 

SM=2.65 3.07 2.70 3.11 3.10 3.00 

SM=2.90 2.70 3.10 3.00 3.20 3.40 

 3.3 Phase assemblage 

An X-ray diffractometer was used to analyze the phase composition of samples burned at different 

temperatures (1250℃, 1300℃, 1350℃, 1400℃, 1450℃). In this paper, the XRD patterns of the 

samples burned at 1450℃，1300℃ and reheated at 1250℃ were given in Fig. 1 and 2. At 1450℃, 

every sample contains five phases, such as C3S, C2S, C4AF, C3A and f-CaO. The peak of 

C4A3$ was appeared and decreased with the increasement of SM. The contents of f-CaO increases 

with the increasement of SM at 1300℃（Fig.2c）. The characteristic diffraction peak of 

C4A3$ appeared with the increasement of SM due to the increasement of f-CaO. 



 

Fig.1 The XRD patterns of the samples burned at 1450℃ and reheated at 1250℃ 

 

Fig.2 The XRD patterns of the samples burned at 1300℃ and reheated at 1250℃ 

3.4 Microstructure 

In order to investigate the phases morphology, the pictures were took by light microscopy are 

shown in Fig.3 for the samples with SM=2.15 and SM=2.90 at the temperature of 1450℃.  

 

Fig.3 Microscopic view of clinker heated with SM=2.15（A） and SM=2.90（B） at the 

temperature of 1450℃ 

Crystals of alite and belite are embedded in a matrix of aluminate and ferrite phase. In general, 

alite crystals are angular, often pesudoheagonal, and belite crystals are round and normally striated. 



The crystallinity of alite in clinker with SM=2.15 was better than that with SM=2.90 due to the 

proportion of silicate phases in the clinker.  

 

4 Conclusions 

The influence of SM to alite-ye’elimite clinker under laboratory condition was reported in this 

paper. Ye’elimite formation is blocked by the SM and temperature. The contents of ye’elimite 

were decreasing with SM increased when reheated at 1250℃, but the contents of ye’elimite were 

increasing when f-CaO increased at 1300℃.  
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Abstract 

The poisoning of alkali metal salts in fly ashes on MnOx-TiO2 catalysts is one of the most important problems in the 

selective catalytic reduction (SCR) of NOx by NH3. In this work, MnOx-TiO2 catalysts were prepared by sol-gel method. 

KNO3, KCl and K2SO4were doped respectively on MnOx/TiO2 catalysts then calcinated at temperature of 500°C for 3 

hours to simulate the poisoning of K2O( decomposed by KNO3 ), KCl and K2SO4．To investigate the micro structure 

and performance of catalyst before and after poisoning, BET, XRD, SEM, XPS, H2-TPR and NH3-TPD were employed. 

The effects of different sylvites on catalysts were studied on the SCR activity reactor in the temperature range 90°C-

330°C. It was found that: All of the three kinds of sylvites caused varying degrees of deactivation on catalysts, among 

which the KNO3 exhibited greater poisoning effect than KCl and K2SO4. The BET studies showed that KNO3, KCl and 

K2SO4 caused the similar decrease of specific surface area and pore volume, but the NH3-TPD studies revealed that the 

quantity of acid sites for KNO3-MnOx/TiO2 reduced greatly while KCl-MnOx/TiO2 and K2SO4-MnOx/TiO2 both 

reduced slighter. The H2-TPR result showed that the reduction peaks shifted to apparently higher temperatures with the 

loading of KNO3 while this phenomenon was not observed on the KCl-MnOx/TiO2 and K2SO4-MnOx/TiO2 catalysts. 

The results above indicate that the deactivation of catalysts was mainly attributed to the decrease of surface area, 

Bronsted acid sites and the reducibility. 

 

Originality 

Selective catalytic reduction (SCR) technology is one of the most promising technologies for NOx emissions reduction 

in cement kiln, but the core of SCR technology is low temperature catalyst materials. As a result, the search for 

catalysts active at low temperatures (<200°C) is quit necessary. Supported MnOx/TiO2 catalyst is widely studied as its 

good activity in 90°C-180°C. The activity and selectivity of pure MnOx in SCR have been investigated intensively, and 

90% of NO conversion was obtained at 180°C. Therefore, MnOx/TiO2 catalyst is appropriate for the catalysis at the 

condition of low temperature stack gases after the Waste heat power generation and dedusting in cement kiln. This 

article has been confirmed that the fresh MnOx/TiO2 catalyst prepared with the sol-gel method has superior catalytic 

activity, which the NO conversion can achieve nearly 90% at low-temperature of 120oC, while the deposition of KNO3, 

KCl and K2SO4 can all poison the MnOx/TiO2 catalyst. Besides, the different poisoning effects of KNO3, KCl and K2SO4 

doped on the MnOx/TiO2 catalyst for SCR are correlated not only to the surface Brønsted acid sites of catalyst but also 

tothe reducibility of dispersed MnOx. 
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1. Introduction 
MnOx/TiO2 catalyst is appropriate for the catalysis at the condition of low temperature stack gases after the 

Waste heat power generation and dedusting in cement kiln[1-3]. However, some ultra-fine dust which is rich in 

alkali metal compounds still exists in the cement kiln after dedusting. Most of the alkali metal compounds are 

sub-micron and ultra-fine particles, the main forms represented by potassium are K2O, K2SO4, KCl and so on. 

Research has shown that the alkali metal compounds deposit on the industrial catalyst of V2O5/Ti2O reduce the 

surface acidity of catalysts and inhibit adsorption of NH3 on the catalyst surface, which result to reduce the SCR 

activity of the catalyst[4]. Lietti et al.[5] suggested that K+ ions decrease the amount of ammonia adsorbed on 

V2O5/TiO2, resulting in the decrease of both the number of acid sites on the catalyst and the activity of NO 

reduction. Kamata et al.[6] found that the strength and number of Brønsted acid sites decreased largely with the 

loading of K2O in parallel with the decrease of the SCR activity. Despite there are many reports about K+ ions 

poisoning on V2O5/TiO2 catalyst, but up to now, reports about K+ ions poisoning on MnOx/TiO2 catalyst are 

very few. It is well known that a large number of acid sites exist on the surface of MnOx/TiO2 catalyst. 

Therefore, K+ ions also can combine with these acid sites and cause catalyst poisoning, which result to reducing 

of the service life of catalyst. Hence, it is very necessary to study the poisoning of K+ ions on MnOx/TiO2 

catalyst. In this paper, the simulation poisoning methodis used in exploring the K2O（decomposed by roasting 

KNO3）, KCl and K2SO4 poisoning on catalysts. Although the simulation of poisoningare different from actual 

situation of poisoning, it still has great reference value. Besides, the researches of the influence and mechanism 

of the poisoning of K+ ions on MnOx/TiO2 catalyst lay a foundation for the anti-poisoning studies. 

2. Experimental 

2.1. Catalyst preparation 
The MnOx/TiO2 was prepared by sol-gel method. The specific steps are as follows: Firstly, added 5ml acetic into 

34g tetrabutyl titanate with stirring and then added into 200ml absolute ethylalcohol with stirring for 10 minutes, 

named the mixed liquor as A. Secondly, added 28.6g 50% of manganese nitrate solution into 100ml absolute 

ethylalcohol, followed by adding 18ml distilled water, named the mixed liquor as B. Thirdly, add the B mixed 

liquor into the A, stirred the solution until the liquor turned into gelatin. Fourthly, the prepared gelatin was 

stayed at the room temperature for 20 h, then dried in air at 110℃ for about 12 h, grinded into powder and 

roastedin air at 500℃ for 4 h.  

2.2. Simulation K+ ions poisoning of catalyst by impregnation 
The KNO3 doped MnOx/TiO2 catalysts (denoted as KNO3-Mn/Ti) with different molar ratios(K/Mn are 0.05, 0.1, 

0.25, 0.5) of K/Mn were prepared by impregnating the MnOx/TiO2 catalysts with the aqueous solutions 

containing the required amount of KNO3,then dried in air at 110℃ for 12 h and roasted at 500℃ for 3 h; The 

KCl and the K2SO4 doped MnOx/TiO2 catalysts with the molar ratios of K/Mn=0.5 (denoted as KCl-Mn/Ti and 

K2SO4-Mn/Ti respectively) were prepared by the similar method of KNO3-Mn/Ti catalysts. 

2.3. SCR activity measurements 

The activity of these catalysts was measured in a flow reactor at temperatures ranging from 90℃to 330℃ and at 

a space velocity of 27000 h-1. The simulated exhaust gas consisted of 1000 ppmv NO, 1000 ppmv NH3, 5% 

vol.O2,and N2 was the reminder. The NO concentrations after reaction were determined by using a42i-HL type 

high concentrations (NO-NO2-NOx) analyzer of ThermoFisher Company. The NO conversion was calculated 

according to the expression below. 

NO conversion=（Cin-Cout）/ Cin×100% 

Where Cin is the inlet concentration of NO, and Cout is the after reaction concentration of NO. 

2.4. Catalyst characterization 
Analyses of the specific surface area and texture (porevolume and pore size distribution) were carried out by N2 

physisorption using anTriStarII 3020 (micromeritics) instrument.The samples were dried at 90℃ for 1 h and at 

350℃ for 4 h in vacuum prior to measurements. The specific surface area was calculated according to the BET 

method. The crystal structures of the samples were determined by XRD-7000 diffractometer (shimadzu, Japan, 

λ= 0.15405 nm). A broad scan analysis was carried out in the 2θ range from 10° to 80° at a scan speed of 4–

8°/min. X-ray photoelectron spectroscopy (XPS) was used to analyzethe surface atomic state of catalyst with Al 

Ka X-rays (Thermal ESCALAB250). The concentrations Mn, Ti and O on catalyst surface were calculated from 

the peak areas ratios of the samples. Temperature programmed reduction (TPR) and temperature programmed 

desorption (TPD) were carried out on the 1100 Series TPDRO (Thermo) instrument using 50 mg catalysts. Prior 

to TPR experiments, samples were pretreated in pure N2 at 500℃ for 1.5 h. Then cool to 100℃ and ventilate 

high-pure H2 and stay for half of an hour. Then TPR runs were carried out with the linear heating rate (5℃/min) 

from 80℃ to 700℃. For NH3–TPD experiments, after pretreated in He at 500℃ for 1 h, catalysts were saturated 
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with anhydrous NH3 (4% in He) at a flow rate of 30 ml/ min for about 30 min. Desorption was carried out by 

heating the sample in He (30ml/min) from100℃ to 800℃ with a heating rate of 5℃/min. 

3. Results and Discussion 

3.1. Catalytic activity 

 
Fig.1.NO conversion for MnOx/TiO2 catalyst with different loading KNO3 and different sylvite 

The activities of catalysts with different K+ loadings and different sylvite measured from 90℃-330℃ are shown 

in Fig.1. It can be seen that the fresh MnOx/TiO2 catalyst has superior catalytic performance, which the NO 

conversion can achieve nearly 90% at temperature of 120℃, while the NO conversion on KNO3-Mn/Ti catalyst 

decreases very sharply with increasing K/Mn molar ratio from 0.00 to 0.50. When the molar ratio of K/Mn is 

more than 0.25 (d and e), the NO conversion dropbut not increases with the increase of temperature from 90-

160℃ then increases and decreases again at last, which forms a shape of inverted “S”, and the NO conversions 

of (d) and (e) catalystsdrop to lowest value at the temperature of about 150℃. 

The three kinds of sylvites cause different degrees of poisoning to catalyst, among which the KNO3-Mn/Ti is 

more serious obviously than the other two poisoning catalysts. The NO conversion of the KNO3-Mn/Ti almost 

reduces to 0%. It is well known that KNO3 can be decomposed at above the temperature of 400℃. Thus the 

KNO3 was decomposed to the K2O during the calcination at 500℃ in the process of simulation poisoning. 

Besides, the K2O can react with O2 to K2O2. Therefore, the KNO3-Mn/Ti catalyst contains both K2O and K2O2, 

so we can suppose that the K2O and K2O2 are the main poisoning substances for the deactivation of KNO3-Mn/Ti 

catalyst. 

3.2Characterization results of catalysts 

3.2.1 BET surface area and pore diameter analysis 

 
Fig.2. N2 adsorption/desorption isotherms for catalysts 

Table1.Physicochemical properties of catalysts 

sample Surface area（m2/g） Pore volume（cm3/g） Pore size（nm） 

MnOx/TiO2 144.1 0.2518 5.542 

0.05KNO3-Mn/Ti 138.5 0.2503 6.005 

0.1 KNO3-Mn/Ti 131.8 0.2286 6.935 

0.25 KNO3-Mn/Ti 113.7 0.2107 7.414 



 

 

0.50 KNO3-Mn/Ti 83.2 0.1624 7.809 

0.50KCl-Mn/Ti 81.8 0.1659 8.765 

0.25K2SO4-Mn/Ti 98.1 0.1760 6.219 

The physicochemical properties of catalysts are shown in table 1. It can be seen that the specific surface area and 

Pore volume on the KNO3-Mn/Ti catalysts both decrease with the increasing of K/Mn molar ratio from 0.00 to 

0.50, while the pore size increases with the increasing of K/Mn molar ratio. Similarly, the KCl-Mn/Ti and the 

K2SO4-Mn/Ti catalysts have the similar regular of the specific surface area, pore volume and pore size.  

As is shown in the Fig.2, either fresh catalyst or the poisoning catalysts have the typical “IV” adsorption 

isotherm, which indicate that the catalysts have the mesoporous structure; All the catalysts have the type of the 

H1 hysteresis loop, implying the catalysts pores are well-distributed and narrow[7]. But compared with the fresh 

catalyst, the adsorption quantity of the poisoning catalysts decreases obviously, which indicates that the specific 

surface area of the poisoning catalysts drops. In a word, the results in table1 and Fig.2 are coincident, the three 

kinds of sylvites all lead to the decreasing of the specific surface area and Pore volume which is attribute to the 

deposit and coverage of sylvites on catalysts. 

3.2.2XRD 

 
Fig.3.Powder X-ray diffraction results of samples 

(a)fresh Mn/Ti; (e) KNO3-Mn/Ti; (f) KCl-Mn/Ti; (g) K2SO4-Mn/Ti 

Fig.3.showed the XRD spectra of fresh catalyst, KNO3-Mn/Ti, KCl-Mn/Ti and K2SO4-Mn/Ti. Fresh catalyst 

contains two kinds of TiO2 (anatase and rutile), and the anatase is much more than rutile. MnOx was not detected 

on the fresh catalyst, implying the MnOx was highly dispersed on the support TiO2 as amorphous state. It was 

reported that the dispersion of the manganese oxides had important influence on the reaction, since crystalline 

manganese oxide contributed little to activity[8-10]. High dispersion of MnOx can increase the number of oxygen 

vacancy, good for catalytic activity[11]. The characteristic diffraction peaks of TiO2 keep almost unchanged after 

poisoning. The weak peaks attributed to MnO2 could be seen on KCl-Mn/Ti XRD curve, suggesting that the 

amorphous MnOx may exist as the state of MnO2, and some amorphous MnOx crystallize during the KCl 

simulation poisoning. KCl and K2SO4 are detected respectively on the KCl-Mn/Ti and K2SO4-Mn/Ti catalysts 

respectively. However, KNO3, K2O or K2O2was not detected for KNO3-Mn/Ti catalyst, it may be that most of 

the KNO3 was decomposed to amorphous K2O or K2O2 . 

3.2.3XPS 

 



 

 

Fig.4. Mn2p-XPS spectra of samples 

(a)fresh Mn/Ti; (e) KNO3-Mn/Ti; (f) KCl-Mn/Ti; (g) K2SO4-Mn/Ti 

 

 
Fig5. O1s-XPS spectra of Mn/Ti and KNO3-Mn/Ti catalyst 

As seen in Fig.4, two main peaks corresponding to Mn 2p1/2 and Mn 2p3/2were observed for Mn 2p-XPS spectra. 

The Mn 2p3/2 peaks for fresh catalyst, KCl-Mn/Ti and K2SO4-Mn/Ti were all located at 642.4eV, indicating that 

the surfaces manganese were presented as Mn4+[12], the configuration of  Mn4+ is “d3”, electron in “d” orbit is the 

half full state, which is easy to migrate to O2 and NH3 so that prompting the reaction[13]; while it is clear that the 

main peak of the Mn 2p3/2 state slightly shifted to lower binding energy for the KNO3-Mn/Ti, which is located at 

642.1eV (Mn4+). As a general law, the formation of an interfacial oxide would lead to an energy shift[14]. 

Combined with KNO3-Mn/Ti, the interfacial oxide was considered as the K2O or K2O2. It is just because of the 

interaction of the K2O or K2O2 with MnO2 so that the Mn2p3/2 state slightly shifted to lower binding energy. 

Fig.5 shows the O1s-XPS spectra，which is generally composed of two surface oxygen species. The binding 

energy range of 531.0-532.5eV is assigned to surface chemisorbed oxygen such as defect oxides or oxygen ions 

with low coordination (donated as Oα), and the binding energy range of 529.5-530.0 3 eV is characteristic of 

lattice oxygen (donated as Oβ) [15]. It can be seen from Fig.5, two peaks of fresh catalyst and KNO3-Mn/Ti 

catalyst corresponded lattice oxygen and surface chemisorbed oxygen. The Oα relative content (Oα/Oα+Oβ) for 

fresh catalysts more than KNO3-Mn/Ti catalyst, suggesting the fresh catalyst has the more surface chemisorbed 

oxygen. Oα was reported to be highly active in the oxidation reaction due to its higher mobility than lattice 

oxygen Oβ
[16] .Therefore, Oα could promote the oxidation of NO to NO2 and H-abstraction of the adsorbed NH3 

[17], which were both supposed to be very important in low-temperature NH3-SCR. The results are good 

agreement with the activity of the fresh catalyst and KNO3-Mn/Ti catalyst. 

3.2.4 TPD-TPR 

 
Fig.6. H2-TPR of Mn/Ti and KNO3-Mn/Ti catalyst 

(a)fresh Mn/Ti; (e) KNO3-Mn/Ti; (f) KCl-Mn/Ti; (g) K2SO4-Mn/Ti 

The H2-TPR studies of fresh Mn/Ti and KNO3-Mn/Ti catalysts are shown in Figure 6. It can be seen that a three-

step reduction process was observed for the fresh Mn/Ti, corresponding to 374℃, 498℃ and 567℃ respectively, 

which is attributed to the reduction of MnO2→Mn2O3, Mn2O3→Mn3O4 and Mn3O4→MnO[18,19], while only two-



 

 

step reduction process was observed for KNO3-Mn/Ti catalyst, the H2 consumption peak shifts to apparently 

higher temperatures with the loading of KNO3, corresponding to 481℃ and 591℃ respectively, implying the 

corresponding drop in the reducibility of the MnOx in the samples. 

 
Fig.7. NH3-TPD of samples 

(a)fresh Mn/Ti; (e) KNO3-Mn/Ti; (f) KCl-Mn/Ti; (g) K2SO4-Mn/Ti 
The NH3-TPD result of catalysts is showed in Fig.7. The fresh MnOx/TiO2 catalyst shows three main NH3 

desorption peaks-the first one centered at about 200℃, the second one centered at about 340℃ and the third one 

centered at about 690℃, which could be assigned respectively to weak acid sites, Brønsted acid sites and Lewis 

acid sites[20]. Similarly, the KCl-Mn/Ti catalyst and K2SO4-Mn/Ti also show three main NH3 desorption peaks at 

the same positions with fresh MnOx/TiO2 catalyst, but the intensity of the peaks weaken obviously, which 

indicated that the three kinds of acid sites still existed on the KCl-Mn/Ti and K2SO4-Mn/Ti catalysts. However, 

hardly any strong peaks were observed for the KNO3-Mn/Ti catalyst. The results above can be explained as 

follows: the decrease of acid sites amount for KCl-Mn/Ti catalyst and K2SO4-Mn/Ti catalysts was mainly 

attributed to the physical effect of the KCl and K2SO4, such as the decrease of surface area and some acid sites 

were covered by KCl and K2SO4. While for the KNO3-Mn/Ti catalyst, in addition to the physical effect, the 

chemical effect that acid sites wereneutralized by K2O or K2O2 decomposed by KNO3 played a leading role for 

decrease of acid sites. Combined with Fig.1, we can see that the NO conversion for KNO3-Mn/Ti catalyst 

decrease instead of increase with the increase of temperature from 90-160℃, and reach the lowest value at about 

160℃, this may be because the H2O or H2O2 which were produced by the reaction of K2O or K2O2 with Brønsted 

acid sites evaporated at temperature of 100 ℃ and 150℃ (the boiling point of H2O2 is 150℃), which promoted 

the reaction of K2O or K2O2 with Brønsted acid sites so that the acid sites decrease sharply. Yang[21,22] believe 

that the catalysis process begin with the adsorption of NH3 with Brønsted acid sites, which indicate that the 

Brønsted acid sites play a vital role in catalyzing reaction, hence, when the H+ on Brønsted acid sites was 

substituted by K+, the K+ inhibit adsorption of NH3 on the catalyst surface, which result to reduce the SCR 

activity of the catalyst. The poisoning process for KNO3-Mn/Ti catalyst can be explained as follows in Fig.8. 

 
Fig.8. The catalysis and K+ poisoning process 

4. Conclusions 
Based on the above experimental results and discussion, It has been confirmed that the fresh MnOx/TiO2 catalyst 

prepared with the sol-gel method has superior catalytic activity, which the NO conversion can achieve nearly 

90% at low-temperature of 120oC, while the deposition of KNO3, KCl and K2SO4 can all poison the MnOx/TiO2 

catalyst for selective catalytic reduction of NO by NH3. The BET studies show that the surface area and pore 



 

 

volume of catalysts reduce for the poisoning catalysts. Besides, the relative content of Mnon the surface of 

poisoningcatalysts is less than fresh catalyst. However, the KNO3 exhibit much greater poisoning effect than 

KCl and K2SO4. The K2O or K2O2 decomposed by KNO3 neutralized Brønsted acid sites of catalyst resulting to 

the decrease of amount of Brønsted acid sites which leading to the inhibition of NH3 adsorption on the catalyst 

surface. Besides, the K2O or K2O2 combine with the dispersed MnOx strongly which result to the decrease of 

surface chemisorbed oxygen and reduce their reducibility. In comparison, KCl and K2SO4 slightly affect the 

Brønsted acid sites and the reducibility of the catalyst. The differentpoisoning effects of KNO3, KCl and K2SO4 

doped on the MnOx/TiO2 catalyst for selective catalytic reduction of NO by NH3 arecorrelated not only to the 

surface Brønsted acid sitesof catalyst but also to the reducibility of dispersed MnOx. 
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Abstract 

In this paper, electrochemical impedance spectroscopy (EIS) was adopted as a nondestructive testing 

method for measuring the electrical resistance and evaluating the development of compressive strength of 

cementitious materials. The impedance spectroscopy parameters make it possible to analyze the evolution 

of the microstructure and the formation of hydration products. At the same time, results of the compressive 

strength were obtained to evaluate the applicability and the reliability of the EIS model. Based on the 

microstructure analysis, correlation between electrical resistivity and compressive strength has been 

established, a linear relationship can be obtained as Y=a X+b. It can be concluded that the electrical 

resistivity curves dynamically reflect the internal microstructure formation and strength development in 

cementitious materials and it is possible to predict compressive strength quantitatively.  

 

Originality 

In order to obtain the electrical resistance according to the results of electrochemical impedance 

spectroscopy, certain equivalent circuit was selected to assess the impedance spectroscopy parameters. 

And also the relationship between electrical resistance and curing time is established. It is worth 

emphasizing that the curve mentioned above is closely associated with the four periods of cement hydration 

curve so that the reaction rate of cement hydration can be reflected directly. It needs more study in the 

future research. On the other hand，feature points respectively representing initial setting and final setting 

time can also be figured out on the inflection point of the curve of resistance. 

Besides, the effect of different mineral admixtures such as fly ash and blast-furnace slag on the process of 

cement hydration has also been studied. Three correlated equations reflecting the relationship between 

electrical resistance and compressive strength have been established. In conclusion, electrochemical 

impedance spectroscopy is regarded as a new method to assess the degree of cement hydration, as well as 

to predict the compressive strength of certain age of harden cement paste. 

 

Keywords: electrochemical impedance spectroscopy; compressive strength; cementitious materials;   

                                                             

1 Corresponding author:chilin8958@163.com, Tel +86-15104517339 



1. Introduction 

As cement hydration is directly related to the durability and safety of the construction structures, 

many researchers have explored the hydration characteristics of cement-based material by various 

methods including SEM, XRD, IR, TG, etc (K. L. Scrivener, A. Nonat, 2011). Unlike the test 

methods in which samples have to be destroyed for the further test, the electrochemical impedance 

spectroscopy (EIS) is an effective new one which has been regarded as a nondestructive way to 

study the physical properties of materials (McCarter WJ, et al, 1998; Macdonald DD, 2006; I. 

Sánchez, et al, 2011; Y. Li, C. Sui, Q. Dinga, 2012). The important parameter, electrical resistance, 

can not only reflect the hydration process of hardened cement paste, but also become an important 

indicator to perform the properties and parameters of durability in all aspects at certain curing age 

(Lapinas RA, 1978; McCarter WJ, Brousseau R, 1990; M. Cabeza, P. et al, 2002; An XP, et al, 

2012).  

Cement hydration properties can be characterized by the standard 28d compressive strength of 

the mortar (Powers TC, Brownyard TL, 1948；Relis M, Soroka I, 1874). There are mainly two 

methods for cement strength: one is through mechanics experiment, the other is by the use of 

suitable mathematical models which is known as artificial neural network (S. Tsivilis, G. 

Parissakis, 1995；Ince R, 2004). The method, electrochemical impedance spectroscopy, which 

can focus on the internal structure of cement and strength development, reflects the hydration 

process dynamically and accurately (Rui Miguel Ferreir, Said Jalali, 2010; Andrade C, 2005). 

This is due to porosity decreases with hydration time, resulting from the increase of the solid 

phase in the hydration systems, which favors both electrical resistivity increase and compressive 

strength development (Gu P, et al, 1993; Bijen J, 1996; Cui L, Cahyadi JH, 2001; I. Sánchez, et 

al, 2008).  

In spite of the prior work mentioned above, the relationship between electrical resistance and 

compressive strength of hardened cement paste with different admixture proportion is rarely 

studied (A. A. Ramezanianpour, V. M. Malhotraa, 1995; Song GL, 2000; Ö. Çakir, F. Aköz, 

2008). The purpose of this paper is to apply the new kind of testing method, electrochemical 

impedance spectroscopy, to assess the degree of cement hydration, as well as to predict 

compressive strength of harden cement paste in certain curing age. The relationship between the 

electrical properties, compressive strength and microstructure of the cement is established. 

Therefore, there is a significant meaning in the improvement and application of cement hydration 

in constructions. 

2. Material and sample preparation  

Ordinary Portland cement linker (OPC, CEMⅠ42.5N) was used. Table 1 presents the chemical 

composition of OPC. In order to get cement powder，clinker balls were crushed into pieces by 

jaw crusher, and finely grounded by ball mill. The specific surface area and particle size of the 

clinker were measured by BT-2002D particle size analyzer and the result of BET is 332.5 m2/kg. 

Three kinds of mineral admixtures including Class I fly ash, ClassⅡ fly ash and slag were used 

and the quantity of admixture was in the range from 10% to 50% on the condition that the water 

to cement ratio was 0.5 for all the mortar samples, as shown in Table 2.   
 Table1 Chemical compositions of the raw materials (wt.%) 

Raw material SiO2 CaO Fe2O3 Al2O3 Na2O K2O MgO SO3 else 

clinker 21.32 59.78 4.69 5.21 0.19 0.62 2.31 0.92 1.23 

Class I Fly Ash 62.29 15.94 6.24 1.57 --- --- 0.31 7.29 2.65 

ClassⅡFly Ash  58.08 3.18 4.59 24.77 --- --- 1.39 0.17 2.65 

Slag 34.18 26.60 15.32 13.8 --- --- 9.15 0.5 ---- 

 



Table 2  Different quantities of mineral admixtures mixed in cement paste and compressive strength 

with different curing time of 3d、7d and 28d 

Sample W/C OPC% Admixture% 
Compressive Strength（MPa） 

3d 7d 28d 

H1
*/A1

*/D1
* 0.5 90 10 26.6 / 26.8 / 25.2 40.5 / 36.4 / 27.8 57.9 / 53.9 / 49.6 

H2/A2/D2 0.5 80 20 28.2 / 16 / 20.7 30.6 / 26.6 / 21.3 47 / 38/ 42.6 

H3/A3/D3 0.5 70 30 19.7 / 15.8 / 13.6 29.5 / 25.3 / 16 42 / 39.7 / 41.3 

H4/A4/D4 0.5 60 40 16.6 / 9.5 / 14.8 19.9 / 19.4 / 16.4 34.4 / 30.2 / 33.9 

H5/A5/D5 0.5 50 50 10.35 / 8.6 / 7.9 17.9 / 10.3 / 13.5 24.9 / 22.6 / 25.5 

H* represents samples mixed with Class I fly ash. A* represents samples mixed with Class Ⅱ fly ash. D* represents samples mixed 

with slag. 

3. Experimental methods 

3.1. Impedance spectroscopy 

Electrochemical impedance spectroscopy of the mortar samples were measured with RST5200 

electrochemical workstation. The frequency of this workstation is in the range from 105Hz to 

0.1Hz and the amplitude of sinusoidal cross circuit is 10mA. After mixing, fresh mixtures were 

cast into a plastic mold (50×50×70mm), as shown in Fig. 1. Two stainless steel plates (80×40mm) 

serving as conductive electrodes were fixed on the parallel surface of the mold, including working 

electrode and reference electrode. Measurements were taken at intervals of 1 h for 24 h and 1d 

for 36d. The cement strength was measured based on standard ISO 679:1989 (GB/T 17671-1999).  

 

Fig. 1 Schematic of sample used for EIS measurements. 

3.2. Compressive strength 

Mortar mixtures were prepared for determining standard strength of 3d, 7d and 28d respectively 

with size of 20×20×20mm. The samples were mixed, cast, compacted and placed in a moist 

storage room (20 ± 2°C) for 24 h, and then demolded and moved to a standard curing room (20 ± 

2°C, 95% relative humidity) up to 28 d.  

4. Experimental results 

4.1. Nyquist curve of cement paste in different curing ages  

Straight line with a slope of nearly 45°is shown in Nyquist curve during the age of 1-12h, as 

shown in Fig. 2 a). This is due to the low reaction rate of cement hydration in the early period, 

the flocculent structure of hydration product has not yet formed, liquid-solid interface is failed to 

appear, therefore the line representing high-frequency arc in the figure is failed to come into being. 



In contrast, curve with a certain curvature representing high frequency appears in Fig. 2 b) during 

the age of 1-28d, this is due to reaction rate of cement hydration becomes significantly more 

quickly and the pore structure in capillary structure begins to develop, which represents the 

transformation of hydration products and the formation of flocculent structure. In other words, it 

indicates that cement slurry is gradually turned into three-phase system with hydration products, 

unhydrated particles and water. 
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Fig. 2 a) Nyquist curve of OPC cement paste in ages during the age of 1-12h 

b) Nyquist curve of OPC cement paste in ages during the age of 1-28d 

4.2. The relationship between electrical resistance and hydration process during 12h 

By selecting compatible equivalent circuit, the resistances of the hardened cement paste in the 

early age are acquired, as shown in Fig.3. The resistance variation of cement paste, shown in Fig.4 

is basically the same model as the classic cement hydration process, which can also be divided 

into four periods, namely dissolution period, induction period, acceleration period, deceleration 

period. 

 

Fig. 3 Equivalent circuit of hardened cement paste 

The first stage is characterized as AB in the Figure 4 b) and determined by chemical reaction. 

After the interaction of cement particles and water, the electrical resistance decreases to the 

minimum. Because the electrical resistance of cement paste is mainly determined by ion quantities 

in the solution, Ca2+、K+、Na+、OH-、SO42- dissolve from cement particles and the ions exchange 

between solid and liquid phase which shows a declining trend of electrical resistance. 

Secondly, the electrical resistance of the sample basically remains the same or with little change 

in induction period characterized as BC in the Figure 4 b). This is due to crystal nucleus of CH 

and C-S-H gel begin to form when the concentration of dissolved ions tend to be saturated. For a 

further step, a protective layer formed by hydration products gradually comes into being on the 

surface of cement particles, which slows down the reaction rate of cement hydration. In addition, 

it is worth to emphasize that final time (Point B) represents the initial set of cement slurry, Namely, 

the paste gradually loses its plasticity .  

Thirdly, it is obvious to draw a conclusion that the electrical resistance increases rapidly in 

acceleration period characterized as CD and the maximum inflection point (Point C) representing 

the final set of cement slurry appears in this period. The reason, which is responsible for the 

increasing of electrical resistance, can be explained that the appearance of microstructure with the 

fracture of protective layer makes it difficult for ionic migration. 
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Fig.4 a) The resistance developments of the three pastes with W/C=0.5 during 12h   

b) The model of resistance development of sample H5 during 12h 

Deceleration period can be illustrated as DE in the Fig. 4 b) and mainly controlled by ionic 

diffusion. In this section, the resistivity reduces obviously while the resistance of cement paste 

increases indistinctively because the porosity dropped dramatically in the hardened cement paste. 

In conclusion, the initial and final setting time can be predicted by feature points, which is 

mentioned above as point B and C. Besides, the reaction rate of cement hydration could be 

described according to the variation of electrical resistance.   

4.3. The relationship between electrical resistance and compressive strength of hardened 

cement paste 

For the equivalent circuit model mentioned above, a typical Nyquist curve of the electrochemical 

impedance spectroscopy can be fitted as a curve reflecting the variation of electrical resistance 

during curing age, as shown in Fig.5. It is noted that cement pastes with different admixtures 

follow the same law, there is a negative correlation between electrical resistance and the quantities 

of mineral admixture. That is to say, electrical resistance of the samples mixed with three different 

kinds of admixtures tends to decreases along with the increasing quantity in cement paste. Take 

Fig. 5 c) for example, the resistance of D1 among the five samples is the biggest with the smallest 

proportion of slag, on the contrary the smallest resistance is D5, the one with the biggest slag 

proportion. The explanation for this is that the W/C ratio of the sample with admixture turns to 

be smaller compared with control group. These results agree well with the findings of Bi-qin 

Donga, et al, W/C is inversely proportional to electrical resistance of hardened cement paste. 
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Fig.5 The resistance developments of the three pastes with W/C=0.5 during 1-28d 

Based on the analysis of experimental data, quantitative correlations between compressive 

strength at 3d、7d and 28d measured by the ISO 679:1989 (shown in table 2) and electrical 

resistance for the paste with different mineral admixture, respectively class I fly ash, classⅡfly 

ash and blast-furnace slag, with the quantity ranging from 10% to 50% are established, shown in 

Eq.(1) (2) (3) and the correlation is shown in Fig.6. At the same time, the correlation 

coefficient of the equation is quite fine. Deduced from the equation mentioned above, a general 

equation is obtained as given in Eq. (4).  

  Y= 0.0114 X - 4.013 R2=0.94927                                            (1) 

  Y= 0.1368 X - 8.775 R2=0.97172                                            (2) 

  Y= 0.0111 X - 3.094 R2=0.91446                                            (3) 

  Y=a X+b                                                              (4) 

Where Y is the standard compressive strength of cement paste at 3d, 7d and 28 d, in MPa ; X is 

the bulk electrical resistance of cement paste when W/C= 0.5, in Ω·mm; and a, b is the practical 

parameters. 
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Fig.6 The relationship between compressive strength and electrical resistance for the hardened cement paste 



It can be concluded that the electrical resistance curves dynamically reflect the process of internal 

microstructure formation process and strength development in cementitious materials. 

Electrochemical impedance spectroscopy as a non-destructive method can be sensitive to measure 

the variation of microstructure in the process of cement hydration and compressive strength 

development. It could be applied to practical engineering projects in the future and also a large 

number of tests needed to be done for obtaining more parameter for the equations in the future 

study.  

5. Conclusions 

According to the results of this paper, the following conclusions are drawn: 

1. The curve reflecting the relationship between electrical resistance and curing age is closely 

associated with the four periods in cement hydration curve, so that the reaction rate of cement 

hydration can be reflected directly. Besides, feature points representing initial and final setting 

time respectively can also be figured out on the inflection point of the curve of resistance. 

2. Based on the microstructure analysis, correlation between electrical resistivity and compressive 

strength has been established, a linear relationship can be obtained as Y=a X+b. It can be 

concluded that the electrical resistivity curves dynamically reflect the internal microstructure 

formation and strength development in cementitious materials and it is possible to predict 

compressive strength quantitatively.  
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Abstract 

In this paper, electrochemical impedance spectroscopy (EIS) was adopted as a nondestructive testing 

method for measuring the electrical resistance and evaluating the development of compressive strength of 

cement paste. Then, results of the compressive strength were obtained to evaluate the applicability and the 

reliability of the EIS model. Correlation between electrical resistivity and compressive strength has been 

established, a linear relationship can be obtained as
c x cf k R R b   . It can be concluded that the electrical 

resistivity curves dynamically reflect strength development in cement paste and it is possible to predict 

compressive strength quantitatively to some extent.  

 

Originality 

In order to obtain the electrical resistance according to the results of electrochemical impedance 

spectroscopy, certain equivalent circuit was selected to assess the impedance spectroscopy parameters. 

And also the relationship between electrical resistance and curing time is established. It is worth 

emphasizing that feature point representing final setting time can also be figured out on the inflection point 

of the curve of resistance. 

Besides, the effect of two kinds of fly ash on the process of cement hydration has also been studied. 

Correlated equations reflecting the relationship between electrical resistance and compressive strength 

have been established. In conclusion, electrochemical impedance spectroscopy is regarded as a new 

method to to predict the compressive strength of certain age of harden cement paste. 

 

Keywords: electrochemical impedance spectroscopy; cement paste; compressive strength;  
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1. Introduction 

As cement hydration is directly related to the durability and safety of the construction structures, 

various measuring and testing techniques, e.i. SEM, XRD, IR, TG, etc, have been applied to study 

the hydration characteristics of cement paste (K. L. Scrivener, A. Nonat, 2011). Unlike the test 

methods in which samples have to be destroyed for the further test, the electrochemical impedance 

spectroscopy (EIS) is an effective new one which has been regarded as a nondestructive way to 

study the physical properties of materials (McCarter WJ, et al, 1998; I. Sánchez, et al, 2011). The 

important electrochemical parameters can reflect the hydration process and become an important 

indicator to perform the properties of durability of hardened cement paste (Lapinas RA, 1978; 

McCarter WJ, Brousseau R, 1990).  

Cement hydration properties can be characterized by the standard 28d compressive strength of 

the mortar (Powers TC, Brownyard TL, 1948；Relis M, Soroka I, 1874). In spite of the prior 

work mentioned above, the relationship between electrical resistance and compressive strength 

of hardened cement paste with admixture proportion is rarely studied (A. A. Ramezanianpour, V. 

M. Malhotraa, 1995; Song GL, 2000). The purpose of this paper is to apply the new kind of testing 

method (EIS), to predict compressive strength of harden cement paste in certain curing age. 

Therefore, there is a significant meaning in the improvement and application of cement hydration 

in constructions. 

2. Materials and sample preparation  

The cement clinker was used in the study and specific surface area is 332.5 m2/kg. The dosage of 

the gypsum was 3% by mass of cement clinker by weight. Two types of fly ashes conforming to 

Chinese National Standard GBT1596-2005 were used in this study. Ordinary fly ash (OFA) with 

the specific surface area of 356 m2/kg was obtained from a power plant. Ground fly ash (GFA) 

with the specific surface area of 635 m2/kg was obtained by grinding the ordinary fly ash. The 

specific surface area was determined by a Blaine specific surface area analyzer. The chemical 

composition of the initial materials is given in Table I. Admixture were added by replacing an 

equal mass of 10% to 50% cement clinker, as shown in Table II.  
 Table1 Chemical compositions of the raw materials (wt.%) 

Raw material SiO2 CaO Fe2O3 Al2O3 Na2O K2O MgO SO3 LOI 

Clinker 21.32 59.78 4.69 5.21 0.19 0.62 2.31 0.92 1.23 

OFA (wt.%) 62.29 15.94 6.24 1.57 --- --- 0.31 7.29 2.65 

GFA (wt.%)  58.08 3.18 4.59 24.77 --- --- 1.39 0.17 2.65 

 

Table 2  Different quantities of mineral admixtures mixed in cement paste 

Sample W/C OPC% Admixture% 

H1
*/A1

* 0.5 90 10 

H2/A2 0.5 80 20 

H3/A3 0.5 70 30 

H4/A4 0.5 60 40 

H5/A5 0.5 50 50 

H*represents samples mixed with OFA. A* represents samples mixed with GFA. 

3. Experimental methods 

3.1. Impedance spectroscopy 



Electrochemical impedance spectroscopy of the mortar samples were measured with RST5200 

electrochemical workstation. The frequency of this workstation is in the range from 105 Hz to 

0.1Hz and the amplitude of sinusoidal cross circuit is 10mV. After mixing, fresh mixtures were 

cast into a plastic mold (50×50×70mm), as shown in Fig. 1. Two stainless steel plates (80×40mm) 

serving as conductive electrodes (working electrode and reference electrode) were fixed on the 

parallel surface of the mold. Measurements were taken at intervals of 1-24 h and 1-36 d. Each 

sample was measured at the ages of 1, 2, 3, 5, 7, 9, 11, and 12 h; 1-14, and 28d. 

 

Fig. 1 Schematic of sample used for EIS measurements. 

3.2. Compressive strength 

Compressive strength tests were performed using cubic test specimens that measured 

20×20×20mm, in accordance with Chinese Standards ISO 679:1989 (GB/T 17671-1999). The 

test specimens were stored in a wet chamber at 20 ± 2°C and RH≥95%, and tested at 3, 7, and 28 

days. Six specimens from each mixture were tested at each testing date.  

4. Experimental results and discussion 

4.1. Equivalent circuit and related parameters  

By selecting compatible equivalent circuit, the resistances of the hardened cement paste in the 

early age are acquired, as shown in Fig. 2. Rs represents the resistance of electrolyte solution in 

hardened cement paste which is mainly depends on total porosity of the solid phase. Rct represents 

the resistance of electron from charge transfer in the cement hydration. Q represents the double 

layer capacitance of Calcium Silicate Hydrate (C-S-H gels). The parameter Rs + Rct is taken as an 

important parameter to evaluate the hydration reaction and transport properties of the hardened 

cement paste. 

 

Fig. 2.Equivalent circuit of hardened cement paste 

The relationship between electrical resistance and hydration process during 12h can be presented 

in Fig.3. It is obvious that the electrical resistance of the cement paste increases significantly in 

the acceleration period corresponds to the C-D stage. Point D, the maximum inflection point in 

the curve, represents the final setting time of the cement paste. Then it is followed by cement 

hardening and the microstructure is formed in the cement paste, which is caused by the fracture 

of the coating layer around the hydrated cement particles. Therefore, the final setting time can be 

predicted by testing the characteristic point (Point D) and the reaction rate of cement hydration 

could be illustrated according by the electrical resistance curves varied with curing ages.   
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Fig.3. Curve fitting of resistance development of H5 at the age of 1-12h 

4.2. The relationship between electrical resistance and compressive strength of hardened 

cement paste 

Quantitative correlations between compressive strength at 3d, 7d, and 28d and electrical 

resistance of cement paste adding FA ranging from 10% to 50% are established, as in (1) (2) and 

the correlation is shown in Fig.4. Predictions of compressive strength for cement paste show high 

accuracy. Deduced from the equation mentioned above, an equation concerning the functional 

relationship between compressive strength fc and electrical resistance Rx is derived.  

 12.6450 0.2006Y X ＋  
2 0.9265R                                                (1) 

1.2484 28.2979Y X －  2 0.9771R                                                (2) 

c x cf k R R b                                                                (3) 

Where fc is the compressive strength of cement paste at 3d, 7d, and 28 d, in MPa ; Rx is the bulk 

electrical resistance of cement paste at a certain age; Rc is the bulk electrical resistance of cement 

paste at the age of 9h (Feature point D in Fig. 4), in Ω· mm; and k, b is the practical parameters. 
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Fig.4 The relationship between compressive strength and electrical resistance for the hardened cement paste 

5. Conclusions 

According to the results of this paper, the following conclusions are drawn: 

(1) The final setting time can be predicted by testing the feature point (Point D) and the electrical 

resistance at this point has a connection with the compressive strength of hardened cement paste.  

(2) The electrochemical impedance spectroscopy (EIS) can be adopted to measure the electrical 

resistance and evaluate the compressive strength growth and hydration behavior of the cement 



paste. The correlation between electrical resistance and compressive strength has been established, 

a linear relationship can be obtained as
c x cf k R R b    . 
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Abstract 

Oxide compounds are included in all types of cements which to be most important in practice. That is why a great 

attention is paid to studying the features determining the availability of binding properties for mentioned compounds 

when ones interact with water. Despite numerous studies there are not yet clear theoretical criteria to evaluate the 

behavior of various oxide compounds (if only qualitatively, not to mention quantifiably) concerning the possibility of 

their use in the chemistry of special cements.  

To bring out the regularities of binding properties availability it is necessary first of all to evaluate the reactivity of 

cement compounds in regard to water. For the problem in view to solve the concept of electronegativities has been 

proposed by S.S. Batsanov. Then, given theory was developed by N.F. Fedorov. Using the proposed method Fedorov 

has calculated electronegativities of compounds (ENcomp.) such as calcium silicates and aluminates, whose binding 

properties are known. Values of compound electronegativities were calculated in accordance with Sanderson’s 

technique as a geometric mean of electronegativities of the elements making up the compound. A comparison of the 

values of relative compound electronegativity (ENrel.), obtained by dividing ENcomp. on the water electronegativity 

(ENн2о), with the availability of binding properties allowed to suggest that binding properties are available only in a 

certain range of ENrel..  

However, analyzing the results of calculations fulfilled by Fedorov numerous inaccuracies which require correction 

have been revealed, and, as a consequence, the ENcomp. values as well range of ENrel. where binding properties occur 

must be revised. Moreover, compounds discovered in recent years and as being the analogues of calcium silicates and 

aluminates were not considered. For example, germanates and gallates of alkaline-earth elements which are of a great 

interest for chemistry of special binders.  

Taking into consideration all mentioned above, the ENcomp. values for more than 150 silicates, germanates, aluminates, 

gallates, ferrites, alumoferrites, titanates, stannates and plumbates of alkaline-earth elements have been calculated by 

using the electronegativity concept. As a result of our investigations the range of ENrel., where compounds occur 

binding properties, has been determined. Besides, data obtained will allow to select the most favorable conditions for 

compound hardening.  

Thus, in terms of our data the binding properties availability for oxide compounds and prospects of their application in 

special cement technology can be evaluated. 
 

Originality 

To purposefully synthesize special multimineral cements it is necessary to have information concerning binding 

properties of individual phases being part of given cements. From this point of view the most promising way for 

creation of new binding materials should be directed on studying not only ordinary binders but also their analogues. In 

particular, investigations must be curried out in consideration of germanates and gallates of alkaline-earth elements, 

which are characterized with a combination of following useful properties: refractoriness, high density and mechanical 

strength, etc.  

Nowadays a number of empirical and semi-empirical generalizations in term of considerable amount of experimental 

data are made. Ones allow to evaluate a possibility of use of some oxide compounds in the chemistry of special cements. 

But given generalizations, as a rule, have a qualitative character. Taking into consideration all mentioned above the 

actual problem of chemistry of binding materials is development of quantitative dependences as well as revealing the 

physical and chemical conditions determining the binding properties availability.  

As a result of our investigations it is shown that by means of concept of electronegativity the certain range of relative 

electronegativities values, where compounds being considered have binding properties, can be determined rather 

clearly. It is ascertained that within given range a numerous group of binary and ternary compounds (about 100) are 

present, including those ones whose binding properties are not yet studied completely.   
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1. Introduction 

Special cements are used widely in metallurgy and machine manufacturing (melting furnace lining, 

ore agglomeration, mould making, exothermic mixtures), electrical engineering and electronics 

(inorganic adhesives, resistors, electrical compounds), laser engineering (matrix for laser and 

luminophor materials), chemical and petroleum refining industry (corrosion-resistant cements, fire 

protection of reactors, granulation and pelletizing of powdered materials, catalysts and catalyst 

carriers), nuclear power (biological shielding), etc.  

Oxide compounds are included in all types of cements which to be most important in practice. That is 

why a great attention is paid to studying the features determining the availability of binding properties 

for mentioned compounds when ones interact with water. Inorganic (mineral) binders are solid 

powder materials forming plastic workable mass by mixing the water which subsequently hardens as 

strength stone, i.e. binding properties availability is characterized with setting and hardening 

processes. Nowadays a number of empirical and semi-empirical generalizations in term of 

considerable amount of experimental data are made. Ones allow to evaluate a possibility of use of 

some oxide compounds in the chemistry of special cements. But given generalizations, as a rule, have 

a qualitative character. 

Among the studies devoted to above mentioned problem first of all Zhuravlev’s works should be 

noted (Zhuravlev V.F., 1951). On the basis of fundamental chemical low – Mendeleev’s periodic 

system – he has founded theoretically the binding properties availability for a number chemical 

compounds, such as calcium silicates, aluminates and ferrites, and confirmed experimentally given 

statements. Having studied binding properties in 42 binary systems Zhuravlev has formulated some 

postulates characterizing binding properties availability for various oxide compounds: 

1) compounds like silicates, aluminates and ferrites of second group elements of Mendeleev’s 

periodic system, which are placed in even-numbered rows, have binding properties, but compounds of 

elements placed in odd-numbered rows of the same group have no ones. From the point of view of 

crystal chemistry it means that binding properties are available in compounds which have ionic radius 

of cations more than 1,03 Å;  

2) binding properties are available in those considered compounds which have basicity 2 and more. 

However, more recent obtained experimental data have shown that Zhuravlev’s postulates are not 

always true. 

As for the first postulate, one quite closely agrees with fact that solubility is decreased with increasing 

lattice energy. Since lattice energy is increased with decreasing ionic radius, it can be assumed that 

low solubility of beryllium, magnesium and zinc silicates results in regularity being observed by 

Zhuravlev (Sychev M.M., 1970). But, on the other hand, under hydrothermal hardening conditions the 

binding properties of magnesium silicate are revealed.    

With regard to the second postulate it should be emphasized that closest analogues of silicates - 

stannates and plumbates have binding properties at basicity equal to 1. Given fact suggests that 

binding properties availability depends on not only compound basicity but also compound chemical 

activity. For example, in going from calcium monoaluminate to strontium and barium 

monoaluminates their activity is increased, and as consequence, mechanical strength of 

monoaluminates is increased.   

Thus, despite numerous studies there are not yet clear theoretical criteria to evaluate the behaviour of 

various oxide compounds (if only qualitatively, not to mention quantifiably) concerning the 

possibility of their use in the chemistry of special cements 

To purposefully synthesize special multimineral cements it is necessary to have information 

concerning binding properties of individual phases being part of given cements. From this point of 

view the most promising way for creation of new binding materials should be directed on studying not 

only ordinary binders but also their analogues. In particular, investigations must be curried out in 

consideration of germanates and gallates of alkaline-earth elements, which are characterized with a 

combination of following useful properties: refractoriness, high density and mechanical strength, etc. 

Besides, it is known that some compounds have binding properties under normal conditions while 

another compounds (for instance, metasilicates and titanates of alkaline earth elements) are inert 



 

under normal conditions and have binding properties at the hardening under raised temperatures 

conditions (Sychev M.M., 1971).   

Taking into consideration all mentioned above the actual problem of chemistry of binding materials is 

development of quantitative dependences as well as revealing the physical and chemical conditions 

determining the binding properties availability.  

2. Experimental 

Binders are combination of two chemical reagents – solid powder and liquid, and binding properties 

availability results from chemical interaction between reagents. To bring out the regularities of 

binding properties availability, when powder is oxide compound like calcium silicates and liquid is a 

water, it is necessary first of all to evaluate the reactivity of cement compounds in regard to water. 

Since reactions of calcium silicates and their analogues with a water are acid-base interactions, it is 

obvious their rate will be determined by extent of difference in acid-base properties of starting 

reagents, i.e. mineral compounds and water (Fedorov N.F., 1977).     

Traditional chemical methods for consideration acid-base properties of silicates and their analogues 

are not applicable because given compounds are dissolved hardly in the water. Mentioned feature does 

not allow to characterize their acid-base properties by means of pH determination (Bokij G.B. et al., 

1956).  

To estimate acid-base properties of silicates S.S. Batsanov has proposed to use the values of 

compound electronegativities (Batsanov S.S., 1968). Concept of electronegativity (EN) is important 

not only for theoretical chemistry but also mineralogy since using EN data the regularities of a change 

in properties of minerals and chemical compounds can be explained. For example, due to EN data the 

estimation of change in color and refractive index of substances was given (Povarennyh A.S., 1955). 

In the same work is mentioned that EN values are not yet enough used for analysis of nature and 

formation of chemical compounds.    

Atom electronegativity is the attraction energy by given atom the electrons at a joint with other atoms, 

i.e. EN is a measure of atom affinity for electron, and according to Lewis’s theory one can 

characterize acid or base properties of atom. Sanderson has shown that oxide EN values are inversely 

proportional to pH values obtained at water dissolution of oxides (Sanderson K., 1954). This fact 

allowed to apply EN conception for studying the compound acid-base properties.    

Then, concept of electronegativity was developed by N.F. Fedorov which proposed to use one for 

prediction of binding properties availability of oxide compounds (Fedorov N.F., 1972). Using the 

proposed method Fedorov has calculated electronegativities of compounds (ENcomp.) the kind of 

calcium silicates and aluminates (such as silicates, stannates, plumbates, titanates and aluminates of 

alkali and alkaline-earth elements), whose binding properties are known. Values of compound 

electronegativities were calculated in accordance with Sanderson’s technique as a geometric mean of 

electronegativities of the elements making up the compound. A comparison of the values of 

compound relative electronegativity (ENrel.), obtained by dividing ENcomp. on the water 

electronegativity (ENн2о), with the availability of binding properties allowed to suggest that binding 

properties were available only in a certain range of ENrel..  

Depending on ENrel. values Fedorov has classified being studied compounds into 3 groups: 1) 

compounds not forming cement stone as a result much too intensive interaction with a water; 2) 

compounds having binding properties; 3) compounds not hardening due to low reactivity relative to a 

water. 

However, analyzing the results of calculations fulfilled by Fedorov numerous inaccuracies which 

require correction have been revealed, and, as a consequence, the ENcomp. values as well range of ENrel. 

where binding properties occur must be revised. For example, ENн2о value calculated according to 

Sanderson’s technique is equal to 4,0343, while calculating Fedorov used value 4,04. Besides, 

compounds discovered in recent years and as being the analogues of calcium silicates and aluminates 

(namely germanates and gallates of alkaline-earth elements which are of a great interest for chemistry 

of special binders) were not considered. Moreover, data concerning EN for complex ternary oxide 

compounds and such important compounds for cement chemistry as ferrites of alkaline earth elements 

are not available. 



 

Taking into consideration all mentioned above, the ENcomp. values for more than 150 silicates, 

germanates, stannates, plumbates, titanates, aluminates, gallates, ferrites, alumoferrites, and zirconates  

of alkaline-earth elements have been calculated by using the electronegativity concept with a view to  

determine the range of ENrel., where compounds occur binding properties, and select the most 

favorable conditions for compound hardening.  

Initial data for EN calculation were taken from (Bokij G.B. et al., 1956) and experimental data 

concerning availability and conditions of binding properties occurrence – from both our works 

(Deyneka V.V. et al., 2004; Korogodskaya A.N. et al., 2009; Taranenkova V.V. et al., 2001; 

Taranenkova V.V. et al., 2011a; Taranenkova V.V. et al., 2011b; Taranenkova V.V. et al., 2012) and 

works of other researchers (Berezhnoy A.S. et al., 1968; Fedorov N.F., 1977; Hanic F. et al., 1980; 

Kordyuk R.A. et al., 1962; Sirazhiddinov N.A. et al., 1985; Zhuravlev V.F., 1951).  

3. Results and Discussion 

Results of EN calculations for compounds such as silicates and aluminates of first and second 

elements groups of periodic system are given in Tables 1-9.  

Table 1 Relationship between electronegativities of silicates and binding properties availability  

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

2Na2O·SiO2 1,98 0,49 − - 

2Li2O·SiO2 2,03 0,50 − - 

K2O·SiO2 2,21 0,55 + - 

Na2O·SiO2 2,38 0,59 + - 

Li2O·SiO2 2,42 0,60 + - 

4BaO·SiO2 2,70 0,67 Δ × 

3BaO·SiO2 2,80 0,69 + - 

Na2O·2SiO2 2,86 0,71 + - 

3SrO·SiO2 2,87 0,71 + + 

Li2O·2SiO2 2,89 0,72 + - 

2BaO·SiO2 2,96 0,73 + - 

3CaO·SiO2 2,97 0,74 + + 

5BaО·3CaО·4SiO2 3,02 0,75 + + 

2SrO·SiO2 3,03 0,75 + + 

2CaO·SiO2 3,12 0,77 + + 

K2O·4SiO2 3,22 0,80 + + 

3CaO·2SiO2 3,23 0,80 − + 

BaO·SiO2 3,27 0,81 − + 

SrO·SiO2 3,33 0,83 − + 

2MgO·SiO2 3,34 0,83 − Δ 

BaО·2CaО·3SiO2 3,35 0,83 − + 

CaO·SiO2 3,39 0,84 − + 

2BaO·3SiO2 3,46 0,86 × × 

5BaO·8SiO2 3,48 0,86 × × 

3BaO·5SiO2 3,50 0,87 × × 

MgO·SiO2 3,57 0,88 − − 

BaO·2SiO2 3,58 0,89 − × 

Al2O3·SiO2 3,73 0,92 − − 

2CdO·SiO2 3,87 0,96 − − 

CdO·SiO2 3,95 0,98 − − 

2ZnO·SiO2 3,97 0,98 − − 

ZnO·SiO2 4,02 0,99 − − 

*Notations: + - binding properties availability has been determined;  

− - binding properties unavailability has been determined;     

Δ -  binding properties availability is suggested;    × - binding properties unavailability is suggested. 



 

Table 2 Relationship between electronegativities of germanates and binding properties availability  

*Notations: see Table 1. 
 

Table 3 Relationship between electronegativities of stannates and binding properties availability 

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

2BaO·SnO2 3,04 0,75 + − 

2SrO·SnO2 3,10 0,77 + − 

2CaO·SnO2 3,20 0,79 + + 

BaO·SnO2 3,39 0,84 + + 

2MgO·SnO2 3,43 0,85 − + 

SrO·SnO2 3,44 0,85 + + 

CaO·SnO2 3,51 0,87 − + 

2CdO·SnO2 3,96 0,98 − − 

CdO·SnO2 4,08 1,01 − − 

*Notations: see Table 1. 
 

Table 4 Relationship between electronegativities of plumbates and binding properties availability 

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

2BaO·РbO2 3,11 0,77 + − 

2SrO·РbO2 3,18 0,79 + − 

2CaO·РbO2 3,27 0,81 + + 

BaO·РbO2 3,51 0,87 + + 

SrO·РbO2 3,56 0,88 + + 

СaO·РbO2 3,63 0,90 + + 

2CdO·РbO2 4,06 1,01 − − 

CdO·2РbO2 4,37 1,08 − − 

*Notations: see Table 1. 

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

3BaO·GeO2 2,90 0,72 + Δ 

3SrO·GeO2 2,98 0,74 Δ  Δ 

3CaO·GeO2 3,08 0,76 + + 

2BaO·GeO2 3,10 0,77 + + 

2SrO·GeO2 3,17 0,79 Δ Δ 

5BaО·3CaО·4GeO2 3,18 0,79 Δ Δ 

3BaO·2GeO2 3,26 0,81 + Δ  

2CaO·GeO2 3,26 0,81 + + 

3CaO·2GeO2 3,41 0,85 + + 

2MgO·GeO2 3,48 0,86 × Δ 

BaO·GeO2 3,49     0,87 − + 

SrO·BaO·2GeO2 3,52 0,87 × Δ 

SrO·GeO2 3,54    0,88 × Δ 

СаO·BaO·2GeO2 3,55 0,88 × Δ 

СaO·SrO·2GeO2 3,58 0,89 × Δ 

CaO·GeO2 3,62 0,90 − Δ 

MgO·GeO2 3,79 0,94 × × 

SrO·4GeO2 3,84 0,95 × × 

CaO·2GeO2 3,92 0,97 × × 

BaO·4GeO2 4,17 1,03 × × 

CaO·4GeO2 4,22 1,05 × × 

BaO·19GeO2 4,49 1,11 × × 



 

Table 5 Relationship between electronegativities of titanates and binding properties availability 

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

3BaO·ТіО2 2,76 0,68 + × 

3SrO·ТіО2 2,83 0,70 Δ × 

2BaO·ТіО2 2,90 0,72 + + 

3CaO·ТіО2 2,93 0,73 + Δ 

2SrO·ТіО2 2,97 0,74 + + 

3BaO·2ТіО2 3,02 0,75 + Δ 

2CaO·ТіО2 3,06 0,76 + + 

3SrO·2ТіО2 3,08 0,76 Δ Δ 

4SrO·3ТіО2 3,12 0,77 Δ Δ 

3CaO·2ТіО2 3,16 0,78 + + 

BaO·ТіО2 3,18 0,79 − + 

4CaO·3ТіО2 3,20 0,79 × Δ 

SrO·ТіО2 3,23 0,80 − + 

2MgO·ТіО2 3,28 0,81 − Δ 

CaO·ТіО2 3,30 0,82 − + 

BaO·2ТіО2 3,45 0,86 − + 

MgO·ТіО2 3,47 0,86 − + 

MgO·2ТіО2 3,64 0,90 − − 

BaO·4ТіО2 3,66 0,91 − − 

2CdO·ТіО2 3,79 0,94 − − 

CdO·ТіО2 3,84 0,95 − − 

2ZnO·ТіО2 3,89 0,96 − − 

ZnO·ТіО2 3,91 0,97 − − 

*Notations: see Table 1. 
 

Table 6 Relationship between electronegativities of aluminates and binding properties availability 

Соmpound ENcomp. ENrel. Binding properties * 

10BaO·Al2O3 2,49 0,62 × 

8BaO·Al2O3 2,55 0,63 × 

7BaO·Al2O3 2,57 0,64 × 

5BaO·Al2O3 2,65 0,66 × 

4BaO·Al2O3 2,71 0,67 × 

2BaO·2SrО·Al2O3 2,74 0,68 × 

3BaO·СаО·Al2O3 2,75 0,68 − 

4SrO·Al2O3 2,77 0,69 + 

3BaO·Al2O3 2,79 0,69 + 

3SrO·Al2O3 2,85 0,71 + 

3CaO·Al2O3 2,93 0,73 + 

12CaO·7Al2O3 3,07 0,76 + 

BaO·Al2O3 3,11 0,77 + 

SrO·Al2O3 3,15 0,78 + 

2СaO·SrО·3Al2O3 3,18 0,79 + 

CaO·Al2O3 3,19 0,79 + 

BaO·2СаО·4Al2O3 3,23 0,80 + 

SrO·2Al2O3 3,29 0,82 + 

CaO·2Al2O3 3,32 0,82 + 

BaO·6Al2O3 3,42 0,84 − 

SrO·6Al2O3 3,43 0,85 − 

CaO·6Al2O3 3,44 0,85 − 

*Notations: see Table 1. 



 

Table 7 Relationship between electronegativities of gallates and binding properties availability 

Соmpound ENcomp. ENrel. Binding properties * 

4BaO·Ga2O3 2,93 0,73 × 

4SrO·Ga2O3 3,00 0,74 + 

7SrO·2Ga2O3 3,06 0,76 Δ 

3BaO·Ga2O3 3,07 0,76 + 

3SrO·Ga2O3 3,13 0,78 Δ 

3CaO·2Ga2O3 3,20 0,79 Δ 

3CaO·Ga2O3 3,21 0,80 + 

3SrO·2Ga2O3 3,45 0,86 Δ 

BaO·Ga2O3 3,60 0,89 + 

SrO·Ga2O3 3,64 0,90 + 

CaO·Ga2O3 3,69 0,92 + 

SrO·2Ga2O3 3,90 0,97 + 

CaO·2Ga2O3 3,94 0,98 + 

BaO·6Ga2O3 4,14 1,03 × 

SrO·6Ga2O3 4,15 1,03 × 

CaO·6Ga2O3 4,16 1,03 × 

*Notations: see Table 1. 

 

 

 

Table 8 Relationship between electronegativities of ferrites and binding properties availability 

Соmpound ENcomp. ENrel. Binding properties * 

5BaO·Fe2O3 2,84 0,70 × 

7BaO·2Fe2O3 3,00 0,74 Δ 

7SrO·2Fe2O3 3,06 0,76 Δ 

3BaO·Fe2O3  3,07 0,76 + 

3SrO·Fe2O3 3,13 0,78 Δ 

2BaO·Fe2O3  3,27 0,81 + 

2SrO·Fe2O3 3,33 0,83 + 

2CaO·Fe2O3 3,40 0,84 + 

3SrO·2Fe2O3 3,46 0,86 × 

BaO·Fe2O3  3,61 0,89 – 

SrO·BaO·2Fe2O3  3,63 0,90 – 

SrO·Fe2O3 3,65 0,91 – 

CaO·BaO·2Fe2O3  3,66 0,91 – 

CaO·Fe2O3  3,71 0,92 – 

2BaO·3Fe2O3  3,79 0,94 – 

CaO·2Fe2O3  3,95 0,98 – 

BaO·6Fe2O3  4,16 1,03 – 

SrO·6Fe2O3 4,17 1,03 – 

*Notations: see Table 1. 

 

 

 

 

 

 

 

 

 

 



 

Table 9 Relationship between electronegativities of  some ternary and quaternary compounds 

and binding properties availability 

Соmpound ENcomp. ENrel. 
Binding properties under conditions* 

normal hydrothermal 

20CaO·3MgO·13Al2O3·3SiO2 2,82 0,70 + – 

7СаО·3Al2O3·ZrO2 3,07 0,76 + – 

4СаО·Al2O3·Fe2O3 3,21 0,80 + + 

6SrO·ZrO2·5SiO2 3,31 0,82 × Δ 

3СаО·ZrO2·2SiO2 3,36 0,83 – + 

2SrO·6Al2O3·ZrO2 3,40 0,84 × × 

2СаО·ZrO2·4SiO2 3,59 0,89 – – 

2ВаО·2ZrO2·3SiO2 3,61 0,90 × × 

ВаО·ZrO2·3SiO2 3,77 0,93 × × 

*Notations: see Table 1 

As a result of our investigations it is shown that by means of concept of electronegativity the certain 

range of relative electronegativities values, where compounds being considered have binding 

properties, can be determined rather clearly. It is ascertained that within given range a numerous 

group of binary and ternary compounds (about 100) is present, including those ones whose binding 

properties are not yet studied completely.   

It is revealed that oxide compounds with ENrel.=0,550,85 occur binding properties under normal 

conditions while ones with ENrel.=0,740,90 have binding properties under hydrothermal conditions. 

Compounds not forming strength cement stone are next ones: with low ENrel. values as small as 0,72 

(as a result much too intensive interaction with a water) and with ENrel. values more than 0,90 (due to 

low reactivity relative to a water). As seen in comparing ENrel. values with conditions of binding 

properties availability the compounds having high ENrel. values occur binding properties at autoclave 

treatment only. Autoclave treatment is not effective for compounds having ENrel. 0,80, moreover one 

is even harmful for compounds with ENrel. 0,77 as far as binding properties are lost.  

Thus, refined ENrel. values ranges for compounds, such as silicates and aluminates, allowing to 

evaluate as a first approximation the binding properties availability as well as to select most favorable 

hardening conditions, are shown in Table 10.  
 

Table 10 Electronegativity values ranges where oxide compounds occur binding properties  

Compounds 

According to our calculations According to Fedorov’s calculations 

Normal conditions Hydrothermal 

conditions 

Normal conditions Hydrothermal 

conditions 

ENcomp. ENrel. ENcomp. ENrel. ENcomp. ENrel. ENcomp. ENrel. 

Silicates 2,80- 

3,22 

0,69- 

0,80 

2,97- 

3,39 

0,74- 

0,84 

2,73-

3,00 

0,68-

0,74 

3,31-

3,38 

0,82-

0,83 

Germanates 2,90- 

3,41 

0,72- 

0,85 

2,90- 

3,62 

0,72- 

0,90 

– – – – 

Stannates 3,04- 

3,44 

0,75- 

0,85 

3,20- 

3,51 

0,79- 

0,87 

2,87-

3,31 

0,71-

0,82 

3,00-

3,29 

0,74-

0,81 

Plumbates 3,11- 

3,63 

0,77- 

0,90 

3,27- 

3,63 

0,81- 

0,90 

2,87-

3,27 

0,70-

0,81 

2,97-

3,27 

0,73-

0,81 

Titanates 2,76- 

3,16 

0,68- 

0,77 

2,90- 

3,47 

0,72- 

0,86 

2,75-

2,90 

0,68-

0,72 

– – 

Aluminates 2,77- 

3,32 

0,69- 

0,82 

– – 2,76-

3,01 

0,68-

0,74 

– – 

Gallates 3,00- 

3,94 

0,74- 

0,98 

– – – – – – 

Ferrites 3,00- 

3,40 

0,74- 

0,84 

– – – – – – 

 



 

It should be noted that nowadays development of new special cement compositions in terms of both 

ternary oxide compounds and more complicated ones is of great interest (Hanic F. et al., 1980; 

Taranenkova V.V. et al., 2001; Taranenkova V.V. et al., 2012).  Above approach is represented to be 

most perspective. For instance, zirconates of alkaline-earth elements do not occur binding properties – 

their ENrel. values fall out the limits of range of binding properties occurrence. However, ternary 

compound – calcium alumozirconate 7СаО·3Al2O3·ZrO2 (ENrel.=0,76) has binding properties and is 

important component of zirconium-containing refractory cements (Berezhnoj A.S. et al., 1968). 

Analysis data obtained shows that some zirconium-silicates hardening under hydrothermal conditions 

can be used for heat-resistant and refractory binders obtaining (Kordjuk R.A. et al., 1962).  

In our opinion, data obtained will make for studying the binding properties of complicated oxide 

compounds containing both polyatomic cations and complex anions. 

It is obvious that electronegativity cannot be only one criterion of binding properties evaluation, but 

one must be taken into consideration in developing the theoretical principles for evaluation the 

behaviour of various oxide compounds with regard to binding properties occurrence.  

4. Conclusions 
Thus, using Batsanov’s electronegativity concept the range of ENrel. values, where compounds occur 

binding properties, has been revised. It is ascertained that within given range a numerous group of 

binary and ternary compounds is present. In terms of our data the binding properties availability for 

oxide compounds (including those ones whose binding properties are not yet studied completely) and 

possibility of their application in special cements technology can be evaluated.  
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Thermal performance research of existing 5000t/d cement clinker 

production preheat decomposition kiln system 
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Abstract  

Currently, the dry cement production technology is the main cement production, mainly due to the dry 

process production not only Gradually realized the "clean production" and greatly save resources, and 

improved the production efficiency.  

In order to optimize the process kiln system to minimize heat consumption of clinker burning and 

reduce energy saving purposes, we made hot calibration on-site to multiple 5000 t/d cement production 

lines. Tests and calculations are based primarily on GB / T26282-2010 "Measuring method of heat 

balance of cement rotary kiln", GB / T26281-2010 "Calculating methods for heat balance,heat 

efficiency and comprehensive energy consumption of cement rotary kiln." 

On the basis of equilibrium calculations and reverse engineering calculations, this article made 

in-depth analysis and research, put forward some optimization recommendations on thermal 

performance of preheating decomposition kiln system from the existing 5000 t/d cement clinker 

production lines, such as the separation efficiency of cyclone tube, heat exchange efficiency  and 

clinker heat consumption and so on. It can supply some optimization recommendations on thermal 

performance of the existing cement clinker production lines. 

Originality 

1、In this paper, we measured a number of cement production lines, wide of range and fairly typical.  

2、Analysis the preheat decomposition systematic thermal performance and explore the influence of 

thermal performance, and seek ways to reduce heat consumption of clinker. 

Keywords: kiln; thermal performance; heat consumption 
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1 Introduction  

1.1Basic information of 5 clinker production lines 

This paper selects five typical 5000t/d domestic cement clinker production lines, as shown in 

Table 1 there is the basic information of 5 clinker production lines. The five rotary kilns are 

72m in length and 4.8m in diameter. The size of the calciners is similar, but slightly different. 

Preheaters are used in five cyclones, slightly different in specifications. The designed output 

of the five lines is 5000t/d clinker, yields in stable production all exceed design capacity, the 

lowest yield exceeding 4 percent of design capacity, highest yield exceeded 21 percent of 

design capacity. 

Table 1 The basic information of 5 clinker production lines 

1.2 Test method  

 Tests and calculations are primarily based on GB / T26282-2010 "Measuring method of heat 

balance of cement rotary kiln", GB / T26281-2010 "Calculating methods for heat balance,heat 

efficiency and comprehensive energy consumption of cement rotary kiln." 

2 Comparison and evaluation of the cyclone separation efficiency  

2.1 Affect factors of the cyclone separation efficiency 

Cyclone preheater is an important process equipment of cement suspension preheater. In the 

preheater system, the cyclone separation efficiency levels and a reasonable match between 

them are very important to ensure that the pre-kiln is economical, safe and reasonable. 

Especially the primary cyclone preheater separation efficiency directly affects the production 

costs of cement clinker and the protection of the atmospheric environment. In general, 

improving separation efficiency of C1 level cylinder can reduce the amount of fly back, thus 

reducing raw material outer loop; improving separation efficiency of C5 level cylinder can 

reduce the inner loop of high temperature raw material. For the design of C2 to C4 cyclones, 

general requirement is to minimize resistance in ensuring the situation of reasonable 

separation efficiency. In practice and theory study, people summarized some factors of 

affecting the separation efficiency, such as leakage, air inlet velocity and direction, solid-gas 

ratio, the insertion depth of the inner cylinder, the cylinder roughness of cyclone preheater. 

Project 

Design 

capacity

( t/d) 

Stable output/ 

Highest 

output( t/d) 

Specification 

of calciner 

(m) 

Specificat

ion of  

rotary 

kiln （m） 

Size of preheater（m） 

A 5000 5418/6000 Ф7.3 4.8*72 
C1:Ф4.8,C2-C3:Ф6.76,C4-C5:

Ф7.0 

B 5000 5707/6000 TDФ7.2 4.8*72 C1:Ф5.0,C2: Ф6.9,C3-C5: Ф7.2 

C 5000 5377/6076 TTFФ7.6 4.8*72 C1:Ф4.7,C2-C5:Ф6.8 

D 5000 5202/5700 TTFФ.76 4.8*72 C1:Ф4.7,C2-C5:Ф6.8 

E 5000 5467/5500 TSDΦ7.7 4.8*72 
C1:Ф4.5,C2:Ф6.4,C3-C4:Ф6.6,

C5:Ф6.8 



First is the leakage system. With the deepening study, despite the cyclone preheater structure 

has been continuously improved and operational level is also rising, they either inevitably 

exist leakage in the actual production process. Studies have shown that leakage seriously 

affects the separation efficiency of cyclone preheater, especially the leakage of cyclone 

preheater leakage and lower vertebrae feeding tube at the bottom a very serious impact on the 

separation efficiency. Second is the rotation of flow. When the airflow into the next level of 

the cyclone from the primary cyclone preheater, the air inside the pipe rotates powerfully. At 

the same time it will has an impact on the movement stage preheater airflow. In the actual 

production, it can be found that there are obvious differences in the separation efficiency of 

the cyclone preheater when the entrance direction of rotation is opposite. Third is the 

roughness of the inner wall of the preheater. To prevent high heat to damage the cylinder, the 

inner walls of the preheaters are equipped with wear-resistant materials. This will lead to 

some roughness on the surface of the inner walls. Simulation results show that [1]: Under the 

same experiment conditions, the, the separation efficiency will reduce by 2% -3% if the 

fiction of cyclone preheater wall increases. Fourth is the solid-gas ratio. For a given cyclone 

preheater structure, it has its corresponding optimal import wind speed (or air volume) and the 

corresponding solid-gas ratio. In this case, the highest separation efficiency can be achieved. 

Normally when solid-gas ratio changes within 0.05-1.0kg raw material per cubic meter gas, 

the values of the first-stage cyclone preheater separation efficiency can fluctuate about 1.5%.  

2.2 Evaluation of the separation efficiency of 5 existing production lines 

Now the comparative dates of cyclone separation efficiency of A、B、C、D、E production lines 

are shown in Table 2. 

Table 2 Comparison table of cyclone separation efficiency 

level A (%) B (%) C (%) D (%) E (%) 

C1 93.60 93.73 94.04 93.88 92.96 

C2 87.54 87.08 86.15 88.09 86.40 

C3 87.95 86.42 85.88 86.03 85.55 

C4 87.88 86.35 85.56 85.51 85.44 

C5 82.82 80.24 82.32 79.81 80.14 

Since the 1980s, separation efficiency of domestic and foreign preheater system has been 

adopted for the two groups of basic values which are listed in Table 3, and domestic preheater 

system generally uses the first set of parameters. 

Table 3 separation efficiency of domestic and foreign n-stage preheater system 

η1(%) η2(%) η3~ηn-1(%) ηn(%) 

95 85 85 83 

95 92 88 90 

Generally improving the separation efficiency of C1 level cylinder can reduce the amount of 

fly back and can also reduce the raw material outer loop. It can reduce the inner loop of high 

hot raw material if the separation efficiency of C5 level cylinder increased. As table 2 shows, 

the separation efficiency model of the cyclone is C1> C2> C3> C4> C5. In the five lines, the 

separation efficiency of A, B, C, D four lines are more than 93%, close to the design value of 

95%, and the selection of the whole production lines is relatively reasonable. Line is less than 

93%, and Separation efficiency of C5 of E line is also lowest in the five lines. According to 



the dates from the actual operation site, there may be a problem which the cutting pipe exists 

leakage phenomenon and high-level cyclone will channel wind from the low-level. In the 

actual production of the factory, it is recommended to strengthen the inner and outer sealing to 

prevent air leakage, improve cyclone separation efficiency and reduce the amount of ash of 

preheater exit and the hot materials inner loop, thereby increasing the thermal efficiency of 

the whole kiln. In addition, it should be noted wind speed regulation and control the 

appropriate solid-gas ratio and that will be helpful to improve the separation efficiency of the 

cyclone. 

3 Evaluation of heat transfer efficiency  

3.1 Affect factors of heat transfer efficiency  

Heat transfer efficiency is the indicator to measure the effect of gas-solid heat transfer. Each 

level of the preheater as a heat exchange unite equipment usually only uses the  heat transfer 

efficiency as its assessment index, no longer review by hot goodness, first because the heat 

transfer efficiency is highly accuracy, and second because measuring the temperature of 

material inside the connecting pipe is more difficult. 

The main factors affecting the efficiency of heat transfer are: First, improving the separation 

efficiency helps to increase the heat exchange efficiency. Xu Qiong said that appropriately 

increasing the separation efficiency of the primary preheater and five preheater helps to 

improve heat transfer. Separation efficiency of C1 is between 96% and 97% and separation 

efficiency of C5 is between 85% and 88%. By calculation, heat transfer efficiency is increased 

by the separation efficiency which can reduce heat consumption of clinker in the range of 

15% or more. Second, the inner cylinder of cyclone preheater affects the heat transfer 

efficiency. If the final stage preheater has no inner tube, material separation efficiency will 

reduce by 10% and heat consumption per kg clinker may increase 20kJ. The inner cylinder is 

usually resistant nickel-chromium alloy and inorganic non-metallic materials and excellent 

insulation effect is in favor of the separation efficiency. 

3.2 Evaluation of heat transfer efficiency 

Table 4. Heat transfer comparison and efficiency of preheat decomposition system 

unit 

A B C D E 

Heat 

transf

er(KJ

/kg) 

% 

Heat 

transfer

（KJ/k

g） 

% 

Heat 

transfer

（KJ/kg

） 

% 

Heat 

transfer

（KJ/kg） 

% 

Heat 

transfer

（KJ/kg） 

% 

C1  
374.3

9 

12.1

9 
408.58 12.78 553.52 

16.

78 
406.97 

14.

57 
523.26 

18.

65 

C2  
347.1

3 

11.3

0 
358.29 11.21 255.67 

7.7

5 
276.66 

9.9

1 
371.32 

13.

23 

C3  
278.7

6 
9.07 300.55 9.40 203.08 

6.1

6 
273.83 

9.8

1 
169.93 

6.0

6 

C4  
314.8

1 

10.2

5 
201.32 6.30 122.55 

3.7

1 
208.19 

7.4

5 
181.84 

6.4

8 



C5 + 

Calcine

r 

1757.

42 

57.2

0 
1927.73 

60.3

1 
2164.12 

65.

60 
1627.08 

58.

26 
1559.48 

55.

58 

Total 
3072.

51 
100 3196.47 100 3298.94 100 2792.73 100 2805.83 100 

The 

total 

heat 

transfer 

efficien

cy (%) 

79.46 82.62 81.82 75.96 75.02 

Table 4 is heat transfer unit comparison table of pre-heat decomposition systems of five 

cement production lines. The calciner and C5 level are seen as an integrated tube heat 

exchanger unit which bears the onerous task of heat transfer and its proportion of  heat 

transfer is high. At the same time, we can also see that each unit including   cyclone barrel 

levels and connecting pipes heat also bears the task of raw material preheating. In general, if 

the heat exchanger task of unit C1 level is larger, the heat exchanger task of other units is 

smaller. It is in common of all precalciner kilns and the differ is only slightly different in the 

proportion of the heat exchanger. The average heat transfer of preheat decomposition system 

of five cement production lines is 3033.3 kJ / kg and average heat efficiency is 78.98%. 

Seen from Table 4, the total heat transfer of B plant preheating decomposition system is 

relatively high in all preheating system and its total heat transfer efficiency is highest in all 

production lines, reaching 82.62%. The proportion of C1, C2, C3 heat exchanger units is 

relatively high comparing with all production lines and the heat transfer efficiency is high 

which has laid a good foundation for preheating the raw material. The raw material has 

reached more than 700℃ when it enters into calciner, and it can heat up quickly and 

decompose, reducing the burden of calciner. Reverse calculations show the material 

decomposition in the calciner rate can reach 96% and in the gooseneck pipe and C5 level 

cyclone decomposition is 4%. The material decomposition rate before into kiln is 100% 

during calibration. 

Meanwhile seen from Table 4, the total heat transfer of E plant preheating decomposition 

system is lowest in all preheating system and the total heat transfer efficiency is 75.02%. The 

proportion of C3 and C4 heat exchanger units is relatively low in all production lines, and this 

indicates that the heat exchanger effect of the two  unit is low, resulting in the material from 

C4-cyclone with relatively low temperature. It requires a lot of heat to reach the 

decomposition temperature after the material into the calciner, thus increasing the burden of 

calciner. The proportion of the heat generated by fuel to improve the material temperature is 

increasing, affecting the decomposition function and reducing the decomposition rate of 

material after into the kiln. The material decomposition rate was 86% during the on-site 

calibration. 

4 Evaluation of decomposition rate  

4.1 Affect factors of decomposition rate 

There are many factors that influence the decomposition rate of Precalcining system.(1) 



Accelerating the rate of heat transfer between materials and hot air flow to improve the raw 

material decomposition rate. Specific practices are as follows: Appropriately increasing the 

system exhaust; Avoiding the System leakage, lowing the chance to enter cold air; Correctly 

adjusting the flap valve; The location of the distribution box and insertion depth of the inner 

cylinder.(2)The temperature has great influence on the decomposition rate. The task of 

calciner is trying to improve the rate of decomposition. Raw materials’ decomposition rate 

will reach 90%-95% when it is poured out of the decomposing furnace. Under different 

temperature conditions, the decomposition rate of the raw material is not the same. It takes 4 

seconds for the decomposition rate of calcium carbonate to reach 80% at 900℃,while just 1.1 

seconds to reach 80% at a temperature of 1000℃. Therefore, the temperature control is 

crucial.(3)Heat transfer efficiency will also affect the rate of decomposition, and the higher 

the heat transfer efficiency, relatively larger the general decomposition rate. 

4.2 The evaluation of decomposition efficiency  

Table 5 The comparison of decomposition rate of every factories’ precalcining system 

location A B C D E 

C3 or C4 grade cylinder cycle 

accumulative total (%) 
2 0 0 1 0 

Precalciner (%) 91 96 85.5 76 83 

C5 grade cylinder (%) 2 4 14.5 15 3 

Precalcining system total(%) 95 100 100 92 86 

Rotary kiln (%) 5 0 0 8 14 

Whether the kiln inlet’s related subsystem is good or not in the decomposition function, is an 

important technical indicator of the measurement of precalciner kiln. The index of 

decomposition rate is widely used in the actual producing process. Improving decomposition 

rate of the preheating system play a very important role to alleviate the thermal load, increase 

the kiln operation cycle and improve the quality. 

The decomposition rate of preheating system of the 5 production lines is depicted in Table 5: 

The decomposition rates of B and C factories preheating system are both 100%.The 

decomposition task of raw material is finished before fed into the rotary kiln which doesn’t 

assume the same task and provide good conditions for raw material calcining in the kiln. The 

decomposition rates of A and D factories are 95% and 92% respectively, which belong to the 

medium level. E factory’s decomposition rate is 86%, and the other 14% depends on the 

rotary kiln (larger mission), which means some problems existing in the various parameters of 

the system. The heat exchange efficiency of preheater system is one of the reasons affecting 

the decomposition efficiency. As is shown in Table 4, the heat exchange efficiency of E 

factory’s preheating system is only 75.02% which means low heat transfer quantity between 

raw material and gas and lower rate of decomposition resulted from inadequate response time 

of raw meal or the low temperature of the reaction. As can be seen from the field calibration 

data, the heat consumption of the entire system is a little higher and the Furnace fuel ratio is 

44.71/55.29, while the fuel use is low in calciner, with a lower temperature(980℃) of kiln 

tail-gas chamber. The decomposition rate of material is about 15% in the rotary kiln which 

lead to the higher thermal load per unit of the kiln. For example, adjusting the kiln fuel ratio 

properly or increasing decomposition rate of the materials fed into the kiln will reduce the 

thermal load and be conducive to the further development of rotary kiln’s capacity. 



5 Conclusion 

In this paper, we analysis and research the thermal performance of the existing 5000t/d clinker 

production lines from the separation efficiency of the cyclone, the heat transfer efficiency and 

heat consumption of clinker and other aspects. We evaluate the merits of the performance and 

make some optimization suggestions. There is also a gap between separation efficiency of 

preheat decomposition system and design values which should be further improved. 

Meanwhile the relationship in heat transfer efficiency and resistance should be weighed, 

trying to increase the heat transfer efficiency but ensuring a small resistance. The 

decomposition rate of some preheat decomposition system is not ideal and it should try to 

ensure the raw material preheating to reach 100% that reduces the heat load in kiln. It is our 

obligation and responsibility to reduce energy and resources by theoretical study and practical 

improvement. 
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Abstract 

The useful properties of cement arise from the assemblage of solid phases present within the cement clinker. The 

phase proportions produced from a given feedstock are often predicted using well-established stoichiometric 

relations, such as the Bogue equations. These approaches are based on a single estimation of the stable phases 

produced under standard processing conditions and so they are limited in their general application. This work 

presents a thermodynamic database and simple equilibrium model which is capable of predicting cement phase 

stability across the full range of kiln temperatures, including the effect of atmospheric conditions. This is termed 

a “reaction path” and benchmarks the kinetics of processes occurring in the kiln. Phase stability is calculated 

using stoichiometric phase data and Gibbs free energy minimization under the constraints of an elemental 

balance. Predictions of stable phases and standard phase diagrams are reproduced for the manufacture of 

ordinary Portland cement and validated against results in the literature. The stability of low-temperature phases, 

which may be important in kiln operation, is explored. Finally, an outlook on future applications of the database 

in optimizing cement plant operation and development of new cement formulations is provided. 
 

Originality 

This report details corrections to reference thermodynamic data which are relevant for cement thermodynamic 

calculations. When combined with a suitable thermodynamic model, this data allows the calculation of the 

stable cement clinker phases across a range of feedstock compositions, operating conditions, and atmospheres. 

Here we present updated calculations of standard cement processing phase diagrams and data. In comparison 

to other studies, this work includes greater numbers of components and a more comprehensive database, 

revealing solid-gas reactions and the early-stage formation of phases such as spurrite (C5S2C’) whose 

importance may not be fully appreciated. The accuracy of the predictions demonstrates that a stoichiometric 

approach is useful even at the highest kiln temperatures. The database also includes enthalpic data which can 

be used as the basis of a process and heat transfer model to optimize and design entire cement production 

processes. 
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1 Introduction 

The thermodynamics of cement chemistry have long been studied and were first applied by Le 

Chatelier in 1905 (Le Chatelier, 1905). Much of the published literature has focused on cement 

hydration  (Damidot et al., 2011) where the collection of thermodynamic data is typically focused on 

temperatures in the range of 0—100°C. However, the useful properties of cement arise from the 

assemblage of solid phases which are produced within the kiln at temperatures of up to 1500°C 

(Taylor, 1997). Numerous thermodynamic models have been developed for calculating equilibrium 

over this temperature range, including MTDATA (Davies et al., 2002), FactSage (Bale et al., 2002), 

and HSC (Roine, 2002). Solid solution models are often used to correlate the properties of complex 

solid phases: however, it is not straightforward to repurpose existing models as they are often 

parameterized for applications other than cement chemistry. Extensive process calculations, especially 

heat balances, are normally not possible with solid solution models as in almost all cases a simple 

linear temperature dependence is assumed (Hack, 2008). There is also a relative lack of studies into 

high-temperature thermodynamic data and models for pure phases involved in cement production, 

although there are notable exceptions: e.g., see Haas Jr et al., 1981. 

In practice, the estimation of the proportionality of clinker phases produced from a given feedstock is 

often predicted using well-established stoichiometric relations, such as the Bogue equations (Bogue, 

1929). These are based on a single estimation of the stable phases in OPC at the solidus temperature 

of the assemblage C3S-C3A-C2S-ferrite and, without a more fundamental thermodynamic description; 

they cannot be used to predict the evolution of phases across changes in temperature and atmospheres, 

or be applied to novel cement formulations. 
Tab. 1 Cement Chemistry Notation used in this work. 

Oxide CaO SiO2 Al2O3 Fe2O3 K2O MgO Na2O SO3 CO2 TiO2 

Notation C S A F K M N S’ C’ T 

High temperature cement phase equilibrium has been used to understand clinker reactions as shown 

by Barry and Glasser (Barry & Glasser, 2000) who indicate that assumptions underlying the Bogue 

calculation do not provide a completely satisfactory basis for clinker phase estimation. In their work, 

they have used both stoichiometric compounds and solid-phase solution models at temperatures 

greater than 1200°C and focused on the consequences to phase amounts of Scheil cooling (Scheil, 

1942) on the C-F-A-S equilibria (see table 1 for notation). They were also limited by the 

thermodynamic data available in MTDATA. 

Hökfors et al. (Hökfors et al., 2014) have developed a more advanced thermodynamic equilibrium 

model for predicting the chemistry of clinker. The basis of this is a solid solution model using 

thermodynamic data from FactSage; however, the database lacks data for various important 

compounds formed below clinker solidus temperatures, such as spurrite. The predictions of Hökfors et 

al. are compared to those presented in this work in the validation section.  

Ghanbari Ahari et al. (Ghanbari Ahari et al., 2004) have also used both FactSage and MTDATA to 

carry out high temperature thermodynamic equilibrium calculations on 4 (C, F, A, and S), 5 (C, F, A, 

S, and M), and 7 (C, F, A, S, M, N, and K), component systems using both stoichiometric compounds 

and solution models. Scheil cooling calculations were also carried out to simulate the effects of a melt 

phase which, upon cooling, solidifies by a peritectic reaction. Their 7-component system considered 

alkali oxides but failed to consider the S’ component, which will result in inaccurate predictions as the 

formation of alkali sulfate liquid and vapours are important to the OPC manufacture process. 

The thermodynamic calculations carried out in this work are intended to explore what happens as the 

clinker batch is heated. Broadly we accept that, using present knowledge, batch components can be 

characterised and that we can calculate with reasonable accuracy the final products. But the reaction 

path: the way we progress from raw meals to clinker, is what we seek to define in this title study.  

Calculations are based on data compiled and harmonized from various publications, the full listing of 

each considered species and the data source is given in tables 2 and 3. The title study is based on a 10 

oxide component system, namely, C, S, A, F, M, K, N, T, S’, and C’. All phases are treated as 

stoichiometric compounds as this simplifies the approach and allows calculations directly on the 

experimentally determined thermodynamic data. This simple approach means that melt phases are not 

yet included and the implications of this are discussed subsequently. In attempting to compile a 

comprehensive thermodynamic database of stoichiometric cement clinker phases and in the 



production of a model for high temperature clinker phase predictions, a significant number of 

misprints and errors in published coefficients were found in the literature. The data sources used and 

these errors are discussed in the following section. 

2 Data and sources 

Thermodynamic data for gas phases and a number of liquids and solids have been taken from the 

NASA CEA database (McBride et al., 2002). This is a comprehensive and freely available data set 

originally used in rocket combustion calculations; therefore it is ideally suited for modelling 

atmospheric reactions under kiln conditions. Data for many of the major clinker solid phases have 

been obtained from the benchmark study by Haas Jr et al. (Haas Jr et al., 1981); however it contains a 

number of misprints in the enthalpy constant (a2) as detailed in table 2. These data were checked and 

corrected by considering the tables of calculated data for each species given in the reference. There 

are a number of key phases which are not included in the above references. The compilation of 

Babushkin et al. (Babushkin et al., 1985) is another source of thermodynamic data; however, 

numerous transcription errors are also present in this compilation. For example, the heat capacity 

coefficients for C3A differ to those in the original source and these errors have even been carried over 

into the CEMDATA07 database used in GEMS (Thoenen & Kulik, 2003). To reduce transcription 

errors, the heat capacity data used in this work are taken directly from the original sources. Reference 

enthalpy and entropy constants were generally taken from the NBS tables (Wagman et al., 1982). 

Some of the literature sources listed here contain differing data for the same species. In these cases the 

sources are favoured in the following order (McBride et al., 2002), (Haas Jr et al., 1981), (Holland & 

Powell, 2011), (Wagman et al., 1982), and (Bard et al., 1985). One limitation of the present data is 

that hatrurite and other polymorphs of C3S are undifferentiated as available data are insufficient to 

evaluate properties of the individual polymorphs. The data used in the title study therefore represent 

the average properties of all polymorphs (Haas Jr et al., 1981). 
Tab. 2 Species considered in this work whose thermodynamic data come from a single source. Values given in 

braces ({X}) are the number of polymorphs available in the database. 

Source Phase Species 

(McBride et al., 2002) 

Gases 

Ar, C2, C2H4, C3OS, CH, CH2, CH3, CH4, CN, CO, CO2, COS, 

H, H2, H2O, H2SO4, HCN, HCO, HO2, He, K, K2SO4, KOH, 

Kr, N, N2, N2O, NH, NH2, NH3, NO, Na, Na2SO4, NaOH, Ne, 

O, O2, OH, S2O, SO2, SO3, SO, CO2
+, NO+, H3O

+, NO3
-, NO2

-, 

OH+, HCO+, OH-, CaOH+, O2
+, H2O

+, Al2O
+, Al2O2

+, CO+, 

TiO+, AlO2
-, SO2

-, O2
-, Na2O, CH2OH+, O+, MgOH+, CaO+, 

AlO-, N2O+, NaOH+, AlO+, HO2
-, K2O

+ 

Liquids 
H2O, MgCO3, Na2CO3, Na2O, K2O, Na2SO4, K2CO3, K2SO4, 

K2Si2O5, K2SiO3, MgSiO3, CaSO4, CaCO3 

Solids 

CaCO3, Mg2SiO4, Fe2O3 {2}, MgCO3, KAlO2, Na2CO3 {3}, 

NaAlO2 {2}, Na2O {3}, K2O {3}, Na2SO4 {3}, K2CO3 {2}, 

K2SO4 {2}, K2Si2O5 {3}, K2SiO3, MgSiO3 {3}, MgO, CaSO4 

{2}, MgTiO3, Mg2TiO4, MgTi2O5, Ti3O5 {2}, TiO2, TiO {3}, 

Ti2O3 {2}, Ti4O7 

(Haas Jr et al., 1981) Solids 

HAlO2
a {2}, Al(OH)3, CaAl2SiO6, CaAl2Si2O8, 

Ca2Al2Si3O10(OH)2
b, Ca2Al2SiO7, Ca3Al2Si3O12, 

Al2Si4O10(OH)2, Al2Si2O5(OH)4 {3}, Al2O3, Al2SiO5 {3}, 

Ca2Al3Si3O12(OH)c, CaAl4Si2O10(OH)2
d, CaO, CaSiO3 {2}, 

Ca2SiO4 {4}, Ca3SiO5, Ca3Si2O7, SiO2 {2} 

(Holland & Powell, 

2011) 

Liquids 
NaAlSi3O8, CaAl2Si2O8, CaMgSi2O6, Mg2Si2O6, Fe2SiO4, Mg2

SiO4, KAlSi3O8, Al2SiO5 

Solids 

Ca5Si2CO11, CaMgC2O6, Ca5Si2C2O13, NaAlSi3O8 

{2}, CaMgSi2O6, Mg2Si2O6, KAlSi3O8,    

NaAlSi2O6, NaFeSi2O6, Fe2SiO4, Fe2Si2O6 

(Waldbaum, 1965) Solid Al6Si2O13 

a) (Diaspore) constant (a2) value corrected to 15671.57. b) (Prehnite) constant (a2) value corrected to 96995.98159. c) 

(Zoisite) constant (a2) value corrected to 34330.82985. d) (Margarite) constant (a2) value corrected to 46846.59733. 



Tab. 3 Species included in this work whose thermodynamic data are combined from multiple sources. Values 

given in braces ({X}) are the number of polymorphs available in the database. 

 Source 

Solids (Cp)  (Hfo)  (So) 

Ca3Al2O6, 

Ca12Al14O33 {2}, 

CaAl2O4, CaAl4O7, 

MgAl2O4 

(Bonnickson, 1955) (Wagman et al., 1982) (Wagman et al., 1982) 

TiS2 {2} (Todd & Coughlin, 

1952) 

(O'Hare & Johnson, 

1986) 

(Todd & Coughlin, 

1952) 

CaFe2O4, Ca2Fe2O5, 

MgFe2O4 {3} 
(Bonnickson, 1954) (Wagman et al., 1982) (Wagman et al., 1982) 

FeTiO3 (Naylor & Cook, 1946) (Bard et al., 1985) (Shomate, 1946) 

CaTiO3 {2} (Naylor & Cook, 1946) (Wagman et al., 1982) (Wagman et al., 1982) 

Na2TiO3 {2} (Naylor, 1945) (Wagman et al., 1982) (Wagman et al., 1982) 

CaTiSiO5 (King et al., 1954) (Wagman et al., 1982) (Wagman et al., 1982) 

Ca4Fe2Al2O10 (Babushkin et al., 1985) (Thorvaldson et al., 1938) (Zhu et al., 2011) 

Liquids    

CaFe2O4, Ca2Fe2O5 (Bonnickson, 1954) (Wagman et al., 1982) (Wagman et al., 1982) 

FeTiO3 (Naylor & Cook, 1946) (Bard et al., 1985) (Shomate, 1946) 

Na2TiO3 (Naylor, 1945) (Wagman et al., 1982) (Wagman et al., 1982) 

CaTiSiO5 (King et al., 1954) (Wagman et al., 1982) (Wagman et al., 1982) 

3 Methodology 

To calculate the clinker products resulting from a particular raw feedstock and processing 

environment we consider equilibria where the temperature and pressure are equal between all phases 

and the entropy is at a maximum. At constant temperature and pressure, the entropy is maximized 

when the Gibbs free energy is minimized. To calculate the Gibbs free energy, the kiln atmosphere is 

assumed to be a single ideal gas mixture at the reference pressure (1 bar) and each solid or liquid 

phase is assumed to be of negligible volume (PV terms are small) compared to the atmosphere. The 

liquid and solid phases are assumed to be stoichiometric and immiscible. To determine the phase 

compositions at equilibrium, a Gibbs free energy minimization is performed under the constraints of 

an elemental balance. An SLSQP optimizer (Perez et al., 2012) is used to perform the constrained 

minimization. The compiled database and software package used to perform these calculations can be 

found online1. 

The assumption of equilibrium implies that reaction kinetics are fast and that the system is well mixed 

and isothermal. The predictions of this model must therefore be treated with care when comparing to 

experimental results where these assumptions may not be realised.  Relaxing these assumptions is 

difficult as not all chemical reactions occurring in cement production process are known and only 

limited kinetic data are available. 

4 Validation 

The thermodynamic data and model considered in this work are validated against the calculations 

carried out by Hökfors et al. (Hökfors et al., 2014). Their equilibrium calculations are performed at a 

temperature of 1360°C followed by Scheil cooling and their raw meal composition is given in table 4. 

In this section, the same raw meal and equilibrium temperature as those of Hökfors et al. are 

considered, although the species P2O5, ZnO, and Cl were neglected from the raw meal as data for 

these species are not available in our database. The initial atmospheric composition is the same as that 

used by Hökfors et al., which is 21% oxygen and 79% nitrogen; however, the atmospheric mass used 

in their calculations was not reported. In our study, the input mass of air is adjusted such that the 

evolution of CO2 from the solids results in a maximum CO2 atmospheric concentration of 25 mol%. 

This maximum concentration occurs at high temperatures as CO2 evolves from the calcination of 

limestone. Typical kiln exit gas compositions are approximately 50% CO2 but a lower concentration 

                                                            

1 http://github.com/toastedcrumpets/PyChemEng 



is used here as the atmospheric input used is not a fuel/air combustion mixture (does not contain CO2). 

A second validation is performed against the predictions of the Bogue equations. The comparison of 

results is given in table 5. 

From table 5, we can see that the results of the thermodynamic data collected in this work closely 

agree with the results from Hökfors et al. and the Bogue calculations. The Bogue weight percentage 

calculations do not add up to 100%; this is due to the raw meal containing species which are not 

accounted for in the general four-phase (C3S, C2S, C3A, C4AF) Bogue equations used to calculate the 

values in table 5. Although the model presented in this work does not take into account solid solutions 

or oxide melting in the process which occurs at 1338°C (Glasser et al., 2004), we can still deduce the 

final clinker products by assuming (as in the Bogue calculations) that there are no significant phase 

changes in the course of rapid cooling, other than polymorphic transformations which are isochemical. 

The agreement between the predictions appears to validate the use of a purely stoichiometric approach. 

This model improves on the predictions of Hökfors et al. by reproducing the proportions of C3A and 

C4AF predicted by the Bogue equations. The Bogue equations appear to be able to capture the output 

of the model in the validation case, but this is a well-studied limit. In the following section, the model 

is taken beyond the limitations of the Bogue equation and is used to study the clinker production 

process across its entire temperature range. 
Tab. 4 Raw meal composition taken from Hökfors et al. (Hökfors et al., 2014). 

Compound CC' S A F M K N S' T P2O5 Cl ZnO 

Raw meal wt(%) 77.36 13.73 2.93 1.84 1.83 0.85 0.14 1.08 0.15 0.02 0.06 0.01 

Tab. 5  A comparison between results from this work and results from Hökfors et al.(Hökfors et al., 2014) and 

Bogue calculations with a raw feed as reported in table 4. Entries marked N/A imply that the model used does 

not report/include these components. (C-A-F) represents the sum of all the calcium aluminate ferrite solid 

solutions reported by Hökfors et al.(Hökfors et al., 2014). 

Phase Equilibrium products 

wt(%) (Hökfors et al., 

2014) 

Scheil cooled 

products wt(%) 

(Hökfors et al., 

2014) 

Bogue calculated 

products wt(%) 

This work 

products wt(%) 

C3S 72.3 72.3 75.24 75.69 

C2S 

(stoichiometric) 
N/A N/A 

2.94 3.22 

C2S (solid 

solution) 
3.5 6.2 

N/A N/A 

(C-A-F) 0 14.5 N/A N/A 

C3A N/A N/A 7.04 7.13 

C4AF N/A N/A 8.49 8.58 

M 2.3 3.0 N/A 2.8 

CT N/A N/A N/A 0.39 

NS’ (L) N/A N/A N/A 0.33 

KS’ (L) N/A N/A N/A 1.84 

C 1.3 2.0 N/A 0 

Salt melt 0.8 1.3 N/A N/A 

Oxide melt 19.7 0 N/A N/A 

5 Results and Discussion 

To study the predictions of the model for a representative OPC plant, a raw input feed must be 

specified. The input used by Hökfors et al. and described in the previous section is not used here as 

we are unable to determine its source. The raw input feed presented in this section is based on real 

field data taken from Aldieb and Ibrahim (Aldieb & Ibrahim, 2010) as shown in table 6. The kiln 

atmospheric composition was not reported; therefore it was assumed to have been generated from the 

combustion of pure methane in 15% excess air. In order to evaluate the amount of fuel to input to the 

system, it is assumed that 60% of the CO2 released by the process arises from calcination of limestone 

and 40% from the combustion of fuel. Using these values in a mass balance, an input atmospheric 

composition can be calculated and the input values thus derived are given in table 7. In this simulation, 



it is assumed that all the calcium and magnesium which are input into the process are in the form of 

carbonates (as is typical for naturally sourced raw meal). These carbonates will calcine as temperature 

increases during the thermodynamic calculations and release additional CO2 in to the kiln atmosphere. 
Tab. 6 Raw meal composition for OPC taken from Aldieb and Ibrahim (Aldieb & Ibrahim, 2010). 

Compound CC' S A F MC' K N S' 

Feed wt(%) 76.09 14.43 3.90 2.27 2.28 0.9 0.09 0.1 

Tab. 7  Input atmosphere used along with the raw meal composition in table 6 for the thermodynamic 

calculations. 

Species O2 N2 CO2 H2O 

(g/g raw meal) 0.01021 0.9802 0.2232 0.1826 

As a first test of our calculations, the clinker composition at the selected equilibrium temperature 

(1338°C) is predicted for the new raw feed and again compared to the Bogue calculations, as shown 

in table 8. Again the agreement is close, as may be expected for a traditional OPC process. Although 

the thermodynamic model produced in this work does not consider melting, it can correctly capture 

clinker phase stability below the solidus temperature, and this region is explored. 
Tab. 8 Comparisons between the Bogue calculations and the calculated equilibrium products at 1338°C for a 

raw feed and atmosphere as reported in tables 6 and 7 respectively. 

Phase C3S C2S C3A C4AF M 

Bogue calculated products wt(%) 52.48 23.96 9.93 10.56 N/A 

Equilibrium products wt(%) 53.57 23.90 10.10 10.74 1.69 

The clinker solid phases at equilibrium for the temperature range 500—1338°C are calculated and 

shown in figure 1. This calculation can be compared to the textbook diagram given in figure 2 which 

is an adapted qualitative diagram (Taylor, 1997) representing conventional wisdom and based on kiln 

observations and laboratory experiments. Our equilibrium model appears to reproduce the qualitative 

phase chemistry over the entire process temperature range but with higher resolution of the stable 

phases and their proportions. Also, our results (see figure 1) show the stability of a number of phases 

over the processing temperature which are not captured in previous phase diagrams: e.g. spurrite. 

Calculations are performed at intervals of 2°C, thus the stepped appearance of the boundaries of the 

phases is due to the discrete changes in stable phases and is not an artefact of the resolution of the 

calculations. However, the abrupt changes in the phase stability are more likely to be smooth, like 

those shown in figure 2, due to the effects of kinetics and the small changes in free energy driving the 

reactions near the transition temperature. In this work, the Gibbs free energy is minimised until the 

difference between iterations is less than 10-6. This translates to 10-3 % by mass for each component.  

Figures 1 and 2 do not cover the same temperature ranges but from observation, it is apparent that 

below the solidus temperature, the equilibrium phase development diverges strongly between them. 

The formation of spurrite (C5S2C’) can be seen in the temperature range 600—870°C in figure 1 but 

to the author’s knowledge this is the first time its extensive formation has been predicted from 

thermodynamic calculations. Spurrite appears as an early-formed reaction product of the raw 

materials in cement production where sulfates, fluorides, and chlorides act as mineralizers for spurrite 

formation (Bolio-Arceo & Glasser, 1990; Glasser, 1973). Its formation has been held responsible in 

some studies for clinker ring formation in kilns (Bolio-Arceo & Glasser, 1990). Spurrite has also been 

observed to form either by the reaction of calcium carbonate and silica directly, and or the reaction of 

belite, lime, and carbon dioxide. Its reported decomposition temperature is observed to be between 

750°C – 900°C depending on CO2 partial pressure (Bolio-Arceo & Glasser, 1990; Glasser, 1973) 

which is in agreement with the calculations here. 

Another observation evident in the equilibrium calculations is the stability of MgO at high 

temperatures. Its physical and chemical stability at high temperatures is universally known. Our 

calculations probably overestimate the amount of free MgO because no allowance is made for its 

substitution into belite, alite, ferrite etc.  

  



 
Figure 1 The equilibrium cumulative mass distribution of phases (relative to the solid mass at T=500°C) 

calculated for OPC clinker production over a range of temperatures. The raw feed and inlet atmospheric 

compositions are as reported in tables 6 and 7 respectively. Calculations are performed at intervals of 2°C.  

 
Figure 2 Variations in phases during the formation of OPC clinker. This figure is adapted from Taylor, 1997 and 

is a qualitative representation of the expected stable phases. 

The minor phases forming in figure 1 relate to the formation and equilibrium of alkali sulfates and 

carbonates in both the solid and liquid state. As shown in the simulation calculations in section 4, the 

formation of liquid alkali sulfates is predicted in this work and can be justified as clinker phases are 

well known to contain alkali sulfates as partial fillings of pores in cement clinker (Campbell, 1986).  

Research into the kinetics of reaction amongst solid phases has been neglected, partly due to the 

difficulty of assessing the influence of particle size, shape and packing. But another real difficulty has 

been to provide an equilibrium benchmark for the early-stage clinkering reactions. Thus most kinetic 

studies of clinkering below solidus temperatures assume that the benchmarks are set mainly by 

formation of C2S, C3A, C4AF and C. C3S is of course not included unless temperatures exceed 

~1250°C because of its known instability at lower temperatures. 



The present study shows that establishing an equilibrium benchmark for the kinetics is a much more 

complex task than first thought. The equilibrium path for clinkers undergoing steadily increasing 

temperature is marked by the formation of unexpected phases such as spurrite (C5S2S’), CA2 and C3S2 

(rankinite).  The equilibrium path is also strongly controlled by the evolution of CO2 gas from the raw 

materials. The evolution of CO2 content with rising temperature, as shown in older studies (figure 2), 

represents a series of approximations based on what solids are observed to form, often by indirect 

observations, and it is possible that the real sequence in industrial scale kilns varies considerably from 

the generally accepted picture given in figure 2.  

These variables, such as the evolution of solids and actual partial pressures of volatiles and their 

resulting impact on the reaction path, need to be investigated further. If the equilibrium phases 

predicted here are not obtained in the kiln, as well may be the case, the equilibrium information 

presented here is useful to elucidate and de-convolute both the kinetics of the competing reactions and 

the energy flows within the kiln. 

6 Conclusions 

The thermodynamic model allows us to calculate the stability of phases across the cement production 

process and can be used for the optimization of cement formulations as well as to study novel 

formulations. Its predictions below solidus temperatures are consistent with those made by the Bogue 

equations, but the data allows the consideration of lower-temperature phase stability. Spurrite also 

appears to be stable under low-temperature processing conditions and may inhibit attempts to make 

Portland clinkers using low melting point fluxed systems. The composition of the kiln atmosphere is 

shown to be an important variable controlling the sequence of reactions, the nature of the stable solids, 

and the reaction path for clinkers heated to progressively higher temperatures. 

The database provides enthalpic data which can be used as the basis of a process model (as well as a 

heat transfer model) for optimization and design of entire cement production processes. These 

thermodynamic predictions can also be used as a benchmark for kinetic studies and the influence of 

time and mixing on the formation of clinker phases. Also, the database compiled contains thousands 

of other species and can be used with the produced package to simulate and optimize other high 

temperature systems. 

This technique of clinker phase formation predictions has been validated for OPC production. Future 

work will compile and/or generate thermodynamic data for phases present in calcium sulfoaluminate 

and other alternative cement clinkers in order to predict and optimize their formulations and 

processing. 
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Abstract

A two-step manufacturing technology of composite nano-modified additive was developed. At the first
stage a suspension was prepared by ultrasonic dispersion of MWCNT aggregates in isopropyl alcohol.
At the second stage the obtained suspension was mixed with superplasticizer over the optimal time to
evaporate the residual isopropyl alcohol and get a homogeneous mixture.

According to the results of optimization of the cement stone composition the optimal dosage of
MWCNT was established at 0.0005% mass concentration. The acceleration of hydration processes in
cement stone modified with admixture is proven, because the maximal hydration temperature was
higher by 12 and 14°C for “Graphistrength” and “Taunit”, respectively, than that for the control
sample. The results of comparative studies are presented for the 0.0005 and 0.05% MWCNT composite
additives’ effect on the early process of structure formation in one-day-old cement stone. It was carried
out for cleaved samples at four scales: macro, meso, micro and nano, using Merlin scanning electron
microscope.

A higher degree of packing of crystalline formations in intergranular space was established for
0.0005% MWCNT-modified cement stone compared with the control composition. In the modified
cement paste the portion of nanoscale pores (<100 nm) increases from 56.57% to 71.10% and the
portion (500-1000 nm) and (> 1000 nm) pores decreases by 1.51 and 5.25, respectively, compared
with control samples. Gel aggregates’ dimensions and their share in the (nano : micro : meso : macro)
system were revealed: (75.35 : 21.28 : 3.37 : 0) for control samples, and (87.42:12.58:0:0) for the
0.0005% MWCNT-modified hardened cement paste. Furthermore, for the CS with 0.0005% MWCNT
the decrease of CH, ettringite, C-S-H(I) and tobermorite crystal grains’ size was established, as well as
higher uniformity of their distribution compared to the control sample.

Originality

The methods to accelerate the processes of early structure formation in hardened cement paste through
the use of MWCNT were proposed. They provide an increase in strength of one day old hardened
cement paste and cement mortar by 70-90% and 92-115%, respectively, and concrete at the age of 8-
10 hours by 100-115% higher compared with the control samples. This is achieved in the presence of
MWCNT by acceleration of the hydration processes and the enhanced formation of more dispersed
crystals of ettringite, C-S-H(I), tobermorite and gel phase filling tightly the intergranular space.

For the first time comparative studies of hardened cement paste at four scales in the "macro-meso-
micro-nano" system showed that the addition of 0.0005% MWCNT reduces the length of shrinkage
cracks found on the meso- scale, and increases the nanopores’ (<100 nm) portion by 14% and 7%,
while reducing the fraction of larger pores (> 500 nm) 2 and 6 times at micro- and nano- scales,
respectively. The mechanism is established of the water resistance increase from W18 to W20 (and
higher) and frost resistance increase from F300 to F600-F700 for B45 concrete modified by composite
nano-additive on the basis of MWCNT, compared with the control composition.

Keywords: cement stone, multi-walled carbon nanotubes, hydration products, pores

Introduction
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For modification of cement compositions by nano-scale additives carbon nanotubes (CNT)
are widely used, the most effective of which are layered multi-walled CNT (MWCNT) (Li
G.Y., et al, 2005; Cwirzen A., et al, 2008). This is due mainly to the high price is not
compared with single-walled carbon nanotubes (SWNT) and other nanoparticles (Eletskii
A.V., 2007). The main advantage of MWCNT is abnormally high surface energy and a strong
dispersion interaction with ingredients of cement composites. As compared with single-
walled carbon nanotubes (Saez De Ibarra Y., et al, 2006; Mohamed S., 2009). MWCNT's
outer diameter is larger. Therefore, due to the greater value of specific surface area, they are
potentially more easily dispersed. The results show that samples with MWCNT have greater
compressive strength than the samples modified with SWCNT.

Efficacy of MWCNT for composite enhancement depends on its quality, which depends on
the production method (chemical vapor deposition, laser ablation, arc method), and methods
for its purification.

Study of the MWCNT use for modification of cement stone (hereinafter CS) allowed to
determine mainly their high efficiency for strength increase, especially in the early stages of
hardening (Komohov P.G., et al, 2006; Urhanova L.A., et al, 2012). At the same time, some
studies obtained by different authors disagree in the numerical values of CS strength; in some
cases the strength doesn't even increase or decreases along with the modification by MWCNT.
There is no comparison of the MWCNT produced by different manufacturers with different
characteristics (manufacturing method, degree of purification, particle size distribution, etc.)
by their effect on the CS properties. Also a number of authors use the "increase of strength in
the early stages" wording, without specifying the exact age of the composite. Therefore it is
difficult to compare the results from different sources.

There are few works on comprehensive study of the structure formation at different scales of
CS modified by MWCNT (Powers T.K., 1969; Ratinov V.B., Rosenberg T.I., 1989; Witmann
F.N., 1983) and they do not give a clear answer to hydration products formation, their size,
type, dimension and differential porosity. Also nowadays different authors use (Murray S.J.,
Janakira V., 2010; Garboczi E.J., Bentz D.P., 1991; Ishida T., et al., 2001; Nothnagel R.,
Budelmann H., 2008; Wang X.-Y., Lee H.-S., 2010) different software systems to study the
structure of the CS, which allows simulating the structure of the stone and its parameters with
sufficient accuracy. Thus, the multi-level study of the CS structure using software is an actual
task.

In this regard, multidisciplinary studies of the effect of additives on the properties of
MWCNT and structure of the CS are an urgent task.

Purpose is to study the structure of day old hardened cement paste, modified by complex
nano-additive on the basis of multi-walled carbon nanotubes (MWCNT) of various dispersity.

2. Materials and methods

The binder that we used was Portland cement without additives "Cem 42.5 IH" with C3A
content of not more than 4%, the nanomodifier was "Graphistrength" C100 ("Arkema",
France), "Taunit" (Tambov, Russia) and "FUNT"(Kazan, Russia) MWCNTs.

Morphology of the crystals, their geometry and analysis of the structure and elemental
composition of CS at different scales was investigated by field emission scanning electron
microscope Merlin. Evaluation of the particle size distribution was carried out on Horiba
Analyzer LA-950 dispersion laser analyzer. To assess the growth of hydration products
Bruker D8 Advance X-ray diffractometer was used. Investigation of heat generation kinetics
during cement hydration was carried out on Thermochron DS1921G-F5 temperature recorder.
The study of hardened cement paste micro-porosity was carried out with Phoenix V|tome|X S
240 X-ray microtomograph. For the analysis of structure photomicrographs at different scales
the "Struktura" package was used, previously applied to the differential porosity study of



effective ceramic wall materials (Gabidullin M.G., Kiyamov I.H., 2004; Gabidullin M.G., et
al., 2005; Gabidullin M.G., et al., 2005). Mechanical testing of hardened cement paste was
done by standard methods.

3. Experimental procedures

For production of nano-modified additive the agglomerates of MWCNT were broken down in
an environment of isopropyl alcohol with a disperser UZD1-0,063/22 with an output power of
63W and an operating frequency of 22 kHz. Isopropyl alcohol is selected to functionalize the
carbon nanotube surface, by grafting carboxyl groups, which changes the nature of its surface
from hydrophobic to hydrophilic. Functionalized MWNT, in contrast to the initial nanotubes
are capable of forming stable colloidal solutions non-settling for a long time.

The dependences of the effect of ultrasound treatment time on the particle size distribution of
MWCNT and admixture (Table 1).

Table 1 Effect of time and medium of ultrasonic treatment on MWCNT particle size

Dispersion time,
minutes

Average particle size, μm
Graphistrength Taunit FUNT
water alcohol water alcohol water alcohol

1 0,971 2,315 10,84 6,81 34,1 15,5
5 0,715 0,935 12,41 5,64 12,1 7
10 0,717 0,72 10, 8 3,47 11,6 6,9
15 0,712 0,713 12,49 3,43 10,2 6,82

Table 1 shows that after ultrasonic treatment for five minutes Graphistrength's average
particle size decreases from 390.9 μm to 0.7 μm (about 560 times). The average particle size
of "Taunit" is reduced from 332.25 μm to 3.64 μm (about 90 times). The average particle size
of "FUNT" is reduced from 90.55 μm to 7.62 μm (about 12 times). Joint ultrasonic dispersion
of SP-1 additive, which has the average particle size of 167.54 μm, and MWCNT yields
complex additive with an average particle size of: 101.77 μm for "Graphistrength"; 132.35
μm for the "Taunit"; 99.87 μm for the "FUNT".

A two-step manufacturing technology of composite nano-modified additive was developed.
At the first stage a suspension was prepared by ultrasonic dispersion of MWCNT aggregates
in isopropyl alcohol. At the second stage the obtained suspension was mixed with
superplasticizer over the optimal time to evaporate the residual isopropyl alcohol and get a
homogeneous mixture.

According to the results of optimization of the CS composition and the additive’s preparation
technology using mathematical planning of the experiment, the optimal dosage of MWCNT
was established at 0.0005% mass concentration. The calorimetric data proved acceleration of
hydration processes in cement paste modified with the composite additive (superplasticizer +
0.0005% MWCNT), because the maximal hydration temperature was higher by 12 and 14°C
for “Graphistrength” and “Taunit”, respectively, than that for the control sample. This
completely neutralizes the decelerating action of superplasticizer on setting time of cement
paste and increases the strength of CS 2.4 times at 12 hours and 1.3 times after 28 days.

The results of comparative studies are obtained for the 0.0005 and 0.05% MWCNT composite
additives’ effect on the early process of structure formation in one day old hardened cement
paste. It was carried out for cleaved samples at four scales: macro, meso, micro and nano,
using Merlin scanning electron microscope.

4. Results and discussion



It is found that after the CS modification by the nano-additive no fundamental differences can
be seen on macrostructural (x100) scale for the control sample and the one modified by the
additive. At this level, regardless of composition, the overall structure of the CS can be
considered as uniform and continuous. Determination of differential porosity showed no
logically fundamental differences.

c)

Crack N1 Crack N2 Crack N3 Crack N4 Crack N5 Crack N6

Figure 1 Shrinkage cracks on the walls of the large pores of the CS without MWCNT at the age of 1
day (x1000): a - micrograph, b - converted image of cracks c - pixel models of individual cracks from 1

to 6

Meso-scale (x700-2000) allowed measuring the cement grains, capillary pores, parameters of
shrinkage cracks and determination of the differential mesoporosity.

The most interesting results were obtained studying the effect of admixture on nature of
shrinkage cracks that were found on the walls of the large pores (Figure 1a). For ease of
handling of each crack separately a mapping of shrinkage cracks was compiled. Using the
"Struktura" software the image of cracks on the surface of 84x76 μm pore (Figure 1a) was
converted (Figure 1b) to obtain the subsequent pixel models for each pore separately (Figure
1c). The model gives a real picture of the crack configuration from which the geometrical
parameters of the fracture were identified with high accuracy using the "Struktura" software.

As an example (Figure 1c) the models of first six pores are shown, from which the parameters
of cracks were measured with accuracy up to 1 nm: length (l), maximum (∂max) and minimum
(∂min) crack opening width, factor of crack's length and shape (k = l / ∂max, where l is the
length of the crack in nm, ∂max - average maximum crack opening width in nm. Altogether 24
cracks for the control sample were observed and investigated (Figure 1a).

Similar studies were carried out for 20 and 19 shrinkage cracks found on the walls of the large
pores of the day-old CS modified with 0.0005% and 0.05%-MWCNT admixtures. The
analysis of CS shrinkage cracks allowed establishing their changes depending on the amount
of MWCNT (Figure 2).

b)а)



Figure 2 Changes of one-day-old CS shrinkage cracks depending on the MWCNT content: a - length
coefficient, b - the shape factor, c - length, d - the maximum opening width

It is proved by experiments that the average (of 24 values) length factor of cracks decreases
by 12 and 113% compared to the control composition for 0.0005% and 0.05%-MWCNT-
admixtures, respectively. The length factor of cracks is less by 10.2% and 60.45% compared
to the control for 0.0005% and 0.05%-MWCNT-admixtures respectively, shape factor is less
by 27.07% and 33.66%.

At the micro scale (x10000-15000) hydration products are found on the surface of the cement
grains and in intergranular space, differential porosity is determined.

Higher degree of packing of crystalline hydration products in the intergranular space is
established using "Struktura" software (section 2, Figure 3b) for 0.0005%-MWCNT-modified
CS compared to the control composition (section 1, Figure 3a). It is indirectly confirmed by
increase of the number of nano-sized (<100 nm) pores from 56.57% to 71.10% and reduction
1.51 and 5.25 times of the portion of pores having a pore size of 500-1000 nm and >1000 nm,
respectively, (Figure 3 c,d).

The dimension of gel aggregates in "nano : micro : meso : macro" system is found to be
(75.35 : 21.28 : 3.37 : 0) for CS without MWCNT and (87.42 : 12.58 : 0 : 0) for CS with
MWCNT.

For CS without MWCNT on the site of crystalline hydration products (Figure 3a, section 3)
the following pore distribution was obtained in "nano : micro : meso : macro" setting: (58.68:
4.90: 32.64: 3.78). For 0.0005%-MWCNT CS another distribution is evidenced: (71.1 : 3.24 :
24.94 : 0.72). It was established (Figure 3b, section 2) that the gel pores consist of nanoscale
(<100 nm) pores by 87.4%, and micropores (> 100 nm) by 12.6%. Meso- and macropores are
absent in the gel phase.

Conversion of images by "Struktura" program allowed identifying fragments of hydration
products, zoom them and build their pixel models (Figure 4 b,c,d), which ensured their correct
identification and the ability to measure the parameters up to 1 nm.

а)
b)

c) d)



Figure 3 Comparison of differential porosity in the intergranular space filled with hydration products: a
- control, b - CS with 0.0005% MWCNT, c,d - pore size distribution for control CS and 0.0005%-

MWCNT CS; 1, 2, 3 and 4 - tested sites

Figure 4 The structure of the CS with 0.0005% MWCNT (x50000): a - the analyzed area; b, c, d - areas
after conversion to measure the geometry of the C-S-H (I), portlandite and gel

The decrease of average size of hydration products for 0.0005%-MWCNT-modified CS is
observed compared to the control composition. For the control CS: C-S-H(I) - 259x52 nm,
shape factor k = 4.98; portlandite - 1300x240 nm, k = 5.42; Gel - diameter 30 nm. For
0.0005%-MWCNT-modified CS: C-S-H(I) - 109x41 nm, shape factor k = 2.81; portlandite -
774x171 nm, k = 4.59; gel - diameter 33.8 nm.
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Figure 5 The structure and pore size distribution of the control CS (a,b) and 0.0005%-MWCNT-
modified CS (c,d) at nano-scale (x20000): 1 - dendritic gel phase, 2 - ettringite, 3 - portlandite, 4 -
through crack, 5 - the pores of the gel, 6 - overgrown cracks, 7 - MWCNT coated with C-S-H(I)

It is found (Figure 5) that the nanostructure of CS with 0.0005% MWNT (Figure 5b) has a
higher uniformity of crystalline phase distribution in the form of CH grains, ettringite, C-S-
H(I) and tobermorite compared with a control sample. The crystals are not clearly visible
because are overgrown by evenly distributed monolithic gel phase. Cracks are not found
except for some of micro pores (2.02%). The sides of nanocracks are connected by MWCNT
(Figure 5b, section 7), covered with a layer of calcium hydrosilicates of about 30-40 nm
thickness.

A different picture is observed for the control sample. It was established (Figure 5a) that on
the background of dendritic gel phase mesh (1) fine grains of crystalline hydration products in
the form of calcium silicate and hydroaluminate, large crystals of ettringite (2) and portlandite
(3) are clearly visible fused with the gel into a solid monolith. In addition to micropores
(9.02%) through cracks are found, not overgrown (4) and overgrown (6) by hydration
products.

Determination of differential porosity allowed to establish the following pore distribution for
modified CS (Figure 5d) in "nano : micro : meso : macro" setting: (97.95 : 2.02 : 0.03 : 0).

To confirm the results of electron microscopy powder XRD was carried out. It allowed
establishing the kinetics of hydration products formation during the time interval of 1 hour 20
minutes to 24 hours. Analysis of diffraction patterns taken during the early stages of CS
hydration (1 hour 20 minutes to 1 day) shows a decrease in intensity of the C3S peaks (d =
2.74, 2.76) and CH (d = 2.63). At the same the intensity of the peaks increases for ettringite (d
= 3.88), C-S-H(I) (d = 12.5) and tobermorite phase (d = 13.95). Thus, it can be argued that
MWCNT in admixture composition are nucleation centers for hydration products, providing
acceleration of the hydration process, especially in the first few hours of hardening, and
increasing the early strength of the CS. These results are confirmed by the data obtained by
other authors.

A higher degree of packing of crystalline formations in intergranular space was established
for 0.0005% MWCNT-modified CS compared with the control composition. In the modified
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CS the portion of nanoscale pores (<100 nm) increases from 56.57% to 71.10% and the
portion (500-1000 nm) and (> 1000 nm) pores decreases by 1.51 and 5.25, respectively,
compared with control samples. Gel aggregates’ dimensions and their share in the (nano :
micro : meso : macro) system were revealed: (75.35 : 21.28 : 3.37 : 0) for control samples,
and (87.42 : 12.58 : 0 : 0) for the 0.0005% MWCNT-modified CS. Furthermore, for CS with
0.0005% MWCNT the decrease of CH, ettringite, C-S-H(I) and tobermorite crystal grains’
size was established, as well as higher uniformity of their distribution compared to the control
sample.

Conclusions

1. The compositions and technology for producing cement composites with high early
strength modified by admixture. The admixture is obtained by ultrasonic dispersion of
MWCNT globules of varied particle size in the medium of isopropyl alcohol in a ratio of 1
gram per liter, followed by vigorous stirring of "SP-1 + MWCNT + alcohol" mixture in
2:0.0001:1 ratio for 5-10 min. Sonication is of 63W power and 22 kHz frequency and
decreases the average globule size 560, 90 and 12 times for "Graphistrength", "Taunit" and
"FUNT" MWCNTs, respectively.

2. The optimum dispersion time is found for different MWCNTs in alcohol and SP-1 medium,
providing MWCNT globules of a minimum size after ultrasonic dispersion:

- 0,715 μm for "Graphistrength" after 5 minutes dispersion;

- 7 μm for "FUNT" after 5 minutes dispersion;

- 3.47 μm for "Taunit" after 10 minutes dispersion.

In this case, the main fraction of "Taunit" and "FUNT" particles are in the size range of 1-10
μm. The fraction of "Graphistrength" particles is 75.5% in 100 - 1000 nm range and 24.5% in
the range of 1-10 μm.

3. It is proven that the modification of CS by 0.0005%-MWCNT admixture promotes more
complete filling of intergranular space by intergrowing hydration products in the form of C-S-
H(I) and tobermorite phase than for the control sample. The admixture changes the pore
distribution: the portion of nano (<100 nm) and micropores (100-500 nm) increases 1.21 and
1.31 times, respectively; meso fraction (500-1000 nm) and macropores (> 1000 nm) decrease
1.51 and 5.25 times.

At the same time the increase in the packing density is observed for grains of large-crystal
phase (ettringite and portlandite), as the proportion of nanopores (<100 nm) between the
crystal grains is higher 1.09 times than for the control sample. Simultaneously, the portion of
micro (100-500 nm) and mesopores (500-1000 nm) for the control sample is higher 1.99 and
7.38 times.

4. It is shown that the introduction of admixture based on 0,0005% Graphistrength CNT
accelerates hardening of B45-class high-strength concrete in the early stages of hardening (at
10 hours) by 113%. Compressive strength increases by 5-13%, bend strength - by 41 %.

5. It was found that the achievement of early strength by cement composites modified by
MWCNT-based admixture can be explained by a more solid cement matrix. It is brought
about in the presence of MWCNT through the creation of additional nucleation centers and
the formation of a larger volume of nanoscale C-S-H(I), tobermorite and gel phases filling the
intergranular space between the larger CH and ettringite grains.

At the same time the density of CS increases by 6-10% and differential porosity changes to
increase the nanopores' portion by 7-8%. The number of large pores (1000-2000 μm) is
reduced 19 times and the number of smaller pores of 500-1000 μm and 100-500 μm size
increases 1.57 and 1.42 times, respectively.
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Abstract
Heat development during portland cement hydration is affected by the type of cement used, the
presence of additions and admixtures, "water / binder material" ratio, the calcium sulfate state,
temperature, and others. Hydration process can be monitored by calorimetric techniques which
permits to evaluate from the time that cement comes into contact with water, the paste behavior
through the release rate of heat produced by the interpretation of acceleration or delay of hydration
reactions as well as the intensity of the heat release occurring. Fresh concrete temperature plays an
essential role in transportation, placing and curing, accelerating or delaying the onset of reactions
and/or modifying the speed of them.
Furthermore, the presence of superplasticizer, while achieve significant reductions in water mixing
amount, modify the properties of concrete according to the dose and composition of cement. This
causes changes in the time of placement, curing, strength development, among others.
In this paper the influence of one water-reducing admixture in two cements with low and high C3A
content, which was previously heated to remove partially and totally the combination water of calcium
sulfate, are evaluated. Through a calorimeter, hydration development under isothermal conditions
(20 and 30 °C) was studied.
Results show that in general increasing the dose of admixture the hydration reactions are delayed, and
on the other hand because of the prior heating of cement significant changes are produced in the
acceleration of these reactions. With increasing temperature, the hydration reactions occur earlier
with higher intensity peaks.
When high C3A cement is used, the preheating does not produce significant changes in the hydration
reactions, but when C3A is low, the result are very different.
Finally, the increase in temperature of pastes makes accelerate reactions and heat release intensities
increase.

Originality
The originality of this paper is to study the performance of superplasticizer on cement with high and
low C3A content, at different temperatures, when gypsum had lost partial o totally the water
combination. The partial dehydrated of gypsum may be a common problem in summer and can modify
the behavior of certain cements according to their composition. Also the superplasticizer generally
have organic base that can be modificated when temperature increase. The comparison with of
different doses of additive and the results of heat of hydration at different temperatures, show when its
necessary modified the desmoulded time.

Keywords: Cement, water reducers, calcium sulfates, calorimetric technique, temperature effect
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1- Introduction
Portland cements hydration is an exothermic process and the amount of heat released per
gram until full hydration is defined as "heat of hydration". To determinate its value several
methods are available including ASTM C-186, IRAM 1852 standard, which establish
methodologies for evaluating hydration heat in a given period of time; EN 196-9 standard,
establishes the test methods to determinate the heat of hydration by the semi adiabatic
Langavant calorimeter until 120 hours of hydration. There are other non-standard methods
such as conduction isothermal calorimeter.
Heat release rate is proportional to the reaction rate of the process, which not only depends on
the cement composition, but also the presence of additions, admixtures and temperature
conditions.
Gypsum (CSH2) is used in cement production as a setting regulator agent that particularly
affects C3A hydration. Often happens that during clinker and gypsum inter grinding heat is
generated. If the heat generated is enough to produce partial dehydration of gypsum, a
hemihydrate (bassanita) can be produced according to the reaction shown in Equation 1.

2(CaSO4.2H2O) → 2(CaSO4. ½ H2O) + 3 H2O (1)

When the temperature is enough, total dehydration of gypsum may occur becoming anhydrite
(Equation 2).

2(CaSO4.1/2 H2O) → 2 CaSO4 + H2O (2)

Both forms (hemihydrate and anhydrite) are very avid of water; when they come into contact,
gypsum refreezes in needle forms which stiffen the paste. This stiffening is known as false
set.
The solubility of different forms of sulphates present in cements is not the same, and also can
be strongly modified by the presence of water-reducing admixtures or superplasticizers. This
can lead to an imbalance between C3A and calcium sulfate solubility modifying the set to an
unexpected time. [1]
Water reducers (reduce by more than 5% water content mixing), particularly superplasticizers
(reduce water content greater than 12%) [2, 3] are used for various purposes [4]: increased
workability without changing in the mixture composition, reducing water content to reduce
water/cement ratio in order to increase strength and/or durability and reduce the water and
cement contents to reduce costs, minimize creep , drying shrinkage and thermal deformation
caused by heat of hydration, etc. These admixtures are surfactants which are adsorbed on the
cement particles and disperse them. Their solubility is given by the presence of hydroxyl and
carboxylic groups or sulfonate attached to an organic chain, which is usually anionic [5]. The
main synthetic active compounds are polymers [6] which can be classified into: condensate of
melamine sulfonate - formaldehyde (SMF), condensates of naphthalene sulfonate -
formaldehyde (SNF), modified lignosulfonates, and other synthetic polymers, such as
polyesters, carboxylic, vinyl, hydroxylated polymers and copolymers dispersions, alone or in
combination.



Superplasticizers affects portland cement hydration: on the one hand may delay and on the
other can affect the morphology and microstructure of products reaction [1, 5, 8]. Molecules
can be absorbed in C3S which causes a delay in the development of heat [1, 7]. Besides
decreasing heat, it may also occur a delay in the setting time of concrete when higher
proportions of admixtures are used.
As a rule [1], for a given portland cement, the amount of superplasticizer required to get
certain fluidity, increases with the specific surface of cement.
In warm environments, the higher concrete temperature causes more mixing water
evaporation, plastic shrinkage cracking, excessive slump loss during transportation and
application, premature setting time and loss of strength by poor hydration or retraction
phenomena, etc. The heats of hydration problems are greater when very fine cements are used,
when high cement contents are employed for high-strength concrete, over reinforced sections,
and the need to not stop concreting even in very unfavorable conditions, among others.
In light of the foregoing, in this work by a conduction calorimeter, the effect of different doses
of superplasticizer admixture at two different temperatures: 20 and 30 ºC on two commercial
cement with low and high C3A content, (which were heat-treated to convert the gypsum into
hemihydrate and anhydrite), are studied.

2- Materials and methodologies
Two portland cement were used and its oxides composition and major phases are shown in
Table 1.

Table 1: Cement composition [%].
Oxides Cement with low C3A (CL) Cement with high C3A (CH)
LOI 2,68 3,44
SiO2 20,42 20,08
Al2O3 3,57 4,80
Fe2O3 4,68 2,98
CaO 64,26 60,31
MgO 0,73 3,47
SO3 2,53 3,21
K2O 1,03 1,00
Na2O 0,1 0,72

Major phases
C3S 68.5 47,3
C2S 6.9 21,9
C3A 1.8 7,9
C4AF 14.2 9,1
K2O+Na2O 1.1 1.47

To transform gypsum into hemihydrates (bassanite), the cement was heated up to 140 °C and
to transform into anhydrite, it was heated up to 200 °C.

As water-reducing admixture, last generation superplasticizer was employed. It is yellowish,
with a pH = 4 and a density of 1.075 g/cm3.



Using UV-visible techniques (Figure 1), it can be seen that the additive corresponds to a
polycarboxylate to meet the characteristic absorption band at 215 nm. By FTIR techniques
(Figura 2), additive base can be corroborated by the typical bands found to 1731 cm-1

corresponding to stretching C = O of the ester, and 1110 cm-1 (asymmetric stretching C-O-C)
of the aliphatic esters. The bands at 1281 and 1243 cm-1 (ester C-O stretching), 2886 cm-1 (CH
stretching), 1469 cm-1 (CH bending) were also identified.
The doses by weight of cement used were 0.35, 0.6, 1.0 and 1.5 %, being recommended by
the manufacturer from 0.35 to 1.0 % dose.

Figure 1: UV-Visible spectrum of additive

Figura 2: FT-IR spectrum of additive

The mixing water was network water. All the tests were performed under isothermal
conditions at 20 and 30 ºC, in a conduction calorimeter, with water/cement ratio equal to 0.35.
Twenty grams of cement was used as sample and mixing was carried out manually in a plastic
bag to prevent loss of water.

3- Results and discussion
The obtained results are shown in Figures 3 to 22, which are plotted against time the heat
release rate per gram of cement. Figure 3 shows the behavior developed by the sample
without admixture. The most significant difference appears in the occurrence and intensity of



the second maximum. The second maximum occurs earlier when treatment temperature
increased: 14:00, 12:25 and 10:40 h:min, accompanied by an increase in the intensity of the
heat release rate, being 1.45, 1.72 and 1.81 mW/g to 20, 140 and 200 ºC, respectively. Both
parameters show a stimulation of reactions, which also corresponds to the slopes of the curves
(Figure 3) between the first minimum and second maximum. This behavior can be attributed
to the avidity of hemihydrates and anhydrite to retrieve water combination that was extracted
by heat treatment. Analyzing the accumulated heat from time zero to the second maximum of
the three samples, similar values are obtained, approximately 43 J/g, confirming a real
stimulation of reactions to generate the same amount of hydration products.
When test temperature reaches 30 °C, a general acceleration of reactions is produced
(Figure 4). An increase in the intensity of the second peak is observed, the dormant period is
shorter and the slope to reach the second maximum is higher.
On the other hand, the appearance of the second peak is not totally dependent on the heat
treatment performed on cement and the three curves tend to stick together.

Figures 3 and 4: Heat released for low C3A cement - control at 20 ºC and 30 ºC.

Figures 5 and 6: Heat released for high C3A cement - control at 20 ºC and 30 ºC.

Figure 5 presents the calorimetric behavior developed by high C3A cement sample (without
admixture) at 20 ºC. In the first hours and up to the second maximum, the three curves remain
virtually with the same slope, but as the treatment temperature increases, the slope is slightly
higher. Thereafter, the second peak appears practicaly at the same time for three samples at
11 hours, accompanied by a small increase in the intensity of the heat release rate with the
increase in the treatment temperature, reaching 1.00, 1.03 and 1.15 mW/g to 20, 140 and



200 °C, respectively. In this cement, the accumulated heat from time zero to the second
maximum of the three samples, values from 33 up to 41.8 J/g are obtained.
The reactions begin to slow down and then, appear the second minimum approximately at
13 hours. Then there is a new acceleration of reactions and third peak appears, indicating the
reactivity of the phase AF, because of a high C3A content. In the three samples can be seen
that the difference in heat release between the second and the third maximum is similar,
reaching values of 0.08, 0.06 and 0.05 mW/g for samples treated at 20, 140 and 200 °C,
respectively
When test temperature rise 30 °C, a general acceleration of reactions occurs. In the case of
control (Figure 6), the first minimum appears 20 minutes before with respect to the test at
20 °C, although the intensity is of the same order.
The second peak appears almost at the same time for three samples (8.5 hours) accompanied
by a small decrease in the intensity of the heat release with the increase in the temperature of
the treatment, approximately reaching 1.53, 1.42 and 1.49 mW/g for 20, 140 and 200 °C,
respectively. Heat accumulated from time zero to the second peak for the three samples,
values of the same order (32 J/g) are obtained.
In the three samples can be seen that the difference in heat release between the second and
third peak values reached 0.68, 0.48 and 0.39 mW/g for the untreated sample, and those
treated at 140 °C and 200 °C, respectively. This value is greater (8 times) than test at 20 °C.
From there occurs a plateau whose duration is 70 minutes on average by the slowdown in the
reactions. Then there is a new acceleration of reactions appearing the third peak, indicating
the reactivity of AF phase. The heat release difference between second and third peak reached
values of 0.68, 0.48 and 0.39 mW/g for the untreated sample and those treated at 140 ° C and
200 °C, respectively. This value is greater (8 times) that test at 20 °C.

When control mixtures are comparing at 20 and 30 °C, at higher test temperature the intensity
of the reactions is around 50% higher in the second peak and over 80% in the third. The
appearance of the second and third peak is ahead from 3 to 3.5 hours, respectively.
Furthermore, there is no significant difference between the behavior of samples with different
treatments, remaining virtually all together, but reversed its position relative to the test at
20 °C; thus, the curve belonging to the untreated cement is located above the others with
sloping slightly higher.
The use of superplasticizer in lowest dose (0.35%, Figure 7) for low C3A cement, shows
significant variations between treated and untreated samples. Thus, the second maximum is
reached at 28:30, 23:50 and 19:00 h: min with peak heat release rate of 1.52, 1.54 and
1.67 mW/g for the untreated and treated samples at 140 and 200 °C, respectively. Moreover,
the total amount of heat released from the beginning and second maximum peak was 50.6,
55.9 and 59.3 J/g for the untreated sample and the treated samples at 140 to 200 °C,
respectively. This may be due in part to the contribution of heat generated in the pre-peaks
(that appearing in the beginning minutes) and contributes to the synergistic action mentioned
above. Once the dormant period finished the slopes of three curves are similar, indicating that
the acceleration of reaction are similar.



Figures 7 and 8: Heat released for 0,35 % admixture at 20 ºC and 30 ºC (low C3A cement).

Figures 9 and 10: Heat released for 0,35 % admixture at 20 ºC and 30 ºC (high C3A cement).

As in the case of cement without admixture, when the temperature was 30 °C (Figure 8) , and
admixture dose is equal to 0.35 %, a general acceleration of reactions is produced and also the
three curves tend to remain together, although the untreated cement does not show the long
delay that occurs at 20 °C and is located to the left of the other curves.
Figure 9, shows the heat development at 20 °C for high C3A cement for a dose of 0.35%. The
first minimum appears with delay respect to the control up to 2.5 hours and with a low
intensity. The second peak most also delayed his appearance 5 hours. Then there is a plateau
for 1.5 hours and accelerates reaching the third peak with a delay of up to 5 hours respect to
the control at 20 °C.
The relative position of the curves begins to invert; ie heat release curve for cement treated at
200 °C changes from being above the other to be below them.
When test temperature rise 30 °C (Figure 10), in admixture presence, the first minimum
appears with a delay respect to the control of up to 1 hour. Regarding its intensity decreases.
The second peak also experiences a delay and appears 2.5 hours late for untreated cement,
respect to the control at 30 °C.

Figures 11 and 15 shows the behavior of low C3A cement when dosage reaches 0.6 % and 1%
Both have very similar action to a lower dose, but delays are accentuated. For example to 1 %
dose the second peak appear at 55:15, 37:30 and 30:00 h:min (Figure 15). The intensity is
similar to those obtained with the lower dose: 1.26, 1.41 and 1.65 mW/g for untreated
samples and those treated at 140 and 200 °C, respectively. The total heat released from the



Figures 11 and 12: Heat released for 0,6 % admixture at 20 ºC and 30 ºC (low C3A cement).

Figures 13 and 14: Heat released for 0,6 % admixture at 20 ºC and 30 ºC (High C3A cement).

Figures 15 and 16: Heat released for 1 % admixture at 20 ºC and 30 ºC (low C3A cement).

Figures 17 and 18: Heat released for 1 % admixture at 20 ºC and 30 ºC (High C3A cement).



Figures 19 and 20: Heat released for 1,5 % admixture at 20 ºC and 30 ºC (low C3A cement).

Figures 21 and 22: Heat released for 1,5 % admixture at 20 ºC and 30 ºC (High C3A cement).

beginning until the second peak was 54, 58 and 59.6 J/g for the untreated sample and the
treated at 140 and 200 °C, respectively. These values are very similar to those obtained with
the lowest dose, and can be attributed to the reasons already mentioned.
If an overdose is used (1.5%) (Figure 19) the trend observed is similar to lower doses,
producing the second maximum at 75:00, 54:30 and 45:50 h: min respectively. The rest of
behavior is similar to that described for the previous dose.
When temperature reaches 30 °C and the dose 0.6 to 1.5% (Figures 12, 16 and 20), the
behavior is similar to that which occurs at 20 °C, although delays in the times of occurrence
of characteristic points of heat curves are lower (except for 1.5 %) and the second peak
intensity is increased up to 60 % according to the additive-dose.

In high C3A cements, for higher doses (0.6, 1 and 1.5%), and 20 °C test temperature,
calorimetric curves are shown in Figures 13, 17 and 21. For doses of 0.6 % and upper,
calorimetric curves show extensions in the permanence of dormant period, causing long
delays in the start of the reactions, delaying the second peak between 8 and 10 hours
according to cement treatment.
When the dose reaches 1% of delays are increased and the second maximum appears after 20
hours of initiation of hydration. In terms of intensity does not present differs appreciably with
respect to the pattern.
Instead, the third peak appears with increasing delays but are lower than those of the second
peak; is also a tendency to increase its intensity with increasing the dose of additive. This may



be attributed to the particular delay experienced by the silicate phase (but not the aluminate
phase), which causes an overlap of the second to the third peak.
Finally, when the dose is 1.5% the dormant period remains until a day and the second and
third peak merge into one.
When temperature reaches 30 °C and the dose 0.6 to 1.5% (Figures 14, 18 and 22), the
behavior is similar to that which occurs at 20 °C, although delays in the times of occurrence
of characteristic points of heat curves are lower.
The maximum intensity is increased up to 50 % compared with the test at 20 °C for the
second peak and up to 110% for the third peak, according to the additive-dose.
As well as at 20 °C, to 30 °C, when additive dose is the higher, the second and third
maximum overlap giving rise to a single maximum..

Figures 23 a), b) and c) shows the time required to reach the second peak as a function of
admixture dose for temperatures test of 20 and 30 °C for both cement. Correlation coefficients
(r2) in all cases are greater than 0.96. Increasing admixture doses, in all cases produce a delay
on the time of occurrence of second peak.
For a same cement to both test temperatures the straight lines are parallel and are approaching
with the treatment temperature. The acceleration in the appearance of second peak when the
temperature test increases 10 ºC (From 20 to 30 ° C) depends on the cement type and the
treatment that was given. Thus for example for untreated cement is about 5 and 3 hours
depending on whether cement is low or high C3A With the increase of treatment temperature,
these differences become minor.

Figure 23: Time to reach 2nd peak vs % superplastizicer. a) Untreated, b) treated at 140 ºC
c) treated at 200 ºC.



4- Conclusions
Based on the results obtained from the tests and materials used in the present work, it can be
concluded that:
- The use of a conduction isothermal calorimeter allows study and differentiating behaviors of
pastes with different cement composition and treatments, admixture dosage and test
temperature.
- In low C3A cements, dehydration of gypsum causes the second peak to appear earlier.
However the amount of heat involved is similar up to that time.
- The use of superplasticizers in both cement causes delays in the development of the heat
release rate, reaching second maximum at shorter times as a function of gypsum dehydration.
- New superplasticizers may cause significant delays in the reactions even at lower doses.
Overdoses can cause delays incompatible with the behavior of concrete at early ages.
- Increasing the test temperature up to 30 ºC, produces a general acceleration of reactions,
making less sensitive the previous heat treatment of cement.
- The partial or total gypsum dehydration in high C3A cements does not alter the course of the
hydration reactions, beyond small advances/delays in reactions and increases/decreases in
their intensity, for both test temperatures.
- In high C3A cement, the increase of admixture dose tends to delay the second maximum
rather than the third, so they tend to converge to the same value, regardless of the test
temperature. This shows that the additive has a performance somewhat selective, stating a
specific delay on C3S that on the C3A.
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Abstract 
The excellent binding properties of Portland cement rely on the reaction of its main mineral phase, tricalcium silicate 
(C3S), with water to produce calcium silicate hydrate (C-S-H) and calcium hydroxide (CH). Hydration of C3S exhibits 
complex kinetics that are not yet fully understood. Solid-State 29Si Nuclear Magnetic Resonance (NMR) has proven to 
be successful in studying hydration kinetics and in elucidating the poorly crystalline structure of silicate hydrates. 
However, due to the low natural abundance of 29Si, this method has mostly been applied to samples of which the 
hydration has been stopped and mainly at high degrees of hydration. In this work, 29Si-enriched C3S has been carefully 
synthesized and the evolution of C-S-H has been followed in situ by NMR. In this way, unique information concerning 
hydration mechanisms has been obtained with a time resolution of 30 minutes and up to 28 days. The role of the 
specific surface area on cement hydration has been also evaluated. 
Our results reveal that the surface and sub-surface of the C3S is hydroxylated to a large extent for the material with 
higher specific surface area (SSA). During the induction period of the isothermal calorimetry, no significant hydrates 
were formed. During the acceleration period, C-S-H grows forming new silicate dimers while polymerization of C-S-H 
increases during the deceleration period.  
Finally, 29Si enrichment allowed the realization of solid-state two-dimensional (2D) dipolar-mediated 29Si{29Si} 
correlation NMR experiment that probe dipole-dipole 29Si-29Si interactions. This provided information on the 
proximities between different 29Si species in C-S-H chains. 
 
Originality 
29Si-enriched C3S, synthesized with a very careful control of the structure and granulometry, was studied by NMR to 
follow in situ the evolution of C-S-H during hydration. When high specific surface area of the synthesized material was 
used, it was possible to study 90 % of the hydration process in 24 hours of spectrometer time without external 
acceleration of the process. In this way, unique quantitative information pertinent to hydration mechanisms could be 
obtained in-situ and with a time resolution down to 30 minutes. Results shed new light on the origin of rate limiting 
steps, thereby resolving one of the central and century old questions about cement hydration because of the sensitivity 
enhancement that 29Si enrichment provides to understand chemical-kinetics at solid-liquid interfaces. Obtained results 
showed good agreement with isothermal calorimetry measurements. Moreover, this approach also offers new insight 
into the C-S-H structure through dipolar-mediated (29Si-29Si) correlation experiments performed on this phase. 
 
Keywords: Tricalcium silicate (C3S); hydration; Calcium silicate hydrate (C-S-H); NMR; Isothermal calorimetry 
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1. Introduction 
 
Tricalcium silicate (C3S) is the main mineralogical phase of cement and it controls the hardening of 
concrete, the most widely used manufacture construction material. The hydration rate of C3S varies 
with time as a first period of apparent inactivity, the induction period, is followed by a sudden but 
short-lived hydration peak. This apparent variability of the hydration rate is influenced by the surface 
area of the cement and is not yet fully understood although different mechanisms have been proposed 
based on kinetics controlled by diffusion, solubility or crystal growth (Bullard J et al, 2011; Taylor H, 
1997). These models differ but all rely on the successive formation of different metastable hydrates, 
surface states or nuclei.  
 
 
Experimentally, the advancement of the hydration is normally followed by isothermal calorimetry. But 
it has been shown before that solid-state NMR is also a very useful and powerful tool for studying C3S 
reaction (Rodger S A et al., 1988) and for elucidating the structure of silicate hydrates, especially 
when the reaction is stopped or completed. It should be taken into account that 29Si NMR has a very 
low sensitivity, which is a limitation to study the first hydration products and their interaction with 
solvated ions. The only known way to overcome this limitation is using 29Si isotopic enrichment. 29Si 
is the only NMR responsive silicon isotope and its natural abundance is low, 4.7% that is why only a 
few studies have been done on the dynamics of silicate hydrates formation in-situ (Brough A R et al., 
1994).  
 
In the present work we developed a synthesis of 29Si-enriched C3S together with its recycling 
procedure after the hydration experiments. In addition, the objective of this work was to evaluate an 
optimum protocol for in-situ NMR measurements. This paper shows that solid state MAS NMR can be 
used successfully not only to follow qualitatively the hydration of C3S but also quantitatively. For 
these reasons, the aim of this study was to get an insight into the kinetics of the C3S hydration and the 
role of its specific surface area. 
 
 
2. Experimental 
 
2.1. Raw Materials 
Pure triclinic tricalcium silicate (Ca3SiO5 , C3S ) was synthesized by the solid state reaction method. 
Precursors CaCO3 (≧ 99 %, Sigma Aldrich) and SiO2 (99.9 % enriched in 29Si, Cortecnet or non-
enriched, Sigma Aldrich) were dry homogenized during 24 h in stoichiometry quantity. The final 
powder was pressed and small pellets were fired afterwards in a platinum crucible at 1600 0C for 8 h. 
Pellets were quickly quenched in the compressed air flow atmosphere. To reach the full transformation 
of the starting materials into the synthesized phase, the whole procedure had to be repeated 4 times for 
the synthesis of the 29Si-enriched C3S, until no reflections due to free lime could be observed by X-ray 
diffraction. At the same time, for pure triclinic nonenriched C3S one cycle of firing was enough. 
Finally, the material was ground with absolute ethanol in a micronizing mill (McCrone). Specific 
surface areas of the final C3S powders were measured by nitrogen adsorption (Micromeritics Gemini 
2375 Nitrogen Adsorber) applying BET model for the data interpretation after degassing the sample at 
200 0C during 1h. The measured BET surface areas were 4.4, 3.6, 1.4 and 0.8 m2/g. In addition, part of 
the 29Si-enriched C3S was also sieved below 20 µm and used without the definite BET surface area 
determination due to limited amount of the material. In this case the specific surface was estimated 
based on the particle size distribution (PSD), using the relation between PSD and specific surface of 
the other powders. This resulted in a value of 0.5 m2/g. Results of PSD for all used samples 
determined by laser diffraction scattering technique are shown in Figure 1. 



 

 
(a) 

 
(b) 

Figure 1 Particle size distribution of the used synthesized C3S. 
 
2.2. Experimental Process 
Taking into account the costs of the 29Si isotope, the procedure of the C-S-H recycling into initial 29Si-
enriched C3S was developed. It included the intermediate firing at 1000 0C for about 2 h to 
decarbonate the hydrated paste and further sintering of the desired material according to the procedure 
described before. Figure 2 shows that the recycled C3S was identical to the one used before.  

 

 
Figure 2 Recycling of C-S-H followed by XRD. 

 
NMR experiments were performed with 4-mm ZrO2 rotors at spinning frequencies of 7 kHz using a 
Bruker Avance-500 spectrometer (magnetic field is 11.7 T). Chemical shifts were referenced to 
tetrakis(trimethylsilyl)silane (TMS) with the accuracy of  ±0.1 ppm. The single-pulse 29Si MAS NMR 
spectra were acquired with a π/2 pulse length of 6 ms, a recycle delay of 1000 s for the enriched 



 

anhydrous C3S sample and 100 s for the hydrated ones. Cross-polarization (CPMAS) spectra were 
acquired with a 1H rf power of 93 kHz, a contact times of 5 ms and recycle delays of 10 s. A typical 
numbers of scans were 184 for hydrated 29Si-enriched C3S samples and 5840 for non-enriched one. 
Hartmann-Hahn matching was ensured by a ramp on the 29Si rf field. 2D 29Si{29Si} dipolar-mediated 
correlations NMR spectra were acquired at 11.7 T, 25 °C and 4.6 kHz MAS. 2D 29Si{29Si} spectrum 
were acquired by using CP to generate 29Si magnetization, with a 7 ms recoupling time to reintroduce 
homonuclear 29Si dipolar interactions, and was recorded in 25 h.  
 
Pastes for in-situ NMR measurements were prepared by mixing 0.3 g of 29Si-enriched C3S and 0.24 g 
of ultrapure water in a cylindrical 2 ml plastic vial during 3 min using vortex mixer (Analog, VWR) at 
2500 rpm. With the help of an appropriate syringe and a needle this paste was introduced as such in 
the zirconia rotor thus enabling the acquisition of the NMR spectra during the reaction in real time. 
 
For a set of samples hydration was stopped by stirring them in isopropanol with the ration of 1 : 25 
during 5 min. Afterwards, the powdered samples were filtered and dried in desiccator over silica gel 
until a constant mass.  
 
The kinetic of 29Si-enriched C3S hydration was measured by isothermal calorimetry using a TAM Air 
microcalorimeter at 23°C. 1 g of 29Si-enriched C3S was mixed with 0.8 g of ultrapure water in the 
same conditions as for NMR measurements. The degree of reaction of 29Si-enriched C3S was 
calculated by dividing the cumulative heat released at a certain time by the enthalpy of reaction of 
C3S, -520 J/g C3S (Thomas J J et al., 2009), (Damidot D et al., 1994).  
 
The thermal analyses (TG) was recorded from 40 to 1000 0C at a heating rate 10 0C/min in N2 
atmosphere. 
 
 
3. Results and Discussion 
Thanks to enrichment we could monitor by in-situ 1H - 29Si cross polarization NMR experiments how 
hydration proceeds with a time resolution of 30 min during first 6 hours (Figure 3a,b). It was 
established that independently on the SSA of the investigated C3S, first dimers (Q1 species at -79 ppm) 
start to form only after 1.5 h of hydration and the growth of the Q2 species was observed after 5 h, 
what corresponds the signal around – 85.5 ppm. At the same time the presence of hydroxylated (Q0

h) 
species identified prior to hydration (Figure 4) was detected through the whole set of experiments.  
 

 
(a) 

 
(b) 

Figure 3 Hydration species formation at early stage of reaction followed by 1H – 29Si CP NMR for 29Si-
enriched C3S of a). 4.4 m2/g b). 1.4 m2/g BET specific surface area. 



 

The evidence of this Q0
h during the hydration process of C3S has been reported by some authors 

(Rodger S A et al., 1988, Brough A R et al., 1995). However, in comparison to the previous work by 
Rodger S et al., we synthesized 100 % 29Si-enriched C3S, which allowed us to establishe the presence 
of Q0

h in the samples even before the actual hydration takes place. It means that these species are 
formed in the sample without direct water addition simply interacting with water vapors from the 
atmosphere. In addition, in the present work we added the sophistication of a very careful control of 
the structure and granulometry of the C3S grains, thus our results clearly show, that the process of Q0

h 
formation is controlled by the surface area of the C3S (Figure 4). It means that the amount of the Q0

h in 
the sample is a function of the available surface area of the powder.  

 
Figure 4 Influence of surface area on the Q0

h formation. 
 
By the use of real-time hydration, we were able to detect the first hydrates formation (Q1 and Q2) that 
takes place after the induction period, during main hydration peak when compared with isothermal 
calorimetry measurements (Figure 6a). To study hydration at later ages additional NMR experiments 
on the hydrated C3S  with a SSA of 1.4 m2/g were carried out. In this case, hydration was stopped after 
1, 3, 7 and 28 days. The spectra obtained using one pulse technique confirm the growth of Q1 and Q2 
species over time and the consumption of non-hydrated C3S with the reaction, but they do not provide 
information concerning Q0

h species due to overlapping of the resonances in the Q0 range (Figure 5a). 
Based on the obtained one pulse 29Si NMR spectra, the amount of the hydrated products was 
quantified by comparison of the integrated signal intensities. the degree of reaction was estimated 
based on the calculated results. These data were compared with the isothermal calorimetry 
measurements of the same sample and they were found to be in a good agreement (Figure 5b). The 
advancement of hydration at 3 days was also confirmed by TGA and resulted in 55 % as well.  

 
(a) 

 
(b) 

Figure 5 a). Hydration species formation between 1 and 28 days followed by 29Si one pulse NMR b). 
Comparison of NMR and calorimetry data. 

 



 

It is well known, that PSD together with the specific surface area of C3S play an important role in C3S 
hydration (Costoya M, 2008). By decreasing the specific surface area of the C3S phase, we observe the 
decrease in reactivity rate by comparing the length of the induction period and the slope of the 
acceleration stage (Figure 6a). It was found that there is a linear correlation between the SSA of the 
material and its maximum heat rate. In addition, the maximum of this peak appears at times that vary 
linearly with the specific surface area (Figure 6b). Finally, with decrease in the available reactive 
surface there is a decrease in the cumulative heat released during first week of hydration. Cumulative 
heat obtained by 1 day of C3S hydration also shows linear dependency with respect to SSA of the 
investigated samples (Figure 6c). This allows us to predict the degree of hydration of different samples 
just by knowing their SSA and without any further experimental determination, although a calibration 
curve for a desired water/cement ration has to be performed first.  

 
(a) 

 
(b) 

 
                                              (c) 

 
Figure 6 a). Heat rate of C3S with different surface areas b). Correlation of main hydration peak position and C3S 

surface area c) Correlation of cumulative heat at 1 day of reaction and C3S surface area. 
 
 
Selected 29Si MAS NMR spectra obtained during in-situ hydration of 29Si-enriched C3S with 0.5, 1.4 
and 4.4 m2/g SSA are shown in Figure 7a-c. Results of the quantitative analyses performed on these 
samples are collected in Figures 7d,e. Depending on the SSA of the used C3S, different amounts of the 
formed hydrated products were detected at the same hydration time. This is particularly true for the 
formation of Q1 dimers. At early stages of hydration this amount gradually increases with increasing 
SSA (Figure 7d). At 1 day (Figure 7e) it shows a linear effect on SSA. Additionally, there is a linear 
decrease in the amount of the non-hydrated C3S. This is consistent with the previous results obtained 
by isothermal calorimetry presented in Figure 6c. Moreover, the SSA of the C3S does not seem to 



 

affect (as) much on the Q2 formation, although overall their amount is still too low at the investigated 
hydration times.  
 
 
 

 
(a) 

 
(b) 

 
(c) 

 
   (d) 

 
  (e) 

Figure 7 A selection of a sequence of 29Si MAS NMR spectra obtained from an anhydrous and 
hydrated in-situ samples with BET SSA of a) 0.5 m2/g b) 1.4 m2/g c) 4.4 m2/g. Quantitative analyses 
of the Q0 (C3S), Q1 and Q2 species present after hydration during d) 10 h and e) 1 day.  
 
To detect and identify 29Si site proximities between different 29Si species in C-S-H present in 29Si-
enriched C3S hydrated at room temperature for about a month 2D 29Si{29Si} dipolar-mediated 
correlation NMR was used (Figure 8b,c).  The insert in Figure 8a shows a schematic diagram of 29Si 
moieties in hydrated C3S, with arrows showing molecular-level dipole-dipole interactions between 
various 29Si species, as established by the intensity correlations in the 2D spectra. The 29Si signals and 
corresponding intensity correlations are assigned based on previous theoretical predictions (Rejmak P 
et al., 2012) and experimental NMR studies (Brunet F et al., 2004) of the 29Si isotropic chemical shifts 
of silicon species in C-S-H. Several correlated signals are observed in the 2D spectrum shown in 
Figure 8c,d, specifically those labeled (i) – (v) which are discussed below: 

(i) Correlated 2D intensity is resolved between signals at -82.6 and -84.4 ppm arising from 
Q2L and Q2 29Si species, respectively, in a pentameric (five-membered linear chain) or 
longer CSH chain. A Q2L silicate tetrahedron is charge-balanced primarily by protons 
(from silanol moieties), compared to Q2 silicate tetrahedron that is charge-balanced by 
Ca2+ cations present in the main plane, as indicated in the schematic diagram in Figure 8a.  

(ii) Strong intensity correlations between signals at 79 and 85 ppm arise from Q1 and Q2 29Si 
species present in CSH. 

(iii)  Partially resolved correlated intensity is observed between signals at 79 and 83 ppm that 
are associated with Q1 and Q2L 29Si species.  



 

(iv) Correlated intensity is observed between the signals at 77 and 84 ppm from another type 
of Q1 and Q2. These species are chemically distinct due to their different molecular 
proximities to Ca2+ cations and/or hydroxyl moieties. Such differences in the local atomic 
29Si environments have been previously proposed (Rejmak P et al., 2012) and are 
supported by theoretical predictions of the 29Si isotropic chemical shifts of silicon species 
in CSH. 

(v) Correlated intensity between Q0
h and Q1 was difficult to observe since the sample is 

almost fully hydrated and only a few Q0
h left.     

	  

 
Figure 8 Solid-state a). 1D single-pulse 29Si MAS b), c). 2D 29Si{29Si} dipolar-mediated correlations 

NMR spectra of 29Si-enriched C3S hydrated for 1month 
 
4. Conclusions 
In this paper we show that in-situ time-resolved study of the silicon speciation of 29Si enrichment is a 
relevant approach to understand the hydration of the main phase of cement. Firstly, an optimum 
protocol for the synthesis and recycling of the used 29Si-enriched C3S was established and an effective 
way to study hydration in-situ without perturbing the C-S-H structure was found. NMR and isothermal 



 

calorimetry results confirm the importance of the surface area of the starting material showing that the 
degree of hydration decreases when courser C3S is used. Furthermore, linear correlation between the 
parameters of the main hydration peak and SSA of the used C3S was found. In addition, 2D NMR 
shows detailed information on the proximities between various 29Si species in C-S-H structure. To be 
able to see the definite covalent connectivities formed between various species in the same sample 
similar work with J-mediated correlation would be done.  
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Abstract
High belite cement (HBC) is a kind of low energy consumption Portland cement with low hydration
heat, high later age strength and high performance. The clinker temperature of high belite cement is
100℃ lower than PC，CO2 emission for clinkering is reduced by 10% due to the low calcium design in
clinker mineral composition. To activate copper slag and using activated copper slag to improve the
early age strength of HBC is the main purpose. Four high belite cements consisting of a clinker made
with different content of copper slag (0, 2, 4 and 6 wt. %) as raw material, were studied for their
hydration and hardening mechanism using TG/DTA, XRD and SEM analyses.

Originality
It was proved through the systematic laboratory study and the trial production of HBC that the proper
design of the mineral composition, the introduction of foreign ions into the clinker minerals are the two
key technical methods for producing reactive belite rich belite cement clinker.

Keywords: High Belite Cement, Hydration, Copper Slag, Performance
Introduction
Due to energy requirements and the main reaction, cement production results to a combined
amount of almost 1 Kg CO2 per Kg clinker. The cooper slag is a kind of water quenched slag
drained form crude cooper smelting furnace. It is rich in Ferro-Silicate(Fe2· SiO4) and
belongs to acidic slag. According to the information concerned, in China, the annual discharge
capacity of cooper slag figures reach millions tons. These cooper slags are discarded and
occupy the land over years, and have seriously polluted water quality and environment.
Therefore, how to control and utilize copper slag is an urgent problem to be solved. Since the
hydraulic activity of copper slag is low, its application in cement industry is restricted.
Therefore, to activate copper slag and increase its activity so as to make good use in cement
industry is very important. In this paper, experiments and research on chemically activating
copper slag by imitating the actual industry production condition have been done. The
mechanical properties and hydration and hardening mechanism of cement with activated
copper slag are discussed.
2. Experimental
2.1 Raw Material
The chemical composition of copper slag is shown in Table 1.the activity of activated copper
slag is evaluated by China National Standard.

Table 1 The Chemical composition of activated copper slag (%)
Compositions SiO2 Fe2O3 Al2O3 CaO MgO FeO Others Total

Content 33.30 12.47 11.59 15.04 6.37 19.68 1.55 100
2.2. Experimental Process
Four high belite cements consisting of a clinker made with different content of copper slag (0,



2, 4 and 6 wt. %) as raw material. After mixing each sample uniformly, put them into electric
furnace and calcine in the temperature 1300±10℃ for half an hour.
3. Results and Discussion
3.1 The physical and Mechanical Properties of Belite Cement
The function of activating copper slag is to increase the activities of molten slag to form more
minerals, which have hydraulic activity. From the testing results of cement physical and
mechanical properties, the relationship between the different calcium enriched amount and
strength of cement with different amount of copper slag can be found. It can be known that
the mechanical strength of cement is the highest when the copper slag amount is 4wt %.
3.2 Mechanism of Hydration and hardening of Cement with Copper slag
From the IR analysis results of four samples, it can be seen that the area of absorption peak of
the hydrated products C-S-H(3490, 1429cm-1), AFT(1550, 550cm-1) of sample with copper
slag count 4 wt % are larger than other samples, which means when copper slag content is 2
wt%, it has higher content of C-S-H and AFT than the other samples. The XRD analysis result
indicates the same conclusion.
The SEM observation of 28d cement paste found that there are a considerable amount of
C-S-H, C(AF)Hm and Fe(OH)m gel uniformly settled on the surface of AFT, AFm and
C3(AF)H6, and a small amount of Ca(OH)2 microcrystalline uniformly filled in cement stone
in sample with 4wt% copper slag. In addition, slight amount of unhydrated copper slag grain
play a role of fine filler filled in the pore of paste. They are firmly bonded with
above-mentioned hydration products, resulting in very dense cement paste with higher
mechanical strength.
4. Conclusions
When the copper slag content is 4wt%, the High Belite Cement has a higher early age
strength and lower hydration heat. In the condition of coexisting of Ca(OH)2 and CaSO4, the
copper slag is easy to destroy the surface layer of slag glass and dissolve out active ions
having strong absorbing ability to Ca(OH)2 to form fresh hydration products.
The hydration products of the cement with 4wt% copper slag, are C-S-H,AFT, AFm,
C4(AF)H13, C3(A,F)H6 and C(A,F)Hm, Fe(OH)m gel as well as a small amount of Ca(OH)2,
considerable amount of Fe are melted in C-S-H, AFT and Ca(OH)2.
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Abstract

This article presents a factorial modeling as well as desirability function optimization of mix
proportion of ultra high performance concrete (UHPC) in terms of 28 days strength and CO2
emissions. A full factorial design and desirability function optimization method were carried out
for finding the best UHPC ingredient proportions. Ultra high performance needs much cement,
whereas cement is one of important issue for global warming which make 5% of whole CO2
emissions around the world, therefore, the 28 days compressive strength which is one the most
important property of concrete and CO2 emissions were considered as responses. Mix design
parameters were 5 as cement content, steel fiber amount, superplasticizer, silica fume amount,
and ratio of water to cementations (w/c). The responses of derived statistical models were 28
days compressive strength, and CO2 emissions. Thirty five samples were prepared to derive
statistical model which 25 were for full factorial and 3 were for center point for finding standard
deviation. The variables were compared with the fixed amount of aggregate. The result is valid
for the mixes with 0.18 to 0.32 w/c, 0.04 to 0.08 steel fiber, 0.7 to 1.3 cement, 0.15 to 0.30 silica
fume, and 0.04 to 0.08 superplasticizer of aggregate mass. The final result showed. The
optimized mix design based on 28-day compressive strength and CO2.

1. Introduction:

In the past few decades, growing concern over global warming and other significant ecological
changes has spurred much debate in all fields of science and engineering. The concrete industry
has increasingly been considered one of the largest contributors to these ecological changes.
Presently, annual worldwide concrete production is about 12 billion tons, consuming
approximately 1.6 billion tons of Portland cement, 10 billion tons of sand and rock, and 1 billion
tons of water. The production of one ton of Portland cement generates approximately one ton of
carbon dioxide and requires up to 7000 MJ of electrical power and fuel energy. It is evident that
the concrete industry significantly impacts the ecology of our planet.

Enhancement of better performance of concrete for higher durability and strength was mentioned
by many researchers in these decades. To achieve to this purpose many types of concrete had
invented which improved the concrete treatment. Ultra high performance concrete (UHPC) is
one the concrete which behaves much better than ordinary concrete. It is characterized by large
amount of ordinary cement between 900-1000 kg/m3 [1], and Presenting of fine aggregate
instead of coarse to reduce heterogeneity between the aggregate and cement matrix [2]. Using



superplasticizer, fiber and silica fume with low ratio of w/c is other specification of such a
concrete.

Ultra high performance has superior properties in comparison with normal one such as:
exhibiting significant tensile strength and toughness, improving the compressive strength, and
enhancement of durability in short and long terms [3, 4].

Generally, however the using of UHPC is increased, the demand for mortar as OPC and silica
fume and also steel fiber will increase [5, 6], These increasing leads to enhance of global
warming in terms of CO2 emissions by ingredients manufacturing [7]. Hence UHPC product can
be considered as unfriendly with environment which optimizing these materials seems necessary.

\There are a lot of methods for concrete mixing design optimization which some of them are:
mathematics models such as neural network, genetic algorithm, or some methods as curve fitting
by non-linear methods, density packing method, replacement or substitution method, and
statistical design [8, 9, 10, 11].

The objective of this research is finding optimum mix design by using full factorial for mixture
design and analyzing by response surface method to consider the correlation between variables
and find the best strength based on reduction in co2 emissions. This method is used by Bunnori
in 2013 which selected 2 variables as OPC and SF [4]. Despite, in this research 5 variables are
considered which causes obtain the correlation between all ingredients of concrete.

2. Experimental activities

2.1. Materials

2.1.1. Cement

The cement used was sulfate resistance Portland slag cement, Type 2, 42.5N which covered by
European standards EN 197-1 Cement Composition. Amount of clinger and slag in such a
concrete are between 65-79 and 21-35 respectively which manufactured in Cyprus [12].

2.1.2. Fine aggregate

Mining sand with the max particle size 5mm was used. Sieve analysis has done based on ASTM
C136 and controlled by ASTM C33 which showed in figure 1. It is concluded the amount of fine
aggregate was a bit more than requirement.



Figure 1. Sieve analysis of used mining sand

2.1.3. Mixing water

The water used for all concrete samples in mixing and also curing was ordinary tap water.

2.1.4. Superplasticizer

Used superplasticizer was a polycarboxylic ether based, high range water reducing new
generation superplasticizer admixture developed for using in UHPC which was called
GLENIUM 27 and manufactured by BASF. The superplasticizer is consistent with the EN 934-2.

2.1.5. Silica fume

A white undensified silica perform method optimization experiments in a manner that can obtain
maximum information of experiments. These designs can identify main effects for the factors being
studied as well as uncover any existing interactions between factors. The advantage of this design is that
maximum information regarding the factors is obtained. It is also possible to identify interactions between
separate experimental factors and the effect that such interactions have on the experimental response.
Because each possible factor-level combination is tested in a full factorial design [14,15]

Silica fume, superplasticizer, fiber, cement, Water cementious ratio were coded as A, B, C, D, E
respectively. Each variable was selected along low limit (-1) and high limit (+1) and mid-point (0) setting.
Amount of variables were compered as percentage of used fine aggregate mass which is shown in Table
1. For each setting 28 days compressive strength and also carbon dioxide emissions were
measured.

Table.1 rate of variablesfume with purity more than 95% of silicon dioxide and with
particle size of 0.1-1 µm was used as pozzolanic material.

2.1.6. Steel fiber



The diameter and length of used fiber was 0.55mm and 13mm respectively. The
tensile strength of fiber was 1345 MPa with young modulus of 210000 MPa, fiber
was confirmed by ASTM A820 which was manufactured by Dramix, Belgium.

2.2. Design of experiment by using full factorial method and mixture proportions

Full factorial design or 2k factorial design that is a design with k variables each at
two levels [13] was used is a useful statistical tool that help the analytical scientist

Variables Code Levels of
Variable

-1 0 1
Silica fume A 18% 25% 32%

Superplasticizer B 70% 100% 130%
Fiber C 10% 15% 20%
Cement D 15% 22.5% 30%
w/c E 4% 6% 8%

*Percentages are based on aggregate mass used

2.3. Specimen preparation and test specimen

In this study 35 mixtures were designed which presented in table 2. All concrete mixes prepared
in rotating drum concrete mixer. Mixing process included of making premix by blending sand,
cement, and silica fume. Thereafter, steel fiber was mixed to dry mixture. Then, proportional
amount of water and superplasticizer was added and mixture was rotated while became
homogeneous and fluid. After casting, all specimens compacted on a vibration table and kept in
curing room with enough moisture for 24 hours. Thereafter, the samples molded out and
maintained in curing water tank for 28 days.

Table2. Design of experiment mixing

Mix no A B C D E Mix no A B C D E
1 1 -1 -1 1 -1 19 -1 1 -1 -1 1
2 -1 -1 -1 1 1 20 1 1 -1 -1 1
3 -1 -1 1 -1 1 21 1 -1 1 -1 -1
4 -1 -1 1 1 -1 22 -1 1 1 1 1
5 1 1 -1 -1 -1 23 -1 1 1 -1 -1
6 1 -1 -1 -1 1 24 1 1 -1 1 -1
7 1 -1 1 1 1 25 -1 1 1 -1 1
8 0 0 0 0 0 26 1 1 1 -1 1
9 -1 1 -1 1 -1 27 -1 -1 -1 -1 1



10 1 1 1 1 1 28 1 -1 -1 1 1
11 -1 -1 1 1 1 29 1 1 -1 1 1
12 -1 1 -1 1 1 30 -1 -1 -1 1 -1
13 -1 1 1 1 -1 31 -1 1 -1 -1 -1
14 0 0 0 0 0 32 1 -1 1 1 -1
15 1 1 1 1 -1 33 1 1 1 -1 -1
16 0 0 0 0 0 34 1 -1 -1 -1 -1
17 1 -1 1 -1 1 35 -1 -1 -1 -1 -1
18 -1 -1 1 -1 -1

2.4. Compressive strength test

To determine compressive strength of specimens, 10 cm UHPC cubes were tested. Concrete
compression machine based on BS EN12390-3 [16] with 3000 KN in capacity was used. Three
samples from each mix were tested.

2.5. Carbon dioxide emissions

The amount of carbon embodied for ingredients of concrete is presented in table 3. this values
are just included transport row materials to manufacturing site and manufacturing process,
therefore carbon dioxide due to transport to concrete plants was not calculated [17].

Table3. Carbon dioxide emissions for ingredients materials

Material Embodied carbon (kg/ton)

Ordinary cement 930

Silica fume powder 14

Reinforcement 427

Aggregate 4

3. Result and discussion

Full factorial method with 5 variables such as silica fume content (A), superplasticizer
content (B), fiber content (C), cement content (D), Water cementious ratio (E) were done to
learn which mixture could obtain more strength as well as being friendlier with environment
in terms of carbon dioxide. A summary of 28 days compressive strength and carbon dioxide
emissions due to each mixture production is given in table 4.

Table 4. The results on 28-day compressive strength and carbon dioxide emissions

sand
(kg)

SF
(kg)

SP
(kg)

F
(kg)

C
(kg) W/C 28 days

strength (MPa)
CO2
(kg)

A B C D E
33 9.99 1.32 3.3 42.9 0.18 95.7 41.58
33 4.95 1.32 3.3 42.9 0.32 82.0 41.51



33 4.95 1.32 6.6 23.1 0.32 85.0 24.50
33 4.95 1.32 6.6 42.9 0.18 105.8 42.92
33 9.99 2.36 3.3 23.1 0.18 99.0 23.16
33 9.99 1.32 3.3 23.1 0.32 63.6 23.16
33 9.99 1.32 6.6 42.9 0.32 47.6 42.99
33 7.43 1.98 4.95 33 0.25 72.7 33.04
33 4.95 2.36 3.3 42.9 0.18 93.9 41.51
33 9.99 2.36 6.6 42.9 0.32 70.8 42.99
33 4.95 1.32 6.6 42.9 0.32 71.7 42.92
33 4.95 2.36 3.3 42.9 0.32 82.0 41.51
33 4.95 2.36 6.6 42.9 0.18 91.3 42.92
33 7.43 1.98 4.95 33 0.25 87.0 33.04
33 9.99 2.36 6.6 42.9 0.18 93.0 42.99
33 7.43 1.98 4.95 33 0.25 81.0 33.04
33 9.99 1.32 6.6 23.1 0.32 57.3 24.57
33 4.95 1.32 6.6 23.1 0.18 109.0 24.50
33 4.95 2.36 3.3 23.1 0.32 68.0 23.09
33 9.99 2.36 3.3 23.1 0.32 86.0 23.16
33 9.99 1.32 6.6 23.1 0.18 103.2 24.57
33 4.95 2.36 6.6 42.9 0.32 87.0 42.92
33 4.95 2.36 6.6 23.1 0.18 83.0 24.50
33 9.99 2.36 3.3 42.9 0.18 87.0 41.58
33 4.95 2.36 6.6 23.1 0.32 77.0 24.50
33 9.99 2.36 6.6 23.1 0.32 73.5 24.57
33 4.95 1.32 3.3 23.1 0.32 68.9 23.09
33 9.99 1.32 3.3 42.9 0.32 78.0 41.58
33 9.99 2.36 3.3 42.9 0.32 77.0 41.58
33 4.95 1.32 3.3 42.9 0.18 104.5 41.51
33 4.95 2.36 3.3 23.1 0.18 102.0 23.09
33 9.99 1.32 6.6 42.9 0.18 108.5 42.99
33 9.99 2.36 6.6 23.1 0.18 87.0 24.57
33 9.99 1.32 3.3 23.1 0.18 92.0 23.16
33 4.95 1.32 3.3 23.1 0.18 109.0 23.09

There are many optimization methods which are numerical and graphical approaches. In this
study, desirability function optimization technique was used to achieve the goal. Numerical
optimization requires defining an objective function (called desirability or score function)
that reflects the levels of each response in terms of minimum (zero) to maximum (one)
desirability. One approach uses the geometric mean of the desirability functions for each
individual response which were maximizing the 28-day compressive strength and minimizing
the carbon dioxide emissions. The weight and importance for all target responses assumed



equal. Lower and upper limits for variables based on codes and limits for target responses
defined as table5.

Table5. classification of variables and responses

NAME GOAL LOWER
LIMIT

UPPER
LIMIT

WEIGHT IMPORTANCE

A:SF is in
range

-1.00 1.00 1.00 3.00

B:SP is in
range

-1.00 1.00 1.00 3.00

C:F is in
range

-1.00 1.00 1.00 3.00

D:C is in
range

-1.00 1.00 1.00 3.00

E:W/C is in
range

-1.00 1.00 1.00 3.00

28 STRENGTH
(MPA)

maximize 47.60 109.00 1.00 3.00

CO2 (KG) minimize 23.09 42.99 1.00 3.00

Design expert 9 software was used to optimize the goal and maximize the desirability function.
After running desirability function optimization approach, 100 solutions were suggested which
desirability function were between 0.974 and 0.881. The 10 first solutions were given in table 6.
The maximum desirability was concluded of minimum in for variables as amount of cement
content, w/c, superplasticizer, and silica fume amount. The desirability was changed based on
variables changing which is shown for 2 variables cement, and silica fume, in figures 2, 3, 4. In
figure 3, the effect of cement content on desirability function was obvious, however, the cement
content effect was negligible on 28-day compressive strength. Percentage of w/c is directly
affected to 28-day compressive strength; however, it didn’t sensible effect on carbon dioxide
emissions. Silica fume can be substituted by cement to improve the concrete behavior and
reduce the carbon dioxide emissions. The results shows however amount of silica fume increased
the desirability will be decreased. And also amount of superplasticizer inversely effected on
desirability.

Table6. top 10 desirable function optimization

Number SF SP F C w/c 28 strength (MPa) CO2 (kg) Desirability
1 -1.000 -0.998 0.468 -1.000 -1.000 109.000 24.125 0.974
2 -0.972 -1.000 0.513 -0.997 -1.000 109.000 24.182 0.972
3 -0.997 -1.000 0.573 -0.996 -0.985 109.000 24.235 0.971
4 -1.000 -0.956 0.475 -1.000 -1.000 108.625 24.130 0.971
5 -0.913 -1.000 0.643 -1.000 -0.998 109.000 24.251 0.970
6 -1.000 -0.960 0.635 -0.997 -0.995 109.000 24.273 0.970
7 -1.000 -1.000 -0.255 -1.000 -0.993 106.911 23.615 0.970
8 -0.942 -0.969 0.681 -1.000 -1.000 109.000 24.277 0.970
9 -0.993 -1.000 -0.514 -1.000 -1.000 106.311 23.433 0.969
10 -1.000 -0.997 0.456 -0.981 -1.000 108.958 24.287 0.969
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Figure2. Contours of Desirability changes of Cement and silica fume amount
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Figure3. Effect of cement, silica fume, superplasticizer at level -1, Fiber at level
0.467, and W/C at level -1 on the desirability.
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Figure4. Effect of cement, silica fume, superplasticizer at level -1, Fiber at level 0.467, and W/C
at level -1 on 28-day compressive strength.
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Conclusion:

Full factorial modeling within desirability function optimization method for UHPC in terms of
28- day compressive strength and carbon dioxide was investigated. This research was included
full factorial method with having 5 variables: cement amount, silica fume, fiber amount, w/c, and
superplasticizer and optimizing the strength in maximum and carbon dioxide in minimum
condition.

- The best mix design was obtained based on producing green concrete with maximum 28-
day compressive strength with desirability function of 0.974 where the 28-day
compressive strength and carbon dioxide obtained 109.00 and 24.125 respectively.

- The result showed with using less amount of high carbon dioxide producer could reach to
max compressive strength of UHPC.

- The results illustrated, w/c is significantly effective in UHPC compressive strength
whereas the 50 MPa difference was obvious in different level due to changing in w/c
content.
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1. Introduction
Slag (Granulated blast-furnace slag) is a by-product of metallurgical industry. Granulated blast-
furnace slag is compounded by inorganic nonmetallic elements (quartz, clay, carbonate and
apatite) from melted (temperature is 1400℃~1500℃ ) ore， limestone or dolomite. After the
water quenching step, fine particles composed of calcium silicate and calcium aluminosilicate are
produced; these particles are referred to as slag[1,2]. When slag is added to portland cement, the
performance of the cement improves: hydration heat is reduced, alkali-aggregate reaction is
inhibited, the mobility of cement paste is increased, the early strength is decreased and the long-
term strength is increased at a curing condition set at room temperature.But at the high
temperature curing condition, both early strength and long-term strength are higher than that of
portland cement.[3]
At present, the establishment and verification of the hydration kinetic model and influence
factors of chemical kinetics model in single cement system have been studied. [4-6] But there are
few researches focusing on the kinetics of slag-cement complex system. In Merzuki’s work,
kinetics of slag-cement cementitious material was studied, in which the method of isothermal
calorimetry and Knudsen hydration kinetics model were used and the effect of slag content,
water/binder ratio, temperature and cement fineness on hydration heat quantity were studied.
The results show that the kinetics model can predict precisely the exothermic rate of hydration at
the condition of low slag content, but there is no hydration mechanism explained in the work.[7]

Xuequan Wu researched the kinetics of slag-cement cementitious material by the Knudsen
model and Kodon model, he believes that there are different reaction mechanism under different
hydration stages, which result in particular models and parameters.[8] Hydration heat quantity,
Ca(OH)2 content, water content (free water and chemically combined water) were measured by
Kolani, who analyzed the multi-kinetics model, and posits that the influence of cement clinker on
kinetics parameters is entirely different compared to that of slag; the hydration degree only
depends on the slag content and temperature.[9] Therefore, the study of hydration kinetic and
chemical kinetics of slag-cement cementitious material system provides theoretical basis for the
substitution of cement by slag. In this paper, exothermic rate of hydration, hydration heat
quantity and content of non-evaporable water are studied by modifying the slag content and
temperature
2. Material and Experimental
2.1. Raw Materials
Portland cement (strength grade is 52.5), was obtained from Huaxin company. Granulated blast-
furnace slag was obtained from Anshan Iron and Steel Company. The chemical composition of both
materials are shown in table 1.

Tab.1. Chemical composition of slag (% mass)

material SiO2 Al2O3 Fe2O3 CaO MgO

cement 21.35 4.67 3.31 62.6 3.08
slag 43.56 14.8 3.35 30.79 7.46

2.2. Experiment
Hydration heat quantity was measured by Automatic cement hydration heat meter system (type:
YT12959–8, origin: China). The measurement method is shown in formula 1-3.[10]

α(t)=Q(t)/Qmax (1)
dα/dt=(dQ/dt)·(1/Qmax) (2)

1/Q=1/Qmax+t50/Qmax(t-t0) (3)
Qmax—hydration heat quantity of limitless curing age, (J).
t0—the ending time of induction period, (h).
t50—time as the hydration heat quantity is 50% of Qmax, (h).
Non-evaporable content is measured by muffle furnace, the measurement method is shown in formula
4.[11]
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Wn=mn/m105=mn/(mn+c) (4)
mn=m105- m900
Wn:mass fraction of Non-evaporable content in slag-cement material system, (%).
Mn:quality of Non-evaporable content in slag-cement material system, (g).
m105: sample quality as the temperature is 105℃, (g).
m900: sample quality as the temperature is 900℃, (g).
c: quality of composite cementitious material, (g).
3. Results and Discussion
3.1. Resistance to Sulphate
The influence of slag content and hydration temperature on the exothermic rate is shown in figure 1
and figure 2.

Fig.1 Influence of slag content on exothermic rate
The exothermic rate of hydration appears to decrease as the slag content increases. The second
exothermic peak appears at 12h (the first exothermic peak occurs on the very early stage of
hydration， which is only caused by cement), as does the third peak at 18h. Compared to cement, the
slag hydration rate is slow because that slag need to be stimulated before taking part in a chemical
reaction.[12] As a result, at the very early stage, the reaction product amount of slag is less than that of
cement’s, and the hydration exothermic rate is slower than that of single cement system’s, which is
called the negative effects of slag.[13] On the other hand, slag can help to disperse the cement particles
in the cement paste, which enlarges the reaction site of cement particles, accelerates the cement
hydration process. Ca(OH)2, hydration product of cement, is consumed by slag, which increases the
extent of hydration and accelerates the cement hydration process. The more hydration product is
present, the higher the exothermic rate is; this phenomenon is called the positive effect of slag. [13] As
the slag content decreases, in the slag-cement material system, the positive effect of slag has more of
an effect than the negative effects. With increasing slag content, the positive effect of slag becomes
weak, and eventually becomes smaller than the negative effects of slag.

Fig.2 Influence of hydration temperature on exothermic rate
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As the slag content increases, the cement in the system and its hydration products become insufficient
since there is no enough Ca(OH)2 to consume for slag. In this case, slag particles can’t be hydrated,
which lead to a low exothermic rate, less hydration products, more holes in the cement paste, and
unwanted mechanical properties.
As shown in figure 2, the exothermic rate increases quickly as the slag content increases. At the
hydration time of 22h, exothermic rate of 15℃ and 20℃ are 1.6 times and 2.5 times than that of 5℃.
As the hydration time prolongs to 30h, exothermic rate of 20℃ is just a little less than that of 15℃,
and both exothermic rates are far more less than that of 5℃. Meanwhile, as the temperature increases
and the induction period reduces, the value of the third exothermic peak increases greatly, and the
maximal exothermic peak moves ahead. This is because with the rising of temperature, the hydration
process of cement speed up and generates a great deal of hydration products, making the whole
structure more compact. With a very compact structure, the diffusion in the system is impeded, which
decreases the exothermic rate of cement, so a high value and narrow range third peak appears at the
high temperature condition.
The total heat quantity of slag-cement composite cementing material system under different slag
content is shown in figure 3.
When the slag content approaches 0, 10%, 20%, 30%, 40% and 50%, the total heat of hydration is
6548.48mw, 1738.41mw, 663.95mw, 540.50mw and 540.50mw respectively, as shown in figure 3.
The hydration heat quantity of the system decreases gradually, and finally as the slag content reaches
30%, it plateaus. This is because as the cement content in the system decreases, the alkaline substance,
which is formed by cement hydration process is insufficient, and the exothermic rate and the heat
quantity of slag hydration are decreased.

Fig.3 Different slag content of the total heat of hydration
Hydration temperature of 5℃ , the non-evaporable content of slag-cement material system at the
curing time of 3d, 7d, 14d, 28d and 56d is shown in figure 4.

Fig.4 Influence of slag content on non-evaporable content
As the curing age prolongs, the non-evaporable content of slag-cement material system first increases
and then decreases. As slag is add into the system, the non-evaporable content, is higher than that of
single cement system. This is because the active component in slag reacts with Ca(OH)2 (hydration
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product of cement hydration); as more Ca(OH)2 is consumed, more Ca(OH)2 need to be generated in
the system, speeding the hydration of cement. When the slag content is 30%, the positive effect of slag
is more evident than the negative effect, which is when the non-evaporable content is at a maximum.

The exothermic rate of hydration (dɑ/dt ) and hydration heat quantity (Q) under different hydration
time are measured by Micro-calorimeter, relationship between hydration reaction rate and hydration
degree at 5℃ is shown in figure 5. In the figure, the first exothermic peak is not mentioned, because
this peak occurs before the induction phase and releases no more than 5% heat of the total hydration
heat quantity. Hydration rate of slag-cement cementitious material can be simulated stage by stage by
curve F1(α)、F2(α) and F3(α). Hydration process of all samples (slag content is 0%, 30% and 50%)
can be described as three stage: nucleation growth process (NG), interface reaction process (I),
diffusion process (D).[14]

(a)

(b)

(c)
Fig 5. Hydration rate curves of cement-slag system at 5℃

As shown in figure 5(a), hydration process of pure cement is precisely simulated. The hydration
process of slag-cement cementitious material is compose of cement hydration process and slag



hydration process, the hydration rate of cement is faster than that of slag. Figure 5(b) and figure 5(c)
give the relationship between hydration rate and hydration degree when the slag content is 30% and
50% respectively. With increasing slag content, the reaction of I process proceeds. When the slag
content is 30%, there are two short I processes. This is because at the early stage of hydration, the
quantity of hydration product is not very high: the dominant process is NG process and the main
reaction is nucleation to crystal growth. As the hydration process proceeds, there are more hydration
product formed in the system, requiring more energy to migrate the ions, so I process start to dominate
the hydration.[15] As the condition of the Ca(OH) is saturated in the cement past and the pH value is
above 12.7, the active phase of the slag can be stimulated by the alkali solution - therefore the
pozzolanic reaction occurs.[16] The third exothermic peak occurs on the process of pozzolanic reaction,
which is in the I process. Once again, the quantity of crystal nucleus increases and the nucleus begins
to form crystal. Furthermore, there are more products in the system and the ions are hardly to be
moved - the system has the second I process. As the hydration reaches the D process, porosity and
permeability of cement paste both decreases with the co-reaction of cement hydration and slag
hydration. Hydration products are covered by C-S-H gel, diffusion resistance of Ca(OH)2 crystal,
unhydrated particle and slag particle increases greatly, the hydration rate of D process gets very slow, I
process and D process dominate the hydration process.[17]

When the slag content is 50%, there is no evident difference in the hydration process between the
others at the early stage. One long I process occurs as the hydration process prolongs, but it is totally
different to that of pure cement hydration process, which only has one short I process or no I
process.[18] In addition, it is different to the slag(30%)-cement(70%) system, in which there are two
short I processes. This is because when the slag content increases to 50%, cement content in the
system is very low and the concentration of Ca(OH)2 and hydration product of cement declines
dramatically. It needs more time to make the Ca(OH)2 saturated, and the activity of slag’s pozzolanic
reaction decreases. When the slag content is 50%, because of electrostatic repulsion, Ca2+ ions are
adsorbed on the slag particles, which delays the saturation of Ca2+ ions in the system. Therefore the
hydration of slag-cement cementitious material is postponed by slag.[18] The second short I process is
stable, and the first I process is prolonged, the two short I process become one long I process - the I
process starts to dominate the hydration process.
4. Conclusions
The exothermic rate and heat quantity of hydration decreases as the slag content increases. When the
slag content is over 30%, heat quantity of hydration plateaus and the non-evaporable content reaches a
maximum. At a curing age greater than 28d, the exothermic rates of all slag contents are barely
changed.
The transformation process in the hydration is nucleation growth process (NG) to interface reaction
process (I) to diffusion process (D). The actual hydration rate is simulated, and matches the
Krstulovic–Dabic hydration kinetics model.
When the slag content is 30%, there are two short I processes, I process and D process both dominate
the hydration. When the slag content is 50%, two short I processes become one, and I process
dominates the hydration.
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Cement as a Cross Linking Agent

Vicente Menta Filho1*
1. Hemisfério Produtos Técnicos, Sao Paulo– Brazil

Abstract
This paper refers to cement usage as cross linking agent of waterborne acrylic resins formulated as waterproofing,
resulting on highly waterproof membranes with many degrees of elasticity and flexibility, from rigid for negative
pressure up to very elastic, with 100% or more stretching.
Each waterproofing is formulated to achieve specific characteristics and remains as emulsion until its application.
Waterborne acrylic resins are polymers with particles separated by water and result on a membrane, from the moment
the water is expelled.
The cement is essential on this process, because speeds up exponentially this expulsion, besides completing empty
spaces and allowing the result of a continuous membrane, without porosity and with low absorption, fundamental
characteristic for waterproofing.
By using cement only, without any other aggregate, it´s possible to ensure total control of the membrane elasticity and
its use on correct proportions, according to the waterproofing producer specifications, results on an application
without solid leavings.

Orininality
The originality of this paper is the phisico-chemical use of cement, as reticulation (crosslinking?) agent of acrylic pre-
polymer emulsion, aloowing the use of these emulsions as waterproofing.

Keywords: acrylic resins, waterproofing, waterproof membranes, elasticity, flexibility
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Waterborne Acrylic Resins

The resins used on this essay have the specific characteristic of being emulsions, water based resins, made
out of water (polymerized this way) and not only diluted nor soluble in water. This characteristic defines the
absence of volatile solvents, an important ecological aspect of the formulations derived from these resins.
The base products are acrylates, esters resulting from the reaction of acrylic acid with alcohols alkyl chain as
methanol, ethanol, propanol, butanol, 2-ethyl hexanol (also known as octanol) and others.
Each acrylate owns specific characteristics about adherence, flexibility, elasticity, hiper absorption, shear,
tack and others.
The obtainment of products with the desirable characteristics and benefits happens into reactors with
controlled temperature and pressure, within chemical industries.
These emulsions get out of the reactor as pre-polymers, which presence of water varying from 40 to 60%,
prevents polymer cohesion.
When applied, these resins in contact with the air go through a coalescence process, which comes to be the
spontaneous or induced expulsion of the water present in the emulsion.
The processing industries, such as super absorbents, paintings, adhesives, shoes components and, particularly
this author´s specialization field, waterproofing processors, they formulate their products from these resins,
either from a single one or a blend of two or more resins.
A basic formula consists in the use of acrylic emulsions as primary vehicle, with aggregation of auxiliary
raw materials such as loads, pigments, dyes, additives with specific functions as dispersants, emollients,
humectants, agents of emulsification, tackfiers, bactericides, fungicides, etc.
Acrylic waterproofing to make acrylic-cement waterproof membranes have a formula even more simple,
made out of the selected emulsion, additives, bactericide to protect the product during storage and fungicide
to protect the product when applied. There are no loads in the formula, because the cement has this function.
Waterproofing of high development can´t have in their formula auxiliary raw materials such as coalescence
agents, due to the emission of volatile, not even external plasticizers, that create temporary elasticity
resulting in a product with short lifespan.

Cement Functions

In the particular case of this study, the acrylic emulsions are used as raw materials, with anionic
characteristics, and don´ t finish the coalescence spontaneously, depending on solid aggregates to the full
reticulation.
Among solid aggregates, Portland cement and also structural white cement, are the best suited to fulfill this
function of reticulation, thanks to the heat of hydration.
Acrylic waterproofing which have cement as agent of reticulation will present full reticulation, with faster
drying time, reducing water absorption, promoting the sealing substrate.
Besides promoting reticulation of the resin, as mentioned below, the cement also promotes loading and
thixotropy, allowing the application of waterproofing without drips or splashes.
The acrylic waterproofing crosslinkable with cement is applied in variable number of coats, according to the
needs of the area to be sealed. This is something that varies from 3 to 6 coats, usually in the form of system,
where the layers of different products are applied, each of which with its purpose.
The mix of resin – cement always happens on volumetric proportions, varying according to the product.
Usually is constituted of equal parts of resin and cement,
May reach one part of resin to two parts of cement, on the products for the use in negative hydrostatic
pressure waterproofing, such as rising moisture and moisture migrating from earth to concrete walls or
masonry.
Due to the exponential increase of viscosity acquired by introducing the cement, it´s not possible to apply
using spray or airless, requiring conventional tools like paintbrush, brush and broom. A typical
waterproofing membrane must show characteristics of. elasticity and flexibility.
Elasticity means the ability to stretch a membrane during a tractive effort, up to the limit of rupture, returning
to its original dimensions, no deformation, to cease the effort.
Flexibility means the ability of the membrane to suffer efforts of torsion and flexion, returning to its original
dimensions, no deformation, to cease the effort.
A flex elastic membrane is composed by one part in volume of resin with these characteristics plus one part
of cement in volume.



Flex Elastic Membrane´S Technical Characteristics

According to ABNT– Brazilian Association for Technical Standards:
NBR 9574– waterproofing execution
NBR 9575– selection and design
NBR 13321– Acrylic membranes
NBR 15875– Acrylic membranes with cement
A membrane which is flexible and elastic must show the following results, when subject to tests:
Breaking tension– minimum 1,5 MPa
Elongation at break: 100% minimum
The determination of water absorption, in test of 120 hours at a temperature of 50C, must be of a maximum
of 15%

Sustainable Implementation

We assure that the implementation of this kind of acrylic resin added to cement is sustainable, for the
following reasons:

Transport Of Solid Parts

It uses, as agent of reticulation, the cement in existing work, dispensing the transport of solid aggregates,
since the factory of waterproof.

Disposal Of Solid Waste Generation

The mixture of resin and solid component in existing work and that lend itself for multiple uses in
construction, will not create any kind of leftover, so, there is no waste or waste generation.

Dispensing Heat Sources

No heat sources are used in the implementation, once the products are base water.

Without Emission Of Volatiles

Elimination Of A Constructive Step, Saving Time And Resources

In a conventional waterproof it´s necessary to go through three steps:
Regularization of the substrate: mortar with a minimum of 3 cm, thick
Implementation of the waterproofing system
Mechanical protection: mortar with a minimum of 3 cm, thick
With this kind of waterproofing, one of the steps, regularization or mechanical protection, is dispensed.
In the case of dispense of mechanical protection, waterproofing can receive directly the bonding of ceramic
elements or may be exposed, as it is resistant to UV rays and weathering.

Coating Savings

Being resistant to UV rays and yet allowing the use of white cement as reticulation agent, this way of
waterproofing can, in many situations, eliminate the use of coatings.
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Abstract
The paper focuses on the effect of water cement ratio（w/c）on hydration of high porosity cement foams prepared by
introducing preformed foam into Portland cement slurries, the relationship between structure and compressive strength
of high porosity cement foams is also proposed. The quantitative image analysis, SEM, and other characterization
techniques were used to characterize the structure and hydration behavior of cement foams. The results showed that the
early age hydration of cement foam impacted the structure greatly, and the structure improved obviously as w/c
increased from 0.7 to 0.9at early age. The porosity was 91% and the 28d compressive strength achieved 0.43MPa.

Originality
The forming of air-void structure was studied by the hydration of cement slurry and foam evolution, and explained why
increasing w/c could be used to improve compressive strength of cement foam.

Keywords: cement foam; high porosity; compressive strength; structure

1. Introduction
Being aware of the importance for building insulation to relieve energy crisis, especially in developing

countries where a large scale urban buildings need to make energy saving improvements, cement and
concrete foams have been developed by many researchers to improve energy utilization, due to fire resistant
and safety. And the density is about 300-1800 kg/m3, thermal insulation property is lower than other porous
materials, such as polyurethane, EPS. In order to improve the thermal insulation performance of cement
foams, high porosity and low density is necessary. Other rules for the porosity-dependence of thermal
insulation materials have been collated (P.G Collishaw et al., 1994), which pore size should be lower than
4mm to decrease the convective heat transfer and cells should be closed. Moreover, high ratios of strength to
thermal conductivity should be also considered for application.

Many methods can be used to prepare cellular materials, such as, adding porosities, aluminium powder,
hydrogen peroxide, foam agent or injecting performed foam in cement slurry (D.M.Liu, 1997; A.M.Williams
et al., 2008; C.M.S. Ranito et al., 2005; P.Colombo et al., 1998;S.J.Powell et al., 1995; C.Tuck et al., 1999).
The preformed foams typically provide better control of density (K. Ramamurthy et al., 2010) and foam cell
structure and are more suitable for making low-density foams, and the method is widely due to better
workability and fabricated on construction site(She Wei et al., 2013). Tonyan and Gibson(T.D.Tonyan et al.,
1992) had prepared cement foams by mean of injecting foam into cement slurry, which the lowest density is
160kg/m3. F.K.Akthar and J.R.G Evans(F.K.Akthar et al., 2010) used the same method reported for high
temperature ceramics to prepare the cement foam with high porosity of about 90%, adding Hydrogen
peroxide into cement slurry to produce cement foams is very common in China. However, many researches
shows the cells in cement foam with low density come to merge very easy and are usually large, and it is
negative for the improvement of thermal insulation. Besides, actual strength in low density is very
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low(F.K.Akthar et al., 2010), such as 160kg/m3:0.04MPa and 224kg/m3:0.12MPa.Attemps to improve the
strength, many measures are taken(L.Verdolotti et al., 2008; H.N.Atahan et al., 2010; D.Meyer et al., 2010),
such as, introducing polyurethane fibres, plyvinyl alcohol fibers, glass micro-balloons and styrene-butadiene
rubber. Strength increasing of cement foams via changing w/c is effective, hence the effect of w/c on the
compressive strength was investigated in this paper, air-voids structure and microstructure of cement foams
were also studied by QIA (quantitative image analysis), SEM, EDS and XRD .
2. Experimental
2.1. Raw Materials

ULFC mixture slurries were prepared with Portland cement, accelerating agent, superplasticizer,
foaming agent and water. In this study, Ordinary Portland cement (P.O 42.5R according Chinese
standard)Produced by Lafarge Shuangma cement plant, Jiangyou, Sichuan Province, China, was used to
stabilize the foam structure.The initial and final setting time are 206 min and 318 min. the chemical
compositions and mineral phases of above raw materials are given in Table 1. Set-accelerator (SA) was
compounded of Al3+,Mg2+ and triethanolamine to accelerate the hardened reaction, the mixture proportion of
accelerating agent by mole was Al3+:Mg2+: triethanolamine=1.4:0.4:1.Polycarboxylic type of
superplasticizer(KS-JS50Z) was supplied by Sichuan SikaKeshuai Construction Material Co,LTD to change
the rheological behavior of cement pastes. Foaming agent (a commercial, animal protein based foaming
agent) was used in aqueous solution (dilution ratio 1:15 by weight) and foamed to a density of 35 kg/m3 by a
foam generator.

Tab1.The chemical composition of cement
Composition (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss
Cement 21.06 6.10 3.08 57.98 2.74 2.40 4.07
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Figure1 XRD patterns for cement Figure2 Cumulative frequency of cement particles
2.2. Experimental Process

Porosity, pore size and shape are significantly influenced by the mixing procedures, establishing the
characteristics of specimens’ preparation are important. In the study, all of the ULFC specimens were
prepared by following steps in the laboratory with stable temperature (20±2 ℃ ). According to mix
proportions (Tab 2), about 80% water was added into a vertical mixer (along with superplasticizer and
triethanolamine), the Portland cement was poured into the mixer and mixed with water for 90s until a
homogeneous paste without lumps of undispersed cement was obtained, and then the remaining water which
Al3+ and Mg2+ had been dissolved was added into the pastes and mixed with paste for 60s until a
well-blended pastes formed. At the same time, the preformed foam was produced by the foam generator and
immediately added to cement slurry; the amount of foam was 20% weight of powder. Foam was combined
with the paste for 60s until all foam was uniformly distributed into the paste. At last, cement foam was
molded in 70.7mm×70.7mm ×70.7mm molds, covered by cling film, and cured in the 90% RH chamber at



20±2℃for 72h. After 72 hours, specimens were demolded and cured in the 90% RH chamber at 20±2℃for
7days,28days and 56days.

Tab.2 Mix proportions of ULFC mixtures
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Figure4 A typical speed-torque relationship (the linear fit of data in the descending curve is used to extract the
relative yield stress and relative plastic viscosity)

The rheological properties of cement paste and cement foam were characterized by rheometer (Figure3,
Viskomat NT, Schlebinger, Germany) immediately after preparation. The rheometer has internal and
external steel cylinder, paddle blades and data processing system. This rheometer allows determination of
material relative yield stress and viscosity from torque and rotation speed measurements. Cement paste is
accepted as a visco-plastic material, and it is a rigid body at low stresses but can flow as a viscous fluid at
high stresses. This behavior follows the Bingham`s model, one typically used to describe the behavior of
cement paste, the characteristic Bingham fluid presents a relation of torque(T) with rotation speed(N) such as
T=g+hN, where g(N.mm) and h(N.mm.min) are coefficients related to yield stress and plastic viscosity(Xia
Yanqing et al., 2013), respectively, as shown in Figure4.

Specimen
type

Matrix cement pastes
Foam(wt% of cement)Cement

(%)
W/C

SA
(wt% of cement)

SP
(wt% of cement)

W1 100 0.5 4 0.6 20
W2 100 0.6 4 0.6 20
W3 100 0.7 4 0.6 20
W4 100 0.8 4 0.6 20
W5 100 0.9 4 0.6 20



Figure 5 Typical original image and processed image of ultra-lightweight foamed concrete
To obtain pore size distribution, the images of samples were captured by an industrial digital microscope at
the same magnification (20×). A pixel represented 15μm and each image covered 69 mm2. Six representative
images were obtained for each sample from the centers of six cut surface. Each image was digitized and
binary by the same operations, and the air voids was white color and the surrounding matrix was black color.
Typical images and the binary result are shown in Figure5. Artificial air-void in foamed concrete is
considered as having diameter lager than 50μm(E.K. Kunhanandan Nambiar et al., 2007). After finished the
image processing, the software can be used to identified macropores, the mean diameter of each defined area
in the image was stored in Excel, and the pore size distribution can be drawn by Origin. In order to quantify
and compare pore size distribution of different mixes, the parameters used are D50 and D90 (10% oversize)
(E.K. Kunhanandan Nambiar et al., 2007).
After cured, the specimens were in the room with20 ℃and 60% RH for 24 h, the evaluation of hardened
state properties involved compressive mechanical strength test, using a testing machine (SANS CMT5105)
on three samples (70.7×70.7×70.7 mm) of each composition at 7days, 28days and 56days, and the loading
rate was500N/s. The thermal conductivity measurement was carried out on cement foam at 28days on an
oven dry slab of 300×300×30mm according to Chinese standard GB/T 10294, using a heat flow
conductometer (JW-Ⅲ , made in Beijing). Hydration of samples was stopped by immersion of isopropanol
and further vacuum drying at 45℃ until unchanged mass, X-ray diffraction (XRD) measurement were
carried out on foams and cementious materials with a PANalyticalX`PertPro( cooper target, step size:0.03°).
Microstructures of foams were studied by SEM (TM-1000), and EDS (Oxford) analyzer was used for
elemental analysis.
3. Results and Discussion
3.1. Fresh properties of cement slurries
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Figure6 Influence of w/c on the relative plastic viscosity of cement pastes
Figure6 clearly indicates that the increase of w/c in slurry leads to decrease in relative plastic viscosity for
any time. Similarly, the concentration of flocculating hydration products in the slurry decreases with more
free water, as the difficulty for hydration products overlapped increases, the plastic viscosity decreases ,when
w/c is higher than 0.7, the relative plastic viscosity change slightly.Figure7 represents the evolution of
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relative yield stress for different w/c, the relative yield stress increases very fast at the early time and keeps
slight change at the subsequent time as the same as yield stress developing with low dosage of SP, it also can
be proved in Fig.5.It can be attributed to fast hydration of cement and flocs breakdown by shear stress as
previous motioned. For any time, the increase of w/c in pastes decreases the relative yield stress largely
(Figure7). Increasing w/c leads to more free water in pastes. As free water increases, the difficulty for
forming flocs increases, thus the lower yield stress measured by rheometer is achieved. Similarly, the
decreasing of w/c leads to the increase of developing rate of yield stress in an hour as shown in Fig.5. When
w/c is 0.8, more free water in the paste and continuous stirring may cause more difficult in overlapping and
flocs rebuilding of hydration products, and it may leads to stopping the increase of yield stress early, the
peak of developing rate put ahead (about 10min).
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Figure 7Influence of w/c on the relative yield stress and development rate of cement pastes(the relative yield
stress value is too low and cannot be taken derivative)

3.2 Air-voids structure

(w/c 0.5) (w/c0.6) (w/c0.7) (w/c0.8) (w/c0.9)
Figure8 Micrographs of ultra lightweight foamed concretes with variable W/C

Figure8 shows the Micrographs of ultra lightweight foamed concretes with variable W/C, when the w/c is
lower than 0.7, the smaller air-voids are exist and decrease with w/c increasing. When w/c is beyond than 0.7,
smaller air-voids become bigger. As shown in figure9, the pores smaller than 0.3mm reduce with the w/c
increase and the percent is decreased from 69.3% to 48.7%. The frequency of air-voids with higher w/c is
more, when the pore size increased, for example, when w/c are 0.8 and 0.9, the pore amount in 0.3-0.6mm is
high, which are 32.6% and 30%. Figure 10 shows the cumulative frequency distribution of air-void sizes,
and when w/c is high relatively, the air-voids is in the centralized distribution. When the w/c is increasing,
the air-voids become bigger. From quantitative comparison pore size, as shown in figure 10, the D50
increases and shows clear increasing with w/c increasing（w/c>0.7）. When w/c is lower than 0.9, the D90
shows no big difference, but the D90 decrease with w/c 0.9, it may due to the low plastic viscosity and big
air babbles are easy to leave. The D50 increases and is due to the decreasing yield stress with w/c increasing,
which ability of limiting air bubbles in cement pastes growing is weaken, when w/c is lower than 0.8, the
yield stress is rather high and D50 changes slight, but with w/c increasing, the yield stress become
low( figure 7) .
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Figure9 Influence of W/C on the air-void sizes distribution for ultra lightweight foamed concrete(（a）Air-void sizes

distribution (b) Cumulative frequency distribution of air-void sizes)
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Figure10 Influence of W/C on D10, D50, D90 and porosity for ultra lightweight foamed concrete
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Figure11 Compressive strength and porosity for compositions
The compressive strength of cement foams with different w/c is shown in figure 11, and with the w/c
increasing, the compressive strength at 7d, 28d and 56d increases, the porosity keeps no big difference and is
about 92%. It can be observed that cement foams with 91% porosity shows the highest strength and it is
0.43MPa at 28 days, 0.51MPa at 56days. The types of hydration products with different w/c shows no
difference, as shown in figure 12,but the peak value of Ca(OH)2 has obvious difference, the crystallinity of
Ca(OH)2 with bigger w/c is rather good due to more and bigger capillaries, which provides the space for
crystal growing. The SEM of cement foams which w/c is 0.5 and 0.9, as shown in figure 15, indicated that



more capillaries in paste with w/c 0.9 and shows looser microstructure. Both cement foams shows small
air-voids in pastes, cement foam with lower w/c has irregular air-void, it may caused by rapid hydrations and
higher viscosity of cement slurry, which leads to no time for broken air bubbles. Compared the inner surface
of cement foams, the higher w/c, the smoother surface. This can be contributed to the lack of space of C-S-H
for growing because of lower w/c, fewer and smaller capillaries, and the type of hydration products inner
air-voids surface can be determined by EDS (Figure 16). Higher w/c lead to high porosity of micropore,
when porosity of cement foams with different w/c is almost same, the porosity caused by air bubbles in
cement foams with high w/c is lower, it may be contributed to strength enhancing with high w/c. And the
air-void sizes distribution with high w/c shows the centralized distribution, which also causes the strength
increasing.
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Figure16 EDX analysis of inner surface of air-voids of cement foams (Au was detected owing to gold coating of
samples)

4. Conclusions
This study shows that high porosity (>90%) cement foams based Portland cement can be prepared by
introducing preformed foam into slurries and the performance is improved by increasing w/c. When w/c
increases, the plastic viscosity and yield stress of cement slurry become lower, the development rate of yield
stress was lower, which indicate that the cement slurry with higher w/c has weaken ability to limit the
growing of air bubbles and the air-voids become bigger and show the relative centralized distribution,
cement foams with higher w/c shows lower porosity caused by air bubbles, which these are contributed to
strength enhanced. When w/c of cement slurry was 0.9, the porosity was 91%, the 28d compressive strength
achieved 0.43MPa and compressive strength at 56days was 0.51MPa. Cement foams with higher w/c shows
better crystallinity of Ca(OH)2 due to more space for growing.
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Monitoring and modelling of capillary moisture uptake in mortar
Mladena Lukovic 1*, Guang Ye1, Erik Schlangen1, Klaas van Breugel1

1. Section of Materials and Environment, Faculty of Civil Engineering and Geosciences, Delft University of Technology,
Delft, The Netherlands

Abstract
In this paper, a possibility of using X-ray absorption for studying moisture transport in mortar is presented. First, the
rate of moisture absorption of the mortar was quantified. Sample preparation and the post-processing procedure for X-
ray measurement data are explained. Subsequently, the diffusion coefficient of mortar, which is a non-linear function of
the moisture content, is determined from the absorption profiles using Boltzmann transformation. Finally, this diffusion
coefficient was used in a numerical models to predict the absorption profiles inside the matured material as a function
of time. In this research, a lattice type model for simulating moisture uptake in mortar is presented and validated.

Originality
This paper presents a first combined experimental and numerical work on the moisture absorption of the mortar.
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1. Introduction
Moisture movement inside the porous materials is critical for their durability. Aggressive chemical
compounds or chloride ions can be transported inside the material by capillary suction and diffusion.
In addition, drying of the material is the origin of the shrinkage and shrinkage induced cracking in
cement based materials (concrete, mortar, cement paste). Therefore, quantifying and understanding
moisture transport is an important step toward making more durable materials.
Importance of quantifying moisture transport has been long recognized. Many attempts have been
done to describe water transport mechanisms in cementitious materials. A variety of destructive and
non-destructive testing methods have been developed: slice-dry-weigh method, electrical techniques,
nuclear magnetic resonance (Hall, Marchese et al. 1990; Kazemi-Kamyab, Denarie et al. 2012),
radiation attenuation techniques which include neutron radiography (Wittmann, Zhang et al. 2010), X-
ray (Bentz and Hansen 2000) and gamma-ray attenuation, and gravimetric method (Zhou 2010). The
last one is the most convenient and the cheapest method, available in most laboratories. It measures
the cumulative mass of water absorbed, but the shortcoming of this method is that it cannot provide
any information about the internal water distribution inside the sample and the position of the wetting
front. Therefore, for more information about the moisture distribution, more sophisticated methods are
necessary.
In this research, X-ray absorption was used for studying moisture transport in mortar samples. The rate
of moisture absorption was quantified. Sample preparation and testing procedure for X-ray
measurement data are explained. Using Boltzmann transformation, the diffusion coefficient is
determined from absorption profiles. This diffusion coefficient is used as an input for a moisture
transport model – lattice model. With the use of the lattice model, moisture content and wetting front
in porous materials can be predicted.

2. Materials and methods
2.1. Materials and sample preparation

(a) after cutting and polishing (b) in a mould and covered by aluminium self-adhesive tape (AST)
Figure 1 Sample preparation

In this study, a two year old standard mortar (OPC CEM I 42.5N, water-to-cement ratio 1:2, cement-
to-sand ration 1:3) was used. Small prismatic specimens (18 × 19 × 40 mm3) were slowly cut with a
diamond saw from bigger mortar samples. Top surface of each specimen was polished to expose
aggregates and minimize the influence of surface roughness. The samples were then placed in a mould
and covered with aluminium self-adhesive film in order to prevent water evaporation from side.
Before testing, the mortar was dried in an oven at 105°C until constant weight is achieved. This was
done in order to remove all evaporable water and create a zero initial moisture content at the beginning
of the experiment (Hall 1989). It has to be noted that these conditions might also trigger some
microstructural changes and microcracking in the material (Ye 2003).

2.2. X-ray absorption measurement
After the sample preparation, mortar specimens were placed in a Phoenix Nanotom X-ray system (CT
scanner) for measuring the water exchange (Figure 2). CT images are maps of X-ray absorption in the



material (Trainor, Foust et al. 2012). Here, a single X-ray image is representative of a certain time
step. The sample was kept in the same position during the experiment. The resulting CT images are
spatial distributions of linear attenuation coefficients, expressed by GSV (grey scale value). In this
paper, the GSV change is correlated to the change in moisture content as a function of time. One way
of doing this is by correlating the change of grey scale value with attenuation coefficient of water
(Michel, Pease et al. 2011, Pease, Scheffler et al. 2012). The attenuation behaviour of monochromatic
X-ray (X-ray photons of a single, consistent energy) is described by the Beer-Lambert law:

te
o

II 

(1)
where µ is the attenuation coefficient, t is the thickness of the sample and I0 the incident intensity. It is
attenuated (i.e. absorbed and scattered) as photons pass through the specimen, resulting in transmitted
intensity I. If the resulting image is a spatial distribution of the linear attenuation coefficients,
expressed as a GSV, this GSV is correlated to intensity and can be used to determine the attenuation
coefficient of material.

(a) prior to placing in a CT scanner (b) CT scanner setup
Figure 2 Samples before testing

Correlating GSV change with the change in moisture content is done by making use of a simple
physical principle. In a dry sample, X-rays are attenuated by the dry material only. If moisture is
added to a porous material, the attenuating material will then consist of the dry material plus a
thickness of water layer equivalent to the (volume) moisture content of the material. This means that,
by knowing the attenuation coefficient of water, and knowing the change in GSV, the (additional)
moisture content inside the material can be determined.
In order to relate the change in GSV with the change in moisture content, the following procedure was
used:
1. Attenuation coefficient of water can be determined based on the GSV difference of air and water

(see Figure 3). Attenuation coefficient of water can be determined based on the following formula:

watertwatere
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water
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 (2)

where GSVwater is the greyscale value of water, GSVair the grey scale value of air, twater the thickness of
water and µwater is the attenuation coefficient of water. Thus the unknown µwater can be calculated based
on eq. 2.
2. Once the attenuation coefficient of water is determined, GSV of the wet porous material can be

correlated to GSV of the dry porous material as:
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where tw is the thickness of water layer equivalent to moisture content in sample and can be expressed
as:
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Here, Δcwater is the change of water content [g/cm3], t is the thickness of the sample and ρw is the
density of water. From these equations, Δcwater can be determined as:
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(a) air (b) water
Figure 3 Difference in grey scale value (S1 stands for Sample 1 and S2 for Sample 2)

However, due to slight variations in the beam intensity, the measured GSV will vary even without a
change in the moisture content. In order to account for this effect, a glass reference was used (see
figure 3). Subsequently, each image was calibrated according to the change of GSV in the glass
reference to account for changes in the beam intensity.
The attenuation coefficient of pure water was determined at the beginning of each experiment. Since
the thickness of the measured water layer and settings of the CT scanner were kept constant, the
attenuation coefficient varied only by 0.5% between individual experiments and, therefore, a constant
value (0.2233 cm-1) was used in all calculations. It has to be emphasized that two simplifying
assumptions were made, which might affect obtained results to a certain extent (Pease, Scheffler et al.
2012): first, the attenuation coefficient of water is assumed to be independent of the porous material
thickness and water layer thickness; and second, Beer-Lambert law applies for monochromatic X-ray
while the X-ray source used in this study produces polychromatic X-ray photons (photons over a
spectrum of energy levels). However, as the material properties (i.e. porosity) and material thickness
were kept consistent throughout the whole experiment, and the intensity of the beam was calibrated
with the reference glass, it is considered that these assumptions do not considerably affect the results.
In addition, measured moisture content in the specimen is compared to porosity measurements
obtained by mercury intrusion porosimetry (MIP) in order to check if it is in a reasonable range of
values.

2.3. MIP measurement
Porosity, pore size and its distribution of the mortar samples were measured by MIP. This method is
well established, and detailed information about the procedures can be found elsewhere (Ye 2003).

2.4. Lattice modelling
Lattice models have been widely used to simulate fracture, moisture transport and chloride diffusion in
cement-based materials (Schlangen 1993, Bolander and Berton 2004, Wang and Ueda 2011, Šavija,
Pacheco et al. 2013). In this work, a random lattice is used to model moisture transport caused by



water adsorption of the mortar substrate. More details about the model and mesh generation can be
found in (Lukovic, Šavija et al. 2014).
The used model treats mortar as an assembly of one-dimensional linear (“pipe”) elements, through
which moisture transport takes place. A generic governing partial differential equation for diffusion-
type transport phenomena has the form described in the following equation:

( )( )d d d
D

dt dx dx
  (6)

where D(θ) is the diffusivity and θ is the moisture content. Note that, although mathematically
expressed as a diffusion equation, the underlying transport mechanism is not that of diffusion, but
capillary absorption.
If this equation is discretized using the standard Galerkin method, the following set of linear equations
arises (in matrix form):

M K f   (7)

where M = the element mass matrix; K = the element diffusion matrix and f = forcing vector. Vector θ
is the vector of unknown quantities (in this case moisture content) and dot over θ indicates the time
derivative. If the forcing vector is discarded (i.e. no flux boundary conditions are applied), elemental
matrices have the following generic forms:
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where l is the length of the element and A is its cross sectional area. Cross sectional areas of individual
elements are assigned using the so-called Voronoi scaling method (Yip, Mohle et al. 2005).
Depending on the analysis, ω takes value of 1, 2 or 3 for one, two, and three-dimensional cases
respectively (Bolander and Berton 2004). Using the Crank-Nicholson procedure, the system of linear
equations is discretized in time, and the following equation results:

1 1 11 1( ) ( )
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n n n nM t K M t K          (9)

This equation is then solved for each discrete time step (∆t) and moisture contents are obtained.
Parameter D and, therefore, K is dependent on moisture content θ. In the model, an iterative procedure
is avoided by calculating moisture content in each step based on values of diffusivity determined from
the previous step. Although this implies a certain amount of error, it significantly shortens the
simulation time, and error showed to be negligible for small time steps ∆t. More details about the
model can be found in (Lukovic, Šavija et al. 2014).

2.5. Diffusion coefficient calculation
Diffusion coefficient that is used in the simulations is determined from the measured moisture profiles.
A procedure described by (Pel 1995) was used. First, Boltzmann transformation λ=xt-0.5 of each
measurement point is performed. From the transformed moisture profiles, λ=f(θ), diffusivity can be
determined using the following equation:
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performed. Since the transformed data contain a very steep front, moisture content was first squared,
giving a more smoothly varying function. A spline approximation was performed on the resulting data

( λ, θ2). The fitted spline is used to calculate 
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determined for the moisture content of interest, diffusivity can be calculated using equation 10.

3. Absorption of the mortar and discussion
3.1 Absorption of the mortar when water is absorbed from the bottom
The first study deals with the absorption rate of mortar when water is absorbed from the bottom.
Moisture change as a function of time is given in Figure 4. Moisture profile is averaged through the
thickness of the sample. Moisture profiles are given in Figure 5.

Figure 4 Qualitative representation of water change as a function of time, t=10 min, t=71 min, t=120 min and
t=210 min (wetting from the bottom, test marked as ABS3-bottom)

(a) Left sample (S1) (b) Right sample (S2)
Figure 5 Moisture profiles in specimens given in figure 4 (ABS-bottom) as a function of time



Obtained curves resemble closely those obtained by neutron radiography (Zhang, Wittmann et al.
2010) or nuclear magnetic resonance method (Hall 1989).

3.2 Absorption of the mortar when water is absorbed from the top
Additionally, absorption of the mortar, with a water layer on top, is investigated. Water was placed at
the top in order to investigate if the absorption rate is different from the previous case due to gravity.
Experimental setup and results are presented in Figure 6a and Figure 6b, respectively.

(a) Obtained image, (b) Moisture profiles in S1 (b) Moisture profiles in S2
t=240min (top-whole and
bottom-chosen GSV range)

Figure 6 X-ray absorption results when water is absorbed from the top (test marked as ABS-top)

Inflection points of the moisture profiles (chosen at 0.05 g/cm3, figure 5, 6b and 6c) are defined as the
absorption profile (absorption height) and presented in figure 7. From figure 7 it can be observed that the
absorption direction (influence of gravity) does not have a significant influence on water absorption. Water
absorption follows the linear function of square root of time.

Figure 7 Absorption height in the specimens where water was absorbed from the bottom (ABS-bottom) and from
the top (ABS-top)

3.3 MIP results on a mortar



Four replicate mortar samples were tested. The average porosity of all tested samples is 12.23%, with
a standard deviation of 4.17%. The average pore diameter is 0.05µm with 8% standard deviation. The
porosity measured by MIP is in accordance with the moisture content obtained by X-ray with the
assumption that during absorption most of the pores are saturated (from Figure 5 and 6b maximum
moisture content is higher than 0.11 g/cm3 and from MIP measurement, if all the pores are full,
moisture content of the sample is 0.1223g/ cm3).

4. Numerical model and discussion
4.1 Calculating the diffusion coefficient from experimental results
Boltzmann transformation curves for the substrate when water is absorbed from the top are given in
figure 8. Transformation curves are given from 30 min to 601 min. Lower and higher absorption times
are influenced by the edge effects (from the top at the beginning of the experiment and from the
bottom at the end of the experiment) and are therefore not taken into consideration.

(a) Left sample (b) Right sample (c) Legend
Figure 8 Boltzmann transformation applied to specimens given in figure 6 (ABS-top)

Based on these curves and procedure explained in Section 2.5, a moisture dependent diffusion
coefficient was determined. Calculated values for S1 and S2 are given in figure 9.

(a) Left sample, fitted D(θ) =0.118exp(69.8θ) (b) Right sample, fitted D(θ)=0.434exp(54.7θ)

Figure 9 Calculated diffusivity for two samples (ABS-top) with fitted diffusion function

4.2 Numerical results of the moisture absorption in the mortar substrate
Comparison between simulated and experimentally measured absorption profiles are given in figure
10. Simulated moisture profiles are highly dependent on a fitted diffusion coefficient. In both
specimens, simulated moisture profiles follow the experimentally measured ones for approximately
initial 4 hours. Afterwards, the profiles show slight deviations. Simulated profiles show faster ingress
of moisture compared to measured profiles.



(a) Left (b) Right (c) Legend
Figure 10 Comparison between numerical and experimental (ABS-top) results for two specimens

5. Conclusions
Based on the presented study, the following conclusions can be drawn:

 X-ray absorption can be used to monitor moisture transport in porous materials accurately and
with a high spatial and temporal resolution.

 This technique shows that water absorption is a linear function of a square root of time (within
the monitored time period).

 The results showed that lattice model can be used as a tool to model capillary absorption of the
unsaturated mortar substrate.

Acknowledgements
Financial support by the Dutch Technology Foundation (STW) for the project 10981-“Durable Repair
and Radical Protection of Concrete Structures in View of Sustainable Construction” is gratefully
acknowledged.

References
-Bentz, D. and K. Hansen (2000). "Preliminary observations of water movement in cement pastes during curing
using X-ray absorption." Cement and concrete research 30(7): 1157-1168.
-Bolander, J. E. and S. Berton (2004). "Simulation of shrinkage induced cracking in cement composite overlays."
Cement and Concrete Composites 26(7): 861-871.
-Hall, C. (1989). "Water sorptivity of mortars and concretes: a review." Magazine of Concrete Research 41(147):
51-61.
-Luković, M., B. Šavija, E. Schlangen and G. Ye (2014). A Modelling Study of Drying Shrinkage Damage in
Concrete Repair Systems. Structural Faults&Repair.
-Michel, A., B. J. Pease, M. R. Geiker, H. Stang and J. F. Olesen (2011). "Monitoring reinforcement corrosion
and corrosion-induced cracking using non-destructive x-ray attenuation measurements." Cement and Concrete
Research 41(11): 1085-1094.
-Pease, B. J., G. A. Scheffler and H. Janssen (2012). "Monitoring moisture movements in building materials
using X-ray attenuation: Influence of beam-hardening of polychromatic X-ray photon beams." Construction and
Building Materials 36: 419-429.
-Pel, L. (1995). Moisture transport in porous building materials, PhD thesis, Technische Universiteit Eindhoven.



-Šavija, B., J. Pacheco and E. Schlangen (2013). "Lattice modeling of chloride diffusion in sound and cracked
concrete." Cement and Concrete Composites 42(Complete): 30-40.
-Schlangen, E. (1993). Experimental and numerical analysis of fracture processes in concrete PhD thesis, Delft
University of Technology.
-Trainor, K. J., B. W. Foust and E. N. Landis (2012). "Measurement of energy dissipation mechanisms in
fracture of fiber-reinforced ultrahigh-strength cement-based composites." Journal of Engineering Mechanics
139(7): 771-779.
-Wang, L. and T. Ueda (2011). "Mesoscale modeling of water penetration into concrete by capillary absorption."
Ocean Engineering 38(4): 519-528.
-Ye, G. (2003). Experimental study and numerical simulation of the development of the microstructure and
permeability of cementitious materials, PhD thesis, Delft University of Technology, Delft, The Netherlands.
-Yip, M., J. Mohle and J. Bolander (2005). "Automated Modeling of Three ‐ Dimensional Structural
Components Using Irregular Lattices." Computer‐Aided Civil and Infrastructure Engineering 20(6): 393-407.
-Zhang, P., F. Wittmann, T. Zhao, E. Lehmann and Z. Jin (2010). "Visualization and quantification of water
movement in porous cement-based materials by real time thermal neutron radiography: Theoretical analysis and
experimental study." Science China Technological Sciences 53(5): 1198-1207.



Atomisticmodelling of crystal structure ofC-S-Hwith highC/S ratio

Goran Kovačević1, Luc Nicoleau2, André Nonat3, Valera Veryazov4*
1. Division of Material Physics, Ruđer Bošković Institute, Zagreb 10002, Croatia

2. BASF Construction Solutions GmbH, Trostberg 83304, Germany
3. Laboratoire Interdisciplinaire Carnot de Bourgogne, Université de Bourgogne, Dijon 47870, France

4. Division of Theoretical Chemistry, Lund University, Lund 22100, Sweden

Abstract
The atomic structure of calcium-silicate-hydrate (C1.67 -S-Hx) has been studied. Atomistic C-S-H models suggested in
our previous study have been revised in order to perform a direct comparison of energetic stability of the different
structures. An extensive set of periodic structures of C-S-H with variation of water content was created, and then
optimized using molecular dynamics with reactive force field ReaxFF and quantum chemical semiempirical method
PM6. The new geometries of C-S-H, reported in this paper, show lower relative energy with respect to the geometries
from the original definition of C-S-H models. Model that corresponds to calcium enriched tobermorite structure has the
lowest relative energy and the density closest to the experimental values.

Originality
The detailed atomistic description of C-S-H is essential for understanding chemistry of cement and concrete. In the
current study we suggested new structures for C-S-H with high C/S ratio. The verification of the structures was
performed by molecular dynamics simulations and quantum chemical calculations. The obtained periodic structures
can be used in future theoretical investigations of the stability of real size particles of C-S-H.
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1. Introduction
The atomic structure of Calcium-Silicate-Hydrate (C-S-H) has many uncertainties, despite being a
subject of research for a long time (Taylor H.F.W., 1997; Garrault S. et al., 2005; Powers T., 1958;
Nonat A., 2004). The structure is determined to be similar to the layered structure of a natural calcium
silicate hydrate: tobermorite ( Nonat A., 2004 ; Cong X. et al., 1996 ; Richardson I., 2004; Renaudin G.
et al., 2009; Hamid S.A.,1981). Each layer consists of arrays of positive calcium ions, sandwiched
with negative silica chains. The space between layers is filled with calcium ions and with water
molecules. Several atomic models based on the tobermorite layered structure has been proposed
( Nonat A., 2004 ; Richardson I., 2004 ; Garbev K. et al., 2008; Chen J. et al., 2004 ; Pellenq R.J.-M.
et al., 2009) .
The detailed knowledge of C-S-H structure on atomic level is essential for the understanding physical
properties and chemical bonding of C-S-H materials. Without a detailed description of C-S-H
structure and information about the exact position of atoms it is impossible to make non empirical
theoretical modelling of C-S-H particles and their surfaces. In the same time, the concrete-like
materials demonstrates the absence of regular crystal structure and thus the problem of finding atomic
structure (or structures) of C-S-H becomes uneasy and probably unresolvable task.
29Si NMR studies (Garrault S. et al., 2005 ; Nonat A., 2004) have shown that in pure C-S-H at high
C/S, bridging tertiary silica groups (Q3) do not exist. 29Si NMR studies also found no conclusive
evidence about the existence of monomeric (Q0) silica units. The ratio Q2/Q1 is determined to be about
0.2.
Based on sparse experimental knowledge about C-S-H structure we proposed (Kovačević G. et al.,
2015) three crystallographic models, that differ in the statistical distribution of oligomeric silica units
and the location of calcium ions. All models were created from the tobermorite 11Å structure (Merlino
S. et al., 2001). A chemical composition of tobermorite is, however, different from one in C-S-H
phase and there are several ways to adjust it: either by enriching the structure by extra calcium atoms,
or by removing the excess of silicon. The amount of hydrogen, in the form of either water or hydroxyl
groups, also should be adjusted.
Model 1 corresponds to calcium enriched tobermorite structure with partially removed silica
tetrahedrons. Model 2 is based on tobermorite structure with jennite like defects. In both models the
removal of an excess of SiO2 is performed in a controlled way, thus silica monomers can not appear.
In model 3, in contrary, a randomly removed SiO2 fragments may lead to the formation of silica
monomers. The construction of the actual structures for these models is described in details in the first
part of our paper (Kovačević G. et al., 2015) . An inbuilt property for all these models is a random
character of created defects. Thus, each model is represented by a wide set of crystal structures which
obey to the certain crystallographic principles. In the first part of our paper, our main objective was the
construction of the structures which describe these three crystallographic models. The actual
composition of constructed unit cells could vary both inside a model and in between models. These
variations in the composition complicate the direct comparison of the models, and any conclusion
about more stable configuration requires additional assumptions, for example, a scaling procedure
should be implemented. Also, these models differ in the amount of protonation of silica units, which
leads to unequal H/S ratio. Since the composition of C-S-H (CaxSiyHzOx+2y+z/2) contains two
independent parameters, the comparison between different geometries require additional assumptions
and can not be performed directly.
Therefore, in the current study we have modified the algorithms used in (Kovačević G. et al., 2015),
and applied additional condition, so all structures have an identical chemical composition per unit cell
(both inside one model and across different models). This change of algorithms redefined models for
C-S-H and labels 1a, 2a and 3a will be used for the groups of coordinates which belong to these
redefined models. The atomic composition of an unit cell of each structure is identical, thus the total
energies can be compared directly, without any additional approximations and assumptions.



2. The construction of geometrical models
2.1. Crystallographic models of C-S-H
The geometries belonging to models 1a–3a are constructed from the same initial structure of
tobermorite 11Å suggested at (Merlino S. et al., 2001). Redefined model 1a is created following the
same way as model 1: by fragmenting infinite silica chains of tobermorite by randomly removing
silica monomers from Si2 sites (generally referred to bridging tetrahedrons) and adjusting the expected
C/S ratio (1.67) by adding Ca atoms into the interlayer. Since model 1 had 17% more atoms than
models 2 and 3, model 1a is created smaller than model 1 in order to have the same number of atoms
as models 2a and 3a.
Initial unit cells of models 1a were created as a 3 × 4 × 1 supercell of tobermorite 11Å (see Table 1)

Table 1: Unit cell sizes of models 1a, 2a and 3a. Unit cells are not optimized. α and γ angles are 90.0 deg.

model 1a model 2a model 3a
a/Å 29.48 36.84 36.84
b/Å 20.95 19.90 19.90
c/Å 22.78 22.68 22.68
β/ deg 58.17 58.17 58.17

Model 2a was created the same basic idea as for model 2: removing four consecutive silica atoms from
the infinite silica chains of tobermorite. These four consecutive silica atoms are always Si2-Si1-Si3-
Si2 positions and the position of the chain is selected randomly in order to create the distribution of
silica dimers and pentamers. 22 calcium atoms have to be removed from the structure in order to make
the correct C/S ratio and to make the structures with the same number of atoms as in structures of
model 1a. Unit cells of model 2a are 3 × 5 × 1 supercells of tobermorite. Unlike model 2, where silica
units were heavily protonated, in model 2a silica units were left without hydrogen atoms.
Model 3a was created in a similar fashion as model 3: with random removal of silicon atoms, no
matter on the site of the removed atom. The ratio of silica units in Q1 and Q2 sites in oligomers,
created by random removal of silica units from infinite silica chains, does not match experimentally
observed Q1/Q2 ratio. Also, random removal of silica units produces about 36% silica monomers,
which is by far greater than experimentally observed amount in samples that are possibly
contaminated with the C3S phase. Therefore, we discarded all structures with less than 12% of Si(Q0)
atoms, more than 86% Si(Q1) atoms or more than 14% Si(Q2) atoms. This makes the process of
creation of model 3 structures very inefficient, since only a small fraction satisfied these conditions,
but the resulting structures have Q1/Q2 ratio close to experimental one. The unit cells of model 3a are
also 3 × 5 × 1 supercells of tobermorite. As in model 1a, silica units were not protonated. Unlike
models 1–3, where silica units were heavily protonated, in models 1–3 silica units were left without
hydrogen atoms in agreement with titration experiments (Labbez C. et al., 2011).
For comparison, the distribution of oligomers in all models is shown in Table 2 . An example of
distribution of defects in models is shown at Figure 1.

Figure 1: Sample of unit cells of models 1a (left), 2a (middle), 3a (right). Unit cells are shown without water
molecules for clarity.



Table 2: Distribution of oligomers in different C-S-H models. Models 1-3 are from (Kovačević G. et al., 2015),
models 1a-3a - the current study. Oligomer size shows the number of silicon atoms in a chain

Oligomer size model 1 model 1a model 2 model 2a model 3 model 3a
1
2
3
4
5
6
7
8
9
10
11
>11

0 0
86.9% 72.0%
0 0
0 0
12.0% 22.8%
0 0
0 0
1.0% 4.6%
0 0
0 0
0.07% 0.6%
0 0.03%

0 0
84.6% 71.8%
0 0
0 0
13.3% 23.6%
0 0
0 0
1.9% 4.1%
0 0
0 0
0.2% 0.5%
0 0.03%

27.4% 10.2%
38.2% 49.7%
12.0% 17.9%
8.8% 11.2%
7.4% 7.3%
1.9% 2.2%
1.5% 0.8%
1.1% 0.3%
0.5% 0.1%
0.3% 0.02%
0.6% 0
0.04% 0

Another difference in building modified models 1a–3a with respect to the original models 1–3 is in
placing water molecules. In models 1–3 positions of water molecules are taken from crystallographic
data of tobermorite 11Å (Merlino S. et al., 2001) and shifted if necessary in order to avoid close
contacts. In case of models 1a, 2a, 3a, all water molecules were removed before starting procedures of
modifying silica chains. The next step is removal of silica in order to produce oligomers. Since
calcium atoms in intralayer are coordinated with oxygen atoms from silica oligomers, calcium atoms
are removed only from the interlayer. After that, oxygen atoms that are left uncoordinated are removed.
At this moment basic skeleton of calcium atoms and silica groups is finished and all geometries in all
models have the same number of silicon and calcium atoms. The next step consists of adding water
molecules to the finished skeletons. The number of water molecules that are added depends on the
desired H/S ratio. The water molecules are added with Packmol software (Martínez L. et al., 2009).
Packmol optimizes position of water molecules using the box-constrained minimization algorithm
(BOX-QUACAN) (Martínez J.M. et al., 2003) . This method has the advantage over using
crystallographic positions of water. Some crystal positions in tobermorite 11Å structure have partial
occupancy and in models 1–3 a full occupancy of calcium atoms is assigned. Also in model 1
interlayer calcium positions are doubled. That created multiple steric problems that had to be solved
with adjusting positions of water molecules and even with expanding unit cells. In models 1a, 2a, 3a,
by using box-constrained optimization, water molecules are added evenly and filled every void in the
structure. This algorithm has its downsides since it does treat water molecules as hard geometrical
objects and it does not respect preference of water molecules to create directed hydrogen bonds with
other atoms, however geometries with right relative orientations of water molecules are obtained with
geometry optimization and molecular dynamics (MD). Box-constrained algorithm, however, makes
very good initial geometry for geometry optimization and MD, since it makes geometries without
unwanted close contacts that could cause unwanted chemical bonds or extremely large short range
repulsion interactions.
Geometries with added water molecules are corrected for charge by removing hydrogen atoms from
the added water molecules. Hydrogen atoms that are removed were the atoms that were closest to
calcium atoms. In that way negative OH− groups are created just next to positive calcium atoms which
leads to the good initial charge distribution. After this correction, all geometries with the same H/S
have the same chemical composition (See table 3). We chose four different H/S ratios and prepared at
least ten geometries from each model and each H/S ratios.



Table 3: H/S ratios used in building models 1a, 2a, 3a and their corresponding chemical compositions.

H/S ratio composition per unit cell
1.402 Si102Ca170O517H286

1.598 Si102Ca170O532H326

1.794 Si102Ca170O557H366

2.000 Si102Ca170O578H408

2.2. Simulation details
Initial optimization and molecular dynamics calculations were done with the LAMMPS program
package (Plimpton S., 1995) using the ReaxFF force field (van Duin A.C. et al.,). Parametrization of
the force field for Si-O-H and Ca-O-H systems was suggested at (Manzano H. et al., 2003; Manzano
H. et al., 2012). In our study, a modified ReaxFFSiO:CaO parameter set was used, in order to describe
oxygen atoms in silica and in water. In the parameter set used for oxygen atoms in silica groups,
covalent bonding with hydrogen atoms is disabled in order to prevent proton transfer from water
molecules to silica units during MD simulations to keep, according to experiments, silicates
deprotonated. The ability of these atoms to make hydrogen bonds is retained in this parameter set.
Calculations are performed in several steps as in the case of models 1–3:
1. geometry optimization of atoms in interlayer. Atoms in intralayer are frozen.
2. MD, 5 ps, temperature is ramped from 0.1 K to 500 K, atoms in intralayer are frozen.
3. geometry optimization without frozen atoms.
4. MD, 1 ps, 0.1 K
5. geometry optimization
6. MD, 5 ps, temperature is razed to 300 K
7. geometry optimization
8. geometries from steps 5 and 7 were reoptimized with the ReaxFFSiO:CaO

The first step is the optimization of water molecules and calcium ions in the interlayer, while all atoms
in the intralayer are left frozen. This step is important since box-constrained minimization algorithm
left water molecules that were not ideally oriented and hydrogen bonds are not established. Since
water molecules are being oriented in more favourable way by this step, a great amount of potential
energy is removed. This large amount of potential energy would be converted into a kinetic energy
during the MD, which might disrupt chosen temperature regime of MD simulation. Atoms in
intralayer are frozen in order to keep all structural elements of intralayer intact while water molecules
with calcium ions are being optimized according to the structure of intralayer. This geometry
relaxation was followed by 5 ps MD simulation with timestep of 0.1 fs under pressure of 1 b. In this
step atoms in the intralayer are also kept frozen, while water molecules and calcium ions are allowed
to move. Ensemble of velocities of these atoms are initialized as random numbers and are scaled to be
consistent with movements of atoms at 0.1 K. Nose-Hoover thermostat and barostat were used in order
to keep temperature of the atoms in intralayer ramping from 0.1 K at the beginning of the simulation
up to the 500 K. Pressure was kept constant at 1 b. Since the large part of the unit cell is frozen, the
temperature is not defined quantity in this case, but the amount of kinetic energy on atoms in the
interlayer is more than enough to enable atoms moving from the energy minimum set by the geometry
optimization. Following and geometry optimization) are used in order to relax structure prior the long
MD steps. The next MD step is the simulation of heating of the system to 300 K over 5 ps period. This
step is used in order to give atoms enough energy to surpass energy barriers of initial energy minimum
in order to settle it to some, possibly lower minimum in the following step. Timestep for integration of
equations of motions in this MD step is 0.5 fs and initial atomic velocities are chosen as random
numbers and scaled to correspond to atomic velocities at 0.1 K. Geometries obtained from the
relaxation step (calculation step 5), and the MD step (calculation step 7) are re-optimized with the
ReaxFFSiO:CaO parameter set, without disabled O-H bonding.



In addition, geometries, optimized with ReaxFF, are reoptimized with the PM6 semiempirical method
(Stewart J.J.P., 2007) implemented into a MOPAC program package. The semiempirical calculations
are performed in order to verify results with quantum chemical calculations.

3. Results ans discussion
3.1. Structures
After the geometry optimization and molecular dynamics calculations, in final geometries (Figure 2)
the layered structure of C-S-H particles is conserved. Majority of water molecules are still contained
within the interlayer, however in models 2a and 3a some water molecules and OH− diffused into the
intralayer.
Since the computational procedure we used for building models 1a, 2a, 3a was tailored to set optimal
positions of water molecules, resulting geometries can provide information about the distribution of
water inside these models. During the calculation step 2 in which molecular dynamics technique is
used to diffuse water molecules through the space between silica skeleton, water molecules as
expected filled all available space, left from the box-constrained minimization. Since the space
between silica groups is limited, the distribution of water molecules is not random. During the
simulation water molecules and OH− groups were moved and diffuses from interlayer to voids created
during the removal of Si atoms.
Since all models agree on several key observations: rows of silica oligomers, flanked by rows of water
molecules from each side and also these doubled layers flanked by thin layers of water molecules from
the top and the bottom, the general structure of C-S-H can be established.

Figure 2: Sample of optimized unit cell of model 1a with H/S=1.4 in different projections.



Geometries obtained with semiempirical calculations produce the similar geometrical features as the
calculations with ReaxFF force field. The Si-O bond lengths are more uniform in PM6 geometries.
Parametrization used in ReaxFFSiO:CaO has a tendency to assign partial covalent character to
interactions between oxygen and calcium atoms. If the oxygen atom from a non-bridging Si-O bond is
near calcium atom, it’s bond might weaken since it is involved in partial bond with a calcium atom.
Calculations with PM6 hamiltonian, especially with non optimal initial geometry, might converge to a
structure with too short interatomic distance between oxygen atoms. These bonds are usually created
between Si-O and OH− group or between geminal oxygen Si-O atoms (resulting in SiO2 ring). In our
study we rejected the structures with such non-physical geometry. It is fair to conclude that re-
optimization of stable geometries with PM6 hamiltonian leads to minor changes in interatomic
distances and the main change (in comparison to ReaxFF) is related to better description of electronic
distribution and thus, to more reliable description of the total energy.

3.2. Energies
Calculated energies can be used for the comparison of stability of C-S-H structures, presented by
different models. In contrary to previously suggested in (Kovačević G. et al., 2015) structures, models
1a, 2a and 3a have the identical composition, and thus the energies can be compared directly and
without any additional assumptions. We also should note here, that for all considered structures the
differences in entropies are significantly smaller than the differences in enthalpies, and thus the
temperature effects can be ignored in the discussion.
The heat of formation for the structures in a particular model (the minimal value for each set of
structures, the median value, and the interquartile range) are presented in table 4 . Although the
absolute values of the heat of formation are large, one should not forget that they were computed for
unit cells containing from 1075 to 1258 atoms.

Table 4: Heat of formation (eV) for most stable structures within different models of C-S-H per unit cell. MIN -
minimal value, MED - median value, IQR - interquartile range.

H/S
ratio

ReaxFF PM6

Model 1a Model 2a Model 3a Model 1a Model 2a Model 3a
1.402 MIN

MED
IQR

-2605.97
-2594.22

8.61

-2588.20
-2573.44

14.35

-2562.68
-2553.46

9.42

-2491.68
-2484.18

7.93

-2480.18
-2468.70

16.47

-2464.69
-2457.63

12.97
1.598 MIN

MED
IQR

-2675.55
-2665.93

2.02

-2664.41
-2655.78

5.42

-2642.68
-2630.36

14.05

-2541.39
-2537.17

3.76

-2527.05
-2518.93

15.72

-2526.27
-2512.31

6.75
1.794 MIN

MED
IQR

-2746.39
-2737.31

7.82

-2746.14
-2733.56

9.46

-2721.61
-2711.47

22.96

-2593.46
-2588.61

4.28

-2579.63
-2570.39

2.65

-2575.03
-2566.93

11.93
2.000 MIN

MED
IQR

-2813.12
-2807.86

6.28

-2822.13
-2812.44

11.64

-2807.62
-2786.29

13.02

-2648.70
-2641.77

3.74

-2638.89
-2624.85

11.08

-2628.98
-2620.67

15.31

The values of heat of formation computed for different structures in models 1a-2a-3a are not
completely separated in energy scale. Some structures from model 1a show the lowest heat of
formation and thus, they are energetically more stable. In the same time, some other structures from
the same model have higher energies than structures with lowest energies from models 2a and 3a.
However, the majority of the structures from model 1 have lower energies, as proved by median value
of heat of formation. The spread of the values of energies inside the same model and the same



chemical composition (presented as interquartile range) is (in most of the cases) small in comparison
to the difference between median values for different models.
The difference in heat of formation for the structures from different models optimized with ReaxFF
Hamiltonian is less pronounced. For the structures with low content of water: model 1a is most stable,
followed by 2a and 3a. With increase of water content, the difference between model 1a and 2a
becomes smaller, and for large H/S ratio model 2 structures have slightly lower energies.
Quantum chemical semiempirical methods use information about distribution of electrons and thus
they provide more reliable and less sensitive (with respect to the selection of parameters) description
of molecules and crystals. The results obtained with PM6 Hamiltonian gives a preference for model 1a
for all H/S ratio.

3.3. Density
The densities of models 1a, 2a, 3a (see table 5) are systematically larger than densities of the
corresponding models (1–3) presented earlier in (Kovačević G. et al., 2015) . That difference can be
attributed to the difference in methods of construction of models: In models 1a, 2a, 3a water molecules
are allowed to diffuse through the structure and fill all available cavities, while in models 1–3, water
molecules are deduced from the corresponding crystallographic sites in tobermorite and their positions
are only modified by the relaxation procedure that optimized geometry and unit cell size to the nearest
energy minimum. Within presented models, only model 1a shows the change in density with respect to
the H/S ratio. The change in density is caused by thickening of water layers as H/S ratio is increased.
The same trend is not observed in models 2a and 3a.
That trend follows experimentally measured trend (Thomas J.J. et al., 2010) . Also, model 1a shows
the density closest to the experimental one (Allen A.J. et al., 2007; Muller A.C.A. et al., 2013) . The
lower density, as predicted by ReaxFFSiO:CaO force field, is a consequence of longer Si-O bonds and
longer hydrogen bonds.

Table 5: The densities of models 1a, 2a, 3a with different H/S ratios. Densities (g/cm3) are calculated on
geometries after MD calculation with ReaxFF force field and after geometry optimization at PM6 theory. The
deviation of densities of individual structures inside a model is below 0.02 g/cm3 .

H/S ratio ReaxFF PM6
Model 1a Model 2a Model 3a Model 1a Model 2a Model 3a

1.402
1.598
1.794
2.000

2.56
2.53
2.49
2.40

2.26
2.26
2.27
2.27

2.23
2.22
2.22
2.21

2.68
2.67
2.64
2.62

2.52
2.50
2.50
2.48

2.47
2.46
2.47
2.45

4. Conclusions
New models for the structure of the C-S-H are proposed. A set of different structures that belong to
these models are relaxed by geometry optimizations and molecular dynamics simulations.
Energetically the most stable model is model 1a. The same model have the largest density, which
corresponds to the experimentally observed values. Unlike models 2a and 3a, the density of model 1a
changes with respect to the H/S ratio and the change follows experimentally observed trend. The
knowledge about the atomic structure of bulk C-S-H will simplify the future study of stability of C-S-
H surfaces, interfaces to water and formation of finite size C-S-H particles.
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Abstract
A study was carried out, using heat flow calorimetry, XRD, FTIR and SEM imaging analysis, of different influences
which were exerted by the type of polymer, on the hydration behaviors of cement pastes. It is shown that both SBR and
HPMC can cut down the cement hydration heat evolution rate and total heat between 5 h and 20 h. The former has a
weaker influence but can play a positive role in enhancing the latter. HPMC also has stronger retardation ability of
making the acceleration period ending later for 3.4 h compared with the reference cement. It is amazing that this
retardation effect enlarges to 8.2 h for the cement paste modified with a blend of SBR and HPMC. XRD and FTIR
analysis show that SBR and HPMC have played a negative role on the contents of Ca(OH)2 in cement pastes cured for
24h, and there is a relationship of mutual promotion between SBR and HPMC in terms of inhibiting the formation and
growth of Ca(OH)2, but this inhibiting effect becomes weaker at 72h. Few apparent Ca(OH)2 crystals and some
scattered polymer films are found in polymer modified cement pastes from the SEM imaging analysis. So, it can be
concluded that a synergistic or accumulative retardation effect exists between SBR and HPMC on cement hydration at
early age, and that HPMC has the superior effect owing to its special O-H groups compared to SBR. The existence of
the O-H groups enables HPMC to chemically combine with Ca2+, decreasing the Ca2+ concentration in the cement
pastes, finally enhancing its retardation effect on cement hydration, rather than relying solely on the physical
adsorption effect from SBR to prevent the formation and growth of Ca(OH)2.

Originality
a. The blend of SBR and HPMC was designed to explore whether there was synergistic or accumulative effect existing
between them on cement hydration at early age.
b. HPMC tended to easily cut down cement hydration heat evolution rate and total heat between 5h and 20h, which was
enhanced by SBR. The former also had stronger retardation ability of making the acceleration period ending later and
further enlarging with the blend of them. The formation and growth of Ca(OH)2 was significantly inhibited in cement
pastes with the blend of SBR and HPMC before 24h, and there was a synergistic relationship between them.
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1. Introduction
Up to now, various kinds of polymer (Wang R. et al., 2011; Wang R. et al., 2006; Wang R. et al.,
2005; Wang R. et al., 2013; Tian Y. et al., 2013; Pique T. et al., 2013), e.g. styrene-butadiene rubber
(SBR), styrene-acrylic ester copolymer (SAE), epoxy, polyacrylate (PA), polyvinyl alcohol (PVA),
have been effectively developed in cement-based materials, for use in mortar or pavement, due to their
excellent properties compared to conventional cement mortar or concrete. In polymer modified
cement-based material, polymer particles, unhydrated cement particles and cement hydration products
will form a compact structure with smaller pore size and lower porosity (Ollitrault-Fichet R. et al.,
1998; Liu J. et al., 2003). There is a substantial amount of research about polymer modification for
mortar and concrete, relating to the influence of the polymer on the unit water content, hydration
changes and internal structures, and further on the properties of flowability, mechanical properties,
especially bond strength and toughness, anti-penetrability, frost resistance and shrinkage (Zhong S. et
al., 2002), and revealing the interreaction mechanism among them. At the same time, scholars have
reached a consensus that the polymer chemical modification is carried out by changing the
concentration of some indispensable ions, including Ca2+, OH-, Al3+, SO42-, owing to its adsorption on
cement particles and film-forming effect (Silva D. et al., 2002). This alters the quantity and formation
rate of Ca(OH)2, AFt, AFm, C4AH13 or other hydration products at early age (Wang R. et al., 2011).
SBR latex/powder is a typical polymer, which significantly alters the hardness of the cement paste
compared to pure cement, due to the intrinsically smaller modulus of the polymer and the lack of
strong interaction with cement phases. The properties depend on the Polymer/Cement (P/C) and
Water/Cement (W/C) ratios (Rozenbaum O. et al., 2005). The problem with the addition of SBR to
cement is the delay of the hydration process. The formation of hydration products can be effected by it.
For instance, the content of Ca(OH)2 in SBR-modified cement pastes changed with the dosage and
curing condition, and SBR promote the reaction of calcium aluminate with gypsum, meanwhile
restraining the formation of C–S–H gel and C4AH13 (Wang R. et al., 2011).
Similar to SBR, cellulose ethers (CEs) are important admixtures in dry-mixed mortar because of their
excellent thickening effect due to increasing viscosity and water retention ability (Brumaud C. et al.,
2013). They are often used in conjunction with polymer latex/powder. As far as cement hydration is
concerned, it is evident that hydroxypropylmethyl cellulose (HPMC) and hydroxyethylmethyl
cellulose (HEMC) can significantly delay the hydration induction period and acceleration period of
cement pastes (Pourchez J. et al., 2006), mainly due to its influence on C3S dissolution, C-S-H
nucleation-growth process and portlandite precipitation (Pourchez J. et al., 2010). Therefore, both
SBR and HPMC have retardation effect on cement hydration at early age, but there is no study about
their interaction on the major hydration products, so synergistic or accumulative retardation effect
between SBR and HPMC can’t be deduced directly. The aim of this work is to explore cement
hydration products at early age with the interaction of SBR and HPMC, to answer whether SBR and
HPMC have a synergistic effect on cement hydration at early age.
2. Experimental
2.1. Raw Materials
Cement: P·O 42.5 Portland cement was provided by Huaxin Company (China), its chemical
compositions are shown in Table 1, and its Blaine specific surface is 3650±100 cm2/g.
Powder : white SBR powder (SBRP) provided by BASF was used with solid content of 99%±1%;
mean diameter of 85 μm; Tg of 8℃; viscosity of 40~100 mPa·s, pH of 8 and mean diameter of 0.15
μm in 20℃ water with 50% dosage.
Cellulose ethers (CEs): hydroxypropylmethyl cellulose (HPMC) was provided by Hercules, DS = 1.5,
MS (Methyl) = 1, MS (Hydroxypropyl) = 0.5, The viscosity of 2 wt.% HPMC is 400-600 mPa s at
20℃ using Brookfield viscometer.

Tab. 1 Chemical compositions (by mass) of the investigated cement (wt%)
Oxides SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 Loss
Composition 21.04 6.94 2.36 61.27 1.32 0.19 1.94 3.76
2.2. Specimen preparation



The water-to-cement ratio(w/c) for all cement paste was fixed at 0.45, and dosage of SBRP and
hydroxypropylmethyl cellulose(HPMC) were 5% and 1% relative to the amount of cement,
respectively. In order to reduce the amount of entrained air the following mixing method was used.
First, cement and water were mixed together in a standard laboratory planetary mixer (following GB/T
1346-2001) for 1 min at speed of 140 rpm. Then, SBRP and HPMC were added and everything was
mixed for another 2 min. Fresh pastes were cast into moulds (20 mm×20 mm×20 mm), after being
cured at 20℃/90±5% R.H. for 24 h, the specimens were demolded and subsequently cured for 2d at
20℃/90±5% R.H. Then, the samples were taken at a depth of＞1 mm from the surfaces of the cured
specimens, broken into pieces and cleaned with pure alcohol. The pieces were stored in alcohol for at
least 6 d for hydration interruption. The pieces were vacuum-oven-dried until the mass became
constant after removal from the alcohol. Then ground with a mortar until all the particles passed
through a 160 mesh sieve in order to obtain qualified powder for measurements.
2.3. Measurements and characterization
2.3.1. Thermal analyses
The hydration heat evolution over time was collected by an 8-channel micro-calorimeter provided by
SETARAM, in which cement mass was 3.000±0.005 g, the amount of water, SBRP and HPMC was
consistent with the above preparation. In addition, thermal analysis of the hardened cement paste was
obtained on a Netzsch STA 449 C, a simultaneous thermogravimetry (TG) and differential scanning
calorimetry (DSC) system. The samples were heated from room temperature to 1000 °C with a heating
rate of 10 °C/min in a N2 atmosphere (50 mL / min).
2.3.2. XRD analyses
The XRD analysis was carried out with a graphite-monochromatized Cu Kα radiation generated at 35
kV and 30 mA in a D/MAX-IIIA X-ray diffractometer. Time-fixed step scanning was conducted with
a step length 0.02° and a 4-s settle time for each step.
2.3.3. FTIR analyses
FTIR spectra were recorded on a Nicolet Nexus spectrometer. Powdered samples were mixed with
predried KBr and pressed into disks. The analysis were carried out in the region 4000 to 400 cm-1 with
4.0 cm-1 resolution, and the samples were scanned 64 times.
2.3.4. SEM imaging analyses
The microstructure of the cement pastes was investigated with a JSM-5610LV scanning electron
microscope (SEM) in the SE (secondary electrons) mode on freshly broken surfaces. Samples were
coated by evaporation with gold prior to the SEM investigation in order to render its surface
conductive.
3. Results and Discussion
3.1. Hydration heat of cement pastes
Figure 1 shows the measured heat flow curves of cement with and without addition of SBRP or
HPMC. It is easy to see that the calorimetric curve of SBRP/HPMC-modified cement pastes show a
similar shape to that of reference cement. Whereas, it is seen from Figure 1 (a) that both SBRP and
HPMC can reduce the hydration exothermic rate peak between 5h and 20h. HPMC appears more
powerful in terms of reducing the hydration evolution rate peak value than SBRP comprehensively
according to their curves and dosages. Further, the hydration evolution rate peak of cement modified
with blend of SBRP and HPMC is the lowest decreasing about 41.2% relative to the reference cement,
which illustrate that SBR and HPMC promote each other in reducing heat evolution peak at early age.
In addition, it is seen from Figure 1 (b) that SBRP, HPMC, and blend of SBRP and HPMC all reduce
the cumulative hydration heat of the cement before 72 h. So it can conclude that SBR and HPMC cut
down cement hydration at early stage, and the former seems to have a poor effect but can play a
positive role in enhancing the latter.
Figure 1 (a) also shows that the hydration evolution rate peak positions are significantly different with
respect to the reference cement, especially the cement modified by HPMC, and blend of SBRP and
HPMC. The hydration evolution rate peak position of SBRP is identical with that of pure cement. The
hydration exothermic rate peak between 5h and 20h appears due to the end of the hydration induction
period and the acceleration period of cement pastes. The shift of the peak position represents an end



time point or time span of induction period and acceleration period (Ou Z. et al., 2012). So it is
established that SBRP doesn’t delay the induction period and acceleration period with the above
analysis, but HPMC seems to have stronger retardation ability, making the acceleration period ending
later by 3.4h compared with the reference cement. It is amazing that this retardation effect enlarges to
8.2h for the cement modified with blend of SBRP and HPMC. It turns out that SBRP and HPMC have
no effect on the cement hydration after 72h. This is consistent with the report result of no effect on the
degree of cement hydration at long curing age by hydration heat.
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Figure 1 Heat evolution of cement pastes: (a) rate of heat evolution; (b) cumulative hydration heat.
3.2. XRD analysis
The XRD curves of cement pastes modified by SBRP or HPMC with different curing ages at 2θ range
of 16~20° are displayed in Figure 2. The diffraction peak at about 18° is ascribed to the diffraction of
(001) crystal plane of Ca(OH)2, which is an essential hydration product. From the overall point of
view, the integrated intensity of the diffraction peaks of (001) crystal plane of Ca(OH)2 decrease after
adding SBRP or HPMC whatever curing age, which indicting a phenomenon of inhibition of the
growth of Ca(OH)2 existing in cement pastes modified by SBRP or HPMC at early age The intensity
of the diffraction peak at about 18° is sharply reduced under the interaction with both SBR and HPMC,
verifying the results of this interaction is positive for control of the growth of Ca(OH)2.
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Figure 2 XRD patterns of cement pastes for Ca(OH)2 characteristic peak: (a) 1 day; (b) 3 days.
3.3 FTIR analysis
FTIR is one of the versatile tools widely used for molecular characterization and has been explored in
predicting the degree of hydration and monitoring hydration reaction in cement pastes (Mollaha M. et
al., 2000). Hydration processes, and possible interactions between the SBRP or HPMC and cement
phases, have been evaluated utilizing FTIR analysis in this study. The results are shown in Figure 3.
The absorption peak around 3643 cm-1 corresponds to the O-H in Ca(OH)2. In Figure 3 (a) the
intensity of this peak gradually decreases according to the order of cement pastes without any additive,
with SBRP, with HPMC and with the blend of SBRP and HPMC. The intensity of the O-H vibration
peak significantly reduces after adding both SBRP and HPMC. So it can be concluded that SBRP and
HPMC play a negative role on the growth of Ca(OH)2, and there is a relationship of mutual promotion
between SBRP and HPMC on delaying the formation of Ca(OH)2, which is consistent with XRD



analysis. In addition, it is also evident that HPMC seems to be more effective on delaying the growth
of Ca(OH)2.
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Figure 3 FTIR patterns of cement pastes: (a) 1 day; (b) 3 days.
3.4 SEM analysis
Figure 4 shows the SEM microphotos of the fracture surfaces of the 3-day cured cement pastes. (a) is
the SEM of reference cement paste, (b) to (d) are the SEM of cement pastes with 5% SBRP, 1%
HPMC, and blend of SBRP and HPMC, respectively. The SEM analysis exhibits that a substantial
number of well crystallized Ca(OH)2 has appeared in the reference cement paste, and the constituents
are loosely joined with each other. In contrast, structure of the paste seems to be more compactly
joined with each other when 5% SBRP is added, and some scattered polymer film is found in the
fracture surface of the paste. In the mean while, there is few apparent Ca(OH)2 crystal when any
polymer is added, illustrating that SBRP or HPMC tend to control the formation and growth of
Ca(OH)2 at early age.

Figure 4 SEM microphotos of the 3-day cured cement pastes: (a) reference cement; (b) to (d) cement with 5%
SBRP, 1% HPMC, and blend of SBRP and HPMC.

4. Discussion
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It was reported that the influence of polymer on the cement hydration depends on interactions between
polymer particles with cement grains or cement hydrates (Zheng Y. et al., 2009; Chandra S. et al.,
1987). The interactions include physical and chemical effect. For the SBR, SBR particles rapidly
dissolve in the solution, then absorb onto the cement grains, and finally form dense polymer film
(Zheng Y. et al., 2009). This film can prevent calcium ions and other ions entering and dissolving
form the surface of cement grains. This film effect will inhibit the formation of cement hydrates.
Similar to the effect of polymer-film, HPMC can improve the viscosity of pore solution (Ou Z. et al.,
2012). Sticky solution is bound to weaken the mobility of ions, which must prevent the formation of
cement hydrates.
In addition this result of the reduction of the quantity of effective ions, lots of researches have shown
that the hydrogen bonding and chemical complexation form between OH-group of polysaccharides
and metal-hydroxylated species exist on the mineral surfaces (Liu Q. et al., 1989a; Liu Q. et al., 2000;
Raju G. et al., 1998; Liu Q. et al., 1989b). Any kind of chemical combination with calcium ions will
yield the reduction of its concentration, which leads to the inhibition of some hydration product.
So it can be concluded that mechanism, though, is different for the influence of SBR and HPMC on
cement, the interactions between SBR or HPMC particles and cement indirectly reflect in the cement
hydration retardation. Because of this, synergistic or accumulative retardation effect exists between
SBR and HPMC on cement hydration at early age. However, OH-group in the molecular structure of
HPMC (see from Figure 5) enables HPMC has stronger effect compared to SBR, which only rely on
physical adsorption and film effect.

Figure 5 Molecular structure of HPMC.
5. Conclusions
The results referred in this paper confirm the interaction of SRB and HPMC during early age after
mixing. Following conclusions can be drawn:
(1) Both SBRP and HPMC can reduce the hydration exothermic rate peak between 5h and 20h. HPMC
is more powerful in terms of reducing the hydration evolution rate peak value than SBRP. SBRP,
HPMC, and blend of SBRP and HPMC all reduce cumulative hydration heat of the cement before 72h.
By comparison, cement modified with blend of SBRP and HPMC has the lowest hydration evolution
rate peak and cumulative hydration heat. Besides, the blend of SBR and HPMC also has stronger
retardation ability of making the acceleration period ending later for 8.2h compared with the reference
cement.
(2) XRD and FTIR analysis show that SBR and HPMC can inhibit the formation and growth of
Ca(OH)2 in cement pastes cured for 24h, and there is a relationship of mutual promotion between SBR
and HPMC, but this inhibiting effect becomes weaker at 72h.
(3) Prevention of the formation of cement hydrates appeared due to the adsorption and film-formation
effect deriving from SBR. In addition to this physical effect, the existence of O-H groups enables
HPMC to chemically combine with Ca2+, decreasing Ca2+ concentration in the cement pastes, finally
enhancing its retardation effect at the early age.
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Abstract
The mechanical properties of cement paste containing waste paper fibers were investigated. The
hydration degree and pore characteristic of cement paste were tested with TG-DSC
(thermogravimetry-differential scanning calorimetry) and BET (the nitrogen adsorption static
capacity method), respectively. Results show that waste paper fibers can obviously decrease the
compressive strength/flexural strength ratio of cement paste although there is not improve the
flexural strength, leading to the decrease of the brittleness and increase of the toughness. In
addition, wet mixing addition of waste paper fibers in cement paste is more effect on improving the
toughness of cement paste than other ways. Under a water/cement ratio of 0.25, the pore structure
of cement paste containing fibers can be more improved than that of paste without fibers. The
flexural strength, compression strength and porosity vary with the addition amount of waste paper
fibers, the content of hydration products of paste reaches to the highest and the pore volume of
2～50 nm reaches to the lowest level when the addition amount is 0.2% by mass of cement. Under
the maximum addition amount, the properties of cement paste can be improved.

Originality
Cellulose fibers have hollow porous structure, which endows a favorable hydrophilic property and
can be widely applied in polymer composites, pulp and textiles. When used in cement-based
materials, cellulose fibers can improve the durability and service life, stop crack formation and
delay crack growth, and provide reinforcement for cement-based materials.
Waste paper is mainly composed of cellulose fibers and can be used as raw materials to produce
recycled fibers. It has the advantaged of cellulose fibers and can be considered to apply in
cement-based materials. When used in cement-based materials, waste paper fibers do not require
the use of the deinking and bleaching processes, thereby greatly reducing the emissions of
hazardous substances in the wastewater. In addition, it can improve the toughness of
cement-based materials and alleviate the crack formation and expansion. So it is worthy to study
the effect of waste paper fibers on the hydration degree and pore characteristics.

Keywords: waste paper fibers; cement paste; mechanical property; hydration degree; pore
characteristic

 * Corresponding author: jzhw@tongji.edu.cn

mailto:jzhw@tongji.edu.cn


2

1. Introduction
High-performance concrete is widely used for infrastructure due to its superior properties, such as
high strength and low permeability, which are achieved through its characteristically dense
microstructure (Kawashima S. et al., 2011). However, self-desiccation leading to autogenous
shrinkage causes the early cracks of concrete, which has been recognized to be a major
shortcoming of high-performance concrete.
Various types of synthetic and natural fibers are used in high-performance concrete to enhance the
mechanical properties of the composite like flexural strengths, toughness and impact resistance
(Balaguru P., 1994; Neithalath N., 2006). The use of cellulose fibers in concrete has gained
prominence because of their amorphous structure and hydrophilic property. Internal curing is
explored from water-saturated porous cellulose fibers to provide additional curing water in the
early hydration process of concrete. This strategy is effective because the additional curing water
can replenish the emptying pores more quickly than traditional external curing water.
Waste paper fibers (WFs) are mainly composed of cellulose fibers, thus expanding the
opportunities for waste utilization in cement-based materials (Rajput D. et al., 2012; Aigbomian E.
P. et al., 2013). Internal curing water from WFs can adjust the hydration process and improve the
microscopic pore structure, which is helpful for cement-based materials to mitigate the formation
and propagation of micro-cracks in the early curing ages.
This paper explores the option of using morphologically altered WFs to enhance the cement paste.
The effects of WFs on the strength, hydration product and pore structure of cement paste are
investigated. In addition, the reasonable mixing amount and adding way of WFs in cement paste
with low water/cement ratios are studied, which can provide theoretical basis for actual
production.

2. Experimental
2.1. Raw Materials
Waste paper fibers were obtained from Shanghai, China, which were pretreated and modified
surfaces in our own lab. The performance indicators of waste paper fibers were listed in Table 1.

Table 1 Performance indicators of waste newsprint fibers
Average length

(mm)
Average width

(m)
Density
(g/cm3)

Water absorption
(g/g)

Yield of cellulose
(%)

Specific surface area
（m2/g）

1.6 24 1.1 >8 >80 2.3

SEM surface morphologies of waste paper fibers (WFs) were shown in Figure 1. These fibers
have rough surfaces and amorphous structures. The fiber bundle was layered along the long end,
many microfibrils were producted and existed on the fiber surfaces [Figure 1(a)]. In addition, the
porous hollow structure of WFs was clearly visible [Figure 1(b)], which gived them a good water
absorption.

Figure 1 SEM surface morphology of waste paper fibers
P. Ⅱ 52.5 Portland cement and tap water were used in all mixes, the chemical compositions of
clinker were listed in Table 2. A polycarboxylate-based high-range water-reducer (SD-600P-01)
with different doses was used to improve workability.
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Table 2 Chemical compositions of Portland cement (wt %)
Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Total

Portland cement 21.74 5.06 3.56 66.6 0.88 0.81 0.55 0.05 99.25

2.2. Preparation of cement pastes
Nine sets of cement paste were designed and listed in Table 3. The water/cement ratios of 0.25 and
0.3 were controlled, and the mixing amount of WFs accounted for 0.1% to 0.4% of cement in
these samples with a water/cement ratio of 0.25, while WFs fraction of only 0.2% by mass of
cement was required in other samples with a water/cement ratio of 0.3. All samples were prepared
in the molds of 40 mm× 40 mm×160 mm. The molded samples were kept at the room temperature
for 24 h, and then removed from the molds. All samples were well-sealed with a high density
polypropylene film and the epoxy resin sealant, and then carried to a curing room with
temperature of 20℃ and relative humidity of 60% up to 90 d.

Table 3 Mix proportion of cement paste
Samples W/C Mixing amount of WFs (%) Mixing way of WFs

CA 0.25 - -
CA1 0.25 0.1 Wet mixing
CA2 0.25 0.2 Wet mixing
CA3 0.25 0.3 Wet mixing
CA4 0.25 0.4 Wet mixing
CB 0.3 - -

CBW 0.3 0.2 Wet mixing
CBD 0.3 0.2 Dry mixing
CBE 0.3 0.2 Mixing after saturated fibers with extra water

Three mixing ways of WFs, such as wet mixing, dry mixing and mixing after saturated fibers with
extra water, were implemented under a water/cement ratio of 0.3. Wet mixing was that the total
quotas of water and WFs were weighed firstly, and then the fibers were soaked in the normed
water at least 30 min until fully dispersed in water, at which point this mixture was mixed with
cement. Dry mixing was that pre-weighed WFs were mixed with cement firstly, and then added
suitable water to compound. The last method was that WFs were soaked with extra water until
approaching saturated situation, and then filtered and added to normed water for the test, the last
step was to mix them with cement.
2.3. Testing Methods
The flexural strength and compressive strength of all samples were measured using an ACE-201
strength test machine. Three samples of each curing age were measured and the arithmetic average
was taken as the ultimate strength of the cement paste.
The nitrogen adsorption static capacity method was performed using a 3H-2000PS2 instrument to
determine the pore diameter and pore volume of cement paste at 77.3 K. Each sample was
degassed for 180 min to remove the adsorbed moisture from its surface and pores. The
temperature was 105 ℃, and the saturated vapor pressure was 1.05 bar. Then, the sample was
weighted and moved to the measurement device.
The degree of reaction of cement paste was assessed by a thermogravimetry-differential scanning
calorimetry (TG-DSC). To do so, dried cuboid samples as described above were crushed, pestled
and sieved. In a thermal analysis, about 25 mg of a sample was put in an alumina top-opened
crucible and heated from room temperature to 950℃ at a heating rate of 10°/min. The weight loss
and heat flow datas were determined and recorded for further analysis. Nitrogen gas was chosen as
the dynamic atmosphere.

3. Results and Discussion
3.1. The effect of addition ways of WFs on strength
Under a water/cement ratio of 0.3, the same amount of WFs was mixed with cement using three
ways, such as wet mixing, dry mixing and mixing after saturated fibers with extra water. The
strengths of all samples are shown in Figure 2.
From Figure 2, WFs did not improve the flexural strengths. Compared with cement paste without
WFs, the flexural strengths of the samples with WFs showed little change after 7 days, and the
flexural strengths of samples using wet mixing were higher than those of using other ways.
The compressive strength/flexural strength ratio of all samples are shown in Figure 2(b). By
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comparing the ratio, it is found that the samples using wet mixing and mixing after saturated fibers
with extra water owned lower the compressive strength/flexural strength ratio, in which the
samples using wet mixing was lowest during cured for less than 28 d.

Figure 2 The strength of cement paste with a water/cement ratio of 0.3
The main role of fibers in cement-based materials is to improve the crack resistance, the
compressive strength/flexural strength ratio is suitable for anti-crack evaluation index of
cement-based materials. The lower compressive strength/flexural strength ratio crack resistance
the better. The addition ways of WFs directly affect the dispersion degree of fibers, and then affect
the resistance capability of cement-based materials. Compared with wet mixing and mixing after
saturated fibers with extra water, WFs could not completely dispersed using dry mixing, which
leads to fiber agglomerates in cement paste. To improve the toughness of paste, WFs using wet
mixing and mixing after saturated fibers with extra water are suitable. Note that the addition ways
of mixing after saturated fibers with extra water increases the water/cement ratio in an indirect
way, which makes the flexural strength lower than the sample containing fibers using wet mixing
[Figure 2(a)], and the compressive strength/flexural strength ratio is higher than that of wet mixing
[Figure 2(b)]. In addition, WFs could improve the crack resistance and toughness of cement paste,
that is mainly concentrated on the early-age curing (days<28), the mechanical properties of
cement paste may be worse over time.
Considering the above analysis, wet mixing is the best addition way in the three methods. So the
following sections are discussed based on wet mixing.
3.2. The effect of addition amount of WFs on strength
The addition amount of WFs was limited to 0.1% to 0.4% of cement, and the strengths of cement
pastes with a water/cement ratio of 0.25 are shown in Figure 3.

Figure 3 The strength of cement paste with a water/cement ratio of 0.25
From Figure 3(a), when the addition amount of WFs was 0.2% by mass of cement, the drop of
flexural strength of cement paste reached smallest value and the flexural strength of it was
significantly higher than those of other samples when cured for 28 days. After 28 days, the
flexural strengths of all samples were greatly raised and were not slow until 56 d. During cured for
7 days to 28 days, the flexural strengths of cement pastes containing WFs which accounted for
0.1% to 0.3% of cement were higher than those of cement pastes without fibers. Among them,
when the addition amount of WFs was 0.2% by mass of cement, the flexural strengths of cement
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paste cured for 7 d and 28 d had 19.3% and 54.4% increase from standard sample, respectively.
However, when the addition amount of WFs reached 0.4% by mass of cement, the flexural
strengths of cement paste were obviously lower than those of standard sample, outside 28 d.
The compressive strength/flexural strength ratio was illustrated in Figure 3(b). After 7 days, the
compressive strength/flexural strength ratios of pastes were lower than that of standard sample
when the addition amount of WFs was 0.1% to 0.3% of cement, in which the ratio was lowest
when adding 0.2%. However, after 56 days, the compressive strength/flexural strength ratios of
cement pastes containing fibers were little higher than that of paste without fibers. Which means
that the toughness of cement paste could be improve by adding WFs, in addition, 0.2% addition
was optimal in the three contents.
3.3. The effect of the addition amount of WFs on pore structure
The compactness of cement-based materials is closely related to mechanical property and
durability. The pore volume is inevitable to change with the hydration process of cement paste.
Waste paper fiber fillers have different effect on pore structure of cement-based materials. The
pore diameter and volume of the paste stone are estimated using the Barrett-Joyner-Halenda (BJH)
method (Barrett E. P. et al., 1951), these results are shown in Figure 4.

Figure 4 Cumulative pore volume of cement pastes with a water/cement ratio of 0.25
From Figure 4, WFs affecting pore structure of cement paste cured for 7 days was far bigger than
that of 28 days. When the addition amount of WFs was 0.2%, the cumulative pore volume of
cement paste cured for 7 days was below that of cement paste without fibers, while the addition
amount of WFs was over 0.3%, cement pastes were not significant change in pore volume.
Although the cumulative pore volume was not decreased, it was worth noting that the addition of
0.3% or 0.4% led to redistribution in porosity of cement paste, as shown in Figure 5. WFs
increased the proportion of 2～10 nm pore and decreased the proportion of 40～50 nm pore of
sample. Compared with cement paste without fibers, when the addition amount of WFs was 0.3%,
the 2～10 nm pore porosity of cement paste cured for 7 days increased by 12.5%, while the 40～
50 nm pore porosity decreased by 13.1%. When cured for 28 d, the 2～10 nm pore porosity of the
same sample increased by 5.4%, while the 40～ 50 nm pore porosity decreased by 10.6%.
However, when the addition amount of WFs was 0.4%, the toughness of cement paste decreased,
so from the pore structure, the addition of 0.2% to 0.3% was appropriate to cement paste.

Figure 5 Cumulative porosity of cement paste with a water/cement ratio of 0.25
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WFs is a type of cellulose fibers with amorphous and porous structure (Figure 1), which can form
chaotic support systems within cement-based materials. Besides the fiber bridge, the natural
hydrophilic properties of WFs maintain the pressure in capillary pore at about higher levels during
the early-age curing period of cement-based materials. Some water is required for the hydration
process, while external water can’t penetrate into the sample because of sealed curing, causing the
pressure of capillary pore to reduce. When the capillary pressure is lower than the pressure of
hydrated fibers, the WFs will give off moisture to compensate the negative pressure of the
capillary pore and accelerate the hydration of cement. More capillary pores are replaced by gel
pores with the increase of hydration products which decreasing the average pore size, increasing
the density and improving the toughness of cement-based materials. It is recognized that WFs with
low strength are not improve the flexural strength of cement paste at a high water/cement ratio, but
WFs can and do work at a low water/cement ratio. Another significant flaw is that WFs are
difficult to disperse in water. Given those factors, the addition amount of WFs is more than 0.3%
by mass of cement or curing age is more than 28 d, WFs have little positive effect on the
properties of cement paste.
3.4. The effect of addition amount of WFs on the hydration product
Ca(OH)2 is an important hydration product of cement-based materials. Some properties of
cement-based materials, such as carbonation resistance and alkalinity, are about the content of
Ca(OH)2. A fast rate for carbonation caused by low levels of Ca(OH)2 leads to the decrease of pH,
inducing the corrosion of rebar in cement-based materials (Jan B., 1996; Shamsad A., 2003). So
some levels of Ca(OH)2 in cement-based materials are necessary but not sufficient condition for
durability.

Figure 6 TG-DSC patterns of cement paste with a water/cement ratio of 0.25
TG-DSC patterns of cement paste with a water/cement ratio of 0.25 are shown in Figure 6. There
was a endothermic peak near 440 ℃ in the DSC curve of paste, which was resulted from the
dehydration of structural water from Ca(OH)2. According to the mass loss in the TG curve of paste,
contents of Ca(OH)2 in hydration products was calculated and listed in Table 4. The content of
Ca(OH)2 in hydration products continuously increased with the addition amount of WFs. When
the addition amount of WFs was 0.2% by mass of paste, the content of Ca(OH)2 increased to
11.05% from 9.9%. If continued to increase the addition of WFs, the generated mass of Ca(OH)2
in hydration products decreased instead. Causes this change mainly to have following two factors:
one in which a large amount of WFs absorbs substantial quantities of water during wet mixing and
decreases the rated wate/cement ratio in an indirect way, affecting the hydration rate of paste at
early-age curing, and another in which giving off the moisture from the WFs is fail to
long-distance transport in time because of unevenly dispersion in cement paste, although some
water from the WFs can complement the negative pressure of capillary. For both reasons, the
hydration process of paste is affected within the whole system. So from the contents of Ca(OH)2,
it is optimistic to add WFs with 0.2% percentage.

Table 4 Contents of Ca(OH)2 in hydration products
Waste paper fibers (%) Mass loss (%) Ca(OH)2 (%)

0 -2.431 9.99
0.1 -2.482 10.20
0.2 -2.688 11.05
0.3 -2.515 10.34
0.4 -2.506 10.30
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4. Conclusions
This study discussed the effect of WFs on hydration products and pore structure of cement paste.
The important conclusions were summarized below.
Reliance on different addition ways to mix WFs with cement resulted in varied properties and
contents of Ca(OH)2 and pore structure of cement paste. The effects of three addition ways were
displayed in descending order, which was wet mixing > mixing after saturated fibers with extra
water > dry mixing.
Any addition amount, WFs could improve pore structure of paste, increasing the proportion of 2～
10 nm pore and decreasing the proportion of 40～50 nm pore. When the addition amount of WFs
was 0.3%, the 2～10 nm pore porosity of cement paste cured for 7 d increased by 12.5%, while
the 40～50 nm pore porosity decreased by 13.1%.
There was an optimal addition amount of WFs at a low water/cement ratio. At this point, the
content of Ca(OH)2 in paste was highest and the cumulative pore volume of 2～50 nm was lowest,
which was 0.2% by mass of cement.
The addition of WFs had the internal curing functions for paste during the early-age sealed curing,
which accelerated the hydration process. However, the roles of WFs gradually get weaken or had
side effects with curing age.
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Abstract
In order to investigate the influence of temperature of low heat Portland cement on the performance of
concrete mixed with polycaboxylate superplasticizer, this paper selected two kinds of polycaboxylate
superplasticizers, and explored the effect of low heat Portland cement temperature changes on the
mixes properties and early age mechanical properties of concrete. The results showed that 1)
temperature of low heat Portland cement has greater impact on the workability of concrete, when the
cement temperature was higher than 60℃, the concrete occurred slight bleeding phenomenon; 2) the
setting times of concrete and cement temperature were following inverse relationship; 3) the slump loss
rate and air content loss rate of concrete was proportional to cement temperature, the higher cement
temperature, and the greater loss rate with time; 4) the early ages compressive strength of concrete
were increasing with the changing of cement temperature, the same age’s compressive strength was
greatly impacted by the changing of cement temperature; 5) since the quality performance of
polycaboxylate superplasticizers were different, the sensitivity of two kinds of superplasticizers to
cement temperature changes were different too.

Originality
1)Investigate the influence of temperature of low heat Portland cement on the performance of

concrete mixed with polycaboxylate superplasticizer;
2) Explored the effect of low heat Portland cement temperature changes on the mixes properties and

early age mechanical properties of concrete mixed with polycaboxylate superplasticizer.

Keywords: setting times cement temperature polycaboxylate superplasticizer early age strength

1.Introduction
As we all know, the temperature significantly influencing the performance of cement concrete,
for example, the temperature rise could accelerate the hydration rate of cement particles,
improve the early strength, in addition, the higher temperature could even lead to a false
setting of cement concrete, etc. However, the sensitivity of superplasticizers to cement
temperature changes and the influence law of temperature of low heat Portland cement on the
performance of concrete mixed with polycaboxylate superplasticizer is still unclear. As
polycarboxylate superplasticizer have significant advantages (such as lower dosage, higher
water reducing rate, better slump performance, lower shrinkage, molecular structure can be
adjusted and environmental friendliness etc.) could overcome many defects of traditional
water reducing agent, generally agreed that it represents the current direction of development
of superplasticize (COLLEPARDI M. et al., 2006; HU Hong-mei. et al., 2009; SUN Zhen-ping.
et al., 2009; SAKAI E. et al., 2006), so that, more and more used in engineering practice.
There are many factors could affect the performance of polycarboxylate superplasticizer, in
addition to the characteristics of superplasticizer and cement themselves, it’s also influenced
by the external environment, such as temperature, humidity, etc. ZHOU Dong-liang, RAN
Qian-ping etc(ZHOU Dong-liang. et al., 2011;) investigated the influence of temperature on
performance (especially for the superplasticizer’s adsorption and dispersion properties) of
polycaboxylate superplasticizer, the results showed that, the initial dispersion capacity
gradually increased with temperature, but the dispersion-retaining capacity was reduced with
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increasing of temperature , and it was showed a strong temperature dependence. Therefore, it
is necessary to system study on the sensitivity problems of polycarboxylate superplasticizer to
low heat cement temperature changes.
There is a large-scale hydropower diversion tunnel project in southwestern China, it require
low heat cement concrete with polycaboxylate superplasticizer about one million cubic meters.
However, as the increasing of concrete pouring scales and the impacted by summer high
temperatures, the cement supply pressure has increased day by day, leading to the mixing
floor cement temperatures as high as 85℃ to 120℃ and causing concrete slump, air content,
1hour slump loss rate and air content loss rate in the outlet presented a larger fluctuation. So
that, it’s urgent to address the sensitivity of superplasticizers to cement temperature changes
and the impact of cement temperature on concrete performance issues. Furthermore, the
related research results about these problems at home and abroad is relatively small.
Therefore, this paper combined with engineering actual selected two kinds of polycaboxylate
superplasticizers, through fresh concrete mixes properties and harden concrete early age
mechanical properties comparative tests explored the sensitivity of superplasticizers to
cement temperature changes and the influence law of temperature of low heat Portland
cement on the performance of concrete mixed with polycaboxylate superplasticize.
2.Experimental details
2.1 .Raw Materials
In this study, all constituent materials used in the program were tested to comply with the
relevant Chinese Standards. A kind of P·LH42.5 type low heat Portland cement conforming
to GB 200-2003 standard(GB200-2003, 2003) was used, the chemical and mineral
composition of cement were given in Table 1. Clean and dry artificial basalt sand was used in
concrete mixture, with fineness modulus of 2.75. Artificial coarse aggregate employed in this
study was basalt. GK-9A air entraining agent and two different types of polycarboxylic
superplasticizer admixtures (SP-1 and SP-2, water reduction rate are 30.1% and 34.9,
respectively) were used. A low-calcium types of F and Class I fly ash conforming to GB/T
1596-2005 standard(GB/T 1596-2005,2005) were used as the cementitious materials.

Table1 Chemical and Mineral composition (by mass) of cement
Chemical composition（%） Mineral composition（%）

CaO SiO2 Al2O3 Fe2O3 f-CaO MgO C3S C2S C3A C4AF

60.80 22.80 4.00 5.27 0.32 3.62 33.88 40.03 1.66 16.02

2.2. Mixture proportions
In this study, selected a C9030 pumping concrete mixtures which used for a diversion tunnel
project in western China (incorporating two different types of superplasticizers) with the same
water/cement ratio of 0.47 were prepared. The slump and air content flow of the mixtures was
kept constant at 170±10 mm and 5.0±0.5%, respectively. The corrected mix proportions of
pumping concrete mixtures were listed in Table 2.

Table 2 Proportioning of pumping concrete mixtures

W/C Fly
ash/%

sand-ratio
/% Slumps/mm

Materials/（kg/m3）

Water Cement Fly
ash Sand Aggregate

Water
reducing

agent

Air
entraining

agent
0.47 25 42 140-160 144 230 77 820 1160 2.46 0.0154

app:ds:air
app:ds:entraining
app:ds:agent
app:ds:air
app:ds:entraining
app:ds:agent


2.3 .Test methods
According to the pumping concrete mixtures, selected 5 kinds of different cement
temperatures (20℃, 40℃, 60℃, 80℃and 100℃) and two different types of polycarboxylic
superplasticizer (SP-1 and SP-2), and conducted a series of fresh mixtures properties and
harden concrete early age mechanical properties comparative tests, studied 1) the sensitivity
of superplasticizers to cement temperature changes and 2) the influence law of temperature of
low heat Portland cement on the performance of fresh mixtures (such as workability, slumps
and air content loss with different times) and physical & mechanical properties (setting times,
compressive strength of each ages) of concrete mixed with polycaboxylate superplasticize.
3. Test results and discussion
3.1.Influences of temperature of low heat Portland cement on the performance of concrete
mixed with polycarboxylate superplasticizer
3.1.1.The workability of fresh mixtures

According to the fresh properties of the mixtures, the cohesiveness of fresh mixtures which
mixed with two kinds of superplasticizer and different temperatures low heat cement was
good, however, when the cement temperature rose to 60℃~100℃ , the fresh concrete with
two kinds of superplasticizer all occurred slight bleeding phenomenon, and the fresh mixtures
with PS-2 superplasticizer even appeared slightly aggregate and slurry separation and
concrete compaction phenomenon. Therefore, the cement temperature rises would impact the
fresh properties of the mixtures. The main reason for this phenomenon as follows: to some
extent, the temperature of fresh mixtures system was rising with the temperature rose of
cement, under the effect of higher temperatures, the molecular movement of water and
superplasticizer significantly accelerated, so that, the superplasticizer’s adsorption-dispersion
action rapidly enhanced, and the water reduction function was excited in a short time, then
produced more and more free water, eventually resulted in a certain amount of bleeding.
3.1.2.The setting times of concrete

Fig.1 Influence of low heat Portland cement temperature on setting times of concrete
It can be seen from Fig.1, with the temperature rising of cement, the setting times of concrete
which mixed with PS-1 and PS-2 superplasticizers showed a decreasing trend, the higher the
cement temperature was, and the shorter concrete setting time, in which the initial setting
time’s decreasing trend was more evident. Compared with 20℃ cement,in the condition of
cement temperature were 100℃ , 80℃ , 60℃and 40℃ , the initial setting times of concrete
（mixed with PS-1superplasticizers）were shortened 115min, 86min, 81min and 28min,
respectively; final setting times were shortened 64min, 58min, 50min and 22min, respectively.
Compared PS-1 and PS-2 two kinds of superplasticizers, the former retarding effect was



better.
In the superplasticizer concrete, the temperature of fresh concrete system was rising with the
temperature rose of cement, under the effect of higher temperatures, the rate of cement
hydration was significantly accelerated, so that, the water reduction function was excited
immediately, then produced more and more free water to participate in cement hydration
reaction. Finally, accelerating concrete setting and hardening rate directly, leading to the
setting time of concrete decrease with increasing of the cement temperature. Compared with
two kinds of superplasticizer’s setting time differences, the retarding effect of concrete was
mainly influenced by the property of superplasticizer.
3.1.3.The slump loss rate of concrete
Better slump performance is one of the notable features of polycaboxylate superplasticize. In
order to investigate the influence of temperature of low heat Portland cement on the
performance of the slump loss of concrete mixed with polycaboxylate superplasticizer, the
paper tested the slump loss rate values of the mixtures at 0min, 30min, 60min, 90min and
120min five time nodes. The test results were shown in Table3 and Fig.2.
Table 3 Influence of low heat Portland cement temperature on slump loss rate and air content loss rate

of concrete

Fig.2 Influence of low heat Portland cement temperature on slump loss rate of concrete
Test results showed that, at the same time node, the slump loss rate values of the mixtures
were proportional to the temperature of cement, and this law was more obvious within 60min.
When slump loss time period were 90min~120min, 1) under the condition of different cement
temperatures the slump loss rate law of the concrete mixed with different superplasticizer
were almost the same, but slump loss rate of the concrete mixed with PS-1was higher than

Water
reducing agent

Temperature
of cement/℃

Slump loss rate/% Air content loss rate/%
0min 30min 60min 90min 120min 0min 30min 60min

PS-1

100 0 8.6 42.9 77.1 94.3 0 47.3 72.2
80 0 4.1 34.3 70.3 94.2 0 39.1 56.5
60 0 4.4 27.8 60.6 86.1 0 10.0 32.0
40 0 2.9 20.0 47.4 82.9 0 25.5 36.2
20 0 2.9 17.1 40.0 77.1 0 11.5 23.1

PS-2

100 0 17.1 37.1 51.4 97.1 0 66.7 77.8

80 0 9.1 30.3 45.5 93.9 0 45.7 56.5

60 0 4.7 14.7 41.2 93.5 0 33.3 40.0

40 0 0 8.6 40.0 88.6 0 25.5 40.4

20 0 0 8.6 37.1 82.9 0 24.0 36.0



that mixed with PS-2; 2) the slump loss rate law of the concrete has decreased, but at this time
the slump retention values was less than 20%, it was unable to meet the performance
requirements of pumping concrete construction.
At the same slump loss rate, the lower the cement temperature was, the longer the time to
achieve the same slump loss rate. For example, when the cement temperature was 100℃, the
concrete(mixed with PS-1) 40min slump loss rate was about 20%, while the cement
temperature was 20℃ the slump loss rate reach 20% , should take about 65min. Thus, the
cement temperature change has seriously influenced the slump loss of concrete mixed with
superplasticizer, the lower cement temperature was beneficial to reduce slump loss of
concrete.
3.1.4.The air content loss rate of concrete
When concrete mixed with a small amount of air-entraining agent, could uniformly dispersed
a large number of tiny bubbles into fresh mixtures, could effectively improving the durability
of concrete, especially frost resistance of concrete(YAN Hua-quan. et al., 2005). Thus, air
content has a greater impact on the durability of concrete. In order to investigate the influence
of temperature of low heat Portland cement on the performance of the air content loss of
concrete mixed with polycaboxylate superplasticizer, the paper tested air content loss rate
values of the mixtures at 0min, 30min and 60min, three time nodes. The test results are shown
in Table3 and Fig.3.

Fig.3 Influence of low heat Portland cement temperature on air content loss rate of concrete
Test results showed that, cement temperature change has a greater impact on the air content
loss rate of concrete with mixed with PS-1 and PS-2 polycaboxylate superplasticizer, the
change relationship between cement temperature and air content loss rate of concrete was
similar to the slump loss of concrete. That was, except when the cement temperature was
60℃ , the air content loss rate of concrete(mixed with PS-1) was lower than the cement
temperature was 40℃ and 20℃ , others basically conformed to the relationship, the air
content loss rate of concrete was increased with the temperature rising of cement. When the
cement temperature was higher than 80 ℃ , the air content loss rate of concrete has
dramatically increased, significantly higher than other temperatures.
3.1.5.Early age compressive strength of concrete
Because of the temperature has a greater impact on the early age compressive strength of
concrete, this paper selected PS-1 and PS-2 polycaboxylate superplasticizer and tested 1d, 2d,
3d and 7d early ages compressive strength of concrete, aimed to investigate the influence of
temperature of low heat Portland cement on the early age compressive strength of concrete
mixed with polycaboxylate superplasticizer. The test results are shown in Table4 and Fig.3.



Table4 Influence of low heat Portland cement temperature on early age compressive strength of
concrete

Fig.4 Influence of low heat Portland cement temperature on early age compressive strength of concrete
Figure 4 shows the early age compressive strength of concrete (mixed with polycaboxylate
superplasticizer) was proportional to cement temperature, the strength increased with the
rising of cement temperature. When the cement temperature between 20℃ and 100℃, 1d and
7d compressive strength of concrete(mixed with PS-1) were 3.2~4.7MPa and 10.1~14.3MPa,
the average values were 4.0MPa and 12.7MPa, 1d and 7d compressive strength of 20℃
cement were lower than 100℃ cement 1.5MPa and 4.2MPa, respectively; 1d and 7d
compressive strength of concrete(mixed with PS-2) were 4.0~6.3MPa and 12.4~15.1MPa, the
average values were 5.1MPa and 13.9MPa, 1d and 7d compressive strength of 20℃ cement
were lower than 100℃ cement 2.3MPa and 2.7MPa, respectively.
Leading to the early age compressive strength of concrete proportion to cement temperature
maybe have the following two reasons, 1) compressive strength of concrete is mainly
controlled by the rate of cement hydration reaction, higher cement temperature could promote
early hydration of cement and accelerate the setting and hardening of cement & concrete, then
increasing the early strength cement concrete; 2) the temperature of fresh mixtures system
was rising with the temperature rising of cement, under the effect of higher temperatures, the
water reduction function of superplasticizer was excited quickly, then producing much more
free water to participate in cement hydration reaction and generating more hydration products,
ultimately improving the strength of concrete.
3.1.6.The sensitivity of superplasticizers to the changes of cement temperature

Water reducing agent Temperature
of cement/℃

Compressive strength/MPa
1d 2d 3d 7d

PS-1

100 4.7 7.1 9.6 14.3
80 4.4 6.2 8.7 13.8

60 4 4.9 6.9 13.5

40 3.5 4.2 6.5 12

20 3.2 4 6.3 10.1

PS-2

100 6.3 8.0 10.4 15.1

80 5.2 7.8 9.4 14.6

60 5.4 7.2 9.8 14.0

40 4.7 6.9 9.0 13.3

20 4.0 6.3 8.9 12.4



The test result shows that under the condition of the same cement temperature, most part of
variations of fresh mixtures and mechanical properties of concrete, which mixed with PS-1
and PS-2, were almost the same, but still have some differences.
In terms of concrete workability, when the cement temperature rose to 60℃~100℃, the fresh
mixtures with two kinds of superplasticizer all occurred slight bleeding phenomenon, and the
fresh mixture with PS-2 superplasticizer even appeared slightly aggregate and slurry
separation and concrete compaction phenomenon. This was mainly attributed to the water
reduction rate of PS-2 was relatively higher than PS-1, under the effect of higher temperatures,
the water reduction function of PS-2 was excited immediately, then produced much more free
water to participate in cement hydration reaction, however, the water retention property of
PS-2 was poor, so that, the excess moisture precipitated from the aggregate surface leading to
slightly bleeding and aggregate & slurry separation and concrete compaction phenomenon.
The regularity between two kinds of superplasticizer’s setting times, slumps and air content
loss rate of concrete and cement temperature was similar. At the same cement temperature,
the retarding effect of PS-1 was better than PS-2 superplasticizer.
In terms of early age compressive strength of concrete mixed with two kinds of
superplasticizer, each age’s compressive strength of concrete mixed with PS-1 were lower
than that mixed with PS-2 superplasticizer. This was mainly attributed to the own properties
of PS-2, such as the following reasons: the water reduction rate of PS-2 was higher than PS-1
and the setting time was shorter than PS-1, could fully display dispersion and adsorption
function of superplasticizers, so that, the cement hydration reaction rate was accelerated and
the setting time of concrete was shortened, that was conducive to the growth of strength at
early ages.
On the whole, PS-2 superplasticizer was more sensitive to cement temperature changes than
PS-1. Therefore, the fresh mixture and mechanical properties of concrete mixed with PS-2
superplasticizer were greatly influenced by the cement temperature changes.
4.Conclusions and suggestions
In this experimental study, the effect of low heat Portland cement temperature change on the
fresh mixtures properties and early age mechanical properties of concrete mixed with two
kinds of polycaboxylate superplasticizer were investigated. The following conclusions and
suggestions were drawn:
The temperature changes of low heat Portland cement has greater impact on the workability
of concrete, when the cement temperature was higher than 60℃, the concrete occurred slight
bleeding and even appeared slightly aggregate and slurry separation and concrete compaction
phenomenon. Suggestion from our test goes that before adding into concrete mixing system
the cement temperature should be controlled within 60℃.
The setting times of concrete and cement temperature were following inverse relationship; the
slump loss rate and air content loss rate of concrete was proportional to cement temperature,
the higher cement temperature was, the greater loss rate with time.
The early age compressive strength of concrete (mixed with polycaboxylate superplasticizer)
was proportional to cement temperature, the strength increased with the rising of cement
temperature. Because of the cement hydration reaction rate and dispersion and adsorption
function of superplasticizers was significantly affected by cement temperature changes, the
same age compressive strength changing with cement temperature changes.



PS-2 superplasticizer was more sensitive to cement temperature changes than PS-1, therefore,
the fresh mixture and mechanical properties of concrete mixed with PS-2 superplasticizer
were greatly influenced by the cement temperature changes.
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Early hydration characteristics of cement-fly ash blended system at

various temperatures
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Abstract
The cementitious pastes were prepared with the fly ash replacements of 0~60% at a fixed water-binder
ratio of 0.4 and cured at various constant temperatures of 20℃, 24℃ and 28℃for measuring setting
time, the electrical resistivity and the compressive strength. The results from the setting time, the peak
occurrence of the electrical resistivity rate development and strength gain show the delay effect of fly
ash replacement and acceleration effect of temperature on hydration. The compressive strength (fcu)
and the resistivity (ρ) of the pastes at 2d at each temperature follow a good positive linear relationship,
which are fcu=2.0453ρ-7.9021 (R2 = 0.9935) at 20℃, fcu=0.9627ρ-2.1451 (R2 = 0.9825) at 24℃,
fcu=0.5387ρ-2.0472 (R2 = 0.97) at 28℃. The smaller slope value from fcu vs. ρ was obtained in a higher
temperature blended hydration system, which shows that the resistivity development is more sensitive
to temperature change than strength. The XRD and SEM observation reveals that fly ash does not react
in early age acting as fillers to dilute cement. The setting time and compressive strength of a
cementitious hydration system at different temperatures can be estimated and predicted by electrical
measurement.

Originality
The blended cement-fly ash hydration system was investigated at various temperatures to see the
combined effect of fly ash on the important properties. More details about hydration mechanism were
investigated by the experiments in both macro- and micro- scales. The quantitative relationship was
obtained between one of the most important mechanical properties, compressive strength and
electrical resistivity, which can be carried out in a simple way with a high accuracy. The compressive
strength of a blended paste can be predicted by measuring electrical resistivity.

Keywords: temperature; fly ash; hydration; electrical resistivity; compressive strength

1. Introduction
The structural morphology characteristics, hydration mechanism, and the hydration
characteristics of fly ash have a comprehensive review, in order to improve the early
hydration activity of fly ash, different activation mechanism (Ma B. et al., 2006; Wei X. et al.,
2007) were carried out, the influence of fly ash on the formation and distribution of pore
structure of cement-based materials (Shi H. et al., 2004) were investigated. Based on the
electrical measuring method, the mechanism of the early hydration of cement-based materials
and the relationship between development between the resistivity and the setting hardening
performance was studied. The studies based on the electrical measuring method were done at
a fixed temperature (Zeng X., 2007; Li R., 2011; Xiao L. el at., 2006; McCarter W. el at.,
2003; Xiao L. et al., 2008). Temperature is one of the important external factors affecting the
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rate of cement hydration (Wei X. el at., 2011; Yan P. el at., 2008) and the strength
development of concrete. This research is to find the quantitative relationship between
resistivity and setting time, resistivity and compressive strength by testing setting time,
resistivity and compressive strength of the cement pastes with different dosages of fly ash at
different temperatures. With the microstructure observations, the hydration mechanism of
cement-fly ash system at variable temperatures was investigated.
2. Raw Materials and Sample Preparation
2.1. Raw Materials
Portland cement (P.C32.5), fly ash (class F) and tap water was used. The chemical
compositions of cement and fly ash are shown in Table 1.

Tab.1 Chemical compositions of cement and fly ash /%
Composition CaO SiO2 Al2O3 Fe2O3 SO3 Na2O MgO LOI

Cement 62.08 22.54 5.87 2.84 2.33 0.14 1.63 2.57
Fly ash 4.73 52.54 32.35 4.74 1.16 1.06 1.16 1.98

2.2. Sample Preparation
Four pastes with fly ash replacements of 0%, 20%, 40% and 60% at the same water/binder
ratio of 0.4 were prepared marked as P4FA0, P4FA20, P4FA40 and P4FA60, respectively.
Each sample is mixed by a mixer for 4 minutes. Since the temperature of electrical resistivity
test is controlled by air conditioning, and the air conditioning setting temperature range is
limited, the test environment temperature is set to 20℃, 24℃, 28℃ respectively.
3. Experimental Method
3.1. Electrical Resistivity
The electrical resistivity was measured by a non-contacting electrical resistivity meter. A
paste sample was mixed and then cast into the ring-shaped mould. Slight vibration was taken
to remove the air bubbles inside the sample. The sample was covered for preventing
evaporation of the water in the sample during test period. The data were automatically
recorded at the sampling interval of 1 min up to 2880 mins (48h).
3.2. Setting Time
The initial and final setting time of the samples are tested by a Vicat apparatus at 20℃, 24℃,
28℃, and the steps are in accordance with Chinese standard GB/T1346-2011.
3.3. Compressive Strength
The samples with the size of 40mm×40mm×40mm, were cured at 20℃, 24℃, 28℃ for 2d,
respectively, and then test the compressive strength by a digital DYE-300 type compressive
machine.
3.4. Microstructure Observations
The hydration of the samples was stopped using anhydrous alcohol at 2d, the samples were
then dried in a vacuum oven for 24h for SEM observation by type JMS-5510LV machine, and
XRD measurement after being ground in an agate bowl by type D8 ADVANCE machine.
4. Results and Analysis
4.1. Resistivity
Figs.1~3 shows the resistivity change with time up to 48h of cement-fly ash pastes at different
temperatures (20℃, 24℃, 28℃) with different fly ash replacements (0%, 20%, 40%, 60%).



Fig.1 The electrical resistivity curves during 48h with different fly ash replacements at 20℃

Fig.2 The electrical resistivity curves during 48h with different fly ash replacements at 24℃

Fig.3 The electrical resistivity curves during 48h with different fly ash replacements at 28℃



The characteristics of each figure can be described as follows: (1) in the early hydration, the
higher dosage of fly ash, the higher the electrical resistivity can be reached, and later the
electrical resistivity results appear opposite trend, namely, the more fly ash content used, the
lower resistivity. In the early stage, ion concentration is the main factor affecting resistivity,
after water is added to cement, the ions potassium (K+), sodium (Na+), calcium (Ca2+),
hydroxyl ions (OH−) and sulfate (SO42−) are released from the cement. Compared with cement,
the fly ash particles release less ions, which leads to the ions are mainly provided by cement.
The more cement means higher ion concentration corresponding to low resistivity. In the late
of hydration, the main factor which affects resistivity is porosity (Wei X. el at., 2005). As
hydration products form, the porosity decrease, free space for the ions to move reduces
leading to higher resistivity. Sample P4FA0 contains the largest cement content, the porosity
is then the lowest corresponding to high resistivity. (2) Each cure of ρ(t)~t has a minimum
point which means the hydration system reaches dissolved saturation. The occurrence times
of the minimum point at 24℃ for samples P4FA0, P4FA20 , P4FA40, P4FA60 are 206min,
269min, 381min, 522min, respectively, and the resistivity values are 1.2518Ω·m, 1.389Ω·m,
1.5684Ω·m, 1.7039Ω·m, respectively. The time of minimum point occurrence was delayed
with the increase of fly ash replacement, fly ash lowers the hydration rate and extends the
time to reach saturate ion state of the solution (Wang X. el at., 2008). Sample P4FA0 has the
most cement content, the ions saturation concentration is then the highest, and resistivity is
the lowest subsequently.
The resistivity differential curves corresponding to Figs.1~3 were obtained as shown in Figs.
4~6.

Fig.4 The resistivity differential curves with different fly ash replacements at 20℃



Fig.5 The resistivity differential curves with different fly ash replacements at 24℃

Fig.6 The resistivity differential curves with different fly ash replacements at 28℃
The resistivity differential curves reflect the hydration rate. As shown in Figs. 4~6, each curve
has a peak in the early stage (before 12h). At 20℃, the occurrence time of first peak for each
sample are 3.40h, 4.40h, 6.38h, 8.98h, respectively. At 24℃ , the times are 2.63h, 3.05h,
3.95h and 5.57h, at 28℃ , the times are 2.60h, 3.00h, 3.83h, and 4.58h. These data suggest
that the peak point move back with the increase of fly ash when the temperature is constant;
when the dosage of fly ash is constant, the time of the peaks appear shorten with the increase
of temperature. As shown in Fig.4, at 20℃, all the samples only have one peak within 48h; at
24℃, only sample P4FA0 has the second peak after about 40 hours as shown in Fig. 5; when
the temperature is 28℃ as shown in Fig.6, the second peak occurs after about 30 hours in
sample P4FA0 and P4FA20. Therefore, the time of the second peak appear prolong and the
hydration rate become lower with the increase of fly ash at same temperature; and the critical
points occur early and hydration rate is quicker with the increase of temperature for the same
sample.



The resistivity differential curve has two peak points (Zeng X., 2007; Li R., 2011; Xiao L. el
at., 2006; McCarter W. el at., 2003; Wei X. el at., 2011), the first peak marks the hydration
process transform into hardening process from setting, the second peak point is the turning
point of hydration stage from hardening prior to hardening deceleration phase which
controlled by the diffusion (Xiao L. el at., 2004). Compared with this research, the
references(Xiao L. el at., 2006; Wei X. el at., 2011) use P·O52.5 ordinary Portland cement,
but in this study, P·C32.5 composite Portland cement is used, different cement grades result in
different hydration rates, P.C32.5 cement hydration activity is lower than P.O52.5.
4.2. Setting time
Fig.7 (a) and (b) reveal the result of the initial setting time and final setting time of different
dosage of fly ash cement paste respectively under 20℃, 24℃, 28℃.

(a) initial setting time

(b) final setting time
Fig.7 The setting time of different replacement of fly ash at different temperature

Fig.7(a) and (b) show that the initial and final setting time are prolonged when the dosage of
fly ash increases at the same temperature. At 20℃, compared with sample P4FA0, the initial
and final setting time of sample P4FA20 is retarded by 1.18 and 1.19 times, respectively,
suggesting that fly ash delays the hydration rate of cement-fly ash and slows the rate of
hydration products formation. The reason is investigated as follows: fly ash was incorporated
in the hydration system by replacement of cement, and early reactivity of fly ash is lower than
cement clinker, resulting in the more dosage of fly ash, the lower reactivity and longer setting
period of the hydration system.
In addition, the higher the temperature, the shorter the setting time when the dosage of fly ash
is constant. When the amount of fly ash to replace cement is 20%, with the comparison of the



initial setting time at 20℃, the initial setting time is 0.854 times at 24℃, and 0.623 times at
28℃ . Temperature mainly influences the early hydration rate, higher temperature means
quicker early hydration rate, and the setting time is then shortened.
4.3. Compressive strength
Fig.8 shows the 2d compressive strength results of the pastes with fly ash of 0, 20%, 40% and
60% at 20℃, 24℃ and 28℃.

Fig.8 The 2d compressive strength of different replacements of fly ash at different temperatures
It can be found in Fig.8 that the compressive strength decreases with the increase of fly ash
replacement at a certain temperature. The strength of sample P4FA20 reaches 64.9% of that
of sample P4FA0 at 20℃, the values are 31.3% and 17.6% for samples P4FA40 and P4FA60,
respectively. The strength of the samples P4FA20, P4FA40 and P4FA60 are 61.9%, 42.2%
and 22.0% of that of sample P4FA0 at 24℃ . When the temperature is 28℃ , the values are
68.0%, 42.4% and 27.1%, respectively. These results show that the lower temperature, the
stronger effect for fly ash incorporation to reduce the strength. For the same FA content, the
higher temperature is benefit for the samples to obtain the higher strength. Take sample
P4FA0 as an example, the strength is 15.74Mpa at 28℃ , which is slightly larger than
14.84MPa at 24℃ , and 13.21MPa at 20℃ . It can be seen in Fig.8 that the other samples
incorporated by different FA contents follow the same trend with temperature.
In the early stage of hydration, the pozzolanic effect of fly ash dose not appear, therefore, the
incorporation of fly ash is equivalent to diluting the cement, and the formation of hydration
products of cement makes the samples gain strength. The more cement content, the higher
strength obtained. Temperature mainly influence the degree of hydration of cement, higher
temperature means faster hydration rate of a paste, and larger hydration degree, more
products formation lead to the paste gaining the larger strength.
For a single cement particle, fly ash replacement of cement means the increase of the
effective water cement ratio in the hydration system, the surface area contact of cement
particles with water increased for cement to hydrate. For the whole hydration system,
however, more fly ash replacement means less cement available, the increase hydration
degree of a single cement particle can not compensate the strength loss from cement reduction.
Therefore, the strength of the cement - fly ash system reduce, which is similar to the principle
of the influence of water-cement ratio on the strength.



To compare Figs. 1~3 with Fig 8, it can be found that the strength and the resistivity at 2d
change trend are consistent for the factors of the FA content and the temperature. The 2d
strength of samples P4FA0, P4FA20, P4FA40 and P4FA60 at 24℃ are 14.84MPa, 9.18MPa,
6.26MPa and 3.27MPa respectively, and the 2d resistivity are 17.0616Ω.m, 12.7396Ω.m,
8.6124Ω.m, 5.3508Ω.m respectively. The major factor is porosity influencing both
compressive strength and resistivity. The free space between the hydration products decrease
with time leading to the conductive paths less and more tortuous, and then the resistivity
increased, meanwhile the density increases for the compressive strength gain.
4.4. Microstructure observation analysis
In order to observe microstructure in the cement-fly ash hydration system and the plain
cement hydration system, samples P4FA0 and P4FA40 hydrated for 2d at 20℃ were
observed by SEM. Fig.9 shows the SEM photos with magnification of 2000 times and 5000
times.

(a) magnification times =2000

(b) magnification times =5000
P4FA0 P4FA40

Fig.9 SEM photos of sample P4FA0 and P4FA40 hydrated for 2d at 20℃
As shown in Fig.9 (a) and (b), the early hydration products of cement are mainly C-S-H gel,
six-party platy CH and needle-like AFt crystals. Sample P4FA0 has more amount of C-S-H
gel than sample P4FA40, and more C-S-H gel make the products dense for strength gain. The
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spherical fly ash particles with smooth surface were observed. Some cement hydration
products attach to the fly ash particles surface show that fly ash has not reacted in early stage.
Fig.10 shows the XRD results of samples with different dosages of fly ash hydrated for 2d at
20℃.

Fig.10 XRD results of cement and samples with different dosages of fly ash hydrated for 2d at 20℃
With the increase of fly ash, the peaks of products CH significantly lower, demonstrating that
the dilution and delay effect of fly ash to cement-fly ash blended system.
4.5. Correlation of the setting time and the time of critical points occurring on the resistivity
differential curve
Figs.4~6 show the occurring time of peak points on the resistivity differential curves, and
Fig.7 shows the setting time results. It can be seen that the two times change in the same trend
with temperature and the dosage of fly ash. It can be found the relationship between the first
peak point occurring time with initial setting and final setting time follow a positive linear
trend, respectively, as shown in Fig.11.

Fig.11 The relationship between the peak point time of resistivity differential curves and setting time of
the samples with different dosages of fly ash at 20℃, 28℃ and 24℃

http://dict.youdao.com/search?q=respectively&keyfrom=E2Ctranslation


From Fig.11, it can be seen that the setting time and the occurring time of the first peak point
tp has a good linear relationship. Initial setting time: tini=1.3521tp+2.2155, final setting time:
tfin=1.5971tp+2.7696, it can be summarized in Eq. (1).

tini, tfin= a·tp+b （1）
Where a, b are regression coefficient, which are independent of curing temperature and the
dosage of fly ash.
The cement hydration is a continuous process, initial setting time and final setting time have a
proportional relationship. In this research (for hydration system of P.C32.5 cement-fly ash
with w/b=0.4), the ratio of initial setting and final setting time is between 0.73 and 0.88 at the
temperatures, for the different curing temperatures, the ratio value changes little, and the
average value is 0.82. Hence, the ratio of initial setting and final setting time is hardly
affected by hydration temperature. It was identified (Xiao et al., 2006) that the first peak point
is the transition point from setting to hardening, and the initial setting time and the final
setting time has a better linear relation. By measuring the resistivity of a mixture and using
the first peak point on the differential curve, the setting time can be determined, and then the
setting time of concrete can be predicted. This method provides a measure for determining the
setting time and controlling transporting, casting and compacting time during concrete
construction process in engineering practice.
4.6. Relationship between compressive strength and resistivity development
The cement hydration system can be described as a solid phase (hydration products and
unhydrated cement particles) and pores with electrolyte liquid, the ratio between the two
phase changes with hydration time. In the micro-scale the pores become small and porosity
decreases. The pastes experience transition from flowing state to plastic state and then to
hardening process. From electrical conduction point, the resistivity decreases to the lowest
point in a relatively short time and then began to rise with porosity decrease. On the
mechanical properties, it is the process of gradual increase in strength with the decrease of
porosity. Therefore, resistivity and compressive strength have a close correlation. Fig.12
shows the relationship between the 2d resistivity values and 2d compressive strength values
of the samples with different dosages of fly ash at the temperatures.

Fig.12 Relationship between the 2d resistivity values and 2d compressive strength values of the
samples with different dosages of fly ash at three temperatures.
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From Fig.12, it can be seen that the compressive strength and resistivity at the same age
follow a positive linear relationship, as shown in Eqs (2) (3) (4).

At 20℃ fcu =2.0453ρ-7.9021，R2 = 0.9935 (2)
At 24℃ fcu=0.9627ρ-2.1451，R2 = 0.9825 (3)
At 28℃ fcu =0.5387ρ-2.0472，R2 = 0.97 (4)

At a certain temperature, both the resistivity increases and the compressive strength increased
with hydration time. In addition, the higher the temperature, the smaller slope (dfcu/dρ) of the
curve of fcu vs. ρ, that illustrates that the resistivity development is more sensitive to
temperature change.

fcu(t,T)=c·ρ(t,T)+b (5)
Where fcu(t,T), ρ(t,T) is the cube compressive strength and the resistivity at the age t and
temperature T respectively; parameters c and d are the regression coefficient, which are
related to hydration temperature and time.
The influence factors of the resistivity is porosity and the ion concentration in the liquid phase
(Yan P. el at., 2008; Wei X., el at., 2005; Wang X. el at., 2008; Wei X. el at., 2009; Archie G.
E. 1942), Archie (Archie G. E. 1942) established the relationship between liquid resistivity
and porosity of rock matrix, which shows a positive correlation between rock matrix
resistivity and liquid resistivity, and a negative correlation with porosity. Wei (Wei X. el at.,
2009) applied and modified the relationship to cementitious materials. In cement hydration
process, the porosity decrease with time, when the temperature changes, the rate of the
porosity decrease due to not only the hydration rate, but also the activity of the ions and
conductivity. However, the strength is closely related to porosity. The relationship as shown in
Eq.5 is dependent on temperature and independent on fly ash corporation. It could be said that
electrical resistivity method can be used to predict the compressive strength of cement pastes
at various temperature.
5. Conclusions
The main conclusions can be summarized as follows.
(1) The resistivity curves of cement-fly ash pastes have the same trend at different
temperatures, resistivity decrease to the lowest point in the dissolve stage, and then increase
with the formation of hydration products; in the early hydration, the paste with fly ash contain
less soluble conductive ions makes the resistivity higher than the plain system and then lower
due to pozzolanic reactivity of fly ash.
(2) Under different temperatures, the setting time and the first peak point occurring time in
resistivity differential curve have a good linear relationship, tsetting = a. tp + b, which is
independent on temperature and fly ash incorporation. The setting time of a cementitious
material can be predicted by resistivity method.
(3) the fly ash incorporation by 20%～60% replacements leads to the compressive strength
decrease by 35%～82%, 38%～78% and 32%～73% at 20℃, 24℃ and 28℃, respectively.
The more fly ash, the more serious the strength reduction. The rate of the strength reduction
becomes less at the higher temperature due to the more hydration promoted by temperature on
the samples with fly ash. The compressive strength and resistivity of the pastes at the same
age has a good linear relationship, fcu(t,T)=c·ρ(t,T)+b, which is related to the hydration
temperature and hydration ages, independent on fly ash incorporation. The resistivity change
is more sensitive to temperature change than compressive strength.
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DENSIFIED ULTRA-LIGHT CEMENT-BASED MATERIALS
A FUTURE LOW CARBON CEMENT TECHNOLOGY BY SUPERABSORBENT POLYMERS
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Abstract
Densified cement systems were developed in the early 1980s, about three decades past. The research led to historical
developments in cement and concrete research, forming the baseline for the design of modern cement systems, the so-
called high-performance and ultra-high performance concrete. Cement production comprehends one of the relevant
carbon emission footprints in the world. The substitution of cement by supplementary cementitious additions
encompasses several other health hazards, risks and also technical difficulties such as limited or incoherent pozzolanic
activity. Superabsorbent polymers can be used as a “clean technology” in the production of cement-based materials for
structural applications with a low carbon footprint. This paper describes the principles of this concept coupled with
experimental results on the basic properties of this enhanced type of cement-based materials with combined dense solid
skeleton and yet low carbon cement technology.

Originality
This paper describes an alternative path to current cement technologies aiming at the development of low carbon
cements. The use of superabsorbent polymers is a “clean” and sustainable alternative to inexistent or insufficient
supplementary cementitious additions. The use of superabsorbent polymers as a low carbon agent is original by itself.
This paper discloses several unseen properties of cement-based materials with superabsorbent polymers, and it defines
U-DSP cement binders, a new class of cements with lower density than ordinary Portland cement and relatively high
strength, which can have wide application in cement and concrete technology.

Keywords: functional cement, superabsorbent polymers, low carbon cement, green concrete technology
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1. Introduction
In the early 1980s, Hans H. Bache (1981) shocked the world with his basic principles on densified
cement ultra-fine particle-based materials (DSP), concept known today as ultra-high performance
concrete. Through his work, he proposed a new class of binders, which included the use of very fine
silica powder – “Mikrosilica”. With the help of the newly developed dispersion agent “Mighty”, it was
possible to mix powder blends into viscous pastes with very low water amounts (0.13 to 0.18 by
weight of powder). This led to new cement-based materials with unseen mechanical properties.
The use of water-entrainment by means of superabsorbent polymers was thoroughly explored in high
performance (low water) cement-based materials to avoid early-age cracking through mitigation of
self-desiccation, having its origin in the work by Ole M. JensenADDIN CSL_CITATION
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“inconvenient” of the use of superabsorbent polymers is the formation of empty porosity. This is a
result of a sequence of events starting with the formation of polymer-water spheres, hydration of
cement, internal curing and subsequent drying. This apparent “inconvenience” in terms of material
strength may be a great advantage in terms of durability, and in regions of the world where frost
resistance is required, studies show that the use of SAP is a smart possibility to design for durability of
cement under freeze/thaw action (Mönnig 2009).
In the FIBCEM project, research funded by the EU FP7 European 7th Framework Programme, SAP
was used for the generation of low density cement foams in the production of extruded fibre-cement
sandwich composites. SAP versatility in terms of pore agent makes it unique in the sense that pores
can be designed with any specific size, and shape. More importantly, the addition of SAP results in
closed porosity, which may be beneficial for holding good mechanical properties of cement-based
materials. In addition to the potential enhancements in the microstructure, using SAP as pore agent
leads to significant improvements in the hydration of densely-packed cement pastes (Justs et al 2014,
Esteves 2014).
Simultaneously with these developments, there are substantial efforts in the scientific community for
finding alternatives to using cement as construction material. The more popular approach is the
substitution of cement by supplementary cementitious materials – SCMs (Lothenbach et al 2011,
Meyer 2009). This approach is, however, turning into an “obsession” judging by the development of
publications indexed to the topic “supplementary cementitious materials” through search in Web of
Science, with 700% increase from 2005 to 2012. Karen Scrivener (2012), a lead researcher in the field
stated recently, that “Even fly ash, we´ve all heard about fly ash, and it is probably the most widely
available SCM, it is produced in very small quantities. There simply isn´t enough fly ash worldwide to
replace cement in any big amount…”. Being expected that the cement production may duplicate in the



next three decades, alternatives to using SCMs as cement replacement will be critical in terms of
demand in the near future (Schneider et al 2011). In other words, an alternative research path is
urgently required.
I believe that it is possible to act differently on the material design of cement-based materials. In this
paper, a new role for the use of superabsorbent polymers in cement-based materials is explored – the
possibility of creative design porosity of cement itself, optimising its design properties with focus on
its technical and environmental performance. As a few grams of SAP can generate a high volume of
water spheres, its applicability as a low carbon component in cement makes sense in the present
economical context. This can be a new path to develop alternative low carbon cements for structural
applications. The following will describe the principles of this conceptual approach, more holistic in
terms of the performance of modern cement-based materials.

2. General principles
The term DSP refers to “Densified Systems containing homogenously arranged, ultra-fine Particles”.
It seems natural to introduce a term related to the empty space occupied by the optimised pore
structure of the composite material – “Ultra-light”, from where results the acronym U-DSP.
The principle to design densified ultra-light cement-based materials consists in proportioning a blend
of a pore agent, e.g. superabsorbent polymers, and a densified low-water and low-porosity cement
matrix – a high-strength solid fraction. Design of low carbon cement pastes via introduction of
superabsorbent depends directly on the concentration and absorbency of the superabsorbent polymer
used in the mix proportioning. Both the strength class and carbon equivalent of the blend are a
function of the designed porosity. The design of the pore structure with this concept may be performed
theoretically at any scale. Both sub-microscopic cell porosity and microscopic pores (inclusions) can
be thought. In a DSP, the size of the particles arranged homogenously is within 0.1 and 100 µm. In a
U-DSP, the predominant size range is a function of the particle size distribution of SAP. It is possible
to idealise several different models of particles, and unimodal or bimodal distributions can be
straightforwardly obtained. Fig.1 shows pore design as idealized for a range between 1 and 10 µm.



Figure 1. Design of U-DSP cement and illustration of the new concept with SAP leading to optimized porosity in
the hydrates of the densely packed binder. a) DSP cement paste, b) an idealized U-DSP cement paste with close
sub-microscopic cell porosity.

The packing density of pores is controlled in a similar way as the mix proportioning of filler or
aggregate particles, in the sense that it is a particle-based system. In line with this method, it requires
an exact measure of the swollen state of the SAP particles. The design through swollen particle size
distribution of SAP can be conceptually performed via absorbency measurements as elaborated in
Esteves (2014). An example of a specific SAP used in the production of porous cements is given in
Fig.2. The packing density of water spheres may be studied in the same manner as for aggregate
particles (see Esteves 2009). For a tri-component material based on SAP dispersed in cement and
microsilica blends, the maximum density of the predominant phase will have as upper limit the
postulate by Kepler, which refers to the maximum packing density of single spheres in an infinite
Euclidean space. According to this principle, a SAP with a mode of 75 μm may generate a maximum
amount of 64% in pore volume, from where its absolute maximum proportion can be derived.
The following will explore the design of low carbon cements taking SAP with particle diameters
above the average size of cement grains. The chemistry in the hydration reaction of cement is assumed
to consist of the same basic reaction products – cement hydrates, with predominance of calcium
silicates.



Figure 2. Volumetric PSD of a SAP material at its collapsed (orange) and swollen (blue) states. The
measurement of the swollen PSD is performed in a relevant chemical environment by a laser diffraction
technique, specially developed for application of SAP in cement-based materials. Absorbency (k) is derived
according to (Esteves 2014).

3. Structure and properties of the hardened material
The microstructure of low carbon hardened U-DSP consists of micro porosity generated by SAP and
densely-packed cement-silica paste. The pore structure primarily depends on the concentration and
particle size distribution of SAP. Fig.3a shows the microstructure of cement paste with superabsorbent
polymers with a mode around 300 µm (swollen state). This value is confirmed by image analysis
performed on data obtained in cement pastes by computer tomography CT.
The mix composition of the cement blend governs the microstructure of the solid fraction. The case
refers to a microstructure of a modified silica fume cement paste, but it may be extended to other types
of cement blends, e.g. fly ash-cement blends. The microstructure of these systems consists in well-
known stable hydrated phases, and it will be treated as a homogenous solid fraction comprehending
non-hydrated cement grains and hydrated cement compounds up to its maximum hydration degree.
The total porosity of the solid phase can be estimated after Powers (1948), as elaborated in (Esteves
and Jensen 2012)2. In the example given in Fig.3b, the pore structure of the dense-packed cement
paste is characterized by non-hydrated parts corresponding to about 40% of the total amount of cement,
with approximate density of 3.025 g cm-1, and amorphous silicate hydrates with approximate density
of 2.331 g cm-3, taking Jennite as the reference C-S-H (Balonis and Glasser 2009). The total porosity
of these hydrates is 0.059 cm3 g-1, as measured by nitrogen absorption, with pores situated around a
mode value of 70 nm. This corresponds a surface area (BET) of 3.182 m2 g-1, which matches well with
previous research on basic cement (Roessler and Odler 1985, Feldman 1985).

2 Internal curing may have a significant effect on the specific porosity of the hydrated solid phases.



Figure 3. Microstructure of hydrated U-DSP cement. The cement paste is composed by cement with w/c ratio of
0.25. SAP was added at a rate of 1% by cement weight. a) Image refers to a computerized tomography scanned
slice on a low water cement paste with superabsorbent polymers. The cylindrical sample has approximately
28mm diameter, consisting of 20483 voxels (which matches an edge length of 17 µm). Scale bar =1 mm. b)
Image refers to the solid fraction of U-DSP taken by SEM with a BSE detector. Scale bar =10 μm.

3. Mechanical Properties

3.1. Compressive strength
Blended cement pastes composed by cement and silica fume added at a rate of 10 to 20 % by cement
weight, with w/c ratio of 0.20 - 0.25 (water to powder ratio of 0.16 - 0.18), superplasticizer and SAP at
a rate of 1% by cement mass lead to compressive strengths in the range of 40 - 60 MPa. Fig. 4 shows
results taken on initial batches to analyze the strength development of the new porous cement pastes at
an early-age. For a density of approximately 1700 kg m-3, measured at equilibrium in an atmosphere at



20 °C, the compressive strength of the composite is approximately of 50 MPa. This is far from the
strength level achievable with DSP materials. With no SAP, the strength of the reference DSP cured in
sealed conditions and prepared with standard vibration procedures is of 105 MPa. With appropriate
curing conditions, a similar cement-silica blend can achieve higher values in compressive strength (see
for example results in Lura et al. 2006, with strength values approaching 150 MPa at the same
hydration degree3). However, these strength levels are difficult to achieve in practice for real-size
concrete elements, without internal curing procedures.

Figure 4. Compressive strength of U-DSP cement measured on cylinders with 10 cm diameter and 20 cm high
(average of three samples), cured in sealed conditions at 40°C. Specimens were vibrated for 10-20 sec. at 30-50
Hz. Basic water to cement ratio w/c is 0.25. Entrained water to cement ratio (w/c)e is 0.20, calculated by
multiplying the absorbency of SAP by the its mass. Absorbency of SAP can be consulted in Fig.2.

Composition in kg m-3:

Portland cement4 1140
Silica fume 228
Water 285
SAP 11.4
water-entrained 228
“Mighty”5 14

3.2. Modulus of elasticity
The U-DSP cement paste is relatively less brittle than a usual high-strength cement paste. The stress-
strain curve is stable until failure, which means that most of the mechanical work may be considered

3 This result was obtained in relatively small cylindrical specimens, with 20 mm diameter and 40 mm height.
Therefore, they should not be directly compared with the values reported in this paper.
4 Portland cement refers to standard rapid hardening cement marked as CEM I 52.5N, acquired in Denmark. The
basic chemical composition can be consulted from Aalborg Portland for the first half of 2012.
5 Refers to a standard superplasticizer based in polyether ester, acquired in Denmark.



elastic. In other words, the pores left by SAP can actively participate by absorbing elastic energy,
which may include energy released during micro cracking, without compromising the mechanical
stability of the material. In general, this is usually achieved by the aggregate phase in the case of
structural concrete. In a standard DSP material, fragile fracture is often observed due to the state of the
material (undergoing early-age cracking), and crack propagation during loading of the samples.

Figure 5. Stress-strain diagrams of U-DSP cement, in comparison with a standard DSP cement paste. The dotted
red line indicates a stress-strain region of high probability for cracking and fragile structural collapse.

3.3. Fracture mechanics
The fracture mechanics of cement is, as any other ceramic glass, characterised by brittle failure, in the
sense that the initiation of a crack may lead to sudden failure and total structural collapse. Internal
crack stabilizers such as aggregate particles are required to control this behaviour, but so far, without
the presence of fibres or other high toughness reinforcement, cement-based materials cannot deform in
a plastic regime without collapsing. Fig.6 shows how is possible, through material design, to change
the stress-strain relationship (in bending) of U-DSP cements, so ductility is obtained. With about 2%
PVA fibres by volume, strain-hardening behaviour is obtained and the material shows a relatively high
toughness (in the range of 800 to 1200 N mm-1).



Figure 6. Stress-strain diagram (in bending) of U-DSP cement with 2 % by volume 6 mm PVA fibers. The
specimen was casted as single element with 240 x 60 mm and 5 mm thickness. Fig.4 gives the basic mix
proportion of the material.

3.4. Volume changes
It is well known that low water and low porosity cements show problematic early-age shrinkage, so-
called autogenous shrinkage (Bentz and Jensen 2004). Cements in such physical systems are sensible
to cracking if the deformation is impeded, and the simple presence of aggregate particles may result in
substantial internal stress leading to microcracking (Esteves 2009). This has an effect on the
mechanical properties of DSP materials. Volume changes of a U-DSP cement paste are dramatically
different, as the system is composed by an even higher concentration of internal curing sources,
compared with the suggested amount to balance the chemical shrinkage of cement hydration (Jensen
and Hansen 2002). Although autogenous shrinkage and early-age microcracking of U-DSP materials
is absolutely controlled, the drying shrinkage of this material may offer some challenges. In concrete
designed with internal curing by SAP, it was found that the drying shrinkage rate decreases, when
higher values in shrinkage-strain are obtained (Assmann and Reinhardt 2013). The impact of this
behaviour on cracking was discussed on the basis of restrained shrinkage tests (Igarashi et al 2000)
and well-established failure criteria. It was concluded that internal curing agents alone have only a
mild effect on the prevention of early-age cracking (Zhutovsky et al 2013).

4. Environmental Performance
The environmental performance of cement-based materials is typically evaluated through analysis of
its life cycle. There are many factors that can determine the life span of cementitious materials. It is
not only a matter of its mix design, but also of its function and performance in service, following its
more or less early disposal. The main environmental impact of concrete is attributed to the CO2
emission related with the production of cement. Therefore, the CO2 footprint of concrete is largely
influenced by the amount of cement used in its composition (Purnell and Black 2012). One of the
ways to reduce the CO2 incorporated in concrete is to use mineral additions as replacement of Portland
cement. In principle, SCMs used as by-products from other industrial developments contain lower
amounts of incorporated CO2, so the resultant binder will have, in average, a lower amount of



embodied CO2 - eCO2. Fig.7 shows the eCO2 as function of strength for the relevant U-DSP cement,
compared with the high-strength DSP, along with a reference representing the so-called green
cement – a cement blend that includes high amounts of SCMs, viz. low amount of clinker. The results
should be compared with some precaution, in the sense that compressive strength is not an absolute
measure to evaluate environmental performance, as there may be different structural requirements for
each of the model cements. For the same structural performance – e.g. same volume of concrete to
produce a specific structure, U-DSP materials may reduce the environmental impact of cement 25% in
relation to the DSP materials. At an equivalent strength, the green cement shows a potential for
additional improvement of 10%, neglecting the favourable effect of U-DSP in relation to consumption
of natural resources, energy used in transport and mass of the material. This is a promising result that
requires further elaboration.

Figure 7. Environmental performance (expressed by the value of eCO2 to the material strength) of U-DSP
materials in comparison with standard DSP and green cement based on fly ash replacement. eCO2 is elaborated
from the mix design of each system, weight-averaging of individual carbon loads. DSP and U-DSP refer to a
blend of cement and silica fume made with basic w/c ratio of 0.25 (see basic mix proportion in Fig.4). G-CEM
refers to a blend of cement and fly ash with basic w/c ratio of 0.85. Strength of G-CEM was adapted from
(Proske et al 2013), by multiplying the cube strength by a factor of 0.8, in order to convert to cylinder strength.

5. Durability
With appropriate design and production methods, with relevance for the curing methods, the durability
of high-strength cement-based materials is outstanding when compared to the durability of standard
cements used in concrete structures (Aïtcin 1998). The fine microstructure obtained with the fumed
silica results in an impervious skin, which is also present in U-DSP cements. It is expected that the
durability of this cement is comparable or higher to that obtained in dense-packed cements. There are
two main reasons for this. Firstly, the introduction of SAP mitigates autogenous shrinkage and,
therefore, microcracking present in DSP cement, especially those subjected to either internal or
external restraints. Secondly, the internal curing has as result a refinement of porosity in C-S-H due to
extended hydration of cement compounds. This means that the transport of specific substances through



the relatively less permeable solid skeleton will be far more difficult. Basic research on the transport
mechanisms of these materials is needed.
A few examples of applied research directed to the understanding of durability of concrete with
superabsorbent polymers may be found in the literature. Freeze-thaw resistance of concrete made with
small amounts of SAP used as air-entrainment (5 to 10% by volume) is significantly improved
(Lautzen et al 2008). The addition of relatively higher amounts of SAP in the mix design of U-DSP
cements has as microstructural consequence, a decrease in the pore spacing factor, which is beneficial
in controlling the scaling of the material due to exposure to freeze-thaw atmospheres (Zhutovsky et al
2011). Chloride induced corrosion is the major cause of deterioration in structural concrete. The level
of chloride is pointed as the critical factor, and it is governed by transport mechanisms in cement
(Angst et al 2009). Chloride migration coefficient determined by rapid migration test on concrete
composed by a standard DSP cement with addition of a small amount of SAP showed a lower value
when compared to the basic concrete formulation (Reinhardt and Assmann 2012).

6. Applications
Many applications can be foreseen for U-DSP materials. In principle, mix compositions can be
developed for both structural and non-structural concrete elements. So far, only non-structural
applications were experimentally validated. The design of structural elements through this conceptual
approach requires further investigation.

6.1. H CEM
The use of SAP with sub-microscopic size will lead to optimized spherical porosity in the C-S-H
system. In the relevant size fraction, SAP may act as catalyzer in the hydration of cement compounds,
as it minimizes Gibbs free energy in the so-called heterogeneous nucleation. It is reasonable to assume
that SAP should be designed with a size higher than the critical cluster size, which is defined as the
size at which Gibbs free energy G reaches its maximum value. The size range of this type of particle,
or pore, can be within 1 and 10µm. SAP is typically cross-linked by 20% monomer by mass. Taking
absorbency as 10 ml g-1, as measured in the relevant chemical environment, the previous elaboration
for SAP with 1µm means that the new cement contains water nucleus of around 2.5µm. This 8x10-7μg
particle will be delivering approximately 2.6x1017 water molecules useful to sustain hydration of C-S-
H, particularly (but not limited) in low water and low porosity cement systems.

6.2. Structural Concrete
Structural concrete is used in most of the main civil infra-structure all over the world. This includes
bridges, tunnels and most of the modern building developments, either in situ casted or precast
concrete elements. U-DSP materials are particularly interesting for the production of sustainable
concrete structures, due to its high specific strength, despite the relatively lighter material in
comparison with DSP materials. Different mix proportioning can be set up for this purpose.
Lightweight bridge-decks and structural building elements can be produced with remarkably lower
density. Design loads (dead loads) in structural concrete can be substantially reduced, without
compromising the typical mechanical specifications.
The Great Belt Bridge in Denmark was built with about 1.1 billion cubic meters of concrete with an
average specific mass of 2300 kg m-3. This results in a total mass over 2.5x106 tones. It is reasonable
to foresee green concrete produced with U-DSP cements, with 1800 kg m-3 and the same mechanical
performance. This means that the total dead load of the bridge can be reduced up to about 20% with
the current technology (other speculations will be explored).

6.3. Fibre-cement
U-DSP concept was successfully used in the FIBCEM (see Fig.8). The project aimed at the production
of extruded foam cement for sandwich panels with improved mechanical and durability properties.
Cement foams with densities lower than 1000 Kg m-3were produced with relatively high compressive



strength (Esteves and Jensen 2012). Single extrusion of low density U-DSP was successfully obtained.
The foam cement based on SAP can be used in the core of the FIBCEM material, a high-performance
cement sandwich, resulting in a lower density material compared to existing fiber-reinforced cements -
FRC. In addition, the configuration of the core material leads to improvements in thermal and acoustic
properties of the cement panels.
FIBCEM will be produced by a low energy multilayer extrusion process in which both foam cement
core and fiber reinforced skins can be simultaneously formed such that no discontinuity is formed
between them. By using a foam core and replacing part of the cement with materials such as fly ash
and silica fume, the CO2 footprint of the material can be significantly reduced compared to existing
FRC solutions.

Figure 8. FIBCEM - Nanotechnology Enhanced Extruded Fibre Reinforced Foam Cement Based
Environmentally Friendly Sandwich Material for Building Applications. This image is reprinted from the
memorandum agreement, and was kindly authorized by Cembrit Holding Denmark.

7. Concluding remarks
The development of clean cement technologies for modern construction materials is required for our
future as a society. In a context where environmental constrains are increasingly demanding with
regards to the efficient use of natural resources, to carbon footprint and use of energy, alternative
design methods for cement-based materials are urgently required for the production of low carbon
concrete. The use of superabsorbent polymers as replacement of cement can have a huge impact on the
environmental performance of cement-based materials. This can be achieved through design of the
pore structure of cement itself at both microscopic and submicroscopic scales coupled with the
strengthening of its solid fraction.
This paper describes the potential applications of SAP as a strong low carbon agent candidate, to be
used in the future of cement-based materials, minimising the problem of scarcity of raw material
sources such as supplementary cementitious materials. Structures with enhanced durability can be
produced with this type of material, and huge savings in cement can be foreseen.
This paper reports an un-explored research area that requires more and better attention by the research
society working with the cement. SAP was “born” to prevent early-age cracking in high-strength
cements, but it has the potential to “re-born” in many other cement applications. Young scientists may
find it interesting to help generating the necessary critical mass into this new path.
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Abstract
This work studies how nanosilica particles interact with a commercial dispersion of non-functionalized carbon
nanotubes rich in surfactant and how this combination affects the pozzolanic activity of the nanosilica in a cement paste.
The materials used were multi walled carbon nanotubes (MWCNT) dispersed in water with an anionic surfactant as
dispersing agent, colloidal silica nanoparticles (NS) dispersed in water, and Class G cement. Cement pastes with a
water-to-cement ratio of 0.45 and additions of MWCNT and NS up to 0.50% by mass of cement were produced in two
steps; the dispersions of nanoparticles were combined with the mixing water using an ultrasonic tip processor, and then
the cement was added and hand mixed until a homogeneous paste was obtained.

Isothermal calorimetry results showed that when the pastes were blended only with MWCNT, the surfactant present in
the dispersion acted as a retarding agent, delaying the heat release of the hydration reaction; whilst, when the pastes
were blended with NS and MWCNT, this retardation effect was minimized. Transmission electron microscopy (TEM)
and thermogravimetric analyses (TGA) results showed that in the first step of the mixing, the NS particles adsorbed the
excess of surfactant present in the MWCNT dispersion, partially maintaining its pozzolanic activity.

Originality
The retarded hydration of cement/MWCNT composites is studied in this work, and a novel approach to minimize this
retardation using NS particles is proposed. Surfactants are an effective dispersing agent for non-functionalized carbon
nanotubes in water, but at the same time have the potential to widely retard the hydration of cement when specific types
and amounts are used. If the MWCNT dispersion, rich in surfactant, is mixed with cement, the excess of surfactant will
adsorb onto the surface of the anhydrous grains, keeping the water molecules away and retarding the hydration. The
methodology proposed consists of the introduction of an additional surface onto which the excess of surfactant can
adsorb, preventing it from adsorbing onto the surface of the cement grains. NS particles were chosen for this purpose
because they have a dual functionality, high surface area for surfactant adsorption, and pozzolanic activity.

Keywords: Carbon nanotubes, nanosilica, surfactant, retardation, pozzolanic effect
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1. Introduction
Surfactants are commonly used as dispersing agents in colloid technology and have been identified as
an effective dispersing agent for non-functionalized carbon nanotubes in water (Konsta-Gdoutos,
Metaxa, and Shah 2010). However, it is known that some surfactants molecules, such as
lignosulfonates or polyacrylates, adsorb onto the anhydrous surfaces of cement grains and retard its
hydration reaction (Li et al. 2014); this poses a challenge when dispersing carbon nanotubes in a
cement matrix using an excess of surfactant. Because adsorption is a surface area phenomenon, a
novel approach to minimize this retardation effect is introducing an additional surface area onto which
the excess surfactant molecules can adsorb, preventing them from adsorbing onto the surface of the
cement grains and retarding the hydration. Nanosilica (NS) particles are an interesting option for this
because since they have a dual functionality, high surface area for surfactant adsorption and high
pozzolanic activity at early ages. This study focuses on how NS particles interact with a commercial
dispersion of non-functionalized nanotubes rich in surfactant, and how this combination affects the
pozzolanic activity of the NS.
2. Experimental
2.1. Raw Materials
The materials used in the experimental campaign were Class G cement produced by Holcim,
AQUACYL 0302™ Multi Walled Carbon Nanotubes (MWCNT) produced by Nanocyl, and
Cembinder W50 nanosilica produced by AkzoNobel. The MWCNT had an average diameter of 9.5
nm and an average length of 1.5 µm according to the manufacturer; the nanotubes came as an aqueous
dispersion with a solids concentration of 3% and an anionic surfactant as the dispersing agent. A
detailed characterization of the MWCNT has already been presented elsewhere (Mendoza et al. 2015);
therefore, only the characterization of the NS will be presented here.
The aqueous NS dispersion, which had a solids concentration of 15% by weight, was freeze dried and
characterized using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), dynamic
light scattering (DLS), and thermogravimetric analysis (TGA). XRD patterns were acquired with a D8
focus diffractometer from Bruker, equipped with a Cu radiation source (Kα 1.5418 Å); a 2Ɵ range
from 10 to 60° was analyzed, using a step of 0.05° and an accumulation time of 1 second per step.
EDX results were obtained using an EDX–720 equipment from Shimadzu. DLS results were
performed with a Zetasizer Nano ZS from Malvern instruments. TGA were conducted using a
platinum crucible in an atmosphere of N2, with a gas flow of 100 mL/min and a heating rate of
10°C/min up to 1000°C; the equipment used was an SDT Q600 DSC-TGA from TA Instruments.
2.2. Experimental Procedures
A reference sample of pure cement was prepared using a water-to-cement ratio of 0.45, which was
hand mixed for 90 seconds until a homogenous paste was obtained. Cement/MWCNT pastes were
prepared by combining the MWCNT dispersion with the mixing water, maintaining the same water-to-
cement ratio (w/c: 0.45) and a constant 0.25% addition of MWCNT by weight of cement, and then
adding cement and hand mixing. Cement/MWCNT/NS were prepared first by adding the MWCNT
and NS dispersions to the mixing water and then applying 500 J of ultrasonic energy with an
ultrasonic tip processor to ensure homogeneity; the water content from the MWCNT and NS
dispersions was taken into account to maintain constant water content of 18.63 g in each sonication
procedure. The 0.25% addition of MWCNT was maintained and the amount of NS substitution was
varied between 0.05 and 1.0%. After mixing the two dispersions, the cement was added and hand
mixed.
A portion of 5 g of each paste was sealed in a glass ampoule and used immediately for isothermal
calorimetry at 23°C. The rest of the paste was cured in 50 mL plastic airtight containers at room
temperature for 80 hours. When testing age was reached, the hydration was stopped using a freeze
dryer. TGA were performed using a platinum crucible in an N2 inert atmosphere with a gas flow of
100 mL/min, measured up to 900°C with a heating rate of 10°C/min. Isothermal calorimetry results
were obtained using a TAM Air isothermal calorimeter, with water as reference material.
3. Results and Discussion
3.1. Characterization of the NS



According to the EDX results presented in table 1 and the XRD pattern presented in figure 1, NS
particles are composed mainly of amorphous silica. DLS results presented in figure 2 show that the NS
has an average particle size of 29.0 nm (d50) and a narrow size distribution. NS also presented a loss
on ignition (LOI) of 9.0%, a TGA was performed to identify the source of this mass loss, and the
results are presented in figure 3. The total mass loss found in the thermogravimetric (TG) curve is
compatible with that found in the LOI test. Most of it occurred under 100 °C, with a broad peak in the
derivative thermogravimetric (DTG) curve at 42 °C, going almost up to 200 °C. This decomposition
event can be associated with the evaporation of adsorbed water onto the surface of the nanoparticles,
combined with a dehydration of -OH groups present in the structure or on the surface of the silica as
functional groups. According to the manufacturer, these functional groups were generated on the
surface of the nanoparticles to enhance the stability of the aqueous dispersion over time.

Tab. 1 Chemical compositions by EDX spectroscopy of NS /%
Composition SiO2 SO3 Al2O3 P2O5 CaO LOI

Content 87.2 1.8 1.0 0.8 0.2 9.0

Figure 1 XRD pattern of NS

Figure 2 Particle size distribution of NS



Figure 3 Thermogravimetric analysis of NS
3.2 Transmission Electron Microscopy
After sonication and before adding the cement, a 5 μl aliquot of the 0.25%MWCNT/0.50%NS sample
was taken and dropped in a No. 300 copper mesh. This was left to dry at room temperature and
imaged by transmission electronic microscopy (TEM), both in bright field mode and in high-angle
annular dark-field (HAADF) mode; the obtained images are presented in figure 4. The bright field
image, presented in figure 4(a), shows an individual sphere of NS covered by a layer of a different
material. The HAADF mode image, presented in figure 4(b), shows that the layer around the NS
particle is constituted of atoms of lower atomic weight than Si; this can be determined because the
silica sphere appears brighter than its surroundings. According to the chemical composition of the NS
dispersion, the presence of atoms lighter than Si is not sufficiently significant; therefore, this layer can
be associated with the surfactant present in the MWCNT dispersion, which is composed mainly of C
atoms, which are lighter than Si. This image suggests that the excess of surfactant from the MWCNT
dispersion adsorbs on the free surface of the NS particles.

Figure 4 TEM images of mixture of NS and MWCNT dispersions: (a) bright field mode and (b) HAADF mode
3.3. Isothermal Calorimetry Results
It has been previously demonstrated that an addition of 0.25% of AQUACYL 0302™ MWCNT
widely retards the hydration reaction of Class G cement as result of an adsorption onto the surface of
the cement grains of the excess surfactant present in the MWCNT (Mendoza et al. 2015). This effect is
presented in figure 5(a), where it can be observed that, if taking as a reference the time at which the
maximum heat release occurs, the addition of 0.25% MWCNT retards the hydration reaction
approximately 6 hours. This peak of heat release has been associated to the formation of calcium
silicate hydrates (C-S-H) and Ca(OH)2 (Taylor 1997). In figure 5(b), it can be observed that when
adding NS to the MWCNT dispersion and before mixing with cement, the retardation effect becomes
minimized. This is so effective that when using 1.0% NS, the hydration reaction becomes accelerated

(b)

400 nm

(a)

400 nm



when compared to the control sample. To obtain a better visualization of the phenomena, the time to
the maximum heat flow of the curves in figure 5(a) and 5(b) was plotted versus the amount of NS
substitution; the result is presented in figure 6. It can be observed that the time to the maximum heat
flow is inversely proportional to the amount of NS introduced into the system and that these are not
linearly correlated. Smaller amounts of NS more effectively minimize the effect of the surfactant; this
probably because of the agglomeration phenomena of NS when higher concentrations of nanoparticles
are used.
The cumulative heat curves of the studied samples are presented in figure 7. Figure 7(a) shows how
after the desorption of surfactant from the anhydrous cement grains, the total heat release of the
sample blended with 0.25% MWCNT becomes higher than the control sample. This was attributed
to a nucleation effect of the MWCNT (Mendoza et al. 2015) or to the extension of the induction
period (Pang et al. 2014). Figure 7(b) shows that for a fixed amount of 0.25% MWCNT, the
cumulative heat increases proportionally to the amount of NS. This indicates that despite having
adsorbed the excess of surfactant, the NS particles still have pozzolanic activity and are probably also
working as nucleation spots.

Figure 5 Heat flow curves of (a) pure cement paste and cement paste combined with 0.25% MWCNT and (b)
cement pastes combined with 0.25% MWCNT and different substitutions of NS

Figure 6 Time at which appeared the maximum heat flow of cement pastes combined with 0.25% MWCNT and
different substitutions of NS (dotted line: time to maximum heat flow of pure cement paste)



Figure 7 Cumulative heat curves of (a) pure cement paste and cement paste combined with 0.25% MWCNT and
(b) cement pastes combined with 0.25% MWCNT and different substitutions of NS

3.4. Thermogravimetric Analyses Results
TGA were performed to confirm if the NS particles still had pozzolanic activity after adsorbing the
excess of surfactant present in the MWCNT dispersion. For this purpose, TG/DTG curves were
obtained from samples blended with MWCNT and NS and compared with results from samples
blended only with NS. Three main decomposition events were identified: (i) the dehydration of C-S-H,
ettringite (AFt), monosulfoaluminate (AFm), and aluminate calcium hydrates (ACH and CASH) up to
200°C; (ii) the dehydroxilation of Ca(OH)2 around 450°C, and (iii) the decarbonation of CaCO3

around 600°C.
The effect of the pozzolanic reaction of NS was studied using the Total Combined Water (TCW),
which corresponds to the sum of all mass loss associated with dehydration in the sample, i.e. the sum
of the mass loss of C-S-H, AFt, AFm, ACH, CASH and Ca(OH)2.This was presented as mass loss and
not as weight fraction due to the non-stoichiometric structure of C-S-H and to the limitations of the
conventional TGA experiment, which did not allowed to separate the mass loss corresponding to each
mineral and calculate their proportions using stoichiometric balances. The individual mass loss of
Ca(OH)2 dehydration and CaCO3 decarbonation were used to calculate their corresponding weight
fraction. The CaCO3 weight fractions were corrected by the initial carbonate content of the cement
before hydration, and the Ca(OH)2 weight fractions were corrected by the CaCO3 from carbonation.
The results are presented in figures 8 and 9. Variations of TCW in each sample were calculated as a
percentage of the TCW of a plain cement paste cured under the same conditions. The results are
presented in figure 10.

]



Figure 8 TGA quantification results of pastes combined with different substitutions of NS and cured 80 hours
(TCW: Total Combined Water)

Figure 9 TGA quantification results of pastes combined with 0.25% MWCNT and different substitutions of NS,
cured 80 hours (TCW: Total Combined Water)

Figure 10 Variation of TCW after 80 hours of curing, with respect to a plain cement paste, of pastes blended
only with NS and with 0.25% MWCNT and NS

As expected, all the amounts of NS studied generated an increase of TCW as consequence of a higher
formation of C-S-H, due to its pozzolanic activity and nucleation effect (Singh et al. 2013). The extra
C-S-H comes from two sources: from the pozzolanic reaction of NS that uses Ca(OH)2 and water to
form C-S-H, and from the acceleration of the C3S hydration by the nucleation effect of NS. The
acceleration of the C3S hydration generates not only extra C-S-H. It was previously demonstrated that
that even though the hydration is retarded, it is not completely hampered, and during this extra time
additional Ca(OH)2 is produced (Mendoza et al. 2015), this additional Ca(OH)2 might be partially or
totally consumed by the pozzolanic reaction, depending on the reactivity of the pozzolan. The NS
particles consumed all this extra Ca(OH)2,this was confirmed in figure 8, where it can be seen that the
amount of Ca(OH)2 in the sample remains fairly constant, while the TCW increases up to 30% with
respect to plain cement for 1.0%NS. When using the combinations of NS with MWCNT, an increase
of TCW was also identified in the pastes, but in a smaller magnitude. This indicates that after



adsorbing the excess of surfactant, the NS particles still have pozzolanic activity, but this activity is
limited by the presence of the surfactant molecules on its surface. For 0.25%MWCNT/1.0%NS, the
increase of TCW was 18%, almost half of that obtained without the presence of MWCNT and
surfactant in the media.
4. Final Discussion
Experimental results obtained from TEM, isothermal calorimetry, and TGA techniques showed that
the excess of surfactant present in the MWCNT aqueous dispersion, which is used to disperse the
nanotubes and maintain the colloid stability over time, widely retards the hydration reaction of cement.
It was also found that if NS particles are previously mixed with the MWCNT dispersion, the
retardation effect becomes completely minimized, depending on the amount of NS used. However, NS
loses some of its pozzolanic activity. This effect is associated with adsorption/desorption phenomena;
a schematic representation of the mechanism proposed to explain the effect of the NS particles is
presented in figures 11 and 12.
The excess of surfactant present in the MWCNT adsorbs onto the surface of cement, maintaining the
water molecules away from the cement and retarding its hydration until desorption occurs and the
hydration reaction is resumed; this is presented in figure 11. When the NS particles are previously
mixed with the MWCNT dispersion, the excess of surfactant molecules becomes adsorbed onto their
surface instead of the surface of the cement grains; this is presented in figure 12. The adsorption of
surfactant onto the surface of the NS particles causes a partial loss of its pozzolanic activity.
Desorption of the surfactant from the surface of the NS should be carefully studied to confirm if the
loss of pozzolanic activity is permanent or temporary.

Figure 11 Schematic representation of adsorption of surfactant molecules on anhydrous cement grains



Figure 12 Schematic representation of adsorption of surfactant molecules on NS particles instead of cement
grains

5. Conclusions
The following conclusions are a result of this work:
- The excess surfactant used to disperse the MWCNT adsorbs onto the cement grains and retards its
hydration reaction, which is only resumed when the surfactant desorbs from their surface.
- NS particles mixed with the MWCNT dispersion adsorb the excess of surfactant instead of the
cement grains. This minimizes the retarding effect of the surfactant.
- The adsorption of surfactant onto the surface of NS particles causes a partial loss of its pozzolanic
activity.
- Desorption of the surfactant from the surface of the NS should be carefully studied to confirm if this
loss of pozzolanic activity is permanent or temporary.
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Impedance Spectroscopy of Cement Hydration and Its Interpretation
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Abstract:
It has long been empirically and phenomenologically understood that there exist close relations between cement
hydration and its impedance spectroscopy. Much is left to be desired as to the reason why it should be so. In the present
work impedance spectra of cement paste and mortar have been shown in complex plane plots along with its equivalent
circuits which in its simplest case are a resistance Rs in series with a component composed of a resistance Rp and a
capacitance Cp in parallel. Apart from the fact that Rs has known to be related to the porosity of the paste or the
mortar, the Rp which can be measured by the diameter of a semicircle in the complex plane, is proportional to the
hydration degree, while Cp is the capacitance of the double layer on the surface of the hydrated particles in the cement
paste. As the hydration goes further, the circuit parameters Rs, Rp and Cp change in a definite direction. Mineral
admixture such as slag and fly ash in mortar will change these circuit parameters that can be elucidated from the
mechanism of the hydration process.

Originality
Interpretation of the physical meaning of impedance parameters in the measurement of cement paste upon which it is
possible to further investigate the mechanism of cement hydration.
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1. Fundamentals
A certain cubic specimen of cement paste or mortar was put in close contact with two opposite
stainless steel plates which were used to be blocking electrodes for AC impedance measurement. A
small sinusoidal voltage signal of certain frequency was put on; the sinusoidal current response of the
same frequency could be measure. The current response will be of the same frequency but of different
phase. The ratio of the voltage to the current must be expressed by a complex value termed as
impedance. The complex impedance Z can be divided into two parts, namely, the real part Z’ and the
imaginary part Z”.Z’ and Z” are function of frequency, so

Z(jw)=Z’(w)-jZ”(w) (1)
where: w is angular frequency w 2 f , f is frequency and 1j  
Usually the set of complex impedance at different frequencies can be plotted in a complex plane which
is customarily called Nyquist plot. For a redox reaction in electrolytic solution, the typical Nyquist
plot can be shown as Fig.1. The hydration of cement paste and mortar is of the same shape .

Fig.1 Typical Nyquist plot of a hydration process of cement
From Fig.1 one can see that the curve is composed of two parts, i.e. a semicircle in the high frequency
region and a straightline of slope 1 in the low frequency region. The Nyquist plot of Fig.1 can be
represented by an equivalent circuit shown in Fig.2.

Fig.2 Equivalent circuit for Fig.1
In Fig.2, Rs is resistance of electrolytic solution, Rp is resistance of charge transfer, Cp is capacitance of
double layer. For cement paste and mortar, as they are of the same shape as the redox reaction in
electrolytic solution, one should ask what redox reaction takes place in it. As is well known, the
hydration of cement paste and mortar is a typical ionic and colloid process in which there is no process
of electron transfer from one molecule to another. For the sake of simplicity, the calcium silicate can
be chosen as representative and the hydration reaction of cement paste and mortar can be shown as
follows:

C3S+H→ CH+C-S-H (2)
2. Mechanism of Cement hydration
As Fig.1 is only typical for redox reaction, in our previous work(Shi ML, 2003), it is assumed that in
the hydration process of cement paste and mortar there exist hydrated electrons e.aq . However, they

Rs Rp
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ω→0
∞←ω

Z’
0

Rs

Rp
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have as yet not been found by other experiment. How to solve this puzzle and explain the charge
transfer in the process? Correct interpretation of this process can not only deepen our understanding
of the hydration of cement paste and mortar, but also extend the use of impedance spectroscopy to a
larger scope other than electrochemistry. Further, from the impedance data one could get deeper
insight into the kinetics of the hydration reaction.
Though impedance technique is generally applied in chemical reactions including electron transfer
from one molecule to another, for electric charges bigger than electron it should also be valid. One
example is the intercalation reaction in lithium battery(Shi ML, 1982), where lithium ion is much
bigger than electron. In the hydration reaction, water molecule is slightly dissociated into proton and
hydroxide ion , the very proton plays the role of the charge to be transferred. It is a process of
Bronsted acid base reaction(Wells M, 1998)：

Base + p → Acid + Base (3)
In the present case, calcium silicate and other components in cement are Bronsted base and the
hydration product C-S-H gel is Bronsted acid(Wells M, 1998).
3. Kinetic Parameters
So far kinetics of hydration of cement paste and mortar is described by hydration rate, i.e. , hydration
degree per unit time or hydration depth per unit time(Taylor HFW, 1990; Czernin W, 2002), it is rather
rudimentary for accurate measurement of the process. Impedance spectroscopy as a sophisticated
technique affords a simple and rapid way to obtain the knowledge.
As the results of the impedance measurement of hydration process are of the shape as plotted in Fig.1
and represented by equivalent circuit shown in Fig.2, the electric parameters shown in Fig.2 can easily
be obtained from the curve in Fig.1. Rs can be obtained from the intercept of semicircle on the left side
of the real axis, Rp can be obtained from the diameter of the semicircle, Cp can be calculated from the
frequency of the peak of the semicircle:
Rp﹒Cp=1/w (4)

From Rs one can obtain the information of porosity, on the other hand, from Rp the information of
degree of hydration can be obtained. Cp is the capacitance of C-S-H gel, i.e. the quantity of ions and
other charges in the gel. One can compare these parameters of cement paste or mortar for different w/c
ratio, different curing ageing, with different mineral admixtures and different other conditions. To
compare specimens of different w/c ratio , one find that for w/c ratio range from 0.5 to 1.5, the value
of Rp are almost the same, that is to say, they are of the same hydration rate. Parameters of the same
specimen at different curing age were shown in Tab.1( Zhang Y, 1999; Zhang Y et al., 2000; Shi ML et al.,
2002a; Shi ML et al., 2002b).

Tab.1 Impedance Parameters of Cement Paste for different Curing Ages
30d 45d 60d 90d 180d

Rs/kΩ 0.644 0.538 0.467 0.305 0.298
Rp/kΩ 0.32 1.43 1.87 2.55 3.19
Cp/μF 4.0 18 21 28 45

From Tab.1 one can see that Rs is gradually smaller with time while Rp and Cp are gradually bigger.
Parameters of cement paste with different minerals at the same curing condition were shown in
Tab.2(Zhang Y, 1999; Zhang Y et al., 2000; Shi ML et al., 2002a; Shi ML et al., 2002b).

Tab.2 Impedance Parameters for Specimens with Different Mineral Admixture at 90d
Rs/kΩ Rp/kΩ Cp/μF

Control(cement paste) 0.305 2.55 28
Mortar 0.311 2.70 27

Slag(30% by mass) 0.335 3.91 15
LLF(30% by mass) 0.339 4.05 9
HLF(30% by mass) 0.392 4.36 14

In Tab.2, LLF is low lime fly ash, HLF is high lime flyash. From Tab.2 one can see that the
impedance parameters of mortar are similar to the control. From Rs of the specimens one can see that



mineral admixture only slightly change pore structure of the cement paste and mortar. On the other
hand, hydration degree is changed significantly by adding mineral admixtures.
The mineral admixtures can be divided into two categories: those of hydration-sensitive and
hydration-insensitive. Sand is hydration-insensitive, addition of it does not change the mechanism and
kinetics of hydration process, however, silica fume, fly ash and slag are hydration-sensitive, which
may change the kinetic parameters of the hydration process( Shi ML et al., 2000; He HZ et al., 2003).
Kinetic parameter in electrochemistry can be expressed by exchange current Io(Bard AJ et al., 2003).
Io is related to impedance parameter Rp as

0
p

RTI
nFR

 (5)

Where: F is Faradaic constant and R is gas constant, T is absolute temperature. For ion hydration, the
average value of n is 4-6, for proton, as it is very small, n is reasonably assumed to be 1 in
Literature(He HZ et al., 2003) .
Rate constant k in kinetics can be related to Io as

0I nFAkc (6)
Where: A is area of the electrode, c is the concentration of proton which can be known from the pH
value of the pore solution in cement paste or from the electric charge in C-S-H gel:

pQ C dE  (7)

As the voltage in impedance measurement ranges from -5mV to+5mV, the electric charge Q can be
calculated by

0.01VpQ C  (8)
From formula (6) one can see that the rate constant k of the hydration process is determined by two
factors: exchange current I0 and proton concentration in C-S-H gel.
Kinetic Parameters of cement paste and specimens mixing with different mineral admixtures are
shown in Tab.3.

Tab.3 Kinetic Parameters of Cement Paste with Different Mineral Admixtures at 90d

Control Slag
(30%by mass)

LLF
(30%by mass)

HLF
(30% by mass)

I0/μA 10.20 6.65 6.42 5.96
CHF/μF 28 1 9 14
Q/μC 0.28 0.15 0.09 0.14
k/cm2s-1 2.28 2.77 4.46 2.66

From Tab.3 one can see that the rate constant for specimen with LLF is the biggest though the
exchange current is small as compared with the control.
In the hydration and hardening process of cement paste, with the increase of curing age, porosity
decreased, the degree of hydration increased, and the key parameters of impedance Rct and Rs
increased correspondingly(Sui CE et al., 2015).
4. Conclusions
Hydration of cement paste and mortar is a process of proton transfer, in other words, it is a Bronsted
acid base reaction.
By impedance technique one can obtain ample information of mechanism and kinetics of cement
hydration.
Kinetics of the hydration process of cement paste and mortar can be expressed by exchange current I0
and rate constant k , which can be calculated from impedance parameters of the equivalent circuit.
Mineral admixtures can be divided into two categories, those change the kinetics of hydration and
those do not change.
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Abstract
When the low strength grade of steam-curing concrete is produced, the temperature which the concrete leaves steam-
curing kiln is about 20℃ commonly. The temperature difference is too large between the environmental temperature
and the temperature which the concrete leaves steam-curing kiln when the daily average temperature drops to 10℃.
Because the steam-curing concrete is cooled rapidly, a lagre of crack will be produced in concrete and
the internal structure of concrete will be damaged normally. Then the performance of concrete will be influenced badly.
In order to improve the negative effect on concrete by steam curing, the different supplementary curing is used after
steam curing. The C30 concrete is made in this research. The daily average temperature is 5℃~10℃ and the
minimum temperature is -6℃ during the test. After the concrete is formed, it is placed in 20℃ environment for 2h first.
Then the concrete is heated to 55℃ in 2h and maintained for 8h in the steam-curing kiln. In the end, the concrete is
cooled to 20℃ in 3h. After steam curing, the standard curing and covering by wet fabric or film outside are used
separately for concrete. The supplementary curing time is 1d, 2d, 3d and 4d. Then the concrete is placed in natural
environment to 28d. The microstructure of hydration products are observed by electron microscope. The density of
concrete is analysed by the result of the 28d saturated water content, softening factor and 28d rapid carbonation depth.
The mechanical properties of concrete are researched by the result of the 28d strength. When the concrete adopts
standard curing or covering by film after steam-curing, the saturated water content and 28d rapid carbonation depth of
the concrete will reduce, but the softening factor and 28d strength of the concrete will increase with the time. The
performance of concrete which adopts covering by wet fabric after steam-curing is worse than that adopting standard
curing. At the same time, the saturated water content and softening factor of concrete change little. Covering by wet
fabric is worse than no covering or similar. In the test environment, the performance of the steam-curing concrete with
each supplementary curing is worse than that of the concrete with standard curing. The standard curing is the best
supplementary curing in this test. But covering by film is a worthy supplementary curing from economy and
practicability. Covering by film for 4d, the 28d strength of steam-curing concrete is 87 percent of that of the concrete
with standard curing and exceeds Design grade. Its saturated water content is 1.50% and softening factor is 0.932. Its
rapid carbonation depth is close to that of the concrete with standard curing and its microstructure of hydration
products is preferable.

Originality
In north china, the prefabricated construction is perfect for construction in winter. The low strength grade steam-
curing concrete is used in the prefabricated construction commonly. The steam-curing concrete is placed in outdoor
yard for natural curing after left the kiln. It cracks and its performance reduces frequently after producing in winter. To
solve this problem, the supplementary curing is used after steam-curing in this study. The standard curing and covering
by wet fabric or film outside are used separately for concrete. The saturated water content, softening factor, strength
and 28d rapid carbonation depth of 28d concrete are tested to analyse the effect of each supplementary curing. The
microstructure of hydration products are observed by electron microscope. The best supplementary curing is chosen for
cushion of steam-curing. A kind of economic and effective manufacturing technology is studied for the low strength
grade steam-curing concrete in low-temperature environment. It will be worthy for the prefabricated construction in
cold regions.

Keywords: steam-curing concrete; curing; density; strength
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1. Introduction
With the development of prefabricated construction, the large precast concrete panels are used more
and more in china. The precast concrete panels are mainly produced by steam curing to shorten the
production cycle (Ma Baoguo et al., 2007; Jiang Zhengwu et al., 2010). The temperature rises faster
and usually reaches more than 50℃ in steam curing. The early strength of steam-curing concrete
increases rapidly. But the long-term strength and durability of concrete can not be effected profitably
by steam curing (Selcuk T et al., 2005; Tian Yaogang et al., 2009; Geng Jian et al., 2011; Ba
Mingfang et al., 2011). The steam-curing concrete is placed in outdoor yard for natural curing after
left the kiln. The temperature contrast between concrete and environment is relatively large When the
environment temperature is low. It is considerably destructive to concrete(Zhang Fengchen et al.,
2010). In severe cold region, the steam-curing concrete is seriously effected by temperature difference.
For improving this problem, the supplementary curing is used after steam-curing in this study. The
performance of concrete by different curing is tested and analysed to prove whether the supplementary
curing is propitious to steam-curing concrete. Some effective technology is studied to improve the
performance of steam-curing concrete which is produced in low temperature.
2. Experimental
2.1. Raw Materials
The 42.5 ordinary Portland cement is used in this study which is made by
Tangshan jidong cement Co., Ltd. The 28d strength of this cement is 44.5MPa. The fly ash grade Ⅱ
from Shenhai power plant is used for admixture. Table 1 shows the chemical compositions of cement
and fly ash.

Table. 1 Chemical compositions (by mass) of cement and fly ash /%
Material SiO2 Al2O3 Fe2O3 TiO CaO MgO SO3 LOSS
Cement 21.6 6.2 4.1 1.3 57.9 3.7 2.2 3.0
Fly ash 55.4 24.8 9.9 - 3.5 0.9 0.9 4.6

The river sand is used for fine aggregate which fineness module is 2.74. The breakstone is used for
coarse aggregate which continuous grading is 5~20 mm. The polycarboxylate superplasticizer is made
by Liaoyang kelong chemicals Co., Ltd. Table 2 shows the mix proportions of C30 concrete.

Table. 2 Mix proportions of the concrete /(kg/m3)
cement fly ash water sand breakstone superplasticizer

250 130 150 790 1080 3.8
2.2. Experimental Process
The concrete samples are prepared with geometry size of 100mm×100mm×100mm and
100mm×100mm×400mm which are mixed as table 2. After 2h, they are cured under standard curing
conditions or steam curing condition. In this study, the standard curing condition means the
temperature of (20±2)℃ and the relative humidity above 90%, and the steam curing system is
stipulated as follows: the total steam curing period is 13h including 2h heat-up, keeping constant
temperature steam for 8h and 3h cooling-down curing. Under the constant temperature steam
condition, the temperature is chosen to be (55±5)℃ , and the humidity in the steam-curing box is
above 90%. After steam curing, the concrete samples are adopted different supplementary curing for
1d, 2d, 3d and 4d after stripping. Then they are set outside for natural curing. The standard curing and
covering by wet fabric or film outside are used separately for concrete as supplementary curing. When
the concrete samples cover by wet fabric or film, the curing temperature is as same as
outdoor environmental. The daily average temperature is 5℃~10℃ and the minimum temperature is -
6℃ during the test. Some performance indexes of 28d concrete with different curing are tested to
analyse the effect of each supplementary curing. Of these, the saturated water content, softening factor
and 28d rapid carbonation depth are tested to study the density of concrete, the strength is tested to
analyse mechanical property of concrete, and the microstructure of hydration products are observed by
electron microscope. The concrete samples with different curing will be used to test 28d rapid
carbonation depth which geometry size is 100mm×100mm×400mm. In the 28d rapid carbonation
depth test, the concrete samples are placed in oven which temperature is 60℃ for 48h when their



curing age is 26d. Then, their surfaces are sealed by paraffin except a pair of side in forming. Under
the constant carbonation condition, the carbon dioxide is maintained at （20±3）%, the humidity in
the carbonation box is (70±5)%, and the temperature is chosen to be (20±5)℃. The concrete samples
are cut and sprayed by phenolphthalein solution 1% in ethanol indicator after staying in carbonation
box for 28d. Then, the carbonation depth of every survey point in concrete sample is measured by
vernier calipers after 30s.
3. Results and Discussion
According to table 2, the performance of concrete is tested which is adopted standard curing for 28d.
Its saturated water content is 1.08%, softening factor is 0.953, 28d rapid carbonation depth is 3.6 mm,
and strength is 42.9 MPa. The large softening factor, little saturated water content and 28d rapid
carbonation depth show that the standard curing concrete is very dense at 28d.
With same mix proportions and age, the performance of steam-curing concrete is worse than that of
standard curing concrete. Its saturated water content is 3.12%, softening factor is 0.847, 28d rapid
carbonation depth is 7.9 mm, and strength is 33.8 MPa. Comparing with standard curing concrete, the
density and 28d strength of steam-curing concrete reduces obviously.
Then, the steam-curing concrete with different supplementary curing is prepared and tested. The
standard curing and covering by wet fabric or film outside are used separately for concrete as
supplementary curing. The results of tests are shown in figure 1. At the same age, the performance of
the steam-curing concrete with different supplementary curing still can not be good as the standard
curing concrete. But standard curing or covering by film after steam curing can help to improve the
performance of the steam-curing concrete.

（a）saturated water content （b）Softening factor

（c）Carbonation depth （d）28d strength
Figure.1 The result of steam-curing concrete by different supplementary curing



Adopted standard curing for 1d to 4d after steam curing, the time of supplementary curing is longer,
the saturated water content is less, the softening factor is larger, the 28d rapid carbonation depth is less,
and the strength is larger at 28d age. When the concrete adopts standard curing for 4d after steam
curing, its saturated water content is 1.38%, softening factor is 0.934, 28d rapid carbonation depth is
4.9 mm and strength is 38.4 MPa. The effect of covering by film is similar to standard curing for
steam-curing concrete. When the concrete adopts covering by film for 4d after steam curing, its
saturated water content is 1.50%, softening factor is 0.932, 28d rapid carbonation depth is 5.1 mm and
strength is 37.3 MPa. Adpoting covering by wet fabric for 1d to 4d after steam curing, the time of
supplementary curing is longer, the 28d rapid carbonation depth is less, the strength is larger at 28d
age.At the same time, the saturated water content and softening factor of concrete change little. When
the concrete adopts covering by wet fabric for 4d after steam curing, its saturated water content is
2.76%, softening factor is 0.843, 28d rapid carbonation depth is 6.2 mm and strength is 34.0 MPa.
Comparing to the standard curing, the steam curing can accelerate the early hydration of cementing
material. The steam can enter into concrete through pores and water of the concrete can evaporate out
concrete because the humidity and temperature change throughout curing period. Because of water
translocation, the porosity of steam-curing concrete will increase and the microcrack will enlarge. The
mechanical properties and durability of concrete are effected seriously by steam curing. The SEM
photos of 28d concrete adopted different curing are shown in figure 2 and figure 3.

（a）standard curing for 28d （b）standard curing for 4d after steam curing

（c）covering by wet fabric for 4d after steam curing （d）covering by film for 4d after steam curing
Figure.2 The SEM of concrete by different curing magnified 5000 times

Figure 2 which magnification is 5000 times shows that the hydration state of cementing material
adopted different curing is very different. Its hydration products form the dense structure and the most
fly ash particles hydrate completely which is adopted standard curing for 28d.



Among the three kinds of supplementary curing, its hydration of cementing material is the best which
is adopted standard curing for 4d after steam curing. Under this curing condition, the structure of
hydration products is dense, the surfaces of fly ash particles are wrapped by hydration products but the
particles do not hydrate enough inside.
Adopted covering by wet fabric for 4d after steam curing, the hydration of cementing material can not
be fine. There are large holes and some obvious microcracks in hydration products. The fly ash
particles can not be wrapped enough by hydration products.
Adopted covering by film for 4d after steam curing, the structure of hydration products is relatively
dense and a part of fly ash particles can not be wrapped enough by hydration products.

（a）standard curing for 28d （b）standard curing for 4d after steam curing

（c）covering by wet fabric for 4d after steam curing （d）covering by film for 4d after steam curing
Figure.3 The SEM of concrete by different curing magnified 20000 times

Figure 3 which magnification is 20000 times shows the reticulated structure of gelate under different
curing condition. When the cementing material is adopted standard curing for 28d, the gelate fibres are
slender and form dense reticulated structure which produces in hydration. With each supplementary
curing after steam curing, the gelate fibres are thicker than those under standard curing condition
absolutely.
Among the three kinds of supplementary curing, the reticulated structure of gelate is the best at the
same age which is adopted standard curing. Adopted standard curing for 4d after steam curing, the
gelate fibres form dense reticulated structure relatively at 28d age.
Covering by wet fabric for 4d after steam curing, the gelate fibres are stubby and a part of gelate does
not form reticulated structure which produces in hydration at 28d age. The state of gelate is the worst
in three kinds of supplementary curing.



Covering by film for 4d after steam curing, the reticulated structure of gelate fibres is similar to that
which is adopted standard curing for supplementary curing at 28d age. But there are some pores and
defects in reticulated structure.
In steam curing process, the cement hydrates quickly and the gelate arises violently. But the fly ash
can not hydrate absolutely and much of these does not react at all. If the concrete is put outside for
natural curing after steam curing, the cementing material can not hydrate normally when it is cold.
Because temperature and humidity are low, internal stress will arise and cracks will expand in steam-
curing concrete in natural curing period. Because water moves two-way during steam curing period,
the porosity will increase. They all effect the performance of steam-curing concrete unfavorably. The
study shows that it will be good to steam-curing concrete through some supplementary curing after
steam curing. Adopted standard curing for 1d ~ 4d after steam curing, the cementing material can
hydrate further which does not react in steam curing period. The cracks will be filled and the defect
will be cured partly by new hydration products for fine curing condition. It will be a good cushion
between steam curing and natural curing. It will be some advantage to maintain temperature and
humidity of concrete that covering by film is adopted for 1d ~ 4d after steam curing. The two kinds of
supplementary curing above can improve the performance of steam-curing concrete significantly. The
supplementary curing time is longer, the density and mechanical property of steam-curing concrete is
better.
In the test of covering by wet fabric after steam curing, the fabric is watered regularly to maintain high
moisture content. Covering by wet fabric, the surface of steam-curing concrete is cooled rapidly.
There is high temperature stress between inside and outside concrete easily. It is harmful to the
performance of steam-curing concrete. Especially, frost heave even can appear in concrete when
environmental temperature is below 0℃ and some CH can dissolve out concrete along with water
moving. Of course, covering by wet fabric can improve the hydration condition of concrete after steam
curing. This supplementary curing can not only promote hydration further, but also be harmful to
structure of old hydration products. It is not very good for steam-curing concrete that covering by wet
fabric is adopted after steam curing.
All in all, the performance of steam-curing concrete can be improved significantly by some suitable
supplementary curing. A lot of large precast concrete panels are adpoted in the prefabricated
construction now. Covering by film is easy to operate without much extra cost and covering time can
be increased according to reality. It is worthy to concrete that covering by film is adopted after steam
curing.
4. Conclusions
The performance of steam-curing concrete can be improved significantly by standard curing or
covering by film after steam curing. For steam-curing concrete, the time of two kinds of
supplementary curing is longer, the saturated water content is less, the softening factor is larger, the
28d rapid carbonation depth is less, and the strength is larger at 28d age.
According to same mix proportions, the concrete is prepared by different curing. When the concrete
adopts standard curing for 28d, its saturated water content is 1.08%, softening factor is 0.953, 28d
rapid carbonation depth is 3.6 mm, and strength is 42.9 MPa. When the concrete adopts covering by
film for 4d after steam curing, its saturated water content is 1.50%, softening factor is 0.932, 28d rapid
carbonation depth is 5.1 mm, and strength is 37.3 MPa at 28d age. The 28d strength of the latter is 87
percent of that of the former and it can exceed the design grade.
If the daily average temperature is 5℃~10℃ and the minimum temperature is -6℃, covering by film
is a kind of worthy supplementary curing for steam-curing concrete.
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The influence of methylcellulose on the hydration process of alite and
tricalcium aluminate mixture
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Abstract
Results concerning the influence of cellulose ethers on the hydration of two main cement phases - alite and
tricalcium aluminate were presented. The investigations covering the influence of this admixture on the
hydration process of tricalcium aluminate indicated that methylcellulose addition inhibits hydration process of
C3A with water. Similar effect of methylcellulose was found in the case of C3A hydration in the presence of
gypsum. A lot of gypsum is remaining in the reaction mixture. Little amounts of ettringite are formed, while no
monosulfate is created. Also in the hydration examinations of tricalcium silicate the methylcellulose caused
retardation of alite reaction with water. In the first hydration hours of alite with MC addition there were no
peaks of portlandite in the XRD pattern. The influence of methylcellulose addition on the hydration course is
significantly weaker in the presence of gypsum. The investigations confirmed author's experience concerning
hardened cement mortars (adhesives), in which high amounts of unreacted gypsum due to the formation of
methylcellulose layer on its crystals were found.
Changes in the speed and the amount of evolved heat during alite hydration indicate that the process starts very
quickly and five periods of reaction, characterized by different speed, can be distinguished respectively. The
total amount of evolved heat in the first period is low, however the intensity of heat flux is high. This
phenomenon is accompanied by rapid increase of calcium ions concentration in the solution and by formation of
two hydrates: C-S-H and CH.
Described relationships and the fact that the cement phases react with water simultaneously justified the
purpose of the investigation over the influence of methylcellulose on the hydration of alite and tricalcium
aluminate mixture.

Originality
Portland cement is one of the essential components of special mortars, such as tile adhesives, causing their
special properties that enable their widespread use in the building materials industry.
The hydration reaction of cementitious phases and mixtures thereof is affected by methylcellulose addition.
Investigation focused on the hydration process with the use of qualitative X-ray diffraction method and
isothermal conduction calorimetry method confirms the delay role of that admixture and shows in particular that
the addition of methylcellulose decreases the reaction speed of alite and C3A mixture. However, in the presence
of gypsum, C3A accelerates the hydration of alite, both in the case with and without addition of cellulose ether.
In the case of system containing gypsum, the influence of methylcellulose on the hydration process of alite and
tricalcium aluminate mixture is significantly lower.

Keywords: alite, tricalcium aluminate, hydration process, methylcellulose
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1. Introduction
Results concerning the influence of cellulose ethers of different plastic viscosity on the hydration of
two main cement phases – alite and tricalcium aluminate were presented in previous author’s
publications (Pichniarczyk P., 2013a; Pichniarczyk P., 2013b). The investigations covering the
influence of this admixture on the hydration process of tricalcium aluminate (Pichniarczyk P., 2013a)
indicated that methylcellulose addition inhibits hydration process of C3A with water. Similar effect of
methylcellulose was found in the case of C3A hydration in the presence of gypsum. A lot of gypsum is
remaining in the reaction mixture. Little amounts of ettringite are formed, while no monosulfate is
created. Retardation of reaction of sulfate ions with C3A is slightly higher in the case of
methylcellulose of higher plastic viscosity.
Also in the hydration examinations of tricalcium silicate (Pichniarczyk P., 2013b) (author uses, as it is
known, simplified terms adopted in the chemistry of cement, however tricalcium silicate hydrolyzes
into two hydrates) the methylcellulose caused retardation of alite reaction with water. In the first
hydration hours of alite with MC addition there were no peaks of portlandite in the XRD pattern. The
influence of methylcellulose addition on the hydration course is significantly weaker in the presence of
gypsum. Moreover, no significant differences related to the influence of different plastic viscosity of
methylcellulose were observed. The investigations confirmed author’s experience (Pichniarczyk P. et
al., 2010; Pichniarczyk P. et al., 2012) concerning hardened cement mortars (adhesives), in which
high amounts of unreacted gypsum due to the formation of methylcellulose layer on its crystals were
found.
Gypsum itself plays a very important role in the hydration process, both cement as well as individual
phases separately. The gypsum influence on the hydration process has been known and investigated in
details (Grodzicka A. et al., 1995; Łagosz A. et al.,2000; Łagosz A. et al., 2003).
The influence of organic polymer admixtures also was a subject of many investigations (Pichniarczyk
P., 2013a; Pichniarczyk P., 2013b; Pichniarczyk P. et al., 2010; Pichniarczyk P. et al., 2012; Kotwica
Ł. et al., 2009).
Changes in the speed and the amount of evolved heat during alite hydration indicate that the process
starts very quickly and five periods of reaction, characterized by different speed, can be distinguished
respectively. The total amount of evolved heat in the first period is low, however the intensity of heat
flux is high. This phenomenon is accompanied by rapid increase of calcium ions concentration in the
solution and by formation of two hydrates: C-S-H and CH (Jawed I. et al., 1983; Kondo R. et al, 1968).
Described relationships and the fact that the cement phases react with water simultaneously justified
the purpose of the investigation over the influence of methylcellulose on the hydration of alite and
tricalcium aluminate mixture.
Examination of methylcellulose influence on simultaneous hydration of alite and C3A is even more
important, because as indicated by several authors (Mortureux B. et al., 1980; Cottin B. et al., 1976;
Al-Wakee E.J. et al., 2002; Peschard A., et al., 2004; Pourchez J., et al., 2004) the reaction of
tricalcium aluminate with water influences much on the reaction of alite. Regourd (Mortureux B. et al.,
1980) for instance, indicated that faster reaction of C3A with sulfate ions leads to the acceleration of
C3S hydration. On the other hand, Cottin (Cottin B. et al., 1976) showed that absence of SO42- ions in
the solution, synonymous to the presence of aluminate ions, causes its adsorption on the surface of
alite crystals, therefore hampers its hydration. As a result alite hydrates with delay, which is reflected
in modification of the evolution of heat of hardening, as well as in low Ca2+ ions concentration in the
solution (fig. 1). XRD detectable CH phase appears only after five hours of hardening.
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Fig. 1. Influence of gypsum addition on Ca2+ ions concentration in the solution and formation of new phases
during the hydration of cement a) 9% and 2.3% addition of gypsum b) without gypsum (12)

The hydration of C3S, which leads to high calcium ions concentration in the solution, in the presence
of SO42- ions will significantly retard the hydration of C3A. In this conditions the layer of poorly
crystallized ettringite gel on the C3A crystals will indicate strong inhibitory influence on further
reaction of tricalcium aluminate with water. After mixing of cement with water the liquid phase is
very quickly saturated by calcium and SO42- ions, while pH increases and is kept at the level close to
12.5 (Muller I., 2006). Taking above reasons into consideration the investigation over influence of
methylcellulose on the hydration of alite and tricalcium aluminate mixture was performed.

2. Materials and methods
The experiment, which aimed to investigate the influence of methylcellulose addition on simultaneous
reaction of alite and C3A with water, was performed in three series: two phases without additions, two
phases with gypsum addition and both these cases with addition of methylcellulose. Due to previous
experiments that indicated minor influence of methylcellulose viscosity on the hydration of separate
alite and tricalcium aluminate (Pichniarczyk P., 2013a; Pichniarczyk P., 2013b) only methylcellulose
with plastic viscosity equal to 70 Pa s was used (further designated as MC-70).
Methods of synthesis, as well as XRD patterns of alite and tricalcium aluminate were described in
publications (Pichniarczyk P., 2013a; Pichniarczyk P., 2013b). In the case of alite sample little
amounts of belite were identified (Pichniarczyk P., 2013b). Gypsum came from desulfurization of the
flue gases and did not contain any impurities detectable by XRD. The methylcellulose used in the
study was a cellulose ethers and did not contain any admixtures like starch ethers, polyesters or
acrylates. Distilled water was used in the experiments.
From listed above materials four series of mixtures were prepared with the following proportions: 86%
of alite and 14% of C3A. Such proportions in the mixtures were established based on their average
content in several industrial cements, which usually is close to 60% of alite and 10% of C3A. Addition
of gypsum and methylcellulose was also constant, in the case of gypsum equal to 9% of alite mass and
0.3% of methylcellulose of the total mass of mixture. The mixtures compositions were therefore as
follows:

 alite + tricalcium aluminate without additions,
 alite + tricalcium aluminate + gypsum,
 alite + tricalcium aluminate + MC-70,
 alite + tricalcium aluminate + MC-70 + gypsum.

Samples were prepared by initial blending of dry constituents. The mixtures were stored in a sealed PE
containers. Then the distilled water was added and constant 0.5 water to mixture ratio was kept. The
hydration was performed at room temperature equal to 22°C +/- 1°. The hydration process was



4

interrupted after 1, 3, 6, 24, 48 and 168 hours by washing the samples with absolute ethyl alcohol.
Afterwards, the samples were dried at 40°C for 2 hours to accurately evaporate the alcohol.
Qualitative phase composition of samples was determined by X-ray diffraction method. The hydration
course of mixtures was also examined by microcalorimetry method.

3. Results
3.1. Hydration of alite and tricalcium aluminate mixture
After three hours from the start of the process (fig. 2) alite and tricalcium aluminate were the
dominating phases and the characteristic peak of portlandite had a low intensity. Contrary, after three
hours of hydration of alite alone (Pichniarczyk P., 2013b) the peak intensity of portlandite was
significant.
XRD pattern of alite and tricalcium aluminate mixture after three hours of reaction with water is
presented in fig. 2.

Fig. 2. XRD pattern of C3S + C3A mixture after 3 hours of hydration: A – alite, B – belite, C – tricalcium
aluminate, P – portlandite, W – C3A·CaCO3·11H2O

The hydration process of alite and tricalcium aluminate progresses with time. After 168 hours of
hydration high intensity peaks of portlandite appear next to the peaks of alite and C3A (fig. 3).
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Fig. 3. XRD pattern of C3S + C3A mixture after 168 hours of hydration. Designations same as in fig. 2

3.2. Hydration of alite and tricalcium aluminate mixture with MC-70 addition
Investigations performed earlier (Pichniarczyk P., 2013a; Pichniarczyk P., 2013b) indicated that
addition of methylcellulose hampers the hydration process of alite and tricalcium aluminate, when
these phases react with water separately. In the case of both phases in the mixture the influence of
methylcellulose was similar. After three hours of hydration only peaks of alite, belite and tricalcium
aluminate were identified in the XRD pattern (fig. 4, in blue). Small peaks of portlandite can be found
only after around 24 hours of hydration (fig. 4, in red) and the intensity of peaks increases with
hydration time. However, after seven days from the start of the reaction (fig. 5) the intensity is
significantly lower than in the case of mixture without methylcellulose.

Fig. 4. XRD pattern of C3S + C3A + MC70 mixture after 3 hours of hydration (blue) and after 24 hours of
hydration (red). Designations same as in fig. 2
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Fig. 5. XRD pattern of C3S + C3A + MC70 mixture after 168 hours of hydration. Designations same as in fig. 2

3.3. Hydration of alite and tricalcium aluminate mixture in the presence of gypsum
After three hours of hydration of alite and tricalcium aluminate with addition of gypsum there are only
small peaks of portlandite (fig. 6). The peaks of portlandite have a relative intensity only after around
6 hours of hydration, what is consistent with literature (Łagosz A. et al., 2000). The XRD analysis,
performed after 28 and even after 168 hours of hydration (fig. 7, 8), indicated that there were still large
amounts of unreacted tricalcium aluminate in the samples, what confirms literature concerning the
delay hydration of C3A influenced by alite in the presence of sulfate ions.

Fig. 6. XRD pattern of C3S + C3A + CaSO4x2H2O mixture after 3 hours of hydration: E – ettringite, G – gypsum.
Other designations same as in fig. 3
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Fig. 7. XRD pattern of C3S + C3A + CaSO4x2H2O mixture after 24 hours of hydration. Designations same as in
fig. 6

Fig. 8. XRD pattern of C3S + C3A + CaSO4x2H2O mixture after 168 hours of hydration. Designations same as in
fig. 6

3.4. Hydration of alite and tricalcium aluminate mixture with addition of gypsum and
methylcellulose
In the early hours of hydration there is no evident influence of methylcellulose on the reaction course.
The XRD pattern after 3 hours from the start of the process (fig. 9) does not differ from analogical
system without cellulose ether (fig. 6). In both cases only small Ca(OH)2 peaks are noticeable. Only
after 24 hours of hydration the delay effect of methylcellulose addition on the process course become
more noticeable, what is revealed by significantly lower amounts of formed portlandite comparing to
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the system without MC-70 addition. Retardation effect of methylcellulose decreases with the
extension of hydration time (fig. 8 and 11).
Comparison of XRD patterns presented in fig. 4 (in red), 7 and 10 proves that retardation effect of
methylcellulose in investigated system is strictly related to the presence or absence of gypsum. The
XRD pattern of sample without gypsum (fig. 4, in red) indicates on the retardation of hydration in the
first 24 hours, however, in the C3S + C3A + CaSO4x2H2O + MC70 system (fig. 10), despite of the
delay role of cellulose ether, which results in formation of lower amounts of portlandite than in the
case of system without methylcellulose (fig. 7), the increase of Ca(OH)2 is noticeable. After one week
of hydration large amounts of unreacted gypsum are still remaining, which according to the literature
(Kondo R. et al., 1968) hampers the increase of ettringite content.

Fig. 9. XRD pattern of C3S + C3A + CaSO4x2H2O + MC70 mixture after 3 hours of hydration. Designations
same as in fig. 6

Fig. 10. XRD pattern of C3S + C3A + CaSO4x2H2O + MC70 mixture after 24 hours of hydration. Designations
same as in fig. 6
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Fig. 11. XRD pattern of C3S + C3A + CaSO4x2H2O + MC70 mixture after 168 hours of hydration. Designations
same as in fig. 6

3.5. Microcalorimetric examinations of alite and C3A mixture with addition of gypsum and
methylcellulose
The course of microcalorimetric curve, representing the speed of heat evolution, is shown in fig. 12.

Fig. 12. Speed of heat evolution of investigated mixtures

The curve of alite and tricalcium aluminate system is characterized by two maximums. First one, less
intensive, appears in the early hours of hydration, then is followed by a dormant period of reaction
taking place and is ended by a rapid increase of evolved heat after around 12 hours of reaction. Second,
specific maximum appears after 28 hours of reaction.
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The addition of CaSO4x2H2O to the mixture of tricalcium silicate and aluminate, according to
literature, accelerates the heat evolution process. In that case maximum is achieved after around 19.5
hours. However, it indicates slightly lower intensity than in the case of system without gypsum.
The addition of MC-70 to the mixture of C3S+C3A caused the extension of the induction period and
significant decrease of the maximum intensity. The maximum of the speed of heat evolution was
observed only after around 88 hours. Simultaneously, the induction period was extended up to around
40 hours from the start of the reaction, what correlates with the results of XRD investigations.
The C3S-C3A-gypsum-MC70 mixture is also characterized by a shift of the maximum towards later
hours of reaction, however, up to 45 hours, so almost two times earlier than in the case of alone
addition of methylcellulose. The intensity of maximum is consistent with the maximum for the alone
addition of MC-70.

3.6. Microstructure examinations of alite and C3A mixture
The microstructures of chosen mixtures after 168 hours of hydration are presented in fig. 13 and 14.

Fig. 13. Microstructure of C3S + C3A + CaSO4x2H2O
mixture

Fig. 14. Microstructure of C3S + C3A + CaSO4x2H2O +
MC70 mixture

Microstructure of C3S + C3A mixture with gypsum addition (fig. 13) is characterized by large amounts
of swallow-tail type gypsum crystals. The presence of gypsum is consistent with the results of XRD
investigations (fig. 8), which indicated that there was a lot of unreacted gypsum in the sample after
one week of hydration. There is also noticeable distinct grain of portlandite, which peak in the
mentioned XRD pattern is characterized by very high intensity. The addition of methylcellulose (fig.
14) caused that gypsum is in the shape of big, needle-like crystals.

4. Conclusions
Obtained experimental results allow to draw the following conclusions:
1. The addition of methylcellulose decreases the reaction speed of alite and C3A mixture.
2. In the presence of gypsum C3A accelerates the hydration of alite, both in sample with and without

addition of cellulose ether.
3. In the case of samples containing gypsum the influence of methylcellulose on the hydration process

of alite and tricalcium aluminate mixture is significantly lower.
4. The addition of methylcellulose modifies the habit of gypsum crystals.
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Abstract
The atomic structure of calcium-silicate-hydrate (C1.67 -S-Hx) has been studied. Atomistic C-S-H 
models suggested in our previous study have been revised in order to perform a direct comparison of 
energetic stability of the different structures. An extensive set of periodic structures of C-S-H with 
variation of water content was created, and then optimized using molecular dynamics with reactive 
force field ReaxFF and quantum chemical semiempirical method PM6. The new geometries of C-S-H, 
reported in this paper, show lower relative energy with respect to the geometries from the original 
definition of C-S-H models. Model that corresponds to calcium enriched tobermorite structure has the 
lowest relative energy and the density closest to the experimental values.

Originality
The detailed atomistic description of C-S-H is essential for understanding chemistry of cement and 
concrete. In the current study we suggested new structures for C-S-H with high C/S ratio. The 
verification of the structures was performed by molecular dynamics simulations and quantum chemical 
calculations. The obtained periodic structures can be used in  future theoretical investigations of the 
stability of real size particles of C-S-H. 

Keywords: C-S-H structure; atomistic simulation; ReaxFF force field; semiempirical quantum 
chemistry
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1. Introduction
The atomic structure of Calcium-Silicate-Hydrate (C-S-H) has many uncertainties, despite 
being a subject of research for a long time (Taylor H.F.W., 1997; Garrault S. et al., 2005; 
Powers T., 1958; Nonat A., 2004). The structure is determined to be similar to the layered 
structure of a natural calcium silicate hydrate: tobermorite ( Nonat A., 2004 ; Cong X. et al., 
1996 ; Richardson I., 2004; Renaudin G. et al., 2009; Hamid S.A.,1981). Each layer consists 
of arrays of positive calcium ions, sandwiched with negative silica chains. The space 
between layers is filled with calcium ions and with water molecules. Several atomic models 
based on the tobermorite layered structure has been proposed ( Nonat A., 2004 ; Richardson 
I., 2004 ; Garbev K. et al., 2008; Chen J. et al., 2004 ; Pellenq R.J.-M. et al., 2009) .
The detailed knowledge of C-S-H structure on atomic level is essential for the understanding 
physical properties and chemical bonding of C-S-H materials. Without a detailed description 
of C-S-H structure and information about the exact position of atoms it is impossible to make 
non empirical theoretical modelling of C-S-H particles and their surfaces. In the same time, 
the concrete-like materials demonstrates the absence of regular crystal structure and thus the 
problem of finding atomic structure (or structures) of C-S-H becomes uneasy and probably 
unresolvable task.
29Si NMR studies (Garrault S. et al., 2005 ; Nonat A., 2004) have shown that in pure C-S-H 
at high C/S, bridging tertiary silica groups (Q3) do not exist. 29Si NMR studies also found no 
conclusive evidence about the existence of monomeric (Q0) silica units. The ratio Q2/Q1 is 
determined to be about 0.2.
Based on sparse experimental knowledge about C-S-H structure we proposed (Kovačević G. 
et al., 2015) three crystallographic models, that differ in the statistical distribution of 
oligomeric silica units and the location of calcium ions. All models were created from the 
tobermorite 11Å structure (Merlino S. et al., 2001). A chemical composition of tobermorite 
is, however, different from one in C-S-H phase and there are several ways to adjust it: either 
by enriching the structure by extra calcium atoms, or by removing the excess of silicon. The 
amount of hydrogen, in the form of either water or hydroxyl groups, also should be adjusted.
Model 1 corresponds to calcium enriched tobermorite structure with partially removed silica 
tetrahedrons. Model 2 is based on tobermorite structure with jennite like defects. In both 
models the removal of an excess of SiO2 is performed in a controlled way, thus silica 
monomers can not appear. In model 3, in contrary, a randomly removed SiO2 fragments may 
lead to the formation of silica monomers. The construction of the actual structures for these 
models is described in details in the first part of our paper (Kovačević G. et al., 2015) . An 
inbuilt property for all these models is a random character of created defects. Thus, each 
model is represented by a wide set of crystal structures which obey to the certain 
crystallographic principles. In the first part of our paper, our main objective was the 
construction of the structures which describe these three crystallographic models. The actual 
composition of constructed unit cells could vary both inside a model and in between models. 
These variations in the composition complicate the direct comparison of the models, and any 
conclusion about more stable configuration requires additional assumptions, for example, a 
scaling procedure should be implemented. Also, these models differ in the amount of 
protonation of silica units, which leads to unequal H/S ratio. Since the composition of C-S-H 
(CaxSiyHzOx+2y+z/2) contains two independent parameters, the comparison between different 
geometries require additional assumptions and can not be performed directly.
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Therefore, in the current study we have modified the algorithms used in (Kovačević G. et al., 
2015), and applied additional condition, so all structures have an identical chemical 
composition per unit cell (both inside one model and across different models). This change of 
algorithms redefined models for C-S-H and labels 1a, 2a and 3a will be used for the groups of 
coordinates which belong to these redefined models. The atomic composition of an unit cell 
of each structure is identical, thus the total energies can be compared directly, without any 
additional approximations and assumptions.

2. The construction of geometrical models
2.1. Crystallographic models of C-S-H
The geometries belonging to models 1a–3a are constructed from the same initial structure of 
tobermorite 11Å suggested at (Merlino S. et al., 2001). Redefined model 1a is created 
following the same way as model 1: by fragmenting infinite silica chains of tobermorite by 
randomly removing silica monomers from Si2 sites (generally referred to bridging 
tetrahedrons) and adjusting the expected C/S ratio (1.67) by adding Ca atoms into the 
interlayer. Since model 1 had 17% more atoms than models 2 and 3, model 1a is created 
smaller than model 1 in order to have the same number of atoms as models 2a and 3a.
Initial unit cells of models 1a were created as a 3 × 4 × 1 supercell of tobermorite 11Å (see 
Table 1)

Table 1: Unit cell sizes of models 1a, 2a and 3a. Unit cells are not optimized. α and γ angles are 90.0 
deg.

model 1a model 2a model 3a

a/Å 29.48 36.84 36.84

b/Å 20.95 19.90 19.90

c/Å 22.78 22.68 22.68

β/ deg 58.17 58.17 58.17

Model 2a was created the same basic idea as for model 2: removing four consecutive silica 
atoms from the infinite silica chains of tobermorite. These four consecutive silica atoms are 
always Si2-Si1-Si3-Si2 positions and the position of the chain is selected randomly in order 
to create the distribution of silica dimers and pentamers. 22 calcium atoms have to be 
removed from the structure in order to make the correct C/S ratio and to make the structures 
with the same number of atoms as in structures of model 1a. Unit cells of model 2a are 3 × 5 

× 1 supercells of tobermorite. Unlike model 2, where silica units were heavily protonated, in 
model 2a silica units were left without hydrogen atoms.
Model 3a was created in a similar fashion as model 3: with random removal of silicon atoms, 
no matter on the site of the removed atom. The ratio of silica units in Q1 and Q2 sites in 
oligomers, created by random removal of silica units from infinite silica chains, does not 
match experimentally observed Q1/Q2 ratio. Also, random removal of silica units produces 
about 36% silica monomers, which is by far greater than experimentally observed amount in 
samples that are possibly contaminated with the C3S phase.  Therefore, we discarded all 
structures with less than 12% of Si(Q0) atoms, more than 86% Si(Q1) atoms or more than 
14% Si(Q2) atoms.  This makes the process of creation of model 3 structures very inefficient, 
since only a small fraction satisfied these conditions, but the resulting structures have Q1/Q2

ratio close to experimental one. The unit cells of model 3a are also 3 × 5 × 1 supercells of 
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tobermorite. As in model 1a, silica units were not protonated. Unlike models 1–3, where 

silica units were heavily protonated, in models 1–3 silica units were left without hydrogen 
atoms in agreement with titration experiments (Labbez C. et al., 2011). 
For comparison, the distribution of oligomers in all models is shown in Table 2 . An example 
of distribution of defects in models is shown at Figure 1.

Figure 1: Sample of unit cells of models 1a (left), 2a (middle), 3a (right).  Unit cells are shown without 
water molecules for clarity.
Table 2: Distribution of oligomers in different C-S-H models. Models 1-3 are from (Kovačević G. et 
al., 2015), models 1a-3a - the current study. Oligomer size shows the number of silicon atoms in a chain

Oligomer size model 1       model 1a model 2        model 2a model 3        model 3a

1
2
3
4
5
6
7
8
9
10
11
>11

0 0
86.9% 72.0%
0 0
0 0
12.0% 22.8%
0 0
0 0
1.0% 4.6%
0 0
0 0
0.07% 0.6%
0 0.03%

0 0
84.6% 71.8%
0 0
0 0
13.3% 23.6%
0 0
0 0
1.9% 4.1%
0 0
0 0
0.2% 0.5%
0 0.03%

27.4% 10.2%
38.2% 49.7%
12.0% 17.9%
8.8% 11.2%
7.4% 7.3%
1.9% 2.2%
1.5% 0.8%
1.1% 0.3%
0.5% 0.1%
0.3% 0.02%
0.6% 0
0.04% 0

Another difference in building modified models 1a–3a with respect to the original models 

1–3 is in placing water molecules. In models 1–3 positions of water molecules are taken 
from crystallographic data of tobermorite 11Å (Merlino S. et al., 2001) and shifted if 
necessary in order to avoid close contacts. In case of models 1a, 2a, 3a, all water molecules 
were removed before starting procedures of modifying silica chains. The next step is removal 
of silica in order to produce oligomers. Since calcium atoms in intralayer are coordinated 
with oxygen atoms from silica oligomers, calcium atoms are removed only from the 
interlayer. After that, oxygen atoms that are left uncoordinated are removed. At this moment 
basic skeleton of calcium atoms and silica groups is finished and all geometries in all models 
have the same number of silicon and calcium atoms. The next step consists of adding water 4



molecules to the finished skeletons. The number of water molecules that are added depends 
on the desired H/S ratio. The water molecules are added with Packmol software (Martínez L. 
et al., 2009). Packmol optimizes position of water molecules using the box-constrained 
minimization algorithm (BOX-QUACAN) (Martínez J.M. et al., 2003) . This method has the 
advantage over using crystallographic positions of water. Some crystal positions in 
tobermorite 11Å structure have partial occupancy and in models 1–3 a full occupancy of 
calcium atoms is assigned. Also in model 1 interlayer calcium positions are doubled. That 
created multiple steric problems that had to be solved with adjusting positions of water 
molecules and even with expanding unit cells. In models 1a, 2a, 3a, by using box-constrained 
optimization, water molecules are added evenly and filled every void in the structure. This 
algorithm has its downsides since it does treat water molecules as hard geometrical objects 
and it does not respect preference of water molecules to create directed hydrogen bonds with 
other atoms, however geometries with right relative orientations of water molecules are 
obtained with geometry optimization and molecular dynamics (MD). Box-constrained 
algorithm, however, makes very good initial geometry for geometry optimization and MD, 
since it makes geometries without unwanted close contacts that could cause unwanted 
chemical bonds or extremely large short range repulsion interactions.
Geometries with added water molecules are corrected for charge by removing hydrogen 
atoms from the added water molecules. Hydrogen atoms that are removed were the atoms 
that were closest to calcium atoms. In that way negative OH− groups are created just next to 
positive calcium atoms which leads to the good initial charge distribution.  After this 
correction, all geometries with the same H/S have the same chemical composition (See table 
3). We chose four different H/S ratios and prepared at least ten geometries from each model 
and each H/S ratios.

Table 3: H/S ratios used in building models 1a, 2a, 3a and their corresponding chemical compositions.

H/S ratio composition per unit cell
1.402 Si102Ca170O517H286

1.598 Si102Ca170O532H326

1.794 Si102Ca170O557H366

2.000 Si102Ca170O578H408

2.2. Simulation details
Initial optimization and molecular dynamics calculations were done with the LAMMPS 
program package (Plimpton S., 1995) using the ReaxFF force field (van Duin A.C. et al.,). 
Parametrization of the force field for Si-O-H and Ca-O-H systems was suggested at 
(Manzano H. et al., 2003; Manzano H. et al., 2012). In our study, a modified ReaxFFSiO:CaO

parameter set was used, in order to describe oxygen atoms in silica and in water. In the 
parameter set used for oxygen atoms in silica groups, covalent bonding with hydrogen atoms 
is disabled in order to prevent proton transfer from water molecules to silica units during MD 
simulations to keep, according to experiments, silicates deprotonated. The ability of these 
atoms to make hydrogen bonds is retained in this parameter set.
Calculations are performed in several steps as in the case of models 1–3:
1. geometry optimization of atoms in interlayer. Atoms in intralayer are frozen.
2. MD, 5 ps, temperature is ramped from 0.1 K to 500 K, atoms in intralayer are frozen.
3. geometry optimization without frozen atoms.
4. MD, 1 ps, 0.1 K
5. geometry optimization
6. MD, 5 ps, temperature is razed to 300 K
7. geometry optimization
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8. geometries from steps 5 and 7 were reoptimized with the ReaxFFSiO:CaO

The first step is the optimization of water molecules and calcium ions in the interlayer, while 
all atoms in the intralayer are left frozen. This step is important since box-constrained 
minimization algorithm left water molecules that were not ideally oriented and hydrogen 
bonds are not established. Since water molecules are being oriented in more favourable way 
by this step, a great amount of potential energy is removed. This large amount of potential 
energy would be converted into a kinetic energy during the MD, which might disrupt chosen 
temperature regime of MD simulation. Atoms in intralayer are frozen in order to keep all 
structural elements of intralayer intact while water molecules with calcium ions are being 
optimized according to the structure of intralayer. This geometry relaxation was followed by 
5 ps MD simulation with timestep of 0.1 fs under pressure of 1 b. In this step atoms in the 
intralayer are also kept frozen, while water molecules and calcium ions are allowed to move. 
Ensemble of velocities of these atoms are initialized as random numbers and are scaled to be 
consistent with movements of atoms at 0.1 K. Nose-Hoover thermostat and barostat were 
used in order to keep temperature of the atoms in intralayer ramping from 0.1 K at the 
beginning of the simulation up to the 500 K. Pressure was kept constant at 1 b. Since the 
large part of the unit cell is frozen, the temperature is not defined quantity in this case, but 
the amount of kinetic energy on atoms in the interlayer is more than enough to enable atoms 
moving from the energy minimum set by the geometry optimization. Following and geometry 
optimization) are used in order to relax structure prior the long MD steps. The next MD step 
is the simulation of heating of the system to 300 K over 5 ps period. This step is used in order 
to give atoms enough energy to surpass energy barriers of initial energy minimum in order to 
settle it to some, possibly lower minimum in the following step. Timestep for integration of 
equations of motions in this MD step is 0.5 fs and initial atomic velocities are chosen as 
random numbers and scaled to correspond to atomic velocities at 0.1 K. Geometries obtained 
from the relaxation step (calculation step 5), and the MD step (calculation step 7) are re-
optimized with the ReaxFFSiO:CaO parameter set, without disabled O-H bonding.
In addition, geometries, optimized with ReaxFF, are reoptimized with the PM6 semiempirical 
method (Stewart J.J.P., 2007) implemented into a MOPAC program package. The 
semiempirical calculations are performed in order to verify results with quantum chemical 
calculations.

3. Results ans discussion
3.1. Structures
After the geometry optimization and molecular dynamics calculations, in final geometries 
(Figure 2) the layered structure of C-S-H particles is conserved. Majority of water molecules 
are still contained within the interlayer, however in models 2a and 3a some water molecules 
and OH− diffused into the intralayer.
Since the computational procedure we used for building models 1a, 2a, 3a was tailored to set 
optimal positions of water molecules, resulting geometries can provide information about the 
distribution of water inside these models. During the calculation step 2 in which molecular 
dynamics technique is used to diffuse water molecules through the space between silica 
skeleton, water molecules as expected filled all available space, left from the box-constrained 
minimization. Since the space between silica groups is limited, the distribution of water 
molecules is not random. During the simulation water molecules and OH− groups were 
moved and diffuses from interlayer to voids created during the removal of Si atoms.
Since all models agree on several key observations: rows of silica oligomers, flanked by rows 
of water molecules from each side and also these doubled layers flanked by thin layers of 
water molecules from the top and the bottom, the general structure of C-S-H can be 
established. 
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Figure 2: Sample of optimized unit cell of model 1a with H/S=1.4 in different projections.

Geometries obtained with semiempirical calculations produce the similar geometrical 
features as the calculations with ReaxFF force field. The Si-O bond lengths are more uniform 
in PM6 geometries. Parametrization used in ReaxFFSiO:CaO has a tendency to assign partial 
covalent character to interactions between oxygen and calcium atoms. If the oxygen atom 
from a non-bridging Si-O bond is near calcium atom, it’s bond might weaken since it is 
involved in partial bond with a calcium atom. Calculations with PM6 hamiltonian, especially 
with non optimal initial geometry, might converge to a structure with too short interatomic 
distance between oxygen atoms. These bonds are usually created between Si-O and OH−

group or between geminal oxygen Si-O atoms (resulting in SiO2 ring). In our study we 
rejected the structures with such non-physical geometry. It is fair to conclude that re-
optimization of stable geometries with PM6 hamiltonian leads to minor changes in 
interatomic distances and the main change (in comparison to ReaxFF) is related to better 
description of electronic distribution and thus, to more reliable description of the total 
energy.

3.2. Energies
Calculated energies can be used for the comparison of stability of C-S-H structures, 
presented by different models. In contrary to previously suggested in (Kovačević G. et al., 
2015) structures, models 1a, 2a and 3a have the identical composition, and thus the energies 
can be compared directly and without any additional assumptions. We also should note here, 
that for all considered structures the differences in entropies are significantly smaller than the 
differences in enthalpies, and thus the temperature effects can be ignored in the discussion.
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The heat of formation for the structures in a particular model (the minimal value for each set 
of structures, the median value, and the interquartile range) are presented in table 4 . 
Although the absolute values of the heat of formation are large, one should not forget that 
they were computed for unit cells containing from 1075 to 1258 atoms.

Table 4: Heat of formation (eV) for most stable structures within different models of C-S-H per unit 
cell. MIN - minimal value, MED - median value, IQR - interquartile range.

H/S 
ratio

ReaxFF PM6
ratio

Model 1a Model 2a Model 3a Model 1a Model 2a Model 3a

1.402 MIN
MED
IQR

-2605.97
-2594.22

8.61

-2588.20
-2573.44

14.35

-2562.68
-2553.46

9.42

-2491.68
-2484.18

7.93

-2480.18
-2468.70

16.47

-2464.69
-2457.63

12.97

1.598 MIN
MED
IQR

-2675.55
-2665.93

2.02

-2664.41
-2655.78

5.42

-2642.68
-2630.36

14.05

-2541.39
-2537.17

3.76

-2527.05
-2518.93

15.72

-2526.27
-2512.31

6.75

1.794 MIN
MED
IQR

-2746.39
-2737.31

7.82

-2746.14
-2733.56

9.46

-2721.61
-2711.47

22.96

-2593.46
-2588.61

4.28

-2579.63
-2570.39

2.65

-2575.03
-2566.93

11.93

2.000 MIN
MED
IQR

-2813.12
-2807.86

6.28

-2822.13
-2812.44

11.64

-2807.62
-2786.29

13.02

-2648.70
-2641.77

3.74

-2638.89
-2624.85

11.08

-2628.98
-2620.67

15.31

The values of heat of formation computed for different structures in models 1a-2a-3a are not 
completely separated in energy scale.  Some structures from model 1a show the lowest heat 
of formation and thus, they are energetically more stable.  In the same time, some other 
structures from the same model have higher energies than structures with lowest energies 
from models 2a and 3a. However, the majority of the structures from model 1 have lower 
energies, as proved by median value of heat of formation. The spread of the values of 
energies inside the same model and the same chemical composition (presented as 
interquartile range) is (in most of the cases) small in comparison to the difference between 
median values for different models.
The difference in heat of formation for the structures from different models optimized with 
ReaxFF Hamiltonian is less pronounced. For the structures with low content of water: model 
1a is most stable, followed by 2a and 3a. With increase of water content, the difference 
between model 1a and 2a becomes smaller, and for large H/S ratio model 2 structures have 
slightly lower energies.
Quantum chemical semiempirical methods use information about distribution of electrons 
and thus they provide more reliable and less sensitive (with respect to the selection of 
parameters) description of molecules and crystals. The results obtained with PM6 
Hamiltonian gives a preference for model 1a for all H/S ratio.

3.3. Density
The densities of models 1a, 2a, 3a (see table 5) are systematically larger than densities of the 
corresponding models (1–3) presented earlier in (Kovačević G. et al., 2015) . That 
difference can be attributed to the difference in methods of construction of models: In models 
1a, 2a, 3a water molecules are allowed to diffuse through the structure and fill all available 
cavities, while in models 1–3, water molecules are deduced from the corresponding 
crystallographic sites in tobermorite and their positions are only modified by the relaxation 
procedure that optimized geometry and unit cell size to the nearest energy minimum. Within 8



presented models, only model 1a shows the change in density with respect to the H/S ratio. 
The change in density is caused by thickening of water layers as H/S ratio is increased. The 
same trend is not observed in models 2a and 3a.
That trend follows experimentally measured trend (Thomas J.J. et al., 2010) . Also, model 1a 
shows the density closest to the experimental one (Allen A.J. et al., 2007; Muller A.C.A. et 
al., 2013) . The lower density, as predicted by ReaxFFSiO:CaO force field, is a consequence of 
longer Si-O bonds and longer hydrogen bonds.

Table 5: The densities of models 1a, 2a, 3a with different H/S ratios. Densities (g/cm3) are calculated 
on geometries after MD calculation with ReaxFF force field and after geometry optimization at PM6 
theory.  The deviation of densities of individual structures inside a model is below 0.02 g/cm3 .

H/S ratio ReaxFF PM6

Model 1a Model 2a Model 3a Model 1a Model 2a Model 3a

1.402
1.598
1.794
2.000

2.56
2.53
2.49
2.40

2.26
2.26
2.27
2.27

2.23
2.22
2.22
2.21

2.68
2.67
2.64
2.62

2.52
2.50
2.50
2.48

2.47
2.46
2.47
2.45

4. Conclusions
New models for the structure of the C-S-H are proposed. A set of different structures that 
belong to these models are relaxed by geometry optimizations and molecular dynamics 
simulations. Energetically the most stable model is model 1a. The same model have the 
largest density, which corresponds to the experimentally observed values. Unlike models 2a 
and 3a, the density of model 1a changes with respect to the H/S ratio and the change follows 
experimentally observed trend. The knowledge about the atomic structure of bulk C-S-H will 
simplify the future study of stability of C-S-H surfaces, interfaces to water and formation of 
finite size C-S-H particles.
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Abstract
Impact of fly ash glass structure on pozzolanic activity of this material and hydration process of blended cement was
studied. The three glass samples of various Al2O3/(Na2O+K2O+2CaO) ratio 0.77, 2.52 and 4.02 were synthesized. The
MIR and 27Al MAS-NMR spectroscopic studies confirmed presence of Si-O and Al-O bonds in glasses, but in glass of
Al/(Na+K+2Ca) below 1 the Al ions occurred only in tetrahedra AlO4, whereas in glass of this ration above 1 also in
octahedra AlO6. Glass, in which the Al ions are presented in the 4- and 6-fold coordination shows better pozzolanic
properties than glass containing only tetrahedral aluminum framework. Model fly ash samples are prepared by mixing
synthetic glass, synthetic mullite and SiO2. Results indicate that fly ash of higher content of AlO6 units in glass has
positive influence on the cement hydration process and mechanical properties of cement mortar.

Originality
Siliceous fly ashes are inert addition not showing hydraulic properties. Addition of them reduces amount of Portland
clinker in cement mixture and slows down cement hydration. This leads to lower rate of heat evolution, mainly due to
reduction amount of C3S as well as slow rate of pozzolanic reaction at initial stage of hydration. With time of hydration,
after about several weeks, the progress of pozzolanic reaction is significant, what in consequence improves hydration
process of alite. The Ca(OH)2 is partially fixed by ashes in pozzolanic reaction, giving higher increase in content of C-
S-H. The greater reduction in the Ca(OH)2 content, the greater cement hydration degree. According to literature data
the reactivity of fly ashes and as a result the hydration degree of fly ash blended cement depend on their particle size
distribution, their chemical and phase composition, but there are little work examining the impact of structure of fly ash
glass. The understanding relationship between chemical composition and structure of fly ash glass and consequently
pozzolanic activity of this material may be important from the point of view hydration process and properties of fly ash
blended cement.

Keywords: glass; siliceous fly ash; pozzolanic reactivity; blended cement; hydration process
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1. Introduction
The siliceous fly ashes – Class F in accordance with ASTM C618-12 – are waste residues generated in
bituminous coal combustion process. They are used as component of cement complying with PN-EN
197-1:2012 standard and as type II addition for production of concrete mixture according to PN-EN
450-1:2012 standard. The main property of them is pozzolanic activity, defined as the ability to react
with Ca(OH)2 in the cement paste to form additional calcium silicate hydrate and other cementitious
compounds, i.e. calcium aluminate hydrates and calcium aluminosilicate hydrates (Dron R., 1978;
Malek R.I. et al., 2005; Massazza F. et al., 1979; Massazza F., 1998; Sersale R., 1980,1994). Up to now, it is
claimed that the fly ash pozzolanicity depends on their grain-size distribution as well as their chemical
and mineral composition (Hubbard F.H. et al., 1984,1985; Lee S.H et al., 1999; Małolepszy J. et al., 2005;
Tkaczewska E., 2008; Ward C.R. et al., 2003), while there are little works analysing influence of fly ash
glass structure (Bumrongjaroen W. et al., 2007; Małolepszy J. et al., 2007; Tkaczewska E. et al., 2009;
Tkaczewska E., 2011; Tkaczewska E. et al., 2013).
The glass in siliceous fly ashes is similar to silica glass and also to aluminosilicate glass, which
network is composed mainly with tetrahedra SiO4 linked with bridging oxygen Si-O-Si. The
substitution of aluminum ions in the place of silicon ions in the tetrahedra requires compensation the
excess negative charge by introduction of additional oxides, mainly alkaline oxides, i.e. K2O and Na2O.
The ions of K and Na, due to their large ionic radius, break oxygen bridges Si-O-Si and form ionic
bonds instead, for example Si-O-K and Si-O-Na. In consequence, depolymerization degree of SiO4

units is increased and glass network becomes more relaxed and more reactivity. Due to amphoteric
properties the Al ions can play not only as glass network formers (in the 4-fold coordination), but also
as glass network modifiers (in the 6-fold coordination). The participation of AlO4 or AlO6 groups is
determined by parameter ASI (aluminum saturation index), defined as Al2O3/(Na2O+K2O+2CaO) ratio
(Bumrongjaroen W. et al., 2007). In glass with ASI value less than 1 the aluminum ions are only network
formers, whereas in glass with ASI value greater than 1 – additionally as network modifiers. Because
of the Al-O bond in AlO6 units is much weaker than that in AlO4, it can be expected the increase in
reactivity of fly ash glass and consequently improving the pozzolanicity properties of this material.
In this paper, the research was carried out to establish influence of structure of glassy phase of fly ash
on its pozzolanic reactivity. The glass samples of various value of the Al2O3/(Na2O+K2O+2CaO) ratio,
below and above 1, were synthesized. The structure of glass samples and their pozzolanic activity are
discussed. The quantity and the rate of hydration heat evolution, contents of Ca(OH)2 and C-S-H and
compressive strength of fly ash cement are investigated. Moreover, the microstructural observation of
fly ash cement was made.
2. Experiment
2.1. Materials
Three glasses of various chemical composition were prepared by melt quench technique. The chemical
composition of samples was chosen based on literature data (Bumrongjaroen W. et al., 2007; Ward
C.R. et al., 2006; Wons, 2010). As raw materials were used analytically pure chemical reagents such
as SiO2  H2O, Al(OH)3, CaCO3, MgCO3, K2CO3, Na2CO3 and Fe(OH)3. Firstly, the mixture was
homogenized in mill for 24h and then heat-treated at 1500C (sample G1) or 1600C (samples G2 and
G3), holding at maximum temperature for 1h. The melting temperature was closely adjusted for each
sample, depending on its composition, especially differ content of alkalis (melting point reducers) in
the raw mixture. The liquid alloys were rapidly cooled down to 25C to avoid crystallization. The
amorphous nature of glasses was checked by X-ray diffraction technique. The final chemical
compositions of glasses are given in table 1. The each glass sample was milled to Blaine’a specific
surface of 40010 m2/kg.
It was assumed that glasses will represent comparable amount of SiO2, which will provide comparable
amount of SiO4 units in their structure. Moreover, it was assumed that aluminum oxide will be play
only as glass network former (sample G1) or additionally as glass network modifier (samples G2 and
G3), which was determined by differ value of parameter ASI (Bumrongjaroen W. et al., 2007) – 0.77 for
glass G1, 2.752 for glass G2 and 4.02 for glass G3. In consequence of that, the samples of G2 and G3
must contain a lot more Al2O3 in comparison to sample G1, whereas the amount of alkalis and CaO is



significant lower. The decrease in content of alkalis sequentially in glasses G1, G2 and G3 may
indicate that amount of AlO4 units in their structure will be also decreased. It follows from that the
glass G3 contains the lowest amount of active (non-bridging) oxygen atoms in its structure and
consequently represents the lowest depolymerization degree of SiO4 anions.

Tab. 1 Chemical compositions of synthesized glass samples/% (*) – molar concentration).
Chemical component G1 G2 G3

SiO2

Al2O3

CaO
MgO
K2O
Na2O
Na2Oeq.

Fe2O3

ASI

57.0
19.0 (0.125)*)

6.5
2.7

7.4 (0.054)
4.3 (0.047)

9.24
3.0 (0.013)

0.77

57.1
20.9 (0.149)

3.2
1.8

1.5 (0.012)
0.4 (0.005)

1.39
15.1 (0.069)

2.52

52.9
30.0 (0.217)

3.1
1.9

0.9 (0.008)
0.3 (0.004)

0.89
10.9 (0.050)

4.02
In the glass structure, in which the Al2O3 mole fraction is lower than the sum of mole fractions of
oxides of K2O and Na2O, the aluminum ions are located only in the 4-fold coordination (Engelhardt G.
et al., 1985). However, in opposite situation the excess of Al ions occur in aluminum-oxygen
octahedra or form so-called oxygen clusters (three tetrahedra linked to each other by common oxygen
atom). In sample G1 the Al2O3/Na2O+K2O mole fraction is higher than 1, which may suggest that part
of Al ions form AlO6 units, which in turn contradicts the accepted value of parameter ASI. Therefore,
it should be denoted that in sample G1 some AlO4 group form clusters of 2Al1Si or 1Al2Si (Lacey
E.D., 1963). The formation of 3Al0Si clusters in structure of glass G1 is not possible, because
theoretical calculations predict that the formation of Al-O-Al linkages in the 3:1 ordering scheme is
energetically unfavourable (Lowenstein W., 1954). In samples of G2 and G3, the Al2O3/Na2O+K2O
mole fraction ratio is much higher than in glass G1, respectively by about 6 and 10 times, which
suggested the presence of excess aluminum ions in the aluminum-oxygen oocthedra. However, the
ASI parameter may only to predict the occurrence of AlO6 units in glasses of G2 and G3, but does not
indicate their percentage. The most octahedral aluminum ions can be found in sample G3, which is
characterized by the highest value of parameter ASI of 4.02.
Analyzing the chemical composition of glasses the amount of Fe2O3 cannot be ignored. The Fe(III)
ions are located in the 4- and 6-fold coordination, what is determined by molar concentration of Fe2O3

in glass (Bingham P.A. et al., 2007; Rüssel C., 1993a,b; Rüssel C. et al., 2004). In the studied synthetic
glasses the amount of Fe2O3 is above 1%mol, suggesting the presence of iron(III) ions in both
coordination, but the content of octahedral Fe(III)O6 in the sample G1 will be probably very small.
The presence of Fe(III)O4 units requires compensation extra negative charge by ions of Na and K or
ions of Ca and Mg (Gerlach S. et al., 1998; Wiedenroth A. et al., 2001,2003). The small amount of K2O
and Na2O oxides in samples of G2 and G3 does not provide charge compensation to tetrahedra
Fe(III)O4, which will probably be reduced to iron(II) ions, which also form tetrahedral groups
(Traverse I.P. et al., 1992). Because of the magnesium ions has comparable ionic radius compared to
iron ions, they will be more likely substitute Fe(III) ions in tetrahedra. Thus, the stabilization of
Fe(III)O4 units in synthetic glasses is provided only by calcium ions. Because of the CaO content in
glasses of G2 and G3 is much lower than in glass G1, and the content of the Fe2O3 is significant
increased, it can be supposed that samples of G2 and G3 my contain more octahedral Fe(III)O6 in their
structure. In opposite, in sample G1 the Fe(III) ions will form primary tetrahedral units.
2.2. Mixture Details
These studies included preparation of three model fly ash samples (named as FA1, FA2 and FA3) by
mixing studied synthetic glass (G1, G2 and G3 respectively) with mullite and SiO2 (as a source of β-
quartz). Based on literature data, it was assumed that the percentage of glass, mullite and quartz in all
fly ash samples will be 70, 20 and 10wt% respectively. The mullite (3Al2O3·2SiO2) has been
previously synthesized by high temperature treatment at 1500 C using analytically pure chemical
reagents such as Al(OH)3, SiO2 and MgO (mullitization temperature reducer) (Dong Y. et al., 2011;



Doni Jayaseelan D. et al., 2004; Montanaro L. et al., 2000). The calculated chemical compositions of model
ashes and industrial siliceous fly ash (name as IFA) are shown in table 2.

Tab. 2 Chemical compositions of siliceous fly ashes/% (*) – industrial siliceous fly ash).
Chemical component FA1 FA2 FA3 IFA*)

Loss on ignition (1100C)
SiO2

Al2O3

Fe2O3

CaO
K2O
Na2O
Na2Oeq.

MgO
SO3

CaOw

ASI


52.60
30.74
2.10
4.55
5.25
3.01
6.46
1.79



1.77


52.67
32.07
10.57
2.24
1.05
0.28
0.97
1.16



5.52


49.73
38.44
7.63
2.17
0.63
0.21
0.62
1.23



7.42

1.66
52.33
29.05
6.69
3.35
3.30
1.19
3.36
1.91
0.52


2.60
In the experiment, the tested mixtures were prepared by mixing ordinary Portland cement CEM I
42.5R (named as CEM I) and fly ashes at 80 and 20wt% respectively, corresponding to Portland
siliceous fly ash cement CEM II/A-V according to PN-EN 197-1:2012 standard. The mixtures
containing ashes of FA1, FA2 and FA3 were marked as 80C-20FA1, 80C-20FA2 or 80C-20FA3
respectively. The mixture with addition of fly ash ISFA was denoted as 80C-20ISFA. The cements
were obtained by homogenizing the components.
2.3. Testing Details
The structure of synthetic glasses was investigated using the following spectroscopic studies:
- middle infrared (MIR) spectroscopy – Bio-Rad FTS 60V spectrometer (frequency scale from 1400 to
400 cm-1; spectra collect after 256 scans at 4 cm-1 resolution; samples embedded in KBr pellets),

- 27Al MAS-NMR spectroscopy – APOLLO console (Tecmag) at the magnetic field of 7.05T
produced by the 300 MHz/89 mm superconducting magnet (Magnex); Bruker HP-WB high-speed
MAS probe equipped with the 4 mm zirconia rotor and KEL-F cap was used to spin the sample at 8
kHz (frequency scale in ppm referenced to Al(OH)3);

As it is mentioned, the main property of siliceous fly ash is pozzolanic activity. In fact, it is
determined by content of SiO2 and Al2O3 in fly ash glass. These components react – in the presence of
water – with Ca(OH)2 to form additional hydration products, which in turn give better compressive
strength development of fly ash cement. In presented paper, the pozzolanic activity of glass samples
was analysed by the following methods:
- ASTM C379-65T standard – determining the content of active SiO2 and Al2O3 in glass (this part of
the silica and alumina, that are leached from the sample by heating it in the 1N NaOH solution for
1.5 hours at temperature of 80C),

- ASTM C593-06 standard – determining the 7- and 28-day compressive strength of lime mortar
(180g hydrated lime, 360g glass, 1480g sand), curing the first 7 days in the closed vapor oven at
54C and the further 21 days at 23C at 95 to 100% relative humidity

- PN-EN 450-1:2012 standard – calculation the 28- and 90-day pozzolanic activity index of glass
(ratio of the compressive strength of mortar containing 75wt% of cement CEM I 42.5R and 25wt%
of fly ashes to cement mortar without addition).

The quantity and the rate of hydration heat evolution of cement pastes are analysed by
microcalorimetric technique using differential microcalorimeter Institute of Physical Chemistry, Polish
Academy of Science (w/c=0.5; temperature of 25°C). The content of Ca(OH)2 and C-S-H in these
samples was determined by thermal analysis (DTA/TG) using thermo analyser Derivatograph OD-102
(w/c=0.5, temperature up to 1000°C in air atmosphere of 40 ml/min, heating rate of 10°C/min). The
compressive strength of fly ash cement mortars was estimated according to PN-EN 196-1:2006
standard. The observations of microstructure were performed on cement mortars samples using FEI’s



Nova200 Nano scanning electron microscope (SEM) equipped with energy dispersive spectrometer
(EDS).
3. Results and Discussion
3.1. Spectroscopic Studies of Glasses
The MIR spectra of synthesized fly ash glass samples are presented in figure 1. As it is known, on the
MIR spectra of silica glass (v-SiO2) there are essentially three bands: at about 1100 cm-1 –
asymmetrical stretching vibration of Si-O-Si, at 800-600 cm-1 – symmetrical stretching vibration of Si-
O-Si and at about 460 cm-1 – bending vibration of Si-O-Si. The same bands are presented on the MIR
spectra of glasses. However, the MIR spectra of studied glasses show shift of bands associated with
asymmetrical and symmetrical vibration of Si-O-Si, which may suggest the presence of Si-O-Al
bridges in their structure (Tarte P., 1967). For samples of G2 and G3 these bands are less shifted,
indicating that there is less tetrahedral AlO4 in these glasses. From the standpoint of aluminum ions
coordination, the most important is band at 580-550 cm-1, which is came from the vibrations of AlO6

units (Tarte P., 1967; Taylor M. et al., 1979). Unfortunately, on the MIR spectra of aluminosilicate
glasses, in the same range of wavenumbers, there are bands associated with the vibration of
aluminosilicate rings (Mozgawa W. et al., 1999,2002). However, taking into account that glasses of G2
and G3 contain greater amount of Al2O3, it can be assumed that in structure of these glasses the
significant proportion of Al ions creates AlO6 units. The presence of aluminum-oxygen octahedra in
these samples is confirmed by a slight, but clearly visible, shoulder at 550 cm-1 and absorption band at
613-614 cm-1 (Tarte P., 1967). Because of the G2 and G3 samples have high content of Fe2O3, the band
at 580-550 cm-1 may be also due to vibration of Fe-O bonds in FeO6 groups (Iordanova R. et al.,
1996,1998) and the bands at 650 and 658 cm-1 – also in FeO4 units (Iordanova R. et al., 1996).

(a) sample G1 (b) sample G2

(c) sample G3
Figure 1 MIR spectra of glass samples.

The 27Al MAS-NMR spectra of glass samples are presented in figure 2. The analysis was done only
for G1 and G3 glasses. On the spectra of both glasses one main band at +50 ppm is presented. This
band is linked with the tetrahedra AlO4 (Turner G.L. et al., 1987). In case of G3, besides the band at +52
ppm, the slight band at +3 ppm is also observed, confirming the presence of AlO6 groups in structure
(Kirkpatrick R.J. et al., 1995; Schmücker M., 1997).



Figure 2 27Al MAS-NMR spectra of glass samples.
3.2. Pozzolanic Activity of Glasses
The results of pozzolanic activity of synthetic glasses are shown in table 3. For comparison, the
pozzolanicity of industrial fly ash (IFA sample) was also marked. According to ASTM C397-65T, the
glass G1 contains the highest amount of active SiO2, which is resulted from the highest amount of
breaking oxygen bridges Si-O-Si. The content of active Al2O3 is, however, more diverse, which is due
to variable coordination of aluminum ions in structure of studied glasses. The most active Al2O3 is
showed by sample G3, which is resulted from the presence in its structure Al ions not only in AlO4

units, but also as AlO6 groups. The content of active Al2O3 in the glass G3 is by 41 and 48% higher
compared respectively to glasses of G1 and G3. The industrial fly ash contains generally less active
SiO2 then sinthesized glasses, mainly due to lower content of glassy component in it (about 65wt%).
In contrast, the content of active Al2O3 in sample IFA is greater, which is probably connected with the
presence of amorphous mullite precursors, i.e. dehydration and dehydroxylation products of clay
components in gangue. The compressive strength of all lime mortars dose not reach minimum of 4.1
MPa in accordance with ASTM C593-06 standard. However, it can be supposed that over time the
strength of all lime mortars will be increased as a result of “pozzolanic effect”. The pozzolanic activity
indexes of G2 and G3 samples reaches minimum 75 and 85% respectively at 28 and 90 day as it is
determined by the PN-EN 450-1:2012 standard, but the highest values of these indexes are denoted
also for glass G3. In the case of glass G1, the both pozzolanic indexes do not achieve required
minimum and the difference in comparison to sample G3 is 26 and 15% respectively at 28 and 90 day.
The sample IFA reveals similar pozzolanic properties as sample G1, although it is composed with only
65wt% of glassy phase.

Tab. 3 Pozzolanic activity of glasses
Parameter G1 G2 G3 IFA

Active component according to ASTM C379-65T/%
SiO2

Al2O3

10.56
3.56

9.26
3.39

10.18
5.03

9.22
5.23

Compressive strength of lime mortars according to ASTM C593-06/MPa
At 7 days
At 28 days

2.05
3.44

not analyzed
not analyzed

2.28
3.91

2.21
3.65

Pozzolanic indexes according to PN-EN 450-1:2012/%
At 28 days
At 90 days

68.1
83.1

77.2
91.9

85.6
95.6

78.7
89.7

3.3. Hydration Heat of Cement Pastes
As it is known, the siliceous fly ashes are inert addition not showing hydraulic properties as
cementitious materials. The introduction of them to cement slowdowns of cement hydration process,
that is, the induction period becomes longer and the maximum of the time-heat curve is reduced
(Kokubu M. et al., 1976; Massazza F. et al., 1979.; Massazza F., 1998). The microcalorimetric curves of
cement pastes are given in figure 3. The heat evolved values after 24 and 72h are given in table 4. The
hydration heat range of error is 5 kJ/kg.



(a)

(b)
Figure 3 Microcalorimetric curves of cement pastes: a) rate of heat evolution; b) hydration heat.

The microcalorimetric studies showed that the induction (“dormant”) period length of control sample
is 40 minutes. The introduction of FA1 and FA2 ashes to the cement causes increase in induction by
about 25 and 15 minutes respectively. The previous studies proved that the prolongation of induction
period by about tenth percent can be regarded as a significant. In the case of sample 80C-20FA3, the
induction period is shortened by about 10 minutes (by about 20% in comparable to CEM I), which my
be associated with high pozzolanic activity of glass in ash FA3. As it is shown, the structure of glass
G3, which is a component of ash FA3, is built not only by tetrahedra of SiO4 and AlO4, but also by
octahedra AlO6. Because of the Al-O bond in AlO6 group is weaker than that in AlO4 unit, the
octahedral aluminum ions are easier pass from fly ash glassy phase into liquid phase, and as a
consequence the ash FA3 more easier reacts with Ca(OH)2 to give more pozzolanic reaction products
in shorter time. The low solubility of C-S-H and C-A-H results in further passage of calcium ions into
solution, giving increase in hydration degree of alite after dormant period (increase in amount and rate
of heat evolution). Of course, the influence of alkali metal oxides cannot be ignored. The greater
amount of K and Na ions, the significant acceleration of cement hydration – these ions very easily go
into solution and attack grains of alite and belite (Odler I., 1998) as well as glass coating on the fly ash
grains (Diamond S., 1981; Longuet P. et al., 1973; Lothenbach B. et al., 2006). As it is shown in table 2, the
ash FA3 represents a low percentage of alkalis, so it should slow down cement hydration in
comparison to ashes of FA1 and FA2. However, However, such a low percentage of these oxides has
been resulted from adoption of the highest value of parameter ASI in glass G3. It should be supposed
that the rate and the intensity of pozzolanic reaction of analysed ashes is the most influenced by the
presence of octahedra AlO6 in structure of their glassy phase. As it is confirmed by spectroscopic
measurements, the ash FA1 do not contain AlO6 units in its glass network, and in the case of ash
FA2 – the amount of these groups is small.



Tab.4 Heat evolved values of cement pastes at 24 and 72 hours/kJ/kg.
Time CEM I (control) 80C-20FA1 80C-20FA2 80C-20FA3 80C-20IFA
At 24h
At 72h

140
280

110
240

120
240

130
240

100
220

As it is presented in table 4, the hydration heat of control sample CEM I is 140 kJ/kg at 24h and 280
kJ/kg at 72h. At addition of analyzed ashes to the cement gives the decrease in hydration heat of
cement blend. Taking into account the “dilution effect” of Portland cement clinker, the hydration heat
of all blended cements should be 110 kJ/kg at 24h and 220 kJ/kg at 72h. Results indicate that at 24h
the blend 80C-20FA1 blend reveals heat by about 21% lower compared to cement CEM I (“dilution
effect”), whereas the drop in hydration heat of 80C-20FA2 and 80C-20FA3 blends is about 14 and
11% respectively. This fact my suggests that pozzolanic reaction of FA2 and FA3 ashes has run. With
time of hydration the blended cements show variable increase in amount of heat generated, which is
determined different reactivity of glassy component in ashes. The hydration heat results confirm that
ash FA1 accelerate cement hydration at later time. At 72h the all analysed fly ash cements reveal
comparable hydration heat. Introduction 20wt% of industrial fly ashes to the cement also reduces
hydration heat of binder, however the drop in its value is connected only with so-called “dilution
effect”.
3.4. Content of Ca(OH)2 and C-S-H in Cement Pastes
The content of Ca(OH)2 and C-S-H in cement pastes was determined after 2, 28 and 90 days of
hydration for two studied fly ash cements of 80C-20FA1 and 80C-20FA3. The results are presented in
table 5. The percentage of Ca(OH)2 and C-S-H was calculated based on loss of chemically bounded
water on the TG curves with respect to effects on the DTA curve – endothermic effects in the range of
450-550 C (water associated with dehydration of Ca(OH)2) and 50-350 C (water from C-S-H gel
layer).

Tab.5 Content of Ca(OH)2 and C-S-H in cement pastes/wt%.
Time CEM I (control) 80C-20FA1 80C-20FA3 80C-20ISFA

Ca(OH)2
2 days
28 days
90 days

12.37
16.81
18.83

9.99
13.69
13.94

9.40
12.44
13.40

9.87
13.44
13.98

C-S-H
2 days
28 days
90 days

41.12
65.77
68.43

33.14
52.59
61.78

42.33
69.38
73.25

32.63
51.64
66.47

As it is known, the introduction of fly ashes to cement reduces amount of Ca(OH)2 – it is consumed in
pozzolanic reaction by active (amorphous) compounds of SiO2 and Al2O3 with forming additional
amount of C-S-H as well as C-A-H or C-S-A-H. In early hydration stage, the decreases in content of
Ca(OH)2 is mainly caused by “dilution effect” of calcium silicates in mixture, i.e. is proportional to
percentage of ashes (weak “pozzolanic effect” in the case of sample 80C-20FA3). With time of
hydration, after 90 days or later, the content of Ca(OH)2 in fly ash blended cement is significant lower
compared to control sample CEM I due to pozzolanic reaction occurs. The amount of Ca(OH)2 in
sample 80C-20FA1 is lower than that in CEM I by about 19% both after 2 and 28 days, and almost
26% after 90 days. For the sample 80C-20FA3, the decrease in content of Ca(OH)2 is 24, 26 and 29%
respectively at 2, 28 and 90 day.
The deficiency of Ca(OH)2 in samples of 80C-20FA1 and 80C-20FA3 requires the increase in
hydration degree of alite and belite to make up for shortage of Ca ions in liquid phase. As it is known,
this leads to increase in content of C-S-H in fly ash blended cements in relation to Portland cement.
The table 5 gives that the lowest content of C-S-H in pointed in sample 80C-20FA1 and the difference
in comparison to sample CEM I is about 20% both after 2 and 28 days and only 10% after 90 days. At
the same time, the cement 80C-20FA3 reveals more C-S-H than control cement CEM I by about 3, 5
and 7% respectively. It should be pointed that up to about 28 days the more increase in content of C-S-
H is denoted, of course, for blend 80C-20FA3, but between 28 and 90 day the greater increase in
amount of C-S-H is given by 80C-20FA1.



The DTA/TG analysis confirms that pozzolanic reaction of ash FA3 starts at about 2 day of hydration,
whereas that of FA1 begins much later, probably after 28 days. The faster and larger decrease in
amount of Ca(OH)2 in blend 80C-20FA3 can be associated with the presence of higher percentage of
aluminum ions in 6-fold coordination in glass structure in ash FA3. After 2 and 28 days, the difference
in amount of Ca(OH)2 in mixtures of 80C-20FA1 and 80C-20FA3 is respectively 6 and 9%, but at 90
day – only 4%. With time of hydration, the greater impact on decrease in content of Ca(OH)2 (greater
intensity of pozzolanic reation) has the presence of tetrahedral aluminum ions in fly ash glass structure.
Of course, in reaction between Ca ions and Al ions, regardless of their coordination in glass structure,
the same products are formed, i.e. calcium aluminate hydrates or calcium aluminosilicate hydrates.
3.5. Compressive Strength of Cement Mortars
The results of compressive strength of cements mortars (w/b=0.5) after 2, 28 and 90 and 180 days of
hydration are given in table 7.

Tab.5 Compressive strength of cement mortars/MPa.
Time CEM I (control) 80C-20FA1 80C-20FA2 80C-20FA3 80C-20ISFA
2 days
28 days
90 days
180 days

24.9
48.3
53.2
60.3

16.2
35.6
53.8
72.4

20.6
51.0
57.5
73.9

22.5
53.3
59.6
75.2

16.7
33.6
43.2
69.8

The 2-day strength of all fly ash blended cements is lower than that of sample CEM I and the
difference is about 35, 17 and 10% respectively for 80C-20FA1, 80C-20FA2 and 80C-20FA3. The
reduction in strength of cement 80C-20FA1 is caused mainly by so-called “dilution effect”, whereas in
the case of 80C-20FA2 and 80C-20FA3 blends – is also affected by “pozzolanic effect” (the drop in
strength is lower than expected 20%). The greater increase in early strength of blend 80C-20FA3
results from the highest pozzolanicity of ash FA3, which is consequence of the presence in glass
structure in ash FA3 the great part of aluminum ions in AlO6 groups. As the ashes of FA2 and FA3
contain higher amount of active Al2O3 in compared to ash FA1, with comparable content of active
SiO2, the blends 80C-20FA2 and 80C-20FA3 are characterized by similar amount of C-S-H, but
greater amount of C-A-H and C-S-A-H phases. In effect, the microstructure of 80C-20FA2 and 80C-
20FA3 mortars is more tight than that of mortar CEM I, and even than that of sample 80C-20FA1, in
which the content of pozzolanic reaction products is the smallest. At 28 day, the strength of 80C-
20FA2 and 80C-20FA3 samples is higher than that of CEM I by respectively 6 and 10%, whereas the
strength of cement 80C-20FA1 is lower by 26%. Between 28 and 90 day, the increase in strength of
cement 80C-20FA1 is about 51%, but that of 80C-20FA2 and 80C-20FA3 blends – respectively only
13 and 11%. This confirms that as the hydration time goes on the degree of ash is connected with
percentage of AlO6 units in structure of its glassy component. At 90 and 180 day, the strength of 80C-
20FA3 cement is respectively 59.6 and 75.2 MPa, and the increase in relation to CEM I is respectively
about 12 and 25%. In accordance with requirements of PN-EN 197-1:2012, the introduction of 20wt%
of ash FA1 to cement allows to obtain cement of type CEM II/A-V 32.5R, whereas the addition of
20%wt of ashes FA2 and FA3 – CEM II/A-V 52.5N.
The addition of 20wt% of ash IFA gives decrease in mortar strength until to 90 day and difference in
comparison to control sample is about 20% at 2 and 28 day (“dilution effect”) and 7% at 90 day (slight
“pozzolanic effect”). At 180 day the mortar CEM-20ISFA reveals better mechanical properties than
control sample, and the difference is about 11%. According to PN-EN 197-1:2012, the sample 80C-
20ISFA corresponds to the cement of type CEM II/A-V 32.5R.
3.6. Microstructure of Cement Mortars
The micrographs of 28- and 90-day microstructure of analysed mortars of CEM I, 80C-20FA1 and
80C-20FA3 are presented in figures 4-10.



(a) SEM. 3 000x (b) EDS. Point 1

(c) EDS. Point 2 (d) EDS. Point 3
Figure 4 Grain of sand (point 1) in contact to gel C-S-H (point 2) with inclusions of ettringite (point 3) in sample

CEM I at 28 day.

(a) SEM, 10 000x. (b) EDS. Point 1.
Figure 5 Dense gel C-S-H (point 1) in sample 80C-20FA1 at 28 day.

(a) SEM. 10 000x. (b) EDS. Point 1.

(c) EDS. Point 2.
Figure 6 Hydrogarnet enriched in SiO2 (point 1) and C-S-H gel with inclusions of ettringite (point 2) in sample

80C-20FA3 at 28 day.



(a) SEM. 5 000x. (b) EDS. Point 1
Figure 7 Grain of SiO2 (point 1) and dense gel C-S-H (pkt 2) in sample 80C-20FA3 at 28 day.

(a) SEM, 3 000x. (b) EDS. Point 1.

(c) EDS. Point 2.
Figure 8 Hexagonal plates of Ca(OH)2 (point 1) and dense gel C-S-H (point 2) in sample CEM I at 90 day.

(a) SEM. 5 000x. (b) EDS. Point 1.

(c) EDS. Point 2.
Figure 9 Piece of unreacted glass G1 (point 1), grain of SiO2 (lower left part of micrograph) and dense gel C-S-H

(point 2) in sample 80C-20FA1at 90 day.



(a) SEM. 2 000x. (b) EDS. Point 1.

(c) EDS. Point 2. (d) EDS. Point 3
Figure 10 Piece of unreacted glassG3 (point 1), dense gel C-S-H (point 2) and hyydrogehlenite (point 3) in

sample 80C-20FA3 at 90 day.
Of course, the main product in all samples is C-S-H. However, the CaO/SiO2 ratio in C-S-H is
decreased in fly ash blended cement as a results of pozzolanic reaction occurring. The content of
portlandite in 80C-20FA3 is lower as a consequence of higher pozzolanic activity of ash FA3. The
microstructure of mortar 80C-20FA3 has lower porosity (more gel pores, less capillary pores and
macropores) in comparison to other mortars. At 28 day, the aluminosilicate hydrates are supposed to
be visible in sample 80C-20FA3. The pieces of unreacted glass are also appeared in fly ash blended
cements, probably due to improper milling of glass samples or homogenization of mixtures.
4. Conclusions
1. In the fly ash glass there are two kind of bonds: -Si-O-Si- and -Si-O-Al-.
2. The fly ash glass containing greater amount of octahedra AlO6 in its structure reveals higher

pozzolanic activity (large share of active Al2O3 and the large amount of Ca(OH)2 bounded in
pozzolanic reaction), which in turn gives increase in compressive strength of lime and cement
mortar.

3. Cement containing fly ashes, in which the glass is built by tetrahedra SiO4 and AlO4 and also
octahedra AlO6 shows higher rate of hydration process and in result higher early compressive
strength.

4. Addition 20wt% of fly ashes gives cement type CEM II/A-V 32.5R (Al ions only in 4-fold
coordination in fly ash glass structure) or even CEM II/A-V 52.5N (Al ions in 4- and 6-fold
coordination).
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C2S hydration in different alkaline media
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Abstract
Hybrid binders based on blends of Portland cement and alkali-activated aluminosilicates have been the
object of intense study in recent years as a promising alternative to ordinary Portland cement (OPC). The
unusually high alkalinity of these hybrid cements necessitates a thorough understanding of the effect of a
high concentration of alkalis on the mineralogical phases comprising such hybrid systems. The present
study explored the behaviour of laboratory-synthesized dicalcium silicate (C2S) in alkaline media. C2S
was hydrated in three liquid media: water, 8-M NaOH and 4-wt % Na2CO3. Hydration kinetics was
studied via isothermal conduction calorimetry and 2- and 28- day mechanical strength development was
determined. The reaction products were characterised with XRD and 29Si NMR. The findings showed that
hydration kinetics was faster in C2S hydrated in the presence of alkalis than in the reference material
(C2S + water). Compressive strength was also higher in the former.

Originality
This study proves that C2S hydration is hastened in highly alkaline media. That finding is of practical
significance, given the low reactivity of water-hydrated C2S, for it suggests the possible utility of alkaline
activation in the future development of belite cements.

Keywords: alkaline hydration, gel C-S-H, high pH
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1. Introduction
Hybrid binders based on blends of portland cement and an alkali-activated aluminosilicate have
been the object of considerable research in recent years, for in addition to exhibiting greater
sustainability than ordinary portland cement, they perform as well or better than OPC (Shi C. et
al., 2011; Palomo A. et al., 2007; García Lodeiro I. et al., 2013; García Lodeiro I. et al., 2012).
Hybrid systems call for high alkalinity to effectively develop mechanical strength, which affects
not only aluminosilicate reactivity, but also the behaviour of the mineralogical phases present in
Portland cement. The present paper reports on an in-depth exploration of the behaviour of
synthetic C2S in alkaline media. This compound was hydrated with 8-M NaOH (pH=14) and
4-% Na2CO3 (pH=11.75) to generate approximately the same alkalinity as required to activate
hydration in hybrid cements.
2. Experimental
2.1. C2S synthesis
Dicalcium silicate was synthesised via a solid state reaction (Wesselsky A. et al., 2009) from
the following laboratory reagents: CaO sourced from (Merck, Madrid, Spain), and CaCO3 and
silica from the respective Panreac (Barcelona, Spain) reagents. Stoichiometric amounts of the
compounds were weighed and blended for one hour in a solids mixer. Blending was halted by
adding ethanol to the solids and stirring the liquid suspension formed for 30 seconds. The
ethanol was subsequently eliminated by heating the mix under an infrared lamp. Before
undertaking calcium silicate synthesis per se in an MRL1700 (Termolab, Portugal) electric kiln,
the mix of reagents was decarbonated at 1 000 ºC for 3 hours. Lastly, the C2S was synthesised
by heating the blend at 1 430 ºC for 3 hours. The ß-C2S polymorph was prevented from muting
to the (hydraulically inert)  -C2S form during cooling as follows: stoichiometric amounts of
CaO and SiO2 were ground by hand in an agate mortar to obtain very small C2S particles which
are known not to convert from ß-C2S to γ-C2S when cooled rapidly.
The synthetic C2S was then ground and sieved to a particle size of under 45 μm. The purity of
the resulting compound was determined via Rietveld refinement of the XRD patterns (Rietveld
H. M., 1969; Larson A. C. et al., 2000) using GSAS software.
The findings revealed that the synthesised dicalcium silicate contained 91.0 % -C2S, while the
remaining 9 % was attributed to  -C2S. The relative error in Rietveld refinements of LXRPD
(laboratory X-ray powder diffraction) findings is on the order of 2 % for majority phases and
5- 10 % for less abundant components (De la Torre A. G. et al., 2003).
2.2. Paste preparation: determination of mechanical strength and hydration product
characterisation
Prismatic (1x1x6- cm) specimens were prepared to monitor the progression of the hydration
reactions and test mechanical strength. Three pastes were prepared: one hydrated with water
only [reference material (H)], a second hydrated with an 8-M NaOH (N8) solution, and a third
with water containing 4 wt% Na2CO3 (4NC). The liquid/solid ratio used was 0.3 in H and 4NC
pastes and 0.35 for the C2S hydrated with 8-M NaOH. The (1x1x6- cm prismatic) specimens
were removed from the moulds after 24 hours of initial curing at 21 ºC and 95 % relative
humidity and then stored in a climatic chamber until they reached the test age (2 or 28 days).
The specimens were tested for bending and compressive strength (six for bending and twelve
for compressive strength at each test age).
The bending trials were conducted on a Netzsch model 401-2 kit, set for a constant speed and
spacing the supports under the specimen at 5 cm. Compressive strength was determined on an
Ibertest Autotest-200/10-SW (Madrid, Spain) test frame. After the strength trials, the specimens
were crushed and ground to a fine powder that was then mixed with acetone and ethanol to halt
the hydration reactions prior to XRD mineralogical and 29Si MAS NMR microstructural
analysis. The XRD patterns were recorded on a Bruker (Madrid, Spain) D8 Advance
diffractometer. The instrumental conditions were: Cu Kά1,2 radiation (1 540, 1 544 Å); no
monochromator; goniometer radius, 217.5 mm. For the hydrated pastes, the settings were:
variable 6-mm divergence slit (hydrated pastes); 2θ angle 5-60º; step time, 0.5 s; step size, 0.02º.
Different settings, better suited to the Rietveld quantification conducted, were used for the
anhydrous sample: fixed 0.5º divergence slit; 2θ angle range 5-70º; step time, 2 s; step size,
0.02º.
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The 29Si nucleus was scanned on a Bruker MSL 400 NMR spectrometer under the following
conditions: resonance frequency, 79.5 MHz; sample rotation frequency, 10 kHz; number of
signal acquisitions per sample, 800. Chemical shift was measured in ppm using
tetramethylsilane (TMS) as the standard. Spectrum processing and signal deconvolution based
quantitative integration were performed DMFIT software (Massiot D. et al., 2002).
The heat of hydration in the dicalcium silicates was monitored on a Thermometric TAM Air
(Sweden) isothermal conduction calorimeter to study paste reaction kinetics in the early hours
of the reaction. The pastes were mixed by hand for 3 minutes immediately prior to the trial. The
liquid/solid ratios used to prepare the prismatic specimens were as above: 0.3 for the H and 4NC
pastes and 0.35 the N8 pastes.
3. Results and Discussion
3.1. Isothermal conduction calorimetry
The effect of the presence of alkalis on heat flow and the total heat released during C2S
hydration was determined with this technique. Figure 1 shows the calorimetric curves for the
C2S pastes. Hydration was speedier in the presence of alkalis than in the reference material (H
pastes). The 20- hour calorimetric curve for the C2S pastes hydrated with water was flat. When
the silicate was hydrated in the presence of alkalis, however, the curve exhibited a wide signal
peaking at around 1-2 hours.

Figure1. A) Heat flow in C2S pastes. B) Total heat released in C2S pastes

The C2S pastes released more total heat when hydrated with 8-M NaOH than when hydrated
with Na2CO3 or in the absence of alkalis. The heat released during the first 3 minutes of
hydration, i.e., during the manual mixing described in the methodology, could not be measured
and is therefore not reflected in the results shown.
The findings nonetheless indicate that the presence of alkalis hastened C2S hydration. While
Peterson et al. (2006) observed no significant difference between hydrating C2S with water or in
the presence of a weak alkali (0.5-M NaOH), in the present study alkaline activators spurred the
reaction substantially (see Figure 1).
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3.2. Mechanical strength
Figure 2 shows the compressive strength values for C2S pastes hydrated with water (H pastes),
in the presence of 4-% Na2CO3 (4NC) and with 8-M NaOH (N8). The pastes hydrated in the
presence of an alkaline activator exhibited higher performance at both test ages.

Figure 2. Mechanical strength in 2- and 28- day C2S pastes
3.3. Paste mineralogy
Figure 3 reproduces the diffractograms for anhydrous C2S and the 2- and 28- day pastes
hydrated under the experimental conditions described above. Only the 5-45 2θ region of the
spectrum is shown, for readier interpretation of the results. Unreacted C2S and portlandite were
present on all the XRD patterns. CaCO3 was observed in the 2- and 28- day materials, while
diffraction lines possibly associated with the presence of a weakly crystallised C-S-H (I) gel
were detected in the N8 pastes.
3.4. Microstructure: 29Si MAS NMR findings
The 29Si MAS NMR spectra for synthetic C2S and for 28- day pastes H, 4NC and N8 are shown
in Figure 4. Anhydrous C2S exhibited a single narrow signal at around - 71.5 ppm, attributed to
the Q0 units in the tetrahedral silica forming dicalcium silicate (Zanni H. et al., 1994). No new
signals were observed on the spectrum for the 28- day water-hydrated C2S pastes attributable to
the presence of Q1 or Q2 units that might denote the formation of a C-S-H gel.
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Figure 3. Diffractograms (2  region 5-45  ), for 2- and 28- day hydrated C2S pastes: A) H pastes
(C2S+water); B) 4NC pastes (C2S+4-wt % Na2CO3+water); C) N8 pastes (C2S+8-M NaOH) Legend: b:
ß-C2S (86-0398); γ: γ-C2S (86-0397); •: CSH (I) (06-0010); p: portlandite (72-0156); c: CaCO3 (86-
0174).(In parentheses, ICDD PDF codes).
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On the spectra for pastes 4NC and N8, in contrast, the intensity of the signal at - 71.5 ppm
declined significantly and new signals appeared at - 78.5 ppm (Q1 units, silica tetrahedra
forming dimers or positioned at the end of chains) and at around - 84 ppm (Q2 units, at
intermediate positions in chains). Both spectra also exhibited a very narrow, low intensity signal
at - 73.5 ppm. Attributing this signal is a complex task. It might be thought to be due to an
impurity such as the  -C2S polymorph (Grimmer A. R.. et al., 1985), although it was not
detected on the aforementioned spectra. The high sodium concentration might have also
favoured the formation of a calcium-sodium silicate, CaNaHSiO4, which according to Magi M.
et al. (1984) generates a sole signal at - 73.5 ppm.

Figure 4. A) 29Si MAS NMR spectra for anhydrous C2S and 28-day pastes; B) deconvolution of the
spectrum for paste 4NC; C) deconvolution of the spectrum for paste N8

Deconvoluting the 28- day 29Si MAS NMR spectra for pastes 4NC and N8 (Figures 4B and 4C)
yielded information on both their degree of reaction (α) and the mean silicate chain length (CL)
in the C-S-H gel forming during hydration (Equations [1] and [2]) (Richardson I. G. et al.,
1999). (Inasmuch as the spectra for the unhydrated C2S and for paste H were nearly identical,
only the spectra for pastes N8 and 4NC were deconvoluted.) The findings given in Table 1
show that the degree of hydration (α) was highest in the N8 pastes, while pastes 4NC had the
longest chains (CL).
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α (%) = (1-Q0) ×100 Eq. [1]

CL = [2× (Q1+Q2)] / Q1 Eq. [2]

Table 1. 29Si MAS NMR spectrum deconvolution data for 28- day C2S pastes

Paste
δ anhydrous

(ppm) δ hydrated (ppm) Qn (%) CL ά (%)
Q0 Q1 Q2 Q0 Q1 Q2

C2S-4NC -71.6 / -73.9 -79.23 -84.61 16.87 56.33 22.21 2.8 83.1
C2S-N8 -71.4 / -73.8 -78.57 -83.73 6.3 79.09 11.71 2.3 93.7

CL: chain length; ά: degree of hydration in calcium silicates; deconvolution: L/G = 0.5

The XRD and especially the 29Si MAS NMR findings (Table 1) confirmed that the rise in C2S
reactivity in alkaline media entailed a higher degree of reaction. In the presence of alkalis, the
28- day degree of hydration (α) came to 83 % in the 4NC pastes and 94 % in the N8 pastes. Both
values were much higher than in the water-hydrated H pastes. Taylor H.F.W. et al. (1990),
analysing a water-hydrated paste after 4 years of hardening, detected over 15 % anhydrous C2S.
In the present study the values observed after only 28 days were 6 % in the 8-M NaOH-
hydrated pastes and 17 % in the 4-% Na2CO3 pastes. Some authors contend that in calcium
silicate hydration, faster precipitation of C-S-H gel renders its structure more compact, inducing
higher compressive strength in the resulting pastes (Jennings H. M. et al., 2010). This study
showed that the presence of alkalis not only hastened hydration kinetics, with a higher degree of
reaction in alkali-activated than in water-hydrated C2S pastes, but also yielded pastes with
greater mechanical strength.
4. Conclusions
The chief conclusions to be drawn from the present study are as follows.
1. C2S hydration in the presence of alkalis favours portlandite precipitation, translating into a
rise in hydration kinetics and a higher degree of reaction in dicalcium silicate.
2. The presence of alkalis has a very significant effect on C2S pastes, whose mechanical strength
is greater than when hydrated in the absence of such compounds. Given the low initial activity
of C2S under normal hydration, this finding has technological implications for the possible
creation of new belite cements.
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The effect of water-to-cement ratio on the hydration kinetics of Portland cement
at different temperatures

Xueyu Pang1*
Cementing Applied Science and Processes, Halliburton, 3000 N Sam Houston Pkwy E, Houston, 77070, USA

Abstract
The hydration kinetics of Portland cement is known to be relatively insensitive to water-to-cement (w/c) ratio changes
through experimental observations such as isothermal calorimetry tests and chemical shrinkage tests. As calcium
silicate hydrate (C-S-H) nucleation and growth has been identified as the controlling mechanism during the early stage
of Portland cement hydration, the relative insensitivity of Portland hydration to w/c ratio, which directly influences the
inter-particle spacing of cement grains (presumably, the available space for C-S-H nucleation and growth to occur), is
not well understood.

Isothermal calorimetry is employed in this study to conduct a comprehensive investigation of the effect of w/c ratio on
the hydration kinetics of a Class H Portland cement at different curing temperatures (15°C, 35°C, and 60°C). A wide
range of w/c ratios, from 0.3 to 1.2, was selected such that its influence on cement hydration could be effectively
quantified. At relatively high w/c ratios (≥0.38), a suspending aid, or viscosity modifying agent, was used to control the
bleeding and settling of the cement mix. Slurries prepared with and without the suspending aid were compared. The
dosage of suspending aid applied ranged from 0.03 to 0.4% by weight of cement (bwoc).

For slurries prepared without the suspending aid, the severity of bleeding and settlement of a cement mix, which
appears to increase with increasing specimen height, also increases significantly with increasing w/c ratios. The
isothermal calorimetry test results of these slurries suggest that increasing the w/c ratio increases the induction period
of cement hydration (by 1 to 1.5 hours). Additionally, the hydration kinetics plots clearly demonstrate that w/c ratio has
a negligible effect on cement hydration rate during the acceleration period but slightly increases the cement hydration
rate during the post-peak period. Such an increase in hydration rate appears to be much more significant at low w/c
ratios than at high w/c ratios.

The addition of a diutan gum suspending aid in appropriate amounts can effectively prevent water loss and settlement
of cement slurries during setting. While the suspending aid appears to help retain more water in the cement mix, it also
extends the induction period and increases the reaction rate during the deceleration period. In low-density slurries
(w/c≥0.6), the amount of reaction occurring during the acceleration period seemed to be slightly increased resulting
from the presence of the suspending aid additive.

Originality
A comprehensive experimental investigation of the effect of w/c ratio on cement hydration kinetics at different
temperatures is conducted. A wide range of w/c ratios is studied, from 0.3 to 1.2. The study introduces a novel
concept— namely, the cement hydration mechanism profile—to examine the behavior of cement hydration with different
w/c ratios. From the plots of the hydration mechanism profile, it is clear that the effect of interparticle spacing on
cement hydration is negligible during the acceleration period but becomes obvious during the post-peak period. Such a
sudden change in hydration behavior is also observed when other influencing parameters of cement hydration are
changed, such as mixing and curing conditions and even certain changes in mixing composition. The effects of a diutan
gum suspending aid, often used to prevent bleeding and settlement in high-water-content slurries, on the hydration
kinetics of cement are also investigated.

Keywords: w/c ratio; temperature; viscosity modifying agent; oil well cement; diutan gum
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1. Introduction
Isothermal calorimetry is the most commonly used method to characterize cement hydration kinetics
as it directly measures the heat flow arising from the hydration reactions as a function of time (ASTM,
2009). In such tests, the rate of hydration is represented by the heat flow rate while the total degree of
hydration is represented by the cumulative heat evolution. Portland cement hydration kinetics is
typically represented by two types of curves (Fig. 1a): total degree of hydration vs. time (i.e., the
integral curve) and rate of hydration vs. time (i.e., the derivative curve). Because the hydration rate of
cement is strongly dependent on the extent of the reaction, a third type of curve—namely, the plot of
rate of hydration vs. total degree of hydration (Fig. 1b)—is generally useful for studying the cement
hydration mechanism. This curve is sometimes referred to as the differential equation curve, as it
mathematically represents the differential equation of cement hydration kinetics (Pang 2013a). For
convenience, the plot of normalized rate of hydration (against the peak rate) vs. total degree of
hydration can be defined as the cement hydration mechanism profile. The hydration process is
traditionally subdivided into five periods according to the derivative curve (Fig. 1a): (1) initial reaction,
(2) induction (dormant) period, (3) acceleration period, (4) deceleration period, and (5) steady state of
slow reaction. The initial reaction occurs within a very short period of time and is difficult to measure
accurately. Fortunately, the total amount of reaction during Periods 1 and 2 is typically very small,
often negligible. The main hydration of cement (i.e., Periods 3, 4, and 5) is commonly believed to be
controlled by a mechanism that gradually transforms from nucleation and growth controlled (NG) to
diffusion controlled (DC). However, many details with regard to this shift of the rate-controlling
mechanism are still uncertain today. There are currently two main hypotheses to explain the transition
from Period 3 to Period 4 (Thomas et al., 2011). One is based on a space restriction assumption, which
claims that the deceleration period is a natural consequence of a nucleation and growth transformation
as the space available for further transformation (i.e., space occupied by water) decreases with the total
extent of transformation (Thomas, 2007; Bishnoi and Scrivener, 2009; Scherer et al., 2012). The DC
mechanism is believed to occur during Period 5, if it occurs at all. The other hypothesis assumes that
the deceleration period is a result of the shift of the hydration mechanism from the NG to DC stage
(Pang and Meyer, 2015a, 2015b). One of the main arguments against the first hypothesis is its inability
to explain the fact that the hydration kinetics of cement are relatively insensitive to changes in w/c
ratio (Kirby and Biernacki, 2012; Pang and Meyer, 2015b), which determines the available space for
hydration products to grow. Some studies have tried to explain the incompatibilities of this hypothesis
by introducing concepts, such as densification and/or dendritic growth of hydration products (Bishnoi
and Scrivener, 2009; Scherer et al., 2012) or by assuming the C-S-H product only grows within a
“reaction zone” near the surface of the cement grains (Masoero et al., 2014). However, independent
support directly from experimental observations is still very limited.

Figure 1: Class H cement hydration kinetics measured by isothermal calorimetry (25°C)
While the cement hydration process is not yet fully understood, in many situations, the hydration



appears to follow the same mechanism profile during the acceleration period (i.e., Period 3), despite
changes in several different influencing parameters, such as mixing and curing conditions and even
certain changes in mixing composition. Deviations are typically only observed during the post-peak
period (i.e., Periods 4 and 5). For example, as shown in Fig. 2, the hydration mechanism profile of
Class H cement during the acceleration period is independent of curing temperature (Fig. 2a), initial
mixing temperature (Fig. 2b), mixing intensity (Fig. 2c), as well as the addition of NaCl accelerator
(Fig. 2d). More comprehensive investigations of these influencing factors on cement hydration can be
found in previous publications (Pang et al., 2013a, 2013b, 2014a; Pang and Meyer, 2015c). Although
detailed explanations of the working mechanism of these different influencing parameters are still
unclear, the experimental observations suggest that there might be a mechanism change (possibly from
the NG stage to DC stage) that occurs around the time when cement reaches its main hydration peak.
It can be hypothesized that these influencing parameters affect cement hydration in different ways
during the NG stage as compared to the DC stage, which causes the divergences of the hydration
mechanism profile during the post-peak period.

Figure 2: Hydration mechanism profile of Class H cement at different test conditions

To obtain a better understanding of the mechanism of cement hydration, a comprehensive study of the
effect of w/c ratio on the hydration kinetics of Class H cement was conducted using the isothermal
calorimetry test method. Cement mixes were prepared with a wide range of w/c ratios and cured at a
wide range of temperatures. Various types of hydration kinetics plots were compared. Cement slurry
stability was evaluated by measuring water loss and settlement during the setting process. A diutan
gum suspending aid was used to produce stable low-density slurries with minimal water loss and
settlement. The effect of diutan gum on cement hydration kinetics was also investigated.

2. Experimental



2.1. Materials
API Class H cement was obtained from Lafarge Co. (Joppa plant). The main compound compositions
of the cement derived from oxide analysis test results using the Bogue calculation method (API
Specification 10A, 2010) as well as powder X-ray diffraction (XRD) with accompanying Rietveld
refinement (Iverson et al., 2011) are presented in Table 1. Although both methods are known to
produce inaccuracies, the estimated main phase compositions agree excellently with each other, except
for the sulfate content. The particle size distribution of the cement was measured by the laser
scattering technique with dry dispersion methods. The median particle size was 18.7 µm, with a
calculated specific surface area (assuming spherical particles and a density of 3150 kg/m3 for cement)
of 303 m2/kg. A diutan gum suspending aid obtained in-house was used to help mitigate the settling of
low-density slurries with a high w/c ratio.

Tab. 1 Chemical compositions of the Class H cement used in the study
Method C3S C2S C3A C4AF CaSO4 Free Lime
Bogue 59.7 18.2 0.41 14.2 4.9 0.21
Rietveld 60.8 16.4 0 12.8 101 —

1Sulfate content comprised of both gypsum (2.9%) and anhydrite (7.1%)

2.2. Experimental Process
Water-to-cement ratios of 0.3, 0.38, 0.6, 0.91, and 1.2 were used to prepare cement slurries with
densities of 17.6, 16.6, 14, 13, and 12 lbm/gal, respectively. All slurries were mixed at room
temperature (approximately 21°C) in a Waring® laboratory blender using deionized water and were
cured at three different temperatures, namely 15, 35, and 60°C. The standard w/c ratio to produce neat
Class H cement with no additives is 0.38, as recommended by the American Petroleum Institute (API
Specification 10A, 2010). Low-density slurries (≤14 lbm/gal) produced with relatively high w/c ratios
(≥0.6) will likely have significant bleed water and vertical density variations because of settling of the
cement particles before setting. In this study, the low-density slurries were prepared both without and
with a suspending aid additive. For slurries cured at 15°C, different dosages of suspending aid were
used to study their effect on cement hydration kinetics and determine the minimum dosage required to
prevent bleeding and sedimentation of the cement slurry. Suspending aid was added by weight of
cement (bwoc) and dry blended with the cement before mixing with water. When converted to by
weight of water (bwow), it appeared that a suspending aid dosage of 0.22 to 0.25% is required for w/c
ratios ranging from 0.6 to 1.2. These values were then used in tests at higher curing temperatures (35
and 60°C). A detailed list of the dosage of suspending aid used in low-density slurries cured at
different temperatures is presented in Table 2.

Standard two-step mixing procedures (i.e., mixing for 15 sec at 4,000 rev/min and 35 sec at 12,000
rev/min) (API RP 10B-2, 2013) were used to prepare approximately 300 mL of slurry for each test. A
sample of approximately 3 mL was transferred to a glass ampoule immediately after mixing, which
was then sealed and loaded into a TAM Air microcalorimeter (TA Instruments) for isothermal
calorimetry test. Standard test procedures as described in ASTM C1679-09 (2009) were followed. The
cement sample was introduced to the calorimeter along with an inert reference sample (silica sand) of
the same heat capacity. The first hour of testing data was discarded because approximately 1 hour is
required for the test to reach an equilibrium state to obtain accurate heat flow readings. There were
concerns about test reproducibility of the low-density slurries without any suspending aid, as the
cement could settle out immediately after mixing. Isothermal calorimetry data of replicate tests with
high w/c ratios (two different batch mixes for each w/c ratio) are illustrated in Fig. 3. The test results
indicated excellent reproducibility, with only slight differences between the replicate tests. The
maximum observed difference in the peak heat flow was approximately 0.015 mW/g cement. Slurries
prepared with suspending aid showed similar reproducibility. The isothermal calorimetry specimen
was allowed to hydrate for seven days under sealed conditions. After the test was terminated, the glass



ampoule was opened and the bleed water remaining on the surface was determined by weight
difference after drawing all surface water off with a paper towel. For each test, an additional 50  100
mm cylindrical sample (~200 mL) was cast in a plastic mold, sealed with a cap and electrical tape, and
submerged in a water bath for five days. After it set, the bleed water remaining on the surface of the
specimen was also determined by weight difference after removing the surface water. The sample was
then demolded and cut into 3 disks along its length for density measurement (settlement tests)
according to standard procedures described in API RP 10B-2 (2013).

Figure 3: Repeatability of isothermal calorimetry test data (curing temperature = 15°C)

Tab. 2 Dosage of suspending aid used in low-density slurries at different curing temperatures
Curing temp. (°C) 15 15/35/60 15 15 15 15/35/60 15 15/35/60 15

w/c ratio 0.6 0.6 0.91 0.91 0.91 0.91 1.2 1.2 1.2
Suspending

aid
bwoc 0.1 0.15 0.05 0.1 0.15 0.2 0.2 0.3 0.4
bwow 0.17 0.25 0.055 0.11 0.165 0.22 0.17 0.25 0.33

3. Results and Discussion

3.1. Water Loss and Settlement Test
Without any suspending aid, bleeding and settlement is common for cement slurries with high w/c
ratios, especially when the cement has relatively coarse particle sizes, such as Class H cement. A
sealed cement specimen might lose water before setting as a result of the sedimentation of cement
particles and reabsorb part or all of the lost water after setting resulting from chemical shrinkage that
generates internal pores (and reduced pressure) inside the specimen. For Class H cement, the total
amount of water that could be reabsorbed (i.e., chemical shrinkage) over a three-day period is
approximately 0.025 to 0.03 g per g of cement (Pang, 2011). Therefore, the true effective w/c ratio of
a cement specimen is usually a function of time. The final effective w/c ratio of a specimen can be
determined by subtracting the measured bleed water remaining on the surface of the specimen from
the total mix water. Test results for both the isothermal calorimetry specimen and the water bath
specimen (produced from the low-density slurries without suspending aid) are listed in Table 3. As
expected, the severity of bleeding increases significantly with increasing w/c ratio. The severity of
bleeding also decreases with increasing curing temperature primarily because of the reduced setting
time, which is the time window for settling to occur. Such observation is consistent with previous
studies. In addition, the severity of bleeding increases with increasing specimen height. For example,
at w/c = 1.2, approximately 41% of mixing water was bled off from the 6 mm high isothermal
calorimetry specimen, while 56% of mixing water was bled off from the 100 mm high water bath
specimen. The results also further support similar conclusions in a previous study (Pang et al., 2014b).



Tab. 3 Final effective w/c ratio of cement specimen as a function of curing temperature
Isothermal calorimetry specimen (~ 25  6 mm) Water bath specimen (~ 50  100 mm)

Initial w/c ratio 0.6 0.91 1.2 0.6 0.91 1.2
15°C 0.520 0.619 0.706 0.440 0.493 0.517
35°C 0.548 0.632 0.772 0.501 0.528 0.539
60°C 0.577 0.632 0.775 0.495 0.567 0.640

As discussed in Section 2.2, each water-bath-cured specimen was cut into three disks along its length
and marked as the top, middle, and bottom samples, respectively. The specific gravity of these
specimens as determined per API standard procedures is listed in Table 4. It can be observed that,
without suspending aid, the sedimentation effect is present, even at a w/c ratio of 0.3, where the
specimen showed a density increase of 2% from top to bottom. Such a density difference was
increased to 3% at w/c = 0.38 and 7% at w/c = 0.6. When appropriate amounts of the diutan gum
suspending aid were added to the slurry designs, the density variations of the specimens were
dramatically reduced (much less than 1%, in most cases). At 15°C, it was observed that the slurries
prepared with high w/c ratios (such as 1.2) could settle to the point that the bottom section of the
specimen had nearly the same density as the standard neat cement (i.e., w/c = 0.38).

Tab. 4 Specific gravity of set cement samples without and with suspending aid

w/c ratio Section
w/o suspending aid w/ suspending aid

15°C 35°C 60°C 15°C 35°C 60°C

0.3
Top 2.17 2.16 2.14 — — —

Middle 2.20 2.19 2.16 — — —
Bottom 2.22 2.21 2.18 — — —

0.38
Top 2.07 2.03 2.02 — — —

Middle 2.11 2.08 2.06 — — —
Bottom 2.13 2.10 2.10 — — —

0.6
Top 1.90 1.84 1.85 1.79 1.77 1.77

Middle 2.00 1.94 1.96 1.79 1.78 1.78
Bottom 2.04 1.98 1.98 1.80 1.78 1.78

0.91
Top 1.78 1.80 1.63 1.59 1.56 1.57

Middle 1.94 1.90 1.81 1.60 1.57 1.58
Bottom 1.98 1.95 1.95 1.60 1.58 1.58

1.2
Top 1.78 1.70 1.60 1.47 1.47 1.47

Middle 1.94 1.89 1.79 1.47 1.47 1.48
Bottom 2.06 1.99 1.93 1.47 1.47 1.48

3.2. Isothermal Calorimetry Test: Effect of W/C Ratio
Fig. 4 shows the heat flow test results of the Class H cement prepared at all different w/c ratios
(without the addition of suspending aid) and cured at three different temperatures. As discussed in
Section 3.1, bleeding will cause the effective w/c ratio to change over time for low-density slurries; the
final effective w/c ratios are shown in parentheses adjacent to the initial w/c ratios in Fig. 4. It appears
that the induction period of hydration slightly increased with an increasing w/c ratio. The maximum
increase is approximately 1 hour at 15 and 60°C and approximately 1.5 hours at 35°C. This compares
to an increase of 2.8 hours in the induction period when large specimens (~1400 mL) were used to
measure cement hydration kinetics based on chemical shrinkage tests at 25°C and 0.69 MPa curing
conditions (Pang, 2011). The hydration peak appears to be slightly reduced with an increasing w/c
ratio. The maximum amounts of reduction at 15, 35, and 60°C, are 3.7, 3.8, and 6.6%, respectively.
These changes are likely associated with the slower increase in Ca2+ concentration in the pore water



solution as a result of increased water content. However, in general, the heat flow curves of the cement
obtained at the same temperature have very similar shapes. Such observations are consistent with
previous studies (Sandberg and Roberts, 2005; Bentz et al., 2009).

Figure 4: Heat flow of Class H cement with different w/c ratio (no additive)
(the number in parentheses indicates the final effective w/c ratio after water loss)

Fig. 5 shows the cumulative heat evolution test results of the Class H cement at different test
conditions. Note that test results of slurries with w/c = 0.91 are not included here for clarity of the
plots. The results indicate that the w/c ratio has very little effect on the total heat evolved during the
early stage of hydration. The cumulative heat evolution curves at different w/c ratios are barely
distinguishable from each other and only begin to diverge approximately at the points when the curves
begin to plateau. These points are reached at approximately 50, 20, and 10 hours at 15, 35, and 60°C,
respectively, which roughly correspond with the end of Period 4 of the cement hydration stages (see
Fig. 4). The cumulative heat evolution measured at the end of the test increases with an increasing w/c
ratio. Such an increase in total heat evolution during the plateau period appears less prominent if the
w/c ratio is already high. For example, a relatively significant amount of increase is observed when the
w/c ratio is increased from 0.3 to 0.38, while very little increase is observed when the w/c ratio is
increased from 0.6 to 1.2. Because of the accelerated hydration rate with increasing temperature, the
increase in total heat evolution during the same period of time is more prominent at high curing
temperatures. The maximum amount of increase observed (for a w/c ratio increase from 0.3 to 1.2) is
approximately 10% at 15°C and approximately 15% at 35 and 60°C.

Figure 5: Cumulative heat evolution of Class H cement with different w/c ratios (no additive)

Fig. 6 shows the hydration mechanism profiles of Class H cement at different test conditions. Very
similar to what was shown in Fig. 2, the cement hydration appears to follow the same mechanism
profile during the acceleration period. Deviations in the hydration mechanism profile are only
observed during the post-peak period. The results are consistent with previous studies based on
chemical shrinkage tests (Pang and Meyer, 2015b). The results suggest that the relative or normalized
hydration rate is solely determined by the hydration extent during the acceleration period but becomes



dependent on the w/c ratio during the post-peak period. In other words, the effect of interparticle
spacing on cement hydration is negligible during the acceleration period but becomes obvious during
the post-peak period. Such sudden changes in hydration behavior further indicate that there might be a
mechanism shift around the time when hydration peaks. Because the space available for nucleation
and growth transformation increases with an increasing w/c ratio, the space restriction assumption, as
discussed in Section 1, is clearly inadequate to explain the transition from the acceleration period to
the deceleration period during cement hydration. On the other hand, the phenomenon can be explained
by the model developed based on the assumption that deceleration is caused by the shift of the
hydration mechanism from the NG to DC stage. Such a shift in the hydration mechanism is believed to
be caused by the coverage of individual cement particles with a layer of early hydration products. The
proposed model was able to simulate the dependence of cement hydration kinetics on w/c ratio based
on chemical shrinkage test data.

Figure 6: Hydration mechanism profile of Class H cement with different w/c ratios (no additive)

3.3. Isothermal Calorimetry Test: Effect of Suspending Aid
Fig. 7 shows the heat flow test results of the low-density slurries prepared with different dosages of
suspending aid. For slurries with suspending aid, only the tests with the majority of water retained
(>94%) are shown. The addition of suspending aid in a low-density slurry has a similar effect as
increasing the w/c ratio because the suspending aid helps retain more water by preventing bleeding
and settlement. Therefore, similar effects on cement hydration kinetics are observed. The figure shows
that the suspending aid increased the induction period (by 2 to 3 hours) and slightly changed the
hydration peak. Initially, a slight increase in hydration peak was observed at low dosages of
suspending aid (<0.2%). As more suspending aid is required at w/c = 1.2, the hydration peak appears
to decrease with increasing suspending aid dosage. The total change in hydration peak is within ±5%,
except for very high dosages (e.g., 0.4% bwoc). However, unlike Fig. 4, where virtually no slope
change was observed during the acceleration period, the addition of the suspending aid appears to
slightly decrease the slope of the curves. These results suggest that the suspending aid could have
some effects on the nucleation and growth behavior of cement hydration.

Figure 7: Heat flow of Class H cement with different w/c ratios and different dosages of suspending aid
(dosage of suspending aid is bwoc; number in parentheses is bwow)



When studying the effect of a suspending aid on cement hydration, a slurry prepared at the same initial
w/c ratio without suspending aid might not act as an effective control test because its final effective
w/c ratio could be much lower than the slurries prepared with the suspending aid because of bleeding.
In this study, the slurries prepared with an initial w/c ratio of 0.91 had a final effective w/c ratio of
approximately 0.6 (0.619 to 0.632, depending on curing temperature) and might act as a better control
for the slurries prepared with an initial w/c ratio of 0.6 with suspending aid. In Fig. 8, the cumulative
heat evolution of Class H cement obtained from samples with different final effective w/c ratios was
compared. For the samples without suspending aid, the results are very similar to those observed in
Fig. 5. For samples with suspending aid, very little difference is observed in the cumulative heat
evolution curves, even when the effective w/c ratio is doubled. At similar final effective w/c ratios, the
sample with suspending aid reached a higher extent of hydration at the end of the test (measured by
the cumulative heat evolution), though the effect appears to be slightly diminished with increasing
curing temperature. This phenomenon could be attributed to the ability of the suspending aid to
disperse cement particles more uniformly in a sample, as indicated by the settlement test (Table 4).
The suspending aid also has a slight retardation effect on cement hydration during early stages, which
appears to be more obvious at lower temperatures. Fig. 9 shows the hydration mechanism profiles of
the cement at different final effective w/c ratios. Unlike in Fig. 6, a shift in the peak position is
observed resulting from the presence of the suspending aid, which indicates that the total amount of
reaction occurring during the acceleration period increases slightly with the presence of the
suspending aid. The results further suggest that the suspending aid might affect the nucleation and
growth behavior of cement hydration. More studies are required to obtain a better understanding of
these effects.

Figure 8: Cumulative heat evolution of Class H cement at different final effective w/c ratios without and
with suspending aid (SA) (bwoc)



Figure 9: Hydration mechanism profile of Class H cement at different final effective w/c ratios without and
with suspending aid (SA) (bwoc)

4. Conclusions
Increasing the w/c ratio of a cement mixture typically results in a longer induction period of hydration
and a slightly lower hydration peak, probably as a result of the slower increase in Ca2+ concentration
in the cement pore solution. However, the hydration mechanism of cement, as measured by the
normalized hydration rate as a function of the total extent of reaction, is independent of the w/c ratio
during the acceleration period. The w/c ratio, which governs inter-particle spacing between cement
grains, has a relatively significant effect on the cement hydration rate during the post-peak period of
hydration. The cumulative effect of the w/c ratio on the total extent of cement hydration is not obvious
until the steady state of hydration is reached.

The diutan gum suspending aid, which helps disperse cement particles more evenly in a cement
mixture, had a slight retardation effect on early hydration and increased the induction period. The
presence of suspending aid increased the final hydration extent of cement over a seven day test period
when cement samples of similar final w/c ratios were compared. For cement samples prepared with
different w/c ratios (0.6 to 1.2) and different dosages of suspending aid (0.15 to 0.3% bwoc), no
significant difference was observed in the cement hydration behavior.
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Effect of Microgravity on Early Cement Hydration
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Abstract
Cement hydration constitutes a complex process whereby mostly crystalline phases precipitate from an oversaturated
solution. XRD and ESEM investigations reveal that ettringite, a prominent cement hydrate and the main anchoring
phase for most concrete admixtures including superplasticizers, precipitates almost instantaneously (i.e. within 10 s)
when cement gets in contact with water. Such early ettringite crystals exhibit lengths of several hundred nanometers
and appear highly disordered.
In this study, the crystallization of ettringite both from cement and from combined Ca(OH)2 / Al2(SO4)3 solutions was
investigated under ambient and microgravity conditions. To achieve microgravity conditions, a series of parabolic
flights organized by Deutsches Zentrum für Luft- und Raumfahrt (DLR) were performed. For this purpose, a special
apparatus was designed which allowed to mix cement with water for 10 s, followed by immediate dehydration of the
sample and subsequent flushing with acetone to prevent any further reaction. The experiments were performed at TU
Munich as well as on the “Zero-G” flights in exactly the same manner. Three cement samples (CEM I 32.5 R,
CEM I 42.5 R and CEM I 52.5 N) and an API Class G oil well cement were tested. The OPC samples were selected to
cover a range of C3A content from ~1 wt.-% to ~10 wt.-%. To study ettringite crystallization in a pristine environment,
a combination of Ca(OH)2 and Al2(SO4)3 (no cement present) was tested as well.
Under ambient conditions it was found that (1) the length of the ettringite crystals is controlled by the amount of cubic
C3A; (2) the diameter of the ettringite crystals is controlled by the speed of dissolution of the sulfates; (3) a high
C3Acub / C3Aorth. ratio leads to a high aspect ratio of the crystals; (4) cements possessing high hemihydrate / anhydrite
contents relative to gypsum form broader crystals. For the combination of Ca(OH)2 and Al2(SO4)3, only few and large
crystals (length ~3.8 µm) were detected.
The microgravity experiments revealed that under those conditions, generally smaller ettringite crystals are formed.
Furthermore, the absence of convection leads to a slower crystal growth which is diffusion limited. However, the aspect
ratios of the ettringite crystals are quite comparable to those under terrestrial gravity conditions. This signifies that in
the absence of convection, no preference relative to the ion transport to the different faces of the crystals exists.

Originality
So far, surprisingly few experiments on crystallization under microgravity conditions have been performed, probably
because of the high cost of such experiments. Those performed include crystallization of NaCl and of proteins. For the
latter, much more homogeneous and defect-free crystals were obtained. This was attributed to the absence of
convection. Under zero gravity, crystal growth only relies on ion transport via diffusion and thus the growth is slower.
In our experiments we hoped to produce more regular, defect-free ettringite crystals as a result of more controlled
growth conditions instead of the flash precipitation which occurs in the earth’s gravity field.
Ettringite presents the main anchoring site for superplasticizers. To understand its crystal growth and surface
properties is the key to clarify the interaction of such polymers with ettringite and to determine the factors influencing
their performance more profoundly. Here, using parabolic flights which produce microgravity conditions for 22 s,
crystal growth and morphology of ettringite crystals were compared with those crystallized in the earth’s gravity field.
From those experiments it was hoped to obtain a better understanding of cement-admixture interaction.
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1. Introduction

The high temperature solid-state synthesis of Portland cement clinker at around 1450 °C produces a
mixture of different calcium silicates (C3S / C2S) and aluminates (C3Ac / C3Ao / C4AF)
(Hewlett P., 2003; Odler I., 2000). The dissolution kinetics of these clinker phases in water differs
significantly. For example, the calcium silicates dissolve in water only slowly. As a consequence,
formation of calcium silicate hydrates starts to occur after two hours of cement hydration
(Stark J. et al., 2001). In contrast, the calcium aluminate phase dissolves immediately. Thus,
significant amounts of calcium and aluminate ions are solved in the pore solution, forming
instantaneously calcium aluminate hydrates (C-A-H phases of different compositions) which
precipitate from solution. These hydrate phases overgrow the pore space between the cement particles
and lead to an undesired “flash set” (Taylor H.F.W., 1997). To avoid this negative effect, deceleration
of the early C3A hydration is necessary. Such inhibition of C-A-H formation is achieved using
calcium sulfates. The calcium sulfates are added to the Portland cement clinker by physical blending
in the cement mill. When sulfate ions are present in the pore solution, the mineral ettringite
[Ca3Al(OH)6 ∙ 12 H2O]2 ∙ (SO4)3 ∙ 2 H2O precipitates which forms needle-shaped hexagonal crystals.
In the columnar structure of ettringite Al(OH)6 octahedrons are located in the center surrounded by
CaO8 polyhedrons. In the outer sphere, stacks of sulfate anions and water molecules are arranged
(Wells A.F., 1984).

Generally, the process of nucleation and crystallization of e.g. minerals can be described by two
divergent theories – the “nucleation theory” (Gibbs J.W., 1876; Frenkel J., 1939; Zeldovich J.B., 1943)
and the more current “cluster theory” (Vekilov P.G., 2010a, 2010b; Galkin O. et al., 2007). Key
parameter of the classical “nucleation theory” is the “critical radius” of an early metastable nucleus.
This radius is reached when the volume energy of a nucleus is larger than its surface energy. Only
nuclei possessing a larger radius than the critical radius can grow, whereas nuclei with a smaller radius
dissolve again. The “cluster theory” postulates a mechanism involving “precritical clusters” or
“pseudo phases” which act as a precursor. Contrary to the “nucleation theory”, these phases are
assumed to be stable and already exhibit the final crystal structure. After additional aggregation
“postcritical nuclei” are built which form the basis for further crystal growth. Under normal gravity,
the necessary transport of building units (ions or molecules) occurs via diffusion and convection
processes. In case of zero gravity the convection phenomenon disappears and crystal growth becomes
diffusion controlled.

As a consequence of manned space missions, studies on crystal growth under zero gravity became a
focus of attention, especially of proteins. Until now, around 200 different protein samples were studied
on 39 Space Shuttle missions (DeLucas L.J. et al., 2002). Due to the absence of convection and the
resulting slower crystal growth under 0 g conditions, these proteins have been found to form more
defect-free crystals. The occurrence of osteoporosis among astronauts performing long term space
missions raised the question, whether calcium phosphate (Ca5(PO4)3OH) crystallizes differently under
zero gravity. Studies on this topic revealed that the bone demineralization encountered for astronauts
is caused by the formation of metastable octacalcium dihydrogenphosphate Ca8H2(PO4)6 ∙ 5 H2O
(Lundager Madsen H.E., 1995a, 1995b). Besides that, only few inorganic salts including NaCl
(Fontana P. et al., 2011) and thermoelectric Bi2Se0.21Te2.79 (Zhou Y.F. et al., 2010) were studied under
zero gravity. Regarding cement, in 1994 a Space Shuttle mission was performed relating to this
research topic (Bury M.A. et al., 1995). During this experiment, the cement sample was hydrated in
space for 11 days, but due to an equipment failure during the Shuttle lift-off the cement had
prehydrated already and had become inhomogeneous. Nevertheless, the sample exhibited some
crystalline hydration products which showed a more uniform crystal size distribution.

In this work, the crystallization of ettringite both from cement and from combined
Ca(OH)2 / Al2(SO4)3 solutions was investigated on parabolic flights, whereby a zero gravity period of
22 seconds is achieved. The parabolic flight campaign was organized by Deutsches Zentrum für Luft-
und Raumfahrt (DLR). Due to the short time period, the experiments were focussed on the crystal



growth of ettringite. As mentioned above, this mineral precipitates immediately after contact of
cement with water. The amount of ettringite produced depends on the C3A content of the respective
cement. Three cement samples (CEM I 32.5 R, EM I 42.5 R and CEM I 52.5 N) and an API Class G
oil well cement were selected to cover a range of C3A content from ~1 wt.-% to ~10 wt.-%.

For the experiments, a special apparatus was designed. This setup allowed mixing cement with water
for 10 s, followed by subsequent filtration of the sample and immediate flushing with acetone to
prevent any further hydration or crystal growth. Analysis of the size, aspect ratio, quantity and
morphology of the ettringite crystals formed was performed via X-ray diffraction and scanning
electron microscopy on samples that were brought back to the ground. To compare the zero gravity
results with those from 1 g, identical experiments were performed in our laboratory. The experiments
were expected to provide a more broad understanding of the crystallization of inorganic salts under
microgravity. Furthermore, we aimed to contribute to the fundamental understanding of early cement
hydration and the crystallization processes involved which ultimately determine the properties of
hardened concrete or mortar.

2. Experimental

2.1. Raw Materials

For conducting the cement hydration experiments, four different Portland cement samples possessing a
broad range of C3A content (from ~1 to 10 wt.-%) were used. Additionally, an API Class G oil well
cement (1.7 wt.-% C3A, Dyckerhoff, Lengerich plant, Germany) was utilized. The CEM I 32.5 R
(Rohrdorf plant, Germany) and the CEM I 52.5 N (Milke® “classic”, Geseke plant, Germany) were
produced by HeidelbergCement AG (Heidelberg, Germany) while the CEM I 42.5 R sample was
provided by Schwenk Zement KG (Ulm, Germany) from their Allmendingen plant. The phase
composition of the cement samples presented in Table I was obtained by using quantitative X-ray
diffraction (Rietveld method).

Table I Phase composition of the cement samples (CEM I 32.5 R, 42.5 R, 52.5 N and
API Class G oil well cement), as determined via quantitative XRD analysis.

Phases CEM I 32.5 R CEM I 42.5 R CEM I 52.5 R API Class G
C3S, m 53.93 58.83 53.95 59.30
C2S, m 16.69 17.01 26.54 19.50
C3A, c 5.12 3.61 3.26 0.30
C3A, o 4.73 1.60 4.24 1.40
C4AF, o 8.57 9.43 2.44 14.10
Free lime, Rietveld - 0.09 0.36 0.10
Free lime, Franke 0.97 0.06 0.14 0.10
Periclase 2.06 0.66 0.03 -
Anhydrite 2.15 1.83 2.63 -
Hemihydrate (TG) 2.00 0.27 1.20 0.20
Dihydrate (TG) - 2.42 0.03 4.60
Calcite 3.04 2.80 3.59 0.40
Quartz 0.90 0.36 1.16 0.10
Arcanite 0.80 1.04 0.46 -
Sum 100.97 100.02 100.04 100.10



Crystallization of pure ettringite was performed based on an experimental procedure from J. Struble
(Struble J., 1987). This synthesis route was modified for use under zero gravity conditions. In the
experiment, ettringite was precipitated from combined aqueous solutions of Ca(OH)2 (1.7 g/L, Merck
KGaA, Darmstadt / Germany) and Al2(SO4)3 ∙ 18 H2O (26 g/L, Sigma-Aldrich, St. Louis, USA).
Deionized water used for preparation of the aqueous solutions and cement hydration experiments was
obtained from a BarnsteadTM NanopureTM Diamond device (Werner Reinstwassersysteme, Leverkusen,
Germany). To stop crystallization as well as cement hydration, reagent grade acetone (> 99.9 %,
Merck KGaA, Darmstadt / Germany) has been used.

2.2. Experimental Procedures

The 0 g cement hydration experiments were conducted onboard a modified Airbus A- 300 aircraft
conducting parabolic flight maneuvers. The parabolic flight campaign (in total 5 flight days, 31
parabolas per day) was initiated by Deutsches Zentrum für Luft und Raumfahrt (DLR). For the
experiments presented in this work 15 parabolas were needed. The trajectory and the different gravity
periods which occur during one parabola are illustrated in Figure 1. The parabola starts with the plane
ascending from an altitude of around 6,000 m up to 9,000 m within ~ 24 seconds. This hypergravity
period can be divided into two gravity phases. The 1.8 g phase ends, when a gradient angle of 30° is
reached. After this, 1.8 to 1.5 g occur. When the plane achieves a gradient angle of 47°, the
hypergravity period ends. At this angle (pilot audio command: “injection”) a transition period is
reached where the gravitational force drops from 1.5 g to 0 g within ~ 4 seconds. During the following
22 seconds of microgravity period, the experiments were conducted. After the top of parabola is
reached, the aircraft descends and again accelerates strongly. At an inclination angle of 30°, the “pull-
out” (pilot audio command) takes place until the plane is reaching a horizontal position. In this section
again 1.8 g occur; it also lasts around 22 seconds.

Figure 1 Flight pattern performed by the aircraft during one parabola;
illustrations: courtesy of Novespace, Paris, France

The device developed for conducting the cement hydration experiments onboard consists of three
syringes (BD Discardit II 20 mL, Becton Dickinson, Franklin Lakes, New Jersey, USA) connected
with a three-way valve (Figure 2, left side). The dead volume was minimized (1 mL) by keeping the
pipe length as short as possible. Syringe #1 was used as reaction container holding the cement (5 g),
whereas syringe #2 contained the mixing water (6 mL, w/c = 1, 1 mL death volume). Syringe #3
contained the acetone (10 mL) to stop hydration reaction. All syringes were loaded at the ground
laboratories before the flight. To separate the pore solution and to hold back cement particles, syringe
#1 was equipped with a filter paper (MN520, thickness 1.5 mm, Macherey-Nagel, Düren, Germany).



For conducting the ettringite crystallization experiments under microgravity, a similar experimental
device was used. However, to separate the ettringite crystals between syringe #1 and the three-way
valve a special syringe filter (GD/X GMF, GE Healthcare, Little Chalfont, UK) possessing a glass
fiber membrane with a pore size of 0.4 - 0.45 µm was installed (Figure 2, left side). Prior to the flight,
syringe #1 was loaded with 1 mL aluminum sulfate solution while syringe #2 was loaded with the
calcium hydroxide solution (13 mL). Syringe #3 contained acetone (10 mL).

Figure 2 Experimental devices used to perform the cement hydration experiments (left), and modification
with an additional syringe filter for conducting the ettringite crystallization experiments (right).

The general experimental procedure is visualized in Figure 3. The hydration reaction was started by
pressing the mixing water from syringe #2 into syringe #1. This was performed at the beginning of the
0 g period at the pilot’s audio command “injection”. After 10 seconds of homogenization of the slurry
by manual shaking, the pore solution was removed via filtration (pushing of syringe #1). To stop
hydration completely, the three-way valve was then switched and acetone was added from syringe #3
into syringe #1. This entire procedure had to be finished within 22 seconds before the hypergravity
period started. A second experimenter was always present to ensure proper timing and to record
observations.
Ettringite crystallization was performed in the same way. After adding the calcium hydroxide solution
to the aluminum sulfate solution present in syringe #1, instantaneous ettringite precipitation could be
observed. The ettringite crystals were separated from the mother liquor by filtration (the water was
removed from syringe #1 through the filter). Thereafter, acetone was added to stop crystal growth and
to remove the crystals from the filter membrane.

Figure 3 Illustration of the experimental procedure performed within 22 seconds.



Each of the samples was packed in an acetone resistant zip-lock bag (polyethylene, REWE, Cologne,
Germany), containing a superabsorbent polymer (20 g, sodium polyacrylate, FAVOR®, Evonik
Industries AG, Essen / Germany) which absorbs liquids in case of leakage. To prevent the
experimental devices from free floating in the cabin during the 0 g period, the bags were tied to the
boxes by cords.
Immediately after the flights, the acetone was removed from the hydrated cement samples by using the
filter in syringe #1. Afterwards, the wet samples were crushed with a spatula and moved to petri dishes.
To remove residual acetone, drying of the samples was conducted in an oven over night at 40 °C. The
dry samples were transferred into 10 mL glass bottles.
The ground procedure for the ettringite samples obtained by precipitation from combined Ca(OH)2 /
Al2(SO4)3 ∙ 18 H2O solutions started with separation of the dispersed crystals from acetone. The
suspension was centrifuged for 10 minutes at 8,500 rpm (Biofuge prima R, Heraeus, Hanau /
Germany). The solids received were kept in the centrifuge tubes and dried in an oven at 40 °C over
night.
The ettringite samples in the centrifuge tubes as well as the hydrated cement samples in the glass
bottles were stored in zip-lock plastic bags containing superabsorber to protect them from further
hydration.
For comparison of crystal sizes, quantities and morphologies, identical experiments were performed in
our laboratory at terrestrial gravity. Each experiment onboard as well as on ground was conducted
three times to check repeatability.
Formation of ettringite was proven via powder X-ray diffraction. A Bruker AXS D8 Advance
instrument (Bruker, Karlsruhe, Germany) with Bragg-Brentano geometry and Cu Kα-source (30 kV,
35 mA) was used. Cement samples were scanned in the range of 5 – 70 °2θ, for the precipitated
ettringite samples a range of 5 – 30 °2θ was looked at.
To analyze the ettringite crystals on the hydrated cement surfaces as well as the crystals obtained via
precipitation, SEM imaging was performed, with a focus on crystal size and morphology. Images of at
least five different parts of each sample were taken (10 000 x, 20 000 x, 40 000 x and 5 000 x
magnification) to obtain a representative overview of the respective sample. For comparing the
ettringite quantities formed at 0 g and 1 g, images from representative surface areas of cement (12 x
9 μm) at a magnification of 10,000 x were looked at. The amount of ettringite formed at 1 g was used
as reference (100 %).

3. Results and Discussion

3.1. Hydration of cement samples

Evaluation of the SEM images revealed that in each sample even after the very short hydration period
of 10 seconds numerous, nano-sized ettringite crystals were formed. The crystals showed the typical
hexagonal prismatic shape and were statistically distributed across the surface of the cements. XRD
analysis revealed that at 1 g and 0 g conditions, no other cement hydrate has been formed apart from
ettringite.
Compared with the cement samples hydrated under ambient conditions, the ettringite crystals grown
under 0 g exhibit different dimensions (Figure 4). Ettringite grown on the surface of CEM I 42.5 R
forms the longest crystals, whereas the shortest ones where found from the API Class G sample. The
crystal lengths in the CEM I 32.5 R and CEM I 52.5 N samples were comparable. Regarding the width
of the crystals, the API Class G cement also exhibited crystals with the smallest diameter. The cement
which formed the broadest crystals was CEM I 32.5 R while the crystal diameters in CEM I 42.5 R
and CEM I 52.5 N samples were comparable. To conclude, the smallest ettringite crystals could be
observed on the surfaces of the API Class G cement, whereas the largest crystals were found in the
CEM I 42.5 R samples.



Figure 4 Average length and width of ettringite crystals obtained from CEM I 32.5 R, CEM I 42.5 R,
CEM I 52.5 N and API Class G samples after 10 s of hydration at 1 g and zero g, respectively.

To characterize the crystal morphology, also the aspect ratio (the ratio between crystal length and
width) were looked at. The higher the aspect ratio, the longer and slimmer the crystals are and vice
versa. The CEM I 42.5 R sample exhibited the highest aspect ratio (4.3), whereas in CEM I 32.5 R
ettringite possesses a more cubic appearance with an aspect ratio of 1.7 only (Figure 5).

Figure 5 Average aspect ratios of ettringite crystals obtained from CEM I 32.5 R, CEM I 42.5 R,
CEM I 52.5 N and API Class G samples after 10 s of hydration at 1 g and zero g, respectively.



As all conditions during the hydration experiments were comparable at 1 g, the different crystal
appearances have to be caused by the different phase compositions of the cements. In the formation of
ettringite, the C3A phases (cubic and orthorhombic) as well as the calcium sulfates (anhydrite,
hemihydrate and gypsum) are crucial. C3A represents the most reactive of all clinker phases, therefore
the aluminate and especially Ca2+ concentration is determined by this phase. The higher the C3A
content in the cement, the more ettringite should be formed.

For the calcium sulfates, the decisive parameter is their dissolution kinetics. Thus, compared to
gypsum, hemihydrate promotes ettringite nucleation due to its higher solubility
(Pourchet S. et al., 2009). A high hemihydrate content should lead to a higher amount of ettringite in
the sample. Also the dissolution kinetics of anhydrite is higher than that of gypsum. Therefore, the
degree of dissolution of the sulfates (SO42-) can be derived from the ratio of (hemihydrate + anhydrite)
to gypsum.

Based on the dependencies mentioned above, the following correlations between crystal morphology
and cement composition can be established:

CEM I 42.5 R > CEM I 32.5 R / CEM I 52.5 R > API Class G

CEM I 32.5 R > CEM I 42.5 R / CEM I 52.5 R > API Class G

As a consequence it can be concluded that a high ratio of C3Ac / C3Ao leads to a high aspect ratio of
the crystals, whereas cements possessing high hemihydrate and anhydrite contents compared to the
amount of gypsum form broader crystals.

The CEM I cement samples hydrated under microgravity generally produced smaller ettringite crystals
(Figure 4). There, both the length as well as the width of the crystals decreased significantly. When
comparing 1 g and 0 g, the biggest change in crystal size was observed for the CEM I 42.5 R sample
(Figure 7). However, dimensions of the ettringite crystals obtained from the API Class G cement were
the same at 1 g and 0 g. In all cements samples (CEM I and oil well cement), the aspect ratios did not
change much (Figure 5).
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long crystals

low C3Ac
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short crystals

fast dissolving
CaSO4

broad crystals

slow dissolving
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Figure 6 SEM images of CEM I 42.5 R sample hydrated for 10 s under terrestrial (top)
and zero gravity (bottom) conditions.

SEM imaging also revealed that cement hydration under microgravity generally leads to a higher
number of crystals formed on the surfaces of cement (Figure 6 and 7). Surprisingly, the biggest
alteration was observed for the API Class G samples. Solubility of the clinker phases and hence the
chemical composition of the pore solution should not change under microgravity. Thus, in 0 g as well
as 1 g comparable amounts of ettringite with respect so their “crystal volume” should be formed.
Therefore, under microgravity more nuclei are formed right at the beginning of the hydration, whereas
under terrestrial conditions the number of nuclei formed is lower. Thus, ettringite crystals grown in
microgravity are significantly smaller than crystals formed at 1 g.



Figure 7 Amounts of ettringite formed from CEM I 32.5 R, CEM I 42.5 R, CEM I 52.5 N and API Class G
samples at 1 g and zero g conditions, as evidenced from SEM imaging;

100 % corresponds to the amount of ettringite formed by the neat cement at 1 g

The cement hydration experiments performed under microgravity allow to conclude that smaller
ettringite crystals are formed there. The reason behind this is the limitation of crystal growth by
diffusion, due to the absence of convection in 0 g. The comparable aspect ratios obtained at 1 g and
0 g signify that in the absence of convection, no preference relative to the ion transport to the different
faces of the crystals exists. Furthermore, a higher number of smaller ettringite crystals results in a
higher surface area than when only fewer large crystals are present.

3.2. Crystallization of pure ettringite

Formation of ettringite from the combine of Ca(OH)2 / Al2(SO4)3 solutions was verified via powder X-
ray diffraction. The results show that in all samples ettringite was formed, but also some gypsum was
observed (Figure 8). The formation of gypsum can be explained by the short reaction time. After
10 seconds, small ettringite crystals are formed, but for further growth a lot of ions (Ca2+, SO42-, Al3+)
remain in solution. After removing the mother liquor by filtration and flushing with acetone, the ions
in the remaining aqueous solution (in the dead volume of the three-way valve and the filter) can
precipitate instantaneously, forming the thermodynamically most stable product which is gypsum.

The relative amounts of ettringite and gypsum in a sample depend on the crystallization rate of
ettringite right after mixing the Ca(OH)2 / Al2(SO4)3 solutions. Further studies from our group reveal
that, for example, the crystallization of ettringite in the absence of any admixture is much slower than
in the presence of an isoprenolether-based superplasticizer (IPEG-PCE). Therefore, the intensity of the
ettringite signals in the XRD pattern of ettringite precipitated without PCE is much smaller, compared
to the intensity of the gypsum signals (Figure 8). In contrast, the intensities of the ettringite and
gypsum signals received in the presence of PCE superplasticizers are comparable.



Figure 8 X-ray diffractograms of ettringite samples precipitated from combined Ca(OH)2 / Al2(SO4)3 solutions
after 10 s at 0 g in the presence and absence of an IPEG-PCE superplasticizer.

SEM imaging (Figure 9) revealed that due to the very short reaction time of 10 seconds only,
numerous, but large (in the range of several µm) ettringite crystals were formed. At terrestrial
conditions, these ettringite crystals exhibit the typical hexagonal prismatic shape and show several
crystal defects on their surfaces (Figure 9, top) while crystals precipitated in 0 g did not exhibit sharp
edges, but they were more round (Figure 9, bottom). No differences in the amount of crystal defects
under 1 g and 0 g were found. Besides ettringite also gypsum crystals were observed, showing their
typical twin structure. Furthermore, many other undefined minerals were found in the samples which
are assumed to result from the fast precipitation after the addition of acetone.



Figure 9 SEM images of ettringite crystals obtained from combined Ca(OH)2 / Al2(SO4)3 solutions after 10 s
under terrestrial (top) and zero gravity (bottom) conditions.

Analysis of the SEM images showed that the crystal sizes were different when formed in 0 g (Table II).
Compared to terrestrial conditions, the crystal lengths as well as crystal widths decreased significantly,
whereas the aspect ratio did not alter significantly (~ 5.4). In particular it was observed, that the size
distribution in all samples (1 g and 0 g) was broad. However, it was particularly broad under
microgravity conditions. For example, the lengths for the 0 g samples were in the range of 0.6 µm to
5.2 µm. Furthermore, a semi-quantitative comparison of the number of ettringite crystals resulting
from 1 g and 0 g conditions revealed that under microgravity conditions, the amount of crystals tripled.

Table II Average length, width, aspect ratios and amounts of ettringite crystals obtained from
the combined Ca(OH)2 / Al2(SO4)3 solutions after 10 s at 1 g and zero g;

100 % corresponds to the amount of ettringite formed at 1 g

Gravity Condition Length
[µm]

Width
[µm]

Aspect Ratio Amount
[%]

1 g 3.8 ± 1.9 0.70 ± 0.33 5.3 ± 1.3 100 ± 55
0 g 2.9 ± 2.3 0.51 ± 0.26 5.5 ± 2.7 299 ± 191



A comparison between the precipitated pure ettringite and the ettringite crystals formed on the surface
of cement particles as described in section 3.1 showed the same trend. In both cases, at 0 g generally
smaller ettringite crystals are observed which can be explained by the absence of convection. There,
the transport of ions to the crystal surface is facilitated by diffusion only, with the consequence that the
supply rate is less than under normal gravity (Cody A.M. et al., 2004). The aspect ratios are not
affected by this effect and thus remain constant. Furthermore, like in the cement samples, the number
of ettringite crystals increased when nucleation took place in microgravity, which leads to a higher
surface area of ettringite.

4. Conclusions

In this study, four industrial cements (CEM I 32.5 R, 42.5 R, 52.5 N and an API Class G oil well
cement) were hydrated for 10 seconds in the presence and absence of gravity. The focus was on the
crystallization of ettringite. Additionally, ettringite crystals were grown via precipitation using
combined Ca(OH)2 / Al2(SO4)3 solutions.

In the presence of gravity, it was found that …

1. … the length of the ettringite crystals is controlled by the amount of cubic C3A.
2. … the diameter of the ettringite crystals is controlled by the dissolution kinetics of the sulfates.
3. … a high C3Ac / C3Ao ratio leads to a high aspect ratio of the crystals.
4. … cements possessing high hemihydrate / anhydrite contents relative to gypsum form broader

crystals.

The crystals precipitated from aqueous Ca(OH)2 and Al2(SO4)3 solutions under terrestrial conditions
were only few but large (length ~3.8 µm). Moreover, the surfaces of these crystals exhibited plenty
defects.

Under microgravity conditions, the ettringite crystals generally become smaller. This is caused by the
absence of convection which decelerates crystal growth. The growth rate of the crystals is then limited
by diffusion. The aspect ratios of crystals formed in 0 g are quite comparable to those under terrestrial
gravity. This signifies that no preference relative to the ion transport to the different faces of the
crystals exists. Furthermore, a higher number of smaller ettringite crystals was observed at 0 g. This
causes higher surface areas which might have a significant influence on the adsorption and
effectiveness of admixtures.

The study also reveals that when cement is mixed with water, then within seconds the pore solution
becomes oversaturated (Ca2+, SO42- and Al(OH)4- ions). Due to this effect, ettringite is formed in an
immediate precipitation reaction. This suggests that the ettringite crystals are formed by homogeneous
nucleation from the oversaturated solution which then precipitate onto the cement particles surfaces.
No topochemical ettringite formation via heterogeneous nucleation from C3A present on the surface of
the cement grain was detected in our experiments, with the exception of CEM I 32.5 R. There,
topochemical ettringite formation was observed at very few surface areas as a result of its high C3A
content.

In future studies, the zero gravity experiments should be performed using research capsules such as
the Russian Foton capsules. They can provide up to 12 hours of microgravity which would be suitable
to extend the period of cement hydration time in microgravity. During this time, the growth of
ettringite could be observed over the entire workability period of concrete, and more information on
the development of the microstructure of hardened cement can be retrieved. Furthermore, studies on
the impact of admixtures including PCE superplasticizers on the first seconds of the crystal growth of
ettringite would be interesting.
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Abstract
The transformation process of clay minerals into pozzolanic products for use as active additives in
cement matrixes has been closely studied by both the scientific community and the cement industry.
Sourcing these additions from recycled waste products is widely prioritized in environmental policies,
because of their associated environmental benefits. This paper reports, the scientific aspects related to
the recycling of several inert wastes (coal mining, slate, waste from drinking water treatment plants and
paper sludge) as an alternative source for the obtaining of future pozzolans, based on activated
phyllosilicates.
Thermal treatment at 600ºC/2hours resulted in dehydroxylation of the 1:1 layers of kaolinite into
metakaolinite. At 700ºC for 2 hours of retention in furnace resulted in a structural rearrangement of mica
and chlorite, involving dehydroxylation and the formation of quasi-stable dehydroxylated phases. The
dioctahedral minerals yielded quasi-stable dehydroxylated phases, but the trioctahedral minerals tended
to dehydroxylate and to recrystallize more or less simultaneously. In the chlorite, dehydroxylation of the
2:1 layers occurred at around 800ºC/2 hours. However, dehydroxylation of the 2:1 layers of the mica
occurred at 1100ºC/2 hours. Hematite and spinel-like phases are formed between 600ºC/900ºC. The
increase in activation conditions of up to 900°C produces the gradual destruction of plagioclase;
however, potassium-rich feldspar remained with the treatment up to 1100ºC and 2 hours of activation.
All the active products obtained by thermal activation of these inert wastes showed high pozzolanic
activity, taking fixed lime values into account. However, from the energetic and environmental point of
view, 600ºC and 2 hours of retention in furnace are suitable activation conditions to transform an inert
waste into an active material for the construction sector when the inert waste present kaolinite and
1000ºC and 2 hours for the slate waste because this waste not showed the presence of kaolinite.
The kinetic reaction based on the evolution and semi-quantification of hydrated phases formed during the
pozzolanic reaction, was different for each waste as result of the presence or absence of compounds such
as calcite, metakaolinite, sulfur and sulphates in starting wastes and the activation temperature. The
hydrated phases formed during the pozzolanic reaction in the activated inert waste/Ca(OH)2 system were
C-S-H gels, mixed-layered clay minerals (randomly interstratified chlorite/smectite), stratlingite,
tetracalcium aluminatehydrate, LDH compounds (phyllosilicate/carbonate) and monosulfoaluminate.
The abundance of metakaolin favors the formation of LDH compounds (phyllosilicate/carbonate)
metastables and also stratlingite C2ASH8, stable phase of the pozzolanic reaction. The appearance of
C4AH13 as stable phase of the pozzolanic reaction is attributed to supersaturation of the aqueous phase
with respect to calcium hydroxide and low MK and tetrahedral and octahedral layers from the
dehydroxylation of mica contents. The release of sulfur contained favors the formation of
monosulfoaluminate.
Originality
The research reported in the present study has stated the scientific viability of using inert waste as an
active addition for the future manufacture of eco-efficient cement. All the active products obtained by
activation of these inert wastes showed high pozzolanic activity, taking fixed lime values into account.
However, from the energetic and environmental point of view, 600ºC and 2 hours of retention are
suitable activation conditions to transform an inert waste into an active material for the construction
sector when the inert waste present kaolinite and 1000ºC and 2 hours for the slate waste because this
waste not showed the presence of kaolinite.

Keywords: Inert waste, activation temperature, mineralogical evolution, pozzolanic activity, LDH
compounds.
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1. Introduction
In recent years, the availability of some of the traditional pozzolans (fly ash, blast furnace slag,
etc.) used in the commercial cements manufacture has fallen dramatically, a fact that worries
significantly to the cement producers. As a result, new researches are opening the possibility of
obtaining future pozzolans from industrial wastes (Sánchez de Rojas M.I. et al., 2006; Frías M.
et al., 2007, 2011; Donatello A. et al., 2010; Stark J., 2011).
Researches based on clay minerals are followed with special attention from the scientific
community of the cement industry. It is well known that these minerals, once thermally
activated are converted into supplementary cementing materials with high pozzolanic properties.
Metakaolinite (MK), product obtained by thermal activation of natural kaolinite, is one of the
most traditional minerals contained in the existing standards (Snelson D.G. et al., 2000; Frías,
2006; Banfill P. and Frías M., 2007; Siddique R. and Klaus J., 2009) but different reasons e.g.
ecological, environmental, technical is hardly used as active addition. When this pozzolan is
obtained by activation of clay minerals from industrial waste e.g. paper sludge, coal mining
open, and at present, new lines of research by the environmental benefits and its contribution to
eco-efficient cements manufacture (Bai J. et al., 2003; Rodríguez O. et al., 2011; García R. et
al., 2012; Resmini C. et al., 2012).
Vigil R. et al. (2010) and Frías M. et al. (2012a) showed the importance of the activation
conditions for these kinds of activated wastes to get the best scientific and technical
performances. A way to get MK is through the activation of paper sludge wastes. MK obtained
between 650-700ºC and 2 hours of retention in the furnace has pozzolanic activity comparable
to other highly pozzolanic additions, such as commercial MK and silica fume, improving
performances of blended cements.
The chemical reactions involved when calcined clays are used as pozzolans for concrete have
been discussed (Malquori G., 1960; Turrizani R., 1964; de Silva P.S. and Glasser, F.P., 1990;
Dunster A.M. et al., 1993). In the water presence, the MK and CH derived from cement
hydration are the phases in the reaction. This reaction showed additionally, cementitious
aluminum containing C-S-H gels, together with crystalline products, which include calcium
aluminate hydrate and aluminosilicate hydrate (C2ASH8, C4AH13 and C3AH6). The crystalline
products are conditioned by MK/CH ratio and the reaction temperature (Khatib J.M. et al., 1996;
Wild S. et al., 1998). At the beginning of a metakaolin-lime-water reaction, Ca2+ ions and the
pH in the solution increases as the reaction proceeds. Al dissolution is more favorable than
silica at lower pH. Al3+ ions initials to combine with the readily available Ca2+ ions via
metastable phases forming C3AH6.
As the lime content increases, more Ca2+ ions are available. pH value rises and the SiO44- ions
enter into solution more readily. These ions react with C3AH6 initially formed, forming C2ASH8.
High MK contents were attributed, in part, to the C2ASH8 formation and C4AH13 as the MK
content increased (Sabir B.B. et al., 2001).
The C4AH13 appearance is attributed to supersaturation of the aqueous phase to CH and low MK
contents. Ca2+ and OH_ contents in the solution (proceeded by Ca(OH)2 dissolution), maintain a
composition that enables precipitation of C4AH13 (Wu Z. and Young J.F., 1984; Atkins M. et al,
1991).
The coal mining waste can be another priority source for obtaining of recycled MK (Frías M. et
al., 2012b; 2012c). These residues come from the processes of extraction and washing of coal,
which are mainly composed of carbon and clay minerals (illite and kaolinite). The activated
products obtained between 600/700ºC and 2 hours of retention in furnace, has a high pozzolanic
activity, taking into account of fixed lime values. From energetic and environmental matter, it is
a 600ºC the suitable activation temperature to obtain MK based pozzolans without organic
matter.
Drinking-water treatment plants generate significant amounts of waste (sludge), which are often
dumped on landfill sites without any special treatment. This fact has important environmental
problems and high disposal costs, making it necessary to search for new alternatives to recycle
this waste as raw materials. The reuse of these drinking-water sludge as a pozzolanic addition in
the manufacture of new eco-efficient blended cements is a promising future alternative, due to



their silicoaluminous properties (Gonçalves et al., 2004; Husillos et al., 2011; Frías M. et al.,
2013; 2014).
The chemical-physical characteristics of mentioned waste depend on the source and treatments
which suggests that this is a specific line of research in any one region. It is important to note
that the waste are formed by different clay minerals, and therefore, the activation process to
transform an inert waste into a pozzolanic one, also plays an important role in the final
characteristics of the activated products.
The present work reports the scientific results for the transformation of several inert waste into a
MK product with pozzolanic properties. Chemically, the wastes are composed mainly of SiO2,
Al2O3 and Fe2O3. Mineralogically, the materials are formed by phyllosilicates type 1:1, 2:1 and
2:1:1, quartz, carbonates and feldspars. The mineralogical changes produced during the
activation process at 600, 700, 800, 900, 1000 and 1100ºC for 2 hours in the furnace and the
evolution of hydrated phases generated during the pozzolanic reaction at 1, 7, 28, 90 and 360
days of curing in the activated waste/Ca(OH)2 system were evaluated. The results obtained from
this research are fundamental for the establishment of scientific knowledge bases for the future
use of pozzolans in the manufacture of commercial blended cements.
2. Experimental Procedure
2.1 Materials
The materials studied are: 1) paper sludge waste (PSW) provided by the paper manufacturer
Holmen Paper Madrid (Spain), 2) coal mining waste (CMW) from Santa Lucia Hullera Group
(León, Spain), 3) waste from drinking water treatment plants (DWW) came from a Venezuelan
drinking water treatment plant (Embalse La Mariposa) and 4) raw slate waste (SW) was
recollected in a Spanish slate industry (La Cabrera, León, Spain).
All the wastes are a mixture of organic matter (between 2%-32%) and inorganic compounds. By
XRF analysis the main oxides in the different wastes are SiO2 (36-63%), Al2O3 (17-29%), CaO
(45-8%) and Fe2O3 (5-10%) followed by K2O, MgO and TiO2 (below 4%), and the rest of
oxides (below 1%) (table 1). Only the mineralogical composition by XRD showed
phyllosilicates type 1:1 (kaolinite), 2:1 (illite) and 2:1:1 (chlorite), quartz, carbonates (calcite
and dolomite) and feldspars as mayor compounds (table 2).

Tab. 1 Chemical composition for initial wastes by XRF.
(%) CMW DWW PSW SW
SiO2 49.79 36.24 13.90 62.37
Al2O3 21.77 29.46 8.30 17.97
Fe2O3 4.07 10.05 0.50 6.36
CaO 3.84 0.98 47.12 1.00
MgO 0.64 1.23 1.60 2.03
K2O 2.74 3.31 0.30 4.00
Na2O 0.13 nd 0.23 1.05
TiO2 1.07 1.23 0.25 1.01
P2O5 0.13 0.67 0.20 0.12

nd = not detected
Tab. 2 Mineralogical composition of initial wastes by XRD.

(%) CMW DWW PSW SW
Illite 25 35 3 22

Chlorite nd nd 2 11
Kaolinite 14 11 13 nd

Talc nd nd 1 -nd
Quartz 37 9 nd 35
Calcite 17 14 81 nd

Dolomite 5 nd nd nd
Feldspars 2 23 nd 32
Hematite nd 8 nd nd

nd = not detected

The raw wastes did not present pozzolanic properties, but once calcined exhibits high
pozzolanic activity, for this reason the raw wastes were calcined at different temperatures



depending on the mineralogical composition as 600, 650, 700, 800, 900, 1000 and 1100ºC for 2
hours in an electric laboratory furnace, in order to select the best activation condition as
pozzolan for the cement manufacture. All samples were ground in an agate mortar and pestle
until getting particle sizes less than 45 microns, which were analysed by laser granulometry.
2.2 Methods
2.2.1 Pozzolanic activity
The pozzolanic behaviour in a pozzolan/calcium hydroxide (lime) system was studied using the
solid residues after applying an accelerated chemical method.
The accelerated method used in this study to analyze the reaction kinetics consisted of placing 1
g of sample in a saturated lime solution (75 mL) at 40ºC for 1, 7, 28, 90, and 360 days. The CaO
concentration in the solution was analyzed at each test time. The percentage of lime fixed was
calculated as the difference between the CaO concentration (mmol/L) in the original saturated
lime solution (17.68 mmol/L) and the content of this compound in the solution covering the
sample. The solid residues obtained were dried in an electric oven at 105ºC for 24 h and then
analyzed to study pozzolanic reaction kinetics. The calcium hydroxide used was an extra pure
Ph Eur, USP, BP chemical reagent.
2.2.2 Instrumental Techniques
Chemical characterization was carried out by X-ray fluorescence (XRF), using a Philips PW
1404 (Eindhoven, the Nehterlands) and a X-ray tube of Sc-Mo. Fineness was analysed by Laser
Ray Diffraction (LRD), using a Sympatec Helos 12 KA spectrometer (Bergstadt-Clausthal-
Zellerfeld, Germany) and isopropyl alcohol as non-reactive liquid. Mineralogical composition
was studied by X-ray diffraction (XRD) using the random powder method for the bulk sample.
The X-ray diffractometer was a SIEMENS D-5000 (Munich, Germany) with a Cu anode.
Morphological characterization was carried out using a scanning electron microscopy (SEM-
EDX) devise (FEI INSPECT). The semi-quantitative analyses by EDX were obtained as an
average of 10 values taken in different grains for each power sample. The results are expressed
in oxides (wt %), adjusted to 100%.
3. Characterization of Activated Wastes
Pozzolanic reactivity of calcined clays is associated with the removal of structural water from
the crystalline clay layers, generated an amorphous or semiamorphous product of high surface
area and high chemical reactivity (Lea F.M., 1998). The necessary calcining temperature
depended upon the nature of the clay mineral and the thermal energy required for
dehydroxylation. The calcining temperature required to produce this active state is usually
between 600ºC/1100°C (Ambroise J. et al., 1985, 1992; Sabir B.B. et al., 2001). It is known that
thermal activation in air at 600°C/900°C of many clay minerals leads, by dehydroxylation, to
breakdown or partial breakdown of the crystal lattice structure, forming a transition phase with
high reactivity. Clay is in its most reactive state when the calcining temperature leads to loss of
hydroxyls and results in a collapsed and disarranged clay structure. For kaolinite, the calcining
temperature producing the active state of MK is usually between 600°C/800°C. Ambroise J. et
al. (1985, 1986) indicated that calcinations below 700°C results in less reactive MK with more
residual kaolinite. Above 1100ºC crystallization occurs and activity declines. At even higher
firing temperatures, a liquid phase forms that solidifies, on cooling, into an amorphous glass
phase that also present pozzolanic activity (Wu Z and Young J.F., 1984; O'Farrell M. et al.,
2006).
PSW is composed by calcite and kaolinite (<15%). The calcination of the material (Figure 1),
600ºC/2 hours, is a new product with the highest pozzolanic activity, because in these conditions,
the total dehydroxylation of phyllosilicates 1:1 type (kaolinite) occurs forming MK. For the
higher temperatures, talc increases the crystallinity and the dehydroxylation process for the
others phyllosilicates is started, last the calcite is decarbonated but with minor pozzolanic
activity. MK reactive at 600°C, as well as the decarbonatation process of calcite and the
presence of illite and chlorite with a low crystallinity, at higher temperature, is used to evaluate
the pozzolanic activity of paper sludge waste calcined to 600°C/2 hours at 750°C/2 hours. This
observation indicated the clay minerals influence on both pozzolanic activity and the reaction
kinetics.



Figure 1 Mineralogical evolution of PSW and activated waste at different temperatures.

Figure 2 Mineralogical evolution of CMW and activated waste at different temperatures.

Mineralogically CMW are inorganic compounds which can be transformed into a MK-based
product under controlled activation conditions that is also a highly pozzolanic material.
Activation temperatures ranging from 500º/900ºC and 2 hours retention time in furnace changed
the raw material composition, as well as the formation and evolution of the hydrated phases that
form during the pozzolanic reaction. At 600°C/2 hours of thermal activation (Figure 2),



kaolinite disappeared due to the transformation into MK (Sayanam R.A. et al., 1989) and news
characteristic peaks appeared in the XRD diffractogram, at 2.69 Å (33.30º 2θ), which is
attributed to the hematite formation (alteration product of pyrite present in minor concentration
in the coal) (Ward C.R., 2002; Creelman R.A. et al., 2013) and reflections at 2.43Å (36.98° 2θ)
and 2.85Å (31.38° 2θ) from the spinel-like phases, which are formed by heating of aluminous
clay minerals (Brindley G.W. and Brown G., 1980). The treatments from 700°C to 900°C
involved dehydroxylation and the formation of quasi-stable dehydroxylated illite.
Dehydroxylation of the 2:1 layers for the illite is at higher temperatures (Frías M. et al., 2013b)
(Figure 2).
DWW composition by XRD showed phyllosilicates 2:1 (illite), phyllosilicates 1:1 (kaolinite),
quartz, calcite, feldspars and hematite. These material activated thermally between 600°C and
900°C for 2 hours of retention in furnace (Figure 3) showed the power data for low quartz.
Kaolinite disappeared at 600°C due to the transformation into MK. A structural rearrangement
of illite took place at 700°C which greatly increased the intensity of all reflection peaks of illite.
Between 800°C/900°C, illite still remains. These temperatures range involved dehydroxylation
and formation of quasi-stable dehydroxylated phases. Hematite is the finish product of heating.
Chemical analysis of SW presented a silicoaluminous composition with a low organic content
(0.55%). Mineralogically have illite, chlorite, quartz and feldspars. Thermal treatment between
700ºC/1100ºC involved dehydroxylation and formation of quasi-stable dehydroxylated phases;
dehydroxylation of the 2:1:l layers in chlorite at 800ºC/2 hours, but, 2:1 layers dehydroxylation
in illite at 1100ºC/2 hours. At this activation condition, the gradual destruction of feldspar is
produced (Figure 4).

Figure 3 Mineralogical evolution of DWW and activated waste at different temperatures.



Figure 4 Mineralogical evolution of SW and activated waste at different temperatures.

4. Pozzolanic Properties of Activated Wastes
The results of pozzolanic activity for the activated paper sludge waste (APSW) at 600°C and
750°C/2 hours presented a high pozzolanic activity in terms of the fixed lime results for the
longer reaction times (28/360 days) (table 3).

Tab. 3 Pozzolanic activity for the activated paper sludge waste (APSW) at 600°C and 750°C/2 hours.
Time (days) 1 7 28 90 360
600ºC/2h 15.39 15.88 16.05 16.23 15.91
750ºC/2h 15.69 15.69 15.87 16.41 16.09

The formation of reactive MK at 600°C in the pozzolanic reaction of the activated coal mining
waste (ACMW), as well as the hematite and spinel-like phases formation at 600°C to 900°C and
the presence of illite with a low crystallinity (900°C) is used to evaluate these activity calcined
to 600°C and 900°C/2 h. The results showed that the reaction rate was higher for the waste at
600°C than at 900°C, when the time of reaction is short (1/7 days); both activated products are a
high pozzolanic activity in terms of the fixed lime results for the longer reaction times (28/360
days). ACMW are high pozzolanic activity, taking fixed lime values into account. However,
from the energetic and environmental conditions, 600°C/2 hours of retention are suitable
activation to transform an inert waste into an active material for the construction sector.
Activated drinking water waste (ADWW), between 600°C and 800°C for 2 hours, showed high
pozzolanic activity in terms of the fixed lime results, at 1, 28, and 90 days of curing,
respectively. At longer reaction times (28 days) proved to be slightly slower than silica fume
(88%). Despite the excellent pozzolanic activities obtained under all conditions, 600°C/2 hours
of retention in furnace are recommended as suitable activation conditions from an energetic and
an economic aspect.
Activated slate waste (ASW) are high pozzolanic activity, on the basis of their fixed-lime values.
However, from an energetic and environmental point of view, 1000ºC/2 hours of retention in
furnace, were suitable activation conditions for the transformation of an inert slate waste into
another active material for the construction sector.



5. Identification and evolution of hydrated phases in Activated Waste/Ca(OH)2 systems
The hydrated phases formed during the pozzolanic reaction in APSW/Ca(OH)2 system at 360
days of reaction were C–S–H gels, stratlingite, tetracalcium aluminate hydrate and LDH
compounds (phyllosilicate/carbonate). All temperatures (600ºC/750°C) favored the formation of
the last compounds (Figure 5).
LDH (phyllosilicate/carbonate) or Hydrotalcite is essentially an Al substituted brucite (Mg(OH)2)
mineral and appears when a proportion of the magnesium ions in the structure is replaced by Al,
leading to an excess of structural positive charge. The positively charged sheets align, with
interlayer spacing being occupied by anions to maintain electrical neutrality.
The hydrated phases formed during the pozzolanic reaction in ACMW/Ca(OH)2 system were
C–S–H gels, stratlingite, tetracalcium aluminate hydrate, LDH compounds
(phyllosilicate/carbonate) and monosulfoaluminate. Low temperatures (600°C) favoured LDH
compounds formation metastables (1/7 days) and stratlingite as the predominant phase at longer
times (28/360 days) (Figure 6).
The activation temperature (600°C/900°C for 2 hours of retention in furnace) is very important
from the ADWW/Ca(OH)2 systems. The hydrated phases identified under these activation
conditions were very similar, but with important differences in the crystalline aluminates phases
content. Stratlingite (C2ASH8) formation appeared at low temperatures (600°C), and
tetracalcium aluminate hydrate (C4AH13) is the only crystalline phase at higher temperatures
(900°C) (Figure 7).

Figure 5 Mineralogical evolution of APSW/Ca(OH)2 system at different temperatures.



Figure 6 Mineralogical evolution of ACMW/Ca(OH)2 system at different reaction times.

By XRD on the different ASW/Ca(OH)2 systems showed the following crystalline hydrated
phases produced during the pozzolanic reaction from 1 at 360 days of reaction (Figure 8):
randomly interstratified chlorite/smectite containing 40% chlorite and characteristic peaks at
7.95Å (11.09º 2θ) (002/002) and 3.43Å (25.98º 2θ) (004/005); randomly interstratified
chlorite/smectite containing 30% chlorite with characteristic peaks at 8.15Å (10.86º 2θ)
(002/002) and 3.42Å (26.05º 2θ) (004/005). Some forms of alumina and silica sheet structures
persisted after the activation process (Figure 8).
The different stacking arrangements of silicate layers reacted with the ions in the solution
forming mixed layered clay minerals. The formation of the mixed-layered clay minerals
(randomly interstratified chlorite/smectite) is favoured by mayor reaction time. The
interstratified (30%) and chlorites (40%) were identified until 90 days of pozzolanic reaction.
The illite layers formation is observed at 360 days of pozzolanic reaction. The abundance of
tetrahedral and octahedral layers from the mica and chlorite dehydroxylation and the absence of
calcite in the raw material, showed the formation of mixed-layered clay minerals (randomly
interstratified chlorite/smectite) with calcium and potassium cations in the interlaminar region.
The absence of carbonate group inhibited possible carboaluminate formation and any C4AH13

formation.



Figure 7 Mineralogical evolution of ADWW/Ca(OH)2 system at different reaction times.

Figure 8 Mineralogical evolution of ASW/Ca(OH)2 system at different reaction times.



Tab 4 Chemical analysis by SEM/EDX of the hydrated phases from pozzolanic reaction.

Oxides
(%)

CSH gels
(at 7days)

Randomly interstratified
(at 28 days)

C4AH13

(at 28 days)
C2ASH8

(at 28 days)
LDH

(at 7 days)

MgO nd 2.77 ± 0.83 nd nd 2.47 ± 0.68

Al2O3 22.73 ± 0.49 24.29 ± 1.88 30.94 ± 0.89 34.6 ± 0.75 19.09 ± 0.67

SiO2 22.64 ± 0.61 54.51 ± 1.63 16.95 ± 0.75 28.90 ± 1.12 33.33 ± 0.94

SO3 24.90 ± 0.39 nd nd nd nd

CaO 27.59 ± 0.57 6.48 ± 0.66 52.11 ± 1.47 36.5 ± 1.26 45.11 ± 0.71

Fe2O3 2.14 ± 0.99 5.64 ± 0.47 nd nd nd

Na2O nd 0.85 ± 0.69 nd nd nd

K2O nd 4.95 ± 0.76 nd nd nd

TiO2 nd 0.51 ± 0.89 nd nd nd

nd = not detected

The morphology of the pozzolanic reaction products in different systems as well as chemical
analysis by SEM/EDX are showed in Figures 9 and table 4. In both are recognized C-S-H gels
intergrowed with stratlingite layers in ACMW at 28 days (Figure 9A); APSW to 7 days with C-
S-H gels with LDH compounds layers (Figure 9B); the randomly interstratified in ASW at 28
days are a porous materials (Figure 9C) and ACMW at 28 days, the hexagonal sheets of C4AH13

are identifiable (Figure 9D).

Figure 9. Morphological SEM/EDX analysis: A) Stratlingite in ACMW at 28 days B) CSH gel
and LDH compounds in APSW at 7days C) Randomly interstratified in ASW at 28 days D)

C4AH13 in ACMW at 28 days.



6. Conclusions
The active products obtained by thermal activation from the inert wastes studied in these paper
showed high pozzolanic activity (16.41), taking fixed lime values into account. The conditions
of temperature 600°C and residence time in the furnace, 2 hours, are suitable activation
conditions to transform an inert waste into an active material for the construction sector when
the inert waste present kaolinite mineral.
The slate waste are not in your mineralogical composition kaolinite and the activation
conditions are 1000ºC and 2 hours, more energy.
The kinetic reaction based on the evolution and semi-quantification of hydrated phases formed
during the pozzolanic reaction were different for each waste as result of the presence/absence of
minerals such as calcite, kaolinite, illite and chlorite in the raw waste.
Hydrated phases formed during the pozzolanic reaction in the activated inert waste/Ca(OH)2
system were C-S-H gels, mixed-layered clay minerals (randomly interstratified
chlorite/smectite), stratlingite, tetracalcium aluminotetrahydrate and LDH compounds
(phyllosilicate/carbonate).
The mayor content of MK favours the LDH compounds (phyllosilicate/carbonate) formation
(metastables) and stratlingite (stable phase of the pozzolanic reaction).
The abundance of tetrahedral and octahedral layers from the mica and chlorite dehydroxylation
and the absence of calcite in the raw material, helped the formation of mixed-layered clay
minerals (randomly interstratified chlorite/smectite) with calcium and potassium cations in the
interlaminar region.
The appearance of C4AH13 (stable phase of the pozzolanic reaction) was attributed to
supersaturation of the aqueous phase respect to calcium hydroxide, also the low MK and
tetrahedral and octahedral layers from the illite and chlorite dehydroxylation.
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Abstract
Influence on OPC hydration of VAE-copolymer dispersion with polyvinyl alcohol as protective colloid was in
focus of this study. Experiments were performed using both a commercial OPC as well as synthetic cement
phases. It could be shown that the polymer dispersion is not affecting silicate reaction and aluminate reaction
during hydration of a commercial OPC while pure alite is significantly retarded in the presence of the polymer.
The protective colloid polyvinyl alcohol (PVOH) has a significant impact on hydration of pure alite while its
influence on alite hydration is negligible in cement mixes with C3A and sulfate carriers. While the retardation
effect of the polymer on alite hydration seems to be less strong when C3A and sulfate carriers are present we can
not see an influence of the amount of C3A and sulfate carriers on the extent of silicate reaction retardation.

Originality
XRD hydration studies of OPC with VAE-copolymer dispersion in a quantitative term are quite challenging and
not available in literature. In the present work state-of-the-art XRD analysis under consideration of the change in
the mass attenuation coefficient of the sample in presence of the polymer was carried out and is now provided to
the scientific community. In order to understand the influence of the polymer dispersion on cement hydration
pure cement phases were synthesized and cement-like systems composed. It can be shown that interaction of the
nonionic polymers is still a quite complex issue and needs even more research.

Keywords: Hydration; Polymers, XRD

1. Introduction

Modern mortars such as tile adhesives, renders, self leveling underlayments and sealing slurries are a mixture of
both inorganic binder, such as Ordinary Portland Cements, Calcium Aluminate Cements or the mixture of both,
together with organic adhesives, such as polymer dispersions or the corresponding redispersible spray dried
powders.
The polymers generally improve various properties of the products such as flexural strength, adhesive strength,
cracking resistance and impermeability. Also fresh mortar profits from polymers which give better workability
and improve adhesion to a substrate such as insulating material. The polymers which are used in order to
improve building materials are mostly styrene-butadiene copolymers (SBR), styrene-acrylate copolymers (SA)
and ethylene-vinyl acetate copolymers which were investigated in the present work. The impact of such
polymers on cement hydration is still a living scientific issue. Recent work from Kong et al. (2015) has shown
that the charge density of the polymer decides about the retarding effect of the polymer: high charge in form of
carboxyl groups leads to significant retardation while polymers with less charge density show less retardation. It
was shown that the adsorption of the polymers also depends on the charge density whereby the polymer with
high charge density show higher adsorption on cement surfaces. This finding was also reported by Plank et al.
(2008), who could show that adsorption of especially charged polymers on cement grain surfaces is occurring
(Langmuir type adsorption). Besides the adsorption effect an interaction of the polymers with the pore solution
of the cement paste was discussed. Larbi and Bijen (1990) concluded that there must be an interaction between
ions in pore solution (namley Ca2+, SO42-, OH-) and the carboxylic groups of the polymer. Ethylene/vinyl acetate
copolymers without carboxylic groups were already studied in cement near environment by Silva et al (2002,
2005, 2006). Interaction between the polymers and the pore solution forming calcium acetate was found as well
as an influence on the growing of the hydration products such as ettringite. Also a change of C3S dissolution and
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C3A dissolution was determined in the presence of polymers. In few recent studies a special focus was set on the
fact that the protective colloid consisting of polyvinyl alcohol might play an essential role in the interaction
between polymer dispersion and cement during hydration (Jansen, 2011). Jin et al. (2014) concluded that
especially the PVOH interacts with the aluminate phase in a different manner compared with the interaction of
the nonionic EVA latex with the cement. It is even assumed that the interaction with PVOH hinders the
adsorption of the nonionic latex particles. In the present study we investigated the influence of EVA copolymer
on cement hydration, especially on the phase composition during hydration. The influence on the hydration was
investigated for both a commercial OPC as well as synthetic cement phases. It will be shown that there is a big
difference between pure cement phases and commercial OPC when discussing the influence of EVA polymers
on cement hydration.

2. Experimental
2.1. Materials

For the present studies a commercial OPC as well as synthetic cement phases were used. The used OPC was
characterized for its chemical composition and phase composition. The results of XRF- and XRD analysis are
shown in table 1.

Tab. 1 Chemical composition and phase composition of the cement used

Phase Ma.-% Oxide Ma.-%
Alite 63 SiO2 22.2
Belite 7.5 TiO2 0.2
α`-C2S 7.5 Al2O3 3.7
C3A 8.5 Fe2O3 1.5

Brownmillerite 2.1 Mn2O3 0.05
Gypsum 1.3 MgO 0.8
Anhydrite 3.6 CaO 65.7
Calcite 1.3 Na2O 0.6
Quartz 0.2 K2O 0.7
Bassanite 1.1 P2O5 0.2

SO3 3.5
LOI 1.3

The single cement phases were synthesized in a chamber furnace. Alite was synthesized at 1400 °C using CaCO3,
SiO2, Al2O3 and MgO in order to get the monoclinic M3 form. The orthorhombic modification of C3A was
synthesized from CaCO3 and Al2O3 and Na2O by mixing them in the appropriate amounts. The sulfate carriers
were produced from gypsum at different temperatures. Anhydrite was burned at 450 °C for 12 hours. Bassanite
was synthesized for 72 hours at 85 °C. The synthesized phases were analysed by XRD in order to exclude phase
impurities.

The polymer used was a copolymer of vinylacetate and ethylen (VAc/Et : 79/21). A glass-transition temperature
(Tg) of the polymer of -7 °C was determined. Polyvinylalcohol (PVOH) was used as protective colloid. The
amount of protective colloid in the dispersion used was 10 wt.-%. The PVOH used contained 12 mole% of
remaining acetate groups.



2.2. Methods
2.2.1 Heat flow calorimetry

All heat flow experiments were performed at 23 °C using an isothermal difference heat flow calorimeter (TAM
Air). All samples were equilibrated before measurement. The mixing of the samples was carried out externally
using a spatula.

2.2.2 XRD analysis

The first question to be answered was whether or not there is an influence of the polymer dispersion used on the
phase development of the cement used during hydration within the first weeks. Phase composition was checked
at 1d, 16d and 28d using an external standard method which was firstly described by O`Connor and Raven (1988)
and transferred to cementitious systems (Jansen et al., 2011b). The points in time for XRD analysis were chosen
since essential values for mortars such as compressive strength or adhesion are determined at 28 days in
accordance with the valid standards. The samples for Rietveld quantification were stored in air-tight plastic
ampoules at 23 °C in order to avoid reaction with CO2 and water loss by evaporation. Before measurements the
samples were cut carefully under cooling with isopropyl alcohol. In comparison to other preparations (e.g. in-situ
technique) no artefacts due to the sample preparation were detected. In order to get absolute quantities for each
phase in the samples, which contain amorphous phases such as water, the external standard method was used.
When working which different amounts of polymers it has always taken into account that the addition of
polymer changes mass attenuation coefficient (MAC) of the whole sample which has a direct impact on the
quantification values of the crystalline phases. There is a big difference between the mass attenuation
coefficients of the inorganic cement (97.2 cm2/g) and the organic polymer dispersion (6.2 cm2/g) which leads to
lowering of the MAC of the cement paste when adding polymers. The mass attenuation of each sample is shown
in table 2.

Tab. 2 Mass attenuation coefficients of the samples
OPC Polymer Cement paste Paste + 4% polymer Paste + 8% polymer

MAC 97.2 6.2 72.6 70.7 69

3. Results and Discussion

3.1. Studies on the commercial OPC

Heat flow curves for the commercial OPC with 4 and 8 wt.% polymer and without are shown in figure 1. It can
be seen that there is just slight influence on the hydration of the OPC used within the first 50 h of hydration. The
silicate reaction is not retarded by addition of 4 ma.-% of polymer. But by adding 8 ma.-% of polymer a slight
retardation of the silicate reaction can be detected. The heatflow curves with addition of the polymer show also
some slight influence on the sulfate depletion peak. Regarding the phase development of C3A, alite and C-S-H
during hydration of the OPC and the influence of the polymer used, the following statements can be done. Figure
2 shows the C3A contents of the OPC at different points in time. It can be observed that there is no difference
(within the error of the quantification) between the hydration without polymer and the hydration with polymer
added. There is still around 3 wt.% C3A present after 1 day. But after 16 and 28 days there is only very low C3A
detectable. Hence it can be summarized that there is obviously no interaction between polymer and cement used
which might lead to unintended retardation of C3A or even hindering of the dissolution of C3A due to adsorption
effect. Figure 3 shows the alite contents in the systems examined and the C-S-H phase contents determined
according to Bergold et al. (2013) are shown in figure 4. It can be clearly seen that the polymer used is not
influencing the silicate reaction within the first 28 days. The dissolved amounts of the phase alite in the systems
with polymer added is comparable the amounts dissolved in the system without polymer added. Furthermore



XRD data prove that the amount of long-range-ordered C-S-H phase is comparable in all systems examined
without any visible influence of the polymers used.

Figure 1 Heat flow curves of the commercial OPC



Figure 2 C3A contents during hydration of the commercial OPC

Figure 3 Alite contents during hydration of the commercial OPC



Figure 4 C-S-H contents during hydration of the commercial OPC

All experiments performed and results received lead to the conclusion that the dispersion used behaves in a
neutral manner concerning hydration of the commercial OPC used. This fact is very appreciated in the dry mix
mortar industry inasmuch unintended retardation is not wanted by adding polymers.



3.2. Studies with synthetic cement phases

When studying pure alite hydration a very surprising situation can be observed. As shown in figure 5 the VAE-
copolymer used in this study does not act neutral in case of pure alite hydration. The heat flow curves show that
both the begin of the acceleration period and the maximum heat flow during the main period are influenced by
the presence of the polymer dispersion. The maximum of heat flow during the main period is retarded by even 6
hours when adding 8 wt.-% of polymer.

Figure 5 Heat flow calorimetry of pure alite with addition of polymer dispersion

In figure 6 the heat flow curves of pure alite and alite with addition of 8 wt.-% of polymer are presented. As
mentioned before the amount of the protective colloid polyvinyl alcohol is around 10 wt.-% of the dispersion. In
order to investigate only the influence of the protective colloid 0.8 wt.-% of PVOH (according 10 % of the 8 wt.-
% polymer added) were added to the alite system. It can be seen that the protective colloid has a comparable
retarding effect on the hydration of the pure alite alike the whole dispersion.



Figure 6 Heat flow calorimetry of pure alite with addition of polymer dispersion / polyvinyl alcohol

Further investigations were carried out in order to understand why the commercial OPC is only slightly retarded
by the presence of polymer while there is a clear retardation of a pure alite system when adding the same amount
of polymer. Mixes of pure alite with varying amounts of C3A and sulfate carriers were prepared according to the
amounts which can be expected in commercial Portland cements. Figure 7 shows the results for alite hydration
with 4.6 wt.% of C3A and 2.9 wt.% of sulfate carriers. It can be seen that the sulfate content was chosen
appropriately since the sulfate depletion peak occurs shortly after the maximum heat flow of the silicate reaction
as generally observed in commercial OPC.
Here again the addition of 8 ma.-% of the polymer leads to a remarkable retardation of the system. Though the
retardation is not as strong as observed for hydration of pure alite. While the maximum heat flow during the
main reaction is retarded for 6 hours for pure alite, we can determine only a retardation of around 2.5 hours in
the cement-like system when adding the same amount of polymer.



Figure 7 Heat flow calorimetry of a cement near system

Therefore we can address the question why the presence of C3A and sulfate carriers decreases the retardation
effect of the polymer on alite reaction. Studies of Jin & Stephan (2014) have shown that the protective colloid
polyvinyl alcohol shows different adsorption effects on C3A and alite. Hence it might be possible that adsorption
of the protective colloid on alite surfaces retards the hydration of pure alite while preferred adsorption of PVOH
on C3A decreases the influence of the protective colloid on alite hydration in cement near system.
In order to prove this assumption a further cementitious system with more available C3A surface (10 instead of
4.6 wt.%), which should show less retardation of the silicate reaction was investigated. Figure 8 shows the heat
flow curve of the synthetic cementitious system with 10 wt.-% of C3A and 6wt.-% of sulfate carrier. It is clearly
observable from the heat flow curves of this quite high sulfate containing mix that sulfate depletion occurs after
40 hours. It is quite interesting to see that the addition of 8 ma.-% of polymer leads to a retardation of the silicate
reaction. It can be observed that the maximum heat flow during the main reaction is retarded by 2.5 hours which
is comparable to the first synthetic system which is shown in figure 7.



Figure 8 Heat flow calorimetry of a cement near system

In figure 9 hydration of a synthetic cementitious system, with 4.6 wt.% and 2.7 wt.% of sulfate carrier
comparable to that of figure 7 is shown. There can also be noticed the same retardation of the end of the
induction period/the begin of the main period by the addition of 8 ma.-% of polymer. The maximum of heat flow
during the main period can be detected around 2.5 hours later in the system with polymer added than without
polymer added.
We also added 0.8 wt.-% of the protective colloid polyvinyl alcohol to the mix which is approximately the
amount which is present in 8 wt.-% of the overall polymer. The heat flow curves show that the PVOH is not
leading to a retardation of the main period during hydration. Both, the end of the induction period as well as the
maximum heat flow during the main period can be detected at the same point in time. The PVOH shows almost
no impact on the silicate reaction and only slight influence on the aluminate reaction which was also already
reported before (Jansen et al., 2010). These results, however, contradict the findings from the pure alite hydration
with PVOH where the protective colloid PVOH seems to interact with alite and retard the silicate reaction. It can
be assumed that the PVOH preferably influences the aluminate reaction during cement hydration as shown by
Jin et al. 2014. Hence it might be considered that the retardation of the silicate reaction which is visible in the
systems shown in figures 7, 8, 9 and slightly in the commercial OPC is caused by the polymer particles and/or
the aqueous phase of the polymer dispersion.



Figure 9 Heat flow calorimetry of a cement near system

In order to understand the less strong retardation of the silicate reaction in cement near systems than in pure alite
systems we investigated mixes with alite and sulfate carriers but without C3A. The heat flow curves in figure 10
show that there is a retardation of the alite when adding 8 wt.% of polymer, but in presence of 5 wt.% bassanite
the hydration is again only retarded slightly.
The same effect can be provoked when using anhydrite instead of bassanite. Figure 11 shows the heat flow curve
for pure alite, alite with 8 wt.% dispersion added, alite with 5 wt.% anhydrite and the alite-anhydrite system with
8 wt.% polymer added. The pure alite reacts even slightly faster with addition of anhydrite. The effect of soluble
Ca-sulfate seems to counteract the retardation mechanism of the polymer on the pure alite hydration. It is already
known that soluble calcium salts can accelerate silicate reaction because of increased Ca-concentration in pore
solution. Hence it should be discussed whether the retardation of the system by the polymer is caused by a
decrease of the Ca-concentration in pore solution which is counteracted by the presence of readily soluble Ca-
sulfates which can provide increased Ca-concentration in the pore solution.



Figure 10 Heat flow calorimetry of alite-bassanite system

Figure 11 Heat flow calorimetry of alite-anhydrite system



4. Conclusions

On the basis of the data produced by heat flow measurements the following statements can be made:

- There is no mentionable impact of VAE-copolymer with PVOH as protective colloid on the hydration of the
commercial OPC used within the first 28 days of hydration. An impact of the tested polymer on several
properties of modified mortars is not related to a change in phase development during the hydration of VAE-
copolymer modified mortars.

- VAE-copolymer dispersion is interacting with alite in a pure alite-polymer mix. Reaction of alite is
significantly retarded in the presence of polymer dispersion.

- In cement near systems the retardation of the silicate reaction (alite reaction) is not as significant as in the pure
alite system.

- The addition of typical sulfate carriers for OPC (bassanite and anhydrite) to the pure alite system reduces the
retardation of the alite reaction in alite-polymer mixes significantly.
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Early age hydration behavior of cement pastes from shrinkage and

electrical resistivity responses
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Abstract
The pastes with water-cement ratios of 0.3, 0.35, 0.4 and 0.45 were prepared for measuring the
chemical shrinkage (CS), the autogenous shrinkage (AS) and the electrical resistivity (ER, ρ) during
hydration period of 168hrs (10080mins). The CS value increases with the increase of w/c, however, the
AS value or the ER value decreases with the increase of w/c. w/c has a greater influence on the AS
results of cement pastes in 1d, and the cement paste with a higher w/c shows a expansion trend in early
period. The differential curve of the resistivity can reveal cement hydration process more intuitively.
The AS/CS vs. time shows a linear trend by two orders of magnitude. An exponential relationship
between the electrical resistivity and the autogenous shrinkage from each paste gives a clue to obtain
the AS development tendency of a paste according to its electrical resistivity.

Originality
The associated hydration physical parameters, such as the chemical shrinkage, the autogenous
shrinkage and the electrical resistivity were measured and the correlations were quantitatively
established and analyzed.

Keywords: Cement paste; chemical shrinkage; autogenous shrinkage; electrical resistivity

1. Introduction
When cement hydrates, for which the absolute volume of hydration products is less than the
sum of absolute volume of reactants, the volume shrinks during hydration, namely chemical
shrinkage. It represents the change of absolute volume of a cement paste. Before setting, the
paste cannot form a sufficient strength to resist shrinkage; the volume change of the paste is
then the outward manifestation of chemical shrinkage. After hardening, the paste form a
skeleton structure (Su A., 2008), volume contraction caused by chemical shrinkage partly
reflected in the formation of the pores inside the paste. Meanwhile, water consumption caused
by hydration leads to a lower relative humidity and a heavier self-desiccation (P Lura. et al.,
2001), with increased capillary pressure, autogenous shrinkage happens. Autogenous
shrinkage is an exterior volume deformation of concrete under the enclosed condition,
homothermal and no external force (Jensen O M. et al., 2001).
Water-cement ratio of cement paste is the decisive factor in whether the incidence of
autogenous shrinkage. The studies have shown that 0.42 is the critical water-cement ratio for
complete hydration of the cement, it means AS occurs only when w/c is lower than 0.42(T.C
Powers. et al., 1948) affected by the type of cement, and the critical water-cement ratio
usually between 0.36 and 0.48 (Bertil P. et al., 2002).
For the cement-based materials, cement hydration leads to water consumption, the electrical
resistivity changes with the decrease of liquid phase and increase of solid phase, thus
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electrical resistivity development curve can response the internal structure change of cement
paste dynamically. For the same kind of cement, the lower the water-cement ratio, the greater
the electrical resistivity can be achieved (Wei X. et al., 2004).
Autogenous shrinkage is a performance index of cement paste macroscopic volume change
caused by cement hydration, while electrical resistivity development curve can response the
cement hydration process dynamically (Sui T. et al., 2008), there is a theoretical relation
between the two. Liao etc.(Liao Y. et al., 2013) tested the ER and AS of the cement pastes
with different contents of fly ash in 3d, and a positive correlation between ER and AS was
obtained. An etc.(An M. et al., 2006)thought that AS decreases with the increase of the fly ash
content when fly ash content ranged 0-20%, however, the decreasing degree became slowly
when the fly ash content was more than 20%. The effect of fly ash to restrain AS is prominent
from the initial setting time to 1d.
This study presents the developments of chemical shrinkage, autogenous shrinkage and
electrical resistivity of the pastes with different water-cement ratios (0.3, 0.35, 0.4, and 0.45)
during 7d, and gives discussions about the quantitative relationships between the properties.
2. Experiments
2.1 Raw materials
Four cement paste samples P0.3, P0.35, P0.4 and P0.45 with W/C of 0.3, 0.35, 0.4 and 0.45
respectively were prepared. The raw materials are P.O42.5 cement, distilled water for
electrical resistivity and chemical shrinkage tests, and tap water for setting time and
autogenous shrinkage tests.
2.2 Experimental methods
2.2.1 Setting time
Vicat apparatus was used to measure setting time of the pastes according to standard
GBT_1346-2011.
2.2.2 Chemical shrinkage
Chemical shrinkage is tested by dilatometry. First step, prepare the four cement pastes with
different W/C ratios, put 10g paste into a jar gently and oscillate it to tamp the surface, draw
the air inside the paste for 10 minutes by vacuum pump; then inject distilled water to the
bottleneck slowly, stopper the bottleneck with a rubber plug with a graduated pipette, adjust
the pipette height of the meniscus to lower than the measure range (1ml); drip a drop of
paraffin oil from the top of the pipette to prevent water evaporation; finally put the
experimental device into 20℃ thermostat water bath for 7d and record data.
2.2.3 Autogenous shrinkage
Each sample was cast in 40 ×40 ×160 mm molds and autogenous shrinkage is conducted by
YS-JS device from the final setting time according to the test results of setting time.
2.2.4 Electrical resistivity
The electrical resistivity of the pastes was tested by a non-contact electrical resistivity
apparatus CCR-2. The measurement of the electrical resistivity was conducted over 168hrs at
data recording intervals of 1 min, under an ambient temperature of 20±2℃.
3. Results and discussion
3.1 Setting time
The results of setting times of the paste samples were shown in Figure 1. With the increase of
water-cement ratio, both the initial setting time and the final setting time increase.



Figure.1 setting times of different water-cement ratio samples
3.2 Chemical shrinkage
The chemical shrinkage results during 7d were shown in Figure.2. It can be seen that the CS
curve of each paste develops with time at a faster rate in 1d (1440min) and then becomes
slower with hydration time afterwards. 1d age is the demarcation point of shrinkage growth
trend. The CS values increase with w/c, and the CS curves gap among the w/c ratios become
wider with hydration time.

Figure.2 the chemical shrinkage curves of cement pastes
Chemical shrinkage is caused by hydration reaction. Therefore, the values of chemical
shrinkage reflect the hydration reaction rate quantitatively. Hydration reaction is controlled by
crystal nucleation and crystal growth in early age, and the hydrate rate is fast. With hydration
time, the hydration product wraps cement particles thus hindering hydration process, and
hydration reaction is converted to be controlled by phase boundary reaction, hydrate rate gets
slower (Yan P. et al., 2006). From 2d to 7d, the chemical shrinkage increases linearly, it
demonstrates that chemical shrinkage is proportional to the time for enough water is available
and no other shrinkage occurs. For a higher w/c, more water is supplied around the cement
particles; the hydration reaction is more adequate, leading to a larger chemical shrinkage.
3.3Autogenous shrinkage



The autogenous shrinkage curves of the different w/c pastes during 7d were shown in Figure 3.
It can be seen that the AS curves of the different samples follow similar trend. The AS shows
higher values of the lower w/c sample during the test period. The main difference among the
AS curves is that samples P0.3 and P0.35 show shrinkage from early period to 7d (10080min),
while samples with a higher W/C show a slight expansion before about 1000min for sample
P0.4, before about 3200min for sample P0.45. The curve of each sample after 1d is roughly
linear with time.

Figure.3 the autogenous shrinkage curves of the cement pastes
Cement hydration is a process of the liquid phase decrease with the solid phase increase. The
water porosity decreases, the pore structure refines and radius of curvature of pores decreases.
With water consumption, the air pores increase, the relative humidity in pores lowers, thus the
water-air meniscus forms. The formation of meniscus signifies results in the capillary pressure
appearance and enlargement and the appearance of autogenous shrinkage.
In early age, the impact of water-cement ratio of samples on the volume deformation is
mainly shown in three aspects as follows.
First, w/c has a large influence on the early age strength and the resistance of temperature
stress. Since each sample is demoded for autogenous shrinkage test at the final setting time
and has a low strength, the temperature stress caused by hydration is the main reason that
resulting volume expansion. Due to the lower w/c samples have shorter setting time and
higher early strength, the resistance of temperature stress is then greater.
Secondly, w/c has a large influence on chemical reactions and the composition content of the
hydration products inside the pastes. The AFt formation results in about 1.5 times of solid
volume expansion (Wei X. et al., 2008), which is also one of the reasons leading to expansion
of early age cement paste. Equation (1) indicates that the formation of 1mol AFt consumes
26mol water, and higher water content in a larger w/c sample is more favorable for AFt
formation, thus initiating a greater expansion.

C3A+3C
_

S+26H= C3A·3C
_

S·32H (1)

Thirdly, w/c has a great influence on pore structure inside cement pastes. Because of water
lubrication, the cement particles disperse more evenly in larger w/c samples which avoid tiny
air pores caused by cement particles aggregation, and a higher porosity inside pastes.
Otherwise, the smaller radius of pores means greater capillary pressure and higher autogenous



shrinkage. Water in the pores can be divided into two categories according to their sizes: the
water in the pores with a radius larger than 50nm does not cause volume change while
migrating; and the water in the pores with a radius lower than 50nm can cause shrinkage
while consuming (Shui Z. et al., 2014). For large w/c samples, the water in bigger pores
satisfies the need of cement hydration, which ensures higher relative humidity inside the
smaller pores. Therefore, the early age autogenous shrinkage of larger w/c samples is
negligible and shows an expansion in total volume change. For smaller w/c samples, the water
in bigger pores can’t afford the demand of hydration, water in smaller pores is consumed, thus
results in lower relative humidity, greater capillary pressure and greater autogenous shrinkage.
On the other hand, due to more solid phase in smaller w/c samples, the internal pore structure
is more refined, the early age autogenous shrinkage is then more obvious.
After 1d, all the samples show shrinkage trend. The reasons are that the samples after 1d have
enough strength and the temperature change caused by hydration heat is small, the
temperature stress has then no impact on the volume expansion of samples. Additionally, AFt
is an early age formed product which causes volume expansion, the volume shrinkage is
dominated by the hydration reaction of mineral components C3S and C2S. With hydration
time, the water inside samples continues to be consumed, leading to lower relative humidity,
and the autogenous shrinkage development.
3.4Electrical resistivity
The electrical resistivity curves of the cement pastes during 7d and 400 min were shown in
Figure.4 and Figure.5, respectively.

Figure.4 the electrical resistivity curves of the cement pastes in 7d



Figure.5 the electrical resistivity curves of the cement pastes in 400 min
Figure.4 and Figure.5 show that each curve increases after the initial decrease, and smaller
w/c samples have higher electrical resistivity. The resistivity is closely related to the proportion
and distribution of the phases in the pastes. After cement is mixed with water, the conductive
ions rapidly dissolved in water, which leads to the early decline of resistivity. Smaller w/c
means more cement particles and less water, thus the initial resistivity of smaller w/c samples
is larger. With hydration time, the hydration products increase and water decreases, leads to
lower porosity and less conductive path, resistivity rises. Meanwhile, the smaller w/c samples
show faster growth rate of electrical resistivity.

Figure.6 the ER curve and differential curve of sample P0.35 in 1000 minutes
Figure.6 is the electrical resistivity curve and differential curve of sample P0.35 in 1000 min.



Based on the differential curve, early hydration process can be divided into 4 stages as
follows.
The first stage is from 0 to 100 min. After cement and water are mixed, the conductive ions
rapidly dissolved in water, the conductivity of solution enhances and resistivity declines. The
lowest point of the curve means the concentration of the ions in the solution is saturated and
starts to precipitate. Because of the consumption of water and ions, the electrical resistivity
starts to rise.
With the increase of hydration products, the solid products cover on the cement particles to
form a protective layer thus impede hydration reaction, the differential curve of electrical
resistivity gets slower, this process corresponds to StageⅡ.
Stage Ⅲ can be divided into two process: (1)when gypsum is exhausted, AFt no longer
generated, C3A reacts with AFt to form AFm and release Ca2+ and SO42- for conductive ions
increase and solid volume decrease, thus the differential curve decreases; (2) C3S hydration
continuous reaction make hydration into acceleration period, the electrical resistivity grows
fast and differential curve increases.
Stage Ⅳ is the deceleration period of hydration, with hydration products increasing and
covering on the surface of the cement particles to form a diffusion shield, hydration reaction
rate slows down and the growth rate of electrical resistivity decreases.
3.5The quantitative relationship between chemical shrinkage and autogenous shrinkage

Autogenous shrinkage is caused by chemical shrinkage, but is not equivalent to it.
Cement hydration produces about 8% volume of pores, which is the main factor for causing
autogenous shrinkage. Based on the experimental results, the integral values of the CS and the
AS were obtained by taking 1d values as the starting point from each sample, and converting
the unit of AS values to the CS’s. The results of AS/CS of the samples were shown in Figure
7.

Figure.7 The AS/CS results of the samples at the same ages
It can be seen in Figure 7 that the AS values is much less compared to the CS’s. The volume
shrinkage was caused by the pores inside the pastes from hydration reaction, then the effect of
self-drying and capillary pressure for autogenous shrinkage occurrence. The AS/CS value
increases with the decrease of w/c, which means low w/c samples exhibit greater AS due to
finer pore structures.



3.6The correlation between electrical resistivity and autogenous shrinkage
The developments of both AS and ER with time are initiated by cement hydration and
increase with time during hardening period. The correlation between the electrical resistivity
and the autogenous shrinkage was shown in Figure 8.

Figure.8 The quantitative relation between ER and AS of the cement pastes
It can be seen in Figure.8 that there is approximately exponential relationship between the
electrical resistivity and the autogenous shrinkage by regression analysis and the following
relationship is satisfied as shown in equation (2).

b (t)(t) ae   (2)

In equation (2), ε(t) is autogenous shrinkage, ρ(t) is resistivity, a and b are constants. The
equations and R2 of the samples are shown in Table 1.

Table 1 the Regression relations between the AS and the ER results the pastes
Samples Equations R2

P0.3 Ε= 64.732e0.1263ρ 0.995
P0.35 Ε= 13.897e0.2421ρ 0.9978
P0.4 Ε= 3.563e0.4072ρ 0.993
P0.45 Ε= 1.485e0.574ρ 0.9811

The variation of ER reflects the reduction of porosity and the change of pore structures (Xiao
L. et al., 2005), meanwhile, the decrease of porosity and the process of emptying capillary
pore is the reason of AS, both AS and ER increase with hydration time. The above equations
shows that a value decreases and b value increases with the increase of w/c instead, which
means that the AS values with larger w/c samples are much lower but the AS growth rates
based on ER are higher. Due to lower w/c samples have less moisture and lower relative
humidity, leading to earlier autogenous shrinkage occurrence and larger a value, on the
contrary, the larger w/c samples appear expansion before 1d. After 1d age, the AS increasing
rates of the lower w/c samples get slower, while the higher ones increase, leading to higher
growth rates in comparison with the ERs. By establishing a quantitative relationship between
resistivity and autogenous shrinkage can be used to predict the development trend of AS by
ER of cement pastes.



4.Conclusions
The main conclusions can be summarized as follows.
(1) The chemical shrinkage develops rapidly in 1d due to a faster hydration of cement pastes
in early ages, and shows a similar liner increase trend during later period; the higher w/c
samples possess larger chemical shrinkage since single cement particle is surrounded by more
water.
(2) The autogenous shrinkage of cement pastes decreases with the increase of w/c during 7d
since lower w/c samples have lower porosity and larger surface tension. The effect of w/c on
the autogenous shrinkage is greater in the earlier period due to the difference of early strength,
hydration temperature stress, the composition of hydration products and capillary pressure
caused by hydration. Therefore, The higher w/c pastes appear to be a volume expansion
initially. Both autogenous shrinkage and chemical shrinkage are caused by cement hydration,
and occur at different water conditions. AS value is CS value a few percent for each same
sample at a certain age.
(3) The electrical resistivity of the cement pastes develops with hydration process that
intuitively reflects hydration information correlated to microstructure. Combining the
electrical resistivity curve and the resistivity differential curve, the hydration process of
cement paste can be divided into four stages with dissolution period, setting and hardening
period, hydrating acceleration period and hydrating deceleration period. The AS value and the
ER value shows a good exponential relationship, thus the variation of the AS can be predicted
by the trend of ER for the same cement paste.
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Abstract
Today, as we move toward a low carbon society, an important issue is reducing CO2 emissions during the cement
manufacturing process. Around the world, various admixtures that reduce the output of CO2 are now being included in
cement mixes.
Although this helps to solve one problem, the end-user cannot be sure of the amount and quality of admixture used, so
problems arise relating to achieving stable concrete quality at the construction site. To improve this situation, the
authors have designed a method of evaluation based on a conduction calorimeter. Cement generates heat of hydration
as it reacts during the curing process, so continuous measurement of heat output is a simple analysis technique widely
used in investigating the reactions of cement.
According to past research, a first peak in heat output occurs immediately after irrigation and is correlated with fluidity.
A second peak, after the induction period, correlates with setting time and early strength. Moreover, there is a
correlation between heat of hydration after the second peak and C3S, C2S reactions, which contributes to the
development of long-term strength in cement. From these relations, it is thought that certain physical properties of
cement – fluidity, setting and hardening – can be simply acquired from a series of hydration calorific values obtained
with a conduction calorimeter.
In this study, the authors clarify the characteristic features of blended cement and develop a simple method for
evaluating small amounts of cement. First, blended cement samples which imported worldwide, the chemical
composition were analysed using x-ray fluorescence, and density, specific surface area were tested. Second, the
physical properties (mortar flow, setting time, compressive strength) were tested. Third, the heat of hydration was
determined by using a conduction calorimeter. Finally, the correlation between the physical properties and the heat of
hydration was evaluated.
The results show a small correlation between heat of hydration and mortar flow or setting time. However, the
relationship differed depending on the admixture ingredients. The results also show there was a correlation between
total heat of hydration in the initial period of age and the strength that was manifested. It was possible to predict the
compressive strength up through 7 days from the amount of heat of hydration at 1 day. In addition, there was a
correlation between the amount of SiO2 and the compressive strength ratio in accordance with the type of admixture
ingredients, and it was possible to assess the compressive strength using the amount of heat of hydration in the initial
phase.

Originality
This study includes three main points of originality. First, it is very simple method that requires a cement sample of only
15g and entails mixing the sample with water in a plastic case. This makes it suitable for field use or for quality control
at a plant. Second, with a single test it yields estimates of three quality attributes, – fluidity, setting time and early
compressive strength – based on actually measured values. Further, if the cement composition is known, it can also
yield the long- term compressive strength. Third, it works for some kind of blended cement available in the world, so it
can assist with on-site concrete production in some country.

Keywords: conduction calorimeter; heat of hydration; fluidity; setting time; compressive strength estimation
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1. Introduction
Currently 3/4 of the world’s concrete is produced in Asia, an indicator of the tremendous demand that
exists for construction in the emerging nations of Asia. Opportunities for construction work in this
region are expected to increase in the future. To carry out concrete construction in places without a
record of achievement in this area, it will be necessary to evaluate and select materials that can be
obtained locally. The assessment of cement is particularly crucial, as it has a tremendous impact on
concrete strength.
Table 1 shows an example of the EN standard. In the JIS standard, cement strength is uniform and
there is no upper limit. In contrast, in overseas standards there is a range of cement strengths for each
strength class.
In Japan and North America, cement that is equivalent to 52.5N in the EN standard is widely used at
present. In Europe, the most commonly used cement is the 42.5N class cement (VDZ., e.V., 2012). In
Asia, cement of roughly equivalent quality to the cement in Japan is produced at state-of-the-art
factories. However, from the perspective of reducing costs and environmental load, various admixture
ingredients are added to produce 42.5N class cement in accordance with local standards. Moreover, it
has been pointed out that, even for the same 42.5N class cement in these countries, some of the cement
is produced in controlled manufacturing processes while other cement is produced in uncontrolled
processes where there are problems with the equipment. For this reason, even if the cement strength is
the same, cement of a different quality in terms of stability and durability is in circulation (ATILH.,
1998).
As a result, it is necessary to inspect the cement quality in advance when engaging in concrete
construction in these countries. In many cases, however, there are limits to the degree to which
inspections can be performed locally, and so in many cases samples must be brought back to Japan
and assessed there. In such cases, test results must be produced quickly with a small quantity of test
specimens.
Accordingly, this study examined a method for assessing the quality of a small sample of blended
cement, based on the results of the chemical composition of the cement, basic physical tests, and
measurement of the heat of hydration using a conduction calorimeter.

Table 1 Strength classification on EN 197-1:2011

Strength class
Compressive strength

Initial strength Normal strength
2 days 7 days 28 days

32.5
L* － ≧12.0

≧32.5 ≦52.5N － ≧16.0
R ≧10.0 －

42.5
L* － ≧16.0

≧42.5 ≦62.5N ≧10.0 －

R ≧20.0 －

52.5
L* ≧10.0 －

≧52.5 －N ≧20.0 －

R ≧30.0 －

*Strength class only defined for CEM III cements.

2. Experimental
2.1. Raw Materials
Tailings Table 2 shows the density, specific surface area and chemical composition of the cements that
were tested. Density was measured using a Le Chatelier flask. Specific surface area was measured
using a Blaine Air Permeability Apparatus. Ignition loss (ig.loss) was the amount of loss at an ignition
of 950°C. This value and the acid insolubility (insol.) were measured in accordance with ISO 29581-1.
The quantity of free lime (f-CaO) in foreign cement was tested in accordance with JCAS I-01:1997
“Quantification of free calcium oxide, Method B.” Other chemical composition measurements were
performed in accordance with ISO 29581-2 “Cement -- Test methods -- Part 2: Chemical analysis by
X-ray fluorescence” (“XRF”).



The cement that was collected was the type generally used in urban areas. Cement was collected from
10 countries. As comparison materials, Japanese rapid-strength, ordinary, moderate and low-heat
cements, cements with granulated blast furnace slag (GGBS) substitution rates of 20, 40 and 60 that
were blended with ordinary type cement, and cements with fly ash (FA) substitution rates of 10, 20
and 30 that were blended with ordinary cement, were prepared. These Japanese cements were noted as
No. 0. Ordinary cement with no admixture ingredients was noted as Reference (R) and used for
comparison purposes.
Cements from countries other than Japan were noted by country as No.1 - No. 10. Each type of cement
was produced in accordance with the standards in the respective countries. For purposes of
comparison, the values for quantity, type, strength and so on of the admixture ingredients permitted by
the standards were applied to the values in EN 197-1:2011 in Table 2 and the results are summed up in
Table 3.

Table 2 Composition of common cements on EN 197-1:2011
Main types Name Symbol Clinker Admixture Minor additional

constituents
CEMⅠ Portland cement CEMⅠ 95-100 － 0-5

CEMⅡ Portland-composite cement

CEMⅡ/A-△ 80-94 6-20(△) 0-5

CEMⅡ/B-△ 65-79 21-35(△) 0-5

CEMⅢ Blast furnace cement
CEMⅢ/A 35-64 36-65(S) 0-5
CEMⅢ/B 20-34 66-80(S) 0-5
CEMⅢ/C 5-19 81-95(S) 0-5

CEMⅣ Pozzolanic cement CEMⅣ/A 65-89 11-35(D,P,Q,V,W) 0-5
CEMⅣ/B 45-64 36-55(D,P,Q,V,W) 0-5

CEMⅤ Composite cement CEMⅤ/A 40-64 18-30(S)+18-30(D,P,Q,V,W) 0-5
CEMⅤ/B 20-39 31-49(S)+31-49(D,P,Q,V,W) 0-5

△：Granulated blast furnace slag (S)、Pozzolanic materials (P : Natural, Q : Industrial)、Fly ashes (V : Siliceous, W : Calcareous)、Burnt shale (T)

Limestone (L : TOC < 0.50% , LL : TOC < 0.20%)、Silica fume (D)、Someone(M)

2.2. Experimental Process
In accordance with ISO 679, mortar was mixed, and the mortar flow was measured in accordance with
JIS R 5201, after which the mortar was placed in a cylinder mold measuring φ50 × 100mm. All the
mortar specimens were firstly cured in standard environment with RH 98%±1% and 20±2℃ for
1day.After that, the mold was removed and the mortar was cured in water maintained at 20±1℃. The
test ages of specimens were 3, 7, 28, 91 days, at which point the compressive strength was measured.
In addition, a setting test was performed in accordance with ISO 9597.
Moreover, 15 g of each type of cement was measured and a water-cement ratio of 0.5 was used. The
cement was placed on a 6-point type conduction calorimeter (manufactured by Tokyo Rikosha Co.,
Ltd.) as shown in Figure 1, and the rate of heat liberation and total heat of hydration at a constant
temperature of 20°C were measured up to 7 days.
Subsequently, the data for rate of heat liberation and total heat of hydration from the conduction
calorimeter and the measurements from the physical properties test were compared and considered.



Figure 1 Six-point type conduction calorimeter

Table 3 Properties of Cements



※ ND: No data

3. Results and Discussion
3.1. Results of Density, Blaine Specific Surface Area and Chemical Composition
Table 3 shows the density, specific surface area and chemical composition of the types of cement that
were used. Overall, the density of the local cements that had been collected was lower than that of the
reference (R) cement, so it was thought to be mixed with materials with a lower density than that of
cement clinker (approximately 3.16), such as lime stone (approximately 2.7), fly ash (approximately
2.3) and granulated blast furnace slag (approximately 2.9). In addition, the values for specific surface
area were diverse and depended on the country and the producing region.
Figure 1 shows the values for ignition loss (ig.loss), insoluble residue (insol.) and free lime (f-CaO
that are frequently used as indicators of cement quality, extracted from Table 2 and categorized for the



groups of CEMI, CEMII-LL, CEMII-M, CEMII-S+CEMIII (noted as GGBS), CEMII-V and P(noted
as FA).
In general, cements that include calcite and magnesite as admixture ingredients have a high ig.loss
value, so the value for the CEMII-LL group was high. The highest ig.loss value was approximately
11%. In terms of strength level, this was equivalent to 32.5 class cement.
The insol. value is an indicator of the quantity of SiO2 and admixture ingredients that include SiO2

(FA, Pozzolanic material etc.) in the cement. For this reason, the values for the CEMII-P and V groups
were particularly high.
f-CaO is an indicator of the burning degree of the cement. The higher this value, the greater the
content of CaO that did not become C3S, indicating underdone status. When the quantity of f-CaO is
great, fluidity and stability will be affected, so caution is needed. Although this could not be
determined for some types of cement, values as large as 3% f-CaO were measured.
In this way, it was determined that the cement had various chemical compositions and used a variety
of admixture ingredients, depending on the producing region and the standards used.

(a) Density (b) ig.loss

(c) insol. (d) f-CaO
Figure 2 Difference between density, ig.loss, insol. and f-CaO

3.2. Results of Physical Properties and Comparison with Heat of Hydration
Table 4 shows the major factors causing the constituent ingredients in the cement and admixture to
affect fluidity, setting and strength development. In cases such as this, in which the cement clinker
composition is not uniform and various admixture ingredients have been used, it is not easy to
determine the effect on physical properties.

Table 4 Factors influencing the manifestation of cement physical properties



Physical properties Major influencing factors

Fluidity Gypsum, f-CaO, C3A, CaCO3 , Particle configuration
Setting Quantity of admixture ,Gypsum, f-CaO, C3S, C3A

Strength 1 - 7 days Specific surface area, C3S and C3A
7 days - long-term C3S, C2S, BFS, FA reaction

Accordingly, it was decided to perform an evaluation of the cement using a conduction calorimeter as
a simple way of assessing cement quality. As heat is generated by the hydration reaction of the cement,
continuously measuring heat using a conduction calorimeter is a simple way of measuring the heat of
hydration by hydration, and it is a widely used and effective method for considering cement reaction.
Figure 3 shows the data on the rate of heat liberation obtained using the conduction calorimeter.
According to previous studies, the reaction prior to Ti in Figure 3 includes an initial reaction
immediately after the water is added, so there is a correlation with fluidity(Kamio Y. et al., 2008), and
the peaks (K1, T1) after Ti are correlated with setting and initial strength(Uchikawa H. et al., 1984).
Reaction heat following the second peak is slight, but this is related to the C3S and C2S reaction, so
there is thought to be a correlation with long-term strength. Accordingly, by analyzing the reaction
from the series of heat of hydration measured with the conduction calorimeter, it is possible that
knowledge of the fluidity, setting, hardening and other physical properties of even blended cement can
be widely obtained, and so these values were compared with the physical property values obtained in
this study.

Figure 3 Example of rate of heat liberation

Table 5 shows all of the data that were obtained. The data in Table 5 were used to study the
relationship between the individual physical properties and the heat of hydration.



Table 5 Results of Physical property and heat of hydration

First, as an assessment of fluidity, the relationship between the total heats generated during the 10
minutes after the water was added to the test specimens, a period that included the first peak, and the
mortar flow was considered. This was done because the mortar flow test ended approximately 10
minutes after the water was added to the test specimens, so there was thought to be some type of
relationship between the heat of hydration during this period and the flow value. The results are shown
in Figure 4. As the figure shows, a small correlation was determined, but the variations overall were
great. This is thought to be caused by the fact that the apparatus was not ideal for gathering data
immediately after the water was added to the test specimens, and because differences in reactivity



constituents that affect fluidity such as particle shape and particle size distribution were not taken into
consideration.
Next, the setting time was assessed using as a reference (Uchikawa H., et al. 1985), Figure 5 shows the
relationship between Ti shown in Figure 3 and the time at which initial setting time. Figure 6 shows
the relationship between T1 and the time at which final setting time. Differences were observed in the
relationship between Ti in Figure 5 and the initial setting time, depending on the admixture ingredients
mixed into the cement. Cement produced based on standards that called for GGBS to be included in
the mixture in particular tended to differ greatly. In addition, the relationship in Figure 6 can be read
as having less of a degree of difference as compared to Figure 5, but the correlation was lower as well.
Rather than this factor, it was thought to be more important to consider differences in admixture
ingredients when assessing the setting time.
Finally, as an assessment of strength development, the relationship between total heat of hydration and
compressive strength was considered. Figure 7 shows the relationship between the total heat of
hydration at each age of the cement and the compressive strength of the mortar. There was determined
to be a high correlation between the heat of hydration and the compressive strength. Accordingly, with
the aim of quickly assessing quality, a study was conducted to determine whether or not the
compressive strength at various ages could be predicted from the total heat of hydration at 1 day.
Figure 8 shows the relationship between the total heat of hydration at 1 day and the compressive
strength at various ages. Up until 7 days, there was a good correlation, but at 28 days there was only a
small correlation as compared to that for up to 7 days. Accordingly, in order to study ways to predict
the compressive strength for more than 7 days, a study of the relationship between compressive
strength and the various analysis values obtained in this analysis was conducted.
The results as shown in Figure 9 revealed a high correlation between SiO2 content and the
compressive strength at 28 days as compared to the age of 7 days. However, this correlation differed
depending on the admixture ingredients. SiO2 content is thought to be useful as an indicator of mineral
content that affects the manifestation of long-term compressive strength.
Based on these results, it may be possible to use the relationship in Figure 8 and the relationship in
Figure 9 to generally predict the compressive strength 3 days, 7 days and 28 days, based on the total
heat of hydration at 1 day.

Figure 4 Relationship between heat of hydration at 10 minutes and mortar flow



Figure 5 Relationship between Ti and initial setting time

Figure 6 Relationship between T1 and final setting time

Figure 7 Relationship between each age heat of hydration and compressive strength



Figure 8 Relationship between heat of hydration at 1 day and compressive strength

Figure 9 Relationship between SiO2 ratio and compressive strength at 28days to 7days ratio

4. Conclusions
An analysis of the chemical composition of cement produced in various regions was conducted, after
which physical tests and hydration heat measurements were performed in order to study the
correlation between physical properties and heat of hydration. The results were as follows.
(1) The density and specific surface area varied depending on the producing region, and the

chemical composition showed the particular characteristics of the standards used.
(2) Depending on the producing region, physical properties and the amount of heat of hydration by

hydration differed as a result of differences in chemical composition and admixture
ingredients, respectively.

(3) In order to assess the fluidity from the heat of hydration, it was thought to be necessary to
consider the effect of particle size distribution and admixture ingredients.

(4) There was a correlation between the setting and hardening properties and the rate of heat
generation during the cement reaction acceleration phase. However, the relationship differed
depending on the admixture ingredients.

(5) There was a correlation between total heat of hydration in the initial period of age and the
strength that was manifested. It was possible to predict the compressive strength up



through 7 days from the amount of heat of hydration at 1 day. In addition, there was a correlation
between the amount of SiO2 and the compressive strength ratio in accordance with the type of
admixture ingredients, and it was possible to assess the compressive strength using the amount of
heat of hydration in the initial phase.
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The C3S dissolution, a determining kinetic factor during hydration?

Luc Nicoleau1
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Abstract
Tricalcium silicate (C3S) is a compound which reacts with water to give hydration products (C-S-H and CH). The
transformation, i.e. the hydration, occurs by simultaneous dissolution-precipitation reactions. The different factors
influencing the hydration are the reactive surface areas, i.e., the growth surface of C-S-H and the dissolution surface of
C3S, and, the composition of the pore solution. When only pure C3S is mixed with water, the solution contains only
calcium, hydroxide and silicate ions. The three species are the constituents of C3S and C-S-H. They determine both
interfacial reaction rates: the C3S dissolution rate through the undersaturation with respect to the C3S solubility, and,
the C-S-H precipitation rate through the supersaturation with respect to the C-S-H solubility.
So far, all cement hydration theories reported in the literature considered the increase of the precipitation surface area
as the only cause of the acceleration of hydration. Also, the hydration peak as obtained by isothermal calorimetry and
the inherent decelerating period have been rationalized by theories exclusively based on C-S-H growth impingement
[Thomas et al. 2011]. However, a series of experiments demonstrates that these theories cannot hold. Conversely, there
is a body of experimental and theoretical evidences that the dissolution rate is the kinetic driver during the first hours of
cement hydration. Experimental observations also indicate an increase of the dissolution surface area and recent NMR
experiments [d’Espinose et al 2014] show that the surface area of C3S in contact with water decreases almost at the
same time as the main calorimetric hydration peak.
A topographical model based on the formation of etch-pits theoretically supports these experimental findings and laid a
kinetic groundwork for exploring the kinetic consequences on the hydration rate. The first outcomes are (1) the
possibility to infer a dormant-like period with only a few assumptions and (2) the development of the reactive dissolving
surface area passing through a maximum.

Originality
This study presents the role of the dissolution surface area and its evolution during C3S hydration. In addition, a novel
view on the limitation of C3S hydration kinetics based on the dissolution is proposed. This proposition is unique in the
literature so far.

Keywords: Hydration kinetics, growth model, dissolution model, acceleration peak, induction period.
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1. Introduction
Understanding the hydration kinetics of tricalcium silicate (C3S) (or alite) is still a great concern of
many studies since C3S is the most important phase in portland cement for the early mechanical
properties as it hydrates to yield C-S-H. The hydration can be monitored by an isothermal calorimetry
experiment in which the heat flow is recorded. This heat flow generated during the hydration of C3S is
proportional to the hydration rate and its integration leads to the degree of hydration at a given point in
time. The characteristic thermogram (Fig. 1) presents different phases: (I) the dissolution peak, (II) the
so-called “dormant” period (sometimes called induction period) shows a low heat flow preceding the
acceleration, (III) the acceleratory phase is a relative short period of time but important for the early
mechanical properties during which the rate increases until reaching a maximum, and finally (IV) the
deceleratory phase shaping the main hydration peak together with the acceleratory phase (III).

Figure 1. Typical thermogram obtained during the hydration of alite at a water-to-alite ratio of 0.5. The different
phases are represented: I the pure dissolution peak, II the “dormant” period, III the acceleratory period and IV
the deceleratory period.

Among the still debated questions related to hydration kinetics, the occurrence of the “dormant”
period and the phenomena leading to the deceleration (the transition III  IV) have drawn much
attention [Bullard 2010]. The hydration is the concomitant dissolution of C3S and precipitation of C-S-
H. As the ion concentrations do not discontinuously evolve, a quasi-steady-state describes the
dissolution/precipitation regime. It turns out that the hydration rate Rhyd is equal to RC3S the C3S
dissolution rate and equal to RCSH the C-S-H precipitation rate at any moment. The rates RC3S, RCSH are
functions of the reactive surface areas SC3S,SCSH and the interfacial reaction rates RiC3S,RiCSH which
yields:

i
CSHCSH

i
SCSCCSHSChyd. .RS.RSR RR
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 Eq. 1

There are a plenty of kinetic laws, more and less complex, linking interfacial reaction rates to G (the
difference in Gibbs free energy between the solid and its molecules in solution). Interfacial rates
depend on the saturation (/Kspwith respect to the solubility of the mineral (defined by Ksp the
solubility product and  the ion activity product). The very generic law [Lasaga 1994] applied to C3S
dissolution can be expressed by the following equation:
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 Eq. 2

where R is the gas constant, T the absolute temperature, C3S the ion activity product (explicitly
defined in [Nicoleau 2013]). Interfacial rates Ri(G) monotonically decrease with the deviation from
equilibrium, i.e. with decreasing G.
So far, most of the considerations on C3S hydration kinetics have been exclusively based on C-S-H
growth. For instance, the precipitation of a metastable C-S-H layer has been emphasized in order to
account for the dormant period [Gartner 1987]. Different theories, all involving the hindrance
undergone by the C-S-H growth, have been advanced to explain the deceleration of the hydration rate
and the shape of the hydration peak. Two models based on this hindrance have been recognized of
major importance and are called Garrault’s model [Garrault 2001] and Bishnoi’s model [Bishnoi 2009]



in the following. The first one proposes the coalescence of C-S-H platelets onto one representative C3S
grain and the second one suggests the merging of low dense C-S-H layers growing from different C3S
grains (see schemes in fig. 7). Yet, some experimental observations strongly challenge both models.
Since the hydration kinetics is fairly independent of the dilution of the system [Damidot 1994], it calls
into question the assumptions of Bishnoi’s model. Secondly, systems accelerated by C-S-H nuclei
[Nicoleau 2013b], showing C3S surfaces completely devoid of hydration products at the early age of
hydration [Nicoleau 2015], also reveal similar shapes of the calorimetric hydration curves, which in
turn tends to invalidate the Garrault’s hypothesis.
Motivated by these not completely satisfying C-S-H growth-based theories, the C3S dissolution or
more exactly the evolution of the C3S reactive surface area has been experimentally studied and
modelled. Some features of this new model are expected to explain the still open questions related to
hydration kinetics mentioned above.

2. Results – Evolution of the C3S dissolution surface area at the early age
In this section, a body of experiments carried out at our labs or drawn on the literature has been
compiled in order to shed a light on the development of the C3S surface area during its dissolution.
2.1. Calculation of the reactive surface area from hydration rates and pore solution compositions.
First evidence comes from the evolution of the undersaturation during the early hydration. As the
undersaturation and the C3S interfacial dissolution rate are mathematically linked by a monotonous
function, the undersaturation evolution reveals any variation of the interfacial dissolution rate. An
empirical law has been recently proposed in [Nicoleau 2013]. Although this law does not take into
account some second order parameters affecting the C3S surface solubility (as pH and other ion-
specific effects) it enables an estimation of the interfacial dissolution rate RiC3S(G) as a function of
the composition of the solution. Moreover, the mentioned second order parameters do not significantly
vary during the main hydration peak and thus the evolution of the interfacial dissolution rate can be
considered as fairly accurate.
In Fig. 2 two experiments from the literature are reported. The ion concentrations allowed us the
calculation of ln C3S. Both experiments exhibit the hydration peak showing a maximum a couple of
hours after the beginning of the reaction. Until this maximum, the hydration accelerates but the
undersaturation remains quasi constant. It turns out that RiC3S does not notably increase. As Eq. 2
indicates, if the hydration acceleration, i.e. the dissolution acceleration, does not come from a higher
undersaturation, then it has to come from an increase of the dissolution surface area. Fig. 2 highlights
the relative evolution of the dissolution surface area (SC3S(t)/SC3S(t=0) with SC3S=Rhyd/RiC3S). The
evolution of the hydration rate (Fig. 2) and the evolution of the dissolution surface area (Fig. 3) go
clearly hand in hand, i.e. their respective maximum occurs at the same time.

Figure 2 (A) Evolution of (1) the degree of hydration of alite (D.O.H.) by QXRD during the hydration at 20°C of
an ordinary portland cement mixed at a water to cement ratio of 0.5, (2) the corresponding hydration rate and (3)
the ion activity product calculated from the concentrations reported by Lothenbach & al. in [Lothenbach 2006].
(B) Evolution of the same variables during the hydration of C3S in a calcium hydroxide solution in which the
concentration of 11mM is fixed and constant, the liquid to C3S ratio is 50. Data from Garrault [Garrault Thesis].



Figure 3: Evolution of the reactive C3S dissolution surface area SC3S(t)/SC3S(t=0) estimated for both datasets.

2.2. Consecutive fast dissolution experiments in semi-dilute conditions.
Successive brief dissolution experiments of the same C3S sample have been also performed under
conditions which avoid the precipitation of C-S-H. Here, C3S is cyclically etched one minute,
collected and dried to be again subjected to etching, etc. The calcium and silicate concentrations are
analysed after each etching step by ICP spectrometry. The cycles are repeated as long as enough
powder can be collected. Details of the experimental procedure can be found in [Nicoleau 2015]. Two
different etchants, pure water and a 9 mM Ca(OH)2 solution have been used. The results are reported
in Table 1. For both solutions, the dissolution rate exhibits an increase upon the degree of dissolution.
C3S dissolved faster if it was already etched before. It thus indicates that the reactive dissolution
surface area per g of C3S increases during the early dissolution.

Tab. 1 Consecutive dissolutions of C3S by etching with water and with 9 mM Ca(OH)2 solution.

2.3. Qualitative evolution of the C3S surface area from NMR experiments in slurry.
Another convincing experiment indicating increase of the dissolution surface area was obtained by
Pustovgar and co-workers [d’Espinose et al 2014] by means of 29Si{1H} cross-polarization NMR
carried out on a 29Si enriched C3S sample mixed with water at liquid to solid ratio of 0.8 (Fig. 4). This
NMR experiment allowed the time-resolved quantitative determination of silicate species. In the
following, the Qn nomenclature for silicates is used in which Q refers to a silicate center bound with n
neighboring silicate center(s). C3S only contains silicate monomers (Q0) and the monomeric species in
contact with protons, labelled Q0(h) enables the monitoring of the evolution of C3S surfaces. In Fig. 4,
it is observed that the basic hydration scheme is respected since Q2 and Q1 species increase over time
due to C-S-H growth and the total amount of Q0 decreases in the same time due to C3S dissolution.
Yet, the amount of Q0(h) remains constant during the 6-7 first hours. It shows that the surface area of
C3S is approximately the same during this period leading to the conclusion that the surface area per g
of undissolved C3S is getting higher.

Figure 4 Evolution of the different silicate species
during the hydration of a 29Si enriched C3S sample
mixed with a water-to-C3S ratio of 0.8. (courtesy of
d’Espinose de Lacaillerie).



2.4. Evolution of the reactive C3S surface area in very dilute conditions.
During the dissolution of C3S in very dilute conditions (0.1 g/L), the solution cannot be supersaturated
with respect to C-S-H. The monitoring of the silicon and calcium concentrations allows the calculation
of the C3S dissolution rate [Nicoleau 2013] as well as ln C3S. In Fig. 5, two dissolution experiments
are presented: one in 50 mM of NaOH and one in 100 mM of NaOH. During C3S dissolution, calcium,
silicate and hydroxide ions are released and the undersaturation with respect C3S solubility is
consequently reduced. Fig. 5 clearly shows that the dissolution rates increase whereas ln C3S also
increases (i.e. the undersaturation decreases) up to a degree of dissolution about 17% in 50 mM of
NaOH and about 13% in 100 mM of NaOH. Although ln C3S increases and the interfacial dissolution
rate decreases, the dissolution rate does accelerate. Once again, this observation can be only accounted
for by an increase of the dissolution surface area.

Figure 5 Evolution of the dissolution rate and degree of dissolution as a function of ln C3S during the
dissolution of 0.1 g of C3S in one liter of a 50 mM NaOH solution (A) or in a 100 mM NaOH solution (B).

3. A relevant topographical dissolution model.
Various evidences reported in the previous section highlight that the C3S dissolution surface area
increases at the beginning of the dissolution. Such a phenomenon cannot be captured by a classical
isotropic dissolution scheme in which the surface dissolution process of grains is considered uniform
over the entire surface area, i.e. the grain radius decreases upon dissolution. As such, the dissolution
surface area would indeed continuously decrease. Instead of being uniform, the C3S dissolution occurs
by formation of etch-pits as reported in numerous articles [Nicoleau 2013, Juilland 2010]. Many
models aim at modelling surface dissolution processes by different approaches and levels of theory. It
is not my purpose here to review all of them and the interested reader is referred to the reference
[Nicoleau 2015] in which the current model is explained in detail and more closely compared to others.
It is however worth to cite the step-wave model proposed by Lasaga & al [Lasaga 2003] which
inspired the author’s approach and the work of Lüttge [Lüttge 2005] who used a similar methodology
to the author’s but did not consider some issues like the complete dissolution and the complex
population of grains.
The topographical dissolution model proposed in [Nicoleau 2015] describes the formation of etch-pits
at surface defects that are preferred dissolution centres, their expansion and their coalescence with a
limited number of physically meaningful parameters. These parameters are the density of defects, the
dissolution rate parallel to the surface and the dissolution rate perpendicular to the surface (Fig 6 (A),
(B) & (C)). In this model, the reactive surface which dissolves is the inner surface of etch-pits that
constantly expand until some merge together. At that time, some dissolving inner pit surfaces coalesce
(Fig. 6 (B)) leading to a decrease of the reactive surface area. The degree of dissolution over time by
such a process gives a sigmoidal curve (Fig. 6 (D)) showing a characteristic acceleration in the
beginning of the curve. The comparison with the classical isotropic dissolution model shows that both
are equivalent after a certain degree of dissolution (after 50 units of time in case of Fig. 6 (D)) if an
induction time is added before the isotropic dissolution starts. Interestingly, an early phase looking
like the dormant-period arises from the etch-pit dissolution model. By assuming the validity of this
dissolution model, we may reasonably suppose that the dormant period of cement hydration is linked



to the dissolution topography. In [Nicoleau 2015], the authors studied the parameters that possibly
affect this period.

Figure 6 (A) 2D schematization of two etch-pits growing in two directions according to two rates R// and R┴. (B)
2D schema depicting the dissolution on the surface of a C3S grain according to the model. (C) Example of
dissolution profile during a simulation where a piece of C3S surface having 4 close dissolution centers is
corroded during 9 iterations. (D) Simulations of the degree of dissolution over time considering the dissolution
by etch-pits and the classical isotropic dissolution including an induction time tind. The dissolution rate by etch-
pit formation is also shown.

The extension and the coalescence of dissolution pits, or in other words the increase and the
subsequent decrease of the dissolution reactive surface area, lead to a dissolution rate curve
comparable to the typical C3S hydration curve. It is worth noting that the maximum dissolution rate
occurs when the coalescence becomes greater than the pits expansion, after about 25% of dissolution
in case of Fig. 6 (D). In the introduction, we recalled that no model based on C-S-H growth can
satisfactorily explain the transition between the phases III & IV. This is confirmed by the evolution of
ln C3S plotted in Fig. 2. As a matter of fact, the undersaturation with respect to C3S does always
increase from this transition: the kinetic path (ion concentrations) departs from the C3S solubility and
approaches the C-S-H solubility. It means that the C-S-H precipitation rate becomes increasingly
higher than the C3S dissolution rate. More examples extracted from the literature can be found in
[Nicoleau 2015]. It also indicates that the dissolution process is driving the hydration rate. In view of
the topographical model proposed here, the etch-pit growth and their subsequent coalescence can



explain the transition from an acceleratory to a deceleratory phase. Fig. 7 depicts the main models
based on C-S-H growth reported in literature and the dissolution-based theory proposed in this study.

4. Conclusion
In this paper, experimental evidences have shown the increase of the reactive surface area of
dissolution when C3S comes in contact with water. Such an increase cannot arise from an isotropic
dissolution process, but from etch-pit formation at the C3S surface instead. A model describing the
formation, the expansion and the coalescence of dissolution pits highlights interesting features:
(1) The sigmoidal increase of the dissolutive surface area at low degree of dissolution.
(2) The subsequent decrease of this surface area due to significant coalescence of the dissolution pits.
These new features framed within the hydration constitute a theoretical basis for the phenomena which
could lead to the so-called dormant period and provide an explanation for the acceleration or more
interestingly for the deceleration of hydration. So far, the limitation of the hydration rate due to the
dissolution is the only satisfactory hypothesis since C-S-H growth-based theories suffer many
weaknesses and cannot account for some experimental observations. Finally, the evolution of ion
concentrations towards the C-S-H solubility when hydration decelerates, indicates that the dissolution
process is determining hydration kinetics.

Figure 7: Schematic representations of
models reported in the literature
rationalizing the deceleration of the alite
hydration. The blue crosses symbolize
where the kinetic limitations are assumed
in each model. In (a), the limitation is due
to the coalescence of C-S-H clusters; in (b)
the limitation is due to the overlap of C-S-
H layers; and in (c) the limitation is due to
the coalescence of dissolution etch-pits
leading to a decrease of the reactive
dissolution surface area.
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Effects of polycarboxylate superplasticizers with different molecular
structures on the hydration behaviour of cement paste
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Abstract:

Effects of polycarboxylate (PCE) superplasticizers with different densities of carboxylate groups, functional

group contents, molecular weight, and side chain polymerization degrees on the hydration behavior of Portland

cement were investigated in this study. The experiments were conducted using a semi-adiabatic calorimeter

equipped with a temperature measurement system at 20 °C. The water cement ratio (w/c) was 0.4, and the PCE

dosage used was 0.3%. The ability to delay hydration increased in PCEs with high densities of carboxylate

groups, short side chains, and high molecular weight and the presence of methyl acrylate (MA) monomers

decreased the hydration rate peak. Nevertheless, the hydration rate peak and hydration temperature peak

decreased when the density of the carboxylate groups increased to a certain value, and the hydration age needed

to reach these peaks was unchanged. Moreover, PCEs with only a moderate molecular weight had the lowest

hydration degree. The second hydration rate peak decreased but appeared in advance when the amount of MA

monomers copolymerized with PCEs was increased; the hydration degree also decreased. PCEs only

polymerized by methyl allyl polyethenoxy ether (TPEG400) macromonomer had a hydration degree of 69.46%.

These results indicate that PCEs affect the hydration of cement paste by absorbing PCE on the surface of cement

particles or encapsulating some cement particles to restrain cement hydration. PCEs grafted with MA

hydrolyzed to carboxylic and hydroxyl groups, which can both restrain the hydration of cement paste.

Keywords: polycarboxylate superplasticizer; molecular structure; hydration; cement

Originality:

PCEs with various molecular configuration has been widely used, but a majority work of cement early hydration

behavior was focused on admixtures of single type molecular structure The reports about the structure of PCE

molecular and its effect on hydration behavior of cement can be hardly searched. This paper further analyzed

the relationship between molecular structre of PCEs and hydration temperature, hydration rate, hydration

degree and hydration heat during different moments of the early hydration process.
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1. Introduction
Since their discovery in the 1980s, polycarboxylate superplasticizers (PCEs) have gradually become
important concrete admixtures [1, 2]. Comb-like polycarboxylate copolymers consist of two main
parts: carboxylic groups as the backbone and polyethylene oxide (PEO) as the side chains [3].
Carboxylic groups, acting as anchors, are adsorbed on cement particles. PEO-grafted side chains
extend from the cement particle surface into the pore solution to produce steric hindrance and prevent
cement particle agglomeration [4]. Thus, PCEs retards cement hydration. More interestingly, owing to
the variability of PCEs’ molecular structures, it might exert different effects on the cement
performance and hydration. [5–7].
Several recent studies have focused on cement hydration, which is a complex physical and chemical
process with constant heat release [8]. With the hydration process going on, both the hydration
temperature and the hydration degree of cement paste would change till the end of hydration [9]. The
change in temperature during cement hydration can reflect the hydration degree of cement; hydration
heat curves also depict the effects of additives on cement hydration. PCEs with various molecular
configurations have been widely used, but most investigations on the early hydration behavior of
cement focused on admixtures with a single type of molecular structure [10–13]. The molecular
structure of PCEs and its effect on the hydration behavior of cement remain poorly understood. The
current study aims to investigate the effect of PCEs with different densities of carboxylate groups,
functional groups, molecular weights, and side chain polymerization degrees on cement hydration.
2. Experimental
2.1. Raw Materials
2.1.1 Cement
The cement used in this study was standard Portland cement (Chinese standard GB 8076-2008)
supplied by Qvfu cement plant, China. The chemical and mineral compositions of this material are
presented in Table 1.

Table 1 Chemical and Mineral Compositions of Cement (wt/%)

Chemical Composition (%)
Mineral Composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO SO3 fCaO Cl- LOSS C3S C2S C3A C4AF
20.56 3.23 4.6 62.56 2.57 2.95 0.87 0.011 2.04 57.34 18.9 6.47 11.25

2.1.2 Organic materials
Analytical-grade acrylic acid (AA) (Tianjin Chenfu Chemical), ammonium persulfate (APS)
(Guangzhou Chemical), sodium hydroxide (Guangdong Xilong Chemical), and methyl acrylate (MA)
(Tianjin Damao Chemical) were used in the experiments. Sodium methallyl sulfonate (MAS) (>98%
purity) was provided by Aladdin. Industry-grade allyl polyethenoxy ether (TPEG) macromonomers
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with molecular weights of 400 and 2400 were provided by Liaoning Aoke Chemical and Letian
Chemical, respectively. Deionized water was used throughout the experiment.
2.2 Synthesis and characterization of the PCEs
2.2.1 Synthesis of PCEs
Four series of self-synthesized PCEs were used in this study. Series A is PCEs with long side chains
with different densities of carboxylate groups. Series B is PCEs with different molecular weights. MA
monomers were grafted with the PCE backbone as the functional group for Series C. PCEs with
different side chains lengths comprised Series D. All PCE series were synthesized via free radical
polymerization reactions with APS as the initiator. A 30% sodium hydroxide solution was used to
neutralize the polymer solution. The chemical structure and schematic of the PCEs are shown in Fig. 1.
Details of the monomer ratios are shown in Tables 2–5. To facilitate annotation and description, PCEs
polymerized by AA, TPEG2400, and MAS monomers with the same molar ration of 3.5:1:0.08 were
numbered as A2, B2, C1, and D5.
2.2.2 Gel permeation chromatography (GPC)
The average molecular weight and molecular weight distribution of PCEs were determined through
Waters 1515 gel permeation chromatography with an ultra-hydrogel chromatographic column and a
Waters 2414 refractive index detector. The samples were analyzed using a 0.1% NaN3 aqueous
solution as an eluant at a flow rate of 0.6 mL/min. Glucans with different molecular weights were used
as calibration standards. The results are shown in Tables 2–5.

Table 2 Molar ratios of monomers and analytical data of Series A PCEs

Sample
Molar ratios of monomers Structural characteristics

AA TPEG2400 MAS Mn Mw PDI DP
A1 2.5 1 0.08 20861 128111 6.14 8.0
A2 3.5 1 0.08 128109 193146 1.51 48.1
A3 4.5 1 0.08 123817 335705 2.71 45.2
A4 5.5 1 0.08 191662 385047 2.01 68.2

Table 3 Molar ratios of monomers and analytical data of Series B PCEs

Sample
Molar ratios of monomers Structural characteristics

AA TPEG2400 MAS Mn Mw PDI DP
B1 3.5 1 0 24602 523574 21.28 9.3
B2 3.5 1 0.08 128109 193146 1.51 8.0
B3 3.5 1 0.16 32503 133158 4.10 12.1
B4 3.5 1 0.32 25727 103508 4.02 9.5
B5 3.5 1 0.64 21715 72783 3.35 7.9

Table 4 Molar ratios of monomers and analytical data of Series C PCEs

Sample Molar ratios of monomers Structural characteristics
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AA MA TPEG2400 MAS Mn Mw PDI DP
C1 3.5 0 1 0.08 128109 193146 1.51 8.0
C2 2.8 0.7 1 0.08 15525 131924 8.50 5.8
C3 2.45 1.05 1 0.08 16318 136356 8.36 6.1
C4 2.1 1.4 1 0.08 10436 97877 9.38 3.9

Table 5 Molar ratios of monomers and analytical data of Series D PCEs

Sample
Molar ratios of monomers Structural characteristics

AA TPEG400 TPEG2400 MAS Mn Mw PDI DP
D1 3.5 1 0 0.4 67665 113669 1.68 94.6
D2 3.5 0.67 0.33 0.08 41608 146105 3.51 34.2
D3 3.5 0.5 0.5 0.08 36504 134543 3.69 21.3
D4 3.5 0.33 0.67 0.08 24517 122647 5.00 11.1
D5 3.5 0 1 0.08 128109 193146 1.51 48.1
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Fig. 1 Chemical structure and schematic of PCEs
2.3. Testing methods and calculation of hydration parameter
2.3.1 Measurement of cement paste hydration temperature
The change in temperature during cement hydration was measured using a semi-adiabatic calorimeter
equipped with a temperature measurement system. The schematic of the measurement system is
illustrated in Fig. 2. The test was carried out for 72 h. The mass of the cement sample was 300 g with a
W/C of 0.4 and a PCE dosage of 0.3%. Ambient temperature was controlled at 20 ± 1 °C.
The heat dissipation constant K [J/(h·°C)] and heat capacity C [ (J/°C)] of the semi-adiabatic
calorimeter were calculated in accordance with the Chinese standard GB/T 12959-2008 “test methods
for heat of hydration of cement” respectively.

1. Cork stopper 2. Paraffin 3. Plastic bushing 4.Cement paste 5. Dewar flask 6. Thermocouple 7.
Multiplex temperature tester for electric ballast 8. Computer
Fig. 2 Temperature measurement system of cement paste

2.3.2 Calculation of hydration heat of cement paste
Each mineral and chemical composition of cement has a specific hydration heat. The total hydration
heat of cement can be calculated as

H0=500w(C3S)+260w(C2S)+866w(C3A)+420w(C4AF)+624w(SO3)+1186w(fCaO)+850w(MgO)
H0——the total hydration heat of each unit weight of cement paste (J/g)
wi——the weight ratio of the i-th compound in terms of the total cement content
As shown in Table 1, the H0 of the standard Portland cement used in this study was 475.41 J/g.
The cement hydration heat can be calculated as

t——hydration age of cement paste (h)

1

3

4

5

6
7

8

2
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H(t)——per mass of cement hydration heat at t (J/g)
K——heat dissipation constant of the semi-adiabatic calorimeter J/(h·°C)
Cp——heat capacity of the semi-adiabatic calorimeter (J/°C)
Tt——temperature of cement paste at t (°C)
T0——initial temperature of cement paste (°C)
m——quality of cement paste (g)
2.3.3 Calculation of hydration degree
After the cement particles came in contact with water, a series of physical and chemical reactions
occurred with large amounts of heat release. Hydration heat release correlates with hydration degree
and hydration age. Therefore, the degree of hydration can be determined on the basis of the hydration
heat of the cement sample as follows:

α72——hydration degree of cement paste at 72 h
H0——final hydration heat of unit mass cement (J/g)
H72——hydration heat of unit mass cement at 72 h (J/g)
The experimental results in each sample group are presented in Table 6.

Table 6 Hydration degree of each sample group at 72 h

Hydration degree (%) Hydration degree (%)

A1 84.97 C1 82.41
A2 82.41 C2 78.82
A3 91.32 C3 81.19
A4 70.96 C4 71.89

Hydration degree (%) Hydration degree (%)
B1 87.37 D1 69.46
B2 82.41 D2 75.58
B3 85.62 D3 81.07
B4 72.51 D4 88.45
B5 87.39 D5 82.41

Hydration degree of blank sample was 87.06%
2.3.4 Calculation of hydration rate of cement paste
The hydration rate can be calculated as

R(t)——cement hydration rate at t (J/g·h)

3. Results and Discussion
3.1 Effect of PCEs with different densities of carboxylate groups
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The hydration of cement paste mixed with PCEs with different densities of carboxylate groups within
3 days is shown in Figs. 3–5. The blank sample is cement paste without PCEs.

Fig. 3 Hydration temperature of cement paste with PCEs with different densities of carboxylate groups

Fig. 4 Hydration rate of cement paste with PCEs with different densities of carboxylate groups
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Fig. 5 Hydration heat of cement paste with PCEs with different densities of carboxylate groups
The effect of PCEs with different densities of carboxylate groups on the hydration temperature is
shown in Fig. 3. The hydration age required to attain the main hydration temperature peak of cement
increased as the amount of carboxylate groups in the PCEs increased. Both the first hydration
temperature peak and the relative first hydration rate peak of cement paste with PCEs slightly
decreased compared with those of the blank cement paste. The main hydration temperature peak of the
cement paste with A4 PCE had the lowest temperature at 31.6 °C. The other PCEs were substantially
the same as the blank sample. The hydration age needed to reach the highest hydration temperature
increased from 14 h to 29 h as the molar ratios of AA and TPEG2400 changed from 2.5 to 5.5.
Fig. 4 shows the effect of PCEs with different densities of carboxylate groups on the hydration rate of
cement paste. The first hydration rate peak of all samples with PCEs reduced. This result may be
attributed to the fact that the absorption of PCEs on the surface of cement particles hinders the
exchange between water and ions [14]. The hydration rate slowed down, and the hydration induction
period was prolonged. Cement paste with A4 PCE had a hydration induction period of 11 h and a
second hydration rate peak of only 13.97 J/g·h. By contrast, the second hydration rate peak of the
other samples was slightly higher than that of the blank sample at approximately 21 J/g·h.
The effects of PCEs on the hydration heat of cement paste are presented in Fig. 5. After the hydration
deceleration period the hydration heat reached a relatively stable degree. PCEs copolymerized with
more carboxylate groups, and the stable period was delayed. This finding suggests that adding PCEs
can delay the hydration process. Table 6 shows that the hydration degree of A3 was higher than that of
the blank, those of the cement paste added with A1 and A2 were similar to those of the blank, and that
of the cement paste added with A4 was the lowest.
The retardation effect of PCEs with different densities of carboxylate groups significantly influences
the hydration behavior of cement paste. This phenomenon can be attributed to the different adsorption
capacities of PCEs on the surface of cement particles. In the early cement paste hydration process, the
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carboxylate groups in PCEs can form complexes with Ca2+ in the cement pore solution and thus inhibit
hydration [15, 16]. As shown in Fig. 15(a), the carboxylate groups can also anchor in cement
hydration mineral phases, such as C3A and C4AF, which are positively charged [17]. The maximum
retardation effect was exhibited by A4 PCE. This result can be attributed to the fact that increasing the
content of carboxylate groups increases the number of adsorption sites on the molecules and cement
particles can be better wrapped and disperse in solution. However, poly acrylic acid (PAA)
homo-polymers formed under excessive amount of AA monomers. PAA also can be adsorbed on
cement surface, prolong the induction period, and decrease the heat flow peak during cement
hydration [18].
3.2 Effect of PCEs with different molecular weights
The hydration of cement paste mixed with PCEs with different molecular weights within 3 days is
shown in Figs. 6–8. MAS monomers act as the chain transfer agent during polymerization, which can
adjust the molecular weight of PCEs. The results of GPC showed that the molecular weight of Series
B PCEs had a regular variation.

Fig. 6 Hydration temperature of cement paste with PCEs with different molecular weights
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Fig. 7 Hydration rate of cement paste with PCEs with different molecular weights

Fig. 8 Hydration heat of cement paste with PCEs with different molecular weights
As shown in Fig. 6, PCEs with different molecular weights can significantly delay the hydration age
required to reach the main hydration temperature peak by up to 29.7 h. Even the sample with B5 PCE
delayed this hydration age by up to 23.1 h, which is higher than that of the blank (approximately 10 h).
However, this sample had the weakest delay effect among all the samples tested of series B. The
shortest hydration age to reach the main hydration temperature peak and the second hydration rate
peak was exhibited by B5 PCE, which had the highest molar ratio of MAS and the smallest molecular
weight.
As shown in Fig. 7, the order of appearance time of the second hydration rate peak was similar to that
of the main hydration temperature peak. The second hydration rate peak of all samples was slightly
higher than 16.92 J/g·h. B5 and B2 had a similar peak value at approximately 21 J/g·h, and the others
were approximately 18 J/g·h. Thus, the cement paste with the highest hydration temperature was not
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necessarily the one with the highest hydration rate. The first hydration rate peak of each cement paste
was sharply increased by the addition of PCEs. After the first hydration rate peak appeared, the
hydration rate decreased. Then, the hydration induction period of each cement paste was extended for
9.5 h at most. PCEs with larger molecular weights had slower increase and decrease of hydration rate
during the acceleration and deceleration periods, respectively.
As shown in Fig. 8 and Table 6, the cement paste samples with Series B PCEs had relatively similar
hydration degree and hydration heat, except for B4. The cement paste with B4 PCE only reached a
hydration degree of 72.51% and a hydration heat of 342.75 J/g.
PCEs with different molecular weights exhibited different extents of retardation effects. However,
these retardation effects were obviously weak in the PCEs with small molecular weights. Previous
research [19, 20] revealed that polymers with longer backbones have more carboxylate groups and
thus greater absorption and adsorption capacities then those with shorter backbones. MAS as the chain
transfer agent can adjust the molecular weight of PCEs, and sulfonate radical can provide electrostatic
repulsion and anchor points during dispersion. However, excessive MAS can decrease the content of
effective polymers and thus weaken the retardation effect [21]. PCEs with long main chains absorb
few cement particles, causing these particles to agglomerate and hindering hydration [Fig. 15(b)].
3.3 Effect of PCEs with different functional monomers
PCEs copolymerized with MA monomers with different molar quantities during polymerization are
shown in Figs. 9–11. MA molecules contain ester groups that trigger hydrolysis in cement paste under
strong alkaline environments.

Fig. 9 Hydration temperature of cement paste with PCEs incorporated with MA monomers
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Fig. 10 Hydration rate of cement paste with PCEs incorporated with MA monomers

Fig. 11 Hydration heat of cement paste with PCEs incorporated with MA monomers
As shown in Fig. 9, PCE addition obviously reduced the first hydration temperature peak. The lowest
first hydration temperature peak was 22.5 °C. PCE addition also significantly increased the hydration
age for the second hydration temperature peak. The hydration age of C1 with no MA monomers was
about 26 h, and that of C2 with a minimum amount of MA monomers was 22 h. Meanwhile, the
hydration ages of C3 and C4 with relatively large amounts of MA monomers were approximately 20 h.
These two samples were the first to reach the highest temperature peak.
Fig. 10 shows the hydration rate of cement past admixed with PCEs. The first hydration rate peak of
cement paste sharply decreased upon the addition of Series C PCEs. The induction period was
extended to 7 h. Moreover, the second hydration rate peak of the samples added with Series C PCEs,
except for C1, was lower than that of the blank sample. The lowest second hydration rate peak of 13.2
J/g·h was obtained with C4 PCE, which contained the highest amount of MA monomers. The
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hydration age needed to reach the highest hydration exothermic rate of C2, C3, and C4 was about an
hour of each other, but C1 was 2 h later than them.
The amount of heat released during hydration is shown in Fig. 11. The hydration heat at 72 h was
approximately 377.35 J/g of each cement paste added with PCEs, except C4, which was slightly lower
than this value. The hydration heat of the samples added with PCEs plateaued after the reaction lasted
for 30 h. The amount of heat released by cement paste can partially reflect the hydration degree. As
shown in Fig. 11 and Table 6, the hydration degree was similar to hydration heat. The hydration
degree of C2, C3, and C1 was 80%, whereas that of C4 was 71.89%.
Adding MA monomers does not contribute to the delay of hydration but effectively reduces the
hydration rate peak, hydration heat and hydration degree. PCEs with ester groups hydrolyze and
release carboxylate groups, thereby restraining the sharp increase in hydration rate. During hydration,
carboxylate groups are consumed and desorb continually. PCEs with the most number of MA
monomers had the lowest hydration degree and hydration heat. This result can be attributed to the
compensation effect of the monomers. In the presence of alkali, the hydrolysis of MA can generate
hydroxyl and carboxyl groups, which may result in co-retardation effects. Hydroxyl groups can react
with free Ca2+ in the alkaline medium of cement paste and then generate an unstable complex.
Therefore, the concentration of Ca2+ in the liquid phase was controlled in the early hydration, which
resulted in retardation effects. The mechanism underlying this process is shown in Fig. 15(c).
3.4 Effect of PCEs with different side chain structures
Side chains provide steric hindrance and facilitate the distribution of cement particles in solution. In
theory, PCEs with longer branches have better dispersion performance. Meanwhile, PCEs with
different side chain structures exert different effects on absorption [20, 22]. These factors influence
cement paste hydration. Five PCEs were designed for this test. D1 PCE had short side chains, whereas
D5 PCE had long sides chain. The other samples contained both short and long chains of different
proportions.
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Fig. 12 Hydration temperature of cement paste with PCEs with different side chain structures

Fig. 13 Hydration rate of cement paste with PCEs with different side chain structures

Fig. 14 Hydration heat of cement paste with PCEs with different side chain structures
The effects of cement paste with PCEs with different side chain structures on hydration temperature
are shown in Fig. 12. Series D PCEs significantly influenced hydration temperature peak. These PCEs
delayed the hydration age needed to reach the main hydration temperature peak to different degrees.
The shortest delayed hydration age needed to reach the main hydration temperature peak was 36 h. By
contrast, the blank sample only delayed this age for 22 h. PCEs with short side chains had the most
significant delay effect, whereas the corresponding sample D5, which was grafted with long side
chains, delayed the hydration age for 25 h. PCEs with both long and short side chains were between
the two samples with a value of 32 h. The highest hydration temperature was approximately 33 °C,
which did not significantly differ from that of the blank cement paste.
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As shown in Fig. 13, the first hydration rate peak of cement paste with admixtures decreased. The
higher the proportion of short side chains, the longer the introduction period. The induction period of
the sample with D1 PCE continued until the hydration process for 22 h. Compared with three side
chains, long side chains increased and advanced the second hydration rate peak. The second hydration
rate peak value of the cement paste with D4 and D1 was approximately 20 J/g·h, which was higher
than that of the blank.
The hydration heat curve initially showed a slow increase. Then, the cement paste released a large
amount of heat in a short time, after which the hydration process reached a stable period. As shown in
Fig. 14, long side chains were not conducive to slow heat release. Meanwhile, Table 6 shows that the
hydration degree of D1 only reached 69.46 %. The short side chains obviously reduced the hydration
degree.
Long side chains allow poor accessibility to the anionic sites and thus hinder adsorption [23]. PCEs
with long side chains are weakly adsorbed onto surfaces by London forces or ion-dipole bonds [16],
resulting in weakened reduction effects. The main hydration peak increased and appeared early. Table
5 shows that the molecular weights of Series D PCEs had minimal difference. This result indicates that
PCEs with short side chains would contain more COO−, which facilitate easy absorption and
complexation with Ca2+.Chen et al. [24] also determined that the final setting time would shorten as
the side chain length of PCE increases.

(a) PCEs with different densities of carboxylate groups absorbed on cement particles
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(b) PCEs with different molecular weights absorbed on cement particles

(c) Mechanism of action of PCEs with functional monomers
Fig.15 Schematic of the adsorption of PCEs with different structures

4. Conclusions
As the number of carboxylic groups in PCEs increased, the first hydration temperature peak declined.
Moreover, the appearance of the second hydration rate peak and second hydration temperature peak
was delayed. The hydration age needed to reach the second hydration rate peak and second hydration
temperature peak was not delayed when the molar ratio of AA and TPEG2400 exceeded 4.5, but the
peak values decreased to levels lower than those of the blank sample. The hydration reactions between
cement and water can be controlled by the PCEs absorbed on the surface of cement particles. With the
increase in carboxylate groups, the absorption capability of PCE on the surface of cement particles
strengthened, and the delay effect of PCEs became prominent.
PCEs with large molecular weights required longer hydration age to reach the highest hydration
temperature, and the second hydration rate peak decreased. When the molar ratio of polyoxyethylene
ether monomer remained unchanged, the molecular weight of PCEs increased with the decrease of
MAS. This phenomenon caused main chain extension. PCEs with long main chains can be adsorbed
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on the surface of cement particles simutaneously, which results in agglomerate of the cement particles
and ,thereby, the hinderance of the process of hydration.
The addition of MA monomers into PCEs delayed the hydration age needed to reach the highest
hydration temperature. It also effectively reduced the hydration rate. However, the hydration age
needed to reach the highest hydration rate peak became shorter. The hydration degree and hydration
heat significantly decreased as the amount of MA monomers increased. When 40% of AA monomers
were replaced by MA monomers, the hydration degree after 72 days was 71.89%, which was
approximately 10% lower than that of the other samples with Series C. Continuous hydrolysis of MA
may result in the co-retardation effect of hydroxyl and carboxyl groups.
PCEs with short side chains delayed the emergence of the highest hydration temperature and
prolonged the hydration induction period. They also reduced the highest hydration rate peak and
hydration heat. Cement paste with PCEs only grafted with TPEG400 had a hydration degree of
69.46% within 72 h. PCEs with similar molecular weights and short side chains had large
polymerization degree, which increased the amount of carboxylate groups that facilitate easy
absorption and retardation.
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Abstract
C3S is a nesosilicate phase which reacts with water to give C-S-H and CH. The precipitation of these hydration
products has long hampered accurate investigations of the C3S dissolution alone and most researchers attempted to
interpret data from the C3S hydration instead. This can lead to inaccurate conclusions due to the coupled nature of the
dissolution and precipitation processes which comprise the hydration reaction. The continuous monitoring of ions
released during dissolution of C3S in very dilute solutions, i.e. in conditions devoid of hydrates, (Nicoleau et al. 2013)
has recently allowed new conclusions on the dissolution phenomenon.
This study enabled the determination of the true experimental solubility of C3S and confirmed the importance of surface
hydroxylation reactions prior to dissolution. The significance of such surface reactions was already proposed by Barret
(Barret 1979) many years ago and often observed for other minerals (Brantley 2007). As a matter of fact, depending on
pH conditions, the monomeric silicates and free oxygen atoms present at the outmost C3S surface react with water and
become partly protonated. The protonation stabilizes the surface and thereby reduces its solubility. This phenomenon
explains the apparent incompatibility with the bulk solubility theoretically calculated from thermodynamic
considerations based on the constituting oxides.
Other surface reactions also influence solubility. Inter alia the adsorption of calcium and sulfate ions and the
condensation of aluminate ions (Nicoleau et al. 2014). Through chemical or physical adsorption, these species further
stabilize the surface and decrease its solubility. Special attention has been paid to aluminates because of their negative
influence on the dissolution rate in low alkaline conditions. On the other hand, monovalent cations do not influence the
dissolution rate. These results reveal the importance of electrostatic interactions between the surface and the solution
and consequently the difficulty to determine exactly the dissolution rate in typical cement pore solution due to the
complex solution. As the most important cement clinker phase, C3S dissolves at near-equilibrium conditions (i.e. slowly)
during cement hydration.

Originality
This study is the first one proposing an estimation of the experimental solubility of C3S. Secondly, this work summarizes
the investigations we carried out on the factors influencing the C3S solubility and its dissolution rate. This contributes
to the knowledge on the interactions involved at the C3S-water interface and allows an estimation of the C3S interfacial
dissolution rate during the cement hydration.
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1. Introduction
Tricalcium silicate (C3S), also called alite when some impurities are present, is the main phase in
ordinary portland cement. Its hydraulic properties make it of great interest as construction material and
intense research activity over several decades focused on elucidating its hydration reaction. C3S has
been long regarded as highly soluble [Gartner 1987] but only a few studies have been devoted to its
experimental solubility in conditions representative of applications, until recently. Probably, the major
reason for this apparent disinterest are the complications due to the concomitant precipitation of C-S-H.
We overcame this difficulty by studying the dissolution, i.e. the release of Ca2+, OH- and silicate ions,
in dilute conditions undersaturated with respect to C-S-H. A recent paper has illustrated the effect of
those ions [Nicoleau 2013], and another paper, the effect of other ions common in modern cements
[Nicoleau 2014] on the dissolution rate. The present article proposes to review these findings. The
factors governing solubility can be split into two categories: (1) the factors/ions having only a
predictable effect on the deviation from solubility equilibrium and (2) the ions affecting the C3S –
water interface what results in an extra inhibiting effect on dissolution.

2. Experimental.
2.1. Approach
When precipitation or dissolution reactions are addressed, kinetics and thermodynamics are connected,
i.e. macroscopic interfacial reaction rates depend monotonously on the deviation from equilibrium
[Prigogine 1965]: the closer to the equilibrium, the slower the reaction. In addition to this, the area of
the reactive interface and some inhibiting and/or catalyzing species can affect the reaction rate. This
leads to the general law [Lasaga 1994]:

   iag . Gf . A .k Rate surf  Equation 1
where Rate is the overall rate of reaction, k the rate constant function of temperature, Asurf the reactive
surface area , G the difference in Gibbs free energy of the species between the bulk solid and solution,
and g(ai) a function highlighting all the possible catalyzing and inhibiting effects of the i species. At
the same time as the detachment/attachment of species from/to the solid surface (i.e. the
dissolution/precipitation), parallel reactions involving the species i can take place at the interface
solid-solution. The best known examples are the protonation and the formation of complexes between
the surface and ions in solution. These reactions modify the interface and the reactive properties of the
surface leading to stabilization or destabilization of the surface. If the surface is destabilized, the solid
becomes more soluble and dissolves more rapidly and vice versa. It turns out that studying the
influence of the pH level and the ionic composition of the liquid media on the dissolution rate gives
valuable insights into mineral surface solubility. This article addresses the dissolution of C3S and the
reaction can be expressed as follows:
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The Gibbs free energy associated to this reaction is:
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with R is the gas constant, T the absolute temperature, KC3S the solubility product of C3S, C3S the ion
activity product and  the undersaturation that is the ratio between both. C3S is defined as follows:
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Considering Eq. 1 & 3, the plot of the dissolution rate against ln  describes f(G) (Eq. 1) and
determines the variation of the dissolution rate with the distance from equilibrium. Any other effects
leading to a deviation from this law consists in a specific interaction at the interface mineral/water.
Note that the accurate determination of specific interactions at the interface first requires the exact
determination of all known specific interactions within the solution, or in other words the accurate
calculation of C3S. For this purpose, the Pitzer’s theory can be used [Pitzer 1973].



2.2. Experimental Set-up and materials
As previously mentioned, reliable C3S dissolution studies require that the solution remains
undersaturated with respect to C-S-H during dissolution. Due to the low C-S-H solubility, high
dilution of C3S suspensions is needed. A special set-up has been built in order to accurately and
continuously monitor the dissolution with an acceptable time resolution. This set-up is described in
detail in [Nicoleau 2013]. This study established the kinetic law linking the dissolution rate and the
deviation from equilibrium [Nicoleau 2013] for three different polymorphs of C3S. Some of their
characteristics are shown in Tab. 1. Regarding the study of the specific interactions [Nicoleau 2014],
only the C3S-m sample was concerned. In the following only Fig. 1 involves the three samples.

Table 1: Tricalcium silicate polymorphs used in the reported studies, their grain size distributions measured by
light scattering and the specific surface areas calculated from the grain size distributions.

Sample Polymorph D[4,3] [m] D[3,2] [m] Ssp [m²/g]
C3S-t1 Triclinic 50,16 8,53 0,22
C3S-t2 Triclinic 16,37 5,01 0,37
C3S-m Monoclinic 11,75 4,67 0,40

3. Results and Discussion
3.2. Non or low ion-specific effects
When C3S dissolves in solution containing calcium, hydroxide or silicate ions the dissolution rate is
reduced according to the activity of these ions or in other words according to the deviation from
equilibrium (G). The function f(G) is usually not trivial but continuously decreases with G.
Regarding the C3S dissolution, the plot of the function is an S-shaped curve shown in Fig. 1, a shape
frequently reported in literature for a large variety of other minerals [Lasaga 2003]. A zoom and the
logarithm scale allow an approximation (inset in fig 1) of the solubility product that corresponds to the
ln  value when the rate tends to zero.

Figure 1. The dissolution rate of three C3S samples as a function of ln . The typical S-curve is plotted as
guide for the eye.

The points defining the S-curve (referred as reference curve later on) have been experimentally
obtained from dissolution experiments of C3S in solutions containing Ca(OH)2, NaOH, CaCl2 and/or
NaCl. NaOH, CaCl2 and NaCl have been added in order to increase the pH, the concentration of Ca2+

and the ionic strength, respectively. Excepted through an increase of ionic strength, which is
accounted in the calculation of C3S, sodium and chloride ions do not significantly influence the
dissolution. Indeed, the dissolution rate values measured in presence of these salts merge on the
reference S-curve. The same conclusion can be drawn in presence of other alkali salts with anions
such as I-, ClO3- or acetate (Fig. 2a) and also for potassium salts (Fig. 2b). Small deviations from the
reference curve can be seen if the solution contains cesium ions or high concentrations of nitrate ions.



Although this is a small effect, these ions decrease the dissolution rate at constant deviation from
equilibrium.

Figure 2. Evolution of the dissolution rate of tricalcium silicate as a function of the ion activity product C3S

in solution containing 11mM of calcium hydroxide and (a) different quantities of 1:1 sodium salts or (b) various
concentrations of alkali chloride salts.

3.2. Significant ion-specific effects
In this section, specific effects of some important ions in cement chemistry are reported.
a) Sulfate ions. In cement pore solutions the concentration of sulfate ions is high especially during the
first hours of hydration due to the high solubility of alkali sulfates. Through the addition of Na2SO4,
the influence of sulfate ions has been investigated and shown in Fig. 3. The variation of the dissolution
rate according to C3S in presence of sulfate is compared to the reference without sulfate [Nicoleau
2013]. At a same deviation from equilibrium (same ), sulfate ions tend to decrease the dissolution
rate more or less significantly according to the concentration of calcium hydroxide. It is also worth
recalling that sulfate ions decrease the activity of Ca2+ due to the formation of CaSO40 solution species,
which in turn increase the undersaturation with respect to the C3S solubility.

Figure 3. Variation of the dissolution rate of C3S-m according to ln  when C3S is dissolved in solutions
containing different concentrations of calcium hydroxide and sodium sulfate. The bigger dots correspond to
experiments containing no sulfates and then the smaller the dots, the higher the concentration of sulfate ions.

b) Aluminum and iron ions. Anhydrous aluminum phases present in ordinary portland cement first
react with sulfate ions to produce ettringite during the early age of cement hydration. Because of this
hydration scheme, the cement pore solution contains low amount of aluminum and iron ions as
Al(OH)4- and Fe(OH)4-. The low solubilities of aluminum/iron hydration products result in a
concentration of these species below the millimole per litre. Despite this low concentration, it is
reasonable to assume that these species can strongly reduce the dissolution rate of C3S as (Fig. 4) and
(Fig. 5) show it. It has been demonstrated that the inhibitory effect of aluminate depends on pH



[Nicoleau 2014]: the less alkaline the pH, the stronger the decrease of the dissolution rate. The reason
is not the precipitation of an aluminum hydration product since the aluminum concentration remains
constant (Fig. 4B) but rather the formation of Si-O-Al species in C3S surface revealed by XPS and
NMR investigations and underpinned by DFT modeling too.

Figure 4 Evolution of concentrations of silicon (A) and aluminum (B) during the dissolution of 0,1 g/L of C3S
in 10 mM NaOH solution containing different quantities of AlCl3.

Whereas the negative effect of iron is undisputable (Fig. 5), the conclusion about the underlying
phenomena is not straightforward because of the precipitation of iron species, probably iron hydroxide
Fe(OH)3 and/or another species containing calcium ions. Even after the complete consumption of iron
ions, C3S still dissolves slower than in reference experiment. In view of the precipitation of Fe-rich
phases, it is difficult to conclude whether the decrease of the dissolution rate comes from the coverage
of the C3S surface by those phases or only from the formation of site-specific iron-C3S surface species
as observed for aluminate ions.

Figure 5. Dissolution of 0,1 g/L of C3S in 10 mM NaOH solution containing 0.5 mM of FeCl3. The reference
curve [Si]=f(t) without FeCl3 is also shown.

3.3. Discussion about the surface solubility
The kinetic approach used in this study enabled the plot of the dissolution rate in function of C3S, and,
the extrapolation of ln  at dissolution zero rate which is the value corresponding to the solubility
product (see the insert in Fig. 1). This extrapolation intercepts the X-axis at around ln = -50 and it
yields Ksp = 9.10-23 and G0 = 125 kJ.mole-1 at 20°C. This estimation of the experimental solubility
significantly differs from the bulk solubility which can be calculated from the free enthalpy of
formation of CaO and SiO2 constituting C3S. Indeed, the calculation has been many times reported in
literature with somewhat different values varying due to the enthalpy of formation value chosen for
the silicate species. Regardless of the value, those studies suggest that the C3S bulk enthalpy of
solubility is high as the estimate close to 57 kJ/mol reported in [Gartner 1987].
This apparent discrepancy is not surprising since the mineral solubility is a thermodynamical value
which represents the equilibrium between the surface of a mineral and its solution. It is well known



that the surface can strongly differ from the bulk. This is particularly significant when the surface is in
contact with water because of rapid surface reactions like relaxation, protonation and adsorption of
ions. All these reactions stabilize the surface, reduce its solubility and thus also the dissolution rate.
Among those, the most studied is probably the surface protonation. Numerous works report the
evolution of steady-state dissolution rate of minerals in function of pH. In [Brady 1989], the
dissolution rate of quartz strongly depends on pH and the minimum rate coincides with the isoelectric
point, i.e. when all silicate broken bonds are protonated in case of quartz.
The surface protonation during C3S dissolution process had been already claimed by Barret in the past
[Barret 1979]. Indeed, C3S contains monomeric silicate species and free oxygen atoms which have to
react with water into silanol and hydroxyl surface groups. At the typical alkaline pH of cement pore
solution, a large fraction of silanol groups are deprotonated or even fully deprotonated in presence of
calcium ions whereas surface hydroxides cannot be deprotonated at such pHs. As reported in
[Nicoleau 2014], this is supported by the observation that (1) the true C2S solubility (estimated with
the same kinetic approach) is close to the C2S bulk solubility (calculated with the enthalpies of
formation) meaning that bulk and surface compositions of C2S are similar in water (2) unlike C2S that
the true CaO solubility differs strongly from its bulk solubility. C2S (like C3S) contains monomeric
silicates but no free oxygen atoms and CaO contains only free oxygen atoms. In particular, the
energies corresponding to the difference of solubility between surface and bulk solubilities are quite
similar for C3S and CaO. It indicates that this energy difference originates from the protonation of the
free oxygen atoms and not from the silicate species which always remain highly deprotonated in
cementitious pore solution.
Ion-specific adsorption of cations and/or of co-anions, formation of specific complexes and/or
formation of covalent species can also minimize the surface energy and therefore reduce the solubility
of minerals. That will also result in a slower dissolution. In case of C3S, a specific adsorption of
cesium and sulfate ions is expected [Fu 1994; Nachbaur 1998; Viallis 2001] and a decrease of the C3S
dissolution rate in presence of these ions was demonstrated above. It is reasonably assume that cesium
cations compete with calcium cations to compensate the surface negatively charged and sulfate anions
interact with the surface through calcium counter-ions. The plot in Fig. 6 reveals that calcium plays a
key role in both mechanisms. This graph shows that the dissolution rate decrease observed in presence
of these ions smoothly varies with the activity of Ca2+. It also highlights the fact that cesium or sulfate
ions can significantly modify the charging next to the C3S surface only at low calcium concentration.
At high calcium concentration, it seems that the composition of the ionic layer around C3S particles
remains the same and the addition of Cs+ or SO42- does not lower the surface energy further.

Figure 6 Evolution of the difference Ri between the dissolution rates with and without sulfate/cesium salts
for a same deviation from equilibrium as a function of the activity of Ca2+ in solution. Positive Ri corresponds

to a decrease of the dissolution rate.

In case of aluminum ions, the mechanism is different. The formation of chemical bonds between
silicate and aluminate has been reported in several articles from and outside the cement chemistry
community. We demonstrated by XPS and NMR [Nicoleau 2014] that these covalent bonds are also



formed during C3S dissolution. DFT modeling gives a theoretical support to the formation of these Si-
O-Al species. The electrostatic repulsion between the negatively charged surface and Al(OH)4- anions
disfavor this condensation reaction which therefore becomes less favorable at high pH when the
surface deprotonation is maximum. The screening of electrostatic repulsion by higher ionic strength or
the adsorption of multivalent cations such as calcium favor the condensation between C3S surface
silicates and aluminate ions from the solution.

4. Conclusions
Under conditions devoid of C-S-H, a clear dependence of the C3S dissolution rate with the
undersaturation with respect to C3S solubility has been shown and the corresponding kinetic law has
been proposed. The extrapolation of this law to a rate of zero, allows the determination of the C3S
solubility product. Secondly, the addition of ions, often present in cement pore solutions, can change
the kinetics in a non-trivial way. Non-trivial means that the calculation of the undersaturation is not
sufficient to predict the interfacial dissolution rate. Strong interactions between the C3S surface and
the given ions are responsible for this variation of the dissolution kinetics. Among the ions screened in
this study, cesium and sulfate ions are known to specifically adsorb on silicates and specifically affect
the C3S dissolution process. Even at low concentrations, aluminate and iron ions can strongly inhibit
the dissolution leading to a decrease of the dissolution rate up to one order of magnitude. Regarding
aluminates, covalent bonding with the C3S surface has been demonstrated.
The composition of a typical cement pore solution is close to the C3S surface solubility and it turns out
that the C3S dissolution rate has to be low during cement hydration. Deeper experimental
investigations on the interfacial reactions at the C3S surface is a requirement for a better understanding
and the modelling of the C3S dissolution as part of the complex composition of a regular hydration
cement suspension.
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Abstract
Recycled concrete aggregates (RCA) are mainly composed of an intimate mix between natural aggregates and cement
paste and the complete separation between these two phases is difficult. Cement paste generally presents a much larger
porosity than natural aggregates, the content and the physicochemical properties of cement paste therefore have a
large influence on the properties of RCA. Any method seems to be adapted to the characterization of cement paste
content (CPC) in fine recycled concrete aggregates (FRCA) especially for RCA containing calcareous aggregates.
A simple method based on the dissolution of the cement paste in a solution of salicylic acid in methanol was specifically
developed to estimate the cement paste content of RCA. Results showed that salicylic acid dissolution method can
dissolve most phases of hardened Portland cement paste such as Portlandite, ettringite and C-S-H without dissolving
siliceous and calcareous aggregates. The experimental results for two neat Portland cement pastes (white cement paste
and grey cement paste) showed that the soluble fraction in salicylic acid (SFSA) was equal to the cement paste content
for white cement and slightly lower for the grey cement. The SFSA was measured for different types of RCA. The RCA
manufactured in the laboratory whose composition is fully known and three RCA manufactured from industrial
crushing platforms have been characterized. Whatever RCA used in our study, SFSA varies almost linearly with the
average particle size. A linear relationship was obtained between the water absorption coefficient and SFSA. This
relationship allowed us to accurately determine the water absorption coefficient of the smallest granular class
0/0.63mm.

Originality
- A new simple method to estimate the cement paste content of recycled concrete aggregates; soluble fraction in
salicylic acid (SFSA).
- The linear relationship between the water absorption coefficient and SFSA that enables us to accurately determine the
water absorption coefficient of the smallest granular class 0/0.63mm that is an important parameter to design concrete
containing recycled concrete aggregates.
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1. Introduction
Recycled concrete aggregates (RCA) are mainly composed of an intimate mix between natural
aggregates and cement paste. Cement paste generally presents a much larger porosity than natural
aggregates, the content and the physicochemical properties of cement paste therefore have a large
influence on the properties of RCA. Several authors have already shown that the cement paste content
in recycled aggregates depended on the particle size (Topcu et al., 2004; Etxeberria et al., 2007). The
properties of the recycled aggregates from the same concrete are not uniform in all granular classes.
Generally, the cement paste content increases when the particle size decreases. Recycled sands thus
possess cement paste contents significantly higher than the coarse recycled concrete aggregates.
High levels of cement paste in recycled sands make it harder to recycle into concrete comparing with
coarse RCA. Recycled sands have especially high water absorption coefficients that have to be
measured accurately in order to determine the effective amount of water in mortars or concretes
containing these sands. The measure of the water absorption coefficient of crushed sand is difficult,
especially when they contain significant amounts of fines. Improved methods of measuring water
absorption coefficient are thus necessary to encourage the recovery of recycled sand in mortars or
concretes. Knowledge of cement paste content in RCA would better control their use properties. These
properties especially the water absorption coefficient, in fact directly dependent on the content and the
porosity of the hardened cement paste contained in RCA. Several methods have been proposed in the
literature for measuring the cement paste content or adherent mortar in the recycled aggregates. (De
Juan Gutiérrez, 2009) proposed a method based on a series of several cycles of heating and immersion
in water to progressively detach the mortar adhering to natural aggregates. (Abbas et al., 2009) used
image analysis on polished sections to measure the residual amount of mortar in coarse RCA.
(Nagataki et al., 2004) used a hydrochloric acid solution to dissolve the adhering cement paste in the
GR. However, the first two methods can only measure the adherent mortar content and apply only to
coarse RCA. Furthermore, dissolution in hydrochloric acid is not applicable to RCA containing
limestone aggregates. At present, there is no simple method for quantifying the hardened cement paste
content in the RCA, whatever their sizes and their mineralogical nature.
The first objective of this work was to develop and validate a simple method to quantify the hardened
cement paste content in RCA, and especially in recycled sand. Then, the second objective was to
attempt to define a relationship between hardened cement paste content and the water absorption
coefficient of RCA especially for the finer granular class (0/0.63mm).

2. Materials
2.1. Laboratory manufactured RCA
Three original concretes (noted OC1, OC2 and OC3) with two different W/C ratios and volumes of
paste were first manufactured in the laboratory and then crushed in a jaw crusher after 28 and 90 days
curing in water. These concretes were all made with white cement (CEM I 52.5 "super-white" of
Lafarge) and crushed calcareous sand and coarse calcareous aggregates sourced from Tounai
(provided by the company Holcim France Benelux). Table 1 shows the details of composition and the
main characteristics of the three concretes.

Table 1 Original concrete compositions made in laboratory (1m3)
Type of original concrete OC1 OC2 OC3
Aggregate (kg) 1138.3 1040.7 1018.9
Sand (kg) 756.4 691.5 677.0
Cement (kg) 298.8 375.7 474.8
Efficient water (kg) 179.3 225.4 189.9
Absorbed water (kg) 17.2 15.7 15.4
Weff/C ratio 0.6 0.6 0.4
Volume of cement paste (dm3) 278 350 347
Slump (cm) 5.8 20.3 5.6
Rc28 (MPa) 41.1 40.8 51.0
Rc90(MPa) 47.3 46.4 57.6



After crushing, the fraction 0/5mm of RCA obtained was divided into four granular classes: 0/
0.63mm, 0.63/1.25mm, 1.25/2.5mm and 2.5/5mm. All these RCA were dried at 105°C and then stored
in sealed bags in order to minimize carbonation.
Pure cement pastes of W/C= 0.4 and 0.6 were also performed and cured in water for 90 days. They
were made with the previous white cement as well as grey cement (CEM II 52.5 of Holcim). Table 2
presents the mineralogical compositions of these two cements determined with the Rietveld method.

Table 2 Mineralogical composition of cements determined by the XRD-Rietveld (%)
C3S C2S C3A C4AF Anhydrite Calcite Periclase Gypsum Quartz

White cement CEM I 52.5 73.90 21.87 1.46 - 0.52 1.53 0.72 - -
Grey cement CEM II 52.5 52.37 8.01 8.86 8.89 0.74 17.93 0.46 2.05 0.7

2.2. Industrial RCA
Three RCA produced in industrial crushing platforms have also been used. The first two noted as
RCAi1 and RCAi2 were provided by Colas and were produced respectively on the platforms
VALORMAT Amiens and that of Louvres. The third is noted RCAi3 was used in the French National
Project Recybéton. Only fraction 0/5mm of RCA has been studied and they have been subdivided into
the four granular classes previously used for the RCA made in the laboratory.

3. Measurement of the cement paste content in RCA
3.1. Experimental methods
Among the methods reported in the literature, only the dissolution in acid solution is applicable to the
measurement of cement paste content in fine RCA. However, the dissolution in hydrochloric acid does
not apply to recycled aggregates containing limestone natural aggregates. We have developed a
method based on the dissolution of the hardened cement paste in salicylic acid and methanol solution.
The selective dissolution of cement paste in salicylic acid is indeed well known (Gutteridge, 1979;
Luke and Glasser, 1984). Table 3 summarizes the main soluble and insoluble phases in the salicylic
acid dissolution.

Table 3 Principal insoluble and soluble phases in salicylic acid and methanol dissolution
Insoluble phases Soluble phases
C3A, C4AF, Gypsum
Quartz, Dolomite
Calcite
C3AH6, AFm

C2S, C3S
CaO, Ca(OH)2
C-S-H
Ettringite

The experimental protocol used for this measurement is as follows (Zhao et al., 2013):
a) A representative sample is dried at 105°C to constant weight, and then grinded to a size less than
200 microns;
b) 0.5g (mass M1) of the dried representative sample is then immersed in a solution of 14 g of
salicylic acid in 80 ml of methanol and stirred for 1 hour;
c) The solid fraction is filtered on a glass filter (Pyrex No.4, pores: 10-16 microns) and washed four
times with methanol (2-3 mm high on top of filter);
d) The solid residue is dried in the oven at 70°C to constant mass (mass M2);
e) The soluble fraction in the salicylic acid (SFSA) is then calculated as follows (Equation 1):
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Where M1 is the mass of dried material before dissolution and M2 is the mass of dried filtrate.



3.2. Theoretical estimation of SFSA
Table 3 shows that salicylic acid does not dissolve completely all the phases of the cement paste
contained in the RCA. The SFSA therefore is not exactly the cement paste content (CPC). However,
the difference between SFSA and CPC can be estimated theoretically. Table 4 shows the chemical
equations used for modelling the hydration of cement paste (CEM I) and the corresponding
stoichiometric ratios.
The soluble fraction in the salicylic acid (SFSA) can be calculated based on the degree of hydration ,
and the amount of soluble anhydrous cement (C3S and C2S) and soluble hydrates (C-S-H, CH and
ettringite). For the equations of hydration of the aluminate (reaction with gypsum and not with
anhydrite), it is considered that the anhydrite is first hydrated as gypsum before reacting with
aluminates. It is also assumed that the gypsum and anhydrite are present in the cement in
stoichiometric amounts so that the reaction with the aluminate is complete at the maximum degree of
hydration. The SFSA is thus given by Equation 2:
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where Manh,sol and Mhydr,sol are the soluble masses of anhydrous and soluble hydrates at a degree of
hydrations α, Ma is the mass of natural aggregates (considering insoluble), Min is the "inert" phases in
the cement considering as insoluble (for example calcite), Manh and Mhydr are the mass of anhydrous
cement (C3S, C2S, C3A, C4AF, gypsum et anhydrite) and of hydrates for the degree of hydration α.

Table 4 Chemical equations and corresponding stoichiometric ratios
Chemical equations Stoichiometric ratios

CHSHCHSC 3.15.5 2.47.13    434.03 SCE

CHSHCHSC 3.05.4 2.47.12    471.02 SCE

 EttHSACHHSCAC 323623 263    644.3)( 32  EttACHSCE

 AFmHSACHHSCAC 12423 10    304.1)( 32  AFmACHSCE

 EttHSACFHCHHHSCAFC 3236324 303    173.2)( 42  EttAFCHSCE
 AFmHSACFHCHHHSCAFC 124324 14    872.0)( 42  AFmAFCHSCE

22 HSCHSC    265.0SCE

In the following equations, the degree of hydration α is the anhydrous cement consumption rate (inert
phases like calcite, are not taken into account). The degree of hydration varies between 0 and 1,
regardless of the cement composition.
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We also define two variables x (Equation 4) and y (Equation 5) to quantify the soluble fraction of the
cement in the water and the soluble fraction of the cement in the salicylic acid:
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where Mic is the mass of initial cement (Mic=Min,0+Manh,0), C3S, C2S, … are the contents of the various
constituents of the cement determined using the Rietveld method (Table 2).
It is assumed that the composition of anhydrous cement does not change during hydration (the relative
proportions of C3S, C2S, C3A, C4AF, gypsum and anhydrite are therefore assumed to be constant).
Therefore, the parameter y is also constant during hydration. Finally, we assume that throughout the



hydration, 25% of aluminates form as ettringite and 75% of aluminates form as AFm. With all the
above assumptions, the total mass of anhydrous and the mass of soluble anhydrous in the salicylic acid
for a degree of hydration α can be written respectively:

  1icanh xMM Equation 6
  1, icsolanh yxMM Equation 7

The mass of soluble hydrates in salicylic acid can be written as Equation 8:
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We assume that:
 AFCACSCSCCsol 4323 25.0  Equation 9
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We can obtain:
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Finally the SFSA can be calculated as Equation 14:
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3.3. Application to pure cement pastes
Table 5 shows the needed values to calculate the SFSA for the two used cements. Figure 1 shows the
variation of the SFSA for the two pure cement pastes and as well for the mortar of concrete OC1 and
for concrete OC1 itself. The two horizontal lines represent the measured experimental SFSA values on
pure white cement and grey cement. We can see that the experimental obtained SFSA values are very
close to the values calculated for the two pure cement pastes. Figure 1 shows that the measurement of
SFSA allows an accurate determination of the cement paste content in the case of white cement (SFSA
close to 1 for pure white cement paste). However, for a grey cement paste, SFSA remains below the
cement paste content.

Table 5 Values needed to calculate the SFSA for the two cements
x y Csol (E/C)sol (E/C)moy

White cement 0.9775 0.9797 0.9614 0.4370 0.4527
Grey cement 0.8092 0.7462 0.6482 0.3940 0.5408



Figure 1 Variations of theoretical SFSA for pure grey cement paste and for pure white cement paste, mortar
and concrete corresponding to the OC1 composition. Comparison with the values measured at 28 days for the

cement pastes (solid lines).

3.4. Variations of SFSA as function of granular class and of concrete composition
Table 6 present the obtained values for the three laboratory manufactured RCA as function of the four
granular classes studied as also for the full fraction 0/5mm. The SFSA is also compared to the
theoretical calculated value based on the mortar and concrete composition of the original concrete,
considering that the degree of hydration at 28 days and 90 days are 0.7 and 0.9 respectively.
We first observe that, whatever the concrete composition and the degree of hydration, SFSA increases
as the particle size decreases. This result confirms some works of literature (Topcu et al.,2004;
Etxeberria et al., 2007). A reasonable linear trend is obtained between the SFSA and average particle
size for all these concretes (correlation coefficient R² between 0.82 and 0.99).
In addition, regardless of the granular fraction, all experimental values are between the calculated
values based on mortar and concrete composition. This indicates that the RCA not only contain
crushed mortar but also part of the natural coarse aggregates of original concrete forming smaller
particles during the crushing.
For all the RCA, the values of SFSA obtained for RCA-90 are slightly larger than that of the same
concrete with the age of 28 days. This result is confirmed by the previous theoretical calculation
showing that, for the mortar or concrete OC1, the SFSA increases monotonically with the degree of
hydration.
Finally, we can see that the SFSA highly depends on the initial concrete composition. The SFSA of
the concrete OC1 is lower than that of OC2 which contains a higher cement paste volume and the
same W/C ratio. Similarly, SFSA of the concrete OC2 is lower than that of OC3 which contains the
same volume of a denser cement paste (lower W/C ratio). Therefore, the SFSA closely depends on the
quantities of cement and aggregates of the original concrete, as shown in Equation 14.

Table 6 SFSA for different granular classes of the laboratory manufactured RCA (%)

Fractions RCA-OC1-
28

RCA-OC1-
90

RCA-OC2-
28

RCA-OC2-
90

RCA-OC3-
28

RCA-OC3-
90

0/0.63 26.54 27.28 32.66 39.01 37.31 38.36
0.63/1.25 24.98 25.72 29.51 32.63 35.68 35.86
1.25/2.5 23.25 23.60 27.06 27.79 31.53 33.22
2.5/5 19.35 20.76 23.16 25.35 28.29 29.34
0/5 22.58 23.35 26.55 29.27 31.59 32.63
Calculated value on
concrete 16.53 17.48 21.36 22.5 25.9 27.2

Calculated value on
mortar 32.9 34.38 40.1 41.7 46.16 47.8



Figure 2 shows the variation of SFSA as function of the granular classes for three laboratory
manufactured RCA with the ages 90 days and for three industrial RCA. For all studied RCA, there is a
quasi-linear relationship between the SFSA and particle size (correlation coefficient R² between 0.77
and 0.99). The SFSA obtained for industrial RCA are significantly lower than those measured for
laboratory manufactured RCA. These results might be due to the nature of cement used in the
manufacture of the original concrete (probably CEM II containing a larger insoluble fraction in
salicylic acid) and any carbonation of cement paste also reducing the soluble fraction.

Figure 2 Variation of SFSA as function of the different granular classes

4. Measurement of water absorption of RCA
4.1. Experimental methods
The water absorption coefficient of each granular class of RCA is determined with two different
methods: the European standard method EN 1097-6 and the method No.78 of IFSTTAR. The principle
of these methods is similar: in both cases, samples are saturated 24 hours in the water and then the
water absorption coefficient is determined based on the water content at saturated surface dry (SSD)
state. Both methods have been slightly modified for our tests as follows:
a) A representative sample of the granular class studied is immersed for 24 hours in water,
b) After being drained, the sample is dried successively on several sheets of paper towels until no
moisture is visible on them (in this state, it is considered that the SSD state within the meaning of
IFSTTAR method is reached), the sample is weighed (MSSD, IFSTTAR)
c) The sample is then gradually dried under a stream of hot air and carefully homogenized, the SSD
state according to EN 1097-6 standard is determined according to standard protocol (with mini-cone),
the sample is weighed (MSSD, EN)
d) The sample is then dried in an oven at 105°C to constant mass (MDRY)
e) The water absorption coefficients WAIFSTTAR and WAEN are then calculated according to Equation
15:
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Equation 15

4.2. Water absorption coefficient as a function of the granular class
Figure 3 shows the variation of the water absorption coefficient (according to standard EN 1097-6 and
according to IFSTTAR method) as function of the granular class for the RCA made in the laboratory
after 28 days. Similar trends are obtained for the RCA after 90 days and for the industrial RCA. It is
observed that, for the three coarser granular fractions, the values obtained by two methods are very
close to each other (the absolute difference is less than 1%, regardless of the studied RCA for both



industrial and laboratory manufactured RCA). This result indicates that these two protocols can be
used to determine correctly the SSD state of coarse particles.
For the smallest fraction 0/0.63mm, the standard method does not allow to identify precisely the SSD
state. Indeed, for very small angular particles, some cohesion can occur between the grains even if all
the water at the surface of particles has been removed (a fine tip of particles in the upper part of the
sand cone after plating can be seen in Figure 4 right). This prevents the collapse of the grains once the
cone is removed. This explains why the standard protocol underestimates the absorption of water from
the finer fraction.
On the contrary, with IFSTTAR method, the water absorption coefficient increases a lot for the
smaller fraction. Figure 4 (left) presents an optical microscopy image of the fraction 0/0.63mm of
RCA-OC1-28 at SSD state with IFSTTAR method. As it can be seen, agglomerates larger than 2mm
(much larger than the maximum particle size of 0.63mm) are present. This result is due to the fact that
very small particles tend to agglomerate during drying because of capillary forces. Absorbent paper
allows drying the surface of these agglomerates, but the method used does not allow breaking them.
IFSTTAR method therefore overestimates the water absorption coefficient of the finer fraction. The
same trends are obtained for both RCA made with 28 or 90 days old concrete and industrial RCA.

Figure 3 Variation of water absorption coefficient as function of the granular class

Figure 4 Views of optical microscope of fraction 0/0.63mm RCA-OC1-28 in SSDIFSTTAR condition (left) and
of a test cone in SSDEN state (right).

4.3. Using the SFSA for measuring water absorption of the fine fraction
The water absorption of recycled concrete aggregates (WARCA) depends on the water absorption of the
natural aggregates (WAGN) and of adherent cement paste (WACP) and the proportions of these two
phases. For a given composition of the original concrete, assuming that adherent cement paste
properties do not depend on the granular fraction, we can write (Equation 16):



 CPCWACPCWAWA NACPRCA  1 Equation 16
In addition, the last hypothesis suggests that, in each granular fraction, the SFSA/CPC ratio is constant.
Equation 16 shows that the water absorption coefficient of RCA must be proportional to the SFSA.

Figure 5 shows the variation of the water absorption coefficient as a function of the SFSA for the four
studied RCA. The water absorption coefficient of the finer fraction is obtained by linear extrapolation
of the relationship between the water absorption and SFSA determined from 3 coarse fractions. In the
case of RCA-OC3-90, we also show the water absorption coefficient of the fraction 0/0.63mm
obtained by the two experimental methods. We see here that the experimental protocols used are not
suitable for measuring the water absorption coefficient of the fine fraction.

We therefore propose the following method to accurately measure the water absorption coefficient of
the fine fraction of RCA:
a) The RCA must first be separated into various granular fractions, each representing a sufficient
proportion of the material (at least 10%). In this study, the following four granular fractions were
separated: 0/0.63mm, 0.63/1.25mm, 1.25/2.5mm, 2.5/5 mm.
b) The SFSA of each granular fraction must then be measured with the proposed protocol in Section
2.1.
c) The water absorption of coarse granular fractions (larger than 0.63mm) is determined according to
EN 1097-6 (or by another method giving equivalent results).
d) The water absorption coefficient of the fine fraction can be finally obtained by extrapolation of the
relationship between water absorption and SFSA, determined for the coarse fractions.
e) The water absorption coefficient of RCA can be calculated from the water absorption coefficients
and the proportions of each granular class.

Figure 5 Variation of the water absorption coefficient as a function of SFSA for the four studied RCA. The
finer fraction of the water absorption coefficient is obtained by linear extrapolation (for RCA-OC3-90, empty
symbols indicate the water absorption coefficients obtained experimentally on the fraction 0/0.63mm with

standard method EN 1097-6 and method IFSTTAR)

5. Conclusions
A simple method to quantify the cement paste content (CPC) in RCA was proposed. It is based on the
measurement of the soluble fraction of RCA in salicylic acid (SFSA). The SFSA is generally lower
than the CPC for common cements. However, it can be calculated theoretically from the cement
composition, in the case of a CEM I. The difference between CPC and SFSA can be assessed.



The SFSA was measured for different types of RCA. The RCA manufactured in the laboratory whose
composition is fully known and three RCA manufactured from industrial crushing platforms have
been characterized. The RCA were separated into four granular fractions and, for each of them, the
SFSA was measured together with the water absorption, according to two different experimental
protocols (EN 1097-6 and method IFSTTAR).
Whatever RCA used in our study, SFSA varies almost linearly with the average particle size. The
water absorption coefficients, measured according to the standard and IFSTTAR method for three
larger granular fractions are very similar. However, the standard underestimates the water absorption
of the fraction 0/0.63mm while IFSTTAR method overestimates it. A linear relationship is obtained
between the water absorption coefficient and SFSA for three coarse fractions. This relationship allows
to accurately determine the water absorption coefficient of the granular class 0/0.63mm.

Acknowledgements
The authors would like to thank Lafarge for the supply of white cement and Holcim for the supply of
natural aggregates and grey cement. They also thank Colas and the National Project Recybéton for the
supply of recycled aggregates. Finally, the authors would also the like to thank China Scholarship
Council (CSC) for its financial support.

References
- Abbas A., Fathifazl G., Fournier B., Isgor O.B., Zavadil R., Razaqpur A.G., Foo S., 2009. Quantification of the
residual mortar content in recycled concrete aggregates by image analysis. Materials Characterization, 60, 716-
728.
- De Juan M.S., Gutiérrez P.A, 2009. Study on the influence of attached mortar content on the properties of
recycled concrete aggregate. Construction and Building Materials, 23, 872-877.
- Etxeberria, M., Vázquez, E., Marí, A., Barra, M., 2007. Influence of amount of recycled coarse aggregates and
production process on properties of recycled aggregate concrete. Cement and Concrete Research, 37, 735-742.
- Gutteridge W.A., 1979. On the dissolution of the interstitial phases in Portland cement. Cement and Concrete
Research, 9, 319-324.
- Luke K., Glasser F.P., 1987. Selective dissolution of hydrated blast furnace slag cements. Cement and
Concrete Research, 17, 273-282.
- Nagataki, S., Gokce, A., Saeki, T., Hisada, M., 2004. Assessment of recycling process induced damage
sensitivity of recycled concrete aggregates. Cement and Concrete Research, 34, 965-971.
- Topcu I.B., Sengel S., 2004. Properties of concretes produced with waste concrete aggregate. Cement and
Concrete Research, 34, 1307-1312.
- Zhao Z., Rémond S., Damidot D., Xu W., 2013. Influence of hardened cement paste content on the water
absorption of fine recycled concrete aggregates, Journal of Sustainable Cement-Based Materials, 2, 186-203.



Effect of protogenetic anhydrite on the hydration of cement under

different curing temperature
Zhiwei Zhang1*, Lipeng Wu2, Jueshi Qian3

1. College of Material Science and Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043,
China

2. College of Civil Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
3. College of Material Science and Engineering, Chongqing University, Chongqing 400045, China

Abstract
Compared with the added gypsum, protogenetic anhydrite is those anhydrite in clinker and

admixture. And using protogenetic anhydrite as setting retarder instead of added gypsum to make
cement could be an effective way to make full use of clinker and wastes with high sulphur content.
However, the high sensitivity of solubility property of protogenetic anhydrite to temperature may result
in unhydrated anhydrite exist in cement paste under high curing temperature at early age, and that
may make a bad influence on the properties of cement. This work investigated the effects of
protogenetic anhydrite on the long-term strength, volume stability and hydration products of cement
paste under different temperature curing. It is shown that higher curing temperature caused the bigger
value of optimum content of protogenetic anhydrite in cement, and protogenetic anhydrite could not
make the bigger volume expansion and worse strength of cement than gypsum when the high curing
temperature being used. But curing temperature made the dissolution of protogenetic anhydrite change
and influenced the concentration of sulfate ion in the pore solution of hardened cement paste. The
results of XRD patterns showed that the risk of delayed ettringite formation in hardened cement paste
cured at high temperature increased. The results will be helpful to understand the role of protogenetic
anhydrite, and further promote the use of clinker and wastes with high sulfate.

Originality
Although some researchers try to use anhydrite in wastes as cement setting retarder instead of added

gypsum, the main research directions are focused on setting time and strength of cement at room
temperature, and neglect the effect of temperature on long-term performance of cement paste,
especially high temperature. Instead, this work focuses on the effects of protogenetic anhydrite on the
properties of cement paste under different temperature curing. So the research is close to actual
situation. Besides, dissolution rate of protogenetic anhydrite, sulfate ion in the pore solution, hydration
products and macro performances under different curing temperature were synthetically studied, and
that enhance the article rigor and persuasiveness. The results will be helpful to understand the role of
protogenetic anhydrite, and further promote the use of clinker and wastes with high sulfate.
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1. Introduction
In the process of cement production a certain amount of gypsum is added in order to adjust
setting time of cement, contribute for strength acceleration in early stage and reduce drying
shrinkage of hardened cement paste (Lerch W., 1946; Irassar E. F. et al., 2011; Bullard J. W. et al.,
2010). In Portland cement, usually the added gypsum is natural dihydrate gypsum, but mixed
gypsum and chemical gypsum are also used (Chinese National Standard GB 175-2007;
Murakami, 2005). In fact, in addition to the kinds of gypsum mentioned above in cement,
some gypsum comes from clinker and admixture, which always has been subjected to high
temperature process and exists in anhydrous gypsum. Compared with the added gypsum,
those anhydrous gypsums (anhydrite) in clinker and admixture are not intentionally
introduced into cement. In this study, anhydrite from clinker and admixture can be classified
as protogenetic anhydrite, which is different from added gypsum including natural anhydrite.
Generally, the types of sulphates in cement clinker is mainly alkali sulfate and the content of
protogenetic anhydrite is usually low, even some researchers think that there was no anhydrite
in cement clinker produced in cement plant (Miller F. M., 1996). In contrast, the types of
sulphates in admixtures (as fly ash, CFBC ash and so on) is anhydrite. With desulfurization
technology developing, the content of anhydrite in fly ash and CFBC ash has been an upward
trend (Tsimas S. et al., 2005).In order to use industrial wastes with high content of anhydrite in
cement, many researchers try to make cement with no or less added gypsum and use
anhydrite in wastes as cement setting retarder instead of added gypsum. Our previous works
(Qian J. et al., 2006; Shen Y. et al., 2013) showed that protogenetic anhydrite from CFBC ash
could retard setting time and enhance the strength of the cement paste, and did not have an
adverse impact on the volume stability of cement when the SO3 content of cement was no
more than 4.0%. Some researchers also found that the calcined anhydrite which was similar
with the protogenetic anhydrite in industrial wastes could further improve the performance of
cement (Yang S. et al., 1997; Hou G. et al., 2002).
Generally, the main research directions about protogenetic anhydrite used in cement is
focused on setting time and strength of cement. However, besides the solubility property of
protogenetic anhydrite is different from gypsum added at room temperature, the sensitivity of
solubility property of two kinds of gypsum to temperature has a big difference. The solubility
of protogenetic anhydrite would be quickly decreased with the temperature rising, instead the
temperature had a little influence on the solubility of gypsum (Gypsum, 1987). Due to the
particularity of the solubility property of protogenetic anhydrite, if the cement including
protogenetic anhydrite was used for the concrete under high curing temperature at early age
or the mass concrete, which would result in the solubility property of protogenetic anhydrite
so lower because of temperature rising and there would be unhydrated anhydrite in cement
paste. If the unhydrated anhydrite continues to hydrate in the later hydration period, the DEF
and gypsum would be produced that may make a bad influence on the strength and the
volume stability of cement (Lawrence C. D., 1995).
The objective of this work is to study the effects of protogenetic anhydrite on the performance
of cement under different temperature curing. And the long-term strength, volume stability
and hydration products of cement paste cured by high temperature at early age were the key
subjects of investigation. The aims of this research are to determine whether protogenetic
anhydrite is used as the cement set retarder safely.
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2. Experiment
2.1 Materials

Portland cements used in this study were obtained by intergrinding Portland cement clinker and
protogenetic anhydrite or gypsum with a certain proportion in the laboratory ball mill. A natural
gypsum with 95.0% CaSO4·2H2O was used, and protogenetic anhydrite was obtained from the
natural gypsum by calcining at 850 oC in order to simulate the temperature that the sulfates in
CFBC fly ash withstood. The chemical compositions of the clinker is given in Table 1, and the
physical properties of cement with 2.0% SO3 content were shown in Table 2.

Table 1 Chemical composition of clinker (w/%)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 LOI

56.78 20.32 7.21 4.69 2.31 1.25 1.23

Table 2 Physical properties of cement

Properties Cement

Specific surface, m2/kg 375
Specific gravity, g/cm3 3.04
Water requirement of standard consistency, % 28.2
Initial setting time, min 110
Final setting time, min 190
7 days compressive strength, MPa -
28 days compressive strength, MPa 43.1

2.2 Test methods
2.2.1 Curing temperature and curing ways

Three representative curing temperatures as 20 oC, 65 oC and 90oC were selected in the test.
All test specimens were cured as follows: after mixing, all specimens with moulds were covered
with plastic film and placed in the moist room at 20.0 ± 5.0 °C for 3 h, and then the specimens
needing high curing temperature should be moved into curing box and underwent three stages of
temperature elevating, holding and dropping. The rate of temperature elevating and dropping
stages were about 30 oC /h, and duration of temperature holding stage was 6 hours. After about 24
hours from mixing, the moulds were removed and all specimens were placed in lime-saturated
water at 20 oC for different ages.
2.2.2 Samples preparing and test procedures

The mortar specimens were used for strength and volume stability measurement. Mortar
strengths were measured on 40 mm×40 mm×160 mm prism specimens and volume stability was
determined by measuring length changes of 25 mm×25 mm×280 mm prisms. All mortars were
cast at a sand-to-cement ratio of 2.5, and water-to-cement ratio was determined to bring the
mortars to a flow of 180-190 mm. The flexural and compressive strengths were measured at ages
of 3, 28, 56 and 90 days. The strength value was the average of the test specimens. Lengths
measurements were taken periodically and expansion was determined as the average change in
length of three prisms relative to the initial lengths measured at 1 day.

Dissolution rate of protogenetic anhydrite in water under different temperature conditions was
tested. The procedure to test the dissolution rate of sulfates was as follows. 1 g protogenetic
anhydrite was mixed with 100 ml of distilled water at the temperatures of 20, 65 and 90 oC. The
mixture was then respectively kept at constant temperature for different ages. After that, the



solution was filtrated and the content of protogenetic anhydrite in the filtrate was determined by
precipitation with barium chloride.

Cement pastes for studies of hydration products and pore solution were prepared with water
requirement for normal consistency. At the set time, hardened paste specimens were crushed into
small pieces and soaked in acetone to stop further hydration. Then the samples were dried in a
vacuum desiccator and ground to pass through a 0.08 mm sieve prior to analysis. The pore
solution of hardened cement was acquired by using solid-liquid extraction technique (Tritthart J. et
al., 2001). 5 g samples with hydration samples were mixed with 50 ml of distilled water for 5 min,
and then the solution was filtrated. The content of sulfate ion in the pore solution was determined
by precipitation with barium chloride. X-ray diffraction (XRD) was used to determine phase
compositions for the hydrated cements at 10h and 7, 28 days. The XRD patterns of the samples
were obtained using X-ray diffractometer (D/MAX-IIIC) with Co ka radiation. Step scans were
performed over the range of 5-75° (2θ), with a stepping interval of 0.02° and a scanning rate of
2.5° per minute.
3. Results
3.1 Strength

Figure 1 gives the strength of cement mortar with different SO3 content under different initial
curing temperatures. The SO3 content of cement were adjusted by adding protogenetic anhydrite.
From Fig.1, it can be seen that the optimum content of protogenetic anhydrite in cement was
changed with the curing temperatures. The higher curing temperature, the bigger value of
optimum content. There have been some experimental results to confirm that the optimum content
of gypsum in cement is about 2.5-3.5% (expressed as SO3), and the value can be rising to 4.5% or
more if the curing temperature is higher (Bombled J. P. et al., 1980). That is, effect of curing
temperature on the optimum content of protogenetic anhydrite in cement was similar to gypsum.
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Fig. 1. Influence of protogenetic anhydrite content on compressive strength of the mortar under

different initial curing temperatures

Figure 1 also demonstrates that curing temperature had a remarkable effect on the flexural and
compressive strength of cement made with protogenetic anhydrite. For the strength at 3 days, the
higher curing temperature, the higher strength. For the strength at 28 and 56 days, proper rising
temperature was useful for strength development, but the strength would decrease when curing
temperature rose from 65 to 90 oC.

The contrast about compression strength development of cement made with protogenetic
anhydrite and the one with gypsum under different initial curing temperatures was also studied, as
shown in Fig. 2. When the SO3 content of cement was constant, curing temperature almost had the
same effect on the strength of cement with protogenetic anhydrite and the one with gypsum. Even
the curing temperature was as high as 90 oC, the strength of cement made with protogenetic
anhydrite at 56 and 90 days did not fall, which could reduce the concerns about cement with
protogenetic anhydrite curing at high temperature or used to mass concrete in some degree.
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Fig. 2. Influence of protogenetic anhydrite and gypsum on the compression strength of the mortar
under different initial curing temperatures (the SO3 content of cement is 2.5%)

3.2 Volume stability
It is also shown in Fig. 3 that initial curing temperature had a remarkably effect on the

volume stability of cement made with protogenetic anhydrite. The linear expansion of cement
would become smaller when curing temperature rising. That is because that higher initial curing
temperature improved strength of cement motar to suppress the expansion of samples. In addition,
effect of protogenetic anhydrite content (expressed as SO3 content) on the expansion of cement
was also related to the curing temperature. When curing temperature was low, e.g. 20 and 65 oC,
SO3 content of cement had a significant impact on the volume stability, and this effect would be
weaker if the curing temperature rising.
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Fig. 3. Influence of protogenetic anhydrite content on expansion of the mortar under different

initial curing temperatures

And the results of Fig. 4 shows that effect of curing temperature on expansion of cement were
almost same between protogenetic anhydrite and gypsum. In other words, the volume changes of
cement with temperature might be unrelated to the type of gypsum. On the whole, protogenetic
anhydrite would not make the bigger volume expansion of cement than gypsum when the high
curing temperature being used.
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Fig. 4. Influence of protogenetic anhydrite and gypsum on expansion of the mortar under different
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3.3 Dissolution rate of protogenetic anhydrite and sulfate ion in the pore solution under
different curing temperature
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Fig. 5. Dissolution of protogenetic anhydrite under different temperature

Figure 5 represents the influence of temperature on the dissolution of protogenetic anhydrite in
saturated lime aqueous solution. It is shown in Fig. 5 that higher temperature making a smaller
solubility of protogenetic anhydrite, especially under 90 oC. On the contrary, solubility of gypsum
in saturated lime aqueous solution or water is not affected by temperature from the results of Bock
(Bock E., 1961).

Sulfate ion in the pore solution of hardened cement paste under different curing temperature
was shown in Fig. 6 and Fig. 7. High curing temperature caused lower concentration of sulfate ion
in the pore solution of cement made with protogenetic anhydrite or gypsum. That is because that
higher curing temperature accelerated the hydration of C3A, thus consumes the sulfate ion in the
pore solution to form sulpho-aluminate (Bullard J. W. et al., 2011). And for cement paste with
protogenetic anhydrite, smaller solubility of anhydrite under higher curing temperature also made
the concentration of sulfate ion lower.
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Fig. 6. Influence of protogenetic anhydrite content on [SO42-] of liquid in cement paste under
different initial curing temperatures
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Fig. 7. Influence of gypsum content on [SO42-] of liquid in cement paste under different initial
curing temperatures

3.4 hydration products
The X-ray diffraction patterns of hardened cement paste with protogenetic anhydrite under 20

oC and 90 oC at different ages are shown in Fig. 8. Curing temperature could modify substantially
the course of hydration process of cement made with protogenetic anhydrite, particularly in
relation to the ettringite phase. At 20 oC, there were some the ettringite in hydration products after
10 hours and even 7 days from processing with water, then the ettringite peaks disappeared at 28
days. In contrast, the XRD patterns of hardened cement paste curing at 90 oC certified the
existence of ettringite at 10 hours hydration, instead, the diffraction peak of anhydrite was stronger.
And the diffraction peaks around 9o to 10o appeared at 7 and 28 days, which proved that
sulpho-aluminate was gradually formed and there will be a trend toward the ettringite peak.

By comparison, Fig. 9 gives the XRD patterns of hardened cement paste with gypsum. It is
seen that significant ettringite peaks in hardened cement paste curing at 20 oC were obviously
detected at 10 hours, then completely disappeared at 7 days. And at 90 oC, there was no ettringite
peaks at 10 hours and 7 days.
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Fig. 8. XRD patterns of hydrated samples mixes with protogenetic anhydrite under different initial

curing conditions
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By combining all the analysis results, and curing temperature changes would alter the
dissolution of protogenetic anhydrite and influence the concentration of sulfate ion in the pore
solution of hardened cement paste. High curing temperature caused lower dissolution of
protogenetic anhydrite and made more unhydrated anhydrite exist in cement paste. And that may
lead to delayed ettringite formation in cement paste with protogenetic anhydrite.
4. Conclusions

From the date presented in this study, the following results were obtained:
(1) Curing temperature could influence the optimum content of protogenetic anhydrite in

cement, and higher curing temperature cause the bigger value of optimum content.
(2) Protogenetic anhydrite would not make the bigger volume expansion of cement than

gypsum when the high curing temperature being used. And high curing temperature did not reduce
the strength of cement with protogenetic anhydrite in late ages.

(3) Curing temperature made the dissolution of protogenetic anhydrite change and could
influence the concentration of sulfate ion in the pore solution of hardened cement paste. The risk
of delayed ettringite formation in hardened cement paste cured at high temperature at late ages
increased.
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Abstract
The mortar specimens were prepared according to ISO 679: 2009. The cements used were ordinary Portland

cement(OPC), high early strength Portland cement(HPC) and Portland blast furnace slag cement (class
B)(BFSC). These mortar specimens were cured in water at 20 °C for 7 days. Then, these mortar specimens were
sliced in thickness of 10mm. The sliced mortar specimens were dried in an atmosphere of 11% RH, 60 % RH
and 80 % RH respectively. The shrinkage strain and the amount of weight loss were measured. On the other
hand, the C-S-H was prepared by hydration of C3S. The synthesized C-S-H was dried until constant in an
atmosphere of 11 % RH, 33% RH, 60% RH and 85 % RH respectively. The H2O/SiO2 of the dried C-S-H was
determined by TG-DTA.
When the shrinkage strain of sliced mortar specimens was same, the amount of weight loss in an atmosphere of

11% RH was larger than weight losses in an atmosphere of 60% RH and 80% RH.
H2O/SiO2 mole ratio of the dried C-S-H became smaller with decreasing RH. H2O/SiO2 mole ratio of the dried

C-S-H were 2.50 at 11% RH, 2.77 at 33% RH, 3.48 at 60% RH and 4.19 at 85% RH.
From these results, it is considered that the difference in the weight loss in an atmosphere of various relative

humidity depends on difference in the degree of dehydration of water in C-S-H, and the shrinkage of mortar or
concrete is caused by both evaporating of pore water in capillary and dehydrating of water of C-S-H.

Originality
The mortar specimens were sliced thinly. This made it possible to reach the equilibrium state in short term.

This paper showed the change of weight and shrinkage strain of various mortar specimens in the equilibrium
state, and discussed the relationship between the water of C-S-H and the drying shrinkage strain of mortar.

Keywords: C-S-H, combined water, shrinkage strain, capillary tension
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1. Introduction
The mortar specimens and the concrete specimens are used on a lot of studies of drying shrinkage.
For example, the size of mortar specimens is 4×4×16cm, and the size of concrete specimens is
10×10×40cm. The time that shrinkage strain and weight loss become until constant is usually long.
And it is considered that there is difference of drying shrinkage between outside and inside of
specimens [1].
In this study, the sliced mortar specimens in thickness of 10mm were used. These mortar specimens
were placed in an atmosphere of various relative humidity.
And it has known that the content of water of C-S-H changes with an atmosphere of various relative
humidity [2]. Therefore, the H2O/SiO2 ratio of C-S-H were determined in an atmosphere of various
relative humidity.

2. Experiment
2.1 Test specimens of mortar
The mortar specimens were prepared according to ISO 679 : 2009. The cements used were ordinary
Portland cement (OPC), high early strength Portland cement (HPC) and Portland blast furnace slag
cement (class B) (BFSC). These mortar specimens were cured in water of 20 °C for 7 days.
Then, these mortar specimens were sliced in thickness of 10 mm (Figure 1). The thinned mortar
specimen is able to shorten the time of reaching to equilibrium state. These sliced mortar specimens
were placed in closed container with an atmosphere of 100% RH for 1 day.
After that, these sliced mortar specimens were dried in closed container with an atmosphere of 11%
RH, 60% RH and 80% RH respectively at 20°C. Saturated aqueous LiCl gives 11% RH, saturated
aqueous NaBr gives 60% RH and saturated aqueous NH4Cl gives 80% RH.
The length of sliced mortar specimens was measured by the dial gauge. The weight of sliced mortar
specimens was measured nearest 0.01g. The warping of sliced mortar specimens were not observed
during drying process.

2.2 Synthesis of C-S-H
C-S-H was prepared by hydration of the synthesized C3S.
The C3S was synthesized using reagents. The reagents used were CaCO3 and amorphous SiO2. These
reagents were mixed by blender. Then, the mixed reagent was calcined for 1 hour at 1000 °C in the
electric furnace. The calcined reagent was molded to tablet of about 2g. These tablets were burned for
3 hours at 1600 °C in the electric furnace. This burning was repeated twice. The synthesized C3S was
granulated less than 20µm with the vibration mill.
This granulated C3S was mixed with 0.6 of water/powder ratio in closed container, and it was cured
in water of 20 °C until the peak of C3S was not confirmed by XRD. After that, this hydrated sample
was crushed less than 1mm by vibration mill. This crushed hydrated sample was dried in closed
container with an atmosphere of 11% RH, 33% RH, 60%RH and 85% RH at 20°C until the weight of
hydrated sample was constant. Saturated aqueous LiCl gives 11% RH, saturated aqueous MgCl2-6H2O
gives 33% RH, saturated aqueous NaBr gives 60% RH and saturated aqueous KCl gives 85% RH.
These dried samples were granulated less than 150µm.

40mm 160mm

40mm

10mm

cutting

<top>

<side>

gauge plug

<bottom>

Figure 1 Sliced mortar specimen



3. Results and discussion
3.1 Shrinkage and weight loss of sliced mortar specimens
The shrinkage strain and the amount of weight loss during drying are shown in Figure 2. At an
atmosphere of 60% RH and 80% RH, the shrinkage strain of sliced mortal specimen and the amount of
weight loss were hardly changed between 51 days and 81 days.
On the other hand, at an atmosphere of 11% RH, the shrinkage strain and the amount of weight loss
increased between 51 days and 81 days.

Drying time (day)

Drying time (day)

Drying time (day)

Drying time (day)

Drying time (day)

Drying time (day)

(a)

(b)

(c)

(a)

(b)

(c)

Figure 2 The shrinkage strain and the amount of weight loss. (a) OPC (b) HPC (c) BFSC

○ RH 11%
● RH 60%

△ RH 80%



The shrinkage strain and the amount of weight loss at 81days are shown in Table 1.The smaller RH
of an atmosphere, the larger the shrinkage strain and the amount of weight loss.

The amount of weight loss at 200μ, 400μ, 600μ and 800μ of the shrinkage strain is shown in Figure 3.
When the shrinkage strain was same, the amount of weight loss in an atmosphere of 11% RH was
larger than those in an atmosphere of 60% RH and 80% RH in spite of the kinds of used cements.

Cement
Shrinkage strain (μ) Amount of weight loss (kg/m3)

RH 11% RH 60% RH 80% RH 11% RH 60% RH 80%
OPC 994 875 825 108.9 84.2 77.1
HPC 869 712 663 97.7 71.5 63.8
BFSC 1069 863 769 103.6 79.4 71.6

Figure 3 The amount of weight loss at 200μ, 400μ, 600μ and 800μ of the shrinkage strain in an
atmosphere of various relative humidity.

Amount of weight loss (kg/m3) Amount of weight loss (kg/m3)

Amount of weight loss (kg/m3)

(a)
Cement used: OPC

(b)*
Cement used: HPC

(c)
Cement used: BFSC

Table 1 The shrinkage strain and the amount of weight loss at drying time 81 days

○ RH 11%
● RH 60%

△ RH 80%

*The shrinkage strain of mortar
specimens did not reach to 800µ in
an atmosphere of 60% RH and 80%
RH, so there is no point at 800µ of
the shrinkage strain



3.2Water content of the C-S-H
The water content of the synthesized C-S-H in an atmosphere of various relative humidity was
determined by TG-DTA. An example of chart of TG-DTA is shown in Figure 4
The mass loss was found between 600°C and 700°C. It corresponds to amount of CO2 by
decomposition of CaCO3. The quantitation of CO2 in sample was determined in accordance with
EN196-21. But, the amount of CO2 was measured by neutralization titration.
The mass loss at 1000°C, the amount of dehydrated water of CH and the amount of CO2 were shown
in Table 2. The H2O/SiO2 of C-S-H was calculated using these values in the following order (1), (2),
(3) and (4). In these calculations, it is assumed that CaCO3 is produced by carbonation of calcium
hydroxide.

(1)

(2)

(3)

(4)
Where: a = Mass loss at 1000°C (mass %)

b = Dehydrated water of CH (mass %)
c = CO2 content in CaCO3 (mass %)
d = Residue at 1000°C (mass %)
e = CaO content in CH (mass %)
f = CaO content in CaCO3 (mass %)
x = CaO content in C-S-H (mass %)
y = SiO2 content in C-S-H (mass %)
z = H2O content in C-S-H (mass %)
M = Molecular weight

CaO: 56.08, SiO2: 60.09, H2O:18.02, C3S: 228.33

Figure 4 The chart of TG-DTA (sample: dried C-S-H in an atmosphere of 11% RH)



Relative humidity (%)
11 33 60 85

Mass loss at 1000°C (mass%) 24.27 25.42 28.50 31.39
Dehydrated water of CH (mass%) 7.67 7.77 7.28 7.06
CO2 (mass%) 1.69 1.36 1.61 1.62

CaO/SiO2 and H2O/SiO2 are shown in Table 3. The CaO/SiO2 mole ratio of the dried C-S-H were
almost same in an atmosphere of various relative humidity. On the other hand, the H2O/SiO2 mole
ratio of the dried C-S-H changed with relative humidity. H2O/SiO2 mole ratio of the dried C-S-H are
2.50 at 11% RH, 2.77 at 33% RH, 3.48 at 60% RH and 4.19 at 85% RH respectively.

Relative
humidity

(%)

CaO
(mol/100g)

SiO2

(mol/100g)
H2O

(mol/100g) CaO/SiO2 H2O/SiO2

11 0.531 0.332 0.827 1.601 2.495
33 0.518 0.327 0.904 1.585 2.768
60 0.499 0.313 1.088 1.593 3.475
85 0.473 0.300 1.260 1.574 4.194

As shown in figure 3, when the shrinkage strain of sliced mortar specimens was same, the amount of
weight loss in an atmosphere of 11% RH was larger than weight losses in an atmosphere of 60% RH
and 80% RH. When the shrinkage strain of sliced mortar specimens is same, it is considered that the
capillary tension acted on capillary pore in mortar specimen is same, too. This means that the amount
of weight loss by evaporation of water presented in coarse capillary pore is same.
On the other hand, it is found that the water of C-S-H became smaller with decreasing of RH.
Consequently, when the shrinkage strain of sliced mortar specimens is same, it is considered that the
difference in the weight loss in an atmosphere of various relative humidity depends on difference in
the degree of dehydration of water in C-S-H

4. Conclusions
The shrinkage strain and the amount of weight loss of sliced mortar specimens in thickness 10mm
reached constant for a short time.
When the shrinkage strain of sliced mortar specimens is same, it is considered that the amount of
weight loss by evaporation of water presented in coarse capillary pore is same. However, the amount
of weight loss at an atmosphere of 11% RH was larger than that at an atmosphere of 60% RH and 80%
RH. On the other hand, H2O/SiO2 mole ratio of C-S-H became smaller with decreasing RH of an
atmosphere. From these results, it is considered that the difference in the weight loss in an
atmosphere of various relative humidity depends on difference in the degree of dehydration of water in
C-S-H and the shrinkage of mortar or concrete is caused by both evaporating of pore water in capillary
and dehydrating of water of C-S-H.
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Table 2 The mass loss at 1000℃, the dehydrated water of CH and the amount of CO2 in
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Abstract
For the time variation of C-S-H microstructure in steam curing concrete precast members and mass concrete, by using
curing regime that simulates variable temperature process in interior of mass concrete, and the 29Si and 27Al Magic
Angle Spinning Nuclear Magnetic Resonance (MAS NMR) combined with deconvolution technique, effect of fly ash
content (0, 10, 30, 50wt%) under constant temperature of 20℃ or variable temperature regime on C-S-H
microstructure were comparatively studied. The results indicate that the mean chain length (MCL) of C-S-H and degree
of Al3+ substituting for Si4+ (Al[4]/Si) are significantly influenced by mixing amount and reaction degree of fly ash.
Under constant temperature of 20℃, the increase of fly ash content results in the increase of the MCL of C-S-H and
Al[4]/Si, which both peak at fly ash content of 50%. Under variable temperature regime, the MCL of C-S-H and
Al[4]/Si are both increased by elevated temperature at any content of fly ash, and with the increasing content of fly ash,
the increase amplitude of the MCL of C-S-H increases, whereas the increase amplitude of Al[4]/Si reaches the
maximum at fly ash content of 30%. This provides a theoretical basis for judging the fly ash content in mass concrete.

Originality
Steam curing concrete precast members and mass concrete are indispensable and important components in the major
foundation project in China. In the variable temperature process of concrete interior, temperature variation not only
influences the distribution of hydration products, pore structure, etc, but also promotes the hydration degree of cement
and reaction degree of fly ash. Besides, delayed ettringite formation during cooling process in variable temperature
will influence the distribution of the Al3+ coordination, thus resulting in a complicated time variation for C-S-H
microstructure. However, evolution law of C-S-H microstructure in fly ash-cement pastes under variable temperature
condition hasn’t been revealed clearly so far, furthermore, effect of fly ash content on C-S-H microstructure in fly ash-
cement pastes in that condition hasn’t been quantitatively described.

Keywords: Temperature; fly ash content; cement; C-S-H mean chain length; Al[4]/Si

1 Corresponding author: huchenguang@ncst.edu.cn, Tel +86-13831597393



1. Introduction
Calcium silicate hydrate (C-S-H) as the main hydration product of cement-based materials, is the main
strength source of cement stone (Taylor H. F. W., 1997). C-S-H microstructure is mainly short-range
ordered amorphous structure, and the silicate tetrahedra layer is a chain structure which consists of
dimer, pentamer, polymer and so on (Taylor H. F. W., 1986; Richardson I. G., 1999); Moreover, at
cement hydration process, Al3+ can enter into the C-S-H structure to substitute Si4+ (Kalousek G. L.,
1957). However, the C-S-H structure is extremely complex and changeable with hydration age,
mineral admixtures, temperature, corrosive ions and other factors, directly affecting macroscopic
properties of concrete (Taylor H. F. W., 1997).
Temperature and fly ash as the important factors affecting C-S-H microstructure had been a research
focus for scholars both at home and abroad. Such as effect of temperature on the Ca/(Al+Si), the
degree of Al3+ substituting for Si4+ and C-S-H polymerization in 30% fly ash-cement pastes at 55℃
and 85℃ was studied by using TEM-EDX and NMR (Girão A. V. et al, 2007a, 2007b), but only a
mixing amount of fly ash was considered. The hydration degree of cement, polymerization and MCL
of C-S-H in fly ash( 0%, 20%, 40%, 55% and 70% )-cement pastes at 21℃ were investigated by using
29Si MAS NMR (Al-Zahrani M. M. et al, 2006), although effect of fly ash content on C-S-H
microstructure was systematically discussed, the research on factor of high temperature is not still
sufficient. Wang Lei and He Zhen (Wang L. et al, 2010) studied polymerization mechanism of C-S-H
in cement paste at 20℃ by basing on the analysis of FT-IR and 29Si NMR, and quantitatively
investigated hydration degree of cement, reaction degree of fly ash and the MCL of C-S-H in the 30%
fly ash-cement pastes at 20℃ for 3d and 120d by NMR, but the factors of high temperature and fly ash
content were not also fully considered. Apparently, previous researches mainly focused on effect of a
constant temperature or a certain content of fly ash on C-S-H microstructure, however the temperature
in interior of actual concrete is changeable (such as steam-cured precast concrete member or mass
concrete), the practical situation of temperature variation is not fully reflected only considering
constant temperature regime. Therefore, the research on factor of variable temperature is still
deficiency.
Temperature variation and fly ash content not only affect hydration products, pore structure and
distribution in the cementitious paste (Verbeck G. J. et al, 1968; Kjellsen K. O. et al, 1990;
Lothenbach B., 2007), but also influence cement hydration and fly ash reaction; meanwhile, the
production of delayed ettringite formation in cooling process will influence the distribution of Al3+
coordination (Chatterji S., 1998), these will result in a more complex time-variant C-S-H structure.
However, the current research on variable temperature regime mainly centralized on the effect of
variable temperature on concrete mechanical properties, hydration degree of cement, pore structure
and paste morphology and so on (Famya C. et al, 2002; Cwirzen A., 2007; Yan P. Y. et al, 2008; Pipat
T. et al, 2012), the quantitative research of silicate minerals hydration and fly ash reaction degree on
mean chain length of C-S-H, degree of Al3+ substituting for Si4+ in variable temperature regime is
deficiency, especially a distinct understanding of fly ash content on the C-S-H microstructure at
variable temperature. Therefore, in this paper, influence of fly ash content on C-S-H microstructure
will be further studied by simulating temperature variation in interior of mass concrete.
2. Experimental
2.1. Raw Materials
P.I 52.5 Portland cement from Huaxin (Huangshi, Hubei), and fly ash (FA) from Huayuan class I fly
ash (Zhenjiang Jianbi Power Plant), the following chemical composition is listed in Table 1. Mixing
water is distilled water.

Table 1 The chemical composition of materials /%
Materials CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 Na2O K2O Other
Cement 62.60 21.35 4.67 3.31 2.25 3.08 0.27 0.21 0.54 0.72
Fly ash 1.60 58.50 32.40 3.01 0.33 0.53 1.18 0.42 1.72 0.04

2.2. Experimental Process



The curing procedure (Figure 1) included two different heat treatment regimes. The first curing regime
(R1) consisted of 28d of curing in a standard curing chamber (curing temperature = 20℃). In the other
regime (R2), the cement pastes with fly ash were cured in a high temperature curing box with a PID
controller of temperature. The temperature was increased from 20℃ to 60℃ in the first three days and
then maintained for 4d. It was subsequently cooled from 8d to 28d.
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Figure 1 The simulation curves of curing regimes
The cement pastes with fly ash (0, 10%, 30%, 50%) were prepared with water-cement ratio of 0.35
and cast in Ф10mm×50mm plastic pipe which was sealed by rubber plug at one end. The specimens
were cured in a standard curing chamber for 24h, and then were demoulded and placed in the plastic
cases with the distilled water in the prescriptive curing chambers. The middle part of the specimens
subjected to different regimes were broken into the fragments (< 3mm×3mm×3mm) at 28days before
immersed into anhydrous alcohol for 1d to stop hydration. They were then ground to fine powder and
were dried in a vacuum drying oven at 50℃ for 2h.
2.3. Test Methods
29Si MAS NMR spectra were acquired using a Bruker Avance III 400WB spectrometer (magnetic field
9.4T; operating frequency of 79.5MHz for 29Si). Samples were packed into 4mm zirconia rotors and
spun at 8kHz for 29Si. The 29Si spectra were acquired over 20,000 scans using a pulse recycle delay of
2s, a pulse width 2μs and an acquisition time of 0.0426s. The 29Si chemical shifts were referred to
external samples of the tetramethylsilane (TMS).
Quantitative information on the fractions of Si in silicate tetrahedra with different connectivity was
obtained by 29Si MAS NMR spectra. Qn (n = 0~4) denotes the connectivity of the silicate tetrahedron
(Richardson I. G. et al, 1993; Richardson I. G., 1999). Q0 represents isolated tetrahedra, which
presents in the anhydrous silicate minerals in cement. Q1 represents chain-end group tetrahedra of
dimeric or polymeric silicate units. Q2 represents the middle-chain groups, including the ‘paired’
tetrahedra (Q2P) and ‘bridging’ tetrahedra (Q2B) (Richardson I. G. et al, 1993) . Q2(1Al) represents
middle-chain groups where one of the adjacent tetrahedra is occupied by aluminum (Richardson I. G.
et al, 1993; Richardson I. G., 2004). Q3 represents tetrahedron connected with the other three [SiO4],
which is a double chain polymeric structure or layered structure with a chain branching; Q4 represents
three dimensional network structure with four [SiO4] (He Y. J. et al, 2007).
29Si NMR spectra are superimposed by some resonant peaks. The deconvolution was applied to assign
resonances to individual species by Peakfit software. In addition, the hydration degree of silicate
minerals in cement (ɑC), reaction degree of Fly ash (aFA), the mean chain length (MCL) of C-S-H, and
the degree of Al3+ substituting for Si4+ (Al[4]/Si ratio) were calculated following equations (1), (2), (3)
and (4), respectively (Lippmaa E. et al, 1980; Justnes H. et al, 1990; Richardson I. G., 2004; He Y. J.
et al, 2007).
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)(Q(1Al))]/(Q1.5)(Q)(Q2[MCL 1221 IIII  (3)
(1Al))](Q(0Al))(Q)(Q(1Al))/[(Q0.5Al[4]/Si 2212 IIII  (4)



Where I0(Q0) and I(Q0) are the integral intensity of the signals for the cement and the hydrated cement
pastes, respectively. I0(Q3+Q4) and I(Q3+Q4) are integral intensity of the signals for Fly ash and Fly
ash-cement pastes, respectively. I(Q1), I(Q2) and I(Q2(1Al)) are the integral intensity of the signals Q1,
Q2 and Q2(1Al), respectively.
3. Results and Discussion
3.1. 29Si NMR of Portland cement and Fly ash
Figure 2 illustrates the 29Si NMR spectra of Portland cement with different fly ash content, the
deconvolution results of them are shown in Table 2. The 29Si NMR spectra of fly ash are shown from
Figure 3. The top line, middle line, and bottom lines in Figure 2 and Figure 3 are the observed spectra,
the simulated spectra and the simulated spectra for individual Qn sites, respectively. As seen from
Figure 2, the peaks at chemical shift about -68.8ppm, -72.3ppm, -73.3ppm, -74.5ppm are
corresponding to Q0, which are attributed to [SiO4] tetrahedral monomer in C3S, and the peak at
around -70.7ppm is attributed to Q0 of Si site in C2S phase (Grimmer A. R., 1994; Elkhadiri I. et al,
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Figure 2 29Si NMR spectra of cement materials with different fly ash content
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Figure 3 29Si NMR spectra of Fly ash
2008). From Figure 3, the peaks at around -84ppm, -93.8ppm, -98.6ppm, -103.4ppm and -108ppm are
assigned to vitreous in fly ash (Fernández-Jiménez A. et al, 2006), and the peak at -88ppm is attributed
to Q4(4Al) in mullite (Palomo A. et al, 2004), while the peaks at -109.3ppm, -114ppm, -122ppm are
corresponding to Q4(0Al) in quartz (Klinowski J., 1984). It can be found in Table 2 that the relative
intensities of Q0 site in silicate minerals of fly ash-cement materials with 10%, 30% and 50% fly ash
are 76.46%, 67.60% and 38.34%, and relative intensities of Q3+Q4 site in fly ash of those materials are
23.54%, 32.40% and 41.66%, respectively. The results indicate that the mixture ratio of cement to fly
ash in cement-fly ash materials is a nonlinear relationship with the observed ratio of relative intensities
of Q0 to Q3+Q4 site by NMR.
3.2. Influence of fly ash content on hydration of silicate minerals and reaction degree of fly ash
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Figure 4 29Si NMR spectra of cement pastes with different fly ash content

Table 2 The relative intensity of Qn sites of 29Si NMR spectra in Figure 2 and Figure 4

Samples
The relative intensity of Qn/%

Q0 Q0(H) Q1 Q2(1Al) Q2B Q2P Q3+Q4

Materials

FA0C 100.00 - - - - - 0

FA10C 76.46 - - - - - 23.54

FA30C 67.60 - - - - - 32.40

FA50C 38.34 - - - - - 61.66



R1

FA0C 34.26 2.25 44.33 7.92 3.82 7.42 -

FA10C 22.67 1.99 35.71 7.02 4.13 8.21 20.29

FA30C 18.10 1.22 32.07 7.25 4.14 8.23 28.98

FA50C 6.19 0.46 15.73 6.96 4.48 8.99 57.19

R2

FA0C 25.75 2.15 38.16 6.75 9.07 18.11 -

FA10C 19.45 2.17 25.69 12.37 7.45 14.88 18.00

FA30C 16.97 2.81 14.20 12.79 8.31 16.56 28.37

FA50C 5.46 1.45 8.04 9.71 6.72 13.40 55.22

Table 3 The deconvolution results of data in Table 2

Curing regime Content of FA ɑc/% ɑFA/% MCL Al[4]/Si

R1

FA0 65.74 - 3.04 0.062

FA10 70.37 13.68 3.28 0.064

FA30 73.22 10.56 3.45 0.070

FA50 83.84 7.30 5.04 0.096

R2

FA0 74.25 - 3.95 0.047

FA10 74.58 23.41 5.18 0.102

FA30 74.90 12.45 8.21 0.123

FA50 85.76 10.50 10.62 0.128

Figure 4 shows 29Si NMR spectra of fly ash-cement pastes with different fly ash content under curing
regimes of 20℃ (R1) and variable temperature (R2), the deconvolution results of that are listed in
Table 2 and Table 3. The peaks at around -75.7ppm, -78.3ppm, -80.6ppm, -82.2ppm, and -84.2ppm
are assigned to Q0(H), Q1, Q2(1Al), Q2B and Q2P units, respectively (Richardson I. G., 2004). Q0(H)
represents hydrated monomeric silicate units (Richardson I. G., 2004). The relationship between
hydration degree of silicate minerals or fly ash reaction degree and fly ash content in fly ash-cement
pastes during the regimes of R1 and R2 at 28d are given in Figure 5 and Figure 6, respectively.
As observed from Figure 5, at regime of R1, the hydration degree of silicate minerals increases with
the increase of fly ash content, the increase amplitude of that is maximal when fly ash content is 50%.
In contrast, at regime of R2, the hydration degree of silicate minerals with different content of fly ash
is all higher than that at R1; however, under regime of R2, when fly ash content is lower than 30%,
hydration degree of silicate minerals is approximately similar with the increase of fly ash content.
When fly ash content is 50%, hydration degree of silicate minerals increases significantly. A proper
explanation is that when fly ash content is lower than 30%, elevated temperature greatly facilitates the
hydration of silicate minerals, which gives rise to the similarity between hydration degree of silicate
minerals at different fly ash content; when fly ash content is 50%, the effective ratio of water to
cement (w/c) is enhanced, thus significantly promoting the pozzolanic reaction of fly ash which can
accelerate the hydration of silicate minerals, therefore, the coordination impact of temperature and
pozzolanic reaction of fly ash results in the eventual increase of hydration degree of silicate minerals.
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Figure 5 The relationship between fly ash content and
reaction degree of silicate minerals at R1 and R2

Figure 6 The relationship between fly ash content and
its reaction degree at R1 and R2

As found from Figure 6, the reaction degree of fly ash decreases with the increase of fly ash content
under regimes of R1 and R2, and reaction degree of fly ash at different fly ash content at R2 is all
higher than that at R1. It is evident that elevated temperature can promote reaction degree of fly ash
for different fly ash content, in contrast with R1, the reaction degree of fly ash increases 9.73%, 1.89%
and 3.20% for fly ash content of 10%, 30% and 50% respectively, it indicates that the promotion effect
of elevated temperature on reaction degree of fly ash with content of 10% fly ash is more significant.
Hanehara S. et al (Hanehara S. et al, 2001) had found that reaction degree of fly ash is about 25% in
40% fly ash-cement paste with w/c ratio of 0.5 at 360d under curing temperature of 20℃. Using non-
evaporable water and selective dissolution method, the hydration degree of cement and reaction degree
of fly ash in fly ash-cement pastes with w/c ratio of 0.30 and fly ash content of 25% or 55% at 20℃
for 28d were studied (Lam L. et al, 2000), the results indicate that hydration degree of cement is
68.3%, 76.7% and reaction degree of fly ash is 14.41%, 11.21% for fly ash content of 25% and 55%.
Ding qingjun and Zhu yuxue et al (Ding Q. J. et al, 2011; Zhu Y. X., 2013) had also investigated
reaction degree of fly ash in cementitious pastes with fly ash content of 0%, 10%, 30% and 50% by
using 29Si NMR and selective dissolution method, moreover, confirmed that reaction degree of fly ash
decreases with the increase of fly ash content. Therefore, the values of obtained reaction degree of fly
ash from this experiment are higher reliability. There are two main mechanisms for the incorporation
of fly ash accelerating the hydration of cement (Berrey E. E. et al, 1990; Xu A. et al, 1993): (1) with
the same w/c ratio, effective w/c ratio increases with the increase of fly ash content; (2) granular
particles in fly ash can absorb Ca2+ and it acts as nucleating effect for facilitating the precipitation
crystallization of AFt or CH, thus accelerating the hydration of cement.
3.3. Effect of fly ash content on mean chain length of C-S-H in cement pastes
Figure 7 illustrates the relationship between fly ash content and MCL of C-S-H at R1 and R2. With fly
ash content increase, MCL of C-S-H increases at R1, the increase amplitude of that is significant when
fly ash content is 50%. It means that the increase of MCL of C-S-H is directly relevant with fly ash
content and its reaction degree. M. M. Al-Zahrani et al (Al-Zahrani M. M. et al, 2006) had used 29Si
NMR to study MCL of C-S-H in 0%、20%、40%、55% and 70% high-lime fly ash-Portland cement
pastes with a w/c ratio of 0.45 at 21℃, the result also shows that MCL of C-S-H increases with the
increase of fly ash content. Helmuth (Helmuth R., 1987) had found that calcium hydroxide (CH) in
14-year-old fly ash-cement pastes decreases from 17% to 3% with increasing fly ash content, which
means that with fly ash content increase, pozzolanic reaction of fly ash consumes large amount of CH,
decreasing the Ca/Si ratio of C-S-H, thus increasing the length of Si-O chain.
At R2, the MCL of C-S-H under different fly ash content is all higher than that at R1, moreover, the
MCL of C-S-H increases with increasing fly ash content, and the relationship between fly ash content
and MCL of C-S-H appears to be almost linear correlation, indicating that the increase of MCL of C-
S-H is directly relevant with temperature, fly ash content and reaction degree of fly ash.
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Figure 7 The relationship between fly ash content and MCL of C-S-H at R1 and R2

3.4. Effect of fly ash content on degree of Al3+ substituting for Si4+ in C-S-H of cement pastes
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Figure 8 The relationship between fly ash content and Al[4]/Si in C-S-H at R1 and R2
Figure 8 shows the relationship between fly ash content and Al[4]/Si ratio of C-S-H at R1 and R2. As
found from Figure 8 that at R1, with fly ash content increasing, there is an increase in Al[4]/Si ratio of
C-S-H which increases significantly when fly ash content is 50%. It is evident that Al[4]/Si is directly
correlate with fly ash content. At R2, the Al[4]/Si in C-S-H also increases with the increase of fly ash
content. Comparing Al[4]/Si in C-S-H at R2 with R1, the Al[4]/Si of C-S-H in FA0-cement pastes at
R2 is lower than that at R1, which is caused by the production of delayed ettringite formation
consuming Al[4] in the paste, eventually resulting in a lower Al[4]/Si of C-S-H.
At R2, at the condition of mixing fly ash, the Al[4]/Si of C-S-H is all higher than that at R1. The
increase amplitude of Al[4]/Si in C-S-H is FA30>FA10>FA50, the result indicates that pozzolanic
reaction of fly ash at high temperature can facilitate the increase of Al[4]/Si in C-S-H, which reaches a
maximum at fly ash content of 30%.

4. Conclusions
Fly ash content and its reaction degree obviously exert an influence on MCL and Al[4]/Si ratio of C-S-
H. Under constant temperature of 20℃, with fly ash content increasing, there is an increase in MCL
and Al[4]/Si ratio of C-S-H whose amplification reaches a maximum at fly ash content of 50%.
Under variable temperature regime, the MCL and Al[4]/Si in C-S-H are all higher that under constant
temperature of 20℃, moreover, increase with fly ash content increasing. The increase amplitude of



MCL of C-S-H increases with the increase of fly ash content, while the increase amplitude of Al[4]/Si
ratio of C-S-H reaches the peak when the fly ash content is 30%.
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Abstract
Rapid water-loss is one of the important characters on thin layer mortar. The testing methods, such as the velocity of
water migration, the strength of interfacial bonding, XRD, SEM, FTIR and TD-DSC-DTG were used to research the
interface and microstructure of thin layer mortar with continuous moisture migration from the thin layer mortar to
aerated concrete. The results show that the rate and the amount of water migration on the interface from mortar
to substrate dropped significantly with the increase of viscosity of mortar. There was also a good corresponding
relation on the tensile bond strength of the interface and mortar viscosity, which means that the interface bonding
strength increased with the increase of the viscosity of mortar.
The XRD analysis results of the interface of hydration products show that the characteristic diffraction peaks of
Ca(OH)2 were obviously appeared at the interface, which means hydration products are densely distributed at the
interface. The phenomenon indicates that the interfacial properties were improved because the migration of moisture
from mortar to interface. These discoveries have revealed the important implications to improve the
interfacial properties of adhesive mortar or plastering mortar through controlling mortar viscosity.

Originality
The research focuses on the difficulty of thin mortar rapid water-loss when actually used, which leads to continue
changes of mortar microstructure and interfacial properties. The evidence of hydration products accumulated on
interface was acquired though analyzing the correlations among the migration of water, interfacial properties and
mortar viscosity of continuous moisture migration from thin layer mortar to matrix,. It verified that the foundation of
water migration strengthen mortar interfacial properties and found out the method of controlling thin mortar
interfacial properties by mortar viscosity.

Keywords: Mortar; Interface; Viscosity; Water migration; Strength of interfacial bond
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1. Introduction
The thin layer mortar has been mostly considered as a special mortar, which possesses high water-
cement ratio and high area/volume ratio (Jenni A. 2003).The common problem of the thin layer mortar
system is that the a high proportion of water in thin layer mortar will be absorbed by the super
absorbent matrix materials (Laetitia Patural, et al., 2011), then the thin mortar hardens rapidly in short
time due to the rapid loss of water, so the hydration degree is less, even less than 30%; this has serious
effect on using function and service life of construction.
Cellulose ethers (CE), with properties of water retention, thickening and so on, are widespread
admixtures introduced into mortar formulations to improve the workability, the process of cement
hydration, harden microstructure and other aspects (J.Pourchez, et al., 2010; Ma Baoguo, et al., 2011).
The viscosity of thin layer mortar modified with cellulose ether is increased, which contributes to
good flowability of paste and enhanced mechanical strength of the final hardened paste. The well-
known cellulose ethers applied in practice are hydroxyethyl methyl cellulose (HEMC) and
hydroxypropyl methyl cellulose (HPMC) (KH.Khayat., 1998; K.M. Green, et al., 1999). Many
researchers studied the effect of cellulose ethers on mortars from kinds of aspects. J. Pourchez
(J.Pourchez, et al., 2006) et al analysed the influence of HPMC and HEMC on cement hydration by
adding different dosages of admixtures. Mateusz Wyrzykowski (Mateusz Wyrzykowski, et al., 2014)
et al investigated the microstructure of porosity variety of the cementitious matrix with addition of
cellulose ethers through mercury intrusion porosimetry.
The previous work showed different results on hydration process. Ma Baoguo (Baoguo Ma, et al.,
2012; Su Lei, et al., 2013) et al researched the early stage hydration process of cellulose ether
modified mortar mainly through analyzing the hydration heat, the content of Ca(OH)2 and XRD of the
mortar with different dosages and kinds of CE. Based on the above views, this article is devoted to
studying the properties of interface thin layer mortar modified with cellulose ether with different
viscosities, which are rarely reported in the early researches, by dehydrating velocity, FTIR, DTG and
SEM.
2. Experimental
2.1. Raw Materials
The cement used in this work was Portland cement produced by HuaXin Cement Company of Hubei
province, in accordance with the Chinese standard GB 175 Type II (PII42.5). It has a mean grain size
of 16.17µm and mass density of 3.15g/cm3. The physical properties and chemical composition of
cement are given in table 1 and table 2.

Tab.1 Physical properties of cement

Tab.2 Chemical composition of cement %
Composition SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 Loss
Mass fraction 21.04 6.94 2.36 61.27 1.32 0.19 1.94 3.76

The HPMC was the America Hercules Group Company product. The viscosity of HPMC is
1000000mPa·s in a concentration of 2% at 25℃。
Aerated concrete was used as the super absorbent matrix material. The physical properties are given in
table 3.

Tab.3 Physical properties of matrix material
Matrix material Water absorption of 24h /% Porosity/% Volume weight/kg/m3

Aerated concrete 35 60 615
2.2. Experimental Process
The samples for experiments were modified cement paste material which were added different
dosages of HPMC with a water-cement ratio of 0.40. Samples were formed on the surface of clean

Fineness
(80μm, %)

Water content for
standard consistency

/%

Time of setting/h Compressive
strength/MPa

Flexural
strength/MPa

Initial Final 7d 28d 7d 28d

2.80 25.80 3.26 4.55 25.46 42.58 6.30 9.40



aerated, with self-made mould. The size of mould are 40mm×40mm×6mm. Preservative films were
put on the surface of samples to prevent water evaporation. The curing temperature of cement
ingredient was (20±5) °C and humidity 65% R.H. Samples were maintained for 3, 7 and 28 days
respectively before being tested. The structural sketch is given in figure 1.

Interface

Concrete

Thin layer mortar

Figure 1 Structural sketch
2.2.1 Tensile strength
Tensile adhesive strength between interface and modified thin layer cement mortar was measured at 3,
7 and 28 days according to standard of JCT985-2005”Cementitious self-leveling floor mortar”by
testing machine.
2.2.2 Dehydrating velocity
Dehydration velocity of interface thin layer mortar is based on Eq.1:

P=（Mt1-Mt2）/（t2-t1）·S Eq. 1
where: P—dehydration rate, gmin1m2;

Mt1—sample quality of t1, g;
Mt2—sample quality of t2, g;
S—sample area, m2.

2.2.3 Slurry viscosity
The viscosity of thin layer mortar was tested by R/S.SST paddle rheometer. Shear stress ranged 6 to
200Pa, the test date processing were using Rhe02000 software.
2.2.4 Chemical combined water content
Configured cement paste samples were sealed in plastic bags and maintained in a temperature and
humidity conservation box to defined period, then terminated hydration of samples by absolute
ethanol. Broken the paste block to particle that the diameter less than 1mm and dried 5g sample at
105℃ for 2h to remove non-chemical combined water, then ignited samples to constant weight under
1050℃. Chemical combined water content based on Eq. 2:

W= [
1

121 --


 s (100-ω1) - ω1]×100% Eq. 2

where: W—chemical combined water content, %;
M1—hardened cement paste quality before ignited, g;
M2—hardened cement paste quality after ignited, g;
ω1—loss on ignition of cement paste, %;
ωs—dosage of admixture, %.

2.2.5 Micro measurements
Qualitative analysis of phases was invested by a Japan D/Max-RB X-ray diffractometer. FTIR spectra
were taken in a Perkin Elmer Nexus spectrometer. Powdered samples were mixed with KBr and
pressed into pellets. The analyses were carried out in the frequency range of 400-4000cm-1, using 4.0
resolution and 128 scans.For the thermal analyses, a Netzsch STA 449PC, a simultaneous
Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) system, was used. The
samples were heated from room temperature to 1000 °C with a heating rate of 10 °C/min in a N2



atmosphere (60ml/min). The microstructure of the cement pastes was investigated with a Japan
D/Max-RB Scanning Electron Microscope (SEM).
3. Results and Discussion
3.1. Viscosity and dehydration of interface
The relationship of thin layer cement paste viscosity, dehydration and cellulose ether dosage are
shown in figure 2. It can be seen that the viscosity of thin layer modified mortar gradually increased
and the dehydration decreased with the cellulose ether dosage increasing.

Figure 2 Curves of thin layer cement paste
modified with cellulose ether viscosity between

dehydration and dosage of cellulose ether

Figure 3 Curves of thin layer cement paste
modified with cellulose ether between

dehydrating velocity and hydration time

The thin layer cement paste modified with cellulose ether between dehydration velocity and hydration
time is shown in figure 3. With the hydration continuing, the dehydration velocity of thin layer cement
paste modified with cellulose ether at the interface gradually slows down. During the first six minutes
after mixing, the dehydration velocity is decreased linearly and latter flattens. The viscosity of thin
layer cement paste decreased to the bottom at six minutes after mixing, and then increased rapidly.
Because the water retention of cellulose ether did not completely work in early hydration, after six
minutes, on the one hand, matrix absorbed lots of water from thin layer cement paste; on the other
hand cellulose ether function enhanced the viscosity of thin layer cement paste to retain the water.
Studying the relationship between viscosities and dehydration velocity can find that the variation trend
of dehydration velocity of thin layer cement paste modified with cellulose ether at the interface
decreased first and then increased.
3.2. Viscosity and tensile bond strength
The dependence of tensile bond strength on viscosity and ages is given in figure 4. We can see that
tensile adhesive strength between aerated concrete matrix and thin layer mortar increased with both
viscosities and times increased. According to analyzing curve of 3 days, the tensile adhesive strength
linearly increase with the increasing of the viscosity, while after 7 days and 28 days, the trend
stabilized to 2.62MPa.

Figure 4 Curve between tensile bond strength and viscosity of thin layer cement paste modified with cellulose
ether
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3.3. Micro-analysis
3.3.1 XRD analysis

Figure 5 XRD spectrum of interfacial transition zone between thin layer cement paste modified with cellulose
ether and aerated concrete

Figure 5 shows the XRD analysis of thin layer cement paste with different viscosities and times. It can
be seen that the main mineral in hardened cement paste include Ca(OH)2 and C3S; the diffraction peak
of Ca(OH)2 in 18°and the diffraction peak of C3S appear in 34° and 29° respectively. Compared to the
XRD diffraction of same period and different viscosities, the diffraction peak intensity of Ca(OH)2
decrease with the viscosity increased. Due to the dosages of HPMC increased, which delayed the
hydration process, the viscosity of the thin layer mortar increase, but the production of Ca(OH)2 and
C3S decrease.
However, compared to XRD diffraction of 3d, 7d and 28d, with the extension of age, the thin layer
cement paste hydration could fully, thus the intensity of diffraction peaks of ettringite, Ca(OH)2 and
C3S all increase.
3.3.2 FTIR analysis

3d 7d 28d
Figure 6 FTIR spectrum of thin layer cement paste modified with cellulose ether

Figure 6 presents FTIR analysis of thin layer cement paste. The most remarkable feature of the FTIR
spectrum is its peak changes. With the extension of age, the characteristic peak of Si-O shifted from
high wavenumber to low wavenumber(874cm-1 to 978cm-1), due to the polymerization of SO42- units
during C-S-H formation. The characteristic peak of OH- which associated with the formation of
Ca(OH)2 appeared at 3640cm-1. Because of the Si-O stretching vibrations in Q1 sites, all cement paste
samples had characteristic peak around 850cm-1 and the intensity of the characteristic peak increased
gradually. Position of S-O band appeared at 1150cm-1, due to early formation of ettringite. The
characteristic peak of CO32- was at 1450cm-1.
Compared to the same age and different viscosities of samples, with the viscosity increased, the
positions of Ca(OH)2 and Si-O characteristic bands shifted to higher wavenumbers and the intensity of
these peak decreased, then these peaks gradually decreased. When the viscosity is 5.90Pa·s, the
vibration peaks of OH at 3640cm-1 and (Si-O)Q1 at 850cm-1 were no obvious. It showed that thin layer
cement paste modified with cellulose ether not only delayed the process of cement paste hydration, but
also changed the structure of C-S-H during cement hydration. The larger viscosity, the more decreased
obviously.
3.3.3 Differential thermal analysis



The thermal analysis results of thin layer cement paste are given in figure 7. Applying thermal
analyses for the assessment of the Portland cement hydration processes is proved very useful (Lazău I,
et al., 2011; Ciobanu C, et al., 2010). It is known that tricalcium silicate (C3S) and dicalcium silicate
(C2S) are the main mineralogical components of Portland cement (C. Ciobanu, et al., 2013). With the
mortar hydration, endothermic effects with the maximum at 462.9℃ correspond to portlandite
decomposition which generated by Ca(OH)2 heating. Endothermic effects accompanied by the mass
loss which occurs with the maximum at 737.9℃ correspond to the decarbonation of CaCO3

(Stekowska ET. 2005; Tsivilis S, et al., 1998).

Figure 7 DTG spectrum of thin layer cement paste modified with cellulose ether with different ages
By comparing DTG curves of samples with different viscosities, it can be seen that the trend is similar.
There was only small difference in the intensity of endothermic peaks, it decreased with the increase
of the viscosity of mortar. The addition of cellulose ether showed an effect of slower hydration
processes and lesser Ca(OH)2 content compared with control sample. According to the mass variation
of TG curves between 420~460℃ and 105~1000℃, the proportions of Ca(OH)2 and chemical
combined water are shown in table 4.
Tab.4 Content of Ca(OH)2 and chemical combined water of thin layer cement paste modified with cellulose ether

Viscosity/Pa·s Content of Ca(OH)2/% Content of chemical combined water /%
3d 7d 28d 3d 7d 28d

Control sample 7.78 8.05 8.71 11.30 13.55 15.40
0.62 7.48 7.81 8.35 11.26 13.42 14.99
1.84 6.43 6.83 8,04 11.25 13.28 14.81
3.80 5.94 6.57 7.74 11.12 13.19 14.80
5.20 5.04 6.41 6.88 10.97 13.12 13.93
5.90 4.83 5.61 5.71 10.58 13.08 13.74

The results of the measurements of content of Ca(OH)2 and chemical combined water of thin layer
cement paste are shown in table 4. With the viscosity increasing, the content of Ca(OH)2 in cement
pastes and chemical combined water gradually decreased. The higher viscosity of cement paste, the
setting time and initial hardening rate more significantly being influenced. After 3 days of hydration,
the cement paste viscosity of 5.90Pa·s, in which 4.83% Ca(OH)2 was 60% less than the 7.78%
Ca(OH)2 in control sample and the content of chemical combined water was 10.58% in the viscosity
of cement paste which was 5.90Pa·s less than that in control sample with 11.30%. When hydration 7
days, the content of Ca(OH)2 decreased 43% from control samples to samples viscosity of 5.90Pa·s
and that decreased 46% after hydration 28 days.
It also can be seen that the content of Ca(OH)2 and chemical combined water obviously increased as
the mortar hydration continues. Compared to the 3 days ,7 days and 28days of hydration, there are big
differences of content of Ca(OH)2 and chemical combined water. The content of Ca(OH)2 of control
sample are 7.78%, 8.05% and 8.35% respectively and the content of chemical combined water are
11.30%, 13.55% and 15.40%. Moreover, the increasing range diminished gradually as the viscosity of
mortar increased, which can be explained that increasing viscosities can retain more water and the
processes of hydration can be prolonged. Therefore, the change of content of Ca(OH)2 and chemical
combined water decrease.
3.3.4 SEM investigation



Control sample 1.84Pa·s 5.20Pa·s
(a) 3d

Control sample 1.84Pa·s 5.20Pa·s
(b) 7d

Control sample 1.84Pa·s 5.20Pa·s
(c) 28d

Figure 8 SEM spectrum of interfacial transition zone and different ages between thin layer cement paste
modified with cellulose ether and aerated concrete

The above results are in good qualitative agreement with the results of SEM measurements in figure 8,
where substantial changes in the crystalline structure can be observed as the samples gradually hydrate.
There are quite a few holes in all thin layer mortar samples due to air-entraining function of cellulose
ethers. However, with the viscosity of the thin layer mortar increased, the structure of samples were
densification (A. Jenni, R. et al., 2006). When aerated concrete which was a high water-absorbing
matrix contacted with thin layer cement paste, it would absorb lots of water from cement paste rapidly
and block the hydration process. The mortar viscosity modified with cellulose ether can be hydrated
fully at the interface of aerated concrete (Catalina Gómez Hoyos, et al., 2013). On the other hand, the
effect of cellulose ether on thin layer cement paste seems to be a significant advantage to the strength
of hardened cement paste which could generate greater amount of C-S-H gel, Ca(OH)2 and ettringite.
These hydration products formed network for improving compactness of structure.
4. Discussions and Conclusions
Based on related analysis, the microstructure model of interfacial transition zone is shown in figure 9
(Alexandra A.P. et al., 2009). Previous research has shown that the water and ions of hydration
products concentrated in interface between thin layer mortar and high absorbed matrix (aerated
concrete), at the same time, the water and ions (Ca2+, OH-, SO42- and Al3+) have strong migration
behavior and penetrated into pores of matrix materials surface, which hydrated first and formed
hydration of Ca(OH)2 and C-S-H(Li zongjin, et al., 2003; Michael Gerstig, et al., 2010).



Figure 9 Microstructure model of interfacial transition region of thin layer cement paste modified with cellulose
ether

The stacking density of cement particle in the interface transition region is increased. Porosity and
crystals decreased from modified cement paste to aerated concrete interface and formed interface
enhancement region due to crystal preferential (D.A. Silva, et al., 2001; A. Jenni, et al., 2003;
Alexandra A.P. Mansur, et al., 2009). The contents of C-S-H gel of modified mortar interface are
more than control samples. Cellulose ether continues-film formed at interface transition region
because hydration intertexture each other by mechanical force, hydrogen bonding and van der Waals
force (Su Lei, 2013).
Based on this research, it can be concluded that gradual effects of viscosity on thin layer cement paste
dehydrating was clearly observed. The results demonstrated that the viscosity of mortar is crucial to
the tensile adhesive strength and dehydrating velocity. It was noted that, as viscosity of thin layer
cement paste modified with cellulose ether increased, the adhesive strength of interface was increased,
the dehydrating were diminished and the microstructure of harden was densification.
In summary, cellulose ether modified the viscosity of the cement paste to be a tool to control flow
properties and hydration processes .Therefore, higher viscosity of thin layer mortar can be optimized
by using in actual production.
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Influence of Temperature and Pressure on the Hydration of Oil Well Cement

Echt T., Ertel L., Plank J.*1
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Abstract
Understanding the chemical reactions underlying cement hydration under increased temperature and pressure
conditions is important to ensure proper zonal isolation and integrity of oil and gas wells.

In this study, the influence of high temperature and high pressure on American Petroleum Institute (API) Class G oil
well cement was investigated. For this purpose, cement samples were cured at elevated pressures (1 bar to 550 bar)
and temperatures (27 °C – 120 °C) for 24 and 72 hours, respectively in steel cells. The hardened cement samples were
then removed and cement hydration was stopped by immersion in acetone. The cement samples were characterized by
Magic-Angle-Spinning Nuclear Magnetic Resonance spectroscopy (29Si MAS NMR), X-ray diffraction (XRD) and
Environmental Scanning Electron Microscopy (ESEM). Furthermore, the development of compressive strength of the
oil well cement samples during the hydration period was monitored using the ultrasonic method according to API RP
10B.

As expected, increasing temperature enhances the kinetics of cement hydration and thus its strength development. A
cement sample hydrated at 27 °C and 5 bar pressure reaches a compressive strength of 50 psi after 7.5 hours, whereas
the same sample hydrated at 120 °C and 5 bar pressure reaches this strength after 1.5 hours. Higher pressure resulted
in a similar trend on cement hydration, although the impact was considerably less.

XRD measurements showed that higher temperature accelerates the formation of cement hydrate phases, whereas no
significant differences were observed at higher pressures. This was confirmed by SEM images which showed a more
abundant presence of C-S-H phases at increased temperatures, while samples cured at different pressures exhibited no
differences. 29Si MAS NMR spectroscopy indicated that elevated temperatures result in a higher degree of condensation
of the monosilicates present in cement. Again, no such effect was observed at increased pressure after 24 hours.

Additionally, the maximum pumpability time, i.e. the time until the cement slurry reached a consistency of 70 Bc, was
determined on the consistometer. Significantly decreased thickening times, especially at low temperatures, were
observed for hydration under high pressure. To understand this effect, the ion contents present in the cement pore
solution were determined. It was found that especially the solubility of C4AF and C3A are much affected by pressure, as
is evidenced by an increased concentration of Al3+. This finding confirms XRD investigations where it was found that
under pressure C4AFis activated and reacts with gypsum as fast as C3A.

Originality
As high temperatures and pressures are not common in normal cement applications, their influence on cement
hydration has not been studied sufficiently. So far, the tests carried out at varying temperatures and pressures focused
on mechanical properties of cement. This work demonstrates that the influence of pressure is especially large at low
temperatures (27 – 50 °C). Furthermore, both C3A and C4AF react significantly faster under pressure as the solubility
of Al3+ is increased.

Keywords: Cement hydration; hydration kinetics; high pressure; high temperature; oil well cement
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1. Introduction
Cementing is the preferred option to ensure the integrity of oil and gas wells. On a typical well, on
average ~ 100 tons of cement are required and the average price for oil well cement lies around 350 –
500 $/ton (Harder J., 2015). A specific advantage of oil well cement is its ability to perform under a
variety of conditions, from the arctic permafrost to temperatures above 250 °C (Pilisi N. et al., 2012).
The temperatures and pressures encountered can differ significantly from well to well. These varying
conditions make an understanding of the reactions critical; not only from the viewpoint of
performance, but also with respect to the chemistry involved (Nelson, E. B., 2006).

The most commonly used oil well cements include API Classes A, C, G and H cements. The
composition of these cements as well as their performance are specified by the American Petroleum
Institute, API (Specification 10A, 2010). Oil well cements generally have a low fineness when
compared to construction cements, and are characterized by a low C3A content. For example, the
maximum C3A content allowed for a Class G cement is 3 wt.%. To compensate the low C3A content,
oil well cements possess comparatively high C4AF contents. The purpose of keeping the C3A content
low is to reduce the reactivity of the cement, thus making it easier to reach longer hydration times at
elevated temperatures and pressures, as well as ensuring high stability against sulfate and corrosive
acids (Cao H. T. et al., 1997).

The hydration of Portland cement is a complex dissolution and precipitation process whereby the
various hydration reactions proceed simultaneously at different rates. Although the hydration of C3S is
often used as a model for the hydration of Portland cement, it must be kept in mind that many
additional phases and parameters are involved, for example the occurrence of chemical reactions
between individual clinker phases and their dissolved ions.

At the beginning of hydration, the calcium and alkali sulfates dissolve and provide a sulfate - rich
solution. Furthermore, the silicates hydrolyze and form a highly alkaline solution. The most reactive
cement phase, C3A reacts with dissolved sulfate to form small, rod-like crystals of ettringite. At the
same time, a C-S-H gel begins to form on the surfaces of C3S/C2S (Meredith P. et al., 1995). These
reactions take place within the first 15 minutes. The induction period is followed by the dormant
period (15 min to 4 hours) whereby a C-S-H gel covers the surfaces of C3S and the calcium and
hydroxide ion concentrations increase. After 4 - 8 hours, the layer of initial C-S-H gel and Ca(OH)2
erupts as a result of osmotic pressure, thus leading to increased C3S hydration. Above 110 °C, the
composition of the C-S-H phase formed changes from ~ C3S2H4 to the calcium-richer α-C2SH (Eilers
L. H. et al., 1976). Generally, the reaction of the aluminate phase C3A determines the initial behavior
of hydrating cement, while the hydration of the silicates, particularly of C3S, is responsible for the
early strength development (Taylor H. F. W., 1997). Between 8 and 24 hours, hydration activity
decelerates and the cement hardens. Beyond 24 hours of hydration time, the initially formed ettringite
converts into mono sulfoaluminate and the cement reaches its final strength.

Temperature constitutes one of the major variables affecting the hydration of cement. First and
foremost, it influences the hydration rate via the rate of dissolution and the solubility of clinker phases
and hydrates, whereby a thermodynamic equilibrium exists (Lothenbach B. et al., 2008). Second, the
stability and morphology of the hydration products are affected (Le Saout G. et al., 2006). When cured
at high temperature, at first the cement slurry gains strength more rapidly due to faster hydration
kinetics (Hill J. et al., 2003). Elevated temperatures may also alter the composition of the pore
solution and the equilibrium assemblage of solid phases present in the cement paste (Thomas J. J. et
al., 2003). As mentioned above, at higher temperatures the C-S-H phases which are typically formed
at lower temperatures convert to hydrations products with increased calcium content such as α-C2SH.
As α-C2SH possesses a higher crystallinity, it possesses a higher density. Due to this effect, the
transformation of conventional C-S-H phases to α-C2SH is detrimental to the compressive strength of
the cement. This phenomenon is referred to as strength retrogression (Nelson, E. B., 2006). To prevent



this, microsilica at a dosage of ~ 35 % relative to cement is added to decrease the CaO:SiO2 ratio from
1.5 to 1.0 (Smith R. C., 1984).

Regarding the influence of pressure on the hydration of cement, much less information is available.
One group compared the influence of pressure on the hydration of a Class H cement with the influence
of temperature and found that a pressure increase of 40 bar has the same accelerating effect on cement
as a temperature increase of 1 °C (Scherer G. W. et al., 2010). Subsequent studies such as by Pang et
al. have attempted to model the temperature and pressure influence on cement hydration through the
use of a scale factor. The proposed pressure and temperature dependent scale factor is shown in
Equation 1 with pr describing the reference pressure and p the actual pressure (Pang X. et al., 2013).
However, they did not elaborate on the mechanism for the increased hydration observed under
pressure. Another study found an increased hydration for C3S hydration under pressure as a result of
increased dissolution which led to earlier deposition of portlandite (Bresson, B. et al., 2002).

Equation 1 Dependence of scale factor on pressure and temperature

As most of the prior studies concentrated on the behavior of cement under different temperatures, we
primarily focused on the simultaneous influence of pressure and temperature (as occurs in actual wells)
on the formation of the different hydrate phases utilizing XRD and 29Si MAS NMR spectroscopy.
Furthermore, the thickening time of the cement slurry which defines the maximum pumpability time
was determined. Also, the influence of pressure on the pure clinker phases C3S, C3A and C4AF were
looked at and the changes in cement pore solution composition studied as well.

2. Experimental
2.1. Materials
2.1.1. Oil well cement
An API Class G oil well cement sample (“black label” from Dyckerhoff AG, Wiesbaden, Germany)
corresponding to API Specification 10 A was used (Specification 10A 2010). Its clinker composition
was determined through quantitative powder XRD technique using Rietveld refinement. The results
are displayed in Table 1. The amounts of gypsum (CaSO4•2H2O) and hemi-hydrate (CaSO4•0.5H2O)
present in the cement sample were measured by thermogravimetry. Free lime (CaO) was quantified
using the extraction method established by Franke (Franke B., 1941). According to the method
developed by Blaine, the specific surface area of cement was found at 3,058 cm2/g. The specific
density of this sample was 3.18 kg/L, as measured by helium pycnometry. Particle size distribution of
the cement sample was determined employing a laser-based particle size analyzer which produced a
d50 value of 11 μm (see Table 1).

Table 1: Phase composition (Q-XRD, Rietveld), specific density, specific surface area (Blaine) and d50 value of
the API Class G oil well cement sample

C3S
(wt. %)

β - C2S
(wt. %)

C3Ac

(wt. %)
C4AF
(wt. %)

Free
CaO

(wt. %)

CaSO4·
2H2O
(wt. %)

CaSO4·
0.5 H2O
(wt. %)

CaSO4

(wt. %)

Specific
density
(kg/L)

Specific
surface area,

Blaine (cm2/g)

d50
value
(µm)

59.6 22.8 1.2 13.0 < 0.3 2.7 0.0 0.7 3.18 3,058 11 ± 1.1



2.1.2. Synthesis of C3S
CaCO3 and SiO2 at a molar ratio of 3:1 were finely powdered in a ball mill and homogenized. To
stabilize the monoclinic form of C3S, trace amounts of MgO and Al2O3 were added to the mixture. The
resulting powder was transferred to a platinum crucible and placed in an oven. For the sintering
process the oven was heated to 1400 °C within 12 h and kept at 1400 °C for 12 h, then allowed to cool
to ambient. This procedure was repeated once. After the final calcination, the platinum crucible was
removed from the oven and cooled rapidly to ambient using an air flow. This procedure ensures the
formation of monoclinic C3S. The sample was then finely ground using a ball mill (Wesselsky A. et al.,
2009).

2.1.3. Synthesis of C3A
CaCO3 and Al2O3 at a molar ratio of 3:1 were finely powdered using a ball mill and homogenized.
From these starting materials, the cubic polymorph of C3A is obtained. The homogenized mixture was
transferred to a platinum crucible and heated in an oven using a temperature ramp (within 12 h to
1300 °C which was held for 12 h). The platinum crucible was allowed to cool in the oven before
removal. The sample was then finely ground using a ball mill (Wesselsky A. et al., 2009).

2.1.4. Synthesis of C4AF
The ideal mixture to produce orthorhombic C4AF is a mix of CaCO3, Al2O3 and Fe2O3 at a molar ratio
of 4:1:1. The starting materials were finely ground using a ball mill and homogenized. The mixture
was then added to a platinum crucible and heated in an oven using a temperature ramp (within 12 h to
1300 °C which was held for 12 h). The platinum crucible was then removed from the oven and rapidly
cooled using an air flow. This ensures the production of the desired orthorhombic modification. A fine
powder was received by using a ball mill (Wesselsky A. et al., 2009).

2.2. Instruments and procedures
2.2.1. Cement characterization
Phase composition of the cement sample was obtained by X-ray powder diffraction using a Bruker
AXS D8 Advance instrument (Bruker, Karlsruhe, Germany) with Bragg–Brentano geometry. Topas
3.0 software was used to quantify the amounts of individual phases present in the sample by following
Rietveld's method of refinement (McCusker, L. B. et al., 1999). The instrument was equipped with a
scintillation detector using Cu Kα (λ = 1.5406 Å) radiation with a scanning range between 5° and 80°
2θ. Specific density of the cement sample was measured on an Ultrapycnometer® 1000
(Quantachrome Instruments, Boynton Beach, FL/USA). The specific surface area of the sample was
determined using a Blaine instrument (ToniTechnik, Berlin, Germany). The average particle size (d50
value) was obtained from a laser-based particle size analyzer (1064 instrument from Cilas, Marseille,
France).

2.2.2. Cement slurry preparation
Cement slurries were prepared in accordance with the procedures described in “Recommended
Practice for Testing Well Cements,” API Recommended Practice 10B, issued by the API (API 10B-2
2005). The slurries were mixed at a water-to-cement (w/c) ratio of 0.44 using a blade-type laboratory
blender obtained from Waring Products (Torrington, CT/USA). Within 15 s, the cement was added to
the mixing water placed in the cup of the Waring blender, and mixed for 35 s at 12,000 rpm.

2.2.3. Slurry from pure clinker phases
Slurries of the pure clinker phases were prepared in 10 mL glass vials by dissolving 5 g C3S, 2.5 g C3A
+ 2.5 g gypsum or 2.5 g C4AF + 2.5 g gypsum in 5 mL of water and mixing them with a magnetic
stirrer for 10 min at 1000 rpm. The vials were carefully topped off with DI water and were closed with
a lightly perforated lid to limit contamination, but allow for pressure equilibration.



2.2.4. Sample curing and ultrasonic compressive strength development
For curing, the cement slurries as well as the vials containing the pure clinker phases were placed into
the steel autoclaves of the Ultrasonic Cement Analyzer (UCAmodel 4262 from Chandler Engineering,
Tulsa, OK/USA) and the Static Gel Strength Analyzer (SGSA model 5265U from Chandler
Engineering, Tulsa, OK/USA) and topped off with water. The samples were then cured under
temperature and pressure for 24 h and 72 h, respectively. A linear temperature ramp of 45 min was run
while the full water pressure was applied immediately.

After curing, the hardened cement specimens were removed from the autoclaves, and samples of the
hydrated cement and clinker specimens were always taken from similar spots and then immersed in
acetone for 1 h, filtrated and dried for 24 h at 50 °C for further analysis.

When the samples were cured in the UCA, the development of compressive strength was followed in-
situ by monitoring the transit time through the cement from which the compressive strength can be
calculated.

2.2.5. Determination of the maximum pumpability time
The time span during which the cement slurry remained in a pumpable, fluid state was determined
using a high temperature, high pressure (HTHP) consistometer (model 8240 from Chandler
Engineering, Tulsa, OK). Slurry viscosity was measured in Bearden Units of Consistency (Bc), a
dimensionless unit obtained from the torque of a paddle rotating in the hydrating cement slurry, with
no direct conversion factor to common units for viscosity. In this test, setting and solidification of
cement is evidenced by an increase of slurry viscosity from < 20 Bc for the slurry as prepared to a
value of 70 Bc and higher. A value of 70 Bc is generally considered to present the maximum pumpable
consistency. The maximum temperature and pressure were reached within 45 minutes using a linear
ramp.

2.3. Sample analysis
2.3.1. X-ray diffraction
Phase composition of the cement sample was obtained by X-ray powder diffraction using a Bruker
AXS D8 Advance instrument (Bruker, Karlsruhe, Germany) with Bragg–Brentano geometry. The
instrument was equipped with a scintillation detector using Cu Kα (λ = 1.5406 Å) radiation with a
scanning range between 5° and 80° 2θ.

2.3.2. ESEM imaging
Scanning electron microscopy (SEM) imaging was performed on a XL30 ESEM FEG microscope
(Philips/FEI Company, Eindhoven/Netherlands) equipped with an energy dispersive X-ray detector
(EDX) for elemental analysis (New XL30, EDAX Inc., Mahwah, NJ/USA).

2.3.3. 29Si MAS NMR spectroscopy
29Si MAS NMR spectra were obtained at 59.627 MHz on a Bruker AV 300 NMR spectrometer
equipped with magic angle spinning (MAS) hardware using ZrO2 rotors with a diameter of 7 mm.
Experiments were performed at a sample spinning rate of 5 kHz and d1 excitation with a pulse width
of 5 s. Chemical shifts were referred to tetrakis trimethylsilylsilane as an external standard.

2.3.4. Ion contents in cement pore solution
To determine the ion contents of the cement pore solution, the cement slurry was first placed in the
UCA and allowed to hydrate at 27 °C under pressure (atm., 35 and 210 bar). The sample was then
removed from the autoclave after various set times (2, 4 and 6 hours) and the pore solution was
collected using a filter press. Filtration was performed utilizing Acrodisc® 32 mm syringe filters with
1.2 µm supor membrane (Pall Corporation, Newquay, Cornwall, UK). The filtrate was then diluted
and acidified with 0.1 mol/L HCl in order to prevent the formation of CaCO3 precipitate.



The concentrations of cations present in the pore solutions were determined by atomic absorption
spectroscopy (AAS) using a Model 1110 B atomic absorption spectrometer (Perkin Elmer, Waltham,
MA/USA).

3. Results and Discussion
3.1. Influence of pressure and temperature on compressive strength
To determine the influence of both temperature and pressure on the compressive strength development,
the cement slurries were hydrated in the UCA at varying pressures and temperatures. To reach the
desired temperature, a linear ramp of 45 min was run, while the final pressure was applied
immediately. The times it took for the cement to reach 50 and 500 psi respectively are shown in
Figure 1. The time until 50 psi are reached is considered the initial set time while 500 psi represent
the wait on cement time (WOC), this is the time required until the cement is generally considered hard
enough to continue drilling.

Apparently an increase in temperature strongly accelerates the development of compressive strength,
while the influence of pressure is significantly less. For example, a cement sample hydrated at 27 °C /
5 bar reaches a compressive strength of 50 psi after 7.5 hours, whereas a cement sample hydrated at
120 °C / 5 bar reaches the 50 psi already after 1.5 hours. Furthermore, a cement sample cured at 27 °C
/ 280 bar develops 50 psi after 5 hours. The same trend is observable for the 500 psi target strength.
The influence of pressure is most strong at low temperatures (27 – 50 °C) while above 80 °C no
impact of pressure on the hydration was observed.

Figure 1 Time required for the API Class G cement slurry (w/c = 0.44) to reach a compressive strength of 50 psi
(left) and 500 psi (right) as a function of the pressure applied

3.2. Influence on cement hydrates
The progress of cement hydration was followed via XRD of the cement slurries hydrated 24 h or 72 h.
To check the influence of temperature, the XRD patterns of the Class G cement sample hydrated for
24 h at temperatures ranging from 27 to 120 °C and 5 bar pressure are shown in Figure 2.
Furthermore, to evaluate the influence of pressure, samples were hydrated at 27 °C and pressures
ranging from 5 to 550 bars were looked at (Figure 3). With increasing temperature, the intensity of the
portlandite peak (18° 2Θ) increased while those of the alite and belite peaks decreased. The peaks
signifying brownmillerite and free lime remained unchanged, regardless of temperature. At hydration
temperature of 27 and 50 °C a strong ettringite peak is visible. This peak had disappeared after curing
at 80 °C or above. Instead, katoite could be observed. This observation suggests that ettringite
becomes unstable at temperatures ≥ 80 °C, and instead sulfate-free aluminate hydrate is formed. After
72 h of curing, a further increase in the intensity of the portlandite peak was noticed along with a



corresponding decrease of the alite and belite reflections. The results indicate that temperature can
significantly accelerate the formation of cement hydrate phases.

5 10 15 20 25 30 35 40 45 50 55 60

P

P

L

R
el

at
iv

e 
In

te
ns

ity

° 2

Hydration period: 24 h
 120 °C, 5 bar
 100 °C, 5 bar
   80 °C, 5 bar
   50 °C, 5 bar
   27 °C, 5 bar

A/L

A FAEEE AB
B

B

B

A
P

P
P

PP

P
FF

F

KK

L/K

LK A
FK AB B

B
A

P
P

P
P

FF
F

A = Alite

B = Belite

E = Ettringite

F = Brownmillerite

L = Free CaO

K = Katoite

P = Portlandite

Figure 2 Phase composition of API Class G cement samples (w/c = 0.44) cured for 24 h at 27 °C – 120 °C and
5 bar pressure
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Figure 3 Phase composition of API Class G cement samples (w/c = 0.44) hydrated for 24 h at 27 °C and
5 - 550 bar pressure



In Figure 3, the XRD patterns of the Class G cement samples hydrated for 24 h at 27 °C and
increasing pressures (5 – 550 bar) are presented. From the pressure, no influence became apparent in
the XRD patterns. The intensity of individual peaks, e.g. from ettringite, did not change, nor did the
intensity ratio of portlandite to alite and belite peaks. The same observation was made for the samples
hydrated for 72 h and at different temperatures. It can be concluded that the influence of pressure on
cement hydration is too small to show in the XRD patterns.
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Figure 4 29Si MAS NMR spectra of API Class G cement samples (w/c = 0.44) hydrated for 24 h at 550 bar
pressure and 27 - 120 °C

Another analytical method which allows tracking the progress of cement hydration is solid state NMR
spectroscopy based on the resonance of the 29Si nucleus. Figure 4 displays the 29Si MAS NMR spectra
of API Class G cement samples cured for 24 h at 550 bar pressure. In the spectra, Q0 indicates a
monosilicate, Q1 a dimer and Q2 represents a chain segment. It can be observed that as hydration
progresses, the ratio of Q2/Q0 increases, signifying condensation of the monosilicates C3S/C2S to
polysilicates present in C-S-H. To evaluate all data, the areas corresponding to the Q0, Q1 and Q2

signals were calculated from the spectra of the different cement samples hydrated for 24 h at 27 –
120 °C and 5 – 550 bar. The results are shown in Table 2. With increasing temperature, the ratio of
Q2/Q0 increases from ~ 0.2 at 27 °C to ~ 1 at 120 °C, indicating that hydration proceeded much more
swiftly at higher temperatures. A similar effect could not be observed for pressure. There, the
differences observed between the individual conditions were within the margin of error for such
measurements.

Additionally, the samples cured for 72 h were investigated as well via 29Si MAS (values not shown
here). There it was found that with increasing hydration time, the Q2/Q0 ratio increases, as was
expected. At higher temperatures, the area assigned to Q0 did not change between 24 h and 72, but the
area of Q2 increased while that of Q1 decreased. For example, at 120 °C and 72 h curing while the
amount of monosilicates (Q0) remained constant, the area from Q1 was halved while that of Q2 had
doubled, indicating that longer silicate chains had formed from shorter chains. At 50 °C, the amount of
monosilicates (Q0) present after 72 h had decreased compared to 24 h, while the concentration of
polysilicates (Q2) had increased, thus indicating advanced hydration due to the formation of longer
chains from the monosilicates. The concentration of dimer (Q1) had remained constant at 24 h and
72 h curing.



Table 2: Areas (in percent) assigned to Q0, Q1 und Q2 signals in the 29Si NMR spectra of API Class G cement
hydrated for 24 h at 27 – 120 °C and 5 – 550 bar pressure
Temperature /

Pressure
Q0Area Q1Area Q2Area

27 °C / 550 bar 53 % 38 % 9 %

50 °C / 5 bar 50 % 37 % 13 %
50 °C / 210 bar 49 % 38 % 13 %
50 °C / 550 bar 46 % 42 % 12 %

80 °C / 5 bar 26 % 43 % 31 %
80 °C / 210 bar 29 % 44 % 27 %
80 °C / 550 bar 22 % 50 % 28 %

100 °C / 35 bar 24 % 50 % 26 %
100 °C / 550 bar 22 % 51 % 27 %

120 °C / 35 bar 26 % 45 % 29 %
120 °C / 550 bar 24 % 52 % 24 %

Figure 5 SEM images of API Class G cement, samples hydrated for 24 h at 80 °C / 210 bar
(Magnification: a, b, c 10,000x; d 5,000x)



Next, the hydrated cement samples were studied using SEM imaging. The purpose was to determine
whether elevated temperatures or pressures will lead to changes in the microstructure. The
composition of the minerals observed was determined utilizing EDX. The images obtained from the
API Class G cement samples hydrated for 24 hours at 80 °C and 210 bar are shown in Figure 5.

The images clearly revealed the presence of large micrometer sized portlandite crystals as well as the
tiny needles of C-S-H. The main difference to the samples hydrated below 80 °C was that there,
ettringite crystals could be observed. While on the specimens hydrated at 80 °C and above, ettringite
was no longer detectable, even after only 24 h of curing. Apart from this, no other significant changes
resulting from elevated pressure or temperature were observed.

3.3. Influence on pumpability time
The maximum pumpability time, designated in oilfield terminology as “thickening time”, is
represented by the time it takes for a cement slurry to reach a slurry consistency of 70 Bearden units of
consistency (Bc). Generally, when measuring the thickening time in the HTHP consistometer, the test
is stopped at a slurry consistency of 100 Bc. Figure 6 shows the time periods it took for the slurries to
reach 70 Bc or 100 Bc using linear temperature and pressure ramps, with a ramp-up time of 45 min.
Again, a strong effect of the pressure on the thickening time was observed. There, the time required to
reach 70 Bc decreased from ~ 6 hours to ~ 2 hours when the pressure increased from 140 bar to
1,100 bar. In comparison, the effect of a temperature increase from 27 °C to 50 °C at 140 bar on slurry
thickening time was less than that of the pressure increase. This observation confirms previous results
obtained in the compressive strength tests (Section 3.1.) that at low temperature, the impact of
increased pressure on the slurry properties is quite significant.

Figure 6 Thickening times of API Class G cement slurries stirred at 27 and 50 °C respectively as a function of
pressure

Figure 7 shows an XRD analysis of the slurry samples which had reached a consistency of 100 Bc.
There, the peaks of ettringite as well as that of portlandite are well visible. It is noteworthy and



surprising, that inspite of the large differences in thickening times (= hydration times) at different
pressures (397 minutes at 140 bar and 126 min at 1100 bar), the XRD patterns do not indicate any
difference, confirming that all cement samples are at a similar hydration stage.
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Figure 7 XRD patterns of cement slurries hydrated in the HTHP consistometer at 27 °C and different pressures

until a consistency of 100 Bc was reached

3.4. Effect on individual clinker phases
Hydration of the pure clinker phases C3S, C3A and C4AF was studied to elucidate whether their
reaction with water was affected by pressure.

At first, the behavior of C3S was investigated. Figure 8 displays the XRD patterns of fresh, non-
hydrated C3S in comparison to that of C3S hydrated for 24 h under 5 or 550 bar pressure. At both
pressures, significant hydration has occurred as is evidenced by the intense peaks for portlandite and
the decreased reflections assigned to alite. Also, the intensity of the portlandite peaks is higher at
550 bar than after curing at 5 bar, thus indicating increased hydration at elevated pressure.
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Figure 8 XRD patterns of pure C3S hydrated for 24 h at 50 °C and 5 or 550 bar pressure
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Figure 9 XRD patterns of pure C3A hydrated for 24 h at 50 °C and 5 or 550 bar pressure

Next, the influence of pressure on the hydration of cubic C3A mixed with gypsum was studied.
According to Figure 9, mainly ettringite, katoite (C3AH6) and C4AH13 can be observed after 24 h of
hydration at 50 °C and 5 or 550 bar pressure. Interestingly, the sample hydrated at 550 bar pressure
showed a much higher ratio of ettringite to katoite, compared to that hydrated at 5 bar pressure. This
indicates that under elevated pressure, the formation of ettringite becomes more preferred.
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Figure 10 Hydration of C4AF at 50 °C and 5 and 550 bar pressure after 24 h

For C4AF mixed with gypsum, it was surprisingly found that already at 5 bar pressure only, the sample
had hydrated completely to ettringite when cured for 24 h at 50 °C. This result was unexpected
because under normal pressure, C4AF is known to present the least reactive of all clinker phases
(Taylor H. F. W., 1997). While under pressure, C4AF appears to hydrate even faster than C3S (see
Figure 8). Furthermore, unlike for pure C3S and C3A, no differences could be observed between the
sample hydrated at 5 bar and 550 bar, as is evident from Figure 10. This suggests that only minor
pressure can strongly accelerate the hydration of C4AF with gypsum.

As the C4AF samples had already completely reacted to ettringite, the tests were then carried out at
27 °C and 5 or 550 bar pressure. Surprisingly, as is evident from Figure 11, very little brownmillerite
was left after this exposure, indicating that it had almost completely reacted within 24 h despite of the
low temperature of 27 °C. The sample cured at 550 bar exhibited a much higher ratio of ettringite to
gypsum than the sample cured at 5 bar, thus confirming that the reaction to ettringite has been
considerably accelerated by the high curing pressure.
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Figure 11 Hydration of C4AF at 27 °C and 5 and 550 bar pressure after 24 h

For C3A, a similar accelerating effect for pressure was found at 27 °C (Figure 12). Both samples, the
one hydrated at 5 bar as well as the sample hydrated at 550 bar still showed a significant presence of
C3A. However, the sample cured at 550 bar showed a much higher ratio of ettringite to C3A, indicating
that the reaction had proceeded significantly faster than it had at 5 bar.
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3.5. Influence on cement pore solution

Table 3: Ion concentrations present in the pore solution, of API Class G cement collected after 0 - 6 h hydration
at 27 °C and 1 - 210 bar pressure

Pressure / Hydration
duration

Ca2+
[mg/L]

K+

[mg/L]
Na+

[mg/L]
Al3+

[mg/L]
pH
value

1 bar, 0 h 436 6,780 442 2.0 13.6

1 bar, 2 h 398 6,780 440 5.0 13.9
1 bar, 4 h 456 6,800 492 3.6 13.8
1 bar, 6 h 464 6,720 518 4.4 13.7

35 bar, 2 h 470 6,820 440 10.2 -
35 bar, 4 h 452 6,800 470 9.4 -
35 bar, 6 h 532 6,920 536 8.2 -

210 bar, 2 h 468 6,900 470 8.4 13.8
210 bar, 4 h 496 6,720 508 13.4 13.8
210 bar, 6 h 512 6,520 572 12.6 13.7

To understand the increase in compressive strength development (Figure 1) and the decrease in
thickening times (Figure 6) resulting from pressure when at the same time no significant changes in
the in the hydration phases obtained after 24 h (Figure 3) were observed, the composition of the
cement pore solution as well as the pH was studied at pressures ranging from 1 – 210 bar and exposure
times of 0 – 6 h.

The results are shown in Table 3. There, the 0 h probe denotes the measurement made immediately
after mixing. The concentration of Ca2+ showed a gradual increase (~ 10 %) with increasing exposure
time at all pressures. A similar, yet stronger trend was observed for the concentration of Na+ which
increased by ~ 20 %. No significant effect due to the curing pressure could be observed. Conversely,
the concentration of potassium remained constant, independent of the pressure applied and the
hydration period. Most remarkable was that the concentration of aluminum ions present in the pore
solution showed a strong dependence on pressure. It roughly tripled when the pressure was increased
from 1 bar to 210 bar. This would explain the decrease observed for the thickening times, because an
increase of the Al3+ concentration would lead to increased ettringite formation and thus an earlier
setting of the cement. Presumably, this increase is owed to a higher solubility of the aluminate phases,
and especially C4AF, at elevated pressures. Additionally, no influence of pressure on the pH value of
pore solution could be determined.

4. Conclusions
In this study, the influence of pressure and temperature on the hydration of an API Class G oil well
cement sample was investigated. The cement was hydrated under various temperatures (27 – 120 °C)
and pressures (1 – 550 bar) for 24 and 72 h, and the progression of cement hydration was tracked via
ultrasonic measurements, XRD, 29Si MAS NMR spectroscopy and ESEM imaging. Strong dependence
of cement hydration on temperature and pressure was found. The influence of pressure was found to
be most pronounced at lower temperatures (27 ° and 50 °C). Tests performed with pure clinker phases
revealed that, most surprisingly, pressure especially accelerates the hydration of C4AF with gypsum.
There, even 5 bar pressure only causes a strong effect. Thus, under pressure, C4AF becomes as
reactive as C3A.

The reason for this effect was found through analysis of the cement pore solution composition.
Apparently, pressure strongly increases the concentration of Al3+ present in the pore solution while the
contents of Ca2+, Na+ and K+ remained fairly constant. Apparently, pressure greatly activates the



hydration of C4AF which under ambient conditions represents the by far least reactive of all clinker
phases present in cement.

In future research, it would be of interest to extend the study to even higher pressures (550 – 1700 bar)
which routinely occur on actual wells. Furthermore, the influence of pressure on the hydration of
cement in the presence of retarders would be of interest, as they are commonly used at higher
temperatures. Analysis of the composition of the pore solution collected from slurries exposed to those
conditions could lead to further insight into cement hydration at elevated pressures. Furthermore, the
concentrations of other ions including SO42-, Si4+ and Fe3+ should be tracked as a function of
temperature and pressure. Such investigations could provide a better understanding of the pressure-
dependent solubility of inorganic salts which hitherto is only poorly understood.
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Abstract
This paper presents results from the analysis of the first 48 hours of the hydration of three high-volume blended
BFS-PC systems. This work has been carried out on the I11 beamline of the Diamond Light Source, UK, and is
a novel experiment paving the way for a long duration study at the same facility. The application of the ‘partial
or no known crystal structure’ (PONKCS) methodology to a reacting cementitious system with a dominant
amorphous content in the cementitious constituent is demonstrated, enabling accurate phase quantification with
no internal reference standard. We describe the data acquisition methodology, and the refinement technique
developed with a view towards producing quantitative information regarding the phase composition of the
material as a function of time during the early stages of reaction. The formation of common crystalline hydrate
phases such as portlandite and ettringite is observed, along with the generation of amorphous hydrate
components within the system. The consumption of clinker and slag phases, and the reaction of gypsum and
anhydrite present within the cement powder, are monitored with unparalleled temporal and angular resolution.

Originality
The authors believe this is the first fully in-situ x-ray diffractive study of the hydration of cements with a high
degree of substitution of blast-furnace slag. The time and scan resolution of the instrument allow the initial
reaction occurring at very early age to be resolved for the first time. We show the first application of the partial
or no known crystal structure method to a reacting system. This work has also formed a part of the very first
long duration experiment carried out on the newly commissioned instruments at the I11 beamline of the
Diamond Light Source. This experiment plans to study the hydration of these cementitious binders over a time
period of approximately 2 years. It is hoped that the results of this work lead to new and critical knowledge in
these materials which are highly important for applications in both structural and nuclear engineering.
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1. Introduction
Blended cementitious systems are materials in which a high proportion of the hydraulic Portland
cement has been replaced with a supplementary product such as blast furnace slag (BFS) or fly ash
(FA). These cements are becoming more frequently used as the Portland cement industry seeks to
reduce its environmental impact, along with the development materials that can provide advantageous
mechanical and durability properties for industrial processes and structural applications. One such
process is the encapsulation of low and intermediate level nuclear wastes, where BFS is blended with
ordinary Portland cement (OPC) in high volume fractions. The resulting grout has a low heat of
hydration, may be handled remotely, and has a high internal pH, which renders many radionuclides
less soluble (Ojovan and Lee, 2013) These materials are also standardised as CEM III class cements,
which may be used in aggressive (sulphate and chloride rich) environments or for aesthetic purposes.

The hydration reaction of a Portland cement system governs the chemical and structural evolution of
the binder matrix. Hence, this process is responsible for characteristics such as the pore structure,
transport properties, and strength evolution of the grout. These properties are important for the
durability and suitability of the material, and so it is crucial to form a thorough understanding of this
process to predict and verify the adequacy of these materials in the applications for which they are
designed and specified. Highly substituted slag-Portland cement systems have previously been studied
by a number of authors, at early age (Wu et al., 1983), advanced ages (Taylor et al., 2010), and under
various conditions of hydration (Escalante-Garcıá and Sharp, 2001), but not in situ with a high time
resolution.

A very common technique used to monitor the heat output of the hydration reaction as a function of
time is isothermal conduction calorimetry (Bensted, 1987, Pane and Hansen, 2005). However, it
remains difficult to isolate contributions from individual reaction processes in this signal, or to
produce quantitative information regarding the mechanics of phase formation, without complementary
information obtained from other time-resolved techniques which are sensitive to mineralogy.

1.1 X-ray Powder Diffraction
A key technique commonly applied for the investigation of phase formation and mineralogy in
cements is X-ray powder diffraction (XRPD). Rietveld full-profile refinement analysis may be used to
obtain information about phases and structures present within the material (Rietveld, 1969);
instrument and material parameters are iteratively adjusted (within reasonable limits) until the
simulated profile represents a good match to that produced from the instrument. This technique can be
used to determine, from initial or published values, information such as the crystalline lattice
parameters, crystallite sizes, material strains, and the fraction of each phase present within a complex
bulk composition.

Typical laboratory XRPD instruments are able to generate scans of sufficient quality for quantitative
refinement within a matter of hours. The crystalline composition of a cement system which has
reached a steady state is thus readily analysed in this manner. In such cases, the rate of change of
composition of the material is insignificant in comparison to the acquisition time. However, during the
earliest moments of hydration, it remains impossible to achieve the temporal resolution necessary to
see the complex changes taking place. In order to overcome this problem, an instrument with a time-
resolved high flux and high sensitivity capability must be used; this can be achieved using a high-
brightness synchrotron XRPD beamline, as has been successfully used in previous studies of hydrating
cementitious systems (Snellings et al., 2010, Merlini et al., 2007). This study is presented in the
context of the I11 instrument at the Diamond Light Source (Figure 1). This instrument allows for
significant improvements in both the scan resolution and time resolution. Technical descriptions of the
beamline may be found in Tang (2011) and Thompson (2009).



Figure 1 The I11 diffractometer at the I11 beamline of the Diamond Light Source, United Kingdom.
The instrument consists of a series of high-resolution (MAC) detectors arranged around the 2θ circle

(top centre) and high speed (PSD) detectors mounted on the δ circle (bottom centre).

The highly crystalline nature of anhydrous Portland cements (Jansen et al., 2011) make them a suitable
candidate for study using this technique (Le Saoût et al., 2011). However, matters are complicated by
high volumes of glassy amorphous component found in supplementary cementitious materials such as
BFS. This results in a characteristic “hump” in a diffraction pattern, where diffuse scattering of X-rays
from this glassy content occurs. It remains challenging (though by no means impossible) to quantify
such phases. Often, an internal or external reference standard will be used. This enables for the volume
of amorphous content to be resolved. However, a distinction between amorphous phases cannot be
easily made from such data, and so it is very difficult to distinguish poorly crystalline precursors from
disordered reaction products such as calcium silicate hydrates (C-S-H). Additionally, the addition of a
finely-divided powder as internal standard can either lead to chemical reaction with the hydrating
Portland cement if the spike is chosen inappropriately, or seeding effects which alter the rate of
reaction even if an inert additive is used (Hajimohammadi et al., 2011, Lee and Kurtis, 2010). Another
option is to adopt the “partial or no known crystal structure” (PONKCS) refinement approach (Scarlett
and Madsen, 2006), based on a limited number of assumptions about the rates of reaction of clinker
phases which are effectively treated as internal standards. This is the methodology opted for in the
presented study.

1.2 The PONKCS Technique
In a traditional Rietveld refinement, the weight percentage of a phase may be determined as a
function of its Rietveld scale factor , the ZMV calibration constant for the given phase ,
and the scale factor and ZMV calibration constants for all other phases, as described by (Hill and
Howard, 1987). The ZMV constant is determined as a function of the formula units in a unit cell, the
molecular mass of the formula unit, and the unit cell volume. The weight percentage of a phase is
consequently determined from Equation 1. However, in materials where the structure of a given phase
is unknown, by definition the ZMV constant for that phase is also unknown. In these cases, it remains
impossible to determine the quantitative weight percentage using conventional Rietveld techniques.



(1)

Using the PONKCS approach, it becomes possible to empirically calibrate the ZMV constant for a
given material and XRPD instrument. This is carried out through the analysis of a “pure phase”
specimen (from which a Pawley/Le Bail hkl or peaks phase structural approximation may be
produced), and a synthetic mixture in which the weight percent of specimen material is known.
Equation 2, for which a detailed derivation is given in (Scarlett and Madsen, 2006), is then applied in
order to determine the ZMV constant. Here, is the weight percent of the unknown material, is
the weight percent of the standard material with which it is mixed, is the Rietveld scale factor
applied to the standard material, and is the same factor refined to the unknown material. is
refined from the structural parameters of the standard material.

(2)

In this paper, we show initial results from our analyses of three highly substituted BFS-OPC systems.
Here, our amorphous slag content is described by a Pawley hkl phase, which is fitted to the precursor
material and scaled as the slag reacts. The growth of early hydrate and loss of clinker phases is shown,
as is the application of the PONKCS technique in the analysis of the blast furnace slag content during
this time.

2. Experimental
2.1 Sample Preparation & Experimental Configuration
Experiments were carried out on the high brightness beamline (I11) pictured in Figure 1. The
instrument is equipped with a multi-analyser crystal (MAC) detector for high resolution scans, and an
array of Mythen position sensitive detectors (PSD) with a 90° aperture for very rapid acquisition
(subseconds/pattern) (Thompson, et. al., 2011). The diffractometer is configured in a Debye-Scherrer
transmission geometry. A monochromatic beam with a wavelength of 0.82570(1) Å was used for the
experiment.

Precursor materials consisted of Hanson Ribblesdale Works CEM I 52.5N (PC), and Hanson REGEN
Ground Granulated Blast Furnace Slag (BFS). Materials were provided by Hanson Heidelberg Cement
Group and the UK National Nuclear Laboratory. Oxide compositions for these materials as determined
by X-ray fluorescence are given in Table 1. Anhydrous powders were placed directly into a 0.7 mm
capillary and scanned for approximately 30 minutes using the MAC detector to acquire a high-
resolution baseline suitable for further analyses.

Table 1 Oxide compositions as determined by X-ray
fluorescence for precursor materials. wt %

Oxide PC BFS

MgO 2.1 8.4

Al2O3 4.6 12.2

SiO2 20.0 36.6

SO3 3.2 *

CaO 65.4 39.7



Fe2O3 3.1 0.4

Other/Minor 1.6 2.7

* not analysed

Samples of the same precursors were blended in ratios of 1:1, 3:1, and 9:1 parts BFS to PC, at a
water/binder ratio of 0.5, which provided sufficient fluidity for the paste to be transferred into a
Kapton tube. The filled Kapton tube was placed within a 0.7 mm glass capillary. Once secured in a
brass sample holder, capillaries were transferred immediately into the experimental hutch. They were
then scanned repeatedly using the PSD detector, which gives sufficient temporal resolution to observe
the reaction unfold. Each complete PSD scan took approximately 15 seconds. The PSD was positioned
to cover an angular range between 2º and 92º 2θ, with a step size of 0.004º 2θ. Samples remained in
the experimental hutch for 48 hours, being periodically scanned in this manner for the duration of the
experiment..

Isothermal conduction calorimetry was carried out alongside the diffraction study. For this, a TA
Instruments Tam Air micro-calorimeter was used. The instrument was held at 25ºC, matching the
temperature of the hutch at the synchrotron. Samples were prepared in the same proportions detailed
above, and were externally mixed then placed into HDPE ampoules before being transferred
immediately into the calorimeter. Data were recorded for 48 hours, matching the time-scale used in the
synchrotron experiment.

2.2 Refinement & Data Analysis
The XRPD data were analysed using Bruker AXS Topas 4.2 software (Bruker AXS, 2009), which
allows for automated refinement in a batch manner and built-in application of the PONKCS technique.
Crystal structure information used for refinement of each phase is taken from the common cement
phases listed in (Aranda et al., 2012). Prior to refinement, systematic peak identification was carried
out from selected scans. Phases identified via this process are listed in Table 2.

Refinement control files for each cement blend were generated systematically, with the results from
the previous scan determining the initial values and constraints applied to the next. After refinement of

Table 2 Sources of structural information for phases present in clinker, additional cement phases, and hydrate
products, after (De la Torre et al., 2012).

Phase Notation / System ICSD Code Reference

C3S (alite) Monoclinic/M3 94742 (De La Torre et al., 2002)

Monoclinic/M1 162744 (De la Torre et al., 2008)

Triclinic/T3 4331 (Golovastikov, 1975)

C2S (belite) Monoclinic/β 81096 (Mumme et al., 1995)

Orthorhombic/α 81097 (Mumme et al., 1995)

C3A Cubic 1841 (Mondal and Jeffery, 1975)

C4AF Orthorhombic 9197 (Colville and Geller, 1971)

Gypsum Monoclinic 151692 (De la Torre et al., 2004)

Anhydrite-II Orthorhombic 16382 (Kirfel and Will, 1980)

Calcite Rhombohedral 80869 (Maslen et al., 1995)

Portlandite Rhombohedral 15471 (Petch, 1961)

Ettringite Rhombohedral 155395 (Goetz-Neunhoeffer and Neubauer, 2006)



the precursor scan, the lattice parameters and crystallite sizes of all phases present in the OPC are
fixed, and remain so for the entire analysis. The instrument background is determined using this scan,
and also remains fixed thereafter. Lattice parameters are constrained to within 2.5% of their published
value, and crystallite sizes are not allowed to exceed half the diameter of the 700 μm capillary.

The refined parameters are then applied to the scans of each reacting system. As the hydration of the
blended cements proceeds, lattice parameters are fixed, while the scale parameters for each phase are
allowed to refine within their constraints. This allows for a controlled adjustment of the weight
percentage of each phase, as given by Equation 1. For hydrated phases, the scale parameter in each
control file is constrained so that it must be equal to or greater than that determined in the previous
scan, which is considered realistic for these scans collected at early age before any consumption of
ettringite is likely. The inverse is applied to clinker and minor additional phases in the OPC, which are
specified to be consumed. The non-slag amorphous component (i.e. amorphous hydrate phase content)
is assumed to be zero at the first scan, and is determined thereafter by assuming that the reaction of the
β-C2S polymorph is negligible during the first 48 hours of the reaction [31]. Control files are verified
post-refinement to ensure none of the applied limits are reached, and that all generated phase
quantities are reasonable

2.3 Refinement of the Precursor Materials
Prior to refinement, results from the MAC detector are rebinned sampled from a step size of 0.002º 2θ
to 0.005º 2θ to improve counting statistics without compromising the angular resolution. The
diffraction pattern resulting from the scan of the PC powder is shown in Figure 2a, and shows the
presence of the expected clinker phases: C3S, C2S, C3A and C4AF, including multiple polymorphs of
each of the silicates, but no evidence of any deviations from cubic structure for the C3A identified.
Minor additional phases have also been observed; gypsum and anhydrite to prevent flash-set of the
cement, and calcite added as a grinding aid during clinkering. The calculated profile from the Rietveld
refinement is shown in Figure 2b, with Figure 2c showing the difference between this and the profile
observed. Table 3 gives the refined weight percentages of phases present within the system determined
by the Rietveld method.

Table 3 Calculated phase proportions of the PC by Rietveld Refinement.

Phase
Weight Percent by Rietveld

Method wt %

C3S 60.9

C2S 12.6

C3A 13.3

C4AF 5.0

Gypsum 1.4

Anhydrite-II 3.2

Calcite 3.7

The XRPD pattern of the BFS is shown in Figure 3a. A high degree of diffuse scattering is observed
from the glassy component in the BFS, with the main hump centred on approximately 17º 2θ. Some
minor crystalline reflections are also exhibited by the slag. These are neglected as they are un-
resolvable in scans obtained once the material has been blended.

For the purposes of this analysis, the amorphous component of the blast furnace slag is represented
using a Topas Pawley hkl phase. The sample background is manually stripped from the scan using a
Python script, assuming a linear approximation in the range 8º ≤ 2θ ≤ 80º. An arbitrary space group is
selected and lattice parameters are defined to allow for a number of peaks representing the amorphous



content. Allowances are also made for a high degree of line broadening, which is necessary for a good
fit to the featureless broad hump. The refined hkl phase resulting from the analysis may be observed in
Figure 3b, with the difference profile shown in Figure 3c.

Once the refinement has converged, the 2θ values and intensities of the hkl phase are fixed, alongside
the lattice parameters and effective crystallite size parameter. This refined hkl phase forms the
foundation of the PONKCS model used for further refinement of the system and determination of the
degree of reaction of the BFS.

Figure 2. The observed (a), calculated (b), and difference (c) profiles for the Hanson Ribblesdale
Works CEM I 52.5N PC between 3.5º 2θ and 55º 2θ



Figure 3. The observed (a), calculated (b), and difference (c) profiles for the Hanson Regen BFS,
between 5º 2θ and 55º 2θ. The calculated profile is determined through fitting to an hkl phase.



2.4 Calibration of the PONKCS Model
In order to carry out a quantitative analysis of the reaction of the blast furnace slag, it is necessary to
calibrate the hkl phase produced from the BFS in a mixture where the weight percentages of BFS and
a standard material are known ( and in Equation 2, respectively). This is carried out assuming
that in the first scan of the reacting material (acquired approximately 5 to 10 minutes post-mixing), all
phases except the BFS are fully crystalline. The value of is determined by refinement of the
precursor cement powder data. It is also assumed that that the degree of reaction of the slag is zero at
this time, and as a consequence, 50% of the scanned material is composed of slag.

The ZMV calibration value was set so that the refined weight percentage of amorphous BFS in the 1:1
BFS:PC system is precisely 50%. In order to verify this calibration value, it is applied identically to
the first scans of both of the other systems considered in this study. The refined weight percentages of
slag in these systems are 75.74% (expected 75.00%), and 90.68% (expected 90.00%) for the 3:1 and
9:1 systems respectively. The verified calibration value is thus deemed to be acceptable.

3. Results
3.1 Application of the PONKCS Method to a Hydrating System
The slag model described above may be applied in a reacting system in a manner similar to any
crystalline phase. The structural parameters of the model remain fixed, while the scale factor is free to
decrease as necessary. Congruent dissolution of the BFS phase is assumed as the system reacts. The
model is re-applied to the first scan, allowing this time for the presence of early hydrate phases such as
ettringite and portlandite. The amount of amorphous hydrate component in this scan is assumed to be
zero. This component is determined in later scans by assuming that β-C2S polymorph does not react
during the timeframe of the analysis here (48 h), and so is effectively a spike phase.

Figure 4. Phase formation from synchrotron data (a) and isothermal calorimetry (b) for the first 48 hour reaction of the 1:1
BFS-OPC system.



Figure 5. Phase formation from synchrotron data (a) and isothermal calorimetry (b) for the first 48 hour reaction of the 3:1
BFS-OPC system.

Figure 6. Phase formation from synchrotron data (a) and isothermal calorimetry (b) for the first 48 hour reaction of the 9:1
BFS-OPC system.



The resulting weight percentages of each component phase across the time of analysis are shown in
Figures 4a, 5a, and 6a for each system. Calorimetry data are also shown for the first 48 hours of
reaction of each system, in the Figures 4b, 5b and 6b. Selected scans are analysed to provide data at 0,
6, 12, 24, and 48 hours.

3.3 The Reaction of Clinker, Slag, and Minor Additional Phases
In each system, the initial reaction progress measured by the synchrotron XRD analysis occurs in good
agreement with the thermal output. For each system, the first peak in the calorimetry after the dormant
period is associated with the initial reaction of alite to form calcium silicate hydrate, which appears as
amorphous content in the refinement, and portlandite, a crystalline phase. The portlandite content is
less well defined in the 9:1 system, where a high level of replacement seems to have retarded this
effect.

The second peak represents the beginning of the slag reaction. Here, sufficient amounts of Ca(OH)2
have been liberated by the reaction of the OPC to activate the slag (Gruyaert et al., 2010). Calcium
silicate hydrate is formed at the same stage in the reaction. This is most clear in the 3:1 system, where
a notable drop in amorphous slag content occurs precisely at this point. Refinement of intermediate
scans may be necessary to resolve this effect in the 1:1 system. In the 9:1 system, the volume of
replacement is so high that the reaction of slag appears to be minimal within the time frame studied.
The degree of reaction of slag appears to be in approximate agreement with the expected
stoichiometry of the system (Richardson et al., 2002).

The reaction of β-C2S is not observed, as this phase is fixed in the analysis so that the amorphous
content may be resolved. The α-C2S phase shows a negligible extent of reaction in all three systems
across the first 48 hours of hydration, which indicates that the assumption of constant -C2S content is
likely to be valid. Similarly, minimal reaction of the calcite phase is observed. The formation of
ettringite is almost immediate upon contact of the cement with the water, consistent with previously
published in situ synchrotron X-ray diffractometry analysis of PC hydration (Schlegel et al., 2012).
This happens during the induction period shown on the calorimetry data. The volume of ettringite
formation agrees well with the reaction of other phases, particularly the consumption of the C3A from
the clinker.

4. Conclusions and Closing Remarks
We have demonstrated the successful development and application of a methodology for the analysis
of reacting cementitious systems containing a high initial content of amorphous anhydrous precursor
(blast furnace slag) using the synchrotron XRPD instrument (I11). This technique shows excellent
promise for use on other cementitious systems for time resolved studies. Moreover, the PONKCS
technique has been applied to quantify the reaction of the amorphous blast furnace slag phase in the
material. The reaction of clinker phases across the first 48 hours of the hydration reaction has also
been successfully shown in the analysis.
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Abstract

A recently-developed technique for studying time-dependent properties of cement-based materials is
presented. It is based on the replacement of a certain volume of cement/binder grains that would remain
unhydrated at a specific early-age hydration stage with an equal volume of inert rigid inclusions. The
result is the creation of an “equivalent system” with microstructure mimicking the one achieved at that
pre-defined early-age hydration stage by the original cementitious system (“real system”). Such
equivalent system is at equilibrium: it does not change over time. This approach allows studying critical,
time-dependent properties such as transport properties, volume changes and creep on unchanging
systems, decoupling these processes from otherwise ongoing hydration.
In this study, the validity of this technique is investigated and applied to three mortar systems: an OPC
system and two blended systems with slag and fly ash, respectively. Compressive strength and elastic
moduli results show satisfactory equivalence between the real and equivalent systems. Further,
microstructural characterization by means of mercury intrusion porosimetry (MIP) shows comparable
results in terms of total porosity.

Originality
In this paper a recently-developed technique based on the replacement of cement/binder grains with
inert grains is employed to arrest hydration and obtain a representative early-age microstructure at
defined hydration stages, while at the same time achieving an unchanging system.
This approach is based on the replacement of cement grains (or binder in case of blended systems)
present in the matrix as unhydrated at defined hydration stages with inert rigid inclusions such as
quartz to create “equivalent systems”. Ideally, an equivalent system mimicks a predefined early-age
hydration stage development of the system to be reproduced and it is built from the knowledge of the
degree of hydration at a specified age of the real system.

Such method enables studying hydration-dependent processes in cementitious materials without
stopping the reaction by methods that may alter their investigation and, more importantly, without
drying the sample. The latter is a necessary condition to study, for example, transport properties and
volume changes (shrinkage and creep).
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1. Introduction
A fundamental understanding of the development of the microstructure during cement
hydration and, in turn, how early-age properties are affected over time is of paramount
importance to study and predict concrete behavior and performance.
However, the characterization of early-age cement-based materials properties, such as degree
of hydration or more in general microstructural ones, often involves arresting the cement
hydration. An ideal method to stop the hydration reaction should preserve the microstructure
as well as the chemical and physical properties at a given degree of hydration, thereby
enabling for true measurements.

Several techniques are commonly used to stop the ongoing hydration in cement-based
materials such as oven-drying, D-drying, freeze-drying, solvent exchange and supercritical
drying. However, all the above mentioned methods may damage the microstructure to a certain
extent and can therefore affect the results (Gallè 2001; Korpa and Trettin, 2006; Zhang and
Scherer, 2011). In addition, since stopping hydration in all methods virtually requires
removing of water, the possibility to carry out time-dependent investigations of moisture
transport are not possible. Any reintroduction of water would in fact promote the reaction of
the unreacted binder and eventually influence the microstructure.

In this paper a recently-developed technique based on the replacement of unhydrated
cement/binder grains is employed to arrest hydration. In this way, a representative early-age
microstructure at defined, non-changing hydration stage is obtained. This method could
potentially enable the study of the cement microstructure at early-age without influencing the
equivalent volume fractions of the hydrated cement paste. In opposition to the common
methods employed to stop the hydration, in this approach it is not necessary to remove the
capillary water from the sample. This new approach represents a powerful technique for
studying hydration-dependent properties such as transport along with time-dependent
properties such as early-age shrinkage and creep, in which it is difficult to decouple the effects
of hydration.

The aim of this paper is to validate such approach comparing mechanical properties and
microstructural features between the real systems and the equivalent systems (i.e. systems in
which part of the binder is replaced by quartz). Three different mortar mixtures are
investigated: one OPC system and two OPC systems blended with 45% of slag and fly ash,
respectively. The results are compared with the respective equivalent mortars.

2. Description of the new technique
The microstructures of the equivalent systems should not alter over time due to cement
hydration once all the binder has reacted. This is assumed to occur after at least 3 months of
curing in moist conditions. This approach is based on the replacement, at the mixing stage, of
otherwise unhydrated cement (or binder in case of blended systems) grains with inert rigid
inclusions such as quartz at defined hydration stages. With such substitution, an equivalent
system is created with similar microstructure (at fully hydration) as achieved at a given
hydration age by the system with no substitution.
Ideally, an equivalent system thus reproduces a predefined early-age hydration stage
development of the system to be reproduced. Based on the knowledge of the volume fraction
of unreacted binder at a given hydration stage, a new mixture is formulated where the binder is
replaced by inert quartz at the same ratio by volume.

The concept is visualized with volumetric phases of cement paste at given hydration stages
(degree of hydration, DoH) in Figure 1. At the beginning, DoH=0, only unhydrated cement
and mixing water are present in the system. Let us assume now to stop the hydration reaction
at a given hydration stage corresponding to DOH=0.5. At this stage, there is still a fraction of
unhydrated cement in the system. Replacement at the mixing stage of this fraction with an
inert material such as quartz filler with similar particle size distribution would allow producing



an equivalent system at that given hydration stage (same volume fraction), but more
importantly would also allow for “freezing” the microstructure, since no additional cement is
available for the reaction.

Figure 1. Representation of the phases’ volumetric change as a function of binder hydration. The
unreacted binder is substituted by an equal volume of quartz.

Figure 2a shows a scanning electron microscopy (SEM) backscattered image of the real OPC
paste after 7 days of hydration. The brightest phases correspond to the unreacted cement grains
(a few of them are indicated by red arrows). In Figure 2b, the equivalent microstructure
obtained by substituting a portion of the cement with quartz grains is shown. It should be noted
that the equivalent microstructure reproduces the 7 days hydration but in reality it underwent a
minimal curing time of three months. In Figure 2b, the quartz has a much lower density
compared to the unreacted cement, making more difficult the recognition. While the arrows
indicate the quartz grains, in this case the brightest phases correspond to portlandite and
possibly to some residual unreacted cement. Based on these images it would be possible to
calculate the amount of unreacted cement and the corresponding quartz in the equivalent
systems as well as calcium hydroxide and porosity.

Figure 2. SEM backscattered image a) OPC paste sample after 7 days of hydration (the red
arrows indicate unhydrated cement grains) and b) the equivalent system (the green arrows

indicate quartz grains)

In this study, this approach is employed on three real mortar and paste mixtures with and
without supplementary cementitious materials (SCM): OPC, OPC + 45% Slag and OPC + 45%
Fly ash. The replacement of cement with the slag and fly ash is made by volume. The three
real systems were formulated in order to maintain the same water-to-cement ratios and paste-
to-aggregate ratios by volume. For each real mixture, five different hydration stages were
investigated, corresponding to five different ages: 1, 3, 7, 28 and 91 days. The degree of



hydration was determined by X-ray diffraction (XRD) coupled with Rietveld analysis and
SEM backscattered image analysis coupled with chemical shrinkage measurements. More
details about the degree of hydration calculations of the three real systems can be found
elsewhere (Termkhajornkit et al. 2014 and Meulenyzer et al., 2013).

As observed earlier, the equivalent systems are assumed to reach the desired and final
hydration stage within the first 3 months of curing. It should be pointed out that the slag used
in the equivalent systems was ground with the intent to speed up its reaction and obtaining
“full” hydration within the first 3 months of curing. In addition, the fly ash portion (used in the
real system) was replaced by silica fume in the equivalent system. Again, this was mainly done
to speed up the pozzolanic reaction since it is known that fly ash reacts slowly. According to
previous studies, even the silica fume will not completely react (Poulsen, 2009). To take this
fact into account, the equivalent systems are designed assuming that only 70% of the silica
fume will react after 3 months.

3. Materials and mixture design
3.1. Materials

The cement used is an ordinary portland cement (OPC) CEM I 52.5 N with a density of 3.13
g/cm3. Quantitative XRD carried out on the OPC revealed the following mineralogical
composition (by mass): 61.2% C3S, 16.2% C2S, 6.6% C3A, 10.5% C4AF and 1.8% CaSO4. The
chemical composition of the OPC, slag, fly ash and silica fume are shown in Table 1.

Table 1. Chemical composition of the cement, slag, fly ash and silica fume.

CEM I 52.5 N Slag Fly ash Silica fume
SiO2 % 20.10 35.82 54.70 91.4
Al2O3 % 5.02 11.16 23.28 0.47
Fe2O3 % 3.14 0.27 3.82 0.28
CaO % 64.48 42.29 10.92 0.06
MgO % 0.99 8.31 1.08 0.05
K2O % 0.87 0.34 0.84 0.03
Na2O % 0.17 0.18 3.15 0.04
SO3 % 3.33 1.99 0.16 0.05
TiO2 % 0.23 0.47 0.67 0.05

Mn2O3 % * 0.22 0.06 *
P2O5 % 0.33 * 0.08 0.36
ZrO2 % * 0.02 0.05 0.68
SrO % * 0.03 0.10 0.02

*value below the detection limit

In the real mixtures, 45% (by volume) of cement was replaced by slag and fly ash, respectively.
Slag with density of 2.92 g/cm3 and fly ash type F with density 2.09 g/cm3 were employed as
cement replacement.
In the equivalent systems, different amount of binder is replaced by inert quartz according to
the volume of reacted binder in real systems. The inert quartz used as filler in place of
unhydrated cement grains is a Sibelco C400 with density of 2.65 g/cm3 and a particle size
distribution comparable to that of the cement.
To increase the reaction rate of the SCM in the blended systems, the slag was ground while the
fly ash was replaced by silica fume with a density 2.34 g/cm3. The sand used as aggregate is
Sibelco BE01 with density 2.65 g/cm3, medium grain size D50 equal to 312 m, maximum
aggregate size of 2 mm and absorption of 0.2%.



3.2.Mixtures design
Table 2 shows the mixture proportions used for the three real systems: the aggregate, the
binder and the water content are kept constant by volume. Note that the mass of cementitious
materials changes due to the different densities of the cement, slag and fly ash (hence the w/b
by mass).
For each of the three real systems, 5 equivalent mortar mixtures are obtained. Real and
equivalent portland cement and blended pastes were also prepared on the basis of the mortar
mixtures design but excluding the volume of sand.

Table 2. Mixture proportions of the three basic mortar systems
OPC OPC + 45% Slag OPC + 45% Fly ash

Mass (g) Volume (cm3) Mass
(g)

Volume
(cm3) Mass (g) Volume (cm3)

Sand 1000 377.4 1000 377.4 1000 377.4
Cement 450 143.8 248 79.1 248 79.1
Slag - - 189 64.7 - -

Fly ash - - - - 135 64.7
Total
Binder 450 143.8 436 143.8 383 143.8

Water 232 232.1 232 232.1 232 232.1
w/c 0.511 1.6 0.53 1.6 0.60 1.6

The mortars were mixed in a Hobart mixer in accordance with the standard NF EN 196-1.
Firstly the cement, SCM and quartz (the latter in the case of equivalent systems) are weighed
and carefully mixed by hand to homogenize the dry mixture. Then, the cementitious mixture
and the water are placed in the mixing bowl and mixed at low speed for 30 s. While mixing,
the sand is added within a time window of 30 s and additional 30 s mixing are allowed at
higher speed. After 90 s rest, the mortar is again mixed for a final 60 s at high speed.
The mortar was cast in prismatic molds being 40 mm square in cross-section and 160 mm long.
The mortar was placed in the mold in two layers, applying vibration at each layer using a
vibrating table. After casting, the specimens were covered with a plastic sheet and kept in an
environmental chamber for approximately 48 h at 20 °C and 100% RH.

The paste matrices were prepared from the same mix designs as for the mortars but excluding
the sand. The cementitious paste was mixed in a Waring laboratory blender mixer with a speed
of 3000 rpm. Firstly the cement, quartz and SCM were mixed dry by hand. Then the binder
was added to the water in the mixer bowl and mixed for 1 minute followed by 1 minute rest
and a final 1 minute of mixing.
Several samples were cast in cylindrical plastic containers with diameter 35 mm and 70 mm
long. After casting, they were continuously rotated to prevent segregation.
After demolding, both the mortar and paste samples were wrapped in wet towels and sealed in
plastic bags to avoid drying and prevent carbonation. Finally, they were stored in an
environmental chamber at 20 °C and 100% RH until testing.

4. Experimental procedure
4.1. Compressive strength

The compressive strength of the three real mixtures (OPC, OPC + 45% Slag and OPC + 45%
Fly ash) and the equivalent mixtures was measured in accordance with to EN 196-1. For each
mortar mixture the compressive strength of the real mortar is measured at 1, 3, 7, 28 and 91
days and compared with the strength of the equivalent systems gained after theoretical full
hydration at the respective equivalent age.
The compressive strength was measured on the two half-prisms (samples dimensions
40×40×160 mm3) obtained after determination of the flexural strength.



4.2. Static elastic modulus
The static elastic modulus of the real and equivalent systems was determined on two mortar
prisms (40×40×160 mm3) for each testing age according to EN 196-1. Two extensometers
were used to measure the displacement while the sample underwent loading cycles up to 30%
of the average compressive strength.

4.3.Mercury intrusion porosimetry (MIP)
The pore structure of the three real mixtures, i.e., total porosity and pore size distribution was
characterized by means of MIP and compared with their respective equivalent system results.
At the end of each curing period, the samples were crushed in small pieces with a diameter of
about 5 to 10 mm and immersed in isopropanol for 3 days to stop the hydration. Afterwards,
the solvent was decanted and the samples were dried in an oven at 40 °C for the following 3
days. After drying, the samples were stored in desiccators with silica gel and flushed with
nitrogen to prevent possible hydration and carbonation, respectively. Right before testing, the
samples were further crushed to smaller sizes (approximately 2-3 mm in diameter) and about 1
gram of each sample was tested with a Pascal 140/440 (Thermo Fischer Scientific Inc.)
equipment. The mercury was firstly intruded up to 200 kPa in the Pascal 140 and after moved
to the Pascal 440 and pressure was further increased up to 200 MPa.

5. Results and discussion
5.1. Compressive strength

Figures 3a, 3b, and 3c show the compressive strength results of the three mortar systems (real
and equivalent) as a function of the “equivalent age”. The term equivalent age has been here
adopted to distinguish between the curing time of the real systems and the age that is
reproduced by the equivalent systems reached after a minimum curing of 3 months.
Compressive strength results show an overall good agreement between the real systems and
the equivalent systems. Most of the results overlap and only a few of them show some
deviation. For example, the plain OPC real system at 28 and 91 days of hydration shows a
higher compressive strength compared to the equivalent system of about 10% and 9%,
respectively. This could also be explained by the fact that the equivalent systems are slightly
underestimating the degree of hydration occurred on the real systems. Indeed, it is important to
emphasize that the reference age of the equivalent systems is just a rough approximation of the
intended age to be reproduced. Due to errors in the quantification of the degree of hydration in
the real systems as well as the fact that not all the residual cement may completely hydrate in
the equivalent systems, some deviation of the equivalent microstructure from the real systems
at a given age may occur. It should be however noted that the goal of this technique is not to
reproduce a precise age of the real system, rather to freeze the microstructure of the real
systems at a precise hydration stage, enabling for unchanging matrices to be tested.

In Figure 3b and 3c, the mortar systems including SCM are shown. It can be noted that while
the replacement of cement with slag and fly ash does not affect the final compressive strength
at 91 days, a delayed strength gain is observed at early ages in the systems containing SCM.



Figure 3. Compressive strength comparison between real and equivalent systems: a) OPC
systems; b) slag systems and c) fly ash/silica fume systems. Error bars represent standard

deviation.

5.2.Static elastic modulus
The evolution of the mortar specimens’ elastic moduli over time is shown in Figure 4. Results
show a remarkable similarity in terms of elastic Young modulus (E) between the real and the
equivalent system for all the three mixtures investigated. Comparison between the real and the
equivalent systems shows that the difference between the elastic moduli results fall within the
standard deviation except for the samples measured at 91 days, where the difference between
the real and equivalent systems appears more pronounced. At 91 days the real OPC system,
slag system and fly ash system show an elastic moduli approximately 6%, 14% and 9%
respectively higher than their respective equivalent systems.
Further, it can be seen that the use of SCM does not significantly affect the final elastic
modulus at 91 days when compared to the plain OPC mortar system, consistent with what
previously observed for the compressive strength.

Figure 4. Static elastic modulus comparison between real and equivalent systems: a) OPC systems;
b) slag systems and c) fly ash/silica fume systems. Error bars represent standard deviation.

5.3.Mercury intrusion porosimetry (MIP)
The total porosity of the real and equivalent systems of the three mixtures is shown in Figure
5a, 5b and 5c. The total porosity of the three real systems was measured at several hydration
stages: 1, 3, 5, 7, 14, 28, 56, and 91 days (except for the fly ash mixture). As expected, the
porosity decreases with the curing age due to the hydration products filling up the capillary
space available. It can be noticed that the results obtained by the equivalent systems follow
very closely the trend of the real systems.
According to the water-to-binder ratio (1.6 by volume) the systems own an initial porosity of
approximately 62%. After 1 day of hydration, the porosity of the OPC system drops at around
42% while systems containing slag and fly ash show higher porosity (45% and 50%,
respectively). It should also be noted that the silica fume equivalent system shows consistently
slighter lower porosity in comparison with the real fly ash systems, probably due to the
formation of a denser microstructure resulting by the introduction of silica fume in the matrix.



Figure 5. Total porosity comparison between real and equivalent systems: a) OPC systems; b) slag
systems and c) fly ash/silica fume systems. Error bars represent standard deviation.

To verify the reproducibility of the MIP measurements, two replicate samples for the OPC real
system and SLAG system were produced. Despite the high reproducibility associated to this
test method (Hearn and Hooton, 1992; Cook et al. 1999; and Ye, 2003), some variation is
shown in Figure 5 especially in the slag real system at 7 days. Such high scatter could be due
to the high w/b used, which, in the case of paste samples, may have led to some segregation. It
should also be noted that in the real systems the hydration reaction is stopped by solvent
exchange, which may further contribute to the deviation seen on some of the results.
Despite several drawbacks, MIP is considered a satisfactory procedure to investigate the
porosity of the cement based materials as enable measuring both the capillary pores and micro-
pores (Diamond 2000). Nevertheless, MIP is here solely used as comparative method to
investigate the microstructure of the real and equivalent systems. From such comparison it can
be concluded that equivalent microstructures are able to reproduce the total porosity shown in
the real systems.

6. Conclusions
In this study, a recently-developed approach to characterize the early-age properties of cement-
based systems is presented. This method consists in the replacement of the residual unhydrated
binder grains with inert quartz according to the volume fraction of unreacted binder in the
starting “real system”. Afterwards, a new mixture can be reformulated, where the binder is
replaced (by volume) by inert quartz to achieve microstructures equivalent to those achieved
by real cementitious systems at predefined early-age hydration development stages.
According to this novel approach, a system at equilibrium, not changing over time without the
necessity of interrupting the hydration, is obtained (after a minimum curing time of 3 months).

In this paper, the mechanical properties and the microstructural features of three real mixtures
with and without SCM (45% by volume of cement is replaced by slag and fly ash) are
investigated and compared with the respective equivalent systems at specified hydration stages
to validate such approach.
Compressive strength results showed similar trends and values between the real systems and
the equivalent ones. Similarly, the elastic modulus results between the real and the equivalent
systems showed high correspondence. Further, although this approach is based on different
levels of binder volume replacement by means of quartz, the introduction of the latter in place
of binder grains has shown not to significantly affect the elastic modulus, confirming the
validity of such approach.
Finally, the total porosity obtained by MIP showed a rather good agreement between the real
and the equivalent systems. Only the silica fume equivalent system showed consistently
slighter lower porosity in comparison with the real fly ash systems.

In light of the positive comparative results obtained in this study, this approach represents a
promising alternative to the commonly used methods to stop hydration. In particular, it opens
the possibility to carry out tests in which usually it is not possible to decouple the effects of



ongoing hydration while studying time-dependent material properties such as transport,
shrinkage and creep. Additional measurements are currently being carried out to further
validate the approach presented in this paper in terms of pore size distribution and hydrates
content.
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Effect of hydration periods on photocatalytic performance for porous cement
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Abstract
Cementitious material is one of the potential substrates for widely practical application of photocatalysis. The loading
effect and photocatalytic performance were investigated by loading nano-TiO2 on the porous magnesium oxychloride
cement in different hydration periods. Nano-TiO2 were loaded on 7d，14d，21d，28d hydrated porous magnesium
oxychloride cement by vacuum negative pressure method. The results show that the cement based photocatalytic
material presented high photocatalytic efficiency. In middle and later cement hydrated period, the needle shape crystal
of phase 5 grew well, which benefit the surface nano-TiO2 photocatalyst dispersing into the interspace of phase 5 and
the combination between the photocatalyst and the phase 5.

Originality
The complex composition of cement based substrates is adverse to the photocatalyst loaded on the surface. Magnesium
oxychloride cement is chosen as the substrate, whose relative simple composition could reduce the disadvantages to a
large degree. So the utilization of magnesium oxychloride cement as the substrate of photocatalyst is one originality.
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1. Introduction
Photocatalysis is one of the effective methods to control air pollution because of its many advantages,
such as efficient degradation, mild reactive condition, lower cost. To date, many substrates including
ceramic (Zeng Z.et al, 2010), glass (Wang K.-H.et al, 1998), active carbon (Li Puma, et al., 2008)
and cementitious material (Folli A., et al, 2012), etc, have been utilized as the substrates of
photocatalyst. Among them, cementitious material has the biggest potential to realize the practical
pollution control.
However, due to the complex physicochemical characteristics of cementitious material, the
photocatalytic properties loaded on the substrate could be restricted to a certain extent, such as poor
light and gas transmission, lower specific surface area, complex ion composition (Folli A., et al., 2010)
and the coverage effect of hydration product (Chen J., et al., 2009), etc. Magnesium oxychloride
cement has the characteristics of simple composition and easily controllable hydration products,
reducing the adverse effects of cementitious material substrate to a large degree. This paper chose the
porous magnesium oxychloride cement as the substrate and nano-TiO2 as the photocatalyst. Loading
effects of different hydration periods have been studied by loading TiO2 on porous magnesium
oxychloride cement under various curing ages. The influence of morphology and development degree
of crystals on incorporation effect and photocatalytic performance have also been studied. Meanwhile,
the composition and morphology characteristics have been tested by X-ray diffraction (XRD) and
scanning electron microscopy (SEM).
2. Experimental
2.1. Raw Materials
Light-burned magnesia, MgO, with about 85% purity and 55% active magnesium oxide content,
purchased from Haicheng, Liaoning Province, China. The magnesium chloride employed was
hygroscopic hexahydrate, MgCl2•6H2O, with a purity of over 98% purchased from Sinopharm
Chemical Reagent Co. Ltd. Foaming agent with solid content of 36%, purchased from Yongtai, Henan
Province, China. TiO2, Degussa P25, used as the photocatalyst, consists of 87% anatase and 13% rutile.
2.2. Experimental Process
Porous magnesium oxychloride cement (0.35~0.40g/cm3) was prepared by prefabricated foam method,
with a fixed molar ratio, MgO:MgCl2:H2O=5:1:14. Before loading TiO2 on the 7, 14, 21, 28 days
hydration periods substrates, the surface of specimens would be polished and vacuumed for 1 hour,
meanwhile, the photocatalyst would be mixed with absolute ethanol and stirred evenly. After the
vacuum process, opening the valve and inhaling the TiO2 dispersion liquid under the ultrasonic
dispersion to prevent the TiO2 particles from coagulating. The photocatalytic performances of
prepared cement based photocatalytic material were measured by gas chromatograph (GC 2020)
analysing the degradation rate of toluene gas. A closed cylindrical stainless steel gas-phase reactor
with a quartz window was used as the testing setup (2.35L), and the initial concentration of toluene
gas was (200±2) ppm. Before the photocatalytic testing, the quartz window was cover by a light screen
until the temperature and toluene concentration reaching steady state.
3. Results and Discussion
3.1. Physicochemical properties of cement based substrate

Figure 1 Morphology features of porous magnesium oxychloride cement
Fig. 1 shows the morphological characteristics of cement based substrate. Due to the relatively large
amount volume of foam, intercommunicating pores are dominated, with mainly pore distribution in



50~300 μm. Adsorption capacity and ultraviolet light utilization could be improved by this pore
structure.

Figure 2 XRD patterns of cement base substrate Figure 3 Refinement result of XRD
It is obvious that the hydration products basically remained unchanged(Fig. 2). However, the content
of MgO was still slowly reducing according to the refinement result(Fig. 3), which means the
development process of phase 5 constantly proceed, both in composition and morphology of substrate.
The hydration products of magnesium oxychloride cement firstly fill in the available space in paste
and form the net structure, then hydration products produced lately would fill the void, resulting in the
strength enhancement (Wang P., et al., 1990). Based on the research of Sorrell, etc (Urwongse L., et
al., 1980), prior to the appearance of phase 5, there is a phase of gel formation, which may exist for a
long time (Deng D., et al., 2005). Crystal morphology of phase 5 has various shapes, including needle
shape and gel, the two main forms (Li Y., et al., 2013), and the needle shape crystal mainly distributes
in area with high porosity (Su X., et al., 2002). Combining the SEM observation of substrate
morphology (Fig. 4), the shape of phase 4 showed a tend to grow outward along with the curing age.

Figure 4 Development degree of phase 5 and loading effect of TiO2 on different hydration periods’ substrates:
A) 7-day hydration period; B) 14-day hydration period; C) 21-day hydration period; D) 28-day hydration period
3.2 Photocatalytic activity testing
Photocatalytic performances of prepared specimens were conducted at（35±1）℃. From Fig. 5, the
reaction rate is fast at the early stage with maximum speed at about 30 minutes, followed by a
gradually slow reaction rate. By magnifying the later reaction stage, it is obvious that 7 and 14-day
hydration periods specimens firstly completed the degradation, 30 minutes earlier than 21 and 28-day
hydration periods specimens. This result could be resulted from the high dispersity of TiO2 particles,
which may be accompanied by lower loaded mass of TiO2. It is believed that the accumulation of
intermediate products could cause the deactivation of photocatalyst (Carp O., et al., 2004; Ballari M.,
et al., 2010). Specimens with lower loaded mass of photocatalyst may be affected rather deeper.



Figure 5 Photocatalytic testing of specimens with different hydration periods
4. Conclusions
In this paper, the influence of hydration periods on photocatalytic performance of cement based
photocatalytic materials had been investigated. The loading process had been carried out under
different curing ages. The dispersion effect of TiO2 particles showed obvious difference due to the
various development degree of phase 5 crystals on surface. The substrates with thorough growth of
crystals had better dispersity of TiO2 particles. During the photocatalytic activity testing, the reaction
rate after the adsorption-desorption equilibrium was faster than the later stage. Specimens with high
dispersity of TiO2 showed a slower photocatalytic reaction rate in the latter part of photocatalytic
degradation, which may be resulted from the worse deactivation of photocatalyst.
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Abstract
Cement is the most used material in the world. Thanks to its low cost, it is the only material that can satisfy the growing
demand for infrastructure, especially in developing countries. However, the production of cement is responsible for
about 7% of the global emissions of carbon dioxide in the atmosphere. Because of such a ubiquitous presence in our
environment, only a small decrease in its production would have a significant impact in terms of greenhouse gas
emissions. To this end, one option is to improve the hardness and toughness of cement. Indeed, harder and tougher
cement would allow using less material while achieving comparable mechanical properties. Moreover, an increased
resistance to fracture and permanent deformations would improve its longevity, making it more sustainable. In order to
design new cements with improved mechanical properties without relying on usual trial-and-error methods, one needs
to understand the relation between composition and macroscopic properties. However, due to its multi-scale and
heterogeneous nature, understanding the microscopic origin of hardness and toughness in calcium–silicate–hydrate
(C–S–H), the binding phase of the cement paste, remains challenging. In particular, the intrinsic fracture toughness of
C–S–H grains at the nanoscale remains unknown, and it would be challenging to obtain it experimentally. This
knowledge would serve as a basis to build a multi-scale model of the fracture in C–S–H, following a bottom-up
approach. Here, we analysis the mechanical resistance to fracture and permanent deformations of atomistic models of
C–S–H grains, with different Ca/Si molar rations, using molecular dynamics simulations. Elastic moduli, hardness, and
fracture toughness are computed relying only on first-principle simulations. We report that hardness and elastic moduli
increase with decreasing Ca/Si. In contrast, toughness shows a non-linear behavior, with a maximum obtained at
Ca/Si=1.5. These results are analyzed in terms of atomistic topological rigidity. Topological constraint theory, or
rigidity theory, is commonly used in glass science to predict the relationship between composition and macroscopic
properties of glasses. It has, for example, been used to design the popular Gorilla® glass 3 from Corning®, a tough and
scratch-resistant glass used on most smartphone and tablets. The approach reduces complex atomic networks to simple
mechanical trusses, which can flexible, stressed-rigid or isostatic (statically-determinate) depending on the number of
internal degrees of freedom. Isostatic glasses typically show optimal properties, such as a space-filling tendency,
reversible glass transition, and optimal resistance to fracture and aging. Here, we show that C–S–H is flexible for
Ca/Si>1.5, stressed-rigid for Ca/Si<1.5, and isostatic for Ca/Si=1.5, the composition showing the best resistance to
fracture. This correlation between atomistic rigidity and mechanical properties allows us to predict a family of optimal
compositions for C–S–H, likely to offer the best fracture toughness and resistance to aging.

Originality
This is the first time that glass science concept and rigidity theory are successfully used to analyze the atomic structure
of a complex material like cement. This interdisciplinary study, at the boundary between material science, physics of
condensed matter, and engineering, provides new insights on our understanding of the relation between chemistry
(composition) and macroscopic mechanical properties, with a focus on hardness and toughness. Moreover, the use of
molecular dynamics simulations allows us to obtain the intrinsic mechanical properties of C–S-H, usually inaccessible
from experiments, due to its multi-scale nature. This study aims to predict the optimal compositions that should be
targeted to improve the mechanical properties of cement and concrete, without the need of costly and inefficient trial-
and-error experiments or simulations. Such knowledge is a necessary basis to understand the effect of admixtures in C–
S–H like limestone, silica fume or fly ashes.
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1. Introduction
Improving the mechanical properties of cement has great economical and environmental benefits.
Stronger and tougher cement could make concrete more resistant to mechanical failure, and therefore
improve its reliability and longevity. At the same time, improved reliability would reduce the need for
cement manufacture, an industry that accounts for 7% of the carbon emission annually. However,
designing cements have largely replied on trial-and error approaches, due to the lack of effective
methods to link the complex material structure and cement properties.
Recently, relying on molecular dynamics (MD) simulations, we introduced the rigidity theory to
calcium–silicate–hydrate, (CaO)x(SiO2)1-x-y(H2O)y, or C–S–H, the binding phase of cement (Bauchy et
al., 2014a). Rigidity theory (Mauro, 2011; Phillips, 1981, 1979; Thorpe, 1983), or topological
constraint theory, is a powerful tool to capture the atomic topology that has been successfully applied
to glasses (Lagrange, 1864). By mechanical analogy that reduces the atomic network to mechanical
trusses, a glass can be flexible, stressed--rigid, or isostatic, if the number of constraints per atom nc,
comprising radial bond-stretching (BS) and angular bond-bending (BB), is lower, higher, or equal to
three, the number of degrees of freedom per atom, respectively. Flexible networks show internal
degrees of freedom, the floppy modes (Naumis, 2005), which allow for local deformations; whereas
stressed--rigid ones are completely locked by their high connectivity. In between, by being rigid but
free of eigen-stress (Chubynsky et al., 2006), compositions exhibiting an isostatic behavior show some
remarkable properties, such as a space-filling tendency (Rompicharla et al., 2008), very weak aging
(Chakravarty et al., 2005), and anomalous behaviors, such as maximal fracture toughness (Varshneya
and Mauro, 2007).
A major successes of the rigidity theory is the Gorilla© Glass 3 by Corning©, which was designed by
atomic-scale modeling before the actual glass was created in the lab (Mauro et al., 2013; Mauro and
Smedskjaer, 2012). Indeed, by capturing the chemical details of glasses that are relevant to
macroscopic properties while filtering out those that are not, rigidity theory has been used to predict
the composition dependence of hardness, H, (Smedskjaer et al., 2010a, 2010b), which characterizes
resistance to permanent deformations under a load. Topological constraint theory has also been
applied to study the folding of proteins (Phillips, 2004; Rader et al., 2002). Hence, topological
constraint theory is a promising tool to design stronger materials of complex nature, which has
recently been identified as a "Grand Challenge" for the future (Mauro, 2014; Mauro et al., 2014;
Mauro and Zanotto, 2014).
While promising, predicting mechanical properties like hardness from the mere knowledge of the
composition from rigidity theory is still challenging for materials such as C–S–H. From a topological
point of view, C–S–H is a complex material as (1) it contains several chemical components, (2) its
structure is anisotropic, inhomogeneous, and partially crystalline (M. J. Abdolhosseini Qomi et al.,
2014; Abdolhosseini Qomi et al., 2013, 2012; Bauchy et al., 2014c; Manzano et al., 2012; Pellenq et
al., 2009), and (3), in contrast to chalcogenide glass for which all bonds and angles are intact, it
features some thermally broken constraints (Bauchy et al., 2014a). All these features provide
motivation to further extend the rigidity analysis of C–S–H to a broad range of compositions. In this
work, we find that C–S–H undergoes a rigidity transition with respect to its composition. We show
that hardness does not depend on the total number of constraints in the network, but only on the
weaker ones related to angular bond-bending. On this basis, we propose a model to predict hardness
that demonstrates good results for different families of material.
2. Simulation details
2.1. Preparation of the C–S–H samples
The molecular samples of C–S–H with different compositions are created by introducing defects in an
11 Å tobermorite configuration (Hamid, 1981). The C–S–H structures consist of defective calcium–
silicate sheets, separated from each other by an interlayer of water molecules, hydroxyl groups, and
charge-balancing calcium cations. The procedure to generate C–S–H atomic models in the present
work is as follows, and more details can be found in Ref. (M. J. Abdolhosseini Qomi et al., 2014):

(1) A supercell of 11 Å tobermorite is built, based on the unit cell provided in Ref. (Hamid, 1981).



(2) All water molecules are removed from the interlayer spacing, which would be experimentally
achieved by drying the sample.

(3) Starting from this initial configuration, defects are introduced by randomly removing SiO2

groups from the silicate chains. 150 different samples are generated with different Ca/Si molar
ratio, achieved by controlling the number of introduced defects. The structures are then
relaxed by energy minimization, with the CSH-FF potential (Shahsavari et al., 2011).

(4) Adsorption of water molecules in the interlayer spacing is then performed by Grand Canonical
Monte-Carlo simulations, using the chemical potential of bulk water at standard condition,
with the CSH-FF potential.

(5) The adsorbed water molecules are then allowed to react with the rest of the network, which is
achieved by adopting the ReaxFF potential (Manzano et al., 2012). This induces the formation
of hydroxyl groups located at the defects inside the silicate chains and around the Ca atoms in
the interlayer. To accelerate the reaction, this step is performed at 500 K, a temperatue well
below the melting temperature of C–S–H.

(6) The systems are then cooled down to 300 K using the ReaxFF potential. A topological
analysis is performed to identify the environment of each atom (e.g., to categorize oxygen
atoms into bridging or non-bridging species). This allows the simulation to switch back to the
CSH-FF potential.

(7) Each system is then equilibrated for 3 ns at 300 K and zero pressure with the CSH-FF
potential. An example of final C–S–H atomic configuration is shown in Figure 1. To improve
statistics, six different independent configurations are selected during this process and their
energies minimized, prior to the mechanical property computations. The standard deviation of
each computed quantity can therefore be evaluated.

(8) Extensive structural, mechanical, and dynamical tests are then performed in order to
characterize the simulated samples and validate with respect to a broad set of experimental
data. Compositional (amount of adsorbed water), structural (pair distribution function, see e.g.
Figure 2, Ca-OH bonds and mean chain silicate length), and mechanical properties
(indentation modulus and hardness) all show a good to excellent agreement with experimental
results (Abdolhosseini Qomi et al., 2013; M. J. Abdolhosseini Qomi et al., 2014; Mohammad
Javad Abdolhosseini Qomi et al., 2014; Bauchy et al., 2014a, 2014b, 2014c).

Figure 1 Snapshot of the atomic configuration of a C–S–H model, with the composition of (CaO) 1.71

(SiO2)(H2O)1.73. Silicon, oxygen, calcium, and hydrogen atoms are shown in orange, red, green, and white,
respectively.
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Figure 2 X-ray pair distribution function of the C–S–H model in Figure 1, compared with experimental data for
an artificial C–S–H with Ca/Si = 1.6 (Soyer-Uzun et al., 2012).

2.2. Hardness computation
The hardness, which characterizes the resistance to permanent deformations under load, is computed
for each C–S–H samples at 0 K, using the following procedure (described in Ref. (M. J. Abdolhosseini
Qomi et al., 2014)):

(1) The energy of the sample is minimized (effectively reaching a zero temperature) using the
CSH-FF potential. The simulation box is allowed to deform in order to achieve zero normal
and shear stresses in every direction.

(2) The sample then undergoes eleven independent strain-controlled deformations, which are
applied by gradually increasing the strain by increments of 10-4. As depicted in Figure 3(A),
each deformation comprises (1) a tension or a compression the orthogonal to the calcium
layers (along the z-axis) and/or (2) a shearing in the y-z plane (i.e. around the x-axis). These
directions are chosen because they correspond to the weakest modes of deformation, i.e., those
that do not break the silicate chains in the x-y plane. Examples of stress-strain curves are
shown in Figure 3(B-C).

(3) For each deformation, the yield stresses for tensile and shear are identified as the minimal
stress from which the mechanical response departs from the reversible elastic regime (see, e.g.,
Figure 3(B)).

(4) For each deformation, the obtained shear and tensile stressed at the yield point are used to
draw a Mohr's circle. We, therefore, obtain a set of eleven Mohr's circles for each sample. The
principal normal stresses and the maximum in-plane shear stress can then be determined.

(5) The envelope of the failure Mohr's circles is found to be fairly linear and is therefore fitted
assuming a Mohr-Coulomb failure criterion τ = σ tan(φ) + C, where τ is the failure shear stress
for a tensile stress σ, φ is the friction angle, and C the cohesive strength.

(6) The hardness is then calculated as H = 5.8 C (Ganneau et al., 2006).



Figure 3 Procedure for computing hardness. (A) shows the eleven independent deformation paths undergone by
the C–S–H samples, comprising a combination of compression/tension along the z-axis (orthogonal to the

calcium layers) and of shearing around the x-axis. Examples of stress-strain responses for the deformation paths
4 and 6 are shown in (B) and (C), respectively. Yield stresses are reached when the stress-strain response departs
from the elastic regime. (D) shows the Mohr's circles, as calculated from the obtained yield stresses. The envelop
of the circles is used to calculate the cohesive strength C and the friction angle φ, following the Mohr-Coulomb

failure criterion.
3. Results and Discussion
3.1. Rigidity transition
To apply the topological constraint analysis to C–S–H, we conducted MD simulations of 150 samples
of various compositions. The main order parameter under consideration is the Ca/Si atomic ratio.
Following the methodology reported in Ref. (Bauchy et al., 2014a), we analyzed each MD trajectory
to enumerate BS and BB constraints using the established method for chalcogenide and oxide glasses
(Bauchy, 2012a; Micoulaut et al., 2010; Bauchy et al., 2011; Bauchy and Micoulaut, 2011a, 2013a;
Micoulaut and Bauchy, 2013; Bauchy and Micoulaut, 2013b). To count the number of BS constraints
on a central atom, we compute the radial excursion σr of each neighbor. A low σr is associated with an
active BS constraint whereas a high σr indicates the absence of an underlying constraint that would
maintain the bond length fixed around its mean value. We perform the same type of analyses to
enumerate the BB constraints on a central atom 0 by computing the angular excursion σθ of each angle
i0j formed with the first neighbors i and j. From this method, the distinction between active and
inactive constraints at the atomic scale can be clearly established (Bauchy et al., 2014a; Bauchy and
Micoulaut, 2011a). Hence, the method allows obtaining nc = nBS + nBB by only relying on MD
trajectories. Note that the free water molecules are excluded from the constraint counting, as they do
not belong to the network and, thus, do not contribute to the global rigidity.



Figure 4 Number of constraints per atom nc as a function of the Ca/Si molar ratio. The inset shows the
contributions of the radial (BS) and angular (BB) constraints. Linear fittings in flexible and stressed–rigid

regions are shown with straight lines.
As shown in Figure 4, nc exhibits a bilinear behavior with Ca/Si, effectively separating a stressed–rigid
from a flexible one. Specifically, C–S–H shows a rigidity transition based on composition, from
flexible (nc < 3) at high Ca/Si ratio, to stressed–rigid (nc > 3) at low Ca/Si ratio, and an isostatic
behavior (nc = 3) at Ca/Si = 1.5. This result constitutes the first direct evidence of a rigidity transition
in a non-glass material. It is worth noticing that the Ca/Si = 1.5 transition composition also
corresponds to a structural transition. Indeed, the system is crystalline and transversely isotropic at low
Ca/Si ratios, and amorphous and isotropic at high Ca/Si ratios (M. J. Abdolhosseini Qomi et al., 2014).
This feature bears significant similarity to what has been observed in glasses, that stressed–rigid
compositions show a weak glass-forming ability and tend to crystalize easily (Mauro, 2011).
3.2. Hardness prediction
For glasses showing such a composition-driven rigidity transition, such as Ge–Se (Micoulaut et al.,
2013) and As–Se (Bauchy, 2013; Bauchy et al., 2014d, 2013b; Bauchy and Micoulaut, 2013c),
hardness typically shows a linear correlation with the average coordination number <r> (Varshneya
and Mauro, 2007) and, as a result, with nc. Indeed, if all BS and BB constraints are active, nc can be
obtained as nc = 5<r>/2 - 3. Following this observation, an attempt to predict the hardness of oxide
glasses via topological constraint theory has been proposed by Smedskjaer and Mauro (Smedskjaer et
al., 2010a, 2010b). This model relies on the following assumptions: (1) a network requires a minimum
number of constraints per atom nc = ncrit to be cohesive, i.e., for H to be non-zero; (2) each additional
constraint nc - ncrit then contributes to increasing H. This in turn leads to:

H = (dH/dnc)[nc - ncrit] (1)
where (dH/dnc) is a parameter determined empirically and ncrit is found to be equal to 2.5. Predicted H
values are found to show a good agreement with experimental data for several borate glasses
(Smedskjaer, 2014; Smedskjaer et al., 2010a, 2010b).



1.2 1.4 1.6 1.8 2
Ca/Si ratio

2

4

6

H
ar

dn
es

s H
 (G

Pa
)

Simulation
Present model
Mauro’s model

Figure 5 Computed hardness of C–S–H (white squares) (M. J. Abdolhosseini Qomi et al., 2014) in comparison
with the values predicted by Mauro's model (green diamonds) using Equation (1), and by the present model

using Equation (2). Shaded areas are guides for the eye, to distinguish the predictions of the two models in the
Ca/Si > 1.5 region.

To check the applicability of Mauro's model to more complex materials like C–S–H, we compute H
for each of the 150 simulated samples (see Section 2.2). The details of the calculation and the
validation versus experiments can be found in Ref. (M. J. Abdolhosseini Qomi et al., 2014). Figure 5
shows H versus the Ca/Si molar ratio. Overall, H follows the same trend as nc, namely, a continuous
decrease with Ca/Si, with a change of slope around Ca/Si =1.5. This suggests that H and nc are indeed
correlated. The (dH/dnc) and ncrit parameters of Mauro's model can then be obtained by fitting the
computed H values with respect to nc. Note that Ca/Si is not the only order parameter of the system;
the fraction of adsorbed water can also change for the different sample. As a result, nc and,
consequently, the predicted values of hardness do not depend solely on Ca/Si. As can be seen in
Figure 5, Mauro's model fails to describe the dependence of H over the full range of composition, as it
cannot predict the two different slopes in the flexible and stressed-rigid domains, respectively. This is
originated from the fact that Mauro's model assumes an equivalent contribution of each constraint to
the macroscopic hardness. The energy of BB constraints, however, is typically lower than that of BS
constraints (Bauchy and Micoulaut, 2011a; Gupta and Mauro, 2009). Therefore both may not
contribute to hardness with the same weight. Moreover, angular and radial constraints should make
different contributions to the resistances to different types of deformations, e.g. bulk isostatic
compression or shearing. As hardness has been shown to be closely correlated to the resistance to
shear (Jiang et al., 2011), we propose that H should depend mostly on the number of angular BB
constraints per atom nBB. This leads to a modified model for hardness prediction of the form:

H = (dH/dnBB) [nc – nBB,crit] (2)
where (dH/dnBB) and nBB,crit are again empirically determined parameters, but considering only BB
constraints. This assumption is justified by the fact that, during hardness measurements, the network
rearrangements occurring around the tip of the indenter should follow the lowest energy paths, i.e.,
they should favor breakings/reformations of BB constraints, of which the energy is lower than the BS
constraints. In another words, hardness should be driven mainly by the weak atomic constraints. As



shown in Figure 5, this new model provides a more accurate prediction of H over the full composition
range for C–S–H.
Tab. 1 Enumeration of BS and BB constraints contributed by each atom type. Note that BS constraints have been

fully attributed to the cations.
Atom Composition BS BB BS+BB

Si 1 - x - y 4 5 9
Ca x 5 0 5
O 2 - x - y - 1 1
H 2y 1 0 1

Total 3 - x
3.3. Rigidity and hardness ternary phase diagram of C–S–H
The correlation between hardness H and nBB for C–S–H can now be used as a predictive tool. Relying
on the MD-based constraints enumeration of C–S–H, we obtain the average number of constraints
created by each element over the studied range of compositions. The results are reported in Table 1.
As expected and observed in silicate glasses (Bauchy, 2014, 2012b; Bauchy et al., 2013a; Bauchy and
Micoulaut, 2011a, 2011b), Si atoms are characterized by 4 BS and 5 BB constraints. H atoms show
only 1 BS constraint with their nearest O neighbor (Boolchand and Thorpe, 1994). On average, Ca
atoms maintain 5 BS constraints. This highlights the fact that the effective number of active BS
constraints can differ from the coordination number, as has been reported for Na atoms in silicate
glasses (Bauchy and Micoulaut, 2011a). As opposed to covalent Si–O bonds, Ca–O bonds are more
ionic and non-directional, so that Ca atoms do not show any BB constraints (Bauchy et al., 2014a). On
average, each O atom shows 1 active BB constraint. Note that O atoms can have different
environments in the system (bridging or non-bridging oxygen in the silicate network, and hydroxyl
groups attached to Ca atoms in the interlayers), which makes it challenging to evaluate the number of
BS constraints they undergo. Therefore, for convenience, every BS constraint created between O and
Si, H, or Ca atoms are fully attributed to the corresponding cation. Hence, this enumeration permits to
calculate analytically nBS, nBB, and nc for any stoichiometry (x, y), where x and y are the molar fraction
of calcium oxide and reacted structural water, respectively. This leads to nc = (11 – 5x - 8y)/(3 - x) and
nBB = (7 - 6x + 6y)/(3 – x), which are used to calculate H(x,y) with our model. The resulted prediction
is shown in Figure 6. More generally, with the knowledge of nc(x,y), one can now build a ternary
rigidity phase diagram for C–S–H. As shown in Figure 6, C–S–H features three domains: (1) likely
non-cohesive at high water content, when nc < 2.5 (Smedskjaer et al., 2010b), (2) stressed–rigid at high
silica content, and (3) flexible in between. The boundary between the flexible and stressed–rigid
domains, the optimal isostatic compositions, are obtained at nc = 3, i.e., for 4y + x = 1.

(a) number of constraints per atom (b) hardness
Figure 6 Predictions of the number of constraints per atom (left) and of the hardness (right) as a function of the

composition of C–S–H. The blue and magenta lines are the predictions of the cohesive limit of the system and of
the isostatic compositions, respectively. The red, blue, and green circles represent the compositions of three

selected computed samples being, respectively, flexible, isostatic, and rigid.



3.3. Extension to other types of materials
We now aim to examine the extent of applicability of our model, i.e., if hardness depends linearly on
the number of bond-bending constraints in other materials, for which both H and nBB are known. Note
that Mauro's model and the present one are equivalent if nBS and nBB are linearly dependent on each
other, which is the case when all angles are constrained, so that nBB = 4nBS - 3. Although this usually
holds true for chalcogenide glasses, it is not the case for silicate glasses, which contains ionic and non-
directional bonds like Ca–O and Na–O (Bauchy and Micoulaut, 2011a).

Figure 7 Experimental values of the hardness of C–S–H (squares) (M. J. Abdolhosseini Qomi et al., 2014),
glassy silica (right triangle) (Oliver and Pharr, 1992), quartz (bottom triangle) (Oliver and Pharr, 1992), soda–

lime–borates glasses (diamonds) (Smedskjaer et al., 2010b), Ge–Se glasses (up triangles) (Guin et al., 2002), and
G–-Sb–Se (circles) (Sreeram et al., 1991) as a function of the number of angular constraints per atom. Lines are

guides for the eye.
To examine to what extent the predictions, based on the model developed for C–S–H, can be
extrapolated to different compositions, the first choice, also a natural one, is the system of glassy silica
(g-SiO2) and crystalline quartz (c-SiO2). Although they show a similar coordination (4-fold Si and 2-
fold O atoms), glassy silica differs from quartz by a broader Si–O–Si angular distribution (Bauchy et
al., 2011; Poulsen et al., 1995), such that the constraint associated to this angle is considered broken in
glassy silica and intact in quartz (Bauchy et al., 2011). This leads to nBB = 1.67 and 2.33 for g-SiO2

and c-SiO2, respectively. As shown in Figure 7, experimental H values show a linear dependence on
nBB, in agreement with our model, although the large errors in experiments prevent a more concrete
conclusion. For the second test, H values obtained by Mauro et al. (Smedskjaer et al., 2010b) for soda
lime borate glasses, which is used as a basis to develop Equation (1), are plotted versus nBB instead of
versus nc as in the original work. Shown in Figure 7, a fairly linear trend is found, which supports the
present model. Note that, in the original work of Mauro et al., the presence of some additional
modifier rigidity, due to clustering effects, is assumed in order to obtain a linear relationship between
H and nc (Smedskjaer et al., 2010b). This assumption is no longer required in our model. For the third
case shown in Figure 7, the present model is also valid for chalcogenide glasses. Hence, we conclude
that, based on several different families of materials, hardness is closely correlated to nBB, the number
of angular constraints. This highlights the significance of controlling the number of weak BB
constraints when designing new materials from the ground up. We want to note that, however, the
parameters of the present model (dH/dnBB) and nBB,crit appear to be material-dependent and should be
evaluated for the specific material family. Finally, we expect that the low energy BB constraints,
which can provide modes of deformation associated with lower activation energy, should also play a
critical role in the aging of materials.



4. Conclusions
Based on the present work, the original Phillips' topological constraint theory, which assumes that all
constraints are equivalent, cannot fully resolve mechanical properties. Indeed, as shown here, BS and
BB constraints contribute differently to the hardness. Overall, these results suggest that rigidity
concepts can be extended to a broad range of materials in addition to glasses that it was originally
proposed for. By capturing the important atomic topology while getting rid of the chemical details that
ultimately have little effect on macroscopic properties, topological constraint theory has the potential
to be used as an effective predictive tool to optimize materials for various applications, such as
ordinary Portland cement. For example, we can expect isostatic C–S–H compositions, around Ca/Si =
1.5, to exhibit the usual properties of isostatic glasses, such as maximal fracture toughness (Bauchy et
al., 2014e, 2014f; Wang et al., 2015; Yu et al., 2015) and very weak aging phenomena.
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Abstract
The properties of cementitious materials are related to the microstructure of their binder matrix, which
forms by a sequence of dissolution-precipitation reactions converting the clinker phases into hydrates,
among which the main hydration product is calcium silicate hydrate (C-S-H). Here, we monitor
non-invasively the evolution of the cement paste microstructure during hydration by “pencil beam”
synchrotron X-ray diffraction-enhanced computed micro-tomography (XRD-CT). This innovative
technique yields phase-resolved images of the hydrating cement paste at different stages, which are
combined to map the sites where dissolution and precipitation processes occur. The results indicate
that the nucleation mechanism of C-S-H changes when cement hydrates in the presence of
poly-carboxylate ether (PCE) superplasticizers, which are commonly used to control the paste
rheology. The observed change is essential to understand the development of the cement
microstructure and to provide a direct link between the reaction kinetics and the physico-mechanical
properties of the system.

Originality
The work presents the first experiments performed on cement materials using time-resolved 3D
tomography in diffraction mode. Currently, the technique as applied to cement materials, is only
possible at synchrotron sources and it allows direct visualization of the dissolution and precipitation
processes during hydration without perturbation of the sample. This technique enhances the
comprehension of the textural variations and 3D-related processes in complex materials.

Keywords:computed microtomography; synchrotron radiation; nucleation; cement pastes; diffraction
imaging.
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1. Introduction
The evolution of the microstructure of cement is described by the 3D spatial distribution of
the different phases (unhydrated cement phases, hydration product, pores: hereafter UCP, HP,
P) during the hydration process. Immediately after the addition of the mix water, the UCP
dissolve, each with a different rate and, when a certain degree of supersaturation of the pore
solution with respect to a specific HP is exceeded, precipitation occurs. Precipitation itself
consists of a first nucleation step, during which new interfaces are formed in the pore solution
(homogeneous nucleation) or at pre-existing UCP-P interfaces (heterogeneous nucleation).
The nucleation step is followed by the growth or aggregation of the nuclei, as more ions are
withdrawn from the pore solution and attached to the surfaces of the newly precipitated HP.
Experimental evidence based on electron microscopy shows that C-S-H precipitates on the
surface of UCP (e.g. Diamond S., 2004), suggesting a mechanism of heterogeneous
nucleation for this phase. Direct imaging based on electron microscopy can thus provide
information on the mechanisms associated with the formation of C-S-H and other HP phases.
However, the impossibility to access the third dimension and to perform in-situ investigations
(i.e. hydration must be stopped and invasive sample preparation is required) represent the
main limitations of such methods.
Both issues can be addressed by the use of X-ray micro/nano-tomography (X-CT) by which
the 3D microstructure of cement can be reconstructed by collecting a set of radiographs at
different angular positions with respect to a given rotation axis and using mathematical
algorithms to back-project the internal structure of the sample (e.g. Provis J. et al., 2011;
Parisatto, M. et al., 2014). Minimally invasive sample preparation ensures the possibility of
investigating the sample in time-resolved mode, by performing different X-CT scans of the
same sample at different hydration times. This is an important feature of tomography-based
methods, which provide a direct visualization of the dissolution/precipitation processes
associated with cement hydration and microstructure development.
Although X-CT represents an important step forward for studying the mechanisms of cement
hydration and microstructure development in situ, there are some limitations, inherent to the
application of this technique to cement that must be taken into account. Firstly, since the
images reconstructed by X-CT consist of a mapping of X-ray attenuation within the sample,
an appropriate compositional contrast can only be attained if the phases present in the sample
are characterized by values of the attenuation coefficients that largely differ among them. The
phases present in a hydrating cement paste possess a limited range of values relative to the
attenuation coefficient, resulting in a poor compositional contrast. In general, it is possible to
distinguish UCP, HP and P, however it is not possible to discriminate the single phases. The
second issue is related to the finite volume of the voxels (normally of the order of 1 m for
lab X-CT scanners) resulting in poor resolution of small-scale heterogeneities (e.g. C-S-H and
nano-pores). It follows that, although X-CT can provide time-resolved 3D images of
hydrating cement microstructures, the lack of full phase selectivity can pose some problems
to the interpretation of the processes associated with the time evolution of the microstructure
of hydrating cement.
Recently, this issue has been addressed by implementing a technique, named X-ray
diffraction tomography (XRD-CT) that couples tomography with the phase selectivity of



X-ray powder diffraction (Artioli G. et al., 2010). This technique varies with respect to
conventional micro-tomography in the fact that at each rotation step, the sample is irradiated
by a focussed beam (having a diameter of a few m) that is sequentially translated
horizontally along the sample (figure 1a). For each position, corresponding to a given
combination of rotation and translation along a horizontal axis, a diffraction signal is recorded
(figure 1b). The diffraction pattern is then integrated over a selected range of 2 values,
characteristic of a specific phase (figure 1c). The result is a matrix (also known as sinogram,
figure 1d) Ii(y,) representing the variation of the diffracted intensity I, relative to the phase i,
as a function of the horizontal and angular positions y and , over the tomographic plane
(corresponding to a cross-sectional slice through the sample). By using reconstruction
algorithms analogous to those used for X-ray absorption tomography, phase-selective cross
sectional slices, representing a mapping of the diffracted intensity (proportional to the volume
fraction of the given phase) in the Euclidean space (x, y, z), can be reconstructed (figure 1e).
The time-dependent 3D distribution of the individual phases Ii(t,x,y,z) can be obtained by
performing the analysis in time-resolved mode, i.e. for the same sample at different hydration
times t, providing a direct imaging of the dissolution/precipitation processes.

Figure 1 XRD-CT workflow: (a) sample in capillary glass irradiated by pencil beam and diffraction
signal collected by CCD detector; (b) matrix of 1D diffraction patterns for each combination of rotation

and translation; (c) selection of 2 ROI; (d) phase-selective sinogram; (e) phase map.



2. Materials and methods
An ordinary Portland cement (composition from XRPD, expressed ad weight %: 61% C3S;
21% C2S; 8% C3A; 5% C4AF; 5% gypsum. Median particle size = 30 m) was used for the
XRD-CT measurements. A reference sample (OPC) was obtained by mixing cement with
water, using an orbital shaker, at w/c = 0.5. A second sample (OPC + PCE) was obtained by
adding 0.2% of a polycarboxylate superplasticizer to the mix water, at w/c = 0.37. The PCE
consisted of copolymers of methacrylic acid and polyoxyethylene methacrylate, formed by 7
segments, each having 11 backbone units and 114 side-chain units.
The XRD-CT measurements were performed at the European Synchrotron Radiation Facility
(Grenoble, France) ID22 beamline. The application of this technique to cement materials is
currently possible only using synchrotron radiation. Recent XRD-CT experiments have been
carried out using laboratory facilities, however only large-scale compositional heterogeneities
can be mapped, with a resolution of about 200 m (Cersoy S. et al., 2015).
A set of measurements were performed for the two samples OPC and OPC + PCE at one
week since the beginning of hydration. At this hydration time, the rate of reaction is slow
enough such that a limited amount of microstructural change is occurring while measuring the
sample (duration of about 6-8 hours). A second set of measurements was performed for the
sample OPC + PCE in time-resolved mode, at 7 and 17 hours of hydration, in order to map
the microstructural changes at shorter hydration times. In this case, the rate of reaction was
decreased by reducing the temperature to 16 °C, in order to minimize microstructural changes
during the measurement.
The cement pastes were placed in borosilicate capillaries (having an internal diameter of
about 400 m) immediately after mixing. The glass capillary is then mounted on a stage that
allows rotation around a vertical axis  and translation along a horizontal axis y. The sample
is irradiated by a pencil beam of 2 m (vertical) x 4 m (horizontal) size with an energy of 17
keV. At each angular position (0 to 180° with a step of 1.5°) the diffraction signal is collected
at different horizontal position, with a translation step of 4 m. Azimuthal integration is
performed for the diffraction signals collected at each combination of angular position and
horizontal position y. The obtained 1D diffraction patterns are then integrated over selected 2
regions to obtain phase-selective sinograms. The selection of a low angle 2region in the
range 2.0 – 3.2 provided the sinogram relative to C-S-H (Voltolini M. et al., 2013). This
small-angle contribution to the diffraction signal is not due to Bragg diffraction, but rather
stems from the aggregation of C-S-H nano-particles. Finally, the application of tomographic
inversion algorithms to the phase-selective sinograms provide maps of the scattered intensity
relative to each phase. The phase maps have a voxel size of 4 m x 4m x 2m (x,y,z). The
volume fraction vi(x,y) of the i-th phase over each tomographic plane of 2 m thickness can
be expressed as (Valentini L. et al., 2011):

(1)

Where Vi is the volume fraction of the i-th phase over the whole tomographic plane, N is the



number of voxels along x and y, NB is the number of voxels in the background (i.e. the part of
the image outside the capillary), G is the greyscale value at a specific voxel location, obtained
by rescaling the value of the scattered intensity over 8-bit images. The value of Vi is obtained,
for each phase, by Rietveld analysis of the “sum diffraction pattern” obtained by integrating
the diffraction signal I(y,) over y and . Vi is obtained by taking into account the volume
fraction of the X-ray amorphous phases, obtained by a set of mass balance equations
(Valentini L. et al., 2015) as implemented in the software RieCalc (Valentini L., 2013).
After conversion of the phase maps from greyscale to volume fraction, quantitative
microstructural analysis was performed by means of radial distribution functions (RDF). The
RDF is obtained by selecting one or more reference voxels, e.g. corresponding to a given
phase j, and measuring the amount of a second phase i at increasing values of the radius r
from the reference voxels. Specifically, the radial distribution function for a given phase i,
with respect to a reference phase j, is expressed as:

. (2)

The deviation of the value of g from unity provides a measurement of the degree of spatial
correlation of phase i with respect to phase j.

3. Results
Figure 2 displays an overlay of the C-S-H and UCP distribution maps at one week of
hydration for samples OPC and OPC + PCE, along with the RDF of C-S-H with respect to
UCP. The shape of the RDF curve for OPC shows that C-S-H is correlated with the
unhydrated cement particles at relatively short values of the probing radius, whereas such a
correlation is lost in the presence of PCE. Likewise, no spatial correlation between C-S-H and
UCP at shorter hydration times is observed (figure 3).

Figure 2 Combination of unhydrated cement phases (red) and C-S-H (green) phase maps, and
corresponding radial distribution functions for samples OPC and OPC + PCE at one week of hydration.

These results suggest that, in the absence of PCE superplasticizers, C-S-H preserves a strong
spatial correlation with the unhydrated cement particles, even at relatively long hydration times,



indicating that C-S-H precipitates in proximity of the UCP surfaces. It is well known from
literature that, in normal hydration conditions, C-S-H forms by heterogeneous nucleation at the
surface of cement particles and develops hydration shells around UCP cores. However, the results
of the XRD-CT measurements performed on OPC hydrated in the presence of PCE
superplasticizer, combined with RDF analysis, show that any spatial correlation between C-S-H
and UCP is lost. Both at relatively short and longer hydration times, C-S-H appears to be
randomly distributed throughout the pore space. These results suggest that in the presence of PCE,
C-S-H presents a reduced affinity for the surfaces of C3S and other unhydrated cement phases and
its precipitation is less constrained by the presence of nuclei forming at the surface of UCP during
the initial stages of hydration, when the pore solution becomes supersaturated with respect to
C-S-H. Although the XRD-CT maps clearly show that the presence of PCE molecules adsorbed at
cement surfaces exerts a strong control on the modes of nucleation and subsequent aggregation or
growth of the hydrates, it is not straightforward to unequivocally define the exact mechanism
associated with the observed differences.

Figure 3 Combination of unhydrated cement phases (red) and C-S-H (green) phase maps, and
corresponding radial distribution functions for sample OPC + PCE at 7 and 17 hours of hydration.

One possibility is that the interaction of the adsorbed PCE with the Ca2+ ions in solution, in
proximity of the cement surfaces, inhibits the frequency of particle collisions, resulting in a
shift to C-S-H homogeneous nucleation in the pore solution. Nucleation throughout the pore
solution may also be driven by a templating effect of the PCE (Sowoidnich T. et al., 2015).
A second possibility is that, due to interactions between PCE and Ca2+ ions, the amount of
nuclei formed by heterogeneous nucleation is only reduced and subsequently the formation of
C-S-H proceeds by aggregation, perpendicularly to the surface occupied by the adsorbed PCE
molecules.
Previous investigations, based on SEM imaging (Sowoidnich T. and Rossler C., 2009),
ultracentrifugation (Sowoidnich T. et al., 2012) and kinetic modelling combined with
differential scanning calorimetry (Ridi F. et al., 2012), suggested that, in the presence of PCE,
C-S-H displays a smaller degree of affinity with the surfaces of the unhydrated cement



phases.
The change in the mechanism of C-S-H nucleation may have implications for the retarding
effect of PCE superplasticizers. It has been shown that the duration of the period of slow
reaction varies inversely with the number of C-S-H nuclei formed at the surface of C3S
particles (Garrault S. et al., 2005). Therefore, a partial inhibition of C-S-H heterogeneous
nucleation in the presence of PCE, would delay the onset of acceleration. Also, if
homogeneous nucleation occurs in the presence of PCE, a larger degree of supersaturation of
the pore solution would be necessary for the nuclei to form (Garrault-Gauffinet S. and Nonat
A., 1999), and this would likewise lead to an extension of the duration of the period of slow
reaction.

4. Conclusions
In this study, a novel non-invasive imaging method has been employed for investigating the
microstructure of hydrating cement pastes, with specific focus on the mechanisms of C-S-H
precipitation in the presence of PCE superplasticizers. It has been shown that X-ray
diffraction micro-tomography can provide phase maps, displaying the spatial distribution of
the cement phases, in time-resolved mode. The quantitative analysis of the obtained images,
by means of radial distribution functions, shows that the C-S-H spatial distribution, in the
presence of PCE, displays no correlation with the surfaces of the unhydrated cement phases,
contrary to what is observed for hydration in the absence of PCE. Such a loss in correlation
may result from the inhibition of C-S-H heterogeneous nucleation, due to interactions
between the PCE molecules and Ca2+ ions. The reduced affinity for the surfaces of C3S and
other unhydrated cement phases may result either in the formation of a smaller amount of
nuclei, with subsequent aggregation occurring mostly away from the surfaces, or in a switch
to homogeneous nucleation. Such changes in the mechanism of C-S-H nucleation probably
affect the rate of hydration.
Further studies, performed by combining XRD-CT imaging with pore solution analysis and
numerical modelling, may help to clarify the changes in the mechanisms associated with
hydration and microstructural development in the presence of PCE.
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Abstract
Belite-C2.75B1.25A3$ cement was belite-rich cement containing C2.75B1.25A3$ mineral of 9wt%. Due to the differences of
dissolution velocity and element sulfur content, the effects of gypsum category on the setting time and early mechanical
property of belite- C2.75B1.25A3$ cement were investigated in paper by means of XRD, SEM, EDS and etc. The
experimental results showed that lemon gypsum had faster dissolution velocity than any other type of gypsum.
Consequently, the initial and final setting time of cement with lemon gypsum was all earlier than that of cement with
any other kinds of gypsum. But, the compressive strength of cement with phosphogypsum cured for 1day, 3days and
7days were the highest. It was in accordance with the analysis of XRD, SEM and EDS, which showed that more content
of AFt was formed in cement with phosphogypsum gypsum than that of cement with any other type of gypsum.
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1. Introduction
Belite-riched cement is one type of silicate cement, and its main mineral is β-C2S. Compared with
ordinary Portland cement (OPC), it has many advantages as environmentally friendly cement, such as
low CO2 emissions, low energy consumption, high later strength, low cement hydration heat, low
water requirement, good durability, use of low-grade limestone, and so on(H.G.Van Oss, 2003, W.
Ernst, 2001, Gartner E, 2004). Therefore, belite-riched cement has become a hot of cement research
(M. Schneider, 2011, Sharp JH, 1999, A.K. Chatterjee, 1996, C.D. Popescu, 2003, A. Gies, 1986).
However, the low early strength of belite-riched cement limits its popularization and application. Due
to barium calcium sulphoaluminate mineral (C2.75B1.25A3$) with prominent early strength (X, Cheng,
2000), it is introduced into belite-riched cement clinker system (W.W. Zhang, 2007, L.C. Lu, 2008,
L.C. Lu, 2010) and in consequence belite-C2.75B1.25A3$ cement was synthesized. It was found that the
early strength of belite-C2.75B1.25A3$ cement is comparable to 32.5 grade of OPC when cement
contained C2.75B1.25A3$ mineral of 9wt%. In order to promote the application of this new type of
cement, the effect of the addition of gypsum should be investigated deeply in laboratory. Meanwhile, it
was reported that the appropriate amount of gypsum was to benefit to improve the early strength of the
cement (H.X. Wu, 2009).
It was well known that gypsum as an important component in cement is used generally as retarder in
OPC and accelerator in sulphoaluminate cement. Belite-C2.75B1.25A3$ cement both have tricalcium
silicate and CBAS. So the influences of gypsum on the setting time and hardened process of belite-
C2.75B1.25A3$ cement are complicated. Because natural gypsum resource of China is limited, it could
not meet the requirement of the cement industry sustainable development. Fortunately, there is a large
amount of industrial waste gypsum with the development of industry (R.H. Yang, 2008), which was
used as cement adjusting agent to improve the performance of the cement. The use of industrial waste
gypsum not only enlarges the selection of raw materials, but also solves the problem of pollution and
occupied land caused by waste gypsum.
The dissolution characteristic of gypsum is associated with the cement hydration process. Different
kind of industrial waste gypsum has different dissolution characteristics, which is originated from
different production process, crystal structure and impurity (K. Zhang, 2012). This paper mainly
studied the dissolution characteristics of three kinds of industrial waste gypsum in the hydration
surrounding for belite-C2.75B1.25A3$ cement in the case of same design amount of SO3. In addition, the
setting time and early mechanical performance of belite-C2.75B1.25A3$ cement with phosphogypsum,
FGD gypsum and lemon gypsum were investigated.

2. Experimental
2.1. Raw Materials
Chemical reagents were used to synthesize of belite- C2.75B1.25A3$ cement clinker. After blending
the raw mixtures uniformly with water and dried to an appropriate state, they were pressed with the
mould into Φ60mm*10mm cylinder, dried in an air circulation oven at 105oC for 1-2h and put into
high temperature furnace at the heating rate of 5 oC /min. They were burned at 1380oC for 90min then
cooled immediately in air with a fan. Natural dihydrate gypsum (Luneng Taishan Mining Corporation
of Shandong), phosphogypsum (Luxi Chemical Group), FGD gypsum (Hengren thermo power station
of Tengzhou), lemon gypsum (Haihui Group) were as the raw materials of cement. Their chemical
components were shown in Table 1. At first the gypsum were added into belite-C2.75B1.25A3$ cement
clinker, then put the mixture into QM-4L planetary ball mill to grind and homogenize, whose residue
on the sieve control in the range of 2% and 5%. According to the previous research, the consequence
of it was that the best dosage of natural dihydrate gypsum in the cement was 13% (numbered reference
A). According to the same equivalent SO3 addition natural dihydrate gypsum, the contents of
industrial waste gypsum were as following. The dosage of lemon gypsum was 11.82% (numbered
reference B), the dosage of phosphogypsum was 13.14% (numbered reference C), and the dosage of
FGD gypsum was 13.55% (numbered reference D). The water–cement ratio was chosen as 0.3. Firstly,
the cement and water were stirred by neat mixer. After that, the mixture was put into 20 ⁄ 20 ⁄ 20 mm3



moulds. It was cured at 20℃for 24 h, and its relative humidity was 95%. At last, cement neat was
demoulded and cured in water at 20℃ till the curing time was up to the required age.

Tab. 1 Chemical compositions of gypsum used in experiments /%
Gypsum

type Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5

Natural
gypsum 28.00 0.35 0.02 0.15 32.64 0.21 38.44 0.00 0.00 0.02 0.09

lemon
gypsum 22.50 0.33 0.09 0.20 34.32 0.00 42.28 0.00 0.08 0.03 0.12

Phosphor-
gypsum 26.80 1.19 0.45 0.50 31.25 1.32 38.03 0.06 0.21 0.04 0.09

FGD
gypsum 27.01 1.62 0.36 0.30 32.24 0.60 36.88 0.12 0.04 0.04 0.12

2.2. Experimental Process
The setting time test was performed according to GB / T1346-2011. The mechanical performance of
the cement neat was tested on the CMT5504 universal testing machine of 50KN capacities produced
by MTS. The broken specimens were studied using XRD to get the hydration products. Data for each
specimen were collected from 5° to 60° (2θ) during about 20 min. The thermal analysis curve was
collected by the TGA/DSC1/1600HT Simultaneous Thermal Analysis Instrument produced in Mettler
by Switzerland. The porosity and pore size distribution of mortar specimens were determined using
mercury intrusion porosimetry (MIP) Micromeritics, AutoProe 9500 IV produced in America by
Quantachrome. Last but not least, the SEM images were acquired to observe the microtopography of
the broken specimens by Guanta FEG250 field emission scanning electron microscope produced in
FEI (American) whose resolution was as much as 130 eV.
3. Results and Discussion
3.1. Dissolution characteristic of gypsum
Table 2 showed the dissolution characteristic of gypsum in different solutions. It can be noticed that in
pure water system the rate of dissolution of FGD gypsum and phosphogypsum was slower than natural
gypsum in first few minutes, but the rate of dissolution of lemon gypsum was faster than natural
gypsum. With the extension of time, the dissolution rate of industrial waste gypsum and natural
gypsum were the same and eventually exceed the natural gypsum. So the solubility of lemon gypsum
was higher than that of natural gypsum in pure water system. In saturated Ca(OH)2 solution, the
dissolution rate of phosphorus gypsum was the fastest and the dissolution rate of industrial waste
gypsum were higher than that of natural gypsum. The solubility of industrial waste gypsum was also
higher than that of natural gypsum in saturated Ca(OH)2 solution system. It was different from the
investigation of Xibi Cheng and other scholars (X. B. Cheng, 1987), who found that the dissolution
rate of natural dihydrate gypsum was very fast, which reached saturation state in about 5 min. The
difference of the dissolution characteristics of industrial waste gypsum would have a great effect on
the belite- C2.75B1.25A3$ cement performances, such as the setting time, compressive strength,
hydration rate and hydration heat, etc.

Tab. 2 Dissolution characteristic of gypsum in different solutions

Gypsum Solvent Concentration of CaSO4 in solution at different periods / (g/L)
5min 10min 20min 30min 1h 1d 7d

natural gypsum
Pure
water

1.77 1.85 1.92 1.97 1.99 2.05
lemon gypsum 2.07 2.18 2.20 2.22 2.24 2.38 2.46

phosphogypsum 1.55 1.71 1.94 2.07 2.19 2.27 2.52
FGD gypsum 1.69 1.80 1.90 1.97 2.14 2.16 2.38

natural gypsum
Saturated
Ca(OH)2

0.08 0.12 0.15 0.20 0.29 0.44 1.14
lemon gypsum 0.20 0.22 0.24 0.29 0.34 0.72 1.13

phosphogypsum 0.41 0.48 0.52 0.57 0.65 0.79 1.09
FGD gypsum 0.34 0.39 0.42 0.48 0.61 0.65 1.31



3.2. Performance of the cement
3.2.1 Setting time
The influence of different kind of gypsum on the setting time of cement was shown in Fig.1. The
setting performance of cement was different in the case of incorporation of the same equivalent
amount of SO3 coming from different gypsum. The setting time of specimen B was the shortest and
the setting time of specimen C was the longest. Compared reference specimen A, it was found that the
specimen B promoted the setting of cement, because it contained a small amount of citric acid, which
can react with Ca(OH)2 produced by the cement hydration, promoted the hydration of the cement
(Marcos Lanzón, et al. 2012). On the contrary, the specimen C and D retarded the setting of cement.
The reason as for specimen C was that the soluble impurities (H3PO4, H2PO4-, HPO42- soluble
fluoride salt) was dissolved in the water, combined with Ca2+ and forms insoluble substances, which
would cover the surface of cement particles to prevent the hydration of cement (Manjit Singh, 2002).
Compared with specimen A, the setting time of specimen D was delayed, for that small amount of
calcium sulfite in specimen D could react with C3A to form AFm in the early hydration (X. Wang, et
al. 2010)
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Figure 1 Effect of gypsum on the setting time of cement

3.2.2 Compressive strength
Compressive strength of specimen with different gypsum was shown in Fig.2. It can be seen from
Fig.2 that the early strength of specimen C was higher than that of specimen A. This was due to the
setting time of cement containing phosphogypsum was retarded by impurities of phosphogypsum
(H3PO4, H2PO4-, HPO42- soluble fluoride salt) to make the C-S-H gel grow into larger fiber to improve
the strength of cement (M. Yang, 2008). And the early strength of specimen B or D was lower than that
of specimen A. The possible reason was that the crystal type of CaSO4•2H2O was changed in the
treatment of citric acid slag and desulfurization (J.H. Peng, 2006). For the cured for 28d specimens,
the strength of cement containing the industrial waste gypsum was slightly higher than that of cement
containing natural dihydrate gypsum, the reason was that the impurities of industrial waste gypsum
may promote hydration of cement or filling cement stone pore to improve performance of cement.

A B C D
0

20

40

60

80

100

120

 

 

C
om

pr
es

si
ve

 st
re

ng
th

 / 
M

Pa

 1d
 3d
 7d
 28d

Figure 2 Compressive strength of all specimens



3.2.3 Porosity
The porosity and pore size distribution of all specimens cured for 7 days were shown in Fig.3. It can
be seen from Fig.3(a) that the pore size distribution of specimens mainly concentrated in the range of
0.01 µm and 1µm. The average pore size of specimen C was smaller than that of any of other
specimens. The average pore size of specimen B was similar to that of specimen C. The average pore
size of specimen D was smaller than that of specimen A. Its pore size distribution was relatively
concentrated. The average pore size and porosity content of specimen C was the smallest. It can be
observed from Fig. 3 (b) that the porosity of specimen C was the highest and the porosity of any other
specimens was similar to each other when the pore size was more than 0.1um; the porosity of
specimen C begins to increase quickly and eventually is similar to that of specimen A. It can be seen
that the decrease order of total porosity for all specimens was B, D, A and C, which was in accordance
with the strength of all specimens cured for 7 days. Fig.4 illustrated the relationship between porosity
and 7 days strength of all specimens, which was complied with theoretical relationship of porosity and
strength of cement.
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Figure 3 Pore size distribution and porosity of cement pastes
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3.2.4 XRD analysis
XRD analysis of all specimens cured for 3 days and 28 days is shown in Fig. 5. It can be seen that the
hydration products of all specimens were similar to that of Portland cement, mainly contain Ca(OH)2

and AFt. The main diffraction peaks were AFt, Ca(OH)2 and non-hydrated minerals in Fig.5(a). The
different kinds of gypsum all had contributed to the hydration of C2.75B1.25A3$ and C3A, generating a
large number of AFt. With the prolongation of hydration, the diffraction peaks of Ca(OH)2 and AFt
increase and the diffraction peaks of non-hydrated minerals decrease in Fig.5(b). This was conductive
to the strength development of cement.
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Figure 5 XRD patterns of all specimens cured for 3 days and 28 days
3.2.5 TG analysis
In order to determine the impact of the different types of gypsum for the early hydration depth of
cement, the hydration products of specimens were analyzed quantitatively by DSC-TG. Fig.6 was the
TG curves of all specimens cured for 3 days. From Fig.6 it can be seen that the hydration products
Ca(OH)2 and AFt decomposed with the increase of temperature. But the structure of C-S-H gel was
uncertainty, so it impossible to use the decomposition of C-S-H gel to reflect the hydration degree of
cement. Therefore, the hydration degree of cement can be reflected by the decomposition quantity of
Ca(OH)2 in hydration products. The local amplification of 400-500℃ (decomposition of Ca(OH)2)
determined the quality decomposition of Ca(OH)2 in the Fig.6. It can be seen that the quality
percentage of Ca(OH)2 in specimen A, B, C and D was 1.160%, 1.008%, 1.281% and 0.992%,
respectively. So it was concluded that the degree of hydration of cement mixed phosphogypsum was
the biggest, the second one was the cement mixed natural gypsum. The degree of hydration of cement
mixed lemon gypsum and FGD gypsum were the lowest and the degree of hydration in both
specimens was similar. This was accordance with the compressive strength development of specimens
cured for 3 days.
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Figure 6 TG curves of specimens cured for 3 days
3.2.6 Hydration heat
Hydration rate curve and hydration heat curve of all specimens were demonstrated in Fig.7. As shown
in Fig. 7(a), the total hydration heat of specimen A, B and D was almost the same value. As for
specimen C, its total hydration heat was relatively less, but increases rapidly and was more than other
specimens in the next few hours. From Fig. 7(b) it can be seen that hydration process of belite-
C2.75B1.25A3$ cement was similar to OPC and also was separated into 5 steps, which includes initial
hydration stage, induction period, acceleration period, declining rate period and stabilization period.



The first stage of the hydration process was attributed to the formation of AFt and barium-bearing AFt
due to the hydration of C3A and C2.75B1.25A3$. The emergence of the induction period generally came
down for that AFt was attached to the surface of C3A, inhibiting its further fast hydration. Here the
induction period was very short, probably because the hydration of high early strength
C2.75B1.25A3$ mineral and alite cover the period. The initial hydration rate of each specimen B and A
was higher than that of specimen C or D. The reason was that the initial dissolving rate of gypsums
was different. The pressure of crystallization was increased with the hydration processing of cement,
leading to the rupture of the cladding layer and the beginning of acceleration period. It was also seen
that from the local enlargement in Fig.7(b) that the decrease order of the acceleration period for
specimens was C, B, A and D, Due to the different dissolution rate of industrial waste gypsum in
saturated Ca(OH)2 solution. In the later period, the hydration rate of cement came into declining and
stabilization period. Meanwhile the hydration products gradually grew up and the structure of
specimens was denser, which was contributed to the increase of compressive strength for all
specimens.
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Figure 7 Hydration curves of all specimens (w/c=0.5)

3.2.7 SEM analysis
Fig.8 was the SEM photos of all hydration specimens. As shown from Fig.8, the main hydration
products were acicular Aft and hexagonal Ca(OH)2 with obvious characteristic. The gypsum promoted
the hydration of C3A and C2.75B1.25A3$ to form a large amount of AFt, most of which existed with
containing barium. In addition, C-S-H gel and anhydrate cement particles were with vague edge.
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Figure 8 SEM analysis of all specimens cured for 3 days

4. Conclusions
In the case of the same equivalent amount of SO3, lemon gypsum promoted the setting time of cement
and phosphogypsum delayed the setting time of cement compared with natural dihydrate gypsum. The
hydration degree of cement with phosphogypsum and compressive strength were higher than those of
any others. Its compressive strengths for 1d, 3d, 7d, 28d were 16.4, 40.2, 54.4 and 95.6MPa,
respectively. Compared with cement with natural dihydrate gypsum, the early compressive strength of



cement with Lemon gypsum or FGD gypsum decreased slightly, but the difference was not obvious.
The compressive strength for 28d of cement with any of industrial waste gypsum was higher than that
of cement with natural dihydrate gypsum. This indicated that the growth rate of compressive strength
for cement with industrial waste was high in late period. The hydration products of belite-
C2.75B1.25A3$ cement were mainly AFt, Ca(OH)2, C-S-H gel, which was similar to that of Portland
cement. With extending of hydration time, the amount of C-S-H gel increased gradually and wrapped
AFt and Ca(OH)2 and other crystals. The initial hydration rate of cement with natural dihydrate
gypsum or phosphogypsum was high, which was about twice as that of cement with Lemon gypsum or
FGD gypsum. The second rate peak of hydration appeared in the decrease order of cement with
Lemon gypsum, phosphogypsum, natural dihydrate gypsum and FGD gypsum, but the total heat of
hydration for specimens were almost the same value. Lemon gypsum, phosphogypsum and FGD
gypsum all can replace natural dihydrate gypsum as adjusting agent of belite-C2.75B1.25A3$ cement.
The appropriate amount of gypsum can promote the hydration of cement, generating a large number of
AFt to improve early performance of the cement.
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Abstract
This work present an in silico study of the influence of superplasticizers on the microevolution of cement suspensions
during early hydration based on a Molecular Dynamics (MD) approache, by describing the behavior of
polycarboxylate-ether-based superplasticizers (PCE) in the presence of selected cement surfaces during three 150 ns
MD runs. This study analyzes the molecular-scale structural and dynamic properties of PCE-(23-7-1), a comb-shaped
polymer unit model, in the presence of a tricalcium aluminate (C3A) surface in a bath of explicit water molecules.
Conformational properties, such as radius-of-gyration, end-to-end distance, the center of mass trajectory, are analyzed.

Originality
This is, to our knowledge, the first example of accurate and relatively long (150 ns) MD atomistic simulations of
polymers + solvent + surface systems. To date, MD studies were primarily focused on the structural properties of the
cementitious phases, rather than on the intrinsic kinetic aspects of cement hydration: structural and molecular
interaction informations generated with these studies can be valuable for mesoscopic and macroscopic models.
Although the dimensionality of the system studied here is relatively large (> 3104 atoms), a standard MD approach is
still feasible and remains a valid basis for addressing larger and more realistic systems involved in the hydration
process, for instance via coarse-grained approaches.
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1. Introduction
Understanding the details of cement hydration is of fundamental importance due to the technological
and economic impact of cement-based materials. The hydration of cement leads to the formation of
hardened cement paste, which is the binding matrix of materials such as mortar and concrete
(BULLARD J. W., et al, 2011).
Ordinary Portland cement comprises four main phases, which in the field of cement chemistry are
commonly referred to as tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A)
and calcium aluminoferrite (C4AF). A small percentage of gypsum is added in order to prevent fast
stiffening of the fresh cement paste. The reaction of these phases with the mix water leads to the
formation of hydration products, which consist mostly of a poorly crystalline, nano-structured
calcium-silicate hydrate, commonly referred to as C-S-H, as well as Ca(OH)2 (portlandite) and
hydrated calcium-sulfate aluminates.
Superplasticizers, also known as high range water reducers, are frequently used in concrete technology
in order to improve the workability of mortar and concrete systems for demanding applications
(MOLLAH M. H., et al, 2000). The addition of these chemical admixtures provides the possibility of
developing materials with enhanced rheological properties (e.g. self-compacting concretes) and low
water/cement ratios, which confer high strength and durability. In particular, comb-shaped
polycarboxylate-ether based superplasticizers (PCE) are widely used in various industrial fields to
improve the rheological properties of particle suspensions. These polyelectrolytes consist of
electrically neutral side chains (typically polyethylene glycol) grafted with a linear backbone. The
carboxylate group present in the backbone dissociates in water, providing a negative charge along the
PCE backbone. The polyethylene oxide (PEO or MPEG) present in the side chains carries a non-
uniform distribution of electron cloud, which conveys a chemical polarity. The number and the length
of side chains are flexible parameters that are easy to change [LI C., et al, 2005; WINNEFELD F., et
al, 2007; Ferrari L., et al, 2011). These polymers adsorb on the cement particles and act as dispersants
by electrostatic and/or steric repulsion effects (ZINGG A., et al, 2008; ZINGG A., et al, 2009;
WINNEFELD F., et al, 2007).
PCE superplasticizers have a strong impact on hydration kinetics, resulting in an overall reduction in
the rate of cement hydration (YOUNG J. F. 1972; MOLLAH M. H., et al, 2000).
Many efforts have been devoted over the last decades to developing mathematical models for
understanding and predicting cement hydration kinetics and microstructure development and how they
are influenced by the action of PCEs (THOMAS J. J., et al, 2011). An accurate approach to the
simulation of cement hydration would provide a tool for predicting the performance of concrete and
designing novel cementitious materials. Despite significant effort and progress, the degree of accuracy
of such simulations is still limited, mainly because of the underlying complexity and multi-scale
nature of cement hydration and microstructural development.
Atomistic simulations can be used reliably for describing the details of the interaction between cement
and PCE since, in principle, any physical-chemical property of a material can be modeled in terms of
modification in the atomic configuration of the system. In particular, these methods can provide
important information regarding spectroscopic and mechanical properties, diffusion and transport
related properties, and conformational and energy analysis.
The application of molecular models (molecular mechanics and molecular dynamics approaches) to
the study of cementitious systems is a relatively new field, which complement numerical models
performed at larger scales (PARROT L. J., et al, 1984; VAN BREUGEL K. 1995; BENTZ D. L. 1997;
BULLARD J. W. 2008; BISHNOI S., et al, 2009; VALENTINI L., et al, 2014) or based on nucleation
and growth kinetic models (THOMAS J. J. 2007; RIDI F., et al, 2012; SCHERER G. W., et al, 2012)
or coarse grained approaches (LEE J. Y., et al, 1998; ANDERSON K. L., et al, 2005; KNAUERT S.
T., et al, 2007; SUTER J. L., et al, 2009). The above methods, in fact, require, to varying degrees,
input consisting of thermochemical data and kinetic parameters, as well as physical and structural
properties of the constituent materials; these quantities can be obtained either from experiments or by
evaluation using molecular-scale techniques: quantum mechanical simulations (QM), e.g. ab initio
methods, and classical mechanical simulations (MM), e.g. Monte Carlo (MC) and Molecular



Dynamics (MD). Molecular modeling to date has been concerned primarily until now with the
structural properties of the cementitious phases, rather than with the intrinsic kinetic aspects of cement
hydration: accurate structural information generated from these studies can be valuable for kinetic
models (DOLADO J. S., et al 2011; THOMAS J. J., et al, 2011).
Most previous MD computational studies on cement components and hydration processes were
focused on a small part of the system. Sanchez (2008) reported MD simulations of the interfacial
interaction between surface functionalized graphitic structures and 9 Å tobermorite, a common model
for C–S–H phases (SANCHEZ F., et al 2008). Pellenq (PELLENQ R. J., et al, 2009) proposed a
molecular model of C-S-H based on a bottom-up atomistic simulation approach that considers the
chemical specificity of the systems. Wu proposed a molecular dynamics approach to calculate elastic
properties (specifically bulk, shear, Young’s moduli, and Poisson’s ratios) of the cement constituents
alite, belite, and aluminate mineral crystal (WU W., et al, 2011).
In 2011, Manzano used a combination of classical and quantum mechanical simulation methods to
study the detailed physicochemical changes of the clinker phases alite (Ca3SiO5) and belite (Ca2SiO4)
(MANZANO H., et al, 2011).
In 2012, Durgun (DURGUN E., et al, 2012) used density functional theory (DFT) calculations to
understand the reactivity of calcium silicate phases, but this system is very far from the actual phases
involved in the cement hydration process. Combining DFT calculations and experimental data, Liu set
up (LIU L., et al, 2012) a reactive force field for ettringite and studied its properties through reactive
dynamics simulations. Yoon and Monteiro studied the molecular structure and dynamics of interlayer
water of 14 Å tobermorite via MD simulations (YOON S., et al, 2013). More recently, Hou used
molecular simulation to study the mechanical properties of C-S-H gels under tensile loading (HOU D.,
et al, 2014) and Durgun conducted an extensive surface analysis of synthetic calcium silicate phases
(C3S and C2S) using first-principles computational methods (DURGUN E., et al, 2014).
The present article addresses the feasibility of in silico studies based on classic MD atomistic methods
of the influence of PCE superplasticizers on the evolution of cement suspensions during early
hydration.
The importance of understanding the dynamics of these polymers in proximity to cement particles, can
hardly be underestimated, since their conformation can affect the system rheology: of particular
relevance is how these polymers are arranged in contact with the surface of cement particles, how the
flexibility of the pendant changes near the surface and which types of cement surfaces interact best
with the PCEs (LANGE A., et al, 2012).
To clarify the conformational dynamic of these systems, some theoretical models were proposed. De
Gennes quantitatively described the interactions between polymers and generic surfaces; Gay and
Raphael (2001) developed a novel method for the characterization of comb-polymers based on the free
energy approach of Flory; Flatt et al. (2009) adapted the approach of Gay-Raphael to the description
of the adsorption of PCEs on C-S-H in terms of hydrodynamic radius surface coating thickness,
obtaining an excellent agreement with atomic force microscopy measurements (DE GENNES P. G.
1987; GAY C., RAPHÄEL E. 2001; FLATT R. J., et al, 2009).
All these methods provide a quantitative description of the conformations of polymers in solution or at
particle interfaces. However, these models cannot be expected to provide very accurate numerical
predictions, since they are based inherently on a scaling law approach. Complementary information
can be provided by atomistic simulations.
The present work focuses on the implementation of a MD-protocol, to simulate the behavior of PCE
polymers with and without cement surfaces. In particular, we gather information on the adsorption
process of PCE on a C3A surface. Simulations are run using a large mineral surface, water molecules
and ions of fixed concentration and a superplasticizer. Each component of the system (mineral surface,
solvent, ions in solution and polymer) requires a specific protocol, i.e. set of force field parameters.
In particular, this report discussess the results of three MD simulations of a system consisting of a
model superplasticizer, the C3A surface and explicit water molecules based on the TIP3P model
(JORGENSEN W. L., et al, 1983), Ca2+ and OH- ions(pore solution). The model superplasticizer,
PCE-(23-7-1), is a comb-shaped polymer unit of methyl-polyethylene glycole-methacrylate and



methacrylic acids (seven back bone units, one side.chain unit and twenty three PEO units in the side
chain).
Several geometric set-up are explored, and conformational properties are computed, such as radius-of-
gyration (RG), end-to-end distance (ETE), center of mass trajectory (CM) and the structure and
dynamics of Ca/Al/O atoms layers present in the C3A.
The paper is organized as follows: in Section 2 the computational method is presented. Selected
results and conclusions are reported in Section 3. In the Appendix the simulation parameters are
summarized.

2. Computational details
The interactions between the polymer, water, surfaces and ions were modeled using the Dreiding force
field (MAYO S. L., et al, 1990) in combination with the TIP3P model for water molecules
(JORGENSEN W. L., et al, 1983), the CLAYFF force field for the surfaces and ions (CYGAN R. T.,
at al, 2004) and the polarizable multistate empirical valence bond (MS-EVB) potential for OH- anions
(WICK C. D., Dang L. X. 2009).
The Dreiding force field is a reasonable choice for predicting the structures of poorly characterized
molecules, although it may lead to low accuracy for specialized subsets of molecules. Due to its
general applicability, it is currently employed to predict or rationalize structures and dynamical
properties of a variety of organic and inorganic molecules. This force field uses general force
constants and geometric parameters based on simple hybridization rather than on individual force
constants and geometric parameters that depend on the particular combination of atoms involved in the
bond, angle or torsion terms. It follows that all bond distances are derived from atomic radii, and there
is only one force constant for each bond, angle, and inversion. The van der Waals interactions are
described by atomic monopoles and a screened (distance dependent) Coulomb interaction.
The potential energy of the Dreiding force field is expressed as:
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where ke, ki,j,k, kinv are the force constants for stretching, bending and inversion; Vj,k is the barrier of
rotation for dihedral angle torsion (always positive); R0,  0,j,  0,jk and  are, respectively, the
equilibrium bond length, angle bend, dihedral angle and improper angle; D0 is the van der Waals well
depth;  = R/R0 is the scaled distance; R0 is the van der Waals bond length; Qi and Qj are charges in
electron unit;  is the dielectric permittivity; 332.0637 is a numeric constant which converts
electrostatic energy, expressed in kcal/mol [Mayo S. L., et al, 1990; Wu W., et al, 2011).
The interaction parameters between unlike atoms were calculated, based on the arithmetic mean rule
for the distance parameter R0,ij and the geometric mean rule for the energy parameter D0,ij, as

 0, 0, 0, 2ij ii jjR R R  (2)

0, 0, 0,ij ii jjD D D (3)

CLAYFF is a suitable force field for molecular simulations of hydrated and multicomponent mineral
systems and their interfaces with aqueous solutions. The molecular modeling of real interfaces
requires the description of complex and incompletely or poorly characterized crystal structures, low
symmetries, large unit cells, variable compositions, complex and variable interlayers and interfaces.
The numerous parameters of a bonded force field are not easily transferred from relatively simple and
well-known structures to systems with complex and ill-defined bond structures. For such systems, the



application of a bonded force field is problematic because it can easily lead to significant over-
parameterization, due to lack of experimental data needed to univocally determine all the force field
parameters necessary to describe bonded interactions (CYGAN R. T., et al, 2004).
CLAYFF is based on an ionic-covalent description of metal-oxygen interactions associated with
hydrated phases. All the atoms are represented as point charges with complete unconstrained
translational motion within this force field framework. Metal-oxygen interactions are based on a
simple 12-6 Lennard Jones potential combined with Coulomb interactions. The empirical parameters
are optimized using known mineral structures. Partial atomic charges are obtained from cluster and
periodic density functional theory, quantum chemical calculations of simple oxide, and hydroxide and
oxy-hydroxide model compounds with well-defined structures. Oxygen and hydroxyl charges vary
depending on their occurrence in water molecules, hydroxyl groups, bridges and substitution
environments. Harmonic terms are included to describe the bond stretch and bond angle (three-body)
bend terms associated with hydroxyls (SHAHSAVARI R., et al, 2011).
The potential energy of CLAYFF force field is expressed as
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where qi and qj are partial charges derived from quantum mechanics calculations, e is the charge of the
electron,  0 is the dielectric permittivity of vacuum; D0,ij and R0,ij are empirical parameters derived
from fitting the model to observed structural and physical properties (CYGAN R. T., et al, 2004). The
interaction parameters between unlike atoms were calculated based on the arithmetic mean rule for the
distance parameter R0 and the geometric mean rule for the energy parameter D0.
OH- anions were modeled by creating a new sphere-like atom type in which the diameter equals the
distance between oxygen and hydrogen in the OH- anion, the charge is set to -1.0 and the Lennard
Jones parameters are those described in the MS-EVB potential (WICK C. D., Dang L. X. 2009).
The Restrained Electrostatic Potential procedure (RESP) introduced by Bayly et al. (BAYLY C. I., et
al, 1993) for the calculation of electrostatic interactions was applied. The RESP model is based on a
least-squares fit of the charges to the electrostatic potential, with the addition of hyperbolic constraints
on charges on non-hydrogen atoms. These constraints allow the reduction of charges of atoms that are
poorly defined by the electrostatic potential, such as buried carbons. The final RESP model requires a
two-stage fit, with the second stage needed to fit methyl- and methylene- groups, which in turn require
equivalent charges on geminal hydrogen atoms that are not equivalent (CORNELL W. D., et al, 1993;
DUAN Y., et al, 2003; Stendardo E., et al, 2010). An essential component of this procedure is that
these pairwise charges are generated from gas phase ab initio calculations, but are designed to
reproduce solution phase charge interactions. The charge derivation is also designed around the
concept that a molecule is expected to have an integer charge. Moreover, this method is only
applicable to small molecules (e.g. amino acids, monomers) due to poor convergence in larger systems.
Therefore, in this work the RESP method was applied to the monomers, ensuring that the total charge
of the polymer is an integer. Ideally, monomers should be reasonably small so as to reduce the chances
of artifacts related to the QM calculations, to prevent the RESP fits from being blocked in a high
energy minimum. All monomers geometries were fully optimized in vacuo using a B3LYP/6-
311G(D,P) density functional as implemented in Gaussian (FRISCH M. J., et al, 2004). Conveniently,
the errors in these calculations are close to the difference between the charge distributions in the gas
phase and in solution (WANG J., et al, 2006).



2.1 MD protocol
A MD protocol composed of several steps, for the following three systems:
MD1: C3A + PCE-(23-7-1) (perpendicular to surface) + 7Ca2++ 14OH- + H2O (TIP3P);
MD2: C3A + PCE-(23-7-1) (parallel to surface) + 5Ca2++ 10OH- + + H2O (TIP3P);
MD3: C3A + PCE-(23-7-1) (folded conformation) + 7Ca2++ 14OH- + + H2O (TIP3P);
was set up and validated.
These systems have been constructed so as to maintain electroneutrality. The protocol is described for
MD1, in detail, as follows:.
First (I) the superplasticizer PCE-(23-7-1) was built, as shown in Figure 1 (c), a comb-shaped system
consisting of a backbone of six methacrylic acid monomers and one MPEG-methacrylate ester with
twenty three grafted ethylene glycole units. To determine the structural stability, the system was
optimized in vacuo by a steepest descent algorithm (Plimpton S. 1995).

(a) (b) (c)
Figure 1. (a) Schematic representation of the comb-shaped polymer PCE-(P-N-n). The polymer contains n
segments, each with N back bone units and one side chain. Each side chain contains P monomers. (b) Chemical
structure of PCE-(23-7-1), a copolymer of methyl-polyethylene glycole-methacrylate and methacrylic acids:
seven back bone units, one side-chain unit and twenty three PEO units in the side chain. (c) van der Waals
representation of the PCE-(23-7-1) studied via MD simulations. Backbone length 16∙10-10 m. Side chain length
54∙10-10 m. The different colors correspond to different atom types: H = white, O = red, C = cyan.

Next (II) a 6a  6b  4c molecular supercell crystal model was built from the crystal structure
determined by Steele (STEELE F. A. 1929), as shown in Figure 2. The experimental cubic unit cell
C3A parameters for a, b and c are 7.624∙10-10 m. The supercell was contained in a box with dimensions
6a6b4c. As in the case of the PCE polymer, structural stability in vacuo was determined by a pre-
optimization via steepest descent method (PLIMPTON S. 1995).

a-view b-view c-view



a-view b-view c-view
Figure 2. a-, b- and c-view of the C3A supercell (van der Waals representation). On top MD1, MD3 surfaces
(6a6b4c) and on the bottom MD2 surface (12ax3bx4c). The different colors correspond to different atom types:
O = red, Ca = yellow and Al = gray. Arrows indicate the axes of the inertial reference system. The number of
atoms, in the two cases, is the same.
Water molecules (in order to obtain a water density equal to 1g/ml) and ions, at the correct
concentrations, were added (III) resulting in a larger box with volume 6a  6b  (4c+l), where l is
determined by the amount of water added to the system. These operations were carried out using
Packmol software (MARTÍNEZ L., et al, 2009). The values used for the ionic concentrations in the
pore solution are [Ca2+] = 5∙10-4 mol/L and [OH-] = 10∙10-4 mol/L, which are close to the maximum
concentrations, in normal hydration conditions, at the transition between the induction period and
acceleration (BULLARD J. W. 2008).
Finally, the MD simulation was performed (IV) in NVT conditions (constant number of particles,
volume and temperature), enforcing three-dimensional periodic boundary conditions (PBC) and using
a Nosé-Hoover Thermostat, pair list distance of 2.0∙10-10 m (pair list updated every 100∙10-15 s), time
step of 1∙10-15 s, Particle Mesh Ewald treatment of electrostatics (accuracy of 1.0·10-4), and cutoff for
van der Waals interactions at 10.5∙10-10 m (DING H. Q., et al, 1992). In particular, the simulations
consisted of two steps: a) equilibration of the system, at 298.15 K, for 50 ns, b) production run, at
298.15 K, for 100 ns.
The Shake algorithm was used to constrain bonds and angles of water molecules during the simulation
(Ryckaert J. P., et al, 1977). Simulations were performed using the LAMMPS software package
(PLIMPTON S. 1995).

a-view b-view c-view

a-view b-view c-view
Figure 2. a-, b- and c-view of the C3A supercell (van der Waals representation). On top MD1, MD3 surfaces
(6a6b4c) and on the bottom MD2 surface (12ax3bx4c). The different colors correspond to different atom
types: O = red, Ca = yellow and Al = gray. Arrows indicate the axes of the inertial reference system. The number
of atoms, in the two cases, is the same.



Finally, the MD simulation was performed (IV) in NVT conditions (constant number of particles,
volume and temperature), enforcing three-dimensional periodic boundary conditions (PBC) and using
a Nosé-Hoover Thermostat, pair list distance of 2.0∙10-10 m (pair list updated every 100∙10-15 s), time
step of 1∙10-15 s, Particle Mesh Ewald treatment of electrostatics (accuracy of 1.0·10-4), and cutoff for
van der Waals interactions at 10.5∙10-10 m (DING H. Q., et al, 1992). In particular, the simulations
consisted of two steps: a) equilibration of the system, at 298.15 K, for 50 ns, b) production run, at
298.15 K, for 100 ns.
The Shake algorithm was used to constrain bonds and angles of water molecules during the simulation
(Ryckaert J. P., et al, 1977). Simulations were performed using the LAMMPS software package
(PLIMPTON S. 1995).

3. Results
MD1, MD2 and MD3 initial configurations are shown in Figure 3.

(a) (b) (c)
Figure 3. Initial configuration of (a) MD1: polymer perpendicular to the surface. (b) MD2: polymer parallel to
the surface. (c) MD3: side-chain perpendicular and backbone parallel to the surface. The different colors
correspond to different atom types: H = white, O = red, C = cyan, Ca = yellow, Al = grey, Na = green, OH- ions
are red (van der Waals representation).

Trajectories were analyzed using VMD (HUMPHREY W., et al, 1996), determining the instantaneous
RG and the ETE of the polymer, to monitor structure flexibility and conformation in the presence of
ions in solution and of a C3A surface. The radius-of-gyration of the polymer was computed, as shown
in Figure 4 (a), along the entire simulation, defined as:

 2
N

i i cm
i
m

RG
M
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where N is the number of C sp3 of the backbone and side-chain, ri and mi are respectively the position
and the mass of i-th C atom, M is the total mass of the group, rcm is the center-of-mass position of the
polymer, as shown in Figure 6 (a). The RG graph histogram, as shown in Figure 4 (b), was also
calculated to show the most likely values.



(a) (b)
Figure 4. (a) Time variation and (b) histogram relative to the radius of gyration of the PCE-(23-7-1), computed
along the simulations, for MD1 (black line), MD2 (red line) and MD3 (blue line).

The end-to-end distance of the polymer, corresponding to the vector that points from one end of the
polymer to the other end, was computed, as shown in Figure 5 (a), along the entire simulation, by the
following equation:

     222
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where xfirst, yfirst, zfirst were the Cartesian coordinates of the first C atom of the polymer backbone
considered and where xlast, ylast, zlast were the Cartesian coordinates of the last C atom of the polymer
side-chain considered, as shown in Figure 6 (b). The distribution graph histogram relative to the ETE
distance is displayed in Figure 5 (b).

(a) (b)
Figure 5. (a) Time variation and (b) histogram relative to the end-to-end distanceof the PCE-(23-7-1), computed
along the simulations, for MD1 (black line), MD2 (red line) and MD3 (blue line).



(a) (b) (c) (d)
Figure 6. van Der Waals representation of atoms considered to analyze the conformation of PCE-(23-7-1):
radius-of-gyration (a), end-to-end distance (b), end-to-end distance of backbone (c) and end-to-end distance of
pendant (d), along the MD simulations, for MD1, MD2 and MD3.

Both the ETE of the polymer backbone and side-chain were computed for pairs of atoms illustrated in
Figure6 (c) and (d). The graph histograms in Figure 7 (b) and (d) show qualitatively which component
is flexible.

(a) (b)

(c) (d)
Figure 7. Time variation and histograms relative to the end-to-end distance of the backbone, (a) and (b), and of
the side-chain, (c) and (d), of the polymer, computed along the simulations, for MD1 (black line), MD2 (red
line) and MD3 (blue line).



At first glance, from the analysis of RG and ETE, it appears that the polymer is more flexible in the
MD1 simulation, compared to MD2 and MD3. This can be attributed to the fact that PCE-(23-7-1)
leaves the surface during the course of the MD1, and the increased mobility of the polymer is mainly
due to the dynamics of the side-chain.
The trajectory of the center of mass of the polymer is shown in Figure 8, as a qualitative indication of
the tendency of the polymer to adhere to or move away from the surface.

g
(a) (b) (c)

Figure 8. (a) x-component, (b) y-component, (c) z-component of dynamic of center of mass of the polymer, , for
MD1 (black line), MD2 (red line) and MD3 (blue line).

It appears, not surprisingly, that the number of methacrylic units near the surface of the starting
configuration, is a crucial factor for predicting whether the polymer drifts from the surface. In the
MD2 and MD3 starting configurations, the backbone of PCE-(23-7-1) is parallel to the interface, such
that six methacrylate units are close to the surface, with a greater attractive polymer-surface
electrostatic interaction. In MD1, only one methacrylate unit is close to the surface.

3.1 Summary and conclusions
Preliminary findings may be summarized as follows: a MD protocol appears to be useful in the study
of the influence of PCE superplasticizers on the evolution of cement during early hydration. Results
show that the mobility of the polymer is due primarily to the dynamics of the side-chain. In particular,
the polymer with the largest number of methacrylic units near the surface displays a limited degree of
mobility. These first results, albeit obtained on a rather simple system, can lead the way to the study of
more complex cases based on larger organic molecules and clinker-like surfaces, with the final aim of
achieving a deeper understanding of the interaction between cement and superplasticizers.
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Appendix. Simulation parameters

Table 1. Force Field parameters.
Nonbond Parameters for the CLAYFF Force Field

Species Symbol qi (e) D0,ii (kj/mol) R0 (10-10 m)
Bridging Oxygen ob -1.0500 0.6506 3.5532

Octahedral Aluminium ao 1.5750 0.000005567 4.7943
Hydroxide calcium cah 1.0500 0.00002106 6.2484
Aqueous sodium ion Na 1.0000 0.5447 2.6378
Aqueous calcium ion Ca 2.0000 0.4187 3.2237

Nonbond Parameters for the MS-EVB Force Field
Species Symbol qi (e) D0,ii (kj/mol)

Hydroxyl ions Ion_Hyd -1.0000 0.7641
Nonbond Parameters for the Dreiding Force Field

Species Symbol qi (e) D0,ii (kj/mol) R0 (10-10 m )
Hydrogen H_

RESP

0.0636 3.1950
Carbon sp3 C_3 0.398 3.8983
Carbon sp2 C_2 0.398 3.8983
Oxygen sp3 O_3 0.401 3.4046
Oxygen sp2 O_2 0.401 3.4046

Bond Parameters for the Dreiding Force Field
Bond stretch

Species i Species j ke (kj/mol 10-20 m2) R0 (10-10 m )
H_ C_3

2930

1.0900
C_3 C_3 1.5300
C_3 C_2 1.4300
C_3 O_3 1.4200
C_2 O_3 1.3200
C_2 O_2 1.2200

Angle Bend

Species i Species j Species k ki,j,k (kj/mol 10-20
m2)/rad2 0 (rad)

X C_3 X
418.7

1.91
X C_2 X 2.09
X O_3 X 1.82

Dihedral Angle
Species i Species j Species i Species k Vj,k (kj/mol) d n

X C_3 C_3 X 8.4 -1 3
X C_3 C_2 X 4.2 -1 6
X C_2 O_3 X 4.2 -1 6
X C_2 O_2 X 20.9 -1 2
X C_3 O_3 X 8.4 -1 3

Improper Angle
Species i Species j Species i Species j ki (kj/mol)/rad2 0 (rad)
C_2 X X X 167.5 0.0

Table 2. MD Simulations data: l1 = 120∙10-10 m and l2 = 80∙10-10 m are, respectively, the height of water box of
MD1, MD3 and MD2.

System MD1 MD2 MD3
PCE-(23-7-1) + Ca(OH)2 + H2O + C3A

Box dimensions (Å3) 6ax6bx(4c+l1
)

12ax3bx(4c+l2
)

6ax6bx(4c+l1
)

PBC x, y, z axis
Ensemble NVT

Number of atoms 30211 21808 30211
T (K) 298.15

Thermostat Nosé-Hoover
Cut-Off (Å) 10.5

Polymer charge (e) -6
System charge (e) 0

Number of H2Omolecules 8394 5595 8394
Number of Ca(OH)2

molecules 7 5 7

Number of Na+
(cations of PCE’s salt) 6

Optimization algorithm Steepest Descent Method
Time step (10-15 s) 1



Dump frequence (10-13 s) 1
Equilibration time (10-8 s) 5
Production time (10-7 s) 1
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Abstract
Cement is an intricate component of stable wellbores as it provides zonal isolation, mechanical reinforcement of
the casing and protects casing from corrosive fluids. The focus of this research was to investigate the effect of
wellbore cement compression on its microstructure and mechanical properties, as well as a factor of water to
cement ratio (w/c).

The cement was initially placed in the annular space represented by “pipe-inside-pipe” physical model. After
cement hydration was completed, the inner diameter of the pipe was expanded causing cement compression.
When investigated and compared to the control sample, compressed specimens had finer grain structure and
reduced pore space. Furthermore, secondary Scanning Electron Microscopy (SEM) images showed
improvement in crystal growth due to cement pore water propagation during cement compression and a
consequent secondary cement hydration. The main difference was in the grain size, with compressed sample
dominated by finer grains and closed microstructure that will result in a decrease of hydraulic conductivity and
healed microfractures. Micro-indentation test was utilized to evaluate the change in cement mechanical
properties. Indentation experiments showed an overall increase in hardness and Young’s modulus of
compressed cement. This can be correlated with an increase in the strength of the rehydrated cement. Analysis
of indentation test results on cement samples also showed a decrease of both Young’s modulus and hardness
after increasing w/c.

The most likely mechanism behind all changes in cement structure and its properties is displacement of cement
pore water as a result of pressure being transferred from the expanded inner pipe while cement is confined by
the outer pipe. This particular research provides an insight into how compression of the cement sheet changed
its mechanical properties and triggered a unique self-healing process of microfractures which can occur in
wellbore cements as a result of pressure and temperature oscillations during production of oil/gas and injection
water. These mechanical properties were also quantitatively compared to shale caprock samples in order to
investigate the similarities of hydraulic barrier features that could help to improve the subsurface application of
cement in zonal isolation. The comparison showed that the poro-mechanical characteristics of wellbore cement
appear to be improved when inherent pore sizes are shifted to predominantly nano-scale range as characteristic
of pore-size distribution typical for shale rocks.

Keywords: Hydraulic barriers, Engineered hydraulic barriers, Natural hydraulic barriers, Wellbore cement,
Shale Caprock, Remediation of leaky wellbores, Microstructure, Microhardness.

mailto:mileva@lsu.edu


ICCC 2015

2

1. Introduction
The main artificial hydraulic barrier in wellbores, cement sheath, can be subjected to many types of
failures during the well life. The primary functions of wellbore cements are to primarily provide zonal
isolation, mechanical support of the metal pipe and prevent corrosion of wellbore system metal
components. The integrity of the wellbore cement sheath is a function of the petrophysical and
mechanical properties of the hydrated cement, the geometry of the cased well and the properties of the
drilled formation (Thiercelin et al., 1998). During cementing operations, insufficient mud removal and
improper cement placement might lead to weak bonding on both interfaces of the cement sheath and
eventually gas channeling and poor zonal isolation (Agbasimalo & Radonjic, 2014). Debonding at
cement/rock and cement/metal casing, can be caused by: operational casing movement, cement
shrinkage and pressure and/or temperature changes. Pressure and temperature oscillations caused by
completion and production operations contribute to the development of fractures and microannuli
within the cement matrix (Nelson & Guillot, 2006). Cement fractures, resulting from internal
pressurization of the casing, generally cause loss of annular zonal isolation in the lower one quarter to
one third of the well, while large temperature changes cause cement sheath fracturing in the upper one
third to half of the well (Goodwin & Crook, 1992). Both, tensile and shear failure of the cement
sheath, have been shown to have a strong relationship with wellbore pressure and temperature (Jo &
Gray, 2010). Initial casing expansion and contraction can create a microannulus and significantly
increase the hydraulic conductivity of the wellbore, while further casing loading can cause initiation
of radial cracks in the cement matrix, once the tensile stresses exceed the tensile strength of the
material, also resulting in compromised zonal isolation of the wellbore cement (Boukhelifa et al.,
2004).

Mechanical properties of hydrated cement pastes such as hardness and compressive strength, are
primarily influenced by water to cement (w/c) ratio, since the rate of cement hydration dictates the
amount of porosity versus solid phases. Glinicki and Zielinski (2004) documented a linear
relationship between Vickers hardness and different w/c ratios using indentation. Their results were
that after 28 days, 0.3 w/c ratio hydrated cement paste had a hardness of over 550 MPa, 0.5 w/c ratio
cement paste had a hardness of 375 MPa, while cement paste with highest w/c ratio of 0.7 produced a
hardness of 200 MPa, clearly showing an inverse relationship. Water to cement ratio, given the same
curing conditions such as hydration time, temperature and pressure, also dictates petrophysical
properties of hydrated cement, which is crucial for compressibility of the porous medium.

Natural hydraulic barriers, shale caprocks, are known as superior hydraulic barriers over geological
time. The shale caprocks, although highly heterogeneous in chemical compositions (being a natural
material), have low permeability primarily due to compaction and clay dehydration during diagenetic
evolution of the rock in the subsurface. Shales are generally composed of variable amounts of clay
minerals, similar to the predominant component of hydrated cement, calcium silicate hydrates (CSH).
The clay minerals represented are largely kaolinite, montmorillonite and illite. In comparison to
cement, the hardness of shale is affected by rock-fluid interaction processes. Swelling clay in shale
rocks can drastically change geomechanical properties when in contact with unsaturated aqueous
fluids. Unlike cement, where impact of water is mainly chemical in nature, resulting in dissolution of
calcium hydroxide (portlandite, CH) and leaching of calcium-rich phases, shale rocks are primarily
impacted by physical phenomena caused by swelling clays.

In previously published work, we reported the findings from a study on the unique approach of the
application of expandable casing technology as a new remediation operation for microannular gas
migration (Kupresan et al., 2013; Kupresan et al., 2014).

In this paper, we report a preliminary comparison of clay rich rocks (shale) and hydrated cement.
Shale caprocks formed as a result of rapid water removal during sediment burial at elevated pressures
and temperatures while hydrated cement subjected to compression that would also result in a rapid
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pore cement water migration. The effect of pipe expansion on cement microstructure and mechanical
properties was studied with the purpose of drawing analogies between wellbore cement and shale
caprocks, which is the typical subsurface hydraulic barriers.

2. Experimental Methodology
2.1. Expansion Fixture
The 135 kN expandable fixture was designed and manufactured for the purpose of this research as a
physical model for pipe expansion in field conditions. Detailed pipe expansion procedures can be
found in previous publications (Kupresan et al., 2014; Radonjic & Kupresan, 2014).

2.2. Sample Design
The mini wellbore model was designed to represent the cemented casing in the wellbore. The 61 cm
long sample consisted of two ASTM A53 ERW Grade B steel pipes; an outer pipe with 10 cm OD
and 6 mm wall thickness, and an inner pipe with 6 cm OD and 2.8 mm wall thickness. The welding
bead on the inside wall of the inner pipe was machined out and a quarter inch steel plate ring was
welded at the bottom of the sample to seal the space between the two pipes. The annulus between
inner and outer pipes was cemented with two cement designs: 1.56 g/cm3, 0.87 w/c ratio cement
slurry, and 1.96 g/cm3, 0.38 w/c ratio cement slurry. Both slurries were prepared in a four liter, 3.75
horsepower laboratory blender at 20,800 rpm. The 0.87 w/c ratio samples were cured in a water bath
for a minimum period of 28 days with the water PH being kept between 12 and 13 by mixing the
water with Ca(OH)2. The 0.38 w/c ratio samples were cured for two years in a water bath with a pH of
approximately 10 to13. Defoaming agent and bentonite were used as additives for the API Class H
cement (API Recommended Practice 10B).

2.3. Micro-indentation
The micro-indentation test used an established method. Hardness and Young’s modulus were obtained
with computation method from W. Oliver & G. Pharr (2004). Nanovea® Micro-Hardness Tester,
which was used, is based on the standards for instrumented indentation, ASTM E2546 and ISO 14577.
The indenter tip with a known geometry (Vickers Diamond) is driven into the cement sample to be
tested, by applying an increasing normal load; see Figure 1. When reaching a pre-set maximum value,
the normal load is reduced until partial or complete unloading of the sample occurs. For each
loading/unloading cycle, the applied load value is plotted with respect to the corresponding position of
the indenter. Six-spot indentation was completed in a form of a 3-line profile, on every sample
ranging from outer pipe position to the inner region of the cement sheath, covering its entire cross-
section. The testing was conducted on cement control samples, immediately after expansion and after
30-day period of rehydration. The indentation test was also conducted on shale samples as a natural
hydraulic barrier, in order to compare its mechanical properties to cement samples as an artificial
hydraulic barrier.

The following set of conditions was used in all the indentation experiments: the maximum force used
was 20 N; the loading and unloading rates were kept the same at 20 N/min; the pause at maximum
load was 30 seconds; the contact load was 30 mN. The indenter type was Vickers diamond with the
Poisson coefficient of 0.07.
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Figure 1 (left) Schematic of indentation apparatus; (right, a) schematic of indentation points on cement sample
and the direction of cement compression; (right, b) single indentation point as seen on cement control sample;
(right, c) single indentation point on shale sample, showing more elastic deformation of the material upon
unloading compared to cement sample.

2.4. Optical Microscopy and Scanning Electron Microscopy (SEM) Coupled With Energy
Dispersive X-Ray Spectrometry (EDS)
For optical microscopy, Leica® DM2500-P modular polarization optical microscope was used with
multiple levels of magnification provided by ocular lenses. The cement sheath thin sections used for
this visual investigation technique were prepared at the Weatherford Lab in Houston. The purpose of
this analysis was to observe the changes in the cement structure caused by pipe expansion with a low
magnification of 50 times in order to have a larger field of view, which is critical for fracture network
observation.

For SEM imaging, the cement and shale samples, fractured surfaces were first dried with acetone and
then sputter coated with platinum, and thin sections were carbon coated. The electron microscope
used for obtaining the SEM images was FEI Quanta 3D FEG dual beam FIB/SEM system at 15 and
20 kV.

3. Results
3.1. Analogies between Shale and Cement
Clay minerals, the major constituent of shales and other mudrocks are composed of expandable
smectites, whereas in older rocks especially in mid to early Paleozoic shales, non-expansive illites
predominate. The transformation of smectite to illite produces silica, water and other sodium, calcium,
magnesium, iron based minerals. The minerals formed include authigenic quartz, chert, calcite,
dolomite, ankerite, hematite and albite, all trace to minor (except quartz) minerals found in shales and
other mudrocks. The morphology is such that they are laid down in flat shealths and cores retrieved
from the subsurface shows platelet like structures in SEM images (Olabode & Radonjic, 2014).

Cement on the other hand, consists of hydration reaction products of calcium and silica based
compounds. When cement reacts with water it forms calcium-silicate-hydrate (C-S-H). This
semicrystalline, nanoporous material with a large surface area can make up to 70% of hydrated
cement paste and is largely responsible for cement strength. The second most common mineral in
hydrated cement is calcium hydroxide, also referred to as portlandite (CH); its concentration in
hydrated cement paste is up to 25%. The CH crystals form hexagonal plates of indeterminate shape
that may be intimately intergrown with C-S-H (Taylor, 1997). The third largest mineral group in
hydrated cements is the aluminoferrite group. The major mineral of this phase group is ettringite
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which can make up to 20% of a hydrated cement paste. The aluminoferrite group is formed in the
early hydration stages, often presenting as hexagonal rods.

The deposition and formation of caprocks as an impermeable subsurface barrier material are based on
squeezing of excess water and mineralogical transformations at different temperatures and pressures.
These processes proceed over geologic times. It is expected that, in a similar mechanism, the wellbore
cement material when compressed towards the formation, can also experience pore water propagation
and secondary mineral precipitation resulting in improved mechanical and hydraulic properties. The
SEM images presented in Figure 2 (a-d) show the microstructural characteristics of cement sheaths
compared to shale rocks. The highly organized features in cement micrographs stem from being an
engineered material compared to the irregular features in the shale rock images.

3.2. Cement Alterations
The two cement designs used are typical representatives of low and high w/c ratio slurries used in
wellbore construction, light and heavy weight respectively. The lightweight cement slurry (tail cement)
is most commonly used in shallower formations while the heavier cement slurry (head cement) is used
for cementing operations in deeper formations with high pore pressures. In addition, the weight of
cement is also tailored with respect to the strength of the drilled formation, in order to prevent
fracturing of the surrounding rock and losses of cement slurry.

Ettringite

C-S-H

CH

CH

CH

a b

Clays

(smectite/kaolinite

Quartz Quartz

Clays

(smectite/kaolinite

c d

Cement Cement

ShaleShale

Figure 2 SEM morphological characteristics of cement (a & b) and shale caprock (c & d) with cement showing
fissure-like characteristics (b). The shale caprock also showed some pores at the 10 µm resolution of the images
(c). Depositional environment and tremendous geologic compaction process tended to affect the morphological
and petrophysical characteristic of shale conferring it with tightness features. It should be noted that all the
cement and shale samples analyzed with SEM are devoid of water.
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Behavior of cement during compression of 1.96 g/cm3 (w/c=0.38) samples was different than those
during compression of samples with lightweight cement of 1.56 g/cm3 (w/c=0.87). There was no
liquefied cement paste squeezed through the holes on the outer pipe and cement matrix appeared to be
in a solid state immediately post-expansion. When subjected to the same conditions of inner metal
pipe expansion, light cement appeared to be undergoing displacement of pore water much more
readily, and large amounts of liquefied cement paste protruded through the outer pipe holes (drilled to
simulate porosity of the surrounding rock).

Optical microscopy images of the control sample showed the presence of air voids (bubbles), some of
which had a diameter of over 100 μm (Figure 3a). The cement matrix in the control sample appeared
to have had more pores than the compressed sample. Large air bubbles were useful features to follow
in post-experimental alterations. Figure 3b shows the optical micrograph after compression was
carried out, revealing precipitation of portlandite on the pore walls as a product of secondary mineral
growth induced by pore water propagation under compression. Similar observations were made by
Taylor, where portlandite crystals tend to grow in spaces initially occupied by water (Taylor, 1997).
Cement pore water propagation due to pipe expansion most likely triggered this precipitation of new
minerals within the collapsed pores. In addition, due to their larger field of view optical microscopy
images revealed another phenomenon that was taking place during the experiment, compaction of
larger pores. It is evident from Figure 2 that pre-experimental specimens had perfectly spherical air
bubbles (Fig. 3a), which once subjected to compaction induced by the metal pipe expansion, became
ellipsoidal (Fig. 3b).

Figure 3 (a) Optical microscopy image of the 0.87 w/c ratio control sample showing air bubbles (AB), spherical
and intact in cement matrix prior to casing expansion; (b) optical microscopy image of the sample after pipe
expansion showing air bubbles deforming and portlandite mineral (CH) precipitation.

SEM images below show the structure of both cement slurries (0.38 and 0.87 w/c ratio) before and
after the cement was subjected to compression behind the metal pipe. The picture clearly shows
destruction of the original texture as depicted in Figure 4. The arrangement of needles changed from
an oriented growth (control sample) to a dispersed distribution across the entire image in compressed
sample. At an even higher magnification it can be observed that the ettringite needles are not only
dispersed, but appear to have a much larger cross-sectional diameter of individual needles, suggesting
a rapid crystal growth, as seen in Figures 5a and 5b.

a b
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Figure 4 (a) a typical hcp fractured surface of a 0.38 w/c ratio control sample shows growth of hydration
products and presence of unhydrated cement; (b) the structure after pipe expansion at 8% expansion ratio caused
cement compression and dispersion of original hydration products.

Figure 5 High magnification SEM image of 0.87 w/c ratio cement sample. (a) control sample; (b) sample after
8% pipe expansion shows an increased growth of ettringite, with well-defined surfaces. In addition CSH appears
to be more dense and the entire texture is well compacted with no visible large porosity.

SEM micrographs obtained from polished thin sections of compressed cement sample coupled with
elemental mapping showed compositional changes within the cement matrix triggered by expansion
of metal casing and consequent compression of cement. The advantage of polished sample surfaces is
that it enabled acquisition of elemental maps that provide spatial elemental distribution. The elemental
maps are used to accurately follow compositional changes, such as precipitation of new minerals,
reduction/increase of porosity, and presence of fractures. The unhydrated cement grains, observed in
the control sample, fractured and deformed during expansion, as observed in the micrographs shown
in Figure 6. This allowed the hydration of new materials and precipitation of minerals, initiating
secondary hydration that took place after the sample was subjected to mechanical compression behind
the metal casing.

ba

(
a)

(
b)a b
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Figure 6 EDS elemental mapping, showing images of 0.87 w/c ratio cement control sample (top row) and the
same sample after 8% expansion (bottom row). The brighter the color on the micrograph represents the higher
concentration of the corresponding element. Darker colors represent low concentrations of the corresponding
element, and constant black pixels present in all maps are porosity/fractures. Unhydrated cement grain (full red
circle, top row) fractures and deforms under expansion force, allowing free cement pore water propagation and
triggering of secondary hydration (dashed yellow circle, bottom row).

3.3. Micromechanics of Wellbore Cements and Shale Caprocks
Micro fractures were observed within the cement matrix, however these fractures seemed not to have
a significant effect on micro-mechanical properties. The initiation of these fractures is not clear, it can
be result of cement compression during pipe expansion or an artifact of sample preparation, as
cement/metal assembly had to be cut into disks in order to evaluate cement. The micro-indentation
measurements revealed the decrease in both, hardness and Young’s modulus of cement, immediately
after pipe expansion for all expansion ratios (Figure 7), suggesting initial detrimental effects of pipe
expansion on cement properties. However, the hardness and Young’s modulus increased on average
after one month of rehydration for all compressed cement samples. The secondary hydration most
likely provided additional hydration of previously unhydrated cement particles as well as precipitation
of secondary minerals within fracture systems, as supported by SEM/EDS.

For the 0.38 w/c ratio samples, the highest decrease immediately after the expansion was from 8%
pipe expansion where the hardness decreased by 35%, and Young’s modulus decreased by 33%. The
highest increase in hardness and Young’s modulus after one month of rehydration was also for the
same sample where the hardness reached 90% of the initial strength before pipe expansion, and
Young’s modulus reached 85% of its original value before expansion
.
Shale rocks have similar mechanical properties to hydrated cement, as shown for Pottsville shale in
Figure 7. Wilcox shale had a distinctively low hardness and Young’s modulus value due to the
presence of swelling clay resulting in soft texture on adsorption of water and ultimate weakening of
the material. Wilcox shale has a significant percentage of montmorillonite (a well-known swelling
clay), which becomes softer in the presence of water resulting from the adsorption of water molecules
into the matrix structure of the shale. This difficult-to-reverse adsorption process results in reduced
compressive strength and Young’s modulus as observed in the measured hardness values for this
shale (Stephens et al., 2009). The Pottsville shale, which is swelling clay free, did not exhibit this
phenomenon when polished with water.
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Figure 7 Mechanical properties of 0.87 w/c ratio cement with different expansion ratios and shale sample
(Wilcox) and sample 2 (Pottsville).

The indentation results of the 0.87 w/c ratio samples one week post-expansion show decrease in both
hardness and Young’s modulus for all samples, where the highest hardness decrease of 30% was
recorded in the samples which underwent 4% and 8% expansion (Figure 8), and Young’s modulus
decrease linearly as the expansion ratio increase. The indentation results of the samples one month
post-expansion showed an average increase in the cement’s hardness and Young’s modulus after pipe
expansion. Both hardness and Young’s modulus increased the most in the sample 8% post-expansion
(20% increase in hardness, 40% in Young’s modulus).

Figure 8 Mechanical properties of 0.87 w/c ratio cement with different expansion ratios
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4.Discussion and Conclusions
Based on the presented data it is evident that hydrated wellbore cement, once subjected to forces
caused by expansion of metal casing, can undergo microstructural alterations. Because of the
confinement between the two metal pipes, cement did not reach complete failure and remained in a
state that allowed secondary hydration to take place. The confinement prevented the failure of brittle
material and instead rearranged microarchitecture within cement matrix.

The effect that the metal casing expansion has on the cement is overall positive. It reduced the amount
of large pores by compaction, moreover, it improved the packing of the grains, outcome of which is
more dense material (we infer should also be less permeable matrix). Some of the larger unhydrated
grains can fracture at higher rates of metal expansion (cement compression). This leads to a
detachment of CSH from the grain surfaces and allowing pore water to reach unhydrated particles
triggering secondary hydration.

Within the scope of the shale data available for analysis, it can be inferred that shale caprock
petrophysical properties are tighter than that of cement. Though it is possible to prepare cement with
low w/c ratio with good petrophysical properties, placement of such cement slurry in the wellbore
would not be feasible. The import of these on poro-mechanical properties of both cement and shale
would probably reflect on their elastic behavior under high pressure confining stress. The tight
packing structure obtainable in shale occurred resulting from million years of tectonic compaction and
this probably results in improved compressional strength of shale rocks when compared to engineered
material such as wellbore cement (Iverson et al., 2008; Jennings et al., 2007; Thomas & Jennings,
2003).

The mechanical properties of the post-expanded cement sheath were examined by micro-indentation
for samples with low and high w/c ratio. The indentation of samples within one week of compression
showed that the integrity and strength of the cement ongoing through early rehydration was weaker
than the control sample. Indentation experiments one month post-expansion showed an overall
increase in hardness of cement. This can be correlated with an increase in the strength of the
rehydrated cement (Thiercelin et al., 1998), a desired behaviour of cement subjected to compression,
as field application and long-term wellbore integrity. Cement regained its mechanical properties and
became stronger after a certain period of rehydration (Kupresan et al., 2014).

The relevance of these findings to the functionality of wellbore cement in the field is that it does
demonstrate if subjected to similar conditions during expandable casing procedures, wellbore cements
can have improved properties, primarily for zonal isolation and lower risk of deterioration when in
contact with corrosive fluids as it becomes less porous and free of fractures. Hydrated cement (cement
slurry for wellbore cementing) is a porous material, and its properties are dictated by the amount of
porosity present. Since wellbore cementing requires much higher water to cement ratio, reducing the
remaining pore water and compacting the matrix will have an overall positive effect.

5. Future Work
Our ongoing and future work entails testing of petrophysical and chemical properties, and linking
them to mechanical and structural changes which were observed. Some of the temperature effects on
cement integrity have already been tested and published (Bello & Radonjic, 2014), however, the
temperature impact on zonal isolation is yet to be examined.
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Abstract
For the purpose of effective use of fly-ash, which is a by-product thermal power generation, fly-ash is applied to the
precasted concrete products which is substituted by a large amount of fly-ash in recent years.
It is heated by the steam curing for the promotion of pozzolanic reaction of fly-ash in genaral. Since the chemical
reactions "hydration of cement" and "pozzolanic reaction of fly-ash" occur simultaneously, the reaction analysis of fly-
ash cement with steam curing is is extremely complicated.
The authors have reported a study of changes in silicate anion structures of hydraulic binders, such as ordinary
Portland cement and pulverized blastfurnace slags, during hydration using trimethylsililation (TMS) method. Then, we
have tried a detailed reaction analysis of fly ash cement, which has been subjected to heat curing, by considering the
chain length distribution of siloxane oligomers constituting the silicate phases of reaction products.
By considering the chain length distribution analysis of siloxane oligomers by subtracting the components of silcates
included in unreacted cement (C3S and C2S), it was found that the "dimer" type silicate included in the siloxane
oligomers is generated predominantly on the pozzolanic reaction of fly-ash.
The correlation of the "CaO/SiO2" ratio in reacted products and "reactive monomer / dimer" ratio of siloxane
oligomers generate by the reactoins of fly-ash cement were suggested.

Originality
The analysis of silicate structures with trimethylsililation (TMS) method targets short-length siloxane chains (n=1 to 6)
of calcium silicate hydrated (C-S-H). The hydraulic materials such as OPC and blast-furnace slags, irrespective of
hydrated or unhydrated, are contained in analyzable objects with TMS method. The C-S-H generated from fly-ash and
calcium hydroxide by pozzolanic reaction are derivatized by TMS method, although long random silicate chains such
as raw fly-ash and some aggregates (glass-like silicates) are ruled out. Thus, only reacted parts of fly-ash can be
analyzed with separation from unhydrous parts by use of TMS method. Both parts are not distinguished in other
analytical methods such as 29Si-NMR, XRD etc. This research is different from another examination in terms of
focusing only C-S-H that is reacted part of pozollanic materials.

Keywords: Calcium silicate hydrate（C-S-H）; Trimethylsilylation; Fly-ash; Pozzolanic reaction
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1. Introduction
Fly-ash cement (FC) in recent years has been applied to the precasted concrete (PCa) products, and
priority use as recycling certified products in some local government of Japan. In general heating of
PCa is performed by steam curing at 65°C (as maximum temperature) for 10-20 hours (standard steam
curing; one-cycle per day) in the making process of the PCa products. It encourages the promotion of
pozzolanic reactoin of fly-ash (FA) and promotes the expression of initial strength of hardened bodies.
To improve production efficiency and save energy, factories conduct daily two-cycle steam curing
(accelerated steam curing) by shortening the total steam curing time. However, it has not been studied
in detail the effects on the hydration process of the concrete when it is subjected to steam curing.
Especially in the hydration of the FC, for the pozzolanic reaction of FA occurs at the same time along
with the hydration of ordinary Portland cement (OPC), detailed hydration analysis is highly
complicated, since the both reactions generate calcium silicate hydrates (C-S-H).
In the past study, we have already reported on the generation trend of C-S-H by each reaction : in
particular the chain length distribution in siloxane oligomers of some hydrated cement-based materials
by use of trimethylsililation (TMS) method (Tsuyuki N. et.al., 1999; Umemura Y. et.al., 2011). To
determine the differences of OPC hydration and pozzolanic reaction of FA, we have examined the
chain length distribution of FA pastes consisting of FA and calcium hydroxide with TMS method
(Koizumi K. et.al., 2011).
In this study, we have discussed the chain length distribution of C-S-H in hydrated FC with steam
curing. The purpose of this study is "Clarify the effect of thermal history on the chain length
distribution of C-S-H in hydrated FC".

2. Experimental
2.1. Materials used and mixed proportion
Fly-ash powder specimen was a by-product of coal-fired power plant at Yokohama, Japan. The
chemical composition of fly-ash is shown in Table 1. The properties of raw materials were as follows;
FA: specific gravity = 2.21 g/cm3, Blaine fineness = 4030 cm2/g, ignition loss = 0.4 % ; OPC: specific
gravity = 3.16 g/cm3, Blaine fineness = 3260 cm2/g.
The water-binder ratio (W/(OPC+FA))of FC was fixed at 0.5 and the amount of substituted FA was
set at 30 mass%. OPC pasete of W/C=0.5 (without FA) was prepared for comparison.

Tab. 1 Chemical composition of fly-ash (wt%)
Compositions SiO2 Fe2O3 Al2O3 CaO MgO K2O SO3 L.O.I.

Content 63.7 6.1 18.6 7.0 2.5 1.1 0.5 0.4
2.2. Experimental Procedure
2.2.1 Steam curing
The FC paste specimens of φ50×h100 mm were prepared using a can mold.
The heating program of "Standard steam curing" (one-cycle per day) is as follows; The preset curing
temperature was fixed at 20°C equal to room temperature, and the maximum temperature was fixed at
65°C. Then the preset curing time was set to 2 hours, the temperature rise rate to 15°C per hour, and
the maximum temperature retention time to 4 hours. The temperature drop rate was set to 4.5°C per
hour for slow cooling (based on actual measurement at the center of FC paste). To verify daily two-
cycle steam curing at factories as "Rapid steam curing", we also prepared the shortened heat program
(the preset curing time 0.5 hours, the temperature rise rate to 30°C per hour, and the maximum
temperature retention time to 2 hours. The temperature drop rate was set to 45°C per hour for rapid
cooling) from the total steam curing processes of "Standard steam curing".
Steam curing was followed by sealed curing in a thermostatic chamber of 20°C. To compare a case
with no steam curing and one with steam curing, we conducted normal curing on cement sealed in a
thermostatic chamber of 20°C immediately after mixing. After steam curing, the specimens were
sealed in a thermostatic chamber with aluminium tape for sealed curing at 20°C until the ages of 1, 3,
7, 14, 28 and 91 days.
The FC samples with patterns of mixed proportions and steam curing are shown in Fig.2.



Tab. 2 Patterns and marks of FC and OPC paste with steam curing
Rapid curing (High) Rapid curing (Low) Sealed curing (20℃)

FC FA(H) FA(L) FA(non)
OPC OPC(H) OPC(L) OPC(non)

2.2.2 Qualitative and Quantitative analysis of crystalline phases by X-ray diffraction (XRD)
X Ray diffractometer (D8 Focus; Bruker AXS Co.,Ltd.) analysis with Cu radiation and a graphite
monochromatic with a current of 40 kV and a voltage of 40 mV was used with diffraction intensity in
the range of 5-80° (2θ-angle range) to study the crystalline phases.
The crystalline minerals and hydrates were quantified with Rietveld analysis. Alite (C3S), belite (C2S),
interstitial materials (C3A, C4AF), gypsum dihydrate (Gyp), bassanite (Bas), calcium hydroxide (CH),
ettringite (AFt) and mono-sulfate (AFm) and the internal standard substance of α-Al2O3 (10 mass%)
were quantified simultaneously with TOPAS (Bruker AXS Co.,Ltd.).
2.2.3 Measurement of generated CH and unreacted FA
The amount of CH included in each hydrated FC paste was quantitated with thermogravimetry-
differential thermal analysis (TG-DTA; Bruker AXS Co.,Ltd.). The amount of unreacted fly-ash
included in each hydrated FC paste was quantitated from the selective dissolution volume of insoluble
residue of fly-ash pastes by 2 mol/L hydrochloride solution.
2.2.4 Trimethylsilylation (TMS) method
The silicate anion structures (chain-length distribution of siloxane oligomer) which were included in
C-S-H gel formed by pozzolanic reaction of the fly-ash were determined by use of TMS method. TMS
derivatives were obtained according to the method proposed by Suginohara and others (Okusu et
al.,1981). Trimethylchrolosilane (TMCS) and Hexamethyldisiloxane (HMDS) were mixed with a
solvent methanol at a volumetric ratio of 1 : 3 : 2. 18 mL of the solution was added to 50 mg of the
hydrated fly-ash and stirred for 20 minutes at room temperature. After the full reaction, 20 mL of
water was added to the solution, which was then applied to a separating funnel and shaken to complete
the liquid-liquid extraction. Water soluble lower layer was removed and the residual upper layer was
further rinsed out for several times to remove water soluble components from the upper organic
solvent layer. 2 g of non-ionic ionexchange resin (AMBERLYST-15, Rohm and Haas Company) was
added to avoid isomerization and the solvent was kept for 12 hours. Then the solvent was thickened
less than 1 milliliter under the nitrogen atmosphere and subjected to gas chromatography (GLC)
analysis. Identification of the GLC intensity peaks are referred to the literature (Okusu et al.,1983) and
the integrated peak areas drawn by the indicator (CR-6A, Shimadzu Co.,Ltd.) were substituted for the
relative composition of the components because the reference material for the determination was not
available. Only short-length chains (the size of oligomer of siloxane chains which have 1 to 6 of Si
atoms) can become the targeting object of the analysis with TMS method. On the other hand, the long
randomchains and huge network-chains of silicates which were included in unreacted fly-ash are not
mostly derivatized by this method. Accordingly, the chain-length distribution of siloxane chains in the
C-S-H gel which was only generated by pozzolanic reaction of fly-ash can be analyzed.
A present structural analysis of silicate anion is almost used with 29Si-NMR method. In the point that
can be analyzed by excluding the large-size silicate chains of unreacted pozzolanic material, TMS
method is greatly different from 29Si-NMR method.
3. Results and Discussion
3.1. Reaction ratio of OPC and FA
The reaction ratio of C3S and C2S from the results of XRD analysis, and FA residue ratio from the
selective dissolution and generated value of CH from TG-DTA analysis were shown in Fig.1 and Fig.2,
respectively.
When the case of the amount of heating by steam curing was large, the reaction ratio of C3S increased
with or without FA (OPC(H), FA(H) > OPC(L), FA(L) > OPC(non), FA(non)) at an early age
curing(1 to 3 days), and the reaction ratio of C3S and C2S on FC system were higher than the case of
OPC system (FA(H,L,non) > OPC(H,L,non)).



The tendency of generation / consumption of CH and consumption of FA showed the progress of
pozzolanic reaction. The reaction ratio of fly-ash with standard curing exceeds than normal curing up
to 14 days, whereas 3 days in the case of rapid curing. These results indicate that sufficient heat curing
(Standard steam curing) tends to keep long term dominance on the pozzolanic reaction.
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Figure 1 Degree of hydration of C3S and C2S with / without heat curing.
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Figure 2 Production ratio of Ca(OH)2 and residue ratio of fly-ash with / without heat curing.
3.2. Distribution of siloxane chain length of C-S-H by TMS method
As we consider the details of siloxane (-Si-O-Si-) chain length of C-S-H, TMS method was utilized for
the hydrated OPC or FC samples. On the use of this method, the silicates of [A], [B] and [C] as shown
in Fig.3 were subjected, and the silicate of [D] that are configured in random long-chain (like as galss
structure) was excluded from this derivatization reaction. Supplementally, the crystalline 3-
dimensional state silicates, such as quartz in the aggregate, or 2-dimensional sheet type silicates, such
as cray minerals, were excluded, too. Therefore, this method is applicable to the “only paste section of
mortar and concrete samples” not only cement pastes. It has the advantage than the analysis of silicate
structures with 29Si-NMR, in this regard.
Fig. 4 shows an example of GLC chromatogram of hydrated cement-based materials. It is possible to
detect the trimethylsilil (-Si(CH3)3) derivatized silicates (siloxane oligomers) consisting of chain
length of 1 to 6, as monomer (n = 1) to hexamer (n = 6).



Figure 3 An image of various silicate phases of reacted fly-ash cement.

Figure 4 An example of GLC chromatogram of TMS derivatized siloxane oligomer.
3.2.1 Chain length distribution of monomer and dimmer on hydrated cement
The changes of siloxane chain length on hydrated OPC and FC were shown in Fig.5. Since the
abundance contents of silicate were monomer and dimmer, only they were indicated in this figure.
Because of the unhydrous clinker compounds in OPC indicated as [A] in Fig.3 is composed of
monomer type silicate almost completely, it was confirmed that the decreasing of monomer and
increasing of dimmer were recognized in accordance with the progress of the hydration. An
oligomerization of siloxane chains and synthesis of C-S-H (shown as [B] in Fig.3) occur in this
process. This C-S-H is indistinguishable from the C-S-H also supplied by pozzolanic reaction of FA
(shown as [C] in Fig.3). Then the distribution of siloxane chain length of C-S-H detected by the GLC
analysis were the average concentration in [A], [B] and [C] in Fig.3.
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Figure 5 Siloxane chain length distributions of FC with / without heat curing [monomer and dimmer]



3.2.2 An examination to remove unreacted silicate
It is difficult to grasp the details of complex systems such as the pozzolanic reaction of fly-ash and the
hydration reaction of OPC proceed concurrently. To examine the generated process of C-S-H in more
detail, we tried subtracting the unreacted calcium silicates component [A] in Fig.3, by subtracting
components corresponding to unreacted C3S and C2S from the results of XRD analysis.
In this study, the distribution of silicates on unreacted OPC were detected as monomer: 92.2% and
dimmer: 6.8% (other was less than 1%). The multiplying value according to the unreacted ratio were
subtracted.
It was shown that the results of the correction from unreacted value as Fig. 6. The void parts (indicated
as “unreactive” calcium silicates) and the colored parts (as “reactive” C-S-H) are corresponding to the
unreacted and reactive component, respectively.
The time dependences of monomer and dimer of each samples were indicated in Fig. 7. The
composition ratio of monomer showed a different tendency as shown in Fig.5, and starts to decreace
after rising through at 1-3days. This behavior of “reactive monomer” is very similar to the components
as “hydrated monomer” that was reported by Bellman (Bellman et al., 2010). So, these were
considered to same contents in this paper. Furthermore, the generation ratio of “hydrated monomer” on
FA(non) at early age was higher than the other cases (FA(H) and FA(L)) and on FA system were
higher than OPC system [ FA(non) > FA(L) > FA(non) >> OPC(H,L,non) ]. It was understood that
the equivalent amount of water to the OPC was higher than water-binder ratio, and the effects were
significantly appeared at the case of the lowest incidence of pozzolanic reaction (FA(non)).
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Figure 6 Siloxane chain length distributions of fly-ash cement with / without heat curing [“reactive” monomer
and dimmer]
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Figure 7 Composition of “reactive monomer” with / without fly-ash
4. Conclusions
In this study, we examined that the detailed analysis of silicate phase structures in a complex reaction
system which proceed the hydration of OPC and pozzolanic reaction of fly-ash concurrently as the
target hydration of fly-ash cement with steam curing.



Results and findings of this study are as follows:
Although pozzolanic reaction of fly-ash by heating with steam curing was promoted, the extent of
different affected by the pattern of steam curing (integrated heating amount), in comparison with the
normal curing, the advantage of “Rapid curing” system was limited to up to 3 days.
It has been investigated the effects of the siloxane oligomer chain length distribution using the TMS
method. But, the comparison by the chain length distribution of the total measurable component is
insufficient. It was need that subtracting the equivalent value of unreacted cement (C3S and C2S)
component. It enables detailed reaction analysis in complex reaction system by considering with
“hydrated monomer” and /or “hydrated dimer”.
It was expected that the “hydrated dimer” type C-S-H was supplied predominantly on the pozzolanic
reaction of fly-ash, from the detailed analysis of the generation trend by steam curing pattern of
“hydrated monomer”.
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Abstract
The reaction of water with tricalcium silicate (Ca3SiO5, C3S) is the most crucial reaction which results in strength
development in cementitious materials. In spite of several decades of study, details of such reactions, are not yet fully
understood. In this work, first-principles calculations are applied to develop a fundamental understanding of how
molecular water reacts with bare surfaces of TI-Ca3SiO5, i.e., at low surface coverage. As a first step the surface
energetics of low index orientations are calculated and used in construction of the Wulff (equilibrium) shape. The (100)
crystalline plane is noted as being a preferred surface for water attack on account of its surface energy and occupying
the largest surface area fraction of the Wulff shape. To assess water sorption behavior and energetics from a quantum
chemical standpoint, one-to-two water molecules are exposed to (100) surfaces of pure and impure Ca3SiO5, i.e.,
containing Mg, Al, Fe impurities. The interaction of molecular water with (100) surfaces is quantified at the DFT-level
of theory in terms of the sorption and water dissociation energetics, proximally to and far away from substitutional
defects. This knowledge is used to deconvolute water sensitivity hierarchies of facetted surfaces in relation to impurity
distributions. In general, it is noted that water molecules arranged in a “hydrogen-up” configuration demonstrate
physisorption, while the “hydrogen-down” configuration results in chemisorption, i.e., the dissociation of water. In
addition, the lateral placement of the water molecules, i.e., at different terminate sites on (100) surfaces shows
differences in sorption type, i.e., being physically or chemisorbed, in relation to the presence of an impurity, Ca or Si
atoms. Analysis of the electronic structures between the surface and water shows a density state distribution near the
Fermi energy on impurity sites, which stabilizes (or destabilizes) O-H bonds and thus reduces (or increases) the
overpotential which either favors, or hinders O-H bond rupture. Based on such analytics, the water sensitivity of TI-
Ca3SiO5 is identified in relation to the nature, and dosage of impurities present on its surfaces.

Originality
For the first time, low coverage water sorption on TI-Ca3SiO5 is studied using first principles (DFT) calculations. New
understanding and quantifications of water sensitivity and sorption energetics are applied to assess the mechanisms,
and pathways of such reactions. Focus is placed on identifying how specific impurities alter the reactivity of TI-Ca3SiO5,
upon their exposure at sites of hydraulic reaction. The outcomes of the work for the first time quantitatively establish
the composition specific aqueous affinity of TI-Ca3SiO5 (and other siliceous cementing minerals); critical knowledge
which is needed to intrinsically enhance the reactivity of ordinary portland cement (OPC).

Keywords: water molecule; reactivity; surface energy; Wulff construction; DFT
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1. Introduction
Ca3SiO5 (C3S) constitutes the major phase in ordinary portland cement (OPC), i.e., often on the order of
50-to-70%, on a mass basis.1 In technical cements, Ca3SiO5 contains impurities in the form of Mg, Al
and Fe species – sourced from the raw materials (i.e., clay, shale, etc.) used in cement manufacture.
While impurities have long been assumed to influence Ca3SiO5, and hence cement reactivity with water,
a detailed understanding of “how impurities influence Ca3SiO5 and hence cement reactivity” has
remained elusive.
In a recent study, the authors presented a detailed understanding of how substitutional Mg, Al and Fe
impurities alter the structural, mechanical and electronic descriptors of triclinic Ca3SiO5 variants.2 In
general, it is noted that impurities destabilize the Ca3SiO5 lattice and show a site-occupation preference.
While careful analysis of thermodynamic descriptors (i.e., the enthalpy of formation), and charge
localization and transfer behavior are used to postulate indications of Ca3SiO5 reactivity (with water);
these postulations remain unconfirmed.
To directly and unambiguously elucidate the influences of impurities on Ca3SiO5 reactivity, this work
constructs stoichiometric, and impure C3S variants of low-index orientations. Such facetted (100)
surfaces are then contacted with molecular water using density functional theory (DFT). Detailed
analysis of the energetics of water sorption with Ca3SiO5 are used to elucidate reaction mechanisms,
and the affinity of a given surface for water. The outcomes present the first direct correlations between
impurity distributions and chemical reactivity of cement phases. This has translational impacts on the
compositional manipulation of cements, during manufacture, for enhanced reactivity and hence
engineering performance. Such manipulations have significant implications on improving cement
performance, and reducing the CO2 footprint associated with cement use.
2. Comutational Methodology
The crystalline structures of pure and impure TI-Ca3SiO5 (TI-C3S) determined by first-principles
calculations in our previous study were used as the starting bulk crystals in our calculations.2 It should
be noted, for the impure cases, only the structures with the most preferred substitution site were
considered in current study. All calculations were performed at density functional level of theory
(DFT) using the Vienna Ab initio Simulation Package (VASP).3 A plane-wave basis and projected
augmented wave (PAW) pseudopotentials were used. The Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) was adopted to treat exchange-correlation functional. Cutoffs of 600
eV were imposed on the kinetic energy and. Integration of the first Brillouin zone (BZ) was performed
at the gamma point. The convergence accuracy on the total energy was set to 1x10−6 eV. Atomic
relaxations were allowed when all structural optimizations were carried out until the maximum
residual force on each atom is below a numerical threshold of 0.02 eV/Å. To elucidate the role of
magnetism, the most preferred antiferromagnetic (AF) solutions was imposed when Fe impurities
were introduced into TI-C3S. Visualizations of all the structures and charges were performed using
VESTA.4
All low index surfaces are simulated by cutting the slabs along the corresponding crystalline plane
from optimized structures of bulk pure and impure TI-C3S. In order to avoid the interaction between
upper and lower surfaces due to retained periodicity in the calculation, a 14 Å vacuum was inserted to
separate the created surfaces after careful convergence test for the vacuum thickness. For the surface
terminations, the [SiO4] tetrahedrals are always preserved because the breaking of Si-O bonds can
result in high surface energy due to unexceptional energy cost. It should be noted, the slab thickness is
also critical for the calculation of surface energy in TI-C3S system. In this case, a slab constructed
from 2 units cell was finally selected to determine the surface energy because this 324-atoms
configuration show clear difference from 162-atoms (one unit) but negligible difference from 486-
atoms (three units) configuration. For the atomic relaxation, we do not impose any constraints to the
specific layers in the slab. The surface energy γ can be given by:
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where Eslab is the total energy of the surface block of the crystal, Ebulk is the total energy of of the bulk
crystal, n is the number of unit cells (in this case, n=2), and A is the surface area. As we will address



later, the (100) surface of TI-C3S is the most favorable crystalline plane for adsorption of molecules.
So for the systems with impurities, only the (100) surface plane was considered in this study. In order
to investigate the influence of impurities on surface properties, the impurity atoms are always exposed
to the created (100) surfaces. And for the cases of Al and Fe impurities, the [AlO4] and [FeO4]
tetrahedrals are preserved to avoid unexpected high surface energy.
Because the upper and lower surfaces have the asymmetric configurations due to the complicated
crystal morphology of TI-C3S, it gives rise to an artificial dipole moment that may affect the computed
adsorption energies. We performed calculations on surfaces with identical water molecule on both
sides of the slab. And different sites on the same surface side are also tested to figure out which site
contribute to chemical or physical adsorption. Some researchers suggested that the configuration of
water molecule is also critical for adsorption properties at the same site[5]. So we carried out different
calculations by put water molecule with hydrogen-down and hydrogen-up to the surface at the same
adsorption site.
3. Results and Discussion
3.1. Surface Properties
We started with the relaxed bulk structures obtained in our previous study by Quantum Espresso (QE)
code and optimized them again by VASP code. The lattice parameters of TI-C3S are: a=11.75Å,
b=14.31 Å, c=13.76 Å, α=104.8º, β=94.4º, γ=90.1º. The results have an excellent agreement with
those from QE calculations (a=11.73Å, b=14.28 Å, c=13.73 Å, α=104.8º, β=94.4º, γ=90.1º) and
experimental results.6 Then surfaces are modeled by cutting slabs from optimized bulk TI-C3S
structure along all low-index crystalline planes. The surfaces terminated for each planes are
stoichiometric in order to compare with stoichiometric bulk system then determine the surface
energies from equation (1). On exposed surfaces for all low-index crystalline planes, [SiO4]
tetrahedrals are always preserved since Si-O bonds are much stronger than Ca-O bonds and broken Si-
O bonds can result in unexpected higher surface energy.
It should be noted that the thickness of vacuum and slab has important Influence on surface energies of
pure TI-C3S. After careful convergence tests, the vacuum thickness is determined to at least 14 Å and
slab should include at least 324 atoms. It is found there are hundreds mJ/m2 difference for surface
energies from 162 and 324 atomic slabs but only 10 mJ/m2 between 324 and 486 atomic slabs. The
slabs constructed with 324-atoms and 14 Å vacuum were used for all calculations within here. Tab. 1
lists the surface energies for all seven low-index planes of TI-C3S. It can be seen the value 1.496 J/m2

of (101) is much higher than the values of other planes. As shown in Fig. 1, all cations nearly locate on
the same (101) plane indicating cleavage along this close-paced plane is much harder than other planes
since it can involve more broken bonds during surface generation. Actually (101) plane is also parallel
to the strongest diffraction plane (303) in XRD patterns as discussed in previous study.2 The surface
energies along other crystalline planes range from 1.153 to 1.281 J/m2 showing 0.013 J/m2 difference
amongst. (011) plane has the lowest surface energy but only 0.018 J/m2 higher than (100) plane.
Actually more than one surface can be cut along each orientation, the surface determination also varies
and close to disordered arrangement which is hard to test for every possible termination considering
T1-C3S has a low-symmetric triclinic structure. The calculated surface energy of T1-C3S (100) plane is
higher than 0.73 J/m2 of CaO (100) surface, similar to 1.16 J/m2 of MgO (100) surface from DFT
calculations and almost half to 2.30 J/m2 of α-quartz (0001) surface. [7,8] It is the reason why we keep
all [SiO4] tetrahedrals preserved on the surface in our calculations since broken Si-O bonds can cost
much higher energy than Ca-O bonds.
Table 1 Surface energy (γ, J/m2), Coordination number (CN) of Ca atoms on surfaces and relative
area (S) in Wulff construction for low-index planes
Planes (100) (010) (001) (110) (101) (011) (111)
γ 1.171 1.234 1.224 1.281 1.496 1.153 1.198
CN* 4.30/4.50 4.30/4.49 4.29/3.86 4.21/4.27 4.08/3.50 4.65/4.38 4.13/4.39
S 4.13 3.42 3.98 1.444 - 1.731 1.082
* First and second values are corresponding to lower and upper surfaces, respectively.



Figure 1 (101) plane (pink) for T1-C3S.
As shown in Tab. 1, the coordination numbers of Ca atom show the loss on surface with respect to 6 of
bulk system. Generally higher coordination number can be related to higher stability on the surface
then contribute to lower surface energy in specific orientation. The lowest surface energy corresponds
to (011) surface whose average coordination number is highest amongst the seven low-index surfaces.
And for the surface with highest surface energy, the average coordination number is much lower than
other surfaces. Additionally in our calculations, the coordination numbers of unrelaxed systems are
always higher than that of relaxed systems, indicating the surface energy can be lowered by restriction
to surfaces with higher coordination numbers. From Tab. 1 it is also clear that the lower and upper
surfaces shows different coordination numbers so the adsorption behavior should be studied for both
terminations in the following sections.

(a) bulk (a) (100)

(c) (101) (d) (111)
Figure 2 Ca-O bond distribution for (a) bulk, (b) (100), (c) (101) and (d) (111) surface of T1-C3S
The Ca-O bond distribution for different surfaces is analyzed as shown in Fig. 2. Compared to the bulk
system, all surfaces show wider distribution especially for small bond Ca-O distance meaning there is
more distortion for Ca polyhedral. More detailed check found nearly all smaller bond length belong to
the Ca atoms which are close to surfaces and they also have smaller coordination number compared to



the Ca atoms in center of slab. Actually during the relaxation, the center of slab almost keep
unchanged but outmost layer of slab shows essential change which also induce the rotation of [SiO4]
tetrahedrals near surfaces even the Si-O bond distribution is almost fixed. It is also the reason why a
thick enough slab should be choose to get accurate surface energy. Since the Ca-O bond distribution
change dramatically when surfaces generated, it is important to calculate and compare the redox
potentials for extracting Ca from different surfaces. Following the approach used by Wang et al.,9 the
redox potential to remove Ca atom on the surface can be calculated as

      Ca
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where G is the Gibbs free energy of the slab and µ(Ca) is the reference chemical potential for Ca.
Typically the Gibbs free energy use the ground-state energy instead. In this study, we calculate the Ca
redox potentials only for the five surfaces that appear in our Wulff shape. In practice, all the Ca atoms
on the top and the bottom outermost layer of each slab are extracted. The results in Tab. 2 show that
the redox potentials for different surfaces range from 3.19 to 4.16 V, compared with the calculated
4.81 V in the bulk system. Among these five surfaces, the (011) direction has the highest potential,
indicating the non-energetic preference of extracting outmost Ca from this surface. Generally the
redox potential increases with reducing surfacing energy as observed here for (011) surface. Our result
is much lower than the results of C2S studied by Durgun et al.10, corresponding to lower surface
energies for C2S systems.
Table 2 Redox potentials to extract single Ca atom from top and bottom outermost layer (V)
Surface (100) (010) (001) (110) (011) (111)
Redox potential 4.12/3.59 3.96/3.19 4.11/3.56 3.82/4.15 4.16/4.07 4.18/3.85
3.2. Wulff shape of pure T1-C3S

Figure 3Wulff shape of C3S using calculated surface energies in Table 1.
The Wulff shape based on the surface energies in Table I is shown in Fig. 3. Only five of the six
surfaces that we studied appear in the constructed Wulff shape. The (101) surface with highest surface
energy cannot show up in Wulff shape thus it can be considered to thermodynamically unstable. Our
result is very different from the Wulff shape obtained from force field simulation by Mishra et al.11 due
to their overestimated surface energies and lack of all low-index surface. Generally for high-
symmetric system, the lower in energy a surface is, the more area the facet contributes to the Wulff
shape. The surface area for separated low-index surfaces occurred in Wulff shape is listed in Tab. 1.
The three low-energy surfaces, the (100) and (010) and (001) facets, dominate in the equilibrium shape
and contribute up to about 73% of the total surface area in Fig. 3. And (100) surface shows the largest
area compared to (010) and (001) facets so (100) surface is the domain surface when it react with
water. A more complete Wulff construction would require energetic information of other high-index
surfaces, which is computationally challenging for T1-C3S with DFT methods. While all other high-



index surfaces could be less likely to appear if they present high surface energy, the overall
morphology of Wulff shape in Fig.3 could be still preserved. In this study, therefore, we will focus on
only (100) surface for the following system which includes impurities on this surface.
3.3. (100) surface energies of T1-C3S with impurities
Again, we started with the relaxed bulk structures of impure T1-C3S obtained in our previous study by
Quantum Espresso (QE) code and optimized them again by VASP code. The equilibrium structures
estimated by this study have an excellent agreement with those from QE calculations.[13] Based on
the optimized bulk structure of impure systems, (100) surfaces were then generated by cutting out a
surface which includes the impurities on it as shown in Fig. 4. In our calculation for T1-C3S with Fe
impurities, the spin-polarization is always considered for bulk and surface systems. As concluded in
previous study,[13] antiferromagnetic state is most favorable based on the calculated total energies so
the total magnetic moment for T1-Fe bulk system is equal to zero. The slab, as same as pure T1-C3S,
still include 324 atoms and the 14 Å vacuum layer between exposed terminations. For all doped cases,
the impurities substitute 4 sites amongst 324 atoms which gives 1.2 at. % dosage. Specifically, Mg
impurities always replace Ca site but Al and Fe replace one Ca and one Si site to maintain charge
balance. The site preference has been fully discussed in our previous work and only favorable sites for
impurities were used here to study the surface properties.

Figure 4 Relaxed structures of (100) surface for pure and impure T1-C3S
Calculated surface energies of T1-C3S with impurities are summarized in Tab. 3. It can be seen Mg
and Al has slight influence on (100) surface energy of impure T1-C3S system, corresponding to 2.5%
and 0.9% decrease compared to 1.171 J/m2 of pure case. In contrast, Fe impurity induce much
remarkable 7.9% reduce in (100) surface energy. The values is also much lower than the surface
energy 1.53 J/m2 of Fe2O3 (100) surface.12 It is not surprising for reducing surface energy because
impurities insertion make the lattice more unstable as discussed in previous study and generally
cleavage or crack seem likely to start from defect sites due to high distortion and stress concentration
around defect atoms.2 It also verified the choice that we only focus on the surface with impurities
doped is reasonable considering lower surface energy, and the phenomenon of impurities aggregate on
surface was also found in metallic materials such as ‘Suzuki effect’.13 Once the surface formed,
different impure species can show different behavior as their influence in bulk systems due to charge
localization effect. [13] As shown in Fig. 4 and Tab. 3, Al and Fe keep coordination number of 4 and
form tetrahedrals connected to another [AlO4]/[FeO4] tetrahedral and one [SiO4] tetrahedral, which is
same as that in bulk system. For Mg atom on the (100) surface, it shows a similar behavior as Ca atom
on surface and its CN changes to 4 from 6. Tab. 3 also lists the coordination number of Ca atoms on
(100) surface. Only T1-C3S with Fe impurities shows obviously smaller values than that in pure case,
indicating a stronger reconstruction for corresponding (100) surface. Actually in our previous study, at
the same atomic dosage, Fe impurity shows more remarkable effect to destabilize lattice then can be



related to easier cleavage on the surface including Fe impurity. Al impurity has the least impact on
lattice stability then corresponding to higher cleavage energy (i.e. surface energy).
The bond distribution between cation and oxygen were checked as shown in Fig. 5. Si-O bond
distribution for all cases are nearly same since the [SiO4] tetrahedral is always preserved. Mg-O bond
distribution shows a shift to left compared to Ca-O bonds and specifically the shortest Mg-O bonds
belong to the Mg atom exposed on the surface. Al-O and Fe-O bonds locate between Si-O and Ca-O
bonds but Al-O show more covalent bonding than Fe-O since Al-O shift more close to Si-O bonds,
which has been verified from typical analysis of charge density difference.2 Average CN of Ca atoms
on surface from T1-C3S with Mg of Al impurities are close to that of pure (100) surface but the values
of T1-C3S with Fe show 5% smaller than pure case indicating stronger structural relaxation as surface
generation.
Following the equation (2) but replacing µ(Ca) with µ(impurity), the redox potential of impure atoms
were obtained from DFT calculations as shown in Tab. 3. For all impurity, the redox potential is much
smaller than that of Ca atoms and follows an order of Fe<Mg<Al<Ca. This sequence interestingly
matches with the order of surface energies. In contrast, the redox potential of Ca atoms on surface
cannot show similar trends except that the values of T1-Fe are much smaller than other cases.

Table 3 Surface energy (γ, J/m2), Coordination number (CN) of atoms on surfaces and redox potential to
extract single atom from top and bottom outermost layer (V)

T1-Mg T1-Al T1-Fe (spin)
Surface energy 1.141 1.160 1.078
CN of Impurity 4 4 4
Average CN on surface 4.40/4.42 4.40/4.47 4.20/4.23
Redox potential (impurity) 2.89 3.27 1.92
Redox potential (Ca) 4.27/4.15 4.13/3.92 3.30/4.08

(a) T1-Mg (b) T1-Al (c) T1-Fe
Figure 5 Cation-Oxygen bond distribution for (100) surface of T1-C3S wit (a) Mg, (b) Al and (c) Fe
impurities. Blue, grey, light blue, yellow, brown colors are corresponding to Si-O, Ca-O, Mg-O, Al-O and Fe-
O bonds, respectively.

3.4. single water molecule on T1-C3S (100) surface
Once the optimized (100) surfaces of pure and impure T1-C3S were determined, a single water
molecule was then put onto the corresponding (100) surface. As mentioned by Kros et al.,5 the initial
configuration of water molecule, such as H-up or H-down to surface, has an essential influence on
adsorption behaviors and there could be an energy barrier between different configurations. In order to
obtain a general idea how water molecule binds to (100) surface of T1-C3S, a test for distance between
H2O molecule and exposed Ca atom on surface was carried out as shown in Fig. 6. The distance was
ranged from 2 to 7 angstrom (half of vacuum thickness). As shown in Fig. 6, the H-up configuration
shows lower total energy and energy barrier was found for H-down case. However, the activatio
barrier is quite small and only 0.1 eV suggesting that the adsorption reaction can be barrierless during
structural relaxation. In addition, 4 Å distance was selected as the starting distance between water and
surface in relaxation calculations since the interaction would not change big after 4 Å. As we



mentioned in section of surface properties, upper and lower surfaces could show very different
adsorption behavior and additionally both surfaces are very rough meaning binding energy of every
site could be different two. In our calculations, 5 sites of upper surface and 5 sites of lower surface
were chosen to interact with water molecule and there sites include Ca atoms, O atoms in [SiO4]
tetrahedral and O atoms not belonging to [SiO4] tetrahedral. The adsorption (binding) energy of the
water molecule is calculated using the expression:

(3)

(a) (b)
Figure 6 Interaction test between H2O molecule and exposed Ca atom on surface. (a) H-up and H-
down configuration of water molecule attached to upper (100) surface, the dash arrow is the vertical
direction of H2O moving. (b) Total energy change with distance from surface.

(a) Upper surface: site 1 to site 5 from left to right

(b) Lower surface: site 1 to site 5 from left to right
Figure 7 Relaxed structures of water molecule on (100) (a) upper and (b) lower surfaces. The values
shown in each structure are binding energy of water molecule. White and red are corresponding to H
and O atoms.



Fig. 7 shows the relaxed structures and binding energies for all 10 sites of water molecule on upper
and lower (100) surface of pure T1-C3S. It can be seen, for a single water molecule located on the
surface, the adsorption behaviors show strong site dependence. That is, physical or chemical
adsorption can vary on different sites and binding energies can be difference for same type adsorption
at different sites. There are three sites happening physical adsorption and water molecule dissociates at
other two sites on (100) upper surface. Generally the binding energy of physical adsorption is much
smaller than that of chemical adsorption as seen in Fig. 7. Both chemical adsorption occurred under
the circumstance where the water molecule is close to O atoms not belonging to [SiO4] tetrahedral
since the O atom in tetrahedral has less freedom to move then connect to H atom in H2O molecule. In
contrast, most of sites at lower surface show the chemical adsorption except the physical adsorption at
Calcium site 5. Smaller binding energy for both chemical and physical adsorption can be correlated to
smaller redox potential as mentioned above. Amongst the cases of chemical adsorption, the H2O
molecule dissociated and connected to Si tetrahedral in two cases with similar binding energies around
1.4 eV which is found lower than other chemical adsorption. All chemical adsorptions are barrierless
reaction as suggested in other paper about water adsorbing on oxide surfaces.[14] The most stable
adsorption occurs at Ca site 3 on lower surface corresponding to binding energy of -3.076 eV and
coordination number of Ca atom is four. As mentioned above, the average coordination number of
lower surface is smaller than that of upper surface, which might result in higher chemical reactivity.

Table 4 H-O bond length in the cases of dissociation of water molecule (Å). The second
value is for new-formed H-O bond.

up site3 up site5 lo site1 lo site2 lo site3 lo site4

Bond length 0.970
0.970

0.978
0.980

0.965
1.008

0.969
0.998

0.970
0.973

0.969
0.998

For dissociation process of water molecule, the bond length of splitting O-H was measured as shown
in Tab. 4. Overall the bond length of H-O originally in water molecule is smaller than new-formed H-
O bond. Interestingly, higher binding energies are companied with the situation that the bond length of
old and new H-O bonds are very close. In contrast, for three sites with lower binding energy, the bond
length of old and new H-O show 0.03 to 0.04 Å difference, and two specific cases with H-O bond
attached to tetrahedral have exactly same bond length. Bader charge was also checked for the surfaces
with water molecule absorbed. Firstly all cations and anions except the O atoms in tetrahedrals on
surface have smaller atomic charge than that of atoms in deeper layers. Considered O atoms in H-O
bonds, the bader charge is 1.37e- which is around 0.2e- smaller than other O atoms, meaning there is
less charge transfer to system. And for H atoms in H-O bond, new-formed H-O bond has nearly same
bader charge corresponding to the formation of H-O bond. For analyzing the origin of the different
activity in H2O dissociation, we calculated the densities of states (DOS) of the surfaces with water
molecule. From the DOS of physical and chemical adsorption, the chemical adsoption are more
dominant than those of physical adsorption in particular around the Fermi level, and this may be the
origin of the different adsorption properties. In addition, the chemical adsorption always shows very
similar DOS profile. For the adsorption of more than one water molecule, the adsorption mechanism is
different. On different metal oxide surfaces, there are different adsorption mechanisms, which are
mainly determined by the surface structures. For example, dissociative H2O adsorption is found on
SnO2 surface.[15]
3.5. Water on (100) surface of T1-C3S with impurities.
Impurities play an important role on binding energy of water molecule adsorped to (100) surface of
T1-C3S. As shown in below figure, only Mg impurity induced a physical adsorption at the doping site
with the binding energy of -0.750 eV which is quite close to physical adsorption -0.791 eV of pure
system. The water molecule only rotates from H-up to nearly parallel configuration. In contrast, Al and
Fe dopants show very similar adsorption behaviors: 1) both are chemical adsorption with binding
energy -1.364 eV for Fe and -1.738 eV for Al impurity; 2) Water dissociated and connected to the Fe
or Al tetrahedral. Compared to the binding energy -1.377/-1.412 eV of chemical adsorption at Si
tetrahedral in pure system, the Fe impurity has slightly lower binding energy but Al induce over 20%
reducing meaning the water molecule dissociated at Al site is more stable than at Si tetrahedral site. In



both dissociation cases, the H-O bond lengths are 0.968/1.020 Å and 0.969/1.024 Å for Al and Fe
dopant, respectively. The new-formed H-O bonds are longer than that connected to tetrahedral in pure
case.

(a) (b)

(c) (d)
Figure 8 Relaxed structures of water molecule on (100) (a) Mg impurity, (b) Al impurity, (c) Fe
impurity, (d) Ca site of Mg/Al doped surface. White and red are corresponding to H and O atoms.
As mentioned above about the lower Surface of T1-C3S, It is also necessary to test the lower surfaces
of (100) surface of T1-C3S with impurities. Only the site of Oxygen which connects to Si tetrahedral
was simulated. Both of them are chemical adsorption and the binding energy turns out to be -2.921 eV
for Mg-doped system and -1.907eV for Al-doped system. Both values are much higher than the upper
surfaces involved impurities and also higher than that of lower surface of pure system. So the
impurities induce a preferred adsorption at other sites other than doped site when single water
molecule binds to (100) surface of impure T1-C3S. Based on our Bader charge calculations, we found
a charge transfer of 0.16 e- to the O atom of the water molecule, which enables the O atom to
withdraw less charge from the H atom consequently loosening the O−H bond and favoring
dissociation. For the T1-C3S with Fe impurities, when H atom connects to Fe tetrahedral and form O-
H bond, the magnetic moment of Fe atom on surface shows a dramatic decrease from 3.7 μB to only
0.23 μB and the loss of magnetism might be expected to compensate binding energy.
4. Conclusions
Interaction of water with tricalcium silicate (Ca3SiO5, C3S-alite), dominant phases in Portland Cement,
is the most important and anticipated reactions. In this work, using first-principles calculations, a
fundamental understanding of how water reacts with water is provided. In order to understand the
hydration of the phase, as a first step the surface energetics of low index orientations are calculated
and the stability of the surfaces are determined by taking into account the most and least energetic
surfaces of the C3S phase. (100) crystalline plane turns out to be the preferred surface to be subjected
to water attack because of it lower surface energy and relatively largest surface area in Wulff
constructions. The influence of Mg, Al and Fe impurities on (100) surface energy was then
investigated and the surface energies follows a Fe<Mg<Al<pure order which can be related to the
redox potential of impure and Ca atoms. We then accommodate single water molecule on the selected



(100) surfaces and the adsorption study quantified the interactions of water with both pure and
defected surfaces. Adsorption of single water molecule shows very different behaviors at varied site or
surfaces. The chemical dissociation has smaller binding energy when H atom attaches to Si tetrahedral
but stronger adsorption occurs when H connect O atom which not belong to tetrahedral and form a
new H-O bond. When impurities are introduced to the surface, Mg dopant can only induce physical
adsorption at impure site but Al and Fe result in dissociation of water molecule and new O-H bond
formed and connected to Al or Fe tetrahedral. On the one hand, Mg and Fe have similar adsorption
behavior but Al shows more stable adsorption compared to pure surface. On the other hand, Mg and
Al impurities induce a preferred adsorption at other sites other than doped site. A TMSR descriptor to
compare the surface reactivity on T1-C3S (100) surface is now under development.25 Additionally for
the adsorption of more than one water molecule, the adsorption mechanism is different since there are
different adsorption mechanisms on different metal oxide surfaces. The study on multiple or even
layers of water molecule is being carried out. The hierarchy of the above steps will enable a better
understanding of the hydraulic reactivity (affinity) of the investigated mineral systems from a quantum
chemical level.
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Abstract
The growing needs for ready construction units with high quality necessitates the accelerated casting
and demoulding. Autoclave curing proved to be suitable for many applications; however, in cement
paste autoclave curing forces the formed lime-rich CSH-gel to convert into another form of CSH
identified as β-C6S2H3. This form is characterized with low compressive strength and high
permeability. Incorporating fine crystalline siliceous materials positively improves the drawbacks of
these types of lime-rich CSH and converts them into silica-rich tobermorite CSH. As a result of
autoclave curing in the presence of crystalline silica, silica-rich tobermorite CSH is formed instead of β-
C6S2H3. Ground dune sand abundantly available in many places in the world can be used as a potential
alternative to fine crystalline siliceous materials. Inclusion of chemical activators into the autoclaved
mixtures might additionally enhance the properties of tobermorite. The effect of two different chemical
activators namely sodium sulfate and hydrated lime in their single and combined forms on the
compressive strength of autoclaved ground dune sand-Portland cement mixtures were investigated.
An insight characterization using X-ray diffraction, FT-IR and thermal (DSC and TGA) and FESEM
analyses was carried out to examine the microstructure alterations due to the addition of chemical
activators. The experimental results indicated that the compressive strength has been remarkably
improved. This improvement was correlated to a direct development in the crystalline tobermorite
microstructure. The combined chemical activators seem to play an important role during the
interaction between ground dune sand and cement under autoclave curing.

Originality
The use of ground dune sand in autoclave curing enhances the physicochemical and mechanical
properties of the formed silica-rich CSH identified as tobermorite. The inclusion of chemical
activators to the autoclaved ground dune sand-Portland cement mixtures is the main approach of the
current research to additionally improve the properties of silica-rich CSH tobermorite. An insight
investigation of the newly formed tobermorite was undertaken in this study using different analytical
techniques.

Keywords: Ground dune sand; autoclaved curing; chemical activators; microstructure alteration;
tobermorite
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1. Introduction
Portland cement (PC) is the key ingredient of concrete matrix. The chemical reaction of PC
compounds (C3S, C2S, C3A and C4AF) with water produces different hydration products through a
series of complex chemical reactions (Tazawa E. et al., 1995, Taylor H., 1997, Hewlett P., 2003).
These hydration products include calcium silicate hydrate gel (CSH-gel), calcium hydroxide (CH),
ettringite (AFt) and monasufoaluminate (AFm). The CSH plays an important role on the strength of
concrete while CH known as portlandite is an undesired product for the strength and concrete
durability (Stepkowska E. et al., 2005, Mindess S. et al., 2003). Under autoclave conditions of
elevated temperature and pressure, the formed CSH-gel phase rich in lime is converted into α-C2SH
and β-C6S2H3 phases. The latter cementitious phases (α-C2SH and β-C6S2H3) are characterized with
low compressive strength and high permeability (Alhozaimy A. et al., 2013). Under autoclave
conditions, incorporating fine crystalline siliceous materials positively improves the drawbacks of
these types of lime-rich CSH and converts them into silica-rich CSH. As a result of autoclave curing
in the presence of crystalline silica, new phases such as tobermorite (C5S6H5) and xonotlite (C6S6H5)
are formed instead of β-C6S2H3 (Oyefesobi S. et al., 1976, Hong S. et al., 2004, Glasser F. et al., 2003).

Inclusion of chemical activators might enhance the properties of silica-rich CSH of autoclave cured
mixtures. Mostafa N. et al. (2009) studied the effect of incorporating aluminum and sulfate ions into
the hydration of CaO and SiO2 mixture. They found that the Al3+ ions increase the tobermorite
crystallinity to a certain extent, while the SO42- ions accelerate the transformation of CSH-gel into
tobermorite. Chiocchio G. et al. (1974) reported that the addition of gypsum (CaSO4.2H2O) did not
affect the hydration rate of C3S cured under autoclave condition; however; no peak of gypsum was
detected from the X-ray diffraction (XRD) analysis. The absence of gypsum peak was an evidence for
the consumption of SO42- ions into the hydrated products. This is because the decomposition of the
interaction of sulfate ions with other cementing materials easily takes place. Previous studies showed
that ground dune sand could be utilized as a source of crystalline silica in autoclave cured concrete
after being ground to particle size of 45 µm (Alhozaimy A. et al., 2012). The ground dune sand (GDS)
has been used as a partial cement replacement, where, the optimum level of replacement was found to
be around 30% (Alhozaimy A, et al., 2014). No study has been carried out to investigate the influence
of chemical activators on the reactivity of mixtures incorporating GDS. This study aimed to
investigate the effect of incorporating different chemical activator contents of Na2SO4 and hydrated
lime on the compressive strength of autoclave cured ground dune sand- Portland cement (GDS- PC)
mixtures.

2. Experimental
2.1. Raw Materials
As base cementing materials, type I ordinary Portland cement (PC) complies with ASTM C150 and
ground dune sand (GDS) passing a sieve size of 45 μm were used. The PC and GDS were obtained
from local supplier. The XRD analysis reveals that the GDS powder has well crystalline structure
with an intensive major quartz (Qz) peak at 2θ of 26.6 º (Figure 1). The physical properties and
chemical compositions of PC and GDS are presented in Table 1.
Two chemical activators; sodium sulfate (Na2SO4 designated as “NS”) and hydrated lime (designated
as “HL”) with a purity of 95% were used to study their influence on the autoclaved GDS-PC mixtures.
The added chemical activators were either dissolved in the mixing water as the case with NS or pre-
mixed with dry materials in mechanical grinder to obtain a homogeneous distribution as the case with
HL.

2.2. Experimental Process
Twenty two cement pastes mixtures were fabricated for compressive strength included: 5 control
mixtures (CTRL) contained 100% PC and 17 blended mixtures contained 30% GDS as a partial PC
replacement material (designated as GDS) with different contents of NS, HL and their binary
combinations. Detail of paste mixture proportions is presented in Table 2. The water-to-binder



materials ratio (W/B) of 0.5 was used for all mixtures. The paste mixtures were batched according to
ASTM C305. Three specimens from each mixture were cast into steel molds (50x50x50 mm) and
kept at room temperature for 24 h before demoulding. The demoulded specimens were placed into a
curing tank at ambient temperature for 16 h to gain initial strength and then placed into an autoclave
curing chamber. The temperature of autoclave chamber was raised from room temperature to 180 ±3
°C in 1 h accordingly the pressure was increased from atmospheric pressure to 10 Bar. The adjusted
temperature and pressure were kept constant for 5 h. Finally, the chamber heaters were turned off and
the room temperature was reached within 2 h. The test for compressive strength was carried out
according to ASTM C109 and the average compressive strength of the three specimens was reported.

Figure 1 XRD pattern of GDS.

Tab. 1 Chemical compositions of PC and GDS
Oxides Chemical composition (%)

PC GDS
CaO 57.96 1.68
SiO2 22.62 91.4
Al2O3 6.11 0.99
Fe2O3 3.69 0.56
K2O 0.98 0.21
MgO 2.16 0.18
Na2O 0.17 0.05
SO3 2.99 0.06

Loss on ignition (LOI) 3.02 1.15
Specific gravity 3.15 2.64

Specific surface area (cm2/g) 3012 2574

2.3. Characterization Tests
Selected samples were characterized by XRD, thermogravimetric and differential scanning
calorimetric (TGA/ DSC) analyses (model SDT Q600), FT-IR (Bruker Tensor 27) and Field emission
scanning electron microscope (FESEM from FEI) for microstructure analyses. The XRD analysis was
carried out using Empyrean PANalytical diffractometer with CuKα radiation (λ=1.5406 Å) operated at
45 kV and 40 mA. The scans were executed in the 2θ range from 5° to 60° with a scanning speed of
2° min-1. The TGA and DSC analysis was applied to determine the changes in phases and amount of

Qz

Qz



CH present and consumed in the autoclave cured samples quantitatively. Predefined amount of
selected sample in the powder form was weighed, placed in a platinum sample pan and then heated
from 50 ºC to 1000 ºC with a heating rate of 10 ºC min-1 in nitrogen gas flow (50 ml/min). The use of
FT-IR spectroscopy enables differentiation of various types of bonds in the GDS-PC mixtures on a
molecular level. The infrared spectra of the tested mixtures were collected in transmission mode with
a spectral resolution of 4 cm-1 for total of 32 scans at 20 ºC using standard KBr method. The spectra
were recorded in the full mid-IR framework vibration region (4000–400 cm-1) of the spectrometer.

Tab. 2 Mix proportions and compressive strength of CTRL and GDS mixtures (W/B ratio of 0.5)
Mixture
No.

Mixture
ID

Compositions % Compressive strength,
MPaPC GDS NS HL

1 CTRL1 100 - 0 - 29.75
2 CTRL2 100 - 1 - 27.70
3 CTRL3 100 - 2 - 31.83
4 CTRL4 100 - 3 - 27.85
5 CTRL5 100 - 4 27.25
6 GDS1 70 30 0 - 38.25
7 GDS2 70 30 1 - 40.25
8 GDS3 70 30 2 - 45.13
9 GDS4 70 30 3 - 44.23
10 GDS5 70 30 4 - 36.40
11 GDS6 70 30 - 0.5 39.85
12 GDS7 70 30 - 1.0 46.77
13 GDS8 70 30 - 2.0 43.70
14 GDS9 70 30 - 3.0 43.95
15 GDS10 70 30 - 4.0 43.85
16 GDS11 70 30 2 0.5 46.50
17 GDS12 70 30 2 1.0 43.10
18 GDS13 70 30 2 1.5 42.25
19 GDS14 70 30 1 1.0 42.27
20 GDS15 70 30 2 1.0 43.10
21 GDS16 70 30 3 1.0 44.13
22 GDS17 70 30 4 1.0 43.17

3. Results and Discussion
3.1. Compressive strength
The results of the compressive strength of CTRL and GDS mixtures are presented in Table 2. The
compressive strength of plain cement mixtures with different dosages of NS is in the range of 27.25 to
31.83 MPa, while the compressive strength of GDS mixtures with different dosages of NS is in the
range of 36.40 to 45.13 MPa. The low compressive strength of CTRL mixtures compared to the GDS
mixtures is attributed to formation of non-homogeneous hydration products and formation of CSH
layer around the un-hydrate cement particles due to highly rate of hydration under autoclave
conditions. This layer becomes thick gradually under rapid hydration process, consequently, it slows
the dissolution rate and restrict further penetration of water into the CSH layer. Thus, the reaction of
un-hydrate cement particles is retarded resulted in less compressive strength increment (Liu B. et al.,



2005). On the other hand, the enhancement in the compressive strength of GDS mixtures is attributed
to a secondary pozzolanic reaction that took place between the crystalline silica in GDS and CH
liberated from the PC hydration (Alhozaimy A, et al., 2014). The presence of GDS reduces the
calcium silica ratio (C/S) of hydration products and new CSH phases such as tobermorite (C5S6H5)
and xonotlite (C6S6H5) are formed. Tobermorite and xonotlite are characterized with high
compressive strength and low permeability (Eilers L. et al., 1983). The inclusion of NS into the CTRL
mixtures did not enhance the compressive strength, except for 2% which increased by approximately
16%. This improvement might be due to the formation of AFt and AFm as a result of the reaction
between tri-calcium aluminate (C3A) and tetra-calcium aluminoferrite (C4AF) with Na2SO4. For GDS
mixtures, the inclusion of NS up to 3% improved the compressive strength. The optimum dosage of
NS is around 2%, which yielded 18% higher than the GDS mixture without NS. The improvement of
compressive strength can be attributed to the influence of sulfate ions which accelerate the
transformation of CSH-gel into tobermorite (Mostafa N. et al., 2009). Table 2 shows also the effect of
incorporation of HL on the compressive strength of GDS mixtures. It should be noted that the HL was
not added to the CTRL mixture as there was no addition of crystalline silica. The HL was added as
chemical activator and to ensure the presence of sufficient amount of HL to react with the crystalline
silica of GDS. The results revealed that the addition of 1% HL provides the highest compressive
strength (Table 2). The compressive strength is enhanced by about 22% compared to the same
mixture without HL. Increasing the dosage of HL over 1% led to a concomitant increase in C/S ratio.
It was reported that the C/S ratio is one of the main parameters influencing the compressive strength
performance of autoclave cured concrete (Eilers L. et al., 1983, Hong S. et al., 2004, Glasser F. et al.,
2003). The effect of adding different dosages of HL in the presence of a fixed amount of NS (2% of
Na2SO4) is shown in Table 2. The influence of these combinations on the autoclaved GDS mixtures is
almost similar to that one with 2% NS alone. However, negligible improvement was found with
combination of 2% NS and 0.5% HL. Also, the effect of adding different dosages of NS on the
strength in the presence of a fixed amount of HL (1% of Na2SO4) is shown in Table 2. The result
revealed all GDS pastes with the binary activators yielded slightly lower compressive strength than
that of GDS mixture with 1% HL. This could be referred to the formation of gypsum (CaSO4.2H2O)
due to the reaction between Na2SO4 and Ca(OH)2 as shown in Eq (1). It was reported that this
reaction increased the alkalinity, but decreased the solubility of Ca(OH)2 (Shi et al., 2000).

Na2SO4 + Ca(OH)2 + 2H2O → CaSO4. 2H2O + 2NaOH Eq (1)

3.2. Characterization tests
3.2.1 XRD analysis
The XRD patterns of the selected hydrated mixtures (CTRL1, GDS1, GDS3 and GDS7) are shown in
Figure 2. CTRL mixture displayed crystalline α-C2SH at 2θ of 29º - 31º and CH peak at 2θ of 34º.
These phases were consumed in the hydration products of GDS mixture where new type of crystalline
silica-rich CSH (tobermorite) whose peaks were formed at 2θ of 7.7º, 29º and 31.9º. Thus, the use of
GDS as a cement replacement material under autoclave curing not only prevents the formation of α-
C2SH but also leads to the formation of hydration products with better mechanical properties (i.e.
tobermorite). Residual quartz peaks are shown in GDS mixtures at 2θ of 20.1º and 26.6º. The
intensities of the main peaks of quartz were reduced when NS was introduced. Inclusion of HL with
GDS at autoclave curing almost eliminated the presence of quartz peak at 20.1º and reduced the
intensity of major quartz peak at 26.6º by approximately 50%. This finding confirms the enhancement
effect on the reactivity of GDS in the presence of NS and HL.



Figure 2 XRD patterns of PC-GDS pastes cured under autoclave curing condition

3.2.2. Thermal- gravimetric analysis
Figure 3 (a and b) shows the DSC and TGA curves of CTRL and GDS (CTRL1, GDS1, GDS3 and
GDS7) cured under autoclave condition, respectively. The analysis of hydrated cement pastes shows
three endothermic thermal decomposition change in three regions located between 25°C and 170°C,
450°C and 550°C and between 700°C and 800°C, as shown in Figure 3.a. The first change region was
due to the dehydration of water and decomposition of hydrated silicates and aluminates. The second
change region located between 450°C and 550°C represents the dehydration of CH, whereas the third
change region located between 700°C and 800°C describes the thermal decarbonation of CaCO3.
With respect to CH change region located between 450°C and 550°C, an obvious mass change in the
CTRL mixture is observed, while all GDS mixtures showed less mass change in this region. The
liberated CH during the hydration of PC is consumed by the reaction with GDS under autoclave
curing leading to formation of tobermorite. Accordingly, the lower mass change of GDS samples
indicate the lower content of free CH in GDS pastes. The present TGA findings are consistent with
that found by the XRD analysis. There are clear exothermic peaks in the range of temperatures of 800
to 940oC in GDS samples. These exothermic peaks indicate the occurrence of recrystallization
process and change in the nature of crystallinity of the silicate group in tobermorite. The position of
the exothermic peak is related to the crystallinity and chemical nature of tobermorite phase. Therefore,
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the presence of 1% HL and 2% NS has affected the crystallinity of tobermorite phase. The addition of
1% HL has shifted the exothermic peak to a higher temperature indicating improved tobermorite
structure. The mass losses can be clearly calculated from Figure 3.b.

(a) DSC

(b) TGA
Figure 3 TGA graph of PC-GDS pastes cured under autoclave curing condition.

3.2.3. FT-IR
The results of FT-IR analysis of CTRL and GDS mixtures (CTRL1, GDS1, GDS3 and GDS7) are
shown in Figure 4. The characteristic peak of the OH group in CH at 3645 cm−1 obviously appears in
CRTL mixture while it has disappeared in the other mixtures with GDS. The characteristic FT-IR
absorption bands of CSH is located in the range of 400–1200 cm−1. The bands in the region of 500-
420 cm-1 are related to internal tetrahedron vibrations of Si-O and Al-O. The absorption band
specifically at 480 cm-1 is attributed to the bending frequency of O-Si-O. The absorption bands of
silicate groups in GDS mixtures have been shifted to lower values. This can be taken as an indication
to the deoplymerization process taken place to silicate polymer in GDS due to the autoclave conditions
and additions of activators. The absorption band at 1640 cm-1 is ascribed to the bending vibration of
HO-H of water in the samples while the broad band at 3200-3700 cm-1 can be attributed to the

CSH

CH

CO2

α-C2SH

Recrystallization of Qz

CH CO2



stretching vibration of the hydroxyl groups in water molecules. The absorption band at 1436-1cm in
CTRL mixture is attributed to the carbonate group due to the presence of calcite in cement as well as
carbonation.

Figure 4 FT-IR analysis of CTRL and GDS mixtures.

3.2.4. Microstructural analysis
The microstructural analysis of the mixtures (CTRL1, GDS1, GDS3, GDS7 and GDS11) is presented
in this part of the analysis. The microstructural analysis of control mixture (CTRL) reveals the
presence of sea urchin shapes of CSH, which are formed due to the accelerated hydration of cement,
as shown in Figure 5. Unhydrated cement particles can be easily noted as a confirmation to the
previous fact. The formed CSH equipped with high calcium silica ratio (Ca/Si) as shown from EDS
analysis (Figure 6).

CTRL1

Accelerated CSH formation

Unhydrated cement particles

Sulfate-bearing compounds

(OH)/CH H2O CO3-2 Si-O

Si-O
Al-O



Mapping analysis of CTRL1

Figure 5. SEM microstructural analysis of CTRL mixture

Figure 6. EDS analysis of CTRL mixture

The microstructural analysis of GDS samples are shown in Figure 7. The incorporation of
30% GDS under autoclave conditions has led to the formation of tobermorite, as shown in
Figure 7.a. The EDS analysis proved that the formed product was CSH with a calcium to
silica (Ca/Si) ratio of approximately unity, as shown in Figure 8. The presence of 2% NS
(along with 30% GDS) under same conditions has modified the microstructure. It has clearly
led to the formation of sulfate-bearing minerals, as shown in Figure 7.b. The incorporation of
1% HL with 30% GDS has greatly improved the microstructure of tobermorite to a well-
compacted structure, as depicted in Figure 7.c and confirmed by thermal analysis as in Figure
3.a. A binary mix of 0.5% HL and 2% NS has a synergistic effect on the microstructure
which appears well compacted, as confirmed in Figure 7.d and results of compressive strength
(Table 2).

Unhydrated cement
particles

Unhydrated cement
particles



a) 30% GDS b) 30% GDS-2NS

c) 30% GDS-1HL d) 30% GDS-2NS-1HL

Figure 7. Microstructure analysis of GDS mixtures

Figure 8. EDS analysis the GDS mixture (GDS1)

CaSO4

Platy tobermorite



The microstructure mapping analysis of the GDS mixture with binary combination of 0.5%
HL and 2% NS has given special attention, as shown in Figure 9. Comparing both Figures 5
and 9, one can see that the presence of GDS along with optimized contents of HL and NS has
led to a well dispersion of Al and Si ions in a way that improve the overall properties.

30% GDS-2%NS-0.5% HL

Figure 9. SEM microstructural Mapping analysis the mixture 0.5% HL and 2% NS



4. Conclusions
This work studied the effect of chemical activators (Na2SO4 and hydrated lime) on the performance of
GDS-PC mixtures cured under autoclave curing condition. According to the results obtained the
following conclusion can be drawn:

a) The incorporation of sodium sulfate with autoclaved GDS has enhanced the compressive
strength of GDS-PC mixtures. The optimum dosage of Na2SO4 to be added was at
approximately 2%. The improvement in strength was attributed to the effect of SO42- ions
which accelerates the formation of tobermorite with added cementitious value.

b) The inclusion of 1% hydrated lime has enhanced the strength performance of GDS-PC
mixture, the presence of additional amount of Ca(OH)2 consumes the non-reacted amount of
crystalline silica of GDS to provide further hydration products. Use of dosage higher than 1%
hydrated lime showed no strength improvement. The effect of combining of the Na2SO4 and
hydrated lime on GDS mixtures was negligible.

c) The XRD and DSC and TGA results show the consumption of CH peaks in GDS-PC mixtures.
The absence of CH peaks confirms the enhanced reaction between crystalline silica and CH
under autoclave conditions.
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Abstract9
The electrical resistivity and the self-deformation were measured for the cement pastes with a fixed10
water to binder ratio of 0.4 and different expansive agent replacements of cement (0%，6%, 10%, and11
14%) were used in the pastes. The electrical resistivity and the self-deformation of the pastes increase12
with expansive agent content after 24h. Based on the test results, the self-deformation were positively13
correlated to the electrical resistivity after hydration for 24 h. The obtained relationships will help to14
expand the application of electrical resistivity measurement in understanding mechanism of expansive15
agent and predicting self-deformation of cementitious hydration system.16

17
Originality18
Use a non-electrode electrical resistivity measurement to investigate expansive agent mechanism in a19
cementitious hydration system, and the relationship between electrical resistivity and the20
self-deformation of the pastes was plotted and discussed. The electrical resistivity of a cement paste21
can reflect its self-deformation which is related to cement hydration. On this basis, the self-deformation22
of cement paste can be obtained by electrical resistivity conveniently.23
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1. Introduction1
Self-desiccation is one common phenomenon which is resulted from hydration in2
high-performance cementitious materials with low water to cementitious material ratio. The3
self-desiccation of paste in concrete normally leads to a drop in its internal relative humidity4
and therefore self-deformation occurs, which increases the risk of cracking in concrete5
structures especially at early ages (Jin-Keun and Lee, 1999; Persson, 1997). In the past decade,6
the early age cracking has been reported frequently in concrete to deteriorate the durability of7
concrete structures (Kompen, 1994; Whiting et al., 2000).8

9
The driving force of self-deformation at the early age is still under discussion, but there is a10
general agreement about the existence of a relationship between self-deformation and the11
internal relative humidity (Jensen and Hansen, 2001; Lura, 2003). There are many studies12
conducted on self-deformation and internal relative humidity, and their relationship (Ahmed13
and Abdelhafid, 1999; Jensen and Hansen, 2001; Jiang et al., 2005; Li et al., 2010; Lura et al.,14
2003). In comparison with the measurements of moisture change, it is convenient to measure15
the electrical resistivity, because in very early age the cementitious materials are still in the16
superhygroscopic range, which makes it difficult to measure the moisture change. However,17
there is few literatures reported about the self-deformation together with electrical resistivity.18

19
The resistivity of cementitious materials indicate the amount and the tortuosity of pore and the20
degree of water saturation (McCarter et al., 2013; Xiao and Li, 2008). There exist inherent21
relationship between electrical resistivity and chemical shrinkage or self-deformation on the22
basis of hydration. Liao and Wei investigated the chemical shrinkage and electrical resistivity23
of cement pastes (Liao and Wei, 2012), and found a quasi-linear relationship between24
chemical shrinkage and electrical resistivity of the cement pastes. However, there is a gap in25
literature regarding to study self-deformation of cement pastes characterized by electrical26
resistivity measurement.27

28
Additionally, no study is reported about expansive agent mechanism in a cementitious29
hydration system regarding electrical resistivity and volume change. The attempts of the30
present study is to:31
(1) Study how an expansive agent to influence the resistivity ρ(t) and volume change ΔV.32
(2) Investigate the intrinsic relations between electrical resistivity and self-deformation of33
cement pastes by studying the effects of expansive agent.34

(3) Expand the application of electrical resistivity measurement.35
36

2. Experiments and methods37
2.1. Materials38
Ordinary Portland cement P •O 52.5 (meeting the requirements of ASTM Type I) ，expansive39
agent UEA， Class II fly ash were used in this study. The cement pastes were prepared with a40
water to binder ratio (W/B) of 0.4, and expansive agent replacement of cement by the ratios of41
0%, 6%, 10%and 14%. The mix proportions are tabulated in Table 1.42

Table 1 Mix proportions of cement pastes43
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Sample Name W/B Water Cement Fly Ash UEA

FA20U0 0.4 1080 2160 540(20%) 0 (0%)
FA14U6 0.4 1080 2160 378(14%) 162 (6%)
FA10U10 0.4 1080 2160 270 (10%) 270 (10%)
FA6U14 0.4 1080 2160 162 (6%) 378 (14%)

1
2.2. Electrical resistivity measurement2
As shown in Figure 1, the electrical resistivity was measured by a non-contact resistivity3
apparatus invented by Li and Li (Li and Li, 2003). This apparatus adopts a transformer4
principle, which avoids the contacting problems between electrodes and matrix in traditional5
measurements. More details about the principle of this apparatus can be found in the6
references (Li et al., 2003; Xiao and Li, 2008).7

8

Figure 1 Non-contact resistivity apparatus9
The paste sample was mixed in a planetary-type mixer for 2 minutes at 45 rpm and for a10
further 2 minutes at 90 rpm. The mixture was then cast into a circular mold that was kept at11
100% relative humidity with lids and strong sticky tape to close the gaps during the test. The12
data were automatically recorded at 1 minute interval. The test was stopped after 72 h.13

14
2.3.Self-deformation measurement15
The samples were prepared with the size of 40mm×40mm×160 mm for self-deformation16
measurement. A layer of soft impermeable polypropylene film was covered on the surface of17
specimen immediately after casting and then the specimen was cured at the temperature of18
20℃. The specimen was demolded at 24h and then sealed with several layers of soft19
impermeable polypropylene film preventing water evaporation during test. As shown in20
Figure 2, the self-deformation of cement paste was measured and recorded automatically by a21
concrete shrinkage tester. The self-deformation was automatically recorded every minute by a22
Data Acquisition Card up to 72 h.23
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1
Figure 2 self-deformation measurement2

3. Results and discussions3
3.1. Electrical resistivity development with time4
The results of electrical resistivity with time were plotted in Figure 3 for the pastes FA20U0,5
FA14U6, FA10U10 and FA6U14.6

7
Figure 3 Electrical resistivity development with time8

From Figure 3 there is a significant result that can be seen readily. All the four samples exhibit9
a similar S-shaped development of resistivity versus time and the paste with a larger content10
of expansive agent have a larger electrical resistivity at the same age. It is known that the11
resistivity of cement pastes is related to its porosity in a similar hydration system. The12
porosity is smaller, and the resistivity is then larger in the pastes with the higher expansive13
agent content. The increasing resistivity with time shows that the porosity of pastes decreases14
as the cement grains react with water continually. And the larger resistivity in the paste with a15
larger content of expansive agent indicates that the microstructure in the paste is more16
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compacted, which is attributed to more AFt formation from expansive agent reaction filling1
pores, effectively.2

3
3.5. Self-deformation development with time4
The results of self-deformation measurement were plotted in Figure 4 for samples FA20U20,5
FA14U6, FA10U10 and FA6U14.6

7
Figure 4 Development of self-deformation with time8

Figure 4 shows the self-deformation development of the pastes with various expansive agent9
contents. It can be seen that the paste with a larger content of expansive agent has a larger10
expanding at the same age while the paste FA20U0 without expansive agent appear to have a11
light shrinkage. In the pastes with expansive agent. The expansive agent reacted with water12
and some hydrates, such as AFt, which gives out repulsive force and makes the paste13
expansive. The larger content of the expansive agent was added in, the more hydrates was14
generated, therefore, the shrinkage was restrained and the expanding occurred.15

16
3.6. Relation between self-deformation and electrical resistivity17
The curves of electrical resistivity ρ(t) against self-deformation AS(t) after 24h were plotted18
and regressed in Figure 5 for samples 5P40FA10U10. The regression equations can be written19
in the form of Equation (1). KAS is the slope of the curve in Equation (1).20
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1
Figure 5 The curve of electrical resistivity against self-deformation for 5P40FA10U102

3
AS(t) = KAS∙(ρ(t)-A)2+B （1）4

5
The curves of electrical resistivity ρ(t) against self-deformation AS(t) after 24h were plotted6
and regressed in Figure 6 for all samples.7

8
Figure 6 The curves of electrical resistivity against self-deformation9

It can be seen from Figure 6 that the slopes KAS for the samples 5P40FA14U6, 5P40FA10U1010
and 5P40FA6U14 increased with increasing expanding agent replacement when w/b was fixed11
at 0.4. The curves and fitting coefficients show a very good positive relationship between12
electrical resistivity and self-deformation after hydration for 24 h.13

14

admin
建议Figure5 与Figure6合并成一个图
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4. Conclusions1
(1) The electrical resistivity and self-deformation are correlated which both developments2

with time are attributed to hydration of the pastes. The longer curing age and larger3
addition of expanding agent increase electrical resistivity and self-deformation due to4
increasing the degree of hydration and consuming free water.5

(2) With the expansive agent content increasing, the electrical resistivity shows a linear6
growth.7

(3) With the expansive agent content increasing, the expansion of pastes shows an exponential8
growth.9

(4) The self-deformation of the pastes with expansive agent have a good positive correlation10
with the electrical resistivity after hydration for 24 h. The positive relation obtained has11
great significance in practice application for predicting self-deformation through electrical12
resistivity measurement.13

14
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Abstract
Calcium Silicate Hydrate compounds were synthesized by the reaction of lime and fumed silica. Different reaction
conditions with varied temperature, Ca/Si ratio and reaction time were conducted with the product morphology
characterized under SEM. In terms of temperature effect, the crystallinity at high temperature exhibited excellent but
poor at low temperature. By changing Ca/Si ratio, the product obtained performed analogous under low temperature
while diverse compounds were gained when the temperature was kept high. Moreover, the reaction time required
differed too much as well. Under high temperature circumstance, short duration of reaction was sufficient for the good-
quality crystal product produced. However, only poor-crystallined product could be formed even prolonged time of the
reaction were conducted. Under SEM and TEM, good and poor crystallined products were distinguished and
characterized respectively.

Originality
Calcium silicate hydrate is the most crucial hydration product of cement-based material. Due to complicated structure,
its relevant studies and understanding undergoes developing. Basically it could be produced by the hydration of
tricalcium silicate and dicalcium silicate as well as volcanic reaction between lime and additives, such as fly ash and
silica fume. The composition in cement-based material is normally too complicated and heterogeneous for the
systematic study of calcium silicate hydrate. Consequently, synthesized manner by the volcanic reaction of lime and
reactive silica is selected. As chemical reaction is affected by many factors, varied reaction conditions are designed to
help understand the calcium silicate hydrate compounds synthesized.
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1. Introduction
Concrete is contemporarily the most worldwide essential construction building material at present and
will serve for the human beings in the forthcoming decades. Accompanied with the global sustainable
development, concrete is confronting the same challenge (Duxson P. et al, 2007). To satisfy the needs
of the sustainability, the nature of cement and concrete should be fully understood. Concrete is
multiscale composite material comprising of binder, water, aggregate and admixture. Among them
cement is the key ingredient binding all the components as an integral. When cement reacted with
water, series products were generated. Among them calcium silicate hydrate (hereinafter referred to as
C-S-H) is regarded as the most significant one in cement-based materials due to its predominant
contribution to the mechanical properties of cement-based materials, taking up approximately 60-70
percent of the volume of the fully hydrated product produced (Dolado J. et al, 2007). Consequently,
the thorough understanding on the structure and properties of C-S-H is crucial. It is produced by
hydration of tricalcium silicate or dicalcium silicate. Additionally, when additives are present
including fly ash and silica fume, secondary C-S-H can also be obtained by the reaction of lime and
silicates. At the same time, more and more additives were incorporated into cement-based material,
emphasising the importance of secondary C-S-H.
In terms of C-S-H, up to date many researchers had made contributions for its property understanding
and large amount of models have been put forward (Zhang L. et al, 2012). Unfortunately, owing to its
intrinsic complicated structure, the properties of C-S-H had not been given a definite answer yet and
there still needs long way to go on the fundamental research of C-S-H (Amato I., 2013). The
amorphous feature of C-S-H at macroscale results in its structural information was difficult to be
obtained as well-defined crystalline structures can not be observed. Some advanced experiments have
been conducted to broaden the structural development of C-S-H (Allen J. et al, 2007, Garbev K. et al,
2008). Various perspectives were put forward, some considered it to be relevant to tobermorite while
some held the opinions of jennite-based or other silicate minerals (Richardson I., 2008). Partially ill-
crystallined product could be observed for C-S-H under XRD (Chen J. et al, 2004) when C3S was
taking part into reaction in the prolonged stage. However, its crystallinity nature and relations with
tobermorite might not be clear which are needed to be answered.
To achieve crystal properties, single reaction and crystal growth of C-S-H would be preferable. The
methods to obtain single crystals varied based on the phase state of the transport of crystal constituents.
As C-S-H was gained from hydration in solution, the most possible way was the solution growth
where two methods were included: high temperature and low temperature growth. Secondary C-S-H
was produced from single reaction of lime and silicates, it could be an alternative method to help
understand C-S-H product from such point of view. Up till now, some works have been carried out in
the area of high temperature growth or hydrothermal growth of some C-S-H related compounds. Shaw
et al. utilized in situ synchrotron XRD to study the evolution of the formation of tobermorite and
xonotlite both of which were synthesized by hydrothermal method carried out at the temperature
ranging from 235 0C to 310 0C with the starting material of a calsilicate alkoxide gel as precursors
(Shaw S. et al, 2000). Huang et al. tried to use hydrothermal method to synthesis tobermorite fiber at
the temperature of 200 0C under the pressure of 2 MPa by aerosol reacting with Ca(II)-EDTA. (Huang
X. et al, 2002) Milestone et al. studied xonotlite composition by hydrothermal method at the
temperature ranging from 200 0C to 250 0C with the starting material of quartz and calcium hydroxide.
(Milestone N. et al, 2007) An in Situ Time-Resolved XRD was used for the formation of tobermorite
by hydrothermal method processed at 200 0C for more than 12 hours with pressure greater than 1.2
MPa. (Kikuma J. et al, 2010) Maeda et al. used diatomaceous earth reacted with calcium oxide by
hydrothermal method at 180 0C for 3 hours and obtained one kind of calcium silicate hydrate gels.
(Maeda H. et al, 2011)
As is shown, most of the research work was carried out at quite high temperature in a relatively short
period of reaction time while the product information at lower temperature and longer duration of
hydration was lacking. Also, in most studies only one type of synthesis conditions were utilized.
However, for the specific formation of single crystals it could be affected and controlled by varied
influencing factors, such as composition, temperature, reaction time and so forth. In this paper, low



temperature and high temperature growth were simply carried out simultaneously to grasp the effect of
different controlling factors on the formation of C-S-H compounds via volcanic reaction of lime and
silicate and obtain the basic trend of compounds produced in various conditions. Lime and fumed
silica were utilized to conduct volcanic reaction under different Ca/Si (hereinafter referred to as C/S)
value, temperature and duration of reaction for the formation of possible C-S-H single crystal
compounds. Also, the relation of such formed C-S-H compounds with tobermorite was mentioned to
help deepen the understanding of C-S-H structure and properties.
2. Experimental
2.1. Materials and Apparatus
Material
Lime (calcined from calcium carbonate (A. G., Aldrich) at 1000 0C for 3 hours and sealed in plastic
bottle), fumed silica (A. G., Alfa Aesar, BET surface area of 385.5 m2/g), ultra pure H2O (resistivity >
18 ∙m-1 , de-aired for 20 minutes)
Apparatus
Reactor (Stainless steel flask with Teflon bottle inside), oven (SHEL LAB, 1445-2)
2.2. Experimental Process
Lime, fumed silica and U. P. H2O were first weighted in specific amount respectively and then quickly
mixed together evenly. After few minutes, they were rapidly transferred into reactor and screwed
tightly. Such reactor was then put into oven with temperature set at certain value steadily in advance.
After certain period of time, the whole flask was cooled down naturally to ambient temperature. The
obtained product was vacuum filtrated and washed by ultra pure H2O for three times and then dried in
the oven at 70 0C - 80 0C for 24 h. The final product gained was kept in sealed bottle for further
characterization.
2.3. Sample information
The samples designed under different C/S ratio, temperature and duration of reaction were listed in
Tab. 1. The water/solid ratio herein was fixed at 50. C/S ratio varied from 0.5 to 2.0 while the
temperature was set at 80 0C and 200 0C. The duration of the reaction was studied at 64 hour and 1
year.

Tab. 1 Lists of sample information
C/S Group A Group B Group C
0.5

T = 80 0C

D = 64 h

T = 200 0C

D = 64 h

T = a.t.

D = 1 Y

0.83
1.0
1.5
1.7
1.8
2.0

Where T = temperature, D = duration, a.t. = ambient temperature
2.4. Product characterization
Power X-ray diffraction (X-ray diffractometer, hereinafter referred to as XRD, X’pert Pro)) was
carried out with all the samples grinded in agate thoroughly, transferred into Al holder and flatted. The
2θ range varied from 5 0 to 80 0 with the scan rate of 2 0/min. Scanning electron microscopy
(hereinafter referred to as SEM, JEOL6300) was carried out by putting the samples onto GaP wafer
and coated with Au. Transmission electron microscopy (hereinafter referred to as TEM, JEOL2010F)
was used by transferring the aiming product onto Cu grid with amorphous and porous carbon layer.
3. Results and Discussion
3.1. Composition effect
The contemporary understanding on the C/S ratio of C-S-H was assumed to be varied within certain
ranges. But whether the different starting C/S could influence the formation and structure of C-S-H or
not was uncertain. Based on such, the variation on the initial C/S at lower heated temperature was
conducted. Figure 1 illustrated the XRD spectra for group A samples with C/S varying from 0.5 to 2.0.
Basically the spectra obtained looked analogous except for w/s of 0.83 with no obvious peaks shown.



For the lowest C/S ratio of 0.5, a wide peak at 2θ around 20 0 to 25 0 was shown which was related to
the remained SiO2。 Except such peak, a wide and distinct peak located at 2θ around 29.1 0 was easily
observed. Meanwhile, some small peaks with 2θ of 9.8 0, 31.8 0 and 50.0 0 could be seen, all of which
were quite weak with peak width relatively large, which was especially shown for the peak at 2θ of
50.0 0. All the peak locations for such formed peaks were a bit larger than those of tobermorite so that
there could not make easy conclusions on the relations between them. At the same time, with the
increment of C/S, the main peaks mentioned above did not vary so such, amplifying the good
consistency of the product when C/S varied. With C/S changing from 1.0 to 2.0, a strong and
relatively sharp peak appeared at 2θ around 29.4 0. While C/S was larger than 1.5, the peaks located at
2θ of 8.0 0, 32.1 0 and 50.0 0 could all be distinguishable, indicating the uniform formation of the
hydration product along with the addition of initial C/S. Also, it could be deduced that higher C/S ratio
might form better formation of crystallined product. By comparison the results with PDF card (00-45-
1480, 00-029-329), the product included could be 11 Å and 9 Å tobermorite, especially the
characteristic peaks smaller than 10 0 evidenced the presence of tobermorite-like structure.
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Figure 1 XRD spectra of samples in group A. Figure 2 XRD spectra of samples in group B.
At raised temperature with group B shown in Figure 2, all the peaks involved performed relatively
clear and sharp, which could be separated from each other. Also, the peak location was varied along
with the increment of C/S value. The peaks for calcium hydroxide could be seen when C/S was greater
than 0.83 with peak locations at 18.1 0, 28.7 0, 34.2 0 and 50.9 0. With respect to C-S-H compounds
formed, at C/S equalling to 0.5 and 0.83, the main peaks for tobermorite could be clearly seen with 2θ
at 7.8 0. At the same time, the strong peak location at 2θ of 15.7 0, 29.0 0, 30.0 0, 31.9 0 and 50.0 0

observed were all originated from tobermorite. But when C/S was greater than 1.0, the peaks at 10.4 0,
12.6 0, 22.6 0, 24.5 0, 31.7 0 and 34.0 0 were detected, corresponding to the formation of xonotlite (00-
029-0379). Till C/S = 1.5, all the XRD spectra revealed the presence of both xonotlite and
tobermorite and the peaks for tobermorite were much stronger than those of xonotlite. However when
C/S reaching higher than 1.5, characteristic peaks of tobermorite became weaker. On the contrary,
some were enhanced with additional peaks obtained at certain locations. Below 10 0, the previously
intensive peak almost degraded while the originally weak peak at 12.6 0 was significantly strengthened.
The same case also appeared for peaks of 15.7 0 and 30.0 0 diminished and the peaks for 22.6 0, 24.5 0

and 34.0 0 enhanced, suggesting xonotlite became more preferable at higher C/S. So along with the
variation of C/S at elevated temperature, the types of compound produced also changed. At relatively
lower C/S value, tobermorite was the dominant product. But with the gradual C/S increasing, xonotlite
became predominant. Based on the above results, it could be seen that along with the compositions
varying different product could be produced. Or to say, the composition could affect the formation in
the reaction at certain circumstances.
3.2. Temperature effect
The temperature influence could be attained by comparison of group A and C with group B. On the
whole, it could be shown that all the peaks in group B were fairly sharp and strong with each one



clearly distinguishable. Adversely, for group A the quantity and quality of the peaks obtained in XRD
spectra were poor, which are small and weak, indicating the distinct crystallinity influence of
temperature effect. Similarly, broad and weak peaks were gained (except those peaks from calcium
hydroxide and calcium carbonate) for group C (Figure 3). Consequently it could be concluded that
higher temperature stimulate higher crystallinitiy while lower temperature resulted in poorer
crystallined structure formed. As was shown in group A and group B, at the same composition, when
the temperature varied, the product attained also varied. For lower C/S ratio smaller than 1.0, same
tobermorite was formed. However, at higher C/S ratio, more xonotlite could be observed. As a result,
it could be seen that lower temperature led to the formation of ill crystallined structure and the higher
temperature induced the variation of relative amount of product with good crystallinity.
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Figure 3 XRD spectra of samples in group C.
3.3. Duration effect
Duration was another essential and vital factor that influenced the reaction occuring. Based on the
results in 3.2, within the same duration of reaction the higher temperature had already induced the
good crystallined product but the lower temperature could only resulted in ill-crystallined product. As
a result, the lower temperature requires longer reaction time. Based on such, longer duration effect was
studied by group C where ambient synthesis was conducted for one year, which merited the
understanding of real reaction process. In terms of the composition variation, generally with the
increment of C/S the number of peaks increased slightly with those for CH and calcite excluded,
manifesting the slowly enhanced product quality. Mainly, there were several characteristic peaks at
varied composition (Figure 3), though all the peaks performed broad revealing the ill-crystallined
features. They were located at 2θ around 8 0, 29 0 - 30 0, 32 0 and 49 0 respectively. Besides some small
peaks appeared at 2θ about 16 0, 25 0, 42 0 and 45 0. All these peaks were in accordance with those
known for tobermorite. The peaks located at 29 0 kept relatively steady but the peaks at around 8 0

exhibited the most obvious variations. At the lowest C/S ratio of 0.5 and 0.83, such peak was very
weak. When C/S reached higher than 1.0, it became relatively distinguishable, performing the similar
trend in group A. By further increase of C/S, no distinct degree was increased, indicating the optimum
C/S ratio of 1.0 for the formation of larger d-spacing planes. Taking all characteristic peaks into
considerations, the composition with C/S ranging from 1.0 to 2.0 possessed the similar peaks,
indicating the relatively better quality in the product for higher C/S reactions.
3.4. Morphology characterization
Based on above results, there were three kinds of product that could be easily distinguished, two
crystallined one and amorphous one. The two kinds of crystals observed were xonotlite and
tobermorite with corresponding SEM morphology obtained in Figure 4(a) and (b) respectively. As was
seen, they both exhibited regular shape which was in consistence with the properties of crystals.
Figure 4(a) was needle-shaped structure with the length of each in micro meters and Figure 4(b) was
plate-like structure with the dimensions also in micro scale, both of which agreed well with the known
structure of tobermorite and xonotlite. The remaining amorphous product was also characterized. The
shapes of non-crystallined product at varied reaction conditions looked analogous and typical
morphologies were shown in Figure 4(c) and (d) for C/S of 1.5 at 80 0C for 64 h. The product was



large amount of discrete clusters in random shape and was greatly folded with wrinkles distributed
over the whole clusters. From time to time, some thin curved lamellars without any regular shape
could also be seen as was shown in Figure 4(d) which to most probability related to the ill-crystallined
tobermorite product with not perfect crystal planes like (220) and (222). All the above morphologies
were in agreement with XRD results.

Figure 4 SEM images of product formed (a) xonotlite (b) tobermorite (c) amorphous.

Figure 5 TEM images of product formed (a1) xonotlite (b1) tobermorite
(c1) amorphous and the corresponding diffraction pattern (a2), (b2) and (c2).

TEM morphologies for crystallined product were shown in Figure 5(a1) and (b1). Needle-shaped
xonotlite and plate-shaped tobermorite were distinguishable. Xonotlite (Figure 5(a1)) possessed the
diameter and length in nano scale and micro scale respectively. Tobermorite (Figure 5(b1)) owned the
plate dimensions in microscale. Both of them were in good accordance with those obtained under
SEM. Their corresponding diffraction pattern was also shown in Figure 5(a2) and (b2). For both
pattern obtained, separately distributed points showed up, indicating single crystal state of the object.
At the same time, there were some straight lines found at the same time due to the formation of crystal
twinning. For xonotlite (Figure 5(a2)), most of the d-spacings was consistent well with the known
ones with 3.16 nm, 3.09 nm, 2.71 nm, 2.04 nm, et al. present. In tobermorite (Figure 5(b2)), various d-
spacings were obtained as well with the values of 5.67 nm, 5.47 nm, 3.78 nm, 3.31 nm, et al., which
were in agreement with the known d-spacings of tobermorite. While for non-crystallined product, in
most cases the morphology and diffraction pattern were illustrated in Figure 5(c1) and (c2). Large
amount of wrinkles were distributed in the whole micro particles. Instead of clear points, very weak
obscure cloud was observed in diffraction pattern. Also one reluctantly distinguishable thin ring was
incorporated inside with the centered d-spacing of about 2.99 nm, corresponding to 2θ about 29.8 0,
which was in accordance with the results obtained by XRD, showing the formation of ill-crystallined
structure of tobermorite.
4. Conclusions



The volcanic reaction between lime and fumed silica was conducted under hydrothermal synthesis and
ambient synthesis with the obtained product characterized by XRD, SEM and TEM. The influencing
factor including composition, temperature and duration was simply studied. By the variation of each
condition, the product could be affected. Generally, higher temperature would result in better
crystallined product. At elevated temperature, short duration was sufficient for the good product
attained. However, under ambient synthesis, even prolonged reaction could not promote the product
crystallinity attained. The initial composition affected the product formed indefinitely. Those
influencing factors could interact with each other and take effect on the category of the final product.
So by changing the reaction conditions, the quality and type of product could be changed as well. At
lower temperature, the main product was ill-crystallined tobermorite for varied initial C/S composition
while at higher temperature with the increment of C/S value the product was transferring from
tobermorite to xonotlite dominantly. No jennite or other commonly concerned C-S-H related
compound was observed herein. Under SEM and TEM, both the crystallined and non-crystallined
product could be separated and coincided well with XRD results. Amorphous product normally
possessed similar morphologies and properties, the majority of which were wrinkled clusters with ill-
crystallined tobermorite structure incorporated. As a result, in terms of real cement-based hydration
system tobermorite related structure should be the main component of secondary C-S-H. Also, based
on the ambient synthesis at prolonged duration, such tobermorite-like structure should be very poor in
crystallinity during hydration. It might be suspected that after years of hydration some relatively good
quality structure and product with large d-spacings and perfect crystal planes might appear.
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Abstract
Cessation of the hydration of tricalcium silicate (Ca3SiO5, C3S) has been shown to occur at a relative humidity (RH)
less than 80%. However, the specific reduction in reaction rate that occurs with progressive reductions in the water
activity (aw) has not been elucidated. This study applies both experiments and numerical simulations to quantify water
activity induced reductions in hydration rates in model (pure C3S), and technical cement systems. Special focus is given
to contrast the effects of depression in water activity on hydration kinetics between model and OPC systems. It is noted
that while hydration in model systems ceases for aw≤0.70, OPC continues to hydrate, albeit at a very low rate even at
aw≈0.60. Original simulations carried out within a phase boundary nucleation and growth (BNG) framework reveal
that water activity depression most severely influences C3S hydration due to the higher water activity threshold of this,
as compared to other phases (e.g., C3A) present in OPC systems. Significantly, the simulations highlight that the initial
formation of C-S-H nuclei (i.e., the nucleation density, Idensity), is similar independent of the water activity. Rather, the
reduction in water activity appears to systematically suppress C-S-H growth rates (Gout), which decline in exponential
form with reducing water activity. The outcomes of this work provide targeted means for: (a) proper understanding and
quantifications of rate controls on cement hydration, (b) quantifying key reaction parameters, e.g., growth rate of
products, as functions of the water activity, and (c) quantifying the impacts of drying/improper curing on strength gain
in concrete.

Originality
This study, for the first time, presents comprehensive quantifications of the influence of water activity on the rate and
extent of reactions, in model and technical cement systems. By a combination of experiments and numerical simulations,
the study highlights that reductions in water activity influence C-S-H growth, but are not expected to influence initial
C-S-H nucleation. Significantly, a quantitative relationship is presented between the C-S-H growth rate, and the water
activity which enables prediction of hydration suppression, with reducing water activity. The outcomes of this work
improve the state-of-the-art understanding of rate controls on cement hydration, and from a practical basis, help
describe how issues such as improper and insufficient curing may inhibit hydration and strength gain in concretes.
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1. Introduction
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Arresting the hydration of cement is a prerequisite for terminating the evolution of the microstructure.
The microstructure can then be analyzed using various experimental techniques to describe the state of the
system at a given age. Zhang and Scherer studied various methods used for arresting the hydration of cement,
and recommended Isopropanol (IPA) exchange followed by drying as the best method for preserving the
microstructure (Zhang et al., 2011). IPA is common choice for solvent-exchange techniques, typically used
to eliminate water from cementitious paste systems and consequently arrest hydration, because of its: (a)
small molecular size that permits access to small pores within the microstructure (Moss et al., 1996;
Fredenslund et al., 1975), (b) low boiling point (Haynes, 2013), which allows the use of low temperatures for
subsequent drying, (c) high miscibility with water (Zhang et al., 2011; Feldman et al., 1991; Beaudoin et al.,
1998) and (d) very low reactivity with cementitious phases (Jensen et al., 2001). While these studies describe
the interactions of IPA with the cement paste’s microstructure, the impact on hydration kinetics are not
described. In this study, focus is placed in the studying the influence of IPA additions on hydration kinetics
of cementititous systems.

It is well known that the cessation of the hydration of tricalcium silicate (Ca3SiO5, C3S) occurs at a
relative humidity (RH) less than 80%, even though there is a significant amount of water left in the system
(Barogehl-Bouny et al., 2006; Jensen et al., 2001; Parrott, 1973). Flatt and co-workers described the role of
RH on hydration kinetics of C3S from a thermodynamic standpoint and confirmed that the hydration of C3S
can only proceed if the RH is above 80% (Flatt et al., 2011). The authors attributed the cessation of hydration
to the depression in water activity (aW) to a critical minimum value of ≈0.72, corresponding to a RH of ≈
80%, at which the hydration products, i.e., portlandite (CH) and calcium-silicate-hydrate (C-S-H), are in
equilibrium with C3S. In such conditions, the capillary pressure, caused by curvature of the liquid–vapor
meniscus in the pore space, is negative and, as such, there is a noticeable shift in the net equilibrium state.
The authors pointed out that as the hydration of C3S requires a decrease in the overall volume of the system,
i.e., chemical shrinkage, negative capillary pressure would inhibit shrinkage (or cause expansion) and,
therefore, arrest dissolution.

While the work of Flatt and co-workers provide numerical evidence to confirm that the critical RH and
aW for hydration of C3S to proceed are 80% and 0.72 respectively, the specific reduction in reaction rate that
occurs with progressive reductions in the water activity (aw) has not been elucidated in any previous study.
Furthermore, the influence of water activity on the hydration kinetics of tricalcium aluminate (C3A) has also
remained an open question. This is critical towards understanding and quantifying the role of water activity
on hydration kinetics of ordinary Portland cement (OPC), which consists of 5-12% of C3A by mass (Taylor,
1997). As C3A is more reactive than C3S (Taylor, 1997; Jawed et al., 1983), it is expected that the
suppression in reactivity of C3A, in low values of aW, is less severe compared to C3S. Similar conclusions
were drawn in the work of Dubina and coworkers, which studied the effects of prehydration on the
constituent phases present in OPC and in commercial OPC formulations (Dubina et al., 2010; Dubina et al.,
2011; Whittaker et al., 2013; Dubina et al., 2012). The authors quantified the hydration sensitivity of the
different phases in OPC, especially at low levels of water activity, as imposed by ambient RHs ranging from
100% to 50%. These studies showed that the critical RH below which hydration does not proceed forward is
≈55% for C3A and ≈80% for C3S. (Dubina et al., 2010; Dubina et al., 2011; Whittaker et al., 2013; Dubina et
al., 2014. In another recent study, Stoian et al. (Stoian et al., 2015) showed that in low RH exposure
conditions (when the activity of water is very low), surface reactions between water (or water vapor) with the
aluminate components in the OPC can occur to form alumino-sulfate hydrates. However, in such conditions,
the reduced availability and chemical activity of water inhibits the hydration of C3S.

This study applies both experiments and numerical simulations to quantify water activity induced
reductions in hydration rates in model (pure C3S), and technical cement systems. Special focus is given to
contrast the effects of depression in water activity on hydration kinetics between model and OPC systems.



Numerical simulations have been carried out within a phase boundary nucleation and growth (BNG)
framework to reveal the influence of water activity on nucleation and growth of products in both C3S and
OPC based systems. The outcomes of this work, which are adapted from recent work conducted by (Oey et
al. 2015), provide targeted means for: (a) proper understanding and quantifications of rate controls on cement
hydration, (b) quantifying key reaction parameters, e.g., growth rate of products, as functions of the water
activity, and (c) quantifying the impacts of drying/improper curing on strength gain in concrete.
2. Materials and Methods

A phase pure tri-calcium silicate (Ca3SiO5 or C3S) (De La Torre et al., 2002) and an ASTM C150
compliant Type I/II ordinary portland cement (OPC) was used herein. X-ray fluorescence (XRF) was used to
estimate the major oxide composition of the OPC on a mass basis: 20.57 % SiO2, 5.19 % Al2O3, 3.44 %
Fe2O3, 65.99 % CaO, 1.37 % MgO, 2.63 % SO3, 0.17 % Na2O, 0.31 % K2O, 0.26 % TiO2 and 0.08 % P2O5.
Quantitative X-ray diffraction (QXRD), using Rietveld refinement, was used to estimate the mineralogical
composition of the OPC, on a mass basis (Le Saoût et al., 2011): 56.5 % MIII-Ca3SiO5, 18.00 % β-Ca2SiO4,
6.30 % Ca3Al2O6 (i.e., a mixture of cubic and orthorhombic forms), 11.4 % Ca4Al2Fe2O10, 1.10 %
CaSO4∙2H2O, 0.5 % CaSO4∙0.5H2O, 1.20 % CaSO4, and 4.60 % CaCO3. The particle size distribution (PSD)
of the OPC and C3S were measured by static light scattering (SLS) using isopropanol and ultrasonication for
dispersing the powders to primary particles, and are shown in Figure 1. The largest variation in the light
scattering measurements is about 6 % based on measurements performed on six replicates and assuming the
density of the OPC to be 3150 kg/m3. Assuming that the particles are spherical, the measured PSD of C3S
and OPC correspond to a specific surface areas (SSA) of and 380 m2/kg and 520 m2/kg respectively.
Accounting for the irregular shape of C3S and OPC particles often results in SSA estimates that are higher by
a factor of 1.6-to-1.8 (Garboczi et al., 2004).

Figure 1: Particle size distributions for the OPC (as-received) and C3S evaluated in this study. The
largest variation in the light scattering measurements is around ±6 %.

C3S and Cement paste mixtures were prepared using de-ionized (DI) water as described in ASTM C305
(ASTM Standard, 2012). Paste mixtures were prepared at fixed liquid-to-solid ratios of 0.45 and 0.65.
Water was replaced by ACS reagent grade isopropanol at 2.5, 5, 10, 20, 30, 40, and 50% by weight in order
to provide a range of water activities. Isopropanol was chosen for its good miscibility with water, and
under the assumption that it would undergo minimal reactions with the cement powder as compared with
other potential solvents (Haynes, 2013).
The rate and extent of hydration was monitored using isothermal conduction calorimetry. A TamAir
isothermal calorimeter (TA Instruments) was used to measure the heat evolved during hydration at a constant
temperature condition (25 ± 0.1°C °C). The thermal power and energy measured were used to assess the
influence changes in initial water activity on reaction kinetics and total heat release of the cementitious
samples.

A Perkin Elmer STA 6000 simultaneous thermal analyzer was used to measure the phase constitutions
of cementitious samples at 1, 3, 7, and 28 days. The temperature and mass sensitivity of the analyzer used



were 0.25°C and 0.1 μg respectively. To arrest hydration, solvent exchange was performed using isopropanol
wherein at a desired age, the hydrated pastes were crushed (size less than 5 mm) and submerged in
isopropanol for six days, with the isopropanol being replaced every two days (Zhang et al., 2011). Following
solvent exchange, the samples were placed under vacuum in a desiccator for a further three days. After this,
the samples were powdered. The powder samples were heated under N2 purge at a flow rate of 20 ml/min
and at a heating rate of 10°C/min in pure aluminum oxide crucibles over a temperature range from
35-to-975°C. The weight loss (TG) and the differential weight loss (DTG) patterns acquired were used to
quantify the extent of hydration and the phases present in the system.
2.1 Calculation of initial and age dependent water activity

To calculate the initial activity of water in water-isopropanol systems, the van Laar equations were used
(Wilson et al., 1952; Mollerup, 1983).

(1)

(2)

Fitting parameters A (1.000) and B (0.483) for this system at room temperature and pressure were obtained
by Wilson and Simmons (Wilson et al., 1952) and are shown to fit experimental data quite well for these
conditions. Slight positive deviations from ideality are observed, indicating stronger isopropanol-isopropanol
and water-water interactions than water-isopropanol interactions. However, the system is close enough to
ideality that no miscibility gap exists (this would be indicated by a region of constant activity), and thus can
be fully utilized to manipulate water activity to investigate its effect on the cement reaction.

To calculate the age dependence of water activity, reduction in mole fraction of water in the fluid, as
well as increase in ionic strength due to cement dissolution were considered. For the former, a modified
version of Powers’ model developed by Jensen and Hansen was utilized (Jensen et al., 2001). Degree of
hydration determined experimentally from calorimetry was used as an input to obtain the mole fraction of
water, assuming no consumption of the isopropanol, which was subsequently used in the above model to
determine activity. Here it should be noted that as the Powers’ model is meant to be used for cement-water
systems, mild errors were introduced in the calculation due to the density difference of water and
isopropanol, up to a maximum of 8.4% error in initial volume for the l/s = 0.65 system with 50% isopropanol.
Examples of the water content and activity calculated using this approach are shown in Figure 3. Here, to
account for the reduction in activity observed upon increase in ionic strength, PHREEQC simulations were
used to determine water activity as a function of degree of hydration, taking into account sodium and
potassium as the main contributors to ionic strength (Sant et al., 2012). This correction was applied
additively to the activity determined due to water consumption from Powers’ model to arrive at the final
activity value for the given degree of hydration.

(a) (b)
Figure 2: (a) Natural logarithm of activity coefficient and (b) activity as a function of mole fraction of



isopropanol. Dashed lines in (b) show ideal Raoultian activity for reference.
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Figure 3: (a and b) Fluid composition and (c and d) water activity as a function of degree of hydration for l/s

0.65 paste with 30% and 50% isopropanol in the initial mixing fluid.
3. Results and Discussion
3.1 Influence of Water Activity on Hydration Kinetics of OPC and C3S

Figure (4) shows the influence of initial water activity on the hydration kinetics of C3S and OPC. As can
be seen the hydration kinetics of both C3S and OPC are suppressed with increasing levels of replacement of
the water by IPA. This decrease in reactivity is better illustrated in Figure (5), that graphs the degree of
hydration achieved at 1, 3, 7 and 28 days as a function of the initial water activity. Here, it is interesting to
note that, at equivalent initial water activities and initial l/s, the degree of hydration of C3S pastes at a given
age remain lower than those of OPC pastes. For e.g., the degree of hydration of C3S and OPC pastes after 7
days of hydration in systems with initial water activity of 0.86 are 12.3% and 25.4% respectively. Higher
degrees of hydration of OPC can be attributed to the presence of more reactive phases, such as C3A. Also, as
stated previously in section (1), in conditions of depressed water activities, the suppression in reactivity of
C3A is expected to less severe compared to C3S (Dubina et al., 2010; Stoian et al., 2015).

(a) (b) (c) (d)
Figure 4: Heat flow and cumulative heat evolution profiles of C3S (a and b) and OPC (c and d) pastes

prepared at l/s ratio of 0.45 with different levels of replacement of the liquid with IPA. Here, 0, 2.5, 5, 10,
20, 30, 40 and 50% IPA correspond to initial water activities (aw0) of 1.00, 0.99, 0.98, 0.97, 0.94, 0.90, 0.87

and 0.82 respectively.

(a) (b) (c)
Figure 5: Degree of hydration as a function of initial water activity of the mixing solution for: (a) C3S
and (b) OPC pastes prepared at l/s of 0.45. (c) shows the comparison of the degrees of hydration of C3S
and OPC pastes as determined from TGA and Isothermal calorimetry. As can be seen, a good agreement

is found.



Figures (4 and 5) illustrate the suppression in reactivity of C3S and OPC qualitatively, wherein the
suppression is noted as: a decrease in the heat flow rate at the peak, a decrease in the slope of the
acceleration regime of the heat flow profiles and the increase in the time required to reach the heat flow peak.
The parameters were numerically quantified for all systems as shown in Figure (6). It is interesting to note
that a decrease in the initial water activity causes an exponential decrease in the calorimetric parameters, thus,
suggesting a non-linear relationship between the water activity and cement’s reactivity. Here, the suppression
in reactivity is more severe when the digression of water activity from the ideal value of 1.0 is small;
however, as the water activity decreases further, the calorimetric parameters acquire very low values which
decrease very modestly in relation to the initial water activity. These exponential relationships, therefore,
suggest the existence of a critical water activity value below which hydration does not progress.

(a) (b) (c)
Figure 6: The correlation between the initial water activity and parameters corresponding to the measured
heat flow profiles: (a) heat rate at the main peak, (b) slope of the acceleration regime and (c) inverse of time
to main peak. In all graphs, the dashed lines fit represent exponential fits to the dataset. Plots are shown only

for cement paste systems prepared at l/s of 0.45.
Another important aspect to note in Figure (6) is the similarity in the suppression in reactivity of OPC

prepared at l/s of 0.45 and 0.65. In systems prepared with the higher l/s, despite the presence of excess water,
the hydration of OPC is suppressed to the same extent as its low l/s counterparts. Similar results were also
obtained for C3S pastes (Figure 7a). These results, therefore, prove that the suppression in reactivity of
cementitious phases is linked directly to the depression in water activity, wherein hydration can cease despite
the presence of significant amount of water in the system. Further, in Figure (7a), it can be seen that in pure
C3S pastes prepared at l/s of 0.65, the hydration is arrested completely when the initial water activity is
reduced below 0.70. Therefore, for the hydration of C3S to proceed, while the presence of water is a
prerequisite, the water activity still needs to remain above the critical threshold of ≈ 0.70, as hypothesized
previously by Flatt et al. (Flatt et al., 2011). In the context of availability of water for hydration, it is
important to point out that in cement pastes prepared at l/s below 0.42 (Powers, 1960), the amount of water
present in the system is inferior to the amount needed for complete hydration, and in such cases, the extent of
hydration at later ages, as described by the cumulative heat release (Figure 7c), remains lower than pastes
prepared with l/s higher than 0.42. The water-starved systems (i.e., l/s < 0.42) (Figure 7(b)) have a higher
early-age reactivity compared to systems prepared at l/s higher than 0.42. However, in systems prepared at
l/s > 0.42, the hydration kinetics are broadly similar, as evidenced by overlapping heat evolution profiles.
Higher early-age reactivity observed in water-starved systems, therefore, suggest that in closely packed
systems, the progress of hydration at early ages depends on the average solid-to-solid distance of the system.
In loosely packed systems, however, both the early and later age reactivity are independent of the
solid-to-solid packing.
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Figure 7: (a) Cumulative heat release of C3S pastes prepared at l/s of 0.65 with different levels of

replacement by IPA. (b) Rate of Heat flow and (c) Cumulative heat release of cement pastes prepared at
different w/c ratios.

3.2 Numerical Simulations of the Heat Release Response
Classical and modified forms of boundary nucleation and growth (BNG) models have been applied to

describe the hydration of cement systems (Zhang et al., 2010; Peterson et al., 2009; Ridi et al., 2012; Scherer
et al., 2012; Oey et al., 2013; Kumar et al., 2013; Thomas, 2007; Garrault et al., 2001; Peterson et al., 2006;
Tenoutasse et al., 1970; Cahn, 1956; Christian, 2002; Thomas et al., 1999; Kumar et al., 2012; Scherer et al.,
2012; Scherer, 2012). These models simulate reactions as a nucleation and growth process that starts at solid
phase boundaries. In these models, a single product of a constant density is assumed to form, and its
nucleation or growth is treated as the rate-controlling mechanism that determines the kinetics of the reaction
(Thomas et al., 2009; Scherer, 2012). This study applies a modified form of a BNG formulation as shown in
Equations (3-6) (Cahn, 1956; Thomas et al., 1999; Scherer, 2012; Scherer et al., 2012):

(3)

where: X is the volume fraction of the reactant transformed to product, Gout is the isotropic growth rate of the
product, aBV is the boundary area per unit volume, and Af is the extended area of the transformed product
phase described in Equation (4).

)

or
(4a)

(4b)

(4c)

where: Idensity (µm-2) is the nucleation density of the product, that is, the starting number of supercritical
nuclei per unit surface area, Irate (µm-2. hour-1) is the nucleation rate, Gpar (µm. hour-1) is the growth rate
parallel to the boundary surface, and Gout (µm. hour-1) is the outward growth rate. The cumulative heat
evolved due to the hydration of the reactant phase (i.e., alite or cement) is computed using a scaling
parameter, A (kJ/mol), as shown in Equation (5):



(5)

where: r (%) is the (mass) percentage replacement level of filler which accounts for the effects of dilution
(i.e., a reduction in reactive cement content). In addition, the simulations begin only at the end of the
induction period, so the simulation time is mapped to real time by using a parameter t0 to designate the time
at which the induction period ends. The boundary area per unit volume, aBV (μm-1), is calculated by adding
the surface areas of both the OPC and mineral replacements, if present, and dividing by the volume of the
overall system (total solid content plus water):

(6)

where, the subscripts W, C and L denote water, OPC and limestone respectively, ρ is the density (kg.m-3), “z”
is the fractional mass replacement level of OPC), w/s (unitless) is the water-to-solid ratio and SSA (m2. kg-1)
is the specific surface area of the solids. The parameter af (unitless) is an integer variable that represents the
virtual surface area participatory in the simulations. In the systems pertaining to this study, as mineral
replacements have not been used, af = 1 in all simulations.

For simulations of all systems presented in this study, the values of Irate, and Idensity are fixed at 0.0 μm-2.
hour-1, 12.00 μm-2. Here, a value of 0 for the nucleation rate (Irate) is indicative of a site saturation assumption.
Next, aBV (μm-1) serves as input variables while A (kJ/mol), Gout (μm. hour-1) and t0 (hour) remain free (i.e.,
fitting) variables. The value of the parallel growth rate of the product (Gpar) was set at half of the outward
growth rate (Gpar). First, the “best fit” values of the simulation variables for the plain paste system were
identified as rough numerical estimates from prior work conducted on plain paste systems with similar
surface areas and compositions and fine-tuned to properly describe the current paste system. Second, to fit
the pastes with different levels of replacement by IPA, the simplex algorithm described earlier was applied as
follows: (1) Gout was varied from the values determined for the reference system to match the upslope and
the time of peak through the acceleration regime, (2) the parameter A is scaled to match the amplitude
corresponding to the heat flow rate at the main peak, and (3) t0 is adjusted to shift the simulated heat flow
response to the right (increase t0) or to the left (decrease t0) to temporally match the measured heat response.



Figure 8: Representative simulations of OPC and C3S pastes prepared at l/s of 0.45 with different levels of
replacement by IPA.

Results obtained from the simulations are shown in Figure (8). The good agreement between the
measured and simulated heat evolution profiles show that the BNG simulations are able to capture the
influence of water activity on hydration of C3S and OPC. The parameter optimizations suggest that A and t0
varied within ranges between (61-79 kJ. mol-1) and (0.0 to 8.70 hours) respectively. The values of t0
increased with decreasing values of aW, thus, suggesting that the initiation of hydration is delayed in systems
with low initial activity of water. Here, it is worth pointing out that while the hydration in delayed in systems
with high replacement levels of IPA, the number of product nuclei that form in these systems are equivalent
and independent of the initial water activity. This equivalence in the product nuclei across different systems
is because the values of the nucleation density of the products, Idensity, were kept constant at the value of
12.00 µm-2 for all simulations. These results, therefore, confirm that suppressing the initial water activity
delays but does not suppress the initial nucleation of products.

Next, the variations in the outward growth rate of the products across different systems were analyzed.
As can be seen in Figure (9), the outward growth rate of product nuclei, represented by the Gout parameter,
decrease exponentially with decreasing initial water activity. This exponential relationship between the
growth rate of products and water activity is similar to the relationship observed in between the experimental
calorimetric parameters and water activity (Figure (6)), thus confirming the non-linear relationship between
water activity and paste’s reactivity. For small digressions in water activity from the ideal value of 1, the
change in product growth rate is drastic. At very low values of water activity, the growth rate drops by 4
orders of magnitude, thus, suggesting very low reactivity of the cementitious phases. It should be pointed out
here that values of Gout were equal to 0 in C3S paste systems prepared in systems with initial water activities
below 0.75, hence, confirming that the critical water activity needed for hydration of C3S to proceed is ≈0.70.
However, in OPC paste systems prepared at water activities between 0.60 and 0.75, the values of growth rate
remained above zero and in between values of 3 x 10-5 and 2 x 10-4 µm. hour-1, thus, proving that OPC
continues to hydrate, albeit at a very low rate even at aw≈0.60 (Dubina et al., 2010; Stoian et al., 2015).
Therefore, the critical minimum value of water activity needed for the hydration of C3A to proceed is below
0.60. It is also possible that C3S, which is present with impurities, such as, Mg and Al, in OPC, has a critical
water activity less than that of pure C3S and, thus, would contribute to formation of hydration products.
However, this point needs verification.

Another significant finding from these trends is that the absolute value of the product growth rate at any
given value of the initial water activity is independent of the l/s. This corroborates the theory, stated earlier,
that in systems prepared at l/s > 0.42, the reactivity of cement (or C3S) is independent of the solid packing.
Here, we expect that in water-starved systems, which are prepared at l/s < 0.42, the growth rates would
depend on both the initial water activity and the solid-to-solid packing in the microstructure.
In Figure (9), it is also interesting to note that the product growth rates in OPC pastes are broadly similar to
those of C3S pastes, when the initial water activity values are close to 1. Contrastingly, product growth rates
are higher in OPC pastes compared to C3S pastes at low values of water activity. This difference in reactivity



between OPC and C3S pastes can be attributed to the presence of C3A in OPC, the reactivity of which is less
suppressed compared to that of C3S at low water activities.

Figure 9: Variation in the outward growth rate (Gout) as a function of the initial water activity.
Datapoints for C3S and OPC pastes prepared at l/s of 0.45 and 0.65 are included. The dashed

line represents the best-fit line to all datapoints.
4. Conclusions

Novel results from this study provide a detailed description of the influence of water activity on the rate
and extent of reactions, in model and technical cement systems. It is noted that while hydration in model
systems ceases for aw≤0.70, OPC continues to hydrate, albeit at a very low rate even at aw≈0.50. Through
experiments and numerical simulations, it has been shown that the reductions in water activity influence
C-S-H growth, but are not expected to influence initial product nucleation. Original simulations carried out
within a phase boundary nucleation and growth (BNG) framework reveal that water activity depression most
severely influences C3S hydration due to the higher aw threshold of this, as compared to other phases (e.g.,
C3A) present in OPC systems. Significantly, the simulations highlight that the reduction in water activity
appears to systematically suppress product growth rates (Gout), which decline in exponential form with
reducing water activity. This suppression in reactivity is uniformly similar across systems independent of the
liquid-to-solid ratio. The outcomes of this work provide targeted means for: (a) proper understanding and
quantifications of rate controls on cement hydration, (b) quantifying key reaction parameters, e.g., growth
rate of products, as functions of the water activity, and (c) quantifying the impacts of drying/improper curing
on strength gain in concrete.
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Abstract
The partial replacement of Portland cement by different supplementary cementitious materials (SCM’s)
has been investigated extensively in recent years with the aim of reducing energy consumption and the
CO2 footprint of concrete based on Portland cement binders. Metakaolin (MK) is an ideal compound to
model aluminosilicate-rich SCM’s in cement blends due to its high reactivity compared to other SCM’s
and the general availability of kaolinite as a pure, structurally well-defined clay. On the other hand,
limestone (LS) is a commonly used constituent in commercial cements, where its beneficial effects are
well-known for a few percent limestone additions. In this work we have employed a fixed Portland
cement substitution level (35 wt.%), corresponding to the maximum allowed amount of SCM according
to the European cement standard EN 197-1:2000, and investigated the effect of variations of the
MK/LS ratio on the phases formed experimentally and by modeling.
Powder XRD, 27Al and 29Si MAS NMR spectroscopy are used to characterize the hydration of the
Portland cement – metakaolin – limestone blends. 29Si NMR provides data for both the amorphous and
crystalline phases, allowing determination of the degree of hydration for alite, belite, and the
amorphous MK phase. The acquired data is used as input for thermodynamic modeling studies,
assuming that the dissolution of the individual phases is the rate-limiting step for phase formation. The
hydration of the silicate-containing clinker phases and MK is modeled by an exponential relationship,
which employs variables that describe the quantity of reacted material, an empirical dissolution-rate
parameter and the hydration time. These parameters are optimized based on the experimental data.
The phase assemblages of the hydrated blends change for very high MK contents from a C-A-S-H,
portlandite, calcite, monocarbonate and ettringite system to a phase assemblage that in addition
contains strätlingite and other AFm phases. The porosity is predicted to decrease with increasing MK
addition since ettringite is stabilized and the monocarbonate content increases. Moreover, the quantity
of C-S-H is predicted to increase and the Ca/Si ratio of the C-S-H phases to decrease with increasing
MK content, which is supported experimentally by the observation of longer average alumino-silicate
chain lengths for the C-A-S-H phase by 29Si MAS NMR.
The implementation of hydration kinetics for a pure wPc – MK substitution series, without any
limestone addition (not a part of the present work) has relatively small effects on the predicted hydrate
phase assemblage. In comparison, the limestone addition has a very strong influence on the hydrate
phase assemblage, the main difference being that the formation of strätlingite is largely suppressed
since increasing amounts of monocarbonate are predicted for the wPc – MK – LS blends. This is
confirmed by experimental data whereas it could not be predicted by thermodynamic equilibrium
calculations alone. Overall, the implementation of the hydration kinetics reproduces the experimental
results in a convincing manner.

Originality
Solid-state NMR spectroscopy has gained increasing attention in the cement community during the last
two decades, mainly because NMR techniques allow characterization of X-ray amorphous constituents
such as C-S-H and C-A-S-H phases. In this work, NMR is utilized to determine the degree of hydration
for the calcium-silicate clinker phases and metakaolin. These data are used for the first time as input to
thermodynamic calculations, allowing modeling of hydration kinetics in addition to the final
equilibrated state. Although the exponential equation used for the hydration kinetics is empirical in
nature, it has the advantage that each parameter can be directly related to the degree of hydration and
the reaction rates. Thus, it may also be used to describe the hydration of cementitious binders based on
hydration degrees determined by other methods. Portland cement – calcined clay binders are of high
importance to future cement production with a reduced CO2 footprint, where the application of
calcined clays has the advantage that large clay deposits are spread across the globe, and their
activation requires less thermal energy compared to Portland clinker formation.

Keywords: calcined clay; limestone; thermodynamic modeling; hydration kinetics; NMR.
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1. Introduction
Partial replacement of Portland cement by different supplementary cementitious materials (SCM’s)
has been investigated extensively in recent years with the aim of reducing the CO2 emissions
associated with decarbonation of limestone by replacing cement clinker with SCM’s. Metakaolin
(MK) is a very useful model material for investigations of effects of alumino-silicate-rich SCM’s in
cement blends due to its high reactivity (Frıás M. et al., 2000), which can be adjusted and optimized
by modifications of the heat-treatment process (Salvador S. 1995). MK is not commonly used in
cement blends in Europe for economic reasons and as a result of the extensive use of fly ashes, a by-
product from coal combustion in power plants, which are available in large amounts in most countries.
Limestone (LS) is a commonly used constituent in commercial cements where its beneficial effects
are well-known especially for a few percent of limestone additions. However, higher substitution
levels reduce the compressive strength (Nehdi M. et al., 1996; Tsivilis S. et al., 2002). The
combination of alumino-silicate rich SCM’s and LS has been identified to have a synergetic effect as
a result of the predicted volume increase as ettringite is stabilized by the formation of monocarbonate
(Damidot D. et al., 2011; De Weerdt K. et al., 2011; Steenberg M. et al., 2011). In this work we have
employed a fixed Portland cement substitution level of 35 wt.%, which is the highest possible
replacement level, according to the EN 197-1:2000 standard, and varied the MK/LS ratio in order to
find the optimum ratio for the blended cement that maintains high performance of the binders. To
follow the hydration of the different Portland cement – MK – LS blends, 29Si and 27Al MAS NMR as
well as XRD are used to establish and quantify the hydrate phase assemblages which are used as input
to the thermodynamic modeling.

2. Experimental
2.1. Materials
Table 1 summarizes the chemical and mineralogical compositions of the used materials, which
represent the most important parameters for the thermodynamic modeling. The sulfate content of the
binders is 2.3 wt.% SO3 and originates from gypsum in the commercial white Portland cement (wPc)
from Aalborg Portland A/S, Cementir Holding. Metakaolin was produced by thermal treatment of
kaolinite (Kaolinite SupremeTM from Imerys Performance Minerals, UK) at 480 oC for 20 hours. The
presence of residues of kaolinite (approx. 6 wt.%) and a minor impurity of quartz (2.3 wt.%) was
observed. The limestone was a Maarstrichtian chalk from Rørdal, Northern Denmark. The compo-
sitions of the prepared wPc – MK – LS blends are listed in table 2 and employ a water/binder ratio of
0.50.

Table 1. Main bulk oxide and clinker phase compositions (wt.%) of the starting materials.
SiO2 Al2O3 Fe2O3 CaO L.o.I. calcite C3S C2S C3A

wPc 21.8 3.6 0.2 66.1 2.6 3.1 64.9 16.9 7.9
LS 3.9 0.3 0.1 53.7 41.8 94.0 - - -
MK 54.8 39.5 1.4 0.22 3.6 - - - -

Table 2. Compositions of the wPc – MK – LS blends (wt.%).
MK/(MK + LS) wPc MK limestone

0.00 65 0 35
0.33 65 11.65 23.35
0.75 65 26.25 8.75
0.94 65 32.8 2.2

2.2. NMR experiments
High-resolution 27Al and 29Si MAS NMR spectroscopy were used to characterize the hydration of the
white Portland cement – metakaolin – limestone blends and the forming phase assemblages. The
solid-state 29Si MAS NMR spectra were obtained on a Varian INOVA–400 (9.39 T) spectrometer



using a home-built CP/MAS NMR probe for 7 mm outer-diameter zirconia (PSZ) rotors, a spinning
speed of R = 6.0 kHz, single-pulse excitation with a pulse width of 3.0 s for an rf field strength of
B1/2 = 40 kHz, a relaxation delay of 30 s, and typically 2048 scans. The 29Si chemical shifts are
referenced to neat tetramethyl silane (TMS), using a mineral sample of –Ca2SiO3 (larnite, Scawt Hill,
N. Ireland, (29Si) = –71.33 ppm) as a secondary reference. The deconvolutions of the 29Si MAS
spectra are performed utilizing the Varian Vnmr software and deconvolution approaches described
elsewhere (Andersen M. D. et al., 2003; Poulsen S. L. et al., 2009; Dai Z., et al., 2014).
The 27Al MAS NMR spectra were acquired on a Varian Direct-Drive VNMR–600 spectrometer using
a home-built CP/MAS probe for 4 mm outer diameter PSZ rotors, a spinning speed of R = 13.0 kHz,
a pulse width of 0.5 s for an rf field strength of B1/2 = 60 kHz, a relaxation delay of 2 s, and
typically 6.200 scans. The spectra and 27Al chemical shifts are relative to a 1.0 M aqueous solution of
AlCl3·6H2O.

2.3 XRD experiments
Powder XRD was used to identify the phase assemblages with special focus on the distinction
between different AFm phases (e.g., monosulfate, hemicarbonate, and monocarbonate). The
measurements were acquired on a Bruker D8 advanced diffractometer, equipped with a LynxEye
position-sensitive detector (PSD), employing CuKα radiation (λ=1.5418 Ǻ).

2.4 Thermodynamic modeling
Thermodynamic calculations were carried out using the geochemical code GEMS 3 (Kulik D. et al.,
2013, Wagner T. et al., 2012). The default databases are expanded with the CEMDATA07 database
(Lothenbach B. et al., 2008), which contains solubility products of solids relevant for cementitious
systems. The dataset includes thermodynamic data of common cement minerals such as AFt
(ettringite) and AFm phases, hydrotalcite, hydrogarnets and C-S-H phases. Only the formation of
siliceous hydrogarnet (C3AS0.8H4.4) and thaumasite are suppressed, which form extremely slowly at
ambient temperature. A ferrite clinker phase were not considered in the modeling because of the very
low iron oxide content of the wPc (0.24 wt.% Fe2O3), which implies that nearly all iron are
incorporated as guest-ions in the alite, belite, and tricalcium aluminate (C3A) phases of the wPc
clinker (Taylor H. F. W. 1997). The degree of hydration for the tricalcium aluminate clinker phase is
not quantified, since 27Al MAS NMR reveals that this phase has completely reacted after a few days
of hydration. Thus, full reaction for the C3A clinker phase was assumed in the modeling at all times.
Further modeling details and additional discussions are described in a related work (Kunther W. et al.,
in preparation) that primarily focuses on the implementation of hydration kinetics in the modeling
approach.

3. Results and Discussion
3.1. Characterization of the phase assemblages
Table 3 summarizes the characteristic phases that have been observed by XRD and 27Al MAS NMR.
The most important information from these analyses is the distribution of AFm phases e.g.,
monosulfate, hemicarbonate, monocarbonate, and strätlingite as a related phase, which are formed in
significant quantities as a result of the considerable amount of aluminum released by the hydration of
MK. Generally, the dominating phases in the hydrated wPc – LS – MK blends are C-A-S-H phase,
calcite, monocarbonate, and ettringite. Portlandite is only expected for the blends with small
quantities of MK, since high MK contents will consume all portlandite by the pozzolanic reaction
between these phases. However, the presence of small amounts of portlandite is often observed
experimentally at high SCM substitution levels, which may reflect the heterogeneity of cementitious
materials.
The quantities of the AFm phases increase and the relative fractions of the individual AFm phases
change with increasing quantities of MK. Monosulfate is only observed at the highest substitution
level whereas strätlingite is detected for the blends with the two highest contents of MK. The presence



of strätlingite is most clearly detected by 27Al MAS NMR by the observation of its characteristic
resonance at 62 ppm from Al in tetrahedral coordination (Dai Z. et al., 2014). These changes are the
consequence of the large quantity of aluminum in the hydrating systems, combined with the relatively
small amounts of sulfate and carbonate anions available for incorporation in the AFm structures. For
the blend with 33 wt.% MK, this leads to the special phase assemblage with three different AFm
phases and strätlingite. Ettringite is observed for all binders with both techniques and the amount of
this phase decreases with increasing MK content in the blends. Correspondingly, the amount of
monosulfate increases as a consequence of the reduction of ettringite, which allows formation of
small amounts of monosulfate since the sulfate content is constant in these binders.

Table 3. Hydrate phases detected in the wPc – MK- LS blends hydrated for 182 days
by XRD and 27Al MAS NMRa

0 wt.% MK 12 wt.% MK 26 wt.% MK 33 wt.% MK
Portlandite XRD XRD XRD XRD
Ettringite XRD+NMR XRD+NMR XRD+NMR XRD+NMR

Monosulfate n.d. n.d. n.d. XRDb

Strätlingite n.d. n.d. NMRb XRD+NMR
Hemicarbonate n.d. XRD XRD XRD
Monocarbonate XRD XRD XRD XRDb

Calcite XRD XRD XRD XRD
(a) 27Al MAS NMR cannot distinguish the resonances from the monosulfate, monocarbonate
and hemicarbonate AFm phases. (b) Reflections with low intensity. n.d = not detected.

Figure 1. Predicted phase assemblages for the four wPc – MK – LS blends, assuming
complete hydration (left-hand side) and considering the measured degrees of hydration
for the alite, belite, and metakaolin phases after 182 days of hydration (right-hand side).

3.2. Thermodynamic modeling: influence of hydration kinetics
3.2.1 Full hydration
The simplest form of thermodynamic phase prediction is achieved by assuming full hydration for all
phases. Figure 1 shows the predicted phase assemblages and the volumes of each phase for the four
investigated wPc – MK – LS blends. The overall quantity of hydrate phases increases with increasing
MK and decreasing LS contents since the reacting MK is predicted to form additional C-S-H and
AFm phases. The quantity of portlandite is reduced for increasing MK contents as a result of the
pozzolanic reaction between MK and portlandite. Calcite reacts only to a small extent and persists in
all binders as a consequence of its low solubility in comparison to the hydrate phases. The quantity of



ettringite is only affected to a small extent by the variations of the fractions of MK – LS, reflecting
that all four blends have the same sulfate content. The quantities of monocarbonate and C-S-H
increase with increasing amounts of MK in the system. The overall Ca/Si ratio of the binders is
reduced when the fraction of MK is increased and as a consequence, the relative fraction of
tobermorite-type C-S-H (Ca/Si = 0.83) increases at the expense of jennite-type C-S-H (Ca/Si = 1.67).
A considerable quantity of strätlingite is predicted for the blend with 26 wt.% MK and this amount
increases further for the blend with 33 wt.% MK.
The phase characterization (table 3) reveals that strätlingite forms only in a very small quantity for the
blend with 26 wt.% MK. Moreover, for the blend with 33 wt.% MK the quantity of strätlingite is
much lower than the predicted 50 vol.% of strätlingite by the modeling (figure 1). Thus, the
assumption of full hydration does not provide a satisfactory description of the observed phase
assemblages for the actual blends hydrated for 182 days.

3.2.1 Influence of hydration kinetics
To improve the modeling approach, the experimentally determined data on the hydration process for
alite, belite, and MK is implemented by the following equation:

Q(t) = k exp(-n/t) (1)

where Q(t) represents the quantity of hydrated material for each of the phases as a function of time.
The constant, k, is specific for the individual phases (alite, belite, or MK) and corresponds
approximately to the final quantity of hydrated phase, i.e., the quantity of the starting material
multiplied by the degree of reaction after prolonged hydration, in the present case 182 days, whereas n
represents the hydration rate, which is parameterized in relation to the hydration time (t). The equation
describes a sigmoidal behavior, which provides fast dissolution after a very short period with a small
degree of hydration. The reaction rate of this function slows down quickly, in this case after a few
days of hydration, before approaching k asymptotically. The constants k and n were fitted based on
the degrees of reaction after 1, 7, 28, 91, and 182 days as determined by 29Si MAS NMR. Thus, this
approach does not require any assumptions about the degree of hydration for the binders. As an
example, figure 2 shows the fits for the blend with 26 wt.% MK. In the fitting process it was assumed
that the reaction rates for the three phases do not change and therefore small deviations between
experimental and calculated quantities of hydrated material were accepted for individual data sets.

Figure 2. Comparison of the calculated (lines) and measured (symbols) quantities of reacted
alite, belite, and metakaolin at different hydration times for the blend containing 26 wt.% MK.



The predicted hydrate phase assemblages, considering the hydration kinetics for alite, belite and MK
are displayed in figure 1. The phase assemblages are quite similar for the two binders with 0 and 12
wt.% MK. Increasing quantities of MK result in larger amounts of unreacted material, which is mostly
unreacted MK and belite. Strätlingite is not predicted for the blend with 26 wt.% MK and only a
moderate amount of strätlingite should be present in the blend with 33 wt.% MK. For this blend,
hemicarbonate and monosulfate are predicted in addition to monocarbonate, whereas ettringite is not
persistent after a few days of hydration. The increase of available aluminum with increasing MK
content leads to the formation of larger amounts of AFm phases. The unusual mutual presence of
more than two different AFm phases is ascribed to be a consequence of the small amount of sulfate
ions and the lack of soluble carbonate anions in the blend with 33 wt.% MK.
A significant amount of aluminum is incorporated in the C-S-H phase, principally in the bridging sites
of the silicate dreierketten chains, giving a C-A-S-H phase with AlIV/Si ratios in the range 0.06 – 0.10
(table 4), as determined by 29Si MAS NMR. These data reveal that the amount of Al in the C-A-S-H
phase increases with increasing MK content, in agreement with a recent study of binary wPc – MK
blends (Dai Z. et al., 2014). Therefore, less AFm phase can be formed, which influences the anion
distribution between the different AFm phases and potentially also the presence/absence of ettringite.
At the moment, the incorporation of aluminum in the C-A-S-H phase cannot be modeled since
thermodynamic data is not available for C-A-S-H phases. Thus, the present work provides modeling
data for C-S-H phases whereas C-A-S-H phases are detected by the experimental 29Si MAS NMR
analyses. The reactivity of calcite is overestimated in the present modeling, because all hydrous
phases and calcite are calculated for thermodynamic equilibrium. This explains the experimental
observation of hemicarbonate (see also table 3) whereas the modeling proposes the presence of
monocarbonate. In an earlier study of the AFm phases, it has been pointed out that the AFm phases
only form solid solutions to a small extent and therefore, many hydrated cements contain mixtures of
AFm phases (Matschei et al., 2007).
Experimentally, it has been observed that the average alumino-silicate chain lengths of the C-A-S-H
phases increase with increasing MK content (table 4), which correspond to a decrease in Ca/Si ratio
for the C-A-S-H phases, in agreement with the modeling.

Table 4. Average alumino-silicate chain lengths and AlIV/Si ratios of the C-A-S-H
phases formed in the different blends after 182 days of hydration

Blend/MK content CL a
AlIV/Si b

0 wt.% 4.4 0.057
12 wt.% 5.0 0.078
26 wt.% 6.5 0.094
33 wt.% 6.5 0.101

(a) CL = 2[I(Q1) + I(Q2) +
2
3 I(Q2(1Al))]/I(Q1).

(b) AlIV/Si = ½I(Q2(1Al))/[I(Q1) + I(Q2) + I(Q2(1Al))].

Generally, the implementation of hydration kinetics, based on experimental observations, provides an
improved prediction of the phase assemblages in hydrated Portland cement blends. The porosity is
predicted to decrease with increasing MK contents, which will have an important impact on the
compressive strengths for these materials. However, the modeling does not include the fraction of gel
pores of the porosity, which is a microstructural feature, and this fact prevents a more detailed
analysis of the predicted porosity.

4. Conclusions
The present work has utilized the possibility of using 29Si MAS NMR for determination of the
hydration kinetics for alite, belite and metakaolin in white Portland cement – metakaolin – limestone



blends. Additional information about the structure and composition of the C-S-H/C-A-S-H phases is
obtained from the same experiments.
A simple two-parameter exponential equation has been developed for the hydration kinetics and
incorporated in the thermodynamic modeling. This equation and approach is also applicable to
hydration kinetics for the anhydrous phases determined by other experimental methods. The two
variable parameters can be directly related to the hydration rate and the degree of hydration for the
individual phases.
This work shows that improved modeling results are obtained for blended Portland cements when
hydration kinetics are considered for these binders. The use of hydration kinetics for the principal
phases as input reduces the gap between the modeling assuming full hydration and the experimental
characterization. Although the presented approach is empirical in origin, it is capable of providing
important insight about the hydrate phase assemblages of hydrating Portland cement blends
containing amorphous SCM’s and limestone.

Acknowledgements
The Danish National Advanced Technology Foundation is acknowledged for financial support to the
SCM project. The R&D Centre at Aalborg Portland A/S, Cementir Holding, Denmark is thanked for
the powder XRD analyses of the paste samples.

References
- Andersen M. D., Jacobsen H. J., Skibsted J., 2003. Incorporation of aluminium in the calcium silicate hydrate
(C-S-H) of hydrated Portland cements: a high field 27Al and 29Si MAS NMR investigation. Inorganic Chemistry,
42, 2280 – 2287.
- Dai Z., Tran T. T., Skibsted J., 2014. Aluminum incorporation in the C–S–H phase of white Portland cement –
metakaolin blends studied by 27Al and 29Si MAS NMR spectroscopy. Journal of the American Ceramic Society,
97, 2662 – 2671.
- Damidot D. et al., 2011. Thermodynamics and cement science. Cement and Concrete Research, 41, 679-695
- De Weerdt K. et al., 2011. Hydration mechanisms of ternary Portland cements containing limestone powder
and fly ash. Cement and Concrete Research, 41, 279-291.
- Frıás M., Sánchez de Rojas M. I., Cabrera J., 2006. The effect that the pozzolanic reaction of metakaolin has
on the heat evolution in metakaolin-cement mortars. Cement and Concrete Research, 30, 209 – 216.
- Kulik D. et al., 2013. GEM-Selektor geochemical modeling package: revised algorithm and GEMS3K
numerical kernel for coupled simulation codes, Computational Geosciences, 17, 1 – 24.
- Kunther W. Dai, Z. Skibsted J., in preparation. Modeling the hydration of metakaolin blended cements based
on hydration kinetics obtained by 29Si MAS NMR spectroscopy.
- Lothenbach B. et al., 2008. Thermodynamic modelling of the effect of temperature on the hydration and
porosity of Portland cement. Cement and Concrete Research, 38, 1 – 18.
- Matschei T., Lothenbach B. and Glasser F. P., 2007. The AFm phase in Portland cement. Cement and
Concrete Research, 37, 118 – 130.
- Nehdi M., Mindess S. and Aïtcin P.-C., 1996. Optimization of high strength limestone filler cement mortars.
Cement and Concrete Research, 26, 883 – 893.
- Parrot L. and Killoh D., 1984. Prediction of cement hydration. Proceedings of the British Ceramic Society, 41-
53.
- Poulsen S. L. et al., 2009. Improved quantification of alite and belite in anhydrous Portland cements by 29Si
MAS NMR: effects of paramagnetic ions. Solid State Nuclear Magnetic Resonance, 36, 32 – 44 (2009).
- Salvador S. 1995. Pozzolanic properties of flash-calcined kaolinite: a comparative study with soak-calcined
products. Cement and Concrete Research, 25, 102 – 112.
- Steenberg M. et al., 2011. Composite cement based on Portland cement clinker, limestone and calcined clay.
In: Ángel Palomo, Aniceto Zaragoza and Juan Carlos López Agüí, ed. 13th Int. Congress of the Chemistry of
Cement, Madrid 3-8 July. Madrid, p. 97.
- Taylor H. F. W., 1997. Cement Chemistry. 2nd ed. London: Thomas Telford Publishing.
- Tsivilis S. et al., 2002. An analysis of the properties of Portland limestone cements and concrete. Cement and
Concrete Composites, 24, 371 – 378.
- Wagner T. et al., 2013. GEM-Selektor geochemical modeling package: TSolMod library and data interface for
multicomponent phase models, The Canadian Mineralogist, 50, 1173-1195.



Driving force of the hydration processes of calcium cement minerals
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Abstract
This paper is devoted to the usage of crystal-chemical approach for establishing nature of driving force of hydration
activity of calcium cement minerals on the atomistic scale and investigation of physical-chemical peculiarities of
hydration process of calcium silicates, aluminates, aluminoferrites. The progress of cement hydration reactions on a
nanoscale, the formation of structure of calcium silicate and aluminate hydrates, as well as correlation between the
crystal structure of calcium minerals and their reactivity with water during hydration of cement minerals are discussed.
Significant progress in this direction reached by using crystal-chemical approach based on relationship between the
composition, crystal structure and properties of cement minerals.
According to the degree of hydration activity, clinker minerals can be divided into two groups. The first group
represents calcium silicates, the second - calcium aluminates and aluminoferrites. The main patterns of the hydration
processes developed in these two groups, taking C3S=Ca3SiO5 and C3A=Ca3Al2O6 as examples. Crystal chemical
approach of calcium cement minerals hydration activity based on the estimation of such factors as peculiarities of
structure and calculation of local valence balance of cement minerals crystal structures, structure-forming role of
calcium cation in hydrate phases formation helps to establish the nature of interaction processes in cement matrix on
the atomistic scale. Using the crystal chemical analysis it has been established that in the calcium cement minerals exist
possibility of changing the structure due to protonation of undersaturated oxygen anions during hydration processes.
The mechanisms of dissolution in hydration processes of calcium minerals based on the results of crystal chemistry
analysis are considered. Using the crystal-chemical analysis has been established that in the binding material structure
there exist a possibility of changing the structure during hydration. Principles of hydration processes of the
cementitious materials are established on micro- and nanostructure levels.
The success in deciphering the basic crystal structures of the main cement minerals and their hydrated phases from the
view of the crystal chemistry and deeper interpretation of some basic chemical concepts, created a new way to interpret
the relationship between the structure and driving force of main cement minerals hydration processes.

Originality
A study of the problems related to hydration (chemical) activity of calcium minerals and hydration processes of
cementitious materials based on calcium silicates, aluminates and aluminoferrites is very important in the cement
chemistry. It allows to obtain a more deep knowledge in the nature of binding properties of cement systems on the
atomic level.
Only a comprehensive analysis of the unit cell of the minerals as the minimum volume of the crystal, fully retains all its
properties, using the method of local balance of valences allows to establish the mechanisms of driving force of the
hydration process of cements. Calcium minerals hydration activity is determined by anions ability in hydration to
combine with hydrogen bonds system as donors and acceptors is shown. The calculations of the local (true) valance
balance of crystal structures of the basic calcium minerals which take into consideration the chemical bonds anisotropy
of coordination polyhedrons and local unbalance on the oxygen anions are performed. All this allows to develop the
crystal chemistry factors of hydrate activity of calcium minerals and to show their influence on the protonating
processes during hydration. It has been established that in the binding materials exists possibility of changing the
structure during hydration.
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1. Introduction
The mechanical properties of cement matrix in concrete have been gradually improved over the last decades,
especially at the micro- and nanoscales. Shrinkage, creep, strength and especially transport and durability
problems cannot be solved without the knowledge of mechanisms of dissolution and hydration reactivity
(driving force) of cement minerals (Jennings H.M., Bullard J.W., 2011). Nowadays, major findings show
that dissolution of crystals preferentially occurs at specific surface sites that are characterized by “excess
surface energy”. This suggests that driving force is directly controlled by surface reactions at reactive sites
that include defects, dislocations, twinning and grain boundaries. The hydration reactivity of cement
minerals is greatly affected by nonstoichiometry and defects of their structure. The hydration degree of
cement minerals is also directly dependent on the particles fineness. At the same time, the underlying
principles of hydration and evidence for the mechanisms governing driving force in cements are studied
insufficiently. In this case, models at all levels will play an important role, from those at a microstructural
level, to those at the atomic scale (Scrivener K., Nonat A., 2011).
The theory of hydration reactivity mechanism was considered by establishing the relation between the crystal
structures of calcium silicates and their reactivity against water (Jost K.H., Ziemer B., 1984). But in this case
the structural peculiarities of hydration activity of calcium aluminates and aluminoferrites were not
established. It should be noted that this picture of the hydration process is not quite complete, since it does
not explain what caused differences in the rate of hydration of β-C2S and C3S, as well as high activity of CaO
in which Ca-octahedra are connected only edges. Obviously, in addition to the above mechanisms, the
processes reactivity hydration of cementitious materials may also include other elementary acts of
interaction.
According to thermodynamic approach the driving force of the reactions of clinker minerals with water
predetermined value of the total thermal effect of two components: the thermal effect of hydration and
thermal effects of destruction and dispergasion of the crystal lattice of minerals. This dispergation particles
of cement is mainly due to protonation of the surface and the surface layers of particles (Lotov V., 2009)
At the same time the advances in deciphering the basic crystal structures of the main cement minerals and
their hydrated phases from the view of the crystal chemistry and deeper interpretation of some basic
chemical concepts, created a new way to interpret the relationship between the features of the structure and
crystal chemistry of cement minerals hydration regularities.
A study of the problems related with driving force of calcium minerals and hydration processes of
cementitious materials based on calcium silicates, aluminates and aluminoferrites is very important in the
chemistry of cements, it allows to obtain a more deep knowledge in the nature of binding properties of
cement systems on the nanostructural and atomic levels. Therefore it is necessary to conduct a thorough
analysis of the calcium minerals based on revised transcripts of their crystal structures, which determines the
position of the atoms in the unit cell - the smallest group of atoms of a crystal, fully preserving all its
properties.
Significant progress in this direction may be reached by using crystal chemical approach based on
relationship between the composition, crystal structure and properties of cement minerals. Owing to the
successes in decoding the crystal structures of the main cement minerals and their hydrate phases, taking into
account the development of silicate crystal chemistry and a thorough elucidation of some fundamental
chemical notions (Pauling's second rule), it has become possible to interpret in a new way the relation
between the structural peculiarities of cement minerals and their hydration reactivity.
The crystal chemistry approach of calcium cement minerals hydration reactivity based on the estimation of
such factors as peculiarities of structure and calculation of local valence balance of cement minerals crystal
structures, structure-forming role of calcium cation in hydrate phases formation helps to establish the driving
force and nature of interaction processes in cement matrix on the atomistic scale.

2. Methods
Method of obtaining information on the interatomic interactions in calcium minerals crystalline structure is
provided by the analysis of the balance of valences on oxygen anions: formal Σ′ (by L. Pauling) and local
ΣVij (Pjatenko Yu., 1972), taking into consideration chemical bonds anisotropy of coordination polyhedrons
and local unbalance on the oxygen anions. This method allows to reveal oxygen anions, undersaturated and
oversaturated with valent cations efforts in crystalline structure. Just undersaturated oxygen anions in the
cement minerals' structures can be presented as proton acceptors in the process of hydration which makes
further structural changes possible.
Crystal structures of the main calcium cement minerals C3S, γ- and β-C2S, C3A, C4AF, C2F, CA2 were used
to calculate the valences balance.
Physical and chemical analysis methods (X-ray phase, IR spectroscopy, electron microscopy analysis a.o.)
were used for investigation of hydration processes of calcium cement minerals.



3. Results and Discussion
Based on the crystal chemistry analysis of calcium cement minerals, it has been established that they could
change their structure in the process of hydration. In this regard a number of the crystal chemistry factors of
cement minerals activity should be pointed out. The high hydration activity of such oxides as CaO, SrO, BaO
can be explained by non-correspondence of the coordination number of their cations to the ion radii ratio
rк /ra which is characteristic of octahedrons. This means that their crystal structures have increased porosity
which facilitates protonation of oxygen anions in the hydration process. The formation of OH- groups, i.e.
strongly polarized dipoles, necessitates rearrangement of a coordination a structure into a laminated one
which is less symmetrical. Similar processes take place in the hydration of calcium cement minerals. But the
hydration processes of silicates and aluminates (aluminoferrites) due to differences in the structure of radical
anions have their own peculiarities.
Structural motives of β- and γ-C2S are different (Figure 1). The basic of β-C2S structure constitute of
olivine-like tapes, the rod of which is composed of Ca-antiprisms with Ca-seven vertex polyhedrons on the
tines. To the last abut SiO4-tetrahedrons forming with them mixed chain. The main part of γ-C2S structure is
characteristic of olivine-type jagged tape from the Ca-octahedrons that are linked between them by silicon-
oxygen tetrahedrons. In the structure of β-C2S similar to tricalcium silicate between the Ca-polyhedrons
occur connection by common faces that due the rule of Pauling makes the structure unstable. In γ-C2S
common faces between the octahedrons are absent and stability of the structure is increased.

(а) γ-C2S (b) β-C2S
Figure 1 Fragments of Ca-polyhedra buildings in the crystal structures of dicalcium silicates. Common faces are shaded

On the example of compounds β- and γ-C2S is particularly evident influence of the anisotropy of chemical
bonds (Table 1) on the hydration reactivity. In the structure of γ-C2S efforts of bonds efforts are similar (the
energetic characteristics ΔЕ in Ca-polyhedrons vary between 18 and 37 kJ). Transition to β-C2S increases the
anisotropy of chemical bonds as in Ca(1) and Ca(2)-polyhedrons (ΔE respectively 116 and 41 kJ) and SiO4-

tetrahedrons (from 38 kJ in γ-C2S and up to 66 kJ in β-C2S). With an increase in the coordination number of
Ca-polyhedrons β-C2S the average energy of single bonds decreases in seven- and eight-vertex compared
octahedrons on 17 and 33% respectively, and besides a minimum bonds strength of β-C2S is 99 and 112 kJ,
whereas for γ -C2S it is equal to 172 and 169 kJ.

Table 1 Characteristic of chemical bonds in β- and γ - Ca2SiO4 structures
Polyhedron Ratio CN Bond force Me-0 CN Bond force Me-0

average min max Δ average min max Δ
β - Ca2SiO4 γ - Ca2SiO4

Са (1) 1 7 0,286 0,183 0,399 0,216 6 0,333 0,318 0,351 0,038
Са (2) 1 8 0,250 0,208 0,283 0,075 6 0,333 0,312 0,381 0,069

Si 1 4 1,000 0,936 0,085 0,149 4 1,000 0,977 0,062 0,085
γ-C2S structure is characterized by full formal oxygen saturation (Table 2), but local balance valences
reveals minor changes due to the saturation of oxygen anions incommensurability ribs idealized Ca
octahedrons and SiO4-tetrahedrons (respectively 0,35 and 0,26 nm). The increase in the coordination number
of Ca to 7 and 8 in β-C2S structure eliminates several local imbalance of oxygen anions, although its
structure tensions grows. In real clinkers belite phase represented β-C2S; its lattice is distorted by the
presence of impurity ions. Isomorphic belite phase capacity is about 6% in calculated as oxides. Belite phase



is also characterized by CaO content in excess of stoichiometry (ratio of C/S varies between 2.0-2.5). As a
result, reactivity of belite phase is higher than β-C2S.

Table 2 Local balance of valencies ΣVij in β- and γ-Ca2SiO4 structures
Anions Ratio Са (1) Са (2) Si Σ Vij Δ Σ’

β- Ca2SiO4

O (1) 1 0,399 0,208
0,266

1,085 1,985 -0,042 1,786

O (2) 1 0,183
0,283

0,280
0,283

1,008 2,037 0,037 2,071

O (3) 1 0,304
0,266

0,280
0,208

0,971 2,029 0,029 2,071

O (4) 1 0,237
0,328

0,263
0,212

0,936 1,976 -0,024 2,071

/Sum/ 4 2,000 2,000 4,000 8,000 0,132 7,999
γ - Ca2SiO4

O (1) 1 0,332х2 0,312 1,062 2,038 0,038 2,000
O (2) 1 0,351х2 0,381 0,985 2,088 0,068 2,000
O (3) 2 0,318 0,335

0,318
0,977 1,948 -0,052 2,000

/Sum/ 4 2,001 2,000 4,001 8,002 0,210 8,000
The study of the structural features of pure cement minerals and their hydrated phases helps to reveal the
crystal-chemical idea of the hydration process of binders. Crystalline hydrates can be represented as a stable
system of hydrogen bonds. Therefore, binding properties determined by the ability of minerals in the reaction
with H2O to allow formation of the contacts caused by hydrogen bonds. From the crystal point of view – this
is the possibility of involving anions as donors and acceptors in the system of hydrogen bonds. It is closely
related to structural factors: undersaturated valence effort of the anions, the anisotropy of the interatomic
distances and most often - their combination. The reactivity of minerals - a function of their basicity: the
more Ca-polyhedron in the structure, so it is higher. The possibility of the hydration reactivity cement
minerals is determined by the requirement to restructure for establishing a system of hydrogen bonds.
It should be allocate the relation between reactivity and electronic structure for α′-, β- and γ-dicalcium
silicate. The effect of the electronic structures of α′-, β- and γ-C2S on hydration reactivity have been
investigated by first-principles calculations. Active O atoms with larger charge densities are found in α′L-
and β-C2S, while they are absent in γ-C2S. The local density of states of valence band maximum in α′L- and
β-C2S is highly localized around active O atoms, whereas that in γ-C2S is homogeneously dispersed. For the
active O-2p orbital in α′- and β-C2S, the highest orbital energy in the partial density of states is about 0.31 eV
higher than that of the inactive O in γ-C2S. These differences make the active O atoms of α′- and β-C2S more
susceptible to electrophilic attack and result in higher hydration reactivity for α′- and β-C2S (Wang Q., et al.,
2014).
In С3S and -C2S there are connections in common edges between the Ca-polyhedrons, which according to
Pauling's rule makes the structure tense and unstable. The presence in C3S = Ca3O[SiO4]= Ca2[SiO4].CaO
(calcium oxymonosilicate) of fifth part of the not bonded with ion Si4 + easily protonized O2- can be
considered as the main reason for increasing its hydration reactivity compared with  -C2S=Ca2[SiO4]
(calcium monosilicate).
Crystal chemistry analysis of the structure of calcium silicates indicates that the driving force behind the
process that causes changes in their crystal lattice during hydration, protonation is initially undersaturated
oxygen anions. Common edges between the Ca-polyhedra in the structures of β-C2S and C3S, as well as the
strong anisotropy of the chemical bonds in them further accelerate the process of restructuring under the new
genetic code, which is set by portlandite blocks formed by protonation. The presence in the C3S structure the
fifth part of O2- ions which have no bonds with Si4+ may be considered as the main reason of its enhanced
hydration reactivity as compared with β-C2S.
According to the degree of hydration activity, clinker minerals can be divided into two groups. The first
group represents calcium silicates, the second - calcium aluminates and aluminoferrites. One can study the
main patterns of the hydration processes developed in these two groups, taking C3S=Ca3SiO5 and
C3A=Ca3Al2O6 as examples. C3A has a higher reactivity with water in spite of two times reduced basicity
(Ca/Al=1,5).
Character of the processes taking place during C3S and C3A hydration confirms by IR spectroscopic analysis.
In C3S hydration the main absorption band due to valence vibrations of Si-О bonds is shifted with increasing
of hardening time to higher frequency region, i.e. from 930 to 990 cm-1. At the same time for C3A, the



increase of A1O6-octahedrons absorption bands are observed in the 700-500 cm-1 region, A1O4-tetrahedrons
absorption bands intensity being simultaneously decreased in the 900-700 cm-1 region. In the case of silicates,
it indicates the formation of Si-O-Si bonds. In the case of aluminates, it shows the increase of the aluminium
coordination number from IV to VI in hydrate compounds. In the 3700-3300 cm-1 region appear bands of
valence vibrations of OH- groups as a result of the protonizing process, their intensity in C3A pastes is higher.
In aluminates structural instability caused by the movement of the cation Al3 + from tetrahedral coordination
to the octahedral "treacherous" role of aluminum in relation to the tetrahedral coordination at low
temperatures (Belov N., 1976). In addition, C3A is characterized by large cavity size of 0.3 nm due to the
presence of ring groups [Al6O18]18-, which allows water molecules to penetrate into the lattice and contributes
to the process of protonization. These structural factors of cement minerals significantly accelerate the
hydration process, since the changing of the structure promotes protonization. For C3A crystal structure
weaker Ca-О bonds are typical in polyhedrons due to the higher Ca coordination numbers. The anisotropy of
chemical bonds is on the whole higher by 1,7 times in comparison with C3S (Table 3).

Table 3 Characteristic of chemical bonds in C3S and C3A structures (z = 3)

Polyhedron 3C3S=Сa9Si3O15 3C3A=Ca9Al6O18

Ratio CN Bond force Me-0 Ratio CN Bond force Me-0
average Δ average Δ

Ca(l) 3 7 0,286 0,125 0,5 6 0,333 0
Ca(2) 3 6 0,333 0,074 0,5 0,6 0,333 0
Ca(3) 3 6 0,108 0,108 1 6 0,333 0,002
Ca(4) 1 9 0,222 0,107
Ca(5) 3 8 0,250 0,207
Ca(6) 3 8 0,250 0,254
Si(l) 1 4 1,000 0,115
Si(2) 1 4 1,000 0,037
Si(3) 1 4 1,000 0,077
Al(l) 3 4 0,750 0,101
Al(2) 3 4 0,750 0,101

In C3S crystal structure there are 60% undersaturated oxygen atoms, and 40% - oversaturated (Table 4).
Characteristically that atoms O(2), O(5) and O(9) are undersaturated. Ca-polyhedrons with CN=7 have a
common vertex O (6) which is also strongly undersaturated. According to the rule of Pauling, the existence
of common faces in Ca-polyhedrons lead to a strong increasing repulsive forces between the cations, which
make this structure unstable. Tension, excess potential energy of C3S structures create also O(1) - O(4) ribs,
which are common to the three Ca(2)-octahedrons.

Table 4 Local balance of valencies ΣVij in C3S structure (z =3)
Anions Ratio Ca(l) Ca(2) Ca (3) Si(l) Si(2) Si(3) ΣVij Δ Σʼ
0(1) 1 0,318 1,058 2,012 0,012 2,000
0(2)* 1 0,284 0,363 1,941 -0,059 1,837
0(3)* 1 0,293 0,387 2,052 0,053 2,000
0(4) 1 0,340 1,086 2,106 0,106 2,000
0(5)* 1 0,284 0,371 1,854 -0,035 1,857
0(6) 1 0,294 0,972 1,854 -0,146 1,857
0(7) 3 0,222

x2
0,284
x2

0,981
x3

1,993 -0,007 2,238

0(8) 3 0,340
x2

0,392 1,009
x3

2,081 0,081 2,000

0(9) 3 0,347
x2

0,971 0,971
x3

1,956 -0,034 1,905

/Sum/ 15 2,000 2,006 2,001 3,999 3,999 4,001 30,020 0,777 29,980

*- anions O2-, not connected with Si4+
The total local unbalance (Δ) of C3A crystal structure is higher by 3 times in comparison with C3S (Table 5).
It defines higher velocity of protonation of the oxygen anions into C3A structure. Crystal chemical analysis
of calcium minerals structure allow to determine the driving force of their hydration activity. During C3A
hydration protonation (hydrogen bond formation) is primarily through undersaturated atoms O(3) O(5), O(6).
Accumulation of atoms of hydrogen in the outer sphere complexes MeOx dramatically increases the Me-O
bond ionicity, which should lead to a redistribution of the balance of the valences of the structure. Hydrogen
bond due to the directional character causes lowering of the symmetry of the crystal and instability



coordination AlIV, which leads to the need for a complete reconstruction of the lattice. Then, O(1) and O (2)
oxygen atoms are protonated. As a result of protonation a large amount of heat (Q = 865-1100 kJ/kg) is
allocated and hydration of C3A has a different character than that of calcium silicates.

Table 5 Local balance of valencies ΣVij in C3А structure (z = 3)
Anion Ratio Al(l) Al(2) Ca(l) Ca(2) Ca(3) Ca(4) Ca(5) Ca(6) ΣVij Δ
0(1) 3 0,775 0,763 0,254 0,282 0,141 2,215 0,215
0(2) 3 0,706 0,726 0,307

0,164
0,275 2,178 0,178

0(3) 3 0,768 0,334 0,297
0,163

0,331 1,893 -0,107

0(4) 3 0,743 0,332 0,260 0,166 0,352
0,101

1,954 -0,046

0(5) 3 0,712 0,333 0,333 0,153 0,251
0,370

1,819 -0,181

0(6) 3 0,807 0,333 0,191
0,341
0,270

1,942 -0,058

/Sum/ 18 9,000 9,000 0,999 0,999 1,998 2,001 6,000 6,006 36,003 2,337
The peculiarities of the protonizing process can be explained by the clinker minerals structures. As the bond
ionicity in A1O4-tetrahedrons is higher than in SiO4-tetrahedrons, OH- groups are formed in the process of
hydration of calcium aluminates and aluminoferrites. So the necessity arises to rearrange the structure.
Topotactic transitions of aluminium from coordination IV to coordination VI also promote above mentioned.
These processes proceed catalytically and so for C3A, in which all oxygen anions are protonized in the
structure, unlike for C3S, thermal effect is two times higher. Structural instability is also inherent to other
calcium aluminates and alumoferrites. Thus, is conditioned by changing of aluminium (iron) coordination
number in the hydration process. In results in the possibility of hydration activity equally with the ring
structure 3C3A = Ca9[Al6О18] and even with the framed structure of calcium aluminates CA = Ca[Al2O4] and
CA2 = Ca[Al4O7]. Characteristically that structural silicate analogies of the mentioned aluminates
(Na8Ca[Si6O18], β-tridimite SiO2 and anorthite Ca[Al2Si2О8] respectively) do not possess binding properties.
Octahedral layers of calcium hydroxide assist the formation of hydrate phases. They serve as matrix for
condensation of SiO4-tetrahedrons in hydrosilicates and formation of structural elements Ca[Al(ОН)6]+,
constituting the basis of AFm-phases. This determines “the genetic code” of hardening cement system and
leads to hexagonal symmetry of crystals. Calcium hydroaluminates of this kind crystallochemically belong to
the structures of minerals - double calcium and aluminium hydroxides. Charge noncompensativeness of
structural packs [Ca2Al(OH)6]+ makes it necessary to implant between them negatively charged anions (OH-,
Cl-, NO3-, CO32-, SO42-, etc.), which together with water molecules form interpack layers [xX.nH2O]x-. But a
considerable difference in sizes of Ca2+ and Al3+ (Δr = 82.4%) inside the portlandite like layers
[Ca2Al(ОН)6]+ leads to the necessity of division these ions according to separate structural positions and in
final result to instability of C4AH13 and transition to cubic C3AH6. The presence of interlayer anions of
[CO3]2-, [S04]2- type must stabilize the structure of AFm-phases. That's why calcium hydrocarboaluminates
and hydrosulfoaluminates are more stable than pure calcium hydroaluminate C4AHx. Hexagonal hydrates
C2AH8 and CAH10 stabilized by interlayer anions types [A1(OH)4]- and [Al3(OH)10]- possess analogous
structure. They are obtained during the hardening of alumina cement minerals.
Thus, the necessary condition of availability of the calcium minerals binding properties is the possibility of
structural changes during the interaction with water molecules, which is determined by the ability of oxygen
anions to enter as donors and acceptors in the system of hydrogen bonds in protonization process inside to
the initial crystal with the formation of OH-groups. Such possibility and, correspondingly, hydration activity
in calcium aluminates (aluminoferrites) is more observed than in silicates. It is conditioned by less effort and
energy of bonds in A1O4-tetrahedrons as compared with SiO4-tetrahedrons.
The study of the structural features of pure cement minerals and their hydrated phases helps to reveal the
crystal-chemical idea of the hydration process of binders. Crystalline hydrates can be represented as a stable
system of hydrogen bonds. Therefore, binding properties determined by the ability of minerals in the reaction
with H2O to allow formation of the contacts caused by hydrogen bonds. From the crystal point of view – this
is the possibility of involving anions as donors and acceptors in the system of hydrogen bonds. It is closely
related to structural factors: undersaturated valence effort of the anions, the anisotropy of the interatomic
distances and most often - their combination. The activity of minerals - a function of their basicity: the more
Ca-polyhedra in the structure, so it is higher. The possibility of the mechanism of cement hydration minerals
is determined by the requirement to restructure for establishing a system of hydrogen bonds.



Thus, the necessary condition of availability of the calcium minerals binding properties is the possibility of
structural changes during the interaction with water molecules, which is determined by the ability of oxygen
anions to enter as donors and acceptors in the system of hydrogen bonds in protonization process inside to
the initial crystal with the formation of OH-groups. Such possibility and, correspondingly, hydration activity
in calcium aluminates (alumoferrites) is more observed than in silicates. It is conditioned by less effort and
energy of bonds in A1O4-tetrahedrons as compared with SiO4-tetrahedrons.
So, the process, which determines the initial stages of calcium cement minerals hydration reactivity, is the
protonization of anion O2-, which leads primarily to the of Ca-O bonds. For the same minerals with low
basicity, which do not have any hydraulic properties in pure form, hydration process determines the
hydrolytic destruction of the solid phase due to the breaking of covalent bonds Si-O-Si, Si-O-Al and Al-O-Al
in the alkaline solutions (Krivenko P., 1997).
Hydration-active phase have a number of crystal chemical features of the crystal lattice structure, which
further contribute to structural changes in the process protonation. This leads to the formation of the reaction
zone and depending on the amount of water in currently hydration proceeds the formation of hydrates takes
place by dissolution (external product) or topochemical (inner product) mechanisms.

5. Conclusions
There are two processes which determine the hydration mechanism of calcium aluminates and
aluminoferrites and their reduced reactivity with water: protonation of all O2- and changing of aluminium's
function from anion forming to cation forming. This leads to a complete destruction of the initial structure of
minerals and determine their dissolution and high hydration activity and heat evolution. In the process of
calcium silicates hardening, a partial protonzation of undersaturated oxygen anions takes place. This is
accompanied by a rearrangement and complication of the oxygen motive as well as leaching of calcium
ions with subsequent crystallization in pores in the form of portlandite. It follows from this that structural
changes entailed by the possibility of protonizing to the inside of the initial crystal are the driving force of
cement minerals' hydration processes and determine their hydration (chemical) reactivity.
Calcium minerals hydration reactivity is determined by anions ability in hydration to combine with hydrogen
bonds system as donors and acceptors is shown. The calculations of the local (true) valences balance of
crystal structures of the basic calcium minerals which take into consideration the chemical bonds anisotropy
of coordination polyhedrons and local unbalance on the oxygen anions are performed. All this allows to
develop the crystal chemistry factors of hydrate reactivity of calcium minerals and show their influence on
the protonating processes during hydration. Using the crystal chemical analysis it has been established that in
the cement minerals exist possibility of changing the structure during hydration.
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shrinkage of hardening cement paste and mortar

Tianshi Lu1*, Klaas van Breugel 1
1. Materials & Environment/Microlab, Delft University of Technology, Delft 2628CN, The netherlands

Abstract
It is well known that early-age macroscopic volume reduction of cementitious material after final setting,
i.e. autogenous deformation, plays an important role in crack formation and crack propagation in cement
paste, mortar and concrete. In past studies, the elastic deformation caused by self-desiccation of the
hydrating cement paste was always considered as the major source of autogenous deformation. In fact,
however, the early-age cement paste is an elastic-plastic material and the autogenous deformation has to
be divided into two parts, the elastic and time-dependent deformation. The time-dependent part is also very
important for the early-age autogenous shrinkage. The elastic part of autogenous deformation has been
studied by many researchers already. However, only few attention has been given to the time-dependent
part, i.e. creep.
In this paper emphasis is on the creep component of autogenous shrinkage. A model for calculating the
time-dependent (creep) part of autogenous deformation, based on Arrhenius rate theory, will be proposed.
Different kinds of blended cement paste and mortar with variable water/cement ratio and sand content are
tested and studied to verify the validity of the Arrhenius rate concept. It was concluded that creep is a very
important part of autogenous deformation of cement paste and mortar.

Originality
Autogenous deformation of hydrating cement paste is supposed to be caused by internal self-desiccation of
the paste. This deformation is generally considered to consist of only an elastic deformation of the paste.
However, there are good reasons to assume that particularly with elapse of time a creep process will
increase the deformation. For that reason in this study autogenous deformations have been split up in an
elastic and a time-dependent component. Many mechanisms of creep have been proposed in the past to
model time-dependent behavior of the material and different formulae have been developed to describe it,
for example the solidification theory. In this paper, the activation energy concept has been used to simulate
the creep of autogenous shrinkage, i.e. creep. On top of that the restraining effect of rigid sand particles on
autogenous shrinkage has been studied and will be discussed.

Keywords: Autogenous shrinkage; Time-dependent deformation; Arrhenius rate theory; Blended cement
mortar; Predictive models

1 Corresponding author: lutianshi2010@gmail.com, Tel +31(0)152781662, Fax +31(0)152786383



1.Introduction
Autogenous deformation is the macroscopic volume reduction of cementitious materials when
cement hydrates after initial setting (Tazawa E.,1998). Changes in the surface tension of the solid
gel particles, disjoining pressure and tension in capillary water have been proposed as the
principal mechanisms that contribute to this phenomenon (Wittmann F.,1977). Because cement
paste is a elastic-plastic material, the early age deformation caused by the internal driving force
mentioned before, should be divided into two parts:

(1)
in which is the total autogenous deformation, is the elastic deformation, is the time-dependent
deformation, which is called by creep.
During past few decades, elastic deformation induced by internal self-desiccation, has been
considered as the major source of early age autogenous deformation (Bangham D.H. et al.,1944;
Lura P.,2003). However, simulations show that deviations between the measured and calculated
autogenous deformation are becoming more pronounced after the first 24 hours (Lura P.,2003). In
the early stage, creep is supposed to play an important role in autogenous deformation of
hydrating cement paste, not only in the first seven days after final setting, when strength and
elastic modulus of cement paste are still growing and cement paste behaves more like an elastic-
plastic material, but also in later stages.
If concrete is subjected to sustained loads, it continues to deform further with time. This
phenomenon is now commonly referred to as creep (Bazant P., 1975). Many mechanisms of
creep have been proposed in the past to model time-dependent behavior of the material and
different formulae have been developed to describe it, for example the solidification theory
(Mabrouk R. et al.,2004).
Since Arrhenius produced his equation in 1889 (Day R,. et al., 1983) on the influence of
temperature on the rate of inversion of sucrose, i.e. the concept that certain chemical reactions
“need” an activation energy to proceed, this equation has also been applied to describe the
deformation of numerous materials, including cement paste and concrete. Polivka and Best
(Polivka M. et al.,1960) pointed out that time-dependent deformation of concrete can occur only
as a result of thermally activated molecular processes of deformation. Six years later Wittmann
(Wittmann F.,1971), using statistical thermodynamics, derived a relation between creep rate and
applied static stress for concrete, which was similar to the one derived for metals.
Shrinkage of the cement paste in hardening mortar or concrete is restrained by the stiff, non-
shrinkage sands and aggregates. Measured shrinkage of mortar or concrete is in fact the result of
the interaction between a shrinking cement paste, whose mechanical properties change during
hardening, and the inert inclusions. Taking the restraining effect of rigid sand particles into
consideration, autogenous deformation of mortar or concrete mixtures could be predicted from
the autogenous shrinkage of the cement paste. According to Tazawa (Tazawa E. et al.,2000)
autogenous shrinkage of concrete at 28 days could be calculated from autogenous deformation of
cement paste with a simple model. On the other hand, Hammer (Hammer T.A. et al.,2002),
concluded that autogenous shrinkage of a concrete mixture could be calculated from shrinkage of
a cement paste using composite models. In this paper, a modified model of Pickett (Pickett
G.,1956) was used to simulate the autogenous shrinkage of mortar.
This paper focuses on a model for autogenous deformation that includes a time-dependent part
which is based on the activation energy theory. The capillary stresses are taken as the internal
driving force of autogenous deformation. For this, ordinary Portland cement paste (CEM I 42.5N)
with and without 10% silica fume was studied. By comparing the contributions of elastic and
time-dependent deformations to the early age autogenous shrinkage, the effect of creep becomes
clearly visible. On top of that autogenous shrinkage of mortar with sand weight ratio 0.1 and 0.3,
was calculated based on the autogenous shrinkage of the corresponding cement paste. The
calculated results are compared with test results to verify the accuracy of the model.



2.Theoretical basis
2.1.Work-based modelling approach
In this paper the creep concept as proposed by Wittmann (Wittmann F.,1969) has been adopted as
starting point for the modelling work. For a uniaxial load-bearing situation, the work done during
creep of cement paste under a constant permanent load is made up of an elastic component , and
an internal frictional component

(2)
in which is the load that causes the deformation and is the deformation.

(a) before loading (b) after loading

Figure 1 Schematic representation of mechanism for maturing creep
is given by

(3)
Assuming Hooke's Law, , then Eq. (3) becomes

(4)
where and are the cross-section and length of the sample respectively.
Assuming the frictional component to be proportional to and taking into consideration that it is
also proportional to the number of points of contact in the cement gel and thus to the amount of
hydrated cement , where equals the amount of initial cement per unit volume, then it holds:

(5)
where is the constant of proportionality and is the degree of hydration.
Now Eq. (2) can be written as:

(6)
Solving this equation leads to the creep function for cement paste and can be expressed by
(Wittmann F.,1969) :

(7)
For the triaxial load-bearing situation, the Eq.(7) can be written as:

(8)

where is the Poisson’s ratio.

2.2. Creep of early-age hydrating cement paste caused by a changing internal driving force
The Eq.(7) and Eq.(8) are suitable for a hardened cement paste under constant load. But for the
early-age cement paste, the autogenous deformation is caused by a changing internal driving



force applied on a hydrating cement paste. Therefore, if we want to simulate the time-dependent
part of autogenous deformation of early age cement paste, some modifications must be done.
If a cement paste is under load, there is a creep at time . For a hydrating cement paste under
changing load, creep is the summation of creep increments of cement paste before time . At
different time before time , the cement paste is under different load with different elastic modulus.
If the creep has to be calculated based on creep , the time needed for the cement paste to reach
the creep strain under load with elastic modulus , should be calculated firstly.
Based on literature (Wittmann F. et al.,1967), the ultimate creep of cement paste with elastic
modulus under a given stress is given as . Thus, the first part in Eq.(7) is the ultimate creep .
The second part in Eq.(7), , is the ratio between the creep at time and the ultimate creep .At
time , the ratio between creep and the ultimate creep of cement paste with elastic modulus under
stress is

(9)
The time can be calculated as follows:

(10)
from which can be obtained with:

(11)
The time can now be used in the Eq. (8) to calculate the value of creep . When the time
increment is short enough, the creep increase from time to time can be considered as caused by
internal driving stress that applied on the cement paste with elastic modulus .

(12)
For the triaxial load-bearing situation, Eq.(11) and Eq.(12) can be written as:

(13)
and

(14)
2.3. Activation energy
The quantity , which is proportional to the internal friction, does not remain constant during the
creep process, but increases with increasing deformation. In Wittmann’s paper (Wittmann F. et
al.,1967) was proposed as a function of the activation energy. This method yields a useful result:

(15)
where , is the frequency factor,, is the activation energy of the cement creep. Many papers have
been published on the value of activation energy (Wittmann F., 1967; Day R,. et al., 1983). The
value varies for different materials, water cement ratio, curing condition and many other factors.
It ranges from 40 to 65 for hardened cement paste (Day R,. et al., 1983). In this paper, 39 has
been taken.
2.4.Elastic deformation
For the uniaxial load-bearing situation, the elastic deformation in Eq. (1) can be expressed as:

(16)
where is the stress and is the elastic modulus.
If the specimen is under three-dimensional stress, the elastic deformation in one certain direction
can be expressed as :

(17)
where is the Poisson’s ratio and is bulk modulus.
2.5.Capillary stress
Assuming perfect wetting, the contact angel between water and solid surface is zero. The radius
of the largest capillary pore filled with water at certain internal relative humidity can be
calculated as (Alberty R., 1980):

(18)
where is the surface tension of the pore fluid, for pure water. the molar volume of water, . the
ideal gas constant, , and the absolute temperature.



When the radius is known, the stress in the pore fluid can be calculated with the Laplace law. For
cylindrical pores it holds:

(19)
2.6.Effective stress
By Eq.(19), the capillary tension in the pore fluid can be calculated. However, the applied stress
and the physical property mentioned in Eq.(12) and Eq.(14) are macroscale properties, while the
internal driving force is microscale. If the autogenous deformation caused by the internal driving
force, i.e. capillary stress, will be simulated by Eq.(12) and Eq.(14), the concept of effective stress
has to be introduced (Gawin D. et al.,2007).
The effective stress , accounts for stress effects due to changes in porosity, spatial variation of
porosity and deformations of the solid matrix, and may be written as a summation of the external
applied stress and the internal applied :

(20)
where is the pressure on the solid phase exerted by the pore fluids (liquid water and moist air),
the applied stress tensor, the unit tensor of second order, and

(21)
is the Biot coefficient accounting for different values of bulk moduli of the solid phase (grain)
and the skeleton, and . In Eq.(20) the applied stresses are positive in tension and fluid pressures
are positive in compression.
For the situation that the capillary stresses are taken as the internal driving force, the effective
stress can be written as:

(22)
where is the degree of saturation, is the capillary stress in the pore fluid. The effective stress
can be used in Eq.(12) and Eq.(14) on the macroscale as load to calculate the deformation of the
cement system.
2.7.The restraining effect of sand on cement mortar
For deriving the formula for quantifying the restraining effect of sand on cement mortar,
consideration is first given to the effect on shrinkage of one small, spherical particle of sand in a
large body of paste. The sand particle is assumed elastic, the surrounding cement paste is
considered homogeneous and elastic-plastic. It is expedient to consider that the small, spherical
particle is at the center of the body of mortar which is also a sphere. The restraint by the small
sphere when the large shell tends to shrink will cause the following stresses in the large shrinking
shell (Timoshenko S.,1951).

(23)
(24)

where is the stress in the radial direction, the stress perpendicular to the radius, the radial
coordinate, the radius of the inner sphere, the radius of the outer shell, the unit pressure between
inner particle and outer shell generated by the shrinkage of the outer shell.
Under these conditions of spherical symmetry, the radial distance between positions of any point
in the outer shell with and without restraining effect of the inner sphere is . It is divided into
elastic and time-dependent part.
For the elastic part, it holds:

(25)
For the time-dependent part, i.e. creep, it holds:

(26)
where and are Young’s modulus and Poisson’s ratio, respectively.
From Eq.(23),(24),(25) and (26), we get:

(27)
The restraint by the inner sphere has reduced the shrinkage-induced volume reduction of the total
body by the amount

(28)



where is the volume of the inner sphere.
If there were no restraint, the body would have reduced in volume by , where is its total volume
and is the unit linear shrinkage. The reduction in volume due to shrinkage will, therefore, be
designated as , is the reduction in the unit linear shrinkage:

(29)
In order to get the relationship between the shrinkage of inner sand particle and the total cement
mortar, another expression containing the pressure will be written by considering the
compressibility of the inner restraining particle. Reduction in volume of the inner particle caused
by pressure will be equal to the reduced space of outer shell at radius , or

(30)
where and are Young’s modulus and Poisson’s ratio, respectively, for the inner sphere.
Eliminating from Eq.(29) and (30) and setting gives

(31)
where is a parameter defined as:

(32)
Setting will introduce an error especially for particles close to the surface of outer shell. However,
it is believed that this error is not as important as others entering this derivation (Timoshenko
S.,1951).
Let the volume of sand per unit volume of mix be . If is small, the restraining effect of sands on
each other can be neglected. The increase in due to the addition of one particle of volume to the
mixture will be

(33)
From Eq.(26) and Eq.(32) we get:

(34)
In differential form,

(35)
Then integrate it,

(36)
where is the shrinkage of mortar, is the shrinkage of corresponding paste.
In figure 2, a flow chart shows the whole calculation procedure of autogenous shrinkage.

Figure 2 Flow chart of autogenous shrinkage calculation



3.Materials & methods
Portland cement (CEM I 42.5N) was used. The Portland cement had a Blaine fineness 431 and a
calculated Bogue composition of 57.5%, 11.8%, 8.2%, and 9.1%. In order to verify the model
by different kinds of paste, silica fume was added in slurry form, 10% by binder weight. The
water-binder ratios of cement pastes were 0.3 and 0.4. Quartz sand with size of 0.125~0.25 was
added in slurry form, 10% and 30% by weight. Cement paste was mixed in a 5 epicyclic Hobart
mixer. Demineralized water was mixed with the admixtures and added in two steps to ensure
homogeneity. Total mixing time from first water addition was 3 minutes.
3.1.Autogenous deformation
Cement paste and mortar were cast under vibration into tight plastic tubes (low density
polyethylene plastic, LDPE), which were corrugated to minimize restraint on the specimen. The
length of the samples was approximately 300 and the diameter 25 . The specimens were placed
in a dilatometer and immersed into a temperature controlled glycol bath at 20±0.1. Three samples
were tested simultaneously in the dilatometer, with a measuring accuracy of ±5 strain. Linear
measurements were recorded every 5 minutes and started after final setting for the cement paste
and mortar. A top view of the dilatometer setup is shown in Figure 3. The dilatometer frame
consisted of two steel plates joined rigidly together by four solid invar rods (diameter 20 ). Each
specimen is, therefore, longitudinally supported by two parallel rods attached to the steel plates.
The specimens were gripped by coil springs at one end, while the tube could slide freely on the
rods, which were lubricated by the glycol bath. The longitudinal deformation was measured at the
free end by LVDT. A detailed description of the dilatometer is provided in (Jensen OM. et
al.,1995). The corrugated moulds were specially designed to minimize restraint on the paste. The
moulds are watertight: water loss from a tube filled with water kept at 20, for one week, was
about 0.04 , corresponding to 0.03% of the water content (Jensen OM.,1996).
3.2.Internal relative humidity
About 10 of fresh cement paste was cast into the measuring chamber of two Rotronic hygroscope
DT stations equipped with WA-14TH and WA-40TH measuring cells (Figure 4). Each station
was equipped with a Pt-100 temperature sensor and a DMS-100H RH sensor. The RH sensors
contain an electrolyte whose electrical impedance depends on the ambient RH. The RH stations
were placed inside a temperature controlled room at 20±0.1. The RH and temperature in the
samples were measured every 2 minutes for a period of about 1 week.
3.3.Elastic modulus
In this paper, the elastic modulus was simulated by HYMOSTRUC. In the calculating model, the
skeleton of cement paste was distinguished as cluster, represented by a system (group) of
hydrating cement particles, so called “bridge”, which are considered to be able to make contact
between the hydrating cluster systems, and anhydrous cement. The elastic modulus is determined
by considering the contributions of three volumes. The individual contributions are related to the
degree of hydration that is calculated by HYMOSTRUC (Lokhorst S. et al.,1997).

Figure 3 Dilatometer for autogenous deformation Figure 4 Rotronic station for RH measurement



4.Results and discussions
4.1.Internal relative humidity
Internal RH of the cement pastes was measured on samples for a period of at least 7 days. The
development of internal RH, i.e. pore RH, with hydration time is provided in Figure 5. The
starting time of the test was taken equal to the final setting time.

Figure 5 Measured Internal RH as a function of age for the cement pastes after final setting

4.2.Elastic Modulus
Figure 6 shows the elastic modulus calculated by HYMOSTRUC for ordinary Portland cement
paste and Portland cement paste with 10% silica fume replacement. The time 0 in figure 6 is the
final setting time. Note that during the first 7 days the E-modulus of the samples with silica fume
is lower than of the samples without silica fume, this is contradicted to the common
understanding that silica fume will increase the stiffness of concrete. Houssam and Tahar
(Houssam A. et al.,1995) pointed out that silica fume has no strengthening effect in the stiffness
of paste. The increase of strength of mortar with increasing silica fume content can be attributed
to the improved aggregate-matrix bond hence a better interlock between the paste and the
aggregate.

Figure 6 Calculated Elastic modulus as a function of age after final setting
4.3Autogenous deformation
Figure 7 shows the measured autogenous deformation as a function of age for the ordinary
Portland cement pastes and Portland cement paste with a 10% silica fume replacement. The
starting time is the final setting time, because before that time the specimens were on a rotation
machine to avoid bleeding. In Figure 7, a fast shrinkage can be noticed after final setting, this is
due to the hydrating particles still do not touch and no internal skeleton formed to resist the self-



dessicating deformation. This period is called as plastic phase. The short period of swelling
before cement pastes started to shrink steadily is assumed to be caused by crystalline pressure as
proposed by several researchers (Scherer G.W.,1999; Budnikov P.P. et al., 1966). In this paper,
the simulation work will start after the swelling.

Figure 7 Measured autogenous deformation of cement pastes as a function of age after final setting
5.Modeling result of autogenous shrinkage
The calculation model based on the theory presented in this paper and schematically shown in
Figure 2 was used to simulate the autogenous shrinkage of hydrating cement paste and mortar
after early-age swelling. Figure 8 shows the calculated results and also the measured autogenous
deformation of ordinary Portland cement and Portland cement paste with 10% silica fume as a
function of age. Figure 9 and Figure 10 show the measured and calculated autogenous
deformation of mortar with 10 and 30 percent sand replacement. The deformation is calculated
after the peak of the swelling and time 0 is the final setting time.

(a) Portland (w/b 0.3) (b) Portland (w/b 0.4)

(c) 10% silica fume (w/b 0.3) (d) 10% silica fume (w/b 0.4)



Figure 8 Measured and calculated autogenous deformation of cement pastes after initial swelling
(elastic part was simulated by Eq.(17) and creep was simulated by Eq.(14))

(a) Portland (w/b 0.3) (b) Portland (w/b 0.4)

(c) 10% silica fume (w/b 0.3) (d) 10% silica fume (w/b 0.4)

Figure 9 Measured and calculated autogenous deformation of mortars(10% sand) after initial swelling
(calculated autogenous shrinkage was simulated by Eq.(36))

(a) Portland (w/b 0.3) (b) Portland (w/b 0.4)

(c) 10% silica fume (w/b 0.3) (d) 10% silica fume (w/b 0.4)

Figure 10 Measured and calculated autogenous deformation of mortars(30% sand) after initial swelling



(calculated autogenous shrinkage was simulated by Eq.(36))

6.Discussion and Conclusion
A model for autogenous deformation, including elastic and time-dependent parts, was presented
and experimentally validated. Application of the presented models was used for prediction of the
autogenous shrinkage of four mixtures, numerical results were compared with cement paste
strains measured of pure Portland cement paste and cement paste blended with silica fume with
water-binder ratio of 0.3 and 0.4. On top of that autogenous shrinkage of mortar with sand-
cement weight ratio 0.1 and 0.3, was also calculated based on the autogenous shrinkage of the
corresponding cement paste.
The examples suggest that additional autogenous strains of cement paste, observed in
experiments and which can’t be explained by the elastic deformation, could be very well
attributed to the creep strains following the elastic strains. Autogenous shrinkage of mortar is the
result of the interaction between a shrinkage cement paste and the inert sand particle and can be
predicted from the autogenous shrinkage of cement paste.
In this paper, the elastic modulus was calculated by HYMOSTUC. In order to simulate the elastic
modulus, the degree of hydration should be simulated firstly. The validity of the simulated degree
of hydration was not checked with experiment. Error may be introduced due to the simulated
data. In research program to come, more attention will be paid on this.
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Utilization of phosphogypsum for belite sulfoaluminate cement

production
Yan Shen, Jueshi Qian*

(College of Material Science and Engineering, Chongqing University, Chongqing 400045, China)

Abstract
Phosphogypsum is an industrial byproduct from phosphoric acid production. In order to consume
as much PG as possible, belite sulfoaluminate cements were produced by incorporating high
amounts of PG into raw mix. The presence of sulfate in the clinker is in the form of anhydrite in
addition to ye’elimite. The aim of this paper is to study the effect of anhydrite on cement
properties and hydration process. The mineral composition and hydration products were
investigated using by X-ray diffraction and thermogravimetric analysis. Experimental results
indicated that burning at 1270 oC for 30 min was suitable for clinker production. The presence of
anhydrite can prolong the setting time and improve the compressive strength. Compared with
natural gypsum, anhydrite in the clinkers can promote the formation of ettringite. Results also
show that the incorporation of PG into the production of sulfate-rich BSA cement is a promising
way for the utilization of PG.

Originality
Considering the utilization of phosphogypsum in building materials, sulfate-rich belite
sulfoaluminate cement is produced in this work. The presence of sulfate in the clinker is in the
form of anhydrite in addition to calcium sulfoaluminate. The difference between anhydrite in the
clinker and natural gypsum added to the clinker was addressed to assess the feasibility of
replacement of natural gypsum with anhydrite in the clinker.

Keywords: Belite sulfoaluminate cement; Anhydrite; Mechanical property; Cement hydration
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1 Introduction
Phosphogypsum (PG) is a byproduct generated in phosphoric acid production. The main

composition of PG is calcium sulfate dihydrate, and it also contains some impurities, such as
phosphate, fluorides, residual acids, sulfate ions, trace metals and organic matters [1]. The two
main fields for PG utilization are plaster products and cement retarders [2], but unfortunately, the
harmful impurities have given rise to many restrictions on the utilization of PG [1]. The vast
majority of PG is usually discarded in landfills and water bodies without any treatment, which
causes serious environmental contamination. Consequently, new techniques for PG utilization are
becoming increasingly important.
Calcium sulfoaluminate (CSA) cements are special cements, and called “Third Cement Series”

in China. The sintering temperatures for the production of CSA clinkers is in the range of
1250-1350 oC, which is 100-200 oC lower than ordinary Portland cement (OPC). Over the past
few years, many types of calcium sulfoaluminate-based cements have been developed for a wide
range of potential applications. Recently, a class of belite sulfoaluminate (BSA) cements has
attracted a great deal of interest worldwide. In BSA cements, belite is the main mineral phase.
Compared with classical CSA cements, the content of ye’elimite in BSA cements is much lower,
which allows alumina-containing industrial byproducts to be used to replace bauxite. Furthermore,
the sulfate requirement for BSA cement production makes suitable sulfate-containing waste
materials available [3]. In this work, PG is incorporated into the production of BSA cements to
recycle PG effectively.
Usually BSA clinkers can be produced by firing a mixture of limestone, clay, bauxite and

natural gypsum (NG). However, a small amount of gypsum inevitably decomposes at
temperatures above 1200 oC, which can result in a shortage of gypsum and decrease the formation
of ye’elimite [4]. Therefore, an excess of gypsum should be added to raw materials to compensate
sulfur emissions and promote the formation of ye’elimite. The excessive PG can make anhydrite
phase remain in the produced clinkers. This formulation corresponds to sulfate-rich BSA clinkers,
with belite, ye’elimite, ferrite and anhydrite as the main phases. And the formulation relies on the
equilibrium system C2S-C4A3Ŝ-C4AF-CŜ where anhydrite phase is in the range of 0-20%.
During the hydration process of BSA cements, calcium sulfate plays an important role [5]. The

hydration reactions of ye’elimite and calcium sulfate initiates rapidly and forms ettringite,
contributing to the strength development of BSA cements [6]. Many researchers have indicated
that the use of different forms of calcium sulfate in BSA cements can significantly influence the
hydration kinetics at early ages [7,8]. Such behavior is related to the solubility and reactivity of
calcium sulfate. Therefore, a more detailed work is required to distinguish the role of anhydrite
formed in sulfate-rich BSA clinkers.
The work reported in this paper aims to investigate the use of PG as raw materials for the

preparation of sulfate-rich BSA clinkers. In this way, it not only consumes a great deal of PG but
also offers a new cementitious material. The presence of sulfate in this clinker is in the form of
anhydrite in addition to ye’elimite. The influence of anhydrite on cement properties was studied in
terms of setting and hardening. The difference between anhydrite in the clinker and NG added to
the clinker was also briefly addressed to assess the feasibility of replacement of NG with anhydrite
in the clinker.

2 Experimental
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2.1 Materials
The raw materials used in the preparation of the raw meals were limestone, low-grade bauxite,

fly ash and PG. The sample of PG was obtained from a phosphate fertilizer plant in Yun Nan,
China. Fly ash was introduced in the study to reduce the use of bauxite, and simultaneously used
as iron providers. NG was used to blend with clinkers for the preparation of BSA cements. The
chemical compositions of raw materials are shown in Table 1.

Table 1 Chemical compositions of raw materials (wt.%).

Oxide Limestone Bauxite Fly ash PG NG

CaO 44.79 0.20 3.00 31.04 33.50

SiO2 8.75 19.78 43.05 9.10 6.63

Al2O3 2.71 51.73 24.27 0.46 0.52

Fe2O3 1.59 8.94 11.69 0.17 0.29

MgO 1.26 0.30 0.79 0.03 2.87

P2O5 0.05 0.10 0.20 0.69 -

SO3 0.26 0.16 1.82 39.02 42.10

LOI 38.60 12.38 8.88 18.50 13.70

2.2 Materials proportioning
Modified Bogue method was used in the study to calculate the mix proportions of raw materials.

The Bogue method is a technique adapted in the cement industry to establish relationships
between the chemical compositions of raw materials and the mineral compositions of target
clinkers [9]. Five target BSA clinkers with different proportions of anhydrite and one clinker with
varied proportions of ye’elimite were synthesized. The target phase compositions of these clinkers
are shown in Table 2.

Table 2 Phase compositions of BSA clinkers (wt.%).

Clinker C2S C4A3Ŝ C4AF CŜ

A1 65 25 10 0

A2 60 25 10 5

A3 55 25 10 10

A4 50 25 10 15

A5 45 25 10 20

B 45 35 10 10

2.3 Synthesis of BSA clinkers
For the synthesis of BSA clinkers, the proportioned raw ingredients were mixed with water and

pressed into a disk mold (φ 50 mm × 8 mm). The disks were dried in an oven at 100 oC for 2 h,
placed into porcelain crucibles, and fired at predetermined temperature for a suitable duration of
time. Finally, the clinkers were quenched by opening the furnace, taking the crucibles out and
simultaneously applying forced air. The BSA clinkers so prepared were ground in a laboratory ball
mill to reach the target Blaine surface area of 350 m2/kg. The BSA cements were obtained by
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mixing the clinker and NG in the following proportion: clinker/NG =95/5.
2.4 Testing method
The setting time was tested according to Chinese standard GB/T 1346-2001. Compressive

strengths were measured on 20 mm × 20 mm × 20 mm cube moulds. All paste samples had a w/c
ratio of 0.5. After 24 h of mold-curing at 20 oC, the samples were demolded and cured in water at
20 oC until measurements were performed. Volume stability was determined by measuring length
changes of 25 mm × 25 mm × 280 mm mortar prisms. The mortars were cast at a sand-to-cement
ratio of 3, and water-to-cement ratio was determined to bring the mortars to a flow of 165-175 mm.
After 24 h of moist curing at 20 oC, the specimens were demolded and the initial lengths were
measured. The specimens were subsequently cured in water to the testing age for the measurement
of the free expansion ratio.
X-ray diffraction (XRD) was used for phase identification. The mineral compositions were

analyzed using XRD. The XRD patterns were obtained using X-ray diffractometer (D/MAX-ⅢC)
with Cu kα radiation. Data for each sample was colleted form 5 to 65 (2θ) at a stepping size of
0.02o. Thermogravimetric and differential thermal analysis (TG-DTA) were performed on the
hydrated samples. The temperature was varied from RT up to 400 oC at a heating rate of 20
oC/min with a flux of air.

3 Results and discussion
3.1 Determination of temperature and time for clinkering
To study the effect of firing temperature on the phase compositions of BSA clinkers, mixture B

was fired at different temperatures for 30 min. The XRD patterns of the prepared clinkers are
shown in Fig.1. It can be seen that the intensity of ye’elimite increases gradually when the firing
temperature becomes higher. Meanwhile, the peaks of anhydrite are weakened when the firing
temperature increases up to 1300 oC. This could be due to the decomposition of calcium sulfate.
Therefore, the firing temperature for the production of BSA clinkers should not be higher than
1300 oC.
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Fig.1 XRD patterns of clinker B fired at different temperature for 30 min.

The effect of firing temperature on the compressive strengths of BSA cements, which are
prepared by adding 5% NG to the clinkers, is shown in Fig.2. It is seen that the compressive
strengths increase with the firing temperature up to 1270 oC. However, the strengths exhibit a
significant decrease when the firing temperature increases from 1270 to 1300 oC. The loss of
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calcium sulfate at 1300 oC may affect the hydration of ye’elimite. Therefore, 1270 oC seems to be
the best firing temperature for the preparation of BSA clinkers.
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Fig.2 Compressive strength of cement B fired at different temperature for 30 min.

When BSA clinkers are prepared at 1270 oC, the effects of holding time on mineral
compositions and compressive strengths are also studied. The XRD patterns (Fig.3) shows that 15
min is not sufficient for the formation of ye’elimite, and the intensity of ye’elimite is much higher
when the temperature is held for 30 min. With the holding time prolonging to 60 min, there is little
change in the phase compositions. Fig.4 shows the compressive strengths of the BSA cements.
The cement prepared at 1270 oC for 15 min shows the lowest compressive strength, while for
cements prepared for 30, 45 and 60 min, minor differences in compressive strengths are detected.
Considering the phase composition and mechanical strength, 30 min would be the best option in
practice. Therefore, 1270 oC/ 30 min is an optimum burning condition for making these
sulfate-rich BSA clinkers.
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Fig.3 XRD patterns of clinker B fired at 1270 oC for different holding time.



6

0 5 10 15 20 25 30
12
14
16
18
20
22
24
26
28
30
32

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
P

a)
Age (d)

 15min
 30min
 45min
 60min

 

 

Fig.4 Compressive strength of clinker B fired at 1270 oC for different holding time.

3.2 Phase composition
XRD analysis of the synthetic BSA clinkers clearly shows the phase composition, as shown in

Fig.5. The characteristic peaks of ye’elimite remain almost unchanged, while the intensity of
anhydrite peaks increases significantly. The mineralogical compositions of the BSA clinkers were
calculated by the estimations derived from the Bogue equations. As it is shown in Table 3, the
phase compositions of these clinkers are basically close to their target phase compositions.
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Fig.5 XRD patterns of sulfate-rich BSA clinkers.

Table 3 Estimated (Bogue) mineralogical compositions of BSA clinkers (wt.%).

Phase A1 A3 A4 A5

C2S 55 50 43 40

C4A3Ŝ 26 27 26 27

C4AF 17 13 11 9

CŜ - 7 14 18

3.3 Setting time
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The comparison of the setting times of BSA clinkers and cements is shown in Fig.6. As it
illustrated in (a) and (b), it is apparent that the incorporation of anhydrite in the clinkers has a
profound effect on the setting time. The initial and final setting time of clinkers and cements are
prolonged when the content of anhydrite is higher than 10%. Moreover, the addition of NG to the
clinkers slightly retards the setting of BSA cements. In order to better understand the difference of
anhydrite in the clinker and NG added to the clinker, the setting time of BSA cements with the
same content of calcium sulfate was studied. As it shown in (c), 10% of NG was added to clinker
A1 to keep the content of calcium sulfate to be the same as clinker A3. Meanwhile, 10% PG was
also added to clinker A1 to make a comparison. The results indicate that clinker A3 sets faster than
cement with the addition of NG. Compared with the cement containing 10% NG, the shorter
setting time of the cement with 10% PG may be due to the impurities present in PG. Many
researchers have shown that various types of gypsum have different retarding effects on the
minerals in Portland cement [10,11]. This is related to the solubility of each form of calcium
sulfate [12]. This may be the reason for the difference in setting time shown in (c).
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Fig.6 Setting time of BSA clinkers and cements.

3.4 Compressive strength
The strength development of BSA clinkers and cements were studied and the results are shown

in Fig.7. It can be observed that the presence of anhydrite in BSA clinkers can greatly improve the
strength development. The appropriate content of anhydrite in BSA clinkers seems to be between
10% and 20%. The addition of 5% NG slightly increases the compressive strength of BSA
cements, while cement A5 cracks and completely crumbles after demolding and curing in water
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for 1 day. This indicates that the hydration reaction of ye’elimite and calcium sulfates (anhydrite
and natural gypsum) to form much more ettringite results in the severe expansion and cracking in
cement A5. The beginning of the etttringite formation and the ye’elimite hydration depends
mainly on the amount and reactivity of the added calcium sulfate [13]. It can be considered that
the amount of calcium sulfates in cement A5 is more than enough for the early-age reactions. As it
shown in (c), clinker A3 exhibits much higher strength than cement containing 10% NG,
indicating that anhydrite formed during clinkering process is very reactive. The strength
development of cement with the addition of NG and PG are almost identical, attributed to the
reaction of ye’elimite with gypsum in the same extent.
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Fig.7 Compressive strength of BSA clinkers and cements.

3.5 Dimensional stability
Dimensional changes of BSA mortars at varying contents and types of calcium sulfate are

shown in Fig.8. It can be seen that at anhydrite contents below 20%, BSA clinkers exhibit slight
expansion, and the expansion ratio is almost constant as the incorporation of anhydrite increases.
The BSA cement with the addition of NG shows slightly more expansion compared with clinker
A3. The expansion of BSA cements is mainly ascribed to the formation of ettringite. From the
dimensional stability results presented in the study, most of the ettringite forms before hardening
in sulfate-rich BSA cements and thus contribute to the early-age strength. Additionally, the low
content of ye’elimite in BSA cements may be a main factor that limits the expansion of these
cements.
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Fig.8 Dimensional changes of BSA cements.

3.6 Hydration of BSA cements
XRD patterns of clinker A3 hydrated for 10 h, 1, 3 and 28 days are shown in Fig.9. The patterns

show the presence of belite, ye’elimite and ettringite. The anhydrite peaks are not obviously found
in these patterns. The hydration process begins with the formation of ettringite from the hydration
of ye’elimite and anhydrite, and the intensities of ye’elimite peaks decrease gradually. Ettringite
peaks become stronger with the hydration age from 10 h to 1 day, while the intensity of ettringite
peaks for sample hydrated for 3 days decreases significantly as a result of the transformation to
monosulfate.
Fig.10 shows the XRD results of BSA clinkers and cements hydrated for 1 day. Monosulfate is

identified as the main hydration product in hydrated clinker A1 due to the absence of anhydrite.
When anhydrite is incorporated into clinker A3 and A5, ettringite starts to form and the peaks of
monosulfate cannot be found in the patterns. The intensity of ettringite is higher in hydrated
clinker A3 than that in cement with 10% NG, and the impurities in PG may promote the formation
of ettringite in cement with PG which leads to stronger peaks of ettringite compared with cement
with NG.
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Fig.9 XRD patterns of clinker A3 hydrated for 10 h, 1 and 3 days.
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Fig.10 XRD patterns of BSA clinkers and cements hydrated for 1 day.

4 Conclusions
The sulfate-rich belite sulfoaluminate cements prepared from PG with different phase

assemblages were studied in terms of cement properties and hydration. The following conclusions
can be drawn:
(1) For the production of sulfate-rich belite sulfoaluminate cements, 30 min at 1270 oC is found

to be sufficient for good clinkering.
(2) The incorporation of anhydrite in the BSA clinkers can prolong the setting time, and result

in shorter setting time compared with natural gypsum. The presence of anhydrite can great
improve the strength development, and the suitable addition is between 10% and 20%. The BSA
cement containing anhydrite shows much higher compressive strength than that containing natural
gypsum. The effect of anhydrite on the dimensional stability of the cements is not significant, and
the cements do not show great expansion.
(3) The hydration products are also affected by anhydrite content in BSA clinkers. The

formation of ettringite can be enhanced by the increase of anhydrite content, and much more
ettringite is formed at early ages in cement with anhydrite than that in cement with natural
gypsum.
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Abstract
The present paper aims at better understanding the mechanisms controlling the kinetics of cement
hydration and of the limiting factors of the characteristic periods observed by calorimetry, slightly
simplifying the problem by studying the hydration of pure C3S instead of real cement. C-S-H forms the
major part of the binding phase in the cement paste. In this compound, the ratio between Ca and Si is
not fixed and can vary according to the experimental conditions and especially the composition of the
solution it is in equilibrium with.
Four C3S pastes were produced by mixing C3S powder with pure water or with mixes of water and
isopropanol (with isopropanol contents of 7.5, 17.5 and 25 vol%) with a constant liquid/solid ratio of
0.5. Hydration was stopped by freeze-drying at different characteristic periods of the calorimetry
curves: during the induction period, at the main hydration peak and in the deceleration period at a
degree of hydration of 35 %.
Different techniques were used for characterizing the pastes at each hydration stage: thermo-
gravimetric analysis (TGA), scanning electron microscopy (SEM) and X-ray energy-dispersive
spectroscopy (EDX) in both a SEM and a transmission electron microscope (TEM). For SEM-EDX
analyses, polished sections of the pastes were produced, whereas for TEM-EDX analyses, samples
were thinned down to TEM lamellae by focused ion beam (FIB).
In this paper, SEM and TEM images are presented, showing the fibrillar morphology of C-S-H at the
different hydration stages for each paste. The Ca/Si ratio measured by TGA, SEM-EDX and TEM-EDX
are presented as well. The results are in good agreement with the generally observed values.
The effect of isopropanol on hydration is studied, considering the morphology and the composition of
C-S-H. It is shown that it has no influence on the hydration mechanism but only on the kinetics of the
reaction.

Originality
The use of water/isopropanol mixes for hydration of C3S or cement is unusual and may lead to better
explain the hydration mechanisms. Also, TEM images and TEM-EDX measurements are not frequent in
the cement field; SEM is preferred in many cases as the preparation of samples is easier.
The preparation of TEM lamellae of cementitious materials is difficult: the anhydrous grains are
extremely hard compared to both hydrates and embedding resin, which causes heterogeneous polishing
of the different parts of the samples. For these reasons FIB was selected to produce the lamellae. It
allows an easy selection of the regions to thin down; they have to contain anhydrous grains,
surrounding hydrates and only small parts of resin.

Keywords: Hydration; C3S; C-S-H; scanning electron microscopy; transmission electron microscopy.
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1. Introduction
Tricalcium silicate Ca3SiO5 or C3S is the major phase of Portland cement (PC) clinker. Most
of it is impure, incorporating ions such as aluminum, magnesium or zinc: it is called alite. Its
hydration controls the hydration of cement at early age. The reaction of C3S with water results
in the formation of both calcium hydroxide (CH or portlandite) and a calcium silicate hydrate
phase with variable composition (C-S-H), according to the following equation:

C3S + (3-x-n) H2O Cx-S-Hn + (3-x) CH (1)
Isopropanol is an inert solvent and it is known for its weak impact on the microstructure of
C-S-H. It is commonly used to stop the hydration of cement phases (Zhang and Sherer, 2011;
Makar and Sato, 2013).
In this study, isopropanol was chosen for replacing part of the water mixed with C3S to obtain
C3S pastes, with a constant liquid/C3S ratio of 0.5. Four different compositions of
isopropanol/water mixes were chosen: 0; 7.5; 17.5 and 25 vol% of isopropanol.
The effect of isopropanol on the hydration kinetics of C3S is studied: the morphology and
composition of C-S-H at different degrees of hydration are investigated.
As it can be seen in reaction (1), C-S-H does not exhibit a stoichiometric composition. Studies
regarding the composition of this phase have given results for mean Ca/Si ratio ranging from
1.2 to 2.3 (Richardson, 1999) in C3S or PC pastes.
Different characterization methods can be used to determine the Ca/Si ratio in C-S-H. In this
study, three of them were used: TGA, EDX in a scanning electron microscope (SEM-EDX)
and EDX in a transmission electron microscope (TEM-EDX).

2. Experimental
2.1. C3S synthesis
C3S synthesis was already described in (Boehm-Courjault et al., 2015). The C3S batch used
for the experiments described in this paper contained less than 0.5 wt% of free lime. The as-
synthesized powders were always kept under vacuum in a desiccator in order to avoid
absorption of water and CO2 from air.

2.2. Isothermal calorimetry and preparation of the pastes
As reaction (1) is exothermic, its kinetics can be monitored by isothermal calorimetry. A
TAM Air isothermal calorimeter from Thermometric is used. Fig. 1a shows the calorimetry
curves of the systems with 4 different isopropanol contents.
At first, C3S is dissolved very rapidly (some minutes). Then there is a sudden slowdown in the
reaction, followed by a period of low chemical activity: it is called the induction period and it
is very short for our C3S batch (some minutes) because the particles are small (< 25 µm).
Thirdly, the main hydration peak occurs, due to the precipitation of both C-S-H and CH: this
is the acceleration peak. Then there is a second deceleration, with a long period of low
chemical activity (some days): it is the deceleration period.

The degree of hydration (DoH) of the reaction (1) vs. time can be calculated from the
calorimetry curve, knowing the theoretical enthalpy of hydration of C3S (i.e. 517 J/g, (Taylor,
1997)). Results vs. time are shown in Fig. 1b.
It is observed that the overall reaction is slowed down as the isopropanol replacement
increases. It is caused by the decreasing amount of available water for C3S to hydrate, but this
is not the only explanation. The deceleration is more pronounced than for C3S hydrated with
the same amount of water, without isopropanol.
Mixing water and isopropanol generates electrostatic interactions in the liquid and results in a
decrease of the “reactivity” of water. C-S-H is formed but the kinetics of the reaction is
slowed down. It is not currently understood why this occurs and which mechanism is
involved in.



(a) (b)
Fig. 1: Calorimetry curves of the 4 pastes (a) and related DoH vs. time (b).

Hydration was stopped at different times by freeze-drying; this method is chosen rather than
solvent exchange with isopropanol in order to avoid introducing more isopropanol in the
system. At the desired time, the paste was immersed into liquid nitrogen (77 K) for 10 to 15
minutes. After freezing, it was placed in a freeze-dryer at low temperature (223 K) and
pressure (6 Pa), for at least 24 hours. It was then stored in a desiccator for at least 2 days
before carrying out the first characterizations.

Hydration times were defined using the calorimetry curves: hydration was stopped within the
induction period, at the acceleration peak and in the deceleration period at a DoH of 35 %.
The hydration times are summarized in Table 1, while the labels of the corresponding samples
are given in Table 2.

Table 1: Hydration times for the 4 pastes, depending on the chosen period of the calorimetry curve.
% of isopropanol 0 7.5 17.5 25
Induction period 1 h 1.17 h 1.33 h 1.75 h
Acceleration peak 6.5 h 7.5 h 9.5 h 16 h
DoH = 35 % 14 h 30 h 66 h 144 h

Table 2: Labels of the produced specimens.
% of isopropanol 0 7.5 17.5 25
Induction period 0-1h 75-1h10 175-1h20 250-1h45
Acceleration peak 0-6h30 75-7h30 175-9h30 250-16h
DoH = 35 % 0-14h 75-30h 175-66h 250-144h

2.3. Characterization techniques
2.3.1. Thermo-gravimetric analysis (TGA)
The amounts of C-S-H and CH formed at a given hydration time were measured by TGA on a
Mettler Toledo TGA/SDTA 851e device. 50 mg of each dried sample were introduced in an
alumina crucible and heated at 900°C with a 10°C/min ramp under a 30 ml/min nitrogen flux.
The weight of the sample is measured very accurately and continuously.
Combining this data with the DoH permits to calculate the Ca/Si ratio in the C-S-H gel.

2.3.2. Scanning electron microscopy (SEM) and X-ray energy-dispersive spectroscopy
(EDX)
The Secondary Electrons (SE) mode of the SEM was useful to determine the morphology of
the C-S-H. A FEI Sirion SFEG microscope equipped with an in-lens ultra-high resolution
detector was used (it will be referred to as HR-SEM technique in the text), using low
accelerating voltages (1-2 kV). A very small quantity of powder was dispersed on a carbon
tape. An osmium oxide layer of approximately 7 nm was deposited on top to ensure both
electrical conductivity in the SEM and good quality of images.



X-ray energy-dispersive spectroscopy (SEM-EDX) was also carried out on polished sections
in a FEI Quanta 200 SEM equipped with a Bruker XFlash EDX detector, in order to measure
the chemical content of Ca and Si in the C-S-H of the 4 pastes with DoH = 35 %.

2.3.3. Transmission electron microscopy (TEM)
A lot of techniques can be used in a TEM, because of the wide range of detectable signals.
The results of this paper were obtained with the scanning transmission electron microscopy
(STEM) mode: the electron probe is focused into a small probe and scanned over the sample.
The generated signal is detected at any point of the specimen. Two different detectors were
used: bright field (BF) and high angle annular dark field (HAADF) ones. X-ray energy-
dispersive spectroscopy (TEM-EDX) was also carried out in this mode. A FEI Tecnai Osiris
microscope equipped with a Bruker Nano XFlash EDX detector was used, operating at 80 kV
and at low current; these parameters aiming at preserving the C-S-H microstructure.

2.3.4. Preparation of the TEM samples by focused ion beam (FIB)
Pastes (crushed as powders) were first mixed with a G2 hard resin. This mixture was
centrifuged in a tube at 15000 rpm during 15 minutes in order to have a high density of
particles at the bottom of the tube and only a small part of resin. After polymerization of the
resin at 80°C for 12 hours, a slice of about 700 microns thick and 4 mm diameter was cut in
the bottom of the tube. This slice was cut as a semi-disc and was then polished on both sides
until reaching a thickness of 30 to 40 microns. It was then glued on a copper half-ring of 3
mm of outer diameter and 1.5 mm of inner diameter, to ensure mechanical resistance while
handling the sample. Fig. 2 shows the geometry of the sample before thinning by FIB.
2 or 3 windows of 5*10 µm2 (called “TEM lamellae”) were thinned down in each sample by
FIB to about 100-150 nm of thickness to achieve the electron transparency needed for TEM
analyses. Fig. 3 shows an example of a window thinned by FIB for the sample 175-66h.

Fig. 2: Sample geometry used for FIB thinning.

Fig. 3: SEM images of a TEM lamella of about 5*10 µm2 thinned down by FIB for the sample
175-66h, showing the electron transparency of the main part of the lamella, especially in C-S-H and

resin areas.

3. Results and discussion
3.1. Morphology of C-S-H at different hydration stages
Fig. 4 shows images of the surface of C3S grains slightly covered by C-S-H for the 4
isopropanol replacements. They were taken during the induction period, as the formation of
C-S-H had just started, which explains why the surface of the grains is not completely
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FIB sample-holder

C3S
resin

C-S-H

30 µm 2 µm
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covered. The morphology of C-S-H appears to be fibrillar, as it was already shown by
(Bazzoni, 2014). No difference in morphology between the samples can be seen. The amount
of C-S-H fibrils is very variable within each sample, depending on the examined C3S grain.
The length of the fibrils was measured for each sample: 25 to 30 measurements were taken on
different grains. The precision of measurements is affected by the angle between the C-S-H
fibril and the surface of the grain, considering if the fibril is in the plane of the image or not.
But as the used method is the same for the 4 samples, the values can easily be compared. The
obtained values, summarized in Table 3, are similar for the 0 %- and 7.5 %-pastes ( 200 nm)
and smaller for the 17.5 %- and 25 %-pastes (  170 nm). These results suggest that the
growth of the fibrils could be slowed down in case of high isopropanol contents.

(a) 0-1h (b) 75-1h10

(c) 175-1h20 (d) 250-1h45
Fig. 4: HR-SEM images of the samples stopped in the induction period.

Table 3: Average length of the C-S-H fibrils measured in pastes within the induction period.
Sample label 0-1h 75-1h10 175-1h20 250-1h45

Average length of the fibrils (nm) 195  41 203  42 178  41 170  41

Fig. 5 shows images of the surface of C3S grains covered by C-S-H taken at the maximum
heat flow. The morphology of C-S-H is still fibrillar for the 4 samples. The surface of all C3S
grains is completely covered, which is consistent with the theory of (Bazzoni, 2014).
According to this author, the surface of C3S grains is progressively covered by hydrates
during the acceleration period and it is completely covered at the moment of the maximum
heat flow. Such a phenomenon is also observed with a high content of isopropanol, even if it
is delayed in time. Nevertheless, for the 17.5%- and the 25 %- samples, the length of the
fibrils is lower than for the 2 other samples. This confirms the results found in the induction
period (cf. Table 3), but it has to be mentioned that accurate fibril length measurements are
difficult in this case as the C3S surface cannot be seen.
The decrease of fibrils length with increasing isopropanol content could be explained by the
decrease of water content and as a consequence, by the decrease of space for the fibrils to
form.

Surface of
C3S grain

C-S-H
fibrils



(a) 0-6h30 (b) 75-7h30

(c) 175-9h30 (d) 250-16h
Fig. 5: HR-SEM images of the samples stopped at the acceleration peak.

(a) BF mode (b) HAADF mode

(c) BF mode (d) HAADF mode
Fig. 6: STEM images of the 0-6h30 sample.
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Fig. 6 shows STEM images of the 0-6h30 sample, in BF and HAADF modes. C-S-H fibrils
can be observed. The length of the fibrils is about 150-200 nm, which is consistent with the
values given in Table 3. On Fig. 7c and 7d, impingement of the fibrils growing from different
C3S grains and not in the same direction can be seen. It seems that the densification of C-S-H
had just started, but there is still some space between C-S-H and C3S grains. The formation of
inner-product had not started yet, which is still in accordance with the theory of (Bazzoni,
2014).

STEM images of the 175-66h and the 250-144h samples are shown in Fig. 7. Fibrils of C-S-H
can clearly be seen. Their length is about 200 nm, which is consistent with the values given in
Table 3. In images (c) and (d), two different morphologies can be distinguished: near the C3S
grains, C-S-H appears to be denser than at the surface. According to the theory of (Bazzoni,
2014), C-S-H fibrils cannot form anymore as the surface of C3S grains was already
completely covered. Dense inner-product had thus started to form.

(a) 175-66h (b) 175-66h

(c) 250-144h (d) 250-144h
Fig. 7: STEM images (BF mode) of 2 different samples.

3.2. Ca/Si ratios obtained by the different characterization techniques
Table 4 summarizes the Ca/Si ratios obtained for different samples and with different
characterization techniques.
The values determined by TGA are all in the same range, i.e. 1.6 - 1.8.
For the samples stopped within the deceleration period (0-14h, 75-30h, 175-66h, 250-144h),
the results obtained by TGA and SEM-EDX are comparable, considering the precision of the
techniques. The values measured by SEM-EDX are slightly higher, probably due to the fact
that the analyses were carried out on a polished surface in supposedly C-S-H areas without
knowing if there is no intermixing of phases (the interaction volume at 15 kV is approx. 2-3
µm). Thus Ca and Si contents may be under- or overestimated if what is really measured is
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the composition of a mixture of C-S-H with C3S and/or CH, which could explain the high
standard deviation on SEM-EDX measurements.
This intermixing of phases could normally be avoided by using TEM, as the precise area of
the EDX measurement can be much more controlled, due to the sample thickness.
Nevertheless the Ca/Si ratios obtained by TEM-EDX for the 75-30h, 175-66h and 250-144h
samples are of the same order of magnitude than the SEM-EDX ones.
Finally it is difficult to conclude considering the scattering of the results. The effect of
isopropanol on the Ca/Si ratio is unclear but it seems that it increases the Ca/Si ratio in C-S-H.
The DoH seems to have only a small influence. This has to be confirmed by further work.

Table 4: Comparison of the values of the Ca/Si ratios measured by 3 techniques for different samples.
Sample label DoH (%) Ca/Si (TGA) Ca/Si (SEM-EDX) Ca/Si (TEM-EDX)

0-6h30 14 1.58  0.10 n.m. 1.63  0.05
75-7h30 11 1.70  0.10 n.m. 1.98  0.12
175-9h30 7 1.79  0.22 n.m. n.m.
250-16h 7 1.82  0.24 n.m. n.m.
0-14h 35 1.70  0.10 1.78  0.38 1.66  0.07
75-30h 35 1.66  0.10 2.02  0.23 1.94  0.13
175-66h 35 1.75  0.10 1.97  0.29 2.14  0.08
250-144h 35 1.70  0.10 1.84  0.35 2.02  0.12

n.m.: not measured

4. Conclusions
In this paper, the morphology and composition of C-S-H were investigated in four pastes of
C3S hydrated with different mixtures of water and isopropanol. They were observed at
characteristic times of the hydration: within the induction period, at the maximum heat flow
and at a degree of hydration of 35 % (deceleration period). It has been shown that:
- The presence of isopropanol changes the kinetics of the hydration: it is slowed down, but the
fibrillar morphology of the hydrates is not changed. The length of the fibrils is about 150-200
nm at every hydration stage.
- The following hydration mechanism is observed, as it has already been shown by (Bazzoni,
2014): fibrils start to grow on C3S grains within the induction period. They continue to grow
until the surface of the grains is completely covered, which corresponds to the maximum heat
flow of the calorimetry curve. Then a deceleration of the kinetics of the hydration occurs,
corresponding to the formation of the inner-product. This mechanism seems not to be changed
by the presence of isopropanol. Only the time scale is different.
- The measured Ca/Si ratios in C-S-H are consistent with the generally observed values. It
seems that isopropanol increases the Ca/Si ratio but this has to be confirmed.
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Abstract7

To enhance the substitution of SCMs in cements, a better understanding of the formation of hydration8
products is necessary. Calcium Silicate Hydrates (C-S-H) being the main product of hydrated Portland9
cements is the main focus. A better understanding of the kinetics, growth mechanism and atomic10
structure will provide us with knowledge in assessing the new alternative material for substitution on a11
more scientific basis rather than trial and error. Real cement systems are too complex to perform such12
kind of studies due to the presence of many phases. Hence we have adopted a synthetic approach to13
precipitate C-S-H and gain more insight into the kinetics and growth mechanism of C-S-H. According14
to the state of art in synthetic systems, it has been very difficult to achieve higher Ca/Si ratio (1.7~ 1.9)15
with the highest reported ratio of Ca/Si ratio around 1.6 whereas in real systems it is often > 1.6. The16
aim of this project is to synthesis C-S-H via precipitation route at Ca/Si ratio varying from 0.7 to 2.17
All the physical parameters such as pH, Ca2+ ion concentration, reactant addition are monitored.18
Reaction times between 1 and 24 hrs. producing a solid precipitate of C-S-H. The solid is separated,19
washed and filtered over the 200nm filter. The collected solid and the aqueous phase has been20
characterized by XRD, TGA, ICP, SEM-TEM, BET and 29Si NMR. The characterization results showed21
that we could achieve higher Ca/Si: 2, with Ca(OH)2 being present at less than 1% in the solid. It is the22
first time anyone could produce such a high Ca/Si ratio in a synthetic system. Also, on comparison of23
experimental results with thermodynamics modeling software (i.e.) Gibbs energy minimization software24
(GEMS) a good match ids found when the formation of Ca(OH)2 is prohibited in the simulations.25

Originality26

For the first time synthetic C-S-H has been produced with such a high Ca/Si ratio 2.27
In-house developed synthetic precipitation system to produce desired Morphology28
varying from Nanoglobules to Nanofoils with Ca/ Si ratio varying from 0.7 to 2. Good29
correspondence with the thermodynamic modelling.30

31
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1. Introduction33

The main product of the hydration of Portland cement is a nearly amorphous material as34
shown in figure 01, Calcium Silicate Hydrate (C-S-H) that forms up to about 50-60% by35
volume of the paste. In portland cement, C2S and C3S hydrate by reaction with water to form36
calcium hydroxide (CH) and C-S-H. Cement shorthand nomenclature is used throughout this37
report, where C=CaO, S=SiO2, A=Al2O3, H=H2O. The hyphens in C-S-H indicate indefinite38
stoichiometry and the hydrate is sometimes referred to as “C-S-H gel”.1,239

40
Figure 01: Components of cement paste341

42
In the last few decades, many new aspects of the C-S-H have been revealed with the43
advancements in the analytical techniques and application of new methods such as nuclear44
magnetic resonance (NMR) spectroscopy. Recent experiments are able to give some45
information about its atomic structure, hence; the atomic structure of C-S-H gel is partially46
resolved.2,4,5 However, experiments have revealed that C-S-H gel has a layered structure, at47
short length scales (1 to 5) nanometers and the layers stack to form compact domains in48
which the distance between individual C-S-H layers is of the order of a few nanometers, i.e.49
the same order as the interlayer distance in a Tobermorite or Jennite crystals. At larger length50
scales (5 to 100) nanometers, these ordered stacks form three-dimensional structures called51
C-S-H particles. Transmission Electron Microscopy (TEM) revealed that the actual C-S-H52
particle is disk shape and has a thickness of 5 nanometers with the long axis in the 60 nm53
range.6–9 During hydration these C-S-H particles grow and perhaps aggregate to form54
low-density and high-density C-S-H gel at the micron length scale. The amorphous nature of55
C-S-H makes it very difficult to measure the amount of “bound” and “unbound” water in56
C-S-H gel and thus, makes the quantitative measurements (such as surface area) extremely57
challenging. Also, other compounds such as Calcium Hydroxide (Ca(OH)2) coexist with the58
C-S-H gel. Hence, it is very difficult to separate Ca(OH)2 from C-S-H gel. In addition, since59
C-S-H has no fixed stoichiometry, the chemical composition of C-S-H gel can change from60
point to point within a cement paste and hence, C-S-H gel is often defined by its average61
molar ratio of CaO to SiO2 (Ca/Si) ratio.1,10,1162
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63

Figure 03: Ca/Si vs pH1264

65

This value varies from 0.8 to 2.1 in hydrated Portland cement systems and has an average of66
about 1.75. The C-S-H systems may be divided into low and high lime content categories67
partitioned by the C/S ratio of about 1.4 where chemical and physical properties change68
noticeably.13 The pH varies along with change in Ca/Si ratio in C-S-H system and has been69
reported by several authors to follow trends as shown in figure 03.14,1570
Hardened cement paste (HCP) microstructure is composed of a highly heterogeneous system71
of several kinds of solids and pores of various sizes and shapes. The composition of mature72
cement paste can be seen in figure 4, which shows major products as C-S-H. Another primary73
hydration product is calcium hydroxide (Ca(OH)2) which has a crystalline structure. There are74
also some minor components such as AFm and Aft phases (Ettringite and monosulphate)75
which are generally crystalline and vary considerably in morphology and size. Additionally,76
unhydrated cement particles may occupy the volume depending on the degree of hydration or77
water/cement (w/c) ratio. In addition there may be accidental or deliberately entrained air78
voids, and larger empty spaces where the pastes has not been properly consolidated. The total79
pore volume depends on the water/cement ratio, degree of hydration, curing condition etc.80
Figure 4 displays the microstructure of hardened cement paste. It is quite clear that, its81
difficult to study the growth kinetics of C-S-H in real system hence we need more pure and82
model systems to arrive at any sort on conclusive results.16 1783
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84

Figure 04: Hydrated cement system1885

During precipitation new particles are created by nucleation events. The rate of nucleation86
plays an important role in controlling the final particle size distribution; however, this step is87
the most poorly understood. The nucleation process can be broken down into three main88
categories: (1) primary homogeneous, (2) primary heterogeneous and (3) secondary89
nucleation. Homogeneous nucleation occurs in the absence of a solid interface; heterogeneous90
nucleation occurs in the presence of a solid interface of a foreign seed and secondary91
nucleation occurs in the presence of a solute-particle interface. The mechanisms that govern92
primary and secondary nucleation are different and thus result in very different rate93
expressions. Therefore, the relative importance of each nucleation process varies with each94
specific precipitation reaction. Among several possibilities of synthesizing C-S-H, two of the95
most often encountered is:96

 Direct precipitation: For the direct precipitation approach different reactants may be97
used i.e. solutions may be made from silica and Ca(OH)2 or by using sodium silicate98
and calcium nitrate solutions. The results from both methods have been used to99
augment the thermodynamic modeling for C-S-H. This methods often result in large100
quantities of product but accompanied with the drawbacks that often the101
supersaturations used are far higher than those found in hydrating cement, by a factor102
100 to 10000. The C-S-H gel produced has been well characterized chemically but103
physical characterization (particle size, size distribution, particle morphology, specific104
surface area) has not been reported. With more investigation on concentration in105
mother liquor allied with thermodynamic modeling, can help to approach106
supersaturations found in cementitious systems.19,20107

For thermodynamic modelling the GEM-Selektor(GEMS) is a Gibbs Energy Minimization108
program package for interactive thermodynamic modeling of heterogeneous aquatic109
(geo)chemical systems will be used. It is a useful tool in not only predicting the state of the110
experiment, but with validation with our system can be used to design future experiment with111
known/predicted conditions.21112
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2. Materials and Methods113

2.1 Synthesis and development of semi-crystalline calcium silicate114

C-S-H synthesis is done by the double precipitation of calcium salts (Ca(NO3).4H2O) with115
silicate (e.g. Na2SiO3.5H2O) in solution phase. Further, the C-S-H precipitate is washed with116
water-ethanol mixture to remove unwanted ionic species in the precipitate. The overall117
experimental setup and condition is show in the Figure 5. We kept the Ca to Si ratio constant118
at 2 and precipitation were carried out in two ways namely - Dropwise andMicromixer.119
In the Micromixer method , we introduce NaOH in a reaction vessel and Calcium nitrate and120
Sodium silicate are introduced into the reactor after micromixing, whereas in the Drop wise121
method NaOH is present in the reaction vessel along with Sodium silicate and Calcium122
carbonate is introduced in the vessel in a drop wise manner at a fixed rate. The chemical123
concentration used were 0.2 mol/L for calcium nitrate and 0.1 mol/L for sodium silicate.124
Solutions in both cases were prepared by mixing with ultra pure water previously boiled to125
110°C to remove the CO2. The gel obtained after precipitation was washed as mentioned126
before and filtered and stored in air tight containers. The pH value of the solution was127
adjusted to about 13.3 using sodium hydroxide (NaOH) appropriate concentration.128

129

130

Figure 05: Micromixer method131

132

Figure 06: Dropwise method133
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3 Results and discussion134

3.1 Concentration, Super saturation and Final ratio.135
In micromiser case, the super saturation value is order of 105 shown in figure 07, whereas in136
the case of the Dropwise method the super saturation is a function of time which changes with137
the addition of Calcium nitrate as shown in figure 07. Although due to formation of138
precipitate and consumption of solutes, the calculated Super saturation is the maximum super139
saturation possible, the actual super saturation will be always lower than calculated super140
saturation. ICP measurement shown in figure 07, the Ca/Si ratio obtained is close to input141
ratio (i.e.) 2.142

143

Figure 07 Concentration and Ca/Si ratios144

3.2 Chemical and structural analysis145

FTIR analyses were performed on the sample and we can clearly see in figure 8(a) the peak of146
Q1, Q2 and Si-O-Si bonding of C-S-H in the sample. The presence of some Aragonite was147
seen in the case of the Dropwise method, where as no portlandite was detected in any of the148
samples. Figure 08 shows no additional peaks of presence of portlandite at the expected149
wavenumber of 3600 (cm-1). During XRD analysis we can clearly observe the two crystalline150
peaks of convectional C-S-H reported in the literature occurring at 30 & 55 (degrees 2 )151
(Figure 8(b), whereas no peaks for portlandite or calcium carbonate are observed, for both the152
Dropwise and Micro mixing methods.153

154

155



7

156

Figure 08: FTIR & XRD analysis157

TGA analysis was performed on dried (6 hrs. & 10 hrs. in nitrogen) and non-dried samples.158
We see higher water losses in Micromixer case, before drying (Figure 9(a)). Figure 09 (b)159
shows the two graphs for the sample from dropwise and micromixer method after dyring for 6160
and 10hrs respectively. The TGA analysis shows that we do not posses portlandite greater161
than 1% of the total solid formation in any of the samples. The . Micromixer sample shows162
two extra dweight losses (200-300°C and 600-800°C) in the curve which has been attibuted to163
a secondary "gel" phase seen in TEM analysis, which is believed to be formed at early state of164
reaction in the micromixer from which the foil like structures (see below) which dominate the165
morphology are formed as at these high pHs (13.3).166

167

Figure 09: TGA analysis168

169

3.3 Morphological analysis170
TEM analysis shows nanofoils like morphology which are more homogenous in the Dropwise171
method (Figure 10(b) when compared to the Micromixer method (Figure 10(a)where we have172
a secondary phase in the background that seems to be more of globular gel like phase which173
we believe is formed immediately after the rapid mixing of the reactant in the micromixer174
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where supersaturations are extremely high (105). The Dropwise method shows very175
homogenous sheet formation as shown in figure 11 where SEM imaging confirms the176
formation of the nanofoils.177

178

Figure10: Nanofoils formation179

180

Figure11: SEM image181

182

Figure 12: Direct EDX analysis183

Region 1 Region 2
Ca (wt%) 32.06 32.16
Si (wt%) 25.31 25.15
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It was difficult to quantify the Ca/Si ratio using EDX, when performed directly on the sample.184
Although the ratio remain consistent over the regions tested. For more accurate quantification185
(corresponding to ICP results) sample can be further embedded into resin and slide flat186
surface can be analyzed under EDX.187
3.4 Comparison with thermodynamic modeling188
With GEMS we predict the formation of portlandite at 0.25 mol/L concentration of NaOH at189
about 12.3 pH value, whereas we do not see (<1%) of portlandite formation in our sample190
(pH 13.3). Under these conditions the C/S ratio for the C-S-h was predicted to be 1.6,191
significantly below the value of 2 seen in our experiments. The GEMS software was forced192
inhibit the formation of portlandite and under these conditions and we arrive at a very close193
agreement between the experimental and calculated values as shown in figure 12. In the194
process of shutting off the Portladite formation, we observe no change in the pH or any195
unexpected change of the species in solution. Please note that, the red small square shows our196
experimental point in each graph.197

198

Figure 13: Comparison with of experiment and thermodynamic modelling using GEMS199
– experimental points are red symbols in each of the figures200

201

4 Conclusions202

The synthetic precipitation synthesis route produces homogeneous phases, with a plate-like or203
nanosheet morphology.. For the first time in the a higher Ca/Si ratio was prepared in a204
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synthetic system, this was achievd by controlling the pH of the system with NaOH. The205
formation of portlandite is inhibited in our experimental system . Mixing did not play a206
significant role considering the high concentration and supersaturation, although some207
residual globular gel particles were observed suggesting a two-step formation of C-S-H in the208
Micromixing method. The dropwise precipitation showed the homogeneous formation of209
Nanofoils for our chemical system and concentrations. GEMS showed good correspondence210
for our system when the precipitation of portlandite was inhibited and hence can be useful for211
designing future experiments planned to investigate different C/S ratios.. Further chemical212
characterization is underway to help us to clearly identify the degree of homogeneity at213
different levels and further investigation of the kinetics of the growth of the high C/S ratios214
nanofoils is planned..215
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Abstract
This work aims to clarify the impact of alkali and sulfate on the morphology of C-S-H, which is the main product of
cement hydration, responsible for the development of strength. It is observed that sodium salts lead to an acceleration
of the hydration rate at early ages but the effect at later ages differs. The morphology, as well as the chemical
composition, of this phase is dependent on the surrounding solution composition. The presence of alkali salts appears
to impact the morphology of C-S-H at early ages which at the same time seems to influence its ability to fill the space at
later ages. A plain white cement system is compared to systems with the addition of NaOH and Na2SO4, two Na-salts
which accelerate the hydration of cement at early ages. In the plain cement, C-S-H adopts a needled divergent structure
which grows outwards from the surface. The presence of NaOH seems to lead to a C-S-H which is more parallel to the
surface, without growing outwards. On the contrary, Na2SO4 leads to a comparable morphology to the one in the plain
system, thus sulfate ions seem to correct the morphology of C-S-H. The same changes in the morphology of C-S-H are
observed in alite-based systems.

Originality
Working with a cement which has a very low alkali content allows a proper study of how alkalis impact hydration to
further understand their impact on cement hydration. Furthermore, this work compares the hydration of alite with the
hydration of cement, which is an important insight to be able to clarify the role of components like alumina or sulfate,
those being scarce and absent respectively in alite.

Keywords: hydration, C-S-H, microstructure, alkalis, sulfate.
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1. Introduction

It is generally accepted that alkalis accelerate the hydration of cement (at least initially), which usually
leads to a higher strength development at early ages. However, alkalis may have a detrimental impact
on strength at later ages (Jawed and Skalny 1978). At present there is no clear explanation of the
impact of alkalis. Some authors (Odler and Wonnemann 1983; Smaoui et al. 2005) reported a
detrimental effect on compressive strength also at early ages. At present there is no clear explanation
of the impact of alkalis. It is also possible that alkalis affect the structure and the intrinsic properties of
the hydrates in addition to the rate of hydration. It has been speculated that the changes in the
mechanical behaviour in the presence of alkalis may result from changes in the morphology and
changes in the composition of hydrates, especially C-S-H but also portlandite. However, this has not
been systemically confirmed and findings in the literature are often contradictory (Kumar et al. 2012;
Škvára 2007; Way and Shayan 1989).

2. Experimental

2.1. Raw Materials

The chemical composition (analysed by XRF) of the white cement used for the experiments is the
following: 24.40 wt.% SiO2, 2.12 wt.% Al2O3, 0.32 wt.% Fe2O3, 68.13 wt.% CaO, 0.56 wt.% MgO
and 1.94 wt.% SO3. Both sodium salts were dissolved in water prior to the mixing to ensure a
homogeneous distribution. The compositions were selected to be equivalent in sodium.

Tab. 1 Chemical composition of alite and white cement
Oxide CaO [%] SiO2 [%] MgO [%] Al2O3 [%] Fe2O3 [%] SO3 [%]

White cement 68.13 24.40 0.56 2.12 0.32 1.94
Alite 70.61 23.81 1.86 1.11 - -

2.2. Experimental Process

40 g of cement were mixed with de-ionized water (DI-water) or the appropriate aqueous solution of
NaOH or Na2SO4 to achieve a water to cement (w/c) ratio of 0.4. The pastes were stored in sealed
conditions at 20°C and care was taken to minimize exposure to the air to limit carbonation.

The heat release was recorded by isothermal calorimetry at 20°C.

The surface of the grains was observed at different times during hydration, with a FEI XLF-30 SFEG-
SEM in secondary electrons mode. The overall development of microstructures was observed on
polished sections in backscattered electron mode. The microscope parameters are shown on the
micrographs or indicated in the captions.

For all the microscopy samples the hydration was stopped by solvent exchange with isopropanol. For
the SEM-SFEG specimens, 0.5g of the paste was taken out from the sealed sample at the required
times and immediately stirred (retention filter Ø ≥ 5 µm) with isopropanol in a funnel for 3 minutes to
remove the water. The dried powder was dispersed on an adhesive carbon tab and coated with a
carbon layer of 10-15 nm. For the BSE specimens, the hydration of a slice was stopped by immersion
in isopropanol. It was followed by impregnation in a low-viscosity epoxy resin, polishing with a
diamond powder down to 1µm and carbon coating.



3. Results and Discussion

Figure 1 shows the evolution of the heat release from isothermal calorimetry as a function of the
hydration time. Both in cement (Figure 1a) or alite systems (Figure 1b) it is observed that Na-salts lead
to a steeper slope during the acceleration period, an earlier occurrence of the silicate peak and a shorter
induction period.

(a) White cement systems (b) Alite systems

Figure 1 Heat release of each sample over the first 24 hours. Full dots in the nucleation and growth period
indicate the time at which hydration was stopped (by solvent exchange).

Figure 2 shows the mechanical strength as a function of the degree of hydration (DoH) of cement.
First of all, there is a kinetic effect: the systems with alkali salts do not hydrate as much as the plain
system at later ages. This could be due to the higher aluminate concentration in solution expected in
the presence of alkalis which inhibits the silicate dissolution. Second, for a same DoH, the two alkali
systems show different values of mechanical strength. The mechanical strength is lower in the case of
NaOH compared to the Na2SO4 system, the latter following the same trend as the plain system. The
study of the matrix of hydrates may be helpful to understand these changes in the resulting mechanical
strength.

Figure 2 Compressive strength of white cement mortars as a function of the degree of hydration of cement



Figure 1a and Figure 1b show the times at which the hydration was stopped to analyse the morphology
of C-S-H, which correspond to the images in Figure 3. Not only are the kinetics changing with the
addition of alkali (Figure 1) salts but also the morphology of C-S-H. The same changes in the
morphology of C-S-H have been observed on cement (Figure 3) and alite (Figure 4) systems:

- In the reference cement system (Figure 3a) the C-S-H is growing outwards from the surface
with a needle-like morphology. These needles grow in a divergent morphology or sometimes they
appear to grow in parallel. Some precipitates of CH can also be detected. In the case of alite, C-S-
H adopts a convergent needle-structure (Figure 4a).

- The addition of NaOH (Figure 3b) leads to a more planar, foil-like C-S-H. It grows more
attached to the surface of the grain resulting in a network of needles which cover the surface. This
morphology was observed not to change throughout the nucleation and growth period. In the alite
system the presence of NaOH (Figure 4b) leads to a more planar/foil-like C-S-H. In the two
systems C-S-H doesn’t grow outwards from the surface.

- The addition of Na2SO4 (Figure 3c) does not show the same behaviour as NaOH. C-S-H leads
to a more divergent morphology. In cement systems, Na2SO4 promotes a C-S-H similar to the one
in the plain system. For alite systems, the presence of Na2SO4 (Figure 4c) leads to a more
divergent needle-structure, and the resulting morphology resembles the one in the cement system
with Na2SO4.

a) Plain – 6h30 b) NaOH – 3h c) Na2SO4 - 4h30

Figure 3: The micrographs show the surfaces of cement grains covered with C-S-H at the middle of the
acceleration period (full dots in the calorimetry curve).

a) Plain – 7h30 b) NaOH – 3h c) Na2SO4 – 3h30

Figure 4: The micrographs show the surfaces of alite grains covered with C-S-H, all the samples hydrated at
4% DoH (full dots in the calorimetry curve).



SEM-BSE images at later ages show that the Na2SO4 (Figure 5c) leads to a similar distribution of
hydrates than the plain one (Figure 5a), where C-S-H is the main phase that fills the space. This
confirms that a divergent morphology of C-S-H during the acceleration period will allow it to grow
outwards from the surface to better fill the porosity. On the contrary, in the case of NaOH (Figure 5b),
SEM-BSE micrographs reveal limited growth of outer C-S-H. This can be linked to a more planar,
foil-like C-S-H observed during the nucleation and growth period which is not able to grow outwards
and, consequently, is not filling the space as it does in the other two systems. The divergent
morphology of C-S-H observed in the presence of sulfates could result from the sulfate sorption on C-
S-H.

a) Plain – 28d b) NaOH – 28d c) Na2SO4 – 28d

Figure 5 SEM-BSE micrographs of cement systems at 28 days. Working conditions: 15 kV, 12 mm of
working distance, spot size 4.

4. Conclusions

In this work, we observe that the addition of alkali salts accelerates the hydration of cement during the
first hours and at the same time influence the morphology of C-S-H. In the presence of NaOH it is not
possible to identify the needle structure in C-S-H as it is not growing outwards from the surface. On
the contrary, Na2SO4 does not change that much the morphology of C-S-H compared to the plain
system and the presence of sulfate seems to be responsible for a divergent needled-structure.

The morphology of C-S-H during the acceleration period seems to impact its ability to fill the empty
space at later ages. In the plain cement system, SEM-BSE images allow the observation of a matrix of
hydrates where C-S-H product is easy to identify as it mostly fills all the space. On the contrary, the
addition of NaOH clearly leads to a different matrix distribution in which the space does not appear to
be filled by C-S-H product.

This study demonstrates the influence of the chemical composition of the solution on the morphology
that C-S-H adopts when it is growing. It is also possible to see that changes induced on the C-S-H at
very early ages may have a remarkable impact on the development of the final matrix of hydrates.
These results require further investigation to identify other parameters which may contribute to the
final mechanical properties.
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Abstract11

Understanding the underlying mechanisms of cement hydration has been quite difficult due to the complexity of the12

system and its continued reaction over time making it hard to observe experimentally. Although atomistic13

simulations might be useful to study how the presence of different species affect the nucleation and growth of14

hydrates, the atomic structure of C-S-H, the main hydrate phase, is not clearly known or agreed upon and remains15
an open question. Proposed structures of C-S-H have been mainly based on tobermorite and a model structure is16

created by introducing defects in the original non-defective tobermorite structure. This work aims at studying the17

different defects that can be considered and study their structural features towards creating a realistic C-S-H model.18

Originality19

In this work we try to arrive at the atomic structure of C-S-H by careful consideration of the defective structures and20

its polymorphs. This has not been rigorously done before and usually a defective structure matching the Ca/Si ratio21

needed is simply created by randomly depolymerizing Si chains and/or by addition of Ca in the interlayer space22

without actually looking at its stability or variations. Our approach has the potential to consider the creation of a23
model C-S-H with actual knowledge of the features of different defects that could exist.24

Keywords: Cement, C-S-H, Molecular dynamics, Tobermorite25

26



1 INTRODUCTION27

28

The main hydration product when cement is mixed with water is calcium silicate hydrate (C-S-H) [1].29

This phase has a variable composition as the hydration progresses, it is nano-crystalline [2,3,4,5] and has30

a complicated layered structure with varying water content in the interlayer space [6]. Due to its nano-31

structural features and continued change in composition with hydration time, C-S-H is difficult to32

characterize experimentally [7, 8, 9]. Also a significant part of the C-S-H structure is constituted of33

surfaces in contact with water/solution and it becomes critical to understand the interactions at these34

surfaces to better comprehend the final properties and the reactions in cementitious systems. But the first35

biggest challenge is to determine the atomistic structure of C-S-H itself [10]. 29Si NMR spectroscopy has36

been used to study the arrangement of silicon layers in C-S-H and it shows the presence of silicate chains37

composed of mainly dimers, pentamers and octamers with Q0 ~ < 2 %, Q1 ~ 40-65 % and Q2 ~ 33-60 %38

[6, 11, 12, 13, 14] (where Qn refers to the percentage of Si connected to n Si atoms.). These results39

indicate that a characteristic feature is the presence of linear three-unit repetition Silicon chains, so called40

“dreierketten”. Most of the models for the structure of C-S-H are based on the natural minerals41

tobermorite and jennite, which have the same “dreierketten” chains observed from NMR results, but42

infinite in one direction.43

In this work, we mainly consider 14 Å tobermorite which is structurally [5,8,15] and compositionally [4]44

closest to the C-S-H structure observed. The structure of tobermorite itself is complicated, composed of a45

calcium plane bordered by two parallel “dreierketten” silicon tetrahedral linear chains. This layered46

structure is repeated, with a repetition distance of 14 Å, in the perpendicular direction with an interlayer47

space consisting of some Ca ions and water molecules as shown in Figure 1. Tobermorite presents a48

significant order disorder character, with different polymorphs and stacking sequences [16]. 14 Å49

tobermorite has an effective calcium to silicon (Ca/Si) ratio of 0.83[17]. This is quite low compared to50

Ca/Si ratio of C-S-H which varies between 1.2 and 2.1, with an average value of 1.75 [7]. In order to51

achieve higher Ca/Si ratio, the possible ways one can imagine are by the removal of bridging silica52

tetrahedra (SiO2), the deprotonation of silanol groups which can be charge compensated by additional53

calcium ions and the addition of CaO or Ca(OH)2 in the interlayer. Thus C-S-H can essentially be seen as54

a defective tobermorite structure with varying composition. By removing some silica tetrahedra, the55

infinite silicon chain is broken leading to the appearance of Q1 in NMR spectra. It is quite challenging to56

quantify experimentally the kind of defects present in C-S-H and this favors the application of theoretical57

approach to study the variations of possible defects.58



Different defective structures can be created with atomistic tools and their stability can be studied using59

force field potentials in classical molecular dynamics. This modeling approach has the potential60

advantage of allowing study of the properties and processes happening at the interface from an atomistic61

point of view and then to extend it to the microscopic/macroscopic experimental observations. Recently,62

Pellenq et al. [18, 19] and Kovačević et al. [20] have done molecular dynamics modeling of C-S-H. Both63

of these authors started with 11 Å tobermorite as the base structure and then randomly remove SiO264

groups and, in the case of Kovačević et al., addition of some Ca ions in different steps. Pellenq et al.65

started with dry tobermorite with 4x2x1 crystallographic unit supercell and removed SiO2 groups guided66

by NMR results. Water adsorption is done in a Grand Canonical Monte Carlo simulation at 300 K, but in67

addition to the interlayer the water also goes in between the silicate chains. The main drawback of this68

model is the absence of OH ions and extremely high percentage of monomers, Q0. The authors have tried69

to take account of these shortcomings in recent work using the ReaxFF potential to split water molecules,70

making it possible to have hydroxyl group and thus forming Ca-OH. The hydrogen of the split water71

molecules mainly reacted with non-bonding oxygen of the silicate chains, forming protonated silanol72

groups. However experimental results indicate that the amount of protonated silanol groups in C-S-H is73

negligible [21]. In order to remove the monomers they allow for (random) polymerisation of the silicates74

yet this leads to a silicate chain structure that is in violation of the dreierketten pattern that exist in C-S-H,75

where we only have dimers, pentamers, octamers and so on.76

On the other hand Kovačević et al. has compared three different ways of increasing the Ca/Si ratio of77

tobermorite in order to approach the C-S-H structure and compared them to the early model by Pellenq et78

al. [18]. The first consisted of removing only bridging tetrahedrons and adding additional Ca(OH)2 units79

to the structure. The second consisted of removing both dimers and bridging tetrahedra from the silicate80

chains. The third approach was to randomly remove silicate tetrahedra, similar to the approach taken by81

Pellenq et al. The authors then relaxed the structures using the ReaxFF force field, similar to the approach82

in the recent work of Pellenq et al [19].83

All the models have the final Ca/Si ratio of 1.65 and their total energies and the local order of the84

structures are calculated to conclude what structure is most probable in C-S-H. The authors conclude that85

the way of constructing the initial structure has a non-negligible influence and the addition of Ca(OH)2 in86

the interlayer needs to be included when constructing a C-S-H model.87

In this work, we go further in the study of different local structures and defects, including a larger range88

of possible structures, to determine which would need to be included in a model to construct a realistic C-89

S-H structure, taking into account all the available experimental data, which can be resumed as follows:90



 Average Ca/Si ratio of around 1.6-1.75 [4]91

 Chain length between 3.3 (fresh cement) and closer to 5 (~22 year old cement), with 60 (fresh) to92

40 (old) % dimers and the rest being longer chains.[10]93

 Small (negligible) amount of protonated silanol groups [21]94

 Around 23 % of the Ca charge compensated by OH ions, corresponding to a ratio of 0.46 .[22]95

 Approximate stoichiometry: Ca1.7SiO3.7 ·1.8 H2O, excluding surface water.96

 “Solid” density (i.e. excluding surface water) of about 2.6 g/cm3 [23].97

 A nanocrystalline character with ordering up to a length scale greater than 3 nm as observed by98

different authors [5,8,24], with X-ray structure factors indicating a significantly larger scale99

ordering than that observed in ,for example, silicate glasses [25].100

None of the currently available models are able to conform to all these experimental observations101

and no explanation for the nanoparticulate nature of C-S-H, which persists even after prolonged102

ageing, has come from the current models. It is the opinion of the authors that in order to achieve this,103

a wider range of possible defect structures needs to be considered. Additionally an idea of the104

influence of structural details and the order/disorder character of tobermorite and the influence of the105

defect concentration is needed.106

2 METHODS107

2.1 SIMULATION108
109

Classical molecular dynamics with force field potentials have been used in this work. Short range van der110

Waals interactions were defined using Lennard-Jones and Buckingham potentials for different species.111

For the bonded interactions in the hydroxyl molecules and silicate chains, Morse potential and Harmonic112

angle potentials are used. Detailed description of the different species and their interaction potentials can113

be found elsewhere [26]. For water molecule, the TIP4P/2005 rigid model was adopted. An isolated114

defective unit in a supercell of 4x3x1 14 Å tobermorite unit cells is used for the molecular dynamics115

calculation resulting in a simulation cell of 27x18x28 Å. For some of the defects both the B11b [17] and116

the possible polymorph structure of tobermorite are considered. After pre-equilibration the system is117

equilibrated for 35 ps and then data is collected over a simulation period of 105 ps using the anisotropic118

NPT ensemble. Classical molecular dynamics is carried out using the package DL_POLY 2.20 [27]119

2.2 STRUCTURE BUILDING120
121



A total number of 11 different defects with Ca/Si ratios ranging from 1.0 to 2.5 are considered here. The122

methods adopted to create the different defect structures considered in the paper are described below and123

are summarized in Figure 2. A polymorph of the B11b structure for most of the defects, which might124

coexist in real structures, are also considered.125

126

For Ca/Si ratio of 1.00, the protons of two neighboring silanol groups of two bridging silicate tetrahedra127

on either side of the interlayer are removed from the back bone of 14 Å tobermorite (Ca/Si of 0.83).128

Figure 2. The protons can be removed from the two different silanol groups that are about equidistant,129

hence we have two possibilities and both of them are considered.130

131

For Ca/Si ratio of 1.25, a bridging silicate tetrahedron of a silicate dreierketten chain, equivalent to a SiO2132

group, is removed from the structure. The hydrogen of the silanol group of the removed bridging silicate133

tetrahedron is transferred to one of the adjacent paired silicate tetrahedra (Figure 2). The loss of the two134

oxygen atoms can then be compensated by the addition of two water molecules. In the second variant of135

this defect, the two oxygen atoms are replaced by one water molecule and a hydroxyl group. The charge136

of the additional hydroxyl group is then compensated by protonating the free silanol group of the second137

paired silicate tetrahedron adjacent to the defect.138

139

For Ca/Si ratio of 1.5, one can start from the previously described Ca/Si = 1.0 defect structure and remove140

one of the bridging silicate tetrahedron, similar to how the Ca/Si ratio is raised from 0.83 to 1.25. Two141

water molecules are then added to compensate the loss of the two oxygen atoms as done previously for142

Ca/Si 1.25 case. In the second variant of this defect, instead of replacing the removed oxygen atoms by143

two water molecules one can replace them by either one water molecule and a hydroxyl group,144

protonating one of the free silanol groups, or by two hydroxyl groups, protonating the free silanol groups145

of both of the paired silicate tetrahedra adjacent to the defect. Only the latter variant is considered here.146

147
For Ca/Si ratio of 1.75, a bridging silicate tetrahedron is replaced by a calcium and a hydroxide ion from148

the original 0.83 tobermorite. Stoichiometrically this is equivalent to replacing SiO2+ unit by a Ca2+ion.149

The removed oxygen is replace by a water molecule. In the second variant of this defect, instead of150

adding Ca(OH)+ and a water molecule, one can add a Ca(OH)2 and protonate the free silanol group of one151

of the paired silicate tetrahedra adjacent to the defect.152

153

For Ca/Si ratio of 2.0, a bridging silicate tetrahedron is replaced by a calcium and two hydroxide ions154

from the 1.0 Ca/Si ratio defect structure, similar to raising Ca/Si ratio from 0.83 to 1.75.155



Stoichiometrically this is equivalent to replacing an SiO2 unit by a Ca(OH)2 . No water molecule is added156

in this case.157

158

For the last defect, Ca/Si ratio of 2.5, two bridging and two paired silicate tetrahedral from two adjacent159

14 Å tobermorite units are removed. Stoichiometrically this is equivalent to removing Si4O9(OH)24- and160

the resulting charge is compensated by adding four hydroxyl groups. Finally, to keep the total number of161

oxygen atoms in the structure a constant, seven water molecules are added.162

163



164

3 RESULTS165

The dimensions of the crystalline unit cell of an original 14 Å tobermorite calculated by molecular166

dynamics are shown in Table 1. Values from the XRD structure [BMK05] are also included in the table167

for comparison. It can be seen that the results obtained in our work are in very good agreement with168

experimental results. This again validates the applicability of the force field potentials used in this work169

for cementitious systems as well as portlandite systems [26]. In the case of defective structures, our170

results show that there is very limited structural relaxation for these defects which indicates that they are171

quite stable. The introduction of these locally higher Ca/Si defects will allow us to get closer to a C-S-H172

which matches all the experimental structural properties available, with fewer dimers, longer average173

chain lengths, fewer protonated silanol groups and more hydroxyl groups. It has been observed that174

polymorphism does not play a major role in all the defect structures that we have considered here. The175

resulting structure and their features are discussed for each defect in the following paragraphs.176

177

For the Ca/Si ratio 1.0 defect structure, we can see that both the bridging silicate tetrahedra that were178

deprotonated (dp sites in) have rotated compared to the initial bulk position. Also both the original and179

additional interlayer calcium ions are shared between them, one on either side of the silicate chain.180

Locally the water positions appear to have changed slightly but within the nearest neighbor waters. The181

density of the structure is slightly increased from 2.22 to 2.34 g/cm3 due to the replacement of two182

hydrogen atoms with a calcium and the bound water content is decreased from 5.3 %mol to 0 %mol (Table183

2).184

185

For the Ca/Si ratio 1.25 defect structure, one of the silicate tetrahedron adjacent to the defect, the one186

sharing the charge of the interlayer calcium with the defect site, has rotated compared to the bulk structure187

(rt site in Figure 4). The interlayer calcium ion has moved towards the original position of the removed188

silicate tetrahedron (Ca site in Figure 4) and one of the added water appears to occupy the original189

position of the hydroxyl group in the non-defective structure (wt site). No clearly defined site occupancy190

is seen for the other additional water molecule and it seems to cause a certain amount of positional191

disorder of the surrounding water molecules. The density of this structure is 2.1 g/cm3 and it contains192

about the same amount of chemically bound water but significantly higher amount of physically bound193

water compared to the non-defective structure. In the case of the second variant of this defect, the amount194

of chemically bound water is increased and the amount of physically bound water is decreased, making195

the total water content constant. Also, 20 % of the charge of the calcium ions is compensated by196



hydroxyls of Ca-OH groups. Here the structure of the second variant appears to be closer to the original197

14 Å tobermorite structure than the first with the interlayer calcium essentially occupying the same198

position as in the non-defective bulk structure (Ca site in Figure 5). The hydroxyl groups (h and p sites)199

are clustered around the vacated bridging silicate site and the positional disorder of the water structure is200

much less pronounced.201

202

For the Ca/Si ratio 1.5 defect structure, positional disorder in the interlayer has increased (Figure 6).203

One of the two interlayer calcium atoms (Ca site), that are shared between the defect site and the silicate204

chain on the other side of the interlayer, is found to be occupying a position closer to one of the free205

silanol groups of the paired silicate tetrahedra next to the defect site. The other calcium seems to occupy206

similar position as in the Ca/Si 1.0 defect structure. The positions of the water molecules appear to have207

become quite ill defined. One of the additional water molecules (wt site) is situated between the two free,208

deprotonated silanol groups next to the defect site, donating a hydrogen bond to each of them. The density209

of this defect structure is 2.20 g/cm3 (Table 2) and the water content is very high 52 %mol and no210

chemically bound water. In the case of second variant considered for this defect, the percentage of211

chemically bound water is higher (19 %mol) and that physically bound is smaller (33 %mol). Three of the212

four hydroxyl groups (p and h1 sites in Figure 7) are clustered around the defect position, the hydrogen213

atoms more or less pointing towards the original position of the removed silicon ion. The fourth hydroxyl214

group (h2 site) has in fact moved away from the original defect position. The position of the interlayer215

calcium ions seem to correspond to the position in the Ca/Si 1.0 defect structure whereas the positions of216

the water molecules appear to be better defined compared to the first variant of Ca/Si 1.5 defect. In this217

variant 33 % of charge of calcium ions is compensated by hydroxyls. This is higher compared to what is218

seen experimentally (23 %)219

220

For the Ca/Si 1.75 defect structure, the additional calcium ion (Ca site in Figure 8) occupies a similar221

position in the structure as the removed silicate tetrahedron but slightly displaced towards the interlayer222

hydroxyl group (h site). The second calcium ion retains its position in the non-defective structure. The223

additional water molecule (wt site) is found to adopt a position similar to the one occupied by the224

hydroxyl group of the bridging silicate tetrahedron removed. For the other water molecules the positional225

disorder seems to have significantly increased compared to the non-defective structure. The density of the226

structure is higher 2.3 g/cm3 (Table 2) due to the additional calcium in the interlayer. The amount of227

chemically bound water is similar to the original 14 Å tobermorite but the total water content is higher.228

The second variant considered has higher chemically bound water and lower physically bound water,229

keeping the total water constant. The additional calcium ion (Ca site in Figure 9) occupies more or less230



exactly the position of the removed silicon ion, only slightly displaced towards the center of the interlayer.231

This is possibly to accommodate the larger Ca-O nearest neighbor distance compared to Si-O. One of the232

interlayer hydroxyl (h1 site) is shared between the two interlayer calcium ions whereas the second233

hydroxyl (h2 site) has moved towards the defective calcium silicate sheet and is occupying a position234

similar to that of the hydroxyl of the removed bridging silicate tetrahedron. As in the case of other defects,235

the positional disorder of water molecules appears to be lower in the second variant. It can be observed236

that more chemically bound water and less physically bound water seem to decrease the positional237

disorder. The percentage of the charge of calcium ions that is compensated by the hydroxyl group of the238

Ca-OH are 14 and 29 % for the first and second variants of this defect respectively.239

240

For the Ca/Si ratio of 2.0 defect structure, the additional calcium ion (Ca site in Figure 10) lodges a241

similar position as the silicon ion it replaces whereas the other two interlayer calcium ions have not242

significantly moved from their positions in the Ca/Si 1.0 defect structure. The two interlayer hydroxyl243

groups (h sites) are shared between the interlayer calcium ions and are positioned approximately in the244

middle of the interlayer. A water molecule (wt site) donates a hydrogen bond to each of the dangling245

oxygen atoms of the paired tetrahedra positioned on either side of the defect site. The other interlayer246

water molecules have slightly increased positional disorder compared to the Ca/Si 1.0 defect structure.247

Here we find a relatively high density of 2.4 g/cm3 due to the large concentration of calcium ions in the248

interlayer and slightly higher percentage of chemically bound water. Calcium ion charge compensation by249

hydroxyl group is about 25 %.250

251

For Ca/Si ratio of 2.5 defect structure, surprisingly little disorder is observed from the molecular252

dynamics simulation. The positions of the calcium ions adjacent to the removed silicate chain do not253

appear to have changed, leaving the calcium sheet intact. The added hydroxyl groups (h sites in Figure 11)254

remain stably bound to the calcium layer throughout the simulation. The position of the interlayer calcium255

does not change significantly either. Due to the removal of a large number of silicates which are replaced256

by water, the density of this defective unit is very low (2.0 g/cm3) and the water content is very high257

(Table 2). Also 40 % of the charge of the calcium ions are compensated by the hydroxyl groups which is258

quite high. This time, the hydroxyl groups are part of the calcium-silicate layer, though not present as259

silanol groups as in the non-defective structure.260

4 DISCUSSION261

Now it is important to compare the structural details of our results to experimental observations reported262

in literature. We have observed a decrease of the silicate chain length, enrichment of the interlayer with263



calcium and the appearance of Ca-OH groups, as seen in experimental results with increase in Ca/Si ratio264

[3]. However this is not surprising since our methodology of creating defects was guided by experimental265

observations reported in literature, for example the removal of a single paired silicate tetrahedron was266

never considered here. Another structural feature is the evolution of the protonated silanol groups with267

increasing Ca/Si ratio which can be discussed with the help of precipitation enthalpies of these defects268

[26]. This will be discussed in a future journal paper and is beyond the scope of this paper. The small269

structural changes that we observed in the structures are mainly due to an increased structural disorder of270

the interlayer with increasing Ca/Si ratio. Thus we can sum up that increasing Ca/Si ratio is unlikely to271

change the nearest neighbor distances (interatomic distances) which is again consistent with experimental272

observations. However further analysis, like calculation of radial distribution functions of structures with273

higher defect concentrations should be done to confirm this point.274

We observe that both the water content and the density of the defect structures considered increase with275

increasing Ca/Si ratio as seen in experimental observations [28,23]. This is due to the increase of the276

calcium concentration in the interlayer and the replacement of oxygen atoms of the silicate tetrahedra277

removed with water. For instance, let us consider a structure with an overall calcium to silicon ratio of 1.7278

composed of 26 % non-defective 14 Å tobermorite units and 74 % defective tobermorite units with a279

Ca/Si ratio of 2.0. The resulting structure would have an average density of 2.4 g/cm3, a water content of280

43 %mol and 19 % of the charge of the calcium ions compensated by hydroxyl groups. Muller et al. [23]281

reported an overall water content for Ca/Si ratio 1.7 C-S-H to be 40-47 %mol, depending on whether or not282

a correction for the surface water is applied, which would be in good agreement with our results. The283

percentage of the calcium charge that is compensated by hydroxyl ions is a bit smaller than the284

experimental value (23 %) [22].This could be compensated by having a certain percentage of defect with285

higher compensation percentage (for e.g. Ca/Si 1.75 has 29 % charge compensation). The overall density286

is a bit lower than that reported by Muller et al. [23] (2.5 -2.7 g/cm3). But these experimental results are287

greatly influenced by the high surface area of C-S-H. Our simulations are at the moment for isolated288

defects in bulk tobermorite and due to the low density of defects, the interlayer distance is fixed to that of289

14 Å tobermorite. This paper has tried to imply that it is quite important to understand the different kinds290

of defects that could exist in C-S-H and before building a realistic model it is worth studying the291

structural features of these defects and their energetics [26].This knowledge can then be extended to292

systematically create a model C-S-H structure from defective tobermorite structures by carefully293

considering the different defects and their arrangements to form bulk structures and surfaces.294



5 CONCLUSION295

An attempt towards a systematic approach to creating a realistic C-S-H model from the structure of 14 Å296

tobermorite is put forth in this paper. By carefully studying a wider range of possible defects that increase297

the Ca/Si ratio of a C-S-H model (defective tobermorite) structure we can conclude that it is important to298

take into account the full range of different variations, structural features and details of the defects. In299

literature often a random distribution of the defective structures are seen, while in this paper we have300

attempted to convey the message that it is quite vital to understand the kind of defects that exists in a C-S-301

H structure before making a final structure. Our methodology has been guided by the experimental302

evidence, for instance, negligible silicate monomers are found in C-S-H and only bridging silicon303

tetrahedra or in one instance a silicate dimer are removed in our defective structures leading to creation of304

zero monomers in the final structures and a silicate chain structure consistent with the dreierketten motive305

only allowing chain lengths of 3n-1.306

It has been shown that by the combination of non-defective tobermorite structures with different amounts307

of defective structures, we can build a model with the required Ca/Si ratio, density, water content and308

charge compensation of calcium ions by Ca-OH groups. Once we take into account the stability of these309

defects (soon to be published), the authors aim to build a model/models for C-S-H structure. This model310

can then be used to create C-S-H surfaces and study the interactions with the help of molecular dynamics311

and other atomistic simulation tools.312
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7 TABLES AND FIGURES410

411
Table 1: Unit cell structure parameters calculated from MD compared with experimental XRD values412

a

[Å]

b

[Å]

c

[Å]

α

[o]

β

[o]

γ

[o]

MD 6.86 ± 0.34 7.27 ± 0.36 28.00 ± 1.40 90 ± 10 93 ± 10 123 ± 10

[BMK05] 6.74 7.43 27.99 90 90 123

413

414



415
Table 2: Density, percentage of chemically bound and physically bound water and the percentage of the charge of the calcium416
ions that is compensated by OH for different structures considered with their stoichiometry. The percentage of chemically and417
physically bound water are calculated from their respective stoichiometric formulas obtained and comparing it with the same418
written in format. If p is the coefficient of physically bound water, for instance 3.5 in Ca/Si ratio 0.83 , then percentage of419
physically bound water is and that of chemically bound water is, . is the ratio of the charges of the OH- ions with respect to the420
Ca2+ which corresponds to half the atomic ratio between the two species and can be calculated by looking at the structures (see421
the corresponding structures of each Ca/Si ratio defect in Figure 2).422

Formula
ρ

0.83 2.22 5.3 36.8 0

1.0 2.34 0.0 36.8 0

-do-

1.25 2.1 4.8 52.4 0

2.09 14.3 42.9 20

1.5 2.20 0.0 52.4 0

2.20 19.0 33.3 33

1.75 2.31 48 42.9 14

2.30 14.3 33.3 29

2.0 2.42 9.5 33.3 25

2.5 1.95 8.7 60.9 40

423

424

425



Figure 1: On the left XRD structure of a 14 Å tobermorite is shown with Ca: green, Si: gray,
O: red, H: white. On the right schematic illustration of the structural unit of the calcium-
silicate backbone of 14 Å tobermorite is shown in a dashed box. Lighter colors are
indicative of atoms shared between two units. The water molecules are not shown in the
schematic view

426
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1.25 1.5

1.75 0.83 . 1.0

2.5 2.0

Second variant
1.25 1.5 1.75

Figure 2: Schematic view of the defective structure building methodology with Ca/Si ratio of each defective unit shown on top430
left. Schematic view of the silicate chain of 14 Å tobermorite shown in 2nd row, 2nd column from which each structure is built.431
The arrow marks indicate the increasing of Ca/Si ratio from the previous structure.432
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Figure 3: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.0. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green,
Si: gray, O: red, H: white. Labels – dp: deprotonated silanol group, Ca: additional calcium ion.

Figure 4: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.25. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green, Si:
gray, O: red, H: white. Labels – p: protonated silanol group, wt: water site replacing the hydroxyl group of the original structure,
Ca: interlayer calcium, rt: rotated silicate tetrahedron.
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Figure 5: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.25, second variant. Schematic view (left) and partially
minimized snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains.
Ca: green, Si: gray, O: red, H: white. Labels – p: protonated silanol group, h: interlayer hydroxyl, Ca: interlayer calcium.

Figure 6: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.5. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green, Si:
gray, O: red, H: white. Labels – wt: water with hydrogen bonds to the free silanol group, Ca: interlayer calcium.
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Figure 7: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.5, second variant. Schematic view (left) and partially
minimized snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains.
Ca: green, Si: gray, O: red, H: white. Labels – p: protonated silanol groups, h1/h2: interlayer hydroxyl.

Figure 8: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.75. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green, Si:
gray, O: red, H: white. Labels – wt: water site replacing the hydroxyl group of the original structure, Ca: additional interlayer
calcium, h: additional interlayer hydroxyl
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Figure 9: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 1.75, second variant. Schematic view (left) and partially
minimized snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains.
Ca: green, Si: gray, O: red, H: white. Labels – Ca: additional interlayer calcium, h1/h2: additional interlayer hydroxyl.

Figure 10: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 2.0. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green, Si:
gray, O: red, H: white. Labels – wt: water with hydrogen bonds to the free silanol group, Ca: additional interlayer calcium, h:
additional interlayer hydroxyl
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Figure 11: Structure of a 14 Å tobermorite defect with the Ca/Si ratio of 2.5. Schematic view (left) and partially minimized
snapshot of molecular dynamics calculations viewed along (middle) and perpendicular to (right) the silicate chains. Ca: green, Si:
gray, O: red, H: white. Labels –h: additional interlayer hydroxyl
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Abstract
In this article, PC mixed tree different fineness of calcium sulfoaluminate cement with the particle size
(D50) was about 16.8μm, 10.7μm, 2.8μm. In order to study the impact of related physical properties
and the effect of different fineness of calcium sulfoaluminate on cement hydration and microstructure of
cement paste by means of X-ray diffraction(XRD), thermo gravimetric analysis(TGA).Results show that
different fineness of CSA has little effect on the compressive strength of composite cement. The hydrates
formed during the hydration process are similar in all the samples. The different fineness of CSA
cement blends only slightly modifies the timing of formation of hydrates.

Originality
Numerous researches on the composite of Portland cement doped with sulphoaluminate found that
when CSA or PC content is little, the performance of cement composites could meet certain
requirements. The main Originality of this paper is PC mixed tree different fineness of calcium
sulfoaluminate cement, whose post-sieve size (D50) was 16.8μm, 10.7μm, 2.8μm. Results show that the
addition of calcium sulfoaluminate cement with fineness of 16μm has good early performance than
2μm.

Keywords: Portland cement, calcium sulfoaluminate cement, different fineness, physical properties,
hydration

1. Instruction

Mortars based on Portland cement (PC), calcium sulfoaluminate cement (CSA) and calcium

sulfate (C$) can achieve fast setting, rapid hardening and high early strength [1-4], which

cannot be reached using PC-based mortars alone. CSA cement is also interesting from the

perspective of lowering CO2 emissions associated with cement production [5-6].

The hydration steps of quaternary systems composed of PC, CSA, C$ and calcite (Cc) are

complex and the variability of a single component can have a big influence on the hydration

and properties development. The data provided in the literature on the hydration of quaternary
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binders based on PC, CSA, C$ and Cc are rare [3-4, 7-11] in recent years, however, there is no

reports about the hydration of PC doped with the fineness of CSA. (Cement notation will be

used throughout the text with A: Al2O3, C: CaO, F: Fe2O3, H: H2O, S: SiO2, $: SO3,).

2. Materials and methods

2.1 Materials

The calcium sulfoaluminate cement was divided by classification system into three different

fineness cement with the particle size (D50) was about 16.8μm, 10.7μm, 2.8μm (Table 1). The

chemical and mineralogical compositions of the raw materials can be found in Table 2. The

chemical composition was measured by X-ray fluorescence (XRF). (P stands for PC and S for

CSA)

Table 1 Fineness of CSA

Sample D（10）/µm D（50）/µm D（90）/µm

S1 3.2 16.8 48.4

S2 1.2 10.7 43.4

S3 0.8 2.8 5.1

Table 2 Chemical analysis %

P S1 S2 S3

Loss 3.24 2.77 3.63 6.56

CaO 65.06 43.10 42.80 40.74

MgO 0.71 3.10 2.94 2.54

SO3 2.63 12.14 18.38 13.55

Al2O3 4.25 21.70 21.06 18.75

K2O 0.69 0.42 0.46 0.56

Fe2O3 3.01 1.53 1.48 1.40

SiO2 19.62 13.38 12.66 9.87

Na2O 0.01 0.01 0.05 0.04

TiO2 0.23 1.06 0.76 0.98

2.2 Methods

All the experiments were carried out at 20℃ and the analyses where done on cement



pastes. All the mixes were prepared under the same conditions. Water was added to the dry

powder and mixed for 2 minutes using a paddle mixer (1600 rpm).

Compressive strength was measured according to Japanese Industrial Standard JIS R

5201. 40×40×160 mm mortar bars were cast at 20 °C and 95% of relative humidity using

water binder ratio of 0.5 and binder sand ratio of 3. The specimens were demoulded the

following day, then cured under water at 20 °C and tested at 1, 3 and 28 days.

X-ray diffraction (XRD) analyses were done with a Rigaku Mini Flex 600 X-ray

diffraction (Cu target) working in Bragg-Brentanogeometry with a 2θ–range of 5º-65 º. The

Rietveld refinements were done using the X’ Pert High Score Plus software from PANalytical

using an external rutile standard to have an absolute quantification of the crystalline phases.

Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo TGA/SDTA

851e. Around 30 mg of ground cement paste were placed in alumina crucibles covered by

aluminium lids to reduce the carbonation before the analysis. The temperature ranged from 30

to 1000℃ with a heating rate of 10℃/min under N2 atmosphere to prevent carbonation.

3. Results and discussion

3.1 Compressive strength

Fig.1. Compressive strength of P, P-5S1, P-5S2and P-5S3

As can be seen in Fig.1 the compressive strength of PC and different fineness of CSA

based on PC, P-5S1 is more than others at 1d and P-5S2 is better for long-term strength. But

different fineness of CSA blends PC has little effect on the compressive strength of composite



in generally in generally.

3.2 X-ray diffraction and thermogravimetric analyses

The hydrates formed during the hydration process are similar in all the samples with

different fineness of CSA cement. The different fineness of CSA cement blends only slightly

modifies the timing of formation of hydrates or the complete consumption of anhydrous

phases. As previously observed by XRD during the hydration of PC containing calcite [12],

hemicarboaluminate is detected first and then transformed slowly to monocarboaluminate in

reaction 7. In PC-CSA systems, the formation of AFm phases (hemi and monocarboaluminate)

is observed (Figs.2-3) at the hydration of 3d but it is not observed in PC. However, in P-5S3

the formation of monocarboaluminate is more obviously than others. Monosulphoaluminate

(Ms) and crystalline aluminium hydroxide (AH3) was not observed by XRD.

Fig.2. Observed diffraction patterns between 8-13° 2θ degrees (Cu Kα) for hydrated P, P-5S2,

P-5S2and P-5S3 pastes. AFt:ettringite; Hc:himicarboaluminate; Mc:monocarboaluminate



Fig.3. Differential TGA data for hydrated P, P-5S1, P-5S2, P-5S3 pastes.

In PC system, AH3 is obviously identified from DTG data (Fig.3), the content of CH is

lower at 28days than 7days, while CH is higher at 28days than 7days in PC-CSA. That is to

say, CSA blends will retard the C3A hydration and accelerate the hydration of C3S. On the

other hand, the fineness of CSA blends has effect on the content of AFt or the radio of AFt to

AFm.

Ettringite is present within the first hour and the amount increases with time until about

one day [9], hemicarboaluminate and monocarboaluminate is formed after (Fig.3).

Hemicarbonate comes from ettringite according to Eq. (6). Monocarboaluminate can form

from hemicarboaluminate in reaction (7). Monocarboaluminate also can form during

reactions (8) and/or (9) consuming some of the pre-existing phases [10] but not the main

reaction.

C3A·3C$·H32+ C3A+Cc+H→C3A·0.5Cc·H11 +C$H2 （6）

C3A·0.5Cc·H32+ Cc→C3A·Cc·H11 （7）

C3A·3C$·H32+ C3A+Cc+H→C3A·Cc·H11+ C$H2 （8）

AH3+CH+Cc+5H→C3A·Cc·H11 （9）



The latter reactions have already been observed in quaternary systems composed of PC,

calcium aluminate cement, calcium sulphate and calcite [9-10]. The calcite from the limestone

filler leads to the formation of hemicarboaluminate, which tends to stabilize ettringite and to

minimize the formation of monosulphoaluminate. This efficiently increases the strength of the

mortars containing limestone filler rather than quartz filler.

4．Conclusion

The blending of Portland cements with different fineness of CSA influences about the

compressive strength in generally. The hydrates formed during the hydration process are

similar in all the samples with different fineness of CSA cement. The different fineness of

CSA cement blends only slightly modifies the timing of formation of hydrates or the complete

consumption of anhydrous phases.
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Abstract

Ettringite is a common phase occurring during the hydration of Portland cements. It is also the main hydration product
in calcium sulfoaluminate cements and calcium aluminate cement –gypsum blends. Understanding the stability of
ettringite during hydration and under drying conditions is of great importance to assess the performance of systems
containing large amounts of this phase. This paper presents a new study on the stability of ettringite as function of
temperature and water vapor pressure. Thermodynamic properties associated to the decomposition of ettringite into
metaettringite and to the reformation of metaettringite into ettringite are presented and a model to predict its stability
as function of temperature proposed. A previously derived thermodynamic database (incl. different hydration states of
AFm, AFt, etc.) allowed us to assess the impact of water activity on the hydrate constitution of cement paste. Based on
the calculations we identified stable and metastable hydrate phase assemblages as function of water activity. The
calculations suggest that at room temperature ettringite and are persistent until very low water vapor pressure. This
may indicate an improved dimensional stability of cement paste containing large quantities of ettringite phases if
subjected to drying.

Originality

The stability of ettringite as function of temperature and RH has been reported in the past, nevertheless the
thermodynamic properties associated to its decomposition and reformation is not well understood and were not
reported. In this paper we present thermodynamic properties measured and calculated during decomposition and
reformation of ettringite. Furthermore, we present the modelling of cementitious systems considering the “true” crystal
water content of the final phase assemblage at given relative humidity and temperature. The proposed model is also
capable of determining the volume stability of cement hydrates during drying and wetting processes. Our work hence
opens the possibility to model the response of various cementitious systems exposed to different climatic conditions.

Keywords: thermodynamic modelling, cement hydrates, ettringite, dehydration, rehydration.

1 Corresponding author: luis.baquerizoibarra@holcim.com, Tel + 41 58 858 64 31, Fax + 41 58 858 64 29



1. Introduction

Ettringite is a common hydration product occurring in Portland cements and the main phase in calcium
sulfoaluminate cements and calcium aluminate cements blended with calcium sulphates. Its formation
at early ages is important to avoid flash set, but at later ages can cause degradation of concrete
structures due to sulphate attack or delayed ettringite formation (Collepardi M, 2003; Taylor H.F.W. et
al., 2001; Kuzel H.J., 1996).

The structure of ettringite has been widely studied in the past (Moore A.E. et al., 1968), and recently
using more sophisticated characterization techniques such as neutron diffraction (Goetz-Neunhoeffer F.
et al., 2006) and time-of-flight neutron diffraction analysis (Hartman M.R. et al., 2006). Ettringite
presents a structure based on columns, with the empirical formula [Ca6Al2(OH)12•24H2O]6+, and
channels, containing the sulfate anions and zeolitic water [3(SO4)•2H2O]6- (Taylor H.F.W., 1997). The
structural formula of ettringite in cement notation is C6AŜ3H32.

The thermal stability of ettringite has also been extensively studied (Hall C. et al., 1996; Skoblinskaya
N.N. et al., 1975a and b; Zhou Q. et al., 2001; Zhou Q. et al., 2004; Hartman M.R. et al., 2006). In
general ettringite contains 32 H2O molecules: 30 fixed in the columns and 2 H2O of zeolitic water
loosely bound in the channels, although some works reports ettringite containing up to 6 H2O of
zeolitic water (Pöllmann H. 2007), nevertheless most researchers agree on a maximum value of n = 32.
Removal of the two interchannel H2O molecules takes place with decreasing relative humidity (RH)
without significant change of the structure (Renaudin G. et al., 2010; Zhou Q. et al., 2004).
Nevertheless, a series of structural changes are observed when n < 30 (Skoblinskaya N.N. et al., 1975a
and b). The final decomposition product was said to be amorphous.

A detailed work on the stability of ettringite as function of water vapour pressure (PH2O) and
temperature was presented by Zhou and Glasser (Zhou Q. et al., 2001). At a low PH2O water content
decreases to a minimum value of 10 H2O. The decomposition product, called metaettringite, was
reported having variable water content from 10 to 13 H2O and to be X-ray diffraction amorphous. The
decomposition process was said to be reversible but with a marked hysteresis. The reformation of
ettringite at relatively high PH2O at every temperature was said to be due to condensation of water on
crystal defects and surfaces, which initiate the nucleation of ettringite, but no explanation was given
for the hysteric behaviour. Subsequently (Zhou Q. et al., 2004) they demonstrated that the columnar
structure is preserved in metaettringite, but with the columns closer together.

In the present study, results previously reported in (Baquerizo L.G. et al., 2015a) are summarized,
emphasizing the decomposition and reformation, as well as the hysteresis behaviour. Thermodynamic
properties of the different hydration states of ettringite and metaettringite are reported here. The
recommended area of performance of ettringite-based systems has been extended compared to
previously reported data. Finally, the system C3A-CŜ-H is modelled, showing the equilibrium phase
assemblages and the predicted RH is water-unsaturated regions. In this work the phases are denoted by
an abbreviation2 followed by an index which denotes the water content in moles, thus Ett32
corresponds to ettringite with 32 H2O.

2. Experimental procedure

2.1 Preparation of ettringite

The main precursor in the synthesis of ettringite was tricalcium aluminate (3CaO∙Al2O3), prepared
from a 3:1 molar ratio of CaCO3 and Al2O3 at 1400°C. Anhydrite CaSO4 was prepared by dehydration
of gypsum in a muffle furnace at 550°C.



Ettringite was prepared from a suspension of a 1:3 molar mixture of C3A and CaSO4 with a water to
solid (w/s) of 20 (double distilled CO2 free water was used). The mixture was stirred with a magnetic
stirrer for 3 days and then periodically agitated during 2 weeks.
Once purity has been confirmed by XRD, the solids were vacuum filtered under N2 atmosphere in a
glove box and then placed inside small (open) plastic bottles, which were subsequently introduced
inside hermetically sealed glass bottles containing salt solutions at the bottom in order to equilibrate
the samples at different RHs (Greenspan L., 1977). Finally the glass bottles were conditioned at 5,
25, 50 and 80 °C during different periods of time (from 1 to 30 months). The RH was periodically
checked using a Testo 174H humidity probe, except in the case of aging at 80 °C.

2.2 Experimental methods

The stability of ettringite and its thermodynamic properties were studied using the methodology
reported in (Baquerizo L.G. et al., 2014). The different characterization techniques used include X-ray
diffraction (including a humidity chamber), thermogravimetric analysis, sorption balance
measurements and different calorimetry techniques.

3. Thermodynamics approach

3.1 Thermodynamic equations

The changes of hydration states considered in this study follow the reference reaction 1:
(1)

where s and g are solid and gas, respectively, A is a hydrate containing x or y water molecules, being x
≥ 0 and y > x.
Then the thermodynamic properties were calculated according to Eqs. (2), (3) and (4):

(2)

(3)

The standard entropy of reaction can be calculated from the following equation:
(4)

Where ∆Gr° is the Gibbs free energy of reaction, ∆Hr° is the standard enthalpy of reaction, ∆Sr° is the
standard entropy of reaction, T is the absolute temperature, K is the equilibrium constant, R is the gas
constant (8.31451 J/K mol), a(H2O) is the activity of H2O in vapor, f(H2O) is the equilibrium fugacity,
f*(H2O) is the fugacity of pure H2O at T and RH is the equilibrium relative humidity (Chou I.M. et al.,
2002; Chou I.M. et al., 2003a; Chou I.M. et al., 2003b).

The enthalpy of reaction ∆Hr° can also be determined from sorption calorimetry with the following
relations:

(5)
(6)

where ∆Hsorp is the enthalpy of sorption (enthalpy value per g or mol of H2O absorbed), ∆Hcond is the
enthalpy of condensation of water at 25 °C (-2440 J/g H2O or -44 kJ/mol H2O), ∆Hmix is the mixing
enthalpy (output of the sorption calorimetry test), and n is the number of ad/ab-sorbed water molecules
during a change of hydration state (equal to y-x from reaction (1)). In this work the mixing enthalpy
represents an “excess enthalpy” indicating how much additional heat is obtained from a sorption
process compared to condensation of water and it is not related to the formation of solid solutions.



The thermodynamic properties were introduced into the project database in GEM-Selektor (Kulik D.A.
et al., 2013; Wagner T. et al., 2012), a software package including a GEM (Gibbs free energy
minimisation) solver (Wagner T. et al., 2012), a built-in thermodynamic database (Hummel W. et al.,
2002) complemented with a cement database (cemdata14) (Matschei T. et al., 2007; Lothenbach B. et
al., 2008; Lothenbach B. et al., 2012) and a graphical user interface. This software was used to model
the drying and rewetting behaviour of ettringite.

4. Experimental Results

The summary of results obtained by sorption balance, sorption calorimetry and XRD-humidity
chamber at 25 °C are shown in Figure 1. The sorption isotherms obtained by sorption balance and
sorption calorimetry agree very well. The XRD patterns were done on much larger samples compared
to the previous techniques, but they clearly show the crystalline and amorphous regions.

During desorption, from 100% to 5% RH at 25 °C there was no significant change of lattice
parameters value. The sample starts to dehydrate considerably and rapidly below 3% RH to reach a
minimum water content n ~ 9 H2O at 0% RH, but it was not possible to differentiate between different
dehydration stages as stated in (Skoblinskaya N.N. et al., 1975a).

Figure 1 Sorption balance, sorption calorimetry and XRD-humidity chamber results on synthetic ettringite. The
sample used with the three techniques was not the same.

Similar results were obtained in samples conditioned at several temperatures and RHs for long periods
of time, but decomposition and reformation was observed at higher RHs when increasing temperature,
similar to what was reported by Zhou and Glasser (Zhou Q. et al., 2001).
Interesting results were obtained by sorption calorimetry, where 3 absorption stages were identified as
shown in Figure 2:



- From points 1 to 2, from 0% RH the sample absorbs a small amount of water to reach n ~ 13 H2O
at 60% RH (the sample remains amorphous in this region). The enthalpy of mixing is variable in
this stage

- From points 2 to 3, at ~ 65% RH the sample starts to absorb a considerable amount of water to
reach a maximum value of n ~ 30 H2O at 87% RH, with an increase in crystal ordering (sample
starts to be detected by XRD). At the end of this stage the sample should be crystalline. The
enthalpy of mixing during the whole process is rather constant.

- From points 3 to 4, from 87% RH up to 96% RH, 2 additional H2O are absorbed and the sample
reaches a final water content of 32H2O. The enthalpy of mixing is variable in this stage and
reaches a value of zero close to 32 H2O.

Figure 2 Calculated sorption isotherm at 25 °C

A summary of the enthalpy values for the different absorption stages is shown in Table 1, excluding
the condensation of water (∆Hmix) and including the condensation of water (∆Hsorp).

Table 1: Enthalpy of mixing and sorption during the different absorption stages.

Stage Reaction
Abs.
H2O
(mol)

∆Hmix

(kJ/mol
H2O)

∆Hsorp

(kJ/mol
H2O) a

∆Hmix_stage

(kJ/mol) b

∆Hsorp_stage

(kJ/mol
stage) c

∆Hmix_total

(kJ/mol) d
∆Hsorp total

(kJ/mol) e

1 f Met9(s)+4H2O(g)→Met13(s) 4 -16.5 -60.5 -66.0 -242.0
-304.1 -1316.12 Met13(s)+17H2O(g)→Ett30(s) 17 -13.3 -57.3 -226.1 -974.1

3 f Ett30(s)+2H2O(g)→Ett32(s) 2 -6.0 -50.0 -12.0 -100.0
a Considering the contribution of condensation of water (-44 kJ/mol H2O), Eq. (6).
b Equals to ∆Hmix × absorbed H2O per stage.
c Equals to ∆Hsorp × absorbed H2O per stage.
d Total enthalpy of mixing according to the reaction Met9(s)+23H2O(g)→Ett32(s)
e Total enthalpy of sorption according to the reaction Met9(s)+23H2O(g)→Ett32(s)
f As enthalpy values are not constant in stages 1 and 3, they were calculated with the integral of the curve ∆Hmix

(kJ/mol H2O) vs n (H2O mol).

Isothermal calorimetry and Differential scanning calorimetry were also used, but opposite to sorption
calorimetry, the formers measure a decomposition/dehydration process, but without the possibility to
differentiate between different decomposition stages. The total decomposition and reformation



enthalpy values obtained with the aforementioned calorimetry techniques were similar, indicating a
low dependence on temperature (for more details please refer to ((Baquerizo L.G. et al., 2015a)).

5. Thermodynamic modelling

The experimentally determined thermodynamic properties of the decomposition/dehydration and
reformation/rehydration of ettringite reported in (Baquerizo L.G. et al., 2015a) were used to model its
behaviour during drying and rewetting as function of temperature using GEM-Selektor.

The hysteresis behaviour was assessed using the empirically determined thermodynamic properties
previously reported.

In order to model the practical stability of ettringite, calculated based on the experimentally observed
transition RHs at different temperatures, the thermodynamic data for Ett32, Ett30 and Met13 were
used (see Table A1, lines 1, 2 and 4). Consider that the values of Met13 used to plot the diagram
shown in Figure 3 was calculated using the van’t Hoff approach, which differs largely if one uses the
enthalpy determine by calorimetry, nevertheless the modelled behaviour using them fits the
experimental observations.

Three different regions are described in Figure 3:
- The zone of decomposition: when the starting state is crystalline ettringite this zone has to be

reached in order to decompose ettringite into metaettringite.
- The hysteresis loop: within this zone, when starting from saturated water vapour pressures,

crystalline ettringite will not undergo decomposition unless the zone of decomposition is
reached.

- The zone of reformation: when the starting point is metaettringite this region has to be reached in
order to be reformed back to crystalline ettringite.

The dot-dashed line in Figure 3 represents the theoretical thermodynamic stability limits of ettringite
and metaettringite assuming that no hysteresis is observed between decomposition and reformation, as
described in (Baquerizo L.G. et al., 2015a). Based on these assumptions, at 25°C ettringite would be
stable at RH’s >18%, at 50°C the theoretical stability limit is ~30%RH, whereas at 80°C it would
theoretically not be stable at <45% RH. To plot this graph it was assumed that ettringite would only
decompose to metaettringite and vice versa, considering that at low humidities the nucleation of
secondary phases, e.g. monosulfoaluminate, is hindered due to the absence of an aqueous phase.

The points shown in Figure 3 correspond to the average maximum temperature and average lowest RH
observed in the hottest month in different locations. The populated locations, Guayaquil, Zurich,
Beijing, and Dubai, are positioned above the theoretical zero hysteresis curve, which means that
ettringite based systems would be stable, i.e. no decomposition or major volume changes would be
observed, in the aforementioned places. The two extreme locations corresponds to some of the most
inhospitable places on earth, and only in these kind of locations some issues may be observed in
ettringite based systems, because the minimum values are below the zero hysteresis curve, but since
the zone of decomposition is not reached, these systems may still present good properties in these
extreme locations.



Figure 3 RH as function of temperature showing the zones of reformation and decomposition of ettringite, and
the theoretical zero hysteresis curve.

6. Discussion

Crystalline ettringite has a water content n which varies from 30 to 32 H2O. The decomposition
product metaettringite has values of n varying from 9 to 13 H2O. These results are in good agreement
with previously published data (Zhou Q. et al., 2001; Zhou Q. et al., 2004). Different decomposition
stages could not be determined because it takes place at very low RHs. In order to reform ettringite
from metaettringite, high RHs must be reached as shown in Figure 3. Decomposition and reformation
of ettringite takes place reversibly but with a marked hysteresis, which can be explained by a free-
energy barrier separating the transition between ettringite and metaettringite (Tambach T. et al., 2004).

A theoretical zero hysteresis curve is shown, as described in (Baquerizo L.G. et al., 2015a), and
although decomposition is not observed until the zone of decomposition is reached, for safety reasons
we consider the zero hysteresis curve as the minimum limit of stability of ettringite. Therefore
ettringite-based systems, such as calcium sulfoaluminate cements would present high volume stability
in most of the populated places in the world (only considering temperature and RH). On the other hand,
in hot locations such as Dubai, some precautions should be taken, as the conditions are relatively close
to the zero hysteresis curve.
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Appendix

Table A1: Standard molar thermodynamic properties of the ettringite and metaettringite hydrates at 25 °C and 1
bar. Taken from (Baquerizo L.G. et al., 2015a).

Line Phase ∆Gf°
(kJ/mol)

∆Hf°
(kJ/mol)

S°
(J/mol K)

Cp°
(J/mol K) a

Density
(kg/m3)

V°
(cm3/mol) Ref.

Desorption

1 Ett32 -15205.9 -17535.0 1900 2174.4 1773.4 707.8 b *

2 Ett30 c -14728.1 -16950.2 1792.4 2094.2 1722.5 707.8 t.s.

3 Met13des d -10540.6 -11855.3 870.4 1412.9 2223.0 410.6 t.s.

4 Met13des e -10540.6 -11530.3 1960.4 1412.9 2223.0 410.6 t.s.

5 Met9 f -9540.4 -10643.7 646.6 1252.6 2329.0 361.0 t.s.

Absorption

6 Met13abs d -10678.2 -11855.3 1332.1 1412.9 2223.0 410.6 t.s.

7 Met13abs e -10678.2 -12040.6 710.6 1412.9 2223.0 410.6 t.s.

Zero hysteresis

8 Ett32 -15205.9 -17535.0 1900 2174.4 1773.4 707.8 b *

9 Ett30 c -14728.1 -16950.2 1792.4 2094.2 1722.5 707.8 t.s.

10 Met13 -10618.7 -11855.3 1132.5 1412.9 2223.0 410.6 t.s.
a Cp° was calculated assuming ∆Cp = 0 for the changes of hydration states.
b Calculated using the average volume of the lattice from this study.
c Thermodynamic properties of Ett30 should be used in an ideal solid solution with Ett32.
d Calculated using the enthalpy of reaction measured by calorimetry.
e Calculated using the enthalpy of reaction calculated using the van’t Hoff equation and the experimental
reformation and decomposition points.
* Lothenbach B. et al., 2008.
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Abstract

Crystalline cement hydrates such as Alumina Ferrite -mono and –triphases (AFm and AFt) show different hydration
states depending on the exposure temperature and relative humidity. Varying hydration states of cement hydrates may
have a direct impact on the specific density/volume of cement paste, e.g. the volume of some hydrates can change as
much as 20% during drying. The present paper describes the outcomes of a newly developed experimental multi-method
approach used to investigate the impact of relative humidity (RH) and temperature on structural and thermodynamic
properties of crystalline cement hydrates with different hydration states (i.e. varying molar water contents).
In the case of AFm phases water molecules are incorporated in the interlayer. With a combined use of sorption
calorimetry and sorption balance measurements we were able to characterise different types of interlayer water.
“Space filling” water molecules with thermodynamic properties close to liquid water are loosely integrated and can be
easily removed from the structure upon increase of temperature or at an initial small decrease of RH. Furthermore the
removal of “structural water” molecules, strongly bound to the calcium cations of the main layer, is only possible at
low water activities and/or high temperatures, typically accompanied by high mixing enthalpies values as shown by
sorption calorimetry measurements. The multi-method approach was complemented by the so called hydrate pair-
humidity buffer method which allowed a relatively exact determination of critical humidities at which water will be
structurally lost or absorbed.
As a result of this work it was possible to derive phase pure sorption isotherms of the different AFm and AFt phases
including their thermodynamic properties. AFm phases show mainly a stepwise hydration/dehydration behavior
including several hydration states. For example for monosulfoaluminate, we observed in total 6 hydration states,
corresponding to Ms16, Ms14, Ms12, Ms10.5 and Ms9 (index denotes the total water content of the phase), whereas for
monocarboaluminate only 2 hydration states (Mc11 and Mc9) were found . An important finding is that we could group
the different hydrates according to their sensitivity to changing water vapour pressures. Phases like
monosulfoaluminate and hydroxy-AFm are very sensitive whereas carboaluminate phases are less impacted by
changing RH and temperature. Finally the obtained data enabled a thermodynamic assessment of the volume stability
of individual cement hydrates as function of RH and temperature.

Originality

The novelty of the present paper can be described in three parts:

1) Novel study and approach including standard and non-standard characterization techniques to quantitatively
describe, understand and enable thermodynamic prediction of the physico-chemical interactions between
cement hydrates and water vapor.

2) Until today most of the thermodynamic models assume water saturated conditions i.e. with an RH close to
100%. To our knowledge there is no systematic study available, which was capable to simultaneously assess
the impact of water vapour pressure at RH <100% on phase stability, the formation of different hydration
states and the resulting specific solid volume changes of hydrated cement paste. Hence this experimental study
closes a relatively big gap with respect to the unknown thermodynamic properties of cement hydrates with
different hydration states e.g. AFm phases.

3) Novel results: The methodology allowed us to experimentally derive water sorption isotherms of pure cement
hydrates which were not reported before and may be very useful to complement the interpretation of water
sorption studies on cement paste reported in the literature

Keywords: cement hydrates; AFm phases; hydration states; thermodynamic properties; characterization techniques.
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1. Introduction

Cement hydrates are known to present varying water content as function of temperature and relative
humidity (RH). Some of these hydrates are crystalline phases with LDH- or ettringite-type structures.
These so called Alumino-Ferrite mono- and tri-phases (AFm and AFt) show different hydration states
(i.e. varying molar water content) depending on the exposure conditions, which can impact the volume
stability, porosity and density of cement paste. The molar volume of some AFm phases can decrease
by as much as 20% during drying (Baquerizo L. et al., 2011), strongly influencing the porosity and
performance of cementitious systems.

The most important AFm are monosulfoaluminate (Ms), monocarboaluminate (Mc),
hemicarboaluminate (Hc), strätlingite (Str) and hydroxy-AFm (OH-AFm). In these phases water
molecules can be incorporated in the interlayer and can be identified as: water molecules strongly
bound to the calcium cations of the main layer, and space filling water molecules which are lost first
during an increase in temperature or a decrease in RH (Pöllmann H. et al., 2012)

This paper describes the multi-method approach reported by Baquerizo L.G. et al., 2014, used to
assess the stability and thermodynamic properties of the different hydration sates of crystalline cement
hydrates, and a summary of the results reported by Baquerizo L.G. et al., 2015 on the most important
AFm cement hydrates.

2. Experimental procedure

2.1 Samples preparation

All syntheses were done from analytical grade reagents. C3A was prepared from stoichiometric mixes
of CaCO3 and Al2O3 at 1400 °C. Anhydrite CaSO4 was prepared by dehydration of gypsum in a
muffle furnace at 550 °C overnight. CaO was prepared from CaCO3 calcined at 900 °C overnight.
The main precursor in the synthesis of the AFm phases (excluding strätlingite) was C3A. Double
distilled CO2 free water with a water to solid ratio (w/s) of 20 was used in the synthesis of all hydrates.
Monosulfoaluminate (C4AŜH14), monocarboaluminate (C4AĈH11) and hydroxy-AFm (C4AH19) were
prepared by suspending a 1:1 molar mixture of C3A and either CaSO4, CaCO3 or CaO, respectively. In
the case of hemicarboaluminate (C4AĈ0.5H12), C3A, CaCO3 and CaO were used with molar ratios
2:1:1. For the synthesis of strätlingite a stoichiometric mix of CaO, Na2SiO3∙5H2O and NaAlO2 was
used. Since the water content of the sodium silicate and sodium aluminate precursors might vary, the
water content was measured by TGA to correct the initial mix composition prior to synthesis. The
different mixtures were stirred using a magnetic stirrer for 3 days and then periodically agitated during
2 weeks.
Once purity has been confirmed by XRD, the solids were vacuum filtered under N2 atmosphere in a
glove box and then placed inside small (open) plastic bottles, which were subsequently introduced
inside hermetically sealed glass bottles containing salt solutions at the bottom in order to equilibrate
the samples at different RHs (Greenspan L., 1977). Finally the glass bottles were conditioned at 5,
25 and 50 °C during different periods of time (from 6 to 30 months). The RH was periodically
checked using a Testo 174H humidity probe.

2.2 Multi-method approach

The multi-method approach reported in (Baquerizo L.G. et al., 2014) is briefly reviewed here. This
methodology was used to determine the different hydration states of the most important AFm phases
and the thermodynamic properties associated with these changes. Samples aged during different



periods of time at different temperatures and RHs were tested using XRD, TGA, sorption balance,
sorption calorimetry and the salt pair - humidity buffer method as described below.

XRD tests on samples aged at different conditions were carried out at room temperature (unless
otherwise stated) with a Bruker D8 Advance diffractometer (CuKα radiation, 45 mA, 35 kV) equipped
with a Super Speed detector, in the 2θ range 5-70°, with a step size and time per step of 0.02° and 0.5 s,
respectively. A low background- airtight specimen holder (Bruker AXS) was used to avoid
carbonation and drying during testing. Samples were intermixed with small amounts of rutile in order
to correct for pattern displacement due to variations in sample height. The lattice parameters were
determined by a Le Bail fit (Le Bail A. et al., 1988) using TOPAS 4.2 (Bruker AXS). A humidity
chamber CHC plus+ from Anton Paar coupled to the X-ray diffractometer was used to condition in
situ some of the samples studied. The lowest hydration states at room temperature were also studied in
vacuum dried samples.

TGA measurements were carried out using a Mettler Toledo TGA/SDTA 851e under N2 flux, over the
temperature range 25-1200 °C with a heating rate of 20 K/min. Measurements were done on samples
dried at different RH usually after the presence of a single hydration state was confirmed by XRD in
order to determine its water content.

Sorption balance measurements were carried out with a DVS Advantage system (Surface
Measurement Systems, London, UK) using the step method (Wadsö L. et al., 2009), i.e. keeping a
specific RH constant for certain time before being increased or decreased while the mass of the sample
is recorded. Sample masses were between 5 and 15 mg. The hydration state of the initial sample must
be known and the sample chosen must be as pure as possible.

Sorption calorimetry was carried out using a state of the art calorimeter developed at Lund University
capable of measuring simultaneously water activity, moisture content and sorption enthalpy on
initially dried samples during the sorption process (Wadsö L. et al., 2000) (Wadsö L. et al., 2002).
Pure samples were initially vacuum-dried at 25°C for a minimum of 1 day before starting the test. The
mass of the test samples ranged between 50 and 100 mg.

The salt pair - humidity buffer method was used for certain samples in order to study transition RH
between two adjacent hydration states as well as the thermodynamic properties associated with these
changes.

Figure 1 Set-up of the hydrate pair – humidity buffer method

For more details about the methodology please refer to reference (Baquerizo L.G. et al., 2014 ).

Mix

A∙xH2O + A∙yH2O



3. Thermodynamics approach

3.1 Thermodynamic equations

The changes of hydration states considered in this study follow the reference reaction 1:
(1)

where s and g are solid and gas, respectively, A is a hydrate containing x or y water molecules, being x
≥ 0 and y > x.
Then the thermodynamic properties were calculated according to Eqs. (2), (3) and (4):

(2)

(3)

The standard entropy of reaction can be calculated from the following equation:
(4)

Where ∆Gr° is the Gibbs free energy of reaction, ∆Hr° is the standard enthalpy of reaction, ∆Sr° is the
standard entropy of reaction, T is the absolute temperature, K is the equilibrium constant, R is the gas
constant (8.31451 J/K mol), a(H2O) is the activity of H2O in vapor, f(H2O) is the equilibrium fugacity,
f*(H2O) is the fugacity of pure H2O at T and RH is the equilibrium relative humidity (Chou I.M. et al.,
2002; Chou I.M. et al., 2003a; Chou I.M. et al., 2003b).

The enthalpy of reaction ∆Hr° can also be determined from sorption calorimetry with the following
relations:

(5)
(6)

where ∆Hsorp is the enthalpy of sorption (enthalpy value per g or mol of H2O absorbed), ∆Hcond is the
enthalpy of condensation of water at 25 °C (-2440 J/g H2O or -44 kJ/mol H2O), ∆Hmix is the mixing
enthalpy (output of the sorption calorimetry test), and n is the number of ad/ab-sorbed water molecules
during a change of hydration state (equal to y-x from reaction (1)). In this work the mixing enthalpy
represents an “excess enthalpy” indicating how much additional heat is obtained from a sorption
process compared to condensation of water and it is not related to the formation of solid solutions.

The thermodynamic properties were introduced into the project database in GEM-Selektor (Kulik D.A.
et al., 2013; Wagner T. et al., 2012), a software package including a GEM (Gibbs free energy
minimisation) solver (Wagner T. et al., 2012), a built-in thermodynamic database (Hummel W. et al.,
2002) complemented with a cement database (cemdata14) (Matschei T. et al., 2007; Lothenbach B. et
al., 2008; Lothenbach B. et al., 2012) and a graphical user interface. This software was used to model
the stability of AFm phases as function of temperature and RH (in this work an example on
monosulfoaluminate is shown).

4. Experimental Results

As an example we present here some of the results obtained in monosulfoaluminate using the
aforementioned methodology (see Figure 2).
With XRD we can measure the volume of the lattice on samples dried at different conditions, and
coupled with TGA data (water content), the density of the different hydration states can be determined.
Sorption balance measurements allow us to determine the approximate RH at which a specific change
of hydration state takes place. Sorption calorimetry provides similar information as sorption balance
plus the enthalpies associated to the stepwise absorption processes. The hydrate pair – humidity buffer
method provides information related to the exact RH at which a change of hydration state takes place



as function of temperature. With all this information it is possible to determine the stability of
monosulfoaluminate at 25 °C, determine the thermodynamic properties of its different hydration sates
(see Table A1), and to model its stability as function of temperature (see Figure 5) .

Figure 2 Results obtained on monosulfoaluminate using a) XRD, b) sorption balance and sorption calorimetry,
and c) the hydrate pair – humidity buffer method.

A summary of the results obtained on the AFm phases studied and reported by (Baquerizo L.G. et al.,
2015) is presented in Figure 3 and Figure 4.

With the thermodynamic properties of the different hydration states it was possible to model the
stability of AFm phases as function of temperature and RH. As an example the stability diagram of
monosulfoaluminate is shown in Figure 5.

a)

b)

c)



Figure 3 Summary graph showing the different hydration states of strätlingite (Str), monocarboaluminate (Mc),
hemicarboaluminate (Hc), carbonated hemicarboaluminate (cHc) and hydroxy-AFm (OH-AFm) as function of
RH at 25 °C. The isotherms only consider water that is part of the crystalline samples (structural + interlayer),

excluding adsorbed or capillary condensed water. Taken from (Baquerizo L.G. et al., 2015)

Figure 4 Volume changes of the AFm phases studied as function of RH at 25 °C. 100% volume corresponds to
the higher hydration state of each phase.



Figure 5 Predicted stability of monosulfoaluminate as function of RH and temperature at 1 bar under metastable
conditions, i.e. only the different hydration states of monosulfoaluminate were considered in the modelling.

6. Discussion

The multi-method approach previously reported in (Baquerizo L.G. et al., 2014) was used to
determine the stability of the main AFm cement hydrates and are reported in detail in (Baquerizo L.G.
et al., 2015). The thermodynamic properties associated to changes of hydration states, and therefore
their molar thermodynamic properties were also determined. This data was then used to model the
stability of single AFm phases as function of temperature and RH. As an example, the stability of
monosulfoaluminate was modelled. Phase diagrams of the other AFm phases studied will be published
later on. The data reported here (as shown in Figure 3) confirms the high volume stability of
monocarboaluminate and strätlingite when exposed to varying external conditions (temperature and
RH). The most sensitive phase is hydroxy-AFm. Our work open the possibility to model the behavior
of different cement hydrates and more complex hydrated systems when exposed to different
environmental conditions, and to potentially engineer cementitious systems more robust to harsh
conditions.
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Appendix

Table A1: Standard molar thermodynamic properties of the studied cement hydrates at 25 °C and 1 bar. Taken
from (Baquerizo L.G. et al., 2015).

Phase ∆Gf°
(kJ/mol)

∆Hf°
(kJ/mol)

S°
(J/mol K)

Cp°
(J/mol K) a

Density
(kg/m3)

V°
(cm3/mol) Ref.

Monosulfoaluminate

Ms16 – C4AS̄H16 -8726.8 -9930.5 975.0 1114.8 1981.7 350.5 t.s.

Ms14 – C4AS̄H14 -8252.9 -9321.8 960.9 1028.5 1985.9 331.6 t.s.

Ms12 – C4AS̄H12 -7778.4 -8758.6 791.6 948.4 2007.7 310.1 t.s.

Ms10.5 – C4AS̄H10.5 b -7417.9 -8311.9 731.2 888.3 2114.9 281.6 t.s.

Ms10.5 – C4AS̄H10.5 c -7414.9 -8311.9 720.9 888.3 2114.9 281.6 t.s.

Ms9 – C4AS̄H9 -7047.6 -7845.5 703.6 828.2 2070.2 274.6 t.s.

Monocarboaluminate

Mc11 – C4AĈH11 -7337.5 -8250.0 656.9 881.4 2170.0 262.0 *

Mc9 – C4AĈH9 -6840.3 -7618.6 640.6 801.2 2279.6 233.6 t.s.

Hemicarboaluminate

Hc12 – C4AĈ0.5H12 -7336.0 -8270 712.6 905.8 1984.0 284.5 *

Hc10.5 – C4AĈ0.5H10.5 -6970.3 -7813.3 668.3 845.7 2057.1 261.3 t.s.

Hc9 – C4AĈ0.5H9 -6597.4 -7349.7 622.46 785.6 2047.4 249.3 t.s.

Strätlingite

Str8 – C2ASH8 -5705.1 -6360 546.2 602.7 1935.8 216.1 *

Str7 – C2ASH7 d -5464.0 -6066.8 487.6 562.6 1857.6 215.5 t.s.

Str5.5 – C2ASH5.5 -5095.2 -5603.4 454.8 502.5 1754.2 212.8 t.s.

Hydroxy-AFm

OH-AFm19 – C4AH19 -8749.9 -10017.9 1120 1382.4 1816.3 368.7 **

OH-AFm13 – C4AH13 -7325.7 -8262.4 831.5 1142.0 2041.8 274.5 t.s.

OH-AFm11 – C4AH11 -6841.4 -7656.6 772.6 1061.8 2038.2 257.3 t.s.
a Cp° was calculated assuming ∆Cp = 0 for the changes of hydration states.
b Calculated with the absorption branch of the isotherm.
c Calculated with the desorption branch of the isotherm.
d Str7 must be used together with Str8 in an ideal solid solution.
* Lothenbach B. et al., 2008
** Lothenbach B. et al., 2012
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Abstract
The effect of additions of limestone and dolomite powder on the properties of composite cements cured at 20 °C, 40 °C
and 60 °C was investigated using a multi-method approach: compressive strength measurement, thermogravimetric
analysis (TGA), quantitative X-ray diffraction (XRD), scanning electron microscopy and thermodynamic modelling.
Higher curing temperature accelerates the early cement hydration and increases early compressive strength. However,
after hydration times longer than 7 days, the higher curing temperature turns out to be detrimental for the compressive
strength. This behaviour is typical for all investigated cements. The compressive strength of dolomite cement samples is
similar or even higher than the strength of limestone cement samples at investigated temperatures. No evidence of
expansive reactions was found during our investigations.
The experimental results confirm that dolomite is not thermodynamically stable. At 20°C dolomite reacts very slowly.
Increasing the temperature accelerates the dissolution of dolomite considerably. The reaction degree of dolomite after
180 days is 5-10%, 45% and 90% at 20, 40 and 60°C respectively.
At 20°C and 40°C, in the presence of limestone, the formation of hemicarbonate that transforms to monocarbonate is
observed instead of monosulphate being present in Ordinary Portland Cement (OPC), in agreement with data
published earlier. Dolomite dissolution influenced the hydrate assemblage by the formation of additional hydrotalcite.
At 60 °C, ettringite is not stable in ordinary Portland cement and limestone cement. However experimental data suggest
that dissolving dolomite stabilized ettringite at that temperature.
Thermodynamic modelling predicts well the phase assemblage of the investigated samples. Modelling enables the
calculation and prediction of the limestone reaction in cement. Additionally, comparison of calculated porosity with the
measured strength data shows a good agreement and enables the prediction of the effect of temperature on the strength
development of Portland clinker based cements.

Originality
Responding to the need to introduce new composite cements and to reduce CO2 emissions, this report describes the
results of the investigation of the reaction of Portland cement in the presence of dolomite up to 180 days of hydration.
This is compared with the hydration development of Portland limestone cement and ordinary Portland cement.
The results demonstrate that the reaction of dolomite in the cement matrix is initially similar to the effect of limestone
and so is the performance of dolomite cement. Further reaction of dolomite leads to the modification of the hydrates
assemblage but this process is not detrimental to the performance of the dolomite cement. The findings demonstrate as
well that the thermodynamic modelling can be successfully applied during the development of the new cements in
industrial laboratories. Comparing the modelling and the experimental results, it seems that the transformation of
hemicarbonate to monocarbonate is the limiting step in the reaction between the carbonate and aluminate at 20 °C and
40°C .

Keywords: strength, hydration, hydrotalcite, thermodynamic modelling
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1. Introduction
Portland limestone cement is one of the most widely used cement types in Europe. In contrary, the use
of dolomite as a cement component is rare. In some countries the application of dolomite may help to
produce more environmentally friendly composite cements with reduced clinker factor as limestone
complying with cement standards is locally scarce or even not available.
Dolomite has been reported to react slowly with OPC cement clinker (Zajac, et al., 2011). It has been
indicated that this reaction is the cause of the so-called alkali carbonate reaction leading to concrete
degradation (Milanesi, et al., 1996). However, this has been challenged in some reports that show that
the alkali carbonate reaction can be attributed to fine dispersions of reactive silicates within the
carbonate rock (Katayama, 2010). In the cement matrix, dolomite might react with portlandite and the
reaction proceeds with formation of brucite and calcite (Galı,́ et al., 2001):

CaMg(CO3)2+ Ca(OH)2 → 2CaCO3 + Mg(OH)2
This reaction leads to a reduction in volume of about 0.6 %. In the presence of alumina, the reaction of
dolomite will lead to the formation of hydrotalcite and calcite. The reaction of dolomite with
portlandite in the cement matrix proceeds very slowly at 20°C. However, the dissolution of dolomite
in the presence of portlandite is strongly accelerated by a high curing temperature (Zhang, et al., 2014).
Similarly, at higher temperatures, the reaction of dolomite in the cement matrix might be faster and
thus the impact of dolomite on the performance might be more significant compared to 20°C.
The hydration of ordinary Portland cement is sensitive to temperature (Escalante-Garcí & Sharp, 1998)
(Kjellsen, et al., 1990) (Lothenbach, et al., 2007) (Gallucci, et al., 2013). Increased temperature
accelerates hydration leading to high early strength. At later stages, however, the strength of cements
hydrated at increased temperature is reduced compared to those hydrated at room temperature. This
temperature inversion effect is related to the microstructural development of the cementitious matrix
and C-S-H properties (Gallucci, et al., 2013).. Composite cements might react differently to
variations in the curing temperature. For the Portland fly ash cement and Portland limestone-fly ash–
cements, no inversion effect is observed and the temperature has always a positive effect on
compressive strength (Weerdt, et al., 2012). The effect of temperature on the hydration and
performance of limestone cement is similar to the effect of temperature on OPC properties. The
dolomite cement differs from these two previous examples as it modifies the properties of the cement
matrix in a specific way, i.e. by forming hydrotalcite, brucite and calcite. The impact of dolomite on
cement performance at different curing temperatures might by therefore specific as well.
The aim of this paper is to better understand the hydration mechanisms of dolomite and limestone
cements at different curing temperatures and the impact of dolomite on the cement performance by
means of traditional and virtual experimental techniques. A quantitative multi-method approach is
adopted in this study using: compressive strength measurement, calorimetry, thermogravimetric
analysis (TGA), X-ray diffraction (XRD) combined with Rietveld analysis, SEM-BSE imaging and
thermodynamic modelling.
2. Experimental
2.1. Materials
The materials used in this study are ordinary Portland cement, limestone and dolomite powders. The
used OPC was produced in a cement plant without the addition of limestone during the finish grinding.
Cement contains (QXRD): 67 % C3S, 8 % C2S, 6 % C3A and 12 % C4AF. The other components are
anhydrite, hemihydrate and minor constituents such as lime and periclase. Despite the fact that the
cement was ground without addition of limestone, it contains 0.6 % of calcite according to QXRD.
The Blaine surface area of the OPC is 4750 cm2/g. The sulfate level (SO3) of that cement is 3.6 % as
given by XRF. Limestone and dolomite coming from natural deposits were used. Limestone contains
93 % calcite besides some minor phases like 3 % dolomite, 3 % quartz and others. The main
component of dolomite is 90 % of CaMg(CO3)2. Dolomite contains as well calcite (2 %), quartz (4 %)



and other phases. Both carbonates were ground in a laboratory ball mill. The Blaine surface area is
6300 cm2/g and 6570 cm2/g respectively for limestone and dolomite powders.
2.2. Experimental Process
The sample matrix is given in Table 1. Two composite cements were prepared by mixing the
components in a laboratory mixer. PLC and PDC denote Portland Limestone Cement and Portland
Dolomite Cement, respectively. The cements were cured at 20°C, 40°C and 60°C (20, 40 and 60 in the
abbreviations).

Table 1 Sample matrix and curing temperature.

Name
OPC Limestone Dolomite Curing temperature

% wt. °C
OPC20 100 20
PLC20 80 20 20
PDC20 80 20 20
PLC40 100 40
PLC40 80 20 40
PDC40 80 20 40
OPC60 100 60
PLC60 80 20 60
PDC60 80 20 60

Mortar prisms (40×40×160 mm) with cement/sand/water proportions of (1/3/0.5) were prepared. The
samples were cured in a saturated Ca(OH)2 solution at 20°C, 40°C and 60°C. The compressive
strength was determined in accordance with EN 196-1 using two mortar prisms at each testing age, i.e.
on four samples. The compressive strength measurements were performed at 16 hours, 1, 2, 7, 28, 56,
90, and 180 days.
The hydration of the investigated samples was assessed by means of XRD, TGA and SEM-BSE. The
microscopy observations were performed for the samples cured at 40°C and 60°C. The hydration of
the cements was assessed between 4 h and 180 days. For the sample OPC40, the hydration was not
investigated.
Cement pastes were used for the hydration assessments. The W/B ratio was 0.5. Pastes were stored in
plastic vessels at a given curing temperature. The plastics vessels were fully filled with the cement
paste and sealed in order to avoid any carbonation of the samples during their hydration.
For the TGA analysis, the hydration of the samples was stopped by drying at 40°C for 12 hours.
TGA/DTG (NETZSCH STA 409C/CD) was carried out on ~50 mg of a powdered cement paste in
open vessels in N2 atmosphere applying a heating rate of 20°C/min up to 1050 °C. For the XRD
analysis (Bruker D8 Advance), the cements were mixed with internal standard (10 % of corundum).
Slices (diameter 3 cm, thickness 4 mm) were cut from the cement pastes and directly after cutting
placed in the diffractometer for the XRD pattern acquisition. Before taking the measurements, the
hydration had not been stopped. Rietveld refinements were performed using Topas 4 software from
Bruker AXS.
For the SEM examination, slices of the hydrated cement paste samples were immersed in isopropanol
for 30 min and subsequently dried at 40°C for 24 h. Samples were impregnated using a low viscosity
epoxy resin, carefully polished down to a surface roughness of 0.25 μm, coated with carbon and
examined with JSM-7001F JEOL Field Emission Scanning Electron Microscope with EDAX Genesis
EDS.
For the thermodynamic modelling, the geochemical modelling program (GEMS) and the
thermodynamic data from the PSI-GEMS database with the specific cement database were used. The



data were originally developed for OPC like systems. The similar modelling approach as in
(Lothenbach, et al., 2008) was used in this work.

3. Results and Discussion
3.1. Compressive strength
The results of the strength measurements are given in Figure 1.
At all investigated temperatures, the compressive strength of PLC and PDC mortars is similar and
significantly lower when compared to the reference OPC sample.
The initial compressive strength of mortars cured at 40°C is significantly higher when compared to the
mortars cured at 20°C for all investigated samples. Before the second day of hydration, an inversion
effect is observed. Since that time, the strength of all the samples cured at 20°C is higher as compared
to the strength of respective samples cured at 40°C. Strength of mortars cured at 60°C is initially
similar to the mortars cured at 40°C. After 7th day of hydration, the strength of these samples is lower.
Therefore, an inversion effect between samples cured at 40°C and 60°C took place before the first
measurement, i.e. 16 h after mixing.
In the agreement with the literature data (e.g. (Lothenbach, et al., 2007)), the final compressive
strength decreases with the increasing temperature for all samples.

Figure 1 Compressive strength evolution of the investigated cements
3.2. Kinetics of reaction
3.2.1 Cement clinker



Figure 2 Hydration degree of the cement clinker in the investigated samples. The error of measurement is
± 4 %.

The reaction of cement clinker is given in Figure 2. The reaction kinetics of cement clinker phases was
calculated from the XRD results, i.e. from the consumption of C3S, C2S, C3A and C4AF.
At all investigated temperatures, the hydration degree of cement clinker in PLC and PDC samples is
similar. Data suggest that limestone accelerates the hydration of the cement clinker when compared to
the cement clinker in OPC and PDC samples. This effect is not observed at 40°C. However, the
observed differences are in the range of the measurement error.
The higher curing temperature accelerates the early hydration of the cement clinker. After 4 h of
hydration at 20 °C, the degree of clinker reaction is about 15 %. It increases to approximately 25 %
and 55 % at 40°C and 60°C, respectively. The hydration degree of clinker at 20 °C is always lower
when compared to the other curing temperatures. After 180 days of hydration, the clinker at 40°C and
60°C reached about 90 % of reaction. The hydration degree of clinker at 20°C is slightly lower with
about 85 %.
3.2.2 Carbonates
There are significant differences in the reaction of the carbonates in the PLC and PDC samples as
shown in Figure 3. The calcite content is stable over the investigated hydration time at all temperatures.
The registered increase of the calcite content in the PLC samples can be related to the carbonation of
the samples during the measurements. The low consumption is in agreement with the literature data
(Zajac, et al., 2014). The reaction of dolomite is strongly accelerated by the increased curing
temperature. At 20°C, the reaction of dolomite is very slow. After 180 days, only about 10 % of initial
mass of dolomite dissolves. However, this value increases significantly at 40°C and 60°C: ~45% and
90%, respectively, which is consistent with the observations reported for the modelled systems (Zhang,
et al., 2014).



Figure 3 Content of the carbonates in the composite cements PC and PDC. The error of measurement is ±
2 %.

3.2.Effect of dolomite. Comparison of the hydrates assemblage at different temperatures
3.2.1. Hydration development at 20°C
The main hydration phases found in all the samples are portlandite, ettringite and not well crystalline
C-S-H, characterized in the XRD pattern by a hump at 28 - 33° 2θ and in TGA by a broad peak of
water loss between 100 - 200°C. The main difference in the XRD-patterns can be seen at low angles,
where the main peaks of the AFm and AFt phases are found as shown in Figure 4. After 1 day of
hydration, the peak of ettringite is visible (2θ = 9.1°) for all the samples. The remaining aluminates
react with calcium carbonate to form mono- and hemicarbonates (Mc at 11.7° 2θ and Hc at 10.8° 2θ).
In the samples of PLC and PDC, the hemicarbonate peak is visible after one day of hydration. At 7
days and longer, the Hc peak decreases in PLC and PDC samples, while the peak of monocarbonate
increases over time. As the OPC contains little calcite (0.6 %), the peak of monocarbonate is not
visible and the ettringite peak becomes smaller over hydration time. In this sample, a broad peak
centred at about 10.4° appears after 7days. This broad peak may be assigned to a monosulfoaluminate
or hydroxyl-AFm type solid solution (Lothenbach, et al., 2008).



Figure 4 Hydration phases assemblage of the investigated samples by means of XRD at 20 °C. Et –
ettringite, Ms – monosulfate, Hc – hemicarbonate, Mc – monocarbonate, Ht – hydrotalcite

In all samples, at longer hydration times, the reflection associated with the presence of hydrotalcite is
visible.

Figure 5 DTG analysis of the 180 days old samples cured at 20°C indicating changes in the composition of
the hydrates. The main effect associated with ettringite (Et), monophases (AFm), hydrotalcite (Ht),

portlandite (CH), carbonates (Cc/D) and C-S-H are shown.

The XRD results are confirmed by the TG measurements shown in Figure 5. The weight loss at
approximately 680°C in composite cements indicates presence of carbonates. In addition, a weight
loss at approx. 150°C is observed, indicating the presence of monocarbonate. In OPC, monosulfate
(weight loss at approx. 180°C) has formed. In all samples the effect associated with ettringite is
observed.



3.2.2. Hydration development at 40°C
The XRD and TG results of the PLC and PDC samples investigated at 40°C are shown in Figure 6.
In both investigated samples, the peak of ettringite is visible after 4h of hydration. The peak of
hemicarbonate appears after 16 h. It disappears after 7th day of hydration. This is accompanied by the
formation of monocarbonate. In both samples, the effect associated with hydrotalcite is visible. In the
case of the PDC40 sample, this effect is greater at 180 days, when compared to the PLC. This is well
aligned with the Rietveld calculation showing a high degree of dissolution of dolomite (Figure 3). The
formation of the ettringite, AFm and hydrotalcite is confirmed by means of TG results (Figure 7).

Figure 6 Hydration phases assemblage of the investigated samples by means of XRD at 40°C. Et –
ettringite, Ms – monosulfate, Hc – hemicarbonate, Mc – monocarbonate, Ht – hydrotalcite

Figure 7 DTG analysis of the 180 days old samples cured at 40°C, indicating changes in the composition of
the hydrates. The main effect associated with ettringite (Et), monophases (AFm), hydrotalcite (Ht),

portlandite (CH), carbonates (Cc/D) and C-S-H are shown.



Figure 8 shows the SEM-BSE image of PLC40 and PDC40 samples cured at 40°C for 180 days. The
images reveal a similar microstructure of the cementitious matrix in the investigated samples. In both
samples, large grains of carbonates and remaining anhydrous phases, most likely belite, are observed
(light areas). These grains are surrounded by the hydration products and porosity (dark areas). Careful
investigation of the pictures discloses that dolomite grains are surrounded by rims of the products.
Analysis of the EDX results reveals that this product is hydrotalcite, with the Mg/Al ratio close to 2, in
agreement with the XRD and TG results.

3.2.3. Hydration development at 60°C
Although the hydration development at 20°C and 40°C is similar, the phases formed at 60°C differ
significantly as shown in Figure 9. In all investigated samples, after 4 h of hydration a clear peak of
ettringite is visible. Most probably, ettringite is stable because of the low pH and high sulphate
concentration stabilized by gypsum. Already after 16 h of hydration, a part of ettringite decomposes
forming monosulphate. No evidence of either hemicarbonate or monocarbonate is visible. In the case
of the OPC60 and PLC60 samples, the phase assemblage does not change significantly up to 180 days
of hydration. In the case of the PDC sample the dissolution of dolomite results in the formation of the
significant amount of hydrotalcite. In parallel, the peaks of monosulphate disappear. No formation of
secondary ettringite is visible by means of XRD. The results of the TG experiments (Figure 10) are
aligned well with the XRD results.

PLC40 PDC40

Figure 8 SEM-BSE micrographs of hydrated cement pastes with magnification of 800x. Arrows indicate
chosen grains of limestone and dolomite in the case of PLC and PDC samples respectively.



Figure 9 Hydration phases assemblage of the investigated samples by means of XRD at 20°C. Et –
ettringite, Ms – monosulfate, Hc – hemicarbonate, Mc – monocarbonate, Ht – hydrotalcite

Figure 10 DTG analysis of the 180 days old samples cured at 60°C, indicating changes in the composition
of the hydrates. The main effect associated with ettringite (Et), monophases (AFm), hydrotalcite (Ht),

portlandite (CH), carbonates (Cc/D) and C-S-H are shown.

Figure 11 shows the SEM-BSE image of PLC60 and PDC60 samples cured at 60°C for 180 days. In
both samples, large grains of carbonates and remaining anhydrous phases, most likely belite, are
observed (light areas). These grains are surrounded by hydration products and pores (dark areas). The
dolomite grains are surrounded by rims of reaction products. They are characterized by two grey level
zones, i.e. by two different densities. Some of the grains of dolomite seem to be fully reacted and
transformed to a hydration product. Analysis of the EDX results reveals that this product is
hydrotalcite, with the Mg/Al ratio close to 2. The grains of calcite in PLC sample appear unaffected by



the hydration. Additionally, relicts of the monosulphate are visible in the case of the PLC60 sample.

PLC60 PDC60

Figure 11 SEM-BSE micrographs of hydrated cement pastes with magnification of 800x. Arrows indicate
chosen grains of limestone and dolomite in the case of PLC and PDC samples respectively.

3.3.Effect of the temperature on the phase assemblage
The temperature determines which solid phase forms and how much of each solid precipitates. The
increasing temperature has three important effects on the phase assemblage, according to the results
presented above:

 Elevated temperatures have a similar influence on both the OPC and the PLC. Between 20 and
40°C, the differences in the amount of hydrates formed are small (Figure 4 and Figure 6).
However, increasing the temperature to 60°C has a dramatic impact on the phase assemblage.
Ettringite and hemi- / monocarbonate are not stable and the formation of significant amounts
of monosulphate is observed (Lothenbach, et al., 2007) (Figure 9).

 The presence of dolomite has a pronounced impact at higher curing temperatures, i.e. 40°C
and 60°C, since its dissolution is accelerated. The dissolution of dolomite leads to the
formation of hydrotalcite (at 40°C as shown in Figure 6 and Figure 7) and ultimately to the
destabilization of the AFm phases at 60°C. This is because hydrotalcite is more
thermodynamically stable than monosulfate. Such an effect may lead to the consequent
stabilization of ettringite as revealed by the XRD patterns shown in Figure 9.

 Comparison of the TG results reveals that the bound water content decreases when the curing
temperature is increased at 180 days, i.e. for a similar hydration degree of the cement clinker
(Gallucci, et al., 2013). This is the result of the lower water content of C-S-H phase and the
decomposition of ettringite. The denser C–S–H as well as the decrease of the content of
ettringite at higher temperature lead to higher (capillary) porosity and thus to a lower final
compressive strength (Figure 1).

3.4.Precipitation of hemi- and monocarbonate at 40°C and 60°C
Literature data suggest that the monocarbonate is the thermodynamically stable phase in the
limestone – OPC blends containing more than 2–3 wt.-% of limestone (Lothenbach, et al., 2008)
(Zajac, et al., 2014). In contrast, the XRD measurements show that initially hemicarbonate is formed
in PLC and PDC samples cured at 20°C and 40°C. The hemicarbonate transforms slowly within a few
weeks to monocarbonate. Such an initial formation of hemicarbonate has been reported by several
authors in limestone containing cements (Lothenbach, et al., 2008) (Zajac, et al., 2014) (Ipavec, et al.,



2010).
The observed initial formation of hemicarbonate instead of monocarbonate indicates a kinetic
hindrance of this reaction. The similar rate of the formation of hemicarbonate and monocarbonate in
the investigated PLC and PDC samples supports the idea that the kinetics of hemicarbonate and
monocarbonate formation (and thus of the calcite reaction) does not depend on the amount of calcite
present. The reaction of the calcite is governed by the amount and kinetics of hemi- and
monocarbonate formation. This is because the dissolution of dolomite is 10-times slower than the
dissolution of calcite (Morse &Arvidson, 2009).
3.5.Modeling and comparison of calculated porosity with compressive strength.
The changes in the hydrate assemblage were calculated based on the observed dissolution of the
cement clinker and fitting of the dissolution rate of dolomite to the experimental data. The calcite was
allowed to freely react. The examples of the calculation are given in Figure 12.
The calculated hydrates include C–S–H, CH, AFt and AFm phases and a small amount of hydrotalcite-
like phases as shown in Figure 12. The presence of limestone and dolomite leads to the formation of
hemicarbonate and monocarbonate. In the PDC samples, dissolution of dolomite results in the
formation of higher volumes of hydrotalcite than compared to the other samples. The good agreement
is found between the measurements and the modelling results.



Figure 12 The volume of the different phases as function of time at 40 °Cand 60 °C in hydrating
cement pastes modelled by GEMS. Ht – hydrotalcite, CH – portlandite, Cc – calcite, Mc –

monocarbonate, Dol – dolomite, Aft etrringite, MS monosulfate. No sulfate adsorption on C–S–
H phase was assumed.

The possibility of calculating the phase assemblage as a function of time enables calculating the
porosity of the respective cementitious material. A correlation between the calculated porosities and
measured strength data can be established.

Figure 13 Calculated evolution of capillary porosity in the investigated PLC and PDC samples as a
function of temperature and hydration time

Compressive strength is closely related to the capillary porosity. The fraction of capillary pores can be
calculated from the total porosity by subtracting the volume of the gel pores (Lothenbach, et al., 2008).
If gel porosity is associated with C–S–H, the amount of gel pores can be calculated from the volume
of the C–S–H present. At higher temperatures, a denser C-S-H phase is formed and less gel porosity is



present resulting in a higher capillary porosity at the same degree of hydration. A 8 % higher and 9 %
lower porosity of cements hydrated at 5 and 40°C when compared to cements hydrated at 20 °C was
reported. Based on these data, gel porosity factors of 0.31, 0.20 and 0.1 were calculated for C–S–H
formation at 20°C, 40°C and 60°C, respectively (Lothenbach, et al., 2008). The capillary porosities
calculated by applying the gel porosity factors to the calculated volume of C–S–H are shown in Figure
14.

Figure 14 Comparison between calculated porosity and measured compressive strength. Black points –
20°C, gray points – 40°C, open points – 60°C

For all the investigated samples the coarse porosity decreases up to about 2nd day of hydration with
increasing curing temperature. At 7th day, the pastes reach a similar level of porosity independent of
the curing temperature. Upon further curing, an opposite trend is observed: the coarse porosity is
reduced at lower curing temperature. A similar inversion effect was reported in previous studies
(Gallucci, et al., 2013). It should be noted that the hydration degree is similar regardless the curing
temperature. The changes of the porosity at that age, i.e. after 7 days of hydration, originate from the
difference in the hydration product, particularly the C-S-H phase.
Comparison of calculated total porosity with the measured strength data shows a good agreement
(Figure 14) (Weerdt, et al., 2012). The correlation appears to be independent of the curing temperature
and the type of the cement. This in turn suggests that in the investigated conditions, limestone and
dolomite has similar effect on the strength of composite cement.
4. Conclusions
In this work, the hydration mechanisms of OPC, PLC and PDC were investigated by traditional
experimental techniques and thermodynamic modelling.
Increasing curing temperature accelerates the hydration process of the cements which results in a
higher hydration degree at early ages and consequently higher compressive strength. After about 2 - 7
days of hydration, the compressive strength of cements exhibits a crossover effect. This is related to
the formation of a denser C-S-H phase containing less water, the resulting coarser porosity and to the
formation of less ettringite at higher temperatures.
Kinetics of the reactions of cement clinker in the presence of dolomite and limestone are similar. In
the cement matrix, dolomite reacts to form hydrotalcite and brucite when the alumina is not available.



At ambient conditions, the reaction of dolomite is very slow. Thus, its impact on the cement properties
is limited in the investigated period. However, most probably, this reaction will continue upon further
hydration leading to a high transformation degree of dolomite into hydration products. The increasing
temperature accelerates considerably the dissolution of dolomite. As a result of the dissolution of
dolomite, the phase assemblage is modified when compared to limestone cement. Instead of the AFm
phases, the precipitation of hydrotalcite is observed. The high rate of the reaction of dolomite at higher
temperature results in the significant modification of the microstructure of the PDC samples as
compared to the PLC samples. The relicts of dolomite grains are surrounded by reaction rims of two
distinct grey levels. Nevertheless, for samples cured at 40°C and 60°C similar strength is registered
suggesting that this reaction does not influence significantly the cement performance during the
investigated period.
Comparing the modelling and the experimental results, it seems that the transformation of
hemicarbonate to monocarbonate is the limiting step in the reaction between carbonate and aluminate
at 20°C and 40°C.
Generally, thermodynamic modelling predicts well the phase assemblage of the investigated samples.
Comparison of calculated total porosity with the measured strength data shows a good agreement and
enables the prediction of the effect of temperature on the strength of portland clinker based cements.
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Analysis of C-S-H precipitation rates and impact on C3S hydration
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Abstract
The hydration of tricalcium silicate is a dissolution-precipitation process. A simulation of the reaction
requires a quantitative description of dissolution rates, nucleation time lag and precipitation rates in
dependence of solution composition, temperature, surface area and other parameters. Only a few of
these interrelations are currently known.
The kinetics of C-S-H precipitation was analyzed in this study by following the evolution of silicon and
calcium concentration in a supersaturated solution over time. A direct correlation of C-S-H
precipitation rate with supersaturation ratio was observed. SEM investigations indicate that the growth
starts on a fixed number of nucleation sites.
The hydration of tricalcium silicate was investigated using isothermal heat conduction calorimetry and
pore solution analysis in the second part of the study. The rates of reaction measured by calorimetry
were compared to precipitation rates predicted from the analysis of the pore solution. This data
indicates the acceleration of the hydration after the induction period was caused by a modification of
solution composition in combination with other parameters including an increase of the C-S-H surface
area.

Originality
The kinetics of tricalcium silicate hydration has been discussed for a long time resulting in different
models. An identification of the critical kinetic step during the individual hydration stages would be a
major step forward in this discussion. This requires pre-knowledge of dissolution and precipitation
rates. Precipitation rates for C-S-H have not yet been published and the data obtained in this study can
be an important input for a simulation of hydration kinetics.
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1. Introduction
Tricalcium silicate (Ca3SiO5, C3S) is the main component of modern Portland cement clinkers.
It reacts with water to form calcium silicate hydrate (C-S-H) and calcium hydroxide. This
reaction is responsible for the strength development of concrete. The kinetics of the chemical
reaction was investigated in a high number of publications and the main results were
summarized in monographs (Taylor). A very fast reaction is observed in the first few seconds
or minutes but the rate of reaction decreases again thereafter. The degree of reaction after the
initial reaction does not exceed 1-2% when the anhydrous material has a specific surface area
typical for cements and is hydrated at a water/cement-ratio relevant for practical applications.
A period of very low reaction lasting 1-4 hours is observed after the initial reaction. The
length of this induction or dormant period depends on the presence of additional phases,
water/cement-ratio, temperature and other parameters. The reaction accelerates again after the
induction period when the main hydration period starts. This period ends after approximately
1-2 days and the degree of reaction after this period depends on the fineness of the anhydrous
material. Figure 1 displays the evolution of the heat evolution rate of a sample of tricalcium
silicate with a specific surface area of 0.23 m²/g (Blaine) over time and also the degree of
reaction calculated from this data.

Figure 1 Heat release rate during hydration of a sample of pure tricalcium silicate
(w/s=0.50, 25°C) and degree of hydration calculated from this data

The trend in degree of hydration over time plotted in Figure 1 is confirmed by independent
studies on similar materials using other analytical methods such as X-ray diffraction (XRD),
thermal analysis, 29Si magic angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy. These studies have provided a good knowledge of the evolution of the degree
of reaction over time and thus a phenomenological description of the kinetics of tricalcium
silicate reaction. More recently, the kinetics were studied by a fundamental approach
developed in geochemistry. The kinetics of complicated chemical processes can be described
by a separate analysis of the individual steps of this process and their mutual interaction. For
the global process of tricalcium silicate hydration, these steps are dissolution of the educt,
transport of ions, nucleation of stable and meta-stable hydration products and finally growth
of these nuclei to larger particles. Some of these individual steps were analyzed independently.



The dissolution of tricalcium silicate was investigated in a number of studies (Nicoleau et al.,
Bisschop & Kurlov, Bellmann et al.). It can be concluded from these investigations that
dissolution of tricalcium silicate in water is a very fast process. The global rate depends much
on specific surface area of the sample and the undersaturation of the solution with respect to
tricalcium silicate. The dissolution rate decreases strongly with decreasing undersaturation
and the interfacial dissolution rate in solutions relevant for hydration can be 100 times lower
than in pure water.
Formation of C-S-H by heterogeneous und homogeneous nucleation in supersaturated
solutions after an induction period was studied by Garrault-Gauffinet & Nonat. It was
observed that the length of the induction period depends on the supersaturation with respect to
the hydrates and the availability of substrate surfaces for heterogeneous nucleation.
The aforementioned studies provide kinetic constants for the description of dissolution and
nucleation, whereas data for the growth of C-S-H is still missing. The current study attempts
to provide such data that is required for a simulation of the process of tricalcium silicate
hydration. It can be expected that the growth rates depend much on the supersaturation with
respect to the hydration products.
2. Experimental
In this study, the growth rate of C-S-H was analyzed by following the evolution of calcium
and silicon concentration in solutions supersaturated with respect to this phase. These
supersaturated solutions were obtained by adding a solution with a relatively high silicon
concentration to a saturated calcium hydroxide solution in the presence of calcite as a
substrate for heterogeneous nucleation.
The saturated calcium hydroxide solution was obtained by stirring solid calcium hydroxide
(Merck, p.a.) in twice deionized water. Remains of undissolved calcium hydroxide were
separated from the saturated solution after equilibration using filters with a pore size of 0.45
µm. Contact with carbon dioxide from the atmosphere was avoided by directly filtering the
solution into a closed glass bottle having a volume of 1 L.
The solution with a relatively high silicon concentration was obtained by hydration of
tricalcium silicate at a high water/solid-ratio. This sample of tricalcium silicate was produced
by high temperature solid state reaction by burning calcium carbonate and nano-SiO2 three
times at 1600°C. According to X-ray diffraction, the material was pure triclinic tricalcium
silicate and belite or free lime were not detected by this method. Chemical analysis showed
that the concentration of foreign elements was below the limit of detection. During solution
preparation, twice deionized water (450 g) and tricalcium silicate (0.45 g) were rigorously
stirred while monitoring the conductivity of the solution. After approximately 2 minutes, the
hydration of tricalcium silicate was terminated by filtration. The solution produced in this way
had a relatively high silicon concentration (>1000 µmol/L) and was mixed with the saturated
calcium hydroxide solution to produce a supersaturated solution.
In the growth rate experiments, 0.7 L saturated calcium hydroxide solution was stirred with
5.00 g calcium carbonate (calcite, Merck, reag. ph. eur., BET=0.377 m²/g) at 21±2°C. A small
volume of the solution (10 mL) was removed before the experiment to analyze the initial
calcium and silicon concentration. The solution with a high silicon concentration was added
to the saturated calcium hydroxide solution by means of a titrator in 4 steps each having a
volume of 20 mL using a titration velocity of 10 mL/min. There was small time lapse of



approximately 30 seconds between the four additions for the automatic refilling of the
titration device. The solution composition was tested after each addition and in distinct time
intervals after the last addition. For each sampling, approx. 10 mL of the solution were
removed by a syringe and filtered through a syringe filter head (0.20 µm). The filtered
solutions were acidified to prevent precipitation and carbonation during storage and analysis
by adding approximately 0.2 g of 5M HNO3. The exact dilution factors were recorded by
weighing each sample before and after the addition of the acid. Calcium and silicon
concentration of the samples were analyzed by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) using a horiba Jobin Yvon, active M with the following parameters:
radial observation, 1000 W, λCa=373.690, λSi=251.611 nm).
The last sampling of the solution was conducted after 4:05 h and the solid was thereafter
separated by a pressure filtration device using 0.45 µm filters. The material was dried for
further analysis by Scanning Electron Microscopy (SEM) at 60°C.
3. Results and Discussion
The evolution of the calcium and silicon concentration over time in a typical growth
experiment is presented in Figure 2. Initially, the concentrations correspond to a saturated
calcium hydroxide solution with a calcium concentration of approximately 22 mmol/L.
Beside calcium ions, the solution contains also traces of silicon (6 µmol/L).

Figure 2 Evolution of calcium and silicon concentration in 0.7 L saturated calcium hydroxide solution
containing 5.00 g calcium carbonate during and after addition of 80 mL of a solution obtained from the

hydration of tricalcium silicate in 4 steps of 20 mL

These concentrations are modified by the addition of a solution with a rather high silicon
concentration and a relatively low calcium concentration in four steps of 20 mL by a titration
device. The titration results in a continuous increase of the silicon concentration and a
decrease of the calcium concentration in the first 10 minutes of the experiment. After the last
addition, a silicon concentration of 108 µmol/L and a calcium concentration of 19.7 mmol/L
is obtained. The solution is undersaturated with respect to calcium hydroxide and amorphous
silicon dioxide and supersaturated with respect to C-S-H (Figure 3).
It can be assumed that the reduction in ionic concentrations during the second part of the
experiment is related to the nucleation and growth of C-S-H. It is shown in Figure 2 that the



silicon concentration decreases after the last addition whereas the calcium concentration
remains more or less constant. These trends are based on the fact that the solution
composition is dominated by calcium ions. The ratio of calcium to silicon in solution is
approximately 200 and higher. Thus the precipitation of a solid with a calcium/silicon-ratio of

Figure 3 CaO-SiO2-H2O phase diagram showing the solubility of calcium hydroxide, amorphous
silicon dioxide and C-S-H (curve A) together with the composition of the solutions during and after
titration in the growth experiment (Figure 2). This figure is reprinted from Jennings, 1986 with

permission of John Wiley & Sons, Inc.

1.6 from the solution will drastically affect the silicon concentration and will have only a
minor effect on the calcium concentration as it was observed in the experiments. It was not
possible to calculate the calcium/silicon-ratio in the precipitating phase from the modification
of the solution composition because the analysis of the calcium concentration was not
accurate enough for this purpose and the aforementioned value of 1.6 is based on data in the
literature (Taylor).
The growth rate of C-S-H during the experiment was calculated from the decrease of the
silicon concentration between two consecutive samplings (Figure 2) taking the actual volume
of the solution into account. The amount of silicon precipitated between two samplings in
form of C-S-H has to be divided by the length of the time interval between the samplings.
Growth rates in units of µmol C-S-H/s as a function of the supersaturation of the solution for
data points beyond 5 minutes after the last addition are plotted in Figure 4. The
supersaturation β was calculated using the following equation and solubility data reported by
Blanc et al.:

βC-S-H=IAPC-S-H /KSP = {Ca2+}1.6 { H3SiO4-} {OH-}2.2/2.410-13



Figure 4 Growth rate of C-S-H calculated from data in Figure 2 as a function of supersaturation in the
solution

The hydroxide ion concentration was obtained from the electrochemical neutrality and all
concentration were converted into activities using a simple Debye-Hückel-approach.
Complexation of calcium ions by hydroxide ions and dissociation of orthosilicic acid was
taken into account.
It can be seen in Figure 4 that the growth rate depends almost linearly from the
supersaturation. Hardly any growth is observed at supersaturations lower than 5. This can be
due to the fact that a certain supersaturation is required for the nucleation of new steps on a
smooth surface. It could also be explained by a slight error in the solubility product of C-S-H.
The growth rate for solution compositions found during hydration of tricalcium silicate (lying
on curve B in Figure 3) corresponds to a value of approximately 0.02 µmol C-S-H/s. However,
this value for the C-S-H growth rate does not account for the size of the experiment and
therefore it needs to be referred to the surface area.
It was investigated by SEM if the surface area of the growing phase is identical to the surface
area of the calcite that was used as a substrate. In this case, C-S-H would form smooth layers
around the calcite particles and the interfacial growth rate in units of µmol/(s m²) could be
calculated from the data in Figure 4 and the surface area of the calcite. A FEI NOVA
NanoSEM 230 FEG was used for analyze the surface of the calcite particles after the growth
rate experiment. Sputtering with metals prior to SEM investigation was avoided and charge
build-up was prevented by reducing acceleration voltage and electron dosage.
The surface of the untreated calcite is relatively smooth and hardly any defects are detected.
After the growth rate experiment, the surface is covered with small crystallites having
dimension between 5 and 40 nm (Figures 5 and 6). There is a contact between some of the
particles but most of them are isolated on the surface. It is difficult to analyze the shape of the
particles as they are very small and undergo slight transformations when dried at the vacuum
in the instrument. The particle density on the calcite surfaces is highly heterogeneous with
values between 300 and 900 crystallites/µm². It appears from the micrographs that the calcite
surface between the particles is uncovered and that growth starts from isolated sites instead of
forming a smooth layer on the substrate. This indicates that the surface area of the substrate
cannot be used for the calculation of the interfacial growth rate in units of µmol/(sm²).



Figure 5 Calcite surface covered with isolated
C-S-H particles after the growth experiment

Figure 6 Detail from Figure 5

Instead of the substrate surface area, the surface area of the C-S-H particles has to be used for
this computation. This is complicated by the fact that the surface area of the C-S-H particles
changes during the experiment.
It was estimated from the size and concentration of the particles that the absolute surface area
at the end of the growth experiment is between 0.5 and 5 m². This would correspond to an
interfacial growth rate between 0.003 and 0.040 µmol/(sm²) for solution compositions lying
on curve B in Figure 3. The exact numerical value for the C-S-H growth rate is difficult to
extract and BNG models (Scherer et al.) are currently tested to calculate the evolution of the
C-S-H surface area during the growth experiments. Although the exact value of the interfacial
growth rate is still unknown, it can be assumed that this value is fixed at a given
supersaturation.
At least two different parameters can be responsible for the acceleration of the rate of reaction
after the induction period. These parameters are supersaturation and surface area.
An increase in supersaturation with respect to C-S-H can increase the interfacial growth rate
similar to the relation shown in Figure 4. It can be seen from this figure that the growth rate in
units of µmol/s depends almost linearly from the supersaturation. A related trend can be
expected for interfacial growth rate in units of µmol/(sm²) but this relation is modified by the
evolution of the surface area of the hydrates during the experiment. An increase in
supersaturation will thus affect the interfacial rate and thereby the global rate of reaction
during hydration of tricalcium silicate.
This issue was investigated by analyzing the evolution of the calcium and silicon
concentration during hydration of tricalcium silicate in a saturated calcium hydroxide solution
at a water/solid-ratio of 10 using the pure tricalcium silicate sample from Figure 1. The
concentrations are plotted in Figure 7. It is observed that the calcium concentration stays more
or less constant at 22 mmol/L in the first 2 hours, starting to increase to 31 mmol/L after 7
hours. The silicon concentration increases from 2 µmol/L in the starting solution to 43 µmol/L
after 1 hour. Apparently, the value after 2 hours is incorrect. The silicon concentration later
falls to 23 µmol/L after 7 hours during the increase of the calcium concentration. These data



Figure 7 Evolution of calcium and silicon
concentrations during hydration of tricalcium

silicate at w/s=10 in calcium hydroxide solution

Figure 8 Supersaturation with respect to C-S-H
during hydration calculated from the data in

Figure 7

can be used to calculate the supersaturation with respect to C-S-H and the results are provided
in Figure 8. It is observed that supersaturation increases from approximately 15 after 15
minutes to approximately 25 after 7 hours. This indicates that the interfacial growth rate can
be modified by the evolution of the solution composition during hydration.
Beside supersaturation, also the surface area changes during the hydration. Relevant data
from the literature are shown in Figure 9. The specific surface area of the sample studied by
Zajac et al. increased by factor higher than 10 during the acceleration period. Such a
modification of the specific surface area of C-S-H can increase the rate of reaction at a
constant interfacial rate.
It is expected that both parameters (supersaturation, specific surface area) contribute to the
acceleration of the hydration during the induction period. A quantitative analysis of the
individual effects is beyond the scope of the present study.

Figure 9: Evolution of the specific surface area during hydration of tricalcium silicate during hydration
at w/s=0.375 and 25°C measured by NMR (schematic drawing based on data by Zajac et al.)



4. Conclusions
 The growth rate of C-S-H was analyzed by following the consumption of silicon ions

over time in a solution supersaturated with respect to C-S-H.
 It was observed that the growth rate depends on the supersaturation with respect to

C-S-H and the surface area available for growth. The surface area of the hydrates is
difficult to analyze and this results in a large uncertainty in the value for the
interfacial growth rate (approx. 0.01-0.02 µmol/(m²  s)) at supersaturations relevant
for tricalcium silicate hydration.

 There is no indication from the results of this study that the growth rate depends on
the surface area of the substrate material.

 The pore solution composition was analyzed during hydration of tricalcium silicate at
w/s=10 in a saturated calcium hydroxide solution. An increase from β=15 to 25 was
observed between 15 min and 7 hours. In addition, the surface area of the hydrates
increases during hydration. It is expected that both factors contribute to the
acceleration of the reaction after the induction period.
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7
Abstract8
Cement manufacture generates environmental problems due, among others, to the greenhouse gases, especially CO2,9
emitted in the process. A number of materials have been used as cement additions in recent years to lower such10
emissions. One of the foremost is nanosilica (nSA), which as a nano-filler and pozzolan enhances the mechanical11
strength and reduces the porosity of the end product. Portland cement hydration is favoured by both temperature and12
the presence of nSA.13
Calorimetric studies were performed to monitor the early age hydration of white portland cement containing 10 % nSA14
at 25, 40 and 65 ºC for 24 h. After hydration was detained at trial times defined by the peaks observed on the15
calorimetric curves, samples cured for those times were characterised by XRD, DTA/TG, and 27Al MAS NMR.16
The findings showed that temperature and the addition of nSA induced the same type of alterations in the calorimetric17
curve: the induction period was shortened and heat flow rose. The calorimetric curve for the nSA-containing pastes18
cured at 65 ºC exhibited 3 main peaks, one more than the curve for the sample without nSA. Moreover, the ratios19
between the intensities of the signals varied widely. Nanosilica stabilised ettringite in the samples hydrated at 65 ºC,20
while that phase was non-existent in the samples without nSA.21

22
Originality23
Ettringite decomposes at temperatures of over 40 ºC. The present study shows that adding nSA to white Portland24
cement stabilises its formation at 65 ºC, a finding that holds great technological promise for the durability of pre-cast25
concrete.26
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1. Introduction58
Modern economic and industrial development has prompted exponential growth in construction and high59
cement consumption. Heightened social awareness of the adverse environmental effects of the intense60
extraction of the raw materials required in cement manufacture has been attendant upon those developments.61
Consequently, cement is now ordinarily replaced in part by other materials to lower CO2 emissions by62
reducing the proportion of clinker involved or to improve the properties of the hardened cement. Some of63
these replacement materials, such as silica fume (SF), fly ash (FA) and blast furnace slag (BFS), included as64
cement components in European standard EN 197-1 (2011) [1], exhibit pozzolanic or hydraulic properties.65
Limestone is another type of addition (filler) addressed in the standard. Although it exhibits neither66
pozzolanicity nor hydraulicity, it hastens the hydration of the silicates present in clinker, particularly if67
ground to a high specific surface, and interferes in aluminate hydration [2, 3]. Many of the other materials68
being explored for this use are likewise pozzolanic industrial by-products (rice husk or bagasse ash)69
(Cordeiro et al., 2012, Lin, 2013). Other nanometric additions such as n-Al2O3, n-Fe2O3, n-TiO2, n-Cr2O3 and70
n-SiO2 have aroused interest in the scientific community for their possible beneficial effect on the hardened71
end product. These nanoparticles have been shown to hasten the hydration rate of the silicates present in72
cement, for they act as nucleation sites for C-S-H formation (B. Y. Lee, 2010, Nazari and Riahi, 2011b), and73
as nano-fillers that reduce porosity (Kontoleontos, 2012, Nazari and Riahi, 2011a).74
Amorphous n-SiO2 (nSA) nanoparticles are insoluble in water, where they form a suspension. A number of75
studies conducted on how nSA affects cement hydration have revealed that it expedites silicate phase76
hydration and leads to C-S-H gels with a longer chain length (Sáez del Bosque, 2013a, Sáez del Bosque,77
2013b, Shih et al., 2006, Land, 2012). Moreover, while both temperature and the addition of nSA are known78
to hasten cement hydration (Sáez del Bosque, 2013a), the latter has been shown to affect C3S hydration more79
intensely than the former (Sáez del Bosque, 2013a).80
Since hydration entails heat release, the effect of temperature and the addition of nSA on that process is a81
factor well worth researching. In the present study, isothermal conduction calorimetry was used to explore82
the joint effect of curing temperature and the addition of amorphous nanosilica (nSA) on early age white83
cement (WPC) hydration. The phases formed were characterised with X-ray diffraction (XRD), differential84
thermal and thermogravimetric analysis (DTA/TG), 27Al magic angle spinning (MAS) and cross-polarisation85
magic angle spinning nuclear magnetic resonance (27Al MAS NMR and 27Al CP/MAS NMR).86
2. Experimental87
The white cement used in this study, classified as BL I 52.5 R in Spanish standard UNE 80305 and nSA used88
here were characterised in prior studies [10, 14]. White cement pastes were prepared as follows:89
unadditioned cement with a water/solid (w/s) ratio of 0.425 used as a reference and labelled WPC; cement90
with 10 % nSA and a w/s of 0.66, labelled WPC+nSA. All pastes were cured at 25, 40 or 65 C. Given the91
high specific surface of nSA, different w/s ratios were used to ensure the same workability in all pastes. This92
was deemed preferable to using plasticisers to reduce the water needed in the additioned pastes, inasmuch as93
such admixtures alter hydration kinetics.94
Calorimetric measurements were recorded at 25, 40 and 65 ºC on a Thermometric TAM Air analyser with95
water as the external standard. The WPC and WPC-nSA pastes were prepared ex-situ, i.e., outside the96
calorimeter by mixing the solids with water and stirring vigorously for 3 minutes. The mixes were then97
placed in the calorimeter vials in less than 5 minutes, after which measurements were recorded for 24 hours.98
The dry nSA and cement were blended prior to mixing with water. Preliminary analyses conducted with 2.5,99
5 and 10 wt% nSA showed that 10 % was the most suitable proportion, for it induced the greatest differences100
in heat flow relative to the reference (Figure 1).101
All the calorimetric curves in this paper are referred to gram of solid (for both pure and mixed samples), not102
to the total weight of the paste sample. The data reported are based on the mean of various readings per103
sample.104
The reactions taking place at each isothermal conduction calorimetric signal were identified using samples105
whose hydration was detained with acetone at the times determined by the signals and which were106
subsequently vacuum dried for 5 h. The characterisation techniques used included differential thermal and107
thermogravimetric analysis (DTA/TG), X-ray diffraction (XRD) and aluminium nuclear magnetic resonance108
(27Al MAS NMR).109
The 27Al MAS NMR scans were performed on a Bruker Avance-400 (9.4 T) spectrometer operating at a110
frequency of 104.3 MHz, with a 2-s /2 pulse, a 5- s recycle delay and a 10- kHz spinning rate. A total of111
128 scans were recorded per sample. An AlCl3·6H2O solution (= 0 ppm relative to TMS) was used as an112
external standard for the 27Al chemical shifts.113



Powder X-ray diffraction (XRD) studies were conducted on a Bruker D8 Advance diffractometer, fitted with114
a (1.54-Å CuK1,2) copper anode X-ray tube, a Lynxeye detector with a 3-mm antiscatter slit and a 0.5 %,115
Ni K-beta filter. Readings were taken between 2 angles of 5-60º.116
DTA and TG analyses were run on a TA Instruments SATQ600 thermal analyser, heating the samples from117
20 to 1 050 C at a rate of 10 C/min in a dynamic N2 atmosphere (100 ml/min).118

119
Figure 1. Heat flow for hydrated white cement pastes with 0, 2.5, 5 and 10 % nSA, cured at 25 ºC120

3. Results and discussion121
All the normalised heat flow curves recorded during nSA-additioned and unadditioned white cement122
hydration at different curing temperatures (Figure 2) were observed to have two or three more or less well123
defined peaks. The addition of nSA to the cement induced a substantial change in the curve profile during124
the first few hours.125

126
Figure 2. Normalised heat flow for hydrated white cement pastes with and without nSA, cured at different temperatures127
The calorimetric curves for the nSA-additioned and unadditioned pastes cured at 25 C contained three peaks,128
shown in prior studies [15] using XRD and 27Al MAS NMR to be generated by ettringite formation (peak 1),129
silicate hydration (peak 2) and ettringite transformation into monosulfoaluminate (peak 3). Moreover, at130
early hydration ages, the nSA was observed to stabilise ettringite (Ett), retard monosulfate (AFm) formation131
and fail to stabilise hemicarboaluminate (Hc).132
Further to Figure 2, curing temperature induced intense change in the calorimetric curves, the least drastic133
being recorded for the additioned and unadditioned pastes cured at 40 C. These pastes exhibited no clear134
inflection point before the silicate hydration peak (labelled peak 1 and associated essentially with ettringite135
formation in the pastes cured at 25 C [15]). This was due to the accelerated hydration of the C3A + gypsum,136
which induced ettringite formation, along with hastened silicate hydration. The increase in temperature137
brought the other two peaks (labelled 2 and 3) forward, intensifying the heat flow (Table 1).138



Table 1. Isothermal conduction calorimetry findings for white cement hydration at several curing temperatures,139
with and without nSA140

141
The calorimetric curves for the pastes cured at 65 C varied substantially from the above. The intensity of the142
heat flow peaks on the plots for the unadditioned pastes was inverted relative to the curves for the pastes143
cured at 25 C: i.e., more heat was released in peak 3 than peak 2. The samples cured at 65 C revealed the144
effect of adding nSA: the curve for the additioned paste had three peaks (2, 3 and 4) compared to the two145
observed in the curve for the unadditioned material. The origins of those peaks, pursuant to the XRD, 27Al146
MAS NMR and DTA/TG findings for the 65 C samples whose hydration was detained at the ages at which147
they appeared, are discussed below.148
The XRD study (Figure 3) of the samples of pastes whose hydration was detained at peak 2 (WPC-P2 and149
WPC+nSA-P2) identified ettringite (Ett) as the sole aluminate phase hydrated. No hemicarboaluminate (Hc)150
was observed on the XRD pattern. The relative intensity of the diffraction lines for ettringite to a scantly151
reactive phase such as belite (signals at 9.10º and 39.4º, respectively) was similar in the two pastes (ratios of152
0.58 and 0.577, respectively, in the additioned and unadditioned samples). The ratio between the intensities153
of C3A and belite (signals at 33.2 and 39.4, respectively) was smaller in the paste containing nSA, however.154
The 27Al MAS NMR spectra (Figure 4) confirmed that the sole aluminate phase with octahedrally155
coordinated Al was ettringite, although the peak formed was somewhat asymmetrical. The cross-polarisation156
study confirmed the presence of ettringite (signal at 13 ppm), although the identity of the shoulder at a lower157
ppm value was unclear. It may have been due to monosulfoaluminate, a hemicarboaluminate or merely to158
noise. Differential thermal analysis (Figure 5) showed water loss at 86 C from ettringite dehydration,159
unbound water and the water in C-S-H gel. No water loss at or around 150 C, which might have denoted the160
presence of monosulfate or Hc, was observed. The inference is that the additional signal observed on the 27Al161
CP/MAS NMR spectrum was due to noise.162

163
Figure 3. XRD patterns for WPC+nSA and WPC pastes cured at 65 C for the times defined by164

calorimetric curve peak 2165

25 ºC (Sáez del Bosque
I.F., 2013) 40 ºC 65 ºC

WPC WPC +
10 wt% nSA WPC WPC +

10 wt% nSA WPC WPC +
10 wt% nSA

Peak 1
Time (h) 4.9±0.4 3.75±0.05 - - - -

Peak 1
Heat flow J/g·h) 19±3 33±7 - - - -

Peak 2
Time (h) 7.4±0.4 5.5±0.3 3.70.4 2.9 1.610.01 1.1750.007

Peak 2
Heat flow (J/g·h) 33±5 52 ± 3 602 80 1177 1286

Peak 3
Time (h)

13.1±
0.2 6.9±0.2 6.20.2 4.0 2.090.06 1.870.02

Peak 3
Heat flow (J/g·h) 12 ± 1 18 ± 1 284 35 1262 96.40.6

Peak 4
Time (h) - - - - - 1.470.01

Peak 4
Heat flow (J/g·h) - - - - - 1081



166
Figure 4. 27Al MASNMRand 27AlCP/MAS NMR spectra for WPC and WPC+nSA pastes cured at 65 C for the times167

defined by calorimetric curve peak 2 (= spinning sideband)168

169
Figure 5. Differential thermal and thermogravimetric (DTA/TG) analysis of pastes WPC and WPC+nSA cured at 65 C170

for the times defined by calorimetric curve peak 2171
172

The TG data showed that the weight loss associated with portlandite dehydroxylation at peak 2 was greater173
in the unadditioned than in the additioned paste (Table 2). This may be an indication that the nSA reacted174
with the portlandite to generate additional C-S-H gel from a very early stage. When analysing these data,175
account must be taken of the fact that the sample bearing nSA contained 10 % less alite and C3A and176
consequently less portlandite and even less ettringite. The curing age, which was shorter in the nSA-bearing177
sample, must also be taken into consideration, for it would redound to a lower degree of hydration and178
therefore a smaller proportion of portlandite. Nonetheless, further to the TG data, 15 % more chemically179
combined water was released by C-S-H gel and ettringite dehydration in the WPC+nSA-P2 than in the180
WPC-P2 sample, denoting a greater amount of C-S-H gel in the former, assuming the same amount of181
ettringite. Since paste WPC+nSA-P2 had more C-S-H gel and less portlandite than paste WPC-P2, the nSA182
must have reacted with the portlandite to form C-S-H gel, in turn stimulating alite hydration.183
According to the literature (Taylor, 1997), the first intense peak observed on the calorimetric curve for a184
hydrated cement paste is generated by silicate hydration, given suitable proportions of C3A and gypsum. The185
respective reaction kinetics are governed by C-S-H gel nucleation and increased density, as well as186
portlandite precipitation. Since in the additioned samples, however, the nSA had already begun to react at187
that hydration time, the peak must have also been generated by its pozzolanic reaction.188
Thomas et al. (Thomas et al., 2009) showed that C-S-H gel added during C3S hydration at ambient189
temperature acted as a seed for the formation of more silicate hydration-induced gel as a result of the new190
nucleation sites. That in turn raised the rate and degree of C3S dissolution (Thomas et al., 2009, Alizadeh,191
2009). According to Alizadeh et al. (Alizadeh, 2009), the intensity of the acceleration due to the addition of192
C-S-H gel depends on the amount added and its chemical composition (Alizadeh, 2009). The C-S-H from the193
nSA pozzolanic reaction in sample WPC+nSA-P2 might, then, have acted as a seed, hastening silicate194
hydration. That would also explain the earlier appearance of peak P2 and the greater heat flow in paste195



WPC+nSA than in paste WPC. Lastly, during calorimetric curve peak 2 formation, the addition of nSA196
induced greater heat flow at all curing temperatures (Table 1) due to the aforementioned hastening effect.197
Table 2.Weight loss (P) and percentage by weight (W) of the phases forming at isothermal conduction calorimetry peak198

2 during the hydration of WPC and WPC+nSA cured at 65 C199
WPC – peak 2 WPC+nSA – peak 2

PCH (%) 1.39 1.28
WCH (%) 5.71 5.25
PCaCO3 (%) 1.39 1.18
WCaCO3 (%) 3.17 2.69
P total 9.21 9.86
P H2O C-S-H + ettringite 6.43 7.40

PCH= portlandite decomposition-induced H2O loss; PCaCO3 = loss of CO2 due to descarbonation of calcium carbonate;200
WCH = portlandite in wt%; WCaCO3 = calcium carbonate in wt%201

202
In calorimetric curves for ordinary portland cement paste cured under standard conditions (20-25 C), the203
peak appearing at the longest hydration time and with the lowest heat flow has traditionally been associated204
with the transformation of ettringite into monosulfoaluminate (AFm) (Taylor, 1997). Nonetheless, some205
authors associate it with new ettringite forming as a result of the reaction between C3A and a further source206
of sulfate ions, namely the species adsorbed onto the C-S-H gel (secondary ettringite formation) (Quennoz,207
2012, Quennoz, 2013, Bullard et al., 2011). Prior studies (Sáez del Bosque I.F., 2013) on WPC hydration at208
25 C attributed the aforementioned peak to the transformation of ettringite into monosulfoaluminate, rather209
than to secondary ettringite formation.210
The XRD study (Figure 6) of the pastes cured at 65 C whose hydration was detained at peak 3 (WPC-P3211
and WPC+nSA-P3) revealed that ettringite did not transform into monosulfoaluminate, but rather, together212
with the ettringite identified in the preceding peaks, formed calcium hemicarboaluminate (Hc) as the213
hydrated aluminate phase. Furthermore, the relative ratio between the intensities of ettringite (2=9.10º) and214
belite (2=39.4º) was higher in the paste with than in the sample without nSA, denoting a wider field of215
stability for ettringite in its presence than in its absence. That behaviour differed clearly from what was216
observed in peak 2, in which the ratio was similar in the additioned and unadditioned pastes. Moreover, C3A217
hydration continued and only the diffractogram for the unadditioned paste contained a small signal218
attributable to the anhydrous phase of the aluminate. That phase would still be available to react with219
ettringite to form calcium monosulfoaluminate hydrate at longer hydration times. The C3A220
(2=33.24º)/belite (2=39.4º) intensity ratio was lower than in the pattern for the calorimetric curve peak 2221
material.222

223
Figure 6. XRD patterns for WPC+nSA and WPC cured at 65 C for the times defined by224

calorimetric curve peak 3225



226
Figure 7. 27Al MAS NMR and 27Al CP/MAS NMR spectra for WPC and WPC+nSA pastes cured at 65 C for the times227

defined by calorimetric curve peak 3 (=spinning sideband)228
229

The 27Al MAS NMR spectra for both pastes cured at 65 C whose hydration was detained at calorimetric230
curve peak 3 (WPC-P3 and WPC+nSA-P3) exhibited signals characteristic of ettringite and calcium231
hemicarboaluminate, although in different proportions. The paste containing nSA had an Hc/Ett intensity232
ratio of 1.4, whereas in paste WPC the ratio was 1.5, denoting greater ettringite stability in the former. The233
27Al CP/MAS NMR spectra contained two well-defined peaks, one each for Ett and Hc, as observed in the234
MAS trial, corroborating the XRD findings.235
Thermogravimetric analysis (Table 3) showed that silicate hydration continued with curing time: both pastes236
exhibited greater loss due to portlandite dehydroxylation than the pastes in which hydration was detained at237
the peak 2 time. As in that case, the paste containing nSA had a smaller percentage of portlandite. In addition,238
its C-S-H + ettringite water loss was 21 % higher than in the unadditioned paste, again suggesting the239
existence of a pozzolanic reaction at the early age studied.240

241
Table 3. Weight loss (P) and percentage by weight (W) of the phases forming at isothermal conduction242

calorimetry peak 3 during the hydration of WPC and WPC+nSA cured at 65 C243
WPC – peak 3 WPC+nSA – peak 3

PCH (%) 2.37 2.12
WCH (%) 9.72 9.13
PCaCO3 (%) 1.72 1.51
WCaCO3 (%) 3.91 3.43
Ptotal 11.64 12.83
P H2O from C-S-H and ettringite 7.55 9.20
PCH= portlandite decomposition-induced H2O loss; PCaCO3 = loss of CO2; WCH = portlandite in wt%;244
WCaCO3 = calcium carbonate in wt%245

246
Lastly, peak 4 on the calorimetric curve (in-between peaks 2 and 3) was only observed on the paste247
containing nSA and cured at 65 C (WPC + nSA-P4). It would initially be associated with silicate hydration.248
Ettringite (Ett) and hemicarboaluminate (Hc) were identified on the XRD patterns as the hydrated aluminate249
phases. The (C3A(2  =33.24º)/belite(2  =39.4º) intensity ratio was lower than in paste WPC+nSA-P2,250
evidence of highly exothermal C3A dissolution and a higher Ett/belite ratio.251



252
Figure 8. XRD patterns for WPC+nSA and WPC cured at 65 C for the times defined by calorimetric curve peak 4253

254
The 27Al MAS NMR spectra had two signals in the octahedral aluminium range, at around 13.0 and255
9.95 ppm. The first was attributed to ettringite, while the second, located between the ppm values for256
calcium monosulfoaluminate and calcium hemicarboaluminate, could not be clearly associated with either of257
these compounds. Three peaks were identified on the 27Al CP/MAS NMR spectra: ettringite at 13.0 ppm and258
two others, one at 10.2 ppm, characteristic of Hc and the other at 9.65 ppm, associated with AFm. This third259
phase was fairly amorphous as it was not detected with XRD.260

261
Figure 9. 27Al MAS NMR and 27Al CP/MAS NMR spectra for WPC and WPC+nSA pastes cured at 65 C for the times262

defined by calorimetric curve peak 4 (=spinning sideband)263
264

The hydration reaction in the pastes cured at 65 C was also monitored with XRD at t=24 h (Figure 10), at265
which time no significant difference was observed in the heat flow in the calorimetric curves for the266
additioned and unadditioned pastes (0.92 J/g·h and 0.85 Jg·h, respectively (Figure 1)). The diffractograms267
showed that in the nSA-containing pastes, the C3A phase disappeared entirely and the intensity of the268
diffraction line for Ett was slightly less intense than on the peak 3 diffractogram. The small wide shoulder at269
around 10º observed in the XRD papttern of WPC+nSA at 24h might be associated with AFm. Nor was C3A270
identified on the XRD patterns for the unadditioned pastes cured at 65 C. Furthermore, the Hc phase, which271
appeared at a shorter hydration time (peak 3 on the calorimetric curve), was shown to be the sole stable272
aluminate hydrate at 24 h.273

274
Figure 10. Diffractograms for 24- hour additioned (WPC+nSA) and unadditioned (WPC) pastes cured at 65 C275

276
The 27Al MAS NMR spectrum for white cement paste containing nSA (in Figure 11) exhibited several277
signals in the octahedral Al3+ range: a very highly resolved peak at around 9.53 ppm, another at around278
4.4 ppm and a poorly resolved shoulder at around 12.9 ppm. These peaks were clearly resolved in the 27Al279



CP/MAS NMR spectrum, where two signals were observed, one at around 13.1 ppm generated by ettringite280
and the other at 9.7 ppm associated with monosulfate. In contrast, the 27Al MAS NMR and 27Al CP/MAS281
NMR spectra for the unadditioned white cement paste contained just one signal at around 10.2 ppm282
attributed to hemicarboaluminate, confirming the XRD results.283

284
Figure 11. 27Al MAS NMR and 27AlCP/MAS NMR spectra for 24- hour additioned and unadditioned pastes285

cured at 65 C ( =spinning sideband)286
287

In the 24- hour pastes, the percentage by weight of portlandite (Table 4) was much greater in the sample288
containing nSA than in the material without the addition due to the pozzolanic reaction taking place after the289
first 2 h of hydration.290

Table 4. Weight loss (P) and percentage by weight (W) of the phases forming in 24- h WPC and WPC+nSA291
cured at 65 C (Sáez del Bosque, I.F., 2013b)292

WPC – 24h WPC+nSA – 24h
PCH (%) 5.12 2.80
WCH (%) 21.05 11.51
PCaCO3 (%) 2.61 3.71
WCaCO3 (%) 4.39 8.43
PCH= portlandite decomposition-induced H2O loss; PCaCO3 = loss due to calcium carbonate decarbonation;293
WCH = portlandite in wt%; WCaCO3 = calcium carbonate in wt%294

295
4. Conclusions296
The conclusions that may be drawn about the effect of curing temperature and the addition of nSA on the297
stability of white cement hydration products are listed below.298
 Curing temperature hastens the hydration of the silicates and aluminates present in the cement,299

generating greater heat flow rates at earlier curing times. The addition of nSA has a similar effect.300
Nonetheless, at the same curing temperature, the additioned pastes generate a higher heat flow due to the301
nSA-induced acceleration of silicate hydration.302

 Amorphous, high specific surface nSA reacts with portlandite from the very first hours of hydration in303
the paste cured at 65 C.304

 During the first 3-5 h of hydration, the inclusion of nSA induces no change in aluminate phase stability.305
Ettringite is the sole aluminate hydrate, although after approximately 2 hours of hydration, ettringite is306
more stable in the additioned than the unadditioned paste cured at 65 C.307

 In young (24- hour) pastes cured at high (65 C) temperatures, the addition of nSA stabilises ettringite. In308
unadditioned pastes no ettringite exists due to its instability at such temperatures, the only aluminate309
hydrate formed being calcium hemicarboaluminate.310
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Growth habit modification of calcium hydroxide in coprecipitation and

cementitious systems

Yusheng Shen, Mingliang Tang, Xiaodong Shen1
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Abstract
Calcium hydroxide (CH) is well known as one of the main products of cement hydration. The growth and final
morphology of CH may have important effect on the hydration kinetics of cementitious systems. Consequently a
better understanding of CH growth may lead to a better control of the hydration kinetics.
The morphology, distribution and amount of CH in various cementitious systems and coprecipitation systems
(CaCl2+NaOH) were investigated to determine the key factors for CH nucleation and growth. Morphological
image analysis of SEM images was used to characterize the microstructure of CH particles. XRD and TG-DSC
were used to quantitative analysis of CH in cementitious system. It was observed that both silicate and sulfate
ions could poison CH nucleation. In coprecipitation systems, the addition of sulfate had been observed to
promote hexagonal platelet morphology of CH. The addition of silicate led to the formation of rod-like crystal.
When addition of sulfate and silicate simultaneously, short hexagonal-prism shape emerged. The reduction of
supersaturation led to less particles with larger aspect ratio. In pure C3S system, without addition of sulfate,
hexagonal platelet morphology of CH also emerged, which seemed to indicate that the concentration of calcium
ion in C3S pastes had significant effect on the growth habit of CH.

Originality
We investigated the growth habit of CH both in simple coprecipitation systems and complex cementitious
systems. The growth and final morphology of CH have significant effect on the mechanical properties of
hardened cement paste. What’s more, the hydration kinetics of cementitious systems also contacts with the
growth habit of CH. We wanted to find out the reason that made CH become hexagonal platelet in cement paste.
Keywords: Calcium hydroxide; Growth habit; Coprecipitation system; Cementitious system
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1. Introduction
The purpose of this work is to understand the growth habit of calcium hydroxide (CH) in

coprecipitation and cementatious systems. If the growth habit can be understood, the morphology of
CH may be controlled and modified. As CH is one of the main products of cement hydration, alone
with C-S-H, a change in morphology might modify the mechanical properties of the cement and
concrete (Barnes, P. et al., 2002; Bullard, J. W. et al., 2010; Xie, T. T. et al., 2012). As is known to all,
CH is hexagonal platelet morphology in hardened cement paste, which may be the weaker part in the
paste (Knapen, E. et al., 2009). If the morphology of CH is rod-like or needle-like, the mechanical
properties of the paste can be improved by strengthening the combination of products and optimizing
the structure of paste in nano and micro scale (Manzano, H. et al., 2012).

Some experimental work has been done to study the influence of different additives on the
morphology of CH. With using optical microscopy to observe CH in hydration of tricalcium silicate
(C3S), Berger and McGregor observed that the addition of nitrates and chlorides led to the formation
of rod-like instead of platelet-like morphology whereas the addition of sulfates reinforced the platelet
morphology. The addition of hydroxides led to more but smaller particles (Berger, R. L. et al., 1972).
Sandra Galmarini et al., used SEM to observe CH in coprecipitation systems (CaCl2+NaOH). They
observed morphology of CH in the presence of nitrates and chlorides was facetted particles of a
similar shape, the addition of sulfates led to hexagonal platelet morphology and the addition of
silicates led to the formation of large irregular aggregates (Galmarini, S. et al., 2011). Work from
Gallucci and Scrivener showed the addition of gypsum and tricalcium aluminate changed the
distribution and morphology of CH from large clusters to small dispersed and sometimes hexagonal
platelets (Gallucci, E. et al., 2007). These works looked at species which were responsible for the
changes in morphology of CH. However, they didn’t investigated the growth habit of CH.
2. Experimental
2.1. Raw Materials

The chemical products were used as received: CaCl2, NaOH, Na2SO4, Na2SiO3, CaSO4 •2H2O,
CaCO3, SiO2 (quality grade GR for analysis), and typeⅡOrdinary Portland Cement (OPC). The pure
phases C3S were synthesized by several heating/grinding cycles of stoichiometric mixes of pure
reagent grade reactants: CaCO3 and SiO2 at 1500 °C (addition 1.8% MgO). The purity of the
synthesized phase was checked by means of X-ray diffraction.
2.2. Experimental Process

Dissolved 0.04 mol CaCl2 and 0.08 mol NaOH in 100 ml distilled water, respectively. The
mixing was done by constant flow pump, adding 100 ml calcium solution and 100 ml sodium
hydroxide solution at the same rate to the distilled water or solution in a 1000 ml glass beaker (see
Figure 1). A low stirring rate (60 rpm with a magnetic stirrer) was maintained during the mixing. The
precipitate was finally collected by filtration using buchner funnel with qualitative filter paper, and
dried for 24h at 60 °C in a vacuum drier. The concentrations of the different ions and the experimental
design are summarized in Tab 1.

Several hydrated systems ranging from pure C3S to OPC were prepared (Tab 2). The hydrated
systems were prepared at a water to cement ratio of 4 and hydration was stopped at different ages
ranging from a few hours to 1 day. A low stirring rate (60 rpm with a magnetic stirrer) was maintained
during the hydration time. Water in samples was removed by solvent exchange in anhydrous ethanol
for 2 days. Once dried, samples were preserved in a vacuum drier.



Figure 1 Experimental facility of coprecipitation systems
Tab 1 Experimental design of coprecipitation systems

Sample
Flow
rate
/ml/h

1000 ml glass beaker
Before mixing Before precipitation (time t /h)

Volume of
water /ml

[SO42-] /mol/l [SiO32-] /mol/l [Ca2+] /mol/l [OH-] /mol/l

1 100 100 - - t/(2.5+5t) 2t/(2.5+5t)
2 100 200 - - t/(5+5t) 2t/(5+5t)
3 100 400 - - t/(10+5t) 2t/(10+5t)
4 100 800 - - t/(20+5t) 2t/(20+5t)
5 100 200 - 0.00025 t/(5+5t) 2t/(5+5t)
6 100 200 0.0025 - t/(5+5t) 2t/(5+5t)
7 100 200 0.0025 0.00025 t/(5+5t) 2t/(5+5t)

Tab 2Mix design of cementitious systems (in grams)

Sample Type C3S C$ Water
8 Monophased 10 - 40
9 Monophased 9.5 0.5 40
10 Monophased 10 - 40 (0.1 mol/l Na2SO4)
11 Portland cement 10 40

3. Results and Discussion
3.1. Coprecipitation systems
3.1.1 Influence of supersaturation

As is known to all, supersaturation plays an important role in the crystallization of CH. In order
to understand how supersaturation influence the growth habit of CH, samples 1-4 were studied. The
equilibrium solubility product (Ksp) reflects a type of dynamic equilibrium in which some individual
molecules migrate between the solid and solution phases such that the rates of dissolution and
precipitation are equal to one another. When equilibrium is established, the solution is said to be
saturated. Ksp(CH)=5.5×10-6 at 25 °C. When Q>Ksp (Ion product Q=[Ca2+][OH-]2)， the rate of
precipitation is faster than dissolution (Mullin, J. M., 2001; Myerson, A., 2002; Kumar, R. et al.,
2004). The numerical value of Q-Ksp can reflect the degree of supersaturation. The functional
relationship between Q and time (Figure 2) shows that sample 1 is the first one to reach the Ksp,



followed by sample 2, 3 and 4. This indicates that the supersaturation from low to high is sample 4, 3,
2, 1.

Figure 2 The relationship between Q and time before precipitation. Sample 1-4 see Tab 1.
Samples 1-4 have the counter ions (Na+ and Cl−). However, the effect of the chosen counter ions

on morphology is limited. The SEM images (Figure 3) show that particles were facetted and regular
with three distinct families of facets. At high supersaturation the size of the primary particles is
reduced and nucleation seems to become homogeneous. However the particles seem to have a
tendency to form agglomerates due to their small size. At low supersaturation large particles in the
shape of rod-like are observed. With the reduction of supersaturation, the aspect ratio of CH , surfaces
of (100) and (101) become large, while (001) surface becomes small. This indicates that (001) facet
grows the fastest at the low supersaturation.
3.1.2 Influence of sulfate and silicate

The addition of SiO32- (sample 5; see Figure 4), contrasting with sample 2, seems to lead to less
but larger particles. The average length of the particle is about 20 μm, which is similar to sample 4.
This seems to show that the supersaturation may be lowered in the presence of SiO32-. Even though
the concentration of silicates was much lower than the concentrations of the other ions, the change in
the growth habit of CH is very observably. This indicates that silicates have a great influence on the
growth habit of CH which should be always remembered due to the everlasting existence of silicates
in cementitious systems. Next part more researches have been done.

Particles formed in the presence of SO42- (sample 6) show a hexagonal platelet morphology. The
results are consistent with results from Berger et al., Harutyunyan et al. and Galmarini et al. (Berger,
R. L. et al., 1972; Harutyunyan, V. S. et al., 2009; Galmarini, S. et al., 2011) whose results indicate
that the presence of sulfates promotes hexagonal platelet morphology of growing CH particles. These
indicate that the relative growth velocity in <001> direction is reduced by the presence of sulfate ions.

The SEM image shows that CH particles formed in the presence of sulfate and silicate
simultaneously were short hexagonal-prism shape. Even though the concentration of silicates was
much lower than the concentrations of sulfates, the aspect ratio of CH is greater than 1 (sample 7; see
Figure 4). This indicates that the influence of silicate is greater than the influence of sulfate.



Figure 3 SEM images of CH for samples 1-4. (1) sample 1, (2) sample 2, (3) sample 3, (4) sample 4.

Figure 4 SEM images of CH for samples 5-7.
(5) sample 5: add SiO32-; (6) sample 6: add SO42-; (7) sample 7: add SiO32- and SO42-.

3.2. Cementitious systems
XRD and TG were used to quantitative analysis of CH in cementitious system. Tab 3 gives just

the medium values of the CH content and C3S content. The C3S contents in samples 8-9 show that the
addition of sulfates can promote hydration. However, mix of C3S and gypsum (sample 9) shows
similar CH content to pure C3S (sample 8), which suggests that sulfates can inhibit CH growth. Since
the effect of promoting hydration is stronger than the effect of inhibiting CH growth, the CH content
in sample 10 is much higher than sample 8.

According to the Figure 5, the addition of sulfates just reinforces the platelet morphology. In pure
C3S system, without addition of sulfates, hexagonal platelet morphology of CH also emerges (sample
8; see Figure 5). Why the morphology of CH still emerges hexagonal platelet? In coprecipitation
systems, CH shows an elongated hexagonal prism morphology in the presence of silicates. In
conclusion, neither SiO32- nor SO42- lead to the formation of platelet-like morphology in pure C3S
system. A possible explanation is that the supersaturation of CH in C3S pastes might be kept at a
low-level. If the supersaturation reachs the condition of 2D nucleation, the crystal would grow fast on
the basis of 2D nucleation instead of 3D nucleation (Kashchiev, D. et al., 2003).



Tab 3 Amount of CH and C3S in hydrated samples. TG and Rietveld quantitative analysis.

Time /h
CH content / mass % C3S content / mass %

Sample 8 Sample 9 Sample 10 Sample 8 Sample 9 Sample 10
5 2.11 2.05 2.83 90.87 90.04 88.21
10 4.87 4.66 6.29 79.08 76.70 74.85
24 11.95 10.72 15.42 51.72 41.38 41.00

Figure 5 The morphology of CH after 1 day of hydration. (8) sample 8: C3S; (9) sample 9: C3S+C$; (10) sample
10: C3S+ Na2SO4; (11) sample 11: OPC.

4. Conclusions
The growth habit of CH in coprecipitation and cementitious systems has been observed. In

coprecipitation systems, the addition of sulfates leads to the formation of particles with a hexagonal
platelet shape. The relative growth rate in <001> direction is reduced by the presence of sulfate ions,
while the rate in <001> direction seems be improved by the presence of silicate ions because of the
rod-like CH emerges. What’s more, the influence of silicate is greater than the influence of sulfate.

The supersaturation of CH has significant effect on the growth habit of CH. With the reduction of
supersaturation, the aspect ratio of CH becomes large. The (001) facet seems to grow the fastest at the
low supersaturation.

In cementitious systems, the addition of sulfates just reinforces the platelet morphology. Without
addition of sulfates, hexagonal platelet morphology of CH also emerges in pure hydrated C3S phases.
One possible explanation is that the supersaturation of CH in C3S pastes seems to be kept at a
low-level, and the CH crystal grows on the basis of 2D nucleation instead of 3D nucleation.
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Practical assessment of aluminate-silicate interactions and the impact of sulfate:
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Abstract

Already since about 70 years it is well know that sulfate optimization enables to significantly enhance the performance
of OPC based binders and that calorimetry measurements are an ideal tool for this. It was shown by calorimetry
measurements that for an optimum OPC performance gypsum depletion should occur after the main hydration
reactions of alite started to slow down.
The interactions between C3A and alite during the initial stages of hydration are still not fully understood. Recent
publications showed a strong impact of the alumina concentrations on the hydration kinetics of C3S. This work aims to
further understand the underlying mechanism and link those to field observations and performance problems relevant
to the cement industry. Thermodynamic calculations highlight the role of optimized calcium sulfate additions and the
resulting chemical equilibria, in order to overcome potential performance problems. The Alumina concentrations at
gypsum-lime saturated conditions in conjunction with the formation of ettringite are thermodynamically constrained to
very low levels. If gypsum is fully consumed a thermodynamic equilibrium change towards the formation of AFm phases
will force the system to higher [Al] concentrations. Thus if sulfate ions in solution depletes before or during the first
half of acceleration period, i.e. in undersulfated cements, the alumina level of the pore solution increases and will lead
to a prolongation of the induction period or to an abrupt slowdown of the alite dissolution. This in combination with the
changed solid mass balance strongly impacts the early age performance of the cement and therefore makes sulfate
optimisation one of the most important variables in cement design.
The equilibrium change from a gypsum buffered pore solution to a gypsum undersaturated and finally AFm controlled
pore solution is combined with a sudden increase of C3A dissolution. This in turn is reflected in a large enthalpy change
which can be followed by calorimetry and as will be shown in the paper also reflects in a temperature increase which
can be monitored by semi-adiabatic field methods. This simple method can be typically used by technical service
personnel of cement producers and allows them to detect potential problems related to unbalanced sulfate additions,
problems arising from admixtures and SCMs and its impact on the sulfate balance of cement. In addition it is shown
that total heat evolution as measured by calorimetry or as weighed maturity from semi-adiabatic measurements can be
related to strength performance of OPC with different sulfate contents.

Originality
As said above sulfate optimization is one of the most crucial industrial measures to ensure or improve the performance
of cement and concrete. Calorimetry based tools are excellent to monitor any problems related to unbalanced sulfate
additions. The paper shows how a combination of semi-adiabatic calorimetry tests and more advanced isothermal
calorimetry methods may be used to detect problems related to sulfate imbalance. We will further highlight the
relations between thermodynamic equilibrium changes and retardation of silicate reactions due to “alumina
poisoning”, which can be easily monitored with calorimetric methods to differentiate between well balanced and
undersulfated cements due to large enthalpy differences between of the involved processes. It is known for example that
isothermal calorimetry can be used at the cement plant level for sulfate optimization. Nevertheless the paper also
demonstrates that low cost semi-adiabatic calorimetric devices are very useful for identifying performance issues in the
field, which can provide very valuable information, both for trouble shooting field problems and for the selection of
sulfate sources and amounts and the cement plant level. Whereas isothermal calorimetry methods are becoming
standard in cement laboratories mainly in mature markets, the low cost semi adiabatic calorimetric methods described
are ideal for field research and concrete mixture design optimization as well as on-site rapid technical service (often
more relevant to emerging countries). The low cost methods can be used as an extension of existing cement plant
quality control and are in most cases very rapid, robust and easy to perform compared to traditional concrete testing as
no laboratory and very little equipment is required to perform the testing. Based on this one can assess typical
hydration related application problems e.g. materials and admixture selection, cement-admixture interactions, setting
problems, maturity parameters relevant for early strength etc.

Keywords: field calorimetry, isothermal calorimetry, thermodynamics, temperature profile, cement hydration kinetics,
cement-admixture interactions
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1 Introduction

One of the most important industrial measures to control the setting and hardening of OPC is the
optimization of sulfate additions in form of gypsum, anhydrite and mixtures thereof. Already in 1946
Lerch pointed out that this process enables and significantly enhances the performance of OPC based
binders and that calorimetry measurements are an ideal tool for this. Lerch 1946 showed by using
isothermal calorimetry measurements that for an optimum OPC performance, gypsum depletion
should occur after the main hydration reactions of alite started to slow down. Lerch 1946 also
postulated that changes in the solubility relations of the system CaO-Al2O3-CaSO4-H2O may
significantly impact the hydration kinetics of OPC.

The physico-chemical interactions between tricalcium aluminate and alite during the initial stages of
hydration are still not fully understood. In the absence of sulfate the presence of C3A tends to distort
the hydration of C3S (Minard 2003, Tenoutasse 1968). Publications by Garrault et al. 2011, Begarin et
al. 2009 and Nicoleau et al. 2014 showed a strong impact of the alumina concentrations in the pore
solution on the hydration kinetics of C3S. It was demonstrated that increasing alumina concentrations
retard the hydration of C3S. This behaviour is still not fully understood. According to Garrault et al.
2011, a preferred nucleation of C-A-S-H instead of pure C-S-H hinders C-S-H growth, and therefore
leads to a prolonged dormant period during cement hydration. Recently Nicoleau 2014 has shown that
it is likely that (C)ASH complexes may form in presence of sufficiently high alumina concentrations
which block or poison the reactive sites of C3S and therefore lead to a retarded dissolution.

At the last ICCC Matschei and Glasser 2011 showed that there are several buffers active in the course
of cement hydration. These buffers are generally controlled by chemical equilibria. Sudden
changes/distortions of chemical equilibria can be identified well by isothermal calorimetry, since they
are often connected to significant enthalpy changes. In addition the amount of heat released during
hydration can be linked to the extent of reaction. This principle is well known and practically applied
to quantify cement hydration. Since enthalpy changes are also connected to temperature variations,
also semi-adiabatic calorimetry devices have proven very useful to assess cementitious materials under
conditions close to application. Several tools and approaches were developed in the past years to use
semi-adiabatic calorimetry for early strength prediction following a maturity principle, estimate setting
times of concrete as well as to check compatibility between concrete admixtures and cements.

Our study shows the importance of early age chemical equilibria on the optimal hydration kinetics of
OPC. Understanding of the underlying thermodynamic stability phenomena helps to explain practical
observations, whereby unbalanced sulfate additions negatively impact the early age performance of
hydrated cements.

2 Thermodynamic Modelling

All thermodynamic calculations were done with Phreeqc v. 2.15 (Parkhurst et al.1999). Phreeqc is a
geochemical software enabling calculation of equilibrium chemistry in heterogeneous systems. Beside
the equilibrium chemistry it can include reaction kinetics by including user-specified rate laws as
Basic statements. Meaningful calculations require a self-consistent thermodynamic database. For
cement hydrates a new database, cemdata07, was developed (Matschei et al. 2007, Lothenbach et al.
2008) following careful analysis of published solubility data complemented by fresh data acquisition
where necessary. Originally this database contained standard state properties of cement hydrates and
was implemented in the code GEMS-PSI (Kulik et al. 2003). However Diederick 2009 has converted
the cemdata07 database into the Phreeqc format and performed a benchmark test of the calculation
output of GEMS vs. Phreeqc for verification. The applied dissolution constants and reactions for
relevant minerals at 25°C are given in Diederick 2009. All calculations are made for 25°C.
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3 Experimental

3.1 Materials

Synthetic alite was produced by stoichiometrically mixing AR grade calcium carbonate and SiO2.
Additionally 1% alumina and 2% magnesium oxide were added to the dry mix in order to later
stabilise a more realistic monoclinic C3S modification as can be found in OPC. The dry mix was
pressed into pellets which were subsequently sintered at 1450°C in a muffle furnace overnight.
Afterwards the pellets were ground in a disc mill to <63 µm and purity was checked by XRD. The
resulting monoclinic C3S modification had a free lime content of < 1wt.-%. Tricalcium aluminate C3A,
was prepared from a 3:1 molar ratio of calcium carbonate and alumina sintered at 1400°C, based on
the procedure given by Matschei 2007. Pre-ground natural gypsum (~97% pure, Blaine ~9000cm2/g)
was used as sulfate source. For all experiments distilled, deionised water was used. For the cement
experiments a clinker with the specifications according to Table 1 was used. The clinker was ground
in a laboratory ball mill to a Blaine fineness of 3500cm2/g. To test the impact of increasing sulfate
additions the clinker was blended with 1-9% of the above described gypsum.

Table 1: Mineralogical composition of clinker
Phase C3S C2S C3Atot C4AF CaOfree portlandite periclase Na2Oeq

[wt.-%] 62.7 18.1 8.1 10.0 <0.2 <0.2 0.3 0.54

Additionally mortar strength was tested on selected lab cements according to EN 196. The
composition of the pore solution of pastes of pure clinker and mixes with 5% gypsum was determined
in the plastic state after 2 h hydration by centrifugation of paste or in the hardened state by applying a
maximum force of 3000 kN on pre-cast paste cylinders after 24h. After filtration of the obtained
solution through a 0.45 µm syringe filter the solution was analysed by ICP-OES with an instrument by
VARIAN. Appropriate multi-element standards were used for calibration.

Interactions of OPC with a class C-Fly ash (Blaine 3650 cm2/g) was investigated by isothermal calori-
metry following the procedure explained below. The chemical composition of the C-fly ash is given in
Table 2. The amorphous content was 71%. It contained additionally 10% of quartz and 5% of C3A.

Table 2: Chemical composition of C-fly ash
oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O
[wt.-%] 37.32 19.78 6.90 22.72 4.75 1.80 0.47 1.671

3.2 Calorimetry measurements

3.2.1 Isothermal calorimetry
Isothermal calorimetry (Calmetrix ICal 2000 and Thermometric TAM air) at 20°C was used as main
method of investigation for the experiments with alite, C3A and Portland cement. The applied
water/binder weight ratio was kept constant at 0.5. All materials were preconditioned at 20°C
overnight prior to the investigations. Pastes were prepared by external mixing using an IKA laboratory
mixer with a mixing speed of ~500rpm. Subsequently ~4-50 g of the paste were filled in glass sample
bottles, closed and placed in the calorimeter for the measurements for up to 7d. In general, a larger
sample mass is preferred to maintain a favourable signal to noise ratio for long term studies, while a
smaller sample mass is preferred to better maintain isothermal conditions during the very first
hydration stage.
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3.2.2 Semiadiabatic calorimetry
Semi-adiabatic “field” calorimetry (HolcimHeat and Calmetrix FCal 8000) at 20°C was used to
capture the temperature profile of hydrating cement paste and mortars. The semi-adiabatic “field”
calorimeters were used with standard mortars according to EN 196. They have no external temperature
control and simply measure the temperature profile as affected by the exothermal hydration reactions
and a fixed partial insulation of the sample. As such the semi-adiabatic “field” calorimeter is a rather
inexpensive and yet very robust calorimeter that yields results comparable with isothermal calorimetry,
although less precise due to lower sensor resolution and no temperature control.

4 Results and discussions

4.1 The interactions of C3A and alite during hydration and the impact of calcium sulfate

Figure 1 shows the impact of small additions of dissolved sodium aluminate (initial concentrations
between 5 to 60 mmol Al per litre mixing water). It can be seen that increasing alumina concentrations
lead to a strong retardation of the main hydration reactions of the synthetic alite, in the case of
60mmol/l Al hydration the dormant period is extended to ~6h compared to the mix with initially pure
water. The results are in general agreement with observations by Minard 2007, Garrault et al. 2011,
Begarin et al. 2009 and Nicoleau et al. 2014, which showed that increasing alumina concentrations in
the pore solution tend to retard the main hydration reactions of alite. Interestingly despite the delayed
onset of the main hydration reactions the degree of reaction of the alumina rich samples overpasses the
pure alite sample after ~18h of hydration. Similar results were reported by Garrault et al. 2001 for
hydrating alite with increasing calcium levels of the pore solutions.

a) Heat of hydration b) calculated degree of hydration

Figure 1: Influence of rising initial Al concentrations on hydration kinetics of synthetic alite ( results
based on isothermal calorimetry, 20°C; w/b = 0.5)

Figure 2 shows specific heat flow curves of mixtures of alite and C3A, in typical proportions of OPC,
in the presence or absence of gypsum. Note that the total heat flow in the mixes containing C3A is
significantly higher than that of pure alite due to the strong exothermic contribution of C3A.
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Figure 2: Influence of C3A on the hydration kinetics of alite and the impact of gypsum

It can be seen that the presence of solid C3A extends the induction period during alite hydration, which
is similarly as observed before for alite hydrating in alumina enriched pore solution. The peak of the
acceleration period in the mix alite and C3A appears ~6h later compared to pure alite mixed with water.
However the addition of gypsum brings the hydration kinetics back to similar reaction times as pure
alite. By assuming that the retardation of alite is induced by high [Al] concentrations in the presence of
C3A the results suggests that gypsum strongly interacts with C3A and alite to suppress [Al] levels in
the pore solution. This is not surprising as one of the main hydration products resulting from the
interaction C3A - gypsum in the early stages of hydration is ettringite, Ca6Al2(SO4)3(OH)12.26H2O.
The presence of ettringite of course does not imply that the resulting [Al] concentrations will be
significantly lower than in gypsum free systems. Thermodynamic calculations will however help to
assess the impact of gypsum additions on the [Al] concentrations of the pore solution of hydrated
cements.
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In Figure 3 we simulated the C3S-C3A-gypsum experiment with help of GEMS. As first approximation
we used the kinetic model by Parrot and Killoh 1984in the simulations. Due to the empiric nature of

the model we only refer to relative time
scales given in arbitrary units in Figure 3.
The results however demonstrate the
importance of optimising gypsum
additions to OPC. At high sulfate
concentrations, i.e. in the initial stage of
hydration in the presence of gypsum,
ettringite and portlandite, [Al] is
thermodynamically suppressed to very
low levels. After gypsum has been
consumed, a drastic shift of the chemical
equilibria occurs: [S] concentrations
rapidly decrease and [Al] is predicted to
increase several orders of magnitudes,
until an equilibrium AFt-
monosulfoaluminate controls the [Al]
concentrations (compare with
experimental results in Minard 2003 and
Quennoz and Scrivener 2013). In

calorimetry experiments the so called “sulfate depletion peak” appears most likely as a direct
consequence of this equilibrium change. Thus calorimetry is very useful to determine the optimum
OPC sulfate content.

In agreement with the experimental results shown in Figure 2 we now conclude that if gypsum is
absent or depletion occurs before the main hydration reactions of alite have started, a significant
distortion of alite hydration due to an [Al] induced inhibition of the hydration reactions will occur.
This may be explained due to a poisoning of C-S-H growth as described by Garrault et al. 2011 or due
to the formation of rate limiting alumina rich surface complexes as shown in geochemical studies
(Bickmore et al. 2006, Oelkers et al. 1994 Chen and Brantley 1997) and by Nicoleau et al. 2014. It
would also be possible that a metastable C-A-S-H layer prevents further dissolution of alite based on a
similar mechanism as recently postulated for pure C3S (Bellmann et al 2010).

4.2 Impact of the findings on Portland cement hydration

Our previous results indicated that the addition of calcium sulfate e.g. gypsum is a very useful lever to
minimize [Al] concentrations and to enable an optimum hydration kinetics of alite. In order to confirm
this hypothesis we conducted a lab based sulfate optimization test with one of our Portland cement
clinkers [Table 1].

Figure 4 shows the strong impact of gypsum
additions on the compressive strength of standard
mortars. Especially the 1d strengths of the
obviously undersulfated samples with ≤ 3%
gypsum show a up to 4 times lower compressive
strength compared to the optimum gypsum
content which is in the range of ~7% for the
compressive strength of this specific composition.
Additionally it has to be noted the samples with 0
and 1% gypsum showed abnormal hardening
properties, accompanied by a flash set like

Figure 3: Thermodynamic prediction of aqueous phase
com-position of the mix C3S:C3A:gypsum (6.5:1:0.6
wt.ratio, 20°C)
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stiffening in the first hour followed by a long opening time during the transition from plastic to
hardened state.

We also did isothermal and semi-adiabatic “field” calorimetry measurements on the mortars used for
the previous strength tests. The results shown in Figure 5 are in very good agreement with the strength
development data (Figure 4) and earlier findings on the C3A-alite-gypsum system. In the samples with
0 and 1% gypsum the main hydration reactions of alite are significantly retarded (≥8h) compared to
the samples where gypsum depletion occurs after the main hydration reactions of alite where finished
(samples with ≥5 gypsum). Interestingly the acceleration period of the sample with 3% gypsum started
parallel to the samples with ≥5% gypsum, but abruptly stopped after gypsum depletion at ~7h.

a) Isothermal calorimetry b) semiadiabatic “field” calorimetry

Figure 5: Impact of gypsum additions on heat evolution of standard mortars (w/c=0.5)

By integrating the semi-adiabatic and isothermal peak areas after 24h from Figure 5 we derived values
for total maturity [°C*h] or heat of hydration [J/g]. A plot of maturity and heat of hydration vs 1day
strength is shown in Figure 6. It can be seen that there is a linear relation between total heat of
hydration and strength. The system with the highest total heat release exhibits also the highest strength,
which is this case the sample with 7% gypsum. From this we conclude that the hydration of alite and
the strength formation is strongly impacted by the presence of gypsum and we can use data such as
total heat release to obtain the optimum sulfate content of Portland cement.

Figure 4 Impact of gypsum additions on
compressive strength of standard mortars (w/c=0.5)
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Figure 6: 1day Compressive strength vs isothermal heat of hydration and semi-adiabatic maturity of
mortars containing different SO3 contents

As shown in Figure 4 as long as a chemical system is thermodynamically buffered by gypsum and
portlandite very low [Al] concentrations are sufficient to precipitate ettringite. Therefore in a system
buffered by ettringite, gypsum and portlandite [Al] will most likely never exceed critical values which
do negatively impact the kinetics of hydration of alite.

It is now interesting to closer discuss the reactions related to a partially undersulfated system e.g. with
3% gypsum (Figure 5). In the system with 3% gypsum alite reacts “normally” until the system is
gypsum depleted after ~7h (see Figure 5). For the mix with 3% gypsum it is likely that [Al] will
increase after 7h due to the equilibrium change shown in Figure 4. As a consequence alite hydration is
disturbed and the acceleration period is suddenly stopped which finally leads to a much lower strength
and total heat evolution. In a next step we wanted to further prove this theory by pore solution
extractions.
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Our previous calculations showed that in gypsum-lime saturated systems in presence of AFt the [Al]
concentrations should be significantly lower than in gypsum free systems (see Figure 3) and do
therefore not disturb alite hydration and strength formation in well sulfated cementitious systems. Pore
solution analyses (Table 2) of pastes of pure clinker and the OPC composition with 5% gypsum
confirmed these findings.
Table 3: Pore solution composition of clinker and OPC paste after 2 and 48 h hydration

concentrations
sample Age Ca S Na K Al Si pH

[mmol/l] [µmol/l] c.b.
Clinker
(no gypsum)

2h 8.72 0.04 48.76 101.57 77 53 13.1
24h 7.92 0.12 63.19 117.14 47 57 13.2

OPC
(5% gypsum)

2h 25.77 32.63 37.00 84.78 11 40 12.9
24h 5.29 0.38 89.14 128.20 36 77 13.3

After 2h of hydration the [Al] concentration in the sulfate free sample is about 7 times higher than in
the paste containing 5% gypsum. At the same time the calcium and sulfate levels are significantly
lower, due to the absence of gypsum in the purely clinker based mortar. Thermodynamic calculations
of saturation indices indicate that the pore solution of the clinker sample is close to saturation with
respect to C4AH13 during the first 24 h. The potential precipitation of C4AH13 may explain the flash set
like behaviour and it is likely that this phase buffers [Al] in the pore solution of the clinker sample.
The higher Al/Si ratio of the pore solution of the sulfate free sample after 2h indicates a higher driving
force to initially form a more aluminium rich C-S-H than in OPC, for which the [Al] levels of the pore
solution only rise after gypsum consumption.

4.3 The impact of SCM’s and additives on optimum sulfate balance

Modern concretes or cement often contain significant amounts of supplementary cementitious material
(SCM). Typically SCM’s may contain significant amounts of alumina. Exemplarily for a high reactive
alumina rich SCM a typical class C-fly ash (Table 2) was chosen to further study the interactions with
silicate as well as the impact of sulfate additions.

Many sources of calcium rich type C-fly ash contain reactive aluminates and are known to retard
setting while also providing higher strength as compared to more traditional low calcium type F-fly
ash, when used to substitute for Portland cement. The following example illustrates how a source of
class C fly ash not only retards a Portland cement, it makes a commonly used non chloride accelerator
(NCA) further retard the Portland cement. Addition of soluble sulfate, however, restores the expected
accelerating properties of the NCA. We postulate that the unintentional retarding effect of the NCA is
because of its accelerating effect on the cement and fly ash aluminate dissolution, which thereby
increases the [Al] concentrations and, therefore, also potentially impacts the amount of sulfate needed
to balance the accelerated fly ash dissolution.

Figure 7 shows a typical acceleration effect of a properly sulfate optimized Portland cement with an
NCA dosed at 1% by weight of cement. Figure 8 shows the corresponding effect when 50% of the
Portland cement is replaced with type C fly ash, tested with and without 1% NCA by weight of cement.
Figure 9 shows the effect of adding calcium sulfate hemihydrate to the mixture at 0.5, 1.0, 1.5 and
2.0% SO3 by weight of cement to the mixture with 50% Portland cement replaced by high calcium fly
ash and 1% NCA by weight of cement. All results are normalized by weight of Portland cement. All
data prior to 1h hydration time were excluded from the calculated heat of hydration as the initial
reaction is typically non-isothermal.
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Figure 7: Typical effect of NCA on a well optimized portland cement. Left: Heat flow corresponding to
“rate of hydration”. Right: Heat of hydration corresponding to “degree of hydration”.

Figure 8: Effect of replacing 50% of Portland cement with high calcium fly ash, with and without 1%
NCA addition by weight of cement. Left: Heat flow. Right: Heat of Hydration.

Figure 9: Effect of sulfate addition as calcium sulfate hemihydrate to restore sulfate balance of a mixture
with 50% portland cement, 50% high calcium fly ash and 1% NCA by weight of cement. Left: Heat flow.
Right: Heat of Hydration.
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As shown in Figure 7 the accelerating effect of NCA was initially very strong but diminished within a
few days hydration for a well sulfate balanced Portland cement. A 50% replacement of Portland
cement with type C fly ash without NCA led apparently to [Al] high enough to slow down the alite
hydration. Nevertheless once the acceleration phase started, the hydration proceeded with only minor
“damage” to the heat of hydration, which is used as a proxy for the degree of hydration. However, the
addition of 1% NCA completely disrupted the hydration behavior as indicated by the sharp peak at
about 10 h in Figure 8. Such a sharp peak is indicative of rapid, uncontrolled aluminate hydration (see
Minard 2007) and typically severely compromises the alite hydration if taking place before the
majority of the alite hydration has occurred – see the purple dot-dashed curve in Figure 8. The addition
of soluble sulfate gradually restored normal alite hydration, which is indirect evidence that the
“damage” to the hydration profile inflicted by the type C fly ash and NCA was caused by an
uncontrolled aluminate hydration – and as we postulate – an [Al] poisoning effect on the alite
hydration (Figure 9). Note how the hydration profiles obtained by gradual addition of sulfate can be
used to optimize the sulfate content of the overall mixture, either by spotting the position of the
“sulfate depletion peak” in the heat flow curve, or by simply looking for the maximum heat of
hydration at the age of interest. The latter method is known to be more robust when working with
mixtures with low amounts of reactive aluminate, and therefore more universally applicable to any
Portland cement based mixture.

4.4 Practical implications of the findings

1. The results confirm the important role of sulfate additions to control aluminate hydration in
Portland cement systems. Specifically, our results highlight the importance of sulfate by
thermodynamically suppressing the alumina concentrations in the porewater until the alite
hydration has reached its peak

2. Calorimetry methods are excellent tools for optimizing as well as trouble-shooting Portland
cement based systems, both at the quality control and the technical service level. While it is
impossible for a cement producer to foresee and account for every possible condition of use in
the field, calorimetric methods give cement producers the opportunity to optimize cement for
several typical use conditions, for example use of admixtures, assessing the impact of hardening
temperature and supplementary materials.

3. Isothermal and semi-adiabatic calorimetry methods complement each other, as both are
exceptionally easy to use with no requirement for a traditional laboratory. The isothermal
calorimeters offer higher precision and repeatability thanks to precise temperature control and
are therefore better suited for research and development, while semi-adiabatic calorimeters are
typically less expensive and better suited for application based testing of cementitious systems.

4. Sulfate optimization using isothermal calorimetry is traditionally carried out by addition of
sulfate and visual detection of the so-called “sulfate depletion” peak. However, the sulfate
depletion peak is often difficult to detect for many blended cements and sulfate resistant
cements. An alternate method for sulfate optimization using isothermal calorimetry is to simply
integrate the heat flow and detecting the maximum heat of hydration at the desired hydration
time (typically 1-7 days) as a function of the addition rate of soluble sulfate.

5. Sulfate optimization using semi-adiabatic calorimetry is traditionally carried out by visual
detection of both the time of maximum temperature and the area under the temperature curve,
with the sulfate optimum implied for the conditions resulting in the shortest time to maximum
temperature and the largest area under the temperature curve (highest maturity index). Our
results indicate that the semi-adiabatic calorimetry is suitable to Portland cement systems. The
applicability to blended cements needs further exploration.
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6. Alumina rich reactive SCM’s e.g. type C-fly ash, metakaolin etc. may significantly impact the
optimum sulfate content of a binder especially if hardening accelerators are used. A careful
sulfate optimisation at cement plant level, taking the additions of SCM’s to the binder into
account is necessary, to control the silicate-aluminate interactions to prevent potential concrete
performance problems due to under- or oversulfatisation.

5 Conclusions

By considering the obtained experimental results and thermodynamic calculations it becomes obvious
that the gypsum content appears to be one of the main drivers to reach the optimal alite hydration
kinetics which then controls the early age performance of Portland based cements. Lerch 1946
suggested almost 70 years ago that the optimum Portland cement performance is achieved if gypsum
depletion occurs after the main hydration reactions of alite started to slow down. We are now able to
understand in more detail why this sequence is so important for the best possible alite hydration
kinetics. High [Al] concentrations inhibit alite dissolution in Portland cement either due to a poisoning
of C-S-H growth in combination with an initial C-A-S-H formation or due to the formation of rate
limiting alumina rich surface complexes which suppress alite dissolution. The [Al] concentrations at
gypsum-lime saturated conditions in conjunction with the formation of ettringite are
thermodynamically constrained to very low levels. If gypsum is fully consumed a thermodynamic
equilibrium change towards the formation of AFm phases will force the system to higher [Al]
concentrations. Thus if gypsum depletion occurs before or during the first half of acceleration period,
i.e. in undersulfated cements, the [Al] level of the pore solution increases and will lead to a
prolongation of the induction period or to an abrupt slowdown of the alite dissolution. This in
combination with the changed solid mass balance strongly impacts the early age performance of the
cement and therefore makes sulfate optimisation one of the most important variables in cement design.
The results suggest that further investigations are needed to determine the “true” root cause of this
alumina inhibition effect. It was further shown that alumina rich reactive SCM’s and/or hydration
accelerating additives may strongly impact the optimum sulfate content of blended cements. A careful
sulfate optimisation at cement plant level is necessary to control the silicate-aluminate interactions and
to prevent performance problems of Portland based blended cements due to undersulfatisation.
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Abstract
The alite phase in Portland cement contains different foreign ions. In this work, the effects of magnesium and zinc on
the polymorph, hydration kinetics and hydrate morphology of C3S are investigated. It is found that the presence of the
two ions has distinct effects on the hydration kinetics. Zinc increases the maximum heat released. Magnesium increases
the hydration peak width. The C-S-H morphology is impacted by the presence of these ions. Longer needles are
observed in the presence of zinc and thicker needles are observed in the presence of magnesium. Zinc is incorporated in
C-S-H, while magnesium is only incorporated slightly, if at all, but rather seems to inhibit nucleation.

Originality
Changes in the shape of the calorimetry curves due to the presence of ions are directly link with changes in nucleation
and growth of C-S-H. It is demonstrated that changing the parameters of C-S-H nucleation and growth in the μic
hydration model can capture the changes in hydration kinetics.

Keywords: Alite, C-S-H, Zinc, magnesium, nucleation, hydration kinetics, microscopy



1. Introduction
The mechanism by which ions influence the reactivity of alite is not well understood. Changes are
often attributed to the polymorph, but the presence of foreign ions in the solution could also influence
the nucleation or growth of hydrates.
The reaction of alite is characterised by an initially rapid reactivity which quickly decreases. There
are various theories for the occurrence of this induction period (Bullard J. W. et. al, 2001), but, as
proposed recently it is governed by the dissolution rate of alite (Juilland P. et. al, 2010). During the
acceleration period it is generally agreed that nucleation and growth of C-S-H is the rate determining
mechanism (Brown P. W. et. al, 1985). A modification of the alite polymorph might be expected to
affect the dissolution rate and thus modify the length of the induction period. Ions in solution may
have an impact on the nucleation and growth of hydrates, and thus have an impact on the main
hydration peak.
Investigation of the hydration alite containing magnesium aluminium and iron (Stephan D. et. al, 2006
and 2008), revealed that the hydration kinetics instead of being related to the type of polymorph, the
modification of hydration kinetics appeared to be better related to the hydrate morphology. Alites
doped with magnesium showed similar hydration products to pure C3S and similar hydration kinetics.
In this paper, the effect of Mg and Zn ions on the crystal structure and hydration of C3S was examined.
The hydration kinetics were studied by calorimetry and the morphology of hydrates by electron
microscopy. Finally a numerical model is used to explore the links between the changes in hydrate
morphology and hydration kinetics.

2. Experimental
2.1. Raw Materials
Pure C3S alite with magnesium and alite with zinc were synthesized in the laboratory. The powders
were sieved to obtain a narrow size distribution between 25µm to 36µm, to limit the influence of
particle size distribution on the hydration kinetics. Details about the synthesis and XRD, XRF and
NMR characterization of the materials can be found in the literature (Bazzoni A. et. al, 2014).

2.2. Experimental Process
The polymorphs of the different alites were determined by XRD and NMR, the hydration kinetics by
calorimetry. The nucleation process was investigated by scanning electron microscopy and the growth
of hydrates was followed by scanning transmission electron microscopy. Description of the different
methods used can be found in the literature (Bazzoni A. et. al, 2014).

3. Results and Discussion
3.1. Crystal structure
The pure C3S is triclinic, T1, the two alites doped with magnesium have the M3 structure and the two
alites doped with zinc have the T2 structure (Bazzoni A. et. al, 2014), as indicated by Figure 1:

Figure 1: Angular range the xrd pattern of alites a) 31.5 to 33.5°, b) 51 to 52.5°



3.2. Hydration kinetics
Figure 2 shows the heat flow, cumulative heat and heat flow as a function of the degree of hydration of the
different alites:

Figure 2: a) Calorimetry curves of alites. b) Cumulative heat flow curves of alites c) Evolution of the normalized
heat flow as a function degree of hydration.

The doping ions have only a slight impact on the duration of the induction period. In the presence of
magnesium the duration of induction period is increased, while in the presence of zinc it is slightly
shorten. After the end of the induction period, magnesium doped alites have wider peak, but the
maximum heat flow is similar to pur C3S (Figure 2 a)). Zinc accelerates the reaction from 2 to 10
hours, with a resulting maximum heat flow at least twice that of pure C3S, and the peak is wider
(Figure 2 a)). There is an increase of the cumulative heat of C3S doped with Mg and Zn ions (Figure 3
b)). This effect is more pronounced for alite containing zinc. In the presence magnesium, the hydration
rate of C3S is increased during the deceleration period, as indicated by grey arrow in Figure 2c). In the
presence of zinc, the hydration rate of C3S is increased both in the acceleration period and deceleration
period as indicated by black arrows in Figure 2 c).

3.3 Impact of ions on microstructure development
Figure 3 shows thee SEM images of the different alites after 2 hours of hydration.

Figure 3: SEM images of sample after 2h of hydration for a) Pure C3S, b) alite with 1.78wt% magnesium, c) alite
with 1.16wt% zinc. d) Number of clumps per μm2 on the surface



From images, small clumps of C-S-H (indicated by arrows) are observed, which may originate from a
single nuclei. There are also some Portlandite (CH) crystals indicated by circles. Figure 3 d) indicates
the number of clumps on the surface, counted on different images. The result indicates that the
Nucleation density seems not to be influenced by the presence of zinc, but is affected by the presence
of magnesium.
STEM images were acquired on the same samples, at 10h of hydration to look at the hydrate
morphology, as indicated in Figure 4.

Figure 4: STEM images (BF) of samples. After 10h of hydration: a) Pure C3S, b) alite with magnesium, c) alite
with zinc. Details on C-S-H needles for measurement: d) Pure C3S, e) alite with magnesium, f) alite with zinc

A clear difference in C-S-H lengths and thickness between pure C3S and the 2 alites is observed from
images. After 10 hours of hydration, the surface of the alite grains in all three samples is covered by
C-S-H, even alite with magnesium, which has less nuclei at the end of the induction period. The
samples containing zinc have the thicker layer of C-S-H around grains, which can be explain by their
higher degree of hydration at this time.
The lengths of the C-S-H needles were measured on several images; needles were considered as the
part coming outward from the C-S-H forming around grains, as shown in Figure 4 d)-f).
Measurements confirm the increase in length in the presence of zinc as indicated by Figure 5:

Figure 5: C-S-H lengths in nm

3.4 Numerical modelling
In the previous section, it was observed that nucleation and /or growth of C-S-H is modified by the
presence of ions. Simulations of calorimetry curves were done using modelling platform μic (Bischnoi



S. et. al, 2009). Parameters deduced from image analysis were used to make the choice of the
parameters (Bazzoni A. et. al, 2014):
- the nucleation density, Iden, on a surface was estimated from SEM images.
- the outwards growthof C-S-H, Gout, was calculated from calorimetry curves and STEM images.
- the growth of C-S-H parallel to the surface, Gpar, was estimated to be 20-30\% of Gout.
- the time at which the nucleation and growth process starts, tr.
- the initial density of outer C-S-H, ρMin, was the only free parameter and was kept in the same range
for all three alites.
The values of the different parameters used are given in table 1:

Pure Mg Zn
Gout 0,041 0,041 0,075
Gpar 0,011 0,015 0,012
ρMin 0,21 0,21 0,25
Iden 33 12 31

tr 1,8 2,6 2
Table 1 : Parameters for simulations

Figure 6 presents the calorimetry curves of the 3 alites with their corresponding curve simulated with
the modelling platform μic. Simulations were adjusted to the calorimetry curves only by changing the
time at which the nucleation and growth regime starts. Extremely good agreement is obtained between
the simulated and experimental calorimetry curves during the acceleration period and just over the
peak maximum.

Figure 6: Comparison between experimental and simulated calorimetry curves. a) Pure C3S, b) alite with
magnesium, c) alite with zinc

4. Conclusions
 This study indicates that there is no direct link between crystal polymorphs and the reactivity

of alite.
 The pure C3S is triclinic, the alite with magnesium is monoclinic and the alite with zinc is

triclinic. However, the reactivity of C3S is increased by the presence of zinc, which has the
same triclinic polymorph as the pure C3S, while Mg gives a different polymorph with a very
similar reactivity.

 Calorimetry results revealed that both zinc and magnesium influence the main peak of
hydration, but in two different manners. Zinc gives a higher peak and magnesium gives a
wider peak. These two behaviours seem to be related to the modification of nucleation and
growth of C-S-H most likely due to the presence of ions in solution.

 In the presence of magnesium fewer but larger nuclei form. Magnesium seems to inhibit C-S-
H nucleation, but the resulting C-S-H needles are wider.

 Zinc has no impact on the number and shape of nuclei, but it acts on the outwards growth of
C-S-H. Zinc is homogeneously incorporated in the C-S-H and influences its growth rate.

a) b) c)



 Incorporation of nucleation and growth (N&G) parameters from the microscopy observations
into the μic numerical model gives supports quantitatively the link between these N&G
parameters and the overall hydration kinetics seen in the calorimetry curves.
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Abstract
Heat Curing may lead to high early strength for concrete but weakened mechanical and durability
performance at later stage because of its poor microstructure formed by the rapid precipitation of
hydration products at early stage, especially the subsequent complex curing condition. The effect
of heating temperature and subsequent curing condition on the microstructure,
morphology ,porosity ,distribution of hydration products and the silicate anion structure of C-S-H
were investigated by kinds of test technology ,such as ESEM, XRD, TG, BSE-IA, NMR etc. The
maximum temperature was 55 & 65 °C with the heating & cooling rate 15°C/h, the subsequent
curing regimes were designed to be standard curing, indoor curing and outdoor curing, which
was aimed to study the effect of subsequent complex curing condition on microstructure and
properties after heat curing. The results show that the samples with heat curing has a higher
hydration degree at early stage but a lower later hydration degree, the distribution of hydration
products is much more heterogeneous with a coarse porosity, and the morphology of calcium
hydroxide, AFt and AFm is different from curing at standard condition, and the increased
temperature made the difference greater. The subsequent curing condition also shows a significant
influence on the microstructure of cement paste and the silicate anion structure of C-S-H.

Originality
In this research, the different heating temperature was used to investigate the microstructure and
performance of heat curing cement by kinds of test technology. Three different subsequent curing
regimes after heat curing was presented to contrast the influence of laboratory and actual curing
condition on the properties of cement paste.

Keywords: heat curing; subsequent curing ;cement hydration; microstructure
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1. Introduction
Temperature is an important factor affecting the hydration of cement. The initially fast

hydration causes the more rapid precipitation of hydration products when curing at elevated
temperature, which is the main reason for high early strength development.(Lothenbach,
Winnefeld et al. 2007) However, the later stage strength growth rate of cement hydrated at
elevated temperature is much lower than hydrated at room temperature. The hydration
products formed in rapid hydration period at elevated temperature is much denser and
precipitate around the clinker particles, which leads to a more heterogeneous distribution
microstructure, coarser porosity and poorer durability. The subsequent curing condition is
another important factor affecting the hydration and microstructure of cement paste.(Kjellsen
1996) When curing at standard condition, the stable temperature and relative humidity
establish a very suitable environment for cement hydration and microstructure forming and
developing. However, in most cases the service environment of concrete structures is very
poor, which will have a significant impact on the microstructure of cement paste. In this study,
the influence of heat curing regimes and subsequent curing condition on the microstructure
and properties of cement paste were studied.

2. Material and method
Hydration pastes were prepared with Type Ⅰ Portland cement and ionized water,

Water-cement ratio was 0.35. The pastes were prepared at 20℃, after 3 hours’ pre-curing the
paste were curing by steam, the maximum temperature was 55 & 65 °C with the heating &
cooling rate 15°C/h, the duration time of steam curing is 4hours and subsequent curing
regimes were designed to be standard curing, indoor curing and outdoor curing.( The standard
curing was mean that the specimens were stored in the lime-saturated water in mist room
(T=20°C, RH>98%); Indoor curing was just that the specimens were stored at a certain
temperature and relative humility (T: 25±3°C, RH: 70%±5%); Outdoor curing was mean that
the specimens were just placed in outdoor environment.) When the pastes hydrated for
different age, slices from cylinder were placed in ethanol to replace water in pores for a week
and then dried in vacuum desiccation at 40℃ for 24 hours
3. Results and discussion

The subsequent curing regimes changed the hydration degree, porosity and
microstructure of cement paste, the BSE images at different subsequent curing regime were
shown in Fig. 1. After heat curing, the subsequent curing regimes were designed to be
standard curing(a), indoor curing(b) and outdoor curing(c). The hydration degree, porosity
were calculated by using the image analysis to deal with the BSE images. When curing at
standard condition the microstructure of cement paste was much more homogeneous than
curing at indoor and outdoor, and the 7days hydration degree of cement is 68.47%, which is



Figure 1. BSE micrographs of cement pastes cured at different subsequent curing regimes for7
days.(a) standard curing (b) indoor curing (c) outdoor curing

lower than curing at indoor and outdoor, 76.44% and 76.04% respectively. However, the
porosity had the adverse trend, curing at standard condition built a more denser structure and
its porosity is 9.4%, indoor curing and outdoor curing is 11.52%,11.67% respectively. Curing
at standard condition has a lower hydration degree and also a lower porosity, after heat curing
the pastes were curing at standard condition, cement has abundant time and water to hydrate
which built a more homogeneous structure, however the curing temperature is 20°C which is
lower than the temperature curing at indoor and outdoor and leading to the lower hydration
degree.

The Ca/Si ratios of hydration products were calculated by EDS which were calculated
from 5 different areas and every area collect 20 points. The results were given in Fig. 2. The
results show that the maximum temperature of heat curing and subsequence curing condition
has an influence on the Ca/Si ratios of hydration products, without heat curing the C-S-H gel
has the highest Ca/Si ratio. Different maximum heat curing temperature show different trend.

Figure 2. Ca/Si ratios of C-S-H Gel at different maximum heat curing temperature and
subsequent curing regimes.left:55°C,right:65°C

When the maximum heat curing temperature is 55°C, the indoor curing hydration
products had the lowest Ca/Si ratio with outdoor curing followed, and the standard curing has
the higher Ca/Si ratio. However when the maximum heat curing temperature is 65°C, the
standard curing has the lowest Ca/Si ratio, the outdoor curing is also higher than indoor
curing but the gap narrowed. The plots of S /Ca vs Al /Ca ratios at different maximum heat
curing temperature and subsequent curing regimes were also studied and shown in figure 3.

Figure 3. S /Ca vs Al /Ca ratios at different maximum heat curing temperature and



subsequent curing regimes. left:55°C,right:65°C
The higher maximum heat curing temperature lead to a higher S content in the hydration products.
When curing at 55°C the hydration products contain AFt and AFm, while curing at 65°C AFt
was easier transfer to AFm, which cause the S content is much lower. At 7days aging , the subsequent
curing regime show a weakly influence on the S /Ca vs Al /Ca ratios.

The morphology of calcium hydroxide is affected by heat curing temperature, Fig. 4(a)
shows the morphology of calcium hydroxide curing at standard condition, which the crystal is
hexagonal layer structure and the growing model is layer-by-layer. However when through
the heat curing the morphology of calcium hydroxide is also the hexagonal structure in
general, but the growing model is quite different, when curing at 55°C the surface of calcium
hydroxide was frizzy and its growth model is cluster-by-cluster; when curing at 65°C the
inside of calcium hydroxide is constituted by the crystal needles.

Figure 4. The morphology of calcium hydroxide at different maximum heat curing temperature.
From left to right: (a)without heat curing, (b) 55°C, (c, d) 65 °C
Table 1 Deconvolution data of 29Si NMR spectra of cement paste

I(Q0) I(Q1) I(Q2) MCL

Standard Curing 52.75% 31.11% 16.15% 3.04

Indoor Curing 62.62% 25.39% 11.99% 2.94

Outdoor Curing 57.68% 30.53% 11.79% 2.77

The structure of C-S-H gel is also analysis by the NMR, the mean chain length of C-S-H
gel is given in the Table 1. The mean chain length of C-S-H gel is decreased with the curing
condition changed from standard curing to outdoor curing.

4. Conclusions
1) Curing at standard condition has a lower 7 day hydration degree and porosity but with a

more homogeneous structure than indoor and outdoor curing.
2) The maximum temperature of heat curing and subsequence curing condition has an

influence on the Ca/Si ratios of hydration products. Without heat curing the products had
the highest Ca/Si ratio.

3) The morphology of calcium hydroxide is affected by heat curing temperature, the higher
curing temperature cause more damage to the crystal of calcium hydroxide.

4) The mean chain length of C-S-H gel is decreased with the curing condition changed from
standard curing to outdoor curing.
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Abstract
Ordinary portland cement (OPC) is prone to react with water, even upon premature contact as may
occur during storage or handling. Such contact with water, in the liquid or vapor states, results in
chemical reactions. Such early reaction, termed as pre-hydration, is known to reduce cement reactivity
and ultimately mechanical property development during its end use. In spite of its obvious impacts,
prehydration and its effects have not been rigorously quantified. This study studies the impacts of
prehydration on cement powders which were intentionally exposed to either water vapor or liquid
water, to investigate the extents to which such premature contact can induce changes in surfaces, and
reaction and mechanical property behaviors of prehydrated systems.

Results obtained using isothermal calorimetry, thermogravimetric analysis, and compressive strength
measurements are correlated to a pre-hydration index, i.e., a measure of the extent of pre-hydration
which is established for the first time. Boundary nucleation and growth (BNG) simulations and kinetic
cellular automaton (KCA) simulations are used to evaluate hypotheses of mechanisms which affect
pre-hydration. It is noted that systems exposed to water vapor, versus liquid water show dramatically
different influences of prehydration, due to the formation of different types, and extents of surface
coverage produced on the cement grains in each case. Reductions in mechanical properties noted in
prehydrated systems are linearly correlated with the prehydration index. This provides for a method
for screening cements known to have been prehydrated, to determine whether the associated effects can
be mitigated. Significantly, the catalytic properties of fine limestone are highlighted as being valuable
to offset the effect of prehydration, with increasing success at low(er) levels of prehydration.

Originality
This study for the first time uncovers the impacts of prehydration on reaction behaviors in relation to
the type and extent of water exposure, i.e., liquid water or water vapor. A metric for describing the
extent of prehydration is established, termed as the prehydration index; which shows linear
correlations to reductions in properties that accompany prehydration. It is highlighted that liquid
water and water vapor produce different “prehydration effects”, due to differences in the extents and
types of surface coverage that forms in each case on the cement grains. On account of favorable filler
effects, fine limestone is demonstrated as being a novel means of mitigating the effects of prehydration.
This work for the first time studies the issue of cement prehydration, establishes its mechanistic details
and influences, and demonstrates novel means for its quantification and mitigation.

Keywords: physisorption, pre-hydration, simulation, nucleation, limestone
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1. Introduction and Background
Ordinary portland cement (OPC) reacts on contact with water in the liquid or the vapor states.
Therefore, exposure to moisture or other known reactants such as CO2 during storage and
handling of the OPC powder can result in premature hydration2 or aging of its constituent
phases. Such unintentional reaction reduces the thermodynamic driving force for subsequent
reactions with liquid water, and the resultant loss of reactivity typically manifests as
undesirable reductions in the rate of hardening and strength gain of concrete (Starinieri et al.
2013; Theisen and Johansen 1975). In this paper, the term “prehydration” is used generically
to refer to all the processes that cause unintentional loss of reactivity prior to the usual mixing
of cement with water. To be specific, this includes physical adsorption of water on the cement
particle surfaces, as well as the chemical reactions between water and the anhydrous OPC
minerals to form solid hydration products such as calcium silicate hydrate (C-S-H3), Ca(OH)2,
gypsum, and ettringite. In addition, CO2 in air or dissolved in the water can react with
several cement components, forming CaCO3 from free lime (CaO) or Ca(OH)2, the latter
being present primarily because of its prior reaction with water (Flatt et al. 2011; Jensen et al.
1999; MacIntire 1919; Ruiz-Agudo et al. 2013). All of these changes initiate at the exposed
surfaces of OPC grains but penetrate deeper into the grains with prolonged exposure.
To better understand these aspects, Dubina and coworkers studied the effects of prehydration
on the constituent phases present in OPC and in commercial OPC formulations (Dubina et al.
2011; Dubina et al. 2010; Dubina and Plank 2012; Whittaker et al. 2013). They quantified the
prehydration sensitivity of the different phases in OPC, especially due to water vapor
exposure by: (1) identifying the RH at which a given OPC phase may become susceptible to
water adsorption or phase transformations, and (2) characterizing the influence of both RH
and exposure time on reactions and property development. These studies showed that the
calcium silicates, calcium aluminates, and calcium sulfates in OPC all undergo interactions
with water vapor that influence the reaction response of the OPC to water during normal
hydration. In particular, prehydration was observed to upset the balance between the soluble
aluminate and sulfate minerals that is intentionally built into OPC to regulate the otherwise
rapid reaction of C3Awith water (Dubina et al. 2013b; Dubina et al. 2011; Dubina et al. 2010;
Whittaker et al. 2013). This work expands on previous studies by quantitatively correlating
the changes in reactivity and strength evolution in OPC pastes to the duration of exposure to
either liquid water or water vapor. The addition of fine limestone powder to prehydrated
cement is observed to partially restore some reactivity.
2. Materials and Experimental Methods
An ASTM C150 compliant Type I/II ordinary portland cement (OPC) was used. X-ray
fluorescence (XRF) was used to estimate the major oxide composition of the OPC on a mass
basis: 20.57 % SiO2, 5.19 % Al2O3, 3.44 % Fe2O3, 65.99 % CaO, 1.37 % MgO, 2.63 % SO3,
0.17 % Na2O, 0.31 % K2O, 0.26 % TiO2 and 0.08 % P2O5. Quantitative X-ray diffraction

2 The term “hydration” is used in cement chemistry to generically indicate any and all net reactions of
cementitious mineral phases with water, and we will use the term in this broad sense here despite the

fact that the same term may have a more restricted meaning in other fields of chemistry.
3 C-S-H (ACaO•SiO2•BH2O): is a poorly crystalline calcium silicate hydrate, of variable composition. In
the case of cement hydrated in sufficient liquid water, A and B take values of 1.7 and 4.0 respectively,

such that the Ca/Si molar ratio = 1.7 (Taylor 1997).



(QXRD), using Rietveld refinement, was used to estimate the mineralogical composition of
the OPC, on a mass basis (Le Saoût et al. 2011): 56.5 % MIII-Ca3SiO5, 16.0 % β-Ca2SiO4,
6.3 % Ca3Al2O6 (i.e., a mixture of the cubic and orthorhombic forms (Mounanga et al. 2004)),
11.4 % Ca4Al2Fe2O10, 1.1 % CaSO4∙2H2O, 0.5 % CaSO4∙0.5H2O, 1.2 % CaSO4, 1.2%
Ca(OH)2, 0.5% CaO and 4.6 % CaCO3. To fully examine the efficacy of fine limestone
powder additions to prehydrated OPC on restoring reactivity, a commercially available,
nominally pure limestone powder (> 98 % CaCO3) was used.4,5 The particle size distributions
(PSDs) of OPC and limestone were measured by static light scattering (SLS) using
isopropanol and sonication for dispersing the powders to primary particles, and are shown in
Fig. 1. The largest variation in the light scattering measurements is about 6 % based on
measurements performed on six replicates, assuming the density of the OPC and limestone to
be 3150 kg/m3 and 2700 kg/m3, respectively. Assuming that the particles are spherical, the
measured PSDs of the OPC and limestone correspond to specific surface areas (SSAs) of 520
m2/kg and 1353 m2/kg. Accounting for the irregular shape of OPC particles often results in
SSA estimates that are higher by a factor of 1.6-to-1.8 (Garboczi and Bullard 2004).
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Figure 1: Particle size distributions for the OPC (as-received) and the limestone evaluated in this
study. The largest variation in the light scattering measurements is around ±6 %.

Prehydration of the as-received OPC was simulated by exposing it to either liquid water or
humid air. For water vapor exposure, the OPC powder was placed for either one month or
three months in a room maintained at 55 % ± 10 % RH and 25 °C ± 3 °C, during which time
the powders were mixed on a weekly basis to encourage uniform exposure to water vapor.
These specific conditions were chosen to understand the impacts of prehydration in locations
such as Southern California (Los Angeles), where the ambient RH is low and temperatures are
moderate.

4 OMYA A.G., Cincinnati, OH.
5 Certain commercial materials and equipment are identified to adequately specify experimental
procedures. In no case does such identification imply recommendation or endorsement by the
University of California, Los Angeles, the National Institute of Standards and Technology, or Arizona
State University, nor does it imply that the items identified are necessarily the best available for the

purpose.



For exposure to (deionized, DI) liquid water, several hundred grams of the OPC powder were
spread in a thin layer and then misted in two equivalent cycles, separated by 30 minutes, with
a uniform mass of water corresponding to a moisture dosage of 2.5 % (Sprayed-1) or 5.0 %
(Sprayed-2) by mass of powder. The OPC powder was homogenized in a planetary mixer
after each cycle. After the second mixing, the powders were sealed in airtight containers to
limit drying and maintained in an environmental chamber at 25 °C. After one week, the OPC
powders were homogenized once again and placed in airtight containers for another week to
ensure consistent prehydration.
Paste mixtures of either the as-received or prehydrated OPC powder were prepared with a
(deionized) water-to-solids mass ratio of w/s = 0.45 as described in ASTM C 305 (ASTM
book of standards, 2012). To explore the influences of limestone on the reaction response of
systems prehydrated with water vapor, small amounts of the as-received limestone powder
were introduced either by adding to the cement powder (increasing the total solid mass) or by
partially replacing the cement powder at constant total solid mass. By either means, the
limestone dosages were 2.5 %, 5 %, or 10 % by mass of OPC. When the limestone was dosed
by addition, the amount of water in the mixture was 0.45 g H2O per gram of OPC. In contrast,
when limestone was dosed by partial replacement of OPC, the mixture had a constant water
content of 0.45 g H2O per gram of total solids.
2.1. Characterizing the extent of cement prehydration
As already described, the term “prehydration” is used to capture a range of premature reaction
phenomena that result from exposure not only to water (i.e., liquid or vapor) but also to other
reactants that OPC is likely to encounter during storage. The primary substance, besides water,
that can react with cementitious minerals is CO2, which is present in air and in liquid water at
typical concentrations of about 390 ppm and 50 ppm, respectively. In attempting to quantify
prehydration, as defined here, care must be taken to account for the effects both of water and
of CO2, especially because no special efforts were made to exclude CO2 either from the air or
from the liquid water used in the prehydration step. Most OPCs contain some CaCO3 which is
added intentionally (to reduce the cement clinker content), but which is difficult to distinguish
from CaCO3 that forms by the direct carbonation of the free lime (CaO) present in the OPC,
or by the carbonation of Ca(OH)2 formed by the hydration of CaO, or from reactions of the
silicate phases with liquid water during storage and/or handling. Separating these different
potential sources of CaCO3 is especially difficult because OPC often begins prehydrating (or
carbonating) immediately after it is manufactured, long before it is acquired for analysis or
use. Therefore, it is reasonable to only characterize prehydration of a cement powder relative
to its as-received state, that is, as the incremental prehydration that is induced by the liquid or
vapor treatments described in the previous section.
With these considerations in mind, the most direct way to characterize prehydration is to
record the quantities of physisorbed water by desorption experiments and to measure the
changes in the amounts of solid hydrates and carbonates before and after a given prehydration
step using quantitative X-ray diffraction (Dubina et al. 2013b; Dubina et al. 2011; Dubina et
al. 2010; Whittaker et al. 2013). However, the total volume of each of the solid hydrates and
carbonates formed by prehydration is small, often below the typical detection limit, ≈1 % by
mass, of lab-scale X-ray diffraction (XRD) analyses. Further, numerous OPC hydrates are
poorly ordered and thus difficult to quantify accurately by XRD. Because of these difficulties,



we choose to apply thermogravimetry to characterize prehydration by measuring the mass
loss upon heating to 975 °C, a temperature above which no additional mass loss is observed
even by fully hydrated OPC. The mass lost by an anhydrous OPC when heated from room
temperature to 975 °C in N2 comes from several sources. Between room temperature and
≈110 °C, liquid water condensed in the porosity evaporates, and the calcium alumino/sulfate
hydrate phases begin to dehydrate. The continued dehydration of the calcium alumino/sulfate
phases, together with volatilization of the grinding aids added during OPC manufacture and
decomposition of minor hydrated phases such as syngenite, continues between 110 °C and
400 °C. In the next step, the decomposition of calcium hydroxide, magnesium carbonate, and
calcium alumino-sulfate-hydrates occurs between 425 °C and 550 °C. Above 550 °C, the
main contributions to the mass loss are decomposition of calcium carbonate and the final
dehydration of the calcium silicate hydrate (C-S-H) phases.
The mass loss of the as-received OPC powder from 35 °C to 975 °C provides a baseline, from
which the incremental prehydration of that powder can be defined as the additional mass loss
in the same temperature range of that powder at a later time. Therefore, if we normalize the
powder masses by the mass of the ignited OPC, we can define the dimensionless incremental
prehydration index (PI, %), a consequence of cement exposure and aging as:

(1)

where is the mass loss between 35 °C and 975 °C, is the ignited mass—taken here

to be the mass after heating to 975 °C—and the subscript “0” refers to the baseline
measurement made on the as-received powder. As defined, this prehydration index accounts
for all additional aging of the as-received powder, whether due to (pre)hydration or
carbonation.
The prehydration index could have been defined in alternative ways that attempt to neglect
the contribution of carbonation by omitting the portion of the mass loss that is associated with
the decomposition of CaCO3. However, we choose to include all mass loss in our definition
because carbonation can be both a direct effect of aging and a secondary effect of reaction
with water. It should be noted that CaCO3 formed very early during carbonation, as may be
the case during prehydration, may start to decompose at lower temperatures (<600°C)
compared to bulk CaCO3 (Thiery et al. 2007). As such, adjustments were made in
determinations of CaCO3 decarbonation (i.e., via the DTG patterns) to incorporate mass
losses occurring at both lower (< 600°C) and typical values of CaCO3 decarbonation
temperatures.
A simultaneous thermal analyzer6 was used to measure the thermogravimetric (TG) and the
differential thermogravimetric (DTG) signals of the cementitious samples, as raw powders,
and after 1 d, 3 d, 7 d, and 28 d of hydration in liquid water. The temperature and mass
sensitivity of the analyzer were 0.25 °C and 0.1 μg, respectively. Hydration was arrested at
desired times by crushing the paste mass to granules (i.e., < 5 mm diameter) and then

6 STA 6000, Perkin Elmer, Waltham, MA.



submerging them in isopropanol (IPA) for 6 d, with IPA being replaced every 2 d (Zhang and
Scherer 2011). Following solvent exchange, which was applied only to OPC samples
hydrated in sufficient water (i.e., not the prehydrated OPC powders), the cementitious
samples were placed under vacuum in a desiccator for 3 d and then crushed to a fine powder.
The powders were all heated under a (99.999 % purity) N2 purge at a flow rate of 20 mL/min
and a heating rate of 10 °C/min in pure aluminum oxide crucibles from 35 °C to 975 °C.
The TG data were used to calculate the prehydration index (PI), and to approximate both the
evaporable and non-evaporable water contents, the amount of Ca(OH)2 and CaCO3 present in
the system—inferred from the mass loss between 425 °C and 550 °C and between about
550 °C and 800 °C, respectively. The degree of OPC reaction, α, for normal hydration in
sufficient liquid water can then be estimated by assuming that the mass of non-evaporable

water, varies linearly from zero to a terminal value of at complete reaction,

(2)

While the non-evaporable water mass can be estimated from TG data, volatilization of CO2

also contributes to the mass loss and therefore can make the non-evaporable water mass
difficult to isolate. However, errors made in incorrectly assigning different portions of the TG
data to non-evaporable water will largely cancel in Eq. (2) if the same procedure is used to

calculate both and . Therefore, we arbitrarily choose a formulation that also

has been applied in some previous studies (Mounanga et al. 2004; Taylor 1997):

(3)

where , for example, is the mass of a specimen after t days of reaction when

heated to 145 °C, and is the mass after loss of evaporable water (Mounanga et al. 2004;
Taylor 1997). The term in square brackets in Eq. (3) is intended to account for the mass loss
due to CaCO3 decomposition; in this study we use the DTG signal to determine the onset
temperature accurately for each paste specimen. The terminal value of the non-evaporable
water mass at complete reaction can be determined experimentally by a long-term bottle
hydration experiment to ensure complete reaction. We estimate this for this specific OPC,
based on its mineral composition and using a procedure described previously (Taylor 1997),

that g per gram of ignited, as-received OPC.



2.2. Characterizing mixture reactivity and its impacts on mechanical properties
An isothermal calorimeter7 was used to measure the heat evolved during normal hydration of
as-received and prehydrated OPC pastes at constant temperature (25 °C ± 0.1 °C). The
thermal power and the energy measured were used to assess the influence of prehydration and
of limestone dosage on reaction kinetics and total heat release of the cementitious samples.
The progress of reactions, and their impacts on mixture properties were characterized by
measuring the compressive strength of OPC paste specimens (50 mm cubes) cured at 25 °C ±
1 °C for 1 d, 3d, 7 d, and 28 d, as described in ASTM C109 (ASTM book of standards, 2012).
Each strength measurement was repeated on three replicates to obtain an average value at
each time (i.e., age), with a highest variation of 7 % being noted for samples formed from the
same mixing batch.
3. Results and Discussion
3.1. Plain OPC pastes
The loss on ignition (LoI) upon heating the as-received OPC powder to 975 °C was 2.99 %,
using the unignited powder as the reference. Based on the DTG data shown in Fig. 2, if we
assume that all the mass loss in the range 600 °C-to-800 °C is CO2 gas released by CaCO3

decomposition, then the LoI can be partitioned with ≈2.04 % due to CO2 from CaCO3 and
0.95 % due to other sources. This indicates an intrinsic CaCO3 content of ≈ 4.64 % (by mass)
in the as-received OPC, and is quite close to the value determined by QXRD.
Fig. 2 shows DTG measurements for the as-received cement and for the cement prehydrated
due to water vapor or liquid water exposure. Even the as-received OPC has some evaporable
water and Ca(OH)2, mainly due to the hydration of CaO, which reacts even at very low RHs
(relative humidities). Therefore, this OPC has experienced some prehydration prior to being
used in this study, as is common among many OPCs. Increasing water dosages (i.e., 55 % RH
or by spraying) increase the prehydration index, as shown in Fig. 2. A similar effect is noted
with increasing times of exposure, from one month to three months, at 55 % RH.
Unsurprisingly, the extent of CaCO3 detected increases with the exposure time.

Figure 2: Traces obtained by differential thermogravimetric (DTG) analysis of OPC prehydrated to
different levels. Here, E-H2O, Ca(OH)2, and CaCO3 denote evaporable water, portlandite and calcite

respectively.

7 TamAir, TA Instruments, Newcastle, DE.



The increases in the CaCO3 content are caused by the carbonation of CaO or Ca(OH)2 present
in the OPC, or formed over the course of the prehydration treatment (Dubina et al. 2010). The
DTG data in Figs. 2-3 indicates that incremental carbonation leads to ≤ 0.25 % increase in the
CaCO3 content of the OPC for all prehydration treatments except for the 3-month exposure to
water vapor. The 3-month exposure, however, caused an increase in the CaCO3 content of ≈
2.65 % by initial mass of OPC powder. These increases in the CaCO3 content correspond to
contributions to the PI of ≈1.2 % for the 3-month exposure but only around ≈0.1 % for all
other prehydration treatments. Carbonation of Ca(OH)2 is known to occur more slowly in
water, with about 50 ppm CO2, than in humid air with about 390 ppm CO2 (Beruto et al.
2005). Therefore, the enhanced CaCO3 content in the OPC sample exposed to moist air for 3
months is likely due to both the duration and the type of exposure (Dubina et al. 2013a; Lee
2004; Mess et al. 1999). Therefore, the effects of OPC prehydration can be primarily ascribed
to moisture exposure at shorter times, with the relative contribution of CO2 exposure
increasing with: (i) increasing duration, (ii) the (increasing) concentration of CO2, or (iii)
under ambient conditions which favor direct carbonation processes (Dubina et al. 2013a; Lee
2004; Mess et al. 1999).
Fig. 2 shows that all prehydration treatments lead to increases in the mass loss between
350 °C and 450 °C, which we attribute to increases in Ca(OH)2. The increase in Ca(OH)2 is
far greater for systems prehydrated with liquid water than water vapor. Such elevated
Ca(OH)2 contents are produced by the reactions of the silicate phases, principally alite
(Ca3SiO5) and to a lesser extent belite (Ca2SiO4), and by the hydration of CaO. Judging from
the CaO content measured by QXRD in the anhydrous OPC, Ca(OH)2 formation in the vapor
prehydrated systems is broadly due to CaO hydration, which suggests that for 55% RH
exposure, very slight silicate phase prehydration (and surface reconstruction, see below)
occurs. This is in support of RH thresholds defined by Dubina (Dubina et al. 2011).
Furthermore, the sprayed systems also contain more water in the evaporable range (i.e., ≤
145 °C (Mounanga et al. 2004; Taylor 1997)) than do the water vapor hydrated systems.
These differences are related to the prehydration route, for example by the adsorption of water
vapor and the induced surface modifications or by means of dissolution-precipitation
reactions mediated through liquid water.

(a) (b)
Figure 3: (a) The prehydration index quantified for the different prehydration treatments applied in



this study and (b) the change in the CaCO3 content over the course of the prehydration treatment, over
and above the CaCO3 content intrinsic to the OPC. It should be noted, that “AR” denotes the OPC in
its as-received form. The largest variation in quantifications of the prehydration index and the CaCO3

content is on the order of ± 7 % and ± 2 %, respectively, as quantified from determinations from three
replicates.

It should be noted that the vapor-phase RH used in this study is lower than the threshold noted
by Dubina et al. (Dubina et al. 2011), especially for alite and belite. This may suggest
negligible reaction between water vapor and the silicate phases in the vapor prehydration case.
However, water may still sorb on silicate surfaces and induce surface
relaxation/reconstruction, and lead to the formation of C-S-H, though likely not of the form
that is observed during hydration with liquid water, altering the reactivity of the silicate
phases in liquid water. Evidence for such an effect is provided by Dubina et al. who note that
C3S hydration is retarded, by enhancing the exposure duration of C3S; even for a subcritical
RH (for C3S) of 60% (Dubina et al. 2008). The DTG traces show that quantities of evaporable
water, and Ca(OH)2 present, increase with exposure time (see Figure 2) – in spite of the latter
having a higher potential to carbonate, and form CaCO3, indicating such surface-specific
phenomena and that, in addition to the C3A, the C3S and C2S may also undergo some
prehydration type process. It should be noted that the variability in imposed environmental
conditions (55 ± 10% RH) leaves open the possibility that at times the RH was high enough
for water vapor to condense onto the surface of cement particles.

(a) (b) (c)
Figure 4: The influence of prehydration on the rates of reactions as measured using isothermal calorimetry for:
(a) heat flow and (b) cumulative heat release and (c) cumulative heat released at 1 d, 3 d, 7 d, and 28 d for all

cement paste mixtures normalized by the heat released by the as-received paste mixture. The largest variation in
the measured heat flow of any mixture is ± 2 % based on the heat flow measured on six replicate paste specimens.

Fig. 4(a) shows the effects of prehydration on the rates of OPC reaction during subsequent
hydration in sufficient liquid water as measured using isothermal conduction calorimetry. This
figure confirms that prehydration reduces the intensity of reactions. In particular, the extents
of OPC reaction decrease with increasing exposure time and water availability: as-received >
1 month > 3 months > Sprayed-1 > Sprayed-2. Interestingly, the two different methods of
water delivery have qualitatively very different effects on the reaction curve. Prehydration by



water vapor causes a fixed delay in the onset of the main silicate reaction peak by about two
hours, regardless of the exposure time, and reduces the height of the main silicate reaction
peak relative to the secondary aluminate reaction peak that occurs at a later time. In contrast,
prehydration by sprayed liquid water causes no delay in, or even very slightly accelerates the
onset of the main silicate peak and also diminishes the relative strength of the subsequent
aluminate peak. The differences produced in the aluminate reaction peak allude to alteration
of the aluminate phases to form the aluminate hydrates (e.g., AFt, AFm, CXAHY) following
prehydration – a response also noted via DTG patterns which show significant mass loss at
temperatures lower than 145°C. It should be noted however, that the phases thus formed
would themselves be susceptible to carbonation (Minard et al. 2007; Skapa and Glasser 2009).
As shown in Figs. 4(b-c), the prehydrated systems are unable to reach the same extent of
reaction as the as-received system. Furthermore, Fig. 4(c) indicates that the severity of the
depression in the total amount of OPC reactions, as measured by cumulative heat released, is
a linear function of the incremental PI, across all ages, independent of the prehydration
exposure type or duration (see also Figure 7a).
One might suppose that this decrease in heat evolution is similar to the heat released over the
course of prehydration. However, in the absence of direct heat evolution measurements during
the prehydration exposure, the validity of that supposition cannot be evaluated without
making an assumption about how heat release is related to degree of reaction,  , during
prehydration. Uncertainty regarding the ultimate quantity of non-evaporable water in
prehydration products as it relates to degree of hydration also make it difficult to infer the
degree of reaction during prehydration from TGA data. If the same ultimate non-evaporable
water content is assumed for hydrates formed during prehydration as normal hydration, the
calculated heat release, Q, during prehydration would be α·ΔH, where ΔH is the enthalpy of
complete OPC hydration; ΔH ≈ 458 J/g for this OPC. Equating all the heat reduction observed
at 168 h of hydration in Fig. 4(b) to the heat released during prehydration would therefore
require a high degree of reaction, ≈0.21, for the Sprayed-2 case; which is unlikely over the
course of prehydration.
It seems unusual that systems prehydrated by liquid water are less retarded during hydration
at early times than systems prehydrated by water vapor at similar or greater values of the PI.
This indicates that the nature of the products of prehydration are important, rather than just
the absolute level of prehydration. For example, at 55% RH, prehydration is expected to result
in some reaction of Ca3Al2O6 to form a calcium aluminohydrate (Taylor 1997), some reaction
of CaO to form Ca(OH)2, and the partial hydration of CaSO4 to form bassanite and/or gypsum
and the formation of CaCO3, due to CO2 exposure (Dubina et al. 2013b). Under the same
conditions, the silicate reactions are likely limited to a hydroxylation or similar change in a
thin surface layer (Jennings 1986). Such formations of surface layers on the silicate phases,
however, have been previously hypothesized to reduce dissolution rates of these minerals
(Barret and Menetrier 1980), and may even be capable of altering their apparent solubility
(Jennings 1986). On the other hand, OPC prehydration in liquid water is expected to result in
the formation of C-S-H nuclei on silicate surfaces (Jennings 1986), in addition to the
aluminate and sulfate reactions.
As such, the differences observed between prehydration in liquid water and water vapor are
likely related to the degree and type of reactions at silicate surfaces. C-S-H exhibits enhanced



growth rates in the presence of silicate hydrate seeds that offer preferred nucleation sites and
thus accelerate reactions in Ca3SiO5 systems (Alizadeh et al. 2009; Nicoleau et al. 2013;
Scheetz et al. 2003; Thomas et al. 2009). A similar mechanism may operate in the
liquid-phase prehydrated systems, wherein silicate surface reactions result in the formation of
a type of C-S-H that provides sites for preferential nucleation of typical C-S-H during normal
hydration. This would also explain why liquid-phase prehydrated systems reach their
maximum hydration rate at times that are similar to those of the as-received OPC, despite
having a higher prehydration index than systems exposed to water vapor. However, the degree
of reaction at later times is lowest in systems prehydrated with liquid water, which is contrary
to a seeding effect (Alizadeh et al. 2009; Thomas et al. 2009). The lower extent of reaction at
later times may be related to the enhanced initial surface coverage of OPC grains by C-S-H,
which can have the following effects:
 Reduce the exposed surface area of the anhydrous phases available for dissolution, and,
 Then cause an earlier transition to a diffusion-controlled mechanism when a continuous

C-S-H layer on the OPC grains has grown thick enough to limit the transport of dissolved
ions to-and-from the bulk solution.

In contrast, silicate phase surface modifications caused by OPC prehydration in water vapor
are gradually etched away upon normal hydration in liquid water, because their hydration
rates approach that of the as-received system after about 12 h (see Fig. 4a). It should be noted
herein that in addition to silicate surface reconstructions, it is indeed possible that a CaCO3

film (i.e., mass transport barrier) has formed on the C3S particle surfaces following their
carbonation. Such films, if present (especially so for water vapor exposure, in air), could act
to substantially reduce the rate of dissolution of the C3S, and thus its reaction rate in sufficient
liquid water, as has been demonstrated by Galan et al. for the case of micron and submicron
thicknesses of CaCO3 films formed on Ca(OH)2 surfaces (Galan et al. 2015). This feature of
surficial carbonation of C3S appears relevant dominantly in the case of vapor phase
prehydration, when the abundance of CO2 is higher, and hence carbonation would be more
favored than in the liquid water case.
3.2. Influence of fine limestone
Recently, additions of fine limestone have been demonstrated as a novel means of enhancing
and/or controlling OPC reaction rates (Bentz et al. 2012; Kumar et al. 2013b; Oey et al. 2013).
In light of these observations, several mixtures were prepared with different dosages of
limestone, as described in Section 2, to determine if it can mitigate the effects of
prehydration8. Fig. 5 shows that fine limestone can indeed partially or even fully offset
prehydration effects, and that its efficacy increases with limestone dosage. Therefore, while
complete restoration of normal hydration is easily achieved at low levels of prehydration (e.g.,
at one month), only partial mitigation is possible when prehydration is more severe (e.g., after
three months). As vapor phase prehydration causes relatively minor retardation effects, the
provision of limestone is able to successfully restore normal hydration. For the dosages

8 External dosage of fine limestone should be distinguished from limestone formation (carbonation)
during prehydration. The “external” limestone provides additional surface area for reactions and

hastens them (Mess et al. 1999; Oey et al. 2013). On the other hand, carbonation during prehydration
likely results in the formation of a mass transport barrier which would impede the dissolution of the

cement grains.



considered herein, both limestone replacement and/or addition are similarly effective.
Limestone’s ability to restore the hydraulic reactivity of OPC is linked to at least three effects.
First, the large surface area provided by fine limestone catalyzes the silicate hydration
reactions by providing increased surface area and a lower energy barrier for nucleation of
hydration products; i.e., by serving as a heterogeneous catalyst.

(a) (b) (c)
Figure 5: Representative graphs showing the influence of limestone on mitigating the influences of
vapor-phase prehydration for: (a) as received cement, (b) 1 month of vapor phase prehydration (c) 3

months of vapor phase prehydration. In each case, limestone dosages are noted as percent replacement
by mass of OPC. The effects are noted to be similar even when limestone is dosed by addition. The
term “as received” in (b) and (c) refers to an OPC that has not been exposed to any (intentional)

prehydration action and contains no limestone. The largest variation in the measured heat flow of any
mixture is ± 2 % based on the heat flow measured on six replicate paste specimens.

Second, the dissolution of CaCO3 in water provides carbonate anions to the solution, some of
which could be incorporated within the C-S-H through an ion-exchange reaction that releases
OH- ions from the C-S-H to preserve charge neutrality. We have no direct evidence to support
this assumption about carbonate uptake by C-S-H, but an analogous ion exchange reaction for
sulfate uptake by C-S-H explains the observed increase of pH in Ca3SiO5 systems when
soluble calcium sulfate is available during OPC hydration (Kumar et al. 2013b; Kumar 2012).
When limited CO32- incorporation is allowed by this kind of reaction, the accelerating effect
of limestone is virtually unchanged at the beginning because it still offers the same
preferential nucleation sites for C-S-H. However, progressively more ion exchange occurs as
more C-S-H is formed by ongoing hydration. This is significant because OH- released by
ion-exchange increases the driving force for C-S-H growth (Oey et al. 2013; Sato and Diallo
2010) relative to the driving force without CO32- ion-sorption. The result is a higher degree of
reaction at later times (Oey et al. 2013). Finally, the availability of CO32- ions stabilizes a
carboaluminate phase (CO3-AFm) at the expense of the sulfoaluminate hydrate that would
form otherwise (Lothenbach et al. 2008; Matschei et al. 2007). Of course, the CaCO3 formed
during prehydration could trigger either of the last two effects, but that source is quite small
for all prehydration treatments other than the 3-month duration.



(a) (b) (c)
Figure 6: Calorimetric parameters and best fits (dotted lines) as a function of the prehydration index
for: (a) slope during the acceleration period, (b) heat flow value at the main heat peak and (c) inverse
time required to achieve the main heat peak. The lower and upper dashed lines show linear fits to the
data points associated with the plain OPC pastes (i.e., not including any limestone) prehydrated with

water vapor or liquid, respectively.

The trends in the reaction rates are more clearly revealed in Fig. 6 by plotting the parameters
extracted from the calorimetric measurements as a function of the prehydration index, such as
the slope during the acceleration period (Fig. 6a), the heat flow value at main heat peak (Fig.
6b), and the inverse of the time of the main heat peak (Fig. 6c). These calorimetric parameters
all decrease with increasing prehydration, but the rate of decrease in the OPC’s reactivity with
prehydration is less severe for liquid exposure (PI ≥ 2 %) than water vapor exposure (PI ≤
2%). This indicates that the effects of liquid, and vapor phase prehydration on kinetics
(though not on extent of hydration, i.e. Figure 4c) are very distinct. It is also noted that
limestone is able to effectively mitigate the effects of prehydration, by enhancing the
calorimetric parameters and in effect, the kinetics of early age hydration. It should be noted
that while limestone is able to mitigate the effects of even high levels of prehydration, at low
levels of it is far easier to fully recreate the reaction rate of a pristine OPC (i.e., eliminate the
effects of prehydration) by simply adding limestone to the OPC. This “full recovery” effect
cannot be achieved at higher prehydration levels. This highlights the ability of externally
provisioned limestone to offset any prehydration effects, with increasing success at lower PI.
Confirming the mechanisms hypothesized in these two sections, regarding both the influence
of duration and type of water exposure and the influence of fine limestone in restoring
hydration rates, is not possible based solely on these experimental data. The extraordinary
complexity of the phase chemistries, possible surface reactions or rearrangement, and other
microstructural variables are not directly observable with the methods utilized
herein. However, simulations that account statistically for microstructure evolution, i.e.,
based on boundary nucleation and growth (BNG) methods (Cahn 1956; Christian 2002;
Garrault and Nonat 2001; Kumar et al. 2012; Peterson and Juenger 2006; Scherer et al. 2012;
Scherer 2012; Tenoutasse and De Donder 1970; Thomas 2007; Thomas and Jennings 1999),
or that account for 3D microstructure evolution and chemistry (e.g., HydratiCA) (Bullard et al.
2010; Bullard 2007; Hummel et al. 2002; Kashchiev and Van Rosmalen 2003), could be used
to test the plausibility that these mechanisms can control hydration kinetics of prehydrated
powders as discussed above. Even to do this, however, a large number of simplifying



assumptions must be made about the phase distributions, their relative stability, dissolution
and growth mechanisms, and the corresponding dependence on solution composition. A
detailed description of this myriad of assumptions is outside the scope of this paper, but here
we simply mention that both BNG models and HydratiCA have been applied to check the
plausibility of the mechanisms already proposed. Taken together, the simulations suggest that:
 Retardation of anhydrous cement phase dissolution by overgrowth of prehydrated layers,

the compositions and stabilities of which may depend on the type of exposure, is a
mechanism that can be made consistent with the observed hydration kinetics, and,

 Nucleation and subsequent growth of C-S-H gel on the surface of fine limestone particles
can explain the partial restoration of the hydraulic activity of prehydrated cements.

3.3. Effects on compressive strength
Fig. 7(a) and Fig. 7(b) show the degree of hydration and the evolution of compressive
strength in cement pastes made from as-received and prehydrated OPC’s respectively. It is
noted that while the degree of reaction-PI curves show consistency (i.e., similar slopes) for
ages greater than 3 days, the 1 day relationship is different. It is thus (reasonably) anticipated
that this is because prehydration most significantly influences the progress of reactions of
phases that react within the first day (e.g., C3S, C3A). After one day, as the rate of reaction has
decreased, and these phases substantially reacted, prehydration has lesser impact on the
evolution of reactions. This is likely the cause of different slopes, from 1 day to later ages,
and can be likened to the greater effect prehydration is shown to have on kinetic parameters
(Figure 6a,b,c) as compared to mature heat release (Figure 4c, closely related to degree of
reaction).

(a) (b) (c)
Figure 7: (a) The degree of reaction of the OPC pastes quantified by thermogravimetric (TGA) analysis as a

function of the prehydration index, (b) Compressive strength development of plain OPC pastes as a function of
specimen age and (c) The normalized compressive strength of plain OPC pastes as a function of the prehydration

index. The compressive strength is normalized by the strength of the as received OPC paste at a given age,
expressed as a percentage. The largest variation in the degree of OPC reaction and strength is ± 2 % and ± 7 %,

respectively.

It is noted that the compressive strength decreases linearly with prehydration index, as shown
in Fig. 7(c). Expectedly, the strength is also linearly correlated with the degree of reaction of
the OPC and with the cumulative heat release when normalized by the quantity of water in the
system, as indicated by the strength-heat master curves (SHMC) shown in Figs. 8(a-b) for
both as-received and prehydrated materials (Bentz et al. 2012; Kumar et al. 2013a; Kumar et



al. 2013b). For the latter, the normalization is based on the water mass in the mixture because
this indicates the space that needs to be filled by the hydration products to achieve higher
strengths (Lyse 1932). These results are significant because they indicate that predicting the
decrease in strength due to prehydration is straightforward if the PI, degree of hydration, or
heat release behavior of an OPC is known. This ability to forecast strength is especially
important for binders containing substantial levels of OPC replacement by other materials
because these binders have both reduced ultimate strength and also slower rates of strength
gain at early ages (Bentz et al. 2012; Kumar et al. 2013b).

(a) (b) (c)
Figure 8: (a) Compressive strength as a function of the degree of hydration for the plain cement pastes; (b)

strength-heat master curve (SHMC) for the as received and prehydrated systems after 1 d, 3 d, 7 d, and 28 d of
hydration, where the dashed lines denote a ±15% bound; (c) compressive strength development at 1 d of

hydration for varying levels of prehydration and various replacement levels of OPC by fine limestone. R denotes
OPC replacement and A denotes external limestone additions to OPC. The dashed line represents the 1 d strength
of as received OPC. The largest variation in the strength, degree of hydration and cumulative heat is ± 7 %, ±

2 %, and ± 2 %, respectively.

Prehydrated systems at 28 days of hydration have lower compressive strength values
compared to hydrated pristine pastes as shown in Fig. 7(b) (Whittaker et al. 2013)[ix]. This
suggests that the effects of prehydration are evident even at later ages where they continue to
prevent an equivalence in properties. These depressive effects may be only a function of
reaction progress, or may also be due to aspects of the microstructure of prehydrated systems
(e.g., changes in pore size distributions, or phase compositions as caused by elevated
temperature curing (Gallucci et al. 2013)). However, it is clear that externally provisioned
limestone offsets the detrimental effects of prehydration on strength evolution especially at
early times (see Fig. 8c) in spite of the fact that limestone replacement for OPC increases the
ratio of the water filled pore volume to cementing material (dilution effect). In summary,
when limestone is dosed by OPC replacement, two competing effects are noted: (a) dilution,
which would result in a decrease in strength and (b) an increase in the rate of reaction, which
would improve early age strengths. In light of these effects, it may be expected that an
increase in the limestone replacement level would not necessarily result in strength
improvement as compared to the pristine OPC. However, at lower levels of limestone
replacement (e.g., 2.5 %) while gains in strength are admittedly small, the acceleration of
OPC reactions is sufficient to ensure that in spite of water vapor exposure, OPCs can be dosed



with fine limestone to compensate for the deleterious effects of prehydration, especially so for
low values of the PI.
A significant point to be noted from the strength data (Figure 7b, 7c and 8c) is that is appears
as though the OPC when exposed to water vapor for one-month seems to show slightly
superior strength development as compared to the as-received OPC. While this difference is
not large enough to unequivocally state a benefit (i.e., due to the measurement uncertainty in
strength measurements) it is likely that rather than a monotonic reduction in properties with
increasing prehydration, small extents of prehydration are either beneficial or results in no
change in the properties. While the reasons for this are not fully clear, it is speculated that it
has to do with the available CaO content of the OPC, which diminishes with increasing
prehydration; optimum values of which will favor faster reaction of the C3S, especially at
early reaction times (e.g., see Figure 5b). As such, it appears reasonable to conclude that at
modest levels, prehydration does not alter reaction/property behavior, until some critical PI
threshold is reached – beyond which a monotonic reduction in properties and reaction
evolution is noted. While it is indeed likely that the prehydration levels noted herein may take
very long durations to occur in OPCs stored in sealed containers, water vapor transfer through
paper bag products (e.g., as used in the U.S.), or water vapor contact with cement stored in
silos may be more substantial due to issues of air-leakage and exchange.
4. Summary and Conclusions
Experiments have been described that investigate the nature of cement prehydration.
Exposure to either water vapor or liquid water causes a loss in the subsequent hydraulic
reactivity of OPC. The extent of prehydration relative to an as-received OPC powder can be
quantified, using thermogravimetric measurements, by a prehydration index (PI) that is
defined here for the first time. Carbonation during prehydration is minimal in all cases except
extended exposure to water vapor for three months. Therefore, we attribute the loss of
reactivity after prehydration to the formation of a layer of hydrated/carbonated solids on the
cement particles. The hypothesized prehydration layer acts as a mass transport barrier that
impedes the progress of chemical reactions when the cement is subsequently introduced into
the mixing water. The severity of suppression of the OPC reaction scales with the duration of
exposure to either water vapor or liquid water. In both cases, the activity (RH) of water is
sufficient to cause reactions with the aluminate components in the OPC to form
alumino-sulfate hydrates.
The reduced availability and chemical activity of water during vapor phase OPC prehydration
probably inhibits the formation of the typical C-S-H phase formed during normal hydration,
although a precursor silicate hydrate and CaCO3 films do form on the surface of the
anhydrous silicate phases. In contrast, liquid water prehydration enables formation of a
product that is somewhat similar to C-S-H formed during normal OPC hydration, and that is
certainly less effective at inhibiting the dissolution of the cement grains – as compared to the
phase that forms on particle surfaces during water vapor contact. Consequently the hydration
progress of a liquid prehydrated OPC is similar to an as-received OPC. These inferences are
supported by a range of experiments (and simulations) designed to test the influences of the
two types of barrier layers thought to be formed during prehydration by water vapor or liquid
water. The results shed light on the nature and mechanisms of prehydration as well as its
influences on the OPC hydration kinetics, and other materials that are sensitive to moisture



exposure.
The effects of prehydration are evident not only in early stages of normal hydration, but also
propagate to much later times by reducing the overall amount of reaction and the compressive
strength relative to materials made from the as-received powders. The magnitude of these
effects is highly correlated with the prehydration index. Dosages of fine limestone powder are
able to mitigate the effects of OPC prehydration. Such mitigation actions are probably both
catalytic and chemical in nature: availability of preferable surfaces for nucleation catalyzes
the precipitation of C-S-H, and increases in pH resulting from sorption of dissolved carbonate
ions by the C-S-H enhance the driving force for C-S-H growth. When the extent of
prehydration is modest, fine limestone can restore reaction rates and properties in prehydrated
OPCs to nearly the same levels as for the as-received OPC powder(s). This has important
implications on the addition of fine limestone to OPC, not only to reduce cement (i.e., clinker)
contents, but also to build in a safety-valve which can help overcome the detrimental effects
of OPC prehydration, which are often experienced in practical construction applications.
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Abstract
This article intends to quantify the increment of hydration heat in fly-ash cement blended paste (FA-C)
than that in neat cement paste. To this aim, the pozzolanic effect heat is inducted to explain the heat
increment. The pozzolanic effect heat in FA-C is composed by the pozzolanic reaction heat of fly-ash
and the increment hydration heat of cement component due to a higher hydration degree caused by the
addition of fly-ash. Then the hydration heat evolution and the pozzolanic effect heat of blended pastes
with four contents ( 0%, 10%, 30%, 50%) and three curing temperatures ( 20℃ , 35℃ , 50℃ ) are
investigated. From the tests, it is observed that the pozzolanic effect heat is promoted by elevated FA
content or curing temperature. The pozzolanic reaction heat of fly ash should not be neglected in
pozzolanic effect heat research. Hydration degrees of cement component in blended pastes with high
fly-ash content or under high curing temperature is significantly increased.

Originality
Many researches have been carried out about the influences of fly ash on the hydration of cement，but
the difference between fly-ash cement blended paste and pure cement paste was always described in
qualitatively. Therefore, this article intends to quantify the the difference of hydration heat by inducting
the pozzolanic effect heat.
According to informed researches, the hydration degree of cement in fly-ash cement blended pastes are
higher than that in pure cement pastes. Hydration activity of fly ash is low, and the hydrtion heat
evoluion of it is always neglected. However,the pozzolanic reaction heat of fly ash is the dominate
factor for the pozzolanic effect heat of blend pastes with 10% or 30% fly ash content under 20℃. And,
it contributes nearly 10% heat for the pozzolanic effect heat of blend pastes with 30% fly ash content
under 35℃ and 50℃ . So,the pozzolanic effect heat in FA-C is composed by the pozzolanic reaction
heat of fly-ash and the increment hydration heat of cement component.
The pozzolanic effect heat is promoted by elevated FA content or curing temperature.
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1. Introduction
The hydration and hardening process of cement pastes are full of a series of complicated physical and
chemical reaction. Hydration, hydrolysis and hardening are associated with thermal effects. The heat
will be accumulated in massive concrete. So the thermal stress is generated, which is caused by the
temperature difference between inside and outside (Tulio Honorio et al., 2014). This kind of stress
might produce thermal cracks, and reduce the mechanical performance and durability of concrete.
Hydration heat evolution characteristics of fly-ash cement blended pastes have been studied by many
researchers. Fly-ash retarded the hydration of cement in the early period, and higher the replacement
ratios lead to stronger effects(Mongkhon et al., 2011). Therefore，fly ash can effectively decrease the
volume and rate of hydration heat evolution and reduce the concrete temperature cracks (Jiří Zach
2013; Yilmaz Kocak et al., 2014). The hydration of fly-ash was accelerated with the increase of
temperature (Kumar et al., 2012). Therefore, replacement of fly-ash and curing temperature are
important factors for hydration heat evolution characteristics.
Hydration degrees of fly ash and cement component in blended pastes were studied by several
researchers. No evidence of fly ash reaction was measured until 2 days, and its influence on the
hydration is mainly related to the “filler effect” (Florian Deschner et al., 2012). 72.7% of fly ash
remains after 4 years, which indicates that most of the fly ash takes physical effect during the
hardening process of paste (Qiang Wang et al., 2012). And the pozzolanic reaction of fly-ash was
always neglected in these researches. However, the hydration degree of cement in fly-ash cement
blended pastes were higher than that in pure cement pastes (Termkhajornkit et al., 2006; Jatuphon et
al., 2005). And, the raising temperature promotes the hydration of composite binder greater than that
of pure cement (Fanghui Han et al., 2014). The increment of cement hydration degree was mainly due
to the dilution effect and pozzolanic reaction of fly-ash (Qiang Zeng et al., 2012). Meanwhile, the
dilution effect is more significant under higher replacement. Therefore, the pozzolanic reaction heat
should not be neglected under low fly-ash replacement and high curing temperature.
Therefore, the pozzolanic effect heat was inducted to explain the overall heat increment in fly-ash
cement blended paste than that in neat cement paste, which is composed by the pozzolanic reaction
heat of fly-ash and the increment hydration heat of cement component due to a higher hydration
degree caused by the pozzolanic reaction of fly-ash. The hydration heat evolution characteristics of
fly-ash cement pastes with different additions of fly-ash and curing temperatures were measured. Then
the pozzolanic effect heat was obtained on basis of them.
2. Experimental
2.1. Raw Materials
P.Ⅰ52.5 Portland cement and ClassⅠfly ash were used. The water requirement rate of fly ash is 95%.
The water to binder ratio (W/B) of samples is 0.35. The chemical composition of cement and fly ash
are given in table 1.

Tab. 1 Chemical composition of raw material (%)

Composition SiO2 Al2O3 Fe2O3 Ca0 MgO Loss Sum

Cement 21.35 4.67 3.31 62.60 3.08 0.95 96.05

Fly ash 50.95 34.78 4.13 2.80 0.59 1.94 93.25

The special cement, i.e. moderate sulphate resistance Portland cement, aluminate cement, early
strength sulphoaluminate cement and anti-acid cement used for comparison of chemical stability are
commercial product. According to Chinese standard titled Common Portland Cement (GB 175-2007),
the Portland blast-furnace slag cement was prepared by blending 70% Portland cement with 30%
ground granulated blast furnace slag. Sodium sulphate, magnesium sulphate, concentrated sulphuric
acid of 98% and hydrochloric acid of 36% used to prepare aggressive solution were chemical reagents.
Technical grade sodium silicate solution with Ms (molar ratio of silica oxide to sodium oxide) of 2.43,
13.64% Na2O and 32.13% SiO2 was supplied by Hongxin Ltd., China. Solid sodium hydroxide used
for modulus adjustment was also supplied by Hongxin Ltd., China.



2.2. Test method
The cumulative hydration heat and hydration heat evolution rate curves are measured with an
isothermal calorimetry (TAM Air) at 20℃, 35℃, and 50℃ within 72 h.
TAM Air has eight parallel twin-chamber measuring channels maintained at a constant temperature:
one chamber containing the sample, another containing the reference. The mix proportions of samples
are shown in Table 2. After mixing homogeneously, the samples were immediately placed into the
chamber. The hydration heat evolution rate and cumulative hydration heat of samples can be
continuously monitored as a function of time.

Tab. 2 Mix proportion of pastes

Samples W/B Temperature
（℃）

Mass fraction (%)

Cement Fly ash

D00 0.35 20 100 0

D10 0.35 20 90 10

D30 0.35 20 70 30

D50 0.35 20 50 50

35D00 0.35 35 100 0

50D00 0.35 50 100 0

35D30 0.35 35 70 30

50D30 0.35 50 70 30

W/B is mass ratio of water-to-binder.
3. Results and Discussion
3.1. Hydration heat characteristics of blended pastes with different fly-ash contents
The hydration heat evolution characteristics of blended pastes with different fly-ash contents and
curing temperatures are listed in Table 1. And the hydration heat evolution curves for pastes with
different fly-ash contents at 20℃ are shown in Fig.1.

(a) Hydration heat evolution rate (b) Cumulative hydration heat
Figure 1 The hydration heat evolution curves for pastes with different fly-ash contents at 20℃

The cumulative hydration curve of Portland cement is divided into four periods. The first period, also
the first heat evolution rate peak, lasts for several minutes with severe heat evolution, which is due to
C3A hydration and AFT generation. The second period, called induction period, hydration evolution
rate stays in a very low level and Ca(OH)2 stays in a supersaturated state. During the third period,
which corresponds to the accelerating period of the second heat evolution peak, C3S hydrates rapidly
and mounts of C-S-H generated. Reaction of C3S and C2S is decreased and a transformation from AFT
to AFm may occur in the last period（Johanna Tikkanen et al., 2014; Xiao-Yong Wang et al., 2012）.
From Fig.1, it was observed that the second hydration heat evolution peak and the volume heat
evolution at 72h are reduced significantly. Compared with the pure cement pastes, heat release



characteristics of FA-C composite system with different fly ash contents (10%, 30%, and 50%)
showed the following differences: the hydration heat evolution rates were decreased by 0.51 mW/g,
1.24 mW/g and 1.71mW/g; the volume hydration heats of 72h were decreased by 34 J/g, 88 J/g, and
112 J/g, respectively. Moreover, these data shows a linear relationship with the content of fly ash.
Hydration activity of fly ash was very low, and it was considered as filler by most researchers (Florian
Deschner et al., 2012). The filler effect can well explain the linearly reduce of the hydration heat of
fly-ash cement blended pastes. In addition, times of the second heat evolution peak of D10, D30 and
D50 were prolonged for 0.48 h, 1.01 h, and 1.8 h respectively.

Table 3 Hydration characteristics of blended pastes with different fly ash contents

Sample
The second heat evolution peak

(mW)
Time of the second heat evolution

peak (h)
Volume heat evolution

at 72h (J)
D00 3.83 10.02 290.49
D10 3.32 10.48 256.60
D30 2.59 11.03 202.85
D50 2.12 11.82 178.96
35D00 8.36 6.29 330.02
50D00 15.85 4.25 346.22
35D30 6.21 7.24 277.45
50D30 11.92 4.65 309.28

3.2. Hydration heat characteristics of pastes under different curing temperatures

(a) Hydration heat evolution rate (b) Cumulative hydration heat

Figure 2 The hydration heat evolution curves for cement pastes under different curing temperatures

(a) Hydration heat evolution rate (b) Cumulative hydration heat
Figure 3 The hydration heat evolution curves for blended pastes under different curing temperature

The hydration heat evolution curves for cement and blended pastes under different curing temperature
are shown in Fig.2 and Fig.3, respectively. The time of the second heat evolution peak shorten
significantly with the curing temperature increasing for both paste systems. When the curing



temperature varies from 20℃ to 35℃ and 50℃，the time of the second heat evolution peak moves up
for 3.12 h and 5.77 h for neat cement pastes，and 3.79 h and 6.38 h for composite pastes. And, the
second heat evolution peak increases by 4.35 mW/g and 12.02 mW/g for neat cement pastes, and 3.62
mW/g and 9.33 mW/g for blended pastes. As a result, the volume hydration heat at 72 h increases by
39.53 J/g and 55.73J/g for cement pastes, and 74.6 J/g and 106.43J/g for blended pastes.
From above results, the increment of volume hydration heat of blended paste is higher than that of
pure cement. The conclusion was also obtained by (Fanghui Han et al., 2014). While, both the original
and increment of hydration heat evolution peak of blended paste are lower than that of neat cement
pastes. Therefore, the mainly hydration process of fly-ash cement blended pastes last for a longer time
with a lower hydration heat evolution rate.

3.3. The pozzolanic effect heat of fly-ash cement blended pastes

(a)

Schematic diagram (b) Relationship diagram of pozzolanic effect heat
and hydration rates of pastes

Figure 4 The pozzolanic effect heat curve of blended paste with 30% fly ash under 50℃

Pozzolanic effect heat curves of blended paste with 30% fly ash under 50℃ are shown in Fig.4. Fig.4
(a) and Eq. (1) are employed to illustrate the calculation of pozzolanic effect heat. The pozzolanic
effect heat is composed by the pozzolanic reaction heat of fly-ash and the increment hydration heat of
cement component due to a higher hydration degree caused by the addition of FA.

Qp =Qb-Qc(1-ff) (1)

Where: Qp = the pozzolanic effect heat of fly-ash cement blended paste, Qb= the volume hydration
heat of blended paste, Qc = the hydration heat of neat paste, and ff = the fly-ash content of blended
paste.
Fig.4 (b) demonstrates the relationship of pozzolanic effect heat and hydration heat evolution rate of
two paste systems: When slope of cement hydration heat evolution rate curve is greater than that of
composite paste, the pozzolanic effect heat will reduce; and when it is less, the pozzolanic effect heat
will increase, on the opposite. During the acceleration period of cement hydration, hydration reaction
of blended paste is retarded by fly ash, and the pozzolanic effect heat is a minus. The hydration heat
evolution peak ends earlier than blended paste, and the pozzolanic effect heat begin to rise. When the
hydration heat evolution peak of blended paste ended, the pozzolanic effect heat increment rate turns
to grow slow or even show a negative growth. If a transformation from AFT to AFm occurs in the last
period of cement hydration, a small hydration heat evolution peak will make the pozzolanic effect heat
decrease slightly, like it does in sample 35D30.

3.4. Pozzolanic effect heat of blended pastes with different fly-ash contents and curing temperatures



(a) For pastes with different fly ash contents (b) For pastes under different curing temperature
Figure 5 The pozzolanic effect heat curve of blended pastes

The pozzolanic effect heat of blended pastes with different fly ash contents and curing temperatures
are conducted from Eq. (1). As shown in Fig.5, the pozzolanic effect heat of blended pastes enhances
with an elevated fly-ash content or curing temperature.
The pozzolanic effect heats of D10, D30 and D50 at 72h are - 4.8 J/g, - 0.5 J/g and 33.7 J/g. It means
fly ash retarded the 72h hydration of D10 and D30, however it accelerated the 24h hydration of D30
and the 72h hydration of D50. Hydration degrees of fly ash in D10, D30 and D50 are determined by
selective dissolution method (Suprenant et al., 1999), they are 5.31%, 4.97% and 2.33% (Yuxue Zhu,
2013). Therefore the pozzolanic reaction heats of D10, D30 and D50 were 1.1J/g, 3.1J/g and 2.4J/g,
correspondingly. Then the increment hydration heat of cement component for D10, D30 and D50 were
- 5.9 J/g, - 3.6 J/g and 31.3 J/g, respectively. The physical dilution effect makes the effective water-to-
cement ratio (W/C) magnified in D50, which leads to a high hydration degree of cement component
(Florian Deschner et al., 2012; Qiang Zeng et al., 2012; B.W. Langan et al., 2002).
The pozzolanic effect heats of 20D30, 35D30 and 50D30 at 72h are - 0.5 J/g, 46.4 J/g and 66.9 J/g.
Hydration degrees of fly ash are 4.97%, 7.29% and 9.46%, and the pozzolanic reaction heats are
3.1J/g , 4.6 J/g and 5.9 J/g correspondingly. Then the increment hydration heats of cement components
are - 3.6 J/g, 41.8 J/g and 61.0 J/g.
The volume hydration heat values of D10, D30 and D50 that totally hydrated were obtained through
linear fitting method (Peiyu Yan et al., 2006), they are 354.60 J/g, 358.47 J/g and 305.12 J/g. Then the
hydration degrees increment of cement component in D10, D30, D50, 20D30, 35D30 and 50D30 were
-1.7%, -1.0%, 10.3%, -1.0%, 11.7% and 20.0%. Hydration degrees of cement component in blended
pastes with high fly-ash content (D50) or under high curing temperature (35D30 and 50D30) are
significantly increased.
The pozzolanic reaction heat of fly ash is the dominate factor for the pozzolanic effect heat of D10and
D30. And, it contributes nearly 10% for the pozzolanic effect heat of 35D30and 50D30. As a result,
the pozzolanic reaction heat of fly ash should not be neglected in pozzolanic effect heat research.
4. Conclusions
(1)The second hydration heat evolution peak and the volume heat evolution at 72h of fly-ash cement
pastes with different fly-ash contents shows a negative linear correlation with the content of fly ash,
which can well illustrated by “Filler Effect”. The volume hydration heat increment of blended paste
was higher than that of pure cement under high curing temperature.
(2)The pozzolanic effect heat is inducted to explain the heat increment in fly-ash cement blended paste
than that in neat cement paste, and it is composed by the pozzolanic reaction heat of fly-ash and the
increment hydration heat of cement component due to a higher hydration degree caused by the
addition of FA.
(3) The pozzolanic effect heat of blended pastes enhanced with an elevated fly-ash content or curing
temperature. The hydration degrees increment of cement component in 20D50, 35D30 and 50D30
were 10.3%, 11.7% and 20.0%, respectively. Even so, the pozzolanic reaction heat of fly ash should
not be neglected in pozzolanic effect heat research.
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Abstract
Graphene is a mono-layer of covalently bonded carbon atoms arranged in a hexagonal lattice. Graphene’s
extremely high tensile strength has recently attracted great interest in cement research as a potential additive to
enhance the notoriously weak tensile strength of cement binders. The use of graphene for such applications
requires that the graphene layers be thoroughly dispersed in aqueous solutions. As graphene is a hydrophobic
material, graphene oxide (GO) has been used as an alternative hydrophilic functionalized form of graphene.
Recent studies have shown that GO improves the tensile strength of Portland cement (PC) pastes, however
published results are very inconsistent and the reasons for this are yet not clear. The complexity of the PC-GO
system makes it difficult to understand the full mechanism of PC-GO interaction. Therefore, efforts have been
focussed in this paper on the GO interaction with a simpler cementitious system – mono-clinic tricalcium
silicate (alite) which is the most important PC constituent. Zeta-potential measurements carried out on the mix
constituents point to a possible surface charge interaction between GO layers and alite in water during the
early mixing of paste. This interaction was confirmed by a series of calorimetric tests which showed that GO
layers hardly influenced the rate of alite hydration and that the GO dispersion has become unstable. In a second
set of calorimetric experiments, alite particles were treated with a poly-carboxylate surfactant. Heat evolution
results obtained from these samples showed that GO layers significantly increased the rate of alite hydration,
serving as a growth site for the formation of hydration products. SEM imaging and Thermogravimetric
measurements also confirmed that the role of well dispersed GO in alite hydration is consistent with the
nucleation-growth mechanism. This paper shows that for the GO nano-layers to have a noticeable effect on the
mechanical properties of a cement paste, the role of electro-static charge interactions must be considered in
order to ensure a stable dispersion of GO in the mix.

Originality
Existing studies on the subject of utilizing graphene oxide in construction materials have been mostly concerned
with conducting mechanical tests on Portland cement pastes. Recent publications have reported that graphene
oxide improves the tensile strength of PC pastes without providing much insight into the chemical/physical
processes involved. Therefore, the authors found it timely and useful to focus on the hydration mechanisms
involved rather than mechanical properties in order to better understand the major alterations that could have
been caused by the presence of graphene oxide layers during the PC hydration. Since the hydration of PC is
complex, we decided to start from a simpler, but important, constituent compound – Alite. To our knowledge no
such study has been reported before.

Keywords: Dispersion, Graphene Oxide, Alite, Surface Interaction
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1. Introduction

In recent years, incorporating carbon nano-layer, known as graphene, into Portland cement (PC) based
matrix has been the focus of a number of research studies. Graphene is composed of a mono-layer of
covalently bonded carbon atoms arranged in a hexagonal lattice. The main motivation for adding
graphene into a PC matrix resides in the very high in-plane tensile strength of this nano-material (Wu
et al., 2010, Lee et al., 2008, Warner, 2013, Zhu et al., 2010). It is postulated that the addition of
graphene into PC paste can potentially enhance the notoriously low tensile strength and ductility of
PC systems (Alkhateb et al., 2013). However, the extent of such mechanical improvements is likely to
be highly contingent on the homogenous dispersion of individual graphene mono-layers in the paste
(Chuah et al., 2014), which still poses a significant challenge.

Graphene possesses a number of physical properties that hinder its dispersion in cement pastes.
Graphene does not naturally occur in the form of isolated mono-layers. Instead, due to the van der
Waals bonds and inter-plane π-bonds between the nano-layers, individual graphene layers stack up
into a lamellar crystal structure and form graphite (Charlier et al., 1994, Trucano and Chen, 1975,
Warner, 2013). Moreover, graphene is a hydrophobic material and cannot be dispersed in aqueous
solvents (Warner, 2013). These two properties mean that graphene cannot be simply incorporated into
PC binders using the conventional method of paste preparation. To overcome this obstacle, studies
have used graphene oxide (GO) as an alternative to graphene.

Graphene oxide is a covalently functionalised form of graphene that contains oxygen-functionalised
carbon atoms. The most common functional groups of GO are the hydroxyl and epoxide groups which
can be present on either side of the carbon plane (Dreyer et al., 2010, Warner, 2013). Carbonyl and
carboxylic groups can also form at the sheet edges (Dreyer et al., 2010, Zhu et al., 2010). Due to the
presence of these functional groups, GO can be readily dispersed and remain stabilised in water
(Warner, 2013), making it feasible to be utilised in cement mixing (Chuah et al., 2014).

A number of recent studies have investigated the mechanical properties of PC pastes containing
graphene oxide. Almost all studies have found that the compressive and tensile strengths of PC
matrices mixed with graphene oxide are enhanced compared to plain PC pastes. However, results are
widely scattered and inconsistent. Lv et al. (2013b) reported that GO nano-layer added to PC paste
with a GO:PC mass ratio of 0.02% increased the compressive strength by 60%. In a more recent study
(Lv et al., 2014), a GO:PC ratio of 0.06% was required to achieve the same level of strength
improvement as to that of the 2013 study. In fact, results reported in Lv et al. (2014) study is for a PC
sample containing a larger size GO layers, compared to Lv et al. (2013b). Considering the size and
quantity of GO employed in both studies, it appears that the effect of GO on the mechanical properties
of PC paste is somewhat disproportionate.

Although graphene oxide is hydrophilic and can easily be employed in the process of paste
preparation, its interaction with the PC particles immediately upon contacting with water as well as
during early hydration is still poorly understood. Some recent studies have observed that the
dispersion of GO layers in PC paste can play a crucial role on the extent of mechanical improvement
(Chuah et al., 2014, Lv et al., 2013a). However, it is yet not clear whether the aqueous dispersion of
GO layers will remain stable when it is mixed with the cement powder. This paper endeavours to
associate a possible interaction mechanism involved between GO layers and PC particles by
investigating the interaction of GO with the simpler but dominant cementitious constituent in PC,
mono-clinic Ca3SiO5 (referred to as alite in this paper). This paper explains the interaction mechanism
between graphene oxide nano-layers and alite at two different stages: i) during the very first moment
of mixing, when alite powder are susceptible to electrostatic charge interaction with GO layers, ii)
during the first 24-hours of alite hydration, when GO can alter the rate and level of heat evolution.



The results acquired from these two stages suggest that the dispersion of GO layers in water in the
presence of PC particles may be problematic.

2. Experimental Methodology

2.1. Synthesis of Alite

The monoclinic polymorph of Ca3SiO5, alite, was synthesised by sintering pelleted powders of 3:1
stoichiometric mixture of high purity CaCO3 and SiO2 (≥ 99 wt.%, Sigma Aldrich), with a small
amount of MgO and Al2O3 (≥99 wt.%, Sigma Aldrich) added in order to stabilise a monoclinic class
crystal structure. In this mix, the amount of MgO and Al2O3 selected was based on a suggestion by
Wesselsky and Jensen (2009). The four pre-mixed powders were dry-homogenised in a mixer, and
then pressed into pellets of 5 cm in diameter. The pellets were subsequently heated at 1550 ˚C for 8
hours in a muffle furnace and quenched immediately in air. Once cooled, the resultant material was
ground using a ball-mill grinder. The grinding continued until all the powder passed a 63 µm sieve.

2.2. Synthesis of Graphene Oxide

In order to synthesise oxidised graphene, a procedure recently introduced by Marcano et al. (2010)
was followed, however some modifications were applied in order to control the pH level of the GO
dispersion in water and de-contaminate the GO sheets from possible ions such as sulphate. In a typical
procedure, graphite flakes (+100 mesh, Sigma Aldrich) were oxidised using 3g of graphite added to
360 mL of concentrated H2SO4 (≥95 wt.%, Fischer Chemicals) and 40 mL of concentrated H3PO4

(≥95 wt.%, Fischer Chemicals) in a 1 litre bottle equipped with a magnetic stirrer bar. This suspension
was cooled to below 5 ˚C using an ice bath. Once cool, 18 g of KMnO4 (≥99.0%, Fluke Biochemika)
were added, leading to an exothermic reaction. The mixture was left to stir in the ice bath for a further
30 minutes. Following this period, the mixture was kept at 25 ˚C and left to stir for 96 hours. Once the
desired oxidation time had elapsed, the bottle was cooled in an ice bath again and the reaction mixture
was slowly diluted with 400 mL of distilled water over a period of 15 minutes. H2O2 solution (≥30
wt%, Sigma Aldrich) was then added drop-wise to the reaction mixture until the solution became
bright yellow and no further colour change was observed. The solids were collected by centrifugation
at 3500 rpm for 1 hour and were sequentially washed with deionised water, HCl (~3.5 wt.%) and
acetone until the supernatant was free of SO4-2 (tested using BaCl2) and its pH was approximately 7.
The residual solid was dried for two days under vacuum at room temperature. The dry solid of
graphene oxide was dispersed in water (which the amount depended on the alite/GO ratio) using
sonication (Fisher Scientific, FB15050) for 1 hour.

2.3. Characterisation of Alite

The synthesised alite was characterized using an X-ray diffractometer (PANalytical X’Pert Pro). The
X-ray diffraction pattern was recorded with the experimental conditions as follows: the X-ray tube
was operated at 40 kV with 40mA, fixed divergence slit with slit size 1˚, step size of 0.033˚ with 2
seconds per step. The data was collected over 2θ ranging from 10˚ to 70˚. The wavelengths of X-rays
used in this work were Cu.K radiation, K1=1.54060 Å and K2=1.5443 Å with k2/k1=0.5.
Rietveld refinement was used to quantify the amount of compounds present in the powder sample
(Mumme et al., 1995, Young, 1995).

2.4. Characterisation of Graphene Oxide

In order to measure the thickness of synthesised graphene oxide, tapping mode Atomic Force
Microscopy measurements were performed using Bruker Dimension 3100 instrument. The sample for
AFM imaging was prepared by depositing an aqueous dispersion of GO (0.5 mg ml-1) on a freshly



cleaved Mica surface. In terms of chemical structure, the surface of graphene oxide was characterised
by recording the X-ray photoelectron spectra (XPS) of solid GO sample over a spot size of 400 µm,
using a photoelectron spectrometer (ThermoFisher Scientific) with Al K (1486.6 e.V.) as the X-ray
source set at a pass energy of 50 eV for high resolution scan. For further verification of the results
obtained from XPS, Fourier transform infrared spectroscopy (FT-IR) was also conducted on the GO
sample using a FT-IR spectrometer (Bruker, Tensor II).

2.5. Zeta-Potential Measurement

The zeta-potential of diluted water suspension of graphene oxide and alite was measured using a zeta-
potential analyser (Brookhaven, NanoBrook Omni). In this experiment, the concentration of GO and
alite in water was 0.25 mg ml-1 and 3.45 mg ml-1, respectively.

2.6. Calorimetric Analysis

The heat evolution of plain and GO-containing alite pastes was measured during the first 24 hours of
hydration using an isothermal calorimeter (TAM Air model, TA instruments). In a typical sample
preparation, 4 g of alite powder was placed into a plastic vial and mixed in-situ with 1.6 mL of
distilled water. In the case of GO-containing samples, the required dry GO solid (depending on the
proposed GO:alite mass ratio) was dispersed in 50 ml of distilled water by sonication for 1 hour, and
then 1.6 ml of that solution was used to prepare the paste. The mixture of solid plus aqueous solution
was vigorously stirred for approximately 2 minutes by hand, using an end-modified spatula. Once
mixed, the vial was immediately sealed tightly and placed into the calorimeter set at a 20 ˚C
temperature.

For all paste preparation, a water to cement ratio of 0.4 was selected. For the pastes containing GO,
GO was added in the amount of 0.01, 0.02, 0.04, 0.08 and 0.1%, with respect to the cement mass. The
reason for selecting these weight ratios was based on the preliminary study in Ghazizadeh et al. (2014)
and findings of recent studies, where the optimum concentration of GO with respect to PC was mostly
found to be 0.03%.

2.7. Thermo-Gravimetric Analysis (TGA)

In order to identify a possible mechanism of GO effect on the hydration of alite, thermal analyses
were conducted on the hydrated alite pastes which were cured only for 9 hours. To this end, the
calcium hydroxide content formed during the hydration was quantified by annealing the samples
using a thermo-gravimetric instrument (Netzsch, TG 209 libra). The experiment was carried out on
three types of alite samples, containing 0.04% and 0.1% GO as well as plain specimens.

In order to stop the hydration reactions at the curing time of interest, hydrated samples were placed
into a vacuum chamber of a freeze-dryer system (Edwards Modulyo) for 2 hours and the temperature
was fixed to -60 ˚C. The samples were then collected and ground for use in the TGA experiment. For
each type of hydrated paste, the TGA experiment was performed on 5 samples and the mean value as
well as the variation was reported. In each test, approximately 40-50 mg of dried powder was
annealed at a heating rate of 10 ˚C/min from 30 to 800 ˚C under a nitrogen atmosphere (20 ml min-1).

2.8. Scanning Electron Microscope (SEM)

A Scanning Electron Microscope (JEOL, JSM-6480LV) was used to investigate the micro-structure of
plain alite paste and one containing 0.1% GO. The SEM investigation was carried out on a crushed
surface of alite pastes previously loaded into the calorimeter which was further left to hydrate for 6
days at 20 ˚C. The samples were gold-coated first and then used for SEM imaging.



3. Results and Discussion

3.1. Characterisation of Alite and Graphene oxide

The X-ray powder diffraction pattern recorded for the synthesised alite is presented in Figure 1. The
phase identification for the XRD data is based on calculating the diffraction pattern of possible crystal
phases present in the synthesised powder, and comparing the calculated features, such as peak
locations, with those observed in the measured pattern. The theoretical calculation of patterns were
carried out based on the unit cell crystal data available from the ICSD database for crystal structures
and X-ray diffraction patterns (FIZ, 2007). The polymorph identified for the given X-ray powder
diffraction pattern in Figure 1 is tri-calcium silicate with a monoclinic structure. The calculated
diffraction pattern for other phases, such as triclinic polymorph Ca3SiO5 and β-Ca2SiO4 did not give a
good match to the measured pattern. Apart from the presence of alite, the measured diffraction pattern
also showed some trace of free lime (CaO). Rietveld refinement (Young, 1995) was used to estimate
the weight percentage of alite and CaO in the final product. It was found that the powder sample
contains less than 1% CaO which was not incorporated in the solid diffusion at high temperature and
was therefore left non-reacted in the product.

Figure 1 X-ray powder diffraction pattern of synthesised alite, along with the Rietveld refinement fitting pattern

The thickness of the synthesised graphene oxide mono-layers was measured with AFM and is
presented in Figure 2. The AFM image indicates that the synthesised GO has an approximate
thickness of 1 nm, which is in agreement with previously reported data for mono-layer graphene
oxide (Dreyer et al., 2010, Marcano et al., 2010, Warner, 2013).

The XPS C1s spectrum shown in Figure 3a was used to check the presence of functional groups in the
structure of GO and also to quantify the level of oxidation. The XPS spectrum was de-convoluted into
three peaks, using peak fitting tools (XPSPEAK41 software). The first peak corresponds to sp2 and
sp3 carbon bonds (C=C and C-C) at 285 eV. Peaks at 287 and 288.5 eV indicate carbonyl (C=O) and
carboxylate (O-C=O) functional groups, respectively. The area underneath the three fitting curves was
calculated in order to determine the level of oxidation. All areas under the curves corresponding to
oxygen containing functional groups were combined and the ratio of this sum was calculated with
respect to the total area below the C1s XPS curve. It was found that the graphene oxide sample
contained ~51% of oxidised carbon. The results from the FT-IR analysis shown in Figure 3b also
confirm that the synthesised graphene oxide has the following functional groups: O-H stretching
vibrations (3215 and 3367 cm-1), C=O stretching vibrations (1726 cm-1), C-O vibrations (1227 cm-1).
Un-oxidised sp2 C=C stretching vibrations was also identified at 1624 cm-1. These results show that
the sample contains carbon atoms in both oxidised and un-oxidised forms, and the functional groups
present in the GO sample are carbonyl, carboxylate and hydroxyl groups.



(a) (b)
Figure 2 (a) Tapping mode AFM topographic image, (b) Height profile of a mono-layer graphene oxide,
confirming that the thickness of synthesised GO is around 1 nm.

(a) (b)
Figure 3 (a) C1s XPS spectrum, de-convoluted into three chemical states, showing the presence of carbonyl and
carboxylate functional groups, (b) FT-IR spectrum of graphene oxide, confirming the functional groups found in
XPS C1s scan and also suggesting the presence of hydroxyl functional group.

3.2. Zeta-Potential and Calorimetry Results: Possible Mechanism of GO Interaction with Alite

The zeta-potential measurements conducted on the dilute aqueous solution of graphene oxide and alite
show that the layers of graphene oxide are negatively charged (-32 mV) whereas alite grains,
immediately upon contacting with water, are positively charged (+17 mV). The zeta-potential results
suggest that GO layers should be adsorbed on the surface of alite grains in aqueous environment, due
to the electro-static charge interaction. This interaction mechanism implies that GO layers are prone
to flocculate when they are mixed with alite in water, i.e. they can no longer remain dispersed in the
aqueous region of the paste. Therefore, the electrostatic charge measurements indicate that although
the dispersion of GO layers could be stable in water, it may become unstable once the alite powder is
added to the solution. This form of interaction is the first possible interaction that can occur between
GO layers and alite grains in the paste. A similar mechanism of interaction could also exist in PC-GO
system, where the GO layers can be adsorbed on the surface of positively charged minerals present in
PC particles.

In order to verify the hypothesis of surface charge interaction in the alite-GO system, the heat
evolution of alite hydration was measured with and without the presence of GO, as explained in the



methodology section. It is well known that the hydration of alite consists of a period of accelerated
heat flow, during which the rate of chemical reaction is controlled by the heterogeneous nucleation-
growth of C-S-H and Ca(OH)2 on the surface of alite or on any extra nucleation regions introduced in
water (Bullard et al., 2011, Taylor, 1997). If the formation and growth of hydration products at this
stage is controlled by the nucleation-growth mechanism, the rate and level of hydration should
increase by adding extra growth sites in the aqueous region of paste. Graphene oxide mono-layers,
with a thickness of 1 nm would certainly be considered an active growth site, mostly due to their high
surface area (Chuah et al., 2014, Warner, 2013). However, if the addition of GO into alite paste does
not change the trend of hydration, it could then imply that the mono-layers of graphene oxide are not
available in the paste to serve as a nucleation site and therefore it could be concluded that GO layers
are not dispersed any longer in the aqueous region of the paste.

The rate and level of heat evolution for the hydration of plain and GO-containing alite pastes are
presented in Figure 4. Based on these calorimetry results, the addition of graphene oxide does not
appear to have any appreciable effect on the trend of alite hydration (Figure 4a and b). This result
suggests that the mono-layers of graphene oxide have not interacted with the process of alite
hydration and this is somewhat unexpected. Nevertheless, one would expect the regime of alite
hydration to change if graphene oxide is present in the paste and its dispersion is stable. The fact that
this is not observed suggests that GO was not homogenously dispersed in the alite-water mix, being
consistent with zeta-potential measurements and the electrostatic interaction proposed earlier.

(a) (b)
Figure 4 Calorimetry curves of alite pastes hydration with and without graphene oxide: (a) Rate of heat
evolution over the time, (b) Total heat evolved during hydration

To further verify that the GO mono-layers flocculate in water due to the unfavourable electro-static
charge interaction with alite particles, a new set of calorimetry experiments were conducted on the
alite paste in which the surface of alite grains were pre-treated with a poly-carboxylate super-
plasticizer (Sika, ViscoCrete10). This type of super-plasticizer (SP) has a negatively charged
carboxylate head, and when it is mixed with alite in water, it should introduce negative sites on the
surface of alite grains. This pre-treatment could prevent the surface-adsorption of GO layers on alite
which occurred previously in the alite-GO system. A zeta-potential measurement was acquired on a
dilute 200 mg ml-1 mix of SP with water, confirming that the SP used in this paper has a zeta-potential
of -10.2 mV. The zeta-potential is also measured for when the surface of alite particles were treated
with the poly-carboxylate SP. The total electro-static charge measured for the dilute aqueous
suspension of alite-SP (with H2O:alite and SP:alite mass ratios of 200 and 0.05%) was -4.29 mV,
meaning that the surface of alite particles could no longer possess a net positive charge. The new
calorimetry experiments were conducted on alite-SP pastes with and without the presence of GO. The
new alite pastes were prepared such that in addition to the amount of water calculated for the mix
explained in section 2.6, 0.4 ml of distilled water containing 2% SP (with respect to alite weight) was



included in the paste as a pre-treatment stage. Water containing SP was first added to the alite powder
and stirred for 30 seconds, thereafter the previous 1.6 ml water which was either plain or contained
GO layers, was added to the mix and continued stirring for 2 minutes. As a result, the new mix design
gives a water to cement ratio of 0.5 and SP to cement ratio of 2. The amount of super-plasticizer used
in this experiment was selected high in order to ensure that the surface of all alite particles are covered
thoroughly.

The heat evolution curves for the new mix design of alite pastes are presented in Figure 5. In general,
the calorimetry curves still show a typical alite hydration regime: an initial endothermic dip followed
by a pronounced exothermic acceleration period. Figure 5 also shows that graphene oxide now has a
noticeable accelerating effect on the hydration of alite during the period of accelerated heat flow,
although this effect is more evident for concentrations greater than 0.02%. This observation is
consistent with the hypothesis that due to a compatible surface charge interaction between GO and
SP-treated alite, the GO dispersion is stable in the paste, influencing the trend of hydration. As it can
be seen, the rate and level of heat evolution depends on the amount of added graphene oxide mono-
layers, i.e. more active growth sites resulted in the growth of more hydration products.

(a) (b)
Figure 5 Calorimetry curves of alite hydration with and without the presence of graphene oxide, all the samples
contained 2% super-plasticizer with respect to alite weight: (a) Rate of heat evolution over 24 hours curing time,
(b) Total heat evolved during hydration

3.2. Nucleation-Growth Hydration Mechanism

In order to verify that the change of hydration regime observed in the second calorimetric results is
mainly controlled by the nucleation-growth mechanism, a series of thermogravimetric analyses were
conducted on alite pastes which were left to hydrate for 9 hours. The experimental data acquired from
these tests allows the amount of calcium hydroxide formed during the hydration of alite samples for 9
hours to be quantified. As illustrated in Figure 5, after 9-hour of curing, the hydration of plain alite
with 2% SP is approximately half way through the acceleration period. If the hydration is controlled
by the number of available nucleation sites during the acceleration period, at 9 hours there should be a
higher amount of calcium hydroxide formed for samples containing graphene oxide. The content of
calcium hydroxide in an alite paste at a particular hydration time (

2Ca(OH)Con (t) ) was calculated using
equation 1. In this equation the Ca(OH)2 content is calculated based on the weight loss during the de-
hydroxylation of Ca(OH)2 as a percentage of ignited weight (Taylor, 1997). The equation is based on
the study of Mounanga et al. (2004), Taylor (1997) and El-Jazairi and Illston (1980) who concluded
that most of the de-hydroxylation of Ca(OH)2 occurs between 400 and 600 ˚C.
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Figure 6a compares the amount of calcium hydroxide (calculated using equation 1) formed in plain
alite-SP pastes with those containing 0.04 and 0.1% of graphene oxide. Results are presented using
the mean value of the data collected for 5 samples from each type of alite-SP paste including error
bars. Results show that after 9hrs, there is not much difference in the mean value of calcium
hydroxide content between the pastes containing 0.04% and 0.1% of GO. However, the two GO
pastes have a significantly higher calcium hydroxide content than seen in plain alite-SP specimens.
This result further confirms that more calcium hydroxide is produced through hydration which lends
more weight to the role of GO mono-layers as nucleation sites.

(a) (b)
Figure 6 Thermogravimetric analysis of alite-SP pastes with and without graphene oxide: (a) Concentration of
Ca(OH)2 present in pastes at 9 hours of hydration, (b) Representative TG curves for plain alite-SP as well as
samples containing 0.04% and 0.1% GO mono-layers.

Figure 6b shows TG curves representing the thermal decomposition of plain and GO-based alite
pastes after 9 hours of hydration. The curves shown in this figure are those corresponding to the
samples that contain a calcium hydroxide content that is closer to the mean values presented in Figure
6a. In the case of plain alite-SP TG curve, a continuous mass loss between 30 ºC to 350 ºC is observed,
which can be attributed to the release of water molecules from the C-S-H gel decomposition (Goñi et
al., 2010). A second source of mass loss occurs between 350 ºC and 450 ºC which can be due to water
molecules being released from the decomposition of calcium hydroxide (Goñi et al., 2010, Older et al.,
1979). A continuous mass loss is observed from about 550 ºC to 800 ºC due to the release of carbon
dioxide (CO2) from possible carbonation or weathering of the sample (Taylor, 1997). In Figure 6b, the
difference seen in the rate of mass loss between GO-containing and plain samples corresponds to the
major weight losses from graphene oxide which occur between 100 to 300 ºC (Marcano et al., 2010).

As a second source of evidence for testing the nucleation-growth mechanism, SEM images were
captured from 7-day cured alite-SP samples with (Figure 7) and without the GO mono-layers (Figure
8). The surfaces shown in these figures are the crushed surface of samples exposed to the SEM
focused electron beam. Figure 7a shows needle-shaped hydration products forming on the surface of



alite particles. This type of micro-structure was dominant throughout the sample, suggesting a
surface-hydration mechanism. Figure 7b magnifies these hydration filaments, shown by a white box
in Figure 7a. This form of micro-structure is clearly the result of a surface-driven hydration
mechanism. Figure 8 is a typical image obtained with samples containing 0.1% GO mono-layers. The
SEM image shows significantly different micro-structure between the two samples and there is no
longer any clear indication of a surface growth mechanism. Therefore, as the hydration has not been
limited to the surface growth, it is suggested that the surface of GO mono-layers have played the role
of growth sites.

(a) (b)
Figure 7 Microstructure of C3S paste containing super-plasticizer: (a) without graphene oxide mono-layers (b)
focus on surface needle form hydration product

Figure 8 Microstructure of alite paste containing super-plasticizer and 0.1% graphene oxide

4. Conclusions

This paper presented an investigation into the alteration of alite hydration in the presence of graphene
oxide mono-layers, and explained a possible interaction between GO layers and alite in water. Results
show that there is an electrostatic surface charge interaction between GO layers and alite particles
when they are mixed in water, preventing a homogenous mixture of GO mono-layers within alite
paste. It was also shown that the pre-treatment of alite grains using poly-carboxylate surfactant was
crucial in order to prevent the flocculation of GO in the paste. Results from calorimetry,
thermogravimetric and SEM investigations conducted on alite-treated pastes containing graphene
oxide, verified that the dispersion of GO layers are stable in this case and that the hydration of alite-
GO is consistent with the nucleation-growth mechanism. Therefore, electro-static charge interactions,
so far unappreciated in the literature, have significant influence on the dispersion of GO in PC paste,

Alite

Alite



and may explain some of the variability in the influence of GO on strength reported by previous
studies.
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Comparison of alite-ye’elimite cement and ye’elimite OPC blends
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Abstract
Ye’elimite was well known for for its expansion and high early strength. There are two main ways to
employ ye’elimite into cement: (i) produce alite-ye’elimite cement clinker and (ii) blend ye’elimite (or
ye’elimite contained clinker such as belite-ye’elimite cement clinker) and OPC. It is difficult to produce
alite-ye’elimite as the incompatibility of alite and ye’elimite. Minerializer or thermal annealing was
used to produce alite-ye’elimite cement clinker by shrinking the formation gap of ye’elimite or
promoting the reformation of ye’elimite during heat treatment. It is more convenient to obtain
ye’elimite-OPC blends by mixing ye’elimite clinker with OPC. To date, results showed that the mixed
ye’elimite-OPC blends presented good expansion properties, but with limited improvement of the early
strength of the cement blends. On the contrary, alite-ye’elimite cement clinker required more steps for
extra processing, but with excellent early strength and expansion properties. Herein this paper, we are
trying to evaluate these two types of ye’elimite-contained cement addressing the advantages and
disadvantages.

Reformation and mechanical mixing of ye’elimite with OPC cement obtain alite-ye’elimite cement
and ye’elimite-OPC blends with similar mineral composition, respectively. Cement with varied
ye’elimite amount (3 and 5% ye’elimite) were made. Compressive strength was tested, and the
hydration heat was monitored. XRD and TAM air were employed to characterize the hydrates aiming
to get some more clues for the different hydration properties of alite-ye’elimite cement and
ye’elimite-OPC blends.

Alite-ye’elimite cement performed better than ye’elimite OPC blends with high early strength. The
hydrates are similar in both alite-ye’elimite cement and ye’elimite OPC blends with a lot of AFt from
the very beginning of the hydration process. But the ye’elimite added did not perform the same as the
ye’elimite in alite-ye’elimite clinker. The overall heat released was not promoted with the increase of
added ye’elimite in the blends.

Originality
The drawback and strongpoint of the ye’elimite-contained cement was well evaluated. An
comprehensive compare of the alite-ye’elimite cement and ye’elimite-OPC blends was made to
evaluate the overall potential of these two kinds of ye’elimite-contained cements.

Key words: alite-ye’elimite cement, ye’elimite, OPC blends, compressive strength

一 Corresponding author: xdshen@njtech.edu.cn; tel: 86-25-83587234

mailto:xdshen@njtech.edu.cn


2

1. Introduction
Cement containing ye’elimite (or sulfoaluminate) is called calcium sulfoaluminate (C$A二)

cement, which is a special type of cement used in China and Europe (Álvarez-Pinazo, Cuesta et al.
2012). C$A cements play an important role in the early mechanical properties, whereas ordinary
Portland cement (OPC) is mainly responsible for the later age properties (Odler and Zhang 1996,
Zhang and Odler 1996). Combining the advantages of the C$A cement and Portland cement
provides optimized cement hybrids.

Ye’elimite can be introduced into cement by (i) blend OPC and ye’elimite containing
materials or pure ye’elimite (Le Saoût, Lothenbach et al. 2013) or (ii) producing alite-ye’elimite
clinker during the sintering process (Ma, Snellings et al. 2013). Ye’elimite OPC blends were much
more easily to obtain, as the production of ye’elimite is straightforward. Two-step sintering of the
alite-ye’elimite was proposed to obtain alite-ye’elimite cement clinker with high C3S content (Ma,
Snellings et al. 2013): (1) sinter the Portland cement with some anhydrite and then (2) promote the
reformation of the ye’elimite at the formation temperature by annealing or thermal treatment
during clinker cooling.

In the paper, attempt was to investigate the differences between the alite-ye’elmite cement
produced by reformation and the OPC ye’elimite blends. The comparison of the alite-ye’elimite
cement and the ye’elimite blended OPC was done.

2. Materials and methods
2.1. Materials
Limestone, fly ash and sandstone from the clinker production line were used in our

experiment. Alite-ye’elimite cement was produced by reformation method (Ma, Snellings et al.
2013). Clinker was designed with the KH 0.96, SM 2.5 and IM 3.1. 3% of SO3 added by gypsum
to promote the reformation of the ye’elimite in clinker. 0.8% K2O and 2% MgO were added to
improve the burnability of the raw meal. The clinker was first sintered under 1470℃ for 1 hour to
obtained considerate amount of clinker phases. The clinker was labeled as C1. The reformation of
the ye’elimite was accomplished by the treatment under 1270℃ for 30 min, labeled as C2.

The OPC ye’elimite blends were made by mechanically mixing OPC cement (PII 525) with
synthesized ye’elimite according the documented method in Ref (Li, Zhang et al. 2014). The
obtained ye’elimite was then milled to pass 0.08 mm sieve. The addition of the ye’elimite into the
blends was chosen as 3, 5 and 7% (labeled as B1, B2 and B3). The gypsum amount for the blends
was modified by the ye’elimite added to get a full reaction of ettringite formation.

2.2. Methods
The mortar compressive strength of the clinker was tested according Chinese standard (GB/T

17671-1999). Isothermal calorimetry test were carried out with TAM air at 20℃ until 3 days (Ma,
Ma et al. 2014).

XRD data were collected using Rigaku Miniflex 600 working at 40 kV, 15 mA. Mineral
composition of the clinker was obtained using the Rietveld analysis. More detailed experimental
process and the parameter related to the XRD data can be fine in Ref (Li, Xu et al. 2014).

3. Results and discussion

二 Cement nomenclature will be used, i.e., CaO=C, SO3= $, Al2O3= A; SO2, O2, CO2 were not abbreviated.
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3.1. Compressive strength
Alite-ye’elimite showed better early strength compared to OPC and the untreated clinker dope with

sulfur (as shown in Table 1). The alite-ye’elimite cement performed better than the blends for the early
age strength, especially for 1 day strength with an increment of 10 MPa compare to the untreated
clinker. But the 28 days strength was not as good as the OPC. The ye’elimite OPC blends performed
not as good as OPC. 3 and 5% ye’elimite dosage even decreased the 1 day strength.

Table 1 Compressive strength of the mortar samples

Samples blends/treated ye'elimite
(%)

Specific area
(m2/kg)

Compressive strength
(MPa)

1day 3days 28days
PII 525 n/a 0 380 17.6 31.4 53.4
C1 Untreated 2.1 355 13.9 28.1 51.3
C2 Treated 6.7 347 22.4 36.8 49.7
B1 blends 3.0 380 15.9 27.3 54.7
B2 blends 5.0 380 16.2 34.9 55.0
B3 blends 7.0 380 17.6 35.2 57.0

3.2. Hydration heat
Heat flow of the alite-ye’elimite was higher than the OPC and OPC blends. The treated clinker

released less heat in the early age (early than 10 hours) as the decrease of reactivity of alite for the
annealing process, but the overall heat released for sample C2 was much higher than C1. The increase
was mainly from the reaction of ye’elimite after 10 hours.

Heat flow of the ye’elimite OPC blends was decreased as the ye’elimite addition. The more OPC
replaced by ye’elimite, the less heat corresponding to C3S hydration was released. For blended samples,
a typical characteristic for the heat flow was the heat peak of AFt formation following the main peak
for C3S. The overall heat released at 72 hours for blended cement is similar to the OPC cement.

Figure 1 Heat flow and heat released for the samples

3.3. Hydration products
AFt amount in OPC hydrates was much lower than that of the alite-ye’elimite cement and the

ye’elimite OPC blends. In the untreated cement (C1), the small amount of ye’elimite (2.1%, see Table
1) also yielded the formation of AFt during hydration (see Figure 2, Figure 3 and Figure 4). Most of
ye’elimite was reacted after 3 days. For the treated clinker (C2), the abundance for ye’elimite resulted
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the presence of ye’elimite in 28 days sample.
The ye’elimite OPC blends performed similarly to alite-ye’elimite cement (see Figure 5). AFt

presented in the hydrates as the hydration of ye’elimite.

Figure 2 XRD scans for the hydrated OPC cement Figure 3 XRD scans for hydrated untreated cement

(C1)

Figure 4 XRD scans for hydrated alite-ye’elimite

cement (C2)

Figure 5 XRD scan for hydrated ye’elimite OPC

blends (B1)



5

4. Conclusion
Alite-ye’elimite cement performed better than ye’elimite OPC blends with high early strength.

The hydrates are similar in both alite-ye’elimite cement and ye’elimite OPC blends with a lot of AFt
from the very beginning of the hydration process.

But the ye’elimite added did not perform the same as the ye’elimite in alite-ye’elimite clinker.
The overall heat released was not promoted with the increase of added ye’elimite in the blends.
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Abstract
Groundwater contamination by various toxic substances is exposed and has become an important issue in water
treatment. Particularly high-concentration arsenic pollution area are distributed in the South Asia, it has given great
damage to the health of inhabitants. In conventional method, arsenic has been removed from contaminated water by
mainly coagulating sedimentation using ferric chloride or aluminum salts. Arsenic is found in inorganic species such as
forms arsenite (shown as As(III)) and arsenate (shown as As(V)), and is mainly existed as oxyanions in aqueous
solution. As(III) is more difficult to remove from aqueous solution than As(V), therefore, oxidation as a pretreatment is
necessary. It is well known that CrO42- oxyanion is immobilized into mono-sulfate type hydrate (AFm phase) by
hydration of calcium aluminate (3CaO.Al2O3 shown as C3A). Arsenic oxyanions such as HAsO32- and HAsO42- are also
expected to be immobilized into AFm phase analogous to the case of CrO42- by hydration of C3A. Also, it is thought that
calcium aluminoferrite (6CaO.2Al2O3.Fe2O3, shown as C6A2F) is effectively usable as a decontaminating agent for
arsenic because iron has a high affinity for inorganic arsenic species. In this study, aiming to the development of new
applications of cement compounds such as C3A and C6A2F, removal behavior of arsenic from contaminated water was
investigated.
C3A and C6A2F were prepared by sintering stoichiometric mixtures of CaCO3, Al(OH)3 and Fe2O3. A 0.5 g of C3A or
C6A2F was added to 45 mL of arsenic solution, and the suspension was stirred during desired period of time at room
temperature. Total concentration of arsenic in the filtrate was determined by using ion chromatograph and graphite
furnace atomic adsorption spectrometer.
In the present study, we found that both C3A and C6A2F effectively remove both As(III) and As(V) from aqueous solution.
When solutions of As(V) were processed with C3A or C6A2F, the concentration of arsenic were reduced from 10 mg/L to
less than 0.01 mg/L, which is the WHO's guideline value for arsenic in drinking water, within 15 minutes. Furthermore,
in the case of 10 mg/L As(III) with C6A2F, the residual concentration of arsenic was reduced to less than 0.01 mg/L
within 45 minutes. When either C3A or C6A2F was added to the arsenic solution, slightly AFm phase with a large
amount of 3CaO.Al2O3.6H2O (shown as C3AH6) phase was confirmed by XRD in both cases. However, the arsenic was
not immobilized in the crystal lattice of C3AH6 because the lattice constant did not change. In the case of C6A2F,
hydrates with different iron content were confirmed, and high-iron phase contained ca.10 times more arsenic than low-
iron phase.
Based on above results, it was suggested that the mechanism to which the arsenic was removed from solution was not
only the immobilization into AFm phase, but also the simultaneous involvement of amorphous gel including iron.

Originality
- Cement compounds such as C3A and C6A2F could effectively remove both As(III) and As(V) from aqueous solution
without oxidation.
- When C6A2F was added to As(III) solution, the residual concentration of arsenic was lower than that of C3A added.
- Our proposed method is possible to remove arsenic from aqueous solution, even if complicated technique and
expensive equipment are not used.

Keywords: C3A; C6A2F; Arsenic ion; Water purification
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1. Introduction
Arsenic is known as environmental pollutant constituted a carcinogenic hazard. The arsenic pollution
of groundwater is expanded around the world, and it has become a serious problem (Smedley P.L. et
al., 2002). Arsenic is commonly found in inorganic species such as forms arsenite (shown as As(III))
and arsenate (shown as As(V)) in water. It is commonly accepted that inorganic As(III) compounds
are approximately 60 - 80 times more toxic to humans than As(V) ones (Villaescusa I. et al., 2008).
The World Health Organization (WHO) revised the guideline for arsenic in drinking water from 0.05
mg/L to 0.01 mg/L in 1993 (WHO, 1993). The arsenic pollution area which exceeded a standard value
are distributed in the South Asia. However, the effective measure against arsenic removal is not
performed for economic reasons.
In conventional method, arsenic has been removed from contaminated water by mainly coagulating
sedimentation using ferric chloride or aluminum salts. Since As(III) is mainly existed as molecule
H3AsO3 in near neutral condition, it is more difficult to remove than As(V) which exists as oxyanion.
Therefore, oxidation of As(III) to As(V) is necessary prior to coagulation. Thus, effective means for
removing both arsenic is required.
Extensive research concerning the immobilization of toxic ions such as CrO42- oxyanion into mono-
sulfate type hydrate (AFm phase) that are formed from cementitious material such as calcium
aluminate (3CaO.Al2O3 shown as C3A) (Morioka M. et al., 2003; Ohya J. et al., 2010), calcium
aluminoferrite (6CaO.2Al2O3.Fe2O3 shown as C6A2F) (Morioka M. et al., 2005) and calcium
aluminozincate (14CaO.5Al2O3.6ZnO shown as C14A5Z6) (Hirano M et al., 2011; Hirano M et al.,
2014; Sango H. et al., 2014) have been reported. Arsenic oxyanions such as HAsO32- and HAsO42- are
also expected to be immobilized into AFm phase analogous to the case of CrO42- by hydration of C3A.
Also, it is thought that C6A2F is effectively usable as a decontaminating agent for arsenic because iron
has a high affinity for inorganic arsenic species. In this study, aiming to the development of new
applications of cement compounds such as C3A and C6A2F, removal behavior of arsenic from
contaminated water was investigated.
2. Experimental
2.1. Synthesis of calcium aluminate and calcium aluminoferrite
Reagent grade of CaCO3, Al(OH)3 and Fe2O3 were used as starting materials. In these synthesis, the
starting materials were weighed out so as to give the desired stoichiometric composition, and were
mixed for 30 minutes to prepare a uniform mixture. The mixture was burned at 1350 °C (C3A) and
1300 °C (C6A2F) for 6 hours in an electric furnace, and then the operation was repeated after crushing
of burned product until single phase formed. The phases in the burned product were identified by
powder X-ray diffractometry (XRD) using a Rigaku Multi Flex 2kw diffractometer with Ni-filtered
CuKα1 radiation. Synthesized powder samples were identified with a single phase of C3A and C6A2F
by XRD measurement. The images of hydrate were observed by scanning electron microscope (SEM,
Hitachi TM-3000) and energy dispersive X-ray spectrometry (EDX, Bruker Quantax70). Surface
potential of hydrates was measured using zeta potential analyzer (Microtec ZEECOM ZVC-3000).
2.2. Immobilization process of arsenic in aqueous sample
Aqueous samples of arsenite were prepared by diluting certified 1000 mg/L of As(III) standard
solution (As2O3 and NaOH in water pH 5.0 with HCl, Wako pure Chemical industries, Ltd., Osaka,
Japan) with water. Also aqueous samples of arsenate were prepared by dissolving of Na2HAsO4.7H2O
(Nacalai Tesque, Inc., Kyoto, Japan), and diluted with water. Immobilization of arsenic was studied in
a batch process.
A 0.5 g of C3A or C6A2F was added to 45 mL of arsenic solution and the mixture was stirred during
desired period of time at room temperature. Then the suspension was filtered through 0.45μm
membrane filter. Immediately after the filtration, the filtrate was acidified by adding a small portion of
conc. nitric acid to prevent both additional hydration and generation of calcium carbonate. Total
concentration of arsenic in the filtrate was determined by using TOA-DKK ICA-2000 ion
chromatograph (IC) and Hitachi Z-8270 graphite furnace atomic adsorption spectrometer (GF-AAS).
3. Results and Discussion
3.1. Removal of As(III) and As(V) in solution by the hydration of calcium aluminate and calcium



aluminoferrite
To estimate kinetics of arsenic immobilization by C3A and C6A2F, change in concentration of residual
arsenic with reaction time was studied. Figures 1 and 2 show time change in concentration of residual
arsenic in As(III) and As(V) solutions processed by C3A and C6A2F respectively, at 5 and 10 mg/L of
initial arsenic concentrations. In all cases, the decrease in arsenic concentration was observed from the
start of the process. When C3A was added to 10 mg/L As(V) solution, the concentration of arsenic was
reduced to less than 0.01 mg/L, which is the WHO's guideline value for arsenic in drinking water,
within 15 minutes. On the other hand, the concentrations of residual arsenic in As(III) solution were
higher than those of that in As(V) solution; the concentration of As(III) was decreased from 5 mg/L to
0.084 mg/L within 60 minutes. In contrast, the concentration of arsenic was effectively decreased by
adding C6A2F. In the case of 10 mg/L As(III), it was reduced to less than 0.01 mg/L within 45 minutes.
Furthermore, 5 mg/L of As(III) and 10 mg/L of As(V) solutions reached arsenic concentration of less
than 0.01 mg//L within 15 minutes. A C6A2F had the ability to reduce to less than 0.01 mg/L not only
As(V) but also As(III).

Figure 1 Change in residual concentration of Arsenic Figure 2 Change in residual concentration of Arsenic
in solution within 60 minutes. in solution within 60 minutes.

Figure 3 shows the residual concentration of arsenic after 24 hours. When either C3A or C6A2F was
added to 75 mg/L of As(V) solution, arsenic concentrations were reduced to less than 0.03 mg/L. In
the case of As(III) solution, on the other hand, the concentrations were decreased to 0.86 mg/L and
0.16 mg/L, respectively. A C6A2F containing iron was able to remove arsenic more effectively than
C3A.

Figure 3 Residual concentration of Arsenic in solution after 24 hours.



3.2. Identification of hydrate contained arsenic
It was observed that the pH of solution were increased up to ca.12 with the progress of hydration of
C3A and C6A2F. Therefore, it was expected that both As(III) and As(V) ions were immobilized into
their various hydrates. Solid phase after arsenic treating was investigated to identify the hydrate
including arsenic. Figure 4 shows XRD patterns of various solid phases obtained by hydrating C3A
and C6A2F in 5 mg/L of As(III) or As(V) solution for 60 minutes. When C3A or C6A2F was added to
the arsenic solution, slightly AFm phase with a large amount of 3CaO.Al2O3.6H2O (shown as C3AH6)
phase was confirmed by XRD in both cases. It was difficult to identify the AFm phase because the
intensity of peak was very low. However, it was thought that arsenic was not immobilized in the
crystal lattice of C3AH6 because the lattice constant did not change. Therefore, it is suggested that the
mechanism of arsenic removal is the immobilization into AFm phase and/or the adsorption on
amorphous phase.

5 mg/L As solution, Reaction time : 60 minutes, ○ : AFm, ■ : 3CaO.Al2O3.6H2O
Figure 4 XRD patterns of the sample hydrated.

3.3. Removal of As(III) and As(V) in solution by C3AH6
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Figure 5 Residual concentration of Arsenic in solution after 60 minutes.
Figure 5 shows the concentration of residual arsenic in As(III) and As(V) solutions processed by
hydrates including C3AH6 (shown as C3AH6 sample) which were produced by hydration of C3A and
C6A2F. In this experiment, a 0.5 g of C3AH6 sample was added to the 45 mL of solution initially
containing 5 - 75 mg/L of arsenic, and reaction period was 60 minutes. Both C3AH6 samples were
prepared by hydration of C3A and C6A2F in water for 48 hours at room temperature. Comparing the
residual concentration of arsenic by the addition of two different hydrates containing C3AH6, the



concentration of arsenic in each solution was effectively decreased by adding C3AH6 sample derived
from C6A2F, whilst a decrease in the concentration of arsenic in each solution by adding C3AH6

sample derived from C3A was only ca. 10 %. Therefore, the main mechanism to which the arsenic was
removed from solution by C3A was immobilization into AFm phase. On the other hand, it was
expected that both arsenic was adsorbed to amorphous iron gel in the case of C3AH6 sample derived
from C6A2F.
3.4. Surface zeta potential of hydrates of C3A and C6A2F
To investigate the removal mechanism of arsenic, further, the surface zeta potential for the C3AH6

samples of C3A and C6A2F are shown in figure 6. The mode of zeta potential for C3AH6 sample
derived from C3A was around 25 - 35 mV. In the case of C3AH6 sample derived from C6A2F, two
modes of zeta potential appeared ca. 40 - 50 mV and ca. 25 - 35 mV. Thus, it was recognized that
arsenic oxyanion is adsorbed selectively to the C3AH6 sample derived from C6A2F which has higher
surface potential than that of C3A origin.

Figure 6 Surface zeta-potential of hydrates.
3.5. Surface morphology and EDX analysis
The SEM photographs of the solid phase in hydration at 60 minutes of reaction period and 100 mg/L
of initial As(III) concentration are shown in figure 7. Further, SEM/EDX analysis was also used to
indicate the atom ratio of element on hydrate surface ((a) - (c) in figure 7). The results of elemental
composition is shown in table 1. An arsenic in contact with the surface of each hydrate was observed
by element dot map. The surface of C3AH6 sample derived from C3A was covered with the arsenic
uniformly. In the case of C6A2F origin, hydrates of different iron content were confirmed by EDX.
The atom ratio of arsenic with high-iron phase (c) was found to be ca.10-fold higher than that of low-
iron phase (b).

Table 1 Atom ratio of hydrates after arsenic removal.



Figure 7 SEM images and the SEM/EDX elemental dot maps.
4. Conclusions
The removal behavior of As(III) and As(V) from aqueous sample using C3A and C6A2F were
investigated in this report. The results in the present study are summarized as follows:
(1) Both As(III) and As(V) were removed from aqueous sample by addition of C3A or C6A2F.
(2) By adding C6A2F, the concentration of As(III) was decreased from 10 mg/L to less than 0.01 mg/L
of WHO's guideline value within 45 minutes. Removal rate of As(V) from aqueous sample was higher
than that of As(III), and As(V) concentration was effectively decreased from 10 mg/L to less than
0.01mg/L within 15 minutes.
(3) In the case of C3A, As(V) concentration was decreased from 10 mg/L to less than 0.01 mg/L
within 15 minutes analogous to the case of C6A2F. However, the concentration of As(III) was
decreased from 10 mg/L to 0.16 mg/L within 60 minutes.
(4) It was observed that the hydrate including C3AH6 derived from C6A2F has different iron content
phases.
(5) High-iron phase was contained ca. 10 times more arsenic than low-iron phase.



(6) It was considered that arsenic was removed from aqueous sample by the immobilization into AFm
phase of C3A. In the case of C6A2F, the arsenic is not only the immobilized into AFm phase but also
adsorbed on hydrates including iron.
Arsenic is known to be removed by coagulating sedimentation, but this method requires a large
amount of chemicals and generates waste products in large quantity. According to our proposed
method, both As(III) and As(V) are removed from contaminated water in a short time without
requiring complicated operations such as oxidation. Particularly C6A2F is effective as a fixing agent of
oxyanions such as arsenic.
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Pre-hydration influence on cement consolidation
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Abstract
In some industrial processes the binders are reused in the production line to reduce losses. An example of this practice
is in the production of fiber cement tiles. In this case, the waste generated (retails) are mixed with anhydrous cement to
produce new products. However, there is no effective control over the use of this waste, which directly affects the
degree of hydration of the cement and consequently, the quality of the new tiles. This work was conducted in order to
evaluate the impact of the use of pre-hydrated binder in the consolidation of cementitious suspensions. For this were
used isothermal conduction calorimetry, oscillatory rheometry and Vicat test. In these methods, it is possible to
evaluate, respectively, heat flow during the hydration reaction, the improvements on the yield stress over time and the
setting time of the cement paste. Isothermal calorimetry showed which the addition of pre-hydrated correlated well with
the reduction of the induction time and initial setting time, and also reduce the formation reaction rate of hydrated
products. Analyzing the evolution of the storage modulus (G') obtained by oscillatory rheometry, it was observed that
the consolidation of the suspension with pre-hydrated privileges the consolidation of the physical effect of the
suspension compared to the chemical effect. This occurs because the agglomeration due to a higher specific area of the
pre-hydrated cement makes consolidation requires smaller amount of hydrates.

Originality
Although the use of pre-hydrated cement in suspensions it is very common in industrial practice, is little discussed in
the literature. The evaluation of the kinetics of hydration by isothermal calorimetry together with the evaluation of
rheological behavior contributes to the understanding of how the addition of pre-hydrated binders affects the hardening
of the suspension. This influence occurs by two mechanisms: by having higher specific surface area, the pre-hydrated
cement works as point of nucleation for the precipitation of a larger quantity of hydrates in the early ages of the
hydration, and also the agglomeration of the particles occurs more easily. The understanding of these mechanisms is
essential for the proper use of pre-hydrated cement in suspensions, therefore decreasing the losses in industrial
processes.

Keywords: Cement, pre-hydration, chemical reaction, rheology.
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1. Introduction
The use of pre-hydrated material in cementitious suspensions, although not much explored in the
literature, has wide practical application, as in delays in the application, in the use of pre-hydrated
cement because of bad storage and in industrial applications. In the fibercement industry, for example,
the cut material from the blanket - known as a retail - is reused into the production process (Oliveira A.,
2010).
However, the use of the pre-hydrated binder changes the paste consolidation process, affecting the
setting time, the heat of hydration and rheological properties (Dubina, 2013).
In turn, it’s known that the consolidating of the cementitious suspension is primarily due to the
formation of hydrated products, especially C-S-H, which form a network of particles which can’t be
undone from mechanical stress (Nonat A. et al., 1997; Bellotto M., 2013).
However, not only this chemical contribution that is responsible for the consolidation of cement
suspensions, because there is also a physical contribution caused by contact between the particles
(Nonat A. et al., 1997; Lootens D. et al., 2009). Cement particles have great tendency to agglomeration
when they are in contact with a polar liquid such as water. This occurs because of the interparticle
forces, which may be electrostatic origin or related to van der Waals forces (Yoshioka K. et al., 2002;
Yang M. et al., 2007).
Furthermore, the hydrated products have larger specific area than the dry cement. Thus, because of the
increase in adsorbed water consumption, the space between particles decreases, further increasing the
agglomeration (Saak A. W. et.al., 2001).
The larger specific superficial area of hydrates also has an impact on the chemical reaction cement
hydration. As the hydration mechanism is dissolution-precipitation, when a high specific area material
is added to the suspension, more space becomes available for the precipitation of hydrates. These
spaces, which act as nucleation sites, accelerate the reaction (Garrault-Gauffinet S. et al., 1999; Garrault S.
et al., 2005; Oey T. et al., 2013; Berodier E. et al., 2014).
Thus, it can be said that the hydration reaction of cement is self-induced. Using this property, some
authors (Alizadeh A. et al., 2009; Thomas J. et al., 2009) produced synthetic calcium silicate hydrate (C-S-
H) to increase the surface area of the suspension and act as nucleation sites. In all studies, it was
observed acceleration in the early hydration.
However, there is little literature about the use of own pre-hydrated binder as nucleation point of the
cement suspension. So the intention of this work is to use various techniques to study the
consolidation of paste (isothermal calorimetry, Vicat test and oscilatory rheometry) to assess what is
the importance of physical and chemical contributions to the consolidation of the cement paste.
A short review about each method used to analyze the consolidation of paste is presented in sequence.
1.1 Setting time using Vicat Test
The Vicat test consists in penetration of a standard needle on the cement paste with regular intervals
for an indication about his hardening in accordance with the Standard Method NM 65: 2003
(equivalent to ASTM C191-13). The initial setting time is equivalent to the time in which the needle
stops 1 mm from the bottom of the container, while the final setting time is equal to the time in which
the needle stops 2 mm from the surface (Sant G. et al., 2008).
This test has the advantages of being low cost, as well as providing an indication of the yield stress of
the material, because penetration of the needle only occurs when the penetration force becomes lower
than the yield stress of the paste.
However, in this test there is no control of room temperature, neither provide information about the
microstructure of the material nor about their rheological properties at higher shear rates than those
needed to flow the material (Lootens D et al., 2009; Slaiman H. et al., 2010).
These disadvantages make it applicable only as comparative basis because the value obtained is
considered arbitrary. In this work, the Vicat test was compared with other techniques in order to relate
hardening with the chemical reaction (isothermal calorimetry) and with the physical consolidation of
paste (oscillatory rheometry).

1.2 Isothermal calorimetry



The cement hydration reaction is closely related with the loss of workability and gain consistency of
the paste (Röβler C. et al., 2008). Independently of the cement composition, the heat release caused by
the cement hydration reaction is exothermic and has a common profile, which can be divided into
several stages, illustrated in Figure 1 (Romano R.C.O. et al., 2011). In this figure also are illustrated
graphically some parameters related to the analysis of the hydration used in this work.

Figure 1. Illustration of the heat flow in function of time divided in stages is presented

In the first stage, known as the dissolution time, occurs a rapid increase in heat flow caused by the
dissolution of calcium sulfate, alkali sulfates and of phases C3S (Alite) and C3A (calcium aluminate)
of cement. Thus, the solution is saturated by releasing ions of K+, Na+, SO42-, Ca2+. This stage lasts
only a few minutes.
In stage II, known as the induction time, there is a large decrease in heat releases liberated by the
reaction. The most accepted explanation in the literature is that the initial precipitation of C-S-H forms
a layer around the anhydrous cement particles, difficulting its hydration. Throughout this period, the
concentration of ions Ca2+, K+, Na+, SO42-, OH- and silicates (H2SiO42-) increases considerably.
After the Ca+2 oversaturation, stage III of the reaction begins, known as acceleration period. At this
stage, the heat release reaches its maximum, because occurs most of the precipitation of portlandite
and C-S-H around the particles. Although only the reaction does not fully explain this gain of
consistency, it can be said that the setting time measured by the Vicat test usually occurs during this
period (ASTM C1679-13).
The correlation between the cement hydration stages and consolidation can be exposed as follows: in
phase (I) and (II), previous to the setting, the forces of attraction and electrostatic repulsion generate
flocculation between particles. In this type of agglomeration, the structure can be undone from
mechanical stress. Already in the stages following the setting, corresponding to stages (III) and (IV),
with the evolution of hydration and the formation of hydrates, is formed between the cement particles
a three-dimensional network that increases the amount of force van der Waals in hardening of the
cement. This results in coagulation, which unlike flocculation, is not liable to disruption by
mechanical stress (Yoshioka K. et al., 2002).

1.3 Oscillatory rheometry
The hardening of cement suspension occurs in two steps: first, the particles agglomerates because of
the action of the hydrodynamic and colloidal forces (van der Waals forces and electrostatic) between
particles; and then the hardening occurs through the formation of a network of hydrates. The resulting
paste have a rheological behaviour viscoelastic, common in ceramic suspensions (Nonat A. et al., 1997;
Saak A. W. et.al., 2001).
The viscoelasticity of the suspension may be measured using an oscillatory rheometer, which consists
in applying a sinusoidal strain in the sample, as expressed in the equation 1.

eq. 1



where w is the angular speed, t is the time and 0 is the maximum amplitude strain. Thus, the stress
that is obtained has the following form in the equation 2.

eq. 2
where w is the angular speed, t is the time, 0 is the yield stress and  is the angle phase which
represents the out of phase between the applied strain and the measured stress. To keep the test within
the viscoelastic conditions, the measured stress should be less than the yield stress. Thus, the structure
of the suspension does not break during the test, ensuring that the result be continuous. In the work of
(Schultz M. A. et al., 1993), this condition is ensured by the strain of the order of 10-4, regardless of the
water/cement ratio.
The ratio between the imposed strain and the measured stress is the complex modulus which is
represented by Equation 3.

eq. 3
This value can be divided in two components: the elastic component (eq .4) is called of storage
modulus and the viscous component (eq. 5) is known as loss modulus.

eq. 4
eq. 5

Of course, if (, the elastic component is maximum, the viscous component is null and the
suspension is typically solid. Analogously, if (the elastic component is null, the viscous
component is maximum and the suspension has typical behavior of Newtonian fluid. In the case of
cement suspension, which is viscoelastic, the observed behavior is intermediate (0 <  <90 °).
As the measured stress is below the yield stress, the cement paste behaves as a viscoelastic solid with
G* ≈ G'. When the strain is applied, part of the energy is recovered and used in the flow of the paste.
As the consolidation - due to agglomeration and hydration of the paste - occurs, this conversion
becomes more difficult. Thus, the monitoring G' is useful for monitoring the yield stress in the course
of time (Saak A. W. et.al., 2001).

2. Experimental Procedure
2.1 Raw Material
CPV cement was used, according to Brazilian technical standard ABNT NBR 5733. This cement with
higher purity currently marketed in Brazil with clinker content above 95% and up to 5% limestone
filler.
In figure 3 are presented the physical characteristics of the cement (particle size distribution, specific
surface area and real density). The equipments and parameters used are listed below:
 Particle Size Distribution: quantified in a Sympatec laser particle size analyzer, model Helos KR

with range 0.1 to 350 micrometers.
 Gas He Picnometry: real density of the cement was assessed in a Multipycnometer equipment -

Quantachrome Instuments.
 BET: based on physical adsorption and desorption of nitrogen gas at the surface of solid sample

(physisorption) according to the BET method - Brunauer / Emmett / Teller held in an equipment
Belsorp Max, Bel Japan, with pretreatment of samples at 60°C and 10-2 psi pressure.



Figure 2. Particle size distribution, real density and Specific Surface Area (SSA) of cement

The chemical characteristics of the cement was obtained by the following techniques:
 X-ray fluorescence: the dry route chemical composition will be evaluated on a Axios

Advanced equipment, PANalytical. (Table 1)
 Thermogravimetric analysis: performed in a thermobalance Netzsch, STA 409 PG under N2

atmosphere, with a temperature range of 50°C to 1050 °C. The quantification of the cement
components is shown in Table 2. All concentrations were calculated from the volatile base.

 X-ray Diffraction: the mineralogical composition will be evaluated on a Bruker AXS X
equipment, Model D8 Advanced. In Figure 3, is the X-ray diffraction indicates that the
crystallographic phases present in cement, including the indication of the phases. These phases
are detailed in Table 3 with the patterns used for the analysis.

Tab. 1 Chemical compositions of cement /%
Compositions Fe2O3 CaO K2O SO3 SiO2 Al2O3 MgO TiO2 SrO P2O5 LOI

Content 2,97 60,8 0,62 3,10 19,4 5,68 1,06 0,19 0,22 0,14 4,12
LOI – loss on ignition

Tab. 2 Quantification of cement components by TG / %
Component Gypsum Portlandite Calcium Carbonate Residual mass
Content 3,1 2,0 5,4 95,1

Figure 3. Cement diffractogram with the phases analyzed



Tab. 3 Mineralogical Phases found according XRD presented in Fig. 3
Symbol Mineralogic Phase Molecular composition Data Sheet

C3 Alite 3.CaO.SiO2 ICOD 00-042-0551
C2 Belite 2.CaO.SiO2 ICOD 01-073-2091
CA Tri-calcium aluminate 3.CaO.Al2O3 ICOD 00-001-1060
B Brownmilerite 4.CaO.Al2O3.Fe2O3 COD 96-900-3349
C Calcite CaCO3 ICOD 01-072-1651
G Gypsum CaSO4.2H2O COD 96-101-0982
Qz Quartz SiO2 COD 96-900-9667
Pe Periclase MgO ICOD 01-077-2364
P Portlandite Ca(OH)2 ICOD 01-084-1273

2.3 Cement prehydration and mixture
For pre-hydration, cement and deionized water were added to a Beacker; the suspension was stirred
for 2 minutes on a mixer IKA Labortechnik RW 20, maintaining the constant speed of 1,000 rpm.
After mixing, the suspension was maintained for 4 hours in a closed container to prevent water
evaporation. Every 30 minutes the container was shaken to re-suspend the particles.
After 4 hours, the dry cement was added to the system until the water/solids was 0.5. The suspension
was further dispersed for 2 minutes by using a adapted high shearing energy (Makita RT0700C) and
was used to Vicat test and oscillatory rheometry.
To monitory the chemical reaction, the pre-hydrated material was added into an ampoule. After 4
hours, the dry cement was included resulting in a suspension with water-to-solid ration of 0.5. The
mixture was manually performed in the own ampoule for 2 minutes.
The anhydrous cement content in evaluated compositions was 100% (reference), 90%, 75% and 50%.
2.4 Monitoring hardening
To evaluate the physical and chemical components of hardening isothermal conduction calorimetry,
oscillatory rheometry and Vicat test were used. These tests were carried out at the environmental
temperature (25°C ± 2), applied to make a comparable analysis of results. Following is a description of
used equipment and parameters.
 Vicat test: carried out using automatic equipment, ELE, with the needle penetration control for

each 15 minutes.
 Isothermal conduction calorimetry: carried out using an equipment TAM Air (TA Instruments),

with precision of ± 20 mW. The heat release was monitored for 48 hours.
 Oscillatory rheometry: around 2 mL of suspension were added in the rheometer (AR550, TA

Instruments) and compressed between two parallel plates using gap of 1 mm. The tests were
controlled maintaining the frequency of 1Hz and strain in 10-4. The consolidation was monitored
for 4 hours.

3. Results and Discussion
3.1. Setting time by Vicat test
During hydration, the hydrated product form a three dimensional network which makes more rigid
suspension. The difficulty that the standard needle in the Vicat test penetrates the suspension is related
to this stiffening. Thus, the presence of pre-hydrated binder in the compositions decreases the setting
time with these two quantities having a great correlation as shown in Figure 4.



Figure 4. Correlation between anhydrous cement content and setting time
But beyond the direct influence on the densification of the paste, contributing to its consolidation,
prehydrated binder also facilitates the formation of new hydrated products. This is because it has high
specific area the dry cement which allows precipitation of hydrates occurs on the surface of the pre-
hydrated binder added, thus acting as nucleation sites for crystallization of new hydrates (Alizadeh A. et
al., 2009).

3.2. Monitoring of chemical reaction
In figure 5 is shown the heat flow during the hydration reaction according to dry cement content.
Although the reaction was monitored for 48 hours, are only shown the first 10 hours, because it is in
this period that the consolidation of the paste occurs. At every curve there is a symbol that indicates
when initial setting time occurred. It can be seen that the setting occurs during the acceleration period
in all compositions - as indicated by ASTM C1679-13 - in addition the range of variation of the heat
flow at this time is very small comparing all compositions.

Figura 5: Heat flow during hydration in function to the anhydrous cement content
Using the method present in Figure 1, the analysis parameters shown in Figure 6 were calculated.



Figure 6: Induction period, reaction rate, heat flow on peak of C-H and C-S-H peak and acceleration period
according anhydrous cement content

In general, the use of pre-hydrated binder affects the cement hydration reaction, specifically the
reaction rate during acceleration period and heat flow on C-H and C-S-H peak. This means that the
amount of portlandite and calcium silicate hydrated are lower and slower formed when pre-hydrated
binder is used. However, in the case of reaction rate, there is not much difference between the
compositions with 100% and 90% of anhydrous cement. One hypothesis is that although the latter
composition has less amount of anhydrous cement, reaction rates are equal because of the nucleating
effect caused by the addition of pre-hydrated binder.
Furthermore the duration of the induction period decreases strongly with higher presence of pre-
hydrated. As the end of the induction period is related to oversaturation of the solution, it can be stated
that the presence of the pre-hydrated binder alters the solubility of the suspension. The early induction
period lengthens the period of acceleration, compensates for the reduced reaction rate in the presence
of compositions with higher pre-hydrated.
Eliminating the heat release during the dissolution period, which is caused by the neutralization of
electrostatic charge on the surface of this particle in the first minutes of hydration, the cumulative heat
during the first 4 hours of reaction is illustrated in Figure 7, which will be used to explain the
consolidation combined with the physical contribution. It can be seen that the compositions with
greater presence of pre-hydrated cement the heat released is also higher.



Figure 6. Cumulative heat without wetting heat in function of time for evaluated compositions

3.3. Monitoring of consolidation
In Figure 8 is illustrated the monitoring of the storage modulus (G ') over the course of time. It can be
noted that increasing the pre-hydrated binder content profoundly modifies the paste consolidation
observed by increasing the value of G'.

Figure 8. Evolution of storage modulus (G') of the suspension over the course of 4 hours of hydration
This means that the microstructure stiffening is higher as the pre-hydrate amount raises. So, from the
angular coefficient of the trend line of each curve was estimated the rigidification rate of each
suspension and the results are presented in Figure 9 in function of setting time. This correlation is used
because, according some researches just the rheological changes can stopped the needle penetration
during the Vicat test.
Obtained an excellent correlation between the slope rates of the previous curves – called of
rigidification rate - and the initial time setting, which can be seen in Figure 9. Thus, it can be said that
the evolution of G' is related to the stiffening paste.



Figure 9. Correlation between rigidification rate and initial time setting

It is clear that the results of setting time have close correlation with the physical parameter of
consolidation, but this is not the only parameter that contribute to hardening. Changes on the storage
modulus was obtained due to chemical contribution.

3.5. Combined evaluation
The relationship between the storage modulus (G') and the cumulative heat over time is illustrated by
the graph G'/cumulative heat present in Figure 10. It shows what the evolution of G 'for the same heat
rate, i.e., indicates which is the efficiency with which the consolidation takes place over hydration. If
the greatest contribution to the consolidation is physical, G' is relatively larger and the slope of the
curve increases. Similarly, if the contribution is greater chemistry, cumulative heat increases relatively
and the slope of the curve decreases.
Thus, we can claim that the greater the inclusion of pre-hydrated cement, greater the slope of the curve
and more important is the physical contributing to the consolidation.

Figure 10: Analysis of G’/cumulative heat over the course of 4 hours of hydration
The comparison between the intensities of the modulus storage (G') and of the cumulative heat is
presented in the figure 11. Thus, the increase of the curves shows what is the efficiency with which the
chemical reaction is converted into consolidation.



Figure 11. Comparison of cumulative heat and G' in function of anhydrous cement content
Analyzing, for example, the composition with 100% anhydrous cement, it may be noted that the
relationship between G' and heat is approximately constant. This means that the consolidation of the
composition without prehydrated cement occurs during hydration without other influences.
However, the compositions with 50 to 75% of anhydrous cement, there is a significant increase in the
intensity of G' compared with the cumulative heat, so that the curve has a rapid inflection. Thus, it is
concluded that in these compositions small amounts of heat of reaction cause a great effect on
consolidation due to agglomeration caused by the prior addition of pre-hydrated binder.
Already the composition with 90% anhydrous has a different behavior: although at the beginning of
the reaction agglomeration prevail, then the heat is predominant with respect to G'. Thus, it can be
stated that pre-hydrate content of this composition does not cause prior agglomeration required to also
occur the increase in G' observed in other compositions.

4. Conclusions
Based on the tests and observations made in this work, it can be reached the following conclusions:

 The inclusion of pre-hydrated cement decreases the setting time in the pastes, with a very
good correlation;

 Compositions with a higher amount of pre-hydrated showed a lower rate of reaction;
 Pre-hydrated cement increased the induction time, which suggests that the suspension has its

solubility altered, which ends supersaturating it more easily;
 Analysis of the storage modulus (G') combined with the cumulated heat demonstrates that

physical contribution (agglomeration) is more decisive to consolidate the paste that chemical
reaction;

 comparing the intensity of consolidation (G') and the chemical reaction of hydration
(cumulative heat), for the compositions with less anhydrous cement (50 and 75%), small
amounts of reaction heat results in significant effects on the consolidation of the paste. The
same can’t be said about the composition with only anhydrous cement or with a lower amount
of pre-hydrated (90% of anhydrous cement);

Thus, the appropriate reuse of the pre-hydrated binder depends on adequate control of amount of
prehydrated added.
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Abstract
C-S-H gel is the main product in the Portland cement (PC) hydration. Of their structure and composition
depends the cement properties (strength, durability…). The mixes of others materials with PC provides
new cementitious materials with different properties. Understand the changes produces in the hydration
products in these blends improves their use.
This work studies the changes produced in the C-S-H gel by means Fourier Transform Infrared
Spectroscopy (FTIR). Several samples were studied, PC (as reference system), a system formed by PC
and calcium aluminate cement (CAC) with a 75/25 ratio, and two system formed by PC, CAC and
calcium sulfate (C) with an 85/15 ratio of PC/CAC with 3 and 5% of C. All samples were cured in two
environmental; at the air and under water, in order to observe the influence of curing. The samples were
studied at the 6 hours, 7 days, 12 and 32 months of age.
Results show in the PC, it changes to lower wavenumbers in the Q2 units positions over time. This fact
indicates a little transformation of structure like-tobermorite to structure like-jennite providing a C-S-H
less compact. Addition of CAC in PC hydration decreases the migration of Q2 units to lower
wavenumbers indicating that C-S-H structure is more compact in this case. When C is included in the
system, this migration of Q2 units is lower and the bands are sharper indicating the structure like-
tobermorite presence.
Other effect visible in the spectra is the decrease of bands due to Q1 units with the addition of CAC. The
greater presence of aluminates in the system provides substitutions of Si4+ by Al3+ in the C-S-H structure.
This fact produces longer chains reducing the units Q1. Different behaviors are observed in the cured
conditions showing higher transformation towards structures like-jennite in the samples cured under
water.
Several conclusions can be drawn of this work. First, it use of infrared spectroscopy as powerful tool in
the cement chemistry field. Not only as characterization technique but also it can be used for obtain
structural information about cement phases, both hydrated as anhydrous. Regarding addition of other
hydraulic materials at PC, the study shows formation of C-S-H more compact that will provide better
mechanical properties. Also the cured conditions have influenced about hydrated products structure.

Originality
This paper presents a study about C-S-H gel structure. Usually for this aim is used 29Si RMN technique
from where are obtained great results. This technique is a powerful tool but is very slow, since the
resident time of the sample is large in the order of days. In this case we study the influence in the C-S-H
formation of different hydraulic materials by means infrared spectroscopy. The results show changes in
the Q units that provide information about C-S-H structure. Originality of this work reside in the use of
the FTIR for obtain structural information, being faster and cheaper than other techniques.

Keywords: C-S-H, infrared spectrum, structure, blended cements
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1. Introduction
C-S-H gel is the main product in the Portland cement (PC) hydration. Cement properties
(strength, durability…) will depend of C-S-H structure and composition. C-S-H structures are
complicated of to study by means XDR due to low crystalline. It is consequence of ions
incorporation in his structure (Mg2+, Al3+ or Fe3+) (Taylor H. F. W., 1990). C-S-H nanostructure
will depend of Ca/Si ratio which can range from 1.2 to 2.1 (Grutzeck M.W., 1999).

C-S-H is amorphous, but it has a certain order. Exist two main models to describe of C-S-H
structure:

 Proposed model by Taylor is based in layer 1.4 nm like-tobermorite blend with layer
like-jennite (Taylor H. F. W., 1993,1986).

 Proposed model by Richardson and Groves based in structures like-tobermorite with
layer of calcium hydroxide (Richardson I. G., Groves G. W., 2004, 1993).

Both models consider at the gel as disorderly structure in layers like-tobermorite and like-
jennite, where each layer is formed by silicates chains.

In the Figure 1 are depicted schematically a C-S-H structure with their different structural units.
The chain of SiO4 tetrahedra in the upper part illustrates an octameric unit where two bridging
SiO4 tetrahedra () connect three dimers, resulting in two SiO4 end groups (Q1) and four paired
SiO4 sites (). The lower part of Figure 1 shows the incorporation of Al in a bridging site and the
corresponding two Q2(1Al) sites (i.e., a SiO4 chain unit connected to one SiO4 and one AlO4
tetrahedron). Moreover, a defect in the tobermorite structure is illustrated by a missing bridging
tetrahedron in the lower part, which results in two neighboring Q1 sites (Skibsted. J., 2004).

The composition of the C-S-H gel varies over time, with the additions, temperature… One most
important characteristic in the gel composition is Ca/Si ratio, so gels more evolved and with

Figure 1 Schematic representation of a single layer in the crystal structure for a 14 Å
tobermorite (Skibsted. J., 2004).



chains longer or complexes seem to be poorer in Ca (Fuencisla I., 2012). The average ratio
Ca/Si in the commercial cements varies between 2.3 and 0.7 (Thomas J. J. et al., 2006). In
several gels there is a substitution of Si4+ by Al3+, due to mixed with wastes or other cement
kind as calcium aluminate cement (CAC). This fact leads to a decrease of Ca/Si ratio and to an
increase of Al/Ca ratio.

A lot of works study the structure of C-S-H gel by means RMN technique with isotopes of 27Al
and 29Si. In the literature there are few works that study the gel by infrared spectroscopy. Yu et
al. performed a study where identified by FTIR (Fourier transform infrared spectroscopy) the
different structures present in a C-S-H gel. These authors established the main bands of the gel
and differentiating the vibrations between like-tobermorite structures and like-jennite structures.
Infrared spectroscopy have become as a useful, non destructive technique to study the phase
composition of initial and the hydration products. Moreover, by using this tool is possible the
detection of crystalline but also the amorphous phases, as gel C-S-H. The infrared spectroscopy
is used both gather information about the structure of compounds and as analytical tool to assess
in qualitative and quantitative analysis of mixtures. (Fernández-Carrasco et al., 2012).

For generate new properties or improve some of them in PC, exist a great number of composites
formed by one or more cements with several additions. The different combinations of materials
produced variations in the hydrated phases that lead to changes in their structures (Torrens-
Martin D., 2013). Adding new components as CAC or calcium sulfate (C) both together or
separately can improve certain properties of PC (Torrens-Martín et al., 2013). This type of
mixed produced a blended building material that in the last years has increased their demand
(Mainer S., 2008).

This work is focused in the study of changes produced in the C-S-H gel when is adding at
hydration of PC different proportions of CAC and C. Also was studied the influence of the
cured in the C-S-H development using two cured different (water and air). The changes
produced during of hydration in the gel were monitored by means of FTIR.

2. Experimental
2.1. Raw Materials
The materials used in this research were Portland cement type I 52.5R, Electroland calcium
aluminate cement and a commercial calcium sulfate from Algiss. The X-ray fluorescence
technique (XRF) was used to determine the chemical composition of the cements (Table 1).
Both cements and the calcium sulfate were analyzed by X-ray diffraction (XRD) to verify their
mineralogical composition (Figure 2).

Table 1 Chemical composition of raw materials/%
CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 MnO K2O P2O5

CP 63.25 19.56 5.04 3.50 3.00 1.96 0.22 0.04 0.75 0.06
CAC 36.54 4.83 40.55 15.50 0.10 0.50 1.68 0.02 0.05 0.09



Figure 2 Diffraction patterns of raw materials
C3:C3S, C2:C2S, A3:C3A, ff:C4AF, A:CA, Y:C2AS, T:C3FT,

H:CaSO4·0,5H2O, G:CaSO4·2H2O, C:CaCO3

2.2. Experimental Process
PC with different additions was studied, the proportion of raw materials used is shown in Table
2. It was studied one sample of PC for establish it as reference system. To see the influence of
CAC was studied one sample with PC/CAC ratio of 75/25. 85/15 ratio with 3 and 5% of C was
studied to see the influence of sulfate in the C-S-H gel development. The water/cement ratio
was kept constant at 0.4. The paste was cured for 6 h inside a curing chamber under the
following conditions: 97% of relative humidity (RH) and 20˚C. After this period, samples were
cured under two different conditions: (i) in the chamber at 20˚C and 97% RH (hereafter called
dry curing) and (ii) immersed in distilled water at 20˚C (wet curing). The selected ratio for the
immersion was 2 ml of water per 1 g of cement paste. All samples were studied a different ages;
6 hours, 7 days, 12 and 32 months. The hydration stop was performed with the acetone/ethanol
method (Zhang J., et al. 2011).

Table 2 Proportion of raw materials /%wt
Composition %CP %CAC %CS

PC 100 0 0
75/25 75 25 0

85/15 3% 82.45 14.55 3
85/15 5% 80.75 14.25 5

The infrared spectroscopy analysis was carried with a Fourier transform infrared spectroscopy
Nicolet 6700 with a He/Ne laser source, CsI beamsplitter and DTGS-CsI detector. The
spectrums of the samples were registered in the region of mid-infrared (4000–400 cm-1) with a
spectral resolution of 4 cm-1. The samples for FTIR were prepared using the pellets procedure (1
mg sample/300 mg KBr).

3. Results and Discussion
3.1. C-S-H Infrared Study in a Portland cement



Figure 3 show the study by FTIR in the zone due to Si-O vibrations (1100-700 cm-1) for the PC.
The spectra depicted are at 6 hours and for the two cured at 7 days, 12 and 32 months. There are
not differences between the both cured, except a band due to carbonates, stronger in the sample
dry.

Figure 3 Infrared spectra for PC at 6 hours, 7 days, 12 and 32 months in the both cured; dry and wet.

At 6 hours the band is centered at 930 cm-1, indicating that the band is composed mainly for
vibrations due to anhydrous silicate (Fernández-Carrasco et al. 2012). These vibrations
disappear when the hydration advances. Q2 units are centered at 974 cm-1 moving to high
wavenumbers at 12 months. According to Yu et al. (1999) this fact indicates a polymerization of
gel toward like-tobermorite structure. To 32 months appear two shoulders at 1075 and 908 cm-1

and the Q2 units down to lower wavenumbers. These changes could indicate that C-S-H gel is
transformed in a like-jennite structure. The shoulders in the Si-O band vibration are more visible
in the wet sample suggesting that the change is faster under water. On the other hand, Q1 units,
at 820 cm-1, are detectable from 7 days, with more intensity in the wet sample.

3.2. Effect of aluminates in the C-S-H development
For to know the influence of aluminate presence in the C-S-H development was studied a
sample with a 25% of CAC. It performed an infrared study in the Si-O vibrations zone in the
same way as in the previously case. The spectra records are in the Figure 4.



Figure 4 Infrared spectra for 75/25 sample at 6 hours, 7 days, 12 and 32 months
in the both cured; dry and wet.

At 6 hours there are bands stronger due to anhydrous silicate though are overlapping with
carbonates vibrations. This great presence of anhydrous silicate at early ages is due to a delayed
in silicate hydration. Delay is produced by an ettringite layer around silicate grains which comes
from the reaction between aluminates and sulfates preventing the normal silicate hydration (Gu
P. et al. 1997, Torrens-Martin D., et al 2013).

When hydration time advances Q2 units are centered at 977 cm-1. The bands are sharper than in
the PC sample. This fact indicates that the band is formed for less contributions (Nakamoto K.
1986), being the gel more homogeneous in their structure. According with Yu et al. (1999) these
Q2 units positions are due at a like-tobermorite structure. At 32 months the Q2 units do not move
to lower wavenumbers, though the shoulders appear with minor intensity towards 1075 cm-1

(wet) and 908 cm-1 (wet and dry). These two facts indicate a lower transformation to like-jennite
structure.

Q1 units towards 810 cm-1 show weak bands from 12 months. This is due at increase in the gel
chains with respect at PC sample. Skibsted et al. (2003, 2004) observed by means of 27Al and
29Si NMR that more substitution of Al3+ for Si4+ in the C-S-H produces gels with chains longer.
Therefore the presence of CAC in PC hydration leads to inclusion of Al3+ in the gel, generated
gels more polymerized with chains more longer.

3.3. Effect of sulfates in the C-S-H development
Two percentages of C (3 and 5%) was studied in a composition with PC/CAC ratio of 85/15.
With this, the influence of sulfate will be observed in the development of gels formed by CP
cements in the presence of aluminate. Increasing the proportion of sulfate will be obtained better
view of the effect it produces. The spectra registered are in the Figure 5.



Figure 5 Infrared spectra for 85/15 sample at 6 hours, 7 days, 12 and 32 months
in the both cured; dry and wet. a) with 3% of C b) with 5% of C.

Q2 units are centered towards 972 cm-1 at 7 days, moving at lower wavenumbers when increases
hydration time. At 32 months the main band is broader and appear two shoulders at 908 and



1075 cm-1. The change in the wavenumbers and the appearance of shoulders can be interpreted
as apparition a like-jennite structure. This fact in this composition is due at lower proportion of
aluminates that produced gels less polymerized.

This fact is not produced in the same way in the different cured. The shoulders in the band due
to Si-O vibrations, and particularly the centering in 908 cm-1, have more intensity in wet
samples. Therefore in the compositions cured under water the gel have more contributions of a
like-jennite structure.

The contribution like-jennite structure is lower in the compositions with more proportion of C.
So Q2 units in the samples with 3% of C are towards 977 cm-1 at 7 days, moving to 969 cm-1 at
32 months. On the contrary, Q2 units in the cases with 5% of C change from 981 cm-1 to 971cm-

1, indicate higher presence of like-tobermorite structure. Also the shoulders due to like-jennite
structure are weaker in the compositions with more C.

Q1 units, towards 820 cm-1, are more intense in the samples under water and with low
proportion of C. Therefore the compositions dry and with more C present longer chains. This
fact can indicate that the presence of C favors the incorporation of Al3+ in the C-S-H gel.

C-S-H gel structure developed for the PC will be a combination between like-tobermorite
structure and like-jennite structure. At first hours, the majority will be like-tobermorite structure
and when the hydration time advance will appears like-jennite structure. Adding CAC and C
will influence in this fact making it slower, producing gels with a more contribution of like-
tobermorite structure. Increasing CAC and C proportions also causes that the gels have longer
chains. The cured will influence in the C-S-H formation, dry samples have a minor contribution
of like-jennite structure with longer chains. In the Table 3 are the main vibrations observed for
Si-O.

Table 3 Main Si-O vibrations
anh:anhydrous, s:sharp, w:weak sh:shoulder

6 hours 7 days 12 months 32 months
CP 930 (anh) 820 Q1 974 Q2 969 Q2

1075 (sh) stronger in wet cured
908 (sh) stronger in wet cured

CP+CAC 923 (anh) 977 Q2 (s) 977 Q2 977 Q2
810 Q1 1075 (sh, w) in wet cured

908 (sh, w) in dry and wet cured
3% C 920 (anh) 977 Q2 969 Q2

820 Q1 stronger in wet cured
908 (sh) stronger in wet cured

1075 (sh)
5% C 925 (anh) 981 Q2 971 Q2

820 Q1
908 (sh, w)
1075 (sh, w)

4. Conclusions



The following conclusions can be drawn from the present study:
 Adding aluminates to PC achieve gels more polymerized and with longer chains, due to

incorporation of Al3+ in the gel.
 Adding C is achieved gels with more contributions of like-tobermorite structures.
 Samples cured under water have a more contribution of lke-jennite structure.
 Infrared spectroscopy is present as good tool for the structural analysis in the cement

chemistry obtained results in less time.
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Abstract:
Cement slurry is commonly used with different additives in the oil well construction to fulfill many functions such
as protecting steel casing from corrosion, restricting fluid movements between formations, isolating the drinking
water zone et al. As one of the major additives, polymer latex is often added into the cement slurry to fulfill the
tasks of enhancing the ductility and impermeability of hardened cement paste. Styrene-acrylate (SA) latex
represents one of the main classes of polymer latex used in construction industry. However, a major drawback of
the styrene-acrylate latexes is the severe retarding effect on the cement hydration, especially under elevated
temperature. In order to disclose the retardation mechanism, a series of styrene-acrylic polymer latexes with
varied monomer combination were synthesized through semi-batch emulsion polymerization. Butyl acrylate (BA)
and styrene (St) are used as the major monomers during the synthesis. The mass fraction of BA in the total
monomer amount varied from 0 to 62%. Influences of the synthesized latexes on the setting time of cement paste
and the kinetics of cement hydration were investigated at 25 C and 80 C by means of Vica tests and isothermal
calorimetry. Polymer dosage in cement pastes were set at 5, 8 and 12% by weight of cement (bwoc). It is found
that higher temperature strongly promote the setting and cement hydration, while such acceleration effect of high
temperature is largely compensated when polymer latex with high content of BA is added in the cement paste. It is
hypothesized that the severe hydrolysis of SA polymer under alkali condition and elevated temperature may
produce a large amount of carboxylate groups, which may contribute strong retardation effect on cement
hydration. Hydrolysis of SA polymers in alkali condition and elevated temperature was confirmed by FTIR. It is
clearly shown that SA polymer hydrolyzes in cementitious condition and elevated temperature strongly accelerates
the hydrolysis process. Pore solution analysis reveals that Ca2+ ion concentration is strongly depressed by the
addition of BA latex at 80 C compared to the blank cement paste, while it is not much influenced at 25 C by the
addition of latex. The SA polymer with higher content of BA units produces more carboxylate groups in alkali
condition and elevated temperature, which should be responsible for the retardation of cement hydration. As a
conclusion, the cement hydration in the presence of SA latex polymer is accelerated by elevated temperature, but
retarded by the carboxylate functionalities produce by the hydrolysis of SA polymer under alkali condition.

Originality
The severe retardation effect of styrene-acrylate latex on the cement hydration has been found for a long time. In
oreder to disclose the retardation mechanism, the setting time of cement paste and the kinetics of cement hydration
were investigated at 25 C and 80 C by means of Vica tests and isothermal calorimetry with the polymer dosage
of 5, 8 and 12% bwoc. Hydrolysis of SA polymers in alkali condition and elevated temperature was confirmed by
FTIR. Pore solution analysis reveals that Ca2+ ion concentration is strongly depressed by the addition of BA latex
at 80 C compared to the blank cement paste, while it is not much influenced at 25 C by the addition of latex.
From the tests results, they are clearly shown that the cement hydration in the presence of SA latex polymer is
accelerated by elevated temperature, but retarded by the carboxylate functionalities produce by the hydrolysis of
SA polymer under alkali condition.

Keywords: Cement hydration; Styrene-acrylic latex; Hydrolysis; Temperature; Carboxylate
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1. Introduction
Cement slurry with different chemical additives is commonly used in the oil well construction
to fulfill many functions such as protecting steel casing from corrosion, restricting fluid
movements between formations, isolating the drinking water zone et.al (X.Y Pang et.al., 2013;
Jie Zhang et.al., 2010). As one of the major additives, polymer latex is often added into the
cement slurry to fulfill the tasks of enhancing the toughness (I. Ray, et.al., 1995) and
impermeability of hardened cement paste (hcp) (M. Leo, et.al., 1995). Styrene-acrylate (SA)
latex represents a big class of polymer latex used in construction industry (D. Urban et.al.,
2002), in which styrene (St) and n-butyl acrylate (BA) are the main monomers for the
synthesis. It is generally known that increasing n-butyl acrylate content in the monomer
combination during synthesis will decrease the glass transition temperature (Tg) and benefit
the flexibility and film formation capability of the resulted polymer. When polymer latexes
are added into cementitious materials, lower Tg polymer may improve the ductility and
impermeability of the hardened materials (A. Gutiérrez-Mejía et.al., 2013). However, it has
been realized that the addition of polymer latex often leads to significant influence on the
cement hydration, mainly retarding the hydration. It was reported that the acrylate based
polymer strongly retards cement hydration compared with other polymers such as SBR latex
and vinylacetate (VAc) based polymer (Z. Su et.al., 1991). It has been also demonstrated
(K.M. Atkins et.al., 1991) that the acrylic based polymers can be partially hydrolyzed in
cementitious environment and thus lead to marked retardation effect on the cement hydration.
On the other hand, other researchers (Z. Su et.al., 1991) proposed that the suppression of
hydration by acrylate based polymers is partly due to the adsorption of polymer on cement
grains. In oil well cementing projects, cement slurry is pumped into the gap between the steel
casing and the borehole and the hardened cement paste is expected to mechanically bonding
and supporting the casing. During hardening, the cement slurry is subjected to elevated
temperature up to 200 C, depending on the depth of the oil well. Because of the hydrolysis of
acrylate repeating units in SA polymer under the alkali cementitious conditions, especially at
elevated temperature, there is great apprehension about using SA latex in oil well cementing,
in spite of many advantages of SA latex.
To our best knowledge, no literature was published on the retardation effect caused by SA
latex under elevated temperature so far. This paper aims at disclosing the influences of SA
latex on the cement hydration and preliminary understanding the mechanism behind. Three
SA latexes with varied butyl acrylate content (0, 25 and 62%) in the monomer combination
were synthesized via semi-batch emulsion polymerization. The impacts of the obtained
latexes on the setting time of cement paste and the kinetics of cement hydration were
investigated at 25 C and 80 C by means of Vica tests and isothermal calorimetry. The
fourier transform infrared (FTIR) spectra and inductively coupled plasma optical emission
spectrometry (ICP-OES) were adopted to study the retardation mechanism.
2. Experimental
2.1 Materials
Analytical grade of chemicals, styrene (St), n-butyl acrylate (BA), N,N-dimethyl acrylamide
(DMA), sodiumpersulfate (SPS), sodium hydroxide were used as received (all >98% purity).
Emulsifier MS-1 (C8H17C6H4O(CH2CH2O)10COC3H6-SO3Na, 40 wt.% aqueous solution) and
emulsifier OP-10 (C8H17C6H4O(CH2CH2O)10H, 40 wt.% aqueous solution) were provided by

app:ds:butyl acrylate
app:ds:sodium
app:ds:persulfate


Haian petrochemical factory. Fluidizer (water-soluble sulfonated acetone-formaldehyde resin)
used in the cement paste preparation was provided by the Sinopec Research Institute of
Petroleum Engineering. Deionized (DI) water was used in all experiments in this study
including synthesis of polymers and preparation of cementitious mixtures.
G class oil cement produced by Sichuan Jiahua cement plant was used in this experiment. The
chemical composition of the cement was measured by X-ray fluorescence spectrometry (XRF,
LAB CENTER XRF-1800, SHIMADZU), and the mineral compositions were calculated
according to the Bogue equation. The composition of the cement is listed in Table 1.

Tab1 Composition of class G oil well cement. (wt.%)

CaO SiO2 Fe2O3 Al2O3 SO3 MgO K2O Na2O C3S C2S C3A C4AF Others

61.5 23.5 5.5 3.4 2.9 1.7 0.6 0.2 33.0 43.0 0.0 16.0 3.1

wt.% —Mass fraction.
2.2 Synthesis and characterization of the styrene-acrylate latexes
The SA latexes were prepared by emulsion polymerization in a 1000 mL three-neck glass
flask equipped with a mechanical stirrer, dosing units for both the pre-emulsion of all
monomers and the aqueous solution of the initiator. A water bath with tuned temperature of 90
C was used to ensure the constant temperature during polymerization. Initiator solution was
prepared by dissolving 1.56 g SPS in 195.9 g DI water. Monomer emulsion was prepared by
mixing monomers (total mass is 342.8 g and the mass ratio of various monomers is shown in
Table 2), emulsifiers (6.6 g MS-1 and 2.8 g OP-10) and 150.4 g DI water using a high-shear
mixer at 10000 rpm. Firstly, 5.7 g emulsifier that was dissolved in 118.9 g deionized (DI)
water was charged into the flask. The pre-charge was then heated up to 90 C under stirring
and kept for 5 min. The monomer emulsion and the initiator solution were then separately
dosed into the flask at constant dosing rate over 3.5 h and 4.0 h respectively. Afterwards, the
reactant was kept at 90 C for another 0.5 h to complete the polymerization. The obtained
polymer dispersion was then cooled down to the room temperature. Solid content of the
prepared polymer dispersions was measured by drying a certain amount of the polymer
dispersion at 80 C until constant weight was reached. The measured solid content of the
prepared polymer dispersion was about 40%. Particle size and zeta potential of the prepared
latexes was determined by dynamic light scattering (DLS) with a Malvern Zetasizer 3000hs
(UK). The glass transition temperature (Tg) of the dried polymers was measured by
differential scanning calorimetry (DSC Q2000, TA instruments®, USA). The physical
parameters of these synthesized latexes were summarized in Table 2.

Tab 2 Physical parameters of the synthesized latexes.

Latexes
Monomer combination Particle

diameter /nm
Tg

/C
Zeta potential /mV
（pH=13）Styrene /% BA /% DMA /%

BA0 98 0 2 234.3 110.0 -43.3
BA25 73 25 2 201.7 61.0 -33.8
BA62 36 62 2 159.2 -5.0 -30.4

2.3 Methods

2.3.1 Setting time test
The cement paste was prepared with a fixed water to cement ratio (W/C) of 0.44 and the
latexes dosage in the cement paste were varied at 5, 8 and 12% by weight of cement (bwoc).



The dosage of fluidizer was fixed at 0.3% bwoc.
Firstly the chemical additives, polymer latex, water, and cement were added into a cement
slurry mixer and mixed at 270 rpm for 2 min. The homogenously mixed cement slurry was
then poured into the mold for Vica test. The initial and final setting time of cement slurries
with and without SA latexes at curing temperatures of 25 C and 80 C respectively were
measured as described in the GB/T 1346–2001.
2.3.2 Iso-thermal calorimetry
TAM-air micro-calorimeter (Thermometric AB, Sweden) was employed to monitor the heat
evolution of the cement pastes to investigate the influences of polymer latexes on the cement
hydration. Prior to the tests, the calorimeter was regulated at constant temperature of 25 ±
0.02 C or 80 ± 0.02 C and equilibrated for 24 h. The W/C of the cement paste was fixed at
0.44 and polymer dosage in cement paste was varied at 5, 8 and 12% bwoc. Thereafter, the
freshly mixed cement pastes were promptly placed into the channels of the calorimeter and
the heat evolution of the samples was recorded within 48 h.
2.3.3 Fourier transform infrared (FTIR) spectra
The chemical structure of the latex polymers were characterized by a FTIR (Nicolet 6700 TIR,
Thermo Fisher Scientific, USA) instrument with a resolution of 4 cm−1. The alkaline
treatment experiment of the latexes was conducted by mixing 20 g latex and 80 g NaOH
solution (0.1 mol/L, pH=13) The mixture was then maintained at 80 C under stirring for a
period of 50 h. At time points of 10 h, 30 h and 50 h respectively, a certain amount of the
mixture was taken for FTIR analysis after neutralized to pH=7 with hydrochloric acid. It is
well understood that the latex may contain a tiny amount of residual monomers, oligomers,
free surfactants, salts and some byproducts of hydrolysis. The latexes were purified by
technique of dialysis in order to minimize the negative influences of those components on the
FTIR spectra of the major polymer of the latex. To remove the components in the aqueous
phase of the latex, a celluloseester semi-permeable membrane MD44-7 with nominal
molecular weight cut-off of 7000 Da provided by Beijing Ruida Henghui Scienceand
Technology Development C o. Ltd, was used in dialysis experiments, which allows globulin
with a molecular weight of less than 7000 and ions to pass through.
A certain amount of latex was poured into a dialysis bag and then immersed into 500 g DI
water. The conductivity of the dialysate was continuously measured to estimate the cleanness
of the dialysate. The dialysate outside of the dialysis bag was renewed every 6 h. The dialysis
ended when the conductivity of the dialysate dropped below 30 μS/cm. The polymer film was
prepared by drying a certain amount of the purified polymer latex at 60 C for 24 h and then
scanned by a FTIR apparatus in the absorption mode from 400 to 4000 cm−1 at 25 °C.
2.3.4 Pore solution analysis
Pore solution analysis was conducted in order to disclose the mechanism behind the
influences of polymer latexes on the cement hydration. Interstitial solution of cement paste
was obtained by centrifuge at varied elapsed time and analyzed by means of ICP-OES. The
evolution of Ca2+ ion concentration in the interstitial solution of fresh cement pastes without
and with polymer latex was followed. The cement slurry was prepared in the same way as
described in 2.3.1 and the dosage of SA polymer was fixed at 8%. The cement paste samples
were slowly agitated in sealed polyethylene flasks by a head-over laboratory agitator to keep
them homogenous before hardened. At varied elapsed time, e.g. 5 min, 1 h, 2 h, 3.5 h, 5 and 8



h, a part of the cement paste was centrifuged for 10 min at 8500 rpm (Biofuge Primo R,
Heraeus Instruments, Hanau, Germany) to separate the interstitial solution from the
unhardened samples. The supernatant liquids (clear transparent solution or turbid white
dispersion) were filtered using a 0.45 µm syringe filter to remove the residual cement grains.
10g of the filtrate was acidified to pH≈1.5 using 1.0 wt.% nitric acid. In the case of the
supernatant liquid present turbid and white, which suggests that a certain amount of polymer
exists in the supernatant liquid, the dialysis technique was adopted to separate the latex
polymer from the supernatant liquid. The semipermeable membrane used in dialysis
experiments was the same as described in 2.3.3. Firstly, 5 g acidified supernatant liquid was
added into a dialysis bag. The completely sealed dialysis bags filled with the supernatant
liquid was placed into a container filled with 50 g nitric acid solution (1 wt.%) dialysate. With
continuous dialysis for 24 h, it was expected that the ion concentrations inside and outside of
the dialysis bag reached equilibrium. Thus, the outside solution, which is free of the latex
polymer, was subjected to the chemical analysis by inductively coupled plasma optical
emission spectrometry (ICP-OES, IRIS Intrepid II XSP). The ion concentration in the original
interstitial solution of a hydrating cement paste was back calculated from the measured values
by ICP-OES.
3. Results and Discussion
3.1 Setting time of the cement pastes
Figure 1 presents the setting times of the polymer modified cement pastes at 25 C and 80 C
respectively. It is seen that at 25 C the addition of various SA latexes prolongs the setting
time of cement pastes by 5 to 10 h. The delay of the setting is dependent on the dosage of the
SA polymers as well as the type of the SA polymers. For the blank cement paste, the setting
time is markedly shortened by the elevation of the temperature, when the cases of 25 C and
80 C are compared. This is in good agreement with the literatures (J.I. Escalante-Garcia et al.,
1998), which reported that higher temperature significantly promotes the cement hydration.
For polymer modified cement paste, the same accelerated hydration by the elevation of the
temperature was at lower dosages of SA polymer. However, it was surprisingly found that for
the BA62 modified cement paste at dosages of 8 and 12%, the setting time was prolonged to
as long as 50 h and 265 h respectively. We call this phenomenon super-retardation effect. This
is certainly contrary to the well-known fact that higher temperature usually leads to faster
hydration of cement. What is the cause of the super-retardation effect of the BA62 polymer
remains unclear.



Figure 1 Setting times of the cement pastes containing various SA latexes (at dosages of 5, 8, 12%
bwoc) at 25 °C and 80 °C respectively.

3.2 Hydration kinetics measured by isothermal calorimetry
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Figure 2 Calorimetry curves of the cement pastes in the presence of latexes at different dosages (5, 8,

12% bwoc) at 25 C (a) differential heat flow and (b) cumulative heat flow.
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Figure 3 Calorimetry curves of the cement pastes in the presence of latexes at different dosages (5, 8,

12% bwoc) at 80 C (a) differential heat flow and (b) cumulative heat flow.
Isothermal calorimetry has been a powerful and simple technique for investigation of the
kinetics of cement hydration. The calorimetry curves of the cement pastes in the presence of
various SA latexes at varied dosages under two temperatures are presented in figure 2 and
figure 3. More information about the cement hydration can be obtained from the calorimetry
curves. It is clearly shown that the three latexes exhibit different influences on the cement
hydration. From figure 2, one can see that with increasing BA content of the latex, the main
hydration peak during the acceleration period is slightly shifted rightwards and the height of
the peak is clearly depressed. Higher dosage leads to more depression on the hydration. In
addition, the total hydration heat at 40 h is obviously reduced by the addition of latexes. One
clear trend is that at a certain dosage, the SA polymer with more BA units exhibits stronger
impacts on the cement hydration. In the case of hydration at 80 C, it is clearly seen from
figure 3 that the hydration peak mostly presents before 5 h and total hydration heat at 40 h
reaches as high as 300 J/g cement. When the three SA latexes are compared, it is again found
that BA62 shows much stronger retardation effects than the other two polymers at 80 C. No
hydration peak can be observed within 10 days for the BA62 modified cement paste at dosage
of 12% bwoc. The calorimetry results confirm the findings from the setting time
measurements for the cement pastes modified with various SA polymer. The super-retardation
of the BA62 polymer at high dosage is again observed from the calorimetry results.
It is generally accepted that the retardation effect of polymer latex on the cement hydration
mainly results from the following two aspects: 1) adsorption of polymer particles on the
surface of cement grains, which may act as a barrier layer for diffusion of water and ions
cross the interface between cement and aqueous phase or restrict the nucleation of hydration
products; 2) complexation of polymer with ions in the pore solution of a hydrating cement
paste, which mainly influences the Ca2+ ion concentration due to the interaction between



carboxylic groups in polymer and Ca2+ ions (X.M. Kong et al., 2009; J.-R. Hill et al., 2004).
To understand the abovementioned super-retardation mechanism of BA62 polymer, we
suppose that the complexation of polymer with Ca2+ ions might be the main factor, because
the adsorption of the three SA polymer on cement surface should be similar. As the adsorption
of polymer particles on cement surface is mainly driven by the electrostatic force between
polymer particles and cement surface, the adsorption process of the three SA latex particles
should be similar due to their similar Zeta potential (-43.3, -38.8, -30.4 mV for BA0, BA25
and BA 62 respectively ). It has been also reported that the acrylate monomer units in SA
polymer may hydrolyze in the alkali condition and hence carboxylic groups are produced. It is
reasonable to presume that the hydrolysis of the acrylate monomer units in SA polymer is
accelerated at higher temperature. Therefore, we believe that the severe hydrolysis of BA 62
at 80 C is the main cause responsible for its super-retardation effect.
3.3 FTIR spectra
FITR technique was applied to investigate the hydrolysis of BA 62 polymer in alkali
condition. The FTIR spectra of the BA62 polymer before and after alkali treatment at 80 C
for 0 h, 10 h, 30 h and 50 h were provided in figure 4. The peak at 1728 cm-1 is assigned to the
stretching bands of -C=O in BA. The absorption peak at 1651 cm-1 corresponds to the
amino-carboxyl group which derives from the monomer DMA. Moreover, the characteristic
band of St appears at 698 cm-1 for the C-H bending vibration. The presence of these
characteristic peaks in the FTIR spectra of the purified latexes samples demonstrates the
successful co-polymerization of the involved monomers. On the other hand, with the
increasing alkaline treatment time, weak signatures of carboxylate can be seen in the
1400-1600 cm-1 region. To enhance these effects, various difference spectra were constructed.
In figure 5, the difference spectra employ the BA62 without alkaline treatment as reference.
Now, the spectroscopic features can be seen significantly clearer and we observe the
development of band at 1454 cm−1 and 1571 cm-1 corresponding to the carboxylate (K.M. Su,
2002) and the decreasing of band at 1728 cm-1. It is obviously indicated that the ester group in
the BA were hydrolyzed into carboxylate under high temperature and intense alkalinity
condition
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Figure 4 FTIR spectra of the polymer BA62 before and after alkaline treatment under 80 C for
different time.
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Figure 5 Difference spectra where the absorbance spectra of as received initial spectrum has been
subtracted from the absorbance spectra of alkaline treatment for 10 h, 30 h and 50 h. The spectra are

shown offset for clarity.
3.4 Analysis of pore solution
In order to confirm the above hypothesis, the evolution of Ca2+ ion concentration in the pore
solution of the cement in the absence and presence of SA latex with the dosage of 8% at 25 C
and 80 C were investigated by ICP-OES, as shown in figure 6. It is seen that at 25 C, the
Ca2+ concentration in the pore solution of cement pastes is located in a range of 15-20 mmol/L
regardless of the addition of various latexes. Compared to the case at 25 C, the calcium
concentration in the neat cement paste at 80 C boost to about 35 mmol/L within the first 1 h,
and then slightly decrease to 32.5 mmol/L at 2 h. We believe that this phenomenon is caused
by the accelerated dissolution of the mineral phase at the beginning of water cement contact
and the increased solubility of the calcium containing hydration products at higher
temperature. In the presence of the SA latexes, however, the Ca2+concentration initially keeps
constant at a level of about 16 mmol/L and then starts to grow at the time points that which
accurately corresponds to the end of the induction period as indicated in figure 3. With
increasing BA content, the SA latex extends the time period of low Ca2+ concentration. It has
been generally accepted that the carboxyl groups in polymers can complex Ca2+ ions in the
pore solution of a hydrating cement paste (X.M. Kong et al., 2009; J.R. Hill et al., 2004).
Most probably, the anionic SA particles sequester Ca2+ ions from the pore solution via the
carboxyl groups generated from the hydrolysis of ester groups. Thus the Ca2+ concentration
stays constantly at lower level compared to the blank paste. In this case, the time for Ca2+ ions
to reach the supersaturation condition is prolonged and hence induction period is lengthened.
All of these results confirm the retardation effect of the polymer latex with higher BA content
on cement hydration at elevated temperature is caused by the accelerated hydrolysis of ester
groups and the subsequent capture of Ca2+ ions in the pore solution by the formed carboxyl
groups. The super-retardation effect of the high BA containing SA latex can be thus
successfully explained.
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Figure 6 Evolution of calcium concentration in the pore solution during hydration at 25 C (a) and 80

C (b) in the presence and the absence of SA latexes (8% bwoc).

4. Conclusion
The retardation effect of SA latexes with varied content of BA repeating units on the oil well
cement hydration was studied in this paper. On the basis of obtained results, the following
conclusions can be drawn.

1) At 25 C, the addition of latex slightly prolongs the induction period and thus delays
the setting time;

2) The setting time is markedly shortened by the elevation of the temperature for the
blank cement paste and the addition of BA0 and BA25 slightly increase the setting time
compared to the blank cement paste at 80 C. However, it was surprisingly found that for the
BA62 modified cement paste at dosages of 8 and 12 %, the setting time was prolonged to as
long as 50 h and 265 h respectively. We call this phenomenon super-retardation effect;

3) FTIR results show that for the latex with high BA content, the ester group in the BA
repeating units was hydrolyzed into carboxyl groups under high temperature and strong
alkaline condition. Literatures show that the carboxylate groups can complex the Ca2+ ion in
the solution and consequently the concentration of Ca2+ ion could be significantly decreased
by the chelating effect in a hydrating cement paste;

4) The pore solution analysis result also prove that the SA latex with high BA content
obviously decrease the calcium ion concentration in the solution.
Hence, based on the abovementioned results, the mechanism of the super-retardation effect of
the latex with high BA content can be proposed as following. The severe hydrolysis of the SA
latex under high temperature and intense alkalinity condition produces a large amount of
carboxyl groups in the latex polymers. Thus, the latex particles act as a calcium ion capture
due to the well-known complexing effect of the carboxyl groups with the calcium ions.
Therefore, it is believed that the super-retardation of the high BA containing latex is caused
by the continuous hydrolysis of BA units in cementitious condition at elevated temperature
and the continuous absorption of Ca2+ ions from the pore solution by the formed carboxyl
groups.
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Abstract
In recent years, a novel concept to accelerate cement hydration has been proposed by adding

external nuclei into a hydrating cementitious system, which is called seeding technology. In this way,
promotion of the early strength growth of the cementitious materials can be expected. On the other
hand, supplementary cementitious materials (SCMs) and chemical admixtures have become
indispensable components in practice of the modern concrete and mortar formulations. It has been
realized that many popularly used SCMs such as fly ash and the mostly applied superplasticizers such
as polycarboxylate superplasticizer (PCE) often lead to lower early strength of the hardened materials
due to the slower reaction rate or the retardation effect on cement hydration, which is undesired in
many application fields, e.g. pre-fabricated concrete industry and repair mortars.

In this paper, nano-sized C-S-H particles (Nano-C-S-H) are prepared and fully characterized by
particle size analysis, FTIR, XRD, TGA, and TEM. The Nano-C-S-H is added as admixture into
Portland cement (OPC) systems containing either fly ash as SCM or PCE as chemical admixture. The
working mechanism of the Nano-C-S-H particles in influencing the cement hydration is systematically
investigated by using techniques of isothermal calorimetry. Characterization of the pore structure of
the hardened cement pastes was studied by MIP. Strength development of the mortar with inclusion of
Nano-C-S-H is followed within the age of 28d.
Results show that the Nano-C-S-H particles significantly enhance the early strength development for

both cement mortars containing fly ash and PCE without visible reduction of the late strength. In fly
ash containing OPC system, the cement hydration is visibly promoted by the addition of the nano-sized
C-S-H particles, which is majorly attributed to the advanced and enhanced nucleation process during
the cement hydration. On the other hand, the retardation effect of PCE on cement hydration can be
markedly alleviated by the addition of the Nano-C-S-H particles. Further experiments show that the
pore characterization of hardened cement paste has also been changed.

Originality
The acceleration effects of C-S-H Nucleation Seeding on ordinary Portland cement (OPC) hydration

have been reported in recently years, but the working mechanism of the C-S-H particles in influencing
the cement hydration in the presence of fly ash or PCE is not systematically investigated. By using
techniques of isothermal calorimetry, MIP, this paper shows that the Nano-C-S-H particles
significantly enhance the early strength development for both cement mortars containing fly ash or
PCE without clear reduction of the late strength. In fly ash or PCE containing OPC system, the cement
hydration is visibly promoted by the addition of the Nano-C-S-H particles, which is majorly attributed
to the advanced and enhanced nucleation process during cement hydration. Further experiments show
that the pore characterization of hardened cement paste has also been changed.
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1. Introduction
A novel way to accelerate cement hydration has been proposed by adding external nuclei into
a hydrating cementitious system, which is called seeding technology. Thomas J. et al.
（Thomas J. et al., 2009） showed that the hydration of tricalcium silicate (C3S) can be
accelerated by addition of nanoscaled silica or CSH particles. Land G. et al. (Land G. et al.,
2012）studied the influence of nano-silica on the hydration of ordinary Portland cement. They
showed that nano-silica particles can accelerate cement hydration and the silica surface area is
the major factor for the hydration kinetics. In this way, faster growth of the early strength of
the cementitious materials can be expected.
Supplementary cementitious materials (SCMs) and chemical admixtures have been widely
used in the modern concrete and mortar formulations. It has been realized that many
popularly used SCM such as fly ash and the mostly applied superplasticizers such as
polycarboxylate superplasticizer (PCE) often lead to lower early strength of the hardened
materials due to the slower reaction rate or the retardation effect on cement hydration, which
is undesired in many application fields, e.g. pre-fabricated concrete industry and repair
mortars.
In this paper, nano-sized C-S-H particles (Nano-C-S-H) are prepared and fully characterized
by means of XRD, TEM and FTIR. The Nano-C-S-H is added as admixture into Portland
cement (OPC) systems containing either fly ash as SCM or PCE as chemical admixture with
the expectation of accelerating cement hydration. The working mechanism of the C-S-H
particles in influencing the cement hydration is systematically investigated by using
techniques of isothermal calorimetry and TEM. Strength development of the mortar with
inclusion of nano-C-S-H particles is followed within the age of 28 d.
2. Experimental
2.1. Raw Materials
2.1.1 Inorganic materials
Portland cement 42.5R complying with the Chinese standard GB175-2007 were used, whose
composition are listed in Table 1. The composition of the cement was obtained according to
the Chinese Standard GB/T176-2008 “Chemical Analysis of Cement”, which is consistent
with the European standard EN 196-2:2005. The fineness of cement is 2.3% and the density is
3.10 g·cm−3with a Blaine value of 350m2/kg. The Class I fly ash complying with the Chinese
standard GB 1596 was used as SCM in the experiments. The chemical compositions of
cement and fly ash are also given in Table 1.

Table 1 Chemical compositions of cement and fly ash (wt. %)
Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO Cl− LOI
Cement 21.56 4.44 2.78 62.83 2.32 3.14 0.60 0.79 0.007 2.04
Fly ash 57.60 21.90 2.70 3.87 1.68 0.41 1.05 - - 7.65

The preparation of Nano-C-S-H was carried out according to Land G. and Stephan D. (Land
G. et al., 2013). Metallic calcium reacted with excess ethanol for 5 h under reflux to obtain
calciumethoxide solution in ethanol. Tetraethoxysilane (TEOS) and water was fed into the
calciumethoxide solution in 4 h. After 24 h of aging, the gel was purified via dialysis in
saturated Ca (OH) 2 solution using a semi-permeable membrane for 3 days and the solution
was renewed every 6 h. After that the products were dispersed by ultrasonic treatment. The



final products were a C-S-H dispersion with solid content of ca. 11%.
2.1.2 Organic materials
The comb-shaped polycarboxylate superplasticizer (PCE) was prepared via semi-batch free
radical polymerization at 80 °C by co-polymerizing the monomers of acrylic acid, α
-methallyl-ω-methoxy poly(ethylene glycol) (HPEG, Mw ca. 2400) with a monomer molar
ratio of 4:1. The initiator for polymerization was ammonium persulfate and 3-thiopropionic
acid was used as chain transfer agent to control the molecular weight. The average Mw of the
obtained PCE is ca. 23000 measured by GPC analysis.
2.2. Experimental Process
2.2. 1 Characterization of the synthesized Nano-C-S-H
2.2.1.1 The particle size
The particle size of the synthesized C-S-H particles was analyzed using a Mastersizer 2000
(Malvern).
2.2.1.2. Fourier transform infrared (FTIR) spectrum
The chemical structure of the Nano-C-S-H was characterized by a FTIR (Nicolet 6700 FTIR,
Thermo Fisher Scientific, USA) instrument with a resolution of 4 cm−1. The Nano-C-S-H was
homogeneously mixed with KBr salt and completely dried in a vacuum oven at 80 °C. The
mixture was then pressed into a tablet and scanned in the transmission mode from 400 to
4000 cm−1 at a room temperature of 25 °C.
2.2.1.3. X-ray diffraction (XRD) analysis
Although C-S-H is often regarded as an amorphous material, it is also found that at high PH
value the C-S-H has a semi-crystalline structure (Cui S. et al., 2012). In this study, the
structure of the synthesized C-S-H was also characterized by XRD technique. XRD data were
collected using a Rigaku D/max 2550 X-ray diffractometer with CuKα radiation (λ =1.54
Å). FT scanning was carried out at a 2θ range of 8–60°. The step length was 0.02° and the
settle time of every step was 6 s.
2.2.1.4. Transmission electron microscope (TEM) observation
Samples of the C-S-H dispersion were diluted with water to a concentration of about 1% w/w
and one drop of the dispersion was applied to carbon-coated films supported in 400 mesh
copper grids. The samples were then examined within a JEM-2010F TEM.
2.2.1.5. Thermo gravimetry analysis (TGA)
The TGA measurement of the Nano-C-S-H was performed on a DTA-60H (Shimadzu, Japan)
by heating from 30 °C to 700 °C at a heating rate of 10 °C/min under nitrogen atmosphere.
2.2.2. Measurements on cement paste
2.2.2.1. Isothermal calorimetry
The influences of the Nano-C-S-H on cement hydration were studied in cement pastes by
isothermal calorimetry analysis. The heat evolution in hydrating cement pastes with or
without additives was measured by an eight-channel isothermal calorimeter (Thermometrics
TAMair). The measurement error is approximately 20 μW. Before tests, the calorimeter was
regulated at a constant temperature of 25 ± 0.02 °C and then equilibrated for 24 h. Thereafter,
the freshly mixed samples were promptly decanted to an ampoule of 20 mL and then placed
into the channels. The heat evolution within 72 h was recorded. The cement pastes were
prepared with varied content of the Nano-C-S-H (0 to 2%) and W/C of 0.4 (or 0.35). The
addition of the Nano-C-S-H is reported by the mass ratio of the solid Nano-C-S-H particles to



cement. The fly ash and PCE superplasticizer were also added into the cement paste
formulations, as presented in Table 2.

Table 2 the specific recipes for isothermal calorimetry analysis.
Item Nano-C-S-H(%)a PCE(%)a Fly ash(%)b W/C
Seed0 0 - - 0.4
Seed0.5 0.5 - - 0.4
Seed1.0 1 - - 0.4
Seed1.5 1.5 - - 0.4
Seed2.0 2.0 - - 0.4
PCE0.0-Seed0 0 0 - 0.35
PCE0.2-Seed0 0 0.2 - 0.35
PCE0.2-Seed1 1 0.2 - 0.35
PCE0.2-Seed2 2 0.2 - 0.35
FA00-Seed0 0 - 0 0.4
FA40-Seed0 0 - 40 0.4
FA40-Seed1 1 - 40 0.4
FA40-Seed2 2 - 40 0.4
a the addition of Nano-C-S-H and PCE is reported by the mass ratio of the solid Nano-C-S-H particles or PCE to

cement.
b the addition of fly ash is reported by the mass ratio of FA to total binder.

2.2. 2.2. Characterization of pore structure of hardened cement pastes by MIP
The pore structure of cement paste was characterized by using an Hg porosimeter (Autopore,
IV 9510, USA) at a maximum pressure of 420 MPa. The cement pastes were prepared with
the addition of the Nano-C-S-H from 0 to 1.5% by weight of cement (bwoc). After cured for a
certain age, the cement pastes were cut into small cylinders with a diameter of ~10mm and a
thickness of ~5mm and then placed into alcohol bath for 24 h to stop any further hydration.
After 3 day storage in an oven with a targeted temperature of 60±2 °C, three specimens were
selected and subjected to MIP tests for pore structure characterization.
2.2.2.3. Mechanical strength measurement of cement mortars
Cement mortars with a W/C of 0.4 (or 0.35 in the case of PCE is added) and a sand to cement
ratio of 1.5 were prepared with and without the addition of additives to determine the
influences of Nano-C-S-H on strength development of cement mortars. Cubic specimens with
a size of 40 mm × 40 mm × 160 mm were used for strength measurements. The testing
procedure follows the standard GB/T 8077-2000, “Methods for testing the mortar (ISO
method)”. Mortar specimens were firstly cured in a humidified atmosphere at 20 ± 2 °C and
RH of 95% for 24 h prior to demolding. After demolding, the specimens were placed in a
water tank at 20 °C for 1, 3 and 28 days. The flexural strength and compressive strength of
the hardened mortar specimens were tested on a Toni Technik/Toni Normpress equipped with
appropriate adapters.
3. Results and Discussion
3.1 Characterization of the synthesized nano-sized C-S-H
The particle size of the synthesized Nano-C-S-H particles is about 660 nm measured by laser
scattering method. The TEM image of the Nano-C-S-H particles is shown in Figure 1a. It is



seen that the particles present irregular shape, confirming a gelatinous structure. In the FTIR
spectra of the synthesized C-S-H(Figure 1b), the 3452cm-1and 1645 cm-1 peak are assigned to
ν( -OH) of the chemically bonded water ( Ines Garcı´a-Lodeiro et al., 2008). The main band
appearing at around 966 cm-1 is assigned to the Si–O stretching vibrations, which is the
characteristic peak of C–S–H gel. The peaks at 665 cm-1 and 451 cm-1 are assigned to ν
(Si–O–Si) and toδ( Si-O-Si) respectively. In the XRD analysis (Figure 2a), the peaks present
at 29°, 32°, 7°, and 48° are characteristic of C-S-H. The peak at 18° is very low, which
suggests the low content of Ca (OH) 2 in the synthesized Nano-C-S-H dispersion. The TGA
analysis (Figure 2b) shows that the mass loss of the synthesized Nano-C-S-H is 17.8% in the
temperature range of 100 - 350℃ and 3.1% in the temperature range of 350 - 500 C
respectively. All these results confirm that the synthesized products are nano-sized C-S-H
particles.

(a) (b)
Figure 1 TEM(a) and FTIR(b) image of the synthesized C-S-H particle.

(c) (d)

Figure 2 TGA (c) and XRD (d) image of the synthesized C-S-H particle.

3.2 Isothermal calorimetry
Calorimetry is a useful method to obtain information on kinetics of cement hydration. From
Fig. 3a and 3b, it is clearly seen that the addition of the synthesized C-S-H visibly shortens
the induction period and advances the main hydration peak to different extents at varied
dosages. Typical impacts of the Nano-C-S-H is notably elevating the heat releasing rate in the
induction period and shortening the induction period. Base on the
dissolution-diffusion-precipitation theory, the induction period of cement hydration is mainly
controlled by the formation of stable nuclei for the subsequent rapid formation of hydration
products. Therefore, the increase of the heat releasing rate and the reduction of the length of
the induction period are clear hints for the promoted nucleation upon the addition of the



Nano-C-S-H particles. As well known, when PCE or fly ash is added into the cement paste,
they would prolong the induction period and postpones the main hydration peak. From Fig. 3a
and 3b, it is seen that the addition of the synthesized Nano-C-S-H can partly or completely
compensate the retardation effects resulting from PCE or fly ash. After 72 h of hydration, the
total hydration heat of the cement pastes becomes rather comparable regardless the addition
of various dosage Nano-C-S-H.

Figure 3 Influences of the synthesized Nano-C-S-H on the exothermic heat evolution during cement
hydration (a) heat flow rate and (b) cumulative heat flow.
3.4 Pore structure of hardened cement pastes
As well known, hardened cement pastes (hcps) are typical porous materials. The development
of pore structure is closely related to the cement hydration degree as well as the morphology
of hydration products. Therefore, characterization of the pore structure is meaningful and may
bring additional information on hydration degree, microstructure of hcps etc. MIP has become
a standard method to characterize the pore structure of hardened cementitious materials
(Vočka R. et al., 2000) and is employed to investigate the influence of the Nano-C-S-H on
pore structure of hcps as given in Figure 3. From Figure 3, it is clearly seen that for each hcp,
the total porosity, the threshold pore size and the capillary pore volume continuously decrease
with curing age as a result of the progressive hydration of cement that leads to a more dense
structure.
The addition of the synthesized Nano-C-S-H decreases the total porosity and the capillary
pore volume relative to the blank paste at all tested ages, even at age of 28 days, which should
result from the higher hydration degree by addition of nano-sized C-S-H. As discussed in
section 3.3, the synthesized Nano-C-S-H promotes cement hydration in72h. Higher hydration
degree usually results in lower total porosity and smaller capillary pore volume. As seen from
Figure 4, at each age tested, the threshold pore size of the cement paste in the presence of the
Nano-C-S-H is visibly lower than that of those blank hcps, indicating lowered connectivity of
capillary pores and dense pore structure produced by the addition of the nano-sized C-S-H.



Figure 4 Influences of the synthesized Nano-C-S-H on the pore structure of the cement pastes
measured by MIP at ages of 1, 3 and 28 days (W/C=0.4).
3.5 Mechanical strength of cement mortars
The strength development of Nano-C-S-H-modified mortars is presented in Figure 5. It is
seen that Nano-C-S-H exhibits acceleration on early the strength growth of mortars (within 1
day), while after 3 days curing, the strength difference becomes very small. At 28 days, the
strengths of mortars with or without addition of Nano-C-S-H are almost equivalent. This is
very much practically beneficial because most of the traditional accelerators would decrease
the final strength. From Figure 5 it can be seen that the addition of the synthesized
Nano-C-S-H can partly or completely compensate the negative effects of of PCE or fly ash
for the strength growth of mortars, especially at early ages. This is in agreement with the
abovementioned calorimetric results.

(a)



(b) (c)
Figure 5 Compressive strength development of mortars (a) addition of nano-sized C-S-H(W/C=0.4,
S/C=1.5), (b) addition of Fly ash and nano-sized C-S-H(W/C=0.4, S/C=1.5) and (c) addition of PCE
and Nano-C-S-H (W/C=0.35, S/C=1.5).
4. Conclusions
In this paper, nano-sized C-S-H particles are prepared and fully characterized by means of
XRD, TEM and FTIR. The Nano-C-S-H is added as admixture into Portland cement (OPC)
systems containing either fly ash as SCM or PCE as chemical admixture. The working
mechanism of the C-S-H particles in influencing the cement hydration is systematically
investigated by using techniques of isothermal calorimetry and MIP. Strength development of
the mortar with inclusion of nano-sized C-S-H particles is followed within the age of 28d.
Based on the results presented above, the following conclusions can be drawn:
(1) Nano-sized C-S-H particles were successfully prepared and the particle size of the C-S-H

particles is about 660 nm.
(2) Calorimetry results reveal that Nano-C-S-H particles accelerate the cement hydration by

shortening the induction period and increasing the hydration degree at early age.
(3) The addition of the synthesized Nano-C-S-H decreases the total porosity, the capillary

pore volume and the threshold pore size relative to the blank paste at all tested ages, even
at age of 28 days, which should result from the increased hydration degree by the addition
of Nano-C-S-H. At each age, the threshold pore size of the cement paste in the presence of
the Nano-C-S-H is visibly lower than that of those blank hcps, indicating lowered
connectivity of capillary pores and dense pore structure produced by the addition of the
nano-sized C-S-H.

(4) Compared to the blank cement mortar, the Nano-C-S-H particles exhibit acceleration on
early strength of mortars (within 1 day). The strength of mortars at age of 28 days is not
much influenced by the inclusion of Nano-C-S-H. The addition of the synthesized
Nano-C-S-H can partly or completely compensate the reduction of the early strength
caused by the inclusion of PCE superplasticizer or the replacement of cement by fly ash,
which is highly desired in the precast concrete industry and repair mortar application.
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Abstract

Polymer dispersions are widely used in cementitious materials, known as
polymer-modified mortar (PCM) or concrete-polymer composite (CPC). The composite is
thus composed of two binders, polymer and cement. In the ideal case, both binders
complement each other to result in a material with improved performance. Typically one
aims at improving the adhesion to substrates, the permeability of the material, as well as
its flexibility. It is of utmost importance to understand how both binders interact in order to
project what macroscopic properties the composite will exhibit. It has been known that the
latex particles adsorb on surface of cement grains driven by electrostatic interaction. A
first step towards understanding the interaction of both binders is following the adsorption
of the polymer latexes on the surface of cement grains. Based on the results gathered we
were able to establish a connection between the coverage of cement grains with latexes
and the hydration kinetics of the cement.

Two styrene-acrylate dispersions with different surface charge were used in this study,
one with anionically charged latexes and one with neutral latexes. A novel light
transmission method was developed in order to determine the amount of adsorbed
latexes on cement quantitatively. The method was validated by separating the serum from
freshly prepared polymer – cement mixtures and measuring their solid content. The
results of both methods were found to be in good agreement. In addition we employed
confocal laser scanning microscopy (CLSM) in order to observe in-situ the distribution of
polymer latexes in the fresh cement pastes. The results obtained by the described
methods indicate that the neutral latexes have a lower tendency to adsorb on the cement
grains, compared to the anionically charged latexes. Finally, isothermal calorimetry was
employed to investigate the influence of the polymer dispersions on the cement hydration.
The results obtained by isothermal calorimetry show that the influence on the hydration
kinetics of the cement is higher in the case of the anionically charged latexes.

On the basis of the presented results, it can be concluded that the anionic polymer latexes
retard the cement hydration in two manners, namely 1) the “slowing down” - effect
characterized by a reduced main hydration peak during the acceleration period, referred
to as physical retardation; and 2) the “postponing” - effect represented by a delayed
hydration peak, which is related to the complexation of Ca2+ -ions by polymer chains
containing carboxylate-functionalities. This is defined as chemical retardation. Neutral
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latexes can help to avoid the adsorption on the surface of cement grains to some extent,
due to the lack of electrostatic interaction. Thus the dominant effect on the hydration
becomes the slowing down effect, commonly related to physical retardation.

Originality

1) This publication aims at disclosing the connection between the charge properties of
polymer latexes, the interaction of those polymer latexes with cement grains and the
hydration kinetics of the cement in the presence of the latexes. A novel method for
determining the adsorbed amount of polymer latexes on cement quantitatively was
thus developed.

Polymer dispersion are known to exhibit a distinct feature, they are turbid. According
to Mie- theory, the light transmission index (LTI) of a given dispersion is a function of
particle size distribution, concentration of particles, etc. This enables us to quantify
the concentration of particles by using a calibration curve. In this study, we used the
depletion method to investigate the adsorption isotherms of latex particles in cement
paste, where centrifuge was involved to separate the liquid phase from fresh cement
paste and measurement of LTI was used to determine the particle content remaining
in aqueous phase.

2) Confocal laser scanning microscope (CLSM) was applied for the first time to observe
in-situ the adsorption of latex particles on mineral surface in cement paste.

Keywords: cement; polymer latex; adsorption; light scattering; retardation.

1. Introduction
Polymer dispersions are well-established cement modifiers. Various properties of the

fresh cementitious mixture, as well as of the hardened material can be improved by the
addition of a polymer dispersion. In the fresh state an enhanced adhesion to substrates and a
lower tendency for bleeding is sought for, when using polymer dispersions. In the hardened
material an enhanced flexural strength, adhesive strength, ductility, cracking resistance,
impermeability and durability can thus be achieved [2]. It has been observed frequently that
some polymer dispersions can lead to a retardation of the cement hydration process. As a
result, a delay of the setting of the cement and ultimately a delay in the growth of early strength
are observed, which is undesired in practical applications of cementitious materials. To
understand the retardation mechanism of polymer dispersions is of both scientific and practical
importance.

A manifold of retardation models were proposed in the past. These models can be divided
into two major categories, chemical retardation and physical retardation [3]. Chemical
retardation involves calcium complexation, thus reducing the concentration of calcium ions in
the aqueous phase of the hydrating cement paste. A depression of the cement hydration is
observed. Physical retardation is commonly related to the formation of a covering layer on the
surface of hydrating cement grains. Chemicals either adsorbing or precipitating can form such
a covering layer. On the one hand, the covering layer may exhibit a nucleation poisoning effect,
primarily retarding the nucleation process of cement hydrates by occupying the reactive sites



on the cement surface. On the other hand, the covering layer can exhibit a diffusion limiting
effect by forming a semi-permeable membrane on the cement surface that decelerates the
diffusion of water and ions across the interface between mineral and aqueous phase.

This publication aims at disclosing the retardation mechanism of polymer dispersions

on cement hydration, by using two styrene-acrylate copolymer dispersions with varied

surface charge properties of the latexes.

2. Materials
Portland cement, CEM I 52.5 R – Milke premium complying DIN EN 197-1 was

provided by Heidelberg Cement AG. The blain value of the cement is 5250 cm2/g.

Table 1. Chemical and mineral composition of cement (wt/%).

Chemical composition Mineral composition

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI C3S C2S C3A C4AF CaSO4 CaSO40.5H2O

22.65 3.65 1.42 67.15 0.68 0.71 0.16 3.13 1.27 61.8 10.5 3.6 2.3 3.8 1.4

Two styrene-n-butylacrylate co-polymer dispersions, provided by BASF SE, were

used in this study. Basic properties of the two latexes are listed in Table 1. Dispersion L1

consisted of negatively charged latexes, due to the fact that 2% methacrylic acid, a

water-soluble monomer, was used in the synthesis. Dispersion L2 contained latexes with

no charges based on carboxylic groups, as can be seen from the last column in Table 2

Dispersion L2 was thus regarded as neutral for this study. Both dispersions had a

monomodal particle size distribution and the latexes had a similar size of 320 and 338 nm

respectively, as measured by hydrodynamic chromatography.

Table 2. Basic properties of the two polymer dispersions used in this study.

Dispersion-

#

Solid Content

(wt/%)

Initial

pH

Particle Size (nm)

by HDC

Tg

(C)

SO32- / SO42-

groups on

polymer latex

(mmol/100g

latex)

COOH groups on

polymer latex

(mmol/100g latex)

L1

(charged)

51 4.6 320 -9 0.6 4

L2 (neutral) 51 2.5 338 -18 0.4 0.3

It is well understood from the theory of emulsion polymerization [4, 5], that
water-soluble monomers (WSM), commonly employed in relatively small amounts, can
impart special properties to polymer latexes. WSMs are to a large extent incorporated in
the main polymer, but tend to stay on the surface of polymer latexes (polymer-water



interface) due to their high hydrophilicity. Therefore methacrylic acid is a common WSM
when latexes with negative surface charge are desired. The carboxylic groups become
negatively charged in the highly alkaline cementitious environment. The charge density
on the surface of the polymer latexes was measured by potentiometric titrimetric analysis
after purification by using both anionic and cationic ion-exchange resin beads. In order to
mimic the highly alkaline cementitious environment, the polymer dispersions were kept at
pH 12.0 using NaOH solution (10 wt.%) for 20 h prior to purification with the resins. One
can see from the last column in Table 2, that the dispersion L1 contains considerably more
carboxylic groups on the surface of the polymer latexes than L2. Polymer particles in the
two latexes are schematically illustrated in Fig. 1.

Fig. 1 Schematic drawing of polymer particle in the two latexes after alkali treatment: (a)
L1, (b) L2.

3. Results and discussions
3.1. Retardation effect of polymer latexes



(a) (b)

Figure 2. The heat flow calorimetry curves of cement pastes in presence of dispersion L1 (top)
and L2 (bottom) are shown, whereas the exothermic rate is shown in (a) and the accumulative
heat flow in (b).

Isothermal calorimetry was employed to investigate the influence of polymer dispersion L1
and L2 on cement hydration. Dispersion L1 and L2 were mixed with cement at a given
water-cement ratio (W/C) of 0.41. The polymer-cement ratio (P/C) was varied starting from 7%,
12%, and 17% to 34% respectively. In Figure 2 one can see a trend towards increasing
influence on cement hydration with increasing dosage irrespective of the surface charge of the
polymer latexes. It is interesting to notice from the exothermic rate that dispersion L1
postpones and reduces the main hydration peak, whereas L2 has solely the latter effect of
reducing the peak height. In case of L2, the slightly depressed hydration peak is owing to the
adsorption of L2 on cement surface at lower dosage and addtionally to the reduction of the
water volume fraction at higher dosage. The accumulative heat after 72 h is depressed to a
large extent by the addition of the anionic charged latexes of dispersion L1 at a dosage of P/C
= 34%, compared to dispersion L2 that exhibits only a slight influence.

3.2. Adsorption of polymer latexes on cement surface



Fig. 3 Adsorption curves of the two polymer latexes in fresh cement pastes at very
beginning after mixing.

The adsorbed amount of polymer latexes on the surface of cement surface was
determined by separating the liquid phase from the freshly polymer modified cement paste.
Therefore a fresh cement paste was prepared by adding the targeted amount of polymer
dispersion L1 or L2 to 50 g of cement. The W/C was kept constant at 0.41 for all experiments.
A hand mixer was used for 30 seconds to mix the paste thoroughly. The fresh paste was filled
into a centrifuge sample holder immediately after mixing. 3-5 mL of supernatant was typically
received after centrifuging for 5 minutes at 4000 rpm in a Varifuge GL from Heraeus
Christ/Germany. The polymer content of the supernatant liquid was obtained by drying the
liquid phase at 100 C in an evacuated oven for 2h. The residual was weighed and subjected
to 600°C for 1h, burning all organic constituents of the residual. The weight loss during the
burning process is regarded as polymer content. The adsorption amount of polymer on cement
in function of polymer-cement ratio is plotted in Figure 3. From the inserted pictures in Figure 3
one can see that a milky white supernatant is obtained at a P/C-ration of 2% in the case of the
neutral latexes (L2), while in the case L1, a P/C-ration of 22% is necessary to obtain a milky
supernatant liquid. From these pictures one can reach the conclusion that the anionically
charged particles have a higher tendency to adsorb on the surface of cement grains. The level
of the plateau in the graph on the left side in Figure 3 is another indication for this. One needs
to add almost 30% of polymer to the cement in order to get a constant polymer amount in the
supernatant liquid in the case of the anionic latexes of dispersion L1. In the case of L2 one
reaches a constant polymer amount in the supernatant liquid at a dosage of 6%. After the
adsorption is saturated, the total adsorbed amount of L1 is 28 % by weight of cement (bwoc),
which is much higher than that for L2 (7% bwoc).



(a) (b)

(c) (d)

Figure 4. Confocal Laser Scanning Microscopy images of cement grains in the presence of
dispersion L1 are shown on the left and and on the right dispersion L2 was used. The pictures
on the top were acquired immediately after mixing the cement with the dispersions. The
pictures on the bottom were acquired 24 hours after mixing. The W/C was set to 0.41.

To our best knowledge confocal laser scanning microscopy (CLSM) was employed for the
first time in order to observe in-situ the distribution of polymer latexes in the fresh cement
paste. Selective labeling of the polymer latexes was necessary to be able to observe them in
the CLSM. Therefore the polymer dispersions were mixed with Nile Red (supplied by
Sigma-Aldrich) for 72 hours. 10 g of cement was then mixed into the dispersion at a P/C of
10% and a W/C of 0.41 and manually stirred for 1 minute. The fresh pastes were then placed
in a Lab-Tek Chamber (supplied by Thermo Fisher) and observed in the CLSM.

The hydrophobic dye Nile Red entered the polymer latexes and thus the latexes appear
as bright spots in the CLSM images. Dark areas represent the cement grains and the
interstitial aqueous phase. As shown in Figure 4 (a) the anionically charged polymer particlews
in dispersion L1 are immediately adsorbed on the surface of cement grains right after mixing.
The particles stay there stably during the hardening of the material, as can be seen from
Figure 4 (c). The bright layer covering the black cement grains remains unchanged during the



hydration. In case of the neutral latexes of dispersion L2 no such bright layer covering the
cement grains can be observed neither in the fresh state (Figure 4 (b)), nor in the hardened
state (Figure 4 (d)). The bright domains are rather homogenously distributed throughout the
material. One can come to the conclusion that the majority of the polymer in L2 remaining in
the water phase forms a film in these drying water pockets. These results confirm our findings
from the adsorption experiments. The anionically charged latexes of dispersion L1 have a high
tendency to adsorb on the surface of the cement grains immediately upon mixing and remain
there during the hydration of the cement.

4. Conclusion

Figure 5. A schematic representation of the adsorption polymer latexes with negative surface
charge on the surface of a cement grain.

We identified the electrostatic interaction between highly heterogeneously charged
cement surface in the presence of calcium ions and anionically charged polymer particles as
driving force for the adsorption of anionic latexes on the surface of cement grains [6-7 ]. On the
basis of the presented results, it can be concluded that the anionic polymer latexes retard the
cement hydration in two manners, namely the slowing down effect characterized by a reduced
main hydration peak during the acceleration period and the postponing effect represented by a
delayed hydration peak. This is commonly referred to as chemical retardation. Neutral latexes
can help to avoid the adsorption on the surface of cement grains to some extent, due to the
weak electrostatic interaction with the cement surface. Thus the dominant effect on the
hydration becomes the slowing down effect, commonly related to the physical retardation.
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Abstract
A microrheology analyzer (Rheolaser LAB6™) was adapted to in-situ follow the development of the viscoelastic
properties of fresh cement pastes (FCPs) by measuring the mean square displacement of cement particles which gives
an insight into the elastic and viscous properties of the material from a microstructural point of view. Various
parameters including elastic index (EI), macroscopic viscosity index (MVI), storage modulus G’, loss modulus G”, and
Maxwell parameters, microscopic viscosity η as well as elastic modulus G, were obtained to quantitatively analyze the
viscoelastic properties of FCPs. Results indicate that these parameters show a progressive increase with elapsed time
at first and then stay stable. The addition of superplasticizer significantly decreases the values of these parameters as
well as their increasing rates with time. For cement pastes with high dosages of superplasticizer, these parameters start
with a flat period followed by a slow increase with time, which results from the dispersing effects of superplasticizer on
cement grains and the retarding effects of superplasticizer on cement hydration. At a given time, more remarkable
effects of superplasticizer are observed at lower W/C. It is believed that EI and G are closely related to the dispersion
degree of the solid particles in the cement paste, which contributes the most to the elastic property of the cement paste.
The incorporation of superplasticizer evidently weakens the elastic feature of the fresh cement paste.

Originality
1) A microrheology analyzer (Rheolaser LAB6™), which is based on the measurement of the mean displacement of
cement particles by laser scattering, was adapted to in-situ follow the development of the viscoelastic properties of
FCPs for the first time.
2) Results show that the microrheology analyzer is a powerful technique to in-situ follow the development of the
viscoelastic properties of fresh cement pastes, which provides insightful information about the cement hydration and the
functions of chemical admixtures.

Keywords: viscoelastic properties; fresh cement paste; superplasticizer, microrheology
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1. Introduction
Fresh cement paste (FCP) is considered as a viscoelastic material, because it responds in a manner
intermediately between an elastic solid and a viscous fluid when an external force is applied (Schultz
M. A., 1993; Struble L. J., 1993). Viscoelastic properties not only play important roles in affecting the
fluidity, consistence and workability of FCP, but also have effects on the volume stability of hardened
cement paste (HCP) (Sun Z., 2006). Generally speaking, the viscoelastic behavior of FCP is primarily
determined by the physical status of the solid cementitious particles in the suspension system which is
related to the dispersion of the particles, the hydration process of cement and the addition of chemical
admixtures (Sun Z., 2006). Therefore, from an academic perspective, monitoring the development of
viscoelastic properties of FCP is beneficial to explore the microstructural changes resulting from
cement hydration and from particle interactions in cement paste, and to clarify the working
mechanisms of chemical admixtures on the properties of FCPs.
Currently, various techniques have been employed to investigate the viscoelastic properties of FCPs,
such as dynamic rheometer, electrical or ultrasonic reflection. However, many of those methods have
their intrinsic limitations and drawbacks. Special attentions have been given to oscillatory shear tests
(dynamic rheometer) in low frequency by several researchers who studied the rheology of cement
paste (Chen C. T., 2006; Nehdi M., 2007; Papo A., 2004; Saak A. W., 2001; Schultz M. A., 1993;
Struble L. J., 1993). On the premise of controlling the value of oscillatory shear strain and the
frequency within the linear viscoelastic region of the material, the elastic and viscous behaviors of
cement paste can be characterized by directly measuring the loss and storage moduli using this
technique. From a microstructural point of view, the microstructure of the cement paste will not be
destroyed during the oscillations. Therefore, besides measuring the viscoelastic properties, this method
is capable of providing useful information concerning structure or inter-particle forces. For example,
flocculated suspensions with particles adhering to form a three-dimensional network, typically show
elastic behavior at low stress and viscous behavior at high stress; on the other hand, dispersed
suspensions usually show viscous behavior at all stress levels (Chen C. T., 2006). However, in most
cases, it is hard to determine whether the measurements were performed within the linear viscoelastic
region. Electrical measurements barely establish any direct relationship with the mechanical properties
in despite of a continuous record on the resistivity and capacitance of FCPs during the cement
hydration (Christensen B. J., 1994; McCarter W. J., 2003; Xie P. et al., 1993). By monitoring shear
wave reflected at normal incidence from an interface between a buffer material and the targeted
material, ultrasonic reflection techniques were used to measure the viscoelastic properties of cement
paste (Chung C., 2009, 2010, 2013; Rapoport J. R. et al., 2000; Subramaniam K. V., 2005, 2007;
Voigt T., 2003; Wang X., 2010). The accuracy of the technique is closely related to the acoustic
impedance of the cement paste which is very low in the few hours of cement hydration (Wang X.,
2010). Therefore, the application of ultrasonic reflection in the cement paste at the very early stage has
remained a challenge.
In this study, a microrheology analyzer (Rheolaser LAB6™) was adapted to in-situ follow the
development of the viscoelastic properties of FCPs in the presence of superplasticizer during the very
early stage of hydration, namely before the initial setting time. This method is based on the
measurement of the mean square displacement of cement particles by laser scattering, which gives an
insight into the elastic and viscous properties of the material from a microstructural point of view.
Various parameters including elastic index (EI), macroscopic viscosity index (MVI), storage modulus
G’, loss modulus G”, and Maxwell parameters were extracted to quantitatively analyze the viscoelastic
properties. On the basis of this technique, insightful information about cement hydration and the
functions of superplasticizers could be also acquired.
2. Theory background
Microrheology is a new domain of rheology methods studying the viscoelastic behaviors of several
products such as emulsions, suspensions, gels or colloidal dispersions at a micron length scale
(Tisserand C., 2012). It refers to measure the local deformation of a sample originated from an applied
stress or thermal energy, which is directly correlated to the elastic and viscous properties of materials
(Gardel M. L., 2005). In this study, measurements were performed using a microrheology analyzer
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which measures the displacement of particles due to the thermal energy (Brownian motion) based on
diffusing wave spectroscopy (Bellour M., 2002). After the sample is placed in a cell, a fixed coherent
laser beam is applied. The light is multiply scattered many times by particles in the sample, which
leads to interference of the backscattering waves. An interference image called a ‘‘speckle image’’ is
detected by a multi-pixel detector. In dynamic mode, particle motion induces spot movements of the
speckle image (Brunel L., 2003). In order to determine the scatterers’ mobility which is directly
related to the viscoelastic properties of the whole system, a patented algorithm (Brunel L., 2009) was
used to process this speckle image by plotting the curve of the mean square displacement (MSD) of
the scatterers versus decorrelation time that is the observation time scale: initially (short time scale)
the particles movement probes the solid-like behavior of the sample (elasticity) and then (longer time
scales) the liquid-like behavior (viscosity).

Figure 1 MSD curves of purely viscous and viscoelastic samples
Samples with different microstructures possess various viscoelastic properties, thereby presenting
varied MSD curves. From the shapes of MSD curves shown in Fig. 1, viscoelastic properties of
samples could be analyzed qualitatively. In the case of a purely viscous sample, the MSD curve grows
linearly with decorrelation time as the particles are completely free to move in the sample and the
slope is associate with the concentration of the sample. As regards for a viscoelastic sample, particles
in the sample are not free to move but constrained in a “cage” or “network” formed by the neighbor
particles. Cages with smaller size bring about stronger constrained effects, which indicates the sample
has more obvious elasticity. Overall, the MSD curve of a viscoelastic sample could be divided into
three periods. At the very initial decorrelation time, the particles are free to move in the continuous
medium phase, so the MSD curve develops linearly. Then, they are blocked by their neighbors, and
the slope of MSD curve decreases and finally the MSD reaches a plateau. This is a characteristic of the
elasticity of the sample. A lower plateau means a cage with smaller size and stronger elasticity. At
longer decorrelation time, the particles are able to find a way to escape from the ‘‘cage’’ and the MSD
grows linearly again, which is a characteristic of the macroscopic viscosity as it corresponds to the
moving speed of the particles in the sample. The longer time needed by the particles to finish a
displacement implies the lower particle mobility and the higher macroscopic viscosity. The following
different parameters computed from MSD curves enable to characterize the viscoelastic properties of
samples.
- Elasticity Index (EI) is computed from the elastic plateau level, which corresponds to the inverse of
the MSD plateau.
- Macroscopic Viscosity Index (MVI) is a global computation and corresponds to a viscosity index at
zero shear, which corresponds to the inverse of the slope of MSD in linear scale.
- The storage modulus G’, which represents the elastic behavior or the energy storage of the material,
and the loss modulus G”, which represents the viscous behavior or energy dissipation of the material,
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can be calculated using the Generalized Stokes Einstein relation (Mason T. G., 2000). For an elastic
solid, the elastic modulus dominates and the viscous modulus is small. For a viscous liquid, the
viscous modulus dominates. Thus, a material can readily be identified as an elastic solid or viscous
liquid by comparing the value of G’ and G”.
- When the viscoelastic properties of the sample are described by the Maxwell model, the elastic
modulus of a Hookean spring G and the viscosity of a Newtonian dashpot η could be obtained.
Relaxation time G/η is employed to characterize the viscoelastic properties of the sample.
It has been quite known that the Brownian motion of cement particles in FCP is not obvious due to the
particle size of micron. However, cement particles continually move in the existence of Van der
Waals' forces and electrostatic forces as well as gravity. Their displacements in FCP versus
decorrelation time could also be captured by using the microrheology analyzer, as shown in Figure 2.
The MSD curves emerge in blue at first and then in green, and lastly in red with the progressing
cement hydration. During the process, the movement of MSD curves from top to bottom and from left
to right suggests an increasing elasticity of FCP with the elapsed time. This conclusion is fully
consistent with the results of oscillatory rheometer and ultrasonic reflection measurements found by
other authors and they believed that the continuous growth of elasticity with time was attributed to the
formation of cement products and to the crosslinking of inter particles (Chung C., 2009; Wang X.,
2010). As a consequence, microrheology analyzer could be used to follow the development of the
viscoelastic properties of FCPs. The corresponding parameters extracted from the MSD curves could
also be applied in the quantificational analysis of the viscoelastic properties.

Figure 2 MSD curves of FCP during cement hydration
3. Experimental
3.1. Raw Materials
Reference cement P•I 42.5 complying with the Chinese standard GB8076-2008 from China Building
Materials Academy was used, whose composition is listed in Table 1. The content of CaSO4 in the
cement is 4.9%. The fineness of the cement is 2.3% and the density is 3.10 gcm–3. A self-synthesized
polycarboxylate (PCE) type superplasticizer was employed, which was a comb-shaped co-polymer of
acrylic acid (AA), methyl polyethylene glycol methacrylate (MPEGMA) and 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) with a monomer molar ratio of 2.12 : 1.00 : 0.29 prepared via
free radical polymerization by using ammonium persulfate (APS) as initiator at 80 C. The weight
average molecular weight (Mw) of MPEGMA was about 1300 and the average polymerization degree
of the poly (ethylene oxide) was about 28. The number average molecular weight Mn is 3.662×104 and
polydispersity index Mw/Mn is 2.48. Solid content of the PCE superplasticizer solution is 40%. The
mass solid/solid ratios of superplasticizer to cement (Sp/C) varied from 0 to 0.8% in preparation of the
cement pastes. The mass ratio of water to cement (W/C) in the cement pastes was respectively fixed at
0.29 and 0.4, in which the water contained in the superplasticizers was included.

Tab. 1 Composition of reference cement clinker / (wt /%)
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Chemical composition Mineral composition
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO C3S C2S C3A C4AF

21.68 4.80 3.70 64.90 2.76 0.29 0.56 0.93 57.34 18.90 6.47 11.25

3.2. Sample preparation and measurements
All the fresh cement pastes were prepared in accordance with the Chinese standard GB/T8077. Water
and superplasticizers were firstly added into a mixer, and then the cement was gradually introduced
over a time span of 2 min into the mixer at 62 rpm. After a 10 sec interval, mixing was resumed for an
additional 2 min at 125 rpm. The freshly mixed cement pastes were instantly subjected to the
following measurements.
Microrheology analyzer Rheolaser LAB (Formulaction, France) was adopted to monitor the
viscoelastic properties of FCPs with different W/Cs and Sp/Cs at the early stage. After mixed well, the
FCP was poured into a cylindrical glass cell of 20 mL with a 25 mm diameter and then placed into the
channels. The MSD of cement particles in FCP versus decorrelation time at a constant temperature of
20 C was recorded.
4. Results and Discussion
4.1. EI and MVI
The development of EI and MVI of FCPs with different W/Cs and Sp/Cs during the first two hours is
plotted in Figure 3. In most cases, both EI and MVI gradually increase with elapsed time and finally
reach a plateau, which means the elasticity and macroscopic viscosity increase over time. The reason
is majorly connected to the continuous cement hydration after contact of cement with water. Along
with the progressing cement hydration, a large portion of free water is consumed and hydration
products are formed. The newly formed hydrates, by creating new links among cement grains, would
increase the inter-particles crosslinking and thus lead to a stronger network structure. In the induction
period, cement hydration is proceeding at a very low rate and the microstructure of FCPs slowly
changes. Therefore, EI and MVI tend to be stable over time at the late stage.

(a) W/C=0.29, EI (b) W/C=0.29, MVI

(c) W/C=0.4, EI (d) W/C=0.4, MVI
Figure 3 Variation of EI and MVI of FCPs with different Sp/Cs with elapsed time
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Moreover, the addition of superplasticizer significantly reduces the values of EI and MVI as well as
their growth rates over elapsed time. It should be noted that, for the FCP with high Sp/C, EI and MVI
evolution curves start with a flat part followed by a slow increasing part. The length of the flat part
prolongs with the increase of superplasticizer dosage. It is believed that these phenomena result from
the dispersion effect of superplasticizer on cement particles and its retardation effect on cement
hydration. Specially, the incorporation of superplasticizer disassembles the flocculated structures and
evidently raises the content of free water in the FCP, thereby reducing the macroscopic viscosity of the
FCPs. On the other hand, the elasticity of a material is mainly determined by the “network structure”
or “cage” formed by the inner particles. For the FCP with a higher Sp/C, the size of “cage” is larger
due to the stronger dispersion degree of particles in the FCP. Thus, the elasticity decreases and EI
correspondingly drops with Sp/C. Additionally, cement hydration is more significantly retarded when
more superplasticizer is added. Consequently, EI and MVI keep stable at first and then increase with
elapsed time and their increasing rates drop with Sp/C.
Compared to the case of FCPs at W/C of 0.29, EI and MVI of FCPs at W/C of 0.4 are lower and the
effects of superplasticizer are less remarkable. This is a result of the larger distance among the cement
particles at higher W/C. In that case, the size of “cage” is too large to be sensitive to the addition of
superplasticizer although the distance can be further enlarged by the superplasticizer. Similarly, the
impact of volume fraction of solid phase on the viscosity of FCPs at higher W/C is considered to be
weaker (Zhou Z. et al., 1999). Hence, the variations of EI and MVI with Sp/C are not obvious..
4.2. G’ and G”
Figure 4(a) presents the variation trends of G’ and G” with frequency at a given elapsed time. In the
range of lower frequency, G’ is less than G”, which means the viscous behavior is dominant. On the
contrary, G’ is larger than G” in the higher frequency, which indicates the elastic behavior dominates.
Furthermore, with the increase of Sp/C, the intersection point of G’ and G” gradually shifts towards
left and the dependence of moduli on frequency drop, which implies that the elastic characteristic is
weakened in the presentence of superplasticizer.

(a) Frequency (b) Time
Figure 4 Variation of G’ and G” of FCPs with different Sp/Cs at W/C of 0.29

At one certain frequency, the variation trends of G’ and G” with elapsed time shown in Figure 4(b)
behave in much the same way as the curves in Figure 3. That is to say, initial G’ and G” present a
linear increase followed by a plateau, and higher Sp/C leads to lower values of moduli and to inferior
increasing rates of G’ and G”. In the case of FCPs with high Sp/C, the moduli stay stable initially and
then start to rise over elapsed time.
For one FCP, G’ is larger than G” at the beginning but is lower than G” in the last. This indicates that
the FCP is transforming from a viscous fluid to a viscoelastic semi-solid and finally to an elastic solid
with the progressing cement hydration. On the other hand, at the plateau part, G’ is far higher than G”
for the FCP with low dosage of superplasticizer, suggesting elasticity dominates in the FCP. With the
increasing Sp/C, G’ is gradually close to G”, which infers that the elastic characteristic of FCP is
weakened.
4.3. Maxwell model parameters
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When the viscoelastic properties of FCP are described by Maxwell model, the parameters including
the elastic modulus of spring G and the viscosity of dashpot η could be acquired (They are not
presented here). Their variation trends with elapsed time are in good agreement with those of EI and
MVI, i.e., the inclusion of superplasticizer significantly reduces the elasticity and macroscopic
viscosity of FCPs and the effects of superplasticizer on them are more remarkable at lower W/C.

(a) W/C=0.29 (b) W/C=0.4
Figure 5 Variation of Maxwell model parameter η/G of FCPs with different Sp/Cs versus elapsed time

In addition, η/G increases with elapsed time as shown in Figure 5(a). That is to say, although η and G
both rise due to cement hydration, the increasing degree of η is larger. Besides, it is known that the
addition of superplasticizer significantly reduces η and G, but the decreasing degree of G is greater. As
mentioned previously, the elasticity is directly related to the microstructure of FCP such as the
crosslinking of particles and the dispersion degree. The main effect of superplasticizer is to release the
entrapped water and to increase the dispersion degree of cement particles in FCP. As a result, the size
of “cage” could be largely heightened by superplasticizer and subsequently the elasticity of FCP
sharply drops. However, besides the dispersion degree of cement particles, the viscosity of FCP is
largely determined by other factors such as the interactions between particles, the frictions between
particles and medium and so on (Kong X., 2013). Hence, superplasticizer has more significant effects
on the elastic modulus G than the viscosity η.
5. Conclusions
In this paper, a microrheology analyzer based on the measurement of the mean square displacement of
particles by laser scattering was employed to in-situ monitor the evolution of the viscoelastic
properties of FCPs for the first time. The viscoelastic properties of FCPs with varied Sp/Cs and W/Cs
during the very early stages of hydration were analyzed. On the basis of the results above, the
following conclusions can be drawn:
1） All the parameters obtained from MSD curves of FCPs, EI, MVI, G’, G”, η/G, present a
progressive increase with elapsed time initially and then stay stable. The addition of superplasticizer
significantly decreases the values of these parameters as well as their increasing rates during the
hydration of cement. For cement pastes with high dosages of superplasticizer, these parameters start
with a flat period followed by a slow increase with the elapsed time, which results from the dispersing
effects of superplasticizer on cement grains and the retarding effects of superplasticizer on cement
hydration. More remarkable effects of superplasticizer are observed at lower W/C.
2) After the contact of cement with water, G’ is less than G”. Along with the progressing cement
hydration, the growth of G’ is more significant than the growth of G”. In the end, G’ is larger than G”.
This indicates that FCP is transforming from a viscous fluid to a viscoelastic semi-solid and finally an
elastic solid. It is believed that the crosslinking of inter-particles over each other and the formation of a
stronger network structure contribute a lot to this transformation.
3) The incorporation of superplasticizer evidently weakens the elastic characteristic of fresh cement
paste. Compared to viscosity η, elastic modulus G is more significantly reduced by the addition of
superplasticizer.
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4) The microrheology analyzer is a novel and powerful technique to in-situ follow the development of
the viscoelastic properties of fresh cement pastes. This non-disturbing measurement provides
insightful information about the cement hydration and the functions of chemical admixtures.
References
- Bellour, M., Skouri, M., Munch, J. P., et al., 2002. Brownian motion of particles embedded in a solution of
giant micelles. The European Physical Journal E: Soft Matter and Biological Physics, 8(4), 431-436.
- Brunel L, Snabre P, EP 1,664,744, 2003.
- Brunel L, Formulaction, WO2010130766, 2009.
- Chen, C. T., Struble, L. J., Zhang, H., 2006. Using dynamic rheology to measure cement-admixture interactions.
Journal of ASTM International, 3(3), 1-13.
- Christensen, B. J., Coverdale, T., Olson, R. A., et al.,1994. Impedance Spectroscopy of Hydrating Cement‐
Based Materials: Measurement, Interpretation, and Application. Journal of the American Ceramic Society,
77(11), 2 789-2 804.
- Chung, C., Popovics, J. S., Struble, L. J., 2009. Early age stiffening of cement paste using ultrasonic wave
reflection. ACI Special Publication, 259.
- Chung, C. W., Popovics, J. S., Struble, L. J., 2011. Flocculation and sedimentation in suspensions using
ultrasonic wave reflection. The Journal of the Acoustical Society of America, 129(5), 2 944-2 951.
- Chung, C. W., Suraneni, P., Popovics, J. S., et al., 2013. Application of ultrasonic P-wave reflection to measure
development of early-age cement-paste properties. Materials and Structures, 46(6), 987-997.
- Gardel M. L., Valentine M. T., Weitz D. A., 2005. Microrheology. Department of Physics and Division of
Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, 2005.
- Kong, X., Zhang, Y., Hou, S., 2013. Study on the rheological properties of Portland cement pastes with
polycarboxylate superplasticizers. Rheologica Acta, 52(7), 707-718.
- Mason, T. G., 2000. Estimating the viscoelastic moduli of complex fluids using the generalized Stokes–
Einstein equation. Rheologica Acta, 39(4), 371-378.
- McCarter, W. J., Chrisp, T. M., Starrs, G., et al., 2003. Characterization and monitoring of cement-based
systems using intrinsic electrical property measurements. Cement and Concrete Research, 33(2), 197-206.
- Nehdi, M., Al Martini, S., 2007. Effect of temperature on oscillatory shear behavior of portland cement paste
incorporating chemical admixtures. Journal of materials in civil engineering, 19(12), 1 090-1 100.
- Papo, A., Piani, L., 2004. Effect of various superplasticizers on the rheological properties of Portland cement
pastes. Cement and Concrete Research, 34(11), 2 097-2 101.
- Rapoport, J. R., Popovics, J. S., Kolluru, S. V., et al., 2000. Using ultrasound to monitor stiffening process of
concrete with admixtures. ACI Materials Journal, 97(6), 675-683.
- Saak, A. W., Jennings, H. M., Shah, S. P., 2001. The influence of wall slip on yield stress and viscoelastic
measurements of cement paste. Cement and Concrete Research, 31(2), 205-212.
- Schultz, M. A., Struble, L. J., 1993. Use of oscillatory shear to study flow behavior of fresh cement paste.
Cement and Concrete Research, 23(2), 273-282.
- Struble, L. J., Schultz, M. A., 1993. Using creep and recovery to study flow behavior of fresh cement paste.
Cement and Concrete Research, 23(6), 1 369-1 379
- Subramaniam, K. V., Lee, J., Christensen, B. J., 2005. Monitoring the setting behavior of cementitious
materials using one-sided ultrasonic measurements. Cement and Concrete Research, 35(5), 850-857.
- Subramaniam, K. V., Lee, J., 2007. Ultrasonic assessment of early-age changes in the material properties of
cementitious materials. Materials and Structures, 40(3), 301-309.
- Sun, Z., Voigt, T., Shah, S. P., 2006. Rheometric and ultrasonic investigations of viscoelastic properties of
fresh Portland cement pastes. Cement and Concrete Research, 36(2), 278-287.
- Voigt, T., Akkaya, Y., Shah, S. P., 2003. Determination of early age mortar and concrete strength by ultrasonic
wave reflections. Journal of Materials in Civil Engineering, 15(3), 247-254.
-Wang, X., Subramaniam, K. V., Lin, F., 2010. Ultrasonic measurement of viscoelastic shear modulus
development in hydrating cement paste. Ultrasonics, 50(7), 726-738.
- Tisserand C., Fleury M., Brunel L., et al., 2012. Passive Microrheology for Measurement of the Concentrated
Dispersions Stability. Springer Berlin Heidelberg, 2012: 101-105.
- Xie, P., Gu, P., Xu, Z., et al., 1993. A rationalized ac impedence model for microstructural characterization of
hydrating cement systems. Cement and Concrete Research, 23(2), 359-367.
- Zhou, Z., Solomon, M. J., Scales, P. J., et al., 1999. The yield stress of concentrated flocculated suspensions of
size distributed particles. Journal of Rheology, 43(3), 651-671.



Influence of Ca/Si ratio on the microstructure and properties of blended

cements elaborated with kaolinite based waste

Frías M1*, Martínez-Ramírez S2, Rodríguez O1, García R3, Vigil del Villa R3, Vegas I4, Lahoz E1,
Fernández-Carrasco L J5, D. Torrens-Martín5

1.Eduardo Torroja Institute for Construction Sciences (IETcc-CSIC), 28033 Madrid, Spain.
2. Institute for the Structure of Matter (IEM-CSIC), 28006 Madrid, Spain.

3. Dpto de Geología y Geoquímica, Unidad Asociada CSIC-UAM, Universidad Autónoma de Madrid, 28049
Madrid, Spain.

4. Tecnalia, ConstructionUnit, E-48160 Derio, Spain.
5. Centre de Recerca en Nanoenginyeria (CRnE), UniversitatPolitècnica de Catalunya - Barcelona TECH,

08028 Barcelona, Spain.

Abstract
To reduce the environmental impact of cement industries, cementitious materials are added to the manufacture
of eco-efficient cements, focusing in industrial wastes. In this paper metakaolinite (MK) based industrial wastes
have been mixed with cement in order to study the effect of the chemical composition of the raw material in both
microstructural and mechanical properties of the pastes. Frattini test was also determined.
The selected kaolin based industrial wastes were previously activated for two hours at temperatures around
600ºC to transform the inert waste into a cementing material. The industrial wastes materials used were coal
mining and paper sludge. The second one was mixed with fly ash (50/50 w/w) in order to evaluate the
performance of ternary blended cements. The mixtures were prepared with OPC and both 6 and 20% of
activated industrial waste (coal mining and paper sludge + fly ash).
Prismatic samples (1x1x6 cm) were prepared with water/cement ratio of 0.5 and cured 28 days. After this time,
mineralogical composition of the samples was determined by XRD as well as mechanical properties
(compressive and flexural strength, total porosity, etc).
Besides, portlandite and ettringite, both monocarboaluminate and C4AH13 have been formed in the samples
after 28 days of hydration. It can be observed that C4AH13 decreases as Ca/Si ratio decreases; with the opposite
behaviour for the monocarboaluminate.
From the mechanical properties, porosity decreases from 1 to 28 days of curing as compressive strength
increases.

Originality
Several industrial wastes with different composition have been used in cement manufacture with different
chemical and mineralogical composition giving rise to various hydrated compounds that can modified
mechanical properties of hardened cement. In this work we explored the influence of the Ca/Si relation of the
industrial waste in the hydrated compounds formed as well as the influence in the mechanical properties.
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1. Introduction
Cement industry traditionally uses in its productive process a huge quantity of waste and by-products,
in different stages: alternative fuel, raw materials and/or as pozzolanicadditions, in order to reduce the
environmental impact. The use of cementitious materials in the manufacture of eco-efficient cements
is focused in industrial wastes. Research studies based on clay minerals, as kaolinite, are being
followed with special attention from the scientific community of the cement industry (Ríos, C.A., et al,
2009; Vejmelkova, E., et al, 2010; Janotka, I., et al, 2010; Ptacek, P., et al, 2014; Pesce, G.L., et al,
2014; Frías, M., 2006a; Frías, M., 2006b;Martínez, S. and Frías, M., 2011). It is well known that these
minerals require an activation process to transform the kaonilite into metakaolinite, which is a highly
pozzolanic product included in the legislation since decades(UNE-EN 197-1, 2011).

A way to obtain metakaolinite is through the activation of kaolinite based industrial wastes. Recently,
Frías M., et al.2008a, and Vigil R., et al. 2007 reported that metakaolinite obtained from paper sludge
calcinated at temperaturesbetween 650°C and 700°C for2 h, has similarpozzolanic activity than other
highly pozzolanic additions, such as commercial metakaoliniteorsilica fume, and thenimproving
performances of blended cements (Bai J., et al, 2003; Vegas, I. et al, 2006; Rodríguez, O., et al,
2009a; ; Rodríguez, O., et al, 2009b). Another interesting research line to obtain recycled
metakaoliniteis the recycling of coal mining wastes. These residues come from the processes of
extraction and washing of coal, which are mainly composed of carbon and clay minerals (kaolinite).
In 2009, global coal production was 6.941 million tons (www.bp.com), which produces the coal
mining wastes of about 10%–15%, of coal production (Haibin, L. and Zhenling, L., 2010).In a
previous work about pozzolanic activity was demonstrated that coal mining wastes show high activity
when they are calcinated at 600ºC (Frías, M., et al, 2012).

Due to its good behaviour as future eco-efficient additions, this paper conducts a detailed study of
their influence on the performances of blended cement mixtures (binary and ternary one), with
substitutions of 6 and 20% of pozzolan at 28 days of hydration.

Blended cements properties depend on the nature and CaO/SiO2 ratio of activated pozzolans.The
research carried out in this paper included the study on scientific aspects (pozzolanicity, mineralogical
phases), physical (porosity) and, mechanical properties (compressive strength), and the relationship
between them.

2. Materials and experimental procedure
2.1. Materials
The materials used in this paper are:

- Coal mining waste (CMW) activated at 600ºC during 2 hours (ACMW).
The coal mining waste was a coal gangue waste, deposited in a landfill at an opencast mine
(Sociedad Anónima Hullera Vasco-Leonesa), sited in the León province (Santa Lucia, Spain).
The best activation temperature was chosen from economic and energetic point of view (Frías,
M., 2012). ACMW was ground in an agate mortar and pestle until getting particle sizes less
than 63 µm, analysed by laser granulometry (Frías, M., et al, 1991). The mineralogical



composition of the ACMW is mainly low quartz, micas, calcite, hematite and spinel-like
phases (kaolinite peaks, from CMW, disappear after calcination) (Figure 1).

- Activated paper sludge (600ºC, 2h) + Fly ash (APS+FA)
APS was obtained by controlled laboratory calcination of initial paper sludge (IPS) by means
of an electric furnace at 600 °C for 2 h (Frías, M., et al, 2008b). The paper sludge was
provided by Holmen Paper Madrid. This treatment eliminates the organic material, achieves
the total dehydroxylation of kaolinite into metakaolinite (MK), and avoids an excessive
decarbonation of calcite which could result in a significant amount of quicklime. The main
crystalline compounds of the APS sample are talc and calcite; the peaks for the kaolinite are
no longer present after calcination (Figure 1). The chemical composition is given in Table 1.

According to the chemical composition (Table 1) the FA met the requirements of ASTM
Class F and the EN-UNE 450 specifications(UNE-EN 450-1, 2013): SiO2 + Al2O3 + Fe2O3

contents higher than 70% and low CaO content. As is showed in Fig. 1a, the starting fly ash
has the following crystalline phases: α-SiO2, mullite (Al6Si2O13), hematite and magnetite. An
amorphous halo appeared between 15 and 35º, 2θ angular zone, which corresponds to the
glassy component of fly ash.

APS and FA pozzolans were previously mixed with a ratio of 1:1 by weight, and the chemical
composition of the mix has been showed in Table 1.The sum of acid oxides (SiO2 + Al2O3 +
Fe2O3) was also collected, as it can be showed the pozzolan with a higher content of acid
oxides was CMW, what give an indication about its high pozzolanic activity.

- Ordinary Portland cement (OPC)
The cement was a commercially available Ordinary Portland Cement (OPC) classified as
CEM I 52.5R supplied by Financiera y Minera (Italcementi group). The main crystalline
compounds of the OPC were alite (C3S), belite (C2S), C3A, and brownmillerite (C4AF)
(Figure 1), the chemical composition appeared in Table 1.

- Blended cements
Partial replacements of OPC by 6 and 20% of pozzolan (CMW or APS+FA) were made. The
corresponding mixtures OPC-pozzolan were called as 100/0, 94/6 and 80/20 (see Table 2).
Pastes were prepared with a demineralised water-to-binder ratio of 0.5. After mixing, a series
of six prisms 1×1×6 cm were molded and compacted by vibration and cured 1 day at 95%
R.H. After that, samples were demolded and cured at 21 °C and 95% R.H.in sealed containers
for a period of 28 days.
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Figure 1 Mineralogical characterization by XRD for initial samples.

Table 1 Chemical characterization by XRF
Oxide (%) APS FA APS+FA CMW
SiO2 13.9 55.7 34.8 56.6
Al2O3 8.3 24.0 16.2 25.3
Fe2O3 0.5 4.8 2.7 4.6
CaO 47.1 2.2 24.7 4.2
MgO 1.6 0.9 1.3 0.8
SO3 0.0 0.9 0.4 0.3
K2O 0.3 2.2 1.2 3.1
Na2O 0.2 0.5 0.3 0.2
TiO2 0.3 0.7 0.5 1.2
P2O5 0.2 0.3 0.2 0.1
LOI* 26.7 7.6 17.1 3.1

SiO2 +Al2O3 +Fe2O3 22.7 84.5 53.6 86.6
*LOI: loss of ignition

Table 2 Mixture proportions
CMW

(% by weight)
APS

(% by weight)
FA

(% by weight)
OPC

(% by weight)
100/0 0 0 0 100
94/6CMW 6 0 0 94
94/6APS+FA 0 3 3 94
80/20CMW 20 0 0 80
80/20APS+F

A

0
10 10 80

2.2. Experimental procedure
The chemical composition of the samples was determined by X-ray fluorescence (XRF) using a
Philips PW-1480 dispersive energy spectrophotometer, Sc/Mo anode, in working conditions of 80 kV
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and 35 mA.

Mineralogical analyses were carried out by X-ray diffraction (XRD) using a SIEMENS D-5000
analytical powder diffractometer with an automatic divergence slit, graphite monochromator and Cu
Kα radiation. The XRD data were collected in the angular range (2θ) 3-65° with step 0.03° and
counting time 3 s. The current and voltage intensity applied to the generating X-rays tube has been of
30 mA and 40 kW and the divergence and receipt splits of 1° and 0.18°, respectively. The different
minerals from the total percentage have been calculated by the relation between the characteristic
peak areas.

Frattini method (European Standard UNE-EN 196-5, 2011), was employed to determine the
pozzolanicity of the blended cements. The test involves hydrothermal curing of the blended cements
for 8 and 15 days at 40 °C and 100% R.H. At the end of the curing period, the suspensions were
analysed for Ca content and alkalinity. Each mixture was tested twice and the mean values were
reported. Comparisons were made using the solubility curve of Ca(OH)2.

Pore size distribution measurements were carried out using a mercury intrusion porosimeter (MIP)
Micromeritics Autopore IV 9500, capable of measuring pore size diameters up to 0.0067 μm.
Mercury intrusion timing was 10 s per equilibration. Each solid block sample, weighing
approximately 2 g, was degasified for 10 min prior to testing.

3. Results and discussion
3.1. Pozzolanicity of blended cements
Figure 2 shows the results obtained by Frattini test for all blended cement pastes, and for the reference
cement paste too, at 15 days. The results showed that the only cement that could be considered as
pozzolanic cement at 15 days, is the cement paste elaborated with 20% of APS+FA. However, these
wastes present pozzolanic activity when they were analysed in a pure pozzolan/Ca(OH)2 system,
according to references (Frías, M., et al, 2008c; Frías, M., et al, 2012; Rodríguez, O., et al, 2009a).
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Figure 2 Frattini test results for pastes at 15 days of reaction.
3.2. XRD results
The main crystalline hydrated compounds present in the paste at 28 days of curing were: portlandite

(Ca(OH)2); ettringite (Ca6[Al(OH)6]2(SO4)3⋅26H2O), hydrated calciumaluminate

(Ca4[Al(OH)6]2.13H2O) and hydrated calciummonocarboaluminate (Mc: Ca4[Al(OH)6]2CO3⋅5H2O).

The other crystalline phases identified correspond to compounds presented in the initial wastes, i.e.
quartz, calcite; or unreacted compound presents in the reference cement, as alite (Figure 3). Hydrated
calcium aluminate was promoted with the addition of CWM, while calcium monocarboaluminate was
formed with the addition of APS+FA. Both, CWM and APS have calcite that can favor CO3-AFm
formation against ettringite.

Figure 3 XRD of pastes after 28 days of reaction.

3.3. Mechanical properties
3.3.1. Compressive strength of blended cements
Figure 4 shows compressive strength at 1 and 28 days (average of six specimens) for all the studied
blended cements and the reference cement. All blended cements have lower compressive strength
than reference at 1 day of hydration due to its moderate pozzolanic activity. At 28 days for both
samples with 6% replacement, the compressive strengthe were lower than the reference one, but with
20% substitution, the compressive strengths were higher than the reference, this can be due to the
pozzolanic effect.



Figure 4 Compressive strength of blended cements and reference at 1 and 28 days.

3.3.2. Total porosity of blended cements
The total porosity of blended cements is directly related to the compression strength results of the
pastes, as it can be showed in Figure 5, porosity decreases from 1 to 28days of curing as compressive
strength increases (Figure 4). Porosity decreases as a consequence of the formation of hydrated phases,
with hydraulic properties, from pozzolanic reaction, i.e. hydrated calcium

monocarboaluminate(Mc: 124 HCAC ) or hydrated calcium aluminate (C4AH13) (Rodríguez, O., et al,

2009b).

Figure 5 Total porosity of blended cements at 1 and 28 days.

OPC samples were less porous than the samples with substitution due to its moderate pozzolanic
activity.

3.4.Influence of Ca/Si ratio of pozzolan on the hydrated phases
The addition of kaolinite based wastes modified the obtained percentage of hydrated compounds,

especially hydrated calcium monocarboaluminate (Mc: 124 HCAC ) and hydrated calcium aluminate

(C4AH13). This amount was modified depending on the Ca/Si ratio (Figure 6) and/or Si/Al (Figure 7)
present in each pozzolan. In the case of calcium monocarboaluminate, more amount was obtained at
28 days as Ca/Si ratio increases, this ratio is higher for APS+FA pozzolan blend. For the hydrated
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calcium aluminate, the percentage increased in the blended cements elaborated with CMW, with the
lowest Ca/Si ratio.
Monocarboaluminate content increases with Ca/Si ratio; with the opposite behavior for the C4AH13.

Figure 6 Ca/Si ratios for the blended cements at 28 days.

From the point of view of the aluminate phases (ettringite, monocarboaluminate and C4AH13), Si/Al
ratio of 2.9 give the maximum amount of formed phases. It is also interested to remark that as calcite
decreases, monocarboaluminate increases and less ettringite have been formed.

C4AH13 has been formed in high amount for the sample with low Ca/Si and high Si/Al ratio. However
monocarboaluminate has been promoted for the sample with high Ca/Si and lower Si/Al ratio.

Figure 7 Aluminate phases evolution with Al/Si ratio for the blended cements at 28 days.



Mc = monocarboaluminate; Et = ettringite

4. Conclusions
The conclusions that can be drawn for the present paper are:

- According to Frattini test the only blended cement that can be considered as pozzolanic is the
one elaborated with the addition of 20% of CMW.

- The main mineralogical compounds obtained as results of pozzolanic reaction have been
hydrated calcium aluminate and calcium monocarboaluminate. The first one has been favored
with the addition of CWM, while the addition of APS+FA favored the presence of calcium
monocarboaluminate.

- The value of compressive strength for blended cements with 20% replacement was very close
to the obtained by OPC paste, although higher values were obtained with the addition of 20%
of CMW.

- Porosity decreases as a consequence of the formation of hydrated phases during pozzolanic
reaction. Due to the reduction of pores, because of the growing of the hydrated compounds
with hydraulic properties, the compressive strength increases.

- More amount of calcium monocarboaluminate was obtained, at 28 days of reaction, with the
increase of Ca/Si ratio and Si/Al ratio decrease, this ratio was higher for APS+FA pozzolan
blend. For the hydrated calcium aluminate, the percentage increased in the blended cements
elaborated with CMW, with minor Ca/Si and higher Si/Al ratio.
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Abstract
C-S-H, calcium silicate hydrate, is the main phase in hydrated plain cement paste. C-A-S-H, alumina-containing
calcium silicate hydrates, is the main phase in blends of plain cement containing aluminate phases or with
supplementary cementitious materials (SCMs). C-A-S-H has a highly variable composition in blends and generally
forms with lower Ca/Si and often higher Al/Si. Its importance in cement chemistry is due to the fact that C-S-H and
C- A-S-H form at least half the volume and is the main contributor to the cohesion and stability of the hardened
material.
The addition of SCM(s) can change the amount of Portlandite (CH), the other main phase in cement, as well as the
amount of sulfate-bearing and carbonate-bearing secondary products. This is mostly affected by the changes in Ca/Si
and Al/Si in C-A-S-H and the pore solution.
The composition of the C-A-S-H phase and the amount of CH were determined in several realistic and model systems. It
was shown that the Ca/Si of the C-A-S-H in blended pastes drops to 1.30-1.60 while Portlandite is still present and
decreases to values as low as 0.90 in its absence. The consumption of Portlandite is a limiting factor in decreasing the
Ca/Si. The morphology was observed in many systems and discussed with respect to Ca/Si and the presence of
Portlandite.

Originality
While the C-A-S-H of plain cement and blended paste samples has been characterized in the past, the aim here was to
study systems with realistic amounts of SCMs, only little amounts of alkali in the system and typical temperatures seen
on the field. Results here are therefore useful for thermodynamic modelling which aims to simulate the reaction of
useful blends.
In order to successfully characterize the C-A-S-H by SEM-EDX, the methodology was optimized by studying the
different parameters influencing the results and by comparing with the STEM-EDX. This was shown not only for cement
pastes but also for several blends. The optimization is not described in this paper and the reader is referred to the
appropriate reference.

Keywords: C-S-H, C-A-S-H, electron microscopy, energy-dispersive spectrometry (EDX), morphology
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1. Introduction
The main phases resulting from the hydration of pure C3S – the main component of cement – are
calcium silicate hydrate (C-S-H) and Portlandite (CH)2. In reacted plain cement pastes and blends
containing supplementary cementitious materials (SCMs) the main hydrate phases are C-A-S-H and
CH. C-A-S-H is calcium silicate hydrate (C-S-H) containing alumina and is the phase which most
frequently determines the mechanical properties and durability of the final material. The porosity, the
chemical binding capabilities and the type and amount of secondary phases all depend on C-A- S-H.
A basic knowledge of this phase, in particular in realistic cement pastes is therefore essential to be
able to understand and later predict how any change in the C-A- S-H could impact the final
microstructure. This is of particular interest for thermodynamic modelling (Lothenbach et al., 2011)
for which it was necessary to develop a suitable model for the solubility of C-A- S-H.

In pastes, the addition of SCM(s) can change the amount of sulfate-bearing phases (Ettringite,
monosulfoaluminate etc.) and carbonate-bearing phases (hemicarboaluminate, monocarboaluminate).
This is because SCMs are usually richer in silica, alumina compared to plain cement. Thus, the system
shifts towards a phase assemblage containing different amounts of the main and secondary hydration
products (Lothenbach et al., 2011).

As indicated by the hyphens, C-A-S-H has a variable composition, often expressed in atomic ratio (e.g.
Ca/Si and Al/Si). C-A- S-H also has a fibrillar or foil-like morphology which depends on the
conditions of formation. In plain cement, C-A- S-H has Ca/Si ≈ 1.70-1.80, Al/Si ≈ 0.05-0.10, has
fibrillar outer product (OP) and dense inner product (IP). In blends the Ca/Si is lower (down to ≈ 0.80),
the Al/Si increases if the SCM(s) supply alumina (up to ≈ 0.25) and the morphology becomes more
foil-like depending on the type and amount of SCM replacement. See (Girão et al., 2010; Love et al.,
2007; Richardson, 2000; Taylor et al., 2010) for some examples. In synthetic preparations (in dilute
conditions), the Ca/Si usually reaches a maximum of ≈ 1.50 before CH precipitates as seen in Fig. A.4
in (Lothenbach et al., 2008). This value is lower than in cement pastes.

It is therefore important to study both synthetic preparations in dilute conditions and in paste samples
to further understand the chemistry of C-A- S-H. Here are presented results on C-A-S-H in realistic
cement blends and in systems with high additions of silica fume or metakaolin which allowed for fast
reaction and formation of C-A- S-H. The composition of C-A- S-H and the amount of CH were
determined at different temperatures in order to see the possible range of composition of C-A- S-H in
such pastes and better understand the possible role of CH. The morphology of C-A- S-H was studied
on several samples hydrated at 20°C.

2. Experimental
Two sets of samples were studied. They are all binary blends of a plain cement (PC1, PC2) or of a
white cement (WC) with a replacement by a SCM. They were all prepared with a water/binder = 0.4.

The first (Series A) is a series of matured blends still containing significant amounts of CH in the
system. To this effect, samples from previous work (Kocaba, 2009) containing either slag, fly ash (FA)
or silica fume (SF) replacement were characterized after 3-5 years.

A second series (Series B) was studied. This series contained small to high additions of reactive SCMs
which consumed most or all of the CH, to study C-A-S-H in a different phase assemblage. Binary
blends were cast using PC1 with SF or pure metakaolin (MK) replacement and were characterized
after 90 days. Both PC1 and SF are the same raw materials as in Series A. Some samples contained
quartz – considered an inert filler – to increase the water/“reactive binder” ratio without any risk of
bleeding.

2 In cement notation for oxides, C = CaO, S = SiO2, A = Al2O3, H = H2O, $ = SO3, C = CO3.



2.1. Raw Materials
2.1.1 Cements
Table 1 and Table 2 give the XRF and XRD compositions of the cements. The XRD quantitative
analyses were done by Rietveld refinement.

Table 1: XRF compositions of the cements used (data from V. Kocaba), in wt%
Name SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Mn2O3 LOI
PC1 20.6 5.2 3.1 62.0 2.6 2.9 0.3 1.4 - - - 1.14
PC2 21.6 5.0 2.8 65.9 1.7 0.8 0.1 0.9 0.3 0.4 0.1 0.72
WC 24.5 2.1 0.3 69.2 0.6 2.2 0.1 0.2 - - - 0.19

Table 2: XRD compositions (Rietveld analysis) of the cements used (data from V. Kocaba), in wt%
Name C3S C2S C4AF C3A Lime Periclase CaSO4 CaCO3 Ca(OH)2
PC1 51.1 22.2 9.2 8.1 1.8 2.3 3.8 1.0 0.6
PC2 66.9 10.3 8.8 4.5 0.0 0.5 4.2 4.9 0.0
WC 67.3 23.3 0.4 3.6 0.6 0.0 4.3 0.0 0.5

2.1.2 Replacement materials
Table 3 gives the XRF composition of the replacement materials used.

Table 3: XRF compositions of the replacement materials used (some data from V. Kocaba), in wt%
Name (%amorphous) Short SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oequ K2O TiO2

Slag 01 (99%) S1 36.5 11.6 1.4 40.8 7.5 2.1 0.5 - -
Slag 02 (85%) S2 30.5 16.5 0.2 32.0 10.0 1.7 0.0 - -
Fly ash 01 FA1 49.9 23.9 8.8 4.8 2.6 0.3 1.0 3.8 0.9
Fly ash 02 FA2 70.0 23.9 2.2 0.2 0.2 0.0 0.0 0.6 1.4
Silica fume SF 98.6 0.3 0.0 0.2 0.1 0.1 0.2 - -
Metakaolin MK 51.4 44.9 0.4 0.2 0.0 0.0 0.2 0.1 1.4
Quartz Q 98.1 1.1 0.0 - - - 0.1 0.6 0.1

2.2. Mix design
The series containing CH (Series A) was comprised of the mixes given in Table 4. Samples were cast
with a water/binder = 0.4 and hydrated under water at 20°C for 3-5 years. The second series with
reactive SCMs (Series B), where most or all the CH was consumed, is summarized in Table 5. Here
samples were hydrated at 10, 20 and 38°C with a water/binder = 0.4. The PC1 and most SF systems
were studied from 1 to 90 days, while those indicated with a star (*) were only characterized at 90
days. The two series with SF and Q were made to increase the water/“reactive binder” ratio without
risk of bleeding. Gypsum (from MERCK) was added to control the early reaction of aluminates as
metakaolin supplies a large amount of aluminum to the system. Superplasticizer was added to the MK
blends in order to improve workability. The SF blends did not require superplasticizer.

Table 4: Series A still containing CH. Samples hydrated at 20°C for 3-5 years with water/binder = 0.4. In %wt.
Cement SCM Cement SCM Cement SCM

PC1 100 0 PC2 100 0 WC 100 0
PC1-S1 60 40 PC2-S1 60 40 WC-S1 60 40
PC1-S2 60 40 PC2-S2 60 40 WC-S2 60 40
PC1-FA1 70 30 PC2-FA1 70 30 WC-FA1 70 30
PC1-FA2 70 30 PC2-FA2 70 30 WC-FA2 70 30
PC1-SF 90 10 PC2-SF 90 10 WC-SF 90 10



Table 5: Series B with reactive SCMs. They were hydrated at 10, 20 and 38°C.
*These samples were studied only at 90 days. In %wt.

PC1 SF Q MK Gypsum Water/(PC+SCM)
ratio

Water/binder
ratio

PC1 100.0 - - - - 0.40 0.40
PC1(Q) 9.1SF* 81.8 9.1 9.1 - - 0.44 0.40
PC1 10SF 90.0 10.0 - - - 0.40 0.40
PC1(Q) 20SF* 60.0 20.0 20.0 - - 0.50 0.40
PC1 25SF 75.0 25.0 - - - 0.40 0.40
PC1 45SF 55.0 45.0 - - - 0.40 0.40
PC1 18.8MK* 80.7 - - 18.8 0.5 0.40 0.40

2.3. Sample preparation
The reader is referred to (Kocaba, 2009) for information on casting of the matured samples (Series A).
Generally, dried powder was first homogenized for 40 minutes using a Turbula mixer. Silica fume was
prepared as a slurry with distilled water using a hand mixer set at 12’000 rpm. Samples were mixed
with distilled water (or slurry) for two minutes using a vertical mixer with a rotation speed of about
1’600 rpm. Superplasticizer was added to the metakaolin blends. The pastes were cast in cylindrical
tubes 35 mm in diameter, unmolded after one day and placed in slightly wider tubes in which a small
amount of distilled water was added to maintain them under water without causing significant
leeching of the pore solution.

Hydration was stopped by cutting a 2 mm thick disc using a diamond saw with distilled water as
lubricant and plunging it into isopropanol for 5 days. The solution was replaced at least once during
the first day to enhance the solvent exchange. This was followed by at least 7 days of drying in a
vacuum desiccator.

For thermogravimetric analysis, the dried samples were crushed in a mortar. A Mettler-Toledo
TGA/SDTA 851 balance with a 10°C/min ramp from 30°C to 900°C was used, with a constant
30 ml/min flux of nitrogen. The amount of CH was determined from TGA experiments using the
tangent method.

For scanning electron microscopy (SEM), pieces of dried sample were impregnated, polished down to
1 µm using diamond sprays and with deodorised petrol as a lubricant. Polished samples were coated
with about 15- 20 nm of carbon. The observations in the SEM (FEI Quanta 200) were carried at 15 kV
using a probe current of less than 1 nA. EDX analyses were done using a Bruker AXS XFlash®
Detector Model 4030, with 3-4 seconds acquisition time per spectrum. Quantification was done using
PB-ZAF matrix corrections with ϕ(ρ∙z) and with standards.

For the transmission electron microscopy (TEM) smaller pieces were impregnated, then cut to a thin
slice and thinned down mechanically to a bevel by mean of the Tripod method. It was then glued to a
copper ring, ion-thinned and coated with a 5 nm layer of carbon. The observations in TEM (FEI
Tecnai Osiris) were carried out in scanning mode (STEM) with a current of 0.160 nA or less. EDX
analyses were carried out using two windowless Super-X detectors which recorded spectral maps –
each pixel containing a full EDX spectrum – in the same conditions as for imaging. Each EDX
analysis is therefore a cumulated spectrum over a suitable area of the sample. Quantification was done
standardless using the Cliff-Lorimer method. Additional details can be found in an upcoming paper
(Rossen and Scrivener, 2015).

The composition of C-A-S-H was determined using SEM-EDX measurements of the inner product (IP)
as the outer product (OP) regions were more intermixed. In particular, the OP was too highly
intermixed with SCM particles in the blends containing SF or MK. For samples of plain cement and



those containing slag or fly ash, the IP C-A-S-H composition was estimated by taking the values at the
edge of the cloud of EDX points (Rossen and Scrivener, 2015; Rossen, 2014). For samples containing
SF or MK, the average was taken instead as the amount of intermixing towards Si or Al was not
known. Calcium was often corrected for sulfate adsorption assuming one sulfate co-adsorbs per
calcium ion, thus corrected calcium is (Ca-S). Details are given in an upcoming paper (Rossen and
Scrivener, 2015). If a value for the OP is given, it was determined in the TEM by taking the average of
all OP analyses.

3. Results and Discussion
3.1. Range of C-A-S-H composition
Figure 1 summarizes the inner product (IP) C-A-S-H composition of the blended cement pastes for
both Series A and Series B. For simplicity, the three cements and SCMs of Series A are not
distinguished. While the (Ca-S)/Si in plain cement ranges 1.70-1.90 and Al/Si is about 0.10, in cement
blends (Ca-S)/Si can decrease to about 0.90 while the Al/Si can reach 0.30. Series B was hydrated at
three different temperatures. It can be seen that the temperature has no effect on the composition of
C-A- S-H in plain cement (Gallucci et al., 2013) but increases the reactivity of the SCMs, causing a
lowering of the (Ca-S)/Si, as expected. This range of values in more realistic blends confirms the
range of values given in the literature.

Figure 1: Composition (from SEM-EDX analyses) of IP C-A-S-H in blended cement pastes hydrated for 90 days
(Series B) or 3-5 years (Series A).

3.2. Morphology of C-A-S-H
In Figure 2 the morphology of C-A-S-H in a selection of blends hydrated at 20°C is shown in bright
field (BF) STEM images. The Ca/Si and Al/Si are reported with each image.

The change in Ca/Si has an effect on the observed morphologies. In pure cement (Figure 2a) fibrillar
OP C-A-S-H is observed, as expected. The IP C-A-S-H has a non-directional morphology and AFt or
AFm relics can be seen around the original clinker grain. The fibrillar morphology is also dominant in
the OP regions of a blend containing 40% slag (Figure 2b), 30% fly ash (Figure 2c) and even in a
blend with 18.8% metakaolin (Figure 2e). This occurs despite the Ca/Si ratio decreasing from ≈ 1.80
in plain cement to 1.60 in the slag blend, 1.50 in the fly ash blend and 1.40 in the metakaolin blend. In
the slag and fly ash blends (Figure 2b and Figure 2c), the IP in SCM particles is however foil-like. In
slag particles, the C-A-S-H can be intermixed with hydrotalcite. In the metakaolin blends, the IP in



clinker grains appeared foil-like. In the silica fume blend (Figure 2d), the morphology was mostly foil-
like, probably in both the clinker IP and OP regions. Some fibrillar regions could be found but these
were not as frequent as in the other blends. Here the Ca/Si was the lowest at ≈ 1.20.

It is less clear how the Al/Si may directly affect the observed morphology. Al is known to increase the
polymerisation of the (alumino-)silicate chains in C-A-S-H and is expected to favour foil-like
morphology as seen in slag blends (Richardson and Groves, 1992). The metakaolin blend still shows
many fibrillar regions despite an Al/Si reaching ≈ 0.30. Both fibrillar and foil-like C-A-S-H had such
high Al/Si.



Figure 2: Bright field (BF) STEM images of a plain cement and blended cement pastes hydrated at 20°C.
Estimated Ca/Si and Al/Si ratios (obtained by EDX) are given. a) Plain PC1 paste hydrated for 90 days showing
typical fibrillar OP C-A-S-H (some indicated by arrows), IP C-A- S-H from a hydrated cement grain. b) White
cement-40% slag blend (WC-S2) hydrated for 5 years and showing fibrillar OP C-A- S-H which grows from the
surface of grains. Directional fine-foil-like IP C-A- S-H and hydrotalcite are seen within reacted slag particles. c)
White cement-30% fly ash blend (WC-FA2) hydrated for 3 years and showing fibrillar OP on the surface of a fly
ash particle and foil-like C-A- S-H within the reacted fly ash grain. d) PC1-20% quartz-20%silica fume blend

(PC1(Q)-20SF) hydrated at 20°C for 90 days and which shows both fibrillar and foil-like C-A-S-H. The foil-like
morphology was clearly dominant in this system. e) PC1-18.8%metakaolin (PC1-18.8MK) blend hydrated for 3

years and showing much fibrillar C-A-S-H on the surface of grains while IP regions were often foil-like.

What appears here is that the fibrillar morphology is characteristic of the beginning of the hydration
reactions to form C-A- S-H as fibrils form first on any available surface. The foil-like morphology
likely appears only at a later stage once the SCMs have begun to contribute to the reaction, when the
pore solution begins to change significantly and cause a lowering of the Ca/Si.

3.3. C-A-S-H and CH
In data from early age silica fume blends of Series B (Figure 3) hydrated at 20°C, the Ca/Si is plotted
against the wt% of CH normalized to the clinker content. The decrease of CH over time correlates
with a decrease in Ca/Si as the pozzolanic reaction of silica fume with Portlandite is taking place. This
trend was observed for all silica fume blends (Rossen et al., 2015). As discussed more in detail in
(Rossen, 2014; Rossen et al., 2015), both the consumption of CH and the decalcification of C-A- S-H
can occur in blended pastes to reach a state as close as possible to equilibrium between the formed
solids and the pore solution.

It seems CH can act as a source of calcium, providing Ca ions to form C-A- S-H and thus limiting the
decrease in Ca/Si. Also, when CH is still present as in the slag, fly ash and metakaolin blends from
Figure 2, it does appear that the fibrillar morphology is dominant, as the system still forms higher (Ca-
S)/Si C-A- S-H as opposed to the silica fume blends where the foil-like morphology is more present
and where CH is depleted more rapidly.



Figure 3: Data from early age silica fume blends of Series B hydrated at 20°C. Ca/Si as a function of the CH
normalized to the amount of clinker.

4. Conclusions
It was shown in blended cement systems that C-A-S-H has a wide range of composition. (Ca-S)/Si
ranged ≈ 0.90-1.60 compared to ≈ 1.80 in plain cement. The Al/Si can reach ≈ 0.30.

CH appears to limit the decrease of Ca/Si (or (Ca- S)/Si) as it can act as a “source” of calcium.

In samples still containing Portlandite, the fibrillar C-A-S-H was present throughout the
microstructure, particularly on any available surface, may it be clinker or SCM grains.

Results from the silica fume samples strongly suggest how the formed solids and the pore solution
influence each other reciprocally even in the low water/binder conditions of cement pastes.
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Influence of Power Ultrasound on the hydration of C3S
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Abstract
Power Ultrasound is widely used in various technical processes (from pharmaceutics to ceramic and fuel industry) to
disperse suspensions and to control crystallization processes. The authors of the present study have shown before that
by PUS application early strength development of concrete is accelerated and thus PUS can be used to replace heat
treatment in precast concrete production.
The present study discusses the origin of the hydration accelerating effect of PUS. Therefore also the effect of PUS on
C3S hydration is investigated. Thus precipitation of strength determining C-S-H phases under conditions of
homogeneous and heterogeneous nucleation in dependence of PUS application is studied. Precipitation processes of C-
S-H are followed by measuring electric conductivity of aqueous phase, ion concentration in aqueous phase and by
imaging microstructural development using high resolution Scanning Electron Microscopy (SEM).
The results of the present study clearly show that PUS is only effectively promoting crystallization in the case of
heterogeneous nucleation. That indicates that the accelerating effect of PUS is connected to the presence of particle
surfaces.

Originality
The application of PUS for accelerating cement hydration is studied at the Bauhaus-Universität since year 2009. It
started with a simple PUS device working with plain cements. Firstly the appropriate parameters of PUS (amplitude,
power) and mixing process for maximum strength were determined. Furthermore the influence of PUS on strength and
fluidity of various cement suspensions was studied. Now in the second stages the mechanism of hydration acceleration
was investigated and is described in the present contribution.
The third stage is to transfer PUS application to concrete production. Therefore an upscaled PUS device is currently
used to produce PUS optimized concrete that is tested for strength and durability according to international standard.
The interest of industry to this project is high and delineated by the fact that cement producer join the upscaling project.

Keywords: Portland cement; Power-Ultrasound, acceleration, C-S-H growth
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1. Introduction
The most important requirement for precast concrete production is a fast early strength development
coupled with adequate workability of fresh concrete. Besides applying appropriate concrete mixtures
(i.e. low water to cement ratio, high cement content, cement with high strength class) accelerating
admixtures and heat treatment are available to achieve sufficient early strength development.
Adversely inappropriate application of both methods may induce durability risks (corrosion effects,
delayed ettringite formation). Furthermore heating of formworks disagrees with recent economic
(efficient and low cost production) and ecologic (reduction of CO2 emission, preserving natural
and/ or energy resources) requirements.
For the same economic and ecological reasons another challenging aim considering sustainability of
concrete is to substitute Portland cement clinker by appropriate secondary cementitious materials
(SCM, e.g. ground granulated blast-furnace slag: GGBFS, limestone, metakaoline, Lothenbach B. et al.
20111Fi). A prerequisite is that properties (strength development, durability) of resulting concretes were
just equivalent, if not better, than concrete made of pure ordinary Portland cement (OPC). Since the
major problem in this content seems to be the very early strength development, the focus is to
accelerate/activate cement hydration.
A further promising method to influence setting and strength development is the application of power
ultrasound (PUS) (Peters S. et al. 2011, Rößler et al. 2011, Peters et al. 2012). Results of previous
investigations in the field of sonochemistry proved the accelerating influence of PUS on chemical
reactions (Kallies B. et al. 1997, Li H. et al. 2003, Luque de Castro M.D. et al. 2007, McCauseland
L.J. 2001, Nishida I. 2004, Ruecroft G. et al. 2005, Suslick K.S. & Price G.J. 1999,). Therefore
present work investigates the effects on cement hydration induced by PUS application. Since alite is
the most important clinker phase for cement hydration and strength development detailed
investigations are performed using the model substance tricalcium silicate (C3S) to gain a basic
understanding on how PUS influences hydration progress.
2. Experimental
2.1. Raw Materials
Synthesized triclinic tricalcium silicate (C3S) was used for investigations. C3S was purchased from
VUSTAH (Brno, Czech Republic).

Tab. 1 Chemical compositions of C3S /wt.-%
Compositions SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O. LOI

C3S 26.3 0.1 0.2 72.3 0.3 0.02 0.02 0.2
In order to address certain issues during experimental work the usage of polycarboxylate type
superplasticizer (SP) was necessary. A SP synthesized by radical polymerization of methacrylic acid
and subsequent esterification of PEG side chains (supplied by Bozzetto S.P.A., Italy) was applied. The
side chain density (acid/ copolymer) of the SP is 2.9 and the side chain length exhibits 1000 g/mol
PEG. The solid dry mass (SP) in aqueous solution was about 40 wt.-% and the density of solution was
1.11 g/cm³. Throughout the investigations SP was added in dosages given as SP dry mass referred to
C3S weight).
2.2. Experimental Process
PUS was generated with a laboratory device (UIP 1000hd, Hielscher, Germany) working with a
constant frequency of 20 kHz. Different ultrasonic horns (sound transmitter) and booster (reducer or
amplifier) are available. In combination of both tools (ultrasonic horn and booster) a spread of varying
amplitudes are possible.
All investigated media (100 ml – max. 500 ml) were sonicated by introducing ultrasonic horn in
suspensions stored in a beaker. To ensure uniformly sonication the media is stirred during PUS
treatment. With the help of a power meter the total energy input applied by the PUS setup was
monitored for all experiments. Solutions were stored in a thermostatic bath to keep a constant
temperature (25°C ± 1°C) during measuring time for all experiments.
To determine chemical composition of solids and ion concentrations of solutions Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES ACTIVA-M, HORIBA, Germany) was used.



The chemical composition of solid raw materials (e.g. C3S) was analyzed after dissolving solid in
hydrofluoric acid. To determine ion concentration in solution/ diluted suspension at least 10 ml
solution was taken from the bulk/ batch filtered through a 0.2 µm syringe filter at given times. To
avoid precipitation from aqueous solution approximately 0.2 g of 0.5 M HNO3 was added to the
analyzed solution.
Measurements of electrical (el.) conductivity of aqueous solutions and diluted suspensions were
conducted with a conductivity electrode (TetraCon® 325 WTW, Germany).
A high resolution Scanning Electron Microscope (Nova NanoSEM 230, FEI, Netherlands) equipped
with a field emissions gun (FEG) was used to characterize microstructure of solids. In the majority of
investigations secondary electron images were recorded with a Through the Length Detector (TLD) at
high vacuum (approximately 10-6 mbar) at very low acceleration voltages (2 kV).
3. Results and Discussion
3.1. Influence of power ultrasound on the dissolution precipitation processes during C3S hydration
3.1.1 C-S-H nucleation and growth from clear to the eye solutions (primary nucleation in the
absence of particles)
Primary nucleation occurs during crystallization from clear to the eye solution i.e. in a solution
containing no pre-existing crystals. Primary nucleation may appear as homogeneous (in the bulk of a
liquid in the absence of solid surfaces) or heterogeneous (in the presence of any solid interfaces)
nucleation. To obtain a primary nucleation of C-S-H in the absence of surfaces (quasi homogeneous) a
solution statured with Ca and Si ions is required. Therefore 2.00 g of C3S were dissolved in 100 ml of
bi-deionised water (25 °C ± 1°C) for two minutes with a magnetic stirrer (300 rpm). After this time the
solution was filtered (pore size 0.1 µm) in nitrogen atmosphere to remove solid particles. Chemical
characterisation of solution by ICP-OES reveals a Ca ion concentration of 4.33 mmol/l (± 0.08 mmol/l)
and a Si ion concentration of 1.38 mmol/l (± 0.01 mmol/l). This is a Ca to Si ratio (Ca/Si) of
approximately 3.14 (at. - %).
PUS was applied immediately after filtration process. The energy input was about 75 Ws/ml using the
PUS amplitude of 43 µm (sonotrode front diameter of 9.0 cm²).

Figure 1: Development of el. conductivity and temperature in a Ca-Si-solution in dependence of PUS
application and initial temperature pulse.



To estimate crystallization progress the development of el. conductivity of aqueous solution over
hydration time was determined. The measurements started immediately after filtration process and
PUS treatment, respectively.
The development of el. conductivity and solution temperature in a clear to the eye aqueous Ca-Si-
solution in dependence of time, PUS application and initial temperature increase (temporary heated) is
shown in Figure 1. Obviously during the first 30 minutes only a slight decrease in el. conductivity is
detected for the reference sample indicating a constrained precipitation of C-S-H phases. After this
period (at approx. 30 min) the el. conductivity decreases rapidly due to proceeding phase precipitation
that is expected to be C-S-H. Furthermore, during the first five minutes of crystallization in the sample
treated with PUS a minimum in el. conductivity is observed. A similar minimum is observed in the
sample temporarily heated to 35 °C, but the absolute value at minimum is at a lower level in latter one.
The following maximum in el. conductivity curve in the PUS treated sample and the “plateau” in the
reference sample are at similar value (i.e. within standard deviation). Again the maximum in the
temporary heated sample does not reach these values. This observation is ascribed to the slightly
higher sample temperature of temporary heated solution at considered time (Figure 1). Nevertheless
the minimum in el. conductivity is detected at the same period for sonicated and temporary heated
sample. These findings indicate that the development of el. conductivity in the temporary heated and
PUS sample are dictated only by temperature changes, i.e. el. Conductivity varies because sample
temperature increases and decreases. A modification of the quasi homogeneous crystallization (i.e.
without surfaces of particles present) process that can be ascribed purely to PUS application could not
be observed.
3.1.2 Hydration of C3S in CH(aq) at l/s = 50 (diluted suspension)
In cement pastes, alite hydration proceeds under specific aqueous conditions, i.e. Ca ion concentration
and pH- value increase immediately after water addition. Consequently, compared to the hydration of
C3S at high l/s in pure water, hydration in saturated calcium hydroxide (CH(aq)) solution is more close
to cementitious environment. Therefore, to obtain comparable conditions found in cement pastes, C3S
is added to a saturated CH(aq) solution. A Ca ion concentration of 21.0 mmol/l and a pH- value of
12.59) were determined for saturated CH(aq) solution.

Figure 2: El. conductivity of C3S-CH(aq) suspension (l/s = 50) in dependence of time, temperature and
PUS application.

The influence of PUS on C3S hydration in stirred diluted suspensions (l/s = 50) and elevated Ca ion
concentration was estimated by measuring the development of el. conductivity, ion concentration of
aqueous phase. Additionally microstructural high resolution SEM imaging was carried out.



Results of the development of el. conductivity are shown in Figure 2. After the addition of C3S to
saturated CH(aq) solution a constant value of el. conductivity was detected for the reference sample.
This plateau (induction period) lasted for approximately one hour. Hence, during this period of time
either no significant dissolution of C3S occurs or dissolution of C3S and precipitation of C-S-H are
balanced (C3S dissolution rate is less compared to C-S-H precipitation rate). At the end of induction
period in the reference sample (after approximately one hour) a rapid increase of el. conductivity
indicates that progressing dissolution of C3S exceeds C-S-H precipitation rate. As a result solution
becomes enriched with Ca ions until it is supersaturated with respect to CH. Subsequent CH
precipitation is indicated by the sudden drop in el. conductivity after approximately 6 h of hydration in
the reference sample.
During the first 30 min of hydration in the PUS (applied immediately after adding C3S to CH(aq)

solution) treated sample a minimum in el. conductivity is observed (Figure 2). Similar minimum is
determined for the sample that was temporary heated to obtain equivalent temperature rise as induced
by PUS application. Therefore results demonstrate that the early decrease in el. conductivity is a
temperature effect. Nevertheless, a rapid rise in el. conductivity follows without the appearance of a
plateau in both samples (PUS and temporary heated). That means a distinction of a “real” induction
period in the PUS and temporary heated sample is ambiguous. Whereas the el. conductivity curve of
temporary heated sample follows closely that of the reference after approximately 4 h of hydration, a
sharper increase is documented for the sonicated sample. Thus, it is evidenced that the hydration, i.e.
renewed dissolution of C3S is accelerated by PUS application. This observation is confirmed by the
earlier appearance (approx. 1 hour) of the typical portlandite precipitation peak.
To investigate the dissolution precipitation processed in more detail ion composition of aqueous phase
was analyzed by ICP-OES. For C-S-H precipitation from clear to the eye solutions (primary, quasi
homogeneous nucleation) it was shown that a temporary temperature increase does not influence the
development of ion composition compared to the reference (results not shown here). Thus, only ion
composition of aqueous phase of the suspension reference and sonicated sample were considered here
(Figures 3). Results in Figure 3a validate previous findings (Garrault-Gauffinet S. & Nonat A. 1999)
that el. conductivity is dictated by Ca ion concentration. Whereas an initial decrease in el. conductivity
(PUS and temporary heated sample) was documented (Figure 2) corresponding amount of Ca ion
decrease is not measured (Figure 3a). This may be attributed to sample preparation. Thereby if C3S
particles possess a particle size smaller than 200 nm they can pass the used syringe filter (pore
diameter of 0.2 µm). In the acidic environment (addition of approx. 0.2 g of 0.5 mol HNO3 to 10 –
14 ml sample solution) of analyzed aqueous solution these small particles dissolve and then are
detected by ICP-OES measurement. Thus the determined Ca ion concentration is somewhat too high.
Nevertheless in the sonicated suspension, a slight decrease of Ca and Si ion concentrations was
determined immediately after the addition of C3S to saturated CH(aq) solution (Figure 3b). Previous
investigations showed that first reaction products (C-S-H) precipitate promptly when C3S is suspended
in CH(aq) solutions (Damidot D. & Nonat A., 1994). If C-S-H precipitation rate is exceeds C3S
dissolution rate a decrease in Ca and Si ions concentration is determined. Whereas in the sonicated
sample a distinctive minimum in Si ion concentration is reached after several minutes, a continuous
slow consumption of Si ions up to 30 minutes could be detected in the reference (Figure 3b).
Highlighted in Figure 3b is the time period where Ca and Si ion concentration in the sonicated sample
are lower than the reference sample. This is a fairly good indication that at least at this early hydration
time precipitation in PUS sample was increased compared to reference. Up to 60 minutes of hydration
the renewed increase in Si ion concentration might be attributed to different phenomena: On the one
hand increasing Si ion concentration indicates that dissolution of C3S exceeds precipitation/ growth of
C-S-H. On the other hand dissolution of previously formed hydrates is possible. In both cases the
absolute increase in Si ion concentration (max. ∆ Si = 23 µmol/l during first 1h for sonicated sample)
only accounts for an increase of max. 69 µmol/l Ca. During the first hour of hydration a total increase
in Ca ion concentration of approx. 600µmol/l was detected in the PUS sample (Figure 3b). This
indicates that significant incongruent dissolution of C3S proceeds in the PUS sample. In contrast the
reference sample does not show a significant change in Ca ion concentration during the first hour of



a) up to 6.5 h of hydration

b) up to 0.5 h of hydration (enlarged area from Fig. 3a)

Figures 3. Time and PUS dependent evolution of Ca and Si ion concentration as well as electric conductivity in C3S-
CH(aq) suspensions (l/s = 50).



hydration. The end of the el. conductivity plateau (induction period) is marked by renewed increase of
Ca ion concentration (approx. 0.5 h hydration in PUS sample, 1.5 h in reference). The continuous
increase of Ca ion concentration is linked with the simultaneous decrease of Si ion concentration. This
indicates proceeding dissolution of C3S (release of Ca ions) and growth of C-S-H phases (consuming
Si ions). The occurrence of maximum Ca ion concentration is associated with the time when
portlandite precipitation occurs (Damidot D. et al., 1990, Damidot D. & Nonat A., 1994). From
Figure 3a it becomes obvious, that sonication influences the time of incidence of maximum Ca ion
concentration but does not affect its absolute value. In the reference sample maximum of Ca ion
concentration is reached after six hours and after five hours in the PUS treated sample. Because the
absolute value of Ca ion concentration of sonicated sample is similar to that measured for the
reference it is concluded that a similar saturation degree to initiate portlandite precipitation is needed.
Simultaneously to fast portlandite precipitation also a fast secondary C-S-H precipitation occurs as
indicated by second minimum in Si concentration. After five hours for sonicated sample and six hours
for reference the minimum in Si concentration is followed again by increased C3S dissolution as
indicated by the renewed increase of Si ion concentration (Figure 3b).
In conclusion results in Figure 3 indicate that the first C-S-H precipitation event in the sonicated
sample occurs right after sonification followed by renewed C3S dissolution up to one hour followed by
continuous C-S-H precipitation up to portlandite precipitation. After portlandite precipitation the C3S
dissolution is increased again. In contrast within the first hour of hydration reference sample did not
show such clear indication of C-S-H precipitation. It is deduced that the increased very early C-S-H
precipitation (within first hour of hydration) paves the way for the acceleration of hydration during the
main stage of C3S hydration. The assumed reason is the increased amount of early C-S-H that can act
as nucleation site during main stage of hydration.
Additional to measurements of el. conductivity and determination of ion composition of aqueous
phase, microstructural investigations by high resolution SEM were performed to characterize
structural development, i.e. C3S dissolution and growth of hydrate phases (C-S-H and portlandite)
during hydration process (Figures 4).
After 12 minutes of hydration SEM images reveal that in the reference sample clear indication of
proceeding C3S hydration could not be found. Unhydrated C3S particles posses a smooth surface
without any dissolution voids (Figure 4a). In contrast, in the PUS treated sample first dissolution
structures on C3S particles were detected after 12 min of hydration (Figure 4b). Unambiguous
verification of first precipitates by SEM imaging was not possible at this stage of hydration. After a
hydration time of 3 h dissolution voids all over C3S surfaces are visible in the reference sample. Also
locally, very small C-S-H phases can be observed (Figure 4c). In comparison dissolution of C3S is
clearly more advanced in the sonicated sample. Additionally, a significantly accelerated C-S-H growth
in sonicated sample becomes obvious from Figure 4d. Smaller C3S particles are already fully covered
with C-S-H phases. After a hydration time of 5 h 30 min besides C-S-H also portlandite can be
observed in the sonicated sample (Figure 4f). This observation time correlates well with timely
process of el. conductivity curve (Figure 2). After this time (5 h 30 min) a drop in el. conductivity was
detected in the sonicated sample that is associated with portlandite precipitation (Damidot D. et al.,
1990, Damidot D. & Nonat A., 1994). In contrast only C-S-H phases are visible in the reference
sample at the same time (Figure 4e). In the reference all C3S particles are now fully covered with C-S-
H phases. Finally, microstructural investigations show that PUS accelerates C3S hydration under
suspension conditions. This is achieved by acceleration of C3S dissolution and precipitation of
hydrates (C-S-H phases and portlandite).
The aim is to apply PUS in many practical applications. Especially in precast concrete production a
good flow ability of concrete is needed. This is achieved by addition of superplasticizers. Unwanted
side effect is the retardation of hydration (indicated by retarded setting and strength development).
Thus in the following it is investigated if PUS can mitigate the hydration retardation induced by PUS.
Results in Figure 5 display the influence of superplasticizer (SP) on development of el. conductivity in
dependence of time and PUS application in stirred diluted C3S- CH(aq) suspensions (l/s = 50). Clearly it
is demonstrated that even a very small amount of SP (0.007 wt.-% SP dry mass referred to C3S



a) Reference 12 minutes of hydration: smooth C3S
particle surfaces.

b) PUS 12 minutes of hydration: first dissolution voids
on C3S surfaces.

c) Reference 3 h of hydration: dissolution voids on C3S
surfaces and first C-S-H phases.

d) PUS 3 h of hydration: smaller C3S particles are fully
covered with large C-S-H aggregates.

e) Reference 5 h 30 minutes of hydration: C3S surfaces
are covered with C-S-H.

f) PUS 5 h 30 minutes of hydration: portlandite
precipitated.

Figure 4: Microstructure of C3S- CH(aq) suspensions (l/s=50) in dependence of PUS application and hydration
time (SEM-SE images).

first dissolution
voids

first C-S-H
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portlandite



weight) causes a significant prolongation of the el. conductivity plateau (induction period). In
comparison to the reference without SP addition (induction time tind = 1 h; Figure 5) the plateau of el.
conductivity with SP addition lasts for approximately 4 h. Additionally, it can be seen from Figure 5
that also the absolute value of el. conductivity during the plateau is unaffected by SP. These
observations coincide with results found by (Sowoidnich T., 2015) on the influence of polycarboxylate
based SP on C3S hydration. The effect of PUS on hydration of SP containing C3S- CH(aq) suspension
emerge to be: 1. the induction time (indicated by the plateau) is slightly shortened, i.e. the el.
conductivity increases earlier compared to the reference and temporary heated sample. 2. Also
portlandite precipitation occurs earlier in sonicated sample. Whereas in C3S suspensions in the absence
of SP induction time was also shortened by temporary heat treatment (Figure 2), this is not observed
when SP is added to the mix. This indicates that shortening of nucleation time by increased suspension
temperature is less effective when SP is present. Nevertheless, sonication is also in the presence of SP
able to effectively accelerate hydration. But still, when SP is added, the total acceleration of C3S
hydration due to PUS treatment is less significant. Without SP addition the acceleration of portlandite
precipitation in sonicated sample was about one hour (Figure 2). In solution containing SP only an
acceleration of half an hour could be detected (Figure 5). Additionally it is observed that PUS
application does not change the absolute values of el. conductivity, but SP addition does. Whereas in
the reference without SP addition the el. conductivity maximum is about 12.7 mS/cm it is at
13.2 mS/cm when SP is added to the saturated CH suspension. In accordance with previous
observations (Sowoidnich T. & Rößler C., 2009) this indicates that SP influences solubility of C3S
and/ or supersaturation needed to precipitate hydrates (portlandite, C-S-H).
Microstructural investigations confirm changes induced by PUS on in hydration progress of C3S-
CH(aq) suspensions (Figure 6). As seen in Figure 5, el. conductivity still exhibits a plateau in the SP-
reference sample after 3 h of crystallization process. At this time SEM-SE images reveal smooth
surfaces of C3S particles (Figure 6a) in the SP containing reference. Compared to that, an initial
dissolution of C3S is indicated by a slightly increase in. el. conductivity in the sonicated SP-C3S- CH(aq)

suspension (Figure 5). SEM-SE images verify the initial dissolution by showing etch pits on the C3S
surface (arrow, Figure 6b). Also first C-S-H clusters are visible. Figure 6c displays the

Figure 5: Development of el. conductivity of C3S- CH(aq) suspensions (l/s = 50) in dependence of SP addition,
temperature and PUS application.



a) Reference 3 h: smooth surfaces of C3S particles b) PUS 3 h: first dissolution voids and
C-S-H

c) Reference 5 h: first dissolution voids and
spheroidal C-S-H

d) PUS 5 h: advanced C3S dissolution and
C-S-H cluster

e) Reference 11 h: spheroidal C-S-H clusters f) PUS11 h: spheroidal C-S-H clusters and portlandite
Figure 6: Microstructure of SP containing C3S- CH(aq) suspensions in dependence of crystallization time and

PUS application (SEM-SE images).
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microstructure after 5 h of crystallization in SP-reference sample. Here (Figure 6c), etch pits (arrow)
and first C-S-H phases confirm proceeding C3S dissolution with simultaneous C-S-H precipitation. At
the same time also in SP-PUS treated sample propagated etch pit and C-S-H cluster formation can be
observed (Figure 6d). After 11 h of crystallization most of the surface of C3S is covered with C-S-H
phases in the reference sample (Figure 6e). Compared to C-S-H phases observed in the reference
suspension without (Figure 31e) the SP reference shows spheroidal C-S-H clusters. These
observations confirm previous investigations (Sowoidnich T. & Rößler C., 2009). Changes in
structural arrangement of the C-S-H phases caused by PUS treatment could not be distinguished. After
approximately 11 h of crystallization a decrease in el. conductivity was detected for the sonicated
sample (Figure 5). SEM-SE images verify that this decrease can be correlated with portlandite
precipitation (Figure 6f). At the same period in the reference sample only the presence of C-S-H
phases is observed.
4. Conclusions
In summary it was shown that in the absence of particle surfaces PUS has no accelerating effect on
primary nucleation of C-S-H. But PUS application accelerated particle (heterogeneous) controlled
primary crystallization (nucleation/ growth) of C-S-H. For hydration of C3S- CH(aq) suspensions it was
shown that immediately after sonication an additional precipitation of C-S-H occurs. Concurrent
renewed dissolution of Si and Ca ions is the consequence of promoted precipitation. Formation of very
early (within first hour of hydration) C-S-H seeds induces not only an accelerated dissolution of C3S
but also provides nucleation sites for secondary precipitation of hydrates (C-S-H and CH) during the
main stage of hydration. Thus it is shown that relatively minor effects during very early stage of C3S-
CH(aq) suspensions hydration induce the observed significant acceleration during main stage of
hydration. This is similar to previous investigation on cements (Rößler C. et al. 2011), were although
sonication was only applied during the first 10 min of hydration (i.e. during mixing process) a
significant acceleration of setting and strength development was observed within 24 h of hydration.
In the presence of a very small amount of SP a significant prolonged induction period of C3S- CH(aq)

suspension hydration is observed. Also in the presence of SP application of PUS is able to accelerate
nucleation and growth of hydrates. Compared to heat treatment of the sample (in a similar manner as
PUS increases sample temperature) it was shown that PUS is more effective in accelerating the
hydration.
Since it was shown that primary nucleation of C-S-H in the absence of particle surfaces could not be
accelerated by PUS application it is assumed that increased diffusion is not the cause for accelerated
hydration at PUS treatment. Rather it was shown that the presence of particles is essential for effective
acceleration of C3S hydration by PUS. The reason probably is that the very first precipitation of
hydrates takes place at relatively low supersaturation with respect to C-S-H, thus in principal only
heterogeneous nucleation is possible (Sowoidnich T. et al., 2015). PUS induced cavitation
accelerates/vibrates small particles respectively ion clusters. Thus the increased collision rate of
particles/ion clusters probably induces the observed effect of accelerated nucleation and growth.
Additional ways to explain the mode of PUS action are that cavitation also induces abrasion of surface
layers of hydrating C3S particles or even is able to reduce particle size of material. Abrasion of surface
layers is not excluded by the previous investigations but further investigations are necessary to verify
this thesis.
SEM examination reveals an accelerated dissolution accomplished enhanced C-S-H formation/ growth.
Additionally microstructural investigations clearly show the influence of SP on morphology of C-S-H
(becoming spheroidal clusters). In contrast changes in morphology of C-S-H phases caused by PUS
treatment could not be observed.
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Abstract
There is an increasing decline in the availability of traditional pozzolans due not only to their reduced
exploitation and limitations on quarrying, but also to the downward trend in the establishment of new
sites, mainly to minimize the environmental impact on the landscape. Also, environmental policies are
focused on the decrease or elimination of dumps, prioritizing the recycling of waste products and
industrial residue as raw materials in cement manufacture. All of these reasons mean that the use of
alternative pozzolans involves the search for by–products and waste that may present pozzolanic
activity. The principal aim of this work is the recovery of one of these by–products (ceramic sludge)
from the enamelling and milling stages in the ceramic industry as pozzolanic components in cement.
In this research, a chemical, physical, morphological and mineralogical characterization of ceramic
sludge is performed, in order to determine whether its properties are suitable for incorporation in the
cement. From the this characterization, it is found that ceramic sludge consists of spherical
agglomerations, the particle sizes of which can vary from 0.9 to 100 microns. The main mineralogical
composition is based on quartz, kaolinite and muscovite. The amount of SiO2 + Al2O3 + Fe2O3 is
greater than 70%. The study of the pozzolanic reaction kinetics in the ceramic sludge/lime system is
evaluated with an accelerated test method. The characterization of the products from the pozzolanic
reaction is performed with different instrumental techniques. The results show the formation of calcium
aluminates hydrates and those with CSH gels reveal the characteristic compounds of pozzolanic
reactions.

Originality
Several studies have been performed over recent years on ceramic waste products from reject tiling,
bricks, kerbstones, etc., some of which reported by the authors of the present investigation. However,
there is still little information on ceramic sludge from the enamelling, milling and staining stages of the
ceramic industry. The results obtained so far for the sludge presented at this congress highlight its good
behaviour as an active component in cement and open up a new avenue in the search for alternative
pozzolans and the development of more sustainable cements.
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1. Introduction
Despite the improvements to manufacturing processes, the rejection of materials not
considered suitable for commercialization or waste materials is inevitable. Added to this are
all those products that are generated in the manufacturing process and they should be
considered industrial waste or by-products. These manufacturing practices imply a greater
need for landfill sites, but where these are not nearby or do not exist, uncontrolled dumping
may occur, which harm the natural environment.
Over recent years, initiatives have sprung up around the world to control and to regulate the
management of dumping, with increasingly strict regulations the economic consequences of
which support less common options, such as minimization and recycling.
The construction sector in general and cement manufacturers in particular have been pioneers
in the use of waste in the various stages of cement manufacture. One of the applications, of
great added value, is the use of materials with pozzolanic characteristics or active additions.
The benefits of using pozzolans as additional components in cement have been more than
proven over thousands of years. The search for alternative pozzolans is, today, a priority for
two motives: on the one hand, the exploitation of quarries is bypassed, avoiding the
deterioration of the natural environment and the depletion of raw materials. On the other hand,
products are reused, the final destination of which would be their disposal on landfill sites
(Sánchez de Rojas, M.I. and Frías, M., 2013).
Different sub-products are listed in European Standard EN 197-1, which may be used in the
manufacture of cement as active additions, such as fly ash and silica fume. This regulation
also covers the use of natural calcinated pozzolans, which is a material of volcanic origin,
clays, schist or sedimentary rocks that are thermally activated. In general, clay minerals, inert
in principle, present notable pozzolanic activity when calcinated at temperatures of between
600- 900 ºC and ground to the fineness of cement (Johansson, S.andAndresen, P.J., 1990). The
loss of combined water, due to the effect of thermal treatment, provokes the destruction of the
crystalline network of the clayey constituents, leaving its components in an amorphous and/or
glassy state. This thermodynamic instability is one of the main reasons for the pozzolanic
activity of these calcinated materials (Hea, Ch., et al, 1995).
One of the most widely investigated clay materials is metakaolin, from kaolinite, as when it is
heated to temperatures of between 450-600ºC, it enters a disordered phase referred to as
metakaolin (or metakaolinite). This disordered metakaolinite phase presents high pozzolanic
activity, similar to silica fume (Frías, M., et al, 2000).
Other materials that may be considered natural calcinated materials, are waste from the
ceramic industry. In Spain, the manufacture of kiln-fired clay materials, such as bricks, tiles,
blocks, etc, is very relevant, although in recent years, due to the economic crisis, production
has fallen considerably. However, a high percentage of spoiled products continue to be
rejected for sale, making these waste products attractive for their use in the construction sector.
In different studies carried out with this material, it has been highlighted that the kiln-fired clay
waste present pozzolanic properties, and that hydrated products are formed during the pozzolanic
reaction similar to those obtained from other active materials. The influence of the temperature
at which these waste products are obtained has also been studied. When the kiln temperature
is not acceptable (over-fired or under-fired material), the chemical and mineralogical
composition of the ceramic rubble vary significantly with regard to the product that is



obtained under optimal firing conditions. However, the temperature (around 900ºC) is
sufficient to provoke the activation of clay, and to make the different waste products acquire
pozzolanic properties. In addition, various studies have been performed on the viability of
using ceramic waste or rubble as a raw material in concrete tiling factories, whether as a
cement substitute, to exploit its pozzolanic properties, or to form part of the fines that are
incorporated (Sánchez de Rojas, M.I., et al. 2003, 2006, 2007).
Also, in the ceramic industry, other types of waste are generated from polishing and glazing
process which have been investigated in the preparation of new cements (Andreola, F., et al,
2010 and Pelisser, F., et al, 2012), offering avenues towards the recycling of these waste
products.
In Spain, there is a firm that collects sludge produced as a by-product in various ceramic
factories and prepares it for use in the construction sector. The objective of this work is the
study of this by-product as an alternative pozzolanic material. This ceramic sludge is from the
excess produced in the ceramic industry at the milling and preparatory stages of enamelling as
well as at the enamelling stage of the ceramic pieces. It is principally formed of the remains of
enamels with a chemical and mineralogical composition that is similar to the initial enamels:
one part in the glass phase and another composed of minerals such as quartz, zircon, feldspars,
aluminas, carbonates, and clayey minerals in crystalline phases, as well as a small proportion
of ceramic colorants.
2. Experimental Procedure
2.1 Materials
The following materials were used in this study:
Ceramic sludge (CS): from excess waste produced in the ceramic industry at the milling,
enamel preparation, and enamelling stages of the ceramic pieces.
Fineness was analyzed by Laser Ray Diffraction (LRD), using a Sympatec Helos 12 KA
spectrometer (Bergstadt-Clausthal-Zellerfeld, Germany) and isopropyl alcohol as a
non-reactive liquid.
The sample was chemically characterized with an S8 Tiger Bruker (Karlsruhe, Germany)
X-ray fluorescence (XRF) spectrometer fitted with a 4- kW rhodium anticathode tube.
Chloride and SO3 content as well as loss of ignition (LOI) were determined following
European standard EN 196-2 (chemical analysis of cement). Reactive silica and lime were
analyzed following instructions in European standard EN 197-1. The content of free lime and
soluble phosphates was quantified according to European standard EN 450-1. The minority
elements present in the ceramic sludge were analyzed with Inductively Coupled Plasma
Optical Emission Spectrometers (ICP-OES), Model Varian 725-ES (Melbourne, Australia).
Its mineralogical composition was analysed on a BRUKER AXS D8 GmbH (Karlsruhe,
Germany) X-ray powder diffractor fitted with a 3- kW (Cu Kα1.2) copper anode and wolfram
cathode X-ray generator. Scans were taken between 2Ѳ, at angles of 5 to 60 and at a rate of
2/minute. The standard operating conditions for the voltage generator tube were 40 kV and
30 mA.
The morphological properties were studied by scanning electron microscopy (SEM) with a
JEOL JSM 5400 equipped with an Oxford EDXA energy dispersive X-ray (EDX) analyser
(Tokyo, Japan).
Ordinary Portland cement (OPC): the reference OPC was EN 197-1 CEM I/42.5 N cement



(i.e., clinker content greater than or equal to 95 % and up to 5 % of additional components).
Standard sand was used, as defined in EN 196-1, with a silicon content of over 98% and a
particle size of less than 2 mm.
2.2 Sample preparation and methods
2.2.1 Pozzolanic activity with the saturated lime test
Pozzolanic activity was determined by an accelerated chemical one consisting in placing the
test material in contact with a saturated solution of lime at 40º C. Having complied with the
test periods (1, 7, 28 and 90 days), the CaO content set for the material was calculated by
volumetric valuation (Sánchez de Rojas, M.I. and Frías, M., 1996). This test permits us to
compare the activity of different materials, as well as to evaluate their reaction speeds.
2.2.2 Preparation of the mortars
The mortar preparation and dosages followed the instructions in EN 196-1. The mortar
composition was 1/3 by mass (cement/sand) and the water/cement ratio was 0.5.
The reference mortar consisted of OPC (100%) and the mortars with ceramic sludge were
prepared by substituting the reference cement (OPC) by amounts of 10% and of 30% CS. The
demand for water and the setting time of the cements were tested in accordance with the current
standard, EN 196-3. Mechanical strength was established by an IBERTEST AUTOTEST
200/10-SW test frame (Madrid, Spain). The stability study of the volume was carried out
according to the procedure described in standard EN 196-3.
3. Results and Discussion
This ceramic sludge presents particle sizes of between 100 micras and 1 micron, where 50%
of the particles were smaller than 12 micras and 90% were smaller than 43 micras.
According to the specifications in standard EN 197-1, pozzolanic materials should be
essentially composed of reactive silicon dioxide (SiO2) and aluminium oxide (Al2O3). The rest
should contain iron oxide (Fe2O3) and other oxides. The content of reactive silicon dioxide
should not be less than 25% of the total mass. The ceramic sludge under investigation
complied with these specifications (Tables 1a and 1b). Its composition is highly acidic with a
predominance of silicon, aluminium oxide and iron oxide, the sum of which is greater than
70%. The content of reactive silicon is also over 25%).
Moreover, other chemical compounds have been analyzed that would affect cements
manufactured with the ceramic sludge. Thus, it was confirmed that the sludge presented no
free lime and its content of sulphates, expressed as SO3 was 0.10%, such that it would not
affect the value specified in the regulation for the cements type CEM I, CEM II, CEM IV and
CEM V (≤ 3.5%). The content of chlorides was also very much lower than the limit
established for all cement types (≤0.10%), as the sludge would contribute 0.01% to the
cement. Equally, losses by calcination were not over 5%, as specified in EN 197-1, although
this specification affects cements CEM I and CEM III, which would not be the types to
manufacture with ceramic sludge. Therefore, the sludge properly complied with the
specifications of the standard as well as with the cements that were manufactured with it.



Table 1a Chemical composition of the CS
Oxides SiO2 Al2O3 Fe2O3 MgO CaO Na2O SO3 K2O Cl- P2O5* LOI°
CS 55.6 15.10 0.79 1.00 3.50 1.80 0.10 2.40 0.01 0.35 3.63

* P2O5: Soluble Phosphorus (mg/l)
° LOI: Loss on Ignition

Table 1b Chemical composition of the CS
Oxides SiO2+Al2O3+Fe2O3 Free CaO Reactive SiO2

CS 71.49 0.00 33.10

Table 1c Chemical composition of the CS
Oxides PbO BaO ZnO TiO2 ZrO2 CrO
CS 1.70 0.97 5.10 0.21 1.28 0.30

The chemical analysis carried out highlights that almost 15% of the total are considered
minority elements, but that it represents a significant percentage in this type of material.
Among these elements, the presence of zinc, lead, zirconium, chrome and titanium may be
highlighted (Table 1c). These elements are incorporated in the sludge at different stages of the
manufacture of the ceramic materials (Andreola, F., et al, 2010), and will have to be
controlled with leaching/fixing tests in the cement matrices. These investigations will form
part of future research plans.

Figure 1 X-Ray Diffractogram of ceramic sludge (CS)

From the diffractogram shown in Figure 1, it may be seen that the principal crystalline
compounds are as follows: quartz with reflection peaks at 26.65, 20.85 and 50.14 2θ(º);
kaolinite at 12.33, 26.21 and 24.74 2θ(º); muscovite with reflections at 26.83, 8.88 and 34.88
2θ(º); illite with reflections at 20.03, 35.02 and 24.30 2θ(º); the hematite identified in the



reflections at 33.28, 54.23 and 35.74 2θ(º); magnetite at 35.45, 62.58 and 57.01 2θ(º); calcite
at 29.40, 39.40 and 43.4 2θ(º); dolomite localized at 30.99, 30.84, 24.78 2θ(º), and finally
zirconite with reflections at 27.0, 20.03 and 35.63 2θ(º).
The study performed with Scanning Electron Microscopy (SEM) highlighted that the sludge
was formed of spherical particles of different sizes, in the composition of which the presence
of silicon and aluminium stood out, although formations with zirconium and other minority
elements were also noted; results that corroborated those previously obtained from chemical
analyses (Figures 2 and 3).

Figure 2 Micrography at 100 magnification. Agglomeration of the spherical particles and
EDAX analysis.

Figure 3 Micrography at 1000 magnification of a single sphere and EDAX analysis

Figure 4 shows the contents of the lime fixed by the ceramic sludge (CS) in comparison with
the other active additions. Among these additions, those of a ceramic origin are selected, such
as ceramic waste (CW) (from kiln-fired tiles and bricks) and metakaolin (MK), and others
that are commonly used as pozzolanic materials, such as fly ash (FA) and silica fume (SF).
From these materials under study, silica fume is the one that showed the highest degree of
activity from the starting point, reaching its maximum activity at 7 days, followed by the
metakaolin (Frías, M. et al. 2000), and the ceramic waste (Sánchez de Rojas, M.I. et al. 2006),
while the FA showed the weakest activity (Sánchez de Rojas, M.I. and Frías, M., 1996).



Figure 4 Fixing of lime. Evolution over time

Comparing the fly ash with the ceramic sludge, it was seen that at young ages (up to 28 days),
the reactivity of the sludge was slightly higher than the fly ash. A high increase in the
pozzolanic activity occurred between 28 and 90 days, both in the fly ash and in the ceramic
sludge and the activity of both materials was similar, close to that of the silica fume,
metakaolin and ceramic waste.
The study of the evolution of the crystalline compounds during the reaction of the ceramic
sludge with the calcium hydroxide, over time, was studied by X-Ray diffraction (Figure 5),
confirming the formation of hydrated calcium aluminates, CxAHy. The formation of CSH gels
could not be observed due to their low crystallinity.

Figure 5 Study of the evolution of the compounds of the pozzolanic reaction over time

The study of volumetric stability consisted in determining the volumetric expansion of the
cement paste of normal consistency, measured by the relative displacement over more than 10
mm of two needles in the Le Chatelier test, in compliance with the specification detailed in
standard EN 197-1.



The setting time was determined in accordance with standard EN 196-3. In each of the
cements prepared with ceramic sludge, the amount of water for the paste to achieve normal
consistency was previously determined, so that the plunger of the Vicat apparatus penetrates
to a depth of 351 mm. The cement mixtures with 10% of CS have no need for a greater
content of mixing water to achieve the same consistency, as the water content only increases
by a percentage of 3% with regard to the reference OPC. With 30% of the ceramic sludge, the
increase in water demand was 8%. This fact is important when comparing the results for the
mechanical strength of the mortars. If we take into account that the mortars for the
compressive strength test, in accordance with EN 196-1, are prepared with a water/cement
ratio of 0.5, the mortars prepared with the sludge will be drier than those prepared exclusively
with the reference cement. This fact will influence the degree of compactness of the mortars,
which may be reflected in a slight decrease in mechanical strengths, above all under
compression. It should be noted that the need to use additives with which to mitigate the
increased amount of water in the mixture was not used to conduct these tests. However, their
use is quite frequent, as happens in the case of silica fume, as the mortars prepared were
mixed without difficulty and the preparation of specimens can be done in the normal way.
Slight variations were observed in the setting time, as the onset and the end of setting times
were slight longer, although in all cases they complied with the limits specified in standard
EN 197-1.
From the study of the evolution of flexural strength for the different mortars over time it is
found that, as a larger quantity of ceramic sludge is added, the strengths tended to diminish in
comparison with the reference mortar at early ages. This tendency lessened as time went by. It
was noted that the flexural strength as from 90 days of the mortar with a 30% addition of the
ceramic sludge and of the reference mortar were both similar (Figure 6).

Figure 6 Evolution of flexural strength over time

With regard to the evolution of the compressive strength over time, it was observed that all
the mortars with additions presented a lower strength than the reference mortars (Figure 7).



Figure 7 Evolution of compressive strength over time

The difference with the reference mortar was the most prominent in the case of the cements
with 30% added ceramic sludge. In the case of the mortars prepared with cement and 10% CS,
after 2 days they had reached 88% of the strength of the reference mortars, and at 90 days,
96% of its strength. The mortars prepared with cement and 30% of CS showed a strength
below the percentage substitution of cement in the mortar, at 69%, but at 28 days it had risen
to 82% with respect to the reference mortar and at 90 days, the percentage strength with
regard to the reference mortar was 88% (Table 2).

Table 2 Mechanical strength with regard to the reference mortar

Age (Days)
% Flexural strength with
regard to the reference

% Compressive strength
with regard to the reference

10% CS 30% CS 10% CS 30% CS
2 93 75 88 69
7 93 79 90 72
28 94 90 93 82
90 97 99 96 88

In general terms, although the strengths obtained were slightly less in the case of the mortars
with cement additions in comparison with the reference mortars, in all cases, except for the
compressive strengths at 3 days of the cements with 30% additions of CS, the lower
percentages were less than the percentage substitution of cement, which indicates that the
effect of this waste is to contribute mechanical strength. This fact confirms that these
additions bring positive characteristics to the cement, as they contribute to the increase in
mechanical strength in the medium and long term. Different results may be found in the
literature in accordance with the pozzolans that are studied, although generally the cements
with pozzolanic additions add lower mechanical compressive strength than the cements
without any additions, in the short term. However, in the medium term they are similar and in
the longer term even greater, depending on the activity of the pozzolan that is used. In this
way, with very active materials, such as metakaolin, an increase in strength can occur. Mortars
prepared with metakaolin, in a range from 10 to 30% in weight, increased their compressive



strength (Curcio et al., 1998, Li et al., 2003), while the mortars with ceramic rubble, with a
substitution of 15%, were unable to increase their strength with regard to the reference mortar,
although they practically equalled it (Sánchez de Rojas et al., 2001). It is worth highlighting
that similar products to the sludge investigated in this study gave varied results, increasing or
decreasing mechanical strength with regard to the reference mortar (Andreola, F., et al, 2010
and Pelisser, F., et al, 2012). Along general lines, the increase in flexural strength with
pozzolanic materials was quicker than with compressive strength, maintaining a higher
flexural strength /Compressive strength factor at all times, which implies more flexible and
elastic materials than pure Portland cement, as a consequence of the nature of the hydrated
products from the pozzolanic reaction (Soria, F. 1983 and Sánchez de Rojas, M.I. et al., 2014)
4. Conclusions
1. The ceramic sludge in this study presented particle sizes of between 100 micras and 1
micron, where 50% of the particles were smaller than 12 micras and 90% were smaller than
43 micras, such that their fineness is acceptable for their use as a pozzolanic material.
2. The sludge was essentially composed of reactive silicon dioxide (SiO2) and aluminium
oxide (Al2O3), as well as iron oxide (Fe2O3), the sum of which was greater than 70%.
3. The reactive silicon dioxide content was greater than 25% of the mass.
4. It presented no significant contents of free lime, sulphate, and chlorides, so the
concentrations of these elements were not increased in the cement prepared with additions of
ceramic sludge.
5. The ceramic sludge presented significant contents of minority elements, which will have to
be closely monitored to evaluate their leaching/fixing in cement matrices.
6. The sludge is formed of spherical particles of different sizes, in which the presence of
silicon and aluminium stood out, although other elements were detected such as zirconium.
7. Similar to fly ash, its pozzolanic activity presented a slow reaction with calcium hydroxide
that increased considerably at 90 days.
8. The study of the evolution of the crystalline compounds during the reaction with calcium
hydroxide, over time, through DRX, highlighted the formation of hydrated calcium
aluminates.
9. The incorporation of ceramic sludge in cements provoked no expansive behaviour over 10
mm when measured with the Le Chatelier test, such that it would comply with current
specifications.
10. The sludge increased the demand for water and the onset and end of setting, although the
mortar was mixed with no difficulty and it complied with the specifications for setting times.
11. The mechanical strength of the mortars with ceramic sludge are less than those of the
reference cement. This fact is more accentuated in the compressive strength than in flexural
strength. With the pozzolanic materials the increase in flexural strength was quicker than in
the resistance to compression, which led to more flexible and elastic materials than those of
pure Portland cement, as a consequence of the nature of the hydrated products from the
pozzolanic reaction.
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Abstract
Belite-rich cements with enhanced reactivity have been long pursued, due to the benefits of the low
sintering temperature and CaCO3 demand compared with alite-rich cements. In this work, the physi-
and quimisorption of water molecules on the β-C2S (100) surface have been studied using the
first-principles calculations based on Density Functional Theory. Energy and structures have been
investigated, as well as energy barriers and reaction paths for water dissociation using the Nudged
Elastic Band method. Our results indicated that the first step of hydration is molecular adsorption with
a binding energy between -0.78 to -1.24eV. It is followed by dissociation of the adsorbed H2O molecule
to form a hydroxyl pair, with binding energy between -1.07 and -1.29eV. The reaction barriers and
reaction paths for the H2O molecule from chemical adsorption to dissociation on oxygen and calcium
atoms are significantly distinct, and the activation energy of O1 type oxygen atoms (labeled by their
symmetry) is the lowest. This is consistent with the published results that O1 is the active oxygen points
in the β-C2S bulk. With a water dissociation energy barrier of 4-414meV on β-C2S (100) surface, the
exothermic reaction can take place spontaneously, as corresponds to the fact that β-C2S reacts with
water at normal temperature.
Originality
First principles simulations are used to derive the relationships between surface properties and

hydration reactivity on belite. As far as we know, this is the first time that such methods are applied for

belite polymorphs. We found that water dissociation can be disassembled to rotation, dissociation, and

diffusion processes on the surfaces based on the bond distance and energy barriers. The low

dissociation barriers and more dissolution locations on β-C2S (100) surface are related with the

hydration reactivity.

Keywords: Dicalcium silicate; Density functional theory; Hydration; Water adsorption; Reaction
barrier
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1. Introduction
Cement reacts with water and binds with sand and stones to transform into highly functional solid

at room temperature. Furthermore, it is very cheap in comparison with other materials (Scrivener K. L.
et al., 2008). However, the manufacture of cement entails a serials of environmental problems,
especially the CO2 emissions, coming mainly from the CaCO3 decomposition and the fuel combustion
(Ma B. et al., 2014b). Belite-rich cements have been proposed as an alternative due to the lower
CaCO3 demand and energy consumption during calcinations and grinding compared with alite-rich
cements. However, hydration rate and early age mechanical properties of belite-rich cements is lower
than OPC, which impose restrictions on their usage (Martín-Sedeño M. C. et al., 2010). Therefore, it
is imperative to understand the origin of belite hydration and activate the belite phase(Cuberos A. J. M.
et al., 2009).
Considerably efforts have been conducted for several decades to enhance the hydration rate of

belite. Most of these attempts to activate the belite are i) stabilizing the high temperature
polymorphism of belite(Ghosh S. et al.,1979); ii) promote the lattice distortion(Cuesta A. et al.,. 2014;
Fukuda K. et al., 1999; Stanek T. et al., 2012); iii) adding chemical admixtures(De la Torre A. G. et
al., 2011; Ma B. et al., 2014a)；and iv) altering the specimen-preparing method(Kacimi L. et al., 2010;
Zhong B. et al., 1982). Although the hydration rate of belite is increased by these strategies, only
partial success is achieved (Manzano H. et al., 2011). Moreover, there is little understanding how C2S
reacts with water due to experimental limitations.
Atomistic simulations could be of great importance in the understanding of clinker hydration.

Manzano and Durgun (Durgun E. et al., 2012) used first-principles calculations based on density
functional theory (DFT) to study the impact of chemical substitutions in alite and belite to suggest
appropriate routes to modify their reactivity. Wang et al. (Wang Q. et al., 2014) studied the reactive
sites in β-C2S, finding active oxygen atoms in β-C2S which are more susceptible to electrophilic attack
than the rest.
On the basis of these works, we further investigated how water molecules interact with the β-C2S

surface. By means of the first-principles calculations, we calculated belite surface energies for lower
index orientations. Then the water adsorption and the reaction barriers for dissociation (Henkelman G.
et al., 2000; Pozzo M. et al., 2007) on the (100) surface of β-C2S were calculated.
2. Computational details
All calculations were performed within density functional theory (DFT) framework as

implemented in DMol3 program package(Delley B. 2000). The exchange and correlation effects were
described by the generalized gradient approximation (GGA) (Zhang Y. et al., 1998) with the
Perdew-Burke-Ernzerhof (PBE)(Perdew J. P. et al., 1996) functional. The Double Numerical plus
polarization (DNP) basis set was generated by applying an orbital cutoff of 5.5 Å. The
Monkhorst-Pack k-point meshes(Monkhorst H. J. et al., 1976) in the first Brillouin zone of the β-C2S
slab model were set to 1×2×1.An external potential to the vacuum region of the slab model was added
due to periodic slab dipole moments and polar adsorbates (water molecule) on slabs.
First, the β-C2S bulk structure is relaxed (both atomic coordinates and lattice parameters) which is

shown in Fig. 1(a). The optimized lattice parameters are: a=5.58 Å, b=6.84 Å, c=9.41 Å, β=94.52°,
which are in good agreement with the experimental results(Jost K. H. et al., 1977). All the low-index
surfaces are cleaved on the optimized bulk structure considering multiple surface terminations and the
most stable surface was chosen following the energy minimum principle. All the slab models for the
low-index surfaces are superstructures larger than 10×10 Å in the periodic directions. The thickness of
the vacuum slab was set to be 14 Å, as shown in Fig. 1(c),and at least 6 layers of Ca-SiO4were used
perpendicular to the surface. During the relaxation process, two Ca-SiO4 layers in the slab center were
fixed at the bulk positions.
Adsorption energies, , are calculated by the equation:

(1)
where is the total energy for the optimized slab with adsorbates (H2O in this paper). is the energy

of the isolated adsorbate and is the energy for the bare surface. Possible transition states (TSs) were
calculated using the NEB method.



3. Results and Discussion
3.1 The clean surfaces of β-C2S
The surface energy, , is defined as:

(2)
where is the energy of the relaxed slab model, is the energy for the relaxed bulk, A is the surface

area and N is the number of the [Ca2SiO4] in the bulk compared with the slab model (6 in this work).
The surface energies for the low-index surface are listed in Tab. 1.

Table 1. The surface energies for the low-index surface for β-C2S
Surface (100) (010) (001) (110) (101) (011) (111)
Energy
(J/m2) 0.848 1.004 1.045 1.373 0.761 1.032 1.200

The surface energies for β-C2S are slightly smaller than those of Forsterite (Mg2SiO4), from 1.22 to
2.18 J/m2 (Bruno M. et al., 2014). In order to investigate the reaction between different types of
Calcium and Oxygen pairs reacted and water, we chose the (100) surface because of the first layer
included all the four types of oxygen atoms and the two types of calcium atoms.
3.2 Water adsorption on the (100) surface of β-C2S
The optimized water molecule was placed onto the (100) surface in 16 different locations

uniformly placed on the surface and with different initial orientations as shown in Fig. 1(d). After
relaxation, we obtained 9 stable adsorption configurations with water molecules adsorbed similarly on
the surface: the oxygen of water (Ow) is coordinated with a Ca atom on the surface and the hydrogen
of water molecule (Hw) points to a surface oxygen atom, forming an hydrogen bond. The adsorption
energy and configurations structure parameters for the 9 stable adsorption configurations are shown in
Tab. 2. It is curiously to note that the calcium from the surface coordinated with Ow displaces outward
to the vacuum.
From the results, the adsorption energy is from -0.78eV to -1.24 eV for the 9 stable adsorption

configurations. The differences are mainly due to the adsorption on different oxygen and calcium pairs
and the adsorption pairs on the surface are selective. The adsorption energy for water on calcio-olivine
(γ-belite) ranges from -1.26 to -1.53 eV (Kerisit S. et al., 2013), slightly higher than our results on
β-belite.

Figure 1. The optimized bulk (a) and (100) surface for β-C2S. (b) is the top view and (c) is the front view for
(100) surface with one H2O molecule.(d) are the water configurations put onto the surface manually for test.

Table. 2. Adsorption energy and configurations for water on the β-C2S (100) surface

No. Adsorption
points

Adsorption
energy (eV)

Bond distance (Å) Bond angle
Ca-OwHw O-Hw Hw-OwHw Hw-Ow-Hw

1 Ca1 O4 -1.24 2.595 1.419 1.089 106.56



2 Ca2 O3 -1.14 2.644 1.598 1.035 107.75
3 Ca2 O3 -1.14 2.630 1.593 1.035 107.43
4 Ca2 O3 -1.14 2.630 1.392 1.033 107.67
5 Ca1 O2 -1.09 2.351 1.550 1.040 110.12
6 Ca2 O1 -1.07 2.542 1.393 1.097 108.72
7 Ca1 O1 -1.00 2.395 1.661 1.021 106.84
8 Ca2 O4 -0.91 2.560 1.524 1.048 108.17
9 Ca1 O1 -0.78 2.546 1.677 1.007 109.78

Figure 2. The adsorption ((a) and (b)) and dissociation ((c) and (d)) configurations for the 6th stable state are
shown here. (a) and (c) are the top views; (b) and (d) are the front views.

3.3 Water dissociation on the (100) surface of β-C2S
The 9 configurations of adsorbed water molecules on the surface are employed as initial points to

find reaction paths using NEB method. The 5th and 7th stable water adsorption configurations did not
lead us to water dissociation. The quimisorption energies for the remaining reactions are listed in Tab.
3, and the reaction paths in Fig. 3. From the reaction path, we conclude that the reaction processes
consist in an initial rotation of the molecule towards an optimal orientation for the reaction, the
dissociation of the water molecule into a hydroxyl pair, and in some cases a final surface diffusion of
both products, mostly H+.

Table 3. The stable adsorption energy for H+ and OH- and reaction barriers for 7 dissociation paths of water

No. Dissociation
points

Water quimisorption
energy (eV)

Rotation
barrier (meV)

Dissociation
Barrier (meV)

Diffusion
Barrier (meV)

(meV)

1 Ca1 O4 -1.29 35 56 49
2 Ca2 O3 -1.17 115 136 15 26
3 Ca2 O3 -1.17 122 46 11 27
4 Ca2 O3 -1.17 71 33 8 30
6 Ca2 O1 -1.26 24 4 192
8 Ca2 O4 -1.07 49 14 166
9 Ca1 O1 -1.22 432 414 39
(1)
The reaction barriers for water dissociation on the Ca2 and O1 pair are remarkably lower compared

with other Ca2+ and O2- ion pairs. The rotation and dissociation energy barrier are only 24 meV and 4
meV respectively, both of which are the lowest barriers compared with the other reaction paths.
Furthermore, the 6th reaction path presents also the highest ΔHr among these reactions. Therefore, the
water dissociation on the Ca1 and O1 pair is the most favorable reaction point from both kinetic and



thermodynamic points of view. Previously published results (Wang Q. et al., 2014) based on bulk
investigation of C2S already pointed out that O1 was the most active point for electrophilic attack,
confirming our results. With a water dissociation energy barrier 4-414meV on β-C2S (100) surface,
the exothermic reaction can take place spontaneously, which is consistent with the fact that β-C2S
reacts with water at normal temperature. The water quimisorption energy to give H+ and OH- ion are
in the range of those on T-C3S (100) surface the value of which is from -0.68 to -1.58 eV (Jansang B.
et al., 2011).

Figure 3. Reaction paths and barriers for water dissociation. The left side of the points are the IS (Initial
states) and the right side is FS (Final states). The red, blue and pink arrows marked on figures represent the

rotation, dissociation, and diffusion barriers respectively.
4. Conclusion
In summary, the surface energies for all the low index crystal surface of β-C2S are calculated with

first-principles calculations. The most stable surface is (101) surface, with the highest symmetry
compared with the other low-index surfaces. Water adsorption energies on different types of calcium
and oxygen pairs on the (100) surface are significantly different, ranging from -0.78eV to -1.24 eV
depending on the Ca2+ and O2- implied. The adsorption configurations for water on different calcium
and oxygen pairs are almost the same, with the water oxygen atom coordinated to surface Ca ions and
one hydrogen bond between the water and a silicate oxygen atom. Water dissociation process on the
surface can be divided into three steps: rotation, dissociation and diffusion process. The lowest barrier
during the rotation and dissociation process was on the Ca2 and O1 pair among the other calcium and
oxygen pairs. This is consistent with the published results that O1 is the active points in β-C2S with
high energy level for the O1-2p orbital.
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Abstract:
In order to understand the important role of SAP entraining water in the development of properties of
high performance cement-based material, the effect of SAP entraining water on its rheological
property, compressive strength, autogenous shrinkage, pore structure and hydration were studied in
this paper. The results show that the water of SAP entraining evidently decreases the autogenous
shrinkage and 1-hour plastic viscosity and yield stress; appropriate water-entrained amount of SAP
promotes the hydration of cement clinker and the reaction between Ca(OH)2 and silica fume or fly ash,
and increases the 28-day strength; SAP raises the amount of small pores but reduces the amount of
large pores. In addition, the effectiveness of SAP entraining water on the strength and hydration is
much greater than that of extra-water directly added in the condition of RH 75%. The effects of SAP on
the rheological property, autogenous shrinkage and hydration degree are attributed to the water
release of SAP, and the effect on the strength is related to the porosity of mortar and the hydration
degree of cementitious materials.

Originality
Cementitious material of high performance cement-based material has a low hydration degree, while
the storing-water effect of SAP favors to increasing the hydration degree but introduces some big pores
which can cause the decrease of compressive strength. This paper attempts to analyze whether the
contribution of SAP to the degree of hydration can make up for the loss of strength.

Key words: SAP; High performance cement-based material; Water entrained; Hydration; Internal
curing



1. Introduction
Low water and binder ratio is a main characteristic of high performance cement-based
material, such as UHPC, in the design of mix proportion, but this feature causes a very great
autogenous shrinkage which easily leads to the formation of micro-crack or even cracking.
Therefore, how to reduce the autogenous shrinkage of high performance cement-based
material is an important problem in the practical applications.
Internal curing is the most effective way to reduce or eliminate the autogenous shrinkage by
incorporates a curing agent into fresh concrete. Internal curing agent can serve as an internal
reservoir of water, which gradually releases water as the concrete dries out. Internal curing
agents usually used include super absorbent polymers (SAP), lightweight aggregates (LWA),
wood-derived products, etc. SAP can absorb much water, which is dozens and even thousands
of times of its weight, and shows a very good curing effectiveness. SAPs which can be used
in the concrete mainly include polyacrylic acid type and acrylic acid-co-acrylamide type, and
the latter has a better effectiveness. SAP can evidently reduce autogenous shrinkage
[Assmann A. et al.,2014; Kong X.M. et al.,2009; Jensen O.M. et al.,2002] and increase the
anti-permeability and frost resistance [Cai Y.T., 2011; Dudziak L. et al., 2009;
Espinoza-Hijazin G. et al., 2011; Pang L.F., 2013], but the formation of SAP pore causes the
strength to fall[Assmann A. et al.,2014; Hu S.G. et al.,2008]. In addition, the absorption of
SAP can affect on the rheological property of mixture [Mechtcherine V. et al.,2015].
The different roles of water-entrained of SAP and extra water directly added are also
discussed. When total water and binder ratio is the same, their impacts on the hydration
degree have no difference [Assmann A.,2013; Kong X.M. et al.,2014]. That conclusion,
however, is achieved in the sealed curing condition. If the relative humidity in the experiment
is lower, their differences may be reflected.
The amount of SAP entraining water has an important effect on the above roles of SAP. The
water-entrained amount will affect on the inhibitory effect on autogenous shrinkage, the size
of pore, the decrease of strength, and the hydration degree of cementitious material. In
addition, the water-entrained of SAP has different effects with adding extra water which can
be clearly reflected in the dry conditions. Therefore, the effect of SAP entraining water on the
rheological property, compressive strength, autogenous shrinkage, pore structure and
hydration of high performance cement-based material were studied and the relation between
the amount of SAP entraining water and the properties and hydration of high performance
cement-based material was discussed in this paper.
2. Experimental
2.1 Raw materials
PI 42.5 Portland cement was used with a Blaine fineness of 380 m2/kg and the following
chemical composition (in wt.%): SiO2: 21.18, Al2O3: 4.73, Fe2O3: 3.41, CaO: 62.49, SO3:
2.83, R2O: 0.56, and ignition loss: 1.76.
I grade fly ash was added with a Blaine fineness of 450 m2/kg and the flowing following
chemical composition (in wt.%): SiO2: 54.29, Al2O3: 22.55, Fe2O3: 5.53,CaO: 1.34, SO3 :
0.29, and R2O: 1.73.
Silica fume was added with a specific surface of 15000 m2/kg and the chemical composition
is (in wt.%): SiO2: 94.1, Fe2O3: 1.00, Al2O3: 0.13, MgO:0.71, SO3: 0.43, and R2O: 1.09.
Particle sizes of River sand are in the range of 0.15-2.36 mm and the fineness modulus is 2.7.



The superplasticizer is a polycarboxylate-type liquid with 50% of solid amount.
SAP is a covalently cross-linked acrylamide/acrylic acid copolymer and its particle sizes are
in the range of 30-250 μm. The size of the swollen SAP particle in the deionized water is 220
times large.
The design of mix proportion is shown in table 1.

Table 1 the design of mix proportion

Number

cementitious materials
/wt.% Sand/

binder
based
w/b

SAP/%
extra
w/b

superplasticizer
/%

cement
silica
fume

fly
ash

R0 55 20 25 1.1 0.18 0 0 2.0
R1 55 20 25 1.1 0.20 0 0 1.8
R2 55 20 25 1.1 0.22 0 0 1.5
R3 55 20 25 1.1 0.24 0 0 1.2
S1 55 20 25 1.1 0.18 0.3 0.02 2.0
S2 55 20 25 1.1 0.18 0.6 0.04 2.0
S3 55 20 25 1.1 0.18 0.9 0.06 2.0

2.2 Experimental methods
2.2.1 Rheological property
Rheolab QC typed viscometer is used to test the rheological property of mortar. The mixed
mortar was placed into the sample tube and let it stand for 1 min to eliminate the effect of
loading mortar on the rotor. Shear rate of the rotor was increased from 0 s-1 to 100 s-1 in 90 s,
and then decreased from 100 s-1 to 0 s-1 at the same time. Yield stress τ0 and plastic viscosity
η are obtained by fitting shear rate downward curve based on the modified Bingham fluid
model (1).

2
00 c (1)

Where τ [Pa] is the shear stress, τ0 [Pa] the yield stress, η0 [Pa∙s] plastic viscosity, γ [s-1]
the shear rate。

2.2.2 Compressive strength
The sizes of samples used to test compressive strength were 40 mm × 40 mm × 160 mm.
After being molded, the samples were sealed for 3 days at 20℃, and then cured to regulation
ages under the condition of 20℃ and 75% RH.
2.2.3 Autogenous shrinkage
The mixed mortar was placed in corrugated pipe with φ30 mm×370 mm and the change in the
length was measured by the probe for 3 days.
2.2.4 Hydration heat
The 4~5 g paste mixed was put into ampere bottle and then the bottle was placed in an
isothermal heat-conduction calorimetry. The amount of hydration heat release was measured
for about 3 days.
2.2.5 Porosity
After testing the strength, the sample was crushed and made into φ0.7~0.8 mm small balls
with the scissors. The sheared sample was soaked in anhydrous ethanol for a week, and dried
to constant weight in the 60℃ vacuum drying oven.



PoreMaster-60 type mercury injection apparatus was used to measure the porosity of sample.
The biggest mercury pressure in the experiment was 40000 psi.
2.2.6 Hardened paste composition
The mixed paste was made into 20 mm × 20 mm × 20 mm of cubes. Those cubes were sealed
for 3 days at 20 ℃, and then cured to regulation age under the condition of 20 ℃ and 75%
RH. The cubes cured were crushed, then soaked in anhydrous ethanol for a week, and dried to
constant weight in the 60℃ vacuum drying oven. The dried samples were ground to all pass
80 μm square hole sieve. The mineral compositions of the ground samples were analyzed by
XRD.
3. The effect of SAP entraining water on the properties of mortar
3.1 Rheological property
The effects of SAP entraining water on the yield stress τ0 and plastic viscosity η of mortar are
shown in Fig.1. With the increase in SAP entraining water amount, yield stress and plastic
viscosity of fresh mortar is decreased, but the difference is not evident. The reason is that the
amount of SAP entraining water was obtained based on extra water amount meeting the same
initial fluidity in the experiment. As cementitious materials hydrates, free water content in the
mortar is reduced and the yield stress and plastic viscosity is raised. Up to 1 hour, the yield
stress of the reference and the sample with extra w/b=0.02 are obviously increased, but those
of the samples with extra w/c=0.02 and 0.04 change much smaller (as shown in Fig. 1.1).
Those differences should not be thought that SAP delays the hydration, but is more probable
that SAP releases some water to make up for the moisture loss produced by hydration of
cementitious material.

（1）yield stress τ0 （2）plastic viscosity η0

Fig.1 The effects of SAP entraining water on the rheological property of mortar

3.2 Compressive strength and pore structure
The effect of SAP entraining water on the strength of mortar is given in Fig.2. After 7 days,
the strength is obviously decreased with the increase in SAP entraining water amount. After
28 days, however, the strength of the sample with extra w/b=0.02 begins to exceed that of the
reference with the same basic w/b. Although the increase in the strength is usually attributed
to the accelerating role of SAP to the hydration, the decrease of strength is not simply due to
the delay effect of SAP on the hydration, but should also have a certain relationship with its
pore structure. After 7 days, SAP entraining water raises the number of pores under 100 nm,
but reduces the number of macro-pore more than 1800 nm (Fig. 3.1). After 28 days, the



sample with extra w/b=0.02 has a lower porosity than the reference with the same basic w/b.
When extra w/b is increased to 0.04, the number of pores more than 50 nm falls, but that of
pores less than 30 nm rises. As a result, the sample with extra w/b=0.04 is still a higher
porosity than the reference with the same basic w/b (Fig. 3.2). Increase in total porosity may
be a main reason for the decrease in the strength. In addition, the formation of big pore is
mainly due to the high viscosity and low w/b of mortar.

Fig.2 The effect of SAP entraining water amount on the strength of mortar

（1）7d （2）28d
Fig.3 The effect of SAP entraining water amount on the pore structure of mortar

When the same water amount as SAP entraining is directly added, the 7-days and 28-days
strengths are significantly reduced and the 28-days strength is far lower than the7-days
strength of the sample with SAP entraining water. The difference of the strength indicates that
the water-entrained of SAP has a greater effect than the extra-water added directly. The great
difference of the above effects is related to the later-age curing humidity under which SAP
can play a greater role for moisture control and curing inside the mortar.
3.3 Autogenous shrinkage
The effect of SAP entraining water on the autogenous shrinkage of mortar is shown in Fig.4.
The development of autogenous shrinkage is very fast before 15 hours, and then keeps a slow
growing trend. The more the amount of SAP entraining water, the smaller the autogenous
shrinkage. For example, the reference with the same basic water cement ratio produces 4000
με of autogenous shrinkage after 35 hours, while the sample with extra w/b=0.06 has 2000 με.
The decrease in the initial autogenous shrinkage indicates that mortar has a lower viscosity
and can produce smaller deformation by structure adjustment. These results are well
consistent with the results of other researchers [Assmann A. et al.,2014; Kong X.M. et



al.,2009; Jensen O.M. et al.,2002], namely, SAP effectively reduces the autogenous shrinkage.
This effect is related to the effect of SAP on the humidity inside the concrete [Jensen O.M. et
al.,2002].

Fig.4 The effect of SAP entraining water on the autogenous shrinkage of mortar

4. The effect of SAP entraining water on the hydration of cementitious material
4.1 Hydration heat
The effect of SAP entraining water on the hydration heat is shown in Fig.5. During the first
10 hours, except the sample with extra w/c=0.04, the other with SAP have greater hydration
heat than the reference with the same basic water-cement ratio. After 35 hours, the sample
with extra w/c=0.02 produces a lower hydration heat than the reference with the same basic
water-cement ratio, but the samples with extra w/c≥0.04 release more hydration heat (in
Fig.5.1). The increase in hydration heat indicates that appropriate amount of SAP entraining
water can improve the early hydration degree of hardened paste. When extra water is directly
added, the rate of hydration is also accelerated and the heat of hydration increased (in
Fig.5.2).
In addition, from the above analysis, it can be obtained that SAP entraining water accelerates
the hydration, and decreases the viscosity and autogenous shrinkage. Those phenomena are
closely related to the water release of SAP.

(1) SAP entraining water (2) Directly adding water
Fig.5 The effect of SAP entraining water on the amount of hydration heat of paste



4.2 Hardened paste compositions
Hardened paste compositions are shown in Fig. 6. Before 7 days, the hydrations of cement
clinker seem not to be affected by fly ash and silica fume. The diffraction peak of C3S and
C2S at 32.4° is decreased with increasing SAP entraining water amount and the peak of
Ca(OH)2 at 18.0° also shows corresponding trends.
After 28 days, the reaction of Ca(OH)2 with fly ash or silica fume leads to the diffraction peak
of Ca(OH)2 at 18.0° significantly becoming small compared with that at 7 days. Moreover,
the change in Ca(OH)2 peak at 18.0° with SAP entraining water amount is consistent with that
in the strength, namely, the sample with extra w/c=0.02 has the smallest Ca(OH)2 peak, while
the samples with extra w/c=0.04 and 0.06 have larger Ca(OH)2 peaks than the reference with
the same basic water-cement ratio. This suggests that appropriate amount of SAP entraining
water can promote the reaction of Ca(OH)2 with fly ash or silica fume, but more entraining
water will produce a delay effect.
From the above analysis of pore structure and hydration degree, it can be concluded that the
decrease in the 28-day strength is attributed to the decrease in the hydration degree and the
increase in the porosity.
In addition, when extra water is directly added, the diffraction peak of Ca(OH)2 at 18.0 ° after
7 days is almost the same as that after 28 days. This suggests that extra water has a very small
effect on the reaction of Ca(OH)2 with fly ash or silica fume.

Fig.6 The effect of SAP entraining water on the compositions of hardened paste

5. Conclusion
(1) Besides the autogenous shrinkage, SAP entraining water obviously reduces the 1-hour
plastic viscosity and yield stress of mortar.
(2) SAP entraining water increases the number of small pores, but reduced the number of
large pores.
(3) SAP entraining water reduces the 7-day strength, but appropriate entraining water amount
can improve the 28-day strength. The increase in the strength is mainly due to the increase in
the hydration degree, but the decrease in the strength should be attributed to the decrease in
the hydration degree and the increase in the porosity.
(4) Appropriate water-entrained amount of SAP can accelerate the hydration of cement
clinker and the reaction of fly ash or silica fume with Ca(OH)2.
(5) The effects of SAP on the rheological property, autogenous shrinkage and hydration
degree are attributed to the water release of SAP.



(6) Under 75% of relative humidity, the effect of SAP entraining water on the strength and
hydration is greater than that of extra water directly added.
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Abstract
Cement-asphalt mortar (CA mortar) is composed of Portland cement, asphalt emulsion,water and

other admixtures,which combines both advantages of the mechanical property of cement and flexibility
of asphalt. Therefore, it has already been applied in high-speed railway and used as semi-flexible
pavement material.

As a basic and key composition of asphalt emulsion, emulsifier is the reaction medium between
cement and asphalt, and the effect of asphalt emulsion on cement hydration is mainly through the
interaction between emulsifier and cement particles. Hence, The main purpose of the investigation was
to clarify the retardation effect of emulsifier LA on cement hydration and reveal its mechanism.

In order to reach the research aim, many related measurements such as setting time, hydration
heat flow, ions concentration and electrical resistivity were adopted in the investigation. The main
conclusions of the investigation can be drawn as follows:

The retardation effect of emulsifier LA on cement hydration process was confirmed by the results
of the setting time and the hydration heat. And meanwhile, the hydration process was delayed
gradually with the the increase of LA. The ions concentration of the paste mixed with LA was lower
compared to the pure cement paste due to the adsorption of emulsifier on cement particles,which
hindered the cement hydration. The result of the electrical resistivity can reflect the hydration process
and corresponded directly with the variation law of the hydration heat and the ions concentration,
which also confirmed the retardation effect of LA on cement hydration.

The mechanism of the retardation effect can be attributed to that a protective layer formed on the
surfaces of aluminate phase by adsorption behavior onto the active sites of cement particles, and thus,
the hydration process was delayed compared to the pure cement paste.

Originality
The originality of the investigation mainly concludes two aspects: (1)Revealing the essence of

cement hydration process from the variation of ions concentration and monitoring the evolution of the
microstructure of cement paste by electrical resistivity.(2)Building a interaction model between the
cement particles and emulsifier.

Key words: Emulsifier; retardation; cement hydration; mechanism

 Corresponding author: Hongjx123456@126.com,Tel +86-15250963086, 13815441088.



1. Introduction
As a kind of inorganic binding material, cement-based material has been used widely in

construction engineering domains such as buildings, roads and bridges due to its excellent
mechanical property (Martin Bohac. et al., 2014; Xiao-Yong Wang., 2014; Aitcin PC., 2000).
But it is liable to cracking for its brittleness, and thus its applications are restricted (H.
Shoukry. et al., 2013; Fang Xu. et al., 2014).

As a kind of organic binding material, asphalt emulsion has been widely used
as pavement material due to its outstanding flexibility and deformation resistance, but its
lower compressive strength compared to cement-based material limits the applied range
(Fazhou Wang. et al., 2011).

As a new kind of inorganic-organic composite, cement-asphalt mortar (abbreviated CA
mortar) includes Portland cement, asphalt emulsion, water and other admixtures (Fazhou
Wang. et al., 2012; Yanrong Zhang. et al., 2012), which combines the both advantages of the
mechanical property of cement and flexibility of asphalt. Therefore, it can be applied in
high-speed railway and semi-flexible pavement material.

(a) Used as cushion layer in high-speed railway (b) Used as semi-flexible pavement

Fig.1 The applications of CA mortar

Emulsifier is a basic composition of asphalt emulsion, and it is a reaction medium
between asphalt and cement particles. Therefore, effect of emulsifier on cement hydration was
investigated in the paper to reveal the properties related to the microstructure of
cement-asphalt paste.

Although some investigations have related to the effect of emulsifier or asphalt emulsion
on cement hydration (Yiqiu Tan. et al., 2013; Hu S. G. et al., 2009; Cheng-Tsung Lu. et al.,
2009), but few literature gave a further extend study about the effect of emulsifier on cement
hydration process and on the formation of the micro-structure of the paste.

The aim of the research was mainly at investigating how the anionic emulsifier LA to
affect cement hydration, and the retardation effect of emulsifier on cement hydration was
confirmed by measuring the setting time, hydration heat, ions concentration and electrical
resistivity of the paste.
2. Experiments and methods
2.1 Materials

C:/Documents%20and%20Settings/Administrator/Local%20Settings/Application%20Data/Yodao/DeskDict/frame/20140815084510/javascript:void(0);
C:/Documents%20and%20Settings/Administrator/Local%20Settings/Application%20Data/Yodao/DeskDict/frame/20140815084510/javascript:void(0);


The reference cement typed P.I 42.5 complying with the Chinese standard GB8076-2008
produced by Qufu China United Cement Co., LTD was adopted in the study, and its chemical
compositions were listed in Table 1.

Table 1 Compositions of Portland cement(wt.%)

Emulsifier named LA employed in the research was supplied by Jiangsu bote new
materials Co.,LTD.
2.2 Sample preparation

Cement-emulsifier paste for hydration heat measurement was prepared according to the
following formulations, W/C defined as the mass ratio of water to cement adopted a constant
value of 0.41, E/C defined as the mass ratio of emulsifier to cement varied from 0, 0.8% and
1.0% respectively, and the ratio is originated from the engineering application of CA mortar.

Cement-emulsifier paste for ions concentration measurement was prepared at the ratio of
W/C (0.6) and E/C (0 and 1.0%).

In order to illustrate the retardation effect of emulsifier on cement hydration by electrical
resistivity, the ratio of the paste should keep correspondence with that of the hydration heat
measurement. Therefore, the ratios of W/C (0.41) and E/C (0 and 1.0%) were selected as
typical samples for measuring the electrical resistivity.
2.3 Experimental procedures
2.3.1 Setting time measurement

The setting time of cement-emulsifier paste was measured according to the Chinese
standard---Test methods for water requirement of normal consistency, setting time and
soundness of the Portland cement (GB1346-2011).
2.3.2 Hydration heat measurement

The cement-emulsifier paste was put into a plastic bottle immediately after mixed with
water, and then the hydration heat of the paste was measured by isothermal calorimetry. After
the temperature balance between specimen and instrument was reached, the test started and
lasted about 72h.
2.3.3 Ions concentration measurement

The cement-emulsifier paste should be kept mixed and be centrifuged at different
hydration time to obtain the centrifugal supernatant, and then the ions concentration of the
centrifugal supernatant was measured by Inductively Coupled Plasma (ICP) instrument
(Fig.2).
2.3.4 Electrical resistivity measurement

Non-Contact Impedance Measurement typed CCR-Π invented by professor Zongjin Li
was employed in the investigation to measure the variation of the resistivity timely for
monitoring the evolution process of the micro-structure of the cement-emulsifier paste.

The fresh cement paste after prepared was cast in the ring-shaped plastic mould, and then
the electrical resistivity of the paste can be monitored by the Non-Contact Impedance

Chemical compositions

SiO2 Fe2O3 Al2O3 SO3 MgO CaO Na2O K2O TiO2

20.47 3.48 4.41 3.33 2.49 61.43 0.14 0.55 0.30



Measurement, the illustration schematic of which can be seen in Fig.3 (Li, Z. et al., 2011;
Yishun Liao. et al., 2011; S.W. Tang. et al., 2014).

Fig.2 The Inductively Coupled Plasma (ICP) instrument employed in the research

Fig.3 The illustration schematic of Non-Contact Impedance Measurement

3.Results and discussions
3.1 Effect of emulsifier LA on setting time of cement paste

Setting time of cement paste can reflect the cement hydration process directly, and also it
is closely related to the workability of fresh cement paste. Therefore, it is a direct indicator of
cement hydration process.

Fig.4 illustrated the setting time of the cement paste mixed with LA, it can be seen that
with the increase of the dosage of LA from 0% (corresponded with the pure cement paste)
to 1.4%, the initial and final setting time was prolonged respectively. Which meant that the
cement hydration was delayed by LA, that is to say that LA has a retardation effect on
cement hydration.
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Fig.4 Effect of LA on setting time of cement paste

To the best of my knowledge, few references gave a in-depth research about the
retardation effect of emulsifier on cement hydration. In order to clarify the mechanism of the
retardation effect, the following experiments of the hydration heat, ions concentration and



electrical resistivity were employed in the investigation.

3.2 Effect of emulsifier LA on hydration heat of cement paste

In order to research the effect of emulsifier LA on cement hydration in details, hydration
heat was measured to monitor the hydration process of the cement paste mixed with LA. The
hydration heat flow varied with the increase of LA was presented in Fig.5.
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Fig.5 Effect of LA on cement hydration heat flow

Fig.5(a) indicated the hydration heat flow of cement paste with LA lasted for 70 hours,
which can be seen that the effect of LA on cement hydration heat was more obvious before
the acceleration period. Therefore, the early age cement hydration heat flow for the first 10
hours after contacted with water was focused in Fig.5(b).

From fig.5(b), it can be seen that the hydration heat flow of the paste mixed with LA was
lower compared with the pure cement paste, and the time span of the induction period of the
paste mixed with LA prolonged from about 3 hours to about more than 5 hours with the
increase of the dosage of LA.

The induction period of the paste mixed with LA depicted above indicated that the
emulsifier LA delayed the cement hydration, the main reason for the retardation effect of LA
on cement hydration can be attributed to the adsorption behavior, and much more details
about the retardation effect can be explained in the following paragraphs.

It is well known that, cement hydration reactions begin immediately accompany with
various ions released into solution from different cement minerals, and the reaction process
can be listed as following:
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From the above reaction process, it can be seen that when cement is contacted with water,
cement particles will release different kinds of ions into solution from the surfaces of cement
particles, and different kinds of ions migrate into solution at different rate, which resulted in
cement particles picking up electrical charges. More specifically, the surfaces charge of
aluminate phase C3A presented positive, whereas, the surfaces charge of silicate phases C3S
and C2S presented negative. Whereas, partial calcium ions Ca2+ may distribute around the
silicate phases by complexing with H2SiO42- to form C-S-H gel with low ratio of Ca/Si, which
resulted in showing positive charge in certain areas (L.Nachbaur. et al., 1998; H.
Viallis-Terrisse. et al., 2001; Johann Plank. et al., 2007) of silicate phases.

a b



As a kind of anionic surfactant, LA presented electronegative. Therefore, there existed
electrostatic interaction between emulsifier LA and cement particles with positive charge
including aluminate phase and partial silicate phases. The schematic illustration of the
adsorption behavior of LA onto cement particles can be presented in fig.6. Due to LA
adsorbing onto the positive charge surfaces of aluminate phase and partial silicate phases, the
active sites for hydration consisting of surfaces of C3A and partial C3S or C2S were occupied.
As a result, ettringite and early age C-S-H(m) gel formed on the surfaces of cement particles
through surface deposition reactions were hindered, that is to say the hydration of cement was
hindered.

Fig.6 The schematic illustration of LA adsorption onto the cement particles

3.3 Effect of emulsifier LA on the ions concentration in the pore solution
The variation of ions concentration in cement paste can reflect the hydration of cement

well, ions concentration were measured by ICP instrument to investigate the effect of LA on
cement hydration further.
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Fig.7 The variation law of ions concentration at different hydration time
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From fig.7(a) and (b), it can be seen that the alkali ions concentration of sodium (Na+)
and potassium (K+) increased obviously in the early hydration period for the pure cement
paste and the paste mixed with LA, but the ions concentration of the paste mixed with LA
were lower compared with that of the pure cement paste.

This phenomenon depicted above can be explained as following: the existence form of
the alkali ions in cement mainly included the alkali-sulfate phases and the solid solution
phases in the inner of C3A and β-C2S minerals, and the releasing process of the alkali ions at
different rate for different phases mentioned above. More especially, the alkali-sulfate phase
dissolves immediately when mixed with water in short time. But for the alkali ions in the
solid solution phases, the reaction activity of minerals determined the releasing rate directly,
and for the paste mixed with LA, a protective layer was formed on the surfaces of C3A and
C2S by adsorbing emulsifier LA onto the activity sites according to the above analysis,
therefore, the releasing of alkali ions was delayed, which resulted in the decreasing of the
concentration of the alkali ions.

The concentration of SO42- is closely related to the formation of ettringite. Fig.7 (c)
presented that the concentration of SO42- in the pure cement paste was higher than that of the
paste mixed with LA. For the pure cement paste, the concentration of SO42- declined
gradually from the first 15min to 90min after contacted with water for the pure cement paste,
but for the paste mixed with LA, the concentration of SO42- increased in the first 30min
gradually after contacted with water, and then decreased slightly. Which indicated the
formation of ettringite in the paste mixed with LA was much less and slower than the pure
cement paste, and also confirmed the retardation effect of LA on cement hydration.
3.4 Effect of emulsifier LA on the electrical resistivity of cement paste

To further clarify the retardation effect of LA on cement hydration, electrical resistivity
measurement was employed to monitor the evolution process of the micro-structure of the
cement paste.

The ratio of the paste used as the measurement of the electrical resistivity was: the water
to cement ratio (W/C) was 0.41, emulsifier LA to cement ratio (E/C) was 0 and 1.0%
respectively.

For cement hydration process, the resistivity of cement paste conforms to the Archie’s
Law (Archie GE., 1942; Yishun Liao. et al., 2011).

ρ(t)= ρ0(t)*φ(t)-m(t)

Where ρ(t) represents the electrical resistivity of cement paste.
ρ0(t) represents the electrical resistivity of the pore solution.
φ represents the porosity of the paste.
t represents the hydration time from contacted with water.
m is a constant.

The above Archie’s law indicated that the resistivity of cement paste related to the
following two aspects: the ions concentration and the migration paths of ions. And the ions
concentration determined the electrical resistivity of the pore solution, the migration paths of
ions were related to the porosity and tortuosity of the pores and the micro-structure of the
paste.



Fig.8 presented the results of the variation law of electrical resistivity of the paste, it can
be seen that the resistivity of the emulsifier paste mixed with LA was higher compared with
the pure cement paste at the first 90 min, the reason for which was mainly due to the
difference of the ions concentration.
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Fig.8 Effect of LA on the resistivity of cement paste

During the early cement hydration period, cement paste can be seen as solution filled
with kinds of ions, and the ions concentration determined the electrical conductivity of paste
directly. That is to say, the higher ions concentration, the lower resistivity of the paste.

According to the analysis of the preceding part of the text, emulsifier LA occupied the
active sites of cement particles, which leaded to the process of the ions releasing to be delayed
for the formation of a protective layer around the cement particles. Therefore, the total ions
concentration of the paste mixed with LA was lower than that of the pure cement paste.

With the elapsed time of cement hydration, the resistivity of the pure cement paste
transformed from the declining stage into a relatively stable stage, which meant the induction
period of cement hydration, while the resistivity of the paste mixed with LA declined
gradually until about 300min after contacted with water, and after 300min the paste mixed
with LA enter into the induction period. During the induction period, little change occurred in
terms of the micro-structure and the total ions concentration, so the resistivity was basically
consistent with the result of the hydration heat.

The formation of hydration products was delayed for the protective layer compared with
the pure cement paste, the paste mixed with LA possessed much more connected pores which
were much more suitable for the the migration of ions. So the resistivity of the paste mixed
with LA was lower than the pure cement paste after induction period, and the result of the
resistivity can also reflect the retardation effect of LA on cement hydration.
4.Conclusions

The paper focused on investigating the effect of emulsifier LA on cement hydration, and
some related measurements including setting time, hydration heat, ions concentration and
electrical resistivity were employed to research the hydration process and reveal the
mechanism of retardation effect. The main conclusions can be listed as follows:

(1) The initial and final setting time prolonged gradually with the increasing of LA,
which indicated that LA delayed the cement hydration process.

(2) The hydration heat was lower than the pure cement paste with the increase of LA,
which confirmed that LA had a retardation effect on cement hydration further.



(3) The ions concentration of the paste mixed with LA was lower than that of the pure
cement paste, which was mainly due to a protective layer formed around the cement particles
to hinder the ions releasing. And thus, hydration reactions were delayed.

(4) The electrical resistivity can monitor the process of cement hydration and the
formation of the micro-structure. The result of the electrical resistivity indicated the formation
of the micro-structure of the paste mixed with LA was delayed, and also reflected the
retardation effect of LA on cement hydration well.

Acknowledgements
The authors would like thank research supports by the National Natural Science

Foundation of China (NO.51278231) and Jiangsu Province Natural Science Foundation of
China (NO.BK2012867). And also greatly appreciated Jiangsu Research Institute of Building
Science Co.,Ltd and the State Key Laboratory of High Performance Civil Engineering
Materials for funding the research project.

References
-Martin Bohac, Martin Palou., 2014. Investigation on early hydration of ternary Portland cement-blast-

furnace slag-metakaolin blends. Construction and Building Materials, 64, 333-341.
-Xiao-Yong Wang., 2014. Properties prediction of ultra high performance concrete using blended

cement hydration model. Construction and Building Materials, 64, 1-10.

-Aitcin PC., 2000. Cements of yesterday and today: concrete of tomorrow. Cement and Concrete
Research, 30 (9): 1349-1359.

-H. Shoukry, M.F. Kotkata, S.A. Abo-el-Enein, M.S. Morsy., 2013. Flexural strength and physical

properties of fiber reinforced nano metakaolin cementitious surface compound. Construction and
Building Materials, 43, 453-460.

-Fang Xu, Mingkai Zhou, Jianping Chen, Shaoqin Ruan., 2014. Mechanical performance evaluation of

polyester fiber and SBR latex compound-modified cement concrete road overlay material. Construction
and Building Materials, 63, 142-149.

-Fazhou Wang, Yunpeng Liu, Chunlin Yu, Jun Fu., 2011. Design and performance investigation of low

carbon and energy saving semi-flexible pavement materials. Chinese Materials Annual Meeting.
-Fazhou Wang, Yunpeng Liu, Yunhua Zhang, Shuguang Hu., 2012. Experimental study on the stability

of asphalt emulsion for CA mortar by laser diffraction technique. Construction and Building Materials,
28, 117-121.

-Yanrong Zhang, Xiangming Kong, Shanshan Hou, Yongliang Liu, Song Han., 2012. Study on the

rheological properties of fresh cement asphalt paste. Construction and Building Materials, 27,534-544.

-Yiqiu Tan, Jian Ouyang, Jianfu Lv, Yunliang Li., 2013. Effect of emulsifier on cement hydration in
cement asphalt mortar. Construction and Building Materials, 47, 159-164.

-Hu S. G, Wang T., Wang F. Z, et al., 2009. Adsorption behavior between cement and asphalt emulsion

in cement-asphalt mortar. Advanced in Cement Research, 21(1), 11-14.

-Cheng-Tsung Lu, Ming-Feng Kuo, Der-Hsien Shen., 2009. Composition and reaction mechanism of

cement-asphalt mastic. Construction and Building Materials, 23, 2580-2585.

-Li, Z, Wei, X., 2011. Study on hydration of Portland cement with fly ash using electrical measurement.



Construction and Building Materials, 38(277), 411-417.

-Yishun Liao, Xiaosheng Wei, Guowei Li., 2011. Early hydration of calcium sulfoaluminate cement

through electrical resistivity measurement and microstructure investigations. Construction and Building
Materials, 25,1572-1579.

-S.W.Tang, Z.J. Li, H.Y. Shao, E. Chen., 2014. Characterization of early-age hydration process of

cement pastes based on impedance measurement. Construction and Building Materials, 68, 491-500.
-L. Nachbaur, P.-C. Nkinamubanzi, A. Noant, J. -C. Mutin., 1998. Electrokinetic properties which

control the coagulation of silicate cement suspensions during early age hydration. Journal of Colloid
Interface Science, 1998, 261-268.

-H. Viallis-Terrisse, A. Nonat, J. -C. Petit., 2001. Zeta-potential study of calcium silicate hydrates

interacting with alkaline cations. Journal of Colloid Interface Science, 244, 58-65.

-Johann Plank, Christian Hirsch., 2007. Impact of zeta potential of early hydration phases on
superplasticizer adsorption. Cement and Concrete Research, 37, 537-542.

-Archie GE., 1942. The electrical resistivity log as an aid in determining some reservoir characteristics.

Trans Am Inst Min Metall Pet Eng, 146, 54-62.

-Yishun Liao, Xiaosheng Wei, Guowei Li., 2011. Early hydration of calcium sulfoaluminate cement

through electrical resistivity measurement and microstructure investigations. Construction and Building
Materials, 25, 1572-1579.



Influence of sodium and potassium chlorides on the hydration
kinetics and its impact on the strength of oil well cement pastes

C. A. A. Rocha1*, G. C. Cordeiro2, R. D. Toledo Filho1
1. Civil Engeenering Program – PEC, Universidade Federal do Rio de Janeiro - COPPE/UFRJ, Rio

de Janeiro, RJ, Brazil
2. Civil Engineering Laboratory - LECIV, Universidade Estadual do Norte Fluminense Darcy Ribeiro -

UENF, Campos dos Goytacazes, RJ, Brazil

Abstract
In this paper, the hydration process of Portland cement with NaCl and KCl addition was studied by
isothermal calorimeter, ultrasonic method and compressive strength. Pastes were designed containing
5%, 10%, 15%, 20% and 36% NaCl by the weight of water (BWOW), and 5%, 10%, 15%, 20% and
34% KCl (BWOW) and water to cement ratio of 0.44. The results of these tests were correlated with
the amount of the formed hydration products obtained by thermogravimetric analysis and the
compressive strength. The addition of NaCl up to 15% accelerated the hydration reactions at the first
ages. On the other hand, 20 and 36% of NaCl addition delayed the hydration reactions. At older ages,
all pastes with NaCl addition had their reactions delayed; it directly influenced the amount of formed
products and the compressive strength. The KCl addition accelerated the hydration reactions at the
first ages, with exception of paste containing 34% KCl. The addition of KCl have not significantly
influenced the amount of the formed products and mechanical properties at long periods.

Originality
Cement paste is placed in an annular space between the case and borehole wall during the oilfield
drilling operations to isolate different permeable zones. For cementing of salt rock domes, the
produced cement pastes, sometimes, have addition of some salt to avoid the migration of rock salt to
the cement paste. The salt can alter many properties of cement paste, including hydration behavior,
and it has been long understood by practitioners. The properties required of the fresh saline paste,
such as thickening time, rheology, fluid loss, and free fluid differ greatly depending of the salt
concentration from that ordinary paste. Salt also changes the mechanical strength of the hardened
paste in different ways depending on the salt concentration. Moreover, the effect of the NaCl and KCl
addition on the hydration process is still not entirely known and little research about this theme can be
found in the literature. Therefore, in this paper, we propose to study the influence of sodium and
potassium chlorides on the hydration kinetics and its influence on the strength of oil well cement
pastes.

Keywords: Hydration kinetics, Strength, NaCl, KCl, Oil well cement pastes.
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1. Introduction
The primary cementing of oil well is a process of placing cement paste in the annulus between the
steel casing and the rock formations exposed to the wellbore. The main objective of cementing is
provide isolation to oil, gas and water zones preventing that these fluids migrate between zones. In
addition, the cement pastes must protect the casing against corrosive liquids and resist creep of the
rock (Nelson and Guillot, 1990).
In salt layer cementation, the contact of cement paste prepared with freshwater with the saline rock
can cause the dissolution of the rock and the salt can migrate to the cement paste. This migration, if
not considered, could result in a wellbore collapse (Hunter et al., 2010; Folsa et al., 2011; Sweatman
et al., 1999). Thus, saline pastes with sodium chloride (NaCl) and potassium chloride (KCl) have been
proposed for using in these environments to avoid unwanted changes in the properties of pastes
(Hunter et al., 2010; Folsa et al., 2011; Rocha et al., 2012; Sweatman et al., 1999; Zhou et al., 1996).
Typically, salt concentrations of 12 to 20% (by weight of water, BWOW) of NaCl are used for pastes
that are going to encounter salt zones. A 20% BWOW to saturation point of NaCl are used for pastes
that are going to encounter salt zones and remain in contact with salt rock for the life cycle of the well
(Nelson and Guillot, 1990). It has been reported (Hunter et al., 2010; Sweatman et al., 1999) that KCl
can be used as alternative to NaCl, in concentrations of 3 to 5% BWOW. In most of cases, a 5% KCl
paste is considered to provide some protection against formation salt dissolution by the paste.
The properties of the fresh saline paste, such as thickening time, rheology, fluid loss, free fluid differ
greatly depending of the salt concentration from that ordinary paste. Salt also changes the mechanical
strength of the hardened paste in different ways depending on the salt concentration (Hunter et al.,
2010; Folsa et al., 2011, Rocha et al., 2012, Zhou et al., 1996).
Although the salt influence in the fresh state and mechanical properties of the pastes has been studied
by different authors (Nelson and Guillot, 1990; Ludwig, 1951; Rocha et al., 2012; Sweatman et al.,
1999; Zhou et al., 1996), few studies have been carried out involving the hydration kinetics of systems
containing NaCl (Ludwig, 1951; Zhou et al., 1996). Ludwing (1951) studied the pore solution of the
pastes with NaCl and concluded that the NaCl increased the solubility of calcium sulfate and
accelerated the hydration reactions. Zhou et al. (1996) concluded that low salt concentrations
accelerated the hydrations reactions and high salt concentrations retarded the hydration reaction.
Moreover, there is a gap in the literature about hydration products in pastes containing KCl.
Thus, the aim of this work was study the influence of sodium and potassium chloride addition on the
hydration process and mechanical properties of cementitious materials. The kinetics of hydration was
studied by isothermal calorimetry and the percolation threshold was determined by ultrasonic method.
In addition, compressive strength tests were also conducted to compare the different pastes.

2. Experimental
2.1. Raw Materials
Brazilian Portland cement class G with high sulphate resistance (NBR 9831, 2006) was used in the
production of the pastes. The cement composition in oxides determined by X-Ray fluorescence
spectrometry (Shimadzu EDX-720), is presented in Table 1.



Table 1 Oxide percentages (in mass) of the class G cement /%.

Compositions SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O LOI*
Content 20.90 5.05 4.32 63.5 1.6 0.65 0.26 1.26

* Loss on ignition

The particle size distribution of the cement (Fig. 1) was determined by laser diffraction particle size
analysis Mastersizer 2000 (Malvern Instruments) and showed that the characteristic size D50 (50%
passing) of particles was 17 μm. The 3.23 g/cm3cement density was determined by helium pycnometry
method in a gas pycnometer (Micromeritics AccuPyc 1340).

Figure 1. Particle size distribution of class G cement.

In the saline pastes, NaCl and KCl were used. The maximum solubility of NaCl and KCl at 20°C is
35.9 and 34.4 g for 100 g of water, respectively. The density of NaCl and KCl determined by helium
pycnometry method were 2.16 and 1.98 g/cm3, respectively.
Antifoam admixture, consisting of polypropylene glycol, particulate hydrophobic silica, and an
aliphatic hydrocarbon with density of 0.93 g/cm3 was added to the cement paste to avoid foaming
during the mixing. Deionized water also was used in the pastes.

2.2. Experimental Process
2.2.1. Mix design
A reference cement paste (0% of salt) was designed with 0.44 water to cement ratio. Salt
concentrations were chosen with the objective to understand the behavior of salt addition in the pastes
from 0% up to the salt saturation point in water. A refinement was made next to salt concentrations
typically used in the oil industry - 15% BWOW NaCl and 5% BWOW KCl. Then, pastes with 5%,
10%, 12.5%, 15%, 17.5%, 20%, 36% BWOW of NaCl, and pastes with 1%, 3%, 5%, 7%, 10%, 15%,
20% and 34% of KCl BWOW were developed. Antifoam additive with a concentration of 0.3% of the
cement mass was added in all pastes.

2.2.2. Production and curing
With the purpose to prepare 600 ml of cement paste, water, antifoam and salt were poured into the
constant speed mixer (Model 3060 Chandler) and stirred at 4,000 ± 200 rpm speed for 50 seconds to
disperse the salt. Subsequently, the cement was added at a uniform rate in not more than 15 seconds



while the mixer was operating at 4,000 rpm, and the mixing speed was increased to 12,000 ± 500 rpm
for 35 seconds.
After mixing, cement paste was casted in cylindrical molds (50 mm diameter and 100 mm height) that
were placed in a thermal bath at 0.37 °C min-1 from 27 ± 1 °C up to 60 °C. The samples were kept at
60 ± 1 °C for periods of 0.25 (6 hours), 0.58 (14 hours), 1, 3 and 7 days. After this, the samples were
cooled to 27 °C in 45 minutes and then demolded.

2.2.3. Isothermal calorimeter
The rate of heat evolution and the accumulated heat of the pastes were measured in an isothermal
calorimeter TAM Air 8-channel (TA Instruments) with a precision of 20 μW using a glass ampoule
with 2.5 g of deionized water as reference. The mixing approximately 20 ml of paste was manually
mixed in a beaker with the aid of a glass rod for about 1 min. In salt pastes, the salt was previously
dissolved in water before mixing. For this test, antifoam agent was not used in mixtures.
Approximately 5 g of the paste was placed in glass ampoule with the support of a syringe. The
ampoules were placed in the calorimeter in less than 5 minutes after contact of water with cement. The
minimum duration of the test was 163 h (approximately 7 days). Before mixing, all materials were
kept for at least 12 hours in a controlled room temperature (23 ± 1 °C). Tests were conducted in
temperatures of 60 ± 0.02 °C, which was maintained constant throughout the period of acquisition of
data.

2.2.4. Ultrasonic method
The measurement of the propagation speed of the ultrasonic waves in the pastes was measured in a
device called ultrasonic cement analyzer (UCA) Model 4262 Twin Cell Chandler. This equipment
have a pair of ultrasonic transducers, one generator and the other receiver. The generator emits a pulse
frequency of approximately 400 kHz and a receiving transducer measures the transit time of the
acoustic signal through the suspension (paste). The device provides the transit time, which is the time
it takes for the ultrasonic wave traveling through the cement sample. Measurements were taken every
30 seconds and with an accuracy of 0.25 µs/cm. The inverse of the transit time gives the ultrasonic
pulse speed in the sample. The accuracy of the pulse speed values in the sample decreases with
increasing speed, or reducing of the transit time.
For this test, the paste prepared in accordance with item 2.2.2 was poured inside to the cell, which was
closed and placed in the machine and then began the data acquisition. The tests were performed at 60
± 1 °C and atmospheric pressure. Temperature of 60 °C was set to be reached at 90 min.

2.2.5. Compression strength
Axial compression strength tests were performed on cylindrical specimens of 50 mm diameter and 100
mm height in mechanical testing machine Wikeham Farrance with 200 kN load cell. For each curing
age (0.25-7 days) and type of paste were tested at least four specimens. The test was performed
according to procedures (NBR 5739, 2007) at a displacement rate of 0.025 mm/min. The results of the
compressive strength were statistically analyzed by Analysis of Variance (ANOVA) at 5% probability
test followed by Tukey test.

3. Results and Discussion



Figure 2 shows the heat flow curves obtained by isothermal calorimetry for the pastes with NaCl (a)
and KCl (b). With increasing of NaCl concentration, it was observed an increment in the duration of
the induction period. Adsorption of Na+ by silanol groups (-Si-OH-) on the cement grain surface makes
the particle positively charged (-Si-OH-Na+). The double repulsive layer between two cement grains
increase the dispersion. Nelson and Guillot (2006) have also been reported a slight dispersing effect in
saline pastes made with seawater, where the predominantly salt is NaCl.
In the acceleration period, the reaction rate of C3S, determined by the slope of this section, was
significantly increased for the addition of 10% NaCl. However, the reaction rate in the acceleration
period was lower for 20% and 36% NaCl than the paste without salt. The duration of the acceleration
period was reduced when the reaction rate increased. At the end of the acceleration period, it was
observed a peak due to the hydration of the C3S and then a peak due to depletion of calcium sulphate,
which was reduced with increasing salt content. According Cheung et al. (2011), this phenomenon
happens when the suphate depletion occurs earlier than the peak due C3S hydration. The peak due to
the formation of AFm phase was significantly anticipated with increasing of NaCl concentration.
Taylor (1997) suggests that besides accelerate the C3S hydration, chlorides also accelerate the
hydration of the aluminates phases.

(a) (b)
Figure 2. Heat flow curves for the pastes with added NaCl (a) and KCl (b).

In pastes with KCl, there was a slight reduction in the duration of induction period with the increase of
salt added. The rate of C3S reaction was increased when the salt content was raised and, consequently,
the duration of the acceleration period was reduced. In pastes with KCl addition, it was not possible to
distinguish the peak due to exhaustion sulfate - probably due to the formation of syngenite
[K2Ca(SO4)2·H2O] -, and the peak due the hydration of AFm phase for 20% and 36% KCl of KCl
added. The precipitation of syngenite can occur in cement pastes with high concentration of K+ ions
(Taylor, 1997) anticipating the sulphate exhaustion of the system. With the formation of syngenite, the
K+ ions did not contribute to the effect of dispersion, except for the addition of 34% KCl, due to the
large amount of potassium ions in solution.
The total heat released for pastes with added NaCl and KCl is shown in (Figure 3). The pastes with
10% and 20% of NaCl added showed a larger amount of heat accumulated in an initial interval
(between about 6 h and 18 h of cure). For the pastes with KCl addition, since the beginning of the
acceleration period up to about 30 h of curing, the pastes with 10% and 20% of KCl added showed a



greater amount of heat released in comparison to the paste without salt. From 30 h until the end of the
test (163 h), significant differences were not observed in the total heat released for 10% and 20% KCl
added in relation to the paste without salt. For the addition of 34% KCl, cumulative heat released was
superior to the paste without added salt up to 5h of curing, after this; the heat released was less than
the paste without salt.
The results of isothermal calorimetry showed the same trend observed in the content of calcium
hydroxide determined by Rocha et al. (2015). Moreover, Rocha et al. (2015) verify the presence of
Friedel’s salt in pastes with NaCl and KCl addition, due the interaction of chlorides ions with the
aluminates phases.

(a) (b)
Figure 3 Cumulated heat curves for binders with addition of NaCl (a) and KCl (b).

Figure 4 shows the speed curves of the ultrasonic pulse for pastes with NaCl and KCl addition, and the
time at which the percolation threshold (Pt) had been reached. At the beginning of the experiment,
period I, the ultrasonic pulse speed remains low (near to the pulse speed in water – 1488 m/s) and
constant, because the paste is a suspension of cement particles in water and the preferred way of
propagating is the liquid. When a critical amount of hydrated products is reached, the ultrasonic
pulse starts to propagate through the solid phase and the percolation occurs. This cause a sudden
increase in sound speed and this moment is called the percolation threshold (Pp). After this point,
period II starts, when more and more hydration products are formed and connected and the
rigidity of the material is greatly increased. As a result, the speed of the ultrasonic pulse increase
rapidly in this period. In the period III, the speed of sound has minimum increments, reaching
practically a plateau (Smith et al., 2002; Zhang et al., 2010). The point Pp was calculated using
the straight intersection set to linear stretches of periods I and II.
In the period I, the ultrasonic pulse speed increase was more pronounced in the pastes with NaCl,
which have a higher molar concentration (considering the same addition of levels) than the pastes with
KCl. It was also found mainly in pastes with lower salt concentrations, a slight increase in the velocity
of the ultrasonic pulse due to heating of the sample that occurred approximately in 90 min.



NaCl (%) Pt (h)
0 2.32
5 2.07
10 2.11
12.5 2.21
15 2.28
17.5 2.61
20 2.92
36 3.17

(a)

KCl (%) Pt (h)
0 2.32
1 2.10
3 1.87
5 1.85
7 1.67
10 1.75
15 2.15
20 2.47
34 1.99

(b)
Figure 4. Ultrasonic pulse speed curves for pastes with different concentrations of NaCl (a) and KCl (b).

For pastes with addition of NaCl, the percolation threshold was anticipated up to 12.5% of adittion,
and the paste with 5% NaCl showed the biggest acceleration. The addition of 15% NaCl did not cause
a significant change in the percolation time, or neutral effect. For the pastes with additions exceeding
17.5% of NaCl the percolation threshold time was reached later, or deceleration of hydration reactions.
These results are in agreement with those obtained by isothermal calorimetry and suggested in the
literature (Nelson and Guillot, 2006).
For pastes with KCl, the percolation threshold was anticipated from 1% to 15% and 34% salt addition
compared with the paste without salt. For the addition of 20% KCl, there was a small increase in time
relative to the paste without added salt. In the period II, the evolution of ultrasonic pulse speed curves
followed the same trend observed for the accumulated heat curves, with a seemingly linear stretch for
saline pastes, mainly to the paste with the addition of NaCl. The period III, a region where the speed of
the ultrasonic pulse reaches a plateau was reached more quickly through the pastes with added salt.



The evolution of compressive strength for pastes with 0%, 5%, 10%, 12.5%, 15%, 17.5%, 20% and
36% NaCl is present in the Figure 5. For 0.25 d (6 h) for curing, the pastes with 5%, 10%, 12.5%, 15%,
17.5% and 20% NaCl did not show significant differences in the of compressive strength and had
resistance significantly higher than the paste without NaCl (ANOVA, p <0.05). For 0.58 d of curing,
the pastes with 5%, 10%, 12.5% and 15% NaCl did not show significant differences in compressive
strength but showed strength significantly higher than the paste without NaCl (ANOVA, p <0.05).
Between 0.25 and 0.58 day cure, the pastes with the addition up to 20% NaCl showed a largest amount
of heat accumulated (Figure 3a) and a largest amount of calcium hydroxide (Rocha et al., 2015), both
effects due accelerating the hydration reactions promoted by the NaCl addition, which consequently
led to the compressive strength was increased.
For 1 day of curing, the pastes with NaCl added up to 15% did not show significant differences in
compressive strength values compared to pastes without salt (ANOVA, p <0.05). At 3 days of curing
the pastes with 15% of NaCl addition did not show significant differences in compressive strength
values related to paste without salt (ANOVA, p <0.05). Pastes with 17.5% and 20% NaCl had strength
significantly lower than the paste without salt (ANOVA, p <0.05). For 7 days of curing, the pastes
with 10% to 36% NaCl had compressive strength significantly lower than the paste without salt
addition (ANOVA, p <0.05). In all test ages, the paste with 36% NaCl presented compressive strength
significantly lower than the pastes with NaCl addition and the paste without salt (ANOVA, p <0.05).
For 3 and 7 days of curing the reduction in compressive strength in paste with 36% NaCl has occurred
due low amount of hydrated products (Rocha et al., 2015) confirmed by the smaller amount of heat
accumulated (Figure 5a). However, one cannot rule out the possibility of salt crystallization in the
pores also have contributed to the reduction of resistance.
The increase in the dispersion paste in the fluid state, the smaller amount of hydrated products formed
and the lowest value of resistance to compression at 3 and 7 days of curing with the increasing of
NaCl concentration are consistent with the hypothesis proposed by Cheung et al. (2011). Cheung et al.
(2011) suggested that when the induction period is increased, probably some delay in hydration
reactions exist even if the reaction rate in acceleration period was increased.

Figure 5. Compressive strength for pastes with 0%, 5%, 10%, 12.5%, 15%, 17.5%, 20% and 36% NaCl.

Zhou et al. (1996) suggested that the lowest amount of hydrated products occurred, probably, due to



mechanical shielding provided by salt precipitation around the cement grain. Initially, Na+ ions were
adsorbed by the silanol groups on the surface of the cement grains (-Si-OH-Na+), this increased
dispersion of the grains. With the consumption of water in the hydration reactions, the concentration of
salt in the solution increased and Cl- ions dispersed in the solution ligated with Na+ ions, which was
the cement surface, precipitating NaCl in the same location. In addition, part of Na+ and Cl- ions were
dispersed in the solution that can precipitate in the pores, as noted on the surface after fracture
mechanical tests (Figure 6a). The crystallization of salts in the pores of the material is often when
there are ions in abundance.

(a) P36% NaCl P34% KCl
Figure 6. Detail of the specimen with addition of 36% NaCl (a) and 34% KCl cured for 7 days, showing air

trapped and salt precipitation in the pores.

The evolution of compressive strength for pastes with 0%, 1%, 3%, 5%, 7%, 10%, 15%, 20% and 36%
KCl is present in the Fig. 7. For 0.25 and 0.58d of curing, the pastes with 1%, 3%, 5%, 7%, 10%, 15%
and 20% KCl was strength significantly bigger than the paste without salt (ANOVA, p <0.05). For
0.25 d of curing, the maximum resistance was observed for pastes with 7%, 10%, 15% and 20% KCl
(ANOVA, p <0.05). For 0.58d curing, the maximum resistance was observed for the pastes 7%, 10%
and 15% KCl (ANOVA, p <0.05). With 1d of curing the pastes with the addition of 5%, 7%, 10% KCl
showed higher compression strength comparing with the paste without salt (ANOVA, p <0.05). For 3
days of curing, the pastes with 5% to 15% KCl presented compression strength significantly higher
than the paste without salt (ANOVA, p <0.05). With 7 days of curing there were no significant
differences in compressive strength values for the addition of up to 20% KCl (ANOVA, p <0.05). The
pastes with 34% added significantly less resistance than without added salt paste in all ages tested
(ANOVA, p <0.05).
The evolution of compressive strength for pastes with KCl addition was consistent with the
accumulated heat curves (Fig 3b) where the heat accumulated was expressively highest for pastes with
10% and 20% KCl between 3 hours and to 30 hours of cure. The content of calcium hydroxide in the
saline pastes determined by Rocha et al. (2015) also showed a similar trend to the evolution of the
compressive strength in this work. The addition of 1 to 20% KCl caused acceleration of the hydration
reactions at early ages, which: increased the accumulated heat, reduced the percolation threshold, and
increased the calcium hydroxide content the compressive strength. For older ages, there were no

Air trapped

Precipitaded salt
Air trapped



significant differences in the accumulated heat, amount of calcium hydroxide and therefore the
compressive strength. At this time, the only exception was the KCl saturated paste, which showed a
lower amount of accumulated heat and calcium hydroxide and a larger amount of air trapped, as can
be seen in Figure 6b, and consequently the compressive strength was reduced.
For the concentration of KCl up to 20%, apparently, a portion of the K+ ions combined with CaSO4

forming syngenite, rather than to bind with the silanol groups as happen with Na+ ions. Therefore, the
induction period was not significantly altered in the pastes with KCl because there was no formation
of the bilayer, which increases the dispersion of cement particles. With the smallest amount of K+ ions
bound to the silanol groups, precipitation of KCl in the cement grain surface was not sufficient to
produce a physical barrier, which reduces the rate of hydration and reduces the compressive strength
as occurred in the pastes with added NaCl.

Figure 7. Compressive strength for pastes with 0%, 1%, 3%, 5%, 7%, 10%, 15%, 20% and 36% KCl.

However, the concentration of K+ ions in the saturated KCl paste, probably, was sufficient to
precipitate the syngenite and increase the dispersion, because there was an increase in the induction
period. Moreover, the syngenite formation, visually, reduced the amount of air trapped and
precipitated salt, as can be seen in Fig. 6b

4. Conclusions
Based on the above experimental results, the following conclusions can be drawn:

 The addition of NaCl augmented the induction period with the increased of salt content. The
addition of up to 15% NaCl accelerated hydration reactions during the first hours of cure.
However, longer times for the reactions are slowed down. The maximum acceleration was
observed to the paste with 5% NaCl. For saturated NaCl paste, the hydration reactions were
significantly retarded. As regards the mechanical properties, there was an increase in the
compressive strength for 0.58 to 0.25 day of curing for up to 15% NaCl addition due
acceleration of hydration reactions promoted by the salt addition. For 7 days of curing, there
was deceleration of hydration reactions and reduction in compressive strength with an increase
in NaCl concentration.

 The addition of KCl reduced significantly the induction period with the increased of salt
content. The addition of KCl accelerated the hydration reactions. The maximum acceleration
was observed for 7% KCl. In pastes with KCl addition, it was not possible to distinguish the
peak due to exhaustion sulfate, probably, due to the formation of syngenite. The KCl. As



regards the mechanical properties, there was an increase in the compressive strength for the
addition of up to 20% KCl by the acceleration of hydration reactions at the first ages. For 7
days of curing, pastes with up to 0% of KCl presented the compressive strength similar to the
paste without salt. The saturated paste showed deceleration of hydration from 0.25 days of
curing and had a lower compressive strength.
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Abstract
Nuclear Magnetic Resonance relaxometry (1H NMR) is an established technique for non-invasive and non-destructive
characterization of pore size distributions and pore-water interaction in porous media. By applying combined CPMG
(Carr-Purcell-Meiboom-Gill) and Quad-Echo pulse sequences, all hydrogen protons in the cement paste can be
measured and quantified in their different environments: crystalline phases (Portlandite and ettringite), C–S–H
interlayer water, C–S–H gel pore water and capillary pore water. NMR experiments are quantitative, simple to carry
out and provide highly detailed information concerning microstructure better than other techniques. The signal lifetime,
known as the spin-spin relaxation time T2, can be used to calculate pore sizes. Quantification of water in the C–S–H
and in the capillary pores led to a complete description of white cement paste, C–S–H density, C–S–H chemical
composition and pore sizes. We show how 1H NMR can be used to follow hydrating white cement pastes, with and
without addition of silica fume and with variation of the water-to-cement ratio. The results showed that the capillary
porosity filled with water rapidly becomes very small (8 nm in size, called interhydrate pores). In parallel, a plateau of
the gel pore formation is observed and correlates with the lack of capillary water space. This causes a densification of
the bulk C–S–H (including the gel water) over time. The C–S–H solid density and water content (C–S–H layers
excluding the gel water) is similar between the different mixes under study. In the same way, the sizes of the C–S–H
pores do not vary significantly and the interlayer of the C–S–H is calculated at approximately 1 nm and the C–S–H gel
pores at 2.5 nm in size. These observations indicate that there is no fundamental change in the underlying mechanisms
of C–S–H precipitation during the hydration. The C–S–H chemical composition is however highly variable and depends
on the presence of silica fume and on the water-to-cement ratio.

Originality
The originality of this work is the use of water within the pores as a probe for cement paste porosity measurements. The
water is not removed, unlike other characterization technique, which preserves the delicate nanostructure of C–S–H.
Hydrating cement pastes can be studied in situ without the need of sample drying or stopping hydration. The other
strong point of this study is the measurement of all the water in cement paste by 1H NMR. Some other prior studies have
lacked the temporal resolution to see the fastest relaxing components, in particular calcium hydroxide and ettringite
water while others have either failed to separately resolve the C–S–H layer and the C–S–H gel pore water. These two
difficulties were overcome by the use of combined CPMG and Quad-echo pulse sequences.

Keywords: 1H NMR; in situ; porosity; C–S–H; density; chemical composition

1 Corresponding author: arnaud.mu@gmail.com, Tel + 41-(0)-216936758



1. Introduction

Porosity is central to the strength and to all degradation mechanisms of cement-based materials.
Knowing the pore structure and the role of water within it is thus essential to understand and improve
the durability of concrete structures. Calcium-silicate-hydrate (C–S–H) is the main binder phase of
concrete. It is an important part of cement paste microstructure and it holds a significant amount of
water. The pore structure and the chemical composition of C-S-H are however difficult to measure
experimentally. Indeed, C–S–H is a delicate nanoscale material, difficult to probe and sensitive to
most sample treatments (drying, polishing, stopping hydration, etc.).

1H NMR relaxometry has been used for several decades to interrogate hydrogen (water) in porous
media. 1H NMR experiments have several advantages over other pore characterisation techniques.
First, it allows water filled porosity to be probed without the need for sample drying, a procedure that
can modify pore structures of interest (Gallé, 2001; Fonseca & Jennings, 2010; Hunt et al., 1960).
Secondly, it allows quasi-continuous measurements which preserves the characterization from the
difficulties and the uncertainties of stopping the hydration process. 1H NMR is a non-destructive and
non-invasive characterisation technique. In principle, the NMR technique probes from isolated water
molecules up to water in large pores of μm size. This allows covering a wide range of pore sizes with
a single NMR experiment. In comparison, MIP is limited down to 3-4 nm pore diameter (Van Brakel
et al., 1981) while gas sorption experiment, for instance, is limited up to≈ 100 nm pore size (Hansen,
1989; Diamond, 1971).

For cement materials, 1H NMR allows to distinguish chemically combined water and liquid water in
different pores by the study of characteristic T1 or T2 relaxation time. This paper aims to compare 1H
NMR analysis of different hydrating cement pastes with changing w/c and with replacing 10% of the
cement by silica fume. Water kinetics are discussed over 100 days of hydration. Based on NMR data,
C-S-H density and chemical composition are calculated after 28 days of sealed hydration. While water
contents and density of C-S-H layers do not change significantly among the different mixes studied,
those of C-S-H including of gel water are variable. These important results show how 1H NMR can be
use to study in situ hydrating cementitious materials and that 1H NMR spectrometers are unique tools
to characterize the delicate C-S-H hydrates and water in cement pastes.

2. Experimental methods

2.1. Raw Materials
White cement was used as the primary binder of this study. It is mainly composed of C3S (67%), C2S
(20%), C3A (3.6%) and 4.7% of sulphate phases. All other anhydrous phases including C4AF were
found to be < 1% of the total mass. White cement was used to minimise excess paramagnetic species
(e.g Fe3+ ions) that can enhance relaxation times. The cement density was 3.1 g/cm3.

Condensed silica fume was used as a substitute to a fraction of the white cement. It is made of 98.6%
amorphous silica, has an absolute density of 2.27 g/cm3 and a specific surface area of about 20 m2/g.

2.2. Mixes under study
Plain white cement pastes were first studied. 80 g of white cement was mixed with distilled water at
water-to-cement ratio w/c = 0.32, 0.40 and 0.48 for 2 minutes at 1600 rpm in a paste mixer
LABORTECHNIK RW 20.n. Small amounts of paste (0.35 cm3) were deposited at the bottom of
NMR glass tubes and sealed with parafilm. 1H NMR measurements were carried out at intervals over
the first 100 days of hydration. Other samples were cast in larger containers for parallel analyses with
X-ray Diffraction. All samples were kept sealed at 20°C throughout the hydration.



The second part of this study focuses on a white cement paste with incorporation of 10% of silica
fume as a mass replacement of cement. The mix was made according to the following procedure: the
silica fume was first pre-dispersed in distilled water for 8 minutes at 15 000 rpm in an ultrasonic bath.
No superplasticizer was used. Then, the water and suspended silica fume was added to the cement to
achieve a water-to-binder ratio of w/b = 0.4 by weight. All components were then mixed together for 5
minutes at 1600 rpm.

3. 1H NMR relaxometry and signal analysis

1H NMR uses magnetic fields to stimulate hydrogen protons in a way that they return a measurable
signal. The intensity of this signal tells how much hydrogen (water) there is in the sample. The signal
lifetime, also known as signal decay, gives information about the water mobility and its degree of
physical confinement in pores. In principle, 1H NMR relaxometry experiments are based on the fact
that each water population (water type and pore size) might contribute to a separated NMR signal.
Muller et al. ( Muller et al., 2013a; Muller et al., 2013b) showed that by combining the Carr-Purcell-
Meiboom-Gill (CPMG) (Carr & Purcell, 1954; Meiboom & Gill, 1958) and quadrature solid echo
(Quad-Echo) (Powles & Strange, 1963) pulse sequences, all the water in hydrating cement pastes can
be probed and quantified. Figure 1 shows typical NMR data obtained measuring white cement pastes
mixed at w/c = 0.32, 0.40 and 0.48 after 10 days of sealed hydration. By coupling the CPMG and QE
pulse sequences, 5 discrete water populations are identified:

1. “Solid” signal from water bound in crystalline phases such as Ettringite and Portlandite. Such signal
is quantified by the used of the QE pulse sequence and has a time constant T2 10-20 s (Holly et al.,
2007; McDonald et al., 2010).
2. Signal from C-S-H interlayer water with T2 in the range 80-120 s.
3. Signal from C-S-H gel water with T2 in the range 300-500 s.
4. Water in small capillary pores with T2 at about 1 ms, called interhydrate pores.
5. Water in large capillary pores and microcracks with the longest T2 relaxation time of several ms.

The above signal assignment has already been the topic of previous publications ( Muller et al., 2013a;
Muller et al., 2013b). The same procedure was followed in this study to acquire complementary data
and to measure additional pastes. A Bruker Minispec NMR spectrometer operating at 7.5 MHz was
used and both Quad-Echo and CPMG measurements were carried out separately. For the detailed
measurement procedures, the reader is referred to reference (Muller, 2014; Muller et al., 2013a;
Muller et al., 2013b).

In NMR experiments, the NMR signal amplitude is proportional to water mass. Muller et al. showed
that crystalline water as determined by XRD was within 1% of that solid water determined by NMR
(Muller et al., 2013a). As such and for sealed pastes, water mass in each environment can be estimated
given its NMR water mass fraction and the initial water-to-cement of the paste.

The characteristic T2 of each liquid water component can be interpreted into pore size using the fast
diffusion model (D’Orazio et al., 1990) or the amplitude model (McDonald et al., 2010). Muller et al.
(Muller et al., 2013a) calculated based on the former that the C-S-H interlayer and C-S-H gel spacing
were 0.85 nm and 2.5 nm in size respectively (figure 2 shows a schematic of C-S-H as viewed from 1H
NMR relaxometry). They reported that water in remaining capillary pores quickly asymptotes a T2

relaxation time of 1 ms. They calculated that it corresponds to a size of 8-10 nm which was described
as interhydrate pores.



Figure 1. Typical T2 distribution map of white cement pastes at 10 days of hydration mixed with w/c = 0.32, 0.40,
and 0.48. The sample were kept sealed at 20 °C. This set of data was obtained by combining the QE and CPMG
pulse sequences. The peak assignment shown in the figure was done after the work of Muller et al. ( Muller et

al., 2013a; Muller et al., 2013b).

Figure 2. Schematic of C-S-H as viewed from 1H NMR relaxometry, taken from (Muller et al., 2013a). The
solid lines are the calcium oxide layers with silicate tetrahedral attached on both sides; the squares are the C-S-H
interlayer water and the circles represent the C-S-H gel water.



4. Results
4.1. Plain white cement pastes mixed at w/c = 0.32, 0.40 and 0.48 sealed cured at 20°C

Figure 3a show NMR results for the plain white cement pastes mixed at w/c = 0.32, 0.40 and 0.48. The
evolution of the different NMR signal fractions (solid signal Isolid, C-S-H interlayer water signal IC-S-H, C-S-
H gel water signal Igel and capillary water signal Icap) are shown for each paste as a function of hydration
time.

For the three mixes, there is a fast consumption of capillary water during the first two days of hydration. In
parallel, there are signals arising from water in hydration products. Signals attributed to crystalline solids
(ettringite and Portlandite), to water in C–S–H interlayers and to water in C-S-H gel pores all increase.
Beyond 2 days of hydration, the consumption of capillary water slows down for all mixes studied. However,
the amount of capillary water left in the sample is higher when increasing the w/c ratio. Normalized per
gram of cement, there is 0.03 g of capillary water at 2 days of hydration for w/c = 0.32, 0.06 g for w/c =
0.40 and 0.12 g for w/c = 0.48.

Figure 3b show all associated relaxation times for the data presented in Figure 3a. The T2 relaxation times
of C-S-H interlayer water and C-S-H gel water are similar for the three plain white cement pastes. The C-S-
H interlayer water has fairly constant T2 at approximately 100 s. For T2 of the C-S-H gel water, there is a
progressive decrease from initially 600 s at the time it first appears to 250 s beyond 28 days. According
to the fast exchange model of relaxation in pores (D’Orazio et al., 1990) and using = 75 s, it corresponds
to 0.85 nm and 2.5 nm for the C-S-H interlayer and C-S-H gel pore sizes respectively. For the capillary
water, T2 diminishes to an asymptotic value of 1 ms in all cases and the lower the w/c is, the faster T2 of
capillary water drops down to 1 ms. It corresponds to the size of 8 nm previously described as the
interhydrate porosity.

While Portlandite crystals and layers of C-S-H are created over the entire experimental period, a plateau of
the gel pore formation is observed in all cases. Gel water effectively stops forming after 1 day for w/c =
0.32, after 2 days for w/c = 0.40 and after at least 10 days for the paste mixed at w/c = 0.48. Associated
relaxation times presented in Figure 3b relate the plateau of the gel pore formation with the moment when
the capillary water has reached the relaxation time T2 of 1 ms i.e. the interhydrate pore size.

At later ages, a decrease in the gel water content (signal Igel) is observed for the three water-to-cement ratio
pastes under study. It happens beyond 17 days, 62 days and 151 days for w/c = 0.32, 0.40 and 0.48
respectively. In parallel, the signal from water in C-S-H layers IC-S-H increases and there is an almost equal
signal decrease from Igel as there is an increase of signal for IC-S-H. This phenomenon starts to happen at the
exact time when the capillary water content has become very low, almost at 0.
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Figure 3. a) Evolution of the different NMR signal fractions as a function of hydration time for the plain white
cement pastes mixed at w/c = 32, 0.40 and 0.48, sealed cured at 20°C. b) associated relaxation times. Symbols:
solid circles are capillary water signal becoming interhydrate pores (empty circles); squares are C-S-H interlayer
water signal; triangles are C-S-H gel water signals and diamonds are solid water signal.



4.2. White cement with 10% of silica fume

Following the same procedure as for the plain white cement pastes, 1H NMR was used to characterise the
evolution of water in white cement paste with incorporation of 10% of silica fume. The water-to-binder
ratio was w/b = 0.40 so the NMR signals are directly comparable to the plain white cement paste mixed at
w/c = 0.40. The evolution of the different NMR signal fractions as a function of time is presented in Figure
3a. For clarity of the graph, only the liquid water components are shown and the solid signal Isolid
accounting for hydrogen in crystalline phases was intentionally removed from the graph.

Figure 4. a) Evolution of the different NMR signal fractions for the white cement paste mixed at w/b = 0.40 with
10% of silica fume. Coloured symbols are for white cement + 10% of silica fume, which is compared to the
equivalent plain white cement paste (grey lines) mixed at w/c = 0.40. b) The associated T2 relaxation times;
symbols are the same as in a).

Overall, the cement with silica fume behaves very similarly to the plain white cement. However, there are
important differences.

The first difference is that the end of gel pores formation happens earlier, at about 1 day for the silica fume
mix compared to 2 days observed for plain white cement paste with equivalent water content. As for all
plain pastes previously discussed, this time coincides with the moment when the capillary spaces reach 8
nm with T2 1 ms, the interhydrate specific size/relaxation time. This is compatible with the acceleration of
the cement reactions at early ages due to the presence of silica fume. The results of XRD measurements and
Rietveld quantification give c = 0.52 at 1 day of hydration compared to c = 0.40 observed for plain white
cement at the same age. This increased hydration of the cement is explained by the extra surface provided
by the silica fume, acting as nucleation sites for C-S-H to form.

The second difference is that the fraction of C-S-H interlayer water is 30% lower in the presence of silica
fume. In parallel, the gel water fraction increases and quickly represents more half of all the water in the
paste. The silica fume favours the formation of gel pores. Despite this change in amount, the gel pore size
is identical to that in the plain white cement paste as shown by the same T2 relaxation times seeing in figure
4b. We note that the capillary/interhydrate population is of similar amount and size for both mixes.



5. Analysis

The different NMR signal fractions presented in the previous sections allow, through a set of
equations, to calculate C-S-H density and chemical composition ( Muller et al., 2013a; Muller et al.,
2013b). As samples are kept sealed in this study, chemical shrinkage of cement reaction results in
empty spaces not filled with water. The volume of chemical shrinkage was additionally measured by
carrying classical chemical shrinkage tests. The separation of the solid signal between Portlandite and
ettringite was done using XRD quantification.

Table 1 summarizes the different C-S-H characteristics calculated based on the NMR results for all
studied samples after 28 days of sealed hydration. The C-S-H density is expressed including (solid)
and excluding (bulk) of the gel water (illustrated in Figure 5). C-S-H water contents are also expressed
as solid and bulk water contents.

Figure 5. Illustration of what is defined as “solid C-S-H” and “bulk C-S-H”.

Table 1. XRD degree of hydration and C-S-H characteristics calculated as in ( Muller et al., 2013a; Muller et
al., 2013b) based on the different NMR water signal fractions presented in Figure 3 and 4. These are for C-S-H
in hydrating cement pastes after 28 days of sealed hydration in never dried state. Solid C-S-H are for C-S-H
solid layers including the interlayer water in between but specifically excluding the gel water. Bulk C-S-H is for
the totality of the C-S-H including the gel water.  stands for density, in g/cm3. The uncertainties of the
calculated values are 0.02 g/cm3 for solid C-S-H density, 0.05 g/cm3 for bulk C-S-H density, 0.08 for water
contents and 0.04 for Ca/(Si+Al) ratios, for all samples.
Binder w/c c sf C-S-H

solid

C-S-H
bulk

Solid C-S-H
H2O/Ca

Solid C-S-H
H2O/(Si+Al)

Bulk C-S-H
H2O/(Si+Al)

C-S-H
Ca/(Si+Al)

WC 0.32 0.70 - 2.75 2.07 0.98 1.76 4.20 1.79
WC 0.40 0.77 - 2.74 1.96 1.04 1.74 4.75 1.67
WC 0.48 0.82 - 2.77 1.87 1.05 1.61 5.27 1.53
WC/SF 0.40 0.78 0.68 2.75 1.94 0.85 1.10 3.84 1.33

C-S-H density
The C-S-H density is calculated including and excluding of the gel water, called solid and bulk C-S-H.
The solid C-S-H density is remarkably constant between the different mixes regardless of the water-
to-cement ratio or the presence of silica fume. We report g/cm3 in average. The bulk C-S-H density
however varied depending on the gel water content and therefore on the time gel pores stop forming.
Consequently, the mix at w/c = 0.48, which has the highest gel water content, has the lowest C-S-H
bulk density.

C-S-H water content



The water content of solid C-S-H is fairly stable for all plain cement pastes with an average water
content of about 1.0 H2O/Ca. The paste containing 10% of silica fume has, according to our
calculations, slightly less water in the interlayer space. This might coincide with the slightly lower T2

values observed in figure 4b but it remains difficult to substantiate and will not be further discussed in
this paper.

As for the density, the bulk water content is variable and depends on the amount of gel water that has
been created.

C-S-H Ca/(Si+Al) ratio
The Ca/(Si+Al) ratio of the C-S-H significantly varies between the mixes under study. In here, it
ranges from 1.33 for the mix with silica fume to 1.89 for the plain white cement paste mixed at w/c =
0.32.

6. General discussion

The consistent 1H NMR study of different mix proportions and different binders has reveals interesting
feature about hydration kinetics, water repartition and C-S-H properties. It shows that, in the early
stages of hydration, C-S-H always precipitates in a similar manner: C-S-H layers and C-S-H gel pores
are created in parallel with the fast consumption of capillary water. The study of T2 relaxation times
showed that the created C-S-H have similar interlayer and gel pore sizes. Additionally, solid C-S-H
density and water content are remarkably similar between the different mixes studied. All this
observations implies no fundamental changes in the way C-S-H precipitates.

Beyond the first day(s) of hydration, a plateau of the gel pore formation was observed for all mixes.
The study of relaxation times highlighted that this phenomenon occurs when the capillary spaces have
been narrowed down to 8 nm (T2 1 ms), the interhydrate specific size. Crystallization theories in
porous material (Scherer, 1999; Flatt, 2002) already suggested that small pore size might limit crystal
growth and change supersaturation indexes. This seems to support the argument that C-S-H can
precipitate with gel pores only when the capillary pore spaces are above the interhydrate specific size.
Beyond the plateau of the gel pore formation, C-S-H layers continue to be created by consumption of
interhydrate water leading to a densification of C-S-H in mature pastes. Only when there is no
capillary water left, there is evidence of a decrease of the gel water and creation of C-S-H layer within
gel pores. This further densifies the C-S-H and the entire material.

The correlation between the interhydrate size of capillary spaces and the end of the gel pore formation
leads to different gel pore contents across different mix designs. This impacts C-S-H bulk density and
C-S-H bulk water contents that are time variable and highly depend on the way capillary water is
consumed.

Among all, the most variable paste property between the different studied pastes is the Ca/(Si+Al)
ratio of the C-S-H, which depends on all tested parameters. Despite the fact that solid C-S-H density
and water contents remain constant, the incorporation of Ca or Si by the forming C-S-H is easily
influenced by the initial conditions.

The capillary water in sealed systems is rapidly of very small volume and size (at about 8 nm). It
needs here to be specified that large capillary pores exist due to chemical shrinkage. Those voids form
within the capillary spaces and according to Kelvin-Laplace laws, the largest pores will empty first.
The water remains in pores of decreasing size as RH reduces. The rapid constant size of 8 nm (with no
further decrease) of the remaining capillary water spaces however suggests that it is a full-fledged pore
category. It is concluded that it is a resultant of C-S-H precipitation within the capillary spaces. The



lack of filled capillary pores leads to the conclusion that the C-S-H pores must play a greater role in
carrying ionic species through the material.

7. Conclusions

The methodology presented in this paper allows measuring by 1H NMR all the water within hydrating
cement pastes without the need for sample drying. It is a powerful tool to measure hydration kinetics
by probing mixing water and to quantify C-S-H hydrates. This study has revealed that C-S-H
precipitate with gel pores at first and devoid of gel water in a second stage. The capillary water spaces
filled with water quickly diminishes in amount and size to about 8 nm. It is believed that this is the
size between growing C-S-H needles.

Calculations allowed us to calculate properties of C-S-H hydrates. Solid C-S-H including solid layers
plus the interlayer water in between are found to be fairly robust to all studied parameters including
w/c and the presence of silica fume. However bulk C-S-H density and chemical composition highly
depend on the paste initial composition. This research has shown that the NMR technique has a high
potential for further understanding the fundamental principle of cement hydration.
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Abstract
Tricalcium silicate is the main component of cement, and the key phase during OPC hydration. Therefore, a
detailed control over its reactivity could entail important technological and economical advances. Despite
intense investigation, the hydration process is not fully understood, especially at early ages. New methodologies
like atomistic simulation are essential to bring a new insight on tricalcium silicate dissolution as a complement
to experiments.
In this work we use an advanced molecular dynamics simulation method based on reactive force field (ReaxFF)
to investigate the dissolution mechanism of tricalcium silicate. First, we performed a thorough characterization
of tricalcium silicate water adsorption energies that take into account the complex structure and low symmetry
of the crystal. Then, we run Molecular Dynamics tracking the chemical reactions and topological changes that
take place at the tricalcium silicate water interface during hydration. We found that the difference in surface
properties for the studied cleavages do not translate into different hydration mechanisms or rates. As the
hydration proceeds, the surface evolves from a crystalline structure to a disordered hydrated calcium silicate,
homogenizing their composition and reactivity. Therefore, the prediction of tricalcium silicate hydration is
beyond the capabilities of the routinely employed surface properties. This point is stressed by the identification
of unexpected surface stabilization mechanism due to formation of ice-like water monolayer. In view of the
results and the hydration mechanism, we suggest new parameters that are accessible to molecular modeling and
could be crucial to understand tricalcium silicate hydration.

Originality
Understanding mineral hydration and dissolution is a challenging problem not only in cement chemistry but also
in material science and geochemistry. In this work we are using a state of the art simulation method, reaxFF
reactive empirical potentials, to investigate the dissolution of tricalcium silicate. This methodology allows us to
track the chemical reactions and topological changes taking place at the tricalcium silicate water interface
during hydration and dissolution. It is the first time that the early dissolution of an orthosilicate can be analyzed
in such a great detail, right at the atomic scale. Our results give hints on the limiting steps for dissolution at the
atomic scale, and how we could engineer dissolution speed on demand.

Keywords: Molecular Dynamics; Early Hydration; Surface Energy, Water Adsorption; ReaxFF, Tricalcium
Silicate
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1. Introduction
Cement hydration is from the technological point of view one of the most important hydration reaction,
since it involves around 4·109 Tons of solid (Anon 2014) reacting with ~ 7.5 x 109 m3 per year.
Understanding the reaction mechanism is therefore of key importance, as it will allow us to control
cement dissolution rate on demand, improve the reactivity of belite to develop low CO2 cements, etc.
Intensive research has been done to model the hydration kinetics (Thomas et al. 2011; Bullard et al.
2011) yet it is complicated to build reliable models when the underlying dissolution mechanism is not
well understood. Recently, the analogy with minerals has bring some new understanding of the
possible mechanisms involved in cement dissolution (Juilland et al. 2010). According to the step-wave
dissolution theory, the reaction of water with structural defects at the atomic scale could be the main
driving force for dissolution (Lüttge 2006; Lasaga & Luttge 2001). Within the step-wave dissolution
theory, atomistic simulation plays the basic role of feeding dissolution models with the necessary data,
usually reaction rates of water in the different surface topological features (terraces, kinks, steps, etc.).
Indeed, atomistic simulations of cement phases have gained interest in recent years. Density
Functional Theory (DFT) simulations and the frontier orbital theory (FOT) have been used to
determine the most reactive points under chemical attack in bulk C3A (Manzano et al. 2009),
monoclinic C3S, β-C2S (Manzano et al. 2011), and ,,-C2S (Wang, Li, et al. 2014). The electronic
structure has been explored as well to understand the effect of chemical impurities on the stability,
reactivity, and elasticity of these phases (Manzano et al. 2011; Durgun et al. 2012; Saritas et al. 2015;
Huang et al. 2014; Jansang et al. 2010). Some studies have moved from the bulk to the surfaces,
computing the C3S surface energies (Durgun et al. 2014) and the adsorption energy of water molecules
in C3S (Jansang et al. 2010) and β-C2S (Wang, Guo, et al. 2014)
Despite DFT simulations present a powerful approach to investigate materials, their high
computational cost makes them prohibitive to study crystal/water interfaces with more than few water
molecules. In this scenario, empirical force field simulations represent an alternative choice, since
their low computational cost allows studying complex systems during relatively large time scales. So
far, empirical simulation using the INTERFACE force field (Heinz et al. 2013) have been also applied
to the investigate surface energies and the adsorption of grinding aids and hydration modifiers on C3S
(Mishra et al. 2013) and C3A (Mishra et al. 2014).
However, traditional empirical force fields are not able to simulate bond breaking and bond formation,
and therefore they cannot mimic chemical reactions. Hydrated surfaces can be constructed ad-hoc,
placing hydroxyl groups in chemically active points, yet it may lead to incorrect structures if
topological changes are not properly reproduced. Reactive force fields are an appealing alternative,
since they can simulate accurately chemical reactions, and still are fast enough to investigate
interfacial reactions during nanoseconds.

Figure 1. Atomistic representation of tricalcium silicate and example of the created surface after
cleaving the crystal trough the (001) plane. The calcium atoms are represented as big orange spheres,
the silicate monomers as blue tetrahedral, and the ionic oxygen atoms as red small spheres.

cleavage

(001)



In this work we use the ReaxFF reactive force field (Manzano, Moeini, et al. 2012; van Duin et al.
2001) to simulate the early hydration of tricalcium silicate, and compare static properties often used to
predict reactivity, such as surface energy or water adsorption energy, with the dynamic hydration of a
C3S/water interface under room conditions. We will focus on three cleavages of monoclinic C3S
(Mumme 1995) that clearly illustrate the impact that topological changes in the solid surface might
have on the hydration kinetics.

2. Methods
The ReaxFF force field (van Duin et al. 2001) has been used to simulate C3S/water interfaces. The
parameters were developed independently for the Si-O/H (Fogarty et al. 2010) and Ca-O/H (Manzano,
Pellenq, et al. 2012) sets of elements, and merged together and tested in (Manzano, Moeini, et al.
2012).
The simulations have done using the LAMMPS simulation package (Plimpton 1995). Energy
minimization were done using a the conjugate gradient algorithm, with a cutoff tolerance of 10-5 kcal
mol-1 and 10-6 kcal mol-1 A-1 for the energy and forces, respectively. Molecular dynamics were carried
out in the canonical ensemble at 298 K and 1 atm, with a Nose-Hoover thermostat constant of 20 fs,
integrating the equations of motions using the velocity-Verlet algorithm with a time step of 0.2 fs.
Each constructed slab has at least 4nm thickness and more than 2nm in the surface direction. The
separation between slabs is 4nm in all the cases. In the water interfacial simulations, the appropriate
number of water molecules to match the bulk water density in the vacuum region were placed
randomly using packmol (Martínez et al. 2009), and then relaxed independently from the slab. The
water and the crystal surfaces were then put into contact and the dynamics started with initial random
velocities generated from a Gaussian distribution of energies at 298 K.

3. Results and discussion
First, the surface energy of the three investigated slabs was determined. Due to the low symmetry of
the monoclinic C3S crystal (space group Cm), the top and bottom of the created slabs are different in
all the crystallographic directions except the (010). Therefore, we used a novel approach to compute
independent surface energies of each side of the slab. The obtained surface energies, presented in table
1, are in the range of previous studies using DFT methods (Durgun et al. 2014) and empirical
potentials (Mishra et al. 2013), yet the exact values cannot be directly compared due to the difference
between surface energy (computed here) and cleavage energy computed in previous works.

Then, we investigated the adsorption energy of a single water molecule in great detail. We placed a
molecule at 1.5 Å over the surface in a fine grid of positions, separated by 0.2 Å, to cover the whole
surface. This approach leads to a complete evaluation of the surface, so we can determine not only the
energy at the most favorable adsorption site, but also the number of adsorption sites, the average water
adsorption energy, and spontaneous dissociation sites without energy barrier. These values are
presented in table 1. It can be seen that the (001) surface has higher average adsorption energy and a
larger spontaneous reactive surface area than the other studied surfaces.

Tab. 1 surface energies, average adsorption energies, reactive area %, and reacted water molecules for the
three studied cleavages

Surface Surface energy
(J m-2)

<Eads>
(kcal mol-1)

Reactive
area %

Reacted
H2O/nm2

(001) 1.54 -35.8 31 1.6
(010) 1.66 -25.2 10 4.1
(100) 1.52 -27.3 8 4.2



Based on the water adsorption energies and reactive area percentage, we could suggest that (001)
should dissolve faster than the others. To check this conclusion, the hydration of C3S has been
simulated in realistic conditions of pressure and temperature during 2ns. The hydration mechanism can
be generally described as a “dissociation and hopping” process. First, water molecules dissociate in the
surface forming 2 hydroxyl groups. Then, the hydrogen atoms from the newly formed OH groups hop
from the surface towards the inner part of the crystal, leaving space for a second dissociation in the
interface. We can characterize the reactivity of a surface according to the number of water molecules
reacted per surface area (figure 2). After a very fast initial reaction when water dissociates in the bare
surface, a slow reaction regime is reached. However, the surfaces behave in a very different fashion.
The (010) and (100) surfaces present small difference at short hydration times, and at large times
converge to around 4.2 H2O · nm-2. The differences in surface energy, adsorption energy, and
spontaneous dissociation sites do not translate into marked different behaviors when surface
evolutions are taken into account. Even more, the (001) surface, which a priori could be expected to
present a higher reactivity, shows a considerably lower reactivity. After the initial fast reaction, the
number of dissociated water molecules remains constant, indicating that no further hydration takes
place.

Figure 2. Dissociated water molecules per nm2 in the three simulated C3S/water interfaces.

The different reaction rates are due to the topological changes of the surface upon hydration. These
changes can be characterized by looking at the temporal hydrogen density profiles (TDP(H)) presented
in figure 3. From the TDP(H) we can see how hydrogen penetrates in the (010) and (100) surfaces,
creating a hydration front of ~5Å. In this region, the crystalline order is lost as a hydrated calcium
silicate layer is formed, homogenizing the structure and the properties of the different cleavages.
Therefore, any difference in water adsorption on bare surfaces is lost. The opposite effect is
responsible for the (001) surface passivation: a very well ordered ice-like layer is formed, which
prevents further hydration (Nangia et al. 2010). In the TDP(H) this is manifested into two well defined
hydrogen regions. The ice-like monolayer stabilizes the surface, hindering further water dissociation
and stopping the hydration.



Figure 3. Temporal hydrogen density profiles in the simulated C3S/water interfaces. The color scale
represents the normalized hydrogen density from 0 (blue) to 1 (red). The origin in the distance scale
was chosen to fit the Gibbs plane to the outermost atom in the surfaces before the reactions started.
Negative distances represent the solid and positive distances the solution.

4. Conclusions
In this work we have investigated the early hydration of three tricalcium silicate cleavages using
reactive force field molecular dynamics simulations. We have characterized the static properties,
namely surface energies and water sorption energies, and compare them with the hydration dynamics
under realistic conditions.
In general, the hydration of C3S follows a “dissociation and hopping” mechanism. First, water
molecules react in the surface dissociating into hydroxyl pairs. Then, hydrogen atoms hop from those
OH groups hop towars inner oxygen atoms of the solid, leaving the surface oxygen free for a new
dissociation reaction. During the process, the crystalline order of C3S is lost, forming a disordered
hydrated calcium silicate layer. However, we found also a passivation effect due to formation of an
ice-like monolayer in C3S surface that stabilizes it and prevents hydration.
In addition to the description of C3S early hydration mechanism, we stress the importance of
investigating hydration of complex materials following the full dynamics, in contrast to the usually
employed static approaches. The topological changes that accompany chemical reactions are not
obvious, and predict them without the information obtained from molecular dynamics could be a
difficult task. Despite reactive force field simulations are a promising technique to overcome this
problem, their high computational cost makes necessary their combination with up-scaling techniques.
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Abstract
Although the C3A content in clinker is relatively low, its behavior is crucial because it controls the
setting time of cement. The presence of minor elements, mainly alkalis (including Na+ and K+) during
the clinkerization modifies the structure of C3A and different polymorphs structures can be obtained.
Previous reports have shown that the hydration of cubic C3A and Na-doped C3A, which exhibits an
orthorhombic structure, follow different paths, forming hydration products with distinct morphologies.
The two minerals are known to have different hydration mechanisms. Therefore, it is essential to
understand the C3A reactivity during the early hydration of Portland cement to achieve an acceptable
workability of the fresh mixes and to reduce or eliminate problems related to abnormal setting times.
The present paper presents an assessment of the hydration of cubic and orthorhombic C3A in a calcium
sulfate solutions using scanning transmission X-ray microscopy (STXM). STXM combines spectroscopy
and microscopy by imaging with spectral sensitivity and recording spectra at the nano-scale. Pure
anhydrous cubic and orthorhombic C3A, and both phases hydrated separately with gypsum at 1:1.9
ratio and cured for three days were analyzed. The results show clear differences in both microscopy
and spectroscopy data between the C3A polymorphs. The cubic C3A exhibited a lower (0.20 eV) Ca 2p
binding energy (BE) as compared to the Na-doped C3A. On the other hand, hydrated samples show
shifts to lower BE of about 0.3 eV for Ca LII-III compared to the anhydrous samples for both cubic and
orthorhombic samples. The presence of gypsum also strongly affects the formation of the hydration
products such as ettringite and calcium carbonate, identified by the STXM spectra for the different
materials thanks to the spectroscopic and spatial resolution of nano- to micrometer scale. These
observations clarify the diverse chemical environments of the cubic and orthorhombic C3A hydration
products and their sub-micron structural heterogeneities. The results can provide insights for the
optimization of the cement production and application, improving the structure service life.

Originality
The use of synchrotron spectromicroscopy is bringing new information on the hydration of cementitious
material since the technique allows for high spatial resolution (15 nm) and x-ray absorption
spectroscopy with nanoscale resolution. This paper presents for first time the use of STXM to study the
early hydration of different C3A polymorphs, elucidating many open questions related to their
hydration in presence of gypsum, concerning the specific characteristics of each polymorph, and the
extent to which their reactivity affects the resulting concrete, as well as the hydration kinetics and the
mechanism behind influence of the gypsum in the retarded hydration. The work showed that cubic and
orthorhombic C3A have different elemental composition, since variances in binding energies are
observed, underlining the small scale structural heterogeneities of the hydration products and shedding
additional light on the studies of the development of C3A products.
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1. Introduction

C3A, a tricalcium aluminate (Ca3Al2O6), is based on a cubic structure built up of hollow rings
of six corner sharing AlO4 tetrahedra, held together by Ca2+ ions. The presence of foreign ions
(Si4+, Fe3+, Na+ and K+) modifies the structural arrangement and, consequently, different
lattice constant are identified. Na+ is the most common cation incorporated in C3A by
substitution of Ca2+ and the content of Na+ is crucial in the lattice constant by the Ca2+
substitution. The phase obtained exhibits the general formula Na2xCa3-xAl2O6 (Takeuchi &
Nishi 1980). In the orthorhombic structure, the replacement of Na+ at a calcium site can only
occur at the Ca5 site, which causes the polyhedron to expand.
Cubic, orthorhombic or monoclinic type structures can be formed in C3A, depending on the
amount of ions and the temperature of synthesis. However in Portland cements cubic and
orthorhombic C3A are found alone or in combination due to the presence of alkalis in the raw
materials or fuels during clinkerization (Pöllman 2002). Monoclinic polymorph is not
observed in Portland cements because a high content of foreign ions is required for its
formation. In industrial clinkers, a more typical mechanism of formation of this phase is the
metastable extension of the solid solution along with by rapid cooling. In cement, percentages
between 4.6% and 5.7% of Na2O in the raw materials lead to formation of orthorhombic C3A
(Gobbo et al. 2004). The cubic phase is often finely grained and closely mixed with dendritic
crystals of ferrite (C4AF, tetra-calcium aluminoferrite). The orthorhombic and monoclinic
solid solutions of C3A can be transformed to tetragonal (or pseudo orthorhombic) polymorphs
at temperatures above 450 oC. The orthorhombic modification occurs as a prismatic, dark
interstitial material, and is sometimes pseudo-tetragonal.
The amount of the calcium aluminate phase in Portland cement clinkers is around 5-10%,
except in sulfate resistant cements where it is standardized to be less than 5%. In this sense,
large amounts of tricalcium aluminate in clinker reduce the resistance of the hardened paste
against sulfates and other forms of chemical attack (Odler 1998; Popovics 1992).
C3A is the most reactive clinker phase and it reacts almost instantaneously with water,
releasing large amounts of heat (Bullard et al. 2011; Scrivener & Nonat 2011). Usually a set-
controlling agent (normally gypsum) is added to slow down the kinetics of the hydration
process (Taylor 1997). When sulfates are added to control the flash set, the initial reaction rate
is slower, producing an induction period the most intense period of hydration (Minard et al.
2007). The duration of the induction period depends on the SO3 content, Depending on the
type of cement, 40 to 60% of C3A hydrates in the first 24 hours (Kokaba 2012). With the
addition of sulfates ettringite (Ca6Al3(SO4)3(OH)1226H2O) is formed during the first stages of
hydration, due to the sulfate saturation of the solution (Taylor 1997; Pourchet et al. 2009).
Previous reports have shown that the hydration between cubic C3A and Na-doped C3A occurs
in different ways, forming different hydration products with distinct morphology (Kirchheim
et al. 2011; Stephan & Wistuba 2006; Stephan et al. 2007; Boikova et al. 1977; Juenger &
Jennings 2001; Kirchheim et al. 2009). It is known that orthorhombic C3A is more reactive
than cubic C3A, but understanding the C3A reactivity during the hydration of Portland cement
is essential for the improvement of concrete workability, as well as to solve issues related to
abnormal setting times, and the optimization of organic admixtures. This paper shows an
assessment of the hydration products of both types of C3A in a calcium sulfate solution using
scanning transmission X-ray microscopy (STXM). STXM combines spectroscopy and
microscopy by imaging with spectral sensitivity and concurrently recording spectra from very
small spots with a spatial resolution on the micro/nanometer scale. A monochromated X-ray
beam produced by synchrotron radiation is used. It provides quantitative information on the
specimen’s local elemental and chemical composition and magnetization. In addition to
obtaining the chemical speciation information, STXM allows identifying heterogeneity within
the samples on a particle-by-particle basis. The use of STXM along with near-edge X-ray
absorption fine structure (NEXAFS) spectra allows the chemical characterization and spatial
heterogeneities, providing a specific element quantification of individual species with a high
spectral resolution (Jacobsen et al. 2000).



2. Experimental

2.1. Materials and Sample preparation

C3A cubic (pure) and orthorhombic (Na-doped) were supplied by CTL, Inc., Skokie, IL.
Mean particle size were 11 m for orthorhombic C3A and 14 m for cubic C3A. X-ray
diffraction (PanAlyticalX´Pert Pro with Cu K radiation) confirmed the mineralogical
composition of the samples with main reflection lines of orthorhombic C3A at d-spacing of
2.692 and 2.714 Å and the single line reflection of d-spacing lines at 2.6987 Å for cubic C3A.
Additionally to the pure phases analyzed, blends of the different C3A polymorphs / gypsum
with the ratio of 1.9 were prepared. The blend was mixed with water to obtain a water/C3A
ratio of 1.2. The samples were cured under high humidity (>90%) for three days. This
gypsum/C3A ratio was chosen for leading to the formation of 100% of ettringite, according to
Mehta (Mehta 1973), since the inclusion of high amounts of sulfates promotes higher
formation of ettringite crystal. Hardened samples were ground by hand in an agate mortar,
diluted in ethanol, and deposited in a 3 mm silicon nitride window, 0.50.5 mm opening.

2.2. STXM (Scanning transmission X-ray microscopy) analysis

STXM at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory,
beamline 5.3.2.2 was used to characterize calcium edge for samples in vacuum. The reference
background (Io) was determined by selecting an area without grains. Line scans and image
stack were run on the areas of interest to obtain the near edge X-ray absorption spectra
(NEXAFS). The normalization and the background subtraction for the spectra were made by
dividing each sample spectrum by the spectrum of an area with no particles. The elemental
maps are taken by subtracting the images from above and below the absorption energy level.
Data was analyzed with Axis 2000 software, aligning image stacks and extracting NEXAFS
spectra from image stack and lining scan measurements. Spectra were plotted and peak
deconvolution provided the exact BE for each peak that could be observed by local maximum,
using Gaussian and Lorentz line shapes, as well as the peaks full width half maximum
(FWHM). Sample thickness affects directly the optical density. That is, for thicker and denser
samples the material absorbs all the radiation and not enough transmission is detected,
restraining the analysis. For this reason, the smallest grains are chosen for the analysis.

3. Results and discussions

3.1. Cubic C3A

The NEXAFS spectra for the un-reacted pure C3A sample at Ca LII,III-edge were undertaken in
line-scan mode on the x-y. The peak position and full width half maximum (FWHM) data are
described in Table1. The peaks are narrow, indicating that there is no saturation, that is the
sample is thin enough around this region, letting the X-ray go through the sample.



Figure 1 NEXAFS spectra at Ca LII,III-edge of the cubic C3A sample for a line scan through the sample.

Table1 Peak positions and FWHM for calcium LII,III-edge of the anhydrous cubic C3A.

BE (eV) FWHM BE (eV) FWHM

Peaks Ca LIII 348.1 1.5 349.2 0.5
Peaks Ca LII 351.3 0.7 352.5 0.6

As gypsum and water are added for the reaction (gypsum/cubic-C3A blend with a ratio of
1.19), the hydrated products show a defined needle shape with a high aspect ratio (Figure 2a).
Image show fibrous formation with needles-like particles distributed densely, leading to
believe that these are mostly ettringite crystals. Some granular-shape particles could be
attributed to calcium carbonated formed due to the sample carbonation by air exposure.

Figure 2 (a) Image taken at the calcium LII,III-edge of the mix of cubic C3A and gypsum sample at ratio
1.9. (b) NEXAFS spectra of the line scans indicated in (a).



The peak position for the hydrated sample with gypsum presents a decrease in the binding
energy of about 0.1-0.3 eV compared to the anhydrous cubic C3A (Table2). This is due to the
reaction with the water and gypsum and formation of hydration products, since calcium
aluminates have higher BE than calcium combined with sulfates, which decrease significantly.
This could explain the decrease in BE observed here, by the formation of ettringite and
monosulfate. That is, Ca in calcium aluminates have higher BE than Ca in calcium sulfates.

Table2 Peak positions and FWHM formix of cubic C3A and gypsum sample at ratio 1.9.

Line
scan

Peaks Ca LIII Peaks Ca LII
BE (eV) FWHM BE (eV) FWHM BE (eV) FWHM BE (eV) FWHM

A 347.8 1.3 348.9 0.7 351.1 0.6 352.2 1.3
B 347.8 1.0 348.9 0.5 351.1 0.5 352.2 0.7
C 347.9 1.5 348.9 0.7 351.1 0.7 352.2 1.2
D 348.0 1.5 348.9 0.5 351.1 0.7 352.2 0.8

3.2. Orthorhombic C3A

Figure 3 shows NEXAFS spectra for the Na-doped C3A, that show a peak with slightly lower
BE (when compared to cubic C3A samples) at ~348 eV. The Ca spectra collected from both
cubic and Na-doped C3A particles identified two major-orbit spin peaks close to the BE at
349.3 and 352.5 eV, corresponding to CaLIII and LII-edges, respectively (Figure 1 for cubic
C3A and Figure 3 for Na-doped C3A). The appearance of these multiple peaks is due to the
crystal field arising from the symmetry of the atoms surrounding the Ca2+ ion in the first
coordination sphere (Naftel et al. 2001). The presence of the main CaLIII and CaLII peaks with
similar intensity shows a well-developed crystalline Ca phase structure (Politi et al. 2008).

Na-doped samples show small and less defined signals at 348.2 and 351.4 eV (Table3), which
indicates the presence of disordered Ca compounds, suggesting that the partial substitution of
Na+within the structure can modify slightly its crystallinity degree.

Figure 3 NEXAFS spectra at Ca LII,III-edge of the orthorhombic C3A sample for a line scan through the
sample.



Table3 Peak positions and FWHM for calcium LII,III-edge of the anhydrous orthorhombic C3A.

BE (eV) FWHM BE (eV) FWHM

Peaks Ca LIII 347.6 0.9 348.3 0.4
Peaks Ca LII 351.2 0.6 352.5 1.5

The Ca-L edge spectra reveled slight differences between the nano-scale spatial distributions
of Ca compounds for both C3A samples, mainly for those particles with sizes smaller than 2
m. The inclusion of small quantities of Na2O in the tricalcium aluminate lead to a structural
shifting, which also modify the reactivity degree, suggesting that also would have an effect
under the workability properties and time setting of Portland clinker by the different rate and
morphology of ettringite formation.

Aluminum in pure cubic and orthorhombic C3A is predominately present in a tetrahedral
coordination (AlIV) sites conforming and arrangement of 6-membered rings. As the Ca
occupies the holes between the rings, six different sites of Ca sites can be identified: 3 with
Ca in 6-fold coordination and each in 7-, 8-, and 9-fold coordination (Manzano et al. 2009).
The inclusion of Na and its partial substitution for Ca2+cations might also affect the Al-O
bonds distances, which will exhibit broader ranges than cubic C3A samples. The distortion of
Ca sites can be associated with the higher Ca-LIIBE (~0.2 eV).
A sample of orthorhombic C3A mixed with gypsum cured for three days old was also
analyzed. Figure 4a shows a general view of how particles form and agglomerate in a
hydrated Na-doped C3A/gypsum blend, where line scans C and D (shown in Figure 4b)
elucidate clear differences in the particle in C compared to the one in D. The spectra show
two different regions with clear distinctions in chemical bonding of Calcium. Although
similar BE is identified for all regions analyzed, the intensities of their corresponding peaks
are lower BE, which also corroborates their slight differences in the chemical environment.

Figure 4 (a) Image taken at the calcium LII,III-edge of the mix of orthorhombic C3A and gypsum sample
at ratio 1.9. (b) NEXAFS spectra of the line scans A-D indicated in (a).

In the same way as observed for the cubic C3A, anhydrous orthorhombic C3A present higher



BE (352.5 - 352.8 eV for Ca LIII) than the samples reacted with water and gypsum (352.1 -
352.3 eV).

Table 4 Peak positions and FWHM for mix of orthorhombic C3A and gypsum sample at ratio 1.9.

Line
scan

Peaks Ca LIII Peaks Ca LII
BE
(eV)

FWHM BE
(eV)

FWHM BE
(eV)

FWHM BE
(eV)

FWHM

A 348.1 1.6 348.9 0.6 351.1 0.6 352.2 0.7
B 348.0 1.7 348.9 0.6 351.1 0.7 352.2 0.9
C 348.1 1.8 349.0 0.5 351.2 0.6 352.3 0.6
D 347.9 1.1 348.9 0.5 351.2 0.5 352.3 0.8

Final remarks
In STXM, the high-energy resolution allows the identification of the minimum molecular
bonding changes in unreacted and hydrated C3A samples. Here, the STXM results show that,
beside the strong difference in the morphology of the products formed upon cubic and
orthorhombic C3A hydration, the chemical bonding for calcium are similar in both cases. The
presence of ettringite is clear in both hydrated samples, however the mentioned slight
chemical dissimilarities indicate the presence of Na as an important factor in the setting
structural features.
In addition to the morphological expected differences, the chemical changes for hydrated
samples compared to the dry, bulk materials is demonstrated by changes in the BE, indicating
the new materials formed, besides the fact that orthorhombic C3A is more reactive than cubic
C3A.
The peak positions also indicate that the samples suffered carbonation upon exposure to air,
by the formation of calcium carbonates.
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Abstract
In this study, synthetic C-S-H samples were investigated to reveal the feature at atomic scale. Rietveld
refinement was applied to high resolution X-ray scattering data, yielding the lattice constants of the
pseudo-crystal structure, as well as the crystallinity along three axes. Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectra was collected at calcium L3,2-edge. Evolution of calcium coordination
symmetry were studied by investigating spectra characteristics. Pair Distribution Function (PDF) study
yields the statistics of atom pair distribution. Coordination number of Ca and Si were obtained by
integrating Radial distribution function. Atomic model based on dimeric structure were discussed and
compared with experimental data.
Synthetic C-S-H samples with increasing Ca/Si ratio exhibit pseudo-crystal structure, resembling
Dreierketten configuration similar to natural tobermorite structure. Along c-axis, the repeated structure
could not survives two layers in case of low Ca/Si ratio (0.70, 1.05). But in high Ca/Si ratio (1.42) case, the
crystallinity along c-axis is much bigger. The coordination number of Ca decreases with increasing Ca/Si
ratio. Octahedrally coordinated Ca are observed in sample with Ca/Si ratio of 1.42. Various dimeric
models are compared with experimental data. In case of Ca/Si ratio of 1.42, SiO4 tetrahedron chain needs
to be shortened in linkage, most probably by substituting bridging SiO4 tetrahedron with CaO6 octahedron.
These octahedrons in interlayer space act like pins to join two adjacent layer structures together. The
crystallinity is thus increased along c-axis, and average coordination number is therefore reduced. In case
of Ca/Si 1.05, crystallinity is low along c-axis since, indicating that not too many Ca ions exist in interlayer
space to hold two layers together. Instead, negative charge of end oxygen could be balanced by proton.
Ca/Si 0.70 has long tetrahedron chain linkage within layer while the linkage between adjacent layers are
not strong, resulting in low crystallinity along c-axis. Neither Ca/Si ratio 0.70 nor 1.42 sample contains
any Ca in octahedral symmetry, as indicated by the weak crystal field splitting of NEXAFS spectra.

Originality
Calcium silicate hydrates have been studied by cement-concrete researchers for decades. The approach to
its structure can be classified into three levels. At first level, structures of natural calcium silicate hydrate
minerals have been precisely solved by single crystal diffraction. Well-known examples are multi versions
of tobermorite and jennite. At second level, synthetic C-S-H by hydro-thermal reaction of CaO and SiO2
exhibits pseudo-crystalline structure. Crystallographic and chemical information was reported but atomic
configuration is not solved. At third level, C-S-H gel formed by hydration of C3S is completely amorphous
and could not be studied with traditional scattering methods. The reported experimental data is limited to
stoichiometric information and SiO4 tetrahedron chain linkage.
The failure of experimental methods is overcomed, to some extent, by computational approach in recent
years. However the calculated results should not be fully credible before being proved by sufficient
experimental data. Synchrotron-based technologies, such as NEXAFS spectra, PDF and high-resolution
XRD, provide state-of-art views to atomic-scale configuration. Major originality of this study is to provide
such experimental results to justify and support theoretic models and computational configurations. These
technologies have advantages in studying C-S-H, because they are applicable to pseudo- or nano-
crystalline material.

Keywords: C-S-H; Atomic Configuration; Rietveld Refinement; NEXAFS; PDF.
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1. Introduction
Among all the human-made materials, concrete is yearly consumed by the largest amount beyond
doubt. Despite the consumption of mixing water and aggregate, the manufacturing of cement
solely demands billions of natural raw material and huge amount of energy. Cement production is
also criticized by its CO2 emission. Yearly production of cement is likely to increase for the next
20-30 years (Mehta, P. K., Monteiro, P. J., 2014), largely due to the urbanization process in
developing countries and the need to replace and maintain old infrastructures.
The demand to reduce carbon footprint and to save energy is pushing the whole industry to
modify current concrete technology. Some strategies, for example using supplementary
cementitious material, have gained great success (Flatt, R. J., Roussel, N., & Cheeseman, C. R,
2012). However to innovate the development of new cement products, we have to face some key
questions which have been studied for nearly a century yet no clear answer is obtained. One of
these problems is the structure and properties of the major hydration product of Portland cement,
i.e. calcium silicate hydrates, or short as C-S-H.
The exact information of atomic positions could not be extracted from C-S-H through
conventional scattering methods, due to its highly disordered nature and the difficulty of isolating
it from other hydrates. It has an empirical formula of (CaO)1.7(SiO2)(H2O)1~2( Thomas, J. J.,
Jennings, H. M., & Allen, A. J., 2010), while stoichiometric variation is frequently observed and
proven to largely alternate its structure and property. For example, calcium to silicate (Ca/Si)
ratio affects the degree of crystallization, while water content is reported to determine its
cohesiveness. To better control sample stoichiometry, researchers often synthesize C-S-H through
aqueous reaction of CaO and SiO2. Historical models were proposed to account for certain
experimental observations, among which the following are worth mentioning (Papatzani, S.,
Paine, K., & Calabria-Holley, J., 2015). Colloidal models were proposed by Powers and
Brownyard, and further developed by Wittmann (Wittmann, F. H., 1976) and Jennings (Jennings,
H. M., 2000; Jennings, H. M., 2008). Layered structure models were proposed by Brunauer
(Brunauer, S., Mikhail, R. S., & Bodor, E. E., 1967) and later on developed by Daimon (Daimon,

M., Abo-el-enein, S. A., Rosara, G., Goto, S., & Kondo, R., 1977), Feldman and Sereda (Feldman,

R. F., 1971). Defect tobermorite/jennite model was developed by Taylor (Taylor, H. F., 1986) and
extended by Richardson (Richardson, I. G., 2004; Richardson, I. G., 2014). In recent years
computational models through first principle calculation and molecular dynamics provide
possibility of predicting structure and behavior that is beyond the capability of lab experiments
(Papatzani, S., Paine, K., & Calabria-Holley, J., 2015). Most of these computational models start
from a relaxed cell of defect tobermorite/jennite crystal structure (Pellenq, R. M., Lequeux, N., &
Van Damme, H., 2008; Qomi, M. A., Krakowiak, K. J., Bauchy, M., Stewart, K. L., Shahsavari,
R., Jagannathan, D. et al., 2014).
In the present work, we utilized three synchrotron-based experimental schemes, i.e. Rietveld
refinement of high-resolution XRD data, Near Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy (Kirkpatrick, R. J., Brown, G. E., Xu, N., & Cong, X., 1997) and pair distribution
function (PDF), to characterize C-S-H at atomic level (Ha, J., Chae, S., Chou, K. W., Tyliszczak,

T., & Monteiro, P. J., 2010; Soyer-Uzun, S., Chae, S. R., Benmore, C. J., Wenk, H. R., &

Monteiro, P. J., 2012). It is the first time they are combined to give a panorama of C-S-H atomic
configuration. Through Rietveld refinement scheme, lattice constants are calculated from high-



resolution X-ray diffraction data. Peak shape and intensity of X-ray scattering contains
information of the size of crystalized region. PDF reproduces the spatial information of atoms’
first and second neighboring shell, including bond length and coordination numbers. NEXAFS
spectra captures the symmetry and distortion of Ca-Ox (x is 6-7 in this case) complex, which is an
index of crystallinity.
2. Experimental
2.1 Sample Preparation
C–S–H samples were synthesized with three Ca/Si ratios, i.e. 0.70, 1.05 and 1.42. Mixtures of
stoichiometric amounts of CaO and reactive SiO2 (both analytical pure) were sealed in high
density polyethylene bottle and subjected to 16 rpm rotation for 14 days, and then left in ambient
pressure and temperature for 600 days to guarantee complete reaction. The products were dried at
ambient temperature and vacuum condition for 4 days. In an order of increasing Ca/Si ratio,
samples were labeled S1, S2 and S3.
For NEXAFS spectra measurement, sample powders were spread on 100nm-thin silicon nitride
window, and placed in a Scanning Transmitted X-ray Microscope (STXM) sample chamber,
protected by pure helium gas. For total scattering measurement, sample powders were packed
into polyimide capillary tubes and placed in front of an X-ray area detector.
2.2 Experimental Methods
NEXAFS spectra was measured in Beamline 5.3.2.2 in Advanced Light Source of Lawrence
Berkeley National Laboratory. It is a Scanning Transmitted X-ray Microscope (STXM) beamline,
designed for microscopic and spectroscopic study (Ha, J., Chae, S., Chou, K. W., Tyliszczak, T.,
& Monteiro, P. J., 2010). The synchrotron storage ring operates at 1.9 GeV and a stored current
of 500 mA. In Beamline 5.3.2.2, attainable beam energy scanning resolution is 0.1 eV, within the
energy range of 250-800 eV. The utilization of state-of-art zone plate allows a spatial resolution
of 30 nm, which is not of key importance in this study since the morphology of synthetic C-S-H
powder seems not to contain information related to atomic configuration. Never the less, spatial
scanning allows the study of particles with various thickness, which guarantees that the spectra is
not influenced by the thickness of particles, and is thus a true spectra that contains reliable
chemical information.
X-ray absorption spectrum typically records the absorption intensity versus the incident beam
energy. An absorption edge is encountered when the incident beam energy is close to the specific
energy difference between the inner-shell and outer-shell orbitals in certain atom. At absorption
edge, significant increase in absorption would be observed. A unique part of the X-ray absorption
spectra from about 30 eV before the absorption edge to 30 eV after the edge, i.e. a whole energy
extension of about 60 eV, is named Near Edge X-ray Absorption Fine Structure, shortened as
NEXAFS. Specifically, in this study the NEXAFS spectra of calcium (Ca) L3,2-edge was studied,
which corresponds to the excitation of 2p electrons to empty 3d orbital. The NEXAFS spectra is
sensitive to the coordination status of the studied atom. When verifying atomic environment,
peak-position shift and alternation in intensity would be observed (Fleet, Michael E., Liu,
Xiaoyang, 2009; Ha, J., Chae, S., Chou, K. W., Tyliszczak, T., & Monteiro, P. J., 2010). By
comparing the spectra with known spectra of crystals that contain Ca, we are able to identify the
Ca coordination environment in C-S-H. Data was processed with AXis2000 software.
High energy X-ray diffraction experiments were performed in beamline 6-ID-D at the Advanced
Photon Source (APS) of Argonne National Laboratory. Diffraction pattern was collected on an
area detector with 200 pixels on both x and y directions. The wavelength of incident beam was
0.1237 Å (equivalent to 100.23 keV in terms of energy). Sample to detector distance was 425.8

mm to balance between resolution and Q range, which was 2-250 Å-1 ( Soyer-Uzun, S., Chae, S.



R., Benmore, C. J., Wenk, H. R., & Monteiro, P. J., 2012). Dark image was taken prior to sample
scattering pattern, to remove the background noise of the detector. Duration time of collecting
each scattering pattern was 5 min and, and 6 images were collected for one sample to guarantee
enough statistics. FIT2D software was used to process the raw image data, and PDFgetX2
software was used to extract the structure factor S(Q) and Pair Distribution Function.
The output of FIT2D were also processed by MAUD software, with which Rietveld refinement
was easily conducted. The intensity of scattering peaks is strong enough to yield lattice constants
and crystallinity information.
3. Results and Discussion
3.1 Rietveld Refinement
Figure 1(a) is an example of the raw data collected by the area detector. The beam stop at the
center shields the Q range from 0 to 3 Å-1. Once the beam center is determined through
calibration, integrating over χ from 0 to 2π can be reliably done. 2-D scattering pattern in (a) will
be transferred into a more commonly seen format, as shown in Figure 1(b). Upon exposure to
incident beam for the same time, sample S3 (Ca/Si 1.42) clearly has more resolvable peaks and
stronger scattering intensity. S1 and S2 have similar diffraction pattern, whose resolvable peaks
also exist in diffraction pattern of S3. Therefore we label all the peaks of S3 in Figure 1 (b) in an
order of increasing Q value. Later on through Rietveld refinement, major peaks will be assigned
to their Miller indices.

Figure 1 High-energy X-ray diffraction data: (a) scattering pattern of sample S3 (Ca/Si=1.42) on area
detector; (b) integral intensity over Q space.

The general pattern in Figure 1 (b) was discussed by Taylor (Harry F. W. Taylor, 1997). All three
diffraction curves can be classified to that of C-S-H (I), which is treated as poorly crystalized
tobermorite. Therefore we started the Rietveld refinement process from clinotobermorite structure,
following the conclusion of Battocchio’s report (Battocchio, F., Monteiro, P. J., & Wenk, H. R.,
2012). It should be noted that any attempt to refine the atomic position of C-S-H from scattering
data is not reasonable, due to the sample’s poorly-crystalline nature. There is no repeated atomic
configuration to be refined. However it is applicable to investigate the lattice constants of the
pseudo-crystal of C-S-H, if we start from a well-chosen crystal structure which is close to the real
atomic structure of C-S-H. Both monoclinic and orthorhombic 11 Å tobermorite have been
investigated and the former is proven to better resemble synthetic C-S-H (I) structure.
Rietveld Refinement results are shown in Figure 2. Major peaks, i.e. #1, #4, #5, #11, #12, #15 can
be refined very well. Peak #1 corresponds to (0 0 2) plane which exists only in S3 (Ca/Si 1.42). It
could hardly be identified in S2 (Ca/Si 1.05) and S1 (Ca/Si 0.70). In the refinement scheme of
MAUD, absence of this peak can be reproduced only by reducing the sample thickness along c-
axis. This attempt matches with the straightforward observation of Figure 1 (b), that S3 exhibits a
much more intensive scattering than S2 and S1. The crystal sizes along a- and b-axis are similar
among all three samples; S3 has transition symmetry along c-axis up to comparable sizes of a-



and b-axis, while S2 and S1 have poor transition symmetry between adjacent ab planes. Despite
peak #1, the rest major peaks can be assign to hk0 planes as described by Taylor (Harry F.
W. Taylor, 1997). Most of the minor peaks are due to reflections of multiple planes. Given the
long term disorder nature, MAUD calculations can’t reproduce the same intensity for all of this
peaks. Among them peak #2 (d=5.38 Å) has stronger intensity with decreasing Ca/Si ratio. At
low-Q where the reflections are not mixed too much, peak #2 can’t be assign to any reflections of
the modified clinotobermorite structure. We assume that this peak belongs to some intermediate
products which coexists with C-S-H (I) at low Ca/Si. The slope near 0 degree is due to small
angle scattering.

Figure 2 Rietveld Refinement starting from clinotobermorite with c=9.5 Å
The lattice constants and crystallinity information obtained from Rietveld Refinement are shown
in Table 1. The edge length a and b of three samples are similar to that of clinotobermorite.
Length c could be only be refined for S3 to 10.4 Å, shorter than that of 11 Å tobermorite but
longer than that of 9 Å tobermorite. Regarding crystal size, 500 Å is arbitrary chosen for big
crystallinity along a- and b-axis of three samples, as well as c-axis in S3, while 20 Å is chosen to
for the poor crystallinity along c-axis in S2 and S1. The diffusivity of c-related peaks must also be
accounted by introducing strain to c-axis, i.e. εc =0.04. This also indicates that the interlayer
spacing is not a constant value, but rather a distribution of values centering at 10.4 Å, in case of
S3.

Table 1 Lattice constants and crystallinity from Rietveld Refinement
Edge length / Å Angle / degrees Crystallinity / Å Anisotropic strain
a b c α β γ la lb lc εa εb εc

S1 11.24 7.33 - 100.4 94.7 90.8 500 500 20 0.001 0.001 0.04
S2 11.26 7.33 - 100.8 93.0 90.2 500 500 20 0.001 0.001 0.04
S3 11.26 7.30 10.40 100.1 92.8 90.0 500 500 500 0.001 0.001 0.04

clinotobermorite* 11.27 7.34 11.47 99.2 97.2 90.0 - - - - - -
*Crystal information is from (Merlino S, Bonaccorsi E, Armbruster T, 1999).
To summarize the refinement result, we start from a well-defined clinotobermorite structure and
obtain the lattice constants of three samples. Although the stoichiometry of clinotobermorite is
different from these samples, the refinement is still reasonable to a big extent due to the existence



of Dreierketten configuration in C-S-H (I). Atomic positions could not be refined but the lattice
constants and crystallinity are well refined. S1 and S2 have poor transition symmetry along c-axis
and crystallinity is only with 1-2 layer (20 Å). S3 has much bigger crystallinity along c-axis, but
the interlayer spacing value distributes broadly, centering at 10.4 Å. Lattice constants of a, b and
angles are similar among three samples. Some intermediate products coexist with C-S-H (I) at
low Ca/Si ration. They have a broad diffraction peak near d=5.38 Å.
3.2 PDF result
Traditional X-ray diffraction technology pales in probing the structure of material with little long-
range order. Yet significant amount of structural information of amorphous material could be
extracted by investigating the Structure Factor S(Q) and reduced Pair Distribution Function G(r).
S(Q) is the normalized version of total-scattering intensity. It is a dimensionless quantity and the
normalization is such that the average value, <S(Q)>=1. G(r) represents physically the probability
of finding an atomic pair with distance r. S(Q) and G(r) are related to each other through Fourier
Transform. More details of definitions and relations can be found at (Cagla, M., Benmore, C. J. &
Monteiro, P.J.M., 2011). PDFgetX2 software is well designed to solve the structure of amorphous
material, using the intensity I(Q) as an input. In this paper we will skip the tedious explanations
of intermediate variables, and show directly the result.
Figure 3 is the measured reduced pair distribution function G(r), with atomic pairs assigned on
top of each peak. The assignation is following Skinner (Skinner, L. B., et al, 2010). The Si-O
peak at ~1.62 Å and Ca-O peak at ~2.38 Å dominate the range of r<3 Å. An O-O pair (~2.67 Å)
is observed at the shoulder of Ca-O peak. These three pairs correspond to the configuration of
SiO4 tetrahedron and CaOx polyhedron. The intensity ratio of Ca-O peak over Si-O peak increases,
as Ca/Si ratio increases from 0.7 to 1.42. The O-O pair in CaOx polyhedron has a much broader
distribution (from ~3 to ~3.8 Å), compared with the O-O pair in SiO4 tetrahedron (at ~2.67 Å).
Therefore the O-O shoulder at ~2.67 Å is also attenuating as the amount of CaOx polyhedron
wins over that of SiO4 tetrahedron. Intensity of Si-Si peak at ~3.06 Å decreases while those of Si-
Ca and Ca-Ca peaks at ~3.69 Å increase, with increasing Ca/Si ratio. It is worth mentioning that
the two minor peaks at both sides of Si-O peak are artificial caused by the termination of Q space,
i.e. the Fourier Transform is only from 0.8 Å-1 to 25 Å-1, not from 0 to infinitely large.

Figure 3 Reduced pair distribution function G(r) with assignation of atomic pairs
G(r) can be related to the radial distribution function R(r), by

(1)
And the overall coordination number of neighbors Nc, is given by by

(2)
If the integration is within the range of certain atom pair distance, it represents the contribution of
overall coordination from this atom pair. To calculate the specific coordination number of a
certain atom, Nc needs to be divided by a coefficient wij, where i and j are the interested atom pair.



This coefficient denotes the weighing of i and j pair in the overall coordination number. For
example for CaOx polyhedron,

(3)
(4)

Where ci is the atomic percentage and Zi is the number of electrons of species i.
Processed by the above equation, G(r) information can yield the atom pair distance and
coordination number of SiO4 tetrahedron and CaOx polyhedron, as shown in Table 2. Gauss
fitting is used in determining peak positions. (CaO)Ca/Si(SiO2)(H2O) is assumed in calculating wij.

Table 2 Bond length and coordination number of SiO4 tetrahedron and CaOx polyhedron
Ca/Si
ratio

Average Si-O
distance/ Å

Nc(Si-O) Average Ca-O
distance/ Å

Nc(Ca-O) Average 1ST Ca-
Ca distance/ Å

0.70 1.6254±0.0003 3.95 2.3778±0.0018 7.05 3.6736±0.004
1.05 1.6243±0.0005 3.96 2.3892±0.0010 6.79 3.6897±0.011
1.42 1.6264±0.0005 3.90 2.3927±0.0012 6.53 3.6831±0.001

The result in Table 2 is not exactly the same with the result of Soyer et.al (Soyer-Uzun, S., Chae,

S. R., Benmore, C. J., Wenk, H. R., & Monteiro, P. J., 2012), probably because of the variation in
background subtraction strategy. However the trend is consistent. With Ca/Si increases from 0.70
to 1.42, the coordination number of SiO4 tetrahedron is slightly alternated, as well as the atom
pair distance between Si and its first O neighbors. The change in atom pair distance is more
significant in case of CaOx polyhedron, from ~2.378 Å in S1 to ~2.393 Å in S3. Meanwhile the
coordination number decreases from 7.05 to 6.53. The average Ca-Ca distance doesn’t change
monotonously with increasing Ca/Si.
Few information about the linkage of SiO4 tetrahedron chain can be directly obtained from PDF
result. The most significant observation is that the coordination status of CaOx polyhedron
changes drastically with various Ca/Si. In monoclinic 11 Å tobermorite, all the Ca atoms in
intralayer location (normally referred as Ca-O sheet) are in 7-fold coordination status. There are
two general ways to increase the Ca/Si ratio in this structure, i.e. by inserting additional Ca atoms
to the interlayer location, or by cutting off SiO4 tetrahedron chain and replacing some of the
bridging tetrahedrons with Ca atoms. When Ca/Si is 0.70, the Ca atoms are in 7 fold coordination,
consistent with Ca atoms in Ca-O sheet of tobermorite structure. With increasing Ca/Si ratios,
additional Ca atoms most probably have smaller coordination number.
A mixed model of tobermorite and jennite, or tobermorite and portlandite are also able to explain
the decrease of Ca coordination number, since Ca atoms in jennite and portlandite are in 6-fold
octahedral coordination. However, this mixed model couldn’t satisfy XRD data, where the
pseudo-crystal of C-S-H has a consistent scattering pattern with increasing Ca/Si ratio.
3.3 NEXAFS Spectra
One shortage NMR in studying cementitious material is that the chemical environment of Ca
could not be investigated. FTIR provides the vibration state of Ca-O, but the result can’t be
translated to chemical environment of Ca due to the lack of energy resolution of vibration modes
both theoretically and experimentally (Kirkpatrick, R. J., et al, 1997). Again scattering methods
couldn’t completely resolve the structure since C-S-H is amorphous. In fact, very few literatures
discuss about atomic configuration of Ca in C-S-H due to the absence of direct experimental
information. In this study, NEXAFS spectra is proven to be an innovative technology that
uncovers the atomic environment of Ca in C-S-H. Together with X-ray scattering method, a more
descriptive image will be depicted.
Figure 4 (a) illustrates the absorption image of S3 particles under STXM, and (b) NEXAFS
spectra of energy range from 344 to 356 eV (344-355 eV in case of Ca(OH)2). A linescan is to



applied by spatial scanning along a straight line, as well as scanning in the energy domain. The
scanning result thus contains the spectra information of each pixel on the scanning route. With
AXis2000 software, the spectra of any segment on the route can be extracted. Great care needs to
be taken of, to avoid thick particle. Otherwise the intensity of major absorption would saturate
and the ratio between minor and major peak would increase. The spectra given in Figure 4 (b) are
selected after investigating various linescan data, to avoid saturation problem. STXM is a
powerful technique that provides morphological and chemical information at micro-scale. In this
study, sample is pure in chemistry and only thickness of particle is of significance in obtaining a
reliable spectra. The particles in (a) are about 0.5~1 µm big, which is verified to give correct
spectra.

Figure 4 (a) Demonstration of linescan on S3 particles. Red arrow is the scanning route, bar length 1µm. (b)
NEXAFS spectra of C-S-H and Ca(OH)2

Table 3 lists the Ca L3,2 edge absorption characters of C-S-H and Ca(OH)2, corresponding to
Figure 4 (b). Lorentz distribution was used to fit peaks, following De Groot et al. (De Groot, F. M.
F., Fuggle, J. C., Thole, B. T., & Sawatzky, G. A., 1990). Peak a2 and b2 are major absorption
peaks; a1 and b1 are minor peaks affiliated respectively to a2 and b2. They are related to the
excitation from 2p orbital to 3d orbital. Due to spin-orbital coupling, energy of 2p orbital splits to
two major level. This phenomena exists universally in Ca L3,2 edge of various compounds.
Energy of 3d orbital is also splitted by crystal field effect. In general the spin-orbital coupling
splits the absorption into a-group and b-group, and the crystal field effect further splits it to
subgroups. Crystal field effcet is the main interest of this study since it contains geometric
information of the first neighboring atoms surrounding Ca atoms.

Table 3 Ca L3,2 edge absorption characters of C-S-H and Ca(OH)2

a1 a2 a2-a1 PAR* a2/a1 b1 b2 b2-b1 PAR b2/b1
Ca/Si 0.70 348.11 349.18 1.07 2.75 351.35 352.51 1.06 4.11
Ca/Si 1.05 348.19 349.21 1.02 3.80 351.45 352.57 1.12 4.36
Ca/Si 1.42 347.86 349.17 1.31 1.96 351.24 352.59 1.35 3.41
Ca(OH)2 347.80 349.17 1.37 1.27 351.22 352.57 1.35 2.61

*PAR is short for Peak Area Ratio
Crystal Field Theory (CFT) is a model that describes the loss of degeneracies of center atom
orbitals (usually d or f orbital) due to a static electric field of its coordination neighbors. It was
combined with molecular orbital theory to form the more realistic and complex Ligand Field
Theory (LFT), which delivers insight into the process of chemical bonding in transition metal
complexes (Albright, T. A., Burdett, J. K., & Whangbo, M. H. 2013). As demonstrated in Figure
5, the outermost electron shell of octahedral coordinated Ca atom has 3p63d0 configuration.
Among the five empty 3d orbital, dz2 and dx2-y2 have eg symmetry while dxy, dyz and dxz have t2g
symmetry. Orbitals of the neighboring oxygen atoms interact with 3d orbitals of Ca, following the
rule that those with similar symmetry interact with each other. As a result, energy of dz2 and dx2-y2
increases due to anti-bonding with oxygen atoms, while energy of dxy, dyz and dxz decreases due to
weak bonding with oxygen. The energy difference is denoted as ∆OCT, which is frequently used as
an indication of the strength of crystal field. Distortion of octahedral symmetry leads to less

http://en.wikipedia.org/wiki/Degenerate_energy_levels
http://en.wikipedia.org/wiki/Molecular_orbital_theory
http://en.wikipedia.org/wiki/Ligand_field_theory
http://en.wikipedia.org/wiki/Ligand_field_theory
http://en.wikipedia.org/wiki/Chemical_bonding


overlap of molecular orbital between central atom and neighboring atoms, which results in the
decrease of energy gap between eg orbital and t2g orbital, i.e. ∆OCT. A side observation in
accompany with the decrease of ∆OCT is that the area of minor peaks decrease drastically. This is
evident by investigating the Peak Area Ratio (PAR) of a2/a1 and b2/b1. This phenomena has
been reported by many researchers, both in inorganic minerals and ligand-metal complexes that
contain Ca (Fleet, M. E., & Liu, X., 2009; Buckley, C. J., Bellamy, S. J., Zhang, X., Dermody, G.,
& Hulbert, S., 1995).

Figure 5 Demonstration of energy splitting by crystal field effect. (a) Ca in perfect octahedral coordination.
(b) Degeneracy of d orbital breaks into two levels with energy difference ∆OCT.

In Table 3, both a2-a1 and b2-b1 can be treated as ∆OCT. Excitation is the result of multi processes,
and thus a2-a1 and b2-b1 are not identical. In general they are very close, and for the following
discussion a2-a1 will be used to represent ∆OCT. In S1, a2-a1 is 1.07 eV and it decreases to 1.02
eV in S2. However it increases largely to 1.31 eV in S3, close to 1.37 eV which is the value of a
perfect octahedral coordination case in Ca(OH)2. Minor peaks in S1 and S2 are weak, while in S3
they are much stronger. These observations indicate that Ca atoms in S1 are largely distorted
from octahedral coordination; in S2 although the Ca/Si is increased, the additional Ca atoms are
also in distorted coordination; while in S3, a new Ca species exhibiting octahedral coordination is
observed. The strength of crystal field in S3 is stronger than that of S1 and S2. More ordered
structure in S3 results in bigger orderly repeated region, which matches with Rietveld refinement
that crystallinity of S3 is stronger, especially along c-axis.
It’s also worth mentioning that the major peaks in S3 are less sharp, indicating that the peak
energy of a2 and b2 are not discrete but rather a continuous distribution. This further indicates
small deformation of octahedral symmetry in S3. The peak area ratios of S3 are of an
intermediate value between S1(S2) and Ca(OH)2, because two Ca species co-exist in S3, i.e. in
octahedral coordination and distorted coordination. This is the first time the coordination
geometry of Ca in C-S-H is observed.
3.4 Discussions
Researchers have observed the variation of SiO4 tetrahedron chain length with increasing Ca/Si
atomic ratio. Cong and Kirkpatrick has reported a nearly linear relation between Q1/(Q1+Q2+Q3)
and Ca/Si ratio in synthetic C-S-H, where the subscript digit in Qi indicates the number of SiO4

tetrahedron linkages with adjacent ones (Cong, X., & Kirkpatrick, R. J., 1996). In case of low
Ca/Si ratio, C-S-H seems to better resemble the infinite long tetrahedron chain in tobermorite
structure. Richardson has provided scheme of reducing tetrahedron chains length by increasing
Ca/Si ratio (Richardson, I. G., 2004), starting from tobermorite or jennite structure. There are two
general ways of realizing this, by balancing net charge of oxygen with proton (H+), or by
balancing it with Ca2+, i.e. substituting bridging tetrahedron Si with Ca atom. Both are
stoichiometricly plausible. The experimental results in this study provides evidences to these
schemes.
Merely balancing the charge of end oxygen with proton can only lift Ca/Si up to 1.0. To further
increase Ca/Si ration, substitution of bridging Si with Ca has to be considered. In Richardson’s
recent paper (Richardson, I. G., 2014), he provided configurations of Ca substitution, starting
from ortho- and clino- tobermorite structures. To match with our PDF data, the substitutional Ca
must have smaller coordination numbers than the primary Ca atoms in Ca-O sheets. NEXAFS
spectra of C-S-H with Ca/Si of 1.42 indicates a new Ca species which is octahedral coordination,



while Ca atoms in both cases of Ca/Si 0.70 and 1.42 are in distorted coordination so that the
crystal field splitting is weakened.
Three dimeric structures based on clinotobermorite are reported by Richardson to be crystal-
chemically plausible. In each model, primary Ca in Ca-O sheet are distinguished from extra Ca in
interlayer space by both position and coordination status. Primary Ca atoms are all in 7-fold
coordination, identical with the case of any natural tobermorite structures. While extra Ca in
interlayer space are in 6~7-fold coordination, as shown in Figure 6. Among the configurations, (b)
is closest to octahedral symmetry; (a) and (c) are 7-fold; (d) is clearly distorted. Therefore
existence of configuration (b) matches NEXAFS spectra of S3 the most.

Figure 6 illustration of Ca coordination: (a) 7-fold coordination of Ca in Ca-O sheet, (b) octahedral
coordination with tetragonal elongation of interlayer Ca in T2_ac, (c) 7-fold coordination of interlayer Ca
in T2_sc_ls1, (d) distorted octahedral coordination of interlayer Ca in T2_sc_ls2. Nomenclature of models

can be found in (Richardson, I. G., 2014)
From the discussion above, a scheme of configuration evolution is given here. When Ca/Si is 0.7,
the SiO4 tetrahedrons have more chance to form linkages with each other, resulting in smaller Q1

percentage. The 7-fold coordinated Ca in Ca-O sheet accounts for both the weak crystal field
splitting, and the coordination number measured by PDF. The linkage between adjacent layers is
from Q3 Si and hydrogen bond (which is beyond the discussion of this study). The contribution
from Ca2+ ions to glue two layers together is small since Ca ions are shielded by SiO4

tetrahedrons. Since Q3 Si is also rare in this condition (Cong, X., & Kirkpatrick, R. J., 1996),
hydrogen bond provides the major force field that glue the adjacent layers. This could explain the
low crystallinity along c-axis. In case of Ca/Si 1.05, Ca is also in distorted coordination while the
average coordination number decreases to 6.79. Increasing of Q1 Si could be accomplished by
removing bridging tetrahedron or substitution with Ca (whose coordination number is smaller
than 7). According to the NEXAFS spectra, the substitutional Ca must have distorted
coordination. Crystallinity along c-axis is also low according to Rietveld refinement. In the final
case of Ca/Si 1.42, significant percentage of Ca are in octahedral coordination, and the
crystallinity is largely increased along c-axis. It is probable that the interlayer Ca provide
columbic force field which glue adjacent layers together. The average coordination number is
reduced to 6.53. Figure 7 illustrates the evolution of atomic configuration with increasing Ca/Si.

Figure 7 Evolution of atomic configurations with increase Ca/Si ratio of synthetic C-S-H
It is worth mentioning that, in case of Ca/Si 1.42 additional Ca in interlayer space act as pins
joining together adjacent layers. Crystallinity along c-axis is largely increased in this case. In fact,
the effectiveness of columbic force of Ca2+ has been discussed for a while and applied to concrete
technology. Calcium chloride is an effective accelerate, because high concentration of Ca2+

captures SiO42+ aqua ions drastically and precipitates to C-S-H.



From PDF result, average Ca-O bond length increases with increasing Ca/Si ratio. This could not
be addresses very well. Soyer et.al reported non clear trend of Ca-O bond length changing with

Ca/Si variation (Soyer-Uzun, S., Chae, S. R., Benmore, C. J., Wenk, H. R., & Monteiro, P. J.,

2012). In general, smaller coordination number corresponds to smaller bond length, which seems
not to be the case in this study. It needs to be remembered that the structure of synthetic C-S-H
depends on synthesizing condition and raw material. The result of this study provides an image,
at atomic scale, of C-S-H synthesized at ambient temperature and pressure. It needs not
necessarily to be applicable to other calcium silicate hydrates, for example C-S-H gel formed by
the hydration of C3S, which is completely amorphous.
4. Conclusions
This study investigated atomic configurations of synthetic C-S-H with Ca/Si ratio of 0.70, 1.05
and 1.42. Experimental methods included high resolution X-ray diffraction, Pair Distribution
Function (PDF) study, and Near Edge X-ray Absorption Fine Structure (NEXAFS) spectra.
Lattice constants and crystallinity of pseudo-crystal structure were refined; coordination
configuration of Si and Ca were investigated. Results were compared with atomic models
proposed by other researchers. Major conclusions are summarized as follows:
1. High resolution X-ray diffraction data of all three samples can be refined with

clinotobermorite structure. The crystallinities along a- and b- axis are in the order of several
nanometers, which are consistent among three samples; only sample S3 (Ca/Si 1.42) exhibits
large crystallinity along c-axis (comparable with that of a- and b- axis), while S1 (Ca/Si 0.70)
and S2 (Ca/Si 1.05) have no transition symmetry along c-axis. The lattice constant c in S3 is
1.04 nm, between 9 Å and 11 Å tobermorite. The broad basal peak in S3 indicates a widely
distributed interlayer spacing.

2. With increasing Ca/Si ratio, average coordination number of CaOx polyhedron decreases. Ca
atoms in Ca-O sheet are 7-fold coordinated while additional Ca atoms prefer 6-fold
coordination. Coordination symmetry of Ca in S1 and S2 are distorted so that the crystal field
splitting is weakened. Significant percentage of Ca in S3 exhibit octahedral coordination,
resulting in clear energy splitting and large energy gap (∆OCT) in NEXAFS spectra.

3. Lifting Ca/Si ratio of tobermorite can be achieved by removing bridging SiO4 tetrahedron.
Net charge can be balanced with Ca2+ or proton. In S2, additional Ca has to be in distorted
coordination, while in S3 additional Ca are in octahedral coordination. Dimeric structure
T2_ac proposed by Richardson contains interlayer Ca of octahedral coordination, which
matches the NEXAFS spectra of S3. These additional Ca in S3 are effective in joining
adjacent layer structures together, so that crystallinity along c-axis is enlarged.
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Abstract
The paper studied the influence law of soluble-phosphorus、eutectic-phosphorus and soluble-fluorine
to the physical properties of over-sulphur-phosphorous-gypsum-slag cement paste (OPSC). That
cement was modified by adding steel-slag-powder, and the paper also discussed the mechanism. The
result showed that the content of soluble-phosphorus 、 eutectic-phosphorus and soluble-fluorine
affected the setting time and mortar strength remarkably. If phosphorous gypsum(PG) was pretreated
by steel-slag powder, the setting time became shorter and the early age strength became higher. As a
result, it is the effective way to prepare the high quality OPSC that descreasing the content of
soluble-phosphorus、eutectic-phosphorus and soluble-fluorine, and pretreated by steel-slag-powder.
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1. Introduction
Phosphogypsum (PG) is a byproduct of manufacturing phosphate acid by wet process in
fertilizer industry. About 50 million tons of PG is produced every year(Yang Peihao et al.,
2007). The main content of PG is CaSO4·2H2O (>90%). Due to poor crystal form, harmful
impurities, quality fluctuations, scale using of PG is restricted. The deposited PG not only
occupies a lot of land, but also causes serious pollution to surrounding environment. Original
PG is a solid powder that contains about 15% moisture, the cost of the drying process is high.
Considering the cement hydration process requires additional water, OPSC was designed
innovatively which can prepare concrete using the wet PG without drying. The extensive use
in OPSC can reduce the use cost of PG. OPSC was designed based on numerous patents the
team have. OPSC is a hydraulic cementitious material which the main component is excess
PG, slag and an alkaline activator, PG content is more than 45%, the 7 d and 28 d
compressive strength could reach 19 MPa and over 30 MPa respectively(Huang Yun et al.,
2010). OPSC can be used as a cementitious material in the construction field, which has a
important implications for the rational use of resources and the sustainable development of
China's phosphate industry and building materials industry.
However, PG contains a number of harmful impurities such as soluble-phosphorus 、

soluble-fluorine、 eutectic-phosphorus and organic substances, which lead the setting time
longer and the early strength lower, and the quality control more difficult. In this paper, the
influence of different origin and different quality of PG on the physical properties of OPSC
were studied. By modifying PG to improve the performance of OPSC, increase the use value
of PG in building materials.
2. Raw materials and test methods
2.1 Raw materials
TL PG: Tongling Phosphoric Chemical Industry Group, powdery solid about 10 percent water,
the appearance of light gray.
ZD PG: Wuhan Zhongdong Phosphate Technology Co., Ltd., powdery solid about 12 percent
water,, appearance is light gray.
HML PG: Hubei Provincial Huangmailing Phosphate Chemical Co., Ltd., powdery solid
about 15 percent water, the appearance is light gray.
YHT PG: Yunnan Phosphate Chemical Group Co., Ltd., powdery solid about 17 percent
water,, the appearance of gray.
Slag powder(SP): Tangshan Tang Long New Building Materials Co., Ltd.,a density of
2.95g/cm3, Blaine specific surface area of 420m2/ kg. The sample was dried in a 105℃ oven
and then ground in a Φ500mm * 500mm laboratory ball mill to Blaine specific surface area of
500m2 / kg.
Steel slag powder(SS): Jiangxi Pxsteel industrial Co., Ltd., a density of 3.48g/cm3, Blaine
specific surface area of 418m2/ kg.
Portland cement clinker powder(CC): Tangshan Jidong Cement Co., Ltd., production,
Φ500mm * 500mm standard mill grinding to a Blaine specific surface area of 450m2 / kg.
Superplasticizer(SL): BASF Construction Chemicals Limited production of polylactic acid
liquor.
The chemical composition of each raw material is shown in Table 1 and Table 2.



Table 1 chemical composition and impurity content of PG(wt.%)

Origin of

PG

SiO2 Al2O3 Fe2O3 CaO MgO SO3 soluble-phosphorus soluble-fluorine eutectic-phosphorus

pH=7 pH=12

YHT 3.61 0.24 0.60 30.50 0.23 42.46 0.54 0.06 0.07 0.19

TL

（without

aging）

5.20 0.41 0.60 30.40 0.15 43.00 0.14 0.02 0.10 0.14

TL

（aging）

5.20 0.41 0.60 30.40 0.15 43.00 0.14 0.01 0.09 0.01

ZD 6.59 0.97 0.60 29.51 0.26 41.74 0.72 0.07 0.14 0.08

HML 3.96 0.69 0.61 30.53 0.25 42.82 0.60 0.06 0.34 0.17

Table 2 Chemical composition of other raw materials(wt.%)

Material Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 合计

Slag powder(SP) -1.68 33.89 14.47 0.36 40.56 7.43 - 95.03

Steel slag powder(SS) 7.09 16.45 3.83 16.69 46.16 5.82 - 96.04

Portland cement clinker powder(CC) 0.13 21.78 5.10 3.40 65.05 2.12 0.64 98.22

2.2 Test Methods and Sample Preparation
2.2.1 Testing methods of harmful impurities in PG
(1) Determination of soluble phosphorus
The PG dried at (45 ± 2) ℃ , weighed about 1g sample, placed in 100ml volumetric flask,
shook until evenly, Placed for clarification 2h, filtered, pipette 5ml filtrate to 50ml volumetric
flask, the filtrate is adjusted to pH = 7 and pH = 12 using NaOH solution, and the phosphorus
content determined by molybdovanadophosphoric yellow colorimetric is the soluble
phosphorus content in PG.
(2) Determination of phosphorus eutectic
The PG washed to remove soluble phosphorus, and dried at (45 ± 2) ℃. Weighed about 5g
sample, placed in 100ml potassium hydrogen phthalate buffer solution which pH is 4,
oscillation, and added 80ml 10% barium nitrate solution, shook until evenly, filtered, pipette
the filtrate, P2O5 content determined by ammonium phosphomolybdate volumetric method is
the content of eutectic phosphorus in PG.
(3) Determination of soluble fluoride
In the presence of ligand ionic strength buffer solution, with fluoride ion selective electrode as
indicator electrode, KCl saturated calomel electrode as the reference electrode, measured the
electrode potential of fluorine-containing solution By ion meter or pH meter , soluble fluoride
content in accordance with GB / T 23456-2009 detection method.
1.2.2 Preparation of modified PG slurry and OPSC
Due to PG did not need to dry during preparation OPSC, so it was very important to control
the water content of modified PG slurry and OPSC. To preparation, determined the water
content of PG before preparation, and then prepared the sample according to PG (dry basis):
slag powder / calcium hydroxide: slag powder = 45:(2-8): 0.7 and plus 50% of the water
(containing the water in PG), grinded 20min in refiner, sealed 2d, stirred again, measured the
pH value of PG slurry. PG and the modified material (steel slag powder) are fine, did not



need to be further grinding, so it can save energy. Different types of OPSC prepared
according to the ratio of raw materials in Table 3.

Table 3 The ratio of OPSC (wt.%)

Sample
no.

modified PG
slurry

(dry basis)

Origin
of PG

CC SP SL The content of SS in
PG slurry

pH value
of PG
slurry

P1 45 TL 4 51 0.6 4 10.52
P2 45 ZD 4 51 0.6 4 9.95
P3 45 HML 4 51 0.6 4 8.74
P4 45 YTH 4 51 0.6 4 10.23
G1 45 TL 4 51 0.6 2 9.48
G2 45 TL 4 51 0.6 6 11.04
G3 45 TL 4 51 0.6 8 11.18
G4 45 TL 4 51 0.6 10 11.26

1.2.3 OPSC physical performance test
The water requirement of normal consistency and setting time were tested according to
GB/T 1346-2011; the mortar strength was tested according to GB/T 17671-1999, the amount
of water according to cement mortar fluidity 180 ~ 190mm control.
1.3 Microscopic analysis
The pastes after setting time test were cured at 20±2 °C and RH 95% for XRD and SEM
analysis. At 3 d, 7 d and 28 d respectively, the hydration of the cement was stopped by
immersing the specimen in non-water alcohol for 24 h and then dried at 45 ℃ for 1 h. The
hydration products were examined by X-Ray diffraction (XRD), with a D8 ADVANCE
diffractometer using Cu target, with 40 kV voltage and 40 mA current. The hydration
products were also inspected by scanning electron microscopy (SEM), using a Quanta 250
FEG scanning electron microscope. Under low vacuum and environmental vacuum mode ,
Secondary electron resolution <1.4nm, spectrum resolution is 127eV.
2 Results and Analysis
2.1 PG quality difference analysis
Quality of PG have an important impact on the cement paste hydration and hardening process,
in which the impurity content has the biggest influence. The crystal microstructure
photographs are shown in Figure 1, The chemical composition and impurities of PG are
shown in Figure 2.

（a）YTH PG （b） TL PG



（c）ZD PG （d ）HML PG

Figure 1 The microstructure pictures of PG from different areas
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Figure 2 The comparison of impurities content in PG from different areas

As can be seen from Figure 1, PG is oblique squares crystals elongated hexagonal or diamond,
fine lines on the crystal surface grow along the long axis. The crystal shape of TL PG is
mainly diamond, YHT PG and the ZD PG are mainly long hexagonal, HML PG is
crystallized finely may caused by ion concentration in the preparation of PG solution.
Researches show that thick long hexagonal crystalline was the most adverse to physical and
mechanical properties of PG, better as the diamond crystal of a small aspect ratio. By
improving the performance of PG, crystal microstructure of PG should be controlled for short
column which has the smaller aspect ratio(Li Mei et al., 2012).
As can be seen from Figure 2, the differences of insoluble impurities in PG from different
areas are not obvious, but the soluble impurities are significant. In order to simulate the
alkalinity of OPSC hydration products, the soluble phosphorus dissolution quantity is tested at
pH value is 12 under an alkaline environment, the highest difference of the soluble
phosphorus dissolution quantity is 700%; the soluble phosphorus dissolution quantity is still
in a difference of 514% even at pH value was 7 under a neutral environment. The difference
of soluble fluoride content in PG from different areas is also large, the soluble fluorine
content of HML PG was the highest which up to 0.34%, and the lowest YHT PG was 0.07%.
2.2 Influence of PG quality on OPSC physical properties
Keep the content of PG, steel slag and slag powder unchanged, changes PG origin, the results
of setting time and compressive strength are shown in Table 4.



Table 4 Influence of PG quality on OPSC physical properties

Origin of

PG

setting time

（h：min）

3d strength

(MPa)

7d strength

(MPa)

28d strength

(MPa)

initial final flexural compressive flexural compressive flexural compressive

YHT 7:40 12:35 3.7 16.8 6.5 26.5 9.5 40.1

TL(without

aging）

5:25 9:45 4.8 19.1 6.7 27.4 9.7 41.5

TL（aging） 5:15 9:20 5.1 22.3 7.5 28.6 10.1 43.2

ZD 7:55 12:50 3.3 13.6 5.3 23.3 8.8 35.9

HML 7:45 12:45 2.6 9.7 5.0 23.0 8.4 33.6

Table 1 shows that the differences of SO3content between several kinds of PG is around 1%,
but the difference of physical properties in table 4 is very big, the range of initial setting time
is 2:40, the range of final set time is 3:30, the range of 3 d ,7d and 28d strength is 12.6 MPa,
5.6 MPa, 9.6 MPa, respectively. The influences of impurity content of PG on the physical
properties of OPSC were researched in this paper.
2.2.1 Influence of soluble phosphorus on the physical properties of OPSC
From Table 1, Figure 2 and Table 4, it can be seen that, the higher the soluble phosphorus
content of PG, the longer the initial and final setting time of OPSC, the lower the early
strength, but less impact on the late strength. With the extension of the hydration time, the
alkalinity of the environment is improved, the leaching content of soluble phosphorus is
reduced. Compared with TL PG, the soluble phosphorus content of ZD PG is 0.58% higher in
a neutral environment, but only 0.05% higher in an alkaline environment; Meanwhile, the
initial setting time extend 2h30min, final setting time extend 3h5min, 3d flexural strength and
compressive strength declines as high as 30%, 28d strength decreases 13%. It is evident that
the soluble phosphorus content of PG has a significantly effect on the setting time and early
strength of OPSC, but less effect on late strength. It is also proved that the alkaline
environment play an inhibitory effect on soluble phosphorus dissolution of PG.
The reason for this phenomenon is mainly due to soluble phosphorus in PG take the form of
H3PO4 and corresponding salt. Phosphate can ionize H3PO4, H2PO4-, HPO42-, PO43-four forms
of soluble phosphorus. As Ca2+ concentration of gypsum is relatively high and Ca3 (PO4) 2 is a
less soluble insoluble salt, so the PO43- concentration in the system is low; therefore the
soluble phosphorus in PG mainly take the form of H3PO4, H2PO4- and HPO42-, which H3PO4

has the greatest impact, followed by H2PO4-, HPO42-( Peng Jiahui et al., 2000；Singh M et al.,
1982；Peng Jiahui et al., 2003). Soluble phosphorus is adsorbed by dihydrate gypsum crystal,
distribution on the surface of dihydrate gypsum crystal, react with Ca2+ in solution to form
insoluble Ca3 (PO4) 2 attached on the surface to impede further dissolution and hydration of
gypsum, making the setting time of OPSC prolonged, the hydration rate and degree of
hydration reduced, and the early strength significantly reduced.
2.2.2 Influence of eutectic phosphorus on the physical properties of OPSC
The eutectic phosphorus in PG is the second harmful impurities behind soluble phosphorus,
which is due to the replace between HPO42- and SO42-; CaHPO4 • 2H2O and CaSO4 • 2H2O
belong to monoclinic, have a more similar lattice constants, Thus, under certain conditions,
CaHPO4 • 2H2O can enter the lattice of CaSO4 • 2H2O to form a solid solution, this form of



phosphorus called eutectic phosphorus. As can be seen from Table 1, Figure 2 and Table 4, in
the case of soluble phosphorus and soluble fluorine content similar, with the improvement of
eutectic phosphorus content, the initial setting time and final setting time of OPSC gradually
extended, the early compressive strength and flexural strength of OPSC has decreased, the
late strength has little effect. From Table 4, by standing and aging for some time, the eutectic
phosphorus content in TL PG decreased significantly; eutectic phosphorus content decreased
0.13%, the initial setting time shorten 10min, the final setting time shorten 25min, early
strength and late strength in both increased slightly. This proves that the eutectic phosphorus
has a certain effect on the setting time and strength of OPSC, by standing aging and other
technology, the eutectic phosphorus content in PG can significantly reduced.
The reason for this phenomenon is mainly due to the eutectic phosphorus in PG released from
the lattice convert to soluble phosphorus HPO42- dissolved in the slurry in the cement
hydration process, HPO42- ionization of H+ and PO43- , wherein PO43- combined quickly with
Ca2+ which was abundantly in solution, transition poorly soluble Ca3 (PO4) 2 covering the
crystal surface, hindering further hydration of gypsum; while surplus H+ led to reduce the pH
of the slurry, cause the setting time of OPSC prolonged and the early strength reduced.
Because the amount of eutectic phosphorus released from the lattice convert to soluble
phosphorus was low, the impact of phosphorus eutectic on the physical properties of OPSC
was weaker than soluble phosphorus(Peng Zhihui et al., 2000).
2.2.3 Influence of soluble fluoride on the physical properties of OPSC
The fluorine of PG comes from phosphate rock, when phosphate rock decomposed by sulfuric
acid, will produce HF, most of which will evaporate, only 20% to 40% inclusion in PG, exists
in two forms of soluble fluoride F-, SiF62 - and insoluble fluoride CaF2. Soluble fluoride F- is
the main factor affecting the performance of PG, CaF2, Na2SiF6 basically has no impact [7]. As
can be seen from Table 1, Figure 2 and Table 4, in the case of soluble phosphorus and
eutectic phosphorus content similar, soluble fluorine content increased by 0.27%, 3d strength
decreased by about 40%, 28d strength decreased by about 20%. By standing aging and other
processes did not significantly reduce the content of soluble fluorine inTL PG. So, in the case
of soluble phosphorus and eutectic phosphorus content is similar, with the increase of the
soluble fluoride content, early strength and late strength of OPSC in both decreased to varying
degrees.
2.3 Improved Ways of PG
The previous studies have shown that the activity of PG have an important impact on the
OPSC setting and hardening process. Soluble phosphorus, soluble fluorine, eutectic
phosphorus and other impurities contained in PG prolonged setting time, reduced early
strength and influenced the late strength. In OPSC composite cementitious system, PG has a
great content as the matrix material, the impact of harmful impurities in PG can not be
ignored. Therefore, in order to improve the early performance of OPSC slurry, we had to
pretreatment and modified the PG to use. In line with the purpose of reducing the impurity of
PG, the team found the modification method of steel slag powder with low cost after a lot of
exploration. The hydration products of C2S minerals in steel slag powder can not only adsorbe
phosphorus and fluorine, and its alkaline environment conducive to the activity of slag.
2.3.1 Influence of steel slag modification on OPSC physical properties
Shown in Figure 3, with the improvement of steel slag content, pH value of the modified PG



slurry gradually increased. The pH value of the modified PG slurry increased significantly
when the steel slag content less than 4%; but the upward trend slowly when the content higher
than 4%. The influence of different steel slag incorporation on consistency water standards,
setting time and strength of OPSC were shown in Table 5.

Figure 3 The influence of SS content on the pH value of modified PG slurry
Table 5 The influence of SS content on OPSC physical properties

Sample

no.

SS

content

(%)

the

standard

consistency

water

(%)

setting time

(h：min）

3d strength

(MPa)

28d strength

(MPa)

initial compressive flexural compressive flexural compressive

G1 2 31 5:50 10:35 3.9 17.6 10.2 43.1

P1 4 32 5:25 9:45 4.8 19.1 9.7 41.5

G2 6 34 4:50 8:40 4.1 17.9 8.4 35.6

G3 8 35 4:30 7:50 3.8 15.3 7.9 31.4

G4 10 35 4:15 7:25 3.1 11.6 7.2 27.8

As can be seen from Table 5, with the improvement of steel slag content, the setting time
gradually shorten, the standard consistency water gradually increased, 3d strength showing a
downward trend after the first rise, while 28d strength showed a gradual decline. The test
results show that the incorporation of steel slag by increasing the pH value of the slurry
effectively shorten the setting time, but the pH is too high will cause a decline in the 28d
strength of the OPSC slurry. Steel slag content was 4%, the setting time and strength of OPSC
were the best. The alkalinity of steel slag can neutralize the soluble phosphorus in PG, while
C2S, C3S and other active ingredients in steel slag may increase the strength of the modified
body; but too high alkalinity will affect the morphology of hydration products, not conducive
to the performance of the play.
2.3.2 Analysis of steel slag powder modified mechanism
Select the TL PG after aging, add different dosages of steel slag powder to modify, compound
OPSC slurry, SEM and XRD analysis were tested on 2-cm cubes prepared from cement paste
with a water/cement ratio of 0.30 curing to the stipulated age, the test results are shown in
figure 4 ~ figure 6.



（a）SS content 2% （b）SS content 4%

（c）SS content 6% （d）SS content 8%

Figure 4 The SEM images of specimens with different SS content at 3d age

（a）SS content 2% （b）SS content 4%

c、SS content 6% d、SS content 8%

Figure 5 The SEM images of specimens with different SS content at 28d age
The SEM images of specimens G1,P1,G2,G3 at 3d and 28d ages are respectively shown in
figure 4 and figure 5. The hydration product of the cementitious system is mainly needle, rod



shaped ettringite and unhydrated dihydrate gypsum. At 3d age, needle shaped ettringite
generated at the surface of slag powder, the ettringite crystals intertwined, lap, originally
dispersed cement particles and hydration products connected together to form the skeleton in
space; However, due to the amount of hydration products generated less, the entire space is
still more holes, the density of the slurry is poor, resulting in loose structure and lower
strength. With the extension of age, a large number of needle columnar ettringite generated at
the surface of slag powder, Foil shape CSH gel filled in the framework which formed by
ettringite overlap each other, making the hardened cement structure more dense, strength is
growing, unreacted PG were wrapped by hydration products and closely linked. At the same
time, due to the formation of ettringite produced volume expansion, there are a small amount
microcracks in dense cement paste, therefore the process of ettringite formation and paste
structure densification must be coordinated, otherwise the excess ettringite will decrease the
strength. XRD and SEM analysis results are consistent. After modified by steel slag, the main
components in hardened OPSC paste are ettringite and dihydrate gypsum. With the
improvement of slag powder content, the diffraction peaks intensity of ettringite at 3d age
gradually increased, the ettringite content increased and the dehydrate gypsum decreased with
the development of hydration. Combined with Table 5 strength variation of the sample can be
seen that ettringite formation at early age can promote the setting time shortened and the
mortar strength growth, but too high ettringite content can lead to structural damage due to
expansion. Therefore, steel slag powder content was 4%, there is an optimal value of OPSC
mortar strength.
3 Conclusion
The soluble phosphorus, eutectic phosphorus and soluble fluoride content in PG had greater
impact on the setting time and mortar strength of OPSC slurry. Soluble phosphorus content
had significantly impact on setting time and early strength, but small impact on late strength.
Alkaline environment play an inhibitory effect on the dissolution of soluble phosphorus.
The eutectic phosphorus had some influence on the setting time and mortar strength of OPSC
slurry, by standing aging and other technology, can significantly reduce the eutectic
phosphorus content in PG.
The early and late strength of OPSC in both decreased to varying degrees with the increase of
the soluble fluoride content,
Steel slag power can increase the pH of the slurry thereby reducing setting time of OPSC
slurry, but the pH is too high will cause 28d strength decreased; when steel slag power
content of 4%, the setting time and intensity optimum value exists.
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Abstract: In this paper, the capacity of solidification and mechanism of ettringite to heavy metal
ions (Cr , Pb , Zn , Cd , Cu) with different valence and existence form were analyzed, and the
curing stability of ettringite to heavy metal under the freezing and thawing, salt chlorine erosion,
carbonation and complex environmental factors were also discussed. The study has been carried
out by means of X-ray diffraction analysis, scanning electron microscopy, infrared absorption
spectroscopy analysis and other analysis method.
The research results showed that the mechanism of ettringite to heavy metal ions were different,
and most of heavy metal cation (Cu, Cd, Cr (III), Cd, Zn ) could be solidified by ettringite and the
degree of solidification exceed 90%, while Cr (VI) was the lowest (below 60%) at 28day.
Meanwhile, the degree of multi-heavy metal ions immobilization was a little lower than to a single
heavy metal ion. The immobilization of heavy metal ions was reduced under the freezing and
thawing, salt chlorine erosion and complex environmental factors condition, and the
immobilization of Cr(VI) was the most affected. In addition, heavy metal cations (Cu, Zn, Pd) also
had some influence on the crystal growth and microstructure of ettringite. It was found that the
diffraction peaks of ettringite were significantly weakened, and there were strong diffraction peaks
of CaSO4˙2H2O appeared by means of X-ray diffraction analysis, when Cr ions coexisted with
other heavy metal ions and its concentration was high at the hydration liquid phase. While, a small
amount of Cu(II) at the hydration liquid phase could promote ettringite crystal growing and
maintained ettringite crystal microstructure to some extent, even if under on the carbonation
condition.
Key words: ettringite; immobilization; stabilization; heavy metal

Originality

The heavy metals in urban and industrial solid waste pose a great threat to the ecological
environment. Ettringite is not only the main hydration products of Portland cement , but also is the
hydration products of expansion cement and sulphoaluminate series cement, and it is also
commonly used in cement, iron cement, low heat expansive cement and fast hard early strength
cement and other special concrete. Over the years , people had done a lot of research on the heavy
metal stabilization mechanism of ettringite, while there was less attention on long-term
stability of heavy metal solidified in ettringite under the complex environment condition.

It is different from previous studies that the author found ettringite had a good capture ability
to Cu2+、Zn2+、Pb2+、Cr3+, but significantly lower to Cr6+. As the extension of curing age, the
solidification ratio of Cr6+ would drop, especially under complex environment condition.
Meanwhile, the solidification ratio of ettringite to single heavy metal ion is higher than that of
multiple heavy metal ions, and there is a difference capture ability of ettringite to heavy metal
ions with different valence and existence under complex environment condition. The impact of
carbonization on stability of doped ettringite is more significantly than freeze-thaw cycle. It is
worth noting that the existence of Cu2+ in the hydration phase have a stronger role to ettringite
crystal, even if under the condition of carbonization.

Wang xin: cbmawx@163.com, Tel +86-10-51167189, Fax +86-10-51167189
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The heavy metals in urban and industrial solid waste pose a great threat to the ecological
environment. Ettringite is important hydration products of cement-based materials. Ettringite
are trigonal, the basic structural unit is [Ca3Al (OH) 6 • 12H2O] 3+, in which [Al(OH)6]3−
octahedra, linked together with Ca2+, make up columns that run parallel to the needle axis,
while OH- and water molecules are accommodated in the channels between them. Its lattice
parameters are c＝21.4Å，a＝b＝11.25Å, columnar cell spacing is 1.07nm. By chemical
substitution and surface electronegativity, the channels can accommodate Pb2+, Cd2+, Co2+,
Ni2+ and Zn2+ and other ions, which help to reduce the harm of heavy metal element on the
ecological environment(M. L. D. Gougar, B. E. Scheetz, D. M. Roy，1996; Albino V, Cioffi R,
MaroccoliM, et al. ,1996; Goug ar M L D, Scheetz B E, Roy D M. 1996). For this reason, people
have made many studies over the years.

Research showed that, the ettringite had greater solidification ability of Zn2+, for the
solidification rate of Zn2+, sulfoaluminate cement was 4 times as large as ordinary portland
cement (Baoguo MA, Bei WU, Xiangguo LI., 2010) . In the sulfate environment, ettringite had
certain solidification effect on insoluble Pb2+ and Cd2+ . Albinofound that ettringite can
capture heavy metals such as Cd2+, Cu2+ in the lattice, and confirmed that Cd2+ can be
solidified in ettringite crystal lattice(Albino V, Cioffi R, Maroccoli M, et al., 1996). It was difficult
to effectively solidify Cr6+ as it was not easy to form sediment in alkaline environment of
cement base material( Leehk, LeekM, KimYH, e t al . , 2004). But other researchers found that
Cr6+ can enter AFt lattice in the form of CrO42-, but the thermal stability of AFt fell(Jingyun
Yao, Qijun Yu, Jiangxiong WEI, Ruiying BAI., 2009) . C.Tashirohad studied the influence of
Cr2O3、Cu(OH)2、ZnO、PbO on ettringite formation, he believed that the oxides and
hydroxides of Cr6+ ion were conducive to the promotion of ettringite crystal growth and had
great influence on crystal structure(C. Tashiro, J. Oba, K. Akama.,1979). Zhang and Reardon
considered that the priority of metal ions into the ettringite crystal structure is
B3+>Se6+>Cr6+>Mo6+(M.Zhang，E.J.Reardon, Removal of B.，2003 ). Compared with Cr and Se
ions, As ion was easy to be solidified in ettringite crystal lattice, and had the same probability
into lattice. But after soaking 28 d in sulfate solution, the leaching quantity of Se which
solidified in ettringite crystal was maximum (about 20 %)( W.Klemm,J.I.Bhatty., 2002).
However, Maria Chrysochoou etc. thought, the presence of sulphate ion in the liquid phase
can promote the combine of ettringite and oxygen ion, AFm was more suitable for solidifying
oxygen ion; heavy metals such as Cr ,As and Se had high liquidity in alkaline environment,
ettringite was difficulty to solidify these metal oxides(Maria Chrysochoou, Dimitris Dermatas.，
2006). At the same time, there also had researchers( Li Zongjin , Wei Xiaosheng, LI Wenlai., 2003;
Junkang LAN, Yanxin Wang., 2005 ) thought that SO42–was easier to priority into the lattice of
hydration products than CrO42- , so even ettringite contain CrO42- formed early, it may also be
sulfating in the concrete pore of high concentrations of SO42 -, CrO42- unable to enter the
ettringite crystal lattice.

Thus it can be seen, the understanding of heavy metal stabilization mechanism was in
controversy, and there was less attention on long-term stability of heavy metal solidified in
ettringite under the complex environment condition. Therefore, ettringite was synthesized
using aqueous solution polymerization in this paper, when there was single heavy metal ions or
coexistence of a variety of heavy metal ions in the hydrated liquid, the difference of ettringite
capture ability and the long-term stability under the complex environment condition were
discussed.
1. Materials and methods
1.1 Materials

Analytical reagent used for ettringite solution synthesis are Al2(SO4)3·18H2O and CaO;
heavy metal elements are introduced by CP chemicals as Cr(NO3)3·9H2O, K2Cr2O7·12H2O,
Pb(NO3)2, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O and Cd(NO3)2·4H2O; test water is de-ionised water,
with conductivity of 0.01μs/cm or less, and shall be boiled for 30 minutes to remove dissolved
CO2 before they is used. The reagents used in this paper are all analytical reagent.
1.2 Sample preparation
1.2.1 Synthesis of pure ettringite (AFt) crystal
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Pure ettringite sample was prepared from mixtures of Al2(SO4)3·18H2O:CaO:H2O molar
ratios at 1:6:14. Added distilled water into the lime, and then added the lime solution into
aluminum sulfate slowly, controlled PH = 12.6 with NaOH, after stirring four hours, sealed
curing 7 days at room temperature, and then washed by anhydrous alcohol, filtered, dried at
35℃to constant weight in a vacuum drying oven, made the pure ettringite sample.
1.2.2 Synthesis of ettringite crystal with heavy metal doping

Five kinds of heavy metal salt reagents doped respectively by single (2% of ettringite
mass) and mixed (5% of ettringite mass, and each heavy metal salt content are the same),
Added to the lime and aluminum sulfate solution prepared in 1.2.1, controlled PH = 12.6 with
NaOH in the same way, after stirring four hours, sealed curing 7 days and 28 days at room
temperature, and then washed by anhydrous alcohol, filtered, dried at 35℃to constant weight
in a vacuum drying oven, made the ettringite sample with Cr6+,Cu2+ doping .
1.3 Test Methods

The structure of the sample was examined by X-Ray diffraction (XRD), with a
D/MAX-IIIA diffractometer using Cu target, with 5 ~ 60 ° scan Angle and 2 ° / min scan
speed .

The micro - morphology of the sample was inspected by scanning electron microscopy
(SEM), using a S4800 scanning electron microscope, with 15 kV voltage and 75 mA current.

The structure of the sample was examined by infrared spectrometer(IR), using a TENSOR
27 Bruker spectrometer, with 0.1cm-1 resolution and better than 9000 signal-to-noise ratio.

Freeze-thaw cycling test: weighed 1 g ettringite sample cured to 28d, and put it into the
testing machine to do the fast freeze-thaw test, the freezing and thawing temperature controlled
between (-20℃~20℃)/times, circled 30 times, and then according to the proportion of 1:10,
put AFt sample in alkaline solution which PH = 12.6 , thorough stirred 4 h, extracting the
filtrate to detect the contents change of heavy metal ions.

Chlorine salt erosion test: put the above AFt samples into the alkaline solution which
the concentration of NaCl was 3% and PH = 13.0 , thorough stirred , after soaking 8 h to detect
the contents change of heavy metal ions;

Rapid carbonization test: weighed 1 g above AFt samples, put into the rapid carbonization
box to do the carbonization experiment, with (20 ± 2)℃carbonization temperature, (70 ± 2) %
relative humidity, (20±1) % CO2 concentration and 7 d carbonization age, and then according
to the proportion of 1:10, put AFt sample in solution which PH = 13.0 , thorough stirred 4 h,
extracting the filtrate to detect the contents change of heavy metal ions.

The content of heavy metal ion in solution detected by the PLASMA SPEC - 1
inductively coupled plasma emission spectrometer (ICP).

2 Results and analysis
2.1 Solidification capacity of Ettringite on heavy metal ions

Figure 1 and 2 show the solidification ability comparison of AFt cured at 20 °C for 28d to
heavy metal ions.

Table 1. Solidification ability comparison between AFt doped single heavy metal ion
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Figure 2-1. Solidification ability comparison between Figure 2-2. Solidification ability comparison between
AFt doped multiple heavy metal ions within Cr3+ AFt doped multiple heavy metal ions within Cr6+

Table 1 show that, AFt has a strong ability to capture Cr3+, Cu2+, Zn2+, Cd2+ and other
single heavy metal ions in hydration liquid phase(average solidification rate more than 99%),
But for Cr6+ capture ability is low (solidification rate only 56.5%). As the extension of curing
age, the ability to capture Pb2+ and Zn2+ is lower slightly, but still showed a higher stability,
solidification ratio is above 90%; However, capture ability on Cr6+ reduced further,
solidification rate dropped to 37.6%.

Table 2 show that, when there are a variety of heavy metal ions coexisting, the capture
ability of AFt are differences on heavy metal ions; and the solidification rate is lower than
those of single heavy metal ion. When Cr3+ coexists with Pb2+, Cu2+, Zn2+and other ions,
whether early age or late age, capture ability of AFt on heavy metal ions are relatively high
(solidification rate≥95%), but the capture ability on Pb2+ weakened (solidification rate of
86%). When Cr6+ coexists with other ions, AFt has a good capture ability on Cu2+、Zn2+、Pb2+,
but significantly lower for Cr6+. As the extension of curing age, the solidification ratio of Cr6+
reduced from 75.5% down to 42.7%.

2.2 Influence of environmental conditions on solidification of heavy metal ions
The following table 3 and Figure 3 show that, AFt doped with different heavy metal ions

cured after 28 days, the solidification ratio comparison under conditions of freeze-thaw cycle
(-20℃ ~ 20℃), carbonization and composite condition of freeze-thaw cycling, chlorine salt
erosion and carbonization.

Table 3. Solidification rate of AFt doped with single heavy metal ion under different environmental conditions, %
environmental
condition Cr3+ Cr6+ Cu2+ Cd2+

freeze-thaw 96.980 12.702 98.855 98.552
carbonization 94.862 2.415 98.366 99.952
freeze-thaw +

chlorine salt erosion 95.797 8.385 98.682 98.263

freeze-thaw +
chlorine salt erosion
+ carbonization

94.168 1.90 98.682 98.263

Table 3 show that capture ability of AFt is not affected by large under conditions of
freeze-thaw cycle, carbonization when Cr3+, Cu2+, Cd2+ single heavy metal ion exist, But for
Cr6+ capture ability considerably reduced. Solidification ratio of AFt on Cr6+ reduced down to
12%, 2.4% and 2% under the influence of freeze-thaw cycle , carbonization and complex
environmental condition of freeze-thaw cycle, chlorine salt erosion and carbonization
respectively.
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Figure 3-1. Solidification rate of AFt doped with Figure 3-2. Solidification rate of AFt doped with multiple
multiple heavy metal ions within Cr3+ under heavy metal ions within Cr6+ under different
different environmental conditions environmental conditions

From the above Figure 3, for a variety of heavy metal ions, environmental conditions
have various degree impact on the stability of AFt, and change obviously than those of single
heavy metal ion. When Cr3+ coexists with Pb2+, Cu2+, Zn2+and other ions in hydration liquid
phases, the impact of carbonization, freeze-thaw cycle on stability of doped AFt is small, the
solidification ratio of Pb2+,Cr3+ is lower, but still above 80%; When Cr6+ coexists with Pb2+,
Cu2+, Zn2+and other ions in hydration liquid phases, the impact of environmental condition on
stability of doped Aft is large, especially impact on Cr6+ are the largest, the solidification ratio
of AFt on Cr6+ reduced down to 22%, and 18% under the influence of freeze-thaw cycle and
carbonization respectively, the solidification ratio of AFt on Pb2+ reduced down to 77%. From
the table above can also see that the impact of carbonization on stability of doped AFt is more
significantly than freeze-thaw cycle.

Thus it can be seen, there exist certain differences between solidification ratio of AFt on
single heavy metal ions and multiple heavy metal ions in hydration liquid phases, and the
former is relatively stable. At the same time, whether the heavy metal ions exist alone or
coexist, AFt has good stable effect on Cu2+ ,Cd2+ and Cr3+, But weak capture ability for Cr6+,
and environmental conditions has greatly affected the capture ability for Cr6+ , followed by
Pb2+.
3．Analysis and discussion
（1）XRD analysis

Figures 4 show that the XRD diffraction analysis and comparison between different AFt
structure doped single heavy metal and different heavy metals. Table 5 show that the crystal
lattice parameters and the diffraction peak of AFt.

Fig.4 XRD of AFt doped different heavy metals
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Table 5. the crystal lattice parameters change of AFt doped with single heavy metal

doped heavy metal lattice parameters d value of
characteristic
peak (nm)

d value of
characteristic
peak (nm)

d value of
characteristic
peak (nm)species Dosage of

heavymetal, % a C

AFt 0 11.24 21.45 9.748 5.62 4.70
+Cr3+ 2.0 11.24 21.46 9.768 5.63 4.70

+Cr6+ 2.0 11.25 21.49 9.814 5.64 4.72

+Cu2+ 2.0 11.24 21.49 9.768 5.63 4.70

+Zn2+ 2.0 11.24 21.45 9.756 5.62 4.70
+Pb2+ 2.0 11.24 21.49 9.834 5.64 4.71
+Cd2+ 2.0 11.22 21.43 9.748 5.62 4.70

It is can be seen from figure 4 and table 5, the diffraction characteristic peak and the
diffraction intensity of AFt occurred different degrees of change along with the differences of
heavy metal ion species and valence state. when Cr6+ exists individually in hydration liquid
phase, main diffraction peak position (d=0.3028nm) of AFt occurred some shift (see Figure 1),
d value of diffraction characteristic peak increased from 9.74 to 9.814, crystal lattice parameter
c increased from 21.45 to 21.49; when Pb2+ exists individually in hydration liquid phase, the
diffraction peak intensity of AFt weaken (see Figure 1), d value of diffraction characteristic
peak increased from 9.74 to 9.83, crystal lattice parameter c increased from 21.45 to 21.49;
when Cu2+、Zn2+、Cr3+ and other heavy metal exists individually in hydration liquid phase, the
diffraction peak position of AFt shift obviously, the diffraction peak intensity increased. Cd2+
has minimal impact on characteristic peak and crystal lattice parameter c.

When heavy metal ions coexist in hydration liquid phase, the diffraction peak intensity of
AFt reduced significantly, at the same time, a strong diffraction characteristic peak of
CaSO4·2H2O appeared, especially when Cr6+ exist with Pb2+、Cu2+、Zn2+ and other ions. This
phenomenon may be due to the replace of SO42- in AFt crystal structure by other metal ion
group.
(2) Crystal morphology comparison

Figure 5 shows that morphology observed under the scanning electron microscopy(SEM)
of AFt before and after doping different heavy metal ions.

As seen from figure 2, the crystal morphology of AFt exist a certain differences along
with the differences of heavy metal ion species and valence state. In hydration liquid phase,
AFt crystal states small and flat clavuligerus when Cd2+ exists; AFt crystal states short
clavuligerus and in different size when Cr3+ exists; AFt crystal states flat long clavuligerus
when Cr6+ exists; AFt crystal states long column and in different size when Cu2+,Zn2+ exists;
AFt crystal states regular needle, clavuligerus when Pb2+ exists; AFt crystal states long
clavuligerus, large and equal crystal size when a variety of heavy metal ions coexist. So,
different kinds of ions have different influence on AFt crystal structure, and the influence is
most significant when the coexistence of a variety of metal ions.

(a) AFt (b) AFt doped 2%Cd2+ (c) AFt doped 2%Cr3+ (d) AFt doped 2%Cr6+
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(e) AFt doped 2%Cu2+ (f) AFt doped 2%Pb2+ (g) AFt doped 2%Zn2+

(h) AFt doped multiple heavy metal ions within Cr3+ (I) AFt doped multiple heavy metal ions within Cr 6+

Fig.5 The morphology of AFt doped with different heavy metal ions

（3）IR analysis
Infrared spectrum (IR) is used in this paper to better understand the impact of different

heavy metal ions on ettringite structural. The IR spectrum is shown in figure 6. The bands
around 1120cm-1、620cm-1、420cm-1 are attributed to the SO42- of AFt, the bands around
1640cm-1、1625cm-1、3420cm-1 are attributed to the lattice water of AFt, the bands around
3635cm-1 , 870cm-1 , 550cm-1are attributed to the OH, Ca-O, Al-O respectively.

Wave number , cm-1

Fig.6. IR spectrum comparison of AFt doped with single heavy metal ion
Seen from the above figure, the impact of different heavy metal ions on AFt structural is

different along with the differences of heavy metal ion species in the liquid phase. When Cu2+
single doped, Ca – O and Al - O vibration absorption peaks were slightly reduced, and the
position of Ca - O has a great shift. When Zn2+ single doped, Ca-O absorption peak (near
870cm-1) significantly reduced, Al - O absorption peak (near 550cm-1) increased, and the
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position of spectrum peak has a great shift. When Cr3+ single doped, Al- O absorption peak
increased significantly , and the position of spectrum peak shift to 536.2 cm-1, at the same time,
there is a new spectrum peak near 782 cm-1, and the SO42- spectrum peak (near 420cm-1) also
significantly enhanced. Unlike the former, When Cr6+ single doped, the position of Al - O
absorption peak has a certain shift, the vibration absorption peaks of lattice water molecules
have minor changes, 3455 cm -1 and 3434 cm -1 two absorption peak appear. Thus it can be
seen that different heavy metal ion has different way to be captured by AFt. Cu2+、Zn2+ was
captured by AFt, weakened the binding energy of Ca - O in AFt crystal lattice, and occupy the
position of Ca ion in the lattice; Cr3+ was captured by AFt, may be occupy the position of Al
ion in the lattice, at the same time, a few Cr3+ ions may also enter the cell groove in AFt,
changing the binding energy of SO42-; Cr6+ was captured by AFt, may be only enter the
structure between layers of AFt crystal lattice, change the molecular symmetry, and has an
impact on the binding energy of lattice water molecules.

Based on the analysis of above, the differences on the stability of AFt to different heavy
metal ions is mainly due to the different mechanism and location in the AFt crystal. In many
heavy metal ions, the poor stability of AFt to Cr6+ is due to that Cr6+ and Al3+ have a similar
ion radius and electronegativity, but different electricity price, so the equivalent replacement
will not work to form a continuous solid solution. [Al(OH)6]3- is negatively charged, when
the content of Cr6+ in the liquid phase is small, Cr6+ can enter into AFt crystal lattice
and adsorb around [Al(OH)6]3- ; With Cr6+ content increasing, the number of Cr6+ in AFt
interlayer structure increase, AFt molecular symmetry change, causes the cell structure changes.
However, the stability rely on charge attraction is poorer, and Cr6+ in the interlayer structure
also unstable, its adsorption is influenced by many factors. Capture ability is weakened by the
development of hydration ages. The outside environment, such as carbonization, freeze-thaw
cycle has an enormous influence on the stability of Cr6+. under the condition of carbonization,
AFt is decomposed into AFm , dihydrate gypsum and calcium carbonate, the adsorption effect
on Cr6+ in lattice interlayer would be a greater impact, the dissolution of solidified Cr6+ is large;
under the condition of freeze-thaw cycle, AFt crystal will be destroyed along the long axis
direction, also greatly reduces the stability of solidified Cr6+.

Unlike Cr6+, the ion radius of Cu2+(73 Pm) is close to Zn2+ (74 Pm), ion type is the same,
therefore, Cu2+ can also replace Ca2+ the same as Zn2+ to form a stable solid solution(Goug ar M
L D, Scheetz B E, Roy D M. 1996), thus the stability of Cu2+ in AFt is far higher than Cr6+. In the
structural unit of AFt, Al3+ can be replaced by Cr3+, etc, also can form a stable solid solution,
thus the stability of Cr3+ is much higher than Cr6+. In addition, AFm have strong ability to
capture Cu2+, Pb2+ Cd2+, Zn2+ and other ions, so under the condition of carbonization,
freeze-thaw cycle, chlorine salt erosion and multiple complex factors, AFt is decomposed into
AFm , dihydrate gypsum and calcium carbonate, Cr3+、Cu2+、Cd2+、Zn2+ remained higher
stability of solidified. When coexistence of a variety of heavy metal ions in the hydration
liquid phase, because of the composite effect of various ions on the crystal structure, capture
ability of AFt to heavy metal ions has a certain influence. Therefore, stability of AFt on single
heavy metal ion is higher than the coexistence of a variety of heavy metal ions.

It is worth noting that the existence of Cu2+ in the hydration liquid phase have a stronger
role to AFt crystal hydration. Cu2+ have stable ability on AFt crystal, even if under the
condition of carbonization,as shown in figure 7.

(1) AFt doped 2%Cu2+ at 28 day (2) AFt doped 2%Cu2+ at 28 day on the carbonation condition
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(3) AFt doped 2%Cd2+ at 28 day (4) AFt doped 2%Cd2+ at 28 day on the carbonation condition

(5) AFt doped 2%Pb2+ at 28 day (6) AFt doped 2%Pb2+ at 28 day on the carbonation condition

Fig.7 The morphology of AFt doped with different heavy metal ions under different
environmental conditions

The figure shows that, under the effect of carbonization, when Cu2+ in the hydration
liquid phase, AFt crystal states long clavuligerus, and crystal size of about 10 microns; when
Cd2+、Pb2+ and other ions in the hydration liquid phase, AFt crystal has begun to decompose.
Worth pointing out that under the condition of carbonization, Cu2+ produce positive effects on
stability of AFt crystal, its mechanism remains to be further discussed.

4 Conclusion
Ettringite have strong solidification capacity on Cu2+, Zn2+, Pb2+ Cr3+, Cd2+ ions in hydration

liquid phase, and its solidification ratio are above 90% . While ettringite have the weakest and
unstable capacity on Cr6+, and its solidification ratio is about 56.5% at 7 day, and it dropped to
37.6% at 28day. Solidification of ettringite on single heavy metal ion is higher than that of
multiple heavy metal ions. When there are a variety of heavy metal ions coexisting, the capture
ability of AFt are differences on heavy metal ions. When Cr3+ coexists with Pb2+, Cu2+, Zn2+and
Cd2+ ions in hydration liquid phase, the capture ability of ettringite on heavy metal ions are
relatively high; While Cr6+ coexists with other ions, ettringite has a good capture ability to
Cu2+、 Zn2+、 Pb2+, but significantly lower to Cr6+. As the extension of curing age, the
solidification rate of Cr6+ reduced from 75.5% down to 42.7%. Environmental conditions has
greatly affected the capture ability for Cr6+, followed by Pb2+. The solidification ratio of
ettringite on Cr6+ reduced down to 22%, and 18% under the influence of freeze-thaw cycle and
carbonization respectively.

Cr6+、Cu2+、Zn2+and Cr6+ion have a different influence on the structure of ettringite, and the
combination ways in the crystal is different. Cr3+ has larger influence on Al-O bond; Cr6+might
enter into ettringite crystal lattice by surface electronegativity, change the molecular symmetry
and weaken the stability of ettringite. The existence of Cu2+ in the hydration phase produce
positive effects on stability of ettringite crystal under the condition of carbonization.
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The influence of zinc on the properties of Portland Cement
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Abstract

Zinc as a strong retarder of Portland cement was recognized by Lieber already in 1967 and he presented his results
during Tokyo Congress. In the mean-time zinc content in cement clinker was significantly increased due to the use of
alternative fuels and iron corrective waste materials. It was the reason that in Institute of Ceramic and Building
Materials several clinkers in rotary kiln in Pilot Plant were produced, with different zinc content. The examination of
these clinkers has shown that in the clinker zincate-aluminate calcium phase is formed which caused the acceleration of
cement set. It was due to the formation of aluminate ions from zinc phase hydration, which reacting with sulphate ions
from cement, were transformed into ettringite. Only higher content of ZnO in clinker than 1.5% caused drastic
retardation of cement setting time, because, apart of zincate phase, ZnO remained in clinker, thus influencing
according to Lieber’s or Arliguie’s hypothesis.

Additionally to these tests the addition of two zinc phases namely Ca3ZnAl4O10 and Ca14Zn6Al10O35 additions on
Portland cement properties was also examined. As was established, both phases hydrate quickly in saturated Ca(OH)2

water solution, with relatively high heat of hydration. The Ca3ZnAl4O10 phase addition caused cement set acceleration
caused by aluminate ions releasing to the liquid phase, with quick ettringite formation. This influence remained valid
till the addition of Ca3ZnAl4O10 phase equal to 2% content of ZnO in cement. However, Ca14Zn6Al10O35 phase behave
in the different manner, already the addition equal to 1% of ZnO caused cement set delay. It can be explained by kind
of hydrates which were formed in saturated of Ca(OH)2 in water solution. Apart of hydrated calcium aluminates as a
product of hydration hydrated basic calcium zincate was formed, which is acting as retarder, when is added to cement.

Summarising the following conclusions can be drawn from the experimental results:
1) The ZnO content in raw meal for clinker burning has no harmful influence till 1.3% content in clinker.
2) ZnO content in raw meal corresponding to 2.1% is causing drastic set retardation.
3) ZnO addition to cement is causing strong retardation of setting, however, in some Portland cements with

anhydrite can play an accelerator action.
4) Addition of Ca3ZnAl4O10 phase to cement has no harmful influence till 1.0 % of ZnO.
5) Addition of Ca14Zn6Al10O35 is a strong retarder already when added in quantity equal to 0.5% ZnO content.

acid.

Originality
In our experiments the influence of ZnO content on Portland cement properties was examined in clinker produced in
small rotary kiln. Previously, the properties of clinker from this kiln was compared with industrial one, obtained from
the same raw mix and the results confirmed their equality. Thus our results are valid for industrial conditions. We do
not found such work in technical literature. Simultaneously we examined the influence of two laboratory obtained
phases of calcium zincate-aluminate added to Portland cement on its properties. Also no such works we found in
literature. Our results give the possibility to establish the harmful content of Zn in raw meal for clinker production as
well as the zinc phases content in clinker. Additionally we found and explained the ZnO as accelerator of cement setting
in the case when the slow sulphate ions concentration increase is a poor regulator of cement setting.

Keywords: zinc, calcium zincate-aluminate, calcium aluminate hydrates, basic calcium zincate hydrate
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1. Introduction
Zinc is a strong retarder of Portland cement, which was recognised by Lieber [1] already in 1967 and
reported during the ICCC in Tokyo. Lieber presented a hypothesis that zinc is forming a layer of basic
calcium zincate on the surface of alite. This layer, which is poorly soluble in water, is restraining the
diffusion of OH- ions to the alite surface and retarding the cement set. Arliguie and Grandet [2]
proposed the second hypothesis assuming that the layer around the alite crystals is formed of
amorphous Zn(OH)2 and the induction period became drastically increased. The hydrolysis of alite is
restrained as far as the zinc hydroxide reacts with calcium ions with the formation of basic calcium
zincate, which is crystallizing and the layer became porous and permeable for water [2].
In the last decade the increase of utilisation of alternative fuels and different metallurgical byproducts,
added as iron bearing components to raw materials for clinker production, increased significantly the
Zn content in clinker as well as in cement. In Poland cement Zn content in cement increased from
about 100 ppm in 2000 year to about 500 in 2014 [3]. This caused the increase of studies concerning
influence of Zn addition on cement properties [4-6] as well as on clinkering process [7-9]. From the
last papers the most important was the study of the system CaO-Al2O3-ZnO by Bolio-Arceo and
Glasser [8], which found two phases Ca3Al2ZnO7 and Ca6Al4Zn3O15 as well as in the last one the
substitution of Mg for Zn was found then C6(Z1-xMx)3A2. In turn Barbanyagre et al. [9] for the phase
Ca6Al4Zn3O15 established the composition Ca14Al10Zn6O35, which has a very close chemical
composition and additionally also very similar structure thus the X-ray pattern is also very similar.
Gineys [7] studied the influence of zinc on clinkering process and established that is forming the solid
solutions with all clinker phases, but the highest content was found in brownmillerite and in the
second place in alite. After exceeding the Zn content of 0.7% it forms the own phase in clinker,
namely Ca6Al4Zn3O15 , in which part of zinc is substituted by magnesium.
All these works were conducted in laboratory scale and it was the reason that in Institute of Ceramic
and Building Materials several clinkers in the rotary kiln in Pilot Plant was produced, with different
zinc content [9]. The results of these experiments were summarised by the following conclusions. Zinc
is formed a inner circuit in the rotary kiln and, because of the high partial pressure in the gaseous
atmosphere is crystallising as a small crystallites on the surface of clinker grains. When the Zn content
in clinker is higher than 0.6% it forms its own phases Ca6Al4Zn3O15 and Ca6Zn2.8Mg0.2Al4O15. Further
experiments were conducted by Matusiewicz [10], which obtained very important results, because it
was possible to establish that Pilot Plant small rotary kiln is assuring the same clinker properties as
industrial kiln, thus experiments from small kiln are fully comparable with industrial ones.
In clinker containing about 0.6% of Zn there are the following contents of this metal in clinker phases:
in alite 0.90%, in belite 0.16%, in brownmillerite 1.52% and in C3A 0.28%. When the content of Zn is
higher than 0.6% the zinc phases can be found, namely Ca3ZnAl4O10 and Ca6Zn3Al4O15. These phases
have no negative influence on cement properties till the 1% of Zn content. Both zinc phases
synthetized in laboratory, react quickly with water in saturated lime solution, and principally the
calcium aluminate hydrates are crystallized. The high Zn content in clinker equal to 0.83% has no
negative influence on cement properties, which are the same as in the case of cement from clinker with
0.01% of Zn.
However, Matusiewicz [10] did not found the threshold value of zinc content in clinker which will
have negative influence on cement quality. It was one of the reason which caused the further studies of
clinkers and cements with higher zinc content. Simultaneously, because higher zinc content in clinker
caused its own two phases formation [9, 10], the second issue was to study the influence of these
phases addition on cement properties. These two problems were studied experimentally by Bochenek
[11]. Finally in the last time we found that Zn can be an accelerator of cement setting.
2. Experimental
2.1. Clinkers with high Zn content
In the rotary kiln in the Pilot Plant in Institute two clinkers were burned. Their phase composition is
presented in Table 1; one contained only 0.02% of Zn the second 1.71% Zn. As it is shown in Table 1
their phase composition were practically the same.



Tab. 1 Phase composition of clinkers according to Bogue

Phase
Clinker with 0,02% Zn Clinkier with 1,71% Zn

Content, %

C3S 51 50

β–C2S 25 24

C3A 10 10

C4AF 11 11

The clinkers were ground with 3% of gypsum and their properties, according to EN-196-1 and 3 were
examined. The results are given in Tables 2 and 3. The results shown in Table 2 confirm the very good
properties of cement with low Zn content.

Tab. 2 Cement properties obtained by grinding the clinker containing 0.02% Zn to the specific surface area
(Blaine) of 360 m2/kg

Setting time, min Water demand SoundnessInitial Final
170 285 26% 0
Strength, MPa After 2 days After 7 days After 28 days
Compressive 29,3 52,1 63,9
Flexural 5,4 7,9 8,2

The results of cement examination, from clinker containing 1.71% of Zn is showing that such a high
zinc content gives significant retarding effect on setting as well as the decrease of strength after 2 days
of hardening. Also the compressive strength development after 7 days represents only 53% of the
strength with low Zn content and after 28 days about 65%.
Table 3. Cement properties obtained by grinding the clinker containing 1.71% of Zn to the specific surface area

(Blaine) of 360 m2/kg
Setting time, min Water demand SoundnessInitial Final
1090 1120 25,5% 2
Strength, MPa After 2 days After 7 days After 28 days
Compressive 10,4 27,6 41,3
Flexural 2,5 5,4 6,7

The examination of the clinker with 1.71% of Zn under SEM has reviled that, apart from the solid
solutions in clinker phases and zincate phases, zinc is present in clinker as crystallites of this metal
(Fig. 1). The content of this metallic form of Zn was calculated as to be between 0.4% to 0.6%. Thus
that is the same situation as the addition of Zn to the cement and the retardation effect is caused by the
formation of amorphous layer of Zn(OH)2 around the alite crystals. The presence of this layer is
confirmed by Arliguie and Grandet [12]. According to these authors CaZn2(OH)6 is presenting rather
in crystalline form, which is stated also by Lieber [1]. This author write: “the set of cement starts when
basic calcium zincate peaks are disappearing on X-ray pattern” [1].



Fig. 1. Bright Zn crystallites in clinker
2.2. The study of the Ca3ZnAl4O10 phase addition to Portland cement properties
In the laboratory kiln, from pure hydroxides of calcium and aluminium and ZnO, the Ca3ZnAl4O10

phase was synthesized and its proper composition was X-ray examined. This phase ground to the
surface area of 300 m2/kg was added to Portland cement in the quantity corresponding to 5.6% (0.8%
Zn in clinker), 8,4% (1.2% Zn in clinker) and 11.2% (1.6% Zn in clinker).
Portland cement was the industrial Portland cement CEM I 42.5R and its properties are given in
Tables 4 and 5.

Table 4. Phase composition of Portland cement – Rietveld method
Phases

C3S β–C2S C3A C4AF
64% 8% 12% 4%

Table 5. Setting time of Portland cement with the addition of Ca3ZnAl4O10

% of Zn in cement Initial, min Final, min
0% 180 235

0.8%* 200 430
1.2%** 30 120

Remarks: * 1% ZnO, **1.5% ZnO
The results are showing that the addition of Ca3ZnAl4O10 has practically no harmful influence on
Portland cement properties if the Zn content is not exceeding 0.8%. In the case of higher addition the
acceleration of set is found and the decrease of strength after 2 days of hardening. The X-ray
examination of the samples shows the high content of ettringite (Fig. 2).

Fig. 2. X-ray pattern of PC with addition of Ca3ZnAl4O10 immediately after the initial setting; A – C3S,
C – Ca8Al4O14CO224H2O, E – ettringite, P – portlandite.



Table 6. Compressive strength of Portland cement and Portland cement with the addition of Ca3ZnAl4O10

% of Zn in cement
Compressive strength, MPa

after 2 days after 7 days after 28 days
0% 22.8 38.7 53.1
0.8% 21.5 37.9 54.0
1.6% 2.6 34.1 52.8

The explanation of accelerating effect of higher phase Ca3ZnAl4O10 addition is easily found when this
phase is hydrating in lime water; in this condition the hydrated calcium aluminates are formed, namely
2CaO·Al2O3·8H2O and 3CaO·Al2O3·6H2O. In the case of Portland cement, containing gypsum
addition, the ettringite is formed, accelerating the setting.
The threshold addition of the phase Ca3ZnAl4O10 corresponds to 0.8% of Zn i.e. 1% of ZnO.
2.3. The study of the Ca14Zn6Al10O35 phase addition to Portland cement properties
The phase Ca14Zn6Al10O35 was synthesized in the same manner in laboratory kiln as the Ca3ZnAl4O10

and its addition to the same Portland cement was examined. The addition of this phase was 1.83% and
3.65%, which was corresponding 0.4% and 0.8% Zn in cement. The results of Portland cement
properties with this addition examination are given in Tables 7 and 8.

Table 7. Properties of Portland cement with the addition of the phase Ca14Zn6Al10O35

Quantity of addition, % Setting time, min Water
demandInitial Final

0 % 145 205 27.8%
0.4% of Zn as Ca14Zn6Al10O35 322 422 28.0%
0.8% of Zn as Ca14Zn6Al10O35 325 505 27.0%

The compressive strength measurements are given in Table 8. It can be stated that the Ca14Zn6Al10O35

phase is a strong retarder of Portland cement, however, the influence on strength of addition of this
phase corresponding to 0.4% of Zn is moderate. The compressive strength decrease is only about 8%
after 2 days and about 5% after 28 days of hardening.
The retardation of set is probably caused by the formation of the hydrated basic calcium zincate,
which is quickly formed during this phase hydration (Fig. 3).

Fig. 3. X-ray pattern of Ca14Zn6Al10O35 after microcalorimetric test: A – CaZn2(OH)62H2O, B –
Ca2Al2O38H2O C – Ca14Al10Zn6O35 , D – Ca3Al2(OH)12 E – ZnO



Table 8. Compressive strength of Portland cement with the addition of Ca14Zn6Al10O35

Quantity of addition Compressive strength, MPa
2 days 28 days

0% 27.7 56.6
0.4% of Zn as Ca14Zn6Al10O35 25.6 53.9

2.4. Acceleration of cement hardening by ZnO addition
In the research of ZnO influence on cement setting we found an unexpected accident that this addition
caused high acceleration of set. It concerns industrial Portland cement with natural anhydrite addition
instead of gypsum, thus with relatively slow release of SO42- ions in paste solution. In these conditions
ettringite cannot form the continuous layer on the C3A crystals because on their surfaces the crystals of
hexagonal calcium aluminate hydrates are crystallizing, separated by amourphous layer of Zn(OH)2
[12]. The influence of ZnO on the properties of such commercial cement is shown in table 9.
Table 9. Phase composition of Portland cement CEM I 52.5N-SR3/NA and influence of ZnO on this cement

properties
Phases

Minor componentsC3S 67%
C2S 7%
C3A 2% MgO 0.93%
C4AF 18% Na2O 0.23%

anhydrite 4% K2O 0.22%
Setting time

Sample Initial Final
CEM I 52.5N-SR3/NA 2 h 53 min 4 h 48 min

CEM I 52.5N-SR3/NA + 1.0% ZnO 20 min 1 h 15 min
CEM I 52.5N-SR3/NA + 1.0% ZnO + 0.5% SaSO4·1/2H2O 24 h 34 h

The low addition of hemihydrate, 0.5%, is immediately changing the situation and ZnO became strong
retarder (Table 9). These experimental results are confirming the hypothesis of Arliguie and Grandet
[12] that the Zn(OH)2 layer is precipitated on C3A crystals, hindering the continuous ettringite layer
formation. In this situation the rapid setting on cement is caused by ettringite crystallization (Fig. 4).

Fig. 4. Microstructure of PC with 1% of ZnO, immediately after initial setting i.e. 25 minuts. Ettringite as
dominating hydrate is evident



3. Conclusions
From the experimental results obtained in this study the following conclusions can be drawn:
1. The content of Zn equal to 1.3% in clinker added to raw meal has no negative influence on
clinkering process and on cement properties as well,
2. 1.7% of Zn in clinker has a drastic retardation effect on Portland cement,
3. The addition of the phase Ca3ZnAl4O10 to Portland cement has no negative effect on its properties
when this addition is not exceeding of 0.8% of Zn. In the case of higher addition the acceleration of set
is found and the decrease of strength after 2 days. The set acceleration is caused by aluminate ions
Al(OH)4- formation, which are giving ettringite.
4. The Ca14Zn6Al10O35 phase is a strong retarder of Portland cement, however, the influence on
strength of the addition of this phase corresponding to 0.4% of Zn is moderate. The compressive
strength decrease is only about 8% after 2 days and about 5% after 28 days of hardening.
5. The retardation effect is caused probably by the formation of basic calcium zincate Ca[Zn(OH)3
H2O]2.
6. In the case of Portland cement with natural anhydrite as set regulator the ZnO is a strong set
acelerator, caused by ettringite formation. 0.5% addition of semihydrate changes totally this
behaviour according to the hypothesis of Alirguie and Grandet.
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Abstract
This study has the purpose to investigate the action of Magnesium Chloride (MgCl2), which is present in
the rocks of the salterns pre-salt layers, when it is incorporated to the Portland cement of G class, during
the hardening period of the designated paste to the petroleum well cementation. It was evidenced on the
biography review a blank of knowledge about the magnesium’s influence on the cement hardening. The
information of the study seeks to provide subsidies to technology of the oil wells cementation in salt rocks
specific of the pre-salt, where there is the presence of magnesium in the composition. The experimental
program has consisted on submitting the G cement paste to different ratios of MgCl2, prepared in
laboratory, aiming to evaluate the magnesium’s influence on the cement hydration evolution and to
correlate with properties on the fresh state. Preliminary exploratory essays indicate an expressive gain of
consistence in the paste with the MgCl2 addition and an elevated solubility of the pre-salt layers rocks
when in contact witch the paste. The experiments were divided into essays witch where designed to
monitor the hydration on the fresh state and to characterize the paste on frozen ages. There were
prepared two pastes, one with the G cement only (reference) and the other with an addition of 4 % of
MgCl2 in relation to the mass of the cement. The hydrations periods of the samples were interrupted by
freezing with liquid nitrogen followed by freeze-drying. There were used analytical techniques of
isothermal calorimetry, TG/DTG, XRD (in situ and conventional) and SEM. The results indicates
significant changes on the mechanism and on the kinetics of cement hydration in presence of MgCl2, by
accelerating the chemical reactions on the fresh state, formation of hydrated magnesium aluminates and
changes in the microstructure of the paste with addition of magnesium, with differenced morphologies
and less crystallized phases in relation to the reference paste.

Originality
Currently, the oil wells cementation involves technology dominated by a few companies, however, with
recently prospects of drilling in large layers of salt to extract the oil from the "pre-salt", new variables
are presented due to the presence of high soluble salt rock, demonstrating a gap technological so far not
addressed in the literature. Until 2005, in well drilling in the salt layers, the pattern was the halite
mineral (NaCl), however, to reach deeper layers, it became frequent the presence of other salt rock as
carnallite (KMgCl3 6H2O) and taquidrite (CaMg2Cl6 12H2O). Another atypical factor in the execution of
the well is the presence of magnesium ion from the pre-salt rock salt, in the form of hydrous magnesium
chloride (MgCl2 nH2O). This anhydrous salt has high water solubility and can be easily incorporated into
the cement paste, by changing the properties of the fresh cement paste and compromising the cementation
of the oil well and damage to the durability of the oil well. In article related to drilling and oil wells
cementation, there are reservations for the presence of carnallite and taquidrite rocks, because both have
the MgCl2 in your compositions. Thus, the literature found indicates that the magnesium can be
significantly deleterious when in contact with hardened cementitious matrix, when occurs the alkalinity
reduction of the middle, due to the formation of Mg(OH)2. These changes can be studied focusing on the
hydration of Portland cement paste in the presence of pre-defined levels of magnesium.

Key words: magnesium chloride; hydration; G cement; pre-salt layer; petroleum.
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1. Introduction
Nowadays, the Portland cement occupies a prominent place in the world economy, participating
since single-family buildings, produced by professionals with less training, until more complex
structures where research generates technological development to meet specific application
demands, such as cementing oil wells.
The knowledge evolution of oil well cementing is supported by the technological research and
academic studies that, among various fields of interest, allow the evaluation of the influence of
exposure conditions in different types of wells, in whose scope this study is included. The
cementing of these wells requires cement pastes with appropriate rheological behavior when
submitted to contact with salt rocks, because wells drilling occurs in peculiar places, involving
depths down to 7,000 meters and presence of salt rocks with different mineralogical
compositions. The presences of highly soluble minerals in these rocks promoting adverse
rheological behavior can potentially cause harmful chemical reactions to cement paste. These
phenomena require studies to better understand the behavior of cement pastes submitted to these
critical conditions, such as subsidies for the technological development of the process of
cementing oil wells.
With the prospects of extensive drilling in salt layers for "pre-salt" oil extraction, new variables
are presented due to the interleaving of very soluble salt rocks, showing a technological gap not
previously predicted in the literature.
In Brazil, the term now used as "pre-salt" comprises an extensive and thick limestone reserve
area, located in the Brazilian coast and extended in a range of 800 km length and 200 km width,
between the states of Espírito Santo and Santa Catarina (GAFFNEY, 2010).
Until 2005, in salt layers well drilling, the pattern was to find the halite mineral (NaCl), but
when deeper layers were reached, became frequent the presences of others salt rocks carnallite
(KMgCl3 6H2O) and taquidrite (CaMg2Cl6 12H2O). These rocks presented more complex
behaviors than halite, like greater fluidity and solubility. These facts make it difficult to drill and
the hardening of the cement paste in the oil well (KLEEF, 1989 and FALCÃO, 2009).
Another unusual factor in the well drilling, rarely explored in the literature, is the presence of
magnesium ion, present in the pre-salt rocks under the form of hydrated magnesium chloride
(MgCl2 nH2O). The anhydrous salt has a solubility in water of 542.5 g/L at 20°C (LIDE, 1992),
and can be easily incorporated into the cement paste, changing the fresh cement paste properties
and negatively affecting the cementation of the oil well, causing damages to the durability of the
well. These changes can be studied analyzing the hydration of the Portland cement paste in the
presence of the predefined levels of magnesium which can modify the mechanism and hydration
kinetics and can cause changes in the mineralogical phases and microstructure of the cement
paste. The magnesium level, in raw materials of clinker production, is recommended to be
controlled since during the clinkering stage it may be formed periclase (MgO). This undesirable
compound is hydrated slowly leading to expanding compounds, such as brucite [Mg(OH)2], that
is formed in subsequent steps causing expansion, cracking, deterioration and imperfections in
the composites based on Portland cement (TAYLOR,1998).
The cement paste applied in oil well is usually Portland cement, Class G, exclusively for this
purpose, as specified by the NBR 9831/2006 "Portland cement for the cementing of oil wells -
Requirements and test methods".

2. Experimental
In order to detail the G cement hydration phenomena, in the presence of magnesium chloride, a
study was done with exploratory tests and monitoring of the fresh cement hydration.
The analytical techniques used in these steps were: mineralogical analysis by X-ray diffraction
(XRD), thermal analysis (TG/DTG), scanning electron microscopy (SEM/EDS) and calorimetry.
The Table 1 and Table 2 shows the chemical and mineralogial composition.



Tabela 1: Cement G - chemical composition

Tests Results (%) Especification limits
(NBR 9831:2006)

Loss on ignition (LOI) 0.86 ≤ 3.0
Silicon oxide (SiO2) 21.0 -
Aluminiun oxide (Al2O3) 5.12 -
Iron oxide (Fe2O3) 4.37 -
Calcium oxide (CaO) 63.7 -
Magnesium oxide (MgO) 2.47 ≤ 6.0
Sulfuric anhydride (SO3) 2.06 ≤ 3.0
Sodium oxide (Na2O) 0.26 -
Potassium oxide (K2O) 0.38 -
Alkaline equivalent (Na2O)* 0.51 ≤ 0.75
Sulfide (S2-) < 0.01 -
Calcium oxide free (CaO) 1.06 ≤ 2.0
Insoluble residue (IR) 0.32 ≤ 0.75
Carbonic anhydride (CO2) 0.64 -
C3S* 52.6 48 - 65
C3A* 2.9 ≤ 3
(C4AF + 2C3A)* 21.5 ≤ 24

*Parameters calculated according to the following equations:
- Alkaline equivalent: 0.658 K2O + Na2O
- C3A: 2.65 Al2O3 – 1.69 Fe2O3
- C4AF: 3.04 Fe2O3

- C3S: 4.07 (CaO total - CaO livre) – 7.60 SiO2 – 6.72 Al2O3 – 1.43 Fe2O3 – 2.85 SO3

Figure 1 Diffractogram of the cement G

Tabela 2: Cement G - Mineralogical composition

Mineralogical phases Chemical composition Cards (ICDD-JCPDS)

Alite (A) C3S 042-0551
Brownmillerite (Fe) C4AF 030-0226

Belite (B) C2S 024-0034
Tricalcium aluminate (Al) C3A 006-0495

Gypsite (G) CaSO4 2H2O 041-0225



3. Results and Discussion

3.1 Exploratory test
The cement pastes were prepared with concentrations between 0.5% and 10% of MgCl2 in
relation to the cement mass and observing the consistency increased pastes after addition of
MgCl2, the phenomenon was most pronounced at levels above 5%. This initial test already
showed that there is an immediate interaction of MgCl2 with the cement paste and it also
suggests a limitation on the amount to be added.
When using the mechanical stirrer specified in the NBR 9831:2006, suitable for the preparation
of pastes for oil wells, it was observed that MgCl2 additions over 5% and w/c of 0.42 was not
possible to process the mixture due to the high gain of the paste consistency and fluidity loss.
The Figure 2 illustrates the effect caused by addition of 6% of MgCl2 in the G cement paste,
compared to a reference paste (Figure 3).

Figure 2 G cement paste appearance with the
addition of 6% of MgCl2 in the first minute after

addition of water

Figure 3 G cement paste appearance without
MgCl2 in the first minute after addition of water

3.2 Fresh cement hydration monitoring
The purpose of this step is to evaluate the magnesium ion influence in the early hours of G
cement paste hydration. Cement pastes were prepared with different MgCl2 concentrations and
the evolution of hydration was monitored by isothermal calorimetry, X-ray diffraction,
thermogravimetry and scanning electron microscopy.

3.2.1 Isothermal condunction calorimetry
The tests were performed on cement pastes with w/c of 0.5, using a mechanical stirrer mixing
during three minutes; in the first minute: release of the powder material in the water with
mechanical stirrer with low speed; second minute: stirrer speed at 500rpm; third minute: stirrer
speed at 1000rpm. The test results for the cement pastes with MgCl2 showed marked
acceleration in the initial hydration period in relation to the reference paste, decreased induction
period and reduction in the start and end times of the cement paste acceleration period.
Pastes acceleration period with magnesium added was lower than the reference cement paste in
a systematic manner, for example, the cement paste with 4% of MgCl2 had the acceleration
period between 1.2h and 3.8h, for the reference pastes the range was between 1.8h and 7.9h.
This result indicates a 52% reduction by the end of the acceleration time, in other words a
difference of 4.1 hours. This phenomenon indicates a strong acceleration of hydration of pastes
in presence of magnesium, with possible reduction of setting time.
Furthermore, the heat peak accumulated was more intense in this period, since the main peak of
the pastes with the MgCl2 addition are more intense and thin as shown in Figure 4, emphasizing
that the growth profile of the incorporated content of MgCl2 in pastes.



Figure 4 Heat flow curves vs time (cement pastes with until 4% of MgCl2)

Figure 5 Accumulated heat curves vs time (cement pastes with until 4% of MgCl2)

Figure 6 Heat flow and accumulated heat curves vs time until 24h (reference and with 4% of MgCl2)

3.2.2 X-ray diffraction (XRD)
To follow the evolution of fresh cement paste hydration, the specific technique “in situ XRD”
was used. Quarcioni (2008) and Gobbo (2009), about hydration of Portland cement,
demonstrated the feasibility and relevance of this implementation and the experimental
procedure followed by the guidelines undertaken in these studies.



Pastes were prepared with w/c of 0.5, magnetic stirrer, and the first diffractogram (identified as
T-0) was performed on the sample after 10 minutes from the initial mixing of the cement with
water. The amount of MgCl2 was previously added to the water and calculated based on the
mass of cement. Table 3 shows the anhydrous and hydrated phases monitored with the
corresponding JCPDS-ICDD cards and the main peaks monitored.

Table 3 Data of mineralogical phases - monitored by XRD

Mineralogical phases Cards (ICDD-JCPDS) Main peaks (º2Φ)

Alite (C3S) 042-0551 / 049-0442 34,5; 51,8 e 29,2

Belite (C2S) 031-0297 23,3 e 32,6

Brownmillerite (C4AF) 071-0667 12,1 e 33,9

Gypsite (CaSO4 2H2O) 033-0311 11,6 e 20,9

Portlandite [Ca(OH)2] 044-1481 34,1 e 18,0

Ettringite (AFt) 09-0414 9,1; 15,9 e 22,9

Hydrated magnesium aluminate
("Meixnerite") [Mg6Al2(OH)16] 4(H2O) 038-0478 11,5; 23,3 e 46,8

Hidrocalumite (Ca2Al(OH)6Cl 2(H2O) 042-0558 11,2 e 31,1

Tricalcium aluminate (C3A) 06-0495 33,1

Calcium silicate hydrate (C-S-H) 29-0374 28,6 e 29,1

Other compounds with similar chemical composition to the hydrated magnesium aluminate can
be present, considering that there is overlap in the main peak in Ɵ (theta) 2Ɵ =11.5º such as
hydrotalcite (Mg6Al2CO3(OH)16.4H2O) and piroaurite (Mg6Fe2CO3(OH)16.4H2O).
The first three diffractogram pastes (up to 30min) had an excessive displacement due to a high
"background" caused by free water excess in the paste. This phenomenon affects the
interpretation of some peaks, especially when analyzing the evolution of hydration by
comparing the intensity of peaks, as shown in Figure 7.

Figure 7 Diffractograms of the reference (Ref.) cement paste hydrated until 30min



Figure 8 Overlaid diffractograms (reference cement paste hydrated until 16h)

For the phases highlighted in Figure 8, the evolution of hydration indicates that there is
formation of ettringite from the initial period and the first peak of portlandite has the appearance
of signal 18º after 4h of hydration. With the expansion of peak 34.5º there is the beginning of
the consumption of alite with 4 hours hydration. In the case of the reference paste, gypsum is
consumed between 30 minutes and 7 hours. Table 4 shows the evolution of the presence of the
main phases monitored in the reference cement paste.

Table 4 Evolution of the mineralogical composition of the reference paste

Compounds
Phases identified in the cement paste by XRD, depending on the hydration time

0 15' 30' 45' 1h 1,5h 2h 3h 4h 5h 6h 7h 8h 9h 10h11h12h13h14h15h 16h

Portlandite
[Ca(OH)2] o o o o o o o o x x x x x x x x x x x x x

Alite (C3S) x x x x x x x x x x x x x x x x x x x x x
Belite (C2S) x x x x x x x x x x x x x x x x x x x x x

Brownmillerite
(C4AF) x x x x x x x x x x x x x x x x x x x x x

Tricalcuim
aluminate (C3A) o o o o o o o o o o o o o o o o o o o o o

Ettringite (AFt) o x x x x x x x x x x x x x x x x x x x x
Gypsum (CaSO4

2H2O) x x x x x x x x x x x o o o o o o o o o o

Calcium silicate
hydrate (C-S-H) o o o o o o o o o o o o o o o o o o o o o

Legend: x - identified / o – unidentified

To study the magnesium influence on the cement hydration, the paste with 4% of MgCl2 was
selected, based on the results of calorimetry, where there was a more pronounced change in heat
release rates during the first hours of hydration. The test procedure used was the same for the
reference paste.



Figure 9 Overlaid diffractograms of cement paste with 4% of MgCl2 at different ages hydration until 16h

The main difference observed between the reference paste and the paste with the addition of
MgCl2 is the presence of a mineral phase, identified as hydrated magnesium aluminate, which is
characterized by a very intense peak at 11,5º2Φ from the first diffractogram obtained (T-0) to
five hours of hydration. The peak intensity of 27,400 cps (counts per second) is much higher
than other compounds which exhibit peak of 10,350 cps, or more than twice the intensity of
other peaks, as illustrated in Figure 10.

Figure 10 Diffractogram of paste with 4% of MgCl2 – T0 - peak intensity 11,5º2Φ

Table 5 indicates the presence of the main phases in the cement paste monitored by adding 4%
of MgCl2, diffraction patterns obtained in up to sixteen hours of hydration.



Table 5 Evolution of the mineralogical composition of the paste "Mg-4%"

Compounds
Phases identified in the cement paste by XRD, depending on the hydration time

0 15' 30' 45' 1h 1,5h 2h 3h 4h 5h 6h 7h 8h 9h 10h 11h 12h 13h 14h 15h 16h

Portlandite
[Ca(OH)2] o o o o o o o x x x x x x x x x x x x x x

Alite (C3S) x x x x x x x x x x x x x x x x x x x x x
Belite (C2S) x x x x x x x x x x x x x x x x x x x x x

Brownmillerite
(C4AF) x x x x x x x x x x x x x x x x x x x x x

Tricalcium
aluminate (C3A) o o o o o o o o o o o o o o o o o o o o o

Ettringite (AFt) o o o o o o o x x x x x x x x x x x x x x
Gypsum (CaSO4

2H2O) x x x x x x x x x x o o o o o o o o o o o

Calcium silicate
hydrate (C-S-H) o o o o o o o o o o o o o o o o o o o o o

Mg6Al2(OH)18
4(H2O) x x x x x x x x x x o o o o o o o o o o o

Legend: x - identified / o - unidentified

In comparison with the data obtained in the reference paste, and the presence of hydrotalcite,
there is anticipated alite consumption and portlandite formation, which denotes the acceleration
of hydration, corroborating the results obtained by calorimetry.

Figure 11 Comparison of the evolution of the key stages in the pastes reference and "Mg-4%"

The data set in Figure 11 shows that the action of magnesium 4% content incorporated in the
paste initiates a sequence of chemical reactions from addition of water to the system, changing
the cement hydration mechanism. The magnesium feature action is the formation of hydrated
magnesium aluminate in abundance, to the point of significantly slowing the formation of
ettringite.
Occurs the preferential consumption of the solubilized aluminate, delaying the beginning of
ettringite formation with significantly reduction of the action of gypsum during this period. The



high "background" of the diffraction due to the abundant presence of free water in the cement
paste, made it difficult to identify the C3A phase.
The initial and predominant phenomenon of magnesium aluminate formation influenced the
whole system by accelerating the hydration of alite, as it can be seen in the first hour, even if the
presence of portlandite was detected starting from three hours of hydration.

3.2.3 Termogravimetric analysis (TG) and differential thermogravimetric analysis (DTG)
TG/DTG were performed in both cement pastes characterized by XRD (reference and 4% of
MgCl2). The experimental procedure followed the general guidelines of Quarcioni studies (2008)
and Hoppe Filho (2008).
The pastes were prepared with the a mechanical stirrer and during the curing period the pastes
were placed in a climatic chamber at (23±2)°C and RH (85±5)%.
Hydration of the pastes was stopped by freezing in liquid nitrogen by immersion for about 60
seconds, followed by lyophilization for 16 hours. After lyophilization, the samples were ground
in a mill rings, bushings to ABNT No. 200 sieve (75μm) and were stored in a desiccator with
silica gel inside a dry room with relative humidity lower than 50%. The DTG curves of the
cement pastes are overlaid in Figure 12 (reference) and Figure 13 (4% of MgCl2).

Figure 12 DTG curves of the reference cement paste in different hydration ages

Figure 13 DTG curves of the "Mg-4%" paste in different hydration ages
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The chemical species identified from the mass loss obtained by TG/DTG curves, was
stoichiometrically recalculated considering the fixed residue of curves, considering the
nonvolatile basis. The calculated data are presented in Table 6 with the temperature range of
phenomenon linked to their mass loss.

Table 6 Chemical species determined from the curves TG/DTG

Pastes

Temperature Ranges (ºC)
25-220 260-360 360-500 500-660 700-1000 25-1000

Chemical species (%)* Total
loss***H2O

Combined Mg(OH)2 Ca(OH)2 ** CaCO3

Reference

0,5h 0,59 --- 0,62 --- 1,51 1,06
2h 1,01 --- 0,93 --- 1,54 1,72
4h 1,47 --- 2,18 --- 2,60 4,47
5h 1,08 --- 2,83 --- 2,90 4,85
7h 1,22 --- 2,39 --- 1,73 3,07
12h 2,45 --- 4,57 --- 1,86 4,74

Mg-4%

0,5h 3,77 2,32 --- --- 9,45 7,25
2h 3,16 2,94 1,54 0,42 9,31 6,72
4h 7,50 5,02 4,85 0,60 10,4 11,8
5h 7,59 5,48 6,53 0,86 12,2 13,1
7h 6,36 4,69 4,82 0,45 11,0 11,4
12h 6,81 5,19 4,92 1,38 9,90 12,4

* Values recalculated for the non-volatile base.
** Possibly magnesium carbonate (expressed as mass loss).

*** Amounts in relation to the original base.x’

The results of the thermogravimetric analysis indicate that the paste with no addition of
magnesium has water content chemically combined greater than the reference from the first
study period (0.5 h). The combined loss of water in the range between 25 and 220°C is 6.4 times
higher in the paste with magnesium within half hour of hydration and 3.1 times higher within
two hours of hydration. This behavior shows that magnesium is associated with increased
formation of hydrated aluminates and C-S-H.
Two mass loss events appears only in the cement paste with magnesium, one of them is the
brucite decomposition characteristic (between 260°C and 360ºC) and the other one is the
magnesium carbonates decomposition characteristic (between 500ºC and 600ºC).
The only compound identified by XRD in addition to magnesium slurry was hydrated
magnesium aluminate, which can be decomposed into two temperature ranges, the water of
hydration from 25ºC to 220ºC and dehydroxylation of 360°C and 260°C. The volume loss
between 500°C and 600°C, may be associated with magnesium carbonation in subordinate
levels.
The presence of portlandite was not identified in the paste with magnesium in the first 30
minutes of hydration, which may be associated with the presence of brucite (or another
magnesium phase), but in the following periods is evident a more pronounced content of the
portlandite in the pastes with magnesium than in the reference paste. Between two and seven
hours the portlandite content is about twice in the paste with magnesium in comparison to the
reference.
The higher rate of portlandite formation in paste with 4% of MgCl2 indicates that the
acceleration has occurred in the early stages of hydration in the presence of magnesium.
The following graphs (Figure 14 and Figure 15) show the hydration evolution, from the results
obtained with the TG/DTG curves and evidences that the action of magnesium in the cement



hydration acceleration is directly linked to: more abundant formation of phases aluminates,
ettringite, gypsum and C-S-H; pronounced presence of brucite and any other phase containing
hydrated magnesium and by the higher rate portlandite formation and a higher content.

Figure 14 Comparison of the water content in the
combined cement pastes temperature range of 25°C
to 220°C

Figure 15 Comparison of portlandite content in
cement pastes for temperature range of 360°C to
500° C

3.2.4 Scanning electron microscopy (SEM/EDS)
In order to better clarify some phenomena observed by XRD, TG/DTG and DSC, samples from
two early ages of pastes hydrations, reference and "Mg-4%", have been selected for
microstructural evaluation by SEM.
The procedure used for the pastes preparation and to interrupt the hydration was the same
applied to the samples tested by TG/DTG, freezing in liquid nitrogen followed by lyophilization.
Images were obtained on the surface of samples fractures. When cement pastes were manually
fractured to attach to the door-sample, it was found that both pastes had low strength. In the
MgCl2 paste was possible to obtain intact small pieces, that despite fragile, they were attached
carefully into the door-sample. The reference paste, however, showed no cohesion, completely
defragmenting until became powder by handling. With this limitation it was decided to attach
the pulverized material manually in the door-sample.
This tactile visual aspect was further evidenced that the samples were not in the same stage of
hydration. The results obtained by SEM confirmed that the most advanced stage of hydration
was the paste with MgCl2 in relation to the reference paste, both at the same age.
It is observed that in the reference paste the anhydrous clinker grains are well dispersed and
there is an incipient deposition of hydrated products partially covering the surface of the
anhydrous grains. With EDS support, it was possible to identify the calcium silicate grains (alite
and belite) and some small plates of portlandite and singenite crystals (Figure 13 and Figure 14).
The hydration morphology of product deposited on the grains surface has an irregular shape,
with a slight tendency to small "cubes"format.
Taylor (1998) reports that in the early hours of hydration a gel is formed on the surface of the
anhydrous grains and propagates through the empty spaces in the paste. This phenomenon was
identified by SEM and resembles the "hydrated phase" also observed in the cement pastes
studied (Figure 17).



Figure 16 Reference paste - 1,5h. Initial stage of
hydration. Clinker grains anhydrous (1) dispersed,
incipient deposition of hydrated phases (2) and the
presence of the singenite placodes (3)

Figure 17 Reference paste - 1,5h. Hydrated phase
deposition and the possible presence of C-S-H (2)
in anhydrous grain surface (1). Presence of stacked
plates portlandite (4)

In the cement paste with 4% of MgCl2 there was a higher cohesion of the anhydrous clinker
grains, with more pronounced deposition of cement hydration products and consequent most
advanced hydration stage than the reference cement paste. The chemical composition of the
hydration products, indicated by EDS is very similar to that observed in the reference paste
(Figure 18, Figure 19 and Figure 20).
There was presence of crystalline hydrated calcium chloride salts on the anhydrous clinker
grains surface (Figure 21) and has not been identified any phase containing abundant presence
of magnesium.
It was possible to identify some gypsum crystals and portlandite deposited between the
hydration products, as well as small structures C-S-H anhydrous grains and leaching process
(Figure 20 and Figure 21).

Figure 18 "Mg-4%" paste - 1,5h. Paste appearance
in the early hydration. Anhydrous grains with
significant deposition of gypsum and hydration
products

Figure 19 "Mg-4%" paste - 1,5h. Clinker
anhydrous grains (1) partially covered by the
hydration products (2). Presence of gypsum (rods
aspect) (5)



Figure 20 "Mg-4%" paste - 1,5h. Presence of
C-S-H (highlight) between hydration products,
covering the surface of the anhydrous grains

Figure 21 "Mg-4%" paste - 1,5h. Presence of
calcium chloride hydrate (6) crystallized in the
clinker grain surface (1), suggesting progressive
dissolution of the anhydrous phase. Aspect of
anhydrous grain leached

4. Conclusions
In papers related to drilling and oil wells cementing, there are reservations to the presence of
carnalita and taquidrite rocks, as both of them have MgCl2 in their own composition. In such
cases, there is a fluidity loss and a consistence gain in the cement paste when in contact with
these rocks.
When there is the presence of MgCl2 in the fresh cement paste, the testing results indicates
changes in the consistence, promoting instant fluidity loss, what makes mixing difficult for
contents higher than 1% of MgCl2 in relation to the cement mass, compromising the
homogenization for contents higher than 4%.
The calorimetry results indicate that the MgCl2 presence causes initial acceleration on the
cement hydration together with setting time decrease. The generation of a higher heat quantity
in the first minute of the cement hydration indicates that the reaction ratio in the cement paste
with magnesium is better noticed due to the fast reaction of the magnesium with aluminates
(C3A) and higher dissolution of the calcium silicates (C3S and C2S).
The TG/DTG, XRD and SEM results in the early hydration hours corroborate the evidence of
cement paste acceleration in the presence of MgCl2 due to the anticipated consumption of
anhydrous phases, monitored by XRD, presence of higher levels of combined water and
portlandite, verified by TG/DTG, and pastes microstructure aspects, observed by SEM, where
the paste with MgCl2 showed a more advanced hydration stage, denoted by the greater
abundance of C-S-H, other hydration products and greater cohesion between the anhydrous
grains.
By adding magnesium to the cement paste were identified specific compounds, such as brucite
which was identified by TG/DTG peak between 260°C and 360°C; hydrated magnesium
aluminate and ferroaluminates such as hydrotalcite and/or other similar phases identified by
XRD.
The MgCl2 action in the cement paste mechanism hydration is mainly due to the magnesium ion
reaction with aluminates, forming hydrates compounds from the first instants of mixing. These
initial reactions were not affected by the gypsum, causing almost the instantaneous setting time.
This mechanism was shown by XRD to monitor the consumption of gypsum and late ettringite
formation subsequent to the hydrated magnesium aluminate formation.
With the acceleration of aluminates hydration, there is formation of a higher content of hydrated
phases, reducing the available water mixture, which contributed to the paste fluidity loss.
Furthermore, the reduction of water implies on an ionic saturation of the reaction medium with
hydrates precipitation.
The highest alite consumption and portlandite formation in the first hours of paste hydration, in
the presence of magnesium ion, is associated to the absence of preferential reaction with



calcium aluminate sulphate inhibited by the presence of magnesium ion, allowing the action of
gypsum as an accelerator of the alite hydration reaction. Mehta and Monteiro (1994), who
studied the C3S phase hydration in presence of gypsum indicate that in the absence of
aluminates, gypsum acts as an accelerator of the C3S hydration reactions, thereby reducing the
start period and the end of the setting time.
The synergy of the phenomenon presented changes in the cement paste hydration mechanism in
magnesium ion presence, leading to strong acceleration of the cement hydration, aluminates and
silicates acceleration and compromising the cement paste fluidity.
Thus, there may be failures in the oil well cementing like loss in the well stability and also
interruptions in steps cementing, given the difficulty of pumping the material with higher
viscosity than foreseen in the initial cementation project.
Temperature and pressure present in the oil well can increase the hydration mechanism and
enhance magnesium action. Thus, it can be seen that the magnesium ion incorporation is
especially deleterious to the cementitious matrix rheological properties.
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Liu Jinqiang1,2, Liu Yaojun1, Wang Lan1
(1. State Key Laboratory of Green Building Materials, China Building Materials Academy,No.1 Guanzhuang
Dongli Chaoyang District, Beijing 100024, China; 2 Department of Environmental and Chemical

Engineering, Tangshan College, Tangshan 063000)
Abstract
Whether Sulfite calcium, the main component of dry flue gas desulphurization (FGD) byproduct, has the
regulating setting effect just like sulfate calcium is one key factor to determine it can be widely applied in
cement manufacture or not. The tests were carried out with calcium sulfite hemihydrate typed flue gas
desulfurization byproduct as the setting time regulator by use of hydration exothermic rate, XRD and SEM
besides the national standards methods. The results show that calcium sulfite hemihydrate typed flue gas
desulfurization byproduct has the distinct regulating setting effect for cement definitely though has the different
influence tendency to the setting interval and the strength of clinkers with various dosages.

Originality
Calcium sulfite typed FGD by-product in which calcium sulfate nearly non-exist is applied to two clinkers
to estimate the function to regulate the setting time. It is not only confirmed that calcium sulfite typed FGD
by-product definitely has the function to delay the setting time of cement, but has different effect on the
mortar strength which is said that, the same FGD by-product enhance the strength within the dosage of
8% to some clinkers while decrease the strength to the other clinkers. In addition, it is also shown that the
production of C3A in presence of calcium sulfite semihydrate is some materials (AFm’) similar to AFm to a
great extent which is the most possible cause to decrease the strength of mortar.
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1. Introduction
Sulfur dioxide from coal combustion, the main cause of air pollution and acid rain, may heavily threat
to the ecologic environment and the health of human beings if discharges without any disposal. In
recent years, the dry or semidry flue gas desulfurization process such as circulated fluidizing bed
technique (CFB) and Limestone Injection into Furnace and Activation of Unreacted Calcium (LIFAC)
have been developed greatly and applied widely for the merits of low vacuum consume, small
investment, low energy consume and free-charge of drainage and waste acids.
The present cement industries play a great role to dispose of solid waste contributing to the low-carbon
discharge, environment protection and sustainable development. The dry desulphurization byproduct
mainly compose of CaSO3·0.5 H2O which always amount from 10% to 50% and sometimes even
higher, CaSO4·2 H2O, and some minerals in small quantity such as CaO, Ca (OH)2 and CaCO3.
whether CaSO3·0.5 H2O can be applied in cement just like the natural gypsum CaSO4·2 H2O as the
regulating setting agent is a controversy in research all over the world. A.Lagosz[4]and Hubert Motzet[5]

consider that the hydration product of C3A is C3A·CaSO3·nH2O other than C3A·3CaSO4·32H2O with
the presence of CaSO3·0.5 H2O for its low dissolution ability and rate, and slow hydration process.
Yao J.K holds the similar view that the main hydration product of C3A is C3A·CaSO3·11H2O which
not only doesn’t have the regulating setting effect but may leads to volume expansion and strength
decrease in long age. While Bloss&Odler take the opposite opinions that calcium sulfite has the
similar effect as calcium sulfate when added to regulate the setting time of ordinary Portland cement.
WANG X also proves that CaSO3·0.5 H2O has the regulating setting effect which is more apparent
with larger dosage, but may bring negative influence to later strength though none to early strength.
The feasibility of calcium sulfite type FGD byproduct is discussed to utilize in cement as the
regulating setting agent on the base of tests in this article.
2. Materials and Test Methods
2.1 Materials
Silicate clinker was obtained from two factories (Peking and Zhejiang), and the components were
shown in Table 1.

Tab.1 Chemical compositions of clinker /%
Compositions Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O

Clinker A 0.45 21.43 5.38 2.66 66.26 1.41 1.37 0.64 0.11

Clinker B 0.34 21.68 5.24 3.38 64.25 3.30 - 0.93 -
Mineral
Compositions C3S C2S C3A C4AF

Clinker A 60.91 15.50 9.75 8.09

Clinker B 56.68 19.38 8.17 10.28

FGD byproduct from an iron factory in Nanjing has a loss on ignition 14.26%, water content 1.16%,
D50 6um, and 70 um sieve residue less than 0.339%. The components examined by XRD/SEM were
shown in Table 2. There are a lot of CaSO3·0.5H2O, a little of CaCO3, and micro Ca (OH) 2 seen from
the result of XRF/XRD. It can be considered that all SO3 exists in CaSO3·0.5H2O, and calculated to
the content of SO2 32.16%, and CaSO3·0.5H2O 64.82% based on the conclusion of none CaSO4·2H2O
in the byproduct from XRD/SEM.



Tab.2 Chemical compositions of FGD byproduct /%
Chemical

components CaO SO3 Cl Fe2O3 K2O MgO SiO2 Na2O Al2O3 PbO SrO Br SeO2

content 54.04 40.20 2.22 1.14 0.73 0.71 0.37 0.24 0.21 0.08 0.04 0.03 0.02

Fig. 1 XRD analysis of FGD byproduct
Besides aforementioned materials, there are still natural gypsum which has 40.22% of SO3,

CaSO3·0.5H2O and CaSO4·2H2O in chemical purity.
2. 2 Experiment Methods and Equipments
The tests were based on GB /T1344 -2001 and GB /T17671 -1999 to evaluate whether FGD byproduct
has the function to regulate the setting time and the influence to the strength of cement. The
mechanism of regulating setting was examined by the hydration exothermic rate with the multichannel
isothermal calorimetric instrument of TAM AIR-08, and XRD/SEM which can determine the mineral
composition formed in the reaction system with portions of the water/solid=0.26 and the
SO3/solid=3.0.
The powder in the test must be grounded to certain fineness with the specific surface areas from 320 to
350 m2/kg.
3. Experiments and Discussions
3.1 Properties of Cements with Different Aagents
In the test, the setting times of the slurry and the strength in 3d and 28d of the paste in different
systems were examined. The components of different systems and the test results were shown in
Tab.3.



Tab.3 Properties of cements with different agents

The flash setting occurred when the pure clinker mixed with water which made it impossible to be
moulded. The FGD byproduct delayed the setting times of the both cements obviously though some
variations arose in water consumption of standard density of the slurry with different dosages, and the
longer setting time the larger dosage. The soundness was still regular even the dosage of FGD
byproduct mounted to 14% in both the cements. The intervals between the initial setting time and the
final setting time, and the strength of the mortar showed different influence tendency to the both
cements with variations in dosage of FGD byproduct. To cement A, the interval grew to a climax in
the dosage of 8% FGD byproduct, and then decreased with larger dosage; similarly in strength
influence. While the interval showed a minimum value 45min in the dosage of 8% FGD byproduct,
and then stabilized in 90min or so with the dosage mounted to 14% to cement B, and the more
decrease in strength the larger dosage from 5% to 14%. The results agreed with that of W X and W
W.L to a great extent.
3.2 Hydration Heat
New materials will be formed with heat released simultaneously when clinker meets water. The
hydration exothermic rate will be lowed in the initial period especially when the retarders is added into
the system which will influence the setting time. In this test the hydration exothermic rate was
examined in different systems depend on the agents with the dosage of SO3 3.0% and the clinker of B.

Sample
code

Components % Water
Consumption

/ml

Setting time/ min
Soundness

Flexural
strength/

Mpa

Compressive
Strength/Mpa

Clinker FGD
byproduct

Natural
gypsum Initial Final Interval 3d 28d 3d 28d

A1 100 — — — Flash setting — —

A2 95 — 5 128 170 230 60 regular 5.14 6.81 29.98 47.35

A3 95 5 — 135 185 260 75 regular 3.97 5.01 23.25 46.46

A4 92 8 — 128 227 310 83 regular 4.18 6.87 25.20 51.71

A5 89 11 — 130.5 250 310 60 regular 3.98 6.63 25.27 49.96

A6 86 14 — 133 300 345 45 regular 3.93 5.57 22.16 41.87

B1 95 — 5 122 145 315 170 regular 4.76 8.02 24.34 54.79

B2 95 5 — 126.5 265 335 70 regular 4.23 7.16 24.49 49.12

B3 92 8 — 128 320 365 45 regular 4.38 6.88 22.99 46.43

B4 89 11 — 129.5 365 455 90 regular 3.68 6.49 19.75 40.26

B5 86 14 — 132.5 385 475 90 regular Too weak to demould



a 3h b 24h
Fig.2 The hydration exothermic rate of different systems

1 Clinker-Water (C-W); 2 Clinker-Water-Gypsum (C-W-G); 3 Clinker-Water- Calcium sulfite Hemidrate
(C-W-CSH)
The hydration process of C3A, the component with the fastest reaction speed and the largest hydration
heat in clinker, is the most significant factor to determine the setting time of the hydration system. In
the C-W system, a lot of heat released immediately when clinker, especially C3A met the water. The
hydration exothermic rate was lowed with the separation between the inner portion of clinker powder
and the water for the new production. The hydration exothermic rate was accelerated because the layer
of new production was broken when the expansion force of crystallization amounted to some certain
value and, the water permeation rate and the hydration speed was quickened, and a climax of
exothermic rate then occurred in 750 minutes. The exothermic rate was lowed again for the amount of
the unreacted components especially C3A were decreased and the new production increased distinctly
with the hydration proceeded continuously. The curve of hydration exothermic rate about C-W during
24 hours was shown in Fig.2 and Fig.3
That the lowest initial exothermic rate occurred in the C-W-CSH system depends on the smallest
content of the clinker which is the principal part in the hydration system. In the C-W-G system, the
more compact phase AFt was produced with the heat releasing when C3A hydrated in the presence of
gypsum. The hydration of C3A was delayed with more AFt was formed which was shown that the
exothermic rate was decreased. The tendency of hydration exothermic speed about the C-W-G system
in the following period resembled with the C-W system. That the calcium sulfite hemidrate typed FGD
byproduct has the similar function of retarding with the natural gypsum can be determined by the alike
curve with the smaller climax value and the more latter climax position between C-W-CSH and
C-W-G in Fig.2 and Fig.3.
3.3 Kinds and Morphology of the Hydration Productions
The kinds, morphology, quantity, and binding state of the productions are important to the setting time
and strength of the hydration system. The hardening slurry samples in 3d of different systems were
examined by XRD/SEM to reveal the mechanism that how the agents took effect on setting time and
strength.



Fig.3 Micro-morphology of the hardening slurry samples of different systems

Fig.4 XRD analysis of the hydration products of the different systems
The pure clinker hydrated and hardened very quickly, and then grew into a compact bulk with the

main product of C-S-H gel and Ca(OH)2 which can be seen from Fig.3 and Fig.4. The distinct
difference between C-W-G and C-W-CSH is the products of C3A and the morphology., The product of
C3A in presence of dehydrate gypsum in C-W-G is AFt presentting the needle-like things that makes
the bulk more compact that in C-W-CSH with the corresponding product is AFm’ possessing slice
form which leads to obvious cracks in main body of gel.
4．Conclusions
Calcium sulfite semihydrate typed flue gas desulfurization byproduct definitely has the function to
delay the setting time of cement which is that the larger dosage the longer of the setting time though
has the different influence tendency about the intervals between initial setting time and final setting
time, and the mortar strength, depends on clinker.
Calcium sulfite semihydrate typed flue gas desulfurization byproduct decreases the mortar strength
remarkably if beyond some certain dosage though may bring negative or positive effect on the mortar
strength within some certain dosage probably for the content of C3A, andC4AF, or the ratio between
C3A and C4AF in clinker.

Acknowledgements

a C-W b C-W-G(SO3 2.325%) c C-W-CSH(SO3 2.325%)



The financial help of the environment survey about Chinese cement industry (Project No.,
2014FY110900) is gratefully acknowledged.
References
-A.Lagoz, J Malolepszy, 2003. Tricalcium Aluminate Hydration in the Presence of Calcium Sulfite Hemihydrate.
Cement and Concrete Research, (33), 333-339
-Hubert Motzet, Herbert Pollmann, 1999. Synthesis and Characterisation of Sulfite-containing AFm Phases in
the System CaO-Al2O3-SO2-H2O. Cement and Concrete Research. (7), 1005-1011
-Yao Jianke, 2002. The behavior of calcium sulfite in cement hydration and the influence of calcium sulfite on
cement performance. Dissertation of Zhejiang Universtiy.

- WANG Xin，YAN Bilan，LUO Xiao, et al., 2010. Study of the Inf luence of Calcium Sulf ite on Cement
Performance and Its Optimization Disposal (in Chinese). Bulletin of the Chinese ceramic society, (29),
1421-1428.
-Wang Wenlong, Ren Li, Dong Yong, et al., 2008. The effects of the semidry flue gas desulfurization residues
mainly containing CaSO3 on the cement setting time and mechanical property(in Chinese). Cement, 3, 1-4.



Application of Synchrotron X-ray Computed Tomography to Characterize the
Hydration of Portland Fly Ash Cement

Xianping Liu1,2*, Ying Ding1, Yin Cheng3,4, Piqi Zhao1, Tilo Baumbach3,4, Peiming Wang1,2*

1. School of Materials Science and Engineering, Tongji University, Shanghai 201804, China
2. Key Laboratory of Advanced Civil Engineering Materials (Tongji University), Ministry of Education, Tongji

University, Shanghai 201804, China
3. ANKA/IPS, Karlsruhe Institute of Technology (KIT), Eggenstein-Leopoldshafen D-76344, Germany

4.Laboratory for Applications of Synchrotron Radiation (LAS), Karlsruher Institut für Technologie (KIT), Karlsruhe
76131, Germany

Corresponding authors:
*: lxp@tongji.edu.cn

*: tjwpm@126.com

Abstract
Portland cement paste and Portland cement paste blended with fly ash aged 365 days were studied using synchrotron
X-ray tomography with the pixel resolution of 0.74 μm at the BL13W1 beamline of the Shanghai Synchrotron Radiation
Facility (SSRF).The volume percentage of unhydrated cement cliker and pore structure parameters were extracted and
analyzed. Due to image acquisition and processing procedures, as well as the spatial resolution limitation of
tomography, the volume percentage of unhydrated cement clinker from tomography was larger than those from
backscattered electron imaging (BEI) analysis, and the pore diameter from tomography was larger than those from
mercury intrusion porosimetry (MIP) measurement, while the porosity was on the contrary. Sphericity was used to
evaluate the connectivity of pores. The reactivity of cement clinker in Portland fly ash cement paste was higher than
that in Portland cement paste. Besides, the pore structure of Portland fly ash cement paste was refined and less
connected than Portland cement paste.

Originality
The synchrotron X-ray computed tomography with the pixel resolution 0.74 μm was used to characterize the
unhydrated cement clinker and pore structure in 3D of Portland cement paste and Portland cement paste blended with
fly ash aged 365 days. Sphericity was used to analysis the connectivity of pores. The quantitative analysis results were
compared with those from BEI and MIP methods. The main advantage and drawback of synchrotron X-ray computed
tomography technique were hence illustrated.

Keywords: X-ray computed tomography; Microstructure; Hydration; Portland cement; Fly ash



1. Introduction
It is generally known that the performance of cement-based materials has a high correlation with the
microstructure formed during the hydration process of cement. As to blended cement, the secondary
reaction of supplementary cementitious materials optimizes the microstructure and further improves
the performance of hardened cement paste at later stages (Sinsiri T., et al, 2010; Bleszynski R. F., et al,
2002). Therefore it is essential to characterize the microstructure features of blended cement to
understand the modification mechanism during cement hydration through various analysis methods.
The characteristics of the main phases and pore structure of hardened cement pastes can be obtained
with X-ray diffraction analysis (XRD), backscattered electron imaging (BEI), thermal analysis (TA),
mercury intrusion porosimetry measurement (MIP), etc (Scrivener K. L., et al, 2004a, 2004b; Wong H.
S., et al, 2006; Feng X, G. E., et al, 2004). However, 3D microstructure features, such as
characteristics of closed pores, and connectivity and tortuosity of pores have also been proved to be
vital to the mechanical and durability of cement-based materials, which by far can only be non-
invasively imaged with X-ray computed tomography (CT). Furthermore, synchrotron X-ray computed
tomography (SXCT) has been developed rapidly to achieve high spatial resolution in cement
specimens measurement (Erdoğan S. T., et al, 2010; Erdoğan S. T., et al, 2007; Artioli G., et al, 2010;
Gallucci E., et al, 2007; Promentillam M. A. B., et al, 2009; Sugiyama T., et al, 2010; Wildenschild,
D., et al, 2002). Due to the complexity of the morphology and constituent of fly ash, SXCT has not
extended to the research of the hydration of Portland fly ash cement so far.The purpose of this study is
to use SXCT to visualize and quantify the microstructure features of 365 days old Portland cement
blended with fly ash, and to find the advantages and limitations of this technique.
2. Experimental
2.1. Sample Preparation
Portland Cement P.Ⅰ 42.5 (PC) and fly ash were used for sample preparation. Table 1, table 2 and
table 3 show the chemical compositions, mineral compositions, and physical and mechanical
properties of PC. Table 4 and table 5 show the chemical compositions and mineral compositions of fly
ash. The densities of PC and fly ash are 3.14 g/cm3 and 2.60 g/cm3 respectively. Pure PC was used as
the control sample and the blended sample (PF) was prepared with 50% (w/w) substitution of fly ash.
The water to binder ratio was 0.5. Powder and distilled water were mixed by agitator for 5min and
then injected with a syringe into thin cylindrical glass tube (Lindermann Glass 14 type) with a
diameter of 300 μm and a wall thickness of 10 μm. Wax was used to seal the samples at each end of
the capillary. Samples were then cured at (20±3)℃ till 365 days old. Some of the PC and PF pastes
were cast in sealed plastic cylinders with a diameter of 20mm and a thickness of 30 mm then cured at
(20± 3) ℃ till the same age as the samples in the capillary. 5mm-diameter fractured pieces of
hardened PC and PF pastes were subjected to drying treatment, first with ethanol and then in a vacuum
oven at 45℃ for 24 hours to stop the hydration reaction.

Tab. 1 Chemical compositions of PC /% (w/w)
Compositions CaO SiO2 Al2O3 Fe2O3 MgO f-CaO SO3 Na2O Cl- LOSS

Content 62.03 21.89 4.18 3.45 2.57 0.63 2.93 0.35 0.011 1.71
Tab. 2 Mineral compositions of PC /% (w/w)

Compositions C3S
β-
C2S

CaCO3 C3A C4AF CaSO4•2H2O CaSO4 MgO SiO2
Amorphous

phase
Content 48.4 16.0 1.5 5.5 9.5 0.8 3 1.2 0.5 13.6

Tab. 3 Physical and mechanical compositions of PC /%

Specific surface area /(m2/kg) Setting time/min Flexual strength /MPa Compressive strength /MPa
Initial Final 3d 28d 3d 28d

356 150 210 4.5 8.3 25.1 50.0
Tab. 4 Chemical compositions of fly ash /% (w/w)

Compositions CaO SiO2 Al2O3 Fe2O3 MgO MnO SO3 Na2O K2O TiO2 P2O5 SrO LOSS
Content 7.99 48.9 26.6 4.98 0.77 0.08 0.60 0.64 1.01 0.96 0.24 0.19 7.04

http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3A9dbgbghaK47il36aE&name=Sinsiri%20T&ut=000285164200003&pos=1


Tab. 5 Mineral compositions of fly ash /% (w/w)
Compositions 2SiO2•3Al2O3 SiO2 Ca(OH)2 CaCO3 CaO Fe3O4 TiO2 Amorphous phase

Content 22.4 5.2 1.7 0.6 0.3 0.2 0.5 69.2
2.2. Sample Measurement
Capillary samples were scanned at the Shanghai Synchrotron Radiation Facility (SSRF) on the
BL13W1-Tomography beamline. The beam energy was set between 13kev to 14keV. 1000 projections
were acquired on a 2048× 2048 pixels CCD camera equipped with a 10× magnification optical
objective with an angle step of 0.18º and an exposure time of 3 seconds to 4 seconds each. The field
of view and pixel resolution under these conditions were 0.76 mm × 0.76 mm and 0.74 μm,
respectively. Reconstructed slices were computed using the CT-Program software in use at the SSRF.
The X-ray tomography setup was shown in figure 1. One synchrotron X-ray transmitted projection of
the sample was shown in figure 2.
Some of the dried pieces were embedded in epoxy resin and then ground and polished. After carbon
coating, they were subjected to BEI measurement with scanning electron microscope (JSM-6610 LV).
Some of the dried pieces were reduced to approximately 2 mm nominal size and subjected to MIP
(AutoPoreⅣ 9500) measurement.

Figure 1 Sample measured on the Figure 2 Synchrotron X-ray
BL13W1-Tomography beamline at SSRF. transmitted projection of the sample.

3. Results and Discussion
3.1. Quantitative results from BEI
Figure 3 shows the backscattered electron images and grey-level histograms of hardened PC and PF
cement pastes of 365 days old. Since the grey level histogram of fly ash partly overlapped that of
portlandite in hardened PF paste, the volume percentage of unreacted fly ash included that of
portlandite. Through the threshold setting of grey-level histogram, volume percentages of unhydrated
cement clinker, unreacted fly ash with portlandite, hydrates including (PF) or excluding (PC)
portlandite, and pores were statistically calculated with 20 images of each sample respectively (table
6). The volume percentage of unhydrated cement clinker of PF is lower than half of that of PC, which
means the hydration of cement clinker in PF is accelerated by fly ash. The volume percentage of pores
is higher than that of PC because there are lots of unreacted hollow fly ash particles in hardened PF
paste (figure 3(b)).
3.2. Quantitative results from SXCT
Through the threshold setting of grey-level histogram of the slices of 365 days old PC and PF samples
obtained using SXCT, phases can be discriminated according to the similar contrast produced from the
reconstructed X-ray slices and SEM backscattered electron images (Gallucci E., et al, 2007). Figure 4
shows the slices and grey-level histograms of 365 days old hardened PC and PF cement pastes. Since
the distinction between unreacted fly ash (AF) and hydration products (HP) in the grey-level
histogram of PF is not significant (figure 4 (b)), the phases that can be quantified are unhydrated
cement clinker (AN) and pores (P) from reconstructed tomographic images.
In the most homogeneous part of the sample, regions of interest (ROI) of volume of (207 μm)3 (cube
of 2803 voxels, that is 280 slices of 280× 280 pixels) were taken. Image processing was performed to

100μm



(a) PC (b) PF
P-Pores; HP-Hydration products (exclusive of CH);

CH-Portlandite; AF-Unhydrated fly ash; AN-Unhydrated cement clinker
Figure 3 The Backscattered electron images and grey-level histograms of 365 days old hardened cement pastes.

Tab. 6 Volume percentages of unhydrated cement clinker, unreacted fly ash, hydrates and pores
of 365 days old hardened PC and PF cement pastes /% (v/v)

Volume
percentages

Unhydrated
cement clinker

Unreacted fly ash
including portlandite Hydrates Hydrates

excluding portlandite Pores

PC 13.1 - 73.7 - 13.2
PF 6.1 29.3 - 45.9 18.7

the whole stack of reconstructed slices. 3D high-pass filter and median filter were applied to sharpen
images and even out brightness and contrast variations between successive slices. Unhydrated cement
clinker and pores were isolated by adjusting threshold of grey level histogram and removing
background noise of the slices. The volume percentage of unhydrated cement clinker and pore
structures of each ROI were quantitatively analysed using Avizo software, then the total content of
unhydrated cement clinker, pores and the rest can be calculated accordingly. The final quantitative
results of each sample were obtained by averaging the values of all the five-set ROI. The resolution of
reconstructed 3D images is estimated to be about 1μm due to image acquisition and processing
procedures, therefore only microstructure above 1 μm was able to be quantitatively analysed in this
study. Figure 5 shows one selected ROI of the reconstructed volumes and the corresponding
segmented unhydrated cement clinker (in green) and pores (in red) of 365 days old PC (a) and PF (b)
samples. Hydration products and unhydrated fly ash were not coloured. Table 7 shows the
quantitative results.
Comparing with table 6, the volume percentage of unhydrated cement clinker from CT analysis is
larger than that from BEI analysis, while the porosity is on the contrary. One reason is probably due to
the noise with high grey level value discriminated as unhydrated cement clinker in the reconstructed
slices. The other reason is that the resolution of reconstructed 3D images is estimated to be about 1μm,
hence pores smaller than 1μm cannot be discriminated. Besides, due to close linear attenuation values
between pores (P) and hydration products (HP), especially when the pore size decreases, HP fills in
the pores, and it approaches the spatial resolution limit of the CT, the contrast resolution of pores is
lost (Wildenschild, D., et al, 2002). Because the pore structure of PF is finer than that of PC, the error
between BEI and CT analysis of PF is larger than that of PC. Sphericity is used here to characterize
the connectivity of pores. The lower the value of sphericity, the high the connectivity of pores is. It
shows that the connectivity of pores is lowered with the reaction of fly ash in PF comparing with PC.
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(a) PC (b) PF
P-Pores; HP-Hydration products; AF-Unhydrated fly ash; AN-Unhydrated cement clinker

Figure 4 Reconstructed slices, grey-level histograms and grey-level based segmented
unhydrated cement clinker and pores of 365 days old hardened PC and PF cement pastes.

green—unhydrated cement clinker; red—pores; transparent—hydration products and unhydrated fly ash
Figure 5 VOI and segmentated unhydrated cement clinker and pores of 365 days old PC and PF samples.

Table 7 Quantitative results from tomographic analysis /% (v/v)
Unhydrated

cement
clinker /%

(Vol)

Porosity
/%

Other
phases
/%(Vol)

Total
pore

area/μm2*

Median
pore

area/μm2*

Median pore
diameter/μm

(Vol)

Average
pore

diameter
/μm(Vol)

Mean
sphericity

PC 21.7 12.3 66.0 1.1×106 16.6 2.4 3.0 0.808
PF 8.96 5.81 85.23 3.9×105 34.2 3.1 4.1 0.951

HP

P
AN
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HP

P
AN

HP

P

AN

HP

P

AN AF
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50μm 50μm



*in 2073 μm3.
3.3. Reactivity of cement clinker
When the volume fraction of unhydrated cement clinker (AN) and the water to binder ratio were
known, the degree of cement clinker hydration could be calculated (FENG X., et al, 2004). Table 8
shows the calculated results. After 365 days of hydration, the degree of cement clinker hydration of PF
is higher than that of PC due to the secondary reaction of fly ash. However the analysis results from
CT are lower than those from BSE.

Table 8 Degree of hydration of cement clinker of 365 days old hardened PC and PF cement pastes /% (v/v)
BEI CT

PC 64.85 41.77
PF 88.26 82.75

3.4. Quantitative results from MIP
Pore size from 3nm to 200 μm of 365 days old hardened PC and PF cement pastes were measured and
statistically analysed with MIP. Table 9 shows the pore structure parameters. Since CT can only
measure the pores above 1 μm, the porosity from MIP is larger than that from CT comparing with
table 7. The error between MIP analysis and CT analysis of PF is larger than that of PC. Comparing
the results from BEI, CT and MIP, the parameters such as topology and connectivity can be extracted
from CT data, however the image quality and post-processing procedure of CT need to be improved to
achieve more accurate quantitative analysis results.

Table 9 Pore structure parameters of 365 days old hardened PC and PF cement pastes

Pore structure
parameters

Total pore
area

/(m2/g)

Median pore
diameter
/μm (Vol)

Median pore
diameter

/μm (Area)

Average pore
diameter

/μm
Porosity

/%

PC 49.6 0.037 0.006 0.014 27.6
PF 81.3 0.016 0.009 0.012 35.5

4. Conclusions
SXCT is a non-invasive technique for the 3D microstructure characterization of Portland fly ash
cement. The reactivity of cement clinker and pore structure were quantified. The main advantage of
this method is to study the connectivity of pores. However, the similar grey levels of fly ash and some
of the hydrates made it difficult to quantify the content of unreacted fly ash. The real spatial resolution
no better than 1μm at present was also a drawback of this method, which limited the measurement of
capillary pores in hardened cement pastes.
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Stability of low water binder ratio cement based material in water
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Abstract
The cementitious materials in low water binder ratio cement based material (LWBRM) cannot hydrate completely after
hardening, which can continue to hydrate with enough water entered, and the volume of new hydration products
expanse, therefore, it will have a great influence on its durability. Through the water soaking test of neat paste
specimens, the influence of water binder ratio, curing condition, soaking temperature on the continued hydration of
LWCRM were analyzed in this paper, and the bound water was the main evaluation index. Results show that the bound
water of pastes with 0.15, 0.20, 0.25, 0.30 water binder ratio after 90 d water soaking (20℃ ) increased by 8.86%,
9.87%, 8.02% and 9.87%, respectively. And the bound water of samples with 0.20 water binder ratio increased 9.87%,
25.22% and 28.32%, respectively, when the soaking temperature is 20, 40, 60℃. What’s more, the bound water of non-
steam curing and steam curing sample with 0.20 water binder ratio increased 9.87%, 3.14%. With the increase of
soaking time, the cracks on the surface of the 40 mm×40 mm×160 mm specimen increased gradually, it shows that the
continued hydration with water for a high density LWBRM may have a downside on the development of its performance.

Originality
The cementitious materials in low water binder ratio cement based material (LWBRM) cannot hydrate completely after
hardening, the bound water of LWBRM pastes with 0.15, 0.20, 0.25, 0.30 water binder ratio after 90 d water soaking
(20℃) increased 8.86%, 9.87%, 8.02% and 9.87%, respectively. And cracks have been found on the surface of the 40
mm×40 mm×160 mm specimen which soaked in water, it can be concluded that the continued hydration with water for
a high density LWBRM may have a downside on the development of its performance.

Keywords: rehydration; low water binder ratio based material; mass loss rate; bound water; compressive strength
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1. Introduction

With the continuous development of cement base material technology, the ultra-high strength and
ultra-high performance concrete have been widely noticed, and have obtained certain application. Low
water binder ratio is necessary to obtain ultra-high strength and ultra-high performance for cement
material, in general, the lower water binder ratio, the higher the strength, the lower the degree of
hydration, and with less hydration gel as well as more unhydrated cement materials. According to the
theory put forward by Powers, cement can't completely hydrated when the water cement ratio is lower
than 0.38 (Powers T.C., 1958), what’s more, if the water cement ratio is higher than 0.38, the cement
may all hydration. However, water binder ratio of high-performance concrete is less than 0.42
commonly, these unhydrated cement will be one of the main reason which influence the long-term
performance of concrete. Once the concrete cracking, water went into the concrete cracks, the
rehydration of unhydrated cement materials will occur, the hydration products will eventually repair
cracks. The strength of concrete(water cement ratio of 0.22, 0.22, 0.28, 0.31, 0.47) after 7 days water
curing strength reduced, for example, the strength of concrete with water cement ratio of 0.22
decreased by 21.0% (Yang Lei, et al., 2004; Guan Xuemao, et al., 2004). It can be concluded that the
late rehydration of low water cement ratio concrete may lead to damage of concrete, which result in
significantly reduction in compressive strength and durability, and the lower the water cement ratio,
the greater the damage of rehydration caused by unhydrated cement materials. The study of Haoliang
The rehydration of unhydrated cement can repair the microcracks, which is good for the damage repair
of concrete(Huang H, et al., 2013; Huang H, et al., 2012.).
At present, most researches of low water binder ratio cement based material (LWBRM) research are
focused on the later hydration, which mainly refers to the chemical reaction between internal active
admixture and cement, and rehydration in this article mainly refers to the hydration reaction between
unhydrated cementitious material in LWBRM and water, there are significant difference between
these two.
Due to the use of low water binder ratio, elimination of the coarse aggregate, and mixture with mineral
admixtures and fiber, low water binder ratio concrete usually has high strength and excellent durability
(Shaheen E, et al., 2006; Wang Yue, et al., 2013; Bonneau O, et al., 1997.). The cementitious material
in low water binder ratio concrete still cannot completely hydrated even with high temperature steam
curing, rehydration happens immediately when water entered, therefore, the influence of rehydration
on its performance needs further study. The influence of rehydration under different conditions on the
performance of LWBRM are studied in this paper, and compressive strength, bound water are the
main evaluation indexes.

2. Experimental

2.1. Raw Materials and Mix Proportion

The basic materials used in this experiment for LWBRM included Type I Portland cement 42.5, quartz
sand, silica fume, steel fiber and superplasticizer. The cements' C3A content is 7.4%, C4AF content is
8.9%, C2S content is 18.1% and C3S content is 60.5%, respectively. Particle size ranges of quartz sand
are 0.16 ~ 0.315 mm, 0.315 ~ 0.625 mm, 0.625 ~ 1.25 mm, with the grading of 2:4:1. 13-mm-long
fine steel fibers with a diameter of 0.22 mm are used. The tensile strength of a steel fiber is 2800 MPa.
SiO2 content of silica fume is greater than 90%, and its average particle size is 0.31μm; Water
reducing rate of superplasticizer adopted is 29%, the solid content is 31%.
There are four kinds of specimen size: (1) R10 mm × 20 mm is used for determination of combined
water (neat paste specimen); (2) 40 mm × 40 mm× 160 mm is used to observe the appearance changes
of LWBRM, (1) and (2) adopt the LWB1, LWB2, LWB3 and LWB4 mixture in Tab. 1; (3) 100 mm ×
100 mm × 400 mm is used to measure the mass loss rate and relative dynamic elastic modulus; (4) 100
mm × 100 mm × 100 mm is used to measure the compressive strength. The total amount of mix
cementitious material is 966 kg/m3, LWB0 steel fiber volume content is 2.0%, concrete mix
proportions are shown in Tab. 1.



Tab. 1 The mix proportion of LWBRM（kg/m3）

Code Cement Quartz Sand Silica Fume Steel Fiber Superplasticizer Water Water Binder Ratio
LWB0 706 1255 160 160 74 122 0.20
LWB1 706 0 160 0 74 79 0.15
LWB2 706 0 160 0 74 122 0.20
LWB3 706 0 160 0 74 165 0.25
LWB4 706 0 160 0 74 208 0.30

2.2. Experimental Process

Specimens first were cured 24h in standard curing room before ripping and then put into an high
temperature steam curing box curing 68 h at a temperature of 75℃ , it should be mentioned that the
heating rate was about 15℃ /h. They were moved into standard curing room again after the high
temperature curing. In order to strictly control the water binder ratio, PVC plastic were used as sealing
material to isolate the specimen from water vapor in the process of curing. The solution of natural
soaking test method was 5.0 wt% NaCl and the soaking temperature was 20℃. The mass loss rate and
relative dynamic elastic modulus were determined every 30 days, and to ensure that the specimen was
in basically the same ion concentration, NaCl solution were also replaced every 30 days. The bound
water was tested through loss-on-ignition method, and the calcination temperature was 950 ℃ . Mass
loss rate and relative dynamic elastic modulus were determined according to Chinese standard
(GB/T50082. 2010.), the compressive strength was determined according to Chinese standard
(GB/T50081. 2003).

3. Results and Discussion

3.1. Results of natural soaking

3.1.1 Mass loss rate and relative dynamic elastic modulus
Fig.1 shows the mass loss rate and relative dynamic elastic modulus of LWBRM in the process of
NaCl solution soaking. As can be seen from Fig.1, the mass loss rate decreased with the increase of
soking time, what’s more, the mass loss rate value remained negative all the time, mass loss rate was
0.71% when soaking 720 days which mass increased 70 g. Mass loss of the specimens is mainly
composed of three parts, one is the water entered inside of the specimen, the second part is the salt
entered, and the third part is surface spalling which is caused by damage. There was no surface
spalling observed during the process of soaking, but solution entered inside the concrete continuously,
which resulted in increase of its mass. There was no obvious change of relative dynamic elastic
modulus in the process of soaking, which was always close to 100%.

Fig.1Mass loss rate and relative dynamic elastic modulus



3.1.2 Compressive strength

Fig. 2 shows the compressive strength changes curve of LWBRM during natural soaking process. It
can be seen from Fig. 2 that the compressive strength of LWBRM showed a reduce trend, its
compressive strength decreased to 128.62 MPa when soaking 720 days, which reduced by 14.5%
compared with the initial value.

Fig. 2 Compressive strength
3.2 Discussions

The compressive strength of LWBRM reduced after proper time soaking, and the compressive
strength of freeze-thaw damaged LWBRM increased after soaking (The compressive strength of
LWBRM was 150.1 MPa before freeze-thaw cycling, and it fell by 17.8% after freeze-thaw cycle 400
times, and the compressive strength of specimens soaking 1 year after freeze-thaw cycle 400 times
immediately increased, it reduced by 9.2% relative to the initial value before freeze-thaw cycle), the
main reason for these changes is rehydration of LWBRM. As mentioned before even with high
temperature steam curing condition, the internal cemetitious material of LWBRM is still not
completely hydrated, therefore the unhydration cemetitious material will rehydrate when exposed to
water. The hydration products volume of 1 cm3 cement hydration is about 2.1 cm3, the volume of
hydration products increased relative to the initial solid volume,therefore, rehydration affects the
compactness, strength, etc. of concrete.
The hydration degree of LWBRM will change under the action of rehydration, rehydration can fill
inside the concrete pore and micro cracks to a certain extent, but also because of the volume expansion
of rehydration products, it can cause a certain amount of damage. The reduce of compressive strength
in natural soaking conditions is mainly due to volume expansion of rehydration product of which can
cause some damage. The compressive strength of freeze-thaw damaged LWBRM increased after
soaking showed that the damage caused by freeze-thaw cycle received a degree of repair after soaking
process, rehydration products filled the micro cracks to a certain extent [5], which make it more tightly.
Bound water is usually used to evaluate the hydration degree of concrete, the bound water of neat
paste in different condition (different water binder ratios, different curing conditions and different
soaking temperatures) after different soaking time were determined in this paper, and the influence of
rehydration on the performance of concrete were further analyzed combining the macroscopic damage.

3.2.1 Influence of water binder ratio

Considering the influence of water binder ratio on rehydration, the bound water changes of a total of
four different water binder ratio (0.15, 0.20, 0.25 and 0.30) neat paste were determined during the
process of water soaking until 90 days, the results are shown in Fig. 3.



(a) Bound water (b) Increased percentage of bound water
Fig. 3 The influence of water binder ratio on rehydration

From Fig. 3 we can see that the bound water of neat paste before soaking increases with the increase
of water binder ratio, its initial bound water were 8.70%, 9.91%, 10.40% and 9.91% respectively, with
water binder ratio of 0.15, 0.20, 0.25 and 0.30. The bound water of different water binder ratio
LWBRM increases with the increase of soaking time, the growth rates of 0 ~ 14 days were fastest, it
increased by 5.10%, 7.65%, 2.86% and 7.65%, respectively, after 14 days. And after that the growth
rates slowed down, the bound water increased by 8.86%, 9.87%, 8.02% and 9.87%, respectively, after
90 days soaking.

3.2.2 Influence of steam curing

Low water binder ratio concrete generally uses the high temperature steam curing, high temperature
steam curing can improve the hydration in a certain extent, and the bound water results of neat paste
under different curing conditions are shown in Fig. 4. Fig. 4 shows that steam curing has a significant
influence on hydration, the bound water of specimen non-steam curing before soaking was only 9.91%,
however, and that value of steam curing sample reached 11.31%, what’s more, it even greater than the
non-steam curing specimens after 90 days soaking (10.89%). The bound water of steam curing
specimens grow slowly with the increase of soaking time, it increased by 3.14% after 90 days, while it
increases by 9.87% for non-steam curing specimen. Therefore, steam curing can obviously increase
the hydration degree of cement based materials, but the impact scope may be limited, the specimens
used in this experiment were very small, which may result in a higher influence.

(a) Bound water (b) Increased percentage of bound water
Fig. 4 The influence of curing condition on rehydration

3.2.3 Influence of soaking temperature

The internal temperature of concrete could reach 50 ~ 60℃ during hydration process (Liu Jianzhong,
et al., 2010.), at the same time, the concrete structure actual service environment temperature change
is extensive, and the surface temperature of concrete generally higher than the environment
temperature. Therefore, considering hydration temperature and the influence of environment



temperature, the specimens were soaking in 20, 40 and 60 ℃ , respectively, the bound water after
different soaking time were measured, the results are shown in Fig. 5.

(a) Bound water (b) Increased percentage of bound water
Fig. 5 The influence of soaking temperature on rehydration

As can be seen from Fig. 5, the bound water of specimens in different soaking temperature increased
with the increase of soaking time. And soaking temperature has a significant influence on rehydration, ,
when the soaking temperature was 20, 40 and 60 ℃ , the bound water were 10.89%, 12.43% and
10.89% respectively after 90 days soaking, which increased by 9.87%, 25.22% and 28.32%
respectively compared with initial value.

3.2.4 Macroscopic damage phenomenon

By the above analysis we can know that LWBRM has a serious phenomenon of rehydration, which
can produce certain influence to its performance. Fig. 6 shows the macroscopic damage phenomenon
of neat paste after different soaking time. It can be seen from Fig. 6, there were a large number of
micro cracks on the surface of specimens after 7 days soaking, and most of the cracks throughout the
specimen. The number of micro cracks on the surface of the specimen increased slightly with the
increase of soaking time.

(a) 14 days (b) 28 days (c) 56 days (d) 90 days
Fig. 6 Macroscopic damage phenomenon of neat paste (water binder ratio was 0.20)

Fig. 7 shows the surface morphology of specimens with different water binder ratio after 90 days
soaking. It can be seen from Fig. 7, there were a large number of micro cracks on the surface of the
specimens of different water binder ratio, like reticular type, throughout type, X type, vertical,
horizontal, diagonal crack, etc. The crack type of specimens with 0.15 and 0.20 water binder ratios
were mainly throughout type. And cracks on the surface of the water binder ratio of 0.25 specimen
were the most obvious, and most of them were reticular type. The cracks on specimen surface of water
binder ratio 0.30 were slightly less than that of 0.25, which contained both throughout type and

(a) (b)

(c) (d)



reticular type. The influence of self-desiccation on the production of these cracks cannot be ruled out,
but the influence of rehydration should not be neglected, a portion of specimens disconnected after
soaking, the section surface was flat, as shown in Fig. 8. New hydration products generated by
rehydration can be observed, the research results of Li-Li Kan (Kan L, et al., 2012.) showed that the
main product of unhydrated cement materials rehydration is the fibrous C-S-H gel and CaCO3, the
composition of rehydration products in this paper needs further research.

(a) 0.15 (b) 0.20 (c) 0.25 (d) 0.30
Fig. 7 Macroscopic damage phenomenon of neat paste with different water binder ratios

Fig. 8 Typical specimen cross section
4. Conclusions

Low water binder ratio cement base material (LWBRM) has a significant rehydration problem when
exposed to water. And volume expansion of rehydration products may lead to the decrease of concrete
strength, the compressive strength of low water binder ratio concrete after a certain period of solution
soaking reduced, but the reduction was small. The bound water of different water binder ratio
LWBRM increased with the increase of soaking time, the bound water of neat paste with 0.15, 0.20,
0.25 and 0.30 water binder ratios increased by 8.86%, 9.87%, 8.02% and 9.87%, respectively after 90
days soaking. And the curing condition and soaking temperature have a significant influence on
rehydration. The influence of rehydration on the performance of concrete cannot be ignored as it may
cause serious damage.
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Abstract
Industrial use of waste carbon dioxide gas as an upcycled feedstock into concrete has realized strength benefits when
applied to masonry blocks and ready mixed concrete. The introduction of carbon dioxide to cement paste at the first
moments of hydration produce thermodynamically stable carbonate reaction products. The carbonates are effectively
formed in the fresh concrete mix and are homogenously distributed throughout the matrix prior to the development of
any significant hydration products. The materials science impacts of the carbonation on the hydration have not been
previously explored. A model oil well cement paste was subjected to carbon dioxide gas during mixing. The carbonate
reaction products and hydration reactions were characterized. The materials science impacts were assessed using
isothermal calorimetry, Quantitative X-Ray Diffraction, and scanning electron microscopy. The analysis identified the
nature and timing of mineral phase development resulting from carbonation and subsequent hydration of the cement.
Changes at the microstructural level were documented including reaction product grain size, morphology, paste
porosity and pore filling. It was concluded that the formation of calcite does not inhibit the formation of the amorphous
calcium silicate hydrate gel over the span of the observations (to 24 hours). The initial calcite formation consists of
nano-sized particles that mature in size as hydration proceeds. These nano-sized particles may improve the mechanical
strength of the fully cured cement paste.

Originality
This submission describes an investigation into the impacts carbon dioxide has on the early hydration of an oil well
cement (so selected because it contains a minimum amount of calcite). The combined carbonation-hydration phase
development has not been explored in this detail before. The microstructural investigation was conducted in support of
industrial scale experiments wherein a carbon dioxide addition at the earliest moments of hydration effectively
improved the mechanical properties of concrete masonry blocks and ready mixed concrete. It is necessary to
understand the mechanism at the heart of this novel carbon dioxide utilization approach

Keywords: cement hydration, carbon dioxide, sustainability, calcite, nano-materials
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1. Introduction
Cement production is the source of about 5% of the world’s annual CO2 emissions (Damtoft J.S. et al.,
2008). The industry has recognized a number of approaches to reduce the emissions intensity of the
cement produced and used including improvements in thermal and electrical efficiency, increased use
of alternative fuels, increased clinker substitution and carbon capture and storage (IEA, 2009).
It is clear, however, that practical limits on the impacts of these measures mean that it will be difficult
(Barcelo L. et al., 2014) to attain the industry goal to reduce emissions 50% below 2006 levels by
2050 that is outlined in the IEA & WBCSD roadmap. Innovative approaches are sought and are likely
to be a part of a portfolio strategy. Future emissions improvements will likely be incremental. Thus, a
range of further approaches will also have to be pursued.
One potential method is to upcycle carbon dioxide into concrete products. The mechanism of the
carbonation of freshly hydrating cement was systematically studied in the 1970s. The main cement
phases, tricalcium silicate and dicalcium silicate, were shown to react with carbon dioxide in the
presence of water to form calcium carbonate and calcium silicate hydrate gel (Berger R.L. et al., 1972)
as shown in equations 1 and 2:

3CaO∙SiO2 + (3-x)CO2 + yH2O→ xCaO∙SiO3∙yH2O + (3-x)CaCO3 (1)
2CaO∙SiO2 + (2-x)CO2 + yH2O→ xCaO∙SiO3∙yH2O + (2-x)CaCO3 (2)

Further any free lime present in the cement will rapidly hydrate and react with carbon dioxide, as
show in equation 3:

CaO + CO2→ CaCO3 (3)
The carbonation reactions are exothermic. The reaction proceeds in the aqueous state when Ca2+ ions
from the cementitious phases meet CO32- ions from the applied gas. The carbonation heats of reaction
for the main calcium silicate phases are 347 kJ/mol for C3S and 184 kJ/mol for β-C2S (Goodbrake C.J.
et al., 1979) and 179 kJ/mol for CaO.
When the calcium silicates carbonate, the calcium silicate hydrate (C-S-H) gel that forms is
understood to be intermixed with CaCO3 (Berger R.L. et al., 1972). C-S-H gel formation occurs even
in an ideal case of β-C2S and C3S exposed to a 100% CO2 at 1 atm given the observation that the
amount of carbonate that forms does not exactly correspond to the amount of calcium silicate involved
in the reaction (Goodbrake C.J. et al., 1979).
Conventional views of concrete carbonation are concerned with the reaction of carbon dioxide and a
mature concrete microstructure. This is acknowledged to be a durability issue due to such effects such
as shrinkage, reduced pore solution pH, and carbonation induced corrosion. In contrast, a carbonation
reaction integrated into concrete production reacts CO2 with freshly hydrating cement, rather than the
hydration phases present in mature concrete. The upcycling approach does not have the same
deleterious effects. The addition of gaseous CO2 to freshly mixing concrete results in the formation of
in situ, nano-scale and homogenously distributed carbonate reaction products.
Industrial work has investigated the use of carbon dioxide as a feedstock in concrete production with
the aim of improving the concrete properties. Concrete masonry blocks and ready-mixed concrete has
both been produced by incorporating carbon dioxide gas. Aspects of the field results prompted a study
on the influence of the carbon dioxide and carbonate reaction products on the early hydration of
cement paste.
2. Experimental
Industrial scale experiments were performed whereby gaseous carbon dioxide was injected into
concrete products during their batching and mixing. The carbonation was integrated with both
concrete masonry unit manufacture and ready-mixed concrete production. The goal was to assess the
potential of using the carbon dioxide to add, through in-situ chemical reaction during production,
nano-scale carbonate reaction products and to determine the attendant material science impacts. The
impacts were further investigated through a laboratory study of carbonated cement pastes.
2.1 Methods and Materials
2.1.1 Industrial Work
2.1.1.1 Gas delivery



A tank of liquid CO2 was connected to a gas control system and manifold. The liquid was expanded to
a gas and metered for injection into the mixer (as in the block trial) or central mixing drum of the
ready-mixed concrete operation. The gas was delivered, at a specified flow rate over a fixed injection
interval, whereupon it reacted with the hydrating cement before the mixing was completed.
The carbon dioxide gas for the trials was sourced from an industrial gas supplier but conventionally
such gas would be captured from a point-source emission. The capture step is performed in response
to market demand for the industrial carbon dioxide and thus the industrial CO2 can be understood to be
CO2 emissions repurposed for beneficial utilization. Had the utilization not demanded the gas then the
gas would not have been processed and instead would have remained in an emission stream.
2.1.1.2 Masonry Trial
The block experiment was conducted at an Illinois-based masonry concrete producer. Gaseous carbon
dioxide was injected, at a rate of 1.5% by weight of the cement, into the concrete mixer once all the
dry materials had been loaded. The injection took place over 180 seconds. A medium weight mix
design, summarized in Table 1, was used to make standard 8” (200 mm) concrete blocks.

Tab. 1 Masonry concrete mix design, per batch
Component Quantity Unit Fraction
Washed gravel 311 kg 8.7%

Sand 1960 kg 54.8%
Silica Sand 567 kg 15.9%
Cement 454 kg 12.7%

Rainbloc 80 1478 ml -
Mix water 7.9% - 7.9%

The fresh concrete was assessed visually and via feedback from the machine (i.e. compaction time)
and production personnel. Samples were taken periodically to assess the water content of the concrete
and monitor whether the carbon dioxide had any impact on the “wetness” of the fresh product. Such
samples were also processed for quantification of carbon dioxide uptake. The finished blocks were
transported to a curing room heated with forced humid air.
The concrete compressive strength was measured at 7, 28 and 56 days at the producer’s testing
laboratory with 5 blocks for each carbonated condition at each test age. Water absorption and density
testing was also conducted on three blocks per condition. Testing was conducted according to ASTM
C90 - Standard Specification for Loadbearing Concrete Masonry Units. The control dataset was
comprised of two batches contributing 8 strength specimens (5 from the first batch, 3 from the second)
and 6 absorption/density specimens.
2.1.1.3 Ready-mix Concrete Trial
The ready-mixed concrete experiment was conducted at an Atlanta, Georgia area ready-mixed
concrete producer. The mix design is summarized in Table 2. The requested load of concrete mixed in
the central batch mixer as normal. Once the batch had been completed it was delivered into a ready-
mix truck for analysis on site..One mix was made with control concrete representing the conventional
practice and a second mix was made using the carbon dioxide injection. A dose of 0.5% carbon
dioxide by weight of cement was injected into the mixing concrete for the carbon dioxide-treated test
batch.

Tab. 2 Ready-mixed concrete mix design, per m3

Component Quantity Unit Fraction
Sand 1 420 kg 25%
Sand 2 183 kg 11%

Coarse aggregare 810 kg 49%
Fly Ash 60 kg 4%
Cement 197 kg 12%%

Mix water 132 kg -
The fresh concrete was assessed via on-site measurement of slump and temperature. The concrete was
further cast into 100 mm × 200 mm cylinders for compressive strength testing. Concrete performance
was assessed through compressive strength testing at 1, 3, 7, and 28 days. The measurements were



performed in duplicate.. The specimens tested beyond 1 day were subjected to standard moist curing
conditions prior to testing. All concrete specimens were prepared and tested in accordance with ASTM
C39..
2.1.2 Lab work
2.1.2.1 Oil well cement
Laboratory scale experiments were performed on a model system in order to better understand the
impacts of the carbon dioxide. The lab testing used oil well cement because it has a low initial calcite
content (below detection limits on XRD). Therefore small quantities of carbonate reaction product
development could be readily distinguished.
Samples were generated by mixing 250 g of water with 500 g of untreated oil well cement in a blender
for 30 seconds. The blender was flooded with continuous supply of 100% CO2 gas for a one minute
during blending. Samples were flash frozen with liquid nitrogen following the mixing period and then
freeze dried to arrest the hydration and carbonation reactions. The early hydration was examined by
sampling the batch at five distinct times (t = immediately after the end of mixing, 5 minutes, 4 hours,
10 hours, and 24 hours after the end of mixing). A parallel set of samples for an uncarbonated (control)
system were also prepared. Quantitative X-ray Diffraction (QXRD) was employed to characterize the
constituents of the prepared samples. Total inorganic carbon was used to quantify the carbon dioxide.
2.2.2.2 GU Cement
The microstructural analysis of carbonate reaction products in industrially produced concrete was
challenging due to the available sampling approaches and conventional mix designs. An investigation
was conducted to characterize the carbonate reaction products through carbonation of a simple cement
system. A high degree of carbonation was achieved to allow for direct observation of the crystalline
reaction products.
The experiment mixed 450 g of GU cement and 50 g of distilled deionized water in an airtight,
resealable plastic bag. The materials were hand-agitated through the bag until homogenously blended
and the cement was moistened (30 seconds). The bag was inflated with 100% CO2 gas and sealed. The
system was allowed to react until all of the carbon dioxide had reacted (over several minutes) and the
bag had deflated. This process was repeated a total of ten times over the course of 1 hour. A separate
bag was prepared identically, but no carbon dioxide gas was added into the plastic bag. Carbonate
content was quantified by QXRD and the microstructure was imaged using SEM.
2.2 Analytical Methods
2.2.1 Carbon Quantification in Industrially Produced Concrete
The carbon dioxide contents of the industrially produced concretes were determined by taking a fresh
sample from the production, drying the concrete on a hot plate to remove the water, and subsequently
sieving the dried sample through a 160 µm sieve. Samples of the raw materials also analyzed to
determine how much of each component passes a 160 µm sieve. This information, along with the
concrete mix design, allows for the calculation of a theoretical composition of the sample fines against
which analyzed samples can be compared.
The carbon contents of the sieved samples were then measured via the combustion infrared detection
method using an Eltra CS 800 elemental analyzer. A 0.1 - 0.2 gram sample of sieved material is
loaded into the induction furnace of the analyzer where it is heated to ~2500 °C in a pure oxygen
environment. During the combustion process all carbon-containing compounds react with the
available oxygen to produce carbon dioxide gas (CO2). This gas is then passed through an infrared
detection cell. Based on the amount of measured CO2 the analyzer calculates the original carbon
content of the sample. The carbon content can be recalculated to be an equivalent CO2 content. A net
increase in CO2 is determined by comparison of the CO2 contents for a carbonated sample to an
uncarbonated control sample.
2.2.2 Quantitative X-Ray Diffraction
Laboratory produced paste samples for QXRD analysis were ring milled to a fine powder and then
micronized to a particle size of 6.6 m (volume weighted mean). Samples were spiked with 10%
fluorite to allow for the quantification of amorphous phases. The micronized samples were mounted



and analyzed using a Bruker D8 Focus (0-20, LynxEye detector). Quantitative phase analysis of
mixtures was conducted using the Rietveld method on Bruker Topas software.
The comparison between an anhydrous baseline and a system that has increased in mass was achieved
by normalizing the QXRD values with respect to the ignited mass as determined through Loss on
Ignition (LOI). The analytical data was rescaled such that the sum of the components exceeded 100%
to reflect the lack of carbonation and/or hydration products initial state baseline and the increasing
amounts thereof thereafter. As additional CO2 and H2O mass enters the system it is accounted for by
adjusting the data appropriately.
2.2.3 Total Inorganic Carbon Quantification of Laboratory Samples
Oil well cement samples (anhydrous, hydrated and carbonated) were subjected to quantification of
total inorganic carbon (TIC). This accounted for all carbonate in the system, particularly including
carbonate minerals that was not detectable through QXRD (due to being xrd-invisible or amorphous).
The percent carbon (% C) of the solid samples was determined using a Model CM501C4 CO2

Coulometer from UIC Inc and reported as the %CO2 from carbonate minerals (%carbonateCO2).
Calcium carbonate standards were analyzed to ensure instrument calibration. This method is accurate
within ±0.05% by mass with a detection limit of 0.10% C.
2.2.4 SEM
Samples of the GU cement pastes were preserved for SEM/EDS analysis. Samples were mounted to
aluminum stubs using carbon adhesive tabs. They were then sputter coated with 8 nm of Iridium,
using a Leica EM MED020 Coating System, to enhance imaging quality. Imaging was conducted
using a Helios NanoLab 650 Focused Ion Beam SEM. Images were collected at 0.5kV and a 25 PA
current.
3. Results and Discussion
3.1. Industrial Results
3.1.1 Masonry Trial
The first carbonated blocks produced during the masonry test were assessed to have a dry appearance
with all other production inputs being equal. The batch report indicated that the carbonated batch
included more water than the control, but there was 10% less water detectable by the mixer control
sensor and 11% less as quantified with a bake off. The conclusion was that the CO2 caused an
apparent drying effect wherein more water had been added to the mix, but less water could be detected
in or removed from the mix. The blocks were also observed to be underweight.
The operator created a second batch wherein additional mix water was added into the mixer after the
CO2 injection ended and prior to discharge. The mix was homogenized after the water addition. The
amount of water was based upon the operator’s assessment to produce a batch of concrete with the
desired consistency and appearance. The water increase, as recorded by the w/c sensor on the batching
system, was 11%. Further, a bake off found 3% more water removable from the fresh samples.
The temperature of the blocks was measured when they were sampled for carbon quantification.
Samples were removed from blocks on the production line two to five minutes after the end of mixing.
The control blocks were found to be 26.6 °C. The carbonation treatment increased the temperature of
the concrete. The unadjusted batch was 30.5 °C while the water adjusted batch was 31.8 °C.
Carbon quantification testing showed that 70% of the supplied CO2 for the first carbonated batch was
absorbed to give an uptake of 1.05% by weight of cement. In contrast, 93% of the supplied CO2 was
absorbed by the water adjusted concrete for an uptake of 1.40% CO2 by weight of cement. The
temperature rise was higher for the second batch which is in alignment with the greater carbonation
uptake and exothermic nature of the carbonation reaction.
The strength development of the concrete masonry units, in Figure 1, shows the impact of water
adjustment on the carbonated blocks. The strength of the dry carbonated blocks was 38% lower than
the control at 7 days, 32% lower at 28 days and 24% lower at 56 days. The water adjustment resulted
in blocks strengths 18-19% higher than the control at all three test ages.



Figure 1 Strength development of carbonated and control concrete masonry units
The dry batch was found to have a density that was 94.9% of the control. The carbonation treatment
made the concrete more difficult to compact given that less material was packed into the same mould
cavity. The density of the water-adjusted batch was 99.8% of the control. The water adjustment
successfully allowed the proper mass of concrete to be compact into the mould. The average water
absorption of the blocks was decreased 11% for the dry batch and 18% for the water adjusted batch.
The carbonation reaction products and impact on hydration served to reduce porosity of the blocks and
this effect was greater for the carbonated blocks with the higher density and higher carbonation uptake.
The fact that the masonry block strength benefit was observed while the block density was unchanged
versus the control suggests that the improvement was associated with the carbonation rather than a
result of increasing the block density. The reduced water absorption indicates that the carbonate
reaction products, or their attendant impact on the hydration, have resulted in an improved pore filling.
One possibility is the new surface area associated with the nano-calcite provided an increased wetting
surface thereby allowing the block to contain greater mix water and thus achieve greater hydration
with time.
The amount of carbon dioxide absorbed is modest but if a consistent strength benefit can be realized
then there is motivation to optimize the process and reduce the cement content. Masonry producers
generally do not have any internal or external motivation to produce product that has a strength 19%
greater than the conventional product. Instead, an economic gain can be realized by using a mix design
that contains less cement and achieves, through help of the carbonation process, 100% of the
uncarbonated product strength. A reduced cement mix design would additionally have clear
environmental benefits given that Portland cement clinker typically has embodied CO2 on the order of
866 kg CO2e/tonne of clinker (Barcelo L. et al., 2014). If 5% of the cement was removed from the
block mix design (about 333 kg/m3) then the emissions savings would be around 14 kg/m3 concrete
before including any net offset related to the CO2 absorption.
3.1.2 Ready-mix concrete trial
An overview of the conditions produced during the trial is presented in Table 3.

Tab. 3 Ready-mixed concrete trial batches
Condition Slump (mm) Mix Temperature (°C) Air Content Unit Weight
Control 125 30.5 1.4% 147.0

0.5% CO2 115 31.1 1.5% 147.3
The carbon dioxide treated concrete was produced with fresh properties that were nominally
equivalent to those of the control. It was accepted that the differences were within normal variability
for a reference concrete batch.
The evolution of heat released from the fresh concrete was measured from 0 to 16 hours after mixing
via semi-adiabatic calorimetry. The amount of temperature change (i.e. heat of hydration) of a
concrete sample at this age range can be used as a proxy for the dev1.5elopment of mechanical
properties (such as setting or compressive strength) at very early ages (Ge et al., 2009). A summary of
the temperature change data for the control and carbonated test batch is presented in Figure 2.



Figure 2 Semi-adiabatic calorimetry of early hydration for batches produced in ready-mix concrete trial
In general the carbonate formation had a negligible impact on the measured temperature change from
0-6 hours after mixing. In this region (representing the induction period and beginning of acceleratory
period) the onset, intensity and slope of the temperature change was essentially identical for both the
control and carbonated samples. The rate of the temperature change of the carbonated sample begins
to noticeably increase between 6 and 16 hours after mixing. This behaviour is observed as an increase
in both the rate and magnitude of the temperature change for the carbonated case. Based on this data
an acceleration of the mechanical properties (set, strength) of the carbonated specimen could be
expected from 6 hours onward.
The average compressive strength measured for each condition across the four test ages is summarized
for the trial in Figure 3. Each data point represents the average measured compressive strength in MPa
with the relative comparison to the corresponding control value displayed as a percentage change vs
control outside the end of the bar.

Figure 3 Average compressive strengths of ready-mix concrete test specimens
The results showed an increase in the compressive strength upon carbonation of the concrete mix. The
carbonated showed a 24% increase in compressive strength at 1 day, 29% increase at 3 days, 23% at 7
days and 19% at 28 days.. The strength benefit was observed to be relatively consistent across the
examination period and not temporary and only observed at the earliest ages.
The strength increase may be related to the carbonate reaction products increasing the number of
nucleation sites for hydration. The amount of carbon dioxide absorbed as calcite is unlikely to be
sufficient to result in any sort of micro-filler effect. The calorimetry suggested that there was little
difference in the overall hydration through 20 hours while the strength indicates, particularly on the
two higher doses, a noticeably advanced state of hydration. The presence of carbonates in the system
may have boosted the C3S dissolution in the 7 to 14 hour timeframe and served as new surfaces area



or hetereogeneous nuclei. The early impact was not to increase the overall hydration but beyond 20
hours the carbonation product nuclei may have resulted in a finer or more densely packed
microstructure.
As with the block case ready-mix concrete producers do not typically have an impetus to offer product
at 120% of its normal strength when 100% is acceptable. Tangible CO2 footprint reductions can be
realized if the strength benefit from the CO2 is leveraged towards reducing the cement content in the
mix design. The order of a generic benefit is the same as what was proposed for the masonry block
case.
3.2 Laboratory study
3.2.1 Oil Well Cement QXRD results
The QXRD results of the oil well cement samples are summarized in Table 3 (hydrated samples) and
Table 4 (carbonated series). Results are presented as percentage mass fraction per normalized starting
mass. Statistical analysis of the data collected through QXRD suggested that the percentage error is
controlled by analytical error. An equation representing this distribution was used to calculate all
errors based on absolute abundance. The developments of C3S, calcite, ettringite, calcium hydroxide,
and amorphous content were tracked. The Rietveld identification of amorphous content was
interpreted, in part, to represent C-S-H gel. While the amorphous content of the anhydrous samples
would not adhere to this interpretation, the C-S-H development would generally be associated with the
net increase in amorphous content as hydration proceeds.

Tab. 3 Phase Abundance Summary (wt%) via QXRD for hydrated oil well cement series
Phase Anhydrous 0 min 5 min 4 hours 10 hours 24 hours
C3S 54.9 ±1.2 54.5 ±1.2 53.4 ±1.2 49.9 ±1.2 46.0 ±1.2 26.4 ±1.0

Calcite n/d n/d n/d n/d 0.9 ±0.4 1.0 ±0.4
Amorphous 8.6 ±0.7 8.39 ±0.7 7.6 ±0.7 13.5 ±0.8 20.0 ±0.9 34.1 ±1.1
Ettringite 0.6 ±0.3 0.7 ±0.4 1.1 ±0.4 1.4 ±0.4 1.8 ±0.5 4.4 ±0.6
Gyspum 4.0 ±0.6 3.3 ±0.6 4.5 ±0.6 3.6 ±0.6 3.3 ±0.6 0.9 ±0.4
Ca(OH)2 n/d n/d n/d n/d n/d 6.0 ±0.7

Tab. 4 Phase Abundance Summary (wt%) via QXRD for carbonated oil well cement series
Phase Anhydrous 0 min 5 min 4 hours 10 hours 24 hours
C3S 54.9 ±1.2 53.7 ±1.2 52.3 ±1.2 51.6 ±1.2 42.3 ±1.1 27.9 ±1.0

Calcite n/d 0.8 ±0.4 0.5 ±0.3 1.0 ±0.4 1.5 ±0.4 2.8 ±0.5
Amorphous 8.6 ±0.7 10.4 ±0.8 11.2 ±0.8 13.0 ±0.8 25.4 ±1.0 38.3 ±1.1
Ettringite 0.6 ±0.3 0.6 ±0.3 0.5 ±0.3 0.7 ±0.4 1.1 ±0.4 2.5 ±0.5
Gypsum 4.0 ±0.6 4.1 ±0.6 4.5 ±0.6 4.3 ±0.6 3.0 ±0.6 n/d
Ca(OH)2 n/d n/d n/d n/d 1.0 ±0.4 5.2 ±0.6

The progress of C3S dissolution and reaction is monitored by the change in its relative abundance
(decrease) with time. The carbonated case is shown to be parallel the hydrated case wherein the two
values are equivalent within the range of error at the initial measurement, 5 minutes and 4 hours. A
greater amount C3S has reacted in the carbonated sample (potentially 8% more) at 10 hours but by 24
hours the C3S in the two conditions is again functionally equivalent. The carbon dioxide is shown to
only have a small affect on the overall C3S dissolution or reaction kinetics given that that total
reaction of C3S was largely the same. The increased reaction of C3S in the carbonated oil well cement
at 10 hours as observed by the QXRD agreed with the field ready-mix concrete calorimetry wherein
greater energy was released in the 7 to 11 hour interval. This stage of hydration is associated with the
end of the acceleration period (Gartner E.M. et al., 2002) when the initial silicate hydration starts to
slow down. It is possible that the carbonate reaction products are providing a seeding role to boost the
hydration or are otherwise affecting the kinetics of the hydration reaction.
Initial concentrations of calcite in the anhydrous cement were below detection limits. Calcite appears
in the hydrated system after 600 min at a level of 0.90 ± 0.40%. It was unchanged through to the end
of the analysis. The large relative error (44%) is due to the uncertainty at such low concentrations of



calcite. In the carbonated sample an increase calcite concentration is observed immediately following
the carbon dioxide gas injection 0.80 ± 0.37% by weight calcite. This level of calcite remains
relatively constant in the system through the first 4 hours. In the sample at 10 hours the concentration
of calcite increases to 1.52 ± 0.45% by weight before ultimately reaching its maximum observed
concentration of 2.83 ± 0.55% at 24 hours. The amount of calcite in the system appears to increase
but it is recognized that no additional carbon dioxide was added to the system after the initial mixing.
The observed increase with time is likely attributable to the calcite reaction products initially being
poorly crystalline or too small (xrd-invisible) before developing increased crystallinity or size wherein
they could be detected through xrd.
The amorphous content of the carbonated sample is 24% higher than that of the hydrated control
immediately after carbonation. At 5 minutes it is 47% greater. It fell 4% behind at 4 hours before
accelerating to 27% ahead at 10 hours and 12% ahead at 24 hours. The small lag at 4 hours was
mirrored by the C3S content whose consumption was shown to be slightly less for the carbonated
paste at 4 hours. The amorphous content, as it would parallel C-S-H content and taken as a proxy for
hydration progress, mirrors some of the field observations. The field calorimetry provided evidence of
a pivot wherein hydration was slightly behind at 4 hours and notably ahead at 10 hours before showing
a strength benefit at 24 hours.
The ettringite content of the carbonated paste was found to be lower than in the hydrated paste. If the
quantification is considered as a net increase over the trace found in the anhydrous state then the
carbonated paste contained 90% less ettringite at 4 hours, 56% at 10 hours and 49% at 24 hours. The
implication is that the ettringite was slower to form in the carbonated sample.
The gypsum content of both samples did not conclusively change through the four hour samples. The
decrease, via consumption during hydration, was greater in the carbonated sample than the hydrated
sample. It appeared that all of the gypsum had been consumed in the carbonated sample at 24 hours
but less than 80% had reacted in the hydrated sample.
The first detection of calcium hydroxide was in the 10 hour sample, but only in the carbonated paste.
At 24 hours the carbonated sample had 88% of the portlandite that was detected in the control paste.
The small dose of carbon dioxide creates nano-calcite but does not prevent the conventional hydration
reaction pathways from proceeding. The calcium silicates continue to hydrate, while portlandite and
ettringite continue to form.
Total Inorganic Carbon (TIC) measurements were conducted for the three states (anhydrous, hydrated
and carbonated). The analysis would account for carbon in amorphous nano-particles of calcite that
would be insufficiently crystalline and/or too small to be observed through QXRD.
The TIC for the anhydrous cement was 0.098%. Upon the carbonation treatment the carbon had
increased to 0.264%. At the equivalent age the carbon content of the hydrated sample was 0.097%.
and unchanged from the anhydrous sample. The TIC data proves that carbon dioxide had entered the
system even if the QXRD was only detecting some of the ultimate value. A net increase of 0.166%
was observed. This represents 0.377% CO2 by weight of cement.
3.2.2 GU Cement SEM
The production of a heavily carbonated paste sample succeeded in increasing the calcite content
(normalized over the anhydrous state) from 6.7% in the anhydrous to 37.7% in the carbonated.
Converting the calcite in %CaCO3 to %CO2, shows that the carbonated sample had a net CO2 content
of 13.6% by weight of the anhydrous cement. This level of carbonation ensures that the reaction
products are found in considerably greater abundance than what is achieved in the industrial case.
Nonetheless, it serves as an effective system for analysis given that the reaction products are easy to
observe in a neat paste system that has a high degree of reaction.



Figure 4 Nano-scale (10-150 nm) rhombohedral calcium carbonate reaction products produced through
carbonating freshly hydrating cement

The electron microscopy of the carbonated sample revealed that numerous rhombohedral nanocrystals
were present in the system. The primary dimension of the particles generally exceeded 10 nm and was
predominantly less than 150 nm. The sizes of the particles were too small to allow for an effective
direct chemical assessment through EDS. However, the particle geometry is consistent with calcite
and the QXRD identified the presence of large amounts of calcite so the conclusion is made that the
carbonation process has achieved insitu formation of nano-crystalline calcite. The production method
(extensive and aggressive carbonation) has resulted in reaction products that are likely in larger sizes
and in greater quantities than what would have been found in the industrial samples.
4. Conclusions
Concrete blocks were made with carbon dioxide gas injected into the concrete mixer during batching.
The absorbed CO2 improved the strength of the product by 19% once a compensatory water increase
was incorporated as part of the production cycle. The carbon dioxide may have had a physiochemical
role in improving the strength. Alternately the carbonation may have permitted higher water contents
in the mix thereby increasing the hydration capacity of the block.
A small dose of carbon dioxide to a ready-mix concrete production accelerated the hydration in the 6
to 16 hour range. The compressive strength was improved up to 24% at one day and 19% at 28 days.
A laboratory study of carbonated cement pastes revealed that the hydration pathways were broadly the
same with and without carbonation. The conventional hydration phases formed after the carbonation
reaction occurred. The impact of the carbonation may have been to increase the formation of C-S-H in
the 10 to 24 hour timeframe.
Strength improvements associated with a carbon dioxide upcycling approach can prompt tangible
carbon footprint reductions for the concrete so produced. Producers may be motivated to optimize the
process and reduce the cement loading in the mix design.
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Abstract
In the manufacture of ordinary Portland cement, the clinker is inter-ground with mineral gypsum which
provides sulphate ions to regulate hydration of calcium aluminate (C3A) phase resulting in retardation of
cement setting. The available sulphate ions assist in formation of temporary coating of gelatinous ettringite
on the hydrating particles of C3A causing delay in its hydration reaction. In the by-product jarosite, the
presence of mineral phases such as natrojarosite, gypsum and anhydrite contribute in sulphate ions
resulting in its utilization potential in regulating cement setting similar to mineral gypsum. The physical
characteristics of OPC and PPC samples prepared using 5% gypsum which is made up of mixtures of
mineral gypsum and jarosite in different proportions showed comparable setting behaviour. Long term
compressive strength developments of OPC and PPC cement mortars prepared by partially replacing
mineral gypsum by jarosite and cured under different aggressive environments containing sulphate,
chloride and alkaline salts up to 24 months showed strength developments comparable to the cement
samples containing only mineral gypsum and cured under lean water. The above cement samples also
showed negligible amount of leachates indicating fixation of heavy elements in hardened cement matrix

Originality
This paper presents the role of zinc industry by-product “jarosite” containing sulphate bearing mineral
phases in controlling the cement setting partially replacing conventional mineral gypsum leading to its
gainful utilization in cement manufacture along with environmental sustainability.
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1.0 Introduction
Mineral gypsum is the most effective source of the sulphate needed to arrest hydration of calcium
aluminate phase (C3A) to prevent the flash setting of the cement when water is added. During
clinker grinding, the mineral gypsum is added to regulate setting of hydrated cement where, it is
essential to regulate the supply of available sulphate at the start of cement hydration so that only
ettringite and no mono-sulphate or secondary gypsum formation takes place [Locher et.al, 1980].
However, in cement containing highly reactive C3A, the availability of sulphate ion concentration
from mineral gypsum used during hydration may not be sufficient due to its lesser solubility. In
such cases, it is necessary to ensure that an appropriate proportion of the gypsum is dehydrated to
hemi-hydrate during clinker grinding under the influence of elevated cement mill temperature.
Hemi-hydrate is able to dissolve rapidly, providing the required sulphate concentration
immediately after the water is added in cement. Indian standards specify the maximum SO3

content of 3.5% by mass in OPC [IS: 8112-2013 and IS: 12269-2013]

In jarosite, the presence of mineral phases such as natrojarosite, gypsum and anhydrite indicates
its suitability for use as set regulator in place of mineral gypsum. The present paper highlights the
use of jarosite vis-à-vis mineral gypsum in controlling cement setting and performance of
resultant cement thereof. The study also includes the effect of long term compressive strength
developments of cement mortars exposed to different aggressive media i.e sulphate, alkaline and
chloride solution up to the period of 24 months along with leaching of heavy elements from
resultant OPC and PPC samples.

2.0 Experimentation
The chemical analysis of jarosite, OPC clinker, fly ash and mineral gypsum samples was carried
out according to the procedures described in various Indian standards. The availability of sulphate
ions from jarosite and mineral gypsum samples was studied by treatment for 10, 20, 30, 60, 120
and 240 minutes in distilled water (pH=7) and alkaline water (pH=10). The mineralogy of the
above samples was studied by X-ray diffraction (XRD) [Rigaku International, Japan, D-MAX
2200V/PC] technique operated at 40 KV and 30 mA at a scan speed of 1o/min using CuK 

radiation (λ=1.5405Å). The jarosite samples was also analysed for heavy/ toxic elements using
Inductive Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES) [Model: VISTA-
MPX, Varian Make]. The leachability of heavy elements in jarosite samples was carried out as
per ASTM method D 5233-1992, an agitated extraction test similar with Toxicity Characteristics
Leaching Procedure (TCLP).

In order to investigate the effect of jarosite as part / total replacement of mineral gypsum on the
physical properties of ordinary Portland cement (OPC) and Portland pozzolana cement (PPC),
different cement samples were prepared by using plant clinkers (CL-1 and CL-2), 20% fly ash
(FA) and 5% gypsum which is made up of mixtures of mineral gypsum (MG) and jarosite (JS-1)
in different proportions as per the designed compositions given in Table 1. The above OPC and
PPC samples were prepared by inter-grinding of all components simultaneously in laboratory ball
mill and were studied for various physical characteristics such as Blaine’s fineness, consistency,
setting time, compressive strengths at 3, 7 and 28 days, soundness, heat of hydration at 7 and 28
days and drying shrinkage using different test procedures described in Indian Standard IS: 4031
(Part-2,3,4,5,6,9,10) . The particle size distribution of above cement samples was carried out
using Microtrac S3500 particle size analyzer. The OPC samples containing 100% jarosite and
mineral gypsum was hydrated for different time intervals of 1, 3, 7, 28, 90 and 180-days by
maintaining water to cement ratio of 0.4 and studied for hydrated products development by XRD.

The effect of curing under aggressive media was studied by immersing the hardened cement
mortar cubes in different aggressive solutions i.e. sulphate (0.33 N Na2SO4, pH-5.99), chloride
(0.5 N NaCl, pH-6.43) and alkaline (0.3 N NaOH, pH-12.88) salts along with distilled water (pH-
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Table 1: Composition of OPC and PPC samples

Cement
code

Clinker
(CL-1)

Clinker
(CL-2)

Fly ash
(FA)

Min.Gypsum
(MG)

Jarosite
(JS-1)

Weight proportion (%)
Ordinary Portland Cement samples
OPC-C 95.0 - - 5.0 -
OPC-1 95.0 - - 4.0 1.0
OPC-2 95.0 - - 3.0 2.0
OPC-3 96.0 - - 2.0 3.0
OPC-4 95.0 - - 1.0 4.0
OPC-5 95.0 - - - 5.0
Portland Pozzolana Cement samples
PPC-C - 75.0 20.0 5.0 -
PPC-1 - 75.0 20.0 4.0 1.0
PPC-2 - 75.0 20.0 3.0 2.0
PPC-3 - 75.0 20.0 2.0 3.0
PPC-4 - 75.0 20.0 1.0 4.0
PPC-5 - 75.0 20.0 - 5.0

7.0) for the period of up to 24 months and studied for compressive strength developments. The
leaching of heavy elements in resultant OPC and PPC samples was carried out by immersing the
1 inch neat cement cubes hardened for 28 days in 500 ml of distilled water in air tight containers
for 24 months and leachates were determined by ICP.

3.0 Results and Discussions
3.1 Characterization of jarosite, clinker, fly ash and mineral gypsum
The chemical analysis of two jarosite samples JS-1 and JS-2 collected from different sources
showed the predominance of SO3 with CaO, alkalis Na2O and K2O as other oxide constituents as
given in Table 2. The SO3 contents in jarosite samples were found to be 28.14 and 23.09%
indicating wide variation along with marginal variation in their alkali contents. The values of

Table 2: Chemical analysis of materials used
Constituents Jarosite

(JS-1)
Jarosite
(JS-2)

Clinker
(CL-1)

Clinker
(CL-2)

Fly ash
(FA)

Mineral
Gypsum
(MG)

LOI 33.88 30.38 0.40 0.35 2.29 -
CaO 7.24 5.38 64.92 63.19 2.38 26.28
SiO2 12.02 9.10 19.97 20.30 57.93 20.23*
Al2O3 7.37 7.29 5.90 5.31 26.03 1.93
Fe2O3 27.13 33.83 4.57 4.10 5.83 0.94
MgO 0.33 0.28 1.79 4.63 0.96 0.66
SO3 28.14 23.09 1.08 0.92 0.39 32.77
Na2O 1.84 1.82 0.20 0.17 0.35 0.07
K2O 0.47 0.39 0.54 0.57 0.89 0.05
IR 7.60 14.24 0.13 0.12 90.47 -
TiO2 0.61 0.55 0.32 0.44 1.62 0.13
Mn2O3 0.11 0.32 0.08 0.02 0.006 0.006
P2O5 - 0.03 0.008 0.02 0.009 0.006
Cl- 0.019 0.03 0.10 0.03 0.009 0.006
* SiO2+IR
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heavy elements are given in Table 3 and the leachability of jarosite samples showed negligible
amount of leachates. Mineralogical analysis of above jarosite samples showed natrojarosite
[NaFe3(SO4)2(OH)6] (PDF:36-425) as major mineral phase with gypsum [CaSO4.2H2O] (PDF:33-
311) and anhydrite [Ca(SO4)] (PDF:01-083-0437) as minor mineral constituents (Fig 1).
Microscopic study of the sample showed presence of 42-48% glass content. The Blaine’s fineness
of these samples was determined to be ≥600 m2/kg. Particle size distribution (PSD) of jarosite
sample JS-1 showed wide distribution of particles (296 to 1.375-µm) and its finer nature as
42.93% particle fraction passed through 9.25-µm and 25.76% particles were found to be below
5.50-µm as compared to jarosite sample JS-2 where 26.37 and 12.18% size fraction passed
through 9.25 and 5.50-µm respectively.

Table 3: Heavy elements in jarosite samples

Elements/
sample code

Concentration in parts per million (ppm)
Ba Cd Co Cr Cu Mn Ni Pb Se Zn

Jarosite (JS-1) 340 410 60 120 670 950 90 27900 nil 22300
Jarosite (JS-2) 310 280 40 370 1500 880 30 35200 380 22900

Fig 1: X-ray diffraction pattern of jarosite (JS-1)

The chemical analysis of plant OPC clinkers CL-1 and CL-2 showed the presence of usual oxide
constituents (Table 2) with 0.44 and 0.27% free lime contents indicating good quality clinker.
Semi-quantitative estimation of clinker samples by XRD showed the presence of 61 & 59% alite,
19 & 19% belite, 3 & 3 % C3A and 12 & 14% C4AF. Microstructure of clinker samples showed
moderately developed and in-homogeneously distributed clinker phases. Majority of alite grains
were observed to be hexagonal to pseudo-hexagonal in shape with perfect grain margins. The
average grain size of alite and belite phases were in the range of 37-39 and 33-35µm. The Bond
grindability of the sample was determined to be 11.6 and 15.7 Kwh/tonne. Chemical analysis of
mineral gypsum indicated 32.77% SO3, 26.28% CaO, 20.23% SiO2+IR and 14.59% combined
water determined at 220oC. The purity of mineral gypsum based on SO3 percentage was found to
be 70.46%. Mineral composition of the above sample showed gypsum [Ca(SO4)(H2O)2] as major
mineral constituent with small amount of calcite [CaCO3] and -quartz [SiO2].

3.2 Availability of sulphate ions from jarosite vis-à-vis mineral gypsum
The rate of availability of sulphate ions on dissolution from jarosite samples JS-1 and JS-2 was
found to be higher as compared to mineral gypsum in both distilled and alkaline water (Fig 2a
and 2b) and could be attributed to the presence of alkali bearing mineral phases in the jarosite
samples. The solubility of sulphate ions from jarosite sample JS-1 was found to be higher as
compared to jarosite JS-2 at early ages both in distilled and alkaline water whereas at 120 and 240
minutes, the sulphate ions from jarosite JS-2 were more soluble. The higher rate of availability of
SO3 ions from JS-1 could be attributed to the marginally higher values of Na2O and K2O contents
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(a) (b)

Fig 2: Solubility of SO3 ions in (a) distilled and (b) alkaline water
resulting in its improved reactivity and effectiveness in controlling cement setting in comparison
to jarosite sample JS-2. The percentage of soluble sulphate ions from jarosite JS-1 at the initial
reaction stage of 10, 20, 30 and 60 minutes treated with distilled water were found to be 58.36,
58.72, 52.31 and 61.21% respectively, as compared to 48.17, 45.12, 41.77 and 44.51%,
corresponding to mineral gypsum, which indicates a much higher rate of dissolution of sulphate
bearing phases in jarosite. Since these materials contain CaO and alkalis, there occurs some
degree of precipitation of sulphate compounds resulting in variation in soluble SO3 ions
percentage.

3.3 Setting properties of cement pastes containing jarosite vis-à-vis mineral gypsum
Different ordinary Portland cement samples, prepared by inter-grinding of two types of plant
OPC clinkers with 5% doses of mineral gypsum (MG) and jarosite sample (JS-1) separately, were
studied for their setting behavior. The initial and final setting times of cement samples prepared
with 5% jarosite were found to be comparable to cement samples prepared using 5% doses of
mineral gypsum in both cases showing the effectiveness of jarosite in regulating cement setting in
spite of low SO3 contents (Case studies I and II). No flash set or quick set phenomenon was
observed in cement samples containing jarosite only in place of mineral gypsum.

Case Study I: Setting behaviour gypsum vis-à-vis jarosite
Characterization of OPC clinker used
Chemical analysis (%) : LOI-0.40, CaO-64.92, SiO2-19.97, Al2O3-5.90, Fe2O3-4.57
and SO3-1.08
Semi-quantitative estimation of clinker mineral phases by XRD
Alite-61%, Belite-19%, C3A-3.0% and C4AF-12%
Sample
code

Type of
retarder

Dose of
retarder,%

SO3 content Initial
setting

Final
setting

Clinker - - 1.08 Flash set
OPC-1 Gypsum (MG) 5.0 2.66 215 280
OPC-2 Jarosite (JS-1) 5.0 2.43 180 235

3.4 Evaluation of OPC and PPC samples containing jarosite vis-à-vis mineral gypsum
Different ordinary Portland cement (OPC-1 to OPC-5) and Portland pozzolan cement (PPC-1 to
PPC-5) samples were prepared by inter-grinding method incorporating different doses of jarosite
and mineral gypsum (Table 1). Tang and Gartner (1988) found that a given proportion of
gypsum added by inter-grinding was much more effective than the same proportion added by
blending. Inter-grinding presumably brings the gypsum particles into more intimate contact with
those of clinker. Control cement samples OPC-C and PPC-C prepared using mineral gypsum
were also taken up for reference study. The SO3 contents in cement samples OPC-1 to OPC-5
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Case Study II: Setting behaviour gypsum vis-à-vis jarosite
Characterization of OPC clinker used
Chemical analysis (%) : LOI-0.72, CaO-63.91, SiO2-22.01, Al2O3-4.65, Fe2O3-4.14
and SO3-0.84
Semi-quantitative estimation of clinker mineral phases by XRD
Alite-54%, Belite-25.5%, C3A-4.5% and C4AF-11%
Sample
code

Type of
retarder

Dose of
retarder,%

SO3 content Initial
setting

Final
setting

Clinker - - 0.84 45 75
OPC-1 Gypsum (MG) 5.0 2.44 170 235
OPC-2 Jarosite (JS-1) 5.0 2.41 180 250

were in the range of 2.61 to 2.43% against SO3 content of 2.66% corresponding to control cement
OPC-C conforming to the chemical requirements of SO3 as specified in Indian standards for OPC
i.e. SO3≤3.5%. Similarly, SO3 contents in PPC samples PPC-1 to PPC-5 were in the range of
2.36-2.18% against 2.41% determined for control sample PPC-C and thus conformed to the SO3

requirement of ≤3.0% described in Indian standard IS: 1489(1)-1991 for PPC. Therefore, from
above discussions, it was found that SO3 contents were decreasing with increasing proportion of
jarosite in cement mix. However, all above OPC and PPC samples were found to conform to the
SO3 requirement of their respective OPC and PPC standards.
Particle size distribution of cement samples
The particle size distribution of resultant cements OPC-1 to OPC-5 showed higher percentage of
size fractions passed through 9.25, 5.5, 2.75 and 2.31-µm as compared to control cement OPC-C
showing their finer nature with addition of jarosite. The percentage fraction passed through 9.25,
5.5, 2.75 and 2.31-µm were found to be in the range of 16.14-19.56, 6.04-9.33, 0.81-1.88 and
0.33-1.0% respectively as compared to 16.84, 6.09, 0.79 and 0.32% for control cement. Similarly,
resultant PPC samples also showed their finer nature.
Performance evaluation of OPC samples
The physical properties of the resultant OPC samples are given in Tables 3. The Blaine’s fineness
of cement samples OPC-1 to OPC-5 was in the range of 327-334 m2/kg against 325 m2/kg
corresponding to control sample. The water requirement to prepare consistent paste showed
insignificant effect of jarosite addition replacing mineral gypsum in cement. The initial and final
setting times of resultant cement samples showed marginal reduction in setting times with
addition of jarosite and could be attributed to lowering in SO3 contents from 2.62 to 2.43% as
compared to 2.66% determined for control sample OPC-C prepared with 100% mineral gypsum.
Suresh et.al (2012) studied the shortening of setting time in cement with 100% replacement of
mineral gypsum by jarosite and was attributed to the presence of higher concentration of Na4+,
Fe3+ and Al3- ions in the jarosite. Ali et.al (2014) reported delay in cement setting in spite of low
SO3 contents in cements and it could be attributed to higher rate of dissolution of sulphate ions
owing to comparatively high alkali content in jarosite leading to formation of amorphous
ettringite resulting in a delay in the hydration of C3A, which manifested in delayed setting.
Compressive strengths of resultant cement prepared with 20% replacement level of mineral
gypsum by jarosite i.e OPC-1 at 3, 7 and 28-days were found to be comparable to control cement
and afterwards a marginal reduction of the order of 10-12% was noticed in cement samples
containing higher doses of jarosite. The results of soundness showed high volume stability.
However, the values of heat of hydration of cement samples OPC-1 to OPC-5 at 7 and 28-days
were marginally higher as compared to control sample and could be attributed to the accelerated
hydration reaction owing to the presence of calcium and alkalis in jarosite leading to increase in
alkalinity of the system. Suresh et.al (2012) reported lowering in heat of hydration at early ages
resulted in fall in 1-day strength.
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Table 3: Physical properties of OPC samples

Physical Property/
cement code

OPC-C OPC-1 OPC-2 OPC-3 OPC-4 OPC-5 IS:8112-
2013

SO3 content (%) 2.66 2.61 2.57 2.53 2.48 2.43 ≤3.5
B.fineness (m2/kg) 325 327 325 328 330 334 ≥225
Consistency (%) 26.0 26.0 26.0 26.5 26.5 26.5
Setting time (minutes)
IST 215 210 195 175 160 180 ≥30
FST 280 265 245 235 215 235 ≤600
Compressive strength (MPa)
3-days 34.0 33.0 33.0 32.0 31.0 32.0 ≥23
7-days 45.0 43.0 42.0 41.0 41.0 41.0 ≥33
28-days 54.0 53.0 52.0 49.0 48.0 47.0 ≥43 & ≤58
Soundness
Le-chatlier (mm) 1.0 1.0 1.0 1.0 1.0 1.0 ≤10.0
Autoclave (%) 0.03 0.03 0.03 0.03 0.04 0.04 ≤0.8
Heat of hydration (KJ/Kg)
7-days 251 297 322 310 308 315
28-days 330 375 389 375 380 380

Performance evaluation of PPC samples
Investigations were carried out on PPC samples (PPC-1 to PPC-5) having Blaine’s fineness in the
range of 350-398 m2/kg against 352 m2/kg corresponding to control cement PPC-C (Table 4). The
water requirement to prepare consistent paste of resultant cement samples was in the range of
29.0-29.5% as compared to 28.0% determined for control cement. The initial and final setting
trend of resultant cement samples showed increase in setting time with increasing doses of
jarosite inspite of lowering in SO3 contents. Compressive strengths of resultant PPC samples
showed marginal increase in strength developments as compared to control cement particularly at
later ages of 7 and 28-days. The results of soundness and drying shrinkage of resultant cement
samples showed their conformity to Indian standard IS: 1489(1)-1991.

In view of above, jarosite was found to be a potential material to regulate cement setting by
partially replacing mineral gypsum. Further, cement sample OPC-1 prepared using 4 parts
mineral gypsum and 1 part jarosite i.e 20% replacement of mineral gypsum by jarosite and
PPC-2 containing 3 parts mineral gypsum and 2 parts jarosite was considered optimum for the
study of long term compressive strength developments under the influence of different
aggressive media and leaching studies as discussed earlier.

Effect of curing under different aggressive environmental conditions on strength development
of OPC and PPC
The compressive strength developments of hardened cement mortar samples OPC-1 and OPC-C
cured for 3, 6, 12 and 24 months under the influence of different aggressive environments were
found to be comparable as shown in Fig 3 indicating no deleterious effect of partly replacing
mineral gypsum with jarosite in OPC. Similarly, compressive strengths of PPC samples PPC-2
and PPC-C cued under similar environmental conditions as above up to the time periods of 24
months also showed strength developments similar to control PPC as shown in Fig 4.
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Table 4: Physical properties of PPC samples

Physical Property/
cement code

PPC-C PPC-1 PPC-2 PPC-3 PPC-4 PPC-5 IS:1489(1)-
1991

SO3 content (%) 2.41 2.36 2.31 2.27 2.23 2.18 ≤3.0
B.fineness (m2/kg) 352 350 351 377 385 398 ≥300
Consistency (%) 28.0 29.0 29.0 29.0 29.0 29.5
Setting time (minutes)
IST 150 175 170 200 215 210 ≥30
FST 315 345 340 325 330 280 ≤600
Compressive strength (MPa)
3-days 31.0 29.0 29.0 31.0 31.0 30.0 ≥16
7-days 40.0 39.0 41.0 42.0 42.0 39.0 ≥22
28-days 48.0 48.0 51.0 52.0 52.0 50.0 ≥33
Soundness
Le-chatlier (mm) 1.0 1.0 1.0 1.0 1.0 1.0 ≤10.0
Autoclave (%) 0.05 0.06 0.06 0.05 0.06 0.07 ≤0.8
DS (%) 0.03 0.03 0.04 0.03 0.04 0.04 ≤0.15
DS: Drying Shrinkage

3 Months 6 Months

12 months 24 Months
Fig 3: Long term compressive strength development of OPC samples cured

under different aggressive environments for 3, 6, 12 and 24 months
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3 Months 6 Months

12 Months 24 months
Fig 4: Long term compressive strength development of PPC samples cured under different

aggressive environments for 3, 6, 12 and 24 months

Hydration product developments in hardened OPC cement pastes
X-ray diffraction studies of resultant cement OPC-5 prepared with 100% jarosite and hydrated for
different time periods of 1, 3, 7, 28, 90 and 180-days showed presence of hydrated phases such as
portlandite [Ca(OH)2], ettringite [Ca6Al2(SO4)3 (OH)12.26H2O], laumontite [Ca4(Al8Si16O48)
(H2O)18] along with un-hydrated calcium silicate phases alite [Ca54MgAl2Si16O90] and belite
[Ca2SiO4] similar to phases identified in control cement sample OPC-C prepared with 100%
mineral gypsum as shown in Fig 5. However, the formation of crystalline ettringite was found to
be improved in the hydrated cement containing mineral gypsum owing to low alkalinity of the
system as compared to cement containing jarosite. Furthermore, the formation of portlandite in
hydrated cement sample OPC-5 was found to be improved in presence of jarosite , which could
be on account of accelerated hydration of silicate phases due to improved alkalinity.

3.8 Investigations on leachability of heavy elements present in cement samples
This is a laboratory based study to compare the leaching of heavy elements in cement pastes
prepared with and without jarosite. Leaching studies of resultant cement sample OPC-1 indicated
the amount of leached barium, chromium, copper, nickel and zinc metals in distilled water as 0.22,
0.02, 0.007, 0.01 and 0.005 ppm respectively as compared to control OPC where these values
were found to be 0.08, 0.02, 0.02 with negligible amount (i.e below detection limit) of nickel and
zinc. Similarly, leaching studies of heavy elements in resultant cement sample PPC showed
0.0566 ppm barium, 0.003 ppm cadmium, 0.005 ppm cobalt 0.04 ppm chromium and 0.02 ppm
zinc with negligible amount of nickel and lead.
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(a)

(b)
Fig 5: X-ray diffraction patterns of 1, 3,7, 28, 90 and 180 days hydrated
cement samples (a) control cement OPC-C (b) resultant cement OPC-5
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Conclusions

 Presence of SO3 bearing mineral phases such as natrojarosite, gypsum and anhydrite in
jarosite showed its compatibility to be used as set controller in cement.

 The availability of sulphate ions from jarosite was higher as compared to mineral gypsum
in both normal and alkaline water.

 Physical characteristics showed comparable setting behaviour and compressive strength
development of OPC and PPC samples a lower replacement level of mineral gypsum by
jarosite.

 Hydration studies of cement sample containing 100% jarosite showed development of
hydration products similar to control OPC containing 100% mineral gypsum.

 Long term compressive strength development of OPC and PPC cement mortar cubes
prepared with 20 and 40% replacement level of mineral gypsum by jarosite and cured
under the influence of different aggressive environments up to 24 months showed
comparable strength development to their respective control cement mortar samples
cured under lean water.

 Leaching study showed that the heavy elements present in jarosite sample were found to
be fixed in the cement matrix as negligible amount of leachates was detected after 24
months exposure in different aggressive solutions.

 The study showed that jarosite is a promising material to be used in controlling the
cement setting partly or fully replacing mineral gypsum depending upon the quality of
jarosite and other materials used.
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Abstract
The effects of three kinds of particle size colloid nano-silica(CNS) with 30nm,60nm and 140nm on the
rheological behaviour, hydration characteristics and microstructure of cement paste were investigated.
The results revealed that cement paste workability was significantly decreased when CNS were added.
The finer the particle size is, the lower the fluidity of the paste will be. Improvement in the compressive
strength development of cementitious composites by CNS was observed. In addition, the TG/DSC
results and XRD analysis show a reduction in the calcium hydroxide (CH) content in harden paste with
CNS. This confirms the improvement of mechanical properties and the occurrence of the pozzolanic
reaction. The CNS with a particle size with30nm was good for 3d or 7d strength and microstructure of
cement hardened paste. CNS with particle size of 60nm was benefit not only for early age but also long
age of the mechanical property of the harden paste, according to the different hydration rates.

Originality
Most of current research used waste nano silicon powder as mineral additive in cement-based
materials. In this study, three kinds particle size CNS (CNS-30, CNS-60 and CNS-140)was used to
partially replace cement, and their effects on hydration rate, hydration products and microstructure of
the hardened paste were explored in depth especially at 1d and 3d. This method will reduce the effect
that caused by disperse difficulty.

Keywords: colloid nano-silica, particle size, hydration rate, michanical properties

1. Introduction
Addition mineral admixture in cement-based material such as silica fume, fly ash, slag, can

significantly improve properties of material such as the strength and durability. The size and
characteristics of amorphous nano-silica (NS) particles, which are similar to silica fume [1,2]
have been studied as a potential synthetic mineral additive for cement pastes. In the available
literature it can be found that with the addition of nano-silica in cement or concrete, even at
small dosages, nanosilica can significantly improve the mechanical properties of cementitious
materials [3]. The main mechanism of this working principle is the high surface area of NS,
which acts as a nucleation site for the precipitation of CSH gel [4] and pozzolanic reaction [5].
Nevertheless, NS owns very high surface area and surface energy, which leads to reunite
easily between particles. Therefore, when NS was added directly into the cement-based
material, not only its advantages can not display but also cause negative action on the
properties of materials[6,7]. Aqueous colloidal nano-silica (CNS) is a kind of SiO2 aqueous
dispersion as well as micro silicon powder which belong to the amorphous SiO2 can fully
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disperse in the water. Parameters such as specific surface area, size and size distribution can
be controlled by the synthesis technique. Due to the high specific surface area for the
nano-meter sized CNS particles they constitute a highly reactive siliceous material. Therefore,
using CNS instead of nano silica powder as admixture can effectively solve the difficulties in
dispersing nanometer silicon powder and have better reactivity.

In this study, cement hydration characteristics in the presence of CNS at the early stage,
including hydration rate, hydration mechanisms, and the early mechanical properties were
investigated. Moreover, effects of particle sizes on above properties were also explored. All
of these results are helpful to provide a comprehensive explanation for the modified actions of
nanoSiO2 on cementitious materials.
2. Experimental
2.1. Raw materials and mix proportions
A typeⅡ Portland cement with a 28-day compressive strength of 52.8 MPa and a Blaine
fineness of 415 m2/kg was used in this study. Three kinds of colloidal nanoSiO2 (CNS) with
30nm(CNS-30), 60nm(CNS-60) and 140nm(CNS-140) were used, respectively. The basic
properties were provided by the manufacturer. The physiochemical properties of the raw
materials are given in Table 1 and Table 2.

Table 1 Chemical compositions of the cement(wt.%)

SiO2 Fe2O3 Al2O3 CaO MgO SO3 R2O Ignition
loss

Specific surface
area (m2/Kg)

23.63 2.85 8.00 54.75 4.75 2.38 0.94 3.27 350

Table 2 Physical properties of CNS

Types of CNS
pH

value
Density
(g.cm-3)

Average
particle size

(nm)

Solid
content(%)

CNS 30 10.5 1.24 30 39.8
CNS 60 10 1.21 60 38.6
CNS 140 10 1.20 140 39.2

Cement pastes and mortar mixed with and without 5% CNS at a w/b ratio of 0.5 were
prepared and investigated throughout this study. Samples were demolded after casting for 1
day and cured in saturated lime solution at about 20℃ until testing.
2.2. Test methods
2.2.1 CH content
Thermo gravimetric analysis (TGA, METTLER) was carried out to measure the CH content
of the blends. Samples were heated in nitrogen atmosphere from 50℃ to 1000℃ at a heating
rate of 10℃/min. The weight loss between 440℃and 510℃ was considered to be the
decomposition of CH crystal into lime. Before measuring, powder samples were vacuum
oven-dried at 105℃ until the mass kept unchanged.
2.2.2 Hydration heat
The hydration rate and heat were measured by a semi-adiabatic calorimeter to assess the
effect of CNS on the hydration heat of cement pastes. Samples were prepared at a constant
w/b ratio of 0.5, in which cement was replaced by various particle sizes of CNS by 5% mass.



All the pastes were mixed for 2 min and then injected into a sealed glass ampoule, which was
then placed into the isothermal calorimeter (TAM Air, Thermometric). The instrument was
set to a temperature of 20℃. The measurement was stopped and the obtained data was
analyzed after 3 days,.
2.2.3 Morphology
Scanning electron microscopy (SEM) was employed to study the microstructure of paste with
the addition of CNS. After curing for 28 days, the specimens were cut into small fragments
and soaked in ethanol for 3 days, in order to prevent the hydration of cement. Subsequently,
the samples were dried and stored in a sealed container before the SEM imaging. Sample was
also sprayed with gold to produce the conductivity
2.2.4 XRD
Bruker D8 ADVANCE was used to perform XRD analysis. The acceleration voltage and
acceleration current were 40 kv and 40 mA, respectively. A step size and dwelling time of
0.05°and 2 s were used during the tests.
2.2.5 Pore size distribution
Mercury intrusion (MIP, Quantachrome, PM60GT-18) was used to study the pore size
distribution of hardened cement pastes. The hydration process of cement pastes or mortars
were ceased by soaking in ethanol for 1 day. Then samples were vacuum oven-dried at 60℃
for three days before testing.
3. Results and discussions
3.1. Effect of CNS on fluidity
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Fig.1 Effect of CNS on mortar fluidity
The fluidity of fresh mortar with or without CNS is depicted in Fig. 1. The data illustrates the
direct relation between the particle size of CNS and the workability of fresh mortar. It is
important to notice that with the addition of 30nm CNS, the slump flow of fresh mortar
decreases significantly. The slump flow value of the reference sample is 190mm, which
sharply drops to about 20 mm when about 5% CNS of 30nm was added. When CNS-60 was
added, the slump was not significantly affected with an average deduction of only 5mm,
however, CNS 140 can promote the fluidity. The difference of the fluidity caused by nano
particles resulted from absorbing water.
3.2. Mechanical properties of early ages
Table 2 shows the strength development of cement mortar containing different CNS at
different curing ages. In general, the addition of CNS, regardless of particle size, resulted in a



decreased compressive strength of the hardened mortar. The reduction in strength increased
with increasing replacement level and particle size. The influence is more significant at early
age.

Table 3 Compressive strength/MPa

Ages
Samples

1d 3d 7d 14d 28d

Control 3.69 18.07 39.03 40.27 52.86
CNS-30nm 3.99 19.32 39.56 44.14 56.58
CNS-60nm 3.91 21.76 40.19 45.61 56.91

CNS-140nm 3.54 17.58 39.29 42.46 55.42

Mechanical properties were measured for all the specimens at different ages in order to record
strength evolution. The results are shown in table 3. The early compressive strength increases
in specimens containing CNS and is higher than that of the reference sample at 1d, 3d and 7d.
The continuous improvement of compressive strength of concrete with CNS might be caused
by the accelerated hydration and pozzolanic reaction. The effect of particle size is
significantly apparent at early ages. On the other hand, concrete with CNS has a very similar
or even higher 28-day compressive strength.
3.3. Rate of hydration at early age
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Fig.2 Interference of CNS on heat Fig. 3 Effect of CNS on the
development of Portland cement pastes accumulated heat development

The hydration acceleration effect of nanoSiO2 on cement, i.e. the seeding effect, was
demonstrated by the hydration heat evolution of cement pastes with addition of nanoSiO2 of
various sizes, as shown in Fig.2. It shows that a quicker and higher hydration rate peak occurs
when CNS is added, and the increase of the fineness of nanoSiO2 results in a greater
hydration acceleration effect. A similar results of the hydration heating curve of paste with
5% CNS is shown in Fig.3. One can see that the addition of CNS does not remove or add
additional peaks, but only changes the intensities or times of these peaks. For samples with



CNS, the size used seems too small to cause any important alteration on heat development.
Moreover, the setting time for paste with 0.5% CNS advanced around 30 min comparing
with the reference paste which notes the seeding effect generated by NS. and Fig. 3 also
shows that the accumulated heat developed was higher comparing with reference paste. Kong
et al. [8] proposed that the acceleration effect on Portland cement hydration due to nS
incorporation is not related to its small size but to its high surface area; The more expendable
of calcium ions results in the increasing dissolution rate of clinker[9].
Another important interference is shown in Fig. 2 which is represented with capital letters A
and B. Peak A may represent the formation of C-S-H from C3S hydration, while peak B may
denote the renewed formation of ettringite [10]. Fig. 2 shows that peak A is higher comparing
with reference paste and the pastes contain different particle size of CNS present differently
when comparing with each other The reason might be that the size of the nano SiO2
influences the hydration reaction of the paste in some extent. 2. It is clear that 0.5wt% CNS of
60nm has an obvious effect on the development reaction of Portland cement pastes.
3.4. SEM analysis
Scanning electron microscopy (SEM) was employed to study the morphology and
microstructure of the reference sample and the samples with nano-silica additions. In Fig. 3a
(reference sample), a large amount of well-developed Ca(OH)2 plates can be observed, which
implies that without nano-silica, the porosity of the hardened concrete is relatively large and
the Ca(OH)2 has enough space to grow. Meanwhile, small and fine Aft also presents. In Fig.
3b (5% of 30nm CNS), one can observe a very dense structure in the hardened matrix. The
main hydration product of the cement matrix is the C-S-H gel, Ca(OH)2 crystal reduces and
Aft (ettrigate) becomes short and thick. Furthermore, fine C-S-H gel can be found, which is
probably generated from the pozzolanic reaction of nano-silica with Ca(OH)2. The
microstructure of the specimen with 5% CNS of 60nm is presented in Fig. 3c, in which some
erosive CH crystallization can be observed. As previously explained, because the addition of
nano-silica reacts with CH, which destroyed the microstructure of the crystallization. The
microstructure of the specimen with 5% CNS of 140nm is presented in Fig. 3d, in which
some erosive CH crystallization can be observed. Also as previously explained, because the
addition of nano-silica reacts with CH, which destroyed the microstructure of the
crystallization. The smaller of the SiO2 particles is, the quicker of the reaction is. Therefore,
the morphology of CH observed presents differently although at the same curing time.

(a)Reference sample



(b)Sample with CNS-30 1d

(c) Sample with CNS-60 1d

(d) Sample with CNS-140 1d
Fig.4 1d SEM images: (a) reference sample, (b) 30nm CNS, (c) 60nmCNS, (d) 140nmCNS.

3.5. XRD
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Fig.5 XRD patterns of hydration products of samples wiht CNS

The XRD patterns for the samples with different particle size CNS cured at 1d and 3d are
presented in Fig. 5. From Fig.5a, it can be seen that the amounts of the ettringite and CH are
different from the samples cured at 1 day. The peak of sample with CNS-60 is the highest,
which is consistent with Fig.2. However, for samples cured at 3 days, the peaks of the
ettingite and CH are not visibly different between control sample and samples with CNS.
3.6. Thermal test results
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Fig. 6 TG (sample mass loss in percentage) curves for past with different nano-silica amount

The TG/DSC curves for the samples with different particle size CNS cured at 1d and 3d are
presented in Fig. 6. It is apparent that the main peaks exist in the vicinity of 105℃, 450℃ and
800℃ for all the samples. As commonly known, the hydrated cement paste subjected to an
elevated temperature loses the free water, dehydrates and the hydrated products are
transferred [11].
The TG mass loss of the reference sample is the most among all samples at both 1 day and 3
days,. For the samples of the hydration at 1 day, The mass loss reduced as the increase of the
particle size and when the particle size is 140 nm, the mass loss reached to the minimal. But
for hydration samples of 3 days, as the particle size of the CNS increased, the mass loss
increased too. These should be attributed to the following two aspects: (1) CNS can promote
the hydration of cement, and more hydration products (such as ettringite) can be produced; (2)
CNS can react with Ca(OH)2 to generate more C–S–H gel[12].
In cement paste, CNS plays roles of crystal nucleus induced, active effect and micro
aggregate effect [13]. In the early hydration, the crystal nucleus effect accelerates C3A and
C3S hydration and produces more of the CH in slurry. The active effect refers that CH will
react with nanoSiO2 generating CSH, which reduce the amount of CH. The total CH in the
paste is the outcome of combined action of two effects. For the samples cured at 1 day in Fig.
6 (a), crystal nucleation induction effect may be dominant. The smaller of particle size is, the
more obvious of nucleation induction is. Therefore, with the decrease of the particle size of
the CNS, CH content increased. For the sample cured at 3 days shown in Fig.6(b), active
effect plays more important role. The smaller the particle size is, the stronger of the reactivity
is. Therefore, more CH will be consumed according to the pozzolanic reaction, therefore the
amount of CH reduce in the hardened cement paste.

3.7.Pore size distribution of cement paste with different particles silica colloid
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Fig.7 Influence of CNS on the pore size distribution of cement pastes at 3 day (from MIP tests).

Hardened pasted with 5% CNS at 3 day were studied by using MIP technique and the results
are shown in Fig. 7. It demonstrates that the pore structure of cement paste is densified by
CNS and this complies well with other studies [14]. CNS-30 presents more significant action
on densifying pores than 60nm and 140nm CNS. This could be due to more hydration
products generated by pozzolanic reaction and accelerate effect of CNS, which results in a
more compacting structure.
4. Conclusions
In this work, influences of three particle size of CNS on the properties of cement at early
stage were investigated. The following conclusions can be drawn:

(1) The smaller of the particle size of CNS is, the more significant effect on the fluidity of
fresh mortar causes is, as the amount of addition was 5%. CNS of 30nm decreases the
fluidity significantly, and CNS 60nm almost has no effect on fluidity.
(2) CNS can accelerate the early hydration of cement and increase the hydration heat at 72 h.

CNS-60 presents distinct influence on the rate of hydration, while 1d and 3d compressive
strength of samples with CNS – 60 are also higher than those samples with CNS-30 and
CNS-140.
（3）CNS affect the hydration process of cement complicatedly especially in early hydration,
which is combined action of the pozzolanic reaction, crystallization induced effect and
micro-fillers effect. Particle size of nano particles plays an important role in this complicated
process in different time. From the result of the experiment, it seems that crystal nucleus
induced effect dominate for 60 nm SiO2 particles during 3 days. The small particle size
decreased obviously the amount of CH by pozzolanic reaction. The distinct effect of the
experimental results still need to be further analyzedand verified.
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Improving the quality of oil- well cement using simultaneous fine
ferric hydroxide and gypsum
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Abstract:
This paper presents a study on the effect of fine ferric hydroxide and gypsum on the properties of

oil-well cement slurry and hardened oil-well cement slurry in the temperature condition of 750C. Since
fine ferric hydroxide, which mainly consists of Fe(OH)3, is in the shape of spherical particles,
micrometers in size, and has good ability to disperse in water, it improves the flexibility of oil-well
cement slurry by a mechanism as called "dilution mechanism". At the temperature of 750C, calcium
hydroxide took chemical reactions with fine ferric hydroxide and gypsum (CaSO4.2H2O), forming
calcium Ferro sulfate, and thus increased the strength of the hardened oil-well cement paste. In
addition, a simultaneous use of fine ferric hydroxide and gypsum can actively adjust thickening time of
slurry and enhance the strength of hardened oil-well cement slurry in the well bore.

Keyword
Oil-well cement, Calcium Ferrous sulfate, Fe - ettringite
I. Materials and methods used in study
1.1. Study methods
1.1.1. The standard methods used in the study are as follows:
- Method of determining the flowability of cement slurry in according to ГOCT26798:2-96

(ГOCT – standard of Russia);
- Method of determining the consistency of cement paste in according to TCVN

6017:1995;
- Method of determining the free water of oil-well cement slurry in according to API Spec

10A (API – Standard of America Petroleum Institute);
- Method of determining the strength and thickening time of oil-well cement slurry in

according to API Spec 10A, however, the testing temperature of 750C was applied instead;
- The methods of chemical analysis according to Vietnam standards: Analysis of cement,

ferric hydroxide, lime and gypsum.
1.1.2. Chemico-physically analytical methods used in the study are as follows:
- X- Ray Diffraction (XRD) method;
- Scanning electron microscope (SEM) method.
1.2. Materials used in study
In this study, the following materials were used:
- Oil-well cement clinker, which is in accordance with API Spec 10A - Class G and

produced by Vietnam Institute for Building Materials - Vietnam;
- Laos Gypsum;
- Fine ferric hydroxide, which was produced by Xuan Dinh - Vietnam water treatment

plant.
1.2.1. Oil-well cement - class G
Mineral and chemical compositions as well as physical properties of clinker and cement

are shown in Table 1.1 and Figure 1.1; 1.2

1 contact: luuthihongngoc@gmail.cm tel: +084 912425751 or +084 435580099 ; fax: +084 438581112
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Table 1.1 Mineral and chemical compositions and physical properties of oil-well cement – class G
No Compositions and properties Requirement of

API Spec 10A
Class G – oil-
well cement

Test methods

1 Magnesium oxide. MgO. % < 6.0 1.28 ASTM C114
2 Sulfur trioxide. SO3. % < 3.0 1.98 ASTM C114
3 Insoluble residue. CKT. % < 0.75 0.35 ASTM C114
4 Loss on ignition. MKN. % < 3.0 1.32 ASTM C114
5 Tricalcium silicate. C3S* . % 48  65 62 API Spec 10A
6 Tricalcium aluminate. C3A*. % < 3 2 API Spec 10A
7 Tetra calcium aluminoferrite

(C4AF) plus twice the tricalcium
aluminate (C3A). %

< 24 22 API Spec 10A

8 Total alkali content expressed as
sodium oxide equivalent, Na2O. %

< 0.75 0.45 ASTM C114

9 Fineness: TCVN 4030
- Specific surface (Blaine), cm2/g No requirement 3000
- Retained on sieve of 0.08mm, % No requirement 6.8

10 Ratio Water to Cement 0.44 0.44 API Spec 10A
11 Density of cement slurry, g/cm3 No requirement 1.90 API Spec 10A
12 Flowable of oil-well cement slurry at

temperature T= 270C, and
atmosphere P= 1at, cm

No requirement 18 GOST 26798:2

13 Free water of oil-well cement slurry
at temperature T= 270C, and P= 1at,
during time at 3h. ml

< 3.5 0.9 API Spec 10A

14 Thickening time of oil-well cement
slurry to at temperature
T = 520C, and atmosphere P =
5000 PSI, Minute

90  120 91 API Spec 10A

15 Initial set at temperature T= 520C,
and atmosphere P= 1at, Minute

No requirement 115 API Spec 10A

16 Compressive strength at 8h, and
atmosphere P= 1at. Mpa

API Spec 10A

T=380C > 2.1 4.2
T=600C >10.3 16.3

* C3S,C3A and C4AF contents is calculated by chemical contents as follow:
C3S = (4.071 3 % CaO) − (7.600 3 % SiO2) − (6.718 3 % Al2O3) − (1.430 3 % Fe2O3) −
(2.852 3 % SO3)
C3A = (2.650 3 % Al2O3) − (1.692 3 % Fe2O3)
C4AF = 3.043 3 % Fe2O3
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Figure 1.1. The diagram X- Ray Diffraction
of clinker

Figure 1.2. SEM of clinker

1.2.2. Gypsum and lime
The chemical compositions of gypsum and lime are shown in table 1.2.

Table 1.2 Chemical components of gypsum and lime
Materials Oxide contents. % by weight

L.O.I SiO2 Al2O3 Fe2O3 CaO MgO SO3

Lime 7.82 0.12 0.03 0.08 90.37 1.12 0.18
Gypsum 21.84 2.00 0.36 0.05 32.16 0.50 42.60

1.2.3. Fine ferric hydroxide
Chemical and mineral compositions of fine ferric hydroxide are shown in table 1.3 and

Figure 1.3, respectively.
Table 1.3 Chemical constituents of fine ferric hydroxide

Material Oxide contents , % by weight
MKN SiO2 Al2O3 Fe2O3 CaO MgO SO3

Ferric hydroxide (PGF) 14.16 2.1 0.8 81.03 0.2 0.3 0.01
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Figure 1.3. The diagram X-Ray Diffraction of ferric hydroxide

Analysis results of chemical and mineral composition of ferric hydroxide (Table 1.3
and Figure 1.3) have shown that the main composition of ferric hydroxide was amorphous
phase. In addition, ferric hydroxide consists of SiO2 quartz as well.

Particle size distribution of ferric hydroxide was determined by the equipment Coulter
LS Particle size Analyzer 3.00.40. Particle size distribution is shown in table 1.4 and figure
1.4. Analysis result indicates particles in the size range from 0.1m to 10m to hold of 95%
volume and most of particles are sphere particles and smaller than 1m. Most of particles are
flocculated small particles that is shown on SEM result with magnification of 20.000 times
(figure 1.5). The density of ferric hydroxide is 3.58 g/cm3
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Figure 1.4. Particle size distribution of ferric hydroxide

 

 

Figure 1.5. SEM image of ferric hydroxide
(magnification of 20.000 times)

Table 1.4 Particle sizes of ferric hydroxide
Particle
diameter

(m)

Distributio
n

Volume.
%

Particle
diameter

(m)

Distributi
on

Volume.
%

Particle
diameter

(m)

Distributi
on

volume.
%

0.375 0.59 1.668 4.43 6.760 0.59
0.412 0.97 1.832 4.61 7.421 0.31
0.452 1.30 2.011 4.35 8.147 0.22
0.496 1.67 2.207 3.60 8.943 0.28
0.545 1.83 2.423 2.50 9.818 0.60
0.598 1.83 2.660 1.43 10.78 1.31
0.656 1.73 2.920 0.79 11.83 2.54
0.721 1.58 2.920 0.79 12.99 4.06
0.791 1.45 3.205 0.65 14.26 5.43
0.868 1.39 3.519 0.96 15.65 6.08
0.953 1.45 3.863 1.63 17.18 5.70
1.047 1.69 4.240 2.34 18.86 4.40
1.149 2.10 4.655 2.64 20.71 2.54
1.261 2.67 5.110 2.40 22.73 1.00
1.384 3.32 5.610 1.78 24.95 0.19
1.520 3.95 6.158 1.10 27.39 0.015

II. Results of study
2.1. Ability of forming tricalcium ferro sulfate in mixtures of lime, ferric hydroxide and
gypsum at 750C

According to Nick C Collier and Neil B Milestone [1], hydroxide tricalcium ferro
sulfate with chemical formula 3CaOFe2O33CaSO431H2O can be formed in oil-well cement
slurry with Fe2O3 and gypsum. This study aims to study the formation of hydroxide tricalcium
ferrous sulfate in oil-well cement slurry with the addition of Fe(OH)2.

Materials used for this study were as follows: Oil-well cement - class G, Lime,
gypsum and fine ferric hydroxide. Their properties are shown in section 1.2. Lime and
Gypsum were finely ground so that the amount retaining on sieve of 45µm is not more than
15%.

Fine materials are calculated, based on the theory of formation of hydroxide tricalcium
ferrous trisulfate and hydroxide tricalcium ferrous monosulfate, by the balance of the
following reaction equation as:

3CaO + 2Fe(OH)2 + 3(CaSO4∙2H2O) + 23H2O + (1/2)O2

= 3CaO∙Fe2O33CaSO431H2O (2.1)

3CaO + 2Fe(OH)2 + CaSO42H2O + 8H2O + (1/2)O2

= 3CaOFe2O3CaSO412H2O(*) (2.2)
Based on equations 2.1 and 2.2, percentage contents of calcium oxide (CaO), ferric

hydroxide (Fe(OH)2), and Gypsum (CaSO4 2H2O) trisulfate are respectively the following:
19.44%, 20.83% and 59.72% for the formation of hydroxide tricalcium Ferro; and 32.31%,
34.61%, and 33.08% for the formation of hydroxide tricalcium Ferro monosulfate.

However, raw materials are not highly pure, so their contents are adjusted as shown in
table 2.1

Table 2.1. Ratio of materials
Materials Material content, %

C1 C2
Powder Lime 19.48 34.44
Iron Hydroxide 20.62 30.77
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Gypsum 59.90 34.79
Formed products 3CaOFe2O33CaSO431H2O 3CaOFe2O3CaSO431H2O

In case that Gypsum is lacked, probable reaction of hydroxi tricanxi ferro trisulfate is
formed hydroxi tricanxi ferrous monosulfate according to the following equation:

3CaOFe2O33CaSO431H2O = 3CaOFe2O3CaSO412H2O + 2CaSO4 + 19H2O (2.3)
Materials of C1; C2 is mixed with water to achieve standard consistency (testing in

accordance with TCVN 6017:1995). This paste is inserted into mold of 50x50x50 mm, and
then stored in water at 750C ±30C in 14 days and 90 days. The samples then are taken out to
determine properties of compressive strength, X- Ray diffraction, and SEM. The results of
research are shown as follows:

- Compressive strengths of samples are shown in table 2.2.
Table 2.2. Compressive strength of C1 and C2 sample

Signal samples Compressive strength, MPa
14 days 90 days

C1 3.0 6.0
C2 1.5 0.5

The study result had described: Sample of C1 and C2 had also compressive strength,
although this value is low, but the mixed study had shown properties binder.

To consider ability formed hydrate minerals, researcher group had taken hardend
samples to analysis of X- Ray Diffiraction, SEM. X Ray Diffration diagram of C1 and C2
sample had shown on 2.1 and 2.2. figure.
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Fig. 2.1. X- Ray Diffraction of C2 samples
at 14 days

Fig. 2.2 X Ray Diffration of C1 sample at 14
days

X Ray Diffraction results had described:
For C1 sample had occurred hydroxide calcium ferro trisulfate with peak of d = 2.782;

2.98; 3.233; 3.452 and 9.661A0 (figure 2.1). In addition X Ray Diffration analysis also found
mineral of Ca3Fe2Si1.15 O4.6(OH)7.4 with peak of d = 2.863; 3.452; 4.715 và 9.66A0. Because
of samples have stored short time (14 days), so reaction to form at least of hydrate minerals,
and in these samples still have exited content of hydroxide calcium with peak of d = 2.619;
3.024; 3.110; 4.893A0) and Gypsum with peak of d = 1.879; 2.679; 2.867; 3.039; 7.56A0).
This study also has found minerals as same as announced on report of Nick C Collier and Neil
B Milestone [1]. On Report Nick C Collier and Neil B Milestone [1], had studied with mixed
of Ferric oxide, Lime and Gypsum to store at temperature of 400C during at 24 hours. The
research of [1] was shown to form hydroxide calcium ferrous sulfate as same as ettringite
with chemical formula as: Ca6Fe2(SO4)3(OH)1226H2O had specific peak to show on figure 2.3.
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Figure 2.3. X Ray Diffraction diagram of ferric oxide, Lime, Gypsum mixed at 4.8 and 24 hour [1]

For C2 sample has not occurred specific peak of hydroxide calcium Ferrous Sulfate at
14 days. The peaks mainly still had occurred of Gypsum, hydroxide calcium and ferric
hydroxide (figure 2.2).

The study samples had continuously stored at 90 days, after that the samples were taken
out to determine compressive strength, and X- Ray diffraction, SEM as same as the samples
at 14 days. At 90 days, for C2 sample had disintegrated and non compressive strength. Noted
that C2 sample with low Gypsum content had reaction to convert in according to 2.3 equation.

Figure from 2.4 to 2.6 are SEM of C1 and C2 sample stored at 14 days and 90 days.

Fig. 2.4 SEM of C2 sample stored at 14 days Fig.2.5 SEM of C1 sample stored at 14 days

Fig. 2.6. SEM of C1 sample stored at 90 days

SEM figure of C1 and C2 samples are shown that:
- For C2 sample stored at 14 days (Pic.2.4), has not clear shape of ferric ferric

hydroxide particle like to show in figure 1.5. On figure had shown to assemble of ferric ferric
hydroxide particles has bigger size than originally ferric ferric hydroxide particle and to form
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gel that are shown on Pic. 2.4. This result related with X Ray Diffraction of 2.1; 2.4 figure, It
is concluted that the gels is formed hydroxide tricalcium Ferro monosulfate. The Figure of
C1 sample stored at 14 days also is shown mainly gel (Figure. 2.5). However, Gel density of
C1 sample is more than C2 samples.

- For C1 sample stored at 90 days (Pic 2.6) has much needle crystals, fiber crytals they
are hydroxide tricalcium Ferro trisulfate to call Fe – ettringite phase
( 3CaO  Fe2O3  3CaSO4  31H2O). In additon to apprearen sheet crytals is like hydroxide
calcium silicat (CSH), probably it is a Ca3Fe2Si1.15 O4.6(OH)7 crystal and Gypsum crystal is
cylinder shape. On report of Nick C Collier and Neil B Milestone [1], after samples is
analysis SEM, and EDS, author also determined the exit of Fe – ettringite phase ( Pic.2.7).

Fig. 2.7. Fe –ettringite in samples is stored at 400C temperature in 4 hours [1].

Conclusion 1:
- Lime, Gypsum, and ferric ferric hydroxide are mixed suitable water to store at 750C

temperature to form compounds have properties binder as: hydroxide tricalcium Ferro
monosulfate and hydroxide tricalcium Ferro trisulfate.

- Hydroxide tricalcium Ferro Trisulfate phase – (Fe-ettringite) – has needle structure
like ettringite crytal of tricalcium alumo trisulfate.

- Lime reacts Gypsum to form hydroxide tricalcium Ferro trisulfate is that disintegrated
to convert hydroxide tricalcium Ferro monosulfate when this reaction is lacked Gypsum,
2.2. Ferric ferric hydroxide (PGF) effect on oil-well cement properties

This test aims at researching the effect of ferric ferric hydroxide on oil-well cement
slurry’s property that has determined by cones spreadability method.

Ferric ferric hydroxide content is replaced oil-well cement at ratio of 2, 4, 6, and 8%.
Component content and sample I.D. are shown on table 2.3.

Table 2.3 Component of samples

Sample I.D G0 G2 G4 G6 G8
Ferric ferric hydroxide content (PGF),% by
weight

0 2 4 6 8

Oil-well cement content, % by weight 100 98 96 94 92
The properties of oil-well cement follows as:

2.2.1. Flowable of cement slurry
Flowable of oil-well cement slurry is shown in table 2.4.

Table 2.4 Flowable of cement slurry

Sample I.D G 0 G 2 G 4 G 6 G 8

Cone spreadability, cm 18.0 19.0 19.0 18.0 16.0
The relation between flowable of oil-well cement slurry and ferric hydroxide content is

presented in figure 4.4.
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Fig 2.8. The relation between flowable of oil-well cement slurry and ferric hydroxide content

Cement is replaced by PGF with the replacement ratio from 2 to 4% to receive oil-well
cement slurry with higher flowable than ordinary cement slurry. This is a good indication of
the ability to improve flexibility of cement slurry. However, when PGF content is greater than
4%, the cone speadness of oil-well cement slurry reduces. The phenomenon of the flowable
increase with the replacement ratio from 2 to 4% the flowable reduce with the ratio
replacement higher than 4% can be explained as follows:

The flowable of oil-well cement slurry is determined immediately after mixing cement
with water in 4 minutes, at that time the ability of forming gel layers is not high, so the
flowable of oil-well cement slurry mainly depended on fine particles content of hydroxide
Ferric, and the ability to slip of cement and additive particles in admixture.

According to a study of C.C. Mill [2], particle size has a great influence to the viscosity
of dispersion suspension system. The dispersed particles in suspension systems interact with
together by force of gravity, inertia and friction. The particles size of less than 6m have large
surface area, on the particle surface has appeared charge double layer that is the part of
electrolytic dissociation agent to increase dispersal ability of particles. The surface area of
ferric hydroxide particles in oil-well cement slurry is absorbed by water to form diffusion
water film surrounding particles. Because of ferric hydroxide particles is very fineness, so
total of large particles surface area, they have absorbable large amounts of water. However,
ferric hydroxide content has not use a large amounts (up to 4%), so the amount of water
absorbed on the surface of ferric hydroxide particles has not affect to general water demand
of oil-well cement slurry to non reduce the flowable of slurry cement. On the other hand,
ferric hydroxide particles have spherical shape; they have the effect to increase creep and
movement ability of solid particles in the system, the resulting to increase fluidity and
flowable of slurry cement.

When ferric hydroxide content is more than of 4% in oil-well cement slurry , the
concentration of particles increases and the fluidity of oil-well cement slurry reduce. This
was demonstrated formulation by Einstein [2], the viscosity system depends on the
concentration of particles as follow:

...5.545.21 32  vvvnr (2.4)
Where as:
nr : The viscosity of the suspension system;
 : The concentration of solid particles in suspension systems

When the concentration of solid particles in suspension systems has increased, the
viscosity of suspension system has increased; the solidification of the suspension system has
increased.
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When ferric hydroxide content has increased, the fluidity of oil-well cement slurry
containing ferric hydroxide reduces. In addition, the amount of particles increases, the total
surface area of the particle system increases, the absorbed content of water surrounding
particles increases, free water of system reduces. Consequently, the sliding of particles is
difficult, so flowable of oil-well cement slurry has reduced.

2.2.2. Free water of oil-well cement slurry
Cement requires a defined amount of water to ensure fluidity of slurry. If the amount of

water excessed the limitation, free water will be separeted from oil-well cement slurry. It is
not suitable in drilling and cementing well, because it forms space at the position that lacks of
slurry cement. The space causes leaking out atmotsphere, and seam water coroded exploit
pipes to reduce effective exploitation. The oil-well cement slurry has low free water that has
not form torus- hole hollow ring when oil-well cement slurry have been hardened. Free water
of oil-well cement slurry is presented in table 2.5.

Table 2.5 Free water of slurry cement
Samples I.D G 0 G 2 G 4 G 6 G 8

Free water, ml 0.9 0.6 0.2 0.1 0

The relation between free water of oil-well cement slurry and ferric hydroxide content
is shown in Figure 2.9

Fig. 2.9 The relation between free water and
ferric hydroxide content of slurry cement

Fig. 2.10. The relation between ferric
hydroxide content and initial setting time,
thickening time of oil-well cement slurry at

75oC

When increasing of ferric hydroxide content has replaced cement to receive free water
content has reduced. Ferric hydroxide content has replaced up to 6% of cement to receive free
water content is zero. This phenomenon can be explained as follows: In the presence of
hydroxide Ferric, it absorbs water on the surface area of particles, so the water do not
participate in the reaction hydrated at initial time of oil-well cement slurry to result has not
separated a free water.

2.2.3. Initial setting time and thickeing time of slurry cement
Initial setting time and thickening time are two important properties to shown

workability of oil-well cement slurry. Initial setting time and thickening time, it has required
long enough to oil-well cement slurry reaches places workability in wells. Normal, depth
wells has worked at high temperature. So initial setting time and thickening time of oil-well
cement slurry have tested at 750C and at atmosphere. Initial setting time and thickening time
of oil-well cement slurry are shown on table 2.6.

Table 2.6. Initial setting time and thickening time of oil-well cement slurry
Signal of samples Initial setting time (minute) Thickening time (minute)

G0 70 91
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Signal of samples Initial setting time (minute) Thickening time (minute)
G2 75 95
G4 87 100
G6 100 120
G8 120 140

The dependence of initial setting time and thickening time of oil-well cement slurry are
shown in Figure 2.10. The initial setting time and thickening time of oil-well cement slurry
has increased together increasing of ferric hydroxide content to replace cement. The
phenomenon of increasing initial setting time and thickening time of oil-well cement slurry
can be explained to theoretically adsorption and deposition theory [3,4]: the hydration of
cement is divided into stage five (the first stage is soluble stage and strong exothermic, the
second stage is increasing concentrations of iron calcium "Ca2 +" or inductive stage; The third
stage - hydro Calcium silica and hydroxide calcium have formed and accelerated hydration
process of slurry cement; The fourth stage - to form monosulfate; the fifth stage - to react
diffusion). Effects of ferric hydroxide to cement hydration process occurs even in third stages.

In the first stage of strongly induction before exothermic stage, fine ferric hydroxide
particles have a large specific surface area that takes up amount water of oil-well cement
slurry at the same time it covers around the cement particles to limit penetration of water into
the surface of cement particles. As a result of the hydrated cement slowed down, so initial
setting time and thickening time of oil-well cement slurry has longer than oil-well cement
slurry without additives.

In the second and the third stage hastens hydrated process to form hydro calcium silica
(CSH) and hydroxide calcium (CH). The ion Ca2+ is removed during the hydration of cement,
under effects of 750C temperature, it has combined with ferric hydroxide and gypsum to form
hydroxide calcium ferro sulfate similar ettringite (hydroxide calcium aluminates formed
hydrated process of cement) surrounding the cement particles to prevent water penetration
into the surface of cement particles to retard hydration of cement. Hydration of cement has
retarded and the initial setting time and thickening time has expanded.

2.2.4. The strength of cement hardend
The cement samples has exposed in water of 1, 2 and 30 days stored at 75oC. The

strength of cement are presented on Table 2.7.
Table 2.7. Strength of cement to contain ferric hydroxide stored at 75oC.

Signal of
samples

Compressive strength, MPa Flexural strength , MPa
1 day 2 days 30 days 1 day 2 days 30 days

G0 30.2 35.81 42.0 4.15 5.54 7.76
G2 32.9 37.5 43.9 4.63 5.58 8.16
G4 27.5 33.5 38.0 4.0 5.21 7.28
G6 28.7 31.2 36.5 3.72 4.48 7.04
G8 27.1 29.3 34.4 3.35 4.05 6.51

The relation between strength and ferric hydroxide content is shown on Figure 2.11;
2.12.
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Fig. 2.11. The relation between
compressive strength and ferric hydroxide

content of cement harden (Temperature stored
at 75oC )

Fig. 2.12. The relation between flexural
strength and ferric hydroxide content of cement

harden (temperature stored at 75oC)

Base on the research results, it can be commented as follow: The strength at early days
and at longer times of the samples with 2% of additive is higher than the samples without
additive. Detail that, the strength at 1 day had increased 2. 3%, at 3 days had increased 3. 59%
and at 30 days had increased 4.5%. However with the addition of more than 2% of additive,
negative influence begins to appear on strength of cement at every age. The strength of the
samples from G6th to G8th markedly reduced. The reduction of strength of G8th sample at 30
days is 18%.

The increase of strength of cement containing 2% of the additive is explained as follow:
spheric structure with very small size additive with reasonable content as micro filler
improves hardened cement structure. In addition, the additive particle also acts as the germs
of crystallization, accelerating crystalline process; the increase of crystalline phase amount
tends to the increase of the strength of cement. Moreover, at high temperature at 75oC, maybe
Fe(OH)3 reacts with other components in oil-well cement slurry to form hydrate cementitious
phase. The following chemical reactive process would be estimated:

2Fe(OH)2 + 3CaSO42H2O + 3Ca(OH)2+ 1/2O2 + 24H2O
 3CaO. Fe2O3.3CaSO431H2O (2.5)

hoặc 2Fe(OH)3 + 3CaSO42H2O + 3Ca(OH)2 + 23H2O
 3CaO. Fe2O3.3CaSO431H2O (2.6)

The formation of hydro calcium ferro reduces the concentration of Ca(OH)2 in cement
environment. The reduction of Ca(OH)2 accelerates hydration process of C3S, C2S for
forming more low stabilization of hydro silicate calcium CSH(B) which increases cement
strength.

The reduction of cement strength when the quantity of additive increases is explained
as follow: The cement strength depends on the hydration speed of clinker, quantity and
characteristic of new hydrated product and structure of the hardened cement material. The
increase of additive makes clinker amount decrease which tends to decrease new hydrated
product. On the other hand, the big amount of the additive demolishes rational structure of
hardened cement material. On a chemical level, maybe Fe-ettringites that were formed by
chemical equation 2.5 and 2.6 separates to hydro tricalcium monosulfate (Fe-monosulfate) as
follow:

3CaO. Fe2O3.3CaSO431H2O
3CaOFe2O3CaSO412H2O + CaSO4 + H2O (2.7)



12

The formation of the Fe-monosulfate by equation 2.7 reduces cement strength like the
transformation of ettringite to hydro tricalcium alumo monosulfate.

With more than 2% of Fe(OH)3 the amount of the CaSO4 in the slurry environment is
not enough for formation of 3CaOFe2O33CaSO431H2O. The chemical reactions tend to the
formation of low sunphat products. Cause low gypsum content, a part of formed
3CaO  Fe2O3  3CaSO4  31H2O would transform to Fe-monosulfate. For prevention of
transformation of 3CaOFe2O33CaSO431H2O, CaSO4. H2O must be adding in to slurry. The
research on the influence of hydro iron and gypsum on the properties of oil well cement will
be presented in 2.3.

2.3 Research on the influence of ferric hydroxide and gypsum on the properties of oil-
well cement class G.

There is a supposition in the above presentation that: The addition of high amount of
ferric hydroxide decreases the cement strength because in this case gypsum content is not
enough for formation of 3CaO Fe2O3  3CaSO4  31H2O, at the same time formed ettringite
transformed to monosulfate. The result of 2.1 show that Fe-ettringite will be formed and it
doesn’t transform to monosuflate if all of components are enough for it’s formation.

The materials used in the research are: oil-well cement class G, the mixture of ferric
hydroxide and gypsum. The content of the gypsum is calculated enough for reaction with
ferric hydroxide by equation 2.7 i.e. enough for formation Fe-ettrengite. The ratio of the
materials in the mixture as follow: Gypsum: 74.05%; Iron: 25.95%. The contents of the
mixture which replaces to cement are: 2, 4, 6, and 8 %. The research proportions are showed
in table 2.8.

Table. 2.8: The research proportions
Notation of proportions G0 Gđc2 Gđc4 Gđc6 Gđc8

Content of cement class G, % 100 98 96 94 92

Content of the mixture, % 0 2 4 6 8

The properties of the research samples are showed in table 2.9.
Tbale. 2.9: The properties of the the research samples.

No Properties, unit Test result for samples
G0 Gđc2 Gđc4 Gđc6 Gđc8

1 Flowable, cm 18.0 19.0 19.5 19.5 18.5
2 Thickening time T= 750C,

P =1at, min.
70 80 90 115 130

3 Compressive strength, at:
T= 750C, P =1at, 48 h, MPa

35.81 36.9 37.7 36.4 34.5

4 Flexural strength, at: T=
750C,P =1at, 48 h, MPa

5.54 5.55 5.9 6.04 5.44

The curve of the relationship between the properties of cement slurry, hardened cement
and the content of the replacment mixture to cement are showed in the fig. 2.13 and fig.2.14.
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Fig. 2.13. Curve of the relationship between
flowable and mixture content

Fig.2.14. Curve of the relationship between
thickening time and mixture content

- The flowable of the cement containing mixture is similar to flowable of cement
containing only ferric hydroxide . The flowable increased according to increase of the mixture
content. The curve has an extreme point in accordance with 6% mixture content. The flowable
reduces with increasing mixture content up more 6%. This phenomenon is explained as
follow: Up to 6% of the mixture, the Fe(OH)3 content in slurry is still less than 2%. As the
explanation in 2.2, with the ratio of Fe(OH)3 less than 2%, the flowable increases according to
the increase of ferric hydroxide. At 8% of mixture content, the content of the Fe(OH)3 is
2.08% i.e more than 2%. In the other hand at 8% of mixture, content amount of gypsum
increased. The factors mentioned above are reasons of flowable reduction.

The thickening time increased in accordance with mixture content increase (fig.4.20).
The explanation for this phenomenon is similar to for flowable. However the curve of
relationship between thickening time and mixture content hasn’t an extreme point without any
explanation!

- The curve of the relationship between compressive strength and the content of the
mixture replaced to cement are showed in the fig. 4.15. The compressive strength increaesed
according to increaese of the mixture content from 2 to 6%. The explanation for this
phenomenon is similar to for flowable. At more than 6% (up to 8%) of mixture, compressive
strength less reduced than cement without mixture. The flexural strength of cement at 6%
mixture content (equivalent 1.56% of Fe(OH)3) increased of 10% more than cement without
the mixture . Compressive strength of cement containing 2% of Fe(OH)3 increased only at
0.7% in comparision with cement without additive (show table 2.7). The formation of Fe-
ettringite as a fiber reinforcement is considered as the cause of flexural strength increase. The
diagram XRD and SEM analysise in fig. 4.16; 4.17, and 4.18 indicated evidently Fe-ettringite
fiber.

Fig.4.15. Curve of the relationship between
compressive strength and flexual strength -

Fig. 4.16 The XRD diagram of the cement
containing 6% mixture content.
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mixture content

Fig. 4.17 The SEM analysise of the cement
containing 6% mixture content.

Fig. 4.18 The SEM analysise of the oil well
cement class G

The characteristic peaks of Fe-ettringite [Ca6Fe2(SO4)3(OH)12 26H2O] in the hardened
cement containing mixture is similar to peaks of Fe-ettringite in Ca(OH)2-Fe(OH)3-Gypsum
as showed above. In the SEM, Fe-ettringite crystal is evident with bigger size than Fe-
ettringite crystal in the oil well cement class G at the same temperature and curing time.

4.4. Conclusion
1. Fine ferric hydroxide has ability to extend initial setting and thicking time, and ability to

reduce the free water of oil-well cement slurry. This is a great advantage to resolve two
conflict of oil-well cement slurry’s specification which are the flexibility (cone speadness)
and the free water of oil-well cement slurry.

2. In hydration process at 750C, fine ferric hydroxide has combined with hydroxide
calcium and Gypsum to form Fe – ettringite mineral this mineral has a fibrous structure, and
thus, improve flexural strength of hardened oil-well cement slurry. The suitable conditions for
the formation of the minerals Fe –ettringite are the curing temperature at 750C, the
replacement for cement by the mixture of 26% ferric hydroxide and 74% Gypsum.

3. When using the mixture of 26% ferric hydroxide and 74% Gypsum, the replacement of
the cement by the mixture in the range from 2% to 6%, and water/cement ratio of 0.44, oil-
well cement slurry receives higher than performances ordinary oil well cement slurry,
including the improved cone speadness, the ability in controlling the thicking time, the
increased strength of hardened oil-well cement slurry, particularly the increased flexible
strength.
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Abstract
The microstructures of Portland cement paste (water to cement ratio is 0.4, curing time is from 1 day to 28 days)
are simulated based on the numerical cement hydration model, HUMOSTRUC3D (van Breugel, 1991;
Koenders, 1997; Ye, 2003). The nanostructures of inner and outer C-S-H are simulated by the packing of mono-
sized (5 nm) spheres. The pore structures (capillary pores and gel pores) of Portland cement paste are
established by upgrading the simulated nanostructures of C-S-H to the simulated microstructures of Portland
cement paste. The pore size distribution of Portland cement paste is simulated by using the image segmentation
method (Shapiro and Stockman, 2001) to analyse the simulated pore structures of Portland cement paste.
The simulation results indicate that the pore size distribution of the simulated capillary pores of Portland
cement paste at the age of 1 day to 28 days is in a good agreement with the pore size distribution determined by
scanning electron microscopy (SEM). The pore size distribution of the simulated gel pores of Portland cement
paste (interlayer gel pores of outer C-S-H and gel pores of inner C-S-H are not included) is validated by the
pore size distribution obtained by mercury intrusion porosimetry (MIP). The pores with pore size of 20 nm to
100 nm occupy very small volume fraction in the simulated Portland cement paste at each curing time (0.69% to
1.38%). This is consistent with the experimental results obtained by nuclear magnetic resonance (NMR).

Originality
- The numerical simulation of the pore structures of cement paste both including capillary pores and gel

pores was merely reported. Both the capillary and gel pores of Portland cement paste are simulated in this
study. The pore size distributions of the simulated gel pores and capillary pores of Portland cement paste
are validated by the experiments determined by SEM, MIP and NMR.

- Both the simulation results and the experimental results obtained by NMR indicate that the pores with pore
size of 20 nm to 100 nm occupy very few volume fraction in the Portland cement paste (less than 1.38%).
The volume fraction of the pores with size of 20 nm to 100 nm determined by MIP method reaches
approximate 10%. If the simulation results are reasonable, the pore size distribution obtained by MIP is
inappropriate. It should be emphasized that MIP is very frequently used to determine the pore structures of
cementitious materials, which provides us an inappropriate information on the pore structure of cement
paste. From this view point, this study provides us a new understanding of the pore structure of cement
paste.

Keywords: capillary pores; gel pores; simulation; SEM; cement paste;HYMOSTRUC3D; random close packing
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1. Introduction
Cement paste is a multi-scale porous media with a large number of pores that ranges from nanometres
to micrometres. The pore structures of cement paste, which mainly consists of gel pores and capillary
pores, influence some performance of cement-based materials e.g. compressive strength, permeability,
and durability. Capillary pores are considered as the remnants of the initially water-filled space
(Taylor, 1997). Gel pores are an intrinsic part of C-S-H (Jennings, 2004). The pore structures of
cement pastes can be described by several aspects: total porosity, connectivity of pore network and
pore size distribution, etc. Total porosity and pore size distribution can be determined by scanning
electron microscopy (SEM), mercury intrusion porosimetry (MIP), nuclear magnetic resonance
(NMR), etc.
The diameters of capillary pores and gel pores are different. There are mainly two definitions:
(1) Mindess, et al. (2003) summarized that capillary pores are larger than 10 nm and gel pores are
smaller than 10 nm (Table 1). They probably gave this definition based on the experiments
determined by MIP. From Figure 1 (Ye, 2003), two peaks exist in the typical pore size distribution
curve determined by MIP. The first peak is larger than 10 nm, and considered as capillary pores. The
second peak is smaller than 10 nm, and considered as gel pores.

Table 1 Classification of pore sizes in hydrated cement pastes (Mindess, et al., 2003)
Designation New pore category Size of pore within structure
Capillary Pores 10-0.05 μm Large capillaries (macroposes)

50-10 nm Medium capillaries (large mesopores)
Gel Pores 10-2.5 nm Small isolated capillaries (Small mesopores)

2.5-0.5 nm Micropores
≤ 0.5 nm Interlayer spaces

(a) MIP data from Ye (2003) (b) MIP and SEM data presented by Diamond (2000)
Figure 1 Typical pore size distibution of cement paste determined by MIP and SEM

Diamond (2000) indicated that MIP is an inappropriate method to determine the pore size distribution
of cement-based materials due to the effect of “ink-bottle” pores. In MIP testing, each pore size is
assumed to correspond a minimum intrusion pressure of mercury. The pore size can be calculated
based on the minimum intrusion pressure of mercury. In this calculation, the effect of “ink-bottle”
pores causes errors. The “ink-bottle” pores means the pore system in which the large pore is not
directly connected with outside (Diamond, 2000). The large pore in the “ink-bottle” pore is penetrated
by mercy only when the pressure reaches a higher pressure. Because a lot of “ink-bottle” pores locate
in the inside of cement-based materials, the effect of “ink-bottle” pores significantly reduces the
accuracy of MIP for determining the large pores. Nevertheless, the pores smaller than a diameter
(“threshold diameter”) can be accurately determined by MIP (Pichler, et al., 2007). The “threshold



diameter” means that the pores of which diameter is greater than this diameter can form non
connected path throughout the sample (Cui and Cahyadi, 2001; Ye, 2003). According to the
experimental data presented in (Diamond, 2000), the threshold diameter ranges from 0.02 μm to 0.3
μm, which depends on water to cement (W/C) ratios and curing ages, etc. In comparison with the
volume fraction of the pores determined by SEM, the volume fraction of the pores determined by MIP,
are significantly lower (Figure 1b). Because the pore size distribution of capillary pores determined
by MIP probably was incorrect, the classification of pore sizes in hydrated cement pastes shown in
Table 1 might be inappropriate.
(2) According to the data of drying shrinkage versus weight loss (Figure 2), and Kelvin equation
Jennings (2004) concluded that capillary pores are around 75 nm, and gel pores are smaller than 5 nm
(Table 2).

Table 2 Characteristics of pores in cement paste (Jennings, 2004) Note: drying temperature was 60℃
Pore category New pore category Size of pore within

structure
RH Pores Empty %
by Kelvin

Reversible
Shrinkage
Mechanism

Capillary Capillary 75 nm 90 Capillary tension
Large Gel
Mesopores

Inter low density
(LD) C-S-H

2-5 nm 40 Disjoning

Small gel Inter-globule 1.2-2 nm 20 Gibbs Bangham
Inter layer Intra-globule or

globule
<5 nm 0 Interlayer

Figure 2 Sharp changes in slope at specific relative humidities (data taken from Roper, 1966, and drying
temperature was 60℃). The four regions shown here are suggestive of different drying rates exhibited by

colloids (Jennings, 2004)

Based on the definition given by Jennings (2004), a multi-scale model is proposed to illustrate the
pore structures of Portland cement paste:
(1) In the microscale (100 nm to 100 μm), capillary pores form in the outside space of cement grains
(Figure 3a). In this scale, inner C-S-H and outer C-S-H has a “self-similar” structure, respectively (see
Figure 3b).
(2) In the nanoscale (5 nm to 100 nm), as presented in Figure 3b, both the “self-similar” structures are
generated by the packing of C-S-H globules The packing density of inner C-S-H globules is higher
than that of outer C-S-H globules. The gel pores form in the outside space of C-S-H globules.
(3) In the nanoscale (＜5 nm), a C-S-H globule contains the layers of C-S-H chain and the interlayer
water (Figure 3c). The gel pores inside C-S-H globules are called interlayer gel pores. (See the
concept of C-S-H globules in the reports by Jennings, 2000, 2004, 2008).



Figure 3 Schematic diagram of the multi-scale pore structures of cement paste
Note: The inner and outer C-S-H globules are assumed as the same. The concept of C-S-H globule was

proposed by Jennings (2008)

In microscale (Figure 3a), some numerical cement hydration models e.g. HYMOSTRUC3D (van
Breugel, 1991; Koenders, 1997 and Ye, 2003), CEMHYD3D (Bentz, 2005), and μic microstructural
modelling platform (Bishnoi and Scrivener, 2009) can be used to simulate the microstructures of
cement paste. Based on the simulated microstructures, the capillary pore structures can be obtained
(Ye, 2003). The gel pore structures, however, cannot be obtained from microstructure model. Ma and
Li (2013) attempted to simulate the gel pore structures of cement paste by adding gel pores in C-S-H,
but the detailed information was absent.
In nanoscale (Figure 3b), Bentz, et al. (1995), Fonseca and Jennings (2011), and Masoero, et al. (2012)
numerically simulated the nanostructures of C-S-H by using the packing of spherical particles. Bentz,
et al. (1995) used the hard core and soft shell model. Fonseca and Jennings (2011) used the random
close packing, and the close packing of mono-sized spheres for simulating the nanostructures of outer
C-S-H and inner C-S-H, respectively. Masoero, et al. (2012) employed the random close packing of
multi-sized spheres for simulating the nanostructures of C-S-H. Both Fonseca and Jennings (2011),
and Masoero et al. (2012) used the concept of C-S-H globules that was proposed by Jennings (2000,
2004, 2008). Evidently, if the nanostructures of C-S-H are simulated, the gel pore structures of C-S-H
can be established. However, the detailed information on the gel pore size distribution of gel pores
was not given.
Up to now, the numerical simulation of the pore structures of cement paste for both capillary pores
and gel pores was merely reported. This study aims to develop a multi-scale approach to simulate the
capillary pores of Portland cement paste in microscale (Figure 3a) and the gel pores outside the C-S-H
globules in nanoscale (Figure 3b). Extended HYMOSTRUC3D is used to simulate the capillary pores
of Portland cement paste, and the packing of spherical particles is used to simulate the gel pores
outside the C-S-H globules. The gel pores of Portland cement paste are calculated based on the
simulated microstructure of Portland cement paste and the simulated gel pores outside the C-S-H
globules. In order to obtain the pore size distribution, the image segmentation method (Shapiro and
Stockman, 2001) was employed to analyse the simulated pore structures (capillary pores and gel pores)
of Portland cement paste. The simulated pore size distribution of Portland cement paste is validated
by the experimental results of SEM (Ye, 2003), MIP (Ye, 2003) and NMR (Muller, 2014).



2. Multi-scale modelling approach
2.1 Microstructure of Portland cement paste
Extended HYMOSTRUC3D is used to simulate the hydration of Portland cement and the
microstructures of Portland cement paste. The mineral composition of Portland cement is taken from
Ye (2003) and Wang (2013): C3S (62.0%), C2S (10.5%), C3A (7.3%), C4AF (10.2%). The particle
size distribution of Portland cement (Figure 4) and the W/C of Portland cement paste (0.4) are taken
from Wang (2013). The hydration parameters of HYMOSTRUC3D (k0 and δtr) are calculated based
on the mineral composition of Portland cement, respectively (Tuan, 2011). The calibration parameters
of HYMOSTRUC3D (β1 and β2) are set as 1.0.

Figure 4 Particle size distribution of Portland cement (Wang, 2013)

Figure 5 Simulated microstructure of Portland cement paste by extended HYMOSTRUC3D (100×100×100
μm3, W/C=0.4, 28 days)

2.2 Nanostructures of C-S-H
The packing of mono-sized spheres is often used to understand the structures of various types of
materials, e.g. liquids, granular media, glasses, and amorphous solids (Torquato, et al., 2000).
Different types of materials have different packing densities. For example, with increasing the
packing density, the material should be liquid, jammed structures (amorphous solid), and crystal,
respectively (Figure 6).



Figure 6 Molecular dynamics simulation results for the hard-sphere system (Torquato, et al., 2000)
Note: T and Q are translational and orientational order parameters, respectively (see detailed information in the

report by Torquato, et al., 2000).φ is the packing density.

This study assumes that the nanostructures of both inner C-S-H and outer C-S-H are generated by the
packing of mono-sized spherical C-S-H globules (Figure 3b). The structure of C-S-H globules is the
same for both inner C-S-H and outer C-S-H (Figure 3c). The diameter of each C-S-H globules is fixed
at 5 nm based on the data from Jennings (2008). The packing density of inner C-S-H are higher than
that of outer C-S-H.
2.2.1 Nanostructure of outer C-S-H
The nanostructure of outer C-S-H is simulated by the random close packing of mono-sized (5 nm) C-
S-H globules (Figure 7a). The random close packing means “the maximum density that a large,
random collection of spheres can attain and this density is a universal quantity” (Torquato, et al.,
2000). The packing density of the random close packing of mono-sized particles is approximate 0.64,
which is very close to the packing density of C-S-H globules reported by Jennings, et al. (2007).
Theoretically the packing density of C-S-H globules can be calculated:
According to Jennings (2008), the density of C-S-H globule is 2.604 g/cm3, and the chemical
composition of C-S-H globule is C1.7SH1.8. From Lu et al. (1993), the chemical composition of outer
C-S-H (outer C-S-H consists of both C-S-H globules and the water in the out space of C-S-H globules)
is assumed to be C1.7SH4 at 100% relative humidity. Thus, the water in the out space of C-S-H
globules is 2.2 mol. The volume fraction of this water can be calculated:
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where MH2O (18 g/mol) is the mole weight of H2O, ρH2O (1 g/cm3) is the density of H2O, MC1.7SH1.8

(187.8 g/mol) is the mole weight of C1.7SH1.8, ρC1.7SH1.8 (2.604 g/cm3) is the density of C1.7SH1.8.
Based on this equation, the volume fraction of the water in the outside space of C-S-H globules is
equal to 35.4%. Theoretically the packing density of C-S-H globules in outer C-S-H is 64.6%, which
confirms the packing density of outer C-S-H simulated by the random close packing of mono-sized (5
nm) C-S-H globules.
The random close packing has already been used to simulate the nanostructure of C-S-H gel (Fonseca,
et al., 2011; Masoero, et al., 2012). In this study, the code from Skoge, et al. (2006) for the random
close packing of mono-sized spheres is used to generate the nanostructure of outer C-S-H. The
algorithm of this code is based on molecular dynamical mechanism. Because the diameter of C-S-H
globules is assumed to be 5 nm, and the packing density of C-S-H globules is assumed to be 0.64, the
input parameters of the code from Skoge, et al. (2006) are: the number of spheres is ten thousand, the
max pressure is 200, and the max packing fraction is 0.65. Other input parameters are set at default
(the events per sphere per cycle is 20, the initial packing density is 0.01, and the growth rate is 0.001).



(a) Simulated nanostructure of outer C-S-H (b) Simulated nanostructure of inner C-S-H
Figure 7 Simulated nanostructures of C-S-H

Note: Both the cubes are 100×100×100 nm3. The packing density of outer C-S-H and inner C-S-H is about
0.64 and 0.74, respectively. In (a), ten thousand mono-sized spheres with a diameter of 5 nm are included.

2.2.2 Nanostructure of inner C-S-H
The nanostructure of inner C-S-H is simulated by the close packing of mono-sized (5 nm) C-S-H
globules (Figure 7b). The close packing means the dense arrangement of mono-sized spheres in a
lattice. The packing density of the close packing of mono-sized spheres is approximate 0.74 (Hales,
1998), which is higher than that of the random close packing.
2.3 Upscaling nanostructures of C-S-H to microstructures of Portland cement paste
In Figure 8a the representative volume of the microstructures of Portland cement paste is
100×100×100 μm3. It is is digitalized into 10003 pixels, representing capillary pores, undydrated
cement, calcium hydroxide, outer C-S-H and inner C-S-H, respectively. The volume of each pixel is
100×100×100 nm3. Both inner C-S-H pixels and outer C-S-H pixels have a “self-similar”
nanostructures, respectively (Figure 8b). The simulated nanostructures of inner C-S-H and outer C-S-
H are also digitalized into 10003 pixels, represent gel pores and C-S-H globules, respectively. C-S-H
globules are considered as a solid phase. Based on the simulations the multiscale structures of
Portland cement paste in microscale (Figure 8a) and nanoscale (Figure 8b) are generated.

Figure 8 Multi-scale simulation of microstructures and nanostructures of Portland cement paste



2.4 Pore structures of Portland cement paste
The visual pore structures of Portland cement paste are obtained by removing the solid pixiels in the
microstructures and nanostructures. By removing the pixles of unhydrated cement, calcium hydroxide,
outer C-S-H and inner C-S-H (Figure 8a), the capillary pores of cement paste are visulized (Figure 9a).
By removing the pixles of C-S-H globules (Figure 8b), the gel pores of cement paste are visulized
(Figure 9b).

Figure 9 Simulated capillary pores and gel pores of Portland cement paste
Note: The interlayer gel pores are not simulated

2.5 Pore structures analysis
2.5.1 Image segmentation method
The image segmentation method (Shapiro and Stockman, 2001) is used to analyse the capillary pores
and gel pores. The objects of the image segmentation method are the capillary pore structures of
Portland cement paste (e.g. Figure 9a) and the gel pore structures of C-S-H (e.g. Figure 9b). For
example, the microstructure of Portland cement paste (Figure 9a) is segmented into n slices. The
thickness of each slice is equal to (100/n) μm. Then, each slice is digitalized into n×n pixels. Like
pore definition in SEM (Lange, et al., 1994), a pore is defined as an area (A) that contains the
neighbour connected pixels of pores (blue pixels in Figure 10b).

(a) Segmenting the cube (b) The slices by segmentation
Figure 10 Schematic diagram of the image segmentation method



The virtual diameter of a pore area is defined. It is equal to (4A/π)0.5. If the sum of the pore area with
a diameter d on layer i is Ai, the volume of the pore area with a diameter d in the cube is:





n

1i
id A

n
100V (2)

where, Vd (μm3) is the total volume of the pore area with a diameter of d in the cube. If the objects of
the image segmentation method are the simulated gel pore structures of C-S-H, the dimension of Vd

should be nm3.
2.5.2 Capillary pore size distribution
The image segmentation method to is employed to analyse the simulated microstructures of Portland
cement paste. The volume fraction of capillary pores (Vd-capillary pore) is calculated by Eq. (2). The
number of slides n is set as 100, and the resolution or the distance between two adjacent slices is 1 μm.
2.5.3 Gel pore size distribution
Both the cubes of the simulated nanostructures of inner C-S-H and outer C-S-H are analysed by the
image segmentation method. The number of slides n is 100. The resolution of image segmentation is 1
nm. The gel pore size distribution of Portland cement paste is obtained by three steps:
(1) The segmentation method is employed to analyse the simulated nanostructure of outer C-S-H, and
the volume fraction of the gel pores of outer C-S-H (Vd-gel pore) is calculated by Eq. (2).
(2) The volume fraction of the outer C-S-H (fOuter-C-S-H) in the simulated microstructures
(100×100×100 μm3) is calculated from the output data of HYMOSTRUC3D.
(3) The volume fraction of gel pores in the Portland cement paste is equal to Vd-gel pore×fOuter-C-S-H. It
should be emphasized that the interlayer gel pores cannot be determined by MIP, because the
interlayer gel pores are smaller than 1 nm (Jennings, 2008). The gel pores outside inner C-S-H
globules are inaccessible to nitrogen (Jennings and Tennis, 1994; Tennis and Jennings, 2000). Thus,
gel pores outside inner C-S-H globules normally cannot be probed by MIP yet. In order to compare
with experiments obtained by MIP, the interlayer gel pores and the gel pores outside inner C-S-H
globules are excluded in the simulation of the gel pore size distribution.
3. Results and Discussion
3.1 Hydration and microstructures of Portland cement paste
The degree of hydration of Portland cement is shown in Figure 11. The simulated degree of hydration
of Portland cement is validated with results determined by SEM (Ye G., 2003) and by Non-evaporable
water (Wang, 2013).

Figure 11 Degree of hydration of Portland cement (W/C=0.4)

The simulated microstructure of Portland cement paste at 28 days is indicated in Figure 5. The
volume fractions of individual components including capillary pores, unhydrated cement, inner C-S-H,
outer C-S-H and calcium hydroxide (CH) at different curing time up to 28 days are shown in Figure
12, respectively.



Figure 12 Volume fraction of individual component in the Portland cement paste.

3.2 Pore size distributions of simulated inner C-S-H and outer C-S-H
The pore size distributions of the simulated nanostructures of inner C-S-H and outer C-S-H are shown
in Figure 13. The diameters of the gel pores of outer C-S-H are mainly smaller than 20 nm, and the
diameters of the gel pores of inner C-S-H are mainly smaller than 4 nm.

Figure 13 Gel pore size distributions of the simulated nanostructures of inner C-S-H and outer C-S-H

3.3 Pore structures of Portland cement paste
The pore size distributions (obtained by the image segmentation method) of the simulated capillary
pores and gel pores of Portland cement paste are compared with the MIP and SEM data (Figure 14).
Based on the pore size distribution results shown in Figure 14, we found that:
(1) The simulated capillary pore structures of Portland cement paste can be validated by the SEM.
From Figure 14, the simulated capillary pore size distribution of Portland cement paste from 1 day to
28 days are in good agreement with the SEM observations (Ye, 2003). The simulation results of this
study is consistent with the simulation results of the capillary pores of Portland cement paste by Ye
(2003).
(2) The volume of capillary pores (> 0.1 nm) determined by MIP are much less than that determined
by SEM and by simulation. However, the volume of gel pores (< threshold diameter) obtained by MIP
are very close to that obtained from the simulation. As discussed, this is due to the effect of “ink-
bottle” pores (Diamond, 2000; Pichler, et al., 2007). According to the MIP data by Ye (2003), the
threshold diameter of Portland cement paste in this study is set as 12.3 nm. From Figure 14, the pore
size distribution results indicate that when the pore size is smaller than the threshold diameter, the gel
pore size distribution of the simulated cement paste is very close to the gel pore size distribution of
cement paste determined by MIP.
(3) The volume fraction of the pores with pore size of 20 nm to 100 nm of the simulated Portland
cement paste is very small for each curing time (0.69% at 1 day, 0.97% at 3 days, 1.15% at 7 days,
1.28% at 14 days, 1.38% at 28 days). This is consistent with the results obtained by NMR (Figure 15),
and the pore sizes of capillary pores and gel pores defined by Jennings (2004).



The multi-scale model of the pore structures of cement paste presented in Figure 3 could explain why
the volume fraction of the pores with pore size from 20 nm to 100 nm in Portland cement paste is very
small.
(1) In the multi-scale model of the pore structures of cement paste, the capillary pores form in
microscale (Figure 3a). Thus, the capillary pores are mainly larger than 100 nm. This assumption is
consistent with the observations by SEM (Figure 14).
(2) In the length scale of 5 nm to 100 nm (Figure 3b), the gel pores are generated by the packing of C-
S-H globules. The gel pores are mainly in nanoscale and smaller than 100 nm. The diameter of gel
pores depends on the packing density and the size of C-S-H globules. If the packing density of inner
C-S-H and outer C-S-H is respectively fixed at 0.64 and 0.74, and the size of C-S-H globules is 5 nm,
the gel pores of inner C-S-H and outer C-S-H are mainly smaller than 4 nm and 20 nm, respectively
(Figure 13).
(3) In the length scale of < 5 nm (Figure 3c), the gel pores are the interlayer pores (Jennings, 2008).
The diameters of the interlayer gel pores are less than 1 nm (Figure 15a).

(a) Pore size distribution at 1 day (b) Pore size distribution at 3 days

(c) Pore size distribution at 7 days (d) Pore size distribution at 14days

(e) Pore size distribution at 28 days
Figure 14 Pore size distribution of Portland cement paste at different curing time



(a) (b)
Figure 15 Pore size distributions of white cement paste determined by NMR

(a) White cement pastes with W/C = 0.48, 0.40 ,0.32 at 28 days (Muller, 2014)
(b) White cement paste (W/C=0.43) at 122 days (modified from Jehng, et al., 1996)

Based on above analysis, the capillary pores are mainly larger than 100 nm, and the gel pores are
mainly smaller than 20 nm. As a consequence, the volume fraction of the 20 nm to 100 nm pores is
very small in the Portland cement paste.
It should be kept in mind that the volume fraction of the 20 nm to 100 nm pores determined by MIP,
in contrast, is much larger (10.4% at 1 day, 12.5% at 3 days, 12.6% at 7 days, 11.2 % at 14 days, and
9.2% at 28 days). As mentioned in previous, MIP experiments have big errors on determining the
pores larger than threshold diameters. MIP experiments provides us an inappropriate information on
the pore structures of Portland cement paste, especially the pores with pore size of 20 nm to 100 nm.
Figure 16 is the supplemental material of Figure 14. As indicated in Figure 14, there is a “gap” or an
absent information between the simulated gel pores and the simulated capillary pores. This is due to
the influence of the resolution of image segmentation on the simulation of the capillary pore size
distribution. The resolution determines the smallest pores presented in Figure 14. If the resolution of
0.1 μm is used for the simulation of the capillary pore size distribution, the smallest capillary pore
determined by the image segmentation method is around 0.113 μm. According to Figure 16, the
volume fraction of the pores smaller than 1 μm which are determined by the image segmentation
method with high resolutions such as 0.1 μm and 0.2 μm (the resolution of SEM in Ye, 2003 is 0.185
μm) are close to zero. It means that the resolution of image segmentation for the capillary pores
simulation, in fact, does not significantly influence the results of capillary pores smaller than 1.0 μm,
if the capillary pores smaller than 1.0 μm are assumed to be zero. This study uses the resolution of 1.0
μm rather than others, because the capillary pore size distribution (larger than 1.0 μm) simulated by
using the resolution of 1.0 μm is more close to that determined by SEM.

Figure 16 Influence of the resolution of image segmentation on the simulation of capillary pore size distribution

4. Conclusions



(1) A multi-scale modelling approach has be proposed to simulate the microstructures of Portland
cement paste (W/C=0.4) and the nanostructures of inner and outer C-S-H. The pore structures of
Portland cement paste including capillary pores and gel pores are modelled.
(2) The pore size distribution of the simulated capillary pores of Portland cement paste at the age from
1 day to 28 days is in a good agreement with the pore size distribution of capillary pores obtained by
SEM. The pore size distribution of the simulated gel pores of Portland cement paste at the age of 1
day to 28 days is validated by the pore size distribution of gel pores obtained by MIP.
(3) The simulation results indicate that the pores with pore size of 20 nm to 100 nm occupy a very
small volume fraction in the Portland cement paste at each curing time. This is consistent with the
data obtained by NMR experiments.
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Abstract
The self-healing of cement-based materials incorporating mineral additives in groundwater condition was studied.
More work was done to investigate the process of the crystallization of calcium carbonate based on thermal and
dynamics theory. It was showed that the concentration of CO32- and Ca2+ was affected by PCO2 and pH, the number of
CaCO3 was increased with the temperature, pH, Ca2+and PCO2. The formation of CaCO3 by saturated conditions of ion
in the crack was a necessary but not sufficient, and the mechanism of nucleation of CaCO3 was heterogeneous. At early
age, the formation of CaCO3 is determined by the kinetics of crystal growth, however, the crystal growth of CaCO3 is
controlled by the process of ion diffusion at latterly age. The diffusion of Ca2+ is the key in the process when water takes
full contact with air in the crack; the component of groundwater is the key factor when the crack touches it directly.

Originality
As a typical healing product in cracked cement-based materials, calcium carbonate (mostly calcite) has been observed
in almost all laboratory studies and in a number of cracked concretes and masonry mortars. It is commonly believed
that this precipitation is generated from calcium ions dissolving out of the cement-based materials and carbonate ions
from aqueous solution. The physiochemical process is affected by both the cement-based material itself and the
surrounding environment, particularly the groundwater. In the cement-based materials, the self-healing of cracks needs
water, so the research on self-healing of cracks in cement-based materials based on crystallization of calcium
carbonate and the structure was mainly in the groundwater and incorporating mineral additives.
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1. Introduction
The self-healing of cement-based materials incorporating mineral additives can be mainly attributed to:
hydration of unhydrated cement particles (PipatTermkhajornkit. et al., 2009; Mustafa Sahmaran. et al.,
2008), swelling of matrix (Kishi, T. et al., 2007; Toshiharu Kishi.et al., 2011) and crystal
precipitation (Lauer,K.R. et al., 1956; C. Desmettre. et al., 2012). The precipitation of calcium
carbonate contained complicated physical and chemistry is the main process for surface cracks self-
healing, the crystal precipitation of calcium carbonate has been studied by many domestic and foreign
scholars in large number of cement-based materials (Timo G. Nijland. et al., 2007; Yu Zhu. et al.,
2012; Edvardsen C. et al., 1999). The effect of water, stress, temperature, pH, pressure of CO2,
humidity index of calcium carbonate, the concentrate degree of ion, the quantity of lysate, crack width
on the formation of calcium carbonate is concluded by JiangZhengwu and FanXiaoming (Jiang
Zhengwu, 2003; Fan Xiaoming et al., 2006), however, researches were focused on experiment a lot,
analytical study on self-healing of cement-based materials incorporating mineral additives with the
crystallization of calcium carbonate based on thermal and dynamics theory was insufficient.
The precipitation of calcium carbonate was investigated based on thermal and dynamics in this study.
The interaction of chemicals during this process was calculated based on principle of chemical balance,
Gibbs free energy and equilibrium constant, the distribution of kinds of substances were determined
by quality function expression, and the effect of dissolution-equilibrium or external factors on it was
studied by MINEQL. The analytical study on process of dynamics of micro and macro of calcium
carbonate precipitation was combined with classical nucleation theory in groundwater situation. It is a
foundation for further study of the self-healing of cement-based materials incorporating mineral
additives lay.
2. The substances exchange and transmission in the crack under groundwater condition
The solid substance, aqueous solution and groundwater as a whole were schematically shown in Fig.1
when it happened to self-healing of mineral in the crack.

External aqueous
environment

Solid

Crack solution

DiffusePermeate

erm

Reaction
Precipitate
Dissolve

H+、H2CO3、HCO3-、CO32-、

Cl-、SO42-、Mg2+、Ca2+

H+、OH-、HCO3-、CO32-、

Cl-、SO42-、Mg2+、Ca2+

UHC、Sweller、C-S-H、
CH、Aft、CaCO3、MgCO3

Fig.1 The exchange and transmission of substances of the self-healing of cement-based materials
incorporating mineral additives in the crack

Kinds of ions were contained in external water (such as groundwater), when cement-based materials
existed crack, they would be entered into internal crack by osmosis, at the same time, the ions of
internal crack could be diffused to external water by concentration difference.
Some products were generated by reactions of cementitious and expansion materials in the crack. New
ion (Ca2+) was produced through the dissolution of some solid substances (CH, C-S-H) based on the
solubility equilibrium of precipitation, these ions reacted to CO32- and generated solid substance
(CaCO3) when it was thermodynamically possible.



3. Analysis on self-healing of minerals with precipitation of calcium carbonate based on
thermodynamics
Gibbs free energy (G) is used to judge whether a reaction could take place from energy as most
reactions ran in nature.
The change of Gibbs free energy is shown as follow (Han Tongchun et al., 1997):

0= + lnG G RT Q  (1)
where G is the change value of free energy,

0G is the change value of free energy of system
materials, R is gas constant, T is the reaction temperature, Q is activity entropy. When G is more
than zero, the reaction can happen, however, when G is less than zero, the reaction can’t happen,
and when equal to zero, it reaches equilibrium.
The change of standard Gibbs free energy can be calculated by the following :

(2)
When the system achieved balance, the relation between the change of standard Gibbs free energy and
equilibrium constant is shown as follow:

(3)
3.1. Analysis of thermodynamics on equilibrium equation of CO2-H2O-CaCO3 in self-healing
system
In the self-healing of cement-based materials incorporating mineral additives, the reaction of CO2 and
Ca2+ and the equilibrium constant were shown as follow.

Table 1 The equilibrium constant and chemical reaction for the precipitation of calcium carbonate
Chemical reaction Equilibrium equation Equilibrium constant (logK)

   2 2 2 3gCO H O H CO aq   
2 22 3CO COK H CO P -1.47

  +
2 3 3+H CO aq H HCO  -6.38

2
3 3HCO H CO    -10.35

 2 2
3 3Ca CO CaCO s   8.35

All the equilibrium constants in table 1 were calculated by equation (2) and (3), and T=298.15K,
R=8.314J/(mol·K), the related substances of standard molar Gibbs free energy were shown in table 2.

Table 2 The related substances of standard molar Gibbs free energy

Ion species 0
fG (kJ/mol)

2 3H CO -623.196

2H O -237.190

 2 gCO -394.375

3HCO  -586.848

2
3CO  -527.834



 3CaCO s (calcite) -1129.000

2Ca  -553.524

It can be obtained from the equations in table 1:

2 2

2
3 1 2lg 2 + lg + lg + lg + lgCO COCO pH P K K K    (4)

2 2

2
1 2lg 2 - lg - lg - lg - lg - lgCO CO CCa pH P K K K K     (5)

Take the date into it, then

2

2
3lg =-18.2+ lg +2COCO P pH   (6)

2

2lg =9.85 lg -2COCa P pH    (7)
Equation (6) represents the relationship between CO32-, pH and CO2 in theory, equation (7) represents
the equilibrium relationship between Ca2+ and external environment when it reached the balance state
of crystal precipitation of calcium carbonate in the process of the self-healing of cement-based
materials incorporating mineral additives in theory, it also was considered as the initial concentration
of Ca2+ to form calcium carbonate in different conditions, it was shown in Figure 2.

Figure 2 The relationship between CO32-, Ca2+, pH and CO2

3.2. parametric analysis
3.2.1 Effect of partial pressure of CO2 on the composition of carbonic acid in self-healing system
The analysis of composition of carbonic acid was on different pH in open system based on chemical
equilibrium. The temperature was 25℃, partial pressure of CO2 was 1×10-3.5atm in the standard
environment, simulation results were shown in Fig.3.



Figure 3 The composition of carbonic acid at different pH（the content is on the left，the proportion is on the
right）

Fig.3 shows that H2CO3 (aq) decreased, CO32- increased and HCO3- first increased then decreased with
the increase of pH. The proportion of H2CO3 (aq) was significant at pH<pK1=6.38, however, the
proportion of HCO3- was considerably numerous at pK1≤pH≤pK2 while reached the maximum near
pH=8, and CO32- was dominate at pH>pK2=10.35. The analyses showed that HCO3- and CO32- were
dominated at pH≥9, which benefited the precipitation of calcium carbonate.
The composition of carbonic acid was affected by partial pressure of CO2 in the alkalinity environment
of internal crack of cement-based materials. The assumption of pH was 10 in the internal crack, the
parameters setting were that temperature was 25℃, pH was 10,

2
log COP was ranged from 10-5.5atm to

10-1.5atm. The results of simulation were shown in Fig.4 and Fig.5.

Figure 4 The correlativity between CO32-, total carbonic acid and partial pressure of CO2 in different pH (Solid
lines represent CO32-, dotted line represent total carbonic acid)

Figure 5 The correlativity between component of carbonic acid and partial pressure of CO2 in different pH

In Fig.4, it was clearly seen that both CO32- and total carbonic acid were improved with the increase of
partial pressure of CO2 in different pH. Fig.5 shows that the proportion of component of carbonic acid
had nothing to do with partial pressure of CO2 but was affected by pH.
Therefore, it hypothesized that more CO32- and component of carbonic acid were obtained with the
increase of partial pressure of CO2 when pH was high enough in the process of the self-healing of
cement-based materials incorporating mineral additives, which accelerated self-healing. Of course, the
erosion of CO2 was avoided with the increase of partial pressure of CO2.

3.2.2 Effect of partial pressure of CO2 on precipitation of calcium carbonate in self-healing system
The amount of carbonic acid in groundwater was affected by the partial pressure of CO2 in external
environment. The setting of temperature is 25℃, initial concentration of Ca2+ is 1×10-4mol/L in the



crack, the effect of partial pressure of CO2 on crystallize precipitation of calcium carbonate was
investigated in this condition.

Figure 6 The correlativity between crystallize precipitation of calcium carbonate and partial pressure of CO2

（the concentration of Ca2+ is 1×10-4mol/L）

Fig.6 shows that calcite was improved with the increase of partial pressure of CO2 in the same pH. The
higher pH was, the more proportion of calcium carbonate in the same partial pressure of CO2.
It was noticed that pH was unchanged during simulation, as a result, component of CO32- was
improved with the increase of partial pressure of CO2. However, in reality, if alkaline environment can
maintain a higher level in the crack, the precipitation of calcium carbonate can be maintained by more
CO32-, or the calcium carbonate may be dissolved.
3.2.3 Effect of temperature on precipitation of calcium carbonate in self-healing system
The reaction (  2 2

3 3Ca CO CaCO s   ) was affected by temperature and pressure in the process of
self-healing, however, the temperature was more sensitive than pressure in groundwater environment.
Van 't hoff isobaric equation is written as:

0

2

lnd K H
dT RT




(8)
If 25CK and 45CK represent equilibrium constant that the temperature is 25℃ (298.15K) and 45℃
(318.15K) respectively, and other parameters are unchanged, then the equation is written as:

 
0

45 25
25 45

1 1ln /C C
C C

HK K
R K K

 
  

  (9)
The relevant parameters are substituted by their corresponding value, then ΔH0= 12.5 (kJ/mol),

45 25/ 1.37C CK K  . It was clearly seen that the reaction was endothermic because of ΔH0>0,
precipitation of calcium carbonate was accelerated with the increase of temperature, and at the same
time, the improvement of equilibrium constant was helpful for precipitation.
3.2.4 Effect of pH on precipitation of calcium carbonate in self-healing system
The crystallize precipitation of calcium carbonate was studied in different pH. The analysis of molar
concentration of Ca2+ on different pH was investigated when the total concentration of Ca2+ was 1×10-

3mol/L, temperature was 25℃, partial pressure of CO2 was 10-3.5atm. The results were shown in Fig.7.



Figure 7 Effect of pH on precipitation of calcium carbonate

Fig.7 shows that calcite was obtained maximum which closed to100% with the decrease of total Ca2+

when pH reached 8~9 in this situation. Initial Ca2+ was consumed completely to form precipitation of
calcium carbonate in the crack, the requirement Ca2+ of further precipitation of calcium carbonate was
provided from the solution of hydration products of cement-based materials or the diffusion of its
interior.
3.2.5 Effect of initial concentration of Ca2+on precipitation of calcium carbonate in self-healing
system
The temperature was 25℃ , partial pressure of CO2 was 10-3.5atm, the total concentration of Ca2+ (its
initial concentration) was ranged from 1×10-3 to 1×10-2mol/L. The simulation results were shown in
Fig.8.

Figure 8 Effect of concentration of Ca2+ on precipitation of calcium carbonate in different pH

In Fig.8, T:Ca(2+) represents total concentration of Ca2+ in the balanced system of crystallize
precipitation of calcium carbonate on the horizontal axis, the initial concentration of Ca2+ was
provided from cement-based materials in the crack. The ordinate represents percentage between
calcite and total concentration of Ca2+.
The percentage of calcite was zero at pH≤7 when initial concentration of Ca2+ ranged from 1×10-3

to1×10-2mol/L, which indicated that the precipitation of calcium carbonate wasn’t generated. The
percentage of calcite was near 100% when pH was higher than 9, it was clearly seen that the



precipitation of calcium carbonate was better. The amount of the precipitation of calcium carbonate
was improved with the increase of total concentration of Ca2+ when pH was equal to eight.
Therefore, the amount of the precipitation of calcium carbonate was improved with the increase of
total concentration of Ca2+ when pH was limited.
4. Analysis on self-healing of minerals with precipitation of calcium carbonate based on
dynamics
The process of precipitation of calcium carbonate of self-healing in cement-based materials
incorporating mineral additives in groundwater condition was investigated based on micro and macro
process.
4.1 Self-healing with precipitation of calcium carbonate based on dynamics in micro level
In the system of self-healing of cement-based materials incorporating mineral additives, the micro
process of crystal precipitation of calcium carbonate was analyzed by the following four steps
combining with the theory of crystal nucleation and growth and the properties of cement-based
materials.

Ca2++CO32-↔CaCO3 (saturated solution) ①

CaCO3 saturated solution↔ CaCO3 oversaturated solution ②
CaCO3 oversaturated solution↔ CaCO3 molecular cluster ↔CaCO3 crystal nucleus

③

CaCO3 crystal nucleus ↔CaCO3 grain growth ④

With the existence of aqueous medium in the internal cracks, the surface hydration products were
dissolved to release Ca2+ which will lead a formation of saturated solution of calcium carbonate by the
reaction with CO32-, this was step 1; step 2 will be drew on the condition where the ion concentration
was large enough to form saturated solution; and the further effect was the formation of calcium
carbonate clusters, forming crystal nucleus, namely step 3; the nucleation growed unceasingly and the
grain was growth in the saturated solution, which was step 4.
From a point of view of thermodynamic, the saturated state in the first step was necessary but not
sufficient condition for the formation of calcium carbonate crystal. From the analysis with
thermodynamic, the Gibbs free energy change can be reduced only with the appearance of saturated
solution attend, i.e.

0= + ln = ln 0QG G RT Q RT
K

  
(10)

And the nucleation and crystal growth of calcium carbonate could occur. But in terms of the dynamics
theory of nucleation, the ΔG contained both the decrease of the system volume free energy ΔGV and
the increase of the surface free energy ΔGS. As shown in the Fig.9, with the increase of nuclear radius,
ΔG first increased and then decreased, the system free energy was reduced with the increase of
nucleus when r was higher than rc, and the crystal can grow up automatically, the formation of crystal
nucleus of saturated solution of calcium carbonate was mainly limited by the critical nucleation work
ΔG (rC) when r was equal to rc, so the nucleation process might be taken place only in the condition of
supersaturated solution.

Figure 9 The relation between the critical nucleation work and critical radius of crystal nucleus



The ions were gathered around hydration products or little calcium carbonate during the hydration of
cement in the process of the self-healing of cement-based materials incorporating mineral additives.
Then heterogeneous nucleation was developed because the critical nucleation work was greatly
decreased, so the formation of calcium carbonate crystal was accelerated in the crack.
Once the formation of calcium carbonate crystal happened in the crack, and r was higher than rc, the
free energy was reduced automatically by the growth of crystal nucleus, this was the stage of the
growth of crystal. the reaction of precipitation will continue as long as the ions concentration reached
the state of supersaturated.
4.2 Self-healing incorporating precipitation of calcium carbonate based on dynamics in macro
4.2.1 The process of self-healing incorporating precipitation of calcium carbonate based on
dynamics in macro
Combining the interchange and transmission process of material cracks in the groundwater
environment, crystal precipitation of calcium carbonate of self-healing incorporating mineral additives
includes three aspects, namely the transmission of the carbonate ions from the external water to the
internal crack, the dissolution and diffusion of the calcium ions from the cement-base materials into
the crack, and the balance of precipitation – dissolution of calcium carbonate in the cracks, it was
shown in Fig.10.

Cement
based

materials

Crack solutionCaCO3

Diffusion layer
Growth layer

Figure 10 The process of self-healing incorporating precipitation of calcium carbonate
There are two transition layers in the process of the crystal precipitation of calcium carbonate: the
growth layer and the diffusion layer. Thus, the process of the crystal precipitation of calcium
carbonate in the self-healing process was divided into three control links:
Link I is considered as the process of the deposition of CO32- and Ca2+ on the crystallization surface, it
is decided by the conditions and mechanism of the growth dynamics; Link II is considered as the
transfer process of CO32- and Ca2+ from the solution to the crystallization surface, it is affected by the
concentration of sedimentation equilibrium and the ion in aqueous medium of cracks, as well as the
environmental factors;Link III is considered as the diffusion process of Ca2+ from the internal cement-
based materials to the external aqueous medium of cracks, and also the diffusion process of Ca2+ and
carbonic acid component to the aqueous medium of cracks around water environment, the link that
exists in the internal and nearby cracks is affected by the surrounding environment and the cement-
based materials.
The process of the three control links had interactions and influences among each other. It was a
process of ions depletion from the link I to link II, the process of the diffusion of ions on microcosmic
level was affected by the depletion of CO32- and Ca2+ on the micro level, at the same time, the process
of the diffusion of ions on the macro level is affected by the ions depletion on the microcosmic level;



it was a process of maintaining the self-healing based on the precipitation of calcium carbonate by ions
supplying from macro to micro.
4.2.2 The control link of crystal precipitation of calcium carbonate in different self-healing periods
The effect of three links on the self-healing incorporating deposition of calcium carbonate was
different in variation healing conditions.
The self-healing was controlled by link I in the early stage or the stage of crystal nucleation. In this
stage, the hydration products of crack surfaces were dissolved by aqueous medium, producing more
calcium, at this time, the way of formation, the amount and the size of crystal nucleus were affected by
the growth conditions and mechanism of dynamics on micro level, thus affecting the process of crystal
precipitation of calcium carbonate. These factors included the mutual attraction between the CO32- and
Ca2+ in aqueous medium, the size or number of molecular cluster, the critical nucleation work and the
heterogeneous nucleation.
The self-healing was controlled by link of II and III in the late stage or the stage of crystal growth. At
this time, this was the growth of crystal nucleus, the Ca2+ in pore solutions of cement-based materials
and the CO32- of surrounding environment tend to diffuse to the internal fracture with the depletion of
ions, at the same time, leading to a regional formation near the crystal nucleus of the growth layer, and
further forming a diffusion layer with the ion in aqueous media of cracks. The crystal growth rate will
be affected by the ion concentration on both micro and macro levels, thus affecting the crystallization
process. The factors may include temperature, PH, ion concentration, alkali in cement and calcium ion
content.
4.2.3 The control link of crystal precipitation of calcium carbonate in different self-healing
environment
For a structure exposed to groundwater, the water covering the back side is thin, and the aqueous
material in the crack contacts the atmosphere. There are more carbonate ions available for
precipitation than calcium ions because the crack environment is alkaline. Therefore, the self-healing
rate or the precipitation rate can be determined by the calcium ion precipitation rate.
In contrast to the back side, the amount of water covering the upstream face is substantial, and the
crack aqueous material can be considered infinite, so it is difficult to determine the ion concentration
or the self-healing rate using diffusion and transmission between crack aqueous material and the
infinite groundwater.
5. Conclusion
The self-healing of cement-based materials incorporating mineral additives in the condition of
groundwater was studied. More work was done to investigate the process of the crystallization of
calcium carbonate based on thermal and dynamics theory.
In the system of self-healing incorporating crystal precipitation, the concentrations of carbonate ion
and initial calcium ion in water are affected by PCO2 and pH. The proportion of each component in the
carbonate is determined only by pH, when pH ≥ 9, HCO3- and HCO32- are the main part in water,
which shows more advantages to crystal precipitation of calcium carbonate;
The precipitation of calcium carbonate could be enhanced by the raise of the temperature, pH, initial
concentration of calcium ions and a range of partial pressure of carbon dioxide;
The key controlling links of the crystal precipitation of calcium carbonate are proposed during self-
healing of cement-based materials incorporating mineral additives at the point of dynamic process on
macro, which contain the deposition process on the crystal plane of ions, the diffusion process on the
crystal plane of ions, the diffusion process of the ions to aqueous medium in cracks. The deposition
process is controlled by the three aspects which exist mutual effect.
When the aqueous medium in cracks males full contact with air, the diffusion process of calcium ions
in the cracks of cement-based materials is the key step; when the cracks of cement-based materials can
touch the groundwater directly, the ion composition of groundwater is the key factor.
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Effect of incineration bottom ash (IBA) on early hydration of blended
cement
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Abstract
In the present study, the pulverized incineration bottom ash (IBA) was used as a binder to partially replace
Portland cement up to 50% of mass of cement. The effect of IBA on early-stage hydration in terms of heat flow
rate and hydration heat was investigated by using isothermal calorimetry method during the hydration period of
48 hours. The experimental results showed that the rate of heat evolution for IBA-blended cement was higher in
comparison with pure Portland cement at the initial 3 hours. The addition of IBA can delay the hydration of
cement for several hours. The rate of heat evolution tended to be same after 30 hours due to the hydration of
cement with a transition from reaction control to diffusion control. Based on the analysis of hydration heat in
this study, IBA had a weak pozzolanic reactivity. The substitution dosage of IBA in blended cement cannot
exceed 20%.

Originality
This paper presented the early age hydration behavior in blended cement containing up to 50% incineration
bottom ash as substitution for Portland cement. The retarding effect of IBA on hydration of cement was
observed from the curve of heat flow rate versus time. The setting of Portland cement was delayed with
increasing of replacement amount of IBA. At the end of time of 48 hours in this test, the total hydration heat
generation of each IBA-blend cement sample was higher than that of corresponding pure cement part. This
indicated that IBA itself has certain of reactivity in hydration of blended cement.

Key words: incineration bottom ash; hydration of cement; isothermal calorimetry; heat flow rate; hydration
heat
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1. Introduction
Incineration bottom ash (IBA) is the ash residual after incineration of municipal solid waste. The incineration
ash consists of about 80% of bottom ash and 20% fly ash (Chimenos J.M. et al., 1999). In comparison with fly
ash, IBA contains much less leachable heavy metal and toxic organic substances (Ferreira C. et al., 2003). The
content of chloride in IBA is also lower than that of incineration fly ash (Lam C. et al., 2010). All these
characterizations make IBA as a potential waste material for recycling and application as construction materials.
Several researches have studied the possibility of recycling incineration ash in cement and concrete
manufacturing, both as aggregate and mineral admixture (Pera J. et al., 1997; Bertolini L. et al., 2004). The
incineration ash is also reported to replace clinker raw materials for production of Portland cement clinker (Lam
C. et al., 2010; Kikuchi R., 2001). The bottom ash have been used as aggregates in concrete (Müller U. et al.,
2006) and replace materials in base course and sub-base for road construction (Vegas I. et al., 2008).
The chemical composition of IBA is mainly composed of silica, calcium oxide, alumina and iron oxide. This
indicates that pulverized IBA could have pozzolanic or hydraulic properties. Some researchers have reported that
ground IBA shows pozzolanic reactivity with lime or Portland cement (Bertolini L. et al., 2004). However, the
cementitious activity of IBA is lower and the addition of IBA can delay the hydration of Portland cement (Li X.
et al., 2012). Krammart et al. (2004) also reported that the setting time of cement pastes were slightly delayed
using IBA to replace part of cement. Lin et al. (2003) and Wang et al. (2004) studied the hydration
characteristics of sintered fly ash when C2S or C3S is present by means of thermo-gravimetric analysis and NMR
analysis. Lin et al. (2006) also investigated the hydration characteristics of bottom ash slag as a pozzolanic
material for cement using X-ray diffraction and thermo-gravimetric analysis.
The time dependent of hydration heat of IBA blended cement especially the early age hydration process was
studied rarely in the past. Most of researches mainly focus on the heat of hydration of high reactive pozzolanic
materials or natural pozzolans (Tydlitat V. et al., 2014; Mustafa N. Y. et al., 2005; Langan B. W. et al., 2002).
The hydration heat is a critical factor affecting the setting and hydration behavior of Portland cement.
Temperature change during cement hydration can cause the thermal stress inside of concrete resulting in crack
especially in mass concrete structure. Understanding the effect of substitution materials on heat releasing of
cement hydration is important for application of these materials in concrete. In this paper, the early-stage
hydration heat evolution behavior of blended cement containing up to 50% IBA was investigated. The
isothermal calorimetry method, which can directly provide continuous monitoring of heat release rate and
achieve a higher measurement accuracy, was used the evaluated the hydration heat generation rate.

2. Experimental
2.1. Materials
Blended samples were prepared using type I 42.5 Portland cement and incineration bottom ash (IBA). The
composition of cement and IBA determined by XRF analysis is shown in table 1. The IBA was collected from a
local municipal solid waste incineration plant, Singapore. In order to obtain a representative sample, five-month
combined IBA was used in this study. The chemical composition of IBA determined by XRF analysis is
presented in table 1 and the heavy metal content determined by ICP-MS is shown in table 2.

Tab. 1 Chemical composition of Portland cement and IBA, %
Compositions CaO SiO2 Fe2O3 Al2O3 MgO Na2O P2O5

Cement 65.88 22.91 2.56 3.75 1.16 - -
IBA 30.65 39.77 12.24 7.01 2.65 1.76 1.86

Table 2 Trace element content of IBA, mg/kg
Element Cr Co Pb Ni Mn Sr Sn
IBA 474 97.2 1931 475 1098 179 217

Element Sb Hg Zn Sn Cu V As
IBA 188 0.15 5564 217 3481 28.6 20.8

The IBA powder preparation process was specified as followed: 1) collecting the wet IBA from incineration
plant; 2) drying the wet IBA at 105 degree for two days to remove moisture; 3) grinding the dry IBA using ball
mill until particle size below 106 microns.
For the blended binders which used to prepare the cement pastes for hydration heat measurement, 10, 20, 30, 40
and 50% of mass of Portland cement was replaced by IBA. The water to binder ratio was 0.5 for all cases. The



mixture without IBA was used as control. The analyzed samples were denoted as PC (Portland cement), IBA10,
IBA20, IBA30, IBA40 and IBA50 (replacement level of 10-50%).
2.2. Test methods
The isothermal calorimetry method was employed to evaluate the hydration heat development of blended sample
in this study. An ICal 2000 HPC calorimeter with two test channels was used which mean two samples can be
loaded at one time. The detectors were located at the bottom of two cells of each channel. One cell was used to
load the sample and the other one acted as reference cell. This equipment was based on the differential
measurement of heat flow between these two cells. Figure 1 shows the vertical view of calorimeter test chamber.

Figure 1 Vertical view of calorimeter test chamber
The measurement was performed with a 50g blended cement-IBA sample. The powder samples were stored in a
dry cabinet at a condition of 23 degree and 12% relative humidity. The 25g mixing water were placed in a
polyethylene cup and warmed for 4 hours prior to mixing within the calorimeter cavity under the test
temperature of 23 degree. The cup was sealed with a lid to prevent the evaporation of water. When the
temperature of water achieved equilibrium of 23 degree, the solid powders were slowly poured into mixing
water and manual stirred for 1-2 minutes until obtained a homogeneous paste. Each test was conducted on two
samples for 48 hours. The rate of heat evolution was recorded by using a computer data acquisition system. The
total heats released can be calculated from integration of the areas under heat flow rate curve.
3. Results and discussion
The heat flow rate curves for IBA-blended cement in comparison with pure cement are shown in figure 2a. As
seen from figure 2a, the heat flow rate curve for pure PC showed a typical five stages of cement hydration
reaction as described in the literatures (Taylor H., 1997): 1) the initial reaction period; 2) the induction period; 3)
the acceleration period; 4) the deceleration period and 5) the slow reaction period.
In the initial reaction period, there is a rapid increase of heat flow rate culminating in a peak within the first 5
min. The heat flow rate during the initial 1 hour increased with the increasing replacement amount of IBA in
blended cement (Figure 2b). For Portland cement, the first peak at initial stage was attributed to hydration of free
lime and the formation of dehydrate gypsum from calcium sulfate hemihydrates. For the IBA-blended cement,
the higher heat flow rate in comparison with pure PC sample was not only attributed to hydration of lime or
gypsum and also possibly attributed to the dissolving of some basic oxides or salts.
The induction period for pure PC hydration was about 2 hours. With the increase of replacement amount of IBA
in blended cement, the induction period prolonged obviously meaning the hydration rate of cement delayed after
replacing cement with IBA. There were some hypotheses regarding to the formation of induction period and its
termination. One of the hypotheses was that the formation of protective layer on surface of C3S particles to
prohibit the continuous hydration reaction of cement (Brown P. W. et al., 1985). The induction period was end
when the protective layer was destroyed. After adding IBA into cement, the prolongation of induction period
may due to higher content of cations such as Zn2+, Pb2+ and Cu2+ (table 2), which can retard the hydration of
cement (Li X. et al., 2012; ). In addition, the unburned organic matters in IBA should be another reason caused
delayed hydration reaction.
When the IBA dosage was less than 20%, the heat flow rate curves of blended cement showed typical five-stage
with two common peaks. The heat flow rate at the second peak value corresponding to C3S hydration decreased
with increasing of IBA dosage. The peak also showed a right shift in comparison with pure cement. The time of
occurrence of the second peak increased with increasing of IBA dosage indicating the retarding effect of IBA in
blended cement on the hydration. When the IBA dosage exceeded 20%, the deceleration period became smooth
and a shoulder appeared after the second peak for IBA30. A multiple peaks appeared in the heat flow rate curve
for IBA40 and IBA50. The time of occurrence of peaks was also irregular. Especially for IBA50, there were no
apparent sharp peaks instead of broad humps were observed in the heat flow rate curve. The effect of high



dosage of IBA on cement hydration heat evolution was difficult to explain exactly due to the complicated
chemical composition of IBA. When the amount of IBA achieved 50%, it was possible that the hydration of
cement was not dominant reaction. Due to the hydration reaction of cement transformed from the chemical
control to the diffusion control during the deceleration period, the heat flow rate tended to be same after 30 hours.

(a) (b)
Figure 2 (a) heat flow rate of IBA-blended cement; (b) heat flow rate of IBA-blended cement at initial stage

Figure 3a shows the hydration heat evolution of IBA-blended cement up to 48 hours. At the initial vicinity of 6
hours, the specific hydration heat of IBA-blended cement was higher than that of pure cement (figure 3b). This
manifested that large amount of heat generated due to dissolving of basic oxides in IBA as discussion above. As
can be seen from figure 3a, the hydration heat at the end of 48 hours decreased with the increasing of dosage of
IBA. However, the percentage drop of total heat release was not linear proportional to the cement replacement
levels (figure 4). This phenomenon can be attributed to two effects of pozzolanic activity and the dilution effect
(Mustafa N. Y. et al., 2005). The pozzolanic activity was related to the reaction between siliceous in IBA and
portlandite from cement hydration. The pozzolanic activity effect was expected to increase the hydration heat
generation. The dilution effect was related to the dilution in the main compounds of C3S which can decrease the
rate of hydration heat liberation.

(a) (b)
Figure 3 (a) hydration heat of IBA-blended cement; (b) hydration heat of IBA-blended cement at initial stage

a) b)



Figure 4 Percentage drop in the maximum heat evolution at 48 hours versus PC replacement levels
The effect of IBA itself on the hydration heat evolution in blended cement was evaluated by using difference
heat flow rate Nd and difference hydration heat Qd (Tydlitat V. et al., 2014) expressed as Eq. (1) and Eq. (2),
respectively.

(1)
(2)

Where, x is the dosage of IBA in IBA-blended cement IBAx in %.
The effect of IBA itself on the hydration process of blended cement varied with time during the first 48 hours
(figure 5). At the initial three hours, the IBA had a rapid heat generation reaction which manifested the higher
heat flow rate in IBA-blended sample and discussion above. After that, the specific heat flow rate for IBA nearly
maintained at 0, which indicated the reactivity of IBA was lower. The value below zero line was owing to the
retarding effect of IBA which slow down the rate of hydration of cement. However, there was a broad peak at
~10-20 hours for IBA10 and IBA20. This was possible as a result of a weak alkali activated effect. After final
setting of cement, the rate of cement hydration decreased and meanwhile the pore solution with higher alkalinity
can active the siliceous materials in IBA resulting a heat generation. It should be noted that the specific
hydration heat evolution per gram IBA showed a complicated trend. The negative value of specific hydration
heat may also attribute to the retarding effect of IBA on hydration of blended cement (figure 6). In other words,
the Eq. (1) and (2) was possibly not suitable for evaluating the hydration heat evolution of materials possessing
strong retarding effect on cement hydration. Only the IBA10 showed a positive effect on hydration heat
generation. On the one hand, the 10% of IBA had no stronger retarding effect on cement hydration. Inversely,
the sufficient hydrated cement can provide enough alkali to activate IBA efficiently.

Figure 5 The difference heat flow rate per gram of IBA Figure 6 The difference hydration heat per gram of IBA



4. Conclusions
In this study, the early age hydration behavior of blended cement-IBA system was investigated by means of
isothermal calorimetry method. In these binder system, 10, 20, 30, 40 and 50% of mass of Portland cement was
replaced by pulverized IBA. The heat flow rate and total hydration heat evolution of were analyzed for all
blended binder system. Based on the experiment results, the main conclusions can be drawn as followed:
1) The heat flow rate increased with increasing of IBA replacement level at initial hydration period mainly as a

result of dissolving of basic oxides. However, the addition of IBA in blended cements can obviously delay
the hydration of cement. The higher content of heavy metal cations and certain amount of unburned organic
substances should be main reasons resulting in retarding hydration of cement.

2) The IBA itself had a weak pozzolanic reactivity base on this study. The pozzolanic activity and dilution effect
of IBA in blended cements had an important role on determination of optimum dosage of IBA used in cement.
The content of IBA used in cement cannot exceed 20%. On the one hand, the hydration of cement was
seriously delayed and hydration process was complicated. On the other hand, the amount of portlandite was
not enough to active siliceous materials in IBA when its dosage was higher.

In the future, it is necessary to detailed characterize the chemical composition of IBA and identify the substances
in IBA retarding the hydration of cement.
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Accelerating effect of salts on C3S Hydration
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Abstract
The well-known accelerating effect of mineral salts on the hydration of alite, the main component of portland
cement is revisited in this work. The objective of this study is to identify the mechanisms leading to the
acceleration of hydration and the origin of the ion specificity. The effects of four calcium salts, calcium chloride,
bromide, iodide and nitrate and of four alkali salts, sodium and potassium chlorides and nitrates are
investigated over a concentration range of 0.1 to 0.5 mol of anion /L.
The role of salts on the initial hydration period (initial dissolution of alite and nucleation of C-S-H) and on the
so-called acceleratory and deceleratory hydration periods is separately studied. During the C-S-H nucleation
step, the amount of C-S-H is quantified by solution analysis in dilute suspensions. The acceleration of hydration
is evaluated by isothermal calorimetry on C3S samples pre-hydrated in salt free solution to set the amount of C-
S-H nuclei. Then, the degree of hydration curves are simulated with an aggregation growth-based model built
using four parameters describing the growth of C-S-H on the surface of alite. They are the number of first
growth sites i.e. the nuclei, the parallel and perpendicular aggregation rates and the permeability coefficient of
C-S-H.
Beside the kinetic study, the interactions between C-S-H and the salt solutions are studied at equilibrium by
acoustophoresis and with ion specific electrodes (pH, Ca, Cl and Br).
It turns out that, regardless of the anion, the amount of C-S-H precipitated during the first minutes of hydration
significantly increases with the calcium salt concentration whereas the addition of alkali salts shows a small
effect. On the contrary, the hydration rate significantly varies with the type of anion and increases with the
concentration of salt. According to parameters fitted within the C-S-H aggregation-based model, this
acceleration can be interpreted as an increase of the perpendicular C-S-H aggregation rate associated with an
increase of the permeability coefficient of C-S-H. However, the study of the interactions at the interface between
C-S-H and the salt solutions does not reveal any adsorption of anions onto C-S-H, a feature which could be
expected to be at the origin of a modification of C-S-H growth and thus an acceleration of hydration. On the
contrary, ion-specific effects are revealed in solution leading to at least the decrease of the activity of OH- ions.
The consequence could be an increase of the undersaturation with respect to C3S. It would increase the
dissolution rate that could be the origin of the acceleration of hydration.

Originality
The originality of this work on an already largely studied topic lies in the following points:
- Decoupling of the effect of salts on the different stages of hydration
- Simulation of the experimental kinetics curves with a model based on physically significant parameters to
identify and quantify the effects
- Study of the solution chemistry and interaction between the C-S-H surface and ions

Keywords: Hydration, C3S, kinetics, accelerators, modeling
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1. Introduction
The effect of inorganic salt addition on the hydration of tricalcium silicate is studied for decades and
more especially calcium chloride (Andreeva et al, 1963; Tenoutasse, 1968; Odler et al , 1971; Kantro,
1975; Stadelmann et al, 1985; Garrault et al , 2000; Juenger et al, 2005; Thomas et al , 2009; Nicoleau,
2011). Different studies permitted to rank the cations and anions depending on their accelerating effect.
The following sequences are obtained for the most common cations and anions:

Ca2+>Li+>Na+>K+ and Cl->Br->NO3->I-
They are typically the same as the Hofmeister series (Hofmeister, 1888). Despite these extensive
studies the mechanism by which the C3S hydration is accelerated in the first hours has not been
identified yet. It is generally agreed that salt addition modifies the morphology and the microstructure
of C-S-H (Young et al, 1973; Juenger et al , 2005). It was then proposed that the acceleration results
from the increase of the nucleation-growth process (Garrault et al , 2000; Thomas et al, 2009;
Nicoleau, 2011). This work aims to investigate the validity of this hypothesis and to quantify the effect
of different cations and anions. For this purpose, C3S has been hydrated in solutions containing four
calcium salts: calcium chloride, bromide, iodide and nitrate and of four alkali salts: sodium and
potassium chlorides and nitrates in concentration range of 0.1 - 0.5 mol of anion/L. It has been
attempted to separate the effect of salts on the C-S-H nucleation taking place during the first tens of
minutes of hydration from that on the acceleratory period. The C-S-H nucleation has been studied in
stirred dilute suspensions and the amount of C-S-H precipitated has been estimated from solution
analysis. The subsequent hydration period corresponding to the main heat release has been studied by
isothermal calorimetry in paste. The kinetic curves have been fitted with a nucleation-aggregation
model to be able to simply characterize and quantify the effect of each ion. Beside this kinetic study,
the properties of the C-S-H/solution interface in the different salt solutions has been investigated at
equilibrium by acoustophoresis and ion-specific electrodes in order to correlate the effect on hydration
with the ion/C-S-H surface interactions.

2. Experimental
2.1. Materials

Pure triclinic C3S was obtained from Mineral Research Processing. The grain size distribution of the
sample was determined in ethanol by light scattering (Mastersizer 2000, Malvern Instruments) and is
reported in Table 1.

Table 1: Grain size distribution of the C3S sample.

Sample D[4,3] (µm)
volume mean diameter

D[3,2] (µm)
surface mean diameter Ssa a (m2/g)

C3S 50.16 8.53 0.7

a Ssa=6/(ρC3S . D[3,2]) is the specific surface area when considering an homogeneous density of
particles with size, spherical particles and ρC3S=3.21 g/cm3.

The water used for the preparation of pastes, suspensions and solutions was distilled and deionised.
Calcium, sodium and potassium salts were purchased from Sigma Aldrich. Calcium oxide used in the
different experiments was obtained by decarbonation of calcium carbonate (98.5-100 %, VWR
AnalaR NORMAPUR) at 1000 °C for 24 h. Suspensions of C-S-H were synthesized by mixing
calcium oxide, fine silica (aerosil 200 from Evonik) and water. The proportions of calcium oxide and
silica were chosen in order to obtain molar Ca/Si ratios equal to 1 and 1.4, the liquid to solid ratio (l/s)
was 20. These suspensions were stirred for a month at 23°C, which is long enough to reach
equilibrium (Haas and Nonat 2015).



2.2. Experimental Methods
Effect of salts on the very early hydration.
Hydrations of C3S in stirred dilute suspensions have been performed in order to estimate the effect of
salts on the C-S-H nucleation through the determination of the amount of C-S-H precipitated during
the first 30 minutes. 1 g of C3S was stirred in 100 mL of lime solution ([Ca(OH)2]=11 mM) with
different salt concentration ranging from 0 to 500 mM. The lime concentration has been chosen in
order to have a significant amount of C-S-H without hydrating significantly C3S as it would be in
water (see for example (Garrault, 2001) for details). A small portion of suspension was collected and
filtered (0.3µm Millipore filter) after several hydration times: 0, 30, 60, 90, 120, 150, 180, 300, 900
and 1800 seconds. The concentrations of Ca, Si, Na and K at each sampling time were measured by
ICP-Optical spectrometry (Vista Pro Varian). nC-S-H, the amount of C-S-H precipitated during this
period of time, was calculated according to the equation

nC-S-H = V∙(∆[Si]∙(1/3∙(C/S) – 1)-1 + ∆[Ca]∙(3 - (C/S))-1) (Garrault and Nonat 2001)

where V is the volume of solution,  [Si] and  [Ca] the variation of Si and Ca concentrations
measured during the considered period of time and C/S the calcium to silicon ratio of C-S-H. All the
experiments were replicated three times.

Effect of salts on the acceleratory and deceleratory periods of C3S hydration.
In order to decouple the effect of salts on the C-S-H nucleation from the effect on the C-S-H growth,
pre-hydrated samples characterized by a constant amount of C-S-H nuclei have been synthesized and
further hydrated in different salt solutions. The pre-hydration step was performed as described above
but in salt-free conditions. After 30 minutes of (pre-)hydration the suspension was filtered, the solid
was rinsed with a 1/1 ethanol/water mixture then with pure ethanol and dried under vacuum overnight.
The pre-hydrated samples were further hydrated in a solution saturated with respect to portlandite
containing different salt concentrations ranging from 0 to 500mM. The liquid to solid weight ratio was
0.5 and the mixture was mechanically stirred for 2 minutes in a plastic ampoule. The ampoule was
then introduced in an isothermal calorimeter (25°C, TAM Air Thermometrics) and the heat flow was
recorded for 1 day. Each experiment was replicated twice. The degree of C3S hydration was calculated
by integrating the heat flow over time and considering the heat of hydration of C3S equal to 105
kJ/mole (Grant, 2006).
The experimental degree of hydration curves were fitted using a hydration model based on the
anisotropic aggregation/growth of C-S-H onto the surface of C3S grains (Garrault et al , 2001; Garrault
et al, 2005; Garrault et al, 2006) and assuming an isotropic dissolution of those C3S grains (Garrault et
al, 2010). The grain size distribution of C3S is described by 5 monomodal populations, each grain is
supposed to hydrate without any interaction with the other grains. The C-S-H growth is described by
four parameters, that are the number of initial nuclei, the growth rates parallel and perpendicular to the
C3S surface, and the permeability of C-S-H. In the experiments as well as in the simulations, the
number of nuclei is fixed and remains constant because of the pre-hydration step.

Interaction of salts with C-S-H
The interactions of CaCl2, CaBr2 and Ca(NO3)2 with the surface of C-S-H have been studied in situ in
dilute C-S-H suspensions by means of several probes that are conductivity, pH and Ca, Cl and Br
specific electrodes (ISE) operating simultaneously with a Titrando device (Metrohm). The signal of
those probes was recorded during the addition of 8 mL of a concentrated solution of salt ([CaCl2]=5.43
M, [CaBr2]=4.48 M, [Ca(NO3)2]=3.39 M) in 20 steps with an automatic burette (Dosino, Metrohm)
into 250 mL of C-S-H suspension (l/s=20). A new addition of solution is done when the electrode
signals became stable. Reference experiments were performed on calcium hydroxide solutions of the
same concentration as the C-S-H suspensions (respectively 4mM and 20mM) in order to compare the
ion interactions with and without C-S-H particles. The same suspensions were also characterized by
acoustophoresis experiments in which the zeta-potential, characterizing the CSH/solution interface,
was recorded (Zetaprobe,Colloïdal Dynamics).



3. Results
Effect of salts on the early hydration of C3S.
Figure 1 shows the evolution of the amount of C-S-H precipitated during the first 30 minutes of
hydration as a function of the concentration and the nature of the salt added. The addition of alkali
salts increases only slightly this amount whereas, in the presence of calcium salts, an increase
proportional to the concentration of Ca is observed. At 0.25M of CaCl2 solution the C-S-H amount is
about ten times greater than without salt. Within the experimental data spread, no anion specific effect
can be revealed, neither for the calcium salts nor for the alkali salts.

Figure 1: Evolution of the amount of C-S-H precipitated during the first 30 minutes of C3S hydration in
solution containing different concentrations of calcium or alkali salts. The concentration is expressed according
to the anion concentration. Full squares: CaCl2, full diamond: Ca(NO3)2 , open squares: NaCl, open diamonds:

NaNO3, full triangles: KCl, open triangles: KNO3.

Figure 2: Heat evolution rate curves recorded during the hydration of C3S sample in different concentrated
solutions of calcium nitrate. Left: hydration in Ca(NO3)2 solutions (l/s = 0.5) without pre-hydration step. Right:
hydration in a saturated lime solution (l/s=0.5) with a pre-hydration step of 30 minutes in Ca(NO3)2 solutions (l/s
= 100). The black, blue, red and green curves represents the hydrations without salt and with 100 mM, 250 mM

and 500 mM of anion, respectively.

In order to examine whether the increase in C-S-H nuclei/amount during the beginning of hydration is
a sufficient condition explaining the acceleration of hydration, the pre-hydrated samples have been
hydrated further in a saturated salt-free calcium hydroxide solution. For example, the heat flow



released during the hydration of alite in the presence of calcium nitrate is presented in Figure 2 in
both cases: hydrated in calcium nitrate solutions (Figure 2 left) or only pre-hydrated in those solutions
and further hydrated in lime solution (Figure 2 right). The strong increase of the heat release with the
salt concentration is not observed in the second case. Similar results are obtained with the other salts.
No straightforward correlation can be found between the amount of C-S-H nuclei and the acceleration
of hydration which leads to the conclusion that the enhancement of the C-S-H nucleation does not
explain the acceleration in the presence of calcium salts.

Effect of salts on the acceleratory and deceleratory C3S hydration regime.

Figure 3 and Figure 4 show the degree of hydration as a function of time when pre-hydrated C3S
samples are further hydrated in saturated lime solution containing different concentrations of calcium
salts (Figure 3) or alkali salts (Figure 4). In the same graph, the experimental and simulated degrees of
hydration are plotted. The simulation parameters have been fitted in order to best superimpose the
simulated and experimental curves. A very good agreement between experimental and calculated
curves is obtained. The well-known accelerating effect of salts is observed. As it is generally reported
(Kantro, 1975; Wilding et al , 1984), the effect of calcium salts is higher than that of alkali salts and
chloride salts are more effective accelerators than bromide, nitrate and iodide salts. The evolution of
the best fitting parameters in simulations over the salt concentration is plotted in Figure 5.

-a- -b-

-c- -d-

Figure 3 : Evolution with time of the degree of hydration of C3S in calcium salt solutions. a: Ca(NO3)2, b: CaCl2,
c: CaBr2, d: CaI2 . Full lines: experimental curves. Dotted lines: calculated with the hydration model.

-a- -b-



-c- -d-

Figure 4 : Evolution with time of the degree of hydration of C3S in alkali salt solutions. a: NaNO3, b: NaCl, c:
KNO3, d: KCl . Full lines: experimental curves. Dotted lines: calculated with the hydration model.

-a- -b- -c-

Figure 5 : Evolution of the simulation parameters with the salt concentration deduced from the hydration model
applied to the experimental curves shown in Figures 3 and 4. a: C-S-H growth rate parallel to the C3S surface , b:

C-S-H growth rate perpendicular to the C3S surface. C: permeability of C-S-H. Full squares: CaCl2, full
diamonds: Ca(NO3)2 , asterisk: CaBr2, full circle: CaI2, open squares: NaCl, open diamonds: NaNO3, full

triangles: KCl, open triangles: KNO3,.

It is recalled that the number of nuclei was fixed in simulations as it was in experiments. The parallel
growth rate slightly changes with the concentration regardless of the anion and decreases a little in the
case of calcium salts. On the contrary, the perpendicular growth rate and the permeability of C-S-H
significantly increase with the concentration of salt, particularly in the case of calcium salts. From
these results, it could be expected a strong interaction of salts with the C-S-H surface such as an
adsorption to modify its growth.



Interaction of salts with C-S-H
Figure 6 reports the variation of the potential measured by chloride and bromide specific electrodes
during the addition of the respective concentrated salt solution to both the C-S-H suspensions and the
reference lime solutions. The two signals are strictly identical indicating that there is no interaction
between these anions and the C-S-H surface. The activity of these species is not modified by the
presence of C-S-H. Zeta potential measurements confirm this observation (Figure 7). Indeed, the C-S-
H surface remains always positive regardless of the concentration of anions. Anions stay in the diffuse
double layer to compensate the apparent positive charge of C-S-H due to the overcompensation of the
negative surface charge by calcium divalent cations (Labbez et al, 2006; Labbez et al, 2007; Labbez et
al, 2011). The interaction of calcium with the surface is revealed by a small variation of the potential
measured by the calcium electrode (Figure 8-a) that leads to a very small variation of the Ca/Si ratio of
C-S-H (Figure 8-b).
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These weak interactions between the different salts and the C-S-H surface cannot explain the strong
effect of those salts on the hydration kinetics which was interpreted above as a modification of the C-
S-H aggregation mode. The only significant and ion-specific effect measured over the salt addition
was the variation of pH (Figure 9). pH decreases as expected with the increase in salt concentration
because of the consequent increase of the ionic strength, but the variation is anion-specific. The
decrease of the activity of OH- leads to an increase of the undersaturation with respect to C3S which, in
turn, increases the C3S interfacial dissolution rate (Nicoleau et al, 2013). At the same concentration of
anion, the pH value decreases to a lower value when the cation is calcium (Figure 9-right) than
when it is an alkali ion (Figure 9-left). The dissolution rate should be accordingly higher.
However the calculation of the undersaturation remains difficult because it requires the activity
coefficients at very high ionic strength taking into account the ion-ion interactions such as the Pitzer
equations allow (Pitzer, 1973; Pitzer et al, 1986). Unfortunately most of the ion-ion interaction
coefficients needed here is not tabulated yet.
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4. Conclusions

The effect of calcium, sodium and potassium inorganic salts on the hydration of C3S has been studied
in decoupling the effect on the initial C-S-H nucleation from that on the main period of C-S-H growth.
Even if higher amount of C-S-H precipitated during the very beginning of hydration in the presence of
calcium salts, this does not explain the strong increase of the degree of hydration during the
acceleratory period. The fitting of the kinetic curves with an aggregation /growth model leads to
growth parameters in agreement with what it is generally observed concerning the morphological
changes of C-S-H and its pore structure in the presence of salts: more elongated and porous C-S-H.
However no specific interaction neither between cations nor anions with the C-S-H surface has been
identified that could be expected to be at the origin of a modification of C-S-H growth. On the
contrary, the only specific effects are revealed between ions in solution leading to the decrease of the
activity of OH- ions. The consequence could be an increase of the undersaturation with respect to C3S
that would result in the increase of the C3S dissolution rate. In order to confirm this last hypothesis,
more work is needed to calculate the variation of the activity products in such concentrated solutions.
In addition, it has been recently proposed that the isotropic dissolution scheme of C3S could be
seriously challenged (Nicoleau et al, 2015a; Nicoleau et al, 2015b) and that the evolution of the
dissolution rate could significantly drive the hydration kinetics. For the purpose of hydration
modelling, more work is also necessary to merge C-S-H growth and C3S dissolution models into a
single hydration model in which the influence of the saturation indexes have to be taken into account.
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Impact of sucrose on dissolution and nucleation

P. Juilland1*, E. Gallucci1
1 Sika Technology AG, Zürich 8048, Switzerland

Abstract
Sucrose is known since decades as probably one of the most powerful retarder for Portland cement. The
underlying basic mechanism for this retardation remains however poorly studied and hardly explained on a
scientific basis. Which process or which phase is affected and what is the nature of the interaction sucrose
cement are some of the unanswered questions.
Through the decoupling of the basic mechanisms taking place during alite hydration, the effect of sucrose was
studied and its effect was evaluated on:

1. The dissolution of alite
2. The nucleation of C-S-H
3. The nucleation of CH

Pure dissolution, investigated in a flow through dissolution cell and characterized by vertical scanning
interferometry as well as SEM, showed to be poorly affected, if not at all by the presence of sucrose in water,
indicating that there is potentially no interaction between alite and this molecule.
The nucleation and growth of C-S-H, studied through precipitation experiments in diluted suspension showed to
be affected by sucrose to a very limited extent.
Finally, the nucleation of CH revealed to be extremely sensitive and subjected to the presence of sucrose. The
presence of sucrose in the solution can prevent the precipitation of CH even at relatively low dosages.
In light of these results a novel mechanism of retardation is proposed for sucrose and its implications regarding
early age hydration processes are finally discussed.
Originality
The strength of the approach relies on the decoupling of the individual mechanisms taking place, and how they
are affected by specific parameters (in the present case by the presence of a retarder in the solution). This allows
understanding how and where this parameters has an effect and further to evaluate its impact in the overall
process. On this basis, the mechanism by which sucrose retards cement hydration is resolved and explained.
Keywords: dissolution, nucleation, sucrose, alite, Portlandite, C-S-H, retardation
1. Introduction
The early processes of hydration being still the matter of some discussions, it is not surprising that the
mechanism of well-known retarders such as sucrose for instance are obviously still unresolved despite
many related works over the years. The main hypothesis proposed in the literature for sucrose is that
this molecule likely disturbs or poisons the nucleation and growth of C-S-H [Juenger, 2002, Cheung,
2011]. A more recent work involving solid NMR proposed instead that dissolution of the anhydrous
phase would be impeded due to a sucrose film forming at the surface of the reacting grains.
In order to try to clarify the situation, we have tried to decouple various mechanisms taking place
during the early hydration and check the impact of sucrose on these single processes.
For that matter, pure dissolution experiments were performed on alite and nucleation and growth
experiments were carried on two main hydrates: C-S-H and portlandite in presence or not of sucrose.
2. Experimental method
Alite was synthesized according to a protocol described in [Costoya, 2008]. High grade CaCO3, SiO2,
Al2O3 and MgO (Sigma-Aldrich) were blended and fired at 1500°C and finally air quenched. Table 1
shows the phase distribution of the obtained material.

* Corresponding author: juilland.patrick@ch.sika.com, Tel +41-58-4364283, Fax +41-58-4364777
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Table 1: Phase composition based on Rietveld Analysis

Crystalline Phases Rietveld Quantification
(wt %)

Alite MIII 97.5
Belite ~1
C3A cubic <0.5
Free Lime/CaO <0.5
Periclase ~1

2.1. Dissolution
The complete methodology is described in [Gallucci, 2015]. Solutions of different calcium hydroxide
concentration were prepared using deionised water and high grade CaO (Sigma-Aldrich) in presence
or not of sucrose. Free calcium concentrations were measured using EDTA complexation method.
Coarse pieces of alite are embedded in epoxy and polished until a mirror state is achieved. Part of the
surface is then protected using a plastic film letting a defined area for exposure to the dissolution
experiment. These latter are performed in a home-made dissolution cell, where the alite sample is
exposed to the various solutions under a defined flow rate controlled by a gear pump (Ismatec).
After a defined time, the dissolution experiment is stopped using isopropanol and dried under a
nitrogen flow stream. Dissolution rate are evaluated based on a dissolution profile measured using a
vertical interferometer (Veeco). The rate of dissolution is finally derived from the measured depth of
dissolution (∆z) divided by the time of reaction (∆t) leading to a speed of dissolution:

(1)
This speed of dissolution is divided by the molecular volume of alite (Vmol=71·10-6 (m3·mol-1)) times a
density factor to correct for the presence of pores in the alite which was fully dense (0.975) to obtain
the rate of dissolution in units of mol·m-2·s-1:

(2)
On Figure 2, the x-axis is LN(Π), Π being the ionic product of the following reaction:

(3)
(4)

This value is related to the undersaturation of the solution with respect to alite, i.e. its deviation from
equilibrium. This value was estimated based on the measured value of free calcium prior to the
experiment and the volume of alite dissolved at the end of it which could be derived from VSI results
and the known exposed surface. The activities were finally calculated using GEMS [Kulik, 2013].
2.2. Nucleation
For the nucleation experiments, a titration device (Titrando 907, Metrohm) coupled with pH and
calcium selective electrodes were used to follow the reactions (Figure 1).
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Figure 1: Experimental set up used for the precipitation experiments

For C-S-H precipitation experiments, the reaction vessel contains 15ml of 10mM sodium metasilicate
solution and the pH is adjusted with NaOH to reach an initial pH of 12.5 in the presence or not of
sucrose. A 30mM CaCl2 solution is added at a rate of 0.02 ml·min-1 to the reaction vessel.
For CH precipitation, the reaction vessel contains 20ml of solution of sodium hydroxide adjusted to
pH=12.5 in the presence or not of sucrose. Then a 2M CaCl2 and a 4MNaOH solution are added to the
reaction vessel at a rate of 0.1ml·min-1.
In all cases, the reaction vessel is magnetically stirred and a flow of nitrogen is blown to prevent any
carbonation. Samples of CH precipitates were also collected to perform some imaging using SEM.
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3. Results and discussion
3.1. Dissolution experiments
The comparison between the two systems shows that sucrose, in the range of concentration studied
here had little to no impact on the rate of dissolution of alite (Figure 2). The only minor effect is seen
for the lowest deviation from equilibrium (LN(Π)  -58) where the rate of dissolution is sensibly lower
than the reference system. Nonetheless, this value does not drop significantly to assess any retarding
effect of sucrose on the dissolution of alite as the decrease in dissolution rate remains less than two
fold lower.

Figure 2: Dissolution rates with or without sucrose as a function of ln(Π); Π being the ionic product
for alite dissolution reaction (equation (5)).

3.2. Nucleation and growth
Experiments carried on for the nucleation and growth of C-S-H and portlandite are the results of two
salts precipitation experiments. Solution of calcium chloride and sodium metasilicate were used for C-
S-H precipitation whereas calcium chloride and sodium hydroxide were chosen for calcium hydroxide.
The nucleation process is monitored using a calcium selective electrode and a pH electrode. No sulfate
was added in these experiments.
3.2.1. C-S-H
Precipitation experiments for the C-S-H system are presented on Figure 3. It is clearly seen that in the
range of sucrose concentration used in this study, no noticeable impact of sucrose can be seen on the
nucleation process of C-S-H tough a small delay is observable. We are not in measure to assess
whether C-S-H growth would be influenced by the presence of sucrose but it is possible since the drop
after the nucleation event is less pronounced compare to the reference curve. Nonetheless, for the type
of synthetic C-S-H produced in these experiments, the calcium evolution is rather similar suggesting
that sucrose would have only limited impact on the nucleation and growth processes.
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Figure 3: C-S-H precipitation curve with or without sucrose.

3.2.1. CH
Figure 4 represents the saturation index of portlandite as calcium chloride and sodium hydroxide
solutions are added simultaneously to the reaction vessel in presence or not of sucrose. In that case, it
is very obvious that sucrose impacts rather drastically the nucleation and growth of calcium hydroxide.
Additional observations show that calcium must form some sort of complex with sucrose molecules as
the calcium selective electrode does not measure all the added calcium. Therefore part of the observed
delay in these experiments is related to this complex formation. However, as it can be seen on Figure 4
there is no sharp drop of the saturation index after the occurrence of the nucleation event suggesting
that growth of the nuclei should somehow be affected. This is confirmed by the SEM images
presented in Figure 6.
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Figure 4: CH saturation index with or without sucrose.

The reference system shows some elongated rods which faces are in good accordance with results
obtained by Galmarini et al. [Galmarini, 2011], when no sulfates ions are present in the system. On the
other hand, the morphology of the obtained CH particles in presence of sucrose is rather peculiar
reminiscent of the sheaf of wheat morphology. Though it appears that the particles seem to grow along
a specific direction, multiple small grains are aggregated around the center and observed surfaces do
not present any specific crystallographic planes.
This is a clear observation that not only the nucleation process appears to be affected but growth as
well.

Figure 5: CH crystals resulting from precipitation experiment without sucrose.
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Figure 6: CH particles resulting from precipitation experiments in presence of 1g·L-1 sucrose.
The results presented in this study shows that portlandite is the main hydrate affected by the presence
of sucrose as both its nucleation and growth are impeded whereas alite dissolution and C-S-H
nucleation and growth appeared to be only marginally affected.
This is actually very similar to the experiment proposed by Bullard and Flatt in [Bullard, 2010]. Their
simulations using HydratiCA indicated that the suppression of CH precipitation without affecting
dissolution and precipitation of other phases led to different hydration behaviors whether the
protective membrane or the dissolution theory is used as working hypothesis. Their work suggested
that if such a molecule would indeed retard the kinetic of hydration, it would be a strong indication
that dissolution is the controlling mechanism up to the onset of the acceleration period. Indeed, the
driving force for dissolution is the state of undersaturation of the surrounding solution. If portlandite
nucleation and growth is prevented, there is no actual “sink” for the ions remaining in solution keeping
therefore a relatively low undersaturation which prevent alite to dissolve at a fast rate.
This put into perspective the role of portlandite as the essential trigger to end up the induction period
supporting the view that dissolution is the rate controlling parameter at least up to the onset of the
acceleration period and finally support the hypothesis proposed almost 40 years ago by Young [Young,
1977].
4. Conclusion¨
In this study, it has been shown that sucrose mainly acts as an inhibitor of portlandite nucleation and
growth without having much impact on other parallel reactions. These results must still be further
complemented with ionic composition closer to cement pore solutions as it is known that sulfate have
a strong impact on the equilibrium morphology of portlandite crystals. However, these results are
strong evidences that the mechanism regulating the early age hydration up to the onset of the
acceleration period is controlled by dissolution and portlandite precipitation is the actual trigger for
ending the induction period. The term induction period is therefore justified.
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Dissolution of alite probed by vertical scanning interferometry
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Abstract
The pure dissolution of alite under various flow rates, temperatures and ionic compositions of the wetting
solution was investigated through the use of a dissolution cell adapted from works done in the field of
geochemistry.This allowed showing that depending on the ionic product of the solution (which evolves with time
in realistic conditions - e.g. in a cement paste – due to the build-up of ions), two main intrinsic dissolution
mechanisms can take place, and a relatively sudden switch from one to the other is observed at a threshold value
of alite’s ionic product. On top of this, the experimental conditions can bring the overall system into two
different kinetic regimes: the first one is mainly governed by surface reactions and therefore related to the
intrinsic dissolution mechanism while the second is essentially governed by the diffusion of the ions from the
surface to the bulk solution and therefore not limited by the on-going mechanism itself.The combinations of
those mechanisms and the kinetic regimes lead to a variety of dissolution patterns which were analysed through
morphological and topological characterisation of the dissolved surfaces.Apparent activation energies
measured for several of the conditions described above tend to show that dissolution rather than any other
process might be the reaction rate controlling factor in the first hours of cement hydration.The data generated
here bring a new perspective to explain observations made in the hydration early stages and are discussed in
light of most relevant former work.

Originality
The work is based on a unique method allowing the decoupling of individual basic mechanisms of hydration. The
pure dissolution of alite is investigated in light of several experimental parameters. Both qualitative and
quantitative data help in understanding and explaining the first hours of hydration of cement. In particular, the
induction period is explained on a sound scientific basis, in regard of the extensive work done on the dissolution
of mineral in the field of geochemistry.

Keywords: dissolution, early age hydration, alite, vertical scanning interferometry
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1. Introduction

Despite a recent regain of interest for the early processes of cement hydration (Scrivener et al.,2011;
Bullard et al.,2011; Thomas et al.,2011; Juilland et al.,2010), no conclusive assessment could emerge
to discriminate the divergent points of view, debated now for several decades in the cement chemistry
community, on what happens within the first 10-15 minutes upon mixing of cement and water. The
lack of description and characterisation of the cement/water interface is one of the main reasons why
cement hydration remains mechanistically poorly understood. The fact that cement hydration proceeds
through a dissolution/precipitation mechanism with both processes occurring simultaneously at a very
fast rate, together with the technological limitations to experimentally resolve mechanisms at the
molecular level, makes it also rather difficult to have a clear picture on how the chemical and physical
properties of the interface evolve upon hydration.
The latest theories based on the knowledge generated in geochemistry (Arvidson & Lüttge,2010;
Fischer et al., 2012) were recently applied to the alite (Juilland et al.,2010; et Nicoleau et al., 2013),
hypothesizing that its pure dissolution, should obey the same physical rules as any other mineral that is,
its dissolution rate should follow a non-monotonic response as its surrounding solution evolves toward
equilibrium.
For such sigmoidal responses of dissolution of minerals it was shown (Arvidson & Lüttge,2010) that
two main dissolution mechanims can occur. Mechanism II which takes place at far from equilibrium
condition (i.e. highly undersaturated conditions) involves the extensive formation of etch pits with
waves of steps retreat from those pits while mechanism I proceeds essentially through step retreat
originating at pre-existing roughness spots of the crystal. Between those two mechanisms, rates follow
intermediate values corresponding to non-steady conditions in which, a mix of mechanisms I and II is
likely to occur depending strongly of the surface reaction history or by extension to its initial state
(Arvidson & Lüttge,2010). Thos two mechanism which have different intrinsic rates may as well
proceed in different kinetic regimes depending on the physicochemical properties of the surrounding
solution and of its hydrodynamic conditions. Two main regimes are to be observed: a surface reaction
regime in which the controlling rate depends on the speed of extracting ions from the solid and a
diffusion regime in which the kinteics are controlled by the speed of evacuation of the extracted ions
by the solution.
In order to explore in more details the behaviour of alite dissolution from both a mechanistic and
kinetic point of views, this work reports new data on the pure dissolution of synthetic alite at various
flow rates and calcium hydroxide concentrations, with a strong focus on the characterisation and
evolution of the dissolving surface. Adapting an approach and experimental procedure initially
developed by (Lüttge et al., 1999), this shows that like for most of the other natural minerals, the
overall dissolution process of alite strongly depends on the saturation state of the solution and the
presence of specific reactive sites. The two main mechanisms described above are effectively observed
with a switch at an ionic activity product (Π) such that ln(Π) = -57.5. The impact of this change is
analysed in terms of surface morphology and complemented with the determination of the associated
activation energies for the different dissolution regimes.
2. Materials and Methods
Since the objective of the current work was to provide a better description of the evolution of the
surface of alite upon dissolution, the experimental strategy developed by (Lüttge et al., 1999) was
adopted with significant modifications to take into account that the hydration kinetics of alite are
extremely rapid compare to most of other minerals, and to avoid the interference nucleation and
growth of hydrates.
2.1. Materials
Alite was synthesised by solid state reaction at 1500°C between high grade CaCO3, SiO2, Al2O3 and
MgO (Sigma-Aldrich). Phase analysis (XRD-Rietveld) shows that only polymorphism type MIII
crystallized. Minor amounts of periclase and belite were also observed (Table 1).

Tab. 1: Phase composition based on Rietveld Analysis
Crystalline phases Alite MIII Belite C3A cubic Free Lime Periclase

Weight content 97.5 ~1 <0.5 <0.5 ~1
The solutions used for the dissolution experiments were pure deionised water and calcium hydroxide
solutions with concentrations of 0.8, 2, 4.7, 7.85, 11.5, 14.9, 18.2 and 20 mM·L-1. They were prepared
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using deionised water (DIW) and CaO (Sigma Aldrich, 99.9% trace metals basis) under systematic
nitrogen bubbling to avoid carbonation.
2.2. Experimental setup and Methods
The dissolution experiments were performed in a homemade flow-through-cell allowing wetting a
finite surface of the alite specimens at defined flow rates of solution. The cross-section of the channel
in which the solution was wetting polished massive blocks of alite was 14 mm2 (alternatively 1.6
mm2 to reach higher flow rates), connected to a gear pump which controlled the flow rate choosen so
as to have mean water velocity of 0.15, 0.3 and 0.6 m·s-1 at the specimen surface.
Dissolution experiments were performed at room temperature and lasted at least 15 minutes up to 1
hour and in few cases up to 3 and 6 hours depending on the solution composition
2.3. Surface topography, surface morphology and dissolution rate measurement
The main characterisation method used in this study was based on a measure of the surface topography
of dissolved surfaces by vertical scanning interferometry (WYKO N8000, Veeco) which enables a
direct observation of the dissolution front through the measure of height differences (roughness) with a
resolution in the range of the nanometre (objective dependent) with a sub-micrometre lateral
resolution. The area probed with the interferometer was 2x2 mm2 using a stitching mode. The
software used to extract and perform all analysis is Vision (Veeco). This technique has been
successfully applied to determine rates of dissolution of natural minerals (Arvidson & Lüttge,2010;
Fischer et al., 2012; Kurganskaya et al. 2012, Beig et al., 2006; Lasaga & lüttge, 2001; Lüttge et al.,
1999; Ardvidson et al.,2003; Green & Lüttge, 2006; Lüttge & Ardvidson, 2010). The purpose of this
approach is to measure absolute differences in height (Δz) induced by dissolution over a known period
of time (Δt). This yields therefore to a speed of dissolution (Lüttege et al. 1999):

Δz / Δt = vdiss (1)
The overall rate of dissolution rdiss is obtained by dividing this velocity by the molecular volume of
alite (Vmol=71·10-6 (m3·mol-1)) :

Vdiss / Vmol = rdiss (mol·m-2·s-1) (2)
The Δz values used in equation (2) are averaged over a dissolved area of approximately 2x1mm2.
This topological approach was complemented with microstructural and morphological characterisation
of the dissolved surfaces using scanning electron microscopy.
3. Results
3.1. Influence of initial calcium hydroxide concentration
Figure 1 shows typical VSI data collected from dissolution experiment. Figure 1-a is a 2D topological
map obtained after 2 hours of dissolution at room temperature for saturated lime conditions under flow
rate conditions of 18 ml·mm-2·s-1. The central area corresponds to the surface in contact with the
channel in which the solution was flowed while the two light grey bands on each side are the first non-
exposed areas (delimiting the flow channel). They are therefore used as reference height from which
the extent of dissolution in the channel is measured. The close up in Figure 1-b, shows the assemblage
of the individual grains constituting this polycrystalline alite block. Each grain has a specific grey
level which corresponds to a defined height meaning that upon the same conditions, the depth of
dissolution is grain sensitive due to different exposed crystallographic planes. This highlights an
intrinsic reactivity of the individual grains as discussed in details in section 4. The dissolution line
profile in Figure 1-c is an average over the whole section of Figure 1-a, from which the depth ∆zaverage

is used to derive the overall rate of dissolution.
The rate of dissolution was calculated from those measurements using equations (1) and (2) for the
various flows and solution compositions (Figure 2). Whatever the flow rate, it drastically decreases
with the increase of the calcium hydroxide concentration in the initial solution as already observed
(Nicoleau et al. 2013; Damidot et al. 2007; Barret & Menetrier, 1980).
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Figure 1: a) Topological map of an alite sample after 2 hours of dissolution in saturated lime solution at 20°C
under a flow rate of 18 ml·min-1·mm-2. The two lateral light grey areas are the first non-exposed areas aside the
flow channel and not subjected to the solution. b) Close up of the squared area in 2a) showing more details such

as pronounced striations (see section 3.4.) but also strong variations of dissolution depth depending on the
randomly exposed surfaces of the grains. c) Average dissolution profile of the total area in a).

Figure 2: Rate of dissolution of alite for different initial calcium hydroxide concentration.

a)

b) c)
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When plotting the measured rates as a function of the ionic product (Figure 3), alite shows the
expected typical S-shape observed for the pure dissolution of most minerals. As discussed in the
introduction, this sigmoidal curve results from the superposition of two different more or less effective
mechanisms. It is therefore non-unique and a mathematical fit of the data is physically meaningless.

Figure 3: Rate of dissolution of alite MIII as function of ln(Π) for three different flow rates.
3.2. Influence of flow rate on the dissolution kinetics of alite
The kinetic regime of dissolution can be discriminated through the sensitivity of the dissolution rate on
the hydrodynamic conditions. Figure 4 shows that at low flow rates, the dissolution increases rapidly
with the flow and then slows down and level off at a mean water velocity of 8 m.s-1. Above this value,
a total independence of the dissolution from the flow is observed, i.e. the influence of surface reactions
is not any longer appreciable, and the trend is typical from a fully diffusion controlled mechanism.
This plateau is common and almost systematically observed for most minerals for which dissolution is
diffusion controlled (e.g. Tole et al. 1986): it is usually interpreted as a reduction in thickness of the
diffuse electrical boundary layer due to the imposed hydrodynamic conditions (Sangwal, 1987).

Figure 4: Influence of flow rate on dissolution rate of alite for deionised water system.
In the case of calcium solutions, Figure 3 clearly shows that the flow rate has a direct impact on the
rate of dissolution at low ln(Π) (i.e. far from equilibrium conditions) while this effect vanishes when
ln(Π) increases. Similarly, the dependence of the hydration kinetics on the mixing speed as a function
of the calcium concentration in the mixing water was previously observed (Juilland et al., 2012). It
was hypothesized that the rate limiting factor could be diffusion trough a diffuse electrical layer in the
case of deionised water while rather surface reactions controlled for the saturated lime systems. This
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was however subjected to the fact that other processes (namely nucleation and growth) were
simultaneously involved which is no longer the case in the present work.
When the calcium concentration in the solution increases, the effect of the flow rate is rapidly
hindered even at relatively low calcium concentrations Figure 5. This clearly highlights that the
change in composition of the initial solution impacts strongly which rate limiting factor and by
extension which kinetic regime governs the dissolution.

Figure 5: Variations of the alite dissolution rate with the flow rate at various calcium concentrations. Dotted lines
are linear regression which slopes represent the absolute quantity of alite dissolved by unit volume of solution

(further called CS).
The threshold calcium concentration at which the change of kinetic regime occurs can be roughly
estimated through relating the absolute quantity of alite dissolved by unit volume of solution CS
(slopes in Figure 5) to the natural logarithm of its ion activity product Π. This approach highlights the
dissolution rate dependency on the flow rate as a function of the saturation state of the solution (Figure
6) and clearly shows that a strong transition occurs at around ln(Π)=-57.5 (i.e. 7.85mM calcium
hydroxide solution). This drop of nearly one order of magnitude evidences a switch in the governing
rate from diffusion to surface reactions.

Figure 6: Dissolution rate dependence with the imposed flow rate as a function of ln(Π). A clear transition is
observed around the value of ln(Π)=-57.5 delimiting domains controlled by diffusion and surface reactions.
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3.3. Influence of Temperature and Activation Energies
The impact of temperature on the dissolution rate, through its effect on the ionic strength and
saturation index of the solution, was also investigated since this parameter is known to have a
significant impact on the hydration kinetics of cement. This was done at various flow rates in
deionized water but only one flow in the case of lime solutions since those showed to be insensitive to
the flow rate. Results provided in Figure 7 show an increase of the dissolution rate with temperature
(ranging from 15 to 50°C) for both the deionized water and calcium hydroxide solutions.

Figure 7: Arrhenius plot of the reciprocal absolute temperature versus the natural logarithm of the overall rate
of dissolution and associated linear regressions for DIW system and saturated lime solution.

The derived apparent activation energies of dissolution are summarized in Table 2 and show a clear
gap between the two studied systems. While the energy calculated in the case of lime water is in the
range of values usually determined for most mineral which dissolution kinetics are governed by
surface reactions (40 to 80 kJ·mol-1 (Lasaga 1981)), the energy for deionized water is significantly
lower and way below the theoretical threshold value of 21 kJ.mol-1(Lasaga 1981) (more or less the
energy of a hydrogen bond) under which dissolution is governed by diffusion. This evidences once
more and further supports a change of governing rate, as already stated above.

Table 2: Apparent activation energies of dissolution at various flow rates and calcium concentrations.
Flow rate
(ml·min-1·mm-2)

Ea (kJ·mol-1)
for DIW systems

Ea (kJ·mol-1)
for saturated lime systems

9 12.4 ± 0.8
18 13.7 ± 0.5 47.9 ± 0.9
36 13.4 ± 0.3

3.4. Surface morphology
The VSI investigation of some specimens was complemented by morphological and textural
characterization of the dissolution front in the exposed channel by scanning electron microscopy in
backscattered electrons mode. Irrespective from the composition of the initial solution and therefore of
the dominating rate limiting factor, all specimens show a strong and preferential dissolution at grain
boundaries: this is more or less pronounced depending on the level of undersaturation but in all
instances, those are the most dissolved regions. Besides this, the specimens show very different
morphological features depending on the initial solution:
- In the case of deionized water, the exposed surface has undergone extensive heterogeneous
dissolution (Figure 8-a). numerous lens-shape edge pits, some of which connecting with the grain
boundaries are observed. The chaotic morphology of the dissolving grains which is rather common for
diffusion controlled type of kinetics which tend to level off the intrinsic reactivity of all grains,
irrespectively from their crystallographic orientations (Berner, 1981).
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Figure 8: SEM micrographs of dissolution front of alite after some exposure time to different solution
compositions under a flow rate of 18ml·min-1·mm-2: (a) deionised water for 1h; (b) 7.85mM calcium hydroxide
solution for 3h; (c) 14.9mM calcium hydroxide solution for 1h; (d) 20mM calcium hydroxide solution for 1h.

- At 14.9mM (Figure 8-c) and 20mM (Figure 8-d) in calcium hydroxide, the dissolution front is pretty
even all across the dissolved area and although all grains were not dissolved to the same extent, each
grain shows a highly homogeneous intrinsic dissolution. The overall flatness of the surfaces within
each grains suggests a stepwave mechanism as proposed by (Lasaga & Lüttge, 2001) with the steps

(c)

(d)

(a)

(b)

(c)

(d)
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originating either at grain boundaries or polishing sub-surface damages, which are the main sites of
dissolution.
- At 7.85mM.L-1 of calcium hydroxide (Figure 8-b) that is, in the range of composition where the
switch from one kinetic regime to the other occurs, the grain boundaries remain the weakest points
where most of the dissolution occurs but significant pitting is also observed. It is by far shallower than
in deionized water but way more pronounced than in the calcium richer solutions. The density of etch
pits is heterogeneous both from grain to grain and within the grains themselves. Quite often, groups of
small linear pits seem “aligned” along one same direction; there is evidence that at higher
undersaturation or longer exposure, they may coalesce into large deep pits as seen in Figure 8-a
(Lüttge 2005).
Contrary to the deionized water condition and similarly to the higher calcium hydroxide solutions, the
dissolution within one grain, besides the few etch pits, is quite even and seems to proceed by surface
retreat. As hypothesized, this system shows therefore characteristic features of dissolution both from
conditions of high undersaturation (pitting and surface retreat) and of high calcium concentration (step
retreat only), showing that the two main mechanisms probably always take place simultaneously,
whatever the dominating kinetic regime.
4. Discussion
The combined approach VSI/SEM clearly shows morphological evidence that different processes take
place during alite dissolution at high and low undersaturation of the solution depending on
hydrodynamic conditions.
At high undersaturation (i.e. far from equilibrium), the main dissolution mechanism proceeds through
extensive pitting of the surface. The wide opening of the etch pits and their coaslescence is the main
source of ions and the starting point of many waves step retreats (contributing much little). Those high
rates of dissolution are the consequence of the strong undersaturation of the solution as the main
driving force to extract the ions from the solid. At moderate flow rates, the overall kinetics are
therefore controlled by the diffusion away from the dissolving surface of those ions. This is supported
both by the dependence of the dissolution rate on the applied flow rate, but also by the measure of the
activation energy in the range of values commonly observed for diffusion controlled kinetics. Above a
threshold value of the flow rate, the dissolution rate becomes independent which means that diffusion
is not any longer the limiting parameter that is, surface reactions are controlling the kinetics while the
dissolution rate reaches a maximum.
The increase of calcium in the wetting solution reduces the driving force for the dissolution of ions
from the surface which is seen through a regular decrease of the measured flow rates. This drop most
likely originates from an evolution of the solid-liquid interface: it could correspond to a charge
reversal of the partially hydroxylated surface of alite as observed with C-S-H which has a similar
charge density (Turesson et al. 2011). This could induce the adsorption of calcium ion which probably
stabilises the dissolving surface. At a threshold value of the calcium concentration such that ln(Π)=-
57.5, the dissolution rate drops to very low values and the dissolution becomes independent form the
flow rate. This shows that the change in mechanism from etch pit to step retreat is accompagned by a
change of kinetic regime: when step retreat becomes dominating, the kinetics are suddenly governed
by surface reactions. This once again is supported by the measured activation energies.
Besides the dissolution rate, the morphology of the dissolving surface is also strongly affected by the
increase of calcium in the solution since way less pits are observed and the intra-grain dissolution
becomes more even (sign that dissolution through step retreat becomes dominant). This is evidence in
Figure 9 which shows the morphology of two specimens with the same absolute extent of dissolution,
one being obtained within minutes in pure water, the other within hours in saturated lime solution: in
both cases the various grains are clearly visible with grain boundaries and cracks (either due to thermal
or mechanical stresses) being the main sources for step retreat. The main difference lies in that with
deionized water, structural defects giving rise to extensive pitting are also a very effective source of
ions while not at all when the calcium concentration is higher.
The morphological analysis of the surfaces specimens exposed to high calcium solution also highlights
an intrinsic reactivity of the grains when surface reactions are controlling the kinetics. This sshows
that all atomic plans of alite have a varying susceptibility to dissolution. This is what is commonly
observed in hydrating cement based systems in which this selective reactivity has been already
reported and documented in several works (Juilland et al. 2010; Nicoleau et al. 2013). In closed
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systems with a finite water content, the build-up of ions in solution, especially calcium, is such that the
concentration reaches at least 15mM within minutes (Brown et al. 1984), that is above the switch from
one dominating mechanism to another as identified in this study. This means that upon mixing of
cement and water, dissolution which is the only mechanism taking place, evolves very rapidly from
diffusion to surface reaction controlled type of kinetics, associated to a change in dissolution
mechanism from extensive surface corrosion to soft surface pealing.

Figure 9: Alite dissolution front after 10 minutes of reaction in deionised water. Extensive pitting is observed on
most of the revealed grains.

In real systems, after mixing, dissolution should therefore always be mechanistically and kinetically
governed by surface reactions. Interestingly, the activation energy value of 47.9 ± 0.9 kJ·mol-1
obtained here is fairly close to the values reported by Thomas (Thomas, 2012) for C3S (51.1 ± 1.8
kJ·mol-1) and Portland cement (48.3 ± 2.1 kJ·mol-1). Those were determined using calorimetric
methods during the course of the 70 first hours of hydration. Since these two values were found to be
constant all along the 70 hours and since the various processes involved (dissolution, nucleation,
growth) generally have different activation energies, Thomas suggested that the rate controlling
mechanism should always remain the same (Thomas, 2012). The analogy with the energy measured
here tends to show that dissolution could be the rate limiting factor in the early stages of cement
hydration.
This perspective, although tentative and hypothetic at this stage, challenges the general consensus that
nucleation and growth of hydrates, especially C-S-H, are the rate controlling parameter of the main
hydration peak after the induction period (Bullard et al. 2011). This could put into question the
reliability of all simulation approaches (Thomas et al. 2011) which intend to mimic the hydration
behaviour without taking into account a real, mechanistically based, impact of dissolution. This would
also strongly support that the end of the induction period is linked to an effective sink for the dissolved
ions in the pore solution, as already hypothesised in (Juilland et al. 2012).
5. Conclusions
In this study the dissolution behaviour of polished section of alite under various flow rates and
calcium hydroxide solution compositions has shown that the rate limiting factor is diffusion controlled
for ln(Π) < -57.5 while limited by surface reactions above this value. This is supported by the
sensitivity of the rate of dissolution as a function of imposed flow rates which is further corroborated
by the determination of apparent dissolution activation energies.
Surface topographies are consistent with this change in rate limiting factor: diffusion controlled
dissolution exhibit rounded features and present a relative height distribution close to the average
value which is expected in the case of non-(or less) selective reactivity. On the contrary, surface
reaction controlled dissolution revealed differences in reactivity depending on the crystal plane
exposed at the dissolution front but also enhanced reactivity at grain boundaries and sub-surface
damages induced by polishing.
Finally based on the determined value for the activation energy of dissolution in saturated lime
conditions and comparing it with the one determined in (Thomas, 2012), we propose that the rate
controlling factor during hydration is dissolution and not nucleation and growth which is the
commonly admitted view.
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Whether do nano-particles act as nucleation sites for C-S-H gel growth during
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Abstract

In this study, three modeling experiments were designed to investigate whether nano-particles incorporated in the
cement paste act as nucleation sites for C-S-H gel growth during cement hydration. The nano-particles with (nano-SiO2)
and without (nano-TiO2) pozzolanic reactivity were used as nano-particles. In the first experiment, both the cement and
nano particles were dispersed in water to prepare dilute cement paste, in which the cement and nano-particles can
contact each other. In the second one, the cement particles were laid inside a filter paper funnel and immersed in water
with nano-particles dispersed, in order to separate the cement particles with nano-particles by using the filter paper. In
the third one, large clinker particle was embedded in resin, surface-polished and then exposed upside down in water
with nano-particles dispersed. After hydration for a certain curing age, the hydration products in the paste or the
nano-paticle dispersion were observed by using TEM and the hydrated surface of the embedded clinkers were detected
by using SEM. The results revealed that no C-S-H gel from cement hydration grew from nano-particles, implying that
the nano-particles in the cement hydrating system cannot act as nucleation sites for C-S-H gel growth during cement
hydration.

Originality

Cement hydration is a complex physico-chemical process. A lot of studies have focused on the mechanisms since the
1880s and two mechanisms were mainly proposed, viz. topochemical and through-solution reaction. Based on the
through-solution mechanism, it has been assumed that the nano-particles incorporated can act as seeds for the C-S-H
gel nucleation and growth process in the paste during cement hydration. However, it has been doubted whether there is
indeed a seeding effect during cement hydration in recent studies. In this study, the seeding effect of nano-particles in
the cement paste was further studied by modeling experiments. The observed phenomenon further confirmed that there
may be really no nucleus function of the nano-particles for the C-S-H gel precipitation during cement hydration, at least
in the hydrating system with nano-silica or nano-TiO2 addition.

Keywords: cement hydration; seeding effect; nano-particle; modeling experiment
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1. Introduction
Cement hydration is a complex physico-chemical process. A lot of studies have focused on the

mechanisms since the 1880s and two mechanisms were proposed, viz. topo-chemical and through-solution
reaction. The topo-chemical concept assumed that a calcium-rich siliceous clinker would liberate Ca2+ ions
into the solution immediately after the first contact of cement with water. A calcium-poor skeleton is left
which reacts with the calcium-rich solution, being accompanied by swelling of the hydration products
compared with the original volume of the anhydrous cement (Kondo R., et al.,1969). In the through-solution
mechanism, dissolution of the anhydrous grain after contact of cement with water is considered to be
followed by nucleation in the solution. The hydration products then precipitate on the grain surface (Le
Chatelier H., 1905). In addition, a simultaneously operating mechanism involving both reactions was also
supposed by some researchers (Shebl F.A. et al.,1985; Taylor H. F. W.,1997). The water/solid ratio was
considered to be an important factor in this respect. When this ratio is relatively small (0.25-0.7), the
topo-chemical reaction predominates because most of the solid does not dissolve in the added water. Both
reactions could occur together when the solid added to water does not completely dissolve.
A variety of techniques (Peterson V. K., et al., 2005; Ridi F., et al., 2005; Plassais A., et al., 2005;

Bordallo H. N., et al., 2006; Fratini E., et al., 2006; Korb J. P., 2007; Thomas J. J., et al., 2009) have been
used to understand various steps and mechanisms in the hydration of cement and the main clinker phase, C3S
or alite. Among these, isothermal calorimetry (IC) is believed to be one of the most reliable method due to its
continuity in monitoring the net reaction heat of the cement hydration (Thomas J. J. et al., 2009). According
to the typical heat flow curve monitored by IC, the hydration process of alite or cement is divided into five
stages (Scrivener K. L. et al., 2011; Bullard J. W. et al., 2011). Stage I is generally referred to as the initial
dissolution period, during which the ra te of reaction rapidly slows. This leads to stage II which is
characterized by a low reaction rate, generally known as the induction period. The end of stage I is usually
attributed to the formation of a thin protective layer on the C3S particles that acts as a diffusion barrier to
dissolving ions, but some other thoughts hold that the observed kinetics can be explained by the difficulty in
nucleating C-S-H gel. After the end of Stage II, the rate of reaction increases continuously (stage III, the
acceleration period), reaching a maximum at a time that is usually <24 h after initial mixing, which is
generally believed to be related to a nucleation and growth (N+G) of the C-S-H gel according to the
through-solution mechanism. The reaction rate then decreases rapidly to less than half of its maximum value
(stage IV), and then decreases much more slowly into stage V, both of which is widely agreed to be
controlled by the diffusion process.
It has been revealed that the hydration kinetics of C3S or cement can be altered through incorporating

chemical additives and mineral admixtures. Calcium chloride, for example, can accelerate the hydration
process, shortening the induction period and generating more heat at a higher rate during the acceleration
stage (Thomas J. J. et al., 2009a). In recent decades, a wide variety of nanosized materials, such as
nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-TiO2, nano-C-S-H gel, etc., have been found to be able to
promote the hydration of C3S and cement, and improve the strength and durability of the cement-based
materials (Stein H. N. et al., 1964; Wu Z.Q. et al., 1984; Thomas J. J. et al., 2009b; Sato T. et al., 2010; Lee
B. Y. et al., 2010; Meng T. et al., 2012). On the basis of the through-solution mechanism, the nano-particles
are thought to act as seeds for the C-S-H gel nucleation and growth process in the paste. For example, Stein
and Stevels (Stein H. N. et al., 1964) postulated that "a protective hydrate layer is formed fitting closely to
the C3S surface", then converts into another less protective layer, leading to the start and the end of the
induction period during cement hydration. They attributed the acceleration effect of Aerosil on cement
hydration to the decreased concentrations of calcium and hydroxyl ions during the first minutes and an
increased rate as a result of nucleus action of the conversion product. Wu et al. (Wu Z.Q. et al., 1984)
assumed that the initial C-S-H formation would most likely be at the nano-silica seed surface having specific



surface area of the same order as C-S-H itself, rather than on the C3S surface. The C3S surface remains
relatively clean until all silica particles in its vicinity have reacted. The initial rapid dissolution of C3S thus
lasts longer as the ions released react with silica. Thomas et al (Thomas J. J. et al., 2009b) attributed the
accelerating effect of the added nano-silica to an early pozzolanic reaction on the surface to form C-S-H
seeds. Formation of the C-S-H gels from cement hydration is no longer limited on the grain surface alone,
but also takes place in the pore space around the seeds where their growth would not immediately contribute
to the process of covering the cement particles with a layer of hydration product that acts as a diffusion
barrier. In studies on the acceleration of C3S or cement hydration and the improvement of the mechanical and
durability of the hydrated cement system by incorporating silicate hydrates (including the pre-formed
C–S–H), the term ‘‘seeding’’ was also used for the modification of the hydration process and the final
microstructure of the hardened cement-based materials.
In the system with non-silicate addition, the incorporated nano-paticles are also considered as seeds to

promote the cement hydration. For example, Sato et al (Sato T. et al., 2010) found that the accelerating
mechanism in the presence of micro-CaCO3 was considerably different from that of nano-CaCO3. Through
SEM observation, calcium silicate hydrate growth was observed around the nano-particles. They suggested
that the seeding effect due to the addition of nano-CaCO3 was responsible for the accelerating effect on the
hydration of C3S. For the system with nano-TiO2 addition, the nanoparticles are also assumed to function as
nucleus for C-S-H growth, the hydration product is formed on or near the surfaces of TiO2 particles, as well
as on the C3S surface, thus speeding up the cement hydration (Lee B. Y. et al., 2010; Meng T. et al., 2012).
However, it has been doubted whether there is indeed a seeding effect during cement hydration in our

recent studies (Kong D. et al., 2012; Kong D. et al., 2013). According to the theory of seeding effect, the
more seeds the paste contains, the more significant the seeding and accelerating effects should be. However,
in a previous study it was interestingly found that addition of precipitated nano-silica with very large
agglomerates (correspondingly, fewer seeds) exhibited a better accelerating effect on cement hydration than
that of fumed nano-silica with much smaller ones (much more seeds) (Kong D. et al., 2013). The SEM
observation revealed no penetration and precipitation of the C-S-H gels from cement hydration into the
nano-pores of the agglomerates (Kong D. et al., 2012). It was hence deduced that the accelerating effect of
nano-silica on cement hydration may have nothing to do with the seeding effect.
In this study, whether nano-particles act as nucleation sites for C-S-H gel growth during cement hydration

was further investigated by modeling experiments. Based on the experimental results, it seems that there is
no nucleus function of the nano-particles for the C-S-H gel precipitation during cement hydration, at least in
the hydrating system with nano-silica or nano-TiO2 addition.
2 Growing mode in the seeding system
In the seeded system, what one generally focused is the final morphology of the growing materials. This

actually depends on the growth mode of the first film deposited on the substrate. For the film growth,
Venables (Venables J.A., 1999) and Chambers (Chambers S. A., 2000) have discussed the main factors in
determining the growth mode in detail. One key factor is the lattice mismatch (F) between the deposit
material and the substrate. Considering material c deposits on substrate s, the lattice mismatch F was defined
as:

(12)
where ac and as are lattice parameters of growing planes for material c and substrate s, respectively. If ac <
(>)as the new grown material will be in tension (compression) prior to relaxation. While growing, strain
energy will accumulate rapidly with film thickness due to the lattice mismatch. This strain contributes to the
interface energy, a key parameter in determining the growth mode. On the other hand, the surface free
energies of the substrate and growing materials also influence the mode of growth. The interplay between the
interfacial energy () and surface energies of these two materials () determines the outcome of growth modes.



For heteroepitaxy in general, the observed growth modes have been placed in three categories depending
on the resulting film morphology (Venables J.A., 1999). By defining an overall excess energy (), Chambers
(Chambers S. A., 2000) connected the growth mode with the interplay between the interfacial energy and
surface energies of these two materials. For heterogeneous nucleation and growth, it seems that the contact
angle () between the deposited material and the foreign particle can be used as a key parameter to discern the
growth mode. If the lattice mismatch between c and s is very small or tends to be zero, the interfacial energy
tends to be zero too. Thus the contact angle and . In this case, the material c will deposit onto the foreign
particles in Frank–van der Merwe (FM) or layer-by-layer mode (figure 1a). However, the value of becomes
negative if the mismatch between the two material atoms is relatively large and the interfacial energy is
rather high and even higher than the surface energy of substrate. In such case, the material c will grow on
those high energy sites of seed particles and form islands in order to minimize strain energy. This is the
so-called Volmer–Weber (VW) or island growth mode (figure 1c). The third growth model is the
Stranski–Krastanov (SK) or island-on-wetting-layer growth mode. It occurs in systems with relatively small
lattice mismatch between the two materials and the free energy of the foreign particle is higher than the
interfacial energy. In this case, the value of is positive and the growth changes from layer-by-layer growth
to island growth on the wetting layers to release strain energy (figure 1b).

Figure1 Schematic illustration of three modes for the growth of a material on seeding material
In this study, the final morphology was observed through TEM to investigate the seeding effect of the

nano-silica and nano-titania for nucleation and growth of the new-formed C-S-H gel in the cement paste with
nano-particle addition. In the case of the paste with nano-silica incorporation, it has been revealed that
nano-silica will adsorb calcium and hydroxide ions to produce pozzolanic C-S-H gels, and it is the
pozzolanic C-S-H gel nano-particles that act as seeds for nucleation and growth of the C-S-H gels from
cement hydration. If it really happens, the lattice mismatch between the deposited C-S-H gels and the seeded
C-S-H gels should be very small and even zero. In such case, the growth mode should be FM mode, that is to
say, a layer-by-layer mode. However, in the case of the paste with nano-titania introduction, the lattice
mismatch between the deposited C-S-H gels and nano-titania is high, because the nano-titania has a different
lattice parameter with the C-S-H gels, thus the growth mode should be either SK mode or VW.
3. Experimental programs
3.1. Materials
A Type I Portland cement with Blaine fineness of about 385 m2/kg and several Type I Portland cement
clinker particles were used in the study. Commercially available nano-silica powder (NS), ammonium
stabilized silica sol (SS) from Zhejiang Yuda Chemical Co. Ltd. and nano-titania powder (NT) from Degussa
were used as the nano-scale additives. Through TEM observation, it can be seen that the primary particle size
of the powders are both in nano-scale, but the nano-particles generally aggregate together, as seen in figure



2(a) and (c). Though the nano-particles in silica sol are actually mono-dispersed, they also aggregate together
after being dried (figure 2b). The chemical compositions and physical properties of SS are illustrated in Table
1.

Table 2 Composition and properties of the colloidal silica sol
SiO2/% Na2O/% pH Density/g·cm-3 Viscosity/mPa·s Particle size/nm
30.3 0.1 9.0 1.20 5.8 8~20

3.2. Modeling experiments
Three modeling experiments were designed to illustrate whether there is seeding effect for C-S-H gel

formation from cement hydration. The first one was designed as follows: 2wt% nanoparticles were dispersed
into 25.0 ml water in the colorimetric tube by shaking for 1 min. Then 5.0g cement was added into water
with or without nanoparticles addition. After shaken for another 1 min, the tubes were laid undisturbly for 7
days. Then the tubes were shaken once more and about 2.0 mL dilute paste was sucked, re-dispersed
ultra-sonically in acetone and observed by using TEM (Tecnai G2 F30). In this modeling experiment, the
nano-particles were designed to be mixed with the cement particles together, but the water cement ratio of
the paste to be as high as 10, in order to observe the nano-particles and/or the grown C-S-H gels
conveniently.

(a) NS (b) SS (c) NT

Figure 2 TEM photographs of Nano-silica (NS), colloidal silica sol (SS) and Nano-titania (NT).

The second modeling experiment was designed as shown in figure 3(a). In this experiment, 2.0g
nano-particles were ultrasonically dispersed into 30 mL water in a plastic bottle. A piece of filter paper was
folded to become funnel-like and 20.0g cement was put into. Then the funnel was half-immersed into water
before the bottle was covered. After the cement hydrated for 7 days, the funnel-like filter paper was taken out
and the water with and without nano-particles addition was shaken, sucked out, ultrasonically re-dispersed
into acetone, and finally observed by using TEM (Hitachi H-8100).

(a) 2nd (b) 3rd
Figure 3 The second and the third modeling experiments

The third modeling experiment was designed as presented in figure 3(b). A piece of clinker was embedded
by using resin. After the resin hardened, the specimen was dry-polished to expose the clinker using the



abrasive-paper from grit 240 till grit 3200 and aided by using acetone. After the polish, the specimen was
further washed by using acetone. In this modeling experiment, only nano-silica and nano-titania powder
were used. Both of them were dispersed in a plastic bottle with water/solid ratio of 20, as shown in figure
3(b). The exposed surface of the clinker in specimen was then immersed into the nano-dispersion and the
bottle was covered to avoid water evaporation during the cement hydration process. After 7 days later, the
specimen was taken out, put into the acetone to stop hydration, dried for 24h at about 60°C, coated with
platinum and finally observed by using FEI Quanta ESEM. The nano-dispersion was also ultra-sonically
re-dispersed into the acetone and finally observed by using TEM (Hitachi H-8100) after ultrasonic
dispersion.
4. Results and discussions
Figure 4 presents TEM photographs of the hydration products in dilute cement paste with nano- particles
addition in the first modeling experiment. As seen in figure 4, rod-like AFt crystals and fibril C-S-H gels can
be found in dilute cement paste with and without nano-particles incorporation. The nano-particles can also be
easily observed in the paste with either nano-silica or nano-titania addition, as indicated in figure 4(b)~(f).

(a) Blank (b) NS

(c) SS (d) SS

Nano-SiO2
Nano-SiO2

AFt

AFt

Fibril C-S-H gel

Nano-SiO2

Fibril C-S-H gel



(e) NT (f) NT
Fig.4 TEM photographs of the hydration products in the cement paste with and without nano-particles addition

In figure 4(b) and (c), the fibril C-S-H gels appeared besides the nano-particles as if the gels grow through
VW mode (Figure 1). However, it has been assumed that the nano-silica reacts with CH to produce C-S-H
seeds at first, and the C-S-H gels from cement hydration grow around the nucleation sites (18). Based on this
assumption, the mismatch between the seeds and the new-formed gels should be very small or even zero, and
the value of tends to zero. In such case, C-S-H gels should preferably deposit onto the seed particles
through the Frank–van der Merwe (FM) or layer-by-layer mode. The fact that the C-S-H gels from cement
hydration didn’t grow around the nano-silica particles illustrates that the incorporated nano-silica may not
function as seeds. In the paste with SS addition, there even exists single floccus of silica nano-particles
without any fibril C-S-H gels around it, as presented in figure 4(d). In the paste with NT addition, a lot of
nano-titania aggregates can be observed near the rod-like AFt crystals (Figure 4e). Some single titania
nano-particles can even be found after ultra-sonic dispersion, and no fibril C-S-H gels formed around it at all
(Figure 4f). All these observation implied that the nano-particles in the paste may not function as seeds for
the growth of the C-S-H gels from cement hydration.
The second modeling experiment illustrates similar results. In this experiment, cement and nano-particles
were designed to be separated with each other by using funnel-like filtration paper, in order to illustrate
whether or not the cement dissolve into water to form ions first, then diffuse into the nano-dispersion to
precipitate around the seed nano-particles. The TEM photographs of the nano-dispersion below the funnel
after hydration for 7 days are presented in Figure 5. As shown in Figure 5(a), very small cement particle can
penetrate through the filter paper into the dispersion and fibril C-S-H gels can been observed in water
without nano-particles addition. The fibril C-S-H gels can be found in the nano-silica dispersion too, as
illustrated in Figure 5(b) and (c). Similarly, the fibril C-S-H gels from cement hydration didn’t grow around
nano-particles. This can be more clearly illustrated in Figure 5(c). The nano-particles in silica sol aggregate
together to form floccus in a very loose state, but no fibril C-S-H gels grown around the single nano-particle
in the floccus. In the nano-titania dispersion, few C-S-H gels from cement hydration can be observed around
the nano-TiO2 aggregates. These phenomena further verified that the nano-particles may not function as
seeds for the growth of the C-S-H gels from cement hydration.
However, there exist some shortcomings in the above modeling experiments. In both experiments, it is hard
to undoubtedly discern whether the fibril C-S-H gels grow from nano-particles or not through TEM
observation, because the fibril C-S-H gels were observed in the neighborhood of the nano-silica aggregates
in the TEM photographs of the samples by using nano-silica as seeds. To avoid this misunderstanding, the
third modeling experiment was designed. In this experiment, the embedded clinker particle was exposed in
the nano-dispersion upside down. By doing this, the preferential precipitation of the C-S-H gel from clinker
hydration around the nano-seeds should be observed through TEM observation.

Nano-TiO2

Nano-TiO2

AFt



Figure 6 shows the SEM photographs of the polished clinker surface after hydration in water for 7 days. As
seen in Figure 6(a), a lot of small crystals adhered onto the surface though the polished surface was
immersed into water upside down. These small crystals are typically portlandite. It indicates that the CH
crystals tend to precipitate on the boundary of the particles. As mentioned previously, the fibril C-S-H gels
often formed during cement hydration, as revealed in Figure 5 and Figure 6. However, only foil-like C-S-H
gels were found on the polished clinker surface after hydration for 7 days. Through TEM observation, no
fibril C-S-H gels were observed in the solution.
The SEM photographs of the polished clinker surface after hydration in the NS dispersion for 7 days are
presented in Figure 7. From Figure 7(a), it can be seen that a lot of portlandite crystals adhered onto the
surface too, but there are large quantities of other products covered onto the crystals. These products are
neither fibril-like nor foil-like and are probably pozzolanic C-S-H gels from the pozzolanic reaction between
nano-silica and calcium hydroxide in the NS dispersion (Figure 7b). As seen in Figure 7(c), there also exist
CH crystals with larger size but without C-S-H gels covered somewhere else. Because the polished clinker
was covered by either CH crystals or pozzolanic C-S-H gels or both of them, no foil-like C-S-H gels can be
observed. However, some agglomerated nano-particles can be found on the surface of the CH crystals, but no
fibril-like C-S-H gels formed around the nano-SiO2 aggregates, as indicated in Figure 7(d).

(a) Blank (b) NS

(c) SS (d) NT
Figure 5 TEM photographs of the nano-dispersion below the funnel in the second modeling experiment

Fibril C-S-H gel



(a) (b)
Figure 6 SEM photographs of the polished surface after hydration for 7 days in water

After the polished clinker was exposed in the NT dispersion for 7 days, it is found through SEM observation
that there are great quantities of crystals adhered onto the surface too, as seen in Figure 8(a). These crystals
are typically CH crystals, but with different morphology, as compared to the polished clinker exposed in
water. It reveals that the existence of nano-TiO2 has great influence on crystallization of portlandite.
Furthermore, unlike the specimen exposed in the nano-silica dispersion, the foil-like C-S-H gels can be
clearly observed and only a few nano-TiO2 agglomerates adhered onto the clinker surface, as presented in
Figure 8(b), (c) and (d). Similarly, no fibril-like C-S-H gels formed around the nano-TiO2 aggregates.

(a) (b)

(c) (d)
Figure 7 SEM photographs of the polished surface after hydration for 7 days in Nano-SiO2 dispersion
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(a) (b)

(c) (d)
Figure 8 SEM photographs of the polished surface after hydration for 7 days in Nano-TiO2 dispersion

Figure 9 presents the TEM photographs of the nano-dispersion after the polished clinker was exposed for 7
days. As seen in Figure 9, no fibril- or foil-like products can be observed in the nano-dispersion. It further
reveals that nano-silica or nano-TiO2 didn’t act as nucleation sites for the C-S-H growth in the solution at all.

(a) NS (b) NT
Figure 9 TEM photograph of nano-particles dispersed in water below the polished specimen after hydration for 7 days
6 Conclusions
According to the results of the above modeling experiments, it can be concluded that there is no seeding

effect for precipitation of C-S-H gel during cement hydration, at least in the cement hydrating system with
either nano-silica or nano-TiO2 addition.
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Abstract
Sulfate in Portland cement which occurs as many various phases mainly comes from clinker and added gypsum, and
also less of it from admixtures and additives. Quantitative distributions of sulfate between phases in Portland cements
and clinkers in relation to composition are exhibited. Ten clinkers and 28 cements which have a wide range of chemical
composition were used. Two procedures, 50% ethanol (volume/volume) and saturated soda methods for measuring the
distribution of sulfates are used. The results show in Portland cement clinkers easy soluble sulfates dissolved at short
minutes are mainly present as alkali sulfates, and a great proportion about 76% is present. Gypsum occupies 60% to
90% of total SO3 content in cements. The gypsum determined is an overall phase which would include anhydrate,
semihydrate, dihydrate and other gypsum phases in cement. A small proportion, less than 20% of insoluble sulfate
exists in cements. With slow dissolution properties, the insoluble sulfate may have an effect on the durability of
cement-based materials.

Originality
Quantitative distribution of sulfate between phases which refers to gypsum, easy soluble sulfates and insoluble sulfates
in Portland cements and clinkers in relation to composition are presented, which calls an attention for wider
understanding of the sulfate phases in cements and provides a valuable reference for cement application.

Keywords: sulfate; clinker; Portland cement; gypsum; alkali



1. Introduction
Sulfate, as a minor component in cement, plays an important role in cement application (Bullard J. W. et al.,
2011). The three main functions of sulfate are regulating setting, promoting strength development and
controlling expansion. Expansion damage mainly with respect to the delayed ettringite formation（DEF）
associated with internal or external sulfate attack has also been recognized (Jelenić, I. et al., 1977). To be
simplified, sulfate in cement is commonly regarded as a unified call “SO3” according to same sulfate anion
and not distinguished by sulfur sources. However, the different sulfate sources have different solubility
kinetics. It would be desirable to be able to distinguish between sulfate phases that dissolve sufficiently fast
to participate in the regulating of the setting of the cement andsulfate phases that are slowly dissolved or
insoluble into cement paste to influence hydration process.
The Portland cement contains a mixture of sulfur compounds from the cement clinker and from added
gypsum like dihydrate gypsum, phosphor-gypsum and anhydrate gypsum so that kinds of sulfate-containing
phases exist in cement (Kumar S. And Kameswara R., 1994). Taylor proposed that sulfates in cement clinker
are present as arcanite (K2SO4), aphthitalite (3K2SO4· Na2SO4), thenardite (Na2SO4), calcium langbeinite
(2CaSO4· K2SO4), anhydrite (CaSO4) and as a substituent in major clinker phases like calcium aluminate and
calcium silicate (Taylor H. F. W. et al., 1999). It is however, hard to ensure that all the sulfate-containing
phases coexistent in cement clinker. That calcium aluminate and anhydrate may not exist in cement clinker
was found by other researchers (Taylor H. F. W. et al., 2001).
Several chemical extraction methods were investigated in order to find a way to distinguish
sulfate-containing phases in cement clinker (Tennis P. D. et al., 1999; Jøns E., 1996). Water extraction,as a
simple method, had been used to determine the content of soluble sulfate in cement clinker. Taylor (Taylor H.
F. W. et al., 1999) analyzed Pollitt and Brown’s results and informed that with 1.5-2.5 min water extraction
the molar fraction of total alkali dissolved are plotted against the molar ratio of SO3 to alkali, and for ratios
up to about 0.5 all the SO3 is present in alkali sulfates. Extraction with water for 10 min gives much higher
results for extracted SO3. In order to determine the content of SO3 in silicate and aluminate phases, the
potassium hydroxide and sucrose method and the salicylic acid and methanol method were used, while they
cannot distinguish SO3 in alite from that in belite. It should be known that all these extraction methods can
only apply on “clinker” not for “cement” result from the disturbing of gypsum dissolving of cement during
extraction processes. Jøns (Jøns E., 1996) devised a soda method in an attempt to prevent a precipitation of
sulfates during pure water extraction, by which solubility of sulfate in cement could be measured. It has been
the only extraction method being proposed to be performed on cement, but the results of 30 min solubility of
sulfate in cement do not give much information.
It is more meaningful to understand the sulfate-containing phases in cement, being a finished product and
performed to application than that in clinker. The content of sulfate-containing phases in cement is still
obscure because most of the available extraction methods which cannot distinguish the content of sulfate
dissolving from gypsum are inappropriate for being employed for cement. It should be noticed that, even
kinds of sulfate-containing phases cement have, a same point of those phases is having same sulfate anion to
participate in cement hydration, which is much related with dissolving properties of the sulfate-containing
phases (Samet B. and Sarkar S. L., 1997). It is hard to distinguish the content of every kind of
sulfate-containing phase in cement. Classification of sulfates according to dissolving property would be a
wise choice. In this paper, sulfate-containing phases in cement are preferred to be classified as easy soluble
sulfate dissolving fast at a short time like arcanite, aphthitalite and thenardite, as gypsum, a main sulfate
phase in cement dissolving relatively slowly, and as insoluble sulfate. Base on the classification, the contents
of easy soluble sulfate, gypsum and insoluble sulfate in cement are aim to be determined. The influence of
sulfate on cement hydration would get a further and clearer understanding by knowing the distribution and



the dissolving properties of easy soluble sulfate, gypsum and insoluble sulfate in cement.
Laboratory extraction procedures are investigated in order to find a way to distinguish among easy soluble
sulfate, gypsum and insoluble sulfate in cement. To satisfy the purpose, ethanol and saturated soda methods
are used in this paper. The contents of easy soluble sulfate, gypsum and insoluble sulfate are determined at a
great extent of approximation with the two extraction methods. The distribution of sulfate phasesin 28
cements collected from different regions and plantsare examined. Considering the alkali distribution is much
related with sulfate in a predictable manner, the alkali distribution in cement is investigated and the
relationship with sulfate is analyzed.
2. Experimental
2.1 Materials and chemical analyses
The clinkers and cements used in this study were collected from cement plants at different regions. All
clinkers were grinded by a mill for 40 min and passed through a 200-mesh sieve with margin less than 10%.
The chemical compositions of the clinkers are shown in Table 1. The cements contain a wide range of SO3

and alkali content, as shown in Table 2. The Blaine specific surface area of cements which would influence
the dissolving behaviors of sulfate and alkali in cement is hard to keep the same, and maintained from 350 to
450 m2/kg. Natural dihydrate gypsum with 41.3% of SO3 content was used as the additional sulfate. And,
deionized water was used.

Table 1 Chemical composition of cement clinkers (wt. %)

Parameter C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

CaO 66.13 67.04 64.24 66.51 61.69 64.93 65.12 67.49 66.57 67.59
SiO2 20.21 21.14 21.11 21.24 18.61 21.66 21.84 20.83 20.32 19.73
Fe2O3 3.58 3.41 3.64 3.12 2.95 3.55 3.25 3.91 3.62 2.62
Al2O3 3.51 3.21 3.79 3.93 4.33 3.86 3.56 3.46 3.40 4.00
MgO 2.58 1.51 4.16 1.20 3.37 3.80 3.56 2.47 3.07 1.93
SO3 1.93 1.14 0.85 1.58 0.68 1.04 1.15 1.15 1.06 1.47
K2O 0.91 0.58 0.61 0.68 1.35 0.49 0.78 0.47 0.55 0.69
Na2O 0.13 0.13 0.46 0.14 0.12 0.18 0.21 0.14 0.19 0.44
P2O5 0.32 0.10 0.06 0.07 0.08 0.19 0.09 0.07 0.17 0.09

Table 2 Proportions of sulfate and alkali in 28 kinds of cement (wt. %)

Portland cements*: No. 1- No. 10

SO3 2.55 2.49 2.26 2.42 2.54 1.61 2.98 2.82 1.63 1.60
K2O 0.54 0.20 0.26 0.71 0.71 0.37 0.41 0.74 0.62 0.50
Na2O 0.28 0.11 0.25 0.23 0.21 0.19 0.18 0.49 0.25 0.23

No. 11- No. 20

SO3 2.99 2.10 1.05 2.09 2.56 2.80 2.33 2.36 3.11 3.07
K2O 0.34 0.44 0.51 0.51 0.50 0.62 0.77 0.41 0.97 0.48
Na2O 0.20 0.15 0.18 0.13 0.13 0.13 0.17 0.21 0.19 0.19

No. 21- No. 28

SO3 2.05 1.98 1.52 3.14 2.26 2.17 2.57 2.04
K2O 1.23 0.47 0.69 0.45 0.24 0.39 0.54 0.52
Na2O 0.38 0.18 0.10 0.06 0.08 0.29 0.09 0.14

*: The Portland cement samples are listed out-of-order.
All the dissolving processes were executed at a room temperature of 25±2 oC. The content of dissolved
sulfate was measured by barium spectrophotometric determination, and the total sulfate content of clinkers



and cements was measured by gravimetric determination. The content of both total alkali and dissolved alkali
in clinkers and cements were measured by flame photometer. According to ASTM C114.7786, the contents
of soluble alkali in cements were determined with water dissolving for 10 min.
2.2 Chemical extraction methods
Ethanol extraction method – Ethanol extraction methodis originally proposedto determine the contents of
soluble sulfate in clinkers and cements. Ethanol solution of 50% (v/v) could selectively dissolve easy soluble
sulfate in cement and meanwhile, gypsum could hardly dissolve into it at a short time, and also the hydration
process between calcium aluminate and sulfate to some extent would be inhibited. It suggest that 50%
ethanol extraction method would beused to determine the content of easy soluble sulfate in cement.
Therefore, extraction with 50% ethanol solution for 2 min was used to determine the content of easy soluble
sulfate in cement.
The procedure was taking 1 gram clinker into a 300 ml beaker. Put 100 ml 50% ethanol solution into the
beaker, stir the mix by hand and start to time. Up to 2 min, aqueous solution begins to be separated from the
mix by vacuum filtration. Then, the contents of sulfate and alkali in the aqueous solution were measured.
Ethanol extraction procedure also can be performed by entailing drawing ethanol solution through the clinker
sample on a filter, with a contact time of 2 min. The dissolving process with fixed liquid to solid ratio proves
to be easier handled.
Saturated soda method – Jøns(Jøns E., 1996) devised a soda method to measure the unavailable SO3 in
cement. When cement extracted by sodium carbonate solution of which the molar ratio of carbonate to
sulfate should exceed 0.41, sulfate would precipitate carbonate phase in preference to sulfoaluminates.
According to the theory, soda method is considered to be used to determine the amount of gypsum in cement.
Completely dissolving of gypsum into sodium carbonate solution is a prerequisite for correctly determining
gypsum content. Dissolving kinetic of gypsum can be accelerated by heating, increasing liquid-solid ratio
and extending dissolution time. Under the fixed temperature, large liquid-solid ratio and 2 h dissolution time,
an equilibrium time for gypsum, are adopted to promote the complete dissolution of gypsum.
The procedure was taking 1 gram cement into a 500 ml beaker. Put 300 ml saturated soda solution into the
beaker, place the beaker on a magnetic stirring apparatus and start to time. Up to 2 h, aqueous solution begins
to be separated from the mix by vacuum filtration. Then, the content of sulfate in the aqueous solution was
measured by sulfate determination.
3. Results and discussion
3.1 Alkali sulfate in cement
Alkali sulfate is always regarded as an important soluble sulfate and alkali phase in cement. Jawed and
Skalny (Jawed I. and Skalny J., 1978) pointed alkalis in Portland cement clinker occur as sulfates depending
on the amount of SO3 available and the resulting quantity of alkali sulfate is determined by the ratio of total
clinker sulfate to total alkali. It also has been known alkali sulfate could accelerate setting of cement paste,
promote early strength development but decrease later strength, and also increase drying shrinkage of
cement-based materials. Deleterious effects of alkali sulfate on the mechanical properties of cement could be
reduced by addition of gypsum to the raw feed.
Portland cement clinkers compared with cements are always preferential to be chosen as object in cement
research for the main composition without additives. Attempts to calculate the quantitative distribution of
alkali sulfate in Portland cement clinker have developed out of corresponding calculations relating to alkali.
To inhibit other soluble sulfate and alkali phases except alkali sulfate being extracted, ethanol method was
used to distinguish alkali sulfate in Portland cement clinker. Figure 1 shows the relationship between the
dissolved SO3 and alkali in a 2 min extraction with 50% ethanol solution. In Figure 1, the points lie close to a
straight line with a slop of 1.0 except for low sulfate but high alkali and high sulfate clinkers, which indicates



the sulfate extracted by 50% ethanol solution is mainly all present in alkali sulfate. For low sulfate but high
alkali and high sulfate clinkers, the points lie behind the line with a slop of 1.0. It is probably due to other
soluble alkali phases being extracted by ethanol solution.
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Figure 1 Relationship between the dissolved SO3 and dissolved alkali for clinkers in a 2 min extraction with
50% ethanol solution. Triangle symbol, clinker with low sulfate but high alkali content; circular symbol,
clinker with high sulfate content.
Alkali phases in Portland cement clinker has been recognized to be mainly present as arcanite (K2SO4),
aphthitalite (3K2SO4· Na2SO4), thenardite (Na2SO4), carbonate ((K, Na)2CO3), calcium langbeinite (2CaSO4·
K2SO4) and as a substituent in calcium aluminate, calcium silicate and calcium aluminoferrite (Jawed I. and
Skalny J., 1977). Alkali phases in cement mainly come from clinker and a small part of it exists in admixtures
and additives. The quantitative distribution of soluble alkalis including sulfate alkalis and insoluble alkalis in
cements is determined used water extraction and ethanol extraction methods. The alkalis extracted by ethanol
solution could be regarded as sulfate alkalis according to the results of Figure 1, which is an approximate
determination because it cannot be ensured without other soluble alkali being extracted by ethanol solution
for some specific cements.
Figure 2 gives the fraction of the K2O and Na2O dissolved in a 2 min extraction with 50% ethanol solution.
At any given value of SO3/(K2O+Na2O) ratio, the fraction of K2O dissolved in 50% ethanol solution is more
than that of Na2O. The K2O extracted by ethanol solution would be present as potassium sulfate, and Na2O as
sodium sulfate. The content of potassium sulfate could take a large proportion from 40% to 80%, and a small
percentage of less than 40% sodium sulfate takes.
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Figure 2 Fraction of the K2O and Na2O dissolved in a 2 min extraction with 50% ethanol solution
The distribution of easy soluble sulfates in 28 sampled cements was measured using the 50% ethanol
extraction method. Attempts to calculate the distribution of easy soluble sulfates in cements have developed
out of corresponding calculations relating to alkalis. The relationship between the dissolved SO3 and alkali
for 28 cements in a 1.5-2.5 min extraction with 50% ethanol solution was studied, as shown in Figure 3. It
can be seen that the points all lie above a line with a slope of 1.0. With the molar ratio of dissolved SO3 to
alkali greater than 1.0, other easy soluble sulfate phases except alkali sulfates could dissolve into 50%
ethanol solution during extraction process. The easy soluble sulfates present in clinker mainly occur as
sodium sulfate and potassium sulfate, as pointed by Taylor. So, the other easy soluble sulfate phases
extracted by 50% ethanol solution, probably present as magnesium sulfate and calcium sulfate, are more
likely come from admixtures, grinding aids, mineralizing agents and other additives. And of course, it is
cannot be neglected for the test errors result from sulfate and alkali determinations, especially for the tiny
content of the dissolved alkalis.
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Figure 3 Relationship between the dissolved SO3 and dissolved alkali for cements in a 2 min extraction with
50% ethanol solution.
The distributions of sulfate alkalis in 28 cements were investigated in Figure 4 and Figure 5. It can be seen



that soluble alkali is major present as sulfate alkali. A great proportion about 76% is present. The proportion
of potassium alkali is greater than sodium alkali. Sodium in cements is more likely present as insoluble alkali.
Other researchers also pointed potassium sulfate is more likely to form than sodium sulfate during the
production process of clinker. The distribution of alkalis in cement has gotten a wide recognition but not for
the quantitative determination. Knowing the quantitative distribution of sulfate alkalis, soluble alkalis and
insoluble alkalis could help get a further understanding for the effect of alkali phases on cement hydration.
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Figure 4 Relationship between the sulfate alkali and soluble alkali in 28 cements.
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Figure 5 Relationship between the potassium and sodium sulfates and soluble alkali in 28 cements.
3.2 Gypsum in cement
The effect of gypsum on cement properties has been studied sufficiently, because gypsum is regarded as an
important sulfate phase in cement. Gypsum is generally added into cement during grinding process and it
plays an important role in adjusting setting, promoting strength development and compensating shrinkage of
cement-based materials (Lerch W, 1946).
To determine the content of gypsum in cements, a saturated soda method was employed. Gypsum as a major
sulfate phase in cements, a great proportion of ～ 77% is present, as shown in Figure 6. The gypsum
determined here is an overall phase and would include anhydrate, semihydrate, dihydrate and other gypsum
phases in cements. In particularly, calcium langbeinite (2CaSO4·K2SO4) in Portland cement would dissociate
at a quick time after adding water to produce potassium sulfate (K2SO4) and calcium sulfate (CaSO4) of
which the part is taken as gypsum.
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Figure 6 Fraction of the gypsum in 28 cements determined by saturated soda method.
3.3 Insoluble sulfate in cement
Even through a small part of insoluble sulfate takes in cement, enough attention should be paid.The influence
of insoluble sulfates would primarily work on durability of cement-based materials based on its slowly
dissolving properties (Collepardi M. et al., 1979).
Combine the ethanol extraction method with saturated soda method, the quantitative distribution of sulfate
between phases in cements is determined and shown in Figure 7. It can be seen that only a small part of
sulfate, less than 20% exists as insoluble sulfate in cement. The dissolution behavior of insoluble sulfates
would be slowly and occur at later cement hydration process. There is not a certain regular pattern to express
the quantitative distribution of sulfate phases in cements which is much related with compositions and
burning conditions.
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Figure 7 Fraction of the insoluble SO3 in 28 cements.
3.4 Correlation between the distribution of sulfate phases and cement properties
The sulfates combined with alkalis have much influence on composition and hydration and hardening
properties of cement. The presence of sulfates and alkalis effect the physicochemical properties of the melt
formed in the kiln and thus the crystal structure and hydraulic reactivity of main components of clinker
during clinkering process. The character of the liquid phase, setting, strength development and other
engineering properties are also significantly affected by sulfates and alkalis (Jawed I. and Skalny J., 1978).A
further study of hydration and engineering properties of cement affected by sulfate phases associated with



alkali phases would be interested to be carried out.
Mixing a certain percentage of reagent grade sulfates and alkalis into cement is a common way used to
investigate the effects of sulfates and alkalis on cement properties (Horkoss, S. et al., 2013; Halaweh M. A.,
2007). But, without knowing the original content of the term sulfates and alkalis in cement, the content of the
added reagents could be hard to be controlled and the research results and analysis is easy to deviate from the
correct direction. In this paper, the determination of sulfate and alkali phases in cement has turn to be
possible. By knowing the contents of easy soluble sulfates, gypsum and insoluble sulfates in cement, the
study of the effect of sulfate phases on cement properties would reach a new level. Furthermore, the
“optimum” SO3 content could get a further study, which plays an important role in guiding production and
application of cements.
4. Conclusions
1. Ethanol method proposed can selectively dissolve easy soluble sulfates in Portland cements and clinkers

at a 1.5-2.5 min extraction process. Easy soluble sulfates in Portland cement clinkers are mainly present
as alkali sulfates, which is partially coincidence with the opinion of Taylor about the distribution of
sulfate phases in Portland cement.

2. Gypsum in Portland cement determined by saturated soda method depends on completely extraction of
gypsum by saturated calcium carbonate solution at equilibrium dissolution time with large water-solid
ratio. A great proportion, about 77% of gypsum presents in cements. The gypsum determined is an
overall phase which would include anhydrate, semihydrate, dihydrate and other gypsum phases in
Portland cement.

3. A small proportion, less than 20% of insoluble sulfate exists in cements. With slow dissolution
properties, the insoluble sulfate may have an effect on the durability of cement-based materials.

4. Soluble alkali in cements is major present as sulfate alkali. A great proportion about 76% of sulfate
alkali is present. The proportion of potassium alkali is greater than sodium alkali. Sodium alkali in
cements is more likely present as insoluble alkali.
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Abstract
In this paper, electrochemical impedance spectroscopy (EIS) was adopted as a nondestructive testing
method for measuring the electrical resistance and evaluating the development of compressive strength of
cement paste. Then, results of the compressive strength were obtained to evaluate the applicability and
the reliability of the EIS model. Correlation between electrical resistivity and compressive strength has
been established, a linear relationship can be obtained as

c x cf k R R b   . It can be concluded that the
electrical resistivity curves dynamically reflect strength development in cement paste and it is possible to
predict compressive strength quantitatively to some extent.

Originality
In order to obtain the electrical resistance according to the results of electrochemical impedance
spectroscopy, certain equivalent circuit was selected to assess the impedance spectroscopy parameters.
And also the relationship between electrical resistance and curing time is established. It is worth
emphasizing that feature point representing final setting time can also be figured out on the inflection
point of the curve of resistance.
Besides, the effect of two kinds of fly ash on the process of cement hydration has also been studied.
Correlated equations reflecting the relationship between electrical resistance and compressive strength
have been established. In conclusion, electrochemical impedance spectroscopy is regarded as a new
method to to predict the compressive strength of certain age of harden cement paste.

Keywords: electrochemical impedance spectroscopy; cement paste; compressive strength;
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1. Introduction
As cement hydration is directly related to the durability and safety of the construction structures,
various measuring and testing techniques, e.i. SEM, XRD, IR, TG, etc, have been applied to
study the hydration characteristics of cement paste (K. L. Scrivener, A. Nonat, 2011). Unlike
the test methods in which samples have to be destroyed for the further test, the electrochemical
impedance spectroscopy (EIS) is an effective new one which has been regarded as a
nondestructive way to study the physical properties of materials (McCarter WJ, et al, 1998; I.
Sánchez, et al, 2011). The important electrochemical parameters can reflect the hydration
process and become an important indicator to perform the properties of durability of hardened
cement paste (Lapinas RA, 1978; McCarter WJ, Brousseau R, 1990).
Cement hydration properties can be characterized by the standard 28d compressive strength of
the mortar (Powers TC, Brownyard TL, 1948；Relis M, Soroka I, 1874). In spite of the prior
work mentioned above, the relationship between electrical resistance and compressive strength
of hardened cement paste with admixture proportion is rarely studied (A. A. Ramezanianpour,
V. M. Malhotraa, 1995; Song GL, 2000). The purpose of this paper is to apply the new kind of
testing method (EIS), to predict compressive strength of harden cement paste in certain curing
age. Therefore, there is a significant meaning in the improvement and application of cement
hydration in constructions.
2. Materials and sample preparation
The cement clinker was used in the study and specific surface area is 332.5 m2/kg. The dosage
of the gypsum was 3% by mass of cement clinker by weight. Two types of fly ashes conforming
to Chinese National Standard GBT1596-2005 were used in this study. Ordinary fly ash (OFA)
with the specific surface area of 356 m2/kg was obtained from a power plant. Ground fly ash
(GFA) with the specific surface area of 635 m2/kg was obtained by grinding the ordinary fly ash.
The specific surface area was determined by a Blaine specific surface area analyzer. The
chemical composition of the initial materials is given in Table I. Admixture were added by
replacing an equal mass of 10% to 50% cement clinker, as shown in Table II.

Table1 Chemical compositions of the raw materials (wt.%)
Raw material SiO2 CaO Fe2O3 Al2O3 Na2O K2O MgO SO3 LOI

Clinker 21.32 59.78 4.69 5.21 0.19 0.62 2.31 0.92 1.23

OFA (wt.%) 62.29 15.94 6.24 1.57 --- --- 0.31 7.29 2.65

GFA (wt.%) 58.08 3.18 4.59 24.77 --- --- 1.39 0.17 2.65

Table 2 Different quantities of mineral admixtures mixed in cement paste

Sample W/C OPC% Admixture%

H1*/A1* 0.5 90 10

H2/A2 0.5 80 20

H3/A3 0.5 70 30

H4/A4 0.5 60 40

H5/A5 0.5 50 50

H*represents samples mixed with OFA. A* represents samples mixed with GFA.

3. Experimental methods
3.1. Impedance spectroscopy



Electrochemical impedance spectroscopy of the mortar samples were measured with
RST5200 electrochemical workstation. The frequency of this workstation is in the range from
105 Hz to 0.1Hz and the amplitude of sinusoidal cross circuit is 10mV. After mixing, fresh
mixtures were cast into a plastic mold (50×50×70mm), as shown in Fig. 1. Two stainless steel
plates (80×40mm) serving as conductive electrodes (working electrode and reference electrode)
were fixed on the parallel surface of the mold. Measurements were taken at intervals of 1-24 h
and 1-36 d. Each sample was measured at the ages of 1, 2, 3, 5, 7, 9, 11, and 12 h; 1-14, and
28d.

Fig. 1 Schematic of sample used for EIS measurements.
3.2. Compressive strength
Compressive strength tests were performed using cubic test specimens that measured
20×20×20mm, in accordance with Chinese Standards ISO 679:1989 (GB/T 17671-1999). The
test specimens were stored in a wet chamber at 20 ± 2°C and RH≥95%, and tested at 3, 7, and
28 days. Six specimens from each mixture were tested at each testing date.
4. Experimental results and discussion
4.1.Equivalent circuit and related parameters
By selecting compatible equivalent circuit, the resistances of the hardened cement paste in the
early age are acquired, as shown in Fig. 2. Rs represents the resistance of electrolyte solution in
hardened cement paste which is mainly depends on total porosity of the solid phase. Rct

represents the resistance of electron from charge transfer in the cement hydration. Q represents
the double layer capacitance of Calcium Silicate Hydrate (C-S-H gels). The parameter Rs + Rct

is taken as an important parameter to evaluate the hydration reaction and transport properties of
the hardened cement paste.

Fig. 2.Equivalent circuit of hardened cement paste
The relationship between electrical resistance and hydration process during 12h can be
presented in Fig.3. It is obvious that the electrical resistance of the cement paste increases
significantly in the acceleration period corresponds to the C-D stage. Point D, the maximum
inflection point in the curve, represents the final setting time of the cement paste. Then it is
followed by cement hardening and the microstructure is formed in the cement paste, which is
caused by the fracture of the coating layer around the hydrated cement particles. Therefore, the
final setting time can be predicted by testing the characteristic point (Point D) and the reaction
rate of cement hydration could be illustrated according by the electrical resistance curves varied



with curing ages.

Fig.3. Curve fitting of resistance development of H5 at the age of 1-12h

4.2. The relationship between electrical resistance and compressive strength of hardened
cement paste
Quantitative correlations between compressive strength at 3d, 7d, and 28d and electrical
resistance of cement paste adding FA ranging from 10% to 50% are established, as in (1) (2) and
the correlation is shown in Fig.4. Predictions of compressive strength for cement paste show
high accuracy. Deduced from the equation mentioned above, an equation concerning the
functional relationship between compressive strength fc and electrical resistance Rx is derived.

12.6450 0.2006Y X ＋ 2 0.9265R  (1)
1.2484 28.2979Y X － 2 0.9771R  (2)

c x cf k R R b   (3)
Where fc is the compressive strength of cement paste at 3d, 7d, and 28 d, in MPa ; Rx is the bulk
electrical resistance of cement paste at a certain age; Rc is the bulk electrical resistance of
cement paste at the age of 9h (Feature point D in Fig. 4), in Ω· mm; and k, b is the practical
parameters.

(a) (b)
Fig.4 The relationship between compressive strength and electrical resistance for the hardened cement
paste
5. Conclusions
According to the results of this paper, the following conclusions are drawn:
(1) The final setting time can be predicted by testing the feature point (Point D) and the
electrical resistance at this point has a connection with the compressive strength of hardened



cement paste.
(2) The electrochemical impedance spectroscopy (EIS) can be adopted to measure the electrical
resistance and evaluate the compressive strength growth and hydration behavior of the cement
paste. The correlation between electrical resistance and compressive strength has been
established, a linear relationship can be obtained as c x cf k R R b   .
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Abstract
Low water requirement cements (LWRC) are a new type of hydraulic cements obtained by co—grinding of
Portland cement clinker, gypsum and water reducing agent (plasticizer).
During the grinding, in the process of interaction between clinker minerals and water reducing agent, cement
acquires specific properties, which distinguish it from ordinary Portland cement.
Obtaining of low water requirement cement in centrifugal impact mill is accompanied by mechanical activation
of milled components and realization of its reaction with water solution of polycarboxylate plasticizer.
LWRC is characterized by narrow particle size distribution, regular shape and large concentration of defects on
which plasticizer can be «inoculated», are typical for particles. Nanostructured plasticizer layer is formed by
mechanism of molecular layering on the surface of cement particle.
Obtained in centrifugal impact mill low water requirement cements with different material composition has an
active from 42 MPa (LWRC 50) to 73 MPa (LWRC 100). On a base this cements heavy concretes with strength
class of 50 and higher, with cement consumption per unit of strength up to 8,3 kg/MPa, and frost resistance
class over 500 were made.

Originality
Mechanochemical process of production low water required cement with high physical and technical properties
was implemented in centrifugal impact mill. The formation of an aerosol from polycarboxylate water solution in
grinding chamber ensure uniform distribution of plasticizer on the surface of cement particles.
In the process of centrifugal impact grinding mechanochemical interaction between plasticizer and cement
particles is realized. As a result of excitation of surface active centers, nanostructured layer of plasticizer is
formed on them. The formation of this layer is implemented by molecule layering mechanism.

Key words: Centrifugal impact grinding, mechanoactivation, low water requirement cement.
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1.Introduction
Concrete is still the basic structural building material, so the improvement of its properties and
manufacturing technology has great practical significance. Increased standards for concrete led to the
creation of new types of high-quality cements, in particular low water requirement cement (LWRC).
These cements are a new class of hydraulic binders obtained by co-grinding of Portland cement
clinker, gypsum and water reducing agent. The characteristic properties of LWRC are high dispersion,
low water requirement, high activity in terms of strength. Closed ball mills are traditionally used in
the manufacture of LWRC. Obtaining of low water requirement cement in such mills is accompanied
by "chafe" of dry modifier in the clinker particle surface. This process determines unique properties
these cements [1]. A disadvantages of this method are the high consumption of modifier (3 ... 5 wt.%),
the need of its fixation on the clinker surface and the complexity of insuring of stable construction and
technical efficiency of cement.
Mechanochemical interaction between water reducing agent and clinker particles in the process of
grinding is the principle of LWRC obtaining. The condition for this interaction is increasing of the
solid particles reactivity and changes in physical and chemical properties of this particles due to its
mechanical activation.
2. Theoretical part
Increase in the reactivity of solids under mechanical activation is not so much due to increased surface
during the grinding as a result of the accumulation of various defects (point and line) in solid matter.
Mechanical effects lead not only to lattice disturbance. In the process of mechanical activation
metastable, chemically active structures are formed. [2]. It is the main reason for increasing the
reactivity of the solid matter. The result of mechanical activation is also change of sorption properties
of the solid surface, due to formation in it active centers of radical nature.
Marked changes in solid matter predetermine the possibility of use liquid water-reducing additives in
the manufacture of LWRC. The use of liquid additives is not only facilitates the process of grinding
the clinker, but also provides the obtaining of LWRC with stable technical characteristics.
To activate a solid it is necessary to transfer to it amount of energy commensurable with the energy of
its crystal lattice. Therefore, the equipment for the mechanical activation have to assure maximum of
delivered energy in the form of the creation of sensitive to subsequent physical and chemical
transformations defects in solids. This requires a high power density, i.e, a large amount of energy
that the working body sends processed material. The most efficient way of transferring energy in the
mechanical activation process is impact force. That particular impact allow to concentrate mechanical
energy on certain site of the body treated.
Centrifugal-impact mill meet these requirements[3], this mill produce high power density and high
speed distribution of the shock wave in the mill feed. Grinding in these mills is based on a mechanical
acceleration of solid particles and it is carried out by the free impact of particles with fixed barrier or
each other. (Figure 1). The collection of such comminuting effects and presence of stationary air
classifier defines a narrow particle size distribution of the end product, the same shape of the particles
with high presence of defects. By changing the speed and direction of air flow in the grinding zone
and in the classifier particle size can be regulated in adequate wide range.
A distinctive feature of the centrifugal impact mill is its high power density (more than 10 kW / kg),
which determines the implementation therein process of mechanochemical activation.
When the modifier is liquid it atomize in a high-velocity air in the grinding chamber (speed 100 m / s),
i.e. solution of modifier is converted into an aerosol.
In the grinding process "dose" of mechanical energy transferred to the material reaches 102 kJ / g,
which, according to [4], bring it in a non-equilibrium state. In such case "inoculation" of water
reduction agent on the clinker particles surface is realized by mechanism of molecular layering [5].
This method ensures the formation of nanostructures accurate up to a one monomolecular layer on the
surface of solid particles. It can significantly reduce the dosage of water reduction agent. The
emergence of nanostructures on the surface of clinker particles can not only stabilize their condition,
but also to give the necessary functional properties of the end product (low water requirement
cement).
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Figure 1 The construction of the centrifugal-impact mill
3. Experimental part
3.1. Materials

For obtaining of LWRC in centrifugal impact mill clinker and natural gypsum were used.
Characretistics of clinker are shown in table 1 and 2.

Tab. 1 Chemical compositions of clinker /%
Compositions SiO2 Fe2O3 Al2O3 CaO MgO SO2 CaOfree

Content 19,7 4.35 5.86 64.2 4.97 0.21 0.18

Tab. 2 Mineralogical compositions of clinker /%
Compositions С3S С2S С3A С4AF

Content 19,7 4.35 5.86 64.2
From the clinker LWRC-100 and LWRC-50 were obtained. In the manufacture of LWRC-50 (ratio
clinker:filler = 50/50) quartz was used as a filler. As water reduction agent solution of
polycarboxylate ester was used (1% by weight of mineral components).
3.2. Experiment
Grinding process was carried out in centrifugal impact mill MC-0.36, capacity of 500 kg/h, in which
solution of water reduction agent was introduced.
On the base of these cements (LWRC), at the same cement content (450 kg/m3) from the concrete mix
with equal flowability heavy concretes were produced.
4. Results and Discussion
Physical and mechanical properties of the cements are shown in Table 3.

Tab. 3 Physical and mechanical properties of the cements

Type of cement

Water-
cement ratio

of
mortar

Strength, МPа
flexing compressive

3 days 28 days Steam
curing 3 days 28

days
Steam
curing

Checking 0,39 4,0 6,6 4,4 20,4 37,5 25,4
LWRC-50 (quartzite) 0,26 4,0 7,1 4,2 24,0 41,8 23,0

LWRC-100 0,25 7,7 8,6 5,6 52,0 73,2 54,1
Figure 2 presents compressive strength data of the LWRC, obtained by grinding in a centrifugal
impact mill. As can be seen from the data, LWC-100 is characterized by a high curing rate - after 3
days its strength reaches 70% of the normative strength that is explained exactly by the low water
requirement of the cement, which is 16% lower than the analogue grinded without a modifier. This is
determined by distinctions of water reducing agent fixation, which resulted in Nanostructured is
formed on the surface of the clinker particles. LWRC 50 has almost same properties with plain cement.
Physical, mechanical and operational properties of concretes on the base of LWRC are shown in
Table 4.
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Figure 2 Compressive strength data of the LWRC of centrifugal impact grinding.

Tab. 4 Physical, mechanical and operational properties of concretes

Type of cement
Water
cement
ratio

Concrete
density
kg/m3

Compressive strength,
MPa Frost

resistance,
cycle

Cement per
unit of

strength,
kg/MPa28 days Steam

curing

Checking 0,51 2454 31,4 25,3 200 14,3
LWRC-50
(quartzite) 0,45 2440 55,1 44,1 400 8,17

LWRC-100 0,38 2430 67,6 46,9 600 6,65

It can be seen, concretes on the basis LWRC of different material composition, all other things being
equal, have high physical and mechanical properties and high-performance frost resistance. The use of
these cements allows to achieve high technical and economic indicators: the cement consumption of
them per unit achieved strength is comparable to the same factor of self-compacting concretes.
5. Conclusion
Thus, studies showed the effectiveness of centrifugal impact mills for the manufacture of low water
requirement cement with using of liquid water-reducing additives. These mills are part of the grinding
complexes (Figure 3), which is effectually used not only for the production of LWRC, but for
manufacture of compositional cement with different formulation.

Figure 3 Grinding complex GC for the manufacture of cement.
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Abstract
The effect of gangue content on concrete strength and elastic modulus was studied in this paper and the mathematical
model of modulus calculation was built up for gangue concrete. In the tests, concrete specimens in four strength grades
of C20-C50 were prepared using equivalent replacement with substitution of 20%-100% gangue for gravel, and
adjusted the concrete workability by admixture adding. The specimens were tested according to Standard GB/T50081,
then the effect of gangue content on concrete strength and elastic modulus were studied. The mathematical model of
strength, elastic modulus and apparent density of gangue concrete were built up.
The tests results showed that specific strength of C20 concrete changed little, the strength changed in the range of ±
2MPa with the variation of gangue content. The strength of C30 concrete did not changed obviously when gangue
content was lower than 40%, but the strength decreased significantly when the content was in the range of 40%-60%
while the maximum strength reduced by 10.4%; The strength tended to be steady when the content was greater than
60%. The strength gradually decreased with the increase of gangue content for C40-C50 concrete and the strength
decreased by 10% when the content increased to 40%. The strengths of C40 and C50 concrete decreased by 17% and
27.5% respectively when the content ran up to 60% while the specific strength decreased in the range of 10%-20%. On
the whole, the concrete elastic modulus gradually decreased with the increase of the gangue content. The conclusions
were: The gangue content could be unlimited for the concrete whose grade was equal to or lower than C20 because the
content variation would not affect its strength and specific strength. The content would be strictly limited within 40%
for C30 concrete because its strength decreased significantly if the content was greater than that. The content should be
limited within 20% for C40-50 concrete because the strength decreased by 5% when the content increased to 20%. By
studying the relationship between concrete strength and modulus, the mathematical model of elastic modulus
calculation for gangue concrete was built up based on the test data and results, and the calculation formula was
deduced: Ec = 429.1 / (9.003 +151.4 / fc) or Ec = 6.036×10-3×ρ× 2388.0

cf .

Originality
Gangue is classified firstly and its technical characters are analyzed in this paper. Concretes samples of grade C20-
C50 are prepared according to the specification for mix proportion design of concrete, then the coarse aggregates in
the samples are replaced by gangue with the dosages of 20%-100%. The influence of gangue dosage on concrete
elasticity modulus is studied in the tests, relative factors that gangue dosage impacts on concrete strength, elasticity
modulus are analyzed and their mathematical model is set up. That is the basis of structural design for gangue concrete
and can lay the foundation for its popularization and application which is used as a structural material.
The proposed content is original and not involving plagiarism with copyright infringement issues. I hereby declare and
guarantee those are true, I claimed.
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1. Introduction
Gangue is a sort of industrial waste produced in coal mining. It is used to be piled up in the open air
year after year and that occupies large area of land, and what is more, causes the environment to be
seriously polluted. Gangue has been widely used in concrete industry as a substituent for concrete
aggregate. As a new aggregate, gangue has its own characteristics compared with gravel such as lower
density, lower strength, stronger adsorption, better water-absorbency and so forth. Researchers have
done a lot of work to study gangue concrete. Du Xiaomu, Song Yang studied and concluded that the
particle size and substituted percentage of gangue aggregate should be increased if high-strength
cement matrix was used since aggregate strength was lower than that of cement matrix and that could
improve the concrete strength; But concrete strength could not be improved when low-strength cement
matrix was used on the same conditions(Duan xiao-mu, et al., 2014) . Guo Jinmin, Zhang Jinxi studied
and proposed that the adding amount of gangue should be limited because the adding could cause
some adverse effects on concrete durability (GUO Jinmin, et al., 2011, ZHANG Jinxi et al., 2011). Most
of these researches and studies were mostly focused on the interactions among strength, durability and
workability of gangue concrete but little on deformation of the concrete.
It is very important and significant to study the effect of gangue content on elastic modulus of gangue
concrete because elastic modulus is one of the essential parameters in the calculations of concrete
structural deformation checking, crack propagation and temperature stress of large-volumed concrete.
Concrete elastic modulus is relative to the characteristics and the added amounts of aggregate(WANG
Yuan-feng, et al.,2004). The effect of variation of gangue content in mix proportion on concrete
strength and elastic modulus was studied in the tests and discussed in this paper, then the mathematical
formulas of elastic modulus calculation for gangue concrete were built up based on the test data and
results and that laid the foundation for application and popularization of gangue concrete used as a
structural material.
2. Test Material and Test Method
2.1 Test Material

P·O 42.5 cement, the observed flexural and compressive strength of 28d were 8.4MPa and
48.6MPa respectively; admixture: high-efficient water reducer of carboxylic acids; additive: S95 fly
ash, silica fume. The technical index of aggregate was shown in Table 1.

Table. 1 The Technical Index of Aggregate

The
material Diameter/mm

Bulk
density
/ Kg/m3

Density
g/cm3

Crushing
Valve
Index/%

Water
Absorption%

Fineness
Module

crushed
stone 5-25 1560 2.72 8.4 1.1

Gangue 5-25 1380 2.60 12.6 4.4
sand 0.15-4.75 1520 2.70 1.0 2.7

2.2 Test method
Three methods were commonly used in concrete deformation measurement at home and abroad. They
are the butterfly-typed extensometer method, the strain gauge method and the dial gauge method. The
measurement result was more accurate using the strain gauge method (ZHANG Jing nan，2003). The
DH-3820 static strain testing system was used in the tests. The test specimen sizes were
150×150×300mm and the strain gauge lengthes were 100mm. The strain gauges were affixed to two
opposite sides of the test specimens. Then continuous loading was applied to the specimens along the
axial direction. The axial deformation was measured under the load in the range of 0.5MPa to one-
third compressive strength of concrete standard cube. Then concrete elastic modulus was calculated
and MATLAB was used for data fitting.
3. Analysis of the Test Results
3.1 Testing Scheme
In the tests, concrete of grades C20-C50 was prepared by mass equivalent replacement of gravel with
gangue. The substituted percentages of gravel for gangue were respectively 20%, 40%, 60%, 80% and
100% by mass. The concrete workability could be guaranteed by adjustment of admixture content, and
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the concrete slumps were within 160mm-200mm. Then the compressive strength, elastic modulus of
28d age concrete was measured. The mix proportion of concrete was shown in Table 2.

Table .2 The Mix Proportion of Concrete（Kg/m3）

3.2 Effect of Gangue Content on Strength and Specific Strength of Concrete
The aggregate characteristics were one of the main factors which affected the concrete performance.
Gangue’s lower density, lower strength and higher water absorption could all have effect on concrete
strength. The relation curve was drawn according to the test data and results in order to reveal the
relationship among gangue content, concrete strength and specific strength which was shown in Figure
1 and Figure 2.
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Figure.1 Effect of Gangue Content on Compressive
Strength of 28d Concrete
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Figure.2 Effect of Gangue Content on Concrete
Specific Strength

Some conclusions could be drawn by analyzing Figure 1 that the gangue content variation had little
effect on the strength of C20 concrete. That was because the designed strength grade for C20 concrete
was low and the requirement for raw material was not high, and using gangue as concrete aggregate
could completely satisfy the performance requirement. That led the strength fluctuation to a little
change. Besides, cement slurry could fill some of the pores in aggregate for gangue’s higher porosity,
the gangue aggregate was compacted and the strength was increased. That guaranteed the cement
matrix strength and aggregate strength to coordinate with each other(Lei Xiuling, LI Yanping，2009) and
the strength of C20 concrete was unchanged or slightly increased. The strength changed a little for
C30 concrete when gangue content was within 40%. But the strength showed an obvious decreasing
trend when the content increased to 60%. At this stage, more than half of the total aggregate mass was
depended on gangue mass and that led coarse aggregate strength could not match with cement matrix
strength. The strength of partial gangue aggregate reached its limit when the bonding surface between
cement slurry and aggregate was not damaged. The gangue aggregate could not resist any more
external force and began to be damaged and that made concrete strength and bearing capacity
decreased rapidly. This phenomenon could also be verified by the observation on the concrete
damaged surface and it was significantly obvious for C40 and C50 concrete. The compressive strength
of 28d C40 and C50 concrete dropped by 5%, 20% when gangue content was up to 20% and 40%
respectively. The strength of C50 concrete fell to 36.6MPa when the content was 100% and that was
far below the designed strength. Therefore, the gangue content should be strictly limited in the
production of C30 and higher grade concrete while it was unnecessary to limit that for lower-grade
concrete.

Strength
Grade

Water-Binder
Ratio Cement Fly Water Sand Silica

Fume Gravel Chemical
Admixtures

C20 0.5 280 80 180 763 0 1097 2.1
C30 0.4 347 100 180 721 0 1082 2
C40 0.35 412 80 170 698 0 1076 2.2
C50 0.31 450 70 165 671 18 1067 2.5
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Gangue had the characteristics of lower density and higher porosity compared with that of gravel. For
C20 and C30 concrete, it could be known by analyzing Figure 2 that the volume fraction of aggregate
increased while that of cement slurry decreased after the equivalent replacement of gravel with gangue.
That was because gangue absorbed some of the cement slurry and its density increased while concrete
strength changed little. Hence the specific strength of C20 and C30 concrete was fluctuated in the
range of ± 0.2×10-2 N·m/kg. By contrast, the specific strength of C40 and C50 concrete gradually
decreased with the increase of the gangue content.
3.3 Effect of Gangue Content on Concrete Elastic Modulus
The aggregate percentage in concrete was 60%～70% of the whole mixture by volume. Aggregate’s
characteristics such as shape, lithology, elastic modulus, surface structure had some effect on concrete
elastic modulus in different extent (Wang Fazhou，2005). The strength of the gangue aggregate used in
the tests was lower and its performance was worse compared with ordinary gravel because of its
incompact surface structure, higher water absorption and some contained impurities. This showed that
the characteristics of gangue aggregate must have great effect on concrete’s elastic modulus. The
relation curve of the effect of gangue content on concrete elastic modulus was drawn according to the
test data and results and shown in Figure 3.
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Figure.3 Effect of Gangue Content on Concrete Elastic Modulus
The test data showed that the elastic modulus fluctuated in the range of ±1GPa for C20 concrete when
gangue content increased from 0 to 100%. This suggested that gangue aggregate contained some
micropores. They could buffer or reduce impact and make concrete deformed little (Wang Fazhou，
2005; ZHENG Jianjun; et al., 2008). The elastic modulus of C30 concrete presented a gradually
decreasing tend with the increase of the gangue content, and the modulus reduced by 3.5% when
gangue content reached 100%. The elastic modulus of C40 and C50 concrete changed obviously. The
significant decrease began when the content was within 40%-60% and the maximum decrease could
be 7.5%.The modulus decreased by 12% when gangue’s substituted percentage was100%. It could be
known by analyzing the test results that aggregate strength played a certain role in the decision of
concrete elastic modulus. High-performanced aggregate was unnecessary to be used to maintain the
concrete strength because the strength of C30 and lower grade concrete was not high enough. The
cement paste and the gangue’s deformation caused by external force could cause the synergistic effect
which could share the forced deformation increase for C30 and lower grade concrete. The elastic
modulus of C40 and higher grade concrete decreased obviously when the substituted percentage
increased to 40%. The aggregate deformation rapidly increased while the paste deformed little and
they could not work collaboratively when the load exerted on concrete continuously increased. This
showed the aggregate strength could not meet the needs of the development of concrete strength and
the concrete supporting framework lost its workability (ZHENG Jianjun*; et al. ， 2008, GU
Zhangchuan，2011). Therefore, the increase of the gangue content had an obviously negative effect on
elastic modulus for C40 and higher grade concrete. Gangue began to play a decisive role in the
decision of concrete performance with the increase of its substituted percentage in total aggregate.
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Thus, the gangue content should be appropriately determined in practical application according to
different concrete grades in order not to affect the normal use for the reduced elastic modulus(LI
Yang，2013).
3.4 The Relationship among Strength, Elastic Modulus and Apparent Density of Gangue Concrete
In elastic modulus measurement, the high precision, long test cycle and many related factors led to the
results having greater discreteness(HE Sheng-dong，2010). That was why concrete elastic modulus was
usually obtained by deducing from theoretic mathematical model rather than by measurement.
Meanwhile, concrete was composed of many kinds of material, and their composition, properties and
molding condition could all have great effects on concrete performance. So the established formulas of
elastic modulus calculation were greatly different from each other(HAN Yudong，2013).
In China, the empirical formula for elastic modulus calculation was given in GB50010:《Code for
design of concrete structures》. It was:

EC =

f
7.342.2

105



(1)

In the formula, EC ,represented the elasticity modulus (MPa); f´, the concrete strength (MPa).
Another formula which included concrete strength, elastic modulus and apparent density was given by
American AASHTO in 13-ACI318M-05. It was:

EC = 0.0439(ω)1.5 cf (2)
In the formula, EC, represented the elasticity modulus (MPa); ω, the apparent density of concrete
(Kg/m3); fc´, the concrete strength (MPa).
These formulas only fitted elastic modulus calculation for ordinary concrete. The MATLAB curve
fitting toolbox was used in the paper in optimum fitting by the least square method. Formulas (3) and
(4) which showed the relationship between strength and elastic modulus for gangue concrete were
built up by using the square of minimum error and to find the best function matching for testing data.
The fitting curves were shown in Figure 4. Formulas (5) and (6) which showed the relationship
between elastic modulus and apparent density for gangue concrete were built up by using the
functional relation of concrete strength and density. The mathematical models and the residual
analyses were shown in Figure 5 and Figure 6.

Equation3: EC = 429.1/ ( 9.003 + 151.4 / cf ) (3)

Equation4: EC = 5.379 cf (4)

Equation5: EC = 6.036×10-3×ρ× 2388.0
cf (5)

Equation6: EC = 4.918×10-5×ρ1.5× cf (6)
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Figure .4 Relationship Analysis of Strength and Elastic Modulus of Gangue Concrete
It could be clearly seen from the fitting curves in Figure 4 that less discrete and better fitting effect
were obtained using Equation 3 instead of Equation 4. So Equation 3 should be adopted in elastic
modulus calculation for gangue concrete according to concrete strength reckoning.
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(a) The Mathematical Model for Strength, Elastic
Modulus and Apparent Density
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Figure. 5 The Mathematical Model for Strength, Elastic Modulus, Apparent Density & The Residual Analysis
（for Equation 5）
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(a) The Mathematical Model for Strength, Elastic
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Figure .6 The Mathematical Model for Strength, Elastic Modulus, Apparent Density & The Residual Analysis
（for Equation 6）

For Equation 5 and its relative model, the index coefficient R2’s value of regression analysis was
greater than that of Equation 6 by analyzing Figure 5 and Figure 6. Furthermore, great residual only
existed in very few data in Figure 5 by analyzing residual figures of two models, and the data basically
fitted well in and near the function plane in Figure 5. By contrast, the residual in Figure 6 was greater
and the data distributed on the same side of the plane. Thus, Equation 5 should be adopted and used
for its better fitting effect to calculate and explain the relationship among strength, elastic modulus and
apparent density.
4. Conclusions
In the series of mix proportion for C20-C50 concrete, the coarse aggregate of the original proportion
was equivalently replaced with gangue aggregate of 20% to 100%. The change laws of concrete
strength, specific strength and elastic modulus with the increase of the gangue content were studied
and discussed in the paper. Finally, the mathematical model of elastic modulus calculation for gangue
concrete was built up.
(1) The gangue content variation had little effect on strength and specific strength for C20 concrete
and could only make the elastic modulus fluctuated in the range of ±1GPa. So it was unnecessary to
limit the gangue content in the preparation of C20 concrete and below that grade.
(2) The strength gradually decreased when gangue content was lower than 40% for C30 concrete. The
strength decreased by 10.4% which was the lowest when the content was 60%. Then elastic modulus
also gradually decreased with the increase of the gangue content, and the modulus decreased by 1.1
GPa when the content increased to 80%. Therefore, it was suggested that gangue content should be
limited lower than 40% for C30 concrete.
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(3) Gangue content could significantly affect the strength for C40-C50 concrete and the strength
gradually decreased with the increase of the content. The elastic modulus and strength decreased by
5% and greater than 10% respectively when the content was up to 40%. The strength and the specific
strength would decrease by 59% and 10-20% respectively for C50 concrete when all the gravel was
completely replaced by gangue. Hence, the gangue content should not exceed 20% for C40-C50
concrete.
(4) The mathematical model was built up based on the results of strength a;nd elastic modulus tests
and the calculation formula was deduced: Ec = 429.1/(9.003+151.4/ cf ); The formula based on the
results of strength, elastic modulus and apparent density tests was obtained: EC = 6.036×10-3×ρ×

2388.0
cf .
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Abstract
The structural condition of solidifying binding system has various thermodynamic stability and the degree of
ordering. It predetermines the tendency of these systems to self-organizing.
Self-organizing of binding system can be considered as a process of originating and formation of more and more
complex space-temporary structures in it, formed by contacts of various nature.
The acceleration of hydration after the ending of induction period results in the formation of coagulation-
condensation contacts, and it is accompanied by the increase of redundant entropy production. Therefore, it results
in the infringement of thermodynamic stability of binding system.
The hydrates, formed at this stage of solidification, have various morphology. It is the main factor of non-
equilibrium state of binding system. Morphological conversion of new hydrates in binding system is accompanied by
the change of their symmetry and distribution of energy. This energy, along with the energy of hydration process,
promotes the maintenance of non-equilibrium state of existing structural condition of solidifying system. The
interaction of formation of coagulation-condensation contacts and morphological changes results in the
spontaneous self-organizing of binding system.
The spontaneous self-organizing of binding system is connected with the formation of dissipative structure in it. It is
a space-temporary structure and its existence is limited in time. The formation of dissipative structure is
accompanied by the development of self-organizing process in binding system, caused by the interaction of spiral
waves. The interaction of spiral waves results in the formation of a standing electromagnetic wave in binding system,
which is stable only at pumping of energy. It leads to the formation of space-temporary structure in binding system.
The considered phenomena should be taken into account at development of technological regimes of manufacturing
of building materials on the basis of binding substances.

Originality
The various morphology of hydrates is the main factor of non-equilibrium state of binding system. The
morphological conversion of new hydrates in binding system is accompanied by the change of their symmetry and
distribution of energy. The energy of morphological conversion along with the energy of hydration process,
promotes the maintenance of non-equilibrium state of existing structural condition of solidifying system.

Chief contributions
The spontaneous self-organizing of binding system is connected with formation of dissipative structure. The
formation of dissipative structure is accompanied by the interaction of spiral waves. The interaction of spiral waves
results in the formation of a standing electromagnetic wave in binding system, which is stable only at pumping of
energy. It leads to the formation of space-temporary structure in binding system.
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1.Introduction
Self-organizing is a process, during which a complex dynamic system is formed, reproduced or improved.
The objects of different nature, including binding systems, have properties of self-organizing. The
artificial stone, forming during hardening of binding systems, passes through a number of structural
conditions in its development, which have different energy characteristics.
The structural conditions of hardening system have not only different thermodynamic stability, but also
have different degree of order. It predetermines the tendency to self-organizing of such systems. Self-
organizing can be considered as a process of initiation and formation of more and more complex space
and temporary structures, and it is accompanied by the reduction of symmetry of binding system. The
violation of an initial symmetry of a system is always connected with originating of thermodynamic
instability, i.e. the phenomena of self-organizing in binding systems are possible when there is the
violation of thermodynamic stability of structural condition and originating of dissipative structure in
them [1,2].
The results of theoretical analysis of opportunity of development of structure formation process in binding
systems are given in the work.
2. Theoretical part
The solidification of binding systems depends on the thermodynamically irreversible interactive
processes – the formation of hydrates and the formation of structure. The first process is determined by
the chemical reaction between the binding agent and water and the specific products – hydrated new
formations – are produced. The second process is connected with the formation of spatial frame (which
shows the strength of an artificial stone) [3].
The coagulation structure, which is formed after concrete mixing, is thermodynamically stable, and it
exists during the induction period of hydration. According to H.Haken [4], the originating of the
organized behavior (of structures) can be caused by external impacts (enforced organization) or it can be a
result of development of own (internal) instability in a system (self-organizing). The instability is
connected with the development of internal processes of hydration and structure formation in binding
systems. The instability of a system is caused by the existence of power source in a system or by the
influent of energy from outside. The influent of energy is provided with an exothermic reaction of
hydration in hardening binding system, and the maximum of heat release takes place after completion of
the induction period [5]. The processes of hydration and structure formation have autocatalytic character
at this stage of hardening [3]. It results in the formation of thermodynamically unstable coagulation-
condensation structure in binding system. The hydrates, formed at this stage of hardening, have various
morphology [6], and it is the main factor of non-equilibrium state of binding system The presence of
several morphological types at products of hydration is the demonstration of so-called mechanism of
adaptation to variable thermodynamic conditions. The changes of morphology take place during the
process of hydration, thus there is the adaptation of binding system to new conditions, as a result of which
the thermodynamically stable structural condition (condensation-crystallization structure) takes place in
binding system. Morphological conversion of new hydrates in binding system is accompanied by the
change of their symmetry and distribution of energy. This energy, alongside with the energy of hydration
process, promotes the maintenance of non-equilibrium structural condition of binding system (dissipative
structure). The interrelation of formation of coagulation-condensation contacts and morphological
changes results in the spontaneous self-organizing of binding system. The coagulation-condensation
structure is the space temporary dissipative structure, as its existence is limited in time.
The violation of stability of binding system is accompanied by the development of oscillatory processes
in it. These oscillations are the characteristic feature of self-organizing in binding system, and they have
the influence on the process of its hardening. It is known [5,7], that the kinetics of binding systems
hardening has the wave-like character, there are the concentration oscillations and periodical changes of



strength of artificial stone. These processes can have the different mechanism of originating and represent
auto wave processes (ringed and spiral waves) [8].
The ringed waves sources are the active surface centers, which correspond to fast surface electronic
condition according to their properties. Therefore, the active surface center represents the generator of
energy with own frequency of oscillations - pacemaker. If there are pacemakers with a set of varied
frequency in a system, there will be the competition between them. As a result of it the pacemakers,
generating ringed waves with maximum frequency, are left in a system. Therefore, there is the «selection»
of active surface centers in binding system at the stage of existence of dissipative structure. The active
surface centers are mainly concentrated on the surface of hydrates at this stage of hardening, i.e. the
indicated «selection» is connected with the change of morphology of hydrates. In the issue, the
«selection» of morphological shapes of hydrates, which to the greatest degree are adapted to operation of
binding system, takes place. The technological external actions at binding system, which have frequency,
close to own maximum frequency of pacemaker, will allow purposefully to carry out the selection of
morphological shapes of hydrates.
The spiral wave sources are the condensation contacts, which are generated from structural fluctuations in
binding system [3]. The spiral waves are type-running waves, and as a result of their interaction the
standing electromagnetic wave is generated. The standing electromagnetic wave is steady only at
pumping of energy, and it is typical for existence of dissipative structure in a system. Therefore, the auto
wave process in the form of standing wave is connected with the formation of dissipative structure in binding
system.
3. Experimental part
The electrophysical research of process of hardening of mono- and polymineral binding substances has
shown, that the standing electromagnetic wave is fixed at the stage of existence of transitional
coagulation-condensation structure, i.e. at the accelerating period of hydration process in binding system
(figure 1) [9]. It is the experimental confirmation of formation of space temporary dissipative structure
and self-organizing of binding system.

Figure 1: A standing electromagnetic wave arising at hardening of Portland cement
The analysis of change of structural condition and thermodynamic stability of different binding systems
(gypsum, mono- and polymineral cements, mixed cements) has shown, that in hardening binding systems
the structure formation can develop on one of possible three schemes (figure 2)
а) b) с)



Figure 2 The change of completion degree of structure formation  in binding systems, which have various schemes
of structure formation: a) monotonic structure formation ; b) one-stage structure formation; c) multi-stage structure

formation

The first scheme (figure 2а) is characterized by the monotonic structure formation, when the completion
degree of structure formation increases during the whole period of hydrate formation process. The
structure formation of gypsum bindings and the most reactive mineral bindings CaO, C3A, which have the
shot induction period, is characterized by the first scheme. The main feature of such binding systems is
the kinetic timing of hydration and structure formation processes. It results in the formation of
thermodynamically stable coagulation structure in these systems. The morphological homogeneity of
hydrate formations is characteristic for such binding systems.
The second scheme – one-stage structure formation (figure 2, b) is characteristic for silicate minerals of
Portland cement and slag-portland cement. The reduction of the completion degree of structure formation
process takes place in this scheme, which is connected with the acceleration of the hydrate process. The
processes of hydration and structure formation are autocatalytic processes at this period of hardening. It
results in the formation of dissipative structure in binding system. The formation of thermodynamically
unstable structural state at hardening of such binding systems is also characterized by morphological
heterogeneity of hydrate formations. The retardation of hydration process results in the disappearing of
dissipative structure and in the formation of thermodynamically stable condensation-crystallization
structure. It is accompanied by the increase of completion degree of structure formation.
The third scheme – multi-stage structure formation (figure 2, c) is characteristic for mixed cements.
According to this scheme the curve of change of  has several extreme points. The one-type structure
states periodically take place in binding system, and the number of stages of structure formation is
determined by the composition of mixed cements. The thermodynamical instability of structural states in
such binding systems is characterized by the significant morphological heterogeneity of hydrate
formations.
4.Conclusion
The reaction activity of binding systems has a dual nature, and it results in the change of the structure
formation scheme at the change of hardening conditions. This change of structure formation scheme is
accompanied by the change of thermodynamic stability of structural conditions. The structure formation
scheme alteration is normally connected with the changes of phase composition and structure of new
hydrate formations and the completeness of using of binding properties. So there is the necessity of
observance of the principle of self-organizing, according to which the realization of a spontaneous
process in the given direction is possible only when the external influence is coordinated with internal
processes.
The realization of this principle is possible on the basis of schemes of structure formation. These schemes
allow to determine the stages of hardening process, at which the technological effects should be carried



out. The rational regime parameters of technological effects are set, depending on the thermodynamic
evaluation of the result of their influence.
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Abstract 

The degradation of rhodamine B on the surface of self-cleaning mortar with P25 titanium dioxide was 

investigated. Mortar samples containing 1%, 3%, 5% P25 titanium dioxide were prepared with several 

water to cement ratios. The degradation process involved rhodamine B solution changing from 

aqueous state to solid state. A digital image analysis method was established to measure the 

photocatalysis effect of self-cleaning mortar through rhodamine B decolorization. Based on the app 

developed in this work, the color variation data was obtained and modelled with first-order reaction. 

The results indicated the whole degradation process were fitted with two-step pseudo first-order 

reaction model, started with high rate constant k1 and ended with much lower rate constant k2. The 

kinetic parameters of mortar prepared with the same w/c ratio have little difference among different 

titanium dioxide concentrations (1%, 3%, 5%) and the average values of k1, k2 are about 1.47 h-1, 

0.0223 h-1, respectively. However, as revealed in this study, the effect of water to cement ratio on 

photocatalysis was remarkable. With same titanium dioxide content, the kinetic parameters k1, k2 of 

sample prepared with w/c 0.4 are much lower than the samples with w/c ratio 0.5 and 0.6. 

 

Originality  

Degradation test of organic dyes is widely used to verify the photocatalytic materials. Compared with 

spectrophotometer applied in the colorimet, the usage of digital image analysis method to measure 

color variation is more convenient and efficient but with less accuracy. To improve the accuracy, the 

digital images were reasonably processed by calculating average value of pixels in photographs in this 

work. By the app developed, a higher accuracy to experimental results was achieved and the results 

were fitted with assumed model. The originality of this work is demonstrated by the enhancement of 

convenience and efficiency of digital image analysis as well as the improvement of accuracy for 

measuring the degradation of organic dyes. 
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1. Introduction 
With the constant increasing of environmental pollution, significant concern has been focused 
on the durability of building aesthetics. Sustaining aesthetics of building façade achieved by 
manual work is certainly dangerous, time-consuming and highly cost. To protect 
infrastructures exposed to the deteriorated atmosphere, self-cleaning materials based on 
heterogeneous photocatalysis of TiO2 have been developed and studied intensively in recent 
decades. Since the photochemistry of TiO2 was discovered in 1972 (Fujishima A. et al., 1972), 
it has been confirmed that photocatalysis (Fujishima A. et al., 1999) and hydrophilicity (Wang 
R. et al.,1997; Irie H. et al., 2005; Guan K. S. et al., 2005) are two important roles among 
photo-induced effects. The electron-hole pairs formed in photocatalytic process results in 
further redox reaction and produces free radicals along with atmospheric H2O and O2. These 
highly active radicals covered on the catalysts surface are capable to break C-band and 
degrade organic compounds to sustain the hydrophilicity, which allows water spread 
completely and inorganic dirt as well as stains can be easily washed off. Besides the synergy 
of these two effects, TiO2 also serves an important role in anti-fogging (Budde F. E., 2010), 
air-purifying (Guerrini G. L. et al., 2007; Husken G. et al., 2009), self-disinfecting (Bekbolet 
M. et al., 1997; Dadjour M. F. et al., 2005; Ramirez A. M. et al., 2013) as well as temperature 
controlling (Hashimoto K. et al., 2005).  
In order to obtain self-cleaning performance, TiO2 can be mixed into cementitious materials or 
covered on its surfaces as coating. Bulk admixtures may waste potentially photoactive 
materials and increase the cost, since TiO2 can be catalyzed by light only when it was 
contained in the surface layer. On the other hand, the durability of photocatalytic coating is an 
impediment to its mass application, even with a great improvement of photocatalysis for 
construction materials (Yuranova T. et al., 2007; Pirola C. et al., 2012). As literatures 
(Ramirez A. M. et al., 2012; Guo M. Z. et al., 2013; Graziani L. et al., 2014) reported, the 
TiO2 coating was still photoactive to some extent after long term of abrasion due to TiO2 
remained in the porous structure of mortar. Nevertheless, photocatalysis effect is more stable 
when it comes to bulk admixtures.  
There are several methods to assess the performance of photocatalytic materials, in which 
generally involves organic substances. Volatile organic compounds (VOC) are used as 
gaseous pollution to verify the effect (Zhao J et al., 2003; Strini A. et al., 2005). Unlike VOC 
content which can be directly measured by Gas Chromatography (GC), concentration of 
organic dye used in liquid or solid system is indicated through colorimet. The decolorization 
of several organic dyes on nano-TiO2 surface was tested in the air-solid system and 
established kinetic model, which implied the photoactive reaction of organic dyes was first 
order and with similar kinetic constants (Alison J. et al., 2006). The decolorization test of 
Rhodamine B on TiO2 surfaces in slurry system was carried out with different irradiation 
sources (Chen F. et al., 2003; Li J. et al., 2007; Soares E.T. et al., 2007). Results showed 
efficient decolorization can be found under both UV light and visible light. As one common 
dye, Rhodamine B is also extensively used to assess the photocatalytic cement-based 
materials. With certain amount of nano-TiO2, cementitious products are detected with 
photocatalytic effect. 
In the light of the aforementioned, colorimetric measurement was widely used to indirectly 
analyze degradation of organic dyes. Instead of spectrophotometer, digital image analysis 



technology has been used to measure color variation in this study. This method has already 
been used to assess soot degradation on cementitious sample by calculating soot coverage. 
However, the result indicated it was impossible to apply existing model to these data, because 
the area of soot coverage was not strictly correlated with residual soot (Smits M. et al., 2013). 
Our present work developed suitable method for colorimetric measurement via digital image 
analysis technology, and fitted the data with first order kinetic model. 
2. Experimental 
2.1. Materials  

The commercially available P25-TiO2 (ca. 99.8% anatase, specific surface area ca. 45 m2g-1) 
used in this experiment was provided by Chongqing Fenglang Co. White Portland cement and 
crushed quartz sand was used in this experiment, since gray cement and natural sand 
interferes the color measurement. The chemical composition of the white Portland cement is 
listed in table 1. Four quartz sands with different fineness were mixed in specific proportion 
to obtain the designated modulus of fineness (2.6). The fineness and the proportion of sand 
are presented in table 2. Deionized water was used to prepare rhodamine B solution. 
Self-cleaning mortar (SCM) with various P25-TiO2 concentrations (1%, 3% and 5% by mass 
of cement and sand) was prepared with water to cement ratios of 0.4, 0.5 and 0.6, respectively. 
The cement to aggregate ratio is 1:2. To compare the photocatalysis efficiency, sample 
without TiO2 was also produced.  

Tab. 1 Chemical composition of the white Portland cement (by mass) 

Compositions  SiO2 Fe2O3 Al2O3 TiO2 CaO MgO SO3 LOI 

Content 21.88 0.20 4.45 0.05 65.54 1.95 2.48 2.25 

The preparation of SCM samples is as follows: first, TiO2 powder was premixed by magnetic 
stirrer for 30 mins with half of mixing water to obtain homogenous TiO2 suspension. 
Afterwards, white cement, TiO2 suspension and the rest half of mixing water were mixed in a 
mechanical mixer for 30 s. After uniform cement paste was achieved, sand was added and the 
mixer was intensively mixed for 90 s to obtain uniform mixture. After mixing, the 
fresh-mixed SCM was cast into 40 mm×40 mm×160 mm mold and then sealed with a 
polyethylene film for 24 h. Once the hardened SCM was demolded, it was immediately 
moved to the dark curing room (20±1℃, RH 95%) for7 days. 

Tab. 2 Particle size distribution and proportion of fine aggregate 

Size (mm) 0.11~0.21 0.21~0.38 0.38~0.83 0.83~1.70 

Proportion (%) 21.8 28.8 6.6 42.8 

2.2. Methods  

2.2.1. Decolorization of rhodamine B 

Rhodamine B (RhB) test is widely used to assess the photocatalysis effect. Normally, the 
sample would be immersed into RhB solution to deposit dye on the sample surfaces and then 
conduct degradation test after the sample surface is dry. In this study, instead of immersing, 
RhB solution was dropped on SCM surfaces. Afterwards, the sample was placed into the UV 
radiation chamber to start degradation test before dye solution turning into solid state. The 
purpose of this method is to simulate the degradation process with influence of constantly 
change of water content. Thus, decolorization process involved RhB changing from aqueous 
state to solid state.  



Before dropping, wax was used to seal the SCM surfaces (40 mm×160 mm) with three test 
holes (diameter 27±1mm) left. 1mL of RhB solution with a concentration of 15 mgL-1 was 
applied evenly within the test holes. Then, the SCM sample was placed horizontally under the 
UV lamp (Philip K8W). The distance between the sample and lamp was 150mm. Due to 
photocatalytic effect, color intensity of the test zones decreased with continuous exposure of 
UV light. Color variation was recorded in form of digital photographs which were taken by a 
digital camera (Nikon 1 J1). Eventually, all the photographs were further processed by digital 
image technology as described in the following. 
2.2.2. Digital image processing 

It was known that a pixel is the smallest unit in bitmap images. Thousands of pixels with each 
specific position and color information are arranged on a lattice to form image as we see. In 
order to obtain the variation of color, the digital images have to be processed properly. 
Therefore, degradation process can be expressed as simple data by extracting color 
information of each pixel from images.  
Javascript was used to transform this purpose into programming language and one app was 
developed in this work. Based on ordinary browser (like Mozilla Firefox), the app extracted 
RGB value of each pixel in designed order and calculated average value of all the pixels. 
While average GRB value was acquired, the LAB value was calculated as in Eq.1.1-3 (Qin H., 
2008). Batched images were input to the app and the final LAB values were presented orderly 
on its interface. 

                   1)          (1) 

       2) 

      3) 

The result of degradation of RhB is expressed in CIE Lab color space, as defined by the 
Commission Internationale de l’Éclairage. In the LAB system, the L* defines brightness and 
presents black/white, a* is for green/red, and b* is for blue/yellow. In this work, the sole a* 
coordinate is mainly considered, since the degradation of RhB basically involves the variation 
of value a*. During the degradation, the variationwas calculated as in (Eq.2) 

                                                      

(2) 
where: ar = residual content of rhodamine B, a0 = initial content of rhodamine B 
3. Results and discussion  
3.1. Visual results  

The degradation process was directly presented via photographs. Photographs of sample 
mortar covered with RhB solution illuminated with UV light for 3h are showed in figure 1. It 
reflects discolorization displayed immediately once the illumination began and the efficiency 
varied with TiO2 concentration. 
3.2. Modeling  



The photographs of sample mortar (w/c ratio 0.5, TiO2 5%) were processed as an example. As 
in figure 2, decolorization of RhB started with high rate in first couple of hours and ar almost 
decreased to 30% of initial value in 2h. However, after long illumination time, the ratio was 
gradually decreased. In the illumination period of the last 24h, the variation was only 0.1%. 

 
  Time   0    15    30    45    60    90   120   150   180   min 

a. 
 
b. 
 
c. 
 
d. 

Figure 1 Color variation of mortar under UV illumination (a, b, c are for samples prepared in w/c ratio 
0.5 with 0%, 1%, 5% TiO2 respectively; d is prepared in w/c ratio 0.4 with 5% TiO2.) 
 
The change of rate may root in the instinct of this degradation, since the reaction of dye and 
TiO2 is consistent with first order reaction no matter in aqueous system (Tarasov V.V. et al., 
2003) or solid state system (Ollis D., 2015). It suggests that the degradation involves one 
single step, which basically dependents on dye concentration, as illustrated in equation 3.  

                                                               (3) 

     
where: CD = RhB concentration, t = time, k = first order rate constant.  
That exactly explains why there is a significant difference between decolorization rates in 
initial period and later period. Therefore, napierian logarithm of dye concentration ratio 
should have a linear relation with time. As above, mortar prepared with w/c ratio 0.5 and 5% 
TiO2 as an example showed in figure 2. In this case, data was used to present RhB residual 
ratios and calculate if there is linear relation behind.  
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Figure 3 Single step of first-order 
reaction model 

Figure 2 Residual per cent of RhB of 
three test zones on the sample mortar 
(w/c 0.5, 5% TiO2) with UV 
illumination

 

 



By fitting  data with illumination time, it did not produce one single straight line. 
The derivative of the line reflected the kinetic parameter k varied with time. The variation 
procedure can be divided into two phases. In the first phase, k fluctuated around a certain 
value after a short period of increasing. Differently, the second phase basically stayed the 
same, which agreed with the first order. As matter of fact, there are several intermediates 
(ethanediotic acid, 1,2-benzenedicarboxylic acid, 4-hydroxy benzoic acid or benzoic acid) of 
RhB were detected during degradation under visible light (Li J.Y. et al., 2007).With the effect 
of intermediates, degradation was not fitted single step first-order reaction model. The first 
phase also confirmed initial degradation may involve multi-steps reaction. The present work 
is to use average kinetic parameter k1 to present integration effect of multiply reactions in the 
first phase, as in equation 4.  

                                     (4) 

                          

(5) 

where: k1= kinetic rate constant of the first step; k2= kinetic rate constant of the second step; = color 

coefficient. 
Assuming each step of these serials reaction is first order,  can be calculated via equation 5, 
where k1(h-1) is the kinetic rate constant of the first step, k2(h-1) is the kinetic rate constant of 

the second step, and  is color coefficient. According to equation 5, the modeling results 

presented with dash line in figure 2. The model curve basically agrees with the data and the 

parameters k1, k2  are achieved as 1.53 h-1, 0.0234 h-1, 0.216, respectively. In this model, 

result shows three datasets of zone 1, 2, 3 are not statistically different, at the 0.05 
significance level, which means they are all from the same sample. That suggests the model is 
applicable for testing the degradation. Admittedly, there are multiply layers of dye covered on 
test surface and roughly to use  data could barely get the accurate concentration ratios. As 
described above in digital image processing, the app developed in this study allowed us to 
obtain each pixel value, which reduced the measurement error. 
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Figure 5. The residual per cent of 
RhB of mortar prepared with 
different water to cement ratios 
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3.3. Effect of TiO2 concentration  
In figure 4,  value of mortar containing different nano TiO2 content (0, 1%, 3%, 5%) was 
presented. Even though with different TiO2 content, all the samples showed intensive 
decolorization rates when UV light started, and effect of TiO2 concentration gradually showed 
up in longer time illumination between mortar with and without TiO2. However, increasing 
TiO2 concentration from 3% to 5% did not lead to distinct decolorization behavior, which was 
also reported in published literatures (Chen J. et al., 2009; Ruot B. et al., 2009).  
Based on equation 5, all the data was fitted with modeling results, and all the kinetic 

parameters was listed in table 3. The average values of k1, k2 and  are 1.47 h-1, 0.0223 h-1, 

0.234 , respectively. The reported kinetic parameters of several dyes (Alison J. et al., 2006) 
are around 5 times of the data in this work. However, the decolorizarion test was conducted 
directly on TiO2 particle in an air-solid system. It noted there is no significance distinction 
among mortar with 1%, 3% and 5% TiO2 in terms of the kinetic parameters. Particularly, the 
model lines of 3% and 5% are almost overlapped. Unlike small molecule (NOx or VOC), it is 
difficult for rhodamine B to diffuse into hardened cement paste, plus nano-TiO2 agglomerates 
easily because of high surface free energy (Folli A. et al., 2012). Increasing TiO2 
concentration may not obviously improve the photocatalysis effect. The similarity of kinetic 
parameters implies that the degradation may be controlled by absorption of photons rather 
than kinetics of the photocatalytic reaction (Chen J. et al., 2009).  

Tab. 3 Series reaction kinetic parameters of mortar with different TiO2 concentration 

TiO2  k1 (h-1) k2 (h-1)  R2 

1% 1.46 0.0218 0.277 0.958 

3% 1.41 0.0230 0.208 0.983 

5% 1.53 0.0235 0.216 0.973 

Interestingly, the color variation of rhodamine B on the surface of reference sample without 
nano-TiO2 reached to a significant extent. After 35.5h of UV illumination, the color almost 
faded to 75% of initial value. Direct photolysis or thermolysis of dye may be the part of 
reasons (Ruot B. et al., 2009). However, with 75% decolorization ratio, this probably involves 
some other photocatalysis in the experimental materials.  
3.4. The effect of water to cement ratio  



To determine whether water to cement ratio affect the decolorization rate of rhodamine B, 
mortar sample containing the same amount of nano-TiO2 (5%) with different w/c ratio (0.4, 
0.5, 0.6 ) was investigated. We assumed that effect of w/c ratio may attribute to dispersion of 
nano-TiO2 in cement paste. With higher water content, TiO2 particle may disperse more 
uniform. In figure 5, the sample with w/c ratio 0.4 had slower decolorization rate than sample 
with 0.5 and 0.6. However, there is no obvious distinction between 0.5 and 0.6. Compared the 
kinetic parameters listed in table 4, it was found that parameters of sample with w/c 0.4 are 
much lower than 0.5 and 0.6. 
As described in the method, to simulate degradation of rhodamine B with influence of water 
content, the sample covered with dye solution was tested before it dry. Therefore, dye 
gradually transformed from aqueous state to solid state in the decolorization process through 
evaporation and absorption. Evaporation rate was basically the same because of the same 
condition. On the other hand, absorption varied widely since the density varied with w/c ratio. 
In the experiment, sample with w/c ratio 0.5 and 0.6, dye solution dried very soon while it 
took much longer time for the w/c ratio 0.4. Dye solution layer covered on decreased UV 
intensity reached to the surface and lowered the reaction rate. In addition, poor surface 
condition was found on the sample with w/c ratio 0.4, due to lower flowability. Some part of 
RhB deposited in the micro voids on the sample surface during absorption and evaporation 
process, which turns out to be a perfect shelter for the organic dye. With larger surface 
roughness and more micro voids, uneven decolorization was occurred at greater level for the 
sample with lower w/c ratio, as it shown in figure1.d.  

Tab. 4 Series reaction kinetic parameters of mortar with different w/c ratio 

w/c ratio k1 (h-1) k2 (h-1)  R2 

0.4 0.524 0.0149 0.180 0.984 

0.5 1.53 0.0235 0.216 0.973 

0.6 1.80 0.0216 0.204 0.956 

4. Conclusions 
A digital image analysis method has been set up to measure the photocatalysis effect of 
self-cleaning mortar (SCM) based on rhodamine B (RhB) decolorization test. The white 
cement mortar with different nano-TiO2 content was prepared with three water-cement ratios. 
The color variation data of these samples was obtained through the app developed in this 
work. 
It was found that the mortar containing nano-TiO2 led to effective discoloration for RhB and 
the degradation rate was gradually reduced after long time exposure of UV irradiation. The 
degradation of RhB was consisted of a series of elementary reactions with different kinetic 
parameters. However, the modelling results indicated that degradation process was generally 
fitted with two-step pseudo first-order reaction model, started with high rate constant k1 and 
ended with much lower rate constant k2.  
The kinetic parameters of mortar preparared with different nano-TiO2 content (1%, 3%, 5%) 
in the same w/c ratio 0.5 have little difference. It shown the effect of TiO2 concentration was 
not significantly obvious, which suggests the decolorization may be controlled by absorption 
of photons rather than kinetics of the photocatalytic reaction. The average values of k1, k2 are 
1.47 h-1, 0.0223 h-1, respectively. 
Even with same nano-TiO2 content, the kinetic parameters k1, k2 of sample prepared with w/c 



0.4 are much lower than the sample with w/c ratio 0.5 and 0.6. The result implies absorption 
and surface condition which varies with the water cement ratio could be indirect factors of 
photocatalysis effect. 
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Abstract 
In times of climate change it is a desirable goal to reduce the global warming potential (GWP) and primary energy 
input (PEI) of the most used construction material – normal concrete. In this study the approach to this matter is by 
enhancing the binder efficiency of normal concrete mixes. This is achieved by complementing and substituting ordinary 
Portland cement (OPC) by properly selected micro-fillers and “eco-fillers” in the paste composition design. 
Accordingly new eco-mortars and eco-concretes deliver desired performance while lowering the environmental impact. 
A newly developed experimental method for selecting proper fillers and finding optimum ratios of ecological mix-
compositions is presented. The method is based on particle packing optimization and reduction of water demand of the 
mix. The fillers used were locally available inert powders such as limestone-, dolomite- and quartz powders with 
different grain size fractions. Possible fillers are classified into micro-fillers and eco-fillers. Micro-fillers with a mean 
particle diameter significantly smaller than the mean particle diameter of OPC primarily have a physical filler effect, 
increase the packing density of pure OPC and reduce the water demand of powder mixes at an optimum content in the 
mix. Eco-fillers have a particle size in the range of OPC, are beneficial for eco-pastes when having a lower water 
demand than OPC and on the rule have only a fraction of GWP and PEI of OPC. 
In optimized mixes, where OPC was partly substituted by pre-selected powders, a very low water demand was achieved 
while reducing the water/powder ratio and keeping a sufficient workability and strength. Within an extensive 
experimental program carried out on various combinations of OPC, eco-fillers and micro-fillers a functional 
relationship between the governing design parameter strength and mix design parameters (water demand and 
water/cement-ratio) was found. Examples of ecological concretes made with the optimized pastes are shown that 
perform equally in terms of workability, strength and water penetration (preliminary durability indicator) compared to 
standard concrete. With the outlined approach the environmental impact of normal concrete was significantly lowered 
resulting in a reduction of up to 30% GWP and up to 15% PEI in comparison to standard concrete. 
 
Originality 
Our study introduces a novel approach that is used to lower the ecological impact of concrete by means of inert micro- 
end eco-fillers only. Without the application of hydraulic and pozzolanic active SCMs the GWP and PEI can be reduced 
significantly. The design of our ecological concrete is based on studies of Fennis (2010) and de Larrard (1999) to 
optimize the particle packing. The experimental methodology is derived from a combination of approaches from 
Marquardt (2002) and Okamura (1995) to measure packing density, lower water demand and increase flowability of 
pastes. For the selection of proper powder materials and optimum mix designs, technological and ecological criteria 
are considered. 
 
Keywords: SCMs; inert filler; particle packing optimization; water demand; ecological-concrete 
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1. Introduction 
In times of climate change it is a desirable goal to reduce the green gas emission (global warming 
potential, GWP) and primary energy input (PEI) of the most used construction material – normal 
concrete. In this study the approach to this matter is by enhancing the efficiency of Ordinary Portland 
Cement (OPC) in normal concrete mixes. The key to success is to optimize the mix composition in 
terms of packing density and water demand of all granular source materials but especially of the 
powders that represent the paste. In such an optimized paste OPC with its high GWP and PEI is 
complemented and substituted by properly selected inert micro-fillers and “eco-fillers” that have less 
environmental impact. Accordingly new eco-mortars and eco-concretes deliver desired performance 
while lowering the environmental impact. 
Principles of designing ecological concrete by particle packing optimization and OPC reduction were 
shown by several authors: Fennis-Huijben (2010) developed the “Compaction Interaction Packing 
Model” (CIPM) for the computation of packing density and a cyclic design procedure for a defined-
performance design of ecological concrete. Her methods are applied and extended by Haist et al. 
(2014) and also followed by the presented work. Reference is made also to Proske et al. (2014) who 
designed eco-friendly, cement redurced concrete with a focus on packing optimization by water 
reduction through the effect of superplasticizers. In several studies secondary raw materials like fly 
ash (FA) or ground granulated blast-furnace slag (GGBS) are used for ecological concretes, as they 
are not allocated to any GWP or PEI when seen as residues or wastes. This approach to the allocation 
for such hydraulically active, supplemetary cementitious materials (SCMs) is questionable because it 
does not take into account the high value of these materials for concrete. In Austria such materials are 
available only in a very limited amount. The reasons for the limitation are on the one hand that in 
Austria coal-fired power stations producing FA were successively substituted by more 
environmentally friendly forms of energy production. On the other hand there is a strong demand for 
GGBS as a by-product of steel production by cement- and other industries so that GGBS must be 
considered as a valuable secondary resource which will not be available in adequate amount for 
normal “mass” concrete. In contrary to that mineral powders, which are inert fillers for concrete, are 
locally available in bulk. 
Inert fillers are well-known as mix-components for concrete, especially for self-compacting concrete 
(SCC) and ultra high performance concrete (UHPC). They are mineral powders which are on the rule 
hydraulically inactive. Mineral powders are used for a lot of industrial products (paper, paint and 
coating, plaster etc.) and therefore are available in a broad range of quality. They can be finely grinded 
and sifted (classified) and therefore available in well-defined grain size fractions and high fineness and 
can also be by-products of the processing of aggregates (stone dust, sludge), which on the rule show 
lower fineness and some impureness. Inert mineral powders have a lower environmental impact than 
OPC. 
The general approach in this research is illustrated in Figure 1 (Teichmann T., 2008). It is based on 
particle packing optimization, reduction of water demand of the granular mix of the paste and partly 
substitution of OPC by more environmentally friendly powders. The paste consists of cement and 
powder materials with a maximum grain size < 125 µm that are suspended in water with and without 
superplasticizers (SP). The composition of the paste is a key to producing sustainable eco-concretes 
and mortars as it relates to workability and strength. 
An optimized mix requires less water due to the physical filler effect of micro-fillers placed into voids 
of an original granular mix (mainly OPC) in spite of increasing the overall specific surface. In addition 
to that the water demand of suitable fillers can be significantly lower than that of OPC. Additionally 
the water demand of most granular materials (i.e. OPC and/or fillers) can be significantly reduced with 
SPs, which reduce the “thickness of the water film” of the grains. 
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Figure 1: physical filler effect of micro-fillers and OPC 
substitution by eco-fillers, modified acc. to Teichmann 

(2008) 

Figure 2: GWP of source materials and influence of 
processing (“milling”) of powders on GWP 

With an optimized mix it is on the one hand possible to lower the w/c-ratio (water/cement-ratio) of the 
concrete composition and therefore achieve a higher strength concrete (approach used for UHPC). On 
the other hand, water and cement content of a concrete mix can be decreased while maintaining the 
same or even allowing a higher w/c-ratio. This leads to a decrease of the w/p-ratio (water/powder-
ratio). In this case cement is substituted by eco-fillers that have a lower CO2-equivalent and consume 
less primary energy and are preferentially cheaper than OPC. In the ongoing research projects, more 
than 100 possible materials are investigated for their suitability as eco-filler SM for concrete. It has to 
be proved that clinker-reduced mixes with such fillers have an identical performance to a reference 
concrete according to standards in terms of workability, strength and durability.  
The work is part of an ongoing research project supported by the Austrian precast industry. Therefore 
the requirements of precast concrete have to be taken into account. This comprises high strengths at 
early ages, economic mix-compositions, materials should be locally available and easy to be handled 
at a precast plant. 
2. Powder Materials for Eco-pastes: Characterization and Decisive Criterias 
To select suitable materials, environmental impact and technological criteria of source materials have 
to be considered as following. 
2.1. Environmental Impact of Source Materials 
Possible materials to partly substitute OPC in concrete according to the above mentioned principles 
were investigated concerning their GWP (global warming potential, greenhouse gas emissions) and 
PEI (primary energy input) by software for Life Cycle Assessment (LCA, 2014) and the ecoinvent 
database (Ecoinvent Center, 2014); results see Table 1. The materials were classified in terms of 
fineness of the processed powders for the LCA-modelling. Consequently it was distinguished between 
“micro-fillers” with a d50 (mean particle diameter, particle diameter for accumulation by 50% of 
volume) = 2.8 µm, eco-fillers with d50 = 8.5 µm (which is in the range of CEM I 52.5) and macro-
fillers with d50 ≥ 30 µm. The influence of processing (“milling”) of powders on ecological 
performance was evaluated and some results are shown in Figure 2. 
It is obvious that OPC greatly exceeds the environmental impact of finely mineral fillers (micro-fillers 
as well as eco-fillers) and aggregates due to the calcination process. Evaluating the production process 
(processed by milling and repeated separation) of fine mineral powders and the milling process during 
the cement production has shown that the energy consumption increases disproportionately high with 
decreasing fineness (Reinisch J. et al., 2014). This implies that coarse fillers for eco-concrete have a 
smaller environmental impact than fine and very fine materials. It also implies that costs for the 
materials increase disproportionately high with decreasing fineness. Thus fine materials have to be 
used sparingly due to economic reasons. Regarding superplasticizers, the energy demand for the 
production is very high and causes a high GWP and PEI. For this study the values for PCE-SP in 
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Table 1 were taken from Schiessl (2006), similar values can be found in (Deutsche Bauchemie e.V., 
2014), see also table 1 
2.2. Technological Criteria for Suitable Fillers 
2.2.1 Overview of Investigated Materials  
For particle packing optimization grain size distribution, fineness, packing densities of source 
materials and the interaction of very fine particles are decisive, cp. (Fennis-Huijben S.A.A.M., 2010). 
In this work it is shown, that additionally the water amount to reach a certain flowability of a 
water/powder-mix plays a major role. Table 1 shows properties of source materials covered in this 
paper. The values for water demand at saturation point are Vws/Vp and for flowability are Vwf,i/Vp. 
They are determined by a new method presented in the following chapter. Vws/Vp is significant as it 
corresponds to the void content ε of a powder material or powder-mix acc. to equation (1).  
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(1)

The void content ε in turn corresponds to the wet packing density � (� =1-ε). The commonly given 
parameters for particle fineness – grain size distribution, d50 and the Blaine-value – do not cover 
influences of shape, surface roughness and surface charge of the materials on their packing 
characteristics and water demand. With the values for water demand and flowability determined, these 
influences are covered.  

Table 1 : properties of investigated materials 

type true 
density 
ρ0 

grain 
size 
d50  

x’ n Blaine- 
value  

water demand 
(void content) 
Vws/Vp 

Water for 
spread flow 
160mm 
Vw,f,160/Vp 

Sensitivity 
to add. of 
water  
Ep 

GWP PEI 

 g/cm³ µm µm - cm²/g - - - kgCO2/t MJ/t
cem I 52,5 R 3.14 7.5 8.5 0.9 5110 0.92 1.65 0.0041 831 4030
quartz eco  2.65 13.8 18.6 1.0 4640 0.85 1.14 0.0026 41 1338
limestone eco 1  2.7 9.0 15.8 1.2 5630 0.59 0.94 0.0028 25 717 
limestone eco 2  2.7 12.0 20.4 1.0 3689 0.69 0.97 0.0026 25 717 
dolomite eco 2.86 9.0 12.9 1.2 4413 0.84 1.12 0.0019 25 717 
limestone micro 1  2.73 2.2 3.5 1.2 9314 0.61 0.65 0.0015 36 1006
dolomite micro 1  2.90 3.3 4.3 1.3 8300 0.85 1.16 0.0030 36 1006
limestone micro 2  2.70 4.1 5.9 1.0 10077 0.77 1.22 0.0051 36 1006
limestone micro 3  2.72 1.2 1.5 1.6 8186 1.10 2.27 0.0063 36 1006
limestone micro 4  2.70 2.3 3.0 1.6 - 0.75 1.18 0.0042 36 1006
Gravel 1/4 2.73 2700 - - measurement not possible  2 58 
Superplasticizer 
(PCE) 

1.06  944 29150

All mentioned fillers come from different rock deposits. 
2.2.2 New Method-Combination of Determining Packing Density, Water Demand and Flowability 
This new approach combines the so-called “mixing energy method (MEM)”, cp. (Marquardt I., 2002), 
to determine the void content of a powder by its water demand at saturation point with the spread flow 
test (ST) according to the procedure of Okamura et al. (1995) for determining the flowability of pastes, 
therefore we call it MEM-ST. It can be used for a single material as well as a mix of granular materials. 
In the first step a certain volume of dry powder (Vp) is introduced into a mixer that is able to record 
changes in mixing energy input and power consumption (see Figure 3a). Additionally the amount of 
water added is measured continuously with the help of a flow-meter. In the next step - while mixing 
with constant speed and continuously adding water - the saturation point of a granular material or mix 
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is determined as the peak of the power consumption. At this point, immediately before saturation, 
capillary bridges between particles cause a maximum of shear resistance (Punkte W., 2002). There the 
water demand (Vws/Vp) corresponds to a minimum void content resulting in a maximum packing 
density, the mix appears to be “earth-moist”, cp. Figure 3(a)-1. 
In the following phase additional water is added stepwise. At each step the spread flow (f,i) is 
determined on a dry glass plate with a Hägermann cone (according to EN 1015-3 but without any 
shocks) - cp. Figure 3(a)-2 - and the corresponding water demand (Vwf,i/Vp) is recorded. Figure 3(b) 
shows varying water/powder proportions (Vws,i/Vp) as a function of their mean spread flow diameter 
for three examples of different powders. 
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Figure 3(a): test-set up Figure 3(b): significant parameters of powders and 
granular mixes regarding water demand 

The flowability of these water/powder-mixes with a defined spread flow, for example i=160 mm, can 
be read in the graph as the value Vwf,i/Vp and powders can be compared to each other regarding their 
water demand for this spread flow, see table 1. The slope of the regression line (Ep) of at least 3 
different flow values is a measure for the “sensitivity” of each material to water addition to the mix. 
The flatter the slope, the easier a material flows by adding a certain increment of water. In the graph of 
figure 3(b) the water demand at the saturation point (Vws/Vp) determined by MEM is illustrated at a 
“virtual” axis of spread flow zero. It corresponds to the void content ε or the packing density � as 
mentioned above. Proper powders with a high packing density and sensitivity to water addition (a high 
“flow capacity”) and above all a low water demand for a certain flowability (Vwf,i/Vp) can be selected 
from this method. 
2.3. Selection of Suitable Fillers 
To sum up, the proper fillers to enhance the eco-friendliness of pastes for normal concrete should 

- have a significantly lower environmental impact than OPC   
- exhibit a physical filler effect in the granular structure of OPC and other mix-components 

(increase packing density = lower Vws/Vp of the powder-mix)  
- reduce water-demand to reach certain flowability of the paste 
- be locally available in sufficient quantity (to avoid uneconomic transport distances) 
- for economic reasons should not be (much) more expensive than OPC 

These requirements cannot be attributed to all types of fillers equally. Therefore possible fillers are 
classified into groups of micro-fillers, eco-fillers and macro-fillers. As illustrated in figure 1, micro-
fillers should primarily have a physical filler effect to densify the granular structure and reduce the 
water demand, which has a positive effect on the water/cement-ratio (w/c). Introducing a micro-filler 
into a mix is beneficial, when the packing density increases so much, that the w/c-ratio can remain 
nearly constant or even decrease although the percentage of the cement particles in the volume 
decreases – cp. (Fennis-Huijben S.A.A.M., 2010) – while maintaining certain flowability. The size 
ratio of smaller particles and larger particles should be d(micro-filler)/d(larger particle) ≤ 0.154 according to (Yu 
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A.B. et al., 1991) in two-component mixes. If the ratio is higher, interaction between the particles 
fractions has to be considered, the original particle packing of the larger particles is “loosened”. In the 
best case, when for example well-rounded, monodispersed spheres are considered, this interaction is 

small to a size ratio of about d(micro-filler)/d(larger particles)  0.33, cp. (Fennis-Huijben S.A.A.M., 2010). In 

the context of this work the mean particle diameter d50 of OPC is 7.5 µm and of the largest considered 
eco-filler quartz is 13.5 µm (an average of 10.5 µm) and so the maximum d50 of effective micro-fillers 
is estimated as 3.5 µm and fillers are classified by this limit. This limit corresponds to a high fineness 

of such powders (Blaine-value 8000 cm²/g). Only few micro-powders are locally available and 

usually more expensive than OPC. On the contrary larger mineral fillers are available on the market 
and cheaper than OPC. Depending on mineral type, fineness, particle shape, surface roughness and 
interparticular forces they have a certain packing density and water demand. They are beneficial for 
eco-pastes when they have a lower water demand than OPC – a property that subsumes the mentioned 
aspects – and therefore can contribute to a reduction of water/powder-ratio (Vwf,i/Vp) in a mix with a 
certain flowability. As they are economic and eco-friendly we call them eco-fillers, when they are in a 
size range of OPC (here 3.5 µm < d50 < 30 µm). In addition to that larger mineral fillers are called 
“macro-fillers”. They can be used to improve the particle size distribution of the whole granular mix 
of eco-concrete components including aggregates. Haist (2014) shows that such fillers can increase the 
packing density of a concrete mix as they fill the “gap” between the size range of OPC and fine 
aggregates in the grading curve. They are on the rule economically and ecologically. Macro fillers are 
not considered for paste optimization within the scope of the outlined paper but can be considered 
when optimizing a granular mix of all components of an eco-concrete. 
Out of a large number of powders characterized in the above described way (see table 1), for this study 
promising micro-fillers of high fineness and eco-fillers with low water demand high flowability 
respectively were selected and combined to produce pastes for eco-pastes. 
3. Material Combination and Optimum Mix-ratios (The Combined Filler Concept) 
In water/powder-mixes for eco-pastes the advantages of OPC and the prescribed different types of 
fillers must be combined which is only possible at an optimum mix ratio. The optimum mix ratio can 
be found by an experimental method as follows.   
3.2. Novel Experimental Method of Paste Composition  
The prescribed method MEM-ST is applied on powder-mixes of OPC and fillers iteratively. Each 
series starts using the pure OPC-paste of a reference concrete with a specific w/c-ratio as a reference 
paste. Vws/Vc and Vwf,i/Vc are determined. In following steps eco-filler (ef) or micro-filler (mf) are 
added in gradually increasing volume fractions (x), which means gradually increasing amounts of 
OPC are substituted by fillers in the total volume of powder Vp, see equation (2). 
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where x corresponds to the amount of filler in the total volume of powder Vp. 
For each mix with a certain fraction of filler (x) the amount of water to reach saturation (Vws/Vp(x), 
void fillimg water) and to reach a defined flowability is determined (Vwf,i/Vp(x), i=spread flow value). 
The aim is to find an optimum mix-ratio with minimum water demand and maximum OPC-
substitution that fulfils the desired criteria of flowability but also strength as the governing design 
factors. Therefore in a further step pastes of this mixes with defined constant flowability are used to 
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cast prisms 40/40/160 mm and to test their compressive strength at an age of 28 days fcm,28d 
according to EN 196-1 (n=3 specimens each). 
Eco-fillers and micro-fillers of different mineral powder types were combined with OPC in an 
extensive experimental program. Not only a reference paste of w/c=0.52 (ω=1,63), spread flow 
i=160 mm, fcm,28d = 49.3 MPa, but also a reference paste of w/c=0.43 (ω=1,35), spread flow 
i=140 mm, fcm,28d = 67.0 MPa was investigated followed by OPC/eco-filler and OPC/eco-
filler/micro-filler combinations in varying mix-ratios. 
The results of such tests are shown by means of four examples in figures 5(a) to 5(d). Figure 5(a) 
shows a mix of OPC and eco-filler quartz in varying volume fractions, figure 5(c) of OPC and eco-
filler limestone 2 (2-component mixes). Figure 5(c) shows a mix of OPC/eco-filler quartz/ micro-filler 
limestone 1 and figure 5(d) of OPC/ eco-filler limestone 2/ micro-filler limestone 3 (3-component 
mixes).  
Each graph shows a curve Vws/Vp(x) representing the void ratio depending on the amount of filler x in 
the paste – the packing densities respectively (see equation 1) – and a curve of the the water demand 
Vwf,i/Vp(x) to reach a certain spread flow (i=140 or 160 mm). Additionaly strength values fcm,28d(x) 
are plotted. The w/c-ratio is recorded also in the graphs for each step of OPC-substitution as a 
volumetric ratio ω(x). It is derived from the water demand Vwf,i/Vp(x) and the grade of OPC-
substitution Vp/Vc(x) according to equation (3). 
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(3)

where mw = mass of water and mc= mass of cement,  
ρc and ρw = density of cement and water  

ω(x) equals the water/powder-ratio Vwf,i(0)/Vp of the reference paste at the starting point (x=0). It can 
be seen, that ω(x) depends on a hyperbolic function Vp/Vc(x) that causes a rapid increase of w/c with 
decreasing amount of OPC in the paste, cp. figure 5. 
We can see two different cases of eco-filler behaviour and two different cases of micro-filler 
behaviour in the diagramms. Figure 5(a) shows that Vws(x)/Vp (void content) of mix 1 remains 
constant - the packing density is not changed. In contrary to that the water demand (Vwf,140(x)/Vp) of 
mix 1 decreases linearily with an increasing percentage of eco-filler quartz. This means eco-
filler quartz improves the workability, because it needs less excess water – that is the difference of 
Vwf,140(x)/Vp and Vws(x)/Vp – than OPC to trigger flowability. In contrary to that for eco-filler 
limestone 2 in figure 5(c) the following applies: water demand Vwf,160(x)/Vp and void content 
Vws(x)/Vp drop linearily with an increasing amount of filler in mix 3. So adddition of eco-filler 
limestone 2 improves both, flowability and packing density. As a consequence the stregth fcm,28d(x) 
remains constant up to a percentage of 20% of eco-filler limestone 2 in mix 3, whereas in mix 1 (eco-
filler quartz) the strength decreases rapidly with increasing OPC substitution.  
Figure 5(b) shows the influence of increasing percentage of micro-filler limestone 1 in a mix with 
OPC/eco-filler quartz at a fixed ratio 5/1. Micro-filler limestone 1 has a very low void content 
Vws(1)/Vp (void water at saturation point) and in addition to that needs only very little excess water to 
flow (Vwf,160(1)/Vp of the micro-filler is much lower than of OPC and eco-filler qartz). Thus on the 
one hand it enhances the flowability of the mix, an effect that is very strong up to 40% of it in the mix. 
On the other hand it increases additionally the packing density by a physical effect of filling voids 
between OPC and quartz-powder particles. A local minimum of the Vws/Vp(x)-curve at 30% shows 
the so-called micro-filler effect. Both effects superpose each other and cause an enormous reduction of 
the water demand of the powder mix in comparison to the OPC-reference. The water/cement-ratio ω(x) 
even decreases with an increasing OPC-substitution grade up to 40% of micro-filler. Thus strength 
increases up to 40% of micro-filler addition which is a total of 56% of OPC-substitution in the 
presscribed OPC/eco-filler/micro-filler mix. (Unfortunately micro-filler 1 costs about two times as 
much as OPC and therefore should only be applied in smaller amounts). Another, more typical 
example of micro-filler behaviour is shown in figure 5(d). Micro-filler limestone 3 shows a physical 
void filling effect by a minimum of Vws/Vp(x) at an optimum of 11%. Therefore it improves packing 
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density and reduces also the water demand for a certain flowability Vwf,160(x)/Vp at that optimum mix-
ratio only. A small srength gain is observed in the curve fcm,28d(x) at x=11-20% despite of increasing 
w/c-ratio.  

Figure 5: MEM-ST charts for eco-powder mixes of a) OPC/ ef quartz b) [OPC : ef  = 4:1 =const]/ mf 
limestone 1, c) OPC/ ef limestone 2 and d) [OPC : ef limestone 2 = 4.25 : 1 = const.]/ mf limestone 3 

3.2.1 Computation of Packing density 
Packing densities of the presented powder combinations were calculated by a software-tool – cp. 
(Mustafa N., 2015) – that applies the model CIPM according to Fennis-Huijben (2010). With this tool 
it is possible to calculate packing densities of granular mixes on the basis of experimentally 
determined packing densities of single materials, their grain size distribution and the so-called 
compaction index K of the mix (depending on the grade of compaction). For the calculation packing 
densities of our powders were determined by the method MEM as explained above. In contrary to the 
approach of Fennis-Huijben (2010), no superplasticizer (SP) was added to the water powder mixes for 
the determination of the packing densities. Therefore model parameters that describe the particle-
interaction of powders depending on their fineness had to be adjusted to values of wa=1,2 wb=1,0 
Ca=0,8 Cb=1,5, K=12,2. In the calculations mf limestone 1 showed a different behavior to all other mf 
and parameters of wa=wb=1,0 Ca=1,5 Cb=0,2 and K=12,2 had to be used. These parameters are 
proposed by Fennis-Huijben (2010) in her work for water-powder mixes that were measured with SP. 
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Details regarding the meaning of the parameters and the way of calculation can be found in Fennis-
Huijben (2010) and (Mustafa N., 2015). The results of the calculations were converted into values of 
Vws/Vp (CIPM) and plotted in figure 5.  
4. Results, Proposal of a Correlation Function and Discussion 
Within the scope of this paper experiments were carried out with 4 different combinations of 
OPC/eco-filler and 6 different combinations of OPC/eco-filler/micro-filler. Eco-fillers of three 
different mineral powder types (limestone, dolomite, quartz) and micro-fillers of two mineral types 
(limestone, dolomite) were used, see table 1. The effects of the used eco-fillers and micro-fillers were 
evaluated and optimum mix ratios of OPC/ef/mf were identified keeping the required flowability and 
strength at least equal to the reference paste. Within the program, mixes with increasing OPC-
substitution grades were investigated in two series, B2 and B7. Series B2 refers to a reference paste of 
w/c=0.52 (ω=1,63), fcm,28d = 49.3 MPa, series B7 refers to a reference of w/c=0.43 (ω=1,35), 
fcm,28d = 67.0 MPa. For all mixes of series B2 a spread flow of 160 mm (8,1 mm standard deviation) 
and for B7 a spread flow of 140 mm (4,6 mm standard deviation) was held. 
The results of the experiments are now used to investigate the relationship between the governing 
design parameter strength and mix design parameters (Vw/Vc, Vw/Vp). 
4.1. Correlation Function 
Figure 6(a) shows the correlation of strength fcm,28d  and volumetric w/c-ratio ω(x) of all investigated 
paste-mixes (references, OPC/eco-filler and OPC/eco-filler/micro-filler). The coefficient of 
determination R²=0,70 (series B2) and R²=0,77 (series B7) is not high. It is interesting, that several 
OPC/eco-filler/micro-filler combinations (at optimum mix ratios) show an equal strength to the 
reference pastes while having a higher w/c-ratio ω(x). Some mixes, predominantly combinations with 
mf limestone 1, show an even higher strength than the references at equal or higher w/c-ratios. In 
figure 6(a) also one of the known equations predicting the strength of concrete related to w/c is plotted, 
see equation (4) according to Souwerbren (1998).  

45
/

25
8,0 28)28( 

cw
Nf dcm (4)

 
where fcm,28d = estimated strength of concrete after 28 days, 
N28= normative strength of cement after 28 days, 

It can be seen, that for higher w/c-ratios the prediction curve seen as a reference and the regression 
lines of mixes of series B2 and B7 converge. The results show that pastes with an optimized mix ratio 
of OPC/eco-/micro-fillers can reach reference values of compressive strength despite of a high OPC-
substitution grade at an optimum mix ratio. The strength decreases more rapidly for OPC/eco-fillers 
combinations than for OPC/ef/mf combinations with increasing grade of OPC-substitution.  
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Figure 6a: correlation of strength fcm,28d and volumetric 
w/c-ratio ω(x) of all investigated paste-mixes 

Figure 6b: correlation of strength fcm,28d and fcor acc. to 
eq.(5) of all investigated paste-mixes 

Empirically a good correlation of strength and a function fcor according to equation (5) can be found. 
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where Vwf,i(0)/Vp is the water/powder-ratio of the reference paste (x=0) which is equal to its 
water/cement ratio Vwf,i(0)/Vc(0).  
The correlation between our function fcor and strength fcm,28d (R²=0,9) is remarkably higher than the 
correlation of w/c-ratio and strength, see figure 6(b). Within the funtion fcor(x) two terms are added. 
The first term ΔVwf,i(x)/Vp shows the difference between water demand of the reference OPC and 
water demand of the eco-powder-mix, which means it shows the reduction of water by the 
optimization through the fillers. The second term ΔVwf,i(x)/Vc(x) shows the difference between 
volumetric w/c-ratio ω(0) of the reference OPC and ω(x) of the eco-powder-mix, which means it 
shows the shift of the w/c-ratio. fcor(x) is plotted in figures 5(a) to (d) for the given examples of paste-
compositions. It can be deduced that for all volume fraction of fillers x with fcor(x) ≤ 0, the strength of 
the eco-paste will reach the strength of the reference paste or exceed it. 
The regression functions of compressive strength and fcor(x) for the two series B2 and B7 as shown in 
figure 6(b) describes the functional relation between strength of an eco-paste fc,eco-paste and parameters 
of the mix-design according to fcor(x). An exponential function according to equation (6) predicts 
fc,eco_paste 

 on the basis of the compressive strength of the reference paste and mix design parameters.  
fcor

refcpasteecoc eff  5,0
,_, ,  (6)

For now the correlation is only determined for OPC of class CEM I 52.5 R. 
4.2. Discussion 
The strength of eco-pastes at an optimum mix-ratio of OPC/ef/mf reaches the strength of pure OPC-
pastes even at higher w/c-ratios. With the proposed equation (6) the strength of eco-pastes can be 
estimated on the basis of a reference paste and parameters of eco-paste mixes. The investigations show 
that eco-pastes may have a higher w/c-ratio than reference pastes to reach an equivalent strength. It is 
observed that the strength remains at a constant level when the Vw/Vp-ratio is decreased at least to the 
same extent as the Vw/Vc-ratio is increased in an eco-mix related to a paste of pure OPC (i.e. 
fcor(x) ≤ 0). This is observed for optimized combinations of OPC and inert micro-fillers that enhance 
packing density and inert eco-fillers that are able to reduce water demand of the powder-mixes. The 
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physical effect of void filling by micro-fillers plays a major role. It depends on the size ratio of the 
micro-filler to the dominating grain in the paste (i.e. OPC or a mix of OPC/ef) and shall be smaller 
than 0.33 or better < 0.154 as explained in chapter 2.3. So micro-fillers exhibit three effects, lowering 
the water demand for certain flowability, increasing the packing density and densification of the 
granular structure (and probably microstructure of the hardened paste).  
One of the investigated micro-fillers (mf limestone micro 1) shows an extraordinarily high capability 
of both, enhancing packing density of the mix and reducing water demand of the mix for a certain 
flow resulting in an extraordinary high strength improvement at high OPC-substitution rates, cp. 
Figure 5(b). This very fine limestone filler especially effects the flowability of pastes when introduced 
in a sufficient amount (10-40%). A hydraulic or pozzolanic activity of this filler is to the opinion of 
the authors no main reason for the effect. Such a high strength gain could only be explained by a 
pozzolanic effect with an activity index k ≥ 1. It seems far too high for pure limestone powder 
(calcit > 98%), even if it is well-known, that very fine fillers can contribute to the hydration process of 
OPC by acting as nuclei for cement-gel growth, CSH-crystallization respectively. It is assumed that 
rounded particle form, smooth particle surface and probably some dispersing agent as a rest of the de-
flocculation process during the production of this filler is responsible for the “flow-effect”. The 
reasons shall be investigated in future works. The “flow-effect” is included in the determined values of 
Vwf,i/Vp of the mixes with mf limestone micro 1 
Optimum mix-ratios for eco-pastes (OPC/rf/mf) must be found iteratively by applying the outlined 
experimental procedure (MEM-ST + strength tests). The material parameters for powders (i.e. water 
demand for a certain flowability Vwf,i/Vp, void-ratio Vws/Vp – packing density) determined by the 
method MEM-ST and grain size ratios of mf /OPC or mf/ef are used a the pre-selection of suitable 
eco-fillers and micro-fillers. The processs can be supported and accelerated by calculating optimum 
ratios of mixes with maximum packing density by computational models like CIPM. This is the basis 
of further mix-design of ecologically optimized concrete and mortar mixes.  
Fennis-Huijben (2010) introduced the so-called cement spacing factor CSF in her work. It is also a 
function to predict the strength of ecological optimized concrete mixes on the basis of the amount of 
cement in the mix, the amount of water in the mix and the influence of the packing density. It will be 
applied on the paste mixes of the outlined paper in future work to compare it to the relationship found 
according to equation (6). 
Regarding all investigated combinations - except mixes with mf limestone micro 1 - a grade of OPC 
substitution in eco-pastes of about 25% related to the reference pure-OPC paste is reached realistically. 
To further reduce water/powder-ratio and substitute more OPC by ecological fillers, highly effective 
superplasticizers can be or shall be used for the mix design of eco-concretes.  
4.2.2 Influence of Superplasticizers 
It shall be mentioned that by the use of superplasticizers (SP) the water-demand for certain flowability 
as well as the w/c-ratio can be reduced very effectively. SP can additionally disagglomerate OPC and 
fillers on the rule, however SP exhibit no void-filling effect like micro-fillers to densify the structure. 
The use of SP therefore is beneficial for partly substituting the OPC-content of concrete by inert eco-
fillers. Besides other chemical or physical aspects of SP the high GWP and PEI of SP must be kept in 
mind, see table 1. 
5. Conclusion andOutlook 
5.1. Conclusions 
This paper deals with material selection and mix-proportioning of optimized pastes for ecological 
concretes. It is figured out, which materials – especially inert fillers – are ecologically, technologically 
and also economically worthwhile. A novel experimental method called “MEM-ST” is shown that 
allows for characterization of powder materials and for optimizing the mix-proportions of powders in 
pastes regarding maximum packing density, minimum water demand and minimum environmental 
impact. The binder efficiency of widely available OPC is thereby enhanced and the environmental 
impact of cement-pastes (GWP and PEI) is lowered by partly OPC-substitution. 
Possible inert fillers are classified into groups of micro-fillers (mf), eco-fillers (ef) and macro-fillers. 
Micro-fillers primarily have a physical filler effect to increase the packing density of pure OPC –
decrease the void content (ratio Vws/Vp) respectively – and reduce the water demand of the mix. 
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Introducing a micro-filler into a mix is beneficial, when the water demand decreases so much, that the 
w/c-ratio can remain nearly constant although the percentage of OPC in the volume decreases while 
maintaining certain flowability. Regarding the size ratio of mf and OPC d50(mf)/d(OPC) ≤ 0.154 according 
to (Yu A.B. et al., 1991) or at maximum – when interaction that loosens the structure to a certain 
extent is admitted – d50(mf)/d(OPC) ≤ 0.33 is recommended, cp. (Fennis-Huijben S.A.A.M., 2010). Only 
few micro-powders fulfilling the requirements are locally available and usually more expensive than 
OPC unfortunately. On the contrary larger mineral fillers are available in bulk and cheaper than OPC. 
They are beneficial for eco-pastes when they have a lower water demand than OPC and therefore can 
contribute to a reduction of water/powder-ratio (Vwf,i/Vp) in a mix with certain flowability. As they 
are economic and eco-friendly we call them eco-fillers, when they are in a size range of OPC (here 
3.5 µm < d50 < 30 µm). In addition to that larger mineral fillers are called “macro-fillers”. They can be 
used to improve the particle size distribution of the whole granular mix of eco-concrete components 
including aggregates, which is out of the scope of the outlined paper. 
Due to economic reasons and for a maximum ecological improvement the desired performance of a 
eco-paste (i.e. flowability and strength equal to the that of the reference paste) should be reached with 
the smallest possible amount of micro-filler and maximum possible amount of eco-filler substituting 
OPC. 
Theoretically it is possible to optimize pastes regarding their particle size distribution by more than 
two additional filler-fractions (mf, ef). The number of filler fractions should be limited due to 
economic reasons regarding the handling at a precast plant or construction site. 
Optimum mix-ratios for eco-pastes (OPC/ef/mf) can be found iteratively by applying the prescribed 
experimental procedure (MEM-ST + strength tests) on powder mixes, see chapter 3.2. The processs 
can be supported and accelerated by calculating optimum ratios of mixes with maximum packing 
density by computational models like CIPM according to Fennis (2010).  
c An exponential function according to equation (7) predicts strength of eco-pastes on the basis of the 
compressive strength of a reference paste and mix design parameters (Vw/Vc, Vw/Vp). 
5.2. Practical Application of Ecologically Optimized Pastes  
The presented method leads to powder-combinations with an optimum mix-ratio for ecological mix 
compositions of pastes. In an ongoing research project for the Austrian precast industry two powder 
combinations (eco-I and eco-II) were selected for the developement of eco-concretes mith a maximum 
grain sze of 4 mm (i.e. mortars). Figure 7 shows the performance of a reference mortar with w/c=0.52 
and three types of eco-mortars in terms of strength, open porosity (=capillary porosity determined by 
water immersion) as well as GWP and PEI. Each indicator is normalized to the value of the reference 
mortar. The aim of improving ecological performance (decreased GWP and PEI) while keeping 
strength and open porosity at the level of the reference mortar was reached (eco-mortar I-A, II-A and 
II-D). It is remarkable, that an ecological optimization by introducing eco-fillers and micro-fillers was 
reached even with small amounts of SP. In case of eco-mortars I-A and II-A the amount of SP was 
equal to that of the reference mortar while keeping the same consistency. In case of eco-mortar II-D 
with highly reduced water content and an additional macro-filler in the mix – equivalent to a low 
Vw/Vp-ratio – the amount of SP had to be increased. The environmental impact was reduced up to 
30% GWP and up to 15% PEI in comparison to standard reference concrete. The open porosity of all 
eco-mortars is almost equal with the reference mortar, which indicates a sufficient durability. Further 
information on the developed eco-mortars can be found in Juhart (2014). 
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Figure 7: performance and ecological impact of tested mortars 

5.3. Outlook and future Research 
To prove the equivalent concrete performance of our eco-concretes in terms of durability, ongoing 
investigations involve extensive testing comprising thaw-freeze cycles, carbonation and chloride 
ingress. It is assumed, that due to a densification of the micro-structure by micro-fillers, the pore size 
distribution and microstructure of eco-pastes differs from that of normal concrete pastes. This is to be 
investigated in future research. 
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Abstract 
Because the dispersed sufficiently silica fume is able to realize its filling effect, hydration nucleation 
effect and pozzolanic effect better, a new dispersing method on silica fume aiming to dispersing it fully 
is introduced. The influence of modified silica fume on performance of cement-based materials was 
investigated. In view of the presence of silanolate groups and negative charges on the surface of silica 
fume, the zeta potential of silica fume surface became positive by reaction between silanolate groups 
on silica fume surface and lab-made Ca(OH)2 solution, thereby changing of zeta potential generates 
stronger adsorption force to anionic polycarboxylate copolymer. In order to explain that influence of 
zeta potential of silica fume on the adsorption properties of polycarboxylate copolymer, the 
performance of modified silica fume was evaluated by measuring zeta potential and adsorption amount 
of polycarboxylate copolymers on silica fume surface in cement pore solution, results showed that zeta 
potential, adsorption amount of polycarboxylate copolymers on modified silica fume surfacein creased 
obviously. Furthermore, influence of modified silica fume on the performance of cement-based 
materials was studied, results showed that the effects of modified silica fume on fluidity, mechanical 
properties, hydration products and morphology of cement-based materials were outstanding than the 
non-modified silica fume. 
 
Keywords: silica fume; zeta potential; adsorption amount; fluidity; mechanical properties; hydration 

products; morphology 
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1．Introduction 
Silica fume is a kind of mineral admixture with a high mineral reactivity, it has been used in 

cement-based materials widely. The reason why silica fume has a high mineral reactivity is 

that on the one hand silica fume contains a high SiO2 active ingredient, which is able to cause 

a hydration reaction with Ca(OH)2 produced cement hydration. On the other hand silica fume 

is a kind of ultra-fine powder containing a large of micro-nano particles, it can play a good 

filling effect and nucleation effect when was used in cement-based materials (Ma Y. F. et al., 

2009; He X. F. et al., 2013). But, the surface energy of silica fume containing micro-nano 

particles is very high, When silica fume present in the form of individual particles, the 

particles are able to attract each other to close and reunite spontaneously.  However, this 

phenomenon is easy to cause surface-active of silica fume to decrease, and weaken the 

practical performance of silica fume (Ji Y. J. et al., 2003; Mohammad I. K. et al., 2011). 

Therefore, how to eliminate the reuniting effect of silica fume particles has been a hot 

research. Currently dispersion method of silica fume is mainly divided into physical and 

chemical dispersion methods. Physical dispersion methods include ordinary mechanical 

stirring dispersion, grinding and stirring dispersion in a high speed, ultrasonic dispersion etc. 

Chemical dispersion methods are complied by the use of different types of anionic dispersing 

agents, the anionic dispersing agents include various types of anionic superplasticizer, lignin 

sulfonate and its derivatives, hydroxy acids and its salts, organic and inorganic phosphoric 

acid and its salts, and various types of anionic polymer etc (Dong J. M. et al., 2011). However, 

the effect of ordinary mechanical stirring and other physical dispersion methods is poor. 

Besides when chemical dispersion methods are used, the dispersion degree is limited too, 

while it is a significant negative impact on the performance of cement-based materials when 

the amount of dispersing agents is excessive, such as introduction of a large number of 

bubbles and a significant reduction in strengths of cement-based materials(Wang Z. J. et al., 

2006)  

This study presents a new dispersing method aiming to achieve a superior dispersion on silica 

fume. There are a large number of silanols on the surface of silica fume, the silanols are 

expected to act like a weak acid (K1=10-9.8) (Greenberg S.A., 1956). The weakly acidic sites 

are capable of a acid-base reaction with Ca(OH)2 in alkaline pore solution of cement paste to 

make Ca2 + ions to be adsorbed on the surface silica fume. so that the zeta potential of the 

silica fume is turned into positive potential. Then the silica fume adsorbing Ca2 + ions is able 

to adsorb different types of anionic dispersing agents to achieve the dispersion of silica fume 

(Xu Y.S. et al., 1999; Mostafa N. Y. et al., 2001). But this process will take some time and is 

achieved in pace with the cement hydration process, plus the ion species are very complex in 

the pore solution of cement paste, dispersion effect of silica fume is limited(Schrofl C. et al., 

2010). In order to achieve a better dispersion on silica fume, this research put forward a 

pretreatment method on silica fume, which was able to turn the zeta potential of silica fume 

into positive potential in advance, then the modified silica fume and anion superplasticizer 

were together incorporated in cement-based materials to achieve better dispersion on silica 

fume. In order to explain the influence mechanism of the modified silica fume on dispersion 

effect, this research compared the zeta potential and adsorption amount of polycarboxylate 

superplasticizer between modified silica fume with non-modified silica fume. In addition, the 

influence of modified silica fume on fluidity, mechanical properties, hydration products and 



morphology of cement-based materials was studied aiming to evaluate the impact of modified 

silica fume on the performance of cement-based materials. 

2. Experiments 
2.1. Materials 

The Portland cement used was P·II42.5 in accordance with the relevant Chinese standard. SF 

was obtained from Elkem Carbon Co., Ltd, China. The compositions of the cement and SF 

are shown in Table 1, the XRD pattern of SF is shown in Fig. 1, the SF reveales amorphous 

structure by the XRD pattern (illustrated in Fig. 1). The polycarboxylate superplasticizer was 

from Sika Co., Ltd, China, the water-reducing ratio was more than 20%. Water used in the 

experiments were tap water. 

Table. 1 Chemical composition of Cement and SF (mass%) 

Type SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI 

cement 20.42 4.948 3.383 62.57 1.916 1.894 0.495 0.325 3.24 

SF 95.2 0.913 1.445 0.014 0.382 0 0.271 0.253 1.04 
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Fig 1 XRD pattern of SF 

A synthetic pore solution of cement paste was prepared by dissolving per 9.72 g 

Ca(NO3)2·4H2O in 148.5mL water, PH of Ca(NO3)2·4H2O solution was adjusted by NaOH, 

showing a pH of 12.2, was employed as mixing water to mimic Ca2+ ion content and pH value 

of cement paste pore solution. 

2.2. Modification of Silica Fume 

Firstly, saturated Ca(OH)2 solution was prepared, then Ca(OH)2 aqueous solution was 

prepared by the volume ratio of 1: 3 between saturated Ca(OH)2 with water, and then SF paste 

was prepared by the mass ratio of 1:10 between silica fume with the prepared Ca(OH)2 

aqueous solution and was stirred for 30 minute. Then the prepared silica fume paste was 

filtrated after it was placed quietly for 24h, filtration bottle was placed on electronic scale 

simultaneously. The filtration was stopped when mass ratio between silica fume with 

Ca(OH)2 aqueous solution was 1:1 by calculation. Then the silica fume was modified 

successfully, and the remaining silica paste (denoted as F) was seen as a unified whole to be 

used to prepare cement-based materials directly, water usage of cement-based material mixs 

contained the water contained in F. 

2.3. Mixture proportion of cement-based materials 

Two mixes were studied in this paper. The recipe of the cement-based materials is listed in 

Table 2. Cement was replaced by SF, and the dosage of SF was 10% by mass of the 

cementitious materials including cement and SF, the w/b was 0.29, dosage of superplasticizer 



was 1% (incorporated addtionally). When the cement-based material containing the modified 

silica fume was going to be prepared, the usage of water involved the water contained in 

modified silica paste (F). The cement-based material containing the unmodified silica fume 

was denoted as S1, the cement-based material containing the modified silica fume was 

denoted as S2.  

Table. 2 Mixture proportion of cement-based materials (mass%) 

Type Cement (%) SF (%) w/b Superplasticizer (%) 

S1 90 10 0.29 1 

S2 90 10 0.29 1 

2.4. Methods 

2.4.1 Zeta potential 

When zeta potential of unmodified silica fume was tested, 1 g of the unmodified silica fume 

was mixed in 500ml mimicing cement pore solution, and was tirred for 5 min with a glass rod. 

Then the unmodified silica fume solution was gotten, a small amount of silica fume solution 

was used to test the zeta potential with the meter system 3.0 type of zeta potential analyzer. 

However, when zeta potential of modified silica fume was tested, 2 g of the modified silica 

fume paste(F) was mixed in 500ml mimicing cement pore solution (the purpose of 2g F is to 

eliminate the deviation of water contained in F) before testing its zeta potential. 

2.4.2 Adsorption amount  

To test the adsorption amount of polycarboxylate superplasticizer on the surface of silica 

fume, new SF paste was prepared by the mass ratio of 1:10 between silica fume with 

water( when new SF paste containing modified SF was prepared, the usage of water involved 

the water contained in modified silica paste(F)). Then 1% superplasticizer was incorporated 

into the new SF paste by the mass of silica fume, and was stirred for 5min, then was placed 

for 12h quietly. Afterward was centrifuged for 10 min with TGL-16C type of tabletop 

centrifuge at a speed of 4000 r/min, then small amount of clear liquid after centrifugation was 

used to test the adsorption amount with the UV 2800 type of UV spectrophotometer. Finally, 

adsorption amount was calculated by subtracting concentration of superplasticizer adsorbed 

from initial superplasticizer concentration. 

2.4.3 Fluidity 

The initial fluidity of S1 and S2 were tested according to GB/T 8077-2000 of China. 

2.4.4 Preparation of samples 

To prepare the S1and S2 specimens, the superplasticizer was dissolved in water and then the 

SF was incorporated and mixed using an cement paste mixer for 2min. After that, the cement 

was put into the mixer and mixed for 3 min. Afterwards, the fresh mixtures were cast into 

steel moulds and compacted via a standard vibrating table. The specimens were demoulded 

after 24 h and cured under standard conditions (20ºC ± 2ºC, RH > 90%) for designated ages 

(3 days, 7 days, 28 days) before testing.  

2.4.5 Mechanical Properties 

Specimens for static mechanical strength were 40 mm by 40 mm by 160 mm prisms. Flexural 

strength and compressive strength were tested according to BS EN 196-1. At first, the 

three-point bending test was performed to obtain flexural strength. After bending test, the 

broken two parts were used to conduct compressive test. Three samples were tested for each 

mix. The average value was served as the final flexural strength and compressive strength. 



2.4.6 Hydration products (XRD) 

For X-ray diffraction analysis, the specimens were the powders were dried in vacuum oven at 

40 ºC for 48 h. The outer surface of samples was removed and a certain amount of the central 

portion was dried and soaked in alcohol to stop hydration, and then milled the particles that 

could pass the 80μm sieve. The target-anode of X-ray diffraction was copper, and the working 

voltage and electric current were 40 kV and 30mA, respectively. The step size is 0.02º. 

Scanning pace and scanning angular range were 0.30 s/step and 5-80°, respectively. 

2.4.7 Microstructure (SEM) 

For SEM analysis, the outer surface of samples of different curing ages was removed and a 

certain amount of the central portion was soaked in alcohol to stop hydration and dried at 40 

ºC, then was coated with gold to enhance the conductivity, and then used to observe with 

Sirion Field emission scanning electron microscopy. 

3. Results and discussion 
3.1. Zeta potential and adsorption amount results 

Zeta potential of silica fume is the key factor in adsorption amount of reducing agent, zeta 

potential of silica fume is shown in figure 2. It can be seen that zeta potential of unmodified 

silica fume was -21 in mimicing cement pore solution, however the zeta potential of modified 

silicon was +3 in mimicing cement pore solution, zeta potential of modified silica fume was 

much higher than that of unmodified silica fume. The reason is that it depends on the large 

number of silanol groups on the the surface of silica fume, which are expected to act like a 

weak acid (K1=10-9.8), When silica fume is soaked in Ca(OH)2 solution, the weakly acidic 

sites are capable of a fast acid-base reaction with Ca(OH)2 : 

                      Si-OH+Ca2++OH-1       Si-OCa++H2O                  (1) 

The consequence of acid-base reaction is that the negative potential of silica fume surface is 

turn into positive potential in advance, thereby it was able to adsorb anionic superplasticizer 

more effectively. So, when the modified silica fume and anion superplasticizer are together 

incorporated in cement-based materials, the modified silica fume is able to be dispersed better 

than unmodified silica fume. Figure 3 shows the adsorption amount of polycarboxylate 

superplasticizer on the surface of modified silica fume was 8mg·g-1, yet that was 5mg·g-1 on 

the surface of unmodified silica fume, adsorption capacity of modified silica fume enhanced 

significantly. This phenomenon is because that polycarboxylate superplasticizer present 

negative potential, and zeta potential of modified SF was changed into positive potential, 

hence the adsorption capacity of modified silica fume compared with unmodified silica fume 

is higher. 
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Fig 2 Zeta potential of SF 
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Fig 3 adsorption amount of superplasticizer 

3.2. Fluidity result 

Fluidity of S2 specimen containing modified silica fume is higher compared with S1 

specimen containing unmodified silica fume, the results are showed in fig.4. It can be seen 

that the fluidity of S1 was 210mm, fluidity of S2 was 250mm, fluidity of S2 was higher. This 

phenomenon was owed to the high specific surface area of silica fume, so that 

water-absorbing capacity of silica fume compared with cement was much higher. Related 

researches (Plank J. et al., 2009; Plank J. et al., 2007) have shown that silica fume can 

compete with cement for adsorption of anionic superplasticizers in cement pore solution, 

effective dispersion of silica fume-and not of cement-is critical to obtain a highly flowable 

cement based material. The modified silica fume in the S2 compared with unmodified silica 

fume in the S1 was able to absorb more polycarboxylate superplasticizer to release more free 

mixing water, so the dispersity of the modified silica fume was better and fluidity of S2 was 

higher. 
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Fig 4 Fluidity of S1 and S2 

3.3. Mechanical properties 

The compressive and flexural strengths at the ages of 3, 7, 28days are shown in Fig 5(a) and 

(b), respectively. It can be seen that the compressive and flexural strengths of S2 had an 

greater rise in growth rate with the increasing of curing ages. Although compressive and 

flexural strengths were similar at the age of 1 day, the compressive and flexural strengths of 

S2 compared with S1 were slightly higher at the age of 7 days and the S2 showed 



considerably higher strengths at the age of 28 days, the compressive strength of S2 was 

114.05% of that of S1 and the flexural strength of S2 was 115.41% of that of S1 at the age of 

28 days. This is because that 10% content of silica fume in the two specimens was lower 

relatively, hydration products were main from cement hydration in the early hydration. 

However, with the development of the cement hydration, filling effect, pozzolanic effect and 

nucleation effect of modified silica fume dispersed better in S2 compared with S1 were 

realized better, thereby more Ca(OH)2 was consumed to generate CSH gel and structure of 

hydration products was also more compact, this was proved and discussed in detail in the 

sections 3.4 and 3.5 based on the results of XRD and SEM tests. These effects result in a 

higher content of hydration products and densification of the specimen containing modified 

silica fume, which improves the mechanical properties of the specimen. 
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(a) Compressive strength                       (b) Flexural strength 

Fig 5 Mechanical properties of S1 and S2 at different curing ages 

3.4. XRD results 

The XRD patterns of S1 and S2 at the curing age of 28 days are shown in Fig 6. The hydrated 

calcium silicate gel is amorphous and thus it does not have diffraction peaks in the XRD 

spectrums. Amorphous SiO2 of SF can not be determined by XRD spectrum either. The 

crystalline phases in the hydration products of S1 and S2 specimens were all Ca(OH)2, 

ettringite and unhydrated C3S and C2S. Ca(OH)2 was a main hydration product of the two 

specimens, however the intensity of Ca(OH)2 diffraction peaks of S2 compared with S1 is 

weaker. The reason is that more Ca(OH)2 was consumed to generate CSH gel in S2, which is 

beneficial for increasing of strengths. Yet the Fig 6 shows that diffraction peaks of Ca(OH)2 

of S2 are only slightly weaker than that of S1. This is because that 10% content of silica fume 

in the specimens was lower relatively, capability of consuming Ca(OH)2 was limited. 
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Fig 6 XRD patterns of Cement-SF pastes at 28 days 

3.5. SEM results 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%88%90%e6%a0%b8%e6%95%88%e5%ba%94&tjType=sentence&style=&t=nucleation+effect


Silica fume which is dispersed better plays greater efficacy on the filling effect, pozzolanic 

effect and nucleation effect of silica fume. SEM micrographs of S1 and S2 at the curing age 

of 28 days are shown in Fig 7(A) and (B), respectively. It was found that a large number of 

agglomerated silica fume particles presented in S1 and their surfaces were very smooth, it can 

been concluded that hydration degree of SF in S1 compared with 2 was lower. Furthermore, 

almost all of the SF particles in S2 were surrounded by CSH gel, and the silica fume particles 

was more dispersed and the hydration products were more dense. This is because that 

modified silica fume in S2 was dispersed better, so the filling effect, pozzolanic effect and 

nucleation effect of silica fume in S2 were realized better. Which benefited the hydration 

process, the increasing of hydration products and the improving of microstructure of 

hydration products (Rong Z. D. et al., 2015).  

 
                   A(S1)                                    B(S2) 

                Fig 7 SEM micrographs of S1 and S2 at the curing age of 28 days. 

4. Conclusions 
In this research, zeta potential and adsorption amount of polycarboxylate superplasticizer on 

modified silica fume surface and non-modified silica fume surface. Fluidity, mechanical 

properties, hydration products and morphology of S1 and S2 were investigated. The following 

conclusions can be drawn: 

(1) Zeta potential of modified silica fume was much higher than unmodified silica fume. 

Adsorption mount of modified silica fume compared with unmodified was higher 

significantly. 

(2) The modified silica fume in the S2 compared with the S1 was able to absorb more 

polycarboxylate superplasticizer to release more free mixing water, so the dispersity of the 

modified silica fume was better and fluidity of S2 paste was higher. Filling effect, pozzolanic 

effect and nucleation effect of modified silica fume dispersed better in S2 compared with S1 

were realized better, thereby more Ca(OH)2 was consumed to generate CSH gel and structure 

of hydration products was also more compact, which improves the mechanical properties of 

the specimen. 

(3) In XRD patterns of S1 and S2 at the curing age of 28 days, the intensity of Ca(OH)2 

diffraction peaks of S2 compared with S1 was weaker. It can been concluded that more 

Ca(OH)2 was consumed to generate CSH gel in S2, which was beneficial for increasing of 

strengths. SEM micrographs shows that hydration degree of SF in S1 compared with S2 was 

lower. Furthermore, almost all of the SF particles in S2 were surrounded by CSH gel, and the 

silica fume particles was more dispersed and the hydration products were more dense. 
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Abstract 
The reduction of greenhouse gas is one of the central challenges in science and technology. Due to the huge share of 
total CO2-emissions caused by the production of Portland cement clinker, strategies for CO2-reduction in the concrete 
industry are needed. Most often the CO2-reduction is accomplished by the substitution of cement through other reactive 
or non-reactive materials. In order to ensure a minimum technical performance for a certain application different 
concrete mix optimization strategies are conceivable. One central issue is to find out which of the numerous concrete 
mixes is suitable for a specific purpose. An important drawback of almost all CO2–reduced concretes is that the 
technical performance is achieved by the use of clearly defined high quality raw materials. In many cases, an 
optimization of the particle size distribution and other aggregates properties (e.g. particle shape, organic content) 
cannot be realized because locally available materials have to be used due to economic reasons. Moreover, different 
qualities of cement, SCMs (supplementary cementitious materials) or fillers have to be coped with.  
In this paper a new method for the design of concrete mixes with very low cement content (CO2–reduced “RedCarb” 
concrete) is presented. The mix design concept is based on the addition of high amounts of superplasticizer, leading to a 
maximum dispersion effect and consequently to a more efficient use of cement, SCMs and fillers. As a second effect, the 
water content (water/cement ratio) can be reduced markedly. Thereby the loss of strength and durability due to the low 
cement content is partly compensated. Another important feature of the mix design concept is the improved workability 
as compared to concretes with maximum particle packing due to a higher paste volume and the optimization of the 
paste / sand volume ratio.  
As will be shown, the new concept leads to very good mechanical concrete properties even if 80% of the cement content 
is replaced by mineral additives without further chemical optimization of the system. For a comprehensive valuation of 
technical performance further performance criteria like durability and workability are investigated. Due to a lack of 
absolute limit values or even proper test methods, the performance is compared to five different reference concrete 
mixes typically used in practice. The different CO2-reduced concrete mixes are classified into one or more of the 
performance classes by satisfying the minimum performance criteria of each class. Finally, the possible implications for 
existing concrete design and engineering models are addressed. To these belong a) the different workability, b) the 
modified mechanical and durability properties and c) the need for new or modified design and engineering models.  
 
Originality 
This contribution displays a new mix design and valuation concept as well as some important results from a corporate 
scientific project of the Technical University of Braunschweig, the Leibniz University of Hannover and the Clausthal 
University of Technology, funded by the Niedersachsen Institutes of Technology board (Germany).  
The maximum reduction of Portland cement clinker, e.g. by adding SCMs or fillers, is of great interest for global 
society in order to reduce greenhouse gas emissions. The performance-based mix design concept presented here after 
our knowledge is the first method that enables the use of SCMs and fillers with very different properties, while other 
concepts demand clearly defined high quality raw materials. The new concept enables the use of locally available raw 
materials such as cement, SCMs, fillers and aggregates in different qualities. Consequently, the new method basically 
has the potential for a worldwide application.  
The presented valuation method enables a combined and “fair” assessment of ecological and technical concrete 
performance. All the strategies and instruments used or developed within the project are in alignment with concrete 
industries’, designers’ and contractors’ interests and therefore are convenient for practical application. 
 
Keywords: concrete mix design; CO2-reduced concrete; performance-based; SCMs; fillers 
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1. Introduction 
The development of viable eco-friendly concrete mixes and of corresponding design and engineer-
ing models is one of the most important tasks in the field of concrete technology. The replacement 
of energy- and CO2-intensive materials, such as ordinary Portland cement (OPC), becomes more 
and more important from an ecological but also from an economical point of view. Nevertheless it 
needs to be considered that the demand for concrete ist still increasing in uprising economies. The 
most common strategy for saving energy and CO2 is to reduce the cement clinker content in 
concrete as far as possible and to use high volumes of other raw materials such as mineral additives 
or fine aggregates, instead. This is usually realized by using cements with low clinker content or by 
the partial substitution of OPC by SCMs (supplementary cementitious materials). In the following, 
reactive and basically inert mineral additives are denoted SCMs for simplification. This is 
reasonable because in practice totally inert mineral additives do not exist, and on the other hand the 
impact of many reactive additives on concrete strength is comparable with that of limestone or 
quartz powders, at least for small amounts.  
The performance of OPC/SCM-systems is influenced by the following basic mechanisms: 

a)  A physical effect, called filler effect, induced by all fine mineral additives independently of 
their own chemical reaction. The filler effect mainly consists of two mechanisms: 
i. First, the substitution of cement clinker by fine mineral additives leads to a dilution effect 

when water content is kept constant. As a consequence, the effective water/cement ratio 
(w/c)eff increases, leading to a higher hydration degree when the original w/c is low. This 
is due to the supplementary water available for cement hydration and the higher pore 
volume for the precipitation and growth of hydration products. On the other hand, the 
dilution effect can have a negative impact on mechanical characteristics and durability 
when the original w/c is already high enough for full hydration. In this case, additional 
water causes a higher porosity and consequently a lower strength and durability. This 
negative effect becomes relevant for w/c > 0.40. 

ii.  Second, the fine mineral particles provide additional nucleation sites for hydration 
products, effecting an acceleration of cement hydration. The effect is more pronounced 
for very fine mineral additives particularly when their fineness is significantly higher as 
compared to the cement. Another important factor are the electric surface characteristics 
of the additives, which are determined by their mineralogical composition and the pore 
solution. The surface characteristics have an effect on the particle agglomeration and their 
arrangement in the fresh state as well as on the suitability of the surfaces as nucleation 
sites for hydration products, see e.g. (Krauss, H.-W., 2013). 

b)  A chemical effect (hydration effect), mainly generated by reactive SCMs, such as fly ash, 
ground granulated blastfurnace slag (ggbfs) or silica fume. Other mineral powders, such as 
limestone powder or quartz powder, exhibit a very poor chemical reaction which can be 
neglected from a practical point of view. The additional hydration product volume as well as 
the kinetics of the SCMs hydration are influenced by many factors, e.g. the pore solution 
composition, temperature and humidity. Even today, the development of viable prediction 
models for the performance of such systems is one of the most challenging tasks in concrete 
research.  

The impact of both, the filler effect and the hydration effect, on the compressive strength of mortar 
is schematically illustrated in figure 1 following (Cyr M. et al., 2006). Both effects can compensate 
or even improve strength up to a certain (low) substitution rate. However, for very high substitution 
rates (> 40 vol.-%) a lower strength than in the reference system (100 % cement) is obtained with-
out further optimization. In the last decades many strategies have been developed to overcome the 
problem of lower strength and durability for systems with high cement substitution rates. One 
common feature of all strategies is the optimization of the particle size distribution and the reduc-
tion of water content to the lowest possible limit. The positive effect of a lower water content on 
strength is also schematically illustrated in figure 1. The different granulometric optimization 
methods are evaluated e.g. by (Fennis S. A., 2010) or (Haist M. et al., 2014).  



 

 
Figure 1 Influence of cement substitution rate on mortar compressive strength: the role of dilution effect, 

filler effect, hydration effect and a lower water content, after (Cyr M. et al., 2006), modified 
 
One of the implications of the granulometric optimization strategies is that the low water content 
and the high number of particle contacts cause a very high concrete viscosity and thus a very poor 
workability. As a consequence, those concretes are not well accepted in practice due to the 
increased effort for transport, placing and compaction. Another critical point is the clearly defined 
particle characteristics (e.g. particle size distribution, specific surface) that have to be satisfied in 
order to realize a high particle packing, which is prerequisite for water reduction and high strength. 
The key problem is that the granulometrically optimized concrete mixes most often are valid only 
for the specific raw materials used for optimization, whereas other components (e.g. with different 
chemical and physical characteristics) exhibit a lower performance. However, raw materials with 
the physical and chemical characteristics required for full granulometric optimization are not 
available in every region. To overcome this problems the authors suggest a new performance-based 
mix design concept for concrete with very low OPC content that will be presented in the following.  
 
2. New mix design concept for CO2-reduced concrete 
2.1 Basic concept 
As already mentioned, CO2-reduced (RedCarb) concretes show different technical properties (e.g. 
lower workability, different mechanical and durability performance) as compared to normal 
concrete with OPC (reference concrete). In order to chose an adequate concrete mix for a specific 
construction task, planners or contractors need short and reliable information on the ecological 
performance (e.g. total equivalent CO2 emissions) and on the most important technical properties. 
One key problem for the application of RedCarb concretes in practice is the lack of a fair valuation 
method that takes into account ecological and technical aspects. Such a valuation method is also 
part of the new concrete design concept and is presented elsewhere, see (Budelmann H. et al., 
2014), whereas the present article focuses on the technical aspects. To achieve a good acceptance 
in practice, the RedCarb concretes have to accomplish minimum technical requirements in addition 
to the low CO2 emission. Due to the different compositions not all of the technical characteristics 
of the reference concrete will be matched by the corresponding RedCarb concrete. However, for a 
specific construction task some of the technical properties are indispensable. Those indispensable 
requirements have to be verified and valuated for each individual RedCarb mix in combination 
with the ecological parameters. The principle is illustrated in figure 2.  
 
2.2 Reference concrete mixes and performance classes 
For categorization, different performance classes (PC) were predefined, see table 1. As can be seen, 
not only indoor and standard outdoor concrete structures are addressed, but also demanding 



 

concrete applications, e.g. for industrial structures (harsh durability criteria) or precast concrete 
members (high early age strength). With the definition of the five PCs, different objectives are 
pursued: 

1.) A broad share of concrete applications in practice is covered.  
2.) A fair assessment of the feasibility of RedCarb concretes for applications with demanding 

technical requirements is given. 
3.) Benchmarks for the PCs are defined by the technical performance of the reference concretes. 

 

 
Figure 2 Technical characteristics of the reference and the RedCarb concrete considered in the valuation 

 
For the specification of the indispensable requirements for the individual PCs an associated 
committee of concrete experts was consulted. While in most cases clear criteria could be defined, 
e.g. for slump flow and strength, there is a lack of limit values for durability performance and some 
mechanical criteria in standards. In order to derive the missing limit values, reference concrete 
mixes were defined for each PC (see table 1) and tested. The cements chosen for the reference 
concretes contained high amounts of ggbfs (≥ 36 % for CEM III/A and ≥ 66 % for CEM III/B). The 
use of those cements for normal concrete is state-of-the-art in parts of Germany and other european 
countries. The cements are chemically and granulometrically optimized by the manufacturers in 
order to achieve a similar early age strength, durability and water demand as for OPC. By chosing 
those cement types, the benchmark for the ecological performance (total CO2 emissions) is set 
much lower as compared to OPC. This corresponds to the strategy of the fair ecological and 
technological valuation concept. For the performance class PC5 a high strength OPC is used. 
 

Table 1 Performance classes and minimum requirements for strength and durability 
Perf. 
class 

Example of application 
Exposure class 

EN 206-1 
Strength class 

EN 206-1 
Cement 
[kg/m³] 

Fly ash 
[kg/m³] 

w/(c+f)

PC1 indoor members/structures XC2 C 20/25 2701) 60 0.52 
PC2 outdoor members/structures XC4, XF1 C 25/30 2901) 60 0.50 
PC3 massive concrete structures XC4, XF1 C 25/30 2602) 90 0.46 
PC4 engineering structures 

(bridges, industrial, ...) 
XC4, XD2, 
XF3, XA2 

C 30/37 3601) 60 0.38 

PC5 precast concrete members XC4, XD3, 
XF3, XA2 

C 35/45 4003) 0 0.40 

 1)   CEM III/A 42.5 N;  2)   CEM III/B 32.5 N; 3)   CEM I 52.5 R 
 (denotations according to the german guideline DIN EN 197-1) 



 

The reference concrete compositions match the exposure and strength classes according to the 
european concrete standard EN 206-1 given in table 1. The consistency of all reference concretes 
was adjusted to F3 (plastic) according to EN 206-1 by varying the superplasticizer (SP) dosage. 
The technical performance of the reference concretes was comprehensively tested, i.e. workability, 
strength development, heat evolution, shrinkage, creep and durability characteristics (accelerated 
carbonation, chloride migration, freeze-thaw resistance, sulfate resistance). The same tests were 
also conducted on the preferential RedCarb mixes that resulted from the performance-based mix 
design concept, see section 2.3. In this contribution only a part of the results is presented with the 
focus on the mechanical properties, particularly on strength and creep performance. More results 
are presented in (Begemann C., 2015) and (Wachsmann A., 2015).  
 
2.3 Performance-based mix design concept for RedCarb concretes 
The new performance-based concrete mix design concept for RedCarb concrete consists of the 
following phases: 

a) Locally available raw materials (aggregates and SCMs) are selected, with the SCMs quality 
and fineness satisfying minimum requirements.  

b) Representative mortars are optimized for high workability (high slump flow).  
c) Performance tests on the mortar level are conducted and concrete mixes are pre-selected. 
d) Performance tests on concrete level are conducted and evaluated.  

The main part of the mix optimization is executed on the mortar level, see figure 3. It could be 
demonstrated that the transferability of results from the mortar to the concrete level is satisfactory. 
In the first step different mortar compositions are defined with an initial binder/sand volume ratio. 
The binder phase is a binary system consisting of OPC and different SCMs (fly ash, ggbfs, trass, 
phonolith and limestone powder). The SCM categories and the individual materials were selected 
considering the german SCM market and with the objective of a maximum diversity of materials 
compositions and properties. For the RedCarb concretes a high strength OPC CEM I 52.5 R was 
selected. The pozzolanic or hydraulic reactions of the SCMs are enhanced by the fast cement reac-
tion (high pH of the pore solution and hydration heat development at early age). The cement was 
substituted in steps of 20 vol.-% by the different SCMs. The following binder compositions were 
tested and optimized for all SCMs: OPC/SCM = 80/20, 60/40, 40/60, 20/80.  
 

 
Figure 3 Four-step optimization method for maximum water efficiency on the mortar level 

 
In constrast to full granulometric optimization strategies the binder phase is not further optimized. 
Also the particle packing of the aggregates is not perfectly optimized. Instead, locally available 
sand and gravel with non-ideal grading curves and particle shapes were used. The grading curve 
was optimized only by varying the amount of the individual size fractions. The resulting lower 
particle packing as compared to full granulometric optimized mortars or concretes is partly 
equalized by a maximum water efficiency. Therefor, high amounts of SP are added, causing a 



 

maximum dispersion of the fine particles and thus leading to a higher particle packing and a 
minimum water demand of the binder phase. The result is a higher binder strength and durability. 
In addition, a maximum movability of the coarse aggregate particles is intended in order to achieve 
an acceptable workability of the concrete. For that, the total binder paste volume must be increased 
as compared to a mortar composition with maximum particle packing in order to reduce the inter-
locking of coarse aggregate particles. The result is a mortar mixture with higher binder volume, a 
very low water/(cement+SCM) ratio (w/(c+f)) and a sactisfactory workability. 
To realize both, a maximum water efficiency and an acceptable workability, in the second step the 
fluid volume (water + SP volume) is determined that effects a mortar slump flow of 20 – 25 cm. A 
very high SP/water ratio of 1/5 is chosen for a maximum dispersion of the fine particles. In step 3 
the optimum binder/sand volume ratio is determined (highest slump flow at constant liquid content), 
which at the same time is the only granulometric optimization step. This optimization is basically 
empirical, because after the authors knowledge there is no model available that captures all 
processes of such a complex system with very high SP dosage. In step 4 the SP/water ratio is 
reduced to more realistic and feasible values, namely 1/20, 1/30 and 1/40. For all three SP/water 
ratios an optimal liquid content was determined that leads to a slump flow of 27 cm. As a result, 
mixes with lower SP dosage contain higher water volumes.  
Finally, strength performance tests were conducted on the resulting mortar compositions. As an 
example, some results of the 28 days compressive strength of mortars with different OPC/limestone 
powder (LS) and OPC/fly ash (FA) compositions and SP/water ratios of 1/20 and 1/30 are depicted 
in figure 4. As can be seen, higher SP amounts lead to higher strength because the water content of 
the mortar mixes is lower. Another mechanism could be the improved dispersion of the fine parti-
cles effecting an increased interface to the pore solution and thus enhancing the hydration process. 
In accordance with the curves in figure 1, the dilution effect for high cement substitution rates is 
evident. Though the filler effect certainly is active, the strength loss with the cement substitution 
rate seems to be nearly linear for LS mixtures. For the FA mixtures the slightly higher strength is 
explained by the pozzolanic reaction that seems to have an effect already at 28 days and is expected 
to become more significant at later ages. Further tests confirmed that strength results can be inter-
polated for different OPC/SCM ratios than those in figure 4. The 28 days strength of the RedCarb 
concrete with OPC/LS = 20/80 and SP/w = 1/20 is displayed in figure 4, too. As expected, the 
strength values of mortars and concretes are comparable. For comparison, the CO2 emission (CDE) 
values of different reference concrete mixes (for PC1, PC2, PC4) are displayed in figure 4, too.  
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Figure 4 Mortar strength of OPC/LS- and OPC/FA-mixes with different cement substitution rates  
as compared to the reference concretes of PC1 and PC2 



 

3. Resulting concrete mixes and their technical performance 
3.1 Resulting RedCarb concrete mixes 
The resulting mortar mixtures were transfered to RedCarb concrete mixtures by keeping the mortar 
mix parameters (w/(c+f) ratio, OPC/SCM ratio, binder/sand ratio and SP/w ratio) constant. The 
volume of coarse aggregates was calculated in order to satisfy a suitable grading curve of the total 
aggregate fraction. Due to the additional water demand of the coarse aggregates, the liquid amount 
had to be increased slightly in order to insure a consistency of F3 (plastic). The RedCarb mixes for 
the subsequent performance test program were selected by two criteria: 

1.) The mimimum strength criteria for PC1 or higher performance classes had to be accom-
plished. The strength criteria were defined as the compressive strength after 28 days derived 
from the strength classes in table 1 (cubic specimen), added by an allowance of tolerance of 
8 MPa. Accordingly, the mimimum strength for matching PC1 is 33 MPa (C20/25 + 8 MPa). 
For the other PCs higher strengths had to be realized, namely 38 MPa for PC2 and PC3, 45 
MPa for PC4 and 53 MPa for PC5. 

2.) The total CDE of the RedCarb concretes should be significantly lower than the values of the 
reference concretes. The CDE of the reference concretes range from 150 kg CO2/m³ (PC1) to 
350 kg CO2/m³ (PC5). The CDE limits for PC1, PC2 and PC4 are illustrated in figure 4 as 
minimum cement substitution rates for the RedCarb compositions with limestone powder 
(LS) and a SP/w ratio of 1/20. For other OPC/SCM combinations, different minimum 
cement substitution rates arise from the individual RedCarb concrete compositions. 

Taking into account both criteria, for every performance class a range of viable RedCarb compo-
sitions can be derived. The most important mix parameter is a maximum OPC/SCM ratio. An 
example is given in figure 4 for PC2 (marked area). As can be seen from the same figure, high SP 
amounts lead to a better optimum between CDE and strength. For other SCMs different ranges are 
derived, e.g. for mixes containing fly ash lower OPC/SCM ratios are viable from the viewpoint of 
strength criteria but at the same time higher substitution rates are prerequisite due to the higher 
CDE of OPC/FA mixes. The performance tests were conducted on RedCarb concretes with 
OPC/SCM ratios varying from 20/80 to 40/60 and SP/water ratios varying from 1/20 to 1/40. The 
lower cement substitution rates are essential for matching the strength criteria of PC4 or PC5. 
Exemplary RedCarb concrete mix compositions are given in table 2. 
 

Table 2 examples of resulting RedCarb concrete mixes, mix parameters and fresh concrete properties 

 
Reference 

PC2 
(kg/m³) 

fly ash  
20/80 

(kg/m³) 

fly ash  
40/60 

(kg/m³) 

limestone 
20/80 

(kg/m³) 

trass 
20/80  

(kg/m³) 
CEM I 52,5 R - 113 204 110 94 
CEM III/A 42,5 N 290 - - - - 
fly ash 60 313 212 - - 
limestone powder - - - 380 - 
trass - - - - 312 
sand 0-2 mm 709 694 713 700 689 
gravel 2-8 mm 354 347 357 350 345 
gravel 8-16 mm 703 673 708 683 684 
water 175 127 125 127 160 
SP 2.8 6.4 6.3 6.3 8.0 
SP/w 1/62,5 1/20 1/20 1/20 1/20 
OPC/SCM (vol.) 22/78 20/80 40/60 20/80 20/80 
w/(c+f) 0.50 0.30 0.30 0.26 0.39 
CDE (kg/m³) 163 114 201 123 136 
slump flow (cm) 46 46 53 64 59 
density (kg/dm³) 2.32 2.36 2.38 2.44 2.34 

 



 

3.2 Technical performance results of the RedCarb concretes 
An excerpt of the compressive strength results of different RedCarb concretes in comparison to the 
reference concretes for PC1 and PC2 and the strength limits of the performance classes are given in 
figure 5. As can be seen, nearly all RedCarb mixes match with PC1 and PC2. Some concrete mixes 
even satisfy the minimum strength criteria for PC4 and PC5, that is mainly the mixes with fly ash 
or ggbfs and OPC/SCM = 40/60. Further, most of the RedCarb concretes show a high early age 
strength and thus accomplish the criterion of applicability under practical conditions (sufficient 
early age strength for stripping the formwork after 24 or 48 hours). Thus, the use of a high strength 
OPC for the RedCarb concretes seems to be reasonable. Another observation is that the SP/w ratio 
sometimes has a significant impact on the compressive strength, see e.g. strength results for the 
20/80 RedCarb concrete mixes with SP/w = 1/40 and 1/20. The mixes with less SP show a poorer 
strength at all ages independently from the type of SCM used. The effect is only partly explained 
by the different cement and SCM contents of the mixes, because e.g. the difference in cement con-
tent between mixes of the same binder type with SP/w = 1/40 and 1/20 is 5 kg/m³ at the maximum. 
An important reason could be the different water content resulting from the SP/w ratio. The poten-
tial mechanisms and their implications for engineering models are discussed in section 3.3. 
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Figure 5 Compressive strength results of the RedCarb and references concretes at different ages 
(FA: fly ash, LS: limestone powder, TR: trass) 

 
Compressive creep tests were conducted on cylindrical specimen with the stress level set to 20% of 
the 28 days compressive strength (cr/fc.28d = 0.2). The tests were started at the age of 28 days and 
lasted for 90 days at 20°C under sealed conditions. Figure 6 displays the final creep coefficients 
calculated according to the fib Model Code 2010 in relation to the 28 days compressive strengths. 
The good correlation of the results indicate that the creep coefficient could be derived roughly from 
the strength (resp. Young’s modulus) of the hardened concrete, as found before by other authors 
also for other mechanical properties, see e.g. (Fennis S. A., 2010). The same is true for some 
durability parameters, as for example the carbonation depth. In (Begemann, C., 2015) the durability 
characteristics of the different RedCarb concretes are treated in detail. Consequently, future work 
should focus on the accurate prediction of the strength development of the RedCarb concretes. 
The compressive strength results of the reference and the RedCarb concretes are displayed in figure 
7 and approximated by the model in the fib Model Code 2010. To attain a good approximation, the 
coefficient s (which normally is derived from the cement strength class) had to be varied in wide 
ranges from 0.17 to 0.40. For comparison, the s values for cements are 0.38 (strength class 32.5 N), 
0.25 (32.5 R and 42.5 N) and 0.20 (42.5 R and higher). Thus, the range of values is comparable. 
However, a categorization of mixtures or SCMs for specific s values was not possible.  



 

  
Figure 6 Correlation between creep coefficients and compressive strengths 

 

 
Figure 7 Concrete strength development: discrete results and fib model curves 

 
3.3 Validity of existing models for the mechanical performance and future work (discussion) 
One key challenge of future research is the development of models for a more reliable prediction of 
the engineering properties of the RedCarb concretes for practical purposes. The models must also 
consider the influence of the climatic conditions during hydration, that is mainly the temperature 
and humidity conditions. As stated before, there is a good correlation between the compressive 
strength and many other mechanical and durability parameters. Thus, further work could primarily 
focus on the development or improvement of strength predicition models. Although commonly 
known models are convenient for approximation of the discrete strength results in principle (see 
figure 7), such models are basically empirical. Thus a larger database of the model coefficients is 
prerequisite for different concrete compositions. As shown above, the RedCarb concrete mixture 
parameters vary in a broad range, with most parameters being independent from each other. This is 
also demonstrated by the cement efficiency factors CEF in figure 8, defined as the relation between 
the compressive strength and the specific OPC mass in the individual RedCarb concretes. For 
comparison, also the CEF for the only reference concrete mix with OPC (PC5) is displayed in 
figure 8, too. As can be seen, most of the RedCarb mixes have a higher CEF than the reference 
concrete for PC5. Other RedCarb mixes with ggbfs have CEFs even higher than those in figure 8 
(not shown here).  



 

 

 
Figure 8 Relation between strength and the specific cement mass for concrete mixes with OPC 

 
The very different CEFs are the result of many interacting mechanisms controlled by the material 
combinations and the specific material properties but also by temperature and curing conditions. 
For a better consideration of the influence of the mix parameters and the climatic conditions, more 
fundamental models are required. On the other hand, it is desirable to reduce components and para-
meters of such fundamental models to a mimimum. For example the effects could be categorized as 
described in section 1 (see also figure 1), namely as physical and chemical effects. The physical 
effects are mainly influencing the structure (microstructure and mesostructure) of the fresh concrete, 
at the same time predefining the pore volume and the pore size distribution. The pore volume is 
altered mainly by the partial filling with hydration products. The hydration product development is 
mainly controlled by the chemical effect but also by the physical effect, see section 1. 
Consequently, fundamental models should capture both, the hydration product formation including 
the hydration kinetics and the microstructure formation. To be viable also for RedCarb concretes, 
all processes in the model should be described based on the mix composition and the climatic 
conditions.  
A promising approach is the cement gel ratio concept (Powers T. C., 1960). Powers found a good 
correlation between the strength fc and the cement gel ratio X, the latter representing the specific 
cement gel volume (hydration product volume) in relation to the total capillary pore volume filled 
with hydration products (X = Vhp/(Vhp+Vkap)). The validity of the simple power function of the type 
fc = fc,0*Xn as recommended by Powers was confirmed for different OPC/SCM systems in (Krauss 
H.-W., 2013). Another promising approach for the strength prediction of granulometrically 
optimized and CO2-reduced concretes is presented in (Fennis S. A., 2011), i.e. the concept of the 
cement spacing factor (CSF). The CSF takes into account the water demand of the cement and the 
particle packing of the whole mix. As (Haist M. et al., 2014) found out, other parameters, such as 
the cement characteristics, must be respected in addition to the two parameters named above in 
order to be applicable for other concretes. In case of RedCarb concretes or other ecocretes further 
parameters and influencing factors have to be integrated into the models, i.e. the SCM charac-
teristics, the water content and the binder volume. One key challenge for future research is the 
better understanding and prediction of the interactions between SP and cement or SCMs, since they 
have a strong influence on the initial concrete microstructure and consequently on many important 
parameters of fundamental models.  
 
 



 

4. Conclusions 
In this article, a new mix design concept for CO2-reduced (RedCarb) concretes was presented. The 
cement efficiency could be enhanced significantly in comparison to conventional concretes as 
demonstrated by the strength/cement mass values without chemical or full granulometric optimi-
zation of the individual mixes. The new concept has the potential to overcome different problems 
of granulometrically optimized concretes. First, the concept is applicable for very different locally 
available raw materials and thus for the first time provides an opportunity to produce RedCarb 
concretes worldwide. Second, the practical acceptance is improved by ensuring a high slump flow 
for a satisfying workability in practice. Still, the higher viscosities of RedCarb concretes compared 
to normal concrete (with normal cement content and w/c > 0,40) have to be considered for mixing 
and placing. Further research for a better understanding of the interactions between SP molecules 
and the concrete components is needed. Third, a fair evaluation concept was developed considering 
the technical and the ecological performance, which is prerequisite for the selection of RedCarb 
concretes in practice (not emphasized here). 
Ongoing and future research of the authors on the field of RedCarb concretes concentrates on the 
chemical and further granulometrical optimization of the material combinations and on the 
development of more fundamental material models based on microstructure and hydration kinetics 
parameters. Clear relations of those parameters to the mechanical and durability parameters have to 
be established. For that, different approaches are existing, see section 3.3.  
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Abstract 
China is abundant in natural anhydrite which should be rationally and effectively developed and used. 
Self-leveling material is characterized by perfect workability such as high fluidity, stability, anti-
segregation, anti-bleeding and firm adhesiveness with matrix, therefore the anhydrite-based self-
leveling material of floor has been carried out in this research. For this aim, the consistency, setting 
time, initial fluidity and fluidity after 30mins, bleeding rate of the fresh mortars, and the strength of 
hardened mortar have been tested. In this research, though the optimal type of activator, characterized 
by fast and high hardening strength, natural anhydrite building cementitious material has been 
prepared by adding various activators. The research suggests that the optimal activator is sodium 
sulfate. By the adding of 2.5% sodium sulfate, superplasticizer (melamine formaldehyde sulfite resin or 
polycarboxylate ether) can ensure anhydrite based paste of high fluidity, both 30min fluidity loss of the 
two kinds of superplasticizer being little, less than 5mm. In practical application, the type and dosage 
of superplasticizer is very important to meeting the requirements of anhydrite self-leveling material. 
Stabilizer can ensure anhydrite paste of high fluidity as well as workability. With stabilizer, the paste 
can keep homogeneous and be anti-bleeding. With 0.07%-0.1% stabilizer, bleeding rate of self-leveling 
anhydrite with MFS can be reduced by over 40%, and the bleeding of self-leveling anhydrite with PCE 
can also be reduced by over 40% with 0.03%-0.09% stabilizer. With the mixtures of superplasticizer 
and stabilizer, anhydrite-based self-leveling floor material is produced, whose fluidity can achieve 
150mm, compressive strength 25.0MPa and flexural strength 6.71MPa. In general, it can meet the 
requirements of national standard and have a bright market prospects. 
 
Originality 
Anhydrite is a rich resource in China and in great need of rational and efficient utilization. At present 
gypsum-based self-leveling floor material is more popular in dry mix mortar product. On this point we 
research the self-leveling material with anhydrite. For this aim, the optimal activator, superplasticizer 
and a new stabilizer are used for the preparation of the self-leveling materials. Through the reasonable 
proportion of materials and by the role of the additives function, anhydrite based self-leveling floor 
material has been prepared successfully. 
 
Keywords: anhydrite; self-leveling; fluidity; superplasticizer; stabilizer 
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1. Introduction 
Self-leveling floor material was developed in the 1970s. Inorganic cementitious material and 
organic material are used as raw materials for self-leveling materials, such as superplasticizer, 
stabilizer, fine sand and mineral admixtures. In practical application, the materials are mixed 
in accordance with a certain water cement ratio and then pumped. It can realize self-leveling 
by the gravity without surface rolling or screeding (Li L. et al., 2006). It is characterized by 
perfect workability such as high fluidity, stability, anti-segregation, anti-bleeding and firm 
adhesiveness with matrix, so it is easier in construction with shorter time and lower labor 
(Yang X.Y. et al., 2006). It’s a perfect material for constructions of large supermarket, 
shopping mall, parking lot, warehouse, and it is a potential material for paving construction. 
However, there is a lot of anhydrite resource in Anhui and Hubei etc. provinces, China. 
Therefore, the research and development of anhydrite has increasingly become the focus of 
material experts’ research. In this research, some initial results of self-leveling material have 
been gained that is based on the rich natural anhydrite resource of china. By adding different 
activators (Ma L. et al., 2012,  Zhao Q.L. et al., 2012), unique anhydrite-based cementitious 
materials with fast and high hardening strength are optimized and then self-leveling floor 
materials are developed with different additives. 
2. Experiment 
2.1. Raw Materials 
(1) Anhydrite powder  
The main binder used in this research is anhydrite from Hubei province Huangshi area. The 
chemical composition of the anhydrite was assessed by XRF in accodance with the powder 
pressing plate method. The pressing plate was fed into a PANalytical Axios XRF instrument 
operated at 30-60kV and 40-60mA, and the signal was recorded on WDS detectors. Ignition 
loss LOI was determined gravimetrically at 1000 °C. Results were recalculated as the main 
oxides and are given in Table 1. 

Table 1 Chemical composition of anhydrite in main oxides and ignition loss LOI 
by XRF in wt% 

SO3 CaO MgO SiO2 Al2O3 K2O SrO Fe2O3 P2O5 BaO LOSS
48.85 40.36 1.46 1.25 0.30 0.10 0.28 0.094 0.047 0.031 7.02 

 
Performance parameters are shown in Table 2. 

Table 2 Performance parameters of natural anhydrite 

Setting time/h Compressive strength/MPa Standard 
consistency/% Initial Final 7d 28d 

30.0 33:25 52:50 1.32 5.84 

(2) Activators 
Potassium sulfate (K2SO4, AR), sodium sulfate (Na2SO4, AR), cadmium sulfate 
(CdSO4·8/3H2O, AR), calcined alum, sodium oxalate (Na2C2O4, AR) are used as activators. 
Among them, calcined alum was prepared by KAl(SO4)2·12H2O calcined at 650  for 1h, ℃
ground and sieved at 80μm, and alum was decomposed at high temperature, then calcined 
alum was achieved  (Dong J. , 2008). 
(3) Superplasticizer 
Two different superplasticizers are used for this research. Melamine formaldehyde sulfite 
resin (MFS) and polycarboxylate ether (PCE) were polymer powders prepared by spray 
drying process. Their fluidity and workability are excellent, especially suitable to replace 
plasticizer for cementitious and gypsum-based materials.  
(4) Stabilizer 
It can prevent the segregation of aggregates and bleeding with 0.005-0.05% content, making 
the distribution of fine power and aggregate evener and the surface smoother. 
2.2. Experimental  
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(1) Tests for water requirements of normal consistency and setting time have been carried out 
in accordance with the GB/T17669.4-1999 "Gypsum Plasters - Determination of Physical 
Properties of Pure Paste". 
(2) Strength tests have been conducted in accordance with the GB/T17669.3-1999 "Gypsum 
Plasters - Determination of Mechanical Properties". The specimen have been molded 40mm × 
40mm × 160mm, naturally cured indoor where the temperature is 20ºC, humidity 70%. At 3d, 
7d and 28d, specimen have been dried at 40ºC士2ºC till to the constant weight, then strength 
tests have been carried out immediately. 
(3) The initial fluidity, 30min fluidity loss and different time fluidity have been measured 
with reference to the JC/T1023-2007 "Gypsum-based Self-leveling Floor Compound". 
(4) Anhydrite based paste was prepared according to designed proportion, mixed at about 
1 000 rpm for test the standing bleeding rate. After mixing, paste was poured into 250mL 
measuring cylinders and sealed with fresh-keeping foil to avoid evaporation, and kept still for 
30min to observe bleeding. In order to know the ability of anti-bleeding. 
3. Results and Discussion 
3.1. Activation effect of activator  
As we know, anhydrite is hydrated and hardened slowly, making it difficult to give full play 
to its mechanical properties. Therefore, during the preparation of self-leveling floor material, 
in order to increase the rate of hydration and modify the properties of materials, activation is 
required. In this research, several different kinds of activators have been selected to compare 
the activation effect, then the suggested activator for anhydrite is gained. Proportions of 
anhydrite and activator are shown in Table 3.  

Table 3 Proportions of anhydrite and activator 
Nr. JY NY GY MY CY 

Name of 
Activator 

Potassium 
sulfate 

Sodium sulfate Cadmium sulfate Calcined alum Sodium oxalate

Activator /g 2 2.5 1 2.5 2.5 

Anhydrite /g 98 97.5 99 97.5 97.5 

Figure 1 showes the effects of different types of activators on the setting time of anhydrite. 

 
Fig. 1 Anhydrite setting times of different types of activators 

From Figure 1, appropriate amount of single activator can greatly shorten the setting time of 
anhydrite. The initial setting time of natural anhydrite is 33h25min and the final setting time 
52h50min without activator. However, both initial setting time and final setting time are 
greatly shortened with the adding of activator, that the initial setting time is less than 7 hours 
and the final setting time less than 10 hours, especially for sodium sulfate activator. When the 
dosage of sodium sulfate is 2.5%, the initial setting time of anhydrite is 65min and final 
setting time 110min only. 
 
The effects of different types of activators on compression strength and flexural strength of 
anhydrite are shown in Figure 2 and Figure 3. From Figure 2 and Figure 3, it is shown that 
activator contributes to hydration and hardening of anhydrite no matter which type is. Besides, 
it can improve the development of early strength of anhydrite and faster hydration and 
hardening of anhydrite. At the same time, the later strength of anhydrite is greatly improved. 

 3

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


 

Among all the activators, sodium sulfate activated on the strength development of anhydrite is 
the most obvious. 

 
Figure 2 Effects of different types of activators 
on flexural strength of anhydrite 

Figure 3 Effects of different types of activators
on compression strength of anhydrite 

When sodium sulfate content is 2.5%, the flexural and compressive strength of anhydrite 
develop very quickly during the whole process of hydration, that the absolute-dry flexural 
strength reaches 2.67MPa and 5.11MPa at 7 days and 28 days, and the dry compressive 
strength reaches 20.5MPa and 25.1MPa at 7 days and 28 days. General speaking, 2.5% 
sodium sulfate is the suggested activator. 
3.2 Mortar fluidity  
Anhydrite based self-leveling mortar is able to level automatically, so fluidity is the main 
focus. In order to obtain good fluidity of anhydrite based self-leveling mortar, it is necessary 
to use superplasticizer to increase the mortar fluidity. This test aims to find the suggested 
content of superplasticizer in accordance with the initial fluidity and 30min fluidity loss. The 
dosage of sodium sulfate is 2.5%. Effects of MFS and PCE on the mortar fluidity are shown 
in Figure 4 and Figure 5. 

 
Figure 4 Effect of MFS on the mortar fluidity Figure 5 Effect of PCE on the mortar fluidity 

From Figure 4 and Figure 5, with the increase of superplasticizer content, the mortar fluidity 
increases, when it reaches to a certain amount, higher content of water reducing agent affects 
little on mortar fluidity, and this content point is the suggested dosage. Saturation point of 
MFS is between 0.6%-0.8%, which can increase the anhydrite paste’s initial fluidity from 
90mm to 190mm. Saturation point of PCE is between 0.1%-0.2%, with the initial fluidity 
from 90mm to 220mm. Both 30min fluidity losses of the two kinds of superplasticizers are 
little, less than 5mm, so the two kinds of superplasticizers are proper for anhydrite based self-
leveling mortar. 
However, with the adding of superplasticizer, the paste will bleed, especially when the 
content is high, the bleeding is serious. Thus, in practical application, a stabilizer is essential. 
Workability refers to that the mixture can keep its composition unified with no segregation or 
bleeding (Sonebi M, et al, 2012; Zhao Q.L., et al, 2012). In this study, bleeding rate is evaluated 
by volume ratio between precipitated water and the mortar. Effects of stabilizers’ content on 
bleeding rate of self-leveling mortar system with two mixing amount superplasticizers are 
shown in Figure 6 and Figure 7. 
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Figure 6 Effects of stabilizers quantity on  bleeding 
 rate of self-leveling anhydrite system with MFS 

 Figure 7 Effects of stabilizers quantity on  bleedi
 rate of self-leveling anhydrite system with PCE

Stabilizer can improve the workability of anhydrite based self-leveling mortar. With the 
content increase of paste stabilizer, the bleeding rate measured at different times is greatly 
reduced. With 0.07%-0.1% stabilizer, the bleeding rate of self-leveling mortar with MFS can 
be reduced by over 40%, and the bleeding rate of self-leveling mortar with PCE can also be 
reduced by over 40% with 0.03%-0.09% stabilizer. However, with the adding of stabilizer, 
hardening time of mortar will be delayed and the fluidity be decreased. So the suggested 
dosage of stabilizer should be paid more attention. For the anhydrite based self-leveling  
mortar system with MFS, the proper stabilizer content is 0.07%-0.1%, and for self-leveling 
mortar system with PCE, the proper stabilizer content is 0.03%-0.09%. 
3.3 Suggested proportion of anhydrite based self-leveling floor material and its property 
Based on the above results, further suggested proportion is proposed. The proportions and 
properties are shown in Table 4 and Table 5. 

Table 4 Suggested proportions of anhydrite based self-leveling floor material 
Raw material SLM1 SLM2 
Anhydrite /g 97 97 
Cement /g 3 3 
Na2SO4 /g 2.5 2.5 
MFS /g 0.75 - 
PCE /g - 0.1 

Stabilizer /g 0.07 0.09 
 

Table 5 Properties of anhydrite based self-leveling floor material 
Setting 

time/min 
Flexural strength

/MPa 
Compressive 
strength/MPa Item W/C 

Initial 
fluidity 

/mm 

30 min 
fluidity 
loss/mm 

30 min
bleeding 
rate/% Initial Final 3d 7d 28d 3d 7d 28d

SLM1 0.32 150 0 0 115 290 5.13 6.59 6.71 22.0 23.2 25.0

SLM2 0.33 142 4 0.18 220 435 5.68 5.83 6.49 21.2 22.7 23.0

4. Conclusions 
(1) The setting time of natural anhydrite is very long, the flexural strength and compressive 
strength are very low. By the addition of proper amount of activator can greatly shorten the 
setting time and enhance the strength. 
(2) Superplasticizer can ensure anhydrite paste of high fluidity as well as of high strength, in 
practical application, the type and dosage of superplasticizer are very important to meeting 
the requirements of anhydrite based self-leveling material. 
(3) Stabilizer can ensure paste of high fluidity as well as of workability. With the adding of 
stabilizer, the paste can keep homogeneous and anti-bleeding.  
(4) By adding different activators and additives, the performance of preliminary developed 
anhydrite-based self-leveling floor material can meet the requirements of the national 
standard, and 28d compressive strength reaches 25MPa with high fluidity. It can be used for 
ground leveling and ground base treatment before the second decoration. 
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Abstract 
According to 13 ICCC the main tendency of development of science and technology of cement and concrete are 
decrease of CO2 at cement manufacture, production of low clinker contained cement, low energy consumer cement, etc. 
For this aim, Slag Portland Cement is namely such binding material that is low energy consumed cement. At its 
production energy consumer is twice lower than at Portland cement manufacture. Nevertheless, enterprises of building 
industry use SPC reluctance as its hydration and hardening is lower than Portland cement. This paper deals with the 
study of influence of the different factors on hydration and hardening of SPC. It is shown the influence of mineralogical 
composition, crystallize materials (crents: SAC, CFC, etc), fineness of cement, technic milling on SPC properties. The 
aim of this investigation was to fix parameters of blast furnace slag cement grinding. It is shown that Portland cement 
clinker and slag particle distribution is differed as they grindability are differ each other. To increase of slag fineness 
and strength cement paste it is need cement milling in two-stage method. Cement activated by special mill is useful too. 
 
Originality 
In this work the influence of different factors on the degree of hydration and strength of slag cement paste: scale of 
particle sizes, mineralogical composition of cement and its additives, type of milling, etc. It shows the impact of 
crystalline materials on the properties of SPC especially. Besides it is fixed the useful the application of new type 
milling of SPC to reach high strength cement paste. 
 
Keywords: Slag cement, fineness, crystalline materials, setting, strength. 
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1. Introduction 
According to 13 ICCC the main tendency of development of science and technology of cement and 
concrete are: decrease of CO2 at cement manufacture, production of low clinker contained cement, low 
energy consumer cement, etc. (XIII ICCC, 2011). For this aim Slag Portland Cement (SPC) is namely 
such binding material which is low energy consumed cement. At its production energy consumer is 
twice lower than at Portland cement manufacture. According to Russian standard (GOST 10178-85) 
Slag Portland Cement (SPC) can include 80% of slag. It means that clinker consume more than 3 
times less at SPC production than one in Portland cement manufacture. At SPC production fuel 
consumer on 38% less than it is need to produce of PC. At the use of SPC for the manufacture of 
beton products complete fuel consumption is less than ones at the application PC for this aim. 
L.A.Malinina clear shown (Malinina L., 1986) fuel consumption on concrete production on base of PC 
and SPC (table 1). SPC advantage is obvious.                                                                                    

Тab.1. Fuel consumption of production of concrete on base PS and SPC 
concrete 

mark 
Cement type

Cement 
mark 

Quantity of 
slag, % 

Specific cement 
consumption, kg/m3 

Fuel 
consumption, % 

PC without 
additives 

400 − 300 87 

SPC 400 18 305 72 

 
200 

SPC 300 60 340 47 
PC without 
additives 

500 − 330 97 

PC+slag 400 18 390 92 

300 

SPC 400 50 395 64 
 

The use of granulated slag not only provides clinker economy at cement production but it essentially 
improves main cement properties raising durability of construction. At cement hydration and 
hardening calcium hydroxide is formed. It is soluble and vulnerable component of cement paste 
therefore to bind it into little soluble hydrate compounds is very important. Slag as a component of 
cement reacts with Ca(OH)2 and leads to calcium hydroxides formation which increases concrete 
durability. Nevertheless the building industry enterprises use SPC reluctance. One of the reason is 
slowly hydration of SPC. During many years the investigation on activation of SPC hydration carried 
out by many scientists long ago (Satarin V., 1974; Smolczyk H.G., 1980; Daimon M., 1980; Bucchi R., 
1986; Regourd M.,1986; Tichomirova I.N., et al.,2011).  General conclusion on all studies can be 
done as follows: 
- Correlation between mineral composition of clinker and slag (Bucchi R.,1986; Regourd M.,1986); 
- SPC hydration acceleration is reached by using fast crystallinity materials (Dmitriev A., et 

al.,1983); products contained mix of sulphoalumina and silica compounds (Satarin V., et al.,1980);  
sulphoaluminate clinker, (Kouznetsova T.V., 1986);  silica fume (Kurdowski W., et al.,1983); 

- Mechano-chemical activation of portland cement addition of technogen belite product 
(Makaschev S., et al.,1980); 

- Optimization fineness of cement using different type of mill and milling methods (Krivoborodov 
Y.R., et al., 1989). 

In this paper results of investigation on the influence fineness SPC and the use of special equipment 
for cement milling (RPA) are given. 
2. Experimental 
2.1. Materials  
For study Portland cement clinker, granulated slag and gypsum were used. Their chemical 
compositions are represented in table 2. Mineral composition of clinker (%): C3S=58; C2S=17; C3A=7; 
C4AF=15. 
 
 

Tab. 2. Chemical composition of used materials (%) 



Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O 
PC clinker 19.63 5.58 4.54 65.50 3.48 0.20 0.80 
Gypsum 4.17 0.62 - 40.89 3.03 50.69 0.41 

Slag 33.6 13.0 2.36 41.60 8.8 0.10 0.26 
 
Granulated slag is characterized by modulus: Ma =1.08 and Ma = 0.38.  
2.2. Experimental process 
In this work standard methods were used: fineness, strength of cement paste and beton. For study a 
grindability of components ordinary laboratory mill was used. After some time milling the sample was 
taken for test of its size grading composition. To estimate grindability of materials it was used method 
(Krychtin G., et al., 1993) which allows to definite the grindability as a function of specific energy 
consumption during milling.  
3. Experiments and discussion 
3.1. Material grindability 
At the first stage grindability of all components and SPC were studied. The results are given in table 3.   

Tab.3. Grindability of materials 
 Sieve residue, % 

Material 
Time 

milling, min 
  R02 R08 

 Specific surface 
 Ssp, cm2/g 

Specific energy 
consumer 

kw.h/t 
60 3.6 5.2 2500 26.0 
90 0.0 4.5 2900 37.3 PS clinker 

100 0.0 3.5 3500 46.6 
60 5.6 20.0 1500 32.7 
 90 1.5 6.0 2500 46.6 Slag 
120 0.5 3.6 3500 56.0 
60 0.5 8.8 2600 23.5 
90 0.5 7.0 3100 28.0 SPC 

120 0.4 6.0 3500 45.0 
 
Experiments showed, that to mill slag it is need more energy consumption than for clinker milling, 
although both samples (slag and clinker) were milled up to specific surface equal to 3500 sm2/g. For 
this aim clinker mill demands 46 kwh/t and slag milling – 56 kwh/t.  
3.2. Influence of milling fineness of components on cement strength 
At second stage clinker, slag and gypsum were milled separately each other to obtain up to three 
fineness evaluated by  Ssp =2500, 3500, 4500 sm2/g. Milled components were mixed in the different 
compositions. Results of tests of samples are shown at Fig.1. 
From Fig.1 it is visible coarse milling of slag (Ssp= 2500 sm2/g) caused low strength of cement paste 
even using fine milling clinker (see curve 3). The most high strength of SPC can be reach when both 
components (slag and clinker) have high fineness (curve 1, Fig.1). 
These data explained distinction strength of SPC milled in one and two stage (Table 4). 

Tab. 4. Properties of SPC milled by different methods to Ssp=3500 sm2/g 
Compressive strength, МPа, 

after days 
Quantity of particles by size µm, 

% Milling method W/C 
1 3 28 more 80 less 40 

One stage 0.40 8.6 21.6 38.9 28.5 38.5 
Two stage 0.40 12.7 31.6 46.2 16.5 54.5 

 
  
 
 



Investigation of separate fraction of particles carried out by using chemical method and microscopy 
shown (Fig.2) that slag particles are in a large fraction (particles are bigger than 40 µm). In fine 
fraction there are mainly the particles of Portland cement clinker. 

 
 

Figure 1. Strength of SPC on dependce of milling 
degree of  its components slag milling degree: 

Ssp = 2500 (1), 3500 (2), 4500 (3) sm2/g 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2. Distribution of SPC components in fraction at 

one stage milling 
1 – PC clinker, 2 – gypsum, 3 – slag 

 
Analyses of data showed, that strength of one stage milling SPC is rather smaller than one of two stage 
milling cement. On base of above mentioned sample of cement concretes were preparation at the same 
condition: cement (350 kg/m3), aggregate (1850 kg/m3), W/C = 0.50. Experiments showed that fine 
milling SPC promotes the increase concrete strength both at early stage and after 28 days hardening 
(Table 5). 

Tab. 5. Strength of concrete 

Compressive strength, MPa 
№№ Method cement milling 

3 days 7 days 28  days 
1 One stage 10 25 40 
2 Two stage 15 40 47 

 
At last time some Authors (Krivoborodov Y.R., et al., 1989) suggested method of activation cement 
using special equipment (RPA – rotor pulsate apparatus). Main point of this method is water 
processing of cement in RPA. High effectiveness of this method fixed more times. Ordinary milling is 
realized at cement plant and then cement is processed at concrete plant. In Table 6 example is given. 

Tab. 6. Test results of SPC 

Strength, МПа after hardening 
bending      compressive Cement Processing W/C 

3 d 28 d     3 d     28 d 
SPC 400 - 0.5 4.6 5.9 18 41 

- “ - RPА – 3 min 0.5 5.5 6.8 30 55 
 
Mechanical activation of cement especially takes place when cement consists of about 90% of slag 
(Fig.3).  

 

 
 
 



 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig.3. Strength of SPC after processing in RPA 
 
High acceleration of cement hardening can be explained by the increase of its fineness. Small particles 
of cement hydrated fast changing structure of cement paste. High hydration leads to formation 
structure characterized by fine porosity. 
4. Conclusion 
Many factors influence on the strength of hardened slag cement. One of the way to promote the fast 
hardening of cement is to improve its milling and increase cement fineness peculiarity slag component. 
Fine degree dispersion of SPC increases strength of cement paste and concrete. Its use accompanied 
less energy consumption in cement and concrete production. 
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Abstract 
Blast furnace slags are added to Portland cements for environmental / economic reasons as well as for durability interests. 
When reaching high levels of cement replacement, mechanical strength of these systems can be reduced at early age due to 
low alkalinity of the medium in contact with slag particles.  
One idea to face this problem would be to compensate by external alkali sources (e.g. alkali salts like sodium silicate) to 
enhance the reaction of slag with similar approach as alkali activated slags. Nonetheless alkalis and silicium compounds will 
influence reactions of OPC phases responsible for complex mechanisms which are not yet fully described in the literature.  
 
To identify these mechanisms, this study proposes an approach with binary systems (50 %< slag<100%) activated by different 
sodium silicate concentrations (1 %< equivalent NaOH<8% of the solid). Compressive strength evolutions (up to 28 days) 
are explained using measurements of kinetics of reaction by isothermal calorimetry and pore solution analysis. In particular, 
quantifications of slag degree of reaction show evidence of earlier reactions of OPC phases with deleterious effect on slag 
reactivity (and mechanical strength) when equivalent NaOH is not added with a minimum content.  
Hypothesis regarding kinetics and space available for hydrate formations are finally proposed with recommended parameters 
to optimize both early and 28 days mechanical strength.  
 
 
Originality 
This paper deals with original systems poorly documented in the literature (OPC/slag/sodium silicate) with a complete set of 
varying parameters (nature of slag, % equivalent NaOH, % slag). Mechanical properties are correlated with microstructure 
investigations using an approach to measure slag degree of reaction by isothermal calorimetry and pore solution analysis 
(release of Ca and Si available for hydrate precipitation). This study allows for recommendation of optimized compositions 
for OPC/slag/sodium silicate regarding compressive strength and give possible input data for thermodynamic interests.  

 
 

Keywords: alkaki activated binders, slag, degree of reaction, isothermal calorimetry 
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1. Introduction 
Ground Granulated Blast furnace slags (GBFS) are used in various cementitious systems for technological (low heat 
of hydration for large structure…) as well as durability interests (alkali-binding capacity…) (Öner et al., 2003; Roy, 
1999; Juenger et al., 2011). 
Different kinetics of reaction and microstructure arrangements (see for example (Escalante-Garcia et al., 2004, 2004; 
Pane et al., 2005; Mun et al., 2007; Codina et al., 2008; Gruskovnjak et al., 2008; Haha et al., 2011, 2012; Lothenbach 
et al., 2011; Acevedo-Martinez et al., 2012; Arbi et al., 2013; Rashad et al., 2013)) will be obtained depending on 
slags features (granulometry, chemical composition, amorphous content,…), nature of activators (Portland cement, 
sulphate, aluminate, carbonate, alkali salts,…) and curing conditions (availability of water, temperature,…). In most 
systems, reactions of GBFS lead to the formation of C-A-S-H, hydrotalcite (containing Mg), and sulphur (ettringite,…) 
or carbonate based phases. 
Ideally and simplistically, GBFS must be highly amorphous (above 90%), with a high fineness and rich in Ca, Al and 
Mg (as illustrated by the most widely used modulus of activity: CaO+MgO+Al2O3)/SiO2) to optimize its reactivity 
(Barnes et al., 2002). Nonetheless, it must be noted that effects of each element are not equal in slag reactivity and 
must be dependent on the system of activation (alkali activated slag (Haha et al., 2011, 2012), supersulphated cement 
(Gruskovnjak et al., 2008), OPC/slag cement (CEM III, CEM V) (Barnes et al., 2002; Escalante-Garcia et al., 2004; 
Acevedo-Martinez et al., 2012). These mechanisms are controlled by dissolution mechanisms of anhydrous and 
precipitation of hydrates both influenced by the nature of the pore solution and space available for precipitation.  If a 
lot of work has been done on collecting data of kinetics/thermodynamic behaviour of Portland cement systems 
(Bullard et al., 2011), few data are available for GBFS-OPC systems with significant waterglass contents. Snellings 
(Snellings, 2013) recently studied the influence of the nature of solution on dissolution rate of synthetic slags with 
different chemistries in an alkali medium (pH=13). In this study, the dissolution of blast-furnace slag type glasses was 
reduced by increasing Ca concentrations in solution. In the same time, no effect of Si in solution was observed on 
dissolution mechanisms. These experiments were done under high water/solid ratio (around 1000) to not take into 
account precipitation phenomena. More investigations would be necessary to confirm these results with industrial 
slags.  
Main activators are based on alkali onset of dihydroxylation mechanisms of GBFS which can be enhanced by other 
reactants. The most common systems are OPC/slag systems with CEM III/A (35/64% clinker), CEM III/B (20/34%) 
and CEM III/C (5/19% clinker) (see EN 197-1). If similar and even higher mechanical strength are possible with 
substituted systems compared to neat OPC at 28 days, mechanical strength at early age are often too low for numerous 
building applications. Addition of alkali products in these systems appears as an interesting way to settle it even if 
such systems must be carefully tested for durability (like alkali silica reaction). Few literature is available on the 
influence of alkali additions in different substitution level of OPC/slag systems. Strength development and 
mechanisms of reaction are not well understood (Matschei et al., 2005).  
This study aims to study the mechanical behaviour of two different industrial slags in various replacements of Portland 
cement. First, dissolution rates are measured for both slags in alkali environments with a set-up closed to the one used 
by Snellings (Snellings, 2013).  
Then, compressive strengths of systems with varying contents of sodium silicate (0 to 8 wt.% Na2O equivalent) and 
different OPC levels (50 to 100 wt.%) are done at 1, 2 and 28 days. Insights on the kinetics of OPC/GBFS reactions 
are done to correlate microstructure features with mechanical strength gain.  
2. Materials and methods 
Different OPC/Slag/Na2O.SiO2 systems were formulated in this study. The PC was a CEM I 52.5 CE CP2-Lafarge. 
Two highly amorphous industrial slags (X-Ray diffraction patterns in figure 1), noted S1 and S2, from different 
industrial plants of ECOCEM Materials Ltd. (see  
Tab. 1).  

 

Figure 1: XRD patterns of Slag 1 (S1) and Slag 2 (S2) 

 

 



 

Tab. 1: Properties of CEM I and GBFS 

Components  CEM I S1  S2 

CaO  67.41 41.11 41.35

SiO2  22.84 35.42 36.85

Al2O3  2.70 12.68 11.44

Fe2O3  1.84 0.59 0.10

SO3  2.23 2.01 1.93

Na2O  0.14 0.51 0.34

K2O  0.23 0.39 0.44

Loss on ignition (LOI)  1.72 ‐  ‐ 

Specific gravity, g/cm3  3.13 2.89 2.91

Mass‐median‐diameter (D50), m 12.62 11.2 12.8

Mean particle size, m  15.71 13.75 14.99

BET Specific Surface Area (m2/g)  /  1.17 1,66

Blaine Surface area (m2/g)    4500 4300

 
It must be noted that they have quite similar chemistries except for Na content (0.51 wt. % for S1 vs 0.34 wt. % for 
S2). D50 diameter of S2 is slightly higher.  
A solid sodium silicate (Na2O.SiO2) from SIMALCO (alkali modulus=1) was used for alkali activation. In the study, 
waterglass content was expressed as wt. % Na2O equivalent= (mass of Na2O in Na2O.SiO2 / (mass of Portland cement 
+ mass of GBFS)) to allow for comparison with literature on Alkali Activated Slags. 
Cements pastes were prepared with a water/solid of 0.4 (isothermal calorimetry, SEM-EDS) using a Raynerie mixer 
(1500 rd/min).  
For the determination of the degree of reaction of GBFS and cement at 2 days after mixing, the hydration of paste 
samples was firstly stopped by immersion of 5 mm thick slices for 7 days in isopropanol and then vacuum drying 
during at least 3 days. The grey level segmentation determined by BSE image analysis was used to quantify the 
content of unreacted GBFS and OPC. The procedure was closed to the technique developed by Kocaba (Kocaba, 2009) 
with an acquisition of 30 SEM-BSE images associated with EDS-Mg mapping (×900) followed by image analysis 
processing (figure 2 and equations 1a and 1b for calculations of degree of reaction for GBFS or OPC). 

 
BSE image  Segmentation   Binarisation   EDS correlation  Result 

 

Figure 2: Schema of BSE-image analysis combined with magnesium mapping to quantify anhydrous product for 2 days 
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Mortars were cast at a w/s of 0.5 according to EN 196-1. GBFS substitution was done in the 50 to 100 wt.% range. 
Na2O equivalent content was varied between 0 to 8 wt. %. The formulations are summarized in table 3. Compressive 
strength measurements were carried out on mortars at 1, 7 and 28 days on 3 prisms of 160×40×40 mm according to 
EN 196-1 (Universal Press 100KN IGM). Samples were demoulded at 24h and cured at T = 20 ± 1 oC and HR ≥ 90 %.  
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Samples were analyzed by X-Ray Diffraction (XRD) using a Siemens D5000 diffractometer with CoKα radiation 
(λ=1.789Å). Heat flows were measured on ampoules containing around 10 g of paste by isothermal calorimetry using 
TAM Air calorimeter set at 20°C. The extraction of the pore solution was carried out by a high-pressure device. The 
pressure used for pore solution extraction is comprised between 30kN and 300kN (Cyr et al., 2008).  
 

Tab. 2: Formulations of the study 

Binder Sodium silicate Binder Sodium silicate
Symbol  

Cement GBFS  
Symbol 

Cement GBFS  % Na2O % Na2O 
C50N0 50 50 0.0 C20N0 20 80 0.0 

C50N1 50 50 1.0 C20N1 20 80 1.0 

C50N3 50 50 3.2 C20N3 20 80 3.2 

C50N5 50 50 5.5 C20N5 20 80 5.5 

C50N8 50 50 8.0 C20N8 20 80 8.0 

C30N0 30 70 0.0 C05N0 5 95 0.0 

C30N1 30 70 1.0 C05N1 5 95 1.0 

C30N3 30 70 3.2 C05N3 5 95 3.2 

C30N5 30 70 5.5 C05N5 5 95 5.5 

C30N8 30 70 8.0 C05N8 5 95 8.0 

C00N1 0 100 1.0 

C00N3 0 100 3.2 

C00N5 0 100 5.5 
  C00N8 0 100 8.0 

 
3. Reactivity of slags in a model alkaline media 
Dissolution experiments in alkaline (pH=13 with NaOH + water) and high diluted media (w/s=1000) were done for 
the two industrial slags. More details on the procedure can be found in (Snellings, 2013). Dissolution rates were 
recorded using sampling at different ages up to 48 hours. Corresponding ICP-OES chemical analyses of Al, Ca and Si 
of the two slags are plotted in figure 3.a. and 3.b. SEM images of the slags after dissolution experiments (figure 3.c. 
and 3.d.) show the lack for products precipitation. 
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Figure 3: Evolution of the concentrations of Al, Si and Ca in the solutions with time during dissolution experiments for Slag 1 (a) 

and Slag 2 (b); SEM images of Slag 1 (c) and Slag 2 (d) at the end of the experiment with the lack of hydrates on the surface. 
 
Rate of dissolution were calculated from equation 2 between 10 and 48 hours in permanent regime and are 
summarized in table 3.  

b 
Time (h) Time (h) 



   Equation 2 
Where:  

  variation of concentration of element x per unit of time 

  molar fraction of the chemical element X in the slag 
• m  mass of slag 
• S  specific surface area of slag 
• VSol  volume of the solution 

Tab. 3: Rate of dissolution measured for Al, ca and Si between 10h and 48h 

 S1 S2 
log rAl (mol/m2/s) -6.17 -6.24
log rSi (mol/m2/s) -5.42 -5.58
log rCa (mol/m2/s) -5.31 -5.37

The release of Si in solution seems to be more important for S2 up to 10 hours (see 150 M for S2 and 90 M for S1 
at 10h). However rates of dissolution appear to be very close for both GBFS between 10 and 48 h. 
When plotting evolution of element concentration in solution divided by molar fraction of the element in GBFS 
(Figure 3), S2 is characterized by a congruent dissolution whereas S1 tends to release more Si or Al during reaction. 
This could be due to different atomic arrangements (degree of polymerization) and/or presence of inhomogeneities 
(crystalline phases,…). 

 
Figure 3: Ca concentrations in solution normalized to the molar fraction of Ca in the glass plotted against the Si concentration 

normalized to the Si molar fraction of the glass or against the Al concentration: for S1 (a, b) and for S2 (c, d) 

c d b a 

4. Compressive strength at 2 and 28 days and mechanisms of reaction 
Compressive strengths were measured as a function of %Na2O equivalent (1%, 3.2%, 5.5% and 8%) for five levels of 
GBFS contents (100%, 95%, 80%, 70% and 50%) at 2 and 28 days (Figure 4).  
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(d) (c) (b) (e) (a) 

 
 

(h) (g) (i) (f) (j) 

Figure 4: Evolution of compressive strength at 2 and 28 days for both slags as a function of GBFS replacement ((a) to (e)) and as a 
function of Na2O contents ((f) to (j)) 

Strength increases with time whatever the composition. In a general manner, compressive strengths are lower with 
increasing PC replacement down to 50%. 
4.1. Influence of the nature of GBFS: S1 or S2 
Nature of slag (S1 or S2) influences compressive strength with time all the more so as the blend contains a large 
amount of GBFS. Similarly, higher activator contents favor differences in strength behaviors between the two GBFS 
based systems.  
At early age (2 days), the strength of 100%S1 is higher than 100%S2 with Na2O content above 1%. The difference 
between the two GBFS is all the more important than the %Na2O is high. For other level of OPC and alkali contents, 
S1 based strengths are often higher than S2 ones except for 95% Slag/8%Na2O. Nonetheless differences are relatively 
low and of few MPa orders for GBFS contents equal or below 80%. 
When looking at physical/chemical characteristics of the slags, D50 particle size of S1 appears to be lower. This could 
explain in some way the increasing reactivity by bringing extra nucleation surface at early age for high GBFS contents. 
The lack of difference between rates of dissolution for the two slags can be due to the fact that compressive strength is 
mainly controlled by particle size distribution and surface available for nucleation of products (not available in reactor 
experiments due to the high w/s) and in a lower extent by initial dissolution of slags. Moreover, other parameters must 
be kept in mind when comparing dissolution experiments and mortars based strengths: influence of mixing operation 
in mortars bars, nature of the activator (waterglass versus NaOH in dissolution experiments), and influence of high 
concentrations of elements in solution on dissolution regime. 
At 28 days, the trend is often reversed with higher compressive strength of S2 compared to S1 for 100% and 95% of 
GBFS. The quick formation of products could be at the origin of less densified hydrates at early age and then lower 
strengths at 28 days (less space available for delayed formation of products).  
4.2. Influence of the Na2O content: occurrence of a “pessimum” effect 
4.2.1. Evolution of compressive strength 
A minimum of compressive strength (noted as “pessimum” point) is observed when varying %Na2O especially 2 days 
(50 to 80% slag). This minimum doesn’t occur for 100% GBFS. This “pessimum” can be seen at a content of Na2O 
which is all the more important than the level of GBFS substitution is high (between 0-1% for 95% GBFS, around 1% 
for 80% Slag, 1-3.2% for 70% Slag , 3.2% for 50% Slag). Then, low additions of Na2O.SiO2 have a negative impact 
on GBFS/OPC blends compared to systems with low or with high Na2O contents. Moreover there is a relationship 
between the content of OPC in the system and the minimum content of Na2O required for increasing strength with 
Na2O content. This trend suggests a direct reaction of Na2O.SiO2 with Portland cement responsible for low strength 
properties. This effect is studied in more details in the following part with 50% GBFS-based systems. At 1-2 days, if 
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strengths at high Na2O contents are higher compared to 0% Na2O for low GBFS contents, the trend is more smoothed 
at 50% of OPC. 
Finally at 28 days, the minimum of compressive strength at intermediate values of % Na2O can be still observed but 
strengths at 0% Na2O is systematically more important than the ones at higher %Na2O. 
4.2.2. PC and GBFS reactivity  
Kinetics of hydration were followed by isothermal calorimetry on samples with 50% of GBFS replacement (figure 6.a. 
represented as heat flow and figure 6.b. represented as cumulative heat). Below 3.2% Na2O content (“pessimum” level 
for compressive strength) an initial “dissolution” peak is followed by an induction period and the occurrence of two 
overlapped peaks which is typical of OPC based heat flow (silicate & aluminate reactions). The two peaks appear all 
the more sooner than the content of Na2O is high (reducing duration of induction period). Above 3.2% Na2O, the 
kinetics of reaction is further accelerated with a large peak of reaction overlapped with the initial dissolution peak and 
the formation of a second peak which is more visible on the 8% Na2O mix. At 3.2% Na2O, some reduced peak is 
present at early age. A medium dosage of Na2O, may apparently lead to a quick but low intensity reaction of hydration 
which could explain low compressive strengths. In the same way, cumulative values show a lower total heat for 3.2% 
Na2O compared to other systems.  
At lower Na2O dosage (see 0-1%), cumulative heat at 48h are closed to each other indicated a simple retardation effect 
for the system without Na2O.SiO2. At higher Na2O contents, cumulative heats are similar up to 15 hours followed by a 
more important heat rate for 5.5% Na2O. However, heat is not directly related to mechanical strength at 48h, at least 
for higher contents of Na2O.SiO2. 
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Figure 5: isothermal calorimetry measurements: heat flow (a), cumulative heat (b) 

b a 

OPC and GBFS degrees of reaction were measured using SEM-EDS-Image analysis coupled measurements (BSE 
image  Segmentation   Binarisation   EDS correlation  Result 

 

Figure 2 for method and figure 7.b. for results). Besides, pore solution analysis measured at 48h are presented in figure 
7.a. (Rc corresponds to the compressive strength of the corresponding systems). 

  
a b 



Figure 6: Pore solution analysis as a function of %Na2O at 48h (a), Degree of reaction of PC and GBFS at 48h measured by SEM-
EDS-Image analysis (b) 

A minimum of reaction for both anhydrous can be seen at the “pessimum” level. It confirms the possible false set 
phenomenon due to the lack of space available for hydrates formation and/or unavailability of alkalis to maintain the 
reaction. A competition between OPC and GBFS reaction occurs when adding Na2O.SiO2.  
Figure 7.a. shows the continuous increasing of Na and Si in the solution with adding Na2O.SiO2. Without addition of 
Na2O, the pore solution is rich in Ca and poor in Al. During alkali addition, Ca drops to to 1% and then decreases 
more slowly from 1 to 8% Na2O addition. This can be due to the lower dissolution of anhydrous as well as the large 
consumption of the Ca available to form C-A-S-H. On the contrary, Al increases gently up to 5% and then more 
strongly from 5.5 to 8% of Na2O. At high levels of alkalis, a large reaction of GBFS could lead to the availability of 
extra Al in pore solution.  
These data show that alkalis enhance reactivity of OPC and GBFS. The decrease of compressive strength below the 
“pessimum” Na2O content is probably due to the quick formation of non-densified hydrates preventing further 
reaction of anhydrous grains fixing alkali elements (Na adsorbed on C-A-S-H). At higher levels, the reaction of 
anhydrous grains proceeds through alkalinity indicating that space availability is not the mechanism controlling the 
reactivity.  
4.3. Effect of OPC substitution level 
Compressive strengths measured at 2 days decrease with higher GBFS content at low alkali content (0 and 1%) 
whereas they rise up with increasing GBFS content at higher alkali contents (above 3.2%). 
At 28 days, a plateau of strength can be observed in absence of alkalis above 80% GBFS. It is interesting to note that 
for a 80% GBFS system, the minimum Na2O content required to get equal or higher compressive strength at 28 days 
(about 40 MPa) and higher strength (above 4MPa) at early age is around 5.5% Na2O. 
Heat flow and the cumulative heat of the system activated by 3.2% Na2O / binder are plotted in figure 8 for 100%, 
80% and 50% of GBFS. For this Na2O level, higher OPC substitution leads to increasing kinetics of hydration.  At 48h, 
cumulative heat of 80% GBFS system is higher than 100% and 50%. 

a b  
 

Figure 7: Isothermal calorimetry measurements for 3.2% Na2O and 100%, 80% and 50% of GBFS:  
heat flow (a), cumulative heat (b) 

 
SEM-EDS-Image analysis coupled measurements are shown in figure 3 for method and figure 9.b. for results. Besides, 
pore solution analysis measured at 48h for the systems with 3.2% Na2O and different replacements are presented in 
figure 9.a. (Rc corresponds to the compressive strength of the corresponding systems).  

  
ba  
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Figure 8: Pore solution analysis as a function of % GBFS at 48h for 3.2% Na2O (a), DoR of OPC and GBFS at 48h measured by 
SEM-EDS-Image analysis for 3.2% Na2O (b) 

GBFS reacts even better that there is no cement in the mixture. This confirms the negative interaction that OPC can 
have with GBFS when it is present in a large quantity in a mix containing high alkali levels. Al and Si contents in the 
pore solution decrease with increasing GBFS levels. This is probably due to the precipitation of CNASH products. 
 

5. Conclusion 
This article investigates on the alkali-silica activation of binary system (GBFS + OPC), in which OPC is replaced by 
equivalent mass of GBFS (50% -100%).  
The content of Na2O.SiO2 (represented by the Na2O equivalent) has a strong influence on the properties of the system. In 
the case of pure GBFS systems, it will enhance early age and long-term strengths. The GBFS with the higher finess 
and non-congruent dissolution properties is more efficient at early age. 
In the case of binary system (OPC + GBFS), a small amount of activator will cause a “pessimum” effect on the 
development of mechanical strength compared to the system without activator and high content of Na2O.SiO2.  
In the case of low Na2O.SiO2 contents, the increasing level of substitution of GBFS in the mixture leads to a reduction 
of the mechanical strength. In fact, isothermal calorimetry and pore solution results show that a low Na2O.SiO2 
content will modify kinetics with a low apparent effect on extent of hydration (probably with different ways for 
hydrates to densify), whereas higher Na2O contents will improve both anhydrous reactions and products formation.  
On the other hand, when increasing the content of Na2O.SiO2, mechanical strengths are improved for high GBFS 
contents. A detrimental effect of OPC on GBFS reaction in presence of high Na2O contents is shown. Al and Si 
depletion in the pore solution of these systems indicates the precipitation of CNASH hydration products. 
 
 
It is interesting to note that for a typical CEM III-C (70 to 80% GBFS), the minimum Na2O content required to get 
equal or higher compressive strength at 28 days and higher strength at early age is around 5.5% Na2O. Compressive 
strengths at early age are then multiplied by two. Complementary studies will be necessary to optimize Na2O 
contents (lower values would be necessary to get comparable values at 90 days) and evaluate durability impact of 
such alkali contents especially for avoiding alkali silica reaction. 
Microstructure investigations are in progress to study the nature and organization of hydrates formed at early age and 
their influence on mechanical strength. 
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Abstract 
Municipal solid waste incineration bottom ash (IBA) contains metallic aluminum which could generate hydrogen gas 
and lead to the occurrence of concrete crack when IBA is used in cement matrix. In this paper, IBA was pre-treated 
with alkaline solution, i.e. sodium hydroxide solution or calcium hydroxide solution, under certain conditions. The 
alkali treatment effect on metallic aluminum removal, chemical composition of IBA, compressive strength as well as 
strength activity index (SAI) of cement-IBA mortar and heavy metal immobilization in IBA was presented. The results 
showed that metallic aluminum in IBA could be completely removed by treatment with sodium hydroxide solution, and 
the alkali treatment did not change the major components of IBA though some aluminum compounds changed. From 
the compressive strength of cement-IBA mortar, it showed some pozzolanic property of IBA could sacrifice when IBA is 
treated with alkaline solution. However, the SAI value of cement-IBA mortar using IBA treated with sodium hydroxide 
solution under low temperature and low PH can still reach more than 80%, which is meaningful in practical 
application. Alkali treatment can also benefit heavy metal immobilization in IBA. In general, this paper revealed a 
viable way to treat incineration bottom ash (IBA) to be suitable for supplementary cementitious material application.  
 
Originality 
As is known, IBA contains metallic aluminum which makes it unsuitable when used in cement matrix. This paper shows 
alkali (sodium hydroxide) treatment of IBA can completely remove metallic aluminum in IBA, and the SAI value of 
cement incorporating IBA can reach more than 80%. So the first originality of this paper is to reveal a viable way to 
treat incineration bottom ash (IBA) to be suitable for supplementary cementitious material application. The second 
originality of this paper is to evaluate alkali treatment effect on chemical composition of IBA as well as compressive 
strength of cement-IBA mortar. IBA has heavy metal leaching issue when used. The third originality of this paper is to 
show the benefit of alkali treatment on heavy metal immobilization in IBA.  
 
Keywords: incineration bottom ash (IBA); supplementary cementitious material; alkali treatment; compressive strength; 
heavy metal immobilization 
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1. Introduction 
With economic development and population increase, municipal solid waste (MSW) generation has 
increased year by year in some big cities around the world. Compared with direct landfill of MSW, 
incineration has been developed to be a good way to deal with MSW, as through incineration not only 
the mass and volume of MSW can be reduced by 80% and 90%, respectively (Ontiveros J. L. et al., 
1989), but also electricity power can be produced. However, after incineration, the remaining by-
product, i.e. incineration ash, still needs to be dealt with, normally by landfill. In some cities with 
scarcity of land, like Singapore, there is not enough landfill resource. Therefore, to utilize incineration 
ash, which can reduce the amount of waste and prolong the lifespan of landfill, is encouraged. There 
are two types of incineration ash, i.e. incineration fly ash (IFA) and incineration bottom ash (IBA). 
Compared with IFA, IBA is less hazardous (Ferreira C. et al., 2003) and is classified as a non-
hazardous waste according to the European Waste Catalogue. Furthermore, IBA occupies 75% to 80% 
of total incineration ash, while IFA is only around 10% to 15% (Bethani S., 2012). Therefore once 
IBA can be utilized, it will be of great help to prolong the lifespan of landfill. 
Supplementary cementitious material is a kind of material which contributes to the hardened property 
of concrete by hydraulic or pozzolanic reactions. The use of such material offers the viability of partial 
replacing cement in concrete production. Supplementary cementitious material greatly reduces the 
demand on cement and significantly lowers the greenhouse gas emission associated with cement 
clinker production. 
Most supplementary cementitious materials originate from industry by-product such as coal fly ash 
and blast-furnace slag. It has been reported that IBA has pozzolanic properties and can be a potential 
supplementary cementitious material (Li X. G. et al., 2012; Jurič B. et al., 2006) The utilization of 
IBA as supplementary cementitious material will be of great significance. Not only waste IBA can be 
utilized and lifespan of landfill can be prolonged, but also cost of concrete production and greenhouse 
effect can be reduced. However, due to the aluminum products like beverage cans, aluminum 
container and aluminum packaging we used in our daily life, there is some metallic aluminum 
remaining in IBA. Metallic aluminum can react with calcium hydroxide which is a by-product of 
cement hydration to generate hydrogen gas as showed in the following equation: 
                                   2Al + Ca(OH)2 + 2H2O  Ca(AlO2)2 + 3H2         (1) 
The resulted hydrogen gas will lead to expansion and crack of concrete (Pecqueur G. et al., 2001; 
Müller U. et al., 2006; Pera J. et al., 1997). Therefore, removal of metallic aluminum from IBA to 
prevent hydrogen generation and aeration is crucial for the successful application of IBA as a 
supplementary cementitious material. Bertolini et al. used wet grinding as the pretreatment method to 
remove metallic aluminum in IBA before it can be used as supplementary cementitious material 
(Bertolini L. et al., 2004). However, Bertolini’s results also showed that metallic aluminum in IBA 
cannot be completely removed by this way perhaps due to low pH value or temperature. Alkali 
treatment or acid treatment is an alternative way to remove metallic aluminum in IBA. Compared with 
acid treatment which may not only removes metallic aluminum but also dissolves the main 
compositions of IBA such as CaO and SiO2, alkali treatment seems a more possible way to deal with 
IBA to be used as supplementary cementitious material as it is also reported that alkali treatment can 
be used to treat other ingredients applied in cement paste, like fiber (Xia Z. et al., 2010; Cheng X. et 
al., 2012; Jo B. W. et al., 2015) and coal fly ash (Junák J. et al., 2008). However, the effect of alkali 
treatment on raw material, i.e. IBA in the current study, as well as its impact to the resulted product, 
needs to be evaluated.    
In this paper, alkali treatment was applied to remove metallic aluminum in IBA. Treated IBA was then 
used to partially replace cement for evaluating the strength activity index (SAI) in accordance with 
ASTM C311. The effects of different alkali treatment conditions, i.e. pH, temperature, treatment time 
and type of alkali media, on the properties of IBA and the resulted cement-IBA mortar were reported. 
2. Experimental 
2.1. Ground IBA powder 



 

The IBA was collected from Keppel Seghers Tuas Waste-to-Energy incineration plant, Singapore. The 
IBA was oven dried first, followed by ball milling. Fig. 1 shows the gradation of ground IBA powder. 
The average particle size is around 30 microns and maximum particle size is about 150 microns. 

   
Figure 1 Particle size gradation curve of grinded IBA powder 

2.2. Alkali treatment of IBA powder 
Ground IBA powder was treated with either sodium hydroxide or calcium hydroxide at different 
temperatures, pH and period. Table 1 summarizes the treatment conditions. A total of nine conditions 
were applied for IBA treatment. The alkaline solution used to treat IBA was prepared with either 
sodium hydroxide or calcium hydroxide and distilled water. Two treatment durations of 15 minutes 
and 120 minutes were used. Sodium hydroxide solution was used to treat samples 2 to 7, in which the 
effects of temperature (25 oC and 70 oC) and PH (12 and 14) were evaluated. Calcium hydroxide 
solution was applied to treat samples 8 and 9 to reveal the influence of type of alkaline solution for 
IBA treatment. 

 Tab. 1 Alkali treatment conditions of IBA  

Treatment condition of IBA 

Temperature 
(oC) 

PH Alkaline medium S/N Notation 

25 70 7 12 14 NaOH Ca(OH)2 

Treating 
duration 

(min) 

1 H2OT70D120        120 

2 Na14T70D15        15 

3 Na14T70D120        120 

4 Na14T25D15        15 

5 Na14T25D120        120 

6 Na12T70D15        15 

7 Na12T70D120        120 

8 Ca12T70D15        15 

9 Ca12T70D120        120 

The treatment procedure follows, a) preparing alkaline solution to the pre-determined pH at room 
temperature, b) heating alkaline solution using a hot plate stirrer to the pre-determined temperature, c) 
adding IBA powder into the alkaline solution, d) stirring the solution until pre-determined treating 
duration. The hot plate setup used for the above-mentioned procedure is shown in Fig. 2 and the solid 
(IBA powder) to liquid (alkaline solution) ratio is around 1:10. 
After the treatment, the alkali-IBA solution was centrifuged followed by filtration to separate IBA 
powder and filtrate. The IBA powder was washed 2-3 times to remove alkalis. The treated IBA 
powder was then oven dried at 105 oC for 2 hours prior to further characterization and usage as cement 
supplement. 



 

 
Figure 2 Hot plate setup used for alkaline treatment of IBA 

2.3. Mix design and processing of cement-IBA mortar 
In accordance with ASTM C311/C311M, the determination of strength activity index (SAI) is based 
on the 20% cement replacement of control mortar sample by pozzolans interested. Table 2 summarizes 
the mix design of cement-IBA mortar. Mix 1 is the control mix without IBA, while the other mixes 
consist of 20% of either treated or original untreated IBA. Only IBA with the treatment duration of 
120 minutes were used because shorter treating duration cannot prevent further hydrogen generation. 

Tab. 2 Mix design of cement-IBA mortar 
Cement Original

IBA 
Treated 

IBA 
Sand Water SP 

Mix 
No. 

Notation 
Mass 
(g) 

Mass 
(g) 

Mass 
(g) 

Mass 
(g) 

Mass 
(g) 

Mass 
(ml) 

1 Control (w/o IBA) 500 0 0 1375 242 5 

2 Original IBA 400 100 0 1375 242 5 

3 Na14T70D120 400 0 100 1375 242 0 

4 Na14T25D120 400 0 100 1375 242 0 

5 Na12T70D120 400 0 100 1375 242 0 

6 Ca12T70D120 400 0 100 1375 242 0 

The mixing, casting, and curing procedure follows, a) Cement, IBA and sand were dry-mixed for 3 
minutes in a mixer, b) water was slowly added into the mix and mixes for 5 minutes until a 
homogenous and consistent paste was achieved, c) the fresh paste was poured into 50 mm cubic 
moulds and vibrated for 30 seconds, d) the surface of moulds is covered by plastic sheet to prevent 
water evaporation, e) the specimens were cured at room temperature and demolded after 24 hours, and 
f) samples were cured in saturated lime water after demolding until the age of 7 days, 28 days and 90 
days for testing. 
2.4. Tests 
XRF and XRD were used to reveal chemical composition and structure of IBA powder before and 
after treatment. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to determine 
heavy metal content in the filtrate solution from treatment process. Scanning electron microscope 
(SEM) technique was conducted by using JEOL-7400F field-emission scanning electron microscope 
to examine the microstructure of the original and alkaline treated IBA powder.  
Dry density was also tested for the cement-IBA mortar sample of each mix. The sample is first dried 
in the oven at 105 oC for 24 hours. Dry density was then calculated by taking the ratio of mass to 
volume of the sample.  
Compressive test was conducted to reveal the strength of cement-IBA mortars. A minimum of four 
samples were tested for each mix. Strength Activity Index (SAI) value is defined by the following 
equation: 



 

SAI=(B/A)×100%                                                                                          (2) 
where A is the compressive strength of control (w/o IBA) and B is the compressive strength of mortar 
with 20% cement replacement with IBA. 
3. Results and Discussion 
3.1. Alkali treatment for metallic aluminum removal  
Surface foaming was observed when IBA was added to the alkaline solution due to gas generation 
from ground IBA powder as shown in Fig. 3(a). With prolonged treatment duration, the foam layer 
was reduced and a clear solution can be obtained as shown in Fig. 3(b), which suggests seizing of 
further gas generation from IBA. It is concluded that 15 minutes alkaline treatment is not sufficient to 
prevent further gas generation from IBA in all treatment conditions. A prolonged treatment of 120 
minutes for all alkaline conditions is needed in order to obtain a clear solution which may suggest 
seizing of further gas generation from IBA. For this reason, only 120-minute treated IBAs were 
selected for cement-IBA mortar preparation. 

 
  (a)           (b) 

Figure 3 Alkali treatment of IBA for (a) 15 minutes and (b) 120 minutes 
Fig. 4 shows the dry density of cement-IBA mortar mixes. Density ratio defined as the density of 
sample to the density of control is also given. As can be seen, sample with 20% original IBA 
replacement has a much lower density (85%) than that of the control sample due to aeration from the 
untreated IBA powder. Samples with treated IBA, on the other hand, have a much higher density of 
above 95% of the control. This indicates alkali treatment is able to prevent further gas generation from 
IBA. 

 
Figure 4 Dry density of cement-IBA mortar 

As for the comparison between the four treatment conditions, mortar samples with 20% IBA treated 
with NaOH at high molarity and high temperature (Na14T70D120) show the highest density which is 
just slightly lower than the control due to 20% IBA replacement and a lower density of IBA 
(2.65g/cm3) than that of cement (3.15g/cm3). It is also interesting to observe that a 45 oC reduction in 
treatment temperature (Na14T25D120) has more influence on gas generation and dry density than the 
two order reduction in alkaline molarity (Na12T70D120).  
It is also observed that the density of sample with 20% Ca(OH)2 treated IBA (Ca12T70D120) is 
further reduced as compared to the NaOH treatment at the same alkaline molarity and temperature 



 

(Na12T70D120). This may be due to the precipitation of insoluble calcium aluminate as shown in Eqn. 
(1) on the surface of IBA, which inhibits the reaction of IBA with alkaline solution and prevents 
further gas generation from IBA. The calcium aluminate layer may be broken by the mechanical force 
during mixing which enables further reaction of IBA with cement paste and gas generation, which 
lowers the density of sample Ca12T70D120.    
3.2. Effect of alkali treatment on the chemical composition and structure of IBA 
Fig. 5 shows the XRD pattern of treated and untreated IBA. As can be seen, the major compositions of 
both treated and untreated IBA are crystalline materials such as Quartz (SiO2) and Calcite (CaCO3). 
Minor components in untreated IBA are Magnetite (Fe2O3), Aluminum Oxide (Al2O3) and some 
compounds of calcium, silicon and aluminum, such as Gehlenite (Ca2Al2SiO7), Calcium Silicate 
(CaSiO3) and Calcium Aluminate Oxide (Ca3Al2O6). 

 
Figure 5 XRD pattern of treated and untreated IBA 

Compared with treated IBA, the peaks between 31o to 34o of alkali treated IBA are a little bit different, 
i.e. less sharp after treatment. This may be due to the dissolution of aluminum oxide as well as partial 
decomposition of aluminum compounds under alkaline condition. These reactions followed by their 
recombination lead to newly generated aluminum silicate peak in sodium hydroxide treated IBA 
samples. Such kind of aluminum silicate generation is quite significant under the treatment of low 
temperature (the treatment condition of sample Na14T25D120) or low PH value (the treatment 
condition of sample Na12T70D120) and not obvious for treatment of high temperature and high PH 
value. There is nearly no newly generated aluminate silicate in sample Ca12T70D120, which is treated 
with calcium hydroxide solution. The reason may be two folds. One is the passivation effect from the 
reaction product of aluminum and calcium hydroxide, which prevents the further reaction of 
aluminum compound. The other reason is that the abundance of calcium iron in calcium hydroxide 
solution may influence the generation of aluminate silicate and leave the aluminum element in the 
filtrate solution. Table 3 shows the aluminum content in the filtrate solutions, which is tested by ICP-
MS method. The aluminum in the filtrate solution mainly comes from metallic aluminum reaction 
with alkaline solution. As the chemical equation (3) shows, when metallic aluminum reacts with 
alkaline solution, Na[Al(OH)4] is generated. Na[Al(OH)4] can be further decomposed to Al(OH)3 and 
NaOH as showed in (4), and this reaction is reversible. At high temperature and high PH value 
condition, (4) tends to react to the left direction and more Na[Al(OH)4] is generated, so the aluminum 
content in the filtrate solution of sample Na14T70D120 is the most as shown in table 3. At lower 
temperature and lower PH value, (4) tends to react to the right direction and less Na[Al(OH)4] is 
generated, which results in less aluminum content in the filtrate solution of sample Na14T25D120 and 
Na12T70D120.   

                     2Al + 2NaOH + 6H2O => 2Na[Al(OH)4] + 3H2                 (3) 



 

                                Na[Al(OH)4]  Al(OH)3 + NaOH                  (4)  
The filtrate solution of sample Na12T70D120 has the least aluminum content, which is one order of 
magnitude less than the aluminum content in the filtration solution of sample Na14T70D120 and 
Na14T25D120. It can be seen that even the treatment temperature is the same for sample 
Na14T70D120 and Na12T70D120, the PH value has great effect on the reaction direction of (4). 
Table 3 also shows that the aluminum content in the filtrate solution of sample Ca12T70D120 is 
higher than the aluminum content in the filtrate solution of sample Na12T70D120. As is mentioned 
above, the abundance of calcium may have some effect on the generation of aluminum silicate and 
leave some aluminum in the solution, and such kind of additional aluminum makes the total aluminum 
content in the filtrate solution of sample Ca12T70D120 higher than the aluminum content in the 
filtrate solution of sample Na12T70D120, as shown in Table 3. 

Tab. 3 Aluminum content in filtrate solutions tested by ICP-MS 

Na14T70D120 Na14T25D120 Na12T70D120 Ca12T70D120 Al 
content 
(ppb) 191700 144200 12800 64900 

Table 4 shows the oxide composition of treated and untreated IBA. Compare with untreated IBA, the 
Na2O and K2O contents are greatly reduced in all four types of treated IBA. Sodium and potassium in 
IBA normally exist in the form of salts, such as sodium chloride and potassium chloride, which are 
easily dissolved and washed away. The composition percentage of other components increases 
correspondingly in treated IBA due to the reduced content of N2O and K2O. It is also seen that 
aluminum content in the treated IBA does not lose a lot for all treated IBAs, which means the metallic 
aluminum content in IBA is low. Sample Na14T70D120 has the least content of aluminum in the four 
types of treated IBA because most of Na[Al(OH)4] from the reaction of metallic aluminum and 
sodium hydroxide is dissolved in the solution at high temperature and high PH value condition, while 
sample Na12T70D120 has the highest percentage for aluminum oxide content due to the 
decomposition of Na[Al(OH)4] at low PH value to generate precipitate Al(OH)3 which deposits in the 
surface of IBA powder and is measured by XRF. The sample Ca12T70D120 also has high aluminum 
content because the calcium aluminate generated from (1) prevented the further reaction of metallic 
aluminum with alkali and remained it in IBA. 

Tab. 4 Oxide composition of treated and untreated IBA 

Treated IBA (%) 
Formula 

Original 
IBA (%) Na14T70D120 Na14T25D120 Na12T70D120 Ca12T70D120 

CaO 32.47 34.93 34.5 34.9 33.47 

SiO2 25.89 29.02 28.99 29.17 30.16 

Fe2O3 9.923 12.52 12.62 11.49 11.89 

P2O5 7.75 8.07 8.01 7.64 7.64 

Al2O3 6.47 6.51 6.77 7.24 7.15 

Na2O 10.9 2.77 2.89 3.4 3.53 

MgO 2.38 2.23 2.33 2.34 2.44 

TiO2 1.18 1.42 1.39 1.39 1.33 

K2O 1.53 0.775 0.76 0.818 0.785 

CuO 0.453 0.532 0.533 0.449 0.455 

ZnO 0.449 0.396 0.396 0.469 0.476 

Cr2O3 0.222 0.278 0.272 0.269 0.258 

PbO 0.147 0.244 0.213 0.173 0.186 

MnO 0.113 0.148 0.147 0.194 0.176 

SrO 0.0637 0.1 0.0962 0.0633 0.0631 

NiO 0.053 0.072 0.0693   



 

3.3. Compressive Strength and Strength Activity Index of cement-IBA mortar 
Fig.6 shows the compressive strength results of cement and cement-IBA mortars. Sample Original 
IBA using untreated IBA as supplementary cementitious material has much lower compressive 
strength than other samples using treated IBA due to the lower density from hydrogen generation. The 
28-day compressive strength of sample Original IBA is even a little bit lower than its 7-day 
compressive strength due to the continuous void generation after 7 days as such kind of void 
generation can completely neutralize the strength contribution of cement hydration from 7 days to 28 
days. However, after 28 day curing, much less voids are generated in sample Original IBA and cement 
hydration as well as pozzolanic property of IBA dominated its compressive strength improvement. 
The pozzolanic property of IBA is mainly reflected by the strength improvement at later stage, i.e. 
from 28 days to 90 days. From Table 5 which shows the median compressive strength improvement 
percentage from 28 days to 90 days, sample Original IBA has 124% improvement and is much higher 
than sample Control (only 28% improvement), which means untreated IBA has good pozzolanic 
properties. The alkali treated samples have much lower strength improvement than sample Original 
IBA, which means that though alkali treatment can remove metallic aluminum, the pozzolanic 
property of IBA sacrifice to a certain degree. From the comparison within alkali treated samples, 
sample Na14T25D120 and sample Na12T70D120 have relatively higher strength improvement 
percentage, and both of them are higher than the control sample, therefore IBA can still remain some 
pozzolanic property under low temperature or low PH sodium hydroxide treatment. However, IBA 
treated with sodium hydroxide under high temperature and high PH value lost its pozzolanic property 
and even affected cement hydration at later age so that sample Na14T70D120 using such kind of IBA 
has only 5% strength improvement from 28 days to 90 days. Compared with sample Na12T70D120 
and sample Ca12T70D120, both of them used IBA treated under the same temperature and similar PH 
value but with different alkaline media. Sample Ca12T70D120 using calcium hydroxide treatment 
IBA has higher early age (7 days) strength than sample Na12T70D120, though its dry density is lower 
than sample Na12T70D120 from Fig.4. When IBA is treated in saturated calcium hydroxide solution, 
some calcium hydroxide precipitate may deposit on the surface or inside the pores of IBA. When such 
kind of IBA is used in cement, rather than waiting for cement hydration to generate calcium hydroxide, 
the existing calcium hydroxide can have the pozzolanic reaction of IBA to happen earlier and increase 
the early strength of cement-IBA mortar. However, with the consumption of pozzolanic constituent at 
early age, there is little pozzolanic reaction at later stage from 28 days to 90 days for sample 
Ca12T70D120, and like the IBA used in sample Na14T70D120, the IBA used in sample 
Ca12T70D120 also affected cement hydration at late stage so that sample Ca12T70D120 has only 3% 
strength improvement from 28 days to 90 days.  

Tab. 5 Median compressive strength improvement (%) from 28 days to 90 days 

Sample ID 
Median compressive strength 

improvement (%) 
90 days to 28 days 

Control 28% 

Original IBA 124% 

Na14T70D120 5% 

Na14T25D120 33% 

Na12T70D120 31% 

Ca12T70D120 3% 

 



 

 
Figure 6: Compressive strength of cement and cement-IBA mortars  

Table 6 shows the SAI value of cement-IBA mortar Na14T70D120, Na14T25D120, Na12T70D120 
and Ca12T70D120. Though the above analysis shows that the pozzolanic property of IBA with alkali 
treatment can decrease a lot compared with untreated IBA, the SAI performances of Na14T25D120 
and Na12T70D120 which use IBA with low temperature or low PH value treatment have meaningful 
values, i.e., larger than 80% for 28 days and 90 days, which meets 75% requirement set by ASTM 
standard C618. So these two kinds of treated IBA can be used as supplementary cementitious material 
in practical production. 

Tab. 6 Strength Activity Index of cement-IBA mortars using alkaline treated IBA 
Strength Activity Index 

Sample ID 
7 days 28 days 90 days 

Na14T70D120 68.59% 82.39% 67.10% 
Na14T25D120 88.25% 82.17% 84.87% 
Na12T70D120 69.16% 83.58% 85.25% 
Ca12T70D120 84.12% 85.80% 68.76% 

3.4 Effect of alkaline treatment on the heavy metal immobilization in IBA 
Table 7 shows the heavy metal content in the filtrate solution from alkali treatment and pure water 
treatment (sample H2OT70D120). Compared with heavy metal content in the filtrate solution from 
pure water treatment, there is much less heavy metal content in the filtrate solution from alkali 
treatment. This is because heavy metal ions can react with hydroxyl ion to produce metal hydroxide 
precipitate as the following reactions show:  

M+ + OH-  MOH                                                                                                       (5) 
M2+ + 2OH-  M(OH)2                                                                                                (6) 
M3+ + 3OH-  M(OH)3                                                                                                (7) 

Where, M is heavy metal ion. Such kinds of heavy metal hydroxide were immobilized on the surface 
or inside the pores of IBA, and they did not dissolve into the solution. When the alkali treated IBA is 
used as supplementary cementitious material, the cement paste provides an alkaline condition, which 



 

can keep the precipitate form of heavy metal hydroxide and make it have fewer possibilities to be 
leached out to the surrounding environment. Though from other researchers it has already been proved 
that IBA can be utilized safely, the alkali treated IBA will make it even safer for practical application.  
Comparing the heavy metal content in the filtrate solution of Na14T70D120 and Na14T25D120 
(PH=14) with the heavy metal content in filtrate solution of Na12T70D120 and Ca12T70D120 
(PH=12), the PH value of alkaline solution has some effect on heavy metal immobilization. It is more 
efficient for some heavy metal, like Fe, Mg, Ni, Se and Mo, to be immobilized under high PH value 
than under low PH value, i.e. less heavy metal content in filtrate solution with higher PH value. Some 
other heavy metal, like Ti, Sb and Cu, shows a contrary result in which low PH value of alkaline 
solution is more efficient to immobilize heavy metal and results in lower heavy metal content in 
filtrate solution. The temperature of alkaline solution seems to have no effect for the heavy metal 
immobilization as there is no significant difference for the heavy metal content in the filtrate solution 
of Na14T70D120 and Na14T25D120. There is less heavy metal content in the filtrate solution of 
Ca12T70D120 than Na12T70D120, which means even under the same PH value and temperature 
condition, calcium is more efficient to immobilize heavy metal than sodium. 

Tab. 7 Heavy metal content in the filtrate solution from alkaline treatment and pure water treatment 
Heavy metal content in the filtrate solution (ppb) 

Alkali treatment Elements 
H2OT70D120 

Na14T70D120 Na14T25D120 Na12T70D120 Ca12T70D120 

As 7.02 2.77 2.68 2.01 1.15 

Cd 0.70 0.15 0.15 0.18 0.09 

Cr 5.55 1.87 1.58 7.35 2.77 

Fe 1500.00 16.20 16.90 288.00 234.00 

Mg 48.60 1.00 1.03 9.48 4.56 

Ni 31.40 2.77 2.95 6.28 3.81 

Se 12.60 1.23 1.31 3.94 2.10 

Ag 0.02 0.01 0.00 0.01 0.00 

Co 1.79 0.62 0.63 0.56 0.31 

Ti 5630.00 2120.00 2090.00 1040.00 519.00 

Sb 83.15 28.51 24.81 11.17 7.34 

Cu 1909.00 1148.00 1107.00 512.00 379.00 

Mo 142.56 29.14 28.05 50.33 30.89 

Hg 3.12 0.76 0.67 1.03 0.52 

4. Conclusions 
An alkaline pre-treatment method to remove metallic aluminum in IBA was introduced, followed by 
evaluation of treated and untreated IBA to be used as supplementary cementitious material in cement 
mortar. The main conclusions are as following:  
1. Metallic aluminum in IBA can be removed by alkaline treatment for 2 hours. Sodium hydroxide is 
more efficient to completely remove metallic aluminum, while calcium hydroxide still remains some 
unreacted metallic aluminum in IBA, which results in a little bit lower density in the final cement-IBA 
mortar product.  
2. Alkali treatment does not change the main chemical composition of IBA, and only wash away 
sodium and potassium salt. Quarts and calcite which are the two main components in IBA still remain 
unchanged after alkali treatment, but other compounds have some change. Especially for aluminum 
compounds, new aluminate silicate product was generated under sodium hydroxide treatment with low 
temperature or low PH value. 



 

3. The compressive strength of cement-IBA mortars show that when IBA is treated with alkaline 
solution, some pozzolanic property, i.e. later age strength improvement, could sacrifice. However, the 
SAI value of cement-IBA mortar using IBA treated with sodium hydroxide solution under low 
temperature and low PH can still reach more than 80%, which is meaningful in practical application. 
The cement-IBA mortars using IBA treated with calcium hydroxide solution have high early strength. 
4. Alkali treatment can benefit heavy metal immobilization in IBA. Heavy metal ions react with 
hydroxyl ions to produce metal hydroxide precipitate, resulting in less heavy metal content in the 
filtrate solution compared with pure water treatment. Such kind of metal hydroxide precipitate is 
stable in alkaline environment like cement paste, which provides safer assurance for IBA to be used as 
supplementary cementitious material. Calcium has even more benefit for heavy metal immobilization 
than sodium under the same temperature and PH value condition. 
In general, this paper revealed a viable way to treat incineration bottom ash (IBA) to be suitable for 
supplementary cementitious material application. 
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Abstract 
Recycled glass has already been used as concrete fine aggregates or cement substitute. However, its amorphous nature 
can promote and develop alkali-silica-reaction (ASR). ASR usually occurs when glass is used as sand replacement, 
whereas when glass is added as cement replacement, pozzolanic reaction takes place and the material behaves as a 
supplementary cementing material. However, it has been proved that glass chemical composition is a key parameter for 
the developing of both reactions. For example, the presence of lead oxide as network modifier at high amounts (> 10% 
wt) favours the occurrence of ASR when the glass is used to partially replace sand or cement.  
In this work, silicate glass containing a 5.0 wt% of barium oxide coming from décor items and glassware have been 
studied to test their reactivity as supplementary cementing materials in pastes and mortars: at the same time, we have 
also investigated the conditions under which potentially deleterious expansive reactions can take place. Moreover, 
through SEM-EDS analysis, an assessment of the products microstructure has been carried out.  
 
 
Originality 
In view of glass recycling broadening in the concrete field, the knowledge of BaO-glass solubility in alkaline cement 
environment and its tendency to develop expansive products or cementing gels is extremely important to avoid 
dangerous and disruptive cracks formation in cement based materials. The subject of this research is addressed to the 
area of microstructure development and waste valorization. 
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1. Introduction 

The separate collection of post-use glass is increasing worldwide and thousands of tons of this 
material, deriving from urban wastes and mainly formed by containers, has been used both as fine 
aggregate in concrete or as a supplementary cementing materials (SCM). Soda-lime glass has been the 
first and most investigated glass, but since the amount of collected glass increases, fractions having 
different compositions in terms of oxides are included in the overall stream. Fluorescent lamps, 
television screen (cathode-ray tubes), liquid crystal displays and special containers are among these 
fractions (Ling 2012, Romero 2013). Indeed, it is very important to investigate how the oxide 
composition may influence the SCM behavior, promoting or inhibiting pozzolanic activity and/or 
alkali-silica reaction (ASR) or the expanding behavior when the glass is used as an aggregate. For 
example, if glass coming from pharmaceutical containers or crystal house-ware is used as partial 
natural sand replacement, ASR occurrence can take place (Bignozzi 2015, 2010, 2009). In order to go on 
to investigate the effect of glass chemical composition in cement matrix, this work reports a 
preliminary study on a glass containing about 5%wt of BaO to be used either as cement or sand 
replacement up to 25 wt % on the binder or on the aggregates. The behavior of this type of glass, so 
far never investigated, has been tested in terms of: (i) capacity for alkali silica reaction promotion; (ii) 
ability in developing pozzolanic activity. The relevance of this research is based on two main features. 
From one side, glass recycling is becoming increasingly more efficient and reaching high percentage 
of re-use, including applications in the construction field. From the other side, the quality of glass 
waste stream is becoming progressively worse and rich in different types of glass. This effect is 
particularly evident for urban glass separated collection, which is carried out in different ways 
(specific waste bin or door to door collection) in Europe. With respect to the past, citizens pay more 
attention to urban waste separate collection, but they have not the perception to distinguish the 
different types of glass yet (Avella 2009). Thus, the ex-ante evaluation of the effects of particular 
oxides in glass composition can be fundamental for avoiding the occurrence of potentially harmful 
conditions in recycling routes.  

2. Experimental 
2.1. Raw Materials 
An ordinary Portland cement, CEM I 52.5 type (Italcementi, Bergamo, Italy, hereafter referred as 
CEM I), was used to prepare glass based blended cements, in order to avoid the presence of other 
pozzolanic addition. CEM I grain size distribution is reported in Fig. 1. Silica sand with normalized 
grain size distribution according to EN 196-1 was used as fine aggregate to prepare mortar samples. 
The glass chemical composition (oxide wt%) determined by X-ray fluorescence of the investigated 
glass is reported in Table 1. Sodium and potassium oxides amount expressed as Na2Oeq content is 
10.92%. The selected glass was dry-ground in a laboratory agate ball mill to obtain an average grain 
size similar to cement. Milling time was about 120 minutes for 200 g. Grain size distribution curves, 
were determined by laser granulometry. When used to replace aggregates glass were crashed in a 
laboratory crusher and afterwards sieved to obtain a grain distribution equal to the one of the standard 
sand. 
 

Tab. 1 Chemical composition of glass  (oxide wt%) 
 SiO2 BaO Al2O3 CaO MgO TiO2 Na2O K2O 

Content 68.0 4.5 1.1 8.5 0.36 0.01 8.35 3.91 

 
 
2.2. Samples preparation  
Blended cement was formulated by replacing 25 wt% of CEM I with milled glass. In the case of 
aggregate 25 wt% of the normalized sand was substituted with an equivalent of glass cullet having the 
same grain size distribution. Mortar samples were prepared by a Hobart planetary mixer with 1/3 
binder/aggregate and 1/2 water/binder ratios, following the procedure described in EN 196-1. Mortars 



 

were named SCM followed by the acronym of the glass type used (e.g. SCM-BA identifies mortar 
sample containing 75% CEM I + 25% barium based glass as binder). Mortar samples containing 100% 
CEM I were also prepared and named CEMI. When sand was replaced by barium based glass, samples 
were identified as AG-BA (25% glass and 75% normalized sand) or AG-NS for the standard mortar.  
For each mix design, 40x40x160 mm prisms were cast and cured for 2, 7, 28, and 90 day at 20°C and 
R.H. > 90% to investigate compressive strength and microstructure. In order to investigate the 
occurrence of alkali-silica reaction (ASR), additional mortar prisms were prepared and cured for 1 day 
at 20 °C and 100% R. H., then exposed to accelerated ASR testing immersed in 1 N NaOH solution at 
80°C for 14 days. This procedure only partially follows standard ASTM C 1260, which is designed for 
determining aggregates reactivity.  
2.3 Characterization 
Mechanical tests were performed at room temperature and R. H. 50 ± 10 % by means of 200 kN 
Amsler Wolpert equipment with a 50 mm/min displacement rate. Compressive strength values are 
reported as the average of 5 measurements. Activity index at 28 and 90 days was determined 
according to EN 450-1. Expansion was determined by means of a mechanical length comparator 
(0.001 mm accuracy) on samples cooled at room temperature: the detailed procedure is elsewhere 
reported (Bignozzi 2010). Expansion values are reported as the average of 3 measurements. 
Morphological investigations were carried out on fractured surfaces of mortar samples coated with 
graphite or Au-Pd sputtered layer by means of electron scanning microscopy (SEM; ESEM, Quanta-
200, FEI Co) equipped by secondary electrons detector.  
 
3. Results and Discussion 
Figure 1 reports the expansion of the investigated mortars after the accelerated test at 80°C. While 
SCM-BA samples show a negligible level of expansion below the safety limit of 0.1%, AG-BA 
samples exceed this threshold after only 4 days of testing, reaching a final expansion of about  0.7%. 
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Figure 1 Expansion of mortars at 80°C in NaOH solution 

 
 
The SEM observations of the fractured surfaces of the expanded samples at 14 days, clearly underline 
the presence of alkali-silica reaction products (Figure 2); thus BA fine aggregates (sand size) cannot 



 

be safely used as normal sand substitution when high concentrations of alkalis in the composite can be 
envisaged. 
 

 
 

Figure 2 expanded glass particle (aggregate size) after expansion test 
 

However, when only a limited amount of alkalis is present (the Na2O equivalent of CEM I is 10.92%) 
the mechanical properties (compression strength Rc and elastic modulus Ed) of the mortars containing 
the glass aggregate (AG-BA), are very close to the ones of the reference, as shown in Figure 3, as well 
as their porosity expressed as absorbed water wt% (AA%). 
 

 
Figure 3 Mechanical and microstructural properties of AG –BA samples vs standard mortars 



 

 
Figure 4 shows the mechanical properties of mortars prepared by substituting part of the binder with 
pulverized BA glass.  
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Figure 4 mechanical properties of AG-BA mortars versus reference mortars as a function of time 
 
As the curing time increases, the difference between BA-SCM and the reference mortar remains 
constant, implying a rather scanty or negligible reactivity. Indeed, SEM observations on the fractured 
surfaces disclosed the presence of unreacted glass particles in the matrix. Although longer curing 
times could be investigated, it should be reminded that soda-lime glass already exhibit reactivity 
towards calcium hydroxide at even shorter curing times and that the Activity Index according to EN 
450 considers the mechanical strengths determined at 28 and 90 days to investigate pozzolanic 
reactivity. In this case the Activity Index of BA-SCM was 74 at 28 days  (requested value ≥ 75 ) and 
74 at 90 days  (requested value ≥ 85) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5 glass particle (SCM size) only slightly reacted after 90 days 



 

 
4. Conclusions 
- Glass containing even low amounts of barium oxide can be used as fine aggregates (sand) only in 
mortars containing low amounts of alkalis, otherwise expanding products can be formed.  
- An efficient control of the chemical composition of cullets deriving from glass separate collection 
should be performed if the derived aggregates are to be used in cementitious  composites. 
- The pozzolanic activity of the pulverized BaO glass used as possible SCM is absent, although the 
glass does not create expansive products. 
 
  
References 
- Avella M, Comparative analysis of systems for separately collected glass fractions in Italy, in Morselli L, 
Passarini F, Vassura I, editors. Waste recovery. Strategies, techniques and applications in Europe. Franco Angeli 
Editions, 2009, 231-237 
- Bignozzi M.C., Saccani A., Lancellotti I., Barbieri L., 2015. Glass waste as supplementary cementing materials: 
the effects of glass chemical composition. Cement Concrete Composites 55, 45-52 
- Bignozzi M.C., Saccani A., Sandrolini F., 2010 Matt waste from glass separated collection as filler in self-
compacting concrete: fresh and hardened behaviour. Construction and Building Materials 24, (11), 2194-2199. 
 - Bignozzi M.C., Saccani A., Sandolini F., 2009 Matt waste from glass separated collection: an eco-sustainable 
addition for new building materials. Waste Managment 29, 329-334. 
- Ling, T, Poon, C,  2012 A comparative study on the feasible use of recycled beverage and CRT funnel glass as 
fine aggregate in cement mortar Journal of Cleaner Production 29-30, 46-52. 
- Romero D., James J, Mora R,. Hays C.D, 2013 Study on the mechanical and environmental properties of 
concrete containing cathode ray tube glass aggregate Waste Management 33,  7, 1659–1666. 
 

 
 



 

Analysis of effects of fly ash on properties of concrete 
 

Xiao-Yong Wang 

Department of architectural engineering, Kangwon National University, 200-701, Korea  
 
 
Abstract 
Fly ash is a by-product of coal-fired electric generating plants and has been widely used as mineral admixtures in 
normal and high strength concrete. The addition of fly ash mainly represents dilution effect and chemical effect on 
cement hydration. The dilution effect is a consequence of the replacement of cement by fly ash and results in an 
increase in the water/cement ratio. The chemical effect is pozzolanic reaction between mineral admixture and calcium 
hydroxide. This paper presents an analytical model to evaluate the properties evolution of cement-fly ash blends 
considering both dilution effect and chemical effect. It is found that the stoichiometric ratio of fly ash to calcium 
hydroxide relates with fly ash replacement ratio. For cement-fly ash blends with a lower to binder ratio and high 
volume fly ash, the dilution effect is much more significant, the hydration degree of cement is significantly improved, 
and the compressive strength of cement-fly ash blends is comparable to that of control specimens. 
 
Originality 
1. Deduced the stoichiometric ratio of fly ash to calcium hydroxide. 
Stoichiometric ratio is an essential parameter for modeling the reactivity of fly ash in cement–fly ash blends. I found 
that the stoichiometric ratio of fly ash to calcium hydroxide is not constant. With the increasing of fly ash replacement, 
when 1 gram fly ash reacted, the consumed calcium hydroxide will decrease. 
2. Proposed a blended hydration model for cement-fly ash blends. 
By considering the production of calcium hydroxide from cement hydration and the consumption of calcium hydroxide 
from fly ash reaction, cement hydration and fly ash reaction are modeled respectively. 
3. The proposed model is valid for fly ash blended concrete with lower water to binder ratios and higher fly ash 
replacement ratios. The dilution effect and pozzolanic reaction of fly ash, phase volume fractions of hydrating cement–
fly ash blends, and compressive strength development are systematically modeled. 
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1.Introduction 
Fly ash is a by-product of coal-fired electric generating plants and has been widely used as mineral 

admixtures in normal and high strength concrete. Fly ash improves the performance and quality of 
fresh concrete and hardened concrete. For fresh concrete, fly ash affects the plastic properties of 
concrete by improving workability, reducing water demand, reducing segregation and bleeding, and 
lowering heat of hydration. For hardened concrete, fly ash increases strength, reduces permeability, 
reduces corrosion of reinforcing steel, increases sulphate resistance, and reduces alkali-aggregate 
reaction (Mehta and Monteiro, 2006). 

Abundant researches have been done on physical and chemical properties of fly ash blended 
concrete. Using an apparent activation energy function, Han et al. (2003) evaluated the development 
of compressive strength of hardening fly ash blended concrete. The influences of fly ash replacement 
content and water–binder ratio on the apparent activation energy were investigated. Hwang et al. 
(2004) derived an estimation equation for compressive strength development of fly ash blended 
concrete. The equation used a coefficient to indicate the activity of fly ash as a binder, in the form of a 
function of age, fly-ash content, and Blaine specific surface area of fly ash. Pane and Hansen (2005) 
investigated blended cement hydration by isothermal calorimetry and thermal analysis. They found 
that the weight loss due to Ca(OH)2 decomposition of hydration products could be used to quantify the 
pozzolan reaction, and the reactions of blended cements were slower than Portland cement. From 
references (Han et al., 2003; Hwang et al., 2004; Pane and Hansen, 2005), we can see that the 
reactivity of fly ash relates with water to binder ratio and fly ash replacement ratio. The evolution of 
properties of cement-fly ash blends relates with reaction degrees of cement and fly ash.   

Compared with phenomenological modeling of compressive strength development (Han et al., 2003; 
Hwang et al., 2004) and   calcium hydroxide evolution (Pane and Hansen, 2005) of cement-fly ash 
blends, some hydration models have proposed to predict properties of fly ash blended concrete. Saeki 
and Monteiro (2005) proposed a diffusion equation to describe the pozzlanic reaction between calcium 
hydroxide and mineral admixtures. The parameters of the prediction model are dependent on the 
physical and chemical characteristics of mineral admixtures. Schindler and Folliard (2005) presented 
the formulation of a general hydration model for cementitious materials. The proposed hydration 
model incorporates the effects of following variables: cement chemical composition, cement fineness, 
supplementary cementing materials, mixture proportions, and concrete properties. De Belie et al. 
(2011) analyzed the isothermal heat evolution of fly ash-cement pastes using the Avrami and Jander 
equations. Furthermore, from the calculated amount of retained water, chemical shrinkage and volume 
portion of each reaction product and unreacted particles, the microstructure of cement-fly ash blends is 
quantified. By separating the reaction of mineral admixture from hydration of Portland cement, Wang 
and Lee (2010) put forward a hydration model for blended cement, and predicted the evolutions of 
adiabatic temperature rising and chemically bound water using a blended hydration model. 

From references (Saeki and Monteiro, 2005; Schindler and Folliard, 2005; De Belie et al, 2011; 
Wang and Lee, 2010), we can found that the properties (such as calcium hydroxide evolution, 
chemically bound water evolution, heat evolution, and microstructure evolution) of fly ash blended 
concrete can be predicted using cement hydration degree and fly ash reaction degree. On the other 
hand, for fly ash blended concrete, some points are still not clear and deserve further investigations. 
First, the amount of calcium hydroxide consumed by one gram reacted fly ash is not fully clarified. 
Maekawa et al. (2009) and Papadakis (1999) reported that the stoichiometric ratio of fly ash to 
calcium hydroxide is constant and does not relate with fly ash replacement ratio. However, Wang et al. 
(2004) found that with the increasing of fly ash replacement ratio, the amount of calcium hydroxide 
consumed by one gram reacted fly ash will decrease. So it is necessary to investigate the 
stoichiometric ratio of fly ash to calcium hydroxide. Second, former researches (Papadakis, 1999; 
Wang et al. ,2004 ) mainly focused on analyzing properties of concrete incorporating low volume fly 
ash (fly ash replacement ratio is less than 30%). More research is necessary to do about properties 
evolution of high volume fly ash blended concrete, and a unified hydration model for both low volume 
fly ash and high volume fly ash blended concrete should be built. Third, former researches (Papadakis, 
1999; Wang et al. ,2004 ) mainly focused on analyzing properties of concrete with general water to 



 

binder ratios ranging between 0.3 and 0.6. More research is necessary to do about properties evolution 
of fly ash blended concrete with lower water to binder ratio about 0.15-0.2 which is generally used to 
produce ultra high performance concrete. 

To clarify these points, this paper presents a general procedure to evaluate the properties evolutions 
of fly ash blended concrete with different water to binder ratios (ranging between 0.19 and 0.5) and 
different fly ash replacement ratios (ranging between 0.25 to 0.55). The evolution of calcium 
hydroxide, chemically bound water and compressive strength of cement-fly ash blended are predicted 
using cement hydration degree and fly ash reaction degree.   
 
2 Hydration Model of Cement-Fly Ash Blends 
2.1 Hydration Model of Portland cement 

The shrinking-core model, which was originally developed by Tomosawa (1997) and modified by 
Park (2008) and Maruyama (2003), is used in this study to simulate the development of cement 
hydration. The model considers the rates of formation and destruction in an initial impermeable layer, 
the activated chemical reaction process, and the following diffusion-controlled process. This model is 

expressed as a single equation consisting of three coefficients:  the reaction coefficient in the 

induction period; 

dk

eD  the effective diffusion coefficient of water through the C–S–H gel; and  a 

coefficient of the reaction rate of cement as shown in eq. (1) below: 
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where α is the degree of cement hydration; ν is the stoichiometric ratio by mass of water to cement (= 

0.25); gw  is the physically bound water in C–S–H gel (= 0.15); w  is the density of water;  is 

the amount of water at the exterior of the C–S–H gel;  is the radius of unhydrated cement particles 
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0 )cr S3/ (  , the terms S and c stand for the Blaine surface area and density of the cement, 

respectively);  is the effective surface area of the cement particles in contact with water and  is 

the total surface area if the surface area develops unconstrained; B controls the rate of the initial shell 
formation and C controls the rate of the initial shell decay;  is the initial value of effective 

diffusion coefficient. 

wS 0S

0eD

The amount of water in the capillary pores  is expressed as a function of the degree of 

hydration in the previous step as shown in eq. (1-4). 
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where and  are the mass fractions of cement and water in the mix proportion, and r is a 

empirical parameter considering the accessibility of water into an inner anhydrous part through an 
outer hard shell of the cement particles (Oh and Cha, 2003).  

0C 0W

The effect of temperature on reaction coefficients is assumed to follow Arrhenius's law. By using 
the proposed Portland cement hydration model, Tomosawa (1997) evaluated the heat evolution rate, 
chemically bound water, and compressive strength of hardening concrete. Park et al. (2008) predicted 



 

the temperature distribution in high strength concrete using this hydration model. A good correlation 
was found between the analysis results and experimental results. 
2.2 Simulation of the pozzolanic Reaction in Cement-Fly ash Blends 

The hydration rate of pozzolanic materials depends on the amount of calcium hydroxide in 
hydrating cement-fly ash blends and the reaction degree of mineral admixtures. Compared with the 
silica fume, the hydration rate of the fly ash is much lower levels due to the larger particle size. In the 
simulation, it is assumed that the reaction of fly ash is divided into three processes: an initial dormant 
period, and phase-boundary reaction and diffusion processes. By considering these points, based on 
the method proposed by Saeki and Monteiro (2005), the reaction equation of fly ash can be written as 
follows: 
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where FA  is the reaction degree of fly ash; P  is the mass of the fly ash in the mixture 

proportion;  is the calcium hydroxide mass in a unit volume of hydrating cement-fly ash 

blends;  is the stoichiometric ratio of fly ash to calcium hydroxide ( =1.0 (Maekawa et al., 

2009));  is the radius of the fly ash particle;

( )CHm t

FAv

0FAr
FAv

FA  is the density of the fly ash;  is the reaction 

rate coefficient in the dormant period (  and  are coefficients);  is the initial diffusion 

coefficient; and  is the reaction rate coefficient. The effect of temperature on fly ash reaction 

coefficients is assumed to follow Arrhenius's law .  
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2.3 The Mutual Interaction between Cement Hydration and Fly Ash Reaction 
In the model, the amount of free water left in the system and the amount of calcium hydroxide 

were adopted as control indicators for reactions of cement-fly ash blends. The amounts of calcium 
hydroxide, chemically bound water, and capillary water in cement-fly ash blends during hydration 
can be determined with the following equations:  

0( ) * * * *CH CE FA FAm t RCH C P   

0 00.4* * * *cap FA FAW W C RCW

                                                                                   (3)
 

* *FA FAP RPW P     

0* * * *cbm FA FAW v C RCW P

                                                   (4) 
                                                                                                      (5) 

 In eqs. (3), (4) and (5), , , and  are the masses of calcium hydroxide, capillary water, 

and chemically bound water, respectively;  is the mass of produced calcium hydroxide from 1 

gram hydrated cement;  is the mass of chemically bound water from 1g reacted fly ash 

( =0.1 (Maekawa et al., 2009)); and  is the mass of gel water from 1g reacted fly ash 

( =0.15 (Maekawa et al., 2009)). As shown in Eqs. (3)-(5), the evolution of calcium hydroxide, 

chemically bound water, and capillary water in cement-fly ash blends depends on both cement 
hydration and fly ash reaction. 
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When fly ash is incorporated in concrete, two possible reasons may be adopted to explain the 
changes in the reaction mechanisms. One is the pozzolanic reaction of amorphous phases in fly ash, 
and the other is the influence of fly ash on the hydration of cement. In the current paper, the new 
model is proposed which can describe the pozzolanic reaction between calcium hydroxide and fly ash. 



 

On the other hand, the influence of fly ash on the hydration of cement is considered through the 
amount of capillary water (Eq.(4)) and the dilution effect (Eq.(1-4)). In addition, some researchers 
reported the addition of fly ash can retard the hydration of the cement in early age (Maekawa et al., 
2009). This retardation could be due to aluminate ions or organic matter dissolved from the fly ash 
into the aqueous phase which delays the nucleation and crystallization of Ca(OH)2 and CSH. The 
delay, however, can be partly compensated for by heterogeneous nucleation. The fly ash particles can 
serve as nucleation sites for the cement particles and promote chemical activation of the hydration 
process. Due to the coexistence of both the retardation effect and acceleration effect, as reported by 
Papadakis (1999), when aggregate is partly replaced by fly ash, at an early age, the compressive 
strength, CH amount, and released heat of cement-fly ash paste is not significantly different from that 
of the control cement paste. So in this paper, it is approximately assumed the hydration coefficients of 
Portland cement do not vary in the case of fly ash blended concrete.  
 
3. Properties evaluation of cement-fly ash blends 

In this section, experimental results from Lam et al. (2000) are adopted to verify the proposed 
model. Fly ash-cement pastes were prepared at the w/b ratios of 0.19, 0.24, 0.3, and 0.5. Fly ash was 
used as the replacement of cement at the levels of 25% and 45% by weight for the pastes at the w/b of 
0.19 and 0.24, and 25% and 55% by weight for those at the w/b of 0.3 and 0.5. Plain Portland cement 
pastes without any fly ash replacement were prepared at the same w/b ratios as the references. A high 
range water reducing admixture was added to the pastes with w/b of 0.19 and 0.24 to increase the 
workability. Poon et al.(2000) measured the isothermal heat evolutions of fly ash-cement paste. They 
found that after addition high range water reducing admixture, the variation of duration of initial 
dormant period of cement-fly ash is marginal. So in the modeling, it is approximately assumed high 
range water reducing admixture does not affect reaction kinetic of cement-fly ash blends. The steel 
molds of cement-fly ash paste were removed 24 h after mixing, and the cubes were cured in water at 
27°C. The amount of imbibition of capillary water from surrounding moist curing related with the 
chemical shrinkage of hardening paste. The compressive strength, chemically bound water, calcium 
hydroxide, and fly ash reaction degree of cement-fly ash paste were experimentally measured at the 
age of 7 days, 28 days, and 90 days. 
3.1 Evaluation of degree of fly ash reaction and calcium hydroxide   
3.1.1 Stoichiometric ratio of fly ash to calcium hydroxide 

Calcium hydroxide plays a critical role for fly ash pozzolanic reaction. Maekawa et al. (2009) and 
Papadakis (1999) reported that the stoichiometric ratio of fly ash to calcium hydroxide is constant and 
does not relate with fly ash replacement ratio. However, Wang et al. (2010) found that with the 
increasing of fly ash replacement ratio, the amount of calcium hydroxide consumed by one gram 
reacted fly ash will decrease.  

As shown in Eq. (3), for cement-fly ash paste, calcium hydroxide is produced from the cement 

hydration and consumed by fly ash pozzolanic reaction. When the calcium hydroxide ( ), the 

mass of produced calcium hydroxide from 1 gram hydrated cement( ), degree of hydration of 

cement in cement-fly ash paste (α), degree of reaction of fly ash in cement-fly ash paste (

( )CHm t

FA

CERCH

 ) are 

known, the mass of consumed calcium hydroxide for 1 gram reacted fly ash ( FA ) can be determined 

by using Eq. (3).  
On the basis of the related experimental results shown in reference (Lam et al., 2000) , we can 

determine the mass of consumed calcium hydroxide for 1 gram reacted fly ash. It is shown that the 

relation between FA
 and fly ash replacement ratio 

0

P

P C
 can be written as follows: 

 
0

=0.845 0.7*FA

P

P C
 


                                                                                                                  (6) 



 

As calculated using Eq. (6), when fly ash replacement is 0.25, FA = 0.67; and when fly ash 

replacement is 0.55, FA =0.46. So for concrete incorporating high volume fly ash, the stoichiometric 

ratio of fly ash to calcium hydroxide is significantly lower than that of concrete incorporating general 
fly ash contents. On the other hand, De Belie et al.(2011) reported that when 1 gram fly ash reacts, 0.6 
to 0.7 gram calcium hydroxide will be consumed, which generally agree with our calculation results 

(when fly ash replacement is 0.25, FA = 0.67). 

3.1.2 Evaluation of degree of fly ash reaction 
The calibrations of reaction coefficients of cement-fly ash blends are shown as follows:  
First, based on the experimental results for chemically bound water in Portland cement paste, 

coefficients relating to Portland cement hydration are calibrated. The values of B, C, and are 

given as 2.7×10-11cm/h,0.16 cm/h, 6.4×10-6 cm/h, and 9.1×10-11cm2/h respectively. The values of water 
accessibility parameter r are given as 1.0, 1.3, 1.5, and 1.8 for water to binder ratio 0.5, 0.3, 0.24 and 
0.19 respectively. The evaluated chemically bound water contents are shown in figure 1. As shown in 
this figure, with the decreasing of water to binder ratio, due to limitation of capillary water and 
available space for deposition of hydration products, the reaction degree of cement will decrease.  

rk 0eD

 

Figure 1 chemically bound water contents for plain cement specimen 
 
Second, for cement-fly ash blends, on the basis of reaction degree of fly ash, the reaction 

coefficients of fly ash , , , and  are given as 2.6×10-11cm/h, 0.53 cm/h, 7.21×10-

7cm/h, and 7.05×10-13cm2/h respectively. The evaluated results of reaction degree of fly ash are shown 
in figure 2. As shown in figure 2, with an increase of water to binder ratio, more space is available for 
hydration products to form; hence, the reactivity of fly ash increases correspondingly. With a 
reduction of the replacement level of fly ash, the alkaline activating effect of the cement becomes 
greater, and the reactivity of fly ash increases.  

FAB FAC rFAk 0eFAD

  

(2-a) water to binder ratio 0.5 with 25% and 55% (2-b) water to binder ratio 0.3 with 25% and 55% 



 

fly ash replacements fly ash replacements 

  

(2-c) water to binder ratio 0.24 with 25% and 
45% fly ash replacements 

(2-d) water to binder ratio 0.19 with 25% and 
45% fly ash replacements 

Figure 2 evaluation of fly ash reaction degree 
 
Using the calibrated reaction coefficients, we can determine cement hydration degree and fly ash 

reaction degree as a function of curing time. The properties of hardening cement-fly ash blends, such 
as calcium hydroxide contents and chemically bound water contents, can be calculated considering 
contributions from both cement and mineral admixtures. The calibration and simulation procedures of 
this paper are similar with the process shown in references (Tomosawa, 1997; Park, 2008). Reaction 
degree is adopted as a fundamental indicator to evaluate properties of hardening concrete. 

The analysis results of calcium hydroxide are shown in figure 3. As shown in this figure, the 
amount of calcium hydroxide of plain cement paste will increase until it reaches its steady state. 
Whereas for cement-fly ash blends, calcium hydroxide will increase continuously and present a peak 
value at the age of about one week. After this age, the pozzolanic reaction of fly ash will become 
dominant, hence calcium hydroxide will decrease. As shown in figure (3-b), given a certain water to 
binder ratio, with the increasing of fly ash replacements, the calcium hydroxide contents will decrease. 

  

(3-a) water to binder ratio 0.5: control specimen 
and fly ash 55% replacement specimen 

(3-b) water to binder ratio 0.3: control specimen, 
fly ash 25% replacement specimen, and fly ash 

55% replacement specimen 
Figure 3 evaluation of calcium hydroxide contents 

 
3.2 Evaluation of dilution effects and non-evaporable water contents 

Dilution effect is a consequence of the replacement of cement by the same quantity of fly ash. An 
increase in the amount of fly ash involves a decrease in the amount of cement and consequently an 
increase in the water/cement ratio. This dilution effect is considered by the cement hydration model in 
equation (1-4) and equation (4). Figure 4 represents the effects of fly ash replacement ratio on 



 

hydration degree of cement. As shown in figure (4-a) and figure (4-b), with the increasing of fly ash 
replacement, the water to cement ratio will increase, and consequently the hydration degree of cement 
will increase. On the other hand, given a certain fly ash replacement, compared with specimens with a 
higher water to binder ratio (figure (4-a), water to binder ratio is 0.5), for specimens with a lower 
water to binder ratio (figure (4-b), water to binder ratio is 0.19), the enhancement level of cement 
hydration degree is obvious. This can be attributed to significant increase about water to cement ratio 
for concrete with a lower water to binder ratio and high volume fly ash.  

  
(4-a) water to binder ratio 0.5 (4-b) water to binder ratio 0.19  

Figure 4 evaluation of cement hydration degree in cement-fly ash blends 

 
The evaluated results of non-evaporable water contents are shown in figure 5. For the paste with a 

higher water to binder ratio 0.5, when 25% cement is replaced by fly ash, the contents of non-
evaporable water will decrease significantly. On the other hand, for the paste with a lower water to 
binder ratio 0.19, when 25% cement is replaced by fly ash, the contents of non-evaporable water are 
comparable with that of control paste. This is because of the dilution effect from the addition of fly ash. 
When the water to binder ratio is lower, the dilution effect will become significant. 

  
(5-a) water to binder ratio 0.5: control specimen 

and fly ash 25% replacement specimen 
(5-b) water to binder ratio 0.19: control specimen 

and fly ash 25% replacement specimen 
Figure 5 evaluation of chemically bound water 

 
3.3 Evaluation of compressive strength of cement-fly ash paste 

For Portland cement pastes, it is approximately assumed that 1 ml of hydrated cement occupies 2.06 
ml, and for fly ash pozzolanic reaction, 1 ml of reacted fly ash is considered to occupy 2.52 ml of 
space (Poon et al., 2000). Using blended hydration model, we can calculate phase volume fractions of 
hydrating cement-fly ash paste as follows: 
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Where , , , , are the volumes of unhydrous cement, unreacted fly ash, hydration products of 

cement, reaction products of fly ash, and capillary porosity respectively.  
1V 2V 3V 4V 5V

Figure 6 presents the phase volume fractions of cement-fly ash paste with water to binder ratio 0.24 
and fly ash replacement 25%. As shown in this figure, with the proceeding of hydration reaction, the 
volumes of cement and fly ash decrease, and the volumes of reaction products from cement hydration 
and fly ash pozzolanic reaction increase. Because of losses in the capillary water, decreasing of 
available deposition spaces for hydration products, and changing of hydration rate determining process 
to a diffusion-controlled stage, the rate of hydration becomes slower. Until the age of three months, 
significant amounts of cement and fly ash keep unreacted.  

 
Figure 6 phase volume fraction of cement-fly ash paste 

(water to binder ratio 0.24 with 25% fly ash replacement) 
 

  It is well-known that the compressive strength of concrete depends on the gel/space ratio determined 
from degree of cement hydration and w/c ratio. A gel/space ratio is defined as the ratio of the volumes 
of the hydrated cement to the sum of the volumes of the hydrated cement and of the capillary pores 
(Poon, 2000). For cement-fly ash blends, the gel/space ratio is given by   
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where fcx  is the gel/space ratio of blended cement pastes. 02.06(1/ ) C   and 2.52(1/ )FA FAP   in 

numerator are volumes of cement hydration and volume of fly ash reaction respectively.  
Furthermore, the development of compressive strength of blended cement paste can be evaluated 
through the Powers’ strength theory as  
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where cf  is the compressive strength of blended cement paste, A  is the intrinsic strength of the 

material, and n is the exponent. Coefficients a and b in eq. (9-2) represent the contributions of cement 
and mineral admixture to the intrinsic strength of materials, respectively, and the units of a and b are 
MPa. Coefficients c and d in eq. (9-3) represent the contributions of cement and mineral admixture on 
strength exponent, respectively. 

On the basis of the compressive strength of fly ash blended cement paste, the values of the 
coefficients of a, b, c, d are given as a= 173.37, b=96.76, c=3.28, and d=0.73. Comparisons between 
the experimental results and the prediction results are shown Figure 7. It is shown that the prediction 
results generally agree with the experimental results. First, the proposed model shows that given a 
certain age, with the increasing of water to cement ratio, the compressive strength of plain cement 
paste will decrease correspondingly. Second, the proposed model can reproduce compressive strength 
crossover phenomenon between control plain cement paste and fly ash blended paste. The early-age 
strengths of fly ash blended paste are lower than that of control paste, and at long term age, due to the 
proceeding of fly ash pozzolanic reaction, compressive strengths of fly ash blended paste will surpass 
that of control paste. With increasing of fly ash replacement ratios, the reactivity of fly ash will 
decrease (shown in figure (2)) and the age corresponding to crossover of compressive strength will be 
postponed.  

  
(7-a) water to binder ratio 0.5: control specimen, 
fly ash 25% replacement specimen, and fly ash 

55% replacement specimen 

(7-b) water to binder ratio 0.3: control specimen, 
fly ash 25% replacement specimen, and fly ash 

55% replacement specimen 

  
(7-c) water to binder ratio 0.24: control specimen, 

fly ash 25% replacement specimen, and fly ash 
(7-d) water to binder ratio 0.19: control specimen, 

fly ash 25% replacement specimen, and fly ash 



 

45% replacement specimen 45% replacement specimen 
Figure 7 evaluation of compressive strength of cement-fly ash blends 

 
On the other hand, it should be noticed that there are some weak points about evaluation 

compressive strength of concrete using gel-space ratio. First, concrete is a composite material and 
consists of three phases, i.e., cement paste matrix phase, interfacial transition zone, and aggregate zone. 
For high strength concrete with a lower water to binder ratio, aggregate will contribute to the 
compressive strength of concrete. Current model does not consider the influences of aggregate and 
interfacial transition zone on compressive strength of concrete. Second, given a certain gel-space ratio, 
compared with cement–fly ash blends with higher water to binder ratios, the hydration products from 
lower water to binder ratios show much more homogeneous distributions in both paste matrix zone 
and interfacial transition zone, and lead to much finer pores in the microstructures, which will increase 
the compressive strength of concrete. Current model does not take into account the effects of 
distributions of reaction products and pore size distribution on compressive strength. 

Figure 8 presents parameter analysis about compressive strength development of plain paste and fly 
ash blended paste. The water to binder ratios are 0.5 and 0.2 for figure (8-a) and figure (8-b) 
respectively. Fly ash replacement ratios vary from 10% to 40%, and the curing ages vary from 7 days 
to 90 days. The vertical axis represents the strength ratio of fly ash blended paste to plain paste at the 
same age. At an early age such 7 days, strength decreases as the fly ash ratio increases. This may be 
attributed to the lower reaction degree of fly ash. As the age increases, obviously the strength of fly 
ash blended paste with higher fly ash ratios increases faster. For cement-fly ash paste with water to 
binder ratio 0.5 (figure (8-a)), at a late age 90 days, when the fly ash replacement ratio is higher than 
20%, the compressive strength of cement-fly ash paste is lower than that of plain paste. On the other 
hand, as shown in figure (8-b), for cement-fly ash paste with water to binder ratio 0.2, at a late age 90 
days, until 40% fly ash replacement, the compressive strength of cement-fly ash paste is higher or 
comparable than that of plain paste. This is because of the significant increasing of hydration degree of 
cement for lower water to binder ratio and higher fly ash replacement ratios (shown in figure (4-b)). 
Hence concrete with a low water to binder ratio and high volume fly ash provides a good choice for 
sustainable development of construction technology. 

  
(8-a) water to binder ratio 0.5 (8-b) water to binder ratio 0.2 

Figure 8 fly ash blended paste/plain cement paste compressive strength ratio 
 

 
4. Conclusions 

This paper proposes a numerical procedure to analyze effect of fly ash on properties evolution of 
cement based materials considering both dilution effect and chemical effect. The proposed model has 
taken into account the influences of water to binder ratio and fly ash replacement ratio on reaction 
kinetics of cement-fly ash blends. The proposed model is valid for cement-fly ash blends with lower 
water to binder ratio and high volume fly ash replacement. 

It is found that the stoichiometric ratio of fly ash to calcium hydroxide relates with fly ash 
replacement ratio. With the increasing of fly ash replacement ratio, the amount of calcium hydroxide 



 

consumed by one gram reacted fly ash decrease. Using proposed blended hydration model, the 
hydration degree of cement and reaction degree of fly ash are predicted as a function of curing time. 
The properties of hardening cement-fly ash blends, such as calcium hydroxide contents, chemically 
bound water, and compressive strength, are evaluated considering the contributions from cement 
hydration and fly ash reaction. For cement-fly ash blends with lower to binder ratio and high volume 
fly ash, the dilution effect is much more significant, the hydration degree of cement is significantly 
improved, and the compressive strength of cement-fly ash blends is comparable to that of control 
specimens.  
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Barriers for higher absorption of fly ash and slag in blended cement 
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Abstract 

The present paper gives brief account of current cement production, expectation of growth in cement demand, 
due to various initiatives taken by the present Government in India.  Variability in chemical composition of the 
available secondary cementitious materials (SCMs) is one of the critical factors limiting the further use of 
locally-generated SCMs in India. Author of this paper has suggested the establishment of a system matching by-
products with the correct level of reactivity and appropriate mineralogy and chemistry to the most suitable end-
use applications. Alternatively, the reactivity of the materials can be altered as required, for example by fine 
grinding. Producers and potential users need to work together to engender trust and to allow higher use of 
SCMs. Author has suggested for “performance-based codes” for cement and concrete instead of “prescriptive” 
codes, which allow higher use of fly ash, or, (1) to revise the IS code no.1489 (Part 1) for higher fly ash addition 
in line with specifications of different countries for blended cement, (2) the introduction of standards for making 
composite cement with higher SCM levels.  It is necessary to reinforce the confidence level of consumers in 
India that higher usage of SCMs in cement and concrete can lead to higher durability and longer service-in-life 
and they should not think (higher additions) that it is a economically disadvantage as it will cause delay in 
removing formwork but it is a myth because they (consumers) would not think about the life cycle cost of the 
structure. 

Originality 

Author has experienced the impediments in increasing cementitious materials in blended cement due to its 
variation in physical and characteristics, consumer’s perception and prescriptive standards; this has lead the 
author to think and to move forward to remove such barriers for their higher usage with the theme,  waste into 
wealth and providing additional durability potential to the concrete structures. 
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1. Introduction 

In order to achieve sustainable industrial development in the future, the rate at which secondary 
cementitious materials (SCMs) like fly ash and slag are utilized in cement and concrete must be 
accelerated.   

 The cement and concrete industry will be called upon to serve two pressing needs of human society, 
namely, protection of the environment and meeting the infrastructural requirement of increasing 
industrialization and urbanization.  Due to its large size, cement/concrete industry is unquestionably 
the ideal home for the economic and safe disposal of millions of tons of industrial by products such as 
fly ash and slag.  Due to their highly pozzolanic properties fly ash can be used in large amounts in 
cement for producing Portland Pozzolana Cement (PPC) and cement replacement materials in 
concrete.  

2. Scenario of Indian cement production in brief 

The Indian cement industry is directly related to the country’s infrastructure sector and thus its growth 
is paramount in determining the development of the country.  With a current production capacity of 
around 366 million tonnes (MT), India is the second largest producer of cement in the world and 
fuelled by growth in the infrastructure sector, the capacity is expected to increase around 550 MT by 
FY 2020. 

India has a lot of potential for development in the infrastructure and construction areas and the cement 
sector is expected to largely benefit from it. Some of the major government initiatives such as 100 
smart cities are expected to provide a major boost to the sector. Expecting such developments in the 
country and aided by suitable government foreign policies, several foreign players like, Lafarge, 
Holcim, Italcementi, Heidelberg and Vicat have invested in the country in the recent past 

2.1. Market size 

According to the data released by the Department of Industrial Policy and Promotion (DIPP), Ministry 
of Commerce and Industry, Government of India, cement and gypsum products attracted foreign 
direct investment (FDI) worth US$ 2984.29 million between April 2000 and September 2014. In India, 
the housing sector is the biggest demand driver of cement, amounting for about 67 % of the total 
consumption.  The other major consumers of cement include infrastructure at 13 %, commercial 
construction at 11 % and industrial construction at 9 %.  To meet the rise in demand, cement 
companies are expected to add 56 MT capacities over the next 3 years.  The cement capacity may 
register a growth of 8 % by next year end to 395 MT from current level of 366 MT.  It may increase 
further to 421 MT by end of 2017. 

3. Scenario of Indian fly ash production in brief 

In developing country like India power generation is most important requirement for economic and 
social development.  At the time of independence in 1947, the installed capacity was 1361 MW, 
which was increased to 1, 87, 732 MW on 31 March, 2012.  Out of 1, 10, 232 MW is thermal 
(coal/lignite) based and is responsible to co-generate nearly 200 MT of fly ash per year.  In XII five 
year plan, the planning commission of Government of India has set up target to enhance power 
capacity by 89, 000 MW, out of which 53,400 MW will come from coal/lignite based thermal power 
plants.  By the end of XII plan (2017), the fly ash generation is expected to reach 300 MT per year 
and is likely to continue to grow with same pace at least for next 2 to 3 decades. 



The average coal ash in Indian coal used in thermal power plants is in the range of 35-40 %.  The 
generation of 1 MW power with Indian coal results in co-generation of 1800 ton of fly ash.  Out of 
this, nearly 20 % is coarser bottom ash and about 80 % is fly ash.  At the end of XI five year plan the 
coal/lignite based thermal plants capacity was 1, 10,232 MW. 

4. Scenario of Indian blast furnace slag production in brief 

Around 10 million ton blast furnace slag is being produced in India from Iron and steel industries.  
Indian cement industry is consuming entire granulated slag produced and can consume up to 70 % of 
the blast furnace slag generated.  At present, blended cement production is around 75-80 % of total 
cement production.  There is a scope for further consumption of granulated  slag  in order  to enhance 
the  total production of  cement.   Depending upon the quality slag is used in the range, therefore, the 
newer and unexplored engineering/pozzolanic characteristics of slag has to be investigated. 

5. Impediments to use higher addition of  SCMs 

In order to achieve higher sustainable industrial development, it is imperative to identify and then 
remove the barriers that stand in the way of an increase in their use.  It is the following points that 
need to be investigated:  

 Fluctuation in chemistry,  
 Specification and codes, 
 Impact on eventual concrete properties. 

 

5.1.1. Variation in chemistry of fly ash and slag: 

The utilization level of fly ash in India remains still low as compared to developed nations. The 
technical reasons are summarized as under: Poor quality of Indian fly ash in terms of lime reactivity, 
low lime content, low glass content, high carbon content, varying fineness, inconsistent quality of fly 
ashes. 

The chemical composition of fly ash or slag is determined by the raw materials used and the 
conditions under which they are processed. These factors can vary, not only from one plant to another, 
but also within the same plant. It is natural to expect large variations in chemical composition between 
different batches of fly ash and slag. It is, however, generally accepted that the pozzolanic and 
cementitious properties of these materials are governed less by the chemistry and more by mineralogy 
and particle size.  Various options have been suggested and are shown below: 

5.1.2. First option: 

  Industrial fly ash and slag happens to differ widely in both mineralogy and particle size, and this has 
a great effect on their reactivity.  A given application might call for a relatively reactive material, 
whereas another may not require such high reactivity. Thus, instead of rejecting materials 
inappropriate to one application, an innovative system of matchmaking could be implemented in order 
to find a suitable use within the cement and construction industry for every type of fly ash and slag 
produced. 

 

 



5.1.3. Second option: 

On some occasions, the reactivity of a fly ash or slag may need to be altered. Fine grinding and 
thermal curing are two widely used methods of accelerating both pozzolanic and cementitious 
reactions.  

5.1.4. . Third option: 

Ultimately, variability between sources of supply need not be an obstacle in the way of increasing the 
use of fly ash and slag in concrete. One real bottleneck is the lack of customer confidence in the 
uniformity of quality within a single source. 

5.1.5. Fourth option: 

Research and Development projects should be taken for exploring pozzolanic/engineering properties 
of fly ash at finer levels and maximize the addition levels in PPC to bring durability potential in the 
structures.  Similarly, there is a need for R&D to investigate the newer pozzolanic/engineering 
properties of slag from copper and zinc industries for producing PSC. 

5.2. Specifications and codes 

In most countries, the standards for Portland cements, slag, pozzolans and blended cements are 
‘prescriptive’ in the sense that they tend to specify limits on certain chemical constituents. With 
blended Portland cements specifically, these prescriptive standards tend to specify maximum 
permissible amounts of a blending material. This forms a serious obstacle to large scale, innovative 
users of secondary cementitious materials. 

From the study of existing world standards on pozzolanic and cementitious materials, it can be 
concluded that separate standards covering them are not necessary. Indeed, many requirements in 
these standards are obsolete and can therefore be deleted. However, for the purposes of assurance, a 
few parameters can be held onto. 

In the existing Indian standard specification for PPC IS 1489 (P 1) the permissible limit 
maximum is 35% by mass. Research has shown, however, that this standard makes no sense 
in light of sheer level of variability between batches of SCM.  If performance-based codes 
were adopted in place of this ‘prescriptive’ measure, the levels of fly ash and slag utilization 
in cement and concrete will be increased. 

The review of specifications of different countries reveal that, there is a scope to increase the fly ash 
% in PPC from 20 – 45 % vis-à-vis at present (15-35 %) to achieve sustainability in cement and 
construction industry 

5.2.1. Suggestions to address this issue: 

5.2.1.1. First option 

The abolishment of ‘prescriptive’ codes and replacing them with ‘performance-based codes’ will 
enable an increase in the rate of SCM utilization in cement and concrete.   It would help the 
development of binary, ternary and quaternary cement systems containing two or more supplementary 
cementitious materials added to Portland cement. 

 



5.2.1.2. Second option 

 R & D project for “Development of high volume fly ash cement (>45 %”). 

 Exploring new engineering properties of fly ash at finer levels so as to enhance its utilization 
levels in cement and concrete. 

 Investigation to suggest suitable technology for utilizing pond and bottom ash in Portland 
Pozzolana Cement (PPC) manufacture. 

5.3. Impact on eventual concrete properties 

 The water-reducing properties of fly ash and ground granulated blast furnace slag are well 
established: it has been observed that their use has a positive influence on the rheological 
properties of fresh concrete, specifically on its pump ability. Two key properties that should 
be looked into with regard to hardened concrete though, are its strength and durability. 

 For example, it is wrong to assume that the durability of reinforced concrete containing fly 
ash or slag would be less than plain Portland cement concrete when exposed to sea water.   A 
lot of examples drawn from both the theoretical sphere and from field experience reveal that 
SCMs of a good quality, when used in the correct proportions and followed by proper 
concrete curing, can actually have a positive effect on concrete properties. Studies conducted 
around the world have concluded that the use of SCMs can offer attributes such as reduced 
permeability and reduced expansive stresses.  In combination, these attributes minimize the 
tendency towards cracking. It has also been proven that proper usage of SCMs will protect 
concrete structures from alkali aggregate reactions and sulphate attack.  Many problems with 
the premature deterioration of concrete structures arise from accelerated construction speeds, 
increased water content in concrete mixtures and production of PPC with high early strengths 
to enable lower cement content in concrete 

5.3.1. Suggestions to address this issue: 

Rather than simply lowering the cement content of concrete, using more SCMs and proper curing 
cycles could help to avoid premature deterioration of concrete structures. 

Finally, if durability is the main interest, then the slow rate of setting and hardening associated with 
higher addition of fly ash or slag in concrete is an advantage, not a disadvantage.  Any economic 
disadvantage as a result of delay in the removal of formwork would be easily offset by the lower life 
cycle cost of the structure. 

6. Conclusion 

Based on the above, the following conclusions can be drawn: 

In order to achieve sustainable industrial development, to have good durability of structures, to 
mitigate green gas effect and to conserve the mineral resources there is a immediate need to 
dramatically accelerate the rate of utilization of secondary cementitious materials (SCMs) in cement 
and concrete industries.  Therefore, it is very essential to identify and remove the barriers which 
inhibit their higher usage.  

 



In nut shell, it is not the variability from one source of supply to another which seems to be major 
hurdle for accelerating the use of fly ash and slag in cement and concrete the real bottleneck is the 
customer confidence in the uniformity of quality within a single source. In Indian context, one more 
factor is important which restricts the higher addition in cement and concrete that is the poor quality 
of fly ash vis-à-vis other countries. 

Standards of Portland cements, fly ash, slag, pozzolanas and blended cements in many countries of 
the World (including India) are “prescriptive” meaning, they tend to specify the limits of certain 
chemical constituents.  With blended / Portland cements the prescriptive standards tends to specify 
maximum permissible quantity of blending material. Although performance based specifications are 
introduced in some countries, most engineers lack confidence to use them.  It is suggested that, getting 
rid of “prescriptive” codes and replacing with them with “performance based codes” will accelerate 
the usage of fly ash and slag in cement and concrete.  To gain confidence on performance based codes, 
it is recommended to conduct R&D studies with higher addition of fly ash in cement >45-50 %  while 
exploring new engineering properties at finer levels so as to enhance its utilization in cement. Also, it 
is relevant to investigate and find out suitable methodology for utilizing pond and bottom ash in 
Portland Pozzolana Cement (PPC) manufacture.  The outcome of these R&D studies would pave a 
way to prepare proposal to revise the IS code 1489 (P 1) to include product/s with high fly ash cement. 

It is a myth that the durability of reinforced concrete containing fly ash and slag exposed to sea water 
would be less than plain Portland cement concrete. If durability is a major thrust area of structures, the 
slow rate of setting and hardening by the addition of fly ash and slag in cement and concrete is an 
advantage; any delay associated with the removal of formwork would be offset by lower life cycle 
cost of the structure. 
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Abstract 
Previous research has shown that using metakaolin is an effective strategy for mitigation of alkali-silica reaction 
(ASR) in concrete. Metakaolin reduces the OH-, K+ and Na+ concentrations in pore solution. The high aluminum 
content in metakaolin has also been reported to be effective in mitigating ASR. However, research on calcined clay 
of different sources and qualities is still limited.  
This study investigated the mechanisms of ASR suppression by using one known very highly reactive fine aggregate 
and four calcined clays from different sources. To determine the optimum replacement for ASR mitigation, cement 
was replaced by 5%, 10%, 15% and 20% of the different calcined clays and tested according to the accelerated 
mortar bar test (AMBT). Results indicated chemical composition and mineral phase had a significant impact on 
ASR mitigation efficacy. Meanwhile, to investigate the influence of the calcined clays on ASR gel, samples from 
mortar bars were taken at 14 days for scanning electron microscopy (SEM) analysis. The formation of ASR gel and 
composition of ASR gel were compared between the control mixture and the 10% calcined clay 3 (CC3) mixture. 
ASR gel composition was found to be mainly determined by the aggregate composition.  
In addition, another reactive aggregate was tested with 10% selected calcined clay according to AMBT, concrete 
prism test (CPT) and outdoor exposure block test (OEBT) in Texas. It showed that the use of calcined clay to 
minimize ASR was effective in AMBT and CPT. However, OEBT showed that these test methods did not effectively 
predict the long-term performance of calcined clay in actual field conditions.  The tests results showed 0.03% 
expansion at 14 days in AMBT and 0.02% expansion at 2 years in CPT while the exposure block began to expand 
after 5 years and exceeded 0.04% after 6 years.  
 

Originalities 
There are two originalities of this research: (1) To investigate the calcined clays from different sources (different 
raw material, different manufacturing process) for ASR mitigation: research on efficacy of ASR mitigation by using 
low quality calcined clay was still limited. It was of great interest to investigate calcined clays of different sources 
and quality as well as their efficacy on ASR mitigation. (2) To correlate long-term test with short term test: very 
little work was done on concrete with calcined clay incorporation on OEBT. Test results up to ten years can be 
useful to evaluate current short-term test methods and provide valuable information on ASR mitigation strategy. 
 
Key word: calcined clay, alkali-silica reaction (ASR), aluminum, ASR gel, outdoor exposure block test (OEBT) 
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1. Introduction 
Metakaolin has been used in concrete as one of the highest quality calcined clays for many decades. The 
use of metakaolin has been proved to benefit concrete strength development, durability, as well as CO2 
emission reduction. Typically, metakaolin was used as a supplemental cementitious material (SCM) in 
concrete to replace cement. Metakaolin shows high pozzolanic reactivity due to its high content in 
alumina and silica and the presence of kaolinite as the major mineral phase. Since metakaolin was 
pozzolanic reactive, it reacted with calcium hydroxide in cement, thus form C-S-H to provide strength 
development (Sabir et al., 2001).  Wild reported that by using 15% of metakaolin to replace Portland 
cement, calcium hydroxide was completely consumed (Wild and Khatib, 1997). In addition, according to 
Shekarchi, incorporating metakaolin in concrete showed benefits in reducing water absorption and 
improving electrical resistivity in concrete, which all benefited concrete durability (Shekarchi et al., 2010).   
Previous research also indicated by incorporating metakaolin in concrete could reduce the risk of alkali-
silica reaction (ASR). Walters and Jones found ASR was completely suppressed by replacing 25% 
Portland cement using calcined clay without compromising compressive strength (Walters and Jones, 
1991). Metakaolin was reported to be effective in reducing [Na+], [K+], [OH-] in concrete pore solution. In 
Ramlochan’s research, replacing 20% Portland cement by metakaolin can effectively reducing the alkalis 
to 0.2 mol/l in pore solution (Ramlochan et al., 2000). The high content of alumina in metakaolin 
contributes to the mitigation of ASR. Research also indicated existing of alumina in SCMs affected the 
alkali binding capacity in concrete. Hong and Glasser showed with the presence of alumina, C-S-H was 
converted to C-A-S-H, which significantly increased the alkali binding capacity (Hong and Glasser, 2002). 
Warner showed that in a binary or ternary system, with high content of alumina, the pH of pore solution 
tended to be lower (Warner, 2012). According to Chappex, the dissolution rate of silica slowed down due 
to the aluminum absorbed on the surface of reactive silica (Chappex, 2012; Chappex and Scrivener, 2012). 
As discussed, by incorporation metakaolin in concrete helped with mitigating ASR in concrete. However, 
as a highly pozzolanic reactive calcined clay, the production of metakaolin requires very specific calcined 
temperature and high quality control on raw materials.  The composition and mineral phase of raw 
material influence the pozzolanic activity of calcined clay. Fernandez and co-workers investigated the 
pozzolanic reactivity of different calcined clay minerals. They showed that kaolinite had the highest 
potential for activation due to its higher content of hydroxyl groups and their locations in crystal 
structures (Fernandez et al., 2011). Thus, it was important to study the calcined clay from different 
sources and quality as well as investigate how chemical composition and mineral phases in the calcined 
clays influence the ASR mitigation efficacy.  
Additionally, it was important to understand how existing test method, such accelerated mortar bar test 
(AMBT) and concrete prism test (CPT) correlated to the field performance when calcined clays were 
incorporated in concrete mixtures. According to Thomas and co-workers’ study, CPT correlated best with 
outdoor exposure concrete block test (OEBT) (Thomas et al., 2006). Thus, how AMBT and CPT 
correlated to OEBT was investigated in this study when calcined clay was incorporated. 
 
2. Experimental Methods 
2.1.Raw Materials 
There were two types of cement used in this study. Cement A was from Montreal, Quebec, Canada and 
cement B was from Allentown, Texas, USA. Cement A was used in AMBT test scanning electron 
microscopy (SEM) analysis, and Cement B was used in AMBT, CPT and OEBT. Table 1 shows the 
chemical compositions of cement used in this study. 
 

Table 1 Major chemical composition of cement (%) 
 SiO2 Al2O3 Fe2O3 CaO MgO Na2Oeq SO3 LOI 

A 19.61 4.38 2.76 62.21 2.72 0.83 3.76 2.60 



B 19.80 5.50 2.00 61.60 2.60 0.95 4.20 1.40 

 
There were five calcined clays included in this study: CC1 (USA), CC2 (Spain), CC3 (Spain), CC4 
(Suriname) and CC5 (USA). Table 2 shows the chemical composition of the calcined clays used in the 
study. 

Table 2 Chemical composition of calcined clays (%) 
 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq TiO2 MnO2 P2O5 SrO BaO LOI

CC1 51.93 42.18 1.43 0.40 0.12 0.05 0.23 0.20 1.99 - 0.17 0.04 0.11 1.32

CC2 54.11 39.94 1.26 0.25 0.20 0.15 1.38 1.05 0.63 0.01 0.12 0.02 0.04 1.87

CC3 60.17 27.00 3.05 0.40 0.53 0.90 3.22 3.01 0.39 0.02 0.16 0.02 0.04 3.73

CC4 50.12 43.62 0.69 0.05 0.02 0.00 0.10 0.07 1.76 0.01 0.02 0.01 0.02 3.57

CC5 51.00 40.00 1.00 2.00 0.10 - - 0.50 - - - - - 2.00

 
In addition, three different aggregates were used in this study: a non-reactive carbonate limestone coarse 
aggregate from Texas, USA (MM), a very highly reactive siliceous fine aggregate from Oregon, USA 
(BN) and another moderately reactive fine aggregate from Texas, USA (WR).  
2.2.Experimental Process 
There were three major objectives in this study: (1). to investigate the difference on ASR mitigation by 
using calcined clays of different sources and quality; (2). to investigate the microstructure of mortar 
mixtures and determine if there is any influence on ASR gel composition when calcined clays were 
incorporated; (3). to correlate short-term lab test with long-term field test when calcined clay was 
incorporated (AMBT, CPT and OEBT). To accomplish these objectives, test programs were developed 
and as listed in Table 3.  
 

Table 3 Test Program 

 
XRD 

Analysis 
AMBT1 

SEM 
Analysis 

AMBT2 CPT OEBT 

Cement - Cement A Cement A Cement B Cement B Cement B 

Aggregates - BN BN WR 
WR (Fine) 

MM (Coarse) 

WR (Fine) 

MM (Coarse)

Calcined clay 
CC1, CC2, 

CC3, CC4, 

CC1, CC2, 

CC3, CC4, 

CC1, CC2, 

CC3 
CC5 CC5 CC5 

Replacement 
level 

- 
5%, 10%, 

15%, 20% 
10% 10% 10% 10% 

   
Detailed information of different techniques are described as following:  
1). AMBT: calcined clays were used to replace Portland cement at 5%, 10%, 15% and 20% respectively 
in mortar mixtures. ASTM C 1567 was followed for this test (ASTM, 2008b). The w/cm ratio was fixed 
at 0.47 for all mixtures and mortar bars were cured in 1.0 N NaOH solution at 80°C for up to 28 days. The 
length of the bars were measured periodically.  
2). SEM analysis: samples were  obtained from AMBT at the 14th day and cut into size of 25.4 mm × 25.4 
mm × 5 mm. Cut samples were submerged into 99.9% isopropyl alcohol for 72 hours, and isopropyl 
alcohol was changed once after first 24 hours. Then samples were impregnated with a two-part epoxy. 
After stabilized in the epoxy, they were polished by Struers Labopol-5 and RotoPol-35 polishers with oil-
based suspension fluid in conjunction with polycrystalline diamond grits of different sizes for 8 hours 



(9µm: 4 hours; 3µm: 2 hours; 1µm: 2 hours). All prepared samples were examined by an FEI QUANTA 
600F environmental SEM. For elemental analysis, energy-dispersive X-ray spectroscopy (EDS) with 
silicon drift detector were used. To measure the characteristic X-rays, backscattered electron (BES) 
images were acquired. All samples were coated with Au/Pd alloy to prevent charging and were observed 
at 20.0 KV voltage. 
3). XRD analysis: X-rays was generated from a copper kα target. A Bruker-AXS D8 Discover instrument 
with high speed detector was used for the calcined clay mineral analysis. EVA (software) was used for 
peak analysis.  
4). CPT: ASTM C 1293 was followed (ASTM, 2008a). The mixture was fixed at 0.42 w/cm ratio with 
10% CC5 incorporated. Alkali content was boosted to 1.25% Na2Oeq. Concrete prisms were cast into the 
size of 75 mm × 75 mm × 285 mm. Then prisms were stored in a sealed bucket above water at 38 ±2°C. 
An absorbent material was placed around the inside wall of the bucket to reduce leaching. The length of 
the concrete prims were measured periodically up to 2 years.  
5). OEBT: The exact same mixture as CPT was used. Concrete block of 380 mm × 380 mm × 710 mm 
were cast. Twelve studs made of stainless steel bolts were cast within the concrete for measurement. And 
the concrete blocks were exposed to outdoor conditions at University of Texas at Austin since 2001.   
 
3. Results and discussion 
3.1. AMBT Results 
AMBT was used to detect deleterious ASR when SCMs were incorporated. It was a quick test to identify 
the potential of deleterious ASR. In this study, four calcined clays from different sources were 



investigated. Figure 1 shows the expansion of mortar bars exposed to 1.0 N NaOH at 80°C for 14 days. 

Figure 1 AMBT results of mortar bars with different calcined clays at different dosage: (A). CC1; (B). CC2; (C). 
CC3; (D). CC4 

The results of AMBT where Portland cement was partially replaced by different calcined clays were 
presented in Figure 1. As BN was a very highly reactive fine aggregate, 14-day expansion of 0.66% was 
observed for control mixture. When cement was partially replaced by calcined clays, CC1 showed most 
effective in ASR mitigation. By incorporating 5% CC1, the expansion was significantly reduced (from 
0.66% to 0.42%) and by incorporating 10% CC1, expansion was reduced to 0.07%, which indicated ASR 
was mitigated (0.10% threshold according to ASTM C 1567). On the other hand, compared to other 
calcined clays, CC3 was the least effective one to mitigate ASR; ASR was not able to be mitigated until 
20% CC3 was incorporated. For both CC2 and CC4, 15% calcined clay was sufficient to mitigate ASR.  

It was interesting to notice that calcined clays of different sources showed significant difference in ASR 
mitigation efficacy. By analyzing the chemical composition of investigated calcined clays, CC1, CC2 and 
CC4 were similar in composition, which all contained high content of alumina (~40%), whereas there was 
only 27% alumina in CC3. According to previous research, with the presence of alumina, C-A-S-H could 
form. By forming C-A-S-H, Ca/Si was altered thus improved the alkali binding capacity (Hong and 
Glasser, 2002). And with existence of alumina, the dissolution rate of silica tended to slow down 
(Chappex, 2012). Additionally, alkali content was reported to be high in CC3. Thus, the amount of 
alumina and alkali content in calcined clay could be the reasons impacted the efficacy of ASR mitigation 
in mortar mixtures. Furthermore previous study also indicated that mineral phases influenced the 
pozzolanic reactivity of calcined clays (Fernandez et al., 2011). Figure 2 shows the XRD results of CC1 

and CC3. 

Figure 2 XRD analysis on CC1 and CC3 (I: Illite, K: Kaolinite; M: Muscovite; Q: Quartz) 
 

The identified minerals in CC1 and CC3 were shown in Figure 2. Compared to CC1, CC3 contained 
multiple minerals including Illite, muscovite, which were reported to have lower pozzolanic reactivity 



compared to kaolinite (Fernandez et al., 2011). In addition, the broad bands existed between 8.8 to 20.2 
2θ degree and 21.0 to 24.74 2θ degree could indicate a high amorphous phase in CC1. 

3.2. SEM Analysis 

It was of great interest to investigate if there is any ASR gel formed when calcined clay were incorporated. 
And if ASR gel formed, it was important to understand how calcined clays affected the composition of 
the gel. SEM analysis was conducted to answer these questions. Based on this, control sample, 10% CC1, 
10% CC2 and 10% CC3 samples were selected for SEM analysis. Samples with 10% calcined clay were 
selected since AMBT results indicated it was a boundary to differentiate the mitigation efficacy among 
different calcined clays. Figure 3 and Figure 4 showed the backscattered images of the control sample and 
the 10% CC3 sample at 14-day age under 1.0 N NaOH solution at 80°C. 

 

Figure 3 Backscattered electron images of control mortar mixture on two different aggregates at age of 14-day under 
1.0 N NaOH bath at 80°C 

In Figure 3, plenty of ASR gel was observed as a reaction product either surrounded the aggregate or 
filled in the cracks of the aggregate. Such as the aggregate 1 shown in Figure 3 (A), the gel formed on the 
interfacial transition zone and surrounded the aggregate. On the other hand, the ASR was activated at 
different points of the exterior of an aggregate. ASR gel formed at these points and then the hydraulic 
pressure formed due to the expansion of the ASR gel. For example, aggregate 2 shown in Figure 3 (B), 
the expansion cracked the aggregates and gel exuberated within the cracks. In addition the composition of 
both aggregates and ASR gel were analyzed. Table 4 shows the composition of the investigated 
aggregates as well as the correlated ASR gel.  

Table 4 Atom ratio of investigated aggregates and ASR gel (%) 

  O Na Al Si S K Ca Fe 
Aggregate 1 57.35 2.16 1.53 21.15 0.23 0.00 11.95 5.63 

Gel 1 61.56 4.15 0.00 17.16 0.17 0.57 15.10 1.30 

Aggregate 2 56.71 3.71 6.51 28.31 0.25 2.78 0.47 1.25 

Gel 2 57.91 6.67 6.69 21.95 0.44 4.35 0.72 1.27 

 



From table 4, the composition varied significantly between two investigated ASR gel. The variation was 
mostly dependent on the composition of the aggregates. Compared to aggregate 2, aggregate 1 contained 
more calcium but less aluminum and silicon. Thus, the ASR gel formed from aggregate 1 contained a 
high content of calcium, and little aluminum. By comparing the gel composition and aggregate 
composition, there were similar trends observed in both gels. The alkali content (including both sodium 
and potassium) were higher in ASR gel while silicon content was lower in ASR gel. Additionally, both 
gel 1 and gel 2 showed a higher atom ratio in calcium, which could indicate the calcium from either 
cement or aggregate was involved in the reaction.  

When comparing mixtures with 10% CC3 with the control mixtures, the ASR gel was also found in 10% 
CC3 mixtures. Figure 4 shows the microstructure of 10% CC3 sample. 

 
Figure 4 Backscattered electron images of 10% CC3 mixture on two different aggregates at age of 14-day under 1.0 

N NaOH bath at 80°C. 
In Figure 4, backscattered electron images of 10% CC3 mixture was shown and ASR gel was observed 
within the cracks in both aggregates. Meanwhile multiple reaction points deposited with ASR gel was 
observed within these aggregates. Similarly, the elemental analysis on both aggregates and ASR gel were 
studied. Table 5 shows the elemental analysis results of investigated aggregates and ASR gel.  
 

Table 5 Atom ratio of investigated aggregates and ASR gel (%) 

  O Na Al Si S K Ca Fe 
Aggregate 3 59.51 3.37 6.05 26.87 0.00 2.68 0.36 1.15 

Gel 3 57.87 5.39 6.46 23.74 0.07 4.48 0.84 1.15 

Aggregate 4 56.16 2.54 13.21 19.50 0.33 0.47 7.23 0.55 

Gel 4 63.65 2.87 5.44 15.66 0.00 0.63 10.05 1.68 

 
In Table 5, a similar trend was observed in the 10% CC3 sample as the control sample. The gel 
composition was similar to the reacted aggregates. ASR gel was observed in both reactive aggregates (one 
was low in calcium whereas the other was high in calcium). When comparing with the composition of 
reacted aggregates, ASR gel showed a lower content in silicon and a higher content in alkalis and calcium 
as reported in control sample.  
No ASR gel was found in 10% CC1 and 10% CC2 samples despite a few cracks existing within the 
aggregates. A possible explanation for this could be either no ASR gel formed in these samples or the 



limited amount of ASR gel was dissolved or removed during the sample preparation. The results of SEM 
analysis was consistent with what was observed in AMBT. There was ASR gel formed in the sample even 
if 10% CC3 was incorporated in the mixture. Very little gel was discovered in the 10% CC1 and 10% 
CC2 samples (10% CC1 sample passed the test but 10% CC2 failed the test by expanding 0.11% at 14-
day), which showed much lower expansion than 10% CC3 sample according to AMBT.  

Generally, the composition of ASR gel mainly depended on the composition of the aggregate. 
Incorporating calcined clays reduced the formation of ASR gel by binding available alkalis, but impacts 
on gel composition were not observed. 

3.3. Discussion on current test methods 

Currently, AMBT and CPT are two most used test methods to evaluate the ASR mitigation efficacy with 
SCMs incorporated. In consideration of time, AMBT is a short test which lasts only 16 days, while CPT 
lasts up to two years when SCMs are used in the mixture. Despite the long test period, CPT was usually 
believed to be a test better correlated field performance obtained from OEBT (Thomas et al., 2006; Ideker 
et al., 2012). Research also indicated CPT could well predict long term performance of concrete when 
SCMs (such as fly ash, silica fume and slag) were incorporated in the mixture (Thomas et al., 2006). Thus, 
the authors tried to investigate how AMBT and CPT correlated to OEBT when cement was replaced by 
10% calcined clay (CC5). Table 6 shows the AMBT results at 14 days and CPT results at 2 years.  

Table 6 AMBT results at 14 days and CPT results at years (10% CC5) 
 

 

AMBT CPT 
  14-day 1-year 2-year 

Control 0.21% 0.29% - 

10% CC5 0.02% - 0.03% 

According to results of AMBT and CPT, with 10% CC5 incorporated, ASR in both mortar bars and 
concrete prisms were mitigated. Both of the thresholds were not exceeded in the tests (0.10% for AMBT 
and 0.04% for CPT). However, discrepancy was found between two tests on evaluating the potential of 
ASR. The AMBT results indicated WR fine aggregate was moderately reactive according to ASTM C 
1778 but WR fine aggregate was categorized as very highly reactive aggregate based on CPT results 
(ASTM, 2014).  Furthermore, AMBT and CPT methods were compared with OEBT results. Figure 5 



shows the OEBT results when 10% CC5 was incorporated. 

Figure 5 OEBT results on WR control and 10% CC5 mixture 
 
WR control and 10% CC5 concrete blocks were measured and recorded up to 12.5 years, as shown in 
Figure5. The mixture design was the same as the one used in CPT. The control concrete block was 
observed to pass the 0.04% threshold after about two years. And the control block expanded significantly 
after 1.5-year outdoor exposure. For 10% CC5 mixture, the test failed after about 6 years, especially the 
block expanded from 0.037% to 0.078% during year 5 to year 6. It was noticed that mixture with 10% 
CC5 passed both AMBT and CPT but failed OEBT. Typically, AMBT and CPT are usually considered as 
“severer” tests compared to OEBT. Thus it was important to find out the reason why OEBT failed. The 
Na2Oeq used in the mixture was 0.95%. As the alkali content in cement played a critical role in concrete 
expansion under CPT, the high alkali content could be the reason of high expansion after 5 years outdoor 
exposure (Thomas et al., 2006). In addition, the reason that concrete prisms passed the CPT could be due 
to the leaching of alkalis, which led to the decrease of alkalinity in pore solution. However, to confirm the 
assumption, the role of alkali content in ASR mitigation needs to be investigated more for OEBT.  
 
4. Conclusion 
In this research, a comprehensive study was done to evaluate the efficacy of different calcined clays to 
mitigate ASR in concrete. The study investigated the efficacy of ASR mitigation by incorporating 
calcined clays of different sources and quality. AMBT and XRD analysis results of the investigated 
calcined clays indicated chemical composition and mineral phase could have significant influences on 
ASR mitigation efficacy. Calcined clays with high content of alumina and low alkalis tended to show 
better mitigation efficacy. In addition, by incorporating calcined clays, the formation of ASR gel was 
limited, however, ASR gel was still observed in 10% CC3 sample. The composition of ASR was mainly 
determined by the reacted aggregates and a change of ASR gel composition after 10% CC3 incorporated 
was not observed. Furthermore, through investigation of current standard ASR test method, discrepancies 
were observed among AMBT, CPT and OEBT when 10% CC5 was incorporated. Based on current 
findings, CPT and OEBT with calcined clays of different sources and quality are recommended for 
different replacement levels in the future. Therefore, it provides a more comprehensive understanding on 
calcined clay in ASR mitigation efficacy as well as guidelines for improving current test methods.  
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Abstract 
Nowadays, there is an increased interest in the use of ash waste from biomass combustion, being a sustainable source 
of energy. The current paper reports an investigation on the replacement of cement and sand with coarse fly ash waste 
generated from combustion of wood waste. The ash was studied using X-ray fluorescence spectroscopy (XRF), laser 
diffraction particle size analyzer and X-ray diffraction (XRD). The effect of ash addition on cement hydration was 
investigated by volume stability (soundness), workability, calorimetry, and compressive strength measurements. The 
hydration was stopped and analysed using thermogravimetry (TG) and XRD.  
Results show that the ash is broadening the particle size distribution of cement as it comprises particles smaller than 1 
µm and larger than 100 µm. The ash has minerals complementary to portland cement thus justifying it's application as 
cement replacement but with a relatively high amount of CaO and MgO. Addition of more than 15 % of ash results in 
unacceptable volume instability due to delayed CaO/MgO expansion. With ash addition the rate of hydration, strength 
and workability are decreased. Even the hydration of the ash alone, as well as blended with cement, exhibits hydraulic 
and pozzolanic activity that first increases and later decreases amount of Ca(OH)2 in the hydrated material. 
 
Originality 
This work reports new results on hydration and strength development of cement partially replaced with coarse fly 
ash waste generated by a fixed bad (moving grate) furnace fueled by forest residues and waste wood from timber 
industry. Cement replacements with other biomass types of fly ash were recently reported in literature, but not yet 
this type of coarse fly ash waste.  
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1. Introduction 
Nowadays, there is an increased interest in utilization of ash waste from biomass combustion. Woody 
and agricultural biomass classes are among the highest biomass potentials for energy production in the 
EU and are considered as a CO2 neutral and renewable source of energy as it releases less CO2 by 
burning than it absorbs while growing (Fuller A. et al., 2015). Therefore, biomass is increasingly being 
used as a sustainable fuel. The use of energy from renewable sources will lead to the production of a 
foresee amount of 15.5 million tons of biomass ash in the EU-28 (Carrasco-Hurtado B. et al., 2014). 
This will double its current amount. Presently, most ashes in Europe are landfilled, causing financial 
and material losses as well as an environmental burden. A possible application for biomass ash is as a 
cement and/or sand replacement in cementitious materials (Vassilev et al., 2013). The utilization of 
biomass ash in construction industry is an environmentally motivated choice. It will save the costs of 
ash disposal, decrease energy requirement (for clinker production), preserve natural resources (f.e. 
quarried limestone, sand and natural aggregates which consume also a huge amount of non-renewable 
and pre-treated natural raw materials) and decrease greenhouse gas emissions (by cement clinker 
substitution). Biomass is a renewable resource of raw materials and energy, so there is no concern over 
depleting limited supplies. 
However, some standards prohibit use of biomass ash in concrete (Fuller A. et al., 2015). Technical 
regulations and standards for coal and co-firing ashes are used as a frame of reference for ash producer 
and building industry customer. An example is the NEN 450-1: Fly ash in Concrete (2012; Saraber et 
al., 2009), which gives a set of requirements to assess the quality of coal fly ash (co-firing percentages 
up to 50 mass % of clean wood) for use in concrete. These standards, however, do not apply to pure 
(non-coal) biomass ashes. This results in rising costs for the biomass ash waste management that 
forces power plant owners to search new opportunities to recycle ashes. On the other hand, blending of 
cement with the biomass ash could anticipate further improvements in concrete material performance 
resulting in lower environmental impacts of cement production as well as the biomass combustion. 
Therefore, more research on the applicability of biomass fly ash in cementitious materials is needed. 
Review of the research results has indicated that wood waste ash has potential for effective utilization 
as a cement replacement for production of blended cements and structural grade concretes and mortars 
of acceptable strength and durability performances (Ban and Ramli, 2011; Bera et al. 2015; Barbosa et 
al., 2013; Sierra Beltran et al., 2014). 
Biomass ash composition is highly variable (Vassilev et al., 2013) depending on: 
1) type of base-biomass feed stock e.g. a spectrum of woody or agricultural biomass; different 

co-combustion combinations with peat and coal),  
2) geographical location (collection and handling process) 
3) combustion technology (e.g. fixed bed (grate), pulverized fuel or fluidized bed boilers). 
Moreover, further classification of ash is done by a type of collection from a boiler: 
1) Bottom ash collected from the bottom of the combustion chamber,  
2) Relatively coarse fly ash collected from cyclones or boilers, and  
3) Fine fly ash collected from electrostatic precipitators or bag house filters. 
 
This paper investigates hydration and strength development of cementitious materials partially 
replaced with coarse fly ash waste generated by a fixed bad (moving grate) furnace fueled by forest 
residues and waste wood from timber industry in Croatia. 
 
2. Experimental 
2.1. Materials 
Materials used for preparation of cement paste and mortar specimens are: 

1) Commercial Portland cement (Nexe Specijal, produced by Nexe Nasice cement d.d., Croatia) 
CEM II/A-M (S-V) 42,5N that containes min 80% clinker, up to 20% combination of ground 
granulated blast furnace slag and coal derived class F fly ash, natural gypsum (2.6% SO3), and 
0.006% Cl. Initial setting time is 200 min. This blended cement was chosen for possible 
synergy with biomass ash (activation of the pozzolans in the cement by alkalies in biomass 



 

ash) and as a type for the most general purpose applications and most readily available on the 
market. 

2) EN 196-1 CEN standard siliceous sand. 
3) Biomass fly ash produced by 1MWe co-generation plant Lika Eko-Energo d.o.o., Udbina, 

Croatia: with a fixed bad (moving grate) furnace fueled by forest residues and waste wood 
from timber industry in Croatia. Properties of the ash are characterized in section 3.1. 

4) Deionised water. 
 
2.2. Methods 
The heat of hydration evolution was measured by means of a self-adopted laboratory differential 
calorimeter, detailed in (Ukrainczyk and Sabo, 2011) capable of giving information on heat evolution 
of cement pastes from the instant the water is injected in sample holder. To assure good wetting of the 
cement a hole through the cement sample in a sample holder was created by a glass stick (2 mm thick) 
and relatively high w/c ratio (0.5) was used. Ten grams of powder (homogenized mixtures of cement 
and biomass ash) and 5 grams of water was left to reach thermal equilibrium (overnight) in an ultra 
thermostat before the thermostated water was injected (by a syringe) into the sample holder to start the 
hydration. 
The chemical composition of the fly ash was determined on fused samples by X-ray fluorescence 
(XRF) Axsios Cement machine from Panalytical. The amount of unburned carbon is determined 
according to EN15104. The fly ash was analyzed for water soluble and total (dissolved in HNO3) 
chlorides according to AFFREM test procedures (Chaussadent and Arliguie, 1999). 
Particle size distribution of cement and fly ash was obtained by laser diffraction on Shimadzu SALD 
3101.  
The composition of crystalline reactants and products during hydration was investigated by powder X-
ray diffraction (XRD). Shimadzu diffractometer XRD-6000 with CuKα1,2 radiation was used (the scan 
step was 0.02° with collection time of 0.6s). The hydration was stopped and free water removed by 
grinding the sample with acetone in agate mortar (exposure to CO2 was minimized). 
Thermo-gravimetric analysis (TGA) was done with a NETZSCH STA409 at a heating rate of 10 
K/min over a temperature range 40-1100°C with N2 flow of 30 cm3/min. Samples placed in platinum 
crucible contained around 50 mg. 
The workability (fluidity) of the fresh state mortar was tested using the standard flow table test as per 
EN 1015-3. 
Compression test of hardened mortars were done according to EN 1015-11. 
 

Tab 1 Experimental plan, mix compositions, sample notation and obtained workability 
Sample 
notation 

Standard 
sand, g 

Cement, g Fly ash, g water:cement 
mass ratio 

Workability, flow 
table, mm 

M 450 0 160 

M10F10 405 45 130 
M15F15 383 67 115 

M20F20 

 
  

1350 

360 90 105 

M5F15 1305 428 67 

 
 

0.5 

145 
P 45 0 

P10FA 40.5 4.5 
P15FA 38.2 6.8 
P20FA 36 9 
P30FA 31.5 13.5 

FA 

 
 

0 

0 45 

 
 

0.5! and  
0.3#  

 
 
- 

! calorimetric, XRD and TG tests 
# volume stability (soundness) test 
 



 

Experimental plan with mix compositions and sample notations is given in Table 1. Mortar mixtures 
are designated by M, while paste mixtures by P, followed by two numbers: 1st represents the 
percentage of cement replacement by fly ash, and the 2nd (only for mortar) shows the fly ash amount 
relative to the amount of cement in reference mixture. For example, in M5F15 nominal mortar mixture 
amount of fly ash is 15% of the cement in the reference mixture, while the cement and sand 
replacement level is 5% of cement and 3.3% of sand (which corresponds to 10% of cement, as 
sand:cement ratio is 3). Mortar samples were tested for workability and compressive strength, and 
paste samples were tested by calorimetric, XRD, TG, and soundness measurements.  
With soundness test the ability to resist volume expansion is obtained by Pat (EN 459-2) and Le 
Chatelier (EN 196-3) tests where the cement pastes were cured for 24 h at room temperature and 
boiled for 3 h so that any tendency to expand is speeded up and can be detected. By Pat test the cement 
paste cake is visually inspected for cracks. By Le Chatelier test (cylinders H=D=30 mm), the 
expansion value is obtained as a difference (d2-d1) between distance of Le Chatelier needle tips before 
(d1) and after boiling (d2). 
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Figure 1 Particle size distribution of fly ash and cement 

 
 

Tab 2 Chemical composition of wood ash 
SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 Cr2O3 ZnO MnO
26.7 41.3 7.86 1.46 4.72 7.5 2.04 0.68 1.95 0.34 0.053 0.035 0.41

 
 
 
3. Results and Discussion 
3.1.Biomass ash characterisation 
Particle size distribution of fly ash and cement is depicted in Fig 1. Results show that the ash is 
broadening the particle size distribution of cement as it comprises particles smaller than 1 µm and 
larger than 100 µm. This shows a potential of the fly ash to improve the packing density of the blends. 
Chemical composition of wood ash (Table 2) shows a high level of K2O. Alkali oxides (Na2O + K2O) 
may be considered acceptable in amounts up to 2 % in cement and up to 5% in fly ash (EN 450-1). 
Alkali content in the ash is around 10% which contributes with 1.5% for 15% replacement of the 
cement. This is then 2.5 % of absolute (1.5% from ash + 1% from cement, which is also above the 
upper limit value for cement). However, higher additions of ash were investigated here as well, 
because the alkalies in biomass ash are expected to activate the pozzolans in the blended cement, and 



 

subsequently combined with pozzolanic CSH in long term. Beside alkalies, the ash also did not meet 
following EN 450-1 requirements: reactive CaO less than 10%, reactive SiO2 greater than 25%, MgO 
less than 4%, the sum of (SiO2 + Al2O3 + Fe2O3) greater than 70%. 
A modest level of heavy metals in ashes is generally not a problem. Fly ashes might require attention 

 content of the ash is below 0.1% limit: 0.037% for water soluble, and 0.054% for acid 

C2S), CaCO3, quartz (SiO2), C4AF and 

on amounts of Cr, Cd and Zn, while bottom ashes generally do not reach levels as present in Portland 
cement. However, the leaching tests should be performed in order to further demonstrate ecotoxic 
behaviour on the specific cases of wood ashes stabilized in cementitious materials (Barbosa et al, 
2013).  
Chloride
soluble. The amount of unburned carbon (EN15104) is 1.87%. 
Major minerals found in ashes are free CaO and MgO, larnite (
C2AS (Fig 2). Presence of clinker phases shows potential as cement replacement material. The 
mineralogical analysis also indicates amorphous material present in the wood ash. Small amounts (~ 
few %) of CaO (as well as few % of MgO) may be acceptable in PC. However, excessive amounts 
must be avoided as may cause expansion, strength loss, cracking and desintegration of the hydrated 
material.  
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Figure 2 Powder X-ray diffraction analysis of fly ash 

 
Tab 3 Results of volume stability (soundness) test 

UZORAK Le Chatelier, mm Pat test 
P 1.0 N  o cracks

P10FA 0.5 No cracks 
P15FA  1.5 No cracks 
P20FA 20 Disintegrates 
P30FA 65 Disintegrates 

FA 70! Disintegrates! 
!with oiling 

 
.2. Cement paste hydration  

 stability (soundness) test (Table 3) show that addition of more than 15% ash results 

out b

3
3.2.1 Soundness 
Results of volume
in unacceptable expansions (the limit value is 10 mm) which increases vary rapidly with further ash 
dosage. It is interesting that the 10% addition shows lower expansion than plain cement paste. For 



 

hydration of plain ash the expansion of 70 mm was observed already after 24 h of curing, even without 
boiling. This expansions are due to a delayed hydration of free (dead burned) CaO to Ca(OH)2, which 
takes place topochemically, which means that water diffuses towards CaO, and Ca(OH)2 is formed in 
its place. Most of the oxide becomes converted to hydroxide only when the cement has been largely 
hydrated, and a firm microstructure has already been formed. Thus, a delayed increase of volume 
generates internal stresses within the paste. The hydration of free (dead burned) MgO is much slower 
than free CaO, and thus any problems associated with its presence will become apparent only after 
years of service. The effect of this detrimental expansion could be minimized/avoided by washing 
(pre-hydration and carbonation) and mechanical treatments. 
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Figure 3 Temperature rise of paste samples during micro-calorimetric measurements.  

 
.2.2 Calorimetry 

mperature rise of paste samples during hydration in the differential 
3
Figure 3 shows results of the te
calorimeter. The addition of ash showed retardation of setting time, lower main maximum of the 
reaction rate reached at later times (11, 15, 16 and 17h), demonstrating the extensive retardation of 
cement hydration by ash. Figure 3 zoom-ins Figure 2 to show the effect of ash on first 4 h of hydration. 
Plain cement exhibits the highest initial hydration peak, in the shortest time, and is the narrowest, i.e. 
the reaction the fastest slow down to induction period of hydration. On the other side, hydration of 
plain ash has broad first (initial) hydration peak. With addition of ash the initial hydration of blended 
cement exhibits two initial peaks. First peak, at 0.1 h is decreasing in maximum, while the second is 
increasing with addition of ash.  
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Figure 4 Temperature rise of paste samples during micro-calorimetric measurements: a detail f Figure 3 (first 4 

3.2.3 Thermogravimetry 
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hours) 



 

The portlandite content was obtained from TG curves by employing a tangential approach 
(Chaussadent T., Arliguie, 1999). The result was related to the binder mass obtained after firing at 
1100 oC. Figure 9 shows the development of portlandite (CH) as a function of time. Five curves are 
plotted, corresponding to the hydration of reference, blended pastes with 10, 20 and 30% ash and plain 
ash. For hydration of the reference cement paste a highest quantity of CH are obtained, and the 
quantity of CH produced increases continuously with elapse of the hydration time. During the plain 
ash hydration, however, the CH quantity reaches a maximum (at 3 days), which is much lower than 
the quantity reached by the reference cement paste hydration, and decreases with further hydration. 
These results are consistent with the pozzolanic reaction of ash with CH produced by the rapid initial 
hydration of high CaO bearing phases (primarily CaO and C2S). Ca(OH)2 is consumed and used for 
the formation of C4AHx but also possibly pozzolanic C-S-H. The blended system shows a 
superimposed/combined effect of the hydration of the individual components. The 10% curve mimics 
the drop of CH from 3rd to 7th day. However, curves in Fig 5 are calculated by considering that all ash 
content is reactive. If assuming that only ash particles smaller than 50 um are reactive, while bigger 
act only as aggregates, following results are obtained (by expressing them as g CH per 100 g of 
reactive powder): 12.2 (P), 12.3 (P10F), 12.9 (P20F) and 13.5% (P30F) for 3 days of hydration, while 
opposite trend for 28 days: 15.3 (P), 15.0 (P10F), 14.2 (P20F) and 14.0% (P30F). At 3 days, the CH 
increases with ash addition, while at 28 days the CH decreases. Initially more CH is produced for 
higher ash additions due to high CaO hydraulic properties of ash (relatively high content of reactive 
CaO), but later more CH is more consumed for higher ash addition due to increased pozzolanic 
reaction.  
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Fig 5. Evolution of Ca(OH)2 during hydration obtained from TG analysis.  

 

.2.4 XRD 
w diffractograms of paste samples hydrated for 1, 3, 7 and 28 days. Each Fig shows the 

products, 

 
3
Figs 6-9 sho
effect of ash addition. Beside clinker phases, identified were also following hydration products: 
Ca(OH)2, Ettringite (C3A×3CaSO4×32H2O), AFm (anionic clay) phases, namely C4AHx and 
Monosulphate aluminate (C3A×CaSO4×13H2O).  
With hydration time there is a relative increase in diffraction peaks of hydration 
predominantly Ca(OH)2, CaCO3 and CSH, as well as Ettringite and AFm phases (C4AHx and 
monosulphate). Unfortunately, overlap of CaCO3 and CSH diffraction lines (at around 29.3 degrees 



 

two theta) makes their separation and semi-quantitative analysis impossible. Hydration of ash alone 
shows development of C4AHx, CaCO3 and/or CSH. The main effect of ash on hydration visible by 
semi-quantitative XRD analysis is in production of C4AHx phase, which increases with ash addition 
(and with hydration time). 
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Figure 6 Powder X-ray diffraction analysis of cement paste (w/c=0.5) hydrated for 1 day: effect o y ash 
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Figure 7 Powder X-ray diffraction analysis of cement paste (w/c=0.5) hydrated for 3 days: effect f fly ash 
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Figure 8 Powder X-ray diffraction analysis of cement paste (w/c=0.5) hydrated for 7 days: effect of fly ash 

addition 
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Figure 9 Powder X-ray diffraction analysis of cement paste (w/c=0.5) hydrated for 28 days: effect of fly ash 

addition 
 
 
3.3. Mortar properties 
The result on fresh state mortars workability (by flow table test) with different replacement levels of 
cement and sand with ash are shown in last row of Table 1. Specimens mixed with constant water-to-
cement ratio show decrease in workability by increasing the ash content (samples with 10, 15 and 20 
% cement replacement). This can be attributed to coarser size distribution of ash than cement (70% is 
higher than 50 µm). When 15% of ash is added, but replacing 5% of cement and 3.33% of sand 
(sample M5F15), the workability is exactly between values of M and M10F10 samples. 
Superplasticizers may be used to control (avoid this loss) of workability. 
Development of compressive strength of mortar specimens is shown in Fig 10. With increase of 
cement replacement level compressive strength reduces. However, the 15% dosage of ash, where it 
replaces only 5% of cement but 3.33% of sand, can still produce structural grade mortar (or concrete) 
with acceptable mechanical properties.  
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Figure 10 Development of compressive strength of mortar specimens: effect of fly ash 

 
4. Conclusions 
Chemical requirements for fly ash use in concrete by EN 450-1 (year 2012) are not met due to an 
coarse particle size, an insufficient amount of Si, Al and Fe oxides and an excessive amount of alkalies, 
reactive CaO and MgO.  
The ash is broadening the particle size distribution of cement as it comprises particles smaller than 1 
µm and larger than 100 µm. This shows a potential of the fly ash to improve the packing density of the 
blends where sand and cement are partially replaced by ash. Major minerals found in ashes are free 
CaO and MgO, larnite (C2S), CaCO3, quartz (SiO2), C4AF and C2AS (Fig 2). Presence of clinker 
phases shows potential as cement replacement material.  
Results of volume stability (soundness) test (Table 3) show that addition of more than 15% ash results 
in unacceptable expansions (the limit value is 10mm) which increases vary rapidly with further ash 
dosage. This expansion is due to a delayed hydration of free and dead burned CaO and MgO. 
The addition of ash showed retardation of hydration.  
Plain ash hydration produces a maximal CH quantity at 3 days and decreases with further hydration 
demonstrating the pozzolanic activity of ash. Ca(OH)2 produced by the rapid initial hydration of high 
CaO bearing phases (primarily CaO and C2S) in ash is consumed and used for the formation of C4AHx 
but also possibly pozzolanic C-S-H. 
With increasing ash additions initially more CH is produced due to high CaO hydraulic properties of 
ash (relatively high content of reactive CaO), but at 28 days, inversely, there is less CH due to 
increased pozzolanic reaction. 
Hydration of ash alone shows development of C4AHx, CaCO3 and/or CSH. The main effect of ash on 
hydration visible by semi-quantitative XRD analysis is in production of C4AHx phase, which increases 
with ash addition. 
With increase of cement replacement level compressive strength and workability reduces. However, 
the 15% dosage of ash, where it replaces only 5% of cement but 3.33% of sand, can still produce 
structural grade mortar (or concrete) with acceptable workability and mechanical properties. This will 
reduce landfilling and at the same time improve the sustainability perspective of cement production, 
reducing energy needs for cement production, cutting back in CO2 emissions, and preserving natural 
resources (f.e. limestone) with no concern for depletion of biomass ash supplies.  
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Abstract 
It has great potential that steel slag powder as the supplementary cementitious materials used in cement and concrete 
field. Cementitious property of steel slag powder and effect of its fineness and incorporation amount on the mechanical 
property of blended cement were studied. And the microscopic mechanism was also analyzed by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), thermogravimetry analysis (TG) and mercury intrusion porosimetry 
(MIP).  
The results show that the strength and hydration degree of steel slag powder paste are significantly increased with 
reducing of particle size (28d compressive strength is increased from 4.0MPa to 21.5MPa, the Ca(OH)2 content from 
3.49% to 5.48%, and the nonevaporable water content from 4.80% to 10.71%). 3d strengths of blended cement 
containing 30wt% steel slag are firstly increased, then decreased with reducing of particle size (SC-40 is the turning 
point); and 7d, 28d strengths are gradually increased with reducing of particle size. The effect of incorporation amount 
of steel slag powder on the strength of blended cement is significant. All periods’ strength and 28d hydration degree of 
blended cement gradually reduce with increasing of incorporation amount of steel slag, and the relationships between 
each period’s strength of blended cement and incorporation amount of steel slag powder conform to the polynomial 
function relationship. All the total pore volume, median pore diameter and porosity of blended cement system gradually 
increase with increasing of incorporation amount of steel slag powder, where, the total pore volume is increased from 
0.1178mL/g to 0.1995mL/g, the median pore diameter is increased from 21.1nm to 34.4nm and the porosity is increased 
from 21.62% to 34.80%. 
 
Originality 
Since the hydration environment of steel slag powder in blended cement is the liquid environment formed by cement 
hydration, which is differs from hydration environment of steel slag in ordinary pure water. So the ordinary tap water 
and simulation cement pore solution (0.2mol/L NaOH solution) were selected as mixing water, respectively, and the 
effect of different mixing water on the cementitious property of steel slag is studied in this paper, which is first 
originality. 
There is generally 5wt% gypsum in cement, which also interact with steel slag powder in cement. So it is necessary to 
investigate the hydration properties of steel slag powder containing / not containing gypsum, which is second 
originality. 
Since the hydrations of steel slag itself and blended cement containing steel slag are not entirely consistent, so the 
effects of the fineness of steel slag powder on its cementitious property and hydration property of blended cement are 
studied, respectively, this is third originality.   
 
Keywords: steel slag powder; cementitious property; composite cementitious materials; strength; hydration 
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1. Introduction 
Steel slag is a smelting industrial waste, as its chemical and mineral composition is similar to portland 
cement clinker, so it has great potential that steel slag used in cement and concrete field (Fu G. H. et al., 2008; 
Kourounis S. et al., 2007). Moreover, in recent years, with the improvement of steel smelting technology and 
steel slag pretreatment process, the quality of steel slag is gradually improved and the quantity of metallic 
iron, free CaO and free MgO in steel slag are controlled, which provide quality assurance that steel slag as 
the supplementary cementitious materials used in building materials (Yin W. P., 2010; Ye P. et al., 2006). 
However, compared with cement clinker, steel slag has low activity, low hydration speed and strength 
development, so it only as supplementary cementitious materials is used just like fly ash, slag, etc (Shi C. J., 
2002; Shi C. J. et al., 2000). Currently, steel slag is usually processed into powder used in cement and 
concrete field, so the cementitious property of steel slag powder largely decides its usage quantity and 
application performance, and it becomes particularly important that the influence rule of steel slag powder on 
the properties of steel slag - cement composite binder system. Meanwhile, compared with fly ash and slag, 
now the utilization of steel slag used in cement and concrete is low, which not only relate to the low activity 
of steel slag, but also the research on steel slag as supplementary cementitious materials is relatively few. So 
it is necessary to carry out the research work about steel slag powder as supplementary cementitious 
materials. Thus, from the preparation of different fineness steel slag powder begin, this thesis investigates the 
own cementitious property of steel slag powder and effects of the fineness and incorporation amount of steel 
slag powder on mechanical property and hydration property of blended cement, which to be desirable to 
provide a theoretical basis for steel slag used in cement and concrete field.  
2. Experimental 
2.1. Raw material 
(1) Steel slag used is the converter hot stew steel slag, which was provided from an Shandong steel company 

in China, its chemical composition is shown in Table 1; 
(2) Cement used was prepared by grinding in a Ф500mm×500mm laboratory ball mill according to the ratio 

of 95wt% clinker and 5wt% gypsum. 80μm sieve residue and specific surface area of prepared cement 
are 4.4% and 402m2/kg, respectively. And the chemical composition of clinker is shown in Table 1 and 
the gypsum is natural dehydrate gypsum (crystal water: 18.65%, SO3 content: 42.11%). 

Table 1 Chemical composition of raw materials (wt%) 
Materials types CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 P2O5 LOI 

Steel slag 46.28 16.75 2.29 22.17 5.49 0.03 — 0.25 2.54 0.94 
Clinker 64.29 21.60 5.18 3.39 2.31 0.87 0.25 1.35 0.14 0.43 

2.2. Experimental methods 
2.2.1 Specimen preparation 
(1) Steel slag powder was prepared by grinding in a Ф500mm×500mm laboratory ball mill, and the weight 

of materials for each grinding experiment was 3kg. In order to obtain different fineness steel slag powder, 
it was carried out by selecting seven grinding periods: 10min, 20min, 30min, 40min, 50min, 60min and 
70min, the sieve residue and specific surface area of seven different fineness steel slag powder prepared 
were shown in Table 2. 

Table 2 Fineness of steel slag powder under the diffenrent grinding time 

Number 
Grinding time 

(min) 
80μm sieve 
residue (%) 

Specific surface 
area (m2/kg) 

SS-10 10 31.2 161 
SS-20 20 12.8 260 
SS-30 30 6.0 324 
SS-40 40 4.0 361 
SS-50 50 3.2 427 
SS-60 60 12.4 429 
SS-70 70 18.0 467 

(2) Steel slag powder paste was prepared with water or simulation solution (0.2mol/L NaOH solution) by 
stirring uniformly, and the water-binder ratio (W/B) of paste was 0.35. Then the paste specimens were 
cured at temperature about 20±1℃ and >90% humidity for 3 days, 7 days and 28 days, respectively.  

(3) The blended cement is mixed according to the ratio of 30wt% steel slag and 70wt% cement, and then the 
effects of seven different fineness steel slag powders on the mechanical of blended cement were studied 
by paste strength and mortar strength tests.  

(4) The effect of steel slag powder incorporation amount on the mechanical property of cement was studied 
by adding 0wt%, 20wt%, 40wt%, 50wt%, 60wt%, 80wt% and 100wt% SS-50 steel slag in cement. 



2.2.2 Properties test 
(1) The flexural strength and compressive strength of specimen was tested according to the Chinese National 

Standard GB/T17671-1999 by using DKZ-500 cement electric bending machine and BC-300D type press 
machine, respectively.  

(2) The microstructure of hardened paste was observed by scanning electron microscopy (SEM). 
(3) Mineral phase of hydration products was analyzed by X-ray diffraction (XRD). 
(4) Hydration degree of hardened paste was evaluated by the Ca(OH)2 content and nonevaporable water 

content, which specific operation was as follows: The middle portions of specimens were obtained, 
broken and soaked in absolute ethanol to suspend hydration; then the specimen was first dried at 65℃ for 
at least 24 hours and then ground into fine powder (＜80μm); Thus the Ca(OH)2 content was calculated 
by thermogravimetry (TG) analysis and the nonevaporation water content was measured by heating dried 
specimen to 1000℃ with a constant rate to reach constant weight in muffle furnace. 

3. Results and discussion 
3.1. Effect of mixing water and gypsum on the cementitious property of steel slag powder 
Many studies show that the pH value of pore solution of cement paste is similar to that of 0.2mol/L NaOH 
solution (Lothenbach B. et al., 2007; Shehata M. H. et al., 1999; Abdelrazig B. E. I. et al., 1999). Since the 
hydration of supplementary cementitious materials in blended cement actually carried out in the liquid 
environment formed by cement clinker hydration, so the effect of mixing water on cementitious property of 
steel slag powder was studied by selecting ordinary tap water and simulation solution (0.2mol/L NaOH 
solution), respectively. Additionally, cement generally contains about 5wt% gypsum, so the effect of gypsum 
on the cementitious property of steel slag powder was also studied. The results were shown in Table 3. 

Table 3 Comparison of paste strength between steel slag powder and pure clinker cement  
Compressive strength (MPa) Number Cementitious materials type Water water-binder 

ratio 3d 7d 28d 
CC 95wt% clinker +5wt% gypsum Tap water 0.35 79.6 87.3 97.3 

SS-1 Steel slag powder Tap water 0.35 0 1.1 11.6 
SS-2 Steel slag powder simulation solution 0.35 0 2.1 16.4 

SS-3 
95wt% steel slag powder 

+5wt% gypsum 
Tap water 0.35 0 6.7 21.4 

SS-4 
95wt% steel slag powder 

+5wt% gypsum 
simulation solution 0.35 0 6.4 23.8 

As seen from Table 3, compared with cement, the strength of steel slag powder paste is very low, 3d strength 
is zero and 28d strength only is one-tenth to a quarter of cement. This because that the crystal structure of 
minerals in steel slag is dense and crystal grain is also coarse, resulting in that the hydration speed of active 
minerals (such as silicate and aluminate minerals) in steel slag are very low and strength development is also 
very slow (Han C. J. et al., 2010).  
For mixing water, the paste strength of steel slag powder with simulation solution is higher than that of with 
tap water. The reason is that the pH value of system is increased by simulation solution, the alkaline ions can 
diffuse into the interior of steel slag powder to decompose the overall structure of steel slag, which cause the 
cementitious minerals enter into the system solution by a highly reactive and small molecules, accelerating 
the hydration reaction of cementitious minerals with water, thus the paste strength of steel slag is improved.  
For gypsum, the paste strength of steel slag with gypsum is significantly higher than that of without gypsum. 
It because that gypsum can accelerate the formation speed of ettringite (AFt) in the process of steel slag 
hydration, improving the hydration speed of steel slag with water (Huang H., 2012). Thus, certain alkaline 
environment and gypsum can improve the cementitious activity of steel slag and promote the strength 
development of hardened paste.  
3.2. Cementitious property of different fineness of steel slag powder  
3.2.1 Paste strength 
The paste strengths of the different fineness steel slag powder by simulation solution as mixing water are 
shown in figure 1. As can be seen from the figure, the paste strength of steel slag powder is gradually 
increased with the reducing of particle size. 28d flexural strength is increased from 2.0MPa to 5.1MPa and 
the compressive strength is increased from 4.0MPa to 21.5MPa. This because that the decrease of particle 
size of steel slag powder is realized by mechanical grinding, actually, which is a physical excitation. With the 
reduce of particle size, the specific surface area is increased and the lattice defects, dislocation and 
recrystallization are formed, resulting in that the water molecules enter into mineral internal and accelerate 
the hydration reaction, thus the cementitious activity of steel slag is improved (Zhang T. S. et al., 2007; Chen 
Y. M. et al., 2001). Therefore, mechanical grinding is very beneficial to improve the cementitious activity of 



steel slag powder. 
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Figure 1 Paste strength of different fineness steel slag powder at 28 days period 

3.2.2 XRD analysis 
XRD patterns of hardened paste for different fineness steel slag powder at 28 days period are shown in figure 
2. It shows that the crystal phases of hydration products for steel slag powder paste mainly contain Ca(OH)2 
and unhydrated C2S, C3S, etc. With the reducing of particle size of steel slag powder, the Ca(OH)2 diffraction 
peaks are gradually increased, while the diffraction peaks of C2S and C3S are gradually weakened. This 
indicates that the smaller the particles size of steel slag powder, the higher its hydration reaction degree.   
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Figure 2 XRD pattern of different fineness steel slag powder paste at 28 days period  

3.2.3 SEM analysis 
SEM morphologies of hardened paste for different fineness steel slag powder at 28 days period are shown in 
figure 3. As seen from figure 3, some hexagonal plate-like Ca(OH)2 and amorphous hydration products begin 
to generate in the paste system of steel slag at 28 days hydration period, but it has loose structure, poor 
uniformity and compactness and many pores and unhydrated steel slag particles, indicating the hydration 
reaction degree of steel slag paste is low. Compared with morphologies and structures of different fineness 
steel slag powder paste, with reduce of particle size of steel slag powder, the hydration products such as 
C-S-H gels of steel slag powder paste are gradually increased, the structure become dense and the uniformity 
of hydration products is improved, indicating that the hydration reaction degree of paste become deep with 
reduce of particle size of steel slag powder. 

SS-10 
 

SS-30 



SS-50 
 

SS-70 
 

Figure 3 SEM morphology of different fineness steel slag powder paste at 28 days period 
3.2.4 Hydration degree 
The TG curves of hardened paste for different fineness steel slag powder at 28 days period are shown in 
figure 4. It can be seen that the weight loss below 105℃ in TG curves is caused by the loss of a small 
amount of free water in the hydration products system. The weight loss at 130-170℃ in TG curves is caused 
by the dehydration of C-S-H gel, AFt and AFm. The weight loss at 400-550℃ in TG curves is caused by the 
loss of structural water of Ca(OH)2. And the weight loss at about 700℃ in TG curves is caused by the 
decomposition of a small amount of CaCO3. Therefore, the weight loss at 400-500℃ in TG curves can be 
used as the weight of water decomposed by Ca(OH)2, then the Ca(OH)2 content is calculated according to the 
following equation: 

WCH =WLoss×
MCH

MW
×100%

 
Where, WCH is the Ca(OH)2 content, WLoss is the weight loss of Ca(OH)2 in TG curves, and MCH and MW is the relative 

molecular weight of Ca(OH)2 and water, respectively. Obviously, the relative molecular weight of Ca(OH)2 and 
water is 74 and 18, respectively. 

The nonevaporable water content of hardened paste was measured by heating dried specimen to 1000℃ with 
a constant rate to reach constant weight in muffle furnace, and then the nonevaporable water content is 
calculated according to the following equation: 

Wn =
W1 —W2

W1

rfc

1— rfc  

Where, Wn is the nonevaporable water content, W1 is the weight of specimens at 65℃ (dried weight of specimens), W2 
is the weight of specimens at 1000℃, and rfc is the loss on ignition of sample before hydration.  

The contents of Ca(OH)2 and nonevaporable water of hardened steel slag powder paste at 28 days period are 
obtained by calculating from the above discuss, the results are shown in figure 5. As seen from figure 5, both 
the contents of Ca(OH)2 and nonevaporable water of steel slag paste gradually increase with reduce of steel 
slag particle size, and the change of Ca(OH)2 content is slow (increased from 3.49% to 5.48%), while the 
change of nonevaporable water content is significant (increased from 4.80% to 10.71%). So it shows that the 
finer the steel slag powder, the higher the hydration degree of steel slag paste. Overall, the hydration degree 
of steel slag paste at 28 days period is still at a low level. 
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Figure 4 TG cruves of hydration paste for different 

fineness steel slag powder 
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Figure 5 Contents of Ca(OH)2 and nonevaporable 

for different fineness steel slag paste 
 
3.3 Mechanical property of blended cement containing different fineness steel slag powder  
The paste strength and mortar strength of blended cement containing different fineness steel slag powder are 



shown in figure 6 and figure 7, respectively.  
The figures show that both the 3d paste and mortar strengths of blended cement containing 30wt% steel slag 
firstly increases, then decreases with reducing of particle size (SC-40 is the turning point), which is caused 
by two aspects of synergistic effect. On the one hand, as steel slag powder rarely involved in the hydration 
reaction at 3 days period, it usually act as a filling role in composite cementitious materials at 3 days period. 
With decreasing of particle size, the filling role of powder gradually enhance, improving the strength of 
system. On the other hand, the water content which is used to wrap the particles surface of steel slag 
becomes increased with reducing of particle size, resulting in the decrease of water content which is used to 
participate in the hydration reaction of cement clinker (ie, the water-binder ratio of clinker paste in the 
blended cement system), thus the hydration degree of clinker in the system is reduced. The above two effects 
are opposite, when the particle size of steel slag is large, the effect of the former is larger than the latter, on 
the macro performance for: the strength is increased with reducing of particle size. When the particle size of 
powder is reduced to a certain extent, the effect of the latter is larger than the former, resulting in that the 
macro strength is reduced with decreasing of powder particle size. 
With the extension of period, steel slag powder begin to participate in the hydration reaction. And the smaller 
the particle size of steel slag powder, the faster the hydration speed, resulting in the improvement of strength, 
and the effect in this regard would be much larger than the above two effects with extension of hydration 
period. Thus, the 7d, 28d paste and mortar strengths of blended cement containing 30wt% steel slag 
gradually increases with reducing of particle size of steel slag powder. 
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Figure 6 Paste strength of blended cement 

containing different fineness steel slag powder 
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Figure 7 Mortar strength of blended cement containing 

different fineness steel slag powder 
 
3.4 Effect of the incorporation amount of steel slag powder properties of blended cement 
3.4.1 Paste strength 
The paste strength of blended cement containing different amount of steel slag powder are shown in figure 8. 
The figure shows that the effect of incorporation amount of steel slag powder on the strength of blended 
cement is significant. The greater the incorporation amount of steel slag powder in blended cement, the 
smaller the strength of blended cement each hydration period. The effect of incorporation amount of steel 
slag powder on 3d strength of blended cement is most significant and this effect is gradually weakened with 
the extension of hydration period. From the fitting results, all the relationships between each period’s 
strength of blended cement and incorporation amount of steel slag conform to the polynomial function 
relationship. The fitting function of 3d strength of blended cement paste and incorporation amount of steel 
slag powder is as follows: y=0.0083x2 - 1.6121x + 78.359 (correlation coefficient R2=0.9944), that of 7d 
strength is as follows: y=0.003x2 - 1.1731x + 87.346 (correlation coefficient R2=0.9947), and that of 28d is 
as follows: y=0.0011x2 - 0.7134x + 98.718 (correlation coefficient R2=0.9793). 
3.4.2 XRD analysis 
XRD patterns of blended cement paste containing different amount of steel slag powder at 28 days period are 
shown in figure 9. It shows that the crystal phases of hydration products for blended cement paste containing 
steel slag powder mainly contain Ca(OH)2 and unhydrated C2S. With the increasing of incorporation amount 
of steel slag powder, the Ca(OH)2 diffraction peaks of hydration products are gradually enhanced, while the 
diffraction peaks of C2S are gradually weakened. The enhancement of Ca(OH)2 diffraction peaks may be due 
to a small amount of free CaO exist in steel slag powder, and the free CaO can also form Ca(OH)2 crystals in 
hydration process, resulting in that the Ca(OH)2 crystals content in hydration products is increased with the 
increasing of incorporation amount of steel slag powder in blended cement. 



y = 0.0083x2 - 1.6121x + 78.359

R2 = 0.9944

y = 0.003x2 - 1.1731x + 87.346

R2 = 0.9947

y = -0.0011x2 - 0.7134x + 98.718

R2 = 0.9793

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100

钢渣粉在水泥中的含量 (wt%)

复
合

水
泥

浆
体

的
抗

压
强

度
 (

M
P

a)

3d
7d
28d

多项式 (3d)

◆ 3d        —– fitting curve (3d)

d       itting curve (7d)

▲ 28d      —– fitting curve (28d)

C
om

p
re

ss
iv

e
 s

tr
e

n
g

th
 o

f c
om

po
s

ite
 c

em
en

t (
M

P
a

)

■ 7  —– f

多项式 (7d)
多项式 (28d)

 Content of steel slag powder in cement (%)

Figure 8 Paste strength of blended cement containing different amounts of steel slag powder 
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Figure 9 XRD pattern of blended cement paste containing different amount of steel slag 

3.4.3 SEM analysis 
SEM morphology of blended cement paste containing different amount of steel slag powder at 28 days period are 
shown in figure 10.  
As seen from figure 10, it has many hydration products generated in blended cement paste containing steel 
slag powder at 28 days period and a lot of flock amorphous C-S-H gels and some Ca(OH)2 distribute in the 
system. By contrast, the smaller the amount of steel slag powder in blended cement, the more the amorphous 
C-S-G gels products, resulting in that it has a more compact structure and higher uniformity for blended 
cement system. For example, it has a stable dense microstructure, less porosity and integral C-S-H gels in the 
blended cement paste containing 20wt% steel slag powder, while the structure of hydration products is loose, 
more pores and the density and uniformity are poor in the blended cement paste containing 20wt% steel slag 
powder. 
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Figure 10 SEM morphology of blended cement paste containing different amount of steel slag powder 
3.4.4 Hydration degree 
TG curves and hydration degree of blended cement containing different amount steel slag powder at 28 days 
period are shown in figure 11 and figure 12, respectively. Figure 11 shows that the higher the amount of steel 
slag powder in blended cement, the slower the weight loss in TG curves of paste. As seen from figure 12, 
both the contents of Ca(OH)2 and nonevaporable water of blended cement paste at 28 days period is 
gradually reduced with increasing of steel slag powder amount in blended cement. Ca(OH)2 content is 
reduced from 12.72% to 6.71% and nonevaporable water content is reduced from 15.37% to 11.04%. And 
both the decrease of Ca(OH)2 content and nonevaporable water content of blended cement paste is relatively 
small when incorporation amount of steel slag powder in blended cement is less than 60wt%, while the 
decrease of Ca(OH)2 content and nonevaporable water content is significant at a more than 60wt% 
incorporation amount of steel slag powder. Thus, the effect of incorporation amount of steel slag powder on 
the 28d hydration degree of blended cement is small at a low incorporation amount, while the effect is large 
at a high incorporation amount. 
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Figure 11 TG curve of cement paste containing 

different amounts of steel slag powder 
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Figure 12 Hydration degree of cement paste 

containing different amounts of steel slag powder 
3.4.5 Pore structure 
The pore volume distribution of blended cement paste containing different amount steel slag powder at 28 
days period is shown figure 13; the aperture parameter values are shown Table 4. As seen from figure 13, 
pore size of blended cement paste is mainly between 3-10nm and 30-100nm. The higher the amount of steel 
slag powder in blended cement, the higher the content of the large pores in hydration products. Table 4 
shows that all the total pore volume, median pore diameter and porosity of blended cement system are 
increased with the increasing of incorporation amount of steel slag powder. Where, the total pore volume is 
increased from 0.1178mL/g to 0.1995mL/g, median pore diameter is increased from 21.1nm to 34.4nm and 
the porosity is improved from 21.62% to 34.80%. In a certain incorporation amount range of steel slag 
powder (less than 40wt%), the influence of steel slag powder on the pore structure of hardened blended 
cement paste is small, while the pore structure of hardened paste will be significantly at a high incorporation 
amount of steel slag powder. 

Table 4 Aperture parameter of blended cement containing different amount steel slag powder 
Specimens Total pore volume (mL/g) median pore diameter (nm) Porosity (%) 

with 20%-SS 0.1178 21.1 21.62 
with 40%-SS 0.1286 22.5 23.61 
with 60%-SS 0.1569 23.2 28.85 
with 80%-SS 0.1995 34.4 34.80 
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Figure 13 Pore volume distribution of blended cement paste containing different amount steel slag powder 

4. Conclusions 
(1) Simulation solution (certain alkaline environment) as mixing water and gypsum can improve the 

cementitious activity of steel slag and promote the strength development of steel slag paste. The strength, 
structure compaction rate and hydration degree of steel slag powder paste are significantly increased with 
reducing of particle size (28d compressive strength is increased from 4.0MPa to 21.5MPa, the Ca(OH)2 
content from 3.49% to 5.48%, and the nonevaporable water content from 3.79% to 8.62%). 

(2) 3d paste and mortar strengths of blended cement containing 30wt% steel slag are firstly increased, then 
decreased with reducing of particle size (SC-40 is the turning point); and 7d, 28d strength are gradually 
increased with reducing of particle size. 

(3) All periods’ strength of blended cement gradually reduce with increasing of incorporation amount of steel 
slag, and the relationships between each period’s strength of blended and incorporation amount of steel 
slag conform to the polynomial function relationship. Both the contents of Ca(OH)2 and nonevaporable 
water of blended cement paste at 28 days period is gradually reduced with increasing of steel slag powder 
amount in blended cement. Ca(OH)2 content is reduced from 12.72% to 6.71% and nonevaporable water 
content is reduced from 14.78% to 9.65%. And the effect of steel slag powder on the 28d hydration 
degree of blended cement is small at a low incorporation amount. 

(4) All the total pore volume, median pore diameter and porosity of blended cement system are increased 
with the increasing of incorporation amount of steel slag powder. Where, the total pore volume is 
increased from 0.1178mL/g to 0.1995mL/g, median pore diameter is increased from 21.1nm to 34.4nm 
and the porosity is improved from 21.62% to 34.80%. 
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Abstract 
Sustainable development or resourcing are the mottos, which we hear in everyday life. In cement industry it 
means less CO2-emmision, less energy consumption and natural resources saving. As a result of the need to 
protect the environment, blended cements have been developed and they are being increasingly applied in 
concrete. In such cements a certain portion of clinker content is substituted with mineral additions, such as 
siliceous fly ash, ground granulated blast furnace slag or limestone. The European standards for cements EN 
197-1 “Cement - Part 1: Composition, specifications and conformity criteria for common cements” and EN 
14216 “Cement - Composition, specifications and conformity criteria for very low heat special cements” specify 
wide range of cements containing non-clinker components CEM II÷CEM V (VLH III÷VLH V). In practice it is 
very important how these cements perform in concrete with respect to strength development and durability. 
Simultaneously, the use of the blended cements is also motivated by other benefit as reducing the heat of 
hydration, which in turn reduces the in-place concrete temperatures. It is especially important in structures with 
considerable thickness, defined as massive structures. In this paper authors focused on performance and 
suitability of cements with high content of mineral additives especially ground granulated blast furnace slag 
(GGBFS) and siliceous fly ash (FA) for mass concrete. Five different cements were used in concretes: Portland 
cement CEM I 42,5R, Portland-slag cement CEM II/B-S 32,5R, Portland-fly ash cement CEM II/B-V 32,5R, 
blast furnace cement CEM III/A 32,5N-LH, composite cement CEM V/A (S-V) 32,5R-LH and composite cement 
with very low heat of hydration VLH V/B (S-V) 22,5. All cements were produced on industrial scale. Its 
suitability for use in mass concrete with regard to compressive, tensile splitting strength, modulus of elasticity 
and temperature development in mass concrete element, was investigated. The test results showed that cements 
with high GGBFS and FA (CEM III/A, CEM V/A and VLH V/B) give concretes with good  mechanical 
properties and its development in time, maintaining at the same time slow temperature rise and low peak 
temperature. Concrete elements temperature development assures that risk of cracking of concrete elements 
caused by tensile thermal stress were minimized. According to ACI 207.1R-05 report “Guide to Mass 
Concrete”, the design of mass concrete structures is generally based on durability, economy, and thermal 
action, with strength often being a secondary concern. All investigated concretes in authors opinion fulfilled 
assumptions mentioned in ACI report. Additionally, the usage of high amount of non-clinker components give 
favourable effects on durability of cement composites. 
 
 
Originality 
For many years ordinary Portland cement has been the most used and best known type of cement all over the 
world. In some countries national law regulations in terms of civil engineering require using such type of 
cement in concrete structure. This approach is very conservative and can lead to decreased durability of 
concrete due to thermal cracks. It is especially important in structures with considerable thickness, defined as 
massive structures. Usage of composite cement helps to overcome this potential risk. The results presented in 
this paper were obtained with usage of commercially produced cements with high amount of non-clinker 
components. Temperature development of concrete was investigated on cubic concrete elements with high 
volume to surface ratio, which simulated environment in massive structure. 
 
 
Keywords: composite cements, siliceous fly ash, ground granulated blast furnace slag, heat development, mass 
concrete 
 
 

                                                 
1 Corresponding author: maciej.batog@gorazdze.pl, Tel +48 695056214, Fax +48 77 777 8803 



 

1. Introduction 
Thermal effects related to the cement heat of hydration have a high importance in massive concrete. 
The variation of temperature between surface and core of mass structure leads to stress and strain 
generation, which in the worst case scenario may cause cracks. Loss of structural integrity decreases 
durability and service life of the massive structure. There are several methods to mitigate this situation, 
one of them is application of cement with low heat of hydration [ACI 2006, ACI 2007, Bofang 2014]. 
Blended cements are characterized by low heat of hydration. However, at the same time the 
development of mechanical parameters is relatively slower in comparison to Ordinary Portland 
Cement (OPC) [Li&Zhao 2003, Maia et. Al 2011, Giergiczny 2006]. Nevertheless, long term 
mechanical properties in massive structure are being a secondary concern. Early strength should be 
higher than stress level generated by heat release during cement hydration and assure enough strength 
to make further construction works possible. Usage of mineral additives has also positive impact on 
CO2-emmision decrease by substituting certain portion of the Portland clinker in cement. 
The objective of the research presented in this paper is to illustrate that commercially produced 
cements containing high amount of fly ash and ground granulated blast furnace slag (up to 67%) are 
suitable for mass concrete. The research programme included compressive and tensile strength, 
modulus of elasticity tests of concrete and investigations of temperature variations in massive concrete 
cube. 
2. Experimental 
2.1. Raw Materials 
In the investigations five cements with different amount of mineral additives were used: Portland 
cement CEM I 42,5 R (reference), Portland slag cement CEM II/B-S 32,5 R, slag cement CEM III/A 
32,5 N-LH, blended cement CEM V/A (S-V) 32,5 R-LH complying with EN 197-1:2011 and special 
blended cement with very low heat of hydration VLH V/B (S-V) 22,5 complying with 14216:2004.  
The content of mineral admixtures (siliceous fly ash and/or ground granulated blast furnace slag) in 
cements ranged from 27 % to 67% (table 1). All cement were produced on industrial scale in cement 
plant. Phase composition of cement components is presented in table 2. Additionally, the physical and 
mechanical properties of cements are shown in table 3. 
A gravel aggregate with a maximum nominal size of 31,5 mm was used as the coarse aggregate and 
local natural sand 0-2 mm was used as the fine aggregate. Aggregate grading curve was prepared in 
respect to DIN 1045-2:2008. A unified composition of concrete mix was applied in experiments, the 
only variable was the type of cement. The concrete recipe is presented in table 4. 

 
Table 1 Cements composition 

Cement component, % 
Cement type Portland 

clinker 
Ground granulated 
blast furnace slag 

Siliceous  
fly ash  

Limestone

CEM I 42,5R 95,7 - - 4,3 
CEM II/B-S 32,5R 68,3 27,1 - 4,6 
CEM III/A 32,5N-LH 41,1 58,9 - - 
CEM V/A (S-V) 32,5R-LH 62,2 18,2 19,6 - 
VLH V/B (S-V) 22,5 32,3 34,4 33,3 - 

 
Table 2 Phase composition of cement components 

Component  Clinker Siliceous fly ash
Ground granulated blast 

furnace slag 
C3S 68,5 - - 
C2S 11,3 - - 
C3A 10,5 - - 
C4AF 7,9 - - 
CaOfree 0,95 - - 
Amorphous phase - 77,1 97,3 
Mullite - 13,0 - 
Quartz - 7,6 - 



 

Table 3 Physical and mechanical properties of cements 

Property CEM I 42,5R 
CEM II/B-S 

32,5R 
CEM III/A 
32,5N-LH 

CEM V/A (S-V)  
32,5R-LH 

VLH V/B (S-V) 
22,5 

Compressive strength, MPa      
- after 2 days 28.9 18.0 9.5 15.3 6.4 
- after 28 days 57.8 48.7 50.5 43.0 31.0 
- after 90 days 61,3 53,8 57,3 54,9 45,4 
Water demand, % 27.6 27.4 31.4 28.2 29.4 
Specific surface, cm2/g 3510 3500 3960 3350 3170 
Initial setting time, min 175 215 275 235 480 
Soundness, mm 0.4 0.1 0.5 0.1 0.0 

 
Table 4 Concrete composition 

Component Content, kg/m3 
Cement 300 

Sand 0-2 mm 583 
Gravel 2-8 mm 427 
Gravel 8-16 mm 389 

Gravel 16-31,5 mm 544 
Water 150 

 
2.2. Scope of investigations and test methods 
The following properties of cement and concrete were investigated: cement heat of hydration, 
compressive strength, tensile strength, modulus of elasticity, concrete temperature development. In the 
paper mechanical properties and temperature development in insulated concrete are presented and 
discussed. 
2.2.1. Compressive strength 
The compressive strength was tested on 100 mm cubes acc. to EN 12390-3:2009/AC:2011 “Testing 
hardened concrete - Part 3: Compressive strength of test specimens” after 1, 2, 7, 18, 56 and 90 days. 
Samples after casting were stored at laboratory temperature for 1 day then were demoulded, immersed 
in water and until testing time kept under water. 
2.2.2. Tensile strength 
Tensile strength was tested on concrete bars with dimensions of 150mm x 150mm x 700mm acc. to 
EN 12390-5:2009 “Testing hardened concrete - Part 5: Flexural strength of test specimens” after 2 and 
28 days. 
2.2.3. Modulus of elasticity 
Modulus of elasticity was tested on concrete cylinders with following dimensions: height 300mm and  
150 mm in diameter acc. to ISO 1920-10:2010 “Testing of concrete - Part 10: Determination of static 
modulus of elasticity in compression” after 2 and 28 days. 
2.2.4. Heat of hydration 
The heat of hydration of cements was measured with help of TamAir microcalorimeter from  
TA Instruments. All test were carried out on cement pastes with water/cement-ratio 0,5 at 20oC, 
measurements duration was 72 hours. Mixing ampoules enabled heat measurements from the first 
contact with water.  
2.2.5. Concrete temperature development 
The measurements of temperature development were carried out on 400 mm cubes insulated with 150 
mm polystyrene plates with heat conduction coefficient of 0,044 W/mK (figure 1). The TES 1384 
four-channel electronic thermometer with type K thermocouples was applied. Concrete temperature in 
three points of the cube was measured, locations of the thermocouples are shown in figure 1. External 
temperature during measurements was maintained at 20oC±2oC. 



 

 
Figure 1 Concrete temperature measurement set-up 

3. Results and discussion 
The results of heat of hydration development are presented in figure 2. The highest value of heat of 
hydration was reached by CEM I 42,5R (reference) as it was expected. Consequently the remaining 
cements have lower heat of hydration proportionally to the amount of mineral additives in theirs 
composition. The lowest heat of hydration have VLH V/B (S-V) 22,5 and CEM III/A 32,5N-LH, 
which contains 67,7% and 58,9% of mineral additives respectively. In the same manner main peak of 
heat release for composite cements (CEM II÷VLH V) was lower and occurred later in time than in 
case of reference Portland cement CEM I 42,5R. All this test results are consistent with findings 
reported in the literature.  

(a) Total heat of hydration     (b) Rate of heat of hydration 
Figure 2 Heat of hydration of tested cements 

The compressive strength test results of concrete are shown in figure 3. Early compressive 
strength (≤ 7 days) of concrete with composite cements (CEM  II÷VLH V) was 30 to 50% lower than 
for Portland Cement CEM I 42,5R. At later age (>28 days) compressive strength of concretes with 
composite cements (CEM  II÷VLH V) has significantly increased and reached after 360 days same 
level as for CEM I 42,5R concrete. In concretes for massive structures compressive strength is usually 
evaluated after 56, 90 days or even after one year [ACI 2006]. From this point of view cements with 
high amount of mineral additives: CEM III/A 32,5N-LH, CEM V/A (S-V) 32,5R-LH and VLH V/B 
(S-V) 22,5 prove their suitability for application in massive concrete structures. 



 

 
Figure 3 Compressive strength development of tested concretes 

The tensile strength and modulus of elasticity test results are shown in figure 4. The tensile strength 
and modulus of elasticity measured after 2 days for concrete on slag cement CEM III/A 32,5N-LH, 
composite cement CEM V/A (S-V) 32,5R-LH and special cement with very low heat of hydration 
VLH V/B (S-V) 22,5 was three to four times lower than for reference Portland cement CEM I 42,5R 
and Portland slag cement CEM II/B-S 32,5R. After 28 days tensile strength for all investigated 
concretes with those cements was on the comparable level to the reference sample. The modulus of 
elasticity of concretes with blended cement increased significantly, for Portland –slag cement CEM 
II/B-S 32,5R and slag cement CEM III/A 32,5N-LH was just 7 to 12% lower than reference and for 
composite cement CEM V/A (S-V) 32,5R-LH and special cement with very low heat of hydration 
VLH V/B (S-V) 22,5 was just 19 – 29% lower than reference. 
 

Figure 4 Tensile strength and modulus of elasticity of tested concretes 
The temperature development of concrete is presented in figure 5. Characteristic values like: initial 
temperature, maximal temperature and time of its occurrence, maximal temperature gradient are 
shown in table 5. On figure 5 the effect of maximal temperature decrease for concretes with composite 
cements (CEM II÷VLH V) is clearly visible. The highest temperature 55oC was reached by reference 
concrete with Portland cement CEM I 42,5R and the lowest 35oC by concrete based on special cement 
with very low heat of hydration VLH V/B (S-V) 22,5. The following trend is visible - the higher 
content of mineral additive in cement composition the lower the maximal temperature of concrete. 
Incorporation of mineral additives in cement composition has led also to delay of maximal 
temperature occurrence. For concrete with cements CEM III/A 32,5N-LH and CEM V/A (S-V) 32,5R-
LH the maximal temperature was registered 20 hours later, than for CEM I 42,5R. In case of concrete 
with VLH V/B (S-V) 22,5, which contains the highest amount of additives the maximal temperature 



 

was registered 11 hours later than for CEM I 42,5R. It was caused by higher initial temperature of 
concrete with VLH V/B (S-V) 22,5. 
The maximal temperature increase (ΔTmax) is also presented in table 5. Incorporating GGBFS in 
cement composition in amount of 27,1% (CEM II/B-S 32,5R) and 58,9% (CEM III/A 32,5N-LH) 
decrease concrete ΔTmax by 7oC and 13,1oC respectively in comparison to the reference concrete with 
Portland Cement CEM I 42,5R. Applying combination of GGBFS and siliceous fly ash in cement 
composition led to higher reduction of ΔTmax in concrete in comparison to reference cocnrete. For 
concrete with CEM V/A (S-V) 32,5R-LH it was 12,8oC, where amount of additive was 37,8% (18,2% 
GGBFS and 19,6% siliceous fly ash). It is comparable with CEM III/A 32,5N-LH, where amount of 
GGBFS was 58,9%. The highest reduction of ΔTmax was reached in concrete with VLH V/B (S-V) 
22,5 cement – decrease by 21,5oC, where amount of additive was 67,7% (34,4% GGBFS and 33,3% 
siliceous fly ash). 

Table 5. Characteristic values of temperature measured in concrete cube 400 x400 x 400 mm 

Parameter 
CEM I  
42,5 R 

CEM II/B-S 
32,5R 

CEM III/A 
32,5N-LH 

CEM V/A  
(S-V) 32,5R-LH 

VLH V/B  
(S-V) 22,5 

Initial temperature, 
Tinit, 

oC 
21,2 19,6 19,7 17,0 22,6 

Max. temperature,  
Tmax, 

oC 
55,7 47,0 41,1 38,7 35,6 

Max. temp. gradient, 
ΔTmax =Tmax-Tinit, 

oC 
34,5 27,4 21,4 21,7 13,0 

Time of temperature 
peak, h:min 

32:51 37:00 51:18 51:51 43:36 

 

 
Figure 5 Temperature development of tested concrete 

5. Summary 
The results of investigations show that concrete produced with cements containing ground granulated 
blast furnace slag and siliceous fly ash may reach good mechanical properties and its development in 
time, maintaining at the same time slow temperature development and low peak temperature. 
Especially concretes containing cements with high content of mineral additives: CEM III/A 32,5N-LH, 
CEM V/A (S-V) 32,5R-LH and VLH V/B (S-V) 22,5 show good performance. The lowest 
temperature gradient (13oC) was reached by concrete with VLH V/B (S-V) 22,5 cement (incorporating 
67,7% of mineral additives).  This assures that risk of cracking in massive concrete elements at early 
age caused by tensile thermal stresses can be minimized. Compressive strength of concretes with 
blended cements (CEM II÷CEM V) after 360 days reach values comparable with reference concrete 
containing Portland cement CEM I 42,5R, which proves that concrete with high content of mineral 
admixtures can  also fulfil requirements expected  from structural concrete. Additionally, usage of 



 

cements with high amount of non-clinker components in concrete gives favourable effect on 
environment by decreasing CO2-footprint of concrete and utilisation of waste materials from other 
industrial processes. 
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Abstract  
Rheology is the science of deformation and flow of material under load. Research on the rheology of both 
mortar and concrete has contributed immensely in widening the area of application. Influence of alkalies, 
sulphate, etc, present in clinker and cement on the hydration kinetics is significant and closely linked with 
rheological reactivity. Fly ash may not always have the same influence on mortar rheology because of the 
varying effects of their interaction with different chemical compounds of OPC.  
 
The rheological properties of the mortar were studied, using four Ordinary Portland Cement (OPC) 
manufactured from different types of clinker (Low alkali low sulphate bearing clinker, Low alkali high sulphate 
bearing clinker, High alkali high sulphate bearing clinker, High alkali low sulphate bearing clinker) and four 
different types of fly ashes with reference to their sources, chemical composition and physical properties. The 
mortar flow test and mortar funnel tests were carried out to examine the rheological properties of each mortar 
mixture with constant water binder ratio (w/b) of 0.3, identical type and dosages of superplasticizer and fine 
aggregate as well as similar mixing protocol. The results suggest that use of the lower sulphate bearing clinker 
- based OPC and fly ash having smaller particle size, lower sulphate and carbon contents improve the initial 
flowability and time dependant flowability retention. 
 

Originality 
Present work details a comprehensive scientific investigation on the influence of different types of ordinary 
Portland cements and fly ashes on the mortar rheology. The study explains the effect of varying alkalies and 
sulphate content of cement as well as physic-chemical properties of fly ashes on the mortar rheology on 
laboratory scale. Mortar rheology is highly sensitive towards even minor variations in physical as well as 
chemical composition of the binder. The physico-chemical composition of cement and fly ashes varies widely 
from source to source. Mortar rheology is quite sensitive towards variations in the physic-chemical character of 
the binders. Clear understanding of the effect of the variation in physical and chemical parameters of binder 
towards achieving the desired rheology is highly essential. This investigation on impact of this parameter on the 
rheological properties would be a newer and useful addition to the understanding of its effect on the rheological 
behaviour of cementitious materials. 
 
Keywords: rheology, flowability, fly ash, mortar, binder, Self-compacting concrete 
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1. Introduction 
Concrete rheology essentially is governed by physical and chemical characteristics of constituent 
ingredients (Aitcin P. C., 1998). Rheology, the science of deformation and flow of material under load, 
is the main consideration in development of high workable concrete such as self-compacting concrete 
(Tregger N., et al, 2008; Popovics S., 1982; Wallevik O. H. 2003; Khayat K. H., et al, 1999; Bui V. K., 2002). 
To achieve the desired rheological performance, the SCC mix must have possible minimum value of 
yield strength to generate enough flow and optimum amount of viscosity to prevent segregation 
(Wallevik O. H. 2003; Ghezal A., et al, 2002; Bui V. K., et al, 2002; Saak A. W., et al, 2001). In fact, 
optimum balance between viscosity and deformability is the key to achieve self-compacting 
characteristics in the fresh state of typical SCC mix. The rheology of paste, mortar and concrete 
depends on physico-Chemical and mineralogical composition of cement, mineral admixtures and 
aggregates (Aitcin P. C., 1998). The physical and chemical characteristic of cement is closely linked 
with rheological reactivity of paste, mortar and concrete (Aitcin P. C., 1998). The chemical and 
physical characteristics of cement are fundamentally dependent on characteristics of the raw materials 
and fuel used for manufacturing of clinker, regardless of the process of manufacturing (Taylor H. F. 
W., 1990). 
The clinker is interground to a fine powder, with some gypsum added to it, in order to prevent flash 
setting and to improve the plastic and hardened properties of paste, mortar and concrete (Aitcin P. C., 
1998; Taylor H. F. W., 1990; Neville A. M., 1996). The amount of gypsum added to cement clinker 
during the process of grinding is expressed as percentage by mass of SO3 present (Neville A. M., 
1996).  
Portland cement clinker contains small amount of alkalies and sulphate derived from the raw 
materials and fuels. Much of the SO3 is present at the clinkering temperature in a separate liquid phase, 
immiscible with the main liquid and appreciable fractions of the SO3 is not water soluble, and thus 
occur in the silicate or aluminate phases or as anhydrite (Taylor H. F. W., 1990; Lee F. M., 1971). The 
chemically relevant SO3 is the soluble sulphate contributed by gypsum and not that from high-sulphur 
fuel, which is bound in the clinker; this is why the current total SO3 limit is higher than in the past 
(Neville A. M., 1996). 
The sulphate concentration in clinker increases with high sulphur fuel. High sulphur bearing fuel and 
raw material are the major contributory factors for increasing sulphate level in clinker (Lee F. M., 
1971). The major part of soluble sulphate is contributed to Portland cement by gypsum and not by 
high Supher fuel or raw materials, which is bound in the clinker. The other form of calcium sulphate, 
anhydrite or hemihydrates can be used in the manufacture of cement (Neville A. M., 1996). These 
different forms can also affect the fluidity of the cement in the anhydrous state (Ghosh S. N., 1983). 
Gypsum in cement, a major contributor of soluble sulphate affects not only the setting time but also 
strength development and the volume stability. The minimum content of sulphate (SO3) required to 
control setting is typically around 2%. Increase in SO3 content beyond the minimum required has little 
effect on setting behaviour. Optimum sulphate content required is primarily targeted to achieve the 
best strength at 28 days and least volume variations (Taylor H. F. W., 1990).  
The SO3 level of OPC as revealed in the chemical analysis is contributed both from clinker and 
gypsum added during the process of grinding. Therefore, chemical analysis of OPC reveals the 
collective SO3 both from clinker and gypsum and does not give any hints about the SO3 level of 
clinker used for manufacturing OPC. Both alkalies and sulphur can be present in the major clinker 
phase, but tend to combine preferentially to form alkali or potassium calcium sulphate(Taylor H. F. 
W., 1990). 

Presence of gypsum affects the hydration pattern of Portland cement clinker, both kinetically and 
thermodynamically and acts as a regulator towards rheological reactivities of mortar, paste or concrete 
(Ghosh S. N., 1983). The soluble sulphate improving the ionic strength is a contributory factor to 
improve the flowability of the paste and mortar and may have linkage with hydration kinetics (Bonen 
D. and Sarkar S. L., 1995). The practical consequences of the initial hydration reactions of cement are 
to be found on the initial rheological behavior (Ghosh S. N., 1983).  
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Loss on ignition (LOI) is an indicator of unburnt coal or carbon present in fly ash (Neville A. M., 
1996). Particle size distribution of fly ash and its chemical characteristics, especially the presence of 
unburnt carbon particles (Basu P. C., et al, 2005) as well as bulk solid volume have significant impact 
on flowability and deformability of mortar for SCC (Termkhajornkit P., et al, 2002). The volume of 
micromortar formation, which depends on the particles size finer than 125μ generated from all 
constituent ingredients, also has a bearing on the mortar rheology (Billberg P., 2002). Coarser fly ash 
owing to higher unburnt carbon presence increases the water requirement for fly ash cement paste and 
the rheological properties of the mortar or concrete is affected because of greater normal consistency 
of the paste composed with fly ash having high carbon content (Paya J., et al, 1998; Dhir R. K., et al, 
1988; Neville A. M., 1996). A more important relation was shown between the fine fraction (<24 ) 
content and the degree of fluidity rather than that of specific surface area versus fluidity (Grzeszczyk 
S., et al, 1997).  
There are several methods available in books, literature, etc for mixture proportioning of SCC 
(Skarendahl A., Peterson S. O., 2000). Mortar rheology based approach for mixture proportioning of 
SCC such as general method, modified general methods, etc are relatively simple and widely accepted 
(Skarendahl A., Peterson S. O., 2000). Mortar rheology is worked out using flow test and V-funnel 
test (Skarendahl A., Peterson S. O., 2000). 
The mortar phase has a strong bearing on meeting the performance requirements of the SCC mixture 
in fresh as well as hardened states (Bui V. K., et al, 2002). The rheological characteristics of mortar 
depend on the hydration of reactive particles of OPC and mineral admixtures along with certain 
physical phenomena such as particle packing (Skarendahl A., Peterson S. O., 2000).  

This study examines the rheological behaviour of mortar adopting indirect method. The two 
rheological characteristics i.e. yield stress and plastic viscosity, of mortar mix compatible to SCC can 
be assessed by two simple tests; i.e. flow test and V-funnel test performed on mortar (Skarendahl A., 
Peterson S. O., 2000; Burak F., 2008).  These are taken as respective indicators of the viscosity and 
yield strength of mortar. Both tests can provide substantial information regarding the indicators.  
A suitable experimental program, was drawn up involving these two tests with a number of mortar 
mixtures. The mortar mixtures were proportioned with a binder consisting of OPC and fly ash as 
mineral admixtures. High range water reducing admixture was used but no viscosity-enhancing 
admixture was added. The flow test and funnel tests were carried out to examine the rheological 
characteristics of each mortar mixture with constant water binder ratio (w/b) of 0.3 and identical type 
and dosages of superplasticizer. Additionally, ratio of cementitious materials to fine aggregate and 
fine aggregate composition as well as mixing protocol remained unchanged for each group of mortar 
mixture. This study is focused on comparative understanding of the rheological behaviour of mortar 
composed of OPC manufactured from high and low sulphate based clinker as well as sulphate and 
carbon bearing fly ash.  
2. Experimental Program 
Forty-eight mortar mixtures were proportioned with four different types of OPC and fly ash.  Impact 
of ingredient characteristics on the rheology of these mortar mixtures was experimentally evaluated. 
The flowability of mortar mixtures was evaluated by mortar flow test and mortar V-funnel test 
following the procedure given in reference (Skarendahl A., Peterson S. O., 2000) and (Vickers T. M. 
Jr, et al, 2005). The spread diameter of the mortar and V-funnel flow were measured in no-vibrating 
condition at different elapsed time (time elapsed after mixing and placing in the mould) i.e. at 0, 15, 
30, 45, 60 minutes. Minimum value of spread diameter of mortar and V-funnel flow out time 
recommended for SCC is 250mm and 7-11 seconds (EFNARC, 2002; Skarendahl A., et al, 2000).   
2.1 Materials  
Samples of OPC manufactured from following four varieties of OPC clinker were taken for the 
experimental program;  

(i) Low alkali, low sulphate bearing clinker  - based OPC (LALS),  
(ii) Low alkali, high sulphate bearing clinker -  based OPC (LAHS),  
(iii) High alkali, high sulphate bearing clinker  - based OPC (HAHS),  
(iv) High alkali, low sulphate bearing clinker  - based OPC (HALS),  
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Table 1 Chemical analysis of OPC clinker and OPC 

Ingredients 
 

SiO2 

(%) 
Al2O3 

(%) 
Fe2O3

(%) 
CaO 
(%) 

MgO
(%) 

SO3 

(%)

Na2O
equi 
(%) 

Free 
Lime 
(%) 

LOI 
(%) 

C3S 
(%) 

C3A
(%)

Clinker 20.45 4.60 3.92 64.60 3.02 1.85 0.31 1.43 0.55 59.89 5.57
LAHS 

OPC 21.21 4.55 3.72 64.32 2.57 2.20 0.21 1.37 1.83 52.66 7.07

Clinker 21.85 5.21 4.91 65.38 1.22 0.35 0.51 1.46 0.22 51.06 5.51
LALS 

OPC 21.04 5.1 4.66 63.62 0.98 2.24 0.50 1.32 1.93 48.08 7.07
Clinker 22.00 5.90 3.50 64.00 2.20 0.20 1.07 1.45 0.35 42.16 9.72

HALS 
OPC 21.2 5.28 3.37 62.49 2.12 2.04 1.12 1.42 1.48 44.4 9.36
Clinker 20.97 5.04 3.90 64.24 2.79 1.18 0.80 1.90 0.10 51.54 6.77

HAHS 
OPC 20.82 4.88 3.88 62.85 2.7 1.58 0.85 1.72 1.78 52.1 7.41

 
Sulphate and alkali are expressed as SO3 and Na2O equivalent in different OPC clinker, OPC and fly 
ashes. The equivalent Na2O is worked out as Na2O + 0.658K2O (IS 12269 – 1987). Clinker is grouped 
as either low alkali or high alkali when alkali content is in the range of 0 – 0.6% (IS 12269 – 1987) 
and above respectively. Sulphate content (SO3) in the range of 0 – 0.6% is considered as low sulphate 
bearing clinker. High Sulphate bearing clinker contains SO3 above 0.6 %.   

 
Table 2 Physical characteristics of OPC 

OPC 
Parameters 

LAHS LALS HALS HAHS 
Fineness,m2/kg 312 298 307 361  

Specific Gravity 3.16 3.18 3.12 3.16 
 
The properties of the OPC clinker and OPC manufactured from these clinkers are given in Table-1 
and in Table-2. Fly ash was collected from four different sources.  These fly ashes are designated by 
the abbreviated name of their sources, viz. UK, FK, BK, and NK. The physical and chemical 
properties of fly ashes are listed in Table-3, while Table-4 gives the details of particles size 
distribution of fly ashes.  

 
Table 3 Physical and chemical characteristics of fly ashes 

 Parameters UK FK BK NK 

Fineness,m2/kg 432 339  309  352 

Lime reactivity MPa 6.2 5.5 4.0 4.0 

Specific Gravity 2.17 2.2 2.1 2.8 

SiO2 (%) 61 58.47 61.50 23.08 

Al2O3 (%) 31.75 31.50 32.12 34.87 

Fe2O3 (%) 3.87 3.61 2.81 8.67 

CaO (%) 1.64 3.63 1.87 9.08 

MgO (%) 0.38 0.56 0.34 2.88 

LOI (%) 0.46 0.41 0.40 6.88 

SO3 (%) 0.18 0.32 0.18 9.22 
Total alklies as Na2O 

(%)
0.75 0.67 1.45 2.50 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sand, recommended for testing cement as per Indian Standard (IS 650-1966) was used as fine 
aggregate for mortar. Three sands (PS-1, PS-2 and PS-3) are mixed in equal proportion as 
recommended. 
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Sulfonated naphthalene formaldehyde based chemical admixture (CA) was used as superplasticizer 
for all the forty-eight numbers of mortar mixture. The solid content and relative density of the 
superplasticizer were 48.8 % and 1.25, respectively.  

 
Table 4 Particle size distribution of fly ashes 

Parameter Fly Ash 
 UK FK BK NK 

Median size D50 () 17.71 16.66 60.16 39.38
Particle Size : percentage Retain 

300 - 125 3.99 3.83 19.23 2.99 
125 - 90 7.48 6.63 14.50 10.16
90 - 45 17.97 15.33 25.86 31.54
45 - 5 44.27 50.42 32.25 47.59
Below 5 26.29 23.79 8.16 7.72 

Particle Size : percentage Finer 
38 68.53 70.12 36.12 47.56
24 56.80 59.48 25.96 34.33
10 39.39 38.46 13.59 15.47

 
2.2 Mixing Protocol 
The mortar mixture was produced in a mechanized rotating mortar mixer. The stainless steel bowl of 
the mixer has a capacity of 4.75 liter. The paddle has both planetary and revolving motion for uniform 
mixing. The paddle moved at a rate of 140+5 revolutions per minute in revolving motion and at 62+5 
revolution per minutes in planetary motion (IS 10890-2004). 
The batching sequence consisted of manual homogenizing of binder (OPC and Fly ash) and dry 
mixing of binder and fine aggregate for one minute in mixer bowl. Water and chemical admixture 
were then added and mixed for 3 minutes. Temperature and minimum relative humidity at the 
laboratory were maintained at (27 ± 2)oC and 70 % respectively (IS 4031-1988) as recommended in 
the relevant Indian Standard IS: 4031.  
3. Results - Rheology of Mortar 
3.1 Ordinary Portland Cement 
Sixteen number of mortar mixture with OPC based on four type of clinker, namely, LALS, LAHS, 
HALS and HAHS were examined. The binder contents of the mixture consist of four levels of OPC 
replacement by UK fly ash – 30%, 40%, 50% and 60%. UK fly ash was chosen since, as shown later, 
it provides the best performance among the four types of fly ashes tested here. Use of this fly ash in 
all mixtures having OPC from different types of clinkers is expected to ensure that the variation of the 
behavior of different mixes remain restricted mainly to variations in clinker characteristics. Chemical 
admixture dosage was kept constant to 2% by mass of powder. Details of the mortar mixture 
composition are listed in Table-5.  
 

Table 5 Mortar mixture proportions for OPC characterization 
Binder (kg) Fine Aggregate (kg) 

Mix 
OPC Fly  Ash PS-1 PS-2 PS-3 

LALS 30 1.05 0.450 0.725 0.725 0.725
LALS 40 0.90 0.600 0.725 0.725 0.725
LALS 50 0.75 0.750 0.725 0.725 0.725
LALS 60 0.60 0.900 0.725 0.725 0.725
LAHS 30 1.05 0.450 0.725 0.725 0.725
LAHS 40 0.90 0.600 0.725 0.725 0.725
LAHS 50 0.75 0.750 0.725 0.725 0.725
LAHS 60 0.60 0.900 0.725 0.725 0.725
HALS 30 1.05 0.450 0.725 0.725 0.725
HALS 40 0.90 0.600 0.725 0.725 0.725
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HALS 50 0.75 0.750 0.725 0.725 0.725
HALS 60 0.60 0.900 0.725 0.725 0.725
HAHS 30 1.05 0.450 0.725 0.725 0.725
HAHS 40 0.90 0.600 0.725 0.725 0.725
HAHS 50 0.75 0.750 0.725 0.725 0.725
HAHS 60 0.60 0.900 0.725 0.725 0.725

 
3.1.1 Mortar Flow Test 
Variations of spread diameters determined from mortar flow tests, with elapsed time for different 
mortar mixes are plotted in Fig. 1. In general, spread diameter of all mortar mixes is around 300mm 
initially, while that of mixes having cement (OPC) replacement level (CRL) of 30% by fly ash falls 
below the acceptable value of 250mm at elapsed time of 45 minutes and beyond.  
The curves remain almost flat maintaining the spread diameter in the range of 275-300 mm for mixes 
with OPC based on LALS and HALS clinkers for CRL of 40% and above, Figs. 1(a) and 1(c).  
However, mixes having 30% CRL by fly ash show significant decline in spread diameter below 
250mm with elapsed time 60 minute and 45 minute onward for both mixes with OPC based on LALS 
and HALS clinker respectively. The test results indicate that OPC from low sulphate based clinker 
provide sufficient flowability to mortar compared with high sulphate based clinker.  
The spread diameter remains more than 250mm for mixes with OPC of LAHS clinker and CRL of 
50% and 60% by FA. It falls below 250mm with elapsed time higher than 30 and 45 minutes for CRL 
by fly ash of 30% and 40% respectively, Fig. 1(b).  
In case of mixes having OPC of HAHS clinker, the spread diameter falls below the acceptable value 
with shorter elapsed time using lower fly ash content, Fig. 1(d). The decrease gets sharper with 
respect to elapsed time with decrease in fly ash content of mixes. No mix has acceptable spread 
diameter with OPC of HAHS clinker at elapsed time at the end of 60 minutes.  
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Figure 1 Variation of spread diameter with elapsed time for different mortar mixes for OPC characterization 

 
OPC from LAHS clinker exhibits better performance in comparison to that with HAHS clinker. The 
impact of sulphate content in clinker seems to be more significant than that of alkali. Higher CRL by 
fly ash has positive impact on flowability, irrespective of OPC clinker chemistry.  
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Flow of mortar mixtures increases with lower sulphate content and lower alkali content of the clinker.  
Higher CRL by fly ash compensates the negative impact of the higher sulphate content of the clinker 
on the flow. OPC based on low sulphate clinker, irrespective of alkali content significantly increases 
the flowability of mortar in comparison with OPC manufactured from high sulphate bearing clinker. 
OPC from high sulphate, low alkali clinker is found acceptable where fly ash content in powder is 
50% and more.  
3.1.2 Mortar Funnel Test 
The results of mortar funnel tests are plotted in Fig.2. The funnel flow out time is, in general, highest 
in case of mortar with HAHS - based OPC and least for that with LALS – based OPC.  
The initial funnel flow time (to) is in the range of 3 seconds to 6 seconds for all the sixteen mixes. The 
flow time at elapsed time of 60 minutes (t60) is highest for all mixes with HAHS - based OPC except 
for the mix with 40% CRL. Its value is lowest for mix with LALS at the CRL level of 50% and above, 
and with HALS at the CRL level up to 40% indicating viscosity of these mixes is within acceptable 
value. In general, the funnel flow time increases with elapsed time. The increase is gradual, always 
remaining lower than 11 seconds for mixes with LALS and HALS clinker based OPC and their 
variation follows each other closely. Such increase is high for all mixes with LAHS and HAHS 
clinkers. Flow out time, in general, falls below 11 seconds for all mortar mixes except in two cases. 
These cases include two mixes having HAHS and LAHS based OPC with 30% CRL; the results 
indicate higher viscosity for these mixture.  
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Figure 2 Variation of funnel flow time with elapsed time for different mixes for OPC characterization 

 
The observations indicate that initial viscosity of mortar mix is not greatly influenced by the sulphate 
content of the OPC clinker when CRL is 50% and above. The increase in viscosity, in general, is 
minimum for all mixes with LALS closely followed by those with HALS, LALS and HALS clinker 
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based OPC. Concrete mix with these type of OPC calls for review of mortar mix proportion in terms 
of mixing water and chemical admixture content as well as inclusion of VMA for enhancing viscosity 
to prevent segregation. Inversely, the mixes with HAHS and LAHS, required enhancement in 
chemical admixture dosage and consequent adjustment in mixing water content to achieve adequate 
flowability and deformability. The chemical analysis reveals different levels of sulphate and alkali 
concentrations in four clinkers, but that of cement shows fairly the same level of sulphates owing to 
addition of gypsum during grinding process. The observations imply that lower the sulphate content in 
clinker from which OPC is, manufactured, lower would be the viscosity. It may be further noted that 
the OPC from all four types of clinker satisfies the requirements of specifications IS 12269-1987 and 
is suitable for HPC type mix. The observations made on sulphate content in the above discussion are 
additional considerations for SCC mix. 
3.2 Fly Ash 
Thirty-two mortar mixtures were examined to evaluate the influence of different types of fly ashes. 
For this purpose, only one type of cement is used; HALS. Though the dosage of chemical admixtures 
in mortar mix used for OPC characterisation was 2%, an additional mix with 1% chemical admixture 
was also studied for fly ash characterisation. Details of the mortar mixture compositions are given in 
Table-6. 

 
Table 6 Mortar mix proportions for fly ash characterization 

Binder (Kg) Fine Aggregate (kg) 
Mixture 

OPC
Fly 
Ash 

Water
(kg) 

Chemical 
admixture 

(kg) PS-1 PS-2 PS-3 

(UK, FK, BK, NK) 1 - 30 0.84 0.36 0.36 0.012 0.6 0.6 0.6 
(UK, FK, BK, NK) 1 - 40 0.72 0.48 0.36 0.012 0.6 0.6 0.6 
(UK, FK, BK, NK) 1 - 50 0.60 0.75 0.36 0.012 0.6 0.6 0.6 
(UK, FK, BK, NK) 1 - 60 0.48 0.72 0.36 0.012 0.6 0.6 0.6 
(UK, FK, BK, NK) 2 - 30 0.84 0.36 0.36 0.024 0.6 0.6 0.6 
(UK, FK, BK, NK) 2 - 40 0.72 0.48 0.36 0.024 0.6 0.6 0.6 
(UK, FK, BK, NK) 2 - 50 0.60 0.75 0.36 0.024 0.6 0.6 0.6 
(UK, FK, BK, NK) 2 - 60 0.48 0.72 0.36 0.024 0.6 0.6 0.6 

 
3.2.1 Mortar Flow Test   
The mortar prepared with fly ash NK did not yield any flow even with 2% dosage of superplasticizer 
Table 3. The loss on ignition (LOI), sulphate (SO3) and lime (CaO) content for NK fly ash are 
significantly higher compared to those of FK, UK and BK fly ashes (IS 3812 Part-2 – 2003).  
 

150

200

250

300

350

0 15 30 45 60

S
p

re
a

d
 d

ia
m

et
er

 (m
m

)

Elapsed Time (Minute)

a) Mortar Mix Uk1

Uk1-30

Uk1-40

Uk1-50

Uk1-60

150

200

250

300

350

0 15 30 45 60

S
p

re
a

d 
d

ia
m

e
te

r 
(m

m
)

Elapsed Time (Minute)

b) Mortar Mix Uk2

Uk2-30

Uk2-40

Uk2-50

Uk2-60

 

 



FSN: 1487 

150

200

250

300

350

0 15 30 45 60

S
pr

ea
d 

di
am

et
er

 (
m

m
)

Elapsed Time (Minute)

c) Mortar Mix Fk1

Fk1-30

Fk1-40

Fk1-50

Fk1-60

 

150

200

250

300

350

0 15 30 45 60

S
p

re
ad

 d
ia

m
et

er
 (m

m
)

Elapsed Time (Minute)

d) Mortar Mix Fk2

Fk2-30

Fk2-40

Fk2-50

Fk2-60

 
Figure 3 Variation of spread diameter with elapsed time for different mortar mixes for fly ash characterization 
 
The mortar prepared with fly ash BK with 2% of chemical admixture exhibited some flow at the 
initial stage i.e. 0 minutes with extremely low rate of deformation. The particles coarser than 90 are 
significantly higher in BK fly ash Table-4. Higher content of particles coarser than 90 in the mix 
leads to lower volume of micro mortar, which results in poor rheology (Billberg P., 2002).  
For mixes with UK and FK fly ashes, variations in spread diameter with elapsed time are plotted in 
Fig. 3. The rate of change in spread diameter with elapsed time is lower with the superplasticizer dose 
of 2% when compared with that for superplasticizer dose of 1% for mixes with both with UK and FK 
fly ash, Figs. 3(b) and 3(d). This indicates that spread diameter retentivity increases with 
superplasticizer dose. The spread diameter maintains its value around 300mm up to the elapsed time 
of 60 minute; exceptions are the mixes with 30% CRL and 1% dose of superplasticizer, Figs. 3(a) and 
3(c). Spread diameter of these two mixes is near 250mm.  
The decrease in spread diameter, though generally not large in value, is lower with elapsed time for 
higher percentages of CRL as well as higher chemical admixture (CA) dosages. The addition of 
increased dosages of superplasticizer did not enhance the spread diameter significantly. These 
observations indicate that the flowability of mortar mixes increases more with higher CRL than with 
higher dosage of superplasticizer.  
3.2.2 Mortar Funnel Test 
The NK fly ash produced a totally non-workable mix even with 2% CA dosage for all percentages of 
CRL. Mortar mixture with BK fly ash exhibited extremely inadequate funnel flow though it showed 
some deformability with 2% superplasticizer but did not flow through the funnel. 
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Figure 4 Variation of funnel flow time with elapsed time for different mortar mixes for fly ash 
characterization 

 
Results of mortar funnel test with mixes with UK and FK fly ashes are plotted in Fig.4. The initial 
funnel flow time is similar for all the mixes, lowest being for the mixes having 60 % CRL, Figs. 4(a) 
and 4(b). Insignificant increase in flow time with elapsed time was observed for higher CRL as 
compared with lower CRL for both the dosages of superplasticizer. There is no significant change in 
flow time for mixes with 1% and 2% superplasticizer dosages for all the percentages of CRL by FK 
fly ash, Figs. 4(c) and 4(d). The observations indicate that the viscosity is greatly influenced with 
CRL by fly ash. The increased flowability of the mortar is observed with higher percentage of CRL 
for both UK and FK fly ashes. The lower values of loss on ignition, sulphate, calcium oxide, median 
particle size diameter and percentage of particle below 45 in fly ash are the major contributory 
factors for enhancing the flowability and reducing the viscosity of the mortar. NK fly ash has higher 
sulphate, lime and unburnt carbon contents. The median particles size and particle size above 45 of 
NK Type Fly ash is significantly higher compared with UK and FK Type Fly ash. BK fly ash satisfies 
all codal requirements but it is coarser, especially the particle size above 45is as high as 60 %.  UK 
and FK fly ashes have flow enhancing ability. The results suggest that the fly ash with particle size 
finer than 90 and low loss on ignition, sulphate and calcium oxide content are considerable 
contributors for achieving mortar rheology suitable for SCC (EFNARC, 2002). This is in addition to 
the other codal requirements used for characterization of fly ash (IS 3812 Part-2, 2003) for traditional 
concrete.  
4. Discussion 
The flow behavior of mortar expressed as the rheological characteristics in the paper is discussed in 
detailed in the preceding section. The mortar composed with four different type of clinker based OPC, 
vastly differs in alkali and sulphate contents in clinker where as SO3 level in OPC is range bound. The 
four different fly ashes sourced from coal based power generating stations at multiple locations. The 
chemical analysis of clinker and OPC is listed in Table–1, and the physical characteristics of OPC are 
presented in Table-2. The physical, chemical and particle size distribution of fly ashes, as well are 
given in Table-3&4. 
The sulphate content of the four clinkers is 1.85, 0.35, 0.2 and 1.18%. The SO3 content of the OPC 
produced from the said clinker are 2.2, 2.24, 2.04 and 1.58%. The SO3 content of the OPC is range 
bound and the central value is close to 2% except HAHS. The changes in SO3 level in OPC from 
clinker is due to addition of gypsum during the process of grinding and maintaining SO3 content of 
the finish cement to an optimal level around 2%. SO3 level of the clinker is widely spread, values 
ranging from 0.2 - 1.85%.The source of infusion of SO3 level of 1.85 and 1.18 in clinker, are either 
from the fuel or raw materials used for manufacturing. The effective gypsum addition in all the four 
cements, expressed as SO3 % LAHS – 0.35%, LALS – 1.89%, HALS – 1.84% and HAHS – 0.4% are 
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derived by deducting total clinker SO3 from total SO3 of OPC. Gypsum addition in cement plays an 
important role for improving the hydration kinetics and rheological reactivity. 
Gypsum addition during OPC grinding is the sole contributory factor to have soluble sulphate in OPC 
(Taylor H. F. W., 1990). The reason for such SO3 inadequacy is due to higher quantity of non water 
soluble SO3 supplied to OPC system from clinker. This dictates to lower down availability of soluble 
SO3 through gypsum addition route. 
The ionic strength of the pore solution is mainly governed by the presence of alkali sulphate or 
soluble calcium sulfate and alkali. Flow loss in turn, is best correlated with the ionic strength of the 
pore solutions. Oversulfatization reduces the ionic strength and improves fluidity (Bonen D. and 
Sarkar S. L., 1995).    
The appropriate quantity of gypsum present in cement improves the fluidity of the, paste, mortar and 
concrete. LAHS & HAHS OPC are having inadequate quantity of gypsum resulting in low ionic 
strength capable of generating very limited flowability and flowability retention of mortar, whereas,  
LALS & HALS, both are low sulphate bearing clinker OPC & gypsum addition stands 1.89 & 1.84% 
causing high ionic strength and exhibiting higher flowability and flowability retention (Bonen D. and 
Sarkar S. L., 1995). 
LALS & LAHS clinker and OPC having equivalent Na2O content is <0.6%, as considered low alkali 
clinker or cement in the study. Whereas, other two clinker and OPC HALS and HAHS, Na2O 
equivalent is 1.12 and 0.85% considered as high alkali in the study. Both high and low alkali bearing 
OPC based mortar were capable to generate higher flowability and flowability retention in terms of 
spread diameter and funnel flow time. It seems influence of alkali in OPC on mortar rheology is 
significantly low or nil. Researchers in the past had found that no co-relation noticeably exists 
between concrete slump and alkali content of the cement (Honda M. et al, 1992).  
The free lime content in clinker and OPC for all the four types of clinker and OPC are close to each 
other. These values are in the range 1.37 – 1.9%. Many past works reported does not reveal any major 
impact of free lime content on concrete flowability or rheology of paste, mortar or concrete (Honda M. 
et al, 1992).  
The C3A for all four clinker and OPC are very range bound and in the range of 5.51 – 9.72%. C3A 
content of cement may be a contributory factor to influence the rheological behavior of paste, mortar 
or concrete. However, the close range 5-10% of C3A content may not have relatively wide differences 
in the rheological characteristics for all the four OPC discussed here (Honda M. et al, 1992). 
The loss of ignition values for all three fly ashes of UK, FK, & BK is in the range of 0.4 – 0.46%, 
whereas, the NK fly ash, the LOI is 6.88%. The LOI primarily mean the content of unburnt coal 
present in fly ash and the flowability of paste, mortar and concrete is negatively influenced by the fly 
ash having high LOI. The unburnt carbon present in fly ash is indicated from LOI values of the fly 
ashes. NK fly ash, having high carbon content is very coarse grained, and increases the water demand 
to obtain a paste or mortar along with OPC (Paya J., 1998). High carbon bearing fly ash requires 
higher water volume to obtain a paste of normal consistency. In other way, the normal consistency of 
cement paste with NK fly ash would be much higher than the rest of the fly ash used in the study with 
cement. This is the reason, why NK fly ash exhibited insignificant or no rheological performance of 
the mortar.  
Alkalies content in UK & FK fly ash are 0.75 & 0.67%, whereas, BK & NK fly ash are having 1.45 & 
2.5% of alkali. The alkalies present in fly ash are mostly in the glassy phase and does not have any 
considerable impact on the flowability and rheology of fly ash based mortar, paste & concrete. 
The fineness of fly ashes FK, BK & NK is very range bound except the UK fly ash, which is having 
relatively higher fineness. However, their median size D50 widely varies. D50 values of UK & FK fly 
ashes are 17.1µ and 16.66µ, whereas, BK and NK fly ashes are 60.61µ and 39.38μ. The average 
particle size of NK and BK fly ash is much coarser than UK and FK fly ash. The presence of coarser 
fly ash such as NK and BK in mortar adversely affect the flowability/rheology of mortar. The particle 
size finer than 45in BK fly ashis whereas UK, FK and NK fly ash finer than 45fraction 
are 70.56%, 74.21% and 55.31%. The particle fraction finer than 24 in NK and BK fly ash are 
34.33% and 25.96%and is 55.31% and 40.41 % in case of 45Flowability of the mortar composed 
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by NK and BK fly ash is adversely affected because of higher amount of coarser particle than 24 and 
45 causes the higher water demand to obtain the Normal consistency resulting adverse rheological 
performance of the mortar (Dhir et al, 1988). The finer fraction less than 24 in UK and FK fly ash is 
substantially high and it is 70.76% and 70.21%. Mortar containing UK and FK fly ash of similar grain 
size distribution, i.e., in the range below 24 are one of the major reasons for improving mortar 
rheology (Grzeszczyk S. and Lipowski G., 1997). The flowability and flowability retention of mortar 
composed with NK and BK fly ash is greatly affected due to the presence of lower percentage of the 
particles fines than 24 and 45and also the presence of high level of unburnt carbon. The UK and 
FK fly ash is having low unburnt carbon particles and the particles finer than 24 and 45 is very 
high; these are the main causes for improved rheology of mortar composed with UK and FK fly ash 
(Grzeszczyk S. and Lipowski G., 1997).    
Summarizing the mortar composed with low sulphate bearing clinker based OPC (HALS and LALS) 
exhibited higher flowability and flowability retentions in comparison with mortar composed with 
other two OPC (LAHS and HALS). The rheology of the mortar i.e., flowability and flowability 
retention increases with higher percentage replacement of OPC with fly ash. Additionally, the fly ash 
having higher percentage of finer than 24 lower unburnt carbon improves the rheological 
performance greatly.   
5. Conclusions 
This paper reports the performance evaluation of the rheological properties of mortar composed with 
different OPC & fly ash. The chemical composition of Ordinary Portland cement does not reveal any 
hints to understand the sulphate content of clinker used for manufacturing of OPC. Higher sulphate 
content clinker – based OPC, adversely influences the rheology of mortar for SCC. Low sulphate 
content clinker – based OPC increases the flowability and retention of flowability of mortar. The flow 
of the mortar is affected adversely with fly ashes having higher percentage of particle size above 90µ, 
and the flow is enhanced with fly ashes having higher percentage of particle size below 45μ and 24μ. 
The fly ash with higher unburnt carbon content expressed as LOI adversely affects the flowability of 
mortar mixture. Fly ash of appropriate characteristics and higher replacement level of OPC acts as 
flow enhancing agent in SCC mortar. A much wider range of testing and experimental confirmation 
would be essential for accurate understanding about the influence of sulphate and alkali bearing 
clinker based OPC as well as particle size distribution and unburnt carbon content of fly ash on the 
rheological aspects of mortar.  
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Abstract 
In this study, volumetric deformation of gap-graded blended cement pastes with large amount of supplementary 
cementitous materials (SCMs) was investigated and compared with those of Portland cement and reference blended 
cement pastes. The results show that the gap-graded blended cement pastes presented a higher initial packing density, 
therefore smaller amount of hydration products was needed to achieve dense microstructure, resulting in smaller 
chemical shrinkage. Notably, most of chemical shrinkage of gap-graded blended cements was occurred after the 
formation of skeleton structure, thus the autogenous shrinkage of gap-graded blended cements was reduced 
significantly due to restraint of the skeleton structure. Further, the microstructure of gap-graded blended cement pastes 
was dense and homogeneous due to grain size refinement and significant hydration of GBFS, and shrinkage stress was 
small and uniformly distributed. As a result, gap-graded blended cement pastes presented smaller volumetric 
deformation and superior resistance to cracking than Portland cement and interground blended cement pastes. 
 
Originality 
Gap-graded blended cements were prepared by arranging SCMs with high activity, cement clinker, SCMs with low 
activity, then the volumetric deformation of gap-graded blended cement pastes was compared with those of interground 
blended cement and Portland cement pastes. The mechanism of volume stability of gap-graded blended cement pastes 
can be attribuated to two main aspects: 1) Small amount of hydration products was needed to densify the 
microstructure of gap-graded blended cement pastes, leading to a smaller chemical shrinkage. 2) Most of cementitious 
materials hydrated after the formation of skeleton structure, leading to reduced autogenous shrinkage due to restrain of 
hardened paste. As a result, gap-graded blended cement pastes had smaller volumetric deformation and superior 
resistance to cracking. 
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1. Introduction 
The durability of concrete structures is increasing concerned during the past decades, and the early 
volumetric deformation of cement paste is generally considered as the key factor leading to early age 
cracking and, consequently, to the loss of durability of concrete structures. Tazawa and Bentz reported 
that finer cement usually resulted in larger autogenous shrinkage of cement-based materials, thus 
coarse cement was recommended in concrete manufacture if the mechanical properties of the concrete 
met the requirements [1, 2]. Numerous literatures proved that the autogenous shrinkage of cement 
pastes with supplementary cementitious material (SCM) was significantly influenced by the hydraulic 
activity (or the type) and fineness of the incorporated SCMs [3-6]. For instance, the addition of silica 
fume increased the autogenous shrinkage of cement pastes remarkably [7]. When the specific surface 
area of granulated blast furnace slag (GBFS) was lower than 400 m2/kg, the addition of GBFS 
decreased the autogenous shrinkage of cement pastes. In contrast, for GBFS with specific surface area 
higher than 400m2/kg, the autogenous shrinkage of cement pastes increased with the increase of GBFS 
replacement [8]. Low calcium fly ash presented low hydraulic activity, therefore the addition of low 
calcium fly ash generally reduced the autogenous shrinkage of cement pastes [9]. 
From the above literatures, it can be concluded that the volumetric deformation of cement-based 
materials mainly depends on the hydration process of cementitious materials and the composition of 
hydration products. Burrows and Ba proved that fast hydration of cementitious materials resulted in 
larger volumetric deformation, leading to a higher risk of cracking of cement-based materials [10, 11]. 
Therefore optimization of hydration process of cementitious materials is an effective way to minimize 
the volumetric deformation of cement-based materials. 
Particle size distribution (PSD) has a significant influence on initial packing density and hydration 
process of cement paste, eventually affecting the amount and composition of hydration products in 
cement paste. If cement paste had a higher initial packing density, smaller the amount of hydration 
products were needed to fill-up the voids in cement paste, therefore the volumetric deformation of 
cement paste would be improved dramatically. In previous study, a gap-graded PSD was proposed 
based on close packing theory, the initial packing density of blended cement paste was increased 
significantly, as voids between large size particles were filled in by fine particles grade by grade [12]. 
And the hydration process of gap-graded blended cements was optimized by arranging SCMs with 
high activity, cement clinker, and SCMs with low activity (or inert fillers) in fine, middle size and 
coarse fractions, respectively. The microstructure of gap-graded blended cement pastes was densified 
gradually at later ages due to hydration of GBFS. As a result, gap-graded blended cements with only 
25% clinker by mass presented comparable mechanical properties with pure Portland cement [13, 14].  
Although with superior mechanical properties, it is more important to clarify the volumetric 
deformation of gap-graded blended cement pastes before application, as the durability of concrete 
structures is largely depended on the volumetric deformation of cement paste incorporated. In the 
present study, the volumetric deformation of gap-graded blended cement pastes, Portland cement paste 
and reference blended cement paste were comparatively studied, and the volumetric deformation 
mechanism of gap-graded blended cement pastes was discussed from the viewpoint of composition of 
hydration products and microstructure of hardened paste. The results will be very useful to improve 
the volumetric deformation of cement-based materials by reasonable utilization of cement clinker and 
SCMs.  
2. Experimental 
2.1. Raw Materials 
The chemical compositions of raw materials used in the experiment are given in Table 1. Cement 
clinker, GBFS, and low calcium fly ash (a Class F fly ash according to ASTM C 618 [15]) were 
ground and then classified by an air classifier. The PSDs of cementitious material fractions required by 
the gap-graded PSD are given in Fig. 1.  
 
 
 
 



 

Tab. 1 Chemical compositions of Portland cement clinker, GBFS, and low calcium fly ash 

Chemical composition (%) 
Material 

Density 
(g/cm3) SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

Portland cement 
clinker 

3.14 21.6 4.35 2.95 63.81 1.76 0.51 0.16 1.06 1.19 

GBFS 2.90 35.22 12.15 0.25 37.08 11.25 0.49 0.25 1.19 -0.36
Low calcium fly 

ash 
2.56 45.43 24.36 6.70 7.53 1.51 1.23 0.36 1.03 7.88 

Note: LOI, loss on ignition. 

Figure 1 Particle size distributions of cementitious 
material fractions used in the experiment. 

Figure 2 Particle size distributions of Portland cement, 
interground blended cement, and BCF and BBCFF 

cements. 
2.2. Preparation of gap-graded blended cements 
Gap-graded blended cements (BCF and BBCFF) were prepared by mixing cementitious material 
fractions homogenously according to the mix proportions listed in Table 2, while interground blended 
cement and Portland cement were prepared by co-grinding the mixture. The Blaine specific surface 
areas of these two cements were controlled to be in the range of 350-360 m2/kg, which is seen to be 
equal to those of the gap-graded blended cements approximately. Fig. 2 showed that gap-graded 
blended cements presented wider PSDs than cements prepared by co-grinding (interground blended 
cement and Portland cement), which will leads to a higher initial packing density of cement paste. 
Although gap-graded blended cements had same mix proportion with interground blended cement, 
however, it should be noted that GBFS, cement clinker and fly ash were placed in the fine, middle size, 
and coarse fractions of gap-graded blended cements, respectively.  

Tab. 2 Mixture proportions of gap-graded blended cements, Portland cement and interground blended cement 
Cementitious material <4μm 4-8μm 8-24μm 24-45μm 45-80μm

Content 25% 11% 25% 19% 20% BBCFF 

 GBFS GBFS Cement clinker Fly ash Fly ash

Cementitious material <8μm 8-32μm 32-80μm 

Content 36% 25% 39% BCF 

 GBFS Cement clinker Fly ash 

Portland cement 100% Cement clinker 

Interground blended cement 36% GBFS + 25% Cement clinker + 39% Fly ash 

Note: 5% of gypsum dihydrate by mass of cementitious material was added for all the cements listed in Table 2. 
 
 



 

2.3. Testing methods 
2.3.1. Water requirement and packing density of cement pastes 
The specific gravity of cements was measured by Le Chatelier flask, and then the maximum volume 
concentration of solids of cement paste was tested according the procedures specified in Zhang’s 
research [13], to characterize the initial packing density of cement paste. In addition, water 
requirement for normal consistency of blended cements were determined according to EN 196-3 [16]. 
As the water requirements for normal consistency of Portland cement, interground blended cement 
and gap-graded blended cements were quite different from each other as shown in Table 3, therefore 
cement pastes and mortar with same fluidity were used for volumetric deformation measurements, in 
consideration that cement-based materials were mainly used under equal workability (fluidity). 
Tab. 3 Water requirements and packing densities of Portland cement, interground blended cement, BBCFF and 

BCF cement pastes 

Cement Id. Portland cement
Interground blended 

cement 
BCF BBCFF 

Water requirement for normal 
consistency 

0.295 0.346 0.325 0.334 

Specific density /(g/cm3) 3.150 2.870 2.81 2.834 

Maximum wet density /(g/cm3) 2.056 1.849 1.91 1.981 

Maximum solid volume concentration 
/% 

49.12 45.40 50.17 53.48 

2.3.2. Chemical shrinkage of blended cements 
Chemical shrinkage of the blended cements prepared, typical Portland cement and GBFS fractions was 
measured by volumetric method at 20±1 °C, details of the method were specified in the literature [17]. 
To simulate the hydration of GBFS in blended cement, a mixture of 90% GBFS and 10% CaO by 
mass were mixed, and 0.2 mol/L NaOH solution was used as a simulated pore solution in chemical 
shrinkage measurement of GBFS [18,19]. Along with chemical shrinkage measurement, the hydration 
degrees of Portland cement and GBFS fractions was also determined by non-evaporation water 
method [20] and ethylene diamine tetraacetic acid disodium salt (EDTA) preferential solving method 
[18], respectively. 
2.3.3. Autogenous shrinkage of cement pastes 
The autogenous shrinkage of blended cement pastes of normal consistency was measured using non-
contact corrugated tube method at a 20±1 °C environmental chamber [21]. Three parallel samples 
were performed and the average value of results was used as the autogenous shrinkage of cement 
pastes. 
2.3.4. Restrained shrinkage cracking of gap-graded blended cement pastes 
Cement paste of normal consistency was cast into an ellipse-ring shaped mold, and a stainless steel 
ellipse in the center of the mold was used to restrain the shrinkage of the surrounding cement paste 
[22]. After being cured at 20±1 °C and 90% relative humidity (RH) for 24 hours, the outer molds of 
ring specimen were demolded, the top surface of cement paste was sealed using epoxy resin without 
hardener, and then the specimens were placed in an environmental chamber with 20±1 °C and 50% 
RH. The initial cracking time and the width of cracks of cement pastes were recorded to characterize 
their cracking resistance. 
2.3.5 Drying shrinkage of cement mortars 
Mortar prisms of 25×25×280 mm were prepared at cement to sand mass ratio of 0.5, and the fluidity 
of the mortars was controlled in the range of 130-140 mm by adjusting water addition. After being 
cured at 20±1 °C and 90% RH for 24 hours, the specimens were demoulded and subsequently cured in 
lime-saturated water at 20±1 °C for 2 days. Initial length of the mortar prisms was measured 
immediately after curing, then the specimens were exposed to a 20±1 °C and 50% RH environmental 
chamber and the length change of three parallel prisms was measured at different ages according to 
ASTM C 596-96 [23]. Irreversible shrinkage was also determined by re-immersion of the prisms in 
lime-saturated water at 20±1 °C for 14 days.  
 



 

2.3.6. Fracture energy of gap-graded blended cement mortars 
Cement mortars were prepared at water: cement: river sand = 0.5:1:3 by mass and cast into 
40×40×160 mm prisms. After being cured at 20±1 °C and RH of 90% for 24 hours, the specimens 
were demoulded and cured in lime-saturated water at 20±1 °C for 28 days. A wedge-shaped crack 
with size of 1×15 mm was made in the center of the prisms as shown in Fig. 3, and then three-point 
bending test was performed on the prisms 2.4 kN/mm according to RILEM TC 50 [24]. The obtained 
flexural load-extension curve was corrected for eventual non-linearities at low loads as shown in Fig. 4, 
in which maximum extension ( max) was selected when the flexural load equaled to 200 N. Thus the 
fracture energy (Gf) of the mortar prism can be calculated by Eq. (1) [25].  
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where: is the work done by the applied flexural load;  
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0


 dP
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1 mg is the work done by the 

gravity of the specimen; h is the height of the specimen (0.4 m); a is the depth of the wedge-shaped 
crack (0.15 mm); b is the width of the specimen (0.4 m); m is the weight of the specimen; P is the load 
applied on the specimen (N);  is the flexure extension of the specimen (m).  
As the repeatability of three-point bending test of cement mortar prisms was not so good, therefore six 
parallel specimens were used in each test, and the average of six results was taken as the fracture 
energy. 

 

 
Figure 3 The location and shape of the pre-cutting 

crack on the mortar specimen. 

Figure 4 The flexural load–flexure extension curve and 
location of maximumextension of the mortar 

specimen. 
3. Results and analysis 
3.1. Chemical shrinkage 
For Portland cement, interground blended cement and gap-graded blended cements, no obvious 
difference in chemical shrinkage was observed in the first 3 hours, while significant difference in 
chemical shrinkage occurred after 3 hours as shown in Fig. 5. The chemical shrinkage of Portland 
cement occurred mainly in the range of 3-24 hours, while that of gap-graded blended cements and 
interground blended cement occurred mainly in the range of 6 hours-7 days. Generally, the chemical 
shrinkage of blended cement is smaller than that of Portland cement due to lower amount of hydration 
products. Such as, the chemical shrinkage of interground blended cement was about 3.7 mL/100g after 
28 days, which is much smaller than that of Portland cement. In contrast, the gap-graded blended 
cements presented much smaller chemical shrinkage at early ages, while the ultimate chemical 
shrinkage of gap-graded blended cements nearly equaled to that of Portland cement, indicating that 
large amount of hydration products generated in gap-graded blended cement pastes at late ages due to 
significant hydration of GBFS.  
3.2. Autogenous shrinkage 
The autogenous shrinkage of cement pastes mainly occurred in the first 24 hours (before and during 
the formation of skeleton structure), and increased very slowly afterwards as shown in Fig. 6. For all 



 

cement pastes tested, there was a slightly decrease in autogenous shrinkage in the range of 500-1250 
min, which can be attributed to the formation of AFt and AFm phases [4]. Compared with Portland 
cement paste, gap-graded blended cement pastes presented a larger decrease in autogenous shrinkage 
in the range of 500-1250 min due to the generation of larger amount of aluminium-incorporated 
hydration products (significant hydration of GBFS). Portland cement paste presented highest 
autogenous shrinkage, while blended cement pastes had a much smaller autogenous shrinkage. 
Although with same mix proportion, gap-graded blended cement pastes had a smaller autogenous 
shrinkage than interground blended cement paste, especially for BBCFF cement paste. The reason lies 
in that gap-graded blended cement pastes had much higher mechanical properties than interground 
blended cement paste especially at early ages, leading to a higher resistance to volumetric deformation. 

  
Figure 5 Chemical shrinkage of Portland cement, 

interground blended cement, BCF and BBCFF 
cements. 

Figure 6 Autogenous shrinkage of Portland cement, 
interground blended cement, BCF and BBCFF cement 

pastes.  
3.3. Restrained shrinkage cracking 
Initial cracking time of Portland cement paste was about 50 hours as shown in Fig. 7, and that of 
interground blended cement paste was 62 hours. In contrast, gap-graded blended cement pastes 
presented longer initial cracking time, for instance, the initial cracking times of BCF and BBCFF 
cement pastes were 81 hours and 72 hours, respectively. Notably, the width of initial cracks of cement 
pastes presented significant difference as shown in Fig. 7 and Fig. 8. Portland cement and interground 
blended cement pastes had only one wide crack, and the widths of cracks of these two cement pastes 
were 0.42 mm and 0.34 mm, respectively. In contrast, BCF and BBCFF cement pastes presented four 
fine cracks, and the widths of cracks were only 0.10 mm and 0.08 mm, respectively, indicating that 
shrinkage stress in gap-graded blended cement pastes was much smaller and uniformly distributed 
than those in Portland cement and interground blended cement pastes. Thus it can be concluded that 
gap-graded blended cement pastes had better resistance to cracking than Portland cement and 
interground blended cement pastes. 

 
Figure 7 Initial cracking times of Portland cement, interground blended cement, BCF and BBCFF cement pastes.



 

 
Figure 8 Restrained cracking images of Portland cement, interground blended cement and BBCFF cement 

pastes. 
3.4. Drying shrinkage of gap-graded blended cement mortars 
The time of 0 day in Fig. 9(b) is equivalent to the final time in Fig. 9(a). Total drying shrinkage and 
irreversible shrinkage in Table 4 are the equilibrium values in Fig. 9(a) and 9(b) respectively, and 
reversible shrinkage is the difference between the two. Fig. 9(a) showed that interground blended 
cement mortar presented a high drying shrinkage at all tested ages, in contrast, gap-graded blended 
cement mortars had relative smaller drying shrinkage. Fig. 9(b) and Table 4 indicated that BBCFF 
cement mortars presented a smaller total drying and reversible shrinkage than Portland cement mortar. 
That is to say, most of shrinkage of the gap-graded blended cement mortars was irreversible shrinkage.  
Fig. 10 showed that interground blended cement mortar had higher weight loss compared with 
Portland cement mortar especially at early drying ages, leading to higher drying shrinkage. Gap-
graded blended cement mortars presented comparable weight loss relative to Portland cement mortar, 
which can be attributed to dense microstructure of gap-graded blended cement pastes [26]. Thus gap-
graded blended mortar showed comparable or even slightly smaller drying shrinkage compared with 
Portland cement mortar.  

Tab. 4 Drying shrinkage of cement mortars cured for 54 days at 50% RH and 20 ± 1 °C  

Cement Id. Portland cement
Interground blended 

cement 
BCF BBCFF

Total shrinkage (%) 0.0648 0.0752 0.0680 0.0616 

Irreversible shrinkage (%) 0.0538 0.0672 0.0601 0.0547 Type of drying 
shrinkage  

Reversible shrinkage (%) 0.0110 0.0080 0.0079 0.0069 

Tab. 5 Fracture energy of Portland cement, interground blended cement, BBCFF and BCF cement mortars  

Cement Id. 
Interground 

blended cement
Portland 
cement 

BCF BBCFF 

Fracture energy (N/m) 46.4 ± 5.8 53.9 ± 3.7 72.3 ± 4.6 80.7 ± 4.1 

Figure 9(a) Total drying shrinkage of cement mortars 
at 50% RH and 20 ± 1 ℃. 

Figure 9(b) Irreversible shrinkage of cement mortars at 
50% RH and 20 ± 1 ℃. 



 

3.5. Fracture energy of gap-graded blended cement mortars 
Flexural load vs flexure extension curves of Portland cement, interground blended cement, and gap-
graded blended cement mortars were plotted in Fig. 11. Compared with Portland cement mortar, gap-
graded blended cement mortars had nearly equal anti-load ability and slightly larger extensibility (or 
toughness). Table 5 showed that the fracture energy of interground blended cement and Portland 
cement mortars were 46.4 N/m and 53.9 N/m, respectively. In contrast, the fracture energy of BCF and 
BBCFF cement mortars were as high as 72.3 N/m and 80.7 N/m, respectively. 

Figure 10 Relative weight change of cement mortars at 
50% RH and 20 ± 1 ℃. 

Figure 11 Flexural load–flexure extension curves of 
mortar specimens of Portland cement, interground 

blended cement, BCF and BBCFF cements. 
4. Discussion 
For cement-base materials, cracking resistance is the critical factor of their durability and service life. 
Therefore, it’s necessary to comprehend the relationship between the hardening process and volume 
deformation of cement pastes (seen in figure 12). Before initial setting (Stage I), the fresh cement 
pastes can be deemed to be a kind of plastomer, which had negligible deformation resistance. At stage 
I, the shrinkage of cement pastes was equal to the chemical shrinkage of cementitious materials. 
During initial setting to approximately 24h period (Stage II), cement pastes were able to perform a 
certain level of mechanical property, it meant cement pastes began to possess volume deformation 
resistance. Because of the formation of skeleton structure, the high shrinkage of cement paste was not 
exactly the expression of chemical shrinkage. Then compared to the above stage, cement pastes at 
hardened stage (Stage III) had higher mechanical performance and logically, higher deformation 
resistance. At this time, the effect of chemical shrinkage minimum and drying shrinkage occupied the 
dominant position. 
There are many researchers [27, 28] pointed out that the cracking resistance of cement pastes closely 
related to their hardening process. According to figure 13, Portland cement rapidly hydrated in the 
early age. Although the rate of heat evolution of interground blended cements were lower than 
Portland cement, the highest exothermic peak still appeared in 24h, that is to say, hydration of 
Portland cement and interground blended cement were happened simultaneously with microstructural 
evolution of cement pastes. As for gap-graded blended cement, besides exothermic peak at 10-20h 
caused by hydration of clinker, there is another exothermic peak at 25-40h caused by hydration of BFS. 
As we can see in figure 13(b), the cumulative heat of gap-graded blended cement stayed in low level 
in early stage, but it increased gradually with curing time and close to the cumulative heat of Portland 
cement in the later age. In other words, hydration of gap-graded blended cement mainly happened 
after the formation of skeleton structure. 
 



 

 
Figure 12 Relationship between autogenous shrinkage and the formation of microstructure of cement 

pastes 
There are many researchers [27, 28] pointed out that the cracking resistance of cement pastes closely 
related to their hardening process. According to figure 13, Portland cement rapidly hydrated in the 
early age. Although the rate of heat evolution of interground blended cements were lower than 
Portland cement, the highest exothermic peak still appeared in 24h, that is to say, hydration of 
Portland cement and interground blended cement were happened simultaneously with microstructural 
evolution of cement pastes. As for gap-graded blended cement, besides exothermic peak at 10-20h 
caused by hydration of clinker, there is another exothermic peak at 25-40h caused by hydration of BFS. 
As we can see in figure 13(b), the cumulative heat of gap-graded blended cement stayed in low level 
in early stage, but it increased gradually with curing time and close to the cumulative heat of Portland 
cement in the later age. In other words, hydration of gap-graded blended cement mainly happened 
after the formation of skeleton structure. 

(a) Heat evolution (b) Cumulative heat 
Figure 13 Hydration heat of Portland cement, interground blended cement, gap-graded blended cement 

pastes 
The crack resistance of cement pastes not only depended on the deformation, but also directly related 
to their mechanical performance. Figure 14(a) showed the volume deformation of Portland cement 
pastes mainly occurred in the first 24h, the strength of cement pastes were relative low at this stage, 
resulting in potential plastic cracking. Although the early volume deformation of interground blended 
cement pastes was 30% lower than the deformation fo Portland cement paste, potential plastic 
cracking is also unavoidable as interground blended cement pastes had much lower strengths at all 



 

ages(seen in figure 14(b) ). Gap-graded blended cement paste presented lowest volume deformation at 
early ages (just 1000μm/m approximately, seen in figure 14(c) ), as most of hydration of GBFS 
happened after hardening, meanwhile the strengths of gap-graded blended cement paste were even 
higher than those of Portland cement pastes due to higher initial packing density. As a result, gap-
graded blended cement paste showed a lower volume deformation and improved cracking resistance. 

  
(a) Portland cement (b) Interground blended cement 

 
(c) Gap-graded blended cement 

Figure 14 relationship between autogenous  shrinkage and compressive strength of cement paste 
5. Conclusions 
Main conclusions that can be drawn from the present study are summarized as follows: 
Gap-graded blended cement pastes had a higher initial packing density due to grain size refinement, 
therefore small amount of hydration products was needed to achieve dense microstructure, the 
microstructure of gap-graded blended cement pastes was dense and homogeneously due to significant 
hydration of GBFS, and slowly released hydration heat resulted in small and uniformly distributed 
stresses in the hardened paste. 
As a result, gap-graded blended cement pastes presented smaller volumetric deformation and superior 
resistance to cracking than Portland cement and interground blended cement pastes. 
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Abstract 
One of the ways to ensure sustainable development in the construction materials industry is the development and expansion 
of production of low Portland cement (PC) content  binders with low energy cost and natural mineral resources and using 
by-products and wastes of various sectors of the construction industry. 
The solution of this problem has been successfully implemented by replacing of PC by mineral additives and the 
development of blended Portland cements. 
  
The effectiveness of mineral admixtures increases with the introduction in the PC 2 or more additives at the same time. But, 
because of high fineness of additivies it needs to use superplasticizers. Now with new generations of plasticizing additives, 
such as polycarboxylate hyperplasticizers, this problem can be successfully solved. The aim of this research was the 
development of blended Portland cements with complex additive and polycarboxylate hyperplasticizer. For this purpose we 
have selected the following mineral supplements: metakaolin (the product of thermal treatment of kaolin clay), ash and 
tripoli, with adding of polycarboxylate hyperplasticizer. Using the design of the experiment we received adequate 
regression equations, which determine the dependences of the strength and the average density on the content of 
metakaolin, tripoli, fly ash and hyperplasticizer. So the optimal composition of blended PC was determined. The synergetic 
effect was determined. Increasing of compressive strength is 20-25%, compared with the control sample without additives.  
 
Originality 
Results of this research let to dependence the properties of blended PC on content of metakaolin, tripoli, fly ash and 
polycarboxylate hyperplasticizer. The optimal composition of blended PC with complex additive was defined. The degree of 
substitution of cement by complex additive with polycarboxylate hyperplasticizer is about 20-30%. The synergetic effect 
between metakaolin, Tripoli and fly ash was determined. Increasing of compressive strength is 20-25%, compared with the 
control sample without additives.  
 
 
Keywords: Supplementary Cementing Materials (SCMs); сomplex additive; blended Portland cement; active mineral 
additives. 
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1. Introduction 
Today, the principles of sustainable development are the most significant and promising. In particular, 
the fundamental principles of the UN Conference in 1992 in Rio de Janeiro  are dominated in the 
cement industry. The main of them are resource efficiency, energy conservation and environmental 
protection. That is why application of blended cements with using supplementary cementitious 
materials generates the interest among scientists (Shi C. et al., 2011; Lothenbach B. et al., 2011). The 
main active mineral additives are silica fume, fly ash, metakaolin, blast-furnace slag. Studies have 
shown that the efficiency of mineral supplements increases when introduce in Portland cement (PC) 2 
or more types of active mineral additives at the same time (Ali Reza Bagheri et al., 2012; Antoni M. et 
al., 2008; Chindaprasirt P. et al., 2008; De Weerdt K. et al., 2008; Morsy M.S. et al., 2012; Radlinski 
M. et al., 2012; Wongkeo W. et al., 2012; Vance K. et al., 2013). However, due to their high 
dispersion it is necessary to use plasticizers. Now with the advent of new generations of plasticizers 
such as polycarboxylate hyperplasticizer this problem can be successfully solved. In this context, the 
aim of our research was to develop a composite (blended) Portland cement based on a complex 
mineral additives and polycarboxylate hyperplasticizer. For this purpose, we have chosen the 
following mineral additives: metakaolin (product of thermal processing of kaolin clays), fly ash, tripoli 
and polycarboxylate hyperplasticizer. The purpose of our research is to obtain the optimal composition 
of сomplex mineral additive for cement with using metakaolin, fly ash, tripoli  and polycarboxylate 
hyperplasticizer Pantarhit Plv 160. 
2. Experimental 
2.1. Raw Materials 
The studies were conducted on Portland cement of Holcim (Rus) СЕМ I 42,5 N  (Table 1). Selection 
of the cement based on that fact, that hyperplasticizers are sensitive to content of threecalcium 
aluminate (increasing  C3A content the efficiency of superplasticizer decreases, but high 
concentrations of threecalcium aluminate affects slightly on the properties of the cement paste with 
superplasticizer (Batrakov V.G., 1998; Spiratos N. et al., 2006; Vovk A.I., 2007; Vovk A.I., 2008). 

Tab. 1 – Characteristics of  Portland cement  СЕМ I 42,5 N 
Compressive strength, МРа Parameters 

3 days 33,5 Specific surface (Вlaine) 3450 sm2/g 
28 days 51,0 Volume weight/ 

 Bulk density 
1000 /л 

Normal consistency 26 % After steaming 42,0 
Initial setting 2:50 h:min 

  Final setting 4:10 h:min 
Mineralogical composition of clinker 

Alit C3S Belite C2S Аluminates C3A Aluminate-ferrites C4AF 
67.0 11.0 4.0 15.0 

One of the mineral additives that was used is metakaolin from Magnitogorsk VMK-47 LLC "Synergy" 
(TU 572901-001-65767184-2010). Metakaolin is obtained by heat treatment of mono-mineral 
kaolinite clays Al2O3·2SiO2·2H2O at 650-800°C of temperature. As a result of the dehydration reaction, 
constitutional water (about 14 wt.%) is removed from the structure of the main part of kaolinite. Its 
original crystal structure is destroyed with forming an amorphous phase (metakaolinite). Pozzolanic  
activity of metakaolin depends on the content of aluminum ions in an unstable coordination V of 
oxygen, and with increasing of aluminum ions content in such coordination, the reactivity of 
metakaolin increases too (Brykov A.S. et al., 2012; Rocha J., et al., 1990). Reactivity of metakolin 
also depends on the fineness of particles, which characterizes the content of the basic substance, the 
type and amount of impurities. According to the literature (Curcio F.et al., 1998) for the complete 
Ca(OH)2 binding, the degree of substitution of cement by metakaolin should be between 15% to 30-
40% parts by weight, in (Butte  N.M., 1976; Curcio F.et al., 1998; Volzhenskiy A.V., et al, 2011) is 
shown that metakaolin at dosages of 30% stimulates hydration of Portland cement. However, in 
(Brykov A.S. et al., 2012) it is told that metakaolin should be added no more than 3% by weight of the 
cement, in order to avoid a corrosion of cement stone. 

http://www.multitran.ru/c/m.exe?t=2183154_1_2&s1=%28%EF%F0%E0%EA%F2%E8%F7%E5%F1%EA%EE%E5%29%20%EF%F0%E8%EC%E5%ED%E5%ED%E8%E5
http://www.multitran.ru/c/m.exe?t=79125_1_2&s1=%F3%F7%B8%ED%FB%E9
http://www.multitran.ru/c/m.exe?t=5473824_1_2&s1=%E4%EE%EC%E5%ED%ED%FB%E9%20%F8%EB%E0%EA
http://www.multitran.ru/c/m.exe?t=47379_1_2&s1=%E4%EE%E1%E0%E2%EA%E0
http://kazan.zement.ru/offers/5/17/20060.html


 

As the second component of complex additive was chosen the tripoli of the field "Murachevskaya 
Mountain" in Kaluga region. Properties of the tripoli is very similar with diatomite, and adding it into 
the Portland cement improves some of its technical properties such as water and sulphate resistance, 
reduces the exothermic of mixture. In Portland cement the process of hydration minerals in the 
presence of water in conventional temperature occurs the formation of calcium hydroxide which can 
reacts with Tripoli. During the pozzolanic reaction calcium hydrosilicates are formed (Butte  N.M., 
1976): 

SiO2 + Ca(OH)2 + n(H2O) = CaO · SiO2·(n+1)H2O 
The most effective dosage of diatomite for increasing of sulphate resistance  is 3-10% by weight of 
cement (Pustovgar A.P., 2006). 
The third component of complex additive is siliceous fly ash from Troitsk GRES. The chemical 
composition of the materials is shown in Table 2.Not looking at advantages of active mineral additives 
it are ineffective without adding of superplasticizers (Kirsanova A.A., et al., 2013; Kamalova Z.A., et 
al., 2013; Kamalova Z.A., et al., 2014). In our investigation we used polycarboxylate hyperplasticizer 
Pantarhit 160 Plv.  

Tab. 2 - Chemical composition of experimental materials 

Chemical 
composition 

(%) 

Holcim (Rus) 
СЕМ I 42,5 N  

Tripoli  of the field  
«Murachevskaya  

Mountain», Kaluga 
region 

Magnitogorsk 
metakaolin VМК-47

 
Fly ash from Troitsk 

GRES 

CaO 63,0 1,43 - 1,4 

SiO2 20,5 86 54,1 56,5 
Al2O3 4,5 7,14 44,8 33,5 
Fe2O3 4,5 3,3 0,1 4,52 

MgO - 0,834 - 1,12 

SО3 3,0 0,0102 - 0,2 
Na2O - 0,8892 -  
TiO - 0,387 -  

ZrO - 0,0096 -  

MnО - - - 0,135 

 
2.2. Experimental Process 
For optimization the composition of blended Portland cement we applied the method of mathematical 
planning of the experiment. As variables were chosen metakaolin - MK (X1), fly ash -FA (X2), tripoli 
- Tr (X3). Base layer and varying intervals factors are shown in Table 3. 

Tab. 3 – Coded and natural variable factors 

As optimization parameters Y (response functions) are accepted: 

First factor Second factor  Third factor  

Х1- Metakaolin МК Х2- Fly-ash-FA Х3- Tripoli–Тr 

Basic meaning Basic meaning Basic meaning 
Х1о Х2о Х3о 
16 12 0,75 

The interval of variation The interval of variation The interval of variation 
ΔХ1 ΔХ2 ΔХ3 

9 7 0,25 

Y1 - the compressive strength of blended Portland cement stone at the age of 7 days, MPa; 
Y2 – the compressive strength of blended Portland cement stone at the age of 28 days, MPa; 
Y3 – the average density of blended Portland cement stone at the age of 28 days, kg/ cm3; 

Regression equations are presented in the form of a polynomial of the second degree: 

http://kazan.zement.ru/offers/5/17/20060.html


 

Y1= -37,556+8,61·Х1+4,95·Х2 +13,55·Х3-0,120·Х1·Х2 -0,775·Х1·Х3-0,112·Х2·Х3-0,320·Х1
2-0,162·Х2

2-0,669·Х3
2; 

 
Y2=5,509+6,26·Х1+6,41·Х2 +6,51·Х3+0,024·Х1·Х2-0,0084·Х1·Х3-0,351·Х2·Х3-0,497·Х1

2-0,183·Х2
2-0,502·Х3

2; 
 

Y3= -1,028+0,118·Х1+0,048·Х2+0,214·Х3+0,0018·Х1·Х2-0,0016·Х1·Х3+ +0,00298·Х2·Х3-0,0094·Х1
2-

0,0041·Х2
2-0,0213·Х3

2 
 
Estimated value of the F-Fisher criterion (assessment of the adequacy) for the functions Y1, Y2, Y3 
are, 1.98; 4.27; 3.73 respectively, i.e. lower than theoretical, which is equal to 5.05 at a 5% level  of 
significance. This indicates that the equations are adequate. 
According to  experiences were conducted on samples – cubes of blended cement stone 2x2x2 cm, 
some of which, after 24 hours of curing in normal humidity conditions was immersed in water for 28 
days. Another part of the sample was subjected to steam curing for the standard mode of heat 
treatment (2 + 4 + 6 + 2). The specimens were tested for compressive strength at 7 and 28 days, and 
also after steam curing standing during 4 hours. 
3. Results and Discussion 
According to the obtained regression equations response function were constructed in the form of two-
parameter dependencies. In Figures 1-3 a graphical interpretation of the dependences of the 
compressive strength at the age of 7 days MPa from contents of active mineral additives is shown. 
 

     

 
Figure 1 The dependence of the compressive strength of blended Portland cement stone at the age of 7 

days on the content of MK and FA, when the content of Tr=8% 
As it is seen in the figure 1 the blended Portland cement stone samples with a content of additives: 
metakaolin (MK) is 5%, fly ash is  from 7% to 15%, with a maximum content of tripoli is 8% have the 
greatest strength. Best results are obtained when ash content is from 8 to 13% by weight of the cement, 
and with increasing doses of the ash, the dosage of metakaolin should be reduced. The strength of the 
blended Portland cement stone is 75-81% of the ordinary cement stone strength, then the degree of 
substitution of Portland cement by complex additive is about 25-30%. 



 

 
Figure 2 The dependence of the compressive strength of blended Portland cement stone at the age of 7 

days on the content of MK and Tr, when the content of FA =14% 
In Figure 2 is shown the dependence of compressive strength of blended Portland cement 

stone at the age of 7 days on the content of metakaolin and tripoli at constant fly ash content that is 
equal to maximum value 14%. Moreover, it is seen that amount content of metakaolin about 4-6% 
works well at a concentration of tripoli from 5 to 8% and if a concentration of Tripoli is greater than 
8% concentration of metakaolin must be reduced.  

Figure 3 represents that the optimal content of fly ash is 10-13% and for tripoli is 5-7% by 
weight. These ranges can be extended to 14% of ash and 8% of tripoli, with a slight decrease in the 
strength of the composite cement stone. 

 

 
Figure 3 The dependence of the compressive strength of blended Portland cement stone at the age of 7 

days on the content of FA and Tr, when the content of MK =8% 
In Figures 4-9 the data of compressive strength and density of blended Portland cement stone 

at the age of 28 days are presented. 
 



 

 
Figure 4 The dependence of the compressive strength of blended Portland cement stone at the age of 28 

days on the content of MK and FA, when the content of Tr=8% 

 
Figure 5 The dependence of the compressive strength of blended Portland cement stone at the age of 28 

days on the content of MK and Tr, when the content of FA =14% 

 
Figure 6 The dependence of the compressive strength of blended Portland cement stone at the age of 28 

days on the content of FA and Tr, when the content of MK =8% 



 

 
Figure 7 The dependence of the density of blended Portland cement stone at the age of 28 days on the 

content of MK and FA, when the content of Tr=8% 

 
Figure 8 The dependence of the density of blended Portland cement stone at the age of 28 days on the 

content of MK and Tr, when the content of FA =14% 

 
Figure 9 The dependence of the density of blended Portland cement stone at the age of 7 days on the 

content of FA and Tr, when the content of MK =8% 



 

In figure 4 and figure 7 are shown that the optimum content of additives than the maximum 
content of tripoli is 8%, for metakaolin is 4,5-8,5% and fly ash - 7-14%. In this case, the strength of 
the composite cement paste amounts 60-70% of the ordinary Portland cement stone’s strength. The 
replacement of Portland cement is 25-30%. 

In figures 5 and 8 are illustrated dependencies of the quantity of metakaolin and tripoli at the 
constant content of fly ash is 14%. After increasing the dose administered to 8% tripoli, amount of 
metakaolin must be decreased. 

In figures 6 and 9 at constant content of metakaolin, the most effective concentrations are for 
fly ash - 14% and 4-8% for tripoli. 

Using these mathematical models of dependences the compressive strength of cement paste at 
different age hardening on investigated factors (amount and ratio of additives) can get a full 
understanding of the nature of the interaction between the additives themselves and the effectiveness 
of a mineral additive or complex in general. 

For further research composition of complex additives was adopted: 
- Metakaolin -8% 
- Fly ash - 20% 
- Tripoli - 8% 
In order to achieve a grade strength of ordinary PC (OPC) paste, as well as to verify the 

compatibility and possibility of using complex additive with polycarboxylate hyperplasticizer 
Pantarhit 160 Plv was adopted. This plasticizer is the least sensitive to the mineralogical composition 
of Portland cement according to the data of the manufacturer, ensures the stability of properties the 
resulting products. The active substance is polyacrylic acid. 

Tests were conducted on samples of cement stone cubes 2x2x2 sm, some of which, after 24 
hours of curing in normal humidity conditions was immersed in water for 28 days. Another part of the 
sample was subjected to steam curing for the standard mode of heat treatment (2 + 4 + 6 + 2). The 
specimens were tested for compressive strength at 7 and 28 days, and also after steam curing standing 
during 4 hours. Hyperplasticizer is administered as recommended by the manufacturer in amount of 
0.5 to 1% by weight of the binder based with complex additive. The obtained data are presented in 
Figures 10-11. 

 
Figure 10 - The dependence of the compressive strength of blended Portland cement stone at the age of 28 days: 

0 - control sample, 0.5HP+CA - 0.5% of hyperplasticizer and the complex additive, 0.5HP - 0.5% of 
hyperplasticizer, CA - complex additive. 



 

 
Figure 11 - The dependence of the compressive strength of blended Portland cement stone at the age of 28 days: 
0 - control sample, 1HP+CA - 1% of hyperplasticizer and the complex additive, 1HP - 1% of hyperplasticizer, 

CA - complex additive. 
 
From the figures 10-11 follows that the optimal dosage of hyperplasticizer Pantarhit 160 Plv is 0.5% 
by weight of binder. The strength of cement stone with complex additive and 0.5% of hyperplasticizer 
increased in 2 times at the age of 28 days curing in water compared to strength of blended PC with 
complex additive, and it is 1.21% of the strength the control OPC without additives.  
4. Conclusions 
The results allowed to establish the following: 
1. Synergistic effect of metakaolin, fly ash and Tripoli was  estimated. 
2. the strength of the composite cement stone at the age of 7 days was 75-81% of the strength of 
cement without additives.  
3. Optimal composition was adopted containing 8% of metakaolin, 14% of fly ash, 8% of Tripoli. The 
strength of the composite cement was at the age of 7 days - 50%, 28 days - 62% of the strength of 
cement without additives.  
4. However, with the introduction 0.5% of hyperplasticizer Pantarhit 160 Plv the strength of cement 
stone at the age of 7 days was 96%, at the age of 28 days - 121% compared with Portland cement 
stone without additives.  
5. The using of  organo-mineral additive can save 25-30% of Portland cement and  increase the 
strength of the composite cement by 15-20%. 
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Abstract 

The use of supplementary cementitious materials (SCMs), including ground granulated blast furnace slag 
(GGBS), is an effective approach in reducing the CO2 emissions of construction. However, both clinker and slag 
hydrate at different rates and vary in composition, changing hydrate composition and amounts; these changes 
consequently determine how slag cements perform under field conditions upon sulphate exposure. This study 
probed at these differences to better understand the implications of slags upon sulphate resistance.   
Slag cement blends were prepared by blending a CEM I 42.5 R cement with two different slags of differing 
aluminium and magnesium contents. Cement was substituted with either 40% or 70% by weight with slag. An 
additional slag blend, containing 40% slag, was prepared with additional anhydrite (3% by weight of binder). 
The impact of slag on performance and microstructural development was determined under normal curing 
conditions, and when blends were exposed to a 3 g.L-1 Na2SO4 solution. 
The role played by slags in resisting sulphate attack is often debated. It is generally accepted that slags poorer 
in aluminium at higher substitution levels (~70%) will result in improved resistance. Aluminium reacts with 
increasing sulphates, and calcium, to form ettringite; the antagonist of sulphate attack. Despite the greater 
overall aluminium content in slag blends, resistance is still improved.  
Blending slag with cement results in a series of changes in the microstructure. Firstly the C3A content is diluted, 
reducing AFm contents. However slags can still favour its formation; here, hemicarbonate and monocarbonate 
were observed, the former being favoured at longer ages in blends using alumina rich slag. The Ca/Si ratios of 
the C-A-S-H formed were comparable between the two 40% slag blends, marginally lower than that observed in 
the neat system, and was much lower in a blend containing 70% slag. This increased the capacity of C-A-S-H to 
bind aluminium. 
A hydrotalcite-like phase is usually observed in slag hydration rims. Unlike pure hydrotalcite, the Mg/Al ratio is 
closer to 2 in cementitious materials. The amount of aluminium bound to it is dependent again on the 
composition of the slag. 
When exposed to sulphate solutions, the neat system was the most prone to damage, according to linear 
expansion of mortar prisms and SEM-BSE investigations of pastes. The blended systems showed great resistance, 
particularly at high slag contents. Mass balance showed that much of the aluminium was unavailable to react 
with sulphates, instead being bound to C-A-S-H, hydrotalcite, and in unreacted slag. With C3A dilution, the 
overall AFm content also reduced, limiting the amount of readily available aluminium.  XRD analysis on the 
outer 1 mm of exposed pastes showed that only ettringite had formed in a neat cement system. In blended 
systems secondary monosulphate had formed, with some ettringite, the amount of which was greatest in the 70% 
slag blend. This was due to the increased Al/S ratio, and much more sulphate would be required to convert the 
secondary monosulphate to ettringite. Another by-product of sulphate attack was decalcification of the C-A-S-H 
near the surface. As a response, more aluminium was bound to it.   

Originality 

The paper presents results of a comprehensive study to relate binder composition, microstructure and durability. 
Using a suite of characterization techniques the effects of binder composition upon hydration and subsequent 
microstructure have been determined. Subsequently, similar techniques have been used to relate microstructure 
to sulphate resistance. It has therefore been possible to relate initial composition to durability. 
The results have demonstrated that slag addition affects the microstructure and phase assemblage, which in turn 
affects binder durability. This is likely due to a redistribution of the aluminium such that ingressing sulphates 
cannot react with it. Furthermore, slag blended systems show for the formation of secondary monosulphate, and 
a greater amount of sulphate provided over time would be required to convert it to ettringite with time.  

Keywords: GGBS; sulphate; microstructure; characterization;hydration 
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1. Introduction 

With pressure to move away from traditional pure cement systems, thus reducing CO2 emissions, 
greener alternatives are being extensively researched. Composite systems, where part of the cement is 
replaced with a mineral additive, are such alternatives; ground granulated blast furnace slag (GGBS) 
and fly ash are two examples of mineral additives. 

Typically, slag composite systems can lead to greater strength and resistance to chemical attack, and 
boast a refined porosity(BIJEN, 1996).Yet most current studies on the mechanical performance and 
durability often overlook the role the bulk composition of the supplementary cementitious material 
(SCM), its role on influencing the microstructure(LOTHENBACH, et al., 2011) and, ultimately, 
performance. This may be due in part because composite systems are harder to characterise; 2 
hydrating systems differing in composition and hydration kinetics, potentially influencing each other, 
have to be considered. Slags are typically deficient in calcium, but richer in aluminium, siliconand 
magnesium. These changes in composition are reflected in the nature of the phases formed during 
hydration and ultimately porosity. Compared to neat cement systems, slag composite systems are 
characterised by producing a C-A-S-H phase deficient in calcium and richer in 
aluminium(RICHARDSON & GROVES, 1997; RICHARDSON, 2000). A hydrotalcite-like phase 
deficient in magnesium is also typically present (Mg/Al ≈ 2). Strätlingite, C2ASH8,may also be present 
if the alumina content of the slag is high(LOTHENBACH, et al., 2011).Many basicity ratios have been 
devised to assess whether or not slags will perform adequately based on composition alone(PAL, et al., 
2003; SMOLCZYK, 1980; WANG, et al., 2004 ). However, their suitability has been 
questioned(MANTEL, 1994), and composition alone cannot account for the reactivity of a slag.    

Upon exposure of cementitious materials to sulphate-rich environments, the sulphatesresult in the 
formation of ettringite in small pores from supersaturated pore solutions. To form ettringite, 
penetrating sulphates react with available calcium and aluminium, present in AFm phases(GOLLOP & 
TAYLOR, 1992). Slag composite cements can potentially showimproved resistance compared to 
traditional Portland cement; this is likely due to the combined effect of a diluted C3A content and a 
refined porosity(AL-AMOUDI, 2002). However this effect is limited with slag composition and 
loading(HIGGINS, 2003). Slags are inherently richer in aluminium which may in fact worsen 
resistance by providing an ideal environment for ettringite growth; this is typically true for blends 
prepared with alumina-rich slag whose content is low (<40% by weight of binder). Blends prepared 
with (>70 % by weight of binder) will almost always show great resistance. This improved resistance 
can only be because of a change in the microstruture developed in the slag composite cements.  

This present study aims to elucidate further the impact of slag composition on performance and 
durability of slag composite cements exposed to sulphate attack. Slag cement pastes were cast and 
exposed to 3 g.L-1 and were tested by a suite of characterisation techniques in the aims to explain how 
the changes in microstructure found in slag cement blends lead, or not, to improved resistance.  

2. Materials and Methods 

2.1 Materials 

A CEM I 42.5 R, conforming to EN 197-1:2011(BS EN 197-1:2011, 2011) , was chosen for this study 
along with two ground granulated blast furnace slags of different compositions.  The oxide 
composition of the raw materials is shown in Table 1 and their mineral compositions are shown in  

Table 2. Clinker Content of C1 (%Weight) 
Phases C1 
C3S M3 [%] 61.0 
β-C2S [%] 11.9 
C3A [%] 7.5 
C4AF [%] 8.3 
Calcite [%] 3.7 

 

Table 3. Phases Content of the Slags (%Weight) 
Phases Slag B Slag C
Calcite [%] 0.4 0.7 
Quartz [%] 0.2 0.0 
Gehlenite [%] 0.4 1.0 
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anhydrite [%] 2.9 
Hemihydrate 
[%] 

1.5 

other [%] 3.2  

Amorphous content [%] 99.0 98.3  

 
 and 错误！未找到引用源。.  The materials were of a similar fineness. 
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Table 1. Composition of the Raw Materials, Determined by XRF (% weight) 

  CEM I Slag B Slag C 
LOI 950 °C % 2.62 (+0.85)* (+1.57)* 
SiO2 % 19.2(1) 39.7(5) 34.3(5) 
Al2O3 % 5.5(0) 7.3(6) 12.3(3) 
TiO2 % 0.2(7) 0.2(5) 0.9(3) 
MnO % 0.0(4) 2.5(4) 0.4(0) 
Fe2O3 % 2.7(7) 1.3(3) 0.5(2) 
CaO % 62.2(8) 38.1(8) 38.4(9) 
MgO % 2.1(9) 7.6(5) 9.5(8) 
K2O % 0.9(3) 0.6(5) 0.4(8) 
Na2O % 0.0(8) 0.1(3) 0.2(4) 
SO3 % 3.1(0) 1.8(3) 2.6(1) 
P2O5 % 0.1(7) 0.0(1) 0.0(1) 
Total % 99.15 99.69 99.93 
*The sample was oxidized with HNO3 before determination of LOI 

 
Table 2. Clinker Content of C1 (%Weight) 

Phases C1 
C3S M3 [%] 61.0 
β-C2S [%] 11.9 
C3A [%] 7.5 
C4AF [%] 8.3 
Calcite [%] 3.7 
anhydrite [%] 2.9 
Hemihydrate 
[%] 

1.5 

other [%] 3.2  

 

Table 3. Phases Content of the Slags (%Weight) 
Phases Slag B Slag C
Calcite [%] 0.4 0.7 
Quartz [%] 0.2 0.0 
Gehlenite [%] 
Amorphous content [%] 

0.4 
99.0 

1.0 
98.3  

 
2.2  Methods 

A combination of pastes and mortars were used to assess sulphate resistance, according to the mix 
design shown in Table 4. Pastes were prepared by replacing either 40% or 70% of the cement by 
weight with slag. Mortars were prepared with a sand:binder ratio of 3.  

All samples were cured for a period of 14 days in water baths prior to exposure to either a 3 g.L-1 
Na2SO4 solution or a saturated lime solution. 25x25x200 mm mortar prisms and 50 mm long by25 mm 
pastecylinderswere used in this study. The mortar prisms were used to follow expansion whereas the 
pastes were used for characterisation. Typically, the outer 1 mm of the pastes was characterised. 

Table 4. Mix Design of Investigated Blends 
 C1 C140Sb C140Sc C140Sc$ C170Sc 

CEM I 1.00 0.60 0.60 0.58 0.30 
slag - 0.40 0.40 0.39 0.70 

anhydrite - - - 0.03 - 
w/binder 0.50 0.50 0.50 0.50 0.5 
w/cement 0.50 0.83 0.83 0.86 1.67 

      
 
Expansion was measured on 25x25x200 mm mortar prisms, in triplicate, cast with embedded studs. 
The samples in this study are referred to by their total curing time, and not by the time exposed to 
sulphates, e.g. a sample cured for 28 days in a sulphate solution hasbeen cured for 14 days and then in 
a sulphate bath for 14 days.   

The portlandite (CH) content was measured on freeze-dried paste samples by thermal gravimetric 
analysis (TGA) analysis using a Stanton Redcroft 780 series under a nitrogen atmosphere, with a 
20°C/min heating rate from 20 to 1000°C. The portlandite content was determined using the tangent 
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method, with the onset and end point determined for each sample based on the inflections in the 
corresponding DTG traces. The masses of water and portlandite were taken as 18 and 74 respectively. 

For quantitative XRD analysis, hydrated paste samples were crushed to fine powders by manual 
grinding in a pestle and mortar without any prior hydration stopping, so as to minimise any damage to 
the phases present(COLLIER, et al., 2008; ZHANG & SCHERER, 2011). The powders were 
backloaded into 16 mm diameter sample holders and diffraction patterns collected with a Philips 
Panalytical X’Pert MPD diffractometer equipped with a Cu Kα X-ray source, an X’Celerator detector 
and operated at 40kV and 40mA. Patterns were measured from 7 to 70o 2θ with a step size of 0.0334o. 
The quantification of the X-ray amorphous phase content was conducted using the external standard 
method, using the G-factor method(JANSEN, et al., 2011), with corundum (Al2O3) serving as the 
standard. 

Sulphate profiles were measured by SEM-EDX analysis of polished cross-sections embedded in epoxy 
resin, with sample preparation prior to embedding in resin being as described above.  EDX point 
analyses were conducted on micrographs with a 130x97 μm field of view; a 12x12 grid point was set 
up and measurements were taken from the edge of the sample to a depth of 5 mm, at 0.5 mm intervals. 
The data was treated to exclude any measurements associated with CH, anhydrous phases, and 
porosity. As such, the sulphate profile was measured and any changes in hydrate assemblage and 
composition assessed. Further EDX analysis was also performed on the slag hydration rims near the 
surface and at a depth of 5 mm.  

C-A-S-H composition was measured bySEM-EDX point analysis from the same data collected as 
described in the previous paragraph. From plots of Si/Ca versus Al/Ca, Al/Si ratios were determined 
from the slope of the line originating from the origin drawn through the point with the lowest 
measured Al/Ca to best avoid intermixing with other phases(DESCHNER, et al., 2012). The Ca/Si 
was taken as the point along that same line having the highest Si/Ca ratio.  

The Mg/Al for hydrotalcite-like phases in the blends was determined from the slope of a plot of Mg/Si 
versus Al/Si fromthe EDS data collected from slag hydration rims (the precise number of data points 
varied between samples, but was typically 30-50). The intersection of the slope with the abscissa gave 
the Al/Si of the C-A-S-H formed within the slag hydration rims. 

3. Results  

3.1 Macroscopic Observations 

The expansion of mortar prisms exposed to sulphate attack is plotted in Figure 1. Of all the 
investigated mixes, only the neat system C1 has greatly expanded prior to spalling. All the blended 
systems had performed remarkably well in a sulphate environment. Blends C140Sb and C140Sc 
followed similar expansion curves making it difficult to outline the importance of slag composition. 
Increasing the sulphate content or slag loading further limited the overall expansion.  

 
Figure 1. Linear Expansion of Mortars Exposed to 3 g.L-1 of Na2SO4 
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3.1.1 SEM Observations 

In order to better comprehend sulphate resistance from a microstructural level, paste samples exposed 
to the same sulphate attack regime were observed by SEM-BSE (Figure 2). The neat system showed 
heavy cracking after 1 year of exposure. Calcium hydroxide was absent, having been consumed or 
leached, near the surface of the sample which appeared darker.Calcite had also managed to penetrate 
into the sample to precipitate in cracks.  

The replacement of cement with slag led to markedly improved resistance to attack. Blend C140Sb 
showed no signs of cracking, although the surface was, like C1, too devoid of calcium hydroxide. The 
substitution of slag B for slag C led to the presence of a crack several hundred microns below the 
surface. This confirmed the diminished performance of alumina-rich slags in sulphate environments. 
Blend C170Sc and C140Sc$ highlighted the potential benefit of increasing the slag and sulphate content 
respectively. In all blended systems, the hydrate mass also looked darker. Typically, a deposit of 
calcium carbonate on the surface of the sample was observed.   

 
Figure 2. SEM-BSE Observations Near the Surface of all the Paste Samples, Exposed for 360 Days 
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3.1.2 Sulphate Profile 

Figure 3shows the sulphate profile after exposure for 360 days, measured on pastes by EDX analysis. 
All samples showed slight sulphate depletion near the surface, rising to a maximum at depths between 
0.5 mm and 1 mm depending on the blend. As the slag content increased, the maximum amount of 
bound sulphates decreased at depths of either 0.5 or 1.0 mm. The sulphate content then gradually fell 
back to background levels after between 2 and 3.5 mm, with the CEM I system showing the greatest 
penetration depth. Such profiles are typical of samples exposed for extended periods to sulphate 
attack(KUNTHER, et al., 2013; YU, et al., 2013; STROH, et al., 2014; CHABRELIE, 2010). Stroh et. 
al.(STROH, et al., 2014). 

 
Figure 3. Sulphate Profile Measured on Paste Samples After 360 Days of Curing in a Sulphate Solution 

3.2 Hydrates 

3.2.1 Calcium Hydroxide and C-A-S-H 

Figure 4 follows the evolution of CH near the surface of paste samples curing in a sulphate solution. 
Prior to exposure, the neat system had the highest calcium hydroxide content, but this was diluted in 
the blended systems. Note that in a previous study, calcium hydroxide was shown to be consumed by 
the hydrating slag (WHITTAKER, et al., 2014). During exposure, the calcium hydroxide content was 
almost halved in all systems after just 2 weeks of curing in a sulphate environment. Over time, 
portlandite contents gradually all systems were either fully or near depleted in calcium hydroxide.  

 
Figure 4. CH Contents When Exposed to 3 g.L-1 of Na2SO4 

This leaching of calcium hydroxide has implications for the other phases present in the pastes, namely 
the stability of C-A-S-H. Thus, the stability of this phase was checked with respect to depth and 
duration of exposure. Reference values were measured on samples which had been cured in a lime 
solution for 28 days(WHITTAKER, et al., 2014). 
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Initially, C-A-S-H in the neat systems was characterised by having a Ca/Si and Al/Si nearing 1.8 and 
0.07 respectively. After just 2 weeks of exposure to sulphates, the Ca/Si had dropped marginally, to 
1.7, and remained unchanged after 180 days of curing in a sulphate environment. In the same 
timeframe, there was no noticeable change in the Al/Si. By the end of the testing period however, the 
Ca/Si dropped to 1 and, in response, more alumina was bound to C-A-S-H. 

In the slag blended systems, the Ca/Si ratio was also marginally lower soon after immersion in a 
sulphate solution, whereas the Al/Si remained unchanged. Eventually the Ca/Si in the slag blended 
systems did drop after 90 days of curing, compared to 180 days for C1. Again, the Al/Si of the C-A-S-
H phase increased in the blended systems as the structured depleted in calcium.  

Table 5. Changes in Ca/Si and Al/Si ratio of the C-A-S-HPhase Exposed to Sulphate Attack with Time 
depth  Time  C1 C140Sb       C140Sc   C140Sc$ C170Sc 

[mm] [days]* Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si Ca/Si Al/Si

ref - 1.82 0.07 1.56 0.11 1.65 0.12 1.75 0.13 1.43 0.15 

0 28 1.67 0.05 1.47 0.1 - - 1.54 0.09 1.35 0.13 

 56 1.67 0.06 1.47 0.09 1.62 0.16 1.52 0.14 1.35 0.17 

 90 1.67 0.06 1.11 0.1 1.41 0.14 1.41 0.09 1 0.21 

 180 1.67 0.05 1.12 0.12 - - 1.26 0.17 0.94 0.23 

  360 1 0.13 1.09 0.18 1.05 0.17 1.25 0.15 0.87 0.21 

0.5 28 1.72 0.07 1.64 0.07 - - 1.72 0.09 1.41 0.15 

 56 1.78 0.06 1.78 0.09 1.79 0.09 1.69 0.06 1.45 0.16 

 90 1.85 0.05 1.78 0.09 1.75 0.09 1.78 0.09 1.39 0.11 

 180 1.78 0.05 1.75 0.11 - - 1.78 0.11 1.47 0.11 

  360 1.47 0.04 1.53 0.08 1.61 0.08 1.75 0.11 1.35 0.14 

1 28 1.75 0.07 1.61 0.09 - - 1.72 0.11 1.41 0.13 

 56 1.92 0.05 1.72 0.09 1.82 0.09 1.72 0.09 1.45 0.15 

 90 1.85 0.05 1.64 0.08 1.69 0.1 1.69 0.09 1.45 0.12 

 180 1.79 0.06 1.72 0.09 - - 1.75 0.12 1.47 0.17 

  360 1.72 0.06 1.75 0.09 1.72 0.09 1.78 0.11 1.49 0.13 

1.5 28 1.72 0.07 1.61 0.11 - - 1.79 0.1 1.45 0.16 

 56 1.88 0.06 1.72 0.1 1.82 0.09 1.72 0.1 1.45 0.16 

 90 1.82 0.06 1.67 0.1 1.72 0.1 1.69 0.09 1.47 0.15 

 180 1.75 0.06 1.64 0.1 - - 1.75 0.11 1.43 0.15 

  360 1.85 0.06 1.67 0.09 1.72 0.08 1.75 0.1 1.39 0.17 

2 28 1.78 0.06 1.62 0.1 - - 1.75 0.12 1.47 0.16 

 56 1.72 0.05 1.72 0.09 1.75 0.09 1.72 0.1 1.47 0.16 

 90 1.79 0.06 1.67 0.09 1.72 0.1 1.78 0.1 1.45 0.16 

 180 1.79 0.06 1.64 0.09 - - 1.75 0.1 1.45 0.16 

  360 1.85 0.06 1.64 0.1 1.69 0.09 1.79 0.09 1.47 0.15 

* total curing time (sulphate exposure time = total curing time - 14 days) 
 

3.2.2 Sulphate Hydrates 

Figure 5 shows the distribution between AFt and AFm phases. In all systems ettringite and carbonate-AFm 
phases were present by the time the samples were exposed to sulphates, e.g. 14 days. Typically, the slag 
blended systems to which no additional sulphates were added were richer in either hemicarboaluminate or 
monocarboaluminate phases; hemicarboaluminate was still present in C140Sc$, but in lesser amounts than 
C140Sc.  
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In the neat system, the AFm content diminished as hydration progressed in a sulphate environment. In 
response, the ettringite reflections increased. This indicated a conversion of AFm phases to ettringite, 
typical of sulphate attack(GOLLOP & TAYLOR, 1992; WHITTAKER & BLACK, accepted for 
publication). Similarly, in the slag blended systems AFm content diminished while ettringite was formed. 
In the 40 % slag blends, the AFt contents were greatest in blends prepared with slag C, and lower in blends 
prepared with slag B. This strengthens the argument that alumina rich slags promote ettringite formation 
during sulphate attack. Blend C170Sc had the lowest ettringite content. However monosulphate had also 
formed in all the slag blended systems; increasing as the overall alumina content of the blend increased.  

 
Figure 5. XRD Patterns Obtained From the Outer 1 mm of Pastes Cured for 360 Days in a 3 g.L-1 Na2SO4 

Solution. The Patterns Shown in BlackAre Those Obtained From Samples Prior to Sulphate Exposure.                                
(E - Ettringite, Ms - Monosulphate, Hc - Hemicarbonate, Mc - Monocarbonate, Ht - Hydrotalcite) 

The amount of ettringite that had precipitated in the first 1 mm of the sample has been quantified, the 
results of which are plotted in Figure 6. The neat system showed a great increase in the ettringite 
content up to 90 days after which growth had curbed. The same kinetics of ettringite growth were 
observed in the 40 % slag blends, with blend C140Sc showing the greatest rate of growth after 90 days 
of curing in sulphates; this was also the only blend who had any Hc remaining, owing to its high 
alumina content. Blend C140Sc$ had a lower AFm as they had been consumed prior to exposed by the 
additional sulphate (WHITTAKER, et al., 2014).  

 
Figure 6. Ettringite Content in the Outermost 1 mm of Pastes Curing in a Sulphate Solution 
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The AFm-AFt distribution was further investigated at differing depths, in contrast to Figure 5 where 
XRD patterns reflect the average phase assemblage in the outer 1 mm of the samples. EDX data 
weretaken, in 0.5 mm increments,fromthe very edge of the sample down to a depth of 5 mm. The data 
presented in Figure 7 summarises the findings at the very edge of the sample, where the sulphate 
content was measured to be the highest, and at background levels, for samples cured for 360 days in a 
sulphate bath. 

 
Figure 7 – Variations in S/Ca v Al/Ca as a Function of Depth for all Systems Exposed to a Sulphate 

Solution, after 360 Days 
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In the neat system, the surface showed no particular predominance of any sulphate phase, though 
sulphates were still present. At a depth of 1 mm, ettringite was strongly present with gypsum. In 
background levels, ettringite and AFm phases were intermixed. The same evolution was observed in 
the blended systems; with the very edge of the blended systems depleted in sulphates increasing to a 
maximum at a depth of either 0.5 (for all slag C systems) or 1 mm (for slag B system) before 
decreasing to background levels. 

The destabilisation of ettringite at the samples’ surfaces is due to the leaching of calcium to such an 
extent that sulphate hydrates were no longer stable. At the edge, leaching of calcium hydroxide led to 
a lower pH, below that necessary to stability ettringite or monosulphate(GABRISOVA & HAVLICA, 
1991) 

3.2.3 Hydrotalcite 

Because hydrotalcite is an alumina-rich phase, it may have implications for sulphate attack. As such, 
the stability of the phase was checked by comparing the Mg/Al of the phase present in slag hydration 
rims measured at the surface of the sample and at backgrounds levels (Table 6) after 360 days of 
curing. More importantly, the differences between the measured values at the surface and backgrounds 
levels are only very slight and the phase was considered to be stable during attack.  

Table 6. Changes in Mg/Al ratio of the hydrotalcite phase Exposed to Sulphate Attack with Time 

depth 0 mm 5 mm 

C140Sb 1.98 2.11 

C140Sc 1.72 1.99 

C170Sc 1.67 1.78 

C140Sc$ 2.03 1.96 
4. Discussion 

4.1 Observations 

It was evident from the expansion of mortar prisms that the neat system C1 was susceptible to sulphate 
attack (Figure 1). It was the only blend which showed marked expansion,ultimately leading to spalling. 
In contrast, all the slag blended systems performed admirably in a sulphate environment. From 
macroscopic observations, it was not possible to distinguish the effect of slag composition, e.g. Al 
content, on sulphate resistance. However resistance was improved by adding sulphates into the mix 
design and by increasing the slag content.  

SEM observations confirmed that a neat cement system was easily damaged by sulphates (Figure 2). 
The paste was also devoid of calcium hydroxide and the hydrated mass appeared darkerin the 
greyscale image; calcium had leached out, a phenomenon observed when a system is in contact with 
outside water leading to ion exchange(ADENOT & BUIL, 1992; PLANEL, et al., 2006).  Blend 
C140Sc, prepared with the alumina rich slag, showed some cracking. Cracking was supressed by 
changing slag composition, adding sulphates or increasing the slag content, as expected according to 
the literature (HIGGINS & CRAMMOND, 2003; OGAWA, et al., 2012; GOLLOP & TAYLOR, 
1996). Calcium leaching was also evident in the slag blended systems.  

4.2 Sulphate Profile  

The calcium leaching behaviour observed by SEM (Figure 2) or TGA (Figure 4) was reflected in the 
sulphate profile plotted in Figure 3; the surface was deficient in sulphate. This was to be expected as 
all sulphate containing hydrates also contain calcium(YU, et al., 2013). However, the sulphate content 
reached a maximum at either a depth of 0.5 mm or 1 mm depending on the sample. The amount of 
sulphate bound appeared to be linked to the amount of calcium available, whose content decreased as 
the slag content increased. Furthermore monosulphate had formed instead of ettringite limiting the 
amount of bound sulphates. The formation of monosulphate may be cause by (i) limited sulphate ion 
transport and (ii) excess alumina available.  
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4.3 Hydrates 

4.3.1 Calcium Hydroxide and C-A-S-H 

The stability of the C-A-S-H phase was demonstrated in Table 5. The phase had decalcified in all 
systems. The neat system was the last to decalcify but had proportionally decalcified the most by 360 
days of curing in a sulphate solution, possibly due to the amount of damage the sample was subjected 
to. The C-A-S-H phase in the slag blended had an earlier onset of decalcification; which occurred by 
90 days of curing in a sulphate solution for all slag blended systems. This is likely linked to the 
calcium hydroxide and its leaching kinetics (Figure 4).There appeared to be a threshold calcium 
hydroxidecontent above with C-A-S-H was protected, around 5g per 100g of binder.  Ultimately, C-A-
S-H had decalcified in all systems which led to an increase in the C-A-S-H alumina near the surface 
(Table 5).  

4.3.2 Sulphate Hydrates 

The reaction of external sulphates with hydrates led to a redistribution of the AFm phases and 
ettringite. Ettringite had precipitated at the expense of the carbonate AFm. The amount of ettringite 
differed between blends; decreasing as the slag content increased. This is likely because of the 
lowered AFm content in blended systems due to the dilution of C3A. Although the aluminium in slag 
can contribute to AFm formation, the aluminium released and bound to AFm would be limited 
somewhat on the account of the lower reactivity of the slags, plus the uptake of aluminium from other 
Al-containing phases.  

Less ettringite had formed in blend C140Sb compared to blend C140Sc; illustrating the role of 
aluminium from slag contributed to ettringite precipitation. However the limited amount of ettringite 
formed in C170Sc would suggest that much of the aluminium was unavailable to react in a calcium 
depleted system. More interesting werethe kinetics of ettringite precipitation. Ettringite precipitation 
was fast during the first 3 months of curing. Beyond that the ettringite evolution was much slower. 
This may be explained by the lack of carbonate AFm phases, readily providing aluminium, after 90 
days of curing in a sulphate solution.  

The formation of ‘secondary’ monosulphate in slag blends exposed to sulphates had previously been 
noticed by Fernandez Altable (FERNANDEZ-ALTABLE, 2009). There was a positive correlation 
between the amount of monosulphate precipitated and the overall alumina content of a blend; there 
being more in the blends containing the Al-rich slag C, and most in sample C170Sc. The presence of 
monosulphate indicates that the Al/S of the pore solution may be higher in the slag blends.The 
formation of monosulphate prior to ettringite, may very well be the underlying cause behind the 
delayed expansion offset in slag blended systems. 

4.4 Hydrotalcite 

Much like the C-A-S-H phase, hydrotalcite also appeared to be stable in the presence of sulphates. The 
slight shifts in Mg/Al ratio were too slight to confirm any contribution of aluminium fromthe phase. It 
has previously been reported (KOMLJENOVIĆ, et al., 2013) that alkali activated slag (AAS) systems 
performed better than a CEM II/A-S system, and that the aluminium in AAS was already bound to 
hydrotalcite and C-A-S-H; neither of which released aluminium upon immersion in a sulphate solution.  

4.5 Aluminium Distribution 

By adopting a mass balance approach(FERNANDEZ-ALTABLE, 2009; TAYLOR, 1992), the amount 
of aluminium released by the binder components can be tentatively determined and distributed among 
the aluminium containing hydrates. As such, the quantity of aluminium available to react with 
sulphates to produce ettringite can be estimated. Aluminium was distributed following the proposed 
steps: 

1. The atomic compositions of the clinker phases and slags, were 

determined by EDX analysis ( 
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2. ).  
3. Hydration kinetics were measured by XRD and SEM-BSE image 

analysis for the clinker and slag fraction respectively, and the amount of each element 
released was calculated. 

4. All of the Si was distributed into C-A-S-H, and its aluminium demand 
was calculated from the Al/Si ratio. 

5. All of the Mg released was allocated to a hydrotalcite-like phase (Ht). 
From the Mg/Al of the slag hydration rims, the Al demand was calculated, while a Mg/Al 
ratio of 2 was assumed for C1(BEN HAHA, et al., 2012; LUMLEY, et al., 1996) 

6. The ettringite content was experimentally determined by  quantitative 
XRD, and the required Al demand was subtracted from the remaining content 

7. The remaining Al was assumed to be in AFm phases. XRD analysis 
revealed only carbonate AFm, i.e. monocarboaluminate (Mc), as the long term stable AFm 
hydrate in systems not subjected to sulphate attack (WHITTAKER, et al., 2014).  

 

 
Figure 8. Distribution of Aluminium in Hydrated Slag Cement Pastes Cured for 360 Days in a lime 

solution, normalised to Al content of C1 

The aluminium distribution in all of the systems cured in lime water for 360 days is summarised 
inFigure 8. The data has been normalised such that the total alumina content in C1 equals 100 %. As 
such the aluminium distribution is representative of that expected at the end of the sulphate exposure 
testing period, yet without the impact of sulphate attack. As such, a potential for volume increase, 
associated with the conversion of AFm phases to ettringite, can be gleaned at  

In the neat system C1, much of the aluminium was bound within the AFm phase. Even after a year of 
curing, the neat system was the richest in AFm compared to all slag blends. The remaining aluminium 
was distributed between C-A-S-H, AFt, and hydrotalcite, with some remaining in anhydrous clinker. 
The aluminium bound to AFm phases is readily available to react and form ettringite(GOLLOP & 
TAYLOR, 1992), making the system susceptible to sulphate attack (Figure 1, Figure 2).  

At 40% replacement, the AFm content was effectively lowered. More AFm was seen in blend C140Sc 
than C140Sb, with values almostcomparable to C1. This higher AFm content was due to the higher 
reactivity of slag C and its higher Al2O3 content. However, this madethe blend more vulnerable to 
sulphate attack (Figure 2). Still, damage was reduced compared to C1, despite near similar AFm levels. 
This improved resistance is firstly partly due to the formation of monosulphate with ettringite. This 
suggests a change in the pore solution, e.g. a higher Al/S ratio(MATSCHEI, et al., 2007), favouring 
monosulphate. Furthermore, sulphate ingress may have been ultimately limited in the slag blended 
systems owing to their better integrity when subjected to attack.  

The addition of sulphates in sample C140Sc$ induced incorporation of aluminium in ettringite rather 
than in AFm, subsequently improving sulphate resistance. This agrees with previous studies 
(HIGGINS, 2003; OGAWA, et al., 2012). Blend C170Sc had an AFm content greater than C140Sb yet 



 

14 

 

expansion was minimal. This is most likely due to the fact that there was a high aluminium content, so 
that during the timescale of the test, monosulphate was preferentially precipitated. The low calcium 
content may also play a role, as calcium is required to form ettringite. As a reminder, to from ettringite 
from AFm phases, an extra 2 moles of calcium is necessary. 

In all the blended systems, much of the released aluminium (up to 1/3) was bound to C-A-S-H, as a 
consequence of a lower Ca/Si (RICHARDSON, 1999; RICHARDSON & GROVES, 1992). The 
amount of aluminium bound by C-A-S-H was rather dependent on the level of replacement rather than 
the composition of the slag; with all of the blends containing 40% slag having comparable Ca/Si ratios 
and similar levels of aluminium incorporation. Increasing the slag content reduced the Ca/Si of the C-
A-S-H phase, therefore binding more aluminium. Similarly, much of the aluminium was also bound to 
hydrotalcite in the slag blends. The amount of aluminium bound depends on slag composition and 
loading (Table 1, Table 4).  

Together, hydrotalcite and C-A-S-H were capable of binding more than half of the total aluminium in 
slag composite cements. Still, the presence of monosulphate in the slag blends suggests availability of 
aluminium(FERNANDEZ-ALTABLE, 2009). From the present study, the only candidate remaining to 
release aluminium is the slag itself. Evidently we are working on a dynamic system; slag hydration 
continues as sulphates ingress and for ettringite to form sulphates need to dominate over aluminium in 
the pore solution(MATSCHEI, et al., 2007). If the release of aluminium in the pore solution from the 
slag is greater than the provision of sulphate, then monosulphate would preferentially form. Otherwise 
ettringite would form. It is interesting to note that the ettringite that would have formed as a result of 
sulphate attack at early ages may not be expansive. The slag blended systems were more porous at 
early ages (WHITTAKER, et al., 2014)meaning that there may have been enough room as to 
accommodate some ettringite growth without causing damage. The kinetics of ettringite formation 
must be considered when evaluation any potential of volume increase (Figure 8). Eventually if the 
process of ettringite formation is too slow, the continual leaching of calcium would result in a decrease 
in pH such that ettringite formation may even be hindered. As such calcium is an equally important 
phase. Kunther et. al.(KUNTHER, et al., 2015) have calculated that in systems deficient in calcium, 
crystallization pressure generated from ettringite growth is lower. The lack of calcium available in 
high slag blended systems would also therefore limit damage associated with sulphate attack, 
combined with the lack of available aluminium to react making C170Sc the most resistance blend. 

5. Conclusions 

It was found that all of the slag blended systems performed remarkably well when exposed to a 3 g.L-1 

Na2SO4solution. Only the neat system, C1,led to undesirable expansion. Blend C140Sc, prepared using 
the alumina rich slag did show some damage when observed by SEM-BSE, in the form of cracks. 
Those were absent in the remaining blends; slag composition, slag loading, and additional sulphate in 
the mix design all played a role in resistance.  

During attack, sulphate penetrated inwards while calcium, from calcium hydroxide and ultimately C-
A-S-H, leached outwards. Portlandite contents depleted quickly in all systems, and almost halved after 
just 2 weeks of exposure to sulphates.Subsequently the C-A-S-H phase decalcified in all systems. 
Eventually, even sulphates were no longer bound near the surface. The sulphate ingress front typically 
penetrates deeper into the sample than the calcium leaching front and as such the greatest amount of 
sulphate bound were found at depths varying from 0.5 to 1 mm. C1 had bound the greatest amount of 
sulphate owing to its higher calcium content and the amount of bound sulphates decreased as slag 
blends were calcium deficient. Furthermore, monosulphate had also formed during attack, reducing 
sulphate binding.  

The pure cement sample, C1, contained the most ettringite, together with gypsum. Less ettringite had 
formed in blends where dilution of the clinker phases led to less AFm formation, thus limiting the 
supply of aluminium upon sulphate attack. Slag composition however did appear to influence the 
ettringite levels formed upon exposure of the 40 % slag blends. The addition of sulphates in the mix 
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design stabilized more ettringite prior to exposure, therefore improving resistance. Blend C170Sc 
showed the lowest amount of ettringite after sulphate exposure. 

Much of the aluminium released during hydration was distributed between C-A-S-H phase and 
hydrotalcite in all the slag blended systems. Combined, these phases shared up to half of the total 
available aluminium in a slag system. 

The formation of monosulphate during attack indicates a low S/Al ratio. This provides evidence for 
alumina,whose only source is the slag, counteracting the ingressing sulphates. This agrees with the 
observations; monosulphate was increasingly present as the bulk alumina of the system increased. If 
the ratio was suddenly allowed to increase, as would be the case if and when slag hydration were to 
slow down, then the monosulphate formed would be converted to ettringite. This explanation came 
from considering ettringite growth rates. Beyond 90 days of curing in a sulphate solution, the samples 
were particularly depleted in AFm phases. The formation of ettringite was therefore controlled, and 
kept in balance, by the S/Al ratio of the solution, e.g. by the kinetics of slag hydration and sulphate 
ingress.   

The improved resistance of slag composite systems is therefore dependent on several aspects. Firstly 
resistance depends on the availability of a blend to bind much of the aluminium released upon 
hydration into C-A-S-H and hydrotalcite. This depends then on a lower Ca/Si of the slag, plus a higher 
magnesium content. Secondly, the aluminium content of the slag may limit the formation of ettringite, 
either directly or through secondary monosulphate. Finally, the slags encourage the formation of 
monosulphate prior to ettringite, thus delaying expansion.   
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Abstract 
Due to its substantial CO2 impact, there is ever increasing interest in enhancing the use of supplementary cementitious 
materials (SCMs) to replace ordinary Portland cement (OPC) as the primary binding agent in concrete. Fly ash, a by-
product of coal combustion is an attractive SCM, for reasons of abundance and its widespread availability. 
Unfortunately, supplies of quality fly ash remain limited, and due to diversity in: geology, power-plant processes etc., 
fly ashes show very large variability in composition. As a result, the performance of fly ash when used as a SCM 
remains unpredictable, and often results in degraded binder performance and constructability of cementitious binders 
(containing fly ash). 
To enhance fly ash replacement of OPC, this research develops and applies new knowledge gained from the fields of 
glass science, materials science and geochemistry to comprehensively correlate the chemical compositions that 
comprise fly ash to the aqueous reactivity of such materials. 
Here we present the investigation into the effect of the concentration of calcium oxide on the hydration of amorphous fly 
ash phases typical of class F and class C, as implemented within a molecular dynamics simulation environment. 
Simulations show that calcium content depolymerizes the Si/Al-O network and reduces the atomic structure rigidity. 
Furthermore, high-calcium content increases structural flexibility that allows for surface reconstruction, which, in turn, 
leads to less structural defects on the surface of the high-calcium content amorphous fly ash (class C), than the low-
calcium fly ash (class F). Higher calcium concentration is also linked to the increasing of surface OH groups in water, 
which facilitates the hydration by allowing the atomic network to reconstruct in water. 
 
Originality 
This interdisciplinary study provides new insights on our understanding of how the atomic composition of fly ash 
phases influence their chemical reactivity. By using ReaxFF, a reactive force field and classical molecular dynamics 
potential set, the study rigorously validates the linkages between bulk chemistry and surface properties of fly ash. 
With a broad variety of composition and structure, the atomic chemistry of fly ash is all the more complex, which 
prevents from identifying directly the important atomic details that governs surface reactivity. To tackle this issue, we 
rely on molecular dynamics (MD) simulations, which is commonly used in glass science. By reducing the complexity of 
elemental and phase composition to two selected extreme cases of the fly ash composition, this approach allows to 
capture the important compositional influence on the hydration process.  
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1. Introduction 
Ordinary portland cement (OPC), the main binder that has been used in concrete, is one of the major 
contributors to the emissions of global greenhouse gas (Mehta 1999). There is a growing interest in 
replacing OPC with supplementary cementitious materials (SCMs) to reduce related CO2 emissions, 
mainly due to the calcination of limestone when producing the clinker. One of the most attractive 
SCMs is fly ash, a by-product of coal combustion process (Mehta 2004). Due to the sustained coal 
consumption for electrical power, fly ash generated globally every year is reaching approximately 750 
million tons (Blissett and Rowson 2012). Without efficient utilization, the fly ash is posting 
considerable strain on the ecosystem and environment in general. At the same time, studies have 
shown that incorporating fly ash into OPC as a SCM can produce desirable properties, such as higher 
strength, reduced permeability and hydration enthalpy, etc (Mehta 2004). Therefore, substantial 
environmental and economical incentives exist for more efficient recycling fly ash as SCM. 
The chemical composition of fly ash involves a number of elements. In general, the main components 
include SiO2, Al2O3, CaO and Fe2O3 (Ahmaruzzaman 2010). CaO content appears to be an important 
role for SCM applications. In fact, the American Society for Testing and Materials (ASTM) separates 
fly ash into two classes based on their chemical composition, class C and class F (C618-12a 2012). 
Class C typically contains up to 30~40 mass fraction of CaO, and has strong cementitious properties, 
that it reacts with water to form a cement paste. Class F, on the other hand, contains less than 20% 
CaO content, and displays mainly pozzolanic properties. For example, it requires some additional 
calcium oxide to form a cement paste. These differences directly affect the way the fly ashes can be 
incorporated into cement as SCMs and to what percentage it can replace the OPC. An in-depth 
understanding of their structures, properties, and especially hydration process, in the relation to their 
composition, would significantly support the efficient utilization of fly ash in the cement and concrete 
production. 
Up to date, many experimental studies have been conducted to investigate the composition, structure 
and hydration reactivity of fly ash due to its practical significance. However, the simulation works on 
this topic is not sufficient, despite the fact that it will provide unique insights into the structure-
property relationship and the reaction mechanism. This is partially due to the presumed complexity in 
the elemental and phase compositions. However, comprehensive phase characterizations of fly ash 
have identified the main phase (~77%) as amorphous phase (Chancey, Stutzman et al. 2010). In fact 
these silica-based amorphous phases can be studied with detailed simulations using the techniques 
developed throughout decades of glass research. These simulations conducted at atomic scale can 
provide critical information, which is difficult to obtain with experimental instruments otherwise, as 
well as valuable guidance to further catalyze the utilization of fly ash as SCM. 
To this end, molecular dynamics (MD) simulations of calcium aluminosilicate (CAS) glasses has been 
conducted. By simulating two significantly different calcium concentrations, it is our aim to provide 
fundamental descriptions of the atomic structures of the amorphous phases typical to the ones in class 
C and class F fly ash, with the focus on the effect of calcium concentration on the connectivity and 
polymerization of aluminosilicate network. ReaxFF, a reactive force field that can simulate dynamic 
bond forming and breaking, has been utilized to investigate the reactivity during hydration. The results 
will extend the understanding of the effect of calcium content on fly ash properties for SCM 
applications, as well as establishing the methodology for future studies of other components in fly ash, 
such as iron. 
2. Simulation Method 
The bulk CAS structures are simulated with a classical potential set developed by Jakse (Bouhadja, 
Jakse et al. 2013). The reliability of which has been systematically examined and proven for CAS 
glasses (Bauchy 2014). To understand the effects of calcium on the amorphous structure of fly ash, 
two extreme cases of the composition have been selected. (CaO)0.02(Al2O3)0.34(SiO2)0.64 and 
(CaO)0.30(Al2O3)0.20(SiO2)0.50, represent the class F and class C, respectively. To produce the 
amorphous CAS structures, a randomly generated system consisting of around 3000 atoms is melted at 
4000K for 200 ps, and cooled down to 300K with a cooling rate of 1K/ps. This process has been 
widely used for generating realistic glass structures with various compositions, including CAS glasses. 



 

Despite a cooling rate that is considerably higher than the general experimental values, our previous 
experiences have shown that the effect from it is usually limited and predictable. After cooling to 
300K, the structure is further equilibrated for 200 ps. NPT ensemble has been used throughout the 
entire process with zero pressure. After the glass structure is obtained, a statistical averaging of 
various structural properties is performed by extending the simulation in the NVT ensemble for 50 ps. 
After the bulk structure is obtained, a surface is then created by cleaving the structure, and interactions 
between the top and bottom surfaces is prevented by inserting a large enough vacuum gap. The surface 
is equilibrated for 300 ps using a NVT ensemble before structural data are collected and analyzed. 
The next step is to simulate the surface hydration. Classical interatomic potentials are not suitable for 
investigating the chemical reaction of CAS glasses with water during hydration, as they usually do not 
display bonds breakings/formations at low temperature (300K). To address this issue, the ReaxFF 
force field is used, which is developed by van Duin et al. (Chenoweth, van Duin et al. 2008). This 
force field, which is a recent and desirable alternative besides the limited classical MD and the 
computationally intensive ab initio MD, provides the capability of simulating chemical reaction with a 
reasonable computational cost. The simulation of chemical reaction is based on the bond order. During 
the simulation, bond orders are updated each iteration so that the dynamic interactions among atoms 
can be captured. The parameters in the force field are fitted and trained to both density functional 
theory calculations and experimental data. This force field has been successfully used to study a range 
of silica polymorphs, silica glasses, and calcium–silicate–hydrates (Fogarty, Aktulga et al. 2010, 
Narayanan, van Duin et al. 2012, Qomi, Bauchy et al. 2013). The surface structures for hydration 
simulation is created from the Jakse potential that are equilibrated at 300K with ReaxFF for 150 ps. 
Water molecules are then put to fill the vacuum. The simulation continues at 300K for 200 ps, for 
completion of the water and glass surfaces interaction. The structures at the interface between CAS 
and water are then examined in details. Note that, due to the limited system size, simulation of 
solutions with realistic ion concentration or pH is not conducted in this study. We instead focus on the 
effect of surface structure and composition, and deter the effect of pH to future investigations. 
All the MD simulations in this work are performed with the LAMMPS package (Plimpton 1995). A 
time step of 1 fs has been used for the simulations with Jakse potential, and 0.25 fs has been used for 
ReaxFF. The cutoff distance for Jakse potential is 8 Å, and the ReaxFF uses the inherent cutoffs 
developed with the potentials.  
3. Results 
3.2 Bulk structures 
To investigate further into the effect of the calcium content on the amorphous fly ash structure, various 
structural properties are calculated and examined on the two CAS composition cases. Pair distribution 
functions (PDF), computed for both compositions, are shown in Figure 1. The PDF is evaluated by 
counting the number density of atoms at increasing distances from a given atom. It reflects the 
structural ordering and can be deduced from and compared to X-ray or neutron diffraction data. Due to 
the lack of experimental data for the two compositions in our investigation, we include the 
experimental data from a CAS glass with a different composition of (CaO)0.30(Al2O3)0.10(SiO2)0.60 
(Ganster, Benoit et al. 2004). It is shown in Figure 1 that a reasonably good agreement is achieved 
between the simulation and the experiment. The intensity of the peaks is different, but with a 
predictable trend. For example, the first peak corresponds to the Si-O and Al-O distances. Since the 
Si-O bond is the most rigid in the CAS structure, a increasing in the Al-O population (experimental 
composition) or Ca network modifiers (class C) would lead to less concentrated distribution and thus 
lower peak intensity. The comparison between PDF of class F and class C suggests that the increase in 
the Ca concentration leads to higher level of amorphization, as indicated by the broaden peaks for 
class C. 



 

 
Figure 1 Computed total pair distribution function compared with neutron diffraction data for 

(CaO)0.30(Al2O3)0.10(SiO2)0.60 
We calculated the coordination numbers (CNs) for further structural investigation, using the neighbor 
cutoffs determined from the first minimum after the first peak in the PDFs for each cation-oxygen type. 
Results are shown in Tab. 1. For both compositions, Si atoms have rather consistent surrounding of 
four oxygen neighbors, which is expected for common silicate materials. Al and Ca atoms, however, 
exhibit certain level of sensitivity to the composition. Particularly, class C shows a significant increase 
in the Ca coordination number. This indicates higher percentage of non-bridging oxygens (NBOs, i.e., 
oxygen species that are connected to one silicon or aluminum atom only), and a more depolymerized 
glass network. 

Table 1 Coordination number of the cations 
Species Class F Class C 

Si 4.00 4.00 
Al 4.13 4.05 
Ca 4.69 5.81 

In fact, the percentage of NBOs, is significantly higher in class C than in class F as shown in Tab. 2. 
Class F has a minimal number of NBO and is, therefore, almost fully polymerized. With an ideal 
modeling of the glass structure, where all the Si and Al are four-coordinated, the number of NBO 
should follow the relationship described by NNBO=2NCa-NAl. In this ideal situation, class F 
composition is should have no NBO, and class C should only contain 10.4% NBO content. The 
exhibition of additional NBO content in class C fly ashes have been observed in previous experimental 
and simulation studies (Stebbins and Xu 1997, Stebbins and Oglesby 1999, Cormier, Ghaleb et al. 
2003, Ganster, Benoit et al. 2004, Bauchy 2014). Such a difference of polymerization is likely to 
affect hydration process. 

Table 2 Percentage of tricluster (TO), bridging (BO), non-bridging (NBO) species 
O species Class F Class C 

TO 31.3 3.8 
BO 68.6 83.1 

NBO 0.1 13.1 

The network polymerization can also be investigated by accounting for Qn species. A Qn specie is n 
number of bridging oxygen atoms surrounding a network former polyhedron. Hence, a pure silica 
network is made of Q4 tetrahedra connected to each other. Additional of network modifiers such as Ca 
or Na will create NBOs, thus inducing the appearance of Q3 or Q2 species. In the two CAS 
compositions studied here, both Si and Al are accounted as network formers. The calculated results are 
presented in Figure 2. Once again, the high Ca content in class C attenuates the degree of 



 

polymerization, which is indicated by the higher percentages of Q2 and Q3 species for both Al and Si 
atoms. It is important to point out that, Si contributes in a greater level for network depolymerization 
than Al atoms. In class C, 29.2% of Si atoms are in Q3 units, but this percentage is only 11.0% for Al. 
This suggests that both Al and Ca compositions control the level of depolymerization in amorphous 
fly ash. However, it should also be noted that the excessive presence of NBO, percentage of tricluster 
oxygen species (TO, i.e., 3-fold coordinated oxygen atoms), as well as increased Q2 and Q3 
concentration, are sensitive to the conditions of glass making process, for example the cooling rate. 
Therefore, amorphous fly ash obtained from different processes may have different structure and thus 
slightly different properties, an issue worth further investigations. 

 
                               (a) Qn species for Si                                                    (b) Qn species for Al          

Figure 2 Distribution of Qn species 
3.2. Surfaces structure 
To prepare for the simulation of hydration and examine the surface structure, surfaces are first 
simulated based on the bulk CAS structures. During creating process of the surface by cleaving the 
bulk, many structural defects are generated. These defects include under-coordinated Al and Si 
(coordination number less than four) and dangling O atoms, i.e., 1-fold coordinated oxygen atoms. 
Figure 3 presents the concentrations of these defects during the surface structure equilibrium process. 
All of them exhibit a rapid decrease in quantity during the initial structural relaxation. Major part of 
the initial dangling oxygen atoms are re-incorporated into the bulk structure, which is accompanied by 
the decreasing in the under-coordinated Si and Al atoms. This usually induces the edge-sharing Si/Al 
tetrahedra formation. Comparing the two compositions, class F retains a higher concentration of the 
structural defects, as suggested by the remaining amount of under-coordinated Si and Al. In the bulk 
structure, the lack of Ca network modifiers, thus a more rigid structure in the class F composition 
results in higher polymerization, which impede the surface from self-organizing into a lower state of 
energy. Similarly, the surface of the class F CAS also shows a lower degree of self-reconstruction. 

 
        (a) Under-coordinated Si atoms        (b) Under-coordinated Al atoms                (c) Dangling O atoms 

Figure 3 Concentrations of the structural defects during surface equilibration 
The surface energies after equilibrium process are calculated as 0.61 J/m2 for class C and 0.85 J/m2 for 
class F. Despite the lack of experimental values for both compositions under investigation, the 
calculated surface energies are within a acceptable range of measured silica surface energy around 



 

0.3~0.5 J/m2 (Mizele, Dandurand et al. 1985). In fact the difficulties in accurate surface energy 
measurement and the tendency for significant overestimation in simulations both contribute to the 
slight deviation (Cabriolu and Ballone 2010). However, on a different note, the surface simulations 
show an increased Ca content can significantly reduce the surface energy, which could result in 
different particle size and geometry in a real fly ash. 
3.3. Reactivity with water 
Using the ReaxFF, investigation of the hydration of the CAS surfaces is made possible. An example of 
the simulated configurations is shown in Figure 4. Unlike the traditional classical potentials, ReaxFF 
simulates dynamic bond breaking and forming process, therefore the presence of hydrated species 
such as silanol (Si-OH) groups as a result. In fact the formation of such hydroxyl groups can be 
viewed as an indicator of the reactivity with water, and have been reported to correlate with 
hydrophilicity or hydrophobicity (Hassanali, Zhang et al. 2010, Trouvé, Batonneau-Gener et al. 2012). 
We studied the formation of these surface OH groups during the simulation by tracking their 
concentration which is plotted versus time in Figure 5. In the end of the simulation, the OH density on 
the class F and class C are 5.97 and 6.36 nm-2 respectively, which are slightly higher compared to the 
experimental values between 4.3~5.2 nm-2 for pure glassy silica (Papirer 2000, Zhuravlev 2000). The 
class C surface has 12% more OH groups than the class F surface at the end. This is a indication that 
the class C CAS can be hydrated more easily than the class F, which is in agreement with the higher 
hydrophilicity and self-cementing tendency of the class C fly ash. 

  

 
Figure 4 Simulation configuration of the hydrated CAS surface 

A more detail study into the simulation reveals that several stages are involved during the hydration 
process. Upon the CAS surface being in contact with water molecules, under-coordinated Si atoms are 
almost immediately hydrated, which forms silanol groups. Hydronium ions (H3O+) are created in the 
water along with the formed silanol groups. Additional silanol groups are formed as a result from 
protons on the hydronium ions hopping onto nearby water molecules and react with dangling O atoms. 
These two stages happen rapidly, leading to a significant increase in the OH surface density at the 
beginning of the simulation. As discussed earlier, class F surface contains a larger amount of structural 
defects; as a result class F surface has a higher OH density during the initial stage of simulation. The 
hydration process can advance further by modifying the CAS network, e.g., opening of the Si/Al-O-
Si/Al bonds. However, such processes are observed mainly in class C, which results in a higher OH 
surface density on the class C surface at the end of the simulation. Network rigidity reduction due to 
higher Ca content causes the structure to be more open to modifications in different chemical 
environments and, therefore, results in class C surface’s higher reactivity. Indeed, hydration of fly ash 
in cement usually proceeds in alkaline environment. More detailed study into such processes would be 
beneficial for better understanding the cementitious property of fly ash, and will be conducted in the 
future. 



 

 
Figure 5 Surface density of the OH groups during the equilibration in water 

4. Summary 
Molecular dynamics simulations have been carried out to study the structure and reactivity of 
amorphous calcium aluminosilicate, the main phase in fly ash. With a focus on the effect from calcium 
content, two sample compositions for class F and class C fly ash are simulated. The amorphous 
structures are generated by melting and cooling with a reliable classical potential set. The structural 
analysis of the compositions shows that higher calcium content is linked to considerable increases in 
the calcium coordination number and the concentration of non-bridging oxygen atoms. Moreover, the 
glass network in class C fly ash is substantially depolymerized and shows a lower overall rigidity as a 
result from the high calcium content. The effect of calcium content can also be observed on the surface 
structure. High calcium composition decreases the amount of structural defects on the surface by 
increases the ability of surface reconstruction, which in turn, lowers the surface energy. 
The reactivity with water is then investigated with ReaxFF for the two compositions. Class F hydrates 
slightly faster during the initial contact with water due to its higher surface defect concentration, the 
stronger atomic structure rigidity impedes opening the glass network during further hydration. Overall, 
the high calcium content in class C amorphous fly ash reduces the network rigidity, which allows 
surface reconstructions in different chemical environments, therefore improves the water reactivity. 
It must be noted that, although two compositions are selected to represent the two classes of fly ash, 
the ASTM classification is not a guarantee of unambiguous composition. Insights into a wider range of 
calcium composition, as well as other elements, such as iron can also be gained in future studies with 
the simulation technique presented here. 
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Abstract  
This paper gives a review over methods to determine the degree of reaction for supplementary 
cementitious materials (SCMs) with focus on Portland cement - fly ash blends only and summarizes 
and highlights the most important findings which are detailed in a parallel paper published in 
Materials and Structures. 
Determination of the extent of the reaction of SCMs in mixtures is complicated for several reasons: (1) 
the physical presence of SCMs affects the rate and extent of the reaction of the ground clinker 
component – the so called “filler effect”; (2) SCMs are usually amorphous with complex and varied 
mineralogy which make them difficult to quantify by many classical techniques such as X-ray 
diffraction; (3) the rate of reaction of SCMs in a cement blend may be quite different from its rate of 
reaction in systems containing simply alkali or lime. 
From this review it is clear that measuring the degree of reaction of SCMs remains challenging. 
Nevertheless progress has been made in recent years to offer alternatives to the traditional selective 
dissolution methods. Unfortunately some of these – image analysis and EDS mapping in the scanning 
electron microscope, and NMR - depend on access to expensive equipment and are time consuming.  
With regard to fly ashes, NMR seems to be reliable but limited to fly ash with low iron content. New 
methods with quantitative EDS mapping to segment fly ash particles from the hydrated matrix and to 
follow the reaction of glass groups of disparate composition separately look very promising, but time 
consuming. Sources with a high proportion of fine particles will have higher errors due to lower limit 
of resolution (1-2 μm). Whereas for SCMs which react relatively fast (e.g. slag, calcined clay) the 
methods based on calorimetry and chemical shrinkage seem promising on a comparative basis, the 
very low reaction degree of fly ashes before 28 days means that the calorimetry method is not practical. 
There is a lack of data to assess the usefulness of long term chemical shrinkage measurements. The 
possibility to quantify the amorphous phase by XRD is promising as this is a widely available and 
rapid technique which can at the same time give a wealth of additional information on the phases 
formed. However, the different reaction rates of different glasses in compositionally heterogeneous fly 
ashes will need to be accounted for and may strongly reduce the accuracy of the profile decomposition 
method. 
This paper is the work of working group 2 of the RILEM TC 238-SCM “Hydration and microstructure 
of concrete with supplementary cementitious materials”. 
 
Originality 
Systematic studies comparing different methods to determine reaction degrees of SCMs are absent in 
literature. This paper discusses the different techniques, how they operate and the advantages and 
limitations along with more details related to the application on fly ash. Perspectives for future work 
are also provided. 
 
Keywords: supplementary cementitious material; reaction degree; fly ash; quantitative analysis; filler 
effect 
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1. Introduction 
The different methods which have been used to assess the degree of reaction of various SCMs 
can be broadly categorized into direct methods which aim to quantify the amount of unreacted 
SCM remaining (and thereby the amount reacted), and indirect methods which quantify other 
phases in the microstructure (e.g. Portlandite, bound water) and thereby back-calculate the 
degree of reaction of the SCM based on hypotheses about the reaction products of the SCMs.  
The direct methods include selective dissolution, Back Scatter Electron (BSE) image analysis, 
Nuclear Magnetic Resonance (NMR) and X-Ray Diffraction (XRD) in combination with 
special Rietveld refinement techniques (PONKCS - Partial or No Known Crystal Structure). 
Indirect methods include thermogravimetric methods, calorimetry, and chemical shrinkage. 
The accuracy of indirect methods depends on the accuracy of the hypotheses about hydration, 
but they will also usually contain a systematic error if they fail to take into account the filler 
effect. The filler effect has two components: (1) The substitution of clinker by an SCM at the 
same water to binder ratio implies a dilution effect and a higher effective water to cement 
ratio. As there are fewer clinker grains, there is relatively more space for formation of the 
clinker hydrates and therefore the degree of reaction of the clinker component will be 
significantly higher than in the unsubstituted material; (2) The surfaces of the SCM may act 
as nucleation sites for hydrates. This effect is relatively minor for SCMs with a similar 
particle size distribution to that of Portland cement, but it can be important for fine materials 
such as silica fume. A correction may be made for the filler effect if comparison is made with 
a mixture in which the same substitution of the clinker component is made with quartz filler, 
although even here errors may arise because of differences in particle size distribution 
between quartz and the SCM studied, use of impure quartz with some reactive component, or 
hydration at temperatures in excess of 80°C where quartz becomes thermally reactive (Taylor, 
1977). 
This paper is the work of working group 2 of the RILEM TC 238-SCM “Hydration and 
microstructure of concrete with supplementary cementitious materials”. For a full overview of 
methods to determine degree of reaction of various SCMs, including slag, fly ash, silica fume, 
and general principles for metakaolin, calcined clay, natural pozzolans, and limestone, 
reference is made to Scrivener et al. (2015). The current overview is part of the former study 
and provides a summary for blends with fly ash only. 
 
2. Direct methods 
2.1. Selective dissolution 
This is the oldest and most widely used method developed to measure the reaction of SCMs. 
The intention of such methods is that the unreacted clinker phases and the hydrates from the 
clinker and SCMs are dissolved, leaving only the unreacted SCM as a residue. Methods have 
mainly been developed for fly ash and slag. However, errors may be introduced if significant 
amounts of clinker and hydrate phases remain after dissolution, as was shown in studies of 
residues by X-ray diffraction and SEM (Luke and Glasser, 1987; Ben Haha et al., 2010; 
Gruskovnjak et al., 2011).  
2.1.1. Salicylic acid methods for fly ash 
As a solvent, 5 g salicylic acid and 4.2 ml hydrochloric acid is applied, diluted to 100 ml with 
methanol (DIN 2007). Tests on hardened cement paste without fly ash demonstrated that 
C-S-H, remaining clinker and blast furnace slag are almost completely dissolved. The sulfate 
bearing phases like ettringite or monosulfate are also dissolved, but then reprecipitate as 
gypsum. Therefore, correction for sulfates is necessary (Vollpracht and Brameshuber, 2010).  
2.1.2. Picric acid methods for fly ash  
Another method that can potentially work well with fly ashes is based on picric acid. 
However, some compounds and reaction products of picric acid can pose a severe explosion 
hazard. Ohsawa et al. (1985) considered the technique with picric acid-methanol and water 
the best compromise between dissolving the hydration product enough, but not too much of 
the fly ash. Baert (2009) subjected different types of cement and fly ash separately to the 



 

selective dissolution and observed that the solution dissolved more than 90% of the Portland 
cement and typically 6-13% of the fly ashes.  
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 1 shows the results obtained by Baert (2009) for the reaction of fly ash in a paste with 
fly ash / binder ratio 0.50 and water/binder ratio 0.40. The fly ash reaction seems to become 
significant from 14 days onwards. At 28 days the measured reaction degree of fly ash is lower 
than that determined at 14 days, which indicates accuracy problems related to the selective 
dissolution. After 2 years, the measured reaction degree fly ash was 28%. The calcium 
hydroxide consumed by the fly ash, calculated based on TGA measurements (see 6.1.2), is 
also plotted versus time in figure 1. For C/S = 1.7 a value of 0.7 would be expected. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Reaction degree of fly ash in paste with 50% OPC, 50% fly ash and water-to-binder ratio of 
0.40; corresponding consumption of calcium hydroxide determined by TGA. Based on Baert (2009).  

 
2.1.2. Comparison of selective extraction methods 
Ideally an extraction method should completely dissolve the anhydrous Portland cement and 
the hydrates, while the unreacted SCM should not dissolve at all. In a study of Ben Haha et al. 
(2010) it was observed that picric acid, and EDTA with NaOH or with DEA dissolved virtually 
all of the Portland cement, but also dissolved a considerable part (10-20 wt%) of the fly ash. 
In contrast, the salicylic acid method left a large fraction of the Portland cement undissolved. 
Table 1 illustrates that for a higher dissolution degree for the raw fly ash (lower mass of the 
residue), a higher range between the minimum and maximum reaction degrees is obtained. 
This implies that one procedure may be more accurate than another in accordance with the 
composition of the fly ash. When using the salicylic acid + HCl method, a high-calcium fly 
ash (20.7 % CaO content) showed a residue of 79%, in contrast with a residue of 98% for a 
low-calcium fly ash (0.06% CaO), making the first less suitable than the second to be studied 
with this selective dissolution method (Villagran, 2015 – unpublished results).    
 
Table 1: Results of selective dissolution: mass of the residue as % of the initial mass, and degree of fly 

ash reaction for a mix with 80% OPC and 20% fly ash after 3 months. Min: corrected for initial 
reaction of the fly ash; max: uncorrected. From Ben Haha et al. (2010). 



 

method picric acid  EDTA 
NaOH 

EDTA DEA salicylic acid salicylic acid 
+ HCl 

Time 40 min 1 h 2 h 3 h 30 min 
cement  1.7 2.2 1.9 36.6 10.0 
fly ash  82.5 92.2 90.7 96.9 93.4 
fly ash reaction 
minimum 32 15 20 3 17 
fly ash reaction 
maximum 43 21 27 4 21 
 
Ben Haha et al. (2010) also compared the reaction degree of fly ash in blended cement 
determined by selective dissolution (using EDTA NaOH) and by image analysis (IA). At early 
ages it seems appropriate to correct the selective dissolution results for the amount of fly ash 
dissolved during the test. At later ages the reactive and/or very small particles originally 
present in the fly ash will have reacted completely, such that this correction is no longer 
needed. The percentage of reacted fly ash determined by selective dissolution was generally 
lower than the values obtained by image analysis. This could be due to a significant amount 
of hydrates remaining in the residue of selective dissolution, but also to inaccuracy of the 
image analysis due to the heterogeneity and the small particle size of the fly ash (small 
particles are not detected and therefore counted as reacted).  
 
3. BSE image analysis 
Backscattered electron images of polished sections, obtained in an SEM, allow many features 
of the microstructure to be identified and quantified according to their brightness, which 
depends on their average atomic number. Several studies have shown that the amount of 
unreacted cement measured in this way corresponds well to the other independent measures 
of degree of hydration, for example X-ray diffraction with Rietveld analysis (Scrivener et al., 
1987; Scrivener et al., 2004). Sources with a high proportion of fine particles will have higher 
errors due to lower limit of resolution (1-2 μm). 
The number of images needed to achieve a reasonably accurate measurement (say +/- 5%) 
may vary between 10-20 and 100-200 depending on the nature of the SCM, the replacement 
level, the magnification of the images and the heterogeneity of the sample. Due to the 
heterogeneous composition of fly ash, it contains phases with many and varied grey levels, 
with overlap with hydrates or clinker phases. Nevertheless, in the samples studied by Ben 
Haha et al. (2010) and Deschner et al. (2013) it was possible to identify a peak in the 
histogram of the samples that could be attributed to the major part of unreacted fly ash (FA in 
Figure 2). Additionally, the histogram shows peaks correlating to porosity, hydrate phases, 
clinker and high iron content components of the fly ash.  
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Figure 2: Representative histogram of BSE images of Portland-fly ash blend after 28 days of hydration. 

From Deschner et al. (2013). 
 
A combination of grey level thresholding and different morphological filters can be applied to 
distinguish between the unreacted fly ash and the hydrated phases, as described in more detail 



 

in Ben Haha et al. (2010) and Deschner et al. (2013). Recently Durdzinski et al. (2015) 
proposed a new method to analyse fly ash in blended materials based on full chemical 
mapping. Frequency determination of the main components SiO2, Al2O3, and CaO enables 
different categories of glass to be identified, and each category can then be mapped back onto 
the BSE image or further analysed for minor elements (e.g. Na2O, K2O, MgO). This method 
can then be used to assess the degree of hydration for each of the different categories.  
To summarise, the BSE image analysis method is in general not recommended for fly ash 
blends. Nevertheless, new methods with quantitative EDS mapping look very promising, but 
time consuming.  
 
4. NMR 
Solid-state magic-angle-spinning (MAS) NMR spectroscopy has been used to follow the 
hydration of the Portland cement along with reaction of SCMs in Portland cement-SCM 
blends. In addition to degrees of reaction, valuable information on the structure of the C-S-H 
phase and how this is affected by SCMs in hydrated Portland cement-SCM blends can be 
derived from the NMR spectra (Skibsted et al., 2007). The technique has been used to follow 
the reactivity of a range of SCMs in hydrated cement blends, including silica fume, slags, fly 
ashes, natural pozzolans, glasses, metakaolin and other calcined clays. 
NMR studies of the degree of clinker and SCM reaction in cement blends have almost 

exclusively used either 29Si or 27Al as structural NMR-spin probes. A critical factor for all 

NMR experiments is the content of paramagnetic ions in the material. In 29Si MAS NMR of 

Portland cements it was found that quantitative results can be achieved for cements with a 

Fe2O3 content below 5 wt.% Fe2O3 (Poulsen et al., 2009). This implies that NMR is limited to 

fly ashes with low iron contents. Spectral deconvolution approaches are needed to extract 

information on the degree of SCM reactions ( 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2). These should give reasonable results if the heterogeneity of the glass composition is 
not too high.  
 
  

 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 

Figure 2: 29Si MAS NMR spectra (9.4 T, R = 12.0 kHz) of cement (WPC) – SCM pastes after 28 days 
of hydration. (a) Pure WPC, (b) 90 wt% WPC + 10 wt.% silca fume, (c) 70 wt% WPC + 30 wt% 

low-iron fly ash, (d) 70 wt% WPC + 30 wt% natural pozzolan, (e) 60 wt% WPC + 40 wt% slag S1, and 
(f) 60 wt% WPC + 40 wt% slag S2. From Poulsen et al. (2009). 

 
5. XRD 
The conventional view of the use of quantitative diffraction methods in the study of hydrated 
cements is that XRD coupled with Rietveld analysis can only be used satisfactorily to 
quantify crystalline phases, or the total amount of amorphous materials if an internal or 
external standard is used. This approach is not very useful in cementitious blends where both 
the main hydrate, C-S-H and the SCMs are amorphous.  
New approaches combine a profile summation method with the Rietveld method using the 
PONKCS (Partial Or No Known Crystal Structure) approach (Scarlett and Madsen, 2006). 
This method takes into account the contribution of a phase that has no or no fully known 
crystal structure by the assignment of a “phase constant” relating the diffraction signal of the 
phase to its content. In case of SCMs this requires a separate scan of the SCM component for 
calibration of the technique. In mixes in which the SCMs were the sole unknown/amorphous 
components combined with a number of crystalline phases, excellent precision (around 1 
wt.%) and accuracy (2-3 wt.%) of the SCM quantification results can be obtained (Snellings 
et al., 2014). However, the sensitivity and detection limits inherent to the XRD technique 
constrain the field of application to the study of blended cements with replacement levels 
higher than 10%.  
A particular difficulty in hydrated blended cements is the simultaneous presence of an 
amorphous SCM and the C-S-H phase. The C-S-H contribution will partially (e.g. metakaolin) 
or entirely (e.g. blast furnace slag) overlap with the SCM signal, making the appropriate 
choice and calibration of a fingerprint model for the C-S-H contribution essential in obtaining 
accurate quantification. For blends of Portland cement and fly ash, the PONKCS method has 
not been tried yet. However, the overlaps in the peak pattern of fly ash and C-S-H are 
relatively limited in some cases, and a relatively good accuracy may be expected.  
In Figure 4, an example of the application of the PONKCS method to a hydrated 30% fly ash 
blended cement paste is shown. The phase constants of both the fly ash and C-S-H were 
determined from the unreacted SCM and a quartz blended mixture with 90 days of hydration 
(higher hydration degrees would be preferred to reduce the amount of alite in the reference 
sample to the minimum), respectively. This approach may not always be successful as the 
signals for fly ash and C-S-H overlap and the fitting of the model may be extremely sensitive 
to small inaccuracies in the determination of the phase constants. Also, a constant reaction 
degree is assumed over all phases from the fly ash. Moreover, it is quite possible that the 
'phase constants' and the parameters diffraction signals for unblended and blended cement 
pastes are different due to C-A-S-H formation that the fly ash may cause depending on its 
composition.  
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Figure 4: XRD patterns of fly ash blended cement paste (90 days of hydration), and decomposition in 
amorphous and crystalline phases. (Back: background; AmF1: amorphous fly ash;  

Obs: observed pattern). 
 
The advantages of the PONKCS method are the widespread availability of XRD equipment 
and the potential general applicability to all SCMs. Using fairly modern equipment with fast 
detectors, data acquisition times are less than one hour. Furthermore, the method can be 
implemented easily into existing software packages for Rietveld analysis. 
 
6. Indirect methods 
Indirect methods rely on measuring the quantity of hydrates formed and then calculating the 
amount of SCM reacted based on hypotheses about the hydration reactions. There are several 
aspects which make such methods complicated and sometimes inaccurate: (1) It is usually 
necessary to measure or assume a degree of reaction of the clinker phases. This must take into 
account the acceleration of the reaction of these phases due to the filler effect; (2) A 
stoichiometry for the reaction of the SCM must be assumed. It is often assumed simplistically 
that the pozzolanic reaction is simply between calcium hydroxide and the silicate component 
of the SCM. However, the SCMs may also contain alumina which enters the hydrates, which 
must be taken into account in the calculations. (3) There is a significant change in the 
composition of the C-S-H phase between pure Portland cements and blended pastes. As this 
phase typically constitutes around half of the final volume of a paste, small errors in the 
assumed composition of C-S-H will have a very large impact on the assessment of the degree 
of hydration. Despite these complications, estimates of the degree of hydration can be 
obtained by combining information about the different phases in mass/volume balance or 
thermodynamic modelling approaches.  
6.1 . Thermogravimetic Methods 
Many studies try to assess the degree of reaction of SCM from simple measurements of either 
bound water or calcium hydroxide. If acceleration of hydration of clinker phases and change 
in composition of C-S-H are taken into account, this is probably one of the least bad methods. 
6.1.1. Bound water 
The most widely used technique to assess the degree of reaction of plain Portland cements is 
evaluation of the bound water content based on the weight loss of samples between typically 
105°C and 1000°C. The average values of bound water per gram of reacted material are 
similar for different Portland cements and amount to 0.23-0.25 g/g ignited sample (Copeland 
and Kantro, 1960; Pane and Hansen, 2005). However, when SCMs are used it is complicated 



 

to separate the bound water due to reaction of the SCM from that due to the reaction of the 
clinker. Nonetheless, results of Portland and blended cements can be compared as an 
indication of differences in hydration process between the two types of binder.  
The mass loss assumed to come from the chemically bound water (wb) of the CH, C-S-H and 

proportion of bound water at time t  

Figure  ettringite; 

 
.1.2. Portlandite consumption 

actions of fly ash or silica fume can be followed via the 

other hydrates should be corrected for the mass loss due to decarbonation (around 650°C). An 
example of a TG and DTG analysis for a fly ash cement paste after 90 days of hydration is 
shown in Figure 5. Here, peaks for mass loss due to dehydration of ettringite (E), 
monosulphate (AFm) and portlandite (CH) are identified. 
Pane and Hansen (2005) proposed a method based on the 
relative to the bound water at infinite time. Based on these principles, Gruyaert (2011) 
calculated the overall degree of reaction of Portland pastes and pastes with slag-to-binder 
ratios of 0.5 and 0.85. While the ultimate bound water content for pastes with a slag-to-binder 
ratio of 50% was similar as the bound water in Portland paste, a sharp decline was recorded 
for pastes with a slag-to-binder ratio of 0.85. It is clear that the “ultimate” reaction degree in 
these expressions is in fact the maximum possible reaction for the binders in the given 
combination, which by no means implies that each binder has fully reacted. Furthermore, the 
degree of reaction calculated does not distinguish between the reaction of the SCM and 
clinker component.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5: TG and DTG analysis of 30% fly ash cement paste after 90 days of hydration. E:
AFm: monosulphate; CH: portlandite. 

6
Alternatively, the pozzolanic re
decrease of the amount of portlandite in the mixture (e.g. Cheng-yi and Feldman, 1985; Pane 
and Hansen, 2005). This method is well suited to assess on a comparative basis the increasing 
reaction of the SCM with time. Nevertheless, as the degree of reaction of the SCM is 
calculated from a relatively small measured difference in the portlandite content, a 
measurement error of ±2g/100g can lead to a relative error of ±50% in the degree of SCM 
reaction obtained. The experimental determination of portlandite by TGA or XRD often also 
deviate systematically as recently shown by De Schepper et al. (2014). In Figure 6, a 
comparison between the amount of portlandite in blended cement pastes determined by TGA 
and XRD/Rietveld analysis is shown. Here, the correlation is a little higher than the one 
shown in (De Schepper et al. 2014), but still in favor of a lower amount from the TGA method 
with tangential computation. 
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Figure 6: Portlandite contents in blended cement pastes determined by thermogravimetric analysis 
(TGA) and XRD/Rietveld analysis 

 
Also, the reliability of quantitative determinations of the fraction of SCM reacted are 
questionable as the reaction of the clinker might be accelerated and enhanced due to the filler 
effect. Changes in C-S-H composition are another major source of error. Also, the formation 
of other phases, e.g. hemicarbonate or strätlingite, can strongly affect the portlandite 
consumption.  
Figure 7 illustrates how the increase in hydration degree obtained from the bound water in fly 
ash cement pastes does not correspond with the evolution of the portlandite content. Here, 
data from 30% fly ash cement pastes with hydration degrees corresponding to 1; 7; 28 and 90 
days of curing are presented. There is an initial increase in the portlandite content and bound 
water during the first days up to 7 days, but for 28 days the ratio CH/bound water decreases 
and for 90 days it is even lower than the initial ratio. From these differences, the reaction 
degree of the fly ash can be derived. 
A direct calculation of the amount of silica and/or alumina provided by the reaction of an 
SCM can be calculated from the portlandite consumption, based on the stoichiometry of the 
pozzolanic reaction, as generalised in equation (1):  
 

    (1) 
 
where X stands for a mono- or divalent anion group that can be incorporated into the AFm 
structure, i.e. sulfate, carbonate, hydroxide, chloride. Here it is necessary to know the alumina 
to silica ratio in the reacting SCM (x and y) and the composition of the C-S-H formed (z). The 
uptake of alumina in the C-S-H is ignored in equation 4 for the sake of clarity but may also be 
taken into account. The presence of an SCM leads to a decrease of the Ca/Si ratio of the 
C-S-H even if portlandite is still present (e.g. Lothenbach et al., 2011; Antoni et al., 2012; 
Deschner et al., 2012). This indicates that some calcium participating in the reaction of the 
SCM comes from the C-S-H, and this will result in a serious underestimation of the degree of 
reaction of the SCM if only the total CH consumption is considered.  
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 

Figure 7: Evolution of portlandite content in function of the bound water content in two 30% fly ash 
cement pastes with increasing hydration degrees from 1 to 90 days. 

 
6.1.3. Calorimetry and Chemical Shrinkage 
The overall measurement of the reaction by calorimetry or chemical shrinkage lies 
somewhere between the direct and indirect approaches. The basis of both methodologies is to 
compare the hydration of blended cement containing ground clinker (plus calcium sulfate) 
plus SCM with that of the same Portland cement component (i.e. ground clinker plus calcium 
sulfate) with the SCM replaced by an inert filler, usually quartz of similar particle size. 
Gruyaert (2011) compared the calorimetric curves of blends containing slag with those of 
plain Portland cement mixes, normalised by the Portland cement content. They suggested the 
use of a fitting factor to bring the early reaction parts into alignment to account for the filler 
effect. The degree of reaction of a rapidly reacting SCM such as slag, metakaolin or silica 
fume can certainly be assessed, at least in a comparative manner, by this method. However, 
more slowly reacting SCMs such as fly ash do not give a large enough heat output up to 28 
days for this measurement to be used.  
Chemical shrinkage should be a more accurate method to measure reactions over longer time 
scales, as the output of this method is directly the cumulative value rather than a rate. 
Nevertheless there are many experimental difficulties related to obtaining accurate 
measurements for chemical shrinkage – including sample thickness, temperature stability, and 
leakages (Costoya 2008). The method based on Geiker (1983) is standardised as ASTM 
C1608. A small amount of paste is placed at the bottom of a small bottle, which is then 
completely filled with water. The bottle is stoppered with a pipette through the stopper, and 
water is added into the pipette. The assemblage is then placed in a thermostatic bath. As the 
paste hydrates and the overall volume decreases, water is drawn into the paste and the level in 
the pipette descends. Some coloured oil placed on top of the water in the pipette allows to 
easily follow the drop in water level. As with calorimetry, the main difficulty of the chemical 
shrinkage methods is related to the calibration, i.e. how to relate the extra chemical shrinkage 
to the degree of reaction. The exact stoichiometry and specific volumes of the hydrates 
formed, particularly C-S-H, are not well known. Specifically to assess the reaction degree of 
blends with fly ash, there is a lack of data to assess the usefulness of long term chemical 
shrinkage measurements and more work is needed here. 
 
7. Conclusions 
Measuring the degree of reaction of SCMs remains challenging. The traditional selective 
dissolution methods do not fulfil the prerequisites that the anhydrous Portland cement and the 
hydrates are completely dissolved, while the unreacted SCM should not dissolve at all. It 
should be checked on pure phases separately for re-precipitation. The picric acid method and 
the EDTA NaOH extraction would provide the best results, but the use of picric acid is not 
recommended due to its hazardous nature. The method can work better in “pure” systems, e.g. 
alkali activated or supersulfated slags when no clinker is present. The estimated accuracy is 
around 10% at best.  
Alternative methods have been developed, but unfortunately some of these, such as image 
analysis and EDS mapping in the SEM and NMR, depend on access to expensive equipment 
and are time consuming. With regard to fly ashes, image analysis is very difficult. Due to the 
heterogeneous composition of fly ash, it contains phases with many and varied grey levels, 
which overlap with hydrates or clinker phases. Furthermore, an error will arise since small 
particles (< 2 µm) are not detected due to the resolution limit. New methods with quantitative 
EDS mapping to segment fly ash particles from the hydrated matrix and to follow the reaction 
of glass groups of disparate composition separately look very promising, but time consuming. 
NMR seems to be reliable but limited to fly ash with low iron content.  
The possibility to quantify the amorphous phase by XRD is promising as this is a widely 



 

available and rapid technique which can at the same time give a wealth of additional 
information on the phases formed. However, the different reaction rates of different glasses in 
compositionally heterogeneous fly ashes will need to be accounted for and may strongly 
reduce the accuracy of the profile decomposition method. 
Whereas for SCMs which react relatively fast (e.g. slag, calcined clay) the methods based on 
calorimetry and chemical shrinkage seem promising on a comparative basis, the very low 
reaction degree of fly ashes before 28 days means that the calorimetry method is not practical. 
There is a lack of data to assess the usefulness of long term chemical shrinkage 
measurements.  
It is important to realise that all methods have an intrinsic uncertainty and a proper 
consideration of this is essential. The best estimate of likely errors is to make separate 
measurements on different, but nominally similar samples (same composition, curing time 
etc.). To address this point the WG2 of the RILEM TC 238-SCM has launched a round-robin 
test where samples from the same mixes, made in the same laboratory will be measured with 
different techniques in different laboratories. It is hoped that this study will give a better idea 
of the comparative accuracy of the different techniques. 
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Abstract 
This paper investigates the feasibility of using low-grade calcined clays combined with limestone as clinker substitute. 
The influence of the grade of calcined clays on the pozzolanic reaction and the synergetic effect of calcined clay and 
limestone was first investigated. Evidence for this synergetic effect was provided by the extra-consumption of 
portlandite which increases with the calcined kaolinite content of calcined clays. The carboaluminate formation for 
blends containing calcined clays is also increased compared to quartz system.  
The factors affecting reactivity of calcined clay systems remain not well understood. Therefore, it was necessary to 
establish a compressive strength benchmark test for calcined-clay systems using a reference clinker and similar testing 
conditions for all systems. In spite of the variation in physical properties (fineness, specific surface) and calcination 
processes of the tested calcined clays, the strength development mostly depended on one overwhelming factor only: the 
calcined kaolinite content.  
Finally, to characterize the pozzolanic reactivity of different calcined clays more quickly, a new rapid, relevant and 
reliable (R3) testing method was developed. The R3 method uses isothermal calorimetry to evaluate clay reactivity in 
calcined clay-portlandite-limestone model systems. First series of tests were carried out at 20°C. Heat release at 6 days 
was found to be linearly correlated with the compressive strength results on mortar blends containing calcined clays 
and limestone. Second series of tests were run at 40°C, enabling to reduce the test duration from 6 to 1 day, while 
keeping good correlations with strength results.  
 
 
Originality 
A novel rapid, relevant and reliable (R3) test was developed to assess the pozzolanic activity of calcined clays. For this 
new test, the mix design was adjusted to simulate the alkali and sulfate contents of real blended cements. The 
portlandite to calcined clay ratio was adjusted in order not to run out of portlandite during hydration. Contrary to 
other testing methods lasting 7 or 14 days, the R3 test enables to get a good indication on the reactivity of calcined clays 
after only 1 day.  
 
Keywords: calcined clay; kaolinite; strength development; synergetic effect; reactivity test 
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1. Introduction 
Among the different kinds of Supplementary Cementitious Materials (SCMs), the use of calcined 
clays is a promising approach in order to decrease the economic and environmental costs of cement 
production. Kaolinitic clays are widely available and they show the highest pozzolanic potential after 
thermal activation between the different classes of clays (Fernandez R. et al., 2011). The calcination of 
kaolinite leads to the formation of the highly-reactive amorphous metakaolin phase, which then reacts 
during pozzolanic reaction to form C-A-S-H (Silva P.S.d. et al., 1990). To reach even higher clinker 
substitution levels, a coupled substitution with limestone can be used. The advantage of combining 
calcined clay and limestone is the enhancement of limestone reaction thanks to the aluminate provided 
by the metakaolin. This synergetic effect of calcined clay and limestone leads to the increase of the 
volume of hydrates formed. The feasibility of substituting half of cement by a combination of high-
grade calcined clay and limestone has been demonstrated (Antoni M. et al., 2012), but high-grade-
kaolinitic clays are too expensive to be massively used in cement production. Therefore, the influence 
of the grade of calcined clays on the pozzolanic reaction and on the synergetic effect was first 
investigated.  
Moreover, the reactivity of calcined clays was characterized through a benchmark test of the 
compressive strength of calcined-clay blends. Then, in order to get a quicker indication of the 
reactivity of calcined clays, a new rapid, relevant and reliable (R3) method was developed. This R3 test 
evaluates the pozzolanic reactivity by monitoring the heat release during the pozzolanic reaction in 
portlandite/calcined clay/limestone mixes. This test was applied to a wide range of calcined clays and 
results were correlated to compressive strength results of mortars.  
2. Experimental 
2.1. Materials 
Seven different kaolinitic clays from various places around the world were used in this work. Their 
kaolinite content was determined by Thermogravimetric Analysis (TGA) from the water loss during 
kaolinite dehydroxylation. Since some calcined clays were not received completely calcined, the 
calcined kaolinite content was defined as the difference of the kaolinite content before and after 
calcination, as shown in Equation 1.  
% calcined kaolinite = % kaolinite raw clay – % kaolinite calcined clay (1) 
Quartz system was used in order to simulate a calcined clay with 0% of calcined kaolinite. The 
physico-chemical properties of calcined clays are described in Table 1. The properties of clinker and 
limestone used for the paste phase assemblage study and the mortar compressive strength tests are also 
described.  

Table 1: Main characteristics and XRF compositions of calcined clays, clinker and limestone 
Origin of clays: NAm = North America; SAm= South America; SAs = South Asia; SeAs = Southeast Asia 

Calcined clay 1 2 3 4 5 6 7 8 

Origin of clay NAm SAs SAm SeAs NAm SAm SAs Quartz 
Clinker 

Lime-
stone

Calcined kaolinite (%) 95 79.4 66.2 50.8 38.9 35.0 17.0 0 - - 
D50 (µm) 5.1 5.3 4.0 10.9 8.5 23.5 5.9 11.2 8.4 7.2 

Specific surface (m2/g) 9.6 15.3 12.9 45.7 23.1 18.5 18.7 1.2 0.9 1.8 
 XRF Compositions (%) 

SiO2 52.0 51.8 50.8 44.9 54.7 67.6 68.4 99.8 19.3 0.1 
Al2O3 43.8 42.4 42.7 32.3 26.8 22.6 17.5 - 5.7 - 
Fe2O3 0.3 1.9 0.6 15.4 13.6 6.1 8.9 - 3.6 - 
CaO - 0.1 - 1.3 0.3 0.5 0.6 - 63.6 55.0 
MgO - 0.1 - 0.8 1.0 - 0.7 - 1.6 0.2 
SO3 0.1 - - 0.1 - - - - 3.2 - 

Na2O 0.3 0.1 - 0.4 - - 0.1 - 0.2 0.1 
K2O 0.1 0.1 0.1 0.2 0.4 0.3 2.3 0.1 1.2 - 



 

TiO2 1.5 2.4 1.8 2.4 1.1 1.5 0.8 - 0.3 - 
P2O5 0.2 0.1 0.1 0.4 - - 0.1 - 0.2 - 
MnO - - - 0.1 - - 0.1 - 0.1 - 

Others 0.1 0.2 0.2 0.2 - - 0.2 - 0.3 - 
LOI 1.5 1.0 3.6 1.7 1.9 1.4 0.5 0.1 0.8 42.6 

The different systems used for mortar and paste testing are summarized in Table 2. Plain PC system 
was used as reference. Two substitution levels were used: PPC30 refers to systems with 30% of 
clinker substitution by calcined clays and LC3-50 corresponds to systems containing 50% of clinker 
and a combination of 30% of calcined clay and 15% of limestone and 5% gypsum. Mortar bars were 
cast and tested mechanically according to EN 196-1 at 1, 3, 7, 28 and 90 days. For pastes, hydration 
was stopped at the same ages using isopropanol. Samples were then crushed and analyzed by TGA in 
order to determine the portlandite content and by X-Ray Diffraction (XRD) in order to characterize the 
carboaluminate formation for LC3-50 blends.  

Table 2. Composition of PC, PPC30 and LC3-50 systems 
 Clinker Calcined 

clay 
Limestone Gypsum 

PC 95 0 0 5 
PPC30 65 30 0 5 
LC3-50 50 30 15 5 

2.2. Experimental Process of R3 test 
For the R3 pozzolanic test, mixes containing portlandite and calcined clay were cast and the results of 
the tests were correlated to the strengths of PPC30 systems. Limestone was added to the mix for 
comparison with LC3-50 blends strengths. The calcined clay to limestone ratio was fixed to 2:1 for the 
R3 test. In order to reproduce similar reaction environment as in cement system, K2O and SO3 to 
calcined clay ratios were adjusted to 1/12 and 1/18 by mass, respectively. Moreover, the portlandite to 
calcined clay ratio was adjusted to 3/1 by mass in order not to run out of portlandite during the test. A 
water to solid ratio of 1.2 was used for all systems to ensure suitable workability and to provide excess 
water to the system for the reaction to keep occurring. The mix design was then applied to the 
different calcined clays, first at 20°C. Then, 40°C experiments were run in order get even quicker 
indication of calcined clay reactivity.  
For all experiments, about 110g of paste was mixed for 2 minutes at 1600 rpm. 15g of paste was then 
poured in glass ampoule, which was then sealed and placed inside the calorimeter. 
3. Results and Discussion 
3.1. Pozzolanic reaction and synergetic effect evidence 
The evolution of the content of portlandite normalized per gram of clinker is shown in Figure 1 for PC 
and for PPC30 and LC3-50 blends containing the different calcined clays. Quartz systems show higher 
amounts of portlandite than PC due to filler effect. For all calcined clay blends, portlandite is 
consumed during the pozzolanic reaction. This portlandite consumption for PPC30 blends increases 
with the grade of calcined clays. This is due to the increase of the amount of aluminates provided by 
metakaolin with the grade of calcined clays. Thus, the formation of C-A-S-H is expected to increase 
with the grade of calcined clays.  
Moreover, in addition to the pozzolanic reaction, LC3-50 blends benefit from the synergetic effect. 
One way to isolate this effect is to consider the portlandite extra-consumption between PPC30 and 
LC3-50 blends. This portlandite difference corresponds to the amount of portlandite which reacted 
with limestone and aluminate from metakaolin to form more carboaluminate hydrates. The difference 
of portlandite consumption is plotted at 28d of hydration for all calcined clay blends in Figure 2, and it 
shows the global increase of this portlandite consumption difference with the grade of calcined clays. 
Thus, the synergetic effect is enhanced with the grade of calcined clays. Figure 3 shows the XRD 
patterns at 28 days of hydration for all LC3-50 blends. Carboaluminate hydrates form for all blends, 
since they contain limestone. The formation of carboaluminate hydrates is the lowest for the system 
containing quartz, proving that calcined clays enhance this carboaluminate formation, thanks to the 



 

aluminate provided by metakaolin. However, the carboaluminate content does not continuously 
increase with the grade of calcined clays. 

 
Figure 1: Portlandite content determined by TGA for PC and calcined clay blends 

  
Figure 2: Difference of portlandite consumption between PPC30 and LC3-50 blends at 28 days 

 
Figure 3: XRD patterns of PC and LC3-50 blends at 28 days of hydration. Ett = Ettringite, Hc = 

Hemicarbonate, Mc = Monocarbonate, CH = Portlandite 
3.2. Strength results 
The mortar compressive strength results for PPC30 and LC3-50 are plotted as function of the calcined 
kaolinite content of calcined clay, as shown in Figure 4. Dotted horizontal lines indicate the PC 
strengths at the different ages. First, equivalent strengths to PC are obtained for blends containing only 
40% of calcined kaolinite from 7 days onwards. Thus, the use of low-grade clays still enables to get 
good results. Moreover, for each age, the strength linearly increases with the calcined kaolinite content 



 

of calcined clays. This demonstrates that the calcined kaolinite content is the dominant parameter 
determining the compressive strength results. Other parameters such as the other phases present in the 
calcined clays, the fineness and specific surfaces and the calcination processes play extremely minor 
role. Moreover, close strength values of PPC30 and LC3-50 blends are obtained, especially at late age. 
The decrease of clinker content for LC3-50 blends is thus compensated by the synergetic effect of 
calcined clay and limestone.  

 
Figure 4: Influence of the calcined kaolinite content on compressive strength results for PPC30 (left) and 

LC3-50 (right) blends. Dotted lines indicate the PC strengths  
3.3. R3 test results at 20°C 
The cumulative heat normalized per gram of solid is shown in Figure 5 for systems without and with 
limestone. The heat release globally increases with the calcined kaolinite content. The heat value at 6 
days was chosen for the correlation to strength results, since the reaction stabilizes at this age. Figure 6 
shows the correlations obtained are linear. Thus, the R3 test is a valid way of characterizing the 
reactivity of calcined clays, since there is a globally good agreement with strength results.  

 
Figure 5: Cumulative heat release of portlandite/calcined clay mixes  

without (left) and with (right) limestone at 20°C 



 

 
Figure 6: Correlations of mortar compressive strength with the heat values at 6 days at 20°C of 

portlandite/calcined clay mixes. PPC30 and LC3-50 strengths are respectively compared with heat values of 
mixes without (left) and with (right) limestone 

3.4. Impact of temperature 
The increase of temperature from 20°C to 40°C of the isothermal calorimeter clearly accelerates the 
pozzolanic reaction, as shown in Figure 7. The heat values after only 1 day at 40°C are globally close 
to the heat values at 6 days at 20°C. Thus, the correlation to compressive strength results was based on 
the 1-day heat values. Similar good linear correlations are found with strength results, as shown in 
Figure 8. Reliable indication on the reactivity of calcined clays can thus be obtained after only 1 day 
of testing.  

 
Figure 7: Cumulative heat release of portlandite/calcined clay mixes  

without (left) and with (right) limestone at 40°C 



 

 
Figure 8: Correlations of mortar compressive strength with the heat values at 1 day at 40°C of 

portlandite/calcined clay mixes. PPC30 and LC3-50 strengths are respectively compared with heat values of 
mixes without (left) and with (right) limestone 

4. Conclusion 
The portlandite consumption due to pozzolanic reaction increases with the grade of calcined clays for 
PPC30 blends, thanks to the increase of the amount of aluminates provided by metakaolin. The 
increase of the grade of calcined clays also enhances the synergetic effect, as shown by the extra-
consumption of portlandite for LC3-50 compared with PPC30 systems. Moreover, the carboaluminate 
formation is higher for blends containing calcined clays compared to quartz system.  
From the benchmark test, the compressive strength also increases with the grade of calcined clays for 
blends without and with limestone. Linear correlations obtained shows the calcined kaolinite content is 
the overwhelming parameter determining the strength of calcined clay blends.  
The new R3 pozzolanic test enables to get reliable and very rapid indication of clay reactivity after 6 
days of testing at 20°C. For portlandite/calcined clay mixes without and with limestone, linear 
correlations are found between the heat release and compressive strengths of PPC30 and LC3-50 
blends. The increase of the temperature of isothermal calorimetry to 40°C permits to reduce the test 
duration to 1 day. This temperature increase does not significantly affect the correlations to 
compressive strength results.  
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Abstract 
Series of cementitious binders with potential application in oil and geothermal wells were developed. Commercial G-oil 
cement modified by adding blast furnace slag and silica fume, fiber-reinforced cement composites with various content 
of  High Alumina Cements (HAC), Portland  cement, and Poly-sodium phosphate were used as binder composites to 
prepare slurries that were submitted to hydrothermal curing in autoclave up to 7 days (168 hours) at different regimes 
of temperatures and vapor pressures. Pore structure parameters, microstructure and hydrated products were evaluated 
after 7 days curing by using the TGA/DSC, MIP, XRD and SEM. Two kinds of products are formed. The first ones 
consist of calcium silicate hydrates (C-S-H), calcium silicate aluminate hydrates (C-S-A-H), calcium aluminate 
hydrates (C-A-H) and calcium carbonates (C-C) as a product of carbonation. The second ones are the products 
chemically bond like in ceramics as hydroxyapatite (Ca5(PO4)3OH) and gibbsite (Al(OH)3). These two hydroceramic 
products formed under hydrothermal conditions act also as binder and could be useful as geothermal cement binders. It 
was found out that with increasing temperature/ pressure of hydrothermal curing calcium silicate hydrates (C-S-H) 
with higher C/S ratio were transformed into -C2SH then C6S2H3. The transformation of C-S-H to -C2SH and C6S2H3 
under autoclave curing caused the depletion of microstructure and the reduction in compressive strength known as 
strength retrogression. The presence  of silica fume and slag in modified G-oil well composites resulted in the 
formation of additional C-S-H by pozzolanic reaction and also by reducing C/S ratio that hinders the transformation of 
C-S-H in to -C2SH and C6S2H3 while  blast furnace contributed to the formation of gehlenite hydrate C2ASH8 that is 
stable under hydrothermal conditions. Poly-sodium phosphate and High alumina cement react in the presence of water 
and under higher hydrothermal conditions by acid-base process the form hydroxyapatite (Ca5(PO4)3OH) and gibbsite 
(Al(OH)3) that were stable also. The variation of pore structure (porosity and pore size distribution) as function of 
hydrothermal curing conditions and the hydrated products formed under these conditions were used to explain the 
variation of mechanical properties of cementitious composites subjected to high pressure hydrothermal curing.  
 
Originality 
The development of new binders for application in geothermal wells was inspired from Oil Well Cements. The 
conditions in geothermal wells are more severe than that in oil wells. The processing new binders were done under 
different hydrothermal conditions, where temperature and vapor pressure influence the course of hydration and the 
performance of materials. It was found out that ordinary oil well cements need some modification adding 
supplementary cementitious materials. The pozzolanic materials take part to the hydration forming additional binder 
products more stable and then perform greatly the proprieties of oil well cements.  The tailoring and performance of the 
new binder materials are of authenticity and originality that make them applicable in geothermal wells. The formation 
of chemically bound ceramics is responsible for the stability of binders. Furthermore, the addition of silica fume along 
with Blast furnace slag improves the mechanical properties and pore structure of materials. The presence of these 
supplementary materials prevents the formation of -C2SH and C6S2H3 that are responsible for performance depletion. 
This is the second originality of the present paper. 
  
Keywords: geothermal cement, hydrothermal curing, hydration, strength, porosity, microstructure
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1. Introduction 
 

Ordinary Portland cement (OPC) is the main inorganic binder used in civil and engineering 
construction due to its ability to react with water to form workable slurry that sets and hardens after a 
certain period. The reaction with water, so-called hydration is a complex chemical and physical processes 
taking place after contact of the anhydrous solid with water leading to the formation of new products 
responsible for consolidation, strength development and durability of constructions. The hydration runs 
via chemical reaction between different minerals of cement (C3S, C2S, C3A, and C4AF) and water to form 
gelatinous or semicrystalline calcium silicate hydrate, denoted C–S–H;  calcium sulfoaluminate hydrate 
(ettringite or monosulphate) and calcium hydroxide giving appropriate strength and durability to set 
cement. As cement is used under different climatic conditions, the temperature becomes a pertinent key 
factor that influences the kinetics and mechanism of hydration, and the nature of hydrated products. Many 
studies have investigated the temperature dependence of the rate of hydration, and most of them found that 
it can be described by an Arrhenius equation with an effective activation energy, ΔE, of about 35–40 
kJ/mole (Ježo et al., 2010, Feng et al., 2009). Next to temperature, humidity is a determinant factor for the 
hydration of cement paste. It can prevent the shrinkage of concrete during the early period of applications. 

The coupled effect of elevated temperatures and steam pressure in environments denoted as 
hydrothermal ones, are a common characteristic of geothermal, oil and gas wells (Le Saout et al., 2006, 
Gaurina-Medimurec et al., 1994, Jupe et al., 2008, Kalousek, 1979). In these environments, temperatures 
and pressures are so high (up to 200 °C and 1.5 MPa in deep wells) that they challenge the capabilities of 
construction materials used in the wells.  For this purpose, special class of cements denoted G-Oil Well 
cements (GOWC), is used for cementing work in the drilling of oil wells where cement hydration runs 
under high temperatures and pressures of water vapor. Cement slurry placed in the annular space between 
the well steel casing and the geological formations surrounding the well bore has to provide zonal 
isolation. In addition to the high pressure and temperature, Oil well cements must be able to resist the 
attack of corrosive fluids. Therefore, a successful oil well cementing seal must have low permeability and 
adequate durability to ensure the long-term protection of the casing steel. Incomplete zonal isolation 
and/or a weak hydraulic seal between the casing and the cement, and between the cement and the 
formations may cause oil spills and the well may never run at its full producing potential (Smith et al., 
1975). Thus, oil and gas well cementing operations face additional challenges in contrast to common 
cementing work above ground. The type of cement depends on temperature, pressure, depth and chemical 
composition of environments. For cementing these wells as protective layer of dwell during the 
exploitation of natural gas and petroleum (William et al., 2005), the API (American Petroleum Institute) 
Specifications for Materials and Testing for Well Cements (API Specification 10A, 2002) has established 
9 special classes of cements. They are arranged according to the depths, to which they are placed, and the 
pressures and temperatures to which they are exposed (Nelson et al., 1999). Oil-well cements are usually 
made from Portland cement clinker or from blended hydraulic cements. The hydration reactions that run 
during cementing petroleum, gas and geothermal wells are strongly influenced by the temperature and 
steam pressure of fluid surrounding the steel casing (Zhang J. et al. 2010; Palou M.T. et al.  2013; Nelson 
E. B. et al. 1981;  Le Saout G. et al. 2006; Jupe A.C. et al. 2008) like those occurring under “hydrothermal 
curing regimes” (Alunno V.R. et al. 1973; Shaw S. et al., 1998; Ray A., 2002; Palou M. T. et al.  2013; 
Midgley H.G. et al., 1960). In these conditions, temperatures and pressures are so high that they challenge 
the durability of construction materials placed in the annular space between the well steel casing and the 
geological formations surrounding the well bore to provide zonal isolation 

Authors (Zhang et al., 2010, Jupe et al., 2008) have investigated hydration of OPC under different 
saturated steam pressure at temperature range 120 °C to 350 °C.  Up to 110 °C tobermorite (Ca5Si6O16 
(OH) 2.4(H2O)) is formed and between 120 °C and 350 °C -C2SH and xonotlite (Ca6Si6O17(OH)2) 
associated with volume reduction appear as major products with an increase in porosity. Consequently, 
concrete under high temperature undergoes strength retrogression due to enumerated transformations and 
reactions, causing progressive breakdown of cement gel structure and loss in its load-bearing capacity, 



 

reduced durability, and increased tendency of drying shrinkage, structural cracking, and associated 
aggregate color changes (Richardson, 1999).  

Also, calcium aluminate cements were developed to replace OPC for their fast increasing early 
strength (Sugama et al., 2000; Weber et al., 1998). By using these cements, it is possible to obtain the 
composites with a very high initial strength or very good high temperature stability. It has been established 
that high water/cement ratios as well as high curing temperatures cause a progressive strength decrease 
associated with the conversion of hexagonal calcium aluminate hydrates (CAH10 and C2AH8) into the 
cubic hydrate (C3AH6). Substantially, this conversion causes a remarkable increase in the porosity which 
is responsible for the strength decrease, because of the transformation of the voluminous hexagonal 
hydrates into a higher density cubic phase (Kula et al., 1980). Therefore, many attempts have been 
undertaken to avoid this strength loss by the use of products which could stabilize the hexagonal hydrates 
(calcium carbonate, blast furnace slag, fly ash, silica fume and pozzolan). The use of silica fume to replace 
15 % of HAC (high alumina cement) almost completely reduces the strength decrease at 20 °C and 40 °C, 
since the presence of this high-silica pozzolan favors the formation of gehlenite hydrate (C2ASH8) and 
therefore the transformation of hexagonal aluminate hydrates (CAH10, C2AH8) into the cubic hydrate 
(C3AH6) is hindered (Collepardi et al., 1995). 

One possibility how to improve the properties of geothermal mixtures on the base of HAC and 
eliminate the strength loss and increase of porosity due to conversion of hexagonal calcium aluminate 
hydrates (CAH10 and C2AH8) into the cubic hydrate (C3AH6) is the addition of secondary components 
such as phosphatic materials. The resulting produced are calcium aluminate phosphate cements (CPC) as a 
suitable alternative to conventional geothermal cements (Ma and Brown, 1992). It was already 
demonstrated that these calcium aluminate phosphate cements are suitable for geothermal wells, also as 
materials for the application at temperature range 60 and 370 °C and are resistant to leaching as well as 
carbonation (Kukacka et al., 1994). Calcium phosphate products with enhanced durability and mechanical 
properties are obtained by hydration reaction between calcium aluminate minerals and phosphate 
compounds leading to the formation of hydroxyapatite (HA – Ca5(PO4)3OH) and gibbsite (AH – Al(OH)3) 
(Sugama et al., 2000) as ceramic materials. The formation of HA and AH proceeds also by setting and 
hardening process. Hydroxyapatite, an integral part of living bone more resistant to bacteria, has good 
compressive, flexural and toughness properties and chemical resistance. The carbonation of hardened 
calcium phosphate cements is much lower than that of Portland cement (PC). Other advantage that makes 
calcium phosphate more suitable for geothermal exploitation visa a visa OPC is that the formation of 
stable products (HA and AH) are highly accelerated under hydrothermal conditions.  

Fiber-reinforced geothermal cements were developed by Berndt et al. (2002) as an innovative 
strengthening system based on basalt fibers and a cement-based matrice. In the case of geothermal 
cements, the fibers added for reinforcement are also required to demonstrate durability and thermal 
compatibility in the hydrothermal environment.  

The investigation of hydrothermal curing conditions on the behaviors of G-Oil Well cement is an 
important task required not only for the oil industries but also for those researchers involved in 
development of new cementing materials for more severe hydrothermal conditions of application. 
Furthermore, there has been comparatively less work done on the coupled effect of pressure and 
temperature on hydration. 
By using autoclave with programmed regimes (pressure, temperature) to cure different cement pastes over 
time enables to simulate the severe hydrothermal conditions, under which these materials have to be used. 
The present study was undertaken to investigate the effect of curing time on the alteration of the pore 
structure, density, and formation and stability of hydrated products of cement composites with potentiality 
to be used in Oil and Geothermal Wells. 
2. Experimental 
2.1. Raw Materials 
Oil-well Portland cement of Class G HSR from Holcim OJSC “Volskcement”, Saratov region, Russia, 
CEM I 42, 5 from Holcim Slovensko, a.s. and High alumina cement Gorkal 70 from Gorkal Poland were 
used based materials. Oxide and mineral composition are listed in Table 1.  



 

Then two groups of composites cementitious materials were set with different supplementary materials. 
Composition of mixtures are reported in Table 2 and Table 5. 
Four different fiber-reinforced cement composites used to the production of test samples and the 
composition of geothermal composites are listed in Table 2. 
  

Tab. 1   Oxide and mineralogical composition of used materials /% 
 Oxide composition Mineral composition   

Oxide  G 
HSR 

BFS SF HAC CEMI  
42,5 R 

Formula G HSR CEMI 42,5 R HAC 

СаО 64.0 36.53 0.50 28.04 66.16 С3S 62.84 64.45 - 
SiO2  21.0 35.76 97.10 1.92 22.21 C2S 15.42 15.05 - 
Al2O3 4.5 9.39 0.21 68.77 4.82 C3A  2.63 8.39 - 
Fe2O3 5.5 0.24 - 0.16 2.59 C4AF 16.72 7.88 - 
MgO 1.5 14 0.40 0.00 1.38 CA    
SO3 2.5 0.03  0.04 1.42 CA2    
Blaine/ 
cm2 g-1 

3300 4700 15000 
(BET) 

3500 3250     

 
I. First group of composites for application  

Tab.  2. Mixture formulations for tests in the autoclave/ % wt. 
 Cement HAC SF BFS Borax Activator Na-PP BF 
Sample A 54 23 23 - 9 - - 1 
Sample B 23 54 23 - - 0.5 - 1 
Sample C  50 36 - - - - 1 
Sample D 54 23 14 9 3 - 14 1 
 

Tab.  3.  Components of geothermal mixtures 
Component Designation Note 
SF Silica fume (grey microsilica) OFZ, Slovakia 
BFS Blast Furnace Slag US STEEL Slovakia 
pP Sodium polyphosphate  Solid fertilizer 
B (in PHC) Disodium tetraborate  3% on the mass of HAC 
NH (in HPC) Sodium hydroxide  0,5% on the mass of cements 
SP (in PHC, HPC) Superplasticizer Stachement ML 2% on the mass of cements 
ST (in CPC) Stabilizing admixture Stabilan 2% on the mass of HAC 
BF (in all mixes) Basalt fibers ( 9-12m, 3-4mm length) 1% on the mass of cements 

2.2.   Mixing and test procedures 
Water with dispersed fiber was properly homogenized in the mixer. Plasticizer (or stabilizing agent) 

was then added and the suspension for each sample was mixed with beforehand homogenized blend of the 
dry components in the laboratory mixer. Three prisms with the dimensions of 1604040mm were 
prepared from each Composites A, B, C and D. The specimens were exposed to steam curing condition at 
100 °C for 30min and after they  were quickly demolded and inserted into the autoclave (High Pressure 
Autoclave Testing Bluhm & Feuerherdt GmbH) at pressure of 20 bars (220 °C) during 7 days. Hot prisms 
were taken off at period 24; 72; 168 hours and inserted in hot water. Cooling of water was accelerated 
gradually by adding cold water to temperature of 40 °C approximately. 
The compressive strength was tested using compressive testing machines WPN VEB Thűringer 
Industriewerk Rauenstein 11/2612 (25 000N). After compressive strength test, a part of sample was dried 
in an electric oven at 105 °C to remove water physically bound before for further tests. Mercury intrusion 
porosimeter Quantachrome Poremaster 60GT (Quantachrome UK Limited) was used for the determination 



 

of pore structure characteristics pore size distribution and permeability. Mercury intrusion porosimetry 
provides a curve of pore size distribution (PSD) versus pore size. Two or three pieces of the dried sample 
with diameter less than 10 mm and total mass max. 2 g were used for the tests. The maximum applied 
pressure of mercury was 414 MPa, equivalent to a Washburn pore radius of 1.8 nm.  
The TGA measurements were performed with a Mettler Toledo TGA/DSC STRA system (Mettler-Toledo, 
Switzerland), where dried sample was placed in an open vessel under air atmosphere, and investigated at a 
heating rate of 10 °C/minute up to 1000 °C. 
Scanning Electron Microscope, SEM TESLA BS 300) was used for microstructure observations. The 
samples were sputtered coated with Au before observation. 
3. Results and discussion 
3.1.1. Strength tests 

The results of the test measurements of the flexural and compressive strength of samples are 
illustrated in Table 4. It is clear from these data that both compressive and flexural strengths of pastes 
made from all Composites are always higher at 72 hours as compared with these at 24 hours. After 
prolonged hydrothermal curing in autoclave up to 168 hours  (7 days) the pastes are characterized by a  
significantly lower strengths compared to those  at 72 hours (3 days), but not at the same extent. It can be 
concluded from this that the time factor seems to play very significant, even decisive role in the evaluation 
of durability of geothermal composites. The strengths of the Composite C are less sensitive to prolonged 
curing than Composites A,B and D. This means that Composite C is more stable in hydrothermal 
environment in comparison to Composites A,B and D. The lowering strengths of Composite B compared 
with that of A besides other samples can be explained also by higher w/c ratio (0.68 vs. 0.50). The effect 
of w/c ratio on the strength development of Composite C is significantly lower due to the formation of 
products with lower water content (gibbsite and hydroxyapatite).   

Tab.  4 Effect of hydrothermal conditions on strength development of different samples 
Composite Flexural strength Compressive strength Permeability coefficient / m s-1

A-20b-24h 3.20 50 0.53 x10-15 
A-20b-72h 7.20 65 1.22 x10-15 
A-20b-168h 4.80 31.40 3.51x10-15 
B-20b-24h 3.90 38.80 1.91 x10-15 
B-20b-72h 5.10 33.80 2.92x10-15 
B-20b-168h 3.20 12.80 5.33 x10-15 
C-20b -24h 5.36  61.20 11.76 x10-15 
C-20b-72h 5.40 62.80 15.71 x10-15 
C-20b-168h 5.50 55.50 17.91x10-15 
D-20b-24h 3.36 48.40 1.06 x10-15 
D-20b-72h 3.80 42.50 9.29 x10-15 
D-20b-168h 4.20 26.74 9.69 x10-15 

 
3.2. 1. Assessment of the pore structure of geothermal composites 

Generally engineering properties of cement composites such as strength, permeability and diffusivity (and 
thus durability) and shrinkage are intimately associated with porosity and pore size distribution (Day and 
Marsh, 1988, Živica et al., 2011). Porosity and pore size distribution are usually determined using 
mercury intrusion porosimetry (MIP). Mercury porosimetry involves forcing mercury into the vacated 
capillary pores of a material by the application of pressure. The technique measures a range of pore 
diameters down to about 3.6nm. Permeability coefficient K was calculated by software Poremaster during 
porosimetric analysis according the following model: 
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where   is the powder bed porosity and dp  the average pore diameter. 

The pore size distribution of Composites A, B, C and D cured in autoclave 24, 72 and 168 hours at 
pressure 20 bars are presented in figures 1-4.  The relationship of dV/dlogR vs. R has been considered to 
interpret the pore size distribution, in which V is the mercury intrusion volume and R pore radius. 

  
Figure 1 Evolution of PSD of Composite A under 
different hydrothermal curing conditions 

Figure 2 Evolution of PSD of Composite B under 
different hydrothermal curing conditions 

 

  
 

Figure 3 Evolution of PSD of Composite C under 
different hydrothermal curing conditions 

Figure 4 Evolution of PSD of Composite D under 
different hydrothermal curing conditions 

As it can be seen from the shape and course of curves presented in figures 1-4 of Composites all 
PSD are of bimodal character with two distinct peaks.  The first one is located in the micropore area (R up 
to 6000nm), while the second one which begins approximately at 50000-80000nm belongs to the 
macropore area.  Bimodal peaks of dV/dlogR for different sample composites are situated at different R. 
This means that hydrated cement pastes of different composites have not identical pore structure 
composition in the same pore structure areas.  

Geothermal Composite A made from OPC-HAC-SF mixture contains more OPC and thus the 
volume of calcium silicate hydrates produced will be higher and the volume of calcium aluminate hydrates 
on contrary lower than those in the Composite B.  

Geothermal Composite B made from HAC-OPC-SF mixture contains more HAC and thus the 
volume of calcium silicate hydrates produced will be lower and the volume of calcium aluminate hydrates 
on contrary higher than those in the Composite A. This fact caused the expansion of first peak of 
micropores compared with the pore size distribution of Composite A – thus the larger portion of pores 
above 100nm is observed. 

The situation in the Composite C paste is significantly different – high alumina cement 
preferentially reacts with phosphate reagent to form new products, mainly of hydroxyapatite type.  But, 
higher w/c ratio of Composite C  as compared with those of Composites A and B causes the increase of 
pores portion in the micropore region. At the same time, the porosity due to rapid conversion also 
increases and these two effects result in the mentioned significant shift of first peak in PSD towards right. 
Nevertheless, the increase of micropore portion is of less significant influence upon the strengths of 
Composite C with prolonging curing time in autoclave. This also proves higher stability of the sample on 



 

the base of calcium phosphate binder during prolonged hydrothermal curing in autoclave. According to 
expectation Composite C is shown as suitable base to the formulation of geothermal binding systems.   

Geothermal composite D is composed of slag that plays an important role also. 
 24 hours of autoclaving: Composites contain in this quasi initial stage of the consolidation pore 

structure original and less stable hydration products of OPC and HAC. 
 72hours of autoclaving: The original unstable hydration products in the pastes A and B are 

gradually transformed to more stable and these changes in structure of pastes are resulted in lower 
porosity. The pore structure is more fine and impermeable. Due to these positive changes also 
strengths are increased.  Thus the improvement of pore structure as well as strengths of 
composites in the initial stage of curing in autoclave up to 72 hours can be considered as a 
temporary phenomenon.  

 168 hours of autoclaving: Prolonged hydrothermal curing up to 168 hours brings of continuing 
coarsening of pore structure of the pastes A and B, which is resulted in permeability increase and 
strengths decrease. These changes however are lesser in the Composite C and that means that the 
structure of this paste is more stable and less influenced by curing time.  

The pore structure of cement paste is strongly related to the water content in the cement matrix, this 
means w/c ratio, as reported by Živica (2009).  From the pore structure study of geothermal pastes cured 
in autoclave up to 168 hours at the pressure of 20 bars the following preliminary conclusions can be drawn: 
The Composite  C based on calcium alumino phosphate binder shows in consequence of absence of OPC 
more open pore structure as compared to Composites A, B and D. This coarsening was then resulted in 
higher values of pore radius median as well as hydraulic radius.  

3.3. 1. Thermal analysis 
The DTG (Differential Thermogravimetric) characteristics of Composites A, B, C and D cured for 

different periods in autoclave are depicted in figures 5 to 8. DTG characterizes the rate of weight loss 
within a specific temperature range and serves to identify quantitatively and qualitatively the hydrated 
products formed during the curing. 

  
Figure 5 Influence of curing time upon the hydration 
of Composite A at 20 bars 

Figure 6 Influence of curing time upon the hydration 
of Composite A at 20 bars 

  
Figure 7 Influence of curing time upon the hydration 
of Composite C at 20 bars 

Figure 8 Influence of curing time upon the hydration 
of Composite D at 20 bars 

The influence of curing at higher hydrothermal conditions is illustrated by peak position and 
intensities or eventually by the disappearance or appearance of peaks. The endothermic peaks found in all 
sample at temperature range 50 to 150 °C can be attributed to decomposition of CSH products from the 



 

hydration of Portland cement in the mixture. Also, author (Nilforoushan et al., 2007) that C2AH8 and 
CAH10 are thermodynamically metastable and both convert to C3AH6 at above 28 °C. For Composite A 
and B, the main endothermic peak appears at temperature range 200-400 °C with duplex, but at different 
extent. This duplex characterizes the presence of two different types of hydrated products. As it is well 
established, there are three fundamental calcium aluminate hydrates that are formed during the hydration 
of HAC. These being two meta-stable phases, CAH10 and C2AH8, and additionally to these stable phases, 
C3AH6 (hydrogarnet or katoite) is present.  HAC is in both samples, its hydration contributes to the 
kinetics and mechanism of reaction, as well as the nature of hydrated products formed in autoclave.  
Firstly, C3AH6 as a most stable of all calcium aluminate hydrates is formed at higher ambient temperatures, 
but it undergoes thermal transformation at between 300 and 350 °C to C3AH1.5.  Also, aluminum 
hydroxide or gibbsite, another hydration product of calcium aluminate cement decomposes in the region 
of 200 °C and 300 °C (Taichi, 1985). The strong duplex 210-270 °C and 270-350 °C characterizes the 
presence of hydrogarnet  and gibbsite (Nilforoushan et al., 2007) respectively in cement paste after 1 day 
autoclaving at 20 bars. The endothermic peak found around 500 °C characterizes the thermal 
decomposition of C3AH1.5. 

Sample C is a specific sample without Portland cement but containing sodium-polyphosphate that 
may react with HAC to form new binder products like hydroxyapatite, gibbsite or any calcium phosphate 
(Sugama et al., 2006, ). The DTG of Composite C is much more different from that of A and B.  One can 
observe an endothermic peak at temperature range 400-450 °C characterizing the presence of calcium 
hydroxide CH (Ashraf et al., 2009). Calcium aluminocarbonate hydrate, as product of carbonation of 
C3AH6 or any products in the presence of water, with thermal decomposition at temperature range 600-
680 °C are found in Composites A and, while Composite C has not undergone carbonation process.  
The partial replacement of silica fume by blast furnace slag in Composite D has changed the courses of 
hydration and also the nature of hydrate products. From the TGA curves, the presence of CSH was 
observed. The significant change is observed after 3 and 7 day curing. The DTG curves are shifted 
towards higher temperatures. The observed broad peak is probably related to the slow decomposition of 
some calcium aluminosilicate hydrates, like gehlenite. It is not excluded that that when 
monosulphoaluminate or C4AHx are present in the system (Matusinović et al., 2005). 
Conclusion 1 

Thermal analysis of 4 fiber-reinforced binder composites has revealed two kinds of hydration 
products according to the composition of mixture. Sample composites containing Portland with CAC in 
various ratios have hydrated under hydrothermal conditions to form a mixture of CSH, CASH and CAH 
less resistant to carbonation as the carbonated products were detected by TG -DTG method. Severe 
hydrothermal conditions have led to the depletion of mechanical and physical properties of studied 
samples. Sample mixture containing HAC and Na-PP has undergone hydration via ceramic-bound process 
leading to the formation of hydroxyapatite and gibbsite. The products act as binder and are more resistant 
to carbonation as their TG-DTG curves have not revealed thermal decomposition of carbonate products. 

II. Second group of composites 
The second group of geothermal composites was set from commercially available G-Oil Well Cement 
(GOWC) by adding different supplementary materials in order to improve the durability during the 
hydrothermal treatment at 200 °C and 12 bars. The composition of different blends is reported in Table 5. 

Tab.  5. Composition of blended G-Oil Well cements /% 
Blended cement GOWC 

G HSR 
BFS SF SF /GOWC 

G0WC0 100 0 0 - 

GOWC1 80 10 10 0.125 
GOWC2 60 20 20 0.33 
GOWC3 40 30 30 0.75 
GOWC4 40 40 20 0.5 
GOWC5 40 50 10 0.25 



 

 
3.1.2. Compressive strength 
  It was reported that hydrothermal curing of the hardened G-oil well cement for 7 days provided a 
decrease in compressive strength compared to cement paste cured under standard condition [Palou et al., 
2013]. The main cause of this strength depletion is the change in pore structure due to the transformation 
of initial C-S-H to C6S2H3 through –C2SH crystals. 

The first performance of blended GOWC cured under 12 bars/200 °C is demonstrated by the 
values of compressive strength that has been found depending on the OPC/ (BFS+SF) ratio in the mixtures 
(Table 6). The compressive strength of G-Oil Well cement without addition is 20.44 ±4 MPa. The value 
increases with addition of BFS and SF. The depletion of compressive due to increasing hydrothermal 
temperature and pressure, as reported in (Palou et al. 2014), has been stopped and upgraded with the 
presence of mineral admixtures. This performance results from the presence of more stable hydrated 
products formed by pozzolanic reaction of SF and BFS. 

Tab.   6. Influence of BFS and SF addition on the performance of compressive strength 

 
Flexural strength 

(MPa) 
Compressive strength 

(MPa) 
Permeability coefficient / 

m s-1 

G0WC0 6.09 20.44 199x10-15 

G0WC1 4.83 22.1 2.13x10-15 

G0WC2 3.395 51.08 0.845x10-15 

G0WC3 0.14 43.54 0.185x10-15 

G0WC4 1.835 48.82 0.291x10-15 

G0WC5 2.34 52.85 0.903x10-15 

3.2.2. Mercury Intrusion Porosimetry measurements  
 The pore size distribution (PSD) of cement pastes cured under different hydrothermal regimes is 
depicted in figure 9 and figure 10.  In order to determine the influences of the BFS and SF addition, two 
groups of curves are presented. The first group of curves serves to demonstrate the influence of increasing 
addition of BFS and SF at constant ration on the pore structure, while the second one expresses the 
influence of increasing BFS/SF ratio at constant part of OPC. PSD of original GOWC is also presented in 
order to demonstrate the upgrade of pore structure.   
 

  
Figure 9 Influence of BFS and SF with constant ratio 
on PSD characteristics of autoclaved samples 

Figure 10 Influence of BFS and SF with increasing 
ratio on PSD characteristics of autoclaved samples. 

With increasing BFS/SF ratio, it can be remarked that the content of BFS contributes also to the 
refinement of pore structure. GOWC2 (20 % BFS + 20 % SF) and GOWC4 (40 % BFS + 20 SF) PSD 
curves give an evidence that at the same content of SF, the amount of BFS consolidate the pore structure. 
This may be due to higher specific surface of BFS (Table 1) and also to the pozzolanic reaction occurred 
during autoclaving. In all cases, it is proved that addition of admixture upgrade. The effect of 
hydrothermal effect may be interpreted by the intensity and position of the peak, by the length and 
bimodal characteristic of PSD. The maximum concentration of pores in the G-Oil Well cement lies in the 
range 10–103 nm, and changes progressively to the  size < 10 nm with increasing addition of BFS and SF. 



 

This behavior is attributed mainly to the presence of SF, as active micro-fillers. On the other hand, 
pozzolanic activities of both additives lead to the formation and stabilization of hydrated products as CSH 
gel or nano-size C2ASH8 that fulfill the space between coarser particles. GOWC3 shows an incomplete 
PSD curve. It may be accepted that the maximum concentration of pore in autoclaved GWOC3 is 
localized in the nanopore area with R less than 1 nm. In the mercury penetration method all the pores in 
the gel cannot be measured owing to the difficulty of the high pressure technique and the minimum radius 
to be determined is 1.8 nm (by the pressure up to 400 –440 MP a). From these results, it is evident that SF 
has greatly participated to the refinement of pore structure by forming and stabilizing CSH. The 
microstructure shows needle forms of hydrated products. 

Numerous studies report that the permeability of Oil Well Cement paste is of great importance, as 
it results from the measurable properties, such porosity and pore diameter. Greater permeability of set 
cement due to a greater porosity makes it sensitive to corrosive formation fluids which are an equally 
serious problem as losing the strength itself. Therefore, the permeability coefficient K becomes one of the 
essential characteristics used in evaluation of cementitious materials for application in oil well.  

As it can be seen in Table 6, the permeability coefficient has markedly decreased with increasing 
BFS and SF addition. The permeability coefficient of GOWC without addition is several times higher that 
of blended ones. The significant decrease of permeability coefficient of GOWC due to the effect of BFS 
and SF addition proves again that the main property of GOWC has been improved and this makes them 
suitable for use in cementing oil or geothermal wells with higher temperatures and steam pressure.   
3.3.2. Thermal analysis of cured samples 

In order to understand the hydration reaction that led to the formation of stable hydrated products 
and their influence on the compressive strength of autoclaved blended GOWC, DTG and TG curves were 
deeply analyzed. Figure 11 and figure 12 depict the overall DTG and TG curves of all samples between 0 
to 1000 °C. Different main interval temperatures were considered to explain the effect of BFS and SF 
addition on the hydration of GOWC. It is evident that such temperature intervals 0-280 °C, 280 -480 °C, 
480-600 °C, 600-1000 °C with significant endothermic peaks can be investigated with regard to  the 
evolution of hydrated products influenced by  the coupled effect of temperature and pressure in autoclave. 
The TG curves plotted in figure 12 quantify the mass loss (%) due to the decomposition of hydrated and 
carbonated products.  

TG and DTG curves of GOWC0 have been extensively discussed in our work [Palou et al. 2014] 
as the result of the influence of increasing hydrothermal temperature/pressure upon the stability and 
transformation of CSH to C6S2H3 via alpha-C2SH. This transformation is elucidated by the presence of 
very weak endothermic peak in the temperature range 0-280 °C, but by the presence of high endothermic 
velocity at 500-560 temperature intervals.  To avoid this transformation that led to the strength 
retrogression and to permeability increase, BFS and SF were added. The effect of this addition as reported 
by figure 11 and figure 12, is reflected by TG and DTG curves with different rates of mass loss in 
different temperature intervals. The first important temperature interval 0-280 °C showing two 
endothermic peaks denotes the thermal decomposition of calcium silicate hydrates (C-S-H) and calcium 
silicate aluminate hydrates (C-A-S-H) products (figure 11). Comparatively with G-Oil Well cement 
without addition, two endothermic peaks are located at 0-200 °C.  The magnitude of the second one is 
linked with increasing content of BFS in the mixture, while SF is responsible for the first peak and plays 
essential role in the diminishment of CH content. It results that the mass loss and the velocity of 
endothermic peaks depends on the content of mineral additives to GOWC. The lower temperatures of 
decomposition of C-S-H are probable due to the distortion of tobermorite structure by drying at 105 °C in 
electric oven.   

Temperature range 400-480 °C is characteristic for the thermal decomposition of calcium 
hydroxide (CH) (Ramachandran et al. 2002, Midgeley et al., 1960). Peak intensity of endotherms 
decreases with increasing addition of BFS and SF.  As it was previously reported (Connan et al. 2006, 
Ramachandran et al., 2002), endothermic characterizing thermal decomposition CH is overlapped with 
that of α-C2SH at 450-500 °C, then the part of CH and α-C2SH can be determined from TG curves as mass 
loss within this temperature interval. The mass loss decreases with increasing content of BFS and SF 



 

(GWOC0-43.78 %, GWOC1-21.18 %, GWOC2-15.61 %, GWOC3 6.04 %). This is attributed not only to 
the dilution effect (reduction of OPC in mixtures), but mainly to the consumption of CH by pozzolanic 
reaction and partial carbonation (Krajči et al. 2007, Li et al. 2010). The pozzolanic reaction of BFS and SF 
were elsewhere deeply described. The process starts with the hydration of tricalcium silicate (C3S) and 
dicalcium silicate (C2S) that provides CH needful for the activation of pozzolans. The kinetics of the 
pozzolanic reaction and the hydration products formed depend on the pozzolan and the portion of calcium 
hydroxide generated by hydration of Portland cement. 

It is known that nano-silica has an accelerating effect on cement hydration. It is assumed that the 
surface of these particles act as a nucleation site for C-S-H-seeds which then accelerate the cement 
hydration (Land et al., 2012). The main effect of mineral addition is reflected in the temperature range 
between 480 and 560 °C, where the velocity of endothermic peak decreased with increasing amount of 
BFS and SF. As it was earlier reported, the endotherm found at this temperature range characterizes 
C6S2H3 (Jaffeite) thermal decomposition (Palou et al., 2014). C6S2H3 (Jaffeite) results from the 
hydrothermal transformation of C-S-H trough α-C2SH (Ca2SiO3(OH)2). The intensity of this endotherm is 
more pronounced with GOWC0, while no peak is found in GOWC2-5 DTG curves, and the relative mass 
loss decreases with increasing BFS and SF (GWOC0-17.15 %, GWOC13.15 %, GWOC2-9.10 %, 
GWOC3 5.64 %).  At the highest content of SF and lowest content of OPC, peak characterizing the 
presence of C6S2H3 has completely disappeared. At the same time, one observe an increase of two 
endothermic peaks located at  the temperature range of 0-200 °C, denoting thus an increase in CSH 
content at the expense of  C6S2H3. This phenomenon is due to the formation of additional C-S-H resulting 
from the pozzolanic reaction of SF and its stability under hydrothermal treatment. TG curves depict 
quantitatively the effect of BFS and SF on the formation of C6S2H3 (Jaffeite). It is evident that the braking 
of C6S2H3 (Jaffeite) formation is due to the presence of SF that lower the C/S ratio to more stable hydrated 
products and also to the formation of additional CSH via pozzolanic reaction. Moreover, three 
endothermic peaks are located at temperature range 650-700 °C and 750-800 °C and 850-1000 °C. 
Wongekeo and co-workers have noticed the existence of the same endothermic peaks from thermal 
decomposition of ternary cement blends cured under different conditions (Wongekeo et al., 2013). These 
thermal decompositions are characteristics for calcium carbonate originated from the carbonation of C-S-
H and CH, such as waterite and calcite (Ramachandran et al.,  2002) that are the two polymorph 
modifications of calcium carbonate formed by carbonation. Apart from the two peaks characterizing the 
presence of calcium carbonate resulting from carbonation, the DTG curve of GOWC5 with 50 % wt. BFS 
shows an endothermic peak located at 900 °C that looks like the thermal decomposition of natural 
limestone. Indeed, limestone is generally used as slagging agent in the manufacture of pig iron to remove 
impurities and also it can be added to Portland cement (max 5 wt. %). It is highly probable that the 
exothermic peak situated at 900 °C could be attributed to the decomposition of such limestone.  

 

 
Figure 12 Influence of BFS and SF on TG 
characteristics of autoclaved samples 

Figure 11 Influence of BFS and SF content on DTG 
characteristics of autoclaved samples 

3.4.2. Microstructure analysis 
Other important changes occurred by addition of BFS and SF are demonstrated by SEM 

observations that show distinct size and morphology of hydrated products.  For better comparison SEM 
micrographs with the same magnitude of 100 μm are considered. SEM micrographs of G-Oil Well cement 



 

(GOWC0) cured at 200 °C/12 bars as shown in figure 13 reveals well-crystallized and degraded hydrated 
phases that have eventually caused the depletion of pore structure. These crystallized phases are mainly 
CH and C6S2H3 as it was proved by DTG analysis. SEM micrographs of blend GOWCs show distinct 
changes in the morphology and size of hydrated products. The needle forms found locally in autoclaved 
GOWC1 (figure 13) paste is due to the pozzolanic reaction of SF that leads to the formation of calcium 
silicate hydrates with C/S =1 and then it hinders their transformation in to larger crystal of C6S2H3. Pore 
structure is consolidated (PSD curve) and the permeability coefficient lowered 200 times in comparison 
with that of GOWC without addition of BFS and SF. Further increase in BFS and SF content has greatly 
modified the microstructure of autoclaved samples. The refinement of microstructure from needle 
morphology to the fine network of honeycomb of hydrated products including pore with nano size 
dimension is an evident demonstration of pore structure consolidation. The results of PSD curves have led 
to the same conclusion. Cured cement pastes are usually heterogeneous system including hydrated 
products with different particle and pore sizes. SEM micrograph of cured GOWC4 presents larger 
crystallized products, but with compact microstructure, while that of GOWC5 shows two distinct forms of 
products: very fine network of nano size products supplemented by relative crystallized one. 

 

  
 

  
 

  
 

Figure 13 The influence of supplementary material addition on the microstructure of GOWC cured at 12 bars/200 °C 
Conclusion II 
Simultaneous addition of blast furnace slag (BFS) and silica fume (SF) has performed the mechanical and 
physical proprieties of G-Oil well cement cured under hydrothermal conditions of 200 °C and 12 bars. 



 

 Silica fume was responsible for the formation of additional C-S-H by pozzolanic reaction and also 
by reducing C/S ratio that hinders the transformation of C-S-H in to C6S2H3. 

 Silica fume contributed to the refinement of pore structure as active micro-fillers occupying space 
between particles, reducing thus the permeability of hardened paste. 

 Blast furnace with silica fume contributed to the formation of gehlenite hydrate C2ASH8 that is 
stable under hydrothermal conditions. 

 The transformation of CSH in to -C2SH and C6S2H6 was hindered. Also, the degree of 
replacement of G-Oil Well cement by combined silica fume and slag has gradually led to 
consumption of calcium hydroxide to form additional CSH and calcium aluminosilicate hydrate, 
as it can be seen on DTG curve at 200 °C. 
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Abstract 
Blended binder systems in concrete have been in use for many years. However, over the recent discussions on the 
sustainability of cement and concrete the topic became of paramount importance for the construction industry. In 
Sweden blended binder systems in concrete were applied fairly recently and supplementary cementitious materials 
(SCM) were not used largely before. In Sweden over the last 30 years engineering structures were built, with exceptions, 
with a low alkali, sulfate resistant Portland cement due to domestic requirements. Therefore, in context to blended 
binder systems durability is a major point being discussed. Most interest lays in the resistance towards frost, 
carbonation and chloride penetration and the experience with blended systems was limited. 
It is therefore the goal of this study to investigate blended binder systems over a longer hydration period of up to two 
years in context to durability. The results presented here will focus on the porosity and hydrate phase development 
within the first 90 days of hydration. In this study in total 9 different binder blends were studied. The blends included 
different replacement levels with granulated blast furnace slag from a Swedish producer, fly ash from a Danish power 
plant and commercially available metakaolin. The matrix included also one set of factory-blended cements (with 
interground fly ash and slag). The pore structure was investigated by mercury intrusion porosimetry (MIP), phase 
development by powder x-ray diffraction (XRD). The results are based on the evaluation of binder paste samples. 
Compared to a reference series consisting of a CEM I the slag containing series showed a continuous decrease of the 
total pore volume with increasing slag content over 90 days of hydration. The phase development showed a constant 
increase in monosulfate and hydrotalcite. The amount of these phases increased with increasing slag content. Notable 
was consumption of C4AF, which increased with the amount of slag and a decrease of C2S reaction. Compared to the 
reference Portland cement paste the fly ash containing pastes showed increased total pore volumes when the fly ash 
was just added. For the cement paste with interground fly ash the porosity development was the same as for the 
reference paste. The phase development for these series showed up to 28 days of hydration formation of ettringite, 
hemicarbonate and monocarbonate. After 91 days monosulfate was dominating and the amount of hemicarbonate was 
decreasing. The paste series with 15 % metakaolin showed a strong decrease in total pore volume compared to the 
reference series within 2 days. Afterwards the pore volume almost leveled to a constant value. The hydration phases 
included in the beginning large amounts of monosulfate, ettringite and hemicarbonate but changed after 91 days in 
favor to ettringite and monocarbonate. The metakaolin blend showed the lowest amounts of portlandite in all series, 
indicating a strong pozzolanic reactivity. The different hydrate phases, in particular AFm phases can help to explain a 
different behavior towards, e.g. chloride binding. The pore structure development has a large impact not only on 
strength development but also for ion and moisture transport as well as for carbonation in all series. 
 
 
Originality 
The results of the study present the pore structure and hydrate phase development of cement pastes with slag, fly ash 
and metakaolin in different replacement levels. The direct comparison of the different binder blends helps to better 
understand durability related questions. However, the presented results are part of an ongoing study on hydration and 
durability of blended binders. The complete results on hydration of the binder blends together with data on durability 
investigations (carbonation and frost) will be published elsewhere. 
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1. Introduction and goal 
The importance of using blended binders, where supplementary cementitious materials (SCM) replace 
parts of the cement clinker in order to address the sustainable development of the concrete industry, 
needs hardly to be emphasized today. The use of SCM is steadily increasing in all countries, although 
differently in different countries due to local conditions such as material availability, climate, available 
technology or long-term experience. Building a sustainable infrastructure needs concrete, needless to 
say, highly durable and the demand for this material is steadily increasing worldwide, particularly in 
the developing countries. This means using SCM as part of blended binder systems is a major 
prerequisite for reducing the environmental impact of the cement production (Damtoft, 2008, 
Schneider, 2011). SCM are today among the main topics on the agendas of the cement and concrete 
industry, as well as of a leading part of the on-going research (Scrivener 2008, Stark 2011), the target 
being to reduce the amount of Portland clinker per concrete unit, and increase the use of SCM.   
At certain clinker replacement levels, in binary or multiple binder combinations, addition of blast 
furnace slag, fly ash or metakaolin to the binder improve different concrete properties, a significant 
gain being that they can improve concrete durability in environments where Portland cement alone is 
less efficient. Some examples are these SCM’s efficiency in suppressing damages due to ASR 
(Shehata, 1999, Thomas, 2011a and 2011b), or an improved resistance to sulphate attack (Monteiro 
2003, Hooton 1999, and 2000). SCM have an impact on the developed pore structure, as e.g. a pore 
refinement with the addition of slag (Canut, 2011). While the pores in the gel range have mainly 
influence on the drying shrinkage or creep, the capillary pores – the volume and the connectivity of the 
pore network – has a crucial impact on the ion transport through the paste and consequently on the 
durability (Hooton, 2010). Another effect is that SCM change the microstructure and the 
microchemistry of the calcium silicate hydrate (C-S-H); in blended cement pastes the Ca/Si ratio may 
be much lower (Lothenbach, 2011). Many SCM also provide more alumina, which is incorporated into 
the hydrate phases. Both these changes influence the ion binding capacity of the blended pastes. The 
lower Ca/Si ratio favours higher resistance to sulphates (e.g. Mittermeyr, 2015, Kunther, 2015) and 
lowers the alkalinity of the pore solution (Schäfer, 2004, Vollpracht, 2010). The incorporation of the 
aluminium occurs both in the C-S-H (C-A-S-H) and in the AFm/AFt phases (e.g. Scrivener, 2009, 
Rossen, 2014). More results on the alumina vs. silica incorporation in C-S-H are shown in Richardson 
(1999), Richardson (2002) and Taylor (2010), covering blends with slag, fly ash and metakaolin. They 
show that changes occur not only in the chemistry of the inner and outer C-S-H but also in the 
morphology of the C-S-H, the latter influencing also the developed pore structure. 
Alumina-bearing SCM are also efficient for promoting chloride binding, e.g. Thomas (2012) and 
Zibara (2001), with metakaolin being clearly more efficient compared to fly ash or slag. Results show 
that the effect is clearly water/binder ratio dependent. The chloride binding is attributed to the 
formation of Friedl´s salt or related phases (AFm phases). The role of alumina in alkali binding is, 
however, not fully understood. Chappex (2012a, 2012b) studied metakaolin compared to a silica 
fume/quartz blend, revisiting the work of Hong (1999 and 2002) with regard to the alkali fixation due 
to lower Ca/Si, higher Al/Si ratios. The alkali fixation of the two blends was similar. The authors 
suggest that the beneficial role of alumina comes from inhibiting dissolution of amorphous silica in 
reactive aggregates. 
Regardless if latent hydraulic, pozzolanic, or even inert, fine powders almost always affect the kinetics 
of the hydration due to a certain degree of the filler effect (Lawrence 2003, Kocaba, 2009, Deschner 
2012, Fernandez Lopez 2009); nevertheless their main impact is participating in the chemical reactions, 
where SCM often prolong the dormant period. Research by Roji (2011), continuing the work of 
Juilland (2010) provides valuable new elements for understanding the complexity of the reactions 
during the dormant period, in plain cements; some conclusions can be extrapolated to the case of 
adding SCM to the system. SCM have different effect on the cement´s mineral phases, accelerating 
hydration of C3S and C3A but delaying the reactions of C2S (Kocaba, 2009, Whittaker, 2014). Slag 
also accelerates the hydration of C4AF, while the alumina content of the slag affects the AFm phases 
formed, among others the hydrotalcite-like phase developing in all slag-containing systems (Whittaker, 
2014). 



 

The broad studies performed by Pietersen (1993), Kocaba (2009), Fraay (1990) and Hüttl (2000) give 
good insight into the reactivity of slags and in fly ashes, those by Antoni (2013) into that of 
metakaolin. They all show that the reactions, rates and reaction products differ between the three 
material types and also that there is a large variability of the physico-chemical properties within each 
type, which explains why e.g. durability results often only apply to a limited variety of slags or fly 
ashes, and not as one would wish for a larger group of slags or fly ashes. Several aspects on the 
reactivity related parameters are reviewed also in Scrivener (2011).  
The present paper describes a part of a larger investigation where information from hydration and 
microstructural monitoring is bridging over to durability tests carried out with the same binders. The 
SCM studied are granulated blast furnace slag, siliceous fly ash (class F) and metakaolin. The goal of 
the study was to monitor porosity development together with the development of phases for binder 
blends including the three SCM. 
 
2. Experimental 
2.1. Concept 
The hydration experiments were performed on factory blended cements and on binders blended in the 
CBI laboratories. All hydration experiments were performed on cement pastes, except for mechanical 
strength, which was carried out on mortars. This was done in order to avoid any interference from 
aggregate when analyzing the cement pastes after a certain hydration period. The pastes were cured in 
sealed PET bottles at 20 °C without adding any additional water and without the influence of CO2. 
 
2.2. Starting materials and cement pastes 
In total one reference cement, three factory blended cements and three SCM were used (Tab. 1). The 
reference cement (C) had a high alkali content with a Na2Oeq = 1.23 mass-%. The Portland composite 
cement (S) contained slag and limestone from Sweden, which was interground in the cement plant. 
The slag was the same as used in the CBI blends (GGBS). Two factory-blended cements containing 
fly ash were investigated (Tab. 1). One (V) contained a clinker with a sodium equivalent of 1.00 mass-
% and the other one (VA) a clinker with a sodium equivalent of 0.53 mass-%. Both contained 16 % fly 
ash of the same kind. The cement with the code V showed additionally a much higher content of C3S 
in the clinker composition (analyzed by XRD and Rietveld analysis): 67 mass-% in V compared to 53 
mass-% in C and 57 % in VA. 
 

Tab. 1 Starting materials used for the study. 

Material Constituents From Code 
CEM I 42.5 RR Reference cement Norway  C 

CEM II/B-M 42.5 16 % slag, 6 % LL, interground Sweden S 

CEM II/A-V 52.5 16 % fly ash, interground Sweden  V 

CEM II/A-V 42.5 16 % fly ash, interground with low alkali clinker Sweden  VA 

Slag Ground granulated blast furnace slag Sweden GGBS 

Fly ash  Class F fly ash  Denmark FA 

Metakaolin  Metakaolin Germany MK 

 
The SCM consisted of slag (GGBS), fly ash (FA) and metakaolin (MK). Blaine values and particle 
size distribution are shown in Figure 1. The slag had a glass content of 98.9 mass-%. The main 
crystalline phase was identified as spinel (MgAl2O4). This is rather unusual but possibly due to the 
high magnesium content of the slag (MgO = 16.5 mass-%, Al2O3 = 13.3 mass-%). The fly ash was of 
class F type. Crystalline phases consisted of quartz, mullite, hematite and magnetite. Metakaoline was 
mostly amorphous except for detrital grains of anatase (TiO2) and illite. 
The slag used for the CBI blends was already ground to a particle size with a d0.5 = 9 µm and a Blaine 
fineness of 490 m2/kg. Metakaolin showed, as expected a much higher Blaine value and smaller 



 

particle sizes (Fig. 1) with a d0.5 = 3 µm. Fly ash showed from all the starting materials the lowest 
Blaine value and the highest d0.5. 
From the factory-blended cements, the reference Portland cement C yielded the highest values for the 
Blaine fineness and low values for the particle size distribution (d0.5 = 7.3 µm). The fly ash containing 
cement with the low alkali clinker showed a low Blaine value and a higher d0.5. The corresponding 
CEM II/A-V with clinker of higher alkali content showed a higher Blaine value as well as a lower d0.5. 
 

  
Figure 1 Blaine fineness and particle size distribution of the starting materials and the different binder blends. 

 
The CBI blends were produced by dry mixing of ca. 30 kg batches in a tumble blender for 4 hours. In 
the mix containing metakaolin, steel balls were added during the dry blending in order to dis-aggregate 
the pozzolan. 
In total nine binders were used for the experiments (Tab. 2). In a standard mixer dry binder powder 
were mixed together with water to binder pastes. The mixing time was 3 to 4 minutes. Afterwards the 
wet pastes were transferred to polyethylene (PE) bottles. The bottles were filled completely without 
remaining air. In order to avoid segregation of binder components within the first hours of hydration, 
the bottles with the pastes were rotated with a speed of 2-3 rpm for 24 h. 
 

Tab. 2 Binder systems used in the experiments with sample codes.  

Code Binder blends Eq. cements Blended by w/b 
C Reference cement CEM I 42.5 RR Producer 0.45 

S 16 % GGBS, 6 % LL, interground CEM II/B-M 42.5 Producer 0.45 

S1 C + 30 % GGBS ≈ CEM II/B-S CBI 0.45 

S2 C + 50 % GGBS ≈ CEM III/A CBI 0.45 

V 16 % FA, interground CEM II/A-V 52.5 Producer 0.45 

V1 CEM I +16 % FA ≈ CEM II/A-V CBI 0.45 

V2 CEM I +50 % FA ≈ CEM IV/B-V CBI 0.45 

VA 16 % FA, interground, low alkali clinker CEM II/A-V 42.5 Producer 0.45 

M1 CEM I + 15 % MK ≈ CEM II/A-Q CBI 0.45 

 
The binders contained series with slag, fly ash and metakaolin. The slag containing series included 
binders with three different amounts of slag (Tab. 2). The fly ash containing series had three binders 
with the same fly ash content but different clinker and different blending procedures. Only one 



 

metakaolin series was produced assuming, that due to practical reasons (shrinkage, water demand) 
more than 15 % metakaolin may not be incorporated in a binder blend. 
The curing time for the binders was/is as followed: 

4 h, 1 d, 2d, 7 d, 28 d, 91 d, 365 d, 730 d. 
In this paper, results will be reported up to a curing age of 91 d. After the respective curing time the 
top and bottom of the sample PE bottles were cut off, the cement paste cylinder was removed, crushed 
and the pieces were immediately transferred to isopropanol. This was done in order to stop hydration. 
The isopropanol was first replaced after 4 h and then daily until 5 d. After that, the paste samples were 
placed in a vacuum chamber for several hours in order to evaporate the alcohol. From there to further 
analysis, the samples were stored in zip-lock bags in desiccators with a desiccant and a CO2 absorbent. 
 
2.3. Applied methods 
The porosity development was measured by mercury intrusion porosimetry (MIP). The method and its 
application on cement paste were described in Rübner and Hoffmann (2006). The method was used for 
comparing the porosity development between the different binder paste series. Recorded were the pore 
radii vs. pore volume. From there, total pore volumes were calculated for different curing ages. 
Samples consisted of dried 5 mm pieces of the binder paste, were the hydration was stopped by 
alcohol exchange. 
Mechanical strength was monitored over 91 d by measuring compressive strength on mortar cubes of 
40 x 40 x 40 mm3. The mortar cubes were according to EN 196-1 except that the water/binder ratio 
was set to the same value as the binder pastes (w/b = 0.45). In the framework of the project additional 
analysis was performed such as isothermal calorimetry, setting, SEM, pore water extraction but results 
will be reported elsewhere. 
The analysis of the phase development of crystalline phases was performed by XRD (Rigaku 
MiniFlex600). The tube had a copper target and the 1d detector worked with time delay integration 
allowing fast measurements. Samples of the binder pastes were ground finely and measured. For one 
paste sample three powder specimens were measured in form of a pellet. The three diffraction patterns 
were then averaged for the final representation. 
 
3. Results and Discussion 
3.1. Pore structure and strength development 
The slag containing series consisted of two CBI blended binders with the same clinker but different 
amounts of slag (Tab. 2) and one factory blended slag containing Portland composite cement. The 
development of the porosity is shown in Figure 2 and 3.  
The total pore volume of all slag containing series was lower than the reference C at an age of 7 d. 
This includes even the binder with 50 % slag (Fig. 2). At 28 d and 91 d all slag containing binders 
exhibited a similar pore volume, which was about 20 % lower than that of the reference binder C. The 
strength development was slightly different. After 91 d the compressive strength of all series, 
including the reference C, showed only minimal differences.  
The pore size distribution showed clear changes over time (Fig. 3). Incorporation of slag in the binder 
changed the distribution towards smaller pores drastically over time: the more slag the higher the 
number of pores with small radii. In contrast, changes in the size distribution of the reference binder C 
were minimal after 2 days of hydration. 
 



 

a.  

b.  
Figure 2 Total pore volumes of slag containing binders vs. time (a). Strength development over 91 d (b). 

 
 

 
Figure 3 Frequency of pore radii in the different binder series containing slag. 

 
Total pore volume and strength development of the series containing fly ash are shown in Figure 4. 
This group consisted of 2 factory blends and 2 CBI blended binders. The highest pore volumes 
compared to the reference paste were acquired by the series V2 with 50 % fly ash, which was in 
agreement with the findings of other studies (Yu and Ye, 2013. V2 showed correspondingly the lowest 



 

mechanical strength values. At 91 d the other series, including C, showed much lower pore volumes 
around similar values. Differences in porosity were most noticeable up to an age of 28 d, in particular 
with the ones containing fly ash contents of 15 to 16 % but with different clinker composition and 
alkali content. The pastes of V (factory blend) developed its pore volume from the 1st day almost as the 
reference binder C. Binders V1 and VA (16 % FA, low alkali clinker) had a much higher pore volume 
as C before the age of 91 d. 
 

a.  

b.  
Figure 4 Total pore volumes of fly ash containing binders vs. time (a). Strength development over 91 d (b). 

 
Compressive strength was somehow reflected by this: Before 28 d V1, V2 and VA were clearly below 
the strength of the reference C. But V1 and VA gained in strength at 28 d and exceeded the strength of 
the reference at 91 d. Binder V was lower within the first day but already exceeded the strength of C 
after 2 d of hydration and had at day 91 a 15 % higher compressive strength. The pore sizes became 
most noticeably smaller in the series V2 (50 % FA) and VA (16 % FA) over time compared to the 
reference C (Fig. 5). V and V1 had a similar development but not as strong as V2 and VA. 
The fly ash series, except for V2, showed similar pore volumes at 91 d compared to C. Strength values 
were the same or even higher as C. This seems to be different to the slag containing series, were lower 
pore volumes and a larger number of smaller pores resulted in almost the same strength values as the 
reference series C. 
 



 

 
Figure 5 Frequency of pore radii in the different binder series containing fly ash. 

 
A very different development was observed in the series containing 15 % metakaolin (M1, Fig. 6). 
Here pore volume of M1 was lower as the reference C within the first 7 days. From there, it went 
almost parallel to the reference cement C. The compressive strength of M1 showed a drastic increase 
between 2 and 7 days. Then it followed the course of the strength curve of C, though at ca. 25 to 30 % 
higher strength values. 
 

a.  

b.  
Figure 6 Total pore volumes of metakaolin containing binder vs. time (a). Strength development over 91 d (b). 



 

 
The size distribution of the pores of M1 is illustrated in Figure 7. The data showed much smaller pore 
sizes compared to the reference sample and this almost from the start of the hydration. 
Strength and pore data values correlated not completely. The strength development is most 
prominently within 2 and 7 days. Pore volume reduction, however, was most pronounced within the 
first two days. After that, the pore volume was reduced with a significantly smaller rate.  
 

 
Figure 7 Frequency of pore radii in the binder series containing metakaolin. 

 
3.2. Phase development 
The phase development was monitored qualitatively by comparing the diffraction patterns. In focus 
were the reduction of clinker phases and the formation of portlandite and other crystalline hydrate 
phases. The latter consisted of ettringite, monosulfate, hemicarbonate, monocarbonate and hydrotalcite. 
Major diffraction peaks of these phases are between 8 to 15 ° 2theta. 
 

 
Figure 8 XRD patterns of the reference (C) and the slag containing series (S, S1, S2) in the range between 8 and 
16 ° 2theta. Gy = gypsum, Bs = bassanite, Et = ettringite, Ms = monosulfate, Hc = hemicarbonate, Fe = C4AF, 

Mc = monocarbonate, Ht = hydrotalcite. 



 

 
Figure 8 illustrates the phase development of these phases in the slag containing series compared to 
the reference up to 91 d. The reference cement C showed from 4 h the formation of ettringite and at a 
later stage very low amounts of monosulfate. Hemicarbonate was formed at day 1 but was 
successively transformed to monocarbonate, which is in line with results from other studies 
(Lottenbach et. al, 2008). The source of carbonate for these two phases is limestone incorporated into 
Portland cements in quantities below 5 mass-%. 
The slag containing series showed a more pronounced appearance of monosulfate instead of ettringite 
(Fig. 8). This was in particular visible in series S1 and S2. Hydrotalcite (Mg6Al2(CO3)(OH)16•4(H2O)) 
is a hydration product of slag and respective amounts were high in all three slag containing series and 
overlapping with the main peak of monocarbonate. Series S showed a very high gypsum content of the 
unhydrated factory blend. The higher limestone content in S caused the formation of larger amounts of 
hemicarbonate and monocarbonate. The latter was visible in form of a shoulder of the hydrotalcite 
peak. Figure 8 shows that also the consumption of the ferrite phase (C4AF) was increased with the slag 
content. This applied also to C3A but not to C2S as found in other studies (Kocaba, 2009, Whittaker, 
2014). 
The large amounts of monosulfate and hydrotalcite formed in the slag containing samples is linked to 
the higher magnesium and aluminium content of the slag. It shows that the slag is rather reactive since 
hydrotalcite formation was observable from day 1. The slag is known for reducing porosity and pore 
sizes and thus increasing resistance to ion ingress. But the higher amounts of hydrotalcite might also 
be responsible that despite the reduction in porosity the increase in compressive strength compared to 
the reference series is only marginal within 91 d. 
 

 
Figure 9 XRD patterns of the reference (C) and the fly ash containing series (V, V1, VA, V2) in the range 

between 8 and 16 ° 2theta. Gy = gypsum, Bs = bassanite, Et = ettringite, Ms = monosulfate, Hc = hemicarbonate, 
Fe = C4AF, Mc = monocarbonate. 

 
The phase development of the series with fly ash is shown in Figure 9. V2, with 50 mass-% fly ash, 
showed from day 1 the formation of carbo-AFm phases together with ettringite, first hemicarbonate 
then later monocarbonate. At 91 d there appeared also larger amounts of monosulfate. The factory 
blended binders V and VA had much higher gypsum contents in the unhydrated state. Both showed 
from 4 h of hydration higher amounts of ettringite. Hemicarbonate and then monocarbonate appeared 



 

in both samples after 1 d and 7 d, respectively. V1 exhibited higher content of ettringite in the 
beginning but decreased the amount between 7 d and 91 d. At 28 d monosulfate appeared more 
prominently. 
The portlandite content of all fly ash containing series showed the highest intensity at 28 d but lower 
intensities at 91 d. In V, V1 and V2 the amount C4AF and C3A were more and C2S less reduced over 
time than in the reference sample C. However, this effect seemed not as strong as with the series 
containing slag. 
The composition of the crystalline hydrate phases in the fly ash series was different to the slag series. 
Larger amounts of monosulfate as in the slag series were not as prominent but instead more carbo-
AFm together with ettringite. The lack of hydrotalcite seemed to have resulted in slightly higher 
strength values (except V2) compared to the slag series. 
The phase development of the series with 15 mass-% metakaolin is shown in Figure 10. It was 
signified by large amounts of ettringite, monosulfate and hemicarbonate from day 1 to 28 d. At 91 d 
ettringite dominated with significantly lower amounts of monosulfate. C-A-S-H phases, as described 
in Antoni et al. (2012) were not observed due to the lower amount of metakaolin. The portlandite 
amounts were much lower compared to the reference series throughout the 91 d of hydration. A major 
impact on the consumption of C4AF and C3A, as seen in the slag and fly ash series, was not observed. 
The results indicate that metakaolin has accelerated hydration within the first 7 d but from there only 
develops slowly. This is also confirmed by isothermal calorimetry measurements, which showed a 
higher heat release in the acceleration and deceleration period compared to the reference cement C. 
This seems to be in agreement with the porosity and strength measurements were within the first 7 
days most of the changes appear but afterwards development of structure and phases seemed to slow 
down. 
 

 
Figure 10 XRD patterns of the reference (C) and the metakaolin containing series (M1) in the range between 8 

and 16 ° 2theta. Gy = gypsum, Bs = bassanite, Et = ettringite, Ms = monosulfate, Hc = hemicarbonate, Fe = 
C4AF, Mc = monocarbonate. 

 
4. Conclusions 
Even though the hydration experiments are still ongoing to 730 d, a comparison of porosity and phase 
development showed clearly a different behavior with different types of supplementary cementitious 
materials (SCM). Slag containing binders had a development towards pore volume and pore size 



 

reduction compared to a reference Portland cement. The results at 91 d of hydration showed similar 
values in pore volume, independent of the slag content but distinctively lower than that of the 
reference cement. Compared to the reference cement pore sizes of slag containing binders exhibited all 
a stronger reduction in radii over time. However, reduction in pore space did seemingly not influence 
compressive strength values at age 91 d, which were almost the same compared to the reference 
cement. This might be due to the high content of hydrotalcite and maybe monosulfate. Another 
possibility is that by the MIP method not all pores can be accessed, leading generally to lower 
porosities. The higher contents of hydrotalcite in the slag series were caused by the high MgO content 
of the slag. 
Fly ash containing binder pastes showed a different development. The pore volume at 91 d of the three 
binders with 15 % fly ash was similar to the reference cement. Compared to those, the binder with 50 
% fly ash exhibited much higher pore volumes. The combination of fly ash with a clinker of low 
fineness and low alkali content (VA) seemed to have a large impact on hydration within the first 28 
days. After that, porosity and strength had similar values as the reference and the other binders with a 
low fly ash content (V, V1). Factory blend V showed almost the same early development as the 
reference but exceeded the strength clearly at 28 d and 91 d. This effect of higher strength is not only 
based on intergrinding fly ash but also the higher C3S content of the clinker in this binder. 
Distinctively different was the hydration of the binder containing 15 mass-% metakaolin (M1). Here 
reduction in pore volume, pore size and increase in strength was observed within the first 7 d. Very 
early was also the formation of larger amounts of AFm phases (monosulfate, monocarbonate) besides 
ettringite. After 28 d development of hydration seemed to go on similar or slower as the reference 
cement. 
The different hydrate phases, in particular AFm phases can help to explain a different behavior 
towards, e.g. chloride binding, and the pore structure development has a large impact not only on 
strength development but also for ion and moisture transport as well as for carbonation. 
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Abstract: Supplementary cementitious materials (SCMs) like fly ash (FA) and blast furnace slag (BFS) 
are normally used to replace parts of Ordinary Portland cement (OPC) to reduce the cost and CO2 
emission. Some consequences are the reduction of portlandite (CH) content and the formation of C-S-H 
with low Ca/Si ratio, due to pozzolanic reactions. It is known that carbonation of portlandite leads to a 
reduction in the porosity which is ascribed to the positive difference of molar volumes between CH and 
CaCO3. However, the influence on the porosity caused by the carbonation of C-S-H is still 
controversial. The molar volume change due to the carbonation of C-S-H depends on the properties of 
C-S-H (like Ca/Si ratio, water content) and the water remained in silica gel. Moreover, the 
decalcification of C-S-H with the Ca/Si ratio lower than 1.2 can cause more structure changes and 
shrinkage of C-S-H. During the carbonation of cement paste blended with SCMs, less portlandite but a 
relatively high amount of C-S-H with low Ca/Si ratio will be carbonated. The pore structure will evolve 
in a different way, comparing with Portland cement paste. Therefore, it’s very important to figure out 
the pore structure development of cement paste blended with SCMs under carbonation.  
 
In this paper, the binary cement pastes (B70, blended with blast furnace slag, and F30, blended with fly 
ash) and ternary cement pastes (F10B54 and F30B30, blended with blast furnace slag and fly ash) are 
studied and compared with Portland cement paste. Mercury Intrusion Porosimetry (MIP) and nitrogen 
adsorption isotherm are used to determine the pore volume and size distribution of capillary pores and 
gel pores (2-37 nm), respectively. Thermogravimetric analysis (TGA) is used to determine the amounts 
of portlandite and CaCO3. The results show that the amount profiles of portlandite and CaCO3 can be 
used as a more accurate method to study the carbonation in blended cement paste, comparing with the 
phenolphthalein test. Carbonation of most of the species of C-S-H results in the increase of the porosity 
of cement paste. CaCO3 contributed by the carbonation of low Ca C-S-H is dominant in blended 
cement paste B70, F10B54 and F30B30. Both the total and effective capillary porosity increases in the 
above-mentioned paste after the carbonation. Moreover, total porosities of B70 and F10B54 increase 
with the increasing amount of C-S-H involving in carbonation. However, the increment of the total 
porosity of F30B30 decreases with the increasing amount of C-S-H being carbonated. Carbonation of 
C-S-H increases the volume and size of the small gel pore, and creates more capillary pores. This 
peculiar phenomenon is more evident for the mixture with a higher proportion of SCMs, like B70 and 
F30B30. The results reveal that the carbonation of C-S-H formed in pozzolanic reactions cause the 
increase of the total and capillary porosity in cement paste blended with SCMs, which will bring 
adverse effects on the durability of blended cement concrete exposed to the carbonation. 
 
Originality 
Carbonation profiles (porosity, contents of CH and CaCO3) are drawn for cement paste blended with 
SCMs, including binary and ternary system, after accelerated carbonation. Carbonation of C-S-H in 
blended cement paste contributes the increase of the porosity, which is confirmed in this study. The 
increases of total and effective capillary porosity are also observed in the carbonated cement paste 
blended with a relatively high amount of SCMs, such as B70, F10B54 and F30B30. The relationship is 
established between the porosity of blended cement paste and the amount of C-S-H being carbonated. 
The structure evolution of C-S-H during carbonation is illustrated on the basis of the colloid C-S-H 
model; the corresponding changes to the gel pore structure are interpreted as well. 
Keywords: porosity, pore volume distribution, SCMs, cement paste, accelerated carbonation 
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1. Introduction 
Carbonation of calcium-bearing phases inside the concrete is the main deterioration process of 
infrastructure in open district with high average annual relative humidity. The consequence of 
this ageing phenomenon is the reduction of alkalinity, which makes the reinforcement easy to 
be corroded. In general, calcium-bearing phases involving in carbonation could be hydration 
products like portlandite (CH), calcium silicate hydrate (C-S-H) , as well as unhydrated 
cement clinkers like tricalcium silicate (C3S), dicalcium silicate(C2S). Normally, the reactions 
between unhydrated cement and CO2 can be ignored because their weak competition for CO2 
in front of CH and C-S-H (Peter, Muntean et al. 2008). From thermodynamic point of view,  
the carbonation of CH has a priority comparing with C-S-H (Glasser and Matschei 2007). 
However in experiments the initial rate of carbonation is quite similar (Morandeau, Thiery et 
al. 2014).  Therefore, the main carbonation reactions happened inside the concrete are as 
follows: 
CH C CC H                       (1) 

( )x y tC SH xC xCC SH y t H                                                        (2) 

It is reclaim that, in cement notations, C = , = , = , = , and CaO H 2H O S 2SiO A 2 3Al O

C = . 2CO x , and t are the molecular numbers. As the number of  is normally set as one  

when describing the formula of C-S-H,  

y S
x and y  also equal to the Ca/Si and H2O/Si ratio.  

It is universally acknowledged that the carbonation of CH leads to a reduction in porosity 
which is ascribed to the positive difference of molar volume between CH and the formed 
CaCO3 (Pihlajavaara 1968, Pihlajavaara and Pihlman 1974, Patel, Killoh et al. 1988, 
Papadakis, Vayenas et al. 1991, Ngala and Page 1997, Delmi, Aı¨t-Mokhtar et al. 2006). But 
if considering the carbonation of C-S-H, the effect of the carbonation on the porosity and 
microstructure of cement paste is still controversial. Carbonation of C-S-H has been studied 
by many authors (Zdeneˇk Sˇauman 1972, Black, Breen et al. 2007, Morandeau, Thiery et al. 
2014). It agreed that a complex decalcification-polymerization process of the C-S-H and the 
formation of amorphous silica gel, see equation (2). The molar volume change due to the 
carbonation of C-S-H depends on the properties of C-S-H (like Ca/Si ratio, water content) and 
the water remained in silica gel. 
 In Portland cement paste, the Ca/Si ratio (C/S) in C-S-H is about 1.5-1.9. The addition of 
supplementary cementitious materials (SCMs) like fly ash results in the formation of a C-S-H 
with lower C/S, which is generally agreed to have a tobermorite- like structure  

but with many defects, mainly in bridging tetrahedron (Cong and Kirkpatrick 1996, Cong and 
Kirkpatrick 1996, Richardson 1999). The formation of C-S-H with a low C/S leads to an 
increased uptake of aluminium in the C-S-H, called C-A-S-H (Richardson and Groves 1993).  
Therefore, in cement paste blended with SCMs like fly ash, there are at least two types of C-
S-H: C-S-H with high C/S from the hydration of C3S and C2S (high Ca C-S-H), C-S-H with 
low C/S from the pozzolanic reaction (low Ca C-(A-) S-H). The proportions of them are 
determined by the replacement level of SCMs, which is confirmed by the thermodynamic 
modelling from B. Lothenbach et al (Lothenbach, Scrivener et al. 2011). Moreover, the 
decalcification of C-S-H may cause the shrinkage of cement paste, especially for the C-S-H 
with Ca/Si lower than 1.2 (Chen, Thomas et al. 2006).  

0.83 2 1.5C S H

In cement paste blended with SCMs, the amount of CH is quite lower than that in the Portland 
cement paste. More proportion of C-S-H with high or low Ca/Si ratio is carbonated. The 
changes of microstructure due to carbonation is mainly caused by the carbonation of C-S-H, 
or the complex mixture which consists of different types of C-S-H. Therefore, concerning the 
influence of carbonation on the microstructure of SCMs blended cement paste, the limited 
data which were published in the scientific literature do not show a real consensus. 
The aim of this work is to provide further evidence and improved understanding of the effects 
of carbonation on the microstructure (porosity and pore size distribution) of cement paste 
blended with different SCMs, on the basis of mercury intrusion porosimetry and nitrogen 
adsorption isotherm. By correlating the investigations of microstructure with the 
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measurements of the phases evolving in the carbonation performed by thermogravimetric 

analysis, the carbonation profiles (porosity, contents of CH and C are provided, in order to 
obtain reliable analytical relations representing the behavior of cement paste blended with 
different kinds of SCMs exposed to the carbonation, including ternary mixture. 

C ) 

2. Experimental 
2.1. Raw Materials 
Ordinary Portland cement (PC) used in the study was type CEM I 425N, from ENCI in the 
Netherlands. Fly ash (FA) and blast furnace slag (BFS) were used to replace part of PC in 
cement paste blended with SCMs. FA is Class F fly ash, according to ASTM C 618. BFS is 
produced by ECOCEM in the Netherlands. Main chemical compositions of raw materials are 
determined by X-ray fluorescence spectrometry (XRF). The results are compared in table 1.  
Major crystalline phases of above raw materials were tested by X-ray diffraction (XRD). The 
X-ray source used is Cu K radiation (λ = 0.154056 nm). The scan step size was 0.03°, from 5° 
to 70° (2θ). X-ray test results are shown in Figure 1.  

Table 1 Main chemical composition of raw materials by XRF (wt. %) 

 CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 L.O.L CO2
a

Cement 66.15 18.34 4.41 3.46 2.16 0.46 - 2.63 1.37 0.80
FA 5.61 49.79 31.81 5.38 1.05 0.90 0.18 0.49 2.35 0.11
BFS 39.86 34.85 11.90 0.47 9.78 0.29 - 1.69 0.1 0.0 
a Calculated from TGA 

5 10 15 20 25 30 35 40 45 50 55 60 65 70

M
M

QMM
M
Q

M
M
Q

M
Q

M M
M

Q

M
MQM

H
BL

H
A

H
B

L
A

H
LH

L

H
L

H
T
A

H
L
T
A

L
B

H
L

H
L
T
A

H
L
A

L
T

L

H
L

B
T

H
L

H, L, B

L

H
L

H
L

A
L
B

H
L
A

H
L

 PC

 FA

2-Theta (?

 BFS

L

M
Q

 
Figure 1 X- ray diffraction analysis of the raw materials 

Based on the X-ray test result, the major mineral composition of Portland cement clinker was 
determined by Rietveld method[1]. If unidentified or amorphous phases exist in the mixture, 
the refinement by Rietveld method will results in overestimated weight percentage. Therefore, 
a standard powder with a known crystal structure and amount was mixed with the samples as 
the internal standard. In this research, corundum (Al2O3, PDF #74-1081) was used as the 
internal standard; the percentage of corundum was approximate 10% of the total weight.  The 
mineralogical composition of the used raw materials determined by XRD Rietveld are listed 
in table 2. 

Table 2 Major crystalline composition of Portland cement clinker and FA determined by Retiveld 
method (wt. %) 

 OPC clinker  FA BFS 
Alite (Hatrurite, Ca3SiO5) 54.6 Quartz ( SiO2) 10.6  
Belite ( Larnite, Ca2SiO4) 29.0 Mullite ( Al4.8O9.6Si1.2) 19.2  
Aluminate ( Ca3Al2O6) 6.16 Amorphous 70.2 100 
Ferrite ( Ca2AlFeO5) 6.83    
Sulfate ( Anhydrite, CaSO4) 0.56    
Lime (CaO) 2.35    
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Figure 2 Particle size distribution of raw materials (dash ---- PC, solid — FA, dot •••• BFS) 

The particle size distributions of raw materials analyzed by Laser Diffraction are shown in 
Figure 2.  
2.2. Sample preparation and experimental procedure 
Pure Portland cement paste was prepared as the blank sample. In blended cement paste, PC 
was partially replaced by FA or BFS, including binary (PC + FA or BFS) and ternary system 
(PC + FA + BFS). The mixture design is given in table 3. All the materials are in weight 
percentage with respect to total binder content. The water/binder ratio (W/B) is 0.5. Different 
cement pastes were prepared in a HOBART mixer under the room temperature. The binders 
were mixed with demineralized water at the low speed for 1 minute and at the high speed for 
2 minutes with interval pause for 15 seconds. The fresh paste was transferred immediately to 
the plastic bottles with the diameter of 50 mm. The bottles were filled in 3 steps and vibrated 
for 10 seconds at each step to remove the air before the bottles were sealed. Then, those 
bottles were fixed in the rotation machine at a speed of 5-7 rpm for 24 hours to prevent 
bleeding. Sealed curing was performed for all specimens at 20 °C in the fog room for 12 
months before carbonation test.  
After curing, plastic bottles were cut into two pieces in order to obtain two cylinders (height = 
40 mm, φ =50 mm, as shown in Figure 3a). Both top face rims and bottom face of part B were 
re-sealed with silicon sealant in order to obtain unidimensional carbonation condition. Then 
the samples were moved into the carbonation chamber regulated by CO2 concentration of 
3%±0.2, at 20 °C and 75% of relative humidity (using the saturated NaCl solution). The 
carbonation ages were up to 84 days.  
After carbonation for the certain date, plastic cover and silicon sealant of cylinder samples 
were removed and cleaned. The samples were cut into two half-cylinders in the middle. The 
fresh cutting surface were sprayed with phenolphthalein to measure the carbonation depth. 
Then slices were sawn from the two half-cylinders of the same sample, step by step from the 
exposed surface to the deeper inside area of the sample. Thickness of the slice was 
approximate 2 mm. The schematic graph for cutting the slice is described in Figure 3b. 
Slices of cement pastes were immersed into liquid nitrogen for 3-4 min to stop the further 
hydration. Then these specimens were immediately moved into a vacuum freeze-dryer. The 
temperature and vacuum were maintained at -24 °C and 0.1 Pa, respectively(Ye 2003).  The 
drying procedure would last for at least 4 weeks until the daily weight loss of those specimens 
was lower than 0.1%. Then the specimens were ready for the following tests. 

Table 3 Mass fraction of raw materials in different mixtures 

Sample ID PC (g) (wt. %) FA (g) (wt. %) BFS (g) (wt. %) H2O (g) 
P100 1500    750 
F30 1050  450 (30)  750 
B70 450  1050 (70) 750 
F10B54 540 150 (10) 810 (54) 750 
F30B30 600 450 (30) 450 (30) 750 
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Figure 3 Sample pretreatment before the accelerate carbonation test 

 

 

b 

a 

2.3. Test methodology 
2.3.1 Mercury Intrusion Porosimetry (MIP) 
In the MIP measurement the maximum pressure applied was 207 MPa, which means the 
effectively measurable pore size was the range of 0.007-500 μm. Each measurement consists 
of three stages: intrusion at the low pressure running from 0 to 0.170MPa; intrusion at the 
high pressure running from 0.170 to 205 MPa; following by the extrusion back to 0.170 MPa. 
Each specimen were tested for 2 or 3 times. The total porosity and effective capillary porosity 
also can be calculated on the basis of the MIP test results (Ye 2003). 
2.3.2 Nitrogen adsorption 
The gel pore structure (2-37 nm) was measured by nitrogen adsorption isotherm, which is a 
method for estimating the pore volume and area distribution calculated by the BJH (Joyner, 
Barrett et al. 1951). Nitrogen adsorption tests were conducted by using Gemimi VII 2390 with 
a relative pressure range from 0.05~0.98.  
2.3.3 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is the method to provide information about the 
decomposition or dehydration of minerals as a function of temperature. Coupled with a mass 
spectrometer, more accurate temperature range for the decomposition of CH and C-S-H can 
be obtained. The contents of main hydration products (CH and C-S-H) were calculated from 
the weight loss of samples from TGA curves. The well-dried samples were ground into 
powder with an average particle size <75 μm. The mass of powder samples was 30-50 mg. 
The samples was heated at the rate of 10°C/ min from 40-1100°C. TGA tests were carried out 
by the Netzsch STA 449 F3 Jupiter coupled with a mass spectrometer (MS) Netzsch QMS 
403 C Quadrupole under a dry argon atmosphere, in order to identify with the more accurate 
temperature range related to the emissions of H2O and CO2. 
3. Results and Discussion 
3.1 Profiles of the portlandite and the amounts of CaCO3  
The typical TGA-MS results for cement paste before and after carbonation are shown in 
Figure 4. By using MS, the ion currents of different gases are recorded, providing gas 
information during the heating. In the TGA curve of noncarbonated sample, the weight loss in 
the range of 40-400°C is normally related to the dehydration of C-S-H (Noumowé 1995, 
Richard 1999), part of the carboaluminate hydrates (Nonnet, Lequeux et al. 1999), AFm and 
AFt (Zhou and Glasser 2001) phases, as well as to the emission of physically-bound water 
(Noumowé 1995). This is confirmed by the mass spectrum of H2O (see Figure 4a). There is a 
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minor peak around 180°C in the mass spectrum of H2O and the DTG curve, indicating the 
presence of monocarbonate (Lothenbach, Le Saout et al. 2008). Coupled with MS results, the 
mass loss related to CH dehydroxylation usually occurs in the range of 450-550 °C 
(Noumowé 1995, Platret 2002). Weight loss due to the dehydration of CH is determined by a 
graphical technique (Marsh and Day 1988). The technique makes a correction for the 
concurrent dehydration of other compounds. 
The decomposition of CaCO3 mainly happens in the range of 600-900 °C (Noumowé 1995, 
Grattan-Bellew 1996). Considering together with the DTG curve in Figure 4b, the two 
obvious peaks in CO2 MS curve are due to the decarbonation of (aragonite) and β-CaCO3 
(calcite), respectively. MS patterns confirm that the CO2 starts to release in the same 
temperature range as CH. This is due to the presence of amorphous forms of calcium 
carbonate (Cole and Kroone 1960, Baird, Cairns-Smith et al. 1975, Moorehead 1986, 
Brečević and Nielsen 1989, Stepkowska, Blanes et al. 2004, Stepkowska, Aviles et al. 2007). 
Moreover, in the DTG curve of carbonated blended cement paste, there is one more peak at 
lower temperature, which is not obvious in the DTG curve of carbonated Portland cement 
paste (Figure 4b). It indicates the decomposition of μ-CaCO3 (vaterite). Both aragonite and 
vaterite are metastable calcium carbonate forms, and they are in particular formed from the 
carbonation of C-S-H with low Ca/Si ratio (Black, Breen et al. 2007). 
To figure out the proportion of CO2 released from different kinds of calcium carbonate, the 
CO2 mass spectrum is fitted by multi-Gaussian peaks. The decomposition temperature of 
different kinds of CaCO3 is determined by the fitting result. Then the relative percentage of 
different types of CaCO3 is calculated from TG curve, which are shown in table 4.  
The amount of calcite decreases but the content of other carbonates increases with the 
increase of SCMs content. The reason is that calcite is mainly formed from the carbonation of 
portlandite and other carbonates are mainly produced from the carbonation of C-S-H. 
Comparing with F30, more amorphous CaCO3 but less vaterite and aragonite are formed in 
B70 after carbonation. 
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Figure 4 TGA-MS coupled test results of cement paste w/b = 0.5: (a) Hydrated for 1 year; (b) Hydrated 

for 1 year, then carbonated for 84 days, the outermost surface part with a depth of 2mm. 
Table 4 Decomposition temperature and the relative percentage of different calcium carbonate 

Relative mass percentage of CaCO3 (%) Mixture 
Amorphous CaCO3 Vaterite Aragonite Calcite 

P100 9.1  19.96 43.45 27.49 
 (424-508 °C) (510-621 °C) (592-754 °C) (750-806 °C) 

F30 19.95 32.38 40.37 7.29 
 (327-609 °C) (493-597 °C) (601-754 °C) (760-784 °C) 

B70 29.43 30.56 36.97 3.04 
 (394-572 °C) (522-626 °C) (622-748 °C) (754-770 °C) 

F30B30 16.39 29.49 50.13 3.99 
 (352-504°C) (505-619 °C) (615-755 °C) (757-775 °C) 

F10B54 11.81 42.86 41.08 4.26 
 (358-452 °C) (494-635 °C) (619-750°C) (756-776 °C) 
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Due to the decomposition of polymorphs of CaCO3, the quantification method used for CH is 
less appropriate. However, considering both the MS of CO2 and DTG curve, the weight loss 
in the range of 500-825 °C is indicated to the decomposition of CaCO3 and used for the 
quantification.  
According to the decomposition reactions of portlandite and CaCO3, 

2 2

      74g/mol                     56g/mol                18g/mol

( )          Ca OH CaO H O 
                                

3 2

    100g/mol               56g/mol             44g/mol

         COCaCO CaO 
                                       (3) 

the portlandite or CaCO3 amount per 1g of freeze-dried cement paste can be calculated by 
equation 3 and 4, respectively. 

( ) ( )

74 / 100 /
          

18 / 44 /
CH CC

CH H CCC

g mol g mol
w w w w

g mol g mol
               (4)                                  

Where: CH
Hw and CC

Cw are the weight loss determined by TGA, due to the decomposition of 

portlandite or CaCO3. The calculated results are compared in Figure 5.  
 

 
Figure 5 Profiles of the amounts of portlandite and CaCO3 in cement paste after carbonation. (Hydrated 

for 1 year, then carbonated for 28 and 84 days). The carbonation depth was tested from the samples 
carbonated for 84 days, using phenolphthalein spray test. 

Incorporating SCMs into cement paste causes the reduction of the portlandite content, due to 
the dilution effect and pozzolanic reaction. Normally, the higher amount of SCMs, the lower 
amount of portlandite. During the carbonation, the portlandite is converted into CaCO3. 
Therefore, from the exposed surface to the non-carbonated part, the portlandite content 
increases from zero, together with the decrease of the CaCO3 amount. Profiles of portlandite 
and CaCO3 move towards the inside part of the cement paste with the increase of carbonation 
time. These phase profiles can be used to determine the carbonation front or depth. In the 
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profiles, the depth, where the amounts of both portlandite and CaCO3 become almost 
unchanged, is considered as the carbonation depth. The depth determined by this method is 
compared with that measured by phenolphthalein test in table 5. Carbonation depth 
determined by TGA-MS shows much higher than that determined by the phenolphthalein. It 
should be noticed that the increasing amount of CaCO3 with the extension of carbonation time, 
is mainly contributed by the carbonation of C-S-H in cement paste blended with a high 
amount of SCMs, such as B70, F10B54 and F30B30.  

Table 5 Comparison of carbonation depth tested by two methods  

Depth (mm) P100 F30 B70 F30B30 F10B54 
TG 12.5  12.5 22.5 22.5 12.5 
phenolphthalein spray 3.45 7.27 8.35 11.9 8.25 
3.2 Effects of carbonation on the capillary pore-MIP test results 
Pore volume and pore size distribution tested by MIP after carbonation are shown in Figure 6 
and Figure 7, in which the test results of binary and ternary mixtures are compared 
respectively.  
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Figure 6 Capillary pore volume and pore size distribution of Portland cement and binary mixture: 

Portland cement paste (P100), blended with 30% of FA (F30) and blended with 70% of BFS (B70) 
(Hydrated for 1 year, then carbonated for 84 days). 
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In general, the pore size distribution differential curve of cement paste measured by MIP, 
there are two ‘critical peak’(Cook and Hover 1999). The first ‘critical peak’ is in the range of 
0.1 to 1 µm, corresponding to large capillary pores; The second ‘critical peak’ is in the range 
of 0.01 to 0.1µm, corresponding to medium capillary pores, according to the classification of 
pores in cement paste by Minders and Young(Mindess, Young et al. 1981).  Although the 
definition of capillary pores is not quite the same in elsewhere (Jennings 2004), the 
classification and definition by Minders and Young  was used in the discussions. 
For the Portland cement paste, the pore volume in the range of 0.01-0.1 µm decreases during 
the carbonation, together with the intensity of the second ‘critical peak’, which corresponds to 
the medium capillary pore. The pore volume in the range of 0.1-1.0 µm is approximately the 
same before and after carbonation. For the noncarbonated part of Portland cement paste, there 
is no first ‘critical peak’ in the pore size distribution differential curve.  
Normally, carbonation in Portland cement is only responsible for an apparent clogging of the 
microstructure between 0.01-0.1 µm corresponding to medium capillary pores attributed to 
the voids among outer C-S-H clusters, which is confirmed by many studies (Pihlajavaara 
1968, Matsusato, Ogawa et al. 1992, Puertas, Palacios et al. 2006, Song and Kwon 2007, 

Auroy, Poyet et al. 2015). This is due to the formation of CC  in the pores, with a greater 
molar volume than the initial component CH. However, carbonation is also capable of 
producing larger capillary pores of 100-200 nm size if W/C or CO2 concentration is high 
enough (i.e. W/C > 0.5 or CO2 > 50%), claimed by some other researchers (Moorehead 1986, 
Villain and Thiery 2005, Lawrence, Mays et al. 2007, Thiéry, Faure et al. 2011). Chaussadent 
T et al(Chaussadent, Baroghel-Bouny et al. 2000) studied the relationship between water-
cement ratio and hydrate size in cement pastes. Hydrates of a bigger size in porous concretes 
with higher W/C ratio can be well developed in capillary pores. During the carbonation, the 
CH dissolves and leaves room to bigger pores and the carbonation products preferably 
develop in the smaller pores. This is one of the possible reasons for the appearance of pores 
around 100-200 nm at the same time as the filling of the 30 nm pores. Whatever the effects of 
carbonation on the capillary pore structure (making it coarser or finer), the total porosity of 
Portland cement paste (mortar, or concrete) is decreased after the carbonation (natural or 
accelerated). 
For cement paste blended with 30% of FA, the pore volume in the range of 0.02-1 µm, which 
includes the medium and large capillary pores, increases obviously during carbonation.  In the 
relevant differential curve, there is a shift of the second ‘critical peak’, corresponding to the 
medium capillary pore, towards greater pore radii during carbonation, together with the 
intensity decline. Moreover, the first peak indicating large capillary pores appears, and the 
intensity of which increases with the carbonation. The creation of coarser capillary pore 
structure is observed on the carbonated cement paste blended with 30% of FA.  
For cement paste blended with 70% of BFS, the pore volume in the range of 0.01-1 µm 
increases dramatically. There are no critical peaks observed in the differential curve of BFS 
blended cement paste. However, the peak corresponding to large capillary pores appears 
during the carbonation. A new ‘critical peak’ in the range of 1-5 µm, arises after carbonation. 
It means a much coarser capillary pore structure, comparing with FA blends, is created by the 
carbonation in B70. 
Similar results as B70 can be observed on the ternary mixtures, F10B54 and F30B30 in the 
pore volume and pore size distribution curves, shown in Figure 7. It should be noticed that the 
dominated calcium-bearing phase be carbonated is C-S-H in B70, F10B54 and F30B30. 
For cement paste (or concrete) blended with FA or BFS, normally the capillary pore volume 
increases after carbonation, when the amount of FA (> 35%) or BFS (>65%) is high enough 
(Litvan and Meyer 1986, Ngala and Page 1997, Borges, Costa et al. 2010, Frías and Goñi 
2013, Morandeau, Thiéry et al. 2015). This is due to the carbonation of overwhelming amount 
of C-S-H, especially those with low Ca/Si ratio. The same results can be also observed in this 
study. But in the above cases, the range of the capillary pore size were not specified. It should 
be noticed that a ‘critical peak’ in the range of 1-5µm appears in the differential curves of B70, 
F10B54 or F30B30 after the carbonation. This is possible due to the microcracks caused by 
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the carbonation shrinkage. Especially, the carbonation of C-S-H with low Ca/Si ratio (1.2-1.4) 
can cause relatively more shrinkage of the paste(Chen, Thomas et al. 2006). It means a higher 
risk of cracking. 

0.01 0.1 1 10 100
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

F10B54

C
um

ul
at

iv
e 

fr
ac

ti
on

 (
m

L
/m

L
)

Pore Diameter (祄 )

 2 mm
 5.5 mm
 9 mm
 12.5 mm
 16 mm

0.01 0.1 1 10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.5 祄
capillary pore

F10B54

D
if

fe
re

nt
ia

l I
nt

ru
si

on
 (

dV
/d

lo
gD

)

Pore Diameter (祄 )

 2 mm
 5.5 mm
 9 mm
 12.5 mm
 16 mm

0.01 0.1 1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30 F30B30

C
um

ul
at

iv
e 

fr
ac

ti
on

 (
m

L
/m

L
)

Pore Diameter (祄 )

 2 mm
 9 mm
 16mm
 19.5 mm
 23 mm
 26.50mm

0.01 0.1 1 10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.5 祄
capillary pore

F30B30

D
if

fe
re

nt
ia

l I
nt

ru
si

on
 (

dV
/d

lo
gD

)

Pore Diameter (祄 )

 2 mm
 9 mm
 16mm
 19.5 mm
 23 mm
 26.50 mm

 
Figure 7 Capillary pore volume and pore size distribution for ternary mixture:  cement paste blended 

with 10% of FA and 54% of BFS (F10B54), blended with 30% of FA and 30% of BFS (F30B30) 
(hydrated for 1 year, then carbonated for 84 days). 

The total porosity and effective capillary porosity are illustrated in Figure 8. Apparently, both 
the total and effective capillary porosity of Portland cement (P100) and FA blended cement 
paste (F30) paste decrease after the carbonation. For cement paste blended with a relative 
higher amount of BFS, like B70, F10B54 and F30B30, the total porosity and effective 
capillary porosity increase after the carbonation. The same conclusions can be drawn from the 
tests of concrete under natural carbonation up to 20 years(Litvan and Meyer 1986).  
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Figure 8 Total porosity (a) and effective capillary porosity (b) of blended cement paste before and after 

carbonation (hydrated for 1 year, then carbonated for 84 days). 
It is known the carbonation of portlandite causes the decline of the porosity. Therefore, the 
porosity of carbonated cement paste will be lower. However, the porosity of B70 and F10B54 
increases after the carbonation. The only reason is that the carbonation of CSH increases the 
porosity, especially the carbonation of C-S-H with low Ca/Si ratio produced from the 
pozzolanic reactions.  
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Based on the equation (1) and (2) describing the carbonations of CH and C-S-H, the 
solid volume changes due to the carbonation can be expressed as following equation 
(5) (Morandeau, Thiéry et al. 2015). 

0

0

( ) ( )
( ) [

/ ( ) / ( )
CH CH CSH CSH CSH CSH

CH CSH CHCC CC CC CC

V t V t
n V V n V

C S t C S t
   ]


     


                  (5) 

In which, CH

CC
V = CSH

CC
V = 36.93  and = , are the molar volume of 3 /cm mol CHV 33.07 /cm mol

CC  and respectively. CH CH

CC
n and CSH

CC
n  are the molar number of CC contributed by the 

carbonation of CH  and .  and are the Ca/Si ratio of C-S-H before  

and after carbonation. C S varies from 0.75-2.0 and  equals to zero.  is 

the molar volume of C-S-H before carbonation; =  is the molar volume of 

carbonation product SH , which is in the range of 12-34  (Thiéry, Faure et al. 

2011). 

CSH

0/ ( )t

( )gel

0/ ( )C S t / ( )t

/ ( )C S t

0( )CSHV t (tSH gelV
3 /cm

C S

( )CSHV t

)

t mol

By applying the above-mentioned parameters, the volume change per 1 mole of  CC  
contributed by the carbonation of C-S-H can be calculated by equation (6).  

0 (0 3

0

( )
( / ) 36.93

/ ( )
tCSH SH gel

CSH

V t V
cm mol

C S t
 )

                          (6) 

The total volume changes due to the carbonation of CH and C-S-H can be calculated by 
equation (7). 

0 ( )

0

( )
3.85 [36.93 ]

/ ( )
tCSH SH gelCH CSH

CH CSH CC CC

V t V
n n

C S t
  


                 (7) 

Making an assumption that 
0
CSH = 0, then 

0 0( ) 36.93 / ( )
tCSH SH gelV t C S t V   ( )             (8)               

The linear relationships between  and  are drawn in Figure 9. The value of 

is chosen as 12, 20 and 25 , respectively. The data points in the same figure 

are the relevant parameters of C-S-H used in the references(Jennings and Tennis 1994, 
Papadakis 1999, Jennings 2000, Tennis and Jennings 2000, Jennings, Bullard et al. 2008, 
Lothenbach, Matschei et al. 2008, Thomas, Jennings et al. 2010). 

0( )CSHV t
3 /cm mol

0/ ( )C S t

( )tSH gelV

Calculation of volume changes based on the values of the point above the linear curve will 

give a negative value of ; otherwise a positive value. The negative value of 0 ( 0)CSH  0
CSH  

means the carbonation of these types of C-S-H will cause a negative increase of the solid 
volume and the increase of the pore space volume or porosity of the cement paste matrix. 
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Figure 9 Relations between molar volume and Ca / Si ratio of the C-S-H 
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From Figure 9, carbonation of most of the species of C-S-H will result in the increase of the 
porosity of cement paste. It should be noticed that the effects of the carbonation on the 
porosity evolution will be different for some types of C-S-H, if the value of is chosen 

as a different value.  
( )tSH gelV

Calculated on the basis of the TGA test results, the amounts of calcium carbonate contributed 
by the carbonation of portlandite or C-S-H were calculated and shown in Figure 10a. 
Apparently, the proportion of CaCO3 contributed by the carbonation of C-S-H is significantly 
higher and dominant in the three mixtures blended with a high amount of SCMs such as B70, 
F10B54 and F30B30. Concerning the cement- fly ash binary system, the same result may be 
found if the replacement level of FA increases higher than 40%(Thiéry, Faure et al. 2011). 
As being discussed, the carbonation of C-S-H contributes an increase of the porosity of 
carbonated cement paste. And most of the CaCO3 are formed from the carbonation of C-S-H 
in blended cement paste. Therefore, the carbonation of C-S-H has a dominant effect on the 
evolution of total porosity in cement paste blended with the high amount of SCMs. Combined 
with the total porosity tested by MIP, the relationship between the changes of total porosity in 
cement paste and the amount of C-S-H being carbonated are drawn and illustrated in Figure 
10b. 
Total porosities of B70 and F10B54 increase with the increasing amount of C-S-H involving 
in the carbonation; total porosities of P100 and F30 decrease with the increase of the amount 
of carbonated C-S-H. The total porosity of F30B30 increases after carbonation, however the 
increment in porosity decreases when the amount of C-S-H being carbonated increases.  
In blended cement paste, a large part of C-S-H is produced by the pozzolanic reaction 
between portlandite and SCMs, defined as low Ca C-S-H in the introduction. The carbonation 
of the low Ca C-S-H may produce a poorly-hydrated silica gel of a low molar volume due 
certainly to a release of a great amount of free water initially chemically-bound within the C-
S-H during carbonation. This peculiar behavior observed for the pozzolanic C-S-H is more 
evident with a higher replacement ratio of SCMs (FA> 40%  or BFS > 55%) since given that 
it is observed in Figure 8  and the literature that carbonation can then significantly contribute 
to an increase in porosity. 
It should be noticed that the property of low Ca C-S-H in FA blended cement paste is quite 
different from that produced from the pozzolanic reaction of BFS. They may have the 
opposite effects on the porosity development in blended cement paste, see in Figure 10b. The 
combined effect from the carbonation of these two types of C-S-H results in the particular 
development of the total porosity in F30B30. 
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3.2 Effects of carbonation on the gel pore-Nitrogen adsorption test 
By using BJH method, the pore size distributions in the range of 2-37 nm are calculated from 
the nitrogen adsorption test results, as shown in Figure 11. As mentioned in Jennings ‘work, 
the low density (LD) C-S-H structure has a significant amount of internal porosity accessible 
to the nitrogen, while the high density (HD) C-S-H does not. Therefore, the pores in this scale 
mainly belong to the gel pores of LD C-S-H, which are divided into two categories: small gel 
pores (SGP = 1-3 nm) and larger gel pores (LGP = 3-12nm), according to the colloid C-S-H 
model(Jennings 2008).  The intraglobule pores (IGP, ≤ 1nm) is not discussed here because the 
nitrogen cannot penetrate the intraglobule pores inside the LD C-S-H structure although it is 
small enough to do so. 
Apparently, the pore volume in the range from 2-37 nm declines after carbonation. In the 
differential curves, the ‘critical peak’ at around 5 nm appears for virgin sample, but the 
‘critical peak’ at around 22-30 nm disappears for the same sample after carbonation. The first 
peak indicates the small gel pores and the second peak corresponds to the small capillary 
pores between the globule flocs which have a size of 30-60nm.  
The carbonation of C-S-H is a complex process involving both the decalcification and 
polymerization of silicate chain. The reconstruction and readjustment in three dimensions will 
result in the overlaps between silicate chains from the adjacent globules, which creates more 
small gel pores and increase the size of the ‘new’ globule. Therefore, the number and the 
radius of pores between globules increases and contributes to the appearance of the first 
‘critical peak’. Meanwhile, the polymerization of silicate chain can also causes the shrinkage 
of C-S-H and the decrease of the size of the ‘globule floc’. This will increase the pore size of 
small capillary pores. Therefore, the ‘critical peak’ at around 22-30 nm disappears and moves 
to the capillary pore area with a larger size. This is confirmed by the MIP test results. 
Evolution of the gel pore structure of C-S-H is described by the schematic diagram shown in 
Figure 12. This peculiar phenomenon observed indicating the carbonation of C-S-H, 
especially the low Ca C-S-H is more evident for the mixture with a higher replacement ratio 
of SCMs, like B70 and F30B30. 
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Figure 11 Evolution of accumulative pore volume and pore size distributions (2-37 nm) of different 

mixture measured by Nitrogen adsorption. (Hydrated for 1 year, then carbonated for 84 days). 

 
Figure 12 Evolution of the gel pore structure of C-S-H based on the Colloid model: ( a ) before 

carbonation; ( b ) after carbonation. 
4. Conclusions 
In the paper, the carbonation induced microstructure change in cement paste blended with 
SCMs is studied by using TGA, MIP and nitrogen adsorption. The evolution of the capillary 
pore, gel pore structure caused by the carbonation of C-S-H are discussed. The main 
conclusions are as follow: 
- Carbonation can affect the region which is much deeper than the carbonated area 
determined by the phenolphthalein, especially in blended cement paste. The amount profiles 
of portlandite and calcium carbonate, determined by TGA test results,  can be used as a more 
accurate method to study the carbonation evolution in cement paste blended with SCMs. 
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- Carbonation of most of the species of C-S-H results in the increase of the porosity of 
cement paste. 
- The carbonates due to the carbonation of low Ca C-S-H is dominant in blended 
cement paste B70, F10B54 and F30B30. Both the total porosity and effective capillary 
porosity increases in the above-mentioned cement paste after carbonation.  
- Total porosities of B70 and F10B54 increase with the increasing amount of C-S-H 
involving in the carbonation. The total porosity of F30B30 increases after carbonation, 
however, the increment decreases with the increasing amount of C-S-H being carbonated. 
- The carbonation of C-S-H increases the volume and size of pores with the radii closer 
to the small gel pore, and creates more capillary pores. This peculiar phenomenon observed 
from nitrogen adsorption test is more evident for the mixture with a higher replacement ratio 
of SCMs, like B70 and F30B30.  
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Abstract 
Blast furnace slag is widely used as supplementary cementitious materials (SCMs) to partially replace portland clinker 
in blended cements. The process of granulating the slag involves cooling the molten slag through high-pressure water 
jets traditionally. At present, energy saving and emission reduction in steel and cement industry have made a new trend 
that a kind of air granulating process to replace the water granulating process of slag. Therefore, assessing and 
improving of the reactivity of different cooling methods slag is essential. To this purpose, the reactivity of synthesized 
water quenching slag and air-quenched slag with the same compositions was analyzed by dissolution experiments. And 
an industrial water quenching slag was used as a contrast sample. 0.1mol/L NaOH solution was used as alkaline 
solution to simulate reaction characteristics of slags in cement hydration environment. The pH values of filtrates at 
various reaction ages were tested, and the concentrations of ions such as Ca, Al and Si in filtrate were determined by 
ICP. In addition, the microscopic morphology and elements of the reacted slags residuals were analyzed by SEM/EDS. 
The results showed that the active components of Ca, Si and Al in the synthesized air-quenched slag, water quenching 
slag and the industrial water quenching slag in alkaline solution had a similar dissolution law, but different dissolution 
quantity. At the hydration age of 1 day, glass in all slags dissolved slightly and Ca, Al and Si ions were found in NaOH 
solution, but the surface morphology of slags particles changed little. With the extension of hydration age, the surfaces 
of slags particles appeared honeycomb holes. And Ca and Si ions dissolved from glass of slags participated in 
hydration activity and formed hydration products on the particle surface. At the later age of hydration, air-quenched 
slag was mainly involved in generating hydration products while water quenching slag and industrial water quenching 
slag were dominated by glass dissolution. Compared to water quenching slag, Al concentration of air-quenched slag in 
its filtrate was higher and more Ca ions participated in the hydration reaction at 28 days, it was indicated that the 
hydration activity of air-quenched slag was higher than water quenching slag. 
 
Originality 
Firstly, in this experiment, the air-quenched slag was synthesized in the simulation condition of the actual slag-making 
process by an environmentally friendly cooling method, it was helpful to the development of dry blast furnace slag 
granulation technology. Secondly, the dissolution characteristic of active components of slag in alkaline solution was 
studied by using the advanced analysis methods such as ICP, SEM/EDS and pH. These methods complemented each 
other and helped to obtain more accurate results. Lastly, the insights gained in this study can be used to estimate the 
hydration reactivity of slag in blended cement and to find ways to enhance the construction application of air-quenched 
slag in the future. 
 
Keywords: air-quenched slag, water quenching slag, dissolution characteristic, NaOH solution. 
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1. Introduction 
Blast furnace slag is widely used as supplementary cementitious materials (SCMs) to partially replace 
portland clinker in blended cements. This is because the granulated slag possesses latent hydraulic 
activity as a vitreous structure material. The process of granulating the slag involves cooling the 
molten slag through high-pressure water jets traditionally. The molten slag could be quenched rapidly 
and forms granular particles generally no larger than 5mm in diameter (Rakesh K. et al., 2005; Rafat. 
S., 2008; Jiang F. H. et al., 2007 ). For decades, the granulated blast furnace slag used as SCMs has 
brought great economic and social benefits around the world. 
At present, energy saving and emission reduction in steel and cement industry have made a new trend 
that a kind of air granulating process to replace the water granulating process of slag. This is a 
environmental-friendly method without using fresh water and discharging pollution gases in the 
process(Dai X. T. et al., 2008; Yan D. L. et al., 2008). However, the issue of whether this kind of 
granulated slag has a good hydraulic activity as well as water granulated slag has attracted intensive 
attention of construction material researchers. 
Over the past decades, many researches about the hydraulic activity of blast furnace slag (Mostafa N. 
Y., et al., 2001; Zhu P. N., 1983; Pu X. C., et al., 2010) have shown that the glass content and 
performance of slag are closely related to the granulating process of slag, and it is one of the most 
important factors affecting the potential activity of blast furnace slag. Obviously, for blast furnace slag 
come from different blast furnaces, due to its raw materials are the same, after melting and quenched, 
the chemical composition of its output - granulated blast furnace slag should be little difference. The 
different performance of blast furnace slag is mainly caused by the difference of production process 
resulting to various performance and structures of slag.  
Although it is well known that granulation process have a great effect on slag performance, yet 
previously researches are mainly focus on the performance of water granulated slag or the slow 
cooling slag in the air. The difference between water granulated slag and air granulated slag are rarely 
investigated. Therefore, assessing and improving of the reactivity of different cooling methods slag is 
essential under the current condition of air granulating process emerging and developing. In this paper, 
the reactivity of synthesized water quenching slag and air-quenched slag with the same compositions 
was analyzed by dissolution experiments. The dissolution characteristic of active components of slags 
in alkaline solution was studied by using the methods such as ICP, SEM/EDS and pH. The results 
obtained in this study may provide references for estimating the hydration reactivity of slag. 
2. Experimental 
2.1. Raw Materials and reagent 
The limestone and fly ash used in the experiments were industrial raw materials which taken from a 
cement plant in Beijing. The ignition loss of limestone and fly ash were tested according to GB/T 
15057.10-1994 and GB/T 176-1996, then their chemical compositions were tested by X-ray 
fluorescence analysis, the results are shown in Table 1. 

Tab. 1 Chemical compositions of limestone and fly ash /% 
 Ignition loss SiO2 Fe2O3 Al2O3 CaO MgO SO3 K2O Na2O

Limestone 41.29 3.99 0.56 2.93 48.65 1.99 0.21 0.19 0 
Fly ash 2.01 48.15 3.75 37.01 4.2 0.6 0.47 1.16 0.35 

The MgO reagent (purity > 98.0%) was produced by Beijing chemical plant, the SiO2 reagent (purity > 
99.0%) was produced by Tianjin Guangfu chemical industry institute. 
The chemical and mineral compositions of Standard Cement (P·I 42.5) used in the experiment is 
shown in Table 2. 

Tab.  2 Chemical and mineral compositions of Standard Cement /% 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f- CaO C3S C2S C3A C4AF 
22.93 4.29 2.89 66.23 1.92 0.35 0.70 0.64 58.78 21.38 6.49 8.77 

 
2.2. preparation of blast furnace slag 
Generally, the main chemical compositions of blast furnace slag are CaO、SiO2、MgO、Al2O3 and 
the total percentage of the four main oxides of slag is more than 95%. In the experiment, the total 



 

percentage of the four main oxides of slag was designed as 97% due to the consideration of industrial 
raw materials used in laboratory. The synthesized slags have same chemical composition and the 
designed chemical composition of slag is shown in Table 3. Besides, an industrial water quenching 
slag which used as a contrast sample was taken from a cement plant in Beijing and its composition is 
also shown in Table 3. 

Tab. 3 The chemical compositions of slags /% 
 CaO SiO2 Al2O3 MgO (CaO+MgO/SiO2+Al2O3)

Synthesized slag 42.27 38.29 12.76 3.60 0.90 
Industrial water 
quenchng slag 

36.12 33.94 14.81 8.11 0.91 

Limestone, fly ash, SiO2 and MgO were used to batching and Microsoft EXCEL was applied to 
calculate each component of designed slag according to Table 3. The calculated results are shown in 
Table 4. 

Tab. 4 Each component of designed slag /w% 
Limestone Fly ash MgO reagent SiO2 reagent 

62.29 20.49 1.35 15.88 

First, raw materials were mixed in accordance with Table 4 and pressed forming. Then the mixed 
sample was placed in a crucible. The sample at furnace was heated from room temperature to 950 ℃ 
at the rate of 10 ℃/min, and at temperature (950 ℃) for 30min, then continually heated to 1450 ℃ at 
the rate of 10 ℃/min, at temperature (1450 ℃) for 30 min. Finally, the molten slag was forced to cool 
by air or water. For preparing air-quenched slag, the corundum crucible filled with molten slag were 
clipped out, then the molten slag were poured out through a sieve, at the same time, the molten slag 
was cooled by fan. A iron plate on the ground was used to collect the granulated slag. For preparing 
water quenching slag, the molten slag was quenched in tap water to room temperature. After being 
dried, the prepared slag was grinded by an agate grinding mill to below 80μm. The industrial water 
quenching slag was grinded by the same method. 
2.3. Methods 
In dissolution experiments, 5 grams of the synthesized air-quenched slag, water quenching slag and 
the  industrial water quenching slag were mixed with 25ml of 0.1mol/L NaOH solution respectively. 
Then all the samples were sealed and puted into a curing box with the temperature of 20℃ and the  
relative humidity of 95%. The samples of different reaction ages were filtered, then the filtrate and the 
residual solid of each sample were detected by different method, respectively. 
The pH of filtrate came from the reaction between slag and NaOH solution at various reaction ages 
was detected by pH meter. 
The concentrations of Ca, Al and Si ions in all filtrates at various reaction ages were determined by 
Inductively Coupled Plasma (ICP) of American PE company whose model is Optima 7000DV. 
The residual solids came from the reactions between slags and NaOH solution at various reaction ages 
were washed with a lot of anhydrous ethanol and dried in a vacuum drying oven at 40℃ for 12h. Then 
the morphology and elements on the surface of each reacted slag residual were analysed by SEM/EDS 
of Hitachi Ltd. whose model is S-3400N. The element contents results of the reacted slag residual 
obtained by EDX were all average values calculated by at least 20 point for each sample. 
3. Results and Discussion 
3.1. pH values of  filtrates  
The pH values of filtrates came from reactions between three slags and NaOH solution at various 
reaction ages is shown in Table 1. It can be seen that the pH curves of all slags are similar with the 
increase of hydration time. At the beginning of hydration, the decline of the pH value of filtrate is 
mainly due to the glass disintegration of slag in alkaline solution, the consumption of OH- which is 
due to the reaction between low silicon phase and OH- (Jiang F. H., 2008) makes a lower pH value. 
After 1 day of hydration, the pH values of filtrates increase due to the ions of K+, Na+ in slags 
gradually dissolve out, in order to keep the electrical balance, the concentration of OH- ions raise and 
lead to the increase of pH value (Zhao S., 2012). After 3 days of hydration, slags react with NaOH 
gradually and the amorphous hydration product of C-S-H gel is generated. C-S-H gel can adsorb 



 

amounts of ions like K+ and Na+, thus the pH value reduces with the development of adsorption 
reaction. After 7 days, the hydration rate is beginning to slow down, so pH value decreases gradually 
and becomes level off.  

 
Figure 1 The pH of filtrates for different slags as a function of hydration time 

3.2. Concentrations of active components in filtrate 
Figure 2 shows the concentrations of active components such as Ca, Al and Si in filtrates of slags as a 
function of hydration time. 
Figure 2 (a) shows the variation curve of the Ca concentration of the blast furnace slag in filtrate with 
the increasing of hydration age. The Ca concentration in filtrate is depended on the glass disintegration 
and the hydration products formation of blast furnace slag (Zhao S., 2012). During the early 3 days of 
hydration, the Ca-O bonds of the glass structure of blast furnace slag are broken under the function of 
OH-, so the Ca2+ continues to dissolve and its concentration in filtrate keeps increasing. From 3 days to 
7 days, a large amount of Ca2+ ions are consumed with the continuous formation of hydration products 
that makes the Ca concentration in filtrate decreases gradually and the films of hydration products is 
formed on the surface of blast furnace slag at the same time. After 7 days, the speed of hydration 
products that penetrate the film is lower than the speed of alkali components that enter into the film, so 
the osmotic pressure will be formed that will cause rupture of the hydration products film on the 
particle surface of blast furnace slag. It will make the blast furnace slag particles exposure to alkali 
environment again and this will lead to the further disintegration of glass structure. At last the Ca 
concentration in filtrate is increased again. For the hydration of 28 days, the sequence of the Ca 
concentrations in all filtrates from low to high is air-quenched slag, the industrial water quenching slag 
and the water quenching slag. According to previous study (Zhu H. T., et al., 2010), this result 
indicates that the Ca concentration of air-quenched slag that participated in the hydration reaction is 
the highest, then is the industrial quenching slag and the last is the water quenching slag. So the air-
quenched slag has the highest hydraulic activity. 
Figure 2 (b) shows the variation curve of the Al concentration of the blast furnace slag in filtrate with 
the extension of hydration age. The Al concentration in filtrate mainly depends on the disintegration of 
the glass structure of blast furnace slag, the Al concentration usually increase along with the increase 
of glass structure disintegration (Zhao S., 2012). It can be observed that the changing trends of Al 
concentrations in filtrates with the extension of hydration age are roughly similar. At 28 days, except 
for the decrease of Al concentration of the water quenching, the rest Al concentrations of slags 
increase with extension of the hydration age. The researchers of the Cement Industry Research 
Institute in Germany believe that the available aluminum which does not participate in the formation 
of the early hydration products is directly proportional to strength of slag cement (Yang Y., et al., 



 

2012). At the hydration of 28 days, the Al concentration in the filtrate of air-quenched slag is the 
highest, then is the industrial slag and the last is the water quenching slag. This sequence is consistent 
with the results of Ca concentrations. 
Figure 2 (c) shows the variation curve of the Si concentration of the blast furnace slag in filtrate with 
the extension of hydration age. The Si concentration in the filtrate of blast furnace slag is depended on 
the glass structure disintegration of blast furnace slag and the formation of hydration products (Zhao 
S., 2012). During the early 3 days of hydration, the glass structure of blast furnace slag will 
disintegrate gradually under the function of OH- and the Si concentration in filtrate continues to 
increase. From 3 days to 7 days, the Si concentration in filtrate decreases rapidly. In the initial stage of 
hydration, an unstable gel ring containing high content of Si will be formed around blast furnace slag 
particles and this will lead to the strength decrease of cement mortar. But with the process of hydration, 
the gel containing high content of Si will be gradually converted into C-S-H gel that is more stable on 
mechanics (Yang Y., et al., 2012). After 7 days of hydration, the trend of the Si concentration in filtrate 
becomes smooth and almost not changed. 
 

 
(a) The concentration of Ca                                 (b)  The concentration of Al 

 
(c)  The concentration of Si 

Figure 2 Concentrations of active components in filtrates of slags as a function of hydration time 
3.3. SEM/EDS analysis of reacted slag residual 
The morphology and elements on the surface of each reacted slag residual were analysed by 
SEM/EDS. The SEM pictures of three slags reacted residual with 0.1mol/L NaOH solution at different 
hydration ages are shown in Figure 3, 4 and 5, respectively.  



 

    
a）1 day ×5000                                           b）3 day ×5000 

    
   c）7 day ×5000                                            d）28 day ×5000 

Figure 3 SEM picture of air-quenched slag reacted residual at various ages 

    
a）1 day ×5000                                           b）3 day ×5000 

    
   c）7 day ×5000                                            d）28 day ×5000 

Figure 4 SEM picture of water quenching slag reacted residual at various ages 
 



 

    
a）1 day ×5000                                           b）3 day ×5000 

    
   c）7 day ×5000                                            d）28 day ×5000 

Figure 5 SEM picture of industrial water quenching slag reacted residual at various ages 
It can been seen from above figures that three kinds of slags reacted with NaOH solution for 1 day, the 
particles surface of all slags were relatively smooth and flat, there was no significant difference with 
unreacted slag. With the extension of hydration age, the surfaces of slags particles gradually eroded 
and become rough, then appeared honeycomb holes. It is obvious that some irragular subject were 
accumulated on the particle surface of slag which indicated the generation of  hydration products. 
In order to study the reaction evolution of active components of blast furnace slag in alkali solution, 
the quantitative analysis of element contents on the particle surfaces of slags was conducted by EDS, 
respectively. The results are shown in Table 5, Table 6 and Table 7. In these tables, the elements 
contents of slags at beginning time (0 day) were calculated by XRF test results of three slags. 

Tab. 5 Element contents of air-quenched slag /mass% 

Reaction time 
Element 

0day 1day 3day 7day 28day 

Ca K 32.80 21.09 10.68 20.37 32.89 
Al K 6.05 5.61 5.36 4.14 1.57 
Si K 17.19 14.22 9.75 14.46 11.79 

 

Tab. 6 Element contents of water quenching slag /mass% 

Reaction time 
Element 

0day 1day 3day 7day 28day 

Ca K 32.58 20.78 15.67 18.30 18.03 
Al K 5.99 4.30 4.04 3.69 0.29 
Si K 17.37 14.09 12.38 12.82 10.54 

 
Tab. 7 Element contents of industrial water quenching slag /mass% 



 

Reaction time 
Element 

0d 1d 3d 7d 28d 

Ca K 26.06 17.13 16.02 16.32 11.22 
Al K 7.63 6.17 4.57  5.78 4.80 
Si K 15.74 13.70 11.97 12.56 10.67 

With the increase of reaction time, the change trend of calcium element content in all slags is opposite 
to the concentration change trend of calcium ions in filtrates (see in Figure 2(a)). During the early 3 
days of hydration, the calcium contents of all slags reduced quickly. It shows that calcium ions of 
glass in slag dissolve out continuously while the concentration of calcium ions in filtrate increase 
gradually. From 3 to 7 days, the increase of calcium contents in three slags is mainly due to calcium 
ions in filtrate taking part in reactions and causing the generation of hydration products on particle 
surface of slag. At 28 days, the calcium content in air-quenched slag residual increased significantly 
compared to water quenching slag and industrial slag. It is probably that calcium ions in filtrate of air-
quenched slag were mainly involved in generating hydration products which accumulated on the 
particle surface of slag constantly. On the contrast, the generated hydration products of water 
quenching slag and industrial water quenching slag may dissolve again. Thus, the calcium content for 
these two slags residuals decreased and the calcium ions concentration in filtrate increased slightly.   
From figure 5 to 7, it also can be found that the change trend of aluminum element content in all slags 
is opposite to the concentration change trend of aluminum ions in filtrates. With the extension of 
hydration age, the aluminum elements in three slags show a decrease tendency roughly. It suggests 
that the aluminium ions dissolved gradually with the dissolution of glass in slag. So the concentration 
of aluminum ions in filtrate was increased accordingly. 
Similarly, the change trend of silica element content in all slags is opposite to the concentration 
change trend of silica ions in filtrates. During the early 3 days of hydration, the silica elements in three 
slags decreased with the extension of hydration age. This is mainly due to the disintegration of glass in 
slag and the dissolution of silicon ions. From 3 days to 7 days, the silicon contents in the three kinds of 
slags increased constantly. It indicates that the silicon ions in filtrates had participated in the hydration 
reaction and generated hydration products. At 28 days, silicon contents in three slags reduced a little. 
It shows that hydration products had dissolved slightly. 
4. Conclusions 
The active components of Ca, Si and Al in the synthesized air-quenched slag, water quenching slag 
and the industrial water quenching slag in alkaline solution had a similar dissolution law, but different 
dissolution quantity.  
At the hydration age of 1 day, glass of all slags dissolved slightly and ions of Ca, Al and Si were found 
in NaOH solution, but the surface morphologies of three slags particles changed little. With the 
extension of hydration age, Ca and Si ions dissolved from glass of slags participated in hydration 
activity and formed hydration products on the particle surface gradually. And the surfaces of all slags 
particles appeared honeycomb holes. At the later ages, air-quenched slag was mainly involved in 
generating hydration products while water quenching slag and industrial water quenching slag were 
dominated by glass dissolution. Compared to water quenching slag, Al concentration of air-quenched 
slag in filtrate was higher and more Ca ions participated in the hydration reaction at 28 days, it was 
indicated that the hydration activity of air-quenched slag was higher than water quenching slag. 
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Abstract 
The use of supplementary cementitious materials (SCMs) in blends with ordinary Portland cement (OPC) influences 
positively the workability, durability and strength of concrete, reduces the CO2 emission and helps to solve the 
environmental problems related to their disposal. Commonly used SCMs include fly ash, ground granulated blast 
furnace slag and silica fume. In particular, fly ashes have been used since a longtime together with OPC, utilizing their 
properties of low heat of hydration, development of fluidity and suppression of alkali-aggregate reaction. It is generally 
agreed that increasing temperature, particle fineness and pH have a positive effect on the reactivity of fly ash in blends 
with OPC. It is however not clear how the fly ash chemistry influences reactivity as it is challenging to obtain 
conclusive results due to the heterogeneity of the fly ash particles in composition and size. In order to get a deeper 
insight in the chemical factors controlling fly ash reactivity, the dissolution of synthesized glasses with compositions 
representative for siliceous fly ashes with controlled particle size in alkaline environment was studied. 
Various glasses with SiO2 contents between 46 and 76 mass-%, Al2O3 contents between 6 and 32 mass-%, Fe2O3 
contents between 1 and 9 mass-% and MgO contents between 1 and 3 mass-% were synthesized from the respective 
oxides or carbonates at 1480°C. These glasses were ground to a defined particle size between 40 and 63 µm. 
Two different kinds of experiments were performed to assess glass reactivity. On the one hand the dissolution kinetics of 
the glasses was followed over time in 0.3 M NaOH solution in a highly diluted suspension. The development of 
aluminum concentration over time was used to calculate the reaction degree. On the other hand the glasses were mixed 
together with CaCO3 and Ca(OH)2 in a 0.3 M KOH solution in order to study their pozzolanic reactivity. Portlandite 
consumption was quantified by thermogravimetry and used to estimate the reaction degrees of the glasses by 
thermodynamic modelling using GEMS-PSI. 
This study reveals that the silica content of the glasses is the main factor influencing dissolution of the glasses in 
alkaline environment. With decreasing silica content the dissolution rate of the glasses strongly increases as well as 
their pozzolanic reactivity. 
 
Originality 
It is very challenging to obtain conclusive results regarding the influence of the chemical composition of fly ashes on 
their reactivity in cementitious systems. The originality of this work resides in studying synthesized glasses with 
controlled size and systematic variations of their chemical composition covering the compositional range of the 
amorphous phase of siliceous fly ashes instead. This approach led to better and more conclusive results about fly ash 
dissolution kinetics and reactivity in blends with Portland cements. 
 
Keywords: fly ash; dissolution kinetics; pozzolanic reactivity; alumosilicate glass 
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1. Introduction 
The use of supplementary cementitious materials (SCM) in blends with ordinary Portland cement 
(OPC) influences positively the workability, durability and strength of concrete and reduces the CO2 
emission related to cement production, see (Lothenbach et al., 2011) for a review on SCM. Even 
though their sources are different, these materials are formed mainly by alkaline and alkali-/earth 
alkali alumosilicate glasses (i.e. fly ashes and slags).  
In particular, fly ashes have been used since a longtime in blends with OPC, utilizing their property to 
improve the durability of concrete, see e.g. (Li and Roy, 1986; Torii and Kawamura, 1994; Shayan et 
al., 1996). It is generally agreed that increasing temperature, particle fineness and pH have a positive 
effect on the reactivity of fly ash in blends with OPC (Fraay et al., 1989; Lothenbach et al., 2011; de 
Weerdt et al., 2011; Deschner et al., 2012; Deschner et al., 2013). In terms of pH, values of between 
13 and 14 are generally needed to observe a significant dissolution of the fly ashes. It is however not 
clear how the chemical composition of the fly ash influences its reactivity as it is difficult to have 
conclusive results due to the heterogeneity of the fly ash particles in composition and size (Chancey et 
al., 2010). In this context, studying the dissolution of synthesized glasses with compositions 
representative for fly ashes in an alkaline environment can be a helpful approach. 
It was shown by (Gislason and Oelkers, 2003) that the dissolution rates of basaltic glasses decrease 
dramatically with increasing pH at acid conditions, reach a minimum near neutral pH, and increase 
more slowly with increasing pH at basic conditions. Calcium aluminosilicate glasses representative for 
natural pozzolans, fly ashes, blast furnace slags and silica fume showed that the initial dissolution rates 
obtained scale linearly with the Ca/(Al+Si) molar ratio of the glasses (Snellings, 2013). The 
dissolution rates of percalcic (CaO/Al2O3 > 1) “blast-furnace slag” type glasses was found to be one 
order in magnitude faster than tectosilicate (CaO/Al2O3 = 1) “pozzolanic-type” glasses. While the 
dissolution of Al and Si was congruent for all glasses, preferential release of Ca over Al and Si was 
observed for the tectosilicate glasses. 
In this study, the dissolution of synthesized glasses with compositions representative for siliceous fly 
ashes with controlled particle size in alkaline environment was examined. Various glasses with 
varying SiO2, Al2O3, Fe2O3 and MgO contents, respectively, while keeping the ratios between the 
other oxides constants, were investigated. In contrary to the study by (Snellings, 2013), who studied 
glasses in the system CaO-Al2O3-SiO2, also other oxides (Fe2O3, Na2O, K2O, MgO, TiO2) were 
incorporated into the glasses in order to be closer to the glasses present in fly ashes. The dissolution 
kinetics of the glasses was assessed by two different experimental setups. On the one hand the 
dissolution kinetics of the glasses was followed over time in 0.3 M NaOH solution in a highly diluted 
suspension. The development of aluminum concentration over time was used to calculate the reaction 
degree. On the other hand the glasses were mixed together with CaCO3 and Ca(OH)2 in a 0.3 M KOH 
solution at a liquid to solid ratio of 1.2 to 1 in order to obtain their pozzolanic reactivity. Portlandite 
consumption was quantified by thermogravimetry and used to estimate the reaction degrees of the 
glasses by thermodynamic modelling using GEMS-PSI. 
 
2. Experimental 
2.1. Preparation of glass powders 
The glasses were synthesized from mixtures of SiO2, Al2O3, Fe2O3, TiO2, CaCO3, MgCO3, Na2CO3 
and K2CO3. The reference glass (S63) (Tab. 1) has a very similar composition as the amorphous phase 
of a fly ash examined in a related study (Alahrache et al., 2015) but with lower iron content. The other 
glasses have varying contents of SiO2, Al2O3, Fe2O3 or MgO, respectively, while the ratios between 
the other oxides were kept constant. The composition of the different glasses (Tab. 1) was chosen in a 
way to cover the different compositions of the glassy phases of siliceous fly ashes. 
The starting materials were homogenized and then heated in a furnace first at 900°C for 1 hour (for 
decarbonation), then at 1480°C for 2 hours. The glasses were obtained by air quenching of the melt. 
They were ground in a planetary mill to fine powders, and the particle size fractions 40-63 μm was 
obtained by sieving. In order to remove the fine adsorbed particles on the glass particles, the different 
fractions were repeatedly cleaned by ultrasonic treatment alternately in deionized water and acetone 



 

and by discarding the supernatant solution. This treatment continued until the supernatant was clear, 
typically after 3 to 5 cleaning cycles.  
 

Tab. 1 Chemical compositions of the glasses by means of X-ray fluorescence analysis / mass-%. Glasses S, A, 
F, M vary the contents of SiO2, Al2O3, Fe2O3 and MgO, respectively while keeping the ratios between the other 

oxides constant. 
 CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O TiO2 

S46 8.9 45.7 32.2 1.6 3.0 2.1 4.7 1.8 
S56 7.2 55.6 26.3 1.3 2.5 1.7 3.9 1.5 

S63 = A22 = F1 = M2 
(reference glass) * 

5.9 63.3 21.7 1.1 2.0 1.4 3.2 1.2 

A6 7.1 76.0 6.1 1.3 2.5 1.7 3.8 1.5 
A12 6.5 71.9 11.6 1.2 2.3 1.5 3.6 1.3 
A17 6.0 67.8 16.9 1.2 2.1 1.4 3.3 1.3 
F3 5.8 62.1 21.1 3.3 1.9 1.4 3.1 1.2 
F6 5.6 60.7 20.6 5.6 1.9 1.3 3.1 1.2 
F9 5.5 58.3 19.9 8.8 1.9 1.3 3.0 1.1 
M1 5.9 64.4 21.6 1.2 0.9 1.4 3.3 1.2 
M3 5.8 62.6 21.3 1.1 3.3 1.4 3.2 1.2 

* Reference glass: The glass S63 was used as starting point to vary the oxide compositions. Varied parameters 
are printed in bold. 
 
 
2.2. Methods 
X-ray powder diffraction analyses (XRD) were carried out on the glass powders using a Panalytical 
X’Pert Pro MPD diffractometer with CoKα radiation in order to check the absence of crystalline 
phases. 
For the dissolution of the glass powders in dilute suspension 1 g of glass were dispersed in 1000 ml of 
0.3 M NaOH. The suspensions were moved constantly at 20°C using a tumbling shaker. After 1, 3, 7 
and 14 days, the solutions were filtered and analyzed by ion chromatography (Dionex DP ICS-3000) 
with respect to their Na, K, Ca, Al and Si concentrations. The Al concentration was used to determine 
the dissolution degree of the glass powders, assuming congruent dissolution of the glass and no 
precipitation of Al-bearing phases. 
For the pozzolanic test, 7.5 g of the glass powder were homogenized with 7.88 g of Ca(OH)2 and 1.13 
g of calcite in accordance to the procedure described in (de Weerdt et al., 2011; Deschner et al., 2012). 
The blend was subsequently mixed with 20.25 g of 0.3 M KOH solution. The pastes were filled into 
small plastic vessels and rotated until the time of testing (after 7, 28, 91 days and 6 months at 20°C). 
An inter quartz sample was used as reference. The hydration of the pastes was stopped by solvent 
exchange using isopropanol and diethyl ether. A Mettler Toledo TGA/SDTA 851e was used for 
thermogravimetric analysis (TGA). A sample of approximately 50 mg was heated with 20 °C/min 
from 30 to 980°C in nitrogen atmosphere. The percentage of the remaining portlandite after hydration 
was calculated from the weight loss occurring approximately between 400 and 500°C and normalized 
to 100 g dry solid. The portlandite consumption can be used as characteristic value for the pozzolanic 
reactivity. Using the amount of the consumed Ca(OH)2, the reaction degree of the synthetic glasses 
can be calculated using thermodynamic modelling, assuming congruent dissolution of the glasses. For 
thermodynamic modelling, GEMS-PSI software (Wagner T. et al., 2012; Kulik D. et al., 2013) using 
the Nagra/PSI thermodynamic database (Hummel W. et al., 2002) and the cement specific database 
CEMDATA 07.2 (Matschei T. et al., 2007; Lothenbach B. et al., 2008) updated with recent data on 
calcium aluminate hydrates (Lothenbach B. et al., 2012) were used. For each glass, the hydrate 
assemblage of the blend used in the pozzolanic test was calculated with varying reaction degree of the 
glass, which results in decreasing portlandite contents with increasing glass reaction degree. The 



 

reaction degree of the glass can be derived when the modelled and the experimental portlandite 
contents are equal. 
 
3. Results and Discussion 
3.1. Characterization of the glass powders 
By X-ray diffraction analysis the amorphous nature of the synthesized glasses could be confirmed. 
Figure 1a shows as an example the XRD patterns of the glasses with varying silica content. The 
position of the amorphous hump is shifted to lower angles with increasing silica content in agreement 
with (Snellings, 2013). This is highlighted in Figure 1b, where for the position of the maximum of the 
amorphous hump is shown depending on the silica content of the glass. A linear correlation can be 
observed. 
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Figure 1 X-ray diffraction. a) XRD patterns of the glasses with varying silica content, b) Position of the 
maximum of the amorphous hump of all glasses as a function of their silica content. 

 
 
3.2. Dissolution in dilute suspension 
Figure 2a shows the dissolution degrees of the glasses with varying silica contents. The degree of 
dissolution increases with time, and reaches 18% after 14 days for the glass with the lowest SiO2 
content (S46). Increasing silica contents slow down significantly the reaction degree. 
The effect of different Al2O3 contents on the dissolution kinetics is shown in Figure 2b. The glass with 
the highest Al2O3 content (A22 = S63, the reference glass) reaches a dissolution degree of 11% after 
14 days. With decreasing Al2O3 content the dissolution kinetics gets slower. However it has to be kept 
in mind that when the Al2O3 content of the glass is lower, the SiO2 content is higher, as the ratios 
between all the other oxides is kept constant. Thus the decreased reactivity with lower Al2O3 content 
might be an effect of the higher SiO2 content. 
The variations of Fe2O3 and MgO contents were found to have only a minor impact on dissolution 
kinetics. Especially in the case of MgO content the examined variations are quite low. 
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Figure 2 Dissolution degrees of the glasses in dilute suspension depending on reaction time. a) influence of the 
silica content, b) influence of the aluminum content. 

 
 
3.3. Pozzolanic test 
Figure 3 shows the TGA of the pozzolanic test samples after 91 days for the glasses with varying SiO2 
content. Basically, a similar phase assemblage occurs for the three glasses. AFm-phases (mainly 
monocarbonate as indicated by XRD), C-S-H and hydrotalcite can be identified as hydration products. 
Besides, remaining portlandite and calcite are present. With decreasing silica content, the portlandite 
content is lowered, indicating an increased pozzolanic reactivity. This consumption of portlandite is 
related to a higher amount of AFm-phases, C-S-H and hydrotalcite. 
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Figure 3 Dissolution degrees in dilute suspension. a) influence of the silica content, b) influence of the aluminum 

content. The AFm-phases are mainly monocarbonate (as derived from XRD). 
 
 
From the consumption of portlandite, the reaction degree of the glass was obtained by mass balance 
calculations using thermodynamic modelling, as detailed in (Alahrache S. et al., 2015). Figure 4a 
shows that the reaction degree increases with time, and a reaction degree of 22% is reached for the 
glass with the lowest SiO2 content (S46). With increasing SiO2 content of the glass, the reaction 
kinetic is slower. For the glass with the highest SiO2 content (S63, the reference glass), 16% have 
reacted after 91 days. When the Al2O3-content of the glass is lowered, the reaction kinetics is slowed 
down and reaches values of 16% for the glass with the highest Al2O3 content (A22 = S63, the 



 

reference glass) and 11% for the glass with the lowest Al2O3 content (A6). Also in case of the 
pozzolanic test, the decreased reactivity with lower Al2O3 content might be mainly an effect of the 
higher SiO2 content. 
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Figure 4 Dissolution degrees derived from the pozzolanic test depending on hydration time. a) influence of the 
silica content, b) influence of the aluminum content. Note the different scales of the time axis compared to 

Figure 2. 
 
 
Like in the dissolution experiments, the variations of Fe2O3 and MgO contents influence the reaction 
kinetics in the pozzolanic test only slightly. 
When comparing both methods, the dissolution degrees found in the dilute suspensions are 2 to 3 
times higher than those derived from the pozzolanic test (i.e. the values after 7 days can be compared). 
The dilute suspensions contain a high amount of solution, are continuous moved and precipitation is 
negligible. In the contrary, the solid content in the pozzolanic test is higher and precipitation of 
hydrates occurs, which may hinder further reaction. 
In order to evaluate the effect of the SiO2 content in the glasses, the degree of reaction after 90 d as 
derived from the pozzolanic test is shown in Figure 5 depending on the SiO2 content. It can be seen, 
that the reaction degree is controlled by the amount of silica present in the glasses. A lower amount of 
silica in the glass decreases its polymerization degree, which leads to a higher reactivity (Duxson and 
Provis, 2008). 
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4. Conclusions 
The dissolution of various synthetic glasses similar in composition to the average composition of the 
amorphous phase of low calcium fly ashes was studied using two different procedures, the dissolution 
in a diluted alkaline suspension avoiding precipitation and a pozzolanic test under alkaline conditions, 
where portlandite and calcite are offered as reaction partners. Dissolution kinetics could be calculated 
in the first case from the aluminium concentration in solution, and in the second case by 
thermodynamic modelling based on the portlandite consumption. 
Both methods yielded similar results, however the observed dissolution kinetics was faster in case of 
the diluted suspensions. It was found that the dissolution kinetics of the glasses is mainly influenced 
by their SiO2 contents, and that the other oxides play only a minor role within the compositional range 
studied. These results, however, refer only to the studies glass compositions. 
It can be expected that also in siliceous fly ashes those particles with a low content of SiO2 and a high 
content of other oxides (especially CaO, MgO, Al2O3) are more reactive than particles with higher 
SiO2 content. 
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Abstract 
Worldwide granulated blast furnace slag (GBS) is the most important SCM due to its beneficial 
properties. It contributes to low Carbon "green" concretes. Unfavourable are the residual moisture 
( 10%) of the slag and the wastage of the liquid slag's thermal energy (1,7-2,1 GJ/ton). The 
companies Paul Wurth S.A. (Luxembourg) and Siemens AG (Germany)/Siemens VAI (Austria, since 
2015 Primetals Technologies) developed 2 different methods for dry slag granulation. The 2 main tasks 
to be fulfilled are to guarantee the glassy structure of the slag and to achieve a temperature level being 
sufficient for energy recovery. FEhS-Institute supported both with respect to slag metallurgical 
questions and its decades expertise on the cementitious GBS properties. 
In the Steel Ball Slag Cooling (SBSC) Process of Paul Wurth steel balls fall into liquid slag providing a 
large contact zone. The slag cools rapidly from about 1400-1500°C to about 650°C. The cooling 
velocity is fast enough to achieve a mix of glassy slag and balls. A crusher divided both fractions and it 
is planned that a counter-current heat exchanger should recover the heat of the mixture. The Dry Slag 
Granulation (DSG) Process of Siemens bases on a rotating cup principle. Liquid slag falls vertically 
onto a rotating cup. As the slag is thrown from the lip of the cup, it forms droplets which cool as they 
fly in direction to the containment wall. The solidified particles fall into a fluidised bed. The heat is 
used by injection of air through the process chamber. 
First tests for the SBSC process were done in lab- and in semi-technical scale in the slag pit of a blast 
furnace and confirmed the sufficient cooling velocity. So it is possible to achieve glass contents up to 
100% and a dense grain structure. Nevertheless grinding tests show that there is no higher grinding 
energy demand. Blast furnace cements (slag content 50% and 75%) were investigated. All cementitious 
properties are comparable to those of GBS if glass content and chemistry are comparable, too.  
Tests for the DSG process were done in a semi-technical scale based on lab-scale tests of FEhS-
Institute. The slag flow reached 35 kg/min. For each test 300 kg of 2 different GBS were re-melted. It 
was possible as well to avoid agglomeration and re-crystallisation as to achieve very high glass 
contents. Heat recovery rates varied from 60-90%. DSG-Pellets are more or less glassy and dense 
balls. Nevertheless also their grinding energy is comparable to GBS. The particles have higher 
apparent and bulk densities (due to low porosity) and a good run-out behaviour. With respect to 
cementitious properties it must be mentioned that the melting reactor unavoidably modified the slag 
chemistry. Thus no comparison with original GBS is directly possible. FEhS-Institute re-melted DSG-
Pellets and granulated the liquid slags with water. Slag cements with 50% and 75% GBS were 
investigated. The comparison of the results shows that DSG-Pellets lead to a similar strength 
development as GBS of the same chemistry and glass content. But in particular Isothermal Conduction 
Calorimetry measurements show some differences which have to be investigated furthermore. 
 
Originality 
Whereas other institutions research in lab scale for several years Paul Wurth and Siemens organised 
complex and cost intensive tests in semi-technical scale. Based on them for the SBSC process a pilot 
plant was erected which started into operation by the end of 2013 nearby a blast furnace of Dillinger 
Hütte (Germany). Slag flows up to 6,5 tons/min have been handled. The first operation period is 
focussed on the mechanical behaviour. The heat recovery facilities are not yet realised. Also Siemens 
started in 2014 the engineering for a pilot plant to be established near a blast furnace at voestalpine 
(Austria). Each new granulation technology has to guarantee a high glass content of the slag. 
Otherwise the latent hydraulic property and thus the traditional use as cement constituent or concrete 
addition is lost. The tests done in (semi-) technical scale document the feasibility of both technologies. 
Both have advantages and disadvantages with respect to maintenance, handling etc. But both are able 
to produce a dry glassy blast furnace slag being usable for cementitious purposes. If the glass content 
is comparable with those of wet granulated GBS the cementitious properties are comparable, too. 
Investigations on heat recovery show that a sufficient level of exhaust gas temperature can be reached 
for steam and/or electrical power generation or other purposes. 
 
Keywords: granulated blast furnace slag, cooling process, slag cement, heat recovery, CO2 footprint 
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1. Introduction 
Worldwide steel and cement production are very important basic industries with very high mass flows. 
In 2014 about 1180 Mio. tons of hot metal (blast furnace iron) and about 1640 Mio. tons of crude steel 
(BOF, EAF, OHF processes) have been produced (Figure 1, left side). Today the main producer is 
China. Since 1990 China's share increased from about 9% to 50%! Following the production of hot 
metal and steel also the generation of by-products like iron and steel slags is necessarily. Considering 
the specific slag/metal ratios for different metallurgical processes it can be estimated that in 2014 
about 380 Mio. tons of blast furnace slag and 185 Mio. tons of different steel slags were produced 
(Figure 1, right side). 
This paper deals only with the dry cooling of blast furnace slag. But in general also for other types of 
slags it might be possible to cool them in similar ways. 
 

    
Figure 1: World steel, hot metal and accompanying slag production (Worldsteel, 2014; Ehrenberg A., 2015) 

 
Different methods to treat the liquid blast furnace slag create different types of materials. Whereas the 
slag tapping into pits (Figure 2, left) and the slow cooling process creates a crystalline material (Figure 
2, right) the transfer of the slag into excess of water (Figure 3, left) creates a more or less glassy 
material (Figure 3, right). Since many years this so-called "granulation process" is the most commonly 
used way to cool blast furnace slag very fast (Ehrenberg, 2013). Other methods, like pelletization, are 
used only seldom. The reason why the granulation process is preferred against the tapping into pits 
process is that the glassy granulated blast furnace slag shows a latent hydraulic behaviour being the 
basis to use the ground slag as a binder (cement constituent or concrete addition). It is the most 
efficient way to activate the technical, economical and ecological potential of blast furnace slag. It can 
be assumed that world-wide the granulation rate is about 75%. In some countries it is higher. For 
example in Germany it accounts to 86% (2014). 
The main disadvantage of both cooling methods is the wasting of the thermal energy content of the 
liquid blast furnace slag which is about to 1,7-2,1 GJ/ton (e.g. Gudenau H. W. et al., 1986; Keil F., 
1963). In addition the common granulation process results in a wet material which has to be dried 
before or during grinding to cement fineness. To use the thermal energy content is the main reason to 
develop alternative dry cooling technologies. Up to the present time there is no sufficient technology 
available to recover the thermal energy of slags. 
Each technology has to solve 2 main tasks for those slags which have to be used (like blast furnace 
slag) and not to be dumped (like Fe-Ni-slags): 
- fast cooling of the liquid slag (tapping temperature 1400-1500°C) below 700-800°C (transformation 

range of liquid blast furnace slag) in order to guarantee the glassy state and thus the latent hydraulic 
property 

- sufficient high temperature of the hardened slag which is the basis for steam and/or electrical power 
generation or other use (e.g. cowper heating). 

Besides these topics it is quite clear that only a very robust technology would have a chance to be 
implemented into a blast furnace plant. At least during the tapping time of the furnace the process 
must be able to handle slag flows between 1-12 tons per minute. The biggest blast furnaces produce 



 

daily more than 10000 tons of hot metal and more than 3000 tons of slag. Therefore any problem with 
the slag handling endangered the whole metallurgical process. Another important point is that the 
tapping time of a blast furnace might be only about 80% of the whole operation time. That means that 
the generation of steam and/or electrical power is discontinuously. Calculations for typical blast 
furnace operating conditions show a yearly potential of about 34 MW (thermal) and 10 MW 
(electrical). 
 

        
Figure 2: Slag tapping into pits forms non-hydraulic crystalline air-cooled blast furnace slag 
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Figure 3: Water granulation of liquid blast furnace slag forms latent hydraulic glassy slag particles < 3 mm 
 
2. How to cool blast furnace slag in a fast and dry matter 
2.1. General aspects 
The idea to use the thermal energy content of liquid blast furnace slag is old (Gudenau H. W. et al., 
1986; Großstück P., 1954). But due to the very low heat conductivity of the slag it is impossible to use 
directly the thermal energy. And also to realise storage tanks for the liquid slag is impossible. 
The idea to avoid water for the cooling process is old, too. Many different approaches were done in the 
past, but little has been realised in an industrial scale. An example being realised is the rotating drum 
cooling process of Buderus (Figure 4, left) being patented already in 1908 (Jantzen D. G., 1923; 
Buderus, 1908). The cooling process needed only few water, but nevertheless the slag was 
predominantly glassy. The cementitious properties were comparable to those of wet granulated slags. 
The maximum capacity of the slag drum was 550 tons per day and so the process vanished when the 
specific blast furnace production increased and as a result the slag flow increased, too. Another idea 
was to disperse the liquid slag by casting it on a rotating drum (Figure 4, middle and right). Based on 
first proposals made in the early 20th century (Lessing W., 1902) in the 1970/80ies this "pelletizing" 
process was installed in different steel plants (Cotsworth R. P., 1980). But the use of the pellets as a 
binder constituent was sometimes limited due to varying glass contents and the capacity was only 
about 1 ton/min. Besides that significant noise and H2S emissions occured. 
It is not the task of this paper to give an overview on all historic or current developments (for that see 
e.g. Motz H. et al., 2012; Gudenau H. W. et al., 1986; Großstück P., 1954). It is focussed on two very 
different technologies being developed in Europe during the last years. For both processes FEhS-
Institute investigated and evaluated the resulting slags. 



 

In general the fast but dry cooling offers different advantages compared to the standard water 
granulation: 
- it is the basis for heat recovery 
- no water consumption and no water management 
- lower H2S emissions 
- dry product, therefore no or reduced hardening in interim storages 
- no water transport to cement plants 
- no freezing in winter time 
- no drying costs, in particular in cement grinding plants 
- higher bulk density due to lower grain porosity 
 

         
Figure 4: Dry slag cooling process of Buderus (left) and pelletizing process (middle and right) 

 
2.2. Steel Ball Slag Cooling (SBSC) Process 
Already in the 1970ies Svenskt Stal and Merox (Sweden) tested a method to cool blast furnace slag by 
the impact of accelerated fine grained materials (NSB, 1979). But it is reported that some problems 
occurred, e.g. with respect to a non-sufficient glass content. Now Paul Wurth S.A. (Luxembourg) 
developed a technology (Paul Wurth, 2011) using steel balls for cooling the slag in an installation 
being similar to former pig moulding machines (moulds which were filled continuously with hot 
metal). In a first step lab-scale tests (2009-2010) showed that the principle to achieve glassy material 
by charging steel balls into the liquid slag works. In a second step tests in semi-technical scale (2011-
2012) besides a blast furnace of Dillinger Hütte (Germany) delivered a lot of information as basis for 
step 3, a pilot plant near the same blast furnace. The tests in the pilot plant started in November 2013 
and lasted to 2015. During the first phase the heat recovery unit was not yet installed. 
 
2.3. Dry Slag Granulation (DSG) Process  
The Dry Slag Granulation Process (Siemens, 2010) bases on a development of Davy International in 
the 1980ies in UK (Davy, 1994). Figure 5 (left) shows a pilot plant nearby a blast furnace of British 
Steel in Redcar (UK). In Figure 5 (right) the belonging slag product is shown. The remaining sample 
has been analysed in FEhS-Institute and possessed a glass content of 100 Vol.-%. 
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Figure 5: Davy's pilot plant for dry and fast cooling of blast furnace slag in Redcar (left) and DSG-Pellets (right) 
 



 

The process principle is that slag slows on a rotating cup and it is dissipated into droplets. During their 
flight the slag droplets cool down. If all process parameters are optimal the particles are glassy. Heat 
recovery did not play any role in the Davy process. 
Besides earlier ideas describing similar processes also today other research activities are based on the 
rotating cup principle (e.g. Jahanshahi S. et al., 2012). 
Siemens / Siemens VAI (since 2015 Primetals Technologies) adopted the basis idea and supplemented 
it with a system how to pass air through the hardened and hot slag droplets. Very important aspects are 
to contain the whole installation in order to avoid heat losses, to avoid particle agglomerations and to 
guarantee high glass contents. Of course also a fast adaption to different slag flows is necessary. 
 
3. Experimental 
3.1. Steel Ball Slag Cooling Process 
3.1.1. Treatment of the liquid slag 
Tests in semi-technical scale are shown in Figure 6 (Michels D., Kappes H., 2013). The test facility 
was located in the slag pit of a blast furnace. The liquid blast furnace slag was tapped from the slag 
runner into a vessel and transported to tetragonal moulds. After tapping the slag into the moulds they 
were carried under a storage container filled with steel balls. The steel balls fell into the melt and sank 
down. Depending on the test conditions (steel balls/slag ratio, ball diameter, slag viscosity etc.) the 
liquid slag was cooled very fast below about 800°C. The moulds were opened and the hardened 
slag/steel ball mix fell onto the floor. For the future the idea is to bring this hot mix into a heat 
exchanger The cold material was broken and the hardened slag was characterised. In addition also 
tests on the blast furnace casting platform have been done. The big advantages of the test procedure 
were that original liquid blast furnace slag could be used and that the test results could be compared 
directly with those which were generated for water granulated blast furnace slag from the same blast 
furnace. 
 

         
   Slag flow into the moulds                        Hot mixture of steel balls                        Slag and 30 mm steel ball 
   (left side: steel ball storage container)     and hardened slag 

Figure 6: Tests for the steel balls cooling process in semi-technical scale at Dillinger Hütte 
 
Based on the promising results in semi-technical scale the pilot plant was erected (Kappes H., Michels 
D., 2014). Some impressions are given in Figure 7. The main tasks of the pilot plant were to show that 
the concept works in technical scale, too, and to earn knowledge on the process technology. Among 
others the adaption to different slag flows must be secured. The pilot plant operated with slag flows up 
to 6,5 tons per minute. But also 10 tons per minute seem to be realistic. The slag/steel balls ratio was 
about 1 by volume and 2,5-3,0 by mass. That means that permanent a high steel volume must be re-
circulated. In general the pilot plant works and a lot of experience was generated. 
Unfortunately the local geometric frame conditions were suboptimal. The main disadvantage was the 
necessity of an untypical long slag runner which caused a loss of slag temperature of about 100°C. 
Even though this seems not to be relevant while blast furnace slag is tapped with about 1500°C it 
might be nevertheless sufficient to decrease significantly the glass content of the hardened slag. 
Due to the low heat conductivity of the slag it is not possible to reheat the melt in the slag runner. 
Otherwise this approach would be an opportunity maybe for test campaigns, but of course not for 



 

industrial practice. Typically a new industrial dry slag cooling plant would be installed nearby the 
blast furnace in order to prevent heat losses. 
 

         
               Erecting of the slag caster unit                 Slag flow into the moulds               Hot mixture of steel 
                                                                                                                                         balls and hardened slag 

Figure 7: The pilot plant for the steel ball cooling process at Dillinger Hütte 
 
3.1.2. Raw Materials 
As well the tests in semi-technical as technical scale processed normal liquid slag as it was tapped 
from the blast furnace. During the period in which FEhS-Institute investigated the dry cooled slag the 
chemical composition varied in a certain range more than it is typical. Therefore it was decided to 
choose one wet granulated blast furnace slag (GBS D) as a reference. In particular the cementitious 
properties of this slag were the benchmark. Chemical composition and glass content are listed in 
Table 1 (see 4.1) together with the data for dry cooled slags resulting from the tests in semi-technical 
scale.  
 
3.1.3. Experimental Process 
All slag samples have been characterised with respect to chemical and physical properties. The glass 
content was measured by transition light microscopy (Drissen P., 1994). For the analysis of a sample 
1000 single grains have to be evaluated. Reflected light microscopy and SEM were used to judge grain 
surfaces and morphology. 
The grindability was tested with a lab-scale apparatus according to Zeisel (Ehrenberg A., 2003). It 
simulates a closed ball mill and offers the opportunity to compare relatively test results for different 
materials. But it is not possible to draft an industrial grinding plant based on the data. Not with respect 
to grinding energy but to abrasion it was necessary to know whether dry cooled glassy slag is harder or 
weaker compared to GBS. For that purpose FEhS-Institute used the Vickers method (DIN EN 843-4). 
The load was 100 g (HV0,1). 
To evaluate the cementitious properties the slag samples were ground to a comparable fineness in a 
10 kg lab-scale ball mill. As well Blaine value (DIN EN 196-6) as particle size distribution (with laser 
granulometry) were measured. The ground slag was mixed with ground clinker of the same fineness 
(slag/clinker ratio = 75/25, CEM III/B according to DIN EN 197-1) and with a Anhydrite/Gypsum 
mixture resulting in 4,5 M.-% SO3. Also mixtures with CEM I 42,5 R (slag/cement ratio = 50/50, 
CEM III/A according to DIN EN 197-1) were made. The Portland cement fulfilled the requirements on 
a "test cement" being used for activity index measurements according to DIN EN 15167-1. It 
contained the same clinker which was used for the CEM III/B cements. But its fineness was lower 
(3500 cm²/g) compared to the clinker in CEM III/B cements (4200 cm²/g). Water demand, setting 
times, mortar spread, compressive and flexural strength up to 91 days have been tested according to 
DIN EN 196. The water/cement ratio was constantly 0,50. The heat of hydration was measured by 
isothermal conduction calorimetry for 7 days. 
Besides technical properties also the environmental behaviour of building materials is relevant. 
Despite the fact that granulated blast furnace slag is an uncritical material FEhS-Institute made 
comparing leaching tests according to the so-called DEV-S4 procedure. It is a common test using a 
liquid/solid ratio of 10:1. For 24 hours the material is turned overhead, then the leachate is analysed. 



 

3.2. Dry Slag Granulation Process 
3.2.1. Treatment of the liquid slag 
From 2011 to 2014 Siemens AG, Siemens VAI and FEhS-Institute planned and executed an extensive 
research project (Siemens AG and FEhS, 2014). In a first step FEhS-Institute made melting and 
granulation tests in lab-scale (Figure 8). The laboratory is able to re-melt slag in reducing atmosphere 
which is comparable to the blast furnace atmosphere. The main task was to achieve some basic 
metallurgical information on the behaviour of different types of blast furnace slag being already used 
for cement production. 
Figure 8 shows on the left side tests with the same re-melted GBS at a tapping temperature of 1600°C 
(left) and of 1450°C (right). While rpm of the rotating cup were kept constantly the dispersion 
behaviour of the slags was totally different due to their different dynamic viscosities which depend 
strongly on temperature and slag chemistry. 
 

     
Figure 8: Dry slag cooling in lab-scale with a small rotating cup (left: 1600°C, right: 1450°C) 

 
Based on the experiences with the Davy process, the lab-scale tests and additional thermodynamic 
data a rotating cup installation was engineered by Siemens/Siemens VAI in semi-technical scale 
(McDonald I., 2013; McDonald I., Werner A., 2013). Figure 9 shows the slag handling process, the 
dry granulation process and a typical granulation product (DSG-Pellets). 
 

     
                       Slag tapping into vessel                         Slag tapping from vessel into granulator 
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                 Slag dissipation into droplets                              DSG-Pellets A 

Figure 9: Tests in semi-technical scale with the rotating cup technology 



 

In order to provide the DSG equipment with a sufficient amount of re-melted blast furnace slag the 
granulator was located at the university of Leoben (Austria). The so-called Flash Reactor is able to 
melt 300 kg batches whereas FEhS-Institute is only able to melt 2 kg batches. The main disadvantage 
of the furnace was that its refractory lining was optimised for other melts and that only oxidising 
atmosphere was possible. Both aspects must cause significant changes in the chemistry of the re-
melted slags. Unfortunately it was not possible to reserve the melting unit for several years or to 
exchange the lining several times. 
 
3.2.2. Raw Materials 
The basis for the melting and granulation tests were two granulated blast furnace slags with different 
chemistry (GBS A and B). The dynamic viscosity of a liquid slag at a certain temperature depends 
strongly on its chemistry and it influences the slag flow behaviour in a granulation facility. In 
particular with respect to the rotating cup principle it was very important to test different blast furnace 
slags in order to cover the wide range of slag properties in practice. Chemical compositions and glass 
contents of GBS A and GBS B are listed in Tables 2 and 3 (see 4.2.1.) together with the data for the 
DSG-Pellets. 
 
3.2.3. Experimental Process 
The experimental process was the same at is described in 3.1.3. 
 
4. Results and Discussion 
Only those results with respect to material properties will be discussed below. Of course also a lot of 
information on process conditions, process optimisation etc. was generated. These informations are 
not object of this paper. 
 
4.1. Steel Ball Slag Cooling Process 
The results discussed below are related to different tests in semi-technical scale. Numerous process 
parameters, e.g. ball/slag ratio, ball diameter, steel quality etc., have been varied and more than 20 
corresponding slags have been characterised. Therefore a selection of results was necessary. Slags 
resulting from tests in technical scale have not been characterised deeply. The reason is that the glass 
contents during the first period of the pilot plant campaigns might be high enough to fulfil the low 
standard requirements of DIN EN 197-1 and DIN EN 15167-1 (two third), but they have been too low 
to be comparable with wet granulated GBS. 
 
4.1.1 Chemistry and glass content 
For comparing the test results for wet granulated and dry cooled slag it is essential to consider the 
different chemistry of some samples (Table 1). The basicity index (CaO+MgO)/SiO2 (short form: 
(C+M)/S) being used in different standards is only a first orientation to evaluate the slag chemistry 
with respect to their reactivity. DIN EN 197-1 and DIN EN 15167-1 require only a value > 1. For the 
SBSC slags 2 and 15 it is obviously that the chemical composition has been changed 
disadvantageously. For SBSC slags 4, 6 and 10 it was changed advantageously and for SBSC slag 7 it 
is more or less unchanged compared to GBS D. 
The glass contents up to 100 Vol.-% show that as well for slags with higher as lower basicities 
(resulting in different viscosities) a sufficient glassy state of the blast furnace slag could be achieved. 
In the past the experience with wet granulated blast furnace slags (FEhS-Institute, 2014) showed that 
differences in the glass content above 90 Vol.-% are without any significant influence on strength 
development of slag cements. 

Figure 10 shows transition light pictures from GBS and SBSC slag. It is the fraction 40/63 µm of the 
carefully pestled slag samples being used for the measurement of the glass content (Drissen P., 1994). 
Pure glass particles are transparent whereas crystalline parts appear coloured. The particle shape of 
both samples is very similar. Thus also after grinding the glassy SBSC slags it can be expected that 
there is no influence with respect to water demand of slag cements, workability of fresh mortars or the 



 

efficiency of concrete additions. 
 

Tab. 1 Chemical composition (M.-%) and glass content (Vol.-%) of wet granulated blast furnace slag D 
and of different SBSC slags resulting from tests in semi-technical scale 

 SiO2 Al2O3 CaO MgO TiO2 S Na2Oeq. (C+M)/S Glass 
GBS D 36,8 14,6 40,1 6,11 0,64 1,09 0,61 1,26 100 
SBSC 2 37,9 14,3 39,8 5,61 0,72 1,05 0,72 1,20 100 
SBSC 4 34,6 13,6 44,3 5,95 0,54 1,25 0,38 1,45 93 
SBSC 6 35,1 13,6 43,8 6,11 0,56 1,26 0,39 1,42 82 
SBSC 7 36,6 14,6 40,7 6,07 0,65 1,15 0,62 1,28 100 
SBSC 10 35,5 13,4 43,8 6,09 0,61 1,12 0,45 1,41 92 
SBSC 15 39,4 13,0 39,7 5,82 0,63 0,99 0,59 1,16 100 

 

     
Figure 10: Fraction 40/63 µm of GBS D (left) and a SBSC slag with 81 Vol.-% glass (transition light microsc.) 

 
4.1.2 Physical properties 
Due to the specific cooling process the physical properties of the SBSC slags are different compared to 
those of GBS. In Table 2 some parameters are summarised. The apparent density of the SBSC slags is 
higher and the porosity is lower. Both offers advantages with respect to handling, storing and 
transporting the material. Besides the porosity the bulk density will depend on the grading curve of the 
broken material and thus of the installed crusher. Independent on similar or modified chemical 
composition the true densities of SBSC slags are higher compared to the reference GBS. That might be 
an indicator for a modified glass structure. But it is up to further investigations to clarify this question. 
 

Tab. 2 Physical properties of wet granulated blast furnace slag D and of different SBSC slags 
resulting from tests in semi-technical scale 

 Density Apparent density Total porosity 
 g/cm³ g/cm³ Vol.-% 

GBS D 2,91 2,62 10 
SBSC 2 2,93 2,84 3 
SBSC 4 2,95 2,87 3 
SBSC 6 2,98 2,88 3 
SBSC 7 2,94 2,87 2 
SBSC 10 2,95 2,87 3 
SBSC 15 2,93 2,87 3 

 
Of course the grain shape of the SBSC slags must be different compared to those of GBS. In most 
cases the maximum grain size of unground GBS is 3 mm. The particle size of a broken SBSC slag 



 

might be several centimetres (Figure 11). Its grain shape is sharp-edged due to the crushing process. In 
Figure 12 it is visible that the grains have a dense structure which correlates with the higher apparent 
density (Table 2). 
 

    
Figure 11: Grain shape of unground GBS D (left) and of broken SBSC slags 2, 6, 15 (reflected light microscopy) 
 

     
Figure 12: SEM pictures of unground GBS D (left) and of broken SBSC slag (right) 

 
4.1.3. Grindability 
An important topic with respect to technical and economical issues is the slag grindability. It is well-
known that GBS is harder to grind and more abrasive compared to Portland cement clinker. The 
grindability tests in lab-scale (Zeisel apparatus) show that the energy demand of SBSC slags for 
setting a certain fineness is comparable to those of normal GBS with the same glass content (Figure 
13). In general a lower glass content would result in a lower grinding energy demand. 
 

 
Figure 13: Results of grinding tests in lab-scale (Zeisel apparatus) 



 

In order to verify the lab-scale grinding tests a mix of different SBSC slags was also tested in semi-
technical scale. That was done by a producer of vertical roller mills. Also these tests confirm a 
comparable grindability. The abrasion was in the upper range of GBS. 
With respect to the abrasion FEhS-Institute measured the Vickers hardness of two SBSC slags. Normal 
GBS has a Vickers hardness between 570-650 HV0,1. It is noticeable to mention that the hardness 
range of minerals ranges from 150 HV 0,03 for limestone to 2700 HV0,2 for SiC. For two SBSC slags 
630 and 633 HV0,1 were found. Considering a typical standard deviation of about 6 HV0,1 (ni = 30) it 
can be reasoned that the hardness of SBSC slags is within the upper but normal range for GBS. This 
result correlates with the grinding test in semi-technical scale. 
 
4.1.4 Cementitious properties 
It is well-known that the slag reactivity depends on several parameters (Ehrenberg A., 2010). For a 
given slag mainly its fineness is relevant. Therefore all slag samples were ground to a similar fineness 
in the same 10 kg-ball mill (Figure 14). As well slope n (0,81-0,94) as the characteristic equivalent 
RRSB-diameter d' (15-18 µm) and the specific surface according to Blaine (4180-4300 cm²/g) were in 
a narrow range and comparable to the values for the ground GBS D (Sm = 4150 cm²/g, n = 0,91, d' = 
17 µm). 
 

 
Figure14: Particle size distribution of ground GBS D and SBCS slags being used for cement investigations 

 
Water demand and mortar spread depend mainly on the particle size distribution of the cement 
constituents if all other parameters (slag/clinker ratio, clinker type etc.) are unchanged. So it was to be 
expected that the workability of all cements and mortars was very similar. There is no special 
influence of the alternative slag cooling process. 
From a theoretical point of view it can be expected that another cooling method causes another glass 
structure. Thus may cause another glass stability in a corrosive medium like pore solution being 
relevant for the slag glass corrosion process and the forming of CSH phases. So it was very important 
to investigate whether significant differences in strength development of slag cements occur while a 
comparable chemical composition and a comparable glass content were given. 
In Figure 15 it is shown that there are differences in early and later strength development. The 
differences are of course more noticeable for the slag rich CEM III/B cements (left side). But in a 
reduced intensity (right side) the same differences occur for CEM III/A cements, too. More relevant 
for the cement market are CEM III/A cements. The lower early strength of all CEM III/A cements 
results from the lower specific surface of the CEM I 42,5 R compared to the ground clinker in the 
CEM III/B cements (see 3.1.3.). 
In Figure 15 (right side) the well-known characteristic is visualised that having the same 28 days 
strength blast furnace cements have a lower early and a higher later strength compared to Portland 
cement, if all other frame conditions are kept constant. 
For a certain slag/clinker ratio the strength differences can be explained mainly with the varying 
chemical composition of the slags (Table 1). If chemistry and glass content are more or less unchanged 
(SBSC 7) the slag cements show the same strength development as the cement with GBS D. So it is 



 

evident that there is no specific influence of the Steel Ball Slag Cooling Process on the slag reactivity 
if a sufficient glass content is achieved. 
If there is a lower glass content (SBSC 6) a better slag chemistry (higher basicity and/or Alumina 
content) can compensate the early strength loss and moreover the later strength is improved, too.  
The dominant influence of the chemical slag composition is shown by SBSC 2 and SBSC 15. Despite 
the fact that the glass content in both cases is 100 Vol.-% the lower basicity causes a significant 
strength loss during the first 4 weeks of hydration. 
Comparing the cements with SBSC 6 and SBSC 4 shows that also a glass content increase from 
82 Vol.-% to 93 Vol.-% results in higher strength, too. 
The only strength development which cannot be explained finally belongs to the cement with SBSC 
10. Despite the fact that it has a comparable chemical composition as SBSC 4 the whole strength 
development is lower. X-ray analyses showed that there might be a lower glass content as it was 
measured by microscope (92 Vol.-%). It has to be solved whether e.g. sub-crystalline structures were 
formed which could not be detected by microscope. It might be that such structures are aided by the 
temperature loss in long slag runners. 
 

     
Figure 15: Compressive strength of DIN EN 196-1 mortars (w/c ratio = 0,50) 

 
4.1.5 Environmental properties 
FEhS-Institute did DEV-S4 tests as well with GBS D (original grain size up to 3 mm) as with SBSC 
slag (crushed < 32 mm according to national rules). pH value, electrical conductivity and the contents 
of SO4

2- and many heavy metals have been measured in the leachates. To have a reference: German 
legislation defines only 3 limit values if GBS should be used unground for road making purposes: pH-
value (9-12), electrical conductivity (< 1000 µS/m) and SO4

2- (< 150 mg/l). As well for GBS D as for 
SBSC slag all data went clearly below the limit values. 
As a result it can be stated that with respect to environmental properties there is no significant 
difference between GBS and SBSC slag. That is important with respect to possible discussions on the 
technical frame conditions for interim storages. 
 
4.2. Dry Slag Granulation Process 
During the research project three campaigns were done resulting in many different slag samples. 
Therefore the discussion below must be limited to some meaningful examples. 
4.2.1 Chemistry and glass content 
Data for selected samples are given in Table 3 and Table 4. An index "a" or "b" means that different 
fractions of the same unground DSG-Pellets have been tested. For all material investigations the 
oversize particles > 6,3 mm have been separated. But their share on the total output was low.  
As expected (see 3.2.1.) during the re-melting process the chemistry of the industrial slags GBS A and 
GBS B was changed significantly. Besides the Alumina content also the heavy metal contents (e.g. 
Chromium) increased by solving the refractory lining. Also the Fe contents increased probably due to 
melt residues. At the same time Alkali and Sulphur contents decreased due to the re-heating at 1500°C. 
In particular for the DSG-Pellets based on GBS A it is more or less impossible to find an industrial 



 

GBS with a similar chemical composition. Only for some DSG-Pellets based on GBS B it is possible 
to find adequate examples (e.g. for DSG 12 a GBS from India). Summing up these aspects it is self-
evident that a comparison of the cementitious properties (4.2.4.) of the industrial GBS A and B and of 
the resulting DSG-Pellets is not constructive. 
GBS 5, GBS 7 and GBS 12 are granulated slags being produced in lab-scale by re-melting and wet-
granulating of DSG-Pellets 5, 7 and 12. These samples have been prepared in order to investigate a 
possible influence of the alternative cooling process on glass structure and reactivity while the 
extraordinary chemistry was kept constant. So it was possible to get information whether the cooling 
process itself has an influence on the cementitious slag properties. 
During the test periods (3 campaigns within one year) the adulterant influence of the refractory lining 
decreased. That is the explanation for the different chemical compositions of the different samples 
made from the same industrial GBS. In particular there is an abrupt change between DSG-Pellets 1-5 
(campaign 1 with GBS A) and DSG-Pellets 6-7 (campaign 2 with GBS A), Table 3. But also during 
the campaign 3 with GBS B a shift of the composition could be observed (Table 4). 
 

Tab. 3 Chemical composition (M.-%) and glass content (in Vol.-%) of wet granulated blast furnace slag A, of 
different DSG-Pellets resulting from tests in semi-technical scale and of lab-scale GBS 

 SiO2 Al2O3 CaO MgO TiO2 S Na2Oeq. Cr (C+M)/S Glass
GBS A 36,2 11,7 43,5 5,32 0,80 1,32 0,49 0,003 1,35 100 
DSG 2 28,7 30,5 33,0 4,00 0,69 0,07 0,27 1,166 1,29 93 
DSG 4a 26,6 36,3 30,2 3,36 0,64 0,06 0,21 1,170 1,26 92 
DSG 5a 27,6 35,4 29,3 3,55 0,64 0,10 0,24 1,256 1,19 89 
DSG 5b 27,3 34,5 30,4 3,69 0,64 0,06 0,22 1,245 1,25 99 
GBS 5 28,2 34,5 31,0 3,56 0,63 0,10 0,21 1,117 1,23 100 
DSG 7 32,9 22,2 37,1 4,68 0,78 0,01 0,28 0,571 1,27 98 
GBS 7 33,8 22,1 36,9 5,15 0,78 0,05 0,22 0,391 1,25 100 

 
Tab. 4 Chemical composition (M.-%) and glass content (in Vol.-%) of wet granulated blast furnace slag B, of 

different DSG-Pellets resulting from tests in semi-technical scale and of lab-scale GBS 

 SiO2 Al2O3 CaO MgO TiO2 S Na2Oeq. Cr (C+M)/S Glass
GBS B 39,5 11,6 36,7 8,72 0,52 0,72 1,10 0,003 1,15 100 
DSG 8a 34,8 19,9 31,5 7,37 0,47 0,01 0,73 0,604 1,12 97 
DSG 8b 35,1 19,7 31,6 7,32 0,47 0,02 0,72 0,608 1,11 81 
DSG 10 36,7 19,1 32,3 7,73 0,48 0,02 0,81 0,372 1,09 100 
DSG 12 36,9 18,2 32,6 7,85 0,48 0,01 0,80 0,382 1,10 100 
GBS 12 37,1 18,6 32,8 8,06 0,49 0,03 0,70 0,228 1,10 100 
DSG 13 37,4 18,5 32,8 7,85 0,49 0,01 0,78 0,313 1,09 100 
DSG 14 38,3 16,7 33,2 8,06 0,49 0,01 0,83 0,290 1,08 100 

 
The glass content of the most DSG-Pellets was 90-100 Vol.-%. For slag melts based on GBS B with 
their lower basicities it was easier to achieve maximum glass contents. That corresponds to 
experiences with wet granulated slags. 
Comparing the glass contents for the a/b samples it is obvious that the finer particles ("a") have higher 
glass contents. That is comparable to experiences in the past when granulated blast furnace slags with 
higher maximum grain sizes as given today (3 mm) have been available due to less efficient 
granulation plants. 
Figure 16 shows transition light pictures from the carefully pestled GBS A and from pestled DSG-
Pellets A. The low crystalline content of the DSG-Pellets is visible. The particle shape of all samples is 
very similar and also comparable to SBSC slags (Figure 10). 



 

     
Figure 16: Fraction 40/63 µm of GBS A (left), DSG-Pellets 5b with a glass content of 99 Vol.-% (middle) and 

DSG-Pellets 5a with a glass content of 89 Vol.-% (right) (transition light microscopy) 
 
4.2.2 Physical properties 
The physical properties of the DSG-Pellets are different compared to those of GBS. In Table 5 and 6 
some parameters are summarised. For DSG-Pellets based on GBS A the apparent and bulk densities 
are higher and the porosity is lower compared to GBS A. Both offers advantages with respect to 
handling, storing and transporting the material. For DSG-Pellets based on GBS B the apparent 
densities are similar but the bulk densities are much more higher, too. The porosity is in the same 
range. GBS B with its low basicity has typically a below average porosity. 
 

Tab. 5 Physical properties of wet granulated blast furnace slag A, of different DSG-Pellets 
resulting from tests in semi-technical scale and of lab-scale GBS 

 Density Apparent density Bulk density Total porosity 
 g/cm³ g/cm³ g/cm³ Vol.-% 

GBS A 2,92 2,66 0,99 9 
DSG 2 2,93 2,87 1,71 2 
DSG 4a 2,93 2,73 1,54 7 
DSG 4b 2,93 2,76 1,53 6 
DSG 5a 2,90 2,80 1,59 4 
DSG 5b 2,91 2,82 1,55 3 
GBS 5 2,91 2,80 1,54 4 
DSG 7 2,95 2,86 1,46 3 
GBS 7 2,91 2,90 1,50 < 1 

 
Tab. 6 Physical properties of wet granulated blast furnace slag B, of different DSG-Pellets 

resulting from tests in semi-technical scale and of lab-scale GBS 

 Density Apparent density Bulk density Total porosity 
 g/cm³ g/cm³ g/cm³ Vol.-% 

GBS B 2,91 2,79 1,04 4 
DSG 8a 2,97 2,78 1,48 7 
DSG 10 2,94 2,74 1,43 7 
DSG 12 2,94 2,70 1,45 8 
GBS 12 2,92 2,86 1,51 2 
DSG 13 2,94 2,77 1,41 6 
DSG 14 2,93 2,74 1,47 6 

 



 

It is obvious that DSG pellets have a very dark colour. The reason is that in most cases re-melting of 
slags causes another colouration of the slag particles also if the chemical composition is constant. And 
of course it is well-known that another chemical composition of the slag may cause another colour. In 
particular the glassy granulated blast furnace slag colour changes with different contents of e.g. Fe, 
Mn, Ti, Cr also if the concentration of these ions is very low compared to Ca, Mg, Si, Al. The 
temperature of the liquid slag may influence the colour of GBS, too. On principle the light colour of 
ground GBS is an optical advantage for slag cements and concretes. So if the dark colour of DSG-
Pellets would appear in practice, too, it would be a small setback. But both aspects discussed above are 
either not relevant (re-melting) or relevant in the same matter as it is for the wet granulation of 
industrial blast furnace slags (chemical composition). In Figure 5 (right) it is already shown that in 
practice DSG-Pellets would have a colour being similar to the colour of wet granulated slag. 
Figure 17 compares the industrial GBS A, DSG-Pellets 7 and granulated blast furnace slags made in 
FEhS-Institute from as well re-melted GBS A and re-melted DSG-Pellets 7. Also the lab-scale GBS A 
is darker compared to the industrial GBS A regardless of the unchanged chemical composition. 
 

    1 mm 

    Industrial GBS A                 Lab-scale GBS A (based     DSG-Pellets 7                    Lab-scale GBS 7 (based on 
                                                on re-melted GBS A)                                                      re-melted DSG-Pellets 7) 

Figure 17: Colour of DSG-Pellets and wet granulated blast furnace slags (reflected light microscopy) 
 
The grain shape of the DSG-Pellets is more or less spherical and their surface is closed. Run-out tests 
showed a good flow behaviour compared to the splintered and sometimes very porous GBS grains. 
SEM pictures show the differences very clearly (Figure 18). An additional advantage of such a 
structure is that during an interim storage as well the water adsorption will be limited as the typical 
hardening - as it is known from wet granulated slags - will be avoided. 
 

     
Figure 18: SEM pictures of the surfaces of unground GBS A (left) and of DSG-Pellets 2 (right) 



 

At first sight the grain shape of DSG-Pellets is very similar to slag pellets which were produced in 
earlier times with rotating drums (see Figure 4). But looking into the grains documents that DSG-
Pellets are much more denser compared to former pelletized slag (Figure 19). In particular for the 
DSG-Pellets A it explains their higher apparent density compared to GBS A (Table 5). 
 

     

Boundary layer 

Resin 

DSG-Pellet 

Figure 19: SEM pictures of polished fractured surfaces of pelletized slag (left) and of DSG-Pellets 5b (right) 
 
Figure 20 shows the grading curves. DSG particles > 6,3 mm have been removed. The grading curve 
of DSG-Pellets is coarser compared to average GBS. But it is still near the upper range of wet 
granulated slags. Also GBS made in lab-scale has typically a coarser grading curve depending on the 
specific granulation conditions (GBS 7 and 12). Together with the low porosity the grading curve 
results in high bulk densities of DSG-Pellets compared to GBS. 
 

     
Figure 20: Grading curves of DSG-Pellets and wet granulated blast furnace slags 

 
4.2.3. Grindability 
For some DSG-Pellets a grindability test in lab-scale was done (Zeisel apparatus). Figure 21 shows 
that the energy demand of all DSG-Pellets is comparable to industrial GBS which has a similar glass 
content. With respect to the handling of the spherical particles in an industrial mill additional grinding 
tests in semi-technical scale have still to be done. 
Also for DSG-Pellets FEhS-Institute measured the Vickers hardness (Figure 22). GBS B had a value 
of 598 HV0,1. For the DSG-Pellets B values between 632-643 HV0,1 were found. Considering a typical 
standard deviation of about 6 HV0,1 (ni = 30) it can be reasoned that there is only a slight increase in 
hardness compared to GBS. If there is a significant influence on the abrasion in a mill has still to be 
proved in a semi-technical grinding facility (compare 4.1.3). 
 



 

     
Figure 21: Results of grinding tests in lab-scale (Zeisel apparatus) 

 

     

D1 = 18 µm 

Figure 22: Pyramidal indentation after the Vickers hardness test for DSG-Pellets 8a 
 
4.2.4. Cementitious properties 
The particle size distribution of the ground DSG-Pellets was comparable to those of ground GBS. 
Therefore, as also written in 4.1.4., the workability of the slag cements and mortars made with ground 
DSG-Pellets was unremarkable. 
The strength developments are shown in Figure 23. Differences after 1 day are not recognisable due to 
the dominant influence of the clinker for that hydration period. After 2 days only for the slag rich 
CEM III/B cements some differences can be observed. 
It is well-known for GBS that high Alumina contents result in high early strength of slag cements. 
Therefore it is first of all surprising that the strength development of cements with DSG-Pellets with 
their very high Alumina contents (see Table 3 and 4) show only a limited or no increased early 
strength (compare DSG 5a with GBS A and DSG 8a with GBS B). Moreover the later strength is much 
more lower. 
One approach to explain that phenomena is that Alumina contents in blast furnace slags do not exceed 
normally 25 M.-% (FEhS-Institute, 2014). Contents of 30-36 M.-% as described in Table 3 and 4 may 
cause another (more stable?) glass structure. It is up to further NMR investigations to support this 
theory. In addition it is unknown in which way the untypical high heavy metals contents influence the 
glass structure and thus the reactivity, too. It has also to be recognised that the basicities (C+M)/S have 
been modified, too. For GBS A it decreased significantly by 0,16 (DSG 5a) and by 0,08 (DSG 7) 
whereas for GBS B the decrease was lower and accounted to 0,05 (DSG 12) and to 0,03 (DSG 8a). 
Therefore at least for the latter one the changed basicity cannot be the explanation for the strength loss. 
Due to the chemical modifications of the DSG-Pellets compared to GBS A and B it was obvious to re-
melt some pellet samples and to make GBS with the same extraordinary chemistry (see 4.2.1.). In 
particular the results for the CEM III/B cements indicate that wet granulated slags might be more 
reactive (compare DSG 5, 7 and 12 with GBS 5, 7 and 12). Whereas the differences can be observed 



 

already after 2 days and very clearly for the 75/25 combinations the 50/50 combinations show only 
limited differences after 7 days and later. 
It seems that the problem how to interpret the tests results is caused by an overlapping influence of 
chemical and technical parameters. It has a lot to commend it that there is a significant influence of the 
heavy metals contents resulting from the re-melting in the Flash Reactor. The comparison of DSG 12 
and GBS 12 with an industrial Indian GBS of similar overall chemical composition (basicity (C+M)/S 
= 1,15, Alumina content 18,5 M.-%) and glass content (99 Vol.-%) shows a much more higher 
reactivity for the cements with the Indian GBS. But the strength development was higher compared as 
well to the cements with DSG 12 as with GBS 12, too! A final judgement of this phenomena is not yet 
possible at the moment. At the end tests in technical scale near a blast furnace and with unchanged 
blast furnace slag are necessary to avoid a misinterpreting of the test results. 
The well-known influence of a lower glass content illustrate DSG 8a and 8b (97 and 81 Vol.-% glass). 
Up to 91 days the strength development is significantly lower for the cements with DSG 8b. So it is 
evident that a sufficient glass content of about 90 Vol.-% must be ensured. As the data in Table 2 and 3 
show the Dry Slag Granulation Process is able to achieve it. 
In general the reproducibility of the test results is good. If more or less identical chemical 
compositions and glass contents of the DSG-Pellets are given also the strength development is more or 
less identical (compare DSG 12 and 13). 
 

     
 

     
Figure 23: Compressive strength of DIN EN 196-1 mortars (w/c ratio = 0,50) 

 
Also the heat of hydration was measured for slag cements CEM III/B and CEM III/A. The main task 
was to look whether the differences in strength development described above were detectable in heat 
of hydration generation, too. In Figure 24 some results are given for slag rich cements. Summarizing 
the results it can be stated that also the calorimetric measurements show significant differences. They 
confirm that the DSG-Pellets show another reaction behaviour compared to GBS. Also the heat of 
hydration for the 50/50 combinations confirm the differences. Only the extend of the effect is lower 
due to the lower slag content. 



 

For DSG 5a (Figure 24, left) the typical heat of hydration peak for the GBS reaction after about 30 
hours (depending on reactivity, fineness etc.) is as well shifted as intensified significantly and 
corresponds with the higher early strength. For DSG 7 the shift was much more lower and the intensity 
has been unchanged. That correspondents with the unchanged early strength. But there is also a 
difference between DSG-Pellets and corresponding wet granulated slags. The second peak for the lab-
scale GBS is as well shifted as intensified, too. That correspondents with the higher strength. But it has 
to be stressed that this is only verified for DSG-Pellets being produced in semi-technical scale under 
the given melting conditions! As already mentioned at least only investigations with DSG-Pellets 
being produced in technical scale with industrial blast slag will be able to answer the question whether 
there is a significant influence of the process, or not. Figure 24 (right) shows also the negative impact 
of lower glass contents on the reactivity. Together with the higher glass content of the DSG-Pellets 
(DSG 8a: 97 Vol.-%) the second heat of hydration peak (the first one results from the clinker 
hydration) is as well shifted as intensified compared to the pellets with lower glass content (DSG 8b: 
81 Vol.-%) which correlates with the strength differences, too. 
 

     
Figure 24: Heat of hydration of cement limes (w/c ratio = 0,50) 

 
5. Conclusions 
Blast furnace slag offers a high technical, economical and ecological potential as well with respect to 
its thermal energy content as its utilization as SCM. Whereas the latter one is well-known and realised 
since decades the first benefit could not yet used due to the specific properties of liquid blast furnace 
slag. So any new technology has to solve two main tasks: a sufficient cooling velocity of the liquid 
slag in order to guarantee the glassy state and thus the latent hydraulic property and a sufficient 
temperature of the hardened slag which is the basis for steam and/or electrical power generation.  
Both technologies which were presented above show as well advantages as disadvantages with respect 
to the process. The evaluation of the two technologies has to be divided into the process itself and the 
experimental results of the material investigations. The latter are the most relevant one for the cement 
industry whereas the first one is very important for the blast furnace operators. 
The tests in semi-technical scale prove basically as well for the Steel Ball Slag Granulation Process of 
Paul Wurth as the Dry Slag Granulation Process of Siemens/Siemens VAI (since 2015 Primetals 
Technologies) their functionality. In addition Paul Wurths's pilot plant at Dillinger Hütte (Germany) 
has demonstrated that also slag flows up to 6,5 tons per minute can be handled and that the 
functionality is given also in an industrial scale. But whereas the tests in semi-technical scale resulted 
in many cases in high glass contents of the slag it is up to new tests with optimised process conditions 
and/or structural modifications (slag runner length) to prove sufficient glass contents for the pilot plant, 
too. A pilot plant for the DSG-Process is already engineered, too. It will be build near a blast furnace 
of voestalpine in Linz (Austria). 
With respect to the handling (storing, transport, grinding) of dry cooled blast furnace slag 
modifications will be necessary in steel and cement industry. In most cases common wet granulated 
blast furnace slag grains are splintered, more or less porous and not bigger than 3 mm. The Steel Ball 
Slag Cooling Process generates dense particles up to several centimetres. The Dry Slag Granulation 



 

Process generates dense spherical particles below 7 mm with a very good run-out behaviour. It seems 
to be very realistic that these specific physical properties can be managed. 
The results of the material investigations show that both processes are able to produce a dry glassy 
blast furnace slag being usable for cementitious purposes. If glass content and chemistry are 
comparable with those of wet granulated GBS the cementitious properties are comparable, too. Some 
conspicuity with respect to strength development and heat of hydration of slag cements made with 
ground DSG-Pellets might be clarified if unchanged blast furnace slag will be tested. 
For the first time since many years now it seems to be possible to solve the two tasks described on the 
first page of this paper: to guarantee the glassy state and thus the latent hydraulic property of dry 
cooled blast furnace slag and to use its thermal energy. 
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Abstract 
The effect of calcium formate on water requirement of normal consistency, compressive strength, drying shrinkage and 
rate of mass loss of cement pastes containing fly ash were studied. The influence of calcium formate on pore structure 
and content of non-evaporable water of cement pastes containing fly ash was investigated through mercury intrusion 
porosimetry (MIP) and combustion method, respectively.  
The results showed that calcium formate has water reducing effect, and accelerations the early hydration of cement 
pastes containing fly ash and the refinement of pore structure, it can also decrease the rate of mass lose of cement 
pastes under drying condition. Calcium formate can improve the early compressive strength of cement pastes 
containing fly ash obviously and increase the drying shrinkage. However, increase of fly ash replacement can reduce 
the effect of calcium formate on drying shrinkage of cement pastes. 
 
 
Originality 
Fly ash is a common supplementary cementitious material to replace cement. It is low that the activity of most of fly ash 
in China, its utilization in cement-based materials is more limited. It becomes a hot spot to activate low activity fly ash 
for domestic and foreign researchers. However, the mechanical activation requires a lot of energy, and the effective 
utilization of energy is low; the chemical activation of fly ash may introduce harmful ions, which is unfavorable for the 
durability of concrete. Calcium formate is used to motivate the activity of fly ash, which is an exciting agent without 
chloride ion and alkali. Calcium formate has water reducing effect, and accelerations the early hydration of cement 
pastes containing fly ash and the refinement of pore structure, it can also decrease the rate of mass lose of cement 
pastes under drying condition.Calcium formate can improve the early compressive strength of cement pastes containing 
fly ash obviously. So the research on using calcium formate to promote properties of cement pastes containing fly ash is 
first originality. 
Calcium formate can increase the drying shrinkage cement pastes containing fly ash. However,increase of fly ash 
replacement can reduce the effect of calcium formate on drying shrinkage of cement pastes. So the research on effect of 
fly ash on the drying shrinkage of cement pastes containing calcium formate is second originality. 
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1. Introduction 
Since fly ash has both "form effect", "Pozzolan effect" and "micro-aggregate effect", using it as a 
supplementary cementitious material to replace cement can lower the heat of hydration, reduce the 
permeability, the porosity, the drying shrinkage, and improve the durability of cement-based materials. 
But there are also some disadvantages, such as reducing the early strength. Especially when the 
activity of fly ash is low,its utilization in cement-based materials is more limited(Qian J. S., 2002; 
Watcharapong Wongkeo, et al., 2012; Huang C. H., et al., 2013). As a result, it becomes a hot spot to 
activate low activity fly ash for domestic and foreign researchers(Wang Z., et al., 2007; Oh J. E., et al., 
2012; Lee N. K., et al., 2013; Zhang W. S., et al., 2002). However, the mechanical activation requires 
a lot of energy, and the effective utilization of energy is low; the chemical activation of fly ash may 
introduce harmful ions, which is unfavorable for the durability of concrete. In the paper, we use 
calcium formate without chloride ion and alkali as the exciting agent, study the influence rule of 
compressive strength, drying shrinkage and mass loss rate for cement paste mixed with low activity 
fly ash, and analyze the influence of mixing fly ash into cement paste to chemically combined water 
and pore structure.  
 
2. Experimental 
2.1. Raw Materials 
Fly ash is of low activity from a power plant in Huainan, and testing its performance according to 
GB/T1596-2005 Fly Ash Used for Cement and Concrete, each of the activity index of 7d and 28d is 
64% and 66%, the triage of 80μm is 25.7%, and water requirement ratio is 116.3. The chemical 
composition of cement and fly ash is given in Table 1, respectively. Calcium formate is of frist class 
from Qiyi fine-chemicals co.,LTD. 

Tab.1  Chemical composition (by mass) of cement and fly ash /% 

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Loss 

Cement 20.29 4.46 3.69 63.72 1.47 1.59 0.68 0.21 3.06 

Fly Ash 58.15 29.39 6.14 1.62 0.64 0.46 0.90 0.80 1.39 
 
2.2. Design of mix proportion 
The design of mix proportion is given in Table 2, the dosage of calcium formate in total mass of 
cementitious material is 1%.Water-binder ratio is 0.28. 

Tab.2  Mix proportion(by mass) of samples 

Mix proportion/ % 
Sample 

Water-binder ratio 
（by mass） Cement Fly ash 

P 100 0 

FA20 80 20 

FA30 70 30 

FA40 60 40 

FA50 

0.28 

50 50 
 
2.3. Experimental procedures 
Prepared cement paste according to the design of mix proportion, tested the required water of standard 
consistency of cement paste according to GB/T 1345-2011 Test Mthods for Water Requirement of 
Normal Consistency, Setting Time and Soundness of the Portland cement; Formed specimens for 
testing compressive strength(size:40×40×40-mm prisms, each group of three) and specimens for 
testing drying shrinkage(20×20×80-mm prisms, each group of six). Specimens were cured in cement 
standard curing box,after one day the specimens were demoulded and cured in water.After providing 
age, tested the compressive strength. After two days removed the specimens for testing drying 
shrinkage from water, tested their initial length and quality, then cured them in dry curing box in the 
relative humidity of 55%±2% and relative temperature of 20 ±℃ 2℃. After providing age, tested their 
variation of length and quality. The value of drying shrinkage is defined as formula (1):  
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where,St is the drying shrinkage(%); L0 is the initial length(mm); Lt is the length of specimens at each 
age(mm); L is the effective length. 
Testing of pore structure: after curing for providing age, specimens were cut into 3~5mm samples, 
then maintained in dry curing box with vacuum pumping for two hours. After then, samples were 
stopped hydration in ethanol immediately.The next day changed the ethanol until seven days. After 
then, the samples were dried at 60℃ fully. Then the pore volume and pore size distribution of cement 
paste were tested by high performance Auto Pore IV 9500 porosity from MICROMERITICS, USA. 
Testing of chemically combined water: after curing for providing age, some samples were stopped 
hydration in ethanol. After drying under vacuum, samples were grinded through 200 mesh sieve. 1g of 
these samples were put into porcelain crucible which was burned to constant weight. After drying to 
constant weight in drying box at 60℃, the samples were burned at 950℃ for two hours.The value of 
chemically combined water is defined as follows(Li X, et al., 2009):  
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ccFAFACFA WfWfW .                                                                                                     （3） 
where, m1 is the weight of samples burned at 60℃(g);  m2 is the constant weight of cooled samples 
burned at 950℃(g); each of fFA and fC is the dosage of fly ash and cement(%); each of WFA and WC is 
ignition loss of fly ash and cement(%). 
  
3. Results and Discussion 
3.1.  Effect of calcium formate on the required water of standard consistency of cement paste mixed 
with fly ash 
Table 3 shows the effects of calcium formate on the required water of standard consistency of cement 
paste mixed with fly ash. Adding calcium formate into cement mixed with fly ash can reduce the 
required water of standard consistency, which means calcium formate has water reduce effect. 
Tab. 3 Effect of calcium formate on water requirement of normal consistency of cement pastes containing fly ash 

Sample 
required water of standard consistency

（%） 
Sample 

required water of standard consistency
（%） 

P 29.2 P+1% 28.7 

FA20 29.5 FA20+1% 29.0 

FA30 29.3 FA30+1% 28.8 

FA40 29.6 FA40+1% 28.9 

FA50 29.8 FA50+1% 29.1 

 
3.2.  Effect of calcium formate on the compressive strength of cement paste mixed with fly ash 
Figure 1 shows the effects of fly ash on compressive strength of cement pastes with or without 
containing calcium formate. From Figure 1(a), it is known that at each age, as the dosage of fly ash is 
increased, the compressive strength of cement pastes mixed with fly ash is decreased, especially at 3 
days. From Figure 1(b), it is known that when adding the calcium formate into the cement pastes 
mixed with fly ash in the proportions of 0%, 20%, 30%, 40% and 50%, the compressive strength at 3 
days is 12.1%, 27.4%, 35.6%, 31.3% and 18.7%, higher than that of the references respectively; the 
compressive strength at 7 days is 10.1%, 10.0%, 11.0%, 6.6% and 11.8%, higher than that of the 
references respectively. The compressive strength at 28 days is higher too. In a result, adding calcium 
formate into the cement pastes mixed with fly ash can increase the compressive strength at the early 
ages. 
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(a) Containing calcium formate (b) Without containing calcium formate 
Figure 1 Effect of fly ash on compressive strength of cement pastes with or without containing calcium formate 

 
3.3.  Effect of fly ash on drying shrinkage and rate of mass loss of cement pastes mixed with fly ash 
Figure 2 shows the effects of fly ash on drying shrinkage of cement pastes with or without containing 
calcium formate. From Figure 2(a), it is known that as the dosage of fly ash is increased, the drying 
shrinkage of cement pastes is decreased, which means fly ash has the inhibitory effect on the drying 
shrinkage of cement paste. This is because as the proportion of fly ash in cement pastes is higher, then 
the proportion of cement is lower, the reaction degree of fly ash decreases, the amount of unreacted fly 
ash increased. Because of most fly ash are spherical particles, the  specific surface area is small, so the 
ability of water absorption is week, fly ash particles without hydration become the limit phase. 

0 5 10 15 20 25 30 35 40 45 50 55 60 65
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

 

 
D

ry
in

g 
sh

ri
nk

ag
e 

/%

Age /d

 P

0 5 10 15 20 25 30 35 40 45 50 55 60 65
0.00
0.02
0.04

0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24

0.26
0.28

 

D
ry

in
g 

sh
ri

nk
ag

e 
/%

Age /d

 P+1%
 FA20+1%
 FA30+1%

 FA20  FA40+1%
 FA30  FA50+1%  
 FA40
 FA50

(a)  Without containing calcium formate (b) Containing calcium formate 

Figure 2  Effect of fly ash on drying shrinkage of cement pastes with or without containing calcium formate 

It is known from Figure 2(b) that when adds the calcium formate into the cement pastes mixed with fly 
ash in the proportions of 0%, 20%, 30%, 40% and 50% , the drying shrinkage at 60 days is 25.1%, 
44.4%, 49.7%, 63.1% and 70.0% higher than that of the references respectively.But in the systems of 
fly ash/cement with calcium formate added in, the drying shrinkage of the cement pastes mixed with 
fly ash in a proportion of 50% at 60d is 7.7% lower than that of 20%. This proves that adding calcium 
formate into cement pastes mixed with fly ash can increase the drying shrinkage, but increasing the 
proportion of fly ash can decrease the effect of calcium formate on the drying shrinkage of cement 
pastes mixed with fly ash. 



 

Figure 3 shows the effects of fly ash on rate of mass loss of cement pastes with or without containing 
calcium formate. It is known from Figure 3(a) that in the systems without calcium formate added in, as 
the proportion of fly ash increases, the rate of mass loss of cement pastes increases. It is because the 
hydration speed of fly ash is slow, the pore volume of cement is more. The higher the content of fly 
ash, the lower the strength of cement pastes. Specimens with less dense lead to faster evaporation 
under dry state. From Figure 3(a), it is known that when adds the calcium formate into the cement 
pastes mixed with fly ash in the proportions of 0%, 20%, 30%, 40% and 50% ,the rate of mass loss at 
60 days is 25.1%, 44.4%, 49.7%, 63.1% and 70.0% higher than that of the references respectively. 
This proves that adding calcium formate into cement pastes mixed with fly ash can decrease the rate of 

ass loss under dry state. m
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Figure 3 Effect of fly ash on rate of mass loss of cement pastes with or without containing calcium formate 

 
3.4. Effect of calcium formate on the chemical combined water and pore structure of cement pastes 
mixed with fly ash 
Figure 4 shows the effect of calcium formate on the chemical combined water of cement pastes mixed 
with fly ash. From Figure 4, it is known that as the curing age extends, the amount of chemical 
combined water of cement pastes increased; the higher the content of fly ash, the lower the amount of 
chemical combined water. The amount of chemical combined water of  cement pastes added with 
calcium formate in at 7 days is increased apparently, however, which at 28 days is of little growth. 
This proves can accelerate the hydration of cement pastes mixed with fly ash at the early age. 
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Figure 4 Effect of calcium formate on content of non-evaporable water of cement pastes 

 with or without containing fly ash  



 

Figure 5 shows the effect of calcium formate on the pore size distribution and porosity of cement 
pastes mixed with fly ash. After adding calcium formate in, the porosity of cement pastes mixed with 
fly ash in a proportion of 30% decreases from 22.5% to 19.2% at 7 days, and from 16.8% to 15.7% at 
28 days. Moreover, adding calcium formate in can refine the pore structure of cement pastes mixed 
with fly ash. The possible reason is that the calcium formate accelerate cement pastes mixed with fly 
ash to generate more hydration products, which fill in the pore of cement hydration products, reducing 
the porosity of cement, refining pore size, and increasing density. 

10 100 1000
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

0.225

0.250

0.275

0.300

Porosity
dv

/d
lo

g(
d)

 /c
c/

g

Diameter /nm

 FA30-7d              22.53%  
 FA30-1%-7d       19.24%
 FA30-28d            16.78%
 FA30-1%-28d      15.65%

 
Figure 5 Effect of calcium formate on pore radius distribution and porosity of  

cement pastes containing 30% fly ash 
 
4. Conclusions 
As the proportion of fly ash increases, the compressive strength of cement pastes mixed with fly ash 
decreases, however, adding calcium formate in can increase the compressive strength of cement pastes 
mixed with fly ash at early ages. 
Adding calcium formate in can increase the drying shrinkage of cement pastes mixed with fly ash, 
however, increasing the proportion of fly ash can reduce the effect of calcium formate to cement 
pastes mixed with fly ash on drying shrinkage.  
Adding calcium formate in can accelerate the early hydration of cement pastes mixed with fly ash, 
reduce the porosity of cement, and refine pore size, which is conducive to decreasing the rate of mass 
loss of cement pastes mixed with fly ash under dry state. 
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Abstract 
Waste clay brick is becoming a major pollutant in China. This paper provided a new way to recycle the waste clay brick. 
The brick was ground to different particle size and used to partially replace cement as cementitious material. The 
feasibility and effects of particle size and replacement level of recycled clay-brick-powder (CBP) on concrete 
workability, strength, including compressive strength and flexural strength, shrinkage, and non-evaporable water 
(NEW) were investigated. In this study, three different particle size and three dosages (10%, 20%, and 30%) of CBP 
were employed. All CBPs were coarser than cement. The test results show that replacing over 10% cement with CBP 
could reduce slump significantly. CBP also reduced early-age concrete compressive and flexural strength. However, as 
the curing age increased, compressive strength of concrete with CBP was close to that of reference concrete. Concrete 
with finer and less CBP had higher strength. Differently, CBP had less effect on the 28-day flexural strength. Concrete 
with different CBPs had very similar or even higher flexural strength than cement concrete. Replacing cement with 10% 
CBP could significantly reduce the shrinkage. The NEW values decreased but not proportionally to the substitution 
level. 
 
Originality 
Most of current research used waste clay brick as coarse of fine aggregate in concrete. In this study, the clay brick was 
ground to fine powder and used to partially replace cement to make high performance concrete. This method will 
reduce the pollution from both cement production and clay brick disposal. One possible problem associated with low 
water to cement ratio concrete is the shrinkage. Results show that replacing cement with clay brick powder could 
significantly reduce the shrinkage without compromising other properties. 
 
Keywords: Clay brick powder; mechanical property; non-evaporable water; chloride ion penetrability; shrinkage
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1. Introduction 
As urbanization process going fast in China, more and more old buildings are demolished and 
replaced by high-rise buildings, resulting in large quantities of construction and demolition waste in 
which a large portion is clay brick. Normally the waste clay brick is landfilled, which could cause 
environmental issues and occupy the valuable space, especially for large cities with limited space. 
There is hence a need for recycling more waste clay brick.  
Traditionally, waste clay brick was crushed and used as coarse or fine aggregate in concrete. Generally, 
concrete with recycled clay brick aggregate had lower compressive and flexural strength, lower elastic 
modulus, higher water absorption, larger drying shrinkage and lower coefficient of thermal 
conductivity than normal aggregate concrete (Debieb et. al., 2008; Khalaf et al., 2004; Ruhl et al., 
1999; Correia et al., 2006; Janković, 2002; Chen H.L., 2005). However, Moriconi et al. (2003) 
showed similar compressive strength but higher tensile strength, lower drying shrinkage, and almost 
identical specific creep. Debieb et al. (2008) reported that, in order to obtain similar properties as 
normal aggregate concrete, the replacement level should be limited to 25% and 50% for the coarse and 
fine aggregates, respectively.  In addition, research was also performed to study the potential of using 
ground clay brick powder (CBP) as a partial replacement of cement (O’Farrell et al., 2001; Ge et al. 
2012; Turanli et al. 2003; Wild et al. 1996; O’Farrell et al. 1997). It found that, as a pozzolanic 
material, CBP had the potential to suppress expansion due to the alkali-silica reaction. The 
compressive strength of recycled mortar decreased slightly when using CBP for partial replacement of 
cement. However, pore size distribution was improved due to the later hydration of cement, resulting 
in higher later-age strength especially after 90 days. The major factors that affect mechanical 
properties of concrete containing CBP include water to cementitious material ratio, sand ratio, and 
dosage and fineness of CBP. 
The objective of this paper is to investigate the effect of particle size and replacement level of CBP on 
concrete properties, including workability, strength, shrinkage, and non-evaporable water. This study 
could potentially promote the usage of CBP in concrete, reduce the cement content, conserve natural 
resources, and reduce environmental pollution. 
2. Experimental 
2.1. Raw Materials 
The ordinary Portland cement with a 28-day compressive strength of 42.5 MPa from Jinan was used. 
The main chemical compositions are provided in Table 1. 

Tab. 1 Chemical compositions of cement /% 
Compositions CaO SiO2 Al2O3 MgO K2O SO3 Na2O2 

Content 75.4 21.9 1.3 1.3 2.7 2.0 0.07 

Two types of coarse aggregate, 5-10 and 10-20mm, were local limestone. The absorption was 0.79% 
and 1.13% for 10-20 and 5-10mm aggregate, respectively. Fine aggregate was ordinary Yellow River 
sand with fineness modulus of 2.97, water absorption of 2.2%, and specific gravity of 2.6. The high-
range water reducer was RHEOPLUS 326 from BASF, China. Normal tap water was used for mixing. 
The waste clay brick was crushed and ground to three different particle sizes of 0.04mm, 0.06mm, and 
0.1mm (Type A, B, C).  All CBPs were coarser than cement. The CBP particles had angular shape and 
rough surface (Fig. 1). The water absorption for Type A, B, and C CBP were 22.1%, 16.5%, and 
12.0%, respectively. 

 
Fig.1. Microscopic photographs of CBP 



 

2.2. Experimental design 
Based on the previous research, water to cementitious material of 0.28 and sand ratio of 33% was 
adopted in this study (Ge et al., 2012). Three types of CBP with different particle size distribution 
(Type A, B, and C) and three replacement levels (10%, 20%, and 30%) were employed. A total of 10 
mixes were tested, including a reference mix without CBP (Table 2). 

Table 2: Mix design of concrete  

Mix Type of CBP 
Replacement 

level (%) 
Mix Type of CBP

Replacement 
level (%) 

1 -- 0 6 B 20 

2 C 10 7 B 30 
3 C 20 8 A 10 
4 C 30 9 A 20 
5 B 10 10 A 30 

2.3. Experimental Process 
The SU-70 scanning electron microscope (SEM), manufactured by Japan, was employed to examine 
the microstructure of CBP particle. A gold casting was applied to the surface of specimens before the 
testing.  
Concrete were mixed and cured according to ASTM C192. The compressive strength was tested at 7, 
28, 56, and 90 days. The flexural strength was tested at 7 and 28 days. For autogenous shrinkage 
measurement, the 100 mm × 100 mm × 400 mm specimen was first cured in the standard environment 
for one day, and then sealed by the polyethylene film and placed in the steel frame with the dial gage 
fixed at two ends. The length change with time was then monitored. The autogenous shrinkage was 
calculated based on the length change. For the non-evaporable water (NEW), the ground powder 
specimen was first heated at 105°C for 18 hour to get the dry weight. After that, the specimen was put 
in the furnace at 950 ºC for a minimum of four hours. The non-evaporable water content was 
calculated as the difference between the 105 and 950ºC mass measurements. 
3. Results and Discussion 
3.1. Properties of fresh concrete   
Table 3 summarize the slump and density of fresh concrete. Regardless the particle size and 
replacement level, substitution of cement with CBP had no influence on the density which ranged 
from 2411 to 2488 Kg/m3. Different from density, CBP could reduce the slump significantly. 
Generally, concrete with coarser and smaller amount of CBP had higher slump. Concrete with 10% 
CBP had similar slump as the reference concrete with an average deduction of 27 mm. However, the 
slump was only 23 to 50 mm for concrete with Type A and B CBP as the CBP content was 20% or 
30%.  Differently, the quick loss of slump for type C CBP happened as the content changed from 20 to 
30%. The slump deduction was mainly due to the high water absorption, angular shape, and rough 
surface of CBP.  
 

Table 3: Slump and density of fresh concrete  

Mix 
Slump 
(mm) 

Density 
 (Kg/m3) 

Mix 
Slump 
(mm) 

Density 
 (Kg/m3) 

1 180 2472 6 50 2412 
2 162 2411 7 28 2474 
3 151 2450 8 145 2470 
4 30 2459 9 28 2488 
5 152 2442 10 23 2441 

3.2. Strength development 
Fig. 2 shows the strength development of concrete containing CBP. In general, concrete with any type 
of CBP had lower compressive strength. The reduction was more significant at early age. At 90 days, 
the strength of concrete with 10% CBP was close to the reference concrete. Typically, concrete with 
higher content of CBP had lower compressive strength. As shown in the figure, the replacement level 
had larger influence on strength than particle size.  



 

      
(a) 10%  CBP                                                        (b) 20% CBP 

 
(b) 30% CBP 

Figure 2 Effect of CBP type and replacement level on compressive strength. 
The strength deduction could be caused by the dilution effect. Since the water used for each mix was 
constant, the effective water/cement ratio (w/c) increased with the CBP replacement level due to the 
dilution effect, resulting in lower strength. Because the finer CBP absorb more water, the dilution 
effect was less significant. Therefore, the concrete with Type A CBP had higher compressive strength. 
The continuous improvement of compressive strength of concrete with CBP could be caused by the 
internal curing and pozzolanic reaction. Since the CBP had high water absorption, it could absorb 
water at pre-wetting time. When the relative humidity inside concrete dropped, the absorbed water 
could be released from CBP, increased relative humidity inside concrete, and promoted hydration of 
cement, which, in turn, increased the compressive strength. Fig. 3 shows the microstructures of mortar 
with and without CBP. Less unhydrated cement particles were found in the samples with CBP, 
indicating higher degree of hydration.  

        
(a) Mortar without CBP                                   (b)  Mortar with CBP 

Figure 3 BSE/SEM images of.mortar microstructures  
As previous study showed the pore size of mortar with CBP could be refined with time due to possible 
pozzolanic reaction and increase strength at later age (Turanli et al., 2003; O’Farrell et al., 1997) 
Increasing substitution of cement with CBP resulted in progressively decreasing 7-day flexural 
strength. The effect of particle size was not apparent. On the other hand, concrete with CBP had very 
similar or even higher 28-day flexural strength. The high flexural strength could be caused by the 
shape and surface texture of CBP. 



 

   
(b) 7-day flexural strength                                   (b)  28-day flexural strength 

Figure 4 Effect of CBP type and replacement level on flexural strength. 
3.4. Shrinkage 
Substitution of cement with even 10% CBP could significantly reduce the autogenous shrinkage (Fig. 
5). The concretes with Type A and B CBP had similar shrinkage value, which was lower than that of 
concrete with type C CBP.  The shrinkage reduction could be caused by couple mechanisms. 
Replacing cement with CBP reduced hydration products at early age and produced lose microstructure 
including less small capillary pores, which, in turn, resulted in lower shrinkage. Another mechanism is 
CBP’s internal curing effect, which is illustrated in Fig. 3. Absorbed water by CBP would be released 
as the relative humidity inside concrete dropped and keep the capillary porosity saturated, thus 
minimizing the autogenous stresses and strains.  

 
Figure 5 Effect of CBP on Autogenous Shrinkage 

3.4. Non-evaporable water 
Table 4 shows 28-day NEW. The neat cement paste had the highest NEW value. The addition of CBP 
decreased the NEW values which could be caused by the low reactivity of the CBP. The type of CBP 
had less effect on CBP than dosage. The average NEWs were 14.60%, 14.09%, and 13.33% for 10%, 
20%, and 30% replacement, respectively. Compared with the reference specimen, the deduction was 
5.2%, 8.4%, and 13.4%.  

Table 4 Non-evaporable water at 28 days  
Mix NEW (%) Mix NEW (%)

1 15.39 6 13.80 
2 14.26 7 13.28 
3 14.20 8 14.93 
4 13.18 9 14.27 
5 14.60 10 13.53 

 
4. Conclusions 
The following findings and conclusions can be drawn from this study: 
1. It is feasible to partially replace cement with clay-brick-powder without reducing concrete 

properties significantly.  
2. CBP could reduce the slump of fresh concrete significantly as the replacement level was over 10% 

for Type A and B CBP and 20% for Type C CBP. But the density was similar for all concrete. 



 

3. At early age, the strength, including compressive and flexural strength, decreased with increasing 
CBP content. However, at later age, strength of concrete with CBP was close to that of reference 
concrete. 

4. Replacing cement with 10% CBP could significantly reduce the shrinkage. The NEW values 
decreased but not proportionally to the substitution level. 
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Abstract 
China is the largest country produce building ceramic and steel in the world. Large amount of industry solid waste such 

as ceramic polishing residue (PR) and steel slag (SS) were produced during the process. Composite cementing 

materials were prepared by lime and supplementary cementing materials, such as PR and SS. Effects of curing 

conditions, water binder ratio and content of SS and PR on compressive strength, chemical combined water, pore 

solution pH value and microstructure of lime mixed with SS and PR were investigated.  

Results show that hydration activity of PR and SS is enhanced with increasing curing temperature and effect of curing 

temperature on hydration activity of PR is higher than that of SS. Chemical combined water content of PR-lime and 

SS-lime increases with curing temperature increasing, and pore solution pH value and compressive strength of PR-lime 

and SS-lime increases as well. At the same content of PR and SS, hydration age, water binder ratio and curing 

conditions, compressive strength of PR-lime is higher than that of SS-lime, but chemical combined water and pore 

solution pH value of SS-lime is higher than that of PR-lime. Microstructure of various lime hydration systems become 

more dense with curing temperature increased. Microstructure of PR-lime demonstrates that hydration gel is 

close-grained, dense and reticular. It reveals that “the granule domino effect” enhance the density of PR-lime mortar 

and conduce to the high strength. PR can be used as cementitious material and the pozzolanic quality of it is higher 

than that of SS, especially the quality of early stage is higher than that of SS.   
  
 
Originality 
The steel slag powder, ceramic polishing residue, fly ash were admixed with lime respectively, and hydration reaction of 

admixture were discussed by changing the water-binder ratio and curing conditions. Under different content of 

admixture, mechanical properties, chemically combined water, alkalinity of pore solution and microstructure of the 

composite cementitious material were measured. Effects of curing condition, water-binder ratio on the hydration 

properties of the composite cementitious material mixing steel slag, polishing residue and fly ash were studied. And this 

paper is our original unpublished work and it has not been submitted to any other journal or congress for reviews. 
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1.Introduction 
China is the largest steel producer,the abandoned steel slag produced every year is as high as 6.5 million t 
(Xu Kuijun etal, 2011a). At present, the overall utilization of steel slag is low, most of the waste 
accumulation in the yard, not only takes up a large number of cultivated land, but also cause serious 
environmental pollution. There have been many studies have shown that the mineral composition of steel 
slag powder including dicalcium silicate, tricalcium silicate, RO phase, eliminate f-CaO of Ca(OH)2, and a 
small amount of C4AF, C3A and C2F, similar to the mineral composition of cement (I. Akı Altuna, etal., 2002; 
S. Kourounis, etal., 2007; Caijun Shi, 2002; Yan Peiyu, etal., 2009a.) .And it will have greater development 
and utilization of steel slag as supplementary cementing materials potential. 
Ceramic polishing brick is one of the biggest production of building ceramic products in our country. And 
the product produce large amounts of solid waste in the process of grinding and polishing, each 1 m2 
polishing brick which produce waste powder 1.9 kg (to dry meter) of the dry material, called polishing 
residue (Wang Gongxun, 2010a). Statistics show, in 2012 China's ceramic polishing brick annual output has 
reached 3.5 billion m2, only for a year to produce polishing waste residue was as high as more than 500 t. 
Throughout the domestic related literature, is fired ceramic polishing waste residue for lightweight brick of 
pottery and porcelain, ceramics, etc, but studies on preparation of cement base material ceramic polishing 
waste residue, is relatively small (Nuran Ay, etal., 200l; Luiz A. Pereira-de-Oliveira, etal., 2012). The initial 
research has shown that ceramic polishing residue has certain pozzolanic activity, can make supplementary 
cementitious materials used in the cement concrete (Wang Gongxun, 2010b; Ali Heidari, etal., 2013; Eva 
Vejmelková, etal., 2012). Existing research shows that the high temperature water is useful to stimulate the 
activity of steel slag powder (Xu Kuijun etal, 2011b; Yan Peiyu etal., 2009b). The results of the study also 
showed that high temperature water can obviously improve hydration reactivity of ceramic polishing residue 
(Wang Gongxun etal., 2014). The steel slag powder, ceramic polishing residue to replace sand powder used 
in steam or autoclaved silicate products, has a definite theoretical basis and feasibility. On this basis, this as 
the main research different water-binder ratio and curing conditions on the single steel slag powder, ceramic 
polishing residue, fly ash, lime gel system of mechanical strength and influence of hydration performance for 
steel slag powder, ceramic polishing residue, fly ash and provide theoretical basis for auxiliary cementitious 
materials. 
2.Experimental 
2.1. Raw Materials 

Steel slag from Hunan Xiangtan Valin steel factory, after drying, fine grinding and sieving. Fly ash used from 
Xiangtan power plant F type of grade I fly ash. Ceramic polishing residue from commercial ceramic 
polishing brick after crushing, fine grinding and sieving. 

Table 1 Chemical composition of steel slag and ceramic polishing residue 

Chemical composition /%                                
Raw 

material CaO SiO2 Al2O3 Fe2O3 MnO2 MgO P2O5 K2O Na2O SO3 Cl 
Other

s 

SS 39.82 11.34 5.96 20.20 2.42 8.17 1.10 0.028 0.026   10.94

PR 1.31 66.54 20.38 0.62  1.04  0.57 0.51 0.30 0.05 8.68 

FA 3.95 49.82 27.6 6.57 0.057 0.93 0.56 2.12 0.73   7.663

         SS—Steel slag；PR—polishing residue；FA—Fly ash. 
By Bertrand method measured test with steel slag powder, ceramic polishing residue and fly ash, which 
surface area value respectively were 425, 480, 320 m2 / kg.Particle size distribution with centrifugal 
sedimentation type instrument measurement experiment with steel slag powder, ceramic polishing residue 
and fly ash,which particle size distribution are shown in table 2. 



Table 2 Particle size distribution of steel slag, ceramic polishing residue and fly ash 

Particle size distribution /% Raw 
Material 

Media 
size/µm ﹥80µm 45-80  µm 30-45  µm 20-30 µm 10-20 µm 8-10   µm 6-8  µm 3-6  µm 0-3  µm 

SS 18.42 14.74 10.16 14.31 9.12 13.02 8.63 6.48 16.32 7.22 
PR 6.31 0.00 0.00 1.37 11.19 8.66 23.14 21.77 32.28 1.59 
FA 24.2 5.07 19.04 15.61 18.30 19.33 8.17 7.06 5.85 1.57 

2.2. Experimental Process 

Net lime pulp strength test by trial mold size of 20mm×20mm×20mm, water cement ratio of 0.5, 0.43, 
respectively, the mixture ratio is shown in table 3. After molding sample with plastic film sealing after curing 
at room temperature for 24h after demoulding, respectively, into the normal temperature water curing at 
different age. The YAW-300B electro-hydraulic type cement pressure tester ， with reference to 
GB/T17671-1999 . 
After curing to corresponding instars, the sample is taken part between the broken retention samples and is 
soaked with anhydrous ethanol 7d to suspend the hydration.The sample under test with anhydrous ethanol 
after wet milling, 50 ~ 60  drying in vacuum dryer for 24 h, remove℃ s seal and set aside. Chemical 
combination water of samples were measured by the burning method. 
After curing to corresponding instars, the sample is taken part between the broken retention samples and is 
soaked with anhydrous ethanol 7d to suspend the hydration.The sample under test with anhydrous ethanol 
after wet milling, 50 ~ 60  ℃ drying in vacuum dryer for 24 h, removes seal and set aside. Each group of 
samples according to 3g in the clean beaker, with 30mL of demonized water after dissolving and fully 
mixing, let stand for 2h. The pH value of hardened lime paste pore solution alkalinity is measured by pH 
meter with PHB - 4 type. 
After the compressive strength test, destruction of block is taken part into the anhydrous ethanol and soaked 
more than 7d to stop the hydration. Put the sample under test in the 60  vacuum drying in the dr℃ yer drying, 
vacuum pump vacuum for 1h. Microscopic morphology is observed by JMS - 6380 LV type SEM . 
Proportion of lime pastes mixed with steel slag powder, ceramic polishing residue, fly ash are given in table 
3. 

Table 3 Proportion of lime pastes mixed with SS 、PR and FA /% 

Samples Ca(OH)2 /% SS /% PR /% FA/% W/B 

S-C2 20 80 0 0 
S-C3 30 70 0 0 
S-C4 40 60 0 0 
S-C5 50 50 0 0 
P-C2 20 0 80 0 
P-C3 30 0 70 0 
P-C4 40 0 60 0 
P-C5 50 0 50 0 
F-C2 20 0 0 80 
F-C3 30 0 0 70 
F-C4 40 0 0 60 
F-C5 50 0 0 50 

0.4 / 0.5 

3. Results and Discussion 
3.1. Compressive Strength 

Compressive strength is determination gelled material is an important indicator of mechanical properties. 
Table 4 and table 5 for different water-binder ratio and curing conditions, only mixed SS, PR, FA, lime gelled 
material compressive strength of the specimen. 



Table 4 Compressive strength of lime pastes mixed with SS、PR and FA under water to binder ratio 0.5 / MPa 

W/B=0.5 
 Samples 20℃ 

7d 
80℃ 
1d 

80℃ 
3d 

80℃ 
7d 

20℃ 
90d 

20℃ 
180d 

S-C5 1.2 1.2 1.3 1.4 1.8 2.5 
P-C2 3.5 3.5 3.6 3.9 5.4 6.8 
P-C3 5.5 5.6 5.8 6.3 7.9 9.8 
P-C4 5.2 5.4 5.5 5.9 7.7 9.6 
P-C5 5.0 5.1 5.5 5.8 7.6 9.3 
F-C2 1.9 2 2.0 2.2 3.8 5.4 
F-C3 3.2 3.3 3.5 3.8 6.1 7.9 
F-C4 3.5 3.5 3.9 4.0 6.3 8.1 
F-C5 3.6 3.7 3.9 4.1 6.6 8.5 

Table5 Compressive strength of lime pastes mixed with SS、PR and FA under water to binder ratio 0.4 / MPa 

W/B=0.4 
Samples 20℃ 

7d 

80℃ 

1d 

80℃ 

3d 

80℃ 

7d 

20℃ 

90d 

20℃ 

180d 

S-C5 1.2 1.3 1.3 1.4 1.9 2.6 

P-C2 3.5 3.5 3.6 3.9 5.5 7.0 

P-C3 5.6 5.6 5.8 6.4 8.6 10.2 

P-C4 5.3 5.4 5.6 6.0 8.0 10.2 

P-C5 5.1 5.2 5.5 5.8 7.8 9.6 

F-C2 1.9 2.0 2.1 2.3 3.9 5.9 

F-C3 3.2 3.3 3.5 3.9 6.1 8.3 

F-C4 3.6 3.6 3.9 4.0 6.5 8.6 

F-C5 3.6 3.8 4.0 4.3 6.7 9.0 

By table 4, 5, at the same temperature, the same water-binder ratio and curing age, under the condition of the 
same mixture ratio, polishing residue-the compressive strength of lime cement materials is always the 
biggest, followed by FA, lime cementing materials, the compressive strength of SS-lime cement materials is 
minimal. Therefore, PR - lime of hydration reaction of gelled material from the previous two more fully, 
dense structure from the preceding two. Under the condition of the same dosage, the same age, w/b = 0.4 
under the condition of SS, PR, the compressive strength of FA, lime cement materials are slightly higher than 
that of w/b = 0.5. This indicates that the w/b = 0.4 0.5 degree of the compact structure of gelled material is 
better, so its high compressive strength. 
3.2.Chemical Combined Water 

Figure 1 for room temperature 20  water conditions, different ℃ water-binder ratio, different ratio of SS, PR 
and FA-lime hydration gel system 7d, 28d graph the chemical combination of water. 



 
(a) Hydration age at 7d                (b) Hydration age at 28d 

Fig.1 Chemical combined water content of CaO added with SS mixed PR and FA under different water to binder ratio 
and 20℃ water curing condition 

The figure 1 shows that under the condition of the same water-binder ratio and ages, with SS, PR, FA content 
increased from 50% to 80%, the hydration of chemically combined water content is a trend of decrease. 
Under the condition of the constant dosage, the age, the gelling material chemical combination of water 
increases with the increase of water cement ratio. Indicates that the water cement ratio, the greater the gelled 
material hydration more fully, the higher the water generate by chemical combination. W/b = 0.5 hydration 
situation is good, but less than the compressive strength of w/b = 0.4. Analyze its reason, although w/b = 0.5 
binder hydration gel content in the sample is more, but its internal structure and pore structure than w/b = 0.4 
hydration of close-grained, cause w/b = 0.5 is lower than the compressive strength of the sample w/b = 0.4. 
Figure 2 for the high temperature of 80  steam conditions, different ℃ water-binder ratio, different ratio of SS, 
PR and FA, lime hydration 7d chemical combination of water gel system diagram. 

 
  (a) Hydration age at 3d                    (b) Hydration age at 7d 

Fig.2 Chemical combined water content of CaO added with SS mixed PR and FA under different water binder ratio and 
80℃ water curing condition 

In 80  from figure 2, the pipe, under the condition of same ℃ water-binder ratio and ages, with the increase of 
the dosage of SS, PR and FA, chemically combined water content of each sample showed a trend of decrease. 
Under the condition of the same dosage, mixing SS - lime chemical combined water content is the highest of 
gelled material system, mixing FA, lime chemical combined water content of gelled material system is the 
lowest. Under the condition of 80  pipe, each dosage group chemical combined water content in sample ℃

room temperature ascension, and increased with the extension of curing age. 
When curing temperature increased from 20  to 80 , 7d after curing, the gel system of chemical combined ℃ ℃

water content were increased with the increase of the temperature, increase the degree of order from high to 



low is:FA > PR > SS,and chemical combined water content value order from large to small is: SS > PR > 
FA.Need to show that in this temperature range, the rate of reaction of FA is the fastest, strongest excitation 
effect of temperature on the FA, FA reaction rate of temperature is more sensitive to this. 
3.3.Alkalinity of Pore Solution 

Figure 3 for room temperature 20  water conditions, different ℃ water-binder ratio, different ratio of SS, PR 
and FA-lime hydration gel system 7d, 28d when the alkalinity of pore solution of the graph. 

 

  (a) Hydration age at 7d                    (b) Hydration age at 28d 
Fig.3 pH value of pore solution of CaO added with SS mixed PR and FA under different water binder ratio and 20℃ 

water curing condition 
The figure 3 shows that under the condition of normal temperature 20  water raise, the same ℃ water-binder 
ratio, the same age, with the dosage of FA and SS, PR increases, the hydration of pore solution pH showed a 
trend of decline, but remain above 12.80. Other conditions in the same circumstances, with SS - lime 
hydration system the highest pore solution pH value, amount of Ca(OH)2 in the show that system the most, 
followed by mixing PR - lime, mixing FA, lime hydration system of the amount of Ca(OH)2 in the least. 
Under the condition of the same dosage, the age, the alkalinity of pore solution of the gel system decreases 
with the increase of water-binder ratio. Along with the increase of water-binder ratio, increase the hydration 
system of hydration, system of Ca(OH)2 is reduced, thus the alkalinity of the pore solution decreases. In 
addition, from the chemical combined water content can be seen that w/b = 0.4 the system of hydration 
reaction than w/b = 0.5 system fully, but the compressive strength of the samples w/b = 0.4 is significantly 
higher than w/b = 0.5 sample, and the alkalinity of pore solution showed the regularity of consistency. 
Figure 4 is a high temperature 80  pipe℃ s, different water-binder ratio and different ratio of SS, PR and FA - 
lime hydration gel system of 3d, 7d graph alkalinity of the pore solution. 

 



 (a) Hydration age at 3d                   (b) Hydration age at 7d 
Fig.4 pH value of pore solution of CaO added with SS mixed PR and FA under different water binder ratio and 80℃ 

water curing condition 
As can be seen from the figure 4: under the condition of 80  steam raises, under the condi℃ tion of same 
water-binder ratio and ages, with  the increase of dosage of SS, PR and FA sample pH showed a trend of 
decrease of pore solution. Under the condition of the same dosage, mixing SS - lime system pore solution pH 
value is higher than the mixed system of PR, FA, lime, mixing FA, lime system lowest pH value of the pore 
solution.Under the condition of 80  pipe, dosage groups each sample pore solution pH is normal ℃

temperature ascension, and increased with the extension of curing age. The reason may be that the high 
temperature curing condition will be better able to stimulate the admixture - lime hydration. Thus under the 
condition of 80  maintenance dosage groups each sample pore solution pH value is higher than 20  curing ℃ ℃

conditions of the hydration model. 
In addition, the figure 4.4 shows that 80  under the condition of pipe, the same age, under the condition of ℃

the same content, w/b = 0.4 pore solution pH value is slightly higher than that of w/b = 0.5. With 20  curing ℃

condition, the w/b = 0.4 system than w/b = 0.5 system rules. 
3.4.Microstructure 

Due to SS - lime gelation of gelled material is bad, so not on the microstructure observation. Figure 5 for 
room temperature 20  water raise water℃ -binder ratios 0.4 under the condition of 70% of the PR - lime, 70% 
of the FA - lime binder hydration 28d SEM figure. 

     
                (a) P-C3                        (b) F-C3 
Fig. 5 SEM Photography of lime mixture material under water binder ratio 0.4 at 28d and 20℃ water curing condition 

By figure 5(a), PR - lime system gel hydration products more, irregular shape edges polished tile particles 
melt, particle surface generated by the hydration products is clearly visible, another part of the needle rod 
hydration products mutual crisscross, forming dense mesh hydration system. But in figure 5(b)，FA gel 
hydration products in - lime system is less, the spherical particles of FA surface is smooth, a small amount of 
slab Ca(OH)2 crystals and evacuation of acicular hydration products distributed in among them, the low 
degree of overlap between hydration products. 
Thus, 20℃ under the condition of water raise 28d, PR - lime hydration system response speed and reaction 
degree higher than that of FA - lime system, PR to participate in the secondary volcanic ash reaction degree 
are better than FA. It also better confirmed both the compressive strength, the chemically combined water, 
pore solution pH value on the rule. 
Figure 6 is 80  high temperature water℃ s, under the condition of water-binder ratio of 0.4, 70% of PR - lime, 
70% of FA-lime binder hydration 28d SEM figure. 



   
                 (a) P-C3                      (b) F-C3 

Fig..6 SEM Photography of lime mixture material under water binder ratio 0.4 at 7d and 80℃water curing condition 
From figure 6 shows, through 80  high temperature water raise, ℃ PR, FA, lime, lime system reaction rate is 
accelerated, the structure is full of gel hydration products, PR, FA particles and the hydration products have 
completely fusion, structure compactness is good. Show that high temperature water has promoted the 
hydration of the system, to generate more gel hydration products, the structure of the density has a certain 
degree of increase. This, in a previous, chemically combined water content and compressive strength has 
reflected on the pore solution pH value. 
4. Conclusions 
1.Under the condition of 20℃ normal temperature water raise to SS, PR as auxiliary cementitious material, 
under the condition of the same dosage of lime, PR - lime gelled material compressive strength higher than 
that of FA, lime gelled material, compressive strength of SS - lime cement materials. While the gelled 
material chemically combined water content and pore solution pH value from high to low is: SS > PR > FA. 
2.Under the 80℃ high temperature and water conditions, the various properties of gelled material has a 
certain degree of increase, especially on the compressive strength, the growth rate of the gelled material from 
high to low in turn for:  FA > PR > SS. Showed the temperature of 80℃ to FA excitation the strongest, the 
reaction rate of FA is more sensitive to temperature. 
3.Under the 20℃ water at room temperature and  the condition of 80℃ high temperature water raise, the 
same age, under the condition of the same content, w/b = 0.4 the compressive strength of gelled material 
system, pH value of pore solution is slightly higher than that of w/b = 0.5, but the chemical combined water 
content of high w/b = 0.5 system. 
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Abstract 
Limestone has been widely used as cement additive around the world to improve the cement properties 
and lower the carbon footprint in cement production. However, little attention has been paid to 
dolomite in this aspect, which was similar to limestone in geological formation, microstructure and 
mineralogy. In order to explore the potential of using dolomite powder as cement additive, the effect of 
dolomite powders and limestone powders was comparatively studied. 
The effect of the fineness and rock type of carbonate powders on the setting and strength of cement 
paste or mortars were examined by the replacement of cement at various levels, 5~30% by mass. 
Results showed that, at finer specific surface area to cement, both powders increased the water demand 
slightly. The addition of limestone powders promoted the setting of cement, while dolomite powders 
delayed the setting slightly. When the replacement levels were lower than 10%, no obvious effect was 
observed on the strength of mortars from 3 to 28 days. The addition of powders over 10% decreased 
both the early and late age mortar strengths. Microstructural characterization suggested that dolomite 
powders was involved in the reaction to form similar products with that of limestone, and even showed 
a high reactivity than limestone.  
 
 
Originality 

 Blend cement did not reveal any negative influence of dolomite on cement mechanical properties and 
hydration.  

 The performance of cement containing dolomite was similar to that with limestone.  
 Dolomite might be potentially used as cement replacement material in cement or concrete production . 
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1. Introduction 
The use of supplementary cementitious materials (SCMs) or mineral fillers to reduce the 

clinker content in cement or in concrete is an effective and promising way to reduce the CO2 

emmision and promoting the sustainable development of cement and concrete materials 

(Damtoft J S, et al., 2008). However, supplier or availability of the most common SCMs, 

which are slag and fly ash are quite limited compared the worldwide cement production. The 

use of natural minerals, such as limestone, as cement additive or cement replacement 

materials in concrete has been extensively studied (Gesoğlu M., et al., 2012, Xu G, et al., 

2010, Omar O M., et al., 2012, Hooton R., et al., 2007). The positive impact of limestone on 

the engineering propertity of cement and concrete has been widely recognized. It was 

explained as a combination of a filler effect, i.e. by providing an extra space for hydrates and 

by enhancing nucleation, and a chemical effect. That is in the presence of limestone, the 

hemicarbonate and monocarbonate instead of monosulfate were formed, which prevents the 

decomposition of ettringite and improves strength (Ipavec A., et al., 2011, Zajac M., et al., 

2014a).  

Dolomite is also abundantly available and mineralogically similar to calcite. The use of 

dolomite as cement additive or cement replacement materials in concrete has also been 

noticed and investigated. However, the impact of dolomite on the cement performance is so 

far not satisfactory understood. It is quite different to limestone that dolomite is unstable and 

dedolomitization reaction could occur in alkali pore solution of cement(Ipavec A., et al., 2011, 

Zajac M., et al., 2014b). On one hand, the dissolution of dolomite may deliver the CO3
2- into 

the solution and result in the formation of similar products as the dissolution of limstone, i.e. 

hemicarbonate and monocarbonate. On the other hand, hydrotalcite and brucite may also 

formed by the releasing of magnesium present in dolomite. Especially, the dedolomitization 

reaction of some dolomitic limestone aggregates was believed to be responsible for some 

concrete destruction caused by alkali-carbonate reaction (Galı ́ S., et al., 2001, Tang M., 2000). 

Concerns are then raised on the effect of dedolomitization on the durability issues of cement 

incorporating with dolomite powders. In order to explore the use of dolomite as cement 

replacement material, a research program was initiated to study the impact of dolomite 

powders on the performance of cement and concrete, including the physical mechanical 

property, hydration products, microstructure and volume stability, etc. As part of the research 

program, the present paper reports the results on the influence of the fineness and content of 

dolomit powders on the physical and mechanical properties of cement mortars. And hydration 

products of these blend cement paste with dolomite and limestone powder comparing with a 

control sample were obtained using thermogravimetry-differential scanning calorimetry 

(TG-DSC) and X-ray diffraction (XRD). 

 
2. Experimental 
2.1. Raw Materials 

A type II 42.5R Portland cement (PC) and one commercial ground limestone powder (LS) 

and two dolomite powders (DM1 and DM2) with different fineness were used. The chemical 

compositions and physical properties of PC, DM and LS were given in table 1. The chemical 

composition was determined by X-ray fluorescence (XRF). The specific surface area was 



determined by the Blaine method. Particle size distribution was measured by laser particle 

size analyzer.  

The CaCO3 and CaMg(CO3)2 contents in the LS and DM are 95.4% and 95.5%, respectively, 

determined by TG analysis. The MB values of DM and LS are less than 1.2, meeting the 

requirements by GBT30190-2013 standard. The spans of particle size distribution of LS, 

DM1 and DM2 were narrower than the PC. DM1 and LS have similar and comparable 

fineness and d50, while DM2 gave a higher surface area than DM1. Both LS and DM poses 

higher specific surface area than the PC. 

Tab. 1 Chemical compositions and physical properties of DM1, DM2, LS and PC 

Sample PC LS DM1 DM2 

Chemical Component/ % by mass 

CaO 63.71 54.93 31.21 

MgO 1.51 1.08 21.78 

SiO2 18.49 0.17 0.89 

Fe2O3 2.74 0.033 0.10 

Al2O3 4.79 0.12 0.22 

K2O 1.09 0.006 0.05 

SO3 3.24 - 0.01 

Na2O 0.12 0.076 - 

MB value - 0.30 0.25 

LOI 4.10 43.17 45.67 

Physical Properties 

d50/μm 16.51 14.38 16.55 7.82 

Span 2.43 2.28 2.39 2.27 

Specific surface /(m2/kg) 347 433 437 554 

2.2. Experimental 

Blend cements were formed by replacing PC by limestone or dolomite powders at various 

levels from 0% to 30% by mass. The physical and mechanical properties of the blends, 

including water demand, setting time, compressive and flexural strengths were tested 

according to ISO standards methods (GB/T 1346-2001 and GB/T 17671-1999). 

In order to characterize the hydration products, especially the monocarbonate (Mc) and 

hemicarbonate (Hc) possibly formed, cement pastes blended with 30% of DM1, LS and the 

control PC paste were made separately. All the pastes were prepared with a fixed w/b of 0.3 

and casted in 30×30×30 mm mold. These samples were cured at the same condition with 

those mortars for strength testing till 28 days. The samples were crushed and immersed in 

alcohol for 24h to stop hydration, then dried at 40  for 24hours. Ground powders finer than ℃

45 μm were made for TG-DSC and XRD test. For XRD test, a scanning speed of 1° 2θ/min 

was used, the scanning range was set at 8~15° 2θ. For TG-DSC test, a heating rate of 

20°C/min was adopted from ambient to 900  at air atmosphere.℃  

 

3. Results and Discussion 
3.1. Water Demand and Setting Time 

Table 2 showed the physical properties of cement blending with limestone and dolomite 

powders. The incorporation of LS and DM increased the water demand of the cement paste 



slightly. The type and the fineness of the powders generally showed no significant influences 

on the water demands of the blend cements.  

For the setting time, there were significantly difference effects between LS and DM. The 

incorporation of DM prolonged both initial and final setting time compared with the control 

cement, while incorporation 5~20% of LS shortened the setting time. The initial setting time 

with DM1 was further prolonged than that with DM2 when the replacement was larger than 

10%.  

Tab. 2 Physical properties of cement blending with limestone and dolomite powders 

LS DM1 DM2 

Setting time/min Setting time/min Setting time/minContent 

/ wt%  

Water 

demand 

/% Initial Final 

Water 

demand

/% Initial Final 

Water 

demand 

/% Initial Final 

0 27.4 155 210 27.4 155 210 27.4 155 210 

5 27.5 145 205 27.4 165 215 27.5 165 210 

10 27.6 130 210 27.5 170 215 27.6 170 215 

20 27.7 140 195 27.6 180 225 27.7 175 225 

30 28.4 155 200 27.8 200 230 27.7 175 225 

3.2. Mechanical Strength  

3.2.1 Compressive Strength 

Fig.1 showed the compressive strength of blend cement with LS or DM cured for 3~28 days 

age. Generally, the strength at different ages decreased with the increasing of replacement 

levels almost with a linear trend, and the blends with LS and DM showed similar trend. It was 

worth to be noted that the cement blend with 5% of LS developed a higher strength than the 

control. The blends with the finer dolomite DM2 gave a higher early strength (3d) than that 

with DM1, but these phenomena did not pronounced for 7d and 28d. It suggested that the 

fineness of dolomite significantly affected the compressive strength at early age.  

 

Fig. 1. Compressive strength of mortars made with various replacement of dolomite or limestone 

3.2.2 Flexural Strength 

Generally the tide of flexural strength development was the same as that observed for 

compressive strength in Fig. 2. However, the blend cement containing 5% of LS or D had 

higher strengths than the control at the ages of 3, and 7, 28 days and the increase ratio of 

flexural strength was larger than of the compressive strength at both 7d and 28d. The fineness 

of dolomite significantly affected the flexural strength at all age of samples. The flexural 

strength of DM2 was larger than DM1. 



 

Fig. 2. Flexural strength of mortars made with various replacement of dolomite or limestone 

3.3. Hydration Products of Blend Cements 

3.3.1 XRD 

Fig. 3 showed the XRD patterns of cement blends with 30% of DM1, LS and the control 

Portland cement paste cured for 28 days. In addition to ettringite and unhydrated ferrite which 

were identified in all samples, another two new crystalline phases, hemicarbonate (Hc) and 

monocarbonate (Mc), were observed in samples with both limestone and dolomite powders. It 

suggested that blend cement with dolomite formed the similar products as that with limestone. 

For the sample blended with DM, the shape of the peak at 11.8° was obviously broadened, 

which was quite different from the sample with LS. It is probably due to the formation of 

hydrotalcite by the release of magnesium present in dolomite (Zajac M., et al., 2014b).   

 

Fig. 3. XRD pattern of the Portland cement and blend cement cured for 28 days. Et, Ettringite; Hc, 

Hemicarbonate; Ht, Hydrotalcite; Mc, Monocarbonate; C4AF, Ferrite. 

3.3.2 TG-DSC 

Fig. 4 is the DSC-TG curves of blend cement and the control PC pastes. DSC curves showed 

three endothermic peaks appeared during heating, which are at 108 °C, 445 °C and 710 or 765 

 (Fig. 4a).℃  These peaks are corresponding to the decompositions of AFt, Ca(OH)2 (CH) and 

CaCO3 or CaMg(CO3)2, respectively. From Fig.4b, the total mass loss of PC, LS30 and D30 

were 21.63%, 29.23% and 30.26%, respectively. According to literatures (Ipavec A., et al., 

2011, Hongsanitgarn P., et al., 2014, Zajac M., et al., 2014a), the mass loss occured below 

200°C corresponding with the evaporation of adsorbed water and dehydration reactions of 

several hydrated products such as calcium silicate hydrate (C-S-H), ettringite, mono- 

sulfoaluminate and carboaluminate. The mass losses of these samples at different temperature 

ranges and the corresponding processes were listed in table 3. 



（a）DSC 

 

（b）TG 

Fig. 4. DSC and TG curves of PC and blend cement pastes 

For the blends with DM and LS, the mass loss in the range from 420 to 450°C corresponding 

to the dehydroxylation of CH are 2.42 % and 2.39 %, respectively, which are higher than that 

in the control, 2.23 %. It suggests that the incorporation of DM and LS may promote the 

hydration of cement. The mass loss from 710 to 770°C was corresponding to the 

decomposition of CaCO3. For the control, the existence of CaCO3, (mass loss 3.89%) was 

probably due to the carbonation of CH. After subtracting the mass loss of the control, the 

reaction degree of LS and DM can be calculated by using the mass loss in the range. The 

reaction degree of LS and DM were 4.52% and 6.51% respectively. 

Tab. 3 Mass losses at different temperature ranges and corresponding processes determined by 

TG/ wt % 

Blow 200 °C 420 to 450 °C 710 to 770 °C 

Sample Evaporable + nonevaporable water 

(C-S-H + AFt/AFm + Mc/Hc) 

Dehydroxylation

of CH 

Decarbonation 

of CaCO3 or CaMg(CO3)2 

PC 15.51 2.23 3.89 

LS30-28d 13.39 2.39 13.72 

DM30-28d 14.12 2.42 13.45 

  
4. Conclusions 
The following conclusion can be drawn from the testing results in present paper. The 

incorporation of limestone and dolomite powder finer than cement slightly increased the 

water demand of the blend cement. The incorporation of limestone powders promoted the 

setting of cement, while dolomite powders retarded the setting slightly. When the replacement 

levels were lower than 10%, no obvious effect was observed on the strength of mortars from 3 

to 28 days. The fineness of dolomite powders showed no obvious effect on physical and 

mechanical properties. The dolomite powders was involved in the reaction to form similar 

products with that of limestone, and even showed a high reactivity than limestone.  
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Abstract 
Limestone and slag exert physico-chemical effects on cement hydration and the resultant 
microstructure.  In limestone containing cements, the carbonate species interact with the dissolved 
aluminates to form carboaluminates, thus stabilizing ettringite. Reaction of slag mainly produces 
additional C-S-H and a hydrotalcite phase; refining the pore structure.  Recent literature suggests an 
enhancement of the carbonate-aluminate interactions in ternary systems of OPC, limestone and 
alumina-rich SCMs such as fly ash and slag. Both limestone and SCM exert a filler effect on the cement 
clinker. However, insufficient information exists on the threshold of limestone-slag combination which 
maximizes the physico-chemical benefits.  Optimizing the limestone-slag content offers the additional 
benefit of lowering the clinker and/or SCM contents in composite systems.  
In this paper, the impact of higher limestone contents upon slag hydration and microstructure up to 90 
days is presented.  Hydration was followed by isothermal conduction calorimetry and chemical 
shrinkage while microstructure evolution was examined by scanning electron microscopy, x-ray 
powder diffraction and thermal analysis.  The clinker to SCM ratio was kept at 50:50 while the sulfate 
content in all mixes was 3%.  The results show the consumption of limestone in the course of 
hydration.  Limestone, in addition to providing nucleation sites for clinker hydration, also enhances 
slag hydration.   
With respect to the hydrates formed, ettringite was also stabilized while hemi-carboaluminate was 
observed in all mixes after two days.  Coexistence of hemi- with mono- carboaluminnate was 
observed after 28 days in the limestone composite cements.  The data shows an increased degree of 
clinker and slag hydration with increasing limestone content.  The possible reasons for the 
observations, including nucleation, availability of space for hydrates to grow and the effect of the 
interplay between aluminates, sulphates and carbonates on the microstructure will be discussed.    
 
Originality 
The present study further examines the synergy between carbonates and aluminates in ternary blends.  
However, previous studies have considered limestone contents of around 5%.  Previous studies have 
also mainly considered fly ash as the alumina source due to alumina being more abundant in this 
material than in slag. This paper has also considered considerably higher limestone levels, i.e. 10% 
and 20%.  Using a combination of advanced characterization techniques it has been possible to 
examine the degree of hydration of each of the components within the blends, thus shedding light on 
the interactions within the ternary blend. The benefit at these levels of limestone is to harness the 
combined filler effect on clinker hydration as well as the synergy between the extra aluminates 
dissolved from slag and carbonates from limestone.  This work shows that, the interaction between 
carbonates and alumina significantly affects the porosity and phase assemblages in ternary blends with 
slag.  The observed improvement in slag hydration in the presence of limestone is novel. These results 
demonstrate that the limestone exercise the filler effect not only on the cement clinker but on slag as 
well.  
 
 
Keywords: Al-adsorption on AFm, Hydrotalcite, Hydration, Slag, Limestone  
 

 

 

1. Introduction 
Ternary blended OPC-limestone and alumina rich SCMs have attracted significant research 

                                                        
1 Corresponding author: s.adu-amankwah@leeds.ac.uk, Tel +44113432103 



 

interest recently (De Weerdt et al., 2011a; De Weerdt et al., 2011b; Menéndez et al., 2003; 

Tennis et al., 2011).  These systems offer environmental and technical advantages 

(Kandasamy and Shehata, 2014; Lothenbach et al., 2011). 

Several authors have reported on the relationships between composition, hydration and 

microstructure (Lothenbach et al., 2011; Whittaker et al., 2014; Zajac et al., 2014) on one 

hand and also composition and durability (Ghirci et al., 2007) of limestone containing 

composite cements on the other.  The mechanisms leading to the enhanced hydration, 

strength development and reduced porosity in limestone composite cements have been 

attributed to physico-chemical effects.  Generally, SCMs enhance clinker hydration through 

the provision of nucleation sites, space for C-S-H growth, enhanced packing density and also 

increased effective water/binder ratios (Gutteridge and Dalziel, 1990a; Gutteridge and Dalziel, 

1990b; Lawrence et al., 2003; Soroka and Setter, 1977).  By virtue of being softer, shearing 

of particles during mixing potentially increase the limestone particles available for nucleation. 

 

Carbonates interact with silicates and aluminate phase assemblages in clinker (Kuzel and 

Pöllmann, 1991; Matschei et al., 2007; Ramachandran and Zhang, 1986).  Increased 

portlandite and C-S-H with high Ca/Si ratios have been reported elsewhere (Ramachandran 

and Zhang, 1986).  Additionally, in the presence of limestone, dissolved aluminates react 

with carbonates to form carboaluminates (De Weerdt et al., 2011b; Hoshino et al., 2006); 

preserving ettringite (Lothenbach et al., 2011; Zajac et al., 2014).  Irrespective of the 

limestone content, hemi-carboaluminnate forms initially but converts to mono 

carboaluminates with time depending on the proportions of calcite and aluminates (Matschei 

et al., 2007).  This conversion is however inhibited at lower limestone content (Zajac et al., 

2014).  It follows that, alumina availability is the precursor to carbonate participation in 

reactions.  However, some literature also suggests shorter interparticle spacing outweighs 

aluminate availability with respect to limestone reaction (Berodier and Scrivener, 2014; Vance 

et al., 2013).  In the presence of alumina rich SCMs, the effect of limestone is similar to that 

on C3A.  The dissolved aluminates react with calcite to form carboaluminates rather than 

sulfates in ettringite. Ettringite is thus stabilized, leading to higher compressive strength (De 

Weerdt et al., 2011a; De Weerdt et al., 2011b; Moesgaard et al., 2012).   

 

In this paper, the hydration of composite cements containing up to 20% limestone is 

investigate in order to assess the impact of limestone addition on slag hydration.   

 

  

2. Experimental 
2.1. Raw Materials 

Four binders were investigated: commercial CEM I 52.5 R, according to European standards 

EN 197-1, and separately blended composite cements formulated from CEM I 52.5 R plus 

slag with or without limestone.  The mixes are herein designated C, CS, CS-10L and CS-20L.  

The composition of the materials, obtained by XRF, plus the particle size distributions are 

shown in Table 1 and Figure  respectively.  The clinker to supplementary materials ratio in 

the composite cements was 50:50.  The sulfate content was also maintained at 3% in all 

cements by the addition of ground anhydrite.  No extra sulfate was added to the blends 



 

without slag.  The limestone contained in CEM I was taken into consideration in the mix 

design.  The proportioning of constituents to yield the prescribed clinker to SCM ratios are 

shown in Table 2 alongside with their relevant compositional ratios.  

The mixes were blended and homogenized in a laboratory roller ball mill for 3 hours.   

In order to isolate the filler effect from actual SCM reactions, parallel calorimetry and 

chemical shrinkage runs were performed in which the slag and limestone were alternately 

replaced with quartz of similar particle gradations (Figure 1).  

 

Table 1  Chemical composition of raw materials 
Compositions 

SiO2 Al2O3 MgO CaO K2O Na2O SO3 
Blaine 
(kg/m2)

CEM I 52.5R  20.37 5.56 1.65 62.10 0.65 0.07 3.54 593 
Slag 34.87 11.62 5.82 41.82 0.47 0.07 3.13 454 
Limestone 2.00 0.08 0.64 53.13 0.10 0 0.07 328 

 

 
Figure 1 Particle size distribution of constituent materials 
 

Table 2   Mix design and compositional ratios 
Mix ID 

CEM I Slag Limestone w/c w/b 
SO3/ 
Al2O3 

CO2/ 
Al2O3 

 

C  100 - - 0.5 0.5 0.64 0.31  
CS 50 50 - 1.0 0.5 0.36 0.05  
CS-10L 50 40 10 1.0 0.5 0.41 0.61  
CS-20L 50 30 20 1.0 0.5 0.48 1.43  

 

2.2. Experimental Process 

Compressive strength tests were carried out on 40x40x160mm mortar prisms.   Cement, 

sand and water were to 1:3:0.5 ratios respectively.  Specimens were cured in saturated lime 

solutions until testing.  Compressive strength testing was carried out on a TONIPACT cube 

crusher after 1, 2, 7, 28 and 180 days according to the procedure prescribed in EN 196-1.  

Hydration was followed by isothermal conduction calorimetry, chemical shrinkage, thermal 

analysis (STA), and x-ray powder diffraction (XRD). Data up to 90 days hydration are 

reported in this paper. 



 

Isothermal calorimetry was conducted on 9g of paste prepared with 0.5 w/c ratio.  Cement 

and water were weighed into a plastic ampoule and mixing was carried out using a vortex 

mixer for 2 minutes.  The heat of reaction was measured continuously for 28 days at 20◦C 

using an 8-channel TAM Air calorimeter.  Reference channels were filled with 9g of quartz 

paste also prepared with a 0.5w/b ratio.  

Chemical shrinkage was assessed according to the method described previously (Geiker, 1983; 

Kocaba et al., 2012).  Plastic beakers were filled with 15g of paste, mixed by hand at 0.5w/c 

ratio for 2 minutes.  The beakers were gently tapped to expel entrapped air from the cement 

paste.  The beakers were then filled with water to the brim.  A rubber bung with a pre-fitted 

1mL pipette was carefully fixed to each filled beaker.  Water rising through the pipette was 

topped with coloured oil.  Prepared specimens were kept in a water bath maintained at 20oC.  

The progress of reaction was followed through automated image acquisition of the oil level.  

Images were acquired at 3 minutes-40seconds intervals over 28 days.  The images were 

analyzed using Carl Ziess ‘axiovision’ analyzer.   

Specimens for TG and XRD were prepared as described for chemical shrinkage; cast into 

plastic vials and stored in a water bath maintained at 20oC until testing. Sample preparation 

for XRD measurement and hydration stopping for TG were undertaken in a glovebox to 

minimize the potential for carbonation. 

Specimens for XRD were not hydration stopped.  These were manually ground and back 

loaded for data acquisition.   Settings for the scan acquisition were the same as those 

described elsewhere (Whittaker et al., 2014) using an automatic divergence slit.    

Samples for thermal analysis were hydration stopped by solvent-exchange.  The protocol 

involved grinding in IPA for 20 minutes, and filtering off the IPA under gravity.  The residue 

was rinsed in ether before drying at 40oC on a pre-heated glass plate for 20 minutes. 

Following hydration stopping, samples were stored in mini-grip resealable bags until analysis.  

Thermogravimetric analysis was carried out under nitrogen on 16-18mg of additionally 

ground powder using a Stanton 780 Series Analyzer.  The heating range was 20-1000◦C at a 

rate of 20◦C/minute.  The bound water and calcium hydroxide contents were computed 

between 50 - 550◦C and 400 - 500◦C respectively.           

 

3. Results and Discussion 
3.1. Hydration kinetics  

The rates of heat flow of the investigated mixes normalized to the clinker are shown in 错误！

未找到引用源。 for the first 3 days of hydration.  The composite cements showed shorter 

induction periods and slightly higher alite peaks (Whittaker et al., 2014).  These were 

similar in the composite cements containing up to 10% limestone as well as the reference 

quartz-blends.  An increase in the limestone content to 20% resulted in slight reduction of 

the alite peak.  The second set of peaks, attributable to the reaction of the aluminate phases 

is influenced by the filler and composition of SCMs (Bullard et al., 2011; Lothenbach et al., 

2011).  In the slag blends, two distinct aluminate peaks were apparent while a single but 

intensified aluminate peak was seen in the quartz blends.  The latter is similar to the effect of 

fillers on aluminate reaction reported previously (Le Saout and Scrivener, 2006).  The first 

aluminate peak in CS was less distinct, appearing to be merged with the alite peak.  The 

possibility of accelerated slag hydration accounting for the above effect has been suggested 



 

elsewhere (Lothenbach et al., 2011; Whittaker et al., 2014).  However, similarly distinctive 

aluminate peak has been reported in composite cements without slag (Zajac et al., 2014).  

The effect of slag fineness can also be discounted on the basis of using the same slag for all 

composite cements.  Therefore the retarded aluminate peak may be attributed to clinker 

dilution arising from limestone. 

   

Figure 2 Effect of limestone on the heat flow (normalized by the clinker content) 

 

The bound water and portlandite content of the investigated mixes expressed per cement 

clinker is shown in 错误！未找到引用源。 and 错误！未找到引用源。 respectively.   

 
Figure 3 Effect of limestone on the bound water content (normalized per clinker content) 
 
Higher bound water content was observed in the composite cements compared to OPC 

cement.  The presence of limestone also resulted in slightly higher bound water content.  

The higher limestone content was most beneficial at early age.  However, after 7days, the 

bound water in the 20% limestone cement was comparable to the OPC-slag mix.  The 

portlandite content was higher in the composite cements compared to CEM I.  However, in 

the limestone containing composite cements, higher portlandite content was prevalent at early 

age.   



 

 

 

Figure 4 Calcium hydroxide (CH) content of investigated cements (normalized per clinker content) 
 

The differences in the bound water and portlandite contents may be attributed to the effects of 

limestone on clinker and slag hydration.  Alite preferentially hydrate on limestone grains 

(Berodier and Scrivener, 2014; Ramachandran and Zhang, 1986).  The additional nucleation 

sites provided at higher limestone content facilitates clinker hydration.  The possibility of 

limestone accelerating slag hydration has been reported elsewhere (Hoshino et al., 2006).  

The enhanced clinker and slag hydrations account for the increased bound water content in 

the limestone containing cements.  The increase in limestone content at the expense of slag 

would explain the decreased bound water at 20% limestone after 7days.      

 
3.2. Effect of limestone on slag hydration  

Chemical shrinkage of the investigated mixes and the corresponding samples in which slag or 

limestone was replaced with quartz of similar fineness are shown in 错误！未找到引用源。.  

Similar trends were observed from isothermal calorimetry measurements (not shown).  The 

data were normalized to the clinker content (Kocaba et al., 2012).  Higher shrinkage per unit 

clinker was noticed in all composite cements indicative of increased hydration.  Similar 

trends in ternary blended cements have been reported previously (De Weerdt et al., 2011b; 

Vance et al., 2013).  Generally, the magnitude of shrinkage decreased with increasing 

limestone content.  Interpretation of the latter should consider the overall lesser slag content 

in the ternary blends.  These observations suggest that, in addition to the filler effects, 

limestone contributes to the hydration process in the ternary blend systems (De Weerdt et al., 

2011a; De Weerdt et al., 2011b).   

Results of shrinkage and heat evolved due to slag hydration in the composite cements are 

shown in 错误！未找到引用源。 and Figure 7 respectively.  The filler effects and limestone 

interaction were discounted in calculating the shrinkage and heat due to slag by only 

replacing slag with quartz in the corresponding mixes.  The results suggest enhanced slag 

hydration in the limestone containing cements compared to the OPC-slag cement.  This is 

being verified with other techniques. However, the shrinkage and calorimetry data agree with 

the bound water and the portlandite contents reported in Figure 3 and Figure 4.   



 

 

 
Figure 5 Effect of fillers and SCM hydration on the chemical shrinkage evolution 
 

 
Figure 6 Effect of limestone on slag hydration (from chemical shrinkage measurement) 

 
Figure 7 Effect of limestone on slag hydration (from isothermal calorimetry) 

3.3. Hydrates formed  

The hydrates formed were followed with XRD. 



 

A comparison of the XRD patterns of the investigated systems is shown in Figure 8.  The 

diffractograms have been presented focussed on 8-13 2⁰� since the main hydration products 

(i.e. the reflections in AFt and AFm phases) are found in this range.   

Ettringite was observed after 1 day with similar reflection intensities in all investigated mixes.  

The AFt intensities could not be distinguished qualitatively in the cements containing 

additional limestone.  Moreover, a slight decrease in the ettringite reflection intensities was 

observed in C and CS after 7days.  These did not however result in the formation of visible 

sulphate-bearing AFm peaks as additional aluminates dissolved (Bonavetti et al., 2001; Kuzel, 

1996).  Hemicarboaluminate was observed in all mixes after 2 days.  The formation of 

hemicarboaluminate was accelerated in the CEM I mix.  The latter contained approximately 

2% limestone which was interground with clinker during production hence higher fineness 

and dissolution (Vance et al., 2013).  Conversion of hemi to monocarboaluminate was 

obvious in all composite cements after 7days.  Hemi- and monocarboaluminate reflections 

dominated in the limestone containing blends compared to C and CS.  A clear distinction 

between 10% and 20% limestone blended cements was in the proportions of hemi- and 

monocarboaluminates formed.  Up to 90 days, hemicarboaluminate was dominant in the 

10% limestone system while monocarboaluminate was prevalent at 20% limestone.  

  

Figure 8 Influence of limestone on composite cements: Ettringite (AFt); hemicarboaluminate (Hc); 

monocarboaluminate (Mc); hydrotalcite (Ht); ferrites (F)  
 

3.4. Compressive strength  

Results from compressive strength tests on the investigated binders are shown in Figure 9.  

As expected at early age, strength development is slower in the composite cements compared 

to the reference cement (C).  Among the composite cements, a slightly higher compressive 

strength was observed in CS-10L up to 7 days.  However, strength was lowest at the 20% 

limestone content.  These results agree with the measured bound water content as well as the 



 

calorimetry and chemical shrinkage studies.  The strength evolution at 20% limestone 

content may appear contradictory to the findings from shrinkage and calorimetry.  However, 

interpretation must consider the reduction of slag content in a given mix.   

   

Figure 9 Effect of limestone on compressive strength development   
  
3.5. Conclusions 

The effects of limestone content on slag hydration in ternary blended cements have been 

investigated.  Chemical shrinkage and calorimetry data show improved slag hydration in the 

presence of limestone.  Higher limestone content reduced the long term compressive strength due 

to the reduction of actively hydrating materials.  C-S-H, ettringite and carboaluminates were the 

dominant hydration products.  The limestone content affected the proportions of carboaluminates 

while ettringite was preserved.  Alumina incorporation into C-S-H was observed in all slag 

containing cements.    
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Abstract:  
The application of alkali-activated slag(AAS) has been restricted by its high drying shrinkage. In this paper, effects of 
CSA type expansion agent, CaO type expansion agent and shrinkage-reducing agent (SRA) on the drying shrinkage and 
internal relative humidity(IRH) of AAS mortar were investigated.  
CSA, CaO and SRA reduced the drying shrinkage of AAS mortar by about 41-45%, 54-56% and 35-44% at 56 days, 
respectively. Additionally, the IRH of AAS mortar with CaO and SRA are all higher than that of reference group among 
56 days, while the IRH of AAS mortar with CSA is only higher than that of reference group after 3 days.  
The drying shrinkage has significant linear relationship with IRH in reference group and AAS mortar with CSA and SRA 
while the linear relationship between the drying shrinkage and IRH of AAS mortar with CaO is not so significant at early 
ages. Compared to the reference group, the addition of admixtures decreases the gradients of the fit lines, which means 
admixtures can reduce the sensitivity of drying shrinkage to IRH. In this investigation, the amount of admixtures doesn’t 
have significant effect on the drying shrinkage, IRH and relationship between the drying shrinkage and IRH of AAS 
mortar. 
 
Originality 
The shrinkage of AAS is higher than that of Portland cement, therefore the application of AAS is limited. To decrease the 
shrinkage of AAS mortar, CSA, CaO and SRA were used in this investigation. It is found that the addition of these 
admixtures can reduce the shrinkage of AAS mortar significantly. The results of relative humidity inside AAS mortar with 
admixtures also achieve the expectation. The addition of admixtures help to decrease the reducing rate of internal 
relative humidity in AAS mortar. The study on effect of admixtures on the relationship between the drying shrinkage and 
IRH of AAS mortar is first originality. 
 
Key words: alkali activated slag, drying shrinkage, internal relative humidity 
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1 Introduction 
Alkali activated slag (AAS) is a kind of cementitious material which has attracted many researchers for its 
lower energy consumption and lower CO2 emission in the manufacturing process when compared to Portland 
cement. Previous studies indicate that AAS cement, mortar and concrete present high early strength and good 
resistance to aggressive environment[1][2][3][4][5], which are superior to the performance of Portland cement. 
However, it is well known that the drying shrinkage of AAS is much higher than that of hardened Portland 
cement under the same condition[6][7], which is a critical factor that restricts the application of AAS. 
Some researchers suggest that the high drying shrinkage of AAS are mainly due to two reasons: one is the 
pore size distribution[8][9][10], which leads to high capillary tension and causes high drying shrinkage; the other 
is the characteristics of hydration products of AAS[11][12]. The lack of crystal phases is thought to be 
responsible for the drying shrinkage of AAS.  
Some researchers have investigated the possible ways of reducing the shrinkage of AAS [13][14][15][16]. Bakharev 
et al.[13] studied the effect of different admixtures on the properties of AAS, and found that the addition of 
gypsum reduced the shrinkage of AAS due to the compensating effect of AFt and AFm phases generated in 
the reaction related to gypsum. Palacios et al.[14] studied the effect of shrinkage-reducing agents (SRA) on the 
shrinkage of AAS mortars and pastes, the results showed that the addition of SRA reduced shrinkage in AAS 
mortars by up to 85% or 50%, when cured at 99% or 50% RH, respectively. According to his research, the 
effect of SRA on shrinkage is mainly due to the reduction in the capillary tension caused by the evaporation of 
pore solution and the change in pore structure. 
According to the previous researches[17][18][19][20], the IRH (Internal relative humidity) of cement-based 
materials have certain relationship with shrinkage. Z.C.Grasley and D.A.Lange[18] has used an 
IRH measurement system to quantify the moisture gradient in early-age concrete exposed to drying condition 
and developed a model to estimate the stress gradient in concrete. Zhengwu Jiang et al.[19] studied the 
relationship between IRH and autogenous shrinkage of high-performance cement pastes, the results showed 
that the IRH and autogenous shrinkage of high-performance cement pastes had good linear relationship. D.P. 
Bentz et al.[20] studied the effect of SRA on the IRH of cement paste and found that the addition of SRA 
caused a decrease in the IRH reduction in low w/c ratio cement pastes and mortars cured under sealed 
conditions and a significant reduction in autogenous shrinkage. However, few literatures so far have been 
published on the effect of admixtures on the IRH of AAS and relationship between IRH and shrinkage of 
AAS. 
In this investigation, effects of CSA, CaO and SRA on the IRH and the drying shrinkage of AAS and their 
relation are presented. 
2 Experimental 
2.1 Raw materials 
S95 slag with density of 2.87 g/cm3 and specific surface area of 431 m2/kg was used in this investigation. The 
chemical composition of slag is summarized in Table 1. 
P·II 52.5R Portland cement with density of 3.15g/cm3 and specific surface area of 380 m2/kg was used to 
produce cement mortar for comparison purpose. The chemical composition of Portland cement is shown in 
Table 1. 

Table 1. Composition of slag and Portland cement (wt%)  

The alkali activator used was a mixture of solid NaOH and liquid water glass. Alkali activator with a Na2O 
concentration of 4.0% (by mass of slag) and Ms of 1.2 was used. 

Oxides CaO SiO2 Al2O3 Na2O MgO SO3 Fe2O3 K2O MnO TiO2 
Loss on 
ignition

Slag 37.24 31.95 14 5.98 6.57 2.36 0.31 0.38 0.48 0.72 2.10 
Cement 62.60 21.35 4.67 -- 3.08 2.25 3.31 -- -- -- 0.95 

CSA type expansion agent: Calcium sulfoaluminate was used as one of the expansion agent, its alkali content 
is less than 0.3%, and the specific surface area is 350m2/kg.  
CaO type expansion agent: It has been known that the hydration of CaO with water is a process with volume 
expansion, therefore there are now some commercially available expansion agent with CaO as the main 
expansion composition in the market. CaO expansion agent supplied by Jiangsu Subote new materials 
corporation in China was used in this investigation. The diameter of its particles is around 0.08mm. The 
chemical compositions of both types of expansion agent are given in Table 2. 

 

http://www.sciencedirect.com/science/article/pii/S0008884601005191
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Shrinkage-reducing agent: Alkyl polyether shrinkage-reducing agent supplied by Jiangsu Subote new 
materials corporation in China was used in this investigation. 

Table 2. Composition of expansion agent (wt%) 
Type SiO2 Al2O3 Fe2O3 CaO MgO SO3 

3.86 8.71 0.48 51.87 3.94 24.27 CSA 
CaO 3.28 7.86 1.22 66.54 4.86 13.51 

The mix proportions of alkali activated slag mortars are listed in Table 3. For each group, the water to binder 
ratio is 0.4, the sand to binder ratio is 2, the Ms (Na2O/SiO2 mole ratio) of the activator is 1.2 and the content 
of Na2O is 4.0%. The only difference between each AAS group is the type and dosage of admixtures applied. 
The number behind the admixture represents the percentage of this kind of admixture (by the mass of the 
slag). 

Table 3. Mix proportion of mortars 
Sample Ms Na2O(%) Water to binder ratio Sand to binder ratio Content of admixtures(%) 

Reference 1.2 4.0 0.4 2 0 
CSA-6 1.2 4.0 0.4 2 6 
CSA-8 1.2 4.0 0.4 2 8 

CSA-10 1.2 4.0 0.4 2 10 
CSA-12 1.2 4.0 0.4 2 12 
CaO-6 1.2 4.0 0.4 2 6 
CaO-8 1.2 4.0 0.4 2 8 

CaO-10 1.2 4.0 0.4 2 10 
SRA-1 1.2 4.0 0.4 2 1 
SRA-2 1.2 4.0 0.4 2 2 
SRA-3 1.2 4.0 0.4 2 3 

2.2 Test methods 
According to Chinese specification JGJ/T70-2009, 40mm×40mm×160mm prisms were prepared for the test 
of drying shrinkage of AAS. The initial length of the prisms was measured immediately after demoulding (24 
h curing after casting). The prisms were stored in drying room where temperature was 20±3℃ and relative 
humidity was 60±5%. The length of the prisms at 2, 3, 7, 14, 21, 28 and 56 day were measured and the drying 
shrinkage value was calculated.  
The testing method of IRH in this investigation can be referred to the method developed by Jun Zhang et al.[22]. 
70.7mm×70.7mm×70.7mm cube was prepared for the test of IRH of AAS mortar. Digital 
temperature-humidity sensor was used to measure the temperature and relativity humidity inside the mortar. 
In order to keep the transducer in the accurate position, the transducer was placed in a PVC pipe whose inner 
diameter is 15mm. As is shown in Fig 1, two 3mm wide endless belts were cut from the pipe to let the 
transducer exchange heat with mortar. To prevent the mortar from flowing into the PVC pipe, a steel stick 
whose diameter is a little smaller than 15mm was put in the PVC pipe during casting. One hour after the 
casting, the steel stick was taken out and the transducer was put into the PVC pipe. To prevent the temperature 
and relative humidity inside from being affected by the environment, rubber ring and polymer sealant were 
used to seal the gap between the sensor and PVC pipe. The schematic set-up for IRH test is shown in Fig 1. 

  

Fig 1. Schematic set-up for IRH test[22] 
3 Results 
3.1 Effects of admixtures on the drying shrinkage of AAS mortar 

 



 

3.1.1 Effects of CSA on the drying shrinkage of AAS mortar 
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Fig 2. Effects of CSA on the drying shrinkage of AAS mortar 
Effects of the addition of 6%, 8%, 10% and 12% (by the mass of the slag) CSA on the drying shrinkage of 
AAS mortar are shown in Fig 2. The drying shrinkage of AAS mortar decreased with the addition of CSA 
significantly. Compared to the reference group, the drying shrinkage of AAS mortar with CSA was much 
lower at early age. At 7 day, the drying shrinkage of AAS mortar with 6%, 8%, 10% and 12% CSA reduced 
by 60.8%, 56.6%, 64.7% and 60.9% when compared to that of reference group, respectively. At 56 day, the 
drying shrinkage reduced by 42.8%, 40.7%, 44.9% and 43.4% when compared to that of reference group, 
respectively. However, the drying shrinkage of AAS mortar with CSA didn’t change significantly when the 
dosage of CSA applied varied from 6% to 12%, which was the recommended dosage for its use in Portland 
cement by the supplier. 

 

3.1.2 Effects of CaO on the drying shrinkage of AAS mortar 
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Fig 3. Effects of CaO type expansion agent on the drying shrinkage of AAS mortar 

Effects of the addition of 6%, 8% and 10% CaO on the drying shrinkage of AAS mortar are shown in Fig 3. 
The drying shrinkage of AAS mortar decreased with the addition of CaO type expansion agent significantly. 
At 56 day, the drying shrinkage of AAS mortar with 6%, 8%, 10% CaO reduced by 53.7%, 56% and 54% 
when compared to that of reference group. The drying shrinkage of AAS mortar with CaO didn’t change 
significantly within the recommended dosage by the supplier. 

 



 

3.1.3 Effects of shrinkage-reducing agent on the drying shrinkage of AAS mortar 
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Fig 4. Effects of shrinkage-reducing agent on the drying shrinkage of AAS mortar 

Effects of the addition of 1%, 2% and 3% SRA on the drying shrinkage of AAS mortar are shown in Fig 4. 
The drying shrinkage of AAS mortar decreased with the addition of SRA. At 56 day, the drying shrinkage of 
AAS mortar with 1%, 2%, 3% SRA reduced by 34.1%, 39.6% and 43.3% when compared to that of reference 
group. At early ages, the effect of SRA on the drying shrinkage of AAS mortar was not significant. After 7 
days, the drying shrinkage of AAS mortar with SRA was much smaller than that of reference group. 
According to the results, the drying shrinkage of AAS mortar came to the lowest when 3% SRA was added in 
this experiment. 
3.2 Effects of admixtures on the IRH of AAS mortar 
Comparison between the IRH of AAS mortar and PC mortar (curing RH=60±5%) with the same w/b ratio is 
shown in Fig 5. It can be seen that the IRH of both AAS mortar and PC mortar decreased with the increase of 
age. However, the IRH of AAS mortar was lower than that of PC mortar, and the difference in IRH between 
the two mortars mainly happened at early ages. Due to the rapid reaction of slag in strong alkali environment 
at early ages, large amount of free water is consumed and thus causes the rapid reduction of IRH in the mortar. 
Later on, the hydration of slag is slowed down, however, the micro-cracks caused by the drying shrinkage at 
early ages provide passages for the evaporation of water in mortar and therefore the IRH continues to decrease 
even till 56 days, though the drop of IRH slows down with age. 
3.2.1 Effects of CSA on the IRH of AAS mortar 
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Fig 5. Effects of CSA on the IRH of AAS mortar 

Effects of 6%, 8%, 10% and 12% CSA on the IRH of AAS mortar are shown in Fig 5. According to the 
results, the IRH of AAS mortar with CSA was higher than that of reference group. At early ages, the IRH of 
AAS mortar with CSA decreased a little more rapidly than that of reference group. After 3 days, the IRH of 
AAS mortar with CSA was higher than that of reference group. In this investigation, the IRH of AAS mortar 

 



 

with 10% CSA was the highest. The IRH of AAS mortar didn’t change significantly with the change of CSA 
amount used in this investigation. 
3.2.2 Effects of CaO on the IRH of AAS mortar 
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Fig 6. Effects of CaO on the IRH of AAS mortar 

Effects of 6%, 8% and 10% CaO on the IRH of AAS mortar are shown in Fig 6. The IRH of AAS mortar with 
CaO was higher than that of reference group, and the reducing rate of the former one was lower than that of 
the later one after 3 days. According to the results, the IRH of AAS mortar didn’t change significantly with 
the change of CaO amount. In this investigation, the IRH of AAS mortar with 8% CaO was the highest. 
3.2.3 Effects of SRA on the IRH of AAS mortar 
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Fig 7. Effects of SRA on the IRH of AAS mortar 

Effects of 1%, 2% and 3% SRA on the IRH of AAS mortar are shown in Fig 7. At early ages, the addition of 
SRA had little effect on the IRH of AAS mortar. After 7 days, the IRH of AAS mortar with SRA was higher 
than that of reference group. According to the results, the IRH of AAS mortar didn’t change significantly with 
the change of SRA amount. 

3.3 Relationship between drying shrinkage and IRH of AAS mortar  
Drying shrinkage of AAS mortar is closely related with the consumption and evaporation of water.  
Fig.8 shows the linear regress results of drying shrinkage and IRH of reference group AAS mortar. 
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Fig 8. Linear regress results of drying shrinkage and IRH of AAS mortar 

The linear relationship between drying shrinkage and IRH of AAS mortar can be described as: 

ε = a + b  IRH                                                              (2) 

ε —the drying shrinkage of AAS  

a、b— constant, depend on the admixtures 

IRH — internal relative humidity 

The drying shrinkage of AAS mortar has a good linear relationship with the IRH. The drying shrinkage 
increases significantly with the decrease of IRH. Effects of CSA, CaO and SRA on the linear relationship 
between drying shrinkage and IRH of AAS mortar is shown in Fig.9. 
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Fig.9. Effects of CSA, CaO and SRA on the linear relationship between drying shrinkage and IRH of AAS 

mortar 
The drying shrinkage of AAS mortar with CSA has significant linear relationship with IRH. The gradients (the 
absolute value of b) of these fit lines are all smaller than that of the fit line of reference group, which means 
that the addition of CSA reduces the sensitivity of drying shrinkage to IRH. Moreover, the drying shrinkage of 
AAS mortar with CSA is much lower than that of reference group when the IRH are the same. The gradients 
of these four fit lines are similar, which means the effect of CSA amount on the sensitivity of drying shrinkage 
to IRH is not significant. 
When it comes to the relationship between drying shrinkage and IRH of AAS mortar with CaO, as is shown in 

 



 

Table 4, the correlation coefficient (R2) of the original fit lines are smaller than 0.9, which shows no good 
linear relationship. However, when the data of IRH beyond 98% is not taken into consideration (modified), 
the correlation coefficients of the fit lines are all larger than 0.9, which shows good linear relationship. This 
phenomenon suggests CaO affects the IRH of AAS mortar at early age, which is due to the rapid reaction 
between CaO and water. The gradients of these fit lines are all smaller than that of the fit line of reference 
group, which means that the addition of CaO reduces the sensitivity of drying shrinkage to IRH. Moreover, 
the gradients of these four fit lines are similar, which means the effect of CaO amount on the sensitivity of 
drying shrinkage to IRH is not significant. 

Table 4. Correlation coefficient of the fit lines 

CaO-6 CaO-8 CaO-10 Parameters of fit 
lines original modified original modified original modified 

R2 0.86154 0.97406 0.87794 0.93319 0.87742 0.94214 

The drying shrinkage of AAS mortar with SRA has significant linear relationship with the IRH. The gradients 
of these fit lines are all smaller than that of the fit line of reference group, which means that the addition of 
SRA reduces the sensitivity of drying shrinkage to IRH. Moreover, the gradients of these four fit lines are 
similar, which means the effect of SRA amount on the sensitivity of drying shrinkage to IRH is not significant. 
The high drying shrinkage of AAS is mainly related to the pore distribution and hydration products in AAS. 
Therefore, the change of pore structure and hydration products can have certain influence on the drying 
shrinkage and IRH of AAS mortar. 
The addition of CSA, CaO and SRA caused change in the microstructure of AAS hydration products. CSA and 
CaO help to change the hydration products in AAS mortar and SRA help to change the tensile stress in pores. 
These all contribute to the decrease of drying shrinkage in AAS.  
The addition of these three kinds of admixtures causes reduction in the gradient of fit lines, which means the 
admixtures reduce the sensitivity of drying shrinkage to IRH. The addition of CSA and CaO causes change in 
hydration products and microstructure, more crystals are generated, which can restrict the shrinkage of AAS. 
SRA can reduce the surface tension of pore solution, which decreases the capillary tension caused by the 
evaporation of water. In this case, the reduction in IRH doesn’t have as much effect on drying shrinkage as it 
has in the reference group.  

4 Conclusion 
(1) The addition of admixtures has significant effect on the drying shrinkage of AAS mortar. The drying 
shrinkage of AAS mortar with CSA, CaO and SRA at 56 days are about 55-59%, 44-46% and 56-65% of that 
of reference group at the same age, respectively.  
(2)The addition of admixtures has effect on the IRH of AAS mortar. The IRH of AAS mortar with CSA is 
lower than that of reference group in the first three days, while it is higher than that of reference group at later 
ages and the reduction rate is lower than that of reference group. The addition of CaO and SRA have little 
effect on the IRH of AAS mortar at early ages. After 3 day, the IRH of AAS mortar with CaO and SRA are 
higher than that of reference group and the reduction rate of IRH also decrease. In this investigation, the 
amount of these three kinds of admixtures doesn’t have significant effect on the IRH of AAS mortar. 
(3)The addition of admixtures has effect on the relationship between drying shrinkage and IRH of AAS mortar. 
The drying shrinkage and IRH of AAS mortar have significant linear relationship no matter the admixtures are 
added or not. Additionally, compared to the reference group, the addition of admixtures decreases the 
gradients of the fit lines, which means admixtures can reduce the sensitivity of drying shrinkage to IRH. 
Moreover, the effect of admixtures amount on the sensitivity of drying shrinkage to IRH is not significant. 
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Abstract 
The physical and chemical properties of ninety-one different fly ash products from different sources within the United 
States were evaluated. The evaluation was conducted based on the standard physical and chemical requirements of 
ASTM C 618, “Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete.” 
Physical properties including fineness, density, water requirement and strength activity index (SAI), and major 
chemical properties including acidic elemental analysis and loss on ignition (LOI) were characterized in accordance 
with the testing procedures described in ASTM C311, “Standard Test Methods for Sampling and Testing Fly Ash or 
Natural Pozzolans for Use in Portland-Cement Concrete.” In this paper, the effects of fineness and carbon content on 
water requirement; and the effects of fineness, acidic oxide content, calcium content, total alkali content and carbon 
content (derived from thermogravimetry) on 7-day strength activity index are described. In addition, the relationship 
between 7-day and 28-day SAI is presented. 
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All the lab testing and analysis work presented in this paper are carried out at CTL Group, although some parts of the 
results may be presented in other conferences or workshops.  
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1. Introduction 
Fly ash is a by-product of the combustion of pulverized coal in electric power generating plants. It is 
the most widely used supplementary cementitious material in concrete. It is used in more than 50% of 
ready mix concrete. The replacement level of Class F fly ash is often at 15-25% by mass of 
cemetitious materials, and it is between 15-40% by mass of cementitious materials for Class C fly ash. 
The properties of fly ash can greatly affect the properties for both fresh concrete and hardened 
concrete. Many countries have their own national standards and specifications regulating the use of fly 
ash in concrete. In the United States, ASTM C618 (ASTM International Standard, 2012), “Standard 
Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete,” is the 
common specification to assess the suitability of fly ash and pozzolan for use in concrete. The 
standard test methods related to this specification are contained in ASTM C311 (ASTM International 
Standard, 2011), “Standard Test Methods for Sampling and Testing Fly Ash or Natural Pozzolans for 
Use in Portland-Cement Concrete.”  
The standard physical requirements of ASTM C618 include fineness, SAI with standard portland 
cement, water requirement, and soundness. The standard chemical requirements of ASTM C618 
include the acidic oxide (sum of SiO2, Al2O3 and Fe2O3) content (≥70% for Class F and ≥50% for 
Class C), SO3 content, moisture content and loss on ignition.  
Recently, CTLGroup evaluated ninety-one different fly ash products from different sources in the 
United States. The evaluation was based on the standard physical and chemical requirements of 
ASTM C618. Results presented in the current paper revealed  correlations between powdered fly ash 
and fresh and hardened properties when used in combination with portland cement and water in final 
products. Our observations can serve as a guide to allow ash industries to optimize the use of these by-
products in portland cement concrete. In addition, the findings will also help to recognize the 
necessary characteristics of ash products potentially improving process efficiency.    
2. Experimental 
2.1. Raw Materials 
The ninety-one fly ashes came from different sources within the United States. The portland cement 
selected for the work is a Type I and meets the requirements of ASTM C311, its chemical composition 
and physical properties are provided in Table 1 and 2.  

Tab. 1 Chemical Composition of the Selected Portland Cement and Fly Ashes   
 Portland cement 

% by mass 
Fly ash 

% by mass 
CaO 
SiO2 
Al2O3 
Fe2O3 
MgO 
SO3 

Na2O 
K2O 
TiO2 
LOI 

64.0 
20.1 
5.8 
2.4 
1.2 
3.5 
0.1 
0.8 
0.4 
1.6 

0.4 – 33.0 
27.9 – 59.4  
5.2 – 34.0  
1.2 – 30.0 
0.4 – 8.8 
0.0 – 4.7 
0.2 – 7.5 
0.6 – 6.7 
0.2 – 1.7  

0.1 – 28.4 
 

The calculated cement compounds are 55% C3S, 16% C2S, 11% C3A and 7% C4AF. 
 

Tab. 2 Physical Properties of the Portland Cement Used 
Properties Test results 

Air content, % 7 
Specific surface, m2/kg 392 
Autoclave expansion, % 0.02 

Compressive Strength, MPa  



 

1 day 
3 days 
7 days 

28 days 

18.5 
29.0 
35.8 
43.4 

Vicat Time of Setting, minutes 
Initial set 
Final set 

 
140 
210 

Sulfate expansion in water, % 
(ASTM C1038) 

 
0.012 

 
 
2.2. Experimental Process 
All the relevant chemical and physical testing was conducted in accordance with ASTM C311. 
Elemental analysis was performed by x-ray fluorescence spectrometry and presented as oxides. 
Specimens were fused at 1000ºC with Li2B4O7/LiBO2. Density of the ninety-one fly ashes was 
determined using a Helium Pycnometer.  
3. Results and Discussion 
3.1. Water requirement vs fineness and loss on ignition   
It is generally recognized that the addition of fly ash has a beneficial effect on the rheological 
properties of cement paste and on the workability of fresh concrete. The small spherical particles of fly 
ash can reduce the water requirement. Owens (Owens, P.L. 1979) reported that the major factor 
influencing the effects of fly ash on the workability of concrete is the proportion of coarse material 
(>45µm) in the ash. A comprehensive study by Minnick et al (Minnick, L.J., Webster, W.C., and 
Purdy, E.J., 1971) revealed that both the 45µm sieve residue and the loss on ignition (LOI) have 
pronounced effects on water requirements. The effect of LOI on water requirement was attributed to 
the absorption of water by porous carbon particles.  
Among the ninety-one fly ashes tested, only five samples failed the fineness requirements of ASTM 
C618. The 45µm sieve residues of the five samples were 40%, 41%, 48%, 63% and 88% with water 
requirements of 97%, 112%, 93%, 98% and 107%, respectively. A sixth sample not included in the 
graph had a fineness of 24% (passing the fineness requirements), but with a water requirement of 
120%. Figure 1 shows the influence of fineness on water requirement of the mortar specimens for 
eighty-five fly ashes that meet the fineness requirement (34% retained on 45µm sieve). Results show 
that most of the fly ash samples (85%) can reduce the water requirement of the mortar mixtures. 
However, the trend between the water requirement of mortars and the fineness is not as significant or 
consistent as reported by Minnick et al (Minnick, L.J., Webster, W.C., and Purdy, E.J., 1971). The 
data does indicate that as the fineness increases the water requirement decreases. 
Figure 2 shows the influence of loss on ignition on water requirement of the mortar specimens for 
eighty-nine fly ashes. Among the ninety-one fly ashes tested, only two samples had a loss on ignition 
value above 12%. From Figure 2, it can be seen that if the fly ash has a loss on ignition above 
approximately (~) 3%, it is likely the water requirements are higher.    



 

     
        Figure 1 Water Requirement vs. Fineness             Figure 2. Water Requirement vs. LOI  

An equation to describe the correlation between water requirement and fineness and LOI was reported 
by Helmuth (Helmuth, R., 1987) as:  

Water requirement, % = 92.6 + 0.086 × (LOI × 45µm sieve residue) 
 
This equation applies when the 45µm sieve residue, loss on ignition, and their product are held within 
specified ranges (20% maximum 45µm sieve residue, 15% maximum LOI, and 150 maximum of the 
product). Figure 3 shows the correlation between the actual water requirement and the calculated 
water requirement obtained from the above equation. Almost two third of the fly ashes have a higher 
water requirement than the calculated value. The data indicates calculated values more accurately 
predict the actual water requirement at values below 98%. 

 
 Figure 3 Actual Water Requirement vs. Calculated Water Requirement 

 
 

3.2. Strength Activity Index vs. fineness, acidic oxide content, CaO content, LOI, density and total 
alkalies   
It is well known that Class F fly ash has pozzolanic properties and Class C fly ash has pozzolanic 
properties, as well as some cementitious properties. It is also known (Malhotra, V.M., 
Ramezanianpour, A.A., 1994; Philleo, R.E., 1986.) that the most important factors affecting the 
pozzolanic reactivity of fly ashes are fineness, glass content, and acidic oxide content (SiO2 + Al2O3 + 
Fe2O3). Other minor factors include CaO content, carbon content, and the composition of crystalline 
and organic substances on the particle surfaces (Helmuth, R., 1987; Malhotra, V.M., Ramezanianpour, 
A.A., 1994). In the ASTM C618 specification, only the fineness, acidic oxide content and carbon 
content are included in the standard chemical and physical requirements.   



 

Figure 4 shows the relation between 7d strength activity index (SAI) and fineness. A clear decreasing 
trend is observed - the coarser the fly ash particles, the lower the strength activity index.                          

                  
                        Figure 4 7d SAI vs Fineness                           Figure 5. 7d SAI vs Acidic Oxide Content  

 
According to the ASTM C618 specification, the only major specification difference between the two 
classes of ashes is the minimum limit of SiO2 + Al2O3 + Fe2O3, which is 70% for Class F fly ash and 
50% for Class C. Although some researchers (Helmuth, R., 1987; Malhotra, V.M., Ramezanianpour, 
A.A., 1994) have proposed that the chemical specifications require determination of the total CaO 
content, the current ASTM C618 still follows the above classification. Figure 5 shows the relation 
between the acidic oxide content and 7d strength activity index. It can be seen that for Class C fly ash, 
the acidic oxide content is not a contributing factor to determine the strength activity index; as the fly 
ashes within the range of 65 to 68% acidic oxide content, the strength activity index varies widely 
between 64 and 100%. There is no significant trend observed for Class F fly ash.  
Our observations of acidic oxide content are consistent with other researchers’ work (Philleo, R.E., 
1986; Brizzi, A., Puccio, M., and Valenti, G.L., 1989), which reported poor correlations between the 
compressive strength ratio and the sum of SiO2 + Al2O3 + Fe2O3. However, other research (Helmuth, 
R., 1987; Malhotra, V.M., Ramezanianpour, A.A., 1994) established a good correlation between the 
total SiO2 + Al2O3 content and long-term pozzolanic activity. This research suggests not only the 
amorphous silica and alumina contribute to pozzolanic activity, but that compounds such as mullite 
and quartz may influence strength development either because they are reactive or they serve as 
bonded aggregate particles. Amorphous content is currently not measured. 

  
                   Figure 6 7d SAI vs CaO Content                                Figure 7. 7d SAI vs Loss on Ignition 

Similar to the acidic oxide content observations, no strong correlation between CaO content and the 7d 
strength activity index, as shown in Figure 6. The calcium contained in fly ash will be in different 



 

forms; such as dissolved in amorphous phases, free CaO, C3A, CaSO4, C4A3S, and other crystalline 
calcium compounds. These calcium forms yield different effects on the reactivity, hence, the net 
results obtained are mixed effects from different forms of calcium.  
 
Figure 7 shows the relation between the loss on ignition and 7d strength activity index. When the loss 
on ignition is less than ~ 3%, the influence on strength activity index is not significant. When the loss 
on ignition is above 3%, there is a decreasing trend on the strength activity index with increasing loss 
on ignition. When compared to Figure 2, the water requirement generally increased with LOI above ~ 
3%, thus the strength most probably decreased due to increased water. 
 
Although within ASTM C618, there is no requirement on density for fly ash, as a part of our 
evaluation the density of the ninety-one fly ashes was tested by Helium Pycnometer. The densities are 
distributed between 1.75 to 2.88 g/cm3. The relation between density and 7d strength activity index is 
shown in Figure 8. Again, no satisfactory trend can be established.   

      
           Figure 8. 7d SAI vs Density                           Figure 9. 7d SAI vs Total Alkalies 

Figure 9 shows the influence of total alkali content on 7d SAI. 84% of the ninety-one fly ashes tested 
have a total alkalies lower than 3.0%. It seems the 7d SAI is increased with total alkalies when the 
total alkalies is above 3.0%; while no difference when it is below 3.0%. 
 

   
          Figure 10. Acidic Oxide vs CaO                              Figure 11. Acidic Oxide vs Total Alkalies 

Figure 10 shows the acidic oxide content vs CaO content. A clear decreasing trend can be seen from 
the graph, which is reasonable. Figure 11 shows the acid oxide content vs total alkalies. Similar to 
Figure 9, a bad correlation was observed when the total alkalies is below 3.0%; while it seems a 
decreasing trend with total alkalies over 3.0%. Figure 12 shows the loss on ignition (LOI) vs CaO 
content. It shows high CaO fly ashes not always have high LOI.  



 

   
          Figure 12. LOI vs CaO                               Figure 13. 7d SAI vs 28d SAI  

Figure 13 shows the relation between 7d and 28d strength activity index. About 80% of the fly ashes 
tested have gains in SAI from 7d to 28d. As specified in ASTM C311, the SAI is a percentage of the 
compressive strength of the test mixture that contains 20% (by mass) fly ash and 80% (by mass) 
portland cement to the compressive strength of the control mixture that contains 100% (by mass) 
portland cement. Hence, a decrease in the 28d strength activity index does not mean the absolute 
compressive strength of the fly ash mixtures is decreased at 28d. However, it should be noted that 
ASTM C618 states “meeting the 7 day or 28 day SAI (both at 75%) will indicate specification 
compliance.”  If a fly ash meets a 7d SAI, the later age SAI might still fail the 28d SAI requirement.    
4. Conclusions 
Based on the above results, the following conclusions can be drawn: 
1. About 90% of the fly ashes tested can reduce the water requirement for mortar mixtures, but 
correlation between water requirement and fineness, or between water requirement and loss on 
ignition is not significant. 
2. A decreasing trend between 7d SAI and fineness was observed. As the amount of material retained 
on 45um sieve increased the 7day SAI decreased. 
3. The effects of SiO2 + Al2O3 + Fe2O3 content, CaO content and density of the fly ashes on the 7d 
strength activity index could not be clearly defined.  
 4. Loss on ignition does not influence the 7d strength activity index when it is below approximately 
3%; but a decreasing trend with LOI above approximately 3% is observed.  
 5. About 80% of tested fly ash mixtures have gains in strength activity index from 7d to 28d.  
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Abstract 
In this research the pozzolanic activity of commercial nanosilica was evaluated in lime pastes. 
Nanosilica samples used (suspension - NS and powder - Ny) were characterized by X-ray diffraction 
(XRD), particle size distribution (PSD), and zeta potential. The lime used was reagent grade. 
Lime/nanosilica pastes in proportions on dry basis 50-50 wt% and 70-30 wt%, were produced using 
water/cementitious-materials ratio (w/cm) of 1.0, 0 according to the procedure in ASTM - C305. These 
pastes were stored in sealed containers to be tested at 1and 3 curing days. Mineralogical evolution 
over time by X-ray diffraction (XRD) and Thermogravimetry analysis (TGA) was evaluated. It was 
found that due to its particle size, ease of dispersion, and stability at high pH values; the nanosilica in 
suspension has an a better capacity and speed of fixation of lime. 
 
Originality 
The main difference of our work with others earlier is the evaluation of the rate and percentage of 
fixation of lime by the nanosilica, ie, its pozzolanic activity without the interference from other 
constituents of the cement and without the variation in the amount of calcium hydroxide that occurs 
during cement hydration. Furthermore, the comparison between the pozzolanic activity of the 
nanosilica in suspension and in powder was made to contribute to the understanding of the main 
factors controlling the pozzolanic activity of these materials to the nano scale 
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1. Introduction 

The interaction of nanosilica with cement and its pozzolanic activity has been previously 

evaluated through pastes, mortars, and concretes blended with it. In this line of work, the 

nanosilica has been identified as an active admixture to the cement, displaying a highly 

pozzolanic behavior (Berra et al, 2012; Tobón et al, 2010; Nazari Ali et al, 2011; Ltifi et al, 2011; 

Naji et al, 2011; Senff et al, 2009; Tobón et al, 2015).  

In this research the pozzolanic activity of commercial nanosilica was evaluated in lime pastes. 

These pastes have a clear advantage over cement pastes because the portlandite or hydrated 

lime does not increase its quantity with curing time. For this reason, it is possible to take the 

initial value of calcium hydroxide as a constant according to the lime used. As is well known, 

in cement pastes the quantity of portlandite varies over time, making harder and less clear the 

interpretation of the pozzolanic reaction, whose progress is commonly evaluated in terms of 

the fixation of calcium hydroxide. 

2. Materials and methods 

Two types of nanosilica were evaluated, one in suspension (NS - BASF MEYCO MS 685) 

and another one in powder (Ny - nyasil). 

Nanosilicas were mixed with Carlo Erba calcium hydroxide with a purity of 95%. In 

proportions dry basis weight of 50-50 and 70-30 (lime-nanosilica) and with a water 

/cementitious-materials of 1.0, according to the procedure ASTM - C305; these pastes were 

stored in containers sealed in order to be tested at 1and 3 curing days. 

Mineralogical evolution of pastes was evaluated by X-ray diffraction (XRD) and 

thermogravimetric analysis (TGA). The XRD was performed in a PANalytical X'Pert PRO 

MPD equipment, with a 2θ range between 2° and 70°, with a step of 0.02° and an 

accumulation time of 30 s. Thermogravimetric analyzes were carried out in a Hi-Res TGA 

2950 Thermogravimetric Analyzer equipment, in an inert atmosphere of N2, using an alumina 

crucible and a heating rate of 10 °C/min between 25 °C and 700 °C. 

Fixed lime percentage was determined by quantifying the mass loss associated to the peak of 

calcium hydroxide (CH) from the thermograms. This mass loss is due to the water released in 

the dehydration process. The amount of CH present in the paste, according to the reaction 

stoichiometry, was calculated as follows: 

CH = W(MWCH/MWW)  (1) 

Where W is the water loss recorded in the thermogram, MW is molecular weight of water (W) 

or of calcium hydroxide (CH). Then, the fixed lime percentage was calculated for each age 

from to the initial amount of lime in each sample, as follows: 

%FL = ((CH0 – CHP) / CH0) * 100   (2) 

Where CH0 is the initial amount of calcium hydroxide in the sample and CHP is the amount of 

calcium hydroxide in the paste at a given time [5]. 

3. Results 
3.1 Characterization of the nanoparticles 

3.1.1 Particle size distribution 

The nanoparticles were analyzed for particle size distribution (PSD) in a Zetasizer (Figure 1) 

and found that NS presents particles much finer than Ny. The nanosilica in suspension (NS) 

has a mean diameter 98.7 nm and nanosilica in powder (Ny) of 599.1 nm. 



 

 

Figure 1. Particle size distribution for nanosilicas (NS and Ny). 

3.1.2 Specific Surface Area (SSA) 

In Table 1 the results obtained for the two materials by the BET method are presented. Ny has 

almost five times higher specific surface area than NS. 

Tab 1. Specific surface area of two types of nanosilicas used. 

Sample Specific Surface Area (SSA) 

 (m2/g) 

Nanosilica in suspension (NS) 51.40 

Nanosilica in powder (Ny) 284.85 

3.1.3 Zeta potential (ZP) 

Zeta potential was measured using a Zetasizer from Malvern Instruments. Figure 2 shows the 

behavior of Z-potential for these materials by varying the pH of the suspensions between 7.0 

and 13.0. For pH variation, different amounts of ammonium hydroxide were incorporated into 

mixtures. 

 

Figure 2. Variation of Z-Potential of nanosilicas with variation of pH. 

The zone between +25 mV and -25 mV has been established as unstable electric potential 

area for suspensions. That is an area where the particles tend to agglomerate (Srinivasan et al, 

2010). Therefore, the larger the absolute value of the Z-potential the greater the stability of the 

particles (Shih et al, 2006).  

In general, the samples show a trend towards less negative values of the Z-potential with the 



 

increasing the pH to the range tested. It can be seen that particles of NS have lower values of 

Zeta-potential and always below -25 mV; thus, it can be said that for the range of pH values 

studied these particles have a strong tendency to remain dispersed in the mixtures. Ny 

particles remain stable for pH values between 7.0 and 11.5. For higher pH the material enters 

the unstable region (-25 mV to 25 mV), which means that will have a tendency to 

agglomerate. 

The pH of the pore solution in Portland cement pastes depends on the concentration of alkalis, 

calcium silicates and CaO. The level of the pH is usually greater than 12.5 (Hidalgo et al 

2007). Due to the alkalinity in the suspension, is expected that the replacement of the lime by 

nanosilica in suspension (NS) show better performance, since the dispersion of their particles 

is uniform in the cement matrix. 

3.1.4 Transmission Electron Microscopy (TEM) 

Figure 3 shows images of shapes and sizes of the nanoparticles used. 

a) NS b) Ny 

80 nm
80 nm 

Figure 3. Sizes and shapes of the nanoparticles by TEM. 

The same scale (80 nm) was used in the two images (Figure 3). Nanoparticles (NS and Ny) 

are spherical. NS (Figure 3a) has diameters consistent with results obtained in the 

granulometric analysis. Ny (Figure 3b) is in form of clusters of small spheres that form 

"particles" or agglomerates larger than their individual particles. Ny clusters would explain 

because having Ny larger diameters than NS, Ny has a much greater surface area. This 

confirms what was stated by some researchers (Gaitero et al, 2010) as to the tendency to 

agglomerate of the nanoparticles in powder. 

3.1.5 X-ray Diffraction (XRD) 

Using this technique it was possible to confirm that the materials used as replacement, consist 

mainly of SiO2, which is the main peak in the XRD patterns (Figure 4). By the width of this 

peak and low intensity, it can be said that this phase has a low degree of crystallinity, almost 

amorphous. 



 

 

Figure 4. Diffractograms of nanosilica in suspension (red curve) and nanosilica in powder (blue 

curve). 

3.2 Pastes with nanosilica in suspension 

3.2.1 X-ray Diffraction (XRD) 

Figure 5 shows results for pastes with 30% and 50% of NS. 

 

Figure 5. Diffractograms of the lime pastes with replacement of lime by 30% and 50% of 

nanosilica in solution. P (portlandite), T (C-S-H), c (calcite). 

The most significant change in the samples is the decreasing the intensity of the peaks 

corresponding to the portlandite (P) with curing time and with increasing of nanosilica in the 

sample, to the point that for sample with 50% NS from first day of curing, the nanosilica has 

fixed all calcium hydroxide present in the pastes, converting the portlandite into C-S-H (T). 

3.2.2 Thermogravimetric Analysis (TGA) 

The percentage of fixed lime in the curing time, for each tested sample, is presented in Table 

2. 

Table 2. Fixed lime by NS. 

Sample Fixed Lime 

 (%) 



 

30NS 1d 71.1 

30NS 3d 71.4 

50NS 1d 100 

50NS 3d 100 

Samples with 30% NS increasing a little bit the percentage of fixed lime at 3 days, but 50% 

NS has fixed all Portlandite from first day as had been seen in XRD results. 

3.3 Pastes with nanosilica in powder (Ny) 

3.3.1 X-Ray Diffraction 

Figure 6 shows the XRD patterns for the samples with 30% and 50% of Ny, for 1 and 3 

normal curing. 

 

Figure 6. Diffractograms of the lime pastes with replacement of lime by 30% and 50% of 

nanosilica in powder. P: Portlandite, T: C-S-H c: calcite. 

The portladite (P) is the main phase constituting these pastes. But shown as the intensity of 

the peak corresponding to the calcium silicates hydrate (T) increases with curing time. 

3.3.2 Thermogravimetric Analysis (TG) 

Table 3 shows fixing lime to samples with 30% and 50% of Ny for different ages curing. 

Table 3. Fixed lime by Ny. 

Sample Fixed Lime 

 (%) 

30Ny 1d 9.42 

30Ny 3d 26.55 

50Ny 1d 31.71 

50Ny 3d 65.89 

The fixed lime increasing with curing time and with increasing of nanosilica, but even with 

such a high percentage (50%) this mineral admixture does not fix 100% of the calcium 

hydroxide available in the sample. 

4. Conclusions 
The nanosilica in suspension (NS) has greater capacity and rate of fixation of lime than 

nanosilica in powder (Ny), thanks to its better stability at high pH values. 



 

NS reactivity makes that amount of fixed lime be up to seven times higher compared to Ny 

for the first three days of curing. 

In the case of NS the maximum percentage of replacement for lime is between 40% and 50%. 

While, this is higher than 50% for Ny. 

The two nanoparticles can be seen as early activity pozzolans, because the activity is much 

stronger in the first three days. 

Nanosilica in powder (Ny) is agglomerated, whereby in the analysis of particle size 

distribution this material seems as made up of coarse particles that are outside the range of 

nanoparticles. However, through TEM can be seen how really the particles of this material are 

of less than 80 nm diameters, even smaller diameters than the spheres of NS. 

Although a good dispersion of Ny will be achieved in other assays, when these nanoparticles 

are mixed with cement or lime in the presence of water, they tend to agglomerate as was 

showed with the results of Z-potential at high pH. 
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Abstract 
Advancement in concrete technology in recent years is generally focused on the strength and durability of 
structures during the design of cement concrete. Portland cement plays an important role in the production of 
concrete due to its binding properties. In year 2013, approximately 4 billion tons of cement was generated 
worldwide which carries with it great environmental issues such as energy and resource conservation, cost of 
production and green house gas emission. Supplementary cementitious materials (SCMs) are pozzolanic 
materials (natural, industrial wastes and by-products) to be efficiently utilized as partial cement replacement to 
improve the strength and durability of cement concrete. The utilization of SCMs in concrete not only reduces the 
disposal problems but also makes it economical by reducing the Portland cement content and ultimately leads to 
reduction in emission of global CO2 and other green house gases. 
Cement kiln dust (CKD) is a highly alkaline cement manufacturing by-product which possesses cementitious 
characteristics as of cement but its utilization causes crack, deformities and reduces the strength and quality of 
cement and concrete; and leachate generated makes surface and ground water contaminated. So, it is necessary 
to monitor the alkalinity of CKD before utilization. This study presents the effect of bacterial (alkali-tolerant 
Bacillus strain KG1) treated cement kiln dust (after reducing the alkalinity) as partial replacement of Portland 
cement (10, 20 and 30% w/w) on the hydration process of blended cement pastes, compressive strength, split 
tensile strength, ultrasonic pulse velocity and rapid chloride permeability of blended cement concrete at 91 days 
of curing. Test results showed decrease in 67.28% alkalinity in leachate, 27.32% K2O and 24.43% SO3 content 
in powdered CKD after 20 days of bacterial treatment. In 10% bacterial treated CKD-cement paste increased 
hydration was observed which later on decreases as CKD content increases. The increased hydration at 91 days 
of curing was responsible for increased compressive (26.6%) and split tensile strength (26.7%) in 10% bacterial 
treated CKD concrete compared with control mix specimens. Increased ultrasonic pulse velocity and decreased 
chloride permeability revealed improved durability in concrete containing bacterial treated CKD. Micro-
structure analysis revealed increased formation of calcium silicate hydrate and non-expansive ettringite that 
resulted in dense structure and low permeability. 
 
Originality 
Recycling and utilization of industrial solid waste and by-products in cement and concrete have become an 
attractive alternative to disposal for sustainable concrete production. Cement kiln dust (CKD), a by-product, 
generated in large quantities during the manufacturing of cement clinker which is highly alkaline. The alkaline 
leachate and heavy metals generated from CKD affects the water buffering capacity and poses risk to surface 
and ground water contamination during landfilling. Its utilization in cement-concrete system not only reduces 
the quality of cement and strength of concrete, but also affects the hydration and microstructure of cement paste 
due to alkali and sulfate content. Several studies have been reported on utilization of cement kiln dust in 
concrete but no such study has been reported on its alkalinity reduction and its influence on the mechanical and 
durability properties of CKD concrete. Till date several studies reported on the use of alkali-tolerant 
microorganisms to treat alkaline effluents but not the solid wastes. Therefore, the present study was made on the 
use of bacterial treatment to bio-remediate (alkalinity) the industrial by-products before utilization; and 
influence of bio-remediated by-product on the strength, permeability and microstructure of concrete. 
 
Keywords: Bacteria; CKD-concrete; micro-structure; permeability; strength 
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1. Introduction 

Concrete is the most durable and widely used building material due to low cost, general availability 

and wide applicability. Concrete is made from coarse aggregates (gravel or crushed stone), fine 

aggregates (sand), water, cement and admixtures with annual consumption estimated between 21 and 

31 billion tones in 2006 (European Concrete Platform, 2009).  Portland cement plays an important 

role in the production of cement mortar and concrete due to its binding properties. In year 2013, 

approximately 4 billion tons of cement was generated worldwide compared to 3.8 billion tons in 2012 

(Oss H. G., 2014). This increase in cement production carries with it great environmental issues such 

as energy and resource conservation, cost of production, green house gas emission and above all 

waste by-product, cement kiln dust (CKD), generation. This shows that the cement and concrete 

industry is facing tremendous challenge for sustainable development of building and construction 

materials. 

Cement kiln dust is a fine powdery material generated in large quantities during the production of 

Portland cement from the control devices (eg. cyclone, bag house, or electrostatic precipitator). 

According to USEPA (1993), the generation of CKD has been estimated to be 15 to 20% of clinker 

production with 600 to 800 million tons worldwide in 2013.  

CKD is derived from the same raw materials as ordinary Portland clinker, and despite the fact that it 

has similar chemical composition to that of ordinary Portland cement, significant variation in physical 

and chemical composition of CKDs obtained from different cement plants has been observed. CKD’s 

on the average are typically characterized by high alkali and sulfate content which is responsible for 

the removal of dust from the kilns as its reutilization as raw feed in cement production may reduce the 

quality of cement, thus, major part of unutilized dust is dumped in open land as landfill material. In 

recent years, there has been an increase in the utilization of CKD for beneficial applications such as 

cement replacement. 

Cement kiln dust is generated as a measure to control removing volatile alkalis, chlorides and sulfates 

from the kiln system and to ensure uninterrupted operation of the plant. The generation of large 

quantities of CKD is responsible for a significant financial loss to the cement industry in terms of the 

value of the raw materials, processing, energy usage and, above all, its disposal and storage. Disposal 

of waste CKD is not only associated with the problem of land use but also with contamination of 

ground water from leachate generated. Due to the cost associated with the production and disposal of 

CKD and the strong and strict environmental regulations on the proper management of CKD, the 



cement industries now showing a keen interest in finding the proper utilization of CKD in a manner 

that protects human health and the environment. 

In recent years, there has been an increase in the utilization of CKD for beneficial applications such as 

cement replacement, waste treatment, soil stabilization and other uses. Cementitious properties of 

CKD make it a potential replacement for Portland cement in cement paste, mortar and concrete. 

Generally, the pH of CKD- water mixture is around 12.5 and is considered to be alkaline and 

corrosive as per Resource Conservation and Recovery Act (RCRA). The alkalinity of CKD needs to 

be monitored to avoid expansive alkali aggregate reaction which causes crack, deformities and reduce 

the quality of cement and concrete (Ghanem H., et al., 2010; Juenger M. C. G., and Jenning H. M., 

2001). The American Society for Testing and Materials (ASTM) specifies a limit of 0.6 percent alkali 

in Portland cement (Kosmatka S. H., and Panarese W. C., 1990).  

Bhatty (1986) found that due to high alkalinity in the dust, CKD blended cement had reduced 

workability, setting times and strength. In most of the studies, up to 10% replacement of cement by 

CKD has no significant effect on the compressive strength of hardened mortar and concrete up to 90 

days (Maslehuddin M., et al., 2009, 2008; Wang K., et al., 2002). The increased strength in CKD 

concrete was attributed to an appropriate alkalinity that increases the dissolution of silicate species 

and the formation of calcium silicate hydrates, CSH (Wang K., et al., 2002). Above 10% replacement 

levels the reduction in compressive strength was due to poor hydraulic property of CKD, reduction in 

the cement content, an increase in free lime content, an increase in the water-to-binder (w/b) ratio, 

increased porosity, and the formation of chloro- and sulfo-aluminate phases which lead to the 

softening and expansion of the hydration products (El-Aleem S. A., et al., 2005; Daous M. A., 2004; 

Wang K., et al., 2002; Shoaib M. M., et al., 2000). Such studies concluded that alkalinity is the major 

factor in reducing the strength of the cement-concrete and needs to be monitored before utilization. 

Cement kiln dust after reducing the alkalinity can be used in cement-concrete system and may 

improve cement-concrete properties. Few studies have been reported on the use of carbon dioxide gas 

to remove the alkalinity of CKD but the methods are highly expansive, laborious and above all CKD 

is not reutilized rather landfilled (Mohamed, A. M. O., and El-Gamal, M. M., 2011; Gebhardt, R. F., 

2001). The better alternative to the use of chemical process is the biological treatment of alkaline 

wastes using bacterial system which grow well at high pH.  

Microorganisms play a major role in bioremediation process. Alkaliphilic and halophilic 

microorganisms are potential candidates as they have ability to tolerate high concentration of 

alkalinity and salinity (anions and cations) necessary for their growth. Several studies have been 

conducted on the bioremediation of industrial effluents or alkaline waste water using various 



microorganisms (Solanki, P. and Kothari, V., 2012; Ibrahim, A. S. S., et al., 2012, 2011; 

Mangaiyarkarasi, M. S. M., et al., 2011) and reported that alkaliphilic bacteria could degrade 

pollutants under highly alkaline conditions (Ntougias, S., et al., 2006; Tanabe, H., et al., 1987) but 

reports on the application of alkaliphilic bacteria in treatment of solid alkaline waste are very rare. 

Thus, in the present study was made to reduce the alkalinity of the CKD using alkali-tolerant bacterial 

strain (Bacillus sp.). The treated CKD then utilized in mortar and concrete as partial replacement to 

cement in different percentages (10, 20 and 30%) and investigated the effect on the strength and 

permeability of concrete. 

2. Materials and Methods 

2.1 Material used 

2.1.1 Cement 

Indian Standards (IS) mark 43 grade cement (28-day compressive strength of cement is 43 MPa) of 

UltraTech brand was used for all mixes. Testing of cement was conducted as per IS: 8112-1989 and 

are reported in Table 1. 

2.1.2 Fine and coarse aggregate 

Testing of fine aggregate (sand; 4.75 mm maximum size) and coarse aggregate (12.5 mm size) was 

done as per IS: 383-1970 and are shown in Table 1. 

2.1.3 Cement kiln dust 

Cement kiln dust (CKD) is fine powdery material of grey-black in color and relatively uniform in size. 

Table 1 and Table 2 represent the physical and chemical properties of CKD.  

Table 1: Properties of cement, fine, coarse aggregate and CKD 
 

Characteristics Cement Fine 
Aggregate

Coarse 
Aggregate 

CKD 

Fineness (% 
retained on 90 µm 
sieve) 

1.0 --  -- 22.5 

Fineness modulus -- 2.72 6.74 -- 
Specific gravity 3.03 2.62 2.59 2.39 
Initial setting time 
(min) 

120  -- -- -- 

Final setting time 
(min) 

240  -- -- -- 

Water absorption 
(%) 

-- 0.80 1.02 -- 



pH 13 -- -- 12 
 

 

2.2 Bacterial treatment of CKD 

Alkalitolerant bacteria was isolated from rhizospheric soil on enrichment medium and maintained on 

minimal medium (M9) and pH was adjusted to 11 and 12 by KCl-NaOH buffer. CKD was mixed with 

0.8 OD value of the selected bacterial strain KG1 (OD 1.0 ≈ 108 cells) in the ratio CKD to culture 

(4:1) and incubated for 20 days. After 5 days of incubation, sucrose solution (10%) was added only 

once during the treatment to provide carbon source for the bacterial strain KG1. After the completion 

of the incubation period of 20 days, samples were collected to generate leachate and analyzed for 

alkalinity and 

chloride along 

with control 

treatment (APHA 

2005). 

 Table 2. 

Chemical properties 

of CKD 

Constituent 
(%) 

CKD 
(control) 

CKD 
(bacterial 
treated) 

Maslehuddin 
M., et al., 

(2009) 

Taha R., et 
al., [2004] 

CaO 55.8 48.2 49.3 63.8 

SiO2  13.2 11.0 17.1 15.8 

Al2O3  2.4 2.2 4.2 3.6 

MgO  0.7  0.6 1.1 1.9 

SO3  1.1  0.8 3.6 1.6 

K2O  1.1  0.6 2.2 3.0 

Na2O -- -- 3.8 0.3 

Fe2O3 2.6  2.4 2.9 2.8 

CuO 0.9  0.8 -- -- 



 ZnO 0.7  0.6 -- -- 

LOI -- -- 15.8 5.38  

 

 

 

 

 

 

 

 

 

 

2.3 Casting and study of concrete properties 

The bacterial treated CKD was used for the concrete mixtures along with series of control concrete 

mixtures containing untreated CKD. Cement was replaced with CKD by weight in proportion of 10, 

20 and 30% in M20 grade concrete mix. Hydration of cement and cement blended with CKD was 

analyzed according to the procedure described by Powers T. C. (1947). The control without CKD was 

designed as per Indian Standards specifications IS: 10262-1982. Concrete cubes of size 150 mm were 

tested for compressive strength (IS: 516-1959), splitting tensile strength (ASTM C496-11), ultrasonic 

pulse velocity (IS 13311(Part 1) 1992) and rapid chloride permeability test (ASTM C1202-12). The 

specimens were tested after 91 days of curing period.  

3. Results and Discussion  

3.1 Physical and chemical properties of CKD 

Specific gravity of CKD was found to be observed as 2.39 whereas typical specific gravity varies 

between 2.4-2.8 (Collins R. J., and Emery J. J., 1983). Fineness and pH was found to be observed as 

22.5% and 12, respectively. Table 2 presents the chemical composition of typical CKD and CKD used 



in this study. Compounds of lime, silica, alumina and iron constitute the major composition of CKD 

followed by alkali (K2O; 1.1%) and sulfur (SO3, 1.1%). Analysis of CKD showed the absence of Na 

and Cl with small amounts of Cu, Mg and Zn. Lime was found to be observed as maximum value of 

55.8% whereas silica was found to be observed as 13.2%.  

3.2 Bacterial treatment of CKD 

The alkalinity and chloride of control CKD leachate was 1467 mg/L and 460 mg/L, respectively, 

whereas after treated with bacterial strain KG1, reduced significantly to 480 mg/L (32.72%) and 73.33 

mg/L (15.94%), respectively. The EDX analysis of bacterial treated CKD also revealed the significant 

reduction of K2O and SO3 content by 47% and 24%, respectively, (Table 2).  

3.3 Effect of bacterial treated CKD on concrete properties 

CKDs cement like properties makes it a potential replacement for Portland cement in utilization in 

cement concrete systems but its high alkalinity restricts its utilization and dumped in open landfills as 

waste. The hydration process in cement and CKD blended cement pastes is illustrated in Figure 1. In 

all hardened cement paste the degree of hydration increased with curing time due to continuous 

hydration and accumulation of hydration products such as calcium silicate and sulfoaluminate hydrate 

(El-Aleem S. A., et al., 2005). At the age of 91 days, the hydration increased significantly in 10% 

CKD content which later on decreases with increase in CKD content (Figure 1). During mixing of 

cement paste with water, due to high alkalinity the calcium and silica may leach out which upon 

hydration not available for the formation of hydration products where as in CKD blended cement 

pastes the loss of calcium and silica decreased due to less alkaline nature of blended pastes resulted in 

increased hydration. Above 10% CKD additions the reduction in alkali content significantly affected 

the hydration process resulted in decreased hydration which was far decreased in bacterial treated 

CKD blended cement pastes. 

 



 

Figure 1 Degree of hydration in cement pastes with different percentages of cement kiln dust at 91 days. 

After addition of bacterial treated CKD in concrete, 37, 47 and 55% reduction in alkalinity was 

observed in 10, 20 and 30% treated CKD concrete compared to control concrete mix. After casting at 

the age of 91 days, upto 10% CKD replacement (control CKD concrete) showed increased strength 

whereas in 30% CKD control concrete compressive strength was decreased (Figure 2). Maslehuddin 

M. et al., (2009) reported that upto 5% CKD could be used without compromising the compressive 

strength of concrete. The decreased compressive strength above 10% CKD control concrete may be 

due to increased alkalinity, porosity and lower cement content.  

 

Figure 2 Compressive strength of untreated and bacterial treated concrete containing cement kiln dust at 91 days. 

Increased compressive strength was also found in bacterial treated CKD concrete (up to 10%) beyond 

which the strength decreases. The strength in later ages was contributed by the additional hydrates 

obtained from the secondary reaction between active silica and alumina oxides in mineral additives 

with free calcium hydroxides obtained from the hydration of clinker (Figure 2).  



 

Figure 3 Splitting tensile strengths of untreated and bacterial treated concrete containing cement kiln dust at 
91 days. 

 

The effect of untreated and bacterial treated CKD on splitting tensile strength of concrete mixtures at 

91 days is summarized in Figure 3. Test results show 12% increase in strength at the age of 91 days in 

10% untreated CKD concrete compared to control concrete. Udoeyo F. F. and Hyee A. (2002) 

reported 24% reduction in split tensile strength for concrete containing 20% CKD as partial 

replacement to Portland cement. Shoaib M. M. et al. (2000) found decreased strength with increase in 

CKD content due to poor bonding between aggregates and cement. In this study partial replacement 

of 10% cement by untreated CKD in concrete, the strength increases as CKD acts as a filler material 

between cement and aggregates, thus increases the compaction of the structure. 

Similar increase in splitting tensile strength in 10% bacterial treated CKD concrete was also observed 

(Figure 3) which is due to appropriate alkalinity and the reduced size of CKD that significantly fills 

the pores and enhanced late (at 91 days) strength development Wang K. et al. (2002). 

Figure 4 shows the ultrasonic pulse velocity (UPV) study of cement kiln dust concrete. UPV is a non 

destructive test and represents the grading of the concrete from poor to excellent. In this study, all the 

treatments shows good grading of concrete where the pulse velocity lies between 3500-4500 m/s. 

RCPT shows the permeability of concrete by measuring the charge passing in terms of chloride ions. 

Higher the passing of chloride ions higher is the permeability and lower is the strength. In 10% 

bacterial treated CKD concrete, the migration of chloride ions was very less which represents the 

greater strength in it compared to control treatments (Figure 5).  

 



 

Figure 4 Ultrasonic pulse velocity and RCPT of untreated and bacterial treated concrete containing cement 
kiln dust at 91 days. 

 

 

Figure 5 RCPT of untreated and bacterial treated concrete containing cement kiln dust at 91 days. 

 

SEM and XRD analysis of concrete samples with or without bacterial treated cement kiln dust shows 

peaks of quartz (Q), calcium silicate (CS) or calcium silicate hydrate (CSH), calcite (C) and ettringite 

(E) phases (Figure 6, 7).  

 



 

Figure 6 SEM and XRD shown by concrete without CKD (0%). 

 

 

Figure 7 SEM and XRD shown by concrete containing 10% CKD; (a) untreated CKD, and (b) bacterial 
treated CKD. 

In 10% bacterial treated CKD concrete (Figure 7b) the increased formation of CSH or CS resulted in 

increased strength compared to CKD control concrete (Figure 7a). Ettringite formation in 10% 

bacterial treated CKD concrete, due to less alkali content, was non expansive and filled the pore 

structure in concrete resulted in dense structure and increased the compressive strength (Famy C., et 

al., 2000). XRD analysis shows increased CSH formation in 10% bacterial treated CKD concrete 

resulted in dense structure formation and reduced porosity.  



4. Conclusions 

1. Bacillus strain KG1 has positive effects on the strength properties of blended CKD concrete 

after reducing the alkalinity of CKD.  

2. In 10% bacterial treated CKD content, hydration at 91 days was maximum (0.328) compared 

to 0% CKD control (0.277).  

3. Maximum increase in compressive strength of 26.6% in concrete containing 10% bacterial 

treated CKD at 91 days in comparison to control mix (0% CKD). 

4. SEM and XRD analysis revealed the increased formation of CSH gel and non-expansive 

ettringite formation which supports the increased compressive strength bacterial treated CKD 

concrete. 
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Abstract 
This study is related to the evaluation of the feasibility of using sewage sludge ash as supplementary material for the 

production of concrete in the metropolitan area of Recife. The metropolitan area of Recife, capital of Pernambuco, in 

northeastern Brazil, currently has a population of around 3.8 million people and features problems that are common to 

any large urban center. Among such problems there are those associated with the generation of solid waste, particularly 

those resulting from the treatment of domestic sewage. Considering that sewage treatment currently reaches only 21% 

of the population of this area, one may consider that its influence is not significant at present; however there is an 

ongoing project of Public-Private Partnership that intends this service to raise to the level of 81% in just 12 years, 

keeping it at this level for over 23 years. Accordingly, it is intended to reach the milestone of 5 million people served 

with sewage treatment in 35 years. The production of Sewage Sludge, the final destination of which is currently very 

difficult, has increased 300% in this period, making it extremely relevant that studies be carried out to ensure safe final 

destination of residues with the lowest possible environmental impact. For the study eight families of concrete were 

produced with two different mixtures, four families were classified as structural concrete and four as non- structural 

concrete. In these four families, one was used as reference sample and the other three were produced using different 

levels of sludge cuts replacing the cement, which were respectively 5%, 8% and 12%. For fresh state, some properties 

were observed such as workability and specific gravity and for the hardened state, compressive strength, diametral 

tensile compression and water absorption by capillary action were checked. To study the consistency, the concrete 

produced similar slumps, showing that the use of ashes did not have a significant influence on workability. In the 

hardened state, the 8% percent of substitution showed the best results in compressive strength testing at 28, 60 and 90 

days for both structural and non-structural concrete. For the testing of tensile strength by diametral compression, the 

percentages of 5% and 12% had the greatest results, respectively for structural and non-structural concrete. In water 

absorption tests by capillary, a similar behavior between the structural and non-structural concrete were found. For 

both concretes (structural and non-structural) the study showed that family 3 with 8% ash replacement had the lowest 

water absorption. 
  
Originality 
This study has particular relevance for the region, considering the expansion in sewerage services and the need to 

ensure efficient and safe disposal of the waste generated. Converted sewage sludge ash could already represent an 

attractive option for large-scale use, but the use of the ash as pozzolan cement replacement, reinforces the nature of 

sustainability of the process. Large-scale production techniques for ensuring the viability of the results for application 

in large amounts of products were used. In this sense, it ensures not only reduction of the volume of waste that is about 

to compromise the management of solid waste sites, but also contributes to the reduction of CO2 generation, with the 

reduction in cement consumption, while keeping the use of a cementitious matrix.  

Keywords: Sludge Ash. Pozzolanic Reaction. Filler Effect. Concrete with mineral additions. 
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1. Introduction 
High population growth, especially in urban areas, resulted in an increase in the waste generation, which has 

become an even bigger problem because this growth occurred together with the lack of infrastructure and 

quality urban services, to meet the population demand. 

One of the greatest challenges today is the difficulty of ensuring that government actions accompany 

population growth, mainly on large urban centers, a fact that has resulted in many environmental problems, 

among which stand out improper sewage dumping, polluting the environment.  

The Brazilian scenario is no exception to this rule and it is important to mention that even with all 

government efforts to expand the Sanitary Sewage Systems, ensuring the installation of new Waste Water 

Treatment Plants (WWTPs) and recovering the existing ones, such actions are only part of the solution, since 

the treatment plants are designed for treatment of the liquid portion, adequating it to the quality standards 

specified in the law and allowing it to return to the water bodies without affecting them. This does not occur 

with the solid portion, i.e. the sludge generated during the treatment (Pires, 2012). 

Pedroza et al (2010) mention a study carried out by Soares (2004) where he intended to evaluate the 

conditions of generation and disposal of sludge produced in Brazil. According to this study, approximately 

30% of the urban population is served with sewage collection and treatment, corresponding to an annual 

production estimate of 150-220 thousand tons of dry sludge. The study informs that sanitary landfills end up 

being the final destination for the sludge generated. 

To define the best conditions for the disposal of this waste is still a challenge, mainly considering the fact 

that the sludge composition depends directly on the pollutants present in the sewage that reaches the 

treatment plants and also are impacted by the procedure adopted for the treatment operation (Perez-Carrion 

et al, 2014). An initial thought on how to ensure this disposal has been to use the waste as an input for 

agriculture, due to the presence of elements such as nitrogen, phosphorus, potassium, calcium and 

magnesium; however, the presence of contaminants such as bacteria and heavy metals has been a 

complicating factor for the widespread adoption of this practice (Perez-Carrion et al, 2014; Donatello and 

Cheeseman, 2013; Pedroza et al, 2010). 

Therefore, both the deposition in landfills and the use of this waste as raw material for agriculture input do 

not seem to be an appropriate solution, also requiring mechanisms which allow eliminating or adequately 

containing contaminants and pathogens, since an inadequate disposal may represent a serious risk to humans, 

as well as to the environment. In addition, we must consider the costs involved in the final disposal process 

and in this sense Pires (2012) points out that the disposal in landfills may cost up to 50% of the operating 

cost of a WWTP, which makes it a high-cost operation.  

Several researchers have indicated incineration as a real possibility for the solution of this problem, since this 

process allows a significant reduction of the initial volume before the disposal in landfills, and it also enables 

the generation of energy by using its heat content, making it a sustainable process from the environment 

point of view. For sewers with a solid content between 25% and 30%, the incineration process may provide a 

reduction of up to 90% of the initial volume (Perez-Carrion et al 2014; Donatello and Cheeseman, 2013; 

Fontes, 2008; Geyer, 2001). 

Fontes (2008) indicates that even being considered as an option for final disposal, the incineration should not 

be presented as a complete solution, given that this kind of process produces two types of ash, i.e. bottom ash 

and floating ash. This is an adapted terminology, that relates the maximum diameter of the material with its 

characteristics, describing floating ash as the extremely fine ash (100% with diameter lower than 0.15 mm) 

and that are collected by gas purification equipment and bottom ash as those that collect at the bottom of the 

boiler forming a silico-aluminous compound with aggregate and particulate material (Camara, 2011). 

Regarding the incineration process, some details must be considered, since the furnace temperature, the 



 

dwell time of the material inside the kiln and the internal aeration condition of the kiln decisively impact the 

reactive potential of ashes generated. Obtaining a material with pozzolanic reactivity is relevant due to the 

possibility of a greater use of the residue, mainly in the construction industry (Morales, 1994).  

Morales (1994) also points out that the adoption of temperatures between 600oC to 900oC [1112-1652 °F] 

allows the dehydroxylation of certain clay minerals and help obtaining a crystalline disorder which enhances 

the reactivity feature of the material. He indicates that the optimum working temperature range shall be 

between 750 oC and 800oC [1382-1472], because between 600oC and 750oC [1112-1382 °F] there is a risk of 

generating non-broken montmorillonite and between 800oC and 900oC [1472-1652 °F] may occur some 

recrystallization of the material present in the sludge, which will reduce its reactivity. Figures 1 and 2 show 

the ash diffractograms obtained at different temperatures and Figure 3 shows details of the morphology of 

the ash obtained at 800oC [1472 °F].  

Morales (1994) also emphasizes the importance of using a kiln with partial aeration in the process, preferably 

a rotary kiln under an oxidizing atmosphere, otherwise there is a risk of producing significantly 

heterogeneous material and thus undermine its application on a larger scale. It is important to mention that 

the dwell time is linked to the type of furnace chosen and to the firing temperature to be applied to the 

sample. Table 1 presents the results of tests conducted to determine the chemical composition of the 

incinerated sludge from different treatment plants. 

Considering the adoption of efficient parameters for obtaining ashes with relative pozzolanic activity, several 

authors have been pointing out the possibility of using the ash as a mineral filler for producing ceramic 

material and also for the production of concrete and mortar (Brosch, 1975; Alleman and Berman, 1984; Tay, 

1987a; Morales and Agopyan, 1992; Geyer, 2001; Fontes, 2008; Garcés et al, 2008; Duarte, 2008). 
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Figure 1 – X-ray diffraction for the sludge ash samples at 650oC (1202 oF). Source: Fontes (2003). 
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Figure 2 – X-ray diffraction for the sludge ash samples at 850oC (1562 oF).  Source: Fontes (2003). 

For cement-type material, ashes may be used to partially replace the mass of cement or as a simple addition 

to the mix; however the first option has gained more space in academia by providing satisfactory 

performance combined with a sustainable behavior.  

 

(a) (b) (c) 

Figure 3 – The SEM micrografhs for the sewage sludge ash fired at 800oC: (a) 500 x; (b) 1.000 x; (c) 10.000 x. Source: 

Geyer (2001). 

Although most research has been dedicated to find a characterization of the ashes produced and to determine 

its influence as a mineral filler on mechanical properties of the samples tested, there are also studies focusing 

on the variations identified in fresh state and on properties related to durability.  

In this regard, Tay (1987b) examined concrete samples where there was partial replacement of the cement 

mass by different content of sludge ash (0%, 5%, 10%, 15% and 20%) and concluded that the use of ash 

promoted an increase in consistency. Similar experiment was conducted by Geyer (2001) who used the same 

replacement content adding a different water/binder ratio (0.50 to 1.10) as a variable for the study; it was 

concluded that the presence of ash promoted an increase in the consistency and workability of the concrete. 

 

 

 

 

 



 

Tab. 1 – Chemical composition of the sludge ash from different sludge treatment plants 

Chemical 

Composition 

STP 

Londrina*1 

(%) 

STP 

Pinheiros*2 

(%) 

STP 

IAPI*3 

(%) 

STP 

Tsukuda*4

(%) 

STP 

shiga*5 

(%) 

STP 

Hannover*6 

(%) 

STP 

Pine*7   

(%) 

SiO2 41,20 51,74 55,20 51,90 46,60 36,20 19,20 

Al2O3 22,70 26,58 13,00 15,60 26,00 14,20 8,90 

Fe2O3 15,00 6,51 3,00 7,30 5,00 5,60 10,00 

CaO 4,92 4,57 0,28 6,20 8,60 10,00 30,60 

P2O5 NA 1,69 ND 9,20 2,39 1,50 12,30 

MgO 2,42 1,76 0,90 2,30 2,10 1,50 2,70 

Na2O 0,05 0,37 ND 0,40 1,20 0,70 0,80 

K2O 0,28 1,33 ND 0,60 0,70 1,20 1,40 

Cr NA 0,21 0,01 0,30 0,09 0,45 NA 

Ni NA 0,04 ND ND ND ND NA 

Cu NA 0,08 ND ND ND ND NA 

Zn NA ND ND ND 0,20 ND NA 

As NA ND ND ND 0,07 ND NA 

Pb NA 0,05 ND 0,01 ND 0,02 NA 

Ba NA 0,01 ND ND ND ND NA 

MnO NA 0,24 ND ND ND ND NA 

S – SO3 0,99 1,92 ND ND ND ND 11,10 

Sources: Morales, 1994*1; Sardinha e Moringo, 1992*2; Valdemar, 1992*3; Endo et al, 1997*4; Okuno et al, 1997*5; 

Wiebusch e Seyfried, 1997*6; Pérez-Carrión et al, 2014*7. 

ND = Not detected and NA = Not Evaluated 

A different result was observed by Fontes (2003) when conducting a study checking the influence of partial 

replacement of cement mass by sludge ash in concrete (0%, 5% and 10%); it was found that increasing the 

percentage of replacement reduced the consistency of the samples tested. However, the author points out that, 

despite the reduction observed in the slump test, the mixtures showed good workability and good 

moldability. 

Regarding the compressive strength, Geyer (2001) found a performance reduction trend as the replacement 

levels increase, however, he points out that replacing small amounts cause small influence on the mechanical 

strength. It is important to mention that ashes obtained in Geyer study (2001) presented predominantly filler 

characteristics, with low pozzolanic action, which explains the behavior observed and this is consistent with 

the results of other researchers, for additions with predominant filler characteristics (Moura, 2000; Gumieri, 

2002). 

In the work carried out by Fontes (2003), the relative pozzolanic activity of the ash used did not allow to 

establish differences in results (compressive strength, tensile strength by diametral compression, flexural 

strength and modulus of elasticity) between the samples with replacement and their respective reference 

samples. It is important to mention that the analyzes were carried out solely at 28 days of age and that in this 

cure time it may be premature to assess the development of the pozzolanic activity in mixtures, considering 

the speed at which such reactions normally occur. 

Given the above, this paper aims to contribute analyzing the requirements that positively affect the obtaining 

of sludge ashes with pozzolanic activity and thus promote an evaluation of the mechanical performance of 

concrete produced with different percentage of this material, replacing cement by means of compressive 

strength test and tensile strength by diametrical compression, in addition to verifying the durability by means 



 

of capillary water absorption test. 
2. Materials and methods 
2.1 Sewage Sludge Ash (SSA) 

The sludge used in this experiment was collected at Cabanga Sewage Treatment Plant, located in the 

Cabanga district, in the city of Recife, Pernambuco, Brazil. 

After the collection, the sludge was subjected to a compaction and drying process, and then incinerated at a 

temperature of 800 °C [1472 °F] for three (3) hours in a rotary kiln. Ashes resulting from the incineration 

process were grounded and then passed through a #200 sieve (0.075 mm). Figure 4 shows the appearance of 

the sludge ash obtained.  
 

 
Figure 4 – Sewage Sludge Ash aspect obtained after sieving 

Its apparent density was obtained from a Scott density meter and the result obtained from this measurement 

was 0.608 g/cm3. The specific surface area was obtained by the BET method, the result was 10,167.8 cm2/g. 

2.2 Portland Cement 

The cement used was CPIV-RS-32 and its characteristics are presented in tables 2 and 3.  

Tab. 2 – Chemical characteristics of the cement used. 

CHEMICAL TESTS 

Test NBR No Unit Results 

Specification of 

NBR 5736 

Standard 

Loss under fire - (PF) NBR NM18/04 % 1.56 ≤ 4.5 

Magnesium Oxide - MgO NBR NM14/04 % 2.81 ≤ 6.5 

Sulfuric Anhydride - SO3 NBR NM16/04 % 2.39 ≤ 4.0 

Insoluble residue - RI NBR NM22/04 % 29.11 Not applicable  

Alkaline equivalent in Na2O – 

(0,658 x K2O% + Na2O%) 
- % NI* Not applicable 

Free Calcium oxide - CaO (free) NBR NM13/04 % 0.94 Not applicable 

*NI – Not informed  

 

 

 

 

 

 

 

 



 

Tab. 3 – Physical characteristics of the cement used. Source: Manufacturer 

PHISICAL TESTS 

Test NBR No Unit Results 

Specification of 

NBR 5736 

Standard 

Blaine specific area NBR NM76/98 cm2/g 4,990  

Specific gravity NBR NM23/98 g/cm3 NI* Not applicable 

Apparent density - g/cm3 NI* Not applicable 

Fineness - Residue on #200 sieve (0.075 

mm) 
NBR 12.826/93 % 0.2 ≤ 8.0 

Fineness - Residue on #325 sieve (0.044 

mm) 
NBR 12.826/93 % 4.9 Not applicable 

Water in the paste with standard 

consistency  
NBR NM43/03 % 33.6 Not applicable 

Setting start NBR NM65/03 hh:min:ss 02:57:00 ≥ 1.0 

End of setting NBR NM65/03 hh:min:ss 03:57:00 ≤ 12.0 

Le Chatelier expandability – hot NBR 11.582/91 Mm 0.0 ≤ 5.0 

*NI – Not informed 

2.3 Aggregates for the concrete mixture 

For the fine aggregate a natural quartz sand was used, which is widely found in Pernambuco Region. The 

coarse aggregate has a granite-like nature and may be easily found in the region. To characterize the 

aggregates used in the composition of concretes, particle size composition tests for coarse and fine 

aggregates (per NBR NM 248:2003 Standard) and tests for determining the specific gravity of the material 

were carried out. Tables 4 and 5 present the particle size compositions of fine and coarse aggregates, 

respectively, and Figure 5 shows the particle size distribution curves for these materials. 

Tab. 4 – Characteristics of the natural sand used 

Particle size distribution of the sand used 

Sieve (mm) 

Individual 

retained mass 

(g) 

% of the 

retained mass 

% of the 

accumulated 

retained mass 

% of the 

accumulated 

passing mass 

9,5 0 0,00% 0,00% 100,00% 

6,3 0 0,00% 0,00% 100,00% 

4,8 24,06 4,82% 4,82% 95,18% 

2,4 31,76 6,36% 11,18% 88,82% 

1,2 71,36 14,29% 25,46% 74,54% 

0,6 170,8 34,20% 59,66% 40,34% 

0,3 146,86 29,40% 89,06% 10,94% 

0,15 46,25 9,26% 98,32% 1,68% 

Bottom 8,37 1,68% 100,00% 0,00% 

Total 499,46 100,00%   

Maximum diameter 4,8 mm Classification: Medium sand 

Sand fineness module 2,89 

Specific gravity (g/cm3) 2,60 

 

 



 

Tab. 5 – characteristics of crushed stone used 

Particle size distribution of the crushed stone used 

Sieve (mm) 

Individual 

retained mass 

(g) 

% of the 

retained mass 

% of the 

accumulated 

retained mass 

% of the 

accumulated 

passing mass 

19 0 0,00% 0,00% 100,00% 

12,5 104,50 10,46% 10,46% 89,54% 

9,5 680,50 68,12% 78,58% 21,42% 

6,3 179,80 18,00% 96,58% 3,42% 

4,8 34,20 3,42% 100,00% 0,00% 

2,4 0 0,00% 100,00% 0,00% 

1,2 0 0,00% 100,00% 0,00% 

0,6 0 0,00% 100,00% 0,00% 

0,3 0 0,00% 100,00% 0,00% 

0,15 0 0,00% 100,00% 0,00% 

Fundo 0 0,00% 100,00% 0,00% 

Total 999,00 100,00%   

Maximum diameter 19 mm Classification: Brita 1 

Specific gravity (g/cm3) 2,67 

 

 
Figure 5 – Particle Size Distribution of Aggregates. 

 

2.4 Concrete mixture produced for this study 

For this study two different concrete mixtures were considered, keeping the binder/aggregate ratio constant 

for each mixture, as 1:4.26 and 1:6.53 ratios, aiming to evaluate structural concretes and non-structural 

concretes. In this study, the sludge ash was also considered as a binder for all families. 

Considering that the main objective of this study is to evaluate the performance of sludge ash from sewage 

treatment plants, it was decided to promote a partial replacement of the cement mass by ash at 0%, 5%, 8% 

and 12% levels. Table 6 presents the families produced, differentiating them according to the objective and 

the mixture used; table 7 presents the characteristics of proportionality used. 

 

 

 

 



 

Tab. 6 – Nomenclature adopted for the concrete mixture 

Family 
Relation 

binder:aggregate 
Objective 

Mass replacement percentage 

of cement for SSA 

CERef 0% 

CE5 5% 

CE8 8% 

CE12 

1:4,26 Structural Concrete 

12% 

CNERef 0% 

CNE5 5% 

CNE8 8% 

CNE12 

1:6,53 
Non Structural 

Concrete 

12% 

For dosing the families presented herein it was also adopted, as a control parameter, the maintenance of the 

workability in the 8  2 cm range, which was verified through slump test, per NBR NM 67 Standard (ABNT, 

1998). 

For each of the families studied 14 cylindrical specimens were molded with the dimensions 10 cm x 20 cm, 

being two (2) for the capillarity water absorption test and tensile strength by diametrical compression and 12 

for the axial compression strength test, 6 of this test specimen were broken at 28 days of age, 03 at 60 days 

of age and the other 03 at 90 days of age. 

For the evaluation of the concrete properties in the hardened state mechanical tests were carried out for 

simple compressive strength according to NBR 5739 (ABNT, 2007) Standard, tensile strength by diametrical 

compression according to NBR 7222 (ABNT, 2010) Standard and capillary water absorption per NBR 9779 

(ABNT, 1995) Standard. 

Tab. 7 – Proportionalities for the concrete mixture 

Mass Ratio 

Family Objective
cement 

natural 

sand 

crushed 

stone 
SSA 

a/agl* A(%)** α (%) *** 

CERef 1 1,70 2,56 - 

CE5 0,95 1,70 2,56 0,05 

CE8 0,92 1,70 2,56 0,08 

CE12 

Structural 

Concrete

0,88 1,70 2,56 0,12 

0,605 11,50% 51,33% 

CNERef 1 3,70 2,83 - 

CNE5 0,95 3,70 2,83 0,05 

CNE8 0,92 3,70 2,83 0,08 

CNE12 

Non 

Structural 

Concrete
0,88 3,70 2,83 0,12 

0,900 11,95% 62,42% 

* Water/binders relation     **Lyse Law      *** Mortar content 

3. Results and discussion 
3.1 Workability of the Concrete Mixture 

The workability was checked by the slump test according to NBR NM 67 (ABNT, 1998) Standard. For all 

mixtures produced the concrete slump target was maintained in the 8 ± 2 cm range. Results obtained are 

presented in Table 8. 

 

 

 

 

 



 

Tab. 8 – Workability Results for the Concretes Produced – Slump Test 

Mass replacement percentage of cement for SSA
Objective 

Relation 

water/binder 0% 5% 8% 12% 

Structural Concrete - SC 0,605 8,0 cm 7,5 cm 7,5 cm 8,0 cm 

Non Structural Concrete - NSC 0,900 8,5 cm 7,0 cm 9,0 cm 7,5 cm 

Analyzing the results presented it can be seen that the goal was successfully achieved. Thus, results indicate 

that the cement replacement with different percentages of sludge ash did not cause significant influence that 

could prove its influence on the workability of such concretes, indicating a possible similarity between the 

physical characteristics of the cement and the ashes used. 

3.2 Specific gravity for the concrete mixture in the fresh state 

The specific gravity of fresh concretes helps to understand the degree of compactness that was possible to 

achieve with the mixture, which enables us to infer its mechanical characteristics when hardened. In 

conventional concretes the specific gravity is around 2.40 g/cm3 and depends on the specific gravity of the 

aggregates used in the concrete composition, since they affect 80% of the concrete mass.  

For concretes designed in this study additional considerations are needed in view the expected action of the 

sewage sludge ashes. Considering the fineness of the ashes and also the possibility of development of 

pozzolanic reactions, what we expect to obtain are structures with a specific gravity slightly lower at early 

ages, even if replacing the cement with a material with lower specific gravity (the overall result shall be 

partially offset by the effect of the ash filler effect), and equivalent at older ages, due to the emergence of the 

C-S-H resulting from pozzolanic reactions. Moreover, it is expected that this future compactness will be 

reflected in mechanical performance. 

Table 9 presents the results obtained from the evaluation of the group regarding structural concretes. It can 

be noted that the best performance was obtained with the reference mixture (2.37 g/cm3) and for mixtures 

with sewage sludge ash the interference is not significant for small replacement levels, but as from 8% 

replacement it is possible to observe a slight decrease with the increase of the ash content. 

Results noted for the 5% and 8% of replacement were equal (2.34 kg/dm3) and were approximately 1.26% 

lower than that observed for the reference concrete, value that puts them statistically in the same condition of 

the reference concrete. It is important also to emphasize that, according to the results observed it is possible 

to infer that the best fill of the voids may be obtained using 5% to 8% replacement, since the 12% 

replacement resulted in a value about 2.56% lower than these levels (2.28 Kg/dm3). 

Tab. 9 – Specific Garvity for the Sctrutural Concretes Produced 

Specific Gravity in the Fresh State (g/cm3) 

CERef CE5 CE8 CE12 

2,37 2,34 2,34 2,28 

For non-structural concrete produced, the expected specific gravity was lower than for structural concrete, 

mainly due to the water/binder ratio used because for these cements a 0.90 ratio was adopted while for the 

other ones a 0.605 ratio was used.  

Table 10 presents the results obtained from the evaluation of the non-structural concrete group. It can be 

noted that the best performance was obtained with the 8% sludge ash replacement level. Such effect is 

possibly related to the fact that this concrete has greater porosity and with this replacement level the capillary 

voids could have been better filled by the ashes, indicating a better performance of the filler effect. However, 

it is necessary to point out that the figures presented are statistically equal for all families. 

 

 

 



 

Tab. 10 – Specific Gravity for the Non Sctrutural Concretes Produced 

Specific Gravity in the Fresh State (g/cm3) 

CNERef CNE5 CNE8 CNE12 

2,25 2,24 2,26 2,25 

3.3 Compressive strength 

To check the influence of additions on mechanical properties of concretes, two major classes of concrete 

were produced, the first concrete class for structural purpose and the second class for non-structural concrete. 

For structural concretes, the axial compressive strength test was carried out at 28, 60 and 90 days of age and 

for non-structural concretes tests were carried out only at 28 and 60 days of age. Tests were carried out 

according to the NBR 5739 (ABNT, 2007) Standard.  

Tables 11 and 12 present the results of these tests for structural concretes. It can be seen that at 28 days of 

age it was possible to achieve positive results for concretes with 8% and 12% ash levels. The best result is 

associated to the 8% replacement level. It is also clear that this condition remains for 60 and 90 days of age. 

After 28 days, probably the filler effect provided by the ash at 5% replacement was not enough to offset the 

lack of compactness caused by the removal of the Portland cement; however, for longer periods of age it is 

clear that the pozzolanic reactions developed by the ash, for this content, maintained an insufficient result to 

compensate the absence of the Portland cement. 

Table 11 – Compressive strength for the structural concrete mixture 

Mass replacement percentage of cement for SSA
Parameter 

Age 

(days) 0% 5% 8% 12% 

Average compressive strength (MPa) 24,8 23,4 25,3 24,6 

Standard deviation (MPa) 2,0 1,0 2,0 0,8 

Coefficient of Variation (%) 

28 

8,2 4,4 8,1 3,5 

Average compressive strength (MPa) 26,9 25,9 29,6 27,6 

Standard deviation (MPa) 1,5 0,5 1,2 0,3 

Coefficient of Variation (%) 

60 

5,7 1,8 4,1 1,0 

Average compressive strength (MPa) 29,0 28,4 34,4 30,7 

Standard deviation (MPa) 1,3 0,6 1,5 0,3 

Coefficient of Variation (%) 

90 

4,5 2,2 4,3 0,9 

 

Table 12 – Growth of the compressive strength for the structural concrete mixture 

Mass replacement percentage of cement for SSA
Average increase of the strength (%) 

0% 5% 8% 12% 

Variation between 28 and 60 days 8,3% 10,6% 16,9% 11,0% 

Variation between 28 and 60 days 7,9% 9,64% 16,34% 11,23% 

Tables 13 and 14 present the results of these tests for non-structural concretes, where positive results are 

already observed as early as at 28 days of age (also for 8% and 12% contents), which occur again at 60 days 

of age. Here again, the best performance observed is associated to the 8% ash level. 

 

 

 

 

 

 



 

Table 13 – Compressive strength for the non structural concrete mixture 

Mass replacement percentage of cement for SSA
Parameter 

Age 

(days) 0% 5% 8% 12% 

Average compressive strength (MPa) 11,8 10,0 12,9 11,8 

Standard deviation (MPa) 0,9 0,4 0,7 0,6 

Coefficient of Variation (%) 

28 

8,0 4,3 5,7 5,1 

Average compressive strength (MPa) 12,7 12,0 14,9 13,5 

Standard deviation (MPa) 0,7 1,1 0,2 0,3 

Coefficient of Variation (%) 

60 

5,7 8,8 1,6 2,1 

 

Tab. 14 – Growth of the Compressive Strenght for the Non Structural Concrete Mixture 

Mass replacement percentage of cement for SSA
Average increase of the strength (%) 

0% 5% 8% 12% 

Variation between 28 and 60 days 7,1% 20,3% 15,7% 14,7% 

Results observed for the different percentage of ash replacement, different conditions of dosage and different 

ages allow to conclude that the pozzolanic activity of ashes produced is indeed significant and that the care 

observed in the production of the material contributed to raise the reactive potential of the ash. 

3.4 Tensile strength 

The tensile strength test by diametrical compression was carried out according to NBR 7222 (ABNT, 2010) 

Standard only for 28 days of age and the results are presented in Figure 6. 
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Figure 6 – Tensile Strenght for the Concrete Mixture. 

In these results, a different behavior is noted between structural concretes and non-structural concretes. In 

samples of structural concretes, the 5% ash replacement did not cause significant changes in the tensile 

strength, while other contents (8% and 12%) presented a lower performance, when compared to the reference 

sample.  

For non-structural concretes, results were different, considering that the similarity was observed between the 

reference sample and the sample containing 12% of ash replacement, while the other levels (5% and 8%) 

presented a significant reduction on performance (23.04% and 17.51%, respectively). 

3.5 Absorption by capillarity 

The capillary absorption test allow to make an inference about the concrete permeability level, i.e., the 

higher the values the more porous are the concretes, becoming an interesting benchmark to evaluate the 

quality of the concrete produced and especially the degree of compactness achieved in the mixtures carried 

out. Figures 7 and 8 present the results obtained in this test for the concretes produced. 
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Figure 7 – Water absortion test for the Structural Concrete Mixtures. 
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Figure 8 – Water absortion test for the Non Structural Concrete Mixtures. 

As observed in the axial compression strength tests, the 8% ash content presented the best performance, both 

for structural concretes and for non-structural concretes. Since this test was carried out at 28 days of age, the 

effects observed probably reflect the performance of the filler effect, acting decisively in improving the 

concrete compactness, thus reducing its permeability, making it stronger and more durable. 

4. Conclusions 

This study aimed to assess the feasibility of using sewage sludge ash as a supplementary material in the 

production of structural and non-structural concretes. 

For the results obtained in the fresh state, the workability obtained through the slump test showed no 

significant difference due to the use of ash, so that the workability is not a restriction for using ashes. Similar 

result was observed for the specific gravity. 

From the tests carried out in the hardened state, what initially stands out is the compressive strength 

assessments, where the partial replacement of the cement mass by 8% of sewage sludge ash allowed to 

obtain the best results among all tested specimens, higher even than the results of the reference sample, 

showing that this content is probably the best combination between the physical effect (filler) and the 

chemical effect (pozzolanic) of the material produced. Gains may also be observed for non-structural 

concretes, where the lower compactness of the reference sample presented gains even more significant with 

the use of ash replacing the Portland cement. 

In tensile strength tests by diametrical compression, the best performance was different for families of 



 

structural and non-structural concretes; for the former the most positive result was observed for 5% of 

cement replacement by sludge ash, while for the latter this performance was achieved only with 12% of 

replacement. In both cases, the best results were statistically equivalent to those observed for the reference 

families.  

The evaluation of the compactness of mixtures through the capillary water absorption test indicated that 8% 

of ash content allow to obtain the best results both for structural concretes as for non-structural concretes, 

indicating that this may be the content which represents the best contribution of the expected effects of the 

ash (filler effect - physical; and pozzolanic effect - chemical). 

Based on the results obtained in the study, it may be concluded that: 

 The process used to produce the ashes acted beneficially for obtaining a material with good 

pozzolanic activity, proved through the mechanical resistance tests, for older ages; 

 Properties of the concrete in the fresh state were not affected with the use of the ash produced (5%, 

8% and 12% of replacement of cement mass), so that its use does not present any limitation 

regarding to the workability or specific gravity of the mixtures; 

 Mechanical properties of concretes produced did not present losses with the replacement of Portland 

cement by sewage sludge ash, and even present increments when the ash content was 8%.  

 From the observations carried out, it is reasonable to conclude that the use of ashes as a mineral 

addition for the production of concretes can be feasible, both for structural concretes and for 

non-structural concretes, and the ideal replacement percentage is around 8%, for the mixtures under 

study.  

 We would also add that probably the use of such ashes as supplementary material in the production 

of concretes becomes an alternative for a noble final disposition of sludge ashes and that this can 

provide environmental benefits, since it prevents the dumping of these ashes in inappropriate sites 

and reduces the consumption of cement, which releases CO2 to the atmosphere during its production, 

in addition to providing possible economic gains associated with this practice.  
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Abstract 
Ii is an important way of achieving steel slag large-scale effective utilization that steel slag used as the supplementary 
cementitious materials. However, the activity of steel slag is very low, it is a key problem that how to improve the 
cementitious property of steel slag. Chemical excitation is an effective measure to improve activity of cementitious 
materials, so seven kinds of chemical admixtures including alkali metal salts and organic alcohol amines were selected 
in this article. The effects of these chemical admixtures on the paste strength, activity index of steel slag, and mortar 
strength of blended cement containing steel slag were studied, and the microscopic mechanism was also analyzed by 
XRD, SEM and TG.  
The results show that seven chemical admixtures can significantly improve the cementitious property of steel slag 
powder (7d strength is increased from 1.1MPa to 5.9-9.9MPa, 28d strength is increased from 5.3MPa to 16.4-25.1MPa). 
It has more hydration products and more compact structure for steel slag paste with chemical admixture. And Ca(OH)2 
content and nonevaporable water content of hardened steel slag paste are also improved by chemical admixtures. Alkali 
and alkali metal salts can improve the activity index of steel slag and mortar strength of blended cement containing 
steel slag at 3 days; while the effect is opposite at 28 days. All the 3d and 28d activity index of steel slag and mortar 
strength of blended cement can be improved by the organic alcohol amine such as triisopropanolamine. 
 
Originality 
(1) Alkali metal salts and organic alcohols amines are the typical early-strength agents of cement and concrete. In this 
paper, five kinds of alkali metal salts and two kinds of organic alcohol amines were used as activator of steel slag, and 
the effects of these seven activator on the activity of steel slag and properties of blended cement containing steel slag 
are studied comparatively and their effect differences are analyzed. It provides a reference for activator used in steel 
slag-based cementitious materials. The use of Alkali metal salts and organic alcohols amines as activator of steel slag 
is first originality. 
(2) Steel slag has certain self-hardening, the hydration properties between steel slag powder and blended cement 
containing steel slag powder are inconsistent. The excitation action of chemical admixtures or activators on steel slag 
power and blended cement are also different. So the effects of chemical admixtures on the steel slag powder and 
blended cement containing steel slag powder are studied in this article, respectively, which is second originality.  
 
Keywords: steel slag; chemical excitation; chemical admixtures; strength; hydration degree 
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1. Introduction 
Steel slag is an industrial waste produced during smelting process, which has a large amount of discharge but 
low utilization rate (Shi Huisheng et al., 2011; Li Jianxin et al., 2012). The national “twelfth five-year” plan 
of China has assigned the target that the comprehensive utilization rate of smelting waste slag reach to 70%, 
which indicates that the utilization of steel slag is urgent (NDRC (National Development and Reform 
Commission), 2012). The chemical and mineral composition of steel slag is similar to portland cement 
clinker, which means that steel slag as supplementary cementitious materials can be important way for 
achieving the large-scale efficiently utilization of steel slag (Kourounis S. et al., 2007; Shi Caijun, 2002). 
However, it has a dense crystal structure and coarse crystal grain for steel slag, resulting in that the hydration 
rate and strength development of cementitious minerals (such as silicate and aluminate minerals) in steel slag 
are slow, thus the building materials resource utilization of steel slag currently faces to some difficulties 
(Zhang Tongsheng et al., 2007; Han Changju et al., 2010; Li Yikai et al., 2009; Li Yuxiang et al., 2012). It 
becomes an important topic that how to improve the cementitious activity of steel slag.  
Currently the activity excitation of steel slag is one effective measure to improve its cementitious property. 
The activity excitation methods mainly include physical excitation, chemical excitation and thermal 
excitation (Yi Longsheng et al., 2013; Xu Yuanhui et al., 2004; Li Bingming, Li Zhaofeng et al., 2009), and 
the physical and chemical excitations are the most commonly used methods. Physical excitation is also 
called mechanical excitation, the mineral particle size is reduced by mechanical grinding, meanwhile, the 
mineral structure generate more lattice dislocations, defects and distortions, the physical and chemical 
properties (such as surface energy, crystallinity degree and bond energy) of mineral are also changed, which 
can improve the potential cementitious activity. Chemical excitation can accelerate the hydration process of 
mineral by adding chemical admixtures, thereby increasing hydration activity. There are many kinds of 
chemical admixtures, the common chemical admixtures contain alkalis, acids, inorganic salts, etc (Xu bin et 
al., 1998; Xu Guangliang et al., 2000; Huang hui, 2012; Chen Jiankui, 2004; Ma Baoguo et al., 2006; 
Sandberg P. J. et al., 2004; Aggoun S. et al., 2008). The physical excitation is usually used as a pre-excitation 
or pre-treatment, while chemical admixtures usually further improve the cementitious activity of materials on 
the basis of physical excitation.  
Seven kinds of chemical admixtures including alkali metal salts and organic alcohol amines were selected in 
this article. The effects of these chemical admixtures on the strength, activity index, hydration products, 
Ca(OH)2 content and nonevaporable water content of paste for steel slag powder and its blended cement 
were studied.  
2. Experimental 
2.1. Raw material 
(1) Steel slag used is the converter hot stew steel slag, which was provided from an Shandong steel company 

in China, and its chemical composition is shown in Table 1; 
(2) The chemical admixtures used include: Sodium hydroxide (NaOH), sodium silicate (Na2SiO3), sodium 

chloride (NaCl), sodium carbonate (Na2CO3), sodium sulfate (Na2CO3), triethanolamine (TEA) and 
triisopropanolamine (TIPA); 

(3) Cement used was prepared by grinding in a Ф500mm×500mm laboratory ball mill according to the ratio 
of 95wt% clinker and 5wt% gypsum. 80μm sieve residue and specific surface area of prepared cement 
are 4.4% and 402m2/kg, respectively. And the chemical composition of clinker is shown in Table 1 and 
the gypsum is natural dehydrate gypsum (crystal water: 18.65%, SO3 content: 42.11%). 

Table 1 Chemical composition of raw materials (wt%) 
Materials types CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 P2O5 LOI 

Steel slag 46.28 16.75 2.29 22.17 5.49 0.03 — 0.25 2.54 0.94 
Clinker 64.29 21.60 5.18 3.39 2.31 0.87 0.25 1.35 0.14 0.43 

2.2. Experimental methods 
2.2.1 Specimen preparation 
(1) Steel slag powder was prepared by grinding in a Ф500mm×500mm laboratory ball mill, and the materials 

weight for each grinding experiment was 3kg, grinding time was 50min. The sieve residue and specific 
surface area of prepared steel slag powder are 3.2% and 427m2/kg, respectively, and the particle size 
distribution of steel slag powder is shown in figure 1. 

(2) The steel slag powder paste was prepared with water by stirring uniformly, and the water-binder ratio 
(W/B) of paste was 0.35. Then the paste specimens were cured at temperature about 20±1℃ and >90% 
humidity for 7 days and 28 days, respectively.  

(3) Steel slag – cement composite binder is composed by 50wt% steel slag and 50wt% cement, the 
water-binder ratio of mortar specimen and paste specimen for the blended cement is 0.35 and 0.5, 



respectively. Then the paste specimens were cured at temperature about 20±1℃ and >90% humidity for 3 
days, 7 days and 28 days, respectively.  

Particle size (μm)

D
if
fe
re
nt
ia
l d
is
tri
bu
tio
n 
(%
)

C
um
ul
at
iv
e 
di
str
ib
ut
io
n 
(%
)

＜3μm:  14.87%                        32-65μm:  22.65%                       D50:  18.16μm
3-32μm:  56.99%                         ≥65μm:  5.49%                          X’ :   23.43μm

 
Figure 1 Particle size distribution of steel slag powder 

2.2.2 Properties test 
(1) The flexural strength and compressive strength of specimen were tested according to the Chinese 

National Standard GB/T17671-1999 by using DKZ-500 cement electric bending machine and BC-300D 
type press machine, respectively.  

(2) The activity index of steel slag powder in blended cement was measured according to the Chinese 
National Standard GB/T12957-2005. Using the proportions for the mortar mix given in Table 2, and two 
series of mortar test specimens were prepared in the laboratory. The specimens were cured at 20 ±1℃ 
and >90% humidity for 3 days, 7 days and 28 days, respectively. The compressive strengths of the mortar 
were determined at 3 days, 7 days and 28 days period, respectively. Then the activity index of steel slag 
was determined from: 

A3 = (R3 / R03)×100,  A7 = (R7 / R07)×100,  A28 = (R28 /R028)×100 
Where, A3, A7and A28 are the activity index of steel slag at 3 days, 7 days, and 28 days period, respectively, (%); 

R3, R7and R28 are the 3d, 7d and 28d compressive strength of blended cement mortar containing steel slag, 
respectively, (MPa);  
R03, R07 and R028 are the 3d, 7d and 28d compressive strength of the pure cement mortar, respectively, (MPa). 

 Table 2 Mortar mixture proportions used for activity index test of steel slag 
 Cement (g) Steel slag (g) China ISO standard sand (g) Water (g) W/B 

R0 450 — 1350 225 0.5 
R 315 135 1350 225 0.5 

(3) The microstructure of hardened paste was observed by scanning electron microscopy (SEM); mineral phase of 
hydration products was analyzed by X-ray diffraction (XRD); the tests methods of Ca(OH)2 content and 
nonevaporable water content were as follows: The middle portions of specimens were obtained, broken and 
soaked in absolute ethanol to suspend hydration; then the specimen was first dried at 65℃ for at least 24 
hours and then ground into fine powder (＜80μm); Thus the Ca(OH)2 content was calculated by 
thermogravimetry (TG) analysis, the calculation equation is as follows: 

WCH =WLoss×
MCH

MW
×100%

  
    Where, WCH is the Ca(OH)2 content, WLoss is the weight loss of Ca(OH)2 in TG curves, and MCH and MW are the 

relative molecular weight of Ca(OH)2 and water, respectively. Obviously, the relative molecular weight of 
Ca(OH)2 and water are 74 and 18, respectively. 

    The nonevaporable water content was measured by heating dried specimen to 1000℃ with a constant rate to 
reach constant weight in muffle furnace, the calculation equation is as follows: 

Wn =
W1 —W2

W2

rfc

1— rfc  
Where, Wn is the nonevaporable water content, W1 is the weight of specimens at 105℃ (dried weight of specimens), 

W2 is the weight of specimens at 950℃, and rfc is the loss on ignition of sample before hydration. 
3. Results and discussion 
3.1. Effect of chemical admixtures on the paste strength and hydration property of steel slag powder 
3.1.1 Paste strength 
The paste strengths of steel slag powder with different chemical admixtures are shown in figure 2. It shows 
that the strength of steel slag powder paste is very low; the reason is that the crystal structure of minerals in 
steel slag is dense and crystal grain is also coarse, resulting in that the hydration speed of active mineral in 
steel slag is very slow. The paste strength of steel slag is significantly improved by alkali and alkali metal 
salts, organic alcohol amine. 7d flexural strength of paste is increased from 0.3MPa to 1.3~3.0MPa and 
compressive strength is increased from 1.1MPa to 5.9~9.9MPa; 28d flexural strength of paste is increased 



from 1.0MPa to 2.1~5.9MPa and compressive strength is increased from 5.3MPa to 16.4~25.1MPa. The 
excellent effect admixtures on early and later period paste strength are Na2SO4, TEA and TIPA.  

0

1

2

3

4

5

6

Blank NaOH Na2SiO3 NaCl Na2CO3 Na2SO4 TEA TIPA

Chemical admixture types

F
le

xu
ra

l s
tr

en
gt

h 
(M

P
a)

7d 28d

  

0

5

10

15

20

25

Blank NaOH Na2SiO3 NaCl Na2CO3 Na2SO4 TEA TIPA

Chemical admixture types

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

P
a)

7d 28d

 
Figure 2 Paste strength of steel slag powder with different chemical admixtures 

(The dosage of inorganic admixtures is 2.0wt% and that of organic admixture is 0.10wt%, the same below) 
3.1.2 XRD analysis 
XRD patterns of steel slag paste with different admixtures at 28 days period are shown in figure 3. It shows 
that the crystal phases of hydration products for steel slag powder paste mainly contain Ca(OH)2 and 
unhydrated C2S, C3S, etc. The Ca(OH)2 diffraction peaks are increased after adding chemical admixtures, 
while the diffraction peaks of C2S and C3S are weakened after adding admixtures. This indicates that 
chemical admixtures promote the hydration of C2S and C3S in steel slag, which reduces the content of C2S 
and C3S and generates the hydration products such as Ca(OH)2 and amorphous C-S-H gels (not shown in the 
XRD pattern). 
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Figure 3 XRD pattern of steel slag paste with different admixtures 

3.1.3 SEM analysis 
SEM morphologies of steel slag powder paste with three admixtures (Na2SO4, TEA and TIPA) at 28 days 
period are shown in figure 4. 
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Figure 4 SEM morphologies of steel slag powder paste 

As seen from figure 4, there are only a small amount of products adhering to the particles surface in steel 
slag paste without admixture (Blank group) at 28 days hydration period. And it has loose structure, poor 
uniformity and compactness and many pores and unhydrated steel slag particles, indicating the hydration 
degree of steel slag paste is low. While in the steel slag paste system with admixture, more hydration 
products such as amorphous C-S-H gels and Ca(OH)2 are clearly visible and begin to fill the system, the 
compaction rate of paste system is improved at a certain extent, indicating that chemical admixture promote 
the hydration process and degree of steel slag paste. By contrast, the compaction rate of paste with TEA or 
TIPA is higher than that of paste with Na2SO4.   
3.1.4 Ca(OH)2 content and nonevaporable water content of paste 
TG curves, Ca(OH)2 content and nonevaporable water content of steel slag paste with different admixtures at 
28 days period are shown in figure 5 and figure 6, respectively.  
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Figure 5 TG curves of steel slag paste with different admixtures at 28 days period 
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Figure 6 Ca(OH)2 content and nonevaporable water content of steel slag paste with different admixtures 

Figure 5 shows that the weight loss in TG curves of steel slag paste with admixture is faster than that of paste 



without admixture. As seen from figure 6, both the contents of Ca(OH)2 and nonevaporable water of steel 
slag paste are improved by these seven chemical admixtures at 28 days period. The improvement effect of 
Ca(OH)2 content is small, while the improvement of nonevaporable water content is large. Both the contents 
of Ca(OH)2 and nonevaporable water can reflect the amount of hydration products, thus indicating that these 
chemical admixtures can improve the hydration reaction degree of steel slag paste. 
3.2. Effect of chemical admixtures on the activity index of steel slag 
The activity indexes of steel slag with admixtures are shown in figure 7. The figure shows that 3d, 7d and 
28d activity index of steel slag without admixtures are 60%, 71.5% and 88.7%, respectively. The effects of 
seven chemical admixtures on the activity index of steel slag in blended cement are different: Alkali and 
alkali metal salts can improve the early (3d) activity index of steel slag, while reduce the later (28d) activity 
index, exhibiting a rule that the effect is gradually weakened with period age until a negative effect; Organic 
alcohol amine TEA also can improve the early activity index of steel slag, while slightly reduce the later 
activity index; And TIPA can improve the early and later activity index of steel slag, and especially the later 
effect is more excellent. 
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Figure 7 Activity index of steel slag powder with different chemical admixture 

(The dosage of inorganic admixtures is 1.0wt% and that of organic admixture is 0.06wt%) 
3.3. Effect chemical admixture on the mechanical and hydration property of blended containing steel slag 
3.3.1 Mortar strength 
The comparison result of mortar strength for blended cement containing 50wt% steel slag and pure cement is 
shown in Table 3. The effects of different chemical admixtures on the mortar strength of blended cement 
containing 50wt% steel slag are shown in figure 8. It can be seen from Table 3 that the early mortar strength of 
blended cement is far less than that of pure cement and 28d mortar strength is close to that of pure cement. 
3d flexural and compressive of blended cement containing 50wt% steel slag only are 30.3% and 29.6% of 
that of pure cement, respectively, 7d flexural and compressive of blended cement are 47.3% and 45.9% of 
that of pure cement, respectively. This because that the early hydration speed of steel slag is very low, 
resulting in an small amount of hydration products in blended cement system at early period. With the 
extension of period, the hydration products of steel slag are gradually increased and fill into the system, 
resulting that the later strength has a great growth. 

Table 3 Mortar strength of blended cement containing steel slag and pure cement 
Flexural strength / MPa Compressive strength / MPa Cement types 

3d 7d 28d 3d 7d 28d 
Blended cement 2.0 3.5 6.2 9.2 19.4 42.1 

Pure cement 6.6 7.4 8.4 31.1 42.3 55.6 
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Figure 8 Effect of different admixtures and their dosage on the mortar strength of blended cement 
Figure 8 shows that the seven chemical admixtures can improve 3d mortar strength of blended cement 
containing 50wt% steel slag and the improvement effect become gradually significant with increase of the 
dosage of admixture. The comparison of seven admixtures is as follows: Na2SO4＞NaCl＞TEA＞Na2CO3＞

Na2SiO3＞NaOH＞TIPA. The effects of seven admixtures on 7d strength have difference: the strength is 
gradually reduced with increase of dosage of NaOH, Na2SiO3 and Na2CO3, while 7d strength is gradually 
increased with increase of dosage NaCl, Na2SO4, TEA and TIPA. And 7d effect of NaCl and Na2SO4 is 
weaker than 3d effect, while 7d effect of TEA and TIPA is stronger than 3d effect. For 28d mortar strength, 
the strength is reduced by alkali and alkali salt, and the higher the dosage, the more significant the decrease 
of strength. TEA firstly improved 28d strength and then decreased with the increase of its dosage (0.06wt% 
is the turning point). The improvement effect of TIPA on 28d strength is gradually significant with the 
increase of its dosage. 
3.3.2 XRD analysis 
XRD patterns of blended cement paste with different admixtures (the dosage of inorganic admixtures are 
1.0wt% and that of organic admixture is 0.06wt%, the same below) at 28 days period are shown in figure 9.  
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Figure 9 XRD pattern of blended cement paste with different admixtures at 28 days period 

From figure 9, it shows that the crystal phases of hydration products for blended cement paste with 



admixture at 28 days period mainly contain Ca(OH)2, and the diffraction peaks for each angle are 
substantially unchanged, indicating that there is no new phase for generating after adding admixture in 
blended cement. From the diffraction peak intensity, the effect of admixtures on the diffraction peak intensity 
of Ca(OH)2 is little, indicating that the difference of Ca(OH)2 contents between blended cement with and 
without admixture is small. 
3.3.3 Ca(OH)2 content and nonevaporable water content of blended cement paste 
TG curves and hydration degree of blended cement with different admixtures at 28 days period are shown in 
figure 10 and figure 11, respectively. Figure 10 shows that the effects of different admixtures on the weight 
loss on TG curves of blended cement paste have a different rule. The weight loss on TG curves is accelerated 
by the three admixtures (NaCl, Na2SO4 and TIPA) at 3 days period, while NaCl and Na2SO4 slow down the 
weight loss on TG curves and TIPA still can accelerate the weight loss. This rule is reflected in figure 11, all 
the three admixtures (NaCl, Na2SO4 and TIPA) improve the contents of Ca(OH)2 and nonevaporable water of 
blended cement paste at 3 days period, while the contents of Ca(OH)2 and nonevaporable water of blended 
cement paste at 28 days period are reduced by NaCl and Na2SO4 and are improved by TIPA. Thus, TIPA can 
improve 3d and 28d hydration reaction degree of blended cement paste, while NaCl and Na2SO4 can improve 
3d hydration reaction degree, but reduce 28d hydration reaction degree.  
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Figure 10 TG curves of blended cement paste with different admixtures 
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Figure 11 Hydration degree of blended cement paste with different admixtures 
4. Conclusions 
(1) The paste strengths of steel slag powder are improved by the seven chemical admixtures (7d strength is 

increased from 1.1MPa to 5.9-9.9MPa, 28d strength is increased from 5.3MPa to 16.4-25.1MPa). The 
structure compactness, Ca(OH)2 content and nonevaporable water content of paste are also improved. 

(2) Alkali and alkali metal salts can improve the early (3d) activity index of steel slag, while reduce the later 
(28d) activity index; TIPA can improve the early and later activity index of steel slag, and especially the 
later effect is more excellent. 

(3) Seven chemical admixtures can improve 3d mortar strength of blended cement and the improvement 
effect become gradually significant with increase of the dosage of admixture. And the effects of seven 
admixtures on the later (28d) strength are different: the strengths are reduced by alkali and alkali salt, and 
the decrease of strength is gradually significant with the increase of their dosage; TEA firstly improved 
28d strength and then decreased with the increase of its dosage (0.06wt% is the turning point); The 



improvement effect of TIPA on 28d strength is gradually significant with increase of its dosage. 
(4) TIPA can improve 3d and 28d hydration reaction degree of blended cement paste, while NaCl and 

Na2SO4 can improve 3d hydration reaction degree, but reduce 28d hydration degree.  
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Abstract 
In this paper, ternary and binary blended cement pastes as well as pure Portland cement paste were prepared by 
Portland cement, ground granulated blast-furnace slag (GGBFS), limestone powder and water, which were then 
hydrated from 1 to 91 days at 20 °C in a sealed environment. At each curing age, the hydration kinetics of 
cement and slag was determined by XRD/Rietveld and selective dissolution method (EDTA), respectively. The 
content of CaCO3 (limestone) was quantified by Thermogravimetric analysis (TGA) technique. 
 
The degree of hydration of cement clinker was distinctly accelerated by the single addition of slag or limestone 
within 91 days of hydration. The coexistence of slag and limestone in ternary blended cement accelerated the 
hydration of cement clinker within the first 14 days of hydration, but lowered the degree of hydration of cement 
clinker after 91 days of hydration compared with other pastes. The degree of reaction of slag in blended cement 
pastes was about 8% and 35% after 1 and 91 days of hydration, respectively, which was almost not influenced 
by the addition of limestone powder. A small amount of limestone, i.e. around 2% of the total solid raw materials, 
was reacted in pastes, and mainly occurred at the early age. 
 
Based on the experimental investigation, the results show that the hydration of calcium silicate phases of cement 
in pastes was enhanced by the presence of limestone, but hampered by slag. The hydration of calcium alumina 
phases of cement was greatly accelerated by the addition of slag, and also enhanced by the presence of 
limestone powder in binary blended limestone cement paste at early age. However, the coexistence of limestone 
with slag in ternary blended cement paste restrained the hydration of calcium alumina phases of cement. 
 
Originality 
The hydration process of blended cement paste is of significant importance, like it is for pure Portland cement. 
Limited work has been performed on ternary blended cement pastes due to complexity of ternary blended 
systems as well as the lack of advanced experimental techniques. Based on a series of experimental procedures, 
this paper experimentally investigated the hydration kinetics of ternary blended cement pastes as well as the 
corresponding reference pastes. The paper presents the results and shows the influence of each material on the 
others in the ternary blended cement paste and systematically compared with the relevant references. The results 
help understand the hydration behavior of ternary blended cement paste, which benefits the research on 
modeling of ternary blended cement paste. 
 
Keywords: Ternary blended cement, Slag, Kinetics, Limestone, Portland cement 
 
1. Introduction 
 
In terms of the tendencies in the modern cement industry, the most important are those connected with 
economical and ecological factors. Over the last decades, Supplementary Cementitious Materials 
(SCMs) such as fly ash, silica fume and blast-furnace slag have been widely used in construction 
industry all over the world, because the use of SCMs brings several advantages over Portland cement. 
Firstly, the cost of SCMs is cheaper than Portland cement as they are usually by-products of industry. 
Secondly, the production of SCMs consumes less energy and reduces CO2 emission compared to that 
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of Portland cement. Thirdly, concrete made by SCMs can have better performance such as workability 
and durability. 
 
SCMs blended cement is a promising route towards the sustainability of cement industry. For example, 
cement used in the famous Three Gorges Dam project was replaced by 30-40% fly ash (Wenwei Li et 
al., 2000) in order to obtain low heat evolution during casting and better durability for the whole 
service life. In another project in China, the 632 m's high skyscraper Shanghai Tower, over 7,000 tons 
of slag was used to cast the single huge foundation which consumed 61,000 m3 concrete and was 
continuously cast within 60 hours (Baosteel Group, 2010). This would be almost impossible if only 
pure Portland cement had been used because the heat evolution during the early-age hydration would 
lead to thermal cracking (D. P. Bentz, 2008) especially in this kind of massive volume. 
 
However, the quantity and availability of SCMs are still limited at least at some parts of the world. 
Efforts have been paid to the utilization of raw material limestone as replacement of relatively 
expensive cement. As it is well known that CO2 emission occurs in the process of burning limestone to 
produce cement clinker, if limestone is directly used in cement, its footprint of CO2 is nearly zero. A 
good example is the European Standard EN 197-1 (EN 197-1, 2000), which identifies two types of 
Portland-limestone cement containing 6-20% limestone (type II/A-L) and 21-35% limestone (type 
II/B-L), respectively. 
 
Binary blended cements such as cement blended with slag or limestone powder have long been used 
for casting concrete, e.g. the domestic market share of CEM II (binary blended cement) in Cembureau 
countries was as high as 56.1% in the year of 2005 (G Menéndez el al., 2003) and stayed stable over 
the past ten years. However, research shows that well designed ternary blended cements, e.g. Portland 
cement blended with slag and limestone powder, have complementary performance (L. Bagel, 1998, 
M. F. Carrasco, 2005, E. F. Irassar et al.). The use of limestone filler in the ternary blends increases 
the early hydration of Portland clinker; while slag contributes to the later hydration. This 
complementary behavior of limestone filler and slag addition permits to obtain concrete with similar 
strength development as normal Portland cement but with much less clinker. As for durability, it is 
reported (E F Irassar et al.) that ternary cement containing a limited proportion of limestone filler (no 
more than 12%) and 20 to 30% of slag provided a good resistance to chloride ingress and good 
performance in sulphate environment. 
 
Compared with the intensive research work on Portland cement and even binary blended cement, the 
research work on the hydration of ternary blended cement is extremely limited. On the one hand less 
attention has been paid to this field, and on the other hand less reliable experimental techniques are 
available to investigate the hydration of ternary blended cement due to the complexity of blended 
cements. However, understanding the hydration process definitely benefits the usage of ternary 
blended cement. In this paper, ternary and binary blended cement pastes as well as pure Portland 
cement paste were prepared by Portland cement, GGBFS, limestone powder and water, which were 
then hydrated from 1 to 91 days at 20 °C in a sealed environment. At each curing age, the hydration 
kinetics of cement and slag was determined by XRD/Rietveld and EDTA selective dissolution method, 
respectively. The content of CaCO3, i.e. calcite from limestone, was quantified by Thermogravimetric 
analysis (TGA) technique. The aim of this study is trying to understand the hydration kinetics of 
ternary blended cements. 
 



 

Figure 1 Particle size distribution of raw materials. 
 
2. Experiments 
 
2.1. Raw materials 
 
Three materials, i.e. Portland cement (P in short), grand granulated Blast-furnace slag (B) and 
Limestone power (L), were chosen as the raw materials in this research. Ordinary Portland cement 
(OPC) was CEM I 52.5 complying with the European standard EN 197-1 (2000) (EN 197-1, 2000). 
Slag was offered by ORCEM company, with a hydraulic modulus (C+A+M/S) 1.66, which is higher 
than the minimum 1.0 according to German specification (H. F. W. Taylor, 1997). Limestone powder 
was produced from carboniferous limestone with a high purity of 98.3% CaCO3 (by mass) quantified 
by TGA technique. 
 
The chemical compositions of cement, limestone powder and slag are listed in Table 1. Fig. 1 shows 
the cumulative particle size distribution (PSD) curves of the three materials measured by laser 
diffraction method. 
 
2.2. Mix design of pastes 
 
In order to have references of neat Portland cement and binary blended cements, four groups of pastes 
were designed as follows: 
 

1. PC: 100 wt% Portland cement. 
2. PL: 10 wt% limestone powder blends with 90 wt% Portland cement. 
3. PB: 30 wt% Portland cement blends with 70 wt% slag. 
4. PBL: 10 wt% limestone and 60 wt% slag blended with 30 wty% Portland cement. 

 
The water to powder ratio (w/p) of the four groups of mixes was constantly fixed at 0.40, i.e. 1.00 g 
solid material(s) was mixed with 0.40 g water. 
 
The mixing procedure was taken from European standard EN 196-1:2005 with the consideration of the 
addition of slag and limestone. First, slag and/or limestone powder were/was added and mixed at low 
speed for two minutes to well disperse the slag and/or limestone powder in cement. Later, the mixing 
procedure was strictly carried out as described in EN 196-1:2005. For each sample, the well mixed 
paste was cast in a sealed plastic cylinder bottle with a volume of 90 cm3. The sealed paste was rotated 
at a speed of 2.5 revolutions per minute in a room with temperature 20°C for 24 hours to avoid 
bleeding. Later the sample was cured at the same temperature till each due curing age. The curing age 
was scheduled as 1, 3, 7, 14 and 91 days counted exactly from the start point of casting. 



 

 
Table 1 Chemical compositions of raw materials (wt%). 

 Cement (P) Limestone (L) Slag (B) 

CaO 63.95 55.05 38.14 

SiO2 20.29 0.8 35.82 

Al2O3 4.52 0.17 12.05 

Fe2O3 2.53 0.1 0.41 

MgO 2.22 0.5 9.37 

K2O 0.94 / 0.48 

Na2O 0.2 / 0.16 

SO3 3.35 / 1.76 

C3S 59 / / 

C2S 12.6 / / 

C3A 8.01 / / 

C4AF 9.4 / / 

 
2.3. Sample preparation and test methods 
 
When each due curing age was reached, the hydrating sample in the sealed plastic bottle was cracked 
into small pieces (around 1 cm3) and immediately immersed in liquid nitrogen (-195 °C) for 5 minutes 
to stop the ongoing hydration (Guang Ye, 2003). Later, the frozen sample was placed in a freeze-dryer 
in which the temperature and vacuum were kept at -20°C and as low as 10-1 Pa, respectively, therefore, 
passing directly from solid to gaseous state, the free water was sublimed in the process of 
lyophilization (B Kolani et al., 2012). The water loss during the drying process of each sample was 
weighed approximately every 24 hours until a stable mass loss of 0.01%/day was reached. 
 
The procedure of grinding sample for X-ray diffraction measurement was taken from the work of 
(Lieven Machiels, 2010). A representative amount of each dried sample (50-100 g) was crushed by 
hand in a porcelain mortar, and then passed through a sieve with aperture sized at 500 µm. The 
crushed sample was ground further by wet milling in a McCrone Micronizing mill, avoiding the 
amorphization of hydration products during the grinding process. 
 
The mineralogy of samples was determined by quantitative X-ray powder diffraction analysis 
(QXRPD, Philips PW1830). Diffraction patterns were measured in 2θ range of 10-70° using CuKα 
radiation of 45 kV and 30 mA, with a 0.02° step size and step time of 2 s. 
 
Quantitative results were obtained adopting the Rietveld method (H.M. Rietveld, 1966, 1969), using 
the “Topas Academic” software (A. A. Coelho, 2004). A fundamental parameter approach was used, 
meaning that instrumental contributions to the peak shapes were calculated directly (R. W. Cheary et 
al., 1992) and the standard parameters such as cell parameters, crystallite size, lattice strain, diffraction 
optical effects and background were refined. 
 
The EDTA (Ethylenediaminetetraacetic Acid) selective dissolution method applied in this research 
was taken from (Guang Ye, 2006) based on (J.S. Lumley et al., 1996, Karen Luck et al., 1987), aiming 
to quantify the unreacted slag in blended cement pastes. Three possible error sources were considered. 
(1) Raw materials of cement and limestone powders were dissolved by EDTA solution using the same 
procedure as for real samples, aiming to find out the exact proportion of undissolved cement and 
limestone in EDTA solution. (2) Raw material of slag was dissolved by EDTA solution, quantifying 
the undissolved proportion of slag. (3) The hydrotalcite in the residue, the amount was quantified by 
XRD/Rietveld experiment when analyzing the hydration products of each paste. 



 

 
As soon as the original unreacted mass of slag in a sample is obtained by EDTA experiment, the 
degree of hydration of slag is readily calculated as the unreacted amount of slag relative to the original. 
 
The amount of CaCO3 in the hydrating pastes was quantified by TGA/DTA method. The freeze died 
samples were first ground to small particles and passed through a sieve with aperture sized at 90 µm. 
Later, about 40 mg of the ground powder was exposed under an inert atmosphere (nitrogen) to 
increasing temperatures, ranging from 20 till 1100 °C at a rate of 10 °C/min (TA Instruments 2950). 
However, only the data points lower than 900 °C were analyzed in this research due to crystallization 
of hydrated compounds occurred at higher temperatures (R Vedalakshmi et al., 2003). 
 
For the interpretation of the TGA experimental results, it is assumed that in this research the 
evaporable water is driven off at temperatures lower than 145 °C, as researchers confirmed that 
adsorbed water can be lost between temperature 105 °C and 145 °C and chemically bound water of 
hydration products may be lost even at temperature lower than 105 °C (De Weerdt, 2011). Mass loss 
between 400 °C and 550 °C is mainly caused by the decomposition of hydration product Ca(OH)2, 
while that during the temperature range of 600-850 °C (Carlos Rodriguez-Navarro et al., 2009) 
represents the decomposition of CaCO3 resulting in escaping CO2. 
 
The exact temperature ranges of decomposition of Ca(OH)2 and CaCO3 were determined by their 
corresponding DTG curves. In addition, the water loss during the decomposition temperature range of 
Ca(OH)2 and CaCO3 was removed by a so-called MARSH function embedded in the NETZSCH 
Proteus Thermal Analysis software. Since Ca(OH)2 was only formed by the hydration of cement 
clinker, its amount was normalized by the mass of original cement in order to make comparison 
among the four groups of samples. As already mentioned in the determination of original mass of slag 
using EDTA test, the original mass of cement in each sample was quantified by TGA test, by 
subtracting the total bound water in each sample and then calculating the mass of cement according to 
the mix proportion. 
 
3. Results and discussion 
 
In order to better interpret the XRD/Rietveld results of cement clinker, amounts of C3S and C2S were 
summed together as calcium silicate phases and expressed by % of the original mass. In the same way, 
the amounts of C3A and C4AF were summed as calcium alumina phases. 
 
3.1. Kinetics of calcium silicate phases 
 
Fig. 2 shows the content of calcium silicate phases of samples at different ages quantified by 
XRD/Rietveld method. The hydration of calcium silicate phases in all pastes proceeded very fast in 
the first 7 days, e.g. the original content of calcium silicate phases in the raw material cement was 
74.49% (by mass) tested by XRD/Rietveld analysis, it decreased to 38.76% at 7 days and 32.71% after 
91 days of hydration in PBL paste. As for PC, PL and PB, the corresponding values decreased from 
the original 74.49% to 20.91%, 18.42% and 30.33% at 91 days, respectively. 
 
For cement pastes containing slag, i.e. PB and PBL, the amount of unreacted calcium silicate phases 
was constantly higher than that of PC and PL pastes over the whole age, showing the relatively slow 
hydration of calcium silicate phases in PB and PBL pastes, indicating that the hydration of calcium 
silicate phases was suppressed by the presence of slag. This is completely different from the 
observation of Seiichi Hoshino et al. (Hiroshi Hirao, et al., 2006), which claims that the hydration of 
C3S in binary (slag:cement:water = 0.4:0.6:0.3, by mass) and ternary (slag:cement:limestone:water = 
0.4:0.6:0.04:0.3, by mass) slag blended cement pastes was accelerated by slag up to 28 days of 



 

hydration. However, the experimental investigation of Kocaba (Vanessa Kocaba, 2009) shows that the 
substitution of cement by slag seems to result in a delay in the hydration of belite in the first days. 
 
Comparing the content of calcium silicate phases in PL paste to that of PC paste, it is clear that the 
presence of limestone accelerated the hydration of calcium silicate phases at early age. However, the 
acceleration effect of limestone on hydration of calcium silicate phases did not occur in PB and PBL 
pastes, since the content of calcium silicate phases in PB and PBL did not show much difference over 
the whole curing age except for the value at 1 day. 
 
As for the combination of limestone and slag in the ternary blended cement paste, i.e. PBL, the 
hydration of calcium silicate phases was slightly hindered by the presence of limestone at early age 
(less than 3 days) compared with PB paste, since there was 53.99% and 60.57% unreacted calcium 
silicate phases in PB and PBL pastes at 1 day, respectively. Considering the accuracy of 
XRD/Rietveld analysis, we did not observe distinct difference of kinetics of calcium silicate phases 
between PB and PBL pastes in later ages, i.e. after 3 days of curing. 
 

Fig. 2 The evolution of calcium silicate phases of 
all pastes measured by XRD/Rietveld method. 

Fig. 3 The evolution of calcium silicate phases of 
all pastes measured by XRD/Rietveld method. 

 
3.2. Kinetics of calcium alumina phases 
 
Fig. 3 demonstrates the amount of calcium alumina phases of all samples from start of mixing to 91 
days of hydration quantified by XRD/Rietveld analysis. Similar to the case of calcium silicate phases, 
the hydration of calcium alumina phases proceeded fast in the first 14 days. Calcium alumina phases 
of all blended pastes, i.e. PL, PB and PBL pastes, showed faster hydration kinetics compared with that 
of PC paste over the whole tested age, with the exception of PL paste after 14 days, for the ratio of 
unreacted calcium alumina phases in PL paste was constantly higher than PC paste after 14 days of 
hydration. 
 
The presence of slag significantly enhanced the hydration of calcium alumina phases at both early and 
late ages. Although the addition of limestone in PL accelerated the hydration of calcium alumina 
phases up to 14 days compared to that of PC paste, the combination of limestone and slag in PBL 
paste showed distinct negative influence on the hydration kinetics of calcium alumina phases, as the 
content of calcium alumina phases in PBL paste was constantly higher than that in PB paste at all 
testing ages. 
 
3.3. Degree of hydration of cement clinker in all pastes 
 
The term degree of hydration of cement is traditionally defined as the ratio between the amount of 



 

cement that has hydrated at time t relative to the its original amount (Klaas van Breugel, 2006). In this 
research, the original content of clinker (C3S + C2S + C3A + C4AF) of cement quantified by 
XRD/Rietveld analysis was 92.98% (by mass). As the amount of other components of cement was 
small (7.12%) and difficult to be quantified by XRD/Rietveld, we focused on the hydration of clinker 
instead of the whole cement. For this reason, we defined a term degree of hydration of clinker. It is 
mathematically defined as the ratio of hydrated amount of clinker at time t to the original amount, 
which approximately represents the degree of hydration of cement if not exactly. 
 

Fig. 4 Degree of hydration of clinker in four 
pastes at different curing ages. 

Fig. 5 Degree of reaction of slag in PB and PBL 
pastes at different ages. 

 
Fig. 4 plots the degree of hydration of cement clinker in all samples from 1 day to 91 days of 
hydration. Most of the hydration of cement occurred at early age, e.g. at least 22% of clinker of PBL 
paste reacted after 1 day of hydration and as high as 59% of clinker of PL reacted within 14 days. 
Hydration of cement clinker at early ages, i.e. less than 14 days, were accelerated by the presence of 
slag and/or limestone except for the value of PBL at 1 day. Hydration of cement clinker in all blended 
pastes (PL, PB and PBL) after 14 days proceeded noticeably slow compared with that within the first 
14 days. The hydration of clinker in PC paste was relatively faster than the three blended cement 
pastes at late age, i.e. after 28 days. 
 
It is clear that the single addition of limestone accelerated the hydration of cement clinker over the 
whole curing age. The acceleration effect was typically strong in the first 14 days, which is confirmed 
by the fact that the degree of hydration of clinker of PL paste was much higher than the corresponding 
PC up to 14 days of curing age. However, the degree of hydration of cement clinker in PC paste finally 
reached almost the same level of PL paste after 91 days of hydration. 
 
Compared with PC paste, the single addition of slag in the PB paste, i.e.70% of cement replaced by 
slag, exhibited positive influence on the hydration kinetics of the cement clinker. The degree of 
hydration of cement clinker in PB paste was higher than that of PC paste at all tested ages except for 
91 days, showing the acceleration effect on hydration of cement clinker caused by slag. However, the 
acceleration effect brought by slag in PB was not as strong as that by limestone in PL, as the degree of 
hydration of cement clinker in PL is always higher than that in PB at all tested ages. 
 
In terms of the hydration kinetics of cement clinker, the degree of hydration of cement clinker in PBL 
paste is more complex compared with any other paste in this study. Degree of hydration of cement 
clinker in PBL paste was the lowest at 1 day among the four pastes, i.e. only 22.88% of clinker in PBL 
was hydrated at 1 day, which was significantly lower compared with other pastes. Compared with the 
acceleration effect on hydration of cement clinker brought by single addition of limestone or slag, i.e. 
PB or PL paste, the combination of limestone and slag in PBL slightly but clearly hindered the 



 

hydration of clinker at 1 day. 
 
However, the result shows an obvious acceleration effect on hydration of cement clinker in PBL paste 
during the curing age from 1 to 14 days, e.g. 40.18% and 52.81% of clinker in PBL paste was hydrated 
after 3 and 7 days of hydration, respectively, which were both higher than the corresponding values of 
PC paste even considering the accuracy of XRD/Rietveld analysis. The hydration of cement clinker in 
PBL paste had no progress over the curing age from 28 to 91 days, as the degree of hydration of 
clinker only changed from 61.99% to 62.08% at the two ages, while the corresponding values of PC at 
these two ages increased from 61.68% and 69.59%, respectively. The degree of hydration of cement 
clinker in PBL paste at 91 days is also the lowest compared with the other three types of pastes, i.e. PC, 
PL and PB. 
 
Based on the comparison results with reference pastes, i.e. PC, PL and PB, the combination of 
limestone and slag in ternary blended cement paste PBL paste did not show synergistic effect on the 
hydration kinetics of cement clinker. Instead, the hydration kinetics of cement clinker in PBL was the 
lowest at both 1 and 91 days comparing with any other type of paste in this research. 
 
As revealed in the analysis of hydration of calcium silicate phases and calcium alumina phases, the 
relatively low degree of hydration of clinker in PBL is the combination of negative influence brought 
by slag and limestone on hydration of calcium silicate phases and calcium alumina phases, 
respectively. 
 
3.4. Degree of reaction of slag in all pastes 
 
Fig. 5 presents the degree of reaction of slag in slag blended pastes (PB and PBL) measured by EDTA 
selective dissolution method. The degree of reaction of slag in both PB and PBL pastes was only about 
8% and 35% of slag reacted after 1 and 91 days of hydration, respectively. Both values were generally 
much lower than that of cement clinker of all pastes at all ages. However, curves in Fig. 5 show an 
increasing trend of slag hydration at later curing age for both PB and PBL pastes comparing to the 
relatively flat curves of cement clinker (Fig. 4), which is readily interpreted as that slag is a latent 
cementitious material with most part of reaction undergone at later age. 
 
The degree of reaction of slag tested by EDTA method in this research agrees well with the data from 
literature (K. Luke, et al., 1988), as summarized by Taylor (H. F. W. Taylor, 1997) that at water to 
solids ratios of 0.4-0.6 and 20 °C 30-55% of the slag reacts in 28 days and 45-75% in 1-2 years. G. Ye 
(Guang Ye, 2006) also reported similar results using SEM image analysis and EDTA method. 
 
It is worthwhile to note that there was already a noticeable amount of slag reacted even just after 24 
hours of hydration. Using SEM image analysis, Breugel et al. (K. van Breugel, et al., 2006) performed 
a series of experiments on slag blended cement pastes to quantify the degree of reaction of slag. In 
their results, two slag pastes with similar slag replacement level as used in this research (70% of 
cement replaced by slag) and two water to powder ratios (0.4 and 0.5) show degree of reaction 8.0% 
and 7.3% at 1 day, respectively, which agree very well with the results of this research, indicating the 
reliability of EDTA method and confirming the noticeable amount of slag reaction even within 24 
hours. In addition, their results revealed that the degree of reaction of slag at 1 day increases as slag 
replacement level decreases. 
 
As for the influence of limestone addition on reaction kinetics of slag in PBL, there was no fixed trend 
between the degrees of reaction of slag in PB and PBL pastes as shown in Fig. 5, since the degree of 
reaction of slag in PBL was only slightly higher than that of PB paste at the ages of 3 and 28 days. 
Limited results of Seiichi et al. (Hiroshi Hirao, et al., 2006) showed that 4% of limestone addition did 
not have significant influence on the reaction kinetics of slag in ternary blended cement paste, in 



 

which the paste was mixed at the ratio of cement:slag:limestone:water = 60:40:4:30 and cured at 20 °C. 
 
3.5. Content of calcite measured by TGA 
 

Fig. 6 Content of CaCO3 measured by TGA. 
 
Fig. 6 shows the content of CaCO3 of all four pastes from 0 to 91 days of hydration quantified by TGA 
experiments. It has to be noted that the cement (CEM I 52.5) used in this research contained 2.0% 
CaCO3 (by weight) tested by TGA. This amount of CaCO3 in CEM I 52.5 is allowed according to the 
European standard (EN 197-1). TGA analysis also shows that 98.3% of limestone in this research was 
CaCO3. Since the content of CaCO3 in cement is at the same order of magnitude of that contained in 
limestone (10%), it should be considered in the content of CaCO3 that was analyzed by TGA test 
during all testing ages. According to the content of CaCO3 in raw materials, i.e. cement and limestone, 
the original mass of CaCO3 in PL and PBL pastes was 90%*2.0% + 10%*98.3% = 11.63% and 
30%*2.0% + 10%*98.3% = 10.43% of the total original solid raw materials, respectively. 
 
Compared with the relatively stable content of CaCO3 in PC paste over the whole age, the content of 
limestone in PL sharply decreased from the original 11.63% of all solid raw materials to 9.47% after 1 
day of hydration, and fluctuated afterwards between 9.63-10%. Similar trend of limestone change also 
occurred in PBL paste. Over the whole curing age of 91 days, the content of CaCO3 reacted was 
approximately 1.6-2.2% of the total solid raw materials except for PB paste that had almost no CaCO3 
in raw materials (0.6%), which generally agrees with the reported values (H. F. W. Taylor, 1997, V.S. 
Ramachandran, 1988) that the maximum quantity of CaCO3 that can react appears to be 2-3% with 
most cements. 
 
The only difference of the limited CaCO3 reaction among PC, PL and PBL pastes is that the main part 
of CaCO3 reaction occurred at the very early age (1 day) in the cases of PL and PBL pastes, which 
could be caused by the relatively large supply of limestone in PL and PBL pastes. However, the 
presence of CaCO3 from raw cement in PC also resulted in a detectable amount of CaCO3 reacted with 
clinker within the first 14 days of hydration. 
 
4. Conclusions 
 
In this study, the kinetics of four groups of cement pastes, i.e. PC, PL, PB and PBL pastes, were 
studied by a serials of systematic experiments. According to the analyzed results, the main conclusions 
are drawn as follows. 
 

1. The hydration of calcium silicate phases of cement in pastes was enhanced by the presence of 
limestone, but hampered by the addition of slag. 



 

2. The hydration of calcium alumina phases of cement was greatly accelerated by the addition of 
slag, it was also enhanced by the presence of limestone in binary blended limestone cement 
paste at early age. However, the coexistence of limestone with slag in ternary blended cement 
paste shows that limestone restrained the hydration of calcium alumina phases of cement. 

3. The degree of hydration of cement clinker was distinctly accelerated by the single addition of 
slag or limestone within 91 days of hydration. The coexistence of slag and limestone in 
ternary blended cement accelerated the hydration of cement clinker between the curing ages 
from 1 to 14 days, but lowered the degree of hydration of clinker after 91 days of hydration 
compared with other pastes. 

4. The degree of reaction of slag in blended cement pastes was about 8% and 35% after 1 and 91 
days of hydration, respectively, and it was almost not influenced by the addition of limestone. 

5. TGA tests show that a small amount of limestone, i.e. around 2% of the total solid raw 
materials, was reacted in pastes, mainly at early age. 
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Abstract 
The effect of fly ash on autogenous shrinkage of cement systems with low water to cement ratio has been a subject of 
only a few studies. Reduction of autogenous shrinkage should be expected as fly ash replaces cement, but a contribution 
to the shrinkage could take place due to pozzolanic reactivity of the fly ash.   
In this research, a series of experimental studies was carried out to investigate the effect of fly ash substitution levels 
(0%, 20% and 40% by mass of binders) on the autogenous shrinkage of cement systems with water-to-binder ratio of 
0.3. To separate physical (filler effect) and chemical (pozzolanic) contribution of fly ash, additional mixtures were 
prepared where fly ash was replaced by the same volume of quartz filler. For both systems, the autogenous shrinkage 
was continuously measured using the corrugated tubes protocol. Phases evolution, hydration kinetics and internal 
relative humidity were also measured up to 28 days to track the performance of cement hydration and water 
consumption simultaneously. 
The results showed that fly ash limited the autogenous shrinkage of the specimens, but only at high substitution levels. 
Moreover, the slopes of the autogenous shrinkage of fly-ash blended systems were higher than that of pure cement 
systems after 28 days, indicating an effect of fly ash reaction in addition to cement hydration. The trend of these volume 
changes generally agreed with the evolution of relative humidity in the first week. According to the development of the 
amount of Portlandite, after 7 days, the Portlandite consumption apparently out-weighted the production in fly-ash 
blended systems. Moreover, differences in amounts of portlandite rates between fly-ash systems and quartz systems 
were observed already at 3 to 5 days. The outcome of this experimental work will further assist in predicting the 
autogenous shrinkage of fly-ash blended systems. 
 
 
Originality 
Although a substantial quantity of studies has focused on the mechanical properties of fly-ash blended systems, 
investigations about the effect of fly ash on autogenous shrinkage are scant. Consequently, prediction of the autogenous 
shrinkage in fly ash-cement blended systems is still not possible. The challenge in understanding the mechanisms of 
autogenous shrinkage in such systems stems from the simultaneous action of hydration reaction of cement and 
pozzolanic reaction of fly ash, with both processes affecting microstructure development and consequently autogenous 
shrinkage. Fly ash changes the volume of gel pores and capillary pores (filler effect), which will affect the autogenous 
deformation. Moreover, the pozzolanic reaction is an additional source of shrinkage at later ages. In this research, 
quartz filler with similar particle size is used to substitute fly ash. It helps to simulate the filler effect on early hydration 
properties and autogenous shrinkage, and also helps to clarify the impact of the pozzolanic reaction. Within this 
experimental work, the mechanism and evolution of the autogenous shrinkage of fly-ash blended systems can be 
associated with each other. The better understanding of the shrinkage can also be helpful to find a more effective and 
accurate model for predicting autogenous shrinkage.  
 
 
Keywords: Fly-ash blended cement; autogenous shrinkage; relative humidity evolution; phases change; hydration 
kinetics 
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1. Introduction 
Nowadays, cements containing significant quantities of supplementary cementitious materials (SCMs) 
are being increasingly used in practice. In terms of their main contributions, one is the overall lower 
carbon footprint they have, compared to solely cement systems, another is the improved durability. 
SCMs affect hydration reaction in a number of ways. From the kinetics’ point of view, the enhanced 
reaction of the cement due to the higher effective water-to-cement ratio and the amount of nucleation 
sites is observed, with the consequent production of larger quantities of hydration products 
(Lothenbach et al. 2011). A change of acceleration slope and intensity of the aluminum peak can be 
seen in calorimetry curves (Berodier, 2015). In the majority of cases, this first effect of the SCMs is 
not easy to distinguish at early ages. Another effect manifesting at later ages is formation of additional 
hydration products through chemical reactions involving pozzolanic reaction. If the amount of SCMs 
is high, they will stay partially unreacted and act as micro aggregates in the paste (Deschner et al. 
2012).  
The hydration of SCMs blended systems will also affect autogenous shrinkage. Autogenous shrinkage 
is endogenous volume change which occurs as a consequence of self-desiccation (decrease of internal 
relative humidity, RH) and increasing capillary pressure in the pore fluid (Lura et al. 2003). 
Autogenous shrinkage is of key importance from the perspective of durability, especially for high-
performance concretes (HPCs) (Lura et al. 2003). Autogenous shrinkage, when restrained, will 
generate eigenstresses and  may lead to cracking At present, replacement of cement with fly ash seems 
to be an effective way to reduce autogenous shrinkage even though only limited data is available 
(Termkhajornkit et al. 2005). The microstructure change was regarded as a main reason for shrinkage 
reduction, but the explanation of the mechanism seems still too vague.  
In this work, the effect of fly ash substitution levels on the autogenous shrinkage was investigated. 
This experimental data helps to clarify the mechanisms influencing autogenous shrinkage. The final 
goal of this study is developing models to predict autogenous shrinkage of fly-ash blended systems.  
2. Materials and methods 
Portland cement, low-calcium fly ash and quartz were used in this research. The oxide components 
and the physical properties of cement and fly ash are listed in Table 1 and Table 2, respectively. 
Polycaboxylate ether-type superplasticizer was used to control workability. Pastes of fly-ash blended 
cements with different fly ash contents (0%, 20% and 40% by mass of binder) with water-to-binder 
ratio (w/b) of 0.3 were prepared by vacuum mixer with mixing speed of 450 rpm. In order to separate 
the physical and chemical contribution of fly ash on autogenous shrinkage, an additional series of 
pastes was prepared where fly ash was substituted by the same volume fraction of quartz filler. The 
mass percentages of quartz in the paste were 23.3% and 46.7%. The particle size distributions (PSD) 
of the materials used are shown in Figure 1.  

Tab. 1 Chemical compositions of cement and fly ash /% 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Mn2O3 Loss

Cement 20.45 4.39 3.01 64.48 1.66 2.83 0.24 0.89 0.34 0.28 0.05 1.3 
Fly ash 69.67 23.8 2.39 0.10 0.2 0.004 0.09 0.61 1.51 0.14 0.05 0.95

Tab. 2 Physical properties of all the raw materials 
Properties Cement Fly ash Quartz 

Density (g/cm3) 3.12 2.17 2.67 
Specific Surface (m2/g)  1.15 1.19 1.17 

The linear autogenous shrinkage strains were measured using corrugated tubes with 29mm diameter 
and length of 425mm. The corrugated tubes filled with pastes were sealed with polyethylene plugs. 
The measurement started approximately 40 minutes after casting. The tubes were submerged into a 
silicon oil bath to avoid possible drying through the tubes/plugs and to enable efficient temperature 

control at 20±0.1 . Water activity sensors were used to monitor internal RH in the samples closed in 



 

hermetic chambers and kept at a constant temperature of 20±0.1 . The samples for RH measurements 

were crushed before the measurement into pieces of up to 5 mm size and the measurements started at 
approximately 24 hours. A TAM isothermal calorimeter was used to measure heat flow and 
cumulative heat of the systems. To quantify the amount of phases present at each stage of hydration, 
X-Ray diffraction (XRD) was performed on freshly sliced samples at 1, 3, 7, 14 and 28 days. After 
casting, all specimens were sealed to avoid moisture loss during hydration and the temperature was 

controlled at 20±0.3 . All the experiments were performed on duplicate samples.  

 
Figure 1 Particle size distributions of materials investigated  

3. Results and Discussion 
3.1. Autogenous shrinkage  
The autogenous shrinkage development of all systems is presented in Figure 2. The results shown 
were zeroed at the final setting time (measured by Vicat needle, Table 3.) (Figure 2(a)). The duplicate 
results showed that the test setup gave good repeatability of the measurements (note that each of the 
duplicate samples comes from independent mixing). Development of autogenous shrinkage can be 
roughly separated into three stages: in the first stage (from setting to around 16 hours), steep shrinkage 
was observed. At this stage, the stiffness of the specimen was very low; the sample deformed 
considerably even at very low capillary pressures. After this sharp reduction in autogenous shrinkage, 
at around 16 hours, these systems all showed a small expansion. Although a number of studies 
concerning the reason for this expansion have been conducted, e.g. (Bjontegaard et al. 2004, Sant et al. 
2011), the explanation is still under debate. During a third stage, the autogenous shrinkage kept 
increasing with different rates for different systems.  

Tab. 3 Setting time measured by Vicat needle 
Samples Cement CFA20 CFA40 CQZ20 CQZ40 

Setting time (hours) 6.13 5.83 6.75 7.30 7.48 
 



 

(a) Autogenous shrinkage within the first 7 days. 
Measurements zeroed at the final setting time  

(b) Autogenous shrinkage within first 28 days. 
Measurements zeroed at the peak of expansion phase 

Figure 2Autogenous shrinkage of all systems up to 28 days 
As expected, w/b =0.3 pastes containing 20% and 40% fly ash replacement had lower autogenous 
shrinkage than Portland cement pastes in the first 7 days. These results agreed with (Termkhajornkit et 
al. 2005). The same trend can be seen in quartz systems with the same replacement volume.  
Figure 2(b) shows the autogenous shrinkage of all systems up to 28 days. Note that the results were 
zeroed at the maximum expansion in the curves in order to compare the trend of deformations 
excluding the effect of the initial steep shrinkage. One very noteworthy phenomenon is the differences 
between slopes of the autogenous shrinkage development of quartz and fly-ash blended systems 
having the same substitution level showed around 5 days. Before 5 days, fly-ash and quartz blended 
systems with the same substitution levels presented a striking similarity. The various magnitude and 
slope of the autogenous shrinkage are either due to differences in hydration characteristics or in the 
microstructure, or to both. The reason for the higher slope of autogenous shrinkage of fly-ash blended 
systems needs to be carefully checked by other techniques, but it may be due to the pozzolanic activity. 
Surprisingly, the autogenous shrinkage is very sensitive to the dilution effect and pozzolanic reaction 
of fly ash. 
Figure 3 shows the slope change of the autogenous shrinkage of all systems. As stated before, the 
slope of autogenous shrinkage of the Portland cement paste was far greater than that of other systems 
in the first 5 days. After that, the fly-ash blended systems manifested a relatively high rate of 
shrinkage. Moreover, no difference was apparent in the two fly-ash systems with different substitution 
levels. After around 10 days, the shrinkage-time curves were gradually flattening off, except for the 
fly-ash blended systems. In addition, the slopes of the autogenous shrinkage of two fly-ash blended 
systems with different replacement levels were similar. 

 
       Figure 3 Slope of autogenous shrinkage curve for all systems up to 28 days  



 

3.2. Relative humidity 
Internal RH measurements for the first week of hydration are shown in Figure 4.  

        

Figure 4 Internal relative humidity evolution of all systems up to 7 days  

For w/b=0.3, the internal RH is higher with increasing fly ash amounts. The slope of the fly-ash 
blended systems and quartz systems started to diverge around 3-5 days, depending on the substitution 
level. It appears that around 3-5 days the influence of the pozzolanic reaction of fly ash on the 
microstructure became significant. Comparing to the development of autogenous shrinkage, the trends 
of decrease in relative humidity correspond well to the volume change. 
However, even though the internal RH of the Portland cement system and the cement with 20% fly-
ash blended system reached similar values at the end of the first week (and therefore developed similar 
levels of capillary pressure), the autogenous shrinkage was not the same. Therefore, different levels of 
saturation and/or different mechanical properties of the two systems can be expected as a cause of 
different shrinkage.  
3.3. Hydration kinetics 
The calorimetry curve is shown in Figure 5. When cement was replaced by quartz, a steeper slope in 
the acceleration stage was obtained compared to the Portland cement system which indicates an 
acceleration of cement hydration in quartz blended systems. In addition, both fly ash and quartz 
blended systems had higher aluminum peak compared to pure cement. The more cement was replaced 
by fly ash or quartz, the higher was the intensity of the aluminum peak.  

 
Figure 5 Heat flow of all systems within 20 hours 

Comparing the cumulative heat release of all systems (Figure 6(a)), for the same volume fraction of 
quartz and fly ash, the total heat of the systems at 28 days was similar. These results indicate that the 
selected quartz was a good replacement for the fly ash at early ages, since they had a similar effect on 
the hydration of cement. As explained before, the contribution of cement and fly ash on heat release 
cannot be separated easily. 



 

Moreover, theoretically, the capillary pressure occurs, and the self-desiccation develops rapidly in 
0.005-0.05µm pores. Since the finer part of the fly ash and quartz are not exactly the same, more 
experiments related to the microstructure change need to be carried out. 

a) Cumulative heat release b) Autogenous shrinkage and cumulative heat 
       Figure 6 Calorimetry heat release and autogenous shrinkage of all systems up to 28 days  

Figure 6(b) shows the relationship between autogenous shrinkage and heat of hydration. It can be seen 
that autogenous shrinkage increased with the increasing heat of hydration. The aforementioned three 
stages of the autogenous shrinkage evolution are apparent. Note that all results were normalized by the 
mass of cement in every mixture. 
3.4. Amount of portlandite  
The amount of portlandite measured with XRD during the hydration period is shown in Figure 7. The 
difference of the amount of portlandite between fly-ash and quartz blended system becomes evident at 
around 3-5 days indicating the start of pozzolanic reaction of fly ash. Furthermore, the portlandite 
consumption outweighed the production in fly ash systems after 7 days. This is in line with the 
observation of the slope of the fly-ash and quartz blended systems that started to change around 3-5 
days, depending on the amount of cement substitution by fillers (see Figure 3). 

 
       Figure 7 Amount of Portlandite in all systems up to 28 days, per gram of cement  

4. Conclusions 
In this research, autogenous shrinkage as well as quantitative phases changing, hydration kinetics and 
internal relative humidity of fly ash blended systems with water-to-binder ratio of 0.3 were studied. 
On the basis of this research, it can be concluded as follows: 

 For w/b of 0.3, the higher the content of fly ash or quartz, the lower the autogenous shrinkage 
of the blended systems. The same trend was observed for the internal RH.  

 The differences between slopes of the autogenous shrinkage development of quartz and fly-
ash blended systems having the same substitution levels became evident around 5 days. This 



 

difference corresponded to the decrease of the amount of portlandite due to pozzolanic 
reaction.  

 The slope of autogenous shrinkage development can be separated into three stages, which 
becomes apparent when the volume changes as a function of heat release of the system are 
considered.   

 The total heat release of fly ash and quartz blended systems having the same substitution 
levels within 28 days was similar. 

The outcome of this experimental work will further assist in predicting the autogenous shrinkage of 
fly-ash blended systems. 
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Abstract 
The hydration of the clinker phases is usually enhanced at early age in blended systems although the SCM particles are 
not yet reacting. This effect is termed filler effect and is caused by the sole physical presence of inert particles in a 
cement paste. This effect has not be quantified and compared among the common SCMs. Isothermal calorimetry was 
used to quantify the filler effect and SEM images showed the development of the microstructure on the SCM surfaces. 
Our results showed a relationship between the reaction of the clinker phase with the surface-to-surface distance in the 
blended paste rather than a relationship with the surface provided as formerly thought. The effect of the distance 
between the particles can be explained by the increase of the shearing conditions when the surface-to-surface is 
reduced. Results comparing cement paste and blended pastes are in good agreement with our theory. 

 

Originality 
For the first time, the filler effect at early age of SCM was quantified and the results showed that this effect is related to 
the surface-to-surface distance rather to the surface available for C-S-H nucleation as formerly explained.  
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1. Introduction 
The acceleration period is controlled by the nucleation and growth of C-S-H (Bullard, Jennings et al. 
2011; Scrivener and Nonat 2011). SCMs can enhance the acceleration period although they are inert at 
this stage (Gutteridge and Dalziel 1990). This effect is termed filler effect and it has been attributed to 
the larger number of growing C-S-H nuclei. The SCMs are usually assumed to provide surfaces where 
C-S-H can nucleate. The evidence comes from the increase in kinetics with the fineness of the 
particles. 
 
However these effects have not been well quantified and explained. Studies have only qualitatively 
compared the effect of different types of SCM. In addition, few microscopic observations have 
confirmed the growth of C-S-H at early age on SCM surfaces. 
 
This work reports on the effect of quartz on cement hydration during the acceleration period. Through 
a systematic study with varying quartz fineness and replacement level, we quantified the filler effect of 
inert fillers on the acceleration period. The results combined with the effect of mixing speed bring new 
insights on the effect of SCMs during early hydration. 

 

2. Experimental 
2.1. Raw Materials 
To investigate the impact of the surface area of the filler Portland cement (CEM I 52.5) was mixed 
with different sized quartz powders (d50= 4, 13 and 18 μm) and the replacement level for each quartz 
was from 10% to 70%. The water/solid ratio was constant at 0.4. The chemical compositions of the 
raw materials have been characterized by XRF and are shown in Table 1. 

Tab. 1 Chemical compositions of the raw materials 
Compositions SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2Oeq. SO3 

Cement 14.8 3.1 2.5 62.43 2.0 0.3 2.7 5.5 
Quartz 98.5 - 1 - - - - - 

 
The distance between the surface of particles (dBET) in the mix was calculated as followed(De 
Larrard 2005; Roussel, Lemaître et al. 2010): 
 

Equation 1 
dBET is the mean diameter from the specific surface area as 

Equation 2 
 
 
2.2. Experimental Process 
Prior to hydration, Portland cement and quartz powder were mixed together. The paste was mixed for 
2 minutes at 1600 rpm. To study the effect of the mixing speed some samples were also mixed at 
higher speed (15000 rpm) and lower speed (hand-mix). 
The kinetics of hydration was followed by a TAM-Air isothermal calorimeter  at 20°C. 



 

The preparation of the SEM sample was done according to the procedure described in (Berodier and 
Scrivener 2014). The hydration was stopped by solvent exchange with isopropanol. The specimens 
were prepared from the dried powder and observed with a FEI XLF-30 SFEG-SEM. 
 
 
3. Results and Discussion 
3.1. Effect of quartz filler 
Figure 1 shows the quartz surface from a quartz-cement paste after 5 hours of hydration. C-S-H is well 
defined as needles which diverge from the nucleation sites. Similar growth is observed on cement 
grain surface. The presence of C-S-H on the quartz surface indicates that quartz surface acts as 
substrate for the heterogeneous nucleation of C-S-H and that the ionic species are available 
everywhere in the solution. 

500 nm
 

Figure 1: Micrographs of quartz surface at 5 hours of hydration in uartz-cement paste 
 
The effect of quartz on the kinetics of the acceleration period has been quantified by fitting the linear 
part of the acceleration calorimetry curve. The resulting slope value is plotted in Figure 2 as a function 
of the solids surface per g of cement in the pastes. The graph indicates how the slope is increased with 
the surface available for C-S-H nucleation. It is seen that there is a roughly linear increase of the slope 
with the surface. However the effect of the surface on the acceleration kinetics is quantitatively low 
compared to the surface provided. A doubling of the surface does not lead to a double of the slope as 
expected (Costoya Fernández, Scrivener et al. 2008). 
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Figure 2: Slope value of the acceleration rate as a function of the total surface available per g of cement 

 

3.2. Effect of the distance between particles 



 

Figure 3 shows the slope value as a function of the surface-to-surface distance between the particles 
(cement and quartz particles). It can be seen a master curve indicating that the smaller the distance 
between the particles, the higher the acceleration rate and this effect is independent of the nature of the 
particles as both quartz-cement and plain cement systems follow the same relation. This indicates that 
the increase of the acceleration kinetics with decreasing the water/cement ratio in plain cement 
systems can be explain in the same way than the increase of the acceleration with replacing clinker by 
inert particles e.g. quartz.  
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Figure 3: Slope value of the acceleration rate as a function of the Surface-to-surface distance between the 

particles (cement and quartz grains) 
                     
Micrographs in Figure 4 confirm the hypothesis that decreasing the distance between particles 
increases the acceleration rate. Figure 4.a) shows the surface of cement grains in the cement paste at 4 
hours of hydration. C-S-H forms bushes of needles distributed on a smooth surface at regular distance 
from each other. In the quartz-cement paste (Figure 4.b)) where the distance between particles is 
shorter, the cement surface shows similar hydrates, mainly C-S-H. However the surface is covered by 
much more C-S-H at early stage and C-S-H needles everywhere. This confirms that decreasing the 
distance between the particles, increasing the number of C-S-H growing sites that leads to faster 
acceleration kinetics.  

1 µm 1 µma) b)
 

Figure 4: Micrographs of cement surface after 4 hours in a) cement paste b) quartz-cement paste 
 

3.3. Shearing between the particles 

The effect of the distance between the particles might have several interpretations. Nevertheless 
results on the effect of mixing shown in Figure 5 suggest that the effect of the distance is related to the 
shearing during the mixing procedure. Figure 5 shows the calorimetry curves of cement paste and 
quartz-cement paste mixed at three different mixing speed (handmix, 1600 rpm and 15 000 rpm). The 
results indicate that increasing the mixing speed may raise the acceleration rate. The mechanical action 



 

of the mixing affects more the paste where the distance between the particles is smaller. The impact of 
the shearing is here much important than in the plain cement paste. 

a) b)

 
Figure 5: Effect of the mixing speed on kinetics on a) plain cement paste b) 70% quartz – cement paste 

 
 
Common SCM as slag and fly ash were used to confirm the shearing effect in common blended 
systems. Figure 6 shows the slope value as a function of the shear rate induced between the SCM 
particles during the mixing procedure. The results describe a master curve which clearly shows that 
kinetics is increased as the shear rate produce in the space between the particles increases. Systems 
containing slag and fly ash replacement follow the same trend as for quartz. This relationship confirms 
the key role of the shearing at the mixing stage in blended systems. 
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Figure 6: Slope as a function of the estimated shear rate induced between the particles. Pastes with slag and fly 

ash fall on the master curve 
 
4. Conclusions 
In this study we demonstrated that the filler effect is related to the distance between the particles in the 
paste. The reduction of the surface-to-surface distance caused by the introduction of fine filler 
increases the shearing forces between the particles that favour the nucleation of C-S-H. This effect 
seems independent on the chemical composition of the SCM as systems with slag and fly ash behave 
like for quartz. This work shows how important is the mixing step for the hydration kinetics at early 
age. 
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Abstract 
The use of supplementary cementitious materials (SCMs) in formulations of concrete is expanding worldwide. However, 
this practice changes the hardened state properties, because the compositions are formulated using lower binder 
content, and the effects on the performance in use and durability are still not completely understood. Blast furnace slag, 
limestone filler, fly ash, silica fume, and others, are some example of SCMs used today; their interactions with Portland 
cement are widely discussed in the literature. Iron-rich materials, such as bauxite residue (BR), do not have its 
interaction with cement very well understood, mainly during the transition from fluid-to-solid behavior. This residue is 
known to have negligible impact on the hardened properties, but the chemical reaction and the rheological properties 
are modified. Hence, our aim is monitoring the fluid-to-solid transition of compositions of different Portland cements 
blended with bauxite residue. Isothermal calorimetry, oscillatory rheometry and X-ray diffraction were the methods 
used. It was thus possible to evaluate the physico-chemical contribution and the hydrated compounds formed during 
hardening. A delay in the chemical reaction in function of the use of BR was observed, but the changes were more 
influenced by the cement composition. Formation of hydrogen carbonate of sodium hydrated and sodium 
silicoaluminate hydrated was observed, negligibly impact on the formation of hydrated calcium ferrite phases, and 
increase in the formation of hydrated silicate and aluminate phases were observed. The rheological properties changed 
and the yield stress, monitored in function of time, was higher in suspensions with BR than in the reference ones. 
 
 
Originality 
The transition from fluid-to-solid behaviour is influenced by two different but complementary processes. Hydration 
reaction is a chemical contribution, that may be monitored using isothermal calorimetry, and the 
flocculation/coagulation is a physical portion of hardening, which may be monitored using time sweep oscillatory 
rheometry maintaining frequency and strain constant. The association of both results is very important to understand 
the main contribution during hardening, which affects the microstructure formation and the properties of cementitious 
materials in use. 
 
Keywords: Bauxite residue, cement, chemical reaction and rheology 
 

                                                 
1 Corresponding author: rcorjau@gmail.com, Tel +55-11-99129-7501, Fax +55-11-3091-5544 



 

1. Introduction 
To make one tonne of primary aluminium requires about two tonnes of alumina, creating from two to 
four tonnes of bauxite residue (BR), which is presently regarded as waste from the Bayer process. 
As in these days the annual world aluminium production is higher than 50Mton, the generation of BR 
represents more than 200Mton disposal into the lakes of mud, causing a serious effect on the 
environment. 
For now, technology enables us to store the residue harmlessly, but this does not remove the problem, 
and as the primary aluminium needs are increasing, the amount of BR is raising worldwide. 
Because of this, extensive works has been done by many researchers to develop ways for the 
utilization for this material. 
Water treatment, remediation of soil and mines, production of red ceramic, metal coatings, pigments 
production, treatment of waste from gold mine, selective filter of H2S or SO2, Fe-C alloy corrosion 
inhibitor, support for catalysis, and others, are some alternatives studied (Furimski E et al., 1986; 
Dhupe A. P., et al., 1988; Browner R. E., 1995; Petropulu M. O. et al., 1996; Singh M. et al., 1996 and 
1997; Koumanova B. et al., 1997; Pera J. et al., 1997; Smirnov D. I. et al., 1997; Akay G. et al., 1998; 
Apak R. et al., 1998; Lopez E. et al., 1998 and 2003; Pradhan J. et al., 1998 and 1999; Altundogăn H. 
S. et al., 2000 and 2002; Sglavo V. M. et al., 2000; Yalcin N. et al., 2000; Cengeloğlu Y, et al., 2001, 
2003 and 2006; Gupta V. K. et al., 2001 and 2002; Genc H. et al., 2003; Li P. et al., 2003; Genç-
Fuhrman H. et al., 2004 and 2005; Tsakiridis P. E. et al. 2004; Collazo A. et al., 2005; Peng F. et al., 
2005; Bertocchi A. F. et al., 2006; Santona L. et al., 2006; Tor A. et al., 2006a and b; Gray C. W. et al., 
2006; Satapathy A. et al., 2006; Pontikes Y. et al., 2007; Sushil S. et al., 2008; Liu X. et al., 2011). 
However, although many efforts are being made to find a utilization for this waste, was not yet 
developed an economically viable and large-scale application. So, this residue is still being discarded 
in specially designed dams, resulting in environmental impact (Silva Filho E. B. et al., 2007; Liberato 
C. C. et al., 2009 and 2011; Ribeiro D. V. et al., 2011; Saternus M, 2011; Senff L. et al., 2011; 
Klauber C. et al. 2011). 
On the other hand, the association of BR and cement may be an alternative to a large-scale application, 
and more and more attention has been paid to use the waste as a supplementary cementitious material 
– SCM (Liberato C. C. et al., 2009 and 2011; Ribeiro D. V. et al., 2011; Singh M. et al., 1996 and 
1997; Tsakiridis P. E. et al. 2004; Vangelatos I. et al., 2009). 
This practice, where no additional clinkering process is involved, leads to a significant reduction in 
CO2 emissions per ton of cementitious materials, and is a means to utilize by-products of industrial 
manufacturing processes (Lothenbach B. et al., 2011). 
If will be confirmed that BR may partially substitute cement material in compositions of concrete or 
mortar, will be developed a new class of SCM, with chemical composition different of the other SCM 
known today, according presented in Figure 1 (adapted from Lothenbach B. et al., 2011). 
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Figure 1. CaO-Al2O3-SiO2 ternary diagram of supplementary cementitious materials (SCM). If BR is used in 

partial substitution of cement will be developed a new class of SCM. 



 

According Lothenbach et al. (2011), the chemistry of the SCM is generally characterized by lower 
calcium content in comparison with Portland cement. Thus, there are differences in the hydrates 
formed during hydration, which influence strength and durability. 
As BR is a waste with considerable amount of Al2O3, SiO2, and Fe2O3, it is necessary to investigate 
the physico-chemical interaction with the binders during the hydration 
Independently of that, it is clear that the hardening process presents two complementary components, 
which are very different, depending on the SCMs added (Nonat A. et al., 1997; Lootens D. et al., 2009; 
Romano R. C. O. et al., 2013): 
 physical (agglomeration/flocculation), at the origin of the essential contacts between particles. 
 chemical (rigidification), by hydrates of the contact points between anhydrous particles - 

hydration reaction. 
So, it is necessary to refine the methodology to evaluate the transition from fluid behaviour to solid 
state. Thus, the objective of this work was to monitory the fluid-to-solid transition of pastes 
formulated with bauxite residue in partial substitution of different kind of Portland cement. 
 
2. Experimental 
2.1. Experimental Methods 
2.1.1. Physico-chemical characterization of the raw materials 
Chemical characterization: the following chemical analyses were performed according ASTM 
C114/05 – Standard Test method for Chemical Analysis of Hydraulic Cement, and NBR 13810/97 – 
Determination of metals - Guidelines for Atomic Absorption spectroscopy. 
X-ray diffraction: a PANalytical Empyrean diffractometer (PIXcel3D detector) was used, with Cu Kα 
radiation (λ=1.54 Å), a divergence slit size of 0.5°, a niquel filter and a spinning frequency of 0.5 rps. 
All scans were measured over an angular range from 5 to 70° (2θ) with a 0.017° step size; the 
accumulated time per step was set to 60 sec. 
Laser granulometry: a Malvern Mastersizer S long bed, ver 2.19 with a detection range from 0.05 to 
555 m was used to perform laser granulometric measurements 
Helium picnometry: the real powder density was determined using a Quantachrome MVP 5DC 
Multipicnometer. 
Specific surface area: this analysis was performed according the BET (Braunauer, Emmet and Teller) 
method using a Gemini 2375 Micromeritics machine. Samples were pre-treated at 60°C and 100 
mmHg pressure for 24 h. 
 
2.1.2. Chemical reaction 
Heat flow during the hydration reactions was monitored by a TAMAir isothermal conduction 
calorimeter from TA Instruments, maintaining the temperature at 23°C for 48 hours. The powder was 
added in a glass ampoule, water was injected with a syringe and the suspension was mixed manually 
for 1 minute. All tests started 1.5 minutes after completed mixing. 
For monitory the chemical reaction by X-ray diffraction, sample were moulded into a plastic cup and 
cured at 23°C and 70% of relative humidity. The hydration reaction was stopped after 30 min, 1h, 2h, 
4h, 8h and 24h of cure by freeze drying and then immersing the samples in liquid nitrogen (-186°C) 
for 2 min. The adsorbed and interlamelar frozen water was removed by sublimation in a Terroni 
Fauvel freeze-dryer, model LC1500. Once dried, the samples were ground, sieved through a 75µm-
aperture mesh and stored in a desiccator with silica gel under vacuum until each test. 
 
2.1.3. Monitoring consolidation 
Tests were performed in an AR550 rheometer, TA Instruments, with parallel plate steel geometry of 
40 mm of diameter, using a gap of 1000µm. The pastes’ consolidation was monitored for 4 hours at a 
constant frequency of 1 Hz and a strain of 10-4. 
The pastes were mixed for 1 minute at 900 rpm in a RW20 (IKA, Labortechnik) mixer. After 
homogenization, the particles were dispersed in an IKA T25 Basic high energy mixer at 9500 rpm for 
1.5 minutes. 



 

2.2. Raw Materials 
Bauxite residue from Alcoa Latin America of Poços de Caldas – Brazil, and three Brazilian Portland 
cements: without addition (OPC), with 5% of limestone filler (CPV), and 65% of blast furnace slag 
(CPIII), were used in this work. 
Table 1 presents the chemical composition of raw materials. The mineralogical composition and 
physical properties are presented follow, in Figures 2 and 3, respectively. 
 

Table 1. Chemical compositions of cements and bauxite residue 
Oxide SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2Oeq. LOI * 

OPC 19.7 3.40 5.30 65.5 0.71 und 0.45 2.16 
CPV 19.6 3.19 5.35 64.1 0.79 und 0.61 3.38 
CPIII 29.8 3.25 9.72 49.6 4.55 und 0.63 2.27 
Bauxite residue 20.2 22.6 25.0 3.83 < 0.1 3.37 10.3 14.1 
* LOI – loss on ignition; und – undetermined 
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Symbol Mineralogic Phase Molecular composition Data Sheet Found in 

C3 Alite 3CaO.SiO2 ICOD 00-042-0551 All cement 
C2 Belite 2CaO.SiO2 ICOD 01-073-2091 All cement 
CA Tri-calcium aluminate 3CaO.Al2O3 ICOD 00-001-1060 All cement 
B Brownmilerite 4CaO.Al2O3.Fe2O3 COD 96-900-3349 All cement 
C Calcite CaCO3 ICOD 01-072-1651 All cement 
G Gypsum CaSO4.2H2O COD 96-101-0982 All cement 
Qz Quartz SiO2 COD 96-900-9667 All cement and BR 
Pe Periclase MgO ICOD 01-077-2364 All cement 
P Portlandite Ca(OH)2 ICOD 01-084-1273 All cement 

He Hematite Fe2O3 ICOD 00-013-0534 OPC and BR 
Me Melilite (Al,Si)SiO7 COD 96-900-1290 CPIII 
Mw Merwinite Ca3Mg(SiO4)2 COD 96-900-0286 CPIII 
Ve Vesuvianite Ca10(Mg,Fe)2Al4(SiO4)5(Si2O7)2(OH,F)4 ICOD 01-079-2463 CPIII 
M Muscovite KAl2Si3AlO10(OH,F)2 ICOD 00-007-0032 BR 
I Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10 [(OH)2,H2O] COD 96-901-3719 BR 
S Sodalite Na4Al3(SiO4)3Cl ICOD 01-086-1030 BR 

Gb Gibbsite γ-Al(OH)3 COD 96-101-1082 BR 
Go Goethite FeO(OH) COD 96-900-3080 BR 
A Anatase TiO2 ICOD 00-004-0477 BR 
Ga Gallium oxide hydrated GaHO2 ICOD 00-006-0180 BR 

      Consuted data sheets: COD and PDF2 

Figure 2. X-ray diffaction of raw materials. In (a) is the results for OPC, (b) 5% of limestone filler Portland 
cement, (c) 65% of blast furnace slag Portland cement and (d) bauxite residue. 

 



 

These cements are within the specifications set by the Brazilian technical standards. CPIII presents 
higher amount of aluminium and silicon due to the mix with high quantity of blast furnace slag. OPC 
and CPV present much closed composition, with higher calcium contend than CPIII. However, the 
loss on ignition for the OPC is lower because this binder do not have any addition and CPV has 5% of 
limestone filler. 
Bauxite residue is composed of large amount of SiO2, Al2O3 and Fe2O3. In this case, as will be seen 
follow, just the first two components change the hydration reaction. The main concern for using BR as 
a supplementary cementitious material is the high amount of sodium, which may result in 
environmental problem in the case of leaching. 
The mineralogical composition are typical of each Portland cement, with an amorphous phase, 
merwinite and melilite CPIII. OPC and CPV have much closed composition differing just the counting 
of calcite. Hematite was observed in the OPC due to grinding of the clinker with steel spheres. 
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Physical properties OPC CPV CPIII Bauxite Residue 

Real density (g/cm³) 2.94 2.99 2.95 2.87 
Specific Surface area (m²/g) 1.25 1.20 2.10 22.6 

Figure 3. Particle size distribution, real density and specific surface area of raw material. 
 
It is clear that the particle size distribution of BR is lower than the cements, due to grinding and 
sieving used to prepare the waste for application as a SCM. 
The real density of the cement varies very little and is around 3.0 g/cm³, while for BR is a little lower. 
On the other hand, the specific surface area of BR is 10 times higher than the cements, in function of 
higher tendency to particle agglomeration and microstructural disorganization. 
According Chappelle’s method, the bauxite residue used in this work do not have pozzolanic activity: 
the consumption of Ca(OH)2 was 415 mg of BR per gram of sample (washed to pH 7). Brazilian 
standards set the minimum value of Ca(OH)2 consumption of 436 mg/g. 
 
3. Results and Discussion 
3.1. Heat flow during hydration reaction 
The cement hydration reaction and the heat release during the hardening are directly dependent on the 
material composition, addition of SCMs, chemical admixtures, water content, temperature and other 
factors. 
Independent of that, since the first contact water-powder, a series of consecutive and simultaneous 
reactions are started, which are responsible for the chemical contribution of hardening in function of 
time. 
The heat released during the cement chemical reactions was monitored for 48 hours, and the results 
are presented in Figure 4 (on the left). All calculations were normalized by cement mass. 
On the right are presented the quantifications of time in the induction period, reaction rate and heat 
release after acceleration period, corresponding to the formation of CSH, CH (portlandite) and Aft. 



 

The addition on the binders have two effects on the kinetic of hydration (Lawrence P. et al., 2003): 
dilution of clinker phases and nucleation pits, which accelerates the C-S-H, CH and Aft precipitation 
process. This resulted in the changes on the heat release in function of kind of binder and due to the 
bauxite residue presence: greater heat release in the pastes of CPI and CPV was observed due to the 
higher amount of clinker phase (Kakali G. et al., 2000; De Weerdt K. et al., 2011; Chowaniec O., 2012; 
Kumar A. et al., 2013). 
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Figure 4. Heat release during chemical reaction (on the left) and quantification of induction period, reaction 

rate and peak of heat release after acceleration period (on the right). 
 
In the CPIII a second inflection after the peak of formation of C-S-H, CH and Aft was observed, 
indicating the reaction of slag and the ions of cement dissolution. So, the dissolution of clinker phase 
is a limiting parameter for the reaction rate (Juilland P. et al., 2011). 
On the wetting period there is the quick increase in the heat release after the first contact with water 
due to the alkaline sulphate and calcium sulphate dissolution, releasing K+, Na+, SO4

2-, Ca2+-ions for 
the solution, saturating it. 
On the induction period, a gel formation retards the hydration reaction due to a creation of a barrier 
between the anhydrous and aqueous phases. In this stage, there is a raise in the concentration of Ca2+, 
K+, Na+, SO4

2- e OH--ion in solution. The delay depends on the kind of binder, finishing when the 
layer of gel around the cement grains becomes permeable to the water and ionic diffusion. 
After this period occurs the quick formation of C-S-H and CH due to the ionic saturation, gradually 
decreasing the Ca2+ concentration. 
On the deceleration, the reaction is controlled by the ionic diffusion, decreasing the reaction rate: the 
formation of C-S-H and CH is still occurring but slowly. 



 

According Jawed et al. (1983) the cement hydration reaction is directly related with Ca2+ release and, 
as the presence of bauxite residue changes de dissolution of cement phases, removing calcium from 
the solution, it can result in changes on the kinetic of reaction, becoming the system more complex. 
BR has a high percentage of sodium and aluminium as sodium aluminates [NaAl(OH)4] which, when 
in contact with Ca2+-ion dissociated of cement, results in calcium aluminates and accelerates the flow 
heat on the beginning of hydration reaction (Singh M et al., 1996; Tsakiridis P. E.. et al., 2004; Atasoy 
A., 2005; Zhang J. et al. 2009). As will be described follows, there was formation of sodium 
silicoaluminato hydrated, too. 
On the other hand, the nucleation of C-S-H is retarded in presence of aluminates, as demonstrated by 
Garrault et al. (2011), and the C-S-H precipitated earlier, do not actuate as nucleation pits. In parallel, 
with the dissolution of alkaline sulphates and calcium sulphate, the aluminate-ions are consumed by 
ettringite, allowing the growing of C-S-H nuclei, starting the acceleration period. In fact with the BR 
presence there was the increase on the induction period and the formation of C-S-H was accentuated 
(further confirmed by X-ray diffraction). 
For all cements the presence of BR resulted in increase in the induction time, but after this period the 
reaction rate was most accentuated, indicating that the bauxite residue has reactive activity with the 
binders. That is, although it has been proved that RB, per se, does not have pozzolanic activity, there is 
another type of reaction with the binder. 
 
3.2. Monitoring the chemical reaction by X-ray diffraction 
The identification of hydrated phases was monitored by X-ray diffraction after freezing of samples in 
different time of cure. The results are presented in Figure 5 function of the kind of cement to highlight 
the differences due to the use of the bauxite residue in the composition. 
The hydration of pure pastes (without BR) follows common patterns, but in the pastes with BR some 
considerable differences were noted: 
 the gypsum consumption from cement is accentuated, due to the reaction with additional 

aluminate incorporated with BR; 
 the formation of C-S-H is accentuated; 
 formation of calcium aluminate hydrated (CAH) and aluminium sulphate are accelerated, due to 

the reaction with aluminates from BR and Ca2+-ion dissociated of cement and SO4
2--ion from 

gypsum, respectively; 
However, in spite of this information’s is very important, it needs to be singly discussed that since the 
beginning of hydration was observed the formation of two sodium products just in the pastes with BR: 
 with a peak in 8,9º (2) is indicated the presence of hydrogen carbonate of sodium hydrated 

(CNaH), resulting from the reaction between calcium carbonate and sodium from BR in the 
strongly alkaline medium; 

 sodium silicoaluminate hydrated (NASH) was observed, resulting from the reaction between 
sodium and the aluminate and sulphate phases of clinker. 

In a different way that was expected in the beginning of work, from the X-ray diffraction was not 
observed the accentuation on the formation of ettringite and AFm, even with the changes observed 
since the calorimetry. 
Another important information is that was not observed formation of monocarbonate until 48 hours of 
cure, in any composition. The formation of this phase was observed just after 7 days of cure, and in 
the paste with CPV there was formation of hemicarbonate, too: in theory, calcium carbonate should 
react with calcium aluminate, resulting in calcium carboaluminate hydrated, in an analogue way to the 
hydrated sulphates compounds, but this was not observed due to the CaCO3 low solubility.  
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Figure 5. Hydrated products from cement chemical reaction in function of time of cure. From top to botton are 

presented the results for pastes mixed with OPC, CPV and CPIII, respectively.  
 
3.3. Monitoring of consolidation 
Oscillatory rheometry test of time sweep aims to assess the consolidation of cement paste without 
disrupting the structure formed over time. For the correct evaluation is necessary to ensure that the 
rheological measurements are carried out using deformation within the linear viscoelastic region, in 
which the storage modulus is independent of the applied strain. The results are presented in Figure 6, 
comparing the effect of BR residue on the yield stress over time.  
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Sample 
Rigidification rate 

(106 Pa/h) 
OPC 0.33 
OPC+BR 1.10 
CPV 0.60 
CPV+BR 0.70 
CPIII 0.96 
CPIII+BR 1.33  

Figure 6. Hydrated products from cement chemical reaction in function of time of cure. From top to botton are 
presented the results for pastes mixed with OPC, CPV and CPIII, respectively.  



 

The table shown in the side of graph represents the rigidification rate, estimated from the angular 
coefficient of the trend line of each curve. This kind of evaluation indicates the kinetic of 
consolidation of pastes. As higher the value, faster the consolidation is. 
So, the impact of bauxite residue was very clear for the compositions of OPC and CPIII, but was 
negligible for CPV paste, illustrating that the consolidation depends on the synergism of BR and 
cement. 
As more pure is the cement, higher the impact of presence of BR. The presence of 5% of CaCO3 on 
the CPV has not impact on the stiffening of pastes and the interaction between BR and blast furnace 
slag accentuated a little consolidation. 
This means that the microstructure formation of pastes with bauxite residue is directly dependent of 
the kind of cement, which may represents differences on the hardened properties, performance of 
cementitious materials in use and its durability. 
 
3.4. Combined evaluation 
Hydration and hardening are terms related to the main properties of hydraulic binders, which means 
the ability to get a hard material by mixing cement with water [Nonat A. et al, 1997]. 
The chemical process lead to the formation of hydrates compounds from the anhydrous cement, 
changing the physical properties over time. Consequently, the transition from fluid to solid state 
occurs increasing the strength of the material. 
Using the oscillatory rheometry test is not possible to define a comparative criterion to evaluate the 
kinetic of chemical reaction and formation of hydrated products, but at the same time, just monitoring 
the chemical reaction is not possible to infer any discussion about the gain of consistency in function 
of microstructure formed. 
For this reason, the combination of both contribution can provide complementary information about 
the fluid-to-solid transition of cementitious materials. 
So, the relation between the chemical and physical contribution to hardening is presented in Figure 7. 
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Figure 7. Relation between cumulative heat and storage modulus during hardening.  

 
The raise of G’ over time occurs due to the particle attractive forces, but the main interaction is not 
well understood. Nonat et al. (1997) proved that the ionic constitution of solution around each particle 
has considerable contribution. 
The dissolution of C3S results in ions Ca2+, silicate and OH-, producing C-S-H in chemical 
equilibration. Therefore, an increase in the Ca2+ concentration results in decrease on the silicate 
concentration, emphasizing the importance of cement chemical properties to hydration reaction. 
An accentuated increase on G’, even with lower heat release, indicates that the physical contribution to 
hardening is dominant. On the other hand, with high heat release and lower increase on G’ indicates 
that the chemical contribution occurs preferentially. 
For the compositions with CPIII, is clear the predominance of the physical contribution to hardening, 
but without any influence of bauxite residue. 



 

On the other hand, in the pastes with CPV the chemical reaction governs the microstructure formation 
mainly when BR is used in the formulation, showing the changes on the stiffening. 
The most considerable distinction was observed during the hardening of pastes with OPC. The 
presence of BR improve the microstructure stiffening mainly after 2 hours of cure. Before this time the 
physico-chemical contribution was similar. 
According Nonat et al. (1997), the consolidation occurs when the calcium concentration is around 
10mmol/L, independently of amount of hydrated compound precipitated. If the calcium concentration 
do not reach this threshold value until the complete hydration of C3S, the consolidation will not occur. 
This clearly show that just the hydration reaction is not sufficient to hardening. 
 
4. Conclusions 
The use of bauxite residue was responsible to retard the cement hydration reaction. 
The high percentage of sodium and aluminium, as sodium aluminates, results in calcium aluminates 
and accelerates the flow heat on the beginning of hydration reaction. 
A delay in the induction period and in the time for production of C-S-H and CH was observed, even 
with an acceleration of reaction rate. 
The presence of bauxite residue changes de dissolution of cement phases, removing calcium from the 
solution, becoming the system more complex. 
Acceleration on gypsum consumption and accentuation of C-S-H formation, are some changes 
promoted in the pastes with BR. 
Additionally, hydrogen carbonate of sodium hydrated and sodium silicoaluminate hydrated, was 
products observed just in the pastes with BR, probably fixing the alkali on the microstructure. 
Monocarbonate formation was not observed until hydration for 48 hours, and no calcium-ferrites was 
noted. 
The rigidification rate was higher on the formulations with BR, but the combined evaluation show that 
the hardening was extremely dependent of kind of cement: 
 for the compositions with CPIII, was clear the predominance of the physical contribution without 

any influence of bauxite residue; 
 for the pastes with CPV the chemical reaction governed the microstructure formation mainly when 

BR is used in the formulation; and 
 for the OPC, the presence of BR improve the microstructure stiffening mainly after 2 hours of cure. 

Before this time the physico-chemical contribution was similar. 
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Abstract 
Supplementary cementitious materials keep increasing their importance worldwide. Fly ash, 
blastfurnace slag, limestone, natural pozzolanas can substitute clinker in cement composition, 
improving sustainability and economics of cement manufacturing. However, their use can lead to a 
loss of performances (namely strengths) that limits the maximum amount of clinker substitution. 
The present study would like to be the start of a thorough practical understanding of the effect of high 
substitution by fly ash. Effects on strength have been studied for several fly ash and clinker 
combinations, correlating performance to chemical composition.  
In addition, treatment of fly ash cements with chemical additives (grinding aids/quality improvers to be 
added during cement manufacturing) has been studied. This allows the recovery of the decreased 
performances, opening the door for higher substitutions of clinker without losing strength. 
In conclusion, the results can provide insight on specific fly ash selection by a cement manufacturer, in 
combination with chemical enhancers of the hydration. 
 
Originality 
To the authors’ knowledge, no previous studies of this type exist of the correlation between chemical 
and mineralogical composition of fly ashes, in combination with chemical additives, and the properties 
of finished blended cement.  
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1. Introduction 
As it is well known and reported in many occasions, one of the most effective ways to lower 

the manufacturing cost of cement is by lowering the clinker factor. Clinker is the single most 

expensive component of cement, due to the high-energy process required to obtain it in the 

kiln. Many standards all over the world allow for the manufacturing of blended cements, 

where part of the clinker is substituted by supplementary materials as limestone, fly ash, or 

blastfurnace slag. These secondary materials are directly ground together with clinker and 

gypsum, or milled in a separate stage, followed by blending with ordinary Portland cement. 

Each of them provides advantages and disadvantages (related to cost, grindability, chemical 

reactivity, availability) that can drive their specific application.  

Fly ash is one of the most widely available supplementary cementitious materials, being the 

byproduct of coal burning in power plants. During the burning, fused fine particles are carried 

away by the flue gas and solidify by cooling to glassy amorphous ash particles with a glass 

content of approximately 60-85% in weight (Lutze and vom Berg, 2004). Composition in 

terms of crystalline phases and chemical elements has been investigated by many authors (e.g. 

in Prause, 1991, Richartz, 1984 and Kautz and Prause, 1986). Hydration reaction in alkaline 

conditions is the phenomenon that allows their extensive use as a clinker replacement: overly 

simplifying, this consists in the reaction of amorphous silica contained in the ashes with the 

calcium hydroxide produced by the hydration of cement clinker. This means that the 

effectiveness of the ashes in providing strength through the formation of C-S-H gel is mainly 

focused at later ages, since some time is needed to thoroughly spread the presence of Ca(OH)2 

in the matrix of cement to get it reacting with the fly ash particles. Hence, blended cements 

based on the substitution of clinker with fly ashes usually suffer from lower early strengths 

(Fraay, 1990, Huettl, 2000, Lee C. Y. et al., 2003, Mueller et al.). Several studies have been 

published regarding the activation of fly ash through chemical compounds, both inorganic 

(e.g. alkali sulphates) and organic (e.g. alkanolamines) (Gartner and Myers, 1993, Sandberg, 

2008, Scholze, 1977). In particular, triethanolamine (TEA) has been the subject of several 

investigations regarding the activation of blended cements containing fly ashes or other 

secondary components (e.g. in Lee C. Y. et al., 2003). Additional work has been done to try 

and correlate the chemical composition of fly ashes with their reactivity (Schulze and Rickert, 

2011). This study was carried out by preparing artificial cement pore solutions and varying 

different parameters. 

1.1 Purpose of the work 

In the present work, we try to take a move towards the field application, by trying to 

investigate the possible correlations between the fly ash composition and its reactivity in 

blended cements, with and without the presence of chemical activators normally used in the 

cement industry. The chosen approach is on purpose very practical: two industrial clinkers 

were selected, together with four different fly ashes, analysed for their composition, ground 

and mixed to yield blended cements with 20% fly ash content. These cements were used to 

prepare EN-196/1 mortars and determine compressive strengths. Strengths were measured on 

blank cements and by adding chemicals in the mixing water. The strengths results were then 

analysed to assess any correlation. 

Data obtained through this work are not conclusive: additional investigation should and will 

be carried out to confirm the findings and better understand the mechanism of hydration of fly 



 

ashes in their practical application as a clinker substitute. 

2.Experimental 
2.1 Cements and fly ashes 

The following materials were selected for the investigation: 

 two Portland cement clinkers (coded C4564 and C4705) 

 one natural gypsum (dihydrate) 

 four fly ashes (coded C4672, C4736, C4737 and C4738). 

Criteria followed in choosing were to avoid very particular material, trying to focus on 

“typical” characteristics that could have the widest interest. The two clinkers come from 

different geographical areas, the fly ashes were the byproduct of different coals burned in 

different power plants. 

Each clinker and gypsum were ground together in a laboratory mill for a standard time, in the 

ratio 95:5. Enough of these Ordinary Portland Cements (OPCs) was ground for all the tests, 

and thoroughly mixed and homogeneized to avoid any effect of fineness variation between 

grinding batches. 

Fly ashes were used as they were received: all of them were provided “ready to use”, i.e. dry 

and already at a fineness compatible with direct use in cement. 

Blended fly ash cements were prepared by dry blending the OPCs with each of the ashes in 

the ratio of 80:20, yielding 8 different cements (4 for each clinker). 

For each of these 8 cements, compressive strengths were measured according to EN-196/1, so 

with standard water/cement ratio of 0.5 and standard sand/cement ratio of 3:1. 

For the determination of strengths in the presence of chemicals, the latter were added directly 

in the mixing water by weighing the appropriate amount of each.  

For the assessment of chemical and mineralogical composition of OPCs and fly ashes, X-Ray 

fluorescence (Bruker AXS S8 Tiger), thermogravimetric analysis (TGA Netzsch TG209F1 

Iris) and quantitative X-Ray diffraction with Rietveld method were used. Powder diffraction 

data were collected with a PANalytical X’pertPro MPD diffractometer with theta–theta 

geometry, equipped with an X’Celerator detector working with the CuKα radiation (1.54184 

Å) in the 2theta range 5–80, a step size of 0.017° 2 theta and a scan step time (s) of 102,1. All 

data collections were performed at room temperature with back-loading sample holders to 

avoid preferred orientation of crystallites. Data were analysed by the Rietveld method 

(Rietveld, 1969) using the Bruker AXS software package TOPAS 4.2 operated in the 

fundamental parameters mode (Cheary et al, 1992, Coelho, 2000, BRUKER AXS, 2003). 

2.2 Chemical additions 

As for chemical additions, on each cement and fly ash combinations the following were added 

(dosages refer to total cementitious): 

- triethanolamine (TEA) at a dosage of 250 ppm  

- triethanolamine (TEA) at a dosage of 250 ppm and sodium chloride at a dosage of 500 ppm 

- triethanolamine (TEA) at a dosage of 250 ppm and sodium thiocyanate at a dosage of 1000 

ppm 

Choice of dosages was dictated by actual use of these chemicals in practical use. 

These chemicals are well known in the practice of chemical strength activators for cement, 

and several studies are available on their effects (for example in Dodson, 1990 and references 

therein). However, no agreement exists on the actual mechanism of action, apart from the 



 

common acceptance that it is a catalytic type of mechanism, due to the very low amounts of 

chemicals required and their absent/minimal consumption. At this stage, it is not the purpose 

of this study to inquire further about these mechanisms. 

3.Results 
Results of clinker XRD-Rietveld and calculated OPC composition are reported in table 1. All 

values are expressed in %. 

Composition of fly ashes (XRF data) are reported in table 2. All values are expressed in %. 

Table 3a and 3b report all the strengths data at 1, 2 and 28 days. In addition to the absolute 

values in MPa, % increases over the blank are reported.  

Table 1 - Composition of OPCs (XRD, TGA), % 

Sample OPC C4564 OPC C4705 

C3S M3 30.5 34.6 

C3S M1 29.0 28.2 

C2S 20.2 17.2 

C3A, cubic 4.4 4.3 

C3A, orthorombic 1.5 - 

C4AF 6.4 6.9 

CaO 0.5 1.0 

MgO 2.1 1.1 

Gypsum (dihydrate) 2.2 2.3 

Bassanite - 0.5 

Anhydrite 0.2 - 

Calcite - 0.9 

Portlandite 1.0 1.2 

Arcanite 1.1 0.8 

Ca-Langbeinite - 0.9 

Aphtitalite 0.6 - 

Table 2 – Composition of fly ashes (XRF), % 

Sample Fly ash C4672 Fly ash C4736 Fly ash C4737 Fly ash C4738 

MgO 1.06 1.54 1.18 1.61 

K2O 0.62 1.76 1.74 1.45 

Al2O3 29.61 24.29 19.32 27.72 

SiO2 51.43 57.51 60.60 50.74 

CaO 5.49 3.36 1.73 5.32 

Na2O 0.00 1.33 0.60 0.44 

SO3 0.27 0.00 0.00 0.28 

TiO2 1.64 1.35 0.84 1.75 

P2O5 1.22 0.31 0.23 0.62 

Fe2O3 3.34 6.03 8.71 3.93 

Table 3a – Clinker C4564 Compressive strengths (EN-196/1), MPa 

Sample   1d str % 2d str % 28 str % 

FA C4672 blank 12.7   24.0   52.4   

FA C4672 TEA 13.7 7.9 23.9 -0.4 51.6 -1.5



 

FA C4672 TEA NaCl 14.7 15.7 25.4 5.8 49.6 -5.3

FA C4672 TEA NaSCN 16.0 26.0 26.5 10.4 51.6 -1.5

FA C4736 blank 13.1   23.0   53.3   

FA C4736 TEA 12.8 -2.3 23.8 3.5 53.7 0.8

FA C4736 TEA NaCl 15.0 14.5 24.8 7.8 51.4 -3.6

FA C4736 TEA NaSCN 15.9 21.4 25.1 9.1 50.8 -4.7

FA C4737 blank 11.9   22.2   47.9   

FA C4737 TEA 12.8 7.6 22.9 3.2 48.2 0.6

FA C4737 TEA NaCl 14.2 19.3 23.8 7.2 49.7 3.8

FA C4737 TEA NaSCN 14.5 21.8 24.3 9.5 48.7 1.7

FA C4738 blank 10.6   23.6   53.6   

FA C4738 TEA 13.4 26.4 25.3 7.2 56.8 6.0

FA C4738 TEA NaCl 15.0 41.5 26.4 11.9 54.4 1.5

FA C4738 TEA NaSCN 15.3 44.3 26.2 11.0 53.3 -0.6

Table 3b – Clinker C4705 Compressive strengths (EN-196/1), MPa 

Sample   1d str % 2d str % 28 str % 

FA C4672 blank 13.4   23.2   49.5   

FA C4672 TEA 13.6 1.5 24.3 4.7 49.2 -0.6

FA C4672 TEA NaCl 15.1 12.7 24.0 3.4 48.7 -1.6

FA C4672 TEA NaSCN 16.2 20.9 24.8 6.9 50.6 2.2

FA C4736 blank 13.4   22.2   45.9   

FA C4736 TEA 14.3 6.7 23.4 5.4 45.2 -1.5

FA C4736 TEA NaCl 14.4 7.5 23.6 6.3 48.9 6.5

FA C4736 TEA NaSCN 15.4 14.9 23.8 7.2 48.0 4.6

FA C4737 blank 12.8   22.6   46.0   

FA C4737 TEA 13.7 7.0 22.9 1.3 48.0 4.3

FA C4737 TEA NaCl 14.4 12.5 22.8 0.9 46.8 1.7

FA C4737 TEA NaSCN 15.1 18.0 24.5 8.4 47.1 2.4

FA C4738 blank 13.9   22.7   50.6   

FA C4738 TEA 14.6 5.0 23.7 4.4 50.6 0.0

FA C4738 TEA NaCl 15.4 10.8 24.2 6.6 49.8 -1.6

FA C4738 TEA NaSCN 15.8 13.7 25.1 10.6 49.8 -1.6

4.Results discussion and analysis 
The data analysis that follows focuses on the assessment of any correlation between 

compressive strength values and chemical composition of the fly ashes. Only the main fly ash 

components, namely alumina, silica and iron oxide, were considered at this stage. In addition, 

usual calculated parameters like Silica Ratio (SR) and Alumina Ratio (AR) were considered. 

Formulas used are the following: 

Silica Ratio: SiO2 / (Al2O3+Fe2O3) 

Alumina Ratio: Al2O3/Fe2O3 

SR and AR for this study were calculated only based on fly ash composition (i.e., not 

considering contribution of the OPC). 

4.1 Clinker C4564 



 

Strengths were plotted versus the chemical parameters and linear correlation equations were 

calculated. Graphs for each age and chemical parameter (along with the corresponding 

equations) are shown in Figures 1 to 4.  

y = ‐0,5724x + 33,242
R?= 0,017

0

10

20

30

40

0 5 10 15

C4654 ‐ blank ‐ 1d ‐ Al

y = 6,1609x ‐ 116,6
R?= 0,9929

0

10

20

30

40

22 22,5 23 23,5 24 24,5

C4654 ‐ blank ‐ 2d ‐ Al

y = 1,3991x ‐ 46,146
R?= 0,5861

0

10

20

30

40

46 48 50 52 54

C4654 ‐ blank ‐ 28d ‐ Al

y = 0,9149x + 46,355
R?= 0,0467

50

55

60

65

0 5 10 15

C4654 ‐ blank ‐ 1d ‐ Si

y = ‐5,8098x + 192,19
R?= 0,9505

0

20

40

60

80

22 22,5 23 23,5 24 24,5

C4654 ‐ blank ‐ 2d ‐ Si

y = ‐1,4748x + 133,8
R?= 0,701

52
54
56
58
60
62
64
66

46 48 50 52 54

C4654 ‐ blank ‐ 28d ‐ Si

y = 0,2049x + 3,2587
R?= 0,008

0,00

2,00

4,00

6,00

8,00

10,00

0 5 10 15

C4654 ‐ blank ‐ 1d ‐ Fe

y = ‐3,2033x + 80,048
R?= 0,9851

0,00

2,00

4,00

6,00

8,00

10,00

22 22,5 23 23,5 24 24,5

C4654 ‐ blank ‐ 2d ‐ Fe

y = ‐0,7981x + 47,077
R?= 0,7

0,00

2,00

4,00

6,00

8,00

10,00

46 48 50 52 54

C4654 ‐ blank ‐ 28d ‐ Fe

y = 0,0483x + 1,2219
R?= 0,036

0,00

0,50

1,00

1,50

2,00

2,50

0 5 10 15

C4654 ‐ blank ‐ 1d ‐ SR

y = ‐0,3542x + 10,022
R?= 0,9765

0,00

0,50

1,00

1,50

2,00

2,50

22 22,5 23 23,5 24 24,5

C4654 ‐ blank ‐ 2d ‐ SR

y = ‐0,0838x + 6,1462
R?= 0,6256

0,00

0,50

1,00

1,50

2,00

2,50

46 48 50 52 54

C4654 ‐ blank ‐ 28d ‐ SR

y = ‐0,308x + 9,2585
R?= 0,013

0,00

2,00

4,00

6,00

8,00

10,00

0 5 10 15

C4654 ‐ blank ‐ 1d ‐ AR

y = 3,7413x ‐ 81,258
R?= 0,9673

0,00

2,00

4,00

6,00

8,00

10,00

22 22,5 23 23,5 24 24,5

C4654 ‐ blank ‐ 2d ‐ AR

y = 0,7308x ‐ 32,319
R?= 0,4225

0,00

2,00

4,00

6,00

8,00

10,00

46 48 50 52 54

C4654 ‐ blank ‐ 28d ‐ AR

 
Figure 1 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4654, blank 
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Figure 2 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4654, TEA 
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Figure 3 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4654, TEA NaCl 
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Figure 4 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4654, TEA NaSCN 

Table 4a reports R2 linear correlation factor for the data referring to clinker C4564. Yellow 

color highlights strong correlations, while green is used for weaker, but still clearly visible, 

ones. 

Table 4a – Clinker C4564 R2 correlation factors 

Age  Sample Al Si Fe SR AR 

1 day blank 0.017 0.047 0.008 0.036 0.013 

1 day TEA 0.846 0.741 0.749 0.815 0.938 

1 day TEA NaCl 0.396 0.529 0.512 0.443 0.242 

1 day TEA NaSCN 0.511 0.484 0.596 0.479 0.436 

2 days blank 0.993 0.950 0.985 0.976 0.967 

2 days TEA 0.525 0.684 0.563 0.604 0.398 

2 days TEA NaCl 0.747 0.868 0.771 0.813 0.631 

2 days TEA NaSCN 0.996 0.967 0.969 0.992 0.978 

28 days blank 0.586 0.701 0.700 0.626 0.422 



 

28 days TEA 0.392 0.558 0.474 0.464 0.244 

28 days TEA NaCl 0.112 0.234 0.145 0.167 0.044 

28 days TEA NaSCN 0.748 0.875 0.788 0.814 0.617 

4.1.1 Blank 

For the cement prepared with this clinker, there is no correlation apparent at 24 hrs for the 

blank. At 2 days, strengths increase with higher Al content, and decrease with increasing Si 

and Fe. This is confirmed with SR (to which strength is inversely proportional) and AR (to 

which strength is directly proportional). At 28 days, correlation is definitely weaker, 

remaining visible in a more blurred way. 

4.1.2 TEA 

The addition of TEA, with the exception of fly ash C4736, gives a general early strength 

increase. 28 days effect is rather neutral. 

In the presence of TEA, strengths develop a direct correlation at 1 day with Al content and 

AR; a weaker inverse correlation appears with Fe. Si by itself does not show a significant 

trend, but SR is inversely affecting strength on all spectrum. 

4.1.3 TEA + NaCl 

The addition of chlorides, while enhancing considerably early strength on all the samples, 

tends to cancel out any effect of the chemical composition of the ashes. Correlations showed 

by the blank almost disappear (they are discernable only at 2 days), and the ones generated by 

the use of the single addition of TEA are no more visible. 

4.1.4 TEA + NaSCN 

The different mechanism of action of thiocyanates (though not known) is evident through the 

fact that their correlation pattern is very different from the one showed by chlorides. A very 

strong strength increasing effect was recorded on all samples at 1 and 2 days. At 28 days this 

fades out or, in one case, a loss was found. Direct proportionality with Al content and AR is 

again evident at 2 and 28 days, as well as inverse proportionality to Si, Fe and SR, but not at 

24 hrs, where the effectiveness of NaSCN is independent of these parameters. 

4.2 Clinker C4705 

Strengths were plotted versus the chemical parameters and linear correlation equations were 

calculated. Graphs for each age and chemical parameter (along with the corresponding 

equations) are shown in Figures 5 to 8.  
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Figure 5 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4705, blank 
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Figure 6 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4705, TEA 
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Figure 7 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4705, TEA NaCl 
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Figure 7 – Correlation between strength (MPa) and chemical composition of fly ashes (%) – Clinker 

C4705, TEA NaSCN 

Table 4b reports R2 linear correlation factor for the data referring to clinker C4705. Yellow 

color highlights strong correlations, while green is used for weaker, but still clearly visible, 

ones. 

Table 4b – Clinker C4705 R2 correlation factors 

Age  Sample Al Si Fe SR AR 

1 day blank 0.619 0.773 0.685 0.691 0.467 

1 day TEA 0.033 0.118 0.068 0.065 0.001 

1 day TEA NaCl 0.730 0.766 0.668 0.771 0.720 

1 day TEA NaSCN 0.946 0.847 0.895 0.907 0.990 

2 days blank 0.394 0.263 0.283 0.346 0.559 

2 days TEA 0.918 0.811 0.887 0.870 0.952 

2 days TEA NaCl 0.900 0.975 0.941 0.937 0.781 

2 days TEA NaSCN 0.287 0.274 0.202 0.304 0.354 

28 days blank 0.751 0.771 0.682 0.785 0.756 



 

28 days TEA 0.289 0.282 0.207 0.310 0.351 

28 days TEA NaCl 0.627 0.773 0.718 0.689 0.463 

28 days TEA NaSCN 0.973 0.908 0.921 0.955 0.997 

 

4.2.1 Blank 

In the case of clinker C4705, the most evident correlation is with Si content: at all ages 

strength decreases with higher Si %. Weaker, but discernible inverse (Fe and SR) and direct 

(Al) correlations are present, but not at 2 days. 

4.2.2 TEA 

TEA gives early strength increases and it’s neutral at 28 days. 

Compared to the blank, the reaction pattern changes with the addition of TEA: 24 hrs and 28 

days lose any correlation, while at 2 days all the parameters show some proportionality: direct 

for Al and AR, inverse for Si, Fe and SR. 

4.2.3 TEA + NaCl 

Strong strength increase is shown at 24 hrs, less gain at 2 days, overly neutral at late ages. 

With NaCl, all parameters show correlations, at all ages. Direct for Al and AR, inverse for Si, 

Fe and SR. 

4.2.4 TEA + NaSCN 

Strong to very strong strength increase is present at early ages, neutral effect at 28 days. 

This is the case of stronger correlation for this clinker; very evident at 24 hrs and 28 days for 

all the parameters, but not recordable at 2 days. 

4.3 Comments on the results 

General considerations that can be made at this stage can be summarised as follows: 

-the presence of a chemical additive changes not only the absolute strength of tested cement, 

but also its way of reaction, since correlation to the same chemical parameters varies greatly; 

-though TEA was added in the same amount in all the addition tests, the presence of an 

inorganic salt changes again the picture very significantly, and the nature of such a salt plays 

a big role; 

-in the average, higher the amount of Al in the fly ash, higher are the strengths of the cement; 

however, the presence of a chemical additive tends to flatten out this effect by enhancing the 

strength to a similar level; 

-in the average, higher is the amount of Si in the fly ash, lower are the strengths of the cement. 

This correlation is relatively weak, though, and this effect is not normally seen as early as 24 

hrs; 

-in the average, higher is the amount of Fe in the fly ash, lower are the strengths of the cement. 

This correlation is rather weak; 

-considerations above apply also to SR (inverse correlation) and AR (direct correlation); 

-in the case of addition of TEA by itself, the most important correlation seems to be with Al, 

then with Fe, while Si content is not particularly related to the reactivity; this is in accordance 

with the studies that show the effectiveness of TEA as a complexant for Al and Fe; 

-in the case of addition of TEA + NaCl, correlation pattern changes compared to TEA; it can 

be assumed that reaction mechanism should then be different; 

-in the case of addition of TEA + NaSCN, correlation pattern is again different, and normally 

stronger for the parameters considered compared to both TEA and TEA + NaCl; 



 

-based on the last two above considerations, addition of TEA + NaCl should be the less 

“sensitive” strength enhancing addition to increase early strength of a blended fly ash cement, 

in the sense that it can give a gain in strength irrespective of the chemical composition of fly 

ashes. 

5.Conclusions 
Additional work should be done on the subject to better understand the relation between 

chemical composition of fly ashes and their reactivity with chemical strength enhancers. At 

this stage, data collected can be a first step in better assessing the reaction mechanism of 

cement chemical additions, or at least in starting to build correlations between chemical 

parameters of blended cements and different additions. 
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Abstract 
Worldwide granulated blast furnace slag (GBS) is used as well as a cement constituent as a concrete addition. Also 
geopolymers are often based on activated GBS. Related to hot metal production and typical slag/iron ratios it can be 
calculated that about 280 Mio. tons (dry) are produced yearly (2014), 75% of total blast furnace slag (BFS) production. 
If all BFS would be transformed into the glassy state GBS would cover about 10% of the yearly world cement demand. 
So it is the most important secondary cementitious material (SCM). 
GBS offers as well technical and ecological advantages, but also some characteristics. Its latent-hydraulic property is 
known since 1861. And since the 19th century many researchers tried to find a prediction method for the hydraulic 
properties, in particular the strength development of slag cements. 
Amongst others for that purpose since 1970 FEhS-Institute, founded in 1954, compiled, as far known, the world's 
biggest database on GBS. It includes meanwhile chemical composition, glass content, physical properties, grindability 
and cementitious properties of more than 600 GBS collected worldwide. GBS properties differ significantly and depend 
strongly on different chemical and operational parameters. 
Despite the fact that many attempts were presented to calculate regression analyses for strength prediction it must be 
stated that all attempts included only a part of the relevant parameters. Therefore the predictions might be sufficient for 
a small excerpt of GBS, but never for GBS on the whole! Only for a certain blast furnace it is possible to predict the 
shift of the slag quality if e.g. the chemistry of the burden is changed due to raw materials or technical reasons. One 
technical reason is the input of Ti carriers which is sometimes done in order to protect the blast furnace lining. 
But as well steel as cement producers are interested to know which cementitious properties can be expected if on the 
one hand the chemistry of an existing GBS changes and if on the other hand a former air-cooled BFS should be 
granulated. The decision to invest into a granulation plant with significant investment costs depends mainly on the GBS 
quality which can be expected. 
Because as a rule the burden composition is optimised with respect to the metallurgical requirements its modification 
only with respect to GBS properties is problematic FEhS-Institute developed different mobile lab-scale facilities to 
remelt and to granulate BFS without and with chemical modification. For that it is important to guarantee a reducing 
melting atmosphere (like in a blast furnace) and glass contents being comparable to those which are achieved in 
industrial granulation plants. For the lab-scale melting tests only some kg of a slag sample are necessary in order to 
achieve authoritative prognoses on the technical properties of the special GBS. The comparison of the properties of 
industrial GBS and lab-scale granulated GBS without chemical modification does not show significant differences! 
Therefore the tool is often used as well for internal research as external customer investigations.  
 
Originality 
FEhS-Institute possesses the biggest GBS database in the world. It includes a unique variety of slag samples, showing 
very high or low glass content, a wide spread of chemical composition and consequently very different cementitious 
properties. 
Lab-scale melting of slags requires a deep knowledge on the industrial process, e.g. with respect to the relevant 
atmosphere. Otherwise misinterpretation is unavoidable. For the granulation tests different facilities exist. It was 
shown that the granulation conditions (melting temperature, water temperature etc.) influence mainly the physical 
properties. But against thermodynamic expectations higher melting temperature did not enhance the slag reactivity in 
lab-scale tests. 
Besides the scientific approach for steel and cement producers the practical question exists whether GBS reactivity (in 
the context of strength contribution) will change if the slag chemistry will be modified due to technical or economical 
reasons. The test results offer different and precise solutions how to compensate a loss of strength e.g. due to 
decreasing basicities or increasing TiO2 contents. It is up to the slag producers to judge which solution is acceptable 
with respect to the specific technical and economical consequences. 
Since many years the idea exists to modify the liquid slag after tapping outside the blast furnace. On the basis of lab-
scale tests also tests in technical scale were done in the slag runner. The results show that in general it is possible to 
modify the slag chemistry after the blast furnace without adding energy. But up to now only some batch tests were done. 
The challenge will be to install a process which is able to treat continuously the liquid slag during the tapping time of 
the blast furnace. 
 
Keywords: granulated blast furnace slag, slag cement, basicity, lab-scale granulation, strength prediction, SCM 
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1. Introduction 
The by-product of the hot metal production in blast furnaces is a slag with a latent-hydraulic property 
if the liquid slag is cooled fast enough to become a more or less glassy material (granulated blast 
furnace slag - GBS). Crystalline air-cooled blast furnace slag of the same chemistry is however a non-
hydraulic material. Related to the worldwide hot metal production (in 2014 1180 Mio. tons) and 
typical slag/hot metal ratios it can be calculated that about 280 Mio. tons (dry matter) GBS were 
produced which is 75% of total blast furnace slag production. If all blast furnace slag would be 
transformed into the glassy state it would be able to cover about 10% of the yearly world cement 
demand. Figure 1 shows the relevant data and it shows also that the main driving force of the 
increasing cement and hot metal/steel production is China. It has to be recognised that a granulation 
rate of 100% will not be gained because the specific investment into a granulation plant (€/ton GBS) 
increases with lower blast furnace capacities and therefore the amortisation period might be too long. 
Also in Germany only smaller blast furnaces do not granulate their slag. 
GBS is the most important secondary cementitious material (SCM). Therefore since the beginning of 
its use the question came up how to judge its reactivity in a simple way. This paper will show that the 
question can be answered only by lab-scale tests simulating the granulation process in an appropriate 
way. 
 

 
Figure 1 Worldwide production of hot metal, cement and (granulated) blast furnace slag 

 
1.1. Evaluation of GBS reactivity 
In Germany the latent-hydraulic property of GBS was detected already in 1861. Since the end of the 
19th century the aim exists to describe the grade of slag reactivity (for the most part in terms of 
strength development of slag cements) by defining indicators based on the chemical slag composition. 
It is wellknown that besides the chemistry also the glass content is relevant for the reactivity and 
therefore sometimes the indicators applied only to the glassy part of a GBS (Ehrenberg A., 2006; 
Ehrenberg A., 2010). Table 1 gives some examples of different indicators being used worldwide to 
define minimum chemical GBS requirements. It was obvious to use the so-called "basicities" being 
already used in order to judge the metallurgical properties of liquid blast furnace slag. Some countries 
(e.g. USA, Australia) waive on similar limits and require only single chemical parameters, like SO3. In 
some countries such requirements exist in addition to a minimum basicity. 
The number of different approaches and the fact that constituents like Al2O3 were judged very 
different in the course of time show already that it is not so simple to evaluate GBS quality only by 
indicators based on chemical composition, even if the glass content is constant. In 1980 on the 7th 
ICCC similar topics have been discussed (Smolczyk H.G., 1980). Summarizing the paper and 
stressing determining factors like clinker chemistry it was written, that "it cannot be expected that the 
resulting strength development can be predetermined by aid of a simple hydraulic factor." 
Today it can be stated that the resume given 35 years ago is still valid! In 1970 FEhS-Institute started 
to create a database on GBS. The first 20 years data collecting were focussed on chemical composition, 
glass content and cementitious properties. The latter were investigated by grinding GBS to a certain 
fineness (Blaine value and particle size distribution) and mixing ground GBS with Clinker and 



 

Portland cement in defined ratios (75/25, 60/40, 50/50). Also a given mix of sulphates is added. In the 
beginning different clinkers were used in order to compare their influence on strength development. 
Since 2010 in most cases only one clinker is used (No. 18). It is stored unground and it is ground 
freshly to a comparable fineness if the material is needed. To keep constant fineness, slag/clinker ratio, 
clinker type and sulphates guarantees that each effect in strength development is caused by the varying 
slag properties. Of course CEM III/B cements (according to EN 197-1) are not so relevant for the 
market share of slag cements. But a slag/clinker ratio of 75/25 offers the opportunity to see very 
clearly the differences between different GBS. 
 

Tab. 1 Indicator examples defining minimum GBS requirements (chemical contents given in mass%) 
Country Indicator Limit Standard Use for Year

CaO/SiO2 > 1 - slag cement 1885
(CaO+MgO)/ 
(SiO2+Al2O3) 

≥ 1 
Standard for 

Portland slag cement
slag cement 1909

(CaO+MgO+1/3 Al2O3)/ 
(SiO2+2/3 Al2O3) 

> 1 
Standard for 

blast furnace cement
slag cement 1917

(CaO+MgO+1/3 Al2O3)/ 
(SiO2+2/3 Al2O3) 

≥ 1 DIN 1164 slag cement 1932

(CaO+MgO+Al2O3)/ 
SiO2 

≥ 1 DIN 1164 slag cement 1942

(CaO+CaS+1/2 MgO+Al2O3)/
(SiO2+MnO) 

> 1,5 F-value slag cement 1942

Germany 

(CaO+MgO)/ 
SiO2 

CaO+MgO+SiO2 

> 1 
 

> 2/3 
DIN 1164-1 slag cement 1994

EU 
(CaO+MgO)/ 

SiO2 
CaO+MgO+SiO2 

> 1 
 

> 2/3 

EN 197-1/ 
EN 15167-1 

slag cement/ 
concrete addition 

2001/
2006

China 
(CaO+MgO+Al2O3)/ 
(SiO2+MnO+TiO2) 

≥ 1,20
≥ 1,60

GB/T 203 
slag cement + 

concrete addition 
1994

≥ 1,4 KS L 5210 slag cement 2006
Korea 

(CaO+MgO+Al2O3)/ 
SiO2 ≥ 1,60 KS F 2563 concrete addition 1997

≥ 1,4 JIS R 5211 slag cement 2003
Japan 

(CaO+MgO+Al2O3)/ 
SiO2 ≥ 1,60 JIS A 6206 concrete addition 1997

(CaO+MgO+1/3 Al2O3)/ 
(SiO2+2/3 Al2O3) 

≥ 1,0 

or: (CaO+MgO+Al2O3)/ 
SiO2 

≥ 1,0 
IS 12089 

India 

(CaO+CaS+1/2 MgO+Al2O3)/
(SiO2+MnO) * 

≥ 1,5 * if MnO > 2,5% 

slag cement 1987

 
Whereas Smolczyk's statement based among others on tests with 24 European (above all German) 
GBS samples today the database includes more than 600 different GBS samples from all over the 
world. So the statistical basis is much more better compared to 1980. In Figure 2 the 2 days and 28 
days strengths of CEM III/B mortars according to EN 196-1 (w/c ratio 0,50) are given depending on 
different indicators (see Table 1). Only combinations with clinker No. 18 were selected. Moreover 
there is a differentiation between glass contents above (in total 330 GBS) and below (in total 33 GBS) 
90 Vol.-%. The ratio 330/33 resulted by chance. But in fact most of all GBS samples within the FEhS 
database have de facto very high glass contents. It shows that today granulation plants are normally 
able to produce GBS with high glass contents. 
Nevertheless Figure 2 confirms that the indicators given in Table 1 are only able to offer a very coarse 
GBS reactivity assessment! The positive influence of a higher basicity is recognisable. But it is not 
possible to calculate the strength development of any slag cement based on its chemistry even all other 



 

parameters (slag/clinker ratio, glass content, fineness, clinker, Sulphate content) are kept constant. 
Only related to one single blast furnace and one single GBS it might be possible to estimate a strength 
change depending on a change in slag chemistry. 
With respect to the specific influence of the glass content which is often discussed between slag 
producers and customers Figure 2 shows clearly that a glass content < 90 Vol.-% tends to result in 
lower 28 days strength whereas the early strength after 2 days does not show such an influence. The 
data show also that in spite of a glass content < 90 Vol.-% high strengths are still possible. 
 

     

     
Figure 2 Compressive strength of slag cements (slag/clinker ratio 75/25) 

depending on different basicities (see Table 1) 
 
There are different reasons why it is so hard to find a simple correlation between chemical 
composition and reactivity. First of all an average chemical composition does not differ between 
glassy and crystalline phases. That is why e.g. the F-value (Keil F., 1942) is originally only valid for 
the glassy part of GBS. Depending on the composition (e.g. MgO content) and the cooling rate big 
differences might occur between glassy and crystalline amounts. For example a formation of 
Merwinite (3 CaO MgO 2 SiO2) results in an Alumina enrichment of the glass matrix. The latter 
enhances the early strength of slag cements even though the glass content is decreased (Frearson J.P.H. 
et al., 1986). Also tests in FEhS-Institute (Ehrenberg A., 2013) have shown that despite a decrease of 
the glass content from 97 Vol.-% to 50 Vol.-% the increase of Alumina resulted in an increase of 
1 day early strength of CEM III/B cements (GBS/Clinker = 75/25) from 6,7 MPa to 9,8 MPa whereas 
the 28 days strength was nearly unchanged (40,8 MPa for 95 Vol.-% glass and 46,1 MPa for 
71 Vol.-% glass). 
In addition it is important to consider the thermodynamic and kinetic relationships in the CaO-SiO2-
Al2O3-MgO system. 
There are moreover also different non-chemical parameters having influence on slag reactivity. Figure 
3 shows how different parameters influence the technical properties of granulated blast furnace slags. 
The chemical composition (main and minor constituents) is a very important parameter, but not the 
only one. The glass content depends on different parameters: Slags with a high basicity being positive 
for reactivity (see table 1) tends to form lower glass contents. Lower blast furnace operating 
temperature and minor constituents (e.g. TiO2) determine the slag viscosity, and therewith the 



 

behaviour during the granulation process and the glass formation. The granulation process itself (wet, 
semi-wet, dry) and, for a given process, the granulation conditions (water/slag ratio, water pressure ...) 
influence as well the glass content as the glass structure. Stored GBS shows a low pre-hydration and 
thus different aspects have to be considered in order to use their latent-hydraulic potential.  
 

 

Figure 3 Parameters with influence on the properties of granulated blast furnace slag (Ehrenberg A., 2006) 
 
The interdependencies shown in Figure 3 are responsible for the unsatisfying informative value (with 
respect to reactivity) of as well different basicities (Figure 2) as more complicated regression formulas. 
One example is given in Figure 4. It includes 176 GBS samples from 19 blast furnaces of FEhS 
members plants. The samples were investigated between 2008 and 2014. Figure 4 shows the 
"correlation" between the measured activity index of 50/50 mixtures of ground GBS and one CEM I 
42,5 R according to EN 15167-1 and the calculated hydraulic index HI7 according to Equation 1 (Pal 
S.C. et al., 2003). The horizontal line is the minimum value defined in EN 15167-1. The scatter plot 
demonstrates impressively the danger of misinterpretation of putative good "correlations" which might 
result from a limited data base. So HI7 has been developed on the basis of 37 slag samples 
investigated by (Hooton R.D. et al., 1983). 
 
HI7 = -46,991+4,589 CaO-5,733 SiO2+4,582 Al2O3+2,93 MgO+0,633 Glass+3,5 Sm [m²/kg]/500  (1) 
 

 

Figure 4 Seven days activity index (EN 15167-1) and calculated hydraulic index HI7 (Equation 1) 
 
While it is still impossible to define simple indicators to judge GBS reactivity as well steel as cement 
producers are very interested to get reliable information on it. One typical question arose in the past 
was to predict the cementitious behaviour of a blast furnace slag which is not yet granulated but used 
to make air-cooled blast furnace slag. Of course the investment of several millions Euro into a 
granulation plant depends amongst others on the quality of the resulting GBS. Another typical 
question is which change in technical properties can be expected if the chemical composition of a 
GBS will be changed due to a change in the blast furnace burden composition (e.g. due the use of 



 

other ores) or due to process modifications (e.g. separate hot metal desulphurisation). In addition often 
the question was discussed which effect the addition of several materials into the burden will have 
with respect to the cementitious properties of the slag. All these questions cannot be answered 
sufficiently as well from a theoretical point of view (see above) as with tests in technical scale. A blast 
furnace operator will always seek to have a stable metallurgical process and therefore industrial tests 
only with respect to slag chemistry are seldom and too expensive. 
As a consequence FEhS-Institute developed several lab-scale installations being able to remelt blast 
furnace slag, to modify its chemistry and to granulate the liquid slag under different conditions. The 
reducing atmosphere of the Tammann furnace is comparable to blast furnace conditions and under 
standard conditions the glass content is 100 Vol.-%. But by modifying the granulation conditions also 
lower glass contents are possible. The main advantage is that the tests are done in kg-scale. Thus all 
relevant tests with respect to technical properties are possible. 
 
1.2. Evaluation of physical GBS properties 
In addition to the chemical and cementitious investigations more and more physical properties (e.g. 
porosity) and other technical properties (e.g. grindability) were investigated for the FEhS database on 
GBS during the last 20 years. One important topic is the grindability of GBS due to their higher 
specific grinding energy demand compared to other cement constituents and due to the fact that GBS 
is normally ground finer compared to clinker. 
Figure 5 shows for two very different GBS SEM pictures (left) and grain models based on 3D-CT 
analysis. The GBS W particle being used for SEM and 3D-CT investigation is the same. GBS L was 
used for the lab-scale granulation tests described in the following chapter. 
 

       
  GBS W (measured total porosity 21 Vol.-%; glass content 99 Vol.-%) 

     
  GBS L (measured total porosity 4 Vol.-%; glass content 98 Vol.-%) 

Figure 5 SEM pictures (left) and grain models based on 3D-CT analysis of two different GBS 
 
A more porous grain must be easier to grind compared to a dense particle. But on one side it is known 
that only the first grinding steps are influenced significantly by the total porosity. And these grinding 
steps are not sufficient to achieve cement fineness. On the other side it is known that there are 
differences in GBS grindability also if glass content and total porosity are constant. So it might be that 



 

at a given total porosity the share of the micro pores influence the grindability in the range of cement 
fineness. Current investigations are confessed as well with that topic as with the hardness of GBS 
grains being measured with a Vickers hardness apparatus (DIN EN 843-4). It could be shown that the 
hardness of different GBS is comparable (570-650 HV0,1) and therefore it is not relevant for the 
grindability, but maybe for the abrasion behaviour. 
 
2. Experimental 
As already mentioned FEhS-Institute developed several lab-scale facilities to simulate wet and dry 
granulation processes (G1 - ...). Some installations are mobile and so tests nearby a blast furnace are 
possible, too. Then the original liquid slag can be investigated without a remelting process. Figure 6 
shows some examples. On the left side the wet granulation process is shown being used for standard 
tests with very intensive granulation conditions which result normally in 100 Vol.-% glass content and 
very dense GBS particles (G1). The second picture shows a more smoother wet granulation process 
for granulation conditions which may result in lower glass contents depending on slag chemistry, 
temperature etc. (G3). The third picture shows an example for a dry slag granulation process. The 
development of dry cooling processes is a very topical theme because it is the basis for the heat 
recovery from the liquid slag. On the right side a test with the standard granulation facility nearby a 
blast furnace is shown. 
 

    
       Standard granulation G1  Granulation G3 with a         Dry slag granulation          Wet granulation G1 
                                                lower water/slag ratio                                                      nearby a blast furnace 

Figure 6 Different types of FEhS lab-scale granulation facilities for liquid blast furnace slag 
 
During the investigations which will be discussed later on the wet GBS was filled into "mini-silos" to 
estimate the dewatering behaviour which depends on granulometry and particle porosity. Afterwards 
the samples were dried at 105°C and ground in a lab-scale batch ball mill to a comparable fineness 
around 4200 cm²/g according to Blaine (EN 196-6). Glass content and chemical composition were 
controlled. The cementitious properties have been investigated for CEM III/B cements (EN 197-1) 
with a slag/clinker ratio of 75/25 according to the procedure described above for the FEhS database on 
GBS. Mortar strength development (EN 196-1, w/c = 0,50), workability (EN 196-3, EN 1015-3) and 
heat of hydration (Isothermal Conduction Calorimetry) have been measured. 
 
2.1. Raw Materials 
Numerous melting and granulation tests have been done in the past as well for own research projects 
as for external customers (e.g. steel or cement plants). For this paper tests from research projects are 
summarized in which as well basicity, Al2O3, MgO and TiO2 contents as melting temperatures and 
granulation conditions were modified. 
To evaluate the influence of a modified melting temperature as well on reactivity as flow behaviour of 
the liquid slag the industrial GBS D was chosen due to its average reactivity. 
To evaluate the influence of the chemical composition on the reactivity (in terms of strength 
development) industrial GBS L was used as basis due to its low basicity and low TiO2 content. From 
the practical point of view it is always easier to add a limited amount of chemical substances in order 



 

to modify the slag chemistry as to dilute higher concentrations by adding much more correction 
materials. With respect to the problem to predetermine GBS reactivity the choice of GBS L offered the 
advantage to derive exemplarily the change from lower to higher reactivity and strength. 
Chemical composition and glass content of the industrial slags D and L are given in Table 2. 
 

Tab. 2 Chemical composition (M.-%) and glass content (Vol.-%) of industrial GBS D and L 

GBS SiO2 Al2O3 CaO MgO TiO2 S Na2Oeq. (C+M)/S Glass
D 36,0 12,6 43,5 6,9 0,47 0,88 0,47 1,40 100 
L 40,2 11,5 33,7 9,4 0,48 0,72 1,25 1,07 98 

 
2.2. Experimental Process 
2.2.1. Temperature influence on slag behaviour and reactivity 
Tests with GBS D were also done with the second granulation facility (G3) shown in Figure 6. From 
the thermodynamic point of view a higher melting temperature and a faster cooling velocity "freeze" a 
higher grade of disorder in the glass structure (Scholze H., 1977). Then it might be that the glass 
structure is more weak and that the glass corrosion process in a pore solution is accelerated. If the 
acceleration results in the formation of strength-forming hydration products also the cement strength 
would be increased. To control this theoretical approach some tests were made with different melting 
temperatures of 1400°C, 1450°C and 1500°C. These temperatures are typical for a modern blast 
furnace operation process. 
Because the granulation facility G3 does not allow an optical evaluation of the liquid slag Figure 7 
shows the beginning lab-scale granulation processes G1 at 1400°C and 1550°C which were done with 
GBS D, too. The calculated dynamic viscosities of the liquid slags (Mudersbach D. et al., 2001) were 
1147 mPa s (1400°C) and 477 mPa s (1550°C). As well the different flow behaviour as the sealing 
effect of the colder slag is visible. It is obvious that such a different flow behaviour has to be 
considered if a sufficient glass content should be guaranteed by an industrial granulation process. 
 

     
                                               1400°C                                  1550°C 

Figure 7 Granulation G1 of remelted blast furnace slag D at different temperatures 
 
2.2.2. Chemical influence on reactivity 
Tests with GBS L were also done with the second granulation facility (G3) shown in picture 6. The 
melting temperature was 1450°C. Also the original GBS L was remelted and granulated (L1). To meet 
the intended basicities or certain contents of Al2O3, TiO2 and MgO the original unground slag was 
modified with ground pure chemical substances before remelting and granulation. The same variation 
steps were done as well for a lower basicity level (CaO+MgO)/SiO2 of 1,20-1,38 (GBS L 1-1 to 8) and 
for a higher level of 1,46-1,62 (GBS L 9-16). 
 
3. Results and Discussion 
Within this paper only those results will be discussed which are related to cementitious properties, in 
particular the strength development. The workability properties (mortar spread, setting times) depend 



 

mainly on the particle size distribution of the cement constituents, the clinker chemistry and the 
Sulphate content. Due to the fact that all these parameters were kept constant no significant differences 
occurred. 
Some information on the variation of physical properties depending on the granulation conditions is 
given in (Ehrenberg A., 2013). 
 
3.1. Temperature influence on reactivity 
Maximum glass contents (100 Vol.-%) were achieved for all three GBS L being remelted at 1400°C, 
1450°C and 1500°C. The chemical composition of these slags varied only within a small range being 
typical for random sampling. 
Figure 8 shows as well the industrial GBS D as two lab-scale granulated GBS. Visible is the glassy 
shine of the unground fresh particles. It is typical that lab-scale granulated GBS is a little bit coarser 
compared to industrial GBS. 
The transition light pictures show the fraction 40/63 µm of the carefully pestled slag samples being 
used for the microscopic measurement of the glass content (Drissen P., 1994). Pure glass particles are 
transparent whereas crystalline parts would appear coloured. 
 

   

1 mm 

    

  Industrial GBS D 1477°C                    Lab-scale GBS D 1400°C                  Lab-scale GBS D 1500°C 

Figure 8 Industrial and lab-scale (G3) granulated GBS D (light and transition light microscopy) 
 
The mortar strengths after different hydration time and the total heat of hydration (HoH) after 7 days 
are shown in Table 3. There are no significant differences for the GBS being remelted at 1400°C, 
1450°C or 1500°C. This result is in opposition to the expectations described above. But it correlates 
with other investigations for which another GBS was remelted at 1600°C. Figure 9 shows the specific 
heat flow. In particular the typical GBS peak after about 26 hours is more or less unchanged, too. 
The reason why the thermodynamic expectation was not complied is still yet unclear. It might be that 
the theoretical approach would be noticeable if the melting temperature would be higher than 1600°C. 
But this would be without a practical consequence because typical tapping temperatures are between 
1400°C and 1500°C. Another reason might be that the granulation process itself (in particular the 
cooling velocity) dominates the liquid slag structure freezing. To verify this presumption additional 
tests are necessary which fulfil two tasks: Comparable high glass contents and varied cooling rates 
during the granulation process. 



 

 
Tab. 3 Compressive strength and heat of hydration of slag cements (GBS/Clinker = 75/25) with remelted GBS D 

GBS Sm (GBS) d50% (GBS) 2 days 7 days 28 days HoH (7 days)
 cm²/g µm  MPa  J/g 

D 1400°C 4750 12 10,4 28,5 41,8 225 
D 1450°C 4720 13 10,8 27,9 39,6 225 
D 1500°C 4730 12 10,4 28,4 41,0 228 

 

 

Figure 9 Heat flow of slag cements (GBS/Clinker = 75/25) with remelted GBS D 
 
3.2. Chemical influence on reactivity 
The variation of the chemical composition of GBS L based on a statistical design of experiments 
(DoE). Table 4 gives an overview on the chemical composition, the glass content and the calculated 
dynamic viscosity  at 1450°C for 16 lab-scale GBS. The constituents which have been modified are 
marked. Compared to the industrial GBS L the lab-scale granulated GBS L1 was only a little bit 
modified by adding CaO, MgO and TiO2 in order to meet the reference point of the DoE plan. It is 
important to stress that of course each addition of a chemical constituent diluted the content of the 
other constituents. Therefore it is impossible to fix the whole composition while a single constituent is 
changed. 
 

Tab. 4 Chemical composition, glass content and calculated viscosity of lab-scale granulated GBS L 

SiO2 Al2O3 CaO MgO TiO2 S Na2Oeq. (C+M)/S Glass 1450°CGBS 
   M.-%    - Vol.-% Pa s 

L1 37,5 11,5 34,8 9,9 0,55 0,67 1,01 1,19 100 1,004
L2 35,5 10,9 34,7 10,2 2,75 0,66 0,98 1,26 100 1,117
L3 36,8 10,5 34,0 13,8 0,68 0,67 0,94 1,30 100 0,753
L4 35,9 10,5 32,5 13,6 2,82 0,62 0,95 1,28 100 1,012
L5 36,6 14,3 34,2 10,1 0,57 0,60 1,03 1,21 100 0,738
L6 35,9 14,1 33,3 9,6 2,70 0,62 0,98 1,20 100 0,845
L7 34,3 14,6 32,6 13,9 0,68 0,61 0,95 1,36 100 0,795
L8 33,1 14,5 31,9 13,9 2,97 0,61 0,90 1,38 100 1,092
L9 34,7 11,0 41,0 9,8 0,55 0,56 0,83 1,46 100 0,707
L10 34,0 10,8 40,6 9,5 2,45 0,55 0,80 1,47 100 0,927
L11 33,3 11,0 39,0 13,5 0,63 0,54 0,70 1,58 96 0,633
L12 32,5 10,9 38,2 13,4 2,27 0,54 0,79 1,59 99 0,764
L13 33,2 15,3 38,6 10,0 0,70 0,53 0,90 1,46 99 0,594
L14 32,4 15,2 37,8 9,6 2,79 0,57 0,72 1,46 100 0,745
L15 31,3 15,1 37,3 13,4 0,75 0,53 0,67 1,62 100 0,645
L16 29,9 14,7 35,0 13,1 2,79 0,49 0,72 1,61 100 0,870

 



 

With respect to the viscosity of the liquid slag at a certain temperature (here 1450°C) the data show 
very clearly the enormous influence of the chemical composition. Even differences of only 0,01 Pa s 
are significant for the flow and granulation behaviour. In general a higher basicity (GBS L9-16) results 
in a lower viscosity. But it is also a fact that simple linear dependencies on individual chemical 
constituents do not exist. So the interpretation is different depending on the whole chemistry. One 
typical example is TiO2. Whereas the viscosity of GBS L2 with 2,75 M.-% TiO2 (instead of 0,55 M.-% 
for GBS L1) is higher when the basicity is lower a similar increase up to 2,45 M.-% TiO2 (GBS L10) 
results in a lower viscosity when the basicity is higher. 
The viscosity is important as well for the granulation behaviour (glass content) as physical properties 
of the GBS (porosity). Lower viscosities result in a higher grain porosity and thus in another de-
watering behaviour of the granulated slag particles. 
As expected the glass content of all samples is very high. Also the slags with a very high basicity are 
glassy. That means that the interpretation of the different strength developments can be attributed only 
to the variation of the chemical composition of the slags. 
The influence of the chemical composition being modified only within a range being relevant for the 
practice was very high. The 2 days mortar strength varied between 4,0 MPa and 17,4 MPa, the 28 days 
strength between 34,2 MPa and 50,2 MPa! The heat of hydration varied after 7 days between 183 J/g 
and 255 J/g. That means that all tested slag cements are low heat cements according to EN 197-1 (270 
J/g). But with respect to the heat flow there are important differences. In Table 5 all data are 
summarized. 
 
Tab. 5 Compressive strength and heat of hydration of slag cements (GBS/Clinker = 75/25) with modified GBS L 

Sm (GBS) d50% (GBS) 2 days 7 days 28 days 91 days HoH (7 days)GBS 
cm²/g µm MPa J/g 

L1 4260 12 5,4 27,0 41,5 50,3 217 
L2 4250 12 4,0 16,1 34,2 47,9 183 
L3 4260 13 5,2 25,6 42,0 51,9 228 
L4 4250 12 4,4 17,0 38,9 51,3 196 
L5 4240 12 8,2 30,7 43,2 51,3 214 
L6 4280 13 5,1 21,2 38,8 46,8 198 
L7 4180 18 10,6 32,5 44,3 51,5 228 
L8 4200 18 6,1 25,7 40,4 48,2 219 
L9 4230 17 9,2 31,1 45,8 57,2 244 
L10 4250 12 5,4 22,3 42,2 54,5 216 
L11 4290 12 11,0 31,7 44,3 53,8 254 
L12 4180 12 5,6 25,4 42,4 51,8 243 
L13 4300 12 15,0 32,1 46,8 55,8 236 
L14 4350 17 8,9 28,1 45,2 55,0 216 
L15 4180 12 17,4 35,2 50,2 59,7 255 
L16 4220 12 7,2 27,1 40,3 46,0 233 

 
Some selected strength results are illustrated in Figure 10. In particular for those GBS with low 
basicities the early strength is dominated by the clinker despite the slag/clinker ratio is 75/25. In these 
cases a significant influence on the early strength can be only expected if the GBS fineness would be 
higher. It is known that for a given chemistry only the finest GBS grains (up to 6 µm) influence the 
early strength of slag cements. If for a given fineness the basicity is higher also the early strength 
depends strongly on the chemical composition of the GBS. 
Besides the scientific information on the principal influence of the different chemical constituents on 
the reactivity (strength development) lab-scale granulation tests offer precise optimisation potentials. 
One example is the comparison of the reference GBS L1 with GBS L2, L4, L6 and L8 (Figure 10 a)). 
The strength development of the slag cement with GBS L8 having a very high TiO2 content of 
2,97 M.-% is nearly the same as it is for the slag cement with the reference GBS L1 having only 



 

0,55 M.-% TiO2. Of course it has to be judged with respect to technical and economical aspects 
whether a blast furnace operator will increase the Al2O3 content from 11,5 M.-% to 14,5 M.-% and the 
MgO content from 9,9 M.-% to 13,9 M.-% in order to compensate the negative TiO2 influence. 
The same situation is shown in Figure 10 b) for GBS L9, L10, L12, L14 and L16, but on a higher 
basicity level. In that case the increased MgO content is not so efficient and later strength is even 
decreased. Comparing the strength development of GBS L2 (Figure 10 a)) and GBS L10 (Figure 10 b)) 
reveals that an increased basicity by adding CaO is very effective in order to compensate the negative 
TiO2 strength effect. 
The results show that the lab-scale granulation tests combined with the analysis of the cementitious 
properties offer two precise options if in practice the problem arises that blast furnace operators are 
forced to add Ti carriers in order to protect the refractory material.  
 

     

      a) TiO2 compensation b) TiO2 compensation 
 (CaO+MgO)/SiO2 = 1,19-1,38  (CaO+MgO)/SiO2 = 1,46-1,61 

     

      c) Strength enhancement d) Strength enhancement with higher slag basicity 
 (CaO+MgO)/SiO2 = 1,46-1,61 

Figure 10 Compressive strength of slag cements (GBS/Clinker = 75/25) with modified GBS L 
 
Another example is shown in Figure 10 c). Without the negative TiO2 effect for both basicity levels 
the simultaneous increase of Al2O3 and MgO resulted in the highest strength increase whereas the 
addition of only MgO does not show a positive effect. The data show also that strength effects of 
single chemical modifications cannot be added simply. It becomes apparent that it is really a problem 
that the knowledge on the glass structure depending on the individual chemical constituents of GBS is 
too limited. 29Si NMR spectroscopy is a tool to understand more. Investigations in the past have shown 
that a higher basicity CaO/SiO2 results in a lower degree of linkage. With increasing basicity more Q0 
coordinated silicon tetrahedron can be found and less Q4 coordinated (Ehrenberg A., 2013). This 
correlates with the model of a glass network that is often employed and the role of CaO as a network 
modifier. 



 

In Figure 10 d) only the basicity influence is visualised. Whereas GBS L1 has a below average 
basicity GBS L9 has an average basicity. It is typical that a higher basicity is positive for the whole 
strength development whereas higher Al2O3 contents enhance especially the early strength. Figure 
10 d) shows also that the MgO addition is insufficient and has only a limited influence. So it is more 
effective to increase the basicity by adding CaO instead of MgO. 
To prove the correlation of lab-scale tests and industrial practice FEhS-Institute tested several 
industrial GBS from India with very high Alumina contents ≥ 18 M. %. Since many years such slags 
do not exist longer in Europe. Slag cements with these GBS had a very good early strength. But due to 
low basicities the 28 days and later strengths were often below average. One of these Indian GBS had 
19,2 M.-% Al2O3, 33,4 M.-% CaO, 34,1 M.-% SiO2 and 9,0 M.-% MgO. So the basicity 
(CaO+MgO)/SiO2 was only 1,24. With the exception of Alumina it is more or less comparable with 
GBS L5. In fact the later strengths were comparable (28 days: 45,2 MPa, 91 days: 49,6 MPa), whereas 
the early strength was much more higher (2 days: 21,6 MPa). This example shows that the lab-scale 
granulation tests and the associated cementitious investigations correlate very well with the practice. 
It is self-evident that it would be also possible to overlap in lab-scale the chemical optimisation 
potential with physical ones, like slag/clinker ratio and fineness. 
The different strength developments let expect that also the heat of hydration varied significantly. 
Figure 11 shows the heat flow during the first 96 hours for the same cements described already in 
Figure 10. The heat flow gives more detailed information compared to the summarised heat of 
hydration after 7 days (Table 5). 

 

     

      a) TiO2 compensation b) TiO2 compensation 
 (CaO+MgO)/SiO2 = 1,19-1,38  (CaO+MgO)/SiO2 = 1,46-1,61 

     

      c) Strength enhancement d) Heat flow enhancement with higher basicity 
 (CaO+MgO)/SiO2 = 1,46-1,61 

Figure 11 Heat flow of slag cements (GBS/Clinker = 75/25) with modified GBS L 
 
In general the heat flow is on a higher level for slag cements made with GBS with a higher basicity 



 

(Figure 11 a) and 11 b)). And it is obvious that an increased GBS reaction fosters also the clinker 
reaction. In particular at higher basicities the first heat flow peak being typical for the clinker reaction 
increased if the GBS peak increased, too. 
In Figure 11 a) the negative impact of TiO2 is visible (GBS L1 and L2). The second heat flow peak 
was as well much more lower as retarded. That correlates with the decreased strength (Figure 10 a)). 
The MgO addition did not compensate this effect (GBS L4). That correlates also with the still low 
strength after 2 and 7 days. Very effective was the Alumina addition (GBS L6). Up to 48 hours the 
heat flow was comparable to that for GBS L1. The positive Al2O3 effect was strengthened if also MgO 
was added (GBS L8). As already described for the strength the most effective method is a higher 
basicity by adding CaO (GBS L10 in Figure 11 b)). The heat flow is comparable to that for GBS L1. 
Figure 11 b) shows that the higher basicity as well increased as accelerated the second heat flow peak 
(GBS L9). The negative TiO2 impact is visible, too (GBS L10). Adding MgO did not compensate this 
effect (GBS L 12). Adding Al2O3 however (GBS L 14) led to a similar heat flow up to 48 hours. It 
seems that afterwards there is still recognisable the negative TiO2 influence (sharp decline of the 
curve). The combined addition of MgO (+ 3,3 M.-%) and Al2O3 (+ 3,7 M.-%) enlarged the second heat 
flow peak (GBS L 16). The decrease after 30 hours compared to the single addition of Al2O3 (GBS L 
14) might be explainable with the lower Alumina addition (+ 3,7 M.-% instead of 4,2 M.-%). 
Also in Figure 11 c) it is shown that a MgO addition alone is not very effective in order to enhance the 
GBS reactivity (GBS L11). The addition of Alumina however is very effective (GBS L13). To 
combine both results in a significant higher heat flow (GBS L15). It is obviously that the single effects 
are not summable. That means that the efficiency of Al2O3 depends strongly on the basicity. 
Comparing the heat flows for GBS L1, L3, L5 and L7 (not visualised) confirms this dependency. 
Figure 11 d) shows again that the addition of CaO is more efficient compared to the addition of MgO. 
That correlates with the strengths (Figure 10 d)). Whereas the addition of 3,9 M.-% MgO strengthened 
the second peak of the heat flow being typical for the GBS reaction only a little bit the addition of 
6,2 M.-% CaO resulted in a significant higher heat flow. 
To measure the heat of hydration and in particular the heat flow is a very effective tool in order to 
compare different cementitious systems. But as it is shown in Figure 12 the prognosis of strength 
development based on the heat of hydration is impossible even though all data are related to a fixed 
slag/clinker ratio, one clinker and a constant fineness. That is not surprising because the main 
differences in heat flow occurs during the first 48-72 hours (Figure 11).  
 

 

Figure 12 Compressive strength vs. heat of hydration of slag cements (GBS/Clinker = 75/25) 
 
4. Conclusions 
Granulated blast furnace slag is the most important SCM due to its technical properties and its 
availability. With respect to the evaluation of GBS reactivity the discussion on the non-satisfying 
informative value as well of simple indicators based on the average chemical composition (basicities) 
of GBS as of correlation equations based on limited GBS sample numbers has shown that there seems 
to be no solution to overcome the statement already given by Smolczyk in 1980: "It cannot be 
expected that the resulting strength development can be predeterminated by aid of a simple hydraulic 



 

factor". Thus the different basicities used worldwide in the standards are only able to give a rough 
distinction between a higher and lower reactivity of a granulated blast furnace slag. The reason is that 
there are different non-chemical parameters having influence on slag reactivity. Thus the chemical 
composition (main and minor constituents) of a slag is a very important, but not the only parameter 
with influence on reactivity (in terms of strength contribution). The problem increases if clinker, 
fineness etc. are varied, too. 
But there is still a big interest of as well steel as cement producers to know which reactivity can be 
expected if a liquid blast furnace slag will be firstly granulated or if a GBS will be modified due to 
technical and/or economical reasons. Tests in technical scale are impossible (no granulation plant) 
and/or expensive (changing of the burden, energy demand, metallurgical handling of the liquid slag 
etc.). Therefore FEhS institute developed several mobile lab-scale granulation facilities which offer 
the opportunity to achieve a deeply knowledge on GBS properties based on tests which need only few 
kg material. For these granulation tests it has to be stressed that it is necessary to guarantee that the 
frame conditions (reducing atmosphere, suitable refractory material, sufficient temperature, adjusted 
water properties ...) are comparable to those which are given in practice. 
The lab-scale tests deliver valuable information as well on the behaviour of liquid slags (slag flow 
depending on the slag viscosity) as on technical properties of GBS. The most important technical 
property is the latent-hydraulic reactivity. 
Comparing test results got with industrial GBS and with remelted GBS without chemical 
modifications show that there is no significant difference in cementitious properties if the glass content 
is comparable, too. 
The investigations discussed before included the variation as well of the melting temperature as of the 
chemical composition of the slags whereas for the slag cements slag/clinker ratio, clinker type, 
fineness etc. were kept constant according to the frame conditions of the FEhS database on GBS. But 
of course in general lab-scale granulated GBS might be be combined individually with any 
slag/clinker ratio, clinker type, Sulphates or fineness. 
With respect to the melting temperature the theoretical expectation that a higher temperature results in 
a higher reactivity was not confirmed. It might be that the temperature range which was investigated 
(1400°C-1500°C) was too small. It might be also that the cooling process itself (in particular the 
cooling velocity) dominates the glass structure formation by freezing the liquid slag. To verify this 
presumption additional tests are necessary which have to fulfill two tasks at the same time: 
Comparable high glass contents and varied cooling rates during the granulation process. 
With respect to the influence of the chemical composition on GBS reactivity the tests results are much 
more evident. Of course since many years general information is available on the positive influence of 
CaO, MgO or Al2O3 and the negative influence of TiO2 on reactivity and strength development of slag 
cements. The addition of CaO is more effective than the addition of MgO and higher basicities 
improve the whole strength development whereas Al2O3 addition improves mainly the early strength. 
But the effect of Alumina addition depends not only on the concentration but also on the remaining 
chemistry, in particular on the basicity. It is still problematic that the knowledge on the structure of 
slag glasses is much more lower compared to SiO2 dominated glasses. So many of the models 
developed for the latter are not transferable to slag glasses. 
But besides the generation of general scientific knowledge for the slag producers and users it is 
important to gain knowledge on their specific slags. The lab-scale tests offer the possibility to judge 
reasonably the GBS reactivity if its chemistry changes. From the chemical point of view several 
solutions can be derived. It is up to the slag producers to judge which solution is realisable with 
respect to technical and economical frame conditions. 
Because as a rule the burden composition is optimised with respect to the metallurgical requirements 
and the iron ore market situation its modification only with respect to GBS properties is always 
problematic. Therefore since many years the idea exists to modify separately the slag chemistry after 
tapping. But due to the specific properties of liquid slags (in particular its low heat conductivity) 
several problems exist. For example it is not possible to buffer the liquid slag. On the basis of lab-scale 
tests being similar to those which are described above tests in technical scale were done (Mudersbach 



 

D. et al., 2007). The results show that in general it is possible to modify the slag chemistry after the 
blast furnace without adding energy. But up to now only some batch tests were done. The challenge 
will be to install a process which is able to treat continuously the liquid slag during the tapping time of 
the blast furnace. 
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Abstract 
 
Perlite is naturally occurring rock. Since it contains significant amount of water, it can be expanded in specially 
designed furnaces. After expandation, lightweight expanded perlite is obtained.  Unfortunately during both production 
as well as processing of expanded perlite, some fine grained waste perlite is being formed. Due to its extremely low 
bulk density, waste expanded perlite is difficult to handle, utilize and causes dust formation.  
Paper presents results on the investigations on the properties of ground waste expanded perlite used as supplementary 
cementitous material. Waste expanded perlite was ground in ball mill. Ground waste expanded perlite was 
characterized. Tests were performed using OPC mortars containing various amounts of ground waste expanded perlite. 
Results showed, that addition of ground waste expanded perlite leads to strength increase up to even 50% for 35% 
addition of perlite. Detailed investigations showed, that waste expanded perlite is pozzolanic in its nature. Due to its 
very high specific surface (caused by cellular microstructure of expanded perlite) as well as chemical composition (sum 
of SiO2 and Al2O3 close to 90%) ground waste expanded perlite exhibits very good pozzolanic activity. In addition, 
ground waste expanded perlite is almost white. It makes it valuable pozzolanic additive in special applications like 
white cement based materials. It can be also used as anti-efflorescence additive in special masonry mortars.     
 
Originality 
For the first time waste expanded perlite was used as supplementary cementitous material. It allows to utilize harmful 
and troublesome waste material. Resulting material is valuable pozzolanic additive. 
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1. Introduction 
Perlite is naturally occurring volcanic rock. The main feature which makes it very interesting from 
engineering point of view is the presence of relatively high amount of water in its structure (2-6 wt. %). 
Water is entrapped in perlite structure during solidification of hot volcanic lava. The presence of water 
causes swelling of material in high temperature (Bektas et. al. 2005). Expandation process leads to 
increase of volume by few tenths times. This phenomena allows to expand perlite rock and produce 
expanded perlite. Expanded perlite is a valuable raw material used in many fields mainly as a light 
filler. Usually the grain size distribution is one of key properties of perlite filler. Unfortunately, during 
expandation of perlite rock, as well as processing of expanded perlite, large amount of waste expanded 
perlite (WEP) is being formed. Waste perlite is fine grained material of extremely low bulk density. It 
makes it difficult to store and transport, so its utilization may be a problem. The problem is common 
for all manufacturers and users of expanded perlite and causes increase in operational costs. Hitherto 
there were no methods of utilization of waste expanded perlite. The amount of data on utilization of 
waste expanded perlite is very limited. Current research has shown that waste perlite can be used as a 
raw material for zeolite synthesis at low temperatures (Pichór at al. 2014, Król at al. 2014). Earlier 
data indicates that it is possible to obtain zeolites using unexpanded raw perlite rock as starting 
material (Christidis at al. 1999). Waste expanded perlite can be also used as quartz sand replacement 
in autoclaved aerated concrete manufacturing. 10% replacement of sand allows to reduce thermal 
conductivity by 15% without significant reduction of strength (Pichór, Różycka, 2014). Possibility of 
use of raw perlite rock as an cement supplementary material was investigated by Erdem et. al. (Erdem 
et. al. 2007). Authors used perlite rock both ground separately as well as interground with clinker as 
20 and 30 % clinker substitution. Results showed, that substitution leads to decrease in strength of 
resulting cements, however raw perlite can be potentially used in production of blended cements. An 
extensive study of use of calcined raw perlite as SCM was conducted by Ramezanipour et al. 
(Ramezanianpour et. al. 2014). Authors have shown that calcined raw perlite rock can be used as 
cement replacement which leads to increase in durability of hardened concrete. Perlite was also 
investigated as a material which can be potentially used as alkali-silica reaction (ASR) suppressor. 
Results showed, that both raw perlite rock as well as expanded perlite allow to suppress ASR. 
Expanded perlite was more efficient comparing to raw perlite rock (Bektas et. al. 2005). Raw perlite 
rock can be also used as partial or complete substitution of feldspar in sintered ceramic bodies, 
especially ceramic tiles (Bozadgiev, 1995). 
 
 
2. Experimental 
2.1. Raw Materials 
Mortars were prepared using CEM I 42,5R according to EN-197-1:2012 standard. Standard quartz 
sand according to EN 196-1:2006 and tap water was used. Waste perlite was first compacted in order 
to allow grinding. Loose waste perlite was placed in steel cylinder and compacted with steel piston in 
hydraulic press. Obtained cakes had bulk density high enough to fill the mill in proper amount. 
Compacted perlite was ground for 4 hours in steel ball mill. Fig. 1 presents the grain size distribution 
of ground perlite. In table 1 chemical composition of ground perlite is presented. 
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Figure 1. Grain size distribution of ground waste perlite used in experiments. 
Tab. 1. Chemical composition of ground waste perlite used in experiments 

compound content [%]

LOI 0.60 
SiO2 76.2 
Al2O3 12.5 
Fe2O3 1.3 
CaO 0.50 
MgO 0.70 
Na2O 3.1 
K2O 4.5 
TiO2 0.35 
Total 99.8 

Ground waste expanded perlite grains have got a lamellar shape. The origin of that is the cellular 
structure of expanded perlite grains build of thin walls with a lot of empty spaces. Fig. 2 presents TEM 
images of ground waste perlite used in experiment.  

 
Figure 2. Morphology of ground waste expanded perlite grains observed with TEM. 

2.2. Experimental Process 
Perlite was introduced into mortars in two ways. It was added to cement in the amount of 5, 10, 20 and 
35% in respect to cement mass, and on the other hand, 20 and 35% of cement was exchanged with 
perlite. Table 2 presents composition of mortars investigated.  
 



 

 
Tab. 2. Composition of mortars investigated 

Sample 
denotation 

Ground WEP 
content  

[wt. % of cement] 

CEM I 42,5R 
[g] 

Standard sand acc. 
to PN-EN 196-1 

[g] 

Water 
[g] 

Ground 
WEP 
[g] 

0 0 900 2700 450 0 
A5 5 900 2700 450 45 

A10 10 900 2700 450 90 
A20 20 900 2700 450 180 
A35 35 900 2700 450 315 
S20 20 720 2700 450 180 
S35 35 585 2700 450 315 

 
Strength of cement mortars containing ground perlite waste was investigated using hydraulic press on 
25 x 25 x 100 mm bar samples. Consistency of mortars was investigated with flow table according to 
PN-EN 1015-3:2000. Density of fresh mortars was determined according to PN-EN 1015-6:2000. Air 
content of fresh mortars was determined according to PN-EN 1015-7:2000. Ground waste expanded 
perlite grains were observed using Jeol-JEM 1011 transmission electron microscope. Sample dispersed 
in water was placed on copper grid, dried and then covered with carbon layer in order to avoid 
charging. 100kV accelerating voltage was used. Amount of calcium hydroxide was determined using 
thermal analysis. Thermal measurements were performed with Netzsch STA 449 F3 Jupiter apparatus. 
TG technique (DTG curve) was used to obtain the mass loss of water due to calcium hydroxide 
decomposition. LOI of samples dried to constant weight over soluble anhydrite, corrected for mass 
loss (DTG curve) due to traces of calcium carbonate thermal dissolution was assumed to be the 
amount of chemically bound water.  
 
3. Results and Discussion 
3.1. Properties of fresh mortars 
 
 Table 6 presents properties of fresh mortars containing various amounts of ground WEP both added 
and substituted. It can be seen that the introduction of ground WEP to mortars causes decrease in 
consistency of mortars. Mortar containing 35% of ground WEP added showed practically no flow for 
water/cement ratio equal to 0.5. However the consistency was enough to form the samples for strength 
tests (samples were formed according to PN-EN 196-1). Substitution of cement with ground waste 
expanded perlite leads to decrease of consistency similar to the one for mortars with ground WEP 
added. Bulk density of mortars containing addition of perlite is slightly higher comparing to control 
sample. The reason is that the fraction of solid material (of density higher than water) is increasing 
with increasing amount of ground WEP. On the other hand, density of mortars with cement substituted 
by perlite is slightly decreased. The reason is the fact that ground waste expanded perlite has got lower 
specific gravity comparing to OPC.  

Tab. 3. Properties of fresh mortars containing various amounts of ground WEP. 

sample 
denotation 

perlite content 
[wt %] 

cone flow 
[mm] 

bulk density 
[g/cm3] 

air content 
[%] 

0 0 142 2180 6.3 

A5 5 132 2210 5.3 
A10 10 126 2220 5.5 
A20 20 113 2200 7.2 
A35 35 103 2160 12.0 

S20 20 128 2140 5,6 
S25 35 116 2140 6,9 

The air content raises for mortars containing addition of 20% and more of ground WEP. The reason is 



 

the decrease in consistency, which difficults the entrapped air escape from mortar. In case of mortars 
with cement substitution, no significant changes in entrapped air content were found.  
 
3.2. Early hydration kinetics 
From the rate of heat evolution plot (fig. 4) one can conclude that the hydration of cement is strongly 
affected by the presence of vitreous expanded perlite additive. Addition of perlite does not influence 
the induction period. The induction period length as well as the reaction slowdown are similar for OPC 
control sample and samples with ground WEP addition. Differences start to be visible in acceleration 
period after about 5 hours of hydration. In case of control, OPC paste, the main effect has maximum at 
about 8.8 J/g*h after about 11 hours. There is also an additional peak starting at about 15 hour and 
lasting for about 7 hours. The origin of that peak is related to hydration of aluminates residue, left 
unreacted after induction period has finished. The addition of ground WEP causes the increase in 
intensity of main heat effect. The maximum of the peak is also shifted towards the beginning of 
hydration. The most important differences one can observe for the additional peak associated with 
aluminates hydration. While for the control paste this effect has the form of a shoulder, in case of 
modified samples it becomes significant and dominating.  The intensity of second peak increases with 
the increase of ground WEP addition up to 20%. No significant differences can be found between 20 
and 35%. The intensification of aluminate peak is followed by sudden decrease of heat evolution rate. 
As  a consequence in the case of pastes modified with ground WEP the main effect is shortened as 
compared to the control paste. 
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Figure 4. Differential rate of heat evolution curves for cement pastes produced from CEM I 42,5R with perlite 

addition in the amount between 5 and 35 wt. % (water/cement ratio = 0.5) 
3.3. Compressive strength 
Table 4 presents results of investigation on the influence of ground WEP addition on compressive 
strength of OPC mortars. One can notice, that the introduction of ground WEP into the mortars causes 
the increase in compressive strength. The increase is very significant and can be as high as over 50% 



 

in case of 35% addition and 28 days of curing. It also should be noticed that the influence of addition 
of ground WEP on compressive strength varies depending on the amount of ground WEP added and 
time of curing. It can be noticed, that for early age strength after 24 hours, the optimum addition is 
10% of ground WEP in respect to cement mass. It allows to obtain strength gain of over 40% 
comparing to sample without ground WEP. On contrary, after longer period of curing e.g. 28 days, the 
relationship is different. In this case, the more ground WEP is introduced to the mortar, the higher 
compressive strength is obtained. It shows that addition of ground WEP can be used for modification 
of strength of cementitous mortars very precisely, depending on the desired properties. In case of 
mortars with cement substitution, early strength is lower comparing to neat OPC mortar. The strength 
loss is proportional to ground WEP substitution. However after 28 days the strength of mortars with 
cement substituted with ground WEP is higher comparing to neat OPC control sample.   
 

Tab 4. Compressive strength of mortars containing various amounts of ground waste expanded perlite 

compressive strength [MPa] 
sample denotation 

1 day 2 days 7 days 28 days 

0 15.1 23.9 36.9 46.7 

A5 18.5 28.3 44.1 50.8 
A10 21.6 31.8 49.2 56.7 
A20 18.7 28.8 46.6 63.8 
A35 16.0 28.1 45.1 70.8 

S20 12.9 23.3 33.1 51.2 

S35 8.3 16.5 31.0 56.3 

 
3.5. Nonevaporable water and calcium hydroxide content 
Figure 5 presents results of nonevaporable water determination for pastes containg 0, 10 and 20% of 
ground waste expanded perlite addition. Analyzing the course of hydration from the point of view of 
chemically bound water content, two periods can be distinct. From the beginning of the hydration, up 
to about 230 hours the period when pastes with ground waste expanded perlite added exhibit higher 
bounded water content comparing to control OPC paste. Later, the rate of bound water content 
increase rate is starting to slow down, while OPC control paste bound water increase rate left quite 
constant. It leads to the fact, that after 744 hours of hydration, the content of bound water for pastes 
containing ground waste expanded perlite is lower comparing to OPC control paste. In order to 
analyze this phenomena, one have to kept in mind, that ground waste expanded perlite is a pozzolanic 
additive (Kotwica et. al. 2015) so it leads to changes in phase composition, primarily in calcium 
hydroxide content. Figure 6 presents the changes in calcium hydroxide content during the course of 
hydration. One can notice, that ground waste expanded perlite significantly reduce the calcium 
hydroxide content within hardened pastes. I proves its pozzolanic properties. However it is important 
to take into account the fact, that calcium hydroxide contains more % of water comparing to C-S-H 
phase. In pozzolanic systems during the course of hydration, changes in phase compositions occurs 
and depends on the degree of cement hydration on one hand as well as on degree of pozzolanic 
reaction on the other hand. It means that the proportions between C-S-H phase and calcium hydroxide 
is varying. It is very important issue in the  light of the fact, that the content of water in calcium 
hydroxide is different of that for C-S-H phase. In case of calcium hydroxide, the mass ratio of water to 
the mass of whole compound mass is about 24.3%. In case of C-S-H phase if C1.7SH1.2 approximate 
formula for p-drying conditions (Bouvers, 2004) (similar to those used in present work) is used, the 
ratio is equal to about 12.2%. Since nonevaporable water is used as indicator of degree and rate of 
hydration, this fact should be taken into account. It should be taken into account that one phase 
containing 24% of water can be transformed into another which contains only 12% of water. It means 
that the total amount of water can decrease despite the fact, that the overall degree of hydration is 
increasing. It is situation specific for active efficient pozzolana bearing systems. In order to avoid the 



 

misinterpretation of results in such systems it is useful to analyze the amount of bound water 
incorporated into phases other than calcium hydroxide e.g. C-S-H phase and hydrated calcium 
aluminates. C-S-H phase is crucial, since it is a part of both OPC hydration as well as pozzolanic 
reaction, but since it is impossible in practice to distinct water bounded in C-S-H and hydrated 
aluminates both phases can be treat as indicators of degree of hydration in pozzolanic system. Figure 7 
presents changes in nonevaporable water content, but in this case, only water incorporated in C-S-H 
phase and hydrated aluminates is taken into account. Values on plots in fig. 7 were obtained by 
addition of mass of water released during calcium hydroxide thermal decomposition from the total 
mass of bounded water. One can see, that the amount of nonevaporable water incorporated in 
hydration products other than calcium hydroxide is higher in case of pastes modified with ground 
waste expanded perlite as compared to neat OPC paste. It allows to drawn a conclusion, that the 
degree of hydration in a whole, pozzolanic system is higher in modified pastes, and also that the 
higher the amount of perlite is, the higher the amount of hydration products is in respect to initial 
cement mass. It can be seen, that in long periods of hydration, especially after 2760 hours the increase 
in content of water bound in phases other than calcium hydroxide starts to decelerate for pastes 
containing ground waste expanded perlite. Conclusion may be drawn, that the rate of hydration of 
ground waste perlite modified OPC pastes decrease in long terms due to the reduction in permeability 
of cementitous matrix. This explains data in fig. 7 where deceleration of increase of amount of bound 
water was observed for ground WEP bearing pastes. The more ground waste expanded perlite added, 
the more additional hydration products present and the lower matrix permeability. Due to this, for 
pastes containing larger amounts of ground WEP the efficiency of calcium hydroxide consumption is 
decreasing, since the pozzolanic reaction is slowed down due to low diffusivity of matrix, and hence 
lower water availability for the reaction. Diffusion of other species like calcium and silicates is also 
seriously limited. 
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Figure 5. Nonevaporable water content of pastes containing 0, 10 and 20% ground waste expanded perlite as an 

additive. 
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Figure 6. Calcium hydroxide content for pastes containing 0, 10 and 20% of ground WEP 

 

4

6

8

10

12

14

16

18

20

22

10 18 25 90 230 744 2760 6000

curing time [hours]

W
n

 e
xc

ep
t 

 C
H

 [
w

t.
 %

 o
f 

ig
n

it
e

d
 c

e
m

e
n

t]

OPC

OPC + 10% ground WEP

OPC + 20% ground WEP

 
Figure 7. Changes in amount of water bounded in C-S-H phase and aluminates during hydration course. Results 

are the difference between total bounded water content and water bounded in calcium hydroxide. 
 
 



 

4. Conclusions 
Presented results allow to draw some conclusions on the influence of ground waste expanded perlite 
on the hydration and properties of OPC mortars. The addition of ground WEP allows to obtain 
strength gains up to 50%. Investigations showed that both addition as well substitution of cement is an 
effective way to use ground waste expanded perlite as supplementary cementitous material. The nature 
of action of ground WEP is pozzolanic activity. It was proved through results of calcium hydroxide 
and bound water content within hydrating pastes. High activity of ground waste expanded perlite is 
caused mainly by two factors. First is chemical and phase composition – glassy aluminosilicate 
material. Second is very fine grains of ground waste expanded perlite of flat shape what results in very 
high specific surface of material. What is very important from the point of view of utilization of 
ground waste expanded perlite is its bright, almost white color. Is allows to use it as an high 
performance pozzolana in special application, like special mortars where color is important, as anti-
effloresce additive etc.   
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Abstract: Fly ash has been widely used as supplementary cementitious materials in concrete industry. 
Hydration mechanism of fly ash-blended cement is much more complicated due to the mutual effect of 
cement hydration and fly ash reaction. In this paper, the hydration heat evolution rate and cumulative 
hydration heat of blended cement containing 0, 20%, 35%, 50% and 65% of fly ash were measured at 
298 K, 318 K and 333 K with an isothermal calorimeter. Based on the hydration kinetics model, three 
hydration processes, namely nucleation and crystal growth (NG), interactions at phase boundaries (I) 
and diffusion (D) were characterized, the relationship between the hydration rate and hydration degree 
was discussed at different stages, kinetics parameters, n, K, and Ea, were calculated and analyzed. 
Results indicated that the hydration evolution rate and cumulative hydration heat of blended cement 
decrease with increasing the replacement ratio of fly ash. Elevated temperatures promote the hydration 
process, especially for blended cement containing high amount of fly ash. The kinetics model could 
simulate the hydration process of blended cement containing no more than 65% of fly ash, whose 
hydration process sequence is NG→I→D at 298 K and 318 K, but it becomes NG→D at 333 K. The 
simulation error has a little increase with increasing fly ash content and temperature. The value of Ea 
for NG process is nearly three times as large as that for D process. The value of Ea for the overall 
reaction of blended cement increases with increasing the replacement ratio of fly ash. 
 

Originality 
For current literatures, few papers are investigated comprehensively the hydration kinetics of fly 
ash-blended cement, and most hydration kinetics models are built to mimic the hydration process of 
blended cement, but lack of a detailed discussion among modeling, hydration rate and hydration 
mechanism at individual stages of hydration. Moreover, there is little information regarding the 
apparent activation energy of fly ash-blended cement for different hydrating stages and for the overall 
reaction. What is more, most current investigations of fly ash-blended cement are carried out with 
single content of fly ash or at room temperature. In this paper, the comprehensive investigation of 
hydration kinetics of fly ash-blended cement taking into account of the influence of fly ash content and 
curing temperature has been done. 
 

Keywords: blended cement; fly ash; hydration; kinetics; temperature 
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1. Introduction 
  Fly ash has been widely used as a supplementary cementitious material in modern concrete 
industry due to its benefits in improving properties of concrete and reducing carbon dioxide 
emissions, which promotes ecofriendly construction. The hydration of fly ash-blended cement 
includes two interrelated processes: the hydration of Portland cement and the pozzolanic 
reaction of fly ash [1]. Ca(OH)2 is produced by the hydration of cement and it consumes by 
the pozzolanic reaction of fly ash. The two reactions may occur simultaneously and they are 
influenced by each other. Besides the chemical effect (i.e. pozzolanic reaction), fly ash also 
has physical effect that promotes the hydration of cement. Moreover, owe to the exothermal 
hydrating process of blended cement and the low thermal conductivity of concrete, the 
hydration of blended cement leads to a rise of internal temperature in concrete [2], especially 
in massive concrete, and then the hydration rate and hydration degree of blended cement are 
affected by elevated temperature. Thus, the hydration process and reaction mechanism of fly 
ash-blended cement are much more complicated. 
  The hydration kinetics of fly ash-blended cement has been studied extensively. Narmluk et 
al. [3] found that the hydration kinetics of fly ash-blended cement depended on the 
replacement ratio of fly ash and curing temperatures. At 20℃ and 35℃, fly ash retarded the 
hydration of cement in early period and accelerated the hydration of cement in later period. 
But at 50℃, for blended cement containing high amount of fly ash, the hydration of cement 
was retarded at later ages. Deschner et al. [4, 5] investigated the hydration kinetics of blended 
cement containing 50% of fly ash and the results were compared with a reference blended 
cement containing 50% of inert quartz powder. It was found that the influence of fly ash on 
the hydration was mainly related to filler effect until 2 days and the pozzolanic reaction was 
observed from 7 days on. The elevated temperatures accelerated both the hydration of cement 
and fly ash. In general, replacement of cement by fly ash leads to a retarding effect on the 
hydration [2, 6-8]. Dittrich et al. [9] found that a retarding effect of fly ash on the silicate 
reaction was detected due to the adsorption of Ca2+ ions on the surface of fly ash and the 
aluminate reaction was influenced by fly ash due to the additional nucleation sites provided. 
Nocuń-Wczelik [10] pointed out that the hydration heat evolution rate and cumulative 
hydration heat of blended cement containing 5% of fly ash were almost unchanged compared 
to Portland cement, but when the replacement ratio of fly ash was larger than 30%, the 
hydration process is severely retarded. Kumar et al. [11] revealed that for blended cement 
containing 20% of fly ash, the hydration heat evolution rate decreased at 35℃ due to dilution 
effect, the induction period and the appearing time of the second exothermic peak were 
prolonged. But at 45℃, the rate of hydration increased obviously and the time of hydration 
was also shortened. Langan et al. [12] found that fly ash retarded cement hydration more 
significantly at high water to binder ratio. Numerous kinetics models have been proposed to 
quantify the hydration kinetics of cement [13]. Wang et al. [14, 15] predicted hydration of fly 
ash-blended cement based on shrinking-core model. The mutual interactions between the 
hydration of cement and the reaction of fly ash are considered through the available amounts 
of calcium hydroxide and capillary water in the system. Thomas [16] applied boundary 
nucleation and growth (BGN) theory to characterize the hydration kinetics of tricalcium 
silicate and alite. Scherer et al. [17] used this model for the hydration of cement, and it was 
shown good fits to calorimetric and chemical shrinkage data with the assumption that 
nucleation and growth rates are constant. Furthermore, he suggested that BNG of C-S-H is 
more likely to occur within confined pores [18]. Krstulovic and Dabic [19, 20] investigated 
the hydration kinetics of cement according to the hypothetical mathematical model, which 
provides for the fact that the process takes place in a heterogeneous system involved three 
basic processes: nucleation and crystal growth, interactions at phase boundaries and diffusion. 
  Based on the current literatures, it is obvious that the hydration kinetics of blended cement 
is affected by the replacement ratio of fly ash and temperature. The investigation of hydration 
kinetics of fly ash-blended cement is mainly on calcium hydroxide, like the reaction of slag, 
the stoichiometric coefficients of reaction of fly ash is still dubious and poorly understood 



[21]. Moreover, the development of the degree of hydration of the hydration of fly ash 
containing cement has not been fully elucidated [3]. For BNG model, it must only be used 
during the period when the reaction is dominated by a single phase [17], which is not 
applicable for blended cement containing fly ash. There is little information about the 
apparent activation energy of fly ash-blended cement in the current literatures, which is 
important to understand the hydration mechanism of blended cement. 
  Therefore, in this paper, the hydration kinetics of fly ash-blended cement was investigated 
based on the hydration kinetics model proposed by Krstulovic et al. [19]. The hydration heat 
evolution rate and cumulative hydration heat were measured at three different temperatures 
with an isothermal calorimeter. The hydration reaction process of fly ash-blended cement was 
evaluated as a function of time, taking into account of the replacement ratio of fly ash and 
curing temperatures. The relationship between the rate of hydration and the degree of 
hydration was discussed in individual periods, and the kinetics parameters were also 
calculated and analyzed. Then the hydration mechanism of fly ash-blended cement was 
determined. 
2. Kinetics model for hydration of cement-based materials 

The Krstulovic-Dabic kinetic model assumes three basic process taking place: nucleation 
and crystal growth (NG), interactions at phase boundaries (I) and diffusion (D) [19]. All three 
processes are assumed to take place simultaneously, but the slowest one dominates the 
hydration process as a whole. The equations describing hydrating kinetics during three 
processes are used as following. 
For NG process        [-ln(1-α)]1/n=K1(t-t0)=K1’(t-t0)                      (1) 
For I process          [1-(1-α)1/3]1=K2R

-1(t-t0)=K2’(t-t0)                    (2) 
For D process         [1-(1-α)1/3]2=K3R

-2(t-t0)=K3’(t-t0)                     (3) 
The differential form of the basic equations (1)-(3) becomes equations (4)-(6): 
For NG process          dα/dt=F1(α)=K1’n(1-α)[-ln(1-α)]n-1/n                 (4) 
For I process            dα/dt=F2(α)=K2’·3(1-α)2/3                         (5) 
For D process           dα/dt=F3(α)=K3’·3(1-α)2/3/[2-2(1-α)1/3]               (6) 
where α is the degree of hydration of the reacting particle; t is the hydration time; t0 is the 
ending time of the induction period; K1, K2 and K3 are the rate constant for NG, I and D, 
respectively; K1’, K2’ and K3’ are the apparent rate constant for NG, I and D, respectively; R 
represents the radius of the reacting particle; n is the value of the Avrami exponent that 
reflects the details of the nucleation and growth mechanism [22, 23]; F1(α), F2(α) and F3(α) 
are the function of reaction mechanism for NG, I and D, respectively 
  The determination of degree of hydration, α, depends on the heat released as a consequence 
of the total hydration effect. In order to transform the hydration heat data into the degree of 
hydration, α, and the rate of hydration, dα/dt, a formula of hydration kinetics (Eq. 7) proposed 
by Knudson [24] is used in the paper. 

1/Q(t)=1/Qmax+t50/Qmax(t-t0)                          (7) 
where Q (t) is the heat released as a function of hydration time, t, after the induction time; 
Qmax is the total or maximum heat released when the cement-based materials terminate the 
hydration; t50 is the hydration reaction time when the accumulative hydration heat is 50% of 
the total hydration heat (i.e. half-life period); (t-t0) is the hydration time starting from the 
acceleration period. Thus,  

α(t)=Q(t)/Qmax                                     (8) 
dα/dt=(dQ/dt)·(1/Qmax)                              (9) 

The measured hydration heat evolution rate and accumulative hydration heat expressed in 
the form of functions of time, t, and temperature, T, were also used for the calculation of the 
apparent activation energy, Ea. Because t50 is inversely proportional to the K’ during hydration 
at temperature T1 and T2, thus, 

K1’/K2’=t502/t501=exp[Ea(T1-T2)/RT1T2]                 (10) 
where t501 and t502 are the hydration time when the accumulative heat released is 50% of the 
total hydration heat at curing temperature T1 and T2, respectively. 
  The apparent activation energy of composite binder at different stage of hydration was also 
determined based on Arrhenius equation. 



                       K(T)=Aexp(-Ea/RT)                          (11) 
where A is proportionality constant; T is absolute temperature (K); K(T) is rate constant; R is 
gas constant (8.314 J/mol).  

For a real system, the hydration heat data obtained by isothermal calorimeter was put into 
Eq. (7). Qmax and t50 could be determined from a linear relation of 1/Q(t) and 1/(t-t0). The 
degree of hydration, α, and rate of hydration, dα/dt, were determined when Qmax was used in 
Eq. (8) and Eq. (9), respectively. Then putting α into Eq. (1), the values of n and K1’ could be 
determined graphically according to the slope and intercept of the straight line from a log-log 
diagram of the relation –ln(1-α) and hydration time, (t-t0), respectively. Similarly, K2’ and K3’ 
would be determined by using Eq. (2) and Eq. (3) for linear fitting, respectively. Then, all the 
kinetics parameters were put into Eqs. (4) ~ (6), the relationship between rate of hydration, 
F1(α), F2(α) and F3(α), and degree of hydration, α, could be obtained, which characterized the 
hydration process NG, I and D of cement-based materials,  respectively. The hydration 
mechanism of cement-based materials could be analyzed by making curves according to the 
relationship between the rate of hydration, F1(α), F2(α), F3(α) and dα/dt, and degree of 
hydration, α. The apparent activation energy of cement-based materials could be determined 
when the half-life time, t50, determined at different temperature was put into Eq. (10). The rate 
constants, K1’, K2’ and K3’, obtained at different temperatures in individual period of 
hydration were put into Eq. (11), and then the apparent activation energy of composite binder 
at different hydration stage was determined in terms of the slop of the straight line from a 
log-log diagram of the relation lnK(T) and 1/T. 

The hydration heat evolution curves were the integrated performance of fast reaction rate of 
cement and slow reaction rate of mineral admixture. The reaction of cement or mineral 
admixture could not be isolated due to the two reactions taking place simultaneously, which 
are, however, influenced by each other. Thus, blended cement could be approximately 
considered as a homogeneous body with the same hydration activity. The kinetics analysis 
was mainly on an overall apparent hydration process of blended cement.  
3. Experimental 
3.1. Materials 

P.I 42.5 portland cement and Class I fly ash conforming to Chinese National Standards GB 
175-2007 and GB/T 1596-2005, respectively, were used in this paper. The chemical 
compositions of cement and fly ash are given in Table 1. 

Tab. 1 Chemical compositions of cement and fly ash (w/%) 

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO LOI 

Cement 20.55 4.59 3.27 62.50 2.61 2.93 0.53 0.83 2.08 

Fly ash 57.60 21.90 7.70 3.87 1.68 0.41 4.05 — 0.43 

The water requirement ratio of fly ash is 95%. The specific surface area of cement is 350 
m2/Kg. The particle size distributions of cement and fly ash measured by a laser particle size 
analyzer (MASTER SIZER 2000) are shown in Fig.1. It is apparent that fly ash is finer than 
cement. The median particle diameters of cement and fly ash (i.e. D50) are 17.17μm and 
9.77μm, respectively. Though the particle size of binder is not directly investigated in the 
hydration process, the values of K1’, K2’ and K3’ (Eqs. (1) ~ (3)) take into account the radius of 
the reacting particle.  
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Figure 1 Particle size distributions of cement and fly ash 

The water to binder ratio for all samples is 0.4. The mix proportions of pastes are presented 
in Table 2. 

Tab. 2 Mix proportions of pastes 

Mass fraction (%) 
Sample                  W/B 

Cement Fly ash 

Cem 100 0 

FA20 80 20 

FA35 65 35 

FA50 50 50 

FA65 

0.4 

35 65 

W/B is mass ratio of water to binder. 
3.2. Test methods 

The hydration heat evolution rate and the cumulative hydration heat of fly ash-blended 
cement were measured with an isothermal calorimeter (TAM Air from TA instruments). The 
tests were performed at three constant temperatures (298 K, 318 K and 333 K) within 72 h. 
TAM Air has eight parallel twin-chamber measuring channels: one chamber containing the 
sample, another containing the reference. After stirring evenly, the samples were immediately 
placed into the chamber. And then the hydration heat evolution rate and cumulative hydration 
heat could be monitored continuously as a function of hydration time. The cumulative 
hydration heat released during initial period and induction period accounts for few percentage 
[25], which could be negligible. Therefore, hydration kinetics of fly ash-blended cement was 
studied since the ending time of induction period. 
4. Results and discussion 
4.1. Hydration heat characteristics of fly ash-blended cement 
  The hydration heat evolution rate curves of fly ash-blended cement at 298 K, 318 K and 
333 K are shown in Fig. 2. It can be seen from Fig. 2(a) that the hydration process of cement 
is significantly affected by curing temperatures. An increase in temperature accelerates the 
hydration heat evolution rate. The peak value of the second exothermal peak increases by 
more than two times from 298 K to 318 K, and by more than four times from 298 K to 333 K. 
The ending time of induction period and the appearing time of the second exothermal peak 
obviously reduce. The intension hydration shortens from more than 20 h at 298 K to about 10 
h at 333 K. As shown in Figs. 2(b)-(e), the trend of hydration heat evolution rate curves of 
blended cement containing fly ash is similar to that of cement (Fig. 2(a)). But an increase in 
the replacement ratio of fly ash, the peak value of the second exothermal peak evidently 
decreases at three examined temperatures. Moreover, the ending time of induction period and 
the appearing time of the second exothermal peak increase significantly, which indicates that 
fly ash has a retarding effect on the hydration. The results are consistent with previous studies 



[6-12]. It is noted that there is a third exothermal peak on the hydration heat evolution rate 
curves of blended cement containing 50% or 65% of fly ash (Figs. 2(d)-(e)). The third 
exothermal peak is obviously observed at 333 K. The exothermal effect is caused by the 
pozzolanic reaction of fly ash. For blended cement containing high amount of fly ash, the 
initial hydration of cement is promoted. The alkalinity of pore solution reaches to a sufficient 
value that could break down the glass phase of fly ash, and then hydration heat is released. 
Increasing temperature to 333 K, the depolymerizing ability of vitreous fly ash increases [2]. 
Thus, the hydration heat evolution rate increases significantly. For blended cement containing 
small amount of fly ash, the dominant reaction is the hydration of cement, the exothermal 
effect of reaction of fly ash is not obvious.     
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Figure 2 Temperature-dependent hydration 
heat evolution rate curves for: (a) Cem, (b) 
FA20, (c) FA35, (d) FA50, and (e) FA65 

    Fig. 3 presents the cumulative hydration heat curves of fly ash-blended cement at 298 K, 
318 K and 333 K. As shown in Fig. 3(a), an increase in temperature increases the cumulative 
hydration heat of cement, which increases by 9.96% from 260.33 J/g to 286.26 J/g during 72 
h hydration with increasing temperature from 298 K to 318 K. As expected, increasing 
temperature to 333 K, the increased proportion becomes 21.78%. It can be seen from Figs. 
3(b)-(e) that the cumulative hydration heat curves of fly ash-blended cement present similar 
trend to that of cement. However, the cumulative hydration heat decreases with increasing the 
replacement ratio of fly ash at all studied temperatures in this paper. Due to the filler effect 
and pozzolanic reaction of fly ash, the decreased ratio of hydration heat is lower than the 



replacement ratio of fly ash. An increase in temperature from 298 K to 333 K increases the 72 
h cumulative hydration by 30.78%, 31.38%, 31.76% and 32.03% for samples FA20, FA35, 
FA50 and FA65, respectively, while it increases by 21.78% for cement. It is indicated that 
elevated temperature has a great effect on the hydration of fly ash-blended cement, especially 
for blended cement containing high amount of fly ash. The glass network structure of fly ash 
is easy to break under the elevated temperatures, which result in high reaction activity of fly 
ash. Thus, the pozzolanic reaction is obviously accelerated and much more hydration heat is 
generated.  
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Figure 3 Temperature-dependent cumulative 
hydration heat curves for: (a) Cem, (b) FA20, (c) 
FA35, (d) FA50, and (e) FA65 

4.2. Kinetics of hydration process of fly-ash blended cement  
The hydration rate curve, dα/dt, and the simulated curves, F1(α), F2(α) and F3(α), based on 

the hydration kinetics model of fly ash-blended cement at 298 K, 318 K and 333 K are shown 
in Fig. 4, Fig. 5 and Fig. 6, respectively. As shown in Fig. 4, curves, F1(α), F2(α) and F3(α), 
could well segmentally simulate the hydration rate curve of fly ash-blended cement at 298 K. 
The hydration process of blended cement containing no more than 65% of fly ash 
successively experiences NG, I and D, elucidating that the reaction of hydration is controlled 
by a multiple reaction mechanism. 

It can be seen from Fig. 4(a) that the hydration kinetics model could accurately simulate the 
hydration process of cement at 298 K. The simulation error has a little increase with 
increasing the replacement ratio of fly ash (Figs. 4(b)-(e)). The hydration of fly ash-blend 
cement consists of the rapid hydration of cement and the slow hydration of fly ash. The 



influence of fly ash on the overall reaction increases with increasing fly ash content. The 
reaction of fly ash is slow at ambient temperatures and after long hydration time (≥7 days), 
fly ash starts to react with Ca(OH)2 [26-28]. Thus, the contribution of fly ash reaction to the 
hydration is relatively small in 72 h hydration at 298 K. After mixing blended cement with 
water, the changes in hydration kinetics are dominated by the filler effect of fly ash. 
Incorporation of fly ash increases the water to clinker ratio that results in more space for the 
hydration products of cement. Moreover, the particle size of fly ash is finer than cement (Fig. 
1) and the surface of fly ash provides additional sites for the precipitation of hydration 
products of cement. Thus, the reaction of cement is accelerated. Some researchers also found 
that the amount of Ca(OH)2 had a certain increase at early stage of hydration [8, 26, 28-30]. 
Therefore, the simulation value of hydration rate for NG process is a little larger than actual 
hydration rate and this phenomenon becomes obvious for blended cement containing 65% of 
fly ash. After that, the hydration process enters phase-boundary controlled process (i.e. I 
process). The controlled time by I process prolongs with increasing the replacement ratio of 
fly ash (Fig. 4). It is due to the retarding effect of fly ash on the hydration. The hydration rate 
of blended cement decreases significantly and the reaction lasts for a long time (Fig. 2(b)-(e)). 
The hydration products gradually generate in the system and the controlling mechanism 
changes smoothly. In the later period of hydration, a thick layer of hydration products is 
formed around the unhydrated particles. Water and ions reacts with unhydrated particles by 
diffusion. The hydration kinetics is dominated by D process. Due to the small exothermal 
effect generated by pozzolanic reaction of fly ash, there is a small deviation between the 
simulation value and actual value of hydration rate (Fig. 4(d)-(e)).  
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Figure 4 Hydration rate curves of 
cement-fly ash blends at 298 K. (a) 
Cem, (b) FA20, (c) FA35, (d) FA50 
and (e) FA65 
 

  It can be seen from Fig. 5 that an increase in temperature from 298 K to 318 K increases 
the simulation error. The hydration kinetics model could be used to well simulate the NG 
process and D process, but the simulation value of hydration rate is a little lower than actual 
value for I process. But it is apparent that increasing temperature shortens the time controlled 
by I process. In the initial time, the rate of nucleation and crystal growth of hydration 
products increases due to the acceleration of hydration at elevated temperature [31]. Much 
more hydration products generate in a short time and cover on the unhydrated particles that 
lead to high reaction resistance. The controlling mechanism of the hydration reaction directly 
transforms from NG process to D process with respect to sample Cem (Fig. 5(a)). But for 
blended cement containing fly ash, the hydration process successively experience NG→I→D 
(Figs. 5(b)-(e)). It is related to the small amount of cement and low activity of fly ash, which 
could not be stimulated fully at 318 K. After intension reaction, the time of hydration entering 
diffusion controlled process shortens, and the hydration is dominant by D process for a long 
time.   
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Figure 5 Hydration rate curves of 
cement-fly ash blends at 318 K. (a) 
Cem, (b) FA20, (c) FA35, (d) FA50 
and (e) FA65 
 

  As shown in Fig. 6, increasing temperature to 333 K significantly increases the rate of 
hydration and the simulation error. The driving force provided by the elevated temperature 
promotes plenty of nucleuses generated rapidly. The time of intension reaction of blended 
cement continues just about 10 h at 333 K (Fig. 2). Hydration products growing from any 
nucleation site rapidly impinge with adjacent hydration products [32], which results in a 
dense microstructure. The hydration process might not experience I process and directly 
controlled by D process. Thus, the hydration process experiences NG→D. From Fig. 5 and 
Fig. 6, it is found that elevated temperatures have a great effect on the hydration mechanism 
controlled by chemical reaction (i.e. NG process and I process), whose controlled time is long 
at 298 K but becomes short at 318 K and 333 K in 72 h hydration compared to mechanism 
controlled by diffusion (i.e. D process). For D process, the simulation value is relatively 
accurate.  
  The hydration of blended cement is a continuous process, the hydration process  NG→I→
D is a gradual process. But the overall process of hydration is artificially divided into three 
different mechanism stages by the hydration kinetics model, which is thought that the 
transformation between each stage is fundamental. Therefore, it leads to a certain error near 
the point of stage transformation.   
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Figure 6 Hydration rate curves of 
cement-fly ash blends at 333 K. (a) 
Cem, (b) FA20, (c) FA35, (d) FA50 
and (e) FA65 
 

4.3. Kinetics parameters analysis of fly ash-blended cement  
  Table 3 gives kinetics parameters of hydration process of fly ash-blended cement. 
Compared to sample Cem, incorporation of fly ash increases the value of the exponent, n. 
Though increasing temperature from 298 K to 318 K also increases this value, but all samples 
have a similar value about 2.0 of this exponent. While increasing temperature to 333 K, the 
value decreases evidently. It might be related to the large simulation error at 333 K (Fig. 6). 
The phenomenon is indicated that addition of fly ash and raising the temperature affect the 
mechanism of nucleation and crystal growth to a certain extent. 
  It can be seen from Table 3 that the rate of hydration for NG process is highest during the 
overall hydration process, and the rate of hydration for I process is higher than that for D 
process. An increase in temperature increases the difference of rate of hydration among three 
processes. As discussed above, elevated temperatures have greater effect on the chemical 
reaction than diffusion. The initial hydration process is controlled by nucleation and crystal 
growth, which is the autocatalytic reaction. After mixing blended cement with water, many 
soluble compounds from cement are dissolved and the pore solution reaches supersaturation 
in a few hours. Then many stable nucleus formed and started to grow. Due to the driving force 
provided by the elevated temperatures, the rate of dissolving ions increases and the time of 
reaching superaturation shortens. Thus, increasing temperature increases the rate of hydration 
for NG process (Table 3). Owe to large simulation error at 333 K (Fig. 6), the value of 
hydration rate obtained for NG process is lower than actual value (Table 3). When the 
reactants required to supply the transformation reaction are continuously replenished so that 
the level of supersaturation is constant, then the hydration kinetics are controlled by 
phase-boundary reaction [13]. It is apparent that the value of hydration rate for I process 
increases with increasing temperature. For D process, the rate at which reactants are supplied 
to region is the rate-controlling step. Increasing temperature to 318 K promotes the 
transformation of water and ions to approach the surface of unhydrated particles, then the rate 
of hydration increases. While raising temperature to 333 K, the rate of hydration decreases. It 
is related to the intension reaction of blended cement that results in the microstructure too 
dense to diffusion reactants. It is noted that the hydration rate of blended cement containing 
50% or 65% of fly ash is relatively high during D process. Blended cement containing high 
amount of fly ash has loose microstructure that is easy to transfer water and ions [33]. 
Furthermore, the pozzolanic reaction of fly ash accelerates the rate of hydration (Figs. 2(d)-(e), 
Fig. 6(d)-(e)). 
  As shown in Table 3 that the value of K1’ decreases with increasing the replacement ratio of 
fly ash at three temperatures. Many calcium ions are absorbed on the surface of fly ash that 
leads to a reduction of calcium concentration in the first hours [34]. Then the nucleation and 
crystallization of Ca(OH)2 and C-S-H are delayed [35]. The time of pore solution reaching to 
a constant supersaturation is also prolonged, thus an increase in fly ash content decreases the 
value of K2’. However, the inverse trends of K3’ are observed. As explained before, addition 
of fly ash results in a loose microstructure due to small mass fraction of cement and low 
reactivity of fly ash. Moreover, the effective diffusion coefficient of C-S-H around cement 
particles increases. It facilitates water diffusion through the C-S-H layer [3]. Thus, the low 



diffusion resistance of reactants makes high reaction rate in fly ash-blended cement. 
  α1 and α2 represent the transition points of NG→D and I→D, respectively. From Table 3, it 
can be seen that the values of α1 and α2 increase with increasing the replacement ratio of fly 
ash. It is elucidated that the transformation of controlling mechanism occurs at high degree of 
hydration for fly ash-blended cement. It is related to the gentle reaction of fly ash-blended 
cement. An increase in temperature decreases the values of α1 and α2. The intension reaction 
makes the transformation of controlling mechanism occur at low degree of hydration. The 
results are in agreement with previous studies that the ultimate degree of hydration at elevated 
temperature is lower than that at room temperature. And it often leads to a higher coarse 
porosity and reduced compressive strength at elevated temperatures [36-38]. 

Tab. 3 Kinetic parameters of hydration process of fly ash-blended cement 

Sample n '
1K  '

2K  '
3K  Hydration 

mechanism
α1 α2 

Cem 1.84218 0.04823 0.0112 0.00218 NG-I-D 0.12 0.26 

FA20 1.83798 0.04914 0.01234 0.00344 NG-I-D 0.14 0.36 

FA35 1.87806 0.04597 0.01237 0.00357 NG-I-D 0.17 0.37 

FA50 2.00658 0.04505 0.01199 0.00384 NG-I-D 0.16 0.39 

298 K 

FA65 2.00013 0.04121 0.01150 0.00371 NG-I-D   

Cem 1.91691 0.10136 — 0.00474 NG-D — — 

FA20 2.22589 0.11414 0.02531 0.00481 NG-I-D 0.11 0.26 

FA35 2.22826 0.10684 0.02338 0.00475 NG-I-D 0.11 0.27 
318 K 

FA50 2.2176 0.09558 0.02232 0.00477 NG-I-D 0.12 0.28 

 FA65 2.05048 0.08413 0.02022 0.00464 NG-I-D 0.13 0.30 

Cem 1.49741 0.11280 — 0.00373 NG-D 0.18 0.18 

FA20 1.59348 0.08627 — 0.00135 NG-D 0.18 0.18 

FA35 1.59141 0.07792 — 0.00139 NG-D 0.19 0.19 

FA50 1.54184 0.06860 — 0.00603 NG-D 0.23 0.23 

333 K 

FA65 1.55271 0.06229 — 0.00816 NG-D 0.24 0.24 

  The apparent activation energies of fly ash-blended cements at different stages of hydration 
obtained by Eq. (11) are shown in Table 4. It is evident that the apparent activation energies 
for NG process and I process are larger than D process. It is indicated that chemical reaction 
needs much more energy than diffusion. Fly ash has three effects on the hydration during NG 
process: increased water to clinker ratio, provided additional nucleation sites, absorption of 
calcium ions. When the fly ash content is not more than 35%, the promoting role of fly ash to 
the hydration of cement is weaker in the initial time and the absorption of calcium ions on the 
surface of fly ash further retards the hydration, then Ea becomes large. But for blended cement 
containing 50% or 65% of fly ash, the promoting role of fly ash to the hydration of cement is 
strong due to high enough water to clinker ratio and sufficient nucleation sites provided by the 
surface of fly ash. Thus, the reaction resistance is small and Ea becomes low. For I process, 
increasing fly ash content increases the apparent activation energy. High quantities of fly ash 
reduced the concentration of pore solution and it should be provided more driving force for 
reaching a constant supersaturation. Due to the loose microstructure of fly ash-blended 
cement, Ea decreases with increasing the replacement ratio of fly ash.   

Tab. 4 Apparent activation energies of fly ash-blended cements at different stages of hydration  

  Ea(kJ/mol)-temperature range (298-318 K) 
Sample W/B NG process I process D process 

Cem 30.60 29.47 30.64 

FA20 31.85 22.02 12.67 

FA35 

0.4 

31.87 23.08 14.05 



FA50 28.43 22.91 10.22 

FA65 28.13 25.97 8.45 

The apparent activation energies of the overall reactions of fly ash-blended cements 
obtained by Eq. (10) in a temperature range of 298 K-333 K are shown in Table 5. The value 
of Ea for the overall reaction of fly ash-blended cement increases with an increase in the 
replacement ratio of fly ash. But it is lower than the apparent activation energy of Portland 
cement. The interactions of cement hydration and fly ash reaction promote the hydration of 
blended cement containing moderate amount of fly ash, whose long-term compressive 
strength is higher than cement [39]. For blended cement containing high amount of fly ash, 
relatively small quantity of Ca(OH)2 is produced due to low mass fraction of cement, and the 
alkalinity could not fully stimulate the activity of fly ash. Thus, the apparent activation energy 
is larger. Meanwhile, raising temperature has a great promoting effect on the hydration of 
blended cement containing high amount of fly ash (Figs. 2(d)-(e)).  

Some researchers investigated the apparent activation energy of cement, the average value 
was about 40 KJ/mol [40-43], which is very close to Ea determined in this paper (40.01 
KJ/mol). But only little information regarding to the apparent activation energy of fly 
ash-blended cement is found. Han et al. [44] found that the apparent activation energies of 
Type II cement, blended cement containing 20% and 30% of fly ash determined on a basis of 
the proposed model with water to binder ratio of 0.4 are 40.626 KJ/mol, 42.226 KJ/mol and 
43.017 KJ/mol, respectively. Ea obtained for fly ash-blended cements are relatively higher 
than that determined in this paper. Bentz [45] found that the apparent activation energies of 
Type I/II cement, blended cement containing 40% and 60% of fly ash in a temperature range 
of 298 K-313 K are 34.5 KJ/mol, 34.5 KJ/mol and 33.2 KJ/mol, respectively. While in a 
temperature range of 288 K-298 K, they become 44.0 KJ/mol, 49.5 KJ/mol and 47.4 KJ/mol, 
respectively. In literature [45], the pastes were prepared by volumetric proportioning and the 
water to binder ratio by mass is 0.35, which results in the difference with the value 
determined in this paper. 

Tab. 5 Apparent activation energies of the overall reactions of fly ash-blended cements 

Sample w/b Temperature range(K) Ea(kJ/mol) 

Cem 298-333 40.01 

FA20 298-333 28.70 

FA35 298-333 31.76 

FA50 298-333 37.88 

FA65 

0.4 

298-333 42.62 

5. Conclusions 
(1) The hydration evolution rate and accumulative hydration heat of blended cement decrease 
with increasing the replacement ratio of fly ash. Elevated temperatures promote the hydration 
process, especially for blended cement containing high amount of fly ash. 
(2) The kinetics model could determine the controlling mechanism of the hydration reaction 
of blended cement containing no more than 65% of fly ash studied in this paper. For blended 
cement, the controlling mechanism of the reaction during hydration process is NG→I→D at 
298 K and 318 K, and it becomes NG→D at 333 K. But for Portland cement, the controlling 
mechanism is NG→I→D at 298 K, and it becomes NG→D at 318 K and 333 K. 
(3) The simulation error has a certain increase with an increase in the replacement ratio of fly 
ash and curing temperature, especially for samples hydrating at 333 K. The overall process of 
hydration is artificially divided a continuous process into three different mechanism stages by 
the hydration kinetics model that leads to a certain error near the point of stage 
transformation. 
(4) The value of the exponent, n, increases with increasing fly ash content and temperature. 
An increase in the replacement ratio of fly ash decreases the values of kinetics parameters, K1’ 
and K2’ but increases K3’. Due to large simulation error for NG process at 333 K, the value of 
kinetics parameters, n and K1’ evidently decrease.  



(5) At 298 K, the transformation of controlling mechanism occurs at high degree of hydration 
for fly ash-blended cement, but it occurs at low degree of hydration at 318 K. 
(6) The value of Ea for NG process is nearly three times as large as that for D process. The 
value of Ea for the overall reaction of blended cement increases with an increase in the 
replacement ratio of fly ash. 
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Abstract 
The main products of the building chemistry industry are ternary blends composed of Portland cement (PC), calcium 
aluminate cement and calcium sulfate. In this study, low levels of PC were replaced by supplementary cementitious 
materials (SCM). The selected SCM are slag and limestone. 
 
The study focused on the such systems with limestone or slag and variable calcium sulfate. The hydration kinetics and 
the phase evolution were followed to understand the behaviour of the different systems with variable calcium sulfate 
and SCM amounts. This is important to qualify and eventually quantify the reaction of the SCM used in these systems. 
 
The reaction of SCM is highly dependent on the calcium sulfate content in the system. An increase of calcium sulfate is 
followed by a decrease of the reaction of SCM. The reaction of limestone leads to the formation of hemicarboaluminate 
and monocarboaluminate while the reaction of slag leads to the formation of strätlingite. Experimental results were 
compared to thermodynamic modelling to better understand the synergies between CAC-calcium sulfate and SCM. 
 
Originality 
There is poor literature on the hydration, from early ages to long term, of calcium aluminate cement blended with 
calcium sulfate and slag or limestone. This work shows the impact of variable calcium sulfate amounts on the reaction 
of the SCM. It gives information on the optimum amount of each component to be used to maximize its reaction. 
 
Keywords: hydration; microstructure; calcium aluminate cement; slag; limestone 
 

                                                 
1 Corresponding author: julien.bizzozero@gmail.com 
 



 

1. Introduction 
Ternary blends composed of Portland cement (PC), calcium aluminate cement and calcium sulfate are 
widely used in the building chemistry industry. These systems have special properties that motivate 
their use despite the higher costs with respect to plain PC; rapid strength development, size variation 
control and fast setting. The replacement of a certain fraction of cement with supplementary 
cementitious materials (slag or limestone) is of particular interest because there is a reduction of the 
clinker content in the binder and there is a reduction of the price (cheaper mineral addition). The 
reduction of the clinker content helps to decrease the overall energy required to produce the 
cementitious material and the carbon dioxide emissions. The main problem of these supplementary 
cementitious materials is that they usually have low hydraulic properties and they can develop limited 
mechanical properties at early ages. The study of the hydration of CAC and calcium sulfate blended 
with limestone or slag is of particular interest, but the properties of such systems and the hydration 
products are not well known.  
 
The hydration of systems composed of CAC and calcium sulfate leads to the formation of ettringite 
and amorphous aluminium hydroxide as shown in reaction (1). With x=0 for anhydrite, x=0.5 for 
hemihydrate and x=2 for gypsum.  

 
 (1)

When calcium sulfate is depleted and there is an excess of monocalcium aluminate, ettringite is 
consumed and forms monosulfoaluminate and amorphous aluminium hydroxide according to reaction 
(2). 
 

 (2)
 

The addition of limestone modifies the thermodynamic equilibrium by promoting reactions (3) and (4) 
instead of reaction (2). These reactions show that limestone addition can promote 
monocarboaluminate and/or hemicarboaluminate formation in undersulfated systems instead of 
monosulfoaluminate because the excess monocalcium aluminate reacts with carbonates 
 

 (3)
 (4)

 
The addition of slag, a source of silica, modifies the phase assemblage of CAC-C$ systems. The silica 
contained in the slag leads to the following reactions 

 (5)
and when CA is not available anymore, the calcium from other minor phases or from slag dissolution 
consumes AH3  

 (6)
 
The study of hydration over longer periods of time looks at the impact of limestone and slag on the 
CAC-C$ systems. The effect of the relative amounts of calcium sulfate and calcium aluminate on the 
reaction of SCM from the first day of hydration to one or two years is investigated. Strength 
development is linked to the degree of hydration, phase formation and the reaction of SCM. 
Thermodynamic simulations are used to understand the impact of calcium sulfate content on the phase 
assemblage of these systems and to estimate the maximum amount of SCM which can react. 
 
 
 
 
 
2. Experimental 



 

2.1. Materials 
The materials used in this work were calcium aluminate cement (CAC) Ternal RG from Kerneos, 
calcium sulfate -hemihydrate (HH) Prestia Selecta from Lafarge, limestone (Cc) Durcal 15 from 
Omya, slag (S) from Ecocem and quartz (Q) K10 and K13 from Bernasconi. The oxide composition of 
the used materials is presented in table 1. 
 

Tab. 1 XRF Oxides composition /wt.% 
 CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2 CO2

CAC 36.6 4.1 40.3 16.3 0.1 0.04 0.04 0.3 1.8 - 
HH 38.5 0.9 0.0 0.0 0.2 0.0 0.0 52.8 0.0 0.0 
Cc 57.3 0.1 0.1 0 0.4 0.1 0.2 0 0 40.9
Q K13 0 97.9 1 0 - - 0.8 - 0 - 
Slag 42.7 34.2 12.6 0.4 5.3 0.3 0.6 2.7 0.6 - 
Q K10 0 97.7 0.9 0 - - 0.8 - 0 0 

 
Calcium aluminate cement was blended with variable amounts of calcium sulfate -hemihydrate 
ranging from 10 to 30wt.%. The level of substitution is of 20 wt.% for limestone and 40 wt.% for slag 
systems. Systems substituted with inert quartz (Q) instead of the reactive filler were also prepared for 
compressive strength tests and isothermal calorimetry measurements. This was done to separate the 
physical and the chemical effects of the substitution. 
 
The compositions of the systems studied are presented on a ternary diagram in figure 1. 

 
Figure 1 Ternary diagram showing the studied compositions. The molar amount of calcium sulfate (HH) is 

indicated by straight lines. The substitutions are 20 wt.% limestone or 40 wt.% slag. 
 

 
 
 
 
 
 
 
 
 

2.2. Methods 



 

All the experiments were carried out at 20°C and the analyses were carried out on cement pastes with 
a w/b of 0.4. All the mixes were prepared under the same conditions. Water was added to the dry 
powder and mixed for 2 minutes using a paddle mixer (1600 rpm).  
 
The hydration kinetics were followed by isothermal calorimetry with a TAM Air (3114/3236) from 
Thermometric. 
 
For the mechanical tests, mortars were cast according to the norm EN 196-1 with a water/binder ratio 
of 0.5. 1350g of normalized sand were blended with 450g of binder and 225g of water to cast three 
mortar bars of 40×40×160 mm. The mixing protocol has been modified: 30 seconds at low speed only 
for the cement paste, the sand is then added and mixed for 30s at low speed followed by a break of 15s 
and 60s at high speed. The mixing duration has been reduced because of the rapid setting properties of 
the studied systems. Each mechanical test were carried out on two mortar bars and each bar is used for 
one flexion and two compressions. The average values are presented in the results. 
 
For XRD the samples were cast in polystyrene cylinders of 35mm diameter and 50mm height. After 
24 hours the samples were demoulded and placed in cylindrical recipients of 37mm of diameter 
containing around 8g of demineralized water for 9g of sample mass to minimize leaching. For each 
age of curing two slices were cut from the cylinders and then introduced into isopropanol to stop 
hydration. XRD analyses were done with a PANalytical X’Pert Pro MPD diffractometer in a (CuKα, 
λ=1.54 Å) working in Bragg-Brentano geometry with a 2θ-range of 5° - 65°. The samples were finely 
ground and backloaded into the sample holders to minimize preferred orientation.  
 
Thermodynamic simulations were carried out using the GEMS-PSI (gems.web.psi.ch; Wagner et al. 
2012) software with thermodynamic data for aqueous species and other solids from the GEMS-PSI 
thermodynamic database (W. Hummel et al. 2002) and the CEMDATA14 database from EMPA 
(CEMDATA14; Matschei et al. 2007b) for the solubility products of cementitious phases. The 
modelling was carried out on simplified systems composed of the main phase of the calcium aluminate 
cement, i.e. monocalcium aluminate (CA), hemihydrate (HH) and limestone (Cc) or slag (S). 
 
3. Results and Discussion 
3.1. Hydration kinetics 
The kinetics of hydration during the first 18 hours are shown in figure 2 for different levels of calcium 
sulfate and additions of slag and limestone. Figure 2.a shows the heat flow of the lowest calcium 
sulfate system (80CA-20HH) without any substitution, with 20 wt.% limestone and with 40wt.% slag. 
The amount of calcium sulfate increases by moving towards figure 2.b, where are presented the heat 
flows of the systems with the highest calcium sulfate content (55CA-45HH). The height of the first 
peak is proportional to the amount of hemihydrate in the system, while the second peak is slightly 
influenced by the amount of hemihydrate and strongly modified by the substitution level. Moreover, 
the time of occurrence of the first two peaks seems to be affected by the amount of substitution, no or 
little effect related to the amount of calcium sulfate. The third peak, if present, is highly influenced by 
the calcium sulfate amount and the substitution level. Therefore, both the calcium sulfate amount and 
the substitution level affect the kinetics of hydration. 



 

 
Figure 2 Isothermal calorimetry curves of (a) low calcium sulfate systems (70CA-30HH) and (b) high calcium 

sulfate systems (55CA-45HH). 
 
3.2. Compressive strength 
Figure 3.a shows the compressive strength of the low calcium sulfate system mortars (70CA-30HH) 
without substitution, with 20 wt.% of quartz and with 20 wt.% of limestone. The compressive strength 
of all the systems increases with time. The quartz systems have the lowest compressive strength. In 
contrast, the limestone systems show compressive strengths similar or higher than the reference 
system without substitution from seven days.  
The high calcium sulfate systems 50CA-50HH show higher compressive strength compared to the low 
calcium sulfate systems as shown in figure 3.b. In these systems there is no significant difference 
between limestone and quartz additions, suggesting that limestone acts purely as filler in high sulfate 
environments. 
 

 
Figure 3 Compressive strength of low (a) and high (b) calcium sulfate mortars blended with inert quartz or 

limestone. 
 
 
 



 

Compressive strength tests of the low sulfate mortars (70CA-30HH) without substitution, with 40 
wt.% quartz and 40 wt.% slag substitution are shown in figure 4.a. The systems without substitution 
have the highest compressive strength while the systems with quartz substitution have the lowest 
compressive strength. However, the systems with slag show improved strengths with respect to quartz. 
Slag makes an important contribution to the compressive strength after 7 days. 
High sulfate systems (50CA-50HH) show globally higher compressive strength than low sulfate 
systems as in figure 4.b. The same trends are observed, as in the low calcium sulfate system but the 
slag contribution is reduced and becomes relevant after 1 year of hydration. 
 
The main differences between limestone and slag substituted systems are the kinetics of the reactions 
of the substitutions. Limestone is reacting from the first day of hydration and slag after 1 to 7 days of 
hydration in the low calcium sulfate systems. In the high calcium sulfate systems limestone seems to 
not react at all while slag reacts to a certain extent on the long term. 
 

 
Figure 4 Compressive strength of low (a) and high (b) calcium sulfate mortars blended with inert quartz or slag. 

 
3.3. Phase assemblages 
The phase assemblages of the low and high calcium sulfate compositions with and without limestone 
or slag substitutions are presented in this section. The samples analysed with XRD were cured under 
water. TGA was used to quantify the amount of bound water and this value is needed for Rietveld 
analyses (only available for limestone systems). TGA is also useful to identify the presence of 
amorphous aluminium hydroxide (found in all systems), which cannot be obtained from the 
quantitative XRD.  
 
Figures 5 and 6 show the evolution of the anhydrous and hydrated phases for the different systems 
without (left) and with (right) limestone. The analyses were done at 1, 7, 14, 28, 90, 180 and 365 days 
of hydration and the results show the phase masses expressed in g per 100 g of anhydrous solid. The 
data points are joined by straight lines as a guide only. Hemihydrate reacts rapidly and completely to 
form gypsum both of which are indicated as C$Hx in the figure. 
In all the systems there is a rapid consumption of calcium sulfate and CA in the first day to form 
ettringite and AH3 (identifiable by TGA but part of amorphous in figures 5 and 6), according to 
reaction 1. 
 
In the low sulfate systems (70CA-30HH) the amount of ettringite after one day decreases due to the 
lack of sulfate and monosulfoaluminate precipitates (reaction 2). In the system with limestone only a 



 

small amount of monosulfoaluminate is formed and there is no significant decrease in the amount of 
ettringite. This is due to the formation of hemicarboaluminate and monocarboaluminate (indicated as 
CO3-AFm) when CaCO3 is added to the system which consumes the excess aluminate from CA, 
instead of reacting with ettringite to form monosulfoaluminate as described by reactions 3 and 4. This 
is similar to the reaction of limestone in Portland cement systems (Matschei et al. 2007a). There is also 
a small amount of CO3-AFm phases formed in the system without limestone addition due to the calcite 
impurity in the calcium sulfate hemihydrate. 
 
Moving from the low sulfate system to the high sulfate (55CA-45HH-20Cc), the amount of 
carboaluminate formed in the systems with limestone decreases, indicating less and less reaction on 
the limestone component. Calcium sulfate is in excess in the high sulfate systems, this could result in 
high expansion as described in (Bizzozero et al. 2014). 
 

 
Figure 5 XRD Rietveld analyses of the low calcium sulfate system without (a) and with (b) limestone. Values at 

0.1 day correspond to the anhydrous composition. 
 

 
Figure 6 XRD Rietveld analyses of the high calcium sulfate system without (a) and with (b) limestone. Values at 

0.1 day correspond to the anhydrous composition. 



 

Figure 7a shows the phase evolution of the low calcium sulfate system (70CA-30HH) without 
substitution. Ettringite and amorphous aluminium hydroxide (observed with TGA and not shown here) 
form from reaction 1 between CA and calcium sulfate. Hemihydrate reacts with water and forms 
gypsum during the first hours of hydration and is completely consumed during the first day. A small 
amount of hemicarboaluminate forms from the traces of calcite present in hemihydrate.  
Additions of slag to the low calcium sulfate system result in less ettringite and amorphous aluminium 
hydroxide as shown in figure 7b. This is simply due to the dilution of the CAC-C$ with slag. 
Strätlingite (C2ASH8) forms while AH3 is consumed according to reaction 6. Gehlenite (C2AS) from 
CAC is not consumed, therefore in can be assumed that strätlingite formation is due to slag dissolution 
and is an indicator of the amount of reacted slag. Monosulfoaluminate is observed with TGA. Mg 
from the slag could result in the formation of hydrotalcite (Rayment et al. 1994) but this phase was not 
detected in these systems. 
 

 
Figure 7 XRD diffractograms of the low calcium sulfate system without (a) and with (b) slag. 

 
As the amount of calcium sulfate increases to 50 mol.% in the systems without substitution, the 
intensities of the ettringite and gypsum peaks increase (Figure 8a). Increasing the level of calcium 
sulfate in systems with slag results in a decrease of the strätlingite peak indicating that slag reaction is 
reduced (Figure 8b). There is an excess of gypsum in the high calcium sulfate systems with slag. 
When sulfate is in excess, only ettringite and amorphous aluminium hydroxide are formed. 
 
 
The general trend observed is that the reaction of slag or limestone is reduced when calcium sulfate 



 

levels are higher.  
 

 
Figure 8 XRD diffractograms of the high calcium sulfate system without (a) and with (b) slag. 

 
3.4. Thermodynamic simulations 
Figure 9 shows the phase assemblage for the low and high calcium sulfate systems as well as for an 
intermediate calcium sulfate system as a function of the fraction of reacted limestone. These 
simulations are done with the correct degree of hydration for CA according to XRD analyses at 1 year. 
As the amount of reacted limestone increases, the total solid volume increases and therefore the 
porosity decreases. Here the main effect of limestone on the hydration is clear; as the reaction 
proceeds the amount of monosulfoaluminate decreases and the amount of monocarboaluminate and 
ettringite increase. The pH drops from 12.1 to 10.2 where there is excess of gypsum like in the 55CA-
45HH-20Cc system (this system has a low amount of gypsum of 0.04 g/100g of solid). The 
thermodynamic simulations show the same trends observed in the experimental results. 
 
The phase evolution of the low and high calcium sulfate systems with slag are shown in figure 10. As 
the degree of reaction of slag increases, the amount of monosulfoaluminate decreases and is replaced 
by strätlingite. Above 40% the extra silicates precipitate in the C-(A)-S-H phase (Al incorporation in 
C-S-H). At this point the pH drops from 12.2 to 11.6.  The high calcium sulfate system (figure 10c) 
shows a different behaviour; as the degree of reaction of slag increases, the excess of gypsum 
decreases and the amount of C-S-H increases. When gypsum is depleted (DRslag =35%) the pH 
increases from 10.4 to 11.6 and strätlingite forms. Some poorly crystalline strätlingite may be formed 
but it is not detected with XRD. 



 

 
The degree of reaction of slag of the low and medium calcium sulfate levels corresponds with the drop 
of pH. Probably, in the high sulfate system the pH is too low because the excess sulfates in the pore 
solution maintain a pH around 10.4. The solubility of amorphous silica present in slag increases with 
pH between 12 and 14 (Lothenbach et al. 2011; Bickmore et al. 2006). Therefore, excess calcium 
sulfate should reduce slag dissolution. Experiments and thermodynamic simulation show similar 
trends. 
 

 
Figure 9 Thermodynamic simulation of stable phase assemblages at 20°C for different calcium sulfate systems 

as a function of the fraction of reacted limestone. 
 

 
Figure 10 Thermodynamic simulation of stable phase assemblages at 20°C for low and high calcium sulfate 

systems as a function of the fraction of reacted slag. 
 
 
 
 

4. Conclusions 
Experiments and thermodynamic simulation show that the reaction of limestone or slag is very 



 

dependent of the relative amounts of aluminate and sulfate. Two scenarios for the role of limestone in 
the CAC-calcium sulfate system are observed: 
 

• Calcium sulfate reacts completely (<40 mol.% calcium sulfate): calcium aluminate reacts with 
carbonate ions from the limestone to form hemicarboaluminate and monocarboaluminate. The 
ettringite formed is conserved instead of reacting with CA to form calcium aluminate 
monosulfoaluminate. 

• Excess of calcium sulfate (>40mol.% calcium sulfate): all the calcium aluminate reacts with 
sulfate ions to form ettringite and aluminium hydroxide. In this case, limestone acts as filler.  

 
Even in the system with the lowest content of calcium sulfate (30mol% HH) the amount of limestone 
which reacts is only 4 g for 100 g of total solid binder (one fifth of the 20 wt.% added). Nevertheless, 
these systems have comparable or higher strengths than the systems without limestone from 7 days, 
despite their higher porosity. The complete study of limestone systems is under publication (Bizzozero 
et al. 2015). 
 
Slag acts as filler during the first 4 days in low calcium sulfate systems. Later it reacts and strätlingite 
formation is observed below 40 mol.% of calcium sulfate. Two discrete conditions are described: 
 

• Depletion of sulfates (<40mol.% calcium sulfate): the pH increases and is above 11.5. This 
helps the dissolution of the slag releasing silica. Silica can then react with calcium and 
aluminate ions promoting the formation of strätlingite (C2ASH8). 

• Excess of sulfates (>40 mol.% calcium sulfate): the pH stays below 11.5 as long as there are 
sulfate ions in the solution, therefore slag dissolution is slowed down. Moreover, sulfate reacts 
with calcium and aluminate ions to form the most stable phases in these conditions such as 
ettringite. 

 
Thermodynamic simulation gives satisfactory prediction of the phase assemblage and helps to 
understand the effect of the relative amounts of aluminate and sulfate. The complete study of slag 
systems is published in (Bizzozero 2014). 
 
The systems with higher sulfate content form more ettringite and have generally higher compressive 
strengths. The main drawback at these high levels of calcium sulfate is that the samples can expand 
uncontrollably, which may lead to the destruction of the material as described in (Bizzozero et al. 
2014). 
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Abstract 
The effect of dolomite on alite hydration was investigated in order to elucidate the effect of dolomite addition in cement 
hydration. The rate of heat evolution both in cement – dolomite and alite – dolomite system was taken as a starting 
point. Subsequently the chemical shrinkage, conductivity of liquid phase and  rheological parameters of pastes were 
characterized. The observations of microstructure were carried out under SEM and the hydration degree of alite was 
determined by XRD. The accelerating effect of additive was proved. At low percentage dolomite plays a role of cement 
replacement; at higher dosage – the „dilution” effect can be observed. However, increasing dolomite content is 
accompanied by higher amount of hydration products, as a results of crystallization on the fine dolomite grains and 
better absorption of water. The hydration degree of alite increases as well. 
 
 
 
Originality 
This work  relates to the use of dolomite and dolomitic limestone component in cement production (“reduction in 
clinker content”), as well as the use of dolomitic limestone powder in concrete technology. This powder is delivered as 
a by-product in the limestone and dolomite processing. There are many deposits of limestone contaminated with 
magnesia differing with chemical composition and structural properties; however their use in cement technology is not 
standardized. Based upon some reports and our previous studies we can conclude that the applicability of dolomitic 
limestone as a component of cementing materials seems to be quite rational and the details of dolomite effect on cement 
hydration should be highlighted. 
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1. Introduction 
The waste materials/by-products use as additives to cement (or cement components) has been an 
important factor improving the sustainable development in cement and concrete technology 
(Lothenbach et al. 2008). The limestone supplementary material when used for this purpose allows the 
achievement of some specific properties. First of all, the early strength of cement is similar to the 
reference CEM I, at additive content ≤ 10% by weight of cement. The water demand is reduced and 
therefore the workability becomes better. The lowering of carbon dioxide and nitrogen oxides 
emission, due to the partial clinker replacement and the reduction of electric energy consumption, 
resulting from the better grindability of soft limestone component, are considered as ecological 
reasons. The production of Portland cement containing limestone (calcium carbonate), interground or 
blended with clinker, has increased in the past decades due to technical, economic and environmental 
reasons. The technical reasons mean the satisfactory physical and mechanical properties of hydrated 
cement paste; the economic and environmental reasons include energy saving during the decreased 
clinker production and consequently the reduction of environmental pollution by carbon dioxide 
(Giergiczny et al. 2010).  
The idea of using dolomite as a component of cement is not quite new.  Some papers appeared in early 
80-ties in Germany (according to Zając et al. 2011; Schöne et al. 2011). However this material has not 
been taken into account in the European standardization process, when the Portland limestone cement 
was implemented. Theoretically, in highly alkaline environment of cement paste the so-called 
dedolomitization process can occur, leading to the formation of brucite with no binding properties and 
possible risk of destruction. There are the other phenomena concerns such as the alkali carbonate 
reaction in the paste (dolomite) aggregate interface (Garcia et al. 2002).  
In some countries the limestone deposits do not comply with the quality requirements given in the EN 
197-1 standard (min. 75% CaCO3) because they contain inclusions of dolomite and their more 
economical disposal is required. Only a few reports dealing with dolomite usage as cement constituent 
have been appeared and according to all authors dolomite can be implemented as cement component; 
quite recently in Germany there was a research project.  
The usage of dolomite/dolomitized limestone is expected to increase in near future in terms of the 
growth of supplementary cementing materials ratio in cements, forced by reduction of carbon dioxide 
emission. The possible application of dolomitized limestone as a component of mixtures for 
geotechnical application is seriously considered.  
The studies focused on the kinetics of early hydration in the portland cement - dolomite mixtures. The 
effect of dolomite on the kinetics of heat evolution accompanying alite hydration were also evaluated. 
The other studies of hydrating cement and alite – dolomite pastes were performed to find the way of 
dolomite interaction with cement systems. The following techniques, providing the continuous 
monitoring of hydration process were used: calorimetric measurements, electric conductivity 
measurements in the hydrating suspensions, shrinkage and rheological characteristics of hydrating 
cement pastes.  
2. Experimental 
2.1. Raw Materials 
The two commercially produced standard Portland cements CEM I 42,5R were used (Blaine specific 
surface 3550 cm2/g). The synthetic alite was produced in the laboratory by repeated heating of 
analytically pure limestone and silica gel stoichiometric mixture at temperature 1450°C.  The 
chemical composition of cements is given in table 1. The commercially available pure dolomite, 
(CaCO3•MgCO3 - min. 98,0%; Blaine specific surface 4600 cm2/g) was used as an additive. 
The mixtures of cement or alite with dolomite were subsequently produced; dolomite was introduced 
as 5 to 30% cement replacement by weight. 

Table 1 Chemical composition of cement 
Component 

[%] 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl- L.o.i.

cement A 21.2 5.1 2.4 65.1 4.1 3.1 0.18 1.25 0.013 1.4 
cement B 20,2 5,7 3,2 64,5 1,6 2,1 0,18 1,11 0,013 1,4 



 

 
2.2. Experimental Process 
The rate of heat evolution was followed by means of differential microcalorimeter on the pastes at 
water to solid ratio 0,5. The measurements of conductivity were carried out on the continuously stirred 
water - cement suspensions at w/c=10 or w/c=100 in case of alite, with help of equipment with sensor 
and measuring device. The rheological parameters of hydrating suspensions were determined from the 
flow curves taken with a rotational viscometer. Some selected samples were subjected to the 
evaluation of the so-called chemical shrinkage, using basic laboratory equipment (glass vials and 
pipettes)  and procedure similar to that given in the ASTM Standard C 1608-07. Some samples were 
observed under SEM with EDS microanalyzer, to characterize the microstructure.  
The heat evolution curves are shown in figures 1÷3. In Table 2 some parameters relating to the heat 
evolution curves characteristics are listed. The results of chemical shrinkage in figure 4 and the 
changes of conductivity vs. time for cement – water and alite – water suspensions dolomite are plotted 
as figures 5 and 6. The example microstructure of fractured 7-day hydrated sample with 30% dolomite 
added as cement replacement is presented as figure 7. The results of rheological measurements are 
listed in table 3. 
3. Results and Discussion 
3.1.Heat evolution 
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Figure 1 Rate of heat evolution in the hydrated cement (A) – dolomite pastes produced at w/c=0.5. 



 

Figure 2 Rate of heat evolution in the hydrated cement (B) – dolomite pastes produced at w/c=0.5. 
 

Figure 3 Rate of heat evolution in the hydrated cement – alite pastes produced at w/c=0.5. 
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Table 2 Heat evolved on hydration in cement (or alite) – dolomite systems 

Heat evolved value, J/g-1 after 41h   

Sample for 1g mixed sample for 1g cement in sample 

 

Q/Qcem I

CEM I (A) 264 264 100 

Cement(A) 95% + 5 % dolomite 274 288 109 

Cement(A) 90% + 10 % dolomite 258 287 109 

Cement(A) 75% + 25 % dolomite 230 307 116 

Cement(A) 70% + 30 % dolomite 221 316 120 

CEM I (B) 238 238 100 

Cement(B) 95% + 5 % dolomite 245 258 105 

Cement(B) 90% + 10 % dolomite 220 244 111 

Cement(B) 85% + 15 % dolomite 240 282 118 

Cement(B) 80% + 20 % dolomite 217 271 125 

Cement(B) 70% + 30 % dolomite 173 247 143 

ALITE 256 256 100 

Alite 95% + 5% dolomite 252 265 105 

Alite 70% + 30% dolomite 198 282 142 

Analyzing the heat evolution data (figs 1 -  3) one can find that the induction period is not elongated in 
the presence of dolomite additive. It means that there is no especially retarded setting at additive up to 
30% cement replacement. However, the increasing percentage of dolomite is accompanied by the 
lowering of the rate of heat evolution points. Moreover the third peak, attributed to the hydtation of 
calcium aluminate phase is sharper in case of cement B with higher C3A content (fig. 2). One can see 
(table 2) that the total heat related to the amount of neat cement is higher in the pastes with dolomite. 
It means that the hydration of cement is accelerated in the presence of additive. The same effect is 
observed in case of alite hydration and the relative growth of total heat evolved is very similar as for 
cement (B). This would indicate that the hydration of silicate components is first of all modified by 
dolomite additive. Presumably the nucleation barrier is thus lowered.  
3.2.Chemical shrinkage 
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Figure 4 The chemical shrinkage of cement and cement - dolomite specimens. 

At early age, up to 20h, a significant increase of chemical shrinkage is observed (figure 4).. 
The shrinkage changes for cement - dolomite samples occur almost identically as for the 
reference; the similar rate of water consumption is thus proved. The breakdown of shrinkage 
curves after the initial growth can be attributed to the increasing role of diffusion mechanism 
in the hydration process. Because the results of chemical shrinkage measurements reflect the 
formation of products rich in water and the formation of specific, more or less open pore 
structure it seems that in this case these factors are similar for cement paste with 20% 
dolomite, as well as for cement paste produced at w/c-0,4. However, the water consumption is  
higher in the case of alite (Szybilski, Nocuń 2015). 
3.3. Conductivity 
The conductivity curves reflecting the concentration of ions in the liquid phase are obtained at higher 
w/c (because of instrumental reasons) to show a competition between dissolution and precipitation 
from the liquid phase under the influence of different factors. The results of conductometric 
measurements in the suspension with water to solid ratio 10 or even 100 (figures 5 and 6) should be 
compared to the typical curve for neat cement - after rapid growth soon after mixing with water the 
conductivity/concentration increases slowly to some maximum (corresponding to supersaturation) and 
then diminishes because of the precipitation of hydration products. The results for dolomite – alite 
sample during the first minutes are quite similar; however, presumably the precipitation of early 
product in the diluted suspension with dolomite is more intense. This would prove the effect of 
dolomite grains surface as effective nucleating site. The plots for the suspensions with additives show 
that the conductivity/concentration of ions decreases at early age and subsequently increases slowly to 
the maximum as well. One could speculate that the deposits of hydration products are formed on the 
surface of inert dolomite filler grains and lower the concentration; therefore the maximum of 
conductivity/concentration in the suspensions with 30% dolomite is delayed.   
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Figure 5 The conductivity of cement and cement – dolomite suspensions (w/s=10) 
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Fig. 6. Conductivity of alite – dolomite suspensions vs. time, W/C=100 

                        
 
 
 
 
 
 
 
 



 

 
3.4. Microstructure 

 

Figure 7 The “subtle” microstructure of C-S-H precipitated on the dolomite grains (Mg found by EDS 
analysis on the right side) in 3 days  hydrated cement – dolomite (30%) paste. 
Analyzing the microstructure one could observe very small, thin “transparent” plates and foils of C-S-
H product with incorporated components of binder, including Mg.  
3.5.Rheological properties 
Table 3 Rheological parameters of hydrating cement - dolomite pastes ( =viscosity, Τy=yield stress, 
Tmax= rigidity of tixotropic structure); w/s=0.4. 

Parameter 
Sample 

η [Pa·s] τmax [Pa] τy [Pa] 

CEM I 42,5 R (A) + 0 % dolomite 2,0 101,3 96,6 

CEM I 42,5 R (A)+ 15 % dolomite 1,9 89,5 95,7 

CEM I 42,5 R + 30 % dolomite 1,9 89,5 86,3 

CEM I 42,5R (B) 5,4 11,8 16,1 

CEM I 42,5R (B) + 5% dolomite 13,4 42,7 68,9 

CEM I 42,5R (B) + 20% dolomite 16,5 45,1 71,5 

4. Conclusions 
At low percentage, from 5 to 15%, dolomite additive  plays the role of active component or even acts 
as cement replacement. At higher amount the “dilution” effect occurs.  
The heat evolution process is not significantly altered in the presence of dolomite it means that setting 
of paste with dolomite additive is not retarded.  
The reactions dealing with water consumption and releasing some components to the liquid phase are 
accelerated in the presence of dolomite.  
The hydration of alite is accelerated by dolomite additive. 



 

The application of dolomite material as a component of non - standard material, for example for 
geotechnology should be considered. 
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Abstract 
The effect of dolomite on alite hydration was investigated in order to elucidate the effect of dolomite addition in cement 
hydration. The rate of heat evolution both in cement – dolomite and alite – dolomite system was taken as a starting 
point. Subsequently the chemical shrinkage, conductivity of liquid phase and  rheological parameters of pastes were 
characterized. The observations of microstructure were carried out under SEM and the hydration degree of alite was 
determined by XRD. The accelerating effect of additive was proved. At low percentage dolomite plays a role of cement 
replacement; at higher dosage – the „dilution” effect can be observed. However, increasing dolomite content is 
accompanied by higher amount of hydration products, as a results of crystallization on the fine dolomite grains and 
better absorption of water. The hydration degree of alite increases as well. 
 
 
 
Originality 
This work  relates to the use of dolomite and dolomitic limestone component in cement production (“reduction in 
clinker content”), as well as the use of dolomitic limestone powder in concrete technology. This powder is delivered as 
a by-product in the limestone and dolomite processing. There are many deposits of limestone contaminated with 
magnesia differing with chemical composition and structural properties; however their use in cement technology is not 
standardized. Based upon some reports and our previous studies we can conclude that the applicability of dolomitic 
limestone as a component of cementing materials seems to be quite rational and the details of dolomite effect on cement 
hydration should be highlighted. 
 

Keywords: cement, limestone, dolomite, heat of hydration, rheology, chemical shrinkage 

 
 

                                                 
1 Corresponding author: wiesia@agh.edu.pl, Tel +48-12-6172476, Fax +48-12-6173899 



 

1. Introduction 
The waste materials/by-products use as additives to cement (or cement components) has been an 
important factor improving the sustainable development in cement and concrete technology 
(Lothenbach et al. 2008). The limestone supplementary material when used for this purpose allows the 
achievement of some specific properties. First of all, the early strength of cement is similar to the 
reference CEM I, at additive content ≤ 10% by weight of cement. The water demand is reduced and 
therefore the workability becomes better. The lowering of carbon dioxide and nitrogen oxides 
emission, due to the partial clinker replacement and the reduction of electric energy consumption, 
resulting from the better grindability of soft limestone component, are considered as ecological 
reasons. The production of Portland cement containing limestone (calcium carbonate), interground or 
blended with clinker, has increased in the past decades due to technical, economic and environmental 
reasons. The technical reasons mean the satisfactory physical and mechanical properties of hydrated 
cement paste; the economic and environmental reasons include energy saving during the decreased 
clinker production and consequently the reduction of environmental pollution by carbon dioxide 
(Giergiczny et al. 2010).  
The idea of using dolomite as a component of cement is not quite new.  Some papers appeared in early 
80-ties in Germany (according to Zając et al. 2011; Schöne et al. 2011). However this material has not 
been taken into account in the European standardization process, when the Portland limestone cement 
was implemented. Theoretically, in highly alkaline environment of cement paste the so-called 
dedolomitization process can occur, leading to the formation of brucite with no binding properties and 
possible risk of destruction. There are the other phenomena concerns such as the alkali carbonate 
reaction in the paste (dolomite) aggregate interface (Garcia et al. 2002).  
In some countries the limestone deposits do not comply with the quality requirements given in the EN 
197-1 standard (min. 75% CaCO3) because they contain inclusions of dolomite and their more 
economical disposal is required. Only a few reports dealing with dolomite usage as cement constituent 
have been appeared and according to all authors dolomite can be implemented as cement component; 
quite recently in Germany there was a research project.  
The usage of dolomite/dolomitized limestone is expected to increase in near future in terms of the 
growth of supplementary cementing materials ratio in cements, forced by reduction of carbon dioxide 
emission. The possible application of dolomitized limestone as a component of mixtures for 
geotechnical application is seriously considered.  
The studies focused on the kinetics of early hydration in the portland cement - dolomite mixtures. The 
effect of dolomite on the kinetics of heat evolution accompanying alite hydration were also evaluated. 
The other studies of hydrating cement and alite – dolomite pastes were performed to find the way of 
dolomite interaction with cement systems. The following techniques, providing the continuous 
monitoring of hydration process were used: calorimetric measurements, electric conductivity 
measurements in the hydrating suspensions, shrinkage and rheological characteristics of hydrating 
cement pastes.  
2. Experimental 
2.1. Raw Materials 
The two commercially produced standard Portland cements CEM I 42,5R were used (Blaine specific 
surface 3550 cm2/g). The synthetic alite was produced in the laboratory by repeated heating of 
analytically pure limestone and silica gel stoichiometric mixture at temperature 1450°C.  The 
chemical composition of cements is given in table 1. The commercially available pure dolomite, 
(CaCO3•MgCO3 - min. 98,0%; Blaine specific surface 4600 cm2/g) was used as an additive. 
The mixtures of cement or alite with dolomite were subsequently produced; dolomite was introduced 
as 5 to 30% cement replacement by weight. 

Table 1 Chemical composition of cement 
Component 

[%] 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl- L.o.i.

cement A 21.2 5.1 2.4 65.1 4.1 0.13 0.18 1.25 0.013 1.4 
cement B 20,2 5,7 3,2 64,5 1,6 2,1 0,18 1,11 0,013 1,4 



 

 
2.2. Experimental Process 
The rate of heat evolution was followed by means of differential microcalorimeter on the pastes at 
water to solid ratio 0,5. The measurements of conductivity were carried out on the continuously stirred 
water - cement suspensions at w/c=10 or w/c=100 in case of alite, with help of equipment with sensor 
and measuring device. The rheological parameters of hydrating suspensions were determined from the 
flow curves taken with a rotational viscometer. Some selected samples were subjected to the 
evaluation of the so-called chemical shrinkage, using basic laboratory equipment (glass vials and 
pipettes)  and procedure similar to that given in the ASTM Standard C 1608-07. Some samples were 
observed under SEM with EDS microanalyzer, to characterize the microstructure.  
The heat evolution curves are shown in figures 1÷3. In Table 2 some parameters relating to the heat 
evolution curves characteristics are listed. The results of chemical shrinkage in figure 4 and the 
changes of conductivity vs. time for cement – water and alite – water suspensions dolomite are plotted 
as figures 5 and 6. The example microstructure of fractured 7-day hydrated sample with 30% dolomite 
added as cement replacement is presented as figure 7. The results of rheological measurements are 
listed in table 3. 
3. Results and Discussion 
3.1.Heat evolution 
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Figure 1 Rate of heat evolution in the hydrated cement (A) – dolomite pastes produced at w/c=0.5 
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Figure 2 Rate of heat evolution in the hydrated cement (B) – dolomite pastes produced at w/c=0.5 

The curves for cement (B) and cement - dolomite series reveal the third additional peak, growing with 
additive percentage; this peak can be attributed to the delayed formation of aluminate or 
carboaluminate type product. 
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Figure 3 Rate of heat evolution in the hydrated cement – alite pastes produced at w/c=0.5 

Table 2 Heat evolved on hydration in cement (or alite) – dolomite systems 

Heat evolved value, kJ/g-1 after 41h   

Sample for 1g mixed sample for 1g cement in sample 

 

Q/Qcem I

CEM I (A) 264 264 100 

Cement(A) 95% + 5 % dolomite 274 288 109 

Cement(A) 90% + 10 % dolomite 258 287 109 

Cement(A) 75% + 25 % dolomite 230 307 116 

Cement(A) 70% + 30 % dolomite 221 316 120 

CEM I (B) 238 238 100 

Cement(B) 95% + 5 % dolomite 245 258 105 

Cement(B) 90% + 10 % dolomite 220 244 111 

Cement(B) 85% + 15 % dolomite 240 282 118 

Cement(B) 80% + 20 % dolomite 217 271 125 

Cement(B) 70% + 30 % dolomite 173 247 143 

ALITE 256 256 100 

Alite 95% + 5% dolomite 252 265 105 

Alite 70% + 30% dolomite 198 282 142 

Analyzing the heat evolution data (figs 1 -  3) one can find that the induction period is not elongated in 
the presence of dolomite additive. It means that there is no especially retarded setting at additive up to 
30% cement replacement. However, the increasing percentage of dolomite is accompanied by the 
lowering of the rate of heat evolution points. Moreover the third peak, attributed to the hydration of 
calcium aluminate phase is sharper in case of cement B with higher C3A content (fig. 2). One can see 
(table 2) that the total heat related to the amount of neat cement is higher in the pastes with dolomite. 
It means that the hydration of cement is accelerated in the presence of additive. The same effect is 
observed in case of alite hydration and the relative growth of total heat evolved is very similar as for 
cement (B). This would indicate that the hydration of silicate components is first of all modified by 
dolomite additive. Presumably the nucleation barrier is thus lowered. 
 
  



 

3.2.Chemical shrinkage 
At early age, up to 20h, a significant increase of chemical shrinkage is observed (figure 4).. The 
shrinkage changes for cement - dolomite samples occur almost identically as for the reference; the 
similar rate of water consumption is thus proved. The breakdown of shrinkage curves after the initial 
growth can be attributed to the increasing role of diffusion mechanism in the hydration process. 
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Figure 4 The chemical shrinkage of cement and cement - dolomite specimens 

Because the results of chemical shrinkage measurements reflect the formation of products rich 
in water and the formation of specific, more or less open pore structure it seems that in this 
case these factors are similar for cement paste with 20% dolomite, as well as for cement paste 
produced at w/c-0,4. However, the water consumption is  higher in the case of alite (Szybilski, 
Nocuń 2015). 
3.3. Conductivity 
The conductivity curves reflecting the concentration of ions in the liquid phase are obtained at higher 
w/c (because of instrumental reasons) to show a competition between dissolution and precipitation 
from the liquid phase under the influence of different factors. The results of conductometric 
measurements in the suspension with water to solid ratio 10 or even 100 (figures 5 and 6) should be 
compared to the typical curve for neat cement - after rapid growth soon after mixing with water the 
conductivity/concentration increases slowly to some maximum (corresponding to supersaturation) and 
then diminishes because of the precipitation of hydration products.  
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Figure 5 The conductivity of cement and cement – dolomite suspensions (w/s=10) 

 



 

The plots for the suspensions with additives show that the conductivity/concentration of ions decreases 
at early age and subsequently increases slowly to the maximum. One could speculate that the deposits 
of hydration products are formed on the surface of inert dolomite filler grains and lower the 
concentration; therefore the maximum of concentration in thesuspensionswith30%dolomiteisdelayed. 
The results for dolomite – alite sample during the first minutes are quite similar; however, presumably 
the precipitation of early product in the diluted suspension with dolomite is more intense. This would 
prove the effect of dolomite grains surface as effective nucleating site. 
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Figure 6 Conductivity of alite – dolomite suspensions vs. time, W/C=100 

3.4. Microstructure 

 

Figure 7 SEM image and EDS plot in p.2. See the “subtle” microstructure of C-S-H precipitated on the 
dolomite grains (Mg found by EDS analysis on the right side) in 7 days  hydrated cement – dolomite 
(30%) paste 
Analyzing the microstructure one could observe very small, thin “transparent” plates and foils of C-S-
H product with incorporated components of binder, including Mg. 
3.5.Rheological properties 
The rheological properties listed in table 3 are surprising and the further studies are required. It seems 
that the viscosity and the other parameters significantly differ for the two cement used, as well as for 
the cement – dolomite mixtures. In the case of cement (A), a low viscosity is almost the same as the 
viscosity of the pastes with additive; the yield stress is a little lower and generally the structure is not 



 

specially modified from the rheology point of view. In the case of cement (B) the growth of 
rheological parameters is observed in the presence of additive. The effect of carboaluminate formation, 
as it would result from the calorimetric data, could be potentially responsible for higher viscosity and 
rigidity of structure. 
Table 3 Rheological parameters of hydrating cement - dolomite pastes ( =viscosity, Τy=yield stress, 
Tmax= rigidity of tixotropic structure); w/s=0.4. 

Parameter 
Sample 

η [Pa·s] τmax [Pa] τy [Pa] 

CEM I 42,5 R (A) + 0 % dolomite 2,0 101,3 96,6 

CEM I 42,5 R (A)+ 15 % dolomite 1,9 89,5 95,7 

CEM I 42,5 R + 30 % dolomite 1,9 89,5 86,3 

CEM I 42,5R (B) 5,4 11,8 16,1 

CEM I 42,5R (B) + 5% dolomite 13,4 42,7 68,9 

CEM I 42,5R (B) + 20% dolomite 16,5 45,1 71,5 

4. Conclusions 
At low percentage, from 5 to 15%, dolomite additive  plays the role of active component or even acts 
as cement replacement. At higher amount the “dilution” effect occurs.  
The heat evolution process is not significantly altered in the presence of dolomite; it means that setting 
of paste with dolomite additive is not retarded.  
The reactions dealing with water consumption and releasing some components to the liquid phase are 
generally accelerated in the presence of dolomite.  
The hydration of alite is accelerated by dolomite additive. 
The application of dolomite material as a component of non - standard material, for example for 
geotechnology should be considered after examination of binding capacity and rheological behaviour 
of the mixture. 
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Abstract 
This paper describes the performance of ternary blended cements made with calcined clays (CC), 
limestone filler (F), and two different Portland cements (PC). CC was obtained from kaolinitic clay 
(low grade of kaolinite, and quartz as main impurity) calcined at 750 ºC during 4 hours. The 
metakaolinite containing in the CC (44%) has a high pozzolanic activity. Portland cements with low 
and medium C3A-content were used. Ternary blended cements were prepared replacing CC (0 to 30%) 
and F (0 to 10 %) by mass in both PCs used. 
Pozzolanic activity of blended cements was measured using Frattini test and in terms of compressive 
strength at 2, 7 and 28 days. The microstructural change was followed by XRD to determine the 
assembly of hydration products, the porosity determined by mercury intrusion porosimetry (MIP) 
The results of this study show that the pozzolanic activity of CC is more effective for low C3A-content in 
PC. The presence of limestone filler stimulates the pozzolanic reaction after 7 days for both PCs. The 
limestone filler in ternary blended cements has a large contribution to compressive strength when the 
PC used has medium C3A - content. The combination of CC and F increases the amount of AFm 
phases. At all ages, blended cements with 5% F and 15% CC present the best performance. The C3A-
content in the Portland cement is a significant variable to be considered for the formulation of blended 
cements with CC and F. The coupled effect of CC and F increased when increased the C3A-content in 
Portland cement. 
  
Originality 
The use of calcined clays providing from low grade kaolinitic clays combined with limestone filler in ternary 
blended cements formulation presents technological and environmental advantages. The metakaolinite 
containing in calcined clays is the pozzolanic material, quartz is the main impurity of calcined clay acting as 
siliceous filler and the limestone filler added provide the carbonate to stabilize the AFm phases produced by 
pozzolanic reaction of the metakaolinite. The ternary cements presents an acceptable develops of 
mechanical properties with a large reduction of energy consumption and CO2 emission during its 
manufacture. 
 
Keywords: Ternary blended cements, kaolinitic calcined clay, limestone filler, hydration, compressive 
strength. 
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1. Introduction 
One the options to developing concrete with the lowest possible environmental impact is 
selecting the cement type, the type and the percentage of supplementary cementitious 
materials (SCMs) and the concrete quality to best suit the suit the use in question (Damtoft 
J.S. et al, 2008). As the reactivity of SCMs is lower than that of clinker, cement replacement 
levels are mainly limited by the early-age strength (Snellings R., 2014). Blended cements with 
coupled additions of metakaolin (MK) and limestone filler (LF) were studied under the 
hypothetical criteria that the extra alumina provides by MK will react with LF addition 
allowing a higher substitution level (Antoni M. et al, 2012). However, limestone reacts with 
available alumina from the MK, and from the clinker (Steenberg M. et al, 2011) and then the 
mineralogical composition of clinker also influences on blended cement performance. In this 
paper, the synergetic relationship between limestone and calcined clay providing from low 
grade kaolinitic clay are studied considering the effect of alumina content in the clinker. 
 
2. Materials and methods 
2.1 Blended cements 
Blended cements were obtained replacing calcined clay (0 to 30% by mass) and limestone 
filler (0 to 10 % by mass) by Portland cement (PC).  
Portland cements from two different Argentine plants were used. PC1 is a normal Portland 
cement with a Blaine fineness of 315 m2/kg, and its Bogue´s potential composition is 60% 
C3S, 16.4% C2S, 3.8% C3A and 11.5% C4AF by mass. PC2 is a normal Portland cement too 
with a Blaine fineness of 315 m2/kg, and its Bogue´s potential composition is 50.6% C3S, 
18.5% C2S, 6.8% C3A and 10.1% C4AF by mass.  For both PCs, limestone is added as minor 
component (< 3%). Kaolinitic clay was calcined at 750 ºC during 4 hours to produce calcined 
kaolinitic clay (CC) with 44% of metakaolinite (MK). Quartz is the main impurity in CC and 
it could be considered as filler due to its small particle size. The Blaine fineness is 623 m2/kg 
for CC, and it is 515 m2/kg for limestone filler (F). Blended cements (bc) were denominated 
as 30CC, 5F15CC, and 10F30CC according to the level of replacement of each addition and 
the number after slash indicates the PC used.  
2.2 Pozzolanic activity 
The pozzolanic activity of blended cements was assessed by the Frattini test at 2, 7 and 28 
days. The mechanical performance of ternary system was evaluated in terms of compressive 
strength at 2, 7 and 28 days.  In Frattini test [EN 196-5], 20 g of blended cement was mixed 
with 100 ml of boiled distilled water. After preparation, samples were left in a sealed plastic 
container at 40 ºC. At test time, samples were vacuum filtered through paper and cooled at 
ambient temperature in sealed Buchner funnels. The filtrate was analyzed for [OH-] by 
titration against dilute HCl with methyl orange indicator and for [Ca2+] by pH adjustment to 
13, followed by titration with 0.025M EDTA solution using Murexide indicator. This test 
compares the [Ca2+] and [OH-] contained in an aqueous solution that covers the hydrated 
sample with the solubility curve for CH in an alkaline solution at the same temperature.  
Compressive strength tests was assessed on standard mortars (1:3 and w/bc = 0.50) made with 
standard European sand (EN 196-1). The mortar was mixed in planetary mixer, the specimens 
were cast and compacted by vibration and cured 24 h in the molds in a moist cabinet. Then, 
they were removed from the mold and immersed in lime-saturated water until test age at  
20±1 ºC. Compressive strength was measured on mortars cubes (25 x 25 x 25 mm) and the 
report values correspond to the average of five specimens. 
2.3 Hydrated phases 
The microstructural change of cement pastes was followed by X-ray diffraction (XRD) to 
determine the assembly of hydration products. The hydrated phases were studied in pastes 
prepared with w/bc of 0.50. At 2, 7 and 28 days the hydration was stopped using acetone, 
dried at 40 ºC and ground until pass through 45 µm sieve. The crystalline phases were 
identified by XRD (Philips X'Pert PW 3710, CuKα radiation with graphite monochromator 
operating at 40 kV and 20 mA). To quantify the crystalline and amorphous phases the 
Rietveld method with internal standard (TiO2) was used [Gómez-Zamorano L.Y. et al, 2009]. 



PANalytical HighScore Plus® software was selected using the procedure described by 
Kocaba V., 2009. 
2.4 Porosity 
The porosity was determined by mercury intrusion porosimetry (MIP). The pore size 
distribution in dried pastes at 2, 7 and 28 days was determined using a mercury intrusion 
porosimeter (MIP-ThermoFisher Sc PA440) for the pore size diameters from 7.3 to 14000 
nm.  
 
3. Results and discussion 
3.1 Pozzolanic activity 
Fig. 1 shows the results of Frattini test for blended cements. At all ages, PC pastes do not 
have pozzolanic activity and the points representing the results are above the saturation curve. 
At 2 days, the combined effect of dilution and pozzolanic reaction decreases the [CaO] in the 
supernatant solution of blended cement with 30% of CC. After 7 days, all blended cements 
prepared with CC showed evidence of pozzolanic reaction. The [CaO] and [OH-] reduction 
was greater when the CC replacement level increases. The presence of limestone filler 
stimulates the pozzolanic reaction after 7 days for both PCs.  

  

Fig 1. Frattini test results at 2, 7 and 28 days, for blended cements with PC1 (low C3A) and PC2 
(medium C3A). 

3.2 Compressive strength 
Fig. 2 shows the compressive strength (CS) at 2, 7 and 28 days. PC2 with medium C3A-
content develops greater compressive strength at early age (2 and 7 days), however PC1 has 
greater compressive strength at 28 days. For both Portland cements, the 5F15CC blended 
cements have better performance. For 5F15CC/1, it has a similar behavior that PC1 at all 
ages. The blended cement with any CC percentage attains to compressive strength close to 
that of PC1 (low C3A). At 28 days, 30CC/1 has greater CS than that of PC1. Addition of 
limestone filler contributes to the compressive strength when use PC2 (medium C3A-content) 
with CC. Antoni et al. (2012)  using a PC with  medium C3A-content (6.4%) mixed with  30% 
of high pure MK determined a relative strength of 119% at 28 days, whereas it was115% for 
blended cement containing 10% limestone and 20% MK. Steenberg et al  (2011) using a PC 
with 8% C3A and  30% of MK (premium grade) determined a relative strength of 84% at 28 
days, and  109% for blended cement with 10% limestone and 20% MK. For this study, the 
MK used is different and its reactivity too. However, the effectively coupled action of MK 
and limestone combination is more significant for blended cement with PC2 having large 
C3A-content (Fig. 2). 



  
(a) (b) 

Fig 2. Compressive strength at 2, 7 and 28 days, for blended cements with PC1 (a) and PC2 (b). 

 
3.3 Hydrated phases 
Fig. 3 and 4 shows the amount of CH, HC and MC determined by XRD analysis and Rietveld 
method in hydrated pastes at 2, 7 and 28 days for blended cement with PC1 and PC2, 
respectively.  PC1 with low C3A-content produces more CH that PC2 at 2 days (Fig 3a and 
4a). At 7 days, consumption of CH by pozzolanic reaction of CC is higher in blended cement 
with PC1 and it is improved at 28 days for PC2 blended cement. AFm phase content (HC and 
MC) is higher in blended cement with PC2 and the predominant phase is MC (Fig 3b and 4b). 
These results are according to Steenberg et al (2011) and Antoni et al (2012), who determined 
that the combination of MK and LF increased the formation of monocarboaluminate phase. 
The addition of filler increases the amount of MC in blended cement elaborated with both 
Portland cements after 7 days.  It is can be observed that 10F30CC contains more MC than 
that 30CC (Fig. 3b and 4b) for both Portland cements. 
 

 
 

(a) (b) 
 

Fig. 3. Phases content in hydrated PC1blended cement pastes: (a) %CH phase; (b)%  AFm phases 
 



  
(c) (d) 

Fig. 4. Phases content in hydrated PC2 blended cement pastes: (a) %CH phase; (b)%  AFm phases 
 

3.4 Porosity 
Fig. 4 shows the relationship between the volume of pores from 20 to 14000 nm diameter and 
the compressive strength. Blended cements elaborated with PC1 and PC2 presents a inversely 
exponential relationship between compressive strength and porosity. Some deviations in this 
relationship could be attributed to the nature of hydration products formed and the volume 
that they occupy reducing the pore volume but without contribution to compressive strength 
(Tironi A., et al, 2014). At 2 days, blended cements elaborated with both PCs develop 
comparable porosity and compressive strength for each formulation. Then 5F15CC has the 
greatest compressive strength at early age and but its pozzolanic activity according to Frattini 
test (Fig. 1) is negative. Therefore it is concluded that the filler effect is the relevant effect at 2 
days, and the optimal replacement is 20% (5F15CC). At 7 days, the volume of pore in 
blended cements with 30CC decreases due to the pozzolanic reaction (Fig. 1) but it has not 
the correlated increase of compressive strength. At 28 days, the porosity and compressive 
strength of 10F30CC/2 blended cement are comparable to 30CC/2 and 5F15CC/2.  
 

 

Fig. 4. Relationship between the compressive strength and the volume of pores with diameters between 
20 and 14000 nm. 



4. Conclusions 
Calcined kaolinitic clay with 44% of metakaolinite is an effective pozzolan for both Portland 
cement with low (3.8%) and medium (6.8%) C3A-content. It appears that is more effective for 
low C3A-content having high C3S content. The limestone filler added in ternary blended 
cements contributes more at the compressive strength when used PC with medium C3A. At all 
ages, blended cements with medium content of F and CC (5F15CC) present the best 
mechanical performance. The C3A-content in the Portland cement is a variable to be 
considered in the formulation of blended cements with CC and F. The coupled effect to CC 
and F increased when increased the C3A-content in Portland cement. 
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Abstract 
Novel ternary and quaternary cement blends created using various combinations of Supplementary Cementitious 
Materials (SCMs) and other additives that can significantly reduce clinker factor are being widely investigated. The 
presence of multiple SCMs results in complex hydration reactions, leading to improved 
performance of concrete in many cases. While low clinker factors helps to improve cements from a sustainability point 
of view, the development of mechanical properties will depend upon the degree of 
hydration and cementing efficiency of hydration reactions. The low clinker content reduces the Portlandite available to 
react with SCMs, whereas the reactivity of SCMs itself depends upon its physical and 
chemical properties. The quality and composition of the SCMs and clinker therefore plays a major role in determining 
the optimum compositions of ternary cements. This study develops methods that can 
be used to proportion ternary and other composite cements, using the specific case of a new ternary blend called 
Limestone Calcined Clay Cement (LC3) as an example. Methods and experimentally measurable 
parameters that play a critical role in the design of similar low clinker factor blends have been identified in this study. 
 
Originality 
While binary and pozzolanic cements have been used for a long time, the advantages offered by ternary blends are 
pushing the production of these cements. However, the proportioning of these cements is generally based on empirical 
results in laboratory and is time consuming. This study suggests a protocol that can be used to optimize the 
compositions of ternary blends in real time during the production process, through a combination of relatively quick 
experimental results and modelling. The advantage of the protocol suggested will be that it will allow the theoretical 
calculation of the best physical and chemical properties of the blends, based on the properties of the available raw 
materials. 
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1. Introduction 
Supplementary cementitious materials have been used in cements for a long time. The addition of 
SCMs like fly ash, limestone, metakaolin etc. can improve properties like strength, rheology and 
durability in cements and concretes. However, substitution using a single SCM is not possible beyond 
certain limit that generally depends on its physical and chemical properties. It is possible to increase 
the level of substitution by combining multiple SCMs together so as to further reduce the clinker 
factor while improving the desirable properties of the blend. Various studies have shown that various 
combinations of fly ash/limestone (De Weerdt, et al., 2011), metakaolin/limestone (Antoni, et al., 2012) 
and slag/fly ash/limestone (Lothenbach, et al., 2011) can be used for higher levels of clinker 
replacement. While the hydration reaction of ordinary Portland cement is relatively well understood, 
the chemistry behind ternary and quaternary blends are still being investigated. In addition to the 
normal pozzolanic reaction, these cements undergo complex secondary hydration reactions. To ensure 
that these reactions take place efficiently and efficient resource utilisation, it is necessary to optimize 
the cement blends. The efficiency of the reaction will depend on various parameters such as clinker 
composition, reactive phases present in the pozzolanas and compatibility between the SCMs used. 
Therefore, it is necessary to develop a scientific framework to identify the critical parameters that can 
affect the hydration reactions. This study tries to develop such a framework for a recently developed 
ternary blend of Limestone, Calcined Clay and Clinker (LC3) (Bishnoi, et al., 2014; Antoni, et al., 
2012) 
Establishing the optimal composition of blended cements generally requires time-consuming and 
tedious experimental work. The framework presented in this study can significantly reduce the effort 
required in the process and can also help in a faster development and standardisation of new blends. 
The suggested framework combines the use of chemical, physical and analytical techniques in order to 
identify blends that theoretically give the highest strengths and the densest microstructures, thereby 
drastically reducing the number of blends required to be studied in the laboratory 
2. Methodology 
2.1 Identification of Reactive Phases 
The main phases in Portland cement that produce portlandite upon hydration are alite (C3S) and belite 
(C2S). The portlandite produced can react with SCMs to further produce calcium silicate hydrate (C-
S-H) as shown in Eqs. (1) and (2). A generalised pozzolanic reaction that converts portlandite to a C-
S-H with a relatively low C/S ratio is shown in Eq. (3). 
C3S + 5.3H → C1.7-S-H4 + 1.3CH         (1) 
C2S + 4.3H → C1.7-S-H4 + 0.3CH         (2) 
S (Pozzolana) + 1.5CH + 2.8H → C1.5-S-H3.9                    (3) 
 
Hence the amount of pozzolanas that can react in a cement depends on the amount of alite and belite 
present in the clinker and needs to be estimated accurately for an optimal design. The phase 
composition can be estimated with the help of Bogue equations. The estimated quantities of phases by 
Bogue’s equation are known to vary from the actual phase composition, especially in the quantity of 
alite. The modified Bogue’s equations suggested by Taylor give a better estimate of the alite phase 
(Taylor, 1997). Techniques such as light microscopy and QXRD can give an accurate analysis of 
phases present in the system.  
The variations in the chemical composition of the clinker can be controlled to a certain extent with the 
help of various parameters such as lime saturation factor (L.S.F), alumina factor (A.F) and silica factor 
(S.F) (Taylor, 1997). However, in blended cements, the supplementary cementitious materials are 
generally industrial by-products or naturally occurring compounds whose composition cannot be 
easily controlled. Therefore, it is vital to identify and quantify the reactive phase of these components. 
The presence of impurities that can affect the hydration reactions needs to be clearly identified. The 
LC3 cement uses unwashed kaolinitic clay, which is calcined to form amorphous metakaolin. The 
effect of calcination conditions on the reactivity of metakaolin has been studied by many authors 
(Diffo, et al., 2015). The de-hydroxylation of kaolinite is known to occur between the 600OC – 8000C. 
Kaolinite can transform into un-reactive crystalline mullite at 10000C (Bich, et al., 2009). Thermo-



 

gravimetric analysis (TGA) can be used understanding the dehydroxylation behaviour of the clay. In 
case of static calcination, the soaking time given for the clay could be critical in the final reactivity of 
metakaolin although there seems to be no consensus on what should be the ideal soaking time. The 
efficiency of the calcination process can be measured with the help of an XRD analysis. The 
conversion of kaolinite to metakaolin will be accompanied by the reduction of the peak intensities 
corresponding to kaolinite.  
The addition of limestone can improve the properties of the cement system (Bonavetti, et al., 2002). 
This is due to the filler effect that takes place due to the addition of limestone. However, it can be seen 
that limestone does react with aluminate phases to form monocarboaluminates and 
hemicarboaluminates (Lothenbach, et al., 2008). The amount of carbonates present in the limestone 
can estimated with the help of simple chemical analysis. Metakaolin is a fast acting alumina rich 
pozzolan. Combining metakaolin and limestone for clinker replacement can be useful in extracting the 
synergetic effect between the clinker, metakaolin and limestone.  
 

 
Figure 1. Framework of methodology for clinker optimisation 

 
2.2 Identification of Hydration Products and Establishing Reaction Stoichiometry 

The effective stoichiometry of hydration reaction is affected by a lot of parameters, since cement is a 
composite material. Characterisation by QXRD of both pre hydrated cement paste and post hydrated 



 

paste can give an insight into the stoichiometry of the reactions involved. The presence of the multiple 
SCMs in the ternary blends can result in the production of various hydration products depending upon 
the factors such as filler effect, change in pH, the solubility of key reactive phases etc. The C-S-H 
formed in these systems is known to have varying Ca/Si ratios, and can incorporate Aluminate phases 
into its structure (Taylor, 1997). Formation of new hydration products such as hemicarboaluminate 
and monocarboaluminate have been observed in carbonate blended cements (Bonavetti, et al., 2002). 
The densities of these new phases will affect the porosity of the paste and in turn, will affect the 
strength characteristics. The simulation of pozzolanic reaction can be carried out with the help of 
modifying the lime reactivity test for pozzolan as specified by the Indian Standard 1727. Mortar cubes 
are made from laboratory grade calcium hydroxide, pozzolan and standard sand. The strength of the 
mortar cubes (min. 4MPa after curing at 50C at 90 – 100% relative humidity) used to ascertain the 
suitability of the pozzolan as an SCM. The mortar strengths may not be the most accurate way to 
understand the suitability of a pozzolan. The test does not the mention the possibility of using multiple 
SCM. Instead of mortar, lime – metakaolin – limestone paste can be cast at varying water cement 
ratios to identify the various hydration products. Lime – Alumina – Limestone paste can be used to 
understand and establish the stoichiometry of carboaluminate formation.  
A + CaCO3 + 3CH + H → C3A.CaCO3.H12 

 

2.3 Calculation and Optimization of Volume Efficiency of Blends 
The volume efficiency is the reaction is defined as the ratio of volume of product formed to the 
volume of reactants, which is a key factor that affects the porosity and strength.  The volume of the 
reactants and products formed can be calculated from the percentage of reactive species in the blend, 
reaction stoichiometry established and densities of unhydrated and hydrated phases (Balonis, et al., 
2009). Thermodynamic modelling can help in the prediction of the various phases formed. Gibbs 
energy minimization for the cement system has been used extensively (D, et al., 2011) to understand 
the ternary and quaternary cement system. With the help of the reaction stoichiometry, thermodynamic 
modelling and density of phases formed, the optimal blend composition can be determined by 
formulating a simple linear programming problem that maximizes the volume efficiency. The 
constraints involved in the problem can be derived from the conditions of minimisation of clinker and 
maximum and minimum possible quantities of constituents. For example, the practical limits of 
gypsum addition would serve as a constraint. Furthermore, from the perspective of cement producers, 
the maximum allowable cost of the raw mix, including the cost of the individual raw materials can be 
included as a constraint. The maximisation of the volume efficiency of the blend can help in the 
optimisation and prediction of the strength and porosity.  
2.4 Identification of Blend Incompatibilities  
The amount of gypsum content needs to be optimized carefully in high alumina blends. The presence 
of extra gypsum can retard the aluminates present in the blend and can poison the carboaluminate 
formation whereas the lack of adequate amount of gypsum can result in flash setting. In order to 
optimize the gypsum content, the calorimetric curves of the blend obtained from isothermal 
calorimetry can be used. The presence and intensity of the alumina hydration peak can be helpful in 
deciding the optimum gypsum content. 
The presence of dolomite content in limestone needs to be further studied. The magnesium carbonate 
phase can react to form carboaluminates. However, the later age effects of these carboaluminates need 
to be investigated for possibility of strength loss. The lime reactivity test as mentioned previously can 
be modified by using Lime – Alumina – Dolomite paste to better understand the phase formation and 
reaction stoichiometry. 
3. Conclusions 
The new framework to assess ternary cement blends is presented in this study. While this study 
focussed on Limestone Calcined clay Clinker Cement, this framework can be extended for similar 
ternary cement blends. It can be used to gain a better understanding of the complex ternary cement 
hydration systems and will help in designing similar blends by providing critical parameters that need 
to be concentrated upon. Factors such as fineness and particle size distribution are not considered in 



 

this study which can be incorporated. The proposed framework can significantly reduce the time 
required from the conceptualization of the blend till it can be practically used in the field, by gaining a 
better understanding of the raw materials, reaction kinetics and incompatibilities through a systematic 
testing and analysis programme.  
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Abstract 
The use of supplementary cementitious materials (SCM) can have technical, economic and environmental advantages 
due to lower consumption of clinker and the valorization of industrial byproducts. However, to significantly increase 
the sustainability of the designed mixes, very high SCM contents must be used. Therefore, the substitution of Portland 
clinker by these high SCM contents can imply a decrease in the mechanical performance of the cementitious materials 
obtained, thus limiting their potential applications as their use in high strength concretes. Nevertheless, if the cement 
formulation is accurately designed by using adequate contents of each binder material and the chemical composition of 
the Portland clinker is appropriately selected, the obtaining of ternary and quaternary  mixes with mechanical 
properties similar or even improved than those obtained when using plain Ordinary Portland Cement (OPC, type CEM-
I) can be achieved. Accordingly, in present work several ternary and quaternary mixes were evaluated by combining 
OPCs with different chemical composition with Blast Furnace Slags (BFS) and/or Limestone Filler (LF) and/or Fly 
Ashes (FA).  
In a first step, mortars were fabricated with the ternary and quaternary mixes and their mechanical performance was 
evaluated and compared with the results shown by plain OPC mortars and binary mortars (OPC plus BFS). The main 
advantage of using ternary/quaternary binders instead of binary ones (OPC+BFS) lies in the higher early and longer 
strength detected in the formers. In the ternary/quaternary systems a clear influence of the chemical composition of the 
OPC used is observed but the main advantage of using a low alumina (and low alkali) OPC (OPC-1) is the higher long-
term compressive strength obtained. Moreover, in the quaternary mixes with FA in their composition the compressive 
strength is also higher when using a low alumina OPC at 28 days thus indicating that FA effectiveness is more 
dependent on OPC chemical composition than BFS. The use of ternary/quaternary blends with OPC with higher 
alumina content (OPC-2) is mainly disadvantageous when comparing to the early strength gain obtained in the 
corresponding plain mortar as the formers show almost half of the strength.  
To determine the microstructural phenomena involved in the mechanical performance observed, cement pastes with the 
same cement formulations were fabricated. In these pastes the evolution of the hydration phenomena and the evolution 
of the pore solutions composition were evaluated in depth. The pore solution pH values of the pastes based on OPC-2 
are always higher than those measured in the pastes based on OPC-1. Regarding the pore solution chemical 
composition, when using OPC-1 the main differences between samples appear at early ages of hydration, but the long-
term is essential if OPC-2 is used. The evolution of the sulphates/Al ratios is different for the distinct samples: in 
reference samples there is a continuous decrease but in the ternary/quaternary binders an increase from 28 to 90 days 
is always detected. This fact is reflected in the hydrates evolution, as the long-term formation of carboaluminates is 
detected in the blends based on OPC-1 due to the carbonate from LF reacts with the aluminates formed by SCM 
reactions. This phenomenon promotes the stabilization of ettringite thus increasing the total volume of the hydration 
products which is expcected to result in higher compressive strength. In the pastes based on the OPC-2 different 
phenomena are detected: in the reference paste the monocarbonate formation is detected at 90 days of hydration (due 
to the its Al content comparing to OPC-1 and the existence of LF in its composition) but in the blends based on OPC-2 
plus SCM the monocarbonate is already present at 2 days of hydration. This early formation of monocarbonate could 
limit the role of this hydrate in the ettringite stabilization thus also reducing the stable hydrates volume.  
At last, in the pastes based on OPC-1 the bound water, portlandite and the C-S-H gel contents have been calculated. 
The amount of bound water per OPC is always higher in the binders with SCM and this fact is related to acceleration of 
the OPC hydration. The lower amount of bound water of the ternary/quaternary mixes in the long-term (90 days), 
instead of their higher compressive strength values, must be related with different hydrates ratios and different 
chemical compositions of the hydrates formed (mainly in C-S-H case). The OPC hydration acceleration in the short 
term for the ternary/quateranry binders is reflected in their higher relative portlandite/OPC ratios and higher C-S-H 
initial contents. These results indicate that the filler effect related to the increase in the initial hydrates formation due to 
the LF physic-chemical reactivity compensates the dilution effect caused by the reduction of OPC that is the fastest 
reactive component of the system. However, this does not happen in the ternary/quaternary formulations based on 
OPC-2, so the earlier formation of carboaluminates hydrates and their higher pore solution pH (and different chemical 
composition) must limit the filler effect. 
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Originality 
It is well known that the use of SCM can improve the performance of the resulting cementitious materials. However, 
when these SCM are used in binary mixes, a high replacement of OPC by them can limit or the early or the long-term 
strength performance. To avoid this problem and in order to obtain similar mechanical performance during all the 
hydration process of the developed materials, mainly during the early ages, the use of ternary and quaternary mixes has 
been proposed. However, the influence of different parameters in the mechanical performance obtained is not already 
well understood. For example, it has been postulated that ternary mixes have better mechanical performance when 
using a low-alumina OPC but the hydration mechanisms involved in these mechanical performances are not already 
known. Moreover, not only the alumina content of the OPC used is important and other parameters (as the alkali 
content) can also play an important role in the SCM effectiveness. In this sense, this paper tries to define the hydration 
processes involved by linking the evolution of different hydrates formation (even estimating their content) with the 
modifications detected in the pore solution evolution of the fabricated cementitious materials. 
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1. Introduction 
The use of supplementary cementitious materials (SCM) in suitable proportions and combinations can 
have technical, economic and environmental advantages due to lower consumption of clinker required 
and the valorization of industrial byproducts (Wu F. et al., 2002; Carrasco M.F. et al., 2005). Thus, the 
use of ternary or quaternary blends emerges as an environmentally friendly alternative in the 
construction market (Wu F. et al., 2002; Menéndez G., 2003; Carrasco M.F. et al., 2005; De Weerdt K. 
et al., 2011a; Alonso M.C. et al., 2012; Shöler A. et al., 2015). However, to significantly increase the 
sustainability of the designed mixes, very high mineral admixtures total contents must be used. 
Therefore, the substitution of Portland clinker by these high mineral admixtures contents can imply a 
decrease in the mechanical performance of the cementitious materials obtained, thus limiting their 
potential applications as their use in high strength concretes. Nevertheless, if the cement formulation is 
accurately designed by using adequate contents of each binder material and the chemical composition 
of the Portland cement (OPC) (or clinker) is appropriately selected, the obtaining of ternary mixes 
with mechanical properties similar or even improved than those obtained when using plain OPC (type 
CEM-I) materials can be achieved. Accordingly, in present work several ternary and quaternary mixes 
were evaluated by combining OPCs with different chemical composition with Blast Furnace Slags 
(BFS) and/or Limestone Filler (LF) and/or Fly Ashes (FA). 
The beneficial synergistic effects of the combined use of two SCM (FA plus LF, BFS plus LF or BFS 
plus FA) have been proven in several papers. Most of them are focused on the evaluation of their 
mechanical or durability properties and some of them evaluate the involved microstructural 
mechanism. However, some differences are observed in the published papers that are possibly related 
with the chemical composition of the Portland cement clinker used. In this sense, it seems that clinkers 
with low aluminates content showed better mechanical performance when mixed with these SCM in 
ternary binders (Menéndez G., 2003; Carrasco M.F. et al., 2005; Alonso M.C. et al., 2012) but there 
must be other parameters involved. The goal of this paper is to analyze the effect of the chemical 
composition of the OPC in the mechanical strength of ternary and quaternary binders and evaluate the 
related microstructural phenomena in order to improve the formulation of environmentally friendly 
cement formulations. Thus, the synergy effects promoted by BFS blended with LF and/or FA are 
studied in different OPC systems. Moreover, the observed microstructure phenomena are also related 
with changes in the pore solution composition that is expected to modify the SCM reactivity. 

2. Experimental 
2.1. Raw Materials 
In this study, two Ordinary Portland Cements (CEM I 42.5 R-SR, named as OPC-1, and CEM I 42.5R, 
named as OPC-2) were used and three SCM: blast furnace slags (BFS), class F low calcium fly ash 
(FA) and limestone filler (LF). The chemical compositions of these materials were analysed by X-ray 
fluorescence (XRF) and they are detailed in table 1 (expressed in wt.%). 

Tab. 1 Chemical compositions of raw materials (wt.%) 

Material Na2O K2O Al2O3 CaO Fe2O3 SiO2 MgO SO3 Na2Oeq

OPC-1 0.18 0.34 4.68 60.3 5.08 17.4 1.78 3.17 0.40 

OPC-2 0.08 0.92 5.49 63.3 2.40 19.6 0.78 3.20 0.69 

BFS 0.42 0.49 10.39 45.5 0.29 36.57 7.46 0.05 0.74 

FA 0.77 4.51 24.94 3.64 6.29 51.97 1.65 0.15 3.74 

LF 0.55 2.65 7.75 26.09 2.57 21.39 5.80 0.05 2.30 

It must be remarked the different alumina and Na2Oeq content of the selected OPC. In fact, both 
cements were chosen as they had similar alumina content than those used in previous works that dealt 
with similar ternary binders (De Weerdt K. et al., 2011a; Shöler A. et al., 2015) in order to can 
contrast the obtained results. It is remarkable that the alumina content of both cements is not high and 
they can be classified as low alumina content cement (OPC-1) and medium alumina content cement 
(OPC-2). In this sense, as the implication of other factors must be reduced, both cements had very 
similar particle size distribution, as shown in figure 1. The particle size was also similar in OPCs and 



 

BFS (mean particle size between 16-19 µm). In contrast LF showed the lowest mean particle size 
(9.47 µm), while FA had the highest (37.59 µm). 
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Figure 1 Particle size distribution of OPCs. 

2.2. Experimental Process 
Table 2 shows the cement formulations considered in this study. The ternary binders were selected 
according to previous results and based on limit recommendations of the European CEM X a-doc 
group WG6 CEN TC/51. The binary mix B-1 was considered for comparison reasons as BFS is 
commonly used in binary commercial formulations with OPC in the construction market. 

Tab. 2 Cement formulations (wt.%) 

Sample OPC-1 OPC-2 BFS FA LF 

Ref-1 100 - - - - 

Ref-2 - 100 - - - 

B-1 64 - 36 - - 

SL-1 64 - 30 - 6 

SF-1 64 - 26 10 - 

SL-2 - 64 30 - 6 

SF-2 - 64 26 10 - 

It must be remarked that in this study commercial OPC were used but not OPC clinker. In this sense, 
from DTA/TG analyses it was calculated that OPC-1 had 4% of limestone filler and OPC-2 had 3%. 
Thus, strictly speaking the LF content of SL formulations was a little bit higher and SF samples were 
quaternary blends made of OPC, BFS, FA and LF. 
Before the preparation of mortars and cement pastes, the raw materials were mixed in a shaker-mixer 
for 30 minutes to ensure the correct homogenization of the binder. For each binder formulation, 
standard mortars with a w/b = 0.5 and binder/sand (dmax. 2mm) 1:3 were fabricated. The mortars 
were cured in 100±5 % RH chamber and 21±2ºC. For mechanical properties mortar samples 4x4x16 
cm in size were fabricated and analysed at several curing ages (1, 7, 28 and 90 days of curing).  
Cement pastes were also fabricated with the 7 formulations of table 2 by using water/binder (w/b) 
ratio of 0.5. The fabricated samples were demoulded after 24 hours and maintained in a curing 
chamber at 21±2ºC and 98±2% RH. Samples were taken out at different curing ages for the required 
characterization tests. In every case, approximately 1 cm depth was removed from each sample, to 
minimize any carbonation effect, and the core of the cement paste was used for characterization. In 
these pastes the pore solution and the microstructure evolution was characterized at several curing 
ages (2, 7, 28 and 90 days). Pore solution extraction was done by following the “Pore Fluid 
Expression” technique (Longuet P. et al., 1973). Two samples for each blended cement paste were 
used for repeatability determination. The protocol described in (Alonso M.C. et al., 2013) was 
followed. The pore solution pH was measured by using a pH electrode stable in high alkaline media 
and also by OH- titration. The concentration of Na, K, Ca, Si, Al and sulphates were analysed by using 



 

plasma mass spectrometer. Moreover, the hydration evolution in solid cement pastes was determined 
by stopping the hydration processes at different ages, after powdering the samples and removing the 
free water using ethanol and acetone to minimize leaching of solid phases (C-S-H gel and portlandite). 
XRD patterns were recorded at room temperature in the interval 5º<2θ<60º, with a step size of 2θ = 
0.01973º and 0.5 s per step. DTA/TG data were obtained with a resolution of 0.01 mg. The sample 
was heated to 1200ºC at a heating rate of 10ºC/min using nitrogen as a medium under static condition. 
Alumina powder was used as reference material. 
It is noteworthy that contrary to that made in previous works, in this paper both mortars and cement 
pastes were submitted to the same curing conditions in order to better relate the microstructure 
development evaluated in the cement pastes with the mechanical performance measured in the mortars. 
3. Results and Discussion 
3.1. Performance of the fabricated mortars 
Figure 2 shows the compressive strength evolution of the fabricated mortars. Although both OPC have 
the same nominal strength, the low alkali and low alumina one (Ref-1 mortar) shows higher 
compressive strength after 28 days; however, Ref-2 mortar has higher initial compressive strength than 
Ref-1. In fact, Ref-2 mortar is the sample with the higher initial mechanical strength. In this sense, as 
both plain mortars show different mechanical behaviour, the comparison between the ternary binders 
considered is not evident. Nevertheless, different considerations can be highlighted. First of all, in 
figure 2 left it can be seen that the main advantage of using ternary/quaternary binders instead of 
binary ones (OPC+BFS) lies in the higher early and longer strength detected in the formers as at 7 and 
28 days the strength values obtained are very similar. Regarding the use of different OPCs with SCM 
in ternary/quaternary systems, the main advantage of using a low alumina (and low alkali) OPC is the 
long-term compressive strength obtained that is higher in this case. Moreover, at 28 days, the 
compressive strength of SF-1 mortar is higher than that of SF-2, thus it is possible that the FA 
effectiveness/reactivity depends on the OPC chemical composition in a higher degree than BFS. In 
fact, the differences obtained in the strength gain between SF-1 and SF-2 are higher than those 
detected between SL-1 and SL-2. 
According to the obtained results, the use of ternary/quaternary blends with OPC with medium 
alumina content is not very disadvantageous when comparing to those based on low alumina OPC but 
when comparing to the early strength gain obtained in the corresponding plain mortar. In figure 2 it is 
observed that at 1 day of hydration, SL-2 and SF-2 mortars show almost half of the strength measured 
in Ref-2, so the use of these binders with this type of cement is not advantageous in the very short 
term. This initial strength decrease is similar to that detected by other authors in ternary mortars based 
on similar OPC plus FA and LF but at 28 days the compressive strength of the latters was lower with 
respect to the one of the reference mortar (De Weerdt K. et al., 2011a). Anyway, SL-2 and SF-2 
mortars show similar values than SL-1 and SF-1 at 1 day, thus during the very short term these 
formulations can be used interchangeably.  
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Figure 2 Compressive strength evolution of the fabricated mortars. Left: fabricated using OPC-1 as base 
cement; right: fabricated using OPC-2 as base cement.  



 

In the next sections, the microstructural changes involved in the performance observed in the 
fabricated mortars are shown. 
3.2. Microstructural evolution of the fabricated binders  
3.2.1 Pore solution evolution 
Figure 3 shows the pore solution pH evolution of the fabricated cement pastes. As similar results were 
obtained with the two methods followed, only the pH values measured with an electrode are presented 
in the figures. According to the obtained results, the base cement used play an important role in the pH 
values measured as in the binders with the more alkaline OPC (OPC-2), the pH values obtained are 
higher. Although the pore solution pH of the binders with SCM is always lower than that measured in 
the specific base cement (except for B-1 at 90 days), the observed differences are very low. This is 
remarkable considering the higher alkaline contents of the mineral admixtures used (mainly BFS and 
FA) so it seems that the alkalis from BFS and FA did not release to the pore solution. In fact, this 
assumption is demonstrated considering the chemical compositions obtained in the expressed pore 
solutions and showed in table 3. 
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Figure 3 Pore solution pH evolution of the fabricated cement pastes. Left: fabricated using OPC-1 as base 
cement; right: fabricated using OPC-2 as base cement. 

Although K is the main specie in all pore solutions, clear differences are evidenced regarding the 
alkali content of them. Ref-2 is the binder with the highest alkali content in its pore solution. Initially, 
Ref-1 also has very high alkali content but a progressive decrease in content is detected with hydration 
evolution. Regarding the binders with SCM, the OPC used in the formulation plays an important role, 
as the use of OPC-2 promotes an increase in the alkali content of the pore solutions. However, instead 
of the OPC used, the alkali content of the blended cement pastes is always lower than that detected in 
the corresponding Ref sample but a different phenomenon is observed depending on the OPC used. 
While when using OPC-1 (low-alkali) the main differences between samples appear at early ages of 
hydration, the long-term is essential if OPC-2 is used. In any case, the lower alkali content of the 
ternary/quaternary (and binary) blends with respect to the Ref samples is remarkable considering that 
BFS and FA initially contained higher Na2Oeq than OPC. Moreover, in table 3 is evidenced that the 
decrease in the alkali content with the hydration time is followed by an increase in the calcium content. 
This increase in the Ca content is not observed in Ref-2 that is also the only sample that has similar 
alkali content during all the test period. Regarding other ions contents, SO4 content is higher in Ref 
samples at early ages of hydration; this can be due to the dissolution of gypsum as setting regulator 
(Lothenbach B. et al., 2013) but it is noteworthy that in the Ref-2 sample this high content is 
prolonged during longer time (at least 28 days). With respect to Si and Al content, although they are 
very low during all the test period some conclusions can be extracted. Instead of the higher silica 
content of the mineral admixtures with respect to OPCs, the Si contents of the ternary/quaternary 
binders pore solutions (and even B-1) are always lower than those of the Ref samples. Moreover, this 
ion is in lower amount in the blended cement pastes based on OPC-1 than in the binders based on the 
higher alumina OPC. The main conclusion regarding Al is that has lower contents in the binders with 
SCM based on low-alumina OPC than in SL-2 and SF-2, mainly at 28 days. 



 

At last, the evolution of the sulphate/alumina ratios, that is expected to explain some microstructure 
phenomena mentioned in the next section, is different for the distinct samples: in Ref-1 a strong 
decrease is detected from 2 to 28 days (even lower ratio at 90 days) but in Ref-2 it increases from 2 to 
28 days and then decreases again. On the contrary in the ternary/quaternary binders an increase from 
28 to 90 days is always detected. 

Tab. 3 Chemical composition of the pore solutions at 2, 28 and 90 days of hydration 

 mg/l 

 
Sample 

K Na Ca SO4 Si Al 

Ref-1 10647 1435 312 309 0.19 0.12 
Ref-2 12719 1608 184 229 6.02 6.23 

B-1 3675 731 473 49 0.35 - 

SL-1 4541 1152 337 23 - 0.22 

2 days 

SF-1 4496 1165 372 37 - 0.23 

Ref-1 4947 1368 289 38 1.11 0.37 

Ref-2 11992 1456 109 449 2.50 1.99 

B-1 3815 1157 496 21 0.62 0.48 

SL-1 3107 866 398 24 0.74 0.21 

SF-1 4567 1346 510 29 0.64 0.57 

SL-2 9330 1246 194 29 1.60 1.22 

28 days 

SF-2 9333 1211 216 46 1.51 0.99 

Ref-1 2621 729 322 20 3.26 0.39 

Ref-2 10448 960 156 97 2.66 1.11 

B-1 3206 909 435 24 0.53 0.54 

SL-1 2246 792 407 36 0.47 0.40 

SF-1 2167 927 236 79 0.78 0.82 

SL-2 8443 1054 176 67 1.56 1.11 

90 days 

SF-2 6549 886 204 47 1.18 0.64 

3.2.2 Solid phases evolution 
The modifications observed in the pore solutions when using ternary and quaternary binders must be 
undoubtedly related to changes in the evolution of the resulting solid phases. Figure 4 and figure 5 
shows the XRD obtained in the fabricated cement pastes at different ages of hydration. In general, the 
XRD obtained in the evaluated samples are quite similar and they present portlandite and ettringite as 
main crystalline phases. Although most of hydrated calcium silicates (C-S-H) have amorphous 
formation, there are semi-crystalline forms (9CaO·6SiO2·11H2O) with jennite structure that can be also 
identified in these XRD tests thus implying the formation of C-S-H gels with C/S ratios higher than 
1.5. However, a deep evaluation of the XRD at low angle (8-16º2) allows the identification of certain 
differences between the different pastes that can partially explain the diverse mechanical performance 
observed in figure 2. Regarding the three binders based on OPC-1, at 90 days of hydration, apart from 
ettringite a peak identified as monosulphate is detected in Ref-1. However this last hydrate is not 
detected in SL-1 and SF-1 but other three phases are present: monocarbolauminate (or 
monocarbonate), hemicarbonate and hidrotalcite. It is known that these phases are formed at longer 
ages in OPC mixes containing limestone filler as the calcium carbonate of the latter can interact with 
the aluminate hydrates formed by OPC hydration (Bonavetti V.L., et al., 2001; Lothenbach B., et al., 
2008). In this sense, as the calcium monosulphoaluminate hydrate is not stable in the presence of 
CaCO3, hemi- or monocarboaluminate are formed. This phenomenon promotes the stabilization of 



 

ettringite thus increasing the total volume of the hydration products which has been shown to result in 
higher compressive strength as also corroborated in the present paper (Menéndez G., 2003; De Weerdt 
K. et al., 2011b).  
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Figure 4 XRD of Ref-1, SL-1 and SF-1 at 2 and 90 days of hydration. 1: Jennite (C-S-H), 2: Calcite, 3: 
Portlandite, 4: C2S, 5: C3S, 6: C4AF, 7: Quartz, 8: Ettringite, 9: Monosulphate, 10: Hydroxyl-AFm type soid 

solution, 11: Monocarboaluminate, 12: Hemicarbonate, 13: Hydrotalcite. 
 



 

 

0

2000

4000

6000

8000

10000

12000

14000

5 10 15 20 25 30 35 40 45 50 55 6

C
o
u
n
ts

2 Theta

Ref‐2

0

90 days

2 days

3

8

8

6

2

3
2

5
1

4

3

5

3

38

2 5

1

14

311

10

0

2000

4000

6000

8000

10000

12000

14000

5 10 15 20 25 30 35 40 45 50 55 6

C
o
u
n
ts

2 Theta

SL‐2

0

90 days

2 days

3

8

8

6

2 3

1
2

5
1

4

3

4 5
4

3

3
38 2

5

8
8

14

611

7

10

 

0

2000

4000

6000

8000

10000

12000

14000

5 10 15 20 25 30 35 40 45 50 55 6

C
o
u
n
ts

2 Theta

SF‐2

0

90 days

2 days

3

8

8

6

2 3

1
2

6
5
1

4

3

5

3

3

3
8

8

5

811

14

9

 
Figure 5 XRD of Ref-2, SL-2 and SF-2 at 2 and 90 days of hydration. 1: Jennite (C-S-H), 2: Calcite, 3: 

Portlandite, 4: C2S, 5: C3S, 6: C4AF, 7: Quartz, 8: Ettringite, 9: Monosulphate, 10: Hydroxyl-AFm type soid 
solution, 11: Monocarboaluminate, 12: Hemicarbonate, 13: Hydrotalcite, 14: Dolomite.  

Although OPC-1 has LF in its composition, its low Al content does not allow the formation of hemi- 
or monocarboaluminate. When using BFS and FA, that contain more Al2O3 than OPC-1, the formation 
of AFt and AFm is increased thus also increasing the carboaluminate hydrates formation. Although 
additional LF was not added to SF-1 samples, the low amount present in OPC-1 seems to be enough to 



 

promote this phenomenon. The mentioned phenomena are also corroborated considering the evolution 
of the sulphates/Al ratios of the analyzed pore solutions (see sulphates and Al contents in table 3) as a 
decrease in this ratio generates the decomposition of more ettringite after sulphate depletion. Whereas 
in Ref-1 sample a continuous decrease is detected (more marked from 2 to 28 days of hydration), the 
opposite occurs in the ternary/quaternary binders even if in SF-1 a decrease is detected from 2 to 28 
days. Then, the ettringite stabilization mainly due to the formation of monocarboaluminate in the 
ternary/quaternary binders with the subsequent increase in the stable hydrates volume can partially 
explain the compressive strength values detected in the mortars, except for the very short-term when 
the formation of carboaluminate hydrates does not already happen. 
In the pastes based on OPC-2 different phenomena are detected. In Ref-2, monocarbonate is detected 
at 90 days of hydration, due to its higher Al content comparing to OPC-1 without forgetting the 
presence of LF in its composition. However, at the same age hydroxyl-AFm type solid solution exists 
then the stabilization of the ettringite is not guaranteed. In SL-2 and SF-2 the monocarbonate is 
already present at 2 days of hydration and not only at longer ages. Moreover, neither hemicarbonate 
nor hydrotalcite are formed. These differences comparing to SL-1 and SF-1 must be also related with 
the better compressive strength observed in the latters possibly due to the next reasons. On one hand 
the formation of less hydrate phases could be related to less total stable hydrates volume. On the other 
hand, the early formation of monocarbonate could limit the role of this hydrate in the ettringite 
stabilization thus also reducing the stable hydrates volume. In this sense, it is remarkable that at 90 
days of curing, the peak associated to C4AF is still present in the pastes based on OPC-1 but is not 
detected in the samples based on OPC-2. Then, a faster liberation of these aluminates to the pore 
solution can be deduced (this agrees with the pore solution results shown in table 3) thus increasing 
the formation of monocarboaluminate. However, this formation is possibly to faster to contribute to 
the ettringite stabilization. In fact, in SF-2 the formation of monosulphate is detected at 90 days but 
not in SL-2 and this could be related with a higher stable hydrate volume in the latter thus explaining 
its higher compressive strength during all the test period. This agrees with the fact that FA reactivity is 
lower than that from BFS and SF-2 has also lower BFS content than SL-2. In fact, FA promotes 
pozzolanic reactions in the long term and the calcium aluminate hydrates generated in these reactions 
can react with the carbonate of the limestone filler and form calcium carboaluminate hydrates. Thus, 
possibly, the early formation of monocarbonate promoted by the higher alumina content of OPC-2 
(comparing to OPC-1) can limit the later formation of this same phase from the alumina releases from 
FA and the one previously released by BFS is not enough. Then, the available Al in the pore solution 
plays an important role in this fact. The lower Al in the pore solution in SF-2 with respect to that of 
SL-2, even when FA had higher aluminate content than BFS, confirms this statement. Anyway, these 
considerations must be evaluated in depth in future works. 
At last, in order to explain the lower long-term compressive strength of Ref-2, the peak around 2 = 
29.3º, associated to calcite and C-S-H with jennite structure, must be considered. In Ref-2 there is a 
strong decrease of this peak from 2 to 90 days (due to LF reaction) but this peak remains stable in the 
other 5 samples or even increases its intensity. Thus, in these 5 samples the decrease in the calcite 
peak due to LF reaction is compensated with the formation of C-S-H phases. Then, a lower long-term 
calcium silicate hydrates formation can be deduced in Ref-2 although this fact must be confirmed.  
In any case, and considering the formulations based on OPC-1, the increase in the stable hydrates 
volume could partially explain the higher long-term compressive strength of SL-1 and SF-1 with 
respect to Ref-1 but not the similar initial strength (considering that SL-1 and SF-1 have 36% less 
OPC in its composition). For this reason, a deeper study of these binder formulations was made by 
quantitatively estimating the bound water, Portlandite and C-S-H gels contents according to DTA/TG 
analyses. DTG analyses at different hydration times are shown in figure 6 and TG ones in figure 7. 
Three main endothermic regions are observed in all the DTA: 1) up to 350ºC mainly associated  with 
C-S-H gels dehydration, 2) at 400-500ºC associated with the portlandite dehydration and 3) at 650-
750ºC associated to the decomposition of carbonates. However, in ternary/quaternary binders other 
lower endothermic peaks are detected. One of them is evidenced in the 110-170ºC region after 7 days 
and it increases its significance with the hydration time. This peak can be associated with dehydration 



 

of the hemi- or monocarboaluminate that agrees with the XRD shown above. The other appears just 
before the portlandite peak and can be attributed to hydrotalcite and it also increases its intensity with 
hydration time. An important fact that corroborates the ettringite stabilization due to the formation of 
the previously mentioned phases is the increase in the intensity of the peak above 100ºC, partially 
attributed to the ettringite decomposition. This peak increases in intensity from 2 to 90 days in SL-1 
and SF-1 thus indicating an increase in the ettringite content. It is evident that this increase is slower in 
SF-1 than in SL-1 thus confirming the slower monocarbonate formation ratio when partially 
substituting BFS by FA. 
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Figure 6 DTG of Ref-1, SL-1 and SF-1 at 2 to 90 days of hydration. 

The DTA/TG analyses were also used to calculate the bound water, portlandite and the C-S-H gel 
contents and the obtained results are shown in table 4. The amount of bound water is higher in Ref-1 
during all the test period. However the amount of bound water per OPC (H/OPC) is always higher in 
the binders with SCM. Considering that BFS reactivity should start after 7 days and FA one in the 
long-term, the higher H/OPC of the ternary binders in the short term, considering their lower OPC 
content, must be related with an acceleration of the OPC hydration. The lower amount of bound water 
of the ternary mixes in the long-term (90 days), instead of their higher compressive strength values, 
must be related with different hydrates ratios (due to the formation of carboaluminate hydrates not 
detected in Ref-1) and different chemical compositions of the hydrates formed (mainly in C-S-H case).  
The mentioned OPC hydration acceleration in the short term for the ternary binders is reflected in the 
relative CH/OPC ratios obtained at 2 and 7 days of hydration. This value is more realistic than the 
pure CH content as portlandite is mainly/only generated by OPC hydration in these systems so the 
CH/OPC ratio allows correcting the differences caused by the lower OPC content in the cement blends 
(100% in Ref-1 and 64% in SL-1 and SF-1). Although the total CH content is higher during all the test 
period in Ref-1, at early ages of hydration the relative CH/OPC value is higher in ternary/quaternary 
binders thus indicating initial acceleration of the hydration processes in latters. As the compressive 
strength values obtained in the short term were very similar in the three formulations, these results 



 

indicate that the filler effect related to the increase in the CH formation due to the LF physic-chemical 
reactivity compensates the dilution effect caused by the reduction of OPC that is the fastest reactive 
component of the system. However, this does not happen in the ternary/quaternary formulations based 
on OPC-2 as at 1 day the compressive strength of Ref-2 mortar was twice as high as SL-2 and SF-2 
values. Then, the earlier formation of carboaluminates hydrates in the latter binders and their higher 
pore solution pH (and different chemical composition) with respect to ternary/quaternary binders 
based on OPC-1 must limit the filler effect. Regarding the portlandite content evolution over time, 
while in Ref-1 sample a continuous increase is detected in the ternary/quaternary blends CH content 
remains almost constant. The latter phenomenom is related to the CH reduction generated by the long-
term formation of carboaluminate hydrates and also to the pozzonalic reactions promoted by FA in 
SF-1 sample. 
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Figure 7 TG of Ref-1, SL-1 and SF-1 at 2 to 90 days of hydration. 

 The C-S-H gel content of pastes based on OPC-1 was estimated from DTA/TG analysis assuming a 
jennite structure according to XRD tests and pore solution pH. In this sense, at two days of hydration, 
all the samples have similar C-S-H gel contents and, as expected, these contents increase with 
hydration age. The similar calculated C-S-H gel contents at 2 days could indicate that the LF presence 
(and FA in a lesser degree) not only promotes a faster portlandite formation from OPC, previously 
mentioned in several papers, but also a faster C-S-H one. It is remarkable that at 90 days the C-S-H gel 
content is higher in SL-1 than in Ref-1, and SF-1 shows the lower content. These modifications in the 
C-S-H gel formation rates must be related with different starting reactions (both physical and chemical) 
of the used SCM. It is well know that BFS starts its reaction before than FA. The decrease in the BFS 
content in SF-1 causes lower C-S-H gel formation at 90 days. However, as SF-1 mortar had similar 
compressive strength values than SL-1 one at 90 days, it is expected the formation of C-S-H gels with 
different structure and composition in the former as the calcium silicate hydrates generated from 
pozzolanic reactions (due to FA presence) are expected to have tobermorite type structure with lower 
C/S ratios and higher Al/Si ratios (Cau-dit-Coumes C., et al., 2006; García Calvo J.L., et al., 2010). 
Anyway, in a very long-term a higher increase in the compressive strength values of SF-1 is expected 



 

as it was reported that after 1 year only 25-30 wt.% of the FA present in Portland cement blends has 
reacted (Ben Haha M., et al., 2010).  

Tab. 4 CH and C-S-H contents calculated from DTA/TG analyses for Ref-1, SL-1 and SF-1 at 2, 7, 28 and 90 
days of hydration. 

Hydrate content (%) Bound water (%) 
Sample Time 

(days) C-S-H CH CH/OPC H H/OPC 

2 22.2 14.1 14.1 17.4 17.4 

7 24.7 15.9 15.9 20.3 20.3 

28 38.4 17.4 17.4 23.7 23.7 
Ref-1 

90 45.4 19.5 19.5 29.8 29.8 

2 21.9 10.9 17.1 13.9 21.7 

7 28.8 11.0 17.2 18.7 29.2 

28 30.4 10.8 16.9 19.4 30.1 
SL-1 

90 47.4 11.3 17.6 22.5 35.1 

2 20.7 10.7 16.8 13.8 21.6 

7 27.0 11.4 17.8 15.7 24.6 

28 33.6 11.0 17.2 17.8 27.9 
SF-1 

90 43.4 11.2 17.5 23.8 37.1 

4. Conclusions 
Several ternary and quaternary cement formulations have been evaluated in different OPC systems to 
analyze the modifications promoted in the mechanical performance and the microstructural 
phenomena involved. In this sense, OPC with different alumina and alkali contents have been 
considered.  Several conclusions can be extracted: 

- The main improvement of using ternary/quaternary binders instead of binary ones (OPC+BFS) 
lies in the higher early and longer strength detected in the formers and the main advantage of 
using a low alumina (and low alkali) OPC in ternary/quaternary systems is the obtaining of 
higher long-term compressive strength. 

- The FA effectiveness depends on the OPC chemical composition in a higher degree than BFS 
one. 

- The better mechanical performance detected in the mortars based on OPC-1 can be partially 
due to an appropriate long-term formation of carboaluminate hydrates. The early formation of 
monocarbonate in the mixes based on OPC-2 could limit the role of this hydrate in the 
ettringite stabilization thus also reducing the stable hydrates total volume.  

- OPC hydration acceleration is detected in the short term for the ternary/quaternary binders 
based on OPC-1. This acceleration is reflected in the relative higher H/OPC and CH/OPC 
ratios obtained at 2 and 7 days of hydration in SL-1 and SF-1 with respect to Ref-1. The LF 
presence in these formulations (and FA in a lesser degree) not only promotes a faster 
portlandite formation from OPC but also a faster C-S-H one. Thus, the filler effect related to 
the increase in the CH formation due to the LF physic-chemical reactivity compensates the 
dilution effect caused by the reduction of OPC. This does not happen in the ternary/quaternary 
formulations based on OPC-2  so the earlier formation of carboaluminates hydrates in these 
binders and their higher pore solution pH (and different chemical composition) with respect to 
ternary/quaternary binders based on OPC-1 must limit the filler effect.  
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Abstract 
In recent years, the thin-layer wicking technique proposed by Van Oss was considered useful to 
measure the contact angle and the surface energy of powders. In this paper, the effect of the thickness of 
powders thin-layer and the amount of penetrating liquids on contact angle of cement powders was 
discussed. 1-Bromonaphthalene, formamide and deionized water were selected as penetrating liquids. 
Surface energy was calculated by a equation when contact angles were obtained. The relationship 
between surface energy and those factors were concluded which could provide guidance for the 
application of this method. 
 
Originality 
The contact angle of powders are measured based on the thin-layer wicking technique. In this paper, the 
influence factors of the thickness of powders thin-layer and the amount of penetrating liquids on 
contact angle of cement powders was discussed. The kinds of penetrating liquids and test temperature 
also have impact on the measurement of surface energy. 
 
Key words: surface energy; contact angle; cement powders; influence factors 
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1.Introduction 

Surface energy of powders is one of the most important parameters for it’s properties. The 
surface energy of the cement powders has influence on the wettability of the components of 
cement-based materials and their surface interactions. (Liu Jiaping et al. ,2013; Zhu Yijia et 
al. ,2006). Generally, the surface energy of a bulky material can be determined by measuring 
the dynamic contact angle between a penetrating liquid and its surface detectly. However, this 
method isn’t applicable in cement powders sample(Costanzo P M,Wu W. et al.,1995). In 
recent years, the thin-layer wicking technique proposed by Van Oss (Giese, R.F. et al., 1991) 
was considered useful to measure the contact angle and the surface energy of powders. Based 
on the principle of thin-layer wicking technique, the contact angle of Portland cement 
powders is measured, and then the surface energy and the surface energy components are 
obtained. 
Based on the method of thin-layer wicking technique, the penetrating liquid penetrates a 
thin-layer of cement particles along horizontal direction, recording the penetrating distance, X, 
and relevant time,t. 
The dynamic contact angle can be obtained via the Washburn equation (equation (1)) 
(Chibowski E, 1993). 
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Where γ and η are the surface tension and viscosity of a penetrating liquid; X and t are the 

penetrating distance, time, respectively; θ is the contact angle; Reff is the effective radius of 

the thin-layer. Where 1, 2 represent the reference and a penetrating liquid, K is slopes of 

curves t-X2. 

In the equation, γ and η are characteristic parameters of the penetrating liquid. X and t can be 

measured directly by experiments. However, it is difficult to evaluate Reff. To solve this 

problem, a comparative method is adopted by using a reference and a penetrating liquid. One 

thin-layer was used for both n-heptane and a penetrating liquid test in order to ensure the 

same Reff . 

N-heptane was widely used as reference liquid for its low surface tensions. It can completely 

spread out on the surface of a solid, giving a zero contact angle(θ=0°). With the same cement 

thin-layer, the contact angle of other liquids on the cement can be obtained using the equation 

2 (Pei Ning, 2008). 
The surface energy of a cement powders can be calculated by using the Lifshitz-van der 
Waals equation (Van Oss C.J. et al. , 1986; Fowkes F M., 1987). 
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L  are dispersive component of surface energy of solid and liquid. γ+ 
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L are polar electron donor and acceptor component of solid and liquid, respectively. 



Using the above equations, one can calculate the total surface energy γS and its component of 

surface energy γ+ 

S , γ- 

S. 
In this paper, a lab-made thin-layer wicking apparatus was used for the experiment. The effect 
of thickness of powders thin-layer and the amount of penetrating liquids on contact angle of 
cement powders was discussed. The relationship between surface energy and those factors 
was concluded which could provide guidance for the application of this method. 
2. Experimental 
2.1. Properties of material 
Portland cement was produced by a factory in Shandong Province.The chemical composition 
of Portland cement is listed in table 1. Portland cement particle size distribution was measured 
and listed in table 2. 

Tab 1 Chemical composition of Portland cement/% 

Compositions CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O 

w/% 63.14 20.37 4.51 3.31 1.96 2.46 0.8 0.11 

 
Tab 2 Particle size distribution of Portland cement powders/% 

Sample <5μm <11μm <22μm <33μm <48μm <70μm >70μm 

Cement 30.3 46.3 66.7 82.0 91.5 94.4 5.6 

1-Bromonaphthalene, formamide and deionized water were selected as penetrating liquids. 
The n-heptane was selected as reference solution for its low viscosity and volatility. The 
physical properties of the penetrating liquids are given in table 3. 

Tab 3 Viscosity, surface tension and surface energy parameter of the penetrating liquids at 20℃ 

Penetrating  

liquids 

Viscosity 

×10-3/Pa·s 

Surface 

Tension 

γL/ mN·m-2

Dispersive 

components of 

surface energy 

γLW

L /mJ·m-2 

Polar 

electron 

donor 

component 

γ+ 

L/mJ·m-2 

Polar 

electron 

acceptor 

component 

γ- 

L /mJ·m-2 

N-heptane 0.4169 20.1 20.1 0 0 

Deionized water 1.002 72.8 21.8 25.5 25.5 

1-Bromonaphthalene 4.69 44.40 44.4 0 0 

Formamide 3.116 58.0 39.0 2.28 39.6 

2.2 Experimental Process 
Put 3g of the Portland cement powders into 10mL alcohol to get suspensions under continues 
magnetic stirring. 1g of the Portland cement powders were put into 10mL alcohol was also 
used for comparison. 2.5mL of suspension liquid was dropped on each glass slide(25mm×
75mm). After alcohol was fully evaporated at room temperature, the glass slides were dried 
for 4 hours at 50℃, and stored in a desiccator.  
In each group, 3 glass slides were prepared for penetrating process with n-heptane one after 

another. After the experiment, the glass slides were taken out and dried for 4 hours at 50℃. 

Repeating the above process with the penetrating liquids 1-bromonaphthalene, formamide and 

deionized water, and compared with n-heptane, respectively. 
A lab-made thin-layer wicking apparatus is shown in Figure 1. 
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Note: 1-penetrating liquids and carrier(absorbent cotton); 2-powder thin-layer; 3- medium; 

4- graduated scale; 5- support blocks; 6-glass cover; 7-baseboard； 
Figure 1 A lab-made thin-layer wicking apparatus 

3. Results and Discussion  
3.1 The contact angle of penetrating liquids on the surface of Portland cement 
Here are three groups of experiments. The first one which is alcohol to cement ratio is 
10:3(wt), marked as A. The second one which is Alcohol to cement ratio is 10:1(wt), marked 
as B. The last one which was using much more 10wt% penetrating liquids than group A, 
marked as C. 
The thin-layer wicking measurement results are depicted in Figures 2~4. 
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(c) t-X2 curves of N-heptane and Deionized water 

Figure 2 A:t-X2 curves of penetrating liquids on cement powder thin-layer 
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(c) t-X2 curves of N-heptane and Deionized water 

Figure 3 B: t-X2 curves of penetrating liquids on cement powder thin-layer 
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(c) t-X2 curves of N-heptane and Deionized water 

Figure 4 C: t-X2 curves of penetrating liquids on cement powder thin-layer 

The curves were fitted via the origin point to get the slope values. The contact angles (in 
table4) were obtained via the equation (2). 

Tab 4 Contact angle of liquids at the surface of Portland cement powders /° 
sample 1-Bromonaphthalene Formamide Deionized water 

A 23.83 25.10 49.24 
B 27.34 31.02 54.26 
C 20.86 23.04 48.12 

As can be seen from table 4, the cement thin-layer A has smaller contact angle than B. The 
reduction in the contact angle was due to the fact that the thickness of cement thin layer has 
impact on the forming of capillary and penetrate process. 
Compared with group A, C has maller contact angle than A for each penetrating liquids. This 
could be because of C used much more penetrating liquids which can speed the penetrate 
process. It could be explained by equation (2). 
3.2 The surface energy and Surface energy components of Portland cement powders 
The contact angle of 1-bromonaphthalene in table 4 was substituted into the Lifshitz-van der 
Waals acid base equation (3), one can calculate the dispersive components of surface energy 
γLW

L  via the equation (4). While γ+ 

L  and γ- 

L can be obtained by substituting the parameters and 
the corresponding contact angle of formamide, deionized water into equation (3). 
The surface energy and surface energy components of Portland cement powders are presented 
in table 5. 

Tab 5 Surface energy and surface energy components of Portland cement powders / mJ·m-2 

sample 

Dispersive 
components 
of surface 
energy /γLW

S  

Polar 

electron donor 

component γ+ 

S 

Polar 
electron acceptor 

component γ- 

S 
Surface energy γS

A 40.70 1.86 21.64 53.39 
B 39.59 1.73 18.37 50.86 
C 41.54 1.90 22.29 54.56 

The data in table 5 shows that the surface energies of the group A,B,C are 53.39, 50.86 and 
54.56 mJ·m-2, respectively. It also can be seen from table 5 that the group B with thinner 
thin-layer has smaller surface energy compared with A. And the group C with much more 
penetrating liquids has higher surface energy than group A. Both the thickness of powders 
thin-layer and the amount of penetrating liquids have effect on the surface energy of cement 
powders. 
Based on the above method, the contact angle one measured is a relative dynamic contact 
angle. One should be controlled as far as possible in the same measurement conditions for 
experimental accuracy and persuasive. Therefore, the results have the comparability. 
4. Conclusions 
From the present study can draw the following conclusions: 
(a) The thickness of cement thin-layer have effect on contact angle measurement and surface 
energy. The surface energy of the group A,53.39 mJ·m-2, is higher than that of B,50.86 mJ·m-2, 
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while the cement thin-layer of group A is thicker than group B. Briefly, the thicker cement 
powder thin-layer the higher surface energy. 
(b) Group C used much more 10wt% penetrating liquids has lower contact angle and higher 
surface energy, 54.56 mJ·m-2, than that of A.  
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Abstract 
In oil and gas well construction, one of the most critical processes is the primary well cementing. Primary cementing is 
the process of placing cement in the annular space between the casing and formations exposed to the drilled wellbore. 
The major function is to provide zonal isolation between the formations, with the objective of preventing oil and gas 
from contaminating ground waters or to exclude fluids such as water or gas from oil producing zones in the well. 
Without complete isolation in the wellbore, the well may never reach its full production potential. For these reasons, 
one of the needs in the oil industry, specifically in the field of well cementing, is the use of materials with high 
performance that enhance the longevity of the well and reduce costs associated with repair or losses due to failures in 
the cement sheath. Currently, the efforts in the area of high performance materials for oil well cementing are focused 
on the development and possible use of nanotechnology. In this respect, nanotechnology offers a means to obtain 
substantial changes in the chemical, physical and mechanical properties, due to the increase of their surface that allows 
them to have a high reactivity.  
This research provides an explorative study to determine the influence of a newly developed nano-silica obtained from 
the dissolution of olivine (OnS) as an additive in cementitious slurries for oil and gas wells. In this context, the heat 
evolution of normal density slurries of Class G oil well cement and olivine nano-silica, cured under different 
temperatures and atmospheric pressure, is examined by isothermal calorimetry. Under isothermal and isobaric 
conditions, the dependency of cement hydration kinetics on curing temperature is related to the activation energy and 
the degree of hydration of the cementing slurries. In addition, the apparent activation energy of the different slurries 
with OnS is estimated using static and dynamic methods. Finally, the effect of adding OnS in conventional density 
slurries is investigated. These mixes are tested using available methods and procedures such as thickening time, 
rheology, settling and ultrasonic compressive strength determination, all prescribed by corresponding ISO/API 
standards. 
 
Originality 
The most used nano-material to modify the properties of oil well cementing compositions is amorphous nano-silica. 
Nowadays, the two most important commercial processes in the production of nano-silica are the neutralization of 
sodium silicate solutions with acid (this material is referred to as colloidal silica) and the flame hydrolysis (pyrogenic 
silica). Both processes are expensive because of the price of the raw materials and the energy requirements. Nano-
silica can be applied more widely if a new industrial, low cost, production process is developed. Based on this, the new 
developed nano-silica from the dissolution of olivine in acid emerges as alternative. Additionally, the effects of adding 
OnS on the type of cement (CEM G vs. CEM I) and the curing condition found typically in well cementing operation 
have not been studied yet. 
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1. Introduction 
In oil and gas well construction, one of the most critical processes is that of primary well cementing. 
Primary well cementing is the process of placing cement in the annular space between the casing and 
the formation exposed to the drilled well-bore, with the major function to provide zonal isolation. 
Nano-materials, in particular colloidal silica, are known to improve on the properties of oil well 
cementing compositions (Quercia, 2014). Several methods are used to produce nano-silica, with the 
two most important commercial processes being  neutralization of sodium silicate solutions with acid 
(colloidal silica) and flame hydrolysis (pyrogenic silica) (Lazaro et al, 2013). These processes are 
expensive due to the price of the raw materials and the energy requirements involved. As a result of 
this a more economical method to produce nano-silica has been developed, based on dissolution of 
olivine (OnS) in acid (Lazaro, 2014). Published results (Quercia, 2014) on the hydration kinetics and 
rheological tests of OPC cement pastes with OnS have shown its potential use as an additive to control 
the viscosity of the slurry, provide thixotropic behavior and possibility to enhance the early 
compressive strength. However, the effects of adding OnS to a Class G oil-well cement compared to a 
construction Type 1 cement as well as curing under conditions found typically in well cementing 
operations have not previously been studied. The aim of this study is to establish the influence of OnS 
on Class G cement slurries for oil and gas wells. Calorimetric methods were used in conjunction with 
standard methods and procedures as described by corresponding API standards. In calorimetric 
analyses, slurries with standard oil-well micro-silica (mS) were used as a reference additive material 
as the current source of amorphous silica in well cementing operations.  Slurries for testing with 
standard methods and procedures were based on laboratory designs for field application. 
 
2. Experimental 
 
2.1. Materials 
In this study the oil-well cement used was supplied by Dyckerhoff (Germany) and was classified as a 
Class G, according to API 10A (2010) specifications, with mineralogical composition (wt.%) C3S – 
64.00, C2S – 11.92, C3A – 1.20, C4AF – 14.2 and C4AF + 2C3A – 16.6 based on Bogue calculation as 
provided by manufacturer. A 10 wt% solids OnS dispersion prepared from a synthesized pilot plant 
batch (15 kg) of OnS cake (Geochem Research B.V, The Netherlands) was used for calorimetric 
studies whereas the OnS cake (20 wt% solids) was used for conventional oil-well slurry (laboratory 
designed for field application) experimental testing. An oil-well grade mS (Microlite®-P) provided by 
Elkem Materials (Norway) was used for comparison with the OnS in calorimetric studies. The 
chemical composition and loss of ignition for the Class G cement, OnS and mS is shown in Table 1.  
 

Table 1 LOI and chemical composition by XRF of used materials. 
Content by XRF (%) Class G mS OnS 
SiO2 20.12 96.74 99.10 
Na2O - 0.18 0.01 
Al2O3 2.90 0.99 0.11 
Fe2O3 4.76 0.14 0.23 
CaO 65.04 0.29 0.02 
Cl 0.02 - - 
P2O5 0.40 0.08 0.01 
K2O 0.78 0.98 0.10 
MgO 1.34 0.41 0.24 
TiO2 0.47 0.01 0.01 
SO3 3.09 0.15 0.14 
C-Total - 0.03 0.01 
Others 0.21 0.80 0.02 
LOI 0.87 1.94 9.00 
Total 100 100 100 

带格式的: 左侧:  70.9 磅,
右侧:  70.9 磅, 顶端:  87.9
磅, 底端:  87.9 磅, 页眉到
边缘距离:  35.45 磅, 页脚到
边缘距离:  35.45 磅, 无网格



 

In addition, a commercial dispersant based on a modified polycarboxylate ether, PCE-type, supplied 
by BASF (Germany) was used to provide dispersed slurries for the calorimetric study. Additional 
additives, oil-well grade dispersant polynaphthalene sulfonate, PNS-type, antifoam long-chain 
hydroxyl compound and anti-settling biopolymer, used for determining the influence of OnS on 
conventional oil-well slurries were provided by Total E&P (France). Distilled water was used in all 
experiments. 
 
2.2. Experimental Process 
 
2.2.1 Calorimetric studies 
A total of eight oil-well cement slurries with a normal density of 1.89 g/cm3 were prepared according 
to the designs shown in Table 2. Slurry preparation consisted of adding dispersant and OnS or powder 
micro-silica to water in a high energy (600W) hand blender (Philips HR 1363) at 20 s intervals. This 
was followed by addition of the cement over a 15 s period and then continuing mixing for an 
additional 1 min to obtain a homogeneous slurry. The formulated slurries were studied using an 
isothermal calorimeter (TAM® Air TA Instruments) at 20, 40 and 60 °C over a period of 48 hrs. 
 

Table 2 Standard slurry composition used for hydration kinetic studies (density 1.89 g/cm3). 

Materials Ref-1 CS-1 CS-2 CS-3 CS-4 CS-5 CS-6 CS-7 

OnS (% bwoc)* 0 0.5 1.0 1.5 2.0 0 0 0 
mS (% bwoc) 0 0 0 0 0 1.0 2.0 10.0 
Class G (%) 100 100 100 100 100 100 100 100 
Water (% bwoc) 44 44.1 44.3 44.4 44.6 43.7 43.5 41.3 
PCE-type (L/100kg)  0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
w/b 0.44 0.44 0.44 0.44 0.45 0.44 0.44 0.41 

(*) Equivalent SiO2 content;  
 

The progress of the hydration of the cement slurries was quantified by the hydration degree (α), which 
varies from 0 to 1. For this study, the hydration degree is estimated according to van Breugel (1991) as 
the ratio of heat evolved at time t to the total amount of heat available (Qmax). The value Qmax was 
calculated according to Poole et al. (2007) using the cement composition and amount and type of 
silica. The maximum heat of olivine nano-silica or micro-silica was assumed to be equal from  the 
amount of amorphous SiO2 in both silica types (amount to 780 J/g according to Waller et al., 1996). 
The activation energy (Ea) was estimated using two different methods. The first method applied was 
considering a first order reaction rate (Arrhenius-type) expression according to the methodology 
described by Glasstone et al. (1941). The second method applied was the incremental reaction rate 
method (Poole et al, 2007; Kada-Benameur et al. 2000). This method considers that the reaction rate is 
a function of the hydration degree (considering a differential first order rate approximation). In this 
method the reaction rate at each point where heat flow evolution was measured at a constant hydration 
degree. For the calculation of the activation energy using the incremental reaction rate method the data 
at 20 to 60 °C was considered. More details can be found in Quercia (2014). 
 
2.2.2 Performance tests of conventional oil-well slurries with OnS 
Three oil-well cement slurry compositions (Table 3) with a standard density of 1.90 g/cm3 were used 
for this study. The first composition was optimized by adjusting the amount of additives to obtain an 
easy to mix slurry with low rheological parameters and good stability. Two concentrations of OnS 
cake were used (0.5 and 5.0% bwoc) in order to observe the variations in performance of such 
compositions. All slurries were prepared as per API RP 10B-2 (2013) with the modification that anti-
settling additive was first added to the water and allowed to hydrate under gentle agitation for 5 min, 
then the antifoam and OnS cake, were added followed by the dispersant (PNS-type). Cement Class G 
was then added to the liquid within 15 s at 4000 ± 100 rpm and mixed for 35 s at 12000 ± 250 rpm. 
All slurries were mixable, pourable and without evidence of settling. Density, rheology, free-fluid and 



 

sedimentation, thickening time and compressive strength data for the slurries were carried out 
according to procedures given in API RP 10B-2 (2013). 
Densities of the slurries were determined using a pressurized fluid density balance.  Rheological 
measurements were made using a Chandler Engineering (USA) concentric viscometer (Model 3500) 
coupled with a rotor R1 and bob B1, respectively. Slurry viscosity was determined immediately after 
mixing and after the slurry was conditioned for 30 min in an atmospheric consistometer at 25°C. 
Measurements were reported as the average of ramp-up plus ramp-down readings taken at 3, 6, 30, 60, 
100, 200 and 300 rpm. Static gel strength of the slurries was determined after homogenization at 300 
rpm and after 10 s and 10 min of static conditions from 3 rpm viscometer readings. The rheological 
properties were estimated by the geometrical consideration and the best fitted fluid model.  
 

Table 3 Conventional slurry compositions used for the performance based 
tests (density 1.90 g/cm3). 

Materials Ref-2 CS-8 CS-9

OnS cake (% bwoc)* 0 0.5 5.0 
Class G (%) 100 100 100 
Water (% bwoc) 44.0 43.6 40.0
PNS-type (L/100kg) 0.092 0.092 0.092
Antifoam (L/100kg) 0.075 0.075 0.075
Anti-settling (% bwoc) 0.15 0.15 0.15
w/b 0.44 0.44 0.44

         (*) OnS cake with 20 wt.% solids  
 

Thickening-time (T.T.) is a measure of the length of time a cement slurry remains pumpable and was 
determined using a Chandler Engineering (USA) pressurized consistometer model 7322 HPHT. 
Temperature and pressure of the cement slurry were increased from room temperature and 
atmospheric pressure to 25°C and 3.45 MPa (500 psi) respectively, in 15 minutes. Thickening-time 
was recorded as the time between the first application of temperature and pressure to the pressurized 
consistometer and the time at which a consistency of 100 Bearden units (Bc) was reached. Bearden 
unit of consistency or Bc is the measure of the consistency of a cement slurry with no direct 
conversion factor to more common units of viscosity (Nelson and Guillot, 2006). Time to reach 
consistency values of 40, 70 and 100 Bc were reported. Compressive strength of the slurries was 
determined by a non-destructive ultrasonic technique using a Chandler Engineering (USA) Static Gel 
Strength Analyzer (SGSA) model 5265. The pressure was set at 3.45 MPa from the beginning of the 
test while temperature of the cement slurry increased from room temperature to 25°C in 15 to 30 
minutes. The evolution of the transit time and the resulting compressive strength was recorded 
continuously until 48 h. The time to reach 0.35 MPa and 3.45 MPa was reported in addition to the 
equivalent compressive strengths at 12, 24 and 48 h. 
 
3. Results and Discussion 
 
3.1. Hydration degree and activation energy  
From the heat flow curves, the hydration degree (α) of the different cement slurries studied was 
calculated (Table 4). It is interesting that the final estimated α of 10% mS slurry is the lowest in the 
tested range of temperatures (20 to 60 °C). The lowest hydration degree for 10% mS is probably 
caused by the lower w/b ratio (0.41) compared to the others slurries tested (w/b= 0.44). The higher 
hydration degree, in comparison to the reference, obtained at all tested temperatures confirms again 
the acceleration effect induced by the OnS additions. In general, the higher the temperature the higher 
the hydration degree for OnS slurries. Table 4 summarizes the calculated hydration degrees at 12, 24 
and 48 h, for all the cement slurries tested. It is possible to observe from the data in this table that a 
small addition of OnS (0.5% bwoc) has the same effect as 10% bwoc of mS. Higher α after 12 h 
results in cost reductions due to the decrease in waiting time to continue the drilling operations due to 



 

cementing operations. Also, operations performed can be easier due to the fact there is no need for 
additional blending steps of a high percentage of micro-silica. 
In cement hydration, multiple reactions take place simultaneously, all of which are affected by 
temperature. The term apparent activation energy (Ea) is used to represent the average effect of 
temperature on the combined reactions. The estimated apparent activation energy results obtained for 
the first method (slope or linear approximation) and the second method (incremental calculation) are 
summarized in Table 5. It is evident from the data presented in Table 5 that the Ea obtained by the 
slope method is different for all slurries. In the case of the OnS slurries, the Ea increases for 0.5 and 
1.0% bwoc OnS slurries (CS-1 and CS-2) compared to the reference, after that the Ea drops to a 
minimum of 58.34 kJ/mol for 2.0% OnS (CS-4). Similar observation, but with lower extent, was made 
for the slurries with mS. Different interpretations can be made based on the obtained results. First, the 
drop in the activation energy, in general, confirms the acceleration effect induced by nano-silica 
particles. 
 

Table 4 Estimated hydration degrees (α) for the different cement slurries (density 1.89 g/cm3) tested at 
20, 40 and 60 °C, respectively. 

20 °C 40 °C 60 °C 
Slurry α   

 (12 h)
α   

(24 h) 
α  

(48 h) 
α  

(12h)
α  

(24h)
   α   
(48 h)

     
(12 h) 

α  
(24 h)

α  
(48 h)

Ref-1 0.023 0.22 0.44 0.27 0.47 0.59 0.35 0.55 0.65
CS-1 0.026 0.28 0.48 0.37 0.54 0.66 0.48 0.64 0.73
CS-2 0.031 0.30 0.49 0.39 0.54 0.66 0.51 0.67 0.75
CS-3 0.053 0.33 0.50 0.39 0.55 0.67 0.53 0.68 0.76
CS-4 0.089 0.35 0.50 0.39 0.55 0.67 0.54 0.68 0.76
CS-5 0.023 0.23 0.45 0.26 0.47 0.49 0.37 0.59 0.70
CS-6 0.022 0.23 0.45 0.29 0.49 0.61 0.36 0.59 0.69
CS-7 0.028 0.27 0.42 0.30 0.45 0.58 0.43 0.59 0.63

 
Lower Ea means that the hydration reaction is enhanced or can occur easier. Also, according to 
Levenspiel (1999), reactions with high Ea are very temperature-sensitive. On the contrary, reactions 
with low Ea are relatively temperature-sensitive. Based on this, it is possible to state that the addition 
of OnS and mS in concentrations lower than 2.0% bwoc make the hydration reaction of Class G HSR 
more temperature-sensitive. The increase in the activation energy for small amounts of OnS and mS is 
not expected considering the observed acceleration effects. One explanation of this can be found in 
changes induced by the presence of nano-particles on the stoichiometry, kinetics and mechanism of 
cement hydration reaction (Levenspiel, 1999). Cement is composed of a number of different phases 
that react at different rates, so it is possible that the Ea may vary considerably as with the hydration 
degree (Poole et al., 2007). Furthermore, hydration is initially reaction-rate-limited and becomes 
diffusion-limited as solid hydration products are formed (Thomas, 2012). For that reason an 
incremental calculation method was also applied to highlight how Ea is influenced by the progress of 
hydration (Table 4). The average Ea for slurries with OnS is slightly affected compared to the 
reference slurry. Nevertheless, considering the instantaneous Ea calculated at very early age (α=0.01) 
which is represented by the values in parenthesis in Table 5, it is possible to observe that the Ea is 
lower than the reference. This confirms again the role of OnS to decrease the Ea and thus, accelerating 
the slurry’s setting. The same observation is valid for mS slurries which also decrease Ea. In Table 5 it 
is also possible to observe that the apparent activation energy varies with the temperature (Ea20-40 < 
Ea40-60). According to Kada-Benameur et al. (2000) this variation is not illogical insofar as the 
Arrhenius relation has been established for simple reactions only. This energy represents a constant 
with chemical significance. In the case of the reaction of cement hydration, it concerns a macroscopic 
apparent activation energy, which translates to no chemical law at the microscopic level (Waller et al., 
1996). Further studies (Poole et al., 2007; Thomas, 2012) attributed the change of Ea with temperature 
rise. The fast initial hydration caused by high temperature leads to the formation of a thicker and more 



 

compact layer of hydration products (changes in microstructure level) around the cement grains that 
affects the hydration (increasing Ea). 
 

Table 54 Estimated average activation energy (Ea) of cement slurries (density 1.89 g/cm3). 
Slope method (static) Incremental method (dynamic) Incremental method (dynamic) Slurry 

Ea20-40-60 (kJ/mol) Ea20-40 (kJ/mol) Ea40-60 (kJ/mol) 
Ref-1 63.57 38.18 ± 0.09 (39.57) 43.34 ± 0.05 (43.49) 
CS-1 67.86 38.12 ± 0.11 (38.99) 43.37 ± 0.14 (41.40) 
CS-2 64.52 38.20 ± 0.15 (39.24) 43.33 ± 0.06 (39.72) 
CS-3 60.84 38.16 ± 0.05 (39.96) 43.35 ± 0.10 (40.48) 
CS-4 58.34 38.14 ± 0.06 (37.89) 43.33 ± 0.07 (38.76) 
CS-5 64.88 38.17 ± 0.11 (39.52) 43.29 ± 0.11 (41.92) 
CS-6 67.65 38.14 ± 0.05 (38.41) 43.36 ± 0.04 (46.67) 
CS-7 63.57 38.14 ± 0.07 (35.26) 43.32 ± 0.07 (43.40) 

 
3.2. Performance tests of conventional oil-well slurries with OnS  
Figure 1 shows the flow curves of different cement slurries studied. Addition of 0.5% bwoc of OnS 
cake (0.1% equivalent SiO2) does not have an adverse effect on the slurry rheology. On the contrary, 
after atmospheric conditioning (Figure 1b), the final rheological properties are slightly decreased 
compared to the reference Class G slurry based on the lower plastic viscosity (PV) and yield point (YP) 
determined using the Bingham plastic model. In the case of the slurries with 5.0% bwoc of OnS cake 
(1.0% equivalent SiO2) it is evident that the increase in specific surface area in the mix produced an 
increased YP of the cement slurry after the initial mixing (0.53 vs. 6.10 Pa), Figure 1a. This can also 
be the result of the larger water retention capacity of the OnS agglomerates as already demonstrated in 
(Quercia, 2014). The higher concentration of nano-particles results also in an increase in the PV which 
again is expected at constant dispersant content. In general, for a fixed concentration of SP or 
dispersant, a linear increase in PV and YP is expected. Similar linear increase in the YP and plastic PV 
of oil-well cement Class G slurries were already reported by Ershadi et al. (2011) using spherical 
nano-silica powder (20 nm) between 1.0 to 3.0% bwoc. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Flow curves of the different conventional cement slurries (standard density 1.90 g/cm3). 

 
Figure 2a shows the T.T. curves obtained for the conventional cement slurries. It is noticeable that the 
consistency of the cement slurries is affected on using only a fixed amount of dispersant. Comparing 
the slurry without OnS and those containing 0.5 and 5.0% bwoc additions of OnS cake, several 
observations can be made. First, the slurry with 0.5% bwoc OnS cake, which gives similar PV and YP 
to the reference, shows consistency values lower than the reference slurry during the first 4 h and 10 
min. Although the slurry with 0.5% bwoc of OnS cake gives a relative lower consistency, the point 
where the slurry starts to build higher consistency values (point A in Figure 2a) is shortened by 33 min 

(a) After mixing (b) After atmospheric conditioning for 
30 min at 25° C. 



 

compared to the reference (point B, Figure 2a). This is a clear evidence of the accelerating effect on 
the hydration induced by the nano-silica particles. As is observed in Figure 2a, low concentrations of 
OnS marginally decreased the T.T. at 40 and 70 Bc which amounts to only 15-20 minutes less than the 
reference. The higher concentration of OnS cake (5.0% bwoc) has a marked effect on consistency, 
Figure 2a. Although the consistency is lower in the first 1 h and 38 min, the consistency starts to 
increase (point C, Figure 2a) almost 2 h 37 min before the reference. This suggests that the OnS can be 
used as chloride-free accelerator. The acceleration on the cement slurry hydration is also translated 
into a shorter time to develop consistencies between 40 to 70 Bc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Performance test results of the different conventional cement slurries (1.90 g/cm3). 
 
Ultrasonic compressive strength (UCS) data for the conventional slurries is provided in Table 6 and 
Figure 2b. Time to reach 0.35 and 3.45 MPa, respectively are considered important from an 
operational perspective, as a UCS of 0.35 MPa is related to initial setting (Salazar, 2013) while a UCS 
of 3.45 MPa is considered as the necessary compressive strength required before operations can 
continue. From the operational point of view, the compressive strength value at 12, 24 and 48 h is also 
reported. According to the UCS data, Table 6, it is quite evident that the development of compressive 
strength is accelerated in the slurries with both 0.5 and 5.0% bwoc OnS cake additions given reduction 
in times to reach 0.35 and 3.45 MPa. The increase in compressive strength is notable even at the 0.5% 
bwoc concentration of OnS cake, where the 12-h compressive strength is 16% higher than the 
reference. This improvement, later decreases with time giving values that are 5.2% and 3.9% higher 
than the reference slurry at 24-h and 48-h, respectively. In the case of the slurry with 5.0% bwoc OnS 
cake, the effect is more obvious. The time to reach 0.35MPa is decreased by 3 h 11 min compared to 
the reference while the time to obtain 3.45 MPa was 2 h 34 min lower. Furthermore, early compressive 
strength (12-h) was remarkably improved; it is 219% higher than the reference.  
 

Table 6 Compressive strength of the different conventional (1.90 g/cm3) 
cement slurries tested (25°C-500 psi-15 min). 

TT (h:m) Compressive strength parameter  
Ref-2 CS-8 CS-9 

Time for 0.35 MPa (50 psi) 9:31 9:03 6:20 
Time for 3.45 MPa (500 psi) 15:54 15:20 13:20 
12-h compressive strength (MPa) 1.19 1.40 2.61 
24-h compressive strength (MPa) 9.00 9.47 10.74 
48-h compressive strength (MPa) 16.22 16.86 18.91 

 

(a) Thickening-time (T.T.) (b) Compressive strength and 
transit time 

A (3:49) 

B (4:23) 

C (1:12) 

 (6:29) 
 (6:08)  (3:57) 

 (4:53) 

 (7:23) 

 (7:38) 



 

Meanwhile at later ages, the 24 and 48-h UCS values are only 19 and 17% higher than the reference. 
Similar effect on the ultrasonic compressive strength has been reported by several researchers (Ershadi 
et al., 2011; Choolaei et al., 2012; Patil, 2012; Patil and Kalgaonkar, 2012; Santra et al., 2012; 
Thaemlitz et al., 2012; Roddy et al., 2008; Balza et al., 2011). 
 
4. Conclusions 
In this study, the influence of OnS as an additive in oil-well cement Class G compositions has been 
addressed. Cementing mixes were tested using available calorimetric methods and standard procedures. 
Different modifications in the properties of the cement slurries have been observed which depend on 
the amount and properties of the OnS used. It is suggested that the acceleration effect is controlled by 
the high specific surface area that causes nucleation of C-S-H seeds at the nano-silica surface. From 
the composition of cement slurries, it was found that the Arrhenius law is not suitable to describe the 
influence of temperature on the rate of cement hydration. Nevertheless, it shows a potential to be used 
to determine the sensitivity to temperature changes in the hydration of cementing slurries with OnS 
and to validate acceleration effects of additives based on the concept of apparent activation energy 
(Ea). Additionally, it was found that the Ea can be calculated according to the hydration degree and 
time using the incremental method described by (Kada-Benameur et al, 2000). The estimated Ea 
values varied over the temperature range (20-40 and 40-60 °C, respectively) and the early hydration 
degree showed values between 38.1 and 43.4 kJ/mol for all tested oil-well slurries. The rheological 
and consistency evolution of oil-well cement slurries are affected by incremental additions of OnS 
which is translated to shorter thickening-time and higher viscosities. Based on these observations it is 
concluded that the OnS acts as accelerator and viscosifiying additive for oil-well applications. 
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Abstract 
Slag is increasingly used for replacing a part of clinker. The addition of slag modifies the hydration process and so the 
physico-chemical properties (such as porosity, transport properties…) of cementitious materials. Indeed the evolutions 
of the physico-chemical properties are determined by the hydration kinetics of the anhydrous phases and the 
composition of the hydrated phases. The hydration process of slag blended cement is still under investigation due to the 
complex interactions between clinker and slag. The aim of this work is to link the evolution of slag blended cement 
properties (such as bound water, chemical shrinkage, mineralogy, porosity) to the hydration state. The latter was 
defined by the degree of hydration of the cementitious materials. 
For this study, three commercial cements with variable amounts of the same slag (0%; 61%; 80%) were considered. 
Cement paste samples hydrated from one week to one year were characterized. 29Si MAS NMR experiments were 
performed in order to quantify the consumption of the anhydrous phases. A degree of hydration of clinker, slag and 
cement could be deduced from these experiments. The results are compared with the evolution of the bound water 
content (measure by thermogravimetric analysis which is strongly correlated to the global degree of hydration). For 
each measurement of the degree of hydration, the porosity was determined (total free water porosity measurement) and 
the mineralogy was described (thermogravimetric analysis (TGA) and X-ray diffraction (XRD)). 
Measurement of the degree of hydration shows that the slag used in this study is less reactive than other slags which are 
characterized in the literature. On the one hand, the low reactivity of slag explains why the chemical shrinkage and 
bound water are much more important for Portland cement than for slag blended cement. On the other hand, for fully 
hydrated cement, the chemical shrinkage and bound water are more important for slag blended cement than for 
Portland cement. The consumption of portlandite by the hydration of slag is less important than its production by the 
clinker even after one year of hydration. The slag degree of hydration is too low to underline an impact of the slag 
hydration on the porosity and the bound water content. 
A simplified hydration model, based on mass balance, was applied to determine the mineralogical composition of 
hydrated slag blended cement according to a specific degree of hydration. Stoichiometric equations used in this model 
were based on the hydrates compositions as detected by XRD or available in the literature. The model considers the 
consumption of portlandite by the hydration of slag and the incorporation of aluminum in the C-S-H. The results are 
used to estimate a volume of chemical shrinkage and bound water. The model has given promising results concerning 
the porosity and chemical shrinkage estimation. However, the portlandite content predicted by the model is too low 
when it is compared to experimental measurements.  
 
Originality  
Few studies describe the hydration of slag blended cement accounting for aspects such as mineralogy, physico-
chemical properties (water repartition, chemical shrinkage) and structural properties (porosity). The results of the 
literature are strongly dependent on the used slag. It is therefore essential to consider all the aforementioned aspects in 
a same study to implement a complete hydration balance. This is done in this work linking them together in a model of 
hydration. 
 
Keywords: Hydration; slag blended cement; degree of hydration; hydration product; modeling 
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1. Introduction 
 
Blast furnace slags are increasingly used for replacing a part of Portland cement. The use of this kind 
of product improve the durability of cementitious materials by decreasing the transport properties 
(permeability and diffusion) (Osborne 1999; Taylor 1997). The latter depend on the microstructure 
and the hydric state of the cementitious materials which are impacted by the hydration process 
(dissolution of anhydrous phases and precipitation of hydrates). This process depends on the 
anhydrous composition and their kinetic of dissolution. Slag and clinker are composed of the same 
main oxides. That is why the same main hydrates are formed: C-S-H, portlandite, AFm and AFt 
phases (Haha, et al, 2011; Lothenbach, et al, 2011). Slag comprises higher quantities of aluminum, 
silicon and magnesium which promote the formation of hydrotalcite and the substitution of silicon by 
aluminum in C-S-H (generally referred to as C-A-S-H). Their C/S ratio is usually lower than Portland 
cement system. The global ratio CaO/SiO2 (C/S) of slag is too low to form portlandite (Lothenbach, 
et al, 2011). Indeed, the main part of calcium is involved in the formation of C-S-H. Moreover, the 
kinetic of hydration is strongly influenced by the structure of anhydrous phases. Clinker is composed 
of four crystalline phases (C3S, C2S, C3A and C4AF) whereas slag is mainly a glassy structure. 
Because of the very low kinetics of hydration of the vitreous part, it is necessary to activate slag 
hydration. It is commonly admitted that clinker hydration activates the slag dissolution by increasing 
pH value (Pietersen 1993; Kocaba, et al, 2012). 
The aim of this work is to link the hydration processes of slag blended cements with the 
microstructure development. The porosity (water porosity) and the hydric state (defined by the 
capillary volume, the free water content and the chemical shrinkage) are characterized and linked to 
the degree of hydration of the cementitious materials. Specific degrees of hydration of C3S, C2S, slag 
are determined from 29Si MAS NMR experiments. A global degree of hydration is also deduced from 
these experiments. A simplified model of hydration is used to calculate porosity by considering the 
formation of some hydrates. Validity of the model is studied by XRD analysis, measurements of the 
chemical shrinkage, the portlandite and bound water contents. 
 
2. Experimental 
2.1. Materials 
 
Three commercial cements from Calcia with different slag content were studied. Their compositions 
are given in Table 1.  
 

Tab. 1 Chemical compositions and properties of cements used (provided by Calcia) 
   CEM I CEM III/A CEM III/C 

Oxide composition [%w] SiO2 19.5 29.2 32 
 Al2O3 5.2 9 10.3 
 Fe2O3 2.3 1.3 0.8 
 TiO2 0.3 0.5 0.5 
 MnO 0 0.3 0.4 
 CaO 64.2 50 45.1 
 MgO 0.9 4.8 6.1 
 SO3 3.5 2.6 2.9 
 K2O 1.07 0.68 0.55 
 Na2O 0.07 0.38 0.18 

Phase composition [%w]  Clinker 92.24 34.54 14.22 
  Slag - 61.41 80.56 
  Calcite 1.88 0.00 0.00 
  Gypsum 5.65 3.84 - 
  Anhydrite - - 5.21 

Cement properties Specific gravity [g/cm3] 3.06 2.96 2.91 
 Blaine surface [cm²/g] 4000 4600 4800 



 

All the cements come from the same factory (Rombas in France) and the same batch.  
The cement pastes were prepared according to the standard procedure EN 196-6 (EN 196-6 Standard 
2012). The water/binder volume ratio was 1.25 for all the cement. The samples were cured in solution 
where the concentrations of calcium, potassium and sodium were fixed to be equal to that of the pore 
solution. These concentrations were measured after extraction of the poral solution at 1 month of 
hydration. 
Samples were characterized after 7, 28, 180 (6 months) and 365 (1 year) days of hydration. 
 
2.2. Method 
 
29Si magic-angle spinning (MAS) NMR experiments were performed in order to determine the 
quantity of unhydrated clinker and slag (Brunet, et al, 2010; Skibsted, et al, 1993; Skibsted, et al, 
1995). Before crushing the sample, the hydration was stopped by the freeze drying method. 
29Si MAS NMR spectra were collected with a Bruker Avance 300 WB (7.05 T) spectrometer using a 
Bruker 4mm (outer diameter of the ZrO2 rotors) CPMAS probe at a spinning frequency of 10 kHz. A 
recycle delay of 2s was employed (no change in lineshape were observed for a longer delay of 20s). 
The spectra were fitted using an in-house made software developed by Charpentier (Charpentier 1998). 
The fitting procedure is detailed in the next section. A specific degree of hydration is calculated 
according to: 

  (1) 
With i the specific degree of hydration of the phase “i”, Ai the line area of the phase “i” when the 
cement is anhydrous (t=0) or hydrated (t). 
A global degree of hydration of the cement could be deduced: 

 
 (2) 

Where  is the molar quantity of the phase “i”. 
Thermogravimetric analysis (STA 409 PC LUXX, Netzsch) was used to estimate the quantities of 
portlandite and chemically bound water. The protocol used was similar to the one described in Villain, 
et al, 2007. The sample is dried under a flow of nitrogen for 3 days before being heated up to 1250 °C 
(heating rate: 10 °K/min). The mass losses measured from 105 °C to 550 °C and from 420 °C to 
550 °C were respectively associated to the bound water (Hornain 2007) and portlandite (Villain, et al, 
2007) content. The mass losses were normalized to the mass at 550 °C in order to determine a 
percentage of bound water and portlandite.  
The chemical shrinkage was measured by casting 20 g of paste in a 50 ml bottle filled with distilled 
water and connected to a pipette (0.5 ml). Air dissolved in the water was removed under vacuum for 2 
hours. The surface of exchange was 12 cm² and the paste thickness was 1 cm. The temperature was 
regulated through immersion of the device in a water bath at 25 °C. 
X-ray diffraction data were collected with a PANalytical X’Pert PRO MPD diffractometer device. The 
X-ray tube used a CuK radiation. The detector is an X’Celerator. Samples are cut and polished with 
ethanol (in order to remove the possible carbonated layer formed on the surface of the sample during 
the cutting process) before to be analyzed. Cement paste were scanned from 5 to 70° during 
20 minutes. 
Free water porosity was determined according to the procedure of Hornain 2007.  



 

 

 (3) 
Where  Mair and Mwater are respectively the mass of the sample in the air and in the water when it is 

saturated, 
Mdry is the mass of dried sample at 65 °C. At this temperature, evaporation of the bound water 
is limited (Zhang & Scherer 2011). 

 
 
 
 
3. Results and Discussion 
 

3.1. Measure of the degree of hydration  
 

3.1.1 Fitting procedure 
 
29Si NMR MAS experiments are used to follow the relative quantity of each silicon phases (C3S, C2S, 
slag and C-S-H). 

The fitting procedure of the spectra is based on the work of Brunet, et al, 2010: i) three peaks are 
attributed to C3S (encompassing the 18 peaks of monoclinic C3S and the 9 peaks of triclinic C3S 
(Skibsted, et al, 1995)) with an intensity ratio of 1 / 0.5 / 3; ii) C2S and silicon tetrahedra of C-S-H 
(Figure 1) are each described with a single peak;  

 
Figure 1 : Si tetrahedron in C-S-H (Haas 2012) 

 

iii) Si[Q2
(1Al)] tetrahedra (Si[Q2] which is link to an aluminum tetrahedron) are considered as well.  

 

The Figure 2 shows the spectra obtained for the CEM I and CEM III/C cement. CEM III/A spectra are 
not shown because they are very similar to CEM III/C. 

 
Figure 2 : Variation of the 29Si MAS NMR spectra of the CEM I and CEM III/C cements with hydration 



 

durations  
 

The anhydrous phases of CEM I cement are characterized by chemical shift values between -65 ppm 
and -75 ppm. This signal is due to the presence of C3S and C2S. In hydrated samples, the decrease in 
C3S and C2S content and the formation of several other peaks between -76 ppm and -88 ppm can be 
noticed. The latter corresponds to the C-S-H. (Murgier, et al, 2004; Skibsted, et al, 1995; Warren & 
Biscoe 1938).  
Slag contribution is characterized by a single broad line between −70 ppm and -90 ppm (Brunet, et al, 
2010; Andersen, et al, 2003; Murgier, et al, 2004). It can be noted that the chemical shift of slag is 
mingled with the one of clinker and hydrates signal, making the decomposition of slag blended cement 
more tricky. NMR parameters (chemical shift, full width at half maximum and Gaussian/Lorentzian 
ratio) of clinker and hydrates were therefore determined from the CEM I cement spectra. Only the 
hydrated samples were used in this study because peak shapes of clinker in the anhydrous cement were 
observed to be different. Other authors underline this modification at the early stage of hydration 
(Brunet, et al, 2010). 
Contrary to the work of Brunet, et al, a second peak is added for describing the C2S contribution in 
order to have a realistic description of its hydration (this second peak is necessary in order to better 
account for the lineshape of the C2S resonance). The ratio between the two peaks of C2S is 4.5.  
We also consider that: 

- Si[Q1] = ½ Si[Q2], 
- ½ Q2 = Q2B. 

Tab. 2 shows the NMR parameters used in this study. For all the spectra decomposition of hydrated 
cement paste, the same parameter values are used within +/- 0.3 ppm. 
 

Tab. 2 Fitting parameters used in the analysis of the 29Si MAS NMR spectra. 
C-S-H 

Phases C3S C2S Slag 
Q1 Q2B Q2

(1Al) Q2 

Chemical shift (top of the peak) (ppm) 
-69.3 
-75.6 
-73.6 

-70.9 
-71.0 

-78.1 -78.5 -82 -80.6 -84.4 

Full width at half maximum (ppm) 
1.4 
1.4 
1.7 

0.5 
1.3 

4.3 1.6 1.4 1.4 1.4 

Gaussian/Lorentzian ratio 
0.3 
0.3 
0.3 

0.1 
0.4 

7.4 0.2 0.1 0.3 0.5 

Intensity ratio 
3 

0.5 
1 

1 
4.5 

- - - - - 

 

Chemical shift values are in good agreement with the literature (Murgier, et al, 2004; Skibsted, et al, 
1995; Brunet, et al, 2010). For example, the chemical shift of the Si[Q1] tetrahedra could varies 
between -77 ppm (Murgier, et al, 2004) and -79.5 ppm (Brunet, et al, 2010).  
For slag blended cement, the same NMR parameters were used. Two peaks are added for describing 
the contribution of (Tab. 2): 

- Slag. (iso = -78.1 ppm), 
- Aluminum (Q2

(1Al)) of C-A-S-H. 
Brunet, et al, found a chemical shift at -75.8 ppm for the slag. The difference with our model is 
certainly due to the composition and the structure of the slag. Figure 3 shows two examples of spectra 
decomposition. 



 

 
Figure 3 : Example of decomposition of 29Si MAS NMR spectra of the CEM I and CEM III/C cement after 1 
year of hydration. 
 
 
 
 
 
 

3.1.2. Evolution of the degree of hydration 
 
It is necessary to know the degree of hydration of C3A and C4AF in order to determine the global 
degree of hydration. The decomposition of 27Al MAS NMR spectra has not yet been performed. C3A 
is known to be very reactive contrary to C4AF. This is why, we consider that C3A have the same 
degree of hydration than C3S and that C4AF has not reacted. 
Figure 4 represents the evolution of the specific and the global degrees of hydration of the three 
cements. 

 
Figure 4 : Evolution of the specific and global degree of hydration 

 



 

C3S and C2S react quickly in the first day of hydration before slowing down. This is mainly attributed 
to the decrease of the reactive surface (Scrivener & Nonat 2011). The degree of hydration of C3S is 
more important than C2S because its hydration is prevented by the dissolution of C3S. Indeed, during 
the hydration of C3S, the solution is oversaturated compare to the solubility of C2S (Brunet, et al, 2010; 
Scrivener & Nonat 2011). 
We can note that the degree of hydration of belite decreases with the slag content. Kocaba already 
underlined this observation (Kocaba 2009). After one year of hydration, C3S and C2S are almost fully 
hydrated. On the opposite, slag hydration is more gradual because it needs to be activated for reacting. 
Moreover, it could be noticed that solution is probably oversaturated compared to the solubility of the 
slag because of the alite hydration. Alite dissolution should so prevent slag reaction. 
It could be noticed that the degree of hydration of slag increase with the clinker percentage. This 
observation can be related to the amount of alkaline in the clinker. To conclude, the higher clinker 
quantity, the higher pH value and easier the slag reaction (Lothenbach, et al, 2011). 
 
 
 
 
 
 
3.2. Evolution of the mineralogy and the structure of cement paste 
 
The mineralogy of cement paste was studied by XRD experiments. The Figure 5 illustrates the XRD 
patterns which are obtained after one year of hydration. 

 
Figure 5 : Diffraction pattern of the CEM I, CEM III/A and CEM III/C cement hydrated during 1 year 

E: Ettringite, MS: Monosulfoaluminate, MC: Monocarboaluminate, P: Portlandite, C: Calcite, H: Hydrotalcite 
 

After one year of hydration, C3S, C2S and C3A were only detected in the CEM I cement. The low 
content of clinker in slag blended cement could explain this observation. Cement pastes were 
composed of the same main hydrated phases: C-S-H, portlandite, ettringite and monocarboaluminate. 
Hydrotalcite and monosulfoaluminate were also detected in the slag blended cement. These phases are 
commonly observed in slag blended cement (Taylor, et al, 2010). 
The slag used in this work has a global ratio CaO/SiO2 of 1.2. This value is too low to form C-S-H 
with a C/S ratio higher than 1.5. That is why, portlandite initially formed should be dissolved during 
the slag hydration. The evolution of the portlandite and bound water content, determined by TGA, 
according to the global degree of hydration is presented on Figure 6. 
 



 

 
Figure 6: Evolution of the bound water content (A/), portlandite content (B/) 

 

Whatever the cement type is, the bound water content increase with the global degree of hydration. 
These evolutions are due to the anhydrous dissolution and to the hydrates formation. These values 
decrease with the slag content because of its low reactivity. It is worth noting that the degree of 
hydration of slag is probably too low to underline an impact of this compound on the bound water 
quantity.  
Indeed, a good correlation between the bound water content and the global degree of hydration is 
observed independently from the slag content. Similar observations are made in the literature: the 
bound water content at 180 days of hydration, is around 0.18 ml/g (Darquennes, et al, 2013) and 
0.21 ml/g (Taylor 1997) for a Portland cement and 0.19 ml/g for a cement with 42 % and 70 % of slag 
(Darquennes, et al, 2013). At 6 months of hydration, the CEM III/C and CEM III/A cement used in 
this study have less bound water than the slag blended cement of Darquennes, et al This is probably 
due to higher slag content (the global degree of hydration decrease with the slag content). 
On the one hand, the portlandite content increases with the global degree of hydration due to the 
hydration of clinker. On the other hand, this hydrate decreases with the slag content. This is mainly 
due to the diminution of the clinker content. Indeed, no consumption of the portlandite was underlined 
even after one year of hydration. However, stabilization in the portlandite evolution is observed. 
 

The dissolution of anhydrous and the precipitation of hydrated phases modify the porosity and the 
hydric state of the materials. The Figure 7 shows the evolution of the porosity and the chemical 
hrinkage according to the global degree of hydration. s

  

 
Figure 7: Evolution of the porosity (A/) and chemical shrinkage (B/) according to the global degree of hydration 

of each cement 
 

The porosity of the cement paste decreases with the hydrates formation. As for the bound water 
content, the porosity seems to be correlated with the global degree of hydration whatever the slag 
content.  



 

The evolution of the chemical shrinkage is more important for slag blended cement. Indeed, the slope 
of the curve increases with the slag content. This result disagrees with previous observations. Indeed, 
if the bound water content and the porosity are not impacted by the slag content, the chemical 
shrinkage should not be impacted too. However, several authors underline also a more important 
chemical shrinkage for slag blended cement (Guillon, et al, 2011; Merzouki, et al, 2013; Kocaba, 
et al, 2012). Indeed, the value for a CEM I cement with 60 % of slag (Guillon, et al, 2011) is 
5.5 ml/100g after 100 days. The value for the CEM I cement is 3 ml/100g. 
 
3.3. Simplified model of hydration 
 
The model developed by Chen (Chen 2006) was chosen for describing the hydration of slag blended 
cement because it links the mineralogy evolution to the porosity, the chemical shrinkage and the 
bound water content. Moreover, this model is based on the description of the hydration of several slag 
blended cement in the literature. 
In this model, the clinker is only composed of C3S, C2S, C3A and C4AF. Alite and belite form 
portlandite and C-S-H (C/S = 1.7). Gypsum and anhydrite react with C3A to precipitate ettringite. 
Aluminum, which is not consumed with the C3A, takes part in the formation of C4AH13. According to 
the previous hypothesis, C4AF should not react during the first year of hydration.  
 
For the slag, only the main oxides are considered (SiO2, Al2O3, CaO, MgO, SO3). SO3, MgO, SiO2 
form respectively ettringite, hydrotalcite and C-S-H. In this model, all the C-S-H has the same C/S 
ratio. The latter is deduced from the quantity of silicon and from the total calcium content available 
from the clinker (portlandite) and slag. Moreover, only C-S-H from slag could incorporate aluminum. 
The quantity of the latter is deduced from the global C/S ratio and from the equation of Richardon 
(Richardson 1999): 
S/C = 0.4277 + 4.732 A/C (4) 
The residual aluminum forms C4AH13. A new global C/S is then deduced by considering the quantity 
of calcium used by C4AH13. 
It could be noticed that C4AH13 was not detected by the XRD experiments. In the opposite, 
monosulfoaluminate was detected but it is not considered in this model. The formation of these phases 
is strongly dependent on the aluminum and magnesium content in slag. This simplification should not 
strongly impact the final results. Indeed, in a first approximation it could be considered that the bound 
water content and the molar volume are similar to all the AFm phases. For examples, the molar 
volume of C4AH13, monosulfoaluminate and hemicarboaluminate are respectively 274 cm3/mol, 
285 cm3/mol and 308 cm3/mol (Balonis 2010). 
From the specific degree of hydration, it is possible to determine, the volume of each phases, the 
bound water content, the chemical shrinkage and the porosity. The bound water content and the molar 
volume used for each phase are represented in the Tab. 3. 
 

Tab. 3 Water content (phase equilibrate with a relative humidity of 80%) and molar volume for anhydrous and 
hydrated phases (Balonis 2010; Chen 2006) 

Anhydrous phases Hydrate phases 
 Molar volume 

(cm3/mol) 
 Water content Molar volume 

(cm3/mol) 
C3S 51.7 
C2S 89.3 

Hydrotalcite 
(M5AH13) 

13 358.6 
 

C3A 127.8 C4AH13 13 274.2 
C4AF 36.9 Ettringite 32 705.2 

Gypsum 74.8 Portlandite 1 33.0 
Calcite 36.9 C-S-H C/S + 0.8 

Anhydrite 45.8 C-A-S-H C/S + 0.8 
Variable 

CaO 16.7 
SiO2 22.7 



 

Al2O3 25.8 
MgO 11.3 

 

The molar volume of C-S-H are obtained according to (Brouwers 2004) : 
 (5) 

With :  C-S-H the density of C-S-H. The equation is deduced by considering the density of a           
C1.7-S-H1.2 (dried at 105°C) and C1.7-S-H3.2 (in a saturated environement). 

 MC-S-H, MCaO, MAl2O3, MSiO2 the molar mass of C-S-H, free lime, aluminum oxide and silicon 
 C/S, A/S, H/S the molar ratio CaO/SiO2, Al2O3/SiO2 and H2O/SiO2 of C-S-H. 
 

Figure 8 illustrates the evolution (volume) of cement, hydrates, capillary water and the chemical 
shrinkage with respect to time. In order to check the validity of the model, experimental measurements 
of porosity, portlandite and chemical shrinkage are added to this figure. 
 
 
 
 
 
 
 CEM I CEM III/A CEM III/C 

 
Figure 8 : Application of the model for the three cement and comparison with the experimental results. 
The “Chemical shrinkage – exp” and the “capillary volume – exp” are obtained by subtracting the experimental 
value of chemical shrinkage and capillary volume (deduced from the porosity measurements) of the volume of 
cement paste. 
 

The measurement of the bound water content which is previously presented could not be introduced in 
this model. Indeed, to measure the bound water content, the samples are dried at 105°C whereas all the 
data in Tab. 3 are defined for the samples equilibrated at 80 % relative humidity. 
The porosity measurements are in agreement with the results of the model. A maximum difference of 
10% was observed.  
The portlandite content of CEM I is underestimated by the model (20 % of difference). This gap is 
probably due to the fact that the hydration of C4AF is not considered in this study. In the model of 
Chen, the hydration of C4AF forms portlandite and hydrogarnet (C6AFS2H8). With a 50 % hydration 
degree of the C4AF, the difference with the experimental value is under 10 %. The difference between 
the portlandite measurements and the model values increases with the slag content.  



 

The evolution of the chemical shrinkage for the CEM I cement is in accordance with the experimental 
results. However, a difference of 50 % can be noted at the beginning of the hydration. The gap is 
under 10 % after 180 days of hydration. 
This description could be improved by: 

- The 
measurements of the specific degrees of hydration of each anhydrous phase. 27Al MAS NMR 
experiments should enable the degree of hydration of C3A and C4AF to be estimated. 

- Determining the 
quantity of Si[Q2

(1Al)]. Quantitative analyses of the aluminum content will be made in order to 
estimate the quantity of aluminum in the C-S-H. 

- Studying the 
Portland cement hydrated 1 hour. This low time of hydration will probably allow a more 
accurate determination of the anhydrous peak parameters. 

- Considering an 
incongruent dissolution of the slag. The first result of the 27Al NMR experiments shows a 
higher degree of hydration for the aluminum part of slag with respect to the silicon part of 
slag. This phenomenon was already observed in the literature (Dron & Brivot 1980; Regourd, 
et al, 1983; Brunet, et al, 2010) 

- The hypothesis 
made regarding the stoichiometric equation. In this study, the formation of C4AH13 is 
considered whereas this phase was not observed by XRD. The accuracy of the model should 
be improved by only considering the observed phases. 

 
 
 
 

- The incertitude 
about the molar volume (mainly for the C-S-H and C-A-S-H). The molar volumes of these 
phases have a big impact on the results since they are the main compound in hydrated cement. 
The ratio H/S of C-S-H calculated by the model could be check by the measurements of bound 
water content in equilibrated samples at 80 % relative humidity. A ratio H/S of 1.3 (instead of 
2.1) reduces the difference between the experimental results and the model. According to 
Brouwers (Brouwers 2004), this ratio H/S is closed to the one of a C-S-H dry at 105 °C. 

- Methodology to 
measure portlandite content. According to the temperatures which are attributed to the 
portlandite decomposition, a gap of 2 % could be observed on the measure for a same sample. 
Moreover, the variability between two samples could achieve 20 %. 

 

The model could be completed by adding a kinetic law of hydration for each phase. These laws will be 
fitted according to the NMR experiments. 
 
4. Conclusions 
 
The influence of slag hydration in blended cement on the microstructure and the mineralogy was 
studied. Global and specific degrees of hydration were deduced from 29Si NMR experiments. The 
hydration rate of slag is less important than the one of clinker. The chemical shrinkage and the bound 
water content decrease, while the porosity increase with the slag content because of the low reactivity 
of this compound. The degree of hydration of slag is probably too low to observe an impact of the slag 
dissolution on the porosity and the bound water content. 
The main phases of cementitious materials are observed: C-S-H, portlandite, clinker, ettringite and 
monosulfoaluminate. No consumption of the portlandite content was observed during the slag 
hydration even after one year of hydration. 



 

A simplified model of hydration is used to describe the hydration of slag blended. The results of the 
model are in agreement with the experimental measurements of the porosity and the chemical 
shrinkage. However, there are important discrepancy with the portlandite and water content. These 
differences are mainly due to the hypothesis made about the stoichiometric equations and the molar 
volume of the hydrates (especially the C-S-H). 
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Abstract 
A complex analysis of properties of sulfoaluminate cement containing natural zeolite as supplementary cementitious 
material in an amount of up to 30% by mass is presented. The studied parameters include compressive 
strength,alkalinity of pore fluid, water-holding capacity, open porosity, the products of hardened calcium 
sulfoaluminate cement. Experimental results show that 10% zeolite can increase the conpressive strength 
sulfoaluminate cement, the conpressive strength of 3d hydrated sulfoaluminate cement (containing 10% zeolite by mass) 
paste up to 63Mpa. While the dosage of zeolite for 30% by mass, the alkalinity of pore fluid of hydrated sulfoaluminate 
cement paste is 10.3. The water absorption amount of hydrated cement pastes changed great within the initial 0.5h.. A 
large amount of zeolite powder can increase water absorption capacity of hydrated sulfoaluminate cement paste. While 
the dosage of zeolite for 30% by mass, the water absorption is 11%. 
 
 
Originality 
Zeolite was an porous materiala complex analysis of  properties of calcium sulfoaluminate cement containing natural 
zeolite as supplementary cementitious material in the calcium sulfoaluminate cement based binder in an amount of up 
to 30% by mass is presented. Water-holding capacity, pore size distribution and cumulative pore volum, alkalinity, 
compressive strength and hydration products of calcium sulfoaluminate cement were studied in this paper. 
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1. Introduction 
Cement industry is blamed for contributing heavily to climate change, environmental deterioration 
and excessive energy consumption. And for many years，concrete belongs to the most frequently 
used materials in the civil engineering industry (Eva Vejmelková et al., 2015). Porous concrete is 
a special type of concrete that incorporates a high porosity and multiple environmental benefits. It 
is used in various applications that require water-purification, permeability, noise absorption, 
thermal insulation (Sung-Bum P. et al., 2004; K. Ćosić et al., 2015; H.K. Kim et al., 2010; Ayda S. 
et al., 2013). Porous concrete has also been used for plant bedding and permeable facilities, such 
as permeable trenches, permeable gullies and permeable gutters (M. Aamer Rafique Bhutta et al., 
2012; Yan Xiaobo et al., 2013). As for porous concrete, cement is most energetically demanding 
component, indisputably. But the cement industry is one of the main producers of CO2. The 
research (Ali Hasanbeigi et al., 2012) shows that producing 1 ton (t) cement releases 0.73–0.99 t 
CO2 into the atmodphere. And the cement industry accounts for approximately 5 percent of 
current global anthropogenic CO2 emissions (Ali Hasanbeigi et al., 2012; Ernst Worrell, 2004). 
Calcination is integral part of the cement clinker productin process, information available at 
present (Eva Vejmelková et al., 2015) suggests that more than one half of CO2 emissions in the 
cement clinker productin process is caused by calcination. Meanwhile cement production is a 
highly energy-intensive process. The cement industry consumes more than 2% of world energy 
use (Ernst Worrell, 2004). Therefore, there are lots of attempts to decrease the energy 
consumption and CO2 emissions, such as study low-energy belite cement (Aída Zapata et al., 2009; 
R.I. Iacobescu et al., 2011; W. Mazouzi et al., 2014; Theodor Staněk et al., 2015) and use 
supplementary cementitious materials (SCMs) replace at least a part of cement in concrete (Reza 
Saleh Ahari et al., 2015; Reza Saleh Ahari et al., 2015; Keun-Hyeok Yang et al., 2014; Li Yue et 
al., 2015; Sarah C. et al., 2015). 
The common SCMs generally can be devided three categories: industry by- produtcs, waste 
matarials and natural pozzolans matarials. It is obvious that all of SCMs are benefical to reduce 
the energy consumption and CO2 emissions in cement industry. However, natural pozzolanic 
materials have the character of the good pozzolanic activity. Meanwhile R.E. Rodrı ´guez-
Camacho and R. Uribe- Afif’s research (R.E. Rodríguez-Camacho et al., 2002) shows that certain 
cements containing pozzolans with high activity or low alumina content improve resistance to 
sulfate attack, although the amount of pozzolan in the cement is important. Furthermore , natural 
pozzolanic materials are widely natively distributed in the world and they don’t require any 
special treatment except for grinding, which is a great advantage for natural pozzolans in cement 
industry. Natural zeolite is one of the typical natural pozzolanic materials and probably the most 
often used natural SCM (Eva Vejmelková et al., 2015). 
The first natural zeolite to be found at Iceland, in 1756. Currently, there are over 80 kinds of 
natural zeolites have be found throughout the world. However, not all the natural zeolites can be 
utilized as high quality chemical feedstocks, because of some natural zeolites can’t form industrial 
deposit which has high value for exploitation and utilization. Natural zeolites contain clinoptiloite 
and mordenite are relatively common and widely used (She Zhenbao, 2013). In the early 20th 
century, natural zeolite began to applicate as a popular type of natural pozzolans in cement and 
concrete industry, and shows a growing trend in the recent decades. After several decades of 
development, natural zeolite has been largely consumed in cement and concrete industry. By Feng 
and Peng’s report (NaiQian Feng et al., 2005) in 2005, the total amount of natural zeolites 
consumed in this field reach up to 30 million tons per year in China.  
Sulfoaluminate cement is a special type of cement, some researchers namde it the “Third Cement 
Series” (TCS) (Ellis Gartner, 2004). In the 1970s, various sulfoaluminate cements including 
calcium sulfoaluminate cement, belitic sulfoaluminate cement and ferroaluminate cement have 
been produced mainly in China (Zhang Liang, 1999; R. Trauchessec et al., 2015; J. Péra et al., 
2004). According to the different environment of their application, the compound of those 
sulfoaluminate cements named ye’elimite or Klein’s salt (C4A3$) and also variable proportions of 
belite (C2S), calcium aluminate (CA), mayenite (C12A7) or brown- millerite(C4AF) (Ellis Gartner, 



 

2004; R. Trauchessec et al., 2015). In the civil and engineering industry, calcium sulfoaluminate 
cements have many advantages, such as the lower tempreture of calcination (~1250 °C), the lower 
lime content of the raw meal, the high hardening speed and the clinker is relatively easy to grind 
(Marie Michel et al., 2012; Dong Xiaonan et al., 2014; M. García-Maté et al., 2013; S. Berger et 
al., 2013). Meanwhile depend on sulfate and lime quantities, three different types reaction 
(reaction 1, reaction 2, reaction 3) of hydration of  ye’elimite (C4A3$) will be action (R. 
Trauchessec et al., 2015; Graziella Bernardo et al., 2006; Liao Yishun et al., 2011; Frank 
Winnefeld et al., 2010). 
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Thanks to the hydration property of ye’elimite (C4A3$), the products of ye’elimite don’t contain 
calcium hydroxide. Therefore the alkalinity of pore fluid of hydrated calcium sulfoaluminate cement 
are lower than ordinary Portland cement (OPC) (Frank Winnefeld et al., 2010). 
Sometimes, calcium sulfoaluminate cement was adopted to preparate porous concrete as plant bedding 
and permeable facilities, and use this kind of porous concrete to protect slope of rivers, roads or others 
and the environment (Yan Xiaobo et al., 2013). In this circumstance, porous concrete should have 
certain porosity and other properties (such as water-holding capacity, compressive strength, alkalinity 
of pore fluid)  that allow plant growth and protect slope. In this paper, natural zeolite was adopted as 
supplementary cementitious material aimed at improve the water-holding capacity, reduce the 
alkalinity of pore fluid and ensure the adequate compressive strength of hydrated calcium 
sulfoaluminate cement. 
2. Experimental 
2.1. Raw Materials 
Rapid-hardening sulphoaluminate cement (cement grade can reach the levels of 42.5) was used as a 
cementitious material in the cement past, whose initial setting time and final setting time were 9 min 
and 26 min, respectively. The zeolite powder was determined by using X-ray fluorescence spectromet- 
er,and the experimental date were analyzed using the SPECTRA plus V2 .Obtained results are shown 
in Tab. 1. Particle size distribution of cement and zeolite was determined by using a LS13320 (Beckm- 
an, USA),and the experimental date are shown in Figure 1. 

Tab. 1 Chemical compositions of tailings /% 
Composition(%w/w) SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O TiO SO3 

Cement 9.6 45.16 21.64 2.45 1.28 1.38 0.17 1.03 10.73
Zeolite 74.46 1.95 13.68 1.48 0.42 4.40 2.98 0.14 0.07 
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Figure 1 Particle size distribution for adopted cement and zeolite. 
2.2. Experimental Process 
Based on previous research, the water-binder ratio was chosen as 0.30.Firstly, zeolite powder was 
mixed with sulphoaluminate cement by Y type mixer, the weight ratio of zeolite powder to 
sulphoaluminate cement were 0:10,1:9,2:8 and 3:7,respectively, and then materials above were stirred 
by cement paste mixer. After that ,the mixture was put into 20﹡20﹡20 mm3 moulds. It was cured at 
20±1℃ for 24 hours , and its relative humidity was 95±2%. At last , hydrated sulfoaluminate cement 
pastes were demoulded and cure in water at 20±1℃ till the curing time was up to the specific age. 
The compressive strength of hydrated sulfoaluminate cement pastes is tested on a machine of 
100 KN capacities. Its loading rate is 0.2 KN/S. After the surface water of hydrated sulfoalu-
minate cement pastes cured for 3 days is wiped off with a damp cloth, its compressive stren -
gth is performed on testing machine. 
In the experiment of alkalinity of pore fluid test of hydrated sulfoaluminate cement pastes, the 
methods of extracting liquid could be classify three forms: extracting method of high press (Berry et 
al., 1990), ex-situ leaching (Li Lianfang et al., 2005) and in-situ leaching （Duchesne J et al., 1994）
each meth- od has advantages and disadvantages. In the work ex-situ leaching was adopted to prepare 
liquid , mai- nly including: 3d hydrated sulfoaluminate cement pastes were break, grind and sift it 
through the sieve of 74um;dissolve 10g samples in 100g distilled water, vibrate it every 5mine,after 2h 
liquid was filter-ed, the PH have been test by using a PH Meter of PHS-3E. 
The water absorption performance of sulfoaluminate cement pastes is tested at 16.5±0.5℃, and its 
relative humidity was 30±2%. The test method of hydrated products of sulfoaluminate cement pastes 
is XRD and the test method of porosity of hydrated sulfoaluminate cement pastes is mercury intrusion 
porosimetry (MIP). 
3. Results and Discussion 
3.1. Compressive strength of hydrated cement pastes 
The experimental date of compressive strength test of hydrated sulfoaluminate cement pastes are 
shown in Figure 2. As shown in Fig.2, 1d compressive strength of hydrated sulfoaluminate cement 
pastes are 38.4MPa ,40.5MPa ,39.6MPa and 37.0MPa , respectively .It has been shown that there is 
neglected effect of 10%，20% and 30% by weight of zeolite powder content on 1d compressive 
strength of hydrated sulfoaluminate cement pastes. The 3d compressive strength of hydrated 
sulfoaluminate cement pastes are 55.0MPa, 3.0MPa, 51.7MPa and 48.5MPa, respectively.  
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Figure 2 Effect of zeolite powder content on the compressive strength of hydrated cement pastes 

Compared with pure sulfoaluminate cement, the compressive strength of hydrated sulfoaluminate 
cement paste increased 8MPa (the growth rate up to 14.5%) when sulfoaluminate cement contains 
10% (by weight) of zeolite powder, so zeolite powder could accelerate the early hydration of 
sulfoaluminate cement. Sulfoaluminate cement contains 20% (by weight) of zeolite powder, its 



 

compressive strength of 3d hardened sulfoaluminate cement paste has decreased 3.3MPa compared to 
pure sulfoaluminate cement, but the degree of decrease no more than 6%. When the content of zeolite 
powder more than 20% （ such as 30% by weight ） , compressive strength of 3d hydrated 
sulfoaluminate cement paste was decreased further. Therefore use just enough (such as 10% by weight) 
zeolite powder is benefit for the compressive strength of hydrated sulfoaluminate cement pastes, but 
excessive (such as 30% by weight) zeolite powder can decrease the compressive strength of hydrated 
sulfoaluminate cement pastes. 
3.2. Alkalinity of pore fluid of hydrated cement pastes 
Figure 3 shows the test result of alkalinity of pore fluid of hydrated sulfoaluminate cement pastes. 
According to extensive literature, as for the same admixture content, there is neglected effect of water-
binder ratio on the alkalinity of pore fluid of hydrated cement pastes, so only one water-binder ratio of 
0.30 was researched in this paper. When the sulfoaluminate cement don’t contain zeolite powder, the 
alkalinity of pore fluid of hydrated sulfoaluminate cement paste up to 11.29. If use this kind of 
sulfoaluminate cement to prepare planting eco-concrete, directly. Because of the high alkalinity has 
negative effect on the normal growth of plants, plants don’t grow naturally. when sulfoaluminate 
cement contains 10% (by weight) of zeolite powder , the alkalinity of pore fluid of hydrated 
sulfoaluminate cement paste was reduced to 10.47, so zeolite powder could reduce the alkalinity of 
pore fluid of hydrated sulfoaluminate cement paste.  
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Figure 3 Effect of zeolite powder content on the alkalinity of hydrated cement pastes 

And along with zeolite powder content increased, alkalinity of pore fluid of hydrated sulfoaluminate 
cement pastes always decrease gradually. But the alkalinity decreased slowly as the zeilite powder 
contant increased. So, can find out, zeolite powder can consume alkali from hydration of 
sulfoaluminate cement .When the dosage of zeolite reaches 30%(by weight), the alkalinity of 3d 
hardened sulfoaluminate cement pastes reduced about 20% (up to 9.24)compared with the pure 
hardened sulfoaluminate cement pastes. This can meet alkalinity requirement for plant growth. 
3.3 Water absorption and loss performance of hydrated cement pastes 
Figure 4 shows the effect of zeolite powder content on the water absorption performance of hydrated 
cement pastes. The results show that the water absorption amount of hydrated cement pastes changed 
great within the initial 0.5h. Three curves of none zeolite powder, 10% zeolite powder and 20% zeolite 
powder are similar basically, 7.8g, 7,9g and 8.3g water has been finally absorbed into 100g sample, re- 
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Figure 4 Effect of zeolite powder content on water absorption performance of hydrated cement pastes 

spectively. It shows that there is neglected effect of 10% (by weight) zeolite powder content and 20% 
(by weight) zeolite powder content on the water absorption performance of hydrated cement pastes,but 
the water absorption capacity has an upward trend. The water absorption capacity increased 
significantly while sulfoaluminate cement contains 30% (by weight) zeolite powder compared with 
others. It shows that a large amount of zeolite powder can increase water absorption capacity of 
hydrated sulfoaluminate cement paste. 
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Figure 5 Effect of zeolite powder content on the dehydrating performance of hydrated cement pastes 

Figure 5 shows the effect of zeolite powder content on the water loss performance of hydrated cement 
pastes. Water absorption saturated samples under natural environment that the temperature was 16.5 ± 
0.5℃, and its relative humidity was 30±2%. Because of approximate treat and numeric analysis for w- 
ater loss amount of hydrated sulfoaluminate cement pastes. The curve of none zeolite powder has two 
points with the same date of ordinate, the time is 20h and 25h. Based on the Figure 4 and Figure 5，
the effect of zeolite powder content on the water loss performance of hydrated cement pastes different 
with the effect of zeolite powder content on the water loss performance of hydrated cement pastes. 
There is significant effect of zeolite powder content on the water loss performance of hydrated cement 
pastes. As the zeolite power content increased, water loss amount and dehydrating rate obviously 
increased. Furthermore, samples were exposed to natural environment after 60h, the water loss amount 
only about half of the water absorption amount, which indicates the water loss of hydrated 
sulfoaluminate cement (contains zeolite power or not) pastes is a long process. 
3.4 Hydration products of cement and zeolite powder 
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Figure 6 Effect of zeolite powder content on the hydration products of cement 
The result of XRD spectrum (Figure 6) of hydrated products shows that there is no obvious difference 
between the hydrated products of sulfoaluminate cement adding with zeolite powder and the pure 
sulfoaluminate cement. Because of zeolite powder was adopted in this work is high silicon zeolite, the 
hydrated products of sulfoaluminate cement and zeolite powder contains some SiO2. And the amount 
of SiO2 increased gradually as the zeilite powder content increased. Hydrated products shown in the 
XRD characteristic spectrum mainly refer to ettringite (AFt). During the period of hydration, the peak 
value of ettringite and SiO2 is relatively high, which shows that the hydration process of 
sulfoaluminate cement paste with zeolite powder is much quicker and those SiO2 were principally 
brought in by zeolite. There is some unhydrated Yeelimite ( C4A3$)still exists in 3d hydrated 
sulfoaluminate cement pastes, it shows that sulfoaluminate cement don’t hydrated completely for 3d. 
No matter sulfoaluminate cement contains zeolite powder or not, some CaCO3 exists in 3d hydrated 
sulfoaluminate cement pastes, it shows that CaCO3 is an additive for sulfoaluminate cement. There is a 
noticeable problem that the amount of CaCO3 hasn’t any reduce as the zeilite powder contant 
increased. It is probably zeolite contains some CaCO3.There is no more studies in this paper. 
3.5 Porosity of hydrated cement pastes 
The total pore volume indicated by mercury intrusion porosimetry (MIP) increased with the amount of 
added zeolite powder (Fig.7) which agreed with the water absorption performance of hydrated cement 
pastes (Fig.4). The increase of pore volume was mainly due to fine pores of diameter below 0.1um 
(Fig.8). Although incorporation of pozzolanic admixtures themselves into the binder system often 
causes refinement of the pore structure, in this particular case the most probable reason was the 
preservation of microcrystalline structure of zeolite in the hardened mixes. As it was reported by 
Ghourchian et al. （Ghourchian S et al., 2013）, MIP specific pore volume of pure clinoptilolite is 
about 0.10 cm3g-1and dominantly pores smaller than 0.1 um are present. Thus, a presence of unreacted 
zeolite in the mix should be accompanied by an increase of pore volume just in the range below 0.1 
um as it was observed in Figure 8. The measured pore size distribution presents then an important 
indicator of the effectiveness of zeolite as a part of the blended binder. Figure8 shows only a moderate 
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Fig.7 Effect of zeolite powder content on the cumulative pore volume of hydrated cement pastes 
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Fig.8 Effect of zeolite powder content on the pore size distribution of hydrated cement pastes 

increase of pore volume in the 0.01–0.1 um range for the mixes containing up to 20% natural zeolite. 
However, for concretes with 30% zeolite content in the binder the increase of pore volume in that 
rangewas rather fast. This indicated that an only up to 20% replacement of sulfoaluminate cement by 
natural zeolite might be an effective solution, as for the incorporation of zeolite into the hydration 
process. 
The pore distribution in the 0.1–10 um range differed significantly from the corresponding 
concretes studied in (Vejmelková E et al., 2013)where the mix with 20% zeolite content 
exhibited a distinct peak at approximately 700 nm and the concrete with 40% of natural 
zeolite as sulfoaluminate cement replacement had a relatively high volume of capillary pores 
within the range of 1–10um. These differences confirmed the positive effect of the new mix 
design which was supposed to be reflected in the improvement of other engineering properties. 
4. Conclusions 
There is neglected effect of zeolite powder content on the  conpressive strength of 1d hydrated 
sulfoaluminate cement paste. A small amount zeolite can increase the conpressive strength of 3d 
hydrated sulfoaluminate cement paste, the conpressive strength of 3d hydrated sulfoaluminate cement 
(containing 10% zeolite by mass)paste up to 63Mpa. But the overweight amount of zeolite will 
dectease the  conpressive strength of 3d hydrated sulfoaluminate cement paste. 



 

The alkalinity of pore fluid of hydrated sulfoaluminate cement paste reduced with the increase amount 
of zeolite .While the dosage of zeolite for 30% by mass, the alkalinity of pore fluid of hydrated 
sulfoaluminate cement paste is 9.24. 
The water absorption amount of hydrated cement pastes changed great within the initial 0.5h. There is 
neglected effect of 10% (by weight) zeolite powder content and 20% (by weight) zeolite powder 
content on the water absorption performance of hydrated cement pastes. A large amount of zeolite 
powder can increase water absorption capacity of hydrated sulfoaluminate cement paste. While the 
dosage of zeolite for 30% by mass, the water absorption is 11%. 
The experimental results summarized above showed that although from both environmental and 
economic points of view the zeolite amount in the concrete mixes should be as high as possible, there 
were technological and physico-chemical limits for its dosage. Among the mixes analyzed in this 
paper, 30% zeolite content in the sulfoaluminate cement based binder was the best option. However, it 
should be noted in that respect that for zeolite contents greater than 30% further improvements could 
possibly be achieved by increasing the superplasticizer dosage. This will be subject of future 
investigations. 
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Abstract 
Due to the stringent requirements for the reduction of greenhouse gases emissions in the cement industry, the 
production of blended cements is rapidly increasing. The use of limestone as mineral addition, established in some 
countries since many decades and recognized in technical standards, has only recently been subject of scientific 
attention. Wrongly considered as an inert filler, limestone can influence cement hydration leading to the formation of 
Aft and Afm phases based on carbonate ion. A thermodynamic approach allowed to study the equilibrium between 
carbonate, sulfate and aluminate phases and to predict the effect of limestone addition on cement performances. 
Considering that several chemical additives have a strong influence on aluminate hydration, it is expected that the 
aforementioned equilibrium is modified by their presence. In this paper the effect of some selected cement chemical 
additives (widely used in the formulations of grinding aids and performance enhancer) on the hydration and physicho-
mechanical behavior of limestone blended cements is deeply investigated. Thanks to the combination of quantitative X-
Ray diffraction and calorimetric techniques with the measurement of mortar properties, some hypothesis on the 
mechanism of action of cement additives are proposed.  
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1. Introduction 
Manufacturing process of Portland cement is standardised and widely described in several 
publications (Alsop, P., 2001). Raw materials (usually limestone and clays) are quarried, then properly 
blended and ground in order to prepare the so-called raw mix. This is used as feeding for the pre-
heater tower and kiln, where silica and lime (with alumina/iron oxides used as flux) react in a high 
temperature process to form the calcium silicates that compose the Portland clinker.  
Clinker is then finely ground together with gypsum and secondary mineral additions (such as 
limestone, fly ash, granulated blast furnace slag, natural or artificial pozzolans) in order to obtain the 
well-known grey powder usually referred to as Portland cement, used by millions of construction 
workers as hydraulic binder in concrete, mortars, screeds, grouts and many others masonry 
applications. 
Since the beginning of Portland cement manufacturing, the use of mineral additions that could reduce 
production costs has always been an important issue. Nowadays, considering the stringent 
requirements in greenhouses gases reduction, blended cements with low clinker content are mandatory. 
Starting from the ancient Roman Empire (that made use of Central Italy pozzolan blended with lime in 
order to produce high durability hydraulic binder) to modern world, natural or local availability of 
secondary cementitious materials has always been the main driving force for their use. Blast furnace 
slag is widely used in countries with a developed steel industry. Coal power plants are often 
surrounded by fly ash cement production and limestone cements are widespread where good quality 
limestone quarries are present. 
Limestone blended cements in particular are widely used in all countries following (directly or 
indirectly) the European Standard EN 197-1, that allows limestone addition up to 35%. In this paper 
we concentrate on the reactivity of limestone blended cements, with particular reference to the 
interaction between calcium carbonate, clinker hydration and presence of chemical additive. Indeed, 
for good quality blended cements the use of a suitable cement additive that can control and improve 
performances is mandatory. In our opinion, the investigation of the mutual interactions of clinker and 
limestone when chemical additives are present has received less attention that what it would deserve. 
 
1.1 Hydration of limestone blended cements 
Good reviews on several physico-mechanical parameters related to limestone blended cements, in 
comparison to traditional cements, can be found in several publications (Hawkins P., et al., 2003 – 
Caldarone M., 2006 – Caldarone M., et al., 2008). Results show that long and short term macroscopic 
performances (including compressive strengths, drying shrinkage, durability) are not significantly 
affected by limestone additions up to 10-15%. Above this level, the decrease in clinker content can 
hardly be counterbalanced.  
A deep investigation on the hydration details of limestone blended cements can be found in several 
high-level publications by Matschei, Lothenbach and Glasser (Matschei T., et al., 2007a, 2007b, 
2007c – Lothenbach B., et al., 2008). After the evaluation of solubility and thermodynamic data for 
several hydrated cement phases (including Aft and carbonate-based AFm), it had been possible to 
conclude that the presence of carbonate stabilise monocarbonate, thus reducing the stability of 
monosulphate. The excess of sulphate is bound in ettringite that, thanks to high crystallisation water 
content, contributes to increase the solid mass of cement paste. This is a further reason for the increase 
(or not decreased) compressive strengths found when part of clinker is substituted with limestone, in 
addition to the well-known filler effect related to fine particle size distribution of limestone. 
 
1.2 Target of the present investigation 
Modern cement production could not be performed without the use of specific organic process 
additives. Grinding aids as well as performance enhancers based on alkanolamines are used worldwide 
in the cement industry. Triethanolamine (TEA) is probably today’s most widely used alkanolamine for 
the formulation of cement additives. While the addition of TEA-based additives during cement 
grinding process (usually in very low dosages: only 0,01 to 0,05%) positively affects the resulting 
cement’s particle size distribution, TEA exhibits in most cases a different behaviour as performance 



 

enhancers. TEA is reported to accelerate the hydration of C3A (Ramachandran, 1976). In literature 
there are some discrepancies about the influence on setting time and compressive strengths, probably 
due to the fact that the effect of TEA on cement hydration is strongly related to dosage (Dodson, 1990), 
but in the end TEA can be considered as an early compressive strength enhancer, particularly at 
dosages commonly used during cement production. 
The accelerating effect of TEA on the hydration of C3A highlighted by several authors (Ramachandran, 
1976, Dodson, 1990) may be explained considering that TEA is an effective chelating agent in 
alkaline media for Al3+ ion. This has been also demonstrated through the use of 13C NMR 
spectroscopy (Scott et al., 1990). Complexation of Al3+ may increase the dissolution rate of C3A and 
may accelerate all the reactions involving Al3+. 
Purpose of the present paper is the investigation of the effect of TEA on the equilibrium among 
aluminates, AFm and Aft during the hydration of limestone blended cements and deeply described in 
the aforementioned publications. 
 
2. Experimental 
2.1. Cements preparation and analysis 
OPC (CEM I according to European Standard EN 197-1) was reproduced by grinding clinker and 
gypsum in a lab ball mill. Two samples of limestone blended cements were reproduced by mixing 
CEM I and ground limestone (first sample: 90% CEM I + 10% limestone, second sample: 80% CEM I 
+ 20% limestone, on a mass basis – both cements can be considered CEM II/A-L type according to 
EN 197-1). Separate grinding and interblending of CEM I and limestone allows maintaining the same 
clinker particle size distribution and the same sulphate/clinker ratio in all cement samples.  
In table 1 the chemical and mineralogical composition of CEM I is reported, while in table 2 details of 
limestone composition are summarized. For the assessment of chemical and mineralogical 
composition of CEM I respectively X-Ray fluorescence (Bruker AXS S8 Tiger), thermogravimetric 
analysis (TGA Netzsch TG209F1 Iris) and quantitative X-Ray diffraction (QXRD) with Rietveld 
method were used. Powder diffraction data were collected with a PANalytical X’pertPro MPD 
diffractometer with theta–theta geometry equipped with an X’Celerator detector working with the 
CuKα radiation (1.54184 Å) in the 2theta  range 5–80, a step size of 0.017° 2 theta and a scan step 
time (s) of 102,1. All data collections were performed at room temperature with back-loading sample 
holders to avoid preferred orientation of crystallites. Data were analysed by the Rietveld method 
(Rietveld, 1969) using the Bruker AXS software package TOPAS 4.2 operated in the fundamental 
parameters mode (Cheary et al, 1992, Coelho, 2000, BRUKER AXS, 2003). 
CEM I contains some calcite and portlandite (calcium hydroxide), originated from carbonation and 
hydration of free lime. Mineralogical data are in good agreement with chemical composition as 
evaluated with XRF/TGA. 
Composition of limestone was determined using qualitative XRD and TGA. Calcite is the main 
carbonate, while dolomite is present only in traces. 

Tab. 1 Chemical and mineralogical composition of CEM I /mass % 
Chemical 

composition 
SiO2 Fe2O3 Al2O3 CaO MgO Ca(OH)2 CaCO3 K2O SO3 Minor

Content 20.51 3.37 5.14 64.45 2.11 0.25 0.41 0.65 2.85 0.92 

Mineralogical 
composition 

C3S C2S 
C3A 
cubic 

C3A 
ortho 

C4AF
CaSO4·2H2O

(Gypsum) 
CaSO4·0.5H2O

(Bassanite) 
CaSO4 

(Anhydrite) 
K2SO4 Minor

Content 62.2 14.6 5.5 1.5 10.2 1.1 1.3 2.3 0.6 0.7 

Tab. 2 Composition of limestone /mass % 

Chemical 
composition 

CO2 
content 

CaCO3 
(Calcite) 

Other 
phases 

Content 39.89 90.7 
Dolomite, 

quartz 



 

Table 3 summarizes several data referring to the cements reproduced:  
 

- Fineness in terms of 32 and 40 µm sieve air-jet residuals (Hosokawa Alpine LS200 N, sieving 
time: 6 minutes, pressure drop: 4750±250 Pa, reproducibility: ±1.0%). 

- Composition in terms of mass % clinker, calcium sulphate blend, limestone, as ground in the 
lab mill or interblended. 

- Molar bulk ratio SO3/Al2O3 and CO2/Al2O3, calculated on the basis of chemical analysis 
reported in Tables 1 and 2. The importance of the aforementioned molar bulk ratios is 
described in previously cited publications (Matschei T. et al., 2007b). 

 
Tab. 3 Further details on cements reproduced 

Cement 
sample 

Clinker
(%) 

Gypsum 
(%) 

Limestone
(%) 

32 µm 
air-jet 

residual 
(%) 

40 µm 
air-jet 

residual 
(%) 

Molar bulk 
ratio 

SO3/Al2O3 

Molar bulk 
ratio 

CO2/Al2O3

CEM I 95.0 5.0 -- 16.0 7.7 0.7 0.1 

10% 
Limestone 

85.5 4.5 10.0 15.1 8.9 0.7 2.1 

20% 
Limestone 

76.0 4.0 20.0 18.3 9.6 0.7 4.6 

 
2.2. Physico-mechanical tests and hydration study 
24 hours mortar compressive strengths of all cements reproduced were tested (fixed W/C=0.5, 
according to European Standard EN 196-1). Two different sets of strengths determination were run: 
first without any chemical additive, second with the addition of triethanolamine (TEA - analytical 
grade) in mixing water dosed at 300 ppm (300 mg/kg cement). Reproducibility of mortar compressive 
strengths determination can be considered close to ±3% (expressed as standard deviation/average 
ratio). 
Following the same schema, several hydration studies were run on hydrated cement pastes (in all cases 
W/C=0,5), as described here below: 
 

- Determination of hydration heat profile, using isothermal calorimetry (TAM-Air, 23°C). 
- Determination of water bound in hydrated cement phases, using thermogravimetric analysis. 
- Determination of phases using QXRD/Rietveld method. 

 
Cement pastes for TGA and QXRD were prepared by mixing cement and water (or cement and a 
water solution of TEA) in a closed poliethylene cup and allowed to hydrate in a conditioned room at 
23°C. After the required hydration times (6, 9, 18 and 24 hours), cement pastes were ground in 
acetone to stop hydration, filtered and dried in oven at 50°C. A detailed summary of all the hydration 
studies performed is reported in Table 4. 

Tab. 4 Details of hydration studies 
Run Cement 

sample 
Chemical 
additive 

Analysis 

A CEM I - 
B CEM I 300 ppm TEA
C 10% LS - 
D 10% LS 300 ppm TEA
E 20% LS - 
F 20% LS 300 ppm TEA

Isothermal calorimetry, TGA and QXRD on 
quenched cement pastes at 6, 9, 18 and 24 h) 

 



 

3. Results and Discussion 
3.1. Physico-mechanical tests 
Results of compressive strengths determination are summarized in Table 5. Main comments are as 
follows: 

- Substitution of CEM I with limestone promotes a decrease in strengths, as expected due to 
clinker reduction. Strength reduction on the other hand is acceptable with 10% limestone 
addition, but really detrimental when 20% CEM I is substituted by limestone. 

- The effect of strengths increase promoted by the addition of TEA in mixing water is 
progressively more evident as limestone addition is increased. Although in CEM I no effect 
are noticed (the increase falls within one standard deviation of the mean, thus it can also be 
referred to natural oscillation of results), with 10% limestone addition the use of TEA allows a 
10% strength increase. With 20% addition, the improvement is close to 20%. This has a deep 
impact on commercial cements, allowing the production of blended cements (with limestone 
in this case) and reducing the performance loss due to clinker reduction. 

- As reported in the table, the weight of mortar specimens decreases with limestone addition 
(obviously, considering the lower specific gravity of limestone in comparison to CEM I), but 
also with TEA addition in mixing water. This weight decrease (probably related to air 
entrainment) happens quite often when pure chemicals are used in mixing water. Commercial 
cement additives are accordingly formulated in order to avoid excessive air entrainment. 

 
Tab. 5 Results of 24 h mortar compressive strengths 

Run 
Cement 
sample 

Chemical 
additive 

Mortar 
specimen 
weight (g) 

24 h mortar 
compressive strengths 

(MPa) 

% strengths increase 
with reference to 

blank 
A CEM I - 576 13.2 - 

B CEM I 300 ppm TEA 572 13.5 +2.3%1 

C 10% LS - 573 11.7 - 

D 10% LS 300 ppm TEA 565 13.1 +12.0% 

E 20% LS - 571 9.9 - 

F 20% LS 300 ppm TEA 566 11.8 +19.2% 
1Below usual reproducibility variation 

3.2. Hydration studies 
3.2.1 Isothermal calorimetry 
Heat release in function of time as measured with isothermal calorimetry is summarized in figures 1, 2, 
3 and 4. During cement hydration several thermic effects can be noticed, as recently summarized 
(Quennoz et al., 2013). After the initial strong exothermic peak and the so-called “dormant” period, 
hydration of C3S starts, followed by sulphate depletion (in properly sulphated cements this is noticed 
as a “shoulder” on the main silicate peak) and sometimes by a third peak, referred to further reactions 
of aluminate phases. In details: 

- Figure 1 shows the effect of limestone substitution, that is particularly evident on the 
aluminates peak after main silicate peak, approximately after 14-17 hours after the beginning 
of the hydration. As limestone content increases, the appearance of this peak is brought 
forward and maximum of heat release is obtained after 14 hours in cement with 20%, while in 
CEM I this happens after 17 hours. 

- Figure 2, 3 and 4 show the effect of TEA on CEM I, CEM I + 10% LS and CEM I + 20% LS. 
The organic additive accelerates the hydration, with particular reference, again, to the 
aluminates peak after main silicate peak. 

- Total heat release (not showed) is slightly higher in all cements treated with TEA. 
 



 

 
Figure 1 Isothermal calorimetry: effect of limestone addition 

 

 
Figure 2 Isothermal calorimetry: effect of TEA on CEM I 

 



 

 
Figure 3 Isothermal calorimetry: effect of TEA on CEM I + 10% limestone 

 

 
Figure 4 Isothermal calorimetry: effect of TEA on CEM I + 20% limestone 

 
3.2.2 Thermogravimetric analysis and water bound in hydrated phases 
Water bound in hydrated cement phases is lost after heating in some specific temperature intervals. It 
is then possible quantify up to some extent the content of some hydrated phases. Portlandite for 
example completely loses water in the range of 450-550°C. According to Lothenbach et al. 
(Lothenbach B. et al., 2008), during first hours of hydration (thus when only little C-S-H is present), 
the weight decrease recorded between 50-110°C could be referred to ettringite, while the one at 110-
140°C could be related to gypsum. On the other hand Perkins (Perkins, 2000) measured in details the 
TGA profile of synthesized ettringite concluding that, from a total water content close to 46%, around 



 

33% of the mass is lost between 40-180°C. In the present paper, a cement with gypsum/bassanite 
blend – both phases lose water in the same range - has been used (as it happens quite often in 
industrial cements). It appears therefore difficult to estimate ettringite and gypsum and Aft/AFm 
content on the basis of the TGA profile.  
Sulphate depletion is probably completed after 9 h, according to isothermal calorimetry and XRD data. 
We can thus consider that after 9 h from the beginning of hydration the water released in the range of 
100-400°C is related to hydrated phases (AFm, Aft and C-S-H). Portlandite can be easily estimated 
considering the range of 450-550°C. Figures 5 and 6 show the weight decrease in the range of 100-
400°C and the portlandite content calculated according to the weight decrease in the aforementioned 
temperature range, for samples hydrated 18 and 24 hours. In samples hydrated with TEA, there is a 
slight increase in the water bound in hydrated phases and a slight decrease in portlandite. In limestone 
blended cements, the decrease in portlandite content seems to be more evident. 
 

 
Figure 5 TGA – 18 h hydration: Portlandite and water bound in AFt/AFm/C-S-H 

 

 
Figure 6 TGA – 24 h hydration: Portlandite and water bound in AFt/AFm/C-S-H 

 
3.2.3 Determination of phases through QXRD 
XRD analysis on hydrated cement pastes confirms the main findings of previous analytical techniques. 
Sulphate depletion is completed after around 9 hours from the beginning of hydration (when further 
peak on main silicate peak appears in isothermal calorimetry). The interval between 9 and 18 hours is 



 

characterized by acceleration in C3A disappearance (coherently with the strong exothermic peak in 
calorimetry). Ettringite is present in all samples and main AFm phases detected are monocarbonate 
and monosulphate, although in very low amount. It has to be pointed out that AFm phases, in 
particular at early hydration, have very low crystallinity, thus their quantification through Rietveld 
analysis is not reliable. A similar consideration can be made for ettringite. We can not exclude the 
presence of higher quantities of AFm and AFt, but characterized by lower crystallinity and hardly 
detectable with XRD. 
 
4. Conclusion 
Compressive strengths of the cement studied are clearly and positively affected by TEA when 
limestone content is progressively increased. The reason for these better mechanical performances is 
indeed hard to establish. Calorimetry data demonstrate that the presence of TEA accelerates the 
reactions of aluminate phases after main silicate peak, but due to intrinsic limits of the analytical 
methods it has not been possible to evidence whether the balance monocarbonate/monosulphate is 
affected by the presence of TEA. Also the ettringite level (at least the crystalline part) shows no 
remarkable differences. In presence of TEA, portlandite development is not affected (or is slightly 
reduced), thus strengths increase should not be related to higher degree of silicate hydration. 
Considering the hydration model proposed by Lothenbach et al., a possible reason for the strengths 
increase could be related to microstructural modification linked to the increase in the 
monocarbonate/ettringite and decrease of monosulphate when TEA is added to a limestone blended 
cement. Such microstructural modifications are probably related to the amorphous or low crystallinity 
part of AFm and Aft hydrated products.  
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Life Cycle Assessment of the concrete prepared by pulverized fly ash  
Chao Song & Hua Shi 
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ABSTRACT: The cement production get widespread concern with high energy consumption and greenhouse 
gas emissions. And that can reduce greenhouse gas emissions in concrete by adding supplementary cementi-
tious materials(SCM), such as slag and fly ash. The environment impact of ordinary concrete, fly ash con-
crete, pulverized fly ash concrete of the C30 and C50 were assessed by the method of Life Cycle Assess-
ment(LCA). The results have indicated that the pulverized fly ash concrete has the lowest CO2 emission 
among the three kinds of concrete. Compared with the ordinary concrete and fly ash concrete, the CO2 emis-
sions of pulverized fly ash concrete have decreased by 40%, 27% respectively in the C30 concrete. And the 
CO2 emissions of pulverized fly ash concret have decreased by 8%, 16% respectively in the C50 concrete. 

KEYWORDS: Pulverized fly ash; Supplementary cementitious materials; LCA; Environment impact 

1 INTRODCTION 
The cement and concrete industry is one of the key  
sources of the greenhouse gas. Its CO2 emissions ac-
count for 15-20% CO2 emissions associated with 
human activities. And the CO2 emissions in cement 
production account for 80% of concrete production, 
That has accounted for nearly 5% CO2 emissions as-
sociated with human activities[1-2], in China has al-
ready accounted for more than 15%[3]. The CO2 
emissions associated with concrete is mainly con-
centrated on the cement production, therefore it has 
been the focus that how to reduce the amount of ce-
ment used in concrete. Currently the main method to 
reduce CO2 emissions is using mineral admixtures to 
replace cement such as fly ash, slag, etc., which can 
not only reduce the cement dosage, also have the ex-
cellent performance[4]. Shen Weiguo has invented a 
scattering-filling coarse aggregate technology 
through stratified dispersal of coarse aggregate to 
reduce the cement amount in the concrete, improv-
ing the coordination environment of concrete mate-
rials[5-6]. The industry solid wastes is vast in our 
country, which could reduce the cement in the con-
crete through replacing a portion of cement. That is 
an economical and feasible way of energy saving 
and emission reduction to promote the comprehen-
sive utilization of industrial solid wastes  and make 
social benefits[7]. The fly ash concrete technology is 
mature, which make high quality fly ash resource 
utility rate high; but the abandoned original fly ash 
emissions is very alarming in the production proc-
ess. The pulverized fly ash has been obtained by 
drying and grinding the waste fly ash, which can 
meet the Ⅱgrade fly ash performance index to pro-
duce the pulverized fly ash concrete. 
The LCA method is aimed to evaluate the environ-
mental impact of a product from raw materials min-
ing, processing, using until wasting in the whole life 

cycle, which has been widely used in the cement and 
concrete industry to analysis environmental impact. 
The LCA method have been used to evaluate the en-
vironmental impact deeply at home and 
abroad[2,4,7-10], but the research have been rarely 
through evaluating SCM adding, its energy con-
sumption in production process by the LCA method. 
It have evaluating the environmental impact of PFA 
concrete by adding SCM to the concrete, and the 
concrete production. 

2 RESEARCH METHOD 
The LCA method is composed of four parts, includ-
ing objective and boundary determination, inventory 
analysis, impact assessment and improvement 
evaluation. The objective and boundary determina-
tion is the essential part of the LCA method. The 
overall research system framework affects the whole 
evaluation process and the result directly, which 
must be limited to the study clearly. The inventory 
analysis is the fundamental part of the LCA method, 
which is the perfect development part currently, that 
demonstrates and evaluates the system with the cal-
culating objective data by summarizing the system 
input and output.  

2.1 Research objectives and system boundary 

Research Objectives: The study objects were the 
production process of C30 and C50 grade cement 
concrete, fly ash concrete and pulverized fly ash 
concrete, the production process was shown (see 
Figure 1). It has been provided supporting data for 
the pulverized fly ash concrete production and use, 
which has used LCA method to evaluate resource 
consumption, energy consumption and waste associ-
ated with the pulverized fly ash production. 



 System Boundary: It has used 42.5 OPC in the 
concrete production, and the concrete function unit 
is 1 m³. The consumption of cement production 
needed 1.3t limestone, 0.3t clay, 50kg gypsum per 
ton, ignoring the use of other industrial waste resi-
due. Also it was assumed that all the materials  
were transported by the diesel vehicles with 5t 
load, The cement raw material distance was 5km, 
the others were calculated according to the actual 
transport distance, as shown in Table 1. And The 
environmental pollution was ignored which was 
caused by facilities in the production and transpor-
tation process. In addition, both water and high 
performance reducing agent could not be consid-
ered, which had little effect on the environment[1]. 

 
 
 
 
 
 
 
 
 
 
 
 Figure 1. Concrete production process 

2.2 Inventory Analysis 

The inventory analysis quantifies the environment 
products load. Therefore the product input and out-
put throughout the life cycle of each list, would be 
quantified objectively process based on syetem 
data. The inventory analysis is the key part of LCA 
method, including data collection and processing. 
By the concrete system inventory analysis, the envi-
ronmental impact is directly analized and evalu-
ated.The utility system environment database is the 
basic element of the evaluation system, public envi-
ronment data seen Table 3[5], the generated NOx, 
SO2 of electric power production and transportation 
system is calculated according to the corresponding 
average emission factor[10]. All the raw materials 
exploitation is in the same power consumption, 
without considering other pollutants. The environ-
mental data [7] associated with cement life cycle is 
shown in table 4.The per ton cement material con-
sumption for limestone, clay, gypsum are 1.3t, 0.3t 
and 50kg respectively, which do not consider the 
other industrial waste residue. The concrete mix de-
sign is shown in Table 1. The fundamental data is 
seen in Table 3 and 4. The environmental load is 
summarized，shown in Table 5. 

Table1.  Materials transport distance  
 

Table 2.  Concrete mix design 

 

 

Table 3.  Public environment data 
 

3 RESULTS  

3.1  Materials Consumption 

The raw materials of C30-3 were reduced by 
239.25g, 107.25kg relatively compared with the 
C30-1 and C30-2 concrete(see Table 5 and Figure 
2). Wherein the amount of limestone were reduced 
by 188.5kg and 84.5kg relatively, clay were reduced 
by 43.5kg and 19.5 kg respectively, the gypsum 
were reduced by 7.25kg and 3.25kg respectively 
(see Table 5 and Figure 2). The raw materials of 
C50-3 were reduced by 268.95kg, 120.45kg rela-
tively compared with the C50-1 and C50-2 con-
crete(see Table 5 and Figure 3). Wherein the amount 
of limestone were reduced by 211.9kg and 94.9kg 
relatively, clay were reduced by 48.9kg and 21.9kg 
respectively, the gypsum were reduced by 8.15kg 
and 3.65kg respectively (see Table 5 and Figure 3). 
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Table 4.  Energy consumption data of concrete life cycle  

 
Table 5.  the inventory analysis of the concrete  

   

3.2 Energy Consumption 

The coal consumption of the C30-3 were reduced by 
30.2%, 13.3% respectively compared with C30-1 
and C30-2(see Figure 4 and table 5). The cement 
calcination need to burning coal to get much heat, 
which lead to the concrete high energy consumption. 
Therefore the C30-3 concrete with less cement has 
consumed less coal. And the C30-3 diesel have de-
creased by 16.2%, 15.8% respectively compared 
with C30-1 and C30-2 (see Figure 4 and table 5).  

 
Therefore the C50 concrete have the same trend. 
The coal consumption of the C50-3 were reduced by 
25.8%, 10.9% respectively compared with C50-1 
and C50-2(see Figure 5 and table 5). And the C50-3 
diesel have decreased by 14.7%, 14.4% respectively 
compared with C30-1 and C30-2 (see Figure 5 and 
table 5).  
 
 
 

product elctricity/kWh coal/kg CO2/kg CO/kg CxHy/kg NOx/kg SO2/kg 
others 

/kg 

exploitation/t 13.89        

Cement/t 123.3 204.4 885 1.15E-2 2.73E-2 1.533 0.354 40 

Slag/t 20 35       

PFA/t 24 25       

conccrete/m3 2        

SCM manufacturing data is from company. 

 C30-1 C30-2 C30-3 C50-1 C50-2 C50-3 

limestone/kg 468 364 279.5 637 520 425.1 

clinker/kg 108 84 64.5 147 120 98.1 

gypsum/kg 18 14 10.75 24.5 20 16.35 

Aggregate/kg 1926 1926 1926 1808 1813 1813 

FA/kg  80   90  

PFA/kg   89   86 

material 

slag/kg   54   77 

coal/kg 115.75 93.30 80.85 151.40 126.18 112.41 energy 

consumption 
diesel/L 5.695 5.669 4.775 6.613 6.59 5.639 

CO2/kg 405.58 315.87 247.44 551.66 450.73 374.16 

CO/kg 6.5E-2 6.3E-2 5.3E-2 7.7E-2 7.5E-2 6.4E-2 

CxHy/kg 5.0E-2 4.0E-2 4.0E-2 6.0E-2 5.0E-2 5.0E-2 

NOx/kg 1.15 0.92 0.747 1.54 1.29 1.09 

SO2/kg 0.23 0.18 0.15 0.32 0.26 0.22 

emissions 

Others/kg 23.68 18.42 14.66 32.23 26.31 22.12 



 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. the raw materials of C30 concrete 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 3. the raw materials of C50 concrete  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. the energy consumption of C30 concrete 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. the energy consumption of C50 concrete 

3.3 Environmental emissions 
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C30-3 C30-2 C30-1 The waste emissions of the C30-3 were reduced by 
168kg and 72kg compared with C30-1 and C30-2; 
wherein the CO2 emissions of the C30-3 were re-
duced by 39%, 21.7% respectively( see Figure 6 and 
Table 5). The concrete emission is mainly from ce-
ment production, therefore the emission of the PFA 
concrete with less cement have been less than C30 
cement concrete. Also that is less than C30 FA con-
crete. Considering the above reason, the same trend 
have been shown by the PFA C50 concrete. The 
waste emissions of C50 PFA concrete were reduced 
by 177.5kg and 76.57kg compared with C30 cement 
concrete and C30 FA concrete; wherein the CO2 
emissions of the PFA concrete were reduced by 
32.2%, 17% respectively( see Figure 7 and Table 5).  
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           Figure 6. the emissions of C30 concrete 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 7. the emissions of C50 concrete 

4  CONCLUSION 

The LCA inventory analysis results have shown that 
the PFA concrete have directly reduced materials, 
energy consumption and greenhouse gas emissions 
compared with the traditional ordinary cement con-
crete. Compared with ordinary cement concrete, the 
materials resource consumption of C30 and C50 
PFA concrete were reduced by 40.3% and 33.3% re-
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spectively; the coal consumption were decreased by 
30.2% and 25.8% respectively; the CO2 emissions 
were reduced by 39% and 32.2%. Compared with 
the fly ash concrete, the materials resource con-
sumption of C30 and C50 PFA concrete were re-
duced by 23.2% and 18.3% respectively; the coal 
consumption were decreased by 13.3% and 10.9% 
respectively; the CO2 emissions were reduced by 
21.7% and 17%. The above conclusions have shown 
that it has been an environmental friendly way to 
mix concrete by the PFA. 
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Abstract 
The effect of limestone on the compressive strength, hydration and microstructural development of Ultra High 
Performance Concrete (UHPC) was investigated. This conference paper summarizes the results of a larger study 
submitted for publication.  The mix with 54% replacement of cement by limestone showed better workability and higher 
compressive strength (170MPa at 56 days) compared to a classical mix (155MPa) with no limestone replacement. The 
hydration kinetics were compared for different replacement levels using isothermal calorimetry. The results show that 
the released heat evolution normalized per unit volume of binder corresponds well to the compressive strength 
development. The UHPC with 54% limestone has similar hydration kinetics to the classical UHPC. The comparison of 
phase development between classical UHPC and the one with 54% limestone was carried out using X-ray diffraction 
with Rietveld method. The results show that the microstructure was developed rapidly in the first 7 days for both mixes, 
but due to the dilution effect of limestone addition the low clinker UHPC has more Portlandite formed, and kinetics of 
pozzolanic reaction is higher than the classical one. Compared to the classical UHPC, the hydration degree of cement 
in low clinker UHPC was increased from 39% to 66%. The image analysis of UHPC matrices were determined on 
scanning electron microscopy. The images show that the low clinker UHPC has the same dense microstructure as the 
classical UHPC.  
 
Originality 
Ultra high performance fiber reinforced concrete (UHPFRC) has been developed for decades, but the application is 
limited due to its high price which comes from the huge amount of cement and silica fume in classical UHPFRC mix. In 
this paper, the cement in ultra high performance concrete (UHPC) was replaced by limestone. The low clinker UHPC 
with 54% limestone has higher workability and higher compressive strength compared to the classical UHPC. To 
investigate the effect of the limestone on the hydration and microstructural development of UHPC, various techniques 
in this paper were applied. The results showed that the hydration kinetics normalized per unit volume of binder is well 
associated with the compressive strength development, which can be a useful guide for the designing of a low clinker 
UHPC with different supplementary cementitious materials. Microstructural characterization revealed that the 
limestone is inert filler in UHPC with the low C3A content cement, which indicates the main reaction components in 
UHPC are cement and silica fume. 
 
Keywords: UHPC; hydration degree; limestone; microstructure 
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1. Introduction 
Ultra high performance concrete (UHPC) is an engineered cementitious material which exhibits 
outstanding mechanical properties and excellent durability. With a sufficient amount of steel fibers 
(minimum of 3% by volume), strain hardening (SH) UHPFRC can be produced (Brühwiler E. et al., 
2013). Although, the demand to use this promising material has increased, its use remains limited. The 
main reason is the significant amount of cement and silica fume in its mix design which increases the 
price. The cement content in classical SH-UHPFRC is as high as 1100-1300kg/m3, and silica fume to 
cement ratio by mass is around 20-26% (Kazemi_Kamyab H., 2013; Rossi P., 2013; Park S.H. et al., 
2012).  
Due to the ultra-low water to binder ratio (0.14-0.19), the hydration degree of cement is only 30-35% 
(Korpa A. et al., 2009), which means a significant quantity of cement clinker remains unhydrated, 
acting as an expensive filler in the binder system. Consequently there is interest to replace part of the 
cement clinker, with supplementary cementitious materials (SCM) (Hassan A.M.T. et al., 2012; 
Gerlicher T. et al., 2011; Tuan N.V. et al., 2011a; Tuan N.V. et al., 2011b). Limestone is a common 
natural mineral, which has been widely used in normal concrete. Denarie et al. (Denarié E. et al., 2007) 
investigated the influence of replacing 50% of the cement with limestone (D50=10.5μm) on the 
mechanical and durability performance of a SH-UHPFRC; the SH-UHPFRC with limestone had 
comparable or better performance at fresh state than the classical SH-UHPFRC, and the protective and 
mechanical functions were also similar or better. However, the detailed microstructure and hydration 
kinetics of UHPC with systematic replacement of cement with limestone remains unreported. This 
conference contribution summarises the results of a more extensive study submitted for publication 
(Huang W. et al.). 
2. Experimental 
Sulphate resistant cement CEM I 52.5N, Betocarb HP-OG limestone powder from Omya, undensified 
Elkem microsilica Grade 971-U, and quartz sand were used in this study. Their chemical compositions 
given by X-ray fluorescence (XRF) and Phase composition by Rietveld refined XRD are shown in 
Table 1. The particle size distributions were obtained using Malvern Mastersizer type S laser beam 
granulometer, and are shown in figure 1. 

Tab. 1 Chemical and mineralogical composition of raw materials (wt.%) and specific surface (m2/g) 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOSS C3S C2S C3A C4AF CaCO3 

Cement 22.4 2.8 2.2 68.1 0.9 2.3 1.3 62.4 20.3 1.4 5.8 1.0 
Silica fume 97.9 0.0 0.1 0.3 0.2 0.0 0.8      
Limestone 0.1 0.0 0.0 56.9 0.1 0.1 42.7     97.6 

 
Figure 1 Particle size distribution of the raw materials measured by laser granulometry. 

The UHPC formulations designed are summarized in Table 2. UHPC mixes were designed to have the 
same total binder volume and water content. The volume ratio of silica fume to cement was kept at 1:3. 
The volume percentages of limestone in the binder system were: 0, 34%, 54% and 74%. The 
workability was adjusted using GLENIUM®SKY 561 superplasticizer (25% solid content) from 
BASF. Based on the mini cone test (Denarié E., 2009) the flow spread of UHPC mixtures were 
determined, and are shown in Table 2.  It is clear that the limestone addition helps to improve the 
workability of fresh mixtures significantly, which results in the reduction of amount of 
superplasticizer required. 
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Tab. 2 Formulation of UHPC mixes (kg/m3) and flow spread (mm)  
  CSF CSFLS34 CSFLS54 CSFLS74
Cement 1251.2 825.8 575.6 325.3
Silica fume 291.3 192.3 134 75.7
Limestone / 486.2 772.2 1058.2
Superplasticizer 28.2 10.5 5.1 5.2
Quartz sand 117 170 186.3 185.9
Water 201.4 201.4 201.4 201.4
W/C 0.16 0.24 0.35 0.62
W/B 0.13 0.13 0.14 0.14
Spread 179 360 384 444

 
The mixing and casting of all the mixtures were done at 20°C. All powders were mixed for 3 minutes 
with the speed of 61.5rpm. Then the water and superplasticizer were added while the mixer was 
running until the powder changed into quasi-liquid state, then the speed was increased to 123rpm for 2 
minutes, followed by 1 minute at 61.5rpm. The mortar samples were cast in 40×40×160mm moulds 
and then sealed cured. The paste samples were cast in plastic cylinder moulds with 34mm diameter 
and 50mm height, and then sealed cured; hydration of paste samples were stopped by immersing 3mm 
thick slices in isopropanol for 7 days, and further vacuum drying for at least 3 days before further 
preparation . 
Compressive strength measurements were carried out on six cube samples with 40mm dimensions, at 
1, 3, 7, 14, 28 and 56 days; Isothermal conduction calorimetry was carried out using TAM Air 
calorimeter (TA Instruments) at 20°C for 28 days. X-ray diffraction (XRD) measurements were 
carried out on fresh slices before stopping hydration. For image analysis, the dried slices were 
impregnated using epoxy resin and polished down to 1μm. And then the polished samples were 
examined by backscattered electron (BSE). 
3. Results and Discussion 
3.1. Compressive strength  
Compressive strength development of UHPC mixes is shown in figure 2. The CSFLS74 mix which 
has the highest amount of limestone shows clearly lower strength values compared to the other mixes 
during the entire hydration period. The other three mixes have similar strength development. Note that 
because of the lower superplasticizer dosage in CSFLS34 and CSFLS54 compared to CSF, they have 
less retardation, and thus higher one day strength; the effect of retardation is gone by three days of age. 
CSFLS34 at all ages has the highest strength values. It can be seen that, except the CSFLS74, the 
compressive strength of UHPC mixes at 14 days has approximately reached 150MPa and surpasses 
this value under sealed conditions without any heat treatment. The maximum strengths at 56 days for 
CSF, CSFLS34 and CSFLS54 are approximately 155-180MPa. 
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Figure 2 Compressive strength development of UHPC mixes. 
3.2. Isothermal calorimetry 
Figure 3a and c show the heat released per gram of cement. It can be seen that the main hydration 
development of all the UHPC mixes occurred in the first 3 days. The hydration of mix CSF has a 
longer dormant period due to the higher amount of superplasticizer which was needed to reach a 
minimum workability. The cumulative heat per gram of cement increases with the increasing 
replacement of limestone due to the dilution effect, which provides more available water to the cement. 
However, if the heat released are shown per unit volume of binder (figure 3b and d), the UHPC mix 
CSFLS74 has the lowest total cumulative heat while the other three mixes have comparable total 
cumulative heat. These results show that extra reaction of the cement clinker component compensates 
for the replacement of clinker by limestone up to 54% replacement and is consistent with the 
compressive strength development.  

 

 
Figure 3 Heat evolution of UHPC with 4 levels of limestone replacement.  

3.3 X-ray diffraction 
The detailed microstructural analysis is shown only for the reference and 54% substitution blends the 
other blends are discussed in the submitted publication (Huang W. et al).  
Figure 4 shows the time dependent phase development for all the main phases (C3S, C2S, C3A, C4AF, 
Ca(OH)2, CaCO3, ettringite, amorphous phase and the free water) in classical UHPC (CSF) and low 
clinker UHPC (CSFLS54). The quantifications of crystalline phases were carried out by XRD with 
Rietveld analysis, and the free water was calculated by subtracting the total added water from the 
bound water, up to around 500°C, which included the water associated with C-S-H and water formed 
Ca(OH)2. It is observed that the amount of unhydrated cement in CSFLS54 mix was much lower than 
that of mix CSF, which is due to the dilution effect. The microstructures of both mixes developed 
rapidly in the first 7 days, and thereafter the kinetics decreased significantly. Noted that the limestone 
in CSFLS54 was not reacted, which means the limestone herein was inert filler and the possible reason 
is the low C3A content of the cement used. 
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Figure 4 Time dependent phase development for UHPC. a) CSF; b) CSFLS54. 

The evolution of Portlandite in the mixes normalized per gram of cement is presented in figure 5a. The 
Portlandite content per gram of cement in mix CSFLS54 is higher than that in CSF during the whole 
hydration period, which is attributed to the dilution effect in the limestone based UHPC. After 
approximately four days, the Portlandite content in both mixes starts decreasing due to the pozzolanic 
reaction of Portlandite with the silica fume, the pozzolanic reaction kinetics in CSFLS54 is higher than 
that of mix CSF.  

  
Figure 5 Evolution of calcium hydroxide content (a) and hydration degree of cement (b).  

The hydration degree of cement was determined by the Rietveld analysis, shown in figure 5b. It is 
clear that the hydration degree increased rapidly in the first 7 days and slowed down significantly 
thereafter. The evolution of hydration degree of cement corresponds well to the development of heat 
release observed in the isothermal calorimetry. At the age of 56 days, the hydration degree of cement 
was increased from 39.0% in CSF to 66.2% in CSFLS54. 
3.4 BSE images 
Figure 6 compares the SEM-BSE images of the UHPC matrices of CSF and CSFLS54 at 28 days of 
hydration. It can be seen that except the entrapped air, the microstructure of the mix CSFLS54 is still 
dense as the mix CSF. Due to the dilution effect of limestone addition, the amount of unhydrated 
cement in CSFLS54 was much lower than that of CSF, but the distance between cement particles was 
increased.  

   
Figure 6 SEM-BSE images of UHPC matrixes at 28 days. a) CSF; b) CSFLS54. 
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4. Conclusions 
Low clinker UHPC was developed where the mix with 54% of limestone replacing the cement by 
volume showed higher compressive strength values at all ages. At 56 days, the compressive strength 
reached 170MPa which was higher than that of classical UHPC, 155MPa. 
By the effect of dilution, adding limestone in UHPC can promote the cement hydration, and increase 
the hydration degree of cement from 39% in classical UHPC to 66% in UHPC with 54% limestone.  
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Abstract 
Pozzolanic activity tests have been around in cement chemistry for more than 150 years. Ever since the first published 
account of a simplified lime reactivity test by Louis Vicat in 1856, pozzolanic activity tests aimed at providing a rapid, 
relevant and reliable test method to measure the reactivity of a material and predict its contribution to the strength 
development of cementitious binders. A particular problem of compressive strength tests on blended cements is their 
extended duration; many pozzolanic materials contribute only significantly to the binder strength at later hydration 
ages (28, 90 days). Therefore a relevant objective of many pozzolanic activity tests is to reduce the time of 
experimentation. 
A common approach to assessing the pozzolanic activity of a material is to monitor one of the key parameters of the 
pozzolanic reaction. The pozzolanic reaction involves the recombination of the pozzolanic material with Ca(OH)2 and 
water to form a range of insoluble hydrated reaction products. The occurring hydration reactions are exothermal and 
cause an overall volume change. A first group of pozzolanic activity tests therefore directly assesses the rate and extent 
of the pozzolanic reaction over time by measuring 1) the consumption of the pozzolanic material itself, 2) the degree of 
reaction of the Ca(OH)2, 3) the heat released during reaction, or 4) the volume change over the reaction. This can be 
done in realistically formulated blended cements or in pozzolan-Ca(OH)2 model systems that exclude the interference of 
other clinker hydration reactions. A second group of tests focus on the analysis of specified properties of the pozzolanic 
material. Measurements of reactive silica and alumina content, dissolution rate experiments and overall chemical and 
mineralogical analyses have been related to compressive strength development of blended cements. 
The ideal pozzolanic activity test method should meet the following criteria: it should be practical and simple in terms 
of use and cost, repeatable and reproducible, generally applicable (to all SCM types), delivering results rapidly, 
flexible and finally enabling an easy comparison between the test result and the quality criterion (mostly the 
compressive strength gain over time). This paper summarizes past findings and applies a selection of literature 
pozzolanic activity tests to a representative series of common supplementary cementitious materials. The test results are 
compared to the above-mentioned test method criteria. The aim of this contribution is to describe the advantages and 
disadvantages of the existing methods and to highlight ways forward by proposing practical approaches to assessing 
pozzolanic activity. 
 
 
Originality 
This contribution rationalizes the multitude of historically used pozzolanic activity test methods and draws on new 
experimental test results to propose performant approaches to assess the pozzolanic activity of a broad range of 
materials. The exposed test method may serve as tool to develop the next generation of blended cements, including 
ternary blends, activated clay cements and cements exploiting blend material synergies (e.g. limestone and pozzolans). 
Moreover, new and emerging waste streams may be more rapidly assessed in terms of their potential use as 
supplementary cementitious materials.  
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1. Introduction 
A large fraction of currently produced cements contains supplementary cementitious materials (SCMs). 
For regular Portland cement the long term strength development can be predicted relatively accurately 
from an extrapolation of short term compressive strength testing results. In general, this is not the case 
for SCM blended Portland cements. Due to the slower rate of reaction of SCMs, cements containing 
them reach their final strength only after long periods of curing and reaction. A clear assessment of the 
SCM contribution to the cement strength thus demands time, delays cement product quality control 
and may conflict with modern construction practice time management. This impairment of blended 
cement toward rapid delivery can be exacerbated by a variability of SCM properties and quality. As 
most commonly used SCMs are by- or waste products of other industries their compositional 
variability is inherently by far larger than that of a manufactured and regulated material such as 
Portland cement.  
 
Both issues highlight the need for rapid, reliable and relevant testing methods that assess the activity 
and quality of SCMs. The design of efficient and accurate test methods that measure or predict the 
reactivity of pozzolanic materials has been a subject of scientific attention for at least 150 years (Vicat 
1856). Ideally, a suitable pozzolanic activity test method should meet the following criteria: it should 
be practical and simple in terms of use and cost, repeatable and reproducible, generally applicable (to 
all SCM types), delivering results rapidly, flexible and relevant toward predicting the main quality 
criterion (mostly the compressive strength gain over time). In the following, methods that focus on the 
link between the chemistry of the pozzolanic reaction and the compressive strength development were 
considered. 
 
A pozzolanic material is by definition capable of binding portlandite in the presence of water thereby 
forming hydration products that have a low solubility and that fill in the pore space previously 
occupied by the water. The formation of hydrates in the pozzolanic reaction is exothermal. In 
combination with Portland cement the reaction can be generalized as follows: 
 

  (Eq. 1) 
 
where X stands for a mono- or divalent anion group that can be incorporated into the AFm structure, 
i.e. sulfate, carbonate, hydroxide, chloride,… For clarity purposes, the stoichiometry of Eq. 1 does not 
take into account the uptake of Al into the C-S-H phase, or consider other elements than Al, Si to be 
present in the pozzolan. Considering Eq. 1, the rate of reaction, or the pozzolanic reactivity, can be 
determined by measuring one of the key parameters of the reaction over time, i.e.: 1) the consumption 
of portlandite, 2) the reaction degree of the pozzolan, 3) the heat released during the reaction, and 4) 
the volume change over the reaction. Except for the direct measurement of the extent of reaction of the 
pozzolan, all other approaches require additional data on either the reaction stoichiometry and/or 
specific thermodynamic properties of the reactants and reaction products (enthalpy of formation, 
molar volume) to translate the measurements into an overall rate of reaction.  
 
The measurements of pozzolanic reactivity can be carried out on realistic formulations of blended 
cement pastes or on simplified model systems. The advantage of studying realistic blended cements is 
that the reaction environment of the pozzolan in the real application is reproduced. Disadvantages 
comprise analytical difficulties encountered in isolating the pozzolanic reaction from the clinker 
hydration reactions and, obviously, the experiment duration which is equivalent to regular 
compressive strength testing and make this approach not suitable for rapid screening. The scope of this 
paper will therefore be limited to test methods that deliver a rapid, quantitative measure of the 
pozzolanic activity in model systems which are more or less removed from reality. A selection of 
established pozzolanic activity tests is applied to a set of common SCMs and evaluated against the 
above-mentioned test quality criteria. 
 



 

 
2. Test material properties 
 
2.1. Material composition 
A set of representative SCMs was selected for pozzolanic activity testing. The selected materials 
represent the main SCM groups used to date in blended cements: blast furnace slag (SL), fly ash from 
coal combustion (FA), natural pozzolans (Po) and calcined clays (Metakaolin: MK). In addition, a 
quartz powder (Qtz) was used as a reference filler material. The chemical and mineralogical 
composition and the fineness of the testing materials are given in Table 1. The chemical composition 
was determined by X-ray Fluorescence (XRF) spectrometry, the mineralogical composition by XRD 
using Rietveld refinement and the external standard approach as in Snellings et al. (2014). Additional 
reagents for the pozzolanic activity tests were Portland cement (CEMI, no limestone added - PC) and 
Ca(OH)2 (reagent grade), all other chemicals described in the test procedures below were laboratory 
grade. 
 

Tab. 1. Chemical composition (XRF) and quantitative phase composition (XRD-Rietveld) of the 
SCMs and Portland cement. 

Oxides 

(wt.%) 
SL Po FA MK Qtz PC  Phase (wt.%) SL Po FA MK Qtz PC 

SiO2 36.61 73.55 61.4 50.62 97.91 19.27 Calcite 0.7      
Al2O3 12.21 12.54 33 46.91 1 5.65 Quartz 0.6 2.7 12.5  98.8  

Fe2O3 0.85 1.39 1.1 0.38 0.05 3.63 Albite  7.5     

CaO 41.59 1.28 0.6 0.02 0.02 63.65 Muscovite/Illite  3.4     

MgO 7.18 0.57 0.3 0.09 / 1.62 Kaolinite  2.5     

SO3 0.63 / / 0.08 / 3.16 Mullite   16.2 5.9   

Na2O 0.18 3.73 0.1 0.28 / 0.15 Anatase    1.4   

K2O 0.28 3.34 0.1 0.18 0.77 1.24 Cristobalite     1.2  

TiO2 0.35 0.16 2 1.29 0.03 0.29 C3S M3      63.6

LOI -0.37 3.19 1.4 0 0.15 0.75 beta-C2S      8.9 

       C3A       6.5 

d50       C4AF      14.2

(µm) 17.9 8.6 11.4 5.2 11.1 8.5 Periclase      0.4 

       Anhydrite      4 

       Arcanite      2.3 

              Amorphous/Other 99 84 71 93     

 
2.2. Baseline compressive strength results 
Compressive strength tests served as a base of reference for the pozzolanic activity tests. Mortar mixes 
with 30% cement replacement by the SCM or filler were prepared and tested according to EN 196-1. 
The mortar samples were demoulded after 24 h and cured in a moist room at room temperature until 
testing. 
The compressive strength results in Figure 1 show clearly different trends in pozzolanic activity for 
the tested SCMs. All blended cements showed lower strengths at 1 day of hydration than the reference 
Portland cement. On the long term however all blended cements except the quartz filler surpassed the 
OPC reference. The timing at which the reference is surpassed depends on the reactivity of the SCM. 
The metakaolin blended cement exceeded the reference at only 3 days of hydration, the slag blended 
cement at 14 days, and the fly ash and natural pozzolan blended cements at 56 days. The reference and 
the metakaolin blended cement showed little strength gain after 28 days of reaction. To the contrary 
the other blended cements still displayed a significant gain in strength beyond 28 days, indicating that 



 

the hydration reactions were still ongoing. Overall, the pozzolanic activity of the SCMs is of the order 
Metakaolin > Slag > Natural pozzolan ≥ Fly ash >> Quartz.  
 

 
Fig. 1. Compressive strength development of the SCM blended cements compared to the reference 

Portland cement (OPC). Po stands for natural pozzolan, SL for slag, FA for fly ash, MK for 
metakaolin. 

 
3. Pozzolanic activity test methods: review and application 
The compressive strength tests were compared to six different pozzolanic activity tests. The tests were 
selected to cover a wide range of properties of the pozzolanic reaction or the SCMs. Portlandite 
consumption, reactive silica and alumina, and isothermal calorimetry tests were included. Additionally, 
the selected tests were required to deliver results rapidly and reduce the duration of experimentation 
significantly. 
 
3.1 Chapelle test 
The Chapelle test (Chapelle, 1958) measures the amount of lime bound by a pozzolan after boiling a 
slurry of 1 part pozzolan, 1 part CaO and 200 parts of water for 16 h. Solid, non-reacted Ca(OH)2 is 
extracted or solubilized by adding 20 parts of sucrose to the slurry after boiling and cooling. Again the 
total alkalinity of the solution is titrated and used as a measure for the lime concentration in solution.  

 



 

Fig. 2. Chapelle test results expressed as % consumed of the initial portlandite, with and without 
correction for carbonation. CH ref is the reference pozzolan free sample, Po stands for natural 

pozzolan, Qtz for quartz, SL for slag, FA for fly ash, MK for metakaolin. 
 
The Chapelle test results for the selected test materials are given in Figure 2. A reference sample that 
contained only portlandite and no pozzolanic material was included in the test series. The 
determination of portlandite in the reference revealed some problems with the test setup. XRD data of 
the solid residue indicate that a significant amount of the initial portlandite had carbonated in the 
reference system. Avoiding carbonation by working in a N2 atmosphere would be highly unpractical, 
therefore a carbonation correction was tried to cancel out the amount of portlandite carbonated in the 
reference system: 
 

      (Eq. 2) 
Comparing the corrected results, the pozzolanic activity order as determined by the Chapelle test is 
Metakaolin > Fly ash ≥ Natural pozzolan > Slag > Quartz. Except for Slag, which consumes far less 
portlandite during its hydration reaction, this ranking follows the compressive strength results.  
 
3.2 Frattini test 
To evaluate whether a pozzolan is active in a blended cement a widely used ISO recommendation was 
developed. Originating from the work of Frattini (1949), the ISO 863 “pozzolanicity test” (EN 196-5) 
compares the lime concentration in a solution in contact with a hydrating binder to the lime 
concentration in a Ca(OH)2 saturated solution of the same alkalinity. The test is considered positive if 
the solution is undersaturated in portlandite after 7 or 14 days of hydration.  
The Frattini test as adopted in EN 196-5 was extended here by adding an additional sampling time at 
28 days for all materials. Figure 3 compares the measured solution compositions to the portlandite 
saturation curve. Overall, the trend in pozzolanic activity as determined by the Frattini test is 
metakaolin > natural pozzolan > fly ash > quartz ≥ slag. Including a second sampling time at 28 days 
enables to verify the reactivity of the tested material, but obviously presents no advantage in 
experiment duration over regular compressive strength testing.   
 

 
 

Fig. 3. Plot of the Frattini test results for the tested SCMs and the OPC reference. The solution 
composition was analyzed at 7 and 28 days for each material. The evolution of the solution 



 

composition is indicated by arrows going from the 7 days to the 28 days result. The average error 
calculated from duplicate samples is given as 2σ intervals. Po stands for natural pozzolan, Qtz for 

quartz, SL for slag, FA for fly ash, MK for metakaolin. 
3.2. Acid/base extractions: active silica and alumina 
Classical test methods that attempted to assess the active SCM phase content involved classical wet 
chemistry and were based on the dissolution of the active components in a variety of acids, bases or a 
combination of both. The amount of dissolved material was usually taken as a measure for the amount 
of active silica and alumina. To assess the value of this type of pozzolanic activity test, two acid/base 
extractions were tried: NaOH treatment (former ASTM C379-56T), and HCl/Na2CO3 extraction 
(former AFNOR P 15-301). The results of the base (NaOH) dissolution and the sequential acid-base 
(HCl-Na2CO3) treatment are given in Figure 4.  
 

 
Fig. 4. Results of the sequential acid-base treatment (AT) and the base treatment (BT) expressed as 
dissolved silica and alumina and total dissolved weight fraction of the tested material. Po stands for 

natural pozzolan, Qtz for quartz, SL for slag, FA for fly ash, MK for metakaolin. 
 
Both the sum of dissolved silica and alumina and the total dissolved fraction are plotted. Except for the 
acid treated slag sample, the sum of dissolved silica and alumina is not significantly different from the 
total dissolved fraction. Considering the measured fractions of active silica and alumina, the tested 
materials are classified as follows by the base treatment: natural pozzolan ≥ metakaolin > fly ash > 
slag > quartz. The acid-base treatment results in a significantly different order: natural pozzolan ≥ 
metakaolin > slag > fly ash > quartz.  
 
3.3 Heat release 
The rate of heat evolution of SCMs in blended cements is typically relatively low and slow, occurring 
mostly after the main reaction of the alite and C3A clinker phases. The resulting low heat flow requires 
extended experiment durations and the contribution of the pozzolanic reaction cannot be clearly 
resolved from the hydration of the Portland cement phases. An alternative approach is to measure the 
heat release from portlandite-SCM pastes, optionally supplemented with sulfates, and alkalis (Silva 
and Glasser 1990; Mostafa et al. 2001). This approach has the advantage that the pozzolanic reactivity 
can be assessed separately. 
Figure 5 gives the calorimetry results of the SCM reaction in portlandite-SCM model mixes with 
added alkalis and sulfates at 40 °C. Water and portlandite were added in excess. Alkalis were added to 
simulate the Portland cement reaction environment. Sulfates were included to induce the precipitation 
of the same reaction products as in PC (ettringite, AFm). Consistent with the compressive strength 
results, slag and metakaolin initially show the most intense heat release. Both materials initially react 
at a constant rate and the heat release curves gradually evolve toward an ultimate plateau value as the 



 

SCM is progressively consumed. The overall, ultimate (plateau) released heat is higher for the 
metakaolin system. This is related to the higher amount of portlandite reacted per unit of metakaolin 
compared to the slag. The other SCMs did not reach a final plateau value over the duration of the 
experiment. The reference quartz material showed a slight initial reaction, followed by a long period 
of very low to negligible heat release. The overall order of heat release rate is metakaolin > slag > 
natural pozzolan ≥ fly ash > quartz. 
 

 

Fig. 5. Cumulated heat release of the SCM (pozzolanic) reaction in the portlandite-SCM model 
systems plotted as a function of hydration age. The hydration temperature was fixed at 40°C in a 

isothermal conduction calorimeter. 

 
4. Discussion and conclusion 
The ultimate goal of a pozzolanic activity test is to accurately predict the strength development of a 
cement blended with the tested SCM, and this over a wide range of compositions and conditions. In 
this paper, five different pozzolanic activity tests were applied on a representative sample of four 
SCMs and one inert filler of different origins and contrasting properties. The test results are 
summarized qualitatively and compared to the compressive strength results in Table 3. Following 
observations can be made. i) The test methods relying on portlandite consumption incorrectly ranked 
the blast furnace slag sample. The amount of portlandite a SCM consumes during hydration varies as a 
function of the chemical composition of the SCM. Ca-rich SCMs such as blast furnace slags need very 
little to no portlandite for hydration while Ca-poor metakaolin rapidly consumes large quantities of 
portlandite. The other pozzolanic materials (low in CaO) were ranked correctly on the other hand. 
However, in case of both the Chapelle and the Frattini test it is unclear how the test result can be 
translated into a quantitative indication of compressive strength. The Chapelle test trials revealed 
problems related to carbonation, and are known to represent significant scatter (Raverdy et al. 1980). 
ii) The acid/base extractions performed worst as predictive test for compressive strength development. 
The rather extreme treatment conditions are far removed from the typical cement type pore solution. 
The dissolution mechanism of multi-oxide silicates at low pH involves the development of extensive 
leached layers whereas at high pH the leaching process is much slower and dissolution is more 
congruent (Snellings 2015). The extraction tests are therefore deemed not to be suitable. 
iii) The calorimetry test produced results that were very much in line with the compressive strength 
development of the blended cement mortars. This test was therefore used as a base to develop a new 
approach to a quantitative, predictive pozzolanic activity test. This test method is presented in detail in 
a companion paper (Avet et al. 2015). Overall, the calorimetry method meets most of the criteria for 
the ideal pozzolanic activity test: the method is practical, repeatable and applicable to a wide range of 



 

SCMs, it furthermore delivers results quite rapidly and mirrors the compressive strength development. 
The investment cost for the test set-up is rather modest. Future work should focus on the 
interlaboratory reproducibility and on further extending the range of SCMs. 
 

Table 3. Summary table comparing the ranking of SCMs by the pozzolanic activity test to the 
compressive strength results. 

  
Compressive  
strength 

Chapelle  
test 

Frattini  
test 

Base  
extraction

Acid-Base 
extraction

Calorimetry
test 

MK 1 1 1 1 1 1 
SL 2 4 4 4 3 2 
Po 3 2 2 1 1 3 
FA 3 2 3 3 4 4 
Qtz 5 5 4 5 5 5 
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Abstract 
Different supplementary cementitious materials (SCMs) are widely used as a substitute for cement to utilize clinker 
more efficiently. In this paper, two or more mineral admixtures (fly ash, slag, ultra-fine slag, quartz powder) were 
compounded based on powder packing theory. 14 groups of binder paste were made and cured at 20℃and 40℃, 
respectively. Their compressive strength, particle size distribution (PSD), chemical combined water and pore size 
distribution were tested. The results showed that a reasonable compound of cementitious materials according to their 
hydration properties and PSD contributes to better properties. The binder pastes with only 40% or even 20% clinker 
content are close to pure cement paste on both mechanical properties and microstructure. Their reaction mechanism 
was simply analyzed and the compound binder of low clinker content was recommended to utilize clinker more 
efficiently. 
 
Originality 
Two or three kinds of mineral admixtures are compounded and the clinker content is from 100% to 20% in 7 different 
binders. Their mechanical properties and microstructure are tested. Physical filling effect and chemical reaction 
contributes together during the hydration process of compound binder. The binder pastes with only 40% or even 20% 
clinker content are close to pure cement paste on both mechanical properties and microstructure. 
 
Keywords: compound mineral admixtures; particle size distribution; compressive strength; microstructure 
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1. Introduction 
Large of resources and energy have to be used up for cement production every year, which results in 
the serious problem about how to develop sustainably for cement industry. Also cement production 
yields large amounts of CO2 which creates environmental burden. So the efficient utilization of 
materials especially cement clinker is imperative. Mineral admixtures have been widely used as 
supplementary cementitious materials for long time. Slag, flay ash, steel slag, limestone and so on are 
often used together in cement or concrete industries. How to achieve satisfactory performance of 
cement by using compound mineral admixtures and improve the utilization efficiency of clinker is 
important. 
The filler effect of admixtures is contributed by two principal mechanisms: extra space and enhanced 
nucleation (Lothenbach B. et al., 2011). Contrast test using quartz filler and silica fume as comparison 
has been made to prove this filler effect (Fernandez-Lopez R., 2009; Kocaba V., 2009). It has been 
realized for a long time, the reaction of fly ash is slow at normal atmospheric temperature (Sakai E. et 
al., 2005; Papadakis V. G., 1999; Papadakis V. G., 2000). Slag shows a faster reaction than fly ash 
(Taylor R. et al., 2010; Escalante-Garcia J. I. et al., 2001). Concrete with ultra-fine slag has a higher 
early strength, lower permeability and improved durability even at 3 days of curing (Teng S. et al., 
2013). The reactivity of mineral admixtures is also depended on their PSD. Fuller distribution (Qiao L. 
S., 2001), Horsfield model (Horsfield H. T., 1934) and Tsivilis distribution (Tsivilis S. et al., 1990) are 
typical models of particle size distribution. Based on these models, two kinds of gap-graded particle 
size distribution for blended cement are proposed (Zhang T. S. et al., 2011a; Zhang T. S. et al., 2011b). 
They divide materials to different PSDs by sieving and then reassemble them. In this study, mineral 
admixtures were combined without sieving and their mechanical properties and microstructure were 
investigated. 
2. Experimental 
2.1. Raw Materials 
A P.I.42.5 Portland cement containing only clinker and gypsum which conformed to the Chinese 
National Standard GB175 was used as reference cement to avoid influence of admixtures. Class I fly 
ash and S95 ground granulated blast furnace slag complying with related Chinese national standards 
were main admixtures. Ultra-fine slag and quartz powder were also used as high-active and inert 
admixtures respectively. Their fineness is that the residue on 8μm sieve is less than 5% for ultra-fine 
slag and the residue on 170μm sieve is less than 5% for quartz powder. The chemical composition of 
raw materials is listed in table 1 and their particle size distributions are shown in figure 1. 

Tab. 1 Chemical compositions of raw materials /% 
Compositions CaO SiO2 Fe2O3 SO3 Al2O3 MgO K2O TiO2 

Cement 61.10 21.75 4.34 4.26 4.12 2.63 1.05 0.33 
Fly ash 6.09 52.06 5.63 0.81 29.88 0.66 1.37 1.78 

Slag 39.98 28.37 0.52 7.40 10.16 9.37 0.57 2.93 
Ultra-fine slag 38.29 33.96 0.88 2.46 12.30 10.09 0.56 0.77 
Quartz powder 0.01 99.76 0.01 - 0.04 0.01 0.01 0.01 



 

 
Figure 1 The particle size distributions of raw materials. 

It is evident that the PSDs of fly ash and slag are close to cement. Ultra-fine slag has much fine 
particle smaller than 10 μm and quartz powder has much coarse particle larger than 100 μm. 
2.2. Packing Theory and Mix Proportion of Compound Binder 
The gap-graded particle size distribution (Zhang T. S. et al., 2011a; Zhang T. S. et al., 2011b) is based 
on Horsfield model and Tsivilis distribution. We chose three models as theoretical basis. Fuller 
distribution represented for the most compactly piling theory while Horsfield model and Tsivilis 
distribution represented for gap-graded particle size distribution theory. The PSDs of these three 
models are given in figure 2. We adjust the mix proportion of five raw materials to approach the 
distributions of theory models according to materials’ PSDs. And the chemical activity was also taken 
into account. Then we got 7 representative compositions of compound binder. Table 2 lists their mix 
proportions and figure 2 shows their PSDs. 

Tab. 2 Mix proportion of binder 
Mass fraction / % 

W/B 
Curing 

condition 
Sample

Cement Fly ash Slag 
Ultra-

fine slag 
Quartz 
powder 

A0 100 0 0 0 0 
A1 80 0 0 0 20 
A2 60 0 0 10 30 
A3 40 30 0 10 20 
A4 40 0 30 10 20 
A5 20 40 0 20 20 

20℃
Standard 
curing 

A6 20 0 40 20 20 
B0 100 0 0 0 0 
B1 80 0 0 0 20 
B2 60 0 0 10 30 
B3 40 30 0 10 20 
B4 40 0 30 10 20 
B5 20 40 0 20 20 

0.4 

40℃ 
Steam 
curing 

B6 20 0 40 20 20 
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Figure 2 The particle size distributions of binders. 

2.3. Test Methods 



 

As shown in table 2, 14 groups of pastes were prepared at the water-to-binder ratio of 0.4. Group A 
was cured in a fog room at 20°C and 95% relative humidity while group B was cured in curing box 
with 40°C water vapour. At the ages of 3, 7, 28 and 90 days, the pastes were tested. 
For studying the compressive strength of paste containing compound mineral admixtures, paste bars 
(4×4×16 cm) were prepared. At the ages of 3, 7, 28 and 90 days, the compressive strength of samples 
was tested. Part of the samples was taken and placed in acetone to stop the hydration. Then, the 
samples were dried in vacuum at room temperature.  
The non-evaporable water content of paste was obtained as the difference in mass between the sample 
heated at 80°C and 1060°C normalized by the mass after heating 80°C, and correcting for the loss on 
ignition of unhydrated samples. 
The pore structure of hardened paste was measured by using a Mercury Intrusion Porosimeter (MIP) 
with an operating pressure up to 60,000 psi, which could measure pores as small as 3.2 nm in diameter. 
3. Results and Discussion 
3.1. Compressive Strength of Paste 
Figure 3 (a) and (b) shows the influence of binder compositions on the compressive strength of paste 
at standard temperature 20°C and a relatively high temperature 40°C, respectively. 

 
(a) 



 

 
(b) 

Figure 3 Compressive strengths of different pastes 
The dosage of mineral admixtures leads to a decrease in strength of paste. Group 0 which was made 
by pure cement has the highest compressive strength, followed by group 4, 6 (great volume of slag), 
group 1, 2 and group 3, 5 (great volume of fly ash) in a declining trend at all ages, which proves that 
slag is more chemically active than fly ash at the same PSD. Group 2 contains 20% less cement and 
10% more chemically inert quartz powder than group 1. While they give almost the same compressive 
strength at 20°C and group 2 has a higher strength at 40°C which attributes to the motivation of high 
temperature. The distinction of 10% ultra-fine slag leads to such an effect. It shows that the ultra-fine 
slag with large specific surface area owns super high activity. The compressive strengths of paste at 3 
day consist 27%~44% of that at 90 day in group A and the values are 44%~71% in group B. High 
temperature contributes to a high early-age strength and also a weak growth of strength in later period. 
In group 1, 4, pastes cured at 40°C even have a lower compressive strength than those cured at 20°C at 
the age of 90 day. The strengths of group 4, 6 are approximate to that of group 0 while group 4, 6 
consists of only 40% or even 20% cement. Large amount of slag, part of ultra-fine slag and inert filler 
are used, which makes high-volume mineral admixtures be possible. Group 3, 4, 5, 6 have similar 
PSDs while show huge differences in compressive strength. It proves that chemical activity has a more 
decisive influence on strength. 
We can give a rational combination of binding materials based on different chemical activities and 
PSDs to obtain appropriate strength with much less cement clinker. 
3.2. Non-evaporable Water Content 
Figure 4 (a) and (b) shows the non-evaporable water contents of 14 groups of pastes at different ages. 
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Figure 4 Non-evaporable water contents of different pastes at different ages 
The non-evaporable water content of paste could only present the total reaction degree of the 
composition, because the mix proportion of each system is quite different due to the complicated 
composition. It is an indication that the non-evaporable water content of paste appears similar 
regularity with their compressive strength. Comparing with the compressive strength, the non-
evaporable water content of pastes comes from high to low in this order: 0-(4, 6)-(1, 2)-(3, 5). Fly ash 
shows lower chemical activity than slag while ultra-fine slag shows an excellent one. The non-



 

evaporable water contents of other groups are approach to that of group 0, however they contain less 
cement even to 20%. That’s the evidence that the utilization of cement clinker is greatly improved. 
It is clear that the difference of the non-evaporable water content between group 0 and group 1, 2 is 
much smaller than that of the compressive strength. It proves that reaction degree is important to 
strength development but it’s not the only factor. The samples with the same non-evaporable water 
content could be quite different in strength which caused by the structure of hardened cement paste.  
And also the ratio of 3 days to 90days non-evaporable water content is fairly high which comes from 
53%~85%. It indicates that most hydration happens in 3 days while it contributes less to strength 
development. At early age, the hydration products form framework structure. And hydration product in 
the later age fills the gaps and reinforces the structure which leads to a large growth of strength. The 
non-evaporable water contents of groups cured in high temperature are higher at early age and the 
differences are less evident at later age. 
3.3. Pore Structure of Hardened Paste 
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(b) 28 days 

 
(c) 90 days 

Figure 5 Pore size divisions of different hardened pastes. 
Metha divided the pores in hardened cement paste into four grades: <4.5 nm, 4.5–50 nm, 50–100 nm, 
and >100 nm, among which the pores larger than 100 nm are believed to be closely related to the 
strength and permeability of concrete (Mehta P. K., Manmohan D., 1980). Figure 6a, b and c show the 
pore size divisions of hardened pastes at the age of 3 days, 28 days and 90 days. 
From figure 5 (a), (b) and (c), we can see that the total porosity of hardened pastes shows a negative 



 

relationship with their compressive strength.  At 3 days, the total porosities of all pastes are similar. 
Group 5 and 6 show a pretty fine distribution on pore structure with large amount of pores <100 nm. 
As the hydration of paste grows, the amount of coarse pores is decreasing and that of fine pores is 
increasing. It is evident that the pore structure of hardened paste becomes much fine by replacing part 
of the cement by active filler. The reaction of mineral admixtures could reduce the amount of pores 
between 50–100 nm and seems to have no effect on those between 4.5–50 nm. It infers that the 
hydration products of mineral admixtures are in this scale: 4.5-50nm. 
Group 4 owns the lowest total porosity and group 5 has a satisfactory pore structure at 28 and 90 day. 
But their compressive strengths are not the highest. It proves that total porosity or the amount of 
coarse pores is not the only influencing factor of strength. The quantity and quality of hydration 
products have a significant influence too. 
From figure 6a, we find that total porosities of pastes hydrating at 20°C for 3 days are similar with 
each other due to the powder packing from the mix proportion design. We can use this theory to 
conduct the mix ratio design. It’s possible to choose proper materials to keep closest packing at early 
age and adjust the chemical activity at the same time to make sure a fine pore structure at late age. 
4. Conclusions 
The experimental study here presented the mechanical properties and microstructure of cement pastes 
with compound mineral admixtures to put forward a reasonable suggestion of using compound 
mineral admixtures. The replacement of cement decreased compressive strength and non-evaporable 
water content, improved the pore structure as we expected. While the experiment of replacing cement 
by large quantity of SCMs achieved good results. A reasonable compound of cementitious materials 
according to their hydration properties and PSD contributes to good properties. The pastes with only 
40% or even 20% clinker content are close to those with pure cement on both mechanical properties 
and microstructure. 40% cement+30% slag+10% ultra-fine slag+20% quartz powder combines the 
best composition among all the 6 mix proportions. Comparing with pastes prepared by pure cement, 
pastes prepared in this mix proportion and cured at 20°C achieved the compressive strength as 84% at 
90 day and a satisfactory pore structure with only 40% cement clinker used. 
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Abstract 
Applying blended materials with finer particle size or high reactivity could be an effective and economic way for 
improving the microsturcture of interfacial transition zone (ITZ). In this study, the porosity characteristics of ITZ in 
concrete made with OPC and blended binders were determined quantitatively by using backscattered electron 
microscopy (BSE) image analysis and mercury intrusion porosimetry (MIP) measurements. This paper especially 
focused on the effects of slag and limestone filler on the thickness and pore structure of the ITZ. Results indicated that 
the porosity at each distance reduces with increasing limestone filler from 0 to 5%, and a significant increase is 
observed in the sample with 10% of limestone filler. The addition of 5% of limestone filler is able to densify the pore 
structure of both ITZ and bulk matrix. The reduction in pore volume in the range coarser than 100 nm contributed to 
the largest decrease in the total pores. Increasing the incorporation level of limestone filler to 10% resulted in an 
increase in the total porosity. The influences of slag on the porosity characteristics were highly dependent on the 
replacement level and the determined pore size regions. The addition of 35% of slag reduces the porosity at all 
distances and produces a denser microstructure both in the ITZ and bulk cement matrix. However, this improvement 
disappears when the substitution amount reaches to 70%. The incorporation of slag as a partial substitute for Portland 
cement tends to refine the pore structure. 
 
Originality 
Previous researches on the concrete containing blended materials mainly focus on the overall properties or on the 
properties of the bulk cement paste. However, very limited information has been given with respect to the improvement 
of the weak ITZ region by using blended materials. This work presents two possible techniques to determine the 
localized phenomena in concrete containing blended materials. This would also help to further understand the 
mechanism underlying the effects of blended materials on the structure of the ITZ, and to improve their utilization 
efficiency. 
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1. Introduction 
The microstructure of interfacial transition zone (ITZ) between aggregate and bulk cement matrix is 

initially determined by the packing of the anhydrous cement grains against the much larger aggregate 

particles. The difference in the size scale between cement grains and aggregate particles means that 

each aggregate particle is a mini wall which disrupts the packing of the cement grains, which leads to 

that the zone closest to the aggregate contains predominately small grains and has a significantly 

higher porosity, while larger grains are found further out (Scrivener. et al., 2004). The mobility of 

calcium ions in solution results in preferential nucleation and growth of calcium hydroxide on the 

aggregate surface, so that the porosity of the ITZ in many locations may be high due to the presence 

of these deposits. Bleeding effects may also increase porosity in other locations. In normal concrete, 

the ITZ is generally believed to be characterized by a higher concentration of calcium hydroxide 

crystals and an increased porosity relative to the matrix paste (Breton, et al. 1993; Bonen 1994; 

Scrivener. et al, 1996). 

The formation of ITZ has been presented in Ref. (Barnes, et al., 1978; Barnes, Diamond et al. 1979; 

Diamond 1987) as follows: (i) at the immediate vicinity of the aggregate surface is a duplex film of 

Ca(OH)2 topped by or occasionally intermixed with C-S-H. At early ages of hydration, this duplex 

film is relatively porous. With increase in age, the film modifies into a dense layer, sometimes 

bonding with the surrounding cement paste. The side of the film in contact with aggregate is a layer of 

crystalline Ca(OH)2 of 0.5 μm thick. Following this layer is a thin deposit of C-S-H gel, in the form of 

short fiber, which extends into the cement paste. (ii) Next to the duplex film is the ITZ. This region is 

relatively larger with a thickness of around 50 μm, including the duplex film. Generally, this zone 

contains a large number of hollow-shell hydration grains, and enriched in larger Ca(OH)2 crystals and 

ettringite (AFt). The occurrence of such a large number of hollow-shell hydration grains suggested 

that cement hydration is accelerated at the ITZ. This is presumable because of an availability of 

excess water at the vicinity of the aggregate particles. Moreover, since the growth of large crystals of 

Ca(OH)2 and AFt is enhanced in a more open system, the occurrence of such large crystals at the ITZ 

is an indication of the existence of higher porosity. 

The literature has highlighted the distinguishing microstructure of ITZ and its role of it plays on the 

properties of composites. For this reason, some efforts are needed to improve the quality of this weak 

region. Modification of the ITZ microstructure can be achieved by using micro-filler and pozzolanic 

reaction products (Scrivener. et al., 1988; Ollivier. et al., 1995; Leemann. et al., 2006). Such materials 

participate in the particle packing and longer-term pozzolanic reactions which continue to densify the 

ITZ. Moreover, the fine particles can also act as growth nuclei for multiple generations of CH crystals 

which therefore have smaller size (Xie. et al.,1992; Cohen. et al., 1994; Duan. et al., 2013). 

Ground granulated blast-furnace slag (GGBS) is a glassy by-product of blast furnace iron making. It 

mainly contains calcium silicoaluminate with high reactivity (Siddique and Bennacer 2012). 

Appropriate use of GGBS can lead to better workability and pumpability, lower hydration heat, and 

reduced CO2 emission (Siddique and Bennacer 2012; Van den Heede. et al., 2012). However, 

incorporating GGBS generally increase total porosity while refine the pore size (Li. et al., 2010; Li. et 

al., 2014; Panesar. et al., 2014). Limestone filler (LF) is one of the potential materials which can 

offset the negative effects of GGBS especially at early age (Carrasco. et al., 2005; Mounanga. et al., 

2011). And Due to its technical, economical, and ecological benefits, the use of LF is also a common 



practice in European countries. In general, LF improves the hydration rate of cement compounds and 

consequently increases the strength at early ages mainly from its physical nature. It causes a better 

packing of cement granular skeleton and a larger dispersion of cement grains. Additionally, LF can 

also act as the crystallization nucleus for the precipitation of Ca(OH)2 (De Weerdt. et al., 2011; 

Mounanga. et al., 2011). 

Previous researches on the concrete containing GGBS and LF mainly focus on the overall properties. 

However, very limited information has been given with respect to the improvement of the weak ITZ 

region. This paper focuses on the role of GGBS and LF on the microstructure of the ITZ. The 

microstructure features of ITZ in concrete with pure OPC and blended binders were determined by 

quantitative backscattered electron imaging (BEI) and mercury intrusion porosimetry (MIP) 

measurement. 

2 Experiments 
2.1 Materials and Mixtures 

This paper considers ordinary Portland cement (CEM Type I 52.5 N), GGBS and LF as binder 

components. The chemical and physical characteristics of these materials are given in  

Tab. 1. The sieve analysis of aggregates is given in Fig. 1.  

Four series of specimens were prepared in which 35% and 70% of cement was replaced by GGBS, 

5% and 10% of cement was replaced by LF. A control series was also prepared by using pure OPC. 

For each series, samples with systematically varied volume fraction (0, 20% and 55%), hence, varied 

proportions of ITZs were prepared. 

All mixtures were prepared by mixing the binders with water at a fixed water to binder ratio of 0.45. 

After sufficient mixing and full compaction, the samples were cast into 150×150×150 mm3. All the 

samples were demoulded after 24  h and then stored in the chamber with a constant temperature of 

20±2°C and R.H. 95±5% until designated age. 
Tab. 1 Chemical compositions of cementitious materials 

OPC GGBS LF 
Composition 

Weight (% by mass) 

CaO 63.12 40.10 - 

SiO2 18.73 35.40 0.80 

Al2O3 4.94 11.25 0.17 

MgO 1.02 7.82 0.50 

Fe2O3 3.99 0.89 - 

SO3 3.07 0.61 - 

CaCO3 - - 98.00 

Loss on ignition (LOI, %) 2.12 0.31 43.90 

Blaine fineness (m2/kg) 353 410 753 

Specific density (kg/m3) 3092 2890 2676 

Median particle size (μm) 15.7 12.5 9.4 

 



 
Fig. 1  Particle size distribution of the applied materials. 

2.2 MIP Analysis 

MIP measurements were successfully performed on mortars with systematically varied aggregate 

volume fraction, to detect the influence of ITZ on the porosity features (Winslow. et al., 1994; Care et 

al., 2011; Hamami. et al., 2012). In this study, a systematic MIP measurement was performed on the 

designed blended amples of varying aggregate properties. The inner parts of the cubes were taken at 

designated testing age and reduced to particle samples of 1.5~3 g. Before the measurement, the 

collected pieces were dried by using freeze-drying procedure as indicated in elsewhere (Wu, 2014). 

An automatic mercury porosimeter (Thermal Scientific PASCAL 140/440 series) was used The 

contact angle θ of 140° and the surface tension of mercury γ of 0.480 N/m were used in the 

calculations. 

2.3 Backscattered Electron Imaging 

Scrivener and Gartner (Scrivener et al., 1988) established that backscattered electron imaging (BEI) is 

by far the best techniques to inspect these localized phenomena. This technique was employed for its 

advances in providing a direct investigation and quantitative characterization, and has been proven 

useful for the study of ITZ microstructure (Diamond, 2001; Diamond. et al., 2001; Leemann. et al., 

2010; Erdem. et al.,2012). 

After 2 months of hydration, core specimens were drilled from mortars prepared with 55% of 

aggregate volume fraction. The obtained pieces were immersed in liquid nitrogen to stop further 

hydration. The dried specimens were vacuum impregnated with low viscosity epoxy resin. After 

epoxy drying, the samples were ground with SiC paper. Subsequently, the samples were polished with 

diamond paste for around 2 min each. 

BSE images were acquired around random grains by using the BSE detector in the environmental 

scanning electron microscope with an acceleration voltage of 20 kV. Among the image analysis, it 

was necessary to delineate the boundary of the aggregate to specify the ITZ first. After the 

determination of boundary of the aggregate, a series of successive strips needs to be built starting 

from the surface of aggregate exactly. Within each strip, the fraction of the component versus the 

distance from the surface of aggregate can be given. Combining the strip delineation and phase 

segmentation, the phase distribution within the ITZ region can be obtained. More details on this 

method can be found elsewhere (Wong and Head, 2006). An example of the BEI analysis is indicated 

in Fig. 2. It is still worthy to mention that the threshold values for each sample are averaged from the 

selected images. 



  

  
Fig. 2  Schematic view of the BSE image analysis process: (a) BSE image, (b) grey value distribution,

(c) threshold value determination, (d) strips delineation. 
3. Results and Discussion 
3.1 BEI Analysis 

The BEI examples of specimens LF-5% and LF-10% at the age of 2 months are shown in Fig. 3. 

Generally, LF does not posses pozzolainc properties. It only react with alumina phases of cement to 

form monocarboaluminate hydrate phases in relatively small quantities (De Weerdt et al., 2011; 

Mounanga, Khokhar et al., 2011). This is the reason why the LF was still observable in the samples at 

the age of 2 months. The calculated data for capillary porosity was given versus the distance from 

aggregate surface and given in Fig. 3(c). Calculated results are in line with expected trends for the 

typical ITZ characteristics. The porosity reaches the highest value at the interface and reduces to 

around 10% at a distance of 50 μm. 

  

 
Fig. 3  Effect of limestone filler on the porosity distribution in ITZ (a) BSE image of GGBS-35%, 

(b) BSE image of GGBS-70%, (c) porosity distribution profile. 



From Fig. 3, it can also be seen that there are remarkable differences between the control sample and 

the samples with LF. The porosity at each strip reduces with rising LF dosage to 5%, and a significant 

increase in porosity is observed in the sample blended with 10% of LF. Several effects need to be 

taken into account, namely (i) filler effect which causes a denser packing of cement granular skeleton 

and a larger dispersion of cement grains; (ii) nucleation effect which contributes to the formation of 

smaller CH crystals with less preferential orientations; (iii) dilution effect which reduces the quantity 

of cement and increases the effective w/c ratio; (iv) chemical reactions between LF and the alumina 

phases of cement. For LF-5%, the filler effect and nucleation effect dominate the adverse dilution 

effect, and produce a denser microstructure. However, increasing LF addition to 10%, the dilution 

effect becomes prominent and leads to a more porous structure both in the ITZ and the bulk cement 

matrix. Moreover, the reduction in the porosity from C-2 and L05-2 is more remarkable in the region 

close to aggregate (0-20 μm) than the region farther away. This may be due to the differential particle 

size packing. 

The typical BSE images of GGBS-30% and GGBS-70% are shown in Fig. 4. From the images at high 

resolution, a reduced anhydrous content and size is seen in the region close to aggregate surface. The 

microstructure tends to compact while increasing GGBS content to 35%. On the contrary, Fig. 4(b) 

exhibits a more porous structure when the GGBS addition reaches to 70%. Fig. 4(c) shows the 

microstructural profile in relation to the substitution amount of GGBS. The porosity profiles indicate 

that the addition of 35% of GGBS reduces the porosity at all distances, and produces a denser 

microstructure both in ITZ and bulk cement matrix. However, this improvement disappears when the 

substitution amount reaches to 70%. The main contribution of GGBS to the development of hardened 

cement paste is through the pozzolanic reaction. The pozzolanic particles produce a fast saturation 

balance of CH, which brings to the formation of a dense cementitious matrix (Gao et al., 2005). The 

addition of GGBS is able to decrease both the content and the arrangement of CH crystals. 

 

  

 
Fig. 4  Effect of GGBS on the porosity distribution in ITZ (a) BSE image of GGBS-35%,  

(b) BSE image of GGBS-70%, (c) porosity distribution profile. 



3.2 Effect of Aggregate on the Porosity Features 

To investigate the effect of aggregate volume content on the microstructure, several series of MIP 

tests at the curing age of 2 months have been performed. Fig. 5 presents porosity features of samples 

with various aggregate volume contents. These results indicate that the pore structure of specimens 

depends highly on the aggregate content. It can be seen in Fig. 5(a) that the pore diameters (d1) of 

sample prepared with 55% of aggregate are inferior to the neat cement paste. This could be due to the 

fact that the bulk cement matrix is denser than the neat cement paste because of the presence of ITZ. 

Since the total amount of water and cement in the mortar is conserved. A lower amount of cement and 

greater amount of water in the ITZ would lead to a higher amount of cement and a lower amount of 

water in the bulk cement matrix. Another important observation is the presence of critical pores with 

diameter d2 for the specimens prepared with 55% of aggregate. For the samples under this aggregate 

volume content, the value of d2 is inferior to 0.5 μm. According to the previous studies (Bisschop et al., 

2002; Wong et al., 2009), the critical pores with diameter d2 cannot be associated with the microcrack 

(>1 μm) width but may be attributed to the presence of the ITZ. 

The results concerning the total porosity show that the increase in the aggregate volume content 

decreases total porosity. This is mainly due to the reduction in the paste fraction, as the aggregates are 

non-porous. In order to present the results more clearly, the unit of the total porosity was transformed 

to mm3/mm3 “paste”, the “paste” includes the bulk cement matrix and the ITZ. Concerning the 

cumulative intrusion volume in Fig. 5(b), the addition of aggregate increases total porosity, 

particularly at diameters larger than the thresholds of the corresponding neat cement paste.  Winslow 

and Cohen (Winslow et al., 1994) observed a sudden increase in the volume as the sand content 

reaches a critical value, which suggests the occurrence of percolation. The authors pointed out that as 

sand is added to the cement paste, ITZs are formed around each aggregate but remain relatively 

isolated due to the low sand content. For the mercury to reach these ITZ, it mush intrude through the 

denser bulk cement matrix. Some increases in the total porosity are possible to be detected due to the 

overlap of some ITZ with the surface of the specimen, and the critical threshold for the neat cement 

paste will be lost. Subsequently, as more and more aggregates are added, the isolated ITZs start to 

connect one to another to increase the volume of accessible ITZ. When enough aggregate is present, 

all the ITZ will be expected to percolate throughout the whole system. 

  
Fig. 5  PSD measured by MIP for the control series with varing aggregate content. 

3.3 Effect of Blends on the Porosity Features 

To clearly present the MIP results, the intruded pore volume in terms of three characteristic ranges is 

classified as: <10 nm (P1), 10 nm-100 nm (P2) and >100 nm (P3). To investigate the influence of 

blended materials, the relative differences between the intruded volume of LF-5%, LF-10% and the 

control samples, are calculated and given in Fig .6. A negative value represents a reduction, with a 



positive value represents an increase in the pore volume. The results show that the two LF additions 

have different effects on the intruded pore volume. For LF-5%, 5% of LF addition leads to a decrease 

in the total pore volume for, P2 and P3. The reduction in P3 volume contributes to the largest decrease 

in the total pore volume. This indicates that the addition of 5% LF is able to modify the pore structure 

superior to 100 nm significantly. This confirms the improvement of the ITZ by using LF. Concerning 

the relative differences in the pore volume between mortars prepared with binders LF-10% and the 

reference, the incorporation of 10% LF increases in the total porosity and P2 pore volume, but 

decreases in the P3 volume. The overall pore structure is weakened, but it is still expected to have 

improvements in the microstructure of ITZ. This is confirmed by the reduction in P3 pore volume for 

LF-10%. 

 
Fig. 6  Relative difference in intruded pore volume of LF blended sample  

with respect to the control samples. 

The intruded pore volume in terms of the three pore size regions for GGBS blended samples are given 

in Fig. 7. Compared with the references, the effects of GGBS on the porosity are highly dependent on 

the replacement level and the determined classification. For GGBS-35%, the total porosity, P3 and P2 

volume are less than that of GGBS-free samples, while the P1 volume is higher. Concerning the 

substitution of 70% GGBS for OPC, the total porosity and the P1 volume increases significantly, but 

the coarser pores are refined, and the P2 and P3 volume decreases. It can be concluded that the high 

amount of GGBS substitution can increase the total porosity but refine the pore size from the range of 

P3 and P2 to P1 size. The refinement for P3 pore size suggests that GGBS can densify the 

microstructure of ITZ. It has been proven by previous report that the size and content of CH crystals 

in the ITZ of GGBS blended concretes are smaller.  

 
Fig. 7  Relative difference in intruded pore volume of GGBS blended sample 

 with respect to the control samples. 

To evaluate whether the reductions in transport coefficients and mechanical properties of concrete 

made with blended materials are mainly contributed by the modification of ITZ, or the enhancing of 

bulk cement matrix, the relations between the relative variations in the coefficient and the relative 

variations in the pore volume are presented in elsewhere (Wu, 2014). The findings indicated that the 



observed improvement of impermeability of concretes with blended materials are mainly due to the 

imprvement in the bulk cement matrix, while the modification of mechanical properties of blended 

cement concrete are due to densification of ITZ microstructure. 

4. Conclusions 
In this study, the influences of GGBS and LF on the microstructure of the ITZ and bulk cement paste 

were determined. On the basis of the presented results, the main points can be summarized as: 

1) For the sample prepared with 55% of aggregate, its critical pore diameters (d1) was less than the 

neat cement pastes; additionally, one of the most important observations was the presence of critical 

pores with diameter d2 which was superior to 0.1 μm. The total porosity increased with increasing 

aggregate volume fraction. 

2) The incorporation of 5% of LF was able to compact the microstructure of both ITZ and bulk 

matrix by filling effect and nucleation sites effect. The reduction in P3 (>100 nm) volume contributed 

to the largest decrease in the total pore volume. However, the addition of 10% LF in substitution of 

OPC resulted in an increase in the total porosity and P2 (10 nm-100 nm) volume, but a decrease in the 

P3 volume.  

3) The effects of GGBS on the porosity were highly dependent on the replacement rate and the 

determined pore size regions. For 35% GGBS replacement, the total porosity, P3 and P2 volume were 

less, while the P1 (<10 nm) volume was higher, than that of pure OPC. Concerning the substitution of 

70% GGBS, the total porosity and the P1 volume increase significantly. The high amount of GGBS 

substitution can increase total porosity but refine the pore size from the range of P3 and P2 to P1 size. 
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Abstract 
Blended systems are a promising solution for the sustainable cements of tomorrow. However the microstructural 
development in such systems is still poorly understood and limits the prediction of their properties. The main issue is to 
isolate the impact of the reaction of the SCM microstructural evolution in blended systems. Using ternary systems 
consisting of cement blended with quartz and slag or fly ash we isolated the effect of the SCM.  
Our results shows that at high replacement slag and fly ash reactions becomes limited at later age whereas in systems 
with low replacement level (10%) the reaction continues further. Combining microstructure analysis and MIP we show 
that the space is the limiting factor for the reaction of slag and fly ash at later term. When the pore entry size of the pore 
structure reaches about 6 nm the kinetics of the reaction was slowed-down and the radius does not reduce further in size.  

 
Originality 
For the first time the impact of the SCM reaction has been isolated from the cement reaction by using ternary systems 
with constant water/solid and water/cement ratio. Our results explain why the reaction of slag and fly ash slows is 
lower in the systems with high replacement level. This gives new perspectives for the design of blended cementitious 
systems. 
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1. Introduction 
The blended systems are considered as one of the most important solution to reduce the CO2 emissions 
of cement production. Although these systems are widely implemented, the hydration of blended 
systems is still not well understood. Currently the replacement level of slag or fly ash in blended 
systems is limited due to the slow strength development resulting from the low reactivity of the SCM 
in comparison to clinker phases. Improving our knowledge on the reactivity of SCMs in blended 
systems is essential to reduce further the clinker factor while maintaining good properties. 
 
The main obstacle is that in blended systems, the reaction of SCM occurs simultaneously with the 
reaction of the clinker phases. And both reactions might affect each other. As a consequence it is quite 
difficult to isolate the effect of the SCM from the effect of the cement reaction.  
 
This paper reports on how the reactivity of SCM is affected by the space available for its hydrates. 
Using ternary system with maintaining constant water/solids ratio and water/cement ratio we were 
able to isolate the sole contribution of slag and fly ash on the microstructure development and better 
understand the important part of the space in the SCM reaction. 
 
2. Experimental 
2.1. Raw Materials 
To isolate the effect of slag and fly ash we used ternary systems combining quartz, slag or fly ash and 
Portland cement. The proportion of cement, water and the replacement level of cement were kept 
constant (40%) and the proportion of slag (or fly ash) and quartz were adjusted. 
The chemical composition of the Portland cement, slag, siliceous fly ash and quartz were quantified by 
XRF and are shown in Table 1. All the powders had similar particle size distributions.  
All the systems were formulated to have a solid to liquid volume, the same as in a pure Portland paste 
at a water to cement ratio (by weight) of 0.4. 

Tab. 1 Chemical compositions of the raw materials 
Compositions SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2Oeq. SO3 

Cement 14.8 3.1 2.5 62.43 2.0 0.3 2.7 5.5 
Quartz 98.5 - 1 - - - - - 
Slag 35.7 0.8 11.9 41.3 7.4 0.51 0.2 1.38 

Fly ash 50.5 9.2 24.7 5.0 2.8 0.9 1.0 0.7 

2.2. Experimental Process 
The degree of reaction of slag was calculated by a refined method from the work of Kocaba (Kocaba 
et al., 2012). The calculated contribution of slag can be seen as a relative degree of slag reaction in the 
blend. The degree of fly ash reaction was estimated from masse balance calculation and including the 
Portlandite consumed. 
SEM Image analysis were done on a polished section of the pastes. The hydration was stopped by 
isopropanol exchange to preserve the microstructure. Once dried, the sample was prepared for BSE 
observation by epoxy resin impregnation (EPOTEK-301) and polished with diamond powders down to 
1 μm and coated with about 15 nm of carbon coating. 
The pore structure was studied by mercury intrusion porosimetry. Samples were dried in the same way 
as for SEM sample. All the analysed samples had similar weight for consistency. In the first step a 
pressure of 100kPa was applied to intrude larger pores. Then, the pressure is increased to 400 MPa 
which accesses pores down to 2 nm. 
 
3. Results and Discussion 
3.1. Reaction of slag and fly ash in blended systems 
Figure 1(a) shows the relative degree of reaction of slag in the four ternary systems containing slag. 
The reaction of slag increases with hydration time. However in systems with replacement level higher 
than 20% the curve reaches a plateau at later age. The higher the replacement, the earlier occurs the 



 

slow-down of the slag reaction. The higher replacement level of slag does not increase the reaction 
which suggests that slag reaction becomes limited above a certain optimum (20% slag from Fig.1).  
Figure 1(b) shows the degree of reaction of fly ash in similar ternary systems. The reaction of fly ash 
is slower than slag. From Figure 1(b) the reaction of fly ash increases only after 14 days however a 
similar trend is observed as for slag. Systems with the highest replacement level of fly ash have a 
lower degree of reaction whereas in the 10% fly ash – 30% quartz combination the degree of reaction 
continues to increase.  
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Figure 1: (a) Relative degree of reaction of slag over 28 days (b) degree of reaction of fly ash over 90 days 
 
 
3.2. Microstructure 
SEM analysis was done on the microstructure of each system (combination with quartz-slag and 
quartz-fly ash). Figure 2(a) and (b) show the microstructure of the two systems at 28 days: 10% slag – 
30% quartz and 40% slag; they respectively correspond to the system with the highest and the lowest 
degree of reaction of slag from Figure 1(a). The SEM analyses revealed that the microstructure in 10% 
slag-30% quartz is less dense than that in the 40% slag system where outer products fill almost all the 
space between grains. In the fly ash systems (Figure 2 ((c) and (d)), similar observations can be drawn. 
The microstructure in the system with only 10% fly ash (Fig. 2 (a)) has many spaces remaining 
compared to the microstructure in the systems with 40% fly ash (Fig. 2 (d)). These observations seem 
to indicate that the remaining space is the limiting factor for the reaction of slag and fly ash.  
To explore the role of the space, complementary systems have been studied: 40% slag and 40% fly ash 
with higher water/solids ratio to 0.6 instead of 0.4. The degree of reaction of the slag and fly ash are 
respectively reported in Figure 1 (a) and (b). We can see that both systems with higher w/s ratio have a 
higher degree of reaction than in the system with less space available (i.e. lower w/s). Therefore 
reaction of slag and fly ash seems to be closely related to the space available for its products. So the 
larger space available, the higher the degree of reaction of slag and fly ash. 
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Figure 2: BSE micrographs of polished section (a) 10% Slag – 30% Quartz at 28 days (b) 40% Slag at 28 days (c) 

10% Fly ash – 30% Quartz at 60 days and (d) 40% Fly ash at 60 days 
                       

3.3. Pore structure 
Figure 3 shows the pore entry radius distribution of the systems with slag (Fig. 3(a)) and fly ash (Fig. 
3(b)). The curves results from the MIP measurements on the sample at 28 days for slag systems and 60 
days for fly ash systems. Interestingly, systems with the lowest degree of reaction of slag or fly ash are 
the systems with the lower critical entry radius which is about 6 nm. Whereas in the systems where 
slag or fly reaction is still on-going (i.e. combination of 10% slag or fly ash – 30% quartz) the porosity 
is larger and coarser. Therefore, the MIP results support the hypothesis that the space is the limiting 
factor for the reaction of slag and fly ash.  

6 nm6 nm

System with the most limited reaction
System with not yet limited reaction

a) b)

 
Figure 3: Pore entry size distribution of (a) slag-quatz systems at 28 days and (b) fly ash- quartz systems at 60 
days 
 
Interestingly, the critical entry radius does not decrease further in size once it had reached about 6 nm. 
This is clearly shown in Figure 4 where the critical entry radius of the cement, slag and fly ash pastes 
are not reducing further with hydration time. This confirms that the reaction of slag, fly ash and 
cement becomes difficult when the capillary pores become smaller (about 6 nm).  
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Figure 4: Critical pore entry radius as a function of the hydration time of 40% fly ash, 40% slag and cement 

paste 
 
4. Conclusions 
In this study we showed that slag and fly ash reactions are limited by the space available. This effect is 
significant for high replacement level in blended systems where a large part of the slag or fly ash 
cannot react further. It also means that for high replacement levels of SCMs (with constant 
water/solids ratio) lower degree of reaction are attained for slag and fly ash as previously reported (R. 
Taylor, 2010, Lam et al., 2000, Haha et al., 2010). 
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Abstract  
Although it is well known that the physical and chemical properties of fly ashes play an important role in 
microstructural development, models that explicitly simulate the effects of these properties on the performance of 
pastes and mortars are not available. The process of hydration in cement pastes containing 10 different fly ashes 
was simulated in a microstructural model. In this model, it was possible to explicitly include the effect of the 
particle size distribution and composition of cements and fly ashes. It was found that the strength of mortars 
measured in the laboratories correlated well with microstructural properties calculated from the simulations, 
including the effects of the physical and chemical properties of cements and fly ashes. The results show that 
although the strength development of mortars containing various cements and fly ashes can be predicted using 
models, the properties of hydration products in the presence of fly ash have to be considered to be different than 
when without fly ash 
 
Originality  
This work presents a microstructural model of fly ash cement pastes, explicitly considering the physical and 
chemical properties of fly ashes and cements. The results show that when the actual mechanisms of hydration are 
captured in the model, little to no changes are required in the parameters used to predict strength results 
obtained in the laboratory. The other parameters such as degree of hydration and porosity calculated from the 
model also correlate well with laboratory measurements 
 
Keywords: Modelling, hydration, fly ash, microstructure 
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1. Introduction  
Compressive strength of concrete is one of the most important factors in construction. The construction 
industry is highly competitive these days and has limited time and budget for mix designs. Furthermore, 
it is tedious to obtain desired results in laboratory and technical staff must investigate several mix 
proportions, though such model is of great importance in site operations and to build structures without 
wasting material and time. 
    Fly ash is a residue from the combustion of coal in thermal power plants during the generation of 
electricity and ASTM C-618 (ASTM C618-92a, 1994) classifies it into two categories: low calcium fly 
ash Class F (usual CaO < 10%) and high calcium fly ash Class C (usual CaO > 10%). Fly ash is used 
as an additive in both cements and concretes. It is seen that fineness of fly ash has a significant effect 
on the strength of concrete by replacing part of cement (Chindraprasit, et al., 2005; Chindaprasit, et al., 
2003). Utilization of the fly ash reduces the environmental pollution caused due to CO2 emission 
during production of cement, also reduces cost of concrete and conserves energy (ACI Commitee 
226.3R, 1987). Despite the benefits of fly ashes (Sivasundaram, 2004; Basu & Saraswati, 2006) and 
the Indian standards allowing up to 35% replacement, a majority of fly ash produced in India still goes 
to landfills. This is mainly because of the unpredictability of its strength development and lack of 
awareness of its advantages of mixing fly ash in concrete.  Models that can predict the strength of 
concretes containing supplementary cementitious materials can be useful in promoting the use of fly 
ash in the construction industry. 
2. Materials and Mixes 

Table 1 Chemical compositions of cements and fly ashes 

Oxides C1 C2  F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 
SiO2 21.75 20.19  58.47 60.63 61.06 65.18 68.86 62.70 54.85 61.01 58.75 59.53

Al2O3 4.83 4.99  28.02 24.72 22.40 24.04 19.62 24.54 32.17 24.37 28.42 28.87

Fe2O3 4.57 2.95  5.11 4.86 5.41 4.43 4.7 4.69 4.97 4.59 4.76 4.94 

CaO 61.98 58  1.03 0.65 1.12 1.03 1.34 1.63 1.33 1.07 1.51 1.01 

Na2O 0.07 0.34  0.05 0.06 0.20 0.08 0.11 0.17 0.23 0.13 0.11 0.13 

K2O 0.53 1.03  1.50 1.56 1.65 1.13 1.14 1.37 1.49 1.84 1.33 1.33 

SO3 1.71 4.3  0.07  0.16 0.07 0.10 0.11 0.06 0.09 0.07 0.06 

LOI 2.9 3.1  1.76 4.34 4.94 1.22 0.40 1.17 0.86 3.42 1.17 0.62 

Reactive 
Silica 

- - 
 

27.98 35.22 38.98 28.9 27.96 29.96 21.09 25.89 22.1 30.46

Blaine’s 
fineness 
(kg/m2) 

298 370  438 449.5 546.5 302 175 332 632 481 331 512.5

Specific 
gravity 

3.13 

 

3.02 

 

 2.15 1.68 2.09 2.34 2.14 2.16 2.35 2.17 2.11 2.15 

 Ordinary Portland cement (OPC 53 grade as per the Indian Standards) was used. Ten different types of 
fly ashes abbreviated as F1-F10 were used which were sourced from different thermal power plants in 
northern and central region of India. The chemical composition and physical properties of cements and 
fly ashes are listed in Table 1. It is clear from the oxide contents of the fly ashes that all the fly ashes 
used in this study are of class F category being pozzolanic in nature with little to no cementitious 
properties. Standardised sand, prepared by sieving and mixing river sand from Badarpur, Delhi, as 
described in IS 650 – 1966, was used for preparing the mortars. The specific gravity of the sand was 



found to be 2.62. The mixes were prepared using 0.4, 0.45 and 0.5 water to cement ratios. The strength 
tests were carried out on mortar using 2.4 : 1 sand to cement ratio by weight and 25% of weight of 
cement was replaced with fly ash for all the mixes. The compressive strength was measured at six ages 
1, 3, 7, 14, 28 and 90 days and cured under water at 27° C temperature.  
3. Models of Strength Development 

Powers proposed that the strength of mortars can be written in terms of the gel-space ratio as in 
equation 1, where f is the strength of the mortar in Mpa, X is the gel-space ratio, and a and b are the 
coefficients of the equation usually derived by fitting. 

 baX=f     (1) 

In order to calculate the gel-space ratio, the following calculations are made: 

 The volume efficiency of the hydration of the cements, i.e. the ratio of the volume of the 
hydration products produced to the volume of the cement reacting, is calculated as a function 
of the degree of hydration and the composition of the cements. 

 The volume efficiency of the fly ashes is assumed based on the stoichiometry of the 
pozzolanic reaction. 

 The degree of hydration is calculated as a function of time and the particle size distribution 
using kinetics available in the literature (Termkhajornkit & Barbarulo, 2012). 

 The volume of hydration products, and therefore, the gel-space ratio, is calculated as a 
function of the degree of hydration. 

The volume efficiency of the cements and fly ashes is calculated by assuming the reactions 2 to 
10 below. 

 C3S + 5.3H → C1.7SH4 + 1.3CH (2) 

 C2S + 4.3H → C1.7SH4 + 0.3CH (3) 

 C3A + 3CSH2 + 26H → C6AS3H32 (4) 

 2C3A + C6AS3H32  + 4H → C4ASH12 (5) 

 C3A + 6H → C3AH6 (6) 

 C4AF + 3CSH2 + 30H → C6AS3H32 + CH + FH3 (7) 

 2C4AF + C6AS3H32  + 12H → C4ASH12 + 2CH + 2 FH3 (8) 

 C4AF + 180H → C3AH6 + CH + FH3 (9) 

 1.5CH + S + 2.5H → C1.5SH4 (10) 

The volume of hydration products of the cements and C1 and C2 were calculated as a function 
of the composition of the cements listed in Table 1 and the volume efficiencies (kv) were calculated as 
shown in Table 2. 

The specific gravities of various phases were taken from literature and are listed in Table 2 
above. In order to simulate the kinetics, it is assumed that the same depth of all particles of a particular 
material are dissolved at a particular time, as discussed by Termkhajornkit et al. (2012). The dissolved 
depth is assumed to be a function of time as shown in equation 11. 
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  (11) 

The actual particle size distributions of all fly ashes and cements were measured using laster 
diffractometry and were used to simulate the microstructural development using the microstructural 
model µic (Bishnoi & Scrivener, 2009). This model explicitly takes the effect of the particle size 



distribution into account and can simulate the development of the microstructure and hydration 
kinetics based on rules defined by the users. The volume changes in the hydration reaction were 
defined as listed in table 2. These values have been calculated from the stoichiometries of reactions 
available in literature (Bishnoi and Scrivener 2009). Figures 1 and 2 show the simulated 
microstructures using fly ashes F5 and F7 respectively. 
 

Table 2: Calculation of volume efficiency of cements C1 and C2 
 Sp. gravity C1 – 

weight (%)
C1 – 

volume 
ratio 

C2 – 
weight 

C2 – 
volume 

ratio 
Aite 3.15 50.9 16.16 51.8 16.44 

Belite 3.28 24.9 7.59 15.6 4.76 
Aluminate 3.03 1.9 0.63 9.4 3.1 

Ferrite 3.73 14.7 3.94 8.4 2.25 
Gypsum 2.8 0.1 0.04 5.8 2.07 

Hemihydrate 2.8 1.2 0.43 1.3 0.46 
Effective Gypsum 2.8 1.52 0.54 7.34 2.62 

C-S-H 2 83.6 41.81 72.22 36.11 
CH 2.24 24.69 11.02 23.87 10.66 

Aluminate reacting with Gypsum 3.03 0.8 0.26 3.84 1.27 
Ettringite formed from Aluminate 1.78 3.7 2.08 17.84 10.02 
Ettingite reacting with Aluminate 1.78 2.56 1.44 12.91 7.25 

Ettringite remaining 1.78 1.14 0.64 4.94 2.77 
Monosulfate formed from Aluminate 2 3.81 1.91 19.21 9.6 

Monosulfate formed from Ferrite 2 1.7 0.85 7.34 3.67 
CH formed from Aluminate and Ettringite 2.24 0.13 0.06 0.58 0.26 
FH3 produced from Ferrite and Ettringite 3 0.58 0.19 2.51 0.84 

Remaining Ferrite 3.73 13.82 3.7 4.57 1.23 
C3AH6 formed from Ferrite 2.52 10.75 4.26 3.56 1.41 

CH formed from Ferrite 2.24 2.1 0.94 0.7 0.31 
FH3 from Ferrite 3 6.08 2.03 2.01 0.67 

Volume of reactants - - 28.86 - 29.18 
Volume of products - - 63.07 - 63.53 
Volume of C-S-H - - 41.81 - 36.11 
Volume efficiency - - 2.19 - 2.18 

C-S-H to product ratio - - 0.66 - 0.57 
 

   



Figure 1 A comparison of the microstructures at 90 days using the fly ashes F5 (left) and F7 (right). The red 
particles are of clinker, yellow of fly ash and the other colours are the hydration products. 

In order to calculate the values of the parameters m1, m2 and m3, the strengths measured in the 
laboratory on neat cements were fit with the results from the analysis (Figure 2). The values of these 
parameters for the fly ashes were found by fitting the strength results of the fly ash F5 with cement C1 
with the calculated strengths (Figure 3). The values of these parameters are listed in Table 3. It was 
found that the density of C-S-H formed from the hydration of the fly ashes had to be assumed to be 
1.80, which is lower than the value of the density of the product formed from the hydration of alite and 
belite (2.0), in order to obtain good fits.  

Table 3: Values of parameters m1, m2 and m3 for the cements and fly ashes 

Parameter C1 C2 Fly ashes 

m1 (µm) 42 25 30 

m2 (h
-1) 1x104 1x104 3.3x107 

m3 0.24 0.20 0.15 

 

 
Figure 2 A comparison of the measured with the modelled strength for cements C1 and C2 

 

 
Figure 3 A comparison of the measured with the modelled strength for fly ash F5 with cement C1 

In the above simulations, the values of the parameters a and b in eq. (1) above are those listed in Table 
4 below. Keeping the values of a, b, m1, m2 and m3 the same, the compressive strengths for the 9 other 
fly ashes with both cements at the three water to cement ratios was calculated and compared with the 
strengths measured in the laboratory. 



 
Figure 4 A comparison of the measured with the modelled strength for all fly ashes with cement C1 

 
Figure 5 A comparison of the measured with the modelled strength for all fly ashes with cement C2 

It was observed that a good agreement between the calculated and experimentally measured strengths 
could be obtained for both cements, without changing the values of the parameters. It must be noted 
that the above simulations only take the particle size distribution of the fly ashes and not the chemical 
compositions into account.  
5. Conclusions 
The effect of the particle size distributions of cements and fly ashes on hydration kinetics and 
microstructural development was modelled using µic. Assuming the relationship between gel-space 
ratio and strength proposed by Powers, it was found that a good prediction of strength development in 
mortars containing fly ashes could be obtained only by considering the effect of the particle size 
distribution of the fly ashes. This method could be applied in order to predict the expected changes in 
strength due to a change in the properties of fly ash being used. Although the current study does not 
consider the effect of the chemical composition of fly ashes, the results indicate that the fineness of the 
fly ash plays the most important role in development of strength. 
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Abstract 
During the past decades blended cements have attracted strong interest worldwide due to their advantages of 
low energy cost, high strength and good durability. A major incentive for further development of such 
cements is generated by a great quantity of annual generation of wastes, which cause a need to find new uses 
for them. Nowadays the cements with pozzolanic and hydraulic additions are an important option to decrease 
the environmental impact of the cement production, since besides substituting partially the cement; they allow 
the consumption of industrial wastes that are potentially environmental pollutants. In line with this, the aim of 
this research was the study of composite concretes with up to 50% of supplementary cementitious materials 
(SCM) as fly ash (FA), metakaolin (MK), ground granulated blast furnace slag (GGBFS) and silica fume (SF) 
and ordinary Portland cement; a superabsorbent polymer was used to help to improve the internal curing, with 
a w/b of 0.35. The samples were cured up to 90 days. After the compressive strength tests the composite 
concretes were analyzed by means of XRD and SEM. The results indicated that the compressive strength was 
improved with the incorporation of the replacement materials, mainly due to their pozzolanic and hydraulic 
behavior; accelerating the hydration reactions and helping in the CSH gel generation. The fine and uniform 
particle size distribution of the SF provided a higher specific surface increasing the reaction rate and the 
formation of new hydration products through the calcium hydroxide consumption. The depletion of the CH 
was corroborated by means of XRD analyses. Furthermore, the SCM diminished the porosity, observing more 
compact structures (using SEM) compared to the concretes with neat cement.  

 
Originality. 
The problems involved with the disposal of industrial wastes require special attention due to the associated 
ecological consequences. Some industrial wastes can be incorporated as substitutes of Portland cement in 
construction materials, generating composite cements. The use of replacement materials allows a reduction in 
the energetic costs and in the generation of CO2 associated to its use and fabrication. Several investigations 
related to the incorporation of replacement materials for PC have demonstrated that this practice enhances the 
properties of Portland cement based materials. To reach these goals, this work comprises the production of the 
quaternary concretes, which have the potential to reduce costs, CO2 emissions and the generation of industrial 
wastes, locally founded without a systematic application in our country. Also, these composite cements using 
quaternary blends could enhance the potential use in many aspects, so there is growing interest in the 
development of these types of cements. Since they could be optimized to achieve synergetic effects, which 
allow obtaining materials with outstanding characteristics. Alternative materials such as industrial wastes 
have successfully been used with Portland cement in order to produce high performance blended cements that 
are less expensive and environmentally friendly.� 

Keywords: Supplementary cementitious materials, fly ash, metakaolin, silica fume, ground granulated blast 
furnace slag, microstructure, mechanical properties. 
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1. Introduction 
 
Nowadays the effects of anthropogenic climate change have been studied in order to find 
alternatives to mitigate the impact on the environment. In this aspect the main gas causing climatic 
change is CO2. It is worth noting that the cement industry emits from 5 to 8% of global CO2 during 
its elaboration process Damtoft J.S., et al, (2008), and Schneider M., et al, (2011). Supplementary 
cementitious materials (SCM) have been used mainly in the concrete in order to reduce the 
requirements of cement for two main reasons, the decrease in costs in the manufacture of concrete 
and improvement in its properties, such motivations lead to search SCM that are located near to the 
construction zones. The characteristics of these SCM is conditioned mainly by the industrial process 
used in obtaining these residues, as well as the characteristics of cement and aggregates produced in 
each region. One of uses of SCM is in the production of self-compacting concrete and High 
Performance concrete Chen Y., et al, (1997), and Sonebi M., et al, (2013). The interaction between 
the cement and the SCM generally improves the microscopic properties and produces a more 
compact matrix of reaction products. The effect of these SCM in the hydration process could vary 
depending on the age of curing and water to binder ratio (w/b) Gao J.M. et al, (2005), and their 
properties could be significantly different compared with neat ordinary Portland cement (OPC) 
Elsharief A. et al, (2003). The cementitious systems with SCM could have two types of reactions 
during hardening, the regular cement hydration and pozzolanic reaction of SCM Harrisson A.M., et 
al, (1987), Biernacki J.J., et al, (2002), Saeki T, et al, (2005) and Pane I, et al, (2005). Bentz et al. 
(2011) found that cement concrete replaced by SCM alter the particle distribution and increased the 
matrix density. Meanwhile Yun et al,  (2013), found that for mortars with 60% of blast furnace slag 
the mechanical properties increased with the amorphous fraction of this material. Sharfuddin et al, 
(2008), found that the addition of silica fume (SF) reduced the concrete permeability, due to the 
reduction in the porosity and densification of the matrix originated by the pozzolanic. Nevertheless, 
with the combined use of fly ash (FA) and high volumes of SF, the permeability increased, this 
could be related with the fast reaction of the SF that impedes the other SCMs reaction, leaving a 
more porous matrix. In ternary mixtures Sharfuddin et al. (2008) found that the proportion of silica 
fume should be kept to a maximum of 10% and that the in some cases the ground granulated blast 
furnace slag (GGBFS) can reduce the permability in a more effective way than the SF. They 
concluded that the addition of both SCMs, SF and GGBFS, reduced the concrete strength. 
Hydration of cementitious system is a main part of the concrete performance; Ali et al. (2014) 
found that the type of cementitious additions affected the morphology of ettringite. Ping et al. (2013) 
analyzed the Ca(OH)2 (CH) content in blended concrete with 40% FA and 20% GGBFS, reporting a 
diminution of the 65% compared with a neat OPC based concrete, due to their pozzolanic and 
hydraulic reactions. They also found that the incorporation of 10% of mineral additives, resulted in 
a reduction of acicular crystals of ettringite, and the formation of calcium silicate and 
aluminosilicate hydrates, densifying the matrix and refining the pore structure. Schöler et al. (2015) 
concluded that the types of hydrates observed in cementitious systems with 50% substitution of 
SCMs are similar to those formed with neat OPC, with a reduction in the CH content and an 
increase in the C-S-H and AFm phases. However, if the FA has a low amorphous faction, its 
reaction degree decrease and hence the final hydration products obtained and the compressive 
strength. However, FA amounts up to 30% of replacement level could be used without a significant 
reduction in the compressive strength Axel S. et al, (2015).  
In another aspect the use of superabsorbent polymers has been investigated in recent years to 
improve the properties of the concrete and to prevent self-desiccation. These superabsorbent 
polymers are a group of polymeric materials having the ability to absorb liquids in the vicinity and 
retain the liquid within its structure without dissolving. There are different types of superabsorbent 
polymers that differ mainly in terms of shapes and sizes including spherical particles Jensen O. et al, 
(2001).  



Therefore, the aim of this research is to develop new cementious concretes that need fewer natural 
resources and at the same time produce less pollution to the atmosphere, generating quaternary 
blended cement based concretes analyzing their interaction with the cement and aggregates 
available locally. Furthermore the ability to perform internal curing of the concrete of a 
superabsorbent polymer (SAP) as sodium polyacrylate was studied. 
 
2. Materials and methods. 
 
2.1. Materials 
The materials selected for the development of this project were Ordinary Portland Cement (OPC 40) 
provided by Cemex-Mexico (Mexican standard NMX-C-414, similar to Type I ASTM C150) with a 
density of 3.16 g/cm3 and four replacement materials: Ground granulated blast furnace slag 
(GGBFS), with an amorphous fraction of 97%, Metakaolin (MK), Fly ash (FA), amorphous fraction 
of 62% and Silica Fume (SF) provided by Glenium, all the materials were locally obtained in 
Mexico. Table 1 shows the chemical composition, density and surface area BET of all the materials 
used; their XRD patterns and morphology is presented in Fig 1 – 6. Irregular morphology was 
observed for the GGBFS and MK, and SF and FA showed spherical morphology, similar as 
reported for these SCMs. Sodium Polyacrylate, sold commercially as absorbent polymer, which 
captivates 200 to 300 times its dry weight was also utilized as SAP. 
 

Table No. 1, Chemical composition, density, and surface area of the cementitious materials 
Materials/

Óxides 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 Mn2O3 

Density 
g/cm3 

BET 
(m2/kg)

FA 55.50 28.00 7.84 3.25 1.57 2.03 -- 1.19 -- -- 2.5 426 

MK 57.13 40.14 0.25 0.21 1.00 0.56 0.44 0.27 -- -- 2.5 530 

GGBFS 39.59 13.59 0.65 27.75 12.89 0.82 -- -- 4.31 1.22 2.8 404 

SF 96.20 1.71 0.84 0.62 -- 0.64 -- -- -- -- 2.21 660 

OPC 27.15 6.16 2.53 56.23 3.05 -- -- -- 4.89 -- 3.16 523 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. XRD patterns of raw materials 



Fig. 2. Fly Ash Fig. 3. Ground Granulated Blast Slag Furnance 
 

Fig. 4. Silica Fume                              Fig. 5. Ordinary Portland Cement  
 
 

 
Fig. 6. Metakaolin 

 
2.2. Concrete mixtures 
In the design of the concretes, 8 different mixtures containing 500 kg/m3 of cementitious materials 
per cubic meter of concrete and w/b = 0.42 were prepared, the concrete mix proportion is shown in 
Table 2. Polycarboxylate base superplasticizer (Glenium) was used with a dosage of 862ml/100kg 
of cement to improve the workability. Cement substitutions used in this investigation were 0, 30 
and 50% by SCM. Cylindrical samples of 75x150 mm were prepared and set for 24h. After the 
setting period, the samples were subjected to a standard wet curing at 23 ± 2°C and 90+5% RH, for 
up to 90 days.  
 
 
 
 
 
 



Table 2. Concrete mix proportion. 

Identification OPC FA SF MK GGBFS
Coarse 

Aggregate
Sand 

Sodium 
Polyacrylate 

%*  

w/b 
ratio 

OPC 500     753 1038  0.37 

FSB 350 50 50   50 753 1038   0.37 

FSBS 350 50 50  50 753 1038 0.3 0.42 

FMB 350 50   50 50 753 1038   0.37 

FSMB 300 100 25 25 50 753 1038  0.37 

FSMB2 300 75 25 25 75 753 1038   0.37 

FSMB2S 300 75 25 25 75 753 1038 0.3 0.42 

FSMB3 250 50 50 25 125 753 1038   0.37 

FSMB3S 250 50 50 25 125 753 1038 0.3 0.42 
* Percentage with respect to binder content. 

 
 
2.3. Characterization  
After the curing periods from 3 to 90 days, the compressive strength was estimated from the 
average of four samples, according to ASTM C 192.  Fragments of the samples were vacuum dried 
at 55°C during 24 h submerged in acetone in order to stop the hydration reactions; samples from 28 
days of curing were selected for scanning electron microscopy. The specimens were cold mounted 
in resin, ground and polished down to 1⁄4 μm using diamond pastes, and finally carbon coated. The 
images in SEM were obtained in backscattered electrons mode (BSE) at an accelerating voltage of 
20kV. The samples were also ground in a planetary mill in order to be analyzed by X-ray diffraction 
(XRD), the XRD experiments were performed to evaluate the mineralogical composition of the 
powdered samples, scanned between 10° and 90°.  

3. Results and discussions. 
 
3.1. Compressive strength 
The results of compressive strength (CS) for all the concretes evaluated at 3, 7, 14, 28 and 90 days 
of curing are presented in Fig 7. The CS for all the blended concretes presented a continuously 
increase showing up to 40% of increment at 90 days. Concrete mixtures made with cement 
substitutions of 30 and 40% showed higher CS values at early ages compared with the neat cement 
concrete and concretes with 50% SCMs. This could be related with the SCMs acceleration the 
hydration of the OPC acting as nucleation sites at the beginning and then by the production of CSH 
consuming the CH according with Isaia G.C. (2003). Nevertheless previous reports indicate that an 
increase in the replacement level higher than 30% with pozzolanic additions with small particle size 
could be prejudicial to the hydration process Mehta, P.K. (1989). For the case of this work, the SF 
and MK presented higher surface area that the OPC, which could be affecting the workability and 
final properties of the concretes. In later ages curing different behaviors were observed; OPC and 
FSMB3 systems increased their initial CS up to 125.50 and 116.99% when cured at 90 days. 
The concrete with super absorbent polymers (SAP) presented a reduction of the CS in the initial 
stages of the hydration time, due to slowing of the initial hydration of the concrete caused by the 
absorption of water. However, after 90 days the CS of all the concretes with SAP was higher 
compared with those without it, this effect is associated with the helping in the internal curing o the 
cementitious pastes and a subsequent decrease of the porosity. 
 
 
 



 
 
 
 
 
 
 
 

 
Fig. 7. Compressive strength (MPa) vs. curing time for all the systems analyzed. 

 
3.2. X-ray diffraction 
The blended and neat cements hydration was followed by means of the estimation of the changes in 
the peak intensity of crystalline phases in the XRD patterns in order to determine the phases present 
within the different concrete mixtures. From the XRD patterns presented in Fig. 8 is possible to 
observe that the different mixtures showed similar hydration products. All the blended concretes 
showed a reduction in the intensity of the CH peaks (18.05 and 34.14º2θ) [Desgranges et. al. 1993], 
for the samples cured at 7 days, due to the pozzolanic and hydraulic reactions of the SCMs. This 
evidenced the pozzolanic behavior of the SCMs, which is similar to those reported by other authors 
with different SCMs materials Yogendran et al, (1991). The initial increase of the CH peaks at 3 
days could be related with the generation of nucleation sites from the SCMs, accelerating the 
hydration of the OPC. When using of replacement with 30 and 40% of SCMs the pozzolanic 
reaction was improve compared with 50% SCMs, this effect was previously reported by Metha, 
(1983), since there is no effective media to propitiate the pozzolanic reaction.  
The addition to SAP in the mixtures showed a delay in the initial reaction that lead to a lower 
intensity of the CH peaks, when comparing CH peaks of the samples without SAP. That could to be 
due to the need of extra water in the pozzolanic reactions as reported by Gomez-Zamorano et.al. 
(2010), and to the lack of water for the initial hydration reactions of the cement; the initial mixing 
takes water from the first hydration; nevertheless these polymers subsequently allow greater 
hydration of the cementitious materials. As expected, ettringite (9.09, 15.78º2θ) was not detected 
after 3 days of curing. Alite peaks (32.15, 32.49, 32.53º2θ) showed a significant decrease at 7 days 
of curing.  
 
 
 
 
 



 

 
Fig. 8. XRD patterns for the blended and neat cements cured at 3 and 7 days. 

 
 
3.3. Scanning electron microscopy 
The samples of neat and blended cements concretes were hydrated for 90 days at 20°C and analyzed 
by means of backscatter electron images (see Fig. 9-12) at 100 and 500 magnifications. The main 
features observed are those commonly presented in cement pastes with water/solids ratio of 0.42, 
with a fraction of the cement unreacted, with calcium hydroxide crystals (for the neat cement 
concretes) and porosity dispersed throughout the microstructure. All the blended cements concretes 
showed a similar microstructure and chemical evolution, with cement grains already reacted and a 
more compact matrix compared to the neat cement. The reduction in the porosity could be due to: A) 
the filler effect of SCMs, but also the latter as nucleation sites, B) calcium hydroxide consumption 
by the pozzolanic reaction forming new hydration products. Nevertheless, in the microstructures of 
the blended concretes is possible to observe unreacted grains of FA and GGBFS, which could be 
affecting the compressive strength of the samples.  
The use of multiple SCMs in concrete has not been widely analyzed, since the chemistry interaction 
between all the materials could be complex and in some cases detrimental for the cement properties. 
Nevertheless, is worth noting that in the utilization of these SCMs locally obtained, within a 
mixture containing this low reactive FA, could improve the mechanical and microstructural 
properties of concrete. The system FSMB had a higher CS compared with OPC at 90 days, this 
demonstrates that the use multiple SCMs is possible increasing the CS with the addition of a high 
amount of FA (20%), improving the workability; the low content of SF (5%) refined the 
microstructure, acted as nucleation sites to improve the cement hydration and provided more 
hydration products with the pozzolanic reaction.  



The use of superabsorbent polymers showed an increase in the mechanical properties due to better 
process of internal curing which reduces the porosity, however the use of these in the concrete was 
found associated with less workability; at low a/b ratios the utilization of superabsorbent polymers 
can reduce the cement hydration in detriment of the CS. 
 

 
Fig. 9. FSB (500m) 

 
Fig. 10. FSBS (500m) 

Fig.11. FSB (100m) Fig. 12. FSBS (100m) 
 
 
 
 
4. Conclusions 
 According with the results, the utilization of superabsorbent polymers in the concrete mixtures 

reduced the initial hydration of the cementitious materials, but increased the compressive 
strength at late curing periods, due to an enhanced internal curing process.  

 Concrete mixtures with 30 and 40% substitution exhibited higher compressive strength values 
and a CH consumption, compared with those blends with 50% substitution. 

 Substitutions of 10% silica fume reduced the compressive strength values, fly ash addition did 
not contributed significantly to the compressive strength, however using a replacement level of 
20% improved the overall system strength. 

 The occurrence of pozzolanic reaction was evidenced by the reduction in the intensity of the 
CH peaks in XRD patterns. Nevertheless, in the microstructure of the blended concretes is 
possible to observe unreacted grains of FA and GGBFS, which could be affecting the 
compressive strength of the samples.  



 The use of high amounts of hydraulic and pozzolanic materials in the formation of quaternary 
concretes, increased the final compressive strength for some cases, as well as enhance in the 
hydration reactions improving the final microstructure by means of the reduction of the porosity.  
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Abstract 
This study investigates the effects of carbonation following short curing periods (72 hours) on CEMI and composite 
cement systems (30% PFA, 30% & 60% GGBS). Modifications in carbonation behaviour were observed compared to 
‘idealised’/28 day lab cured samples and accelerated carbonation testing. Carbonation of Ca(OH)2 and C-S-H did not 
occur simultaneously, with decalcification of C-S-H only beginning once no more Ca(OH)2 was available.  
Decalcification and dealumination of the C-S-H phase occurred following exposure to ambient [CO2], and CaCO3 
microcrystals were observed in the outer product (Op) regions only. A reduction in the Ca/Si ratio of the Ip C-S-H 
appears to be a result of migration of the Ca ions, driven by a concentration gradient. Furthermore, the rate and extent 
of carbonation and the nature of the carbonate species formed is dependent on the level of replacement, the 
replacement material and the degree of hydration. Predominantly calcite was the polymorph formed, however some 
vaterite was also observed in the samples containing PFA. STA data indicated the production of a crystalline carbonate 
phase resulting from carbonation of Ca(OH)2 and a metastable, poorly crystalline carbonate phase resulting from the 
carbonation of the C-S-H phase. 
 
Originality 
Though it is well established that a reduced rate of hydration is observed in composite cement materials, both the PC 
and the SCM will hydrate simultaneously, however there is still a significant lack of knowledge regarding the early age 
kinetics of the reactions taking place. This becomes of great importance when considering the early removal of 
formwork in practice, where the reliance is on models established for PC systems. A comprehensive understanding of 
the complex relationship between slower composite hydration, drying of the sample surface and phase carbonation 
kinetics is imperative. Current models derived from idealistic, i.e. fully hydrated and non-carbonated, materials, are 
ineffective for durability predictions. In addition to this, the existing models do not consider the effects that insufficient 
curing and phase carbonation have on the phase assemblage composition, development of the microstructure and the 
subsequent consequences for the transport properties. New models relating these factors are crucial for the further 
development and understanding of service life design. The main objective of this project will be to develop an 
understanding of the changes and development of the early stage morphology and phase assemblage of composite 
systems as a result of carbonation, focusing on the changes in carbonation behaviour in composite cement materials 
following short periods of curing.  
 
Keywords: Early age; Carbonation; Phase assemblage; Morphology 
 

                                                 
1 Corresponding author: cn08j6h@leeds.ac.uk 
 



 

1. Introduction 
The increasing and widespread use of supplementary cementitious materials (SCMs) in the cement 
industry has become common practice. The use of such composite cements is valuable in terms of 
both environmental and engineering aspects, acknowledging the ever rising pressures to further reduce 
carbon emissions associated with cement manufacture as well as an improvement in material 
durability through enhancement of the cement microstructure. However, composite cements exhibit 
reduced rates of hydration, making their improved technological properties dependant on extended 
periods of moist curing. The need for appropriate curing procedures is recognised in concrete 
standards where modified curing periods and regimes are recommended in relation to the development 
of particular properties within the surface region (BS EN 13670:2009). It is also demonstrated 
extensively throughout the literature (Cakir & Akoz, 2008, Poon et al. 1997), which highlights the 
amplified adverse effects which inadequate curing methods can have on composite cement materials 
compared to traditional CEMI systems. Failure to adhere to these prolonged curing guidelines by the 
early removal of formwork in construction practice may cause fundamental problems in regards to 
material performance, exposing a microstructure in which hydration is very much incomplete. 
Consequently, additional information regarding material performance is needed, especially at these 
very early ages.  
Pulverised fuel ash (PFA) and ground granulated blast furnace slag (GGBS) are industrial by-products 
commonly used as SCMs. Though the reduced rate of hydration is well established, both the Portland 
cement (PC) and the SCM will hydrate simultaneously, yet there remains a lack of knowledge 
regarding the early age kinetics of the reactions taking place. This becomes of great importance should 
formwork be removed too soon where the reliance on models established for PC systems may no 
longer be suitable. Under such conditions, hydration will be very much incomplete, with previous 
research indicating minor or no reaction of PFA over the first 7 days (Fraay et al., 1989, Deschner et 
al, 2012) and only slightly faster reaction rates for GGBS (Escalante et al, 2001). In both cases the 
result will be an underdeveloped and exposed microstructure, possibly susceptible to ingress from 
aggressive species. 
Furthermore, the reduced Ca(OH)2 content, characteristic of composite cement materials, presents 
additional limitations when considering resistance to carbonation induced corrosion. The decrease in 
portlandite content, the main alkalinity buffer within hardened cement paste, results in a reduced pH. 
This allows carbonation to occur at elevated rates and to greater extents; behaviour likely to become 
more pronounced with increasing levels of replacement. Moreover, the expected retardation of the rate 
of CO2 ingress typically observed in PC systems is a result of densification of the microstructure. This, 
however, is not concurrent with the behaviour exhibited in composite cements with high replacement 
levels, which are adversely affected by a coarser microstructure and a greater porosity.  
This project has examined the early stage carbonation behaviour of immature low-clinker binders, 
focusing on the effects that insufficient curing and phase carbonation have on the phase assemblage 
composition and the development of the microstructure. The work will attempt to examine differences 
between these systems and conventional studies on mature systems. 
 
2. Experimental 
2.1. Materials 
A CEM I 52.5R cement was selected for this study in order to improve early age strength development 
in the composite systems. The chemical composition, determined by x-ray fluorescence (XRF), for the 
CEM I 52.5R, PFA and GGBS used are shown in Table 1. Table 2 displays the mineralogical 
composition of the cement clinker.  
 

Table 1. Chemical composition of raw materials  
LOI  SiO2  Al2O3  Fe2O3  TiO2  MnO  CaO  MgO  SO3  K2O  Na2O  P2O5 Total

CEM I 52.5R % 1.50 20.50 4.60 2.40 0.30 0.00 63.40 2.00 3.60 0.74 0.13 0.30 99.47

PFA % 70.83 24.36 2.24 1.48 0.05 0.06 0.23 0.00 0.64 0.10 0.05 100.04

GGBS % 2.35 35.71 10.65 0.45 0.73 0.23 43.32 3.97 3.06 0.45 0.16 0.02 98.74  



 

Table 2. Mineralogical composition of CEM I 52.5R  
    C3S C2S C3A C4AF 
CEM 52.5R % 68 10 9 7 

 
2.2. Method 
Four paste systems (CEMI, and CEMI with replacement by 30% PFA, 30% & 60% GGBS) at a w/b 
ratio of 0.57 were investigated. The CEM I 52.5R used was free from limestone, and replacement in 
the composite systems was by volume. Following preliminary testing, and to mimic procedures which 
did not deviate too greatly from those used in practice, a curing duration (t0) of 72 hours was selected. 
This duration allowed the systems to develop enough strength to allow sample preparation and 
conditioning to be performed, while still representing the short curing period typically employed in 
practice. 
Samples were cast and sealed in small plastic vials (ø = 12 mm, h = 47 mm) and rotated for 72 hours 
in a temperature controlled laboratory (22o +/-2oC) before being cut to a thickness of 0.5 mm and 
subjected to conditioning at either ambient CO2 conditions (300-400 ppm CO2, approx. 24oC) or in a 
CO2 free environment. All samples were conditioned at a relative humidity (RH) of 72.6% for up to 14 
days. Characterisation was performed on the samples at t0, 1, 2, 4, 7 & 14 days. 
In order to study the effects of carbonation on the phase assemblage and microstructure only, very thin 
samples (0.5mm) were used, allowing the impact on the reaction kinetics to be investigated separately 
from effects on both the porosity and the transport properties. Although the porosity and the transport 
properties are important factors on the effects, and rate, of carbonation, the results here focus on the 
changes in the phase assemblage and microstructure when there is no influence from porosity. 
Simultaneous thermal analysis (STA) was collected using a Stanton Redcroft Simultaneous Thermal 
Analyser STA 780 under a nitrogen atmosphere, heating from 20oC to 1100oC at a rate of 10oC/min. 
STA was used to quantify the amount of precipitated Ca(OH)2 and CaCO3 in the samples, as well as 
the bound water content. A selection of samples were also analysed by thermogravimetric (TG) 
analysis coupled with Fourier transform infrared (FTIR) spectroscopy in order to identify the gases 
evolved and improve accuracy of results, this was performed using a Stanton Redcroft TGH1000 
paired with a Thermo Scientific Nicolet Is10 spectrometer. Attenuated total reflectance FTIR (ATR-
FTIR) spectroscopy data was collected using a Thermo Scientific Nicolet Is10 spectrometer, fitted 
with a Thermo Scientific Smart Diamond ATR sampling accessory over a wave number range of 0 - 
4000cm-1. Raman spectroscopy measurements were performed using a Horiba Jobin Yvon HR 800 
LabRAM instrument (Villeneuve d’Ascq, France) equipped with an Olympus BX40 microscope 
(focus graduation 1 µm), a He-Ne laser working at 633 nm and a multi-channel air-cooled CCD 
detector, the  Raman shift was calibrated against the 520 cm-1 peak of silicon. Spectra were acquired 
between 100 – 1200 cm-1 and 3000 – 4000 cm-1 and data handling was performed using OPUS 
spectroscopy software. X-ray diffraction (XRD) patterns were collected with a Bruker D2 Phaser 
equipped with CuKα radiation source between 5 – 70o 2θ, a step size of 0.008 and a dwell time of 1.0 
second were used. Analytical transmission electron microscopy (TEM) data was collected on Ar ion-
beam milled samples using a FEI Tecnai F20 200 kV FEG TEM fitted with a Gatan Orius SC600 
CCD camera and an Oxford Instruments 80mm2 SDD EDX detector running INCA software. 
Organic solvent exchange was used to halt hydration in the samples prior to analysis. The samples 
were immersed in isopropanol for a period of 2 hours and then washed with diethyl ether (washing 
repeated 3 times) and finally heated at 40oC on a hotplate for 10 minutes. Isopropanol has been shown 
to be the most effective selection for solvent exchange for young cement samples, causing minimal 
damage to the phases and microstructure (Zhang & Scherer, 2011). 
 
3. Results and Discussion 
3.1. Characterisation of phase assemblage  
ATR-FTIR data were collected for all samples exposed to ambient CO2. Figure 1 displays the 
characteristic ATR-FTIR absorbance band for carbonates between 1400 - 1500cm-1

 collected for the 
30% PFA system. Exposure to CO2 led to an increase in CaCO3 content. Furthermore a sizeable 



 

increase in carbonate content was observed between 2 and 4 days CO2 exposure. Considering the 
normalised spectra for the silicate band and the Ca(OH)2 peak (Figure 2(a)), this considerable increase 
in carbonate content coincides with both the complete consumption of Ca(OH)2, as demonstrated in 
Figure 2(b), and the decalcification of C-S-H, demonstrated by a shift in the silicate band to slightly 
higher wavenumbers (Figure 2(a). This loss of buffering capacity allows carbonation to progress much 
more rapidly within the sample, and it appears that carbonation of C-S-H begins only once there is no 
more Ca(OH)2 available. 
Similar behaviour was observed for all samples, but at different lengths of exposure. For the CEMI 
system this occurred between 4 and 7 days, then between 2 and 4 days for the 30% GGBS system and 
1-2 days for the 60% GGBS system. The lower initial Ca(OH)2 content in the composite blends 
resulted in a loss of buffering capacity at an earlier age compared with CEMI systems, behaviour 
exacerbated with increasing levels of replacement. 
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Figure 1. ATR-FTIR spectra for 30% PFA showing CaCO3 content between 1000 – 1800cm-1 
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Figure 2. ATR-FTIR spectra showing (a) silicate bands and (b) Ca(OH)2 peak (3643cm-1) 



 

 
Figure 3 displays the Ca(OH)2 (2(a)) and CaCO3 (2(b)) contents, as calculated from the STA data. A 
large increase in carbonate content was seen with the entire, or almost nearly entire, consumption of 
Ca(OH)2, consistent with the ATR-FTIR data. Furthermore, faster, more extensive carbonation was 
observed for both composite systems at 30% replacement compared to the CEMI sample. This reflects 
the lower portlandite content, underlining the need for prolonged curing. Composite materials, with 
slower rates of hydration, subjected to curing lengths of only a few days will exhibit open and 
underdeveloped microstructures, in which carbonation rate will occur much more rapidly. This 
difference in behaviour, between ‘idealised’/28 day lab cured samples and a more realistic curing 
length, emphasises the need for updated carbonation models and approaches. 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
(a) calculated Ca(OH)2 content    (b) calculated Ca(CO3) content   

Figure 3. Key phase composition as determined from TGA data for samples exposed to ambient [CO2] 
 
Furthermore the extent of carbonation was affected by both the replacement material and level. 
Although similar carbonation behaviour was observed for the materials with equal replacement levels, 
carbonation occurred to a greater degree, and at a faster rate, for the PFA system compared with the 
GGBS system. This is a reflection of the PFA’s slower reaction rate, Lam et al measured the degree of 
hydration of a PC paste, with w/b ratio 0.5, to be 65% following 7 days curing, while the degree of 
hydration of the fly ash in a PC paste with 25% replacement by PFA was just 6.4% at the same age 
(Lam et al 2000). The adverse effects of a slower hydration rate on carbonation resistance are 
expected to be magnified with decreasing curing length. Carbonation was initially much faster in the 
60% GGBS sample, with a vast increase in carbonate content between t0 and 2 days (Figure 3(b)), 
however a plateau was reached at 4 days, with minimal subsequent carbonation, data supported by the 
ATR-FTIR data. This suggests that, with the limited degree of hydration likely in a high replacement 
system at an early age, all potential carbonatable hydration phases have been carbonated by this time. 
STA and ATR-FTIR data showed that the samples conditioned in a CO2 free environment underwent 
no continued hydration at 72.6% RH. This is in agreement with the findings of Ho et al who 
demonstrated that there is minimal hydration at RH levels below 80% (Ho et al 1989). 
In addition to quantifying the degree of carbonation, thermal analysis could also shed light on the 
nature of the carbonate species formed. There are typically 3 decomposition modes associated with 
carbonation (Thiery et al 2007); mode I (780o – 990oC), mode II (680o – 780oC) and mode III (550o – 
680oC). The higher decomposition modes, mode I & II, are attributed to crystalline polymorphs of 
CaCO3 (calcite, vaterite and aragonite), with mode I being principally attributed to calcite. Mode III is 
believed to be associated with amorphous CaCO3. 
As carbonation progressed, and the measurable level of carbonates increased, the mass loss associated 
with CaCO3 dropped to a lower temperature (Table 3). This behaviour coincided with both the loss of 
Ca(OH)2 and the significant increase in carbonate content as previously indicated by the ATR-FTIR 
and TGA data. This strongly indicated carbonation via decalcification of C-S-H, further corroborating 



 

the shift in silicate bands observed in the infrared spectra. It is considered that the carbonation of C-S-
H corresponded to the formation of poorly crystallised and metastable forms of CaCO3. 
 

Table 3. Temperature at which mass loss due to CaCO3 decomposition begins 
             
  Temperature CaCO3 decomposition begins (oC) 
  Ages (days) 
  t0 1 day 2 days 4 days 7 days 14 days 
CEMI 550 560 550 530 455 400 
30% PFA 550 540 530 410 400 400 
30% GGBS 580 540 530 450 450 390 
60% GGBS 550 520 310 350 300 230 

 
This behaviour was further reinforced when the carbonation of a CH free C-S-H sample was 
considered. Figure 4 displays the TGA plots of a synthesised C-S-H sample (free from CH and with a 
Ca/Si 1.33), before and after carbonation. The sample was carbonated under the same conditions as the 
cement samples in this study for a period of four days. The carbonates produced as a result of 
carbonation of C-S-H decompose at a much lower temperature than those from CH carbonation. The 
decomposition temperature here is in fact lower than the three decomposition modes typically 
considered for CaCO3 and indicate the formation of an amorphous calcium carbonate. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. TGA plot from a synthetic C-S-H (Ca/Si ratio 1.33) before and after carbonation (24oC, 72.6% RH, 

ambient [CO2], exposure time – 4 days) 
 

Villain et al (2007) suggested that, for highly hydrated (cured for 3 months) mortar samples subjected 
to accelerated carbonation, the dissociation of stable CaCO3 (calcite), attributed to Ca(OH)2 
carbonation, occurred between 650o – 950oC, while unstable forms of vaterite and aragonite resulting 
from C-S-H carbonation dissociated between 530o – 650oC. Accelerated carbonation has been 
extensively researched, reporting the simultaneous carbonation of Ca(OH)2 and C-S-H, with a much 
faster carbonation rate of Ca(OH)2 initially observed, the rate decreasing as carbonate phases were 
produced at the crystal surface (Groves et al 1991, Thiery et al 2007). The results presented here 
indicate modifications in the carbonation mechanism between accelerated and natural carbonation, as 
well as between mature and immature specimens. Moreover, carbonation at ambient CO2 
concentrations for samples cured for 72 hours implies that it is the Ca(OH)2 phase initially involved in 
the carbonation reaction, and once consumed, then carbonation of C-S-H begins. 
TG-FTIR was performed on selected samples in order to correctly identify the mass loss associated 
with bound water and that associated with CaCO3. The mass loss associated with carbonates began at 
lower temperatures, than conventionally established, in many of the samples (Table 3). Figure 5 



 

displays a TG-FTIR plot for the 30% GGBS sample exposed to ambient CO2 for 4 days, and verifies 
the mass loss due to CaCO3 began at 450oC. In this sample a small amount of portlandite was also 
present (Figure 3(a)), however the FTIR data for H2O and CO2 confirm that the mass loss below 450oC 
can be attributed predominantly to bound water, including mass loss associated with CH, and above 
this temperature the mass loss was clearly a result of carbonate species. Although a minor mass loss 
above 450oC was detected for H2O, this was only slight and observed in all the systems. TG-FTIR 
analysis was performed on the samples in which a drop in CaCO3 decomposition temperature had been 
observed but there was also portlandite present, the results were consistent, supporting previous 
observations and assumptions. This had a subsequent effect on the calculation of the bound water 
content, lowering the uppermost temperature value (typically 500/550oC) to avoid overlap with the 
mass loss attributed to CaCO3. 
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Figure 5. TG-FTIR plots for 30% GGBS – exposed to ambient [CO2] for 4 days.  

FTIR spectra shown for H2O and CO2. 
 

Raman spectroscopy and XRD analysis were in very good agreement with one another. Both analysis 
techniques predominantly detected calcite as the CaCO3 polymorph formed due to carbonation, 
however vaterite was also observed in small amounts in the PFA system. Figure 6 displays the Raman 
spectra for the PFA samples between t0-7 days exposure to CO2. The spectra are presented over the 
range 100-1200cm-1. The absence of the characteristic band due to portlandite at 359 cm-1 in the 
carbonated samples further confirmed its complete consumption at the same ages as indicated in both 
the ATR-FTIR and STA data. What was unclear was the presence of an amorphous CaCO3 phase. The 
strongest (ν1) bands for of calcite and amorphous CaCO3 are at 1085cm-1 and 1077cm-1 respectively, if 
both are present, as expected once decalcification of C-S-H has begun, it is not obvious whether both 
would be easily differentiated. It is possible that calcite is much more dominant, and therefore much 
more clearly observed, as many studies in which amorphous CaCO3 has been reported, detect the 
amorphous polymorph only when the crystalline ones are not present (Black et al 2007, Dubina et al 
2013). 
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Figure 6. Raman spectroscopy spectra for 30% PFA exposed to ambient [CO2] for t0-7 days 

 
TEM-energy dispersive x-ray (EDX) analyses of both inner product (Ip) and outer product (Op) C-S-H 
were collected for the 30% GGBS and 30% PFA systems following exposure for 4 days. All areas 
were checked to be free from crystalline phases by selected area electron diffraction (SAED) before 
analysis. The mean Ca/Si, Ca/(Al+Si) and Al/Si ratios for Ip and Op C-S-H are given in Table 4 for 
the slag sample for both the non-carbonated (4(a)) and carbonated (4(b)) systems.  
The non-carbonated sample showed a Ca/Si ratio of 1.39 and an Al/Si ratio of 0.16 (Op) and 0.11 (Ip). 
It has been well established in the literature that a decrease in the Ca/Si ratio of C-S-H is observed 
with increasing levels of replacement by GGBS (Richardson & Groves, 1992; Taylor et al 2010). The 
Ca/Si ratio of C-S-H in PC systems is typically ≈1.7-1.8  (Richardson, 2000), while Richardson and 
Groves (1993) reported Ca/Si ratios of 1.69 and 1.65 for Op and Ip C-S-H, respectively, in a one week 
old OPC paste. The Ca/Si ratios in Table 4(a) therefore indicate notable reaction of the GGBS at this 
age, correlating well with ratios reported for similar levels of replacement in other studies. For 
example Taylor et al (2010) observed a Ca/Si ratio of 1.56 for Op C-S-H and 1.50 for Ip C-S-H with 
an average Al/Si ratio of 0.09 in a 25% GBBS paste sample. 

 
Table 4. Mean Ca/Si, Ca/(Al+Si) and Al/Si ratios for C-S-H for 30% GGBS  

(a) conditioned for 4 days at 0% [CO2] 
  Ca/Si Ca/(Al+Si) Al/Si 

  N Mean S.D.  Mean S.D.  Mean S.D. 
Op 50 1.48 0.18 1.28 0.12 0.16 0.07 
Ip 25 1.22 0.08  -  - 0.11*  - 
All 75 1.39 0.20           

(b) conditioned for 4 days at ambient [CO2] 
  Ca/Si Ca/(Al+Si) Al/Si 

  N Mean S.D.  Mean S.D.  Mean S.D. 
Op 15 0.60 0.07 0.55 0.06 0.10 0.03 
Ip 33 0.53 0.06  -  -   - 
All 35 0.57 0.07           

N = number of analyses, S.D. = standard deviation 
*Determined from regression analysis of Al/Si – Mg/Si plots at Mg/Si = 0 
 



 

Figure 7 shows a plot of Al/Si versus Mg/Si for the Ip analyses in the non-carbonated and carbonated 
30% slag samples. The Mg/Al ratio of the hydrotalcite-like phase is derived from the gradient of the 
linear regression line and was shown to be 2.78 for the sample conditioned free from CO2. Although 
many studies observe a much lower value for cement systems, of approximately 2, the samples studied 
here are very early age, and the Mg/Al ratio is expected to decrease with time (Taylor et al., 2010). 
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Figure 7. Al/Si – Mg/Si plots of TEM-EDX data collected from Ip regions for 30% GGBS  
 
The Ca/Si ratios in Table 4(b) for the carbonated slag sample confirms that decalcification of C-S-H 
had begun at this age, supporting previous observations for the carbonation of C-S-H in both the ATR-
FTIR and STA data. If the level of carbonation is then considered, in terms of the change in Ca/Si 
ratio before and after carbonation, it appears that a similar level of decalcification had occurred in both 
the Ip (% carbonation = 56.6%) and Op (% carbonation = 59.5%) C-S-H. In addition to the 
decalcification of the C-S-H, the EDX analyses also showed an accompanying decrease in the Al/Si 
ratio of the Op regions, indicating the removal of aluminium from the C-(A)-S-H phase. However, in 
order to accurately calculate the Al/Si ratio of the Ip C-S-H and Mg/Al ratio of the hydrotalcite-like 
phase for the carbonated sample, more EDX data points are required.  
 

Table 5. Mean Ca/Si, Ca/(Al+Si) and Al/Si ratios for C-S-H for 30% PFA conditioned for 4 days at 0% [CO2] 
        
  Ca/Si Ca/(Al+Si) Al/Si 

  N Mean S.D.  Mean S.D.  Mean S.D. 
Op 25 1.62 0.10 1.37 0.09 0.13 0.05 
Ip 19 1.53 0.08  -  -  -  - 
All 44 1.55 0.10           

 
EDX data was also collected for the 30% PFA system, following exposure to a CO2 free environment 
for 4 days, the results are displayed in Table 5. The higher Ca/Si ratio compared to the GGBS system 
was immediately apparent. Both Fraay et al. (1989) and Deschner et al. (2012), reported minimal or 
no measurable reaction of PFA in composite cements, up to an age of 7 days. It was therefore expected 
that at this early age the PFA will have undergone minimal reaction at most; as was reflected in the 
EDX data obtained. The Ca/Si ratios indicate that it was predominantly hydration of the cement grains 
that had occurred, although the ratios were lower than anticipated for a neat PC system, as discussed 



 

previously, potentially suggesting slight reaction of the fly ash. This slower reaction rate was also 
inferred in the ATR-FTIR and STA data which showed a greater, and faster rate, of carbonation in 
comparison to the 30% GGBS samples. A faster carbonation rate indicates a porous, less developed, 
microstructure in which CO2 is able to diffuse through the material more easily. This is further 
highlighted when related to Ca/Si ratios reported in the literature, for example Girao et al. (2010) 
measured Ca/Si ratios of 1.49 and 1.41 for Op and Ip C-S-H respectively in a 30% PFA system at an 
age of one month. Al/Si ratios of 0.15 for Op regions and 0.17 for Ip regions were also observed. It is 
expected that longer curing will cause a decrease in the Ca/Si ratio and an increase in the Al/Si ratio. 
 
3.2 Microstructural Characterisation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(b) (a) 

(c) (d) 

Op 

Op Ip 
Op 

Calcite 

Figure 8. TEM micrographs for 30% GGBS sample after 4 days exposure at (a) 0% CO2 (b) ambient CO2  
(c) ambient CO2 (d) SAED pattern for crystals in (c), SAED pattern  

 
Figure 8 displays TEM micrographs from the 30% GGBS sample after exposure to CO2 free (a) and 
ambient CO2 ((b)&(c)) environments for 4 days. Both fibrillar and foil like Op C-S-H, characteristic of 
PC-GGBS materials, is clear in the images, with some fine Ip C-S-H also present in 8(b). The images 
clearly highlight the effects of carbonation on the Op regions. The carbonated sample shows a 
coarsening of the Op C-S-H, compared to the non-carbonated sample, further reinforcing 
decalcification of C-S-H at this age (Groves et al 1991). Figure 8(b) indicates that there was no change 
in the Ip region, this was observed in all the micrographs recorded. Figure 8(c) displays microcrystals 
of calcite that had formed on the fibrils of Op C-S-H, confirmed to be calcite by SAED pattern (Figure 
8(d)). However no microcrystals of CaCO3 were observed in any of the Ip regions of the carbonated 
sample. This suggests that the Ip region is unaffected by carbonation, whereas the EDX analysis 
clearly demonstrates a decrease in the Ca/Si ratio of the Ip C-S-H as a result of carbonation. A similar 
decrease in terms of decalcification is in fact observed for the Ip and Op regions. Groves et al (1990), 
proposed that the decrease in the Ca/Si ratio of the Ip C-S-H without any visual change in the 
microstructure was the cause of carbonation shrinkage; the Ca2+ cations migrating from Ip regions to 



 

Op regions in order to maintain equilibrium due to a concentration gradient. The absence of 
microcrystals in the Ip phase suggests this theory.  
Similar behaviour was also observed in the 30% PFA systems, Figure 9 shows micrographs from the 
30% PFA system for both non-carbonated (a) and carbonated (b) samples. Coarsening of the Op C-S-
H following carbonation was evident, while the Ip regions appeared unaltered, and microcrystals of 
CaCO3 had formed on the Op fibrils only. It is interesting to note the foil-like morphology of the Op 
C-S-H in both images ((a)&(b)), indicating that there has been some reaction of the PFA, the foil like 
nature of the phase suggests a lowering of the Ca/Si ratio (Richardson & Groves, 1992). Figure 9(c) 
shows an enlargement of the PFA particle in the bottom right of the micrograph in 9(a), in which a 
very slight reaction rim is evident. This demonstrates that the PFA has undergone a minor reaction, 
which is also supported by the lower Ca/Si ratio, when compared to typical PC samples, determined in 
the EDX data. This evidence supports the reaction of the PFA following only 72 hours curing, 
notably earlier than in other studies (Fraay et al, 1989, Deschner et al, 2012). 
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Figure 9. TEM micrographs for 30% PFA sample after 4 days exposure (a) 0% CO2 (b) ambient CO2  
(c) enlargement of PFA particle in Figure 7(a) 

 
4. Conclusions 
Carbonation of immature paste samples was followed by a range of characterisation techniques. There 
was no continued hydration and changes were due to carbonation only. CEMI systems showed better 
carbonation resistance, in terms of the phase assemblage composition, compared to composite systems 
following curing for 72 hours. More extensive carbonation was evident in the composite systems, 
behaviour attributed to a more porous material with a less developed microstructure. A notable 
increase in carbonation was observed as Ca(OH)2 was completely consumed, the loss of buffering 
capacity allowing carbonation to occur more rapidly. This coincided with C-S-H decalcification, 
confirmed by ATR-FTIR, TGA & TEM data. This occurred at an earlier age with increasing levels of 
replacement, believed to be a result of the already initially lower Ca(OH)2 content, typical of 
composite cement materials. STA data showed that as carbonation continued, a drop in CaCO3 
decomposition temperature was observed, coinciding with the consumption of Ca(OH)2. This lower 
temperature also indicated formation of poorly crystalline or amorphous CaCO3 due to carbonation of 
C-S-H. Carbonation of Ca(OH)2 and C-S-H did not occur simultaneously, decalcification of C-S-H 
only beginning once Ca(OH)2 had been consumed. Raman and XRD analysis both identified calcite as 
the polymorph chiefly formed from carbonation, with some vaterite also produced in the PFA samples. 
TEM-EDX data for the 30% GGBS system gave comparable Ca/Si ratios to those reported in the 
literature. The Mg/Al ratio of the hydrotalcite-like phase was higher than typically observed in cement 
systems, however this is expected to decrease with age. Following 4 days exposure to CO2, a notable 
decrease in the Ca/Si ratio of both the Ip and Op C-S-H was evident. Decalcification of the C-S-H was 
also accompanied by dealumination of the Op region. Ca/Si and Al/Si ratios for the non-carbonated 
30% PFA sample indicated only very minor reaction of the PFA had occurred following 72 hours 
curing. TEM micrographs for the 30% GGBS and 30% PFA show coarsening of the OP C-S-H 



 

following carbonation, however the Ip regions appeared to be unaffected. Microcrystals of CaCO3 
were observed in Op areas only, forming on Op C-S-H fibrils, suggesting the decrease in the Ca/Si 
ratio of the Ip C-S-H is as a result of the migration of Ca2+ cations driven by a concentration gradient. 
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Abstract 
This work presents characterization of slag cements and modified oxygen steelmaking slags by pyrometallurgical 
process. Chemical analysis, SEM and quantitative mineralogical XRD analysis using Rietveld method were applied in 
slags and slag cements characterization. 
The combination of various characterization techniques represents an effective contribution to understand the behavior 
of these non-conventional cements and motivate producers to re-evaluate the ordinary quality control currently applied 
by clinker and cement manufacturers and users. 
The results show that the Mg bearing RO phase in steel slag can be classified in different types of FeO-MgO-CaO-MnO 
and variations, and correlates with potential expansion phenomena. Despite of techniques limitations, elemental 
microanalysis by SEM contributed to an agile estimative to the hydraulic potential of amorphous phase. 
 
Originality 
The modified oxygen steelmaking slags exhibit chemical and mineralogical properties non-similar with BOF slag,  
considering that, characterization methodologies should be adapted as a function of mineral composition and 
amorphous phase. 
 
Keywords: BOF, SCM, SEM-EDS, RO phase, amorphous phase. 
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1. Introduction 
The growth of cementitious materials production for the supply of the construction market, associate a 
sustainability and reduction of emission pollutants has been incentivate to development new 
supplementary cement materials. Blast furnace slag, natural and calcined clay, fly ash, sugar cane 
bagasse ash, rice husk ash, silica fume and other are examples of these materials. In particular, 
siderurgical slags such as steel slag has also been investigated for this purpose. 
Brazil has produced around 32 millions tons of crude steel for the last 10 years and there is no 
expectation of growth; on the other hand, the construction industry has growth more than 5%/y. This 
scenario predicts a lack of blast furnace (BFS) slag for Brazil's cement industry in a near future. 
Steelmaking slag could be an alternative as a cement mineral admixture, replacing partially the BFS 
slag. 
A pyrometallurgical process has been investigated to promote modification on molten steelmaking 
slag's chemical composition, in order to make it more appropriate for cement manufacturing (Chotoli 
F. F., 2006; Chotoli F. F. et al., 2011). A recent study evaluated chemical and mineralogical 
composition of steelmaking slag and chemically modified steelmaking slags and showed that the first 
one was mostly crystalline, even under fast cooling, showing phases typically found in this type of 
slag: brownmillerite, larnite, RO phase and lime. Higher silica and alumina and lower iron oxides in 
modified slags contributed to the glassy phase formation under fast cooling. Furthermore, the amount 
of RO phase decreased as consequence of iron oxides reduction as well as MgO stabilization in 
calcium and magnesium silicates (merwinite, monticellite and åkermanite) (Ferreira Neto J. B. et al., 
2015). 
It is well known that the hydraulic activity of slag is affected by the chemical composition of the main 
and minor chemical constituents, glass content and their combination. The quality control of slag by 
the current standards is effective in avoiding noticeable quality fluctuation in blended slag cement 
production. However, since slag is no longer an admixture but a main ingredient, the quality of this 
kind of cement is much more sensitive to the quality of slag, and therefore, the methods of slag quality 
evaluation are important to AAS cement (Wang S. et al, 1994). 
The slag hydration fundamentals elucidation makes it possible to identify the primary factors that will, 
in practice, influence the effectiveness of GGBF slag in hydraulic cement. These factors are: a) 
chemical composition of the GGBF slag; b) alkali concentration of the reacting system; c) glass 
content of the GGBF slag; d) fineness of the GGBF slag and Portland cement, and; e) temperature 
during the early phases of the hydration process (ACI 233R-95, 2000). Despite of this, mineralogical 
composition of amorphous and RO phases as well as calcium and magnesium silicates (merwinite, 
monticellite and åkermanite) from chemically modified steelmaking slags should be investigated in 
terms of in order to provide cement industry an alternative  supplementary cement material. In this 
study, the crystalline, RO and amorphous phases (AF) were analyzed individually, applying concepts 
and procedures for evaluating their reactivity. 
The present work is part of a IPT project which study modified oxygen steelmaking slags by 
pyrometallurgical process, whose purpose is obtain modified steel slag with satisfactory cementitious 
performance. 
 
2. Experimental study 
2.1. Materials and Experimental Process 
Steelmaking slag and chemically modified steelmaking slags has been prepared in two different 
experimental apparatus scales: 
- laboratorial scale constituted by a ceramic mold fixed over a copper plate and cooled by water, only 
samples near cooler plate was adopted. Two slags were supplied by an Iron and a Steelmaking 
company in Brazil; a steelmaking slag (SS) and a blast furnace slag (BFS). Other two slags (SS-M1 
and SS-M2) were produced by chemical modification of molten SS slag, performed through the 
addition of by-products from metallurgical and civil construction industries in Brazil. The SS slag as 
well as modified slags were re-melted and processed in MgO crucibles, while the BFS slag was re-
melted in graphite crucible. 



 

- pilot scale, where slags were produced in a metallurgical reactor (Patent application BR 10 2014 
023505-1, 2014) by adding modifiers agents into 300 kg of molten SS slag and cooled by steel balls 
(SS-M3, SS-M4 and SS-M5), using the same technique developed and patented by Paul Wurth 
company, which has authorized IPT, based on a cooperation agreement, to perform tests using this 
cooling conditions (Ferreira Neto J. B. et al., 2015). 
 
2.2. Chemical analysis 
The chemical composition was obtained by X-Ray Fluorescence (XRF) using a Panalytical Minipal 
Cement, and fused beads were produced in Claisse M4 fusion machine. This equipment was calibrated 
using commercial standard materials (BS, BAS, CANMET, ECRM, IPT, NHKG, NIST, SLOVAK and 
CECA). FeO was characterized by dichromate titrimetry (ASTM E 246-10) and metallic iron 
according (Xu Z. et al., 2003). Iron trioxide was calculated by difference of total iron, iron oxide and 
metallic iron. Free lime (CaOf) were analyzed by Brazilian Standard Methods which procedures are 
analogous to ASTM C 114/08 
 
2.3. XRD qualitative and quantitative analysis 
X-ray diffraction (XRD) was applied for mineralogical composition analysis. Powder samples were 
manually pressed into a 27 mm diameter sample holder and performed in a Rigaku Windmax 1000 X-
Ray powder Diffractometer, in a rotating sample stage, employing CuK radiation, 40 kV, 20 mA, 
step size of 0.02o 2, time per step of 2s, 1º divergence slit. The minerals identification and phases 
quantification by Rietveld method was performed in X-Pert HighScore version 3.0d(3.0.4) and based 
on standard diffraction data provided by ICDD (International Center For Diffraction Data). 
 
2.3. SEM-EDS 
Samples were cut, embedded in resin, polished and covered with gold to be analyzed by scanning 
electron microscopy-SEM (JEOL JSM 6300). It was used 10 kV of voltage acceleration to avoid great 
penetration of the electron beam in the volume of the sample, in order to minimize elemental 
composition errors. Semi quantitative chemical analyses of some points and areas of the samples, in 
order to determine the composition of crystalline and amorphous phases, were carried out by energy 
dispersive spectroscopy (EDS) using a Noran System coupled to the JEOL microscope. The results 
presented are the mean value of 5 points (minimum) for each crystalline or amorphous phase. 
 
2.4. Amorphous phase reactivity and RO phase stability 
The amorphous phase reactivity was estimated by empirical formulas linked to the chemical 
composition and index requirements for good performance according several authors (Kocaba V., 
2009; Pal S. C. et al., 2003; Shi C. et al, 2005; Smolczyk H. G., 1980; Krüger J. E. and Smit M. S., 
1969; Lang E., 2002; Wang S. et al, 1994; Dron R., 1986). 
RO stability was evaluated following classification estimate in literature data. Qian et al. (2002) 
presented experimental data which allow estimating relationship between distribution of main 
elements and oxides in Mg bearing RO phases by SEM-EDX and autoclave expansion according 
ASTM C 151. 
 
3. Results and Discussion 
3.1. About chemical and mineralogical composition of slags 
The chemical and mineralogical compositions of the slags are shown in Tables 1, 2 and 3. 
 
According chemical results (Table 1), it is observed that refused BFS and SS slags showed content of 
elements similar of original slags, but those modified slags showed different contents of main 
components such as Fe, Si and Al. Mineralogical composition of original and refused BFS are similar, 
whereas modified slags and refused SS showed mineralogical composition different than original SS 
slag (Tables 2 and 3). The principal basicity index (CaO/SiO2) of steel slags and crystalline fraction 
without RO and AF phases are similar (Table 4), despite of variations of RO and AF content in slags. 



 

This fact indicates the possibility to apply this index in a quick evaluation of slags through chemical 
and/or mineralogical results. However, this method should be used with caution because of other 
chemical elements influence in the slag reactivity. 

Tab. 1 Chemical compositions of slags /%, mass 
Slags Fe2O3 FeO Feo CaO S SiO2 Al2O3 MgO TiO2 MnO P2O5 CaOf MgOf

BFSin 

natura 
0.25 --- --- 41.1 1.6 32.9 11.2 7.1 0.8 0.7 <0.1 <0.1 --- 

SSin 

natura 
11.3 19.4 0.4 37.7 0.1 10.3 2.6 9.4 0.5 4.1 1.2 5.7 <0.1

BFS - 0.2 - 41.5 0.7 33.1 10.5 7.2 0.6 0.6 <0.1 0.1 <0.1
SS 13.6 18.3 0.2 38.1 0.1 9.9 1.7 8.6 0.3 4.4 1.3 0.2 0.1 

SS-M1 4.4 7.3 0.3 38.5 <0.1 27.5 2.6 10.6 0.3 4.5 1.5 0.1 0.1 
SS-M2 0.6 2.4 <0.1 33.1 0.1 30.2 11.5 13.2 0.2 2.1 0.4 0.1 <0.1
SS-M3 6.0 7.2 0.9 37.9 0.1 27.6 2.1 10.8 0.3 4.4 1.2 0.3 0.3 
SS-M4 2.0 7.6 0.3 37.3 <0.1 32.2 4.8 9.8 0.2 3.1 0.8 0.2 <0.1
SS-M5 3.1 13.2 0.1 34.5 0.1 21.6 10.7 10.4 0.3 3.8 1.1 0.1 0.1 

 
Tab. 2 Mineralogical compositions of slags /%, mass 

Slags C2S C4AF RO MnO.SiO2 C2F CH CaO MgO Amorphous phase
BFSin natura --- --- --- --- --- --- --- --- > 99 
SSin natura 28.4 6.3 13.1 3.3 30.1 3.5 7.5 6.9 0.8 

C2S: belite, C4AF: brownmilerite; RO: RO phase; MnO.SiO2: Rankinite; C2F: srebrodolskite; CH= portlandite; CaO: lime; 
MgO=periclase. 

 
Tab. 3 Mineralogical compositions of slags /%, mass 

Slags C2S C4AF RO C3MS2 CMS C2MS2 C2AS CaO MgO AF 
BFS --- --- --- 4.6 --- --- --- --- --- 94.6 
SS 31.2 24.1 26.3 2.1 --- --- --- 3.8 --- --- 

SS-M1 --- --- 6.5 69.0 --- --- --- --- --- 24.5 
SS-M2 --- --- --- 3.3 --- 4.9 --- --- --- 91.2 
SS-M3 4.0 3.4 3.1 29.5 29.8 6.6 --- --- 0.7 23.0 
SS-M4 --- --- --- 34.9 42.8 10.9 --- --- --- 11.5 
SS-M5 12.1 --- 16.5 37.4 --- --- 32.1 --- --- 1.9 

C2S: belite, RO: RO phase; C4AF: brownmillerite; C3MS2: merwinite; CMS: monticellite; C2MS2: åkermanite; C2AS: 
Gehlenite; CaO: lime; AF: amorphous phase. 
 
Tab. 4 Reactivity, basicity and mineral composition of slags (all phases and excluding RO and AF phases), 
comparing parameters according Shi (2005) apud Tang (1973) 

All phases Without RO and AF Phases 
Basicity Basicity Slags 

Hydraulic reactivity
CaO/SiO2 

Hydraulic 
reactivity CaO/SiO2 

BFS Low 1.3 Low 1.5 
SS High 3.8 High 3.2 

SS-M1 Low 1.4 Low 1.5 
SS-M2 Low 1.1 Low 1.2 
SS-M3 Low 1.4 Low 1.3 
SS-M4 Low 1.2 Low 1.2 
SS-M5 Medium 1.6 Medium 1.7 

 
Based on a heat transferring model, Ferreira Neto J. B. et al. (2015) estimate cooling rates faster than 
4°C/s, thus it would be possible to predict more than 95% of amorphous phase in BFS slag. 
Discrepancies can be caused by differences among chemical compositions of slag samples, which can 
affect the beginning of crystallization, for example, the alumina content of BFS slag adopted by Gan 



 

et al. (17.6%) is much higher than the alumina content of BFS slag (10.5%), and it has been mentioned 
that alumina contributes to the stabilization of amorphous phase in slags (Mostafa N.Y. et al., 2001).  
 
The crystalline phases are those typically found in steelmaking slags (Kashiwaya Y. et al., 2007; Gan 
L. et al., 2012; Mostafa N.Y. et al., 2001): brownmillerite, larnite, RO phase (solid solution among 
FeO, MnO, MgO and CaO) and lime. It was observed a higher content of amorphous phase in 
modified slag SS-M1 (24.5%) which remains unaltered as a function of the distance from the mold 
bottom. The tendency of amorphous phase stabilization can be caused by a lower basicity of modified 
slag (Ryu H. G. et al., 2010), B (%CaO/%SiO2) = 1.4, when compared to the steelmaking slag (B = 
3.8). Furthermore, it can be observed a significant reduction of RO phase, partially caused by iron 
oxides reduction, due to the presence of modifying agents, and partially caused by transferring of 
MgO from RO phase to the merwinite. Besides the MgO stabilization as merwinite, it was observed 
the elimination of free lime from steelmaking slag. As shown in table 1, the basicity and Fe2+ and Fe3+ 
contents in slag SS-M2 were incrementally reduced when compared to slag SS-M1. In addition, the 
alumina content increased to 11.5%. 
Due to this deeper modification, there was stabilization of the glassy phase, mainly in the region close 
to the chilled plate, where 91% of amorphous phase was detected, moreover, high alumina contributes 
to glassy structure. This behavior is similar to the BFS slag. In addition, RO phase was eliminated and 
MgO was stabilized in phases with lower CaO/SiO2 ratio than merwinite (C3MS2), such as monticellite 
(CMS) and åkermanite (C2MS2). Merwinite was dominant in slag SS-M1, which showed higher 
basicity. 
The modified slag SS-M3 is a reproduction of slag SS-M1 in larger scale (300 kg). The results showed 
no significant differences among crystalline phases formed in slags SS-M1 and SS-M3, in both cases 
there was a considerable reduction of RO phase compared to the steelmaking slag without any 
modification (SS), besides the presence of MgO in stabilized crystalline phases, such as merwinite, 
åkermanite and monticellite. In addition, the amount of amorphous phase is about the same observed 
in slag SS-M1. 
The slag SS-M4 was modified aiming to lower basicity than slag SS-M3 and, at the same time, a 
further reduction of iron oxides. In that case, distinctly from slag SS-M3, it was observed the effect of 
cooling conditions on the glassy phase formation, since it was achieved 11.5% by steel balls cooling 
method (SS-M4). As observed in slag SS-M3, MgO was stabilized as monticellite, åkermanite and 
merwinite. 
The slag SS-M5, modified with the purpose of iron oxides (Fe2+ and Fe3+) partial reduction and an 
increasing of Al2O3 content, showed 16.8% of RO phase, value higher than those observed in slags 
SS-M3 and SS-M4. However, it showed higher amount of larnite than previous slags, which is 
recognized as a compound with hydraulic activity. In addition, this slag showed MgO stabilized as 
merwinite and the presence of Si-deficient gehlenite containing iron and magnesium in structure. 
 
3.2. About chemical composition of RO and amorphous in slags 
The semi quantitative analysis of the phases was determined by EDS from different points and areas 
of the sample surface as indicated in Figure 1. It was possible to distinguish the phases through 
elements composition.  The composition of amorphous phase of the sample SS-M3 is an 
approximation since the area of the amorphous phase determined was lower than 1 µm (Figure 1) and 
the electron beam can reach the surrounding area influencing the elemental composition. As was 
found only 1.9 wt% of amorphous phase (Table 3) for the sample SS-M5 it was not possible to 
identify it by SEM/EDS. The chemical compositions of RO and amorphous phases of the slags are 
shown in Table 5. The moduli of amorphous and RO phases of the slags are shown in Table 6 and 7. 
Results of chemical analysis of amorphous phase presents content of major components in range of 
typical slags (Taylor, 1998). Smolczyk (1980) explain that M1, M2 and M3 basicity ratios of blast 
furnace slags were the starting-point for most of the hydraulic identification values, however, are not 
very suitable as hydraulic factor because the alumina is not taken into account in the proper way. 
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Figure 1 SEM micrographs of the samples polished surface: (a) BFS, (b) SS, (c) SS-M1, (d) SS-M2, (e) SS-
M3 e (f) SS-M5. 

Tab. 5 Chemical compositions of RO and amorphous phase in slags /%, mass 
RO Phase  Amorphous phase Slags 

FeO MgO MnO CaO CaO SiO2 FeO+Fe2O3 Al2O3 MnO TiO2 MgO
BFS --- --- --- --- 44.7 38.5 --- 12.0 --- --- 4.8 
SS 52.7 32.1 10.1 4.9 --- --- --- --- --- --- --- 

SS-M1 66.3 15.4 16.7 1.6 31.8 29.0 14.4 11.9 10.1 2.1 0.7 
SS-M2 --- --- --- --- 39.0 35.9 1.1 12.2 1.7 --- 10.1
SS-M3 62.8 21.1 12.6 3.5 43.9 25.9 19.9 4.1 --- --- 6.2 
SS-M4 --- --- --- --- 27.1 29.2 17.5 9.1 8.6 --- 8.5 
SS-M5 62.4 22.4 15.2 --- not identified - low amount of amorphous phase (1.9wt%). 
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RO 



 

Tab. 6 Evaluation of characteristic moduli of amorphous phases in slags /% 
Moduli BFS SS-M1 SS-M2 SS-M3 SS-M4 

M1 = CaO/SiO2 
M1 is the basicity index. 
When it increases, the 
solubility and thus the 

reactivity of slag increases 
(Krüger J. E. and Smit M. 

S., 1969) 
1.3≤ M1 ≤1.4 

(Pal, S. C. et al., 2003) 
1.5≤ M1 ≤2.7 
(Shi C., 2005) 

1.16 
 
 

low 
solubility 

and 
reactivity 

 
 

1.10 
 
 

low 
solubility 

and 
reactivity 

 
 

1.09 
 
 

low 
solubility 

and 
reactivity 

 
 

1.69 
 
 

higher 
solubility 

and 
reactivity 

 
 

0.93 
 
 

low 
solubility 

and 
reactivity 

 
 

M2 = (CaO+MgO)/SiO2 

M3= 
(CaO+MgO)/(SiO2+Al2O3) 

Basicity Coefficient, 
Melting conditions of the 
slag (Smolczyk, H. G., 

1980) 
M2 ≥1 (EN 197-1) 
0.7≤ M2 ≤1.2 and 

1.0≤ M3 ≤1.3 (Shi C. et al, 
2005) 

1.29 
 

0.98 
 
 
 
 
 

favorable 
 

1.12 
 

0.79 
 
 
 
 
 

favorable 
 

1.37 
 

1.02 
 
 
 
 
 

favorable 
 

1.93 
 

1.67 
 
 
 
 
 

favorable 
 

1.22 
 

0.93 
 
 
 
 
 

favorable 
 

M4 = Al2O3/SiO2 

Evaluate slags for cement 
application, where 

0.55≤ M4 ≤0.53 indicate 
good performance in 

blended cements 

0.31 
 

"low" 
performance 
in blended 
cements 

0.41 
 

"low" 
performance 
in blended 
cements 

0.34 
 

"low" 
performance 
in blended 
cements 

0.16 
 

"low" 
performance 
in blended 
cements 

0.31 
 

"low" 
performance 
in blended 
cements 

M5 = 
(CaO+MgO+Al2O3)/SiO2 

Quality evaluation (Lang, 
E., 2002): 

M5 modified = 
(CaO+MgO+Al2O3)/(SiO2+ 

TiO2+(P2O5+F+MnO) 
Quality coefficient (Lang, 
E., 2002; Wang, S. et al, 

1994): 
1.5< M5: poor hydraulic 

properties; 
1.5≤ M5 ≤1.9: good 
hydraulic properties; 

M5 > 1.9: quality is very 
good 

1.4< M5 in Japanese 
standads (Shi C. 2005) 

1.60 
 
 
 
 

1.60 
 
 
 
 
 

good 
hydraulic 
properties 

 
 
 

1.53 
 
 
 
 

1.08 
 
 
 
 
 

good 
hydraulic 
properties 

 
 
 

1.71 
 
 
 
 

1.63 
 
 
 
 
 

good 
hydraulic 
properties 

 
 
 

2.09 
 
 
 
 

2.09 
 
 
 
 
 

quality is 
very good 

 
 
 
 

1.53 
 
 
 
 

1.18 
 
 
 
 
 

good 
hydraulic 
properties 

 
 
 

M6 = 
(CaO*Al2O3)/(SiO2+Al2O3)2 
Dron R. (1986) defined an 

index of reactivity: slag 
with a suitable quality 
should have M6 ≥ 0.18. 

0.21 
 

good quality
 
 
 

0.23 
 

good quality
 
 
 

0.21 
 

good quality
 
 
 

0.20 
 

good quality 
 
 
 

0.17 
 

good quality
 
 
 



 

Furthermore, M1< 1 (ex. SS-M4) in acid slag is not a limiting value if the lower CaO-content is 
compensated by corresponding higher content of MgO and Al2O3. Also, M4 index should be adopted 
carefully because high aluminum content in slags could decrease strength compression in Portland 
Slag Cements in old ages. In case of M5 and M5 modified slags, they showed good hydraulic properties 
capacity, but high MnO content in SS-M1 and SS-M4 could cause a negative effect and decrease of 
compressive strength in old ages. According to Kocaba V. (2009), all the moduli are convenient tools 
to rapidly estimate the quality of slag, nevertheless some studies reported that in practice, the modulus 
ratios do not always correlate with strength, particularly at early ages. Results of RO phases (Table 5 
and Figure 2) appoint that this phase probably contributes very little on expansion of Portland Slag 
Cements, since we found RO phase poor in MgO. 
 

Tab. 7 Evaluation of characteristic stoichiometry, ration molar (FeO/MgO), typical main reflexions (d) and 
Linear expansion (L) of RO phases in slags - classification estimate according literature data [Qian et al. (2002)]. 

SS SS-M1 SS-M3 SS-M5 
 
 

Mg poor wustite 
MgO0.51FeO0.37 

CaO0.05MnO0.07 

 
d (Å): 2.156-2.189 

 
FeO/MgO: 0.9  

 
 

 
 

Mg poor wustite 
FeO0.55MgO0.29 

CaO0.02MnO0.14 

 
d (Å): 2.153; 2.166 

 
FeO/MgO: 2.4 

 
 

 
 

Mg poor wustite 
FeO0.49MgO0.38 

CaO0.04MnO0.10 
 

d (Å): 2.153-2.190 
 

FeO/MgO: 1.7 
 
 

 
 

Mg rich wustite 
FeO0.48MgO0.40 MnO0.12 

 
 

d (Å): 2.145 
 

FeO/MgO: 1.6 
 
 

Wustite can produce expansion lower than 0.8%. according criteria of ASTM C150 

Stoichiometric, main reflexions, molar ratio and linear expansion criteria   

 
 

Periclase: 
MgO to MgO1-xCaOx 

0 ≤ x ≤ 0.1 
 
 
 

d (Å): 2105 
 

FeO/MgO: <0.2 
 

> 0.8 
Expansive and 

cracking is observed 
 
 

 
 

Ferropericlase: 
MgOxFeOy(CaO.MnO)z

0.5 ≤ x ≤ 0.7 
0.2 ≤ y ≤ 0.4 
and z ≤ 0.10 

 
d (Å): 2.121 to 2.136 

 
FeO/MgO: 0.2 to 0.9 

 
0.08 to 0.15 

Measurable expansion 
 
 
 

 
 

Mg rich wustite: 
FeOyMgOx(CaO.MnO)z

0.3 ≤ x ≤ 0.4 
0.5 ≤ y ≤ 0.6 
and z ≤ 0.15 

 
d (Å): 2.142 

 
FeO/MgO: 1 to 2 

 
0.04 to 0.07 

Measurable expansion 
 
 
 

 
 

Mg poor wustite: 
FeOyMgOx(CaO.MnO)z 

x ≤ 0.2 
0.6 ≤ y ≤ 1 

and z ≤ 0.25 
 

d (Å): 2.155 
 

FeO/MgO: 4 to 7 
 

< 0.04 
Negligible expansion and 

tiny contraction 
 
 

Results estimated from linear expansion, L(%) results was obtained by autoclave testing (ASTM C151) at 2MPa 
to 3h, 24h and 72h,applying steel slag powders blended with API-G oil well cement (mix ratio of cement to steel 
slag was 60:40 by weight) and water/ blend cement ratio of 0.3. 
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Fig 2 XRD patterns of slags, illustrating specifi peaks of RO phases and intervals, where: (1): Mg poor wustite; 

(2) Mg rich wustite; (3) Ferropericlase; (4) Periclase 
 
4. Conclusions 
- The Mg bearing RO phase in steel slag can be classified in different types of FeO-MgO-CaO-MnO 
and variations, and also correlates with potential expansion phenomena. 
- Despite of techniques limitations, elemental microanalyses by SEM contributed to an agile 
estimative to the hydraulic potential of modified slags. 
- The modified slags analyzed are mostly crystalline, even under fast cooling, showing typical phases 
of slags and Portland cements. Higher silica and alumina and lower iron oxides in modified slags 
contributed to the glassy phase formation under fast cooling. Furthermore, the amount of RO phase 
decreased as consequence of iron oxides reduction as well as MgO stabilization in calcium and 
magnesium silicates (merwinite, monticellite and åkermanite). 
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Abstract 
This work presents the characterization of slag cements produced by mixtures with modified steel slags. 
Chemical analysis and mineralogical characterization are shown in Part 1 in this Congress. The physical-
mechanical characterizations of cements were done after the addition of slags in Ordinary Portland cement. 
The cement hydration was analyzed by isothermal calorimetry, thermogravimetry and X-ray diffraction in 
cement paste. Compressive strengths of cements were satisfactory when compared with normal slag 
Portland cement. The compressive strength, soundness and autoclave expansion of PSC contained modified 
slags indicate the application viability as supplementary cement material. 
 
 
 
Originality 
Slag cements produced with the addition of unconventional slags exhibited mineralogical and physical-mechanical 
properties equivalent to conventional slag cements. 
 
Keywords: BOF, SCM, thermogravimetry, conduction calorimetry, physical and mechanical properties. 
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1. Introduction 
 
The cement hydration in presence of minerals additions, as steel slag, involves a great deal of 
complexity due to the incorporation of different components, which are competitive within clinker-
gypsum-water system resulting in changes of cement phases dissolution rate, in ionic balance and 
hence in evolution and precipitation of hydrated phases. 
 
For WANG et al. (2011) steel slag and cement affect each other’s hydration by changing the hydration 
environment, but steel slag does not react with the hydration products of cement. The adding of steel 
slag to cement promotes decreases of the early hydration rate of cement, thus increment of steel slag 
amount to the complex binder promotes longer dormant period, that explains the long setting time of 
cement-steel slag complex. 
 
The chemical composition and cooling of molten steel slag have a great effect on the physical and 
chemical properties of solidified steel slag. High basicity and properly cooling may cause slags to 
cementing property. Since chemical composition of steel slag varies significantly from source to 
source, it can be expected that the mineralogical composition of steel slag varies from source to source 
(SHI C., 2004).  
 
SHI C., 2004 summarized the common minerals presents in steel slag, such as olivine, merwinite, C3S, 
b-C2S, g-C2S, C4AF, C2F, RO phase (CaO–FeO–MnO–MgO solid solution), free CaO and free MgO. 
It was related that the ground steel slag also shows much better cementitious property in the presence 
of alkaline activators, and due to the potentially high content of free CaO and MgO, some other 
cementing materials witch can consume free CaO or MgO, such as blast furnace or fly ash, should be 
used together with steel slag in order to eliminate the soundness problem. 
 
WANG Q. and Yan P. (2010) related C3S and C2S as the main active components of steel slag, but a 
portion of those phases have a very low activity and remain undhydrated, or just take part in very 
weak reaction even after 90 days after mixing, and the RO phase is almost inert even under high 
temperature activation or NaOH-activation studied. 
 
It was verified the late hydration of cement by steel slag in calorimetry results, were 22.5% and 45% 
amount of steel slag were the substituents contents of cement. , this effect becomes more obvious with 
the increment of steel slag content and hydration ages. The steel slag thus improves the hydration 
condition of cement and promotes the hydration of cement in late ages, because the inert phases of 
steel slag, wrapped by C-S-H gel, play a nucleation role, indirectly reducing the thickness of C-S-H 
layer around cement particles (WANG Q. et al., 2011). 
 
The present work is part of an IPT project which studies modified oxygen steelmaking slags by 
pyrometallurgical process, as described in CHOTOLI et al. (2015), whose purpose is obtain modified 
steel slag with satisfactory cementitious performance. This papers presents mechanical and physical 
characterizations results of Portland Cements Slags (PSC) mixed with this modified slags, and 
compares the results obtained with slag in natura and reference blast furnace slag mixtures. 
 
2. Experimental study 
2.1. Materials 
Chemically modified steelmaking slagsand steelmaking slag (SS) as presented in Chotoli F.F. et al. 
(2015) was ground in ball mill to 0.075mm. Part of samples and Ordinary Portland Cement were used 
to produce Portland Slag Cements (PSC, similar to CEM II/B-S), in a proportion of 25%/75% 
(slag/Portland cement). 
 
 



 

2.2. Characterization methods  
The minerals identification and phases quantification by X-ray diffraction (XRD)/Rietveld method and 
chemical composition by X-Ray Fluorescence (XRF) are also presented in Chotoli F.F. et al. (2015).  
 
The compressive strength and soundness test by Le Chatelier method of PSC and OPC were tested 
according Brazilian Standard NBR 11578 (analogous to European Standards EN 197-1, ISO EN 196-1 
and ISO EN 196-3). Autoclave expansion test was also performed according ASTM C 151). 
 
The TA Instruments TGA/DSC SDT 2960 was used for thermogravimetric measurements in part of 
soundness test samples, with a heating rate of 10ºC/min from room temperature to 1000ºC. An argon 
flux was used in the heating chamber. 
 
PSC and OPC reactivity was investigated by measuring the liberated heat during hydration for 72h. 
The experiments were carried out using a Thermometric Tam Air isothermal calorimeter, at a 
measurement temperature of 25°C. The cement paste with a 0.5 w/c ratio for each sample was mixed 
with a small ladle for 3 minutes at 1000 rpm and 15 grams were weighted into a flask; the flask was 
capped and placed into the calorimeter. The initial heat peak was not recorded because the mixing was 
done externally. Similar test was performed with slags for 24h, without OPC and add NaOH solution 
(20g/L). 
 
3. Results and Discussion 
3.2. About physical and mechanical tests 
The compressive strength, soundness and autoclave expansion showed that modified slag can be used 
to produce PSC. 

 
Tab. 1 Physical and mechanical test of cements/% 

Compressive strength 
(MPa) 

Soundness 
(mm) 

Autoclave 
expansion

Total hydration heat 
(J.g-1) 

Slags 

3d 7d 28 cold hot (%) 
PSC´s 
(3d) 

Relative 
Slags (24h)

OPC 39.6 43.2 52.7 0.5 0.0 0.03 339.4 --- 
PSC-BFSin natura 30.9 41.4 52.6 0.5 0.0 0.01 301.1 210.2 
PSC-SSin natura 27.0 34.7 41.1 0.5 1.0 0.44 280.5 117.8 
PSC-SS-M3 28,3 33,5 37,6 0.5 0.0 0,10 296.3 42.9 
PSC-SS-M4 28.3 31.2 36.9 0.5 0.0 0.04 278.2 29.4 
PSC-SS-M5 29.9 37.7 41.0 0.0 0.0 0.07 314.1 70.7 

Class 25 ≥8.0 ≥15.0 ≥25.0 ≤5 ≤5 --- --- --- 
Class 32 ≥10.0 ≥20.0 ≥32.0 ≤5 ≤5 --- --- --- 

NBR 
11578 

Class 40 ≥15.0 ≥25.0 ≥40.0 ≤5 ≤5 --- --- --- 
ASTM C 150 --- --- --- --- --- ≤ 0.80 --- --- 

n.t.: not tested. 
 
The stabilization of PSC-SS-M3, PSC-SS-M4 and PSC-SS-M4 is demonstrated by the soundness test 
(ISO EN 196-3) which did not show any volume variation under cold or hot water. Furthermore, in the 
autoclave test (ASTM C 151) the same mixture resulted in an expansion lower (0.10%, 0.04% and 
0.07%, respectively) than that determined in a PSC-SS contained slag without any modification. Wang 
Q. et al. (2011) cited that peaks of RO phases in binder pastes remained almost unchanged for 360 
days. 
 
Regarding the heat of hydration of PSC cement, BFS-SS and PSC-SS showed low induction period, 
followed by increase during the acceleration. It is believed that this phenomenon is due to the 
increased availability of free CaO and MgO in some of the slags, in order to form Ca(OH)2 and 
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Mg(OH)2, the alkaline porous solution quickly provides initial heat which promotes hydration of the 
remaining phases (Shi, C., 2004). For this reason, the heat developed by slag having free MgO and 
CaO or even phase high RO should be viewed with caution due to the heat from the hydration oxides, 
not from cementitious compounds hydration, as expected. 
 
In general, the PSC cement pastes has typical Portland cement profile, and shape variations, time and 
rate of induction periods, acceleration and deceleration consistent with the PSC-BFS behavior. It is 
possible that these variations can be compensated according to the amount of slag and optimal SO3 
content in cements in function of mechanical performance. According Wang Q. et al. (2011) some 
researches showed that the setting time of cement and concrete became longer by replacing part of 
cement with steel slag, and the more the replacement the longer the setting time, and that one of the 
main reason for the long setting time of cement steel slag complex binder is its long dormant period. 
 
About the cumulative heat in the first three days (72 hours), SS-CSF, CSF-SS-M1-SS-CSF and CSF-
M2-M3 SS showed values below PSC-BFS cement (301 J/g), except for the PSC-SS-M5 whose slag 
contained gehlenite and more Al2O3 than others slags of PSC cements. 
 
It was observed in most folders forming a secondary shoulder after the acceleration period. This 
second shoulder is typical reactions from slag which has lower reactivity than the clinker (Figure 1). 
This double peak and dislocate attributed to slags was used as a substitution in PSC. 
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Figure 1 Calorimetry curves of the OPC and PSC cements 

 
In recent studies in our laboratory was observed that cements made with slag cooled in water tend to 
have higher heat accumulated in older groups than the cooled ingots or even balls, probably due to 
slower reactivity of the glass phase (amorphous phase) present in larger amounts. Therefore, this 
phenomenon leads to reflect on the real necessity or not of rapidly cool the slag because slag cooled in 
ingot mold or balls tended to yield initially produce more reactive slag, which is more interesting for 
the cement industry. 
 
According XRD (Figure 2) and TG/DTG (Figure 3) results of samples submitted to hot expansion test, 
there was formation of portlandite [Ca(OH)2], ettringite [Ca6Al2(OH)12(SO4)3.26H2O], 
monocarboaluminate (Ca4Al2O6(CO3).11H2O), katoite [Ca3Al2(OH)7.6(SiO4)1.1], hidrogarnet 
(Ca3Al2(OH)12), gibbisite [Al(OH)3], episomite (MgSO4.28H2O) and brucite [Mg (OH)2], which are 



 

common in Porland cement pastes. Part of non-hydrated mineral phases such belite (C2S), RO phase, 
brownmillerite (C4AF), merwinite (C3MS2), monticellite (CMS), åkermanite (C2MS2) and gehlenite 
(C2AS) was found by DRX. 
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Figure 2 XRD patterns of the OPC and PSC pastes, where: C2S: belite, RO: RO phase; C4AF: brownmillerite; 
C3MS2: merwinite; CMS: monticellite; C2AS: gehlenite; Aft: ettringite; Ep: Episomite: (MgSO4.28H2O); P: 

portlandite [Ca(OH)2]; Hy: hydrogarnet [Ca3Al2(OH)12]; C: calcite (CaCO3); V: vaterite (CaCO3). 

 
 

Figure 3 DTG curves of the OPC and PSC pastes 
 
In terms of hydrated phases generation of mineral phases present in PSC´s and Ca(OH)2 generation 
and absorption by amorphous phase (AF) reaction (ration %Ca(OH)2/%AF), the performance was 
following: PSC BFS > PSC SS-M3 > PSC SS > PSC SS-M4 > PSC SS-M5. Its fact occur in function 
of principal reactive phases content in slags such C2S and AF. In others words: 
 

BFS (AF=94.6%) > SS-M5(C2S=12.1%; AF=1.9%) > SS(C2S=31.2%) > SS-M3(C2S=4.0%; AF=23.0%) > SS-M4(AF=11.5%) 
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Slags contained merwinite (C3MS2), monticellite (CMS) and åkermanite (C2MS2) as principal phases 
present low hydraulic reactivity (Shi C. et al., 2005). However, Kriskova et al. (2014) and other 
authors explain that merwinite has low hydraulic activity at ambient temperature which can be 
improved by mechanical or alkali activation with formation of brucite. Because of this we believe that 
is possible that merwinite or others calcium magnesium silicates can have reacted during hot 
expansion test. TGA curve presented a slight weight increase starting at 550ºC, associate to the 
recrystallization phenomena of amorphous phase (Ramachandran, V. S. et al., 2002) and 
decomposition of carbonate compounds. 
 
In a recent IPT study was isolated crystalline phase effect of the slag in cumulative heat of PSC 
cements contained chemically modified steelmaking slags, supposing that reactivity of amorphous 
phases of the slag is similar than blast furnace slag and excluding the heat proportion from the OPC 
and amorphous phase. In this study was possible to correlate calcium silicate (C2S) and calcium and 
magnesium silicate [merwinite (C3MS2) monticellite (CMS) and akermanite (C2MS2)] phases 
(Figure 4). Was excluded from slag that expanded and whose cumulative heat was influenced by 
hydration of CaO and MgO free. Results showed that cumulative heat of PSC cements is proportional 
to C2S when this phase is the major calcium silicate phase on the slags. Likewise, the slag containing 
calcium and magnesium silicate (CxMSy) phase also showed increase of cumulative heat, but with less 
impact because these phases are less reactive than the C2S. 
 

 
Figure 4: Cumulative heat and calcium silicate phases 

 
4. Conclusions 
Results of compressive strength, soundness and autoclave expansion of PSC contained modified slags 
indicate application viability. The stabilization of modified slags were demonstrated by soundness test 
carried out under cold and hot water, which did not show any expansion, or by low expansion 
observed in tests carried out in autoclave (ASTM C 151) with cement samples produced by a mixture 
between 75% of ordinary cement and 25% of modified slags.  
The mineralogical modification in steelmaking slag is a potential tool to produce a kind of 
supplementary cimentitious material to obtain durable concretes with requirements of long service life, 
considering the relevance to use low environmental impact cement, produced with non-conventional 
raw materials. 
It's recommended to apply other studies focusing process optimization, durability and performance of 
these PSC cements, as well for increases the reactivity of modified slags. 
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Abstract 
 
Portland cement is considered one of the most important construction materials in the world due to, for instance, the 
mechanical and durability behaviour. However, the industrial production of Portland cement is characterised by a high 
energy demand, by the use of non-renewable prime materials and for the emission of greenhouse gases, mainly CO2. 
Therefore, the study of new cementitious materials more eco-efficient based on the reuse of different wastes constitute a 
priority line of research and technological innovation in the pursuit of industry sustainability.  
A way to obtain this sustainable development in through of the use of secondary cementitious materials (SCMs) to 
replace part or all of the clinker in Portland cement, for example, with different additions like limestone, blast furnace 
slag, fly ash, silica fume, etc. Most of these additions are industrial by-products or naturally occurring radioactive 
materials (NORMs).  
Another avenue for manufacturing eco-efficient cements is the development of new materials wholly different from 
ordinary Portland cement. Thanks to their excellent properties, alkali-activated cements (also known as geopolymers), 
consisting primarily of activated blast furnace slag or fly ash, are among the most prominent of these new materials. 
The foregoing is indicative of the high potential for reuse and valorisation of industrial waste and by-products in the 
manufacture of cement and other construction materials. To be apt for such purposes, the waste must exhibit certain 
chemical, physical and microstructural characteristics that favour their reactivity and behaviour. In addition, as 
NORMs, their natural radioactivity must also be determined. These are among the primary objectives addressed in the 
European research conducted under COST Action TU1301 NORM4BUILDING. 
The present paper reports on a detailed study of the concentration of the most significant NORMs present in a series of 
Spanish commercial cements (with and without mineral additions) and many types of industrial waste used both as 
mineral additions in ordinary EN 197-1:2011 cement clinkerisation and to prepare geopolymers. These include 
aluminosiliceous fly ash, granulated blast furnace slag and silica fume. The paper also discusses the activity 
concentration of radionuclides in 28-day pastes. 
 
 
 
Originality 
 
The use of industrial waste or by-products of varying nature in the manufacture of construction materials has become 
increasingly common and is expected to become more so in the near future. The natural radioactive materials present 
in this waste must, then, be identified and quantified and their effects as cement constituents determined. The study 
discussed hereunder broaches this issue for the first time in both anhydrous cements and hydrated pastes. 
The initial findings on the effects of NORMs in geopolymers are presented, based on the analysis of various types of 
cement, mineral additions, alternative raw materials and geopolymers. 
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1. Introduction 
 
Construction and more specifically the Portland cement industries are excellent targets for the reuse 
and valorisation of waste and by-products from a wide variety of industries. 
 
Given the adverse effects inherent in Portland cement manufacture (high thermal and electrical energy 
demand, need to quarry large quantities of limestone and clay and the emission of greenhouse gases, 
especially CO2), the study and development of more eco-efficient cements based on the reuse of waste 
of varying origin is a priority line of research and technological innovation in the pursuit of industry 
sustainability. A broad range of types of waste can be valorised for use in eco-efficient cements. 
 
A number of procedures are in place to obtain more eco-efficient cement. Perhaps one of the most 
widespread practices entails the use of secondary cementitious materials (SCMs) to replace part or 
nearly all of the clinker in Portland cement. Of the 27 types of ordinary cement listed in European 
standard EN 1197-1:2011 (EN 1197-1:2011, 2011),26 contain some manner of mineral 
addition:limestone, blast furnace slag, siliceous or calcareous fly ash, sintered schist or silica fume. 
Most of these additions are industrial by-products or naturally occurring radioactive materials 
(NORMs). 
 
Industrial waste and by-products are used not only as clinker substitutes, but may also be added during 
clinkerisation itself, partially or totally replacing the prime materials in the raw mix (limestone in 
particular) or the fuel. Very different types of waste or by-products can be used as partial raw mix 
replacements, including crystallised blast furnace slag (Puertas et al., 1988)or waste from the 
manufacture of clay-based products (Puertas et al., 2010) or aluminium recycling (Blanco-Varela et al., 
2000).In Spain in 2011 only 2.8 million tonnes of wastes (8.5% of total raw materials), primarily slag, 
steam power plant ash, iron slag, paper mill sludge, casting sand and sugar refining foam, were used as 
an alternative raw material in Portland cement production. Efforts are also being made to use 
alternative fuels in OPC manufacture: in countries such as Netherlands, Austria, Germany and Norway, 
these fuels account for over 60 % of the total. The sources vary widely in nature, including shredded 
tyres, solvents, water treatment plant sludge and used oil. In Spain the replacement rate is around 23 % 
(OFICEMEN, 2014), some of which consists of NORMs. 
 
Another avenue for manufacturing eco-efficient cements is the development of new materials wholly 
different from ordinary Portland cement. Thanks to their excellent properties, alkali-activated cements 
(also known as geopolymers), are among the most prominent of these new materials (Pacheco-Torgal 
et al., 2015; Palomo et al., 2014; Provis and van Deventer, 2014; Shi et al., 2011, 2006).These 
cements are defined as the binders resulting from the chemical interaction between highly alkaline 
solutions and natural (clay) or artificial (industrial waste or by-products) aluminosilicates with a high 
or low Ca content. Alkaline activation calls for two basic components: preferably amorphous or 
vitreous aluminosilicates and an alkaline activator. The aluminosilicates may be natural products such 
as metakaolin or industrial by-products such as blast furnace slag or aluminosiliceous fly ash. The 
alkaline solutions able to interact with aluminosilicates to generate such new binders include alkaline 
metal or alkaline-earth hydroxides (ROH, X(OH)2), weak acid salts (R2CO3, R2S, RF), strong acid 
salts (Na2SO4, CaSO4·2H2O) and R2O(n)SiO2-type siliceous salts known as waterglass (where R is an 
alkaline ion such as N, K or Li). From the standpoint of end product strength and other properties, the 
most effective of these activators are NaOH, Na2CO3 and sodium silicate hydrate (waterglass).Other 
industrial by-products are presently also being studied for use as possible alkaline activators. Patents 
have been awarded for the use of industrial waste or by-products such as ash from rice husks, silica 
fume and urban and industrial vitreous waste as potential alkaline activators to replace the family of 
substances known as waterglass (Puertas and Torres-Carrasco, 2014; Torres-Carrasco and Puertas, 
2015)(Mejía et al., 2013). Here also, the main components of these cements are NORMs. 
 



 

The foregoing is indicative of the high potential for reuse and valorisation of industrial waste and by-
products in the manufacture of cement and other construction materials. To be apt for such purposes, 
the waste must exhibit certain chemical, physical and microstructural characteristics that favour their 
reactivity and behaviour. In addition, as NORMs, their natural radioactivity must also be determined. 
These are among the primary objectives addressed in the research conducted under COST Action 
TU1301 NORM4BUILDING (TU1301, 2014). 
 
The ultimate objective is to obtain cements containing industrial waste (such as fly ash, slag, silica 
fume  and glass) with minimal radioactivity and optimal chemical and physical properties. For this 
purpose a radiological characterization of raw and processed materials has been performed, in order to 
establish potential limitations for their use as building materials.  
 
Depending on the material, the concentration of natural radionuclides (mainly 226Ra, 232Th and 40K) 
ranges from 1 to 4 000 Bq·kg-1(IAEA, 2003; CEN/TC 351, 2013).European Directive 2013/59 
Euratom (Directive 2013/59/EURATOM, 2013) establishes in its article 75 a reference level for 
indoor external exposure due to gamma radiation emitted by building materials of 1 mSv per year. In 
addition, for those materials being of concern from a radiation protection point of view due to their 
emitted gamma radiation, the activity concentration of  226Ra, 232Th and 40K must be determined, as 
well as the corresponding activity concentration index, according to the following formula.  
 

      (1) 
 

where: 
 

         (2) 
 

C is the concentration of the respective radionuclide in building materials expressed in Bq·kg-1. 
 
These values were computed from models for computing gamma radiation in a “standard” room with 
concrete walls containing different concentrations of 226Ra and 232Th, which also take other parameters 
into consideration, such as wall thickness, occupation rate and concrete density (2 350 kg·m-3). 
Calpena (CEN/TD 351/WG 3, 2013), a paper submitted to the 2013 EAN NORM workshop, contains 
the regulatory framework for NORM and a discussion of these characteristics of building materials 
and NORMs. 
 
Several authors have studied the natural radioactivity of cements and their constituents(Espinosa et al., 
1986; Martín Matarranz, 2013; Misdaq and Moustaaidine, 1997; Turhan and Gurbuz, 2008; Turhan et 
al., 2008). Mistad et al. (Misdaq and Moustaaidine, 1997) showed that the radon emission coefficient 
and production rate in building materials depend on their porosity. Turhan et al. (Turhan and Gurbuz, 
2008)found no significant radiological hazards in the Turkish cement used in building construction. In 
a systematic study of natural construction materials, B. Piedecausa et al. (Piedecausa et al., 2011a, 
2011b) revealed the need to establish criteria for monitoring such waste and analysed risk rates by 
country. Nonetheless, no thorough data have been published comparing the radioactive content in 
hydrated paste to the radioactivity of its component materials. Nor has the literature addressed the 
radioactive rates and content in alkali-activated cements or geopolymers, materials of great promise in 
the twenty-first century. 
 
The original radioactive content in several types of cement (ordinary Portland and alkali-activated 
cements) and their constituents were determined in the present study. The activity concentration after 
cement hydration/activation was also analysed to ascertain the effect of these processes on final 
radioactivity. 
 



 

2.Experimental 
2.1. Materials 
 
Table 1 gives the XRF-determined chemical composition of the materials used in this study. In 
addition to the commercial cements listed, other binders were prepared by blending CEM I 52.5R 
cement and mineral additions (limestone, slag, fly ash and silica fume) as follows: 
50 % CEM I+50 % slag (OPC+50 % S) 
50 % CEM I+50 % fly ash (OPC+50 % FA) 
50 % CEM I+50 % limestone (OPC+50 % L) 
90 % CEM I+10 % silica fume (OPC+10 % SF) 
 
The preparation of these blended cements is described in reference (Burgos-Montes et al., 2013).  
 
 

Tab. 1 Chemical composition of commercial cements, mineral additions and glass waste (% wt) 
 

OPC 
White-
OPC 

(W-OPC) 
CAC 

LIMESTONE
(L) 

SLAG 
(S) 

FLY ASH
(FA) 

SILICA 
FUME 
(SF) 

 

GLASS 
WASTE 

(WGLASS) 
(< 45 45µm)

LoI 2.3 1.8 0.2 43.6 2.7 6.8 4.0  - 
SiO2 20.5 19.0 3.3 0.3 35.3 46.3 94.3  70.7 
Al2O3 5.4 3.3 44.9 0.04 13.6 31.0 0.2  2.0 
Fe2O3 2.1 0.3 15.0 0.1 0.4 4.5 0.1  0.5 
MnO 0.02 1.7 - 0.01 - 0.1 0.02  - 
MgO 3.7 1.80 0.8 0.9 4.1 1.3 0.2  1.2 
CaO 57.0 68.0 33.5 54.6 41.0 4.9 0.5  11.8 
Na2O 0.6 1.3 0.3 0.4 0.01 0.3 0.1  11.7 
K2O 1.4 0.4 - - - 1.3 0.4  1.1 
TiO2 0.2 0.0 1.5 0.01 - 1.5 -  0.1 
P2O5 0.1 0.1 - 0.1 - 1.0 0.05  0.04 
SO3 6.4 3.6 - - - 1.0 0.1  - 

Sireactive - - - - - 36.4 92.7  - 
Blaine 
(m2/kg) 

501.7 - 342 - 325 - -  
- 

BET (m2/g) 1.2 - - 4.4 - 2.7 20.3  - 
Dv(µm) 10 1.2 2.1 2.0 0.8 0.9 1.8 0.3  - 

50 7.1 15.5 13.7 3.6 13.1 13.8 10.5  - 
90 22.5 37.4 49.1 35.1 38.4 59.3 -  - 

LoI: Loss on ignition; CAC: Calcium Aluminate Cement 
 
 
 
 
 
2.2. Methodology  
 
2.2.1. Cement hydration and alkaline activation 
 
Table 2 lists the cements and hydration or activation conditions used in this study. After hydration, the 
Portland cement and CAC samples were stored at 98 ± 2 % RH and 22 ± 2 C. Cement pastes were 
also prepared by alkaline activating slag (AAS) and fly ash (AAFA). The AAS pastes were stored 
under the aforementioned conditions, whereas the AAFA pastes were cured at 85 ± 2 C for the first 



 

20 hours and subsequently in a climatic chamber (RH = 98 ± 2 %; T = 22 ± 2 C). The samples were 
frozen with acetone and ethanol after 28 days to detain hydration/activation (Fernández-Jiménez and 
Puertas, 2003).  
 

Tab. 2 Sample preparation: hydration and  activation conditions  
 

Sample Solution  L/S ratio SiO2/Na2O  

OPC Water 0.4 - 
W-OPC Water 0.4 - 
CAC Water 0.4 - 
OPC + 10% SF Water 0.4 - 
OPC + 50% S Water 0.4 - 
OPC + 50% FA Water 0.4 - 
OPC + 50% L Water 0.4 - 
Wg-AAS Sodium silicate 0.4 0.86 
Glass-AAS NaOH/Na2CO3 + glass waste 0.4 0.86 
N/15Wg-AAFA NaOH 10M + sodium silicate 0.3 0.19 
Glass-AAFA NaOH 10M + glass waste  0.3 0.11 

 
 
2.2.2. Gamma spectrometry  
 
Radiological characterization of the samples was carried out by gamma spectrometry. Radionuclides 
occurring in natural decay series headed by 238U and 232Th as well as 40K were determined in the 
samples using a system constituted by three High-purity Germanium detectors. One of the detectors is 
coaxial Type p, and the other two, BEGe Type (Broad Energy Germanium detectors). The detectors 
have an active surface from 26 to 38 cm-2, a  2 keVresolution for 60Co and intrinsic  efficiencies  from 
30 to 100 % . They are protected with 15 cm iron shield for avoiding background radiation (Figure 1).  

The gamma spectroscopy system connects the detectors to an electronic chain supported by Software 
Genie-2000, developed by Canberra that allows the calibration, acquisition, visualization, analysis and 
storage of the obtained gamma spectra. Mathematical efficiency calibrations of the detectors in the 
energy range 45keV - 7MeV were carried out with LabSOCS software, developed by CANBERRA 
and based on detector characterization by MCNP Monte Carlo modeling code. 

226Ra and 232Th determination was based on the detection of emissions of their daughter nuclides, 214Pb 
and 228Ac respectively, since their own gamma emitting lines are not of sufficient intensity (232Th at 
63,8keV) or present significant interferences with other naturally occurring radionuclides (186.1 keV 
from 226Ra and 185.7 keV from 235U). In order to ensure secular equilibrium between 226Ra and 232Th  
and their progenies, measurement containers (plastic cylinders 75.4 mm of diameter, 31 mm height), 
were hermetically sealed to avoid 222Rn losses and stored for at least 25 days before their measurement. 
40K was directly measured by its emission at 1460.8 keV. Counting times of 60000 seconds were 
selected for all the samples. Table 3 summarizes the energy and emission probabilities of the gamma 
lines used for the radiological characterization of the samples. 

The detection limits (DL) entered in the software were calculated as described in international 
standard ISO-11929(ISO 11929 Standard, 2010). 
 



 

 

 

 

 

 

 

 
 

Figure 1 Gamma spectrometry system 
 
 
2.2.3. Activity concentration index   
 
The activity concentration index normally used to characterise building materials poses certain 
practical problems. One is that 226Ra and 232Th are determined indirectly by measuring their daughters 
in the natural radioactive series, assuming that they are in equilibrium. This is the procedure of choice 
because these radionuclides are more readily identified in the spectrum or their efficiency is higher or 
background better at the peak studied.226Ra reaches equilibrium after 20-30 days, forming 214Bi and 
214Pb, providing the container holding the sample can be sufficiently sealed and no 222Rn is lost 
through its walls. In addition to 40K, 214Pb (226Ra) and228Ac (232Th) were selected here for calculating 
the index in the cements and potentially recyclable materials, blended cements containing both and the 
end product, i.e., hydrated cement containing some of the recyclables. 
 
The samples were split in two aliquots for raw materials and blends and measured by gamma 
spectrometry. The activity concentration index has been calculated in each aliquot and an average 
value has been determined by each type of material. Entire samples were analyzed in case of hydrated 
cements. 
 
 
The activity concentration index was calculated from the following equation: 
 

      (3) 
Its uncertainty was computed as: 
 

  (4) 
 
where: 
I = Activity concentration index ; C214Pb= 214Pb activity concentration; C228Ac= 228Ac activity 
concentration 
C40K= 40K activity concentration;  u (c214

Pb)= uncertainty of 214Pb activity concentration; 
U (c228

Ac)= uncertainty of 228Ac Activity concentration; u(c4o
K)= uncertainty of 40K activity 

concentration 
 



 

The mean index uncertainty was calculated as: 
 

       (5) 
 
 

Tab. 3 Peak energy values used and probability of emission 
 

Radionuclide Energy 
(KeV) 

Probability of 
emission (%)

40K 1460.82 10.55 
208Tl 277.37 6.60 

 583.19 85.00 
 860.53 12.40 

212Pb 238.63 43.60 
 300.09 3.18 

214Pb 351.93 35.60 
228Ac 911.20 26.20 

 968.96 15.90 
234Th 63.30 3.75 

   
 
3. Results and Discussion 
 
3.1.Radioactivity  
 
The findings for the anhydrous cements, mineral additions, blended cements containing mineral 
additions and hydrated/activated cements are given in Tables 4-6.The aims pursued in the study of 
these building materials were as follows. 
 
a) The first was the determination of the radioactivity of natural gamma emitters, focusing on the 
radionuclides before and after 226Ra in the uranium series, namely 234Th and 214 Pb/ respectively. Equal 
activity concentration values for all radioactive members of the decay chain denote secular 
equilibrium. In the 232Th series, 228Ac, 212Pb and 208Tl were determined. Due to radioactive decay, 208Tl 
constituted just 36 % of the activity of its parent radionuclide. As 40K is not a member of any series, its 
activity was quantified separately. 



 

 
Tab. 4 Activity concentration of natural radionuclides in building materials (in Bq·kg-1) (uncertainty, k=2) and activity concentration index (uncertainty, k=2) 

 
Series 238U 232Th 

 

Material 234Th 214Pb 228Ac 212Pb 208Tl 40K Index 

OPC 19.6 ± 1.9 19.30 ± 0.78 20.1 ± 1.0 19.16 ± 0.29 5.50 ± 0.37 237.5 ± 7.1 0.244 ± 0.0063 

OPC 20 ± 2.2 19.16±0.75 17.8±1.1 19.10±0.58 6.02±0.37 238.3 ± 7.5 0.2325 ± 0.0064 
Mean Value 19.8 ± 1.5 19.23 ± 0.54 18.95 ± 0.74 19.13 ± 0.32 5.76 ± 0.26 237.9 ± 5.2 0.2382 ± 0.0045 

W-OPC 54.2 ± 3.2 56.0 ± 1.2 4.77 ± 0.71 4.05 ± 0.52 1.27 ± 0.08 84.6 ± 5.1 0.2386 ± 0.0056 

W-OPC 62.8 ± 5.5 58.3 ± 1.1 4.85 ± 0.77 4.68 ± 0.32 1.45 ± 0.24 84.7 ± 4.6 0.2468 ± 0.0055 
Mean Value 58.5 ± 3.2 57.15 ± 0.81 4.81 ± 0.52 4.36 ± 0.31 1.36 ± 0.13 84.6 ± 3.4 0.2427 ± 0.0039 

FA 131 ± 10 128.5 ± 1.8 129.6 ± 1.9 133.4 ± 2.0 40.01 ± 0.71 311.5 ± 7.3 1.18 ± 0.011 

FA 129 ± 10 126.2 ± 1.9 131.0 ± 2.4 134.2 ± 1.6 42.66 ± 0.90 321.4 ± 9.3 1.183 ± 0.014 
Mean Value 130 ± 7.1 127.4 ± 1.3 130.3 ± 1.5 133.8 ± 1.3 41.33 ± 0.57 316.4 ± 5.9 1.1815 ± 0.0089 

CAC 75 ± 8.5 65.4 ± 1.4 130.4 ± 2.1 136.4 ± 1.8 41.68 ± 0.83 18.7 ± 3.6 0.876 ± 0.012 

CAC 72.5 ± 9 64.4 ± 1.3 132.2 ± 2.3 138.4 ± 1.5 43.25 ± 0.84 64 ± 11 0.897 ± 0.013 
Mean Value 73.8 ± 6.2 64.9 ± 0.96 131.2 ± 1.6 137.4 ± 1.2 42.42 ± 0.59 41.4 ± 5.8 0.8865 ± 0.0088 

SF <3.4 1.72 ± 0.19 < 1.6 0.85 ± 0.34 0.52 ± 0.20 99.8 ± 5.2 <0.047   

SF <2.9 1.09 ± 0.37 < 1.4 0.79 ± 0.09 < 0.54 91.8 ± 4.6 <0.041 
Mean Value ---- 1.4 ± 0.21 ---- 0.82 ± 0.18 ---- 95.8 ± 3.5 <0.044 

S 149.9 ± 6.5 150.9 ± 2.2 45.6 ± 1.5 42.5 ± 2.3 14.25 ± 0.53 75.7 ± 4.7 0.757  ± 0.011 

S 163 ± 12 143.4 ± 1.6 45.80 ± 0.84 43.21 ± 0.66 15.17 ± 0.30 76.8 ± 2.8 0.7326  ± 0.007 
Mean Value 156.4 ± 6.8 147.2 ± 1.4 45.7 ± 0.86 42.9 ± 1.2 14.71 ± 0.3 76.3 ± 2.7 0.7448  ± 0.0065

WGlass 12 ± 1.5 10.38 ± 0.27 5.98 ± 0.28 6.72 ± 0.16 1.94 ± 0.09 239.8 ± 7.4 0.1444  ± 0.003 

WGlass 10.7 ± 1.7 7.07 ± 0.27 5.68 ± 0.35 5.84 ± 0.18 1.79 ± 0.12 213.8 ± 4.9 0.1232  ± 0.0026
Mean Value 11.4 ± 1.1 8.73 ± 0.19 5.83 ± 0.22 6.28 ± 0.12 1.867 ± 0.075 226.8 ± 4.4 0.1338  ± 0.0020

L 16.1 ± 3.4 17.82 ± 0.72 < 1.4 < 0.43 < 0.43 6.5 ± 2.2 <0.068 

L 18.8 ± 3.5 16.13 ± 0.70 < 1.4 < 0.66 < 0.41 < 2.5 <0.061 
Mean Value 17.5 ± 2.4 16.98 ± 0.5 ---------- -------- --------- --------- <0.064 

* No value or value under the detection limit (DL); index calculated from the DL 



 

 
 

Tab. 5 Activity concentration of natural radionuclides in cement blends containing recycled materials, in (Bq·kg-1) (uncertainty, k=2), and activity concentration index 
(uncertainty, k=2) 

 
 

Series 238U  232Th 
 

 
 

Material (Blend) 234Th 214Pb 228Ac 212Pb 208Tl 
40K Index 

OPC + 10% SF 17.1 ± 2.2 17.28 ± 0.83 15.98 ± 0.50 17.60 ± 0.34 5.23 ± 0.33 229.8 ± 7.5 0.2141 ± 0.0045

OPC + 10% SF 18.3 ± 2.1 17.7 ± 1.1 17.4 ± 1.0 19.22 ± 0.85 6.31 ± 0.45 231.5 ± 7.7 0.2232 ± 0.0068
Mean Value 17.7 ± 1.5 17.49 ± 0.69 16.69 ± 0.56 18.41 ± 0.46 5.77 ± 0.28 230.6 ± 5.4 0.2186 ± 0.0041

OPC + 50% S 128 ± 7.1 81.8 ± 1.0 30.69 ± 0.69 31.37 ± 0.53 10.44 ± 0.23 156.2 ± 3.9 0.4781 ± 0.0050

OPC + 50% S 87 ± 11 85.9 ± 1.5 32.1 ± 1.3 33.44 ± 0.84 10.99 ± 0.49 160.4 ± 6.2 0.5003 ± 0.0085
Mean Value 107.5 ± 6.5 83.85 ± 0.9 31.4 ± 0.74 32.4 ± 0.5 10.72 ± 0.27 158.3 ± 3.7 0.4892 ± 0.0049

OPC + 50% FA 74.4 ± 8.1 70.39 ± 0.93 68.6 ± 1.0 68.90 ± 0.88 23.23 ± 0.39 268.7 ± 5.7 0.6670 ± 0.0063

OPC + 50% FA 82.4 ± 7.3 75.5 ± 1.4 75.2 ± 1.7 80.5 ± 1.1 25.56 ± 0.66 286.6 ± 8.3 0.723 ± 0.010 
Mean Value 78.4 ± 5.5 72.9 ± 0.8 71.9 ± 0.99 74.7 ± 0.7 24.4 ± 0.38 277.6 ± 5 0.6951 ± 0.0060

OPC + 10% SF  18.4 ± 1.8 18.97 ± 0.66 9.80 ± 0.31 10.31 ± 0.61 2.99 ± 0.09 120.1 ± 5.2 0.1523 ± 0.0032

OPC + 10% SF 25.9 ± 4.5 16.85 ± 0.26 8.96 ± 0.24 8.99 ± 0.15 3.01 ± 0.08 119.6 ± 2.4 0.1408 ± 0.0017
Mean Value 22.2 ± 2.4 17.91 ± 0.35 9.38 ± 0.2 9.65 ± 0.31 2.997 ± 0.062 119.8 ± 2.9 0.1465 ± 0.0018



 

Tab. 6 Activity concentration in blended cements containing recycled materials after hydration or alkaline activation (in Bq·kg-1) (uncertainty, k=2) 
 

238U 232Th   

 Material 214Th 214Pb 228Ac 212Pb 208Tl 40K Index 

OPC 16.3 ± 5.3 7.86 ± 0.6 12.2 ± 0.57 13.83 ± 0.6 4.3 ± 7.8 166.7 ± 6.7 0.1428 ± 0.0041

W-OPC 47.6 ± 3.4 26.96 ± 0.73 3.52 ± 0.55 3.42 ± 0.16 1.08 ± 0.091 59 ± 3.2 0.1271 ± 0.0038

R
aw

 

CAC 60 ± 3.8 28.6 ± 1 86.7 ± 2.1 98.9 ± 1.8 29.19 ± 0.79 17.2 ± 3.4 0.535 ± 0.011 

OPC + 10% SF 15.4 ± 4.4 6.97 ± 0.59 12.02 ± 0.98 13.31 ± 0.58 3.87 ± 0.31 165.1 ± 6.8 0.1384 ± 0.0057

OPC + 50% S 71.2 ± 5.9 41.5 ± 1.1 23 ± 1.1 22.76 ± 0.69 7.49 ± 0.38 114.1 ± 5.4 0.2914 ± 0.0069

OPC + 50% FA 66.7 ± 6.7 49.1 ± 1.3 55.1 ± 1.7 62.2 ± 1.1 18.48 ± 0.64 211.6 ± 8 0.5097 ± 0.0099B
le

nd
 

OPC + 50% L 15.7 ± 3.1 9.35 ± 0.33 6.55 ± 0.78 7.09 ± 0.48 2.3 ± 0.3 86.8 ± 4.8 0.0928 ± 0.0044

Wg-AAS 91.5 ± 5.6 48.7 ± 1.1 22.84 ± 0.71 23.3 ± 0.69 7.7 ± 0.39 77 ± 5 0.3022 ± 0.0054

Glass-AAS 94.4 ± 6.7 54.5 ± 1.4 23.78 ± 0.81 24.99 ± 0.83 8.04 ± 0.41 89.2 ± 4.8 0.3303 ± 0.0064

N/15Wg-AAFA 56.4 ± 5.7 36.44 ± 0.97 67.8 ± 1.4 75.1 ± 1.8 21.57 ± 0.59 578 ± 15 0.6531 ± 0.0092

G
eo

po
ly

-
m

er
s 

Glass-AAFA 57.4 ± 3.2 37.9 ± 1.1 62.2 ± 1.2 75.1 ± 1.2 22.62 ± 0.63 550 ± 14 0.6207 ± 0.0084
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Figure 2 Activity concentration index for materials (red line = legal limit in EU; pink line: Detection limit) 
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Figure 3Activity concentration index before and after hydration: dotted line = percentage rise or decline 
in activity concentration index after hydration    



 

 
b) The second was the quantification of the activity concentration index not only for the anhydrous 
cements, but also for the (natural or recycled) mineral additions and the cements containing them, as 
well as the alkali-activated and hydrated cements. This index is used to determine radioactivity in 
building materials (concrete, clay brick, sand-lime brick, natural building stones, cement, tiles) as well 
as to optimise radioactivity in by-products and hydrated cement containing recycled waste. 
 
c) The third was the optimisation of the chemical, physical and radioactive characteristics of end or 
intermediate products. 
 
Natural radioactivity content was defined in the materials analysed in this study as lowest, 
intermediate or highest for each radioactive series and for 40K. 
 
The highest radionuclide content in the uranium series was found in coal combustion (fly ash) and 
metallurgical industry (blast furnace slag) by-products. The 226Ra content (i.e., the 214Pb or daughter 
level) ranged from 126 Bq·kg-1 in fly ash to 151 Bq·kg-1 in slag. 
 
The lowest values for 238U decay chain natural radionuclide content were found in glass waste, 
anhydrous OPC, limestone and silica fume. The activity concentration for the three radionuclides 
ranged from <2.9 Bq·kg-1(234Th) to 18 Bq·kg-1(214Pb). 
The intermediate values, 60 Bq·Kg-1(214Pb) to 75 Bq·Kg-1(234Th)-, were observed in anhydrous white 
OPC and CAC. 
 
The findings for the 232Th series followed a similar pattern, except for CAC, which exhibited the 
highest values, similar to the concentrations observed for fly ash: 130 Bq·kg-1(228Ac) to 
140 Bq·kg-1(212Pb). 
 
The lowest activity concentration values, ranging from <0.5 Bq·kg-1(212Pb) to 19.0 (212Pb) Bq·kg-1 were 
found for glass waste, limestone and silica fume, as in the 238U decay chain. In slag, radioactivity was 
lower in the thorium than in the uranium series, while intermediate concentrations were observed for 
slag and anhydrous OPC. 
 
40K is a natural potassium radioisotope present in every other components of the terrestrial crust. Here 
the highest values were found in glass waste, ranging from 513 to 873 Bq·kg-1(40K).The lowest were 
recorded for white OPC, CAC, silica fume, slag and limestone, at <2.5 to 100 Bq·kg-1(40K) in silica 
fume. The intermediate values were observed for OPC and fly ash, at up to 321 Bq·kg-1(40K) in the 
latter. 
 
The radioactivity in cements containing mineral additions (SCM) is given in Table 5. These data show 
that suitable mineral additions can reduce radioactivity in the by-product where the activity 
concentration in the starting material is known. Although here radioactivity was measured in the 
blends (cement + silica fume, cement + slag, cement + fly ash and cement + limestone) with gamma 
spectrometry, it could have been deduced from the percentage of each constituent and the respective 
percentage of the radionuclide found with the original data and the empirical values in Table 5. 
 
A number of observations are in order respecting the 28-day solid hydrated/activated cements and 
cements with mineral additions (Table 6) compared to the activity concentration of the anhydrous 
cements and mineral additions (Tables 4 and 5). Concentration activity was lower per unit of mass in 
the hydrated than in the anhydrous unblended and blended cements because the concentration of the 
materials themselves was lower due to the presence of hydration water (30-40 %). 
The radionuclide activity concentration in alkaline cement pastes (Wg-AAS, Glass-AAS, N/15Wg-
AAFA and Glass-AAFA) was calculated on the grounds of the percentage of slag or fly ash in the 



 

anhydrous geopolymers and in the hydrated end product.40K concentration rises in such activated 
materials because the potassium impurities often present in the NaOH activator raise the 40K 
potassium content in the end product. 
 
A recent paper on natural radioactivity in building materials in the European Union (Trevisi et al., 
2012) lists the materials of radiological significance in a number of European countries. In Spain 423 
such materials were identified, 317 of which were summarised in the article. The mean results for 
brick were 54 Bq·kg-1(226Ra), 68 Bq·kg-1(232 Th) and 569 Bq·kg-1(40K); for concrete, 30 Bq·kg-1(226Ra), 
32 Bq·kg-1(232Th) and 204 Bq·kg-1(40K); and for cement 61 Bq·kg-1(226Ra), 40 Bq·kg-1(232Th) and 
305 Bq·kg-1(40K).The means and ranges for the 23 European Union countries were:for brick, 
47(1-148) Bq·kg-1(226Ra), 48(2-164) Bq·kg-1(232Th), 598(12-1169) Bq·kg-1(40K); for concrete, 
60(1-1300) Bq·kg-1(226Ra), 35(1-152) Bq·kg-1(232Th) and 392(7-1450) Bq·kg-1(40K); and for cement 
45(4-422) Bq·kg-1(226Ra), 31(3-266) Bq·kg-1(232Th), 216(4-846) Bq·kg-1(40K). 
 
While the values for cements are comparable to the present findings, new cement blends carrying 
waste materials from different industries pose further challenges. Obtaining the radiological 
characteristics of these new by-products is a NORM4BUILDING objective. Some research has 
already been conducted on this type of materials (Hilsdorf et al., 2014).  
 

 

3.2. Index 
 
Figures 2-3 show the activity concentration indexes of the various groups of materials studied. As all 
the values for the first group (Table 4 materials), with the exception of fly ash, are less than 1, they 
would be EU legislation-compliant. Generally speaking, additions lower the radioactive content of the 
original materials or can be mixed to meet the index requirement. Lastly, the chemical reactions taking 
place during cement hydration may alter the radioactive content by dilution, reducing concentration 
activity by unit of mass. In geopolymers, however, the index is higher due to the use of NaOH, with 
the concomitant rise in the concentration activity of 40K in the cement paste. 
 
Valorising industrial waste to obtain new materials to replace ordinary cement or its traditional 
additions would be environmentally beneficial. The caveat is that their radioactivity must be quantified 
to ensure that the population is not exposed to doses that exceed the limits laid down in the legislation. 
 

 
4.Conclusions 
 
Further to the present findings, the uranium series radionuclide concentration in the materials studied 
is, in descending order: 
 

Fly ash > anhydrous CAC > slag > anhydrous OPC ≈ anhydrous W-OPC > L ≈ SF ≈ glass waste 
 
Radioactivity in cements containing mineral additions (SCM) mirrors the activity concentration in the 
component materials. 
 
Concentration activity is lower per unit of mass in hydrated cements than in their anhydrous 
components because the concentration of the materials themselves is lower in the former. The extent 
of the decline closely parallels the proportion of hydration water (30-40 %). 
 
The radionuclide activity concentration in alkaline cement pastes (Wg-AAS, Glass-AAS, N/15Wg-
AAFA and Glass-AAFA) is calculated on the grounds of the percentage of slag or fly ash in the 
geopolymers and in the hydrated end product.40K concentration rises in such activated materials due to 



 

the use of NaOH, which often contains potassium impurities that raise the 40K potassium content in the 
end product. 
 
The activity concentration index for building materials can be deduced from the radioactivity of 
cements and mineral additions. The radioactive composition of industrial by-products used as 
additions can be optimised by controlling their dosage in the resulting cement. The activity 
concentration index of the hydrated or activated end product by unit of mass is slightly lower than in 
the anhydrous material because of the presence of water. The chemical and physical properties of 
optimised cements obtained in this process would have to be tested to ensure their suitability for civil 
engineering or building construction. 
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Abstract 

Due to their world wide availability and their suitability for the production of well performing cements calcined clays 

are supplementary cementitious materials of high interest. In order to achieve an optimal cement performance the 

adjustment of the cement constituents clinker, calcined clay and sulphate carrier plays an important role and was in the 

focus of the research project presented. 

 

Cements consisting of different types of Portland cement clinker and calcined clays were produced by mixing in 

laboratory scale. The used clinkers differed regarding their alkali contents as well as their phase composition. The used 

kaolinitic, illitic and chloritic clays show low ceramic qualities and represent typical clays of cement plant quarries. 

They were calcined with different burning conditions varying burning temperature to achieve the highest pozzolanic 

activity, which was determined by different methods. The produced cements contained 20 and 40 mass % of the 

calcined clays, respectively, and were examined according to EN 196 and concerning their pore structure. Furthermore 

an optimization of the sulphate agents were carried out by characterizing the compressive strength development 

according to EN 196-1 and the hydration products by means of Differential Scanning Calorimetry (DSC) and X-Ray 

Diffraction analyses (XRD). 

 

Both the composition of the used clinker and calcined clay as well as their proportion in the cement have a high impact 

on the performance of the produced cements. Therefore different influences caused by the different starting materials on 

the strength development and phase assemblage of the cements could be shown. 

 

Originality 

Most of the investigations on calcined clays, which can be found in literature, work on pure kaolinitic and illitic clays. 

In contrast to this the presented research deals with clays of low ceramic qualities that represent typical clays of cement 

plant quarries. It is shown how the calcination of such clays can be carried out to achieve a high pozzolanic activity. 

Nevertheless for the use of these calcined clays as constituent of cements the adjustment with available clinker and 

sulphate agents is essential and was not in the focus of research up to now. It could be shown that the production of 

high performing cements by careful selection of clinker and sulphate carrier combined with an optimized burning of the 

clay is possible. 

 

Keywords: Supplementary cementitious material, calcined clay, DSC, XRD, compressive strength, sulphate carrier  
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1. Introduction 

The use of pozzolanic and/or latent hydraulic cement constituents instead of Portland cement clinker 

represents key leverage for the environmentally important reduction of CO2 emissions within the 

cement industry. The availability of possible materials, e.g. slag and fly ash, depends on the location 

and the current market situation. However, clays are available in sufficient quantities more or less all 

over the world. In view of the predicted significant increase in demand for cement and the necessity of 

further reducing the clinker factor, calcined clays are increasingly important for the cement industry as 

a pozzolanic main constituent in cement.  

 

The use of calcined clays as a main constituent in cement in accordance with EN 197-1 is possible if 

the content of reactive silicon dioxide is at least 25 mass %. Although suitable raw material resources 

exist all over the world, calcined clays are rarely used in cement manufacture up to now. The reasons 

for this include the use of other main constituents in cement, such as slag, limestone and fly ash, as 

well as a lack of research work in this field. In particular, the influence of the chemical and 

mineralogical composition of the clays on their suitability as a main constituent in cement has not yet 

been sufficiently investigated. 

 

When using calcined clays as a main constituent in cement, the cement hydration is influenced by 

three factors in particular. These are the filler effect of the clay as well as an associated acceleration of 

the cement hydration within the first 24 hours and the pozzolanic reaction of the clay, which reaches 

its maximum after around 7 to 14 days [1]. The majority of the literature on using calcined clays as a 

cement constituent is limited to cements with kaolinitic clays. Investigations on the influence of 

various calcined clay minerals on the performance of clay containing cements [2, 3, 4] have drawn up 

the following ranking with an increasing contribution to the compressive strength: kaolinite, 

montmorillonite, muscovite/illite [2, 3].  

 

In [2] it was possible to reach the required 25 mass % reactive SiO2 for each type of clay applying 

appropriate calcination conditions. At laboratory scale pozzolanic cements were mixed using these 

calcined clays as main constituent in portions of 20 or 40 mass % respectively. The cements 

performed well in crucial cement properties like workability and strength development. In the research 

project presented here the potential of cement optimisation by adjusting the clinker and calcined clay 

components with respect to their chemical composition was investigated. Furthermore it was tested if 

an additional amount of anhydrite could enhance the pozzolanic reaction of the calcined clays. 

 

 

2. Experimental 

2.1. Raw Materials 

In continuation of the forerunning research program three clays already tested in [2] were calcined at 

different temperatures. The mineralogical characterisation of the clays before calcination is given in 

table 1. 

 
Tab. 1: Mineralogical characterisation of clays by means of XRD 

mineral group T7 – illitic T10 – kaolinitic  T11 – chloritic  

Quartz +++ +++ +++ 

Kaolinite ++ +++ ++ 

Illite/Muscovite +++ +++ +++ 

Chlorite - - ++ 

Feldspar + + (+) 

Calcite (+) (+) + 
+++ / ++ = main constituent; + = minor constituent; (+) = trace 

 

 



 

The samples of calcined clay were first ground in a laboratory ball mill to achieve a level of fineness 

that was as equal as possible. After the calcination the clays were tested acc. their pozzolanic 

properties. Therefor the content of reactive SiO2 according to EN 197-1 was determined and also the 

contents of Si and Al according to Surana’s method [5]. The results of these tests as well as 

granulometric properties of the clays are given in the following table 2. 

 
Tab. 2: Chemical and granulometric properties of calcined clays 

calcined clay 

[name-temperatur] 

reactive SiO2  

acc. EN 197-1, mass % 

Si acc. Surana, 

ppm 

Al acc. Surana, 

ppm 

x’ (RRSB), 

µm 

n (RRSB), 

- 

T7-1000 20,9 50014 13453 13,07 0,83 

T7-1200 28,4 24868 2532 12,18 0,77 

T10-800 24,7 65320 51284 13,06 0,77 

T10-1000 34,3 65999 13055 12,51 0,67 

T11-800 29,1 12445 8654 12,91 0,69 

T11-950 27,6 28958 12926 12,19 0,66 

T11-1200 23,7 16895 4209 11,76 0,74 

 

Pozzolanic cements with 20 and 40 mass % of calcined clay were produced by mixing the clays with 

four different Portland cements (Z1-Z4) as clinker component at laboratory scale. The Portland 

cements varied mainly in their C3A and alkali content, which are given in Table 3. Z4 was a sulphate 

resistant (-SR) cement according to EN 197-1. The differences in C3A influence the ratio of fast 

reactive alumina from the clinker to lower reactive alumina and silica from the calcined clays and may 

also have effects on the kinetics of the reactions. Different alkali contents of the Portland cements 

might influence the solubility and thus the pozzolanic reactivity of the calcined clays.  

 
Tab. 3: Specific parameters of the four Portland cements 

parameter unit 
Z1 Z2 Z3 Z4 

CEM I 42,5 R CEM I 42,5 R-SR 

C3S  
mass 

% 

55 56 61 58 

C3A 13,4 11,4 9,5 2,4 

Na2O eq. acc. EN 196-2 0,77 0,71 1,13 0,61 

Compressive strength 

 -  2 days 

 -  7 days      acc. EN 196-1 

 - 28 days 

MPa 

 

35,6 

55,3 

65,6 

 

30,0 

46,3 

58,0 

 

29,8 

53,2 

58,8 

 

28,0 

48,9 

62,1 

Position parameter x’ (RRSB) µm 19,35 17,59 16,89 14,39 

Slope n (RRSB) - 0,8 0,75 0,76 0,73 

 

For tests on the variation of the sulphate adjustment a natural anhydrite, containing a low content of 

gypsum (< 10 mass %) and few trace minerals like quartz or calcite, was added to the pozzolanic 

cements. It was added in a finely ground state “F” (about 8500 cm
2
/g according to Blaine) as well as 

less ground “G” (about 4700 cm
2
/g according to Blaine). 

 

2.2. Methods 

The chemical composition of the clays and cements was determined by means of XRF (Bruker S8). 

XRD measurements on different samples were carried out by means of PANalytical X'Pert Pro using 

Cu Kα radiation, and were evaluated with the TOPAS

 Rietveld Software. 

 

According to [2] the clay samples were calcined under oxidising burning conditions, heated up to 800 

to 1200 °C with a heating rate of about 300 K/h, followed by a passive cooling to less than 100 °C (8 

to 12 hours). The calcined samples were examined by means of XRD, their amount of reactive SiO2  



 

was determined according to EN 197-1 and their amount of reactive Si and Al in accordance to 

Surana’s method [5]. 

 

Cements with 20 and 40 mass % of calcined clays were produced by intensively mixing the respective 

ground calcined clay with the respective Portland cement. Some cements were supplemented by 

ground anhydrite (2 or 4 mass % related to the calcined clay content). To reduce the sample matrix for 

these tests Design of Experiments (DOE) with the statistical tool MINITAB

 was used. 

 

The pozzolanic cements were tested according to EN 196. Their compressive strength data were 

determined on 40 x 40 x 160 mm
3
 mortar prisms with water/cement ratios of 0.50 according to 

EN 196-1. The cements with variation of the sulphate carrier were tested using 15 x 15 x 60 mm
3
 

miniprisms. Thus the results of both compressive strength tests are not comparable directly. 

Pozzolanicity tests were carried out on cements with 40 mass % calcined clay according to EN 196-5. 

 

Mercury intrusion porosimetry measurements were carried out according to DIN 66133 by means of 

mercury intrusion porosimeter Pascal 140/240 and Pascal 140/440 (Thermo/Fisher) at 20 °C. Before 

tested the samples were vacuum dried (p = 1x10
-3 

mbar) over silica gel for about 24 hours. 

 

Pozzolanic cement samples were hydrated with water/solid ratio of 0.5. After stopping the hydration 

process by acetone and diethyl ether the hydrated samples were examined by means of Mettler Toledo 

DSC 821 in the temperature range from 25 to 600 °C and by means of XRD. 

 

 

3. Results and Discussion 

3.1. Testing of pozzolanic cements 

Figure 1 shows the compressive strength development according to EN 196-1 of cements with 

different clinker components (Z1-Z4) and 20 or 40 mass % of various calcined clays. As expected the 

strength values of cements containing 40 mass % of calcined clay are lower than those of cements 

with 20 mass %. At early ages the strength development of the clinker component dominated the 

compressive strength results of the pozzolanic cements. The cements with Z2 showed the highest 

compressive strength after two days of hydration respectively. Between 7 and 28 days the strength 

contribution of the calcined clays increased. T10-800 was the calcined clay with the highest amounts 

of reactive Si and Al according to Surana (see table 2). These reactive components led to the highest 

compressive strength values of the cements with Z1 and 20 as well as 40 mass % of T10-800 after 7 

and 28 days of hydration. In the group of the cements with 40 mass % calcined clay the combination 

with Z2 reached the highest strength value after 7 days of hydration again, although the Portland 

cement Z2 had the lowest compressive strength at this hydration age compared to the other cements. 

Maybe this phenomenon can be explained by a positive grain size distribution of this clinker-clay 

combination (see table 2 and 3). After 28 days of hydration the exceptional high availability of Si and 

Al from the calcined kaolinitic clay T10-800 may compensate the low alumina content of the SR-

cement (Z4) and led to the highest compressive strength of all cements tested at 28 days. On the other 

hand the calcined chloritic clay T11-800 had only a poor pozzolanicity (see table 2) and led to the 

lowest strength values tested after 7 and 28 days of all pozzolanic cements with 20 as well as 

40 mass % calcined clay. 
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Figure 1: Compressive strength of cements acc. EN 196-1 with different clinker components (Z1-Z4) and 20 or 

40 mass % of different calcined clays 

 

In accordance with EN 197-1 the pozzolanicity of cements with 40 mass % calcined clay was tested 

according to EN 196-5. Therefor the concentration of Ca
2+

 in a suspension of the pozzolanic cement in 

water is compared with the concentration of Ca
2+

 in a saturated Ca-solution with the same alkalinity. 

The test is passed, if the concentration of Ca
2+

 in the suspension is lower than the concentration in the 

saturated solution after 8 or 15 days. Figure 2 depicts that with the exception of Z1-T11/800-40 all 

pozzolanic cements passed the test. It could be shown before (see table 2 and figure 1) that the 

calcined chloritic clay T11-800 had the lowest pozzolanic reactivity of all samples. This could be 

confirmed by the result of the pozzolanicity test. 
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Figure 2: Results of pozzolanicity test after 8 days acc. EN 196-5 of cements with 40 mass % calcined clay 

 

As a result of mercury intrusion porosimetry figure 3 shows the porosity of different cements with 

20 mass % calcined clay after 28 days of hydration. The total porosity (pore radius r = 0,0037 - 

90,0 µm) of the tested cements with 20 mass % calcined clay after 28 days of hydration age varied 

between 11 and 13 volume %. Z1/T10-800/20, which performed very well concerning the tests 

according to EN 196 (see above), exhibited with 11 volume % the lowest total porosity of all samples 

and with 6 volume % also the lowest amount of capillary pores (r = 0,01 – 90,0 µm). Z1/T11-800/20, 

which led to the lowest compressive strength results after hydration times of 7 and 28 days, showed a 

moderate total porosity of 12 volume %, but  a high capillary porosity (8 volume %). These results 



 

indicate that as expected beside the total porosity especially the amount of capillary pores has a high 

impact on the strength development of pozzolanic cements.  
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Figure 3: Porosity of different cements with 20 mass % calcined clay, hydrated for 28 days 

(gel pores: r = 0,0037 - 0,01 µm; capillary pores: r = 0,01 - 90,0 µm)  

 

3.3. Testing of cements with additional sulphate agents 

For the tests concerning the influence of different sulphate agents on the hydration process of clay 

containing cements with 20 mass % calcined clay Z1 and Z4 were chosen due to their differences in 

C3A content. To cover also differing properties of the calcined clays (e.g. content of reactive SiO2) 

T10 was chosen in its two calcination temperature steps T10-800 and T10-1000. Other variables were 

a low and a high amount of anhydrite (AH) addition (2 and 4 mass % related to the clay content) and 

the fineness of the added anhydrite (G = 4700 cm
2
/g acc. Blaine, F = 8500 cm

2
/g acc. Blaine). The 

following figure 4 shows as result of the statistical evaluation the main effect plot for the compressive 

strength data (testing of 15x15x60 mm
3
 miniprisms) after 2 days of hydration. This plot shows how 

the mean value of the compressive strength is influenced by changing the respective main effect from 

its low to its high level. It can be seen that the 2 days compressive strength of the tested cements were 

influenced positively by C3A of the cement and reactive SiO2 of the calcined clay, and also by an 

increasing anhydrite content and increasing anhydrite fineness. 
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Figure 4: Main effect plot for 2 days compressive strength acc. EN 196-1 of cements with 20 mass % calcined 

clay T10-800 or T10-1000 and Z1 or Z4  



 

The hydration process of the anhydrite containing samples was observed by XRD and DSC analyses. 

Figure 5 presents the amounts of hydration products in various pozzolanic cements after 3 hours of 

hydration. Very low portlandite contents in the cements with Z4 indicated a slow reaction. In samples 

with Z1 with anhydrite the gypsum contents were slightly higher than in the cement without addition. 

This might be an indication for a secondary gypsum precipitation, so that these cements were slightly 

super-sulphatisated. In opposite to the samples with Z4 the ettringite content of the hydrated cements 

with Z1 was increased by adding anhydrite. The results of the statistical evaluation of the ettringite 

content of the 3 hours hydrated samples showed that both effects the clinker type (C3A amount) as 

well as the content of reactive Al of the used calcined clay influenced the formation of ettringite 

positively. The content and the fineness of anhydrite had no significant influence on the ettringite 

formation after 3 days of hydration.   

 

 
Figure 5: Hydration products of various cements hydrated for 3 hours 

(F2 = 2 mass % of fine anhydrite; G4 = 4 mass % of coarse anhydrite) 

 

Figure 6 shows XRD pattern of pozzolanic cements, which were hydrated for two days, with Z1 (on 

the left) or Z4 (on the right). The tested samples contained 20 mass % of the calcined clays T10-800 or 

T10-1000 respectively. Most of the samples contained also 2 or 4 mass % anhydrite (related on the 

calcined clay) of variable fineness. At the investigated hydration time there was no secondary gypsum 

left, which could be determined by means of DSC after 3 hours of hydration (see figure 5). The phase 

assemblage of hydration products was mainly depending on the clinker mineralogy. The cements with 

Z1 (high C3A) showed a distinctive peak of hemicarbonate beside the reaction products ettringite and 

portlandite. The samples with the low-C3A clinker component Z4 only had ettringite as aluminous 

hydration product. In both series there seemed to be slightly more ettringite in the samples with 

4 mass % anhydrite (-F4 and -G4). There were no visibly effects of the selected burning temperatures 

as well as of the selected fineness of the anhydrite. 

 



 

  
A = Alite/Belite; C = C3A; F = C4AF; E = Ettringite; P = Portlandite; 

Q = Quartz; Cc = Calcite; Ah = Anhydrite; H = Hemicarbonat 

 

Figure 6: XRD pattern of cements hydrated for 2 days, Z1 (on the left) and Z4 (on the right) with 20 mass % of 

T10-800 or T10-1000 with 2 or 4  mass % of coarse or fine grained anhydrite 

 

 

4. Conclusions 

It can be stated that all tested pozzolanic cements fulfilled the requirements of strength class 32,5 R 

according to EN 197-1. With some cements, which contained 20 mass % of calcined clay even 

strength classes up to 52,5 N according to EN 197-1 can be attained. As expected, the compressive 

strength of the pozzolanic cements decreases with increasing amounts of calcined clays. The 

mineralogy and the calcination conditions of the clays strongly influence the availability of Si and Al 

for pozzolanic reactions and therefore also their strength contribution in the tested cements. 

Nevertheless an additional influence of the grain size distribution of the clinker-clay combinations on 

the compressive strength development of pozzolanic cements could be constituted. 

 

With the exception of one sample all tested pozzolanic cements with 40 mass % of calcined clay 

passed the pozzolanicity test according to EN 196-5. The calcined clay, which led to the failing of the 

test, showed the lowest pozzolanic reactivity of all calcined clays in this study. 

 

The statistical evaluation of tests concerning the influence of sulphate agents on the hydration process 

of clay containing cements showed that the 2 days compressive strength of the tested cements were 

influenced positively by C3A of the clinker and by the content of reactive SiO2 of the clay as well as 

by an increasing anhydrite content and increasing anhydrite fineness. 

 

Both the clinker type as well as the content of reactive Al of the used calcined clays influenced the 

formation of ettringite in the first hours of hydration as main effects. Thus high reactive Al of the 

calcined clays was able to compensate low amounts of Al of the used clinker and enhanced the 

formation of hydration products like ettringite. After two days of hydration the phase assemblage of 

hydration products was mainly depending on the clinker mineralogy.     
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Abstract 
Using slag, steel slag and Portland cement as the raw material with a small amount of activator, the 
composite Portland cement of magnitude 42.5R was prepared. The steel slag fineness, the composite 
ratio of slag-steel slag and the types of activator on the properties of composite Portland cement were 
studied in the research. The hydrated products of composite Portland cement and the micro-structure 
of harden cement paste were analyzed by SEM.  
The results show that the greater the specific surface area of steel slag is, the shorter the setting time, 
and the higher the mortar strength will be. The cement setting time is prolonged, the expansion rate is 
increased and the mortar strength is decreased with the increase of the percentage of steel slag in 
composite Portland cement. The activity of slag and steel-slag is increased, the setting time is 
shortened and the mortar strength of each age is significantly increased with the adding of alkaline 
activator to composite Portland cement. Besides, SEM photos show that adding sodium silicate makes 
the cement hydration accelerated, C-S-H gel and ettringite crystal continuously formed, the bonding 
degree of cement and aggregate increased，the gap of cement paste decreased and filled with 
hydration products. 
 
Originality 
In order to fulfill the purpose of energy conservation, emission reduction, and reclamation of wastes, 
composite Portland cement was prepared using industry residues (slag and steel slag). Activator is the 
key factor in the improvement of the cement early strength. The composite Portland cement of 
magnitude 42.5R was successfully prepared. Its standard consistency, setting time, soundness and 
mortar strength were tested. In addition, using SEM was helpful to better understand some 
experimental results. 
The concerning contents in the paper are original and no any plagiarism or copyright infringement. I 
hereby declare and guarantee those contents and data are true and reliable. 
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1. Introduction 
Along with the vigorous development of China's iron and steel industry, tens of millions of 
tons of waste residues are produced each year. The utilization ratio of waste residue is low in 
China, and the accumulation of large amount of waste residues not only occupies cultivable 
land, but also causes environmental pollution(Wang Shenjin et al, 2011; Zhu Ming et al, 
2005). The granulated blast furnace slag and steel slag are waste residues produced by pig 
iron smelting in iron and steel production enterprises. Slag and steel slag are potential 
cementitious components of cement because of their similar chemical composition compared 
with that of cement clinker. Slag and steel slag can be used as auxiliary material in cement 
production and that can improve the performance of cement, broaden the cement product 
types, reduce the cost of production and bring more income for iron and steel production 
enterprises(Guo Yifeng et al, 2011; Shi Huisheng et al, 2011). Liaoning province is one of 
Chinese traditional industrial bases and has many large iron and steel production enterprises 
such as Anshan Iron and Steel Group, Lingyuan Iron and Steel Group, Fushun Special Steel 
Company, and so forth. A large amount of slag and steel slag are produced and discharged 
from these enterprises every year. 
In order to make better use of these resources while taking into consideration of the actual 
cement production enterprises in Liaoning area, slag and steel slag were used as admixture 
and grinded it into fine powder. Composite Portland cement was prepared using this powder 
mixed with Portland cement and a small amount of activator. Then the fineness of steel slag, 
the composite ratio of slag and steel slag, and the types of activator effect on the properties of 
composite Portland cement were mainly studied in the paper. The aim of these studies was to 
seek the optimal proportion and composition of the composite Portland cement and achieve 
the goal of energy saving, emission reduction and waste recycling. 
2. Materials and Methods 
2.1 Materials 

Slag: Water extracted blast furnace slag (supplied by Anshan Iron and Steel Group). After 
drying and grinding, Blaine specific surface area of the slag was (400±10) m2·kg-1, density 
2.80 g/cm3, activity coefficient 0.30, alkaline coefficient 1.04, mass coefficient 1.64. Its 
chemical composition was shown in Table 1. 

Tab 1 Chemical composition of slag/ % 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 
36.65 10.89 2.04 40.81 8.70 0.21 

Cement: Portland cement of magnitude 52.5 (supplied by Shenyang Jidong Cement Co., Ltd). 
The density of the cement was 3.06 g/cm3, Blaine specific surface area 330 m2·kg-1. Its 
chemical composition was shown in Table 2. The mineral composition, ratio values and 
strength were shown in Table 3. 

Tab 2 Chemical composition of Portland cement / % 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 R2O MnO SO3 
20.49 7.53 4.72 62.13 1.98 0.09 0.75 0.05 0.88 

Tab 3 Mineral composition, ratio values and strength of Portland cement  

Mineral composition /% Ratio value/% 
Flexural 

strength/ MPa 
Compressive 
strength/ MPa 

C3S C2S C4AF C3A KH N P 3d 28d 3d 28d 



31.61 34.97 11.95 14.35 0.84 1.67 1.59 5.4 8.1 24.6 52.6 

Steel slag(SS): steel slag of iron removal by magnetic separation (supplied by Fushun Xinfu 
Iron and Steel Co., Ltd). The density of the steel slag was 3.41 g/cm3, alkalinity 1.90 
(intermediate alkalinity). Its chemical composition was shown in Table 4. 

Tab 4 Chemical composition of steel slag / % 

SiO2 Al2O3 Fe2O3 CaO MgO P2O5 Loss 
19.43 3.08 13.20 40.02 10.52 1.64 11.89 

Activator: pure chemical reagent.. 
2.2 Methods 

The standard consistency, setting time and soundness were tested in accordance with Chinese 
standard titled Test Methods for Water Requirement of Normal Consistency, Setting Time and 
Soundness of The Portland Cement (GB/T 1346-2001). The mortar strength was tested based 
on Chinese standard titled Method of Cements-Determination of Strength (GB/T 
17671-1999). 
The hydration products of composite Portland cement and microstructure of harden paste 
were analyzed by SEM. 
3.Test Results and Discussion 
3.1 The effect of steel slag fineness on physical properties of the composite Portland cement 

According to Chinese standard titled Steel Slag Powder Used for Cement and Concrete (GB/T 
20491-2006), the specific surface area of steel slag powder should not be less than 400 
m2·kg-1. The steel slag powders of the specific surface areas of 400 m2·kg-1, 430 m2·kg-1, 460 
m2·kg-1 were selected for the tests. The slag and steel slag were evenly mixed with mineral 
powder in the ratio of 1:1. Then the composite Portland cement was prepared which 50% of 
Portland cement was substituted by the mixture. The physical properties of composite 
Portland cement were shown in Table 5. 

Tab 5 The physical properties of composite Portland cement 

Setting time 
/min 

Flexural 
strength 
/ MPa 

Compressive 
strength 
/ MPa 

Sample 

Specific 
surface 

area of SS 
/ m2·kg-1

Standard 
consistency 

/% 
Initial Final

Soundness

3d 28d 3d 28d
S400 400 26.1 204 321 3.2 5.7 13.7 36.0
S430 430 25.8 186 278 3.5 6.0 15.4 39.7
S460 460 25.3 172 267 

Qualified
3.9 6.9 16.3 43.1

Something could be seen from the experimental data of Table 5. In the composite system of 
slag and steel slag, the mortar strength of composite Portland cement became larger with the 
increase of specific surface area of steel slag powder, and the compressive strength was 
obviously increased among them. Compared with sample S400, the 3 days compressive 
strengths of samples S430 and S460 increased by 12.4% ~ 19.0%, and those of 28 days 
increased by 10.3% ~ 19.7%. This meant that the larger the differential specific surface area 
of steel slag powder, the higher activity of steel slag, and the better strength of composite 
Portland cement. But it could also be seen from the data that the early strength of composite 
Portland cement was greatly decreased with the incorporation of slag and steel slag compared 
to that of Portland cement (5.4 MPa /24.6 MPa). Even for the highest strength of sample S460, 
the 3 days flexural and compressive strength was only 3.9 MPa and 16.3 MPa which reduced 



by 27.8% and 33.7%, respectively. The main reason was the formation temperature of slag 
and steel slag was generally above 1500℃, the main mineral of steel slag was tricalcium 
silicate and dicalcium silicate and they could crystallize more tightly. And the main mineral of 
slag was glasslike solid which was in the metastable state. The early hydration rate of slag and 
steel slag was slow and the early strength of composite Portland cement was also low. The 
slag and steel slag just played the role of particulate filling in gel system(Bakharev T. et al., 
2002; Tang Weijun et al, 2007; Zhang Tongsheng, et al, 2008). With the cement hydration and 
age extension, higher alkalinity steel slag released Ca(OH)2 which made the alkalinity of the 
liquid phase increased. Under this condition, both the disintegration rate of slag glass and the 
hydration process accelerated, the gels of hydrated calcium silicate and hydrated calcium 
aluminate gradually generated and later strength of the composite Portland cement was 
guaranteed. 
The soundness of composite Portland cement was qualified. The standard consistency of the 
composite cement reduced and the setting time shortened with the increase of steel slag 
specific surface area. This was because the activity of steel slag increased after fine grinding 
and the hydration rate was relatively more quickly, then the rate which composite cement 
paste formed spatial mesh structure increased and that resulted in shortened setting time. 
3.2 The effect of compound ratios of slag and steel slag on physical properties of the 

composite Portland cement 

The steel slag powder of specific surface area 460 m2/kg was selected in the tests. The total 
dosage of slag and steel slag in the composite Portland cement was fixed at 50%. The 
different samples of the composite Portland cement were prepared by adjusting the mass ratio. 
With reference to relative standards, the effect of different composite ratios of slag and steel 
slag on physical properties of the composite Portland cement was studied. The experimental 
data were shown in Table 6. 

Tab 6 The physical properties of cements with different composite ratios of slag and steel slag  

Ratio  
/% 

Setting time 
/min 

Flexural 
 strength 

/ MPa 

Compressive 
strength 
/ MPa 

Slag SS 

Standard 
consistency 

/% 
Initial Final

Soundness
/mm 

3d 28d 3d 28d 
5 45 26.1 203 298 2.6 2.9 5.4 14.6 39.6 

15 35 25.6 186 276 2.1 3.7 6.5 15.6 42.7 
25 25 25.3 172 267 1.9 3.9 6.9 16.3 43.1 
35 15 25.4 146 243 1.6 4.2 7.2 16.5 44.1 
45 5 24.6 133 219 1.4 4.5 7.5 16.7 45.8 

The experimental data showed that the setting time prolonged with the increase of the steel 
slag percentage. The reason was the components of active silicon-aluminum in steel slag was 
less than that in slag and hydration rate was slow which led to less products of early hydration. 
Thus the setting time was prolonged. 
The concentration of f-CaO was higher in steel slag, then the incorporation of steel slag could 
cause cement paste expanded. The expansion rate gradually increased with the increase of 
steel slag dosage. The composite Portland cement was tested by Rayleigh clamp method and 
measured up to the national standards. 
The mortar strengths of each age showed a gradually declined trend with the increase of steel 



slag dosage. This was mainly because the content of iron oxide in the steel slag was higher 
(13.20%) and including some FeO-like impurities which made it more difficult to participate 
in the hydration. In addition, a small amount of P2O5 was contained in steel slag. The element 
P could make tricalcium silicates and dicalcium silicates in Portland cement and steel slag 
produce some decomposition and that reduced the cement mortar strength. When the mass 
ratio of slag and steel slag was 25:25 and 15:35, the mortar strengths of cement for ages of 3 
days and 28 days could meet the need of the grade 42.5 composite Portland cement. The price 
of one ton of steel slag was 20 yuan cheaper than that of slag. Under consideration of the 
economic factors, the ratio of slag to steel slag was determined 15:35 in the tests. 
3.3 The effect of activator types on physical properties of the composite Portland cement 

Slag and steel slag were potential hydraulic admixture. Its hydration rate and the early 
strength were low due to its own reasons. The activity of steel slag could be chemically 
stimulated by an activator when they were used as cement-based material. Then its hydration 
rate could be speeded up and its activity could be increased. Three commonly used alkaline 
activators (sodium sulfate, sodium silicate and sodium hydroxide) were selected for study in 
the tests to screen the optimum activator which perform excellently and could meet to the 
requirement of the composite Portland cement standard. The ratios of the cement were like 
these: steel slag 35%, slag 15%, Portland cement 48% and activator 2%. The experimental 
data were shown in Table 7. 

Tab 7 The effects of the activator on physical properties of composite Portland cement 

Setting time 
/min 

Flexural 
strength 
/ MPa 

Compressive 
strength 
/ MPa 

Sample Activator 
Standard 

consistency 
/% 

Initial Final

Soundness

3d 28d 3d 28d
SN0 --- 25.6 186 276 3.7 6.5 15.6 42.7
SN1 Na2SO4 25.4 168 251 4.2 7.0 18.5 43.8
SN2 Na2SiO3 24.8 154 243 4.5 7.3 19.2 44.6
SN3 NaOH 25.2 163 246 

Qualified

4.0 6.9 18.6 44.3

By analyzing the data in Table 7, the standard consistency of the composite Portland cement 
changed a little, its soundness could meet the requirement and the setting time shortened in 
different degrees. Adding sodium silicate could get the most obvious effect which the initial 
setting time shortened 32 minutes and the final setting time shortened 33 minutes. Three types 
of alkaline activators improved the 3 days flexural and compressive strength of the composite 
Portland cement in different degrees. Compared with the cement without activator adding, the 
3 days flexural strength of sodium silicate-adding cement increased by 21.6% (from 3.7 MPa 
upto 4.5 MPa) while its 3d compressive strength increased by 23.1% (from 15.6 MPa upto 
19.2 MPa). It was showed that using sodium silicate as an activator could significantly speed 
up the early cement hydration, stimulate the activity of slag and steel slag and that accelerated 
the hydration reaction of the cementitious system. Thus the 3 days mortar strength of the 
composite Portland cement could be improved. The 28 days cement flexural strength was 7.3 
MPa, and the 28 days compressive strength was 44.6 MPa and that could meet the 
requirement of grade 42.5R (4.0 MPa /19.0 MPa) for the composite Portland cement. 
3.4 The analysis of microstructure and hydration products 

The microstructure and hydration products of sample SN2 at 3 days were analyzed by using 



scanning electron microscope (FUJIFILM S4800). The results were as shown in Figure 1. 

       

                     A                                        B 
Figure 1 SEM micrographs of sample SN2 at 3 days          

What could be seen from the SEM micrograph of figure 1A was that the internal structure of 
sample SN2 of age 3 days was relatively denser, a large amount of acicular ettringite 
generated with floccules gels and that could become the growth core of hydration products. 
The reason was the amount of sodium hydroxide which produced from sodium silicate 
hydrolysis increased the liquid phase alkalinity when Na2SiO3 was used as the activator and 
destroyed the surface structure of steel slag vitreous(Cheng Fu'an et al, 2009; Li Bingming et 

al, 2009). Thus OH- ions made alumina-oxygen bond, silicon-oxygen bond, 
silicon-aluminum-oxygen bond in slag structure break down. That accelerated the ions of Ca2+, 
Al3+, SiO4

4- to go into the solution and speed up the hydration of the tricalcium silicate and 
dicalcium silicate. Therefore the cement strength was improved with the formation of C-S-H 
gel and crystal AFt. 
A better bonding degree between cement and aggregate could be seen in the SEM micrograph 
of figure 1B. A large numbers of floccules hydrated calcium silicate gel were generated 
accompanied by the cement hydration. The short acicular ettringite and the gel overlapped 
each other and the pore size of cement stone reduced, hydration products filled in it and made 
the gel texture relatively denser which improved the strength of cementitious materials. 
4．Conclusions 
The setting time of composite Portland cement gradually shortened with the increase of 
specific surface area of steel slag when the composite ratio of slag and steel slag was fixed, 
and the mortar strength in each age increased thereupon. The expansion ratio of composite 
Portland cement increased with the increase of steel slag composite ratio, the setting time 
prolonged and the mortar strengths in each age were gradually declined. 
The early strength could be improved effectively if the right amount of activators was added 
in cement. When 2% sodium silicate was incorporated, the 3d flexural strength could be 4.5 
MPa and the compressive strength could be 19.2 MPa. 
The composite Portland cement of grade 42.5R was successfully prepared by using slag and 
steel slag with some of Portland cement and activator. Its performance could meet Chinese 
standard titled Common Portland Cement (GB 175-2007) while waste residues could be 
recycled and the cement production cost could be greatly reduced. The specific ratio of the 
composite cement was: steel slag 35%, slag 15%, Portland cement 48%, and activator 2%.  
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Abstract 
Alite-calcium sulfoaluminate (ACSA) cement is a low energy cement and contains about 50% of alite and 10% of 
ye’elimite as main phases. Like Portland cement, the clinker is blended with about 5% of calcium sulphate. In order to 
further reduce the ecological impact, supplementary cementitious materials (SCMs) can be used to partially substitute 
the clinker phases. In this work, blends containing 10% of limestone or calcined clay are investigated in terms of 
kinetics and phase assemblage formed during hydration. The two SCMs affect the hydration differently. Isothermal 
calorimetry shows that limestone accelerates the reaction slightly whereas the calcined clay accelerates it even more. 
The XRD results indicate that ettringite and portlandite are the main hydrates formed during early hydration. After the  
depletion of calcium sulfate, monosulfate forms in addition. In the limestone-containing system, hemicarbonate and 
monocarbonate instead of monosulfate are present. The blend with calcined clay contains more monosulfate and less 
portlandite due to the reaction of the calcined clay. Thermodynamic modeling predicts the same kind and similar 
amounts of hydrates as observed experimentally. 
 
Originality 
Alite-calcium sulfoaluminate cement is low energy cement which combines the characteristics of Portland and calcium 
sulfoaluminate cements. The advantage of this type of cement is that the clinkering temperature is with 1250 - 1300°C 
lower than needed for Portland cement production. Blending with limestone or calcined clay can reduce CO2 emission 
by about 10% compared to Portland cement. The hydration of these systems has not yet been reported in open literature. 
 
Keywords: Alite-calcium sulfoaluminate cement; Limestone; Calcined clay; Phase assemblage; Thermodynamic 
modeling 
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1. Introduction 
Cement production releases about 5-6 % of total man-made global carbon dioxide (CO2) emissions. 
Their main origin is the calcination of limestone and the use of fuels for clinker production (Imbabi M. 
S. et al., 2012; Turner L. K. et al., 2013). Thus several ideas for reducing CO2 emission in cement 
production have been developed. Alternative binders, such as Portland cement-free binder or cement 
with lower limestone content in the raw meal, became a promising topic. 
Alite-calcium sulfoaluminate cement (ACSA) is such a type of cement. It is produced at 1250 – 1300 
ºC using limestone, clay and gypsum as raw materials. The main phases of ACSA clinker are alite and 
ye’elimite together with some other minor phases such as belite, ferrite and anhydrite. Normally, 
ye’elimite decomposes around 1350 ºC whereas alite starts to form only at higher temperatures. Small 
amount of fluxing agents or dopants, such as CaF2, CuO and MgO, have to be added to the raw meal 
in order to lower the formation temperature of alite, such that alite can co-exist with ye’elimite in the 
clinker. ACSA cements integrate both characteristics of calcium sulfoaluminate and Portland cement 
(Altun A.I., 1999; Ma S. et al., 2006; Ma S. et al., 2013). 
Supplementary cementitious materials (SCMs) are commonly used in cement and concrete 
applications to reduce clinker content in cement. Fine limestone, which has neither pozzolanic nor 
hydraulic properties, is also extensively used as SCM (Taylor H.F.W., 1997). It enhances the 
hydration of clinker due to its filler effect and it can participate in the hydration reactions, stabilizing 
ettringite (Lothenbach B. et al., 2008). In contrast, metakaolin, another type of SCM, shows 
pozzolanic reactivity. Metakaolin is produced from calcination of kaolinitic clay between 550 - 800°C 
and reacts with portlandite mainly to calcium aluminium silicate hydrates (C-A-S-H) (Tironi A. et al., 
2014).  
The main objective of this study is to investigate the hydration mechanisms of a low energy cement 
blended with SCM. 
 
2. Experimental 
2.1. Raw Materials 
Raw materials used in this study are alite-sulfoaluminate clinker (ACSA), anhydrite, limestone and 
calcined clay. The chemical composition and phase composition of the raw materials are shown in 
table 1 and 2, respectively. ACSA clinker was synthesized at 1300ºC in a laboratory furnace. Alite 
(50%), ye’elimite (10%), belite and ferrite are main phases of the clinker. The limestone and kaolinitic 
clay originate from the central part of Thailand. Calcined clay was produced in a static furnace by 
heating at 750ºC for 30 minutes and its quality by X-ray diffraction (XRD) and thermogravimetric 
analysis (TGA). All raw materials were ground separately. ACSA cement consists of 95% ACSA 
clinker blended with 5% of anhydrite. The two blended systems, limestone (ACSA + LS) and calcined 
clay (ACSA + Clay), were prepared by replacing 10% of ACSA cement. 

Tab. 1 Chemical compositions of raw materials /% 
Compositions SiO2 Fe2O3 Al2O3 CaO MgO TiO2 SO3 Na2O K2O L.O.I

ACSA 
clinker 

14.91 4.22 9.64 61.61 0.78 0.62 6.64 0.12 0.12 1.08

Anhydrite <0.01 0.02 0.06 40.70 <0.01 <0.01 58.04 0.03 <0.01 1.07
Limestone 4.1 0.73 1.37 51.08 0.78 0.07 0.77 0.04 0.09 40.82

Calcined clay 44.6 14.77 33.16 1.31 0.76 2.34 0.08 0.38 0.16 1.85
Tab. 2 Phase compositions of the raw materials /wt.% 

Compositions 
C3S 

(α+β) 
C2S 

γ-
C2S 

C4AF C4A3$
CaO 
(free)

C$ C2A2S C5S2$ CH 

ACSA 
clinker 

48.2 11.8 2.2 12.9 9.5 1.5 5.0 3.3 2.6 2.4 

  C$ Cc C$H2 SiO2 KAS3 NAS3 MA2SH Fe2O3 TiO2 Amorphous
Anhydrite 93.6 1.7 4.7        
Limestone 0.4 94.2  1.9       

Calcined clay    0.8 1.7 1.1 4.7 5.7 1.2 84.8 



 

2.2. Experimental Process 
A water to binder ratio of 0.485 was used in the hydration experiments. Heat of hydration of the 
cement pastes was determined by isothermal calorimetry up to 7 days. In order to examine the dilution 
effect of 10% substitution by SCMs, additional reference for the blended systems with water to ACSA 
binder of 0.538 was also investigated. The cement pastes were externally mixed for 1 minute before 
starting the experiment.  
For the hydration study, the pastes were mixed inside a plastic vessel by hand, sealed and kept in a 
chamber under controlled temperature at 20 ºC. After a certain time, hydration was stopped by using 
isopropanol and diethyl ether. The stopped pastes were dried at 40 ºC for 8 minutes and gently ground 
in an agate mortar prior to analysis by XRD and TGA. 
 
2.3 Modeling Approach 
Thermodynamic modeling was carried out using the geochemical software GEMS-PSI (Wagner T. et 
al., 2012; Kulik D.A. et al., 2013) and the PSI-Nagra database (Hummel W. et al., 2002) coupled to 
the cement-specific database CEMDATA07 (Matschei T. et al., 2007; Lothenbach B. et al., 2008). 
The thermodynamic modeling indicates the volume change of phases in hydrated ACSA clinker 
blended with 0-15 mass % limestone or calcined clay assuming complete hydration of reactive phases. 
 
3. Results and Discussion 
3.1 Isothermal Calorimetry  
The hydration heat flow normalized to the amount of ACSA is shown in Figure 1. The ACSA sample 
with higher water content represents the same ratio water/ACSA than in the blended systems. The 
main reaction starts after 6 hours and no significant difference between the systems is observed. A 
second main heat development is observed between 2 to 4 days of hydration. When comparing the 
blended systems to the plain system (ACSA w/c 0.538), limestone seems to slightly accelerate, 
whereas calcined clay has a much stronger accelerating effect. The plain ACSA cement with a w/c of 
0.485, however, shows a faster reaction indicating a strong effect of the availability of water on the 
hydration kinetics in ACSA cements. 
 

 
Figure 1 Heat flow normalized to the amount of ACSA. 

 
3.2 Phase assemblages  
XRD analysis (figure 2) reveals that alite is consumed first before 1 day while ye’elimite starts to react 
significantly only after 1 day of hydration. At 7 days, alite and ye’elimite have been consumed nearly 
completely. This observation corresponds to the second heat flow event observed by isothermal 
calorimetry. The hydration products of plain ACSA and ACSA blended with calcined clay are similar. 
The main hydrated phases are ettringite, monosulfate and portlandite, although somewhat less 
portlandite is observed. Ettringite and portlandite are initially formed within 30 min of hydration. 
After 1 day, monosulfate can be found in the hydrated pastes. For the limestone system, the hydration 



 

products are slightly different from the other two systems. Hemicarbonate and monocarbonate are 
present in ACSA with limestone instead of monosulfate.  

 
(a) ACSA   (b) ACSA + LS   (c) ACSA + Clay 

Figure 2 XRD patterns of the hydrated pastes. An: anhydrite, CH: portlandite, E: ettringite, Hc: 
hemicarbonate, Mc: monocarbonate, Ms: monosulfate, Ye: ye’elimite. 

 
Figure 3 shows that clay system seems to have higher monosulfate content than plain ACSA while 
monosulfate is not observed in the limestone system. The amount of portlandite calculated from the 
TGA data is shown in figure 4. The portlandite content in the limestone system is similar to the plain 
system, while in the calcined clay system less portlandite is present due to the pozzolanic reaction of 
the clay.  

 
Figure 3 TGA curves at 91 days of hydration. CH: portlandite, E: ettringite, Mc: monocarbonate, Ms: 

monosulfate 



 

 
Figure 4 Portlandite content in ACSA, ACSA + LS and ACSA + Clay determined by TGA 

 
3.3 Thermodynamic modeling 
The thermodynamic models of the hydrated ACSA clinker blended with limestone or calcined clay 
were set up, as shown in figure 5. The hydration products from the experiment are similar to the 
thermodynamic calculation. When adding limestone to ACSA cement, the amount of ettringite 
increases while the quantities of C-S-H, portlandite and some minor phases are almost constant. 
Monosulfate decreases and forms hemicarbonate instead. Hemicarbonate transforms to 
monocarbonate when the limestone content is more than 4.5 mass-%. Beyond about 5 mass-% of 
added limestone, unreacted calcite is present. The hydrated phase volume increases when limestone is 
added up to 2 mass-%, then slightly decreases afterwards.  
In ACSA blended with calcined clay, ettringite and portlandite contents decrease whereas monosulfate 
and C-S-H increase. The hydration volume of this system increases up to 12 mass-% of calcined clay. 
The model calculation shows the disappearance of portlandite and the formation of strätlingite above 
14 mass-% clay content. 

 
Figure 5 Thermodynamic modeling of the phase assemblage of ACSA blended with 0-15% of 

limestone (left) and calcined clay (right) assuming complete hydration 
 
4. Conclusions 
The hydration of a plain ACSA cement and of ACSA cement blended with limestone or calcined clay 
has been investigated. The calorimetric data agrees well with the development of the hydrated phases 
as observed by XRD and TGA. Two main reactions can be observed by calorimetry. A first reaction is 
related to alite consumption, which significantly starts after 2 hours. The second reaction refers to 
ye’elimite consumption which takes place mainly between 2 to 4 days of hydration. Limestone shows 
a slight acceleration of the ye’elimite reaction, while calcined clay accelerates it much stronger. XRD 



 

confirms that ye’elimite is almost used up within 7 days. Ettringite and portlandite start forming at 
early age of hydration. Monosulfate can be found after 1 day for ACSA and ACSA containing 
calcined clay. In the presence of limestone, hemicarbonate and monocarbonate form instead of 
monosulfate. Portlandite content of the plain ACSA and ACSA with limestone is similar for both 
systems. The portlandite content of ACSA blended with calcined clay is lower than for the other two 
binders, indicating a pozzolanic reaction of the clay, starting after 1 day of hydration. 
The thermodynamic models of different blended ACSA systems, containing limestone or calcined clay, 
indicate the hydrate phase assemblage. The hydration products from the modeling calculation agree 
well with the experimental data. The model shows that when adding small amount of limestone, 
hemicarbonate is formed instead of monosulfate. Monocarbonate occurs when adding more limestone 
and ettringite content is quite stable. The effect of adding calcined clay to ACSA from the modeling 
calculation indicates that the amounts of ettringite and portlandite decrease but monosulfate and C-S-
H increases. Strätlingite can be formed when calcined clay is added above 14 mass-%. 
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Abstract 
 
Steel industry generates two types of slags as by-products, namely iron making slag and steel making slag. The 

use of Iron making slag also known as BF slag as a constituent of concrete, either as an aggregate or as a 

cementing material, is well established. However, steel making slag also known as LD Slag due to its non-uniform 

nature and metallic content was never successfully utilized in cement making and was mostly dumped. Recently 

new technology has been developed for processing steel slags.  JSW Steel, with its unique LD slag granulation 

facility, has developed a new product - granulated steel slag having favorable physical and chemical properties. 

Detailed studies have been carried out to evaluate the use of granulated steel slag at various stages in cement 

manufacturing.  The prepared cement blends were studied for their performance characteristics such as 

consistency, setting time, compressive strength development and soundness.  Based on these studies, it is 

concluded that up to 5% granulated steel slag can be used as performance improver, up to 40% by weight can be 

added during clinker grinding stage to manufacture cement blends with compressive strengths comparable to 

control OPC and PSC, and 4.25% by weight can be utilized as raw material replacing iron bearing additive in the 

raw mix for good quality clinker production.  Due to the low cost and ease of availability, granulated steel slag can 

be a good environmental friendly material for cement industry. 

 
 
Originality 
 
Steel slag is mostly dumped by all the steel makers in the world. JSW Steel is the largest integrated steel plant in 

India. Being one of the new steel plants in the world, it has some of the unique facilities. One such facility is LD 

slag granulation which converts the steel slag into a product. JSW steel and NCCBM have worked together on 

utilizing this granulated steel slag at various stages of cement making. Granulated steel slag was experimented in 

various proportions for use as performance improver, at grinding stage and as raw material. This has opened a new 

avenue for utilization of steel slag, which otherwise would have been dumped affecting the environment.   

 
Keywords: steel slag granulation, concrete, aggregate, compressive strength 
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1. Introduction 
 

Slags are the main by-products generated during iron and steel production in the steel industry. Disposal 

of slags has been a major concern for steel makers. In recent years new technologies have been 

developed, to recycle slags in different fields such as, cement making, construction and fertilizers. This 

has also helped in preserving natural resources. Slags are generated at two different stages of steel 

production Iron making and Steel making known as BF slag and Steel Slag respectively. The slag 

formation is the result of a complex series of physical and chemical reactions between the non-metallic 

charge (lime, dolomite, fluxes), the energy sources (coke, oxygen, etc.) and refractory bricks. Because 

of the high temperatures (about 1500°C) during their generation, slags do not contain any organic 

substances. Generally, BF slags are granulated and used in cement making due to its high cementious 

properties, and steel slags are mostly dumped due to un-favorable physio-chemical conditions. The 

increasing dump of steel slags not only occupies plenty of land, but also wastes resources and can 

potentially have an impact on the environment due to water pollution. 

 

Slags and many other by-products having composition similar to the raw material used in cement 

making have been experimented world wide[1,2,3]. These have been used at various stages of cement 

making in OPC, PPC and PSC, either as raw material, blending material, and performance improver. 

Blast furnace slag has long been successfully used as an important raw material substitute in Portland 

cement manufacturing [4,5,6]. Since slag was derived from limestone, it is a natural fit to replace a 

portion of the limestone fed to cement kilns that produce clinker.  Additionally, slag also has several 

intrinsic properties that make it economically beneficial for cement manufacturers.  Blast furnace slags 

are Pre-calcined, having consistent chemistry with low alkali concentrations and low melting point. 

Rotary cement kilns can have up to 30% of their limestone replaced with slag, depending on their 

existing raw mix chemistry. Blast furnace slag, is a substance very closely related to Portland cement 

clinker, since Portland cement clinker also has the main components silica and alumina. Steel making 

slags which, in comparison with blast furnace slags, have a much higher iron oxide fraction, free lime 

and metallic iron fraction and in principle have poorer hydraulic properties. Due to these limitations no 

successful attempt has been reported to use steel making slags in cement making. In the present work 

steel slag has been granulated to change its physio-chemical properties and lab scale feasibility studies 

have been carried out for its usage at various stages of cement making. 

 



 

 

Fig 1: Slag generation in steel plant 

 

2. Granulated LD Slag (GLDS) 

 

Steel slag or also called as LD slag is generated from BOF process (using the Linz-Donawitz (LD) 

converter) involving pig iron refining process, which converts molten pig iron and steel scraps into high 

quality steel. X-ray diffraction studies have shown that the major phases present in LD slag are 

dicalcium ferrite, calcium alluminate and wüstite, but it contains also some reactive mineral phases, 

such as 2CaO.SiO2, 3CaO.SiO2 and free CaO and MgO. The major reason for not having water 

granulation of BOF slag is to avoid Fe getting trapped in the matrix whereas, with air-cooling, the Fe 

can be removed via magnetic separation. A further reason was that the high iron increases the risks of 

explosions when the BOF slag is water granulated. 

 

 

 

 

       Fig 2: Slag Granulation Mechanism                                 Fig 3: Slag Granulation Plant 

 

At JSW steel, LD slag is subjected to granulation through an innovative quenching technology (Fig-2), 

adopted, first of its kind in India. The technology separates the metal and slag in a closed system as 



 

shown in Fig-3 and also washes out free lime and MgO. Due to sudden quenching, of the molten slag, 

leads to different contraction of metal and slag and results in good separation of metal and slag. 

Adequate granulation takes place and leads to good stability of the final slag with increased glass 

content. Granulated slag particles (GLDS) have plain surface texture. with reduced free lime, reduced 

FeO and negligible metallic iron. 

 

 

3. Characterization of Granulated LD Slag 
 

The physical observation of as received samples of GLDS series indicated that the color of the material 

was black to grey with a varying lump size having sharp angular edges. 

 

The chemical analysis (Table-1) shows the main constituent oxides as CaO, SiO2, Fe2O3, Mn2O3, Al2O3 

and MgO. The CaO and Fe2O3 content varied in a relatively larger range of 35 to 40 and 30 to 35 percent 

respectively as shown in Table 1. The other oxides such as SiO2, Al2O3 and MgO varied relatively in 

narrow range. The SO3 content was nil in all the samples. The samples were subjected to trace element 

analysis using state of art ICP and the results are as given below in Table 2. The results obtained 

indicated that the various trace elements present in the GLDS samples were barium, beryllium 

chromium, copper, nickel and strontium only. 

 

Table 1: Chemical Analysis of Granulated LD Slag 
 
Oxide SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O Mn2O3 CL Sulphide 

S 
% 10-13 30-35 2 - 5 35-40 4 -6 Nil 0.10 

-0.15 
5 - 8 0.015

– 
0.020 

0.6 -0.7 

 

Table 2: Concentration of trace elements present in Granulated LD Slag 

Element Ba Be Cd Co Cr Cu Ga Ni Pb Se Sr Te Th Zn
 0.008 0.0006 Nil Nil 0.043 0.001 NIl 0.001 Nil Nil 0.014 NIl Nil Nil

 

 

The magnetic material in GLDS samples was low and varied in the range of 2.7 to 4.6 percent The 

MODEL composition of granulated LD slag samples indicated that they contained glass grains, semi 

glassy grains and quartz in the range of 51-56 %, 13-15 % and 7-10 % respectively. Minerals like 

hematite and magnetite were broadly in the range of 7-8 % each. The results of XRD investigation of 

GLDS series samples indicated that the major mineral phases in the sample were Manganosite followed 

by Srebrodolskite, Hematite, Wuestite and Larnite as shown in Fig-4. 

 



 

 

Fig 4: XRD pattern of Granulated Slag sample 
 

The sieve analysis of granulated slag sample is as given below in Table 3. The above indicated that 

GLDS samples conform the size requirement as per IS:383 for fine aggregate zone –I. 

 

Table 3: Sieve analysis of the composite slag samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4: Physical parameters of composite slag samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The physical parameters such as specific gravity, water absorption and silt % by wet sieving were found 

to be 3.48, 1.3 % and 10.33 % respectively as shown in Table 4. The detailed physico-chemical and 

mineralogical analysis of granulated LD slag established that material is suitable for usage in cement 

making. 

 

4. Experimentation 
 

Representative granulated steel slag samples were collected from the slag granulation unit and were 

used for relevant physical and chemico-mineralogical analysis and lab scale trials. Experimented 

applications of GLDS in cement making are as below. 

 
 Use of GLDS as performance improver 

 

Crushed OPC clinker and gypsum passing through 2.8 mm sieve were inter ground with each crushed 

samples of GLDS in dosage of 3 and 5 percent. Compositions of these cement blends prepared are given 

in Table 5. Control cement was also prepared with addition of gypsum to the clinker. In the process of 

inter-grinding, all the components were mixed in required proportions in a batch of 5 kg and introduced 

in the laboratory ball mill for grinding to achieve fineness level of 300 + 10 m2/kg. 

 

It was observed that the fineness achieved in above cement blends was in very narrow range and 

comparable to that of control cement. The above prepared cement blends were studied for their 

performance characteristics such as consistency, setting time, compressive strength development and 

soundness as per procedure described in Indian Standard Specification IS:4031 -1988 and the results are 

discussed below. 

 

Table 5: Composition of cement blends prepared with GLDS 



 

 
 

 

The Blaine’s fineness of all the resultant cement blends containing 3 and 5 percent by weight of GLDS 

was maintained at 290 + 10 m2/kg and the same were comparable to each other. The initial setting times 

and final setting times of the cement samples prepared with the addition of 3 % GLDS was found to be  

90 and 140 respectively as shown in Table 6. Similarly, the initial setting times and final setting times of 

the cement samples prepared with the addition of 5 percent GLDS samples were found to be 95 and 145 

minutes. These values indicated that the setting behavior of the cement blends was not much changed 

on addition of different slag samples when compared with each other. However, the same was relatively 

lower when compared to that of control OPC which could be attributed to the relatively finer grinding of 

the control OPC. 

 

Table 6: Performance Characteristics of Cement blends prepared with addition of 3 % and 5 % 
GLDS. 

 

 
 

The results of compressive strength development indicated that the effect of GLDS at 3 percent level 

did not yield desired results and the strength values were comparable to that of control cement. 

However the scenario improved with the addition level of 5 percent of GLDS. The strength 

development improved at all ages in case of GLDS and therefore could be considered as performance 

improver. The improvement in performance could be further enhanced by increasing the fineness levels 

similar to that of control OPC. All the cement blends were however found to conform to the 

requirements of Indian Standard Specification IS:8112 for 43 grade OPC as well as IS:456 for PSC with 

wide margins of compressive strengths. The resultant cement blends were also tested for soundness by 

“Le-chatelier” method and autoclave test. The linear expansion (mm) and autoclave expansion (%) in 

these cement samples were found to be in the range of 1-3 mm and 0.08-0.217 percent respectively and 



 

the cement blends were considered as sound. 

 

The addition of 5 percent GLDS did not affect the other parameters of the performance such as water 

requirement, setting time and soundness. Therefore addition of 5 percent of GLDS could be considered 

as performance improver when added in the OPC. 

 

 

 Use of GLDS as blending material 
 
Crushed OPC clinker and gypsum passing through 2.8 mm sieve were inter ground with each crushed 

samples of GLDS and GBFS individually in quantum of 30, 40, 50 and 60 percent separately. 

Compositions of these cement blends prepared are given in Table 7. In the process of inter grinding, all 

the components were mixed in required proportions in a batch of 5 kg and introduced in the laboratory 

ball mill for grinding to achieve fineness level of 330 + 10 m2/kg. The SO3 content in these cement 

samples was maintained in the range of 2.57-2.59 percent. 

 

Table 7: Composition of Cement Blends prepared with GBFS and GLDS 
 
 

 

 

 

 

 

 

 

 

 

 

 

The above cement blends were studied for their performance characteristics such as setting time, 

compressive strength development and soundness as per procedure described in Indian Standard 

Specification IS:4031 -1988 and the results are shown in Table 8 and Table 9. 

 

Table 8: Performance characteristics of OPC and cement blends containing GBFS 
 



 

 
 

Table 9: Performance characteristics of OPC and blends containing GLDS 
 

 

 
The Blaine’s fineness of all the resultant cement blends containing 30 to 60 percent by weight of GBFS 

and GLDS was maintained at 330 + 10 m2/kg and the same were comparable to each other. Initial 

setting time and final setting time values indicated that the setting behavior of the cement blends was 

not much affected on addition of different GBFS when compared with each other and also to that of 

control OPC. However, the initial and final setting time was greatly affected with the addition of GLDS 

from 30 to 60 percent. 
 
The results of compressive strength development indicated that the effect of GBFS and GLDS addition 

in the range of 30 to 60 percent yielded strength development results as expected. In case of GBFS 

addition, the compressive strength decreased at 3 and 7 days and improved to the desired level at 28 

days up to 50 percent addition level. However beyond 50 percent addition level, the compressive 

strength development decreased at all ages. The similar trend was also observed in case of GLDS 

additions. In this case, the compressive strength decreased at 3 and 7 days and improved at 28 days as 

expected. The turning point in this case was 40 percent GLDS addition and beyond this level the 

compressive strength decreased at all ages. The cement blends up to 40 percent addition of GLDS were 

conforming to the requirements of Indian Standard Specification IS:8112 for 43 grade OPC as well as 

IS:456 for PSC with wide margins of compressive strengths. 



 

 
The resultant cement blends were also tested for soundness by “Le-chatelier” method and autoclave test. 

The linear expansion (mm) and autoclave expansion (%) in these cement samples were found to be in 

the range of 1-4 mm and 0.03-0.23 percent respectively. Therefore addition level of 40 percent GLDS 

can be considered optimum. 
 

 

 Use of GLDS as raw materials 
 
About 10 Kgs of raw mixes namely RM-C (control mix) and RM-2 (raw mixes replacing GLDS with 

source of Iron)  were prepared by taking weighed quantities of raw materials, viz. the two limestone, 

blue dust, GLDS and coal ash, blending them and grinding them in a ball mill to a fineness of ~ 10 

percent residue on 90 μ (170 mesh) sieve. The nodules were prepared in a pan nodulizer and dried in an 

electric oven at 105±5 °C for 2 hours before introducing in an electric furnace at ambient temperature 

and firing it at 1400°C for 20 minutes. The resultant ambient cooled clinker designated as CL-C-B and 

CL-2-B was studied for chemical and mineralogical characteristics. The Ordinary Portland Cement 

samples (OPC-C-B and OPC-2-B) prepared was evaluated for their performance as per relevant Indian 

Standard Specification. 

 

The chemical analysis of Bulk clinker CL-C-B and CL-2-B were carried out as per Indian Standard 

Specification, IS:4032-1985 and the results are presented in Table 10. The analysis indicate that clinker 

CL-C-B contain 64.20 percent CaO and 21.60 percent SiO2. The SO3 was found to be 0.74 percent. 

Similarly, the analysis indicated that clinker CL-2-B contained 62.21 percent CaO and 22.63 percent 

SiO2. The SO3 was found to be 0.45 percent. 

 

Table 10: Chemical Analysis of Bulk Clinker CL-C-B and CL-2-B 

 

 

 

 

Clinker samples, CL-C-B and CL-2-B were evaluated for mineralogical composition using optical 

microscopy. The results of Optical microscopy indicated that in case of CL-C-B, Alite grain sizes were 

uniform and the majority of the alite grains were in the size range of 34 to 38 micron. Belite grains were 

also uniform and the size vary in the range of 30 to 35 micron. Majority of alite grains were well 



 

crystallized and hexagonal to pseudo-hexagonal in shape. Sub rounded, lath and triangular grains of 

alite were also observed. On the other hand, Belite grains were pseudo crystalline with few rounded 

grains. The sizes of the belite cluster were in the range of 25 to 180 micron in various shapes. The 

optical microscopic investigations of CL-2-B indicated that the clinker fired at 1400 oC had well 

developed homogenously distributed phases with majority of alite grains in the range of 35 to 40 micron. 

The percentage of minimum and maximum alite and belite grain sizes was very low and the same was 

almost negligible at 1450 oC. The grain growth of alite and belite was found to be considerably 

controlled which was attributed to the use of GLDS as raw materials which had acted as a catalyst 

during clinkerisation. More than 90 percent of the Alite grains were found to be of hexagonal shape 

with shap grain margins. The improvement in clinker morphology was likely to had positive impact on 

the quality resultant cement produced from it. 

 

Ordinary Portland Cement, OPC-C-B and OPC-2-B were prepared by grinding the clinker, CL-C-B and 

CL-2-B with 5.5 percent gypsum to a fineness of ~300 m2/kg and tested for setting time, compressive 

strength, Le-chatelier and autoclave expansion tests as per Indian Standard Specification IS:4031-1988. 

The chemical analysis of OPC-C-B and OPC-2-B were carried out as per Indian Standard Specification, 

IS:4032-1985 and the results are presented in Table 11. 

 

 

 

 

 

 

 

 

 

 

Table 11: Chemical analysis of prepared ordinary portland cement 

 

 

The initial and final setting times of Ordinary Portland Cement prepared in laboratory from bulk clinker, 

CL-C-B and CL-2-B, were determined as per IS:4031-1988 and found to be 110 and 165 minutes for 

OPC-C-B and 70 and 160 minutes for OPC-2-B  respectively. The compressive strength of Ordinary 

Portland Cement OPC-C-B and OPC-2-B were determined as per IS:4031-1988 and the results are 

presented in Table 12. 



 

 

Table 12: Performance evaluation of ordinary portland cement 
OPC-C-B and OPC-2-B 

 

 

Autoclave and Le-chatelier expansion tests on OPC-C-B and OPC-2-B prepared from respective bulk 

clinkers were carried out as per the procedures laid down in IS:4031-1988. Autoclave expansion was 

found to be 0.05 percent and Le-chatelier expansion to be 1.0 mm in case of OPC –C-B and 0.01 percent 

and 2.00 mm respectively in case of OPC-2-B. The results indicated high volume stability of both the 

cement sample i.e. OPC-C-B and OPC-2-B. 

 

 

The addition of GLDS had acted like a mineraliser owing to the presence of Manganese (Mn) in it, 

which is a established mineraliser. The presence of GLDS as raw materials had affected the nuclei 

formation and resulted in controlled grain growth of alite and belite with improved crystallinity. The 

performance evaluation of OPC-C-B and OPC-2-B established that the resultant cement from the bulk 

clinkers CL-C-B and CL-2-B are conforming the various requirements as laid down in Indian Standard 

specification IS:12269-1987 for 53 grade OPC. 

 

 

5. Conclusions 
 

Physico-chemical and mineralogical characteristics of granulated steel slag showed good similarity to 

the materials presently being used in cement making. Extensive lab scale studies have been carried out 

to evaluate the granulated steel slag to be used at various stages in cement making.  Based on the 

results it is concluded that granulated steel slag can be used as: 

 

(a) As Raw Material in Cement Manufacture - 4.25 percent by weight of GLDS could 

be gainfully utilized as raw material replacing iron bearing additive in the raw mix and 

good quality clinker could be produced at 1400oC. 

 

( b) As Performance Improver - 5% GLDS could be used as performance improver in 

cement manufacture. The results indicated that compressive strength at 28 days improved 

up to 3.5 percent when compared to that of control ordinary Portland cement (OPC) 



 

without affecting the other parameters such as water requirement, setting time and 

soundness.  

 

(c) As Blending Materials - Up to 40 % GLDS by weight could be added during clinker 

grinding stage to manufacture cement blends with compressive strength comparable to 

control OPC and Portland Slag Cement (PSC) containing granulated BF slag (GBFS). 
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Abstract 
The use of calcined clays as supplementary cementitious materials (SCM’s) may provide a valuable contribution 
to the reduction in CO2 emissions associated with cement production since calcined clays can be produced at 
significantly lower temperatures and do not involve a decarbonation reaction. The dehydroxylated form of the 
principal 1:1 clay kaolinite, metakaolin, represents an ideal model compound for an alumino-silicate rich SCM 
which has been widely studied in terms of its structure and reactivity. Less attention has been paid to thermal 
activation of the 2:1 clay, montmorillonite, although this mineral can be found in large deposits all over the 
world. 
In the present work we have analyzed and compared the pozzolanic reactivities of two clay minerals: kaolinite 
and montmorillonite, representing the minerals in their pure forms and samples from industrial-scale deposits, 
using solid-state NMR techniques. The pozzolanic reactivities in Portland cement – calcined clay blends are 
investigated for a fixed replacement level, and in the case of metakaolin for increasing levels ranging from 5 to 
30 wt.% replacement. The latter studies show that the incorporation of aluminum in the C-S-H phase increases 
with increasing metakaolin content, whereas it is independent of the hydration time. Furthermore, increasing 
metakaolin contents result in longer average alumino-silicate chain lengths, reflecting a decalcification of the  
C-S-H phase.     
An industrial-grade kaolinite has been calcined by two different calcination processes, soak and flash 
calcination, and it is found that the flash calcination process results in a material with a higher degree of 
disorder as compared to the metakaolin samples prepared by soak calcination. Moreover, the flash calcined 
materials exhibit a higher degree of pozzolanic reactivity which is also reflected in an improved early-age 
performance of the corresponding Portland cement – metakaolin blends.  
Finally, the pozzolanic reactivity of a pure montmorillonite is investigated as a function of the calcination 
temperature. For maximum reactivity it is found that the resulting C-S-H phase contains silicate chains with the 
highest aluminum incorporation. This reflects that the aluminate species at this activation temperature are more 
easily dissolved and thereby available for C-A-S-H formation. 
Overall, calcined clays have been found to significantly impact the C-S-H structure in hydrated Portland cement 
– calcined clay blends by increasing its Al/Si ratio and decreasing its Ca/Si ratio, in agreement with 
thermodynamic considerations.  
 
 
Originality 
Thermal activation of clay minerals involves dehydroxylation of the aluminate and silicate sheets which 
introduces a progressive degree of disorder in the heated material. 27Al and 29Si MAS NMR spectroscopy have 
the advantage that amorphous and crystalline phases are detected in an equal and unambiguous manner and 
thus, these tools are ideal in studies of the thermal activation of both pure and impure clay minerals. In addition, 
27Al and 29Si MAS NMR provide valuable information about the hydration products from pozzolanic reactivity 
tests and hydration studies of Portland cement – calcined clay blends. In the present work this has been utilized 
to study the impact of the calcined clay on the structure and composition of the formed C-S-H phases. Overall, 
solid-state NMR has been able to provide novel insights into the behavior of calcined clays with respect to their 
structure, reactivity, and impact. 
 
Keywords: Calcined clay; thermal activation; pozzolanic reactivity; C-S-H phase; 27Al and 29Si MAS NMR 
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1. Introduction 
Considering today’s societal and environmental needs, the cement community needs continuous 
innovation in the binders used for modern concrete. There has been an extensive focus on employing 
supplementary cementitious materials (SCM’s) in Portland cement blends during the past decade 
(Lothenbach B. et al., 2011). Under optimal conditions, these SCM’s reduce the carbon intensive 
clinker component, and also improve the durability and service life of concrete. However, a majority 
of commonly used SCM’s, like fly ash, silica fume, blast furnace slag, are only locally available, i.e., 
the concrete producer is dependent not only on the quality but also the vicinity of the source of these 
industrial by-products. A possible solution to this scenario is to manufacture need-driven artificial 
SCM’s, i.e., SCM’s that can be manufactured based on the demand and availability of precursor raw 
materials in a given geographical location. Calcined clays may be an ideal example of such SCM’s, 
primarily because of the facts that clay minerals are abundant in the Earth’s crust and that they are rich 
in aluminum and silicon which generally give the most important contribution to the pozzolanic 
reaction of SCM’s.  
Clay minerals are essentially layered aluminosilicates which are structurally made of alternating 
tetrahedral and octahedral sheets with a variety of cations. Kaolinite is a popular 1:1 clay mineral, 
where tetrahedral silicate and octahedral aluminate sheets alternate in a 1:1 manner, with the general 
composition, Al2Si2O5(OH)4. Likewise, montmorillonite is a common 2:1 clay mineral where an 
octahedral sheet is sandwiched between two tetrahedral silicate sheets along with charge-balancing 
interlayer cations, resulting in a general composition of the form (My·nH2O)(Al2–yMgy)Si4O10(OH)2, 

where M indicates the interlayer cations and the octahedral sheet primarily contains Al3+ and Mg2+ ions. 
Clay minerals in their naturally occurring state are not very reactive due to their limited ability to 
dissolve in an alkaline cementitious pore solution. However, it has been known for a long time that 
upon heating or calcination, clay minerals can be transformed into their dehydroxylated versions 
which are highly disordered, and thus more reactive. In the 1980’ies, Murat and co-workers (Ambroise 
J. et al., 1985) explored the properties of several calcined clay minerals, including the hydration 
products formed upon their pozzolanic reaction, highlighting the potential role of calcined clays in 
low-cost housing infrastructure. Following these studies, there have been several other investigations 
(Sabir B. B. et al. 2001; He C. et al., Fernandez, R. et al. 2011; Garg N. and Skibsted J. 2014; and 
references therein), which have shed light on the chemical and physical behavior of several calcined 
clays among which metakaolin (calcined kaolinite) has been found to be the most effective pozzolan.  
If calcined clays have to find widespread applications in the next-generation concrete infrastructure, 
their precise effect on the nanostructure of the calcium silicate hydrate (C-S-H) phase needs to be 
studied in more detail. In this paper, we report a solid-state nuclear magnetic resonance (NMR) 
analysis of white Portland cements blended with different calcined clays. These investigations 
supplement a recent systematic study of the substitution of Portland cement with metakaolin at various 
replacement levels and its effect on the long-term structure of the C-S-H phase (Dai Z. et al. 2014). 
Moreover, a commercial source of kaolinite exposed to two different heat-treatment schemes, - flash 
and soak calcination -, is evaluated in terms of its performance in cement blends. Recently, we have 
reported a detailed study of the thermal activation of a pure montmorillonite and its pozzolanic 
reactivity in Portland cement blends (Garg N. and Skibsted J. 2014). These data are included in a 
comparison of these seemingly different calcined clays, prepared by different calcination techniques, 
which provides some overall trends and conclusions that can be applied to their pozzolanic behavior.   
 
2. Experimental 
2.1. Raw Materials and sample preparation 
The chemical compositions of the studied calcined clays and the white Portland cement used in this 
work are summarized in Table 1. The kaolinite from Imerys Minerals, UK (K1) was calcined in 
batches of 50 g at 480 °C for 20 hours to ensure complete dehydroxylation. The industrial-scale 
kaolinite (K2), obtained from FLSmidth A/S, Denmark, was either soak calcined at 900 °C (K2_S) in 
an electric furnace for one hour or flash calcined (K2_F) in a pilot-scale gas-suspension calciner at an 
average temperature of ~900 °C with a retention time of 0.5 seconds (Rasmussen K. E. et al. 2015). 
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The montmorillonite obtained from the Clay Minerals Society, Purdue, USA (M) was calcined for two 
hours in an electric furnace at selected temperatures. The white Portland cement (WPC) was obtained 
from Aalborg Portland A/S, Cementir Holding SpA (Aalborg, Denmark) and had a gypsum content of 
4.1 wt.%, and a Blaine fineness of 413 m2/kg.  
 

The blends of WPC and calcined clays were made at several weight replacement levels and employed 
a water to solid ratio of w/s = 0.50 (w/w). A custom-made paddle in a motorized stirrer was used to 
mix the binders with distilled water. The pastes were afterwards cast in 25 mL polypropylene vials 
which were demolded after 24 hours, and then sealed in 75 mL plastic containers containing distilled 
water, and stored in a climate chamber maintained at 20 ± 0.1 °C. In addition to paste samples, mini-
RILEM prism mortars consisting of an extra-fine ordinary Portland cement (OPC) and metakaolin in 
blends with a 65:35 cement:metakaolin ratio (by weight) were cast in accordance with the EN-196-1 
standard test for both the K2_S and K2_F calcined clays. The compressive strengths of the mortars 
were determined after 1, 3, 7, and 28 days of hydration. 

Table 1. Bulk chemical compositions (wt.%) of the clays and the white Portland cement studied in this work. 

 White Portland 
Cement   Kaolinite1 Kaolinite Montmorillonite 

Label:    WPC      K1 K2 M 

SiO2 24.60 53.27 47.90 59.65 
Al2O3 2.11 39.81 35.06 19.98 
Fe2O3 0.32 1.43 0.77 1.77 
MgO 0.65 0.49 0.06 6.73 
CaO 69.20 0.22 0.20 3.15 
Na2O 0.15 0.05 0.06 0.06 
K2O 0.003 1.00 0.12 0.19 

1The bulk oxide composition given here for the Imerys kaolinite was obtained for the corresponding 
metakaolin after calcination.  

 

2.2. Solid-state NMR spectroscopy 
29Si MAS NMR spectra of the different cement – clay blends were recorded at 9.39 T on a Varian 
Unity INOVA-400 spectrometer, employing a home-built CP/MAS probe for 7 mm o.d. zirconia (PSZ) 
rotors and a spinning frequency of vR = 6.0 kHz. Single-pulse excitation with a pulse width of 3.0 μs 
(45o pulse) for an rf field strength of γB1/2π = 40 kHz, a relaxation delay of 10 – 30 s, and typically 
2048 – 8192 scans were used. The 29Si chemical shifts were referenced to neat tetramethylsilane 
(TMS), using an external sample of β-Ca2SiO3 (δiso = -71.33 ppm) as a secondary reference. The 
Varian VnmrJ software was used for the simulations of the 29Si MAS NMR spectra, employing a least-
squares fitting procedure for the optimization to the experimental spectra. The 27Al MAS NMR spectra 
were recorded on a Varian Direct-Drive VNMR-600 (14.09 T) spectrometer using a home-built 
CP/MAS probe for 4 mm PSZ rotors. A spinning speed of vR = 13.0 kHz, single-pulse excitation with 
a pulse width of 0.5 μs (<30o pulse) for an rf field strength of γB1/2π = 50 kHz, a relaxation delay of 
2.0 s, and typically 4096 scans were used. The 27Al chemical shifts were referenced to a 1.0 M 
aqueous solution of AlCl3·6H2O. 
 
3. Results and Discussion 
3.1. Effect of Varying Replacement Levels  
Calcination of kaolinite results in the formation of the metastable phase ‘metakaolin’ which is well-
known for its high pozzolanic reactivity (Sabir B.B. et al., 2001). In this section, we analyze the effect 
of varying amounts of metakaolin replacement on the structure of the C-S-H phase formed in hydrated 
WPC – metakaolin blends.  
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The simulations of the 29Si MAS NMR spectra for the cement blends provide the relative proportions 
for different Si-site resonances in the C-S-H structure, i.e., Q1, Q2(1Al), and Q2 peak intensities, which 

allow for a determination of the average chain length of alumino-silicate tetrahedra ( ) (Richardson 

I.G. et al., 1994), the average chain lengths of pure silicate units ( Si) (Andersen M.D. et al., 2004) 
and the average molar Al/Si ratio for Al incorporated into the silicate chains of the C-S-H structure, 
(Richardson I.G. and Grooves G. W. 1997) using the following equations:  
 

     (1) 

Si       (2) 

Al/Si      (3) 
 
From these measures, the effect of varying the amounts of metakaolin (0 - 30 wt.%) on the resulting 
C-S-H structure is examined in figure 1 for hydrated WPC – K1 blends. It can be seen that the 
alumino-silicate chain lengths for all pastes increase as a function of the hydration time. In addition, a 
systematic increase of the Al/Si ratio for the C-S-H phases is observed with increasing metakaolin 
content, where the Al/Si ratios are almost independent of the hydration time for the individual blends. 
This suggests that an increasing amount of reactive aluminum in the hydrating system leads to a larger 
amount of Al incorporated in the C-S-H phase. Almost full degrees of reaction are detected for 
metakaolin by 29Si MAS NMR for the individual blends after prolonged hydration, e.g., the degree of 
hydration for the the 70:30 (w/w) WPC – K1 blend is 94% after hydration for one year. For this blend, 

a high Al/Si ratio of 0.111 and a  of 8.81 in determined for the C-S-H phase, which strongly 
suggests that pentamers, octamers, and hendecamers are significant constituents of the chain 

fragments in the C-S-H phase. 

 

Figure 1. (a) The average aluminosilicate chain length ( ) of the C-S-H phase as a function of hydration time 
for different WPC – K1 blends. (b) Al/Si ratios for the C-S-H phase averaged over the hydration time for each 
blend as a function of the metakaolin replacement level. The data are based on simulations of the 29Si MAS 
NMR spectra and Eqs. (1) and (3). In (a) WPC denotes the pure cement paste and the others represent the WPC 
cement blended with the listed amounts of metakaolin (K1). The data is adapted from Dai Z. et al., 2014. 
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For lime-saturated hydrated Portland cements, the C-S-H phase normally exhibit average alumino-

silicate lengths of the order,   = 3 – 4 (Andersen M.D. et al., 2004). Thus, the significant increase in 
alumino-silicate chain lengths, observed for the hydrated WPC – K1 blends (figure 1), reflects a 
gradual decalcification of the C-S-H phase when the fraction of metakaolin is increased in the WPC – 

K1 blends, utilizing the relationship between Ca/Si ratio and  observed by 29Si NMR for 
synthesized C-S-H phases (Sevelsted T.F. and Skibsted J. 2015; and references cited therein). This 
observation and the associated increase in average Al/Si ratio is in agreement with thermodynamic 
considerations for the hydrate CaO – Al2O3 – SiO2 system, employing the actual compositions for 
WPC, K1 and the studied blends of these two components.  
The hydrated WPC – K1 blends have also been analyzed by 27Al MAS NMR and normalized inten-
sities for the principal 27Al resonances are shown in figure 2 as a function of the metakaolin content. 
This corresponds to intensities for the distinct chemical shift regions for aluminum in tetrahedral, five-
fold, and octahedral coordination, where a differentiation has been made between the resonances from 
tetrahedral Al in strätlingite and from the bridging chain AlO4 sites of the alumino-silicate chains of 
the C-S-H phase, employing deconvolution methods. The results show that the intensity for Al(4) 
incorporated in the C-S-H phase increases almost linearly with increasing metakaolin content, in 
accordance with the results from 29Si MAS NMR and the observation that increasing aluminum 
content in the system leads to a higher Al/Si ratio for the C-S-H. In addition, the formation of 
strätlingite is observed for blends containing more than 10 wt.% metakaolin, which can be justified by 
thermodynamic modeling, considering the degree of reaction for the principal constituents in the 
hydrating system (Kunther W. et al., 2015). The intensity for the octahedral Al sites dominates the 
27Al MAS NMR spectra and originates mainly from aluminum present in AFm-type phases, e.g., 
monosulfate and hydroxy calcium aluminate hydrate phases (C4AH11 – C4AH19), formed for high Al 
contents in the system. Thus, the addition of metakaolin affects both the C-S-H structure and 
composition as well as the fraction of major hydration products. 

 

 
Figure 2. Normalized 27Al NMR intensities for the WPC – K1 blends hydrated for up to 1 year as a function 
of the metakaolin content based on integration of the central-transition region in the 27Al MAS NMR spectra. 
The intensities for octahedrally coordinated aluminum, Al(6), consist of contributions from AFm, AFt, and 
the strätlingite phase. The data is adapted from Dai Z. et al., 2014.  

3.2. Effect of the Calcination Method: Flash vs Soak calcination 
Although the dehydroxylation process of kaolinite has been studied extensively in the past decades, 
the effect of applying different calcination schemes has only been the subject of a few reported investi-
gations (Salvador S. 1995). In this work we have compared two different calcination methods for an 
industrial kaolinite sample (K2) from a large natural deposit. The two methods are a flash calcination 
process, employing a pilot-scale gas-suspension flash calciner and a short retention time of roughly 0.5 
seconds (samples K2_F), and a conventional soak-calcination procedure, using an electrical furnace 
and a relatively long retention time of one hour at the target temperature (samples K2_S). 
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29Si MAS NMR spectra following the hydration from one day to 28 days have been acquired for WPC 
– K2_S and WPC – K2_F paste samples, both prepared with a cement replacement level of 35 wt.%. 
The spectra for the anhydrous blends and after hydration for 28 day are shown in figure 3. A visual 
inspection of the 29Si MAS NMR spectra reveals that the spectra for the soak and flash calcined 
metakaolin blends appear similar with almost equal amounts of Q1, Q2, and Q2(1Al) silicate units from 
the C-S-H phase throughout the investigated time frame. Deconvolutions of the individual NMR 
spectra allow determination of the average aluminosilicate and pure silicate chain lengths as well as 
the Al/Si ratios of the formed C-S-H phases, employing Eqs. (1 – 3). The average pure silicate chain 

length ( Si) and the average aluminosilicate chain length ( ) are shown in figure 4 as a function of 
the hydration time for the two different WPC – K2 blends. There are no significant differences 

between the pure silicate chain lengths for the two blends and the Si values are similar to those 
reported for the C-S-H phase of pure WPC pastes (Andersen M. D. et al., 2004; Dai Z. et al., 2014). In 
contrast, a small difference is observed for the average aluminosilicate chain lengths, where the pastes 
containing flash calcined metakaolin (WPC – K2_F) exhibit slightly longer chain lengths as compared 
to the WPC – K2_S blends. A similar trend is observed for the determined Al/Si ratios, which show 
that a larger fraction of aluminum is incorporated into the C-S-H structure for the WPC – K2_F 
samples (Rasmussen K. E. et al., 2015). These results indicate that the aluminum in the flash calcined 
metakaolin is more reactive than aluminum present in the soak calcined metakaolin. This is further 
supported by 27Al MAS NMR data (not shown), where it is observed that the penta-coordinated AlO5 
units in metakaolin dissolve faster for the WPC – K2_F samples as compared to the WPC – K2_S 
blend. 
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Figure 5. Degree of reaction for the silicon part of 
K2_F (flash calcined) and K2_S (soak calcined) in the 
hydrated WPC blends, obtained from deconvolutions 
of the 29Si NMR spectra (c.f., figure 3).  

Figure 6. Relative compressive strengths determined 
for mini-RILEM mortars casted from an OPC blended 
with K2_S (soak calcined) and K2_F (flash calcined) 
in the ratio 65:35 (w/w) and employing a binder/sand 
ratio of 1:3 (w/w). The values have been normalized 
to the strength values for a reference mortar (100 % 
OPC) for each hydration time and the plotted data are 
average values of three measurements.  

 

Figure 4. 29Si MAS NMR spectra (9.4 T, R = 6.0 kHz) 
for (a) WPC – K2_F (flash calcined) and (b) WPC – 
K2_S (soak calcined) blends before hydration and after 
28 days of hydration. 

  

Figure 4. Average pure silicate ( Si, diamonds) and 
alumino-silicate ( , circles) chain lengths for the   
C-S-H phases formed in the WPC – K2_F and WPC – 
K2_S pastes. The values are determined from the 
intensities of the deconvolved 29Si MAS NMR 
spectra for the hydrated paste samples. 



 

Supporting observations can be made from the deconvolutions of the 29Si MAS NMR spectra, which 
also allow estimation of the degree of hydration for metakaolin in the WPC – K2_F and WPC – K2_S 
blends as illustrated in figure 5. In general, the flash calcined clay shows a higher degree of hydration, 
especially after three and seven days of hydration whereas the effect levels off after prolonged 
hydration (28 days).   
Differences in the degree of metakaolin reaction for the two calcination methods have also been 
probed by compressive strength measurements (figure 6) for mini-RILEM mortars prepared from an 
OPC with 35 wt.% replacements by K2_F and K2_F. The two blend systems perform equally after one 
day of hydration and both exhibit significantly lower strength values compared to the reference mortar 
made by pure OPC as the binder. However, the difference in strength between the reference and the 
blended mortars is reduced as the hydration proceeds, and after 28 days the compressive strength of 
blended mortars surpasses the reference mortar. After three and seven days of hydration, the OPC – 
K2_F mortar performs slightly better than the OPC - K2_S mortar, while no significant difference is 
observed between the two blends after 28 days. This observation is in alignment with the degrees of 
metakaolin hydration determined for the paste samples (figure 5). Thus, the present results suggest that 
the flash calcined K2_F blend reacts faster than the soak calcined K2_S blend at early age and that the 
two types of metakaolin (MK) will perform equally well, if the hydration is allowed to continue for a 
sufficient amount of time. The accelerated reaction for K2_F is ascribed to an increased degree of 
disorder in this material, as compared to K2_S and observed by a larger linebroadening of the 
resonances in the 29Si NMR spectra of the flash calcined samples. The increased disorder results in 
more reactive/soluble silicate and aluminate species, which exhibit increased pozzolanic reactivities. 
This result is further supported by Chapelle-like reactivity tests for pure samples of the K2_F and 
K2_S materials (Rasmussen K. E. et al., 2015). 
 

 
Figure 7. The proportion of C-S-H (black squares) formed in the mixture of calcined montmorillonite 
(20 - 40 μm fraction) and calcium hydroxide, stirred for seven days at 40 °C. The Al/Si ratio (blue 
circles) in the C-S-H is calculated from the intensities resulting from deconvolution of 29Si MAS NMR 
spectra for the reactivity test mixtures. The original results and the approach for the simulations are 
described in detail elsewhere (Garg N. and Skibsted J. 2014). 

 
 
3.3. Effect of Calcined Montmorillonite on the C-S-H Structure 
Montmorillonite, another abundant clay mineral in Earth’s crust, has received lesser attention in 
comparison to kaolinite in terms of its application as a potential SCM. In the present work, we analyze 
the behavior for a very pure mineral sample of montmorillonite in a white Portland cement blend.  
Recently, we have reported that this pure montmorillonite exhibits a pozzolanic reactivity, which is 
strongly dependent on its calcination temperature, along with the corresponding structure of the 
calcined clay (Garg N., Skibsted J. 2014). Specifically, maximum pozzolanic reactivity corresponds to 
a complete dehydroxylation of the clay as well as the absence of inert, condensed Q4-type phases that 
form at higher calcination temperatures. Figure 7 shows that the C-S-H like hydration product, formed 
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upon the reaction of calcined montmorillonite with calcium hydroxide, is produced in varying amounts 
at different calcination temperatures, as revealed by 29Si MAS NMR. The highest amount of C-S-H 
phase is formed at a calcination temperature of 800 °C. Interestingly, the Al/Si ratio of the formed     
C-S-H follows a trend similar to the clay’s reactivity. This observation implies that an increased 
concentration of  ions is present in the reactivity test solution and thus, high pozzolanic reactivity is 
associated with an intermediate dehydroxylated montmorillonite structure from which the Al3+ species 
dissolve easily. Similar phenomena has been recently observed for an interstratified illite/smectite clay 
(Garg N., Skibsted J., 2015a). There is also a possibility that the dissolution of montmorillonites 
calcined at different temperatures is not completely congruent – a question we are currently 
investigating (Garg N., Skibsted J. 2015b). 

  
Figure 8. Evolution of the C-S-H structure in pure WPC (black rectangles) and WPC with a 30 wt.% 
replacement with montmorillonite (M) calcined at 800 °C (blue circles). (a) Mean chain length of the 

aluminosilicate chains ( ) and (b) the Al/Si ratio of the formed C-S-H phase, both measures calculated 

from the simulations of 29Si MAS NMR spectra for the hydrated cement blends. The estimated error for  
is ±0.25 and ±0.015 for the Al/Si ratios.

 
 
The optimally calcined montmorillonite at 800 °C has been used to partially replace a WPC by 30     
wt.% and the corresponding hydrate pastes have been characterized by 29Si MAS NMR. Deconvo-
lution of these spectra reveals that approx. 37% of the calcined clay is consumed after hydration for 
one year. Moreover, it is observed that calcined montmorillonite significantly changes the structure of 
the C-S-H phase formed (figure 8), as reported in the previous sections for calcined kaolinites. Both 

the mean aluminosilicate chain length ( ) and the Al/Si ratio nearly doubles upon the use of 30 wt.% 
calcined montmorillonite in the cement blend. This suggests that  ions produced by dissolution of the 
calcined montmorillonite enter the bridging sites of the dreierketten structure of the silicate tetrahedra 
in C-S-H, thereby linking together different silicate units like dimers and pentamers, resulting in 

longer mean chain lengths. This increase in  and Al/Si ratio is similar to observations reported for 
WPC – calcined kaolinite blends (Love C. A. et al., 2007; Dai Z. et al., 2014) and thus, 
montmorillonite, when calcined optimally, can also become a potential SCM. 
 
3.4. Calcined clays: A Promising Future? 
Even though calcined clays, especially metakaolin, have been known for the past three or four decades, 
the need to understand and optimize their usage is becoming highly relevant nowadays. In the present 
work, we have obtained a better understanding of the effect of metakaolin additions on the C-S-H 
nanostructure in a cement blend, and in addition, we have compared two different calcination methods 
and found that flash calcination improves the early age performance of blended mortars including 
metakaolin. Likewise, other clays than kaolinite, e.g., montmorillonite, are also worthy of attention 
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and if optimized carefully, they can serve as an alternative to metakaolin, - for example, utilizing that 
montmorillonite clays are widely abundant. However, it should be noted that calcined montmorillonite 
is not as reactive as metakaolin and after one year of hydration in a cement blend with a 30 wt.% 
replacement level, almost 94 % of metakaolin is consumed compared to 37 % for calcined mont-
morillonite.   
Overall, based on the present results, it is evident that reactive, calcined clays when blended with a 
white Portland cement significantly modify the nanostructure of the formed C-S-H phase. Specifically,  
ions released from the structure of the dehydroxylated clays enter the bridging sites of the silicate 
dreierketten structure of the C-S-H which increases the mean alumino-silicate chain lengths as well as 
the Al/Si ratio for the C-S-H phases. This modified C-A-S-H type structure has a lower Ca/Si ratio and 
it may have a positive impact in reinforcing the blended cement system against deleterious attacks 
from sulfate and chloride ions in harsh environments.  
Calcined clays can be of great potential in developing economies where large deposits of these 
naturally occurring clays are present. A better understanding of the chemical and physical properties 
of clays and their calcination processes, including (a) optimal calcination temperatures for various clay 
minerals, (b) dependence of pozzolanic reactivity on the structure of calcined clays, (c) dissolution 
kinetics for the calcined clay, and (d) behavior of calcined clays in blended cement systems, is needed 
to ensure a promising future. 
 
4. Conclusions 
The Al/Si ratio and mean alumino-silicate chain length of the C-S-H phase formed in cement –
metakaolin blends increase with increasing concentration of metakaolin in the system. In terms of 
comparison of calcination processes, it is found that flash calcination results in improved early-age 
reactivity of the flash calcined metakaolin as compared to conventional soak-calcined metakaolin. 
Finally, the behavior of calcined montmorillonite is found to be similar to that of calcined kaolinite in 
terms of its impact on the C-S-H nanostructure, although it is less reactive in nature. Overall, the 
addition of calcined clays to a Portland cement results in significant nanoscale changes in the formed 
C-S-H structure which have implications on the performance of the system. 
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Abstract 

Fly ash (FA)is a widely used supplementrary cementitious material. However, the pozzolanic activity of FA is always so 

limited that physical or chemical methodology can be used to improve its hydration activity. In this study, FA was 

pre-activated with NaOH using fluidized bed reactor – vapor deposition (FBR-VD). Comparison between this 

pre-activating method and the traditional chemical activation was conducted. The compressive strength of cement paste 

was tested. The hydration degrees of cement clinker and FA in the cement paste were analyzed. And the microscopic 

images of the pre-activated FA and hydrated paste were investigated by SEM. Results figure out that the compressive 

strength of the sample with pre-activated FA is higher than that with directly dosed chemical activator when the NaOH 

dosage rate is 0.1% by mass of the cementitious material. The hydration degree of cement is also increased at this 

NaOH rate. The hydration degree of FA, nevertheless, is raised more by FBR-VD when the NaOH dosage rate 

increases from 0.1% to 0.5%. NaOH can recrystallize on the surface of FA beads, reacting with them to form some 

activated points. The activated points will cause the cement’s hydrating nearby and make the FA stuck to the cement 

matrix more tightly. 

 

Originality 

The traditional methodology of improving the pozzolanic activaty of FA are by grinding, thermal treatment or chemical 

activators. Fluidized bed reactor – vapor deposition is constantly utilized in preparing, modifying or coating of powder 

materials. Here, this methodology is adopted in the activating of FA. NaOH solution, a kind of chemical activator of FA, 

is atomized and used as the reaction atmosphere in vapor deposition, through which FA is fluidized in a fluidized bed 

reactor. During the course of pre-activation, NaOH recrystallizes on the surface of FA beads with some hydration 

process occuring. The network structures of [SiO4] and [AlO6] deteriorate, making some activated points on FA beads. 

Hydration process is easy to happen near these points so the hydration degree of pre-activated FA increases sharply. 

When the dosage rate of NaOH is 0.1% by mass of the cemetitious materials, the hydration degree of cement clinker 

also ascends owing to the increased hydration degree of FA. Therefore, the compressive strength of this sample is 

obviously higher than that with directly dosed NaOH. 

 

Keywords: fly ash; fluidized bed reactor – vapor deposition (FBR-VD); pre-activate; hydration degree 
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1 Introduction 

Fly ash (FA) is often used as a supplementary cementitious material owing to its pozzolanic activity. 

However, the SiO2 and Al2O3 of which FA mostly consists are highly crystallized, leading to a low hydration 

activity. This may do harm to the strength of concrete at early-age. To enhance the hydration activity, FA, as 

well as other supplementary cementitious materials, is usually physically activated by grinding, separating or 

thermal activating (Heinz D. et al., 2010; Guo W. et al., 2011; Zhu X. et al., 2012). Chemical activators such 

as acids, alkalis or salts are also utilized independently or jointly with the physical methods 

(Fernández-Jiménez A. et al., 2005; Qian J. et al., 2001; Antiohos S. K. et al., 2008). 

Alkalis, say NaOH, KOH, Ca(OH)2 and Na2SiO3, are the most widely used chemical activators. They can 

break the [SiO4] and [AlO6] network structures of FA, thus decreasing the crystallinity and advancing the 

hydration activity. In the study of Li D, NaOH was believed to provide high alkalinity to break the glass 

structure of FA, promoting the formation of calcium silicate hydrate gel (C-S-H) (Li D. et al., 2000). 

Fernández-Jiménez A also demonstrated that OH- ion could act as a reaction catalyst during the activation 

process (Fernández-Jiménez A. et al., 2005). Usually, chemical activators were dosed into cement paste 

directly. But in some researches, FA was pre-activated by being immersed in chemical activator solution 

(Lorenzo M. P. et al., 2002). However, this methodology would cause FA to cohere and need extra reaction 

vessels, which was not suitable for industrial production. 

FBR-VD is often utilized in synthesizing and modification of powder materials (Maghsoodi S. et al., 2010; 

García-García F. R. et al., 2008). By making the powder materials boiling in the fluidized bed reactor, the 

modification materials can be homogeneously deposited onto the powders. In fact, in the transportation and 

discharging of FA, air-slide and air foam apparatus are often utilized, making it possible to pre-activate FA 

by FBR-VD. 

In this study, FA was pre-activated by FBR-VD using NaOH. The pre-activated FA was utilized to prepare 

cement paste, with the compressive strength at 3d, 7d, 28d and 90d age tested. The hydration degrees of 

cement clinker and FA in the cement paste were also measured by the methodology of non-evaporative water 

and selective dissolution respectively. The microscopic images of pre-activated FA and hydrated cement 

paste were observed by scanning electron microscopy. In these tests, a traditional chemical activation, in 

which NaOH was dosed into cement paste directly, was also applied to make contrast with the FBR-VD. 

2 Experimental 

2.1 Materials 

Ordinary Portland cement (OPC) was type P·I 42.5 reference cement manufactured by China United Cement 

Corporation of Qufu. Original fly ash was produced by Power Plant of Baoshan Iron & Steel Co., Ltd. The 

chemical compositions of cement and FA were shown in Tab.1. NaOH was utilized as the pre-activator. 

Other chemical reagents such as absolute ethyl alcohol, methyl alcohol, Na2CO3, triethanolamine, Na2[EDTA] 

were also used in testing the hydration degree of cement and FA. 

Tab.1 Chemical composition of cement and fly ash % 

 SiO2 Fe2O3 Al2O3 CaO TiO2 MgO SO3 K2O Na2O Loss

OPC 21.86 2.61 6.33 54.86 0.27 2.60 2.66 0.68 0.13 2.16 

FA 50.20 6.50 32.90 3.78 1.42 0.64 0.29 1.00 0.00 3.01 

2.2 Activation of Fly Ash 

FA was activated by two methodologies. One was the traditional chemical activation in which NaOH was 

dosed into dry mixtures before adding water. The other was the pre-activation by FBR-VD. Here, a 

self-made fluidized bed reactor was developed to pre-activate the FA. 

As was shown in Figure 1, FA was firstly fed into the fluidized bed reactor through the feeder upside. Then, 

the NaOH solution was atomized and guided into the reactor. The compressed air was pumped in to make the 



FA in the reactor boiling. Meanwhile, small drops of NaOH solution adhered to the FA beads, causing 

pre-activation to happen. Finally, pre-activated FA was blown out, through the rotoclone collector into the 

bag collector and product collector. 

FA was pre-activated at different NaOH dosage rate, which was shown in Tab.2. Afterwards, FA in the bag 

collector and product collector was mixed together and dried in a 60  drier for 24h. The cohesive FA beads 

were sieved by a 125 μm square mesh, crushed with a cloth stick and mixed with the undersieves again. 

2.3 Test Methodology 

The compressive strength of cement paste containing pre-activated fly ash was tested, in contrast to the 

traditional chemical activation. The specific mix proportion was shown in Tab.2. The samples were casted 

into 20 mm  20 mm  20 mm cube molds and cured in standard condition ( 20  ± 2 , RH>95% ) to 3d, 

7d, 28d and 90d age. Compressive tests were handled by a compression testing machine with the 
loading speed of 2.4 kN/s. 

Tab.2 Mixture of Cement Paste    g

Activator 
Series OPC FA Water 

Dosage Method

A 1000  300   

B 700 300 300   

D1 700 300 300 1 Directly

D3 700 300 300 3 Directly

D5 700 300 300 5 Directly

FB1 700 300 300 1 FBR-VD

FB3 700 300 300 3 FBR-VD

FB5 700 300 300 5 FBR-VD
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Figure 1 Fluidized bed reactor to pre-activate fly ash

The microscopic patterns of pre-activated FA and hydrated cement paste were observed by an environmental 

scanning electron microscopy (SEM) typed Quanta 200 FEG. The element component of certain places was 

analyzed by an energy dispersive X-ray spectroscopy (EDS). Here, the samples were dried in a 60  drier for 

24h and coated with gold before testing. 

The hydration degree of cement clinker (HD-C) was achieved based on the value of non-evaporative water 

according to the reference (Wei Y., 2013). Firstly, the hydration process of a certain cement paste was 

stopped using absolute ethyl alcohol, followed by crushing, grinding and drying (at 105  for 24h). Secondly, 

around 5 g of the sample weighted M105 was taken out into a 20 mL crucible. Thirdly, the crucible was heated 



to 950  for 3h, cooled to room temperature and weighted again as M950. Lastly, the losses on ignition of 

cement clinker (LOIC) and FA (LOIFA) were tested according to the same heating process. The 

non-evaporative water content (Wn) can be calculated as: 

                              (1) 

Therefore, the hydration degree of cement clinker αC could be achieved as: (Hobbs S. V., 2000; Neville A. 

M., 1981) 

                                       (2) 

The hydration degree of fly ash (HD-FA) was obtained by selective dissolution using alkaline EDTA solution 

(Yao W. et al., 2014). The alkaline EDTA solution was prepared with 250 mL of 0.05 mol/L Na2[EDTA] 

solution, 250 mL of 0.1 mol/L Na2CO3 solution and 25 mL of triethanolamine - water solution (1:1 by 

volume). Afterwards, 1.0 mol/L NaOH solution was used to adjust the pH to 11.6 ± 0.1. 

To conduct the selective dissolution test, samples whose hydration process had been stopped were first 

grinded and dried, as was done in the testing of non-evaporative water. Then about 0.5 g of samples weighted 

mS were put into the EDTA solution and stirred for 30 min. After that, the undissolved particles were filtered 

and washed by water for seven times and methyl alcohol for another three times. At last, they were dried at 

105  for 24h and weighted as mR.  

The ratio of undissolved particles of cement paste without fly ash was tested as RC. Therefore, the hydration 

degree of fly ash could be calculated as: 

                                    (3) 

3 Results and Discussions 

3.1 Compressive Strength 

Figure 2 illustrates the compressive strength of 

cement paste containing chemically activated and 

pre-activated FA. 

To the samples with directly dosed chemical 

activator, the compressive strength at different age 

goes up with the reduced NaOH dosage rate. Among 

these samples, Sample D1 has higher compressive 

strength than Sample B at all age. With the hydration 

age extends, the compressive strength of samples 

with directly dosed NaOH turns lower compared to Sample B. The compressive strengths of Sample 3D and 

5D are even lower than Sample B at 28d and 90d ages, revealing a strength loss at an increasing dosage rate 

of NaOH. 

Figure 2 Compressive strength 

When the FA is pre-activated, the compressive strength at various ages ascends when the NaOH rate 

descends, which was quite similar to the situation of the samples with directly dosed NaOH. However, the 



increasing of the compressive strength of Sample FB1 is more evident than that of Sample D1 while the 

decreasing of the compressive strength of Sample FB5 is sharper than that of Sample D5. 

3.2 Hydration Degree 

The hydration degrees of cement clinker and FA are displayed in Tab.3. Comparing the HD-C between 

Sample A and Sample B, it can be found that with FA added, the HD-C raises sharply. This phenomenon is 

also observed in the Reference (Lam L. et al., 2000) and is usually explained by the dilution effect and 

chemical effect of FA (Wang X., 2014). 

The HD-C of samples with directly dosed chemical activator is increased evidently at 3d and 7d ages, 

comparing to Sample B. But at 28d and 90d age, the HD-C decreases with a higher NaOH rate. The HD-C of 

Sample D5 is even lower than that of Sample B at 28d and 90d ages. 

In fact, NaOH is constantly utilized as a chemical activator, which is believed to benefit the hydration of C3S 

(Peterson V. K. et al., 2006; Long S. et al., 1998), the formation of ettringite (Clark B. A. et al., 1999; Clark 

B. A. et al., 2000) and the crystallization of Ca(OH)2 (Pacewska B. et al., 2008). All these processes can 

make contribution to the hydration of cement clinker. Nevertheless, as is discussed in the references above, 

these effects mostly take place at early ages (around 1d) of hydration. Therefore, the improvement of HD-C 

appears to be more distinct at 3d age. When it comes to long age, the hydration of cement will form Ca(OH)2, 

heightening the alkalinity of cement paste. The redundant NaOH in cement paste will restrain the formation 

of Ca(OH)2, thus slowering the hydration of cement clinker and the development of compressive strength 

(Shi C. et al., 2001). So the HD-C of Sample D5 turns lower at long age. 

The usage of NaOH can also contribute to the hydration of FA. It can be seen from Tab.3 that with the NaOH 

rate increases, the HD-FA of the samples with directly dosed NaOH also goes up.  

As a matter of fact, a fly ash bead is made up of a highly crystallized network structure of [SiO4] and [AlO6]. 

When the pH value around the fly ash is higher than 13.3, the [SiO4] and [AlO6] start to depolymerize, 

producing some unsaturated bonds. Hydration process always happens near these unsaturated bonds. 

Nevertheless, the pH value of cement paste is usually lower than 13 (Fraay A. L. A. et al., 1989). So the 

adding of NaOH will make the alkalinity higher and prompt the [SiO4] and [AlO6] to depolymerize, thus 

enhancing the HD-FA. 

Tab.3 Hydration degree of cement clinker and fly ash                   %

3d  7d 28d  90d 
Series 

αC αFA  αC αFA αC αFA  αC αFA 

A 51.53   54.10  59.36   72.81  

B 56.36   65.02 4.04 73.67 10.61  88.39 17.54 

D1 57.82   65.07 4.27 74.25 10.76  89.43 17.81 

D3 58.10   66.05 4.76 73.96 11.27  89.07 18.39 

D5 57.67   66.72 4.77 73.67 12.01  87.88 19.87 

FB1 58.67   65.79 5.14 77.10 14.39  90.00 22.95 

FB3 57.50   63.30 5.91 74.73 15.36  85.91 26.24 

FB5 56.82   62.74 6.23 69.21 16.74  83.03 28.47 

In fact, when an alkaline solution of certain alkalinity reacts with FA, the Si-O bond and Al-O bond 

deteriorate and a network structure of C-S-H generated. This is the mechanism of the formation of 

geopolymer (de Vargas A. S. et al., 2014). When the NaOH solution is sprayed on the surface of FA by 

FBR-VD, the alkalinity onside becomes far higher than that in cement paste. This will make the [SiO4] and 

[AlO6] depolymerize much faster than in cement paste, leading to some activated point on FA beads. 

Therefore, when the pre-activated FA is applied to prepare cement paste, hydration of FA will happen easily 

near the activated point, spreading to the whole FA bead. So the HD-FA is much higher with pre-activated 

FA. 



With the pre-activated FA used, the HD-C also changes. Compared with the samples with directly dosed 

NaOH, Sample FB1 has higher HD-C than Sample D1 while Sample FB5 has lower HD-C than Sample D5.  

The hydration of FA will consume Ca(OH)2, which is believed to promote the hydration process of cement 

clinker. This effect is described as the chemical effect (Wang X., 2014). Owing to the increased HD-FA, the 

HD-C of Sample FB1 is higher than that of Sample D1. However, during the course of FBR-VD, FA beads 

cohere owing to the recrystallization of NaOH and the formation of C-S-H (to be explained in 3.3). The 

cohesive FA beads have far less area in contact with cement clinker, leading to reduced chemical effect. 

3.3 SEM-EDS 

Figure 3 illustrates the image of pre-activated FA and the EDS analysis.  
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Figure 3 SEM image of pre-activated fly ash  
It can be seen from Figure 3(a) and 3(b) that there appears some sheet-like crystal on the surface of FA beads. 

EDS analysis of Figure 3(c) was shown in and Tab.4. It can be seen that the content of Na is 8.88% by mass. 

So the sheet-like crystal is believed to be NaOH. However, the content of C is 20.63%, showing that the 

NaOH on FA turns partly to Na2CO3. 

Figure 3(d) shows the pattern of the pre-activated FA of FB5. Here, some amorphous products can be found 

on the surface of FA, demonstrating the formation of C-S-H. However, it is also clear that the FA beads 

cohere seriously owing to the formation of C-S-H.  

Figure 4 shows the SEM of hydrated cement paste at 3d age.  

Tab.4 EDS of Sample FB1 

Element Wt % At % 

C K 20.63 30.81 

O K 40.67 45.61 

Na K 08.88 06.93 

Al K 08.93 05.94 

Si K 11.17 07.14 

Ca K 03.57 01.60 

Fe K 06.15 01.98 
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Figure 4 SEM image of 3d hydrated cement paste 

It can be seen that the FA bead in Sample D1 is totally pulled out of the cement matrix. The surface of FA 

bead is quite smooth that hydration hardly takes place on it. However, on the surface of the FA bead of 

Sample FB1, there exist some amorphous products, considered to be C-S-H from the hydration of cement 

clinker. Although hydration does not happen on most places of the FA bead, the activated point gained from 

pre-activation will cause the hydration to happen nearby. So the FA beads will be stuck to the cement matrix 

through the hydration near the activated point. And the C-S-H can be found on the surface of the FA bead. To 

Sample FB5, the activated points are more than 

that of FB1, so the hydration products on the FA 

beads are much more. 

 

2μm 

 

Figure 5 shows the SEM images of hydrated 

cement paste at 28d age. It shows that the FA 

5μm 

(a) D1                  (b) FB1 

Figure 5 SEM image of 28d hydrated cement paste 



bead hydrates much more, on which some needle-like ettringite can be found. However, it can be seen that 

there are still more hydration products on the surface of the FA of Sample FB1 than that of Sample D1. It is 

presumed that the pre-activated FA bead pulls some C-S-H out of the cement paste, revealing a tighter stick 

to the cement matrix. It is believed to be the result of the activated points.  

4 Conclusions 

The compressive strength of samples containing directly dosed NaOH increases with a lower NaOH dosage 

rate. When the pre-activated fly ash is utilized, the compressive strength becomes higher with the NaOH 

dosage rate at 0.1%, while it becomes lower with the NaOH rate at 0.5%. 

When NaOH is dosed directly, the HD-C rises. But with the NaOH rate at 0.5%, the HD-C is restrained. 

When the fly ash is pre-activated, the HD-C ascends at the NaOH rate of 0.1% but descends at the NaOH 

rate of 0.5%. Directly dosed NaOH can benefit the HD-FA. Moreover, the HD-FA of pre-activated fly ash is 

even higher than that activated by directly dosed NaOH. 

By using FBR-VD, NaOH can deposit onto the surface of fly ash beads. Some hydration reaction is believed 

to happen to form amorphous C-S-H gel, making some activated point on fly ash beads. Hydration will take 

place more easily near the activated point and the fly ash beads will be stuck to the cement matrix more 

tightly. 
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Abstract 
 
In India, the generation of electricity is very much dependent on combustion of local coal and the coal fly ash 
generation is to be over 190 million tons in 2014-15. Most of the fly ash available in India is of low lime, class-F fly ash 
(ASTM C-618) which shows a high degree of variability in the quality, higher percentage of crystalline phases and 
relatively low glassy phase that accounts for lower usage in cement and concrete . The commonly used lime reactivity 
test used for assessing the pozzolanicity of fly ash did not always correlate with the observed reactivity in cement 
activity tests (ASTM C-618).  If time scale of measuring the fly ash reactivity is reduced it can benefit the testing & use 
in the cement plants. This paper presents an over view of the results of a number of different methods to study reactivity 
of fly ashes including (i) fly ash characteristics : fineness, amorphous /glass content (microscopy, X-ray diffraction, 
acid / base treatment), bulk chemistry  (ii) Lime reactivity (IS 1727) (iii) Cement Activity index.  The paper will identify 
the relative effectiveness in assessing the fly ash reactivity. Conductivity method proposed shows a fair correlation to 
lime reactivity and poor correlation with cement activity index. It can also be used for finely ground fly ashes. 
 
 
Originality 
 
Different methods available in the literature were studied. However most of the methods are time consuming and do not 
correlate to the cement activity index of the fly ash. The electrochemical / conductivity method is optimized in this  work, 
provides a faster, efficient and  time saving  (60 minutes) to estimate the reactivity of coal fly ash compared to the 
conventional method involving few days. This method can also be applied to mechanically activated fly ashes. 
 
Keywords: Fly ash, lime reactivity, activity index, glass content 
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1. Introduction 
Fly ash generation in India is over 172 million tons in 2013-2014 as the electrical energy produced 
primarily uses coal as its fuel (CEA, 2014). Over 50% fly ash produced is used in cement, 
construction, brick and soil amelioration etc. The majority of the fly ash produced in India is of low 
lime, Class F fly ash as per ASTM-618 classification. The nature of Indian fly ash is more crystalline 
and less glassy compared to European fly ash. Bulk utilization of fly ash is in the production of 
Portland Pozzolanic Cement (PPC) with 35% fly ash as replacement is permitted as per Indian 
Standard, IS 1489.   High levels of quality variation of fly ash produced leads to difficulty in getting 
consistent quality of blended cement.  
  
The thermal power plants in India are primarily dependent on the combustion of high-ash bituminous 
coal in pulverized fuel fired systems.Pulverised lignite fired boilers and pressurized fluidized-bed 
combustion systems are in operation to a limited extent. Hence, the low-lime fly ash (similar to Class 
F of ASTM C 618) is the prime variety generated in India, although significantly smaller volumes of 
high-lime fly ash (comparable to ASTM Class C) and PFBC fly ash are available in the country. 
Mineralogically the Indian flyashes are very similar with quartz and mullite as major crystalline 
phases with minor amounts of magnetite and hematite. With the advent of newer technologies the 
unburnt carbon in most of the cases is less than 3%. The quality of fly ash from the same source also 
shows a high degree of variation depending on,operating conditions of the thermal plant, efficiency, 
type of ESP fields & the variation in coal quality. 
 
The Indian low-lime fly ashes are characterized by relatively higher concentration of SiO2 and Al2O3 
and lower contents of Fe2O3. This implies higher fusion temperature for these fly ashes and 
consequently, the chances of lower glass formation, if the ash is not subjected to relatively high 
temperature. It has been observed that the Indian fly ashes are more crystalline than those obtained in 
other countries, the glass content ranging from 47.0 to 60.9 per cent (Fournier et al 2004). The 
network theory of glass formation (Zachariassen 1932) provides a theoretical basis to explain the 
relatively poorer glass content in the Indian fly ashes. Since the ratio of network formers (SiO2 + 
Al2O3 + Fe2O3) to network modifiers (Na2O + K2O + CaO + MgO) in the Indian fly ashes is very high 
and imbalanced, the glass content is low. Nevertheless, the fly ashes contain spherical hollow particles 
(cenospheres), encapsulated hollow particles (plerospheres), angular glass fragments and crystalline 
grains in varying proportions ( Chatterjee, A.K. 2010). 
 
Indian standards specify two test methods for assessment of reactivity of flyash : Lime reactivity & 
Cement activity index. Lime reactivity tests takes 10 days for obtaining the results. Cement activity 
index measures the strength of mixture with flyash at 20% dosages at different ages (7, 28 & 90 days) 
and is normalized  with the control cement. Lime reactivity takes into account the reaction of reactive 
silica with the added calcium hydroxide whereas in the Cement activity index reactive silica as well as 
the alumina from the flyash and the mineralogy of the cement are the factors affecting the results. 
Cement activity index results in general vary with different cements. Figure 1  shows that there is no 
significant correlation between the Lime reactivity & the Cement activity index. 
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Figure 1 Lime reactivity vs. Cement activity index 
 
 
Fly ash specifications are getting changed periodically over time based on the experiences & stability 
of power producers. Important characteristics of fly ash is to determine its reactivity involving the 
measurements of compressive strengths of fly ash mortars at different periods of time and also 
comparing it with portland cement control and estimating its activity index. Other chemical test 
methods for reactivity reported include Chappelle test, Fratinni test, reactive / soluble silica (Sharma R 
C et al 1993), reacted lime estimation in 8 days (McCarthy M J et al 2013), autoclaving (Ball M C et 
al 1999), microwave assistance (Shi C J et al 2005) and reaction with alkali at 80°C for 16h (Kulkarni 
P C et al 1998).  Hubbard F. H. et al., 1985 proposed lime reactivity based on solubility of fly ash 
amorphous component in dilute hydrofluoric acid & Blaine surface. Physical methods of estimation of 
reactivity include correlation with Blaine surface, residue at +45 micron mesh size. Tashima M M. et 
al., 2014 proposed a pH and conductivity method for estimating reactivity of pozzolans using 40° to 
60°C and 7 days time. This method was used only for silica fume and rice husk ash. This research 
paper investigates a rapid conductivity method for estimating the reactivity of fly ash and its 
correlation with physical characteristics of fly ash, cement activity index % & lime reactivity.  
 
2. Experimental 
2.1. Raw Materials & methods 
Different fly ashes over 27 nos. were collected from different power utilities from different parts of 
India. Chemical analyses of the fly ash were carried out using WDXRF of Bruker AXS model S4 
Explorer. The mineralogical phases were determined by XRD analysis, using Bruker AXS D8 
Advance diffractometer with Nickel filtered Cu Kα radiation (λ=1.5405, 40kV and 30 mA). Particle 
size analysis was carried out using a laser particle size analyzer, Cilas model 960. Residue at 45 micron 
standard sieve carried out by conventional wet sieving method. Glass content was estimated using Leica 
optical microscope DM 2500 with automated petrog point counting system using over 2000 points as per 
ASTM standard C-1356. 18 M Ώ Milli ”Q” water was used for the conductivity studies.  Emerck AR grade 
lime of 99% purity was used to prepare saturated lime solution.  Colloidal dynamics model Zeta was used 
to measure the conductivity & zeta potential of the fly ash-lime slurry.  Lime reactivity of the fly ashes was 
measured using standard lime-mortar cubes as per Indian IS 1727 method.  One of the fly ash was ground 
to different fineness in a laboratory ball mill upto 6 hrs to a fineness of above 850 m2/kg to validate the 
conductivity method developed.  
 
 



 

2.2. Experimental Process 
Fly ashes were added to the saturated lime solution and continuously stirred at 500 rpm and readings 
were noted at 10 minutes regular intervals for 120 minutes. The values decrease more slowly after 60 
minutes and the conductivity values at 60 minutes are fairly reproducible accurately. Hence, the values 
at 60 minutes are measured for all the fly ash samples. To know the effect of solid % the lime system 
and its influence in conductivity, it was studied at different liquid/solid ratios (L/S) upto 100. It was 
observed that above L/S = 60 the conductivity differences flattens out. L/S of 8.6 was chosen for the 
study which shows sufficient differences reproducibly to measure the fly ash reactivity.  Cement 
activity index was measured for over 10 different fly ashes and carried out as per Indian Standard (IS- 
1727). Standard sand was used and a mortar in the test had a w/c of 0.5, with cement/sand ratio of 0.33 
with a fly ash replacement level of 20%. The test specimen was cured at 27 + 2°C and tested for 
compression strength at 7 & 28 days. 
3. Results and Discussion 
3.1. Fly ash properties  
The specification of low calcium fly ash in Indian Standard is compared other International standards 
in Table 1. Lime reactivity & Blaine surface are used commonly in India to estimate the reactivity of 
fly ash. The chemical & physical property ranges observed for Indian fly ash are given in Table 2. It 
can be seen that most of the fly ash studied are of Class-F as per ASTM C311 classification. Two high 
calcium fly ash samples were also used in the study for relative effectiveness of the conductivity 
method. Powder X-ray diffraction of the fly ash samples showed quartz, mullite, hematite, anatase as 
crystalline phases and anhydrite phase was present in 2 high calcium fly ashes (Figure 2). Fly ash with 
a Blaine surface of 289 m2/kg and LR value of 6.2 MPa was milled upto a Blaine of 861 m2/kg with 
corresponding increase in LR value to 13.4 MPa. This was prepared to study the effectiveness of the 
conductivity method. One fly ash sample was sieved at 45 microns and residue had low LR of 2.7 
MPa was prepared and also included in the study to see the lower detection limits of the method under 
development.  
 

Table 1 Specification of low calcium fly ash as per different standards 
 

Property  ASTM C 618 EN 450 IS 3812 
Lime reactivity, MPa *** *** >4.5  
Blaine surface m2/kg *** *** >320  
Residue 45 µm, max 34 40 34 

Cement Activity index, % 
min 

75 75 80 

Silica %, min *** *** 35 
Reactive Silica %, min *** 25 20 

SiO2 + Al2O3 + Fe2O3 % min 70 *** 70 
CaO %, max *** 10 10 

 
 

Table 2 Summary of properties of Indian fly ash 
 

Property  Range Property  Range 
CaO % 1.0 – 4.0 Blaine surface m2/kg 227 – 861 
SiO2 % 52 - 65 Lime reactivity, MPa 2.7 – 14.0 
Al2O3 22 - 32 Glass / Amorphous % 5 – 27 
Fe2O3 3 - 6 Cement activity  % 7 days 66 – 102 
MgO 0.2 – 3.0 Cement activity  % 28 days 76 – 122 

LOI % 0.8 – 6.2 Mean size (d50) µm 5 – 50 
 
 



 

Typical powder XRD is given in Figure 2 to show the highly crystalline nature of Indian fly ashes. 
The morphological nature of fly ash varies widely from  regular, glassy and smooth surface with high 
reactivity to non-sperical, angular low reactivity and is shown in Figure 3.  As per Indian industrial 
practice the measurement of LR is an important requirement and its relationship with all the other 
properties of fly ash summarized in Table 2. It can be seen that correlation coefficient of LR with 
other parameters of interest varies widely and with respect to chemical parameters & cement activity 
index for both 7 & 28 days the correlation is un-expectedly very poor (0.2 – 0.3). However with 
respect to particulate properties & amorphous % the correlation with LR is improved to 0.63 – 0.78 
levels. Therefore, the method developed should be able to detect & measure a very wide variation in 
fly ash properties and still correlate well with measured LR.  Cement activity index % of both 7 & 28 
days correlate marginally better with particle size with a R2 value around 0.56. 
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Figure 2 Powder XRD of Indian fly ash 
 

 

     
 



 

                         
 

Figure 3 Typical morphology of fly ash 
 
 

Table 3 Correlation between different methods with reference to Lime Reactivity 
 

Method Test Correlation 
coefficient R2 

value 
PSD d50 >0.73 
PSD d10 >0.71 
Glass % >0.78 

Blaine surface >0.63 
Sp. gravity >0.49 

Fly ash characteristics 

CaO + SiO2 + 
Al2O3 

>0.30 

Cement activity index % 7 days >0.27 
Cement activity index % 28 days >0.20 

 
3.2 Conductivity method 
The reaction between SCM / Pozzolana and calcium hydroxide is known as pozzolanic reaction and is 
given below (Equation 1) results in the formation of C-S-H. The reaction is governed by consumption 
of Ca(OH)2 and rate of consumption and intrinsically it is governed by the physical property of SCM 
like particle size / fineness, Blaine surface area and chemical property like calcium%, alumina%, 
alkali% & silica% and mineralogical property like amorphous / glass%, crystallinity, sphericity etc. is 
the  basis of the proposed method. 
 
 Fly ash + Calcium hydroxide, CH  Calcium Silicate hydrate, C-S-H gel ↓    ------(1) 
 
The reduction in the electrical conductivity observed is due to reaction of Ca2+ & OH- ions with fly ash 
components to form stable insoluble products. This is exploited in the proposed method. 
 
The variation in difference in the electrical conductivity with respect to various liquid by solid ratios,  
L/S of the solutions are recorded and its typical behaviour is shown in Figure 4 for same fly ash ball 
milled at  different duration.  Randomly chosen one of the fly ash was ground at different durations (0-
6 hrs) in a ball mill to increase the Blaine surface to 861 m2/kg and LR to 13.4 MPa. Conductivity 
measurements were carried out similarly and observed correlation coefficient is very good (R2 – 0.95) 
and is given in Figure 5.  The better correlation could be due to the same origin of fly ash with similar 
mineral & chemical property but reduced particle size and improved reactivity detectable & 
measurable by the method. A variety of as-received fly ash, ground, sieved fly ashes were used in the 
study to assess the conductivity method. However, the correlation coefficient R2  is reduced to 0.87 
when all the different fly ashes were plotted together in the graph and gets dispersed (Figure 6). It 
could be due to wide variation in chemical, mineral & particle characteristics of the fly ashes. It is 



 

interesting to note that the difference in conductivity becomes practically zero for a fly ash +45 micron 
sieved sample of lime reactivity of 2.7 MPa indicating the probable lower limit of the current 
conductivity method. However, the intercept from the plot indicate a LR value of 3.5 MPa due to the 
statistical calculation of data used in the plot.The behavior of conductivity difference is linear till a 
high LR of 14 MPa in the conductivity plot. However it was observed that correlation coefficient of 
conductivity with cement activity index, % for both 7 & 28 days the correlation is un-expectedly very 
poor (0.26 – 0.3). 
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Figure 4 Typical decrease in electrical conductivity 
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Figure 5 Variation of LR & Conductivity Vs. Grinding time of fly ash 
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Figure 6  Variation of LR with Decrease in electrical conductivity of fly ashes 



 

4. Conclusions 
A high degree of variation in characteristics of different fly ashes from different power producers in 
India was observed and can be ascribed to mineralogical and micro-structural features. Glass content 
of Indian fly ashes measured was from 5 to 28% was well below the values usually observed in 
Europe. Consequently the observed variability necessitates a faster method to estimate the reactivity of 
the fly ashes.  Conductivity method developed was standardized & validated for measuring the Fly ash 
reactivity including ball milled & sieved. This method correlates & corroborates well with Indian 
standard, lime reactivity test and do not correlate well with cement replacement / activity index test. 
The lower limit of the method it can measure is upto a LR of 2.7 MPa and below that the conductivity 
difference is practically zero.  The method developed is simple, least expensive and time saving to 
rapidly estimate the reactivity of fly ashes in the cement plant, ready mix concrete plant for its 
successful optimum utilization.  
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Abstract 
Nowadays policy of sustainable development affects many areas of everyday life. In industrial sectors the influence of 
sustainability is particularly evident due to the negative impact of heavy industry upon the environment. Global cement 
industry has to face up to growing demands regarding natural resources and energy saving as well as dusts and gases 
emission limitations, especially in terms of CO2. Due to the necessity of meeting these requirements some specific 
actions in the cement industry are taken. Basically, they focus on reducing the Portland clinker content in cement. 
Fundamental direction of these changes is the use of mineral additives as a main constituent of cement. In Europe the 
most often applied in cement composition are siliceous fly ash (V), ground granulated blast furnace slag (S) and 
limestone (L, LL). European standard EN 197-1 “Cement - Part 1: Composition, specifications and conformity criteria 
for common cement” distinguishes 27 types of common cements. Despite such a wide range of cements European 
Committee for Standardization continues the works on new possibilities of cement composition with higher content of 
several mineral additives. In this respect, there is no study of the potential use of calcareous fly ash (W), despite its 
great availability in Europe (about 70 mln tons annually). Calcareous fly ash (W) combined with ground granulated 
blast furnace slag (S) might be used in composition of Portland composite cements CEM II/A,B-M, but it cannot be 
a constituent of composite cements CEM V. In case of CEM V cements, beside ground granulated blast furnace slag, 
only siliceous fly ash is possible to be used. Therefore, an interesting question nowadays is the performance of cements 
made with previously unusual combination and proportion of main constituents. An example of such cement may be for 
instance low-clinker fly ash - slag cement containing calcareous fly ash. 
The paper presents the tests results of mortars made with low clinker content (20%) fly ash - slag cements, where two 
types of fly ash were used – siliceous (V) and calcareous (W). One of the most important issue while incorporating new 
material solutions is the strength and durability assessment of components. Thus, the influence of fly ash type on 
properties of cement mortars was evaluated on the base of results of following tests: compressive strength, consistency 
and its stability in time and chloride ions permeability and carbonation depth. It was found that mortars made with 
cement containing calcareous fly ash (W) are characterized by higher compressive strength in comparison with 
siliceous fly ash (V) cements. Although, negative impact of calcareous fly ash on rheological properties of mortars was 
observed. Durability tests revealed favourable effect of calcareous fly ash on resistance of mortars to corrosive agents 
attack - lower chloride ions permeability and carbonation depth in comparison with siliceous fly ash – slag cement 
mortars. 
 
Originality 
The use of combination of fly ash (V and W) with ground granulated blast furnace slag (S) in cement composition is 
partly limited (only CEM II/A,B-M). The amount of calcareous fly ash being produced annually in Poland and Europe 
reaches 5 mln and 70 mln tons respectively. Thus, an important issue is to ensure the highest possible rate of its 
utilization by applying in cement composition. The tests results presented in this paper show that low clinker cements 
(~20% clinker) containing ground granulated blast furnace slag (S) and calcareous fly ash (W) can be an alternative to 
common cements with higher clinker content. Application of those types of cement in practice will be beneficial for 
environment due to lowering CO2-footprint of cement and by increasing the amount of calcareous fly ash being 
reused.  Furthermore, the authors hope that presented results might be helpful in standardization process of these types 
of cements. 
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composite cements, calcareous fly ash, siliceous fly ash, ground granulated blast furnace slag, fly ash-slag cements, 
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1. Introduction 
Composite cements are becoming more widely used in building industry and concrete technology and 

thereby contribute to reduction of CO2 emission from cement industry. It is mainly caused by 

limitation of Portland cement clinker content in cement composition in favour of mineral additives 

(non-clinker constituents). As a main constituent of common cements excluding Portland cement 

clinker the most often used are ground granulated blast furnace slag, siliceous fly ash and limestone 

(Giergiczny Z., Garbacik A., 2010; Hauer B., et al., 2010, Zhu Yu, 2012). Calcareous fly ash despite 

its great availability in Poland and Europe (respectively over 5 and over 70 mln tones annually) is not 

commonly used in cement industry (Giergiczny Z., 2006, 2013). Valid European standard 

EN 197-1:2011 “Cement - Part 1: Composition, specifications and conformity criteria for common 

cements” distinguish 27 types of common cements, although it restricts the content of the particular 

constituents and the possibility of their simultaneous use. Despite such a wide range of common 

cements, European Committee for Standardization continues work on new possibilities of cement 

composition with higher content of mineral additives, mainly ground granulated blast furnace slag (S) 

combined with limestone (L, LL) or siliceous fly ash (V) (Hauer B., et al., 2010, Haerdtl R., 2012, 

Schneider M., et al., 2011,). In this respect there is no study of the potential use of calcareous fly ash 

(W). Properties and effects of the use of fly ashes are well recognized (Antiohos S., 2005, Giergiczny 

Z., 2006, 2013). Literature described quite extensively the differences between siliceous and 

calcareous fly ash, particularly focus on the physico-chemical properties, reactivity of the ashes and 

the course of hydration process. Calcareous fly ash reacts quicker, especially in the initial period, 

although it reveals higher water demand in comparison with siliceous fly ash (Giergiczny Z., 2006, 

2013, Kumar R., et al., 2007). A possible way to reduce unfavourable effects of the use of fly ashes is 

incorporation into the clinker – fly ash system, a third main constituent, such as granulated blast 

furnace slag or limestone (Antiohos S., 2005, 2013, Giergiczny Z., Garbacik A., 2010). 

Calcareous fly ash combined with ground granulated blast furnace slag might be used in composition 

of Portland composite cements CEM II/A,B-M. In case of low clinker cements, as for example 

composite cements CEM V, beside ground granulated blast furnace slag only siliceous fly ash is 

allowed to be used. Therefore an interesting question nowadays is the performance of cements made 

with previously unusual combination and proportion of the cement main constituents, for example fly 

ash - slag cements containing calcareous fly ash with low content of Portland cement clinker 

(Giergiczny Z., Garbacik A., 2010, Hauer B., et al., 2010). 

The paper presents the tests results of mortars made with low clinker content (20%) fly ash - slag 

cements. The compressive strength of mortar is considered to be the most important criterion while 

assessing cements properties. Although durability of cements composites and rheological properties of 

fresh mortar should be taken into account as well. 
2. Methods of investigations 
Research program focused on determination of the basic properties of the cement, i.e. water for 

standard consistency, initial setting time and soundness according to European standard EN 

196-3+A1:2008 “Methods of testing cement. Part 3: Determination of setting times and soundness”. 

Consistency of mortars was determined by the flow table method acc. European standard EN 

1015-3+A2:2006 ”Methods of test for mortar for masonry. Determination of consistence of fresh 

mortar (by flow table)“.As the main criterion compressive strength according to European standard 



 

EN 196-1:2005 “Methods of testing cement. Part 1: Determination of strength” was evaluated. One of 

the most important issue in conducted researches was durability assessment in terms of resistance to 

chemical attack on the basis of chloride ions permeability test and carbonation depth measurement. 

Durability of cements composites in aggressive chloride environment was evaluated according test 

procedure specified in American standard ASTM C 1202-12 “Electrical Indication of Concrete’s 

Ability to Resist Chloride Ion Penetration (Rapid Chloride Permeability Test)”. Resistance to 

carbonation was determined by measurement of carbonation depth acc. procedure described in British 

standard BS 1881-210:2013 “Testing hardened concrete. Determination of the potential carbonation 

resistance of concrete. Accelerated carbonation method”. Durability tests were carried out on standard 

mortar samples prepared acc. PN-EN 196-1 (acc. BS 1881-210 concrete samples should be used). 

3. Characteristics of constituents and cements 
Cements for research purposes were prepared in laboratory by homogenization the constituents in 

appropriate proportion (Fig. 2). Components used for cements preparation were Portland cement 

CEM I 52,5 R, ground granulated blast furnace slag (S) and siliceous fly ash (V) or calcareous fly ash 

(W). Calcareous fly ash was used in two forms: raw – supplied upon reception from electrostatic 

precipitator hopper (W) and mechanically activated (W+) by grinding in laboratory ball mill. In result 

of grinding process the morphology of calcareous fly ash particles has changed (Fig. 3a, 3b). Grains 

of raw fly ash have an evolute surface area with a lot of open pores (Fig. 3a), while after grinding 

process fly ash has been considerably crumbled, and the specific surface area increased more than 

2-fold (Fig. 3b, Table 3). 

The chemical composition of the applied components are shown in Table 2, while the physical 

properties in Table 3. 
Table 2. Chemical composition of components of tested cements 

Content [% by mass] 
Component 

LOI SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl-

CEM I 52,5R 2,80 20,05 5,35 2,61 63,42 1,46 2,81 0,18 0,86 0,071

Granulated blast furnace slag (S) - 37,63 6,84 1,48 45,63 5,33 0,08 0,55 0,56 0,053

Calcareous fly ash (W)  2,67 45,17 20,79 4,58 20,60 1,49 2,96 0,23 0,19 0,001

Siliceous fly ash (V) 1,95 53,25 25,05 6,65 3,86 2,78 0,42 1,11 3,25 0,008

Table 3. Physical properties of components of tested cements 

Calcareous fly ash 
Properties CEM I 52,5 R 

Granulated blast 

furnace slag (S)

Siliceous 

fly ash (V) raw (W) ground (W+)

Density [g/cm3] 3,07 2,93 2,22 2,55 2,71 

Fineness [cm2/g] 4400 4200 2800 1900 4700 

 

Three groups of cements were prepared, while the difference resulted from fly ash type and form 

(Table 4). The first group of cements was prepared with use of siliceous (V) fly ash (Table 4, 

designation PV). The second and third ones with use of calcareous fly ash, second group designated as 

PW (Table 4) with use of raw calcareous fly ash, while the third one with use of activated form of fly 

ash and designated as PW+ (Table 4).  

 



 

 

Figure 2: Composition system of tested cements 

 

 a) raw calcareous fly ash (W),  b) ground calcareous fly ash(W+) 
Figure 3: Morphology of calcareous fly ash particles 

 

Table 4. Tested cements composition 

Cement designation 
Component [% by mass] 

PV1 PV2 PV3 PW1 PW2 PW3 PW1+ PW2+ PW3+

CEM I 52,5R 20 20 20 20 20 20 20 20 20 

Ground granulated blast 

furnace slag (S) 
60 50 40 60 50 40 60 50 40 

Siliceous fly ash (V) 20 30 40       

Calcareous fly ash (W)     20 30 40    

Calcareous fly ash (W+)       20 30 40 

Total content of Portland cement CEM I 52,5R in tested cements was established at the level of 20%. 

The content of fly ash in each one of the tested cements varied in the range of 20 - 40%, and 

granulated blast furnace slag in the range of 40 - 60% (Table 4, Fig. 2). Gypsum, as a setting time 



 

regulator , was used in quantity to obtain stable content of SO3 in all tested cements, equal to 2,8%. 

4. Results and discussion 
In the first stage of research physical and mechanical properties of cements and mortars were 

evaluated. Results are presented in Table 5 and in the Fig. 4.  

Table 5. Physical properties of tested cements 

Cement 

Water for standard 

consistency 

(%) 

Initial setting time

(min) 

Soundness

(mm) 

Fineness acc. Blaine 

(cm2/g) 

Density 

(g/cm3) 

CEM I 33 190 1 4400 3,07 

PV1 28 435 1 3650 2,77 

PV2 27 470 1 3840 2,68 

PV3 27 485 1 3440 2,60 

PW1 30 450 0 3710 2,85 

PW2 32 505 1 3760 2,85 

PW3 33 535 2 3650 2,80 

PW+1 31 465 1 4050 2,88 

PW+2 32 500 1 4210 2,86 

PW+3 33 520 0 4260 2,83 

Water demand (water for standard consistency) of cements containing calcareous fly ash (PW, PW+) 

is at the similar level as determined for ordinary Portland cement CEM I 52,5R, while cements 

containing siliceous fly ash (PV) are characterized by 4-5% lower water demand. Initial setting time 

prolongation (in comparison with Portland cement CEM I 52,5R) is observed when the content of fly 

ash in cements composition increases, regardless of the type and form of fly ash. For cements 

containing calcareous fly ash (PW, PW+) initial setting time was longer than in case of corresponding 

cements with siliceous fly ash (PV). Requirement of Europeans standard EN 197-1 for soundness 

(≤ 10mm) was fulfilled by all tested cements. 

 

a) cements PV 



 

  

  b) cements PW  c) cements PW+ 

Figure 4: The compressive strength of cement mortars 

The results of compressive strength test are presented in Fig. 4. Tested cements are characterized by 

low early compressive strength (after 2 and 7 days) and a significant increase in strength in the later 

period (Fig. 4). Compressive strength of mortars with cement containing siliceous fly ash is 

maintained at a similar level in each tested age, irrespective of fly ash content in cement. 

The increase of raw calcareous fly ash content in cement results in reduction of the compressive 

strength in each tested age. It should be pointed that mortar made of cement containing 40% 

calcareous fly ash (PW3) due to the encountered difficulties in proper compaction of mortar, was 

formed at higher water/cement ratio (0,60). When ground calcareous fly ash was used strength 

increase was observed for cements with higher fly ash content. It should be assumed that this was 

caused by the considerable crumbled of grains and the increase in activity due to grinding process. 

Important fact is that only cements containing ground calcareous fly ash (PW+) meet the requirements 

for strength class 32,5 N acc. EN 197-1. Slower increase of strength in the early cure ages 

determinates the need for designation of the compressive strength at later dates. After 90 days of 

curing a significant increase in strength (Fig. 4) was observed. Such a behaviour of cement 

compositions is well known as characteristic for cements with high amount of mineral additives 

(Haerdtl R., 2012, Hauer B., et al., 2010, Zhu Yu, 2012). 

Results of consistency test are shown in Fig. 5. Consistency is therefore expressed as the value of the 

flow of the slump shaped mortar. Consistency stability was tested in time – up to 90 minutes with 

taking a measure every 30 minutes. Obtaining an initial consistency at the level of standard mortar 

made of cement CEM I 52,5 R (w/c=0,50) was possible by regulation of added water amount 

(w/c ratio). The lowest water demand revealed cements containing siliceous fly ash (PV), moreover it 

was observed that higher content of siliceous fly ash in cement composition, results in reduction of 

water demand. An opposite trend was observed for cements with calcareous fly ash, particularly 

evident in the case of cements with raw fly ash (PW). Mortars prepared with PW cements were 

characterized by a higher rate of loss of plasticity over time compared to the standard mortar with 

Portland cement CEM I 52,5 R and cements with siliceous fly ash. In addition, after 60 and 90 

minutes, cements containing ground calcareous fly ash (PW+), were characterized by significantly 



 

lower flowability than cements (PW) containing raw fly ash (Fig. 5). 

 

Figure 5: Consistency of mortars in time 

Potential corrosion resistance of fly ash - slag cements was evaluated after 28 and 90 days of curing as 

cement mortar permeability and carbonation depth.  

The resistance of mortar to the chloride ions attack is evaluated on the basis of the electric charge 

passing through the sample placed between chambers for solutions of 3% NaCl and 0.3 M NaOH. The 

device maintains constant voltage of 60 V over a period of 6 h. 

Every 30 minutes during the test value of current intensity was read off and volume of electric charge 

Q was set according to the formula (1):  

 (1) 

where: Q – charge that has passed through the sample, 
 36033030060300 22...22900 IIIIIIQ   

I0 – initial current intensity,  

It – current intensity after t time (in minutes). 

Criteria for evaluation of chloride ions permeability acc. American standard ASTM C 1202-12 are 

shown in Fig. 6., as well as test results. 

 

Figure 6: Chloride ions permeability and assessment criteria 

After 28 days of curing tested cements were characterized by low (less than 2000 C) and very low 

(less than 1000 C) chloride ions permeability (Fig. 6). For comparison, permeability of ordinary 

Portland cement CEM I 52,5 R mortar was high (passing charge reached over 6000 C). After 90 days 



 

of curing all tested cements have met the criterion of low permeability. Resistance improvement 

observed in longer term might result from puzzolanic and / or hydraulic activity of fly ashes and 

granulated blast furnace slag. Those reactions products tighten cement matrix structure, which became 

less porous, and therefore impermeable to aggressive media. 

After determined time of curing, carbonation depth was measured on samples sprayed with 1% 

solution of phenolphthalein, after they were kept for 56 days in chamber where CO2 concentration 

were 4 ± 0,5 %, and on reference one (kept in laboratory conditions).  

 
a) cements PV 

  

 b) cements PW  c) cements PW+ 

Figure 7. Carbonation depth 

Carbonation depth depends on the cement composition and the age of hardened mortar. It was 

observed that when fly ash (both calcareous and siliceous) content in cement composition increases, 

range of carbonation is deeper. After 28 days of curing the most resistant to carbonation were mortars 

with cements PW+ (Fig. 7a). Carbonation depth in mortars with cements PW and PV was observed at 

the similar level (Fig. 7b, 7c). After 90 days of curing likewise trends were also noticed, although the 

observed range of carbonation was much smaller. It was probably caused by densification of 

microstructure of cement matrix, which after longer period of curing become less porous and thus 

more resistant to gaseous media penetration. Parallelly tested Portland cement mortar has not shown 

any signs of carbonation in any tested terms (carbonation depth below 1 mm). 

5. Summary 
Based on an analysis of the test results, it was found that mortars prepared with cements containing 

calcareous fly ash have higher compressive strength than cements containing siliceous fly ash. 

Incorporating ground calcareous fly ash with higher activity in cement composition gives the 



 

opportunity to produce low clinker content (20%) fly ash – slag cement in strength class 32,5 N. 

Unfavourable effect of calcareous fly ash – slag cements is water demand increase and deterioration 

of the rheological properties of pastes and mortars. Results of durability tests leads to conclusion, that 

use of multicomponent cements incorporating fly ash (siliceous or calcareous) and ground granulated 

blast furnace slag ensure higher resistance to chloride solutions corrosion, although such cements 

composites are more susceptible to carbonation in comparison with ordinary Portland cement CEM I.  
Furthermore it was claimed that in longer terms fly ash-slag cements mortars were characterized by 

tighter cement matrix, especially when calcareous fly ash was used. 
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Abstract 
Numerous industrial by-products have potential for use as alternative supplementary cementitious materials (ASCMs) 
in concrete. The objective of the present study is to define the reactivity and the impact on reinforcement corrosion of 
three ASCMs: glass powder, biomass fly ashes, and calcined sewage sludge. The first results, based on chemical tests 
and thermodynamic analysis have highlighted the behavior of these ASCMs and led to the design of concretes which 
exhibit good mechanical properties with a replacement of Portland cement of 15 or 20%. It can be highlighted that the 
main parameter considering the mechanical properties is the water to binder ratio; here 0.40 and 0.55 ratios are 
studied. The second part of the study deals with chloride and carbon dioxide transfer properties of the concretes. Due 
to its pozzolanic reactivity, glass powder significantly increases carbonation process but limits chloride penetration in 
concrete. Regarding biomass fly ashes and calcined sewage sludge, both showing low pozzolanic reactivity, the 
properties of concretes as regard to chloride penetration and carbonation decrease slightly although the mechanical 
properties are close to those of the reference concrete made with only Ordinary Portland Cement. These results confirm 
that mechanical properties are not an appropriate indicator to evaluate the transfer properties of concretes. The third 
part of the study focuses on the electrochemical properties of steel in reinforced mortars prepared with ASCMs. The 
results of these last tests show that the steel passivation is not affected by the presence of ASCMs. A new accelerated 
test which would allow to follow both the chloride transfer properties of concrete, carbonated or not, and the initiation 
of steel corrosion is proposed for the future studies.  
 
Originality 
To reduce CO2 emission, several ways have been largely investigated and among them the replacement of cement by 
alternative supplementary cementitious materials. In this paper, three local industrial by-products were used in 
substitution of Portland cement in concrete. The results of several tests, including transfer into concrete and 
electrochemical behavior of steel reinforcement, showed that one a simplest test as concrete resistivity was a good way 
to obtain performance indicator. The study made it possible to develop an original method to analyze both the 
properties of concrete and the interest of ASCMs facing corrosion in the presence of chloride. 
 
Keywords: ASCMs; reinforcement corrosion; electrochemical test 
 

                                                 
1 Corresponding author: thierry.chaussadent@ifsttar.fr 
 



 

1. Introduction 
The construction industry uses large quantities of cement, a material which is involved in 5 to 8% of 
global CO2 emissions. To reduce these emissions, the substitution of cement with supplementary 
cementitious materials (SCMs), usually industrial by-products, is of particular interest (Damtoft J. S., 
et al, 2008). The proximity between the production of these SCMs and their use is however necessary 
to maintain a good environmentally friendly balance. Some regions have no or little standardized 
SCMs resources such as fly ash (FA), silica fume (SF), blast furnace slag (BFS) or limestone filler (LF) 
(CSA A3000-08, 2008; EN 197-1, 2000) and other by-products should be considered for use in 
concrete. Chemical reactivity synergy between these alternative SCMs (ASCMs) and cement is of 
primary interest considering the durability of concrete, especially as regards to the corrosion of steel in 
reinforced concrete. This is particularly crucial in chloride environment or in carbonated concrete. 
The cement matrix not only provides a usually stable environment for steel, but it also acts as a barrier 
toward aggressive elements such as chlorides or carbon dioxide. The corrosion deterioration of 
reinforced concrete is closely related to the ability of aggressive elements to penetrate into concrete 
and reach the reinforcement. Standard SCMs are thus often used in order to optimize the performance 
of concrete against CO2 or Cl- ingress.  
The objective of this study is to characterize the transport properties of concrete incorporating 
potential new ASCMs such as glass powder (GP), biomass fly ashes (BFA), sewage sludge ashes 
(SSA). Glass powder is known to have good pozzolanic reactivity. According several authors (Zidol 
A., et al, 2012; Schwarz N., et al, 2008; Idir R., et al, 2011) the cement can be replaced effectively by 
up to 30% GP and contributes to the formation of the binder inducing an improvement of the transfer 
properties of concrete, limiting the penetration of chloride ions.  Biomass fly ashes contain metakaolin 
which acts as a pozzolanic material (Pera J., et al, 1998; Garcia R., et al, 2008). They may also contain 
non-reactive compounds but bringing a filler effect. The calcined sewage sludge would present a slight 
pozzolanic reactivity. Cement substitution by these last ASCMs has been studied in terms of impact on 
fresh state behavior, on hydration, on the mechanical strength, on the release of pollutants (Monzo J., 
et al, 1996; Cyr M., et al, 2007; Coutand M., et al, 2006; Dyer T., et al, 2011), but their impact 
considering corrosion sustainability indicators has not been studied in detail. 
In this paper, the characteristics of these ASCMs are first presented and discussed. In a second step, 
mechanical and transfer properties of concrete incorporating ASCMs are investigated. Finally, 
electrochemical behavior of steel in these concretes is analyzed and a new accelerated test is proposed 
in order to determine with a single test several properties considering corrosion durability of 
reinforced concretes. 
2. Experimental 
2.1. Raw Materials 
The Portland cement used in this study was a commercial type cement conforming the OPC type, 
which chemical composition is shown in Table 1. ASCMs of interest were provided by industrial 
partners. Each material had been subjected to specific process which can be described as follow: 

- Glass powder (GP), obtained by finely crushing bottle mix glass. 
- Biomass fly ashes (BFA), derived from the combustion of wastepaper deinking sludge and 

wood residues.  
- Sewage sludge ashes (SSA), obtained by calcination of sewage sludge at 850°C.  

The physical properties and chemical analysis of the ASCMs used for this study are presented in Table 
1.  
In terms of mineral phases, determined by X-ray diffraction, BFA are composed of calcium oxide, 
aluminosilicates, calcium sulfate, and a part of amorphous phase (metakaolin). Quartz, 
aluminosilicates, and amorphous phosphorous compounds have been characterized in SSA. GP is an 
amorphous compound based on silica, sodium oxide and calcium oxide.  
Concretes have been produced according to mixture details shown in Table 2. Calcareous aggregates 
and siliceous sand have been used. An air entraining agent and a superplasticizer have been used to 
achieve an entrained air value between 6 and 8% and an initial slump between 180 and 220 mm. 
 



 

 
Table 1 Chemical and physical analysis of materials (weight %) 

Oxide OPC BFA SSA GP 
SiO2 20.2 21.3 28.6 72.0 
Al2O3 4.8 11.7 17.6 1.7 
Fe2O3 2.8 1.8 4.3 0.3 
CaO 63.0 46.5 20.2 11.2 
MgO 1.8 2.4 2.3 0.7 
P2O5 0.1 0.5 19.5 0.0 
K2O 0.9 0.7 1.9 0.6 
Na2O 0.2 0.7 0.6 13.2 
SO3 3.5 7.8 1.9 0.0 
Cl 0.1 0.8 nd nd 

LOI 2.1 3.2 0.4 0.0 

D50, µm 15.0 6.4 28.8 12.5 
Blaine (m2/kg) 394 700 670 440 

Concrete specimens have been cast in cylinders of diameter 100 mm and length 200 mm for the 
investigation of the compressive strength, chloride ion penetration, and carbonation. Two water/binder 
(W/B) ratios were used 0.40 and 0.55. The influence of SCMs on concrete properties was analyzed as 
compared to a reference concrete with only OPC. 

Table 2 Compositions of the concretes  
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Binder OPC+SCM (kg/m3)  400 350 400 350 400 350 400 350 

SCM replacing OPC (%/OPC) 0 0 20 20 20 20 15 15 

Water/Binder (OPC+SCM) 0.40 0.55 0.40 0.55 0.40 0.55 0.40 0.55 

Sand 0-5 mm (kg/m3) 841 825 801 787 830 791 829 793 

Aggregates 5-14 mm (kg/m3) 856 856 856 856 856 856 856 856 

Aggregates 10-20 mm (kg/m3) 214 214 214 214 214 214 214 214 

In order to study electrochemical behavior of reinforcement in a blended cementitious media, 
cylindrical reinforced mortar specimens were cast (Sand/Binder=3, Water/Binder=0.50, with the same 
replacement of OPC by ASCM than for concretes). Steel bars (0.6 cm diameter) had a surface of 
contact with mortar equal to 5.65 cm2 and their extremities were coated with epoxy. They were 
centered in the mortar (3.5 cm diameter, 10 cm high). 
2.2. Experimental Process 
The mechanical properties of concretes made with ASCMs are often well characterized but the risk of 
steel corrosion is generally not deeply studied. Some tests were carried out in this study in order to 
better evaluate this risk as a function of both nature of the ASCM used and concrete transfer properties. 
Well-known tests were achieved and completed by a new accelerated test in order to investigate 
several properties of reinforced concrete at once. All tests were done in laboratory at 22+/-°C. 
2.2.1 Compressive strength test 
Compressive strength tests were realized in accordance with ASTM C39 (ASTM C39, 2014) on 
cylinders kept at relative humidity (RH) of 100% during 1, 7, 14, 28, and 91 days. 
2.2.2 Rapid chloride ion penetration test 
The tests of rapid chloride ion penetration were realized according to the procedure described in 
ASTM C1202 (ASTM C1202, 2012). Tests were performed after 28, 56, and 91 days on concrete 
specimens cured at RH of 100%. 
2.2.3 Carbonation test 



 

After 56 days at RH of 100%, concrete specimens were maintained at 50% RH during 14 days prior to 
carbonation at 55% RH, temperature 25°C, and 4% CO2. Carbonation depths were determined with 
phenolphthalein as colored indicator. Considering a model following equation (D = k.t1/2), where D is 
the carbonation depth and t the carbonation time, the carbonation kinetic have been discussed through 
the coefficient k.  
2.2.4 Electrical resistivity test 
Concrete resistivity measurements were carried out on saturated concrete. An electrical potential was 
applied between the two plane surface of concrete cylinder and the intensity measured. Ten different 
electrical potentials were applied to determine the resistivity. 
2.2.5 Electrochemical measurements 
Zero-current potential and polarization resistance were measured to compare the behavior of steel in 
mortar including ASCMs. A potentiostatic test based on EN 480-14 standard (EN 480-14, 2006) was 
also applied on reinforced mortars. During this test, the embedded steel is maintained for 16 h at a 
potential (260 mV/SCE) close to the higher level of the passive state for steel in concrete. Anodic 
current is recorded and allows determining any detrimental effect of the ASCMs. The electrochemical 
measurements were carried out using a conventional three electrode cell in which the active steel 
surface in mortar acted as working electrode, a platinum wire as counter electrode, and a saturated 
calomel electrode (SCE) was used as reference electrode. All the electrodes were in a 200 mL cell and 
the conductivity of the electrolyte was assumed by prior equilibration between a mortar sample and 
deionized water.  
3. Results and Discussion 
3.1. Compressive strength  
As shown in Figure 1, the main difference in compressive strength of concrete specimens can be 
assigned to W/B ratio. Although, the replacement of 15 to 20% of cement by ASCMs tends to modify 
the evolution of the compressive strength.  
Concretes blended with ASCMs generally exhibit, in the early ages, lower compressive strength as 
compared to the OPC reference. At 91 days, the compressive strengths are within a 34±4 MPa range 
for W/B=0.55 and between 44 and 58 MPa for W/B=0.40.  

 
Figure 1 Compressive strength evolutions for concretes incorporating SCMs. 

3.2. Chloride and carbon dioxide transfer  
Figures 2 and 3 show respectively chloride permeability and carbonation of all the studied concretes. 



 

 
Figure 2 Chloride permeability expressed in Coulombs (ASTM C1202, 2012): 

 (a) W/B=0.55 (b) W/B=0.40. 
The reference concrete (OPC) exhibits constant chloride permeability after 56 days. Commercial 
Portland cement, with fairly high finesse and high C3S content, are typically design to exhibit a quick 
hydration within 28 days. The evolution of transfer properties at later age is not much pronounced. 
The replacement of cement by GP leads to an important decrease of this permeability with time due to 
the pozzolanicity of this material with formation of additional C-S-H gels which limit the chloride 
penetration (Shayan A., et al, 2004). The use of BFA as partial substitution of OPC results in high 
chloride permeability at 28 days which subsequently decreases down to a similar behavior as the 
reference concrete at 91 days. BFA appears to act similarly as GP but its pozzolanic effect is less 
marked. For concretes with SSA, there is no notable difference with reference concrete. The evolution 
of transfer properties, with respect to chloride ions, appears to be negligible between 28 and 91 days of 
curing. Thus, the pozzolanic reactivity of this ASCM turns out to be too weak to induce a significant 
improvement of the durability of concrete toward a chloride rich environment. 

 
Figure 3 Concrete carbonation: values of coefficient K considering the relation Depth=K.(Time)1/2. 

In terms of carbonation kinetic, the Figure 3 clearly shows that an OPC replacement by GP or, in a 
lesser extent by BFA, causes an increase of the concrete susceptibility to carbonation attack. The 
consumption of portlandite through pozzolanic reaction is known to be the main cause of an increased 
carbonation rate. Partial substitution of cement by SSA does not induce a significant evolution of the 



 

carbonation rate of concretes. The W/B ratio also appears to be a parameter of prime interest in order 
to limit carbonation kinetic of concretes based on pozzolanic cement. However, regarding GP, a W/B 
ratio lower than 0.4 would be required to reach a carbonation rate similar to an OPC with W/B=0.55.  
3.3 Relation between chloride permeability and properties of concretes 
The chloride penetrability measured for the different concretes are reported as a function of 
compressive strength and resistivity respectively in Figures 4 and 5. As already known there is no 
direct relationship between compressive strength and chloride ion penetrability (Ramezanianpour A. 
A., et al, 2011; Lübeck A., et al, 2012). Chloride penetrability rather seems to correlate with resistivity 
of concrete. This is justified because RCPT is more a conductivity measurement than a chloride 
permeability measurement.  
However, it can be highlighted that the appropriate W/B ratio have to be determined in order to meet 
compressive strength requirements, whereas the use of pozzolanic materials is required in order to 
produce concretes with high durability with respect to chloride environments.  

 
Figure 4 Relation between compressive strength of the concretes and chloride permeability. 

 
Figure 5 Relation between resistivity of concrete and chloride permeability. 

3.4 Electrochemical behavior of steel reinforcement 
The impact of ASCMs on the electrochemical behavior of steel in concrete has been studied through 
complementary electrochemical tests. Zero-current potentials (Ecor) of steel embedded in mortars are 



 

shown in Figure 6. At early age, Ecor stands in a range where corrosion risk is low, typical values for 
passive steel embedded in a concrete alkaline media. At later age, zero current potentials of steel 
embedded in OPC, 20GP and 20BFA mortars appear to lower down to values located in a range where 
corrosion risk is moderate. The values of zero current potential reflect only the thermodynamic 
equilibrium between anodic and catholic reactions, Hence the importance to perform corrosion kinetic 
measurements. 

 
Figure 6 Evolution of zero-current potentials in reference and ASCM reinforced mortars (dashed lines: 

(ASTM C876, 2009)). 
Figure 7 shows the corrosion currents of steel in mortars (note the logarithmic scale of the corrosion 
intensity). The corrosion intensity of steels ranges between low and passive corrosion rates, with 
respect to Broomfield recommendations (Broomfield J. P., 2007).  

 
Figure 7 Evolution of corrosion intensity for reference and ASCM reinforced mortars (dashed lines: 

(Broomfield J. P., 2007)). 
The potentiostatic test consists on applying to the steel a polarization at 0.26 V/SCE. The results 
(Figure 8) shows an intensity peak when the potential is applied, the behavior can be assigned to the 
destabilization of steel from its thermodynamical equilibrium. The rapid decrease of the intensity, 
which reaches around 0.01 mA/cm2, exhibits the passive state of the reinforcement. The steel is thus in 
a passive state and a polarization at 0.26 V/SCE in not sufficient to initiate active corrosion. The 
behavior of steel during these tests implies a passive state even when alternative cementitious 
materials are used. The ASCMs have no detrimental impact of the steel corrosion in concrete media. 



 

 
Figure 8 Recording of anodic current after polarization at a potential of 260 mV/ECS. 

4. Discussion 
All of three studied ASCMs lead to suitable concrete mechanical properties when compared to OPC 
reference concrete. Both pozzolanic and grain size of ASCMs have an effect on this aspect and 
compressive strength should certainly be the first test to be done in order to characterize positive or 
negative influence of cement replacement by ASCMs. Nevertheless, mechanical properties cannot be 
useful to predetermine the durability of reinforced concrete in deleterious environment, especially in 
chloride environment.  
Moreover, the studied ASCMs have no significant effect on passivity of reinforcing steel with up to 
20% replacement of OPC. This point is important for BFA which have high chloride amount. For 
concrete with SSA, which have very high amount of phosphorus compounds, no effect on passivity 
improvement associated to these compounds is observed. Some aspects still need improvement, in 
particular regarding the comprehension of the influence of raw materials ASCMs on hydration 
mechanisms and on long term corrosion of steel reinforcement.  
The transfer properties of concrete incorporating the three different ASCMs were investigated 
considering the possible corrosion of reinforcement. From results obtained on concrete, it seems that 
concrete resistivity measurement is in accordance with rapid chloride penetration test (RCPT). This 
last test gives a kind of conductivity of concrete and not represents true chloride diffusion, but was 
adopted for more than 30 years by AASHTO (American Association of State Highway and 
Transportation Officials) in the US, and so is now considered as a reference test. 
Based on all the results, a possible way to obtain, with an unique test, several aspects related to both 
concrete transfer and steel corrosion parameters were investigated in order to characterize induction 
and propagation of the concrete degradation process, as proposed by Tutti (Tutti, 1982) (Figure 9).  

 
Figure 9 Schematic representation of reinforced concrete degradation. 

The test presented by Pavoine et al (Pavoine A., et al, 2014) seems to be in line with this objective. 
The concrete structure designed for this accelerated corrosion test is illustrated in Figure 10. It consists 



 

of four concrete slabs (100 cm long, 100 mm thick, and 200 mm high) sealed together to form a closed 
container of 195 liters of saline solution (NaCl 5%). Each side of the structure is built with a different 
reinforced concrete with three series of three bars (10 mm diameter) distant of 100 mm and placed at 
20, 35, and 50 mm from the internal side in contact with the saline solution. The extremity of the bars 
is coated with epoxy to control the surface (31.4 cm2) of steel in contact with the concrete and avoid 
interferences created by the extremity of concrete (air, cracks, liquid flow). A constant difference of 
electrical potential of 5 V is imposed between each steel bar and a steel grid placed at around 5 cm 
from the concrete. A resistance (1Ω) placed in each electric circuit allows monitoring the current in 
each bar via the measurement of voltage. 

  

Figure 10 Principle of the corrosion accelerated test proposed by Pavoine et al. 
Analyze and modeling of data (Frohard, 2014) produced by (Pavoine A., et al, 2014) permit to 
consider that this test gives similar values for concrete resistivity as those obtained by electrical 
resistivity test (presented above in this paper). Moreover, a time for steel corrosion initiation can be 
determined as well as a time for concrete degradation. Some experiments and still underway and the 
modeling needs some improvements before a more general use of this test. 
5. Conclusions 
The objective of the study was to define the reactivity and the impact on reinforcement corrosion of 
three ASCMs: glass powder, biomass fly ashes, and calcined sewage sludge. Several tests confirmed 
the interest of these by-products. Compressive strengths were not impacted by the replacement of 20% 
in weight of ordinary Portland cement and electrochemical tests showed no increased risk for 
reinforcing steels. In order to have a single and simple test, a short study was carried out to propose an 
accelerated test which gave interesting data but still needed some improvements. 
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Abstract 
The need to limit the environmental impact of cementitious materials and to dispose of by-products 
such as fly ash and slag leads to the increasing use of supplementary cementitious materials (SCMs).In 
order to better understand the factors affecting the rate of reaction of SCMs, it is essential to have a 
good method to evaluate the degree of reaction of fly ash and slag in composite cement pastes. In this 
paper, backscattered electron image analysis (BSE-IA) was developed to measure the degree of 
reaction of fly ash and slag in composite cement pastes. Grey level along with visual information such 
as particle size, shape and texture were used for identifying the phases. Where necessary, the elemental 
composition was determined via spot analysis or mapping using EDS (Energy dispersive X-ray 
spectroscopy) to confirm the phase present. Although this method is time consuming, it appears to be 
the only accurate method to quantify the degree of reaction of fly ash and slag in composite cement 
pastes. The reaction of fly ash is little during the first 3 days confirming that at least 95% of the fly ash 
particles are visible by IA. The fly ash continues to react at a rather steady rate during the first 28 days, 
at longer hydration times the reaction rate of fly ash slow down, resulting in a total reaction of the fly 
ash of about 31% at 360 days. The slag continues to react at a rather steady rate during the first 28 
days, at longer hydration times the reaction rate of slag slow down, resulting in a total reaction of the 
slag of about 65% at 360 days. 
 
 
Originality 
Little information has been obtained about the degrees of reaction of fly ash and slag in composite 
cement pastes. In this paper, a method to measure the reaction degree of fly ash and slag in composite 
cementing system is developed. Grey level along with visual information such as particle size, shape 
and texture were used for identifying the phases. Where necessary, the elemental composition was 
determined via spot analysis or mapping using EDS(Energy dispersive X-ray spectroscopy) to confirm 
the phase present. 
 
Keywords: degree of reaction, fly ash, slag, BSE-IA-mapping, morphological filtering 
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1. Introduction 
The need to limit the environmental impact of cementitious materials and to dispose of by-products such as 

fly ash and slag leads to the increasing use of supplementary cementitious materials (SCMs). It is well known that 
these SCMs react more slowly than cement clinker and this limits the levels of substitution, due to the need for 
adequate properties at early ages. In order to better understand the factors affecting the rate of reaction of SCMs, it 
is essential to have a good method to evaluate the degree of reaction of fly ash and slag in composite cement 
pastes. 

There are many experimental techniques used to measure the degree of hydration of Portland cement, such as 
measuring the heat of hydration, the nonevaporable water content, and the amount of calcium hydroxide produced 
in the hydration reactions. However, all of these methods are based on comparison of measured parameters with 
the predicted or measured parameters for a fully hydrated paste. When SCMs are incorporated into Portland 
cement, the system becomes more complex. These methods cannot be used to separate the reaction of the SCMs 
from the reaction of the clinker phases.  

The technique which has been used most widely to try and measure the reactions of SCMs in composite 
cement pastes is selective dissolution [1-5]. The intention of such methods is that the unreacted clinker phases and 
the hydrates from the clinker and the slag or fly ash reaction are dissolved, leaving only the unreacted slag or fly 
ash as a residue. However, recent work by Haha and Kocaba [6-7] indicate that large, non-quantifiable systematic 
errors remain as different assumptions lead to large differences in the quantity of fly ash or slag reacted. This 
probably explains why different authors report very different amounts of slag or fly ash reaction in similar systems.  

In the past 30 years, backscattered electron image analysis(BSE-IA) has been used to determine cement 
hydration degree by acquirement of unhydrated cement volume fraction in cement pastes[8-12]. This method can 
also be developed to study the degree of reaction slag and even fly ash in blended systems [6-7, 13-17]. 
Backscattered electron images (BSE/IA) allow phases to be identified according to their grey level, which depends 
on their average atomic number.  This technology includes well polished specimen preparation, BSE image 
taking and image processing. 

For cement clinker-fly ash-slag composite cementing systems, the situation becomes much more complicated. 
Little information has been obtained about the degrees of reaction of fly ash and slag in composite cement pastes. 
In this paper, a method to measure the reaction degree of fly ash and slag in composite cementing system is 
developed. Grey level along with visual information such as particle size, shape and texture were used for 
identifying the phases. Where necessary, the elemental composition was determined via spot analysis or mapping 
using EDS(Energy dispersive X-ray spectroscopy) to confirm the phase present. The segmentation of the unreacted 
fly ash and slag particles was obtained using a combination of image analysis techniques such as grey level 
threshold, and specific morphological filtering. 

2. Materials and methods 
2.1 Materials 

Cement: P.I type Portland cement with specific surface area 349m2/kg.  
Fly ash: Taken from Henan Xingyang Power Plant. The specific surface area of the fly ash is 219m2/kg.  
Slag: Taken from Baosteel Group Corporation. The specific area of the slag is 412 m2/kg. 
The chemical compositions of cement, fly ash and slag are given in Table 1. 

Table 1  Chemical composition of cement clinker, fly ash and slag in wt% 

 Cement clinker Fly ash Slag 

SiO2 21.78 53.29 33.54 
Al2O3 5.17 25.67 14.83 
Fe2O3 3.24 7.96 1.20 
CaO 62.03 3.41 40.06 
MgO 3.36 1.43 8.43 
SO3 1.97 1.1 0.12 

Na2O Eq - 0.33 - 
LOI 0.93 3.68 -1.49 

Density[103kg/m3] 3.18 2.28 2.97 

2.2 Mix design and sample preparation 
Cement paste with water/binder ratio 0.40 and SCMs(Fly ash and slag) content of 30% by mass of the total 

cementitious materials was prepared (Table 2) . The paste was mixed by a mechanical mixer and casted in 30mm
×30mm×30mm steel mould. It was removed from the mould after 24h and cured in water at 20℃ until the ages 
of 3d, 28d, 90d and 360d. To stop hydration, the samples were split into small pieces and soaked in anhydrous 



 

alcohol for 10d at the end of designated curing ages.  
Table 2 Mix proportion of the composite cement paste/g 

Cement Fly ash Slag Gypsum 

342.1 50 100 7.9 

2.3 Preparation of flat-polished specimens of cement paste for Backscattered electron image analysis 
2.3.1 Epoxy impregnation 

The samples were oven-dried at 40℃  until constant mass in order to facilitate the penetration and 
polymerization of epoxy resin. After that, the samples were encased and impregnated under vacuum with low 
viscosity epoxy resin (SpeciFix-20) in Struers Cito Vac Vacuum-impregnation unit (Fig.1). The mix proportion for 
epoxy resin and curing agent is 7:1.  

   

Fig.1 Vacuum-impregnation unit (CitoVac)   Fig.2  StruersTegraPol automatic grinding     
                                         and polishing unit 

Epoxy resin was put into vacuum impregnation unit to remove the bubbles during string. The time for epoxy 
resin pumping was 10min, and the pressure was 0.25 bar. Then the samples were put into impregnation mould in 
vacuum impregnation unit to remove the air in the pore. The time for pumping is 2min and the pressure was 0.25 
bar. Epoxy resin was put into impregnation mould, keep the pressure in vacuum impregnation unit for 1 min, then 
venting to recover the pressure. The epoxy resin was cured 12-24h at room temperature to allow sufficient 
hardening of the resin.        

2.3.2 Grind 

    The samples were ground with Struers Tegra Pol antuomatic grinding and polishing unit. MD-Piano220 and 
MD-Piano500 diamond grinding disc were used for coarse grinding. The grinding time was 2 min, the pressure 
was 30N, and the rotate speed was 300rpm. MD-Allegro diamond grinding disc was used for fine grinding, 
combined with 9μm DIaPro Allegro diamond grinding agent. The grinding time was 2 min, the pressure was 30N, 
and the rotate speed was 300rpm.   
2.3.3 Polish 

The samples were polished with diamond polish agent and DP-Dac stain woven acetate polish cloth. The 
fineness of diamond polish agents were 9μm, 3μm, and 1μm. The time for each polishing stage was 2 min.  
2.3.4 Dry and store 

After polished, the samples were dried with hair drier and stored in sealed plastic bags. 

2.4 Backscattered electron imaging 
The polished samples were studied in backscattered electron (BSE) mode using a FEI Quanta 250 ESEM at 

an accelerating voltage of 20 kV. The working distance is 10mm. Samples were viewed at 1000× magnification, 
which gives a field view of 298×257μm pre frame. Each frame was digitized to 1024×884 pixels with a pixel 
spacing of 0.29μm.  

For the BSE imaging, the spot size was chosen to have a good resolution of the images. The brightness and 
contrast settings were adjusted so that the contrast between the unreacted cement, unreacted fly ash, unreacted slag, 
reacted cement, reacted fly ash, reacted slag and voids were optimized to facilitate the identification of different 
phases in the samples. The same settings were applied for all frames to ensure consistency.  

2.5 Image analysis 
The BSE images can be analysed to get volume fractions of phases in cement pastes, based on application of 

segmentation methods. The segmentation of the unreacted cement clinker, fly ash and slag particles was obtained 



 

using a combination of image analysis techniques such as grey level threshold, and specific morphological filtering. 
The area fractions obtained from a 2D cross-section are equal to volume fractions obtained from the 3D real 
structure when materials have a random and isotropic nature. The microstructure of cement paste can be 
considered to satisfy those stereological conditions [18].  

As cementitious materials are heterogeneous, phase quantification by image analysis is usually done on a 
large number of fields in order to take into account the variations from the one field to the other. For a cement 
paste, Scrivener et al[8] showed that ten fields at 400× magnification were sufficient to give a standard error of 
around 0.6%. Another statistical analysis[19] showed that a set of 30 images at 200× magnification gave a mean 
with an error of <0.2% in pastes and mortars. Feng Shuxia et al[13] showed that unhydrated cement could be 
distinguished and resolved in BSE images at magnification 250× for both neat cement paste and slag blended 
cement paste. To provide a 95% degree of confidence and control the relative error within 5%, the number of fields 
required was only 3 at magnification 250× and was 48 or 49 at magnification 1000×. The higher the 
magnification used, the greater the natural variation between images, so more fields must be measured to obtain a 
representative result. In this study, 50 fields were analysed at 1000×.  

The phases were discriminated on the basis of the grey level histogram and visual information such as particle 
size, shape and texture. Spot analysis and mapping of EDS were used to confirm the phase where necessary. 

Image analysis of BSE images was carried applying different filters to the BSE images to get the volume 
fraction of unreacted cement, unreacted fly ash, unreacted slag, reacted cement, reacted fly ash, reacted slag and 
voids.  

It is not possible to segment the fly ash, slag and cement purely due to the overlap. The method for 
segmentation of the unreacted fly ash particles was similar to the procedure reported in the literature[6].  In order 
to isolate slag and portlandite, which have similar backscattered  coefficients, chemical maps of Magnesium were 
acquired because it is only present in slag and not in portlandite. A silicon drift detector (SDD), type X-MAX50 
Detector from Oxford instruments analytical Ltd was used which has a guaranteed peak resolution change of less 
than 1 eV at MnKα between 1,000 and 100,000 cps. This ensures accuracy of results and speed of analysis while 
delivering greater user productivity and quality of information. It also has a large active detecting area of 
50mm2(compared to 10mm2 for the conventional EDS detector) and at the same time achieve very good energy 
resolution of 129eV (Mn Kα) at 100,000 cps. 

For slag blended cement pastes and composite cementing systems, the procedure consisted of: (1) Acquisition 
of 50 BSE images(recorded in 30s) combined with Mg maps(recorded in 1min), at a nominal magnification of ×
1000 , at an accelerating voltage of 20kV and a number of counts between 80,000 and 100,000 cps. (2) Image 
analysis processing which combined the BSE image with the Mg map. The grains of unreacted slag were identified 
when the grey level of the pixel corresponded to the slag(from the BSE image) and contained Mg(from the EDS 
mapping image). (3) Calculation of the degree of reaction.   

2.6 Calculations of the degree of cement hydration, degree of reaction of SCMs 

The volume fractions of cement, fly ash and slag in the paste before hydration can be calculated as: 
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Where: 

(0)cemV : volume fraction of cement clinker in composite cementing system before hydration; 

(0)FAV : volume fraction of fly ash in composite cementing system before hydration; 

(0)slagV : volume fraction of slag in composite cementing system before hydration; 

cemm : mass of cement in 100g binder, g; 

FAm : mass of fly ash in 100g binder, g; 

slagm : mass of slag in 100g binder, g; 

2H Om : mass of water needed for 100g binder by w/c ratio, g; 

cem
 : specific gravity of cement, 3.18g/cm3; 

FA
 : specific gravity of fly ash, 2.28g/cm3; 



 

slag
 : specific gravity of slag, 2.97g/cm3; 

2H O
 : specific gravity of H2O, 1.0g/cm3; 

The volume fraction of each phase in the sample can be calculated as: 
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Where: 

(%)
cem : degree of hydration of cement,%; 

(%)
FA : degree of reaction of fly ash,%; 

(%)
slag : degree of reaction of slag,%; 

( )t cemV : volume fraction of unhydrated cement in composite system at hydration time t, %; 

( )t FAV : volume fraction of unreacted fly ash in composite system at hydration time t, %; 

( )t slagV : volume fraction of unreacted slag in composite system at hydration time t, %; 

3. Results and discussion 
Typical BSE images of cement clinker-fly ash-slag composite paste before and after morphological 

segmentation are given in Fig.3. Table 3 presents the measured volume fractions of unreacted cement, unreacted 
fly ash and unreacted slag for samples at different ages. The degrees of hydration of cement clinker, degrees of 
reaction of fly ash and the degrees of reaction of slag are shown in Table 4. 

Table 3 Measured volume fractions (%) of unreacted cement unreacted fly ash and unreacted slag 

Unreacted cement Unreacted fly ash Unreacted slag 

3d 28d 90d 360d 3d 28d 90d 360d 3d 28d 90d 360d
16.03 8.39 6.40 4.62 5.75 5.27 4.72 4.12 5.60 4.65 4.33 3.18

Table 4 Degrees of hydration of cement clinker ,degrees of reaction of fly ash and degrees of reaction of 

slag(%) 

Degrees of hydration of cement Degrees of reaction of fly ash Degrees of reaction of slag 

3d 28d 90d 360d 3d 28d 90d 360d 3d 28d 90d 360d
46.7 72.1 78.8 84.7 4.2 12.2 21.3 31.4 39.1 49.5 53.0 65.4

    
(a) original BSE image              (b) anhydrous cement 



 

   
(c) anhydrous fly ash              (d) anhydrous slag  

Fig.3 BSE images of cement clinker-fly ash-slag composite paste at 360 days 
The results indicate that the amount of unreacted cement, unreacted fly ash and unreacted slag decrease with 

curing age, whilst the amount of reacted cement, reacted fly ash and reacted slag increase with curing age, as 
expected. As expected, the degree of hydration of cement, the reaction of fly ash and the reaction of slag increased 
with curing age. The hydration degree of cement is much larger than that of the reaction of fly ash and slag. The 
reaction of fly ash is little during the first 3 days confirming that at least 95% of the fly ash particles are visible by 
IA. The fly ash continues to react at a rather steady rate during the first 28 day, at longer hydration times the 
reaction rate of fly ash slow down, resulting in a total reaction of the fly ash of about 31% at 360 days. The slag 
continues to react at a rather steady rate during the first 28 day, at longer hydration times the reaction rate of slag 
slow down, resulting in a total reaction of the slag of about 65% at 360 days. 

The backscattered electron images coupled with image analysis (BSE-IA) is a direct method for the 
calculation of the degree of reaction. The segmentation of the unreacted fly ash and slag particles was obtained 
using a combination of image analysis techniques such as grey level threshold, and specific morphological filtering. 
Where necessary, the elemental composition was determined via spot analysis or mapping using EDS (Energy 
dispersive X-ray spectroscopy) to confirm the phase present. Indeed, from the segmented images the different 
phase assemblages could be controlled visually in order to verify whether the segmentation process is accurate or 
not.  

However, this method has some limitations: (1) First it is rather time consuming. The essential prerequisite is 
a well polished sample, this takes at least 5h for an experienced operator. Due to the differential hardness of 
cement clinker, fly ash and slag, it is especially difficult to obtain good sample preparation at young ages. (2) 
Second the differentiation of grey level is not reliable for some compositions, morphological filtering and 
EDS-Mapping must be used when necessary. (3)In the process of image analysis, some small particles are not well 
measured, which can increase the error at young ages. 

Despite being a time consuming method, BSE-IA-Mapping appears to be the only accurate method to 
quantify the hydration degree of cement and reaction degree of fly ash, slag in composite cementing pastes.    

4. Conclusions 
(1) Backscattered electron image analysis (BSE-IA) can be used to measure the degree of fly ash and slag in 
composite cement pastes. Grey level along with visual information such as particle size, shape and texture are used 
for identifying the phases. Where necessary, the elemental composition is determined via spot analysis or mapping 
using EDS (Energy dispersive X-ray spectroscopy) to confirm the phase present. Although this method is time 
consuming (at least 10h for one sample), it appears to be the only accurate method to quantify the degree of 
reaction of fly ash and slag in composite cement pastes. 
(2) The reaction of fly ash is little during the first 3 days confirming that at least 95% of the fly ash particles are 
visible by IA. The fly ash continues to react at a rather steady rate during the first 28 day, at longer hydration times 
the reaction rate of fly ash slow down, resulting in a total reaction of the fly ash of about 31% at 360 days.  
(3) The slag continues to react at a rather steady rate during the first 28 day, at longer hydration times the reaction 
rate of slag slow down, resulting in a total reaction of the slag of about 65% at 360 days. 
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Abstract 
The reactive alumina, Al2O3

r-, constituent of natural and artificial pozzolans, is a very important chemical 
parameter that is directly related to the durability of the resultant blended cements once exposed to chlorides only -
thaw salts and marine environments- (hindering and preventing electrochemical corrosion of steel reinforcement of 
reinforced concrete due to rapid forming Friedel's salt) or to sulphates presence gypsum-bearing water and/or 
soils (degradation of concrete and mortar quality due to expansion, shrinkage and decomposition of Portland 
cement hydration products caused by rapid forming ettringite). This research addresses a problem of nowadays 
existing legislative void for a new analytical method for quantitative determination of reactive alumina, Al2O3

r-, 
content from natural and artificial pozzolans origin, being in either amorphous and/or vitreous physical state. For 
this purpose, two metakaolins were used, M0 and M1 (= M0 doped with 50% wt. of quartz). The results have 
proved the precision, repeatability and, the most important, economy in time of the proposed modus operandi, 
having supplied the final result of this chemical parameter at only 7 days of the trial (30.7% wt. and 15.4% wt. of 
Al2O3

r- from M0 and M1, respectively). The obtained results were then contrasted with the reference (Florentin 
method performed during 1 year age), having concluded a perfect congruency between both data sets (28.8% wt. 
and 16.7% wt. of Al2O3

r- from M0 and M1, respectively). Finally, the new analytical method was validated 
conforming obligatory requirements of the ISO/IEC 17025 standard for quality and reliability of new analytical 
procedure, of which standardization can be considered in a near future. 
 
Originality 
From the technical point of view, the reactive alumina, Al2O3

r–, is one of the most important oxides reagents 
present in the natural and artificial pozzolans and also significant in the chemical durability that can provide to the 
concrete mortar or cement paste which contain them. However, unlike the reactive silica, SiO2

r–, it lacks of 
adequate consideration from the standardization criteria point of view, specially. Despite of that it is shown if the 
pozzolan is not adequate in quality nor quantity, the durability of cement that is part of and, therefore, of its 
derivative products, concretes, mortars and cement pastes, can become abnormally low because its Al2O3

r– (%) 
content is involved in all aggressive chemical natural attacks (such as those from the selenitous lands and water, or 
sea spray and de-icing salts, or seawater, etc.) to produce to its concrete, mortar and paste.  
Hence indisputably, the main originality of this work is the proposition of a new analytical method for quantitative 
determination of reactive alumina from pozzolans origin, which, compared to the other methods already existing, is 
also relatively simply in operation, precise, rapid response (up to 28 days), repeatable, and serve for both scientific 
research and technical side specially. 
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1. Introduction 
The pozzolanic additions, natural and artificial, incorporated in PC in appropriate amount generate the 
same hydration products as those originated by PC hydration. The best attribute of these materials is 
then energetic savings delivered by their utilization for PC fabrication (due to its replacement up to 
permitted established maximum limit), since the production of 1 t of PC generates ≈ 1 t of CO2 
(Mehta, 1999; Uzal et al., 2007).  
The mechanism that permits these materials to contribute with the similar effect in the PC hydration 
process is based on their main constituents, amorphous and/or vitreous and crystalline, reactive 
silica, SiO2

r-, reactive alumina, Al2O3
r-, and reactive iron oxide, Fe2O3

r-, or "hydraulic factors", as well 
as crystalline of zeolite type, etc. capacity to react chemically with calcium hydroxide or with 
portlandite released from the PC hydration, which is denominated as pozzolanic activity. Among the 
three mentioned oxides reagents or chemical parameters, reactive alumina, Al2O3

r-, is the most 
important and significant due to its direct involvement in the chemical durability that can give to the 
concrete, mortar or cement paste, which contains its correspondent natural or artificial pozzolan, since 
it reacts also with sulfates and chlorides as the C3A of PC (Talero, 1986; Trusilewicz, 2014). 
Relatively recent research demonstrated (Trusilewicz et al., 2012) that the Al2O3

r- fraction of natural 
or artificial pozzolans, especially metakaolins, is found in the amorphous physical state, mainly, with 
the Al atoms [4] and [5] coordination (AlO4 and AlO5), organized completely or in part of -Al2O3-
like metastable structure, at least in the very case of metakaolin.  
From the standardization criterion point of view, the action of the reactive silica fraction in pozzolans, 
responsible for the C-S-H gels formation, transformed later on into tobermorites or jennites, is 
regulated, at first, by the European standard EN 197-1 (2011), in general, which regulates its content 
not lower than 25 % of its mass, also being referred by the EN 450-1 (2006), as a part of pozzolanic 
properties of fly ash mainly composed by SiO2 and Al2O3. However and most of all, the chemical 
parameter of SiO2

r-, unlike Al2O3
r-, can be perfectly determined quantitatively in accordance to the 

EN 197-1 (2005) or the UNE 80225 (2012) standard properly and far not available is a chemical 
analysis method for its quantitative determination, which is also simple in operation, accurate, precise, 
rapid response from a technical point of view (below 28 days time), repeatable, reproducible, not 
involving danger to life safety of people who need to manipulate and implement, as consulted in the 
bibliography (Arjuan et al., 1997; Feret, 1933; Fernandez-Jimenez et al., 2006; Granizo et al., 2002; 
Lopez Ruiz, 1955; Murat and Driouche, 1988; Ruiz-Santaquiteria et al., 2011; Taylor, 1997). 
Furthermore, neither has yet to be any chemical specification that sets maximum levels for Al2O3

r- (%) 
content in the natural and artificial pozzolans to be added to the PC and/or to the concrete, since it 
involves itself in a very direct and also mixed and conflicting results even, at all aggressive chemical 
attack to produce to the concrete, mortar and paste with inadequate natural and/or artificial pozzolans, 
such as those from sulfates selenitous land and water (precipitation of rapid forming ettringite, 
ett-rf, which can even be a cause of rapid gypsum attack), chlorides sea spray, de-icing salts 
(electrochemical corrosion of concrete steel reinforcement) or seawater (mutual aggressive 
action of both sulfates and chlorides), among the most significant.  
2. Objectives 
To design and start-up a new quantitative analytical method of technical utility (the maximum test 
duration is not more than 28 days), to determine the content of reactive alumina, Al2O3

r- (%),of natural 
and artificial pozzolans. Once designed, to validate it at the repeatability level and in accordance with 
appropriate statistical parameters with special emphasis on the acceptance criteria established by the 
ISO/IEC 17025 (2005) standard for quality and reliability of new analytical procedure.  
3. Materials and methods 
All the mineral additions selected for the study, have satisfied the physical and chemical requirements 
proposed to consider them as pozzolans, as follows: (a) adequate degree of fineness of grind or 
average particle size (EN 451-2:1995), (b) have been analyzed chemically (EN 196-2:2006 or 
ASTM C311-11b) and (c) fulfilled with testing of pozzolanicity or Frattini test (EN 196-5:2011) at 28 
days age at least.  



The applicability of the new analytical method was studied with two artificial, in this very case, 
pozzolans, siliceous and aluminous in nature (according to ASTM C618-12), metakaolin 0 (M0) and 
metakaolin 1 (M1 = M0 doped with 50 % of quartz).  
The Laboratory X-ray Powder Diffraction (LXRPD) data was collected using Siemens D-5000 
diffractometer with CuK = 1.54056 Å radiation, equipped with a graphite monochromator (power 
settings of 40 kV and 20 mA). The powder patterns were recorded with a step size of 0.025°2 and a 
counting time of 5 s per step, in the angular interval of 5°–70°2.  
4. Experimental procedure 
The chemical reaction of Friedel's salt formation (1), is as follows: 

2NaOHO10HCaClOAl3CaOO7H2NaCl4Ca(OH)OAl 223222
-r

32     (1), 

after 28 days of accelerated saline-basic hydration of both the metakaolins, was optimized 
(Trusilewicz, 2014) to ensure that the single chemical compound of aluminum and chloride formed 
was Friedel's salt only, dosing for this purpose a suitable amount of chemical reagents (analytically 
pure): Ca(OH)2, NaCl and distilled water, in order to maintain the appropriate compromise between 
the highest yield from the chemical reaction (attack, dissolution and leaching of all reactive alumina, 
Al2O3

r-, in 28 days), and to also accelerate the etching media: 40°C of temperature, constant stirring 
and sealing the reactor. The metakaolin sample amount was 2 g and 100 ml of distilled water. The 
chemical analysis results of the original metakaolins are present in Table 1.  
The obtained results were contrasted with reference values derived from the same original materials 
by the Florentin method (Taylor, 1997; Feret, 1933), which consists of dissolving and leaching with 
basic attack Ca(OH)2, followed by another acid attack HCl (d = 1.12) of 1x1x6 cm 
specimens, after being submerged in distilled water up to 1 year of trial duration and, then, of 
analyzing chemically the samples, according to UNE 80230 and EN 196-2, for SiO2 (St), Al2O3 (At) 
and Fe2O3 (Ft) soluble, so-called hydraulic factors, content. Therefore, the reference method provides 
results of all soluble aluminic fraction of pozzolan, which is considered as equivalent to the reactive 
alumina, Al2O3

r-, (%) content determined by the new analytical method proposed in this research, 
based on Quantitative Phase Analysis using Rietveld method (Rietveld, 1969; Young, 1993).  

Table 1 Physical - Chemical analysis of pozzolans (% in weight) 
 

Pozzolan/Parameter L.O.I. I.R. SiO2 Fe2O3 Al2O3 CaO 
total 

CaOr- MgO SO3 Na2O+
K2O 

SiO2
r- BET 

(m2/kg)
SEB 
(m2/kg)

Metakaolin 0, M0 0.46 0.26 55.50 0.33 41.40 0.08 0.04 0.16 0.00 0.00 48.50 9000 333 
Metakaolin 1, M1 1.06 0.22 73.55 0.45 24.87 0.02 0.15 0.01 0.00 0.03 38.50 7260 398 
In order to perform accurate quantitative phase analysis using Rietveld methodology, an internal 
standard is usually added prior to hydration to quantify both amorphous and crystalline phases 
precipitating in the accelerated saline-basic hydration of the selected metakaolins. First of all, no 
amorphous fraction is detected in the internal standard, corundum, -Al2O3, used for the experimental 
trial of Rietveld procedure and added (between approx. 45 and 50 % in weight) afterwards the 
hydration process. The XRD pattern backgrounds are established manually using the base point tool 
of the software. The refined overall global parameters were: pattern scale factor, background points, 
zero-shift error, peak shape parameters (W, V y U) and each well-crystallized phase scale factors 
(Friedel's salt, corundum, portlandite), as well as preferred orientation (using Rietveld-Toraya 
exponential function algorithm) for (0 0 6)-oriented crystals of Friedel's salt, unit cell values. The 
atomic parameters are not refined.  
The Rietveld refinement procedure of laboratory X-ray Powder Diffraction (LXRPD) data was carried 
out by the Fullprof Suite set of programs. The following structural models were successively 
considered for the obtained LXRPD patterns: Friedel's salt monoclinic, hydrocalumite, 
3CaO·Al2O3·CaCl2·10H2O, (ICSD No. 63250; Passaglia and Sacerdoti, 1988; Rapinet et al., 2002), 
Friedel's salt rhombohedral, (ICSD No. 88617; Rapin et al., 2002; Renaudin et al., 1999), portlandite, 
calcium hydroxide, Ca(OH)2, (ICSD No. 34241; Busing and Levy, 1986), corundum, -Al2O3, (ICSD 
No. 31545; National Bureau of Standards, 1980), quartz, silicon dioxide, -SiO2, (ICSD No. 16331; 
d'Amour et al., 1979).  



Finally, the reactive alumina, Al2O3
r-, content, defined as amount of Al [4] and [5] coordination, 

amorphous and/or vitreous, lixiviated in form of Friedel's salt compound and by its chemical 
solubilization at 40°C and constant stirring, basic-saline accelerated hydration, estimated by the 
following mathematical expression (2): 

     
2

SR

SR 10
W1W

WFs
Fs%saltsFriedel'% 




        (2) 

where: FsR = fraction of Friedel's salt derived from Rietveld refinement of XRD pattern, % in weight, 
WS = fraction of internal standard (corundum), % in weight, WR = fraction of internal standard derived 
from Rietveld refinement procedure, % in weight. 
5. Results and discussion 
5.1. Rietveld QPA of LXRPD data collected from original metakaolin 
First of all, the mineralogical analysis of the original metakaolin was performed by Rietveld 
methodology as well (47.7 % in weight of corundum), determining the content of its major amorphous 
and crystalline phases. It can be observed that the metakaolin 0, M0, possess extremely high 
amorphous content, showed by XRD technique as wide, non-diffractable fraction in form of diffuse 
band in a range 2 of between 7 and 34°, especially, Figure 1.  
According to crystalline fraction of the original metakaolin, it is detected, due to the performed 
refinement, the presence of quartz in an amount of 7.4(1) % in weight, therefore and taking into 
account the chemical analysis of the M0, Table 1, it can be concluded the following: the total fraction 
of SiO2, 55.5 % in weight, is formed by 48.5 % of SiO2

r- (according to UNE 80225) and 7.4(1) % of 
quartz (according to the Rietveld results).  
At the same time, the rest 44.5 % represent the total fraction of Al2O3, 41.4 % in weight, (and a small 
fraction of Fe2O3 total, 0.3 %), of which one part or its totally must be found in reactive physical-
chemical state of alumina, Al2O3

r-, feasible to be attacked, solubilized and lixiviated by the Ca(OH)2-
saturated solution, by the Florentin procedure, as well as to react chemically with Ca(OH)2 and NaCl, 
once subjected to basic-saline accelerated hydration to originate Friedel's salt, as it is shown by this 
study. The total amorphous content (A) of the metakaolin is estimated by Rietveld refinement to be of 
78.3 % in weight, according to the following mathematical expression (2):  

4

S

W
W

10
W100

1
A R
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           (2) 

where: WS = fraction of internal standard (corundum), % in weight, and WR = fraction of internal 
standard derived from Rietveld refinement procedure, % in weight. 
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Figure 1 Mineralogical analysis of metakaolin: a) Rietveld refinement of the metakaolin M0 in presence of 
internal crystalline standard, corundum, (47.7 % in weight). Phases refined: corundum and quartz; Rp=12.9/27.0, 
Rwp=16.7/26.2, Rexp=11.86/18.61, 2=2.76; b) XRD original pattern of the metakaolin M0, with Bragg positions 

of structural models of the crystalline fractions considered. 
5.2. Florentin method as a reference for the new analytical procedure results 
The elaboration of the specimens (1x1x6 cm) for the metakaolins M0 and M1 do not present any 
problem in its hardening and setting stage, produced at a very few days from the molding and 
conservation in humid chamber. The values of SiO2 (St), Al2O3 (At) and Fe2O3 (Ft) soluble contents 



for the metakaolin M0, obtained by its correspondent chemical analysis of UNE 80230:2010 and 
EN 196-2:2006, are present in Figure 2.  
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Figure 2 Florentin reference method: Graphical representation of obtained SiO2 (St), Al2O3 (At) and Fe2O3 (Ft) 
soluble contents (hydraulic factors) from a) metakaolin 0, M0, and b) metakaolin 1, M1, at different ages of the 

trial (semi-logarithmic scale); LV - linearity/horizontality value. 
The values of reactive alumina, Al2O3

r-, content from M0 pozzolan increased with the trial age,  
 having reached the linearity at the age of 90 days, and 
 having provided the mentioned horizontality line with average value of 28.8% wt. 

On the other hand, the values of the reactive alumina, Al2O3
r-, content from M1 pozzolan, increased 

also regularly with the trial age, a direct effect of the contribution of physical dilution caused by 50 % 
of quartz, and with a higher velocity of chemical reaction of its Al2O3

r- content with Ca(OH)2 in 
aqueous medium, with or without chlorides or sulfates (Talero, 1986, 1990, 1992, 1993, 1996, 2002, 
2003a, 2003b, 2005a, 2005b, 2007, 2008, 2009, 2010, 2012a; Talero and Bollati, 1994; Talero et al., 
1999; Mejía, 1997; Mejía et al., 2000, 2003; Mejía and Talero, 1995, 1997; Lannegrand et al., 2001; 
Jones et al., 2003; Talero et al., 2011; Talero and Trusilewicz; 2012), than its correspondent SiO2

r- 
content, having reached its linearity at the 28 days age, much before than in case of M0, and having 
provided, since then, a horizontal value of 16.7 % and a maximum value of 18.8 % of Al2O3

r-.  
On the contrary, and regardless that the SiO2

r- values increased also with the trial age, their linearity 
was reached much later than it did for the Al2O3

r- (%) content, at one of the latest ages, Figure 2a), 
with a maximum value of 30.1 %, indicating a relatively slower velocity of its lixiviation and, in any 
case, lower than that of its correspondent content of Al2O3

r-, that do not correspond to the value 
obtained by the UNE 80225 Spanish standard (2012), which is 48.5 % (Table 1). According to these 
results, the M0 pozzolan can release only a 62 % of its total reactive silica content, SiO2

r-, at 1 year of 
the Florentin trial. The reason for that is probably the dense matrix formed with new compounds or 
hydrates originated from the chemical reaction between hydraulic factors of the M0 pozzolan with 
Ca(OH)2, must have prevented or hindered more regular and complete lixiviation of the SiO2

r- content. 
Or perhaps only could have been lixiviated stoichiometrically the same amount of SiO2

r- that it was 
released of Al2O3

r-, due to the latter posses, in case of M0, more reactivity from both of the hydraulic 
factors, as shown with values at 365 days of age (M0: 27.1 % of SiO2

r- and 27.4 % of Al2O3
r-; M1 

50 % of M0 + 50 % of quartz: 18.6 % of SiO2
r- and 17.4 % of Al2O3

r-). These coincidences are 
confirmed by the previous results of Trusilewicz et al. (2012) that demonstrated the metakaolin 
obtained by thermal treatment of kaolin conserves "crystalline memory" of its precursor, having 
activated only some parts of its siliceous and aluminous fractions (coexistence of amorphous and 
polycrystalline fractions). According to the already demonstrated, the aluminic part of the most 
reactive fraction of metakaolinite is reorganized in metastable form of -Al2O3, which, after being 
lixiviated from the structure to react chemically with Ca(OH)2 (basic attack, the first stage of 
Florentin procedure), releases also its correspondent silicic part of the most reactive fraction of the 
pozzolan, the most probable reason for the observed similar lixiviated percentage amounts of SiO2

r- 
and Al2O3

r-, Figure 2, of both the metakaolins M0 and M1, at the end of the trial, however, not in the 
intermediate ages (case of the M0, especially). Nevertheless, it can be verified and also confirmed that 



the chemical character of the metakaolins M0 and M1 is aluminic, which promotes and lays the 
foundation of behavior shown by its concretes, mortars and pastes, against, separately, attack of 
sulfates (Talero, 1986, 1990, 1992, 1993, 1996, 2002, 2003a, 2003b, 2005a, 2005b, 2007, 2008, 2009, 
2010, 2012a; Talero and Bollati, 1994; Talero et al., 1999), chlorides (Mejía, 1997; Mejía et al., 2000, 
2003; Mejía and Talero, 1995, 1997; Lannegrand et al., 2001; Jones et al., 2003; Talero et al., 2011; 
Talero and Trusilewicz; 2012) or influenced by originated heat hydration (Rahhal, 2002; Rahhal et al., 
2005, 2010; Rahhal and Talero, 2003, 2004a, 2004b, 2008, 2010; Talero, 2010, 2012b; Talero and 
Trusilewicz; 2012; Patsikas et al., 2012; Collepardi, 1999, 2003, 2005; Santhanama, 2002; Lawrence, 
1995; Calleja and Aguanell, 1980; Blondiau, 1961; Talero and Rahhal, 2009) or rheological behavior 
of its pastes (workability, placing and start-up of concrete: self compacting concrete), as well as 
promotes and lays foundation for its behavior against sea water action (sulfates and chlorides mutual 
action), AAR and carbonation.  
On the other hand, the corresponding reactive ferric oxide, Fe2O3

r-, contents of the M0 pozzolan 
present certain irregularities having maintaining itself at all ages of the trial with an average value of 
0.6 %. In case of the metakaolin, M1, the mentioned dilution effect is also produced for its respective 
values of Fe2O3

r-, since they remain stable as well at average value of 1.5 % (three times higher than 
its correspondent value obtained for M0).  
5.3. Mechanical properties of metakaolins + Ca(OH)2 (50%/50%) 1x1x6 cm specimens derived by 
Florentin method 
The results of compressive strength (CS) test carried out with 1x1x6 cm specimens elaborated from 
the Florentin procedure are present in Figure 3. The values were contrasted simultaneously with its 
correspondent results from wet chemistry of hydraulic factors (%) contents, SiO2

r- and Al2O3
r-, St and 

At, of both metakaolins M0 and M1.  
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Figure 3 Florentin method: Comparative analysis and study between the compressive strength values of the 

1x1x6 cm specimens of metakaolins + Ca(OH)2, conserved in distilled water and NaCl solution, and its 
correspondent SiO2

r- (St) y Al2O3
r- (At) contents of a) pozzolan M0 and b) pozzolan M1 

Generally, it can be observed that the CS values do not differ significantly in function of conserving 
liquid (water or NaCl aqueous solution) used for the specimens, due to be of the same magnitude 
order, especially at the end age of the trial (365 days). Therefore, it can be concluded the products of 
both aqueous and saline non-accelerated hydrations of metakaolins with Ca(OH)2 gives a similar or 
the same mechanical strength to the elaborated paste, being these products calcium silicates and 
aluminates hydrates, in the first case of aqueous hydration, and calcium silicate hydrates, as well, in 
the second case of saline hydration, as well as the Friedel's salt fraction originated from reactive 
alumina, Al2O3

r-, content of metakaolin.  
On the other hand, it can be observed as well that the elaborated specimens have provided extremely 
high CS values at early ages of the saline hydration especially, respect of its correspondent results 
obtained from the only aqueous hydration (distilled water), therefore it was possible to conclude that 
formation and precipitation of Friedel's salt, in this case, must have affected directly and positively the 
mechanical strength of the paste, and, for these conditions of reactive system, chemical reaction of 
Friedel's salt formation has its prevalent character.  



However and first of all, the origin, evolution and development of the trial and its correspondent plots 
prepared with CS values of each metakaolin specimen, of both M0 and M1 (from aqueous standard 
and saline non-accelerated hydration), remain in almost perfect correlation with its respective Al2O3

r- 
(%), at early ages especially. It means that the mechanical performance of these metakaolins, M0 and 
M1, depends directly on pozzolanic activity that develops this particular hydraulic factor, and 
especially in saline medium, without detracting from its correspondent SiO2

r- (%) content, however, at 
lower velocity and with minor impact, since its pozzolanic activity initiates and develops itself slower 
than the Al2O3

r-, for the same conditions.  
In this way, the CS values of the metakaolin M1 have reached its horizontality, at early age of 28 - 60 
days, with a horizontal value of 16.7 % Al2O3

r-, whereas those of the metakaolin M0 have reached its 
linearity much later, at 180 days-age, with a horizontal value of 28.8 % Al2O3

r-, and the difference 
between these two behaviors can be justified with the effect of physical dilution, since the 50 % of 
quartz of the metakaolin M1 might have affected positively in this case during both saline and 
aqueous hydration of the paste, along with its lack of pozzolanic activity, which should have 
facilitated a faster chemical reactivity of the M1, more than of the M0 pure itself, and regardless of 
that its Al2O3

r- (%) content is approximately half of the M0, and, consequently, its pozzolanic activity 
amount originated and developed, by this motive, as well. Moreover, the M0 1x1x6 cm specimens 
hardened almost immediately, a reason for which its CS increases depended, from the very early age, 
on water diffusion and/or other chemical reagents (NaCl in this case) through the porous network of 
its paste, in order to all its Al2O3

r- (%) content could be attacked, dissolved and lixiviated for its 
subsequent chemical reaction with Ca(OH)2 and NaCl, in case of saline non accelerated hydration, and 
uniquely with Ca(OH)2, in case of aqueous hydration only.  
Finally, the CS results obtained from attack, solubilization and lixiviation, via basic (with aqueous 
Ca(OH)2 solution) and acid (with HCl 1.12) attack, of its correspondent Al2O3

r- (%) and SiO2
r- (%) 

contents of the specimens (1x1x6 cm) elaborated with each metakaolin (M0, M1) and Ca(OH)2, 
permits conclude the following: it has been shown, once again, the unquestionably and substantial 
influence of Al2O3

r- content of metakaolins in hydraulicity of its 50 %/50 % mix with Ca(OH)2, by 
additional saline or aqueous non-accelerated hydration and, as a consequence, in an acquisition of 
mechanical strength, especially at early ages, of the mentioned mixes, always when this content is 
substantial and its physical state amorphous of metakaolin type, unlike if its physical state is vitreous 
of fly ash type, its influence could be developed as well, but later on. Given that this content was not 
either high or so specific, since its origin is of natural pozzolan (physical state amorphous and/or 
vitreous randomly) or fly ash (physical state vitreous in its totality), its influence was neither so 
determinant nor significant at early ages.  
Likewise, it has been shown once again that the pozzolanic activity of Al2O3

r- from pozzolans must be 
originated and developed at major velocity than its correspondent SiO2

r-, regardless that these two 
contents must be necessarily equal. At early ages, the Al2O3

r- content influences much more than the 
SiO2

r- in hydraulicity as well as in CS of its specimens, whereas at later ages the pozzolanic activity of 
the SiO2

r- gains the importance over the former. Furthermore, the SiO2
r- (%) final content determined 

by the Florentin method at 365 days-age is found not being coincident with its equivalent values 
determined by the UNE 80225:2012 standard method designed especially for this very purpose (M0: 
27.1 % of SiO2

r- and 48.5 % of SiO2
r-, respectively, and M1: 18.6 % of SiO2

r- and 38.5 % of SiO2
r-, 

respectively).  
5.4. Quantitative phase analysis by Rietveld method of the solid residues resulting from the new 
analytical procedure 
As soon as all the majority crystalline and/or amorphous phases of the original metakaolin was 
identified and estimated, Figure 1, quantitative determination of the main components (Friedel's salt, 
quartz, C-S-H gel) from the resultant solid residue by Rietveld procedure was performed as well, after 
being subjected both the metakaolins M0 and M1 to basic-saline accelerated hydration during 28 days, 
carried out, moreover, in a presence of corundum as internal standard (46.1 % and 51.4 % in weight 
dosage, respectively).  
An example of the results obtained from refinement of solid residue of M0 metakaolin, is shown in 



Figure 4a). As it can be observed, the sold residue contains in majority ( 80 %) crystalline compound 
of Friedel's salt and amorphous C-S-H gels, whose diffuse band forms a part of non-diffractable 
background, which, due to technical difficulties mentioned above, cannot be refined by its structural 
model because of null or low crystallinity of this fraction. Finally, the presence of quartz in the M0 
residues is negligible (at detection level of technique), even though it was taken into account during 
the fitting the real data with the proposed model.  
From the quantitative point of view, the new analytical method provides results of determination of 
reactive alumina content, Al2O3

r- (%), of M0 pozzolan with an acceptable good repeatability, 
determined from percentage content of Friedel's salt in its correspondent residue, providing (9 
observations with different internal standard of corundum or zinc oxide) an average value of 83.2 % 
(correlation coefficient of 11.9 %), which gives for M0 pozzolan an average value of 30.7 % Al2O3

r- 
(correlation coefficient of 11.4 %), considering the resting amount, 16.8 %, appertaining to total 
amorphous content of the residue, in its major part, apart from its crystalline minority fractions (case 
of quartz).  
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Figure 4 Refinement results by Rietveld method (QPA) of the solid residue obtained from aqueous suspension 
subjected to basic-saline accelerated hydration (28 days-age) of the a) M0 metakaolin 80.2 (1.33) % 

(equivalent to 29.7 % de Al2O3
r-); RP = 14.7/23.7, Rwp = 19.4/27.1, Rexp = 13.21/18.47, 2 = 2.16 (Crystalline 

phases refined: Friedel's salt rhombohedral, corundum) and b) M1 metakaolin 45.1 (0.68) % (equivalent to 
16.6 % of Al2O3

r-); RP = 17.1/26.0, Rwp = 21.5/29.0, Rexp = 12.93/17.41, 2 = 3.22 (Crystalline phases refined: 
Friedel's salt rhombohedral, corundum, quartz) 

Finally, example of the results obtained by the new analytical method for the M1 pozzolan reactive 
alumina, Al2O3

r- (%), content, are present in Figure 4b), that, after being subjected to accelerated 
basic-saline hydration during 28 days, have exhibited by carried out refinements (5 observations with 
corundum as internal standard) an average value of Friedel's salt content of 41.5 % (correlation 
coefficient of 7.2 %) that was traduced afterwards in an average value of 15.4 % Al2O3

r- (correlation 
coefficient of 7.5 %), being the rest of the fraction the quartz content with an average value of 12.3 % 
(correlation coefficient of 5.6 %) and the amorphous fraction of 46.3 % (correlation coefficient of 
6.8 %).  
6. Conclusions 
A new analytical method for determination of reactive alumina, Al2O3

r- (%), content by basic-saline 
accelerated hydration with Rietveld method and X-Ray Powder Diffraction applied to 
Ca(OH)2+metakaolins, M0 and M1, mixes with NaCl aqueous solution, is proposed, providing the 
content of Al2O3

r- (%) as follows: 29.7 % and 16.6 % in weight, respectively, obtained with a 
satisfactorily repeatability of all the measurements (correlation coefficient of 11.4 and 7.2 %, 
respectively), which also remains, on the other hand, with a very good concordance with their 
reference values, provided concurrently by Florentin method, i.e., 28.8 % and 16.7% of Al2O3

r-, 
respectively. The results are derived by a stoichiometrical estimation realized from chemical reaction 
of Friedel's salt formation.  
According to the mineralogical analysis performed by Rietveld refinement, the selected metakaolin 
exhibits a high amount of amorphous and polycrystalline as dominant fraction derived from 
disordered and low-crystallized character of its material (-Al2O3-like metastable structure), with a 



insignificant, 7.4(1) % in weight, but well-pronounced presence of quartz, as a unique crystalline 
fraction of the original metakaolin.  
The development and evolution during the course of time of the Florentin reference procedure (up to 
1 year-age) of the compressive strength (CS) examined with 1x1x6 cm Ca(OH)2+metakaolins, M0 
and M1, 50 %+50 % in weight specimens, after being subjected separately to both aqueous and saline 
hydration, pointed out a perfect concordance and correlation with the development and evolution of its 
respective percentage content of Al2O3

r- lixiviated from the metakaolin and determined by HCl 
(d = 1.12) acid attack and EN 196-2:2006 wet chemistry trial. The mechanical performance of the M0 
and M1 specimens are found to be directly dependent on amount and quality of pozzolanic activity 
shown by their Al2O3

r- (%) respective fractions, most of all, confirming again their appreciable and 
notable aluminic chemical character, unchangeable even by the presence of 50 % quartz in the M1 
metakaolin.  
In none of the both metakaolins, the SiO2

r- final content derived from the Florentin method (27.1 % 
SiO2

r- for M0 and 18.6 % SiO2
r- for M1) coincides with its equivalent amount provided by the 

normalized UNE 80225:2012 method (48.5 % SiO2
r- for M0 and 38.5 % SiO2

r- for M1), not even at 
the end of the trial, 365 days-age, having reached its horizontality. This lack of coherency indicates a 
low applicability of Florentin method for quantitative determination of reactive silica, SiO2

r-, of 
natural and artificial pozzolans, having given the values, in this case, only of research interest for 
kinetics of produced basic attack, subsequent dilution and lixiviation of this chemical parameter, 
particularly, up to 1 year-age.  
The pozzolanic activity of metakaolins do not depend on their hydraulic factor contents, Al2O3

r- and 
SiO2

r-, only, but also on a physical amorphous state and size of their particles, and as a result, on their 
high capacity to react chemically with Ca(OH)2 of any provenance, according to its chemical 
character, (aluminic, clearly case of M0 and M1), which defines, in turn, their behavior mixed with 
PC against mentioned chemical aggressive agents, sulfates and chlorides, and non-aggressive: 
hydration heat in blended cements and rheological behavior of their pastes, as well, that can become 
uneven, since their pozzolanicity, both quantitative and qualitative, derived from each hydraulic factor 
is also uneven and, obviously, impossible to be reflected by the Florentin procedure only.  
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Abstract 
In the development and optimization of supplementary cementitious materials (SCM’s), it is of high 
importance to have relatively fast and simple methods to evaluate their reactivity in cement-like 
systems. A common approach is the Chapelle’s test which probes the pozzolanic reactivity by 
measuring the amount of consumed Ca(OH)2 in Ca(OH)2 – SCM suspensions, cured at fixed 
temperature (20 – 80 oC) and for a fixed time (2 – 14 days). For these experiments, additional 
information can be achieved by studying the solid residues by 29Si and 27Al MAS NMR, which allows 
identification of the formed hydration products and the remains of SCM in a semi-quantitative manner. 
In addition to this approach, the present work employs a combination of chemical methods and solid-
state NMR to identify the reactive species in kaolinite heat treated at different temperatures. 
A commercial sample of kaolinite has been examined at heating temperatures in the range 500 – 1100 
oC, in steps of 50 oC. For each sample, the degrees of dissolution in acidic and basic media are 
determined, using a 1 vol.% HF solution and an 8.0 M NaOH solution, respectively. The solid residues 
from these experiments are analysed along with the heated starting materials by 27Al and 29Si MAS 
NMR. A comparison of these spectra, before and after dissolution, forms the basis for a clear 
differentiation of the silicon and aluminium environments that are present in each sample, providing 
direct information about the aluminate and silicate species which are dissolved under basic and acidic 
conditions, i.e., identification of the active sites in calcined clays. Moreover, this procedure facilitates 
the structural assignment of the different silicon environments observed by 29Si NMR, shedding light on 
the dehydroxylation process and on the structural changes that occur for kaolinite upon heat treatment. 
The chemical methods indicate that kaolinite reaches its maximum reactivity when heated at 800 ºC, 
even though this clay mineral is almost completely dehydroxylated at 550 - 600 ºC. 29Si NMR spectra 
demonstrate that the main active site in metakaolin corresponds to the silicon environment with a 
resonance at -100 ppm (maximum at 800 ºC) and that condensed silica sites (Q4(0Al) start to form with 
the onset of the dehydroxylation and increases when the temperature is raised. 27Al MAS NMR reveals 
that four-fold coordinated aluminium in heat-treated kaolinite exhibits different environments, 
tentatively assigned to different silicon sites in the second coordination sphere of the AlO4 tetrahedra. 
27Al MAS NMR also demonstrates that the highest reactivity of heated kaolinite is achieved for the 
sample which contain the smallest fraction of aluminium in octahedral coordination (800 ºC) and that 
the reactivity of aluminium strongly depends on its coordination state with the following variation:     
Al (V) > Al(IV) > Al(VI). The degree of dissolution of kaolinite in HF correlates well with the degree of 
dissolution measured at high pH for kaolinite samples heated between 500 – 800 oC. However, for 
temperatures above 800 oC, the chemical procedure using 1 vol.% HF does not give the full degree of 
reactivity for this clay mineral as a result of the lower solubility of Q4(0Al) silicon sites in HF. 
 
Originality 
The combination of chemical dissolution experiments and solid-state NMR studies of the solid residues 
from these experiments is demonstrated for the first time and used to assess pozzolanic reactivity of 
calcined clay materials. Complementary information on active and non-reactive aluminate and silicate 
species is obtained from comparison of the 27Al and 29Si NMR spectra before and after dissolution. 
NMR provides an equal detection of both crystalline and amorphous components and the combination 
of this tool with chemical approaches may lead to new information on the reactive sites in different 
types of calcined clays. The experimental protocol presented in this work also paves the way for 
improved assignment of the NMR resonances from the structurally different silicon and aluminium sites 
formed during the dehydroxylation process. The combination of chemical dissolution experiments and 
solid-state NMR approaches may be further developed and become a key-tool in the development of 
new SCMs with optimum reactivity in cement blends.     
 
Keywords: calcined clay; kaolinite; NMR spectroscopy; reactivity; dissolution. 
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1. Introduction 
Kaolinite, Si2Al2O5(OH)4, is a 1:1 layer alumino-silicate clay that has been extensively studied due to 
its multiple industrial applications. Several applications require that the reactivity is enhanced and it is 
well-known that a significant increase in reactivity can be achieved when kaolinite is subjected to a 
heat-treatment process where the layered structure is dehydroxylated. The dehydroxylation of 
kaolinite depends partly on the source of material and its particle size and it begins roughly at 450 - 
500 ºC, resulting in the formation of a metastable and amorphous phase, metakaolin (Ramachandran 
V.S. et al., 2002). The optimum thermal treatment is strongly dependent on the specific application 
and thus, improved knowledge about the structural transformations that kaolinite undergoes during the 
dehydroxylation process is of great interest. However, the lack of structural order in the heated 
material complicates structural studies and in this respect, solid-state 29Si and 27Al MAS NMR have 
proved to be valuable tools since they provide information about crystalline as well as amorphous 
components in composite materials (Skibsted J. et al., 2007). The structural transformations upon 
heat-treatment of kaolinite have been widely studied by solid-state NMR methods (Meinhold R. H. et 
al., 1985; Rocha J., Klinowski J. 1990; Sanz J. et al., 1988), although the characteristic, broad and 
featureless resonance, observed by 29Si MAS NMR, does not allow a direct differentiation of specific 
Si sites in the material after dehydroxylation. Thus, identification of specific silicon sites in 
metakaolin has still not been achieved, partly as a result of the overlap of 29Si chemical shifts for the 
different Q3(nAl) and Q4 (mAl) structural units. 
In this study, reactivities of kaolinite samples heated up to 1100 ºC are determined in acidic and basic 
media and both the as-prepared samples and their corresponding residues are investigated by means of 
29Si and 27Al MAS NMR. Comparison of the normalized 29Si and 27Al NMR spectra for the heated 
samples and their residues makes it possible to differentiate more clearly between different silicon and 
aluminium environments that are present in the samples, providing an improved understanding of 
their evolution with temperature and their impact on reactivity. Moreover, 29Si{1H} CP/MAS NMR 
experiments have proven useful for selective observation of the hydroxylated sites in the residues 
after the chemical attack. In addition, ICP-AES experiments have been performed on the filtrates 
generated by the chemical attack experiments with the aim of determining the Si/Al ratios for the 
dissolved phases. The results from these analyses are directly correlated with the structural modifi-
cations of kaolinite that occur upon heat-treatment.   
 
2. Experimental 
2.1. Materials and chemical methods 
Premium-grade kaolinite, containing a small impurity of quartz (~2.6 wt.%), was obtained from 
Imerys Minerals, UK. This clay was heat-treated in an open furnace at temperatures between 500 ºC 
and 1100 ºC in intervals of 50 ºC, following the same heat-treatment scheme (two hours at the target 
temperature). For each heated sample, one gram was subjected to chemical attack in 100.0 mL HF (1 
vol.%) at room temperature under stirring for five hours. This procedure has been employed in earlier 
studies to evaluate the reactivity of calcined clays and type-F fly ashes used as SCMs or in the alkali 
activation process (Ruiz-Santaquiteria et al., 2013; Arjunan et al., 1997). The same experimental 
procedure was carried out for a basic medium using 8.0 M NaOH for selected samples, however, the 
temperature for these experiments was set at 80 ± 2 ºC to further facilitate dissolution. After this 
exposure, the liquid and residue were separated by filtration and the residue was rinsed with distilled 
water until a neutral pH was reached. The mass of the solubilized clay was calculated from the weight 
difference between the starting material and the dried residue. Additionally, the Si/Al ratio of the 
dissolved phase in HF was determined from the Si and Al contents in the filtrate, obtained with a 
Spectro Arcos ICP-AES instrument. 
 
2.2. NMR experiments 
Single-pulse 29Si MAS NMR spectra were recorded on a Varian INOVA-300 spectrometer using a 
homebuilt CP/MAS probe for 5 mm o.d. zirconia (PSZ) rotors, a spinning speed of R = 10.0 kHz and 
a relaxation delay of 30 s. The 29Si{1H} CP/MAS NMR spectra were acquired with the same probe 



 

and rotor, using R = 4.0 kHz and two different CP contact times of 1.0 and 5.0 ms. The 27Al MAS 
NMR spectra were recorded on a Varian Direct-Drive VNMR-600 spectrometer, using a homebuilt 
CP/MAS probe for 4 mm o.d. zirconia rotors, a spinning speed of R = 13.0 kHz, and a 2-s relaxation 
delay. 
 
3. Results and Discussion 
3.1. Reactivity of kaolinite in HF (1.0 vol. %) 
The fraction of dissolved material for the heated kaolinite samples in the 1.0 vol.% HF solution is 
shown in figure 1a as a function of the heat-treatment temperature. Even a major part of untreated 
kaolinite is dissolved under these aggressive conditions. The percentage of dissolved material 
increases with temperature until 550 oC where a full dehydroxylation of kaolinite is expected to have 
occurred. Only minor variations are observed in the range 500 – 900 oC, in accordance with the 
presence of a metastable phase, metakaolin, in this temperature interval. The reactivity reaches a 
maximum at 800 ºC and decreases from 900 – 1100 oC, the latter associated with the transformation 
of metakaolin into a spinel-type phase and mullite. The decrease in reactivity from 900 – 1100 oC is 
accompanied by an increase of the Si/Al molar ratio for the dissolved phase (figure 1b), which is 
ascribed to the formation of the aluminate-rich spinel-type and mullite phases at higher temperatures. 
These phases exhibit a higher degree of structural order than metakaolin and thus, the dissolution of 
aluminate species from these phases is expected to be lower. Kaolinite and metakaolin have a Si/Al 
molar ratio of 1.0 whereas slightly lower ratios are observed for the dissolved phase of kaolinite and 
the heated samples in the range 500 – 900 oC. This indicates a preferential dissolution of aluminate 
species and thereby a slightly incongruent dissolution of silicon and aluminium. 
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Figure 1. (a) Fraction (wt.%) of dissolved material in the 1.0 vol.% HF solution as a function of the heating 
temperature. (b) The Si/Al molar ratio of the dissolved phase determined by ICP-AES analyses of the filtrates. 

 
29Si MAS NMR spectra of selected heated kaolinite samples and their corresponding residues from 

the HF experiments are shown in figure 2. The deconvolutions of the individual spectra have been 
carried out using the same number of resonances and only minor variations of their chemical shifts 
and linewidths. Comparison of the spectra and deconvolutions for the heat-treated samples and their 
residues reveals that different silicon sites in the clay material exhibit different reactivities. The 
spectra of the residues include stronger signals from quartz (-107.7 ppm) than the heated samples, 
reflecting that quartz is not affected by the acid attack. Moreover, a small fraction of kaolinite (-91.5 
ppm) is observed for the sample heated at 500 oC and a strong signal from kaolinite is also observed 
for the 500 oC residue, as a result of the lower reactivity of kaolinite compared to metakaolin. The 
contribution to the spectra from metakaolin is simulated by four resonances (dashed blue peaks in 
figure 2) located at -82 ppm, -84 ppm, -94.5 ppm and -101 ppm and by three resonances centred at 
lower chemical shifts than quartz (dashed red peaks) at -108 ppm, -115 ppm and -121 ppm. The 
chemical shifts of the latter three peaks strongly suggest that they originate from Q4(0Al) silicon sites, 



 

either as a part of the metakaolin structure or arising from an amorphous silica phase present in the 
samples. From the deconvolutions of the 29Si MAS NMR spectra of the residues, it is apparent that the 
three Q4(0Al) peaks give a major contribution to these spectra, demonstrating that these fully 
condensed SiO4 units are less reactive than the other components of the metakaolin structure. The 
center of gravity for the overall peak from metakaolin is observed at -101 ppm for the samples heated 
in the temperature range 550 – 850 oC. From 900 to 1100 ºC, the center of gravity shifts from -101 
ppm to -108 ppm, reflecting the formation of the spinel-type and mullite phases along with silica. 
Moreover, for the samples heated at 950 oC and above, a narrow resonance around -112 ppm appears 
in the spectra which intensity increases when the heating temperature is raised.  This peak reflects a 
partial crystallization of silica (Engelhardt G., Michel D. 1987), and thereby the formation of a less-
reactive phase, in agreement with the reactivity measurements in figure 1. 
 
  (a) 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. 29Si MAS NMR spectra (7.1 T, R = 10.0 kHz) of (a) selected heat-treated kaolinite 
 samples and (b) their corresponding residues from the acid attack experiments. 

 
29Si{1H} cross-polarization (CP) NMR spectra of the heated kaolinite samples and residues also 

provide useful information since they only contain resonances from silicon sites with H atoms in their 
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near vicinity. For the samples heated above 500 ºC, no resonances are observed by 29Si{1H} CP/MAS 
NMR (spectra not shown), in agreement with the absence of Si–OH bonds and thereby fully 
dehydroxylated samples. However, distinct resonances are observed at roughly -101 ppm and -108 
ppm for the residues of the samples heated at 750 and 850 oC (figure 3). The peak at -101 ppm is 
strongly enhanced in the CP/MAS NMR spectra acquired with the short contact time (1.0 ms), 
indicating the presence of strong 1H – 29Si dipolar couplings for these sites. The highest intensity for 
the -108 ppm resonance is observed when a long contact time (5.0 ms) is employed, reflecting 
somewhat weaker dipolar couplings for these sites. Thus, the resonances at -101 and -108 ppm are 
assigned to (SiO)3Si*-OH and (SiO)Si*OSi-OH sites, respectively, where the latter peak reflects a 
fully condensed Q4(0Al) site with a Si-OH sites in its next-nearest coordination sphere. The two types 
of silicon sites are present at the surface of the metakaolin/silica phases. The absence of these peaks in 
the 29Si{1H} CP/MAS NMR spectrum of the residue of the sample heated at 950 ºC demonstrates that 
a more ordered/crystalline silica phase has formed, which surface is not hydroxylated during exposure 
to the HF solution.       

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. 29Si{1H} CP/MAS NMR spectra of the residues of kaolinite heated at (a) 750 ºC, (b) 850 ºC, 

 and (c) 950 ºC, acquired with CP contact times of 1.0 and 5.0 ms. The corresponding 
single-pulse 29Si MAS NMR spectra of the residues are shown in the bottom row. 

 
 

 
  

  
  
 
   
 
 
 

Figure 4. 27Al MAS NMR spectra (14.1 T, R = 13.0 kHz) of kaolinite heated at (a) 550 oC 
and (b) 800 º C and of their corresponding residues from the HF solution (upper row spectra). 

 
The 27Al MAS NMR spectra of the heated samples reveal that for temperatures below ~900 ºC, the 

samples include Al in tetrahedral, five-fold and octahedral coordination whose relative intensities vary 
with temperature. Figure 4 shows 27Al NMR spectra of the samples heated at 550 and 800 ºC and their 
residues from the HF solutions. The spectra of the heated samples contain overlapping centerbands 
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from the three different coordination states, which are affected by second-order quadrupolar effects, 
preventing a straightforward deconvolution analysis. However, the peak at 35 ppm originates from 
five-fold coordinated Al and it is clearly seen that this component has almost completely vanished in 
the spectra of the residues, demonstrating that the pentahedral Al sites are highly reactive. In addition, 
the residues contain at least two different AlO4 sites, which may also be present in the samples before 
acid attack, and a rather narrow AlO6 resonance that may arise from hydroxylated surface sites.  

 
3.2. Reactivity of kaolinite in 8.0 M NaOH 
Figure 5a shows the fraction of dissolved kaolinite in 8.0 M NaOH and for comparison, also the 
results from the exposure to HF. From this graph it is apparent that the fraction of dissolved kaolinite 
heat-treated at temperatures up to 800 oC in a basic medium follows the same pattern as observed in 
the experiments where the samples are subjected to hydrofluoric acid. However, a larger fraction of 
dissolved material is observed in the temperature range between 800 º C and 1000 ºC for the samples 
exposed to 8.0 M NaOH. 
 (b) 
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Figure 5. (a) Fraction (wt. %) of dissolved kaolinite in 1.0 vol.% HF (red circles) and in 8.0 M NaOH (blue 
circles) as a function of the thermal treatment temperature. (b) 29Si MAS NMR spectra of kaolinite heated at  

850 ºC (K850) and its residues from the HF (K850-HF) and 8.0 M NaOH (K850-HF) dissolution experiments. 
 
29Si MAS NMR spectra of kaolinite heat-treated at 850 ºC and of its residues in acid and basic media 
are compared in figure 5b. At first sight, these spectra reveal that the reactivity of the different silicon 
sites is not strictly the same in basic and acid media. The spectra show that the silicon sites with 
resonances in the approximate range from -100 ppm to -110 ppm (excluding the narrow resonance 
from quartz at -107.7 ppm) exhibit a higher reactivity in NaOH than in HF, whereas the less 
polymerized silicon sites, with resonances in the range from roughly -80 ppm to -100 ppm, dissolve to 
a larger extent in the hydrofluoric acid solution. These differences in reactivity are less significant for 
heat-treatment temperatures below 800 ºC (spectra not shown) but become apparent at higher 
temperatures. The difference in reactive sites is also reflected in the results shown in figure 5a, and it 
is primarily ascribed to the formation of an amorphous silica phase at temperatures above 800 oC. The 
higher reactivity of the fully polymerized silicon sites in the basic medium may be related to the high 
ionization strength in the 8.0 M NaOH solution which facilitates the bond-breaking of the siliceous 
framework structure and thereby an increased dissolution. Generally, silicate and alumino-silicate 
materials can efficiently be dissolved in HF as a result of the strong affinity of fluoride ions to silicon 
atoms (and not its acidity which is rather low). Thus, the present results indicate that the concentration 
of fluoride ions are not sufficiently high in the 1.0 vol.% HF solution to dissolve amorphous silica. 
The results presented in figure 5 suggest that the chemical procedure using HF can be a useful method 



 

to estimate the reactivity of kaolinites heat-treated at temperatures below 800 ºC. For higher 
temperatures, where the fraction of Q4(0Al) silicon sites becomes significant, a better measure for the 
reactivity of thermally treated kaolinites may be achieved using a strong basic medium such as 8.0 M 
NaOH. 
 
3. Conclusions 
The combination of chemical procedures and solid-state MAS NMR represents a valuable approach to 
gain new information about the nanostructure and reactivity of heat-treated kaolinite samples. 
Comparison of the 29Si NMR spectra for the heated clays and their residues allow identification of 
different silicate environments in metakaolin and characterization of the chemical reactivity for these 
silicate species. In addition to metakaolin, an amorphous silica phase is formed which becomes 
predominant at ~900 ºC and crystallizes out at higher heating temperatures. 29Si{1H} CP/MAS NMR 
studies of the residues from acid attack have revealed that this phase is less reactive than metakaolin 
and almost inert in its ordered form at heating temperatures above 900 oC. These structural changes 
are also reflected in the reactivity measurements where a decrease is observed at 900 oC and above. 
27Al MAS NMR spectra of the heated samples and their residues have shown that the fivefold 
coordinated Al sites in metakaolin is the most reactive Al sites and that almost a full degree of 
reaction is observed for these sites in the chemical attack experiments. In addition, the 27Al MAS 
NMR spectra of the residues have shown for the first time that heated-treated kaolinites exhibit 
different structural environments for Al in tetrahedral coordination.  
Finally, the silicon sites in thermally treated kaolinite exhibit differences in reactivity in basic (8.0 M 
NaOH) and acidic (1.0 vol.% HF) media. The highly polymerized silicon sites are more susceptible to 
dissolution in the highly concentrated sodium hydroxide solution. These differences in reactivity are 
most significant at temperatures over 800 º C when an amorphous silica phase starts to form. Thus, 
the chemical attack procedure using HF does not provide the full degree of reactivity for kaolinite at 
temperatures above 800 oC. 
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Abstract 
This study, a first contribution to research into low cost alternative cements explores the use of various fractions of 
industrial by-products such as fly ash deposited in landfills. This new cement has less carbon footprint than the 
conventional material (OPC).  
 
A landfill located in Aliaga in the Spanish province of Teruel, used by a nearby coal-fired power plant, was 
characterised to study the possible pozzolanicity of the ash and slag deposited there, with particle sizes ranging from 
>10 mm to 0.032 microns. A laboratory scale plant was specifically designed to separate the materials into four 
particle size intervals (A, B, C and D) for the study. 
 
These fractions were then characterised chemically, physically and mineralogically and their reactivity and 
pozzolanicity were tested using the Frattini method. The reactivity trials were conducted on blends prepared in the 
laboratory, containing 75 wt% OPC and 25 wt% of fraction A, B, C or D. The results were consistently compared to the 
behaviour of cement containing a conventional fly ash (FA) provided by the power plant that normally supplies the 
material for cement manufacture. The findings showed that D was the sole fraction with pozzolanic properties, which it 
exhibited at the ages of 8 and 15 days. This fraction appeared to be less pozzolanic than the conventional fly ash.   
 
Physical-mechanical trials were run to compare the performance of the laboratory cement (75 % OPC, 25 % CEM D) 
to the results found for cement bearing conventional fly ash (CEM FA): water/cement ratios for suitable consistency, 
start and end setting times, expansion and conduction calorimetry-determined hydration. Mortars were also prepared 
to study 2-, 7- and 28-day mechanical strength as well as drying shrinkage and hydration-induced swelling.  
 
As the physical-mechanical and hydration behaviour exhibited by CEM D was comparable to the performance in CEM 
FA, fraction D was concluded to be a pozzolanic addition suitable for the manufacture of sustainable cements.  
 
Originality 
This study assesses the use of thermal industry waste with no intrinsic value, presently stockpiled in landfills, for future 
applications in concrete and mortar manufacture. Such use would lead to sustainable cements characterised by a 
smaller carbon footprint and significantly lower CO2 emissions than OPC, both because the raw materials are 
decarbonated and production is less energy-intensive (lower grinding requirements). Their manufacture could well 
contribute to mitigate the climate change problem. In addition, a new, simple methodology is proposed, which is readily 
applicable in many countries. 
 
Keywords: sustainable development, waste management, enhanced landfill, alternative cement, pozzolanicity, fly ash. 
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1. Introduction 
 
Construction is an activity essential to economic development. The most durable and economically 
viable construction material is concrete, whose main industrial component, cement, is characterised by 
its significant contribution - around 7 % of the worldwide total - to anthropogenic CO2 emissions 
(Bernstein L. et al., 2007). The equilibrium among economic, environmental and raw material-related 
factors that once made Portland cement a highly competitive product has been upset by the awareness 
of the effect of greenhouse gases, in this case CO2, on climate change.  
 
The cement industry strives to make cement manufacture compatible with protection of the 
environment, optimising facility performance by continually improving and modernising its facilities, 
investing in means to lower environmental impact and adapting its productive process to recycle waste 
generated by other industries.  
 
There are consolidated strategies for lowering CO2 emissions: a) replacement of clinker with mineral 
additions such as pozzolans or blast furnace slag; b) enhancement of the energy efficiency of cement 
manufacture; c) use of alternative fuels; and d) development of more eco-efficient cements with low or 
nil Portland cement content.   
 
One of the pozzolans used for this purpose is siliceous fly ash, a by-product of coal-fired power 
generation. Its standard use as a cement addition is beneficial for technical, economic and 
environmental reasons, albeit subject to the requirements laid down in European standard EN-197-
1:2011. These particles affect cement in essentially three ways.  
 
-The calcium hydroxide or portlandite (Ca(OH)2) generated during clinker, i.e., calcium silicate, 
hydration combines with the active silica and alumina in the ash to yield calcium silicate and 
aluminate hydrates similar to the ones forming in conventional clinker hydration (pozzolanicity).  
 
-The result of that pozzolanic reaction is a new C-S-H gel characterised by a lower Ca/Si ratio than the 
C-S-H gel forming when the silicates in portland cement clinker are hydrated. The composition and 
structure of the new C-S-H gel afford the resulting paste greater chemical resistance and durability. 
The low solubility of this gel in acid media, as well as the refinement of concrete porosity, raise 
concrete resistance to all manner of aggressive agents, especially sulfates and carbonation, while also 
hindering chloride penetration and diffusion (Thomas M.D.A. and Bamforth P.B., 1999; Papadakis 
V.G., 2000; Elahi A. et al., 2010). 
 
-With their spherical shape, cenospheres behave like cement paste fluxes without raising the water 
demand for a given workability. 
 
In the twentieth century, the worldwide power industry generated landfills of varying characteristics, 
many of which contain pollutants, some hazardous, that continue to impact the environment. Most of 
the fly ash resulting from coal combustion in power plants has simply been stockpiled.  
 
In Spain, specifically, each steam power plant has a landfill, some of whose materials may be 
pozzolanic. According to several inventories and catalogues (www.igme.es), anywhere from 13 000 to 
20 000 abandoned power plant and mining landfills are scattered across the country. The 
environmental problems posed are of deep concern to the Spanish Directorate General of Industry, 
Energy and Mines, which has recommended that project briefs and projects should be drawn up to 
restore the land affected and research should be conducted into reusing these materials for energy or 
geomechanical purposes.  
 
 



 

These recommendations are in line with other recent social and economic studies (Van Passe S. et al., 
2013, Bosmans A. et al., 2013; Jones P.T. et al., 2013; Frändegard P. et al., 2013) on enhanced landfill 
mining (ELFM), a term meaning action to valorise waste in historically abandoned landfills not only 
economically, but also from the perspective of social and environmental benefits. ELFM includes the 
valorisation of historic waste (waste-to-material and waste-to-energy) and proposes a methodology to 
assess the economic benefits to be gained from this technology-, legislation- and marketplace-driven 
practice.  
 
The present study aimed to develop a methodology for recovering and valorising pozzolanic materials 
from steam plant landfills for reuse as additions in cement manufacture. A procedure is proposed for 
valorising landfill fly ash and other pozzolanic materials with a view to preserving natural resources. 
Future studies along these lines may contribute to the disappearance of such landfills, with the 
concomitant environmental, social and economic benefits.   
 
2. Experimental 
2.1 Pilot steam plant landfill 

The landfill chosen for this study is located on a hillside north of a steam power plant just 5 km NE of 
the centre of Aliaga, a town in the Spanish province of Teruel (Figure 1). The hill runs along the east 
side of a valley whose Cretaceous limestone formations lean 65 NW.  Miocene conglomerates, 
sandstone, clay and limestone outcrop at the foot of the hill. Coal combustion waste, primarily fly ash 
and slag, was deposited in the landfill while the plant was in operation (1952-1982). The scantly 
efficient combustion technology used at the Aliaga plant generated a high percentage of unburnt 
carbon. The landfill is estimated to contain over one million tonnes of material.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Aerial view of the Aliaga power plant and pilot landfill 

 
2.2 Laboratory-scale plant to fraction landfill materials 
 
The process proposed began with initial sieving. The material retained after dynamic sieving, i.e., 
particles over 10 mm, was labelled fraction A. This material was deposited in piles for later use. The 
material passing through the sieve was placed in a desiccator to eliminate the moisture and separate 
the material into loose particles. After drying it was re-sieved. The material retained constituted 
fraction B. 
 



 

Inasmuch as the material obtained in this second step had a particle size of < 1 mm, further sieving 
would have been inefficient. A laboratory-scale multi-phase method was therefore designed and 
optimised to separate and collect landfill materials < 1 mm in size. The 3.5 x 2-m plant (Figure 2) was 
fitted with the following: 
 

1) a 30-kg/hour hopper  
2) a 150-L ball grinder 
3) a 0- to 1 300-rpm separator 
4) a 12-bag filter and a speed selector 
5) a 10-kg/h coarse material return facility 
6) a fines collection system 
7) a coarse materials collection system. 

 
The process for separating and collecting the fractions was as follows. The material was fed through 
the hopper (1) to the grinder (2) for de-compaction and from there to the separator (3) where it was 
fractioned by varying the speed. The finer particles were fed into the filter (4) and the coarse particles 
returned to the grinder (5). This process yielded fraction C, which, with a particle size of 1 mm to 
100 microns, was collected in the coarse material return pipe (7). The finest material (fraction D), 
with a particle size of under 100 m, was accumulated in the filter (6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Pilot plant for fractioning landfill waste  
 

2.3. Materials  
The samples analysed after separation included: fraction A > 10 mm; fraction B = 1-10 mm; fraction C 
= 1 mm - 100 m; fraction D < 100 m. Prior to characterisation, each fraction was mixed thoroughly 
and divided into four aliquots to select samples as representative as possible. These samples were 
subsequently ground and sieved to a size of under 45 m, the particle size required for some of the 
tests conducted.  
 
CEM I 42.5 R/SR cement (CEM I) with a Blaine specific surface of 400 m2/kg for the trials, as well as 
a control fly ash (FA) routinely used at the cement plant to prepare CEM II/V-A-B cements, were used 
as reference materials. 
 
 



 

 
2.4. Procedures 
- Chemical characterisation: The chemical composition of fractions A to D, CEM I and the control 
fly ash (FA) were determined with X-ray fluorescence (XRF) on a PHILIPS PW-1404 analyser. The 
samples were dissolved in a heated HNO3/HCl (1:3, v:v) solution for ICP-OES determination of the 
minority elements on a LEEMAN INC. direct reading echelle ICP-EOS.  
-Experimental procedure on elimination of unburnt carbon: The proportion of unburnt carbon (for 
obtaining D-u fraction) was found by placing 200-g samples from the fraction in a kiln, ramping the 
temperature first from the ambient 20 to 500 C in 30 min and then to 815 C in 60 min, after which it 
was fired at the latter value for 60 min.  
-Surface characterisation: Particle size distribution in fractions A to D was determined (or confirmed) 
by: differential sieving with sets of sieves and on a SYMPATEC Helos 12K laser beam diffractometer, 
analysing the samples, suspended in isopropyl alcohol, for 15 s after exposure to ultrasonic waves for 
60 s. 
-Mineralogical and microstructural characterisation: Fractions A to D were characterised 
mineralogically using two techniques:  X-Ray Diffraction (XRD) on a BRUKER AXL D8 Advance 
diffractometer fitted with a Lynxeye X-ray detector for ultrafast diffraction measurements and a 2.2-
kW copper anode with no monochromator, scanning across (2θ) 5 to 60. Sample morphology and 
elemental composition were analysed under a HITACHI S-4800 scanning electron microscope able to 
perform ad hoc chemical analyses via energy dispersive X-rays with a silicon/lithium detector. 
BRUKER Spirit 1.9 software was used with this kit.  
- Pozzolanic reactivity (Frattini Test) (European standard EN-196-5:2011): Pozzolanic reactivity 
trials were conducted on laboratory-prepared blends containing 75/25 wt%, respectively, of cement 
and fraction A, B, C or D. Sample D-u (sample D treated to eliminate unburnt carbon) was also tested 
for reactivity with this method. 
-Physical-chemical characterisation of cements (European standard EN-197-1:2011): These trials 
were conducted on blends containing 75 % cement and 25 % of fractions D, D-u or FA.  
 
3. Results and Discussion 
 
3.1 Chemical characterisation of the samples 
 
Table 1 gives the chemical composition of the materials. As the table shows SiO2 and Al2O3 contents 
in the samples were as follows: A<B<C<D. Reactive silica, which provides an indication of sample 
reactivity, also rose in that order. As the highest content was found in fraction D, it would initially be 
expected to be the most reactive sample.  
 
While all samples exhibited a high Fe2O3 content, it declined in the following order: A>B>C>D.  The 
CaO content was practically constant in the four samples (2.5-3.5 wt %). At 8.8 wt%, the SO3 content 
was particularly high in sample A. The minority components identified by XRF (MgO, Na2O, K2O, 
P2O5, TiO2) and certain trace elements were also present in similar proportions in the four samples. 
Another prominent finding was the high loss on ignition (LOI) observed in all the samples (over 14 wt 
% in sample D).  
 
Table 2 lists the heavy elements present in samples A through D, in which no differences of note were 
observed. 
 
 
 
 
 



 

 
 

Tab. 1 Chemical composition of CEM I, FA and fractions A-D 

ELEMENT 
(wt %) A B C D CEM I FA 

SiO2 TOTAL 24.96 35.15 34.31 36.46 20.92 41.90 

SiO2 REACTIVE* 12.30 15.50 11.30 16.00 -- 33.60 

Al2O3 15.96 22.67 23.13 25.24 3.92 22.08 

Fe2O3  27.23 17.86 15.26 14.67 4.03 21.94 

MnO 0.03 0.03 0.03 0.03 -- -- 
MgO 0.53 0.60 0.57 0.67 1.68 1.07 
CaO 2.73 2.76 2.52 3.34 62.81 6.42 

Free CaO 0.20 0.20 0.29 0.26 0.7 0.45 

Na2O 0.08 0.04 0.06 0.08 0.23 1.54 

SO3 8.87 2.79 2.85 3.20 3.33 0.87 

K2O 1.22 1.16 1.20 1.31 0.52 0.29 

TiO2 0.64 0.82 0.72 0.74 0.13 0.31 

P2O5 0.09 0.09 0.10 0.10 -- -- 

LOI** 17.32 16.00 19.26 14.15 2.60 1.11 

TRACE 
ELEMENT 

ppm 
ppm ppm ppm ppm ppm ppm 

Cl 52 87 96 49 0.01% 0.05% 
V 159 180 222 199 149 303 
Ce 316 252 199 138 -- -- 
Pb -- 2 3 6 4 102 
Ni 80 69 66 52 66 206 

 *Reactive SiO2 found as described in European standard EN-196-2 
      **LOI: loss on ignition found as described in Spanish standard UNE 32-004-84 
      

Tab. 2 ICP-OES chemical analysis of fractions A to D  

  Sample 
(% wt) A B C D 

Sr 0.030 0.031 0.037 0.041 

Zn 0.009 0.013 0.014 0.017 

Cu 0.006 0.008 0.008 0.007 

Ba 0.029 0.041 0.031 0.033 

Cr 0.010 0.013 0.013 0.011 

Bi 0.029 0.037 0.032 0.037 

 
 
 
 
 
 
 
 
 
 
3.2 Physical characterisation 
The particle size results for fractions A and B are given in Table 3: in both cases, the receivers 
contained particles smaller than the pre-established size (<10 mm in fraction A and <1 mm in fraction 
B). The scant cohesion characterising the samples led to their disaggregation during quartering and 
sieving, with the concomitant decline in particle size.  
 
 



 

 
 

Tab. 3 Particle size distribution in fraction A and B (set of sieves) 
 Mesh size % 

40 mm 3.28 

20 mm 25.77 

16 mm 11.52 

10 mm 43.98 

Fraction A 

Receiver  15.41 

10 mm 0 

5 mm 21.65 

2 mm 30.76 

1 mm 21.65 

Fraction B 

Receiver  25.92 

 
The particle size distribution for fractions C and D is shown in Table 4. In fraction C, over 86 % of the 
sample consisted of particles under 1 mm and 6 % fewer than 100 m. This finding, as in the 
preceding case, was attributable to particle disaggregation during quartering, a result of scant cohesion. 
In fraction D over 87 % of the particles were smaller than 90 m, as expected in light of the 
fractioning performed. 
 

Tab. 4 Particle size distribution for fractions C and D 

Particle size 

Sample C 
% 

Particle size 

Sample D 
% 

<100 μm 5.55 <10 μm 1.30 

<500 μm 38.10 <50 μm 5.61 

<1 000 μm 86.86 <90 μm 87.24 

 
3.3. Mineralogical characterisation of the samples 
 
Figures 3 reproduce the diffractograms for the four fractions. The significant rise in the baseline and 
the amorphous halo between 2θ 20 and 40 on all the XRD patterns (Figures 3a-d) were indicative of 
the high amorphous content in the four materials. A number of crystalline phases were also identified. 
By order of abundance they included quartz (SiO2) (JCPDS 46-1045), mullite (3Al2O3·2SiO2) (JCPDS 
15-0776), hematite (Fe2O3) (JCPDS 33-0664) goethite (FeO·OH) (JCPDS 29-0713) and gypsum 
(CaSO4·2 H2O) (JCPDS 33-0311). The presence of the iron minerals introduced a certain drift in the 
diffractogram. The quartz and high-Fe compound contents declined steadily from fractions A to D. 
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Figure 3 Diffractograms for fractions A to D 

(Legend: G = gypsum, M = mullite, Q = quartz, H = hematite, Go = goethite) 
 
As an example of the decrease in the content of iron compounds in the different fractions of A to D, 
the micrographs and then microanalysis of the overall appearance of the samples obtained by SEM of 
the fractions A and D are shown. 
 
The SEM micrographs for fraction A in Figure 4 provide a general overview of the sample. The 
respective microanalysis revealed that the particle surface consisted primarily of aluminosilicates, 
although with high Fe and S contents. Note the high Fe content in the round particles typical of fly ash 
(FA). Figure 5 shows the fraction D micrographs. Note the smaller and more uniform particle size than 
in the other fractions. This sample also had a greater number of spheres, while again containing 
gypsum and iron oxides. 
 
 
 
 
 
 
 
 
 



 

 
 
 
 

Layers of Fe and S 
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layers of Fe and S

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Fraction A micrograph 
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Figure 5 Fraction D micrograph 

 

3.4. Pozzolanic reactivity 

Figure 6 plots the 8- and 15-day [OH-] mM/L versus [CaO] mM/L values obtained with the pozzolanic 
test conducted (Donatello S. et al,. 2010). Data points positioned underneath the curve are indicative 
of lower CaO than OH- ion concentration: i.e., of Ca (OH)2 capture and hence pozzolanicity.  
The data in Tables 5 and 6 confirm the percentage decline in CaO concentration in the solution after 
the pozzolanic reaction. The same pozzolanicity study was conducted, for purposes of comparison, not 
only in the four fractions and also on an aluminosiliceous fly ash (FA) routinely used at the cement 
plant to prepare CEM II A-B/V-type cements (Table 1). 
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Figure 6 Pozzolanicity results 
 

Tab. 5 Decline in [CaO] after 8 days  

Fraction [OH-] mmol/L [CaO] mmol/L
Theoretical 
max.[CaO] 

Decline 

A 50 11.5 10.0 -15.0 
B 48.8 12.2 10.4 -17.3 
C 51.1 12.0 9.7 -23.7 
D 51.5 8.4 9.6 12.5 

D-u 50.7 8.5 9.8 13.3 
FA 54.4 9.6 8.9 -7.9 

 
Tab. 6 Decline in [CaO] after 15 days 

Fraction [OH-] mmol/L [CaO] mmol/L
Theoretical 
max.[CaO] 

Decline 

A 52.6 11.6 9.3 -24.7 
B 50.3 11.7 9.9 -18.2 
C 53.0 11.2 9.2 -21.7 
D 51.8 6.8 9.5 28.4 

D-u 48.2 5.4 10.5 48.6 
FA 50.3 5.9 9.9 40.4 

 
 
 



 

 
The Frattini test findings showed that D was the sole fraction with pozzolanic properties, which it 
exhibited at both 8 and 15 days. This fraction appeared to be more pozzolanic than the reference fly 
ash (FA) (see Figure 5 and Tables 5-6). In contrast, only the 15-day FA sample exhibited 
pozzolanicity, inasmuch as the decline in the 8-day CaO concentration was negative. This behaviour 
may be relatively normal, for fly ash kinetics are known to be slow.  
 
Nonetheless, as the data in Table 1 show, fraction D had a loss on ignition at 1 000 C of over 14 wt%, 
i.e., it failed to comply with the 5-wt% LOI ceiling laid down in European standard EN 197-1:2011. 
This led to decide to eliminate the unburnt carbon particles, yielding a new fraction labelled D-u. The 
methodology applied is described in the experimental section.   
 
The Frattini test findings for this material, given in Figure 5 and Tables 5 and 6, showed that both 
8- and 15-day D-u exhibited pozzolanicity. While the presence or absence of unburnt carbon in 
fraction D had no effect on its 8-day pozzolanicity, in the 15-day D-u material, the CaO concentration 
in the medium was 22 % lower than found for fraction D at that age. This greater pozzolanicity in 
fraction D-u than in fraction D showed that the elimination of unburnt carbon favoured the reactivity 
between this fraction and the portlandite in the medium.  
 
The findings also showed that fraction D and especially D-u pozzolanicity was at least comparable to 
and on occasion greater than the reactivity recorded for conventional aluminosiliceous fly ash. 
 

3.5. Physical-chemical characterisation of cements (containing D and D-u fractions)  
 
Table 7 gives the water/cement ratios for suitable consistency, the initial and final setting times and 
the expansion values of the cements prepared with 25 % D, D-u and FA to determine the physical-
mechanical behaviour of the cements with this replacement ratio. 

 
Tab. 7 L/S ratio, initial and final setting times and expansion in  

cements containing 25 % D, D-u and FA 

 L/S  Initial setting 
time  Final setting time Expansion  

CEM D 0.32 4 h 15 min 6 h 05 min <10 % 
CEM D-u 0.31 4 h 30 min 7 h 00 min <10 % 
CEM FA 0.25 5 h 30 min 7 h 40 min <10 % 

 
The cement samples containing fractions D and D-u exhibited around 28 % higher water/cement 
values than the cement made with conventional fly ash. Those data denote their greater capacity to fix 
water, perhaps due to their composition and surface characteristics. The initial and final setting times 
in these cements, around 1 hour less than in CEM FA. All the cements also confirmed to the expansion 
requisites for all exhibited values of fewer than 10 %.  
 
 

Tab. 8 Flexural and compressive strength in 2, 7 and 28 day mortars 
 2 days 7 days 28 days 

 
Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength
(MPa) 

Compressive 
strength 
(MPa) 

Flexural 
strength 
(MPa) 

Compressive 
strength 
(MPa) 

CEM D 3.9 ± 0.3 15.7 ± 0.8 5.6 ± 0.8 28.6 ± 1.2 9.5 ± 0.1 56.8 ± 1.0 
CEM D-u 4.1 ± 0.1 17.2 ± 0.6 6.2 ± 0.2 30.8 ± 0.3 9.0 ± 0.1 53.9 ± 1.0 
CEM FA 4.0 ± 0.1 16.4 ± 0.5 6.0 ± 0.5 30.2 ± 0.8 8.8 ± 0.6 57.6 ± 1.5 

 



 

Table 8 gives the bending and compressive strength for the mortar specimens. As these cements 
consisted of 75 % CEM I 42.5 N and a 25 % addition, they were equivalent to CEM II/B-V type 
cements. Consequently, the mechanical strength requirements applicable to these cements were as laid 
down in European standard EN 197-1:2011, and they are: 2 days > 10.0 MPa and 28 days > 42.5 and < 
62.5 MPa. 
 
According to the data in Table 8, the three mortars developed similar compressive strength after 
2 days, with values ranging from 16 to 17 MPa, as well as after 28 days, with a spread of 54 to 58 MPa. 
The presence or absence of unburnt carbon (CEM D compared to CEM D-u) did not appear to have 
much of an effect on mortar strength. According to these findings, the three cements met the physical 
and mechanical requirements laid down in European standard EN 197-1:2011.  
 
4. Conclusions 
 
This study introduces a separation protocol or technology and verifies the suitability of reusing 
materials recovered from landfills as active additions in cement manufacture. The possible inclusion of 
these alternative additions would contribute to lowering the consumption of natural resources 
(pozzolans and raw meal) and reducing the industry’s carbon footprint. 
 
The chemical characterisation of the fractioned waste showed that the Al2O3 and SiO2 and reactive 
silica contents rose in ascending order from fraction A to D. All samples exhibited a high Fe2O3 

content. The CaO content was practically constant in the four samples. The SO3 content was 
particularly high in sample A. The other components (MgO, Na2O, K2O, P2O5 and TiO2) and certain 
minority elements were also present in similar proportions in the four samples. Another prominent 
finding was the high loss on ignition (LOI) observed in all the samples (over 14 wt% in fraction D).  
 
The mineralogical and microstructural characterisation of the samples yielded the following findings. 
The XRD studies showed that all four fractions had a high proportion of amorphous material, which 
was lowest in fraction A. Quartz, mullite and iron compounds such as hematite and goethite were 
identified, likewise in all four fractions. The quartz and high-Fe compound contents declined from 
fractions A to D. These analyses also confirmed the presence of sulphates in the form of gypsum and 
possibly Fe sulphates. A microstructural study corroborated that the Fe compound content was high in 
all samples, but declined from fraction A to D. The latter was the most uniform fraction and had the 
largest amount of cenospheres.   
 
The analysis of material reactivity yielded the following results. The Frattini (European standard 196-5) 
test, in which 25 % of the cement was replaced by the material tested, showed that the material with 
pozzolanic properties was fraction D and D-u (no unburnt carbon).  

 
The presence or absence of unburnt carbon had no effect on 8-day pozzolanicity in fraction D. In the 
15 day material without unburnt carbon (D-u), however, the CaO concentration in the medium was 
22 % lower than found for fraction D at the same age, proving that fraction D-u was much more 
pozzolanic than fraction D and that eliminating unburnt carbon favoured the reactivity of this fraction 
with the portlandite in the medium.  
 
Further to the physical-mechanical tests conducted on the materials containing 25 % of fractions D or 
D-u, these cements met the setting time and mechanical strength requirements laid down in European 
standard EN 197-1:2011. 
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Abstract 

Metakaolin (MK) with high pozzolanic reactivity was produced by calcination of kaolinite. In order to explore the effect 

of MK on concrete drying shrinkage, mortars and pastes with MK and silica fume (SF) were prepared. For the 

preparation of mortars and pastes, cement was solely substituted by 0%, 6%, 12% of MK and SF, and double 

substituted by 30% of fly ash (FA) and 6% of MK, as well as by 30% of slag (GGBS) and 6% of MK. The specimens 

were pre-cured in water for 3d and 14d respectively, followed by a drying process at 20℃ and 60% relative humidity. 

The shrinkage and weight loss of the mortars were tested during the drying period. Meanwhile, pore structure of the 

mortars was tested by MIP, while the hydrates of the pastes were tested by XRD and thermal analysis. Results of the 

shrinkage and weight loss tests show that MK and SF both reduce the 90d drying shrinkage of the mortars, while MK 

leads to a higher reduction. The higher the MK replacement level, the lower the mortar drying shrinkage. For SF 

mortars, the drying shrinkage of mortar with 12% SF is higher than mortar with 6% SF. The incorporation of FA 

further decreases the drying shrinkage of mortars with MK, while GGBS increases drying shrinkage of the mortars. For 

mortars pre-cured for 3d, the drying shrinkage of the MK or SF mortars was proportional to the weight loss, while the 

incorporation of FA or GGBS decreases the fitting determination coefficient. For all mortars pre-cured for 14d, the 

drying shrinkage correlated better with the weight loss. MIP tests reveal that MK refines the pore size distribution of 

mortars. Volume of pores with size between 10nm and 50nm are reduced. XRD and thermal analysis tests show that MK 

decreases the content of CH, both at 3d and 14d. In pastes with MK, ettringite is found not only after the pre-cured ages 

of 3d and 14d, but also during the drying period.  

 

Originality 

Metakaolin(MK) is a highly reactive pozzolan which can be obtained by calcining kaolin clay. Some researches focus 

on the probability of using metakaolin to replace silica fume(SF) in preparation of high performance concrete(HPC). 

However, different results on influences of MK and SF on concrete drying shrinkage were observed. In addition, some 

researches show that MK can decrease the drying shrinkage of concrete more significantly than SF. However, few 

researches give the reason and the mechanism. This paper shows a systematical work about influences of MK and SF 

on mortar drying shrinkage under different pre-cured time. The mechanism of the influences is studied by tests of pore 

structure and hydrates composition. The results may theoretically support the replacement of SF with MK in 

preparation of HPC to achieve higher volume stability. 
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1. Introduction 

It is well known that mineral admixtures such as fly ash (FA), blast-furnace slag (GGBS) and silica fume (SF) 

can improve concrete properties when they are used to partially replace cement. SF presents better 

improvement effect than FA and GGBS due to its high pozzolanic reactivity. However, these admixtures are 

industrial by-products. The construction industry growing rapidly these years in China which leads to a huge 

consumption of mineral admixtures during the preparation of high performance concrete. The production 

capacity of traditional mineral admixtures becomes hard to meet the need of construction development. 

Research on application of new mineral additives is necessary.  

In recent years, there has been a growing interest in the use of metakaolin(MK) as a mineral admixtures 

(Siddique R. et al., 2009). Unlike other mineral admixtures, MK is an artificial pozzolana which can be 

produced by thermal activation of kaolinite clay. That means the production process of MK can be controlled 

closely and thus, a higher degree of purity and pozzolanic reactivity can be obtained (Brooks J. J., 2001). 

Lots of studies show that MK can increase concrete mechanical properties and improve the durability 

significantly e.g. resistance to chloride ingress, alkali silica reaction and sulfate attack. The replacement of 

part of the cement by MK decreases drying shrinkage in comparison with concrete without MK and with SF 

(Ding J. T. et al., 2002; Zhang M. H. et al., 1995; Guneyisi E. et al., 2012). During the preparation of high 

performance concrete, MK is usually used together with FA or GGBS. However, drying shrinkage of the 

concrete with binders system above needs more research. In addition, to the knowledge of the authors, the 

improvement mechanism of MK on concrete drying shrinkage is not clear.  

This paper presents the results of an investigation into the improvement effect and mechanism of MK on 

concrete drying shrinkage. The drying shrinkage and mass lose during drying period of mortars with MK, FA 

and GGBS were tested. The results were also compared with that of mortars with SF. The hydrates and pore 

structure were investigated to reveal the mechanism.  

2. Experimental 
2.1. Raw Materials 

The cement used was a P·II 42.5 with a surface area of 360 m2/kg. The MK was produced by calcination of 

kaolinite clay obtained from Maoming city in China at the temperature of 750℃. The surface area of MK is 

15238 m2/kg. SF, FA and GGBS with surface area of 20879 m2/kg, 355 m2/kg and 420 m2/kg respectively 

were also used. The morphology of MK and SF is shown in Figure 1 while the chemical compositions of 

cement, MK, SF, FA and GGBS are given in Tab. 1. An ISO sand and a polycarboxylates superplasticizer 

were used for the preparation of the specimens.  

Tab. 1 Chemical compositions of cement, SF, MK, FA and GGBS 

Material SiO2 Al2O3 CaO SO3 MgO Fe2O3 LOSS 

Cement 17.65 4.30 63.49 4.57 1.08 4.33 3.33 

SF 88.49 0.24 0.49 1.08 1.71 0.27 5.78 

MK 53.00 42.67 0.04 0.14 0.08 0.73 1.35 

FA 49.10 38.03 3.01 0.65 0.35 3.62 1.15 

GGBS 33.65 15.28 35.42 2.07 10.21 0.46 0.15 

 



    

（a）MK                        （b）SF 

Figure 1 SEM images of MK and SF 

2.2. Experimental Process 

Mortars and pastes were prepared with w/b of 0.35. The mix proportions of the mortars are given in Tab. 2. 

For every mix, corresponding paste was prepared with the same cementitious materials with the mortar. 

Prism specimens of 20×20×280mm were casted and remained in moulds for 24h in a curing room at 20 ± 

2℃ and 90 ± 5% RH. During the preparation of the mortar specimens, a copper test head was installed at 

each top of the prism so that the length of the specimen can be tested by a dial gauge. Then the specimens 

were demoulded and divided into two groups. One group was cured in water with temperature of 20℃ for 2d 

and the other group 13d. Then the specimens were picked out. Water on the surface was dried. The initial 

length and mass of the mortar specimens were tested by the dial gauge and a balance respectively. After the 

initial tests, a drying period for all the specimens was carried out in a drying box with temperature of 20 ± 

2℃ and RH of 60 ± 5% for 90d.  

Tab. 2 Mix proportion of mortars 

Mix Cement MK SF FA GGBS Water Sand Sp/% 

OPC 1.00     0.6 

MK6 0.94 0.06    0.7 

MK12 0.88 0.12    0.9 

SF6 0.94  0.06   0.7 

SF12 0.88  0.12   0.9 

MKF 0.64 0.06  0.30  0.6 

MKG 0.44 0.06   0.50 

0.35 2.25 

0.6 

 

During the drying period, the length and mass of the mortar specimens were tested with a given interval. The 

drying shrinkage and mass loss of the mortars were calculated by equation (1) and equation (2), respectively. 

Each value was taken from the average of three specimens. 
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Where  is the drying shrinkage,  is the initial length,  is the length at the drying age of t, tS 0l tl l  is 

the embedding depth of the test head. 
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                                   (2) 

Where,  is the mass loss,  is the initial mass,  is the mass at the drying age of t. tw 0m tm

After the pre-cured period, one mortar prism for every mix was cut into small specimen with size of about 

8mm for MIP test. The specimen was immersed in alcohol for 48h to stop hydration, followed by drying in a 



vacuum oven at 60℃ for 24h. The maximum pressure of the MIP test is 60000 psi. Meanwhile, one paste 

prism for every mix was broken into small pieces and immersed in alcohol for 48h to stop hydration, 

followed by drying in a vacuum oven at 40  for 24h. Then the pieces were ground into powder with particle ℃

size smaller than 80 μm for DSC-TG and XRD tests. The DSC-TG and XRD tests were carried out again 

after a drying period of 90d. For XRD, the 2-Theta values ranged from 5° to 65° and were recorded in 0.02° 

steps with a continuing time of 0.6 s per step. For DSC-TG, the samples were analyzed at a heating rate of 10

℃/min up to 900℃. 

3. Results and Discussion 
3.1. Drying Shrinkage of the Mortars 

The strain developments versus age of the drying shrinkage specimens with different pre-cured time is 

illustrated in Figure 2. For mortars pre-cured in water for 3d, it can be noted that the drying shrinkage value 

increases constantly during the whole period. Before the drying age of 14d, shrinkage develops faster than 

after that. Incorporation of MK or SF increases the early age drying shrinkage and reduces it at the later age. 

Compared with the control mortar, the shrinkage values at 90d of mortars with 6% and 12% of MK are 

reduced by 18.3% and 21.9%, respectively, while they are 9.1% and 5.4% for mortars with 6% and 12% of 

SF. It should be noted that the higher the replacement of MK, the lower the drying shrinkage. However, this 

tendency is not observed for mortars with SF. When cement is partially replaced by 6% MK and 30% FA, the 

lowest shrinkage is obtained. The incorporation of GGBS has little influence on the drying shrinkage. The 

decrease of drying shrinkage caused by FA may be explained by the low reactivity, especially at the early 

age. 

    

(a) pre-cured 3d                             (b) pre-cured 14d 

Figure 2 Drying shrinkage of mortars with different pre-cured time 

For mortars pre-cured in water for 14d, it is also found that the drying shrinkage increases faster at early age 

than at later age. Compared with the control mortar, shrinkage values at 90d are reduced by 23.0% and 

36.7% with the incorporation of 6% and 12% MK, respectively, while they are 20.2% and 16.0% for mortars 

with 6% and 12% SF. It is revealed that the increase of pre-cured time can promote the improvement of MK  

and SF on concrete drying shrinkage. The incorporation of FA can further reduce drying shrinkage of MK 

mortar, while GGBS leads to a contrary result. The drying shrinkage of OPC-14d is higher than OPC-3d. 

OPC-3d may contain more coarse pores. Water evaporation from coarse pores may lead to lower drying 

shrinkage than from micropores.  

3.2. Relation between Drying Shrinkage and Weight Loss 

The weight loss due to drying for all the mortars were tested. The relations between drying shrinkage and 

weight loss were shown in Figure 3. For the mortars pre-cured for 3d, the shrinkage values of MK and SF 

mortars are proportional to weight loss when the weight loss is higher than 1.5%. It can be explained that the 

initial weight loss is caused by water evaporation from the surface of the specimen, which may lead to little 

shrinkage. The incorporation of 12% MK leads to the smallest fitting line slope among the control mortar 



and MK or SF mortar. The incorporation of FA or GGBS increases the weight loss and decreases the slope of 

the fitting line. In addition, the fitting determination coefficient is also decreased by FA and GGBS. 

Compared with the mortars pre-cured for 3d, drying shrinkage values for mortars pre-cured for 14d 

correlated better with weight loss from the beginning of the drying period. For mortars without FA or GGBS, 

the smallest fitting line slope is obtained by the incorporation of 12% MK. FA and GGBS further decrease 

the slope. Though the mortar with 6% MK and 30% FA has the highest weight loss, its drying shrinkage is 

the lowest. It reveals that part of the weight loss does not lead to shrinkage. 

      
(a) pre-cured 3d                       (b) pre-cured 14d 

Figure 3 Relation between drying shrinkage and weight loss for mortars with different pre-cured time 

3.3. Results of XRD 

Figure 4 shows the XRD patterns for the control paste and paste with 12% MK. For pastes both pre-cured for 

3d and 14d, the main crystallized phases are composed of ettringite (AFt), portlandite (CH), unhydrated C3S, 

C2S and C3A. The results show that, as early as 3 day of age, a small decrease of peak height for CH was 

observed. Compared with the pastes pre-cured for 3d, pastes pre-cured for 14d presented a more obvious CH 

consumption. Ettringite is present in all pastes as indicated by a diffraction peak at about 2θ=9.1°. It is 

observed that the amount of ettringite in MK12 is increased by the increase of the pre-cured time. It should 

be mentioned that there is an obvious increase for the peak height of ettringite after the drying period of 90d 

for MK12. This observation suggests that during the drying process, amount of ettringite increases for pastes 

incorporated with MK, which may lead to a reduction of drying shrinkage due to the expansion effect of 

ettringite. This may be the reason why MK12-14d has the lowest drying shrinkage. The reason of MK 

promoting the increase of ettringite can be explained by the increase of reactive Al (Zeng J. J. et al, 2010).  

      

(a) pre-cured 3d                       (b) pre-cured 14d 

Figure 4 XRD results for pastes with different pre-cured time 

3.4. Results of Thermal Analysis 

Figure 5 shows the DSC curves for pastes with and without MK, both pre-cured for 3d and 14d. All of the 



curves show three marked endothermic reactions with temperature peaks at about 110℃, 450  and 700 , ℃ ℃

which are corresponding to the decomposition of hydrated aluminates and C-S-H, the decomposition of 

portlandite and the decomposition of calcite, respectively. Peaks are weakly perceptible at about 140℃ may 

be corresponding to the decomposition of ettringite (Luo J. W. et al., 2011).  

    

(a) pre-cured 3d                           (b) pre-cured 14d 

Figure 5 DSC results for pastes with different pre-cured time 

Figure 6 shows the TG curves for pastes with and without MK. The endothermic reaction concerns the 

temperature range of 390-480℃ is corresponding to decomposition of CH. The mass change in this interval 

reveals the amount of CH. It can be calculated that the CH amount for OPC-3d, MK12-3d and MK12-3d-90d 

are 3.5%, 2.9% and 2.6%, respectively, while they are 4.0%, 2.9% and 2.8% for OPC-14d, MK12-14d and 

MK12-14d-90d, respectively. The reduction of CH amount caused by the incorporation of MK at 3d and 14d 

may be explained by a reduction of cement amount and some CH consumption due to pozzolanic reaction. 

The reduction for paste MK12-14d is higher than MK12-3d, which reveals that CH consumption occurs 

between the ages of 3d and 14d. It also can be found that during the drying period, the pozzolanic reaction of 

MK continued since the CH amount decreased during the period. 

It is hard to accurately quantify ettringite with an independent method (Scrivener K. L. et al., 2004). In this 

paper, the mass change in temperature range of 105-180℃ was calculated. Though the values are not only 

corresponding to the decomposition of ettringite, but also to some of the C-S-H, the information obtained 

may be meaningful. It is calculated that the mass change between 105-180℃for OPC-3d, MK12-3d and 

MK12-3d-90d are 3.8%, 3.8% and 5.8%, respectively, while they are 4.5%, 5.7% and 7.0% for OPC-14d, 

MK12-14d and MK12-14d-90d, respectively. It can be seen that during the drying period, the amount of 

ettringite and C-S-H for pastes with MK may increase obviously. When the results of XRD and DSC-TG are 

considered comprehensively, it can be got that the amount of ettringite increases obviously during the drying 

period with the incorporation of MK. 

    

(a) pre-cured 3d                           (b) pre-cured 14d 

Figure 6 TG results for pastes with different pre-cured time 



3.5. Results of MIP 

The pore structure of the control mortars and mortars with 12% MK is shown in Figure 7. It is obvious that 

MK refines the pore size distribution of mortars at the age as early as 3d. The increase of the pre-cured time 

further improves the pore structure. The improvement of MK on mortar pore structure can be explained by 

the pozzolanic effect and filling effect (Curcio F. et al., 1998). It is suggested that capillary pores larger than 

50nm are probably more influential in determining the strength and impermeability characteristics, whereas 

pores smaller than 50nm play an important part in drying shrinkage (Mehta P. K. et al., 2006). The intrusion 

volume of pores between the size of 10nm and 50nm was calculated for the tested mortars. They are 0.030 

mL/g, 0.027 mL/g and 0.018 mL/g for OPC-3d, MK12-3d and MK12-14d, respectively. The results of MIP 

tests are in accordance with the results of drying shrinkage tests. 

    

 (a) incremental intrusion                       (b) cumulative intrusion 

Figure 7 Pore structure of the control and MK mortars under different pre-cured period 

4. Conclusions 
MK and SF increase the drying shrinkage of mortar at the early age and reduce it at the later age. The higher 

the replacement level of MK, the lower the drying shrinkage. The effect of MK on reducing drying shrinkage 

is more significant than SF. 

Increasing pre-curing time can decrease the drying shrinkage of mortars with MK or SF. The incorporation of 

FA can further reduce the drying shrinkage of MK mortars obviously, while GGBS has little influence. The 

drying shrinkage values are proportional to the weight loss values. 

The pore size distribution of mortar is refined by MK at the early age. Pore volume with size between 10nm 

and 50nm is reduced with the incorporation of MK, which may lead to smaller drying shrinkage. Increasing 

the pre-curing time can promote the improvement effect. When MK is incorporated, the pozzolanic reaction 

continues during the drying period, which causes a growing amount of ettringite. This may lead to a 

reduction of drying shrinkage due to the expansion effect. 
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Abstract 
It had gained wide acknowledgement that some phosphor and fluorine released from phosphorus slag had caused the 
set-retarding and low early-strength of cement and concrete with yet no solid explanation. Soluble and insoluble 
phosphates and fluorides were incorporated separately into cement and time setting and hydration of pastes were 
investigated with employment of micro calorimeter and X-ray diffusion with object of disclosing its working mechanism. 
Results indicated that, when equivalent content of P2O5 and F ranged between 0.5%~1.5%, soluble phosphate 
Na2HPO4, Na3PO4 and insoluble CaF2 had significant retarding effect on cement setting, while insoluble CaHPO4, 
Ca3(PO4)2 and soluble NaF did not postpone cement setting, reversely with occasionally flash setting observed. Micro 
analysis disclosed that soluble Na2HPO4, Na3PO4 and insoluble CaF2 retarded cement setting by delaying its induction 
period. Retarding effect of soluble Na2HPO4 and Na3PO4 was implemented by decreasing pH value in liquid, producing 
aluminium phased hydration products and increasing thickness of hydration products over surfaces of un-hydrated 
particles while insoluble CaF2 conducting by absorption effect through hydrogen bond between cement hydration 
products and F-. 
 
Originality 
Phosphorus slag, by-product of yellow phosphor production via electrical furnace method, had earned great share of 
market as concrete mineral admixture in China, especially in South-west of China where a lot of hydropower stations 
schemed or under construction were located and also phosphorus slag was richly available. Phosphorus slag is rich in 
glass phased siliceous and aluminium minerals, similar to blast furnace slag, and regarded as one of pozzolanic 
materials and alternative for mineral admixture selection to replace fly ash or slag. 
Based on large number of on-site construction and laboratory researches, time setting retarding and low-early strength 
had become the bottle-neck with regard to mass scale utilization of phosphorus slag, which had later acknowledged by 
many engineers as a result of phosphor and fluorine dissolved from phosphorus when activated by cement with yet no 
definite explanation. 
Here in this paper, soluble and insoluble phosphates and fluorides were selected for time setting and hydration tests 
and delayed induction period was for the first time forwarded to be the retarding cause and retarding mechanism was 
disclosed as overlaying effects of decreasing pH value in liquid, producing aluminium phased hydration products and 
increasing thickness of hydration products over surfaces of un-hydrated particles. 
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1. Introduction 
Phosphorus slag, a by-product of yellow phosphor production via electrical furnace method, had 
similar chemical components to blast furnace slag in which calcium oxide (CaO) and silicon oxide 
(SiO2) account for over 85% (Chen J.S.,et al.,2010) and was considered as a latent cementitious 
material. At present, phosphorus slag had gradually gained recognition as concrete mineral admixture 
in South-west of China where fly ash of good-quality was in great shortage while phosphorus slag was 
richly available. After large amount of laboratory and onsite researches conducted during Dachaoshan, 
Suofengying, Goupitan and Shatuo hydropower stations construction, phosphorus slag had justified 
itself as a qualified mineral admixture and produced concrete with more obvious strength growth, low 
thermal rise, good impermeability and freezing and thawing durability (Li D.X. , et al., 2000; Chen 
X. ,et al., 2009).  
Also, setting time-retarding and low-early strength was found to very several and it had become the 
bottle-neck with regard to phosphorus slag application in mass scale. So far, it had been acknowledged 
that some phosphor and fluorine released from phosphorus slag (Cheng L., et al., 2005; Chu H.X., 
et al., 1998) had caused the set-retarding and low early-strength with yet no solid explanation. By 
summarizing arguments forwarded by different researchers, assumptions could be grouped into three 
categories as formation of insoluble hydroxyfluorapatite and calcium phosphate which covered and 
inhibited hydration of C3A, combining effect of phosphor and gypsum by hindering formation of AFt 
and preventing flaked C-A-H (C4AH19、C4AH13、C2AH6) from transferring into crystal C3AH6, as 
well as adsorption effect caused by produced hydration products film and phosphorus slag. 
Phosphor and fluorine was not present in the form of pure oxides but spread among net structure, part 
as net framework and the other as network filling, and only small amount was releasable when 
activated by alkali. In order to better understand retarding effect of phosphorus slag, soluble and 
insoluble phosphate and fluoride was selected and incorporated into cement, and time setting and 
products of hydration was analyzed with employment of micro calorimeter and XRD. 
 
2. Experimental 
2.1. Raw Materials 
Medium-heated cement produced by Gezhouba Cement Corporation was used to conduct tests and its 
basic performances were listed in Table 1. Chemical reagents included P2O5, Na2HPO4, Na3PO4, 
CaHPO4, Ca3(PO4)2, NaF and CaF2. Based on statistic analysis on chemical components of  
phosphorus slag provided by over 23 producers, it was found that content of P2O5 ranged between 
1.37% and 2.41% and F between 1.92% and 2.75%, as mentioned above, no pure phosphor and 
fluorine was present but spread among structure and only small amount was dissovable when activated. 
So, content of phosphates and fluorides was chosen ranging between 0.5% and 1.5% for test. 

Table 1  Basic performances of cement 

Setting time 
/ h:min 

Flexural 
strength/MPa 

Compressive 
strength/MPa Cement Water 

consistency/% Fineness/% Soundness
Initial Final 3d 28d 3d 28d 

Gezhouba 
M.H.Cement 25.5 2.1 qualified 2:49 5:55 4.4 9.1 17.6 50.3 

 
2.2. Experimental Process 
Setting time of cement was conducted according to GB1346 in which pastes were controlled by 
reaching water consistency. Soluble P2O5, Na2HPO4, Na3PO4 and NaF was mixed with water to 
produce solution and then incorporated in cement while insoluble CaHPO4, Ca3(PO4)2 and CaF2 was 
first mixed with cement and then batched with water. 
Specimen sized 40mm×40mm×40mm was cured in standard condition with temperature of 20±0.5℃ 
and relative humidity higher than 95% till tested age, and then crushed into small pieces and dried in 
vacuum drying oven for XRD test. 

http://springer.lib.tsinghua.edu.cn/content/?Author=Jia-sheng+Chen
http://springer.lib.tsinghua.edu.cn/content/?Author=Xia+Chen


 

C-80 II micro calorimeter was employed to measure heat releasing of paste. Pure SiO2 was taken as 
reference, and total amount of materials for test was 500 mg. 7.5g P2O5 was first dissolved in water to 
form solution and added into cement, then test started.  
3. Results and Discussion 
3.1. Influence of Phosphates on Time Setting 
In order to amplify influence of phosphate and fluoride on cement setting, equivalent content of P2O5 
was selected as 0.5%, 1.0%, 1.5% by mass of cement. Soluble Na2HPO4, Na3PO4 and insoluble 
CaHPO4, Ca3(PO4)2 was respectively added into cement, and results was displayed in Figure 1. 

 
(a) Na2HPO4                                                   (b) Na3PO4 

      
(c) CaHPO4                                                        (d) Ca3(PO4)2 

Figure 1 Time setting of phosphate-cement pastes 
Obviously, soluble Na2HPO4 and Na3PO4 had significant retarding effect on time setting of cement and 
it grew more obvious as content increased. Initial and final setting was delayed by 5h and 4.5h 
respectively when P2O5 equivalent content reached 1.0%. Insoluble phosphates had completely 
reversed effect on cement setting and accelerated setting was observed when Ca3(PO4)2 was added 
which grew more frequent as content increased. This phenomenon agreed with researches (Lieber W., 
1976) that sodium phosphate exhibited very significant retarding effect on cement setting through 
investigation launched on influence of phosphates on cement heat of hydration releasing process. 
3.2. Influence of Fluoride on Time Setting  
Soluble NaF and insoluble CaF2 was respectively added into cement and setting time was detected and 
demonstrated on Figure 2. 



 

   
(a) NaF                                                   (b) CaF2 

Figure 2 Time setting of fluoride-cement pastes 
When soluble fluoride content ranged between 0.5% and 1.5%, initial and final setting of cement was 
advanced which was aggragated when content increased. Worthy noticing, flash setting was observed 
when batching stop. When insoluble CaF2 was incorporated, cement initial and final setting were both 
delayed and the gap in between was mitigated when content raised. 
3.3. Retarding mechanism of soluble phosphate and insoluble fluoride on cement setting 
Heat of hydration released by P2O5-cement and CaF2-cement was detected by micro calorimeter and 
demonstrated in Figure 3, XRD pattern of products of hydration in Figure 4.   
3.3.1 Thermodynamic parameters of pastes  
Thermodynamic parameters obtained from heat development curve was summarized and listed in 
Table 1. Incorporating P2O5 in cement reduced total amount of heat by 22.6% and CaF2 by 8.3%, and 
half-life period of P2O5-Cement paste was twice of referenced cement paste. 
Usually, termination of induction period and peak of accelerated period corresponded with initial and 
final setting respectively (Yan P.Y., et al., 2006). When P2O5 was incorporated in cement, initial and 
final setting was delayed by 7.83h and 12.54h; when CaF2 was added, initial setting was postponed by 
1.76h while little effect was observed on final setting. 
As seen from Table 2, when P2O5 was added, initial heat peak produced by C3A hydration was 
advanced from 260s to 104s and heat flow was sharply enhanced from 9.752mW to 57.007mW, and 
the trend also applied to CaF2-cement with mitigated influence. As for the second peak flow produced 
by C3S and C2S hydration, the trend was reversed and heat flow of P2O5-Cement and CaF2-Cement 
was reduced by 66% and 11% respectively. Variation in heat flow of these two peaks implied 
advanced hydration of C3A and delayed hydration of C2S and C3S, which exactly reflected extended 
induction period. 

Table 2 Characteristic parameters of cement-based materials paste 
Total amount of 
hydration heat 

Initial heat-releasing 
peak 

Second heat-releasing 
peak 

Initial start of accelerating 
period 

Half-life 
period Paste 

J/g time/s heat/mW time/h heat/mW /h /h 
C100 265.77 260 9.752 7.31 2.113 1.11 12.73 

P2O5+C100 205.8 104 57.007 19.85 0.716 8.93 25.13 

CaF2+C100 243.8 208 26.342 7.45 1.891 2.87 9.74 
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Figure 3 Heat of hydration released by P2O5 and CaF2 cement pastes 

3.2.2 XRD pattern of hydration products 
Also seen from Figure 3, a new peak during induction period was observed on P2O5-Cement heat 
development curve which usually indicated formation of new hydration products. As could be seen 
from Figure 4 at 3 days, very few products of hydration was discerned, neither insoluble hydroxy 
calcium phosphate nor AFt existed, and only small amount of Ca(OH)2 and C3S-solid solution was 
reflected. Yet, by 90 days the presence of Ca(OH)2 and AFt was very distinctly discernable as well as 
many un-hydrated cement particles. Hence, it was concluded that incorporation of P2O5 only had 
temporary hindrance on formation of AFt and phosphate ion would not combine with Ca2+ and OH- in 
liquid to produce insoluble hydroxy calcium phosphate which was assumed by many other researchers 
to cover the surface of C3A and correspondingly hamper its hydration (Cheng L.,et al., 2005). 
It was very explicit from Figure 2 and Fiure 3(b) that CaF2 had little impact neither on type nor 
structure of cement hydration products, and the tested results agreed with what observed above on 
time setting that only initial setting was postponed which also justified extended induction period as 
the real cause of retarding effect. 
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(a) P2O5-cement                                          (b) CaF2-cement 

Figure 4 XRD pattern of products of hydration of P2O5 and CaF2 cement pastes 
3.3.3. Retarding mechanism revelation 
(1) Phosphate retarding mechanism 
According to Gesh, pH and [Ca2+] [SiO4

4-] in Ca-Si liquid was key factors related to Ca(OH)2 and C-S-
H crystallite nucleation and growth. 1.5% and 3.5% P2O5 by mass of cement was respectively 



 

incorporated and variation of pH in paste was consistently measured and demonstrated in Figure 
5.Obviously, pH value in liquid was significantly reduced when P2O5 was incorporated. It was 
believed that when P2O5 was incorporated, H2PO4

- and H+ were released and pH value in liquid was 
reduced favorable to hydration of cement compositions. Hydration of C3A was speeded up which 
agreed with what observed above and flaked C-A-H and Al(OH)3 gel were formed while AFt was 
temporarily inhibited. 
When pH in liquid ranged between 7 and 11, SiO2 was almost insoluble under presence of Al; and 
solubility of silicate was greatly reduced (Liu B. , et al., 2008) when Al3+ was absorbed over 2 nm2 
surface of silicate. According to C.M.Jephott, silicate was completely insoluble when pH reached over 
9. It was believed that when P2O5 was added into cement, the emergence of aluminum phased 
hydration products in liquid had delayed hydration of C3S and C2S by reducing their solubility. 
Worthy noticing, Al(OH)3 gel was also detected at 24h in P2O5-C3A hydration products (Gesh S.N., 
1986). 

 
Figure 5 Variation of pH value in P2O5-cement liquid 

Also, initial formed aluminum phased gel was assumed to deposit on surfaces of hydration products of 
cement particles rolling part as crystal nucleus of C-S-H and Ca(OH)2, increasing thickness of 
hydration products film and enhancing resistance of ions in liquid penetrating towards un-hydrated 
particles. Reduction in alkalinity of liquid caused by incorporation of P2O5 extended period for 
Ca(OH)2 reaching 1.5 to 2.0 times of super saturation degree, which correspondingly inhibited 
crystallite nucleation and growth of C-S-H and Ca(OH)2 with result of prolonging induction period of 
cement-based paste. 
(2) Retarding mechanism of fluoride  
As for insoluble fluoride retarding effect, only initial setting was delayed which meant CaF2 only 
postponed induction period of cement hydration. There are four assumptions on cement retarding 
explanations, grouped as precipitation, complex, adsorption and nucleation inhibition, and according 
to heat releasing development of CaF2-Cement, the adsorption mechanism was the most likely 
influencing factor. 
It was put as produced C-S-H and C-A-H deposited on un-hydrated cement particles and formed a 
layer of film (Li D.X., et al., 2002; Shi C.J., et al., 2000). F- in CaF2 had strong electro-negativity and 
hydrogen bond was formed between F- and H+ released from hydration products, and CaF2 was 
absorbed over surface of hydration products which hampered migration of ions in liquid towards un-
hydrated particles with result of delaying cement setting. 
4. Conclusions 
Based on time setting and hydration of pastes with incorporation of phosphates and fluorides, it was 
safe to conclude that soluble Na2HPO4 and Na3PO4 had significant retarding effect on cement setting 
and it became more obvious as content increased, while insoluble CaHPO4 and Ca3(PO4)2 had no 
obvious effect on cement setting and sometimes accelerated setting was observed. Soluble NaF 
accelerated cement setting and flash setting was occasional while insoluble CaF2 delayed cement 
setting severely.Micro analysis indicated that soluble Na2HPO4 and Na3PO4 and insoluble CaF2 caused 
retarding effect on setting by delaying induction period of cement hydration. Retarding effect of P2O5 



 

on cement setting was implemented by reducing pH of liquid, forming aluminum phased hydration 
products and increasing thickness of covering film over surface of hydration products. Insoluble CaF2 
only retarded cement initial setting by adsorption effect resulting from hydrogen bond between 
hydration products over cement surface and F-.  
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Abstract 
Metakaolin has been presented as very good pozzolanic material for using in lime mortars and cement mortars. 
Alternatively, many studies have shown that wastes, coming from the kaolin production, can produce good quality 
pozzolans.  In Brazil, industries, that produces kaolin, generates a lot of wastes, which are not placed in adequate sites 
or reused. Many studies have discussed about the microstructural characteristics and hardened properties of pastes, 
mortars or concretes mixes. There are few studies about rheological properties of this kind of paste. In this work pastes 
containing only hydrated lime (LP) and metakaolin+hydrated lime (L-MK) (made of the kaolin production waste) were 
assessed in their fresh state. Rheological characteristics, like yield stress, viscosity (static rheology test), viscous and 
elastic modulus (dynamic rheology test), creep and recovery behavior were studied. The results showed that the curves 
of pastes presented as a non-Newtonian fluid following a Herschel Bulkely moldel. When the metakaolin was added to 
lime paste the yield stress and the viscosity was lower. From the dynamic tests it was obtained that the L-MK pastes 
were less rigid than LP. And according to the creep and recovery tests these pastes presented a curve model as a 
viscoeslastic liquid. 
 
Originality 
Kaolin wastes have been studied in many works in the world as pozzolan for using in concrete and mortars. From the 
literature it is known that kaolin wastes can become a high quality pozzolan after it is treated. In Brazil, the industries, 
that produce kaolin, generate a lot of amount of wastes. These wastes are not placed in adequate sites, and this fact 
causes environmental problems. Several works have showed that theses wastes can used as a good pozzolan in lime 
mortars for restoration of historical buildings. There are several studies about the rheological characteristics of 
Portland cement pastes, mortars a concrete and there are very few works about this subject of lime pastes and mortars. 
The study of the rheological parameters of lime-metakaolin in this work is new. According with this work the 
rheological behaviour of lime-metakaolin pastes showed that the pastes presented as a non-Newtonian fluid model; the 
metakaolin added to the lime paste caused a decreasing in their viscoty and yield stress; and pastes presented as a 
viscoelastic liquid curve model.   
 
Keywords: Kaolin wastes, pozzolan, lime, mortars. 
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1. Introduction 
Lime-pozzolan pastes and mortars have been studied extensively in order to restore historical 
buildings. Few works have showed that mortars made using portland cement are not compatible with 
the ancient mortars (Collepardi 1990, Moropoulou et al. 2004, Veiga et al. 2009), especially because 
cement mortars present higher modulus than traditional lime mortar. So many works have been foucus 
on the perfomance of lime or lime-pozzolan mortars (Veiga et al. 2009, Cabrera and Rojas 2001, 
Rojas and Cabrera 2002, Frías Rojas and Sánchez Rojas 2003). As pozzolanic material to use in this 
kind of mortars Veiga et al (2009) have showed that the metakaolin (MK) is seen to provide better 
performance than other pozzolanic materials.  
In Brazil, there are industries that produce kaolin, and they generate a lot of amount of wastes. These 
wastes are not used and so they are threw away in not adequate sites and this fact is an environmental 
problem for landfill near the plant. Nóbrega (2007); Azeredo et. al. (2014) has showed that the kaolin 
production waste can become a good pozzolan, if it is treated (sieved and calcined). Other studies also 
showed that kaolin wastes as pozzolan presents good performance in concretes and mortars (Nóbrega 
et al. 2010, Bonilla et al. 2010, Vejmelková et al. 2012, Serry et al. 1984, Silva and Glasser 1993).   
The performance of lime and lime-metakaolin pastes and mortars has been investigated in many 
works. Most of these studies have focused on the mechanical properties of these mortars (Chakchouck 
et al. 2009, Veiga et al. 2009, Tironi et al. 2012, Cabrera and Rojas 2001, Nóbrega et al. 2005). The 
results of these works show that mortars containing lime-MK as binder can reach up to 16 MPa 
compressive strength at 90 days. Others have studied the hydrated products in lime-metakaolin system 
(paste) (Pera and Amrouz 1998, Rojas and Cabrera 2002, Bakolas et al. 2006, García et al. 2009, 
Aggelakapoulou et al., 2011, Gameiro et al. 2012, Azeredo et al. 2014). But few authors have studied 
the rheological properties of this kind of pastes and mortars. And most of them have investigated only 
viscosity and yield stress (Bingham model) – static shear behavior (flow curves). Studies involving 
dynamic rheology (oscillatory shear and creep and recovery measurements) in lime or lime-pozzolan 
pastes and mortars are not found in research sources.  
Nowadays there are a new class of rheometers which shear stress is controlled and strain rate is 
measured. These rheometers are used to measure static shear behavior (flow curves), and they offer 
improved accuracy at very low strain rate levels. Alternatively, the controlled stress rheometers may 
be used to measure dynamic behavior.  
Creep and recovery measurements using controlled stress is a useful rheological technique for 
studying the behavior of viscoelastic materials, either solids or liquids (Struble and Shultz, 1993). 
Colloidal suspensions (ex. Cement pastes) are often viscoelastic in their behavior, and creep/recovery 
measurements may be used to characterize aspects of their flow behavior (Struble and Shultz, 1993a). 
This is a transient technique, in that a single abrupt change in stress is imposed and the resulting strain 
is measured as a function of time.  From these results and the solution of some equations you be able 
characterize a material as an elastic solid, a viscous liquid, or a viscoelastic solid or liquid (Struble 
and Shultz, 1993). Concern to oscillatory shear, according to Shultz and Struble (1993b), it is a 
dynamic method, in which strain is oscillated according to a sine function. The measured output, 
therefore, includes both the level of stress and the extent to which the stress is in phase with the 
applied strain. By limiting the strain to small amplitudes (i.e., < 1%), the particles stay in close contact 
with one another and are able to recover elastically, so the microstructure is not disturbed and the 
paste behaves as a solid. At larger amplitudes the particles are separated and the paste becomes liquid 
in its behavior. Thus oscillatory shear provides information concerning the viscoelastic properties of 
suspensions. The parameters that can be obtained from oscillatory shear are G’ (storage modulus) and 
G” (loss modulus). G’ represents the elastic component of stress and G” represents the liquid of 
component of stress. When G’ > G” the material is a solid-like and the vice-versa is a liquid-like. 
Most of the studies of rheology of construction materials are about Portland cement pastes or Portland 
cement+pozzolan pastes using static rheology. Banfill e Frías (2007), Banfill et al. (2009), Janotka et 
al. (2009) Mansour et al. (2010) e Safi et al. (2011) studied the rheology of cement paste containing 
pozzolanic addition and all pastes presented a Herschel Bulkley curve model. Azeiteiro et al. (2013) 
studied the rheological parameters (viscosity and yield stress) according to Bingham model of lime 
mortars. In his work it was shown that the viscosity and yield stress in mortars decreased as the 
superplastisizer content increased.  



 

However very few works have investigated the rheology of cement pastes using the dynamic rheology 
techniques. Mansour et al. (2010) studied pastes containing Portland cement and metakaolin (MK) 
and only Portland cement. All pastes presented similar behavior. G’ was higher than G” when the 
oscillatory shear reach up the critical stress (yield stress). This fact means that the pastes presented a 
behavior as a solid. When the oscillatory stress was higher than the yield stress, G’ was lower than G” 
which indicates that the paste became more liquid-like. In the same work, the creep and recovery tests 
were analyzed as well. All pastes presented as viscoelastic fluid and when the MK content increased 
the strain was higher. 
In the current work both static and dynamic rheology were used to study the rheological properties of 
lime and lime-metakaolin pastes in order to understand better the influence of the metakaolin on the 
workability of lime mortars for restoration. 
2. Experimental 
2.1. Materials 
The materials used in this research were hydrated lime, a local commercial product, and metakaolin 
(MK) produced from kaolin production wastes (KPW), which was generated during the production of 
kaolin at the Caulisa S. A. plant located in Juazeirinho, Paraíba-Brazil. In order to produce the 
pozzolan this waste was first sieved to remove material coarser than 75-μm. To produce the 
metakaolin, the finer fraction was calcined at 700oC for 2 hours following the procedure used by 
others (Pera and Amrouz 1998; Kakali et al. 2001; Oliveira 2004). 
All materials were characterized using x-ray diffraction (XRD), x-ray fluorescence (XRF) and laser 
granulometry. The XRD analysis used a Siemens Bruker D5000 diffractometer with Cu Kα radiation, 
at 40 kV and 30 mA, and scan speed of 1o/min. For the XRF analysis the samples were dried in an 
oven at 110 0C, pressed into tablets, and analyzed using a Rigaku RX 3000 X-ray spectrometer. For 
laser granulometry the specimens were dispersed for 20 min in 250 ml of distilled water using a 
mechanical mixer, after which 15 ml of the suspension were dispersed in an ultrasonic bath and then 
analyzed using a CILAS 1064 granulometer. The XRD patterns are shown in figure 1. Chemical 
compositions from XRF are given in the table 1.  
The hydrated lime contains portlandite (P) as the main phase and calcite (C) as a minor phase. The 
kaolin production waste is largely kaolinite but also contains microcline and perhaps another feldspar, 
plus quartz and illite (or mica). After calcination all peaks of kaolinite disappeared and the other 
phases remained. In the calcined kaolin XRD pattern there is a broad hump centered around 230, 
which is a characteristic of amorphous metakaolin.  
According to the x-ray fluorescence analysis the hydrated lime contains mainly CaO and some MgO.. 
The kaolin production waste contains mainly SiO2 and Al2O3. In figure 2 is shown the particle size 
distribution curves obtained using a laser granulometer for the lime, kaolin production waste and 
metakaolin. According to this data the lime is finer than KPW and MK. Most of its grains are smaller 
than 20 μm. The KPW and MK have almost the same particle size, both finer than 100 μm as they had 
both previously been passed through a 75-μm sieve. 

KW

 
Figure 1 XRD of hydrated lime, KW and MK. 



 

 
Tab. 1 Chemical composition of the materials (%) 

Materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 

L 1.25 0.47 0.35 93.10 4.57 0.06 0,03 
KPW 61.66 33.66 0.48 0.12 0.25 3.6 - 
MK 54.44 41.82 0.43 0.06 0.21 2.95 - 
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Figure 2 Granulometric curves of lime, MK and KW 

2.2. Experimental Process 
Two kinds of pastes were studied: one containing only hydrated lime (LP) and the other one lime and 
MK (LMK). The lime-MK ratio was 1:1 and the water/materials ratio was 1.0 for all pastes. In all 
pastes it was used 10g of materials and the water was added slowly. The pastes were mixed gently by 
hand up then transferred into the rheometer. The rheometer used was a C-VOR Bholin instrument. 
The tests were measured using coaxial cylinders (cup and bob – figure 3).  

 

cup

bob

15.4mm

sample

 
Figure 3 Cup and bob used in the rheometer 

Before each measurement a 50 Pa shear stress was applied during 45s in order to eliminate any 
residual strain and stress from the sample. After that, the paste rested for 10 min. And then the 
measurements started. These conditions for the tests measure were fixed based on works of literature 
(Schultz and Struble, 1993; Struble and Lei, 1995). All samples were covered to avoid the water 
evaporation during the test.  
To obtain yield stress and viscosity data of the pastes a shear stress range from 1.5 to 510s-1 was 
applied during 5.5 min and also a shear stress constant at 5s-1 during 20 min. The same conditions 
were studied by Izaguirre et al. (2011). For the dynamic tests this work based on the studies carried 
out by others (Schultz and Struble, 1993; Zhang, 2001; Azeredo et al., 2012).  
G’ and G” parameters were obtained when the range of oscillatory shear was 10-4 and 1 hertz 
frequency as function of time. For creep and recovery measurements a 0.5 Pa shear stress were 



 

applied during 30 min. (creep) and after that, the stress was removed, then the strain was measured for 
30 min. also (recovery). The shear stress of 0.5 Pa was chosen based on the flow curves obtained from 
the static shear behaviour. The other parameters were chosen based on the works carried out by 
Struble and Lei (1995). 
3. Results and Discussion 
3.1. Viscosity and yield stress (flow curves – static rheology)  
The flow curves of the pastes presented behavior as a Non-Newtonian fluid, i. e., the strain/shear 
stress ratio is not constant. The yield stress of LP paste was around 2 Pa and for LMK paste was near 
1 Pa. So when the metakaolin was added to the lime paste the yield stress decreased. This fact is due 
to the metakaolin particle shape, which is lamellar. Its shape contributes to the lime and metakaolin 
particles can slide more easily between them (Van Vlack, 1970 apud Lacerda and Helene, 2005). The 
results are shown in figure 4. 

 
Figure 4 Flow curves of LP and LMK pastes 

 
LP paste presented a higher initial viscosity than MK paste. The viscosity decreased with high shear 
rates for both pastes. i.e., the pastes become more fluid with high shear rate. The diminution of 
viscosity can be related to the volume fraction of the particles in the solution (Barnes et al., 1989; 
Santos, 1992; Machado, 2002; Trador, 2010). Thus in LMK paste, as the MK particle is bigger 
than LP one, the amount of particles was lower and so contributing to the decreasing of viscosity in 
this paste. The viscosity decreased with time for both pastes. The results are shown in figures 5 and 6. 
When a lower value shear stress (5.5 s-1) was applied during 20 minutes, the viscosity of both pastes 
increased with time. LP paste viscosity increased slightly while for LMK paste the increasing was 
stronger (from 0.3 Pa.s to 0.5 Pa.s). During the time test the viscosity the curve of LMK paste was 
always below the LP curve. The result is shown in figure 7. 



 

0.0

0.5

1.0

1.5

0 50 100150200250300350400450500V
is

co
si

ty
 (P

a.
s)

Shear rate (1/s)

L…

 
Figure 5 Viscosity x shear rate data of LP and LMK pastes 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 50 100 150 200 250 300 350

V
is

co
si

ty
 (P

a.
s)

Time (s)

LP

LMK

 
Figure 6 Viscosity x time curves of LP and LMK pastes 
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Figure 7 Viscosity x time curves of LP and LMK pastes for 5.5 s-1 shear stress 

In general way, according to the literature, cement Portland pastes, mortars and concrete behave as 
Non-Newtonian fluid. They can be as a Bingham model curve or Hercshell-Bukley (HB) model curve. 
Ferraris et al. (2001) showed in his work that HB model curve is the best model that represents the 
self-compact concrete flow curve behaviour. In figure 6 is shown the flow curve of paste studied in 
this work and a mathematical curve model obtained from the non-linear model from the 
computational software Origin 8.0. The result show that the LP and LMK pastes behave very well as a 



 

HB model. Banfill and Frías (2007) showed in their work that curves of Portland cement+metakaolin 
(from paper sludge) pastes containing superplatisizer presented a HB model curve behaviour. Also the 
same behaviour occurred in the pastes studied by Janotka et al. (2009). The pastes studied for him 
were made of Portland cement and mekaolin (from kaolinitic sand). 
In the equations for both curves (figura 8) the label c represents the fluid behaviour index: when it is 
higher than 1 the fluid is dilatant, if it is between 0 and 1 the fluid is pseudoplastic, and when it is 
equal 1, the fluid is Newtonian. In the present work all pastes have this index value between 0 and 1, 
which implies that all pastes like is pseudoplastic fluid.  
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Figure 8 Curves obtained from the mathematical adjust model using the flow curves of pastes studied 
here 

3.2. Creep and recovery (dynamic rheology) 
In the creep and recovery measurements the results are obtained from the compliance (J) as a function 
of time. The compliance is the measured strain divided by the imposed stress, which is constant 
throughout the experiment (Struble and Schultz, 1993). The results allows to characterize a material 
as an elastic solid, a viscous liquid, or a viscoelastic solid or liquid. In figure 9 the results of the pastes 
studied here are shown. The ascendant part of the curve represents the creep behavior and the 
descendent part represents the recovery behavior.  
Both pastes presented a viscouselasctic liquid behavior curve, according to Struble and Shultz (1993). 
For this kind of mix when a stress is applied a viscous strain happens. And after the stress is removed 
there is a instantaneous recovery and late elastic stress, but not all strain is recovered. Comparing the 
LP and LMK paste it is observed that LMK paste presented a less elastic behavior than the LP paste.  



 

 
Figure 9 Creep and recovery curves of LP and LMK pastes. 

3.3. Storage and loss modulus (G’ and G” - dynamic rheology)  
In all pastes when the oscillatory stress was below the yield stress, both G’ and G” curves followed a 
plateau. When the stress increased the G’ and G” modulus decreased. This fact means that from this 
stress the mix started flow. The part of curve where is a plateau the value of G’ and G” for LP was 
higher than LMK (around 500 Pa-LP and 200 Pa-LMK). The results are shown in figure 10. When 
MK was added to lime paste, the LMK paste became less rigid, because LMK mix turned more 
dispersed. Azeredo et al. (2012) mention in his study that the MK surface area is higher than Portland 
cement surface area, allowing to fill the spaces between cement particles and thereby mitigate friction 
and reduce stiffness of the paste. In the current work the lime surface area is higher than MK surface 
area, so in this case the lime fill the spaces between MK particles.  
Concern to the behavior of G’ and G” curve it can observed that for both paste the value of G” was 
always lower than G’ value. This fact indicated that an elastic behavior was dominant. 
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Figure 10 Curves obtained from oscillatory test 
 
 
4. Conclusions 
From the flow curves data it was observed that: 



 

The yield stress of LMK paste was lower than LP paste. The LMK pastes were less viscous than LP 
paste. The lower concentration of particles in the solution (mix) was the main reason to the decreasing 
of yield stress and viscosity of LMK paste. 
Both lime (LP) and lime-metakaolin (LMK) pastes presented flow curves that can be adjust very 
well to the Hercshel-Bulkley model. 
From the dynamic data it can be drawn the following: 
The result from creep and recovery measurements showed that both pastes had a viscouselastic 
liquid behavior. The LMK pastes behaved more elastic than LP paste. 
When the MK was added to lime paste, the LMK paste were less rigid. Both pastes presented a 
dominant elastic behavior, where the loss modulus (G”) was higher than storage modulus (G’). 
In general view, the addition of MK in lime paste strongly influenced the rheological behavior of this 
paste. The reasons for this fact are: the shape of the MK particle, surface area and particles volume 
fraction of mix. So, we can say that the workability of lime paste was better when the MK was added 
to. This work showed the behavior of lime and LMK pastes using rheological techniques which have 
been used for understanding better the rheological properties of Portland cement paste containing or 
not any addition. Further the current work have brought to the scientific community a few 
understanding about the rheological properties of lime and LMK pastes).  
Acknowledgements 
The authors thanks to the financial help Capes and CNPq Brazilian fundings, Federal University of 
Pernambuco, Federal University of Paraíba – LABEME and University of Illinois at Urbana-
Champaign. 
References 
- Aggelakopoulou, E.; Bakolas, A.; Moropoulou, A., 2011. Properties of lime-metakaolin mortars for restoration 
of historic mansories. Applied Clay Science. Vol. 53, p. 15-19. 
-Azeiteiro, L. C., Velosa, A., Paiva, H., Mantas, P. Q., Ferreira, V. M. and Veiga, R. 2014. Development of 
grouts for consolidation of old renders. Construction and Building Materials. Vol. 50. p. 352-360.  
-Azeredo, A. F. N., Struble, L. J. and Carneiro, A. M. P. Microstructural Characteristics of Lime-Pozzolan 
Pastes Made From Kaolin Production Wastes. Materials and Strucutures (On line). 2014. 
- Azeredo, G. A., Azeredo, A. F. N. and Struble, L. J., 2012. Influence of Metakaolin on rheology of cement 
pastes. In: 3rd Advances in cement-based materials: Characterization, Processing, Modelling and Sensing. 
(abstract) Anais…, Austin, TX, USA.   
-Banfill, P. G. F. e Frías, M., 2007. Rheology and conduction calorimetry of cement modified with calcined 
paper sludge, Cement and Concrete Research, Vol. 37, p. 184-190. 
-Banfill, P. F. G.; Rodríguez, O.; Rojas, S. De and Frías, M. 2009. Effect of activation conditions of kaolinite 
waste on rheology of blended cement pastes, Cement and Concrete Research, Vol. 39, p. 843-848. 
-Bakolas, A.; Aggelakopoulou, Maropoulou, A. and Anagnostopoulou, S. 2006. Evaluation of Pozzolanic 
Activity and Physico-Mechanical Characteristcs in Metakaolin-Lime Pastes. Journal of Thermal Analysis and 
Calorimetry, vol. 84, p. 157-163. 
- Barnes, H. A.; Hitton, J. F.; K. Walters, F. R. S., 1989. An introduction to reheology. 1st ed. Elsevier, 
Amsterdan. 
-Bonilla, T. M. A.; Ferreira, A. F.; Nóbrega, A. F; Silva, E. C. R.; Souza, M. L., Carneiro, A. M. P., 2010. Lime-
metakaolin mortars applied on the Soledade palace, Recife, Brazil. In: 2nd Historic Mortars Conference HMC. 
-Cabrera, J. e Rojas, M. F. 2001. Mechanism of hydration of the Metakaolin-lime-water system, Cement and 
Concrete Research, Vol. 31, p. 177-182. 
-Chakchouck, A.; Trifi, L.; Samet, B. and Bouaziz, S., 2009. Formulation of blended cement: Effect of process 
variables on clay pozzolan activity. Construction and Building Materials. Vol. 23, p. 1365-1373. 
-Collepardi M, 1990. Degradation and restoration of masonry walls of historical buildings. Materials and 
Structures vol. 23p.81-102 
- Ferraris, C.; De Larrad, F.; Martys, N., 2001. Fresh Concrete Rheology: Recent Developments, Natl Inst. Stand 
Thecnol, p. 215-241. 
- Frías Rojas, M. e Sánchez Rojas, M. I., 2003. The effect of high curing temperature on the reaction kinectics in 
MK/lime and MK-blended cement matrices at 600C.. Cement and Concrete Research. Vol. 33, p. 643-649. 
- García, R.; Villa, R. V. de La; Rodríguez, O. and Frías, M. 2009. Mineral Phases formation on the 
pozzolan/lime/water system, Applied Clay Science vol. 43, p. 331-335. 
- Gameiro, A.; Santos Silva, A.; Veiga, R.; Velosa, A., 2012. Hydration Products of lime-metakaolin pastes at 
ambient temperature with ageing. Themochimica Acta. vol. 535, p. 36-41. 
-Izaguirre, A.; Lanas, J.; Álvarez, J. I., 2011. Characterisation of areial lime based mortars modified by addition 
of two different water-retaining agents. Cement and Concrete Composites. Vol. 33, p. 309-318. 

http://www.sciencedirect.com/science/article/pii/S0950061813008465
http://www.sciencedirect.com/science/article/pii/S0950061813008465


 

- Janotka, I.; Puertas, F.; Palacios, M.; Kuliffayová, M.; Varga, C., 2009. Metakaolin sand-blend-cement pastes: 
Rheology, hydration process and mechanical properties. Construction and Building Materials, vol. 24, p. 791-
802. 
-Kakali, G.; Perraki, T.; Tsivilis, S.; Badogiannis, E., 2001.Thermal tretament of kaolin: the effect of mineralogy 
on the pozzolanic. Applied Clay Science, vol. 20, p. 73-80. 
- Lacerda, C. S. e Helene, P. R., 2005. Estudo da influência da substituição de cimento Portland por metacaulim 
em concretos. Boletim Técnico/PCC - no 419, São Paulo.  
-Machado, J. C. V., Reologia e escoamento de fluidos: ênfase na indústria do petróleo. Ed. Interciência: 
Petrobrás, Rio de Janeiro-Brazil. 
- Mansour, S. M.; Abadila, M. T.; Bekkour, K.; Messaoudene, I., 2011. Improvement of rheological behavior of 
cement pastes incorporating metakaolin. European Journal of Scientific Research, vol. 42, p. 442-452. 
-Moropoulou, A.; CAkmak, A.; Labropoulous, K. C.; Van Grieken, R. E Torfs, K., 2004. Accelerated 
microstructural evolution of calcium-silicate-hydrate (C-S-H) phase in pozzolanic pastes using fine siliceous 
sources: comparison with historic pozzolanic mortars. Cement Concrete Research. Vol. 34, p. 1–6. 
- Nóbrega, A. F. 2007. Potencial de Aproveitamento de Resíduos de Caulim Paraibano Para o Desenvolvimento 
de Argamassas de Múltiplo Uso. Dissertação (Mestrado em Engenharia Urbana), Universidade Federal da 
Paraíba, João Pessoa-PB. 
-Nóbrega, A. F.; Sousa, P. DE; Marinho, M. E Carneiro, A. M. P. 2010. Estudo das Propriedades das 
Argamassas de Cal: Influência do Tipo de Metacaulim. 3rd Portuguese Congress on Construction Mortars. 
Anais... Lisboa, Portugal. 
- Nóbrega, A. F., Dantas, K.C.B., Oliveira, M.P., Torres, S.M., Barbosa, N.P. 2005. Avaliação do desempenho 
de argamassas com o uso de rejeito de caulim industrial como material de substituição do cimento Portland. In: 
Conferência Interamericana sobre Materiais e Tecnologias não-convencionais na Construção Ecológica e 
Sustentável, Rio de Janeiro. Anais..., IAC-NOCMAT, CD-ROM. 
- Oliveira, M.P. 2004. Estudo de um caulim calcinado do estado da Paraíba como material de substituição 
parcial do cimento Portland. 2004. Dissertação (Mestrado em Engenharia Agrícola), UFCG, Campina Grande.  
- Pera, J.; Amrouz, A. 1998. Development of Highly Reactive Metakaolin from Paper Sludge. Advanced Cement 
Based Materials, vol. 7. 
-Veiga, M. R.; Velosa, A. and Magalhães, A. 2009. Experimental applications of Mortars wtih pozzolanic 
additions: Characterization on performance evaluation,Construction and Building Materials, vol. 23, p. 318-327. 
- Rojas, M. F. e Cabrera, J. The effect of temperature on the hydration rate and stability of the hydration phases 
of metakaolin-lime-water systems. 2002. Cement and Concrete Research. Vol. 32, p. 133-138. 
- Safi, B.; Benmounah, A.; Saidi, M., 2011. Rheology and zeta potencial of cement pastes containing calcined 
sitl and ground granulated blast-furnace slag. Materiales de Construcción, vol. 61, p. 353- 370. 
- Serry, M. A.; Taha, A. S.; El-hemaly, S. A. S. e El-Didamony, H., 1984. Metakaolin-lome hydration products. 
Thermochimica Acta. Vol. 79, p. 103-110. 
- Santos, P. S., 2002. Ciência e Tecnologia de argilas. 2 ed. rev. amp., São Paulo: Edgard Blucher, 1992. 
- Silva, P. S. and Glasser, F. P., 1993. Phase relations in the system CaO-Al2O3-SiO2-H2O relevant to 
metakaolin – calcium hydroxide hydration. Cement and Concrete Research. Vol. 23, p. 627-639. 
- Schultz, M. A. e Struble, L. J., Use of oscillatory shear to study flow behavior pf fresh cement paste. Cement 
and Concrete Research, vol. 23, p. 273-282, 1993 
- Struble, L. J and Schultz, M. A., 1993. Using creep and recovery to study flow behavior of fresh cement paste. 
Cement and Concrete Research, vol. 23, p. 1369-1379. 
-Tironi, A.; Trezza, M. A.; Scian, A. N. e Irassar, E. F., Kaolinitic calcined clays: Factors affecting its 
performance as pozzolans. 2012. Construction and Building Materiails. Vol. 28, p. 276-281. 
- Trador, T. F., Rheology of dispersions: Principles and applications. ed. Wiley-VCH, United Kingdon, 2010.  

- Vejmelková, E.; Keppert, M.; Rovnaníková, P.; Zbyn k, K.; erný, R., 2012. Application of burnt clay shale 
as pozzolan addition to lime mortar. Cement and Concrete Composites, Vol. 34, p. 486-92. 
-Zhang, H., 2001. Using dynamic rheology to explore the microstructure and stiffening of cimentitious mixtures. 
Tese (Phd in Civil Engineering), University of Illinois at Urbana Champaign. 



 

 



 

SANITARY WARE INDUSTRY WASTE AS AN ADDITION IN NEW 
SUSTAINABLE CEMENT DESIGN 

 

C. Medina1*, I.F. Sáez del Bosque2, E. Asensio2, M. Frías2, M.I. Sánchez de Rojas2 
1. Department of Construction, School of Engineering, University of Extremadura, UEX-CSIC Partnering Unit, 10071 - 

Cáceres, Spain 
2. Materials Recycling Department, Eduardo Torroja Institute for Construction Science, National Research Council 

(CSIC), 28033 - Madrid, Spain 
 
Abstract 
The pursuit of new raw materials for the design and manufacture of more sustainable cements has aroused 
considerable technological interest in the cement industry, which is currently under extreme political and social 
pressure to reduce the huge volume of its CO2 emissions. The present paper reports on research into the pozzolanicity 
of sanitary ware industry waste and the viability of including certain percentages of such waste as an addition with a 
view to more sustainable type II, IV and V cements. The waste was characterised chemically, mineralogically and 
microstructurally prior to exposure to a saturated lime solution for 1 and 28 days. The pozzolanicity of the products 
was determined and the samples were analysed with different experimental techniques. Pozzolanic activity was lower in 
this waste than in silica fume but higher than in other traditional additions such as fly ash and natural pozzolans. 
 
Originality 
Many studies have been conducted on the reuse of industrial waste as a raw material in new cement manufacture, in 
keeping with European and domestic sustainability policy. No earlier research has addressed the viability of the use of 
sanitary ware industry waste as supplementary cementitious materials in the design of new sustainable cements, 
however. The present study led to the award of domestic and European patent P201330715, PCT/ES2014/070406, 
which covers both the procedure for including sanitary ware waste as an addition in cement manufacture and the 
resulting cements. 
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1. Introduction 
The cement industry is characterised by its demand for large amounts of energy and raw materials, as 
well as its CO2 emissions. In Spain, these latter account for 6.4 % of the total and are emitted together 
with other polluting gases such as NOx (3.8%), SO2 (1.7%), CO (2.5%) and non-methane volatile 
organic compounds (García-Gusano et al., 2015).  
The use of additions such as silica fume, fly ash and natural pozzolans in cement manufacture is 
addressed in European standard EN 197-1 (European Standard, 2011), which provides for replacement 
rates of 6–35 wt%, 11–35 wt% and 18–49 wt% in composite portland cements (CEM II), pozzolanic 
cements (CEM IV) and composite cements (CEM V), respectively.  The use of this type of cements 
has grown in recent decades due primarily due to the lesser gas emissions involved (Hammond and 
Jones, 2008) and the improved mechanical properties and durability of the concretes and mortars made 
with these cements. These improvements can be attributed to more refined pore systems and higher 
calcium silicate hydrate (C-S-H gel) content in these cement-based products, in turn resulting from the 
pozzolanicity of the additions (Massazza, 1993).  
The viability of including nanosilica (Saez del Bosque et al., 2013) or waste such as rice husks (Xu et 
al., 2012), sugar cane (Frías et al., 2011), paper sludge (Frias et al., 2008), coal tailings (Frias et al., 
2012), concrete waste (Kim and Choi, 2012) or clay-based product discards in cement manufacture 
has been studied in depth in recent years. Research on this last group of materials has focused 
primarily on roof tile (Sánchez de Rojas et al., 2006) and clay-based block (Naceri and Hamina, 2009) 
waste.  
Spain is the world market leader in production and exportation of ceramic sanitary ware, producing 7 
million items of ceramic ware annually. The percentage rejected for sale and thus discarded depends 
on the type of industry in question, and on product requirements and other technical consdierations. 
Nevertheless, rejects account for 5-7% of final production according to data provided by 
manufacturers. The studies conducted to date on the use of clay-based waste from the sanitary ware 
industry (Medina et al., 2013, Medina et al., 2014b, Medina et al., 2014a) have sought to assess the 
effect of the reuse of these materials as recycled coarse aggregate in structural concrete. The inclusion 
of 25 % of such waste has been observed to have no adverse impact on mechanical properties, 
durability or leaching, making it apt for design of concretes. No prior studies have been published, 
however, on its use as fine aggregate or as an addition in the design of cement-based materials or new 
cements.   
The present study aimed, firstly, to determine the pozzolanicity of the powder resulting from crushing 
clay-based sanitary ware and secondly to assess its applicability as an addition in the manufacture of 
new type II, IV and V cements. After characterisation, the dry waste was soaked in a saturated 
Ca(OH)2 solution for 1 or 28 days to determine its pozzolanic activity. The resulting structural, 
mineralogical and microstructural changes were then studied through of the different experimental 
techniques.  
 
2. Experimental 
2.1. Raw Materials 
The recycled ceramic aggregate used consisted of crushed sanitary ware industry discards (Figure 1a). 
Jaw-crushed aggregate (Figure 1b) was subsequently ground in a ball grinder to the desired particle 
size (Figure 1c).    
 
 
 
 
 
 
 
 
 
Figure 1.Sanitary ware waste: a) industry discards; b) coarse aggregate; c) end product 



 

 
X-ray fluorescence analysis showed the powder to be highly acidic and composed primarily of silica 
(68 wt%), alumina (24 wt%) and iron oxide (1 wt%), with traces of other oxides (including Na2O, K2O 
and CaO). The sum of the SiO2 + Al2O3 + Fe2O3 contents (> 90 wt%) was greater than in other clay-
based materials such as roof tiles (74.97 %) or brick (67.29 %).   
 
2.2. Experimental 
The pozzolanic activity of the clay-based sanitary waste was found chemically (Sánchez de Rojas and 
Frías, 1996) by soaking 1 g of the material in 75 ml of a saturated calcium hydroxide solution at 40 C 
for 1 or 28 days. The CaO ion concentration was quantified at the end of each trial period and the 
amount of lime fixed was computed as the difference between the concentration in the calcium 
hydroxide solution (17.68 mM/l) and the amount of CaO in the solution in contact with the sample 
(pozzolan). 
The mineralogical composition of both the waste and the clay-based sanitary waste/calcium hydroxide 
system was found on a Bruker D8 Advance (XRD) diffractometer fitted with a Lynxeye detector 
having a 3 mm anti-scatter slit and a (0.5 %) Ni K-beta filter (i.e., K2 was not eliminated), and 
operating at a radiation of 1.54 Å CuKα. and 2 diffraction angles ranging from 5 to 60º. 
The physical-chemical changes taking place as the waste/saturated lime solution was heated were 
identified by thermogravimetric (TG) analysis run on a TA Instruments SATQ600 thermal analyser. 
The samples were heated from 20 to 1 000 C at a rate of 10 C/min in a dynamic pure dry air 
atmosphere. 
The 29Si MAS NMR experiments were conducted on a Bruker Avance-400 (9.4 T) spectrometer 
operating at a frequency of 79.4 MHz. The sample was packed into a 4 mm zirconia rotor and rotated 
at the magic angle, recording 400 scans at a 2 µs /2 excitation pulses, a 10 s recycle delay and a 6 
kHz MAS frequency. Kaolin (d= 91.5 ppm relative to TMS) was used as an external standard for the 
29Si chemical shifts. 
In the SEM analysis, the samples were secured to a metallic holder with a two-sided graphic adhesive 
after carbon-coating the surface to ensure conductivity and that all of the signals sought would be 
detected. 
 
3. Results and discussion 
3.1. Characterisation of clay-based sanitary ware waste 
The XRD findings showed that the primary minerals in the waste were quartz, mullite, zircon, 
hematite and orthoclase. The diffractograms also exhibited a halo between 2θ angles 17 and 25, 
denoting the presence of amorphous material.  
The 29Si MAS NMR spectra, in turn, contained a series of wide and scantly resolved signals in the -85 
to -120 ppm range, likewise characteristic of amorphous compounds (Figure 2). In 29Si NMR these 
signals are described as Qn (mAl) units, where m≤n, Q represents tetrahedral SiO4 units, m the number 
of AlO4 groups attached to the SiO4 tetrahedra and n the number of aluminium atoms connected, via 
bridge oxygen atoms, to a silicon atoms (Engelhardt and Michel, 1987). Moreover, each silicon 
environment or Qn(mAl) unit appears at a characteristic chemical shift: for the Q4(4Al) units the shift 
ranges from -80 to -85 ppm, while the silicon tetrahedra with no Al neighbours in their second 
coordination sphere, i.e., the Q4(0Al) units, generate signals in the -100 to -120 ppm range (Engelhardt 
and Michel, 1987). The existence of signals at different chemical shift values on the present 29Si MAS 
NMR spectrum was an indication that clay-based waste may be regarded as a mix of Qn(mAl) units. 
The signals at around -107 and -112 ppm were attributed to Q4(0Al) units (Engelhardt and Michel, 
1987), the one at 104 ppm to Q4(1Al)  units, and the peaks at -89, -93 and -96 ppm to mullite (Jaymes 
et al., 1996, Schneider et al., 1992). 



 

 
Figure 2.29Si MAS NMR spectrum for sanitary ware industry waste 

 
3.2. Pozzolanic activity  
Figure 3 shows the amount of lime fixed by the clay-based sanitary ware waste after soaking in a 
saturated calcium hydroxide solution for 1 and 28 days. By way of comparison, the figure also shows 
the pozzolanic activity found for silica fume and fly ash, additions presently used in commercial 
cement manufacture, as well as for clay-based roof tiles previously researched by M.I. Sánchez de 
Rojas et al. (Sánchez de Rojas et al., 2006).  

 
Figure 3.Lime fixed over time 

 
As the figure shows, the 1-day clay-based sanitary ware exhibited slight activity, which rose very 
quickly to nearly the maximum (88%) in the 28 day sample. The later age value is similar to the 
amount observed in silica fume, which is characterised by a high degree of initial activity, fixing 80 % 
of the lime in the first day and reaching its peak after 28 days.   
Fly ash, in turn, was less active than the new clay-based addition, irrespective of the time of exposure 
to the saturated calcium hydroxide solution, for as reported previously by other authors, fly ash is a 
low activity addition, which only reaches its peak after 90 days (Sánchez de Rojas et al., 2006, 
Sánchez de Rojas et al., 2007).  
Lastly, the figure shows that while clay-based sanitary ware waste was less pozzolanic than roof tile at 
an early age, it was 17 % more active after 28 days.  
 
3.3. Identification of hydrated phases in pozzolan/ Ca(OH)2 systems 
3.3.1. X-ray diffraction (XRD) results 
Figure 4 reproduces the diffractograms for the clay-based sanitary ware waste after soaking for 1 or 
28 days in a saturated calcium hydroxide solution (SLS). The crystalline compounds (quartz, mullite, 
hematite, orthoclase and zircon) found in the anhydrous addition were detected, along with an 
amorphous halo characteristic of C-S-H gel. A further two signals appeared at 2θ =29.1º, 2θ =55.3º, as 



 

observed by other authors (Puligilla and Mondal, 2015) (Hunnicutt, 2013) studying C-S-H gels 
synthesised from SiO2 and calcium hydroxide (Ca(OH)2).  

 
Figure 4.XRD patterns for the pozzolan/Ca(OH)2 system 

 
Further to the figure, the intensity of these diffraction lines grew with the time the sanitary ware 
addition was soaked in the saturated calcium hydroxide solution, denoting the formation of larger 
amounts of C-S-H gels (García et al., 2009).  
 
3.3.2. Thermogravimetric (TG) results 
The 1 and 28 day thermogravimetric (TG) results are shown in Figure 5. Note the steady weight loss 
throughout the trial and its greater intensity with contact time due to the higher C-S-H content present 
in the 28 day sample, as observed in the X-ray diffraction findings.  

 
Figure 5.Thermogravimetric (TG) analysis of the 1- and 28-day pozzolan/Ca(OH)2 system 

 
This weight loss was primarily associated with the evaporation of the water bound to the gel structure, 
and the volatisation of the CO2 in the carbonates formed during sample handling to assess pozzolanic 
activity, an observation reported by earlier authors (Sáez Del Bosque et al., 2014).  
 
3.3.3. Pozzolan/Ca(OH)2 system microstructure 
Figure 6 shows the variations in the pozzolan microstructure after soaking in the calcium hydroxide 
solution for 1 and 28 days. Further to these micrographs, the pozzolanic reaction induced the 
precipitation of the clay-based sanitary ware addition (SW) on the calcium silicate hydrates (C-S-H 
gels), a finding reported by other authors working with pozzolanic materials (Tantawy, 2015).  



 

 
Figure 6.Pozzolan/Ca(OH)2 system microstructure (SW, sanitary ware addition; C-S-H, C-S-H gel): a) 

1-day sample; b) 28-day sample  
 
Lastly, such precipitation was observed to increase with time, concurring with the XRD and 
thermogravimetric results (items 3.3.1 and 3.3.2, respectively).  
 
4. Conclusions 
The conclusions drawn from the above findings can be summarised as follows. 
- Clay-based sanitary ware waste exhibits 28 day pozzolanicity similar to the activity observed for 

silica fume and much greater than found for fly ash. 
- The C-S-H content in the pozzolan/Ca(OH)2 system rises with the time the addition is soaked in a 

saturated calcium hydroxide solution. 
- Clay-based sanitary ware additions may, initially, be used as natural fired pozzolans (Q) in the 

design of new eco-efficient cements. 
The ability to valorise such waste as an addition in type II, IV and V cement design would reduce both 
the demand for raw materials and CO2 emissions, with the concomitant economic and environmental 
benefits.  
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Abstract 
This paper presents the results of several investigations concerning special durability aspects of mortar and concrete 
with higher proportion of calcined clays in the cement part. For this purpose, different clays based on kaolinite, 
montmorillonite and illite were fired at optimum temperatures according to the strength contribution in cement. The 
raw materials were analyzed chemically (XRF) and mineralogically (XRD). The pore size distributions of mortars were 
measured by mercury intrusion porosimetry. Cement pastes were produced in order to calculate the phase composition 
by XRD/Rietveld and to estimate the microstructure with SEM. The performance tests comprised investigations of the 
long-term behaviour in case of sulphate attack and alkali silica reaction, respectively. The results show that all 
calcined clays are active pozzolans in terms of strength contribution but perform different with regard to the concrete 
durability. Whereas metakaolin blended cements prevent the concrete to be damaged under all tested conditions, 
beneficial effects of the other calcined clays are only noticeable in case of the ASR containment. Consequently, the 
suitability of these materials for special durability problems is strongly limited and their application in concrete, if not 
otherwise proven by performance tests, has to be restricted to moderate environments.  
 
Originality 
Incorporating calcined clays in composite cements is a promising way to reduce the global CO2 footprint of concrete 
substantially. Therefore, a considerable amount of publications covering the thermal activation of clayey raw materials 
and the assessment of their strength contribution in cement have been appeared in the last years. However, only little 
knowledge exists about the effect of such blended cements on the concrete durability. Since this criterion, if not 
satisfactory fulfilled, excludes the final application more effort has to be put on determining the long-term performance 
of such systems. Here, the demonstrated study draws on by collecting information concerning special durability aspects. 
From these, further conclusions about the possibilities and limitations of the use of calcined clay blended cements in 
concrete can be made being the next step on the way to a full scale application. 
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1. Introduction 
The search for supplementary cementicious materials (SCM) suitable for clinker substitution 
intensified in the last few decades due to rising demands for the performance and for the sustainability 
of the cement (Ludwig H.-M., 2012). As a result, calcined clays, which have got a long history of 
being used as building materials and are able to react as pozzolans, experienced a renaissance and 
were subjected to a large number of investigations including both fundamental research and 
optimization of thermal treatment (Ambroise J. et al., 1985; He C. et al., 1995; Fernandez R. et al., 
2011; Tironi A. et al., 2013; Danner T., 2013; Trümer A. et al., 2014). Regarding durability aspects, a 
strong focus was laid on the contribution of metakaolin because of its high activity comparable to 
silica fume resulting in high resistant concretes (Kostuch J. A. et al., 1993; Caldarone M. A. et al., 
1994; Zhang M. H. et al., 1995; Gruber K. A. et al., 2001). However, metakaolin is a very expansive 
product and, therefore, only a solution for very special problems. Two examples for a reasonable 
application of this material are concretes exposed to sulphate-containing solutions or to a danger of a 
harmful alkali-silica reaction (ASR). Nevertheless, since other much cheaper calcined clays are known 
to be pozzolanic as well, a certain resistance of concretes made with the respective composite cements 
can be expected. Consequently, for the reason of economic efficiency alone, it is worthwhile to know 
the performance of these cements under the mentioned conditions possibly presenting low-priced 
alternatives. In order to collect experience concerning this approach, the authors performed several 
investigations helping to assess the effect of different calcined clay blended cements on extremely 
stressed concretes. 
2. Experimental 
2.1. Raw materials 
Three different clays have been selected for the experiments. Their compositions are shown in the 
tables 1 and 2 revealing the different clay mineral bases kaolinite, montmorillonite and illite, 
respectively, indicated by the capital letters K, M and I, and a relatively low amount of accessory 
constituents each. Among them, the kaolinite sample was chosen as reference material with a well-
known performance. The chemical analysis was performed with an energy dispersive micro X-ray 
fluorescence (XRF) spectrometer Orbis_PC by EDAX/AMATEK. The mineralogical composition was 
measured by means of X-ray diffraction (XRD) of powders with a Siemens D5000 using CuKα 
radiation and calculated by Rietveld refinement using the software Autoquan. The clays were fired in 
a muffle kiln at different temperatures between 600 and 1000°C by heating up with 10°C/min, 
maintaining the chosen temperature for 1 hour and cooling down on air. Afterwards, a short milling to 
common cement finenesses followed.  

Tab. 1 Chemical compositions of the investigated clays /% 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO TiO2 K2O Na2O LOI Total

K 53.5 32.1 0.3 0.1 0.2 0.12 0.23 0.01 14.17 100.7
M 50.7 15.7 5.5 5.7 3.3 0.30 2.26 0.40 16.21 100.1
I 62.8 14.8 5.7 1.7 2.4 0.72 4.11 1.63 5.6 99.5 

Tab. 2 Phase compositions of the investigated clays /% 
Compositions Kaolinite Montmor. Illite Muscovite Quartz Feldspar Calcite Chlorite

K 86    14    
M 5 62  10 14 3 6  
I   47 7 27 15  4 

2.2. Methods 
All tests have been performed on composite cements blended with 30% calcined clay. The optimal 
firing product has been selected by testing the compressive strengths of mortars according to DIN EN 
196-1. The therefore used ordinary Portland cements (OPC 1 and 2) mainly differ in their alkali 
content being Na2Oeq=0.41% and 1.03%, respectively. The results of the strength tests of each clay 
calcined at optimum temperature can be seen in figure 1. 
The hardened mortars from the 91d strength tests were afterwards used to determine the pore size 
distribution by means of mercury intrusion porosimetry (MIP). Hardened cement pastes with an age of 
91 days were produced in order to calculate the phase composition with XRD/Rietveld using ZnO as 



 

internal standard. Moreover, microscope images were taken from the pastes by means of a Nova 
NanoSEM 230 from FEI. 

 
Figure 1 Compressive strengths of two different Portland cements blended with 30% calcined clay (fired at 

given temperatures) and quartz powder, respectively 
The sulphate resistance of the cements was tested following the recommendation of the German 
Institute for Building Technique (DIBT), which is a commonly agreed method in Germany. Therefore, 
mortars were produced like before but, this time, moulded to flat prisms of 1 cm thickness. After two 
days, the prisms were demoulded and then cured in saturated lime solution for 12 days. Afterwards, 
the samples were stored in 0.44% Na2SO4 solution (=3000 mg/l SO4

2-) at 5 and 20°C, respectively. 
The assessment of the sulphate resistance was fulfilled by measuring the expansion of the prisms until 
a half year of storing. 
The contribution of the calcined clays to the ASR resistance of concretes was determined by means of 
a quick test (Stark J., 2008). Here, mortars were produced with a testing cement (CEM I 32.5 R, 
Na2Oeq=0.94%), again blended with 30% calcined clay, with reactive aggregates and with alkaline 
water leading to a total sodium equivalent of the system of 2.5%. The mortars were moulded to 
standard prisms (4×4×16 cm), stored one day in the moulds and subsequently in water at 70°C. 
Afterwards, the prisms were measured with respect to their expansion until an age of 28 days. 

 
Figure 2: Pore size distributions and total porosities (P) of two different Portland cements blended with 30% 

calcined clay (measured with MIP) 



 

3. Results 
3.1. Compressive strength  
The optimal firing temperatures according to the cement strength for the kaolinitic (K), the 
montmorillonitic (M) and the illitic (I) clay are found to be 800, 800 and 900°C, respectively. Figure 1 
shows that all of the this way burned clays give a distinctly higher strength contribution than the inert 
quartz powder indicating a certain pozzolanic activity in the order I ≤ M < K. Surprisingly, the 
calcined illitic clay performs quite good, which contradicts to the findings of other authors (He C. et 
al., 1995; Fernandez R. et al., 2011; Danner T., 2013), who declared this kind of material as non-
reactive. Moreover, a certain dependence on the cement type, most notably on its alkali content, is 
recognizable meaning the higher the sodium equivalent the better the strength contribution. This 
pertains especially in case of the metakaolin, which leads, when mixed with the high-alkaline OPC, to 
a comparably fast strength development resulting in a strength activity index of 119% already after 
seven days of curing. All other composite cements show a slower strength development typical for 
blends with pozzolans. 
3.2. Microstructure 
The pore size distributions and the total porosity of all tested mortars after 91 days are given in figure 
2. It can be seen that the calcined clays have no positive effect on the porosity of the low-alkaline 
system. This is surprising since, at least for the metakaolin, lower values could be expected due to a 
similar strength like the OPC. In the alkali-rich system, the composite cements perform better. In 
comparison to the OPC, they have equal porosities or, in case of the metakaolin, even a lower one, 
which correlates fairly well with the strength results. Compared to the alkali-poor system, the pore 
volumes of the blended cements are in the same scale. With regards to the strength developments, it 
can be concluded that the pozzolanic reaction of the calcined clays, when sufficiently induced, is able 
to partly compensate the adverse effect of the fast hydration of the high-alkali OPC.  
From the distributions, it can be seen that for all samples most of the pore volume is located between 
10 and 100 nm. In the range below, the blended cements show higher values indicating a pore 
refinement due to the pozzolanic reaction. 

Tab. 3 Portlandite content of hardened pastes (91d) of the pure and blended Portland cements normalized to 
the amount of OPC (calculated by XRD/Rietveld) /% 

Cement CEM I K M I 
OPC 1 (Na2Oeq=0.41%) 17 3 12 13 
OPC 2 (Na2Oeq=1.03%) 18 5 14 15 

The best indicator for the pozzolanic reaction is the amount of consumed portlandite (CH) in the 
hardened pastes, which is given in table 3 for 91d old samples. The lower CH contents of the 
composite cements compared to the OPC pastes demonstrate the pozzolanic activities of the three 
calcined clays. However, it has to be noted that, for simplification, the influence on the C3S hydration, 
which is assumed to be positive, is not taken into account. Nevertheless, the results show the expected 
behaviour for the metakaolin being the most reactive material. This finding together with the quite 
good values for the fired montmorillonitic clay agrees with Fernandez et al. (2011). However, again, a 
dissent to these authors is revealed in the performance of the calcined illitic clay, which apparently 
possesses an own potential to convert portlandite into additional CSH and CAH phases responsible for 
the strength contribution. Comparing the values of the two cement systems, no marked differences are 
recognizable. Surprisingly, the CH consumption in the low-alkaline system is even a little bit higher 
contradicting the results of the porosity measurements given before. Consequently, the pozzolanic 
reaction seems to have a less positive effect on the microstructure when proceeding in combination 
with low-alkaline cements although undergoing the same reaction rates compared to the high-alkaline 
system. 
The denser structure of a hardened paste of a metakaolin containing cement compared to one made 
with calcined illitic clay is impressively illustrated in figure 3. The SEM image of the former (figure 
3a) shows a close network of hydration products with only small residues of CH. On the other hand, 
the latter contains big aggregates of layered portlandite crystals (figure 3b) and well recognizable 
needle and foil shaped CSH phases indicating a more open structure than formed with metakaolin. 
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Figure 3: SEM images of the hardened cement pastes (OPC 2) blended with calcined kaolinitic (a) and illitic 
clay (b), respectively 

3.3. Sulphate resistance 
The sulphate resistance test was performed not only at 20°C since experiences have shown that the 
performance of mortars is often overestimated at this moderate temperature. Consequently, a low-
temperature curing at 5°C was chosen as well simulating commonly occurring conditions with an 
inhibiting effect on the cement hydration. The results of the tests for both cement systems can be seen 
in figure 4 and 5, respectively.  
Firstly, what can be seen from these graphs is that, among the pure Portland cements, the OPC 2 
perform better due to its lesser C3A content of 7.4% (for comparison: C3A of OPC 1 = 13.1%). This 
recognition is valid for both curing temperatures, which doesn’t influence the performance of the 
OPC 2. In contrast, certain temperature dependence is noticeable in case of the OPC 1 revealing a 
lesser sensitivity to sulphate attack when cured at 5°C. The reason for this can be found in the degree 
of hydration, which tends to be small for low temperatures and, therefore, leads to a decreased 
formation of portlandite. Since CH is essential for the formation of strain causing phases like gypsum 
and ettringite the measured expansions are slightly lower than those of the 20°C samples. 
Regarding the composite cements, the striking performance of the metakaolin samples has to be noted 
at first. Regardless of the testing conditions, all respective mortars show hardly any expansions 
confirming the expectations which have arisen from the analyses before. Consulting those, the good 
results can be explained by both a physical effect of limited ion transport due to pore refinement and a 
chemical effect of CH consumption removing one partner of the harmful reactions. Since both of these 
impacts of the pozzolanic reaction were distinctly weaker in case of the other calcined clays, the 
respective composite cements resist sulphate attack substantially worse. Only in case of the 20°C 
curing, the fired montmorillonitic and illitic clay improve the sulphate resistance of the mortars to a 
certain degree, which can be ascribed to the lower portlandite content of the cement stone due to both 
CH consumption and the dilution effect. However, there is no beneficial effect of the clinker 
substitution when applying these materials at 5°C. At this temperature, the already slow pozzolanic 
reaction is retarded once more meaning a negligible consumption of CH and an unhindered formation 
of ettringite and thaumasite. Consequently, it has to be stated that calcined clays other than metakaolin 
only slightly influence the sulphate resistance of the cement and, therefore, are not suitable to produce 
a durable concrete under this conditions. 
3.4. ASR resistance 
Figure 6 shows the results for the mortar bar tests. This method is usually executed to assess the 
sensitivity of aggregates concerning a concrete damaging alkali-silica reaction (ASR). In the given 
case, a very reactive aggregate crushed to sand fineness was chosen to show the influence of the 
binding material.  
 



 

 
Figure 4: Results of the sulphate resistance test of the OPC 1 (Na2Oeq=0.41%) blended with 30% calcined clay 

run at different temperatures 

 
Figure 5: Results of the sulphate resistance test of the OPC 2 (Na2Oeq=1.03%) blended with 30% calcined clay 

run at different temperatures 
The control illustrates the bad performance of the mortar when ASR sensitive aggregates are 
combined with a high-alkali cement of low strength. The maximum expansion of 1.5 mm/m required 
for harmless aggregates is distinctly failed. However, by partly substituting the cement by calcined 
clay, the mortars behave completely uncritical. And once again, the performance order of the three 
kinds of fired clays can be confirmed indicating the calcined montmorillonite and illite to be 
comparable and the metakaolin as the most active material. The reduction of ASR risk by using 
calcined clay blended cements results from a finer porosity inhibiting ion transport, a decreased 
provision of calcium being a main constituent of expanding ASR gel (Stark J. et al., 2010) and the 
incorporation of alkali ions in the CSH phases due to lower C/S ratios (Lothenbach B. et al., 2011). In 
this connection, the high alkali content of the pore solution plays a decisive role because it strongly 
promotes the pozzolanic reaction of the calcined clays. Since the high alkali provision in the mix is 
likewise responsible for the dissolution of the reactive aggregates, which causes the ASR, the use of 
calcined clays is a suitable counteragent to prevent the related harmful mechanisms. 



 

 
Figure 6: Results of the mortar bar tests for OPC and composite cements made with 30% calcined clay 

4. Conclusions 
The following conclusions can be deduced from the represented results: 
 The activity of the three investigated calcined clays increase in the order I ≤ M < K. 
 When optimally fired, illitic clays can be assessed as pozzolanic materials and contribute adequately 

to the cement strength.  
 Like other pozzolanic materials, calcined clays effect a depletion of portlandite promoting the 

formation of additional CSH phases in the hydrated cement. 
 The rate of the pozzolanic reaction is nearly unaffected by the cement basis. However, the 

combination of calcined clays with low-alkali OPC causes an increase of the total porosity of the 
mortars. When blending high-alkali OPC with calcined clays, the porosity remains constant or, in 
case of the metakaolin, decreases. In any case, a certain pore refinement can be noted. 

 The substitution of OPC by metakaolin is a suitable method to increase the resistance of concrete 
against sulphate attack. However, using calcined montmorillonitic or illitic clays instead leads to 
only small improvements of this kind of performance. In case of low-temperature curing at 5°C, 
there isn’t even any beneficial effect of the addition of these materials making them unsuitable to 
produce sulphate resistant cement. 

 Anyone of the regarded calcined clays is able to reduce the risk of a harmful alkali-silica reaction in 
the concrete. In this point, the materials benefit from the high-alkaline pore solution, which 
normally causes the ASR but, simultaneously, leads to higher rates of the pozzolanic reaction. The 
consequential chemical and physical effects make calcined clay blended cements suitable to prevent 
ASR damages to the concrete even when using reactive aggregates.  

It can be concluded that calcined clays, regardless of the clay mineral base, are useful pozzolans, 
which give a moderate to good strength contribution to the cement. With regard to the concrete 
durability, certain restrictions for calcined montmorillonitic and illitic clays have to be imposed 
depending on the exposure. As a consequence, these materials are not able to achieve performances 
comparable to metakaolin and, therefore, can only be limitedly used in concrete application with 
higher demands for durability. 
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Abstract 
 
The use of nano-sized particles in cement system introduces a myriad of potential innovations from the new 
functionality to enhance both mechanical properties and durability. Preparation of such materials is energy intensive 
processes. Route adopted in this work to prepare Nanometric flyash particles was using newer dry milling system.  
The research work was carried out in a new generation High Energy Milling, HEM, system known as Simoloyer model 
CM 08 from Zoz GmbH, Germany for the first time in India. HEM is one of the high kinetic processing techniques in 
which powder material are subjected to repeated deformation by highly energetic collisions of grinding media in the 
mill and subsequent transfer of kinetic energy into the powder. The parameters used for grinding are variation in 
grinding time from 15 – 210 minutes keeping the grinding media/fly ash ratio constant at 8. It was expected that, If 
High Energy Milling (HEM) is used for the grinding of fly ash, it can lead to substantial refinement (< 1 µm) and also 
mechanically activate the fly ash particles. The ultimate average size d50 of ground fly ash achieved was 376 nm. 
Mineralogical and structural characterization by X-ray diffraction indicate increased amorphocity and significant 
reduction in its crystalline structure and increased crystallite size of quartz and mullite phase present in the fly ash. 
Ordinary Portland Cement, OPC 53 Grade was mixed with 0.0%, 2.5% 5.0% & 7.5% of nano flyash and studied for the 
physical property of the cement (IS 4031-1988).  The cement mix did not show the expected increase in water demand, 
in-spite of enhanced fineness of the mix. However, it is interesting to note that after increasing fine particles in mix the 
normal consistency is similar to control. It is corroborated by the improved flow of the mix. Addition of nano flyash 
results in filling of capillary /micro pores and enhanced packing contribute in the increased early strength of the 
mixture by 20% for 2.5% dose and decreases on further addition. The laboratory results indicate that the HEM 
provides an effective possible way for producing Nanometric flyash by dry grinding efficiently. The cement mixed with 
nano flyash show enhanced flow, reduced water demand and improved strength due to increased packing density and 
reduced porosity. 
 
 
Originality 
 
Current methods of reduction of particle size by grinding in ball mill, vibro mill, attrition mill are time consuming over 
few days and most of the dry grinding methods suffer by strong agglomeration due to high vander Waals force of 
attraction at few micrometers. Ultrafine particles are only prepared by wet grinding methods that involves usage of 
dispersing agents and drying. In this new HEM technique the velocity of impact is very high and the particles are in 
dynamic movement continuously resulting in lesser time for agglomeration. HEM is based on the collision of grinding 
media rather than shear and friction effects of the same in low kinetic conventional ball milling, this process results in a 
significantly higher efficiency grinding. 
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1. Introduction  
The study of nanoparticles has attracted intensive interests towards their unique physical or chemical 
features and their promising applications in various fields. With many unforeseen properties these 
materials attracted to industry and having demand (He Mingzhao, et al,2004, Kürti Levente, et al, 
2011, Kwade  Arno, 1999, Fadhel H. Bel, Frances C., 2001).  Nanoparticles can produce by several 
techniques (Orumwense Osawaru A., Forssberg Eric, 1992). Basically, bottom-up and top-down 
technologies are available for production of nanomaterials. Bottom-up technology starts from the 
molecular level, i.e. precipitation or crystallization in a controlled fashion to yield the desired particle 
size. The top-down technologies are disintegration methods e.g. various types of milling (high-
intensity ultrasonication, high-pressure homogenization, grinding or co-grinding) are commonly used 
(Bhushan B., 2004, Kohlar, M., Fritzsche, W., 2004.). 
Grinding can be divided into three branches, namely, coarse grinding, fine grinding, and mechanical 
activation. Coarse grinding is intended for size reduction, while mechanical activation is used to 
change the structure and increase the particles reactivity (Guozhong, C., 2004). Energy requirement 
and target product size is not directly proportional. It is discovered that the energy required (per unit 
mass) to break a particle to 1/100th of its size is 4000 times greater. We are continuously attempting to 
reduce the particle size as finer as possible. This is possible by optimizing comminution process. In 
order to achieve these improvements, lots of changes were happened in milling technologies (Chow G., 
Kurihara L.K., 2002). These days efforts are focused to understand the complete influence of variables 
that affect size reduction. Different types of milling system and mill designs are available, which is 
capable of producing fine and ultrafine products. Mills for fine and ultrafine grinding fall into four 
primary categories i.e. Ball mill, Stirred media mill, Centrifugal mill and Jet mill.   
The most suitable choice are therefore high energy horizontal rotor-mills that can be operated in dry 
processing at high relative velocity of the grinding media (up to 14 m s-1) that cannot be reached by the 
other types (up to 5 m s-1).  In this study, a laboratory scale high energy mill (Simoloyer CM01-8l) was 
used (Thomas Paul, et al 2007, Ying, C, et al, 2006, Babu, R.J., et al 2011, Cullity, B.D., 1978., Akbari, B., 
et al 2011, Bowen, P., 2002. ).  
 
2. Experiment  
2.1 Milling system  
A ZOZ CM01-08 horizontal stirred high energy mill was used for the study. Figure 1 shows a 
horizontal high energy mill with 8 L chamber volume, which can be operated on a table next to the 
process controlling computer having software MALTOZ. The processing was done under air, which 
means no air-lock, no evacuation or flooding with inert-gas was used and the vessel was kept at room 
temperature by the cooling systems. A loading charge of 30% of the mill volume was maintained 
using Zirconia based grinding media with the diameters of 1.8 - 2 mm. The mill is controlled by 
software by which operating conditions were set and output parameters were displayed, including 
processing temperature, power, RPM and torque. Grinding tests were performed in batch mode. 
Detailed test conditions are shown in Table 1. Constant agitator speed (1,000 rpm) was maintained 
during grinding.  

 

Figure 1 : Simoloyer CM08 



 

Table 1 : Grinding test conditions  
Grinding chamber volume  8 Liter  

Grinding media  Zirconia  

Size of grinding media  1.8 – 2 mm  

Sample loading  800 gm 

Media loading  9 Kg 

Tip speed  9.0 m/s 

 
2.2 Material  
Fly ash for the experiment has been received from a thermal power plant. Specific gravity of the Fly 
ash samples is 2.33 gm/cc. Chemical composition of the flyash has been carried out by IS-4032. The 
particle size or d90 of fly ash is 52.74 m. Evaluation of nano flyash were carried out by adding 1.0, 
2.5 and 5.0% nano flyash in OPC. Blended OPC with nano flyash under taken for evaluation of its 
physical properties as specified in IS-4031. Porosity of the paste upto 7.5% nano flyash dosage was 
studied at different ages using MIP. 
2.2.1 Particle size, surface area and zeta potential measurement  
Particle size of ground fly ash at different time of milling was determined using dynamic light 
scattering technique on Cilas 1190 particle size analyzer. Specific surface area of the raw and ground 
fly ash was found out by using BET method. The samples were degassed at 150°C before testing. Zeta 
potential measurements were carried out with freshly prepared suspensions of ground particles. These 
suspensions were diluted to 0.1% prior to measurement in the ZetaSizer (Malvern, UK). 
2.2.2 X-Ray Diffraction  
The X-ray diffraction measurements were carried out on a Bruker D8 Advance using CuKα radiation 
(Kα = 1.54056 A) at an accelerating voltage of 40 kV and a current of 20 mA. The samples were 
scanned in the range from 10 to 70 2.  
2.2.3 Morphology studies  
The size and morphology of fresh as well as milled fly ash was examined by means of Scanning 
Electron Microscope (Hitachi) were used for the particle surface as well as surface texture analysis.  
3. Result and Discussion  
Alteration in composition of fly ash metallic oxides with milling time, were checked by wet chemical 
analysis, chemical analysis of the raw fly ash and ground fly ash after 150 min is shown in Table 2. 
The percentage of alumina reduces marginally and the percentage of iron oxide increases from 3.86 to 
4.69 as milling for 150 min. CaO and MgO remains unchanged.  
 

Table 2 : Chemical composition of flyash 
 LOI SiO2 Al2O3 Fe2O3 CaO MgO SO3

Raw Flyash 0.17 64.60 25.06 3.86 1.00 0.56 0.42

Ground Flyash 1.90 62.54 24.38 4.69 1.0 0.56 0.39

 
Size reduction with milling time is shown in Table 3 and figure 2 & 3. After grinding fly ash upto 150 
min d50 of fly ash reduced from 23.14 to 1.14 m. Similarly the surface area of raw fly ash and ground 
fly ash has been determined by BET surface area, It was found that the surface area of ground flyash 
was increased from 1.2 m2/g to 25 m2/g. This increase in surface area is almost 25 times from raw 
flyash. 

 
 
 
 



 

Table 3: Particle size distribution of fly ash 
Particle size (m) Grinding 

time (min) 
d10 d50 d90 

0 4.57 23.14 52.74 

5 0.79 2.53 9.92 

10 0.78 2.35 9.27 

15 0.77 2.18 9.35 

30 0.71 2.01 6.97 

45 0.73 1.73 5.19 

60 0.59 1.35 4.35 

120 0.42 1.16 3.06 

150 0.43 1.14 2.68 
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Figure 2: Size reduction curve of fly ash with time  
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Figure 3: Particle size distribution of raw and ground flyash 

 

 

 

Figure 4: Particle size distribution of ground flyash using zetasizer in duplicate  
 

After analyzing ground flyash for its zeta potential the same sample has been analysed for its particle 
size on zetasizer. Average particle size of flyash particles on zetasizer were 787.6 nm figure 4. Zeta 
potential of ground fly ash has also been recorded and shown in figure 5. Zeta of the ground fly ash 
was found  -34 mV. It indicates that the slurry of ground flyash will be stable. 



 

  
Figure 5: Zeta potential of ground fly ash in slurry in duplicate  

The morphology and particle size, and the agglomeration nature of the ground products were 
examined under scanning electron microscope. Figure 6(a-f) shows the surface morphology of ground 
flyash at two time intervals. The images of raw flyash were observed under 500 and 1.0 k 
magnifications apart from the images for ground products milled for 60 and 150 min., which were 
observed at 3.0 k, 8.0 k, 70.0 k and 130 k, times respectively. Fig. 6(a-b) reveals the photomicrographs 
of unground flyash. The unground flyash displayed spherical shapes. Figure 6(c-d) are correspond to 
flyash ground for 60 min., with Zirconia balls showed significant changes in morphology. Figure 6(e-f) 
shows the morphology of flyash ground for 150 min. The photomicrograph revealed the aggregation 
of small particles, confirming that particles agglomerate together because of high surface energy. The 
effect of grinding is decreasing particle size at the beginning, and agglomeration at longer period of 
grinding (150 min), as can be easily seen in Figures. Figure 6(e-f) clearly shows the presence of nano 
particles after grinding of 150 min. if we examine the micrographs we can easily visualizes the 
presence of nano particles even after 60 min. of grinding, population of nano particles increased after 
grinding  
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Figure 6(a-f): Scanning electron microscopic photographs of flyash with different grinding time 
 

Table 4: Physical properties of OPC blended with nano flyash  
 

Blaine 
surface 

NC
Setting time 

min. 
Compressive strength, MPa Sample 

Description 
m2/Kg % IST FST 1 D 3D 7D 28D

OPC 284 27.5 150 215 15.9 37.2 49.8 68.5

OPC+1.0% 
Nano FA 

337 27.0 155 210 17.7 38.8 51.8 69.8

OPC+2.5% 
Nano FA 

367 26.5 140 200 20.0 40.4 53.2 70.5

OPC+5.0% 
Nano FA 

435 26.5 150 215 18.5 40.1 55.1 72.3

 

Powder XRD (figure 7) of raw flyash shows the presence of Quartz, and mullite as a mojor mineral 
phases. After 150 minutes of grinding powder XRD showed significant broadening of peaks and 
reduction in peak intensities. Crystallite size of Quartz and Mullite were calculated, which is 180 and 
310 nm respectively. It clearly indicates the increases the amorphous content in ground flyash. Table 4 
summarizes the effect of nano flyash in OPC with different %, it was observed that nano flyash 
improves the compressive strength at the all ages of OPC. It increases the compressive strength by 
filling micro pores during hydration, it was evident by the porosity that nano flyash fills the micro 
pores in cement paste. Figure 8 shows the effect of nano flyash with different % dosage on porosity of 



 

cement paste, it clearly indicate that the porosity of cement paste decreases by addition of nano flyash 
as well as with increasing curing time. The MIP study indicated gradual decrease of pore volume in  
the microporous zone with increasing dosage of nano flyash at all ages for cement paste. Similar trend 
was observed in milli porous area, however the magnitude of pore volume was 10 times greater. 
Isothermal conduction calorimeter study carried out with 0.4 w/c ratio. Heat released values are 321, 
310, 302 J/g for OPC, 2.5% and 5.0% nano flyash added OPC indicated the substitution of nano flyash 
in cement at the same time the rate of heat release were similar at early ages which is shown in figure 
9(a-b). The effect of substitution in early ages is also supported by XRD (figure 10) of OPC, 2.5%, 
5.0% and 7.5%  nano flyash added  paste  at one day and similar trend were observed for later ages.  
 

 

 

 
 

Figure 7 Comparative XRD of raw and ground flyash  
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Figure 8 Porosity of cement paste at different ages 
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Figure 9 (a-b) Heat released data of OPC and blended OPC with nano flyash   
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Figure 10 Powder XRD of OPC, 2.5%, 5.0% and 7.5% nano flyash added paste at 1D 

 
4. Conclusions 
 
Based on the lab scale studies, using HEM indicates increase in the properties of cement at 2.5% 
dosage of nanoflyash. Commercially it might not be feasible for large scale production, issues related 
to safe handling and packing. Technically, the increase in cement properties is not significantly 
enhanced so as to absorb the additional cost of grinding. 
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Abstract 
The design of green engineered cementitious composites for improved sustainability of cement manufacture is 
presented. Development of a new class of more sustainable cement-based materials can be achieved by 
replacement part of Portland cement clinker component by ultrafine supplementary cementitious materials 
(SCMs), modified by complex chemical admixtures of polyfunctional action containing polycarboxylate type 
surface-active substances and alkali metals salts. 
It is shown that separate grinding is more efficient and such multimodal Portland-limestone cements and 
Portland-composite cements are characterized by higher compressive strength and determined by ecological 
and economic factors. A wider range of grain particle size distribution of fine limestone meal allows to enrich 
the system by smaller particles and thereby to reduce the volume of voids between the grains of clinker. The 
influence of different types ultrafine supplementary cementitious materials with high surface energy on the 
physical and chemical peculiarities of hydration processes of multimodal composite cements, which are 
characterized by directed formation of the microstructure of the cement matrix due to its compaction and 
pozzolanic reactions in unclincker part, are established. The peculiarities of change of micro- and nanostructure 
of the cementitious composites in the presence of complex modifiers are shown.  
The High Performance Concretes based on cementing composites, modified ultrafine supplementary 
cementitious materials and polycarboxylate according to the criteria of flowability and strength were optimized, 
their building and technical properties were investigated and efficiency of their using at different temperature 
conditions was shown.  
 
Originality 
The new incremental coefficient of particle surface distribution (Kis), which shows the contribution of each 
particle in the total geometric surface of supplementary cementitious materials, was proposed. It was calculated 
that maximal Kis for Portland cement is equal to 3.81 µm-1·vol.%, ultrafine supplementary cementitious 
materials are characterized by higher values of incremental coefficient of particle surface distribution which is 
more than 15.2 µm-1·vol.%. Ultrafine particles in the range of 0.1...1.0 µm relating to microheterogeneous 
systems are characterized by high values of specific interfacial area and “excess surface energy”. The amount 
of ultrafine particles up to 1-2 µm in fine ground supplementary cementitious materials is 10-15 vol. % but they 
have a significant influence in total specific interfacial area.  Incremental coefficient of particle surface 
distribution of SCMs (Kis) was calculated.  It was shown that D50 limestone meal is 7.8 µm  but amount of 
ultrafine particles in the range of 0.2...2.0 µm are 15 vol.%. Particles less than 1 µm have high values of specific 
interfacial area (Kisa=5.9 µm-1·vol.%). Ultra finely dispersed supplementary cementitious materials in 
composites based on the Portland cement clinker  promotes more complete synergic effect of other components 
activity. 
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1.Introduction  
The international scientific community began to address the environmental problems associated with 
Portland cement manufacture some time ago; consequently, scientists have been working on a design 
for new binders (Schneider M., et al., 2011). In this context designing of green engineered 
cementitious composites can be positioned at the epicentre of a transition from today's Portland 
cement to the new class of more sustainable cement-based materials of the future. Problems, related 
with decline energy intensity of cement production, can be solved in the cement industry on the 
relevant technological stages due to using of alternative fuels, development of green engineered 
cementitious composites modified ultrafine mineral additives and complex chemical admixtures of 
plastiсizing and accelerating action. 
Replacement of Portland clinker by active mineral additives and fillers makes a positive contribution 
to the conservation of natural resources and reduces emissions of harmful substances into the 
atmosphere. But due to different levels of reactivity of different types of SCMs, for sufficient rates of 
reaction required to attain equivalent strengths, replacement levels are different (Lothenbach B. , et al., 
2011).  It is necessary to consider the optimization of the secondary components and optimize the 
particles size distribution of cement with voids filling (Wolter A., Palm S., 2012).  Significant 
potential for optimization high performance composites is gap-graded particle size distribution  
(Zhang TS, et al., 2011).  
At the same time classes with different maximum grain size should be separated from each other, what 
creates an opportunity to use different materials for individual fractions of grains. As the result, a 
classical optimization problem in terms of the potential of early and final strength development, 
required and available grain size, impact of the components on the rheology, cost of the components, 
including their preparation is concerned. According to that considerable practical interest consist in the 
development of green engineering composites which present the composition systems "Portland 
cement - ultrafine mineral additives – superplasticizer – alkali metals salts" (Shi C. et al., 2011) . The 
separate grinding is more efficient and such multimodal Portland-limestone cements and Portland-
composite cements. In this case, the multimodal Portland-limestone cements and Portland-composite 
cements (“green cements”) are characterized by higher compressive strength and determined by 
ecological and economic factors (Dorazilová I., et al., 2012). 
High-pressure grinding rolls offer the possibility of considerable energy savings in the cement 
manufacturing process; in comparison to a vertical roller mill for raw material grinding, the specific 
energyconsumption is about 35 % lower. The introduction of appropriate modern separator technology 
has made high-pressure grinding rolls suitable for raw material grinding in approx. 80 % of all cases 
nowadays (Ludwig H-M., 2002). Energy consumption of ultrafine grinding while using 
electromagnetic and vibration mills is 50-65% less than ball mills. 
 
2. Experimental 
Ordinary Portland cement (OPC) CEM I - 42,5 R JSC “Ivano-Frankivskcement” based on Portland 
cement clinker with mineralogical composition (mass.%: C3S - 57,44; C2S - 17,65; C3A - 6,0; C4AF - 
11,89) was used in the investigations. The limestome with content of СаСО3  95 mass.% (fineness 910 
m2/kg) and ultrafine quartz sand with content of SiO2 98 mass.% (fineness 1300 m2/kg) were used as 
microfillers. Ultrafine low calcium fly ash (fineness 1200 m2/kg), blast granulated furnace slag (in the 
amount of CaO, SiO2, Al2O3, Fe2O3 constitute 92-96 mass.%) and zeolite were used as active mineral 
additives. Silica fume and highly metakaolin were used for comparison. 
Physical and chemical analysis methods (X-ray phase, thermal, electron microscopy analyse a.o.) were 
used for investigation of hydration processes of cementing composites. The mechanical activation of 
different types mineral additives as natural materials and industrial wastes in electromagnetic and 
vibration mills allow to obtain the ultrafine supplementary cementitious materials of high specific 
surface area. The particle size distribution of fine ground mineral additives was determined by a laser 
granulometer Mastersizer 2000.  
JSC “Ivano-Frankivskcement”, leader in Ukraine cement industry, has installed high-tech 
equipment  from famous EU companies and reconstructed the old rotary kiln (ø 3.6 m), that put out of 



operation, into dryer for natural and technogenic materials (limestone, sand, GBF slag  etc.) by means 
of exhaust gases from new dry process kiln. This gives a possibility to produce “green” blended 
cements through the implementation of common and separate grinding of clinker and supplementary 
cementitious materials in mills with up-to-date separators. The schemes for the using of ultrafine 
limestone, sand, fly ash etc. involving mechanical activation are worked out and have potential to be 
evolved as sustainable solutions. 
 
3.Results and Discussion 
The samples of SCMs were ground in electromagnetic and vibration mills to obtain the samples of 
high specific surface area. Additives activation in electromagnetic mill during 15 min provides 
increasing of specific surface from 92 to 1330 m2/kg (sand) and from 490 to 1400 m2/kg (fly ash).  

 
Figure 1 Particle size distribution of Portland cement and SCMs 

The content 10,0; 50,0 and 90,0 vol.% of Portland cement CEM І-42.5 particles is equal to 5,75; 19,42 
and 56,29 m correspondingly. The D10, D50, D90 of SCMs are given in Table 1. The specific surface 
area (BET) of fly ash, fine ground fly ash and fine ground sand is 1,147; 3,949 and 4,271 m²/g.   

Tab. 1 Particle size distribution of Portland cement and  mineral additives  
Material D10, µm D50, µm D90, µm 

CEM І-42.5 5,8 19,4 56,3 
Limestone meal 3,2 9,7 11,2 

Ultrafine quartz sand 0,5 1,96 11,69 

Ultrafine fly ash 0,39 1,62 7,78 

Zeolite 2,3 12,2 42,3 

Silica fume 0,07 0,15 0,3 

Metakaolin 2,2 10,3 13,7 

The degree of additional interfacial active surface of SCMs could be obtained by the determination of 
the ratio specific surface particles to their volume (surface activity coefficient). For the spherical 
particles the surface activity coefficient increases from 6 to 30 m-1 with decreasing of particle 
diameter from 1 to 0,2 m. It should be mentioned that while the decreasing of particle diameter from 
10 to 1 m the surface activity coefficient increases from 0,6 to 6 m-1. That indicates the increasing 
of the surface activity of fine ground particles.  
The coefficient of incremental surface activity Kisa, which shows the influence of particle content in 
total volume was calculated by the product of surface activity coefficient and incremental volume of 
each fraction. It was shown that the coefficient of incremential surface activity (Kisa) for ultrafine fly 
ash and quartz sand is 3,8...4,0 times higher than the value of the same parameter for CEM І-42,5 



(Figure 2). The maximum value of the incremential surface activity coefficient for ultrafine fly ash, 
quartz sand is 15,82 and 15,21 µm-1•vol % respectively, while the CEM І-42,5 – 3,81 µm-1•vol %. 
With ultrafine grinding increases the interface, which has defined a supply of free surface energy of 
particles less than 1 µm that can accelerate chemical reactions and detect catalytic activity.  

  
(a) CEM I (b) SCMs 

Figure 2 Incremental surface distribution of portland cement and SCMs vs particle size 
 
According to the particle size distribution mineral admixture the coefficient of incremental surface 
activity Kisa for limestone is 5.9 µm-1•vol %. and increases for highly  metakaolin  to 14,8  µm-1•vol %.     
(Figure 3).  

 
 (a) limestone (b) highly  metakaolin   
Figure 3 Incremental surface distribution of different types SCMs vs particle size  

Particles in the range of 0.1 ... 1.0 microns relating to microheterogeneous systems, characterized by 
high values of specific interfacial area and “excess surface energy”. While the grinding of particles to 
nanostructure scale, the superficial energy is similar to volume energy, what causes more substantial 
influence of superficial atoms on the synthesis of the cementitious systems strength (Scrivener  K. L., 
Nonat A., 2011). 
Portland Cements test results according to EN 196 (W/C = 0.50) showed that plasticizing effect (ΔF = 
62.5%) early strength increases by 1.8 times, and standard strength is R28 = 54.7 MPa (Figure 4). Due 
to the significant water reducing effect (ΔW/C = 22.1%) the strength of multimodal modified Portland 
cement in 28 days increases up to 82.3 MPa.  



 
Figure 4 Compressive strength of portland cement CEM I and multimodal Portland cement (MPC)           

 
Mechanical activation of quartz sand can significantly improve its structure-forming properties by 
increasing the active surface in 2-3 times. The dislocations on the surface of the crystals of quartz sand 
are the consolidation places for cement hydration products. Fine-grained concrete testing showed that 
10 mass.% of fine ground sand and polycarboxylate type admixture provides the increasing of 
flowability fresh concrete from 115 mm up to 205 mm (technological effect) and early strength 
concrete on 27%.      
The optimal content between ultrafine mineral additives (fly ash and quartz sand) was determined to 
obtain high flowability and strength of multimodal Portland cements with superplasticizer content                 
(1,0 mass. %) of fine grained concrete (C:S=1:2; W/C=0,36) due to plan of two-factor three-level 
experiment. According to test results obtained by the regression equation and constructed isoparameter 
diagram (Figure 5), which shows the optimal balance between additives that ensure Portland cements 
with high rheological properties (flowability 250 mm) and high early and standard strength, 
respectively R2=39,8 MPa and R28=81,6 MPa. 

  
(a) 2 days (b) 28 days 

Figure 5 Izoparametrical diagrams of compressive strength of fine grained concrete  
 

Ultrafine fly ash and quartz sand as additives in multimodal Portland cements influence on the 
processes of structure formation, phase composition, causes pores colmatation and increasing strength 
of cement. The process of hardening of multimodal Portland cements, modified with ultrafine 
additives of various types, followed by hydration of clinker minerals and pozzolanic reaction of 
ultrafine additives with Ca(OH)2, which is the weakest part of the cement structure in unclinker part.   
The research works realized for such new kind of Portland composite cements very clearly confirmed 



synergic effect of nonclinker constituents in stimulation of normative and performance properties   
(Giergiczny Z., et al., 2011).  
According to X-ray diffraction analysis the degree of hydration of multimodal Portland cement 
modified with ultrafine mineral additives fly ash and quartz sand after 2 days of hardening is 50,1%, 
which is 7% higher than CEM І-42,5. The main role of ultrafine fly ash is to improve the properties of 
cement stone by reducing the quantity and size of hydrates (calcium hydroxide and 
hidrosulfoaluminate) with increasing of low alkali calcium hydrosilicates. Thermogravimetric analysis 
showed the reduction of calcium hydroxide in the cement stone modified by ultrafine ash by 5,1% 
compared to the stone based on CEM І-42,5, which is 11,3 %. Electron microscopic analysis of the 
microstructure of cement paste without additives (W/C=0,5)  found that the main crystal phases after 
7 days of hardening are needle crystals of ettringite and hexagonal crystals of portlandite with size 
from 5-10 microns, but because of cleavage by planes (0001), they limit increasing of compressive 
strength (figure 6, a). Using of ultrafine fly ash and quartz sand in cement provides binding portlandite 
into calcium hydrosilicates CSH (B) with pores colmatation during hardening. Cement paste 
microstructure with the addition of ultrafine particles with size less than 1 µm is very dense, which 
provides increasing of compressive strength and durability (figure 6, b). Much of hydrates colmates 
cement pores, causing the formation of fine microporous structure with decreasing length of capillaries 
and porosity 

  
                      a                       b 

Figure 6 The microstructure of paste based on Portland cement (a) and Portland composite cement (b) after 7 
days of hydration 

 
The separate grinding is more efficient and such multimodal Portland-limestone cements and Portland-
composite cements  are characterized by higher compressive strength and determined by ecological 
and economic factors. A wider range of grain particle size distribution of fine limestone meal allows to 
enrich the system by smaller particles and thereby to reduce the volume of voids between the grains of 
clinker. It was observed that using of 5-15 mass.% of limestone in cement CEM II/A-S can reduce 
water demand of composite Portland cements to 7,7-15,4 %. The addition of limestone in an amount 
of 5 and 10 mass.% provides to accelerating of the early structure formation, and the compressive 
strength after 2 days of curing increases respectively by 10,1 and 24,0 % compared with Portland 
cement CEM II/A-S. Increasing amount of limestone up to 15 mass.% leads to a retarding in processes 
of strength development of composite Portland cement in all terms of hardening. The highest strength 
after 28 days of hardening (41 MPa) is achieved in composite Portland cement, which containes         
10 mass.% of limestone. Structure formation of ultrafine limestone microfiller with high surface 
energy in the composition of multimodal Portland cements is determined by chemical interaction of 
calcium carbonate with products of hydration C3A with formation of hexagonal crystals of 
hydrocarboaluminates C3A·CaCO3·12H2O. 
Fine ground SCMs accelerate the increasing of strength, compact of concrete matrix due to the effect 
of “fine powders” and plays active structure formatting role due to the creating of possibility of 
hydrate phase formation. These hydrate phases, in particular hydrosilicates of type СSH (В), structure 



active АFm-phases – calcium hydrocarbonates - and АFt-phases – ettringite, are characterized binder 
properties in mineral unclinker part of compositio. 
The technologies of the using green engineered cementitious composites in building industry 
according to the strategy of sustainable development provides the implementation in construction of 
High Performance Concrete, which enables the production of lighter structures using much lower both 
concrete and steel amount that is important on the effects of the use of new  generation materials on 
the environmental compatibility. 

 
4. Conclusions 
The influence of ultrafine supplementary cementitious materials with high surface energy on the 
physical and chemical peculiarities of hydration processes of multimodal composite cements, which 
are characterized by directed formation of the microstructure of the cement matrix due to its 
compaction and pozzolanic reactions in unclincker part, was established. Chemical affinity and 
similarity of the crystal lattice parameters of microfiller and cement hydration products allow to get a 
new low energy consumption cement materials with multifunctional properties. 
Methodology development of “green” multimodal Portland cements for sustainable concrete and 
mortars of a new generation includes system research of cement matrix in a wide range of prescription 
solutions at all stages of the crystallization structure formation. Finely dispersed limestone meal in 
Portland-composite cements with mineral additives promotes more complete synergic effect.  
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Abstract 
Even as binary and ternary cements become the norm of the cement industry, standard tests 
for quality control and evaluations of cements and the components blended in them remain 
largely unchanged from what were developed for ordinary Portland cements. While some 
mineral additives, e.g. limestone, cannot be tested using pozzolanicity tests, the results from 
other blends depends heavily on testing, production and processing conditions. Furthermore, 
while test methods are available to evaluate individual components of cements, methods to 
evaluate the interaction between the components are not available. This paper presents 
various methods being used to evaluate cements and mineral additives and their suitability 
for application to ternary cements. Adaptations to take future cements into account and to 
understand their potential in ternary blended cements are also suggested in this study. 
 
Originality 
This paper studies the applicability of the existing standard and other tests to binary and 
ternary cements. It is found that the existing tests suffer from shortcomings that affect the 
interpretation of experimental results on new ternary cements. It was also found that tests that 
study the interaction of more than two phases are not being used to study ternary cements. 
Testing methods better suited to ternary cements, that take the properties of the mineral 
additives and their interactions are suggested. 
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1. Introduction 
As the cement industry continues its efforts to reduce its CO2 emissions, it is evaluating 
various options such as reducing the clinker factors, improving energy efficiency and the use 
of alternative fuels and raw materials. The production of each ton of OPC emits around 0.9 
tonnes of CO2. (Juenger et al., 2011). Most of the cement plants today use the best available 
technologies to reduce fuel and raw material consumption. Waste heat recovery units have 
further improved their efficiency. However, since the average clinker factor in cements stands 
at around 70% around the world, there is tremendous potential in the use of binary and ternary 
cements that can further increase the supplementary cementitous materials (SCMs) contents. 
SCMs help to improve durability, refine pore structure, increase strength and reduce cost of 
production. The most widely used SCMs, like fly ash, slag and silica fume, are byproducts of 
other industries and are available at relatively low cost or for free (Mertens et al., 2009). Other 
commonly used SCMs, like calcined clays and shales, are widely available around the world. 
As the usage of SCMs has increased over the years, a wider acceptance and understanding of 
SCMs has been achieved. SCMs are effective because of their pozzolanic nature and ability to 
react in presence of calcium hydroxide. Most countries have standards that recommend the use 
of SCMs especially in aggressive environments. ASTM C 595 defines five such blended 
cements among which the most commonly used type are ‘IS’ and ‘IP’ defined as Portland slag 
cement and Portland pozzolana cement respectively. The Indian standards allow blending of 
slags, fly ashes and calcined clays in packaged cements up to 70%, 35% and 25% by weight 
respectively (IS455, IS1489 parts 1 and 2). 
To further increase the replacement level of clinker with SCMs, Ternary Cements (TC, also 
known as composite cements) have been investigated. Clinker replacements up to 50% using a 
combination of SCMs has been reported. Antoni et al., published results for a TC with 55% 
OPC + 30% calcined clay + 15% lime stone. Whilst Weedrt et al., reported results for blend 
containing 65% OPC + 30% fly ash + 5% limestone, both the studies have reported reaction of 
limestone with aluminate phase to form carbo-aluminates which otherwise was considered as a 
filler material. Not only do such ternary blends promise to reduce emissions, through clinker 
reduction, they can also be crucial to increasing production capacity of cement plants at lower 
capital investments. 
ASTM C 595, CAN/CSAA23.2 2000, Brazil EB-2138/91, EN 197/1, 2002 and NMX 
C-414-0/99 are some of the standards in which use of TC is emphasized. A standard for fly ash 
slag ternary cement is under preparation in India. India is the second largest consumer of 
cement in the world, with increasing infrastructure projects and housing schemes the demand 
for cement is set to surge. 
Pozzolanic activity or pozzolanicity is defined as the reaction of silicate phase from pozzolana 
with calcium hydroxide. Mostafa et al. (2001), defines pozzolanicity as an “index of degree of 
measurement of reaction of lime (CH) with pozzolanic material to form calcium silicate 
hydrate (CSH)”.  The above definition of pozzolanicity does not hold true when clinker is 
replaced by combination of SCMs, as the reactivity of different materials can be different when 
used together because of synergic effect of the components. 
Even as the industry has pozzolanic cements as the norm and it moves towards ternary blends, 
most of the standard test methods used worldwide have been developed primarily for OPC. 



 

The same standards are often directly applied to blended cements despite a difference in the 
physical and chemical behavior of these cements. While several methods to test the 
pozzolanicity of mineral additives are available, these tests may not be suitable when multiple 
mineral additives are used together. As suggested by Mertens et al. (2009), it is, therefore, of 
the utmost importance to develop test methods that can measure the reactivity of ternary 
blends.  
2. Methods need to be modified  
Various methods that define reactivity on the basis of physical, chemical or visual observations 
exist. These methods can be classified into two categories: direct and indirect. Some 
sophisticated techniques such as scanning electron microscopy (SEM), X-Ray Diffraction 
(XRD), Thermo Gravimetric Analysis (TGA), titration methods such as Chapelle test, Frattini 
test etc., can be classified as direct techniques; whereas strength activity index (SAI), 
uncombined lime test, lime reactivity or lime combination test, electric conductivity, 
calorimetry etc. can be classified as indirect. This paper discusses various tests methods 
available to study the reactivity of SCMs and suggests modifications for testing the combined 
effects of several mineral additives. 
2.1 Lime reactivity (IS 1727)  

The Indian standard 1727 “Method to test for pozzolanic materials” is one of the methods to 
find the pozzolanicity of SCMs in which the compressive strength of a mortar, made with 
pozzolana, lime and standard sand, is measured. The value of the strength is considered to be 
a relative measure of the reactivity of the pozzolan. The mortar sample required for the test is 
prepared using lime, pozzolana and standard sand having a ratio of 1:2M: 9, where M is the 
ratio of specific gravities of pozzolana and lime. The amount of water required for the mix is 
calculated on the basis of a certain amount of flow required in a flow table test. After getting 
the flow value within the limit, cubes are cast, cured at an elevated temperature and humidity 
and the strength is measured after 10 days of mixing. 
In this method contribution to strength or reactivity due to individual chemical component is 
not defined. Information about the potential of chemical reactivity is missing in this method 
(Aubert et al., 2012).  
2.1.1 Problems and suggestions: 

Due to high fineness and hydrophilic nature of pozzolana, this test method demands a high 
w/c ratio to achieve workability, which ultimately causes reduction in the final strength. S. 
Salvador 1995, also suggested to prefer those methods in which effect of w/c ratio does not 
affect the final result. 
Using certain modifications, the lime reactivity method can be used for TCs in order to study 
the synergic effect of different materials. The mortar required for the strength test can be 
prepared with a combination of lime and different SCMs. For example reactivity of a ternary 
blend comprising of fly-ash and limestone in ratio of 3:1 can be evaluated as described 
below: 
As per method proportion of mortar have to be 1:2M: 9 i.e. 

 Lime = 1 part  
 Two different pozzolana = 2M 
 Standard sand = 9 parts 

W/C = can be fixed up to some extent otherwise plasticizers can also be used 



 

 
M= (Specific gravity of two pozzolana by their volume ratios)/(Specific gravity of lime) 
M= (Specific gravity of fly ash  0.75 + Specific gravity of lime stone  o.25)/(Specific gravity of 
lime) 
2.2 Strength activity Index (ASTM C 311)  

The concept of this method is similar to that of lime reactivity method. It is standardised in 
ASTM C 311 “Standard test method for sampling and testing fly ash or natural pozzolans for 
use in Portland cement concrete”. As per the procedure, 20% pozzolanic material of total 
binder content is mixed with Portland cement and then tested for compressive strength. This 
method also face similar drawback of varying water to cement ratio.  
2.2.1 Problems and suggestions: 

As suggested by Pourkhorshidi et al., it is always good to adopt an identical w/b ratio on 
mortar with 20% natural pozzolana replacement. Bentz et al. suggest that volumetric 
replacement can be a solution of this problem. (Aubert et al., 2012). 
To modify this method, a standard water demand curve can be plotted on the basis of 
fineness of pozzoalna and their type. In this method cement is added directly, which delay the 
reaction of pozzolana at early age due to the absence of CH. This problem is augmented in 
TC testing phase because of high content of pozzolana. So, either an accelerated method is to 
be adopted for compressive strength or age of testing is to be increased from 28 days to 56 
days.  
2.3 Chapelle’s test (NF P18-513) 

Another method to define reactivity is Chapelle’s test. This method is standardised in French 
standard NF P 18-513 and was originally designed for testing of pozzolanic activity of 
calcined clays. 250 ml of water with 1 gram of calcined clay and 2 gram of CaO is mixed and 
heated for 16 hours at a temperature of 90 °C. Thereafter, hydrated paste is titrated with 0.1N 
HCL and result is expressed in milligram of Ca(OH)2 consumed per gram of metakaolin. 
2.3.1 Problems and suggestions:  

High testing temperature affects the kinetics of reaction and nature of hydration product 
formed. Garcia et al. designed alternative of this test method, in which lower temperature i.e. 
40 °C was adopted for longer duration of time (90 days). However, when testing at lower 
temperatures, the longer test durations that are required may not be feasible. Reaction of 
dilute pozzolanic materials in highly alkaline solutions may provide relatively faster 
measures of their reactivities.  
Summary 
Existing standardized methods to measure the reactivity of SCMs are discussed; the study 
conducted can help in the selecting right way for testing blended cements. Existing methods 
should be modified or new methods need to be developed in order to test the reactivity of 
blended cements. Lime reactivity method and strength activity index method possess certain 
drawbacks and cannot be implemented directly to ternary blended cements. Modification by 
addition of certain admixtures which will reduce the variation in water content must be 
developed. Direct methods to check reactivity, such as the Chapelles test, are efficient to 
measure reactivity of calcined clay. This method can also be extended to other pozzolanic 
materials and their combinations. 
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Abstract 

Metallurgical slags are produced in a very large amount in pyrometallurgical processes and are huge sources of waste 
if not properly recycled and utilized. This study reports the effect of fine ground copper slag & lead zinc slag on 
hydration kinetics and mechanical properties of Portland Pozzolana Cement (PPC). PPC replacement level 0, 5 & 10% 
by mass of both the slags of particle size 4.6 µm & 8.8 µm  (d50) were tested and evaluated for mechanical properties 
such as compressive strength, hydration kinetics and leachability of heavy metals. Mortar compressive strength worked 
out in compliance with IS-4031. The hydration kinetics was studied using powder XRD and Isothermal conduction 
calorimeter. Leachability of each specimen was evaluated following USEPA guidelines. The presence of ground non-
ferrous  slag in cementitious system manipulates its setting behavior. Increased PPC replacement levels by 10% 
increases strength by over 5% from 28 day onwards. The result of hydration study reveals participation of ground slag 
in hydration of PPC cement. Hydration kinetics of the PPC cement pastes studied with slag exhibits similar trend. 
However quantum of energy released differs with varying % of ground slag. The leaching results indicated that selected 
heavy metal ions from the cement matrix was low and did not exceed the US-EPA limits. The lime reactivity tests on 
both  the slag indicate that the slag participates in the cement hydration reaction and corroborates the above 
observation. The study indicates potential beneficial aspects of both ground copper & lead zinc slag as a substitute 
material in PPC for conserving natural resources, energy and reduces pollution.  
 

Originality 

Both copper slag and lead zinc slag are less reactive compared to blast furnace slag. To increase the reactivity of the 
slag in the cement system the samples were ground to higher fineness. The effect of fine ground slag on the cement 
hydration was studied in both the paste and mortar and indicates the participation and cooperative action with the 
presence of  pozzalona present in the system.  This is expected to effectively utilize industrial waste available around the 
cement plant and increase sustainable production. 

 

Keywords  Non-ferrous slag, waste utilization, sustainability, cement 
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1. Introduction 
Metallurgical industries contribute significantly towards generation of solid wastes and creation of 
substantial environmental problems. Large quantities of slag is being produced and disposed of by 
stockpiling near the metallurgical plants. The stricter environmental regulations, recycling and 
utilization of the slag is an attractive alternative to reduce and eventually to eliminate the disposal cost, 
to minimize the related environmental pollution, and to save the resource conservation (Reuter, M., 
2004). Slag can be broadly categorized as ferrous (iron/steel) and non-ferrous (copper, lead/zinc) 
depending on the industry from which they come. Nonferrous slag mainly consists of Si, Fe and Al 
oxides with minor components as TiO2, Cr2O3, MnO, Na2O, K2O etc and traces of heavy metals such 
as Cu, Co, Zn, Pb etc. They usually have a low content of CaO and MgO and hence exhibit pozzolanic 
properties (Baragano, J. R.,1980, Roper, H. F.,1983 and Douglas, E..,1985a). As CaO content in non-
ferrous slag increases, they can exhibit cementitious properties (Krivenko, P. V., 1984, Deja, J. 1989a, 
and Deja, J. 1994b). The reactivity of the slag also depends on the fineness to which it is ground apart 
from its chemical composition and the glass content. Fine grinding or the presence of an activator can 
break up the structure and accelerate the hydration of slag in the cement systems. Another benefit of 
fine grinding is the ability of material to not only exhibit as filler but also its pozzolanic properties.  
 
Imperial Smelting Furnace, ISF slag, belongs to nonferrous slag category and is a by-product produced 
during pyrometallurgical production of Zinc and Lead. The smelting of lead and zinc includes 
oxidisation (sintering) and reduction stages. It is estimated that around 0.5 million tonnes of ISF slag is 
generated per annum and probable accumulated quantity of slag is over 10 million tonnes in India. The 
ISF slag is also referred as Lead and Zinc slag owing to presence of Pb and Zn in the composition. The 
presence of these metals makes it a hazardous material because leaching of these metals could lead to 
soil, water contamination. All industrial wastes containing Zinc is categorized as hazardous waste 
under the Basel convention and in India, it is covered under the hazardous category Schedule-1, 
category 7.3 of hazardous waste (management and handling) rules 1989, MOEF as amended in May 
2003. In the past, various researchers have tried to use ISF slag as aggregate (Sugita S et al,1988 and 
Atzeni. C et al,1996), as sand replacement material(Morrison C., et al 2003, Nazer A., et al 2012), as 
aggregate for roadways (Dunster A M et al.,2005), as a raw mix component in the manufacturing of 
cement and as a blending material for manufacturing Portland Slag Cement(PSC) (Sharma K M et 
al.2003 and  Chatterjee A K et al.,2007). .The treatment of hazardous waste using cement based 
Solidification-Stabilisation (S-S) is gaining importance as an option for remediating  contaminated 
sites. Solidifying or stabilising leachable metals such as Zn and Pb is a proven technique as cement 
minerals can substantially reduce heavy metals solubility as a result of precipitation, adsorption to the 
surfaces and incorporation. Felix Ziegler & co-workers suggested that Zn is incorporated in the 
interlayer of C-S-H (Felix Zeigler et al .,2001). It is reported that small amounts of PbO or ZnO retards 
the hydration of cement strongly. This effect has been attributed to the formation of an impermeable 
layer of products- heavy metal hydroxides or amphoteric salts  produced in the reaction between the 
oxides and C3S. A very high degree of Pb or Zn immobilisation was found as well as the formation of 
highly disordered C-S-H in the presence of heavy metals (Lieber W .,1968, Wezelik N W et al.,1997a 
and Wezelik N W et al., 1994).  
 

Copper slag, also belongs to nonferrous slag category, which is a by-product produced during matte 
smelting and converting steps of pyrometallurgical production of copper. It has been estimated that for 
every tonne of copper production about 2.2 ton of slag is generated and in each year, approximately 26 
million ton of slag is generated from world copper production. The total generation of copper slag in 
our country is about 1.4 million ton per year and accumulated stocks are about 5 million ton. The 
copper slag obtained exhibits pozzolanic activity and may therefore be used in the manufacture of 
addition-containing cements. Sánchez M & Sudbury M, 2013 have carried out physicochemical 
characterization of the copper slag. It has been reported that copper slag does not need to be 
completely glassy for significant hydration to occur (Roper, H. F., 1983). The reactivity depends on 
the fineness to which the slag is ground and the chemical composition of the slag and its glass content. 



 

Fine grinding or the presence of an activator can break up the structure and accelerate the hydration of 
copper slag. However, its suitability for use as a partial replacement material may be questioned due to 
the presence of certain heavy metals, even though such pollutants may be trapped in the cement 
matrix(Zain,  X.M.F.M.,2004 and Alter, H., 2005).Studies indicated that the mortar incorporating 
waste copper slag up to 10% replacement is safe with respect to leachability of various heavy metals 
based on leachability limits in standards such as Malaysian Environmental Quality Orders (MEQO) 
and United States Environmental Protection Agency (USEPA). Another study also showed that the 
leached elements of copper slag are significantly lower than the regulatory levels determined by 
USEPA(Alter, H., 2005). The United Nations (UN) Basel Convention on the Trans-boundary 
Movement of Hazardous Wastes and their Disposal considered such reports and ultimately ruled that 
copper slag is not a hazardous waste. Currently, copper slag has been widely used for abrasive tools, 
roofing granules, cutting tools, abrasive, tiles, glass, road-base construction, railroad ballast, asphalt 
pavements, cement and concrete industries. It has been widely used as a raw mix component in the 
production of clinker, as a pozzolanic material for partial replacement in Ordinary Portland Cement 
(OPC) and as fine and coarse aggregates in concrete production (Shi, C., 2008). Addition of copper 
slag to ordinary Portland cement is restricted owing to its high insoluble residue, high silica & high 
iron content and previous work at our centre showed that it can be used as a performance improver to 
the tune of 3 % (Sahu, R. M., 2010). 
 
The present study aims at using both the ISF & Copper slag ground to different fineness as a blending 
material in Portland Pozzolana Cements (PPC) at dosages of 5 and 10% respectively. Addition of ISF 
slag to PPC was restricted owing to its zinc content. This route not only offers a significant saving in 
depleting natural resources, fuel and energy consumption but also provides solution to ecological 
problems created by disposal of slag in open area. The difference in the nature & classification of both 
the slag prompt us to comprehensively study mechanical strength developments, calcium hydroxide 
formation, heat of hydration and leachability of heavy metals. 
 
2. Experimental 
 
2.1. Raw Materials  
Copper slag was collected from Birla Copper-Dahej, India for the study and ISF slag was collected 
from Hindustan Zinc limited, Chanderiya Lead Zinc smelter plant. Portland Pozzolana Cement (PPC) 
used was manufactured at one of our plants in Rajasthan. Chemical and trace metal analysis of the 
various materials used in the study were carried out using WDXRF of Bruker AXS model S4 Explorer 
and an Inductively coupled plasma spectrometer, ICP-OES of Prodigy Spec of Leeman. The 
mineralogical phases of PPC, ISF slag & Copper slag were determined by XRD analysis, using Bruker 
AXS D8 Advance diffractometer with Nickel filtered Cu Kα radiation (λ=1.5405, 40kV and 30 mA). 
The respective slags were fine ground to two different fineness levels and then added to PPC at 
dosages of 5 and 105 respectively. The different cement samples were then studied for their physical 
properties such as consistency, setting time, compressive strength at different ages (1, 3, 7, 28, 56 & 
90 days) and soundness etc as per Indian standard for physical testing IS: 4031 -1996 (IS-4031-1996). 
Cement pastes were prepared at w/c =0.40 and  cured at 27 ± 20 C for 7 and 28 days respectively for 
the study of the hydration behaviour. Hydration was stopped by means of isopropyl alcohol and 
diethyl ether at the desired age and vacuum dried. Products were evaluated by Bruker AXS D8 
Advance XRD at 40kV and 30mA for mineralogy and thermal analysis by TG-DSC  model STA-409 
PC Luxx of Netzsch in a nitrogen atmosphere. The heat liberated during the course of hydration up to 
7 days was estimated using a TAM Air isothermal Conduction Calorimeter at w/c ratio of 0.40. The 
leaching tests were carried out according to EPA 846-1.The leachant consisted of a buffered acetic 
acid/sodium acetate solution with a pH of 4.93 as per TCLP method 1311(U.S.E.P.A., Method 
1311) .All the reagents used were of Suprapure grade, E-Merck Germany. In the TCLP tests 18MΏ 
water from Millipore system was used. 



 

 
 
2.2. Grinding Process 
Prior to the preparation of the blends with PPC, the ISF & Copper slag were ground, in a laboratory 
planetary mill using zirconia balls as grinding media in dry mode to two different fineness. Particle 
size analysis was determined as 2.8 µm & 5.2 µm (d50) for ISF slag and for copper slag the size 
measured was   4.6 µm & 8.8 µm (d50) respectively. The respective fine ground slags were added to 
the cements at a dosage of 5 & 10 % while maintaining 2.20 % SO3 as in control PPC by addition of 
gypsum. These resultant cement samples corresponding to addition of ISF slag were designated as 
5ISFLB, 10ISFLB, 5ISFHB and 10ISFHB where ISF stands for Imperial Smelting Furnace slag and 
with that of addition of copper slag were designated as 5CSLB, 10CSLB, 5CSHB and 10CSHB where 
CS stands for copper slag and LB & HB stands for Low Blaine and High Blaine respectively. The 
control cement was designated as PPC. The particle size analysis of PPC showed a d50% of 18.9 m. 
 
3. Results and Discussion 
The chemical analyses of the raw materials used are given below in Table 1. For both the slag 80% 
passing material is found to be around 1 mm and thus its use will not have an appreciable impact on 
the grinding cost. The density of copper slag is 3.71 g/cm3 and can vary with the amount of iron 
content. Water absorption of the ISF slag & copper slag is very low and is around 0.25% and the 
particles are angular shaped with multi faced sharp edges for copper slag and smooth edges for ISF 
Slag and the physical properties are summarized in Table 2. XRD of Copper slag showed the presence 
of an amorphous hump at around 35 degrees 2Θ and the amorphous content is estimated to be around 
18%. Phases of Wuestite, Hematite, Zincite and Gahnite along with small amount of Quartz are 
present in ISF slag and the amorphous content is estimated to be around 24%. Fig.1 & 2 shows the 
typical powder XRD pattern of the copper slag and ISF slag respectively. XRD study of PPC cement  
indicate the presence of Quartz (from Fly ash), C3S, C2S, C3A,C4AF & CaSO4.2H2O phases. Fayalite, 
Magnetite and Hematite along with small amount of Quartz are present in Copper slag. 
 

Table 1: Chemical composition of the raw materials 
 

Sample SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI Na2O K2O Mn2O3 TiO2 P2O5 ZnO PbO CuO
PPC 31.95 9.18 4.49 46.84 1.58 2.19 1.09 0.3 0.95 0.18 0.83 0.19 0.05 ND 0.06

Copper Slag$ 32.26 4.92 58.96 1.00 0.90 0.50 5.63* 0.44 1.03 0.10 0.31 0.12 0.46 0.13 0.65

ISF Slag 18.6 10.5 34.5 16.5 0.70 2.83
#

4.97 * 0.52 0.44 1.22 0.25 0.11 12.03 1.22 0.20

Gypsum 2.44 0.43 0.25 30.9 0.10 43.98 19.02
$

0.24 0.05 0.01 0.05 ND ND ND ND  
 

*- Gain on ignition, # - Sulphide Sulphur = 0.20%; $ - Combined water 
 

Table 2: Physical properties of Slag 
 

Parameters ISF Slag Copper Slag 
Appearance Black. glossy Black. glossy 

Particle Shape Mostly Angular with smooth 
edges 

Angular, Multi faceted with sharp 
edges 

Density (g/cm3) 3.71 3.71 
Water absorption (%) 0.32 0.25 

Hardness on Moh’s scale  6-7  6-7 
Bulk Density (kg/l) 1.93 1.94 

Electric conductivity (mS/m) 2 2 
Water soluble chloride (%) < 0.005 < 0.003 

Bond Index (Kwh/Ton) 17-18 19-20 
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Figure 1 XRD profile showing the crystalline phases in the copper slag 
 
 

 
Figure 2 XRD profile showing the crystalline phases in the ISF slag 

 
 
3.1. Strength development  
 
Physical properties of cements made with different slags are summarized in Table 3. It can be seen 
from the Table 3 that with increasing dosages of copper slag in PPC the initial strength decreases 
slightly up to 3 days, especially at 10% dosages but from 28 days onwards the strength increases by 
about 5 % at all ages irrespective of the dosages and at longer days it exceeds the strength of control 
cement. In case of ISF slag addition strength decreases marginally up to 3 days, especially at 10% 
dosages with LB ground ISF slag but from 7 days onwards the strength significantly increases irrespective 
of the dosages and fineness. The results indicate that the strength from 7 days onwards exceed the strength 
of control cement for both the slags. Also with increase in slag fineness further improvement in strength 
is seen at later ages at same addition levels. (Fig 3 & 4) 



 

 
 

Table 3: Physical properties of different cements 
 

(w/w%) (w/w%) % m
2
/kg Initial Final 1D 3D 7D 28D 56D 90D

PPC CONTROL 100 0 28.75 305 155 230 13.8 25.3 35.2 51.5 60.1 63.4

PPC-5CSLB 95 5 28.0 311 165 230 13.3 25.5 34.3 53.9 61.3 66.7
PPC-5CSHB 95 5 28.5 312 190 245 13.5 25.0 34.1 54.3 63.0 66.0
PPC-10CSLB 90 10 28.25 324 195 250 10.2 22.3 34.4 52.6 61.8 66.1
PPC-10CSHB 90 10 27.75 333 205 255 11.3 23.7 37.6 55.0 64.2 72.5

PPC-5ISFLB 95 5 28.0 308 195 235 13.6 25.6 47.9 55.5 66.0 69.3
PPC-5ISFHB 95 5 28.5 314 195 250 14.7 25.7 51.2 59.5 68.6 72.1
PPC-10ISFLB 90 10 28.0 325 205 265 12.1 24.4 36.9 59.1 72.4 77.1
PPC-10ISFHB 90 10 28.0 335 225 285 13.9 27.7 40.2 61.5 72.1 77.6

ISF Slag

Copper Slag

NC

Sample

PPC Slag Blaine Setting Time (mins) Compressive strength (MPa)

 
 
This indicates that the slag is participating in the hydration reactions. The setting time of the cements 
with Copper slag & ISF slag has slightly increased as compared to reference cement. Such retarding 
effects are caused by heavy metal ions such as zinc and lead, involving the conversion of a metal 
hydroxide to a metal hydroxyl-species. This conversion consumes calcium and hydroxide ions from 
the surrounding solution and thus delays their super saturation and hence the precipitation of C-S-H 
gels and Ca(OH)2, CH a similar observation reported by Singh A K et al, 2007. 
 

0

10

20

30

40

50

60

70

80

PPC 5CSLB 10CSLB

C
C
S 
(i
n
 M
P
a)

Different cements

1 Day 3 Days 7 Days 28 Days 56 Days 96 Days

0

10

20

30

40

50

60

70

80

PPC 5CSHB 10CSHB

C
C
S 
(i
n
 M
P
a)

Different cements

1 Day 3 Days 7 Days 28 Days 56 Days 96 Days

 
Figure 3 Compressive strength of PPC & PPC with copper slag at different dosages 
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Figure 4 Compressive strength of PPC & PPC with ISF slag at different dosages 



 

3.2. Hydration  
The hydrated cement pastes were subjected to XRD analysis. The amount of CH and anhydrous 
calcium silicates were monitored by Rietveld analysis & measuring the intensity of the 2.63 Å peak 
for the CH and the Alite/Belite 2.74 Å peak for the anhydrous calcium silicates (Fig.5 & 6 for copper 
slag blended cement & Fig.7 & 8 for ISF slag blended cement).The intensities of the CH in 7 days and 
28 days hydrated paste decreased with addition of copper slag  & ISF slag and further decrease in 
intensities of CH were observed in higher fineness copper slag & ISF Slag additions at similar levels. 
This further shows that the slag is actively participating in the hydration reactions. A plot of CH 
released at 28 days and the compressive strength of respective cements is shown in Fig. 9, which 
further support the pozzolanic activity of the copper & ISF Slag.  
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Figure 6 XRD pattern of respective 
cement pastes hydrated for 28 days 
(CH = Calcium Hydroxide & Q 
=Quartz) 

 

 
 
 

[A = PPC CONTROL, B =PPC-5CSLB, C =PPC-5CSHB, D= PPC-10CSLB, E =PPC-10CSHB] 

Figure 5 XRD pattern of respective 
cement pastes hydrated for 7 days (CH 
= Calcium Hydroxide & Q =Quartz) 

 

 

Li
n 

(C
ou

nt
s)

0

100

200

300

400

500

600

2-Theta - Scale

5 10 20 30 40 50 60

A

B

C

D

E

CH

CH

CH
Q

Q CH

Q CH
CH

CSH

Q

E E

CSH

  

L
in

 (
C

ou
n

ts
)

0

10 0

20 0

30 0

40 0

50 0

60 0

2-Theta - Scale

5 10 2 0 30 4 0 5 0 60

CH

CH

CH

C H

Q

Q

Q
QC H CH

CSH

CSH

E E

A

B

C

D

E

 

 

 
 

Figure 8 XRD pattern of respective 
cement pastes hydrated for 28 days (CH -
Calcium Hydroxide & Q -Quartz, CSH-
Calcium silicate hydrate, E - Ettringite) 

Figure 7 XRD pattern of respective 
cement pastes hydrated for 7 days (CH -
Calcium Hydroxide & Q =Quartz, CSH-
Calcium silicate hydrate, E - Ettringite) 

 

[A = PPC CONTROL, B =PPC-5ISFLB, C =PPC-5ISFHB, D= PPC-10ISFLB, E =PPC-10ISFHB] 
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Figure 9 Liberation of CH Vs 28 days strength of the various cement mixtures 
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3.3 Calorimeter studies  
 
The total heat release values for control PPC, PPC-5CSLB, PPC-5CSHB, PPC-10CSLB & PPC-
10CSHB are 217.18, 208.99, 214.54, 202.48 & 208.62 J/g respectively. It can be seen from Fig 10 that 
the initial heat release from hydration is lower for copper slag containing cement samples but merges 
with the control sample at around 7 days indicating sufficient pozzolanic reactivity of copper slag. 
Thus, hydration study corroborates the observed trend in the compressive strength of the samples 
under consideration. 
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Figure 10 Total heat liberated for different cement mixtures using Isothermal Conduction Calorimeter 
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Figure 11 Total heat liberated for different cement mixtures using Isothermal Conduction Calorimeter 



 

The total heat release values from  Isothermal Conduction Calorimeter for control PPC, PPC-5ISFLB, 
PPC-5ISFHB, PPC-10ISFLB & PPC-10ISFHB are 223, 226, 214.54, 219 & 235 J/g respectively. It 
can be seen from Fig. 11 that the rate of heat release from hydration with ISF slag containing cement 
samples is similar to the control sample and after 3 days it starts exceeding the rate of heat release 
from control cement explaining the pozzolanic reactivity of ISF slag. Thus, hydration study 
corroborates the observed trend in the compressive strength of the samples under consideration. 
 
3.4 TCLP leaching studies 
 
Leaching tests were carried out with a leachant consisting of a buffered acetic acid /sodium acetate 
solution at pH = 4.93 as per TCLP 1311 method. Results of TCLP of ISF & copper slag and slag 
containing mixtures of 28 day cured samples are given in Table 5. It can be seen that when slag 
containing cement mixtures cured up to 28 days are subjected to TCLP, most of the cations get fixed 
and are immobilized in the cement silicate binder matrix and the leachant falls within the US-EPA 
limits.  
 

Table 5: TCLP analysis of slag and PPC containing slag at 10% dosages @28 days 
 

Analyte 
 

EPA limit 
ppm 

Copper slag ISF slag 10 CSLB 10 CSHB 10 ISFLB 10 ISFHB

Ag 5 0.2 0.4 0.01 0.01 0.10 0.15 

Cd 1 0.7 ND 0.2 0.15 ND ND 

Cr 5 1.35 3 1.2 1.05 0.2 0.3 

Cu 5 19.5 2 2.0 1.3 0.2 0.2 

Pb 5 1.9 14 0.05 0.04 1.0 1.2 

Zn 5 7.4 55 0.4 0.4 3.2 4.0 

 
3.5 Pozzolanic property 
 
Both the slag powders were treated with excess Ca(OH)2 (1:5) for 3 days. The residue was dried and 
XRD analysis was carried out to identify any new phases formed.  Copper slag formed C-S-H  and 
Nacrite whereas IFS slag formed Calcium Zincate and C-S-H phases. This clearly indicates the 
participation of both the slag in cement hydration reaction. The conventional Chappelle test conducted 
also signify sufficient lime absorption / reaction and the value is comparable to that of pulverized fuel 
coal ash and is given in Table 6. The powder XRD of both the slag and residue of slag + lime is given 
below in Fig. 12& 13. 
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Figure 12 XRD pattern of Copper Slag &  Copper Slag-lime mixture 
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Figure 13 XRD pattern of ISF Slag & ISF Slag-lime mixture 
 

Table 6: Lime consumption by slag 
 

Sample mg CaO /g 

ISFLB 233 

ISFHB 280 

CSLB 181 

CSHB 245 
 
 
4. Conclusions 
 
This paper examines the effect of fine ground ISF slag & Copper slag on hydration kinetics and 
mechanical properties of Portland Pozzolana cement (PPC) by studying mortars at 5 & 10 % 
replacement levels.  Study indicates that the replacement of PPC to the tune of 10% does not affect the 
properties of cement mixtures produced. ISF / copper slag addition leads to slight increase in setting 
times of cements and marginal decrease in 1 day strength of cement, especially at 10% replacement 
levels, which usually occurs when pozzolanic materials are added to the system.. However, with 
increase in fineness of Copper / ISF slag the initial strength was at par with the control cement. TCLP 
studies of 10% Copper slag & ISF slag replaced cement mixtures indicated that the heavy metals are 
getting fixed in the cement system. Both the slag samples exhibit significant reaction with lime. Usage 
of Copper & ISF slag in cement systems will lead to reduction in substantial amounts of energy 
required for cement production as well as the natural reserves of limestone can be saved. Thus, use of 
Copper & ISF slag in cement systems provides potential environmental and economic benefits to the 
cement industry.  
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Abstract 
Finely ground mineral powders are often used to replace cement in the binder phase. Such fillers, are 
known to accelerate cement hydration rates. This “filler effect” has been often attributed to the effects 
of dilution (i.e., w/c increase as the cement content is reduced), or the provision of additional surface 
area by fine filler powders. The surface area increase is speculated to provide additional nucleation 
sites for hydration products, thereby accelerating reactions. This study examines the influence of filler 
content, surface area, and mineral type (i.e. quartz or limestone) on cement reaction rates using both 
experimental and computational techniques. Original simulations carried out within a phase boundary 
nucleation and growth (BNG) model indicate that the extent of acceleration is linked to the magnitude 
of surface area increase, and the capacity of the filler’s surface to offer favorable nucleation sites for 
hydration products. Simulations using a kinetic cellular automaton model (HydratiCA) indicate that 
the acceleration is linked to a filler’s interfacial properties, which increase or decrease its tendency to 
serve as a nucleant, as well as to the composition of the filler, particularly relating to the ability of its 
ionic constituents to participate in ion-exchange reactions with the calcium-silicate-hydrate (C-S-H) 
phase. Observations from isothermal calorimetry are correlated with simulations, demonstrating that 
limestone is a superior filler to quartz at equivalent surface areas due to its preferred interfacial 
properties and its ability to participate in ion exchange reactions. This research provides a new basis 
for more comprehensive evaluations of filler agents, with the goal of increasing filler contents to 
reduce cement use, without compromising mechanical property development. 
 
Originality 
For the first time, this research quantitatively explains the origin of, and the collective of parameters 
that influence the filler effect. On the basis of such understanding, it is explained as to why limestone is 
a superior filler to quartz, and likely most other minerals that would be used as cement replacement 
agents. It is clarified that the filler effect is not influenced by dilution, and is not a function of surface 
area alone. Rather, the additional surface area provided by the filler mineral, its interfacial properties 
(e.g., contact angle with water), and its composition (i.e., its ability to induce ion-exchange reaction 
with the C-S-H phase) are all parameters that collectively influence the nature and extent of the filler 
effect that is observed in cementitious material systems.  
 
Keywords: cement hydration, filler, limestone, boundary nucleation and growth, surface area 
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1.0. Introduction and Background 

It is becoming increasingly important to reduce the use of portland cement in concrete due to 

environmental concerns related to the associated carbon (Swedish National Testing and 

Research Institute, 2003; Portland Cement Association 2013). This reduction is usually 

arrived at through dilution, wherein some cement is replaced with an inert or reactive mineral 

filler. This dilution can retard rate of hydration and hinder property development (Cost V.T., 

2011; Bentz D.P., et al, 2009; Bonavetti V., et al, 2003), which often impedes the practical 

acceptance of formulations with high volumes of cement replacement due to issues of reduced 

constructability (Bentz D.P., et al, 2010; Tennis P.D., et al, 2011).  

However, dilution is not the only possible effect of fillers. Some mineral replacements, such 

as fine limestone, have been correlated with accelerated cement hydration rates at early ages 

(Bonavetti V.L., et al, 2001; Gutteridge W.A., et al, 1990a; Rahhal V., et al, 2005; Sharma 

R.L., et al, 1999), which is attributed to two main phenomena: (1) enhanced heterogeneous 

nucleation of hydration products due to the increased surface area provided by fine filler 

powders, and (2) greater amount of water per unit mass of cement particles (i.e., w/c increase 

or dilution) (Bonavetti V.L., et al, 2001; Sato T., et al, 2010; Bentz D.P., 2006b; Schwartz N., 

et al, 2008; Pera J., et al, 1999; Bentz D.P., 2006a; Beedle S.S., et al, 1989). At early ages, 

such accelerations may be beneficial in that an increase in the degree of cement hydration 

may be able to partially offset the detrimental effects of reduced cement content on hardened 

properties. Thus, new strategies for optimizing sustainable mixture designs to achieve desired 

performance could be arrived at from a more comprehensive understanding of the influence 

of different fillers (Kumar A., et al, 2012b).  

Several studies have already demonstrated “mineral accelerations”, but most emphasize 

aspects of property development and mixture proportioning (Kadri E.H., et al, 2009). 

Systematic investigations describing the influences of available surface area and dilution on 

hydration reactions are much rarer, and most have only evaluated individual mineral powders 

(e.g., quartz, rutile, anatase, limestone, silica fume, synthetic C-S-H (Sharma R.L., et al, 1999; 

Sato T., et al, 2010; Bentz D.P., 2006b; De Weerdt K., et al, 2011; Gutteridge W.A., et al, 

1990b; Jayapalan, et al, 2010; Thomas J.J., et al, 2009b). In contrast, the present study uses 

both experiments and a combination of simulation methods to deconvolute the effects of the 

filler content (i.e., cement replacement level and w/c increase) and surface area (i.e., fineness) 

on hydration rates. Special efforts are made to describe the mechanism of reaction 

acceleration for two filler agents, i.e., limestone and quartz, at early ages. The outcomes 

provide a means to reduce cement use while maintaining similar properties as traditional 

portland cement systems.  

2.0. Materials and Experimental Methods 
An ASTM C150 compliant Type I/II ordinary portland cement (OPC) with an estimated 

Bogue phase composition of 59% C3S, 16% C2S, 4% C3A, 11% C4AF and a Na2O equivalent 

of 0.40% was used in this study. The limestone and quartz powders used are commercially 

available (nominally pure) particle size classified products produced by OMYA A.G. and the 

U.S. Silica Company. The particle size distributions (PSD, Figure 1) of all the solids were 

measured using a Beckman Coulter Light Scattering Analyzer (LS13-320) using isopropanol 

and sonication for dispersing the powders to primary particles. The uncertainty in the light 



 

scattering analysis was determined to be approximately 6% based on multiple measurements 

performed on six replicate samples assuming the density of the cement, limestone and quartz 

to be 3150 kg/m3, 2700 kg/m3 and 2650 kg/m3 respectively. 

 
Figure 1: Particle size distributions for the: (a) cement, (b) limestone and (c) quartz used in this study. 

The uncertainty in the measured particle size distribution is around 6 %. 

 

Cementitious paste mixtures were prepared using de-ionized (DI) water at a fixed 

water-to-solids ratio (w/s = 0.45) using a planetary mixer as described in ASTM C305 (ASTM 

Standards Website). To better understand the role of filler agents, the cement content was 

progressively reduced (by replacement) in 10% increments from 0-50% (mass-basis) by 

limestone and quartz powders of varying particle sizes (Figure 1 and Table 1).  

The influence of powder additions (i.e., cement replacement) on the solid surface area of the 

system is shown in Figure 2 and is described using an area multiplier (AM, unitless) as shown 

in Eq. (1): 

 
(1)

where r (mass %) is the percentage replacement of cement by filler (limestone or quartz) and 

SSAcement and SSAfiller (m2/g) are the specific surface areas of the cement and filler, 

respectively, calculated from the particle size distribution and the particle density, while 

assuming spherical particles. It should be noted, given the irregular, angular nature of the 

particles considered, the spherical particle assumption, likely results in an underestimation of 

the surface area by a factor of 1.6 to 1.8 for typical cement powders (Garboczi E.J., et al, 

2004). Thus, AM is a scaling factor that describes the (relative) change in solid surface area 

induced by filler addition in comparison to the surface area provided by a unit mass (1 g) of 

cement. In other words, AM is the surface area of filler per unit surface area of cement in the 

system. The greater this quantity is, either because the filler is finer or because it is present in 

greater amounts, the more AM will exceed unity. It should be noted that the calculation of the 

AM is subject to uncertainties that stem from measurements of the particle size distributions. 



 

 

Figure 2: The correlation between the level (mass) of cement replacement and the change induced in 

the available solid surface area in the system for: (a) limestone and (b) quartz powders. The uncertainty 

in the calculated AM stems from the uncertainty inherent to the particle size analysis and is 

correspondingly around 6 %. 

 

Table 1: Nominal d50 and specific surface area (SSA) values, as calculated using the measured particle size 

distribution (Figure 1), for the cement, quartz and limestone used in this study. The uncertainty in the measured d50 

and SSA are both around 6 %.  

 Cement Limestone Quartz 

ID Size (d50)

(µm) 

SSA 

(m2/kg) 

ID Size (d50) 

(µm) 

SSA 

(m2/kg) 

ID Size (d50)

(µm) 

SSA 

(m2/kg)

Cement 10.78 486.60 0.7 1.40 2592.10 10.0 3.81 1610.00

   3.0 2.98 1353.20 40.0 7.42 464.50

   15.0 14.87 399.20 75.0 17.24 270.20

   40.0 40.10 228.60 20-30 

Sand 

783.00 2.80 

 

The influence of cement replacement on the rate of reactions was tracked using isothermal 

conduction calorimetry. A TamAir isothermal calorimeter (TA Instruments2, DE, USA) was 

                                                        
2 Certain commercial materials and equipment are identified to adequately specify experimental 

procedures.  In no case does such identification imply recommendation or endorsement by the 

University of California, Los Angeles, the National Institute of Standards and Technology, or Arizona 

State University, nor does it imply that the items identified are necessarily the best available for the 

purpose. 



 

used to determine the heat evolved during hydration, of externally mixed pastes, at a constant 

temperature condition of 25°C. The thermal power and energy measured were then used to 

assess the influence of powder additions on reaction kinetics and cumulative heat release of 

the cementitious pastes. The uncertainty in the measured heat flow rate was determined to be 

around ±2 % based on the heat flow measured on six replicate specimens between 1 hour and 

72 hours.  

3.0. Experimental Results: Assessing the Heat Release Response using Isothermal 
Calorimetry 
Figure (3) shows representative heat evolution profiles for plain and binary (i.e., cement and 

limestone or cement and quartz) pastes for different levels of cement replacement. As denoted 

by the left-shift of the rate curve, the rate of reactions increases with the cement replacement 

level and filler fineness. It is noted that even for equivalent contributions of solid surface area, 

limestone is a better accelerant of hydration reactions than quartz (Figure 4).  

 

Figure 3: Measured heat evolution profiles for binary paste systems prepared for w/s = 0.45. For a 

given mixture, the uncertainty in the measured heat flow is around 2 % based on the heat flow 

measured on six replicate paste specimens between 1 hour and 72 hours. 

 

To describe the heat release responses of the mixtures more quantitatively, the heat curves 

were parameterized to determine the: (a) slope during the acceleration regime, (b) inverse of 

time elapsed from initial water contact to the main heat peak and (c) amplitude of the heat 

peak for each mixture. Figure (5) indicates that the rates of reactions are enhanced in 

proportion with AM. All points but one are within 10% bounds of the best fit trend lines. The 

plateau in reaction parameters at high AM likely results from: (1) enhanced agglomeration of 

fine filler particles, which would effectively act to reduce their exposed surface area and 

would trap water in flocs inducing a less than expected acceleration in hydration rates and/or 

(2) a surface area saturation effect, wherein for AM > 4, the available surface area is far more 

than is needed for reaction of the available quantity of cement. These reaction parameters 

have also been shown to be predictive of property development in cementing materials 

(Kumar A., 2013). It should be noted from Figure 5 that both limestone and quartz accelerate 



 

hydration reactions, but the effect is much more pronounced for limestone.  

 
Figure 4: (a and b) Measured heat profiles for plain and binary pastes for equivalent AM values and (c) 

measured heat profiles for plain cement pastes prepared at different w/c. For a given mixture, the 

uncertainty in the measured heat flow is around 2 % based on the heat flow measured on six replicate 

paste specimens between 1 hour and 72 hours. 

 

Figure 5: The correlation between the area multiplier (AM) and parameters corresponding to the 

measured heat flow profiles: (a) slope of the acceleration regime and (b) heat rate at the main peak (c) 

inverse of time to main peak. In all graphs, the solid line fits the linear portion of the dataset and the 

dashed line projects a linear extrapolation. The thin solid lines show a 10 % bound to the best-fit line. 

For a given mixture, the uncertainty in the measured heat flow is around 2 % based on the heat flow 

measured on six replicate paste specimens between 1 hour and 72 hours. 

 

A set of plain cement pastes were prepared with w/c ratios corresponding to the actual cement 

content in the systems with partial filler replacement levels ranging from 0 % to 30 % by 

mass illustrate the equivalent pure dilution effect (Figure 4c). Heat flow normalized by mass 

of cement is effectively equal in spite of a changing w/c (AM = 1), suggesting that reaction 

kinetics are independent of water content unless additional surface area is provided by fillers. 

Thus, for the range of w/c evaluated, the amount of water available to the reactant particles  

is broadly similar, and is mainly a function of a similar level of solid agglomeration in these 

systems. Result to this effect have been noted for phase pure alite hydration at similar water 

contents (Thomas J.J., 2007; Oey T., et al; Kirby D.M., et al, 2012; Sandberg P., et al, 2005; 

Bentz D.P., et al, 2009), suggesting that this effect is likely not a function of the cement 



 

chemistry. A lower limit of w/c likely exists (e.g. for w/c < 0.42) below which cement 

hydration rates are influenced by water scarcity, especially at later ages as hydration 

progresses and self-desiccation occurs (Flatt R.J., et al, 2011; Bentz D.P., et al, 2009).  

4.0. Computational Simulations of the Heat Release Response 
To more rigorously interpret the calorimetric parameters, the heat release response was 

simulated using two models: (1) boundary nucleation and growth (BNG) and (2) kinetic 

cellular automaton model (HydratiCA). The simulations are applied to develop a mechanistic, 

physically consistent basis for understanding the influence of fillers on hydration reaction 

rates. 

4.1. Classical Boundary Nucleation and Growth 
Classical and modified forms of boundary nucleation and growth (BNG) models have been 

applied to describe the hydration of cementitious systems (Thomas J.J., 2007; Flatt R.J., et al, 

2011; Bentz D.P., et al, 2009; Zhang J., et al, 2010; Petersen V.K., et al, 2009). These models 

simulate reactions as a nucleation and growth rate controlled process that starts at solid phase 

boundaries, assuming formation of a single product of a constant density (Ridi F., et al, 2012). 

A variety of assumptions for reaction mechanisms exist, including nucleation site saturation, 

product growth control, and the continued nucleation of product phases (Thomas J.J., 2007; 

Scherer G.W., et al, 2012; Ridi F., et al, 2012). This study applies a modified form of a BNG 

formulation as shown in Eqs. (2-6) (Peterson V.K., et al, 2006; Thomas J.J., et al, 2009a):   

 

(2)

where X is the volume fraction of the reactant transformed to product, Gout is the outward 

growth rate of the product, aBV is the boundary area per unit volume, y is an integration 

variable, t is the simulation time (h), and Af is the extended area (dimensionless) of the 

transformed product described in Eq. (3) and (4).   

) 

or 

 

 

(3)

 
(4a)

 (4b)

where Idensity (µm-2) is the nucleation density of the product, that is, the starting number of 

supercritical nuclei per unit surface area, Irate (µm-2. h-1) is the nucleation rate, Gpar (µm. h-1) is 

the growth rate parallel to the boundary surface, and Gout (µm. h-1) is the outward growth rate, 

perpendicular to the particle surface. The rate of heat release due to the hydration of the 

reactant (i.e., alite or cement) is computed using a scaling parameter, A (kJ/mol), as shown in 

Eq. (5):  



 

 
(5) 

where r (%) is the (mass) percentage replacement level of filler which accounts for the effects 

of dilution (i.e., a reduction in reactive cement content). Simulations begin only at the end of 

the induction period, so the simulation time is mapped to real time by using a parameter t0 to 

designate the time at which the induction period ends as described by Eq. (4b). The boundary 

area per unit volume, aBV (μm-1), is calculated by adding the surface areas of the cement and 

filler and dividing by the system volume (total solids plus water):  

 
(6) 

where fcement (unitless) is the initial volume fraction of cement, ρcement is the density of the 

cement (3.15 g.cm-3), Vfree (µm3) is initial volume of water present in the system and SSAcement 

is the specific surface area of cement fixed at 486.00 m2/kg. Based on the optimum 

parameters obtained for simulations of portland cement systems (Kumar A., 2012a), the 

values of Irate, Gout  and Gpar are fixed at 0.0 μm-2 hour-1, 0.03 μm hour-1 and 4.0 μm hour-1 

respectively – indicative of a site saturation assumption. Next, fcement (unitless) and aBV (μm-1) 

serve as input variables while A (kJ/mol), Idensity (μm-2), afactor (unitless) and t0 (hour) remain 

free (fitting) variables. 

 
Figure 6: Comparison of measured and BNG calculated heat profiles for paste mixtures. For a given 

mixture, the uncertainty in the measured heat flow is around 2% based on the heat flow measured on 

six replicate paste specimens between 1 hour and 72 hours. 

 

Representative simulation results for the reference and binary paste systems show good fits 

(Figure 6). Parameter optimizations suggest that A decreases with increasing replacement 

levels, although no systematic trend could be found in its variation with respect to filler 



 

content, type, or surface area (Valentini L., et al). The values of afactor (i.e., virtual AM) vary 

linearly with AM for all systems (Figure 7a), with slopes significantly less than unity. 

Nevertheless afactor is much more sensitive to limestone replacement than to quartz 

replacement., suggesting that only a fraction of the filler’s total surface area can offer 

preferential nucleation sites for the reaction products, and that a larger fraction or equal 

fraction at higher efficiency of the limestone surface participates in reactions compared to 

quartz. This aspect begins to explain how fine limestone is a more capable mineral 

acceleration agent than quartz, a point which is discussed in more detail below (Bentz D.P., et 

al, 2012; Sato T., et al, 2010). 

The fitting parameters afactor and Idensity are combined to calculate the number of supercritical 

product nuclei, Nnuc, produced per gram of reactant as shown in Eq. (7): 

 (7) 

 
Figure 7: (a) A comparison of the area factor (afactor) plotted as a function of the area multiplier (AM) 

for systems simulated using the BNG mechanism and Product nuclei per gram of cement computed 

using the BNG approach as a function of: (b) replacement level for limestone systems (c) replacement 

level for quartz systems and (d) AM for limestone and quartz systems. Since the calculations are 

deterministic, for a given set of parameters the numerical solution shows no uncertainty. 

 

Clearly, increasing cement replacement results in a proportional increase in the number of 

nuclei that participate in chemical reactions (Figures 7b and 7c). Limestone displays a 

substantially amplified nucleation response compared to quartz because, both at equal 

replacement levels (Figure 7b and 7c) and equal AM values (Figure 7d), a larger number of 

product nuclei are initially generated in systems containing limestone – an observation that is 

supported by microscopy-based evidence provided by Sato and Diallo (Sato T., et al, 2010). 

This difference correlates well with experiments (Figure 5), re-affirming the response is filler 

specific, and is then indicative of the differing ability of these two minerals to serve as 

hydrate nucleation surfaces and mineral acceleration agents.  

4.2. Kinetic Cellular Automata Simulations (HydratiCA) 
A kinetic cellular automata model (HydratiCA) described for simulating diffusion, advection, 

and homogeneous standard rate kinetics in reactors (Karapiperis T., et al, 1994) has been 

adapted in recent years to simulate chemical/structural evolution during early-age hydration 

of cement (Bullard J.W., 2007; Bullard J.W., 2008; Bullard J.W., et al, 2010). This model is 

applied to investigate how the thermodynamics and kinetics of C-S-H nucleation on surfaces 

of C3S, limestone, and quartz can influence hydration and microstructure evolution at early 



 

ages. Time steps (about 0.1 ms) are split into a transport step, during which mobile 

components in solution are able to move between lattice sites according to diffusion (random 

walk) or by perfect mixing (instant homogenization, as implemented in this study), and a 

reaction step, during which reactant species may combine to form products according to 

defined stoichiometric reaction equations3. The probability, pi, of reaction i occurring at a 

lattice site depends on its relative rate constant, ki, and on the number of cells Na,i of each 

reactant, a, involved in the reaction as shown in Eq. (8): 

 

(8) 

where:  is a constant model parameter that relates Na to the molar concentration of 

component a, and a is the molar stoichiometric coefficient of component a in the reaction. 

The relative rate constant is the product of the absolute forward rate constant, ki,+, and the 

linearized thermodynamic driving force, 

 (9) 

where: Si, the saturation index for reaction i, is defined as the quotient Ki/ Ki,eq of its activity 

product and its equilibrium constant for the forward reaction. For heterogeneous reactions 

(i.e., reactions restricted to a surface) the surface area intersected by the lattice site must be 

multiplied on the right side. Eq. (9) is strictly valid only for elementary reactions (i.e., those 

involving one molecular step) but we have found it to be a useful approximation for many of 

the more complex dissolution and growth reactions that happen during cement hydration 

(Bullard J.W., 2007; Bullard J.W., 2008). To further consider how the presence or absence of 

filler materials might offer a reduced barrier for nucleation of C-S-H, nucleation rates are 

modeled using classical nucleation theory (Kaschiev D., et al, 2003). The number of 

supercritical nuclei formed per unit volume per unit time is given by Eq. (10): 

 (10) 

where: g (s-1) is the attempt frequency (or “frequency factor”), W* (J) is the work required to 

form one supercritical nucleus, kB is Boltzmann’s constant, and T is the absolute temperature 

(K). W* itself is not a constant, but rather depends on temperature, the surface energy (, J/m2), 

of the nucleating phase in the parent solution, and the saturation index, S, of the solution: 

 
(11) 

where A is a geometric factor,  is the molecular volume (m-3) of the nucleating phase, and 

w* (J) is approximately constant for a given nucleating material and parent solution. Thus, the 

rate Eq. (10) can be mapped to a probability equation similar to Eq. (8), except that in this 

case the relative rate constant ki is replaced by knuc: 

                                                        
3 Activities are estimated from molality’s using activity coefficients calculated using the extended 

Debye-Hückel formula, which is a reasonable approximation when ionic strengths do not exceed a few 

tenths of mol/L. 



 

 
(12) 

This stochastic model was used to simulate early hydration in a C3S suspension (w/s = 0.45) 

with or without 10 % replacement by mass of quartz or limestone particles. The reactions and 

their associated thermodynamic and kinetic input parameters are either provided below, or are 

published elsewhere (Bullard J.W., 2008; Bullard J.W., et al, 2010; Juilland P., 2010; LLNL 

Thermochemical Database (USGS); Garboczi E.J., et al, 1992; Garrault S., et al, 2001. A 

single C3S particle was simulated, either 5 µm or 15 µm in diameter and, in selected 

simulations, a random dispersion of filler particles in the solution surrounding the C3S particle. 

Periodic boundary conditions are invoked to compensate for the finite system volume. 

Work of nucleation of either form of CSH is assumed to be 1010.83 K3 on C3S surfaces (w*), 

and a factor of four lower on limestone surfaces. The attempt frequency is assumed to be 

1014.2 s-1. In systems with limestone replacement, we expect carbonate anions to be 

incorporated within C-S-H, to a limited extent, by analogy to the observed uptake of sulfate 

ions in systems containing gypsum (Skapa R., 2009). Without reliable data for the reaction 

mechanism or its extent, we assume the same kind of ion exchange reaction as that used to 

model sulfate incorporation in CSH (Valentini L., et al): 

 (13) 

As a first approximation, only the CSH(II) form is assumed to participate in the ion exchange 

reaction because the sorption tendency of anions should decrease with decreasing Ca/Si ratio 

as the zeta potential decreases (Nachbaur L., et al, 1998). In the case of limestone dissolution, 

we assume that the limestone used is pure calcite, with a dissociation reaction of: CaCO3 → 

Ca2+ + CO3
2-. The forward rate constant is assumed to be k+ = 0.72 µmol/m2/s and the 

equilibrium constant is Keq = 10-8.48, with an enthalpy of reaction of -14.8 kJ/mol (exothermic). 

A number of ion-ion complexation reactions occur in solution, but only two are expected to 

significantly influence the results: 

 (14) 

 (15) 

The enthalpy of the former, carbonate reaction is 41 kJ/mol, i.e., endothermic, while the latter 

reaction is not expected to make a significant contribution to the heat signature of a hydrating 

cementitious system. A lower energy barrier than that for C3S was used for C-S-H nucleation 

on limestone (Sato T., et al, 2010), while an equivalent energy barrier was used for quartz 

(Scrivener K.L., 2012). Enthalpies of the dissolution and precipitation reactions for phases 

including C3S, portlandite, C-S-H(I) and C-S-H(II), and for diffusive transport rates through 

the C-S-H forms are sourced from (Bullard J.W., 2008; Bullard J.W., et al, 2010; Juilland P., 

et al, 2010; LLNL Thermochemical Database (USGS); Garboczi E.J., et al, 1992; Garrault S., 

et al, 2001). 



 

 
Figure 8: (a) Simulations of heat released during the hydration of a single C3S particle (5 µm or 15 µm) 

with no limestone filler (Reference), 10 % replacement of limestone filler (10% Limestone) with lower 

energy barrier of C-S-H nucleation and 10% replacement of quartz filler (10% Quartz) with energy 

barrier of C-S-H nucleation identical to C3S and (b) Simulated influence on hydration rates of 

carbonate anion sorption on the C-S-H. All curves represent a single simulation; multiple simulations 

on similar systems indicate that the reproducibility of any curve is within 2 % at any point. 

 

Figure (8a) shows that limestone causes a shortening of the induction period, with greater 

difference for finer particles, while quartz shows minimal acceleration at early ages. This 

preferred filler effect is in line with experimental and BNG data presented previously. 

Limestone fillers can also contribute carbonate anions to the pore solution, the uptake of 

which likely occurs through ion exchange reactions that release hydroxyl ions from the C-S-H 

to preserve charge neutrality. As more C-S-H is formed through hydration, progressively more 

ion exchange can occur, releasing more OH- ions and increasing the driving force for C-S-H 

growth by pH elevation (Kumar A., 2012c, Puerta Falla G., 2015). The result is an enhanced 

degree of reaction at later times (Figure 8b). More accurate experimental characterization of 

the nature and limits of carbonate uptake in the C-S-H are ongoing (Puerta Falla G., 2015). 

This ion sorption response cannot be reproduced in the nominally inert quartz systems due to 

the inability of the silicate species to induce ion exchange reactions with the C-S-H4. 

5.0. Mechanistic Explanations of Accelerations in Cement Hydration Induced by 
Mineral Fillers 
Experiments and simulations performed using nucleation and growth models and stochastic 

reaction-transport models indicate that the acceleration is produced by a combination of 

factors: (i) the filler fineness, (ii) interfacial properties and (iii) ion sorption/exchange effects. 
                                                        
4 Amorphization of the quartz surface, during grinding, can result in a limited level of soluble silica in 

the system. However, this effect is negligible due to the low solubility of silica (far lower than CO3
2- 

equilibrium), and as the amorphized layer, if present, resides in proximity to the particle surface and 

represents a negligible soluble volume. 



 

Unsurprisingly, an increase in the filler fineness accelerates hydration, but a balance is needed 

to ensure that concerns related to agglomeration, water trapping, and surface area saturation 

do not detrimentally influence the system response. Interfacial properties of the cement and 

the filler material, which are critical for determining the extent and distribution of the 

nucleating hydration products, bear further discussion. The energy barrier for heterogeneous 

nucleation on a surface is related to that for homogeneous nucleation of the same phase:  

 

(16a)

 
(16b)

where ΔGHET is the energy that drives nucleation, applicable for the heterogeneous or 

homogenous case, Δμ = RTln(1+S) describes the supersaturation level with respect to the 

precipitating phase, R is the ideal gas constant, S is the saturation index of the precipitate in 

solution described previously, VM is the molar volume of the precipitate, γSL is the 

substrate-liquid specific interface energy (J/m2), γPS is the precipitate-substrate specific 

interface energy (J/m2), γPL is the precipitate-liquid specific interface energy (J/m2), θ is the 

thermodynamic contact angle, �(θ) is an activity factor (indicative of wetting, adhesion or 

surface affinity), which ranges between [0,1], n is a constant (n = 0.33 for cap-shaped nuclei) 

and the subscripts P, L, and S indicate the precipitate (C-S-H), liquid, and solid substrate (i.e., 

limestone (l), quartz (q) or cement/C3S (c)), respectively (Sangwal K., 2007; Markov I., 2004; 

Garrault S., et al, 2001). Provided that ΔGHOM for C-S-H precipitation remains fairly constant- 

a reasonable approximation, Eq. (16) suggests that C-S-H nucleation on quartz particles 

would be opposed by a greater energy barrier than on limestone if the specific free energy of 

bonding with C-S-H, γSL - γPS, is more positive for quartz than for limestone. This would be 

true if γSL,l > γSF,q (i.e., the bare limestone-liquid interface has a greater average5 specific 

energy than quartz) or also if γPS,l < γPS,q (i.e., the C-S-H/limestone interface has a lower 

specific interface energy than the C-S-H/quartz interface). Datasets on solid-liquid interface 

energies for C3S, calcite (the primary mineral component of limestone), and quartz are scant, 

subject to uncertainty (Kvamme B., et al, 2009; Suzuki T., et al, 2010), and are equally 

limited for interfaces involving C-S-H (Garrault-Gauffinet S., et al, 1999). However, the 

limited datasets available do support our hypothesis that calcite (i.e., limestone) would 

provide a lower nucleation energy barrier for C-S-H nucleation than quartz. For example, 

measurements by Suzuki and Kasahara (Suzuki T., et al, 2010) suggest that the average 

quartz-water interface energy is very low, perhaps less than 10 mJ/m2 but no greater than 100 

mJ/m2, while calculations by Kvamme (Kvamme B., et al, 2009) indicate that the average 

calcite-water interface energy is in the range of 400-800 mJ/m2. These values all would 

support the conclusions drawn from this study (see Eq. 12 and Figures 4, 5, 7) that limestone 

                                                        
5 We use the word `average’ to denote the fact that limestone is a polycrystalline rock comprising 

several minerals and that, in any case, even pure minerals such as quartz and calcite tend to have highly 

anisotropic surface energies. 



 

provides more favorable sites for C-S-H nucleation than quartz (Bentz D.P., et al, 2012). In 

light of this analysis, the development of accurate and fully consistent information for 

benchmarking the interfacial interactions of mineral phases will be a key activity for 

advancing our ability to predict filler effects.  

The third important factor that can influence reaction rates is the possible participation of 

dissolved species, liberated from the filler, in altering the course of hydration, either by 

precipitation of phases or by ion sorption reactions. Dissolved carbonate has been shown to 

prevent the transformation of ettringite to monosulfate after gypsum is depleted because a 

carboaluminate phase is stabilized at the expense of monosulfoaluminate (Lothenbach B., et 

al, 2008). Due to limited CO3
2--AFm formation at early ages, this effect is likely small 

(Ipavec A., et al, 2011). The case of ion exchange is relevant, as the need for charge 

compensation which follows sorption of CO3
2- ions on the C-S-H is expected to lead to the 

release of OH- species which elevates the pH and hence the driving force for continuing 

hydrate growth. Based on the above discussion, it is clear that limestone is a superior 

acceleration agent than quartz, even at equal AM values (i.e., surface area), because both its 

favored interfacial properties and its ability to induce CO3
2- sorption can enhance the rates of 

nucleation and growth of the cementitious hydration products at early ages.  

6.0. Summary and Conclusions 
This paper describes the generalized influence of mineral fillers on accelerating the rate of 

hydration reactions in cementitious materials. New simulation results are used to 

quantitatively interpret the role of dilution and the filler’s characteristics on rates of reactions. 

Aspects of surface area, interfacial properties, and ion exchange (i.e., sorption) reactions are 

distinguished and analyzed separately in terms of their influence on hydration rates. The 

results suggest that limestone is more effective than quartz as an accelerant due to its 

interfacial properties and its ability to participate in ion exchange reactions. On a 

terminological and technological note, the community may begin thinking of limestone as a 

mineral additive rather than a mineral filler because its ability to serve as a preferred surface 

and produce chemical effects indicate its ability to serve as more than just a filler in 

cementing systems. Overall, the outcomes of this work shed new light on the filler effect and 

point the way to improved methods to better analyze, quantify, and screen minerals in terms 

of their ability to serve as cement replacement agents. Information of this nature is especially 

relevant in the context of enhancing prevailing cement replacement levels in concrete, the 

evaluation of new and superior filler agents, and proportioning low-cement content concretes, 

such that, within limits, mechanical property development and concrete durability could 

remain largely unaffected, in spite of reductions in the cement content. 
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Abstract 
Contamination of natural water with heavy metal ions is a significant global issue. Due to its large specific surface 

area, high mechanical strength, chemical stability and so on, graphene (GN) could be used as an ideal adsorbent to 
remove heavy metals in the water. This paper gives an overview of recent literatures for graphene-containing compos-
ites in heavy metal ions removal in wastewater treatment. The adsorption capacity, adsorption mechanism, the factors 
affecting adsorption and recycling performance of graphene-based materials for heavy metal ions is introduced. Impor-
tantly, the adsorption properties of cement-graphene composites are also discussed. Compared with pure cement mor-
tars, the adsorption capacity of graphene-cement nanocomposites for heavy metals increased. In addition, the removal 
percentage of heavy metals increased with the increase of solution pH at first and then decreased when pH value ex-
ceeds 7. 

 
Originality 

 The effect factors including initial heavy metal ions concentration, pH, contact time and temperature 
on adsorption properties by graphene were discussed. 
 The regeneration of graehene was conducted to investigate the application efficiency of the adsorbent.  
 The adsorption results of graphene-cement composites were compared with the results obtained by 

using pure cement mortars. 
 The addition of graphene can enhance the adsorption capacity and influence the adsorption specific-

ity of heavy metals on cement-based composites.  
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1. Introduction 
Water resource, which is essential to mankind, was contaminated by heavy mental ions of industrial 

effluents that cause increasing accumulation of heavy mental ions, such as Pb2+ ，Cu2+ etc[1]. 
Meanwhile, heavy metal ions is not only non-degradable, but also own high toxicity and its bio-
accumulates and concentration by water food chain and finally cause a great harm to human[2]. 
Consequently, removal of toxic contaminants from aqueous has become one of the most pressing 
issues. At present, there a lot of traditional treatment methods of heavy mental ions, for instance, 
sedimentation, filtration, ion exchange, membrane separation and so on[3]. However, traditional 
methods are hard to carry out due to theirs limitation of the technical and economic. For example, 
sedimentation method is convenient but easily produce certain chemicals which are difficult to landfill. 
As for membrane separation, it is advantageous over high efficiency and energy saving, yet being 
limited by economic and high cost of maintenance, hence, it can’t be widely used. In a practical 
application, adsorption has been the most popular material in water treatment for heavy metal removal 
because of its simple operation, low cost and high selectivity. An ideal adsorbent should have not only 
excellent adsorption capacity, but also the amount and rate, ability of reproduction as well. Activated 
carbon[4,5] and carbon nanotubes[6,7] can be served as absorbing material on account of stable chemistry 
properties and abundant pore structures but limited by theirs low efficiency of reproduction ,rate of 
adsorption and bad selectivity. 

  Graphene, as a new member of the carbon materials, has become a rapidly risingstar on the 
horizon of materials science due to its excellent physical and chemical properties[8,9]. This two-
dimensional carbon material was made by a new nanocarbon, which comprise layers of carbon atoms 
arranged in regular sp2-bonded atomic-scale chicken wire (hexagonal) pattern and its thickness was 
only 0.335nm as it is shown in Fig 1[10]. Conventionally, graphene was strictly defined as a single 
carbon layer of the graphite structure, however, in this paper, it is usually mentioned as a generalized 
term, including no more than 10 layers of graphite that can be classified as two-dimensional graphene 
materials, which contains Single-layer Graphene(SG), Bi-layer Graphene(BG) and Few-layer 
Graphene(FG). The main factors affecting the adsorption performance includes specific surface area 
and structure, and graphene has advantages of large specific surface (monolayer specific surface 
nearly 2630m2/g, multilayer ones closed to 270~1550 m2/g)[11, 12] as well as abundant pore structures 
which can be a basis of ideal adsorption performance. Therefore, we believe that graphene can be 
applied to an ideal adsorption or separating materials. Recent years, many researchers studied on 
graphene and its derivatives in aspect of hydrogen storage as well as eliminating water contaminants 
in water, and made great improvements. This paper expounds systematically not only the effect of 
adsorption for heavy metal ions, adsorption mechanism and the factors relative to influence adsorption 
of graphene and graphene-based composites, but also desorption and its renewable performance. In 
addition to the statement of graphene and graphene-based composites, this paper set forth application 
prospect of theirs advantage in water treatment process. 

 
Figure 1 Basic structure of graphene [10] 

The two-dimensional graphene crystals that have complete structure, with smooth inert surface and 
high chemical stability, are stable enough not to interact with other mediums. What’s more, graphene 
easily agglomerate and reform to graphite due its π-π stack between adjacent layers thereby hindering 
the further research and application. Applying in practice, graphene oxide and the composites based on 



 

precursor formed of GO are mostly used. Moreover, GO is usually prepared by graphene of chemical 
oxidation andultra sound via Hummer’s method[13], as it is illustrated in Fig2. As the one of derivatives 
of graphene, GO, which own structure closed to graphene, have oxygen-containing functional groups 
on two-dimensional basal plane that can improve water solubility and can be served as activated 
adsorption sites for heavy metal ions in aqueous to separate heavy metal ions effectively, besides, used 
as precursor prepared for graphene and graphene-based composites. 

 
Figure 2 Synthesis processes of graphene oxide [13] 

Graphene-based materials, not only appearing merits of composite but also creating original sy-
nergy effects, were prepared by graphene compositing with other components. In addition, graphene-
based materials was synthesizes from complex reaction of GO with metals, metal oxides, and polymer 
composites and then reduction of the desired product, hence, this can be used as most available 
methods for the preparation of graphene-based materials. Currently, the studies of graphene-based 
materials has focused on graphene-inorganic nanocomposite, graphene polymernanocomposites as 
well[14]. 
3. The factors affecting adsorption 

Graphene-based materials have been shown to adsorb heavy mental ions effectively in studies, but 
generally affected by many factors. Research by Huang have been shown that the number of graphene 
layers influence on its adsorption of heavy metal ions, and set forth idea that single-layer graphene has 
functions of surface adsorption of heavy metal ions while some heavy mental ions, such as Pb2+, 

probably goes into the closed interlayer for multilayer graphene. To some extent, surface Properties of 
graphene have the ability to affect its adsorption so that graphene have surface rich in oxygen-
containing functional groups possess stronger adsorption for inorganic contaminations. Multiple 
defects morphology trend towards product active adsorption sites, such as oxygen-containing 
functional groups in the course of oxidation. Consequently, adsorption of multiple-defects-
morphology graphene is better than few-defects-morphology ones. Except the numbers of layers and 
crystal defects, adsorption process was easily affected by many factors, for instance, pH value, 
concentration of heavy metal ions, adsorbent dosage, adsorbent temperature and contact time. 
Moreover, the diversity of properties of heavy metal ions influence adsorption of graphene for heavy 
metals ions respectively. 
3.1. Effect of initial pH on adsorption 

PH value, which serves as the most essential factor with respect to the surface charge of absorbent, 
ionization degree of adsorbate and type of resultant, is basic variables of adsorption of carbonaceous 
material for particular ions. Among factors, point of zero charge of absorbent surface is major 
parameters of pH value effect on adsorption. When pH of solution is higher than pHPZC (generally in 
acids solution) ,the surface of absorbent has zero charge so that electrostatic repulsion of heavy 
mental ions and absorbent surfaces is small, however, electrostatic equilibrium state no longer exist at 
pH≠pHPZC. When pH is lower than pHPZC (in strong acidic solution), the positive charge on surface 
provides electrostatic interactions that are bad for adsorption; when pH is higher than pHPZC（in alkali 
or neutral solution），the positive charge on surface easily lead to absorption of positively charged 
ions because of electrostatic interaction. Therefore, adsorption capacity of graphene based-materials 
will increase with rising pH value but when the pH value exceeds certain value, it will has failure 
effect on absorption, as a result, ions were easily isolated as deposit from the solution. 
3.1.1. Effect of pH value on GO absorption  

http://dict.cnki.net/dict_result.aspx?searchword=%e6%88%90%e5%88%86&tjType=sentence&style=&t=components


 

Graphene is hydrophobic material with poor dispersivity but GO is able to have a stable dispersion 
in aqueous solution due to its surface containing a large number of oxygen containing functional 
groups. Sitko et al[15] have proved that GO, which have been immersed 5 months, didn’t agglomerate 
for the sake of electrostatic interaction between electronegative oxygen containing functional groups 
on surface of GO. 

Edge and defect sites of GO are found to show a high chemical activity. And on its surface, oxygen 
containing functional groups like hydroxyl, carboxyl and so on, can combine with hydrogen bonding 
or salt bond to shape into molecular structure of the mesh, further more, chelate metal ions to removal 
of them. Meanwhile, compared to other materials, graphene has strong absorption because its big 
relative surface proportion and insufficient of atomic coordinate. Sitko[15] et al have studied absorption 
effect of heavy mental ions, such as Cu2+，Zn2+，Cd2+，Pb2+ and they found that GO absorption for 
these ions becomes better at pH value range of 2~8 as well as marked change at pH value of 3~4. 
What’s more, according to capacity, the absorption capabilities for these mental ions are in order of: 
Pb2+> Cu2+ >>Cd2+> Zn2+. It agrees well with the reports of other adsorbents. Thus, there are a large 
number of absorption sites with different affinity to different ions on surface of graphene materials. 
3.1.2. Effect of pH value on functionalized graphene absorption   

The heavy mental ions can react with plenty of active groups on GO surface such as hydroxyl, 
carbonyl, carboxyl and so on while they can’t be adsorbed selectively. In order to improve selectivity 
and sensitivity of absorption, some researchers started to adopt environmentally friendly materials 
functionalized graphene to removal of heavy metal ions in solution and some of ways are applied 
including GO surface modification and functionalization and introduction of specific functional 
groups. It not only contributes to dispersibility of graphene but also bring new properties to enlarge its 
application fields. The ways to prepare of functionalizing graphene may be divided into two 
approaches including non-covalent modification and covalent modification process that can be 
operated via chemical groups and reagents for connecting to edge of graphene with covalen[16-18]t. 
Deng [19] prepared of functionalized graphene(GNSPF6) which disperses stably in water phase by using 
KPF6 as modifying reagents, and preparation process was shown in Fig3[20]. Typically, appropriate 
amount of KPF6 dissolved in10mL distilled water as electrolyte. Besides, the distance between poles, 
which was made from a high purity graphite rod as cathode was 4.0cm. Subsequently, with 
electrifying direct current of 15V for 6 hours, the products formed in the end of the electrolysis 
process are GNSPF6 and it can be applied in water containing heavy mental ions. The results indicated 
GNSPF6 has much better adsorption capacity than CNT. It can be proved by absorption amount for 
Pb(II) and Cd(II) at pH value elevates from 3.0 to 6.0. The maximum absorption amount on both type 
of ions was 406.6 mg/g at pH = 5.1，73.42 mg/g at pH = 6.2, respectively.  

 
Figure.3 Experimental set-up diagram (left) and the exfoliation of the graphite anode (right)[20] 

3.1.3. Effect of pH value on graphene polymer composites 
Graphene, as a new carbon material, has received widespread attention in advanced composite 

materials because of its good charge transport performance and large specific surface area. However, it 
is not stable dispersion in solvent, leading to limit the further application as a result of lack of surface 
functional groups causing agglomerateion. Moreover, a wealth of functional groups at edge of surface 
can composite with other adsorbing materials as precursor of composite materials. For instance, 
researchers prefer to choose SiO2/GO compound[21], TiO2/GO compound[22], EDTA/GO compound[23] 
and so on, for preparation. This kind of graphene-based materials can not only prevent agglomerate to 
maintain large specific area, but also improve even homo-dispersibility in aqueous, absorption as well. 



 

EDTA that can react with majority of mental ions as an excellent metal chelating reagent was 
chosen to graft to the surface of graphene in proper condition to absorb heavy mental ions selectively. 
Madadrang et al[23] took method that product of EDTA reacting with silane agents connect GO with 
Si-O covalent bond for EDTA-GO composite material (Fig4). The adsorption capacity of composite 
increases with the increase of pH value, up to maximum adsorption amount. Wang et al reached 
similar conclusion and knew that EDTA improve absorption capacity of GO apparently and that 
amount absorption is four or five times as much as CNTs[24]. 

 
Figure.4 Chemical structure of EDTA-GO[23] 

3.1.4. Effect of pH value on graphene-based iron oxide magnetic materials absorption  
After absorption, separating absorbent from waste water effectively was an issue that needed to be 

addressed as a matter of urgency. Recent years, there is a variety of synthesis methods of magnetic 
nano materials which used for treatment of water environmental pollution. Magnetic nano materials 
has apparent advantages in separation technology due to its large specific surface area, strong 
absorption capacity highlighting the convenience and celerity. Graphene, an excellent absorbent, has 
better performance of absorbing all kinds of heavy mental ions but difficult to separate from aqueous 
phase because of small particle size and low density. It was a good development prospect that 
combining absorption capacity of graphene with convenient separation of magnetic extracted 
adsorbents[25]. In recent years, some research projects' groups studied use of magnetic graphene-based 
composites to get rid of dyes particle and heavy mental ions. Among all the studies, mostly, magnetic 
iron oxide of oxidation of metallic that prepared for graphene-based materials has ability to operate 
solid-liquid separation effectively as well as absorption capacity for heavy mental ions. Deng et al[26] 
adopt coprecipitation method to prepare of MGO, that is, solubility molysite containing Fe3+ and Fe2+ 

was added to containing-carboxyl GO solution in a certain ratio and then give it stir under the 
protection of nitrogen to reach accomplishment of cation exchanging at the carboxyl in order to 
produce Fe3O4 particles[27,28]. As can be seen from diagram of microstructure (Fig 6), Fe3O4 particles 
stick adhere to surface of GO. Then they use this magnetic materials served as absorbent to remove 
Cd2+

 in water and found that theirs absorption capacity is subjected to change of pH value. At pH value 
range of 3~8, absorption capacity elevates with growth of pH value. 

           
  Figure.6 TEM (a) and SEM (b)  images of MGO nanomaterials[26] 

Comparing to absorption capacity of Fe3O4 for Co2+. Liu et al[29], adopted the same method that add 
GO to 10mg/L Co2+ to prepare to M/GO composite materials and pointed that that can be prevent 
agglomeration of Fe3O4 nanoparticles, moreover, it can be introducing the absorption sites of 
composites materials, which is benefit for absorption capacities of Co2+ due to inner surface 
complexation rather than ion exchange. More significant to introduction of superparamagnetism Fe3O4, 
in final separation, only, is putting this kind of material in the field of external magnetic for separation.  

Above all, absorption amount of graphene-based composite materials for divalent heavy mental 
cations like M2+ is increasing with the elevation of pH value. Carbonaceous absorbent absorption for 
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absorbate includes ion exchange, electrostatic interaction, diffusion, donor-acceptor atom exchange 
and so on. Therefore, effect of pH value on absorption mainly rest with electrostatic interaction 
between absorbent and absorbate by means of ion exchange action between them. M2+ existing forms 
and transformations are like Me2+↔Me(OH)+↔Me(OH)2

+↔ Me(OH)3
− under different pH value 

conditions. At lower pH condition, there are plenty of H+ that can compete with M2+ for active sites of 
graphene surface in acidic condition. To a large degree, the ion competition influence exchange 
adsorption property of the heavy metal ion. With the increase of pH value, due to protonated 
functional groups on graphene-based composites surface, decrease of its potential and density cause 
descending electrostatic repulsion between M2+ and absorbent surface at lower concentration of H+ , 
leading to absorption amount of M2+. On the other hand, it is important to control pH range properly 
that hydroxides containing heavy metal ions were isolated at higher pH value. With respect to 
absorption effect of graphene-based composites materials, it relates to not only existence formation of 
ions, but also active groups on surface 
3.2. Effect of absorbent dosage on absorption 

Absorbent dosage, concerning effect and costs of absorption, is an essential factor. Wang et al[30] 
found that absorption amount of Zn2+ dropped with the addition of GO increasing. Reacting with Zn2+ 
in solution effectively, active sites should be increased with the growth of absorbent dosage. However, 
interactions between Zn2+ and carbonyl（-C=O）on surface of GO possibly induced  agglomeration 
and folds of above functional groups, bringing down the effective specific surface area. Moreover, 
polymerization of GO-GO particles with the increase of absorbent dosage have obviously effect on 
absorbent. 

Wu et al[31] have researched that effect of GO dosage on absorption and indicated that the best 
adsorbing effect appeared at the dosage of GO used in 1mg/L. Graphene-based materials has better 
absorbing effect for the reason that theirs bonding sites and specific surface area utilized effectively, 
like other absorbents[32, 33]. 
3.3.Effect of contact time on adsorption  

Contact time is a matter factor of absorption for heavy mental with respect to period and costs 
increasing with its growth. Graphene has an apparent advantage of shortening equilibrium time in 
absorption because of its layer structure and large specific area. Deng et al[19] pointed out that there is a 
rapid growth of absorption amount of GNSPF6 for heavy mental ions in initial 20 minutes and then 
growing slowly in later 40 minutes ,up to equilibrium. Madadrang et al[34] has also studied   contact 
time effecting on absorption and found out that the duration time of progress of EDTA-GO composites 
materials absorbing Pb2+ and approach to equilibrium is only 20~30 minutes, much less than other 
carbon materials and absorbents [35-37]. In addition, this research has been studied that the effect of 
initial concentration of Pb2+ on equilibrium time of absorption and results shows that the period of 
attaining equilibrium were 11,15,18 min, respectively at the concentration of 10,50,100 mg/L. 
consequently, it took shorter time to reach equilibrium at lower initial concentration of Pb2+. 

Macroscopic graphene-based materials, a new carbon materials based on graphene layer, not only 
maintain physicochemical property, but also subject to control theirs microstructure and morphology. 
Nardecchiat[38] and Li[39] al el indicated that three dimensional macro-materials consist of two 
dimensional graphene layers. It is significant benefit to enlarge applications in the fields of energy, 
biology environment and others. Heretofore, the studies of graphene-based macro-materials has a 
broader development prospect in spite of being in their infancy.  

Overall, in initial stage of absorption, absorption capacity and removal efficiency increasing with 
contact time extension. And a certain time later, growth of absorption rate getting slow give rise to 
slow growth of the absorption capacity and removal till absorption reach the equilibrium. In earlier 
stage, adsorption sites of graphene-based materials has not been taken so that M2+ are absorbed to the 
surface; in final stage, absorption rate of M2+ began to flatten with decrease of absorption sites till an 
equilibrium is reached. 
3.4 Effect of initial concentration on adsorption 

In the actual situation, the concentration of heavy mental ions in waste water is varied, therefore, 
effect of initial concentration on absorption matters. Leng et al[40] studied the effect of initial 



 

concentration on absorption of Sb3+ and indicated that removal efficiency of Sb3+ increasing with 
descend of initial concentration proves addition of absorbent can be used for best result. On the other 
hand, equilibrium absorption capacity increase as growth of initial concentration. Under the condition 
of constant usage of graphene, removal efficiency of Sb3+ descend with the increasing initial 
concentration of Sb3+ while absorption is just the opposite. The underlying cause is that some of 
adsorption sites of graphene, which are not unoccupied own spare sites at lower concentration of Sb3+ , 
lead to lower capacity; with the increase of concentrate of Sb3+, absorption capacity for Sb3+ elevated 
because the adsorption sites occupied rapidly. However, Sb3+ can’t be absorbed completely due to 
electrostatic repulsion ions and that is the reason why removal efficiency declined. 
3.5. Effect of temperature on adsorption 

Temperature, one of the important factors, has real impact on chemical and physical reaction 
progress in different degree, for instance, absorption-desorption, dissolution-deposition, oxidation-
reduction. Therefore, temperature changes leads to varied absorption capacity. Some literatures[30] 
reveals that the progress of absorption of Zn2+ is a spontaneous exothermic progress, hence, adsorption 
reaction in low temperature easily process, yet others draw opposite conclusion. Leng[40] point out that 
with temperature rising up, not only active sites on absorbent surface but also diffusion rate of heavy 
ions increase. For that reason, removal efficiency of Sb3+ increase with the growth of temperature, 
further proving that absorption is endothermic reaction. It agrees well with some experimental results 
like Liu, Chandras, Zhous[29,41,42]. 

Generally, Langmuir isotherm adsorption apply to describing the graphene-based materials 
absorption of heavy mental ions well, generally. The factor of temperature on affecting absorption has 
both-side effects. With the growth of the temperature, the rate and capacity of absorption both increase; 
system energy increase as the temperature goes up. However, physical absorption that accompanied 
with energy release descend with the increase of temperature. Graphene-based materials absorption of 
heavy mental ions elevate with temperature goes up. Consequently, this reaction was classified as 
endothermic reaction. 
3.6. Effect of ionic strength on adsorption 

Effects of ionic strength on adsorption are rather complicated. In absorption progress, the 
equilibrium absorption capacity vary with the varying ionic strength [21,29,42,43], depending on the 
practical situation. Besides, ionic strength is a matter factor of not only adsorption thermodynamics 
but also adsorption kinetics. 

Sun et al [43]found that Eu3+ attached to the GONS surface is affected by ionic strength. Zhao et al 
[29,44]studied the effect of ionic strength on GONS absorption of Pb2+，Co2+，Cd2+ and reached similar 
conclusion. What is the cause that graphene-based materials is influenced by ionic strength slightly? 
The reason is possibly that inner surface complex was compounded by heavy mental ions, graphene-
based materials and theirs oxygen-containing functional groups [45].(Fig 9) 

Wang et al [30] found that GO and SiO2/graphene-based materials absorption of heavy mental ions 
improve better with growing ionic strength. Thus, they think that water molecules between heavy 
metal ions and oxygen-containing functional groups formed inner surface complex [46] (Fig 10). 

Effect of ionic strength on absorption is also limited by pH value. Liu[29] indicated that alkaline-
earth metal ions（Na+，Mg2+ ，K+ ） could compete with adsorbed Co2+ , thereby leading to 
suppression of absorption. That is reason that M/GO absorption capacity of Co2+

 becomes worse with 
the growth of ionic strength; the carboxyl（≡SOH）on surface turn to be active sites and absorbed 
Co2+ formed into single layer surface complex. Therefore, effect of ionic strength absorption on 
absorption weaken. 



 

                                      
Figure 9 Schematic of inner-sphere surface comp lexes  Figure 10 Schematic of outer-sphere surface comp 
lexes[45] 

Above all, the existence of functional groups including oxygen and nitrogen on surface of graphene-
based materials determine chemisorption as a dominant factor, despite absorption affected by pH value, 
dosage of absorbent, temperature, contact time, ionic strength. 
4. Desorption regeneration of graphene 

Both of absorption capacity and desorption capacity are optimal parameters. Ideal absorbent should 
possess not only high absorbing ability, but also recyclability. Generally, common nanomaterials used 
for desorption consists of three broad types: strong acid, metal salt and complexing agent. PH have a 
significant impact on absorption. Absorption capacity reduce because H+ compete with heavy mental 
ions for active sites of absorbent surface. For the sake of reversibility of surface absorption, 
theoretically, it is feasible to desorb the heavy mental ions absorbed on absorbent by lowering pH 
value; mental salt compete with heavy mental ions for absorption sites to remove ions from absorbent; 
complexing agent, like EDTA, react with heavy mental ions to for removal. 

Wang et al[30] adopt 0.1 mol/L HNO3,0.1 mol/L and HCl and H2O to process GO ,which absorb the 
Zn2+. And the result shows desorption efficiency of HNO3 is better, up to 91.6%. Leng[47] use 0.1 mol/ 
L EDTA to desorb Sb3+ by the complex reaction, hence, effect of desorption is better. With the 
increasing times of desorption and reabsorption, removal rate of Sb3+ is descending but remains about 
60% in five times. Deng et al [19] indicated that GNSPF6 a absorption of Pb2+ is excellent, up to 75.23% 

by using 0.001mol/L EDTA as desorption reagent after 5 times of cyclic adsorption-desorption. This 
shows that graphene remains excellent property of absorption after 5 times of cycle of absorption-
desorption. It is workable to elute heavy mental ions by using EDTA in applied treatment for 
wastewater. 

As for researches of graphene-based materials, Madarang et al[23] processed the EDTA-GO 
composites that have absorbed Pb2+ by adding HCl. And the result suggest that EDTA-GO can be used 
for desorption 10 times continually. Zhang et al indicated that the desorption process of porous 
chitosan/graphene oxide materials (CGGO) by means of HNO3 is short. And desorption rates reach up 
to 90% in 30 minutes due to surface area and porous structure of CGGO. 
5. Adsorption mechanism of graphene-Containing composite materials 

There are a lot of researches about graphene-based material absorption, functional groups and 
chemical complexity solution containing heavy mental ions. However, it is yet to exist a complete, 
specific mechanism of absorption. In existing literature, a few literatures shows a few theories to 
explain the mechanism, such as ion exchange effect, surface complexation and electrostatic 
interactions [48]. As for the removal mechanism of heavy mental ions like Pb2+,most scholar thinks 
commonly, absorption and removal of heavy mental ions caused by the complexation which combine 
with functional groups of graphene [49] as it was shown in Fig 11. 

 



 

Figure 11 Mechanism of M2+ adsorption on graphene-based materials: surface complexation[49] 
To a large extent, the reaction of graphene absorption of heavy mental ions is over by ions exchange, 

depending on the functional groups and complexation on its surface. With the growing number of 
functional groups containing oxygen, dispersion phase has stronger acidity and cation exchange 
capacity is better. Machida et al [50] indicated that the fewer functional groups there, the worse 
absorption capacity is. And the position of active sites of Pb2+ is changing from interlayer space of 
graphene to surface of ester and carboxyl groups. It shows that the active sites of carbon materials 
absorption focus on the groups containing oxygen. Some researchers[29, 47] found that the decrease of 
pH value in absorption manifest the absorption counting on ions exchange, namely, heavy mental ions 
exchange for protons of functional groups. 

  With the increase of pH value and concentration of H+, the neutral reaction of protons on 
functional groups makes the surface negative, such as –COOH transforming into −COO—. electrostatic 
interaction not only absorb the ions, but also combine with ions by means of complexation reaction. 

  Above effects in absorption is synchronizing with each other, not independently. Generally, 
absorption depends on porous of absorbent and specific surface area, particularly the absorption of 
heavy mental ions attribute to ions exchange on specific active sites. 
6. Research on absorbtion properties of cement-graphene material 

In Dalian University of Techanology, Cao ming li et al have studied on FGN used for cement based 
material.In their work, functionalized graphene nano-sheets (FGN) of 0.01%~0.05% by weight of 
cement were added to produce Cement-graphene composites in the form of mortars. Flow properties, 
mechanical properties and microstructure of the cementitious material were then investigated. The 
results indicated that the addition of FGN decreases the fluidity slightly and improves mechanical 
properties of cement-based composites significantly. The highest strength obtained with FGN 
concentration of 0.02% where the flexural and compressive strength at 28 days was 12.917MPa, 
52.42MPa, respectively. Besides, scanning electron micrographs technique showed that FGN can 
regulate formation of massive compact cross-linking structures and thermo gravimetric analysis 
indicated that FGN can accelerate the hydration reaction to increase the function of the composite 
effectively.What’s more, compared with pure cement mortars, the adsorption capacity of graphene-
cement nanocomposites for heavy metals increased. In addition, figure 12 shows that absorpbtion of 
cement-graphene composites for each single kind of heavy mental ion while figure 13 indicates that 
absorption capabilities in mixed heavy mental ions solution are in order of: Pb2+> Cu2+ >Cd2+> Zn2+; 
The removal percentage of heavy metals increased with the increase of solution pH at first and then 
decreased when pH value exceeds 7 as it was shown in Fig 14. 

  
（a）Cd （b）Pb 



 

Fig 12 absotbtion of Cement-graphene composites for each single kind of heavy mental ion 

 
 

（c）Cu （d）Zn 

 
Fig 13 absorption capabilities of cement-graphene composites for mixed heavy mental ions 
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Fig 14 effect of solution  pH value on the removal percentage of heavy metals 
 

7.Conclusions and outlook 
Graphene based-materials have great advantage of absorption capacity and high efficiency due to 

theirs large specific surface area, porous structure and abundant functional groups [51]. View from the 



 

current study, graphene-based materials that used for water treatment should have a breakup in cross-
over study, which includes chemical, environmental and material engineering. However, in order to 
take further study on mechanism and nature of graphene-based materials adsorption, I hope to 
continue to take a deep research on following orientation:(1) graphene-based materials and theirs 
derivative has an excellent absorption of heavy mental ions but theirs practical application limited by 
powder structure. Some literature describes that composition of graphene/GO with mixture of organic 
and inorganic substances have better absorption practicability; (2)Studies on removal mechanism of 
graphene-based materials are far from enough. At present, a few removal mechanism can’t explain 
that which layer in graphene play most important roles in absorption precisely, so more researches on 
graphene absorption is clearly needed. And it’s divinable that graphene-based materials in absorption 
have promising prospect in future; (3)it is rarely found the reports about graphene and there are some 
existing problems: fewer types of absorbent as well as lower desorption efficiency. In addition, it is 
proper to study on effect of temperature, ionic strength, initial concentration on absorption of other 
heavy mental ions other than ions illustrated in this paper; (4)These factors interact is still unknown 
today, such as dynamic absorption model, mechanism, interaction between the ions before and after 
adsorption and even these effect on absorption. So more in-depth research on graphene absorption is 
needed to take. And it’s divinable that cement-graphene composites in absorption have promising 
prospect in future. 
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The research will be carried out in the C3A-Gaize-CaSO4-H2O system to determine whether only 
ettringite and carboaluminate is formed, or if there is a possibility of a formation of a solid solution of 
those two phases. The examinations will be carried out under normal curing conditions and 
hydrothermal conditions. In order to monitor the hydration process SEM(EDS), XRD, DTA/TG, 
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Calcareous gaize, a rock with a high content of detrital quartz, silica and calcite, belongs to the group 
of sedimentary rocks of marine origin. In Poland, the deposits are located in the north-eastern edge of 
the Świętokrzyskie Mountains, Roztocze area (chalk) and Lublin Upland (tertiary). The studies to date 
suggest that it may be a valuable addition for the production of Portland cement. There is a lack of 
studies on the influence of Geza hydration processes of pure Portland clinker phases in the literature 
so far. Dispersed calcium carbonate, present in gaize, reacts with C3A to form sulfate resistant 
C3A·CaCO3·12H2O phase, calcite activates the hydration of alite and active silica absorbs Ca(OH)2. 
The research will be carried out in the C3A-Gaize-CaSO4-H2O system to determine whether only 
ettringite and carboaluminate is formed, or if there is a possibility of a formation of a solid solution of 
those two phases. The examinations will be carried out under normal curing conditions and 
hydrothermal conditions. In order to monitor the hydration process SEM(EDS), XRD, DTA/TG, 
conductometry and microcalorimetry laboratory techniques have been used. 
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1. Introduction 

 

Cements containing mineral additives consitute over a half of comercial cements sold in Poland [1]. 
These are mainly CEM II cements and CEM III cements (in accordance with PN-EN 197-1 standard) 
containing 5-95% of constituents other than Portland clinker. Their universality is caused by several 
factors: favourably modify hardened cement matrix, utilize industrial by-products, lower clinker 
content (thus decreasing CO2 emissions) and allow to obtain relevant economic profits by cement 
manufacturers. 

Forecast for the coming years for cement industry [1] shows systhematic growth of production, which 
in turn requires suitable amount of mineral additives. Aside from technical and quality requirements, 
transportation cost is a factor that could decide about applicability of an additive. Scientists worldwide 
are concentrated on finding new materials, available or produced locally, that might be used as a new 
mineral additive for ordinary portland cement. Due to their research, additives such as calcinated 
clays [2-4], rice husk ash [5-6] or fly ashes from fluidized bed combustion [7] are applied. 

One of the materials of interest could be calcareous gaize, a mineral abundant in supply in Poland. Its 
documented deposits are also located in France and Belgium. Gaize is a sedimentary rock of marine 
origin, incorporating calcite and silica of organic origin [10]. Polish gaize deposits are located in 
north-eastern part of Świętokrzyskie Mountains (the Cretaceous) and Lubelskie Uplands (the Tertiary). 
Its applicability as a cement constituent has been researched in 1970’s by the University of Science 
and Techology in Krakow. Authors [9-12] stated, that calcareous gaize addition to Portland cement 
causes increase in compressive strength (45% of clinker mass substiututed), increased resistance on 
sulphate corrosion and decrease of time of set, in comparison with reference cements. Such positive 
influence is caused directly by the chemical composition and physic-mechanical properties. Easily 
grindable Gaize adds finely dispersed calcite, which reacts with cement constituents since the first 
hours of hydration. What is more, Gaize contains 15% of mass of pozollanicly active silica [13-14]. 
There have been little publications on the mechanism of cement incorporating calcerous gaize 
hydration, yet there have been a significant amount on the topic of the calcite and active silica 
influence on the process of cement, or specific clinker phases, hydration process.  

Literature concerning the influence of CaCO3 on the hydration process of clinker phases and Portland 
cement is extensive and focused on few fields of study [15-39]. The first field is the influence of 
limestone addition on cement and concrete properties. Authors [15,16,19,21] indicate positive 
influence of calcite on decreasing the shrinkage of mortars, increase in the total volume of hydrated 
phases, porosity decrease and increased chemical corrosion resistance. The second aspect of research 
is the determination of calcite influence on the hydration process and the microstructure of the 
hardened cement paste. Authors [15,25-35] perceive calcite as a reactive constituent and a filler 
introducing fine grains to the system. The results of their work is not consistent, however it allows to 
draw some conclusions. Calcite is not only an inert filler, it takes part in the process of clinker phases 
hydration. CaCO3 reacts with tricalcium aluminate, especially in case of C3A-rich cements [30,34].  
Carbonates are present in a hardened cement paste as hemi- and monocarboaluminates, and some 
authors report the presence of tricarboaluminates [29,32], though to small extent. The mechanism is 
thought to be a slow dissolution of calcium carbonate in the solution and its slow reaction with 
monosulfate or hydrated calcium aluminates [25]. There is no agreement among researchers on the 
amount of calcite that could enter the reaction, abovementioned articles mention 2-3%, but higher 
results have been reported [38]. There is a lack of consent about the influence of calcite on the 



ettringite reacting into monosulfate, however greater stability of carboaluminate in respect to 
monosulfate has been confirmed. There is a number of papers on the topic of solid solutions of 
carboaluminate phases incorporating SO4

2-, CO3
2- and OH- ions. The conditions of their stability and 

mutual mixing proportions are stated [28,30,32,43]. The results [39] prove the acceleration of alite 
hydration in the presence of calcite, with CaCO3 grains characterised as regions of crystallization 
(nucleation sites). Literature overview also indicates the technological aspect of the positive influence 
of CaCO3 addition on cement grinding process. 

The increased durability of the cement matrix is also achieved by the introduction of pozzolana into 
the system. Active silica and alumina oxides combine with portlandite in the presence of water, 
yielding additional C-S-H phase. The pozzolanic reaction consumes Ca(OH)2 from the system, 
intensifying alite hydration, in accordance with the principle of the mobile equilibrium. Authors 
[14,40-42] report better properties of cements containing pozzolanic additions in comparison with 
reference Portland cements. The results [7,22] prove synergic effect between pozzolana and limestone 
additions. 

There have been no research made on the influence of gaize on pure clinker phases so far. Alite and 
trcalcium aluminate hydration with the addition of Gaize has been examined to find the cause of 
changes of phase composition of hydrating cement paste. The results will allow to optimise the 
composition of produced cements. 

 

2. Raw materials: 

Alite and tricalcium aluminate used in research were obtained in kanthal laboratory furnace. Calcium 
carbonate, silica gel, magnesium hydroxide, alumina hydroxide and sodium carbonate of analytical 
purity were used for synthesis. Loss on ignition of raw materials was determined before the 
homogenization process was carried on. Alite was obtained by mixing CaCO3 and SiO2 in 3:1 
proportions, along with the addition of alumina and magnesium oxide carriers. Afterwards, the pellets 
were formed and placed in a furnace for 6 hours at the temperature of 1450°C.  After cooling down, 
the specimens were ground and sintered again in the same conditions. The process was repeated 3 
times, after which there was no observable free lime on the X-ray pattern. Tricalcium aluminate was 
made by the synthesis of calcium carbonate and alumina hydroxide mixed in 3:1 proportions (loss on 
ignition considered) with a minute addition of sodium carbonate. Time of synthesis was 4 hours, and 
temperature was 1400°C. The operation was repeated twice. Obtained X-ray pattern did not show any 
other phases. Table 1 presents chemical composition of obtained phases and the composition of other 
raw materials used in the research. 

Table 1. Chemical composition of raw materials used (% of mass). 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O L.O.I. 
Alite 23,84 1,52 - 72,43 1,91 - - - 

C3A - 35,91 - 61,81 - - 1,99 - 

Gaize 35,82 0,92 0,37 32,04 0,27 0,13 0,07 30,19 

Gypsum - - - 32,81 - 46,58 - 20,94 

 



Four series of specimens containing different gypsum and Gaize proportions have been prepared to 
examine the influence of Gaize on the process of clinker phases hydration. Pure alite and pure C3A 
were used as reference samples. The compositions of examined binders are shown Table 2. The 
examinations were conducted on pastes. Distilled water has been used. Prior to conducting the 
experiment, alite was ground in agate mill to a specific surface of 3000 cm2/g, and tricalcium 
aluminate was ground to a surface of 2100 cm2/g, in accordance with Blaine method. Size of gaize 
and gypsum particles was <63µm. Their size distribution are given in Fig. 1. 

 

Fig. 1. Particle size distribution of the raw materials measured by laser granulometry.  

Table 2. Sample specimen composition (% of mass) 

Number C3A Alite Gypsum Gaize
1 100 - - - 
2 60 - 40 - 
3 60 - 25 15 
4 60 - 15 25 
5 60 - - 40 
6 - 100 - - 
7 - 90 - 10 
8 - 80 - 20 
9 - 90 10 - 

10 - 80 5 5 
 

The proportions of components were set to reproduce the proportions of commercially available 
Portland cements. Pastes were prepared with the constant water/binder ratio of w/b=0,8 for tricalcium 
aluminate and w/b=0,6 for alite. These proportions allowed to obtain proper consistency for sond 
homogenization of pastes. Hydration was carried out in a room temperature. Pastes were placed in 
sealed polyethylene containers until examination. The examinations were carried after 1, 3, 7 and 28 
days of hydration. The hydration was stopped by placing the specimen in a vacuum dryer, controlling 
weight loss. Phase composition was determined by X-ray diffraction with Philips X’Pert Pro using Cu 
(λ=1,54Å) lamp.  Thermogravimetric analysis was made on 1500-Q Derivatograph. The sample (ca. 
50 mg) was heated from 20-700°C with constant heating ratio of 10°/min, using air atmosphere. 
Microstructure observations and EDS chemical composition analysis were carried out with JROL 



5400 scanning electron microscope. Microcalorimetry was done with BRM differential 
microcalorimeter. Conductometric analysis was carried out with Elmetron CX-731, a multifunctional 
computer counter. 

3. Examination results 

3.1. Alite hydration 

Hydration progress examination was carried out on pastes, which after stoping the hydration were 
ground in agate mortar to grain size less than  63µm. XRD results for the sample with 20% of gaize 
are shown in the Figure 2.  It shows phase composition of samples after different hydration time. 

 

Fig. 2. XRD patterns of binder 8 (80% alite + 20% gaize). 

Alite hydration products are not clearly observable because of their semi-amorphous state. 
Comparison of X-ray diffraction patterns after different hydration periods allows to conclude that      
2Θ = 15-25° peak, characteristic for hydrated calcium silicates, is increased, while peak characteristic 
for alite fades (by 10% in respect to the reference sample). Changes in the intensity of portlandite 
peak has been observed. To explain that, differential thermal analysis has been carried out. Obtained 
DTA curves are shown in the Figure 3. 



 

Fig. 3. DTA curves for binder 8 (80% alite + 20% gaize) 

Obtained results show changes of the specimen over time. Endothermic effect occurring between 450-
500°C, connected with thermal decomposition of Ca(OH)2 changes its intensity. The amount of 
portlandite increases from 1 to 7 day of hydration. After 28 days of hydration the observable amount 
is slightly lower than for 7 days results. Weight changes connected with non-evaporable water loss is 
observed in the range of 50-250°C. The older the sample, the higher amount of chemically bound 
water in the specimen. 

Microcalorimetric results for specimens containing alite are shown in Figures 4-6. Cumulative heat 
after 72 hours of hydration for examined binders are shown in the Table 3. Water-Binder ratio was set 
to 0,6 for all the samples. 

Table 3. Cumulative heat after 72 hours of hydration [J/g] 

Number 6 7 8 9 10 
Cumulative heat 183,9 190,1 207,2 204,5 221,6 

 

 

Fig. 4. Microcalorimetric curves of binders 6, 7, and 8. 



Results showing heat liberation curves indicate active influence of gaize on the process of alite 
hydration. Gaize addition of 10 and 20% accelerates heat liberation process. With the increase of the 
amount of addition the amount of total heat liberated increases, despite sample dilution. Fig. 5 shows 
changes of heat liberation caused by introducing calcium sulphate to the system. The amount of 
addition, 10% of alite mass, allows to eliminate the effect of dilution between examined samples. 
Specimen containing gypsum clearly shows induction period, in which heat liberation decreases, with 
drastic reaction acceleration afterwards. Maximum heat flow is observed between 5 and 10 hour of 
hydration and exceeds the amount of heat liberated by the sample containing gaize. Total amount of 
heat liberated is greater by 8% than for sample containing gaize. Adding total amount of 5% of 
gypsum and gaize causes additional increase of heat lberated. Synergy of two components makes for 
the heat liberation of 221,6 J/g, an amount 15% greater than for addition of gaize alone. 

 

Fig. 5. Microcalorimetric curves for binder 7, 9 and 10. 

 



Fig. 6. Microcalorimetric curves for alite with 20% of gaize and CaCO3. 

Figure 6 shows changes in the reaction kinetics between commonly used in research (and in Portland 
cement production) calcium carbonate and gaize. The comparison was made for the addition of 20% 
of mass. Calcite used for the examination was from the same batch that the one used for synthesis. 
After the end of the induction period (about 2 hours), there is a significant difference in the heat 
liberation rates. Heat flow for the sample containing gaize, greater for the first hours of hydration, 
successively drops. Heat flow of a sample containing calcium carbonate reaches slight maximum 
between 5 and 10 hour of hydration, dropping afterwards, yet still maintaining greater values than 
sample with gaize addition. Total heat liberation after 72 hours of hydration reached 273,2 J/g, which 
represented 131% of heat liberated by the binder 8.  

Examinations of hydration kinetics are shown in the Figure 6. Water to solid constituents ratio was set 
at 50:1. The examination was carried out in 22±1°C. 

 

Fig. 6. Conductometric curves of binders 5, 6 and 10. 

Conductometric curve for the solution containing pure alite is shown with an unbroken line. After 10 
hours of hydration a characteristic slump is observed, connected with oversaturation of the solution 
with Ca2+ ions in respect to portlandite. Exceeding solubility equilibrum causes calcium hydroxide to 
precipitate. Decrease in the conductivity is a consequence of this. Adding 10% of gaize delays effect 
connected with Ca(OH)2 crystallization about an hour. It is important to notice that in the first period 
the reaction runs faster. Increased reaction kinetics causes faster alite dissolution and in turn greater 
final conductivity. Addition of gypsum intensifies alite dissolution process. In case of samples 
containing mineral additives, after precipitation of portlandite and setting a new equilibrum in the 
system, ion conductivity is higher than for a sample of pure alite. 

Binder 7 was examined with scanning electron microscope after 28 days of hydration. Broken pieces 
of cement paste sprayed with a layer of carbon was studied. Obtained image is shown in the Figure 8. 
EDS analysis results for 3 different points of the sample are shown in the Figures 9-11. The 
photograph shows a microstructure of hydrated paste with distinctive C-S-H “honeycomb” phase 
(EDS  area 2). Observed surface is evenly covered with hydration products, and area 1 (marked green) 
is of significant interest. EDS analysis shows higher carbon content, which could indicate C-S-H 
phase growth on the surface of gaize grains. Area 3 shows unreacted grain of alite. 



 

Fig. 8. SEM micrographs binder 7 

 

Fig. 10. EDS point 2 on Fig. 8 

 

Fig. 9. EDS point 1 on Fig. 8 

 

Fig. 11. EDS point 3 on Fig. 8

 

3.2. Tricalcium aluminate hydration 

Tricalcium aluminate sample preparation procedure was the same as for alite. Figure 12 showsphase 
composition changes over time for the sample containing 60% C3A, 25% gypsum and 15% gaize. 
After 7 days of hydration hemi- and monocarboaluminates are observed. It proves high reactivity of 
calcite incorporated in gaize in respect of tricalcium aluminate. It is necessary to underline that these 
phases are present from the beginning of hydration process. Aside from carboaluminates, products of 
the reaction of C3A with gypsum are present, such as ettringite and monosulfate. Distinctive peaks are 
observed for hydrated calcium aluminates from the C3A·Ca(OH)2·nH2O group. In the latter periods of 
hydration (28 days) ettringite amount increases, which is recorded by increased peaks characteristic 
for this phase. Phases created at the beginning of the hydration (C4AHn and carboalumiates) are also 
present, yielding distinctive peaks. 



 

Fig. 12. XRD pattern for binder 3 (60% C3A, 25% gypsum, 15% gaize) 

Microcalorimetric examination of tricalcium aluminate and its mixes with mineral additives were 
made with water-binder ratio of 0,8. Increased water demand was caused by greater addition and high 
water demand of gaize. The results are shown in the Figures 13-14. Cumulative amounts of heat of 
liberated after 135 hours hydration are shown in the Table 4. 

Table 4. Cumulative heat of hydration after 135 hours [J/g] 

Number 1 2 3 4 5 
Cumulative heat 713,8 333,6 651,9 709,1 558,6 

 

 

Figure 13. Microcalorimetric curves for binders 1, 2, and 5. 

Graph shown in Figure 13 presents the kinetics of reaction taking place during the first hours after 
binder is mixed with water. Fragment shows first 8 hours of hydration, since even though the 



examination was conducted for 5 days, none heat effects were detected during that time. The reaction 
of tricalcium aluminate hydration is very rapid and highly egzoenergetic. It is proven by the very large 
amount of heat liberated during the reaction. Total heat of hydration after 135 hours equals 713,8 J/g, 
however half of this amount is emitted during the first 6 hours. Samples containing mineral additives 
have shown slower process of heat liberation. Binder containing 40% of gaize yields total amount of 
heat of 558,6 J/g, which is higher by 130 J/g than it would be, concerning the dissolution effect. 
Addition of 40% of gypsum strongly inhibits the amount of the heat the sample liberates. 

 

Fig. 14. Microcalorimetric curves of binders 3 and 4. 

In case of 40% of mixed additives other thermal effects are observed over time. In the specimen 
containing greater amounts of gyspum this effect is observed after 45 hours of hydration. It is quite 
intense and short, which is represented by a smooth peak on the graph. Change in the proportions 
between gaize and gypsum causes the beginning of the effect after 20 hours of hydration. The effect is 
slower and more stretched over time. Independently of the weight proportions of mixes total heat of 
hydration, in respect to pure tricalcium aluminate, remains constant, despite of significant sample 
dilution. 

The examination of the speed of ions passing into solution as a function of conductibility was made in 
conditions identical as in case of alite. Conductometric curves of mixes containing C3A were shown in 
Figure 15. Continous line represents conductivity of a solution containing C3A. The conductivity 
rapidly increases when the sample enters the solution, and afterwards it drops at the same rapid 
manner. After an hour it stabilizes at a constant level for a long time. Sample 2 shows dramatic 
increase of conductivity at the moment of contact with water. Unlike sample 1, it lacks the 
characteristic peak corresponding to oversaturation of the solution and precipitation of a phase, it sets 
a specific value of conductivity constant over time. Sample containing 40% of gaize is similar to pure 
aluminate except the effect is less intense and more stretched over time. It demands underlining, that 
final conductivity for that sample stabilizes at much lower level. Introducing the mixture of gaize, 
gypsum and aluminates into solution causes conductivity effect to be stretched over time. The solution 
reaches the values of conductivity between the values of samples with gaize and gypsum, and in 
equilibrium it reaches the values for gaize, however reaching the equilibrium takes 4 times longer 
period. 



 

Fig. 15. Conductometric curves of binders 1, 2, 4 and 5. 

Figure 16 shows an image of a microstructure of binder 3 after 28 days of hydration. The foreground 
shows well developed, hexagonal forms. As confirmed by the EDS analysis made for area 1, these are 
hydrated calcium aluminates. Area 2 shows a fragment of more complex morpholgy. The structure is 
more dense and disrupted. Chemical analysis of this area shows, besides calcium, alumina and oxygen, 
increased amounts of sulfur, which may be caused by the presence of ettringite in this area. 

  

Fig. 16. SEM micrographs binder 3 Fig. 17. EDS point 1 on Fig. 16 



 

Fig. 18. EDS point 2 on Fig. 16 

 

 

 

 

 

 

 

 

 

 

 4. Discussion and summary 

Results of research shown above indicate that calcareous gaize affects the hydration process of 
portland clinker phases. The results of rentgenographic, thermogravimetric and calorimetric 
investigations show active role of gaize in the processes in the C3S-gaize-H20 system. The results of 
microcalorimetric examinations show that the addition of 20% of gaize increases heat of hydration in 
respect to a pure alite sample. It is connected with a greater degree of hydration of alite caused by the 
filler effect [22] (additional space available for the reaction, better grain dispersion) or, what is more 
likely, presence of fine calcite grains acting as centres of facilitated crystalization of newly created  
C-S-H phase. Another factor affecting degree of alite hydration is a presence of pozolaniccly active 
components in gaize. Active silica incorporated in gaize bonds with calcium hydroxide increasing the 
amount of C-S-H phase, which is proven by DTA examination. According to the principle of mobile 
equilibrium, decreasing amount of one substrate triggers the reaction to replenish it. Introduction of 
another component to the system, which is gypsum, additionally intensifies ongoing processes. Effect 
of synergy is clearly observable. Comparison of gaize with chemically pure calcium carbonate shows 
distinctive differences between the two. Gaize reacts faster and to a greater extent at the beginning of 
the hydration process. Conductivity curves show positive influence of additives on the rate of alite 
dissolution. Presence of gaize, gypsum or their mix causes increase in ion solution concentration and 
shorter time needed to reach that level, in respect to pure alite. It shows better solubility of alite in the 
presence of mineral additives. 

The influence of gaize on tricalcium aluminate was confirmed with XRD examinations. Calcium 
carbonate contained in gaize reacts with C3A from the very beginning of hydration, creating 
carboaluminate phases. They are stable over time in a cement paste, which in turn causes ettringite 
(created parallel to carboaluminate phases) to not turn into monosulfate over time. This reaction takes 
place when the hydrating cement system consumed all SO4

2- ions, and alumina (and calcium) ions 
created from the dissolution of tricalcium aluminate are still in the solution. Introduction of CaCO3 to 
the system, reacting with tricalcium aluminate, causes the decrease of C3A level available for 
hydration. XRD pattern of a sample prepared with addition of gaize after 28 days of hydration shows 
significant presence of ettringite.  Detailed explanation of this phenomenon will be further examined. 
The microcalorimetric curves also confirmed active participation of gaize in tricalcium aluminate 
hydration. The sum of heat liberated from the sample including gaize is greater than it would be, 



concerning the dilution effect. This additional energy comes from the heat of crystalization of 
carboaluminate phases. Further explanation of phenomena observed on the conductometric curves will 
be carried out with the means of liquid phase chemical analysis and phase analysis of hydration 
products, and will be a subject to further research. 

Carried out research proves a positive influence of gaize on the process of clinker phases hydration, 
giving premise to furher examine gaize as an active mineral additive for cement production. 
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Abstract 

The NEN7371 tests were applied to study the dissolution characteristics of Cr, Pb, Cd, Zn, As, Cu elements in fly ash, 

and discuss the effect of heavy metals on the environment. The experimental results showed that heavy metal 

components could be slowly leached form fly ash in the water environment, and the leaching amount was related to 

the type of heavy metals. With the different heavy metal, its effective content was in the range 12%~62%. Pb, Zn, As 

ions were more easily leaching in an acidic environment. According to the GB3838 "surface water environmental 

quality assessment standard", the fly ash dumps region for a long time has a greater risk of heavy metal pollution in 

an acidic environment. 

 

Originality 

This paper studied the dissolution characteristics of Cr, Pb, Cd, Zn, As, Cu elements from solid waste, and discuss 

the effect of heavy metals on the environment. (1) The contents of heavy metal elements in solid waste could not be 

ignored. Compared to the quality requirements of Class III soil of GB15618, the Cd content in FA and PS exceeded 

the standard value, and the Cr, Cd, Zn, As, Cu content in GIS was much more than the standard value. (2) The heavy 

metal components could be slowly leached form solid waste in the water environment. The effective content of Cu 

was highest, and that of As was lowest. The effective content of heavy metals in GIS was higher than that in BFS, FA, 

PS. (3) The acidic solution decreased the leachability of Cr, Cu ions, and increased the leachability of Pb, Zn, As 

ions. It has less effect of the acidic environment on the leachability of Cd ion. (4) The blast furnace slag dumps 

region for a long time had a greater risk of Cr ions, and the fly ash dumps region for a long time had a greater risk of 

Cr, Pb, Cd and Cu ions. The phosphorus slag dumps region for a long time had a greater risk of Cd and Cu ions. The 

incineration slag dumps region for a long time had a greater risk of Cr, Pb, Cd and Cu ions.  
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1. Introduction 
Rapid development of social economy and industry causes a serious pollution in soils. Fly ash is one of the 

by-products produced from the process of coal burning. China's energy structure is focusing on the thermal 

power plants. The thermal power plants use large quantity of coal to generate electricity．Meanwhile，the 

amount of fly ash from the gangue power plant increases year by year. At present, China's annual 

emissions of fly ash totals up to 400 million tons。For the emission-accumulation problem of fly ash, 

Chinese research mainly focuses on the comprehensive utilization namely the particle characteristics 

(Pingjiang Li et al., 2004), the physical properties (Jueshi Qian et al., 2002), the chemical activity (Yimin 

Chen et al., 2008), etc.  

Appearing with the environmental problems in recent years, the trace element of fly ash has becomes 

research hotspot. In addition to Si, Al, Ca and other conventional elements, fly ash contains various trace 

elements; including the poisonous, harmful heavy metal elements (Yingchen Xu et al., 1997; Qingmin 

Zhang et al., 2000). Some researchers have found that the element ion in fly ash can be dissolved in water 

(Cheng Li et al., 2004; Van der Sloot H.A. 2002; Qijun Yu et al., 2005). It would be become a new issue 

of concern that the environmental pollution was caused by the heavy metal ions leaching from fly ash in 

certain conditions (Peng Liu et al., 2002). In this paper, the content of heavy metal elements of fly ash 

form four Chinese coal-fired power plants was tested, the leaching characteristics of the heavy metal 

element was studied under different conditions, and the impact on the environment was discussed.  

2. Experiments 
2.1. Experimental Materials 
In this research, these chemical reagents was used, including nitric acid (analysis purity), acetic acid (GR), 

hydrogen peroxide (GR), hydrofluoric acid (GR), anhydrous ethanol (analysis purity), and demineralised 

water with a maximum conductivity of 150 μS/m. 

Class I fly ash came from four coal-fired power plants, its chemical composition is shown in table 1. 
Tab. 1 The chemical composition of fly ash /% 

Type of fly ash CaO SiO2 Al2O3 Fe2O3 MgO SO3 R2O loss 

F1 3.24 58.95 21.59 9.60 1.24 0.14 0.76 0.92 

F2 4.46 51.58 31.62 4.57 1.26 0.87 2.07 4.09 

F3 5.10 59.01 21.58 8.69 1.48 0.68 0.70 0.50 

F4 4.10 59.32 22.17 6.68 1.29 0.71 1.65 2.94 

2.2. Test methods 

(1)Sample digestion 

The fly ash samples were dried and grinded. (5.000±0.0001)g samples were put into 40 mL HF solution, 

and then placed on the furnace at 90℃~100℃. After the sample was dissolved completely, standing at 

room temperature for 30 minutes, then taken out and put in 100 mL measuring flask. 

(2)Quick leaching test of trace element 

The NEN7371 tests were applied to study the dissolution characteristics of Cr, Pb, Cd, Zn, As, Cu 

elements in fly ash. In this test, the liquid to solid volume ratio was 50:1, and the environment temperature 

was 20±2℃. There were two kinds of the leaching liquid, namely acetic acid buffer solution (pH=7) and 

nitric-acetic acid buffer solution (pH=4).   

(16.000±0.0001)g samples were sieved through 125μm sieve, and then put into the leaching liquid. The 

mixtures were stirred to last 6h, and then were filtered with 0.45μm filter membrane. The clear liquid were 

shifted into the volumetric flasks after acidification treatment.  

(3)Test method of heavy metal ion concentration 



With atomic absorption spectrophotometer method, the total content of Cr, Pb, Cd, Zn, Cu element in fly 

ash was determined. With atomic fluorescence spectrophotometer method, the total content of As element 

in fly ash was determined. 

With atomic absorption spectrometry method, the content of Cr, Pb, Cd, Zn, Cu, As element among the 

solution was determined.  

3. Results and discussion 
3.1. The total content of heavy metals in fly ash 

The total content of heavy metals in waste shows directly impact on the ecological environment. The total 

content of heavy metals in fly ash were calculated and shown in Table 2. From table 2, it could be found 

that the contents of heavy metal elements in fly ash could not be ignored.  

Compared to the quality requirements of Class III soil of GB15618 "environmental quality standard for 

soils", total Cd content in fly ash was much more than the standard value. Fly ash will cause harm and 

pollution to the surrounding environment if measures are not taken. 
Tab.2 The total content of heavy metals in fly ash / mg/kg 

The total content 
Type of fly ash 

Cr Pb Cd Zn As Cu 

F1 45.22 210.0 32.54 185.2 36.01 96.62 

F2 211.4 152.8 48.87 93.75 6.355 128.0 

F3 98.84 82.30 45.47 200.6 18.56 83.92 

F4 132.3 196.7 22.94 146.5 25.56 109.3 

average 121.9  160.5  37.46  156.5  21.62  104.5  

GB15618（Class III） ≤300 ≤500 ≤1.0 ≤500 ≤40 ≤400 

3.2. The soluble content of heavy metals in fly ash  

Contents of heavy metal elements in industrial waste can be divided into the total content and soluble 

content, the latter is often called "the effective content". The NEN7371 leaching method can be used to test 

the effectively release content of inorganic component in particulate materials or waste under extreme 

environmental conditions. This method can reflect the possible release amount of heavy metal component 

in long service concrete, so this method was applied to evaluate the environmental safety of building 

materials in EU. 

With NEN 7371 test method, the soluble content of Cr, Pb, Cd, Zn, As and Cu element in fly ash was 

determined and shown in Table 3. The test results showed that the soluble content of heavy metals in fly 

ash was far less than the total content for corresponding. From figure 1, the effective content of Cu, Cd, Cr, 

Zn, Pb and As elements are respectively 65.8%, 53.9%, 48.9%, 31.5%, 11.7%, 7.2%. 
Tab.3 The soluble content of heavy metals (ph=7) /mg/kg 

The soluble content 
Type of fly ash 

Cr Pb Cd Zn As Cu 

F1 22.05  22.75  17.60  55.52  4.80  64.40  

F2 77.50  17.15  20.50  24.36  - 78.50  

F3 69.25  16.60  25.83  62.56  0.35  58.73  

F4 52.85  9.20  14.40  56.68  1.60  71.27  

average 55.41  16.43  19.58  49.78  2.25  68.23  



3.3. The effect of acidic condition on the leaching of heavy metals 

It has significant influence of the pH value on the leaching of heavy metal ion. Some researchers 

(Kazuyuki S. et al., 2008) had found that some heavy metal ions would decrease the leachability at higher 

pH solution. The reason may be was the decrease of soluble, or the formation of insoluble phase and the 

reprecipitation in solution. 

In this research, the leaching characteristics of heavy metals of fly ash in the acid condition (pH=4) were 

studied. The experimental results were shown in figure 2. Compared with the soluble content of heavy 

metals in pH=7 leaching liquid, the soluble content of Cr and Cu in pH=4 leaching liquid was lower, and 

the soluble content of Pb, Zn, As in pH=4 leaching liquid was higher. The test results show that acidic 

solution decreased the leachability of Cr, Cu ions, and increased the leachability of Pb, Zn, As ions. It has 

less effect of the acidic environment on the leachability of Cd ion. 
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Figure 1 the effective content of heavy metals Figure 2 Effect of acidic solution on the leaching of ions 

4. Environmental impact analysis 
How to evaluate the environmental hazards of heavy metals? The researchers adopt various methods, such 

as the total content method, the simulation test method, the environmental geochemistry method, the 

chemical speciation method and the indicator plant method etc.  

It is not reasonable to evaluate the influence of solid waste on the ecological environment using the total 

content method. Obviously, although the total content of heavy metals in solid waste is higher, the solution 

content maybe is lower. If heavy metal ions in solid waste are inactive, namely not into the recycling 

ecosystem, so these heavy metals are harmless to the environment. In a word, it is reasonable to evaluate 

the environmental impact analysis using the solution content method. The heavy metal ions concentrations 

of leaching liquid were detected during the testing process in the soluble content of fly ash. The results 

were showed in Table 4.  
Tab.4 The heavy metal ions concentrations of leaching liquid (pH=7) / mg/L 

The Leaching concentration 
Type of fly ash 

Cr Pb Cd Zn As Cu 

F1 0.441  0.455  0.352  1.110  0.096  1.288  

F2 1.550  0.343  0.410  0.487  - 1.570  

F3 1.385  0.332  0.517  1.251  0.007  1.175  

F4 1.057  0.184  0.288  1.134  0.032  1.425  

GB5085.3  ≤15 ≤5 ≤1 ≤100 ≤5 ≤100 

GB3838 Class V ≤0.1 ≤0.1 ≤0.01 ≤2.0 ≤0.1 ≤1.0 



According to the relevant requirements of GB5085.3 "identification standard for hazardous wastes - 

identification for extraction toxicity ", the leaching ion concentrations of Cr, Pb, Cd, Zn, As, Cu in fly ash 

were lower than the standard limit. This shows that the fly ash is not dangerous waste.  

Under certain conditions, the effective contents of heavy metal in fly ash are dissolution. According to the 

technology requirements of Class V in GB3838 “environment quality standard for surface water", the 

maximum solution amount of Cr, Pb, Cd, Cu ions in fly ash exceeded the upper limit of Class V surface 

water except that of Zn, As, and the maximum solution amount of Cr, Pb, Cd, Cu,As ions in fly ash under 

acidic conditions exceeded the upper limit of Class V surface water. The fly ash dumps region for a long 

time has a greater risk of heavy metal pollution, especially in an acidic environment. 

5. Conclusions 
Heavy metal components could be slowly leached form fly ash in the water environment, and the leaching 

amount was related to the type of heavy metals. With the different heavy metal, its effective content was in 

the range 12%~62%. The effective content of Cu is the highest, and the effective content of As is the 

lowest. 

Pb, Zn, As ions were more easily leaching in an acidic environment. Acidic solution decreased the 

leachability of Cr, Cu ions, and increased the leachability of Pb, Zn, As ions. It has less effect of the acidic 

environment on the leachability of Cd ion. 

The fly ash dumps region for a long time has a greater risk of heavy metal pollution, especially in an acidic 

environment. 
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Abstract 
Owing to environmental and commercial pressures the constitution of Portland cement formulations is 
changing towards having higher aluminosilicate contents. Mainly these changes are achieved by 
adding fly ash, slag, etc. to Portland cement. But as the chemistry of the paste fraction changes, the 
hydrate mineralogy also changes and thus affects the internal evolution of pH. Phase development in 
the CaO-Al2O3-SiO2-H2O system has been studied by isothermal equilibration of ~70 compositions and 
mixtures of relevant crystalline phases at 20 – 85 °C. The pH of coexisting aqueous phases has been 
monitored. Data are shown as a series of isothermal phase assemblage. The pattern of phase 
occurrence and compatibility may contain metastable but persistent phases. Lowering of pH at high 
aluminosilicate contents and the long term effect on durability of cement-steel composites are 
discussed. 
 
Originality 
Isothermal equilibration of multiple compositions generated from a variety of starting reactants 
including gels and crystalline phases have been employed. Data are assembled into a generic 
approach which should be easily accessible and enable pH evolution to be predicted. The results are 
used to predict the passivation of embedded steel. 
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1. Introduction 
Much research is currently directed to reduce the environmental impact of cement production 

and use by reducing the cement content of concrete. Supplementary cementitious materials 

(SCM’s) are added such as fly ash, calcined clay and slag. These SCM’s are variable in 

composition but generally have less CaO and more Al2O3 and SiO2 than Portland cement. As 

SCM’s react and the binder chemistry changes, the hydrate mineralogy also changes but with 

largely unknown consequences to the evolution of internal pH. Reaction of SCM’s with 

cement is slow and the extent of change is not always revealed in the course of short- term 

tests of a few years duration. 

Much is known about the mineralogy of Portland cement but blended cements present a 

challenge on account of their complex hydration reactions and reaction kinetics (De Silva & 

Glasser, 1993). Most relevant studies on the properties of blended systems focus on the 

impact of specific SCM’s on the mechanical properties and durability. Generic knowledge 

about fundamental relations between bulk composition and the hydrates formed, as well as 

their impact on the long-term development of system properties is inadequate (Lothenbach, 

Scrivener, & Hooton, 2011). 
Equilibrium studies have proven to be a fruitful approach to modelling the properties of 

cementitious systems. Several thermodynamic databases for cement minerals compiled from 

solubility data of cement phases have been published, e.g., (Atkins et al., 1992; Bennett, Read, 

Atkins, & Glasser, 1992; Blanc, Bourbon, Lassin, & Gaucher, 2010a; Blanc, Bourbon, Lassin, 

& Gaucher, 2010b; Blanc, Bourbon, Lassin, & Gaucher, 2010b; Damidot & Glasser, 1993; B. 

Lothenbach & Winnefeld, 2006; Lothenbach, Matschei, Möschner, & Glasser, 2008;  

Matschei, Lothenbach, & Glasser, 2007; Matschei & Glasser, 2010). However, the reliability 

of models depends on the accuracy and completeness of databases. And, owing to the 

metastable persistence of some phases, like C-S-H, it is also important to include in 

calculations phases which are known to be metastable but persistent. 

Elucidation of the mineralogy of hydrated cement paste has been greatly assisted by the 

application of materials science which enables better characterisation of fine- grained solids. 

The relation between phases is assisted by depicting the data on phase diagrams (Gibbs, 1961; 

Gibbs, 1961; Winter, 2001). However diagrams need to be specially constructed so as to 

identify and focus on key variables.  Properly used, these diagrams  enrich our 

understanding of property- composition relationships and establish generic relations between 

chemistry, mineralogy and properties such as pH    

This paper present a summary of studies of the phase development in the 

CaO-Al2O3-SiO2-H2O system cured at 20 - 85 °C (Okoronkwo, 2014). The progresses 

towards elucidating the mineralogical evolution mainly by isothermal equilibration of 

multiple compositions from variety of reactants are described. 

2. Experimental 
About 70 different bulk compositions were generated using a variety of starting reactants. The 

various starting materials employed in this study include: 

 Lime – metakaolin – water 

 Lime – aluminosilicate gel – water 
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 Lime – calcium aluminosilicate glass – water 

 Direct reaction on selected isotherms of phase mixtures in known ratios of 

pre-synthesized phases such as strätlingite, hydrogarnet solid solution and C-S-H 

 

The compositions used are projected on the ternary diagram in Figure 1. The various mixtures 

were reacted at 20, 55, and 85 °C. The solid products were sampled at monthly intervals up to 

about 12 months, dried over silica gel and characterized by X-ray powder diffraction, XRD, 

complimented by SEM, FTIR and/ or TG/DTA. 

Mineralogical examinations of dried solids were by XRD using a Bruker D8 Advance X-Ray 

powder diffractometer with CuKα radiation. The angular scan was between 5 – 45 °2θ with a 

step size of 0.02 and count time of 1 second per step. XRD patterns were collected at ~20 °C. 

The morphology of selected samples was examined with a Hitachi S-520 Scanning Electron 

Microscope. DTA/TG data were collected with a Stanton Redcroft STA-781 simultaneous 

thermal analyser. Previously dried samples were heated at the rate of 10 °C/min from 20 °C to 

1000 °C in a flowing N2 atmosphere. Infrared spectra of samples were either collected by the 

Attenuated Total Reflection (ATR) method with a Nicolet IR100 Spectrometer or PerkinElmer 

UATR. Both spectrometers were equipped with a diamond cell. Measurements were collected 

in the mid-infrared region 400 - 4000 cm-1 at a resolution of 4 cm-1.  

The results representing the most persistent assemblage obtained for each sample are 

reported. 

       

Figure 1: Bulk compositions of the some of the reactions mixtures used in the title study projected on 

the CaO-Al2O3-SiO2-H2O ternary. Dark purple dots represent reaction bulk compositions 

3. Results and discussion 

The details of the XRD patterns, SEM micrographs TG/DTA and IR patterns of solid products 

(Okoronkwo, 2014) will be published subsequently. The present state of knowledge 

concerning the phase development in the CASH system at 20, 55 and 85 °C are summarized 
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here.  
The chemographic projections of the observed phase assemblage in the lime 

-alumina-silica-water systems (CASH) at 20, 55 and 85 °C are shown in figure 2: (a) represents 

the observed phase assemblage obtained at 20 °C when AFm is stabilized by almost universal  

minor CO2 contamination, but in the absence of CO2 and at >8 °C, the assemblage is believed to 

best described by figure 2b (observe the rearrangement of the sections A,B,C,D,L,M to sections 

numbered 1,2,3,4,5,6); (c) and (d) represent observed phase assemblages at 55 and 85 °C 

respectively.  

Some of the interesting observations includes the role of silica and temperature: at low 

temperatures, high silica content favours the formation of strätlingite, a siliceous AFm-type 

phase, but this phase is progressively destabilized at high temperatures such that it no longer 

coexists with C-A-S-H at ~55 °C, (figure 2c), but only occurs in aluminosilica-rich 

compositions such as the region marked HI in figure 2c. A noteworthy feature is that strätlingite 

and portlandite, Ca(OH)2, are incompatible phases. As temperature increases further, to 85 ºC, 

strätlingite becomes unstable and is replaced in part by gismondine-Ca at ~85 °C (Figure 2d). 

 

In figure 2, broken and dashed lines show respectively coexisting solids and tie lines while light 

upward diagonal patterns show coexisting gels. The heavy black line shows the composition of 

siliceous hydrogarnet solid solutions starting at C3AH6 and treating the range of solid solutions 

as continuous (Okoronkwo & Glasser, 2015b). The system is assumed to be water-saturated and 

the aqueous phase contains mainly OH anions, i.e., excluding carbonate and sulfate, neither of 

which is particularly soluble in the coexisting pore fluid. Strätlingite corresponds to C2ASH8: it 

has an essentially fixed composition and at realistic concentrations does not admit sulphate into 

its structure although some carbonate may substitute at low temperatures, 20°C or less. . 

OH-AFm represents the C4AHx phase. Alternating regions of two and three solid phases are 

lettered and single phase gel regions are shaded. The diagram is a compromise between phase 

equilibrium and observation, which shows that certain metastable features need to be included 

to describe the observations. Nevertheless the diagram looks like a proper phase diagram and 

the observed phase distributions permit supplementary constructions to be made and used in the 

same way as if equilibrium were depicted. The coexisting phases in the regions labelled in 

figure 2 are summarised in Tables 1 – 3.  

Two gel regions had been identified as shown in figure 2a: an alumina-substituted calcium 

silicate hydrate based gel (C-S-H based gel, or CASH), and a calcium-substituted aluminium 

silicate hydrate based gel (A-S-H based gel). The proposed boundaries limiting the chemical 

compositions of these gels are shown in figure 2. These are summarized as follows with respect 

to the gel phases. 

 A C-S-H based gel (alumina-substituted): with the compositional range 0.72 < 

CaO/SiO2 < 2.0 and 0 < Al2O3/SiO2 < 0.1 occurs at all temperatures. The gel is 

homogeneous in the range 0.72 < CaO/SiO2 <1.6 but probably includes intercalated 

nanoscale CH to achieve compositions in the range 1.6<CaO/SiO2<2.0 (figure 2a). 

Data on the compositional extent of this gel have been harmonized with those from 

(Garcia-Lodeiro, Palomo, Fernández-Jiménez, & Macphee, 2011; Pardal, Pochard, & 

Nonat, 2009; Yu, Kirkpatrick, Poe, McMillan, & Cong, 1999). 

 An A-S-H based gel (calcium-substituted, alkali-free system): with designated limits 
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project on the calcium-silica boundary at ~ 0<CaO/SiO2<0.05 and on the 

silica-alumina boundary at ~ 0<Al2O3/SiO2<1.5, with an upper limit of calcium 

substitution increasing to CaO/SiO2 ~0.3 at Al2O3/SiO3~0.25: afterwards, the amount 

of Ca which can be incorporated gradually decreases with increasing alumina content 

of the gel (figure 2a). Data of the present study have been harmonised with those of 

(Bennett et al., 1992; Berner, 1988; Chen, Thomas, Taylor, & Jennings, 2004; 

Garcia-Lodeiro et al., 2011; Harris, Manning, Tearle, & Tweed, 2002; and Jennings, 

1986). 

 

The corresponding projections of phase assemblage in the CASH system at 20 - 85 ⁰C are 

compared in Figure 2. 
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Figure 2: Comparison of observed phase assemblages in the CASH system (months to a couple of years) 

at 20, 55 and 85 °C: A-M, AI-LI and AII-KII letters represent phase regions containing coexisting phases 

at 20, 55 and 85 °C respectively ( see Tables 1 - 3). 

 

Table 1 : Lettered phase regions and the coexisting phases obtained at 20 °C 

Phase region in figure 2(a) Coexisting phases 
A Portlandite; OH-AFm; {C-S-H + CH} based gel (C/S=2.0);  

B OH-AFm; {C-S-H + CH} based gel (1.6<C/S<2.0) 

C OH-AFm; C-S-H based gel (1.35<C/S<1.6) 

D OH-AFm; C-S-H based gel (C/S~1.35); strätlingite 

E strätlingite; C-S-H based gel(0.8≤C/S≤1.35) 

F strätlingite; C-S-H based gel(C/S ~0.8); and A-S-H based gel 

(C/S~0.3, A/S~0.25) 

G C-S-H based gel(C/S ~0.8); and A-S-H based gel (C/S<0.3, A/S<0.25)

H Strätlingite; A-S-H based gel ( 0.25<A/S<1.5) 
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I Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); strätlingite; and 

A-S-H based gel (A/S~1.5) 

J Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); A-S-H based gel 

(A/S~1.5) and alumina 

K Hydrogarnet solid solution C3ASxH6-2x ( x<0.45); alumina 

L OH-AFm; hydrogarnet solid solution C3ASxH6-2x ( 0≤x≤0.45);   

M OH-AFm; hydrogarnet solid solution C3ASxH6-2x ( x~0.45); strätlingite

Numbered sections in Figure 2(b) 
1 Portlandite, hydrogarnet solid solution, C3ASxH6-2x; x< 0.45 

2 Portlandite; hydrogarnet solid solution C3ASxH6-2x ( x~0.45); {C-S-H 

+ CH} based gel (C/S~2.0) 

3 {C-S-H + CH} based gel(1.6<C/S<2.0); hydrogarnet solid solution 

C3ASxH6-2x ( x~0.45); 

4 C-S-H based gel (1.35<C/S<1.6); hydrogarnet solid solution 

C3ASxH6-2x ( x~0.45) 

5 C-S-H based gel (x~1.35); hydrogarnet solid solution C3ASxH6-2x 

( 0.45≤x≤1); strätlingite 

6 Hydrogarnet solid solution C3ASxH6-2x ( 0.45≤x≤1); strätlingite 

In cement notations: C=CaO, A= Al2O3, S=SiO2, H= H2O. Ratios are molar 
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Table 2 : Lettered phase regions and the coexisting phases obtained at 55 °C 

Phase region in figure 2(c) Coexisting phases 
AI Portlandite, hydrogarnet solid solution, C3ASxH6-2x; x< 0.45 

BI Portlandite; hydrogarnet solid solution C3ASxH6-2x ( x~0.45); {C-S-H 

+ CH} based gel (C/S~2.0) 

CI {C-S-H + CH} based gel (1.6<C/S<2.0); hydrogarnet solid solution 

C3ASxH6-2x ( x~0.45); 

DI {C-S-H + CH} based gel (0.8<C/S<1.6); hydrogarnet solid solution 

C3ASxH6-2x ( 0.45≤x≤1) 

EI Hydrogarnet solid solution C3ASxH6-2x ( x~1); C-S-H based gel(C/S 

~0.8); and A-S-H based gel (C/S~0.3, A/S~0.25) 

FI Hydrogarnet solid solution C3ASxH6-2x ( x~1); strätlingite; and A-S-H 

based gel (C/S~0.3, A/S~0.25) 

GI C-S-H based gel(C/S ~0.8); and A-S-H based gel (C/S<0.3, A/S<0.25)

HI Strätlingite; A-S-H based gel ( 0.25<A/S<1.5) 

II Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); strätlingite; and 

A-S-H based gel (A/S~1.5) 

JI Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); A-S-H based gel 

(A/S~1.5) and alumina 

KI Hydrogarnet solid solution C3ASxH6-2x ( x<0.45); alumina 

LI Hydrogarnet solid solution C3ASxH6-2x ( 0.45≤x≤1); strätlingite 

In cement notations: C=CaO, A= Al2O3, S=SiO2, H= H2O. Ratios are molar 
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Table 3 : Lettered phase regions and the coexisting phases obtained at 85 °C 

Phase region in figure 2(d) Coexisting phases 
AII Portlandite, hydrogarnet solid solution, C3ASxH6-2x; x< 0.45 

BII Portlandite; hydrogarnet solid solution C3ASxH6-2x ( x~0.45); C-S-H 

based gel  (C/S~1.6) 

CII C-S-H based gel (0.8<C/S<1.6); hydrogarnet solid solution 

C3ASxH6-2x ( 0.45≤x≤1) 

DII Hydrogarnet solid solution C3ASxH6-2x ( x~1); C-S-H based gel(C/S 

~0.8); and A-S-H based gel (C/S~0.3, A/S~0.25) 

EII Hydrogarnet solid solution C3ASxH6-2x ( 0.45≤x≤1); A-S-H based gel 

(C/S~0.3, A/S~0.25) 

FII Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); gismondine; A-S-H 

based gel (C/S~0.3, A/S~0.25) 

GII C-S-H based gel(C/S ~0.8); and A-S-H based gel (C/S<0.3, A/S<0.25)

HII gismondine; A-S-H based gel ( 0.25<A/S<1) 

III Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); gismondine; A-S-H 

based gel (A/S~1) 

JII Hydrogarnet solid solution C3ASxH6-2x ( x~0.45); A-S-H based gel 

(A/S~1) and alumina 

KII Hydrogarnet solid solution C3ASxH6-2x ( x<0.45); alumina 

In cement notations: C=CaO, A= Al2O3, S=SiO2, H= H2O. Ratios are molar 

 

3.1. Long term evolution of the phase assemblages  
It is known that with time, poorly- ordered C-S-H gel, either with and without Al, is 

transformed first into a nanostructured gel containing motifs like those of jennite and 

tobermorite and, subsequently, as activation energy barriers to crystallization are overcome, 

the relevant stable crystalline phase or phases form. As thermodynamic stability is approached 

the solids remain in equilibrium with an aqueous phase, the pH of which decreases. This drop 

in pH is foreshadowed by examples in the literature for example by (Glasser & Hong, (2003), 

as occluded CH in C-A-S-H gel is consumed and its Ca/Si ratio decreases. C-(A)-S-H,  

crystallizes to mixtures of phases: in order of decreasing silica content and at <100 °C these 

phases are gyrolite (2CaO.3SiO2.2H2O), tobermorite group (xCaO.SiO2.yH2O with variable x 

and y giving rise to C-S-H(I), (possibly also including plumbeirite, tobermorite, and 

riversideite), xonotlite [Ca6(Si6O17)(OH)2], jennite [6CaO.4SiO2.3H2O] and afwillite 

[Ca3(SiO2OH)2.2H2O],  depending on bulk composition (Glasser & Hong, 2003; Heller & 

Taylor, 1956; McConnell, 1953; Taylor, 1950).   

Recent work by Jackson et al., (Jackson et al., 2013; Jackson, Moon et al., 2013), and (Elsen, 

Cizer, & Snellings, 2013) have shown 2000-year-old Roman concrete immersed in sea water 

had crystallized to Al-tobermorite. In this example, sea salts with alkali and minor anions may 

also influence the phase assemblage but the overall major changes, such as replacing 

“ordinary” AFm by Friedel’s salt are believed to follow the same trends as are predicted from 

laboratory studies. 

On the other hand, silica gel and cognate compositions might occur in the course of Ca 
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depletion. This gel is amenable to substitutions leading to formation of the gel of structure 

type ‘X’-A-S-H; where ‘X’ is Ca or alkali such as sodium (Garcia-Lodeiro et al., 2011; Yip, 

Lukey, & van Deventer, 2005).  Thus the A-S-H gel of the title study is believed to be 

chemically related to the gel type which is identified in “geopolymers”. At normal 

temperatures, ca 20 °C, this gel or gels are found coexisting with crystalline phases in the 

CASH system within experimental observation of a few years duration but in the longer term 

more general crystallization can occur. A naturally occurring amorphous-to-paracrystalline 

allophane precursor is also known to form readily at room temperature (Mon, Deng, Flury, & 

Harsh, 2005) and silica rich gels have been shown to transform with time to a crystalline 

imogolite analogue at low temperature and ambient pressure (Levard et al., 2009). Crystalline 

silica polymorphs such as quartz are commonly prepared at high temperature under 

hydrothermal conditions although crystalline silica similar to quartz has been synthesized at 

room temperature in the presence of intrasilica bio-extracts (Perry & Keeling-Tucker, 1998) 

and crystalline silicalite-1, a low density polymorph of silica, has been shown to form at room 

temperature (Liang et al., 2011). Thus these phases cannot be excluded as long term products 

but if they occur, are most likely to develop in Ca- depleted compositions.  

Assuming gels eventually transform to the corresponding crystalline phases, in the long term, 

the phase assemblages in figure 2 will change to resemble that depicted in figure 3. These 

latter models contain some assumptions and uncertainties: although not included in Fig 3, we 

expect that a number of zeolite phases may form in the long-term. Zeolite structures are often 

templated and the formation of metastable precursors is common, so these occurrences do not 

necessarily represent equilibrium. Results presented by (Okoronkwo, 2014) suggest that 

gismondine-Ca may be stable at temperatures < 85°C but for kinetic reasons does not reliably 

crystallize. 

Phases marked with asterisks such as gyrolite, xonotlite, jennite, afwillite, kaolinite, halloysite, 

dickite, nacrite, allophane and imogolite (in figure 3) have not, however, been obtained from 

reaction mixtures of the title study. Their possible formation requires further investigation, 

especially in the high alumina-silica composition region and amongst the phase fields (figure 

3) bounded by tie lines comprising of dots and broken lines  
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  (a)  

  (b)  

11 
 



 

  (c)  

 

Figure 3: Long- term phase development of phase assemblages in the CASH system (several years) at 

(a)20 °C; (b)55 °C; (c)85 °C: the occurrence of phases marked with asterisks is speculative. 

 

3.2. Aqueous pH variations and implications for steel passivation 
After about 3 months of curing at ~20, 55 and 85 °C, the pH of solids in contact with their 

supernatant solution were measured at 20 °C. Figure 4 shows the variation of pH with 

CaO/(Al2O3 + SiO2) (molar ratio) of key reaction mixtures. Results show that the pH of the 

system remained high, in excess of 11, for samples cured at ~20 °C, even in phase regions 

where the CH buffer would no longer be expected to operate. This high pH has been reported 

in previous works (Lothenbach, Le Saout, Ben Haha, Figi, & Wieland, 2012; Lothenbach, 

Rentsch, & Wieland, 2014). It is believed that the high pH actually results from the metastable 

persistence of CH. However, the values of pH of phases, formed at 85 °C but measured at 25 

°C, are free from artifact portlandite and are correspondingly much lower: the phase 

distribution is believed to be close to the equilibrium pH. At CaO/(Al2O3 + SiO2) < ~1.5, 

when the CH buffer has been removed and C-S-H depleted in Ca, the aqueous  pH falls 

below ~10.5. The implications of declining pH on the durability of cement-steel composites 

are discussed below. 
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Figure 4 : pH of samples measured at ~20 °C for samples initially cured at (a) ~20, (b)55 and (c)85 °C 

for  3 months: CMK-20 represent samples generated from a mixture of CaO and metakaolin as the 

starting reactants; CAS_20 values are obtained from samples generated from  mixtures of Ca(OH)2 

and aluminosilicate gel. The shaded ring shows the approximate composition of plain Portland cement 

composition. 

3.2.1. Consequences of high SCM substitution in cement –steel composites 
The hydration of commercial Portland cement generates free portlandite, Ca(OH)2, which is 

slightly soluble and is depended upon to maintain a high internal pH within the paste. Of 

course other phases contribute to high pH such as calcium rich C-S-H but in a more complex 

manner. This high internal pH is believed spontaneously to form a protective spinel- like layer 

on embedded steel leading to its long- term passivation and hence the durability of concrete- 

steel composite construction. The persistence of the spinel layer, which is essentially a solid 

solution between Fe3O4 and γ Fe2O3, is defined by a regime of temperature, pH and Eh (the 

oxidation- reduction potential), chemistry and component activity (Glasser, 2014).  

On the other hand, high replacement levels of reactive aluminosilicate supplementary 

materials will, with ongoing reaction, deplete the paste of free portlandite while the high ratio 

C-S-H is depleted in Ca with the result that its buffering pH decreases. At high SCM 
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substitutions, and as reaction between cement and SCM’s progresses, the pH of the cement 

paste decreases: the protection afforded by the passivating layer is lost and the corrosion state 

of steel passes from a regime of passivation to one of active corrosion. The boundary between 

regions of corrosion and passivation is not sharp but is generally accepted as being in the pH 

range ~ 10.5 -11. However other factors such as access of oxygen to the steel, loss of high 

internal pH as may be achieved by cement leaching, carbonation, and penetration of 

aggressive agents, e.g., chloride, to the steel-cement interface can also contribute to 

destabilizing the passivating layer to varying degrees The current state of knowledge of the 

interplay between these factors has been described by (Galan & Glasser, (2014). Some of 

these factors are not readily controlled but one factor- formulation of the cement paste 

fraction- can be specified. And it is here that danger arises that too much SCM is added such 

that passivation is lost with time, as the SCM reacts.   

Thus despite the many kinetic uncertainties about the length of time taken, high levels of 

replacement of cement by aluminosilicate – rich supplementary materials are likely to 

endanger the corrosion protection normally afforded to steel by the high pH of plain Portland 

cement. Diagrams presented here can be used to decide if potential hazard exists by 

recalculating composition data to fit the diagrams presented here and determining the 

equilibrium pH.  If data are also available on the kinetics of reaction of the SCM with 

Portland paste, it may also be possible to estimate the time taken to achieve the transition 

between regimes of passivation and corrosion.  

However one additional caution needs to be added. Slag is often used as an SCM and here 

special considerations apply. First, slag contains magnesium oxide. Although the total Mg 

may not look much on a weight basis it is much more significant on a weight basis. The Mg 

reacts preferentially with alumina forming hydrotalcite-like phases with the result that the 

amount of strätlingite predicted using data for the Mg-free system may not be achieved. Thus 

the diagrams presented here are not necessarily good predictors for the mineralogical 

evolution of high replacement level slag blends. However, and with regard for its contribution 

to high pH buffering reserve, hydrotalcite does not achieve sufficient pH to protect and 

passivate steel. The second consideration is that iron blast furnace slag contains sulfide sulfur, 

the role of which on corrosion is not known. 

  

Conclusions 
Experimental results describe the evolution of phases in the CASH system. Kinetics is a 

limiting factor in attaining the long term phase assemblage. Progress is described in 

elucidating the direction of equilibrium and it is concluded that systematic and generic 

patterns can be established. Moreover, equilibrium between solids and coexisting aqueous 

phase (s) is relatively rapid so the internal pH can also be predicted. These predict a rapid 

decline of internal pH once Lime- rich C-S-H and portlandite have reacted. 

The major crystalline phases formed at short-term at 20 and 55 °C include portlandite, 

hydrogarnet solid solution, strätlingite and gibbsite. At 85 °C,  phases  forming include 

portlandite, hydrogarnet solid solution, gismondine and alumina in the form of gibbsite or 
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boehmite. Gels continue to coexist with crystalline phases. Two types of gel are described, one 

calcium silicate based, the other alumina-silica based.  

The extent to which results can be applied to Portland based cements is conjectural. We also 

have to take into account the presence of other components. Sulfate is particularly important in 

this respect: at low temperatures, it stabilizes AFm and AFt phases and correspondingly 

destabilizes Si-free hydrogarnet although the more siliceous hydrogarnet members, as are likely 

to form in blends, persist (Okoronkwo & Glasser, 2015a). The impacts of sulfate are not 

addressed here in detail but relevant data are presented elsewhere (Okoronkwo, 2014).  

In assessing the passivation offered to embedded steel, in practice the persistence of Ca(OH)2 

often continues to condition high pH. But this persistence is metastable and cannot necessarily 

be relied upon to provide passivation especially given that other reactions such as carbonation 

are also acting to consume Ca(OH)2 . Thus high replacement levels of cement by SCM’s need to 

be assessed for potential damaging reductions of internal pH.  

The patterns of mineral assemblage described are believed to enrich our understanding of 

hydrate phase compatibility in relevant cement systems and demonstrate that concern exists 

about the evolution of mineralogy and pH in applications where cement is used in warm 

service conditions, for example in wet hot climates or in heat generating nuclear waste 

repositories  
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Abstract 
This paper presents a comprehensive approach to study calcareous fly ashes in composite cements. Fly ashes are 
difficult to characterize due to their complex microstructure and the presence of multiple glass phases. A new approach 
to treat Scanning electron microscopy EDS data was used to quantitatively characterize different glass populations in 
raw fly ashes and to follow their reaction in hydrating composite cements. We propose to subdivide the glasses in four 
main populations: silicate, Ca-silicate, Al-silicate, Ca-Al-silicate. The amounts, compositions and degree of 
consumption of these populations present in two fly ashes were correlated with the hydrate assemblage of the hydrating 
Portland-fly ash pastes measured by XRD-Rietveld and the resulting compressive strength of corresponding mortars. 
The investigation of the two calcareous fly ashes showed that they contained very different amounts of the glass 
populations. Each of these populations reacted at different rate, which affected the reactivity of the fly ash as a whole. 
Silica-rich phases did not react almost at all, which was an important observation for CFA2, containing around 20 
vol.-% of these phases. In CFA1 silica-rich phases were only a minor component. The Al-silicate and the Ca-silicate 
phases reacted at a moderate rate; around 50 % reacted after 90 days. These phases dominated in CFA1 (80 vol.-%) 
but accounted for only around 25 vol.-% of CFA2. Ca-Al-silicates were the most reactive; more than 80 % was 
consumed after 28 days (CFA2) and 56 days (CFA1) of hydration and contributed the most to the reaction of CFA2. 
The fly ash reaction kinetics seemed to have an effect on compressive strength development. CFA2 showed higher 
strengths at 7 days due to reactive Ca-Al-silicates but lower strengths at later ages when these phases were already 
consumed and non-reactive phases remained. Composite cements using CFA1 that contains large amounts of 
moderately reactive phases showed higher strengths from 56 days on as their reaction continued. Fly ash composition 
affected the hydrate assemblage as well. PC-CFA2 paste contained large quantities of AFm phases accompanied by 
hydrogarnets, probably due to large quantities of alumina available from Ca-Al-silicate reaction; in PC-CFA1 paste 
Ettringite was more abundant than the AFm phases. 
 
Originality 
We developed a new approach to characterize fly ashes using electron microscopy. EDS element composition of 
millions of points is plotted in a ternary frequency plot. A quick visual analysis informs the operator of the number, 
approximate chemical composition and relative proportions of populations that constitute the fly ash. The technique 
was further developed to track these anhydrous fly ash fractions in Portland-fly ash blended cement, providing 
a detailed quantitative description of a hydrating calcareous fly ash. Knowledge on chemical composition and reaction 
kinetics of fly ash components was used to explain the differences in hydrate assemblage and compressive strength of 
two cements containing calcareous fly ashes. 
 
Keywords: composite cement, fly ash, characterization, hydration 
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1. Introduction 
Calcareous fly ashes are high-potential reactive residues for composite cements (Papadakis, 2000). 
However, their inherent heterogeneity and variability makes it extremely difficult to characterize and 
to classify them. Due to lack of knowledge, experience and overly simplistic qualification criteria 
many calcareous fly ashes are discarded out of hand. As a result, these ashes have not been researched 
much and many crucial aspects remain unknown including their detailed composition and their 
reactivity in composite cements. 
Progress in understanding of these issues relies on a substantially improved, complete and quantitative 
material characterization and analysis of the reaction in cement. The main obstacle here is that fly 
ashes are composed of a multitude of phases, some crystalline but mostly amorphous glasses of 
differing chemical composition and fineness and thus different reactivity. As glass phases may 
account for up to around 90% of fly ash, they contribute the most to the fly ash reaction and have to be 
properly quantified. While most of the currently available characterization techniques fail to 
distinguish between different glasses in fly ash, it was recently shown (Chancey et al., 2010), that 
using image analysis of SEM-EDS full element maps, this can be done. Chemical information allows 
particles to be classified  as different phases, pixel by pixel. However, these phases, or in other words 
the classification criteria, need to be defined beforehand. This is fairly easy if certain compositions are 
expected, e.g. minerals as in (Lydon, 2005) but becomes very difficult in case of fly ashes, in which 
the glass compositions can vary significantly. If the number of glasses and subsequent segmentation 
are carried out by a commercial algorithm, part of the control over the process is lost. As an algorithm 
relies only on statistical aspects of the dataset it analyses, changing the algorithm input parameters 
may have an unexpected effect on the results, which may be difficult to assess. 
This study presents a novel approach to analyse EDS element map data, which allows quick and 
intuitive visual determination of the number and the chemical composition of the glasses in fly ash. 
Having full control over selection and segmentation, we were able to extend this technique to hydrated 
Portland-fly ash pastes and track the reaction of each of the fly ash glasses individually as shown in 
(Durdzinski et al., 2015). 
2. Experimental 
2.1. Raw Materials 
Two calcareous fly ashes (CFA1 and CFA2) and Portland cement (PC) were used in this study. Their 
bulk chemical composition was measured by XRF (Tab. 1) and their phase composition by XRD-
Rietveld (Tab. 2). These materials were ground to similar particle size distributions. 

Tab. 1 XRF bulk chemical analysis /wt.-% 
 PC CFA1 CFA2 

Al2O3 5.5 19.8 18.2 
SiO2 20.7 42.3 33.6 
CaO 65.7 20.7 26.5 
Na2O 0.2 0.3 1.9 
K2O 0.4 1.5 0.4 
MgO 1.5 2.2 6.4 
Fe2O3 2.7 8.2 6.4 
SO3 2.6 1.4 2.2 

Tab. 2 Phase composition by XRD-Rietveld with rutile external standard /wt.-% 
 PC CFA1 CFA2 

C3S 66.3 - - 
C2S 8.3 2.5 0.5 

C4AF 8.7 2.0 1.5 
C3A 7.7 1.0 4.0 

Quartz 0.5 1.3 3.5 
Calcite 1.8 - - 

Gypsum 2.6 - - 
Anhydrite 3.0 1.8 2.0 
Free lime - 1.7 0.6 



 

 
2.2. Sample preparation 
Two types of samples were prepared for SEM investigations. Samples of raw powder fly ashes were 
compacted by pressing into pellets. To study fly ash hydration, blends of 55 wt.-% PC and 45 wt.-% 
fly ash (PC-CFA1 and PC-CFA2) were prepared. These blends were mixed with water at a ratio 0,4 in 
a laboratory mixer. The pastes were sealed and cured at 20 °C. After 1, 7, 28, 56, 90 and 365 days 
a disc was cut from the sample and stored in isopropanol for 7 days to stop hydration by solvent 
exchange. It was then air-dried and stored for another 7 days under vacuum in a desiccator with silica 
gel to remove the isopropanol. Part of the disc was hand ground in a mortar and analysed by XRD-
Rietveld. The remainder was processed for electron microscopy. SEM-EDS analysis requires an 
absolutely flat sample surface. To achieve that, samples are embedded in an epoxy resin and polished 
gradually down to ¼ µm. 
Compressive strength was measured according to EN 196-1 on 4 x 4 x 16 cm mortar bars prepared 
from PC-CFA1 and PC-CFA2 mixes at water/binder ratio 0.5 and cured at 100% RH. 
2.3. Microscope set-up, analysis and data treatment 
A FEI Quanta 200 microscope with Bruker XFlash 4030 EDS detector was operated at 15 kV 
accelerating voltage and 12,5 mm working distance. The 252 µm × 189 µm frame size and 1024 × 768 
image resolution resulted in pixel size of 0,246 µm × 0,246 µm. An automated procedure collected 
backscattered electron (BSE) images and EDS full element maps. Eight frames per sample were found 
enough for the subsequent analysis and required around 4,5 h of collection time. An EDS map 
contains a full spectrum for each pixel of the frame. These spectra are processed using profile fit with 
standards and PhiRhoZ matrix corrections. The result is a set of maps with atomic-% of Al, Si, Ca, Na, 
K, Mg, Fe Ti and P. The processing of the spectra is carried out automatically by the microscope 
software and requires around 1 h per frame. From the element maps background pixels are removed 
according to an associated BSE image thresholded for porosity. The remaining data is smoothed with 
a Hamming window and plotted in an Al-Si-Ca ternary diagram. For a statistically valid analysis of 
a heterogeneous and complex material such as fly ash, one requires millions of data points. A ternary 
plot of individual points is quickly saturated and cannot be interpreted (Figure 2a). Our solution is to 
re-plot the data in a ternary frequency plot (Figure 2b). We divide the area of the plot into 10 000 
equal triangles, thus corresponding to 1 atomic-% on each of the three axes, and we represent the 
number of points that fall in each of them on a linear colour scale. In a frequency plot the dominant 
compositions appear as bright blobs while irrelevant and noise pixels are not displayed. 
A visual analysis of the ternary frequency plot serves to identify compositionally different populations 
within a fly ash and to determine their ranges of chemical composition. These ranges are then used as 
segmentation criteria for image analysis. The amount of a given population is calculated as an area 
fraction of pixels belonging to this population per image frame. This, according to fundamental 
stereology, equals the volume fraction of the population in the material. 
3. Results and Discussion 
3.1. Raw fly ash characterization  
The BSE image of raw CFA2 in Figure 1a reveals a complex microstructure and a multitude of 
phases distinguished by their grey levels. Grey levels can be used to some extent for segmentation of 
fly ash in image analysis but this process may be very difficult or even impossible. Indeed, grey levels 
of fly ash particles often overlap with those of other components in cement paste. The grey levels do 
show the differences in bulk chemical composition but do not provide information on the content of 
individual elements. The information obtained by EDS is much more detailed. The same frame 
displayed with colour attributed to: Al - red, Si - green, Ca - blue (Figure 1b) shows clearly the 
presence of compositionally different populations and that some particles are composed of multiple 
phases. The vast heterogeneity of fly ash chemistry and microstructure is likely due to different 
minerals contained in coal particles. As their combustion and cooling occurs locally the melt does not 
undergo homogenization. Further, calcareous fly ashes may contain significant amounts of Ca, Mg, Na 



 

and K, which can cause phase separation in glass (Pietersen, 1993; Vogel, 1977) and increase the 
complexity and heterogeneity of fly ash microstructure. 

  
        (a) BSE image         (b) EDS element map: Al (red), Si (green), Ca (blue) 

Figure 1 Images of a frame of a polished section of an epoxy impregnated raw CFA2 
The presence of the populations seen in the EDS map is more evident in an associated Al-Si-Ca 
ternary frequency plot (Figure 2b). The predominantly silicate- and aluminosilicate- populations are 
represented by high and narrow peaks, which suggest well defined chemical composition and large 
abundance. The calcium-rich alumino-silicate population has a diffuse shape of nonetheless high 
intensity. This phase or group of phases seems to be the most abundant in the fly ash but its chemical 
composition spans a large section of the ternary graph. Intermediate phases such as calcium-silicates 
with moderate aluminium and alumino-silicates with moderate calcium are well defined but present in 
lower amounts. 

 
     (a) a ternary plot of individual data points           (b) the same data in a ternary frequency plot 

Figure 2 An Al-Si-Ca ternary plot of the chemical information obtained by EDS for raw CFA2 
To extract specific glass populations one must separate them using selection criteria: in this study 
limits on Al, Si and Ca were sufficient but in different systems any of the quantified elements and 
more than three elements may be used. White contours in Figure 2b show the arbitrary boundaries 
between the populations defined here. Wide limits provide the necessary margin for often broad 
chemical compositions and reduce the measurement error due to data scatter and potentially low 
content of the populations. We propose four main populations (Figure 3), corresponding to (1) 
silicate, (2) Ca-silicate with low to moderate Al, (3) Al-silicate with low to moderate Ca and (4) Ca-
rich Al-silicate. 



 

 
Figure 3 Illustration of the segmentation criteria of the four fly ash populations. Selected areas are hexagons 
centred around the points of highest intensity found in the studied fly ashes. The exception is group 2, whose 

area was extended towards Al. Using hexagons for selection leaves some areas unselected. 
The content of the four populations in the ash can be quantified from segmented images and used to 
quantitatively compare different fly ashes (Figure 4). CFA1 is mainly composed of Al-silicates with 
low to moderate calcium (70 vol.-%) but also contains around 15 vol.-% of Ca-silicates with low to 
moderate aluminium. CFA2 contains much less Al-silicates and Ca-silicates, together only around 
25 vol.-%. The composition of CFA2 is dominated by potentially very reactive Ca-rich Al-silicates 
(55 vol.-%), which in CFA1 are only present in a small quantity, around 10 vol.-%. Interestingly, 
almost one fifth of CFA2 are potentially non-reactive silicates, which in CFA1 are a minor fraction. 

 
0 

20 

40 

60 

80 

100 

CFA1 CFA2 

Vo
lu

m
e 

fr
ac

tio
n 

[%
] 

Others 

(4) Ca-Al-silicate 

(3) Al-silicate 

(2) Ca-silicate 

(1) Silicate 

 
Figure 4 Quantitative comparison of populations present in the studied fly ashes. 

3.2. Reactivity of fly ash populations in cement paste 
The reaction of fly ash is a sum of reactions of its individual populations and it is crucial to track the 
reaction of each of them separately. Each fly ash population can be extracted from a hydrated cement 
paste using the same procedure as for a raw fly ash and its volume fraction calculated. The values at 
time zero were computed from the proportions of Portland clinker, CFA and water in the mix and their 
densities. Overlap of Ca-rich Al-silicates with anhydrous C3A and C4AF phases from Portland clinker 
was known from comparison of SEM and XRD and taken into account. Hydrate phases of 
compositions overlapping with those of anhydrous fly ash were filtered out. As hydrates contain water, 
which is not quantified by EDS, the sum of quantified elements is lower for hydrates than for the 
anhydrous phases. On this basis hydrates can be removed from further analysis. 
Figure 5 shows the consumption of fly ash populations in hydrated PC-CFA1 and PC-CFA2 pastes. 
It is clearly seen that different glass populations contribute differently to fly ash reaction. Silica-rich 
phases do not react almost at all, which is an important observation for CFA2, containing around 
20 vol.-% of these phases. In CFA1 these phases were a minor component. The Al-silicate and the Ca-
silicate phases reacted at a moderate rate of about 50 % at 90 days. These phases dominated in CFA1 
but accounted for only around 25 vol.-% of CFA2. The Ca-rich Al-silicates were the most reactive, 
exceeding 80 % degree of reaction at 28 days (CFA2) and 56 days (CFA1) of hydration and 
contributed the most to the reaction of CFA2. Indeed, Ca-rich glasses tend to be more reactive than 
those with moderate and low Ca contents (Aughenbaugh et al., 2013). 



 

       
              (a) PC-CFA1           (b) PC-CFA2 

Figure 5 The time decrease of the amount of anhydrous fly ash populations. Clinker phases from the fly ashes 
are excluded. 

3.3. The influence of fly ash reactivity on compressive strength of composite cements 
The kinetics of fly ash reaction seem to have an influence on the compressive strength development of 
PC-CFA mixes (Figure 6). Large amounts of reactive Ca-rich Al-silicates in CFA2 may be 
responsible for the higher strength of PC-CFA2 at 7 days. Once these phases are consumed further 
reaction of CFA2 is slower and so is the strength gain. The strength development of PC-CFA1 mix is 
initially slower than that of PC-CFA2 but after 56 days the compressive strength reported for PC-
CFA1 starts to be higher than that of PC-CFA2. This could be attributed to large amounts of 
moderately-reactive Al-silicates and Ca-silicates in CFA1. One year into hydration, PC-CFA1 still 
contained significant amounts of reactive fly ash phases, while PC-CFA2 mainly the non-reactive 
silicates. 

  
Figure 6 Compressive strength of mortars 

3.4. Hydration products 
Apart from the effect on compressive strength, the differences in composition of calcareous fly ashes 
are expected to affect the hydrate assemblage in PC-CFA mixes, notably the amounts of AFm 
(Monosulfate, Hemicarbonate, Monocarbonate) and AFt (Ettringite) phases as well as the proportion 
between them (Figure 7). Large quantities of highly reactive Ca-rich Al-silicate glass in CFA2 seem 
to be responsible for formation of significant amounts of AFm as well as presence of hydrogarnets in 
the PC-CFA2 system. In PC-CFA1 the AFm content is much lower and more Ettringite is present. 
A higher total amount of AFm + AFt phases in PC-CFA2 is likely the reason for lower Portlandite 
content, from which calcium may be sourced for the formation of AFm + AFt. 
The content and type of AFm and AFt phases may have further implications on performance of PC-
CFA mixes. As these phases can interact with Cl- and SO4

2- ions from aggressive environments they 
may have an important effect on the durability of fly ash composite cements. 
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Figure 7 Comparison of Portlandite, AFt and AFm content in PC-CFA1 and PC-CFA2, as quantified by XRD-

Rietveld refinement after 90 days of hydration 
4. Conclusions 
This study shows that the chemical composition of fly ashes can be studied in detail thanks to SEM-
EDS full element mapping and image analysis. The key part of this analysis lies in a ternary frequency 
plot, which allows quick and intuitive determination of glass populations present in fly ash. 
Quantitative analysis in hydrated cement paste provides an insight into the reaction of individual fly 
ash components. The results clearly show that different fly ash populations react at different rates. 
This has an impact on the compressive strength development and phase assemblage of PC-CFA mixes. 
Understanding the link between the fly ash composition, reactivity and effect on binder properties is 
a challenge for cement research. Consistent and complete studies of a range of fly ashes and in various 
systems seem essential to improve the current understanding of fly ashes, establish less wasteful 
qualification criteria and ultimately allow prediction of the performance of fly ashes in cement. 
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Abstract 
The usage of superplasticizers for concrete production is beneficial in terms of workability and water 
reduction. Therefore, superplasticizers enable the production of concretes with increased flowability 
and high strengths. On the other hand, superplasticizers are also known to retard cement hydration. 
This is especially true for new polymers based on polycaboxylate ether grafted with side chains. In the 
present work it is investigated which reaction during the dissolution-precipitation process of cement 
hydration is mostly affected by these polymers. In order to simplify the complex multiphase cement 
system, tricalcium silicate (C3S) as main compound of ordinary Portland cement is utilized. 
Measurements of dissolution rate of C3S, nucleation time during pure crystallization of C-S-H phases 
and portlandite and calcium complexation capability of superplasticizers have been carried out. 
Results show that compared to the reference sample superplasticizers modifies the dissolution rate of 
C3S in aqueous solution with low ion activity product. At increasing ion concentration during 
dissolution of C3S and thus increasing ion activity product the differences between samples without and 
with superplasticizers are dependent on polymer structure. Furthermore it is shown by homogeneous 
crystallization experiments that in the presence of superplasticizers the cause of retardation is more 
related to precipitation hindrance. Indeed, it is demonstrated that the pure crystallization of 
cementitious hydrate phases is strongly affected by superplasticizers. It is further shown that the 
observed effects are related to basic modes of interactions of superplasticizers with ions. 
 
Originality 
Currently, there is lack in understanding the retarding effect of superplasticizers on the hydration of 
cement. The present study demonstrates that polymers used as superplasticizers retard the cement 
hydration because of their basic action in aqueous solutions containing ions. Based on this, a novel 
view on the interaction of anionic polymers with cementitious systems is provided. Furthermore the 
present work provides data on pure crystallization of C-S-H phases and portlandite in the presence of 
superplasticizers. 
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1. Introduction 

In modern concretes the use of superplasticizers (SPs) is essential. These organic admixtures 

improve the flow behavior and final strength of cement paste and concretes. Furthermore, 

with the use of SPs the water/solid ratio can be reduced. But as a common feature of all 

superplasticizers a retardation of the hydration is observed and for many applications this 

phenomenon is disadvantageous. By optimization of the superplasticizers structure this 

retardation can be partly decreased (Winnefeld, et al., 2007). But the cause of the retardation 

is still widely discussed (Lothenbach, et al., 2007, Palacios, et al., 2009, Pourchet, et al., 2007, 

Roncero, et al., 2002, Sowoidnich, et al., 2009, Sowoidnich, et al., 2009, Jansen, et al., 2012). 

Cement hydration is characterized by dissolution and precipitation reactions as described by 

Le Chatelier (Le Chatelier, 1904). Because these reactions occur in parallel and influence 

each other the differentiation of the individual parts is difficult. In cements the multiphase 

composition of the Portland cement clinker forces these difficulties. Thus a clear picture on 

the interaction of superplasticizers on the hydration is more complicated since underlying 

mechanisms are not fully understood.  

The separation of dissolution and precipitation reactions is an appropriate approach to identify 

the main causes of the retardation of the hydration by superplasticizers. Whereas dissolution 

of Ca3SiO5 (cement chemistry notation: C3S) in dependence of superplasticizer addition is 

discussed in several previous investigations (Damidot, et al., 2007, Juilland, et al., 2010, 

Nicoleau, 2004, Bellmann, et al., 2011), the precipitation of hydrates is rarely investigated. 

Many authors discuss that the causes of the retardation induced by superplasticizers are 

mainly: (i) complexation of Ca ions (ii) hindered dissolution and (iii) change in the crystal 

growth (Lothenbach, et al., 2007, Palacios, et al., 2009, Pourchet, et al., 2007, Roncero, et al., 

2002, Sowoidnich and Rößler, 2009, Sowoidnich, et al., 2009, Jansen, et al., 2012). 

The present study aims to compare impacts of superplasticizers on separate dissolution and 

precipitation reactions occurring during hydration of tricalcium silicate. This will help to 

understand and differentiate the proposed mechanisms regarding the origin of the retardation.  

Dissolution rate of C3S is investigated in conditions where precipitation of C-S-H phases is 

excluded, i.e. very high liquid to solid (l/s) ratio. Experiments on crystallization were carried 

out by mixing solutions with appropriate kind and amount of ions to precipitate hydration 

products. Thereby both C-S-H phases and portlandite were precipitated, i.e. the products of 

C3S hydration. Special attention was paid on the induction time during crystallization which 

was measured by means of electrical conductivity. Thus a detailed insight into the action of 

superplasticizers on the hydration and the involved retardation is possible. 

2. Experimental 

2.1. Raw Materials 

Superplasticizers were synthesized by radical copolymerisation (M. Bellotto, Bozzetto S.P.A., 

Italy). For the investigations two PCEs and one naphthalene sulfonate based superplasticizers 

were chosen. Table 1 summarizes structural features of the used SPs. 

C3S was synthesized by burning at least three times a mixture of calcium carbonate (CaCO3, 

Merck, p.a.) and amorphous silica (SiO2, Merck, p.a.) at 1823 K (1550 °C) (free lime content 

of C3S: <0.2  wt.-%). C3S was ground to a specific surface area ranging between 5000 and 

8500 cm²/g (BET) and an average particle diameter of approx. 9 µm (LS Coulter 230). 

 



 

Tab. 1 Structure of the used superplasticizers 

2.2. Experimental Process 

Unconstrained dissolution (i.e. without precipitation of hydrate phases) of tricalcium silicate 

was investigated ex-situ in highly diluted suspensions (batch). Thereby an interaction of 

dissolution and precipitation of hydrates can be excluded and a pure C3S dissolution is 

obtained. Accordingly, liquid/solid (l/s) ratios of up to 2000 were chosen. For each 

experiment the volume of the solution was 400 ml. The experiments were performed at 25 °C 

in glass beaker (800 ml, diameter=95 mm) and under N2 atmosphere (glove box) in order to 

prevent carbonatization. The suspensions were stirred with a stir bar coated with Teflon at 

constant stirring rate of 600 rpm. Starting solutions was double deionized water which was 

washed with nitrogen to remove carbon dioxide. Superplasticizer was added to the starting 

solution before the C3S. Subsequently the experiment was started with the addition of C3S to 

the solution. After appropriate time periods, samples of approx. 6 ml were withdrawn using 

syringes equipped with syringe filter (0.22 µm). Subsequently, the solution was acidified with 

approximately 0.2 ml of a 5M HNO3 in order to prevent precipitation of product phases. After 

the measurement with ICP-OES the concentration was corrected due to the dilution induced 

by the acidification. Using software (Origin v8.0773, OriginLab cooperation, USA) the 

silicon concentrations versus time were fitted with an exponential equation. Dissolution rates 

were calculated from the first derivative of these functions. Subsequently these derivatives 

were normalized to the initial C3S BET surface area. In this calculation the decrease in 

absolute C3S surface area during the dissolution was mathematically approximated.  

Homogeneous nucleation of C-S-H and portlandite was induced by double decomposition of 

appropriate solutions. In case of C-S-H a solution obtained from dissolving C3S in water for 

30s at l/s of 50 was mixed with calcium hydroxide solutions of various concentrations. 

Superplasticizers were added to calcium hydroxide solution prior to mixing with the other 

solution. Portlandite was precipitated by mixing of 0.1M CaCl2 solution with 0.16M NaOH 

solution. 

Precipitation was followed by measuring electrical conductivity (InLab 731, Mettler-Toledo). 

With this method induction time and crystal growth rate can be assessed. 

Charge titration experiments were performed in an automatic titrator (Mütek PCD 03, 

Germany) accordingly to the protocol given by others (Plank, et al., 2009). Electrical current 

caused by counter-ions, which are removed by vertical oscillation of a plunger from the 

superplasticizer sample, was measured. Titration of a cationic polymer (diallyl 

dimethylammonium chloride (polyDADMAC), c=0.001 mol/l) to a superplasticizer solution 

was performed until the zero point charge was reached. The amount of added polyDADMAC 

refers to the number of anionic charges of the macromolecule. 

SP Backbone Copolymer 

(ester grafting) 

Molar Acid/ 

Copolym. 

Molecular weight 

macro-molecule 

[g/mol] 

Polymer 

content 

[m.-%] 

PCE-A Methacrylic acid MPEG 1000 2.9 10,930 40.2 

PCE-B Methacrylic acid MPEG 5000 7.2 20,800 40.0 

PNS Naphthalene 

sulfonate 

- - 17,900 41.8 



 

3. Results and Discussion 

3.1 Dissolution rate of C3S 

In order to characterize the retarding effect of superplasticizers on hydration it is important to 

investigate the impact of SPs on elementary reactions, i.e. dissolution and precipitation. In a 

first series of experiments the dissolution rate of C3S was measured in presence of 

superplasticizers. In order to avoid precipitation of C-S-H phases a l/s of 2000 was adjusted. 

As known from minerals (Dove, et al., 2007, Lüttge, 2006), the dissolution rate is dependent 

on the degree of undersaturation of the system. To take this behaviour into account, the ion 

concentrations in aqueous solution are expressed as ion activity product (IAP) based on 

following reaction: 

    OH6SiOHCa3SiOCa 44
2

53  Eq. 1 

According to eq. (1) in Fig. 1 the dissolution rate of C3S is plotted in dependence of IAP. 

Furthermore previously published data (Nicoleau, et al., 2013) is also 

re-examined.
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Figure 1 Dissolution rate of C3S in dependence of the ion activity product in the aqueous phase. Data 

published (Nicoleau, et al., 2013) is additionally shown. 

As expected from theory, a decrease of C3S dissolution rate with increasing IAP is observed. 

It is obvious that maximum dissolution rates in conditions strongly undersaturated with 

respect to C3S varies in different experiments. In the present work the maximum C3S 

dissolution rate without SPs is 85 µmol/(sm²). This value is similar for PCE-B (80 µmol/(sm²) 

and the naphthalene sulfonate (82 µmol/(sm²). In contrast results in figure 1 demonstrate that 

a maximum dissolution rate of 160 µmol/(sm²) (i.e. increase by factor of 2) is observed for 

PCE-A. Analogous effects of organic polymers on dissolution rates are found on earth 

minerals dissolved by plants (Scheffer, et al., 2010, Stumm, 1992) and hydroxylapatite in 



 

human theeth (Roulet, et al., 2003). As already stated by Kirby and Lewis (Kirby, et al., 2004) 

and Pourchet et al. (Pourchet, et al., 2007) the complexation capability with respect to Ca in 

solution by the polymers functional groups may be responsible for this behavior.  

In regions with high ion activity product (usually increased calcium ion concentrations in the 

aqueous phase of C3S) tricalcium silicate dissolves with lower rate. Thereby the dissolution 

promoting impact of PCE-A vanishes and the rate approaches reference values. A decrease in 

dissolution rate of C3S is documented when PCE-B and PNS are present. Compared to 

published data (Nicoleau, et al., 2013) lower rates are measured at similar ion activity product. 

This may be the result of experimental setup (continuous measurement in the work of 

Nicoleau et al. and ex-situ determination in the present work). Nevertheless, it is shown that 

low dissolution rates are measured at increased ion activity product. The reliability of the data 

for C3S paste hydration to account for the induction period is still in discussion and out of the 

scope of the present work. From the experimental data is concluded that unconstrained 

dissolution rate may not strongly be affected by superplasticizer PCE-A to account for the 

observed retarding effect on C3S paste hydration. Despite of that PCE-B and PNS showed 

decreased dissolution rates. Thus, no clear dependency between dissolution rate and hydration 

kinetics can be found since all superplasticizers retard C3S hydration (shown later in figure 5). 

3.2 Nucleation of C-S-H phases and portlandite 

Whereas precipitation reactions were excluded in the previous section, in the present part of 

the work the dissolution of solid phases is not occurring because nucleation is induced by 

mixing of two solutions with appropriate ions in different concentrations. In order to assess 

nucleation kinetics, i.e. induction time, electrical conductivity was measured during the 

precipitation process. Results are shown in figure 2. 

Figure 2 demonstrated the impact of superplasticizers on induction time during homogeneous 

crystallization of C-S-H phases. As a general feature of the used SPs the induction time is 

prolonged. Thereby the PCEs retard the crystallization in more extent as compared to PNS. 

Interestingly, the retarding effect of PCE-B is stronger compared with PCE-A which is 

contradictory to results gathered in C3S pastes (Fig. 5). Also the naphthalene sulfonate shows 

a different behavior with respect to paste hydration experiments. At increasing PNS dosage 

the induction time decreases. This observation leads to conclude that although a retarding 

effect is caused by this polymer a promoting action of this polymer becomes stronger with 

increasing dosage. Thus, this superplasticizer exerts a template effect on homogeneous 

nucleation. 

 



 

  
Figure 2 Induction time measured during homogeneous crystallization of C-S-H phases in the presence 

of superplasticizers. 

Analogous to C-S-H phases the crystallization of portlandite is investigated. Determined 

induction times of portlandite precipitation in dependence of SP type and dosage are 

presented in figure 3. 
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Figure 3 Induction time determined from electr. conductivity measurements during homogeneous 

crystallization of portlandite in the presence of superplasticizers. Reference showed an induction time 

of 3.4 min. 

Also the portlandite crystallization is strongly influenced by superplasticizers as results in 

figure 3 demonstrate. Thereby the retarding effect is similar to that observed in C-S-H 

crystallization experiments (figure 2). Induction time increases with increasing PCE dosage. 



 

In contrast PNS shows at middle dosage decreasing (from 60.3 to 46 min) and at highest 

dosage increasing (from 46 to 102.5 min) induction time. This effect is again attributed to the 

template effect exerted by this polymer. In accordance to results gathered in C-S-H 

crystallization experiments PCE-B shows increased retardation as compared to PCE-A. 

3.3 Calcium complexation by functional groups 

Among different parameters regarding the chemical structure of the macromolecules (e.g. 

type and number of anionic group, side chain length and grafting, molecular weight) it is 

investigated which polymer parameter is mostly responsible for the calcium complexation by 

superplasticizers. As reasonable assumption the number of functional groups of the 

macromolecule is related to Ca complexation. The calcium complexation capability was 

measured in 0.1M CaCl2 solution. Because measurements at increased pH values leads to 

damages upon the electrode, in a first step only pH neutral solution (CaCl2) was used although 

approx. 80% of the functional groups are dissociated in this pH region for carboxy groups 

(Yoshikawa, et al., 2009). Thus, results obtained in CaCl2 solution may lead to slight 

underestimations regarding calcium complexation capability in cementitious systems. Results 

are shown in figure 4. 

Charge titration experiments with polyDADMAC were performed in order to measure the 

number of functional groups of the superplasticizers. Results are shown in table 2. 
Tab. 2 Comparison of calculated and measured number of functional groups [mmol/g] of the 

superplasticizers 

 

 

 

 

 

 

Results in table 2 demonstrate that calculated and measured values for PCE-A and PNS are 

nearly similar. Only PCE-B shows differences in calculation and measurements. This may be 

related to the conformation of the polymers which determines the effective (measured) 

charge. 

In the next step the measured charge is used to calculate total numbers of functional groups. 

Then the Ca complexation capability is plotted against this number. Results are shown in 

figure 4. 

As evidenced by figure 4, the Ca ion complexation is mostly related to the absolute number of 

anionic groups of the polymers. Furthermore it is revealed that the type of functional group 

has a strong impact on the interaction with calcium ions and other parameters (e.g. side chain 

length and grafting, molecular weight) are of minor importance. Therefore, Ca ions show 

more affinity to sulfonic groups of PNS compared to carboxy groups of PCEs. In figure 4 it 

can be seen that starting from 0.1 M CaCl2 solution PNS complex all Ca ions in the aqueous 

solution at highest dosage. 

Using the first 3 to 6 data points in figure 4 in order to fit linearly (slopes are approx. 0.17, 

0.17 and 0.15 for PCE-A, PCE-B and PNS, respectively) then data indicate that in case of 

PCEs roughly every sixth functional group complexes one calcium ion. In case of PNS the 

number of sulfonic groups per calcium is 4. In the following, data is used in order to calculate 

complexation constants (Sowoidnich, et al., 2015) between calcium ions and anionic groups. 

SP Charge calculated Charge measured 

PCE-A 2.3 2.7 

PCE-B 1.3 2.2 

PNS 7.0 7.9 
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Figure 4 Ca complexation capability of SPs as function of number of functional groups of the polymers 

(charge titration) in 0.1 M CaCl2 solution. It can be seen that PNFS exhibits the largest charge quantity 

and therefore complex more Ca ions compared to PCEs. 

For this ion activity coefficients were determined using software PHREEQC considering Ca2+, 

Cl-, anionic groups, Na+ (added with SP) in 4M KCl solution (ion strength adjustor). Using 

these calculations the complexation constants for neutral calcium-polymer-complexes are 

determined. It turns out that the calcium complexation constants between calcium and PCE-A 

and PCE-B are -0.7 and correspondingly PNS is -1.2. Considering the complexation constants 

it is obvious that sulfonic groups complex a higher amount of calcium compared to carboxy 

groups. The comparison of calculated complexation constants in the present work with 

published data reveals lower values in the calculation shown before. For example constants of 

log K=4.0 for Ca-acetate (monocarboxy acid) complexes are reported (De Windt, et al., 2010). 

To the best of the author’s knowledge no values are reported for sulfonic groups. All in all it 

is concluded that calculations allow a quantitative determination of complexation capability. 

3.4 Heat release of C3S pastes 

The final experimental part focuses the impact of superplasticizers on the C3S paste hydration, 

i.e. dissolution and precipitation reactions in parallel. For this, isothermal conduction 

calorimetry was performed as shown in figure 5. 
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Figure 5 Heat release during C3S paste (l/s=0.5) hydration in dependence of SP type an dosage (i.e. low 

= 0.1 m.-% SP bwoC3S, solid lines and high =0.25 m.-% SP bwoC3S, dashed lines). 

Results in figure 5 show that the retarding effect of superplasticizers is dependent on both 

polymer type and polymer dosage. Whereas low dosage of naphthalene sulfonate based 

superplasticizer induces nearly no change in hydration kinetics a higher dosage leads to 

remarkable retardation which is indicated by delaying of the onset of the main hydration peak. 

When PCEs are considered it gets obvious that compared to PNS the retarding effect is much 

stronger. Here PCE-B reduce a delay of the onset of the main hydration peak in less extent as 

PCE-A. Interestingly, when SPs are used in high dosages then the retarding effect of PNS 

exceeds that of PCE-B. As a further consequence of increased dosage a reduced maximum 

heat rate during main hydration is observed in all cases of SP addition together with peak 

broadening. The total heat after the main hydration period is shown in table 3. 
Tab. 3 Total heat released during C3S hydration after 72h (0.1 m.-% SP bwoC3S) and 240 h 

(0.25 m.-% SP bwoC3S) 

Sample 0.1 m.-% 0.25 m.-% 

Reference 235 235 

PCE-A 236 267 

PCE-B 203 247 

PNS 228 193 

As shown by data in table 3 the total heat released by C3S is dependent on the PCE dosage. 

Whereas low PCE dosages induce reduced release of total heat an increase in heat release is 

found when PCEs are dosed in higher amounts. In contrast PNS shows in both used dosages 

decreased total heat release with respect to the reference. Moreover, the total heat release is 

reduced with increasing PNS dosages. This is not observed when PCE-A and PCE-B are used. 

In these cases the increased dosage increases the total heat release. 

 



 

In the following the influences of superplasticizers on C3S paste hydration are discussed in the 

light of calcium ion complexation in solution (section 3.3), nucleation of hydrate phases 

(section 3.2) and dissolution rate of C3S (section 3.1). 

If the capability for complexation of calcium ions in solution is considered then it was found 

that both PCEs show similar tendencies. This effect is used to correlate the length of the 

induction period with the number of functional groups added in figure 6. 

 

Figure 6 The length of the induction period during C3S hydration (l/s=0.5) influenced by the presence 

of low (0.1 m.-% SP bwoC3S, solid lines) and high (0.25 m.-% SP bwoC3S, dashed lines) dosages of 

superplasticizers determined by isothermal conduction calorimetry. 

Indeed, the retardation of both polymers can be related to their number of functional groups 

as demonstrated in figure 6. But the retardation is not only dependent on the number of 

functional groups. As shown for the naphthalene sulfonate based superplasticizer in figure 6 

also the type of functional group plays a major role. 

Based on the fact that hydration comprises both dissolution and precipitation reactions the 

retarding effect of superplasticizers should be based on decreasing the rate of either one or 

both reactions. In section 3.2 it was clearly shown that the crystallization of C-S-H phases and 

portlandite is delayed by the presence of superplasticizers. Thereby the retardation of PCE-B 

was much pronounced compared with PCE-A which is opposite in C3S paste hydration. This 

effect can be explained by means of particle mediated crystallization (Cölfen, et al., 2008). 

Accordingly, in conditions of homogeneous crystallization experiments (very high l/s) 

stabilization of particles is stronger when polymers are grafted with longer side chains. 

Stabilization induces retarded or even hindered particle/ion cluster fusion during 

crystallization. Thus, particle/ion cluster fusion is a crucial step in C-S-H and CH 

crystallization. Naphthalene sulfonate based superplasticizer showed principally two effects 

on crystallization, i.e. retardation and promotion via template effects. In C3S pastes 

superposition of these effects results in a total delay of the onset of the main hydration period. 

Thus, at the given settings the template effect is weaker compared with the retarding effect of 

PNS. 



 

The interpretation of the effects of superplasticizers on dissolution rate of C3S is not as clear. 

The first reaction of C3S with water can be related to the experimental data presented in 

section 3.1. Therefore no clear impact on dissolution rate by superplasticizers was found. In 

the further course of hydration, however, the interpretation of the experimental data is 

complicated by the parallel occurring dissolution of C3S and precipitation of C-S-H phases 

(and later portlandite). The impact of SPs on the dissolution rate of C3S in this stage is still 

unclear and needs further investigation. All in all it is concluded that paste hydration kinetics 

of C3S cannot be described by solely survey dissolution and precipitation reactions.  

4. Conclusions 

The present work was aimed at gaining insights on the mechanisms that are responsible for 

the retarding effect of superplasticizers on C3S hydration. The interpretation of the 

experimental data indicates that the retardation (delay in the onset of the main hydration 

period) is associated with a strong impact of SPs on crystallization of both C-S-H phases and 

portlandite. Further work is needed to indentify the impact of SPs on dissolution rate of C3S 

under paste conditions. The hydration retarding effect is associated with the type and number 

of functional groups of the polymer. Stronger impact was shown for carboxy groups 

compared with sulfonic groups. Furthermore, the comparison of homogeneous C-S-H and CH 

crystallization experiments and C3S paste hydration experiments reveals that the basic modes 

of action of superplasticizers in cementitious systems are dependent on the solid content of 

the system and thus on the l/s ratio. 
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Abstract 
Comb-like copolymers as polycarboxylate ether (PCE) are added to concrete to make it more fluid and facilitate its 
placement. The evolution of the workability at early age is conditioned by cement hydration and more precisely by those 
of aluminate phases. At the same time, the cement hydration is modified by the presence of superplasticizers which have 
secondary effects (retardation, impact on hydrates morphology) depending on the superplasticizer structure. But the 
structure is not the only important parameter and the addition time (direct or delayed) can also have a great impact. 
Our goal was to show how the first minutes of the hydration (started with or without PCE) can condition the rheology 
during the first 2 hours by a study on the addition time. We defined a model reactive system based on Tricalcium 
Aluminate/Calcium sulfate/Calcite to mimic a fresh cement paste. Two PCEs with high or low grafting degree were 
added either directly in the mixing water (direct) or two minutes after the beginning of the hydration (delayed). The 
hydration was followed by DSC measurements (amount of ettringite) and by both BET and NMR relaxometry 
(interfacial area), the fluidity by spread measurements and the adsorption of PCE by TOC. We confirmed that the 
impact of the addition time depends on the structure of PCE: the impact is strong with the highly charged PCE whereas 
it is weak with the weakly charged PCE. At the same dosage of the highly charged PCE, changing the addition time 
(delayed → direct) induces visible modifications after 5 minutes of hydration: (1) a strong increase of the interfacial 
area (2) a pronounced decrease of the fluidity (-50 mm of spread) (3) a slight increase of the amount of ettringite. We 
highlighted that the morphology of ettringite is impacted on a more durable way for the direct addition than for the 
delayed addition. The growth of “fine ettringite” (with a specific surface area 4 times higher than without PCE) is 
slowed down during the first 2 hours with a direct addition. Thus the mineral system has a higher global interfacial 
area than in the other cases. Consequently the proportion of uncovered surfaces (ie uncovered by adsorbed PCE) rises 
up in that case. The number of attractive interactions between uncovered surfaces is higher than for the delayed 
addition and so the fluidity is lower. In conclusion the first minutes of the hydration are crucial: the impact of the PCE 
addition time does not have to be neglected from research studies to real production of concrete. This study only 
focused on one dosage but the delayed addition can lead to decrease the dosage and the formulation cost with similar 
rheological properties.  
 
Originality 
The originality of our work lies on the results but also on the protocol used. The interfacial area and the morphology of 
the ettringite during the hydration have been evaluated by a combination of DSC and BET/NMR relaxometry. NMR 
relaxometry technique is of particular interest because of its high sensitivity to ettringite and furthermore this in-situ 
method does not need preliminary preparation likely to alter the structure and/or modify particles arrangement. 
Moreover this study has been realized on a model cement system in terms of mineral phases. Finally we showed new 
elements on the question how the superplasticizers modify the specific surface area of the first hydrates. As the 
ettringite specific surface area increases, the superplasticizer is more consumed and, for a given dosage, the dispersion 
and the fluidity are reduced. 
 
Keywords: addition time, superplasticizer, ettringite, morphology, fluidity 
 

                                                 
1 Corresponding author: florent.dalas@lafarge.com, Tel +33-474821694, Fax +33-474828011 



 

1. Introduction 
Comb-like copolymers as polycarboxylate ether (PCE) are added to concrete to make it more fluid and 
facilitate its placement by maintaining the workability during the first hours. Thanks to their 
carboxylate anionic backbone these polymers adsorb on the positively charged surfaces of cement 
grains. Once adsorbed, the polyethylene oxide side chains give rise to steric repulsion between grains 
that overcomes the attractive interparticle forces (Uchikawa H. et al., 1997; Kauppi A. et al., 2005). In 
agreement with this mechanism, it appears that for a concentrated particles suspension, the fluidity is 
very well correlated with the adsorbed amount of PCE (Lombois-Burger H. et al., 2006; Pourchet S. et 
al., 2012; Schober I. et al., 2006) and more particularly with the surface adsorption density of PCE 
(Yamada K. et al., 2006). However the mechanism becomes more complicated when a reactive system 
as cement suspensions is used. Indeed in a cement suspension, as soon as cement is brought in contact 
with water, cement hydration leads to an increase of the surface of interaction between particles and 
thus the fluidity decreases over time (Hanehara S. et al., 2008). Furthermore it is worth noting that 
depending on their chemical structure, PCE superplasticizers also interact with hydration reactions by 
possibly modifying both the kinetics of the hydration reactions and the specific area of the formed 
hydrates (Pourchet S. et al., 2006; Pourchet S. et al., 2007; Sakai E. et al., 2002; Uchikawa H., 1994; 
Winnefeld F. et al., 2007; Zingg A. et al., 2008a). But the structure is not the only important parameter 
and the addition time can have also a great impact on the hydration and rheology evolution of the 
cement paste (Flatt R.J., 2012; Yamada K., 2009; Zingg A., 2008c). From the beginning of the 
hydration (contact of cement powder with water), the addition can be immediate (PCE in the mixing 
water) or delayed (a few minutes). The delayed addition is more representative of the industrial 
process because cement is often mixed, first with wet sand and second with the water containing the 
superplasticizer. Our goal was to show how the first minutes of the hydration (started with or without 
PCE) can condition the workability during the first 2 hours by a study on the addition time. 
A model reactive system based on tricalcium aluminate (C3A) (16w%), calcium sulfate (gypsum and 
hemihydrate) (4w%) and calcite (80w%) was designed to mimic a fresh cement paste. During early 
hydration, C3A is known to be the most reactive anhydrous mineral in Portland clinker. The silicate 
phases have been replaced by a non-reactive phase: calcite. Under these conditions, hydration leads 
only to formation of ettringite (no AFm phases detected). Ettringite is considered to be the major 
hydrate precipitating during the first hour after mixing Portland cement with water (in a well-sulfated 
cement) and then the dominant mineral phase influencing the dispersion (Zingg A. et al., 2008b). Two 
PCEs with high or low grafting degree were added either directly in the mixing water (direct) or two 
minutes after the beginning of the hydration (delayed). The hydration has been followed by DSC 
measurements (amount of ettringite) and BET/NMR relaxometry (interfacial area), the fluidity by 
slump measurements and the adsorption of PCE by COT. The originality of our work lies on the 
protocol used with the combined DSC and BET/NMR relaxometry. NMR relaxometry technique is of 
particular interest because of its high sensitivity to ettringite (Dalas F. et al., 2014) and furthermore 
this in-situ method does not need preliminary preparation likely to alter the structure and/or modify 
particles arrangement. The relaxometry has proven its power on the hardened state (Barberon F. et al., 
2003; Korb J.P., 2009; Valori A. et al., 2013) but has also a promising future on the early hydration 
study (Dalas F. et al., 2015a). 
2. Materials and methods 
2.1. Materials 
2.1.1. Minerals (C3A/gypsum/hemihydrate/CaCO3) 
Cubic tricalcium aluminate (3CaO·Al2O3 noted C3A) was prepared by mixing in stoichiometric ratio 
pure reagent grade Al2O3 and CaCO3. The mixture was heated 1 hour in air at 800°C and 6 hours at 
1450°C and then crushed. It was finally mixed with gypsum and hemihydrate and crushed to a BET 
specific surface area of 0.66m2/g. Finally this powder (C3A/gypsum/hemihydrate) was mixed with 
calcite to obtain the final composition. The calcite used is a crushed calcite from a limestone quarry 
(calcite Betocarb HP-OG from Omya France) with BET specific surface area of 0.70m2/g, that is of 
the same order of magnitude as unhydrated cement. 
 



 

 
2.1.2. PCE superplasticizers C20s and C38s 
Two carboxylate PCE noted C20s and C38s were synthesized by a living/controlled radical 
polymerization technique (RAFT) of PEO methacrylate and methacrylic acid with the same 
polymerization degree (DP=50) (Rinaldi D. et al., 2009). The length of the side chains was set at a 
value of 1100g/mol (coded s, z=25). The molar ester ratio (y/(x + y) = XX %mol) was respectively 
equal to 20% and 38% for C20s and C38s. 

 
Figure 1 Chemical structure of C20s C38s; z =25; y/(x+y) = 20% for C20s and 38% for C38s 

2.1.3. Synthetic pore solution 
The solution used is saturated with respect to calcium hydroxide to remain the surface charge of 
calcite unchanged. Furthermore it contains 60mmol/l of sulfate ions. 1.8 g of CaO and 10.8 g of 
Na2SO4 were added to 1L of distilled deionised water. This solution was continuously stirred during 
10h at 25°C and then filtered through 0.3 µm Millipore filters. The ionic concentrations were then 
determined by atomic emission spectroscopy (ICP OES, Varian Vista Pro): [Ca] =15±1mmol/L, [S] = 
60±2mmol/L and [Na] =152±5mmol/L. 
2.1.4. Preparation of the suspensions 
All the experiments were carried out with a liquid/solid weight ratio equal to 0.53. This ratio was fixed 
in order to be able to measure the evolution of the slump during all the experiments. The 
C3A/Gypsum/Hemihydrate/Calcite ratio in w% is respectively 16 / 1 / 3 / 80. The dosage of PCE (w% 
by weight of solid) is 0.10 for both PCE. The paste is prepared using a blender according to the 
following procedure. The synthetic pore solution (without or with the dosage of PCE) is poured into 
the blender and then the mineral powder is added for about 30 seconds. Mixing is then performed 
according to 3 steps: (i) 1 minute speed 5000 rpm, (ii) 1 minute without mixing, (iii) 1 minute speed 
5000 rpm. In the case of PCE delayed addition, the superplasticizer is added during the second step i.e. 
2 minutes before the first contact between powder and synthetic pore solution. The temperature was 
set to 25°C. Then the paste is poured into NMR tubes for the NMR experiments or kept in a small 
container tightly closed at 25°C for the other experiments (DSC, BET). 
2.2. Methods 
2.2.1. Transverse NMR relaxation 
A 1H NMR transverse relaxation technique is used to measure the relaxation rate 1/T2. Proton NMR 
relaxometry experiments were performed using a low field spectrometer Maran-Ultra (0.55T) from 
Oxford Instruments Molecular Biotools (England), operating at the proton Larmor frequency of 23 
MHz. The sample temperature was set at 24°C. The transverse relaxation decays were measured by 
the well-known Carr-Purcell-Meiboom-Gill (CPMG) sequence used. The echo time spacing is τ = 
200µs and the number of pulses in the echo train is 1024. The CPMG sequence is accumulated 8 times 
with a delay of 3 seconds to have a good signal-to-noise ratio. Under these conditions, we cannot 
detect the solid protons within the gypsum or ettringite crystals and those chemically bound to the 
surface. Their relaxation times are much shorter than a few milliseconds and cannot contribute to the 



 

observed NMR signal. A first inverse Laplace transform has shown that the T2 distribution (i.e. the 
water population) was bimodal with respectively a short and a long relaxation time. This water 
distribution has been followed during the workability period. The water population with the short 
relaxation time represents a low fraction (<10%) and its relaxation time does not evolve over time: it is 
not sensitive to the surface area evolution. The water population with the long relaxation time 
represents the major fraction (>90%) and its relaxation time decreases along the hydration. The origin 
of both water populations was attributed to a various confinement level: water trapped in particles 
aggregates for the short relaxation time and water in interaction with solid/liquid interfaces for the 
long relaxation time. According to these results, raw data have been fitted by a bi-exponential decay 
function with least squares method refinement to determine the relaxation rates: 
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With: 
t=NMR time 
thyd=time after the beginning of the hydration (contact powder with water) 
Mxy(t,thyd)=magnetization in the xy plan at t (NMR time) for a hydration duration of thyd 

Mshort=magnetization of water with a short relaxation time 
T2short=relaxation time of water with the shortest relaxation time 
Mlong=magnetization of water with a long relaxation time 
T2long=relaxation time of water with the longest relaxation time 
c= parameter used to take into account the very small asymptotic transverse magnetization. 
All the results of NMR experiments are expressed in terms of 1/T2 long and will be named 1/T2 or 
relaxation rate later in the text. The solid surface area along the hydration time will then be easily 
evaluated from 1/T2. For more details, the complete description of the method can be found in (Dalas 
F. et al., 2014). 
2.2.2. PCE adsorption 
The PCE adsorption onto the mineral particles in the different pastes was determined by measuring the 
residual concentration of polymer in the liquid phase of suspensions. At different times (5, 10, 20, 30, 
60 and 120 minutes), a part of the paste was centrifuged and the filtered supernatant was acidified with 
H3PO4. The total organic carbon (TOC) of the pore solution was then measured by using a Shimadzu 
TOC analyzer VCPN. The amount of adsorbed PCE is therefore deduced from the difference between 
the supernatant after mineral contact and the initial solution prepared before the mixing with powder. 
2.2.3. Fluidity measurements 
A part of the paste was used for the evaluation of the yield stress (τ0) by using a mini-cone test. The 
slump or spread measurement involves filling a normalized cone (38mm lower and 20mm upper 
diameter and a height of 55mm) then lifting it up at a constant speed and finally measuring the 
diameter (R) of the paste spread disk onto the glass plate. A preliminary study (Zimmermann J. et al., 
2009) had confirmed the relation between the yield stress and the spread. 
2.2.4. Stopping the hydration 
The paste hydration was stopped for DSC and BET nitrogen analysis at different times (5, 10, 20, 30, 
60 and 120 minutes). At each time, about 10g of paste was taken from the hydrating sample and 
poured into a beaker. 30 mL of acetone were added and this suspension was filtered under vacuum and 
rinsed three times with acetone. The filtrate was then dried at 40°C in a ventilated oven for 12 hours. 
This low-temperature drying method permits to avoid the thermal decomposition of ettringite (Zhou Q. 
et al., 2001). 
2.2.5. DSC analysis 
The amount of ettringite was quantified by differential scanning calorimetry (TA Instruments DSC 
2920). Under the experimental conditions, the quantification of the amount of ettringite by X-ray 
diffraction was not possible because the calcite present in the mixture is well crystallized and masks 
the signal of ettringite. Differential scanning calorimetry allows having a better accuracy thanks to the 



 

sole response of hydrated phases. The stopped sample was heated from 25°C to 220°C at 10°C/min. In 
this reactive system (with sulfated pore solution), the sole hydrated phases that can be detected are 
ettringite and gypsum whatever the presence or not of PCE (no AFm phases detected). The peak of 
ettringite partially overlaps with gypsum depending on the amount of precipitated ettringite. The 
quantification of ettringite was then determined after a previous desummation of both peaks. The 
integration interval is [25-125°C] for ettringite and [125-200°C] for gypsum. The amount of ettringite 
in a sample is the ratio of the ettringite peak area per gram of the sample to the peak area measured 
under the same conditions for 1g of pure synthetic ettringite (ΔHett = 960J/g). The accuracy was 
estimated at ±0.003 g of ettringite/g of dried solid. 
2.2.6. BET method using N2 
The specific surface area was measured by the BET method using nitrogen (Micromeritics Tristar II 
3020) on the previously stopped samples. Prior to the measurement, samples were degassed under 
vacuum during 20 hours at 40°C to remove all molecules adsorbed on the surface. Surface area was 
calculated using the BET method of analysis, over a relative pressure range of 0.05 – 0.25 on the 
adsorption isotherm. The accuracy was estimated at ±0.1 m2/g of dried solid. The outgassing under 
vacuum has ineluctable effect on ettringite that is converted into metaettringite (a product containing 
11-13H2O per mole instead of 30-32H2O). Zhou showed a slight effect of the decomposition by an 
increase inferior to 10% of the specific surface area (Zhou Q. et al., 2004). 
3. Results and Discussion 
3.1. Effect on the C3A-CaSO4 hydration kinetic 

 
Figure 2 Effect of the time of addition (immediate or 2-minutes delayed) on the normalized amount of 

precipitated ettringite during the first 2 hours of hydration 

Under the experimental conditions the hydration of C3A only leads to the precipitation of ettringite 
according to the following reaction: 
Ca3Al206 + 3 CaSO4 + 32 H2O  → Ca6Al2 (SO4)3(OH)12, 26 H2O 
During a preliminary study (not published) we have observed a stiffening of the paste in link with a 
formation of a big amount of AFm phases when using tap water instead of the synthetic sulfated pore 
solution. The sulfate ions already present in the synthetic pore solution avoid the initial AFm 
precipitation and lead only to ettringite formation without early stiffening. The amount of ettringite 
precipitated at different stages is calculated from the DSC data. This amount is normalized by dividing 
this value by the amount of ettringite expected at the calcium sulfate depletion. This ratio is reported in 
figure 2 which shows that whatever the experiments a large part of the ettringite (~ one third of the 
total ettringite) precipitates within the first half-hour of the hydration reaction whereas this reaction 
becomes very slow after thirty minutes. Compared with the reference curve, the amount of 
precipitated ettringite is only slightly decreased by the PCE addition. The time of addition seems to 



 

only affect the first 30 minutes of C20s. With delayed addition the amount of ettringite is slightly 
smaller compared to immediate addition. 
3.2. Increase of the surface area along hydration reaction 
3.2.1 Evolution of the interfacial area along hydration 

 
Figures 3, 4 Effect of the PCE addition time (immediate or 2-minutes delayed) on the surface area increase along 
the C3A-CaSO4 hydration. Surface area is deduced from the NMR relaxation rate (left) or measured by N2 BET 

(right). 
The evolution of the liquid-solid surface area of the suspension along the C3A hydration is reported in 
figures 3 and 4.  The same trends are highlighted with results given either by BET method or by NMR 
relaxometry. Not surprisingly the main increase of interfacial area occurs within the first 30 minutes, 
in agreement with the amount of ettringite precipitating along hydration time. The presence of PCE 
has a strong effect on the surface area increase in particular within the first 5 minutes. The impact of 
the addition time is different according to the PCE structure. While the PCE C20s drastically increase 
the ettringite surface when initially added to the water solution, this effect becomes quite negligible as 
soon as its addition occurs 2 minutes after the initial mixing. For the PCE C38s, the time of addition 
has no impact on the interfacial area as shown by similar results on both techniques (the slight 
difference in the beginning of the surface increase on NMR has no explanation for the moment).  



 

3.2.2 Effect of the addition time on the ettringite specific surface area 

 
Figure 5 Effect of the PCE addition time (immediate or 2-minutes delayed) on the specific surface area of the 

ettringite precipitating along the C3A-CaSO4 hydration time. Specific surface area is deduced from NMR 
relaxometry and DSC data according to (Dalas F. et al., 2015a). 

As previously said the surface area increase along C3A-CaSO4 hydration results from both the amount 
of the ettringite precipitating and its specific surface area. To go further and dissociate these effects we 
combined the NMR surface area data with the previous DSC measurements to determine how much 
the time of addition modify the specific surface area of the precipitating ettringite. More details on the 
method can be found in (Dalas F. et al., 2015a). The evolution of the specific surface area of ettringite 
precipitating along the C3A-CaSO4 hydration is then presented in figure 5. It clearly appears that the 
PCE mainly acts by increasing strongly the specific surface area of ettringite at the very beginning of 
the C3A-CaSO4 hydration. At 5 minutes, it is about 4 times higher with C20s and 3 times higher with 
C38s in immediate addition compared to reference without PCE. By delaying the PCE addition, the 
specific surface area of ettringite is lower in both cases: 3.5 times higher with C20s and only 2 times 
higher with C38s. As previously observed, the effect is more pronounced with the more charged PCE. 
The immediate addition strongly affects the hydration (especially ettringite) compared to the delayed 
addition. Then between 5 and 30 minutes the specific surface area of ettringite decreases because it is 
the growth step. But surprisingly in the case of the immediate addition of C20s, the specific surface 
area does not come back to the reference value without PCE: it keeps a specific surface area 3 times 
higher. 
The results obtained with this new in-situ method well agrees with results reported in the literature 
(Pourchet S. et al., 2006; Yamada K., 2009; Zingg A. et al., 2008a). A more charged PCE, like C20s, 
will interact strongly with the hydration and the surface. Some hypothesis could be advanced to 
explain this findings (Dalas F. et al., 2015a): 

- PCE adsorbs on clinker surface and makes heterogenous nucleation less favorable especially 
in immediate addition. The effect of the addition time demonstrates the role of the PCE on the 
ettringite nucleation. When the initial nucleation occurs without PCE, its impact on ettringite 
morphology is less. 

- PCE in solution favors homogenous nucleation. 
- PCE strongly interacts with ettringite crystals and slows down/prevents their growth. The 

morphology could be changed by an adsorption on ettringite surfaces of high energy as shown 
on calcite (Falini G. et al., 2009). 

- According to Zingg (Zingg A. et al., 2008a), because of adsorbed PCE, the repulsive 
interactions prevent small ettringite particles aggregation and ettringite does not attach on 
clinker surfaces. 



 

3.3. The surface adsorption density of PCE 

 
Figure 6, 7 Effect of the PCE addition time (immediate or 2-minutes delayed) on PCE adsorption along the C3A-

CaSO4 hydration. (left) The adsorbed amount is expressed in mg per g of initial solid. (right) The surface 
adsorption density has been calculated by divided the adsorbed amount (figure 6) by the BET surface area at 

each time (figure 4). 

The adsorption amount in mg per g of initial solid has been plotted in figure 6. In both cases the 
adsorption is quasi constant with time whatever the addition time and the PCE structure. In both cases, 
all the adsorption occurs in the first 5 minutes and does not change with the hydration time. In other 
words the PCE amount in solution is constant during the first 2 hours. However at each time the 
adsorption amount depends strongly of the PCE structure.  

 Case of the immediate addition: For C20s, all the PCE is adsorbed and there is no PCE 
remaining in pore solution. For C38s, the added dosage is shared between the surface 
adsorption and the pore solution because it is lower charged than C20s. C38s is not a good 
competitor against the sulfate ions for the adsorption as shown in the literature (Yamada K. et 
al., 2001; Flatt R.J., 2012). A lower grafting ratio makes the PCE more resistant to sulfate in 
the adsorption process in accordance with stronger electrostatic/specific attractive interactions 
between the PCE and the surface (Dalas F. et al., 2015b). In the literature, the PCE adsorption 
(in mg/g of initial solid) is often constant in the workability period but increases strongly 
when the sulfate ions are depleted from the pore solution i.e. when the AFm phases start to 
precipitate instead of the ettringite (Comparet C., 2004). In the period of ettringite 
precipitation after the nucleation (here from 5 to 120 minutes), there is no supplementary 
adsorption for immediate addition. At the moment we do not have clear answer about this 
finding. For C20s, the surface creation is strong (figures 3 and 4) but there is no PCE 
remaining in solution to induce a supplementary adsorption. For C38s, there is PCE remaining 
in solution but the surface creation is too low to promote an additional adsorption.  

 Case of the delayed addition: a slight increase of the adsorption can be observed in the first 20 
minutes which is linked with the low surface creation in this period as shown in figures 3 and 
4. This also could be attributed to a kinetic adsorption effect especially for the point done at 5 
minutes. After 30 minutes, the adsorption in mg/g of initial solid is close to the values with the 
immediate addition. For C20s, the adsorption is similar and there is no extra adsorption 
because of a lack of polymer remaining in solution. For C38s, the competition with sulfate 
ions governs the adsorption whatever the addition time and the surface creation. 

Thanks to the continuous (NMR) or point-by-point (BET) evaluation of the surface area along the 
hydration, it is possible to calculate the surface adsorption density by dividing the adsorbed amount 
(figure 6 in mg/g of initial solid) by the BET surface area (figure 4). For all cases, the PCE surface 
adsorption density decreases with hydration time (figure 7). In fact the interfacial area increases and 



 

there is no additional adsorption as explained before. It means that the covering rate of surfaces 
(especially the ettringite) decreases progressively along the hydration. Consequently the proportion of 
uncovered surfaces rises. The uncovered surfaces are responsible for the attractive interactions. 
3.4. Rheological impact of the addition time 

 
Figure 8 Effect of the PCE addition time (immediate or 2-minutes delayed) on the fluidity evaluated by spread 

value along the C3A-CaSO4 hydration time. 

The fluidity or the yield stress of a suspension (equivalent to the spread value) has been modeled by 
Bowen and Flatt (Flatt R.J. et al., 2006). It depends on two contributions: the interparticle forces 
through non-contact interactions and the number of interacting particles through volume fractions of 
solids and particles size. Thus for the reference sample without PCE, the fluidity evolution can be 
explained by an increase of the solid volume fraction (ettringite precipitation in figure 2) and of the 
attractive interactions between newly formed surfaces (surface area creation in figure 4). In presence 
of PCE, the initial fluidity is higher than without PCE. But the temporal evolution depends on the PCE 
structure: 

 For C20s whatever the addition time, the spread values decreases strongly in the first 20 
minutes and is constant during the next 100 minutes (figure 8). This evolution is very close to 
those of the surface adsorption density (figure 7). In fact there is an increase of uncovered 
ettringite surfaces which induce attractive interactions. With this highly charged 
superplasticizer, the time of addition has a great impact. By delaying the addition, the gain of 
fluidity is about 50mm of spread at 5 minutes. The surface adsorption densities are similar in 
immediate and delayed addition. But a part of the PCE seems to be inefficient for fluidity 
improvement. It is probably trapped on very fine ettringite crystals as shown by its high 
specific surface area in immediate addition (figure 5). Moreover the high specific surface area 
of ettringite induces numerous attractive interactions. The delayed addition can permit to save 
up by a reduction of the dosage to obtain the same initial spread value. With a highly charged 
PCE, the dosage can be reduced by 50%. 

 For C38s the spread values are independent of the addition time (figure 8). There is a slight 
increase before 10 minutes and after the fluidity decreases slowly as for the reference sample 
without PCE. As discussed for C20s, the behavior of C38s can also be linked with the surface 
adsorption density (figure 7) which decreases slowly during the first 2 hours. This PCE is 
slightly charged that is why it induces a low impact on the hydration and surface creation. 
Consequently it has a reduced impact on the nucleation and on the fluidity. Thus the time of 
addition has no impact with C38s. 



 

4. Conclusion 
The hydration of a reactive model system (C3A-CaSO4-CaCO3) in presence of PCE superplasticizers 
has been investigated by an original method during the first 2 hours. The interfacial area has been 
evaluated by point-by-point BET and a quasi continous 1H NMR relaxometry method. We 
demonstrated the interest of using NMR at early age: this in-situ method does not need preliminary 
preparation likely to alter the structure and/or modify particles arrangement (non-invasive and non-
destructive) and it has a high sensitivity to ettringite. Thanks to the determination of the amount of 
precipitated ettringite by DSC and of the interfacial area, we are able to measure the specific surface 
area of ettringite during the hydration. By combining all the informations we highlighted the impact of 
PCE on the first minutes of hydration and particularly the effect of the addition time. 
We confirmed that the impact of the addition time depends on the structure of PCE: the impact is 
strong with the highly charged PCE C20s (used in prefabrication) whereas it is weak with the weakly 
charged PCE C38s (used for ready-mix concrete). At the same dosage of the highly charged PCE, 
changing the addition time (2 minutes delayed → immediate) induces visible modifications after 5 
minutes of hydration: (1) a strong increase of the interfacial area (2) a pronounced decrease of the 
fluidity (-50 mm of spread) (3) a slight increase of the amount of ettringite. We highlighted that the 
morphology of ettringite is impacted on a more durable way for the direct addition than for the 
delayed addition. The growth of “fine ettringite” (with a specific surface area 4 times higher than 
without PCE) is slowed down during the first 2 hours with a direct addition. Thus the mineral system 
has a higher global interfacial area than in the other cases. Consequently the proportion of uncovered 
surfaces (ie uncovered by adsorbed PCE) rises up in that case. The number of attractive interactions 
between uncovered surfaces is higher than for the delayed addition and so the fluidity is lower. In 
conclusion the first minutes of the hydration are crucial: the impact of the PCE addition time does not 
have to be neglected from research studies to real production of concrete. Delaying the addition can 
lead to decrease the dosage and to lower the formulation cost for the same rheological behavior. 
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Abstract 
Superplasticizer is one type of chemical cement admixtures used to improve initial workability and improve the 
performances of high strength concretes. They are made of polymers with carboxylate (PolyCarboxylates Ethers, 
PCEs), sulfonate (NaphtaleneSulfonate, NSF) and phosphonate (new phosphonate based PHN) groups. In the first 
stage of cement hydration, superplasticizers are dissolved and physisorbed onto the surface of anhydrous cement grains 
to prevent aggregation so as to increase the fluidity of cement. During the cement hydration process, AFm phases, 
which consists of hydrated calcium aluminates based on the layered double hydroxide (LDH)-like structure 
[Ca2Al(OH)6]·X·nH2O, precipitate with X an anionic species. Previous studies have shown that part of superplasticizer 
can be immobilized by the formation (definitive or transient) of a hybrid-AFm phase, thereby reducing their efficiency. 
The intercalation of superplasticizer into the AFm structure refers to their anionic functional groups. We have 
characterized the reactivity of three benzene derivatives with regard to AFm formation: C6H5-R, where R = CO2

-, SO3
- 

and PO3
2-. These model molecules were used to investigate the interface between the anionic groups and the positive 

[Ca2Al(OH)6]
+ rigid main layer. Co-precipitation and ion exchange methods (using the precursor AFm-NO3) were 

applied to prepare AFm hybrid phases. The influence of different experimental parameters, such as the excess of 
organic molecule, pH value, aging temperature and addition rate of salts has been investigated. The as-prepared 
samples were characterized by X-ray diffraction, FT-IR spectroscopy, complexometric titration and thermal analyses.  
Results clearly establish the possible formation of hybrid AFm compound based on carboxylate and sulfonate groups 
with the following affinity order: C6H5-CO2

- < C6H5-SO3
-. 2-folds excess of C6H5-SO3

- (with respect to aluminum) leads 
to the formation of AFm-sulfonate phase, whereas the formation of AFm-carboxylate phase requires 5-folds excess of 
C6H5-CO2

-. XRD results indicated that the d-spacing of AFm-CO2
- was 14.1 Å while AFm-SO3

- exhibited a larger d-
spacing of 15.6 Å. Such interlayer distances agree with organic molecule more or less orientated perpendicular to main 
layers. The sample crystallinity was improved by using the ion exchange method, and alcohol washing allows avoiding 
atmospheric carbonation of the samples. Water contents determined by thermogravimetric analyses indicates the 
general chemical formula of [Ca2Al(OH)6]·[C6H5CO2·3H2O] and [Ca2Al(OH)6]·[C6H5SO3·4H2O]. On the other hand 
the formation of phosphonate-based hybrid AFm phase has never been observed. The layered double hydroxide AFm 
phase is continuously destabilized to form phenyl phosphate calcium salt. 
 
Originality 
The formation of hybrid-AFm phases has been thoroughly characterized by considering three organic model molecules. 
These three model molecules simulate the three superplasticizer families based on carboxylate, sulfonate and 
phophonate groups. The affinity order -PO3

2- <<< -CO2
- < -SO3

- has been clearly established and should be taken into 
account in terms of admixture efficiency and also in terms of admixture immobilization in hardened concrete. 
 
Keywords: Reactivity; Calcium aluminate hydrate AFm phase; Superplasticizers; hybrids. 
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1. Introduction 
Superplasticizer (high range water reducer) is one type of chemical cement admixtures for concrete, 
which is added to reduce the water content in a mixture of concrete while retaining the initial 
workability and improving the performances of high strength concretes. Superplasticizers are made of 
polymers with carboxylate (PolyCarboxylates Ethers, PCEs), sulfonate (NaphtaleneSulFonate, NSF) 
and phosphonate (new phosphonate based PHN) groups. In the first stage of cement hydration, 
superplasticizers are dissolved and physisorbed onto the surface of anhydrous cement grains to prevent 
aggregation so as to increase the fluidity of cement. During the cement hydration process, AFm phases, 
which consists of hydrated calcium aluminates based on the layered double hydroxide (LDH)-like 
structure [Ca2Al(OH)6]·X·nH2O, precipitate with X as counter ion. Previous studies have shown that 
part of superplasticizer can be immobilized by the formation (definitive or transient) of a hybrid-AFm 
phase, thereby reducing their efficiency (Giraudeau-Lenain C, 2009). The intercalation of 
superplasticizer into the AFm structure refers to their anionic functional groups and the anionic 
exchange capacity of AFm.  
We have characterized the reactivity of three phenyl based anions with regard to the AFm formation: 
C6H5-R, with R = CO2

-, SO3
- and PO3

2-. These model molecules were used to investigate the interface 
between the anionic groups and the positive [Ca2Al(OH)6]

+ rigid main layer.  
In this paper, coprecipitation and ion exchange methods (using the precursor AFm-NO3) were applied 
to prepare hybrid AFm samples. The influence of different experimental parameters, such as the 
excess of organic molecule, pH value, temperature and kinetic of precipitation have been investigated. 
The as-prepared samples were characterized by X-ray diffraction, FT-IR spectroscopy, 
complexometric titration and thermal analyses. The present work reports a detailed investigation of the 
different parameters that govern the intercalation of the selected phenyl based anions during the 
precipitation of the AFm-hybrid phase. 
 
2. Experimental 
2.1. Syntheses 
Sodium benzoate (NaC6H5CO2 purified, with C6H5CO2

- or phenyl carboxylate the benzoate anion 
abbreviated C6C

- in the following) was purchased from Prolabo. Ca(NO3)2·4H2O (> 99% purity), 
Al(NO3)3·9H2O (> 99% purity), phenylphosphonic acid (C6H7PO3 > 98% purity, with C6H5PO3

2-
 

phenyl phosphonate anion abbreviated C6P
2-) and phenylsulfonic acid (C6H6SO3 > 98% purity, with 

C6H5SO3
-
  phenyl sulfonate anion abbreviated C6S

-) were purchased from ACROS Organics and used 
without further purification.  
2.1.1 AFm precursor 
The AFm nitrate precursor [Ca2Al(OH)6]·[NO3·2H2O] (named AFm-NO3) has been synthesized by a 
coprecipitation method at room temperature (Miyata S., 1983). An aqueous solution of 
Ca(NO3)2·4H2O and Al(NO3)3·9H2O was prepared with a molar ratio [Ca2+]/[Al3+]=2.0 and a total 
concentration of salts [Ca2+]+[Al3+]= 0.5 M. 20 mL of this solution was added in 50 mL of deionized 
water within 3h under stirring and N2 gas flow. During the addition, 1 M NaOH solution was added in 
order to keep the pH constant at ~ 11.5 using an automatic titrator ‘Titroprocessor 670’ (Metrohm AG). 
After the addition step, the resultant suspension was aged for 24h in the stirred reactor under 
controlled pH (11.5 ± 0.1). The precipitation was then separated from the mother solution by 
centrifugating. The precipitate was washed twice with ethanol, dried at room temperature under 
dynamic vacuum and finally stored in a CO2-free atmosphere. The as-prepared sample is single phase 

with X-ray powder pattern characteristic of lamellar AFm phases. Refined lattice parameters ( 13cP  
space group with a = 5.7332 (5) Å and c = 17.18 (1) Å) agree with the formation of 
[Ca2Al(OH)6]·[NO3·2H2O] (Renaudin G. and François M., 1999). The ethanol drying procedure 
allowed to obtained the targeted hydrate, and not the lower hydrate [Ca2Al(OH)6]·[NO3·1H2O] 
(Renaudin G. et al., 2000). 
2.1.2 Hybrids AFm 
The hybrids AFm phases with organic anion intercalated in the interlayer have been synthesized by 
different routes of synthesis in order to investigate the best way to obtain well crystalline product 
allowing structural description of the compound i.e. allowing the description of the organic/inorganic 
interphase. Different synthesis parameters were considered for optimizing the crystallinity. 



 

Coprecipitation method: the coprecipitation method described for the AFm precursor was used. Ca2+ 
and Al3+ nitrate salts were added in 50 mL of an aqueous solution containing an excess of the anionic 
organic species that has to be intercalated and obtained by previous dissolution of either sodium 
benzoate, or phenylsulfonic acid or phenylphosphonic acid. 
Exchange method: the ion exchange method was applied starting from nitrate containing AFm-
precursor (0.5g) immersed/suspended in 50 mL of deionized water and in presence of an excess of the 
organic anions (by dissolution of either sodium benzoate, or phenylsulfonic acid or phenylphosphonic 
acid). The suspensions so obtained, were aged for 24h at a constant pH value of 12.3 by addition of 
1M NaOH, under stirring and nitrogen flow. Then, the solid material was separated by centrifugation, 
washed twice with ethanol and dried at room temperature in a CO2-free atmosphere. 
 
2.2 Technics of characterization 
X-ray powder diffraction (XRPD) was used to check the obtained products using a X'Pert Pro 
PANalytical diffractometer, θ–θ geometry, using Cu Kα radiation (λ=1.5418 Å) at room temperature 
in the interval 3° < 2θ < 120° with a step size of 2θ = 0.0167° and a counting time of 200 s/step. The 
XRPD pattern of LaB6 NIST standard was recorded using the same experimental conditions in order to 
extract the instrumental resolution function. Rietveld refinements were performed using FullProf.2k 
program (Rodriguez-Carvajal J., 2005) to characterize structural and microstructural parameters of 
hybrid AFm samples. 
To probe interlayer species, Fourier Transform InfraRouge (FTIR) analyses of the samples were 
carried out on a PerkinElmer 16PC FTIR spectrometer with KBr pellets. Each spectrum was recorded 
over 128 scans, in the range 4000-400 cm−1 with a resolution of 4 cm−1. 
ThermoGravimetric Analyses (TGA) were realized on a Setaram TG-DTA92 thermogravimetric 
analyzer to quantify the amount of inserted organic anion and water molecules in the interlayer. 
Measurements were performed from room temperature up to 1000°C in the air with a heating rate of 
5°C/min. 
Complexometric Titration: the calcium over aluminium ratio was determined by complexometric 
titration with EDTA. For calcium, direct titration was realized using Patton and Reeder indicator and 
the triethanolamine was used to prevent the interference with aluminium. Back titration method was 
carried out in order to determine the aluminium content with the orange xylenol indicator and 
a zinc chloride solution. 
 
3. Results and Discussion 
The present study aims to characterize the reactivity of the three carboxylate, sulfonate and 
phosphonate functions toward the calcium aluminate cementitious lamellar hydrates. Before 
comparing the affinity of the three chosen model phenyl anions, a complete study was done with the 
benzoate anion in order to optimize the conditions of synthesis to prepare single phase sample and 
well crystalline hybrid AFm compound. 
 
3.1. Optimization of the synthesis conditions for the phenyl carboxylate containing hybrid AFm-
C6C  
Several synthesis parameters such as temperature, addition rates, pH, washing/drying, anion excess 
have been investigated to determine the optimized s conditions that will be further applied to prepare 
the different hybrid AFm samples. Both synthesis routes, i.e. coprecipitation and exchange were 
compared. 
3.1.1. Coprecipitation method 
In Table 1 are gathered selected syntheses parameters. Corresponding X-ray powder diffraction 
patterns of the samples are shown in Fig. 1. The crystallinity of the samples can be checked from 
XRPD, and quantitatively determined by extraction of the average crystallite sizes from Rietveld 
refinement (Table 1). The formation of the hybrid AFm-C6C phase is first evidenced by the large shift 
toward small angles of the first intense diffraction peak related to the interlayer distance (from about 
2θ ~ 10° for the AFm-NO3 precursor to about 2θ ~ 6° for the hybrid phase). 
 



 

Table 1. Synthesis parameters examined for the preparation of crystalline single phase hybrid AFm-benzoate 
using the coprecipitation method (AFm-C6C-Cop samples) and the exchange method (AFm-C6C-Exc samples). 

Sample 
XRPD 
pattern 

pH 

Excess of 
anion over 
the amount 

of Al3+ 
 (in mol) 

Addition rate 
of salts 

(mL/min) 

Aging 
temperature 

(°C) 

Size of the 
coherent 
domains 

(Å) 

AFm-NO3 Fig. 1a precursor for exchange method 300 
AFm-C6C-Cop1 Fig. 1b 12.3 10 0.113 25 250 
AFm-C6C-Cop2 Fig. 1c 12.3 20 0.113 25 120 
AFm-C6C-Cop3 Fig. 1d 11.5 20 0.113 25 50 
AFm-C6C-Cop4 Fig. 1e 13.0 20 0.113 25 80 
AFm-C6C-Cop5 Fig. 1f 12.3 20 0.113 50 120 
AFm-C6C-Cop6 Fig. 1g/2a 12.3 20 0.037 25 190 
AFm-C6C-Exc1 Fig. 2b 12.3 10 - 25 230 
AFm-C6C-Exc2 Fig. 2c 12.3 20 - 25 220 
AFm-C6C-Exc3 Fig. 2d 12.3 20 - hydrothermal 280 

 
 
Effect of excess of anion: the XRPD patterns recorded from the AFm-C6C samples prepared by the 
coprecipitation method with 10-fold and 20-fold excess of C6C

- anions (over the amount of Al3+ used 
and present into the main layer [Ca2Al(OH)6]

+ are shown in Fig. 1b and Fig. 1c together with the 
AFm-NO3 precursor. The XRPD pattern of the sample synthesized with a 10-fold excess of C6C

- 
remains unchanged compared to AFm-NO3. An excess of 20-fold of C6C

- anion is needed to displace 
the equilibrium toward the formation of the hybrid AFm phase at the expense of AFm-NO3. The 
exchange of nitrate by benzoate anion in the interlayer is accompanied by an increase of the interlayer 
distance from 8.6 Å to 14.1 Å as deduced from the position of the first diffraction peak. 
 

 
Figure 1. X-rays powder diffraction patterns of AFm-C6C samples obtained by the coprecipitation method under 

different conditions and compared to AFm-NO3 precursor. See Table 1 for samples names.  

 



 

Effect of pH: The previous syntheses have been performed at a pH value of 12.3 which corresponds to 
the pH encountered in cementitious system buffered by lime. Fig. 1d and Fig. 1e show the results 
obtained by a modification of the pH value, respectively 11.5 and 13.0. Although the phase formed 
remains AFm-C6C, its crystallinity is dramatically affected by varying the pH value. On the other 
hand, using of high pH value leads to carbonation of the sample as shown for AFm-C6C-Cop4 sample  
displaying a shoulder at 2θ = 11.8 (d ~ 7.5 Å) in the XRDP and indicating the presence of the AFm-
CO3 impurity (Francois M, Renaudin G et al., 1998). Therefore, for the synthesis using the 
coprecipitation method, the optimized pH was set to 12.4. 
Effect of aging temperature: Fig. 1f shows the XRDP obtained for a sample prepared with an ageing 
temperature of 50°C (sample AFm-C6C-Cop5) and as can be seen, the crystallinity of the AFm-C6C 
phase is not improved by increasing the ageing temperature. 
Precipitation rate: Fig. 1g shows the effect of the addition rate of the salt solutions on the crystallinity 
of AFm-C6C phase. For instance, AFm-C6C-Cop6 sample prepared with an addition rate of the salt 
solution three times lower than for AFm-C6C-Cop2 exhibits a better crystallinity. Therefore, by 
playing with the addition rates one can slow down the kinetic of precipitation which favors the crystal 
growth. 
Based on all these results, one can establish that the optimized parameters for synthesis carried out 
using the coprecipitation method are those corresponding for AFm-C6C-Cop6 sample; i.e. a 20 fold 
excess of organic anions, a pH of 12.4, an ageing temperature of 50°C and an addition rates of  the salt 
solution of 0.037 mL/min. 
3.1.2. Exchange method 
The XRPD patterns of the samples prepared by the anion exchange method are shown in Figure 2 and 
compared with AFm-C6C-Cop6 sample obtained by the coprecipitation method. It is noteworthy that 
compounds obtained through the anion exchange method present a rather good crystallinity and we 
can attribute that both to the high crystallinity of  AFm-NO3 precursor also to the fact the exchange 
process do not affect the structure of pre-formed hydroxide layers, only the interlayer domain. 
Furthermore, the intercalation of organic benzoate is observed for an excess of 10 instead of 20 using 
the coprecipitation method. In the case of the anion exchange process, this excess also reflects the 
competition between C6C

- and NO3
- anions.  The crystallinity of samples obtained by anion exchange 

can be further increased by applying an hydrothermal treatment as shown in Fig 2d ; the hydrothermal 
treatment was performed with freshly prepared samples placed in a Teflon-lined’ stainless steel bomb 
heated at 120°C for 3 days. 
 

 
Figure 2. X-rays powder patterns of the AFm-C6C samples synthesized by the exchange method and a well 

crystalized AFm-C6C sample synthesized by the coprecipitation method. See Table 1 for samples names.  
 



 

3.1.3. Formation of the hybrid AFm-C6C phase 
Infrared spectroscopy has been used to confirm the formation of the expected hybrid phase. Fig. 3 
shows three spectra: the sodium benzoate salt, the nitrate AFm phase and the synthesized AFm-C6C 
hybrid phase. As expected, the AFm-C6C presents features characteristic of lamellar AFm phases with 
hydroxyl groups and water molecule vibrations in the range 3300 – 3700 cm-1, and Ca-OH vibrations 
at 420 cm-1 (bending) and in the interval 500-600 cm-1 (stretching). Vibrations of the organic anion is 
also clearly visible in the spectra indicating that AFm-C6C sample has the following chemical 
composition [Ca2Al(OH)6]·[C6H5-CO2·4H2O]; water amount was determined thanks to 
thermogravimetric analysis. 
 

 

 
Figure 3. Top: FTIR spectra of AFm-NO3, AFm-C6C and Na-C6C. Bottom: Thermogravimetric analyses of 

AFm-C6C 
 

3.2 Chemical affinity of the phenyl based anions and characterization of the hydrid phases 
According to results obtained on the intercalation of benzoate in lamellar AFm phase, the anion 
exchange method was used to compare the affinity of three phenyl based model anions with the 
carboxylate, sulfonate and phosphonate functions (C6H5-CO2

-, C6H5-SO3
- and C6H5-PO3

2-) three 
functions often encountered in superplasticizer cement admixtures. In order to investigate the affinities 
of these model anions for AFm, syntheses were carried out considering the optimized parameters as 
determined above for C6C. 



 

3.2.1 The hybrid AFm-C6C 
The XRPD patterns of the samples obtained using the anion exchange method with different excess of 
C6C

- are shown in Figure 4. A complete exchange occurs for a 5-fold excess with an increase of the 
basal spacing from 8.6 Å (nitrate AFm) to 14.1 Å for AFm-C6C. Structural considerations on AFm 
main layers usually estimate its thickness to c.a. 7.2 Å (considering hydrogen atoms from water 
molecules bonded to calcium cations). The resulting gallery height of 6.9 Å for AFm-C6C is consistent 
with the dimensions of C6C

- intercalated organic anion (with a length of 6.0 Å for C6H5-CO2
-) and a 

perpendicular orientation with respect to the layers as illustrated in Fig.5b. The sample obtained with 
the 2-fold excess is mainly composed of the nitrate precursor although additional diffraction peaks of 
weak intensity are observed at low angles that may be attributed to a minor AFm phase with a large 
interlayer distance of c.a. 23 Å. We think this interlayer distance results from a staging phenomenon or 
interstratification with alternating interlayers of nitrate and phenyl carboxylate anions as represented 
schematically in Fig. 5a. Interstratification phenomena in Layered Double Hydroxides have already 
been reported (Taviot-Guého C, Feng Y et al., 2010). In the present case, due to the low affinity of 
C6C for AFm, the exchange of nitrate anion by phenyl carboxylate guest anion is believed to proceed 
in two steps with the formation of a second-stage intermediate AFm-C6C/NO3. 
 

 
Figure 4. XRPD patterns of the precursor AFm-NO3 and three AFm-C6C samples 

 
 

 
           AFm-C6C/NO3                                                                         AFm-C6C   

Figure 5. Schematic representation of the intermediate AFm-C6C/NO3 (a) and the hybrid AFm-C6C (b) 
 

3.2.2 AFm-C6S hybrid 
Fig. 6 shows the XRPD patterns obtained for the exchange of phenyl sulfonate C6S

- anion. A full 
exchange is observed for a 2-fold excess of C6S

- anions. High crystallinity and purity are observed 
indicating a high affinity of C6S

- for AFm. After anion exchange, the AFm interlayer distance 
undergoes an increase from 8.6 Å to 15.6 Å. Infrared spectroscopy confirmed the intercalation of C6S- 
anions with the complete disappearance of nitrate anions signal. The resulting gallery height of AFm-



 

C6S i.e. 8.4 Å (considering a hydroxide layer thickness of 6.1 Å) is consistent with the intercalation of 
C6H5-SO3

- anion oriented perpendicular to the hydroxide layer and connected with hydrogen bonding 
(Fig.7). Thermogravimetric analysis shows a two-step dehydration process of AFm-C6S with a first 
weight loss corresponding to a water departure around 100°C and a second loss around 230°C also due 
to water departure. The [Ca2Al(OH)6]·[C6H5-SO3,4H2O] chemical formulae has been deduced from the 
TGA analysis (Fig. 8). 
 

 
Figure 6. XRPD patterns of AFm-NO3 precursor and AFm-C6S samples obtained with two different excess 

(EX2 : 2-fold excess ; EX5 = 5-fold excess) 

 

 
Figure 7. Schematic representation of the AFm-C6S 

 

 
Figure 8. Thermogravimetric analyses of AFm-C6S and NaC6S 

 

3.2.3 AFm-C6P hybrid 
Fig. 9 shows the XRPD patterns of AFm-C6P samples compared to AFm-NO3 and also Ca-C6P salt. 
The nitrate AFm precursor is quickly replaced by another compound with an intense diffraction peak 
at d ~ 14.9 Å. Nevertheless, diffraction peaks closed to 2θ = 31° characteristic of AFm hydroxide. 
Nevertheless, diffraction peaks closed to 2θ = 31° characteristic of AFm hydroxide layers – basal (110) 



 

plane – disappeared concomitantly with the appearance of an intense peak at 2θ = 5.95°. Actually, the 
exchange reaction in presence of the phenyl phosphonate anion does not lead to a topotactic 
replacement of NO3

- by C6P
2- into AFm, but to the destruction of AFm lamellar structure and the 

precipitation of a calcium phenyl phosphonate salt (Ca-C6P). A Ca-C6P sample was prepared by 
mixing phenyl phosphonate with Ca(NO3)2 in appropriate amounts at pH = 11.5. The XRD pattern of 
Ca-C6P salt so prepared (Fig. 9f) is similar to that of the sample that we though was AFm-C6P. 
Besides the chemical composition analysis shows the absence of aluminum cations in samples.  It is 
worth noting that samples with a low excess of C6P

2- show additional diffraction peaks at 2θ ~ 8°, 16° 
and 24° which are harmonics and thus indicate the presence of a lamellar phase with an interlayer 
distance of 10.9 Å (Fig. 9b and 9c). However, it was not possible to give further details on the 
structure of this latter new phase owing to the presence of two other phases i.e. AFm-NO3 precursor 
and Ca-C6P. 

 

 
Figure 9. XRPD patterns of the precursor AFm-NO3, five AFm-C6P samples and a Ca-C6P sample 

 
 

4. Conclusions 
Coprecipitation and anion exchange methods have been used to investigate conditions for obtaining 
phenyl carboxylate containing-AFm. Well crystalline AFm-C6C hybrid was obtained by exchange 
reaction starting from AFm-NO3 phase. When using the coprecipitation method, the best sample was 
synthesized at a pH value of 12.4 (a lime buffered solution) with a low kinetic of precipitation and 
with a large 20-fold excess of organic anion. No effect of ageing time was observed when increasing 
the temperature. Furthermore, the crystallinity of the samples was improved by applying a post 
synthesis hydrothermal treatment on freshly precipitated AFm-C6C hybrid. 
The effect of the three anionic functions ie carboxylate, sulfonate and phosphonate based on phenyl 
anions have been investigated on the formation of hybrid AFm samples. The affinity order for AFm is 
the following: -PO3

2- <<< -CO2
- < -SO3

-. The formation of the phenyl phosphonate AFm phase was 
not observed, instead leading a calcium salt Ca-C6P. Both AFm-C6C and AFm-C6S hybrid phases have 
been obtained with respectively interlayer distances of 14.1 Å and 15.6 Å. For these two hybrid AFm 
phases, the interlayer gallery is large enough to accommodate the organic anion with the phenyl 
groups oriented perpendicular to the hydroxide layer and considering hydrogen bonding. The phenyl 
sulfonate anion displays the higher affinity for AFm as shown by the weak excess of anions needed to 
obtain a well crystalline single phase sample; a 2-fold excess is enough for intercalating C6S

- into 
AFm while a 5-fold excess was necessary for intercalating C6C

-. Supplementary crystallographic 
investigations are under way to get more details on the nature of the interactions between the two parts 
of the structure i.e the organic and inorganic sub lattices, the extent of the hydrogen bonding and a 
possible direct bonding with calcium cations from the hydroxide layer. This study is of great interest 
for a better understanding of the interactions between organic superplasticizers used in cement 
formulation and the precipitated cement hydrates. 
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Application of true density analyzer in the study of chemical 

shrinkage of cement based material 

Yang Xu, Liu Yi, Sun Zhenping  
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Shanghai 201804, China) 

Abstract 
This paper investigated the influence of mineral admixtures, such as silica fume, fly ash and slag, on 
chemical shrinkage of cement based material by using the Ultrapyc 1200e true density analyzer. 
Results show that the volume change of all the mineral admixtures utilized in this paper obeys almost 
the same law at the early age, but the influences on chemical shrinkage are different. Silica fume and 
fly ash could decrease the chemical shrinkage of cementitious material paste while slag would increase 
that. Compared comprehensively, the volume change at the early age is a process with both chemical 
shrinkage, which is caused by hydration, and expansion, which is caused by crystallization of the 
products. It shows chemical shrinkage when hydration is dominated and shows expansion when 
crystallization is dominated. 
 
Originality 
Chemical shrinkage of cement paste occurs during cement hydration, which is caused by the increasing 
density of the system combined by the reactants and products. There are two main methods utilized in 
the study on chemical shrinkage nowadays, which are the volumetric method and density method. 
However, human records in a certain time interval is required for the former, and complex operations 
are needed for the latter, both of which would cause human errors. Therefore, a method for accurately 
and conveniently measuring chemical shrinkage of cement paste is imperative and necessary. In this 
paper, Ultrapyc 1200e true density analyzer was used to record the true volume of cement paste, which 
is based on the the ideal gas equation PV=nRT, and the gas used in this instrument is helium, which 
could penetrate into the smallest pores. Moreover, this instrument can record automatically and is easy 
to deal with. Thus, a relatively accurate data would be obtained, meanwhile, human errors could be 
avoided.  
 

Keywords: Silica fume, Fly ash, Slag, Chemical shrinkage, True density analyzer 



 

1. Introduction 

Shrinkage crack is one of the main reasons that result in crevasse and destruction of the structure of 

concrete. And measuring the shrinkage of concrete accurately, studying mechanisms of shrinkage, and 

preventing the generating of shrinkage crack are the keys to solve this problem. Shrinkage of concrete 

includes chemical shrinkage, drying shrinkage, humidity shrinkage, carbonation shrinkage and plastic 

shrinkage. Scholars and experts, domestic or foreign, have proceeded many studies on shrinkage of 

concrete, but little on chemical shrinkage. 

Chemical shrinkage of cement paste occurs during cement hydration, which is caused by the increasing 

density of the system combined by the reactants and products. Chemical shrinkage starts when cement 

is mixed with water and ends until hydration is completed. Only a little part of chemical shrinkage 

shows as the decrease of the volume of solid phase, and most of it turns into voids inside the paste. 

Since chemical shrinkage is found by Le Chatelier in 1900, lots of studies have been done. Powers did 

some quantitative research on chemical shrinkage of cement for the first time in 1935, and found that 

the shrinkage of Portland cement is about 6~7mL/(100g) 100 percent hydration. Tazawa pointed out 

that chemical shrinkage is the decrease of the total volume of the cement paste after hydration, which is 

caused by cement hydration, the secondary hydration, the formation of ettringite, and so on. Justness 

summarized three main methods to test chemical shrinkage, including expansion method, gravimetric 

method and pycnometer method. Expansion method is the most widely used because the length or 

volume change could be got by this way directly. There are two main expansion methods utilized in the 

study on chemical shrinkage nowadays, which are the volumetric method and density method. 

However, human records in a certain time interval is required for the former, and complex operations 

are needed for the latter, both of which would cause human errors. 

Volume change during cement hydration could be got using the methods above, but the defects are 

obvious: either human errors or complex operations are needed. Moreover, limited by permeation of 

water, some of the voids inside cement paste could not be occupied by water, thus the volume change 

tested is only a part of chemical shrinkage. Therefore, a more accurate and convenient method for 

chemical shrinkage is crying for. Ultrapyc series true density analyzer produced by Quantachrome Ins 

are found to be an ideal choice after some probation. Ultrapyc series true density analyzer are based on 

gas expansion displacement method and can test the true density of solid or sizing agent in all shape. 

Nowadays, Ultrapyc series true density analyzer have been widely used in many fields, such as 

industry area like chemistry, food and oil, biomedicine, material science, and so on. However, most of 

studies still rest on the test of the value of true density, and rarely on the study of the chemical 

properties of cement based materials. However, Ultrapyc series true density analyzer would gain more 

attention of professional people undoubtedly because of its feature of accuracy, convenience and 

consistency. 

Ultrapyc 1200e true density analyzer is used in this paper to test the chemical shrinkage of cement 

based material. Ultrapyc 1200e true density analyzer is designed on the basis of Archimedes law fluid 

replacement method and Boyle’s law, and it could test accurately at normal temperatures and pressures 

in the atmosphere of the smallest inert gas helium. With simple operation, accurate results and 

automatic recording, Ultrapyc 1200e true density analyzer has not only overcome the defects of the 

traditional methods, but also improved the accuracy. 

 

 

 



 

2. Materials and methods 

2.1 Materials and mix proportions 

1) Cement: PⅡ52.5 produced by Jiangnan-Onoda limited corporation, whose specific surface area is 

359m2/kg, and density is ####. 

2) Silica fume: ####. 

3) Fly ash: ####. 

4) Slag: ####. 

5) Mixing water: tap water, whose density is ###. 

The mix proportions of cement paste is shown as table 1, and the water cement ratios of the samples 

are all 0.30. 

Table 1 Mix proportions (by mass of cement pastes)/% 

Code C SF FA MP-92.5 MP-105 

0#-blank 100       

1#-SF5% 95 5 
  

2#-SF10% 90 10 
  

3#-FA15% 85 
 

15 
 

4#-FA30% 70 
 

30 
 

5#-MP92.5-15% 85 
  

15 

6#-MP92.5-30% 70 
  

30 

7#-MP105-15% 85 
   

15 

8#-MP105-30% 70       30 

 

2.2 Test methods 

2.2.1  Chemical shrinkage 

1) Experimental device: Ultrapyc 1200e true density analyzer produced by Quantachrome Ins as 

shown in Figure 1, major components of which are specimen chamber, monitor, LED indicator 

light, keyboard, and so on. 

 

Figure 1 Ultrapyc 1200e true density analyzer 

2) Testing mechanism:  

####. 

3) Testing method: 



 

####. 

2.2.2  Heat of hydration 

####. 

2.2.3  Cement paste experiment 

####. 

2.2.4  Crystal water 

####. 

 

3. Experimental procedures 

3.1  Silica fume 

####. 

3.2  Fly ash 

####. 

3.3  Granulated blast-furnace slag 

3.3.1  92.5 slag 

####. 

3.3.2  105 slag 

####. 

3.4 Compound of fly ash and 92.5 slag 

####. 

 

4. Theoretical approach 

4.1 2d-hydration 

####. 

4.2 28d-hydration 

####. 

5. Results and discussion 

1) Early age chemical shrinkage 

2) Long term chemical shrinkage 

3) Compound 

4) Reasonable suggestions 

6. Conclusions 

####. 
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ABSTRACT. The effect of calcium chloride (CaCl2) on tricalcium silicate (C3S) hydration was 

investigated by Scanning Transmission X-ray Microscopy (STXM) with Near Edge X-ray 

Absorption Fine Structure (NEXAFS) spectra and 29Si MAS NMR. STXM is demonstrated to be 

a powerful tool to study the chemical composition of a cement-based hydration system. The Ca 

L3,2-edge NEXAFS spectra from the examination of C3S hydration in the presence of CaCl2 
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showed that this accelerator does not change the coordination of calcium in the calcium silicate 

hydrate (C-S-H), the primary hydration product. O K-edge NEXAFS is also very useful to 

distinguish the chemical components in hydrated C3S. Based on the Ca L3,2-edge spectra and 

chemical component mapping, we concluded that CaCl2 prefers to coexists with unhdyrated C3S 

instead of C-S-H. In Si K-edge NEXAFS analysis, CaCl2 increases the degree of silicate 

polymerization of C-S-H in agreement with the 29Si MAS NMR results, showing that the 

presence of CaCl2 in hydrated C3S generates a significant increase in the Q2/Q1 ratios. 

1. Introduction 

Calcium chloride (CaCl2) plays an important role in accelerating the hydration and setting of 

tricalcium silicate (C3S) and Portland cement[1-3]. CaCl2 has been used widely in construction 

using unreinforced concrete[3] due to steel corrosion. The rate of formation of hydration 

products has often been observed to increase in the presence of CaCl2, accelerating the rate of 

heat evolution during hydration[1, 3]. This accelerating admixture promotes the dissolution of 

the cations or anions from the cement, thereby accelerating the growth rate of calcium silicate 

hydrate (C-S-H), which is a complicatedly physical and chemical process for nucleation and 

growth[4]. However, this mechanism is not fully understood at the molecular level[5]. 

The microstructure and nanostructure of the hydration products are expected to be influenced 

by speeding up the hydration reaction. CaCl2 is well known to have the ability to increase the 

nitrogen surface area and pore volume of Portland cement and C3S pastes[6-7]. The “sheaf-of 

wheat” or fibrous morphology of hydrated C3S in presence of CaCl2 has been investigated using 

the various microscopy techniques[2, 8-11] such as scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and full-view transmission soft X-ray microscopy, but 

little information has been obtained about the chemical and physical properties corresponding to 
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the morphology. Transmission soft X-ray microscopy has increasingly been utilized in exploring 

the cement-based materials[2, 8, 12-13]. Juenger et al.[2] found that CaCl2 accelerates the 

formation of “inner product” C-S-H with a low-density microstructure. The C-S-H is formed 

early outside of the original grain boundary as bridge spaces between grains. Thomas et al. 

studied the development of the microstructure and the kinetics of pure C3S and CaCl2-

accelerated C3S pastes and they reported CaCl2 accelerated the rate of nucleation of the hydration 

product on the surface of the C3S particles significantly, but CaCl2 has relatively little effect on 

the growth rate[1]. These studies have demonstrated that morphologic information about 

hydrated C3S in the presence of CaCl2 and exploration of chloride binding are needed. However, 

the analytical approaches listed above have certain limitations, not including chemical speciation 

of elements in heterogeneous materials on the submicron-scale.  

Scanning transmission X-ray microscopy (STXM) provides information on both morphology 

and X-ray Absorption Spectroscopy (XAS). STXM is a promising technique in further 

understanding the structure and the properties of the C-S-H phase[14-19]. The STXM technique 

allows investigation of amorphous and crystalline materials. In addition to obtaining the 

chemical speciation information, STXM also allows identification of heterogeneity within the 

samples on a particle-by-particle basis. Significantly, image stacks (where a series of images is 

collected corresponding to each energy level observed by STXM with Near Edge X-ray 

Absorption Fine Structure (NEXAFS) were converted into chemical component mapping. The 

results can be visualized by RGB overlay maps using Singular Value Decomposition (SVD) 

based on reference spectra[20]. Because various chemical components have unique NEXAFS 

spectra, the reference spectra obtained from known components were used to visualize and 

differentiate phases in a sample[21]. 
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To investigate the effects of CaCl2 on microstructure of hydration products during hydration of 

C3S, X-ray diffraction (XRD), 29Si MAS NMR and Scanning Transmission X-ray Microscopy 

(STXM) measurements were taken to investigate the interactions between calcium chloride and 

C-S-H. Using STXM in combination with concurrent measurements of NEXAFS, results from 

this study will examine sample compositions and spatial heterogeneities and thus aid in 

explaining the interactions between calcium or chloride ions and C-S-H. This will improve 

understanding of the accelerating role of CaCl2 on the chemical information of C-S-H, bringing 

the state of art a step closer to the development of admixtures for advanced concrete structures. 

 

2. Materials and methods 

2.1 Materials 

Triclinic C3S passing through sieve #325 (45 μm) was purchased from CTL Group (Skokie, 

IL). Finely ground anhydrous triclinic C3S powder was mixed with 0.1M CaCl2 solution with a 

liquid to solid ratio of 1.0. A C3S paste produced for STXM was maintained in the CryoTubeTM 

vials (1.8 mL) under the protection of N2 gas at room temperature and then sealed in a vacuum 

bag. After a period of hydration of 1, 3, 7 and 28 d, samples of hydrated C3S with an addition of 

CaCl2 were dried in a vacuum oven at 23°C before X-ray diffraction and 29Si MAS NMR 

measurements. 

2.2 X-ray diffraction  

Samples of hydrated C3S with an addition of CaCl2 at different hydration times were tested 

using a PANalytical X’Pert Pro diffractometer equipped with a Co X-ray tube (λ=1.79Å) and the 

rapid X’celerator detector. The XRD patterns of the samples were analyzed by X-Pert HighScore 

Plus software. XRD was used to identify crystalline phases from a 2θ value of 5-55° with a step 

of 0.02°.  
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2.3 Scanning transmission X-ray microscopy 

After 7 d of hydration, the C3S paste was ground and dispersed with deionized water for 

STXM measurement. A drop of 0.1 μL of C3S solution was taken and placed on the center of the 

Si3N4 membrane window (core: 1 mm  1 mm  100 nm; frame: 5 mm  5 mm  0.2 mm) with a 

micropipette. Residual water was removed from the window.  

The reference Ca L3,2-edge NEXAFS spectra of CaCl2 particles on the Si3N4 window was also 

measured. STXM experiments were performed at the Advanced Light Source (ALS) at 

Lawrence Berkeley National Laboratory (LBNL) beamline 5.3.2.1 (700-2500 eV) and 5.3.2.2 

(250-800eV)[22]. The images and NEXAFS spectra of the Ca L3,2-edge (340–360 eV), O K-edge 

(520–560 eV) and Si K-edge (1825–1890 eV) were measured. Axis 2000 software (version 2.1) 

was used to align stack images and extract NEXAFS spectra from the stack and line scan images. 

The stack scan collects absorption data for the field of view at each preselected energy point. 

2.4 29Si MAS NMR 

Solid-state NMR spectra were recorded on a Bruker MSL-300 spectrometer in which the 

resonance frequency for 29Si is 59.63 MHz. Samples were packed into a 4- mm Zirconia rotor. 

High-power proton decoupling was used for the 29Si spectra, and chemical shifts are quoted 

relative to external tetramethylsilane (TMS) for 29Si. Typical acquisition parameters for 

recording the 29Si spectra were 4.5-kHz sample spinning speed, 4-μs pulse length and a 6-KHz 

sweep width. 29Si cross-polarization magic-angle spinning (CPMAS) experiments were 

performed using a relaxation delay of 12 μs. 

 

3. Results and discussion 
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3.1 XRD patterns. The results of the XRD analysis of the chloride-containing samples with 

different hydration time are shown in Fig. 1. Portlandite crystals (Ca(OH)2) and unhydrated C3S 

can be observed starting at 1 d of hydration. At 28 d, unhydrated C3S was no longer observed. 

Due to poor crystalline of amorphous C-S-H, there is just a hump associated to the formation of 

C-S-H at d-spacing of 3.08 Å starting at 3 d hydrated C3S with CaCl2. 

 

Fig. 1. XRD patterns of phase changes from hydrated C3S in presence of CaCl2 at different 

hydration times. 

 

3.2. Ca L3,2-edge NEXAFS analysis. The references of unhydrated C3S, pure Ca(OH)2 and 

pure C-S-H were determined firstly by Bae[23] while the reference for CaCl2 was collected in 

the present study. C3S and its hydration products are calcium compounds. Ca L3,2-edge NEXAFS 

spectra provide calcium coordination environment and characterize conveniently amorphous and 

crystalline Ca-containing materials that are present in these reference compounds and 7 d old 

hydrated C3S with CaCl2 in Fig.2. The observed multiple peak patterns of Ca L3,2-edge NEXAFS 

spectra consist of two main spin-orbit related peaks (a2 and b2) corresponding to L3 and L2, along 

with several smaller peaks (a1 and b1) leading the main peaks (Fig. 2). The experimental 
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resolution for the spectra is approximately less than 0.1 eV. The magnitudes and symmetry of the 

crystal field of calcium in the first coordination sphere results in crystal field splitting, which is 

the origin of these multi-peak pattern. The peak positions and energy separation values (∆L3(a2-

a1) and ∆L2(b2-b1)) are related to the symmetry of Ca2+, given in Table 1. 

 

Fig. 2 Ca L3,2-edge NEXAFS spectra of (a) Reference of anhydrous C3S
*, C-S-H*, Ca(OH)2

* 

and CaCl2 (
* data from Bae et al.[23]), (b) and (c) Single-image of 7 d hydrated C3S in presence 

CaCl2 taken respectively at 340 eV and 525 eV, (d) Ca L3,2-edge NEXAFS spectra of selected 

area in (b), (e) O K-edge NEXAFS spectra of selected area in (c). 

Figure 2 presents the Ca L3, 2-edge NEXAFS spectra of CaCl2, Ca(OH)2, pure C-S-H and 

anhydrous C3S as the references. Each of these spectra is unique in terms of the shape and the 

peak positions as well as the splitting shown in Table 1. The uniqueness of each spectrum has 

been used as fingerprint for investigations of Ca structure. The larger splitting energy and peak 

intensity ratio in Ca L3, 2-edge NEXAFS spectra is a good indication of well-developed 

crystalline Ca structure, which means that the splitting energy values for ∆(a2-a1) and ∆(b2-b1) 

are related non-linearly to the value of the crystal field parameter (10Dq). Ca(OH)2, with 
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octahedral symmetry (Oh)[24], shows larger splitting energy values and peak intensity ratios for 

a1/a2 and b1/b2 compared to the values and ratios of unhydrated C3S and pure C-S-H due to the 

different electronegativity in crystal field. The reference of pure C-S-H in 17 d hydrated C3S[23] 

has the smallest splitting energy and peak intensity ratio in Fig. 2 resulting from its amorphous or 

poor-crystalline structure. In addition, the peak intensity ratios for a1/a2 and b1/b2 generally 

indicates the magnitude of crystal field suggesting that C-S-H has the smallest crystal field 

parameter while CaCl2 has the largest. The mean coordination number of CaCl2 is six in the 

octahedral crystal field (positive)[25]. 

3.3 STXM analysis of 7 d hydrated C3S with CaCl2. The selected areas of a 7 d hydrated 

C3S particle in the presence of CaCl2 were analyzed by Ca L3,2-edge and O K-edge NEXAFS 

spectroscopy, as shown in Fig. 2. The peak positions and the splitting energy values and the 

references of Ca L3,2-edge NEXAFS spectra are listed in Table 1. In Fig. 2(d), Ca L3,2-edge 

NEXAFS for Area 1 has largest splitting energy and peak intensity ratio, while Area 2 has the 

smallest. The peak positions for Area 2 slightly shift by approximately -0.2 eV, but the splitting 

energy for Area 2 is similar to that of C-S-H reference. The energy separation of C-S-H with 1.0 

and 1.1 for ∆(a2-a1) and ∆(b2-b1) and the smallest peak intensity ratios for a1/a2 and b1/b2 in Area 

2 suggests that calcium in C-S-H has randomly spherical coordination with oxygen which means 

that the coordination environment of calcium in C-S-H is asymmetric. This observation suggests 

that CaCl2 does not change the coordination environment of calcium in C-S-H. Moreover, the 

energy separation of Area 3 with 1.2 and 1.2 for ∆(a2-a1) and ∆(b2-b1) are similar to that of 

unhydrated C3S reference. Therefore, these areas are identified by Ca L3,2-edge NEXAFS spectra, 

which are compared with the peak positions, splitting energy and peak shape of the above 



 9

references: Area 1 is related to Ca(OH)2, Area 2 is related to C-S-H and Area 3 is related to 

unhydrated C3S.  

We also present the O K-edge NEXAFS spectroscopy of the three areas in the same particle 

shown in Fig. 2(e). Oxygen K-edge NEXAFS spectrum can provide simultaneous chemical 

information about hydration products and unhydrated C3S and shows that the differences in the 

O K-edge NEXAFS spectra are significant enough to distinguish the distinct hydration products.  

In Fig. 2(e), there are four peaks labeled 1 through 4 in each O spectrum. Peak 1 is a π* peak 

while peaks 3 and 4 are σ* peaks. However, peak 2 behaves differently across different types of 

crystallinity[26]. Peak 2 is sharper in Ca(OH)2 than the peak in C-S-H and in unhydrated C3S. 

The layered crystal structure of Portlandite (Ca(OH)2) is well-known to be trigonal with space 

group P3�m1, and can be describe as stacked sheets of distorted edge-sharing Ca-O octahedra 

along the c axis[27]. Each hydroxyl group is coordinated by three Ca atoms in its layer and 

surrounded by three other hydroxyl groups belonging to the adjacent layer. Unhydrated C3S is 

triclinic, consisting of the mean coordination number (6.21)[28] of Ca cations and the SiO4 

tetrahedra, which show varying degrees of disorder. Therefore, there are weaker π* peaks and 

peak 2 in the O K-edge NEXAFS of C-S-H is due to poor crystallization of C-S-H. 

 

Table1. Peak positions and splitting energy values of Ca L3,2-edge of Reference and the different 

areas of the C3S particles in the presence of CaCl2 

Samples Peak positions (ev) 
∆Ca-L3(a2-a1) ∆Ca-L2(b2-b1) 

 a1 a2 b1 b2 

CaCl2-ref 348.0 349.2 351.3 352.4 1.2 1.1 

Ca(OH)2-ref* 347.6 349.1 351.0 352.4 1.5 1.4 
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UnhydratedC3S-ref* 347.7 349.0 351.1 352.3 1.3 1.2 

C-S-H-ref* 348.1 349.1 351.4 352.4 1.0 1.0 

Area 1 347.7 349.0 351.1 352.3 1.3 1.2 

Area 2 347.9 348.9 351.2 352.3 1.0 1.1 

Area 3 347.8 349.0 351.1 352.3 1.2 1.2 

* data from Bae et al.[23] 

 

Image stacks, where a series of images is collected corresponding to each energy, were 

collected to convert into chemical component mapping. As shown in Fig. 3, the results were 

visualized by RGB overlay maps using Singular Value Decomposition (SVD) based on reference 

spectra[20]. Because various chemical components have unique NEXAFS spectra, the reference 

spectra obtained from known components were used to visualize and differentiate phases in a 

sample[21]. Both of the distribution of phases in the same hydrated C3S in presence of CaCl2 

with the Ca L3,2-edge and the O K-edge image stacks were presented in Fig. 3. We observe a few 

magenta pixels (M = R + B = Ca(OH)2 + unhydrated C3S) in Fig. 3. There are, however, 

numerous cyan pixels (C = G + B = C-S-H + unhydrated C3S) in Fig. 3(b) indicating that 

unhydrated C3S in those pixel if transforming to C-S-H; but there are few yellow pixels (Y = R + 

G = Ca(OH)2 + C-S-H). Clearly, the C-S-H surrounds the unhydrated C3S, along with the 

formation of Ca(OH)2. Obviously, the RGB overlay map based on the O K-edge image stacks is 

similar to the RGB overlay map based on the Ca L3,2-edge image stacks; however, in the case of 

the O K-edge image stacks, the morphology of the C-S-H gel was more present in the details 

where the flocculent C-S-H gel surrounds the unhydrated C3S and Ca(OH)2 in good accord with 

the results for Ca L3,2-edge. 
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Fig. 3. Decomposition diagram of RGB overlay maps using SVD for the C3S particle in the 

presence of CaCl2 based on NEXAFS spectra obtained from the reference in Fig. 2 and the 

different areas in Fig. 3: (a) Ca L3,2-edge image stacks; (b) O K-edge image stacks. 

 Because RGB overlay maps using Singular Value Decomposition (SVD) can consist of no 

more than three components, the chemical component mapping for unhydrated C3S, C-S-H and 

Ca(OH)2 are shown in Fig. 3, while Fig. 4 shows the RGB overlay maps with unhydrated C3S, 

C-S-H gel and CaCl2. We observe numerous magenta pixels (M = R + B = CaCl2 + unhydrated 

C3S) even at the center of these unhydrated C3S indicating that CaCl2 diffuses into the inside of 

unhdyrated C3S during the transformation from unhydrated C3S to C-S-H and Ca(OH)2. 

Interestingly, the red part (CaCl2) in Fig. 4 was not intermingled with the green part, C-S-H gel, 

but with unhydrated C3S. In other words, CaCl2 coexists with unhydrated C3S instead of C-S-H 

in the case of 7 d hydrated C3S with CaCl2. Calcium chloride increases the dissolution of C3S for 

easier diffusion of water into the hydrating particle and moves Ca2+ and silicon ions away from 

the particle to form C-S-H gel and Portlandite[2].  
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Fig. 4. Decomposition diagram of RGB overlay maps using SVD for the C3S particle in the 

presence of CaCl2 based on the Ca L3,2-edge NEXAFS spectra obtained from the reference in Fig. 

2 and the different areas in Fig. 3. 

The Si K-edge NEXAFS analysis on 7 d hydrated C3S in presence of CaCl2 are shown in Fig. 5. 

The flocculent and the fibrillary hydration product can be observed respectively in Fig. 3(a) and 

(c). The distribution map of silicon, as seen in Fig. 5(d), is the computed optical density between 

the image taken at the pre-adsorption edge at 1830 eV and the near-adsorption edge at 1840 eV. 

With respond to the hydration of C3S, Ca(OH)2 contains no silicon, while unhydrated C3S and C-

S-H are of silicon-containing compositions. Fig. 5(b) and (f) shows the Si K-edge NEXAFS 

spectra of the corresponding line-scan in Fig. 5(a) and selected areas in Fig. 5(e). Each spectrum 

consists of the main peak (a1) and multiple scattering peak (a2). Peak a1 is assigned to the 

transition of Si 1s electrons to the antibonding t2 orbital (3p-like state), while peak a2 is 

qualitatively attributable to the multiple scattering effect beyond the second coordination 

sphere[29].  
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Fig. 5. Si K-edge NEXAFS analysis of 7 d hydrated C3S particles in the presence of CaCl2: (a) 

Single image of one particle taken at 1855 eV, (b) Si K-edge NEXAFS spectra of line-scan 

indicated in (a), (c) Single image of another particle taken at 1855 eV, (d) image contrast 

mapping corresponding to (c),; (e) selected areas in the image contrast map enlarged partly from 

(c) for the NEXAFS spectra, (f) Si K-edge NEXAFS spectra taken from the different locations 

indicated in (e). 

The peak positons and energy separations (∆a2-a1) shown in Table 2 are associated to the 

degree of polymerization in the silicates[23]. A line-scan on the flocculent particle in Fig. 5(a) 

was selected to verify the changes from center to boundary, which had similar absorption 

features to synthetic C-S-H with 0.66 and 0.95 of Ca/Si ratios in previous studies[23]. Three 

locations (core, top and bottom) were selected to verify the uniformity of hydration product in 

Fig. 5(e).  These locations had no difference among their absorption features, but were similar to 
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Op and synthetic C-S-H with 1.44 of Ca/Si ratios in previous studies[23]. Therefore, the 

hydration product of C3S with CaCl2 at 7 d in Fig. 5(e) had a uniform degree of silicate 

polymerization. C3S hydration is a dissolution-precipitation process[30-31], however, CaCl2 

accelerated the rate of nucleation of the hydration product on the surface of the C3S particles 

significantly, but CaCl2 has relatively little effect on the growth rate[1]. Hence, after 7 d 

hydration of C3S with CaCl2, the degree of silicate polymerization in hydration product close to 

that of 17 d hydrated C3S in previous studies[23], implying that CaCl2 increases the degree of 

silicate polymerization, especially in case of Ip. Therefore, CaCl2 can also facilitates diffusion of 

ions[32], prompt the dissolution process of C3S and accelerates the formation of “inner product” 

C-S-H[2], resulting in a higher degree of silicate polymerization at either the core or the 

boundary of 7 d hydrated C3S. 

Table 2 Peak Positions and Energy Separation between Peak Positions of Si K-edge NEXAFS 

spectra of Selected Areas in 7 d Hydrated C3S with CaCl2. (C and Op Denote Core Area and 

Outer Product of C3S, respectively in Bae[23]) 

 Peak a1 (eV) Peak a2 ∆a2-a1 

Blue line 1846.6 1863.2 16.6 

Red line 1846.9 1863.0 16.1 

Core 1846.5 1861.9 15.4 

Top 1846.5 1861.9 15.4 

Bottom 1846.5 1862.0 15.5 

Anhydrous C3S* 1847.7 1858.9 11.2 

Syn-CSH0.66* 1846.9 1863.4 16.5 

Syn-CSH0.95* 1846.7 1863.1 16.4 
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Syn-CSH1.44* 1846.4 1861.5 15.1 

Op* 1847.4 1862.7 15.4 

C* 1847.7 1559.4, 1861.5 11.4, 13.8 

* data from Bae et al.[23] 

The fracture surface of 7 d hydrated C3S in presence of CaCl2 imaged by SEM is shown in Fig. 

6. Thin sheet C-S-H and the spongy mass C-S-H are observed in Fig. 6(a)-(c). “Honeycomb-like” 

morphologies of hydration products in the presence of CaCl2 at ages of 3h to 7 d by SEM[33]. 

Because of 0.1 M CaCl2 used, the Ca/Si ratio for the honeycomb C-S-H is ranging between 2.0 

and 3.6, while that for spongy mass C-S-H also are included in the range. CaCl2 accelerates the 

nucleation of the hydration product on the surface of the C3S particles[1] and possibly prompts 

the bridge of the dreierketten silicate chains of C-S-H to develop in the two-dimensional 

direction into thin sheet C-S-H. 
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Fig. 6 (a)~(c) the morphology of 7 d hydrated C3S in presence of CaCl2 imaged by SEM, (d) 

SEM-EDS analysis of (c), Cl vs Ca/Si. 

3.4 29Si MAS NMR analysis. 29Si MAS NMR plots for hydrated C3S with different hydration 

times in the absence or presence of CaCl2 are shown in Fig. 7, and the results of the associated 

spectral deconvolutions are presented in Table 3. For describing various types of silica unites, we 

used Qn for the connectivity of SiO4 tetrahedra where n represents the number of bridging 

oxygens (Si-O-Si): Q0 site is isolated SiO4 tetrahedra, Q1
 is SiO4 tetrahedra present in end unites 

of a silicate chain, Q2
 is a middle group, Q3 is a branching site and Q4 sites link to four other SiO4 

tetrahedra in a three-dimensional network. Amorphous C-S-H initially contains mainly dimeric 

silicate[34-36], while C3S includes nine inequivalent SiO4 tetrahedra (Q0 sites) between -69 ppm 

and -75ppm[37].In our analysis, the Gaussian distributions center about -75 ppm, -78 ppm, -83 
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ppm, and -89ppm are attributed respectovely to Q0, Q1, Q2 and Q3 units[38-39]. With the 

hydration process of C3S without CaCl2, the discrete SiO4 tetrahedral(Q0) in unhydrated C3S 

started to transform to dimers Q1 and doubly coordinated tetrahedral Q2, as well as the increasing 

Q3. However, the Q0 and Q1 peaks keep particularly a lowest level at 28 d of the C3S hydration, 

while Q2 fraction has been becoming a predominant level and Q3 fraction comes second. As the 

hydration process of C3S without CaCl2, the development of Q2 fraction is anticorrelated with 

that of Q1.  

In the case of CaCl2, the Q2 peak has been playing a dominant role in the dreierketten silicate 

chain structure since 1 d hydration, while the Q3 peak plays the second most dominant role when 

compared to the control group as shown in Table 3. Q2/Q1 ratios of hydrated C3S with CaCl2 far 

outweighs that without CaCl2. The presence of CaCl2 in the hydrated C3S generates a significant 

increase in the Q2/Q1 ratios. CaCl2 is clearly indicated to accelerate the degree of polymerization 

of the silicate chains in C-S-H gel considerably. CaCl2 significantly accelerates the rate of 

nucleation of the hydration product deposited on the surface of the C3S particles but has a 

relatively insignificant effect on the growth rate[1], explaining why the Q2 peaks in the CaCl2 

group played a leading role in the dreierketten silicate chain structure. More Q2 and Q3 peaks of 

the CaCl2 group make the Q2/Q1 ratios rise significantly in agreement with the above studies of 

the morphology of hydrated C3S in the presence of CaCl2.  
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Fig. 7. 29Si MAS NMR spectra of C3S paste as a function of hydration time in the absence (a) 

and in the presence (c) of CaCl2 and deconvoluted spectrum for 28d hydrate sample in the 

absence (b) and in the presence (d) of CaCl2   

Table 3. 29Si MAS NMR analysis for hydrated C3S paste at 25℃ for hydration period of 1, 3, 7 

and 28 d 

Samples 
Percentage of integral intensities of Qn, % 

Q2/Q1 
Q0 Q1 Q2 Q3 
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C3S_1d 
-73 ppm 

33.2 

-78 ppm 

64.4 

-83 ppm 

2.4 
- 0.04 

C3S_3d 
-74 ppm 

20.7 

-77 ppm 

43.2 

-83 ppm 

30.6 

-90 ppm 

5.5 
0.71 

C3S_7d 
-73 ppm 

11.5 

-77 ppm 

37.2 

-83 ppm 

43.9 

-90 ppm 

7.4 
1.18 

C3S_28d 
-75 ppm 

11.9 

-78 ppm 

14.4 

-83 ppm 

53.8 

-89 ppm 

20.0 
3.74 

C3S+CaCl2_1d 
-76 ppm 

24.0 

-78 ppm 

7.1 

-83 ppm 

51.8 

-89 ppm 

17.1 
7.34 

C3S+CaCl2_3d 
-75 ppm 

11.6 

-78 ppm 

7.4 

-83 ppm 

67.1 

-90 ppm 

13.9 
9.10 

C3S+CaCl2_7d 
-75 ppm 

5.0 

-78 ppm 

5.8 

-83 ppm 

62.5 

-89 ppm 

26.7 
10.71 

C3S+CaCl2_28d - 
-78 ppm 

6.4 

-83 ppm 

54.1 

-89 ppm 

43.1 
8.44 

 

4. Conclusions 

Scanning transmission X-ray microscopy with NEXAFS spectra offers the possibility of 

studying the effect of CaCl2 on the microstructure of hydration products. The chemical 

composition information of the systems can easily be determined by STXM with NEXAFS.  

Results from the Ca L3,2-edge NEXAFS spectra of C3S hydrating in the presence of CaCl2 

show that CaCl2 does not change the coordination of calcium within C-S-H. O K-edge NEXAFS 

spectrum for C3S hydrating in the presence of CaCl2 indicate that O K-edge NEXAFS is also 

very useful to distinguish the chemical components in hydrated C3S.  
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The chemical component mapping based on Ca L3,2-edge and O K-edge NEXAFS spectra and 

image stacks reveal that the hydration product for C-S-H surrounds the unhydrated C3S, along 

with the formation of Ca(OH)2 in 7 d hydrated C3S in presence of CaCl2. However, CaCl2 does 

not coexists with C-S-H, but with unhydrated C3S. It is possible for CaCl2 to accelerate 

dissolution of ions from unhydrated C3S results in increasing the hydration.  

The network-cross fibrillary C-S-H gel were observed by STXM with Si K-edge NEXAFS 

spectra, while both the thin-sheet and the fibrillary C-S-H also were observed by SEM. CaCl2 

increases the degree of silicate polymerization. 

The 29Si MAS NMR analysis reveals that the presence of CaCl2 in hydrated C3S generates a 

significant increase in the Q2/Q1 ratios. CaCl2 is clearly indicated to be able to accelerate the 

degree of polymerization of the silicate chains in C-S-H gel considerably. CaCl2 possibly 

prompts the bridge of the dreierketten silicate chains of C-S-H to develop in the two-dimensional 

direction into crumpled-foil C-S-H. 

These findings definitely validate the STXM with NEXAFS spectra as a significantly powerful 

tool for the investigation of the microstructure of the cementitious pastes to open the possibility 

of studying the in-situ nanostructure of cementitious materials during hydration. 
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Fresh state behaviour is one of the most important points for most of the works in the field of 
construction and building in reinforced concrete. This is the reason why it is necessary to know 
fundamental aspects of behavior of concrete and mortar in fresh state. A good approximation to the 
rheology of the concrete from fresh to hardened state is represented by the Binghan model of fluid 
mechanics, being this period very influenced by the different chemical admixtures and additions used 
to be able to manage the mix. An understanding of how individual colloids interact with each other is 
crucial as long as agglomeration, segregation or right dispersion of the mixes is concerned.  In this 
paper adsorption, micro-electroforetic, electroosmotic and electrochemical impedance spectroscopy 
measurements have been carried out on the plain binders and on fresh state cement pastes both mixed 
during the standard regime and during longer time, and the results have been compared and critically 
analyzed with the traditional characterization techniques for fresh state concrete, deriving important 
practical consequences not only for the handling of the fresh material but also for their hardened 
properties. The effect of mixing time has been studied in different binders and PCE and SNF 
superplasicizers. 
 
Keywords: cementitious materials, fresh state, mixing regime, admixtures, zeta potential, 
electrochemical impedance spectroscopy 
 

1. Introduction 
Fresh mortar and concrete cannot be considered as a Newtonian fluid, in fact the rheological behavior 
of fresh concrete could be depicted through the Bingham model. According to this model fresh 
concrete behaves like a solid, not like a liquid, until the tangential stress applied is higher than a 
critical (T0). It is just in this moment when the mixture begins to behave as a fluid with a linear 
relationship between applied stress and the rate of deformation of a Newtonian fluid, which is the 
viscosity [1][2]. When using a mortar or concrete without admixtures, cement particles tend to 
agglomerate because of the electrostatic interactions and Van der Waals forces, leading to the 
formation of flakes containing water inside them, with the corresponding decrease in the availability 
of water needed to fluidize the mix and for further hydration of cement particles. As a result, the 
workability of the mixture decreases. However, water reducing admixtures prevent the formation of 
these cement agglomerates through physical and chemical interactions. 
Mortar, concrete and cement paste are a concentrated suspension of solid particles in 
water. Above the value of critical stress, which is the cohesion, they can flow. These 
characteristics are highly influenced by the additives and their incorporation, keeping 
constant the amount of water resulting in a more fluid concrete. The use of additives 
increases the workability with a low water/cement ratio. This contributes to the 
improvement of the mechanical properties and to the durability of the concrete. 
When using a mortar or concrete without additives cement particles tend to agglomerate 
because of the electrostatic interactions and Van der Waals forces, leading the formation 
of flakes containing water inside them, with the corresponding decrease in the 
availability of water needed to hydrate cement particles. As a result the workability of 
the mixture decreases. However, water reducing additives prevent the formation of 
these cement agglomerates through the following mechanisms: 



 Physical interactions: The adsorption of the additives onto the surface of the 
cement particles avoids flocculation owing to the electrostatic repulsive forces 
(decreasing the zeta potential) or to the steric hindrance. 

 Chemical interactions: Chemisorption. Blocking the reactive sites of the cement 
particles, formation of complexes with Ca2+ 

 
Additives could be grouped in three categories: plasticiers, superplasticizers and 
polyfunctionals. Chemically they could be classified as anionic surfactants because the main 
functional groups are carboxyl (COO-), hydroxyl (OH-), sulfonated (SO3-) and 
metaphosphate (PO3-), which enable their solution in water [3]. Plasticizers could be 
classified in three categories: modified lignosulfonates (LS), hydroxicarboxilic acid salts and 
derivates of polysaccharides. There are other three categories for the superplasticizers: 
condensate of sulfonated melamine salts and formaldehyde (SNF) and “comb polymers” 
(PCE). Each type of additive has its own function with a different mechanism of action from 
the others. 
 
The behaviour of cement particles in the presence of superplasticizers is essential to understand the 
origin of unexpected incompatibilities between some cement and superplasticizers combinations [4]. 
As the interactions cement/additive are better understood, tailored superplasticizers for given 
applications will become more readily available [5] having this point of especial relevance in 
technologically advanced materials as materials, such as selfcompacting concretes. 
Superplasticizers becomes adsorbed on the cement surface thereby introducing negative charges into 
the Stern layer, increasing the repulsive forces between cement particles and also increasing the 
fluidity of the mix.  One method proposed to evaluate the magnitude of surface adsorption between 
cement particles and superplasticizers is through the adsorption isotherms [6].  
 
Utility of Zeta potential measurement in cementitious materials  
Other way to study how individual colloids interact with each other is by measuring the zeta 
potential of early hydration cement products. When two phases are placed in contact there 
develops, in general, a difference in potential between them. As a consequence, the region 
between two adjoining phases is marked by a separation of electric charges, so that near to or on 
the surface of one phase there is an excess of charge of one sign and the balancing charge is 
distributed through the adjoining surface regions of the other phase. When one of these phases 
is caused to move tangentially past the second phase there are observed a number of phenomena 
which are grouped under the generic name of “electrokinetic effects”.  When the solid remains 
stationary and the liquid moves in response to an applied electrical field this is called electro-
osmosis. This is the case of a monolithic material when submitted to an external electrical field.  
If one phase consists of a liquid in which the second phase is suspended as particles of solid, 
then, the particles can be induced to move by applying an electric field across the system. This 
is called electrophoresis [7]. 
The zeta-potential is the key parameter in the establishment of the electrokinetic effects. It can 
be defined as the average potential at an imaginary surface, which is considered to lie close to 
the solid surface, and within which the fluid is stationary during an electrokinetic process 
(surface of shear) [7]. Other books and articles with revised definitions are given in [8]-[11]. 
Several experiments have been carried out to determine zeta-potential in cementitious materials 
[12]-[29], The most numerous from cement or synthetic CSH suspensions, by the 
microelectrophoresis technique, but also using other techniques as acoustophoresis [26], which 
are very important to know the basic features of the electrokinetics for these materials but are 
quite far of the real conditions of application of the remediation treatments, as the material is 
grinded and in a very diluted suspension. By the first time, the authors were able to demonstrate 
and quantify the electroosmotic flux through monolithic hardened carbonated concrete [26] in 
realkalisation tests with carbonated concrete, following in situ the experiment by neutron 
diffraction analysis [25], studying the influence of the external solution and the composition of 



the binder. So, as hardened cementitious materials have an internal pore network partially or 
completely filled with an aqueous phase, it is also possible to determine the zeta potential 
through electroosmosis measurements. 
Several studies have demonstrated that superplasticizers with the longer polymer chain with 
high amount of negative charges give the most negative zeta potential; these superplasticizers 
have the higher dispersing capability [29]. In the field of cement, “hardened material” is the 
opposite of “fresh material”, and means that the material is already “hard” so, in order to make 
electrophoretic measurements, it is necessary to grind it and suspend it in water. [24]-[27]. 
 
 
Impedance behavior of cementitious materials 
The effect of superplasticizers in the hardening process has been also studied by 
Electrochemical Impedance Spectroscopy (EIS). This technique has been used to determine the 
microstructure of cement pastes containing these admixtures as well as to determine the 
mechanism of superplasticizers effect. Impedance spectra can be obtained over a wide range of 
frequencies, allowing for the separation of bulk cement paste in the high frequency loop (above 
10KHz), and electrode polarization effects in the loop measured at lower frequencies in the 
Nyquist representation.  
The low frequency domain has been also extensively studied to determine the steel-concrete 
system behavior in reinforcement to determine corrosion mechanism. The presence of more 
than one time constant in this part as well as the possible appearance of low frequency tails and 
depressed loops have been some of the problems to be solved to interpret EIS results. 
About the high frequency domain, in the nineties it was found a correlation within the EIS 
response and pore structure or concentration of ions in the pore solution [30][31], proposing an 
empirical expression which correlate the diameter of the high frequency loop with the porosity 
and the pore size. More recent studies have demonstrated the presence of two time constants in 
the high frequency domain [32][33][34]. The capacitance associated to one of these time 
constants correlates well with the fraction of solid phase in the cement paste, while the other one 
has been associated to some contribution of the electrolyte filling the pores.  
One of the most reliable parameter is the bulk resistivity of the material (ρ), which is found at 
the intersection of the two loops, were the imaginary component is practically zero. The cutoff 
frequency, at which the intersection occurs, depends on the composition of the cement paste. 
This parameter, joined with the parameters obtained from the high frequency loop has been used 
to determine the role of different admixtures in concrete [30] [35] [36], but there are very few 
studies based on the results obtained during the first hours, before the hardening [37] and no one 
are based in the mixing process. 
 
In a previous work [38], an approximation of the mixing effect was studied. Apart from this, 
no references have been found in the combined use of techniques as EIS and zeta potential in 
fresh state in order to analyse the transitory period before hardening of the materials. In 
present work, PCE and SNF superplasicizers have been tested in different mortars. Not only 
adsoption isotherms, but also electroforetic and electroosmotic zeta potential measurements 
and EIS have been applied for the study of the superplasticizers effect in mortars in fresh and 
in hardened state. The admixture influence in the cement particle dispersion has been 
modified by other physic interaction due to a longer agitation in mortar fabrication. It is well 
known that longer agitation procure more fluid mixes, but it has not been already studied in 
depth the real influence in each electrical property measured in fresh state and the 
consequence of them in hardened state, having deriving important practical consequences not 
only for the handling of the fresh material but also for their hardened properties. 
 

2. Experimental part 
 
2.1 Specimens fabrication 
 



The mixing procedure was carried on following the standard UNE
admixture were introduced in
mixture at low speed (v1) for 30 seconds.
slowly for another 30 seconds.
stop and cleaning of the edges of the hopper and t
sample to stand for 75 seconds.
of specimens denominated as SA (standard agitation) and 180 seconds for samples denominated as 
LA (longer agitation). 
A summary of the characteristics of the mixes as well as the nomenclature used are presented in 
1. This combination of mixes allows to discriminate the behavior of the time of agitation taking into 
account different types of binders: plain cement, and the same cement with addition of fly ashes,
of sand (siliceous and calcareous) and different types of admixtures.
 

Table 1. Materials and characteristic 

 
 
2.2. Consistency measurements
Mortar consistency measurements were carried out by the standard
for mortar for masonry - Part 3: Determination of consistence o
fluidity of mortar was calculated with initial diameter in flow table and final diameter after 15 shock
 
2.3. Adsorption isotherms 
In order to determine the magnitude of surface adsorption of the cement water admixtures, adsorption 
experiments were performed using both additives. Equal amounts of cement and water containing 
increasing amounts of additive (0%, 0.5%, 1%, 2%, 4% and 5% by weigh of cement)
porcelain containers and mixed continuously for 15 minutes. The liquid phase was then separated by 
ultracentrifugation at a centrifugal force of 4000 rpm during 10 minutes. Liquid extract was diluted to 
the optimum concentration to measure t
TOC analyser. The experiment was repeated following the same steps with samples containing 64% 
of cement and 36% of fly ashes.
 
2.4. Micro-electrophoretic measurements
Microelectrophoretic measureme
without fly ashes, with and without additives, have been carried on powdered samples in 
suspensions using a commercial zeta
quality stereoscopic microscope 
(Figure 1). Charged colloids move in the field and th
potential, which is calculated from the electrophoretic mobility of the colloids, through the 
Smoluchowski equation. Mortar samples were crushed 
cement was tested as provided by the supplier. Powder suspensions in a solid/liquid ratio of 0.1 g: 
100 mL were prepared in distilled water. 

The mixing procedure was carried on following the standard UNE-EN-196-1. F
mixture were introduced in the mixing hopper. Then the cement was added 

1) for 30 seconds. After 30 seconds of kneading, proceed to add the sand 
slowly for another 30 seconds. Then the mixing speed (v2) was increased for 30 seconds

the edges of the hopper and the mixing paddle for 15 seconds and a
sample to stand for 75 seconds. Finally, continue kneading at high speed (v2) for 60 seconds in case 

nominated as SA (standard agitation) and 180 seconds for samples denominated as 

A summary of the characteristics of the mixes as well as the nomenclature used are presented in 
. This combination of mixes allows to discriminate the behavior of the time of agitation taking into 

account different types of binders: plain cement, and the same cement with addition of fly ashes,
of sand (siliceous and calcareous) and different types of admixtures. 

and characteristic for the mortars tested. 

2.2. Consistency measurements 
Mortar consistency measurements were carried out by the standard UNE-EN 1015

Part 3: Determination of consistence of fresh mortar (by flow table)
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ine the magnitude of surface adsorption of the cement water admixtures, adsorption 
experiments were performed using both additives. Equal amounts of cement and water containing 
increasing amounts of additive (0%, 0.5%, 1%, 2%, 4% and 5% by weigh of cement)
porcelain containers and mixed continuously for 15 minutes. The liquid phase was then separated by 
ultracentrifugation at a centrifugal force of 4000 rpm during 10 minutes. Liquid extract was diluted to 
the optimum concentration to measure the total organic carbon (TOC) by an instrumental 

. The experiment was repeated following the same steps with samples containing 64% 
of cement and 36% of fly ashes. 

electrophoretic measurements 
Microelectrophoretic measurements on cement and on different mortar specimens, both with and 
without fly ashes, with and without additives, have been carried on powdered samples in 
suspensions using a commercial zeta-meter (ZetaMeter 3.0+, ZetaMeter Inc. New York).
quality stereoscopic microscope was used to observe colloidal particles inside an electrophoresis cell

. Charged colloids move in the field and their velocity and direction are related to their zeta 
potential, which is calculated from the electrophoretic mobility of the colloids, through the 
Smoluchowski equation. Mortar samples were crushed and grinded in order to get a fine powder.
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100 mL were prepared in distilled water.  
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Figure 1 Electrophoresis cell 
 
2.5. Electroosmotic measurements 
Electroosmotic tests have been carried out with fresh mortar samples (Table 1), by using the home-
made ECD (Electroosmotic Cell Device) described in [27] (Figure 2) in order to obtain the zeta 
potential of the material. A special device, designed to contain the fresh mortar, was used for 
separating the two chambers where the solution (catholyte and anolyte) and the electrodes (cathode 
and anode) were located. Two bars of activated titanium were used as electrodes and a voltage 
difference of 30V was applied between them. Na2CO3 was used in both compartments [24]. 

 
Figure 2 Electroosmotic Cell Device 
 
 
2.6. EIS measurements 
 
For the EIS tests, the fluid paste was casted into a cylindrical plastic cell (55 by 90mm) with a 
pressure plastic cap, and then compacted by vibration.  Two identical corrugated carbon steel 
electrodes (Ø 6 mm and length 100 mm) were embedded in the cell separated 20 mm. The electrode 
area in contact with the cementitious material was 15cm2.  Electrochemical impedance spectroscopy 
(EIS) measurements were made with a two-electrode system, between the identical steel bars of each 
cell. The tests were carried out using the FRA (Frequency Response Analyser)  module of a 302 
Autolab device. The frequency range used was from 1Hz up to 1MHz. Data were obtained at 61 spot 
frequencies within this range. The FRA operated in potentiostatic mode with a sine wave amplitude 
of 0.350V. 
All the experiments were performed using the same electrode arrangement in order to 
minimize errors induced by the geometry and thus to allow the comparison of results. 
Cell constant (K) was also calculated. 
 



 
Figure 3 Schematic representation of the cell used for the EIS tests 
 
To study the changes in the EIS during the hardening process, 35 EIS measurements were performed. 
The first measurement was made 9 minutes after starting the mixing and the last one after 24hours. 
Two samples were tested for the mortars presented in Table 1. 
 

3. Results 
Z-Potential measurements 
The evolution of the zeta potential determined in diluted suspension of the cement, with and without 
fly ashes, when increasing the percentage of both admixtures is given in Figure 4 (a-b). In these 
figures the isotherms of adsorption of the admixtures on the just starting hydrated cement, have been 
also depicted. Figure 4-a, it can be seen that additive R (SNF) adsorbs on the phases of the cement, 
linearly in the range studied, with a strong decrease of the zeta potential up to a stabilization level.  
On the contrary, in the case of admixture V (PCE), there is not noticeable adsorption not seeming to 
influence the zeta potential values. The same behaviour takes place in the case of a binder including 
fly ashes. 

 
Figure 4 (a-b) : Isotherms of adsorption of both admixtures and electrophoretic zeta potential 
of the suspensions when increasing the % of admixture. a) plain cement, b) cement with fly ashes. 
 
 
Electroosmotic measurements 
The evolution of the electrical current intensity as long as the different electroosmotic experiments 
proceed is given in Figure 5. In it, it can be seen that there are three different trends, which are quite 
related to the behaviour of the mix. On one hand, that of the samples without additive (with and 
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without fly ashes), other different trend for the samples with the same materials than those without 
admixture but containing admixture; and finally, samples having calcareous sand. 
potential obtained are given in
 

Figure 5 Electrical current intensity vs time
 

Figure 6 Electrical current intensity vs time during the electroosmotic experiments.
 
EIS measurements 
As mentioned in the experimental part
24h. Figure 7 presents an example of some spectra registered from two of the specimens 
(WA-SA and R2-SA). Even when higher frequency values are necessaries for a proper 
evaluation of the electrolyte behavior, it can be observed the presence of both 
characteristic loops. In all the cases the frequency at which the intersection of the two 
loops occurs is around 10KHz.
It is also observed that in the case of the specimen without any admixture (WA
displacement of the spectra to lower resistances is detected at the fi
more or less one hour, resistance starts to be higher. In the case of the specimen with 
admixture (R2-SA) the resistance decreases during the first 4 hours, so, the effect of the 
admixture is easy to be detected with this technique.
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Electrical current intensity vs time during the electroosmotic experiments.
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Figure 7 Nyquist plots registered at different times in specimens WA-SA and R2-

SA. 
 
Figure 8 presents the real component of the impedance vector at the frequency of 
10KHz at the times in which changes in the behavior are detected. In this point the 
imaginary component of this vector is almost cero, as is the point at which the 
intersection of the two loops occurs, so, this resistance (Z’) is directly related with the 
electrolyte resistivity (ρ) by the expression: 

� = �. �′ 
As mentioned in the experimental part, the cell constant (k) was previously calculated. 
The k value obtained relating the resistivity of different electrolytes and the resistance 
when each one was introduced in the cell described in Figure 3 was always 10cm. 
It can be observed that depending on the mixing time and the mix composition, the 
minimum value of Z’ is detected at different times.   



Figure 8 Electrolyte resistance variation with time.
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ratios for Rmin with the ratios of consistency and the ratios of Rmin with that of z potential (Figure 10-
c). In Figure 10-c, the ratios of the zeta potentials for the hardened mortars in diluted suspensions 
have been also depicted with the last value for the resistivity, that corresponds to hardened state, 
allowing to deduce that they do not follow the same trend as that corresponding to the fresh-state 
values.  So, it seems that the ratios for the resistivity in hardened state do not correlate with the ratios 
of consistency and zeta potential related to the difference in the speed of mixing. 

 
Figure 10 (a-c) Relationships between the ratios for a) consistency and zeta potential; b) 
consistency and Re,min or minimum resistivity, c) Re,min or minimum resistivity and zeta 
potential. (Zeta potential in hardened state measured in diluted suspensions through 
electrophoretic measurements). 

 
Provided that the curves of electrical intensity, obtained during the electroosmotic experiments, obey 
to different behavior depending on the type of mix and present differences in absolute values 
depending on the time of agitation,  they have been analyzed through a non lineal fitting to a bidose-
response curve of the sigmoidal growth type, whose equation has the following fitting parameters: A1, 
A2, LOGx01, LOGx02, h1, h2, p, whose meanings are respectively: bottom, top, 1st EC50, 2nd EC50 
(times in which the increase and decrease effects occur) slope1, slope2 and proportion the proportion 
of maximal response due to the more potent phase.  

 
This equation has been chosen because it can take into account both opposite phenomena involving 
agglomeration and dispersion, thus providing good fitting to the experimental data. In fact, the 
minimum correlation coefficient found, R2, among the 12 different fittings, has been of 0.993. 
 
Considering the differences in the shape of the curves depending on the mixes, it has been considered 
that the parameter that could be the most representative was the proportion of maximal response, that 
is to say, the parameter “p”. 
 
The ratios between the values for shorter agitation and longer agitation (SA/LA) of zeta potential, 
consistency and R versus the ratios for “p” are presented in Figure 11 (a-c) respectively, where it can 
be seen that all the correlations are quite good. Figure 11-a, where the relationship for the 
electroosmotic zeta potential is given, two important facts have to be remarked. On one hand, all the 
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mixes are included and correlated together, also that corresponding to the admixture V, of very 
different action mechanism and behavior (see Figure 4) and the mix R1. On the other hand, the ratio 
corresponding to the zeta potential determined on the hardened mortar through electroforetic 
measurements in diluted suspensions has also been included in the picture. These data are also 
included in the correlation, which indicates that the changes due to the longer period of agitation 
remain in hardened state. 
 
Concerning consistency, it was not possible to include the mixes with admixture V as their 
consistency was too fluid to be assessed by the same procedure, therefore, the rest of mixes are 
depicted, having a very good correlation. It is also good that for the resistivity of the mix at the 
minimum of the curve as determined by EIS. 
 

 
Figure 11 (a-c) Ratios between the values for shorter agitation and longer agitation 
(SA/LA) of zeta potential, consistency and R versus the ratios for the fitting parameter “p”. 
(Zeta potential in hardened state measured in diluted suspensions through electrophoretic 
measurements). 

 
5. Conclusions 

 
 

 Even though the behaviour of the admixtures tested is very different (adsorption, 
electroforetic measurements and increase or decrease of the fluidity) it is possible to correlate 
every mix in terms of the ratios concerning standard and higher agitation time. 

 The electroosmotic zeta potential of the fresh mix is always higher when adding an admixture. 
 The effect of a longer mixing time of the mortar implies changes both in fresh and hardened 

state. The changes in the ratios in the zeta potential due to the longer period of agitation 
remain in hardened state. 

 From the intensity curve of the electrosmotic tests, it is possible to parameterize the effect of 
the agitation and it might be also possible to model the behaviour in terms of zeta potential in 
fresh and in hardened mortar and relating consistency and resistivity at the minimum while 
setting. 
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 The minimum resistivity value measured by EIS is detected at shorter times when no 
admixture is included in the mix. That is, the retarding effect of superplasticizers is well 
detected. 

 It seems that the ratios for the resistivity in hardened state do not correlate with the ratios of 
consistency and zeta potential related to the difference in the speed of mixing. 
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Abstract 
Minerally bound foams are widely used in the building industry for their combination of load bearing capacity and 
thermal insulation. Additionally, resources are saved by the high porosity of the concretes. To achieve improved 
mechanical properties the cementstone has to be very dense. Therefore, the packing density of the raw materials was 
optimized and also combinations with other strength improving additives or materials like carbon nanotubes were done. 
For incorporation of carbon nanotubes in the microstructure of the foam concrete two different ways were chosen. On 
the one hand carbon enhanced water containing fibres and tubes was used. Samples of foamed concrete with different 
densities and different amounts of carbon enhanced water were produced and the influence on the mechanical 
properties was determined. The results showed a remarkable increase in flexural strength up to 40 % and compressive 
strength up to 7.5 % even with small amounts of carbon nanotubes/carbon nanofibres. Furthermore, no interference on 
the pore size and structure of the air pores could be observed, as expected in the millimeter range.  
On the other hand a biomimetic approach was used to create foams based on three phases whereas in our study the 
third phase consists of pozzolanic active nanomaterials in combination with carbon nanotubes. Beside the higher 
stability of three-phase-foams a further advantage is the ability to improve the strength of foam concrete by a 
pozzolanic reaction and to influence the mechanical properties by incorporation of carbon nanotubes. Additionally, the 
three-phase-foams gave a better control over foam homogeneity and pore size which was examined by the 
investigations of the microstructure with the help of scanning electron microscopy and light microscopy. Investigations 
of the pore structure showed a preferred formation of hydration products examined by energy dispersive X-ray 
spectroscopy. 
 
Originality 
The developed materials provide not only material saving due to a high air pore content but also energy saving by 
thermal insulation. The new approach of the modern UHPC technology on foam concrete was successfully applied. 
Although, the hardening was done under normal conditions comparable mechanical properties to autoclaved aerated 
concretes were achieved. The usage of nanoscaled additives provides a significant improvement of the materials 
properties. Additionally, the innovative approach of three-phase-foams for the production of foam concretes offers 
several advantages. The incorporation of carbon nanotubes in the foam system generates stable foams without any 
destabilizing effects. Thus, a controlled pore size distribution in the foam concrete given by the foams can be observed. 
Also, not only a strengthening caused by the carbon nanotubes but also a specific formation of the hydration products 
in foam concrete can be seen. 
 
Keywords: foam concrete, carbon nanotubes, UHPC, three-phase-foams, lightweight 
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1. Introduction 
The interest in lightweight materials has considerably increased in the last years. Especially, the ability 
to combine resource and cost economy with physical properties provides properties necessary for the 
development of sustainable materials. Aerated concretes are widely used in the building industry for 
their combination of load bearing capacity and thermal insulation. Thereby, the prefabrication of 
components and stones made of aerated concretes is standardised. The production of these materials is 
based on chemical reaction of aluminum powder at high pH values. The hardening is supported by 
autoclave treatment and increases mechanical properties but results in high energy consumption. 
Additionally, the production is attached to factories because of the stationary autoclaves and thereby 
components are limited in their dimensions (Schauerte M., et al., 2011). Another category of mineral 
foams are foam concretes. They are produced by mixing a mortar and aqueous tenside or protein foam. 
But this process is very unusual in industrial production (Schauerte M., et al., 2013a). The challenge is 
to decrease the density of the material but also provide required mechanical properties for application. 
To improve the mechanical properties without changing the density, the strength of the concrete 
matrix has to be optimised. Increasing the amount of binding materials, decreasing the amount of 
mineral additives and reinforce the concrete matrix can lead to an increase of the mechanical 
properties (Yakolev, G., et al., 2006a).  
During the last decade, the usage of carbon nanotubes (CNTs) as nanoreinforcement in cement based 
materials was constantly growing in significance (Keriene, J., et al., 2013b). The preparation and 
modification of materials with multi-walled CNT dispersion show a modification of the structure and 
change in the properties of the resulting foam concrete (Yakolev, G., et al., 2013c). CNTs were 
incorporated in non-autoclaved concrete produced on the basis of Portland cement and ensured the 
improvement of the performance of foam concrete with modified pore walls as well as better pore size 
uniformity (Yakolev, G., et al., 2006a). Additionally, the usage of CNT dispersion provides a 
structuring of the cement matrix and leads to dense concretes. The CNTs also cause a formation of a 
dense casing without defects on the solid phase surface and this result in better cohesion of the cement 
particle and filler surfaces. Another important point is that CNTs act as seeds for the formation of 
calcium hydrosilicates in the hydration of concrete (Li, G. Y. et al., 2005). Thus, the nano-
reinforcement of non-autoclave concrete show that CNTs even with a low mass content decrease the 
heat conductivity and increase the mechanical properties significantly (Yakolev, G., et al., 2006a).  
A further approach to reach required mechanical properties for non-autoclaved concrete is to produce 
foam concrete based on the principle of ultra high performance concrete (UHPC). Mortars with low 
w/c ratios, reactive additives and an optimized particle packing are produced and aerated with water 
based tenside foams. It was shown that foam concretes with comparable strength and thermal 
insulation like autoclaved concrete can be achieved. Even though, a waiver on the autoclave treatment 
for the formation of stable calcium hydrosilicates was enabled. The required strengthening is based on 
an UHPC approach which leads to a dense concrete matrix. Also, an improvement of the combination 
of heat conductivity and compressive strength compared to autoclaved concrete was observed 
(Schauerte M., et al., 2012). In this study, results of the combination of UHPC foam concrete and the 
usage of CNTs as a nanoreinforcement is presented.  
Additionally, a new approach is shown, in which three-phase-foams based on pozzolans instead of 
two-phase-foams are used for the production of foam concrete. The principle is the preparation of high 
volume particle-stabilized foams with low densities. Thereby, metalloid or metal based nanoparticles 
are introduced in the water-air-interface (continuous-disperse-interface) caused by sorption of 
surfactants on the particle surface which results in partial hydrophobation. Functionalizing the surface 
groups of the solid oxides and functional groups of the surfactants at a specific pH value enables 
electrostatic interaction between the surfactants and solid surfaces. This interaction leads to an 
increasing of the foam stability up to a completely stability in which no decline of continuous phase 
due to destabilizing effects takes place (Gonzenbach U.T., et al., 2006b). In this study three-phase-
foams were combined with CNTs and incorporated in cement paste to achieve strengthening and 
stabilization of the pore structure in foam concrete. 



 

The studies of microstructure and mechanical properties of the produced lightweight materials will be 
shown and explained. 
2. Experimental 
2.1. Raw Materials 
2.1.1. UHPC foam concrete based on two-phase-foams 
Cement. The used CEM II/B-S 52.5 R (Dyckerhoff) is suitable for the production of UHPC foam 
concrete due to its high fineness. With the help of helium pycnometry the raw density of 3.04 g/cm³ 
and by static light scattering particle sizes between 0.3-91.2 µm (d10=1.1 µm, d50=5.7 µm and 
d90=24.5 µm) were determined. The phase content was measured by quantitative X-ray diffraction 
with the help of Rietveld analysis and an internal ZnO standard. The results are shown in table 1. 

Tab. 1 Mineralogical composition of the used cement (Dyckerhoff) /% w/w 

Phase C3S C2S C3Acubic C3Aortho C4AF CsH0.5 CH Cc Amorphous 

Content 47.0 9.8 3.6 3.1 0.0 1.6 0.6 3,3 27.5 

Carbon nanotube/nanofiber enhanced water. The used carbon nanomaterials are carbon nanotubes and 
fibres (CNFs) mixed in water based dispersion (ceENtek). In figure 1 scanning electron microscopy 
(SEM) images of the used CNTs/CNFs are shown. The CNT/CNF enhanced water has a higher 
amount of CNFs than CNTs which can be seen in the images. The diameter of the CNTs is about 
50 nm and these of the CNFs about 150 nm to 250 nm. 

 
Figure 1 Left: General view of the CNTs/CNFs mixture. Right: Detail view for measurement of length and 

diameter. 

Surfactant. The foaming agent MasterCell 285 (BASF) was used for the production of two-phase-
foams. It is based on anionic and nonionic tensides (sodium lauryl ether sulfate ≥ 10% w/w 
< 20% w/w, sodium lauryl sulfate ≥ 10% w/w < 25% w/w and dodecyldimethylaminoxide ≥ 2% w/w 
< 5% w/w) with a maximum chloride content of 0.1% w/w given by the manufacturer safety data sheet. 
2.1.2. Foam concrete based on three-phase-foams 
Cement. CEM I 52.5 R (Holcim) has a low C3A content (< 3% w/w), lower water demand and 
moderate heat development. The cement is used for concretes with a high sulfate resistance and has a 
low alkali content (HS/NA cement). The determined raw density was 3.29 g/cm³ and particle sizes 
were between 0.3-208.9 µm (d10=2.4 µm, d50=12.9 µm and d90=37.8 µm). The mineralogical 
composition measured by quantitative X-ray diffraction is given in table 2. 

Tab. 2 Mineralogical composition of the used cement (Holcim) /% w/w 

Phase C3S C2S C3Acubic C3Aortho C4AF CsH2 CsH0,5 Cc Amorphous 

Content 63.0 14.7 0.9 1.1 10.9 0.5 1.5 1.4 6.0 

Nanoparticles. The nanoparticles used were AEROSIL® 90 (NS) (Evonik). NS is hydrophilic fumed 
silica with a specific surface area of 104±10 m²/g examined by gas adsorption. The particle size of NS 



 

is 20 nm as given by manufacturer. The isoelectric point (IEP) for NS is at pH ~1.5-2.0 measured by 
electrophoretic light scattering (ELS).  
Carbon Nanotubes. The multi-walled CNTs (Bayer) are chemically treated to enhance the amount of 
functional groups like –COOH and –OH. The outer diameter was ~20 nm as measured by scanning 
electron microscopy (SEM) in figure 2. With the help of gas adsorption the BET-surface was 
determined as 210-220 m²/g. A negative zeta potential was measured at pH 7 to 12. A zeta potential of 
-23 mV was measured at pH 10 which is the value of the dispersion used for foam preparation. 

 
Figure 2 Left: General view of the oxidized CNTs. Right: Detail view for measurement of length and diameter. 

Surfactant. As surfactant TEGO Betain F 50 in water based solution (Evonik) was used. According to 
IUPAC cocamidopropyl betaine is also known as N-(carboxymethyl)-N,N-dimethyl-3-[(1-
oxododecyl)amino]-1-propanaminium (C19H38N2O3). The used surfactant is amphoteric with carboxyl- 
and amino groups as hydrophilic head groups. It has a hydrophobic C12-chain and the pKa is at 5.5. 
The critical micelle concentration (cmc) is 0.08 mmol/L and determined by tensiometry. The contents 
of the solution are 39 ± 0.8% w/w betaine, 53 ± 1.1% w/w water and 8 ± 0.2% w/w NaCl which were 
determined by simultaneous thermal analysis.  
2.2. Experimental Process 
2.2.1. Production of UHPC foam concrete based on two-phase-foams 
For the production of UHPC foam concrete with carbon nanomaterials, a cement paste with low 
water/cement (w/c) ratios was produced. Therefore, a PCE based superplasticizer was used. 
Prefabricated water based tenside foam was added to the cement paste and stirred in order to form the 
air pores. Figure 3 shows the process of sample preparation.  

 
Figure 3 Process of sample preparation. 

The density of the mineral foam was adjusted by the amount of water based foam adding to the cement 
paste. Previously, the compatibility of the superplasticizer and the tenside foam was considered. The 
CNT enhanced water was used as mixing water. Samples with amounts of 0.050% w/w and 
0.075% w/w CNTs/CNFs related to the mass content of cement and without CNTs/CNFs as a 
reference were produced with four different densities. Prisms (40·40·160 mm³) were produced and 
stored at 20°C and > 98 % relative humidity (20/98) until testing after 28 days. 
2.2.2. Production of foam concrete based on three-phase foams 
At first, a water-based nanoparticle dispersion based on NS was prepared at pH ~ 10 which is the 
absolute maximum of zeta potential measured by ELS and thus provides the most stable dispersion. 
For the studies CNT stabilized foams with betaine (B) and NS (NS B CNT) were produced. CNT 



 

concentrations of 0.1, 0.3, 0.5, 0.8 and 1.0% w/w related to the amount of NS in the dispersion were 
added. At first appropriate amounts CNTs and betaine (B) (ratio 1:1) were added to the water-based 
nanoparticle dispersions, continuously stirred, cooled and dispersed by ultrasonication. Prior foaming 
the total betaine concentration in the dispersions was adjusted to 60 mmol/L. These were the surfactant 
concentrations necessary of the most stable three-phase-foams in case of NS without CNTs. The 
homogenization and foaming were done by a continuous dynamic stirrer (Hobart) simultaneously. The 
investigations of foam stability show the highest stability related to the decline of continuous phase in 
percentage over time at a mass content of 0.5% w/w CNTs. CNT-stabilized three-phase-foams had an 
improved stability especially up to 30 min compared to two-phase-foams or even three-phase-foams. A 
comparison of B (two-phase-foam), NS B (three-phase-foam) and the NS B 0.5 CNT (CNT-stabilized 
three-phase-foam) foams at 20 min shows that drain was reduced from ~50% w/w (B) to ~10% w/w 
(NS B) and 0% w/w (NS B 0.5 CNT). Thus, the most stable three-phase-foam NS B 0.5 CNT was 
chosen for the production of foam concrete due to the assumption that this provides also the highest 
stability in the microstructure of the resulting foam concrete.  
The CNT-stabilized three-phase-foams and cement paste were produced simultaneously and 
afterwards the received foams stirred in the cement paste. The w/c ratio of 0.5 was chosen due to the 
high water demand of the nanoparticles and to ensure that a good workability will be reached. For 
further investigations also prisms were produced and stored (20/98) for 7 and 28 days. 
3. Results and Discussion 
3.1. UHPC foam concrete based on two-phase-foams 
The study of microstructure was done by scanning electron microscopy (SEM). For sample 
preparation no sputtering was used and the fracture surfaces were investigated. 
3.1.1. Microstructure 
To estimate the microstructure of the foam concrete SEM images were taken to consider, if the aspired 
densification is reached. Figure 4 shows a dense packed microstructure of reaction products and 
unhydrated clinker in the borders. To achieve a strong integration of the CNTs/CNFs a dense packed 
border is necessary. This can be observed and verified. The pore walls are mainly covered with a layer 
of portlandite. 

 
Figure 4 Left: General view on foam concrete sample with typical sizes of air pores. Right: Detail view of a pore 

wall and the microstructure. 
3.1.2. Mechanical properties 
The flexural strength measurements showed a considerable impact of the CNTs/CNFs on the 
mechanical properties. An increase in strength was achieved for equal densities compared to the 
reference sample. Figure 5 shows in the lower density range an increase of about 16 %. In the range of 
800 kg/m³ it is around 26 % up to 40 % at 1000 kg/m³ and 24% in the range of 1200 kg/m³. Especially, 
the samples with the lower weight content of 0.050% w/w CNTs showed these remarkable results. The 
addition of 0.075% w/w seems to be already an overdose for the used binding material but provides 



 

still an improvement compared to the reference sample.  

 
Figure 5 Flexural strength plotted against oven-dry density and porosity 

The results of the compressive strength measurement are shown in figure 6. Compared to the flexural 
strength the CNTs/CNFs have no significant effect on the compressive strength. The improvement by 
using the carbon materials is about 5.0% up to 7.5% compared to the reference. Also, in this case the 
lower weight content with 0.050% w/w leads to the best results. 

 
Figure 6 Compressive strength plotted against oven-dry density and porosity 



 

3.2. Foam concrete based on three-phase-foams 
3.2.1. Microstructure 
The study of microstructure was done by scanning electron microscopy (SEM) and light microscopy 
(LM). Foam concretes (FC) showed a dense microstructure in the borders but inhomogeneity with 
respect to the pore size distribution and the border widths (Figure 7). In this study the production 
process was done with a w/c-ratio of 0.5 due to the high water demand of the pozzolans. A further 
optimization of the concrete can provide a better homogeneity. Comparison of the samples after 7 d 
and 28 d show that the cement matrix is densified due to the formation of hydration products (Figure 7, 
upper left and right). Additionally, the pores show a partial formed covering of hydration products on 
the pore inner surface. SEM investigation of the CNT-stabilized foams explains the high stability of 
the resulting three-phase-foam with a low density of 90 kg/m³. The borders are very dense packed but 
show shrinkage cracks after drying due to water diffusion (Figure 7, lower right). The walls of the 
pores of the foam structure are closed and only at several places occlusions can be observed caused by 
destabilizing effects. 

 
Figure 7 Upper and lower left: FC NS B 0.5 CNT after 7 d. Upper right: FC NS B 0.5 CNT after 28 d. Lower 

right: NS B 0.5 CNT after drying. 

The pore size distribution was measured by LM. Comparisons of the pore radii values of the 
incorporated foams with the resulting foam concretes show that the pore radii were similar and mainly 
kept up (Table 3). The average pore radii of the foam concretes were in a range of 190 µm. Those of 
the three-phase-foams were 10 µm smaller. The bigger and less smaller pores inside foam concrete can 
be explained by shear forces during the production process and destabilizing effects like Ostwald 



 

ripening for example. The main part of the pore radii for both FC NS B 0.5 (69 %) and NS B 0.5 
(76 %) are between 100-500 µm. Thus, the pore size distribution could be controlled by the 
incorporated foams in case of reach a suitable workability of the cement paste by adaption of 
superplasticziser and cement content for example. 

Table 3 Comparison of the amount of pores of FC NS B 0.5 and incorporated CNT modified three-phase-foam 
NS B 0.5 with respect to the pore radii. /% 

 
NS B 0.5 CNT FC NS B 0.5 CNT 

Pore radii (µm) Amount of pores (%) 

≤ 100 20.8 4.2 

≤ 300 56.9 37.5 

≤ 500 19.4 31.9 

> 500 2.8 26.4 

3.2.2. Phase investigation 
To investigate the shell-like formation of the pore surface a phase development was done by energy 
dispersive X-ray spectroscopy (EDX). Therefore, areas and points were placed on the thin layer which 
was formed during hydration, on the fracture mirrors underneath this layer and on the borders 
(Figure 8). 

 
Figure 8 Energy dispersive X-ray spectroscopy on a fracture mirror of FC NS B 0.5 CNT after 7 d. 

The element mapping showed that the thin layer has a high calcium-to-silicon ratio and confirms a 
Ca(OH)2 rich hydration product (Table 4, spot 1, area 2, 4 and 6). Underneath this layer and in the 
borders the calcium-to-silicon ratios are low and this confirms mainly C-S-H-phases rich areas (Table 
4, area 3, 5, 7 and 8). The thin layer in the pore inner surface was built due to the influence of 
surfactants which occupy a specific crystal surface and interfere the crystallization of Ca(OH)2. The 



 

interference leads to smaller crystals and changes in the shape with respect to the space direction. 
Table 4 Results of the energy dispersive X-ray spectroscopy on a fracture mirror of FC NS B 0.5 CNT after 7 d 

(figure 7) /at. %. 
Element Selected areas/spots of energy dispersive X-ray spectroscopy 

 Spot 1 2 3 4 5 6 7 8 

C 3.0 3.0 3.4 3.9 3.4 3.3 3.2 3.3 

O 64.8 66.7 70.0 69.9 68.6 68.0 68.0 67.8 

Al 0.3 0.6 1.0 0.8 1.0 0.7 1.1 1.4 

Si 1.7 4.5 5.7 3.5 6.4 5.3 6.1 7.5 

S  0.4 0.6 0.7 0.6 0.8 0.6 0.8 0.9 

Ca 29.4 23.5 17.9 20.2 18.5 21.1 19.1 17.2 

Fe 0.3 0.8 0.7 0.4 0.9 0.9 0.9 1.0 

Ca/Si 17 5 3 6 3 4 3 2 

Ca/Al 109 37 18 25 18 32 17 12 

3.2.3. Mechanical properties 
Compressive strength of FC NS B 0.5 CNT was determined after 7 and 28 d and compared to 
industrial foam concrete after 28 d (Figure 9). The oven-dry densities of the produced foam concretes 
were about 1100 kg/m³. Industrial foam concretes with this density were produced at a similar w/c 
ratio of 0.45 but contain also 67% w/w aggregates. Although, many optimizing steps have to be done 
the foam concrete based on CNT modified three-phase-foams showed higher compressive strength 
than the industrial foam concrete. The compressive strength after 7 d was 10.3 N/mm² and after 28 d 
13.8 N/mm². 

 
Figure 9 Comparison of industrial foam concrete after 28 d (Schauerte M., et al., 2012) and FC NS B 0.5 CNT 

after 7 d and 28 d. 
 



 

4. Conclusions 
In summary, two approaches to improve the properties of foam concretes with carbon nanomaterials 
were shown. An UHPC approach was combined with the usage of CNT/CNF enhanced water and 
CNT-stabilized three-phase-foams were incorporated in the cement paste. 
The used CNT/CNF enhanced water result in the formation of smaller reaction products like 
portlandite and a denser matrix lead to an improved performance. UHPC foam concrete based on 
carbon nanomaterials provide a significant increase in flexural strength compared to a reference 
without addition of CNTs/CNFs. Even small amounts of 0.050% w/w can increase the strength up to 
40 %. That indicates that a stable bond exists between the tube and fibres and the concrete structure 
but this effect has to be investigated in more detail. Higher amounts of 0.075% w/w CNTs/CNFs 
showed a lower increase in flexural strength but still an improvement compared to the reference. Thus, 
higher contents of the carbon material seem to disturb the formation of the microstructure. An optimal 
amount of CNTs/CNFs has to be determined for further optimizations. The compressive strength is not 
as much affected as the flexural strength. Independent from the density of the concrete there is an 
increase between 5.0 % and 7.5 %. Also, in this case the lower content of the carbon nanomaterials 
leads to the best results. Furthermore, no interfering influence on the air pore size and structure could 
be observed, as expected for fibres in the millimeter range.  
Incorporation of CNT-stabilized three-phase-foams in cement paste can improve the performance of 
foam concrete. Although, the resulting foam concretes have to be optimized a higher compressive 
strength compared to industrial foam concretes was reached even after 7 d. Due to the amount of 
pozzolans which can react with the formed Ca(OH)2 during the hydration and CNTs which can act as 
seeds for C-S-H-phases, a strengthening can be achieved. Additionally, the results show a stable pore 
structure which could be controlled by the incorporated foams. After incorporation of the foams a 
specific pore structure and preferred formation of hydration products can be observed in the pores of 
the foam concretes. The nanoparticles and surfactants preserved a local sourcing or the sorption of the 
surfactant is so strong that a physical bonding to the particles still occurs. Therefore, the surfactant has 
an influence on the crystallization of Ca(OH)2 due to the occupation of the crystal surface which 
should be investigated in more detail. This leads to the formation of a thin layer consisting of small 
particles of Ca(OH)2 at the pore inner surface. The nanoparticles accumulate in the borders so that 
C-S-H-phases were formed underneath the formed Ca(OH)2 layer. Thus, the CNT-stabilized three-
phase-foams have a positive influence on the microstructure of foam concrete.  
In combination, UHPC foam concretes with a much more increased performance particularly with 
regard to the mechanical properties can be reached compared to the presented results.  
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Abstract 6 

The purpose of this work is to investigate compensation function of aluminum sulfate for alite 7 

calcium sulfoaluminate cement containing citric acid. X-ray diffraction, scanning electron microscopy 8 

and other micro-testing methods were adopted to explore this compensation function. Based on the 9 

experimental data, aluminum sulfate acts as a setting accelerator, which offset excessive retarding 10 

caused by citric acid. Aluminum sulfate not only ensures the early strength, but late growth rate is also 11 

very good. The compressive strength increases with aluminum sulfate content, and the optimum value 12 

in this study is 0.9%, contributing the most to the strength development. By micro-testing methods, we 13 

have confirmed aluminum sulfate promotes C4A3$ and C4A hydration, resulting early strength 14 

development However, the hydration of C3S and C2S haven’t been effected so much. 15 

Originality 16 

As a new type of cement, alite calcium sulfoaluminate cement has some advanced properties，such 17 

as high early strength, good growth in late strength as well as excellent anti-freeze. However, due to its 18 

excessive condensation, its application has been limited in terms of infrastructure. Citric acid is an 19 

effective retarder significantly influence hydration progress with small content , but large content 20 

would result no setting , low strength .So we investigate the compensation function of aluminum sulfate 21 

for these negative effects. If we succeed, we can draw an analogy to develop different new formulas to 22 

modify the properties of alite calcium sulfoaluminate cement appropriately.  23 

Keywords: AC$A；Admixture；Compensation；Mechanism 24 
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1. Introduction 44 

Alite-sulphoaluminate is compounded of the alite in Portland cement and the calcium 45 

sulphoaluminate in sulphoaluminate cement. Alite calcium sulphoaluminate (AC$A) 46 

cement(Xiaocun, Yanjun et al. 1998), whose dominant mineral phase is C3S, is a kind of saving 47 

cement which has some advanced properties，such as micro expansion, high early strength, good 48 

growth in late strength as well as excellent anti-freeze. However, due to its excessive condensation, 49 

its application has been limited in projects in service. A set retarder is an inevitable additive in its 50 

application. 51 

Citric acid can be used to retard the hydration of cement or its constituents(Moeschner, 52 

Lothenbach et al. 2009). Singh et al.(Singh, Singh et al. 1986) found that 0.l% citric acid 53 

accelerated whereas too high a dose (> 0.1%) of citric acid retarded the hydration. Though various 54 

experiments (Ramachandran and Lowery 1992, Schwarz 1995, Smillie and Glasser 1999)were 55 

carried out to study the influence of citric acid on the hydration of Portland cement, different 56 

investigations yielded conflicting experimental evidence regarding the hydration process. 57 

In a recent publication by Zhou et al(ZHOUYan, XuWenlong et al. 2014), the author who 58 

have studied the influence of citric acid on retarding and hydration of AC$A found large dosage 59 

(up to 0.6%) would significantly influence setting and compressive strength. However, there was 60 

no investigation concerning interaction between citric acid and aluminum sulfate (Lan, Kan et al. 61 

2012) (Al2(SO4)3), which is a popular accelerator promoting cement hydration.  62 

The purpose of this work is to investigate the compensation function of different Al2(SO4)3 63 

dosage for the excessive retarding caused by citric acid. In this paper, Al (SO4)3 dosage from 0.03% 64 

to 0.9% was adopted, citric acid dosage fixed in 0.06%,and interaction influence on AC$A cement 65 

hydration progress, setting time and compressive strength were studied.  66 

2. Experiments  67 

2.1 Materials and methods 68 

AC$A clinker was synthesized using the industrial raw materials in laboratory. The resulting 69 

products were then homogenized with CaSO4·2H2O in a mass ratio of 4% to produce AC$A 70 

cement .The homogenization of the samples was performed by ball milling for 12h. All 71 

experiments were carried out using this type of cement, at 20 °C. The composition of the 72 

un-hydrated cement and the calculated amount of the clinker phases are shown in Table 1. The 73 

chemical composition of the un-hydrated cement was determined by X-ray fluorescence 74 

(XRF).Other parameters such as setting time and compressive strength are shown in table 2. 75 

Table1 Chemical analyses of the clinker（％） 76 

Chemical composition % Mineral content % 

SO3 3.05 C3S 48.16 

SiO2 18.24 C2S 31.75 

CaO 63.73 C3A 5.70 

CaF2 0.24 C4AF 4.61 

Fe2O3 1.81 f-CaO 1.48 

MgO 2.45 MgO 1.35 

Al2O3 8.93 C4A3$ 5.23 

Loss on ignition 0.72 C$ 1.61 

 77 

 78 
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 80 

Table2 Physical properties of the cement 81 

Setting time/min Compressive strength/MPa 

initial final 1d 3d 28d 

64 78 79.9 86.3 107.1 

Blaine surface, m2/kg 350±10 

Cement paste were prepared with a w/c of 0.27 by adding 1kg cement to 400g distilled 82 

water .To investigate the composite effect of citric acid and Al2(SO4)3 on the hydration of the 83 

AC$A cement ,this paper utilized several samples of mixtures. The characteristics of these mixes 84 

are shown in table 3.  85 

Table 3 Mixes investigated 86 

Mixes designation % Citric acid % Al2(SO4)3 

M01 0.6 0 

M02 0.6 0.03 

M03 0.6 0.06 

M04 0.6 0.1 

M05 0.6 0.5 

M06 0.6 0.9 

The setting test on the cement pastes was performed using a Vicat apparatus and following 87 

EN196–3 procedure. The hardening criteria was determined through simple compressive strength 88 

tests on cubic specimen 20×20×20 mm3. These latter were cast in metallic moulds and kept for 89 

24 h at 20±1°C and at 95% relative humidity (RH). Then the samples were then demoulded and 90 

conserved in water at 20°C until they were utilized for compressive testing. The compressive 91 

testing were tested using the unconfined compression machine with a maximum load of 92 

200kN.The loading rate of the machine is 5mm/min. Each compressive strength value represents 93 

the average of the results from 6 specimens tested. 94 

2.2 Characterization 95 

The microstructure changes were characterized by X-ray diffraction(XRD)、conduction 96 

isothermal calorimeter and scanning electron microscopy(SEM). 97 

Pastes were made with a w/c of 0.5 and stored at 20 C in 10ml sealed plastic vessels for 98 

(XRD). The hydration of the paste was stopped by solvent exchange using ethanol. Then, the 99 

sample was dried in a vacuum drying oven at a temperature of 40 C for 4 h. An approximately 5 g 100 

powder sample was analyzed by XRD, the XRD patterns were measured with a Panalytical X'pert 101 

Pro powder diffractometer equipped with an X'Celerator detector in a 2θ-range of 5–65°. 102 

A conduction calorimeter (Thermometric TAM Air) was used to determine the rate of 103 

hydration heat liberation during the first 72h. 4g of cement was weighed into a flask and the 104 

corresponding amount of water was added. The flask was then capped and placed into the 105 

calorimeter. Due to the external mixing, the very early thermal response of the samples could not 106 

be measured. The total heat of hydration after 72 h was determined by integration of the heat flow 107 

curve between 30 min and 72 h. 108 

Unground pastes were examined by scanning electron microscopy, Samples preparation 109 

included pressure impregnation with epoxy resin, cutting, polishing and coating with carbon. 110 

3. Results and discussion 111 



3.1 Setting time and compressive strength 112 

Tests were carried out on specimen at the age of 1, 3, and 28 days. The various results 113 

obtained regarding setting time and compressive strength are given in Table 4 and Fig 1. 114 

Table 4 Experimental setting times and compressive strengths results 115 

Mix 

investigated 

Setting time/min Compressive strength/MPa 

initial final 1d 3d 28d 

M01 250 283 0 25.8 86.7 

M02 220 256 16.2 52.1 79.0 

M03 206 247 24.4 62.7 82.0 

M04 175 216 42.7 72.2 90.9 

M05 168 194 42.7 72.2 90.9 

M06 85 107 71.8 91.4 108.4 

 116 

Fig.1 Influence of Al2(SO4)3 on the compressive strength of cement paste containing citric acid 117 

3.1.1 Setting time 118 

It is seen that the initial setting time of M01 is much longer than 64min, which is the 119 

threshold of initial setting time shown in Table 2. This clearly showed that the citric acid 120 

performed well as a hardening retarder regardless of the cement type used. As opposed to M01, 121 

the presence of Al2(SO4)3 significantly offset the retarding effect of citric acid and the tendency 122 

was more obvious with the Al2(SO4)3 dosage increased. For example, compared with M01, the 123 

initial and final setting time reduced respectively 20% and 13% for M03, 33% and 32% for M05, 124 

which can meet the engineering requirements well. The obtained results show that Al2(SO4)3 acts 125 

as a good setting accelerator. 126 

3.1.2 Compressive strength 127 

Influence of Al2(SO4)3 on the compressive strength of cement pastes containing citric acid 128 

was displayed in Fig.1. In regards to AC$A cement, the citric acid affected significantly the 129 



evolution in the early age compressive strength, they decreased to 0 at 1 day and 25.8MPa at 3 130 

days respectively. However, the improvements noticed on the compressive strength were very 131 

significant in the presence of Al2(SO4)3. Considering the strength from M02 to M06, the increase 132 

was significant on its early age compressive strength especially at 1d. Moreover, as Al2(SO4)3 133 

increased from 0.03% to 0.9%, increments in compressive strength of cement pastes for 3d were 134 

101.9%, 143.0%, 179.8% and 254.3%. However, in the case of M02 and M03, Al2(SO4)3 reduced 135 

the strength at 28 days about 7.7MPa and 4.7 MPa, respectively. When the Al2 (SO4)3 dosage was 136 

up to 0.06%, Al2(SO4)3 presented a positive effect on the strength of the cement pastes combined 137 

with citric acid at all ages. 138 

As a result of these observations, Al2(SO4)3 not only ensures the early strength, but late 139 

growth rate is also very good. Besides, based on the compressive strength at 28 d in Fig. 1, maybe 140 

there is an optimum Al2(SO4)3 content to ensure the highest compressive strength at 28 d; in this 141 

study, the optimum value is 0.9%. 142 

3.2 Isothermal calorimetry 143 

Influence of citric acid with different Al2(SO4)3 on the accumulative heat released and heat 144 

evolution of treated cement were characterized using conduction calorimetry, as shown in Fig.2. 145 

The plot is similar to Portland cement hydration process.(Taylor 1997, Bullard, Jennings et al. 146 

2011) Accumulative heat is also listed in Table.5 so as to describe the degree of hydration to some 147 

extent.  148 

   149 
 150 

A Heat evolution                   B Accumulative heat released 151 

Fig 2 Isothermal conduction calorimetry of citric acid with different Al2(SO4)3 dosages 152 

As described from curves, different Al2(SO4)3 dosages resulted in different heat flows at a 153 

given time, which meant different hydration progress among 6 specimens. The first hydration peak 154 

(between 0-60min), indicating initial hydration reactions between C4A3$ and water, which began 155 

immediately upon wetting and also by the dissolution of C4A3$ and C3A showed hardly any 156 

difference. However, the shape of the heat evolution curves is significantly influenced by the 157 

presence of Al2(SO4)3 after the first hydration peak. M03 showed a long dormant period without 158 

obvious heat liberation peak, which meant little Al2(SO4)3 dosage could hardly influence M01. As 159 

for M05, a second heat flow maximum occurs after 6h and the peak is much intensity, indicating 160 

Al2(SO4)3 acted as a setting accelerator by increasing the hydration rate. In terms of M06, the main 161 

hydration peak occurs at 17h, with a shoulder after about 21h. 162 

Table5 Influence of citric acid with different Al2(SO4)3 on the heat of treated cement 163 

Content of 

citric acid 

Accumulative heat /J.g-1 

Q (1h) Q (7h) Q (1d) Q (2d) Q (3d) 



M01 15.68 29.84 43.00 53.79 94.00 

M03 37.67 50.29 63.46 76.57 101.58 

M05 34.70 83.00 134.75 247.30 301.21 

M06 55.48 78.64 137.11 173.42 240.49 

From Table 5, due to the presence of citric acid, accumulative heat maintained a low level 164 

with the low Al2(SO4)3 dosage. Much more heat was released for M06 than any other specimen at 165 

1h, so we may conclude that Al2(SO4)3 dosage strongly promote the early hydration progress. 166 

However, heat release rate increased slower which perhaps owe to citric acid played a key role in 167 

the system. 168 

3.3 X-ray diffraction analysis 169 

 170 

A 1 day                                         B 3 days 171 

 172 

C 7 days                                D 28 days 173 

Fig 3 XRD patterns of hydrated paste in the presence of citric acid and Al2(SO4)3  174 

XRD patterns of cement pastes are given in Fig.3. The XRD analysis showed clearly an 175 

accelerating effect on hydration progress. This is in agreement with the observations by the heat 176 

evolution rates (Fig 2-A). C3S decreased continuously with increasing the Al2(SO4)3 dosages in 177 

each picture (Fig 3), indicating Al2(SO4)3 contributed C3S hydration in some degree. Also 178 

C4A3$ decreased in the presence of Al2(SO4)3 and nearly all C3A and C4A3$ have already been 179 

consumed after 3 days. The amount of AFt continuously increasing is also noticeable in 180 

Fig.3-(A).Considering AFt contributes to the early compressive strength, so 1day compressive 181 

strength of samples with Al2(SO4)3 maintains well.  182 

Besides, it is worth noting that AFm decreased continuously with increasing the Al2(SO4)3 183 

dosages in Fig 3(B-D).This is mainly due to the fact that Al2(SO4)3 providing SO4
2- is more 184 

favorable of the formation of AFt. In later period, the composition of un-hydrated mineral is 185 



mainly C2S. 186 

3.4 Scanning microscopy studies187 

In order to understand the influence of 188 

paste containing citric acid ,samples obtained from the central part of specimens were 189 

analyzed by SEM, particularly focusing on hydrates of the C190 

this section, only M05 and M06 were analyzed for 1day,191 

it is noticed that cure duration ha192 

hydrate phases. After 1 day, hexagonal plate193 

ettringite are obvious seen in A and all of them are staggered distribution, which is somewhat 194 

different from B where no ettringite195 

and AFm have also been developed,196 

constituent. The result indicated the transformation from AFt to AFm, consistent with X197 

diffraction analysis. Compare 1day and 3 days198 

size for 7 days, while AFt can hardly been seen at this time199 
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4 Conclusions 208 

Large dosages of acid with209 

process of AC$A cement pastes210 

compensation function of different211 

experimental data are summarized as follows:212 

1: Al2(SO4)3 can promote AC$A hydration effectively213 

by citric acid. Al2(SO4)3 not only 214 

late growth rate is also very good215 

2: Al2(SO4)3 can promote C216 

content of citric acid system had the best effect on strength development ;217 

3: Al2(SO4)3 can promote 218 

while the hydration of C3S and C219 
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Abstract 
 
Superplasticizers and retarders are essential in the production of many cementitious materials. While 
superplasticizers enhance the cement paste flowability, retarders allows for the tuning of the setting time of the 
material. As the mechanism of action of these chemical admixtures is very sensitive to their adsorption at the 
surface of cement particles, a better understanding of the competitive adsorption between them is necessary to 
optimize their use. In this work, we study the competitive adsorption between polycarboxylate ether (PCE) and 
sodium gluconate (NG) by measuring the respective amount of adsorbed polymers and the consequences on the 
rheological behaviour of the system in terms of yield stress and plastic viscosity. Our results suggest that, when 
the surface of cement particles is approaching saturation, NG adsorption seems to cause a gradual 
displacement of PCE inhibiting their plasticizing performances. At high NG dosages, only this molecule 
adsorbs and dictates the rheological behaviour of the suspension rendering the added PCE useless.   
 
Keywords:  superplasticizer; retarder molecule; cement paste; competitive adsorption; rheology 



 2

 
 
1. INTRODUCTION 
Organic admixtures are fundamental ingredients for tailoring the rheology cementitious materials. The variety 
of these admixtures is impressive. Molecules of very different chemical natures along with very different 
physical properties allow for the tuning of all material properties in the fresh state. Understanding the 
mechanism of action of these polymers is a key in selecting effective admixtures for various practical 
applications. A vast literature has studied the effect of these macromolecules on the rheology of cement pastes. 
These polymers either stay in the  pore solution, modifying its rheological behaviour, or adsorb at the surface of 
cement grains, modifying their colloidal interactions [1, 2]. Most of these studies, however, have focused on 
individual polymers. When the polymers added to the system are both adsorbing species, a competitive 
adsorption may occur. Competitive adsorption may inhibit the intended effects and alter the performances of the 
polymers [3]. Positive interference can occur as well and the efficiency of the polymers can be enhanced in the 
presence of the other [4].  
In this work, we study the competitive adsorption between a polycarboxylate ether (PCE) and sodium gluconate 
(NG) by measuring the respective amount of adsorbed polymer and the consequences on the rheological 
behaviour of the system.  
2. MATERIALS AND PROCEDURES 
2.1. Materials and mixing procedures 
The cement used in this study is a Portland cement CEM I 52 PMES CP2 (SAINT VIGOR LAFARGE). The 
chemical admixtures investigated here belong to two different families: a superplasticizer (polycarboxylate) 
referred as PCE and a retarder (sodium gluconate) referred as NG. Their chemical structures are shown in fig.1. 
They were used in liquid form. The preparation procedures of cement pastes for both rheological and adsorption 
measurements were identical. Cement and 80% of the total water were first homogenized by hand before a one-
minute high-speed-mixing phase using Turbo test Rayneri VMI mixer at 840 rpm. The cement paste was left at 
rest for 15 minutes before polymer addition in order to allow for the nucleation of the first hydration products 
without any interference with the organic molecules [5]. PCE diluted in 10% of the total water was then added 
to the cement paste and followed by a 1 minute highspeed-mixing phase. After 15 minutes of rest, NG diluted in 
the remaining water was added to the cement paste and mixed during 1 minute.  The mixture was left at rest for 
15 minutes and finally mixed at low speed for 15 minutes.  
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Fig.1. Chemical structures of Sodium gluconate (left) and Polycarboxylate ether (right) 

2.2. Adsorption measurements 
After the mixing protocol described above, the cement pastes were centrifuged at 1000 g during 5 minutes in 
order to extract the pore solution. The carbon content was determined using a Total Organic Carbon analyser 
(TOC) manufactured by Shimadzu. The results were corrected for the carbon contained in cement powder 
mostly because of the presence of grinding aids. The total quantity of polymer adsorbed was then computed 
from the difference between the carbon content in the pore solution extracted by centrifugation solution before 
and after contact with cement [6]. 
2.3. Rheological measurements 
Rheological experiments were conducted using a Bohlin C-VOR shear rheometer equipped with a vane 
geometry [7]. The Vane tool diameter is 25 mm, the outer cup diameter is 50 mm whereas its depth is 60 mm. 
The cup of the rheometer was filled with the tested cement paste and the measurement sequence was started.  In 
order to bring the cement paste to a reference structural state, it was first pre-sheared at a shear stress equal to 
100 s-1 during 90s. A decreasing shear rate was then directly applied from 100 s -1 to 1 s-1 (with a logarithmic 
distribution of shear rates) during 200 s.  
3. EXPERIMENTAL RESULTS 
3.1. Single adsorption isotherms of NG and PCE on cement particles 
The measured adsorption isotherms for both polymers are reported in fig. 1. This figure shows that both 
polymers adsorb at the surface of cement paste. At low polymer dosages, the fraction of adsorbed polymer (i.e. 
the ratio between the amount of adsorbed polymer and the amount of polymer remaining in the suspending fluid) 
is constant. At high dosages, the amount of adsorbed polymer has reached a saturation plateau. This plateau 
obviously decreases when the molar mass of the polymer increases. 
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Fig.2. Adsorption isotherms of PCE and NG on cement paste 

3.2. Competitive adsorption between NG and PCE 
Adsorption of PCE and NG when simultaneously added to the cementitious system are measured and compared 
to their individual adsorptions in Fig. 3, in which the dosage of PCE is fixed at 0,4% and the dosage of PCE is 
increased from 0.2% to 3%. As the TOC technique does not allow for a distinction between the two polymers, 
the total amounts of adsorbed polymer and polymer remaining in solution are both expressed in Carbon/%water.  
We also plot in Fig. 3 the resulting sum of the polymers individual adsorption. The abscissa or ordinate of this 
curve, for a given amount of PCE and NG, are respectively computed by simply summing the abscissa or 
ordinate of both PCE and NG single adsorption. It can be noted that the measured total adsorption is 
systematically lower than the sum of the individual adsorptions, indicating that competitive adsorption seems to 
prevent some of the polymer molecules from adsorbing. This reduction in adsorption seems to increase when 
the amount of adsorbed species becomes closer to the saturation plateau. 
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Fig.3. Measured and computed adsorption of PCE and NG  
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3.3. Rheological consequences 
In order to get additional information on the mechanism of action of these two polymers, we now measure the 
effects of PCE and NG on the rheological behaviour of cement paste in terms of yield stress and plastic 
viscosity. The apparent viscosity is plotted as a function of shear rate for some of the tested cement pastes 
(W/C=0.4) in Fig. 4. Each flow curve is fitted with a Bingham model in order to compute the value of yield 
stress and plastic viscosity. 
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Fig.4.Viscosity versus shear rate for various dosages of NG and PCE (W/C ratio = 0.4) 
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The dependence of yield stress and plastic viscosity on dosage and type of admixture is shown in Fig. 5a and 
Fig. 5b. We observe a decrease in plastic viscosity and yield stress with the dosage of PCE and NG. The 
addition of NG, however, decreases much less efficiently yield stress and plastic viscosity.   

Fig.5a. Effect of NG and PCE on the 
yield stress at different dosages 

Fig.5b. Effect of NG and PCE on the 
plastic viscosity at different dosages 
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The effect of these two polymers on cement paste rheology have already been reported in literature. [8-11]. 
Adsorbed PCE on cement particles provides steric hindrance that decreases the intensity of attractive colloidal 
forces between particles, decreasing therefore the yield stress [10,11] and increasing the fluidity of the 
corresponding concrete. By decreasing yield stress, PCE also changes the flocculation state of cement pastes. 
Plastic viscosity decreases as flocculation modifies the way shear concentrates in the fluid layers between flocs 
or cement particles [12].  
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To investigate potential interactions between PCE and NG, we measured both yield stress and plastic viscosity 
of cement pastes containing a fixed dosage of PCE (equal to 0.4% or 0%) and an increasing dosage of NG 
(from 0 to 4%) (see fig.5a and 5b). We note that both yield stress and plastic viscosity increase when NG 
dosage increases. At low NG dosages, both yield stress and plastic viscosity of the cement paste containing the 
two polymers are lower than those of the cement paste containing PCE alone.  At high NG dosages, by 
comparing the rheological behaviour of the cement pastes containing both PCE and NG and the cement pastes 
containing NG alone, we note that both yield stress and plastic viscosity are almost not affected by the presence 
of PCE.  
These results suggest that at low NG dosages, this molecule adsorb at the surface of cement particles without 
displacing the adsorbed PCE.  When approaching the saturation, competitive adsorption shows up: the 
adsorption of NG causes a gradual displacement of PCE. Above a critical concentration of NG, a complete 
displacement of PCE may take place. 
 In this case, where the adsorption energy of a retarder seems to exceed that of the superplaticizer,  the 
performances of the superplasticizer on the rheology on cement paste are inhibited. . It may be important to 
keep in mind that the incompatibility between the two admixtures observed here cannot be generalized to all 
current polycarboxylate ether and sodium gluconate competing to adsorb at the surface of cement particle. The 
outcome of competitive adsorption can however be controlled by tuning the dosages and tailoring the molecular 
structure of both admixtures.     
4. CONCLUSION 
In this work, the competitive adsorption of PCE and NG was studied by measuring the respective amount of 
adsorbed polymer and its consequences on the rheological behaviour. Our results suggest an incompatibility 
between these two admixtures. When the surface of cement particles is approaching saturation, NG adsorption 
seems to cause a gradual displacement of PCE inhibiting their plasticizing performances. At high NG dosages, 
only this molecule adsorbs and dictates the rheological behaviour of the suspension whereas the added PCE is 
useless.   
The knowledge gained allows for a better prediction of the rheological consequence of competitive adsorption. 
However, there is still a need for a deeper understanding of the microscopic behaviour of polymers competing 
to adsorb at the surface of cement particles. This understanding should help to control the rheology of cement 
paste and reduce the problems of incompatibility between polymers. 
 
 
 

Fig.6b. Effect of NG and PCE on the plastic 
viscosity at different dosages 

Fig.6a. Effect of NG and PCE on the yield stress 
at different dosages                    
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Abstract 
The stability of fresh cement paste can be described as its ability to remain homogeneous over time. 
Instability in the form of sedimentation and bleeding occurs for various reasons related to the material 
composition. In this study, the stability of fresh cement paste and relevant mechanisms for bleeding are 
reviewed, and a conceptual model is proposed describing the sedimentation progress in terms of 
bleeding. Moisture migration movement theory is applied to analysis the factors of concrete bleeding 
from bleeding source, bleeding channel and bleeding pressure. The development direction of admixture 
technology is to put more emphasis on the stability of cement paste. 
 
 
Originality 
In this study, we establish a conceptual model to describe the sedimentation and bleeding of cement 
paste based on the stability of suspension. In this model, the whole process of sedimentation and 
bleeding is divided into four stages based on the assumption that cement paste sample at very 
beginning is a homogeneously dispersed suspension. Moisture migration movement theory can well 
describe nearly all factors of concrete bleeding, including raw materials, mix proportion, mixing 
technology from bleeding source, bleeding channel and bleeding pressure, we can get a deep 
understanding of the reason why bleeding occurs. We also put more emphasis on the stability of cement 
paste, not only dispersion of it and put forward that admixture aimed at enhancing the stability of 
cement paste is development direction in admixture technology. 
 
Keywords: Conceptual Model; Stability; Bleeding; Cement Paste 
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1. Introduction 
Concrete is one of the most widely used building materials. Due to the emergence and 

application of high performance water reducer, the revolutionary change of modern concrete 

materials has taken place, raw materials change from the traditional four components into six 

components. High performance water reducer and mineral admixture have become essential 

components of modern concrete[1]. The construction technology and engineering practice of the 

modern construction require high performance concrete with high flow. The problem of 

segregation and bleeding of concrete has seriously restricted the healthy development of concrete 

industry, so bleeding and segregation problems of concrete has also become the focus of domestic 

and foreign academic and enterprise circles of concrete research and attention. 

The reason of concrete bleeding and segregation is very complex, it is associated with each 

link of concrete production, including the quality of raw material, mix design, mixing technology, 

construction technology, the type of additive and admixture [2]. The aggregate shortage of 

resources, declining quality and higher clay content often lead to segregation and bleeding and 

slump loss phenomenon of the concrete, making workability can’t meet the construction 

requirements. Using concrete admixture technology to solve the problem of concrete bleeding is 

necessary for concrete industry to transform into technology industry, at the same time it is a 

economical and practical method also [3]. Concrete is actually a dynamic composition of complex 

distributed system, and the cement paste fluidity and stability have decisive effect on the 

workability of concrete. Therefore, researches on the workability of concrete often get started 

from rheological behavior of cement paste [4]. Cement paste is a kind of unstable system, and the 

stability study is one of the most effective ways to understand the problem of segregation and 

bleeding of concrete, but the present research still has many problems. In this paper, the formation 

mechanism of segregation and bleeding of concrete (influencing factors etc.), improvement 

measures and evaluation methods were deeply discussed the concrete stability model and some 

research directions about concrete segregation and bleeding problems was put forward. 

2. Formation mechanism of concrete bleeding and segregation  
2.1 Cement paste suspension system 

The cement paste is an unstable suspension system of high solid content with cement as the 

dispersed phase and water as dispersing media. Cement particle dissolution and hydration and 

consolidation settlement have effects on the rheological properties of suspension system [5]. The 

stability of fresh cement paste can be described as its ability to remain homogeneous over time. 

Instability in the form of sedimentation and bleeding occurs for various reasons related to the 

material composition.  

Cement paste and the other suspension have lots of in common. First of all, the cement paste 

is a kind of heterogeneous material, including the super plasticizer and active cement particles 

with large size, so it has a high solid content. Secondly, due to the dissolution and hydration of 

fresh cement paste among the component, the viscosity and yield stress varies with time[6].The 

theory of Stokes thinks that rheology of suspension system has a strong relation not only with The 

liquid phase of suspension system, but also with the inter force between particles. Super plasticizer 

and viscosity modifier are often added to improve the performance of cement paste; they also have 

a great influence on the sedimentation of particles and the bleeding rate [7]. In the cement paste 

with additive, different kinds of ions and additives exit in liquid, so the rheological performance 

has big difference with water. Richardson-Zaki formula and the Kynch theory [8-9] proposed a 



 

conceptual model to explain the rheological characteristics of cement paste mixed with chemical 

admixture and its consolidation sedimentation process. 

2.2 bleeding of cement paste 
Kynch proposed a particle sedimentation theory based on the conservation of particles during 

sedimentation. It was assumed that the settling rate at any position in a column of suspension 

would be only a function of the concentration at that point, without consideration of dispersion or 

flocculation [10]. Tiller [11] showed that the Kynch theory is too simplified and can be corrected or 

extended to cover the case in which a subjacent compression zone is formed. Then Fitch [12] 

simplified Tiller’s procedure by considering the relationship that follows the Kynch theory and 

explained how the suspension–sediment interface rises with time for compression zones, as Fitch’s 

paragenesis diagram shows in Fig.1. It can be seen that sedimentation types for cement pastes vary 

with time and position during the entire sedimentation process, depending on the solid 

concentration and particle flocculation state at that relative time and position.    

Fig 1 Fitch’s paragenesis diagram showing types   Fig 2 conceptual model for sedimentation and  

of sedimentation [12]                                     bleeding of concrete 

2.3 Formation of concrete bleeding and segregation  

During the process of stirring, pouring and vibrating of concrete mixture and before it’s 

setting and hardening, because of the sinking of solid particulate material, the concrete layers and 

the water floats to the surface, this phenomenon is called the bleeding and segregation of 

concrete[13]. Concrete bleeding mainly occurs before the initial setting, and concrete gets through 

transporting, pouring and vibrating after the mixing is completed. Aggregate subsides downwards 

due to gravity, which causes the distance and gap between each other become smaller, so cement 

paste and water are extruded to the surface resulting in bleeding, as shown in Fig 2. The bleeding 

channel left in the concrete during the process of water floating has a great influence on the 

concrete strength and durability, in the coarse aggregate side and beneath the water sac exits [14]. 

3. Influence factors of concrete segregation and bleeding  
Factors affecting concrete bleeding are very complex, and from microscopic mechanism it 

can be divided into three main categories, they are respectively bleeding channel, bleeding water 

sources and bleeding pressure. Concrete bleeding is generally not a result of one single factor, but 

a result of lots of different factors. 

3.1 Bleeding channel 
The water that secrets to the concrete surface must pass through a long distance, micro 

bleeding channel is formed in the process of concrete bleeding; the factor that greatly influences 

the water bleeding is mainly the length and size of bleeding channel. All kinds of aggregates have 

influence on the segregation of concrete bleeding, aggregate is more smooth and said, the bleeding 
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passage is harder to form, so it can effectively reduce concrete bleeding [15]. at the same time. The 

smaller the fineness of cement is and more C3A it contains, the faster the hydration speed is, and 

hydration product can effectively block the bleeding passage, preventing the occurrence of 

bleeding phenomenon [16]. The gradation and type of aggregate also have an impact on the stability 

of bleeding, concrete containing a large number of regular size particles has a better stability. 

Water consumption increase to improve the increase the workability of concrete will increase 

concrete bleeding [17]. Pozzolanic mineral admixture such as common coal gangue, zeolite powder 

and fly ash, can reduce the bleeding of concrete, their particle gradation is good, they can also 

carry out two hydrations, and the products can cut off the bleeding channel [18]. 

3.2 Bleeding water sources 

According to the existing state, the water in concrete can be divided into bound water, free 

water and wetting water. Free water in concrete plays a lubricating role in concrete, this part of the 

water has associated with solid materials, so it can easily secrete from the concrete [19]. High 

performance water reducer has great influence on concrete bleeding, especially sensitive super 

plasticizer, it can damage cement particle flocculation structure and release inside water, so more 

free water exits, but too much volume or its bad compatibility with cement can cause serious 

bleeding and segregation[20].Adding air entraining agent has an inhibitory effect on the bleeding of 

concrete, with the increase of air content of concrete, it helps to reduce the concrete bleeding, but 

the concrete strength decreased[21]. The research shows that the low strength concrete has a 

relatively high water cement ratio, in the concrete with high water cement ratio, hydration of 

cement can’t consume all the free water, so more water exits in the system. Compared with the 

high strength concrete, low strength concrete is more susceptible to segregation and bleeding 

phenomenon [22]. Unilateral water content of concrete has a greater impact on concrete bleeding, 

the more the unilateral water is, the more moisture the water filling space of concrete has, the 

worse its stability is and the greater the possibility of generating bleeding is[23]. 

3.3 Bleeding pressure  
According to the principles of hydrodynamics, the movement of moisture migration needs 

water pressure to provide power. In addition to moisture migration pressure produced by aggregate 

weight, major bleeding pressure comes from artificial operation in the transportation and 

construction process. Concrete mainly undergoes three processes from mixing to construction 

including transportation, pumping and vibration. Longer transport distance is more prone to cause 

bleeding. because of the pump pressure, the aggregate in concrete can easily absorb more water, 

when it is pump out, the pressure disappears and losing more water causing bleeding[24].The water 

in filling space of cement paste is more easily squeezed out under the pressure. In concrete 

pouring and vibrating, the longer distance the vertical drop is, more easily it leads to bleeding. 

Excessive vibration can cause the separation of aggregate and mortar in concrete [25].twice 

vibrating before the final setting of concrete can effectively reduce the bleeding. Actually it can 

better fill the bleeding channel and water sac, improve concrete bond strength and reduce the 

internal pores and cracks [26]. 

4. Improvement measures 

4.1 Slow release type super plasticizer 
The cement hydration reaction makes a part of the free water packaged by cement particle 

and it can reduce the concrete slump retaining ability that the volume of mud in aggregate is too 

high [27-28].By free radical polymerization of (meth) acrylic acid methyl ester and unsaturated fatty 



 

acids, adjusting the monomer ratio and synthesis temperature and other conditions, a slow-release 

water reducer is synthesized. it can occur Hydrolysis of the ester bond in the cement hydration 

liquid phase of alkaline conditions, so that water reducer molecules can produce new molecules 

which can disperse in cement paste, a sustained release of super plasticizer molecular structure as 

shown in Fig3[29]. 

4.2 Air entraining agent 
Concrete air entraining agent is mainly composed of hydrophobic groups and hydrophilic 

groups, on the interfaces of cement, water and air, the hydrophobic group adsorb to the air side 

direction, dear water-based adsorb the cement particles and water particle phase, as shown in 

Fig4[30]. The air entraining agent in the multiple interfaces significantly reduces the surface tension 

of water, so that it can introduce a large number of gas bubbles in the mixing process of concrete. 

Hydrophilic groups Hydrophobic groups

Air entraining agent molecule

Bubble

cement particle

water

 

    Fig 3 structure of a slow-release                    Fig 4 mechanism of air entraining 

super plasticizer molecular [29]                              agent [30] 

The bubble introduced by air entraining agent has excellent dispersing and wetting effect, so that 

the air entraining agent can improve the concrete bleeding. Concrete without air entraining agent, 

has gas content of about 0.5%~2%. Along with the increase of the concrete air content of concrete, 

it can reduce the bleeding, as shown in Fig5 [31]. Air entraining agent can make bubble delicate, 

uniform, regular shape, spherical shape, the spherical bubble such as ball, lubricates, also can fix 

water stably, at the same time reduce bleeding and make the working performance of concrete 

greatly improved [32].  

4.3 Water thickener 

According to the flocculation theory of polymer, adsorption functional water retaining agent 

molecular structure  

  Fig. 5 gas content influence on concrete bleeding type     Fig. 6 Effect of thickening agent on    

concrete bleeding rate 
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has adsorption type group, which can be adsorbed on the surface of cement particles, so that the 

cement particles can reach a good dispersion. The repulsion force from adsorption layer 

overlapping makes the cement particle disperse, so it can reduce the happening of consolidation 

settlement and improve the stability of concrete [33]. Non adsorption type water retaining agent 

mainly acts on the free water, it can increase the aqueous system viscosity by the molecular chain 

self winding each other, making bleeding more difficult to occur [34]. The cement slurry 

consistency increases in the concrete mixed with addition of water thickener, while it can 

minimize bleeding of concrete mixture ratio and reduce the working performance of concrete, as 

shown in Fig 6. 

4.4 Admixtures 
Fly ash, pulverized slag, silica fume are active admixture, containing a large number of active 

silica and alumina. Compared with cement, the particle is rounder, its surface is smoother and size 

is finer [35]. Admixtures mainly have three functions as following: First, its smaller particle can 

increase the solid packing density, Refine Pore in the concrete, reduce bleeding channel, increase 

channel distance, and hinder water secretion. Second, its specific surface area is much larger than 

the cement, so the adsorption of moisture is much strengthener, the concrete can reduce urinary 

free water; Third, it has a lower density, compared with the cement particles, it’s not easy to 

produce slurry settling of segregation and it has a better uniformity which is conducive to reducing 

the bleeding [36]. 

5. Evaluating methods 

5.1 L type flow test  
L type flow meter can be used to detect concrete workability and reinforced through capacity. 

The experimental apparatus is shown in Fig7. At the first, concrete mixture should be added to the 

vertical portion of L type flow meter box body, then keep static for 30s, open the movable door 

handle, at the same time, the time of 200mm and 400mm flow of the concrete were recorded, 

measurement of H1 and H2 height. After the stationary time prolonged to 10mins, and comparison 

test can evaluate anti bleeding and segregation performance [37]. 

       

  Fig 7 model diagram of L type flow meter     Fig 8 model diagram of V type funnel 

5.2 V type funnel test 
This test can used to determine the filling ability of concrete. fill V type funnel with concrete 

mixture and smooth the surface. Then open the bottom cover, record the outflow time of concrete 

mixture from the bottom, the shorter the time is, the better the filling ability of concrete mixture is. 

Through keeping the funnel static for 5mins, and then test outflow time of concrete mixture, 



 

contrast the data before and after to determine anti segregation and bleeding capacity of concrete 

mixture[37]. 

5.3 U type box test 
This method is aimed at testing the capacity of concrete mixture to go through the clearance. 

Tester model is as shown in Fig 9, the instrument is composed of two boxes, obstacles and active 

interval in the middle is arranged at the door. First close the compartment doors, fill room A with 

concrete mixture, after keeping static for 1min, open upwards the interval doors, concrete flows to 

the B room, after cessation of flow, record the height from top surface of concrete to top of room 

B, the smaller the height is, the better the going through ability is[37]. 
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Fig 9 model diagram of U type tester                Fig 10 stability model of concrete 

6. Stability model of concrete 
The rheological properties of concrete are mainly determined by the rheological properties of 

the mortar in concrete structure. With good stable fluidity, coarse aggregate should be uniformly 

and stably suspended in cement mortar, it can be further accepted that mortar sand is stably 

suspend in the cement paste, as shown in Fig 10 (a). According to the system equilibrium theory 

and hydration product filling theory, concrete bleeding and segregation can be divided into three 

stages, as shown in Fig 10. Fig a is the first stage, coarse aggregate is uniformly suspended in 

mortar system, fine aggregate in mortar system in cement paste is in homogeneous suspension. 

Due to self weight of aggregate or the external and internal effect produced by construction, the 

balance system shown in Fig a is broken, the system start to change from unstable to stable, from 

unbalanced to balance, causing the concrete bleeding and fresh concrete pressure [38]. 

Due to free water excretion, the distance between the particles become smaller and larger 

particles sinks, small particles floats, concrete began to appear layered phenomenon, as shown in 

Fig b. The phase of concrete can be mainly divided into four parts, they are respectively the 

bleeding area and mortar unstable area and unstable area and concrete stable area. In concrete 

unstable area, the coarse aggregate settle downward, the cement mortar emerges after it fills the 

gap, the boundary between different areas is not mutation, a boundary transition region exits. 

Finally the concrete can achieve a relatively stable state before the initial setting, as shown in 

Fig c, this stage can be divided into four regions, they are respectively the bleeding area, laitance 

region and stable region and stability region of concrete mortar. Unstable concrete exits bleeding 

and stratification in the process transforming to the stable concrete, in the process of water 

constantly moving, the concrete evenness variation and strength absolute value and difference 

value of hardened concrete will be affected, the uniformity of the intensity can not be well 

guarantee, bleeding channel makes the impermeability of concrete decline. 

7. Conclusion 
Bleeding of concrete has become a- practical problem in concrete materials science, in order 

to promote the development of the whole concrete material industry technology from low to high, 



 

more in-depth study in the mechanism of concrete bleeding process is needed. The formation 

mechanism of concrete bleeding and segregation was discussed, the affecting factors of concrete 

segregation and bleeding were also deeply analyzed and classified from the angle of water 

dynamics in terms of bleeding channel, bleeding press and bleeding water resources. A 

comprehensive evaluation method of concrete bleeding was put forward in reference of evaluation 

method of self compacting concrete. By dividing concrete bleeding and segregation process into 

stages according to timing dimension, a stable model of concrete was established, mechanism of 

concrete bleeding and segregation was revealed, it had great significance for solving the stability 

of concrete bleeding and segregation. 
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Abstract 
Common cement hydration accelerators such as e.g. calcium or aluminium salts achieve higher early 

strength at the sacrifice of final strength which is undesirable. In this study, the effectiveness of C-S-H  
polycarboxylate (PCE) nanocomposites as strength enhancing admixtures was studied. Different MPEG-PCE 
copolymers exhibiting side chain lengths from 8, 17, 25, 45 to 114 ethylene oxide (EO) units were used to 
prepare the nanocomposites by precipitating C-S-H from Na2SiO3 and Ca(NO3)2 in the PCE solution. It was 
found that the longer the side chain of the PCE, the smaller is the particle size of the precipitated C-S-H, and the 
higher is the strength enhancing effect. Thus, the MPEG PCE sample possessing a side chain made of 114 EO 
units produces C-S-H particles of  30 nm, as was measured via dynamic light scattering, and increases early 
strength (16 hrs) up to 80 %. Opposite to this, the C-S-H particle size obtained from a PCE possessing only 8 
EO units in the side chain was  600 nm, and it showed only minimal effect on early strength.  

Structural investigation of the C-S-H ‒ PCE nanocomposites via X-ray diffraction revealed a semi-crystalline 
composition like in C-S-H (I). Moreover, from FT-IR spectroscopy and total organic carbon (TOC) 
measurements, a structural model was developed which suggests that in the nanocomposite the PCE polymers 
are adhered the surface of C-S-H particles. Furthermore, TEM imaging revealed a layered structure of 
individual C-S-H nanofoils with an approximate length of 100 nm and a basal spacing of 2.1 nm, thus signifying 
a relatively narrow interlayer distance. Apparently, the PCE polymer is entrapped between individual C-S-H 
nanofoils and perhaps also became incorporated into its lamellar structure. 

Finally, the mode of action of the C-S-H ‒ PCE nanocomposite was assessed. When dispersed in highly 
alkaline cement pore solution, the aggregated C-S-H particles disintegrate into individual nanofoils which then 
effectively initiate the nucleation of C-S-H from the pore solution. Accordingly, the effect of the C-S-H  PCE 
nanocomposite relies on eliminating the activation energy barrier for the C-S-H crystallization which in normal 
cement has to be overcome to initiate C-S-H crystallization from the dissolved clinker phases C3S and C2S, 
respectively. 
 
Originality 

C-S-H ‒ PCE nanocomposites were synthesized which can greatly enhance the early strength (from 6 to  24 
hrs) of Portland cement without sacrifice on the final strength. Dependence of their effectiveness on PCE 
molecular structure, as well as a model for the C-S-H ‒ PCE nanocomposites is presented. Furthermore, the 
mechanism for the nucleation enhancing effect of the C-S-H ‒ PCE composites is elucidated. 

 
Keywords: C-S-H; polycarboxylate; early strength; nanocomposite; nucleation 
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1. Introduction 
CO2 emission from cement production is generated from the calcination and milling processes 

(WBCSD and IEA., 2009). Clinker substitution with supplementary cementitious materials (SCMs) 
like in blended cements (CEM II/III) is highly advantageous from an environmental point of view 
because in their production, less CO2 is released compared to Portland cement. However, their 
drawback is a reduced rate of hydration leading to slow development of early strength. As a potential 
cure, accelerators based on calcium salts (e.g. Ca nitrate or formate) have been applied to enhance 
early strength, but at the same time they also significantly reduce the final strength which is 
undesirable. 

Calcium silicate hydrate (xCaO·ySiO2·zH2O, C-S-H) is well known as the main hydration product 
of Portland cement. Various types of crystalline calcium silicate hydrates (1.4 nm tobermorite, jennite, 
etc.) and less crystalline hydrates (C-S-H (I), C-S-H (II) and C-S-H gel) can form under hydrothermal 
conditions and near room temperature. Both tobermorite and jennite exhibit layered structures 
whereby the tetrahedrons of silicate present in the “dreierketten” share oxygen atoms with calcium in 
plane (H.F.W. Taylor., 1997). For the size of synthetic, disk-like C-S-H which was synthesized from 
C3S at different concentrations in water, diameters between 13 nm and 19 nm and thicknesses from 4 
to 12 nm signifying stacks of 4 - 11 layers were found by small-angle neutron scattering (SANS) 
technique (Chiang W-S. et al., 2012). Such nano-scale discs are thought to present subunits which 
make up the larger C-S-H foils. 

In the past, numerous attempts have been made to promote cement hydration via addition of 
synthetic crystalline C-S-H particles. It was thought that the addition of well-dispersed C-S-H as 
seeding material can increase the early hydration rate and generally accelerate the hydration of cement 
(Thomas J.J. et al., 2009). However, it was found that the accelerating effect of C-S-H at early age 
either was only minor or did not show at all, possibly due to agglomeration and OSTWALD ripening 
which leads to C-S-H particles which are too large to enact sufficient nucleation seeding. To avoid 
these effects, the C-S-H particles have to be stabilized in their original nanosize by addition of 
polymeric dispersants. The external surface of C-S-H contains silanol groups ionized in high alkaline 
solution which chelate calcium ions from the pore solution (Viallis-Terrisse H. et al., 2001 and    
Nonat A., 2004). Consequently, C-S-H exhibits a slightly positive surface charge, thus allowing 
stabilization with anionic polymers such as superplasticizers. 

Polycarboxylate (PCE) superplasticizers are also known as high range water reducers. They 
improve the flow property of concrete via an electrosteric effect (Uchikawa H. et al., 1997). C-S-H 
stabilized by the addition of such comb copolymers demonstrated low aggregation and turned out to 
be a highly effective cement hardening accelerator (Nicoleau L. et al., 2011).  

In this study, the impact of different PCE structures (here:  the side chain lengths) on the size of the 
C-S-H particles and their strength enhancing effect was investigated. Moreover, a model for the 
interaction between PCE and C-S-H is proposed and the strength enhancing effect is explained 
mechanistically. 
 
2. Experimental 
2.1. Raw Materials 

The compounds used for C-S-H preparation were Ca(NO3)2 · 4H2O (PanReac AppliChem) and 
Na2SiO3 · 5H2O (Prolabo Chemicals).  

As PCE superplasticizers, five methacrylic acid‒co‒‒methoxy poly(ethylene glycol) (MPEG) 
methacrylate ester polymers possessing different side chain lengths were synthesized by aqueous free 
radical copolymerization  (Plank J. et al., 2008). Their general chemical structure is shown in     
Figure 1. The samples were denoted as xPC6, whereby 6 refers to the molar ratio between methacrylic 
acid and ‒methoxy poly(ethylene glycol), while x corresponds to the side chain length which varied 
from 8, 17, 25, 45 to 114 ethylene oxide (EO) units. The properties of the synthesized MPEG PCE 
samples are listed in Table 1.  

Moreover, Ordinary Portland Cement (OPC) type CEM I 42.5 R obtained from Schwenk Zement 
KG (Germany) was used for testing the early strength. Its phase composition (determined by XRD 



 

with RIETVELD refinement, acid titration according to FRANKE
calcium sulfate hydrates) is presented in 
apparatus was used for all tests. 

 
 
 
 
 
 
 
 
 

 
     
     
     
   
Figure 1: Chemical structure of 
methacrylate ester based superplasticizer
 
Table 1 Molecular properties and specific anionic charge
the study 
PCE  
polymer 
sample 

Molar mass,  
Mw (g/mol) 

Molar mass, 
Mn (g/mol)

    8PC6 14,250   
  17PC6 15,290   
  25PC6 16,820   
  45PC6 26,060 14,900
114PC6 65,730 35,390
 
2.2. Experimental Procedures 
Synthesis of C-S-H  PCE nanocomposites

The C-S-H  PCE particles w
2000). The molar ratio of CaO/SiO
individual PCE were dissolved at room temperature 
solution was adjusted to 7 ± 0.5 by using aqueous 30 wt
silicate in 4.8 mL of water (0.008 mol) and 2.8 g of 
were prepared and then pumped to the PCE solut
respectively while stirring under 
(Matsuyama H. et al., 2000 and Garcia
suspensions were either used as 
was obtained, followed by wash
were utilized for XRD and FT-IR analysis. In all other experiments,
were used without any further treatment.

 
Table 2 Phase composition of the CEM I 42.5 R sample, as determined via Q
refinement 

C3S, m C2S, m C3A, c C3A, o C4

55.1 15.9 4.5 2.0 10.2

 

, acid titration according to FRANKE for free lime 
) is presented in Table 2. Deionized water obtained from

 

     a    = 6 
     b    = 1 
     nEO = 8 -

: Chemical structure of the methacrylic acid‒co‒‒methoxy poly(ethylene glycol) (MPEG) 
methacrylate ester based superplasticizers used in the study 

and specific anionic charge density of the MPEG PCE

Property 
Molar mass,  

(g/mol) 
Polydispersity 
index (PDI) 

Ethylene oxide  
(EO) units 

Specific anionic 
charge density 

  6,425 2.2    8 
  7,601 2.0   17 
  8,750 1.9   25 
14,900 1.7   45 
35,390 1.9 114 

PCE nanocomposites 
were synthesized by the co-precipitation method (

ratio of CaO/SiO2 present in the starting materials was 1.5. First, 
at room temperature in 7.4 mL of water (3.85 mM) 

7 ± 0.5 by using aqueous 30 wt % NaOH. Next, solutions of 1.7 g of 
in 4.8 mL of water (0.008 mol) and 2.8 g of calcium nitrate in 1.8 mL of water (0.012 mol) 

were prepared and then pumped to the PCE solution at a speed of 1.16 mL/min and 0.52 mL/min, 
respectively while stirring under N2 atmosphere. The pH of the suspension was kept at 11.3 

Garcia-Lodeiro I. et al., 2008). After 24 hours of 
is, or transformed into powder by centrifugation 

washing with CO2-free de-ionized water and freeze dr
IR analysis. In all other experiments, the liquid suspensions from above 

were used without any further treatment. 

Phase composition of the CEM I 42.5 R sample, as determined via Q-XRD including Rietveld 

Content (wt.-%) 
4AF Lime Periclase  Arcanite Gypsum Anhydrite

10.2 0.1 0.4 1.4 3.5 2.3

3 

 and DSC/TG for the 
Deionized water obtained from a Millipore Synergy 

 
 
- 114  

methoxy poly(ethylene glycol) (MPEG) 

MPEG PCE samples used in 

Specific anionic 
charge density (µeq/g) 

9,014 
5,119 
4,036 
3,641 
1,734 

(Matsuyama H. et al., 
First, 0.0285 mmol of 

(3.85 mM) and the pH of the 
Next, solutions of 1.7 g of sodium 

in 1.8 mL of water (0.012 mol) 
ion at a speed of 1.16 mL/min and 0.52 mL/min, 

suspension was kept at 11.3 
2008). After 24 hours of stirring, the resulting 

by centrifugation until a clear solution 
freeze drying. The powders 

the liquid suspensions from above 

XRD including Rietveld 

Anhydrite Calcite Quartz Total 
2.3 4.0 0.5 100 



4 
 

Characterization techniques  
Particle sizes of the C-S-H  PCE nanocomposites were determined by dynamic light scattering 

(DLS) using a Zetasizer Nano ZS apparatus (Malvern Instruments, Workestershire, UK). 
Nanocomposite concentration was 0.1 g/L. Powder x-ray diffraction (XRD) patterns were acquired 
from a BRUKER AXS D8 diffractometer (Karlsruhe, Germany) operating at 30 kV and 30 mA with 
Cu K radiation. The patterns were obtained in the range of 2 angles between 0.6 and 60. 
Furthermore, the C-S-H  PCE composites were characterized by Fourier Transform Infrared 
Spectroscopy (FTIR) using the BRUKER Vertex 70 spectrometer (Bruker, Ettlingen, Germany) with 
ATR cell in the range of 400 - 4000 cm -1. The amount of PCE adsorbed on C-S-H was determined via 
total organic carbon (TOC) content on a High TOC II instrument (Elementar, Hanau, Germany). Here, 
at first the organic carbon present in the PCE used in the reaction and the non-adsorbed PCE 
remaining in the filtrate after the reaction were measured. After that, the adsorbed amount of PCE was 
calculated from the difference between the organic carbon resulting from the PCE present in the 
filtrate. Morphology of the C-S-H  PCE nanocomposites was observed by transmission electron 
microscopy (TEM) performed on a JEOL JEM 2011 instrument (JEOL, Japan) equipped with a LaB6 
cathode. 
Mortar test 

The C-S-H  PCE precipitates were tested for their effectiveness as strength enhancing admixture 
in a standard mortar prepared according to DIN EN 196-1. The dosage of the C-S-H  PCE suspension 
was 0.35 % (as solid) by weight of cement (bwoc). The water to cement (w/c) ratio of the mortar was 
0.5. The mortar was cast into  40 x 40 x 160 mm prism steel molds and cured at 20 ± 1  C and 90 % 
relative humidity for 6, 8 and 16 hours. After curing, the compressive and flexural strengths were 
measured on a test apparatus provided by Toni Technik (Berlin, Germany). 
Calorimetry 
Hydration kinetics was tracked by isothermal heat flow calorimetry. A cement paste was prepared from 
4 g of cement and 2 g of DI water (w/c = 0.5), mixed in a glass ampule and placed into the calorimeter 
(TAM AIR, Thermometric, Järfälla, Sweden) at 20C. Dosages of the C-S-H  PCE suspensions were 
the same as in the mortar tests. 
 
3. Results and discussion 
3.1. Characterization of C-S-H  PCE nanocomposites 

Fig. 2 shows the X-ray diffraction patterns of the synthesized products obtained in the                  
co-precipitation process. Pure C-S-H and the C-S-H  PCE nanocomposites exhibit the diffraction 
pattern of semi-crystalline C-S-H (I) which represents an imperfect version of 1.4 nm tobermorite. For 
pure C-S-H, the main hk0 reflections (100, 110, 200, 020) appear at 16.7, 29.0, 31.9 and 49.7  2, 
respectively. The 002 reflection observed at 7.0  2 signifies a basal spacing between the silicate 
layers of 1.2 nm. In contrast, for the C-S-H  PCE nanocomposites no such reflections indicating the 
basal spacing were detected in the range of 5 - 10  2. Thus, it is possible that the interlayers of the  
C-S-H  PCE crystallites are disturbed by the incorporation of PCE. Furthermore, considering the 
bulky nature of the PCE molecules, the interlayer distances might be such wide that the corresponding 
reflection appears at very low 2 angles which are not detectable by our instrument. Several authors 
have reported about the expansion of the interlayer spacing of C-S-H resulting from the intercalation 
of anionic polymers (Matsuyama H. et al., 1999a and Matsuyama H. et al., 1999b). 

Next, the FT-IR spectra of pure C-S-H, of PCE polymer 114PC6 and of all synthesized C-S-H  
PCE nanocomposites were recorded (Fig. 3). In pure C-S-H and the C-S-H nanocomposites, a broad 
peak of valence vibration from the crystal water can be observed between 3700 and 3200 cm-1. It can 
be related to the stretching modes of hydroxyl groups present in the interlayer region of C-S-H as 
physically bound water. The absorbances of the alkyl C‒H stretches of PCE are found at 2875 cm-1. 
Furthermore, the characteristic bands at  1560 and  1465 cm-1 correspond to the asymmetric and 
symmetric vibrations of the COO- group present in the main chain of PCE. The peaks of the C‒O 
valence vibration of the ether bond present in the side chain of PCE are detected at 1100 cm-1. For the 
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C-S-H  PCE composites, the stretching and vibrational bands of the silicate sheets appear at 960 cm-1 
( Si‒O) and at 665 cm-1 ( Si‒O‒Si), respectively. Thus, appearance of the bands characteristic for 
PCE provides assertive evidence for the presence of PCE in the synthesized precipitates. However, the 
spectra do not provide information about whether the PCE polymers are only surface-adsorbed or 
perhaps even chemically incorporated into the C-S-H structure. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: XRD patterns of synthesized pure C-S-H and of the C-S-H  PCE nanocomposites obtained 
from different PCE superplasticizers 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: FT-IR spectra of pure C-S-H, of PCE polymer 114PC6 and of the synthesized C-S-H  PCE 
nanocomposites 
 
3.2. Effect of side chain length on particle size of C-S-H  

The particle size distributions of the C-S-H  PCE composites as measured by dynamic light 
scattering (DLS) in term of number and intensity are presented in Fig. 4. In term of intensity, bimodal 
particle size distributions were found for all C-S-H  PCE composites. This implies that the C-S-H  
PCE composites contain a mixture of small and large particles. However, when presented by intensity, 
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the larger particles appear grossly overrepresented, because they scatter light much stronger than 
smaller particles. When looking at the particle size in terms of number it becomes clear that only the 
nanocomposites prepared from PCE polymers possessing side chain lengths of 8 and 17 EO units 
exhibit bimodal particle size distributions. Whereas all other composites show monomodal 
distributions. Generally, the C-S-H particle size (in term of number) decreases with increased side 
chain length of the PCE polymer. The MPEG PCEs possessing a side chain made of 8 or 17 EO units 
produce C-S-H particles with a bimodal particle size distribution, with an average particle size for the 
fraction of small size at  100 and  90 nm, and for the large size fraction at  600 and  500 nm, 
respectively. The latter is nearly the same as the particle size of pure C-S-H shown at  530 nm. In 
case of 25 EO units in the pendant groups, the mean particle size is smaller than in C-S-H  17PC6 
and displays at  80 nm. In comparison, the average C-S-H particle sizes obtained from the PCEs 
possessing 45 and 114 EO units in their side chains are  60 and  30 nm, respectively. This signifies 
that PCEs can effectively modulate the particle size of C-S-H, and that PCEs possessing longer side 
chains (45-114 EO units) produce particularly small C-S-H particles, as is desirable for a strong 
seeding effect. 

 
 

 
 
 
 
        
 

 
 
 
 
 
 
 
Figure 4: Particle size distributions (left : number-based ; right : intensity-based) of pure C-S-H and of 
the synthesized C-S-H  PCE nanocomposites  

 
3.3. PCE sorption on C-S-H 

The amount of PCE sorbed on C-S-H was quantified (Fig. 5). After 24 hours of reaction, the molar 
amounts of PCEs sorbed on C-S-H increase slightly with increased side chain length of the PCE. 
However, when the mass sorbed on C-S-H is looked at, then the differences between the PCE 
polymers become even were pronounced, i.e. from PCE polymer 114PC6,  550 mg sorb per g of      
C-S-H while from the short-chain polymer 8PC6, only  110 mg/g C-S-H are consumed. This 
observation explains why the more bulky PCE 114PC6 leads to smaller C-S-H composites. It occupies 
the surfaces of the initial C-S-H foils more densely, and this prevents their further growth. 
3.4. Effect on early strength 

Mortars admixed with 0.35 wt % of the C-S-H  PCE nanocomposites were tested after 16 hours of 
curing, and the compressive and flexural strengths were determined. The results are displayed in       
Fig. 6. It was found that the enhancement in early strength clearly depends on the C-S-H particle size 
which is controlled by side chain length (EO units) of the PCE polymers. Consequently, the 
compressive strength of the mortar prepared from the nanocomposite with the smallest particle size 
(C-S-H  114PC6) reaches  7.0 N/mm2 which presents an 80 % increase over the neat OPC sample. 
Whereas the C-S-H  45PC6 nanocomposite exhibits a compressive strength of 5.7 N/mm2 or a 50 % 
increases, only over the neat CEM I 42.5 R. Furthermore, the C-S-H composites exhibiting larger 
particle sizes (> 60 nm) including C-S-H  25PC6, C-S-H  17PC6 and C-S-H  8PC6 are even less 
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effective and increase compressive strengths only between 35 and 15 %. For the flexural strengths of 
the mortars, a similar trend was found. For example, the C-S-H  114PC6 nanocomposite produces the 
highest flexural strength of 2.1 N/mm2 whereas the others show values between 1.3 and 1.6 N/mm2. 
Furthermore, the compressive strengths after 12 hours of curing were investigated (individual data not 
shown here). Again, a much superior strength development was found for the C-S-H  114PC6 
nanocomposite. 

 

 
Figure 5: Molar (left) and mass amounts (right) of PCE polymers sorbed by the C-S-H 
nanocomposites 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Compressive and flexural strengths of mortars cured for 16 hrs and admixed with 0.35 % 
bwoc of the synthesized C-S-H  PCE nanocomposites  
 
3.5. Calorimetric investigation 

The impact of the C-S-H  PCE nanocomposites on cement hydration was studied via isothermal 
heat flow calorimetry. As examples, the curves obtained for the two extremes in PCE composition, 
8PC6 and 114PC6, are displayed in Fig. 7. Generally, addition of the C-S-H  PCE nanocomposites 
increases the peak assigned to the silicate reaction, indicating enhanced hydration of the clinker phases 
C3S and C2S. Even for the C-S-H  8PC6 nanocomposite which consists of large particles, a 
noticeable increase in hydration is observed. The most effective composite, C-S-H  114PC6 modified 
the shape of the silicate hydration curve whereby the peak commonly assigned to the conversion of 
AFt to AFm has disappeared. Instead, a very pronounced peak is observed which possibly subsumes 
both the late silicate reaction and the AFt  AFm conversion. 
3.6. Structural model of C-S-H  PCE 

TEM imaging clearly revealed a foil-like morphology for the C-S-H  PCE nanocomposites. The 
sizes of individual foils vary between 100 and 300 nm. As an example, the images from C-S-H  
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114PC6 are shown in Fig. 8. Furthermore, a lamellar structure was observed for this composite 
whereby a d spacing of approximately 2.1 nm was found which is higher than that for pure C-S-H 
which was at 1.2 nm as determined by XRD (Fig. 2). This suggests that the polymer not only is 
adsorbed onto the surfaces of individual C-S-H foils, but also became chemically incorporated into the 
interlayer region of C-S-H, hence resulting in a C-S-H  PCE composite on the nano scale. 

Based on the integrated XRD, FT-IR, sorption and TEM results first a model for the formation of 
the C-S-H  PCE nanocomposites as shown in Fig. 9 can be presented. During the precipitation of    
C-S-H, the anionic comb polymers occupy the surfaces of individual C-S-H foils. PCE polymers 
possessing long pendant groups such as in 114PC6 prevent the further growth of the early C-S-H foils 
and thus keep their size small. Whereas short-chain PCEs are less effective and produce significantly 
larger C-S-H particles. TEM imaging provided a clear evidence that in the nanocomposites the PCE 
polymer is not only surface adsorbed, but becomes even chemically incorporated into the C-S-H 
layered structure. This finding is highly important and requires further study, e.g. using SAXS 
analysis. 

 
Figure 7: Heat evolution during hydration of pure CEM I 42.5 R (w/c = 0.5) and admixed with 0.35 % 
bwoc of the C-S-H  PCE nanocomposites, determined via isothermal calorimetry 

 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 8: TEM micrographs of the C-S-H  114PC6 nanocomposite : (a) overview displaying the 
particle morphology and (b) image revealing the lamellar nano structure of the foils 

d  2.1 nm 

20 nm 

(b) 

100 nm 

(a) 
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Figure 9: Illustration of the effect of different PCE molecules in modulating the size of the C-S-H – 
PCE nanocomposites 

4. Conclusion 
C-S-H  PCE nanocomposites were successfully synthesized by co-precipitation of Na2SiO3 and 

Ca(NO3)2 in the presence of anionic MPEG PCE copolymers. Using different PCE molecules with 
varied side chain lengths, it is possible to control the average size of the C-S-H  PCE composites. A 
PCE polymer with very long pendant groups was found to produce the smallest particle sizes for the 
C-S-H  PCE composite and exhibited the strongest seeding effect for the hydration of the silicate 
phases C3S and C2S. Accordingly, this nanocomposite achieved the largest gain in early compressive 
and flexural strengths of mortar. 

 Future studies should focus on the impact of chemically different PCE copolymers (e.g. MPEG- 
versus IPEG-type PCEs) and on the nano structure of the C-S-H  PCE composites. Furthermore, 
interaction of nano C-S-H with polymers other than PCEs (e.g. polyethylene imines, phosphated 
polymers, etc.) should be looked at. 
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Abstract 

The Mn-Ni/TiO2 catalyst was prepared by co-precipitation method and investigated for the 

low-temperature selective catalytic reduction (SCR) of NO with NH3. In this work, Mn-Ni/TiO2 catalysts 

were prepared by different precipitants respectively such as sodium hydroxide, carbamide, ammonia or 

hydrogen peroxide. To investigate the microstructure and performance of catalysts doping nickel, BET, 

XRD, XPS, H2-TPR and NH3-TPD were employed. The activity of catalysts prepared by different 

precipitants were studied with the SCR activity reactor in the temperature range 90℃-350℃. The 

results showed that Mn-Ni/TiO2 (Ni/Ti molar ratio = 0.1) catalyst prepared by 

carbamide-ammonia-hydrogen peroxide compound precipitant had an extraordinary performance even 

at the low temperature of 120℃. H2-TPR results showed the peak positions shift to lower temperatures, 

standing for the reduction potential of MnOx species is increased compared to those of Mn/TiO2 

catalysts. The interaction of Ni and Mn atoms is beneficial to an enhancement of the oxygen mobility 

due to carbamide-ammonia peroxide as precipitant. It is worth noting that the low temperature peak 

area increased by adding hydrogen peroxide as precipitant. XPS results are in agreement with TPR 

data results that the absence of the high-temperature peak indicates that the dominant phase in the 

Mn-Ni/TiO2 catalysts is MnO2. Our NH3-TPD results illustrated that for the Mn/TiO2 and Mn-Ni/TiO2 

catalysts which are attributed to NH3 desorbed by weak acid sites and Bronsted acid sites. 

 

Originality 

In this work, Mn/TiO2 and Mn-Ni/TiO2 catalysts were prepared by adopting sodium hydroxide as 

precipitant, or carbamide solution and ammonia (25 wt.%) as precipitant, or carbamide solution, 

ammonia (25 wt.%) and hydrogen peroxide as precipitant, respectively.Metatitanic for the intermediate 

production of Hombikat was used as support material to prepare these catalysts. Among all the 

catalysts, Mn-Ni/TiO2 (Ni/Ti molar ratio = 0.1) with carbamide solution, ammonia and hydrogen 

peroxide as precipitant preparation of catalysts showed an extraordinary performance even in the low 

temperature of 120℃. It is found in our TPD studies that the Mn/TiO2 and Mn-Ni/TiO2 with carbamide 

solution, ammonia or adding hydrogen peroxide as precipitant preparation of catalysts can remarkably 

improve the concentration and acidity of weak acid sites and Brønsted acid sites in contrast to the 

sodium hydroxide as precipitant preparation of catalysts, which implies that precipitant can 

significantly high affect the acid site distribution. 

Keywords: Low-temperature SCR; Mn/TiO2 catalyst; Nickel-doped; compound precipitant; Bronsted 

acid sites 
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1. Introduction 

Selective catalytic reduction (SCR) is the most effective technology for post-combustion 

removal of NOx, and the catalytic material is the key to SCR technology. Industrial used 

catalysts for the practical applications of SCR of NOx with NH3 are V2O5-WO3/TiO2 and 

V2O5-MoO3/TiO2 (Bosch H.,1988; Janssen F.J.J.G., 1987). However, to avoid reheating the 

stack gas, the toxicity of V2O5 and high conversion of SO2 to SO3 associated with the existing 

commercial catalytic system, it is necessary that the development of low-temperature SCR 

catalysts working at 100-250℃ (Li C., 2013; Zheng Y.J., 2007). 

NO conversion of the MnOx-based catalysts in low-temperature NH3-SCR was enhanced by 

the doped metal cations (Sun L., 2010). A series of catalysts including various transition 

metals (Mn, Cr, Fe, Co, Ni, and Cu) oxides on different commercial supports, such as silica, 

alumina and titania, has been studied for improving the activity of the catalyst. Particularly, 

MnOx catalysts such as Mn/TiO2, Mn/Al2O3 and Mn/SiO2 have been demonstrated to have 

good SCR activity in the low-temperature (Ettireddy P.R., 2007; Smirniotis P.G., 2001; Wu 

Z.B., 2008; Smirniotis P.G., 2006). At present, Mn/TiO2 catalyst is widely studied due to 

considerable activity in the SCR of NOx at low temperatures. The activity and selectivity of 

pure MnOx in SCR have been intensively investigated by Kapteijn et al. (Kapteijn F., 1994), 

and 90% of NO conversion was obtained at 180°C. Furthermore, MnOx were based on TiO2 

to enhance the catalytic activity (Pena D.A., 2004). Therefore, Mn/TiO2 catalyst is appropriate 

for the catalysis of low temperature stackgas, such as after the waste heat power generation 

and dedusting in cement kiln. 

Interaction of manganese with promoters or co-dopant species also influences its oxidation 

state (Wollner A., 1993). For example, the interaction of the Mn/TiO2 catalyst with 

chromium-doped species produced surface Mn3+ species at 650℃ calcination temperature 

(Chen Z.H., 2010). The contact of Mn with Ce creates surface Mn2O3, MnO, and Mn5O8 

phases but not MnO2. Among all co-dopants in including Cr, Fe, Co, Ni, Cu, Zn, Zr, and Ce 

were co-doped into the Mn/TiO2 catalyst, Ni showed an impressive promoting effect for the 

Mn/TiO2 catalyst (Thirupathi B., 2011).The co-doping of Mn/TiO2 catalyst with nickel 

cations formed mainly MnO2 phase at 400℃ calcination temperature (Thirupathi B., 2012) . 

The objective of this paper is to study that the influence of nickel-doped on the catalysts based 

on Mn/TiO2 with different precipitant preparation of catalysts for increasing in SCR activity 

of NO with NH3 at low temperature. For this purpose, manganese loadings were selected as 

Mn/Ti molar ratio = 0.5 and nickel metal was induced in the Mn/TiO2 catalyst by doping 

nickel with Ni/Ti molar ratio = 0.1. We investigated the influence on the catalyst structure and 

catalytic activity by various characterization methods. The properties of catalyst structure 

were characterized by N2 physisorption (BET) and X-ray diffraction (XRD). It is essential that 

the specific surface MnOx phases and the high surface concentration of manganese are 

decisive for the SCR performance of the metal oxide catalysts at low-temperatures (Kapteijn 

F., 1994). Hydrogen temperature-programmed reduction (H2-TPR) and X-ray photoelectron 

spectroscopy (XPS) were used to evaluate the variation of redox properties during the nickel 

doping process. Ammonia temperature-programmed and desorption (NH3-TPD) was 

conducted to characterize and quantify the acidity of the catalysts. 

2. Experimental 

2.1. Catalysts preparation 



Mn-Ni/TiO2 (Ni/Ti molar ratio=0, 0.1) catalysts were prepared by co-precipitation method. 

Metatitanic for the intermediate production of Hombikat was used as support material to 

prepare these catalysts. Manganese acetate (C4H6MnO4·4H2O, 99%) and nickel nitrate 

(Ni(NO3)2∙6H2O, 98%) were used as the source of manganese and nickel, respectively. The 

manganese loadings were selected as Mn/Ti molar ratio = 0.5, and the nickel loadings were 

selected as Ni/Ti molar ratio = 0.1. In this work, Mn/TiO2 and Mn-Ni/TiO2 catalysts were 

prepared by different precipitants respectively such as sodium hydroxide, carbamide, 

ammonia (25wt.%) or hydrogen peroxide(30wt.%). In aqueous solutions of the metatitanic, 

manganese acetate and nickel nitrate were pre-mixed, various kinds of precipitant were 

successively added to the mixed solution. The prepared precipitates were collected by 

centrifugation and washed by distilled water for three times and ethanol for two times. The 

mixture was dried at 100℃ for about 12h, grinded into powder, and then calcined in air at 

450℃ for 3h. 

2.2 SCR activity measurements 

SCR activity measurements of the prepared catalysts were carried out in a fixed-bed 

continuous flow quartz reactor containing 3mL catalyst (20-40mesh) in an diameter of 3cm at 

temperatures ranging from 90℃ to 350℃ and the gas hourly space velocity(GHSV) of 

27000h-1. The reaction temperature was detected by the thermocouple projecting directly into 

the center of the reactor. The reaction gases of 1000ppm NO, 1000ppm NH3, 5vol.% O2 and 

N2 in balance were quantitative regulated by gas flowmeters. The inlet and outlet 

concentrations of NO and NO2 were measured by the NO-NO2-NOx Model 42i-HL instrument 

(Thermo, USA). To avoid the oxidation of ammonia in the converter of the NO-NO2-NOx 

analyzer caused errors, an ammonia trap containing phosphoric acid solution was installed 

before the sample inlet to the detector. The percent conversion of NO was calculated as 

follows: 

NO conversion = 
��������

���
×100 

Where Cin and Cout denoted the inlet and outlet gas concentration of NOx, respectively. 

2.3 Catalyst characterizations 

The crystal structures of various catalysts were determined by X-ray diffraction (XRD) using 

a XRD-7000 diffract meter (Shimadzu, Japan) with a monochromatic Cu Kα (λ= 0.15405 nm) 

radiation source. The intensity data were collected over 2θ ranges of 10-80° with a scan speed 

of 2°/min. Analyses of the specific surface area, pore volume and pore size distribution were 

carried out by N2 physisorption at 77K using a TriStar II 3020 (Micromeritics, USA) 

instrument. Prior to measurements, 0.1-0.2g of the samples were dried at 90℃ for 1h and at 

350℃ for 3h in vacuum. The specific surface area was calculated according to the BET 

method. The X-ray photoelectron spectroscopy (XPS) was used to analyze the surface atomic 

state of the prepared catalysts with Al KαX-rays (Thermo ESCALAB250,USA). Binding 

energies (BE) were measured for C 1s, O 1s, Ti 2p, Mn 2p, and Ni 2p.The concentrations of 

Mn, Ti, Ni and O on the catalyst surface were calculated from the peak areas ratios of the 

samples. Hydrogen temperature-programmed reduction (H2-TPR) and ammonia 

temperature-programmed and desorption (NH3-TPD) were carried out on the ChemBET 

Pulsar TPR/TPD (Quantachrome) instrument. Prior to TPR analysis, approximately 20mg of 

the catalysts were pretreated in high-pure helium (30 mLmin-1) stream at 200℃ for 2h. Then 



samples were tested by increasing the temperature from 100 to 800℃ with the linear heating 

rate of 10℃min-1 in a flow of 4% H2 in helium with a flow rate of 30 mLmin-1.The hydrogen 

consumption was calculated by integration of the corresponding signal intensities. Prior to 

TPD analysis, approximately 0.1 g of the catalysts were pretreated in high-pure helium (30 

mLmin-1) stream at 450℃ for 1h. The catalysts were saturated with anhydrous NH3 (4% in 

He) at a flow rate of 30 ml/ min for about 60 min. Desorption was carried out by heating the 

sample in He (30ml min-1) from 100℃ to 700℃ with a heating rate of 5℃min-1. 

3 Results and discussion 

3.1 Catalytic performance 

At the beginning, we evaluated the potential catalytic performance of all the prepared 

Mn-Ni/TiO2 (Ni/Ti molar ratio =0, 0.1) catalysts at the temperature range of 90-350℃ to 

ensure the influence of nickel cation on NO conversion and to optimize the precipitant 

preparation of catalysts for low-temperature SCR of NO with NH3(Figure 1). The catalytic 

performance results for the SCR of NO with NH3 over all the prepared catalysts are tested at 

GHSV 27,000 h-1 in the presence of 5 vol.% of oxygen. 

SCR activity of Mn/TiO2 and Mn-Ni/TiO2 with sodium hydroxide as precipitant preparation 

of catalysts measured from 90℃-300℃ are shown in Figure 1(a). It is evident that the 

Mn-Ni/TiO2 catalyst with sodium hydroxide as precipitant has superior catalytic activity, 

which the NO conversion can over 90% at 160℃, while the temperature window for the 

NH3-SCR reaction show wide. However, under identical operating conditions, the Mn/TiO2 

catalyst demonstrated poor catalytic performance at 90℃-300℃ and showed very narrow 

operation temperature window for the NH3-SCR reaction, and the maximum NO conversions 

could not reach 90%. From our results, we observed that the nickel loading with Ni/Ti molar 

ratio = 0.1 could indeed influence the SCR activity of Mn/TiO2 catalyst with sodium 

hydroxide as precipitant. Compared with the Mn/TiO2 catalyst, the addition of nickel species 

to the Mn/TiO2 catalyst (Ni/Ti molar ratio = 0.1) enhanced the low temperature SCR activity 

and broaden the temperature window of Mn/TiO2 catalyst with carbamide-ammonia-hydrogen 

peroxide as precipitant, which demonstrated the NO conversion over 90% at the temperature 

range of 120-260℃. 
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Figure 1 Effect on NO conversion in the SCR reaction of Mn/TiO2 and Mn-Ni/TiO2 catalysts with 

different precipitant at a temperature range (90-350℃); GHSV = 27,000 h-1; feed: NO = 1000ppm, NH3 

= 1000ppm, O2 = 5vol.%, N2 carrier gas, catalyst =3ml.(a) sodium hydroxide as precipitant preparation 

of catalysts; (b) variety of precipitant prepared Mn-Ni/TiO2 catalysts; (c) variety of precipitant prepared 

Mn/TiO2 and Mn-Ni/TiO2 catalysts 

Subsequently, the SCR activity of all the variety of precipitant prepared catalysts were 

evaluated at 90-350℃, to check the impact of precipitant species of the Mn-Ni/TiO2 catalyst 

(Figure 1(b)). It is apparent that all Mn-Ni/TiO2 catalysts have excellent SCR activity and 

wide temperature window. Among all the catalysts, Mn-Ni/TiO2 (Ni/Ti molar ratio= 0.1) with 

carbamide -ammonia-hydrogen peroxide as precipitant preparation of catalysts showed an 

extraordinary performance even in the low temperature of 120℃.These results demonstrate 

that the low temperature SCR activity by the addition of nickel to the Mn/TiO2 catalysts 

decreased in the following order: CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 > 

NaOH-Mn-Ni/TiO2 > CO(NH2)2+ NH3·H2O- Mn-Ni/TiO2. 

3.2 BET surface area and pore diameter analysis 

The BET surface area, average pore diameter, and pore volume of all the variety of precipitant 

prepared Mn-Ni/TiO2 (Ni/Ti molar ratio =0, 0.1) catalysts are summarized in Table 1. With 

sodium hydroxide as precipitant preparation of Mn/TiO2 and Mn-Ni/TiO2 catalysts have 

almost the same of the specific surface area, and the pore volume and pore size of Mn/TiO2 

slightly larger than of Mn-Ni/TiO2 catalysts. However, it is quite different for the SCR activity 

of sodium hydroxide as precipitant preparation of Mn/TiO2 and Mn-Ni/TiO2 catalysts. The 

doping of nickel oxide in Mn/TiO2 with carbamide-ammonia as precipitant preparation of 

catalyst showed a higher specific surface area, but its SCR activity almost the same value as 

that of SCR activity of Mn/TiO2 catalyst. For carbamide-ammonia-hydrogen peroxide as 

precipitant preparation of catalysts, it can be seen that the specific surface area and pore 

volume increase with the doping of nickel oxide in on the Mn/TiO2. 

 

Table 1 BET surface areas and pore parameters of Mn/TiO2 and Mn-Ni/TiO2catalysts. 

Catalyst SBET（m2/g） 
Pore volume 

(×10-2cm3/g) 

Average pore 

diameter(nm) 

NaOH-Mn/TiO2 53.26 19.43 14.42 

NaOH-Mn-Ni/TiO2 53.64 22.53 16.64 

CO(NH2)2+NH3·H2O -Mn/TiO2 60.53 19.59 12.78 

CO(NH2)2+NH3·H2O -Mn-Ni/TiO2 53.21 18.47 13.73 



CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2 58.54 16.82 11.31 

CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 63.94 16.95 10.41 
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Figure 2 Pore size distribution and N2 adsorption/desorption isotherms of Mn/TiO2 and Mn-Ni/TiO2 

catalysts with different precipitant 

 

As is shown in the Figure 2 of N2 adsorption-desorption isotherm, either Mn/TiO2 or 

Mn-Ni/TiO2 catalysts have the typical “IV” adsorption isotherm, which indicates that 

catalysts have the mesoporous (2～50nm) structure. All the catalysts have the type of the H1 

hysteresis loop, implying the catalysts pores are well-distributed and narrow (Huang H.Y., 

2001). But compared with the Mn/TiO2 catalyst, the adsorption quantity of the Mn-Ni/TiO2 

catalysts increases obviously, which indicates that the specific surface area of the 

nickel-doped catalysts improve. It can be seen from Figure 2 of pore distribution, the 

Mn/TiO2 and Mn-Ni/TiO2 with sodium hydroxide as precipitant preparation of catalysts is 

bimodal mesoporous structure and the maximum abundant of pore size is 2nm and 8nm. 

However, the curves of carbamide solution, ammonia or adding hydrogen peroxide as 

precipitant preparation of catalysts are presented with narrow and unimodal shape，suggesting 

that the pore sizes distribution is concentrated and uniform, the pore size of the catalysts 

almost distribute between 1nm and 10nm. Besides, the height of the peak for adding hydrogen 

peroxide as precipitant preparation of the Mn-Ni/TiO2 catalyst improve own to the increase of 

pore volume. In a word, all the results in table1 and Figure 2 are coincident, the specific 

surface area and pore volume is not a determinant of SCR activity of catalysts. 

3.3 XRD results 
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Figure 3 Powder X-ray diffraction patterns of various catalysts 

(a)NaOH-Mn/TiO2; (b)NaOH-Mn-Ni/TiO2; (c)CO(NH2)2+NH3·H2O-Mn/TiO2; 

(d)CO(NH2)2+NH3·H2O-Mn-Ni/TiO2; (e)CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2; 

(f)CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 

Powder X-ray diffraction patterns of the various precipitant prepared Mn/TiO2 and 

Mn-Ni/TiO2 catalysts calcined at 450℃ for 3h are shown in Figure 3. All other catalysts 

contain three kinds of anatase TiO2, rutile TiO2 and Mn3O4, and the anatase TiO2 is more than 

rutile TiO2. It was pointed out that the dispersion of the MnOx had important influence on the 

reaction, since crystalline MnOx contributed little to activity (Qi G.S., 2003; Kijlstra W.S., 

1997). Weak peaks attributed to Mn3O4 could be seen on all catalysts XRD patterns, 

suggesting that the amorphous MnOx may exist as the state of Mn3O4 and implying the MnOx 

was not highly dispersed on the support TiO2 as amorphous state. The highly dispersed nickel 

species over the surface of titania anatase are ascertained by the XRD. Interestingly, our XRD 

studies revealed that the promoter oxide (NiO) does not favor any titania phase transformation. 

Among all the catalysts, the formation of Ni3TiO5 phase is detected by XRD by adopting 

sodium hydroxide as precipitant preparation of the co-doping of nickel into the Mn/TiO2 

catalyst with 0.1 Ni/Mn molar ratio. 

3.4 XPS results 

Mn/TiO2 and Mn-Ni/TiO2 catalysts were investigated by X-ray photoelectron spectroscopy 

(XPS) to identify the chemical compositions (atomic concentrations) of the surface layer and 

to ensure the MnOxs, the oxidation states and co-doped nickel interacting with titania support 

on each catalyst (Table 2). As showed in Figure 4, two main peaks corresponding to Mn 2p1/2 

and Mn 2p3/2were observed from 639.0eV to 656.0eV for all the catalysts. It has been 

established that the Mn 2p3/2 binding energies at 642.1 are attributed to the presence of surface 

MnO2(Mn4+), while at 641.4 eV is close to the peak attributed to Mn3O4 and Mn2O3 in the 

catalysts (Thirupathi B., 2011; Machocki A., 2004; Ponce S., 2000). Thus, the existence of 

Mn2O3 in catalysts might be present in an amorphous state (Zhang L.J., 2014). In Mn 2p-XPS 

spectra, it is obvious that the MnO2 phase is exceedingly dominant over the Mn3O4 and Mn2O3 

phase in nickel-codoped Mn/TiO2 catalysts. The Mn 2p3/2 peaks for sodium hydroxide as 



precipitant preparation of catalysts and carbamide-ammonia-hydrogen peroxide as precipitant 

preparation of catalysts, comparison of the Mn-Ni/TiO2 catalysts with the Mn/TiO2 catalysts 

indicates that the MnO2 phase increased on the surface of the catalysts with doping nickel 0.1 

Ni/Ti molar ratio, whereas the surface MnO2 phase is decreased a little by the co-doping of 

nickel into Mn/TiO2 for carbamide-ammonia as precipitant preparation of catalysts. It is 

interesting to note that these results are in good accordance with the SCR performance of all 

the prepared catalysts (Figure 1).  

635 640 645 650 655 660 635 640 645 650 655 660

MnO
2
(642.1eV)

Mn2p1/2

Mn2p3/2

(f)

  

 

MnO
2
(642.1eV)

Mn2p1/2

Mn2p3/2 (e)

  

 

Mn2p1/2

Mn2p3/2 (d)
  

 

Mn2p1/2

Mn2p3/2
(c)

  
 

Mn2p1/2

Mn2p3/2 (b)

 

 

Mn2p1/2

Mn2p3/2

In
te

ns
it

y(
a.

u.
)

In
te

ns
it

y(
a.

u
.)

Binding Energy (eV)Binding Energy (eV)

(a)

  

 

 
Figure 4 Deconvoluted Mn2p-XPS spectra of samples 

(a)NaOH-Mn/TiO2;(b)NaOH-Mn-Ni/TiO2;(c)CO(NH2)2+NH3·H2O-Mn/TiO2;(d)CO(NH2)2+NH3·H2O-

Mn-Ni/TiO2; (e)CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2; (f)CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 
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Figure 5 O1s-XPS spectra of Mn/TiO2 and Mn-Ni/TiO2 catalysts 

(a)NaOH-Mn/TiO2;(b)NaOH-Mn-Ni/TiO2;(c)CO(NH2)2+NH3·H2O-Mn/TiO2;(d)CO(NH2)2+NH3·H2O-



Mn-Ni/TiO2; (e)CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2; (f)CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 

 

Figure 5 shows the O1s-XPS spectra，which is generally composed of two surface oxygen 

species. The binding energy range of 531.0-532.5 eV is assigned to surface chemisorbed 

oxygen such as defect oxides or oxygen ions with low coordination (donated as Oα), and the 

binding energy range of 529.0-530.5eV is characteristic of lattice oxygen (donated as Oβ) 

(Zhang L.J., 2014). The high SCR activity of catalyst could be correlated with the relative 

high concentration ratio of Oα/(Oα + Oβ) on catalyst surface (Kang M., 2007). It can be seen 

from Figure 5, two peaks of Mn/TiO2 and Mn-Ni/TiO2 catalysts corresponded lattice oxygen 

and surface chemisorbed oxygen. The Oα relative content (Oα /(Oα + Oβ)) for catalysts with 

carbamide solution, ammonia or adding hydrogen peroxide as precipitant is more than 

catalysts with sodium hydroxide as precipitant, suggesting the carbamide-ammonia or adding 

hydrogen peroxide as precipitant preparation of catalysts has the more surface chemisorbed 

oxygen (Table 2). After the doping of nickel oxide in Mn/TiO2catalysts with 

carbamide-ammonia or adding hydrogen peroxide as precipitant, the Oα/(Oα+Oβ) ratio had an 

obvious increase. According to the report, surface chemisorbed oxygen was active high in 

oxidation reaction for its higher mobility than lattice oxygen (Wu Z.B., 2008; Chen H., 2001). 

Therefore, Oα could promote the oxidation of NO to NO2 and H-abstraction of the adsorbed 

NH3 (Kang M., 2007), which were both supposed to be very important in low-temperature 

NH3-SCR. The results are good agreement with the activity of the Mn/TiO2 catalysts and 

Mn-Ni/TiO2catalysts. 

 

Table 2 Atom concentrations on the surface of catalysts determined by XPS. 

Catalyst Metal content (at.%) 

Mn Ni Ti Mn/Ti Ni/Ti Oα+Oβ Oα/(Oα+Oβ) 

NaOH-Mn/TiO2 13.11 - 16.15 0.81 - 70.74 13.74 

NaOH-Mn-Ni/TiO2 18.44 3.22 11.56 1.60 0.28 66.79 11.17 

CO(NH2)2+NH3·H2O-Mn/TiO2 8.31 - 20.22 0.41 - 71.47 17.96 

CO(NH2)2+NH3·H2O-Mn-Ni/TiO2 9.01 3.41 16.69 0.54 0.20 70.90 27.19 

CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2 11.70 - 18.13 0.65 - 70.17 21.41 

CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 13.37 1.63 15.71 0.85 0.10 69.29 28.26 

3.5 H2-TPR results 
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Figure 6 H2-TPR of Mn/TiO2 and Mn-Ni/TiO2 catalysts 

 

The synthesized Mn/TiO2 and Mn-Ni/TiO2 catalysts were further characterized by H2-TPR, as 

shown in Fig.6. It can be seen that a three-step reduction process was observed for the 

Mn/TiO2 with sodium hydroxide as precipitant preparation of catalysts, corresponding to 

338℃, 454℃, 567℃,which is attributed to a stepwise reduction of MnO2 to Mn2O3, Mn2O3 

to Mn3O4 and Mn3O4 to MnO, respectively (Figure 6(a)) (Gil A., 2004; Mishra T., 2008). In 

agreement with the thermodynamic predictions, the further reduction of MnO to Mn does not 

occur in between 0 and 800℃ (Leith I.R., 1988). However, H2-consumption peaks of 

manganese species are shifted to lower temperatures by the addition of nickel oxide to 

Mn/TiO2 catalyst, corresponding to 298℃, 391℃, 533℃. This result is in good agreement 

with that of SCR activity. 

In general, the reduction peak of pure NiO shows a sharp reduction peak at about 400-450℃ 

followed by a small hump (Thirupathi B., 2011; Smirniotis P.G., 2006). In the TPR profile of 

Mn/TiO2 and Mn-Ni/TiO2 with carbamide-ammonia or hydrogen peroxide as precipitant 

preparation of catalysts, the broad superimposing peak of H2 consumption was observed from 

388℃, which indicated the reduction of (Mn-Ni)xOy due to the interactions of Ni and Mn 

atoms (Fig. 6(b)(c)). This interaction is beneficial to an enhancement of the oxygen mobility. 

In the case of the samples with carbamide-ammonia-hydrogen peroxide as precipitant, TPR 

profile showed a peak at the higher temperature, compared to carbamide-ammonia as 

precipitant. The peak at the higher would be related to the reduction process of Ni2+ species 

(Valverde J.L., 2003). 

H2-TPR results for nickel-promoted Mn/TiO2 catalysts showed the shift of peak positions to 

lower temperatures, suggesting that the reduction potential of MnOx species is increased 

compared to those of Mn/TiO2 catalyst. However, inconspicuous high-temperature peak was 

observed for the Mn/TiO2 and Mn-Ni/TiO2 with carbamide-ammonia or hydrogen peroxide as 

precipitant preparation of catalysts represents that the dominant phase is MnO2 (Figure 6(b)(c)) 

(Saqer S.M., 2011). Thus, the co-doping of manganese with nickel oxides results in 

stabilization of the former in the form of MnO2, which is reduced at lower temperatures, 

compared to Mn2O3. It is worth noting that the low temperature peak area increased by adding 

hydrogen peroxide as precipitant. Meanwhile, the H2-TPR results are in agreement with XPS 

results, where the formation of surface MnO2 phase is increased by the doping of nickel oxide 

in Mn/TiO2 catalysts. Thus, this increase in reduction potential of manganese and dominant 



phase of MnO2 seems to be the reason for better activity of Mn-Ni/TiO2 catalysts.  

3.6 NH3-TPD results 
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Figure 7 NH3-TPD patterns of catalysts 

(a)NaOH-Mn/TiO2;(b)NaOH-Mn-Ni/TiO2;(c)CO(NH2)2+NH3·H2O-Mn/TiO2;(d)CO(NH2)2+NH3·H2O-

Mn-Ni/TiO2; (e)CO(NH2)2+NH3·H2O+H2O2-Mn/TiO2; (f)CO(NH2)2+NH3·H2O+H2O2-Mn-Ni/TiO2 

The acidic sites distribution of all the prepared catalysts was determined by ammonia TPD 

technique (Figure 7). 

A broad desorption peak in the temperature range of 150-500℃was observed for the Mn/TiO2 

and Mn-Ni/TiO2 catalysts which are attributed to NH3 desorbed by weak acid sites and 

Bronsted acid sites. With increasing desorption temperature, the temperature range of 

600-700℃ is attributed to the quantity of chemisorption NH3 molecules adsorbed by Lewis 

acid sites (Vishwanathan V., 2004). The acid site distribution can broaden by the addition of 

nickel oxide (Si Z., 2010; Smirniotis P.G., 2006). In the present study, broad acid site 

distribution in the temperature range of 150-500℃  is observed for the Mn/TiO2 and 

Mn-Ni/TiO2 catalysts. The percentage of the low-temperature peak area is increased by the 

addition of nickel with Ni/Ti molar ratio = 0.1. It is found in our TPD studies that the 

Mn/TiO2 and Mn-Ni/TiO2 with carbamide-ammonia or adding hydrogen peroxide as 

precipitant preparation of catalysts can remarkably improve the concentration and acidity of 

weak acid sites and Bronsted acid sites in contrast to the sodium hydroxide as precipitant 

preparation of catalysts, which implies that precipitant can significantly high affect the acid 

site distribution.  

4 Conclusions 

A series of Mn/TiO2 and Mn-Ni/TiO2 catalysts were prepared by adopting co-precipitation 

method and developed for the low-temperature SCR of NO with NH3 in the presence of 

oxygen. Based on the above experimental results and discussion, It has been confirmed that 

the Mn-Ni/TiO2 (Ni/Ti molar ratio = 0.1) with carbamide-ammonia-hydrogen peroxide as 

precipitant preparation of catalyst has superior catalytic activity by exhibiting over 90% of 

NO conversion at low-temperature of 120℃ and broadening of temperature window. It was 

found from the XRD patterns that the Ni are highly dispersed over the titania support and 



existence of weak peaks attributed to Mn3O4. H2-TPR results for nickel-doped Mn-Ni/TiO2 

catalysts showed the shift of peak positions to lower temperatures, suggesting that the 

reduction potential of MnOx species is increased compared to those of Mn/TiO2 catalysts. The 

interaction of Ni and Mn atoms is beneficial to an enhancement of the oxygen mobility due to 

carbamide-ammonia peroxide as precipitant. It is worth noting that the low temperature peak 

area increased by adding hydrogen peroxide as precipitant. Thus, this raise in reduction 

potential of manganese and dominant phase of MnO2 seems to be the reason for the increased 

activity of Mn-Ni/TiO2 catalysts. Our TPR data results are in agreement with XPS results that 

the absence of the high-temperature peak indicates that the dominant phase in the Mn-Ni/TiO2 

catalysts is MnO2. It is remarkable to note that the SCR performance of all the prepared 

catalysts is accurately correlated with the number of surface Mn species (Mn/Ti ratio) and Oα 

species (Oα/(Oα+Oβ) ratio). Our NH3-TPD results illustrated that a broad desorption peak in 

the temperature range of 150-500℃ was observed for the Mn/TiO2 and Mn-Ni/TiO2 catalysts 

which are attributed to NH3 desorbed by weak acid sites and Bronsted acid sites.The 

concentration and acidity distribution of weak acid sites and Bronsted acid sites on 

Mn-Ni/TiO2 catalyst have improved by doping with Ni cations and the 

carbamide-ammonia-hydrogen peroxide as precipitant preparation of catalysts. 
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Abstract 
 
The effect of softwood based calcium- and sodium lignosulfonates on the early hydration of pastes of 
cubic and orthorhombic C3A with gypsum was investigated using isothermal calorimetry, XRD analysis 
and thermogravimetry. For XRD paste hydration was stopped with liquid nitrogen and isopropanol 
after 5, 15, 30 min and 1, 2, 5 h. Additional experiments were performed on Portland cement (PC) 
pastes for comparison. Calcium lignosulfonate increased the initial heat of hydration in C3A-gypsum 
pastes while the second hydration peak was retarded and reduced. With sodium lignosulfonate the first 
heat peak appeared after about 0.7 h. In the PC system no difference in retardation effect was detected 
between the two lignosulfonates. XRD analysis and thermogravimetry could not detect the difference in 
performance between calcium and sodium lignosulfonate as observed with calorimetry. It was found 
that the complete gypsum consumption in pastes was retarded with both lignosulfonates, whereas the 
early ettringite formation in pastes of C3A and PC seems to be accelerated. Both lignosulfonates 
appear to stabilize AFm phases, which are not observed in pastes without LS. There are indications of 
a possible change in the morphology of ettringite. 
 
Originality 
Lignosulfonate plasticizers have been known for many years and are the most used water reducing 
admixture in the concrete industry. However, drawbacks deriving from retardation are still not well 
understood. By using different chemical compositions of lignosulfonate and investigating the effect on 
pure clinker minerals and a Portland cement this study helps to understand which parts of the 
lignosulfonate molecule are inducing retardation. The investigations are part of the overall goal of 
modifying the lignosulfonate molecule to improve the plasticizing/retardation ratio. 
 
Keywords: C3A, Portland cement, lignosulfonate, retardation 
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1. Introduction 

Among the four main clinker minerals C3S, C2S, C3A and C4AF, C3A has the highest 

hydraulic activity. Although ordinary Portland Cements (OPC) contains less than 10 % of C3A 

it has a significant influence on the early properties (e.g. heat of hydration, setting and 

workability) of OPC (Taylor, 1997). During the cement manufacturing process different 

impurities are introduced mainly due to the firing of waste materials. The clinker minerals of 

industrial cements can therefore contain a significant amount of foreign elements. These 

impurities may influence the crystal structure of some minerals. Industrial cements contain 

usually a mix of C3A in different modifications. Especially the uptake of alkalis (e.g. Na+) is 

known to change the crystal structure and hydraulicity of C3A (Boikova et al., 1977; Gobbo et 

al., 2004). Pure C3A persists in a cubic lattice while C3A doped with Na2O gradually changes 

to orthorhombic and monoclinic crystalline structure with increasing Na2O content (Pöllmann, 

2009). Most authors found that the hydraulic activity of C3A decreases with increasing 

Na-content (Pöllmann, 2009; Wächtler & Uschold, 1986; Odler & Wonnemann, 1983).  

C3A reacts instantly when mixed with water and may harden within seconds due to the 

formation of calcium aluminate hydrates of different stoichiometry (Breval et al., 1976; Jupe 

et al., 1996). In OPC calcium sulfate is added to control the early hydration and with that the 

setting time. 

Ettringite is the first stable hydration product from the reaction of C3A, gypsum and water, 

and it is formed as long as sufficient calcium sulfate is available. When the calcium sulfate 

concentration reaches a critically low level ettringite becomes unstable and 

monosulfoaluminate phases are formed (Brown and LaCroix, 1989; Collepardi et al., 1978; 

Pommersheim and Chiang, 1988; Quennoz and Scrivener, 2012).  

C3A not only has the highest hydraulic reactivity among the clinker minerals, it is also the 

phase that seems to show the strongest interaction with plasticizing admixtures (Mollah et al., 

1975; Nkinabumanzi et al., 2000; Spiratos et al., 2003; Yoshioka et al., 2002). 

Lignosulfonates (LS) are one of the most used water reducing (plasticizing) admixtures in the 

concrete industry (Ramachandran et al., 2002). However they are also known to retard the 

setting and hardening of cement significantly. Obtained together with cellulose during pulping 

of wood, they are complex anionic polymers (Lauten et al., 2010; Edmeades and Hewlett, 

2003). The positive counter ion to the sulfonate group is determined by the bisulfite used 

during the process and can easily be substituted performing usual ion exchange experiments 

(Lauten et al.; 2010).  

In a cementitious system LS would immediately adsorb onto the C3A surfaces (Ramachandran, 

1987). Therefore it is of great interest to get better knowledge on the effect of LS on the 

hydration of C3A-gypsum systems. Several articles reporting a delayed C3A hydration, and a 

retardation of the conversion of hexagonal hydrates to cubic C3AH6 in the presence of LS can 

be found (Ramachandran et al., 2002; Ciach and Swenson, 1971; Lorprayoon and Rossignton, 

1981; Pauri et al., 1983; Ramachandran, 1980; Ramachandran 1972). In the C3A-gypsum 

system similar results are reported. When LS is added both the initial ettringite formation as 

well as the transformation of ettringite to monosulfoaluminate phases was retarded (Ciach and 

Swenson, 1971; Ramachandran, 1980; Chaterji, 1967; Collepardi et al., 1984). It was also 

shown that LS can influence the morphology of hydration products (e.g. ettringite and AFm 

phases) (Young, 1962).  



 

The present study investigates the hydration of a C3A-gypsum model system with processed 

lignosulfonates compared to the hydration of PC. By studying different LS with different 

cations (Ca2+ and Na+) the research aims to increase the knowledge about the retarding action 

of LS on C3A hydration.  

2. Materials and Methods 

Calcium and sodium lignosulfonates based on softwood (CLS and NLS) were provided by 

Borregaard AS – Sarpsborg, Norway. The physical and chemical data of the two LS is given 

in Table 1. 

Table 1: Chemical and physical properties of Ca-and Na-lignosulfonate 

 
Mw Mn 

Org S 
(~SO3) 

SO4
2- Ca2+ Na+ COOH φ-OH CO3

2- 
Total  
sugar 

CLS 29000 600 4.6 0.9 4.6 0.9 7.1 1.4 - 8.3 
NLS 36900 2300 ? 1.0 0.0 8.3 ? ? 2.0 7.1 

Cubic and orthorhombic C3A was synthesized by high temperature sintering of the oxides in 

the laboratories at NTNU. CaO (as CaCO3) and Al2O3 were mixed in a molar ratio of 3:1 and 

homogenized in a vibratory disc mill from Retsch. For orthorhombic C3A, 4 wt% NaNO3 

were added to the mixture. Before sintering the powders were decalcified for 4 h at 1000 °C. 

Subsequently the decalcified powder was sintered for 4 h at 1350 °C. After sintering the 

powders were milled down to particle size < 45 µm.  

The gypsum used was laboratory grade, purchased from Merck. The Portland cement (PC) 

was a CEM I 42.5 R provided by Norcem- Brevik, Norway. Danner et al., 2015 provide 

detailed information about composition and physical properties of the PC. 

C3A and gypsum were mixed in a molar ratio of 1:1.5. This ratio comes close to the C3A 

gypsum ratio in the studied OPC from Norcem. C3A-gypsum pastes were mixed with a water 

to solid ratio of 1. The water to cement ratio used in cement pastes was 0.4. LS was dissolved 

directly in the mixing water in the respective concentration. The concentration will be given 

in % by dry weight of cement (bwoc) or solid matter (bwos) in case of C3A-gypsum pastes.  

Isothermal calorimetry was performed using a TAM Air apparatus from TA instruments. All 

measurements were performed at an operating temperature of 20.00 ± 0.02 °C. Mixing of the 

C3A-gypsum pastes was performed inside the calorimeter using the specially provided 

electrical mixing device from TA instruments. Cement pastes were mixed outside the 

calorimeter. Mixing was performed by hand with a plastic spatula for about 90 sec. 

Subsequently the paste was transferred in the glass ampoule and the glass ampoule was sealed 

and placed in the calorimeter. Mixing was performed in a climate controlled room and wool 

gloves were used to limit transfer of external heat to the system.  

For thermogravimetry (TG) the hydration of C3A-gypsum pastes was stopped after 5, 15, 30 

min and 1, 2, and 5 h. To provide a fast stop of the hydration process the pastes were 

quenched in liquid nitrogen and thawed in isopropanol. Afterwards the pastes were dried 

using a vacuum freeze drier. All samples were stored in a desiccator until measurements were 

performed to avoid carbonation. The milled down powders were measured with a Mettler 

Toledo TGA/SDTA 851. The heating rate was set to 10 °C/min and the powders were 

analysed in the temperature range 40-900 °C. All measurements were performed in nitrogen 

atmosphere with a flow rate of 30 mL/min.  

XRD measurements of the similar samples as for TG were performed on a Bruker D8 Focus 

diffractometer equipped with Cu-Kαradiation and a LynxEye detector. Samples were prepared 



 

by using the front-loading technique and measured from 5-50 °2θ.  

For in-situ XRD of C3A-gypsum pastes a Bruker D8-Advance equipped with a Våntec-1 

position sensitive detector and a MRI chamber was used. Pastes were mixed by hand and 

smeared in a custom made sample holder. The surface was flattened with a glass plate by 

stripping off excess material Measurements were performed at room temperature. High 

humidity of > 96% was guaranteed by installing a water bath inside the chamber below the 

sample. Data was collected with Cu-Kα radiation from 8-50 °2θ using an electronic 

divergence slit. Measurements were performed for 24 h while the time for one scan was about 

15 min. This means that a total of 96 scans were taken during 24 h of hydrating the sample.  

3. Results and Discussion 

Figure 1 shows the heat flow curves of OPC with and without 0.4% calcium and sodium 

lignosulfonate (CLS and NLS) bwoc measured for 44 h of hydration. It can be seen that both 

lignosulfonate versions retard the cement hydration significantly. However it is clear that 

there is almost no difference in the retarding action on PC hydration between CLS and NLS.  

 

Figure 1: Thermal power during the hydration of PC alone and with 0.4 % calcium and sodium 

lignosulfonate (CLS and NLS) by dry weight of cement. 

The time to reach half the maximum of the main hydration peak which can be considered as 

the setting time (ASTM C1679–13) is delayed by about 5 h for paste with LS. The initial 

hydration peak is cut off in Figure 1. However, the initial heat flow just a few minutes after 

mixing the sample was increased in all experiments conducted with PC when LS was added 

to the mixing water. The heat flow curve of plain PC shows the typical behaviour described in 

literature. In the main hydration peak two maxima are observable. The first one is associated 

to the hydration of C3S, forming C-S-H and portlandite (CH). The second maximum describes 

the second ettringite formation during the renewed hydration of C3A (Bullard et al. 2011). 

With LS the two maxima from PC hydration are merged into only one maximum. The time of 

maximum heat flow is shifted to later times and the maximum heat flow in the main hydration 

peak is slightly increased with LS, possibly due to improved dispersion of particles. There is 

no difference in the time or magnitude of the maximum heat flow between the two 

lignosulfonates. One possible explanation of the appearance of only one maximum, i.e. the 

disappearing shoulder or second maximum, might be a preferred interaction of lignosulfonate 

with C3A. In the following the influence of the same two lignosulfonates was tested on the 

hydration of C3A only. C3A was mixed with gypsum in a ratio similar to that in the used OPC. 



 

The concentration of LS was scaled up to 4% bwos to see a clear effect. 

 

Figure 2: Heat flow curves of the hydration of cubic C3A (left) and orthorhombic C3A (right) with 

gypsum (molar ratio 1:1.5) with and without 4% calcium (CLS) and sodium (NLS) lignosulfonate 

bwos. 

Figure 2 shows a major difference in the behavior of CLS and NLS on the early hydration of 

C3A-gypsum pastes. Without LS two heat flow peaks can be observed in the case of cubic 

C3A. The first high heat flow when injecting the water is due to the wetting, dissolving C3A 

and gypsum and fast formation of ettringite. The second heat flow maximum between 1 and 2 

h represents the gypsum depletion peak. This is confirmed in Figure 4 showing the results of 

in-situ XRD. With CLS the initial heat flow is increased. This could indicate a better 

dispersion of the paste with a higher dissolution rate of C3A and gypsum. The initial hydration 

peak is also broadened. However less heat flow is measured in the gypsum depletion peak. 

Only a small hump stretching from about 1-3 h is observed with CLS. In contrast to that no 

initial heat peak is observed when NLS is added to the C3A-gypsum system. When the water 

is injected there is no heat development for several minutes. Subsequently the heat flow 

increases slowly up to about 15 minutes. Then a fast heat development is observed ending in a 

maximum after about half an hour. The main peak shows a shoulder to the left and a shoulder 

to the right. The shoulder to the right has its maximum heat flow before the gypsum depletion 

peak of the reference sample without LS. It appears that NLS at this high dosage is blocking 

the initial hydration of C3A, or maybe the carbonate content (2% by mass of NLS) due to the 

ion exchange process can play a role. Pauri et al. (1983) made investigations on the combined 

effect of sodium lignosulfonate and sodium carbonate on the C3A hydration without gypsum. 

In their study the C3A hydration was completely blocked for a certain amount of time 

depending on the concentration when both sodium lignosulfonate and sodium carbonate 

where added to the mixing water.  

The hydration curves of orthorombic C3A do not show the gypsum depletion peak. However 

the effect of CLS and NLS on the hydration of orthorombic C3A is similar to the effect on the 

cubic modification. With the addition of NLS no initial heat development is measured. The 

heat flow increases slowly ending in two maxima after about 1 h of hydration. Instead of one 

sharp peak as in the reference a wide peak with a shoulder to the left is observed. The 

maximum heat flow is measured at even later times than for cubic C3A.  

After 24 h of hydration the samples were taken out of the calorimeter and prepared directly 

for XRD analysis. The pastes were milled down by hand and the powders were measured to 



 

qualitatively check the phase composition of the pastes with and without LS. Figure 3 shows 

the diffractograms of the cubic C3A-gypsum pastes without and with 4% CLS and NLS after 

24 h of hydration. All samples show ettringite as the main hydration product and some peaks 

of unreacted gypsum and C3A as expected. There is almost no difference in the crystalline 

phase composition between the three samples.  

 

Figure 3: XRD diffractograms of cubic C3A-gypsum pastes with 4% calcium (CLS) and sodium (NLS) 

lignosulfonate bwos and without LS after 24 h of hydration. Samples from calorimetry (Figure 2-left) 

The sample hydrated with CLS shows a clear shoulder next to the ettringite peak at around 

9.9 °2θ. This peak could represent an AFm phase e.g. monocarboaluminate hydrate or 

monosulfite hydrate. This shoulder can also be seen in the sample without LS but 

significantly reduced. In the sample with NLS this shoulder seems not to be present. The 

sample containing CLS appears to contain more unreacted gypsum. The intensities of most 

ettringite peaks are quite equal. However, the intensity of the peak at 9.9 °2θ is decreasing 

from the sample without LS to the sample with CLS and further to the sample with NLS. This 

peak represents the (011) plane in the crystal lattice. The reduced intensities could give an 

indication about a changing aspect ratio or morphology of the ettringite crystals.  

To get a better idea about the early reactions in the C3A-gypsum pastes with LS as observed 

with isothermal calorimetry, in-situ XRD was tried on pastes. With a concentration of 4% LS 

bwos the pastes were too liquid to prepare. Therefore the concentration of LS was reduced but 

still high with 1% CLS and NLS bwos. Of course the results obtained are consequently not 

completely comparable to the calorimetry curves. Figure 4 shows low 2θ area of level-plots 

from in-situ XRD data of C3A-gypsum pastes with and without LS. A level-plot is a 2-D view, 

plotting the 2θ range over time while the intensities are defined through different colors. 

Without LS we can see that ettringite formation starts right from the beginning directly after 

mixing the powder with water. Gypsum intensities are decreasing rapidly during the first hour 

of hydration. After about 1.5 h gypsum is depleted. This fits well with the gypsum depletion 



 

peak measured with isothermal calorimetry. With 1% CLS and 1% NLS ettringite formation 

is also observed from the first minutes of hydrations. Especially for NLS this is in 

contradiction to the lack of heat flow observed in the calorimetry curve, but again the dosage 

of LS was 4 times higher in the sample for calorimetry. It even appears that the ettringite 

intensities are increased when LS is added. This could indicate an acclerated early ettringite 

formation. However, the ettringite peak shown can be prone to crystal orientation in the 

sample which makes interpretations of intensities difficult. Nevertheless the trend was 

observed in repeated measurements.  

 

Figure 4: in-situ XRD level-plots of C3A-gypsum pastes with 1% calcium (CLS) and sodium (NLS) 

lignosulfonate bwos and without LS during the first 5 h of hydration. 

The gypsum intensities are likewise rapidly decreasing within the first hour. Still a signal for 

gypsum is detectable at later times of hydration. The gypsum consumption seems to be 

delayed with both CLS and NLS. Furthermore in the C3A-gypsum pastes with CLS and NLS 

the formation of AFm phases can be observed after about 2 h of hydration. A similar peak was 

not observed during the hydration with water only. It is not completely clear which phase is 

forming, but a peak at 10.8 °2θ as shown in Figure 4 typically can be assigned to 

monocarboaluminate hydrate (Danner, 2013). From the results shown it seems that both CLS 

and NLS are delaying the gypsum consumption and stabilizing an AFm phase. However, the 

in-situ XRD results do not exhibit a clear difference between the behavior of CLS and NLS as 

shown in the calorimetry curve.  

In addition to the investigations described above, pastes of C3A and gypsum were mixed and 

the hydration was stopped after 5, 15, 30 min, 1, 2 and 5 h of hydration. The obtained 

powders were measured using thermogravimetry. There was no significant difference between 

the pastes with 4% CLS and NLS regarding their effect on the C3A-gypsum hydration. 



 

However, there was a clear difference between the pastes without and with LS. Figure 5 

compares the DTG curves of C3A-gypsum pastes without LS and with 4% CLS bwos. A 

drawback of the used experimental set up is that the crystalline structure of ettringite was 

destroyed during the vacuum drying of the pastes. Another drying technique will be used for 

future experiments. Ettringite would show a clear peak in the DTG curves at around 120 °C as 

it is the main hydration product. In Figure 5 this peak is missing. X-Ray powder diffraction of 

the same samples did neither show ettringite.  

 

Figure 5: DTG curves of C3A-gypsum pastes without LS (left) and with 4% CLS bwos hydrated for 5, 

15, 30 min, 1, 2, 5 h. 

In the DTG curves of the pastes without LS (‘no LS’ in Fig. 5) the main signals take place 

below 400 °C. The double peak at around 150 °C can be assigned to gypsum. This peak is 

rapidly decreasing within the first hour of hydration. The peaks at 200 and 290 °C are 

gradually increasing with time. Peaks at these temperatures typically represent 

monosulfoaluminate hydrate phases in similar systems (Ramachandran, 2002). These phases 

can also show a low temperature peak at around 140 °C. Due to the overlapping with the 

gypsum peak it is difficult to say when exactly gypsum is consumed from the DTG curves. 

Two small peaks at 710 and close to 900 °C can be observed additionally. When CLS and 

NLS were added to the C3A-gypsum pastes the picture of the DTG curves changed 

significantly. The most significant changes take place in the high temperature area. But there 

are also changes in the area between 200-300 °C. Instead of two clear peaks as in the 

reference we can now observe additional smaller peaks in between and the peaks of the 

monosulfoaluminate phases are more diffuse. The gypsum peak appears to decrease at a 

slower rate and is not changing further after 30 min of hydration. Strong peaks are shown at 

650 and 850 °C and two small peaks at 710 and 740 °C. While the peak at 650 °C is 

decreasing, the peak at 850 °C is increasing with time. It is yet not completely solved what 

these high temperature peaks stand for. However, mass spectrometry of the sample revealed 

that CO2 is released for all peaks between 650-850 °C. If carboaluminate hydrate phases 

decompose partly at this temperature it would confirm the findings from in-situ XRD.  

4. Summary 

The presented study investigated the early hydration of a C3A-gypsum model system with 

Calcium and sodium lignosulfonate (CLS and NLS) compared to the hydration of PC paste 

using isothermal calorimetry, thermogravimetry and XRD techniques. It is shown that both 

CLS and NLS cause significant changes in the early hydration of C3A-gypsum pastes while it 



 

appears that there is no difference between the two lignosulfonates regarding the hydration of 

PC paste. 

 In C3A-gypsum pastes CLS increases the initial heat flow, but decreases the heat 

flow in the gypsum depletion peak. With NLS no early (‘initial’) heat flow was 

measured.  

 After 24 h of hydration of C3A-gypsum pastes only minor differences in the 

crystalline phase composition were detected with XRD. There was an indication for 

a possible change in the morphology of ettringite. 

 In-situ XRD and DTG showed that the gypsum consumption in C3A-gypsum pastes 

is retarded with LS.  

 There is evidence for the formation of AFm phases when CLS and NLS is added to 

the mixing water in C3A-gypsum pastes. 

 CLS and NLS retard the PC hydration similarly. The setting of PC paste was 

delayed by about 5 h. 
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Abstract 
The present study is aimed at investigating the efect of mineral admixtures, such as fly ash and slag powder, on 
chemical shrinkage of cement based material by using the Ultrapyc 1200e true density analyzer. The results indicated 
that the chemical shrinkage of cement based material could be reduced by addition of fly ash or addition of slag powder 
with a small replacement rate, and slag powder with a large replacement, on the other hand, would increase the 
chemical shrinkage of cement based material. When they were incorporated together in cement, the result differed 
significantly from every single of them, while the chemical shrinkage of cement based material increased obviously in 
the early age and reduced quickly in the late. 
 
 
Originality 
Chemical shrinkage of cement paste occurs during cement hydration, which is caused by the increasing density of the 
system combined by the reactants and products. There are two main methods utilized in the study on chemical 
shrinkage nowadays, which are the volumetric method and density method. However, human records in a certain time 
interval is required for the former, and complex operations are needed for the latter, both of which would cause human 
errors. Therefore, a method for accurately and conveniently measuring chemical shrinkage of cement paste is 
imperative and necessary. In this paper, Ultrapyc 1200e true density analyzer was used to record the true volume of 
cement paste, which is based on the the ideal gas equation PV=nRT, and the gas used in this instrument is helium, 
which could penetrate into the smallest pores. Moreover, this instrument can record automatically and is easy to deal 
with. Thus, a relatively accurate data would be obtained, meanwhile, human errors could be avoided. 
 
Keywords: Chemical shrinkage, True density analyzer, Fly ash, Slag powder 



 

1. Introduction 
The early volume change of concrete is generally considered as the main driving mechanism leading 
to early age cracking and, consequently, to the loss of durability of concrete structures[1]. And the key 
to solve this problem is measuring the volume change accurately, making sense of the mechanism of 
shrinkage and preventing the formation of crecks. However, the component of cement based material 
in concrete is much more complex nowadays than before, as a mass of mineral admixtures like fly ash 
and slag powder are coming into use as a reactive partner due to their pozzolanic behavior. Shrinkage 
of concrete includes chemical shrinkage, drying shrinkage, plastic shrinkage,  autogenous shrinkage, 
and so on[2]. In recent years, with the rapid development of high-strength concrete, the proportion 
occupied by chemical shrinkage of the whole volume change increased apparently, and more attention 
are needed on chemical shrinkage. 
Chemical shrinkage is defined as the absolute volume change of cement paste that results from the 
hydration of cement based materials[3]. Since chemical shrinkage was found for the first time by Le 
Chatelier in 1900, lots of research on chemical shrinkage have been done. There are two main 
methods utilized in the study on chemical shrinkage nowadays, which are the volumetric method 
represented by Japan Concrete Institution(JCI)[4] and American Society for Testing and 
Materials(ASTM)[5] and density method represented by Boivin, Geiker, Paulini, Holt and Sant[6,7]. 
However, human records in a certain time interval is required for the former, and complex operations 
are needed for the latter, both of which would cause human errors. Moreover, limited by the 
permeability of water, all the voids are not occupied by water entirely, and chemical shrinkage tested 
by these means is smaller than the real one. Therefore, a method for accurately and conveniently 
measuring chemical shrinkage of cement based material is imperative and necessary, and Ultrapyc 
1200e true density analyzer is an ideal choice. Presently, this series of instruments have been widely 
used in many subject areas[8,9,10,11,12,13], such as chemistry, food, oil and biomedicine. It has also been 
used in cement based materials[14.15.16,17], however, the application still stays at the measurement of true 
density, while few of them is for the mechanisms in hydration. 
 In this paper, Ultrapyc 1200e true density analyzer was used to record the volume change of the 
cement based material, and effects of fly ash and slag powder on chemical shrinkage of cement based 
material were studied. 
2. Experimental 
2.1. Raw Materials 
Three types of cement based materials were used in the research, including Portland cement, fly 
ash(FA)  and slag powder(SP). The strength grade of cement was P·II52.5 in accordance with the 
relevant Chinese standard. The compositions of the cement based materials are shown in Table 1, and 
the physical properties are shown in Table 2. 
 

Tab. 1 Chemical compositions of Cement, FA and SP /% 

Compositions SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O TiO2 SrO MnO Na2O P2O5 

Cement 20.70 65.70 4.48 3.01 0.91 2.39 0.72 0.24 0.03 0.14 0.06 - 
FA 44.90 6.92 29.40 3.07 0.83 0.53 1.63 1.09 0.18 0.07 0.53 0.50 
SP 32.10 39.40 16.20 0.43 7.43 2.71 0.44 0.76 0.12 0.19 - - 

 
Tab. 2 Density and Specific surface area of Cement, FA, and SP 

Raw materials Density/(kg·m-3) Specific surface area/(m-2·kg) 

Cement 3300 436 
FA 2464 292 
SP 3026 400 

 
2.2. Mix proportion 
The recipe of cement based materials are listed in Table 3. Cement was replaced by FA or/and SP 
respectively and all together. The water-binder ratio was 0.30, respectively. 
 



 

 
Tab. 3 Mix proportions of cement based materials 

Code Cement/% FA/% SP/% w/b 

C0 100   0.30 
FA15 85 15  0.30 
FA30 70 30  0.30 
SP15 85  15 0.30 
SP30 70  30 0.30 

FA15SP15 70 15 15 0.30 

 
2.3. Methods 
3.2.1 The degree of hydration 
Enough cement paste was prepared and sealed up in advance for the measurement of the degree of 
hydration. And the degree of hydration was then defined as the ratio of the combined water evolved at 
an age t to the total water content mixed at the beginning.  

α(t) = �1 −
����
�

���
·�
� × 100%                                                       (1) 

Where α(t) is the degree of hydration at an age t, m and mt are the mess of the sample before and after 
drying at 60℃, and μ is the water-binder ratio. 
3.2.2 Chemical shrinkage 
The testing instrument is Ultrapyc 1200e true density analyzer produced by Quantachrome Ins as 
shown in Figure 1, and its major components are sample chamber, monitor, LED indicator lights and 
keyboard. 

 
Figure 1 Ultrapyc 1200e true density analyzer 

Pycnometry is derived from the Greek word pyknos, which has long been identified with volume 
measurements. The pycnometers Quantachrome are specifically designed to measure the true volume 
of solid materials by employing Archimedes’ principle of fluid(gas) displacement and the technique of 
gas expansion(Boyle’s law). And the test mechanism of the instrument is shown in Figure 2 concisely. 
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Figure 2 Test mechanism of Ultrapyc 1200e true density analyzer 



 

The shadow areas in Figure 2 are the sample chamber and the additional chamber whose volume are 
VC 
 and VA respectively, the lines represent the pipeline, and the arrows represent the flow direction of the 
gas. Calibration, sample conditioning, operation of valves and caiculation of results are completely 
automatic, and samples are quickly and automatically analyzed as many times as necessary to achieve 
the user-desired percent deviation from mean at the specified number of runs.  
Chemical shrinkage was defined here as the ratio of the volume change to the theoretical volume of all 
the reactants that have reacted, and it could be calculated by formula (2) and (3) shown below. 
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In which, S is chemical shrinkage, Vt is the true volume of the cementtitious paste at an age t, M is the 
mass of the cementtitious paste tested, V1 is the theoretical volume of all the reactants, α(t) is the 
degree of hydration at an age t, μ is the water-binder ratio, β is the replacement rate of the mineral 

admixture, andρ c, ρ a and ρ w are the true densities of cement, mineral admixture and water 

respecitively. 
The volume Vt was measured and recorded at the age of 1d, 3d, 7d, 14d and 28d by using Ultrapyc 
1200e true density analyzer, and then chemical shrinkage of the certain age was calculate out by using 
formula (1), (2) and (3). 
3. Results and Discussion 
3.1. Effect of FA on chemical shrinkage of cement based material  
Figure 3 shows the effects of FA on chemical shrinkage of cement based material. Results shows that, 
chemical shrinkage decreased as the increasing of FA. And this may be the combined action of the 
filling effect and the pozzolanic effect of FA. At the early age, the filling effect of FA was dominant, 
which means that the cement participating in hydration is not that much, thus chemical shrinkage was 
decreased. In about 7d, the pozzolanic effect of FA began to work, which accelerated cement 
hydration and increased chemical shrinkage, and this is corresponding to the views of Mongkhon 
Narmluk[18] and Florian Deschner[19]. At the later stage, the hydration rate decreased, and the 
pozzolanic effect of FA became more and more important, which reduced chemical shrinkage[20]. 
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Figure 3 Effects of FA on chemical shrinkage of cement based material 

3.2. Effect of SP on chemical shrinkage of cement based material  
Figure 4 shows the effects of SP on chemical shrinkage of cement based material. Results shows that, 
chemical shrinkage decreased as the addition of SP, but increased as the increasing of SP. Many 
studies[21, 22] have mentioned that SP has a high activity and its hydration features are close to C2S, 
which could act with Ca(OH)2, accelerate cement hydration and increase chemical shrinkage. 
However, Johanna Tikkanen[23] pointed out in his study that SP has little effect on Ca(OH)2 if its 



 

replacement rate is near about 10%, unless its replacement rate is more than 30%. And in this paper, 
the replacement rate is low, which are 15% and 30%. At the early age, when the replacement rate is 
low, the filling effect played a dominant role, which reduced chemical shrinkage; but when the 
replacement rate is higher, the pozzolanic effect began to work, accelerated cement hydration, and 
increased chemical shrinkage for a little. At the later stage, the hydration rate decreased and the 
pozzolanic effect became more and more important, which led to the reduction of chemical shrinkage 
effectively. 
 

0 5 10 15 20 25 30
-25

-20

-15

-10

-5

0
C

h
em

ic
al

 s
h

ri
n

k
ag

e/
%

Age/d

 C0
 SP15
 SP30

 
Figure 4 Effects of SP on chemical shrinkage of cement based material 

3.3. Effect of compound addition of FA and SP on chemical shrinkage of cement based material  
Figure 5 and Figure 6 show the effects of FA and SP on chemical shrinkage of cement based material 
with a replacement rate of 15% and 30% respectively, and Figure 6 also shows the effect of compound 
addition of FA and SP on chemical shrinkage of cement based material. Figure 5 indicates that, with a 
low replacement rate of 15%, the effects of FA and SP are almost the same, which imply that the 
filling effect plays a dominant role for both of them. Figure 6 shows that, with a relatively high 
replacement rate of 30%, SP resulted in more chemical shrinkage than FA because of its higher 
activity, but compound addition of FA and SP led to more chemical shrinkage than both of them. This 
may be the effect of the superimposed effect of FA and SP. Dispersed by FA, cement and SP are much 
more active, and both cement hydration and the pozzolanic effect of SP are motivated and accelerated, 
which caused larger chemical shrinkage. 
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Figure 5 Effects of FA and SP with a replacement rate of 15% on chemical shrinkage of cement based material 
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Figure 6 Effects of FA and SP with a replacement rate of 30% on chemical shrinkage of cement based material 

4. Conclusions 
It is practicable and effective to measure the chemical shrinkage of cement based material by using 
Ultrapyc 1200e true density analyzer, which could correct to 0.0001ml with a deviation of less than 
0.001ml. Moreover, Ultrapyc 1200e true density analyzer is easy to operate, quick to test, and simple 
to make out. 
Chemical shrinkage of cement based material could be reduced by addition of FA or addition of SP 
with a small replacement rate, and SP with a large replacement, on the other hand, would increase the 
chemical shrinkage of cement based material. When they were incorporated together in cement, the 
result differed significantly from every single of them, while the chemical shrinkage of cement based 
material increased obviously in the early age and reduced quickly in the late.  
Ultrapyc 1200e true density analyzer has a big promotion space in the research on volume change of 
cement based material. 
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Abstract 
Polycarboxylate ether type superplasticizer (PCE) is widely used nowadays in concrete industry due to 
its high dispersion ability and versatility. The number and type of carboxylic groups, the number and 
length of side chains are flexible parameters that can result in different polymer architecture. The 
variation of molecular structure will of course bring different effects on rheology and hydration of 
cement. However, despite the increasing number of ongoing research works, the effect of PCE 
molecular structure on the hydration of Portland cement remains unclear. The aim of the study 
presented here is to study the effect of molecular structure on the hydration process of cement, in order 
to reveal the interaction between PCE molecular and cement particle. PCEs with same side chain 
density but different side-chain length were designed and synthesized by radical polymerization. The 
molecular structure characteristics were determined by gel permeation chromatography (GPC) and 
1H nuclear magnetic resonance (NMR). The influence of these PCEs on early age properties of 
Portland cement was studied by various analytic methods, such as paste flow, calorimetry, adsorption 
measurements and mortar strength. The hydration product of Portland cement was examined by X-ray 
diffraction Rietveld analysis and Scanning Electron Microscope. Results show that at same weight 
dosage, PCE with long side-chain can promote the hydration of Portland cement thus improving the 
early strength of cement mortar. While, this promotion effect will disappear when same molar dosage is 
applied. Further studies reveal that the hydration process is more likely related to the number of PCE 
molecular in the cement suspension. Adsorption of PCE on the mineral surface and complexation 
between calcium ions and PCE could be underlying mechanism. 
 
 
Originality 
The molecular structure characteristics of PCEs were determined by gel permeation chromatography 
(GPC) and 1H nuclear magnetic resonance (NMR) to make sure that the real molecular structure of 
PCE, such as molecular weight, side chain density, PDI, is as close to the design as possible. This will 
avoid the deviation between real molecular and designed one  
Combined microstructural technologies, such as calorimetry, XRD and SEM are applied to study the 
effect of PCEs on the hydration process of Portland cement. 
According to experiment results, it reveals that the hydration process is more likely related to the 
number of PCE molecular in the cement suspension. And adsorption of PCE on the mineral surface 
and complexation between calcium ions and PCE are proved to be the underlying mechanism.  
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1. Introduction 
Polycarboxylate superplasticizer is widely used nowadays in concrete industry due to its high 
dispersive ability and versatility. PCEs could improve the workability of concrete to realize 
the pumping and self-compacting. Moreover the application of PCEs allows a very low water 
to cement ratio and a high replacement of supplementary cementitious materials, which could 
therefore ensure the excellent mechanical properties and durability of high performance 
concrete.  
It is wildly accepted that the dispersive ability of polycarboxylate superplasticizer originates 
from the adsorption of copolymer on the cement particles and steric repulsion effects by 
polyoxyethylene ether side chain (Uchikawa et al., 1997; Yoshioka et al., 1997). Therefore, 
the variation of molecular structure, for example the molecular weight, side chain density, 
side chain length and so on, will results in various dispersive capacity of superplasticizers, 
thereby bringing different effects on the rheology of cement materials (Johann Plank & 
Sachsenhauser, 2006; Ran et al., 2009; Winnefeld et al., 2007). Besides rheology, the addition 
of polycarboxylate superplasticizers usually brings retardation effects on cement hydration. 
And this effect is found to be strongly related to the side chain length (Ferrari, 2011; 
Winnefeld et al., 2007) and backbone charge density (Pourchet et al., 2007; Zhang et al., 2015; 
Zingg et al., 2009) of copolymer. Different mechanisms have been proposed to explain this 
phenomenon. The basic idea is that the coverage of copolymers on surface of cement grains 
could hinder the diffusion and exchange of water and ions at the cement/solution interface. 
The complexation between PCE molecules and calcium ions is also proposed by researchers 
(Borget et al., 2005; J Plank & Sachsenhauser, 2009) as an underlying mechanism, which 
could prevent and delay the nucleation and precipitation of hydration products. The study by 
Ridi (Ridi et al., 2003; Ridi et al., 2012) suggested that the adsorption of superplasticizer on 
alite changed the nucleation and growth mechanism and of hydration product. Recently, this 
idea was support by experimental observation of synchrotron diffraction micro tomography 
(Artioli et al., 2014). 
Despite increasing number of research works have been carried out, there are still many 
unsolved problems with respect to the underlying mechanism of polycarboxylate 
superplasticizer on cement hydration. Besides, it is worth to point out that ester type 
polycarboxylater superplasticizer, in which the backbone and side chain is linked by ester 
linkage, is applied in most of studies. While in practical usage, ether type polycarboxylate 
superplasticizers are more favorable due to its higher dispersive capacity and more simplified 
synthesis process (without esterification). However, it is more difficult to control the 
molecular structure of ether type polycarboxylate superplasticizer than ester type, mainly due 
to the unmatched polymerization activity (Liu et al., 2011).  
In this study ether type polycarboxylate superplasticizers (PCEs) with same side chain density 
but different side-chain length were designed and synthesized by radical polymerization. The 
molecular structure characteristics were determined by gel permeation chromatography and 
1H nuclear magnetic resonance. The influence of these PCEs on early age properties of 
Portland cement was studied by various analytic methods, such as paste flow, calorimetry, 
adsorption measurements and mortar strength. The hydration product of Portland cement was 
examined by thermal gravity, X-ray diffraction Rietveld analysis and Scanning Electron 
Microscope. The aim of the study presented here is to study the effect of molecular structure 
on the hydration process of cement, in order to reveal the interaction between PCE molecular 
and cement particle. 
2. Experimental 
2.1 Synthesis and characterization of polycarboxylate superplasticizer 
2.1.1 Synthesis 
Different experimental ether type polycarboxylate superplasticizer (PCEs) was synthesized by 
free radical polymerization of acrylic acid (AA) and vinyl polyoxyethylene ether (VPEG) 
with different length of ethylene oxide (EO) chains. Three different VPEGs provided by 
Jiangsu Sobute Co., Ltd. were used, of which the number of EO chains were 22, 54 and 112. 
Initiators of polymerization are ascorbic acid and hydrogen peroxide. The polymerization 
procedure was according to (Liu et al., 2011). The chemical structure of superplasticizers used 



 

in this study is showed in Figure 1. The molecular ratio between VPEG and AA (x:y) added in 
reaction are fixed at 1:6. As is well known that the real side chain density of polymerized 
PCEs is never equal to the ratio of monomers since there is always unreacted monomers 
remaining in the system. Therefore, in this study, reaction conditions were adjusted based on 
dozens of attempts, in order to make sure the molecular structure of PCEs synthesized were as 
close to the molecular design as possible with the help of characterization method listed 
afterwards. And the PDI value, ratio between weight-average molecular mass (Mw) and 
number-average molecular mass (Mn), of these experimental superplasticizers should be 
similar. PCEs were applied as sodium salts. Before application, the synthesized PCEs were 
purified by a regenerated cellulose dialysis membrane provided by Spectrum Labs Inc. with a 
molecular weight cut-off of 8000 Daltons.  

 
Figure 1 Chemical structure of synthesized PCEs 

2.1.2 Characterization 
2.1.2.1 Gel permeation chromatography 
The molecular weight and its distribution of PCEs were determined by Agilent 1260 gel 
permeation chromatography (GPC). All PCEs samples were diluted into a concentration of 
1mg/ml by 0.1mol/L NaNO3 solution. TSK gel GMPWXL column provided by TOSOH were 
used in measurement. 0.1mol/L NaNO3 was applied as eluent with a flow velocity of 1ml/min. 
The molecular weight of synthesized PCEs is given in Table 1. 
2.1.2.2 Proton nuclear magnetic resonance 
Proton nuclear magnetic resonance (1H-NMR) was applied to determine the real chemical 
structure of synthesized PCEs, particularly the density of side chain of copolymer. Purified 
superplasticizers were dried to constant weight and then dissolved in D2O. Measurement was 
carried out by Bruker DRX-500 NMR with a scanning range for 0-20ppm and a resolution of 
0.31Hz. The 1H-NMR spectra of PCEs is given in Figure 2. According to the figure, peak at a 
chemical shift of 1.5-1.7 ppm refers to hydrogen of “-CH2-” in backbone (a, a’), 2.2 ppm 
refers to hydrogen of “-CH-” in acrylic acid (b), peak around 3.4 ppm is the 
characteristic peak of “-CH-” in backbone (c), and finally 3.6 ppm is corresponding to the 
hydrogen of polyoxyethylene ether in side chains (d). The peak area is in direct proportion to 
the number of hydrogen atom in the molecular. Therefore, the following equation can be 
deduced: 

  dc

baa

SS

SSS





y4n4

y2x3 '
                            (1) 

In which Sa means the peak area at certain chemical shift acquired by spectra.  
Then the density of side chain (x:y) was calculated according to equation (1) and given in 
Table 1. The values for different experimental PCEs are close and a little higher than the 
reactant ratio of 6. This is also reasonable because the conversion rate can not reach 100% 
during the radical polymerization. 



 

 
Figure 2 1H-NMR spectra of synthesized PCEs 

 
The details of chemical structure of synthesized PCEs are summarized in Table 1 with the 
help of above mentioned characterization methods. As can be seen from the date, three 
experiment PCEs (P22, P54, P112) has a similar side chain density of around 6.5, and also a 
similar PDI value of 1.9. The only major difference between them is the length of side chain. 
Results from GPC also confirm that the chemical structure and molecular size of synthesized 
PCEs are approaching the molecular design. All these ensure that the following experiments 
carried out on cement materials are comparable, and more importantly able to be correlated 
with the molecular structure of PCEs.  

Table 1 The details of synthesized polycarboxylate superplasticizer 

2.2 Measurement on cement materials  
Portland cement (CEM II 52.5) provided by Jiangnan-Onada Cement was used in this study. 
The chemical composition measured by X-ray fluorescence (XRF) and mineral composition 
measured by X-ray diffraction (XRD) Rietveld refinement of Portland cement used in this 
project are given in Table 2. 

Table 2 Chemical and phase composition of Portland cement 

Chemical composition 
wt-% 

Al2O3 CaO Fe2O3 K2O MgO Na2O SO3 SiO2 LOI 

4.74 65.12 3.13 0.68 0.68 0.16 2.32 19.61 3.42 

Phase composition 
wt-% 

C3S C2S C4AF C3A CaSO4∙xH2O CaCO3   

62.0 12.9 8.8 6.4 5.5 4.3   

For all the measurements carried out on cement materials (except conductivity test), the water 
to cement ratio was fixed at 0.3. The dosage of PCEs is from 1mg/g to 4mg/g cement as given 
in Table 3. Deionized water was used in all experiments. 

Table 3 Experiment details of cement paste with superplasticizer 

 w/c 
Dosage of superplasticizer 

(mg/g cement) 
Mn 

P22 

0.3 

1.0 11000 
P54 1.0 19700 
P112 1.0 43200 
P54-m 2.0 11000 
P112-m 4.0 19700 

2.2.1 Fluidity 
The fluidity of fresh cement paste was tested according to Chinese standard GB/T 8077. 300g 
cement, 90g water and certain amount of PCEs were mixed at low speed for 1min and high 
speed for 1 min. The spread diameter of cement paste was measured right after mixing, 30 
min and 60 min. 
2.2.2 Strength 
Mortars for strength measurement were prepared according to Chinese standard GB/T 17671 
with water to cement ratio of 0.3. The volume weight (air content) of fresh mortars with 

Copolymer 
Length of 
EO Chain 

(n) 

Density of side chain (x:y) 
Mw Mn 

PDI 
Mw/Mn 

Molar ratio 
of reactant 

Acquired 
by H1NMR 

P22 22 1:6 1:6.65 19900 11000 1.81 
P54 54 1:6 1:6.29 38500 19700 1.95 
P112 112 1:6 1:6.71 79800 43200 1.84 



 

different PCEs was controlled by adding a certain amount of deforming agents. Mortars were 
cast into 40×40×160 mm moulds and cured in standard curing chamber with a temperature of 
20°C and humidity of more than 95%. The compressive strength was measured after 8, 12 and 
72 hours’ curing.  
2.2.3 Adsorption 
100g cement, 30g water and certain amount of PCEs were mixed by IKA RW20 digital mixer 
for 1 min at a speed of 500r/min, and then 1 min of 1500r/min. After mixing, the cement paste 
was placed immediately in a Buchner funnel for vacuum filtration. Clarified solution was then 
collected after passing through a 0.22 μm filter. After dilution, the content of PCEs remaining 
in solution was measured by a total organic carbon (TOC) analyzer (Multi N/C 3100). 
Meanwhile, the total organic carbon content of only PCEs in deionized water was also 
measured as a reference. Finally, the adsorption of PCEs on cement grains can be simply 
calculated. In this study, vacuum filtration was applied as a replacement of traditional 
centrifugation to get clarified solution. This ensures that the solution was collected 
immediately after mixing, while the high speed centrifugation usually needs about 10 min to 
prepare solution, during which the adsorption behavior may have already changed.  
2.2.4 Isothermal calorimetry  
The mixing procedure of cement paste was same as adsorption measurement. After mixing, 
about 13g paste was placed immediately into a 20ml ampoule. The heat revolution of cement 
paste was measured by TAM Air Isothermal calorimetry (TA instrument) for 72h at a 
temperature of 20°C. The time interval between the start of mixing and placement of sample 
in channel for each mixture was kept constant, in order to make sure results for different PCEs 
are comparable.  
2.2.5 X-ray diffraction 
The cement paste was prepared through a same procedure as above mentioned and then cured 
in standard curing chamber. After a certain time curing, a slight piece of cement paste was cut 
and immersed in isopropanol from 48 hours to stop hydration. Then the sample was dried in a 
vacuum oven for another 48 hours at 25°C, and grounded to powders afterwards. The dry 
powders of cement paste were measured by X-ray diffraction (XRD). 10wt-% corundum was 
pre-mixed as internal standard to realize the quantification by Rietveld analysis(Scrivener et 
al., 2004). The diffraction data was collected by using Bruker D8 Discover X diffractometer 
in a θ-θ configuration employing CuKα radiation (λ=1.54 Å) with a fixed divergence slit size 
0.5°. The powder samples were scanned between 5 and 70° using a step size of 0.02° with 
scanning speed of 0.3s/step. The software used for Rietveld refinement was TOPAS from 
Bruker AXS. 
2.2.6 Scanning electron microscopy 
The mixing and curing procedure was same as TG measurement. After a certain time of 
curing, the cement paste was broken artificially, and immersed in isopropanol for 48 hours to 
stop hydration. Then the sample was dried in vacuum oven for 48 hours at 25°C. The 
microstructure of cement paste was analyzed by FEI QUANTA 250 scanning electron 
microscopy. 
3. Results 
3.1 Effect of polyether on the hydration of cement paste 
As mentioned previously, polycarboxylate superplasticizer with different side chain length 
can affect the hydration of cementitious materials in different ways; therefore, it is reasonable 
to assume that this effect may come from the polyether itself. To verify it, the influence of 
un-polymerized polyether with different molecular weight on the hydration of cement paste 
was studied first. According to the hydration heat evolution showed in Figure 3, it is clear that 
the addition of 0.1wt-% polyether nearly does not change the hydration process of Portland 
cement. Besides there is no difference for polyether containing different numbers of EO 
chains. Moreover, considering the fact that polyether does not have dispersive capacity in 
cement paste, it is safely to infer that the influence of polycarboxylate superplasticizer on 
cement hydration is not attributing to the polyether of different molecular weight.  



 

 
Figure 3 Influence of polyether with different molecular weight on the hydration heat flow of cement 

paste 

3.2 Effect of polycarboxylate superplasticizer on the early age performance of cement 
materials 
3.2.1 Fluidity 
The spread diameters of cement paste with different superplasticizers are demonstrated in 
Figure 4. For PCEs at a same dosage of 1mg/g, cement paste containing P54 shows best 
workability after 3 minutes mixing with a spread diameter of 270mm. And the value decrease 
slightly to 220mm after 30 min, and 180mm after 60 min. While the spread diameter of P112 
and P22 paste are 215 and 165mm respectively after mixing. However, their fluidity drops 
quickly with time. Especially for P22, the paste is too stiff to perform the flow test right after 
30 min. This is in accordance with the results reported in literature(Johann Plank & 
Sachsenhauser, 2006; Ran et al., 2009; Yamada et al., 2000), that a suitable length of side 
chain ensures a better dispersive capacity for PCEs. When the dosage of P54 and P112 is 
increased to 2 and 4 mg/g (P54-m and P112-m), which means the amount of PCEs molecules 
added in the system are close to P22 of 1mg/g, the fluidity of cement pastes are more than 
260mm after mixing, and remain constant after 30 and 60 min. This implies that when same 
amount of molecules are added in cement paste, PCEs with longer side chains result in a 
higher fluidity. This phenomenon is unsurprisingly because longer side chains provide higher 
steric hindrance, and therefore higher dispersive capacity.   

 
Figure 4 Influence of PCEs with different molecular structure on the fluidity of cement paste 

3.2.2 Strength 
The compressive strength of mortars with different PCEs after 8, 12 and 72 hours hydration is 
shown in Figure 5. When the dosage of PCEs is 1mg/g, compressive strength of mortars at 8 
and 12 hours increases significantly with the side chain length of copolymer. While, at 72 
hours this strength promoting effect of long side chain PCEs decreases, or even disappears. 
This implies the effect of PCE molecules on hydration process of Portland cement is more 
focusing on the early ages. When the dosage of P54 and P112 is increased to 2 and 4 mg/g 
(P54-m and P112-m), mortars at 8 hours could not be demould due to the lack of strength. 
Moreover, the strength of P54-m and P112-m mortars at 72 hours are also lower than P22 



 

mortars. This is on one hand because higher dispersive capacity allows a longer distance 
between cement particles. Therefore, a longer period will be needed for hydration product 
being connected as a network to give strength. On the other hand, higher content of PCEs may 
block the hydration of cement particle in some way, which needs to be further confirmed. 

 
Figure 5 Influence of PCEs with different molecular structure on the early age strength of cement 

mortars 

3.2.3 Adsorption 
Figure 6 shows the adsorption behavior of different PCEs on cement particles. As can be seen 
from figure that for a same dosage of 1mg/g, the adsorption amount and ratio of PCEs 
decrease with the increasing side chain length of copolymers. When the dosage of P54 and 
P112 are increased to reach a similar number of molecules as P22, the adsorption amount is 
promoted but the adsorption ration still remains low. In another word, even when same 
molecules were added in cement paste, PCEs with short side chain performs a higher 
adsorption capacity than those with longer side chains. That is in accordance with the findings 
by Yoshioka and Plank(Johann Plank & Sachsenhauser, 2006; Yoshioka et al., 1997), who 
suggested that steric effect of long side chain has negative effect on the packing of PCEs 
molecules on the surface of cement particles, which therefore leading to a lower adsorption 
ratio. 

 
Figure 6 Adsorption behaviors of PCEs with different molecular structure in cement paste 

3.2.4 Heat of hydration 
Figure 7 illustrates the effect of PCEs with different side chain length on the hydration heat 
flow of cement paste. Compare to plain cement, addition of all PCEs retard the hydration of 
cement paste. The introduction period of cement paste with PCEs was prolonged and the 
onset of acceleratory period was then retarded. And for PCEs at a same dosage of 1mg/g, the 
retarding effect is increased with the decreasing side chain length of superplasticizer. Similar 
results are reported by several researchers(Winnefeld et al., 2007; Yamada et al., 2000; Zingg 
et al., 2009), who all pointed out that the retardation of early age hydration and setting of 
cement paste containing polycarboxylate superplasticizers increased with the decreasing EO 
numbers in side chain. When the number of PCE molecules added in the cement paste are 



 

very close (P22, P54-m and P112-m), the hydration heat flow for paste with different PCEs 
are surprisingly similar, of which the duration of introduction period and the onset of 
acceleratory period are nearly the same. Well, the peak shape of P112-m is slightly different 
from other two samples. This strongly suggests the influence of different side chain length on 
the hydration process of cement may not be distinct when a same number of PCEs molecules 
are added in cement paste. Moreover, based on this, it can be confirmed that the difference of 
early age mortar strength between P22, P54-m and P112-m shown in Figure 6 are mainly 
attributing to the dispersion of cement particles. 

 
Figure 7 Influence of PCEs with different molecular structure on the hydration heat flow of cement 

paste 

3.2.5 Hydration product 
X-ray diffusion 
The CH content determined by X-ray diffusion Rietveld analysis is given in Figure 8. It is 
clear that when the dosage of PCEs is fixed at 1 mg/g, the CH formation at early age (8, 12 
and 24 hours) is promoted with the increasing side chain length of PCE molecule. However, 
the CH content at 72 hours for different PCE pastes shows no distinct difference. This is in 
consistent with the results of mortar strength and hydration heat flow as above mentioned, 
which confirms that the retarding effect of cement hydration (C3S hydration) is increased with 
the decreasing side chain length of PCEs. While for P22, P54-m and P112-m samples, in 
which the number of PCE molecules is similar, the CH content at 8 and 12 hours is nearly 
close, remaining at a relatively low value of around 2.5 wt-%. Afterwards, the CH content 
increases steadily to reach a same level as other samples at 72 hours. 

 
Figure 8 Portlandite contents of cement paste with PCEs at different age, measured by X-ray Rietveld 

analysis 

The amount of ettringite is also measured and given in Figure 9. For a dosage of 1mg/g (P22, 
P54 and P112) , It is clear that the ettringite content in cement paste increases with the 
increasing side chain length of PCEs after 8 and 12 hours’ hydration. Then the ettringite 
content of different samples becomes similar after 24 hours, and appears to be reduced at 72 
hours due to formation of AFm phases. When the dosage of P54 and P112 is increased to 
2mg/g and 4mg/g (P54-m and P112-m), the content of ettringite at 8 and 12 hours are reduced 



 

compare to lower dosage sample, but still higher than that of P22 sample. After 24 hours, the 
ettringite content of P112-m and P54-m samples are significantly higher than other cement 
paste. Based on these results, we can infer that on one hand an increasing number of PCEs 
shows negative effect on the formation of ettringite at early age. However, the higher 
dispersion which comes from the higher dosage allows more space for hydration, therefore on 
the hand promoting the ettringite formation later. For PCEs with different side chain length, 
when the number of molecules in system are similar, the “dispersion-space” effect was 
predominate factor than influences the formation of ettringite.  

 
Figure 9 Ettringite contents of cement paste with PCEs at different age, measured by X-ray Rietveld 

analysis 

Scanning electron microscopy 
The microstructure of hydration product observed by SEM with different PCEs is shown in 
Figure 10. Although the observation of secondary electron images by SEM is identified as 
nonquantitative and subjective, it is still an efficient way to show the microstructure of 
hydration product especially at early age. As can be seen from the figure, at 4 hour, the 
surface of cement particles still remains unaltered in P22 and P112-m samples. While, for 
P112 sample, tiny pieces of petaloid hydration products can be observed on the surface of 
cement. At 8 and 12 hours, same petaloid products appear in P22 and P112-m samples. 
Meanwhile, a large amount of C-S-H has been formed in P112 sample, which makes it 
difficult to find the original surface of cement. These images show clearly that, for PCEs at a 
same dosage level (1mg/g), the hydration of cement (C3S) is “promoted” with the increasing 
long side chain of copolymer. However, this “promotion” will disappear when a same number 
of PCE molecules are added. This finding is in accordance with the previous results.  

 
Figure 3 Microstructure of cement hydrates after 4, 8 and 12 hours with different PCEs by SEM 

4. Discussions 
According to the results presented above, it seems that the hydration retardation introduced by 
PCEs is more likely related to the number of copolymer molecules rather than the side chain 



 

length when the side chain density is kept as nearly constant. Therefore, if we plotting the 
hydration heat of cement paste generated after 8 hours against the numbers of molecules 
added in the system, as known in Figure 11, it is clear that the hydration heat deceases with 
the increasing number of PCE molecules.  

 
Figure 4 Plotting of hydration heat generated for 8 hour against the amount of different PCEs in the 

cement paste 
From the literature, three different mechanisms had been proposed for the retarding effect of 
PCEs on cement hydration. Some researchers (Mollah et al., 2000) suggested that PCEs 
adsorbed on cement particles which hinder the diffusion of water and calcium ions between 
cement and solution. However, this idea was not widely supported due to the lack of support 
from experimental observation. Others (Borget et al., 2005; J Plank & Sachsenhauser, 2009) 
believed that the complexation between PCE molecules and calcium ions prevent and delay 
the nucleation and precipitation of hydration products (i.e. portlandite). It is well known that 
polyacrylates and PCEs containing polymerized acrylic acids can form complexes with 
calcium ions that are able to bind reasonable amounts of calcium ions. And this complexation 
led a decrease in the size of swollen particles of these copolymers. However, it was then 
reported (Lothenbach et al., 2007; Winnefeld et al., 2007) that the stability constants for 
complexes between calcium ions and polyacrylic was low. Moreover, this low stability 
constants did not change the pore solution composition of PCE added cement paste in 
comparison to a plain sample at different hydration ages. This indicates that the retarding 
effect of PCEs is probably not caused by the complexation with calcium ions. Recently, more 
experiment results were supporting the idea that PCE molecules adsorbed on the surface of 
cement change the growth kinetics and morphology of hydrate phases. Ridi and co-authors 
(Artioli et al., 2014; Ridi et al., 2003; Ridi et al., 2012) studied the hydration of alite and 
nucleation of C-S-H in the presence of superplasticizers by both experimental measurements 
and modelling. It was revealed that the adsorption of superplasticizer on alite changed the 
nucleation and growth mechanism and of hydration product. In this study, the change density 
of different PCEs is kept as quite similar. We can simply assume that the adsorption abilities 
for different PCE molecules are nearly the same. When the dosage of PCEs is fixed at a 
weight of 1mg/g, the number of copolymer molecules with longer side chain length in 
system/adsorbed on cement particles is clearly lower than that with short side chain length, 
thereby having a reduced effect on the retardation of cement hydration. The difference of 
retardation effect cause by PCEs with various side chain lengths decreases or even disappears 
when same number of molecules is added in the cement paste.  
Additionally, the research works by Juilland (Juilland et al., 2010) may give another point 
view on the mechanism. He suggested that the introduction period of cement was controlled 
by a slow dissolution step, which is applicable to the dissolution process of various minerals 
in the field of geochemistry. In this theory, it is pointed out that the adsorption of impurities 
on the surface of minerals would limit the step retreat process, therefore posing a negative 
effect on the dissolution of minerals. Moreover, Minard (Minard et al., 2007) propsosed that 



 

the adsorption of sulfate on the surface of C3A would slow down its hydration. Thus, 
according to the experimental results given is this study, it is reasonable to infer that the 
adsorption of polycarboxylate superplasticizer on the anhydrous particles (both C3A and C3S) 
will limit the dissolution of these minerals, therefore having a retardation effect on the 
hydration process. Since the mechanism of this retardation is due to the adsorption, the effect, 
as presented in this work, is more related to the number of molecules rather than the side 
chain length for PCEs when the side chain density is fixed.    
5. Conclusions 
In this study, effects of different polycarboxylate ether type superplasticizers with varying 
molecular structures, especially different side chain length, on the early performance of 
cement materials were investigated.  
It was found that the side chain length would influence the adsorption behaviors of PCEs on 
cement particles. This, combined with the steric effect of side chain itself, would therefore 
lead to a diverse dispersive capacity of PCEs. The early age hydration of cement was retarded 
by the presence of PCEs compare to plain sample. And for a same dosage (mass fraction), the 
retarding effect is increased with the decreasing side chain length of copolymers. This 
retarding effect resulted in a reducing of hydration product and therefore the strength of 
mortars at early age as examined by various analysis methods. However, the difference of 
hydration retarding effect cause by varying side chain length was diminished or even 
eliminated when same numbers of PCE molecules were added in the cement paste. 
Different mechanisms regarding to the retardation effect are discussed. It can be possibly 
concluded that this effect is mainly due to adsorption of the copolymers on the surface of the 
cement particles. The adsorption of PCEs on anhydrous cement particles on one hand changes 
the nucleation and growth kinetics of hydration products, which is supported by Ridi et 
al.(Ridi et al., 2003; Ridi et al., 2012), and on the other hand may limit the dissolution of 
clinkers according to investigation by Juilland (Juilland et al., 2010).  
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Abstract 

The balance between the silicate, aluminate and sulfate phases in cement is one of the most important aspects during 

hydration. In particular, a too low supply of sulfates results in an uncontrolled hydration of C3A that in turn retards 

silicates hydration. It appears that the use of comb-shaped polycarboxylate ether (PCE) superplasticizers can induce a 

noticeable perturbation of this balance, resulting in a strong retardation of hydration. 

In this study, a synthetized polyphased clinker with 80%wt. alite and 20%wt. C3A combined with hemi-hydrate has been 

used as a model system for cement to understand the interaction between PCEs and the main cement phases. As the 

behavior of PCEs depends on their structure, various molecular architectures have been investigated. 

Calorimetric measurements and XRD/Rietveld analysis have highlighted the effect of the PCEs and their structure on 

the hydration of this model binder. In this paper, we report experiments in which the polymer has been added in a 

delayed mode to avoid a too strong interaction with the fast aluminates reactions. In presence of the PCEs, the overall 

hydration is retarded. Moreover, as dosages are increased, the system can move to a situation of imbalance between 

sulfate and aluminate phases, as can also be observed in normal Portland cement hydration. The reasons for this as 

well as the influence of the molecular architecture are discussed with respect to the availability of sulfates, 

precipitation of aluminate phases and rate of hydration of silicates.  

 

Originality 

Up to now, the impact of PCE superplasticizers on hydration has been mostly studied on pure phases or under 

conditions only poorly representative of a cement paste. The use of a polyphased clinker constitutes a very good model 

system, close enough to reality to give useable conclusions, but simple enough to understand main principles. The value 

of this approach is enhanced by the careful quantification method that we developed and applied to this system. This 

represents a major step in elucidating the complex and coupled effects of PCEs on cement hydration. 

 

Keywords: PCE; molecular structure; hydration retardation; polyphased clinker; calcium sulfate. 
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1. Introduction 

Among all the concrete dispersants and superplasticizers, polycarboxylate ethers (PCEs) with their 

comb-shaped structure show the highest dispersive efficiency. An advantage of this kind of polymer is 

that the molecular structure can be easily modified to fit expected and targeted properties in practice 

(Flatt and Schober 2012). However, their most important downside is that they invariably lead to the 

perturbation of the interaction between the main cement phases and the retardation of hydration 

(Cheung et al. 2011; Marchon and Flatt 2016; Marchon et al. 2014; Marchon et al. 2013; Lothenbach, 

Winnefeld, and Figi 2007; Winnefeld et al. 2007). Several studies, mostly performed on pure phases 

or ideal systems less representative of cement paste, have shown that PCEs can strongly impact 

through adsorption or complexation (Plank and Sachsenhauser 2009; Comparet 2004) the different 

hydration processes, which are dissolution (Comparet 2004; Nicoleau 2004; Pourchet et al. 2007), 

nucleation and growth (Picker 2013; Falini et al. 2007; Keller and Plank 2013). However, although 

these studies performed on pure systems help to understand the fundamental mechanisms, they do not 

take into account the importance of the interaction between the main phases of cement during their 

hydration. 

 

The balance between the silicate, aluminate and sulphate phases is one of the most important aspects 

during cement hydration. Tenoutasse (1968) showed, with a system of pure phases, that when the fast 

hydration of C3A is not prevented because of a too low supply of sulfates coming from the dissolution 

of gypsum, then the hydration of C3S is strongly decreased and retarded. PCEs impact on this balance 

is generally visible by calorimetric analysis where addition of the superplasticizer completely alters 

the shape of the heat release curve by modifying the onset, the slope and the height of the main peak 

as well as the occurrence of the sulphate depletion point with respect to the silicate peak generally 

leading to their merging (Figure 1).  



 

 

Figure 1. Heat release of a normal Portland cement with different dosages of PCE 3PMA1000s (Marchon 
et al. 2014). 

 
In practice, the influence of admixtures on the main phases balance has been reported to lead to an 

inadequate regulation of the aluminate phase hydration by the sulfates (Cheung et al. 2011; Sandberg 

and Roberts 2005). However, the reason for this insufficient or too slow supply of sulfates, the exact 

mechanism of the induced retardation and the influence of PCEs architecture thereon are not fully 

understood.  

 

The objective of this work is therefore to determine in which way PCEs and their architecture perturb 

the silicate-aluminate-sulfate balance. More specifically, we present a study of the hydration of a 

synthetized polyphased clinker (80%wt. alite and 20%wt. tricalcium aluminate) with the addition of 

hemi-hydrate as sulfate carrier in presence of pure PCEs with different well characterized molecular 

structure added in a delayed mode.  

 

2. Experimental procedures 

2.1. Materials 

A polyphased clinker composed of 80.9%wt of alite, 17.2%wt of C3A and less than 2% of impurities 

(C2S, CH, SiO2) has been synthetized from a mixture of SiO2, CaCO3, Al2O3 and MgO (> 99 % pure, 

Sigma-Aldrich) in the molar ratio of 1: 3.43: 0.22: 0.06. Hemi-hydrate has been obtained by 

dehydration of gypsum (> 98% pure, Acros Organics) at 110°C during 12 hours. The particle size 

distribution of each component (measured in isopropanol with a Malvern MasterSizer S diffractometer) 

are shown in Figure 2. The Dv50 for the polyphased clinker is 9.92 μm and for the hemi-hydrate 

7.20 μm. The BET specific surface of the polyphased clinker is 1.009 ± 0.006 m2/g as measured by 

nitrogen adsorption technique (Micromeritics Tristar II 3020). 
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Figure 2. Particle size and cumulative volume size distribution of the polyphased clinker and the hemi-
hydrate (Marchon et al. 2014). 
 

Figure 3 and Table 1 summarize the characteristics of the PCEs used in this work. They were all 

synthetized by esterification of polyethylene glycol side chains on previously polymerized backbones 

of about 5300 g/mol with methacrylate acid monomers. The carboxylate to ether (C/E) ratio represents 

the grafting density of the side chains and N the number of monomers in the backbone for one side 

chain that contains P monomers of ethylene oxide (P simply representing the length of one side chain). 

The C/E ratio was calculated after the quantification of unreacted monomers during synthesis by ultra 

performance liquid chromatography (Acquity UPLC, Waters). 

 

 

Figure 3. Generic representation of the molecular structure of PCE superplasticizers. 
 



 

Table 1. Molecular characteristics of the PCEs used 

PCE 
C/E 
ratio 

N 
SC 

length 
[g/mol] 

P 
#COO- 

[mmol/g] 

3PMA1000s 3.2 4.2 1000 23 2.3 

1PMA1000s 1.3 2.3 1000 23 1.0 

6PMA1000s 6.3 7.3 1000 23 3.6 

3PMA3000s 3.4 4.4 3000 69 1.0 

6PMA3000s 6.4 7.4 3000 69 1.7 

 

2.2. Experimental Process 

The polyphased clinker and 5.5%wt. of hemi-hydrate were mixed together by hand with a mortar and 

a pestle. Then, the homogenised powder was mixed with water (w/c=0.43) at 800 RPM for 3 min. The 

PCE was added in the paste 5 min after the mixing and the paste was remixed (800 RPM for 1 min). 

Calorimetric measurements were performed on 5 g of the final paste in an isothermal calorimeter 

TAM Air (TA Instruments) at 23°C. 

 

3. Results and discussion 

3.1. General effects of the PCE addition on the polyphased clinker hydration 

The addition of 5.5%wt. of hemi-hydrate in the polyphased clinker leads to a metastable system (solid 

line in Figure 4), where the sulphate depletion peak appears right after the silicate one. Such situations 

can be observed during the hydration of most normal Portland cements.  

 

Figure 4 also shows the effect of different dosages of a PCE (6.3PMA1000s) on the hydration process 

of the polyphased clinker after a delayed addition. In that figure the position of the maximum rates of 

C3A and C3S hydration are respectively marked by diamonds and circles (below the x-axis). A 

separate phase quantification, not shown here, was carried out to confirm the analysis derived from the 

calorimetric curves. 
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Figure 4. Hydration of polyphased clinker with different dosages of the PCE 6PMA1000s added in a 
delayed addition mode. Diamonds and circles indicate respectively the position of aluminate and silicate 
hydration peaks (separately confirmed by XRD analysis). 
 

 

From this figure and similar ones with other polymers, we find that both aluminates and silicates peaks 

are delayed in a similar way, and that the retardation increases with the dosage. This is in line with the 

response of a superplasticized paste of normal Portland cement (Figure 1). Furthermore, a slight 

transition to an apparently less sulfated system is evidenced by relative displacement of both peaks, 

which even leads to their inversion as the dosage increases. However, this inversion occurs less 

dramatically and at lower dosages than in direct addition mode as reported elsewhere (Marchon et al. 

2014; Marchon et al. 2015). 

 

In Figure 4 it is also possible to observe a very small peak at around 2 h. This represents the 

precipitation of gypsum due to the fast dissolution of hemi-hydrate. Interestingly our quantitative 

phase evolution analysis by XRD measurements (not shown here) revealed that almost no gypsum 

precipitates in presence of PCEs, but that hemihydrate disappears nevertheless. However, the phase 

analysis also showed a reduction in the precipitation of ettringite at the sulfate depletion point. 

Therefore, from a mass-balance point of view this raises the question concerning the actual location of 

the sulfates. They could be either in pore solution or adsorbed on C-S-H, as shown by others (Berodier 

2015; Fu et al. 1994; Divet and Randriambololona 1998; Gallucci, Zhang, and Scrivener 2013). To 



 

elucidate this question we will undertake a systematic analysis of the sulfate concentrations in the pore 

solution of these pastes. It is worth noting that in direct addition, the situation is different in that more 

ettringite is formed (Marchon et al. 2015). 

 

3.2. Effect of PCEs molecular structure on retardation 

Similar calorimetric measurements as described above have been performed with all the PCEs listed in 

Table 1. The retardation of the silicate peak with respect to the reference without polymer is 

represented in Figure 5 as a function of the total number of carboxylate functions (i.e. the total number 

of negative charges available for adsorption) introduced in the system. The choice of this 

representation is guided by the fact that electrostatic interactions play an essential role in adsorption 

and retardation (Marchon et al. 2013).  
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Figure 5. Retardation of the silicate peak as a function of the total number of carboxylate functions 
introduced in the system with the addition of different dosages of PCEs. 
 

This figure shows that retardation increases linearly with the total number of carboxylates introduced. 

More importantly in the selected representation the slope of this increase, γSP, does not depend on the 

length of the side chains but only on the carboxylate to ether ratio. This is a very valuable result in that 

it suggests that the real role of side chains in delayed addition is only to change the number of ionic 

groups per unit mass of polymer.  

 

Taking the analysis further we can examine the variation of γSP with C/E. As will be discussed 

elsewhere (work in progress) we find that γSP varies with the inverse square root of C/E. This may 

appear surprising as the lower C/E ratio (i.e. the lower amount of charges per unit of backbone) would 



 

give the highest values of γSP. At first look, this may appear incorrect, but it is misleading and 

counterintuitive. Indeed the effect of C/E on retardation is twofold. First, there is a linear dependence 

of the number of charges, which implies a power one dependence of C/E: Δt ~ γSP (C/E). Second there 

is an inverse square root dependence of the slope on C/E: γSP ~ (C/E)-½. Consequently, the overall 

dependence of retardation on C/E increases with the square root of C/E: Δt ~ (C/E)½. The full 

implications and reasons for this result will be discussed elsewhere (work in progress). However, in 

the context of this paper, we can mention that it is the first time that the retardation of cement 

hydration can be clearly related to the molecular structure of PCEs through a clear scaling relation. 

 

4. Conclusions 

In order to better understand the effect of PCE superplasticizers on cement hydration, a polyphased 

clinker with 80%wt. alite and 20%wt. C3A has been synthetized and tested with different well-defined 

PCE architectures. Several studies have already focused on the impact of PCEs on mainly pure phases. 

This is however not taking into account the importance of the balance between the silicates, 

aluminates and sulfates. The model cement developed for this study offers a simplified complex 

system, which is close enough to reality to give useable conclusions but simple enough to understand 

main principles. At this point, the study has confirmed a clear influence of the PCE on the hydration of 

the polyphased clinker and on the balance of the main phases, which is similar to the impact observed 

during hydration of a superplasticized normal Portland cement paste. This includes a change in 

ettringite precipitation as well as in sulfates availability, which still has to be confirmed.  

 

The main output of the results presented in this study is the comparison between different PCEs 

architecture allowing the determination of the molecular parameter determining the retardation of the 

silicate hydration. More specifically we find that retardation increases linearly with the number of 

introduced charges. Reporting data in this way eliminates the dependence on the side chain length. 

This implies that in delayed addition the side chains do not have a direct impact on retardation. 

However, by changing the number of charges per unit mass, they appear to have an effect if 

retardation is plotted versus dosages expressed in unit mass. The second important point is that the 

retardation increases overall with the square root of C/E. 
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Abstract 
One of the main problems associated with concrete during its production to the cast-in-place and 
service life is its continuous shrinkage. The phenomenon of shrinkage is ascribed to the concrete 
contraction accompanied to water loss from the very beginning of its production. Flowable concrete 
mortar shrinkage negatively affects the mechanical properties through internal stresses in the form of 
micro-cracks with internal and/or external apparent deformations. The use of super absorbent polymer 
(SAP) helps the compensation for water loss; thus, SAP controls the shrinkage at early stage of 
concrete preparation. The effect of pore water extracted from pastes of different water-to-binder ratios 
on the absorptivity and efficiency of SAP on the drying shrinkage of self-flowable concrete mortar 
subjected to low relative humidity is investigated. There is a kind of competitive physicochemical 
interaction between SAP, the high range water reducing admixture (HRWR) and the cementitious 
matrix that is significantly affected by pore water concentration.  
 
Originality 
The originality of this work emerges from its title and the ideas in the abstract. SAP is extensively 
investigated from various points of views. However, the effect of pore water chemistry due to the 
change in the water-to-binder ratios on the absorptivity and physicochemical interaction between SAP, 
the high range water reducing admixture (HRWR) and the cementitious matrix under low humidity is 
evaluated. In this study, the test conditions illustrate the effect of low relative humidity on the drying 
shrinkage of the concrete containing SAP, HRWR and different cementitious matrices. 
 
Keywords: Pore water chemistry, physicochemical interaction, SAP, HRWR, Drying shrinkage.  
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1. Introduction 

Drying shrinkage of cement paste occurs due to chemical reaction and physical effect. 

Chemical reaction such as autogenous shrinkage is attributed to chemical shrinkage and 

self-desiccation while the reduction in temperature represents the physical effect; thermal 

dilation. Chemical shrinkage takes place at early ages in concrete mixtures with lower water 

content due to hydration of cement and absence of curing water leading to cement hydrates of 

lower volume [Shah, S. P., and Weiss, W. J., 2000; Leepage, S., et al. 1998; Lura, P., et al. 2003; 

van Brugel, K., et al. 2000; Barcelo, L., et al. 2005]. It was first documented by Le Chatelier 

[Le Chatelier, H., 1900]. The chemical shrinkage can be defined as a reduction in the internal 

volume of the cementitious structure while the autogenous shrinkage is defined as a change in 

the external volume of that structure; consequently, autogenous shrinkage is a fraction of the 

overall chemical shrinkage [Japan, 1999]. It was found that the chemical shrinkage is 

dependent on the degree of hydration in a direct linear relationship [Tazawa E.-I. et al., 1995]. 

Others have successfully correlated autogenous shrinkage to pressure created by capillary 

pores that was found to be induced by chemical shrinkage [Hua C. et al., 1995 and 1997]. 

New types of additives known as superabsorbent polymers (SAP) or hydrogels are used as 

water reservoirs to compensate for the water dried off the cementitious system. As they are 

composed of salts of cross-linking of poly acrylate-acrylic acid, SAP have a superabsorbent 

ability to liquid of few hundred times of their own weight. Also, SAP have the ability to 

preserve this liquid and release it under certain prevailing surrounding conditions. SAP 

particles have been used in concrete to decrease the autogenous shrinkage by providing 

internal curing [Jensen O.M and Hansen P.F, 2002]. The absorptivity of SAP to fluids relies 

on the ionic concentration. Di and tri-valent cations tend to reduce the absorptivity to a great 

extent. For example, the absorptivity of SAP in slurry prepared from cement after filtration 

was shown to have a lower affinity to that fluid than in de-ionised water. This was attributed 

to the screening effect of the charge of the mono and divalent cations in the slurry [Snoeck D. 

et al., 2012]. This consequently affects the efficiency of SAP on reducing the drying 

shrinkage. The aim of the current study was to investigate the effect of pore water 

composition of two self-flowable concrete mortars (SFCM) on the absorptivity and 

consequently on the efficiency of SAP on reducing the drying shrinkage at very early age. The 

two SFCM mixtures were tested under low relative humidity of 20% and room temperature of 

20oC. The effect of different SAP contents of 0, 0.5 and 1% on the early drying shrinkage was 

investigated in this study; expressed as weight percentage of total binder. 

 

2. EXPERIMENTAL SCHEME  

2.1 Materials  

2.1.1 Fine powder  

The chemical and physical properties of ordinary Portland cement (PC) and class F fly ash 

(FA) used as the main binder. as shown in Table 1. The median grain sizes of PC and FA were 

13 and 16 µm, respectively and their particle size distributions are shown in Figure 1. The 

mineralogical composition and microstructure of FA is shown in Figure 2. 

 

 

 



 

Tab 1. Physical and chemical properties of PC and FA 

Oxides (%) PC FA 

SiO2 20.41 55.83 

Al2O3 5.32 26.95 

Fe2O3 4.1 10.17 

CaO 64.14 4.32 

MgO 0.71 0.31 

SO3 2.44 0.18 

P2O5 0.04 - 

TiO2 0.3 - 

MnO 0.07 - 

Na2O 0.1 0.06 

K2O 0.17 0.67 

Cl 0.01 0.03 

L.O.I 2.18 5.25 

 

 

Figure 1 Particle size distribution of FA and PC 

 

 

  

 

Figure 2 Mineralogical composition and microstructure of fly ash 
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2.1.2  Fine aggregates  

Two types of local available natural sand (NS) and crushed sand (CS) were used in this study 

and have specific gravities of 2.59 and 2.63, respectively. The physical properties of fine 

aggregates are shown in Table 2. 

 

Tab. 2 Physical properties of fine aggregates 

ID 

Specific 

gravity 

(oven-dry 

basis) 

Specific 

gravity 

(SSD 

basis) 

Specific 

gravity 

(Apparent

) 

Absorption 

(%) 

Fine 

particles 

(passing 

sieve # 

200) 

Unit 

Weight, 

Loose 

(kg/m3) 

Unit 

Weight,  

Dense 

(kg/m3) 

Voids (%) 

loose dense 

CS 2.62 2.65 2.7 1.23 N/A 1459 1610 44.4 38.7 

NS 2.58 2.59 2.61 0.376 N/A 1566 1700 40.6 35.5 

 

2.1.3 Chemical admixtures:  

A second generation of polycarboxylic ether polymer (Glenium ACE 30) identified as (PE) was 

used in the production of the SFCM. PE has a specific gravity of 1.1 and dry extract of 36%. 

The optimized dosage of PE is expressed as a dry extract (D.E.) per binder weight.  

2.1.4 Chemical additives: 

Superabsorbent polymers are chemically a mix of salt of cross-linked copolymers of acrylic 

acid and acryl amide with a median particle size of 90 µm. The capacity of saline water 

uptake of SAP has been initially assessed gravimetrically and expressed in 1 g solution per 1 

g of dry SAP. The measured water absorption using tea bag test is approximately 20 g/g tap 

water. The water uptake of SAP with time is monitored using stereomicroscope, as shown in 

Figure 3. The water uptake process is reversible under drying conditions of low relative 

humidity of less 50%.  

2.2 An approach for pore solution preparation an analysis  

The first critical part of this study was to analyze as much as possible the true pore water 

solution. The extraction of pore water solution of cement paste with water-to-binder ratio 

  

SAP grains SAP grain during water uptake 

Figure 3 Process of SAP-saline water uptake monitored by optical stereomicroscope 

analysis 

Optical stereomicroscope image 



 

(W/B) ratios of 0.3 and 0.4 for chemical analysis was found to be impractical and difficult to 

perform. The current idea was to prepare an exact solution but without the presence of SAP 

whose mixture is normally characteristic with little or no segregation and bleeding. After 

mixing for 3 continuous minutes using hand blender of speed of 12000 rpm with the exact 

amount of mixing water, the additional amount of water with superplasticizer required for 

SAP was added and mixed for additional 2 minutes. The mix was left for another 2 minutes to 

show a little amount of water on the surface that can be collected and filtered for analysis. 

Using sensitive digital balance, one droplet of each prepared solution has to be dried over a 

aluminum stub for SEM-EDX elemental microprobe and mapping analyses and that provided 

enough thickness to prevent or lower the possible elemental interference. This method is for 

further discussion and improvement. 

2.3 Mixing procedures and testing  

Hobart mixer of a capacity of 4.7 L with two mixing speeds was used: speed # 1 of 139 rpm and 

speed#2 of 285 rpm. The protocol of mixing begins with adding PC pre-homogenized with fly 

ash gently over water premixed with the optimized PE dosage in a Hobart bowl under speed # 1 

for 2 minutes. The optimized mix of CS and NS (40:60) was then added to the previous paste 

mixture. The mixer was stopped for 30 sec to clean the wall of the bowl by pushing down the 

flushed portion and add the calculated amount of SAP. The mixer was started again for 3 

minutes, during which the required amount of water and PE was slowly added. At the end of 3 

minutes, the mixer was stopped and shifted to speed # 2 for 2 minutes. The flow of the final mix 

was then measured and then cast into the mortar bar moulds as per ASTM C157 and left for a 

total initial curing time of 20 hours in sealed plastic bags. The samples were demoulded and 

cured under environmental conditions of 20 % R.H. and temperature of approximately 20±2oC 

during the testing of drying shrinkage. Three 1 x 1 x 11 1/4 in mortar bars for each mixture were 

prepared as per ASTM C 157. The bar samples were demoulded near 20 hours then demoulded 

and first reading was taken and then all bars were transferred into drying room and maintained 

at 20% relative humidity and temperature of 20oC. Shrinkage measurements were taken every 

2-5 minutes using length comparator with digital dial gauge from HUMBOLDT with a 

resolution of 0.0001 inch. Automatic digital system is proposed and especially for long-term 

measurements. 

The particle-size distribution of PC and FA was measured using a laser scattering particle size 

distribution analyzer LA 950V2 from Horiba. Microstructural investigation was performed 

using a field-emission dual-beam Versa 3D scanning electron microscope (FESEM) from FEI. 

Optical microscope investigation was done using a Leica EZ4 stereomicroscope. 

2.4 SFCM mix design  

The mix designs of SFCM mixtures investigated for drying shrinkage in the presence and 

absence of 0, 0.5 and 1% SAP per total binder weight are shown in Table 3. With W/B ratio of 

0.3, the addition of 0.5% SAP necessitated the addition of what was equivalent to W/B ratio of 

0.13 while that of 1% SAP was required what was equivalent to W/B ratio of 0.27. The 

corresponding values with W/B ratio of 0.4 were 0.08 and 0.19, respectively. In order to adjust 

the rheology, additional PE dosages were added that were also used in bleeding and pore-water 

extraction.  

 



 

Tab. 3 Mix designs of SFCM mixtures 

Mix ID 
W/B=0.3 W/B=0.4 

CNTRL3 W3SAP0.1 W3SAP0.2 CTRL4 W4SAP0.1 W4SAP0.2 

PC (Kg/m3) 381.76 380.89 380.02 359.53 358.75 357.98 

FA (Kg/m3) 281.02 280.37 279.73 264.65 264.08 263.51 

DS (Kg/m3) 205.10 204.63 204.16 193.15 192.74 192.32 

CS (Kg/m3) 600.23 598.86 597.49 565.27 564.06 562.84 

W (Kg/m3) 187.34 186.92 186.49 234.67 234.17 233.66 

SAP (Kg/m3) 0 3.40 6.83 0 3.22 6.44 

PE (%, D.E.) 0.22 0.36 0.47 0.13 0.13 0.29 

 

3. Results and discussion 

3.1 Adjustment of rheology 

The rheology adjustment was shown in Figure 4. The reference flow value of 160-200 mm was 

assigned. The exact amounts of PE and water are shown in the previous Table 3. 

 

Figure 4 Steps to adjust the rheology of the all mixtures with the respect to the control ones 

3.2 Chemical analysis of pore water solution 

The schematic representation of the pore solution preparation, extraction and analysis are 

shown in Figure 7. Different paste mixtures of same composition shown in Table 3 were 

prepared using water-to-binder ratios of 0.3 and 0.4, as per the main mix design. Hand 

blender of speed of 12000 rpm was used for 3 min with water without SP in the preparation in 

these pastes. Same method used in the approach (section 2.2) is applied in this part of the 

study. A normal syringe was used to extract bleeding pore water and further filtrate on slow 

speed filter paper over a similar set-up shown in Figure 5. A drop of pore water is received 

over a sample holder (aluminum stub) and dried for 1hour. After that, the amount of water and 

total dissolved salts were then calculated from the measured weight before and after drying. 

Optimized SEM setup of applied high voltage of 20 kV, spot size of 4.5 and working distance 

of 5-6 mm was used. The elemental concentrations were determined at different 9 points. The 

average of all points was then calculated. By knowing the percentage of total dissolved salts 

and the amount of water containing them, the concentration of each element in ppm was then 

calculated, as shown in Table 4. This method is under improvement and further verification 

that will be presented in details as an effective method in determining the concentration of 

elements in pore water in another research. 



 

 

Figure 5 Schematic representation of the filtration system used in this study 

 

Tab. 4 Chemical composition of the elementals in the extracted pore water solution 

Elements 
Concentration (ppm) 

W0.3 W0.4 

Si 971.5 746.1 

Al 50.7 34.3 

Fe 79 52 

Ca 12646.3 7691 

Mg 289.2 253.7 

Na 748.8 435.8 

K 2811.3 811.7 

S 3393.1 1805.8 

 

Elemental mapping analysis was performed to show the density distribution in the precipitate 

of evaporated droplet of pore water solution. The calculated elemental analysis is shown in 

Table 4. The analysis shows that the both solutions were rich in Ca2+, S2-, K1+ and Na1+. The 

concentration of elements is much higher in the solution extracted from mixture prepared with 

W/B ratio of 0.3 than this with W/B ratio of 0.4. Elemental mapping analysis of the past 

mixture prepared with W/B ratios of 0.3 and 0.4 is shown in Figures 6 and 7, respectively. 
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Figure 6 Elemental mapping analysis of the past mixture prepared with W/B ratio of 0.3 

 

 

   

Figure 7 Elemental mapping analysis of the past mixture prepared with W/B ratio of 0.4 

 

3.3 Early measurements of drying shrinkage 

The early minutes measurements of the drying shrinkage begin after 20 hours of casting and 

curing have revealed important outcomes. The test setup and measurements are shown in Figure 8. 

The mass loss was followed same time during drying shrinkage measurements. Both results of 

drying shrinkage strain and mass loss of all mixtures with W/B ratios of 0.3 and 0.4 are shown in 

Figures 9 to 12. 

 

 

Figure 8 Casting and demoulding, curing and testing of drying shrinkage using multiple 

system 

There are many parameters seem to control drying shrinkage rather than W/B ratio such as nature 

of aggregate, its size, quality of interstitial transition zone (ITZ), curing conditions, curing 

temperature, binder composition, chemical admixtures and additives and so on. From Figures 9 

and 11, it can be noted that the drying shrinkage strain values follow a stair-like behavior, which 



 

indicates the presence of different threshold values of pore sizes at which the corresponding 

shrinkage strains are shown to have constant values. Figure 9 shows also that the efficiency of 

SAP in reducing the drying shrinkage is low and provide similar value to that given by CTRL-0.3. 

This can be correlated with the elevated elemental concentrations of mono, di and trivalent ions, 

which as reported reduce the absorptivity of SAP to a great extent. As mentioned before, this 

was attributed to the screening effect of the charge of the mono and divalent cations in the 

slurry [Snoeck D. et al., 2012]. This consequently affects the efficiency of SAP on reducing 

the drying shrinkage. On the other hand, where low concentration of these ions was found, the 

efficiency of SAP is much higher, as shown in Figure 12. The mass loss follows the same 

trend; a stair-like behavior was also observed, which reveals similar conclusions, as inferred 

from Figures 9 and 11. In general, drying shrinkage strain and mass loss are higher where 

W/C ratio is higher. However, the mixture with W/C ratio of 0.4 and SAP content of 0.2% 

shows lower drying shrinkage strain than the corresponding mixture with W/C ratio of 0.3 

and same SAP content of 0.2, as confirmed in Figures 9 and 11. This confirms that the pore 

water chemistry has a great impact on the efficacy and absorptivity of SAP in reducing drying 

shrinkage strain under the current severe conditions of low relative humidity. 

 

  
Figure 9 Drying shrinkage of mixtures made with W/B ratio of 0.3 

 

 



 

  
Figure 10 Mass loss of the sample tested for drying shrinkage of mixtures made with W/B 

ratio of 0.3 

 

 

 

  
Figure 11 Drying shrinkage of mixtures made with W/B ratio of 0.4 

 



 

  
Figure 12 Mass loss of the sample tested for drying shrinkage of mixtures made with W/B 

ratio of 0.4 

4. Conclusions 
The measurement of drying shrinkage at early age with short time intervals was very 
encouraging. The determination of the actual composition of pore water solution is crucial. 
The results from the proposed technique for measuring pore-solution composition match well 
with the results of drying shrinkage of mixture containing SAP. The use of SAP helps the 
compensation for water loss. The incorporation of SAP controls the shrinkage at early stage 
of concrete preparation, casting and curing dependent on many parameters including W/B 
ratio and chemistry of pore water solution. Addition of SAP alters the rheology due to its 
water demand. This necessitates the addition of water and superplasticizer. There is a kind of 
competitive physicochemical interaction between SAP, superplasticizer and the cementitious 
matrix that is significantly affected by pore water concentration. The higher the concentration 
of di and trivalent elements in the pore water the lower is the efficiency of SAP in reducing 
the drying shrinkage. The higher the water content the higher are the drying shrinkage and 
mass loss. The drying shrinkage strain values follow a stair-like behavior, which indicates the 
presence of different threshold values of pore sizes at which the corresponding shrinkage 
strains are shown to have constant values. Mixture with W/C ratio of 0.4 and SAP content of 
0.2% provides lower drying shrinkage than that mixture with W/C ratio of 0.3 and similar 
SAP content of 0.2. This confirms that the pore water chemistry affected by W/C ratio plays 
an important role on the efficiency of SAP in reducing the drying shrinkage strain. 
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Abstract 

The properties of silicon carbide waste produced from the recycled cutting slurry waste of solar-grade 

silicon were investigated. And the effect of silicon carbide waste on the mechanical properties of 

mortars was also examined. XRD, SEM and TG-DSC analyses were conducted to evaluate the effect of 

silicon carbide waste on the hydration of cement. The results showed that the major ingredients of 

silicon carbide waste are silicon carbide and silicon, while the content of SiC is different. Mortars 

incorporating silicon carbide waste exhibited lower mechanical properties than the reference before 7 

days but the higher later. The active ingredients of silicon carbide waste, such as Si, reacted with 

Ca(OH)2, the hydration products of cement ,which promoted the further hydration of cement. 

 

Originality 

Photovoltaic industry has been developing rapidly recently. There is large amount of waste generated 

along with the development of photovoltaic industry. Silicon carbide waste is one kind of the waste 

urgently to be addressed. This article investigates the composition and properties of the silicon carbide 

waste. The influences of silicon carbide wastes on the hydration of cement are also investigated. In this 

study, the necessity of the recycle of the silicon carbide waste is put forward, followed by the 

theoretical basis for the application of silicon carbide waste in cement-based materials. 

 

Key words: Silicon Carbide Waste, Mechanical Properties, Hydration



 

1.Introduction 

In photovoltaic industry, s

cleanliness, appropriate band structure and the performance of high stability. 

solar photovoltaic devices in the world 

2008; He Y. P. 2009). In the

from crystalline silicon ingot or silicon rods, 

waste was generated (Han J. Y., et al. 2010). 

silicon slice, many domestic

production process, which can recycle

glycol (PEG) from cutting slurry waste. However

processes still generate a certain amount of low value waste residue, which 

carbide waste (SiC waste). Currently

landfill, accompanied by potential environmental risk. Therefore, the application of SiC 

in the cement-based material

only helps to solve the difficulties of 

sustainable development of cement

The generation of silicon carbide

silicon was presented in figure 1.

the solid-liquid separation phase, while the phase of SiC recovery create

content waste (referred as HS).

silicon carbide waste produced from the 

And the effect of silicon carbide

With XRD, SEM and TG-DSC, the effect of silicon 

was also investigated. 

Figure 1 Schematic diagram of 

2. Experimental Procedure

2.1 Materials 

 

In photovoltaic industry, silicon has become the research focus for its great storage, 

, appropriate band structure and the performance of high stability. 

in the world were made of crystalline silicon (T. Y. Wang, et al

In the production process of these devices, silicon slice was incised 

e silicon ingot or silicon rods, during which a large amount of cutting slurry 

(Han J. Y., et al. 2010). In an effort to reduce the production cost of 

domestic and international enterprises have adopted

can recycle silicon (Si), silicon carbide (SiC) and polyethylene 

glycol (PEG) from cutting slurry waste. However, most of domestic off

a certain amount of low value waste residue, which 

). Currently, this kind of SiC waste is mainly disposed 

potential environmental risk. Therefore, the application of SiC 

based material has been investigated as a recent research hotspot

the difficulties of recycling of SiC waste, but also 

sustainable development of cement-based material. 

arbide Waste from the recycled cutting slurry waste of 

in figure 1. It generates 9% low SiC content waste (referred as LS) 

liquid separation phase, while the phase of SiC recovery create

(referred as HS). This article studied the physical and chemical 

produced from the recycled cutting slurry waste of solar

carbide waste on the mechanical properties of mortars was examined. 

DSC, the effect of silicon carbide waste on the hydration of cement 

 

igure 1 Schematic diagram of silicon carbide waste produced from the recycled cutting slurry waste 

of solar-grade silicon 

Experimental Procedure 

its great storage, 

, appropriate band structure and the performance of high stability. And most of the 
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large amount of cutting slurry 

reduce the production cost of 

have adopted a variety of 

(SiC) and polyethylene 

off-line recycling 

a certain amount of low value waste residue, which is called silicon 

mainly disposed in the form of 

potential environmental risk. Therefore, the application of SiC waste 

research hotspot, which not 

, but also promotes the 

cutting slurry waste of solar-grade 

(referred as LS) in 

liquid separation phase, while the phase of SiC recovery creates 7% high SiC 

and chemical properties of 

cutting slurry waste of solar-grade silicon. 

on the mechanical properties of mortars was examined. 

on the hydration of cement 

cutting slurry waste 



 

 

In this study, P.Ⅱ52.5 cement produced by South Cement Company Limited and sand with 

the fineness modulus of 2.49 were used. Polycarboxylate superplasticizer was also adapted, 

solid content of which is 30%. 

The properties of SiC waste, which was dried and grinded, are showed in Table 1. 

Table 1 The Basic Properties of Silicon Carbide Waste 

The type of SiC 

Waste 

Water 

Ratio/% 

Density 

/g·cm-3 

Specific Surface 

Area/m2·kg-1 

Average Particle 

Size/μm 

LS 0.75 2.16 552 3.621 

HS 0.92 2.47 513 4.839 

2.2 Mix Proportions and Testing Procedure 

The essential parameter of mortar in this study is described as below. The water-binder ratio 

(w/b) of the mortar is 0.40, while the cement-sand ratio is 1:2.5. And, the replacing amount of 

cement with SiC waste is 10%、20%、30% by weight, respectively and the proportion of 

superplasticizer is 0.5% of the mass of cement. At the age of 3, 7, 28 and 90 days, the flexural 

strength and compressive strength of mortars were tested.  

Laser particle size analyzer was used for the test of the fineness of SiC waste. TG-DSC was 

adopted to observe the variation of the Ca(OH)2 content of the hardened cement paste. 

Thermogravimetric (TG) analyses were performed in N2 atmosphere with heating rate of 10℃

/min from 30℃ to 1000℃. XRD was used for the phase analysis of SiC waste and the 

hydration products of hardened cement paste. In an effort to observe the microstructure of 

hardened cement paste, SEM was used in this study. For microstructure test, cement paste 

samples were prepared with the w/b of 0.38 and the SiC waste content of 20%. 

3. Results and Discussion 

3.1 The Properties of Silicon Carbide Waste 

3.1.1 The Mineral Composition of Silicon Carbide Waste 

X-ray diffraction pattern and the content of SiC and Si of Silicon Carbide Waste are showed 

in Figure 2 and Table 2, respectively. The major ingredients of silicon carbide waste are 

silicon carbide and silicon. It has to be noted that the Si content of LS is higher while the SiC 

content of HS is higher. 

Table 2 shows the relative content of SiC and Si in the Silicon Carbide Waste. The SiC 

content of LS is 37% while the Si content is 63%. And, the SiC content of HS is 80% while 

the Si content is 20%. 
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Figure 2 X-ray diffraction pattern of Silicon Carbide Waste 

Table 2 The Content of SiC and Si of Silicon Carbide Waste 

The type of 

SiC Waste 

SiC Si 

Content/% SD/% Content/% SD/% 

LS 37.76 ±1.10 63.24 ±0.67 

HS 79.72 ±1.52 20.28 ±0.34 

3.1.2 The Fineness of Silicon Carbide Waste 

Figure 3 demonstrates the laser particle size analysis of silicon carbide waste and Table 3 

shows the average particle size and median particle size of silicon carbide waste. The 

distribution curves of particle size of these two kinds of silicon carbide waste are of certain 

resemblance. Both have two peaks at 1.5μm and 8μm，respectively. The particle range of LS 

is 0-18μm with wider range of particle size distribution while the particle range of HS is 

0-13μm, 90% particles of which are smaller than 9.387μm. 
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Figure 3 The Laser Particle Size Analysis of Silicon Carbide Waste 

Table 3 The Average Particle Size and Median Particle Size of Silicon Carbide Waste 

The type of SiC Waste Average Particle Size /μm Median Particle Size /μm 

LS 3.621 2.127 

HS 4.839 4.557 

3.1.3 SEM of Silicon Carbide Waste 



 

 

SEM images of Silicon Carbide Waste are showed in Figure 4. It is noticed that LS particles 

are smaller and almost in the state of irregular mass, easy to cause agglomeration. However, 

most of the HS particles present podgy prismatic shape, which causes slightly piece 

aggregation. 

  
(a)LS (b)HS 

Figure 4 SEM images of Silicon Carbide Waste 

3.2 The Effect of Silicon Carbide Waste on the Mechanical Properties of Mortars 

The effects of LS and HS on the mechanical properties of mortars are showed in Figure 5 and 

6, respectively. For mortars incorporating SiC waste, with the increase of dosage of SiC waste, 

the flexural strength and compressive strength of mortars at 3 and 7 days drop gradually, 

while the trend of strength reduction slows down with the growth of age. The later strength of 

mortars boosts with the increase of the dosage of SiC waste. 

For mortars incorporating LS, the increment of compressive strength is higher than that of the 

flexural strength. The compressive strength of mortars incorporating 30% LS is 33% higher 

than the reference while the flexural strength is 20% higher. And, the increment of the 

strength of mortars incorporating LS exceeds that of mortars incorporating HS. The 

compressive strength of mortar incorporating 30% HS is 18% higher than the reference while 

the flexural strength is 19% higher, lower than that of mortars incorporating LS. 
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Figure 5 Effects of LS on the Mechanical Properties of Mortars 
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Figure 6 Effects of HS on the Mechanical Properties of Mortars 

3.3 The Effect of Silicon Carbide Waste on Cement Hydration 

3.3.1 The Effect of Silicon Carbide Waste on the Content of Ca(OH)2 

During the heating process of hardened cement paste, the hydration products will resolve or 

dehydration at different temperature. And the thermal weight loss at 400-550℃ represents 

the dehydration of Ca(OH)2 (Li Y. X, 2003). 

Figure 7 shows the effect of silicon carbide waste on the content of Ca(OH)2 of hardened 

cement paste. The Ca(OH)2 content of reference increases with the growth of age, especially 

before 7 days. However, the Ca(OH)2 content of cement paste incorporating SiC waste has a 

significant decline comparing to the reference. It has to be noted that the Ca(OH)2 content of 

cement paste incorporating SiC waste is half of the reference, especially after 7 days. It 

indicates that some of Ca(OH)2 is expended at later stage of hydration. 
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Figure 7 The Effect of Silicon Carbide Waste on the content of Ca(OH)2 of Hardened Cement Paste 

3.3.2 X-Ray Diffraction 

(1) The Effect of Silicon Carbide Waste on the Hydration Products 

Figure 8 shows XRD pattern of hardened cement paste containing SiC waste at the age of 1 

day. The main hydration products of reference are Ca(OH)2, ettringite, C3S and C2S. It has to 

be noted that that SiC and Si are observed in the hydration products of samples incorporating 

SiC waste. Meanwhile the peak of Ca(OH)2 is weaker, which indicates that the Ca(OH)2 

content is less. In addition, the content of C3S and C2S of samples incorporating SiC waste is 



 

 

more than that of reference, which demonstrates that SiC waste retards the hydration of 

cement. This is consistent with the change of strength of mortars before 7 days. 
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Figure 8 X-ray diffraction pattern of Hardened Cement Paste incorporating Silicon Carbide Waste at 

the age of 1d 

XRD pattern of hardened cement paste containing silicon carbide waste at the age of 28d is 

showed in Figure 9. Content of C3S and C2S of reference is reduced while Ca(OH)2 and 

ettringite becomes more. However, the peaks of Ca(OH)2 and ettringite of cement paste 

incorporating SiC waste are still extremely weak. 
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Figure 9 X-ray diffraction pattern of Hardened Cement Paste incorporating Silicon Carbide Waste at 

the age of 28d 

(2) The Effect of LS on the Hydration Products of Different Age 

Figure 10 shows XRD pattern of Hardened Cement Paste incorporating LS at different age. It 

is noticed that content of C3S and C2S decreases gradually, indicating that the hydration of 

cement proceeds along with the growth of age. In addition, the content of Si also seems to 

decline with the prolonging of age while the hydration products still has less Ca(OH)2 content. 

This could be because Si reacts with Ca(OH)2 to form is C-S-H gel, which promotes the 

further hydration of cement. 
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Figure 10 X-ray diffraction pattern of Hardened Cement Paste incorporating LS at different age 

3.3.3 SEM 

SEM images of hardened cement paste incorporating SiC waste are shown in Figure 11. The 

hydration products appear in hardened cement paste at the age of 3 days. Meanwhile, C-S-H 

and Ca(OH)2 begin to overlap and intertwine. Hardened cement paste incorporating LS 

contains some fibrous C-S-H gel, accompanied by more pores which lead to the loose 

structure. And the overlap joint between Ca(OH)2 and C-S-H gel is poor in the hardened 

cement paste incorporating HS. These structural features result in the decline of strength of 

mortars incorporating SiC waste at the age of 3d. 

The microstructure of hardened cement paste becomes more compact after 28 days. The 

hydration products interlace to become stable structure. Hardened cement paste incorporating 

LS contains more fibrous C-S-H gel as well as more C-S-H gel of honeycomb structure, 

which improves the compactness of hardened cement paste. The hydration products of 

hardened cement paste incorporating HS are interlaced with other particles. Thus the 

compactness of hardened cement paste incorporating SiC waste proceeds continually, even 

higher than reference. This also proves that SiC waste can improve the strength of mortars 

after 28 days (Huang Y., 2013). 

  
(a)Reference、3d (b)LS、3d 



 

 

  
(c)HS、3d (d)Reference、28d 

  

(e)LS、28d (f)HS、28d 

Figure 11 SEM images of Hardened Cement Paste incrorporating Silicon Carbide 

Waste 

4 Conclusions 

The article studied the properties of silicon carbide waste produced from the recycled cutting 

slurry waste of solar-grade silicon. The effect of silicon carbide waste on the mechanical 

properties of mortars was examined. XRD, SEM and TG-DSC analyses were conducted to 

evaluate the effect of silicon carbide waste on the hydration of cement. The results showed as 

follow: 

1) The major ingredients of silicon carbide waste were silicon carbide and silicon. The silicon 

content of LS was higher and its particle size was smaller and almost in the state of irregular 

mass, easy to cause agglomeration. However, the silicon carbide content of HS was higher 

and most of the particles presented podgy prismatic shape. 

2) Mortars incorporating silicon carbide waste exhibited lower mechanical properties than the 

reference before 7d but the higher later. However, the increment of the strength of mortars 

incorporating LS exceeded that of mortars incorporating HS. 

3) After 7 days, the Ca(OH)2 content of cement paste incorporating SiC waste is about half of 

the reference. The active ingredients of silicon carbide waste, such as Si, reacted with 

Ca(OH)2, which promotes the further hydration of cement. 
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Abstract: The variation of initial fluidity and fluidity retention of cement pastes were tested to evaluate 

the compatibility between polycarboxylate superplasticizer (PC) and cements which was produced by 

adding different dosages of triethanolamine (TEA) as grinding aid (GA). The cement particle size 

distribution and mineral composition were measured by Laser Particle Size Analyzer and X-ray 

fluorescence spectrometer, respectively. The cement surface characteristic was measured by Inverse 

Gas Chromatography (IGC). The adsorption of PC polymer was measured by Ultraviolet Visible 

spectrophotometer. Calorimetric test was used to monitor the development of cement hydration heat. 

The results show that the cement with a trace amount of TEA has a much lower surface energy and 

work of cohesion, which can improve the grindability of cement and lead to the volume fraction of fine 

particle increasing significantly. Meanwhile, the fine cement particle has high content of C3A which 

plays an important role in early stage of cement hydration. Finally, it is worth noting that the 

phenomenon of incompatibility between cement and PC will appear once the dosage of TEA is greater 

than 0.02%. The possible reason may be that the cement produced by adding TEA has a constantly 

consumption of PC and rapid early cement hydration. 

 

Originality: Numerous studies have been carried out to investigate the impact that characteristics of 

cement on the incompatibility between cement and superplasticizer. i.e. adequate soluble alkali content, 

cement composition, calcium sulfate variety, etc. This work investigates an area of cement grinding aid 

admixture technology not commonly studied, and therefore has the potential to make an important 

contribution to the safety use of superplasticizer in fresh cement. 
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1 Introduction 

The cement industry accounts for the bulk of China’s energy and resource use. According to 

the statistics in 2013 [1], Chinese cement output reached 2.4 billion tons, and at the same time, the 

significant amounts of standard coal and electric power are being used. The coal consumption has 

reached 0.16 billion ton, which is 72.4% of the total energy consumption of the total building 

material industry, while the electric consumption has reached 137.6 billion kW·h, which is 65.4% 

of the total electric consumption of the total building material industry. This refers to an 

approximate average specific power consumption of 57 kW·h/t. However, 60%-70% of the total 

electrical energy is utilized for the grinding of raw materials, coal and clinker [2]. Therefore, under 

the guidance of a national industrial policy, Chinese companies, especially cement manufacturers, 

have been making increasing efforts in energy conservation and emission reduction in each step of 

cement production. As a key process in cement production, adding grinding aid in the cement 

grinding process is one of the most important approaches to raise the efficiency of the cement 

grinding process and decrease the consumption of energy, which has been proven to bring huge 

economic benefit to the cement industry [3,4]. Thus, the grinding aid technology has become an 

important research topic in cement academia. 

Grinding aids (GA) have been used to boost output and reduce energy consumption in 90% 

of cement production in the last decade in China [4]. From the view of present research [5-7], cement 

with GA is different from non-GA-cement in many ways, such as particle dispersion, fineness, and 

particle size distribution. These differences may influence cement hydration and its adsorption 

properties to PC polymers, which can impact the compatibility between cement and PC. This 

phenomenon has been observed in practical engineering applications [8, 9].  

Triethanolamine (TEA) is one of the most commonly used and effective component in GA, 

so it’s chosen as research subject. The aim of the present research work is to study the influence of 

TEA on the compatibility between cement and PC, where TEA is used as GA and added during the 

grinding process of the cement clinker. Usually, the variation of mortar fluidity is used to 

characterize the influence of GA on the properties of cement according to GB/T 26748-2011 

(Chinese standard of cement grinding aids). In this paper, cement paste fluidity and fluidity 

retention, which closely related to mortar fluidity, are used to express the compatibility between 



 

 

cement and PC. The following parameters are studied: (1) particle size distribution; (2) surface 

characteristic; (3) adsorption of PC polymer; (4) cement hydration. Factors responsible for the 

observed incompatibility between cements inter-ground with TEA and PC are discussed. 

2 Experimental details 

2.1 Materials 

The chemical composition of the clinker used in this study, which is provided by Shanghai 

Juerong South Cement Co., Ltd., is shown in Table. 1. The other materials are listed in Table. 2. 

 

Table. 1 Chemical composition of clinker (by mass)/% 

CaO SiO2 Fe2O3 Al2O3 MgO SO3 Na2O K2O P2O5 Other 

63.1 24.1 3.27 4.34 1.16 0.76 0.12 0.8 0.19 2.16 

 

Table. 2 Materials used in this study 

Materials Abbreviation Purity level Manufacturer 

Gypsum G Analytical Pure Sinopharm Chemical reagent Co.,Ltd 

Triethanolamine TEA Analytical Pure Sinopharm Chemical reagent Co.,Ltd 

Superplasticizer PC 40%(by mass) Sanyuan building material Co.,Ltd. 

 

2.2 Methods 

2.2.1 Cement grinding test 

In this study, analytical pure gypsum, 4% by weight of total cementitious material, was used 

to adjust the setting time of ground cement, according to GB 175-2007 (Chinese standard of 

common Portland cement). During the grinding process, the TEA solution (50% by mass) was 

added into the clinker-gypsum system at different dosages (0.01%, 0.02%, 0.03% and 0.04%), and 

the specific surface area of cement was limited to (370±5) m2/kg. 

2.2.2 Fluidity and fluidity retention test 

The fluidity of cement paste was measured according to GB/T 8077-2012 (Chinese standard 

of uniformity test method for concrete admixtures). Cement paste was prepared at a 

water-to-cement ratio of 0.26 by mixing water and a predetermined amount of PC. The fluidity of 

the cement paste was measured at 5 min and 60 min after mixing, respectively. The fluidity was 

obtained by the measurement of the diameter of cement paste using a cone (height of 60 mm, top 



 

 

diameter of 36 mm, and bottom diameter of 60 mm). The maximum diameter of the paste spread 

and the maximum width perpendicular to the diameter were measured. The average of these two 

values was defined as the fluidity. 

2.2.3 Particle size distribution analysis 

The particle size distribution of cement was measured by Beckman Coulter LS230 Laser 

Particle Analyzer. The scattering and refracted light can provide information about the particle size 

distribution by detecting the relative energy scattered by the particles, with the continuous range of 

the wavelength. This approach allows this technique to be used as a rapid method to determine the 

characteristic parameter of particles and particle size distribution for the grinding cement, the size 

of which ranging from 0.04 μm to 2000 μm is available. 

2.2.4 Absorption of PC polymer 

The absorption capacity of the PC polymer is calculated indirectly by the solution absorbance 

data measured by Hitachi U3310 Ultraviolet Visible spectrophotometer. The principle is as 

following. 

First, the characteristic absorption peak of PC sample is obtained to determine the test 

wavelength. A series of PC solutions with different concentrations were prepared to test 

absorbance data with UV spectrophotometer to draw a standard curve with absorbance and 

concentration. Then, measure the absorbance of the solution obtained from the experimental paste 

by centrifugation. If the test result is beyond of the standard curve, the solution shall be diluted 

and re-tested. At last, the concentration of the test sample can be calculated based on the 

absorbance data, and the absorption of PC polymer can be back-calculated combined with the 

original dosage in the paste. 

2.2.5 Inverse Gas Chromatography (IGC) analysis 

The cement surface characteristic, including surface energy and work of cohesion, was 

measured by IGC (Surface Measurement Systems Ltd., London, UK). The principle of IGC is that 

a known adsorbent is placed into a column while an adsorptive under investigation is used in the 

gas phase. As in analytical IGC, the retention time is obtained as the fundamental measured 

parameter. The retention time can be converted into a retention volume, which is directly related to 

several physico-chemical properties of the solid. These properties can be thermodynamic 

parameters, such as surface energy or heat of sorption and kinetic parameters, such as the diffusion 



 

 

constant and the activation energy of diffusion. 

2.2.6 X-ray fluorescence (XRF) analysis 

Chemical analysis of cement can be done in variety of ways including wet chemical analysis 

and instrumental measurements. Frequently the instrument of choice for cement analysis is an 

XRF spectrometer. The XRF spectrometer has the advantages of ease of sample preparation, 

suitability for determining a range of elements present in cements, ease of calibration as well as 

linearity of calibration curves over extended concentration ranges for most elements. 

2.2.7 Calorimetric tests 

The development of the heat of hydration of cement pastes, which were prepared by mixing 

water with cements produced by adding different dosages of TEA, was recorded by continuous 

measurement of the temperature of fresh cement pastes during the early cement hydration. In this 

test, 100g of cement and 29g of water (W/C=0.29) were mixed, then 80g mixture was placed into 

a thermos cup and kept in a thermostatic bath at 25 .℃  A temperature probe was dipped into the 

cement mixture immediately after the mixing of cement with water and the temperature was 

continuously recorded by a digital thermometer. 

 

3 Results and discussion 

3.1 Fluidity of cement paste 

Fluidity test of cement paste is a common and simple method to evaluate compatibility 

between cement and PC. In this paper, the experimental cements are prepared by adding TEA 

during grinding process. The results are shown in Fig.1. 

 

Fig. 1 Fluidity and fluidity retention of pastes with different dosages of TEA 



 

 

 

To compare the initial fluidity and fluidity retention of experimental cement pastes, which 

added TEA as grinding aid, with blank cement paste (not add TEA). Fig. 1 illustrates that there is a 

good compatibility between cements and PC when the dosage of TEA is not more than 0.02%. 

However, the initial fluidity and fluidity maintaining property significantly deteriorate when the 

dosage of TEA is greater than 0.02%. 

3.2 Cement particle characteristic 

3.2.1 Particle size distribution 

The particle size distributions of blank cement (B), cement with 0.02% dosage of TEA (T2) 

and cement with 0.04% dosage of TEA (T4) are shown in Fig. 2. 

a                                      b 

Fig. 2 Particle size distribution curve of 3 cement samples (a. Particle size distribution curve; b. Cumulative 

particle size distribution curve) 

 

The Fig. 2 demonstrates that TEA can significantly change the particle size distribution. If we 

defined the cement particles with a size range of (0-10) μm as the S level of particles, the cement 

particles with a size range of (10-30) μm and (30-160) μm are defined as the M and L levels of 

particles, respectively. Then as is shown in Fig. 2a, the TEA can increases the proportion of the S 

level of particles, significantly, while reduces the proportion of the M and L levels of particles. 

3.2.2 Mineral composition of cement particles with different diameter 

In this study, the blank cement is completely divided into S, M and L levels of particles, and 

the average diameter of the three levels of particles are 12μm, 47μm and 80μm, respectively, as is 



 

 

shown in Fig. 3.  

 

Fig. 3 Particle size distribution analysis of 3 cement samples with different particle diameters 

 

XRF spectrometer was used to characterize the differences of chemical composition among S, 

M and L levels of cement samples, in order to analysis the differences of the 3 samples with 

different particle diameters. Table 3 shows the mineral composition results calculated by XRF 

data.  

 

Table 3 Phase composition of the 3 cement samples (by mass)/% 

No. 
Mineral composition (by mass)/% 

C3S C2S C3A C4AF CaSO4·2H2O 

S 27.25 44.28 7.54 9.85 4.54 

M 36.36 36.82 6.79 9.73 4.20 

L 41.58 32.31 6.24 11.79 2.19 

 

Table 3 demonstrates that the cement particles are not homogeneous, and there exist some 

differences of mineral phase components when the particle size changes. Some researchers believe 

that, the content of C3A has a great influence on the absorption of PC polymers at early stage of 

mixing, as well as the early hydration process. As shown in Table. 3, the content of C3A in S level 

of particles is relatively higher than that in M and L levels of particles, which indicates that the 

C3A mineral phase has better grindability, on the other hand, because of such disparity, the 

absorption of PC polymers on cement particles changes, inevitably. 



 

 

3.2.3 Surface characteristic 

For this study, the sample B (cement without TEA) and sample T4 (cement with 0.04% 

dosage of TEA) were tested by IGC, in order to analysis how TEA affect the surface characteristic 

of cement particles. There are two different test results, total surface energy and work of cohesion, 

to determine the changes in surface characteristic, as is shown in Fig. 4a and Fig. 4b. 

a                                     b 

Fig. 4 Surface characteristic of 2 cement samples (a. Total surface energy profiles; b. Work of cohesion profiles) 

 

The profile in Fig. 4a shows that both cement samples are energetically heterogeneous which 

means that the surface energy changes as a function of surface coverage. In addition, it can be 

clearly observed that, the surface of the sample B is more active compared with the sample T4, it 

has the most homogenous surface properties. All energetically heterogeneous samples have wide 

variation of surface active sites. The surface energy data indicates that the surfaces of the cement 

samples are more basic in nature. This means that the sample B possesses marginally higher 

concentrations of electron-donating surface functional groups. The combined plot of the total work 

of cohesion of the cement samples is shown in the Fig. 4b. The high work of cohesion value 

shows high tendency of aggregation in the sample. From another perspective, adding TEA during 

grinding process is beneficial to decreasing the surface energy, as well as reducing cohesion effect 

between cement particles. 

3.3 Absorption of PC polymer on cement particles with different diameter 

Based on the above, a conclusion can be drawn that TEA has significant effects on the 

cement particle size distribution, as well as the surface characteristic and mineral composition of 



 

 

particles. In order to explore the relation among cement paste fluidity, adsorption of PC polymer 

and particle characteristics, the following research was made. And Fig. 5 provides the test results 

of the adsorption of PC polymer on three cement particles with different ranges of diameter. 

 

Fig. 5 The adsorption of PC on 3 cement samples with different particle diameter 

 

Fig. 5 presents the regularity that, the adsorption of PC on L level of particle remains in 

higher posture and stable status in 60 minutes. However, the adsorption of PC on S and M levels 

of particles keeps increasing as time passed, especially that on S level of particle increasing faster. 

Therefore, the initial fluidity and the fluidity retention of cement paste go worse when the dosage 

of TEA increases. The reason is that the volume fraction of S and M levels of particle increase 

significantly when TEA was used as GA in cement grinding process, which leads to constantly 

consumption of PC and rapid cement hydration.  

3.4 Calorimetric tests 

Cement hydration is an exothermic reaction process. So we can use the method of thermal 

analysis to understand the impact of the dosage of triethanolamine, used as grinding aid, on the 

cement hydration. The results of calorimetric tests are shown in Fig. 6. 



 

 

 

Fig. 6 Influence of the dosage of TEA on the hydration temperature rise of cement pastes 

 (T1 and T2 correspond to cement with 0.01% and 0.02% dosage of TEA as grinding aid respectively) 

 

Fig. 6 shows that the early hydration rate of cement goes up with the increasing of the dosage 

of TEA. Meanwhile, the rapid early hydration will consume a large number water and PC 

polymers which has an important influence on the initial fluidity and the fluidity retention of 

cement paste. These results are in conformity with the results shown in Fig.1. 

 

4 Conclusions 

(1) Compared with the blank cement, cement with a trace amount of TEA has a much lower 

surface energy and work of cohesion, which confirms the reason why TEA can improve the 

grindability of cement. Meanwhile, the volume fraction of fine particle in cement will be 

improved when TEA is used as grinding aid. Based on the XRF results, the mineral composition 

of cement particle varies with the particle diameter. And the fine particle has high content of C3A, 

which plays an important role in early stage of cement hydration. 

(2) TEA is one kind of effective component in GA, which can be used to boost output and 

reduce energy consumption in cement production. However, it is worth noting that the phenomena 

of incompatibility between cement and PC will appear when the dosage of TEA larger than 0.02%. 

That is because the volume fraction of fine particle increases significantly when TEA was used in 

cement grinding process, which leads to constantly consumption of PC and rapid cement 

hydration.  
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Abstract 

Viscosity enhancing admixtures (VEA) are often used in combination with superplasticizer (SP) in 

cement-based materials to modify their rheological behavior. In this paper, the effect of VEA on the 

rheological behavior of cement paste was investigated. Two types of VEAs, including hydroxypropyl 

methylcellulose (HPMC) and welan gum, and two types of SPs, i.e. polycarboxylate (PCA) and 

polynaphthalenesulfonate (PNS) were used as admixtures for cement paste. Rheological curves of 

cement paste and simulated pore solution containing VEA and SP were tested. Simulated pore solution 

test results showed that molecules of different SPs may generate different effects on the viscosity of 

VEA solutions. Hershel-Bulkley model was used to fit rheological curve of cement paste. Strong 

interaction between PNS and HPMC was observed in this work.   

 

Originality 

VEA is often used in cement-based materials, for self-compacting concrete and underwater-cast grout 

instance, to secure high washout resistance or high segregation (bleeding) resistance properties. SP is 

used to achieve high flowability. Most publications have been focus on the adsorption of polymers onto 

the cement grain, when dealing with the rheological behavior of cement-based materials. The effects of 

the rheological behavior of interstitial solution on that of cement paste are seldom studied. VEA is 

believed to increase the viscosity of interstitial solution. However, the viscosity of interstitial solution 

containing VEA is affected by many factors, such as swelling time, ionic strength, SP etc. This is not 

well understood. This paper tries to provide another insight on the application of VEA in cement-based 

materials.  

 

Key words: Rheology: Cement; Viscosity enhancing admixture; Superplasticizer 
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1. Introduction 

Viscosity enhancing admixture (VEA) is an important chemical admixture used to modify 

rheological behavior of cement-based materials, such as self-compacting concrete, 

anti-washout concrete, shotcrete, grout for post tension duct. With the increasing demand of 

self -compacting concrete (SCC), the use of VEA is becoming quite common. According to the 

composition of concrete, SCC can be classified into powder-type SCC, VEA-type SCC and 

combined-type SCC [De Schutter G., 2008]. The stability of the latter one depends on VEA, 

which is often used in combination with superplastisizer (SP) in cement -based materials. On 

one hand, VEA increase the viscosity of liquid phase, and stabilize the suspension. On the other 

hand, SP disperses powder among liquid phase. Thus, a highly dispersed and stable suspension 

can be achieved by the combined action of VEA and SP. This is desired for highly flowable 

cement-based materials [Sakata N. et al., 2003, De Schutter G., 2008, Saric-Coric M. et al., 

2003; K.H. Khayat, et al., 1997]. 

The dispersed mechanisms of SP are quite well understood. The adsorption of molecular of 

SP onto the cement particles generates a well-dispersed system by the action of electro-static 

replusion and steric repulsion singly or collectively. Polynaphthalene type superplasticizer is 

a typical electro-static one, and polycarboxylates type superplasticizer is a representative 

steric repulsion one (Peng et al. 2014).  

Mailavaganam (1995) categorized anti-washout admixtures and pumping aids into five 

classes according to their actions in concrete, among which water-soluble high molecular 

polymer is most often used. It increases the viscosity of suspension by increasing the 

viscosity of water. Kawai (1987) classified water-soluble polymers as natural, semi-synthetic 

and synthetic polymers. Natural polymers include starches welan gum, gum arbic etc. 

Semi-synthetic polymers include cellulose-ether derivatives, such as hydroxypropyl methyl 

cellulose (HPMC), carboxy methyl cellulose (CME). Synthetic polymers include polyermers 

based on ethylene. The mechanism of action of a VEA depends on the type and concentration 

of polymer in use. Khayat (1995, 1998) summarized the mechanism of action into three 

classes: 1) adsorption. The long- chain polymer molecules adsorb and fix part of the mixing 

water, and thereby swelling. This increases the viscosity of the mixing water and that of the 

cement-based materials. 2) association. Molecules in adjacent polymer chains can develop 

attractive forces, thus causing a gel formation and an increase in viscosity. 3) interwining. At 

low shear rates and high polymer concentration, the polymer chains can interwine and 

entangle, resulting in an increase in viscosity. Such entanglement can disaggregate and the 

polymer chains can align in the direction of the flow at high shear rates, hence resulting in 

shear thinning behavior.     

The combined use of SP and VEA has become a quite common technique for cement-based 

materials, Saric-Coric et al. (2003) evaluated the rheological properties, stability, setting, 

hydration, strength and pore size distribution of grout made with 0.4 w/c ratio containing 

VEA and SP (polynaphtalene sulfonate (PNS) based and polymelamine sulfonate (PMS) 

based). Results showed that pastes prepared with PMS based SP exhibited higher yield value 

and viscosity that those prepared with PNS-based HRWR, discussion on this result is not 

given. Sakata et al. (2003) developed a new type of admixture combining with welan gum and 

superplasticizer, based on their coupled effect on rheological behavior of cement paste. 

Several other publications dealt with this issue (Khayat K.H. et al. 2000; Kawai T.et al. 1989). 



However, the interactions between SP and VEA are not well documented. 

Adsorption of high molecular polymer onto the cement particles has always been one of the 

key issues of the area of cement. When VEA and SP are added into cement paste together, 

there exists a competitive adsorption of polymers at the surface of cement particles [Hot J. et 

al. 2014; Bey H. B. et al. 2014]. It has a great influence on the rheological behavior of cement 

paste. However, due to the limitation of testing technique, the adsorption of different types of 

polymers on the surface of cement cannot be quantified respectively. Adsorption is most often 

measured by solution depletion method which assumes that the difference of polymer 

concentrations before and after contact with cement is due to adsorption of the polymers onto 

the surface of cement particles. Polymer concentration of the aqueous solution obtained by 

centrifugation is analyzed by Total Organic Carbon (TOC), which cannot distinguish relative 

concentration of mixed polymer.  

Apart from adsorption of polymers, the viscosity of interstitial solution plays an important 

role in the rheological behavior of cement-based materials. Interstitial solution of fresh 

cement mixture containing VEA and SP consists of various ions (OH-, Ca2+, SO4
2-, K+, Na+), 

macromolecules of VEA and SP. To the best of our knowledge, the interactions among these 

species and their effect on the rheological behavior of mixture are seldom reported. In this 

paper, the effects of inorganic ions and high polymer molecules on the rheological behavior 

of interstitial solution were studied. Rheological behaviors of cement pastes containing 

different high polymer molecules were also evaluated.  

2. Experimental  

2.1. Materials  

The cement was a type P·Ⅱ52.5R Portland cement, complied with the requirements of 

Chinese standard GB175-2007. The chemical and physical properties of cement were given 

in table 1.  

Table 1 Chemical and physical properties of cement 

Chemical composition (wt. %) 

SiO2 21.20 

Al2O3 5.43 

Fe2O3 3.87 

CaO 65.66 

MgO 0.87 

S03 0.91 

Ignition loss 2.5 

Physical properties 

Blaine specific surface properties m2 /kg 338 

Mean particle diameter (μm) 16.98 

Initial setting time (min) 96 

Final setting time (min) 133 

Water content for standard consistence 

(%) 

24.5 

Soundness Satisfied 

A superplasticizer of polynaphthelene sulfonate (PNS) with solid content of 30% and specific 

gravity of 1.11, as well as a polycarbonxylate (PCA) with solid content of 30% and specific 



gravity of 1.07 were used in this investigation. Water in the SPs was accounted in the mixing 

water. VEAs of HPMC and welan gum were used in this study, which are solid type. 

Deionized water was used. Chemicals used in this study were analytical reagent. 

Experiments were carried out in two groups. The effect of simulated pore solutions and SP 

(PCA and PNS) on the rheological behavior was studied in group 1. OH-, Ca2+, SO4
2-, K+, Na+ 

are main ions of pore solution of cement paste, among which OH-, K+, Na+ are the dominated 

ones. Thus, chemical of KOH and NaOH were employed to prepare simulated pore solution. 

Simulated pore solutions (Schmidt F. et al., 1993; Diamond. S. 1981) of low alkalinity 

(NaOH 25 mol/m3, KOH 80 mol/m3) and high alkalinity (NaOH 200 mol/m3, KOH 500 

mol/m3) were prepared, as shown in table 2. The rheological behavior of pore solutions 

containing different SPs and VEAs were tested, testing samples are listed in table 2.  

Table 2 Compositions of aqueous solutions 

Solution 
Water 

(g) 
NaOH 

(g) 
KOH 

(g) 
Wg or HPMC 

(g) 
PCA or PNS 

(g) 

VEA-None-None 200.00 0.000 0.000 0.000 2.000 

VEA-None-Low 198.90 0.160 0.896 0.000 2.000 

VEA-None-High 192.80 1.600 5.600 0.000 2.000 

VEA-PCA-Low 198.94 0.160 0.896 4.944 2.000 

VEA-PNS-Low 198.94 0.160 0.896 4.944 2.000 

VEA-PCA-High 192.84 1.600 5.600 4.944 2.000 

VEA-PNS-High 192.84 1.600 5.600 4.944 2.000 

In group 2, rheological behavior of cement pastes containing SPs and VEAs were tested. In 

order to evaluate the effect of VEAs on the rheological behavior of cement paste with solid 

volume fraction of 0.47, the dosage rate of SPs is fixed at 3% (by the mass of cement) which 

is a little higher than its saturation point, while varying the dosage rate of VEAs from 0% to 

0.08% (by the mass of cement), as shown in table 3. 

Table 3 Mixes of cement paste 

Variable parameter 
Solid volume 

fraction 
W/C ratio 

Wg or HPMC 
(by mass of 
cement%) 

PCA or PNS 
(by mass of 
cement%) 

Addition level of 
VEA 

0.47 0.364 0.00% 3% 

0.47 0.364 0.04% 3% 

0.47 0.364 0.06% 3% 

0.47 0.364 0.08% 3% 

2.2. Mixing procedure 

Welan gum or HPMC were first added into deionized water, and then stirred until a 

homogenous solution was obtained. Since the swelling and dissolution of welan gum or 

HPMC need time, and the solutions with welan gum and HPMC show time-dependent 

viscosity, prepared solution with welan gum or HPMC were sealed and stored for 24 hour 

before use. 

For group 1 test, the weighted KOH and NaOH were first added into deionized water, and 

then stirred until a homogenous simulated pore solution was obtained. VEA solution was 

added into prepared simulated pore solution while stirring for 18min, then SP was introduced, 

and stirred for another 2min.  

All cement mixtures were prepared in a 1 L high-shear mixer rotating at approximately 360 

rpm. The temperature of materials and mixer were controlled to keep the temperature of 



pastes at 20 ± 1 °C. Water and VEA solution and SP solution were first introduced and 

followed by cement into the bowl of mixer rotating at speed of 60 rpm for 30 s, and the 

mixture was mixed at the speed of 120 rpm for 90 s and followed by a low speed mixing for 

another 30s. 

2.3. Rheological test 

Rheology was measured using a “RheoPlus QC” coaxial cylinder rotary rheometer. The type 

of rotator is ST22-4V-40 and the inside sizes of outer tube is 163ml, φ42×118 mm. The 

temperature of the samples was controlled by a water bath at 20± 1 °C during test. The 

rheological curves of pastes were tested immediately after mixing. The rheological test 

protocol for paste consists of shearing the paste at a high shear rate of 200 s−1 for 60 s to 

ensure complete structural breakdown of the structure. The flow curve was then determined 

by increasing the shear rate from 0 s-1 to 200 s−1 during 300 s. The rheological test for solution 

consists of logarithmic increase of shear rate ranging from 0 s-1 to 100 s−1, and then to 0 s-1.   

3. Results and discussion 

3.1. Rheological behaviour of aqueous solution of VEAs  

3.1.1. Effect of alkalinity  

The effect of alkalinity on the rheological behaviour of aqueous solutions of VEAs is given in 

figure 1. Both welan gum and HPMC aqueous solutions present an obvious shear thinning 

pattern, but show different responses to alkalinity. Viscosity of HPMC aqueous solutions 

decreases with the increase in alkalinity, whereas Viscosity of welan gum aqueous solutions 

slightly increases with the increase in alkalinity. For example, at the shear rate of 100s-1, the 

viscosity of HPMC aqueous solutions is 1.260Pa ∙ s, the addition of high alkalinity results in 

the decrease in viscosity of 64% to 0.455	Pa ∙ s; whereas the viscosity of welan gum aqueous 

solutions is 0.931Pa ∙ s, the addition of high alkalinity results in the decrease in viscosity of 

12% to 0.819	Pa ∙ s. It can be concluded that alkalinity affects the rheological behavior of 

HPMC aqueous solution much more significantly than that of welan gum aqueous solution. 
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(a) HPMC                                        (b) Welan gum 

Figure 1. Effect of alkalinity on rheological behavior of VEAs aqueous solution 

3.1.2. Effect of SPs  

The effect of SPs on the rheological behaviour of aqueous solutions of VEAs is given in 

figure 2. It can be observed that PCA has minor effect on rheological behavior of aqueous 

solutions of VEAs, whereas PNS shows different effects. The addition of PNS causes slight 

change in rheological behavior of aqueous solutions of welan gum. However, the addition of 

PNS significantly changes the rheological behavior of aqueous solutions of HPMC. The 

viscosity of aqueous solutions of HPMC with PNS is 20 times as that without PNS at low 



shear rate. 
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(a) HPMC                                         (b) Welan gum 

Figure 2. Effect of SPs on rheological behavior of VEAs aqueous solutions with low alkalinity 

3.1.3. Coupled effect of SPs and alkalinity   

The coupled effect of SPs and alkalinity on the rheological behaviour of aqueous solutions of 

VEAs is given in figure 3. It can be observed that combinations of SPs and alkalinity have 

minor effect on the rheological behaviour of aqueous solutions of welan gum. PNS has most 

significant influence on rheological behavior of aqueous solutions of HPMC. High alkalinity 

can decrease the impact. 
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(a) HPMC                                        (b) Welan gum 

Figure 3. Coupled effect of SPs and alkalinity on rheological behavior of VEAs aqueous solutions 

3.1.4. Discussion  

Welan gum is an anionic polysaccharide, is a non-gelling polysaccharide [Kaur et al., 2014], 

and consists of pentasaccharide repeating unit, β-1,3-D-glucopyranosyl, β-1,4-D- 

glucuronopyranosyl, β-1,4-D-glucopyranosyl andβ-1,4-L-rhamnopyranosyl, and a single 

monosaccharide side-chain at O-3 of the 4-linked glucopyranosyl. The monosaccharide may 

be either l-rhamnopyranosyl or l-mannopyranosyl in the approximate ratio 2:1, and about half 

of the repeat units or more have acetyl and glyceryl substituents (Kaur et al., 2014; Tako et al., 

2009). 

The rheological behavior of welan gum solutions has rarely been reported [Long et al., 2013]. 

Long et al. [2013] carried out studies on the effect of concentrations, temperatures and 

salinities on rheological behavior of welan gum solutions. Shear thinning behavior of welan 

gum solutions were also observed, and is related to the orientation of macromolecules along 

the stream line of the flow (Chagas et al., 2004). At the low shear rate, the stretching 

polysaccharide molecules intertwined to form aggregates, resulting in high viscosity, while 



high shear rate destroys aggregates and dispersing molecules arrange along the flow direction, 

resulting in low apparent viscosity (Oh et al. 1999). This agreed with the results obtained in 

this study. Another similar trend is also observed by Long et al. (2013) that viscosity of welan 

gum solutions decrease in the presence of inorganic salt, and change little with salt 

concentration. The electrostatic repulsion between charged groups of macromolecules is 

screened by inorganic cations, making macromolecules to adopt a more compact 

conformation. In addition, inorganic ions have a strong hydration, and can compact the 

hydrated layer around polysaccharide molecules, resulting in the decline in viscosity.  

PCA is a comb-like molecular structure composed of a carboxylic acid main chain and long 

polyoxyethylene side chains. It develops dispersion effect for cement paste by adsorption on 

cement particle or cement hydration products and producing the steric hindrance effect on 

cement particles. PCA has little influence on the rheological behavior of welan gum. PNS 

consist of long-chain anionic surfactants with a large number of polar groups in the 

hydrocarbon chain. When adsorbed on cement particles, the surfactant imparts a strong 

negative charge. Both PCA and PNS have minor effect on rheological behavior of welan gum 

solution. Compared to PCA, PNS decreased viscosity of welan gum solution more 

pronounced.  

Hydroxypropyl methyl cellulose (HPMC), which is a non-ionic cellulose derivative, contains 

both hydrophobic and hydrophilic structural units. Its gelation properties can be modified by 

temperature, salts and surfactants (Liu et al. 2008; Xu et al. 2004; Pygal et al. 2011; Silva et al. 

2011; Almeida et al, 2014; Khan et al. 2014). Additionally, the effects of cations on gelation 

temperature is less significant than that of anions (Almeida et al, 2014; Alexandridis et al. 

1997).  

In HPMC solution, water molecules formed (1) hydrogen bonding with the hydroxyl group of 

the HPMC (intermolecular chains hydrogen bonding) and (2) structured water cages 

surrounding hydrophobic clusters of the HPMC chains. Salt ions tend to attract and interact 

with water molecules strongly because of its strong hydration abilities. Thus, the 

intermolecular hydrogen bonding of HPMC was weakened and easily disrupted. At the same 

time, water cages were more easily broken. With increasing NaCl concentration, the salt ions 

attracted more hydration water molecules around them [Liu et al. 2008; Almeida et al. 204]. 

In addition, macromolecules may adsorb salt ions, and the electrostatic repulsion between 

charged groups of macromolecules makes macromolecules to adopt a more compact 

conformation. As a consequence, salt decrease the viscosity of HPMC solution more 

pronounced than that of welan gum solution.     

There is a chain contraction due to the intense intramolecular hydrophobic association 

junctions (Hoff et al., 2001). The binding of surfactant molecules to HPMC may modify the 

stiffness and this may, in turn, induce a coil-to-globule transition. When PNS was added into 

HPMC solution, a significant increase in the viscosity is observed. It is speculated that 

micelle formation of PNS takes place along the HPMC chains and progressively converts the 

non-ionic polymer into a polyelectrolyte. Repulsion among the negative charges of the 

polymer–surfactant complex causes the polymer to swell leading to a consequent increase in 

the shear viscosity. However, the addition of PCA didn’t affect rheological behavior of 

HPMC solution much, probably because of its low charging density. 

3.2 Rheological behaviour of cement paste 



3.2.1. Effect of HPMC content 

Effect of HPMC content on rheological behavior of cement paste (Vs is 0.47) containing 

different SPs is given in Figure 4. Non-newton fluid is often described by Hereshel-Bulkley 

(H-B) model, 

τ = ��,�� + ��̇
�                                      (1) 

Where 	τ is shear stress (Pa), τ�,�� is yield shear stress (Pa), K is consistency factor (Pa.sn), 

γ̇ is shear rate (Pa.s), and n is flow index. H-B model was used to fit the rheological curve, 

and fitted parameters were given in table 4.  

It can be observed from Fig. 4(a) that the addition of HPMC increases the viscosity of cement 

paste with saturated PCE. As the addition level of HPMC increases, the viscosity of paste 

gradually increases. Table 4 illustrates that yield stress of paste increases gradually with the 

increase in addition level of HPMC, and values of n are greater than 1, i.e. cement paste is 

shear thickening. It seems that the addition of HPMC may aggravate the trend of shear 

thickening. 
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(a) PCE                                               (b) PNS 

Figure 4. Effect of HPMC on rheological behavior of cement paste containing different SPs 

Table 4 Parameters of H-B model for cement paste containing HPMC and different SPs 

SP 
Content of VEA 

(mass% of 
cement) 

Yield 
stress 

��,��(Pa) 

Consistency 
index 

K(Pa.sn) 

Flow 
index 

n 
R2 

PCE 

0.00% 3.8816 0.062224 1.1692 0.99617 

0.04% 4.3698 0.070662 1.2582 0.993 

0.06% 4.8586 0.11142 1.2422 0.9987 

0.08% 5.3235 0.11992 1.254 0.99827 

PNS 

0.00% 2.2687 0.13867 1.1206 0.9978 

0.04% 87.416 10.346 0.45571 0.99927 

0.06% 122.54 5.6529 0.53044 0.96633 

0.08% 187.92 3.7755 0.55024 0.92534 

It can be seen from Fig. 4(b) that the addition of HPMC increases the viscosity of cement 

paste with saturated PNS, especially at low shear rate. The addition level of HPMC 

(0.04%~0.08%) doesn’t affect rheological curve much. Table 4 indicates that yield stress of 

paste increases significantly with the increase in addition level of HPMC. Furthermore, the 

addition of HPMC change paste from shear thickening to shear thinning. 

3.2.2. Effect of welan gum content 

Effect of welan gum content on rheological behavior of cement paste (Vs is 0.47) containing 

different SPs is given in Figure 5. H-B model was used to fit the rheological curve, and fitted 



parameters were given in table 5.  

It can be observed from Fig. 5 (a) that the addition of welan gum increases the viscosity of 

cement paste with saturated PCE. As the addition level of welan gum increases, the viscosity 

of paste gradually increases. The shapes of rheological curves are very similar. Table 5 

illustrates that yield stress of paste increases gradually with the increase in addition level of 

welan gum, and values of n are greater than 1, i.e. cement paste is shear thickening. Obviously, 

the addition of welan gum may aggravate the trend of shear thickening, i.e. the higher 

addition level of welan gum, the more pronounced shear thickening.  

It can be seen from Fig. 5 (b) and Table 5 that rheological behavior of cement paste with 

saturated PCE and welan gum presents similar trend to that of cement paste with PNS and 

welan gum. 
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(a) PCE                                             (b) PNS 

Figure 5. Effect of welan gum on rheological behavior of cement paste containing different SPs 

Table 5 Parameters of H-B model for cement paste containing welan gum and different SPs 

SP 
Content of VEA 

(mass% of 
cement) 

Yield 
stress 

τ�,��(Pa) 

Consistency 
index 

K(Pa.sn) 

Flow 
index 

n 
R2 

PCE 

0.00% 3.8816 0.062224 1.1692 0.99617 

0.04% 50.114 0.074778 1.2052 0.99911 

0.06% 88.953 0.5696 1.3103 0.99849 

0.08% 142.53 0.0081817 1.5775 0.96581 

PNS 

0.00% 2.2687 0.13867 1.1206 0.9978 

0.04% 99.64 9.64E-07 3.12 0.98909 

0.06% 128.76 0.0020257 1.8068 0.99599 

0.08% 154.86 0.0037825 1.72 0.98647 

3.2.3. Discussion  

Sps affect rheological behavior of cement paste with HPMC differently. It is agreed with the 

test results of HPMC aqueous solutions. Cement pastes containing HPMC and PNS present a 

much higher yield stress than that of cement with HPMC and PCA. This is ascribed to the 

strong interaction between HPMC and PNS, whereas weak interaction HMPC and PCE. 

Repulsion among the negative charges of the HPMC–PNS complex causes HPMC to swell 

leading to a consequent increase in the shear viscosity. In addition, a pronounced shear 

thinning behavior was observed. This can be explained by the following reasons: at the low 

shear rate, the stretching macromolecules intertwined to form aggregates, resulting in high 

viscosity, while high shear rate destroys aggregates and dispersing molecules arrange along 

the flow direction, resulting in low apparent viscosity.  

No significant difference in rheological behavior of cement pastes containing welan gum and 



SPs was observed. This is also agreed with the test results of welan gum aqueous solutions. 

The discrepancy is that shear thinning behavior is observed on welan gum solution, whereas, 

shear thickening behavior happened to cement paste with welan gum and SPs. This implicitly 

indicates that cement particles were dispersed well, and no aggregations of macromolecules 

were formed. But the mechanisms behind this phenomenon need in-depth study.    

4. Conclusions 

Different superplasticzers and viscosity enhancing agents are used to tune the rheological 

behavior of cement-based materials, the following conclusions can be made:  

- Strong interaction between PNS and HPMC was observed in this study.  

- Rheological behavior of macromolecules solution may be different from that of 

suspension with macromolecules.  

- Special attentions should be paid to the effect of ionic concentrations of pore solution, 

and the interaction between polymers and surfactants, when using various 

macromolecules in different cementing materials.  
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Abstract 
The objective of this research is to understand the hydration and engineering performance of superabsorbent polymers 
as an internal curing agent in ultra-high performance concrete.  Two different types of superabsorbent polymers of 
acrylic acid and acrylic amide with similar particle size profiles were systematically tested.  To estimate the water 
absorbent capacity of the polymers, tea-bag tests using distilled water were performed. Isothermal calorimetry and x-
ray diffraction experiments revealed the impact of polymers with different chemical bonds on cement hydration, in 
terms of hydration degree and hydration products.  To test its feasibility as a shrinkage reducing admixture for ultra-
high performance concrete, compressive strength, flowability, and autogenous shrinkage profile were measured.  Lastly, 
scanning electron microscopy and computed tomography showed a multi-scale porosity network of the concrete with 
superabsorbent polymers.  While both polymers showed a reduction in autogenous shrinkage, it has been concluded 
that the particle size and chemical form of each polymer affected its role as an internal curing agent in concrete.  This 
also significantly affects cement hydration and mechanical strength. While acrylic acid polymer has more absorption 
capacity of distilled water, acrylic amide polymer shows better performance in low water-to-cement concrete systems. 
 
Originality 
Superabsorbent polymers can be a price-competitive admixture to control shrinkage of concrete. While it has been 
actively studied in recent years in the cement research field, the impact of different chemical bonds and particle size as 
an internal curing agent has not been fully elucidated yet.  From this research, we found that the water absorption 
tendencies of polymers in the concrete system significantly differ depending on the chemical bonds of the polymers.  
Accordingly, the performance of the polymers (reduction of shrinkage and mechanical degradation) was different. This 
was explained by the degree of cement hydration. The research reported herein provides an insight on how the 
polymers can be selected and improved for better performance as an internal curing agent. 
 
Keywords: admixture; superabsorbent polymer; cement hydration; ultra-high performance concrete 
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1. Introduction 
Over the last few decades, advancements on concrete admixtures such as silica fume and 
superplasticizer allowed for the reduction in Water/Cement (W/C) ratio with proper workability, 
leading to the production of High Performance Concrete (HPC) and Ultra-High Performance Concrete 
(UHPC) (Wang F., et al, 2009).  Although it successfully increased mechanical strength by reducing 
the low W/C of concrete, additional shrinkage that is not usually observed in concrete with a high W/C 
ratio, raised a new problem (Jensen O. M., Hansen P. F., 2001a).  This additional shrinkage is mainly 
due to the self-desiccation of concrete and becomes significant as the W/C decreases.  The autogenous 
shrinkage makes the concrete vulnerable to early age cracking (Lura P., et al, 2003), especially in 
UHPC when following mix proportion is used: more than 600kg/m3 of cement, 0.15~0.25 of silica 
fume ratio, and W/C less than 0.3 (Eppers and Müller, 2008; Dudziak and Mechtcherine, 2008).  
In general, shrinkage reducing agent (SRA) or expansive agent (EA) is used to reduce the autogenous 
shrinkage (Meddah M. S., et al, 2011; Yoo D. Y., et al, 2013).  In addition, porous lightweight 
aggregate (LWA) has been extensively studied as an internal curing agent due to its competitive price 
and durability enhancement (Bentz D. P., Weiss W. J., 2011).  Recently developed HPC and UHPC 
use a maximum aggregate size of less than 13mm and 1mm, respectively.  In these low W/C concrete 
applications, compressive and tensile strength can be decreased if the LWA is used for reducing the 
shrinkage (Jensen O. M., 2013).  From early 2000, there has been vigorous studies on the application 
of superabsorbent polymer (SAP) to reduce the shrinkage as an internal curing agent (Jensen O. M., 
Hansen P. F., 2001b, 2002).  The SAP is being used mostly in the diaper industry due to its ability to 
absorb water up to 5,000 times of its own weight (Jensen O. M., Hansen P. F., 2001b).   The particle 
size distribution of commercially available SAPs ranges decimal to hundreds of micrometers, which is 
similar to the size range of fine aggregates in normal concrete.  The advantage of SAPs as an internal 
curing admixture is its high water absorbing ability, leading to a reduction in the autogenous shrinkage, 
with an extremely small required quantity (typically 0.3~0.6% weight ratio of cement) and low cost.  
Furthermore, SAPs have been extensively used in the diaper industry for years, so they have proven to 
be a stable and reliable product that will be readily available for the construction industry.  Lastly, its 
production and delivery chain have been well-developed throughout the world.   
Since a SAP’s volume will expand up to few millimetres once it absorbs water, it will influence the 
flowability or workability of concrete during the mixing stage.  During the initial curing, it will 
compensate the autogenous shrinkage of concrete.  However, after releasing the absorbed water back 
into the cement matrix, the volume of the SAP will decrease and leave its pore space in concrete 
(Mechtcherine V., Reinhardt HW., 2012).  The contracted SAP will re-absorb water and re-expand if 
additional water is supplied.  This behaviour is explained as the crack self-healing effect (Snoeck et al., 
2014).  In summary, the SAP will play an important role in most water-related phenomena (including 
workability, strength, durability, crack sealing, and hydration) during the entire lifetime of concrete.  
Major research for SAP in concrete has focused on the principle and mechanism of absorbing and 
releasing water in concrete by the addition of SAP (Mechtcherine V., Reinhardt HW., 2012; Mönnig, 
2009).  Reduced flowability and changes in rheological properties during the concrete mixing state are 
also main research interests (Mechtcherine et al., 2006; Mönnig, 2009).  The objective is to find or 
predict the additional amounts of water necessary to ensure proper workability and flowability.  As a 
basic testing method, the tea-bag test is a simple method to estimate the total amount of absorbed 
water in SAPs.  Assuming that the amount of available water will determine the slump or slump flow 
diameter of concrete, the absorbed amount of water by SAP can be also found by the additional 
amount of water needed for concrete with an identical slump flow diameter.  In addition, The 
hydration process, degree of hydration (Igarashi SI., Watanabe A., 2006) and various shrinkage 
properties including plastic, chemical, autogenous, and drying shrinkage have been studied as a 
function of the type and size of SAPs ( Dudziak L., Mechtcherine V., 2008; Mechtcherine V., 
Reinhardt HW., 2012).   
This paper studies the hydro-mechanical impacts of SAPs with different chemical formulas on UHPC.  
Compressive strength, durability, autogenous shrinkage were tested/measured to evaluate the 
structural performance of concrete.  Furthermore, isothermal calorimetry and x-ray diffraction were 



 

applied to see the effect of SAP on cement hydration.  General microstructure of UHPC was also 
investigated using micro-Computed Tomography (CT) and Scanning Electron Microscopy analysis on 
selected samples. 
2. Experimental 
2.1. Sample Design 
The mix design for UHPC is described in Table 1.  Portland cement type I, fine aggregate (<0.8mm), 
silica fume, silica flour, superplasticizer (PCE type), and steel fiber (0.2mm diameter and 13mm 
length) were selected with a W/C of 0.215.  In addition to the mix design, the choice of mixing 
technology is important for ensuring the structural performance of UHPC.  Since the SAPs used in this 
study are similar in size to the fine aggregate, it was pre-mixed together with the fine aggregate.  Later, 
silica fume, silica flour, and cement were poured in a 60 liter size pan type mixer.  After mixing all dry 
ingredients, water, superplasticizer, and steel fibers were added upon mixing.  All samples were cured 
at a temperature of 20±2°C and relative humidity of 60±2%.  To minimize water-drying on the surface 
when autogenous shrinkage was measured, the mould was sealed with a polyester film and a wet towel 
was covered for the full 7 days of curing.  After that, samples were demolded and wrapped again with 
aluminium adhesion tape during the measurement. For the rest of the tests including mechanical, 
durability, and others, no additional wrapping was applied after the demolding at 24 hours of curing.  

Table 1 Mix proportion for ultra-high performance concrete 

Sample Cement 
Silica 
Fume 

Silica 
Flour 

Fine 
Aggregate 

W/C We/C (W+We)/C 
SPPL 
(PCE) 

SAP 
Steel 
fiber 

(Vol.%) 

Ref_0.215 1 0.25 0.35 1.1 0.215 0 0.215 0.04 0 2 

Ref_0.255 1 0.25 0.35 1.1 0.215 0.04 0.255 0.04 0 2 

AA_0.255 1 0.25 0.35 1.1 0.215 0.04 0.255 0.04 
0.004 
(AA) 

2 

AM_0.275 1 0.25 0.35 1.1 0.215 0.06 0.275 0.04 
0.003 
(AM) 

2 

The most important variable in this study is the different chemical types of SAPs.  To minimize the 
other variables, the SAPs with similar particle size distributions were chosen.  First, acrylic acid (AA) 
type SAPs are typically produced by cutting a bulk size gel polymer into smaller sizes.  Thus, it has 
irregular shapes as shown in Figure 1(a).  On the other hand, acrylic amide (AM) SAPs were 
synthesized by the inverse suspension method, which produces spherical particles with various sizes.  

  
(a) AA type                                                         (b) AM type 

Figure 1 SEM images of SAPs 
Figure 2 compares the particle size distributions obtained from SEM images (Figure 1).  Although the 
AM type is a little bit smaller than AA type, their particle size ranges from 200 μm – 1,000 μm, which 
is similar to that of the fine aggregates used in this study.   



 

 
Figure 2 Particle size distribution of SAPs 

To compare water absorption capacity, the tea-bag test was applied.  A tea-bag with 0.1g of SAPs was 
submerged into distilled water (pH 6.83) at 20°C.  After 60 min, the total weight of the tea-bag was 
measured and the absorption capacity was calculated based on the following simple equation 1: 

Se = (W1-W0) / W0 (1) 
where, Se is the swelling capacity at 60 min.  W0 is the tea bag weight (g) in the dry condition while W1 
is the weight (g) in the swollen condition.  The results of the Tea-bag test are summarized in Table 2.  
However, it is challenging to estimate the actual water absorption behavior of SAPs in concrete from 
this simple test.  The reasons are (1) alkalinity in pore solution, (2) pressure applied to SAP in the 
concrete environment (Zohuriaan-Mehr, M. J., Kabiri K., 2008), and (3) differently exposed surface area 
of SAPs to the pore solution.  Therefore, in order to find accurate amount of water that SAPs will 
absorb in concrete environment, slump flow tests based on ASTM C1611 (ASTM Standard, 2014b) 
and KS F 2594 (KS F, 2009) were performed.  Our target slump flow diameter was set as a 
750±50mm for Ref_0.215 sample.  Additional water for UHPC with SAP was determined by the 
required water to reach the same slump flow diameter.  This additional water (shown as We in Table 1) 
is considered as the amount of water that SAP will absorb in concrete environment.  Thus our 
experiment has two control samples of Ref_0.215 and Ref_0.255.  The number in the sample name 
refers to the W/C ratio used in the mix design.  The latter one contains additional water (4%) that is 
based on the additional water for AA type specimen (AA_0.255).  The last sample is AM_0.275 which 
uses 6% of additional water, which was determined by the same slump flow diameter method.  A 
discussion on the absorption behavior will be followed in Results section.  

Table 2 Performance results of ultra-high performance concrete 
Sample Comp. 

Strength 
(MPa) 

Autogenous 
deformation at 
28 d (µm/m) 

Absorption 
capacity 

(g/g) 

RCPT 
(coulombs) 

Electrical Resistivity (kΩ.cm) 

at 100 Hz at 1 kHz at 10 kHz 

Ref_0.215 142.33 -828 - 98 168 157 139 

Ref_0.255 125.67 - - 4458 46 41 38 

AA_0.255 139.00 -499 343.2 351 54 50 44 

AM_0.275 147.33 -417 228.3 122 117 111 101 

2.2. Experimental Procedure 
To evaluate mechanical performance, the compressive strength of all samples were tested based on 
ASTM C39 (ASTM Standard, 2014a) and KS F 2045 (KS F, 2010).  Three identical samples of 100 
mm diameter and 200 mm height were tested using a 2,000kN hydraulic Universal Testing Machine 
with a 1 MPa/sec loading speed.  The averaged strength results are summarized in Table 2.   
Autogenous shrinkage was measured using a dumbbell type strain gauge and thermocouple, which 
were embedded in the center of 100×100×400 mm3 size concrete prism.  Prior to casting the concrete 
samples, teflon sheets were attached on the bottom and sides of the mold while a polyester film was 
used to seal the top.  While the concrete was curing, the internal temperature data was used to 



 

compensate the thermal shrinkage from the heat of hydration.  Data was collected every 5 minutes.  To 
take into account thermally induced expansion effect, equation 2 was used.   

εas = εs,t,- αtΔT (2) 
where εas, εs,t, αt, and ΔT indicates autogenous shrinkage (µm/m), autogenous shrinkage (µm/m) 
without considering the thermal expansion, thermal expansion coefficient (11×10-6 µm/m/°C, 
(Civil(AFGC), 2013)), and temperature difference between target temperature (20°C) and internal 
temperature, respectively.  For autogenous shrinkage measurement, the initial measurement time (i.e., 
so called time zero) is critical.  Since the autogenous shrinkage occurs at early age of concrete, it has 
to be measured before the hardening of concrete for accurate measurement.  Most of the autogenous 
shrinkage in UHPC takes place in less than 24 hrs.  However, there has been no official definition of 
the “time zero” for the case of UHPC yet.  In this study, the time zero was defined as an initial setting 
time that was measured by Ultra Pulse Velocity (UPV) method (Reinhardt HW., et al, 2000).  The initial 
setting time is defined as the time when the UPV rapidly increases. 
Two durability experiments, Rapid Chloride Permeability Test (RCPT) and Electrical Resistivity (ER) 
test, were performed to assess long term performance of UHPC according to ASTM C 1202 (ASTM 
Standard, 2012a) and ASTM C 1760 (ASTM Standard, 2012b), respectively.  Samples of 100 mm 
diameter and 50 mm height were prepared and tested at 28 days of curing.  The total charge passed 
(Coulombs) was measured by the electrical conductance of the concrete during 6 hour testing periods.  
For ER test, bulk electrical resistivity (kΩ.com) was computed with three different frequency of 
100Hz, 1kHz, and 10kHz.  The testing results are summarized in Table 2 and Figure 3.   

 
(a) rapid chloride permeability testing (RCPT)                       (b) and electrical resistivity (ER) 

Figure 3 Relationship between compressive strength and durability results 

The heat flow was measured with isothermal calorimetry (TAM AIR).  To start, 10 g of freshly mixed 
concrete paste (same mix design in Table 1 but without fine aggregate and steel fiber) was weighed 
into a glass vial.  Then the vial was sealed and placed into the calorimeter and the heat flow was 
measured for 3 days.  The calorimetry test was conducted twice to evaluate its reproducibility.  
Identical specimens were also prepared for the x-ray diffraction experiments.  At 28 days of curing, 
each sample was finely ground and placed into sample holder.  A Cu x-ray source with 15kV was used 
to cover 2theta range from 10 to 80° with a step size of 0.01°. 
X-ray Computed Tomography (CT) and Scanning Electron Microscope (SEM) analysis were 
performed for AA_0.255 and AM_0.275, respectively.  A specimen of 50 mm diameter and 100 mm 
height was chosen for CT scanning in order to visualize internal pore structure and fiber distribution.  
A thin slide section of AM_0.275 was prepared for SEM analysis.  Secondary electron images on the 
surface of the sample were collected.   
3. Results and Discussion 
3.1. Superabsorbent Polymers 
The final absorption capacity from the tea-bag test is 343.2 g/g for AA type and 228.3 g/g for AM type.  
This result is opposite to the result of slump flow test (Table 1).  The additional water determined by 
the slump flow test was 4% for AA type and 6% for AM type.  This indicates that the AM type 
absorbed more water (i.e., pore solution, 6%) than AA type so it needs more additional water to have 



 

the same sump flow with that of Ref_0.215 or AA_0.255.  The difference might be explained by the 
different absorption capacity in an ionic environment or entrapped water in the SAPs due to their 
irregular shape.  On the other hand, the amount of entrapped water in AA type can be larger than that 
in AM type whose shape is perfectly globular.  Furthermore, entrapped distilled water between SAP 
particles should be considered in the tea-bag test.  The conclusion to be drawn here is that a tea-bag 
test should be improved to take into account various factors in the real concrete pore environment.  
Using a synthetic pore solution might be a solution for understanding the ionic effect on absorbing 
capacity.  
3.2. Structural Performance 
Table 2 shows the average compressive strength of all samples.  First, the strength decreased (12%) in 
samples without SAP as the W/C increases from 0.215 to 0.255.  In the case of sample AA_0.255, the 
strength was 2.3% lower and 10.6% higher than Ref_0.215 and Ref_0.255, respectively.  However, the 
compressive strength of AM_0.275 sample “increased” by 3.5% and 11.7% with respect to the 
Ref_0.215 and Ref_0.255 samples.  In summary, there is no significant strength reduction in UHPC 
with SAPs although the AM_0.275 has an even higher water content.  This can be explained by the 
internal curing effect that will be discussed along with hydration reaction later.  
In addition to the compressive strength, the long term durability was assessed by RCPT and ER 
measurements.  While the Ref_0.215, AA_0.255, and AM_0.275 samples indicate very low/negligible 
chloride penetration, Ref_0.255 shows high chloride penetration (Table 2 and Figure 3).  Figure 4 
shows pictures after the RCPT experiment.  Significant corrosion occurred on sample Ref_0.255 
especially at the interface between the steel fibers and cementitious matrix.  This vulnerable region 
was also microscopically observed using SEM analysis.  Similar behavior was found in ER testing.   
 

 
Figure 4 Samples after RCPT testing 

Figure 5 describes the results of autogenous shrinkage measurement.  In general, the autogenous 
shrinkage of UHPC without SAPs occurs rapidly in the early age of curing (<24hrs)  (Eppers S., Müller 

C., 2008).  The significant shrinkage observed in 13~26 hrs can be correlated with the time of 
maximum heat of hydration (Figures 6 and 7).  In the cases of UHPC with SAP, although it has the 
higher degree of hydration, there was a significant reduction of autogenous shrinkage.  After 26 hrs, 
samples with the SAPs showed similar autogenous shrinkage trend as compared with that of 
Ref_0.215.  Therefore, it can be concluded that the effect of SAP as an autogenous shrinkage reducer 
is significant mainly at the early stages when there is a rapid heat of hydration.  As summarized in 
Table 2, sample Ref_0.25 has a shrinkage of 828 µm/m while AA_0.255 and AM_0.275 has a 
shrinkage of 499 µm/m and 417 µm/m, respectively.  This corresponds to a 40% and 50% relative 
shrinkage reduction due to the water-entraining admixture.   



 

 
Figure 5 Testing results of autogenous shrinkage 

3.3. Hydration Reaction 
The results of the heat of hydration experiment are shown in Figures 6 and 7.  Identical sets of 
experiments were conducted twice to ensure its reproducibility.  As shown in the two figures, almost 
the same hydration curves were obtained from the duplicated measurements.  As expected, the 
hydration curves for SAP samples mainly reside between the two reference samples.  However, it is 
interesting to note that the AM_0.275 sample has a higher degree of hydration at 72 hours.  This is due 
to the high water releasing capacity as well as high W/C ratio (0.275 vs 0.255).  No strength reduction 
in the samples can be explained by this higher degree of hydration.  Although we expect relatively 
large pores to be generated from SAPs, any strength reduction by large pores can be compensated by 
the additional hydration and reduced shrinkage.  This led to no detrimental impact on (even increase) 
the structural properties of the UHPC.  Likewise, it has been previously suggested that the strength 
reduction can be minimized by carefully selecting the type and dosage of SAP, amount of additional 
water (We), and engineering procedures of mixing, casting and curing (Hasholt M. T., et al, 2012; 
Mechtcherine V., Reinhardt HW., 2012).  In this study, it is firstly reported that no reduction of 
strength is achievable for UHPC with SAP cured at ambient condition (20±2°C and 60±2% R.H.). 

 
(a) hydration heat evolution                                         (b) cumulative heat of hydration 

Figure 6 First measurement of hydration heat evolution and cumulative heat of hydration 



 

  
(a) hydration heat evolution                                         (b) cumulative heat of hydration 

Figure 7 Second measurement of hydration heat evolution and cumulative heat of hydration 
X-ray diffraction analysis was applied to all specimens with a curing age of 28 days.  The collected 
pattern for AA_0.255 is shown in Figure 8.  Rietveld analysis was applied for a quantitative analysis 
only for crystalline phases in the specimen.  The result is compared in Figure 9.  In cement, alite and 
belite are found in dominant phases (94%).  For hydrated samples, it should be noted that exact 
quantification for amorphous phase (i.e., calcium-silicate-hydrate) is missing in Figures 8 and 9.  Thus, 
only qualitative analysis on different samples could be achieved.  At 28 days of curing, significant 
amounts of unreacted raw materials (i.e., alite and belite) were found.  In addition, all quarts found 
from the XRD were from silica flour since there was no fine aggregate mixed for specimen for XRD 
and calorimetry.  Given the fact that the initial amount of silica flour was fixed at about 19% 
(0.35/[1+0.25+0.35+0.215+0.04]), a quartz composition of over 40% indicates a significant amount of 
amorphous phase was produced from the hydration reaction.  However, there might be a chemical 
reaction between silica flour and cement paste, indicating that an accurate “quantitative” analysis 
using silica flour as an internal reference cannot be applied in this study.  For more rigorous 
mineralogical study, an ex-situ XRD experiment using an internal standard is being performed.   

 
Figure 8 X-ray Rietveld analysis on AA_0.255 sample. 



 

 
Figure 9 Results of quantitative x-ray diffraction analysis 

3.4. Morphological Analysis 
Figure 10 shows 3D reconstructed images of sample AA_0.255.  Relatively large pore sizes induced 
from SAP are evenly distributed.  As the shape of AA type SAP is irregular (Figure 1), irregular pores 
in the CT image can be confirmed as pores generated from SAP.  This is also observed in the fracture 
surface of sample AA_0.255 (Figure 11).  The dried SAPs exist in the large pores induced from the 
SAPs.  As can be seen from the figures, the SAP pores are irregular and sometime larger than 
entrapped air.  The observed pore size is slightly larger than that of fine aggregate (1~2 mm).   
In addition, the distribution of steel fibers is visually observable through CT experiment.  Its 
distribution was focused on the circumference of the sample since the fresh UHPC was poured aiming 
at the center of the mold.  Then, the steel fibers were possibly moved perpendicularly into the 
surround area (Boulekbache B., et al, 2010).  In the case of samples with a low viscosity, steel fibers, 
whose density is relatively large, can sink to the bottom.  However, in this study, it was not observed 
due to the sufficient consistency of the mix design and possibly the effect of SAP.  

 
Figure 10 Micro-computed tomography results of AA_0.255 



 

 
Figure 11 Fractured surface of AA_0.255 sample. The size of section is 40×40 mm2 

SEM images on sample AM_275 show perfectly globular shapes of pores from SAP (Figure 12).  
Similar to previous SEM images of SAPs (Figure 1), the pores induced from SAPs have various sizes 
(Figure 12).  The loosely packed interfacial zone between the steel fibers and cement paste could be 
observed in the SEM image.  This region can be a weak link to lower the mechanical strength and long 
term durability performance of UHPC.  Finally, dried SAP remaining in the pores induced from their 
previously swollen state could be observed.  This dried SAP is expected to expand again if proper 
water is supplied.  In general, no detrimental effect from the addition of SAP was observed.   

 
Figure 12 SEM images of AM_0.275 sample. 

 



 

4. Conclusions 
In this study, AA and AM types of SAPs were applied for UHPC as an internal curing agent to 
mitigate autogenous shrinkage.  We found that AM type needs more additional water (We) to maintain 
the same slump flow rate although it absorbs less distilled water than AA type.  Adding 4% and 6% of 
We for AA and AM types of SAP significantly reduced the autogenous shrinkage up to 50% while 
maintaining same slump flow.  Furthermore, almost no detrimental effect on mechanical strength and 
long term durability was observed in the ambient-cured UHPC system.  The reason is confirmed by 
the additional internal curing effect (i.e., hydration) induced from SAPs.  Lately occurred additional 
hydration is found to be important for UHPC system to have dense cementitous matrix to reduce the 
autogenous shrinkage, increase the strength, and enhance the durability.  Compared to AA type, AM 
type of SAP is found to be more effective as an internal curing agent for UHPC application.  It shows 
lower autogenous shrinkage strain and higher compressive strength even with a lower dosage.  More 
rigorous and quantitative studies including x-ray diffraction using an internal reference, pore network 
analysis, and drying shrinkage are being conducted to elucidate the difference of engineering 
performance of AA and AM SAPs as water-entraining admixtures.  
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Abstract 
In order to enable the separate adjustment of the liquidation compactibility and formwork erection 
stability of pavement concrete, the effects of four kinds of air-entraining agent and Welan gum on 
fluidity, air content and rheological properties of cement mortar were studied. The results showed that: 
air-entraining cement mortar can be regarded as Bingham body. Entraining bubbles can regulate the 
flow of the slurry. When fluidity small, air bubbles can reduce the yield stress of the slurry, improve 
mobility; contrary, air bubbles on the fluidity of the slurry to produce certain degree of inhibition. Air 
content of cement mortar with different flow patterns are increase with air-entraining agent content 
increases, but have different performance. Low air-entraining agent dosage, air content of high flowing 
mortar is larger than the low flow state mortar; entraining agent at high dosage, the results of the 
opposite. As the proportion of AEA increases, the plastic viscosity of the air-entraining cement mortar 
gradually falls, with the rate depending on the AEA. With the addition of Welan gum, the plastic 
viscosity is dependent on the air content, in that an increase in the air content causes the plastic 
viscosity to decrease; the yield stress values of A, B, C, D were gradually increased, air-entraining 
cement mortar fluidity decreased. There are negative correlation exists among flow of air-entraining 
cement mortar, Welan gum content and yield stress values. Air-entraining, foam stability and 
rheological properties of the mortar together decide the air content of cement mortar. Air content of A 
and D mortar with the increase of Welan gum first increases then decreases, while B and C mortar 
gradually reduced. With the addition of Welan gum, the plastic viscosity of the air-entraining cement 
mortar D is significantly lower than that of the other types. AEA D combined with Welan gum can 
minimize the plastic viscosity and increase the yield stress to some extent.  
 
 
Originality 
The use of an air-entraining agent reduces the concrete’s elastic modulus and improves its 
impermeability and frost resistance. More importantly, it introduces numerous small, uniforms, and 
independent bubbles that play the role similar to a ball bearing so as to reduce friction between 
aggregate particles, increase the volume of cement paste, and ultimately improve the workability of 
concrete. In order to control and improve the rheological characteristics of concrete (especial 
low-slump pavement concrete), air-entraining agents and Welan gum were studied in this paper. 
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1. Introduction 

In slip-form construction, turned-down edges, pits, cracking, and roughness are common 

and can usually be attributed to the workability of the concrete mix. 

Fresh concrete with a large slump exhibits good plasticity and tightness but poor stability. 

Therefore, after paving, problems such as the collapse of the road surface edge, poor flow 

angles, and plastic shrinkage are often observed. On the other hand, fresh concrete with a 

small slump exhibits good stability and formwork erection performance but poor plasticity 

and tightness. Therefore, after paving, road surface voids and pits can easily occur, and the 

road is prone to cracking. 

Generally, a lower plastic viscosity enables better liquidation compactibility when the 

concrete is vibrated. A higher yield stress leads to good formwork erection stability after 

paving. To solve this contradiction between the liquidation compactibility and formwork 

erection stability, two rheological parameters for the concrete must be adjusted separately. 

That is, it is necessary to simultaneously reduce plastic viscosity and increase the yield stress. 

The use of an AEA can reduce the concrete’s elastic modulus and improve both its 

impermeability [1] and frost resistance [2-4]. More importantly, it introduces numerous small, 

uniform, and independent bubbles that act similar to ball bearings, reducing the friction 

between the aggregate particles, increasing the volume of the cement paste, and ultimately 

improving the workability of the concrete [5-7]. At the same time, it has been found that the 

air content of fresh concrete is considerably reduced when it is subjected to high-frequency 

vibrations, leading to a change in the bubble structure [8-9]. 

Welan gum is a new type of microbial water-soluble polysaccharide that offers excellent 

water retention, good stability to bivalent ions, and a higher viscosity in low concentrations 

[10]. It can significantly improve fluidity, increase cohesiveness, and reduce bleeding and 

segregation in the concrete mixture. 

Experimental analyses of AEA and Welan gum on the rheological parameters of cement 

mortar were performed. A viable concrete admixture was chosen with which the two 

rheological parameters could be adjusted separately, i.e., simultaneously reducing the plastic 

viscosity and increasing the yield stress, in order to achieve a balance between the liquidation 

compactibility and formwork erection stability of pavement concrete and thus guarantee the 

creation of stronger concrete and a smoother road surface. 

2 Materials, proportions, and testing procedures 

2.1 Materials 

    

Fig. 1 Molecular structure of Welan gum           Fig. 2 Cement mortar torque speed tester  



 

Silicate cement (Jinyu Brand) P·O 42.5 with an apparent density of 3.14 g/cm3 was 

chosen for the chemical analysis. Its chemical composition is listed in Table 1. The fine sand 

was natural river sand from Inner Mongolia with a fineness modulus of 2.65, an apparent 

density of 2.69, and a clay content of 0.8%. A commercial naphthalene superplasticizer (JK-1) 

was used in concentrations of between 0.2% and 2.0% (by mass of cement) with a 

water-reducing rate of 25%. The chemical structure of the Welan gum (Hebei Hengbiao 

Chemical Co., Ltd.) is shown in Fig. 1. The viscosity, LOI and pH of the Welan gum are 1810 

mPa·s, 10.0% (by mass), and 8.48, respectively. The light-blue entraining agent (A) (Ha-Be 

Betonchemie GmbH&Co.KG, Germany), has a solids content of 3.2% and a pH of 11.5. The 

yellow powder triterpene glycoside entraining agent (B) (Shang hai Pterocarya stenoptera Co., 

LTD, China), has a pH of 6.0 in a 2% aqueous solution. The brown rosin hot-polymer 

entraining agent (C) (Shang yu Shun yang Building material Co., LTD, China), had a solid 

content of 15% and a pH of 10.0. The colorless alkyl cyclic acid salt entraining agent (D), 

produced in-house, had a solid content of 3.2% and pH of 7.8. 

Table 1 Chemical composition of cement (% by mass) 

Fe2O3 SiO2 CaO Al2O3 MgO SO3 K2O Na2O Loss 

4.46 24.57 55.55 6.15 3.72 3.09 0.76 0.21 1.49 

2.2 Testing procedures and proportions 

A mortar torque speed tester, produced in-house and based on the GH Tattersall MKII 

cement paste rheology test device, was used. The speed and torque value can be measured and 

acquired during the stirring process by the data acquisition software, with a frequency of once 

per second. The apparatus is shown in Fig. 2, where 1, 2, 3, 4, 5, 6, and 7 are the leaf-blade 

adjustment screw, variable speed motor, torque sensor, mixing blade, agitator kettle, erector, 

and leaf blade lifting ramp, respectively. 

The fluidity of the cement mortar was tested according to "Test Methods of Cement and 

Concrete for Highway Engineering" (equivalent to ASTM C1437) at 25°C. To calculate the 

air content, the mass and volume of the cement mortar were measured. Then, experiments to 

determine the effects of AEAs and Welan gum on the rheological properties of the cement 

mortar were implemented. The initial rotational speed was 13 rpm, and was then increased by 

13 rpm over a 12-s duration, with the data being acquired once the steady state was reached, 

up to 130 rpm. After 2 min, the rotational speed was reduced in equivalent steps. The data 

obtained for the rheological properties from the downward curve. 

Table 2 Proportion of AEA used to determine influence on rheological properties  

AEA AEA dosage for W/C of 0.4 AEA dosage for W/C of 0.5 

A 
A11 A12 A13 A14 A21 A22 A23 A24 

0.05% 0.10% 0.15% 0.20% 0.05% 0.10% 0.15% 0.20% 

B 
B11 B12 B13 B14 B21 B22 B23 B24 

0.015% 0.03% 0.045% 0.06% 0.015% 0.03% 0.045% 0.06% 

C 
C11 C12 C13 C14 C21 C22 C23 C24 

0.015% 0.020% 0.025% 0.030% 0.015% 0.020% 0.025% 0.030% 

D 
D11 D12 D13 D14 D21 D22 D23 D24 

0.20% 0.30% 0.40% 0.50% 0.20% 0.30% 0.40% 0.50% 



 

Table 3 Dosage of Welan gum used to determine influence on rheological properties  

AEA AEA dosage Welan gum dosage for W/C of 0.5 

A 0.20% 
A1 A2 A3 A4 

0.15/‰ 0.30/‰ 0.45/‰ 0.60/‰ 

B 0.06% 
B1 B2 B3 B4 

0.15/‰ 0.30/‰ 0.45/‰ 0.60/‰ 

C 0.03% 
C1 C2 C3 C4 

0.15/‰ 0.30/‰ 0.45/‰ 0.60/‰ 

D 0.5% 
D1 D2 D3 D4 

0.15/‰ 0.30/‰ 0.45/‰ 0.60/‰ 

Effects of the AEA on the rheological properties of the cement mortar were studied for 

both benchmark proportions 1 and 2. The effects of the Welan gum on the rheological 

properties of the air-entrained cement mortar were studied only for benchmark proportion 2. 

Proportion 1 consisted of a water–cement ratio of 0.4, a cement–sand ratio of 1:2, and a 

superplasticizer ratio of 0.8%, while proportion 2 consisted of a water–cement ratio of 0.5, a 

cement–sand ratio of 1:2, and a superplasticizer ratio of 0.4%. The admixture dosage was 

calculated based on the mass of the cement. Admixture dosages are listed in Tables 2 and 3. 

3. Results and discussion 

3.1 Influence of AEA on rheological properties of cement mortar 

    

   (a) Cement mortar of low-flow regime (L0)     (b) Cement mortar of high-flow regime (H0)  

Fig. 3 Influence of AEA dosage on cement mortar fluidity 

Fig.3 shows that the AEA produces a significant improvement in the fluidity of 

low-flow-regime cement mortar (W/C of 0.4), and that as the AEA content is increased, the 

fluidity increases gradually, but is ultimately inhibited when the dosage is the greatest. It 

would appear that the addition of AEA to a high-flow-regime cement mortar (W/C of 0.5) 

inhibits the fluidity such that as the AEA content is increased, the fluidity gradually decreases. 

For cement mortars of different flow regimes, the influence of the AEA varies. For example, 

AEA D produces the most notable improvement in fluidity of the low-flow-regime mortar, 

while AEA B has the most obvious inhibiting effect on the fluidity of a high-flow-regime 

mortar. 

This can be explained by the fact that the yield stress of air-entraining cement mortar is 

larger in a low-flow regime, such that the “push aside” and “dispersing” effects of the air 



 

bubbles are more obvious, which reduces the frictional resistance between the internal 

particles of the mortar and thus improves the fluidity of the mortar. In a high-flow regime, the 

initial yield stress of the air-entraining cement mortar decreases, making it easier to introduce 

bubbles, especially large bubbles, which lead to a continuously graded, closely packed, and 

highly stable fresh mortar. Under these stable conditions, it is difficult for the fresh mortar to 

flow under its own weight, in that the fluidity is low. Because of the different molecular 

weight, air-entraining capability, and bubble stability, the variation in the amplitude of the 

fluidity differs depending on the air-entraining mortar. 

Fig.4 shows that, as the AEA is increased, the air content of the different flow regime 

cement mortars increases gradually. For the same small initial AEA dosage, the air content of 

a high-flow-regime cement mortar is greater than that of a low-flow-regime mortar, while the 

opposite is true for a large dosage. With an increase in the amount of AEA, the increase in the 

amplitude of the air content of a high-flow-regime mortar is smaller than that of a 

low-flow-regime mortar. 

It is possible that the air-entraining capability and bubble stability are not only related to 

the AEA, but also to the viscosity of the mortar. Furthermore, while the air bubbles can also 

change the viscosity of the mortar, there are interactions between them. A higher viscosity is 

advantageous to the stability of the bubbles, but disadvantageous to the air-entraining 

capability.      

  

(a) AEA of A                             (b) AEA of B 

   

(c) AEA of C                            (d) AEA of D   

Fig. 4 Influence of AEA on air content of cement mortar (by volume of mortar) 

As can be seen from Table 4, the linear relationship between the torque variation and 

speed correlation coefficient R was 0.97 or more, such that the cement mortar can be treated 

as a Bingham model, for which the rheological properties are characterized by the plastic 



 

viscosity and yield stress. 

The formula is T = T0+KN, where T is the torque (N·m), N is the rotational speed (rpm), 

T0 is the intercept of the y-axis, and K is the slope of the straight line, for which there is a 

positive correlation with the yield stress and plastic viscosity. 

The Bingham model indicates that the plastic viscosity is a dynamic parameter, which 

reflects the kinetic friction force of a paste. The yield stress is a static parameter, which 

reflects the stability of a paste under the action of gravity. Together, these reflect the 

hydrodynamic characteristics in the process of shearing and at the end of the process, 

respectively. A larger plastic viscosity indicates that the influence of the shearing action on the 

fluid deformation force is smaller, while a smaller yield stress shows that the fluidity of a 

fluid under the influence of gravity is better. 

Table 4 Influence of AEA on rheological parameters for different flow regimes 

AEA AEA /% R1 
K1/  

(30·s·N·m/π) 
T1/N·m R2 

K2/ 

(30·s·N·m/π) 
T2/N·m 

Compared 0 0.9874 0.0801 25.852 0.9806 0.0568 7.3039 

A 

0.05 0.9773 0.0753 20.961 0.9871 0.0544 7.1046 

0.10 0.9954 0.0689 19.463 0.9902 0.0528 7.7535 

0.15 0.9933 0.0633 18.704 0.9922 0.0522 8.4594 

0.20 0.9838 0.0602 20.432 0.9773 0.0510 8.5934 

B 

0.015 0.9943 0.0760 20.239 0.9848 0.0529 7.4112 

0.030 0.9979 0.0709 17.702 0.9864 0.0518 7.6747 

0.045 0.9961 0.0673 15.344 0.9859 0.0509 8.6067 

0.060 0.9979 0.0636 16.372 0.9918 0.0496 9.2331 

C 

0.015 0.9862 0.0747 18.444 0.9811 0.0547 6.9503 

0.020 0.9962 0.0695 16.164 0.9820 0.0522 7.4929 

0.025 0.9985 0.0645 13.087 0.9896 0.0515 8.4869 

0.030 0.9999 0.0623 14.867 0.9864 0.0504 8.6792 

D 

0.2 0.9818 0.0730 16.915 0.9842 0.053 6.8744 

0.3 0.9938 0.0676 14.137 0.9713 0.0517 7.5067 

0.4 0.9944 0.0614 12.185 0.9845 0.0481 7.8602 

0.5 0.9808 0.0576 13.556 0.9850 0.0451 8.9096 

Note：R1, K1, and T1 are the parameters for a low-flow cement mortar (water–cement ratio of 0.4); 

R2, K2, and T2 are the parameters for a high-flow cement mortar (water–cement ratio of 0.5). 

Table 4 shows that, as the AEA amount increases, the plastic viscosities of air-entraining 

cement mortars with different flow regimes tend to decline, with the reduction in the plastic 

viscosity of a low-flow-regime cement mortar being larger than that in the other types.  

Table 4 also shows that, with an the increase in the amount of AEA, the yield stress of a 

low-flow-regime cement mortar first decreases and then increases, while the yield stress of a 

high-flow-regime cement mortar increases gradually. Thus, the AEA has a greater influence 

on the yield stress of a low-flow-regime cement mortar. 

The comparison reveals that, with an increase in the dosage, AEA D produces the largest 

reduction in the plastic viscosity of the cement mortar. In the case of the low-flow-regime 

cement mortar, the reduction is 28.1% (from 0.0801 to 0.0576), while for a high-flow-regime 



 

cement mortar the reduction is 20.1% (from 0.05681 to 0.0451). 

Finally, it can be seen that there is a correlation between the plastic viscosity and air 

content of the cement mortar, whereby a higher air content produces a lower plastic viscosity, 

while there is also a correlation between the plastic viscosity and type of the AEA, with 

different AEAs producing different plastic viscosities while other aspects of the composition 

remain constant. There is a good correlation between the yield stress and fluidity of the 

cement mortar. A cement mortar with a larger fluidity exhibits a smaller yield stress. Air 

bubbles also affect the yield stress of the cement mortar, in that a certain amount of 

air-entraining bubbles can reduce the yield stress of the cement mortar, but cause it to increase 

if there is an excessive amount. 

3.2 Influence of Welan gum on rheological properties of air-entraining cement mortar 

 

Fig.5 Influence of Welan gum on air content         Fig.6 Influence of Welan gum on fluidity 

Fig.5 and Table 5 show that, with an increase in the amount of Welan gum, the yield 

stress of the air-entraining cement mortar increases gradually, although the air content varies 

significantly. The air content of air-entraining cement mortar A first increases and then 

decreases, while the air content of air-entraining cement mortars B and C decreases gradually. 

The air content of air-entraining cement mortar D increases gradually, but air-entraining 

cement mortar C has the greatest influence on the air content. We can conclude, therefore, that 

the yield stress is correlated to the air-entraining capability and bubble stability, with a higher 

yield stress being advantageous to the bubble stability, but disadvantageous to the 

air-entraining capability.  

Fig.6 shows that, as the amount of Welan gum increases, the fluidity of the cement 

mortar gradually decreases. Different AEAs produce different degrees of decrease, with the 

reduction in the fluidity of air-entraining cement mortar C being the largest, while that of 

air-entraining cement mortar D is the smallest. In an air-entraining cement mortar, the Welan 

gum plays the most important role in determining the fluidity. 

Table 5 shows that there is a negative correlation between the cement mortar fluidity and 

the yield stress, with a larger yield stress leading to a lower cement mortar fluidity. The Welan 

gum regulates the yield stress of the cement mortar. 

As can be seen from Table 5, as the proportion of Welan gum increases, the yield stress 

of the different air-entraining cement mortars increases gradually, but the plastic viscosity 

changes differently. The plastic viscosity of air-entraining cement mortar A first decreases and 

then increases; the plastic viscosity of air-entraining cement mortars B and C increases 

gradually; the plastic viscosity of air-entraining cement mortar D decreases gradually. The 



 

plastic viscosity of air-entraining cement mortar D is significantly less than those of the others. 

There is a correlation between the plastic viscosity and the air content of the cement mortar, 

with a higher air content producing a lower plastic viscosity. 

Table 5   Influence of Welan gum content on mortar rheological parameters 

AEA 
Welan gum 

dosage/‰ 
R K/ （30·s·N·m/π） T/N·m 

Compared 0 0.9806 0.0568 7.3039 

A 

0.15 0.9912 0.0508 9.5269 

0.30 0.9839 0.0471 13.164 

0.45 0.9775 0.0487 15.074 

0.60 0.9918 0.0501 17.071 

B 

0.15 0.9813 0.0510 8.4318 

0.30 0.9836 0.0533 10.934 

0.45 0.9913 0.0558 13.55 

0.60 0.9931 0.0563 15.84 

C 

0.15 0.9631 0.0536 7.8394 

0.30 0.9592 0.0554 10.106 

0.45 0.9580 0.0573 14.448 

0.60 0.9391 0.0598 18.381 

D 

0.15 0.9849 0.0454 7.5614 

0.30 0.9866 0.0432 8.3915 

0.45 0.9916 0.0420 10.3969 

0.60 0.9934 0.0412 13.257 

Overall, the admixture should be chosen to regulate the workability by simultaneously 

reducing the plastic viscosity and increasing the yield stress, thus guaranteeing a higher 

strength of concrete and a smoother road surface. AEA D and Welan gum minimize the plastic 

viscosity and increase the yield stress to some extent, thus achieving a balance between the 

liquidation compactibility and formwork erection stability, making this the ideal admixture 

combination for the pavement concrete used for slip-form construction. 

In the slip-form construction of pavement concrete, AEA D can reduce the plastic 

viscosity by increasing the initial air content by as much as 8% to 10% (by volume of 

concrete), and increase the final yield stress through the addition of Welan gum. When 

high-frequency vibration is applied to liquidate the concrete, the air content is reduced and the 

bubble structure changes, thus achieving the balance between the liquidation compactibility 

and the formwork erection stability, such that a superior concrete strength and road 

smoothness can be guaranteed. 

 

 

 

 

 

 

 



 

4．Conclusions 

(1) A correlation exists between the effects of air bubbles on the fluidity of cement 

mortar. When the cement mortar fluidity is low, the air bubbles significantly improve the 

fluidity. As the amount of AEA is increased, the fluidity increases gradually, but appears to 

have the opposite effect when the dosage is the largest. As the fluidity of the cement mortar 

increases, the ability of the air bubbles to improve the fluidity decreases, possibly even 

adversely affecting the liquidity, because of the interactions between bubbles. With an 

increase in the amount of AEA, the air content of cement mortars of different flow regimes 

increases gradually. For the same initial small AEA dosage, the air content of a 

high-flow-regime cement mortar is greater than that of a low-flow-regime mortar; while the 

opposite is true for a large dosage. With an increase in the amount of AEA, the increase in the 

amplitude of the air content in the high-flow-regime mortar is smaller than that for a 

low-flow-regime mortar. 

(2) The influence of the AEA on the plastic viscosity and yield stress of a low-flow 

regime cement mortar is more significant, with different types of AEA having different effects. 

With an increase in the dosage, AEA D produces the largest reduction in the plastic viscosity 

of the cement mortar. For a low-flow-regime cement mortar, the reduction is 28.1% (from 

0.0801 to 0.0576), while for a high-flow regime cement mortar, the reduction is 20.1% (from 

0.05681 to 0.0451). 

(3) Within a certain range, an increase in the amount of Welan gum causes the yield 

stress of the air-entraining cement mortar to increase gradually. There is a negative correlation 

between the yield stress and cement mortar fluidity and, as the amount of Welan gum 

increases, the fluidity of the cement mortar gradually decreases. The air-entraining capability, 

bubble stability, and mortar fluidity together determine the effect of the AEA on the air 

content of a cement mortar. The air content of air-entraining cement mortar A first increases 

and then decreases. The air content of air-entraining cement mortars B and C decreases 

gradually, while that of air-entraining cement mortar D increases gradually. There is a 

correlation between the plastic viscosity and air content of a cement mortar, with a higher air 

content leading to a lower plastic viscosity. 

(4) Due to the action of the Welan gum, the plastic viscosity of air-entraining cement 

mortar D is significantly less than that of the other types. AEA D and the Welan gum can 

simultaneously minimize the plastic viscosity and increase the yield stress, thus achieving a 

trade-off between the liquidation compactibility and formwork erection stability. This 

guarantees the creation of stronger concrete and a smoother road surface. This, therefore, is 

the ideal admixture combination for the pavement concrete applied to slip-form construction. 
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Abstract 
Amorphous calcium aluminate/anhydrite is a unique cementitious material that offers superior hydration activity 
compared with crystalline calcium aluminates. It is useful as a rapid hardening additive and has been applied to many 
mortars and concretes, often in combination with ordinary Portland cement. Although the effective use of recycled fly 
ash is important, there have been no reports concerning the use of rapid hardening mortar with amorphous calcium 
aluminate/anhydrite in which a portion of the Portland cement is replaced with fly ash. Consequently, it is important to 
understand the characteristics of amorphous calcium aluminate/anhydrite-ordinary Portland cement-fly ash systems. In 
this study, the effects of fly ash replacement on the characteristics of rapid hardening mortar with added amorphous 
calcium aluminate/anhydrite were investigated. It was found that when adding no more than 0.9% of the regulated 
setting agent, there was no difference between the fly ash 0% and fly ash 20% specimens. However, at concentrations 
above 1.0%, the gelation time of the fly ash 20% was longer than that of the fly ash 0%. In addition, the 25-step flow 
values were the same regardless of the fly ash concentration. For curing times up to 28 days, the compressive strengths 
of specimens decreased as the fly ash concentration was increased from 0 to 20%, while the FA samples all exhibited 
reduced expansion at 28 days curing compared with the FA0% and the length change of the FA20% was equal to that 
of the FA10%. 
 
Originality 
This paper is original because it reports the effects of fly ash replacement on the characteristics of rapid hardening 
mortar based on Portland cement with added amorphous calcium aluminate/anhydrite. This particular combination of 
materials has not yet been investigated. Therefore, these research results will contribute to the effective use of fly ash in 
rapid hardening mortar formulations incorporating amorphous calcium aluminate/anhydrite. 
 
Keywords: rapid-hardening mortar; amorphous calcium aluminate/anhydrite; fly ash; compressive strength; length 
change 
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1. Introduction 
Amorphous calcium aluminate (ACA)/anhydrite is a unique cementitious material that exhibits higher 
hydration activity than crystalline calcium aluminates (Nakagawa K. et al., 1990; Hirano K. et al., 
2005). Taking advantage of this characteristic, ACA/anhydrite is currently used in the New Austrian 
Tunneling Method and as a rapid hardening additive to achieve optimal pot life. Recently, it has been 
demonstrated that this material is ideally suited for use in the surface reinforcement of express 
highways (Momiyama Y. et al., 1996) as well as the pre-lining of tunnels (Kimura M. et al., 1997; 
Taniguchi H. et al., 2001), and several other studies have also investigated this material (Nakagawa K. 
et al., 1989; Nakagawa K. et al., 1991; Matsunaga Y. et al., 1992). We have previously reported that 
rapid hardening mortar made with ACA/anhydrite shows excellent early strength development and 
drying shrinkage compensation compared with rapid hardening mortar containing added high alumina 
cement (Morioka M. et al., 2008; Mori T. et al., 2009).  
The effective use of fly ash (FA) is very important as a means of recycling the resources contained in 
coal ash. In China, about 500 million tons of FA are produced from coal-fired power plants every year 
(National Development and Reform Commission of China, 2011), creating severe economic and 
environmental concerns. Since the 1950s, FA has been used as an additive in cement and concrete, not 
only as a raw material but also as a mixture when blended with clinkers (Tang Z. et al., 2013). 
Presently, the cement industry accounts for approximately 38% of total FA consumption, and cement 
blended with FA is also considered to represent a means of reducing CO2 emissions. Therefore, it is 
anticipated that there will be increasing requirements for the use of FA as an admixture to both general 
purpose and specialized mortars and concretes. 
ACA/anhydrite has typically been used in combination with either high early-strength Portland cement 
or ordinary Portland cement (OPC). Therefore, there is only limited information available concerning 
its applicability to rapid hardening mortar, in which Portland cement is combined with FA along with 
ACA/anhydrite. Consequently, it is important to understand the characteristics of ACA/anhydrite-
OPC-FA systems. In the present study, the effects of FA replacement on the characteristics of rapid 
hardening mortar containing ACA/anhydrite were investigated. 
 
2. Experimental 
2.1. Raw materials 
DENKA SC-1 ACA/anhydrite was used in this work, consisting of a mixture of amorphous 
12CaO·7Al2O3 (50%) and anhydrite (50%). The Blaine specific surface area of the material was 650 
m2/kg. The additional experimental materials were OPC, FA, China standard sand (GSB 08-1337-
2014, fineness modulus=2.94), and a regulated setting agent comprising both an alkali carbonate and 
an organic acid. Table 1 provides the chemical compositions of the OPC and FA. The mineral 
composition of the OPC was determined from thermogravimetry-differential thermal analysis (TG-
DTA) and X-ray diffraction (XRD) data, using the Rietveld method, and found to consist of 59.1% 
C3S, 15.8% C2S, 12.2% C3A, 5.7% C4AF, 0.5% CaSO4·2H2O, 2.0% CaSO4·½ H2O, and 4.6% CaCO3. 
The characteristics and strength of the OPC corresponded to class P·II 52.5R in GB 175-2007. The 
composition of the FA was also obtained using the XRD/Rietveld method and was found to be 80.2% 
amorphous phase, 12.8% mullite, 5.5% quartz, and 1.5% Q-maghemite. The basicity of the amorphous 
phase in the FA was estimated through the calculation procedure stipulated in JIS A 6206-2013, using 
the ratio (CaO+MgO+Al2O3)/SiO2, and a value of 0.52 was obtained. The characteristics of the FA 
corresponded to class I in GB/T 1596-2005. 
 

Table 1. Chemical compositions of the OPC and FA 

 Density 
/g·cm-3 

Blaine 
/m2·kg-1 

Chemical composition /% 
LOI SiO2 Fe2O3 Al2O3 CaO TiO2 MgO SO3 R2O 

OPC 3.15 339 2.7 20.2 2.8 5.2 65.2 0.2 0.9 2.1 0.54 
FA 2.30 298 2.4 57.8 5.4 26.3 2.9 1.4 1.2 0.4 1.65 

 
 



 

2.2. Mortar test 
2.2.1 Preparation of specimens 
Rapid hardening mortar specimens with various mixing proportions were investigated according to 
GB 20472-2006 ‘Sulphoaluminate cement’. The sand/binder ratio of the specimens was 3.0, with a 
water/cement ratio of 0.37. The levels of FA added to the OPC (and the accompanying designations) 
were 0 (FA0%), 5 (FA5%), 10 (FA10%), and 20 mass% (FA20%). The ACA/anhydrite ratio in the 
blended OPC was 20 mass%. The regulated setting agent was added in an amount sufficient to obtain 
a gelation time of 30 min. 
 
2.2.2 Measurement of gelation time and 25-step flow 
During gelation trials, the temperature of each mortar sample was measured using a data logger (Photo 
1). Figure 2 presents typical data for a mortar sample with added amorphous calcium 
aluminate/anhydrite by way of example. Both the temperature and penetration resistance of the mortar 
are plotted as functions of time to illustrate the relationship between temperature and resistance. The 
gelation time of the mortar was taken as the point at which its temperature had increased by 2 °C 
following the initial mixing of the sample. The 25-step flow value of each mortar sample was 
determined in accordance with GB/T 2419-2005. 
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Photo 1 Apparatus used to measure mortar 
temperature. 

Figure 1 Relationship between mortar temperature and 
penetration resistance as both vary over time. 
 

2.2.3 Measurement of compressive strength 
The mortar specimens for strength testing (cuboid, 40x40x160mm) were cured for 30 h at 20 °C and 
95% relative humidity and then cured in water for a further 28 d after remolding. The compressive 
strength of each mortar specimen was determined according to GT/T 17671-1999, with the strength 
measured after 6 h and 1, 3, 7, and 28 days. 
 
2.2.4 Measurement of length change ratio 
The mortar specimens for length assessments (cuboid, 40x40x135mm) were cured for 1 day at 20 °C 
and 95 % relative humidity then cured for 28 days in water after remolding. The length change ratios 
of specimens were determined according to JIS A 6202 while applying uniaxial restraint, following 1, 
3, 7, and 28 days.  
 
2.3. Paste test 
2.3.1 Preparation of specimens 
The hydration mechanisms of paste specimens were investigated using TG-DTA as well as the 
XRD/Rietveld method. The effects of the mixing proportions applied to the rapid hardening paste 
were assessed according to GB 20472-2006, applying a water/cement ratio of 0.37 and FA 



 

concentrations in the OPC of 0 (FA0%) and 20 mass% (FA20%). The ACA/anhydrite ratio in the 
blended OPC was 20 mass%. 
 
2.3.2 Examinations of specimens 
The paste specimens (cuboid, 20x20x80mm) to be assessed by TG-DTA and XRD were cured for 30 h 
at 20 °C and 95% RH and then cured for 28 days in water after remolding. These specimens were 
subsequently ground, soaked in acetone, and dried under vacuum for 24 h. The Ca(OH)2 
concentrations in specimens were determined by measuring the mass loss between 405 and 515 °C via 
TG-DTA. In addition, XRD patterns were obtained using 10 mass% α-corundum as an internal 
standard, by means of a Rigaku Multiflex instrument incorporating a monochromator and CuKα 
radiation at 20 kV, with a tube current of 20 mA. XRD patterns were acquired over the 2θ range of 
10–65° with a step width of 0.02° and a scan speed 2° min-1. The SIROQUANT Ver. 3 
(SIETRONICS) software package was employed for Rietveld analysis and to quantify the ettringite 
(Ett) concentrations in samples. 
 
2.3.3 Measurement of pore size distribution 
The pore volumes and pore size distributions of hardened specimens were assessed following drying 
under vacuum for 24 h, using a mercury penetrating porosimeter. 
 
3. Results and Discussion 
3.1. Gelation time and flowability  
Figure 2 summarizes the effects of the regulated setting agent replacement ratio on the gelation time 
upon addition of this agent to the rapid hardening mortar. At agent concentrations below 0.9%, there 
was no evident difference between the FA0% and FA20% specimens. However, at concentrations 
above 1.0%, the gelation times of the FA20% specimens were longer than those of the FA0%. The 
mechanism of the organic retarder may be explained by absorption theory, which is the most widely 
accepted of many hypotheses (Kasai Y. et al., 2007). In this mechanism, the organic retarder is 
believed to adsorb on the surfaces of both cement particles and initial hydration products. This process 
forms a dense adsorption layer that suppresses hydration of these materials by reducing the contact 
between water and the cement. The effect of the agent during gelation of the OPC in the FA20% 
specimens was greater than in the case of the FA0% samples, thus the gelation time of the FA20% was 
longer than that of FA0% after adding more than 1.0% of the agent. As a result, the concentration of 
the regulated setting agent was held constant at 0.9% in subsequent trials. 
Figure 3 shows the results of flow tests, applying from 0 to 20 mass% FA and measuring the 25-step 
flow values to a maximum of 170 mm. Here, it is evident that the flow values remained constant 
regardless of the FA replacement ratio. 
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3.2. Compressive strength of hardened rapid hardening mortar specimens 
Figure 4 summarizes the effects of the fly ash replacement ratio on the compressive strength when 
adding FA to the OPC. After 6 h cure, the FA0% specimen exhibited superior strength compared with 
the mortars with added FA while, following 1 day cure, the FA5% showed the highest strength. After 
curing for 28 days, the compressive strength of the FA20% specimen was less than those of all other 
samples. 
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Figure 4 Effect of the FA replacement ratio on the compressive strength of mortar specimens. 

 
3.3. Length change of hardened rapid hardening mortar specimens 
Figure 5 shows the length changes obtained when applying various FA ratios and curing times. The 
FA samples all exhibited reduced expansion at 28 days curing compared with the FA0% and the 
length change of the FA20% was equal to that of the FA10%. Generally, the dominant hydration 
reaction of ACA/anhydrite is explained by deposition solution reaction. However, it is assumed that 
the topo-chemical reaction, accounting for expansion, is also occurred and depends on the pH of 
cement matrix. Based on these results, it is believed that the addition of an appropriate amount of FA 
to the OPC was able to regulate the expansion of the mortar. It was also assumed that the expansion 
continued to increase after 28 days curing regardless of the addition of FA. This post-expansion will 
be investigated in future studies. 
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Figure 5 Effect of FA replacement ratio on the length 

change ratios of mortar specimens. 

 



 

3.4. Hydration products of hardened rapid hardening paste specimens 
Regardless of the FA concentration or the curing time, crystalline hydration products (Ca(OH)2 and 
Ett) were identified by XRD. Figure 6 shows the relationship between the amount of Ca(OH)2 and the 
FA concentration in hardened rapid hardening cement, based on data obtained using the TG-DTA. The 
solid straight lines indicate the amounts of Ca(OH)2 formed in the FA0% specimen multiplied by the 
cement content ratios of the samples. The difference between the straight lines and the experimentally 
measured data thus show the amount of Ca(OH)2 consumed by pozzolanic reactions in the FA cement 
(Sakai E. et al., 2005). These data can also be used to determine the amount of Ca(OH)2 consumed by 
Ett generation, based on Eq. (1). 
 
12CaO·7Al2O3 (amorph.) + 21CaSO4 + 9Ca(OH)2 + 215H2O → 7(3CaO·Al2O3·3CaSO4·32H2O)  (1) 
 
Regardless of curing time, the Ca(OH)2 concentrations were found to increase relative to the straight 
lines. This result indicates that the Ca(OH)2 generated was not consumed by either pozzolanic 
reactions or Ett generation but rather that the generation of Ca(OH)2 was accelerated by the addition of 
FA. Figure 7 shows the variations in the Ett concentrations in FA0% and FA20% samples as 
determined by the Rietveld method. At all curing times, there was no difference in the Ett 
concentrations of the two samples. This study did not examine the reaction mechanisms of the rapid 
hardening paste with added FA in detail. Hence, more precise methods of determining the phase 
composition changes of paste specimens (typically, the reaction ratio of amorphous calcium aluminate 
and the amorphous phase in the FA) are required.  
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Figure 6 Relationship between Ca(OH)2 concentration 

and the FA ratio, as determined by the Rietveld 
method. 

Figure 7 Ett concentrations in FA0% and FA20% 
specimens as determined by the Rietveld method. 

 
3.5. Microstructures of hardened rapid hardening paste specimens 
Figures 8(a) and (b) present the pore size distributions of FA0% and FA20% specimens, respectively, 
demonstrating that the FA20% had a lower value for pore volume compared with the FA0% specimen. 
After curing for 28 days, the pore volume percentage between 0.01 and 0.06 μm of the FA20% was 
increased compared with that of the FA0%. These results are in good agreement with the compressive 
strength results.  
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Figure 8 Pore size distributions after 6 h, 1 day, and 28 days curing. 
 

4. Conclusions 
We investigated the effects of FA replacement on the characteristic properties of rapid hardening 
mortar with amorphous calcium aluminate/anhydrite and obtained the following information. 
(1) When adding no more than 0.9% of the regulated setting agent, there was no difference between 
the FA0% and FA20% specimens. However, at concentrations above 1.0%, the gelation time of the 
FA20% was longer than that of the FA0%. 
(2) The 25-step flow values of samples were constant regardless of the FA replacement ratios. 
(3) Following 6 h cure, the FA0% exhibited high strength compared with those of mortars with added 
FA. After curing for 1 day, however, the FA5% had the highest strength. On curing for 28 days, the 
compressive strength of the FA20% was below that of all other specimens. 
(4) The FA samples all exhibited reduced expansion at 28 days curing compared with the FA0% and 
the length change of the FA20% was equal to that of the FA10%. 
(5) Regardless of curing age, the amount of Ca(OH)2 was increased. This result indicates that the 
generated Ca(OH)2 was not consumed by either pozzolanic reactions or ettringite generation but rather 
was accelerated by adding the FA. 
(6) Regardless of curing age, there was no difference between the amount of ettringite in the FA0% 
and that in the FA10%. 
(7) The pore volume of the FA20% was less than that of the FA0%, which agrees with the results 
obtained for the compressive strengths of these materials. 
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Abstract 
The aim of the test is to research the influence rules of TEA·HCl on the workability of cement paste and concrete. Based 
on the features of the new hardening accelerator, we established experimental analysis system through different 
dosages of hardening accelerator, and verified the feasibility of such accelerator to satisfy the need of practical 
engineering.  
The results show that adding of the hardening accelerator can accelerate the cement hydration, and what is more, when 
the dosage was 0.04%, the setting time was the shortest while the initial setting time and final setting time were 130min 
and 180min, respectively. The initial fluidity of cement paste of adding accelerator was roughly equivalent compared 
with that of blank. After 30min, fluidity loss would be decreased with the dosage increasing, but fluidity may be 
increased. The application of the hardening accelerator can make the early workability of concrete to be improved, 
especially the slump loss of 30min can be improved more significantly. The bleeding rate of concrete was significantly 
decreased after adding TEA·HCl. The conclusion is that the new hardening accelerator can meet the need of the 
workability of cement-based materials in the optimum dosage range. 
 
 
 
Originality 
TEA·HCl is a new amine hydrochloride hardening accelerator for concrete. In this paper we studied the influence rules 
of the accelerator on the workability of cement paste and concrete. We established experimental analysis system 
through different dosages of hardening accelerator, and verified the feasibility of such accelerator to satisfy the need of 
practical engineering.  
The proposed content is original and not involving plagiarism with copyright infringement issues. I hereby declare and 
guarantee those are true, I claimed.  
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1. Introduction 
In concrete construction, hardening accelerator can accelerate the hardening of concrete, can 
improve the early strength of the concrete (Dransfield, J., 2003a), and accelerate concrete 
the construction schedule, so it is widely used in the modern concrete construction. In order to speed 
up the tension reinforcement (Aggoun, S. et al., 2008a; Angelskaar, T. et al., 2007), accelerate the 
turnover of template and pedestal utilization in production of concrete member, the hardening 
accelerators were more widely used. 
Hardening accelerator is the admixture that can adjust the setting time and earlier strength of concrete, 
mortar and cement paste. There are many types of hardening accelerator, mainly include, inorganic 
salts hardening accelerator, such as salt-based chlorine series, sulfate series etc. organics hardening 
accelerator(Aggoun, S. et al., 2008b; Heikal, M., 2004; Xu Sailong, et al., 2009), such as lower 
organic acid salt(calcium formate, sodium acetate, calcium oxalate, etc.), triethanolamine, 
triisopropanolamine, and urea(Dransfield, J., 2003b; Peschard A. et al., 2004), compound hardening 
accelerator, such as compound of inorganic salts and organic classes, compound of many kinds of 
inorganic salts, and compound many kinds of organic matters(Singh N. K. et al., 2003; Sommer, M. et 
al., 2003). 
There are three ways to improve the early strength of concrete; the first way is the use of special 
cement, this cement can reach the predetermined strength in a short time (Hardjito, D. et al., 2005; 
Price, W. H. 1951). However, due to its low production and high prices are restricted not to be widely 
used. The second way is improving the construction and maintenance of concrete, such as hot-mix 
concrete, steam curing treatment methods (Hofmann, T., 2004), however, this method is also the 
inconvenience in actual industrial production, therefore not been widely adopted. The third way is to 
use the early strength admixture; practice has proved that this method is the easiest and least costly 
method, so it has been widely adopted in the construction project (Nmai., et al., 1998). 
On the other hand, the use of hardening accelerator has significant influence on the workability of the 
cement-based materials (J.Pourehez et al., 2006; Reinhardt, et al., 2004). In order to ensure the 
hardening accelerator is better applied in practical engineering, we should to have a good grasp the 
influence rules of hardening accelerator on the workability of the cement-based materials. TEA·HCl, 
as a new type hardening accelerator, prompt us to research the influence rules of it on the workability 
of cement paste and concrete. 
2. Experimental 
2.1. Raw Materials 
2.1.1 Cement 
P·O 42.5 ordinary portland cement was used, produced by Jidong Cement Factory, the performance of 
which is reported in Table 1; 
 

Tab. 1 Performance of the cement 

Fineness（80μm 

sieve residue）% 

Setting Time/min Soundness（boiling 

method） 

Bending Strength 
/MPa 

Compressive 
Strength /MPa 

Initial Finnal 3d 28d 3d 28d 

1.7 
210 252 

Qualified 
4.1 8.4 21.4 49.3 

>45 <390 4.0 7.3 17.2 48.8 

 

2.1.2 Superplasticizer 
Polycarboxylate superplasticizer; self made polycarboxylic superplasticize was used in this test, 
the solid content of which is 40%. Choose the recommended dosage, the adding amount is 
usually 0.2% to 0.5%, tentative dosage is 0.2% (equivalent to solid dosage calculation).  
2.1.3 Hardening Accelerator 
TEA·HCl hardening accelerator: the hardening accelerator used in this test was self made products, 
98% purity, white, crystalline powder. 
2.1.4 Fine Aggregate 



 

River sand; Region Ⅱ medium sand, its fineness modulus is 2.65, mud content is less than 2%. 
2.1.5 Coarse Aggregate 
Coarse aggregate: gravel, 5mm~25mm, continuous grading. 
2.1.6 Water 
Tap water was used in this test, comply with the technical requirements of standard concrete mixing 
water. 
2.2. Experimental Methods 
The water requirement of normal consistency of the cement was pre-determined according to the 
national standard. The initial setting time and final setting time were tested for blank samples and 
which was added TEA·HCl hardening accelerator with the water requirement of normal consistency. 
According to preliminary tests that the optimal dosage range of the hardening accelerator, the fluidity 
of cement paste and the loses through time were tested when the dosage of hardening accelerator is 
0.03%, 0.04%, 0.05%, 0.06% and 0.07%. Thus we analyzed the influence rules of TEA·HCl on the 
workability of cement paste. 
According JGJ55-2011 “Specification for mix proportion design of ordinary concrete” designed C30, 
C40 and C50 three strength grades of concrete mix proportion, which included blank and adding 
TEA·HCl concrete. Concrete slump and the loss through time, bleeding of concrete were tested, we 
analyzed the influence rules of TEA·HCl on the workability of concrete. 
3. Results and Discussion 
3.1. Effects of Different Dosage on Setting Time 
Figure 1 shows the curves for the initial setting time and final setting time of cement samples with 
different dosage of TEA·HCl. From figure 1, we can see that the incorporation of the hardening 
accelerator can accelerate the hydration of the cement, and the setting time of cement samples is not 
gradually shortened with the increase of the hardening accelerator in the dosage selected range, the 
setting time is the shortest when the dosage of 0.04%. As can be seen from Table 2, the initial setting 
time and final setting time are 130min and 180min respectively, which meet the requirements of 
GB175-2007 “Common Portland Cement”. However, they are shortened by 38.1% and 27.0% 
compared with the blank sample. 
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Figure 1 The setting time of cement samples with different mixing amount of TEA·HCl  

 
 Tab. 2 Setting time of cement samples with different mixing amount of TEA·HCl 

 
3.2. Effects on Fluidity of Cement Paste 

Mixing Amount/％ Initial Setting Time /min Final Setting Time /min 

0 210 252 

0.03 205 250 

0.04 130 180 

0.05 185 245 

0.06 150 235 

0.07 133 215 



 

Figure 2 and figure 3 show the curves for the fluidity of cement paste samples with different dosage of 
TEA·HCl. We can see that the effects of incorporation TEA·HCl on the initial paste fluidity is not 
significant, but has significant improvement on the fluidity of after 30 minutes, which even larger than 
the initial fluidity when the dosage is more than 0.06%, the fluidity after 60 minutes would be 
significantly decreased with the dosage of accelerator increasing, this showed that the accelerator had 
plasticity-maintaining effect on the cement hydration in initial period (30min). With time passing by 
(after 60min), there would be occurred the hydration reaction accelerated, and the fluidity 
significantly decreased phenomenon. 
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Figure 2 The fluidity of cement samples with different mixing amount of TEA·HCl 
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Figure 3 The fluidity loss after 30min and 60min  

 
3.3. The concrete slump and slump loss 
The test had designed three strength grades of concrete, which included blank and adding 0.04% 
TEA·HCl concrete. As can be seen from Table 3, with the adding of accelerator, all the workability of 
concrete were improved. The initial slump had some improvement, especially for the slump loses after 
30min was improved obviously. There is not much improvement for the slump loses after 60min, 
which is roughly equivalent compared with that of blank samples. 
 
 
 
 
 



 

Tab. 3 The concrete slump and slump loss 

No. 
Mix Proportion TEA·HCl 

/C×% 

Slump/mm 

C:S:G:F:W Initial 30min 60min 

T3 
1:2.01:3.58:0.25:0.58 

0 93 68 46 

T3’ 0.04 95 87 53 

T4 
1:1.54:2.74:0.25:0.47 

0 87 60 38 

T4’ 0.04 92 88 42 

T5 
1:1.22:2.17:0.25:0.39 

0 99 73 39 

T5’ 0.04 106 95 35 

This conclusion was basically consistent compared with that obtained from the cement paste fluidity 
test; it was that the accelerator had plasticity-maintaining effect on the cement hydration 
in initial period (30min). 
3.4. Bleeding Test  
Bleeding test results of six groups of concrete (T3, T3’, T4, T4’, T5 and T5’) as shown in figure 4~6, 
we could seen that the bleeding rate of concrete was significantly decreased after adding TEA·HCl 
hardening accelerator, particularly more obviously after 3 hours. Taking T3 and T3’ as an example, 
the bleeding rate of T3’ concrete is only 42.5% of T3 concrete. This may be because that TEA·HCl 
accelerated the hydration of cement after mixed 1 hours.  
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Figure 4 The bleeding rate of T3 and T3’                                Figure 5 The bleeding rate of T4 and T4’ 
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   Figure 6 The bleeding rate of T5 and T5’ 

4. Conclusions 
a. Adding of the TEA·HCl hardening accelerator can accelerate the cement hydration, and what is 
more, when the dosage was 0.04%, the setting time was the shortest.  
b. Adding of the TEA·HCl hardening accelerator has little effect on the initial fluidity paste, but has 
significant improvement on the fluidity of after 30 minutes, which is advantageous to the construction. 
The fluidity loss after 60 minutes increased. 



 

c. After added TEA·HCl hardening accelerator, the initial slump had some improvement, especially 
for the slump loses after 30min was improved obviously. There is not much improvement for the 
slump loses after 60min, which is roughly equivalent compared with that of blank samples. 
d. The bleeding rate of concrete was significantly decreased after adding TEA·HCl hardening 
accelerator. 
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Abstract 

The objective of this paper is to examine the rheological properties of cement paste with lower 
water-binder ratio (W/B) of 0.25. The electrochemical technique is utilized to assess the evolution of 
the rheological properties of fresh cement pastes with different amount of high range water reducing 
admixture (HRWR), as well as the mini cone method. The experimental results show that the high 
range water reducing admixtures can effectively influence the rheological properties of paste. The 
cement paste is controlled by dynamics or diffusion, depending on the structure of fresh mixtures 
influenced by HRWR. Meanwhile, the parameter Rct obtained by Nyquist curves measured by 
electrochemical impedance method varies as the dosage of HRWR increase from 0.5% to 1.4%, 
indicating that the HRWR indeed has obvious effect on the ability of paste transferring charge, further 
influence the rheological structure of fresh cement paste . Additionally, the parameter of Rct is closely 
related to the fluidity of fresh cement paste measured by mini cone. 

 

Originality 

The rheological properties of fresh cement pastes are very interesting because of their influence on the 
consistency, workability and setting characteristics of the cement. In this paper, the rheological 
properties of fresh cement paste with the water-binder ratio (W/C) of 0.25 and with different amounts 
of high range water reducing admixture are studied by the methods of mini cone and electrochemical 
impedance spectroscope, respectively. 
The parameter of Rct varies as the dosage of HRWR increase from 0.5% to 1.4% when the measured 
time is from the first one hour to the first two hours. For the cement paste with 0.5% HRWR, the Rct 
increase more than 10000 Ohm. However, for the paste with 1.4% HRWR, the value of Rct become 
smaller, showing that the ability of paste transferring charge is different and HRWR has obvious effect 
on the ability of transferring charge. Meanwhile, the fluidity of fresh cement paste measured by mine 
cone have a closely relation with Rct obtained by Nyquist curves measured by electrochemical 
impedance method. When the paste fluidity decrease as the tested time changing from 60 minutes to 
120 minutes, Rct have an incensement, and when the fluidity has slight or no variation, Rct become 
smaller. 
 
Keywords: cement paste; rheological properties; electrochemical impedance; lower W/B  
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1. Introduction  

Concrete and other cement-based systems as the most important construction materials, are 

widely used in the world and dominate the built environment. The cement paste is the most 

definitive component of mortar and concrete. Therefore, the rheological properties of cement 

paste are of greatest importance in making quality concrete products, as well as in conducting 

efficient construction works (Gaurav S. et al., 2008).  

When the Portland cement (PC) is mixed with water, a series of chemical reactions begin to 

take place. The reactions of cement with water proceed at different rates for the various 

mineral phases and involve both hydrolysis and hydration processes (Jeffrey W. B. et al., 

2011). Hydration is a chemical process leading to the formation of hydrates and has 

thermodynamic, kinetic, and structural features, which depend on both chemical and physical 

parameters (Roskovic R. et al., 2005). Setting is a definite time event that corresponds to the 

transition of the paste from soft to hard. The changes in the physical state of water and ionic 

concentrations within the gauging water were reflected by the change of cement paste 

electrical conductivity, which can be measured by many technologies (Li Z. J. et al., 2003; Li 

Z. J. et al., 2007; Lu Y. Y. et al., 2013). 

The rheological properties of fresh cement pastes are very interesting because of their 

influence on the consistency, workability and setting characteristics of the cement. 

Understanding how to control the rheological properties of the fresh cement paste is very 

important for the economical proportioning of concrete and proper mixing and placement 

methods. In this paper, the rheological properties of fresh cement paste with the water-binder 

ratio (W/C) of 0.25 are studied by the methods of mini cone and electrochemical impedance 

spectroscope, respectively. The purpose of this paper is to examine the evolution of 

rheological properties of fresh cement paste with different amounts of high range water 

reducing admixture. 

2. Experimental 

The materials used in the preparation of cement paste are P·O 42.5 cement, a kind of high 

range water reducing admixtures (HRWR) named by polycarboxylated-based superplasticizer, 

and normal top water. In this paper, five different groups of fresh cement paste are used and 

the water-binder materials ratio (W/B) is kept at 0.25. In order to investigate the effect of 

HRWR on fluidity and electrochemical impedance, the amount of HRWR is 0.5%, 0.8%, 

1.0%, 1.2% and 1.4% of cement weight, respectively. The mixtures are correspondingly 

remarked by G1, G2, G3, G4, G5 and G6, respectively.  

Cement was weighed with a precision of 0.1g in a ceramic bowl and then transferred to the 

mixer cup. Water was weighed with a precision of 0.1g in a 600ml beaker. The necessary 

weight of superplasticizer suspension was introduced in a syringe as weighed by difference 

with a precision of 0.001g. The use of the syringe is allowed to establish the actual dosages of 

superplasticizer with high accuracy and repeatability. 

In order to investigate the rheological properties of cement paste, the mini cone is applied 

to the spread measurement of fresh mixture. The top and bottom of the mini cone is 36mm 

and 60mm, respectively, and the height of the cone is 60mm. The truncated cone mould is 

placed on a glass plate, filled with paste. The resulting final diameter of the fresh paste 

sample is the mean of two measurements made in two perpendicular directions (figure 1). In 

addition, for each cement mixture, the spread measurement is conducted for 10min, 20min, 



 

30min, 60min, 90min and 120min, respectively. The time is calculated from the cement and 

water mixing together. 

 

Figure 1 The spread measurement of cement mortar used by mini cone (Unit: mm). 

Additionally, the electrochemical impedance method is employed to evaluate the structure 

evolution of rheological properties of cement paste. The electrochemical impedance 

measurement is made using two-point electrode technique, as shown in figure 2. The two 

electrodes are made by special material which can resist the high alkaline environment. In this 

paper, the electrodes are directly inserted the fresh mixture, which can minimize the point 

contact resistance resulting from poor contacts between the electrodes and sample surfaces. 

The impedance measurements are carried out using advanced electrochemical system of 

Parstat 2273. The real part (Zre) and imaginary part (Zim) of the cell impedance are measured 

for various frequencies (10,000~0.01 Hz), which can be plotted as Nyquist curves. The 

electrochemical impedance measurement is conducted from the fresh paste at the first one 

hour and two hours calculated from water mixing cement together, respectively. 

 
Figure 2 The diagram of electrochemical impedance measurement. 

3. Results and discussion 
3.1. Effect of HRWR on Fluidity of paste 

The fluidity of cement paste with W/B of 0.25 measured after different period intervals are 

listed in Table 1. As listed in Table 1, the fluidity increase as the dosage of HRWR change 

from 0.5% to 1.4%, the same as previous results (Łaz′niewska-Piekarczyk B. et al., 2012; 

Electrode       

It is noted that 1and 2 is work electrodes, 3 and 4 is reference and counter electrodes.            

Computer  
Parstat 2273 Specimen 

1
2

     
3

     
4

     



 

Łaz′niewska-Piekarczyk B. et al., 2013; Nagrockiene D. et al., 2013; Petit J.Y. et al.,2010). 

For example, the fluidity of G1 is 65mm at the first 10 minutes, slightly larger than the 

bottom diameter of mini cone used in the experiment, indicating that the rheological property 

of G1 is poor. However, when the dosage of HRWR reaches to 0.8%, 1.0 and 1.4%, the 

fluidity value is 80mm, 120mm, 160mm and 210mm, respectively. The fluidity of G1, G2, G3, 

G4 and G5 increase 23%, 84%, 146% and 223% compared to that of G1. Moreover, the 

fluidity value of G1, G2, G3, G4 and G5 at the first 30 minutes reaches to the largest value. 

When the tested time prolongs, the fluidity of G1 always keep at the value of 65mm. However, 

the fluidity of other mixtures decreases at different degree when the time extends. When the 

measured time is at 120 minutes, the fluidity of G1, G2, G3, G4 and G5 are 60mm, 105mm, 

120mm, 165mm and 250mm, respectively. Comparing to the fluidity of all pastes at 60 

minutes, that of G1, G2, G3, G4 and G5 at 90 minutes decreases 8%, 9%, 28%, 23% and 18%, 

respectively. 
Tab.1 Fluidity of cement paste measured by mine cone /mm 

No. Dosage 10 min 20 min 30 min 60 min 90 min 120 min 

G1 0.50% 65 70 70 65 65 60 

G2 0.80% 80 105 130 115 110 105 

G3 1.00% 120 160 175 155 125 120 

G4 1.20% 160 195 215 200 190 165 

G5 1.40% 210 245 275 250 250 250 

It is attention that when the dosage of HRWR is more than 1.4%, the cement paste has the 

bleeding phenomenon. Therefore, the optimized dosage of HRWR is fixed at 1.4% of cement 

weight. 

3.2. Effect of HRWR on electrochemical resistivity of paste 

In the view of electrochemical point, it is considered that an empirical electrochemical system 

ususlly includes electrodes and electrolyte. The electrolyte normally exists as a solution. The 

whole system of cement paste can be simplified in to an equivalent circuit, as shown in figure 

3, the circuit is named by Randles Model. As displayed in figure 3, Rs represents the 

resistance of the electrolyte solution in cement paste system; Rct stands for the impedance 

caused by charge transfer procedure; Cd corresponds to the double layer capacitance of 

C-S-H gel; Zw stands for the impedance caused by charge diffusion procedure. The 

parameters of Rs and Rct in the Randles circuit can be obtained in Nyquist curve of 

electrochemical impedance measurement, as shown in figure 4. 

   

          Figure 3 Randles circuit.      Figure 4 The Nyquist curve of cement paste system. 



 

The electrochemical impedance measurement of different cement paste mixtures at different 

periods is shown in figure 5 (a) and (b), respectively. The Nyquist curves in figure 5 are 

different from the typical curve in figure 4, due to the different measure frequency range. The 

curves in figure 5 indicate that most of the cement paste with HRWR is controlled by 

dynamics, not the diffusion control at high and low frequencies, during the frequency of 

10,000~0.01 Hz. The charge is difficult to be transferred in the fresh cement system in the 

first two hours, even the first one hour which is calculated from cement and water mixing 

together. However, the Nyquist curve of the cement paste G1 at the lower frequency in figure 

5 (a) is controlled by diffusion control, indicating that the rheological structure of G1 is 

different from other pastes. In figure 5 the parameter Rs representing the resistance of the 

electrolyte solution in cement paste system, has no obvious changes, showing that there is no 

resistance in the electrolyte solution. However, the standing for the impedance caused by 

charge transfer procedure significantly varies as the dosage of HRWR increase from 0.5% to 

1.4%. the Rct increase as the dosage of HRWR is more. 

Compared to figure 5 (a) and (b), the tendency of Nyquist curves for cement paste with 

HRWR is similar. Only the paste G1 varies the trend of Nyquist curve in figure 5 (a) and (b). 

It is noted that as the tested time is extended, the parameter Rs in Fig. 5 (a) is as the same as 

that in figure 5 (b). Howerver, the Rct varies as the dosage of HRWR increase from 0.5% to 

1.4% when the measured time is from the first one hour to the first two hours. Especially, for 

the cement paste G1 only with 0.5% HRWR, the parameter Rct increase more than 10000 

Ohm, indicating that the ability of paste G1 transferring charge become weaker. For the paste 

G2, G3 and G4, the value of Rct in figure 5 (b) is nearly the same as that in figure 5 (a), or 

has a slightly increasement. However, for the paste G5, the value of Rct in figure 5 (b) is 

smaller than that in figure 5 (a), showing that the ability of paste G5 transferring charge is 

improved. The above results indicate that the HRWR indeed has obvious effect on the ability 

of transferring charge, further influence the structure of fresh cement paste. 
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Figure 5 The Nyquist curves of five cement pastes. 

In addition, it is found that the fluidity of fresh cement paste measured by mine cone have a 

closely relation with the parameter of Rct obtained by Nyquist curves measured by 

electrochemical impedance method. If the fluidity decrease as the measured time changing 

from 60 minutes to 120 minutes, the Rct standing for the impedance caused by charge transfer 

procedure should have an incensement, and if the fluidity has slight or no variation, the value 

of Rct measured at the first two hours become smaller than that obtained in the first one hour. 

The above results indicating that the variation of Rct is related with the dosage of HRWR that 



 

further affecting the evolved structure of fresh cement pastes, which will be investigated in 

the future research. 
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Figure 6 The fluidity of cement paste with HRWR at different tested periods. 

4. Conclusions 

Five different cement pastes with different dosage of HRWR are employed to study the 

electromechanical impedance and fluidity of fresh mixtures. Based on the related 

experimental results, the following conclusions could be obtained. 

The fluidity increase as the dosage of HRWR changes from 0.5% to 1.4%. Moreover, more 

amount of HRWR, more obviously the fluidity improves. However, for the cement paste with 

a fixed W/C, the optimized incorporation of HRWR can be found. As the period prolongs, the 

fluidity of five cement paste has different variation. 

The cement paste is controlled by dynamics or diffusion, depending on the dosage of 

HRWR which influencing the rheological structure of fresh mixtures. The parameter Rct 

significantly increases as the dosage of HRWR increase from 0.5% to 1.4% at the first one 

hour, indicating that the ability of paste transferring charge is enhanced. However, as the 

tested period extends from one hour to two hours, the value of Rct in paste with 1.4% HRWR 

becomes smaller, showing that the ability of paste G5 transferring charge is improved.  

The parameter of Rct obtained by Nyquist curves measured by electrochemical impedance 

method is closely related to the fluidity of fresh cement paste measured by mini cone. If the 

fluidity has no variation as the period prlongs, the value of Rct measured at the first two hours 

become smaller than that obtained in the first one hour. When the fluidity decrease as the 

tested time changing from 60 minutes to 120 minutes, the Rct should have an incensement, 

and if the fluidity has slight or no variation, the value of Rct measured become smaller. 
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Abstract 

Ground blast furnace slag (GBFS) and limestone powder mixed in appropriate proportions can be made into 

bi-component admixture. In this paper, development of the pore system in the hardened cement paste, which 

contains a high-volume of bi-component admixture, was studied using scanning electron microscopy (SEM) and 

mercury intrusion porosimetry (MIP). Experimental results showed that the bi-component admixture, similar 

with fly ash, can optimize the pore system in the paste with the increasing of hydration age. Also, the porosity of 

the hardened paste decreased and the percentage of sound pores increased significantly. We confirm that the 

optimzation function of the bi-component admixture on the pore system in hardened paste is based on the 

hydration activity of GBFS and the filing effect of limestone powder. 

Keywords：Bi-component admixture; paste; pore system; density 

1 introduction 

Bi-component admixture, as a new type of mineral admixture, is composed of Ground blast furnace 

slag (GBFS) and limestone powder mixed in appropriate proportions. In china, bi-component 

admixture has been successfully used in some hydropower stations, for example, JINGHONG, 

GOLANTAN and JUFUDU hydropower station [1, 2]. Nowdays, it has become the most potential 

minerial admixture for dam concrete in fly ash resource shortage areas. 

Ground blast furnace slag, as addition, can improve the concrete strength and durability by reacting 

with the calcium hydroxide and optimize the pore system of hardened cement paste. Unlike slags, 

limestone powder without any hydration activity is only as filler in the cementitious system. Therefore, 

it’s Necessary to find out the influence of limestone powder on the pore system of the hardened paste. 

Experiment result showed that porosity of the hardened motar will increase after adding limestone 

powder [3]. Meanwhile, researches by XiaoJia showed that [4, 5], the average pore size of the haredend 

paste will increase with the increase of limestone powder content, and for aluminate cement, limestone 

powder has the optimum percentage of 3%. On the other hand, researches by K. De Weerdt showed 

that percentage of the pores diameter greater than 0.17um will not increase after adding limestone 

powder [6]. Research by doctor Liu showed that limestone powder more fine than cement and fly ash 

has good function of filling which made the hardened paste has good density and low porosity, 

meanwhile the percentage of the big size pores will decrease obviously[7]. 

However, previous studies are mainly on the civil engineering concrete which contains high content of 

cement and that the percentage of limestone powder is low. Dam concrete contains more admixtures in 

order to reducing its temperature rise, especilaly for the roller-compacted concrete. As usual, 

percentage of the mineral admixure is about 50%~70%. For bi-component admixture, percentage of 

the limestone powder is about 28% or 30% [8, 9]. Pecentage of cement is only about 44% or 40%. 

Therefore, it’s Necessary to find out the influence of high volume limestone powder on the pore 

system of hardened paste. In this paper, development of the pore system in the hardened cement paste 

which contains 60% bi-component admixture was studied using scanning electron microscopy (SEM) 



and mercury intrusion porosimetry (MIP). 

2 materials 

The cement used is ordinary Portland cement P.O42.5 of Chinese standard GB175-1999. Slags 

contains ground blast furnace ferromanganese slag (FM slag) and iron slag, which are complied with 

the Chinese national standard “granulated blast furnace slag powder used in cement and concrete” 

(GB/T18046-2000). Fly ash is the Class II satisfied with GB/T1596-2005 and which is supplied by a 

power station in Yunan province. Limestone powder is ground of limestone that content of CaO is 

about 53.4%. Bi-component admixture contains ferromanganese slag bi-component admixture 

(abbreviated MS), which contains 50% FM and 50% limstone powder in mass and iron slag 

bi-component admixture (abbreviated PS), which contains 50% iron slag and 50% limestone powder 

in mass. Table1 shows the chemical composition of each material. Main charactars of cement and 

admixtures are shown in table 2 and table 3. 

Table1 Chemical composition of materials (%) 

Table 2  Main charactars of cement 

Type 
Density 

(g/cm3) 

fineness 

(%) 

Setting time 

(h:m) 

Compressive strength 

(MPa) 

Flexural strength 

MPa) 

initial final 3d 28d 3d 28d 

Cement 3.18 1.8 2:40 3:30 18.0 54.4 4.4 8.5 

GB175-1999 - ≤10 ≥0:45 ≤10:00 ≥16.0 ≥42.5 ≥3.5 ≥6.5 

Table3  Main charactors of minerial admixtures 

Item 
Density 

(g/cm3) 

Fineness 

(%) 

Special surface 

(m2/kg) 

Water requirment 

(%) 

Ratio of compresive 

strength (%) 

7d 28d 90d 

FM slag 3.09 - 398 96 58.8 72.6 101.3 

Iron slag 2.90 0.6 408 98 55.2 70.2 88.8 

Fly ash 2.34 9.0 365 98 63.8 72.4 84.1 

Limestone 
powder 

2.73 - 596 100 70.7 68.3 68.2 

3 results and discussions 

3.1 density 

Three type of pastes RMS, RPS and RFA were tested in this part, which contains 60%MS, 60%PS or 60%FA 

respectively. Mix proportions were presented in table 4.The mixtures were poured into cube moulds (3cm×

3cm×3cm). The demoulding was done after 24h and then the samples were cured for 7d, 28d. 90d. 180d, and 

365 days immersed in water at 20℃ (±1℃). 

Item SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Loss TiO2 MnO 

Cement 21.0 5.8 4.0 61.9 1.8 0.6 0.1 2.6 1.4 - - 

FM slag 27.0 17.3 0.2 38.9 1.8 0.8 0.1 0.7 - 0.6 13.1 

Iron slag 35.8 11.3 2.5 38.4 7.2 - - 1.3 - 2.4 0.2 

Fly ash 62.0 22.9 8.3 3.2 0.8 0.8 0.1 0.0 1.4 - - 
Limestone 

powder 
1.3 0.4 0.6 53.4 1.0 - - - 40.0 - - 



 

Table 4   Mix proportions of the pastes 

No. Water/g Cement/g Fly ash/g MS/g PS/g 
Water reducing 

agent/g 

RMS 107.4 148 - 222 - 0.37 

RPS 107.4 148 - - 222 0.37 

RFA 107.4 148 222 - - 0.37 

The SEM micrographs of each hardened pastes are shown in figure1. From these pictures we can find that 

there are lots of particals on the fracture sections of hydrated pastes cured for 7 days, which include 

unhydrated cement, slag, limestone powder and fly ash. After cured for 365 days, density of the paste has 

great improved, and there are lots of C-S-H gels on the section. The mineral mixtures like slags and 

limstone powder pareticls were enwraped by C-S-H gel. It is confirm that the paste with high volume 

bi-component admixture has good compactness, although its cement content is only 40% in mass. 

3.2 pore structure 

Figure 2 is the MIP results of different pastes hydrated for 7d、28d、90d、180d and 365 days. The results 

show that pore size distribution curve of the paste RMS and RPS has two peaks, but the paste RFA only 

has one.  

Table 5 includes some pores information of different hardened pastes. The results show that there type of 

pastes have the same pore structures development rules. The porosity, total proe volume, average pore 

diameter and the most probable aperture are getting less with the hydration period of growth. It is stressed 

that porosity of the paste with bi-component admixture is lower than that with fly ash, but the average 

pore diameter is very close. Hydrated for 365 days, the porosity of the paste RMS, RPS, and RFA is 

26.8%, 25.0% and 34.9% and the average pore diameter is 8.1nm, 8.6nm, and 8.7nm respectively. 

     

     
(a) RMS                      (b) RPS                       (c) RFA 

Fig 1  SEM patterns of hardened pastes (×500) 

7days 

365days 

7days 

365days 

7days 

365days 



 

 

Table 5  PoreS information of different pastes 

No.  

age(d) 

RMS RPS RFA 

7 90 180 365 7 28 90 180 365 7 28 90 180 365 

Proe volume  

(mL/g) 
0.318 0.134 0.159 0.142 0.202 0.166 0.121 0.131 0.128 0.229 0.188 0.208 0.175 0.199 

Porosity (%) 37.2 26.2 29.5 26.8 35.8 27.7 22.9 25.3 25.0 37.2 30.9 35.1 30.2 34.9 

Average pore 

diameter (nm) 
22.4 9.2 8.8 8.1 21.6 11.5 9.5 8.9 8.6 27.1 13.8 9.3 9.1 8.7 

The most probable 

aperture (nm) 
305.0 36.2 32.9 26.0 181.8 60.6 36.2 30.2 26.0 113.1 36.3 22.7 18.1 13.0 

According to the effect of different size pores on concrete strength and permeability, pores in hardened 

paste are usually divided into four categories [10]. They are harmless, less harmful, harmful and more 

harmful pore, corresponding to the pore diameter respectively is 3nm~18nm, 18nm~113nm, 

113nm~226nm and 226nm~1033nm. To try to decrease the porosity, remove harmful and more harmful 

pores, concrete can get high strength and good compactness. Calculate the volume percentage of each 

level pores at different curing time, shown in figure 4. It is confirmed that bi-component admixture like fly 

ash has the pozzolanic activities and the particle filling effect. Along with the age growth, percentage of 

the harmless pores increased significantly, percentage of less harmful pores decreased, and the harmful 

and more harmful pores disappeared after 90 days curing. 
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(a) RMS                         (b) RPS                          (c) RFA 

Fig 3  Distributions of pore sizes of different pates during hydration 7 days to 365 days 



 

 
Fig 4  Different size pore content of hadrdened pastes at different curing time. 

(a) RMS， (b) RPS， (c) RFA 

4 conclusion 

(1) Paste with high volume (60% in mass) bi-component admixture has good density. After curing for 365 

days, there are no obvious mineral admixture particles founded on the paste fracture section, which has 

been almost enwrapped by hydrated C-S-H gel.  

(2) Porosity of the paste with high volume bi-component admixture is lower than that with fly ash. Along 

with the hydration time growth, percentage of the harmless pore increases significantly, percentage of less 

harmful pore decreases, and the harmful and more harmful pore disappear after 90 days curing. 

(3) It is confirm that the hydration activity of slags and the filling effect of limestone powder act the basic 



 

role for bi-component admixture used as concrete minerial admixture. 
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Abstract 
The objective of this study was to investigate the early-age (24h) cracking behavior of self-compacting fiber reinforced 
cementitious composites (SC-FRCC) with five different fiber volume fractions (Vf = 0.1%, 0.2%, 0.3%, 0.35% and 0.4%) 
within mortar matrixes. Slump flow was performed to assess the fresh properties of the prepared mixtures. Bending 
strength and compressive strength of the specimens were determined for the hardened properties. The restrained 
shrinkage knife-edge test was carried out to characterize the early-age cracking behavior of SC-FRCC.  
Test results show that polyvinyl alcohol (PVA) fibers in general are effective in controlling restrained shrinkage 
cracking in mortars at an early age. The 0.4% (by volume) PVA fiber-reinforced mortar exhibited superior crack 
resistance where no crack was found in the testing slab. 
 
Keywords: self-compacting fiber reinforced cementitious composites (SC-FRCC); early-age cracking behavior; 
polyvinyl alcohol (PVA) fibers; crack resistance 
 

                                                 
1 Corresponding author: fanyf72@aliyun.com, Tel +86-13998546368 
 



 

1. Introduction 
Transportation structures, such as single or multi-span bridges, overpasses or viaducts are typically 
designed with discontinuities at piers and abutments. Although these discontinuities or joints are 
typically equipped with mechanical expansion joints to protect the substructure from exposure to 
corroding substances, most of these solutions have a relatively short service life due to corrosion in 
and around the joints (Lárusson L. H., 2013). 
In recent years, a trend has emerged to eliminate such expansion joints by employing a jointless bridge 
approach. The so-called link slab design is one type of the jointless bridge approach. Link slabs for 
jointless bridge decks are used to replace the expansion joints within simply supported bridges, 
forming a continuous deck protecting both the bridge girders and substructure from aggressive 
chemicals. On account of reducing expansion joints and creating a smoother riding surface, simply 
supported bridge with continuous deck becomes commonly used form of bridges (Lepech M. et al., 
2005; Li V. C. et al., 2008). 
The vulnerabilities of conventional brittle concrete and corrosion-prone steel reinforcement have 
prompted the use of innovative and resilient building materials such as fiber reinforced cementitous 
composites (FRCC). The incorporation of fibers in the cementitious materials can nullify brittle failure 
behavior by improving ductility, fracture toughness and the control and mitigation of the deleterious 
effect of shrinkage cracking (Yoo D. Y. et al., 2013). Polyvinyl alcohol (PVA) fibers are one of the 
components to be considered whose mechanical properties, such as elasticity modulus and tensile 
strength, make them suitable for improving the hardened performance and cracking control of FRCC. 
Link slabs based on FRCC with high ductile are utilized to accommodate bridge deck deformations 
imposed by girder deflection, concrete shrinkage and temperature variations, providing a cost-
effective solution to a number of deterioration problems associated with bridge deck joints. 
FRCC typically constitutes a self-compacting concrete. Self-compacting FRCC (SC-FRCC) refers to 
the FRCC that possesses self-compactability. Despite the presence of fibers in the compositions, SC-
FRCC can flow under its own weight, overcome the obstacle of rebars and fill in each corner of the 
formwork in cast processing easily without the aid of any external vibration. Furthermore, SC-FRCC 
is shown to contribute for better fiber dispersion and lead to increased effectiveness of the added fibers 
to absorb and transmit stresses (Alberti M. G. et al., 2015). These outstanding properties are obtained 
by optimization of the granular mixture along with the use of a large amount of fine particles, a 
relatively low water-binder ratio and a high range superplasticizer. The increase of fine particles in 
SC-FRCC may induce a larger shrinkage compared to that of normal concrete at early age, as it has 
been previously described in other studies (Puentes J. et al., 2014; Wang Guojie, 2014; Zhang 
Yunsheng et al., 2014). Strain alone, caused by shrinkage or creep, does not induce stresses nor cracks. 
Restrained shrinkage can be a cause of cracking in concrete. The movement restriction to which the 
concrete is submitted cause tensile stress. Since cementitious material have low fracture resistance and 
unable to resist the tensile stress at very early ages, the material will experience cracking (Passuello A. 
et al., 2009; Kawashima S. et al., 2011). The presence of cracks creates a free path for deleterious 
substances that may lead to premature deterioration and the reduction of the structure service life. 
Extensive experimental and theoretical research has been carried out on properties of SC-FRCC. The 
influence of nano-components (nanosilica and carbon nano-fibers) on self-compacting concrete (SCC) 
hardened properties and early-age cracking were assessed (Puentes J. et al., 2014). Cracking risk was 
evaluated on slabs casted in a mold with the dimension of 600 × 900 × 50 mm during the first 24 h. 
Results indicated that nano-components increased the early-age drying cracking risk, which can 
compromise SCC durability. The addition of low amounts of polypropylene micro-fibers could 
mitigate early-age cracking. Passuello A. et al. (Passuello A. et al., 2009) analyzed the reduction of 
drying shrink-age and the increase of crack opening resistance due to the addition of shrinkage 
reducing admixtures (SRA) and PVA fibers, respectively. The ring test was performed to evaluate the 
cracking behavior of the concretes in restrained shrinkage conditions for at least two weeks. Results 
showed that the addition of PVA fibers does reduce the crack width by about 70% in the case of 
macro-fibers and by almost 90% with microfibers. SRA delays the time of cracking and reduces the 
crack width by 40%. The obvious advantage of shrinkage reducing admixture (SRA) and PVA fibers 



 

is that the SRA reduces drying shrinkage while the PVA fibers increases crack opening resistance. 
Kawashima S. et al. (Kawashima S. et al., 2011) determined how the early-age shrinkage behavior of 
cementitious materials is affected by the addition of saturated cellulose fibers under sealed and 
unsealed conditions. The restrained ring test ran for approximately 30 days was used to monitor drying 
shrinkage and drying shrinkage cracking behavior. Results showed that the cellulose fibers are 
effective in mitigating drying shrinkage-induced cracking while invalid for affecting drying shrinkage 
when adequate dispersion is achieved. The fiber-reinforced samples experienced significant reduction 
in crack width and continued to carry stress after cracking. 
While it is widely understood that adding fibers to cementitious materials helps control shrinkage 
cracking, a limited number of studies have measured the influence of PVA fibers on SC-FRCC 
restrained shrinkage cracking at 24h. Shrinkage under restrained conditions is closer to concrete 
structures in construction sites. Crack resistance of cementitious materials can be effectively 
quantified by using restrained shrinkage test. The purpose of this paper is to design, test and analyze 
link slabs composed of high ductile SC-FRCC. On the basis of achieving the desired workability, the 
influence of PVA fibers content on SC-FRCC early-age (24h) restrained shrinkage cracking behavior 
induce by plastic shrinkage, drying shrinkage and autogenous shrinkage is analyzed using the 
restrained shrinkage knife-edge test. In addition, the mechanism of crack resistance affected by the 
addition of PVA fibers is also analyzed. 
2. Experimental 
2.1. Materials and mix proportions 
Ordinary Portland cement P.O 42.5, from Xiao Yetian Cement Company in Dalian, China, with a 
density of 3125kg/m3, was used. The chemical compositions of the cement are listed in table 1. Class 
F fly ash (FA) with a density of 2548 kg/m3 was used. The XRD pattern of FA is given in figure 1. 
The fine aggregate consisting of silica sand with a density of 2628 kg/m3 and particle size of 110µm-
220µm was prepared for cementitious materials. No coarse aggregate was used in the mixture. PVA 
fibers type RECS15×12 manufactured by Kuraray in Japan were used. The properties of the fibers em-
ployed can be seen in table 2. In order to achieve the desired self-compacting properties, a 
polycarboxylate-based superplasticizer (SP) with a solid content of 20% and hydroxypropyl methyl 
cellulose (HPMC) were employed. 
All the mixes had a constant water-binder ratio (w/b) of 0.35 and 50% addition of FA by mass of 
binding materials. For the investigation of the effect of fiber content on the mechanical properties and 
early-age cracking behavior, PVA fibers were considered in five different volume ratios (0.1%, 0.2%, 
0.3%, 0.35% and 0.4%). A mix without fiber addition was also prepared for comparison. The 
workability in the fresh-state was achieved by minor modifications in the amount of SP. The details of 
mix proportions used in this research are given in table 3. 
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Figure 1 The XRD pattern of FA 

 
Tab. 1 Chemical composition of cement /% 

Chemical components CaO SiO2 Al2O3 Fe2O3 MgO SO3 Loss 

Content 59.30 21.91 6.27 3.78 1.64 2.41 4.69 

 



 

Tab. 2 Properties of the PVA fiber 

Density 
(g/cm3) 

Diameter 
(µm) 

Length 
(mm) 

Tensile strength 
(MPa) 

Modulus of 
elasticity 

(GPa) 

Elongation 
(%) 

1.3 40 12 1560 41 6.5 

Tab. 3 Mix proportions (ratio in weight) 

 
Cement FA Sand Water SP 

PVA 
(vol. %) 

HPMC 

PVA-0* 1 1 0.62 0.7 0.009 0 0.0005 
PVA-0.1 1 1 0.62 0.7 0.009 0.1 0.0005 
PVA-0.2 1 1 0.62 0.7 0.01 0.2 0.0005 
PVA-0.3 1 1 0.62 0.7 0.01 0.3 0.0005 

PVA-0.35 1 1 0.62 0.7 0.01 0.35 0.0005 
PVA-0.4 1 1 0.62 0.7 0.01 0.4 0.0005 

Note: * PVA-0 refers to the mix without fibers for comparison.

2.2. Mixing procedure 
In application of fiber reinforcement, it is important to achieve good dispersion in the material – a 
fiber must be at the site of crack initiation. Otherwise the benefits of fibers will not fully taken 
advantage of and any under-reinforced area or fiber clumping will act as a flaw in the material. 
Previous studies have shown that the fiber dispersion in fiber reinforced cementitious composites is a 
crucial factor with respect to achieving desired crack resistance. Improved dispersion leads to 
improved properties (Kawashima S. et al., 2011; Lee B. Y. et al., 2009). 
Mixing is an efficiently method for fiber dispersion. In this research, the mortar batches were mixed in 
a planetary mixer with a maximum capacity of 15 L at laboratory temperature. The mixing procedure 
and mixing time followed table 4. Cement, FA, silica sand and HPMC were first mixed at a speed of 
80±4r/min for approximately two minutes. Water-superplasticizer admixture were then added into the 
dry mixture and mixed for another three minutes. Once a consistent mixture was acquired, PVA fibers 
were slowly added into the mortar mixture until all fibers were uniformly distributed in the cement 
paste. The whole mixing procedure typically took about 10 minutes. 

Tab. 4 Batching sequence for producing SC-FRCCs by the vertical mixer 

Activity Elapsed Time (min) 

1.Charge all dry materials (cement, FA, silica sand, HPMC) 2 

2.Charge water, superplasticizer 3 

3.Charge PVA fibers 5 

Total 10 

2.3. Experimental methods 
2.3.1 Slump flow and mechanical tests 
SC-FRCC properties were characterized both in the fresh and hardened state. The fresh-state behavior 
of SC-FRCC mixes were assessed by using the slump flow test (JGJ/T 283-2012). The slump flow is 
used to evaluate the horizontal free flow (deformability) in the absence of obstructions. The test 
method is very similar to that for determining the slump of concrete. The difference is that, instead of 
the loss in height, the diameter of the spread mixture is measured in two perpendicular directions and 
recorded as slump flow. The higher the slump flow is, the larger the ability to fill formwork is 
(Ghernouti Y. et al., 2015). According to the recommendations of the Chinese standard, a slump flow 
diameter ranging from 550 to 850 mm can be accepted for self-compacting. 
Tests on hardened state have been performed to determine bending strength and compressive strength. 
For each mix, three prismatic specimens with dimensions of 40 × 40 × 160 mm were cast for the 
bending test. All the specimens were demolded after 24h and then kept in the curing room (at a 
temperature of 20±3 and a relative humidity of 95%) until the age of testing. In accordance with ℃
GB/T 17671-1999, the bending test was performed using an electrical bending testing machine with a 
loading rate of 50 N/s at the age of 3, 7 and 28 days. After completion of bending test, six half-



 

prismatic-shaped specimens for each mix were placed in the universal testing machine by using a 
compression jig. A compressive load was applied on the side surface of specimens at a rate of (4±0.2) 
kN/s during testing. The dimension of compressed face was 40 × 40 mm. Compressive strength was 
only measured at the age of 28 days. 
2.3.2 Early-age cracking tests  
The restrained shrinkage knife-edge test was performed to evaluate the early-age cracking behavior of 
SC-FRCCs in restrained shrinkage conditions. Testing procedure followed Chinese standard titled 
Standard for Test Methods of Long-term Performance and Durability of Ordinary Concrete (GB/T 
50082-2009), the setup of which is shown in figure 2. The seven knife-edges act as a passive restraint 
to the surrounding mortar. As the mortar undergoes shrinkage, transverse cracking occur at the top of 
each knife-edge due to the generated horizontal forces. The cracks will develop along with each knife-
edge. This test is a modified version of the ICBO slab test (Liu Yan et al., 2006; Li Yi et al., 2012). 
Testing slab samples were casted in the mold uniformly. A steel trowel was used to finish the surface. 
The environmental conditions, temperature and relative humidity, remained constant and an air flow 
of 5 m/s was applied on the samples for 24 h after casted in the mold for 30 min. During this time they 
will experience plastic shrinkage, dry shrinkage and autogenous shrinkage. Measurement of the crack 
lengths and the maximum crack widths of each knife-edge were taken after (24±0.5) hours from 
mixing. A steel rule with an accuracy of 1 mm and a microscope with an accuracy of 0.01 mm were 
used to measure the crack lengths and the maximum crack widths, respectively. The average cracked 
area of each crack, a, the number of cracks with regard to per unit area, b, the total cracked area with 
regard to per unit area, c, and the reduction coefficient of cracks, η, were calculated as follows: 
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Where, Wi is the maximum width of the ith crack; Li is the length of the ith crack; N is the total crack 
numbers of each sample; A is the area of the slab, 0.48 m2; Amcr is the total cracked area of samples 
without fiber addition, mm2; Afcr is the total cracked area of samples with fiber reinforcement, mm2. 
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Figure 2 Setup of restrained shrinkage knife-edge test 

3. Results and Discussions 
3.1. Fresh properties  
As a first part of this study, the effect of fiber content on the fluidity of SC-FRCC was investigated 
using the slump flow test. Test results indicated that the fluidity was influenced by the incorporation of 
fibers. As summarized in table 5, though a bit higher amount of SP was used, less fluidity of the 
mixture with higher fiber volume fraction was obtained. This is may be due to that PVA fibers belong 
to hydrophilic fibers, the higher quantities of PVA fibers resulted in a huge increase of superficial area 
in mortars, more cement paste and water is required to wrap in the surface of fibers, which presents a 



 

reduction in the fluidity and increases the viscosity. It was observed that the distribution of PVA fibers 
were uniform, showed no segregation and all mixes met the criterion of slump flow, which 
corresponds to the behavior of self-compacting (see figure 3). 

Tab. 5 Slump flow value of SC-FRCCs 

 PVA-0 PVA-0.1 PVA-0.2 PVA-0.3 PVA-0.35 PVA-0.4 
Slump flow/mm 850 720 700 680 650 600 

 

   
Figure 3 Slump flow test for SC-FRCC mix 

3.2. Mechanical characterization in the hardened state  
3.2.1 Bending strength 
The bending strength of control and SC-FRCC prisms with different fiber volume fractions ranging 
from 0.1% to 0.4% at 3, 7, and 28 days are presented in table 6. The magnitude recorded in this table 
is a mean of three prisms and six half-shaped prisms, respectively. 

Tab. 6 Bending and compressive strength of SC-FRCCs at different ages 
 Bending strength (MPa) Compressive strength (MPa) 

3d 7d 28d 28d 

PVA-0 4.41 5.87 8.89 47.75 
PVA-0.1 4.74 6.30 9.13 51.79 
PVA-0.2 4.81 6.32 9.37 57.06 
PVA-0.3 4.85 6.46 9.42 56.02 
PVA-0.35 4.87 6.52 9.53 55.75 
PVA-0.4 4.90 6.71 9.88 54.25 
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Figure 4 Bending strength values for SC-FRCCs at 3, 7 and 28 days 

Figure 4 presents the results of bending strength of SC-FRCC prisms at 3, 7 and 28 days. As a first 
result, it can be observed that the bending strength of all mixtures with fiber addition is higher than 
that of the control mixture at all ages. The bending strength of all mixtures is significantly enhanced 
with the increase of curing ages. At three days, the bending strength is improved about 7.5%, 9.1%, 
10.0%, 10.4%, 11.1% with the PVA fiber volume fraction varies from 0.1% to 0.4%, compared to the 
reference mixture. At seven days, this improvement is about 7.3%, 7.7%, 10.1%, 11.1%, 14.3%, 

PVA-0.35 PVA-0.2 PVA-0 



 

respectively. At 28 days, this improvement is about 2.7%, 5.4%, 6.0%, 7.2%, 11.1%, respectively. It 
also worth noting that for the mixture without fiber addition or with fiber volume fraction of 0.1%, the 
crack occurred at the midspan and propagated quickly to the top, and then the samples fractured 
completely. For samples with fiber volume fraction ranging from 0.2% to 0.4%, despite cracks ran 
through the cross section when the maximum load was reached, the specimens were not broken into 
two parts. The samples represent some bearing capacity due to the bridging action of fibers. The 
results revealed that the bending strength of specimens are enhanced as the fiber volume fraction 
increases; the mixture with fiber volume fraction of 0.4% produced the highest bending strength and 
stiffness in bending test at all ages. This can be explained by the improvement of the fiber ability to 
delay the micro-crack formation and to arrest crack propagation and increasing of bridging stress of 
the cross section. Specimens with more fiber addition tend to be ductile. 
3.2.2 Compressive strength 
The compressive strength of control and SC-FRCC with different fiber volume fractions ranging from 
0.1% to 0.4% at 28 days are presented in table 6. Figure 5 plots the compressive strength results of 
SC-FRCC half-shaped prisms at 28 days. It can be observed that the specimens without fiber addition 
had the lowest value at 28 days. The highest value was measured for the mixture with fiber volume 
fraction of 0.2%, followed by the mixture with fiber volume fractions of 0.3%, 0.35%, 0.4% and 0.1%, 
the relationship is nonlinear. The highest compressive strength was found to be 57.06 MPa for the 
specimen with Vf = 0.2% (PVA-0.2), and this is 19.5%, 10.2%, 1.8%, 2.3% and 5.2% higher than 
those of the specimens with Vf = 0 (PVA-0), Vf = 0.1% (PVA-0.1), Vf = 0.3% (PVA-0.3), Vf = 0.35% 
(PVA-0.35), Vf = 0.4% (PVA-0.4), respectively. 
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Figure 5 Compressive strength value for SC-FRCCs at 28 days 

The influence of fiber volume fraction on compressive strength originates in two opposite aspects. The 
positive effect is that the compressive strength can be improved by the constraint of lateral expansion 
under loading, which is contributed to the increased resistance of fiber bridging to micro-crack sliding 
and extending. The negative effect is that the number of pores will increase with increasing fiber 
volume fraction; the density will get worse, which leads to strength degradation (Pan Z. F. et al., 
2015). In comparison to literature findings, the compressive strength results indicate that fibers are not 
beneficial to compressive strength when the fiber content increases beyond a certain level. As also 
previously stated by Li (Li V. C., 1992), the compressive strength may first rise, then drop, with 
increasing fiber volume fraction (Noushini A. et al., 2013). By viewing the results (figure 5), it can be 
noted that although specimens with fiber addition in this experiment have higher compressive strength 
compared to the control, the specimens show strength degradation when the fiber content increases 
beyond volume fraction of 0.2%. This observation can be explained by considering the fact that the 
incorporation of higher volume fraction into the mixture makes difficult in providing a homogeneous 
distribution of fibers, which results in bad homogeneity and more porous of the mixture (Yoo D. Y. et 
al., 2013). 
3.3. Early-age cracking behavior 



 

The results of the restrained shrinkage knife-edge tests are shown in table 7, with a summary of the 
crack length and the maximum crack width per knife-edge, number of cracks (N) for each mix and the 
reduction coefficient of cracks at the 1st day. The slab was divided into 7 parts to facilitate crack 
measurement and the cracks were ink marked. In figure 6, representative crack patterns observed for 
plain and fiber reinforced mixes are shown. Figure 7 presents the maximum crack width of each knife-
edge measured on the slab with PVA fibers. Compared to the control sample, the total cracking area 
(TCA) ratio and the total cracking length (TCL) ratio of SC-FRCC with fiber volume fractions ranging 
from 0.1% to 0.4% are illustrated in figure 8. It can be pointed out that test samples were subjected to 
an air flow of 5 m/s, increasing evaporation and, therefore, enlarging both shrinkage and cracking. 

Tab. 7 The results of the restrained shrinkage knife-edge test 

No. 
Length of cracks / maximum crack width /mm Evaluation index 

1 2 3 4 5 6 7 N a/mm2 b c/mm2/m2 η 

PVA-0 550/0.34 100/0.14 440/0.14 510/0.24 420/0.18 390/0.10 700/0.20 7 46 14.6 672 0 

PVA-0.1 - 762/0.44 - 234/0.12 254/0.12 376/0.12 - 4 55 8.3 456 0.32 

PVA-0.2 - 460/0.14 354/0.30 255/0.16 194/0.14 192/0.42 363/0.26 6 34 12.5 425 0.37 

PVA-0.3 526/0.18 42/0.12 66/0.24 317/0.50 51/0.52 674/0.18 276/0.16 7 33 14.6 482 0.28 

PVA-0.35 - 214/0.20 235/0.08 638/0.34 360/0.14 - - 4 41 8.3 340 0.49 

PVA-0.4 - - - - - - - - - - - 1 
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Figure 6 Cracking patterns for samples under restrained shrinkage 

 

  
(a1) Control                (b1) Vf = 0.3% 

    
           (a2) Control                (b2) Vf = 0.1%             (c2) Vf = 0.2%             (d2) Vf = 0.3%           (e2) Vf = 0.35% 

    
                            (a3) Control                  (b3) Vf = 0.2%             (c3) Vf = 0.3%             (d3) Vf = 0.35% 
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(a4) Control                (b4) Vf = 0.1%             (c4) Vf = 0.2%              (d4) Vf = 0.3%           (e4) Vf = 0.35% 

    
(a5) Control               (b5) Vf = 0.1%              (c5) Vf = 0.2%              (d5) Vf = 0.3%            (e5) Vf = 0.35% 

    
(a6) Control                (b6) Vf = 0.1%               (c6) Vf = 0.2%             (d6) Vf = 0.3% 

   
(a7) Control                  (b7) Vf = 0.2%             (c7) Vf = 0.3% 

Figure 7 Dimension of widest crack of each knife-edge 
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Figure 8 The total cracking area ratio, the total cracking length ratio and cracking reduction coefficient versus 

PVA fibers additives 
Obtaining the total cracking area in the mortar was feasible to compare different specimens. Implicitly, 
this comparison involves the number of cracks as well as their width and length. As shown in figure 8, 
PVA fibers significantly reduce the TCA ratio and TCL ratio of testing samples. With fiber content 
varied from 0% to 0.4%, the TCA ratios are 1, 0.68, 0.63, 0.72, 0.5 and 0, respectively; the TCL ratios 
are 1, 0.52, 0.58, 0.63, 0.46 and 0, respectively; the reduction coefficients are 0, 0.32, 0.37, 0.28, 0.49 
and 1, respectively. As can be seen from the various mix tested, specimens reinforced with PVA fibers 
showed lower restrained shrinkage cracks in comparison to the control mixture. The incorporation of 
PVA fibers in mixtures mitigated the appearance of visible cracks at early age. Cracks developed in 
the control mix with larger cracking area and lengths than in the fiber-reinforced mixes. The best 
reduction of the cracking risk is obtained with Vf = 0.4%, where no crack was found in the slab. This 
is attributed to the strong adhesion at the fiber-matrix interface with the hydroxyl groups present in 
cement hydration, which created a chemical bond between the fiber and the surrounding matrix, as 
demonstrated in previous studies (Juarez C. A. et al., 2015). 
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Contrary to expectations, the crack resistance did not show a steady enhancement with the increase of 
fiber addition. Mix with Vf = 0.3% provides a lower cracking reduction coefficient compared to mixes 
with Vf = 0.1% and Vf = 0.2%. This could be due to the results reported are averages of two specimens. 
Future work includes achieving better accuracy of measurements on crack resistance of SC-FRCCs. 
4. Conclusions 
This experimental investigation focuses on the effect of PVA fibers on fresh properties, hardened 
properties and the early-age cracking behavior of SC-FRCC. Six SC-FRCC slabs with different fiber 
additions were fabricated and then tested. According to the results obtained from the present study, the 
following conclusions can be drawn: 
The workability of all the mixes manufactured has been assessed by means of slump flow tests. 
According to the results obtained, it could be stated that the presence of fibers influence the fluidity of 
fresh-state mixes. As the fiber dosage was increased, less fluidity of the mix was obtained. 
Regarding the mechanical properties, it seems that the bending strength and compressive strength 
were slightly influenced by the presence of fibers. The bending strength is increased with the 
increasing dosage of PVA fibers at 3, 7, and 28 days. For test series, the compressive strength steeply 
increased up to Vf = 0.2%, and the strength decreased thereafter. In any case, the samples with fiber 
reinforcement provide a higher compressive strength than that of plain samples. 
In general, the use of PVA fiber as reinforcement in cementitious materials yields a significant 
reduction in restrained shrinkage cracking. Increasing the fiber volume fraction demonstrates a clear 
tendency toward reducing the total cracking area and the total cracking length observed. A Vf = 0.4% 
resulted in a reduction of 100% of total cracking area and total cracking length, where no visible 
cracks were found in the testing slab. On the other hand, the incorporation of PVA fiber does not 
obviously modify the maximum cracking width in this study. 
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Abstract 
 
The usage of blended cements and also demands for high productivity in building industry even during 
wintertime increase the need for more efficient hardening accelerator. The industry faces the problem of 
traditional accelerators not working at low temperatures or a problematic reduction of slump retention due to 
early setting of matrix. 
 
To address this challenge, the performance of hardening accelerators, as well as in combination with a setting 
accelerator have been highlighted for their effectiveness in cements blended with slag and fly ash (CEM-II) here. 
The accelerators were shown to work extremely well at both low 5°C and room temperature, whereby 
compressive strengths of concrete casted during early hydration were found to be up to 150% higher than 
without the use of accelerators at low temperature 5°C and 24h. Additionally, the compressive strengths at 28 
days were not negatively affected, but increased. No detrimental effect on the concrete slump flow was found, 
making them ideal for improving the hydration of blended cements.  
 
Extended use of blended cement and reduced heating of the fresh concrete will from an environmentally 
perspective reduce energy consumption and carbon print from the industry. From an economical perspective a 
new efficient and well documented accelerator can increase the productivity on site in winter, cost reduction, 
better quality and increased security in building process. 
 
 
Originality 
New developed accelerator show huge increase in early strength development at low temperature, and will be 
an important contribution to the development of future casting techniques in areas with low temperature. 
 
Keywords: Hardening accelerator, casting in low temperature, early strength, blended cement. 

 

 

 

 

 

 

 

 

 

                                                           
1
 Corresponding author: nodar.al-manasir@mapei.no, Tel +47-970 11 747, Fax +47-62 97 20 99 



1. Introduction: 

Rapid industrialization is one of the aspects with the highest impact in the economy of our society in 
terms of addressing the lack of natural raw materials, reducing energy resources and global warming 
due to emissions of greenhouse gases. All industries worldwide attempts to combat and minimizes 
these global problems. Among which, concrete is one of the most widely used construction materials 
where 13-15 % of it is based on cement (Worrell E., et al, 2001). It is primarily the large emissions of 
CO2 during the manufacturing of cement that makes concrete labelled with the negative environmental 
consequences. On a global basis, approximately one ton of CO2 is released for every ton of cement 
produced or approximately 300 kg CO2 per m³ concrete. Both in Norway and internationally, research 
on how to reduce CO2 emissions is the main issues. One of the solutions is by reducing the content of 
ordinary Portland cement (OPC) in concrete by means of using mineral admixtures such as fly ash, 
silica fume, granulated blast furnace slag, rice-husk ash, metakoalin, etc. ( Malhofra V. M., 1999). 
There are two different kinds of mineral admixtures; one is slow reactive mineral admixture like fly 
ash, blast furnace slag, etc. while the other consists of highly reactive mineral admixture such as silica 
fume, metakaolin, etc. It is well known that using such minerals, particularly the former group of 
mineral in concrete will have a significant influence on the early strength, workability and 
permeability, etc. Therefore, chemical admixtures are commonly added to rectify this challenge 
(Hoang K. D.,2012, Justnes H., 2005, Aggoun S., et al, 2008, Xu S., et al, 2009). 

One of these additions include the usage of accelerator that can increase the early strength of blended 
cement containing slow reactive minerals without any negative effect on the rheological properties of 
the fresh concrete. Many of the accelerators in the market work very well at temperature above 10 °C, 
but few of them are giving good results at lower temperatures. One of the main problems in Nordic 
country is that the temperature during winter time is very low for a long time of period. Therefore, the 
needs of an accelerator that can work well also at low temperatures are a task. Some of the advantages 
of using accelerators in concrete are, earlier treatment of the surface, earlier removal of molds, 
reduction of the required period of curing and protection, etc. 

In this study three different blended cements from three different suppliers were examined. The early 
compressive strengths have been conducted both without and with using two different accelerators at 
two different temperatures. The slump of concrete was measured by using the cone test method.  

 

2. Materials 

 2.1 Hydraulic binders 

In this study, three types of cement have been tested. Norcem Standard Cement FA (CEM II/ A-V 
42.5R) acc. to EN 197-1. It is a modified Portland cement containing approximately 20 % pozzolanic 
fly ash. Cementa Bascement (CEM II/A-V 52.5 N) acc. to EN 197-1, which is a Portland cement with 
also fly ash. Cemex Environmental cement (CEM II/B-S 52.5 N) acc. to EN 197-1, which is Portland 
cement with slag. The chemical compositions and physical characteristics of all the three cements are 
shown in Table 1. 

 

 

 

Table 1 Physical properties and chemical compositions of cements %. 



Oxide CEM II/A-V 
42.5 R 

CEM II/A-V 
52.5 N 

CEM II/B-S 
52.5 N 

SiO2 25.55 23.5 24 

Al2O3 8.38 6.4 6.5 

Fe2O3 4.03 3.4 2.0 

CaO 51.99 56.3 57 

MgO 2.51 2.6 5.3 

SO3 3.69 3.5 3.0 

K2O 1.19 1.2 0.65 

Na2O 0.57 0.3 0.3 

Na2O ekv. 1.4 1.1 0.73 

C3A - 5.4 5.3 

Fly ash 20 12.3 - 

Blaine fineness (m2/kg) 450 445 470 

Density (kg/m3) 2990 3014 3080 

 

 2.2 Aggregates 

The natural aggregates 0/8 mm, and 8/16 mm used were supplied by NorStone As (Norway). The fine 
aggregate has a specific gravity of 2.68 kg/dm3 and water absorption of 0.3 %, while the coarse 
aggregate has a specific gravity of 2.69 kg/dm3 and water absorption of 0.4 %. The moisture content 
of the aggregates was measured on the same day as they were used. The grading curves are shown in 
Figure 1. 

  

Figure 1 Grading curves of mixtures of fine and coarse aggregates, reference, and a combined curve for a) 
C30/37 D16 concrete, b) C35/45 D16 concrete. 

 

 2.3 Accelerators 

Compressive strength, as well as other structural properties of concrete, depends largely on the degree 
to which cement hydrates. The main task of this paper is to highlight hardening accelerators for 
blended cements which was formulated by using chemicals based on the requirement state in EN-934-
2. According to standard EN-934-2, a hardening accelerator is defined as: “a chemical that increase at 
least 120 % of 24 hours compressive strength at 20 °C and at least 130% of 48 hours compressive 
strength at 5 °C of control mix. In addition, the 28 days compressive strength of the testing samples at 
both temperatures is not less than 90% of the reference” 
 



Mapefast HA and Mapefast SA are both commercial products produced by Mapei AS. They are 
hardening and set accelerators for concrete and mortar, respectively and the MSDS can be found in 
the references. Extensive research has been performed on these admixtures, both in order to determine 
their behavior and effectiveness on the strength of the concrete. The amount used is given in 
percentage of superplasticizer relative to cement content.  
 

3. Mixing procedure and mix proportions 

A 50 liters Zyklos (ZK 50 HE) mixer from Mischtechnik with a tiltable mixing pan of type “3-D 
Forced Flow Mixer” is used in (re)mixing the concrete batches, before a rheological measurement is 
conducted. The concrete volume that was used in this investigation is 25 liters. The mixing procedure 
for each concrete batch is shown in Table 2, and the mixture proportions of the concrete batches of all 
three cements are presented in Table 3. 

Table 2 Mixing procedure for the concretes 

 

Table 3 Mixture proportions of the concrete batches for the three cement types. CEM II/A-V 42.5 R, CEM II/A-
V 52.5 N, and CEM II/B-S 42.5 N. 

 

 

 

4. Measurements  



It is well known that blended cement has low early strength, particular at low temperature. Therefore, 
three types of cements have been investigated in this study in combinations with various types and or 
amount of accelerators and the early compressive strength were conducted at both 5 °C and 20 °C.  
 
The slump of the concrete has been measured according to European standard EN 12350-2 by using 
Abram`s Cone apparatus which consists of a mold in the shape of a truncated metal cone, open at both 
ends. The internal diameter of the slump cone is 200 mm at the base, 100 mm diameter at the top and 
has a height of 300 mm. The cone is placed on a hard non-absorbent surface. This cone is filled with 
fresh concrete in three layers, each approx. one-third of the height of the mold when compacted. Each 
layer should be compacted with 25 strokes of the tamping rod. At the end of the last layer, concrete is 
struck off flush to the top of the mold. Thereafter, the mold is lifted vertically upwards and the 
concrete subsides. This subsidence is termed as slump. The slump flow is determined as the average 
of the diameter in the X and Y direction.    
The compressive strength of concrete of test specimens were measured according to the European 
standard EN 12390-3. Measurements were performed at 8h, 10h, 12h, 24h and 28 days respectively. 
The first four measurements were conducted to monitor the rate of increment in compressive strength, 
particularly at 20°C where variation in compressive strength during the early hours is believed to be 
greater. 28 days measurements was done to determine the late strength in relation to control as 
concrete samples with conventional accelerators were known to display a slightly lower compressive 
strength than control samples (without accelerators) after curing for 28 days. 

 

5. Results and discussions 

 
 5.1 Effect of chemicals on compressive strength development of blended cement at low 
temperature 5 °C: 
 
To scrutinize the influence of chemicals on the hardening process of the concrete, the compressive 
strength has been measured for concrete class C35/45 and C30/37, with a water to cement ratio equal 
to 0.44 and 0.55, respectively. The effect of the addition of several accelerators at a concentration of 
1 % and 2 % of the cement weight has been scrutinized. The results of the early compressive strength 
are collected in Figure 2.  

It is evident from Figure 2 that after 24 hours; all three concretes prepared with the three cements 
exhibit an extreme increment in the early compressive strength 100-230 % as compared to the 
reference sample. For the cements containing fly ash, the increase in the early strength is more 
pronounced at 2 % of the HA than the others (Figure 2a,b).  

The effect of different dosages of HA or different accelerator chemicals are insignificant for the 
blended cement with slag (Figure 2c). This indicated that 1% HA is sufficient to accelerate the 
hydration of CEM II/B-S 52.5 N (35 % slag and 65 % clinker) at low temperatures. 

The same scenario is obtained for the concrete C30/37 with water to cement ratio equal to 0.55 
(Figure 3). The early compressive strength after 24 hours increases with all three cements. It may be 
noted that the enhancement in strength for concrete containing CEM II/A-V 52.5 N C30/37 is higher 
than for C35/45, (234 % with 2 % HA in C35/45 versus 462% with the same amount of HA in 
C30/37). This could be caused by the fact that CEM II/A-V 52.5 N gives lower early compressive 
strength at higher water to cement ratio than CEM II/A-V 42.5 R. The optimum dosage of the 
accelerator is also 2% of the cement weight for all three cements.  

 



 

 

Figure 2 Early compressive strength of C35/45 concrete with the indicated cements with different amount and or 
types of accelerators at 5 °C. 

 

 



 

Figure 3 Early compressive strength of C30/37 concrete with the indicated cements with different amount and or 
types of accelerators at 5 °C. 

For more comparison, the 28 days compressive strength of the concrete were determined. It is 
commonly known that increased early hydration often led to a decrease in 28 days strength. Figure 4 
shows the compressive strength of C35/45 and C30/37 after 28 days at 5 °C with and without 
different amount and types of accelerators. Instead of the common observation where a decrease of up 
to 10% in strength after addition of accelerator, an enhancement of the compressive strengths with 1 % 
HA was observed. In comparison, the improvement is more pronounced for CEM II/A-V 52.5 N and 
CEM II/B-S 52.5 N than CEM II/A-V 42.5 R in both concrete classes. This illustrate that slag may be 
more susceptible to the accelerating effect from the accelerators. Figure 4a showing a significant drop 
of the strength for C35/45 concrete with 2 % HA for all three cements.  

For concrete with higher water to cement ratio, an increase in the strength is observed for all cement 
types and the accelerator amounts or types have not negatively affected the compressive strength.   



 

Figure 4 The compressive strength of C35/45 and C30/37 concrete with the indicated cements with different 
amount and or types of accelerators after 28 days at 5 °C. 

 

 5.2 Effect of chemicals on compressive strength development of blended cement at low 
temperature 20 °C: 
 

The compressive strengths of the concrete samples were measured at 20°C next. It is clear that the 
early compressive strength of concrete with accelerators were much higher than the concrete without 
accelerators. The results showing an increase in the compressive strength by 200- 300 % for CEM 
II/A-V just after 8 hours. For the cement with fly ash, the compressive strength was over 5 MPa after 
only 8 hours while for the cement with slag more time is needed (10 hours).  

Figure 5 illustrate the early compressive strength of C35/45 concrete with water to cement ratio equal 
to 0.44 with different amount and types of accelerator.  Figure 5a showing that the optimal dosage of 
HA is 1 % of the cement weight for the cement CEM II/A-V 42.5 R, while for the cement CEM II/A-
V 52.5 N is 2 % HA. This could be caused by the amount of the clinker in the cement, the CEM II/A-
V 42.5 R containing 80 % clinker while the CEM II/A-V 52.5 N containing 88 % clinker, (Figure 5b). 

For the cement with slag, results showed an optimal performance at an accelerator dosage of 1 % HA 
according to our studies (Figure 5c). This cement contains 65% clinker only and further investigation 
should be done to confirm the real optimal dosage for this kind of cement.  

After 10 hours, the strength of concrete was enhanced by around 150-200 % for all three cements 
compared to that of the reference. 



 

Figure 5 Early compressive strength of C35/45 concrete with the indicated cements with different amount and or 

types of accelerators at 20 °C. 

 

For C30/37 concrete, the addition of accelerators shows an increasing of the early strength around 

100-150 %. Figure 6 shows the early strength of concrete with different blended cements and different 

amount and types of accelerators. It is obvious that concrete with higher amount of water needs longer 

time to reach strength of 5 MPa than concrete with lower water amount. Figure 6a,b display a strength 

above 5 MPa for blended cement with fly ash after 10 hours. For the cement with slag, more times is 

needed to obtain this strength. The results showing that after 24 hours, the strength of about 12-14 

MPa is reached for CEM II/B-S.  



 

Figure 6 Early compressive strength of C30/37 concrete with the indicated cements with different amount and or 
types of accelerators at 20 °C. 

 

Figure 7 shows the strength of concrete at the age of 28 days for all three blended cement for C35/45 

and C30/37. The strength is increased by 1 % addition of accelerator for all blended cements and 

different concrete classes. It is evident from Figure 7a that addition of 2 % of accelerator HA for 

C35/45 will affect the strength of concrete in a negative way. A big drop is observed for all three 

cements at this concentration. The drop is not observed for concrete with higher water amount, 

potentially attributing the effect seen at lower w/c to be a lack of water in the concrete as mediators. 



 

Figure 7 The compressive strength of C35/45 and C30/37 concrete with the indicated cements with different 
amount and or types of accelerators after 28 days at 20 °C. 

 
 
 5.3 Effect of chemicals accelerators on the slump of the concrete with blended cement: 
 
Figure 8 illustrate the slump values measured after 5 min for all concrete mixes. Figure 8 a,b 
divulges that there are only minor changes of the slump values for the different cements types 
and amount of the accelerators. It is well known that the slump values conducted by using a cone 
test method have an error of 10 mm, taking these values in our calculation; the values of slumps were 
not affected by adding accelerators.   
 

 

Figure 8 Effect of different accelerators with the concentration indicated on the slump for the cements indicated 
for both C35/45 and C30/37 concrete classes. 

 

6. Conclusions 

 The accelerators give a significant increasing of the early compressive strength at both low 
and normal temperatures. 

 The optimum dosage of the accelerator HA is very much depending on the cement type, 
temperature, and concrete class. 

 The accelerators will not affect the strength after 28 days significantly. An increasing of the 
strength after 28 days is obtained for all kind of cement and concrete class with 1 % HA.  

 It has been found that the use of accelerators can enhance the early strength of concrete 
without any influence on the flowability of the fresh concrete.  
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Abstract 
 
It is well known that cement hydration rate increases with the increase of temperature. For that reason, 
in precast concrete industry high temperatures are applied to increase early strengths. However, the 
approach of the present study is the opposite. We will prove that it is possible to slow down the 
hydration of cement as temperature rises by using polymeric admixtures. In particular, 
comb-copolymer admixtures with specific structures have shown to delay hydration substantially at 
temperatures above about 45 °C. 
 
In this study, the mechanism causing the unexpected increased retardation of cement hydration will be 
explained in relation to the molecular structure of the admixture. Cement hydration kinetics was 
obtained by isothermal calorimetry at temperatures in the range between 25 and 70 °C.  
 
The results obtained in this work open very exciting application perspectives. In particular, it may be 
possible to identify comb-copolymer admixtures for oil well cementing that would be much less 
sensitive to temperature profiles in bore holes. Another possible application may be to prevent 
excessive self-heating from cement hydration by slowing down hydration as temperature increases, 
inducing a reduction of the thermal-cracking in mass concrete. 
 
 
Originality 
 
There are a lot of studies on the impact of temperature on cement hydration kinetics concluding that 
Arrhenius’s law applies. The mixtures presented here behave in an opposite way apparently 
contradicting the most basic rules of chemical kinetics. To the best of our knowledge no other study has 
identified an increased delay of hydration with an increase of temperature in cement.  
 
 
Keywords: Admixtures, cement hydration, temperature 
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1. Introduction 
 
Cement hydration kinetics can be modified by several parameters such as chemical 
composition of cement, temperature and presence of supplementary cementitious materials or 
chemical admixtures.  
 
The impact of temperature on hydration kinetics, microstructure and properties of 
cementitious materials has been widely investigated (Lothenbach et al. 2007), (Deschner et al. 
2012), (Zhang 2007), (Elkhadiri, Palacios, and Puertas 2009). It is generally accepted that the 
rate of hydration of cement increases with the temperature according to Arrhenius’ equation 
and that temperature has a positive impact on early compressive strength. For this reason 
precast elements are normally cured at relatively high temperatures (up to 70 °C). Pore 
solution composition and nature of hydration products are also affected by temperature, 
specifically at temperatures around 50 °C, where ettringite dissolves forming 
monosulfoaluminate and gypsum (Lothenbach et al. 2008). In addition, in blended cements, 
the reactivity of supplementary cementitious materials such as fly ash has been shown to 
significantly increase with the temperature (Deschner et al. 2012).  
 
Nowadays, comb-copolymers superplasticizers (PCEs) are essential components of concrete 
to increase its fluidity while maintaining low water/cement ratio. The delay induced by PCEs 
on cement hydration and the influence of the molecular structure of the polymer on such 
delay has been extensively studied (Zingg et al. 2009) (Winnefeld et al. 2007). However, 
there are very few studies about the effect of the temperature on the hydration kinetics of 
superplasticized cements. This can be extremely relevant in applications such as mass 
concrete, pre-casting or even well cementing. 
 
In the present study, for first time it will be shown that it is possible to delay cement hydration 
as the temperature increases by using specific dosages and structures of comb-copolymer 
superplasticizers.  
 
 
2. Experimental 
2.1. Raw Materials 

A commercial Portland cement CEM I 52.5N and a commercial fly ash (Hydrolent 
from Holcim) were used. Table 1 shows the mineralogical composition of the cement that was 
determined by Rietveld analysis of the X-ray diffraction (XRD) patterns.  

 
Table 1. Mineralogical composition (%w/w) of Portland cement determined by Rietveld 
analysis of the XRD patterns. 

C3S C2S C3A C4AF Gypsum Hemihydrate Quartz Calcite 

64.6 9.2 5.2 11.6 3.0 5.2 0.3 0.9 
 



 

 

Seven non-commercial PCE polymers were synthesized. Two different synthetic routes were 
used; six of the PCEs were synthesized by copolymerization and one by esterification on 
pre-formed backbones (see Table 2) (Flatt and Schober 2012). After synthesis, they were 
ultrafiltrated. All the backbones are based on polymethacrylic acid (PMA) and the side chains 
on polyethylene gylcol (PEG) with different lengths, 1000, 2000 and 5000 Da. The molecular 
weight of these comb copolymers was determined by Gel Permeation Chromatography (GPC) 
using a Agilent 1260 Infinity equipment with PSS Suprema columns (0.8 × 30 cm, particle 
size 10 µm). Na2HPO4 0.067 M was used as eluent and PEO/PEG were used as calibration 
standards. Table 2 also shows the calculated charge density of these polymers. 
 

Table 2: Molecular characteristics of the superplasticizers used. 

  

 
 
 
2.2. Experimental Process 

Cement pastes were prepared by mixing 50 g of cement with 14 g of water (liquid/solid ratio 
of 0.28) for 3 minutes at 500 rpm with a blade stirrer. Pastes with 22% replacement of cement 
by fly ash were also prepared with a liquid/solid ratio of 0.28. Admixtures were added to the 
mixing water in different dosages (4.6 and 16 mg polymer/ g binder). Pastes were 
immediately pored in glass ampoules and inserted in an isothermal calorimeter (TAM Air) at 
different temperatures, 23 °C, 45 °C, 60 °C and 70 °C. 
 
 
3. Results and Discussion 
 
Figure 1 confirms that the addition of PCEs delays the time of appearance of the maximum 
peak in the calorimetry curve with respect to the pastes without admixture and consequently 
of the cement hydration. This delay increases with the charge density and dosage of PCE, 
being in agreement with previous studies (Winnefeld et al. 2007). 
 
At dosage of 4.6mg PMA/g of cement, the increase of temperature shortens the time of 
appearance of the maximum peak. This acceleration of the hydration is more significant when 
the temperature increases from 23 °C to 45 °C while the position of the main peak remains 

Synthesis)
procedure)

Polymer) C/E) Side)chain))
(D))

Mn)
(D))

Mw)
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PDI) Charge)density)
(meq/g)polymer))
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2.5PMA5000. 2.5. 5000. 34600. 106100. 3.07. 0.47.
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2PMA1000s. 2. 1000. 11800. 22200. 1.88. 1.59.



 

 

almost constant at temperatures higher than 45 °C.    
 
Cement pastes containing 16mg PCE/g cement of the superplasticizers with longer side 
chains (4PMA2000, 2.5PMA2000, 4PMA5000, 2.5PMA5000) show a similar behavior with 
respect to that described above for lower dosages. However, a very unexpected behavior was 
found for mainly two PCEs, 4PMA1000 and 2PMA1000s. In pastes containing these 
admixtures, the increase of temperature up to 45 °C induces a slight acceleration of the 
hydration of cement. However, between 45 °C and 70°C, they significantly delay cement 
hydration, being the delay even higher in presence of 22% wt. of fly ash (see Figure 3). At 
room temperature, fly ash does not react at early ages and the higher hydration delay with 
respect to plain cement pastes is due to the larger amount of PCE regarding to cement. At 
higher temperatures, when fly ash reacts in higher degree, the addition of 16mg of 
2PMA1000s/g binder delays cement hydration up to 27 hours at 60 °C with respect to 23 °C 
(see Figure 4). To the best of our knowledge, this is the first time that this phenomenon has 
been found and described in the literature. 
 
 

 
Figure 1. Time of appearance of the maximum peak in the calorimetry curve of cement pastes 
containing 4.6mg PCE/g cement. 
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Figure 2. Time of appearance of the maximum peak in the calorimetry curve of cement pastes 
containing 16mg PCE/g cement. 
 
In addition, in pastes containing fly ash, the presence of high dosages of 4PMA1000 and 
2PMA1000s does not only have an impact on the time at which the maximum of the peak 
appears. Figure 5 indicates that there is an inversion of the aluminate and silicate peak. 
However, taking this into account is beyond the scope of the paper and we will consider the 
overall features of the main peak regardless of this modification. Both Figures 5 and 6 show 
that the maximum rate of heat release increases and the slope of the acceleration period 
decreases with the temperature in presence of these admixtures. It is important to emphasize 
that the slope increases with respect to ambient temperature in all cases. However, in presence 
of these admixtures, at all temperatures the slope is lower. This has important implications in 
applications such as mass concrete, as it would slow down the rate of heat release of cement 
hydration at high temperature after hydration starts (with respect to non superplasticized 
systems) rather than just delaying the onset. For massive concrete this aspect would be the 
most important. For cementing of bore holes, it is rather the delay of the onset of hydration 
that would be beneficial as temperatures increases. 
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Figure 3. Time of appearance of the maximum peak in the calorimetry curve of pastes of 
cement with 22% of fly ash containing 16mg PCE/g cement. 
 
 
 

 

Figure 4. Calorimetry curve at different temperatures of fly ash-blended cements containing 
16mg 2PMA1000s/g binder. 
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Figure 5. Maximum heat rate of cement pastes containing 22% of FA and 4PMA1000 and 
2PMA1000s admixtures 
 
 

 
Figure 6. Slope of the acceleration period in cement pastes containing 22% of FA and 
4PMA1000 and 2PMA1000s admixtures 
 
The aluminium concentration in solution must play a main role in this surprising effect. 
Indeed it has been previously concluded that aluminium somehow passivates the hydration of 
cement silicates, specifically C3S (Quennoz and Scrivener 2013) (Begarin et al. 2009). In our 
systems the amount of aluminium in solution can increase for two main reasons. On one hand, 
it has been previously measured that the amount of aluminum in the pore solution increases 
dramatically with the dosage of PMA, possibly because of the formation of an aluminum 
complex (Mantellato et al. 2015). In addition, in pastes containing fly ash, its reactivity and 
amount of aluminum released into the solution increases with the curing temperature 
(Deschner et al. 2012). Specifically, Deschner et al observed an increase of up to 400 times of 
the aluminium in solution in cement pastes containing 50% of fly ash and cured at 80 °C with 
respect to those cured at 23 °C. This would explain why the delay induced by the PMAs is 
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significantly higher in cement containing fly ash than in plain cement pastes. This effect 
probably overrides the increase in superplasticizer dosage with respect to the cement. 
However, further studies are needed, mainly analysis of the pore solution and of possible 
aluminum complexes. 
 
Our results also confirm that two admixtures with similar structure as 2.5PMA1000 and 
2PMA1000s induce different delaying effect, being higher with the later. As explained above, 
2PMA1000s was synthesized by esterification. It is conceivable that PCEs synthesized by this 
route may be more susceptible to alkaline hydrolysis in the first minutes of contact with the 
cement pore solution. In such a case, the cleavage of ester bonds with time would release of 
side chains into solution and increase their charge density, thus enhancing their adsorption 
(Flatt and Schober 2012). This would explain the closer behavior with higher C/E ratio such 
as 4PMA1000. This effect is expected to be more important in explaining the difference 
between 2PMA1000s and 2.5PMA1000 in terms of C/E, backbone length and corresponding 
adsorption equilibrium constants (Marchon et al. 2013). 
 
 
Conclusions 
 
For first time, a delay of cement hydration with the increase of the temperature has been 
described. This effect depends on the dosage and structure of admixture being significantly 
higher in presence of fly ash. 
 
In cement pastes containing fly ash, two PCE structures have been identified that also 
increase the maximum rate and decrease the slope of the acceleration period with temperature. 
This would slow down cement hydration at high temperature after it starts (with respect to 
non superplasticized systems) rather than just delay the onset.  
 
The passivation of silicate hydration by the aluminum in solution probably explains this 
surprising effect; as the concentration of aluminum increases with the dosage of admixture 
and with the temperature in fly ash-blended cements. However, further experiments are 
needed to confirm this hypothesis. 
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Abstract 
Sprayed concrete differs from ordinary concrete due to the method of application and the use of set accelerators to 
promote immediate stiffening of the matrix right after mixing. Hydration kinetics, reactivity of accelerating admixtures 
and the microstructure of the cementitious matrix are greatly dependent on the production method. The objective of this 
study is to analyze how the spraying process affects the properties and characteristics of cement pastes. A type I cement 
and an alkali-free accelerator, which promotes the formation of ettringite, were used. Pastes were produced in a small-
scale spraying machine and by a hand-mixing process, for comparison purposes. Hydration was analyzed by 
isothermal heat conduction calorimetry and scanning electron microscopy, using freeze-dried samples, was performed 
to analyze how microstructure in influenced by the production method. Results showed that the application of pastes by 
spraying provide influences de rate of alite initial hydratio, as well as the microstructure of the matrix, which is 
composed by shorter and more amorphous ettringite and C-S-H crystals. 
 
Originality 
In order to evaluate hydration reactions of cement with shotcrete accelerators and the microstructure developed by 
those reactions, it is essential that the method for pastes production resemble the method used in real life applications. 
By using the same production process, the characterization of the accelerated cement matrix is more realistic and may 
provide more feasible explanations for the properties and the behavior of sprayed concrete in macrostructures. 
 
Keywords: hydration; microstructure; alkali-free accelerators; wet-mix shotcrete. 
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1. Introduction 
Sprayed concrete is a construction technique widely used as a structural support method for tunnels 
and mines excavation fronts (THOMAS, 2010). The technology is in constant growth and the 
development of new methods and materials for the achievement of a safer, more environmentally 
friendly, more cost-effective and less labor-intensive process, maintaining or even increasing concrete 
quality, is a current issue. In that area, additives and accelerating admixtures might have been the 
materials with the greatest advance over the past decade. 
In underground job sites, excavation is under way while the ground is transferring increasing loads to 
the shotcrete linings and rock-fall is a safety issue. In order to prevent dangerous and costly fallouts of 
large masses of fresh material from walls and overhead areas, sprayed concrete must present a rapid 
setting and a high early strength development. In addition, the matrix must have an adequate 
consistency to enable the build-up of layers with proper thickness for rapid progression of the 
construction site (PRUDENCIO JR, 1998; FIGUEIREDO, 1999). These properties are achieved 
mainly by the incorporation of accelerating admixtures.  
Set accelerating admixtures comprise a range of chemicals that influence the rate of cement hydration, 
thereby shortening the setting time and, in most cases, increasing the rate of early strength 
development (HEWLLET, 2004). Alkali-free accelerators are the most common admixtures used 
nowadays in sprayed concrete and have been mandatorily specified in some guidelines (OBV, 2013; 
GALOBARDES et al, 2014). Their chemical composition is based on an aluminum hydroxysulfate 
solution, generally stabilized by a mineral or an organic acid (LOOTENS; LINDLAR; FLATT, 2008).  
Alkali-free-accelerated cement pastes might present setting times 150 to 250 times faster than pastes 
without accelerator, depending on the type and dosage of accelerator (SALVADOR et al, 2014). The 
first reaction taking place when this type of accelerator is used is the conversion from Al3+, present in 
the accelerator, into [Al(OH)4]

-. Then, the aluminate ions formed react with calcium, hydroxide and 
sulfate ions to form ettringite. As each mol of ettringite contains 32 mol of water, its formation 
contributes to increase the solid/liquid ratio and the viscosity of the matrix, promoting a faster 
stiffening. The growth of ettringite crystals contributes to faster setting and early strength development 
(MALTESE et al, 2005).These processes are represented in equations 1 and 2 (TAYLOR, 1997). 
 

Al3+ + 3OH-  Al(OH)3 + OH-  [Al(OH)4]
- (1) 

2[Al(OH)4]
- + 6Ca2+ + 4OH- + 3SO4

2- + 26H2O  C3A.3CaSO4.32H2O (2) 

 
In general, procedures that accelerate early reaction and, thus, increase early strength tend to decrease 
later strength. Not only does porosity affect ultimate strength, but also the mature paste microstructure 
is also one factor that must be evaluated. Both the volume and the binding capacities of hydration 
products formed in accelerated cement pastes must be considered. Since microstructure is greatly 
affected by the production method used for paste preparation (LAGERBLAD; BRYNE, 2014), efforts 
must be concentrated on performing tests in sprayed pastes. By using this procedure, which is similar 
to real life applications, the characterization of properties of the matrix might provide more reasonable 
results for the evaluation of the behavior of sprayed concrete. 
Thus, the main goal of this paper is to evaluate how the spraying process influences hydration and 
microstructure of cement pastes and to compare the results obtained with hand-mixed pastes. Results 
show that ettringite formed in sprayed pastes present a less ordered morphology, covering a larger 
surface area of cement grains, thereby inhibiting alite hydration from 12 hours on. 
2. Materials and Methods 
2.1. Materials 
A CEM I 52.5R, whose composition and properties are shown in tables 1 and 2, respectively, was used 
in this study. Besides, deionized water and a superplasticizer based on a polycarboxylate dispersion 
(solid content of 34.0%) were also used. One alkali-free accelerator, composed mainly by an 
aluminum sulfate solution (solid content of 45.0% and Al3+/SO4

2- ratio of 1.25), stabilized by an 
organic acid, was chosen. 



 

Tab. 1 Cement chemical composition 

Compound SiO2 Fe2O3 Al2O3 CaO SO3 Na2O K2O MgO TiO2 P2O5 MnO LOI 

Content (%) 19.89 3.26 4.74 62.62 3.53 0.13 0.99 1.95 0.22 0.10 0.03 2.88 

 
Tab. 2 Cement properties 

Property Insoluble residue (%) Specific surface BET (m2/g) 

Result 2.74 2.96 

2.2. Experimental methodology 
Tests were performed in cement pastes with a water/cement ratio of 0.32, with the addition of the 
superplasticizer at the dosage of 1.0% by cement weight. For the production of accelerated pastes, the 
alkali-free accelerator was added at the content of 5.0 and 7.0% by cement weight. All the materials 
were conditioned in a climatic room, at the temperature of 20oC, 1 day prior to their use.   
Reference pastes, which contained only cement, water and superplasticizer, were produced by hand-
mixing, whereas accelerated pastes were produced by hand-mixing and by spraying. For the first 
method, water and superplasticizer were pre-mixed and added to cement, mixing the paste for 45 
seconds using a vortex mixer. Then, the paste obtained was stored in sealed plastic container, which 
was kept in a chamber at 20oC. Accelerator was added 1 hour after cement and water were mixed, 
homogenizing the paste for 15 seconds using a spatula.  
The second mixing method consisted in a spraying process, used to simulate application of sprayed 
concrete in real job sites. In this case, the paste was pumped in a small-scale spraying machine and the 
accelerator was added to the paste at the nozzle. In this case, accelerator was also added 1 hour after 
cement and water were mixed. Pastes were sprayed in 125mL sealable plastic cups, which contained 
around 40g of paste. This process was performed inside a climatic chamber, at the temperature of 20oC.  
Isothermal calorimetry was performed in an I-cal 4000 calorimeter, at 20oC, for 24 hours, using 15g of 
cement paste. For hand-mixed pastes, samples were introduced in the calorimeter after mixing cement 
and water, removed 1 hour later for accelerator addition, and relocated in the calorimeter after 
accelerator homogenization. However, sprayed pastes were introduced in the calorimeter right after 
accelerator addition.  
For SEM analysis, cement pastes were freeze-dried, using liquid nitrogen, 15min, 3h and 12h after 
accelerator was added. Then, samples were covered with carbon for chemical microanalysis and the 
images were obtained using a JEOL JSM 7100-F microscope, operating at 20kV. For both tests, time 
“zero” was considered as the time when accelerator was added. 
3. Results and Discussion 
3.1. Isothermal calorimetry  
Heat flow and energy release curves obtained with hand-mixed and sprayed pastes are shown in 
figures 1 and 2, respectively. In figure 1, the first heat flow peak occurring in the hand-mixed pastes is 
due to the first contact between cement and water. The second peak, observed at 1 hour, occurs due to 
the accelerator addition and the consequent ettringite formation. After that, the main hydration peak is 
observed, where alite consumption and portlandite and C-S-H precipitation take place. In the sprayed 
pastes, the heat flow peak caused by mixing cement and water is not present because samples were 
introduced in the calorimeter after 1 hour, when accelerator was added.  
It can be observed that the accelerated pastes present a much faster hydration, when compared to the 
reference paste, and, also, that the higher the dosage of accelerator, the faster the main hydration peak 
occurs. An interesting fact is that the maximum heat flow in the main hydration peak reached in 
sprayed pastes is around 0.3mW/g cement lower than that in hand-mixed pastes, which might indicate 
the alite hydrates at a lower extent in pastes produced by spraying, during the first 24 hours. This 
process can also be observed in figure 2, where the curves correspondent to the sprayed pastes present 
a lower reaction rate (constant decrease in slope) from 12 hours on. The higher amount of ettringite 
formed in sprayed pastes, indicated by a higher energy release when accelerator is added, inhibit alite 
dissolution, because this AFt phase is crystalized on the cement grain surface, as will be seen in item 
3.2. As both matrices present the same composition, the cement presents a lower degree of hydration 
in sprayed pastes.  



 

 
Figure 1 Heat flow curves obtained with accelerated cement pastes 

 
Figure 2 Energy release curves obtained with accelerated cement pastes  

3.2. SEM analysis  
SEM images obtained with the reference paste and pastes with 7.0% of the accelerating admixture, 
both hand-mixed and sprayed are presented in figures 3, 4 and 5, respectively. In the reference paste, it 
can be observed that hydration occurs at a low extent at 15 minutes and progresses slightly at 3 hours, 
presenting some precipitation of hydration products on a cement surface, whose edges are slightly 
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attacked. At 12 hours, hydration advances and a higher quantity of hydration products are formed, as 
expected. 
Analyzing the images of the accelerated hand-mixed paste, a great number of ettringite crystals, 
measuring around 2μm in length, is already formed at 15 minutes of hydration, which nucleate and 
precipitate in a more ordered structure on a cement grain surface. In addition, at this time, hydration 
has already progressed more extensively than in the reference paste, as observed by the great amount 
of hydration products precipitated. At 3 hours of hydration, microstructure is denser and the cement 
surface presents a larger area covered by hydration products. At 12 hours of hydration, it is possible to 
see a great deal of ettringite crystals, randomly oriented on a cement grain surface. 
Regarding the morphology of the sprayed pastes, a denser microstructure, composed mainly by less-
regularly-formed ettringite crystals, is observed at 15 minutes of hydration. This occurs because 
cement and accelerator are homogenized more vigorously, due to their increased contact surface area 
generated by spraying. At this age, ettringite crystals are around 1.5-1.6μm long and only reach the 
length of 2μm (the same as in hand-mixed pastes at 15 minutes) at 3 hours of hydration. In addition, it 
can be seen that ettringite is spread all over the cement surface, which would decrease the rate of alite 
dissolution, inhibiting its hydration. Considering this possibility, this can explain why sprayed pastes 
present a lower degree of hydration, when compared with hand-mixed pastes, from 12 hours of 
hydration on. 

 
Figure 3 SEM images obtained with the reference paste at 15min (a), 3h (b) and 12h (c) of hydration 

 



 

Figure 4 SEM images obtained with the accelerated paste (7.0% of accelerator, hand-mixed) at 15min (a, b), 3h 

(c, d) and 12h (e, f) of hydration 

 
Figure 4 SEM images obtained with the accelerated paste (7.0% of accelerator, sprayed) at 15min (a), 3h (b) and 

12h (c) of hydration 

4. Conclusions 
The main conclusions drawn from the research carried out in this experimental campaign are: 

1) Hydration of cement pastes produced by spraying present a significant difference from hand-
mixed pastes. More ettringite is formed initially and the rate of alite hydration presents a slight 
decrease from 12 hours on, resulting in a lower degree of hydration; 

2) Ettringite crystals in sprayed pastes present a less ordered morphology, covering a larger 
surface area of the cement grains, inhibiting alite dissolution; 

3) Tests with setting accelerators for sprayed concrete should be performed on samples prepared 
by the methods used in real life applications, so that they can be better correlated with the 
properties obtained with materials in service. 

 
Results shown in this paper should be compared with mechanical tests performed with sprayed pastes, 
mortars and concrete, in order to validate their interpretation. 
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Abstract 
Application of mineral additives and superplasticizers promotes the resistance of concrete to aggressive environment. 
Improvement of production technology of blended cements with mineral additives and plasticizers is aimed to increase 
the efficiency of their application. 
This paper consists of the results of study the influence of the mentioned additives on kinetics and composition of 
hydration phases during cement hardening. Application of superplasticizers in combination with mineral additives 
proved to increase the grade hydration of cement and, to increase strength of cement paste and, to improve scaling of 
cement paste and concrete due to frost action.  
 
Originality 
The paper deals with the study of the pozzolanic activity of metakaolin in the presence of superplasticizer. It is shown 
the hydration degree blended cement consisting metakaolin with and without superplasticizer, and its durability under 
frost action. 
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1. Introduction 
The usage of mineral additives at Portland cement production is well known and wide investigated. 
One of the session of 8th ICCC was devoted to discuss of the blended cements problems, where it was 
presented many reports in this route. In particularly it was discussed the influence of mineral additives 
on hydration and structure formation of cement paste (Uchikawa H., 1986; Bucci R.,1986; Rugourd 
M., 1986; Calleja J., 1986). At the consequent Congresses on chemistry of cement this problems were 
discussed too because chemical composition and properties of the additives are changed constantly. At 
present-day one of the trends development of cement production is low clinker cements and also the 
material and energy consumption. During for many years granulated slag, fly-ash, natural tripoli, 
zeolite were used at cement production. Then silica fume was appeared as waste of metallurgical 
production and it was studied in detail and used widely (Kurdowski W., et al., 1983). Nowadays 
metakaolinite as additive is studied by many researches (Antoni M., et al., 2011; Tironi A., et al., 2011; 
Mansour M., et al., 2012; Zhang M., et al, 1995; Kouznetsova T., et al., 1980). For the improving the 
rheological properties of cements superplasticizers (SP) are used. There are a lot of papers presented 
the influence of SP on properties of cement and concrete. All of them show that SP by reducing water 
consumption, they significantly increase strength of cement paste and concrete. Unfortunately, 
plasticizers increase the induction period of Portland cement curing, i.e. slow down the initial plastic 
strength of cement paste. In this regard the main goal of the investigation was the study the influence 
of the compatible use of metakaolinite and SP on cement properties. 

2. Experimental 
2.1. Initial materials 
Portland cement clinker, gypsum and metakaolin (MK) were used. Their chemical composition is 
shown in table 1. 

Tab.1. Chemical composition of materials 

Material SiO2 Al2O3 Fe2O3 CaO MgO others 
Clinker 23.19 4.53 2.21 66.01 2.63 0.17 
Slag 31.0 16.3 3.6 40.2 8.6 0.3 
Metakaolin  VТК-40 53.1 43.1 2.4 0.4 0.3 0.6 
Gypsum 4.58 2.42 0.5 31.2 2.6 58.7* 

*SO3 and loss on in 

Phase composition of clinker (%): C3S=60; C2S=15; C3A=6; C4AF=15. Superplasticizer is one of 
polycarboxylate variety – Degaset added in quantity of 0.1 – 1%. Slag as known applicable additive 
was used for comparative tests. Quantity of slag or metakaolin was 0 – 10%. 

2.2. Experimental Process 
Cements with and without metakaolin were prepared by milling in laboratory mill up to obtain 
cements characterized by specific surface area Ssp= 350 m2/kg. Superplasticizer was added to cement 
together with water at the preparation of samples for the test.  Strength and other properties of cements 
were executed according to standard methods of GOST Russia 310.1 – 310.4.  
Hydration and structure of cement paste were studied by X-ray diffraction, scanning electron 
microscopy optical microscopy. For the investigation cement frost resistant the well known method 
(Malhotra V., 1981; Roy D., 1986) was used.  

3. Result and Discussion 
3.1. Influence of metakaolin 
In was established that metakaolin blended cement demands more water than pure cement and makes 
longer setting time. Strength of composite cement depends on time of hardening. In early time (3 days) 
metakaolin blended cement shows almost equal strength as cement without metakaolin. In that time 
slag contained cement has less strength. At 7 days and later time of hardening strength of cement with 
metakaolin increases on 3 MPa in the comparison cement without this additive and cement consisting 
of slag rich the strength on 3 MPa less than cement PC-1 (table 2). 
 



Tab.2. Properties of cements 

Cement Water for standard 
consistency, % 

Setting time, hrs-min Compressive strength, MPa 
initial final 3 d 7 d 28 d 

Portland cement PC-1 25.0 2-45 5-30 30.1 41.7 518 
PC + 10% MK 26.5 4-15 6-00 30.5 44.5 54.9 
PC + 10% Slag 27.0 5-00 7-00 25.3 38.5 44.5 

 
Hydration of cements was studied by X-ray diffraction. Results are shown in figure 1. 

   
 
 
 
 
 
 
 
 
 

a)                                                                               b) 
Figure 1. XRD powder diffraction pattern of hydrated Portland cement 

without (a) and with metakaolin (b) after 28 days of hardening. 

In XRD pattern diffraction lines with d= 0,491; 0,263; 0,193 nm are absence (fig.2 b). This data fixed 
that reaction between metakaolin and Ca(OH)2 formed at cement hydration is intensive. Interaction 
between calcium hydroxide and amorphous metakaolin leads C-S-H and C2ASH8 formation. There are 
effects definitely attributable to strätlingite are d = 1,258; 0,63nm. Fast hydration blended metakaolin 
cement and formation of gel-like C-S-H promote the decrease of cement paste porosity that gives 
promising results in enhancing mechanical strength after 28 days. 
Porosity was determined by mercury intrusion porosimetry method. The results are shown in table 3. 

Tab.3. Porosity of cement paste 

Cement 
Common porosity, sm3/g Pore quantity, sm3/g,  r less  103  nm 

28 d 90 d 180 d 28 d 90 d 180 d 
 PC 0,1920 0,980 0,920 0,1190 0,0430 0,0330 

PC+ MK 0,1060 0,0730 0,620 0,0531 0,0141 0,0100 

The study fixes that common porosity of cement paste hydrated blended metakaolin cement decreases 
during hardening from 7 to 90 days. Moreover quantity of pore with size nm decrease more than 
others in comparison  with the same pore quantity of cement without metakaolin. 
Results of XRD and the intrusion porosimetry method (see figure 2) are confirmed by SEM analysis 
(see figure 2). 
 
                                                                                   
 
 
 
 
 
 
 
     

                                              a)                                                                      b) 
Figure 2. SEM of fracture surfaces of hydrated PC (a) and PC+MK (b) after 90 days hardening. 



In figer2 it can see the plate of  CaCO3 as the result carbonization of Ca(OH)2. Structure of hardened 
blended metakaolin cement is dense, calcum hydroxide and carbonate is absent. 
This data fixed  that reaction between metakaolin and Ca(OH)2 formed at cement hydration is 
intensive that gives promising results in enhancing mechanical strength after 28 days. However 
metakaolin affects on porosity of cement paste significantly less than cement water requirement. 
Besides that metakaolin makes worse rheology of cement paste. 
3.2. Influence of plastisizer 
Above  mentioned results lead to the usage plastisizer for the next investigation. From the published 
papers (Uchikawa H., 1986; Teylor X., 1990) it is well known that concrete frost resistance  well 
correlates with volume of the pores. To increase the frost resistance of cement paste in this study 
Degaset as the plastisizer was used.  
                              Tab.4. Frost resistant of cement with metakaolin and plastisizer 
NN Cement Quantity, % W/C Cycle Strength, MPa *Kfr 

1 PC - 0,49 150 37 0.85 
2 PC + MK 10 0.49 200 44 0.90 
3 PC +MK + SP 10 + 0.3 0.41 300 50 0.96 
4 PC + MK + SP 10 + 0.5 0.36 300 52 0.97 

* Kfr  -  frost resistant coefficient  
Data in table 4 show that both metakaolin and superplastisizer promote cement frost resistance. 
Conclusion 
The addition of metakaolin and superplastisizer to Portland cement is very usefull. They promote the 
strength and frost resistance of cement paste. 
Acknowlegments 
The authors are very gratefull to GK “Cinergo” for supporting the present research. 
References 
1.Uchikawa H. Influence of mineral additives on hydration and structure formation.1986.Proceedings 
of 8th ICCC,Rio, 1, 328-340. 
2.Bucci R.1986.  Outlines on additions and composite cements. Proceedings of 8th ICCC, Rio, 1, 185 -
198. 
3.Regourd M.1986. Characteristics and activation of blended components. Proceedings of 8th ICCC, 
Rio, 1,199 – 209. 
4.Calleja J. Perspective of structure investigation, properties of blended cements. Proceedings of 8th 
ICCC, Rio,1,210 – 240. 
5.Kurdowski W., Nocun-Wczelik W. The Tricalcium Silicate Hydration in the presence of Active 
Silica. 1983. Cement and Concrete Research,3, 341-348. 
6.Antoni M., Rossen J., Scrivener K. Investigation of cement substitution by combined addition of 
calcined clay and limestone. 2011. Abstracts and Proceedings of XIII  ICCC,96. 
7. Tironi A., Trezza M.A., Irassar E. 2011.Thrrmal activation of natural clays containing kaolinite. 
Abstracts and Proceedings of XIII  ICCC, 52. 
8.Mansour M., Abadla M., Jauberthie R. Messaoudene I. 2012. Metakaolin as a pozzolan for 
high performance mortar. Cement, Wapno, Beton, 2,102-108. 
9. Zhang M., Malhotra V., Characteristics of a thermal activated alumino-silicate pozzolanic 
material and its use in concrete., 1995. Cem.concr.Res.,25, 1713 – 1725. 
10. Kouznetsova T., Stovba H., Krugliak S., Kulikova G. 1980. Special additive for regulation 
of cement properties. Papers of V All union research and technical conference on chemistry 
and technology of cement, 213 – 217.  
11. Malhotra V. Influence plastisizers on freezing and thawing of concrete.1981. Materials and 
Structure, 80, 79-89. 
12. Roy D. Mechanism of Cement Paste Degradation due to chemical and physical process.1986. 
Proceedings of 8th ICCC, Rio, 1, 328-343. 
13.Teylor X. Cement Chemistry. Academic Press, London, 1990, 475 p. 



 

Impact of Alkanolamines on Hydration of Portland and Fly Ash 

Cements 

 
Cheung J.*, Sibbick R., Nicolich J., Detellis, J. 

W.R. Grace & Co, 62 Whittemore Avenue, Cambridge MA 02140, USA 
 
 
Abstract 
Alkanolamines have been used to enable early and late strength development of Portland cement and 
blended cements for more than eight decades. Common alkanolamines used are triethanolamine (TEA), 
diethanol isopropanolamine (DEIPA) and tri-isopropanolamine (TIPA). Even though some of the 
amines have been in use for many decades, the nature of how they impact cement hydration and why 
the strength enhancement provided varies over time with different cement compositions are not fully 
known.  
 
In this research, the impact of TEA, DEIPA and TIPA on the hydration of Portland cement (OPC) and 
fly ash (FA) cement was studied and compared. DEIPA provided the most strength enhancement at 1 
day with the OPC, whereas TEA and DEIPA provided the most strength gain for the FA cement. At 28 
days, TIPA showed the most strength enhancement, followed by DEIPA. Results showed different levels 
of portlandite consumption and AFm formation. When alkanolamines were used, a lower amount of 
crystalline portlandite was detected. The form of portlandite more often appeared as smaller randomly 
orientated and elongated needles located within the cement paste instead of the typical large anhedral 
crystals usually found along the aggregate boundaries. The Ca/Si ratio of the C-S-H phases was also 
noted to vary between the various systems under investigation. Most of the mixes exhibited higher 
Ca/Si ratios for the C-S-H phase in the presence of the alkanolamines at 28 day for OPC and at 7 days 
for FA cement. XRD revealed more formation of AFm phases in the TIPA at 7 days for both OPC and 
FA cement systems and in the DEIPA-FA cement systems at 28 days 
 
This study shows that tertiary alkanolamines can accelerate the hydration of the Portland cement 
component but did not reveal any significant difference in activation of fly ash by SEM. The extent of 
acceleration is dependent on many factors, including dissolution of the aluminate and the morphology 
and composition of the hydration phases: C-S-H, portlandite and AFm phases. 
 
Originality 
Although the impact on hydration of cement and fly ash by alkanolamines was investigated in the past, 
many of the investigations were conducted at dosages well above typical levels, making the results not 
relevant to the industry. In this study, comparisons of the alkanolamines were made at dosage levels 
more typically practiced by the industry. This is also the first time that a comparison of the key effects 
of the three most commonly used amines (TEA, TIPA and DEIPA) on the hydration of Portland cement 
and cement containing fly ash have been examined.  
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1.0 Introduction 

Tertiary alkanolamines have been used to enable early and late strength development of 

Portland cement and blended cements for more than eight decades. Common amines used are 

triethanolamine (TEA), tri-isopropanolamine (TIPA), and more recently a patented amine, 

diethanol isopropanolamine (DEIPA). Even though some of the amines have been used for 

many decades, the nature of how they impact cement hydration and why they give different 

strength enhancement at different times are not fully known. 

Limited studies have been reported and reviewed (Cheung, J., et al, 2011), including two studies 

reported by Riding et al. (Riding K, et al, 2010, 2011) on how DEIPA and calcium chloride 

influence slag blended cement. However, a side-by-side comparison on how TEA, TIPA and 

DEIPA impact hydration of OPC and fly ash cement has not been made. In this research, 

strength performance of the amines in OPC and fly ash (FA) cement were compared. 

Calorimetry, microscopy and XRD studies were made to provide a better understanding of 

how the different amines provide the strength performance benefits. Five factors were 

investigated: (1) impact on the dissolution of the aluminate phases, (2) impact on acceleration 

of the hydration of calcium sulfoaluminate phases, (3) impact on the amount and morphology 

of portlandite, (4) impact on the change in the Ca/Si ratio of C-S-H, and (5) impact on the 

hydration of fly ash phases. 

 

2.0 Materials and Test Methodology 

Two cementitious materials were used for this study – OPC and fly ash. The QXRD and XRF 

analyses of the OPC (BSA of 379 m2/kg) and fly ash (BSA of 290 m2/kg) used for this study 

are summarized in Table I. To make the fly ash cement, 30 wt-% of fly ash was blended with 

70 wt-% of OPC in a V-blender.  

Table I: Compositional Analysis of OPC and Fly Ash  

Analyte - XRF OPC (%) Analyte - XRF Fly Ash (%) 

SiO2 18.9 SiO2 53.9 

Al2O3 5.5 Al2O3 27.5 

Fe2O3 2.7 Fe2O3 6.3 

CaO 61.4 CaO 2.0 

MgO 2.5 MgO 1.1 

SO3 4.5 SO3 0.3 

Na2O 0.4 Na2O 0.4 

K2O 0.9 K2O 2.5 

TiO2 0.3 TiO2 1.6 

P2O5 0.2 P2O5 0.3 

Mn2O3 0.1 Mn2O3 0.0 

SrO 0.2 SrO 0.1 

Cr2O3 0.0 Cr2O3 0.0 

ZnO 0.0 ZnO 0.0 

BaO  0.0 BaO 0.2 

L.O.I. (950oC) 2.2 L.O.I. (950oC) 3.0 

 

 

 



 

Phase - QXRD OPC (%) Phase - QXRD Fly Ash (%) 

Alite 60.8 Quartz 7.7 

Belite 10.1 Mullite 18.1 

Ferrite 8.7 Magnetite 0.2 

C3A (cubic) 5.6 Hematite 0.2 

C3A (orthorhombic) 1.5 Anhydrite 0.1 

Periclase 1.9 
  

Portlandite 0.4 Amorphous 74.5 

Calcite 1.4 
  

Gypsum 6.5 
  

Hemihydrate 0.4 
  

Arcanite 0.6 
  

Syngenite 1.0 
  

Aphthitalite 1.2 
  

 

Mortar Preparation: The samples were split and vacuum-packed in 450 g portions and 

stored until the EN-196 mortars were prepared. The alkanolamines were added with admixed 

water. After mixing of each EN-196 mortar, flow and plastic air tests were run and 50-60 g of 

the mortar was put in a calorimetric sample holder for heat flow measurement. The remaining 

mortar was then re-mixed by hand before being cast into the prism mold. The prisms were 

consolidated by a vibration table according to the EN-196 standard. Compressive strength 

tests were then performed at 1, 7 and 28 days of hydration.  

 

SEM: After the compression tests, the 7 and 28 day samples were immediately soaked in 

isopropanol for at least 24 hours to stop hydration. The samples were then evacuated, 

impregnated in the epoxy resin (EPO-TEK OTE®) and allowed to fully harden for 24 hours at 

40 oC. The hardened samples were next saw cut and polished using a 320 grit silicon carbide 

paper with ethylene glycol, followed by diamond abrasive powders of increasing fineness (9, 

0.3, and 0.05 m) immersed in polishing oil. The polished samples were then cleaned and 

carbon coated prior to examination under the SEM-EDX system.  

 

The various polished mortar samples were initially examined under the SEM-EDX system in 

a semi-qualitative manner in order to determine if any consistent differences in matrix 

microstructure could be established between the various samples. The subsequent 

compositional analysis testing of the C-S-H gels was undertaken on approximately 200 spots 

of the polished surfaces which were visually selected, as well as could be achieved, to avoid 

analyzing residual unhydrated cement grains, calcium hydroxide crystals, and fly ash particles 

in the various 7 and 28 day old mixes under investigation. 

 

XRD: Paste samples were made at a w/c ratio of 0.40, in order to reduce the influence of 

quartz sand on the diffraction patterns. 150 g of cement or cementitious materials was mixed 

with 60 g of water using an overhead mixer for 4 minutes. Alkanolamines were added to the 

cement with the mixing water. After mixing, the paste was poured into plastic molds to form 

cement paste cylinders with a diameter and height of 30 mm. The molds were sealed with 

parafilm and masking tape. Each mix filled 3 molds, one each for 1-, 7-, and 28-day XRD 

scans. The mixing and subsequent storage of the molds for the first 24 hours were performed 



 

in a lab set to 21 oC. To prevent bleeding or separation, the molds were placed in a sample 

rotator until 23¾ hours after mixing. At this time all three samples were demolded. The 7- and 

28-day samples were placed in 21 oC lime water. The 1-day sample was then cut into 3 mm 

wide disks using a wafering saw. The cutting saw was lubricated with polyethylene glycol 

which was subsequently removed with isopropyl alcohol. The cleanest cut disk was then used 

for the XRD scans. XRD scans were generated with a PANalytical X’Pert Pro MPD using a 

Cu anode (45 kV, 40 mA) and a multi-strip detector. Data was collected in the range from 8 to 

65 degrees 2-theta with a step size of 0.033 degrees/step for a total data collection time of one 

hour. The XRD scans were analyzed by Rietveld method for a quantitative evaluation of the 

crystalline phase composition. The amorphous content, which includes C-S-H and some of 

the carboaluminate phases, were analyzed using an external standard method (Jansen D., et al, 

2011).  

 

3.0 Results and Discussions: 

3.1 Strength 

Figure 1 shows the 1-day, 7-day and 28-day mortar strength impact by 0.02 wt-% TEA, 

DEIPA and TIPA in OPC mortar and 30 % fly ash mortar. Results indicate the impact of the 

various amines on strength gain to different systems are not the same. DEIPA provides the 

most strength enhancement at 1 day with the OPC, where as both TEA and DEIPA provide the 

most strength gain for the FA cement. At 7 days, no strength enhancement by the amines is 

noted. By 28 days, TIPA gives the most strength enhancement on both systems. For this OPC, 

the strength of the mortar made with TEA at 7 and 28 days are also lower than blank. This 

negative strength impact of TEA was reported by previous studies (Ramachandran V.S., 1972).  

   

   

Figure 1: Compressive strength of amines in OPC and fly ash cement mortars 

 

3.2 Impact on the dissolution of aluminate phases  

Figure 2 shows the comparison of heat flow between the blank and the treated sample with 
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0.02 % TEA, DEIPA and TIPA by weight of cement. In all cases, the second peak after the 

main silicate peak is increased with the addition of amines compared to the blank. This effect 

is more apparent in the FA cement system. The reason for this was not investigated in this 

study. However, previous studies have shown that the on-set of the second peak occurred 

when sulfate is depleted and C3A dissolution re-initiates, suggesting that the amines accelerate 

the depletion of sulfate and consumption of C3A, particularly in the FA cement. 

 

(a) OPC 

 

(b) OPC-FA 

Figure 2: Heat flow curves of amines in OPC and FA blended cement systems 

 

3.3 Impact on the phase development by XRD 

Rietveld quantitative analysis of the XRD patterns shows a decrease of the portlandite (CH) 

phase with addition of amines of up to about 2 wt-% over the blank for both the OPC and FA 

cement systems after 7 days. The decrease is mostly reflected in the intensity of the (001) 

peaks shown in Figure 3.  

 

(a) OPC-1 day 

 

(b) OPC-7 days 

 

(c) OPC-28 days 

 

(d) FA cement-1 day 

 

(e) FA cement-7 days  (f) FA cement-28 days 

Figure 3: XRD patterns of the portlandite/CH (001) peak in paste at 1 day 7 days and 28 days. 

It is interesting to note that the consumption of CH with the different systems corresponds 

with the 1-day strength gain of the systems. The exception is the use of TIPA in the FA 
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cement system which at 1-day shows no consumption of CH compared to the blank, yet the 

strength gain is very clear. At 7 days, CH is consumed the most with DEIPA in both the OPC 

and FA cement systems. However, strength gain is not noted for these systems. These 

differences suggest that the impact of the different amines on strength gain is the result of 

many contributions in addition to the consumption of CH.  

It is previously established (Gartner E., et al, 1993 and Riding K, et al, 2010, 2011) that TIPA and 

DEIPA help solubilize iron from the C4AF through a “facilitated iron transport” mechanism 

and thus enable a stronger aluminate reaction. This process is clearly demonstrated in the 

XRD patterns of the OPC and FA cement systems after 7 days in Figures 4 and 5, where we 

observed increased dissolution of C4AF with addition of TIPA and DEIPA. Further enhanced 

dissolution of C4AF with TIPA and DEIPA is observed at 28 days.  

 

(a) OPC – 7 days 

 

(b) OPC – 28 days 

 

(c) FA cement – 7 days 

  

(d) FA cement – 28 days 

Figure 4: XRD patterns highlighting the main C3A and C4AF peak region.  

Increased dissolution of C3A (Figure 4) with TIPA and DEIPA is observed for OPC at 7 days. 

In the FA cement system, the XRD patterns are complicated by a peak overlap with mullite, 

the principle crystalline phase in the ash. The increased dissolution of C3A is, however, 

demonstrated by the Rietveld QXRD results. By 28 days, lower concentrations of C3A and 

overlapping mullite and hydration phases make the interpretation ambiguous. 

Differences in AFt phase (ettringite) (Figure 5) were too small to draw any significant 

conclusions. However, we observe some differences in the XRD patterns for AFm phases 

(Figure 5) in the region of 0.93 – 0.8 nm (9.5 – 11 degrees 2θ, Cu-Kα). The broad humps 

suggest poorly crystalline phases with little long range order, and are hence difficult to 

quantify accurately. At 7 days, the X-ray intensity in the region is most pronounced for 

6400

6900

7400

7900

8400

8900

9400

32.8 33 33.2 33.4 33.6 33.8 34

In
te

n
si

ty
 (C

o
u

n
ts

)

Degrees 2θ (Cu-Kα)

Blank

TEA

DEIPA

TIPA

C3A

C4AF

6400

6900

7400

7900

8400

8900

9400

32.8 33 33.2 33.4 33.6 33.8 34

In
te

n
si

ty
 (C

o
u

n
ts

)

Degrees 2θ (Cu-Kα)

Blank

TEA

DEIPA

TIPA

C3A
C4AF

6400

6900

7400

7900

8400

8900

9400

32.8 33 33.2 33.4 33.6 33.8 34

In
te

n
si

ty
 (C

o
u

n
ts

)

Degrees 2θ (Cu-Kα)

Blank

TEA

DEIPA

TIPA

C3A

C4AF



 

cements with TIPA for OPC and all amines for the FA cement system. The lowest X-ray 

intensity is observed for “blank” systems without alkanolamines. By 28 days, the X-ray 

intensity in this region is similar for all the systems. The only exception is that of the 

DEIPA-FA cement system where the intensity is noticeably higher, indicating more 

development of AFm. 

 

  

(a) OPC – 7 days 

 

(b) OPC – 28 days  

 

(c) FA cement – 7 days 

 

(d) FA cement – 28 days 

Figure 5: XRD patterns highlighting the AFm peak region between 9.5 and 11 degrees 2θ.  

 

3.4 Impact on the amount and morphology of portlandite and changes in the Ca/Si ratio of 

C-S-H in OPC 

To further understand why different amines lead to different strength enhancement, SEM 

studies were performed to examine the microstructure of the OPC mortars. Figure 6 shows the 

comparison of the 7-day OPC mortar. It can be seen that, in the cement treated with DEIPA 

and TIPA, the portlandite crystals are showing more commonly, but not exclusively, as 

smaller randomly located and elongated needles preferentially located within the main cement 

paste, instead of more massive plates typically found developing preferentially along 

aggregate boundaries. The form and locations taken by these portlandite crystals may also 

relate to differences in the local capillary porosity and / or the rigidity of the early age C-S-H 

phase, in which they are being formed. These could be another reason for the improved 

strength seen in the samples with alkanolamines. The degree of cement hydration was similar 

and reasonable considering the 7-day age of the samples. No consistent and obvious 

differences could be observed in the degree of capillary porosity present in the C-S-H phase. 
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In the 28-day samples (not shown)

less pronounced with the C-S

(a) blank 

(c ) 0.02 % DEIPA

Figure 6: SEM of 7-day mortar made with different 

are indicated by arrows. 

Paste microcracks at 7 and 28 days are noted to be most significant in the TEA

compared with all the other OPC samples. These could be a result or cause of the weaker 

mortar indicated by the lower strength of the TEA systems.

Table II: EDX analysis* of OPC at 7 and 28 days

  

OPC – Blank 

OPC – 0.02 % TEA 

OPC – 0.02 % DEIPA 

OPC – 0.02 % TIPA 

* Each figure is based on approximately 200 spot analyses undertaken on the C

An elemental analysis shown in Table 

between the blank and amine containing samples

ratio of the 28-day sample

 

(not shown), the differences in portlandite crystal form 

S-H appearing generally denser and being more fully hydrated

 (b) 0.02 % TEA

% DEIPA (d) 0.02 % TIPA

day mortar made with different alkanolamines in OPC. Some portlandite crystals 

aste microcracks at 7 and 28 days are noted to be most significant in the TEA

compared with all the other OPC samples. These could be a result or cause of the weaker 

he lower strength of the TEA systems. 

of OPC at 7 and 28 days 

7 days 28 days 

Al/Ca Ca/Si Al/Ca Ca/Si

0.09 2.96 0.10 2.64

0.10 2.82 0.10 2.81

0.09 2.96 0.10 2.82

0.11 3.06 0.09 2.96

* Each figure is based on approximately 200 spot analyses undertaken on the C-S-H phase in the various samples.

An elemental analysis shown in Table II of the C-S-H phase in the OPC shows the Al/

amine containing samples to be similar at 7 and 28 days, but the Ca/Si 

day samples are consistently and noticeably higher in 

stal form were noticeably 

more fully hydrated.  

% TEA 

% TIPA 

Some portlandite crystals 

aste microcracks at 7 and 28 days are noted to be most significant in the TEA-OPC sample, 

compared with all the other OPC samples. These could be a result or cause of the weaker 

Ca/Si 

2.64 

2.81 

2 

2.96 

H phase in the various samples. 

H phase in the OPC shows the Al/Ca ratio 

days, but the Ca/Si 

higher in all the samples 



 

containing the amines. This implies that there is more calcium in the C-S-H at 28 days in the 

amine-OPC sample. It is not clear from this study if this increase is due to the incorporation 

of more and/or finer sized portlandite in the C-S-H or to a different C-S-H with a higher Ca/Si 

ratio. It is also not clear why the TEA sample at 7 days showed a lower Ca/Si ratio. 

 

3.4  Impact on the hydration of the fly ash cement 

In the fly ash cement (Figure 7), we also observe some changes in the amount and 

morphology of the portlandite crystals as compared to the OPC system at 7 days. The 

amounts of large portlandite crystals plates on the aggregate boundaries were again noticeably 

reduced in the amine containing mixes compared to the blank mix. Some differences were 

also observed between the forms taken by the portlandite crystal in the remaining C-S-H 

phase. The amine containing mixes showed an increased presence of more elongated, 

prismatic and needle-like portlandite crystals compared to the blank mix, and thus a potential 

difference seen in strengths. All the 7-day mixes exhibited similar levels typical of cement 

hydration for this age of sample. Some limited activation of the finer fly ash component was 

also visible, although no clear distinctions were observed between the various 7-day old fly 

ash mixes in this study.  

Paste microcracks at 7 and 28 days are noted to be most significant in the TEA-FA cement 

sample. These could be a result or cause of the weaker mortar indicated by the lower strength 

of the TEA systems. 

The 28-day old samples were also similar to each other, although they did demonstrate greater 

levels of both cement and fly ash hydration and activation as represented in a denser and 

lower porosity C-S-H phase, and lesser amounts of the finer residual cement and fly ash 

grains compared to the 7-day old equivalent samples. In the 28-day samples, any differences 

in these portlandite crystal forms were noticeably less pronounced. 

The Ca/Si ratios shown in Table III are much higher at 7 days for all the amine containing 

samples compared to the blank, but this difference becomes noticeably reduced by 28 days. 

No significant differences in Al/Ca ratios were detected at either age. It is not clear from this 

study if the increase in calcium in the C-S-H at 7 and (most of the) 28 days in the amine 

containing samples is due to the incorporation of portlandite in the C-S-H, or to a different 

C-S-H with a higher Ca/Si ratio.   

Table III: EDX analysis* of Fly Ash Cement at 7 and 28 days 

7 days 28 days 

  Al/Ca Ca/Si Al/Ca Ca/Si 

70 % OPC + 30 % FA – Blank 0.14 2.20 0.16 2.33 

70 % OPC + 30 % FA – 0.02 % TEA 0.13 2.75 0.15 2.46 

70 % OPC + 30 % FA – 0.02 % DEIPA 0.15 2.87 0.17 2.12 

70 % OPC + 30 % FA – 0.02 % TIPA 0.15 3.00 0.16 2.47 

*Each figure is based on approximately 200 spot analyses undertaken on the C-S-H phase in the various samples. 

 



(a) blank

(c) 0.02 % DEIPA

Figure 7: SEM of 7-day mortar made with different amines in fly ash cement. Some portlandite crystals 

are indicated by arrows. 

 

4.0 Conclusions 

Alkanolamines accelerate the early and late strength hydration of Portland and FA cements at 

different speed. The main contributor of the differences noted is believed to be a result of the steric 

effect of the isopropanol and ethanol groups of the amines. Some key differences we see from this 

study are summarized below. 

1. Acceleration of the C3A consumption 

days; 

2. Acceleration of AFm formation 

for FA cement at 7 days and DEIPA

3. Changes in morphology of the portlandite component 

aggregate boundaries to smaller randomly orientated and elongated needles located 

preferentially within the main cement paste for systems with amines;

4. Consumption of portlandite 

in general; and 

5. Ca/Si ratio of C-S-H - 

days in FA cement. 

 

blank (b) 0.02 % TEA

% DEIPA (c) 0.02 % TIPA

day mortar made with different amines in fly ash cement. Some portlandite crystals 

Alkanolamines accelerate the early and late strength hydration of Portland and FA cements at 

different speed. The main contributor of the differences noted is believed to be a result of the steric 

and ethanol groups of the amines. Some key differences we see from this 

study are summarized below.  

A consumption - most consumption seen for DEIPA and TIPA at 7 

Acceleration of AFm formation - faster rates observed for TIPA-OPC at 7 days, all amines 

for FA cement at 7 days and DEIPA-FA cement at 28 days; 

Changes in morphology of the portlandite component - from large anhedral

aggregate boundaries to smaller randomly orientated and elongated needles located 

ntially within the main cement paste for systems with amines; 

Consumption of portlandite - more consumption in systems treated with DEIPA and TIPA, 

 higher ratios for alkanolamines at 28 days in OPC and at

% TEA 

% TIPA 

day mortar made with different amines in fly ash cement. Some portlandite crystals 

Alkanolamines accelerate the early and late strength hydration of Portland and FA cements at 

different speed. The main contributor of the differences noted is believed to be a result of the steric 

and ethanol groups of the amines. Some key differences we see from this 

most consumption seen for DEIPA and TIPA at 7 

PC at 7 days, all amines 

large anhedral plates along 

aggregate boundaries to smaller randomly orientated and elongated needles located 

more consumption in systems treated with DEIPA and TIPA, 

alkanolamines at 28 days in OPC and at 7 
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Impact of Alkanolamines on Hydration Reaction of Ground Iron and 

Steel Slag 

CUI Suping*, YANG Songge, WANG Jianfeng 
Department of Material Science and Engineering, Beijing University of Technology, 100124, China 
 
Abstract： 
Ground Iron and Steel Slag(GISS) was considered to be one of the largest industrial waste production. 
It is difficult to be handled and seriously impacted on our environment. Lower activity was the main 
reason that it could not be widely applied in concrete as supplementary cementing material from the 
way of rapidly consumed. Dense structure and fewer defect were the main factors contributed to the 
lower Solubility of GISS, ultimately, affected its activity. The purpose of our study was to confirm the 
hydration reaction between three different kinds of alkanolaminess and metal ions that improved the 
dissolution of GISS and further promoted the hydration of GISS-cement blended system. Conductivity 
meter, pH meter and inductively coupled plasma atomic emission spectroscopy(ICP-AES) were 
considered as the most direct ways to investigate the influence of organic additives on elemental 
concentrations in aqueous phase of hydrating GISS- cement blended pastes. From the isothermal 
calorimetry, we studied the hydration heat release rate and cumulative energy released of blend 
cement systems. A combination of mortar strength, quantitative X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and thermogravimetric analysis (TGA) were used to analysis the 
mechanism of strength enhancement and micro-structure of hydrates by organic additive. The main 
results are listed as follows: Alkanolamines increase the concentration of Fe and Ca ions and promote 
the dissolution of GISS; Alkanolamines prolong the induction period of GISS – cement system’s 
hydrated as well as enhance the first and second exothermic peak of hydration. The compressive 
strength of blended cement systems was enhanced by TEA and DEIPA at 3d, 7d and 28d. TIPA slightly 
decrease the strength of blended cement at 3d and 7d, but slightly enhanced the compressive strength 
at 28d. TEA and DEIPA promoted the formation of AFt and AFm. The morphology of the C-S-H was 
also changed by TEA and DEIPA, it transform the amorphous fibrous structures into the spherical 
aggregate structures. 
Originality: 
1. It confirmed that alkanolamines would promote the dissolution of GISS, through completely 

analysed the distribution of aqueous phase ions in hydrating pastes of GISS-cement system, 
especially explored the variation of ionic conductivity and pH from different age.  

2. The elemental concentration in the aqueous phase of cement paste would be tested by Inductively 
coupled plasma atomic emission spectroscopy(ICP-AES). It reflected the changes of elemental 
concentration of Ca, Fe, Al and Si influenced by three types of alkanolaminess, which could be 
considered as the key factors to contribute the activity of the GISS. 

Keywords: Ground Iron and Steel Slag(GISS); alkanolamines; elemental concentrations; dissolution; 

hydration  
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1. Introduction 

Ground Iron and Steel Slag(GISS) is formed by mixing certain proportion of the 

Granulated blast furnace slag and steel slag which is grinded to certain fineness. It is 

considered as one of the largest industrial waste production which is difficult to be handled 

and seriously impacted our environment[1]. Lower activity is the main reason that it cannot be 

widely applied in concrete as supplementary cementitious materials from the way of rapidly 

consumed. Dense structure, fewer defects and massive vitreous bodies are the main factors 

contributed to the lower Solubility, ultimately, affected its activity[2,3]. 

The early hydration of cementing materials mainly conclude dissolution and 

precipitation[4], which means that minerals dissolve in the water and form ion, and then ions 

react each other and form hydrates with low solubility and precipitation , therefore, the 

hydration activity of the GISS is closely related to its dissolution properties. Alkanolamines 

which are considered to be the excellent metal ion complexing agents can promote the 

dissolution of the metal ions of cementitious materials. Hence alkanolamines can effectively 

promote the procedure of hydration in cementitious materials. Currently, the most wildly used 

in cement and concrete industries are triethanolamine (TEA), triisopropanolamine (TIPA) and 

diethanol-isopropanolamine (DEIPA).  

The recent studies have reported that alkanolamines can impact the setting time, hydrates 

structure and strength gain of cementitious materials. Ramachandran[5] showed that TEA can 

accelerate the formation of ettringite in pure C3A–sulfate systems at very early ages (<1 h). 

Neubauer et al.[6] also found that TEA increased the hydration of C3A and the formation of 

ettringite during the induction period. Gartner [7,8] observed that the effect of TIPA on the 

compressive strength at 28d was dependent on the C4AF content in cement. The compressive 

strength at 28d could be increased by 10%–22.8% if the C4AF content was more than 7.6%. 

J. Wray and P. Sandberg [9] observed that TIPA could increase the compressive strength to 65 

MPa at 28 d if the lime saturation factor was decreased from 0.98 to 0.96. With respect to 

mechanistic explanations, it has been reported [10–12] that TEA accelerates the dissolution of 

C3A and C3S to form hydration products (AFt, CH and C-S-H) in the early stages, which 

result in an increase in the compressive strength. However, with the ongoing hydration, TEA 

is adsorbed on the surface of CH due to it slow steric hindrance and precipitates along with 

CH when the concentration of Ca2+ reaches saturation [13,14]. Riding[15] supported that DEIPA 

affected the morphology of portlandite which was formed as thin plates. 

To date, many studies have discussed the impact of alkanolamines on hydration 

development of cementitious materials. However, there have been few studies on hydration 

reaction of GISS. The aim of the research was to determine the effect of TEA, TIPA and 

DEIPA on the hydration kinetics and microstructure of GISS blended cement systems, and 

analyzed the impact mechanism of the alkanolamines in this system. It is hoped that this study 

will lead more efficient use of GISS, with energy-saving and emission-reducing benefits in 

manufacture and application. In addition, it can provide relevant theory evidences for the 

application of alkanolamines in cementitious materials. 

2. Experimental details 

2.1 Materials 

The GISS used in this work was taken from Wenfeng Steel Plant. The specific surface 

area of the slag used in this work was 450m2/kg. Sodium hydroxide and calcium hydroxide 



used in this investigation were analytical grades. The Portland cement used in this work was 

standard cement. The chemical compositions of GISS and Portland cement are shown in 

Table 1 and Table 2. Figure 1 shows a schematic representation of the chemical structure of 

three types of alkanolaminess. 
Table 1 Chemical compositions of Portland cement measured by XRF 

Chemical SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 

Composition 22.93 4.29 2.89 66.23 1.92 0.35 0.70 0.64 

Table 2 Chemical compositions of GISS measured by XRF 

Chemical SiO2 Al2O3 Fe2O3 CaO MgO SO3 MnO TiO2 Loss 

Composition 31.49 7.18 8.16 39.67 9.28 0.19 0.62 0.48 2.93 
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Figure 1. Schematic representation of the chemical structure of three types of alkanolaminess. 

2.2 Methodology 

2.2.1 Determination of Conductivity and pH in paste solution 

The dissolution properties of GISS could be fully reflected by testing the conductivity 

and pH of the paste solution. Pastes were prepared by mixing GISS and supersaturated 

solution of calcium hydroxide with a water-to-cement ratio of 4, and study the variation of 

conductivity and pH in different period with different alkanolamines at dosage of 0.03%. 

Magnetic stirrer was used for mixing process at 250rpm. The mixing process was stopped 

after 20min, 40min, 1h, 2h, 3h and 4h. Then, stand for 3 minutes until solid-liquid separation, 

and finally, using conductivity meter (type:DDSJ-308A, made in Shanghai) and pH meter 

(produced by METTLER TOLEDO) to measure the conductivity and pH of supernatant 

liquid. 

2.2.2 Inductively coupled plasma atomic emission spectroscopy(ICP-AES) analysis 

The elemental concentration in the aqueous phase of cement paste could be tested by 

Inductively coupled plasma atomic emission spectroscopy(ICP-AES). This process used 

magnetic stirrer to mix GISS and 0.1mol/L NaOH solution with a water-to-cement ratio of 4, 

and then study the elemental concentration of Ca, Fe, Al and Si in the aqueous phase with 

different alkanolamines at dosage of 0.03%. The mixing process was stopped after 30 minutes, 

1h and 4h. The mixed paste was separated in centrifuge for 10 minutes in 3000rpm. The 

supernatant liquid was filtered through a 0.22μm filter paper. The pH of filtrate would be 

adjusted to acidity by using nitric acid. Finally, ICP-AES was used to test the elemental 

concentration of filtrate. 

2.2.3 Isothermal calorimetry 

An 8-channel isothermal calorimeter (Thermometric TAM Air) operating at 30 °C was 

used to measure the heat of hydration of blended cement systems with and without 

alkanolamines. The hydration experiments were run for 3 d to examine the effect of 

alkanolamines on the hydration kinetics of GISS blended cement systems (50% GISS and 



50% Portland Cement). 

2.2.4 Mortar experiment 

Mortar strength was measured to investigate the effects of the alkanolamines on the 

strength development and link them to the microstructural development of the cementitious 

system. The mortar strengths were measured according to GB/T17671-1999. The experiment 

formula was shown in Table 3(alkanolamines at dosage of 0.03%) 
Table 3 Formula of Mortar experiments 

Number Cement/g GISS/g Water/g Alkanolamines 

1 225 225 225 None 

2 225 225 225 TEA 

3 225 225 225 TIPA 

4 225 225 225  DEIPA 

2.2.5 Paste experiments 

Most of the microstructural characterization was carried out on cement pastes, prepared 

to be analogous to the mortar specimens with a w/cm of 0.35 to quantify the effect of 

alkanolamines on phase and microstructural development. Quantitative XRD, SEM Image 

analysis, and thermo-gravimetric analysis were used to quantify the hydration products 

formed and degree of hydration of GISS blended cement systems. Paste experiments were 

measured according to JC/T729-2005. 

2.2.6 X-ray powder diffraction analysis 

The phase development was investigated on Shimadzu XRD-7000 diffractometer(made 

in Japan) with CuKα radiation (λ = 0.154 nm). The X-ray tube was operated at 40 kV and 30 

mA. The optics configuration includes a fixed divergence slit (0.02°) and a D/teX Ultra 

detector. The measurements were collected using aθ–θ reflection geometry. Data were 

collected from 10° to 70° in the continuous mode. 

2.2.7 Differential scanning calorimetry–thermogravimetric analysis 

Thermal analysis was performed on a NETZSCH STA 449F3(made in Germany) 

instrument with a combined TG and DSC system. A portion of the above powder was heated 

from 25 °C to 550 °C at a heating rate of 10 °C/min under N2 atmosphere. The amounts of 

bound water were deduced from the weight loss between 30 °C and 400 °C. The amounts of 

CH were deduced from the weight loss between 400 °C and 500 °C. 

2.2.8 Scanning electron microscopy analysis 

For the morphology investigations, some pieces were coated with carbon and examined 

using a Hitachi S-3400N EX-250(made in Japan) SEM-EDS operated at 30 kV. 

3. Results and discussion 

3.1 pH changes influenced by alkanolamines 

Figure 2 presents the pH curves for GISS-Ca(OH)2 system in different period with and 

without alkanolamines, which were obtained by using pH meter. With the advance of 

hydration process, the pH of paste solution is gradually decline. In the early stage of hydration 

process, the main mineral of GISS (such as alite, iron aluminate and vitreous bodies) was 

dissolved along with the consumption of OH-. Therefore, the initial pH of paste solution 

decreased apparently. With the decrease of alkali content, Supersaturated Ca(OH)2 precipitate 

would be continue dissolved in order to supply the loss of OH-, ultimately, the system reaches 

the equilibrium. Figure 2 also shows the clear difference between the blank sample and the 



sample with three types of alkanolaminesss. Comparing with the control sample, TEA, TIPA 

and DEIPA declined the pH of paste solution. It indicated that the early stage of dissolution 

and precipitation of Ca, Al and Fe phase were promoted by TEA, TIPA and DEIPA.  
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Figure 2 pH changes for GISS-Ca(OH)2 system with and without alkanolamines  

3.2 Conductivity changes influenced by alkanolamines 
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Figure 3 Conductivity changes for GISS-Ca(OH)2 system with and without alkanolamines 

To further explore the effect of alkanolamines on the dissolution properties of 

GISS-Ca(OH)2 system, the conductivity of the system was measured. The ionic 

concentrations in the aqueous phase could be reflected by conductivity of paste solution. 

Figure 3 shows the conductivity curves for GISS-Ca(OH)2 system in different period with and 

without alkanolamines. Before an age of 1h, the conductivity of GISS-Ca(OH)2 system 

increased dramatically. At this process, mineral dissolution is greater than hydration, which 

showed that ions enter the aqueous phase quickly. After an age of 1h, the dissolution process 

reaches the equilibrium and hydration process plays a dominant role. A large number of Ca2+, 

SiO4
4- , SO4

2-and AlO2
2- involved the hydration process and formed Aft and C-S-H with the 

consumption of the aqueous phase ions, which represented the decrease of conductivity. By 

the longitudinal comparison, it shows that three types of alkanolaminess enhance the 

conductivity of the system. Xiangming Kong[16] supported that the TEA increases the 

concentrations of Fe, Ca and Al in the aqueous phase of the fresh cement pastes, suggesting 

that TEA promoted the dissolution and hydration of Fe and Al phase in the early age. It can be 

inferred that TIPA and DEIPA have the same effect. Comparing with TEA, TIPA and DEIPA 

in Figure 3, It can be showed that the dissolving capacity of TEA and DEIPA on the 



GISS-Ca(OH)2 blended cement system are greater than TIPA. 

3.3 Impact of alkanolamines on the concentration of element  
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(c)Si                                    (d)Fe 
Figure 4 Effect of alkanolamines on the elemental concentration of Ca, Al, Si, Fe of hydrating pastes at 

different ages 

Ca, Fe, Al and Si are considered as the main elements of GISS. The impact of 

alkanolamines on the elemental concentration in the aqueous phase of hydrating pastes was 

studied in this section. Figure 4 shows the change of elemental concentration of hydrating 

pastes influenced by TEA, TIPA and DEIPA. Comparing with the blank sample, the elemental 

concentration of Ca, Fe, Al and Si in the aqueous phase are enhanced by TEA, TIPA and 

DEIPA. It indicated that the dissolution ability of GISS was promoted by three types of 

alkanolaminess. Perez[17] supported that, iron-amine(aluminate-amine) complex would be 

formed by the combination of TEA and iron(aluminate). Zhenbao Lu[18] also speculated that 

TEA can complex with Ca2+ under the alkaline conditions, thereby promoting the dissolution 

of calcium. Hence, it speculated that TIPA and DEIPA can also complex with metal ions in the 

aqueous phase of hydrating pastes.  

The elemental concentration impacted by alkanolamines can directly reflect its 

complexation ability. By the longitudinal comparison, it shows that the complexation ability 

of metal ions of TEA and DEIPA are greater than TIPA, which indicated that the dissolving 

capacity of TEA and DEIPA on the hydrating pastes are greater than TIPA. The experimental 

results are consistent with the conductivity experiment. The complexation effect of three 



types of alkanolaminess was considered as the main reason that promoted the early hydration 

of the GISS. From Figure 4(c), the elemental concentration of Si is also improved by 

alkanolamines. The possible explanation is that the complex formed by alkanolamines and 

metal ions decreased the bond energy of Si-O bond, thus promoting the dissolution of Si.  

3.4 heat evolution influenced by alkanolamines 

Figure 5 and Figure 6 present the heat evolution curves for blended cement systems(50% 

GISS and 50% Portland Cement) with and without alkanolamines, which were obtained by 

using Isothermal calorimetry. Heat release curves are characterised by the presence of two 

peaks in 72h. The initial peak is assigned to the dissolution of free lime, the partial dissolution 

of anhydrite, aluminate, vitreous bodies, alite and the initial precipitation of Aft[19-21](see Fig 

5(a)).The experiment result shows that TEA, TIPA and DEIPA enhanced the initial peak of the 

pastes, which indicated that the dissolution heat and hydration of aluminate and iron phase. 

The second peak is primarily attributed to the rapid dissolution of alite and the precipitation of 

the CH and C-S-H phases[22] (see Fig 5(b)). A small amount of ferrite and belite also dissolved 

during this period. Fig. 5(b) shows the clear difference between the blank sample and the 

samples with different alkanolamines. It confirmed that TEA TIPA and DEIPA delay the 

induction period and activate the second heat release reaction. Comparing with three types of 

alkanolaminess, the heat release of pastes influenced by TEA and DEIPA are greater than 

TIPA. 
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(a) 0-1h                                   (b)1h-3d 

Figure 5 Heat of hydration of pastes with and without alkanolamines 
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Figure 6 Cumulative heat of hydration of pastes with and without alkanolamines 

The cumulative heat was calculated (see Fig 6) according to the heat flow. The 

cumulative heat release of the initial peak was showed in Figure 6(a). The cumulative heat is 

greater for the pastes with three types of alkanolaminess. It suggests that alkanolamines 

promotes the hydration reaction of aluminate and iron phases as well as the dissolution of the 

main minerals of the cement. The cumulative heat of cement with three types of 

alkanolaminess is lower in 24h, compared to the blank cement. However, for a hydration age 

of more than 48h, the cumulative heat is greater for the cement with TEA, TIPA and DEIPA 

(see Fig 6(b)). It suggests that the hydration reaction of cement pastes at ages beyond 48h was 

promoted by three types of alkanolaminess, which leads probably to the enhancement in 

strength of the cement pastes. 

3.4 Strength development  

When the three types of alkanolaminess were used at dosage levels of 0.03%, different 

strength enhancement behaviors were noted as shown in Figure 7. 0.03% of TEA and DEIPA 

enhanced the 3d, 7d, and 28d compressive strength of GISS blended cement systems. 

Comparing with TEA and DEIPA, The compressive strength at 3d and 7d was more effective 

by TEA (respectively, the enhancement of 3d is 1.8MPa, and 7d is 2.3MPa), while the mortar 

strength at 28d was more valid by DEIPA(the incremental amounts of 28d is approximately 

5MPa) . By the contrast, TIPA declined the compressive strength at 3d and 7d but increased it 

at 28d very slightly. The reason for this special phenomenon is probably that the hydrates 

structure has negative impact on the strength gain of GISS blend cementitious system. In 

order to obtain a comprehensive understanding of the impact of the alkanolamines on GISS 

blend cementitious systems, it is necessary to analyze the structures of hydrates of the systems 

in different ages. 
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Figure 7 Strength development influenced by alkanolamines on GISS blend cementitious systems in 

different ages 

3.5 X-ray powder diffraction analysis 

The hydrates of cementitious systems mainly conclude Aft, Afm, C-S-H and CH. CH are 

basically formed by layer crystal structure and hexagonal flake crystal structure leading to 

reduce of strength of cement. Therefore, CH are considered as the weak point of the strength 

gain. Further analyzing the structures of hydrates of cementitious system by XRD, it presents 

that the majority of the hydrates of cementitious system at 3d, 7d and 28d are CH structures, 

along with a small amount of unhydrated C3S and C2S(see Fig8(a),9(a),10(a)). The diffraction 



peaks of CH in blend cementitious system with and without three types of alkanolaminess at 

3d, 7d and 28d were Compared in Fig(see Fig8(b),9(b),10(b)), it is indicated that TEA and 

DEIPA obviously decrease the diffraction peaks, however, the diffraction peak influenced by 

TIPA was slightly increased. It indicated that TEA and DEIPA degrade the formation of CH, 

which promotes the strength gain, on the contrary, TIPA promote the formation of the CH 

which are not contribute to the strength gain. It can be inferred to be the main reason why 

TIPA are not contributes to the strength gain of the cementitious systems. 
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(a) Diffraction peaks of the cement hydrates            (b) Diffraction peaks of the CH 

Figure 8 XRD data of cements hydrated for 3d 
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(a) Diffraction peaks of the cement hydrates           (b) Diffraction peaks of the CH 

Figure 9 XRD data of cements hydrated for 7d 
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(a) Diffraction peaks of the cement hydrates           (b) Diffraction peaks of the CH 

Figure 10 XRD data of cements hydrated for 28d 



3.6 Differential scanning calorimetry–thermogravimetric analysis 
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Figure 11 TG/DSC curves of cements hydrated  
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   (a) CH% of cement hydrated for 3d          (b) CH% of cement hydrated for 7d 

Figure 12.The proportional change of CH content of cements hydrated for early ages 

The heat flow and mass percent as a function of temperature for cement pastes hydrated 

are presented in Fig 11. Two peaks in the range of 25 °C to 550 °C were observed in the DSC 

curves. The first endothermic peak, at approximately 140 °C, is ascribed to the dehydration of 

C-S-H and Aft, and it also included the evaporation of free water. The second endothermic 

peak, at approximately 445 °C, is caused by the decomposition of CH. The proportional 

changes of CH content of cement hydrated were listed in Fig 12. The content of CH was 

approximately calculated by the mass loss of cement hydrated in the range of 400 °C to 

500 °C. The result shows that the content of CH of cement hydrated for 3d and 7d are 

decreased by TEA and DEIPA, however, slightly increased by TIPA. The experimental result 

of Differential scanning calorimetry–thermogravimetric analysis (DSC-TG) is consistent with 

XRD analysis. It indicated that TEA and DEIPA degrade the formation of CH, which 

promotes the strength gain, on the contrary, TIPA are not.   

3.7 Morphology analysis 

SEM images of the blank sample (cement-GISS blended system) and samples with 

0.03% TEA, TIPA and DEIPA hydrated for 7d and 28d are presented in Fig. 13 and Fig.14. 

These images reveal the changes of portlandite content as well as the morphology of the 

hydrates. According to the hydrated structures for 7d of blank sample, amount of unhydrated 

cement particles were found in Fig 13(b), which indicated that the early stage of hydration of 

GISS are slower without alkanolamines. By the comparison, few unhydrated cement particles 



were found in the samples with alkanolamines, which indicated that the degree of the 

hydration with three types of alkanolaminess was higher than the blank sample.   

Comparing with the blank sample and sample with TIPA (see Fig 13(a) and (f)), a slight 

decrease in the portlandite content measured by SEM was observed in the samples with TEA 

and DEIPA (see Fig 13 (c) and (g)). It indicated that TEA and DEIPA promote the hydration 

of GISS. The hydration of GISS usually accompanied by the consumption of Ca(OH)2, which 

was transformed to Aft or Afm. Figure 13(e) shows the zone of fracture of portlandite 

influenced by TIPA, which confirms that portlandite is considered as the weak point of the 

strength gain in cement materials. On the other hand, TEA and DEIPA accelerated the 

formation of Aft and Afm, it confirmed that TEA and DEIPA promoted the hydration of the 

aluminate (See Fig 13(c), (d), (g) and (h)). The degree of hydration at 28d was more compact 

than the result at 7d. Comparing the control, the morphology of the C-S-H was also changed 

by TEA and DEIPA, it transform the amorphous fibrous structure into the spherical aggregate 

structure that may contribute to the strength development of the cement materials. Fig 14(e) 

and (f) showed that amount of Hexagonal CH structures were found in sample of TIPA, which 

may adversely affect the strength of the blended cement system.  
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Figure 13 SEM pictures of cement pastes hydrated for 7d with and without alkanolamines 
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Figure 14 SEM pictures of cement pastes hydrated for 28d with and without alkanolamines 

4. Conclusion  

(1) The dissolution capability of Ground Iron and Steel Slag was promoted by TEA, 

TIPA and DEIPA. The effect of TEA and DEIPA are greater than TIPA. 

(2) TEA, TIPA and DEIPA enhanced the elemental concentration of Ca, Al, Si and Fe in 

the aqueous phase of cement paste, which ascribed to the complexation reaction between 

alkanolamines and metal ions. 

(3) TEA, TIPA and DEIPA enhanced the Hydration exothermic peaks of the cement 

 

CH 

 
C-S-H 

C-S-H 

C-S-H 
C-S-H 

CH 

 

AFt 



pastes (50% GISS and 50% Portland Cement) and delayed the induction period of the cement 

hydrated. 

(4) The compressive strength of blended cement systems was enhanced by TEA and 

DEIPA at 3d, 7d and 28d. TIPA slightly decrease the strength of blended cement at 3d and 7d, 

but slightly enhanced the compressive strength at 28d. 

(5) Compared with the control, the content of portlandite of cement hydrated for 3d and 

7d were decreased by TEA and DEIPA, however, slightly increased by TIPA. 

(6) TEA and DEIPA promoted the formation of AFt and AFm. The morphology of the 

C-S-H was also changed by TEA and DEIPA, it transform the amorphous fibrous structure 

into the spherical aggregate structure. 
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Abstract 
Mortars are traditionally made from a mixture of sand, a binder and water. However, modern factory-made mortars 
are currently, very complex materials. Indeed, to exhibit various properties from the fresh paste to the hardened 
material, mortar formulations are composed of many mineral and organic admixtures. Among organic admixtures, 
polysaccharides, such as cellulose ethers (CE), are widely used into mortar formulation to improve water retention 
capacity of the freshly-mixed materials. The water retention capacity is an essential property of mortars leading to 
enhance the cement hydration and its adhesion to a substrate. Moreover, many polysaccharide admixtures, acting as 
viscosity-enhancing agents (VMA), prevent segregation and improve the homogeneity and workability of cement-based 
system. Indeed, the viscosity of the system strongly increases using polysaccharides and the rheological behavior of the 
cementitious paste may be completely modified and adapted to the application. Nevertheless, polysaccharides, as 
sugars, act on cement hydration. The main drawback is the retarding effect in hydration mechanism and setting-time of 
the cement. 
The present study examines the influence of chemical composition and structure of guar gum derivatives on fresh state 
properties of Portland cement-based mortars, such as water retention capacity (WR) and rheological behavior of fresh 
state Portland-based mortars. This work focuses on the guar gum derivatives since their manufacturing process is low 
pollutant and they provide very good properties to cement-based mortars. The investigation was also completed by 
adsorption isotherms. For this purpose, a native guar gum, some HydroxyProplyl Guars (HPG) and some 
hydrophobically modified HPGs were selected. The effect of the molar substitution (MSHP) and the degree of 
substitution (DSAC) was investigated. The results highlight that chemical composition of HPGs has a remarkable effect 
on fresh state properties of mortars. The native guar gum does not impact both WR and rheological behavior. 
Increasing MSHP leads to an improvement of the WR and the stability of mortars while the hydrophobic units further 
enhance WR and conduct to a decrease in the yield stress and an increase in the resistance to the flow of admixed 
mortars. 
 
 
Originality 
Hydroxypropyl guars (HPGs) are very interesting molecules because they are able to induce water retention properties 
comparable to those obtained with cellulose ethers, which are the widely used water-retaining agent. Moreover, by 
adapting the chemical composition and structure of the Hydroxypropyl guars it is possible to improve the water 
retention capacity of mortars, to modify the rheological behavior of mortars and to decrease the impact of the 
admixtures on the hydration delay of cement. It is important to underline that manufacturing of HPG causes less 
pollution than cellulose derivatives. Therefore the use of HPGs is in fact already well-established in construction 
chemistry. Nevertheless, studies about HPG as admixtures for cementitious materials are very scarce in the published 
literature. 
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1. Introduction 
Modern factory-made mortars are complex materials, in which several kinds of admixtures are added 
in order to obtain specific properties, from the fresh state to the hardened material. Indeed, since many 
years, concretes, mortars or cement grouts with high fluidity have been developed, since their use 
implies many economical and technical advantages. However, the use of highly flowable mixtures 
may lead to segregation or excessive bleeding and subsequently, durability issues. In order to 
overcome this problem by enhancing the sedimentation resistance while maintaining high fluidity, 
viscosity-enhancing admixtures (VEA) are frequently introduced within the formulation (Rols S. et al., 
1999; Khayat K. H. et al., 1997; Lachemi M. et al., 2004; Sonebi M., 2006). Among these admixtures, 
natural polysaccharides or their derivatives (such as welan gum, starch derivatives or cellulose ethers) 
are the most widely used. Moreover, the incorporation of these VEAs in shotcrete or render mortar is 
useful to ensure sagging resistance for thick application on vertical support, and to allow sufficient 
fluidity for normal pumpability by supplying shear thinning rheological behavior (Paiva H. et al., 
2006). Indeed, these admixtures provide, generally, high yield stress and apparent viscosity at low 
shear rate but low resistance to flow at high shear rate (Khayat K. H., 1998). However, their mode of 
action is not fully understood, since results are sometimes contradictory. 
Water retention (WR) is another essential property of monolayer render at fresh state. Indeed, high 
water retention improves the cement hydration and limits the absorption of the mixing water by a 
substrate and thus provides good mechanical and adhesive properties to the mortar (Bertrand L. et al., 
2004; Jenni A. et al., 2005). Among admixtures enhancing water retention capacity of the freshly-
mixed mortars, cellulose ethers (CE) are the most widely used. Nevertheless, hydroxypropyl guar 
(HPG) are now also well-established in the construction industry as water retention agent for mortars 
(Biasotti B. et al., 2011; Poinot T. et al., 2013; Poinot T. et al., 2014; Cappellari M. et al., 2013). 
Moreover, HPGs are already widely used in various industrial fields, such as textile printing, hydraulic 
fracturing process, oil production or paper manufacturing, due to their thickening effect (Risica D. et 
al., 2010; Lapasin R. et al., 1995). Consequently, since HPGs improve the two main properties of 
mortar, they appear as suitable admixtures to be used in render formulation. 
The aim of this study is to provide an understanding of the effect of chemical composition and 
structure of HPGs and its dosage on macroscopic properties of mortars. For this purpose, an original 
guar gum and five HPGs with specific chemical modifications, such as increase in MSHP or 
substitutions by hydrophobic units, were selected. The impact of admixtures on the water retention 
capacity and on the rheological behavior of mortars was investigated. 
2. Materials and methods 
2.1. Mineral products 
Mineral products used in this study consist in blend Portland cement (Holcim), lime (Holcim), calcium 
carbonate (Calcitec V60, Mineraria Sacilese S.p.A.) and dolomite (Bombardieri and Leidi 0.1-0.4mm). 
The mineral compositions of the commercial Portland cement, CEM II/B-LL 32.5 R according to the 
European standard EN 197-1 (Standard EN 197-1, 2012), used are given in Tab. 1. 

Tab. 1 Chemical compositions (% by weight) of the investigated cement determined by XRF and XRD-
Rietveld refinement. 

Compositions CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O TiO2 SO3 LOI 

Content (XRF) 57.9 12.3 5.2 4.0 1.2 1.0 1.7 0.2 4 13.7 

Phase 
composition 

C3S C2S C3A C4AF Calcite Gypsum Quartz 
Free 
CaO 

  

Content (XRD 
+ Rietveld) 

54.3 3.5 4.7 4.6 28.9 3.0 0.9 0.8   

The phase composition was determined by Rietveld refinement method (Siroquant V2.5 software) 
after XRD analysis (D5000, Siemens) and the oxide composition was quantified by means of X-ray 
fluorescence spectroscopy. The median particle diameters by volume (d50%) was determined by means 
of laser diffractometry with dry powder disperser (Mastersizer 2000 and Scirocco dispersing unit, 
Malvern) and the specific surface area (determined by BET) of all raw materials are given in Tab. 2. 
 



 

Tab. 2 Median particle diameters by volume and specific surface area of the mineral phases. 

 
CEM II/B-

LL 
Lime Dolomite 

Leidi 
Dolomite 

Bombardieri 
Calcite 

d50 (µm) 15 5 300 600 20 

BET specific surface area (m2/g) 2.40 5.67 0.43 0.34 1.44 

2.2. Organic admixtures 
Guar gum is a natural polysaccharide extracted from the seed endosperm of Cyamopsis tetragonolobus. 
This polymer consists in a β(1-4)-linked D-mannopyranose backbone with random branchpoints of 
galactose via an α(1–6) linkage (Figure 1a). Hydroxypropyl guars (HPGs) are obtained from the 
original guar gum via an irreversible nucleophilic substitution, using propylene oxide in the presence 
of an alkaline catalyst (Figure 1b). The manufacture of HPGs has the advantage of having a more 
reduced impact on the environment than cellulose derivatives. Indeed, guar gum is extracted by simple 
thermo-mechanical process, exhibits a higher chemical reactivity and is soluble in cold water thanks to 
its branched-chain structure with a lot of hydroxyl groups. Thus, the chemical modification of the 
original guar gum requires normal reaction conditions of temperature and pressure, does not generate 
large quantity of by-products, and requires minimal purification procedure (Biasotti B. et al., 2011).  
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Figure 1 Molecular structure of original guar gum (a) and HydroxyPropyl Guar (b) 

In this paper, three HPGs and an original guar gum provided by Lamberti S.p.A were studied. They 
exhibit roughly the same molecular weight, around 2.106 g.mol-1 since they are all from the same 
original guar gum (noted HPG 6 in the paper) (Poinot T. et al., 2013). Tab. 3 provides a qualitative 
description of the polymers used. The qualitative substitution degrees are provided by the 
manufacturers. The molar substitution ratio (MSHP) represents the number of hydroxypropyl units per 
anhydroglucose unit and is less than 3 for the investigated HPGs. The degree of substitution (DSAC) 
represents the amount of alkyl chain per anhydroglucose unit. The only difference between HPGs 1 
and 3 is the molar substitution ratio, which increases, while HPG 4 exhibits an additional substitution 
(short alkyl chains). 

Tab. 3 Qualitative description of the HPG used. 

 MSHP DSAC Additional 
substitution 

HPG 1 Low - - 

HPG 3 High - - 

HPG 4 High Low Short alkyl chain 

HPG 6 - - - 

2.3. Methodology 
Mortars were prepared according to the following mixture proportions: 12% of cement, 3% of lime, 
18% of calcium carbonate, 43% of dolomite Bombardieri and 24% of dolomite Leidi (by weight). The 
admixtures (0.05, 0.075, 0.1, 0.125 and 0.15%) were in addition to the total dry mixture (i.e. cement, 
lime, calcium carbonate and dolomite) and is expressed in weight percent by weight of binder (% 
bwob). Dry mixture was blended in a shaker (Wab, Turbula, Germany) for 10 min. Deionised water 
was added in order to obtained a liquid-to-solid ratio L/S = 0.22. The mixing procedure was in 
accordance with EN 196-1 (Standard EN 196-1, 2006).   



 

The experimental methodology consisted in dividing the freshly mixed mortar into three parts in order 
to characterize several properties from the same mixing. A first part was used to characterize the 
rheological behavior of the mortar, the water retention study was performed on the second part and the 
third part of the freshly mixed mortar was centrifuged in order to determine the adsorption isotherms 
and the polymer concentration within the pore solution following a procedure described later. 
In order to improve the understanding of the mechanism involved in Water Retention, additional 
dosages were tested for WR and adsorption measurements: 0.03 and 0.06% bwob for HPG 4, 0.06% 
bwob for HPG 3, 0.175 and 0.2% bwob in the case of HPG 1 and 0.2% bwob for the native guar gum 
(HPG 6).  
All tests were carried out, at least, in triplicate and at a controlled temperature because water retention, 
rheological behavior of the mortar and adsorption isotherms are temperature-dependent. A control test 
was also performed with a mortar without admixture. 
2.4. Adsorption curves of HPGs into mortars 
The adsorption isotherms were determined using the depletion method. The non-adsorbed polymer 
remaining within the pore solution was quantified by means of Total Organic Carbon (TOC) 
measurements. Prior to analysis, the pore solution was extracted from admixed or non-admixed mortar. 
The extraction was performed by means of two centrifugation steps. The first step consisted in the 
centrifugation of around 150 g of mortar at 5000 rpm for 5 min. The supernatant was, afterward, 
centrifuged again at 14500 rpm for 10 min in order to avoid the presence of mineral particles within 
the solution. The supernatant was diluted with hydrochloric acid solution at 0.1 mol.L-1. The total 
organic carbon was determined by combustion at 850 °C with a Vario-TOC Cube (Elementar). The 
adsorbed amount of polysaccharides was calculated from the difference of TOC content of the HPG 
reference solution and the TOC content of the supernatant. 
2.5. Water Retention of mortars 
The water retention capacity of freshly-mixed mortar can be assessed using different tests where the 
removed water after suction or depression is measured (Patural L. et al., 2001). In this study, the 
standard method used to estimate the water retention capacity of a mortar, was the test described in 
ASTM C1506-09 and shown in figure 2 (Standard ASTM C1506-09, 2009).  
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Figure 2 Device for Water Retention measurements 

It had to be performed 15 min after mixing to measure the water loss of a mortar under depression. 
The standardized apparatus was submitted to a vacuum pressure of 50 mm of mercury (6.6 103 Pa) for 
15 min. Then, the water retention capacity, WR, was calculated using the following equation:  

100
W

WW
WR(%)

0

10 




 
where W0 represents the initial mass of mixing water; W1 is the loss of water mass after aspiration. 
All the experiments were carried out at 20 °C. Three classes of water retention (measured by ASTM 
method) of a fresh mortar can be specified according to the DTU 26.1(Standard NF DTU 26.1, 2008.). 
The first class (low water retention category) contains mortars that exhibit water retention lower than 
86%. The second class (intermediate) corresponds to values ranging from 86% to 94%. The last one 
(strong) is defined by water retention higher than 94%, corresponding to the required values in the 
field of rendering application. 



 

2.6. Rheological behavior of mortars 
The rheological measurements were performed with Rheometer MCR 302 (Anton-Paar), thermostated 
at 20 °C. The rheological properties of fresh mortars were investigated with vane-cylinder geometry 
(figure 3a) since this system is suitable for granular pastes like mortars (Bouras R. et al., 2012; Barnes 
H. A. et al., 2001). The gap thickness, distance between the periphery of the vane tool and the outer 
cylinder, was set at 8.5 mm, in order to be less sensitive to the heterogeneity of the mortar. Using a 
Couette analogy, the shear stress and shear rate were calculated from the torque and the applied 
rotational velocity respectively, after calibration with glycerol (Ait-Kadi A. et al., 2002). The mortar 
was introduced into the measurement system at the end of the mixing cycle. At 10 min, the mortar was 
pre-sheared for 30 s at 100 s-1 in order to re-homogenize the sample and to eliminate its shear history 
because of thixotropic character of cementitious materials (Phan T. H. et al., 2006; Roussel N. et al., 
2012). After a period of rest of 5 min, the rheological measurements were started (total time = 15 min). 
At this time, the hydration rate is low enough which allows overcoming the irreversible effect of 
cement hydration on rheological behavior, especially at low shear rate (Phan T. H. et al., 2006). The 
imposed shear rate was decreased by step from 300 to 0.06 s-1 (16 steps). At each shear rate, the 
measuring time was adjusted in order to obtain a steady state whatever the formulation. The samples 
were systematically submitted to high shear rate (100 s-1) for 30 s before each imposed shear rate in 
order to resuspend particles of mortar within the mortar mixtures (figure 3b).  
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Figure 3 Experimental device (a) and experimental protocol for rheological measurements 

The results were expressed as shear stress  according to shear rate   and the Herschel-Bulkley (HB) 

model was applied to fit the experimental data and used to describe mortars rheological behavior 
(Herschel W. M. et al., 1926):  

nK  0  
where 0 correspond to the yield stress, K the consistency coefficient and n the fluidity index. 
3. Results and Discussion 
3.1. Adsorption curves of HPGs into mortars 
Figure 4 shows the adsorption isotherms of the hydroxypropyl guar and the original guar gum on 
Portland based-mortars. The results confirm that adsorption of original guar gum and HPGs on 
cementitious materials occurs. According to Wang et al. the adsorption mechanism of galactomannose 
polysaccharides at solid–liquid interfaces involves strong hydrogen bonding (Wang J. et al., 2005). In 
the range of polymer dosage used in the present study, no plateau was reached, and this, whatever the 
admixture. For the original guar gum (HPG 6), the adsorption appears totally linear and is the highest 
of all the tested polymers, corresponding to a total adsorption higher than 98.5% of the introduced 
polymer.  
The presence of hydroxypropyl substitutions on the guar leads to a decrease in the affinity of the 
polymer with the binder since the amount of HPG 1 adsorbed is lower than that of the original guar 
gum. The adsorption is further reduced by the increasing values of MSHP (HPG 3). This tendency is 
consistent with previous studies on HPGs and cellulose ethers (CE) (Poinot T. et al., 2013; Brumaud C. 
et al., 2014). 
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Figure 4 Adsorption isotherms of HPGs 1, 3, 4 and original guar gum (HPG 6) 

Figure 4 highlights also the effect of the additional alkyl chain on the adsorption. It appears that the 
hydrophobic side chains slightly intensify the adsorption of the hydrophobically modified HPG on 
surface of grains with respect to HPG 3.  
Consequently, the polymer concentration within the extracted pore solution rises following this order: 
HPG 6 < HPG 1 < HPG 4 < HPG 3. Excepted HPG 6, the amount of non-adsorbed polymer increases 
with increasing polymer dosage (results not shown here).  
3.2. Impact of HPGs on the water retention property of fresh mortars 
The evolution of the water retention capacity of fresh admixed mortars, according to the polymer 
dosage, is shown in figure 5. The non-admixed mortar exhibits a low water retention capacity of about 
72% ± 0.3%.  
The effect of the original guar gum (HPG 6) on the WR property seems negligible, regardless of 
dosage. This result is coherent with the adsorption of the polymer. Indeed, since the adsorption is 
higher than 98.5% of the initial amount of polymer, very few molecules are still in the pore solution 
(figure 4). The composition of pore solution is thus very close to that of the non-admixed mortar, 
leading to similar WR. 
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Figure 5 Impact of polymer dosage on water retention capacity of fresh admixed mortars 

The water retention increases with the use of HPGs. Moreover, the WR rises according to polymer 
dosage, until reaching a plateau with very high WR values (>97%) for HPG 4. In the range of polymer 
dosage studied, the WR values reached for HPGs 1, 3 and 4 are greater than 94% and therefore belong 



 

to the strong WR class. These results suggest that the substitution of hydroxyl units from original guar 
gum by hydroxypropyl units leads to an increase in WR of mortars. Furthermore, the increase in the 
MSHP (from HPG 1 to 3) improves the WR capacity of mortar, since HPG 3 provides a higher WR 
despite a lower dosage. Moreover, an abrupt change in slope can be noticed for mortars admixed with 
HPGs 1 and 3. This occurs for a decreasing polymer dosage from HPG 1 to HPG 3. The results are 
consistent with those of previous studies performed with HPGs or CEs and with the proposed 
mechanism (Poinot T. et al., 2014; Bülichen D. et al., 2012; Marliere C. et al., 2012). Indeed, the WR 
of admixed mortars is mainly governed by the ability of polysaccharidic admixtures to form a 
hydrocolloidal associated polymer molecules network and to induce overlapping of polymer coils 
within the pore solution (Poinot T. et al., 2014; Bülichen D. et al., 2012; Marliere C. et al., 2012). 
When the concentration of polymer increases into the solution, the isolated polymer coils, existing at 
low polymer concentration, begin to come into contact each other. This concentration is defined as the 
coil-overlap concentration (noted C*). Above this critical concentration, the polysaccharide aggregates 
stop the water flow by plugging the porous network of a thin polysaccharide-enriched filter cake at the 
interface mortar-substrate resulting in a sudden and sharp rise in WR curves (Poinot T. et al., 2014). 
The abrupt change in slope is reached for a decreasing polymer dosage from HPG 1 (0.15% bwob) to 
HPG 3 (0.05% bwob). The only difference between these HPGs is the increasing substitution degree. 
According to literature, the increase in MSHP does not lead to a change in the C* (Volpert E. et al., 
1996). However, the increasing substitution degree leads to a decrease in polymer adsorption on 
cementitious materials (figure 4) and hence an increase in polymer amount in pore solution. 
Consequently, the coil overlapping occurs at lower dosage. 
The results furthermore highlight the positive impact of additional alkyl chain on WR. Indeed, the 
highest WR was obtained with HPG 4 for the lowest polymer dosages. Moreover, the abrupt change in 
slope occurs for a decreasing polymer dosage from HPG 3 (0.05% bwob) to HPG 4 (0.03% bwob). 
The presence of additional alkyl chains (HPG 4), despite slightly higher adsorption than HPG 3, leads 
to the formation of polymer associates at lower polymer dosage. Indeed, the interconnection between 
alkyl chains creates intramolecular and intermolecular interactions through specific hydrophobic 
interactions which cause a decrease in the coil-overlapping concentration (Cheng Y. et al., 2002; 
Semenov A.N. et al., 1995; Simon S. et al., 2003). Consequently, the abrupt change in slope is 
reached for a lower polymer dosage of HPG 4 than HPG 3. 
3.3. Rheological behavior of fresh mortars 
The evolution of the yield stress, extracted from Herschel-Bulkley model, is shown in figure 6.  
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Figure 6 Impact of polymer dosage on yield stress of fresh admixed mortars (HPGs 1, 3, 4 and original guar gum 

(HPG 6)) 
The mortar without admixture exhibits a yield stress value of around 45 Pa. From the results, three 
classes of HPG, inducing different evolution of the yield stress with the polymer dosage, can be 
highlighted for admixed mortars. The first category only contains the original guar gum (HPG 6), 



 

which induces a low and quasi linear decrease in the yield stress of mortar when HPG dosage 
increases. On the contrary, HPGs 1 and 3 lead to a continuous rise of the yield stress of mortars from 
50-60 Pa to around 120 Pa with the increase in the HPG dosage from 0.05% to 0.15%. Finally, HPG 4 
constitutes the third class of admixture. The use of this admixture leads an improvement of the yield 
stress compared to the non-admixed mortar, whatever the dosages tested in the study. However, the 
improvement is not proportional to the admixture dosage. Indeed, our first dosage (0.05% bwob) leads 
to a higher yield stress than non-admixed mortar. Beyond this dosage, increasing the dosage from 
0.05% to 0.1% bowb provides a slow and low decrease in yield stress, before reaching a plateau for 
polymer dosages higher than 0.1% bwob. It is worth noting that the value of the yield stress reached 
on the plateau is still higher than that of the mortar without admixture. 
Figure 7 presents the evolution of the consistency coefficient (K from Herschel-Bulkley equation). As 
in the case of the yield stress, the results can be divided into three classes of polymer. The first class is 
only composed of the original guar gum which provides a very low or negligible modification of the 
consistency coefficient with increasing polymer dosage compared to non-admixed mortar. HPGs 1 and 
3, constituting the second group, induce first a low increase from in the consistency coefficient, 
followed by a plateau. Finally, HPG 4 leads to a continuous increase in the consistency coefficient of 
admixed mortars. 
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Figure 7 Impact of polymer dosage on consistency coefficient of fresh admixed mortars (HPGs 1, 3, 4 and 

original guar gum (HPG 6)) 
Figure 8 shows the evolution of the fluidity index (n) versus the polymer dosage for all the studied 
mortars. It is worth to note that whatever the mortars (non-admixed and admixed), the values of the 
fluidity index are lower than 1, meaning that they are all shear thinning. Due to the high standard 
deviation, the value of the fluidity index of mortars admixed with HPGs 1 and 3 and HPG 6 seem to 
be unchanged as the dosage of HPGs increase. However, HPG 4 leads to a low increase followed by a 
continuous decrease in the fluidity index until reaching values around 0.5. This means that the shear 
thinning behavior of mortars becomes more and more pronounced. 
The rheological results (figures 6, 7 and 8) highlight that HPGs 1 and 3, HPG 4 and HPG 6 behave 
quite differently. Indeed, HPGs 1 to 3 lead to a continuous increase in the yield stress, while HPG 4 
modifies mainly the consistency coefficient and the fluidity index. This means that HPGs 1-3 increase 
the stability of mortars while HPG 4 increases the resistance to the flow of admixed mortars. HPGs 1 
and 3 affect the rheological behavior of the admixed mortars in the same way, i.e. an increase in the 
yield stress, a low increase followed by a plateau in the consistency coefficient and a negligible 
modification of the fluidity index when the polymer dosage rises. Figure 4 shows that HPGs adsorb 
onto particles constituting the mortar. Prima facie, this adsorption could be responsible for the increase 
in the yield stress because of bridging flocculation (Brumaud C. et al., 2014). However, despite a 
strong drop of the adsorption (50%) with the increase in the MSHP (from HPG 1 to 3) the yield stress 
also increases. This suggests that the non-adsorbed polymer may be responsible for the yield stress 



 

increase. The potential loss of bridging can be compensated by an increase in the pore solution 
viscosity induced by the rise in the polymer concentration and/or by the depletion flocculation induced 
by the non-adsorbed coils (Palacios M. et al., 2012). Moreover, the presence of HPG coils within the 
pore solution leads to an increase in the consistency coefficient (K) compared to non-admixed mortars. 
However, the expected increase in K due to the rise of pore solution viscosity with the polymer dosage 
can be compensated by steric hindrance, leading to a plateau for K.  
Since the adsorption of original guar gum onto the surface of the binder is higher than 98.5%, one 
expects to detect a very strong increase in the yield stress compared to non-admixed mortar. However, 
the rheological behavior of the admixed mortar with the original guar gum is very close to that of the 
non-admixed mortar. This result suggests that the entire molecule of the original guar gum could be 
mainly adsorbed onto the surface of only one particle, limiting therefore the bridging flocculation. The 
very high concentration of free hydroxide groups on the backbone of the guar could be responsible of 
this mechanism. Moreover, the adsorption of the guar molecule onto a single particle leads to an 
increase in the steric hindrance and in the dispersion and lubrication effects, leading to a low but 
continuous decrease in the yield stress. For dosages higher than 0.1% bwob, the concentration in 
polymer coils (HPG 6) into the pore solution begins to slightly increase, leading to the beginning of 
the increase in the consistency coefficient and of the decrease in the fluidity index. 
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Figure 8 Impact of polymer dosage on fluidity index of fresh admixed mortars (HPGs 1, 3, 4 and original guar 

gum (HPG 6)) 
The additional alkyl chain also modifies the rheological properties of mortars. Contrary to HPG 3, 
HPG 4 leads to a strong and continuous increase in the consistency coefficient and a decrease in the 
fluidity index. These results highlight that mortars become more and more shear-thinning since the 
fluidity index decreases from 0.8 to 0.5. This rheological behavior gets more pronounced as the HPG 
dosage increases. These results are consistent with the fact that the hydrophobically modified HPG 
leads to the formation of coil overlapping at lower HPG dosage (between 0.03 and 0.05% bwob) since 
the presence of additional alkyl chains enhances the entanglement. Above this dosage, entanglement 
occurs between polymer coils, inducing a shear thinning behavior to the solution. At low shear rate, 
the entanglement of polymer coils leads to a higher pore solution viscosity and thus higher mortar 
viscosity. When the shear rate increases, the polysaccharide chains align in the direction of the flow 
resulting in less and less effect on mortar fluidity. The shear thinning behavior of the solution, and 
thus of the mortars, amplify with the increasing polymer dosage. The yield stress is also impacted by 
the additional alkyl chain. Indeed, 0, of mortar admixed with HPG 4, increases for a dosage equal to 
0.05% bwob then slowly decreases for dosages ranging from 0.05% to 0.075% bwob, before reaching 
a plateau for higher dosages (0 reached is still higher than that of the non-admixed mortar). This result 
could be explained by a change in the HPG conformation due to the presence of additional alkyl 
chains. Indeed, as previously mentioned, alkyl chain creates intramolecular and intermolecular 



 

interactions through specific hydrophobic interactions. Intramolecular association of hydrophobic 
units tends to force the polymer chain into a more compact conformation (Simon S. et al., 2003; 
Aubry T. et al., 1994). Moreover, the conformation of hydrophobically modified polymers in aqueous 
solution involves the presence of alkyl chains mainly inside the coils in order to limit contacts between 
hydrophobic chains and water (Simon S. et al., 2003). Consequently, the hydrophilic groups, such as 
hydroxyl and hydroxypropyl, are preferentially on the outskirts of the coils, promoting the adsorption 
onto the surface of particles (figure 4) and therefore steric hindrance which implies a prevention of 
direct contacts between particles. Moreover, due to a more compact conformation and avoidance 
between water and hydrophobic units, the bridging ability of hydrophobically modified HPG should 
decrease. All these points should lead to a decrease in the yield stress. 
4. Conclusions 
In this paper, we studied the effect of several guar gum derivatives on water retention property and 
rheological behavior of mortars. Based upon the results, it was found that the original guar gum was 
totally adsorbed onto particle surface, leading to a negligible modification of WR and rheological 
behavior with respect to the non-admixed mortar. Depending of the chemical structure of HPGs, it is 
possible to promote the water retention according to two different ways. First, by increasing the MSHP 
of HPGs, the amount of adsorbed polymer drops, which leads to an increase in the HPG concentration 
within the pore solution and therefore to lower HPG dosage necessary to reach coil overlapping. 
Second, by enhancing overlapping, the hydrophobically modified HPGs improve the effectiveness of 
WR agent at low dosage. HPGs also modify the rheological behavior of the mortars. As in the case of 
WR, the hydrophobic characteristic of HPGs is the preponderant parameter. Indeed, it was shown that 
additional alkyl chain mainly leads to a more shear thinning behavior of the mortar and to a rise in the 
consistency coefficient, while classical HPGs strongly increases the yield stress. 
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Impact of sucrose on dissolution and nucleation 
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Abstract 
Sucrose is known since decades as probably one of the most powerful retarder for Portland cement. The 
underlying basic mechanism for this retardation remains however poorly studied and hardly explained on a 
scientific basis. Which process or which phase is affected and what is the nature of the interaction sucrose 
cement are some of the unanswered questions. 
Through the decoupling of the basic mechanisms taking place during alite hydration, the effect of sucrose was 
studied and its effect was evaluated on: 

1. The dissolution of alite 
2. The nucleation of C-S-H 
3. The nucleation of CH 

Pure dissolution, investigated in a flow through dissolution cell and characterized by vertical scanning 
interferometry as well as SEM, showed to be poorly affected, if not at all by the presence of sucrose in water, 
indicating that there is potentially no interaction between alite and this molecule.  
The nucleation and growth of C-S-H, studied through precipitation experiments in diluted suspension showed to 
be affected by sucrose to a very limited extent. 
Finally, the nucleation of CH revealed to be extremely sensitive and subjected to the presence of sucrose. The 
presence of sucrose in the solution can prevent the precipitation of CH even at relatively low dosages. 
In light of these results a novel mechanism of retardation is proposed for sucrose and its implications regarding 
early age hydration processes are finally discussed. 
Originality 
The strength of the approach relies on the decoupling of the individual mechanisms taking place, and how they 
are affected by specific parameters (in the present case by the presence of a retarder in the solution). This allows 
understanding how and where this parameters has an effect and further to evaluate its impact in the overall 
process. On this basis, the mechanism by which sucrose retards cement hydration is resolved and explained. 
Keywords: dissolution, nucleation, sucrose, alite, Portlandite, C-S-H, retardation 

1. Introduction 

The early processes of hydration being still the matter of some discussions, it is not surprising that the 

mechanism of well-known retarders such as sucrose for instance are obviously still unresolved despite 

many related works over the years. The main hypothesis proposed in the literature for sucrose is that 

this molecule likely disturbs or poisons the nucleation and growth of C-S-H [Juenger, 2002, Cheung, 

2011]. A more recent work involving solid NMR proposed instead that dissolution of the anhydrous 

phase would be impeded due to a sucrose film forming at the surface of the reacting grains. 

In order to try to clarify the situation, we have tried to decouple various mechanisms taking place 

during the early hydration and check the impact of sucrose on these single processes. 

For that matter, pure dissolution experiments were performed on alite and nucleation and growth 

experiments were carried on two main hydrates: C-S-H and portlandite in presence or not of sucrose. 

2. Experimental method 

Alite was synthesized according to a protocol described in [Costoya, 2008]. High grade CaCO3, SiO2, 

Al2O3 and MgO (Sigma-Aldrich) were blended and fired at 1500°C and finally air quenched. Table 1 

shows the phase distribution of the obtained material. 
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Table 1: Phase composition based on Rietveld Analysis 

Crystalline Phases Rietveld Quantification 

(wt %) 

Alite MIII 97.5 

Belite ~1 

C3A cubic <0.5 

Free Lime/CaO <0.5 

Periclase ~1 

 

2.1. Dissolution 

The complete methodology is described in [Gallucci, 2015]. Solutions of different calcium hydroxide 

concentration were prepared using deionised water and high grade CaO (Sigma-Aldrich) in presence 

or not of sucrose. Free calcium concentrations were measured using EDTA complexation method. 

Coarse pieces of alite are embedded in epoxy and polished until a mirror state is achieved. Part of the 

surface is then protected using a plastic film letting a defined area for exposure to the dissolution 

experiment. These latter are performed in a home-made dissolution cell, where the alite sample is 

exposed to the various solutions under a defined flow rate controlled by a gear pump (Ismatec). 

After a defined time, the dissolution experiment is stopped using isopropanol and dried under a 

nitrogen flow stream. Dissolution rate are evaluated based on a dissolution profile measured using a 

vertical interferometer (Veeco). The rate of dissolution is finally derived from the measured depth of 

dissolution (∆z) divided by the time of reaction (∆t) leading to a speed of dissolution: 

 ����� =
∆�

∆�
 (1) 

This speed of dissolution is divided by the molecular volume of alite (Vmol=71·10-6 (m3·mol-1)) times a 

density factor to correct for the presence of pores in the alite which was fully dense (0.975) to obtain 

the rate of dissolution in units of mol·m-2·s-1: 

 ����� = −
�����

����∙��������
 (2) 

On Figure 2, the x-axis is LN(Π), Π being the ionic product of the following reaction: 

 ��� +	���	 → 3���� +	������+ 6	��
� (3) 

 Π =	 {����}� 	 ∙ 	 {������}	 ∙ 	 {��
�}� (4) 

This value is related to the undersaturation of the solution with respect to alite, i.e. its deviation from 

equilibrium. This value was estimated based on the measured value of free calcium prior to the 

experiment and the volume of alite dissolved at the end of it which could be derived from VSI results 

and the known exposed surface. The activities were finally calculated using GEMS [Kulik, 2013]. 

2.2. Nucleation 

For the nucleation experiments, a titration device (Titrando 907, Metrohm) coupled with pH and 

calcium selective electrodes were used to follow the reactions (Figure 1). 
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Figure 1: Experimental set up used for the precipitation experiments 

For C-S-H precipitation experiments, the reaction vessel contains 15ml of 10mM sodium metasilicate 

solution and the pH is adjusted with NaOH to reach an initial pH of 12.5 in the presence or not of 

sucrose. A 30mM CaCl2 solution is added at a rate of 0.02 ml·min-1 to the reaction vessel. 

For CH precipitation, the reaction vessel contains 20ml of solution of sodium hydroxide adjusted to 

pH=12.5 in the presence or not of sucrose. Then a 2M CaCl2 and a 4MNaOH solution are added to the 

reaction vessel at a rate of 0.1ml·min-1. 

In all cases, the reaction vessel is magnetically stirred and a flow of nitrogen is blown to prevent any 

carbonation. Samples of CH precipitates were also collected to perform some imaging using SEM. 
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3. Results and discussion 

3.1. Dissolution experiments 

The comparison between the two systems shows that sucrose, in the range of concentration studied 

here had little to no impact on the rate of dissolution of alite (Figure 2). The only minor effect is seen 

for the lowest deviation from equilibrium (LN(Π)  -58) where the rate of dissolution is sensibly lower 

than the reference system. Nonetheless, this value does not drop significantly to assess any retarding 

effect of sucrose on the dissolution of alite as the decrease in dissolution rate remains less than two 

fold lower. 

 
Figure 2: Dissolution rates with or without sucrose as a function of ln(Π); Π being the ionic product 

for alite dissolution reaction (equation (5)). 

3.2. Nucleation and growth 

Experiments carried on for the nucleation and growth of C-S-H and portlandite are the results of two 

salts precipitation experiments. Solution of calcium chloride and sodium metasilicate were used for C-

S-H precipitation whereas calcium chloride and sodium hydroxide were chosen for calcium hydroxide. 

The nucleation process is monitored using a calcium selective electrode and a pH electrode. No sulfate 

was added in these experiments. 

3.2.1. C-S-H 

Precipitation experiments for the C-S-H system are presented on Figure 3. It is clearly seen that in the 

range of sucrose concentration used in this study, no noticeable impact of sucrose can be seen on the 

nucleation process of C-S-H tough a small delay is observable. We are not in measure to assess 

whether C-S-H growth would be influenced by the presence of sucrose but it is possible since the drop 

after the nucleation event is less pronounced compare to the reference curve. Nonetheless, for the type 

of synthetic C-S-H produced in these experiments, the calcium evolution is rather similar suggesting 

that sucrose would have only limited impact on the nucleation and growth processes. 
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Figure 3: C-S-H precipitation curve with or without sucrose. 

3.2.1. CH 

Figure 4 represents the saturation index of portlandite as calcium chloride and sodium hydroxide 

solutions are added simultaneously to the reaction vessel in presence or not of sucrose. In that case, it 

is very obvious that sucrose impacts rather drastically the nucleation and growth of calcium hydroxide. 

Additional observations show that calcium must form some sort of complex with sucrose molecules as 

the calcium selective electrode does not measure all the added calcium. Therefore part of the observed 

delay in these experiments is related to this complex formation. However, as it can be seen on Figure 4 

there is no sharp drop of the saturation index after the occurrence of the nucleation event suggesting 

that growth of the nuclei should somehow be affected. This is confirmed by the SEM images 

presented in Figure 6. 
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Figure 4: CH saturation index with or without sucrose. 

The reference system shows some elongated rods which faces are in good accordance with results 

obtained by Galmarini et al. [Galmarini, 2011], when no sulfates ions are present in the system. On the 

other hand, the morphology of the obtained CH particles in presence of sucrose is rather peculiar 

reminiscent of the sheaf of wheat morphology. Though it appears that the particles seem to grow along 

a specific direction, multiple small grains are aggregated around the center and observed surfaces do 

not present any specific crystallographic planes. 

This is a clear observation that not only the nucleation process appears to be affected but growth as 

well. 

 
Figure 5: CH crystals resulting from precipitation experiment without sucrose. 
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Figure 6: CH particles resulting from precipitation experiments in presence of 1g·L-1 sucrose. 

The results presented in this study shows that portlandite is the main hydrate affected by the presence 

of sucrose as both its nucleation and growth are impeded whereas alite dissolution and C-S-H 

nucleation and growth appeared to be only marginally affected. 

This is actually very similar to the experiment proposed by Bullard and Flatt in [Bullard, 2010]. Their 

simulations using HydratiCA indicated that the suppression of CH precipitation without affecting 

dissolution and precipitation of other phases led to different hydration behaviors whether the 

protective membrane or the dissolution theory is used as working hypothesis. Their work suggested 

that if such a molecule would indeed retard the kinetic of hydration, it would be a strong indication 

that dissolution is the controlling mechanism up to the onset of the acceleration period. Indeed, the 

driving force for dissolution is the state of undersaturation of the surrounding solution. If portlandite 

nucleation and growth is prevented, there is no actual “sink” for the ions remaining in solution keeping 

therefore a relatively low undersaturation which prevent alite to dissolve at a fast rate. 

This put into perspective the role of portlandite as the essential trigger to end up the induction period 

supporting the view that dissolution is the rate controlling parameter at least up to the onset of the 

acceleration period and finally support the hypothesis proposed almost 40 years ago by Young [Young, 

1977]. 

4. Conclusion¨ 

In this study, it has been shown that sucrose mainly acts as an inhibitor of portlandite nucleation and 

growth without having much impact on other parallel reactions. These results must still be further 

complemented with ionic composition closer to cement pore solutions as it is known that sulfate have 

a strong impact on the equilibrium morphology of portlandite crystals. However, these results are 

strong evidences that the mechanism regulating the early age hydration up to the onset of the 

acceleration period is controlled by dissolution and portlandite precipitation is the actual trigger for 

ending the induction period. The term induction period is therefore justified. 
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Abstract 
Fly ashes originated from the fluidized bed boilers were studied in order to examine their rheological 
properties. The ashes were used alternatively as aqueous suspension or component of cement pastes 
and they were admixed with two types of superplasticizers (derivatives of the acrylic acid and maleic 
anhydrite). 
It has been proved that the fly ash suspensions require large water amount (w/s=0.9) and their 
rheological parameters increase with time. 
Rheological properties of cement pastes containing the ashes studied significantly differ depending 
on the superplasticizer applied. This was explained with strong impact of the sulphates, which 
are present in the ashes, on the superplasticizer effectiveness. 
 
Originality 
It was shown that rheological properties of cement pastes containing the ashes studied significantly 
differ depending on the superplasticizer applied. 
According to the research, sulphates definitely change polycarboxylene superplasticizers efficiency. 
High concentration of sulphate ions lowers maleic superplasticizer efficiency. In this case the acrylic 
superplasticizer is much more effective , therefore it is better to fluidize suspensions containing more 
SO4

2- ions. 
 
Keywords: fly ashes, fluidized bed boiler, cement paste, polycarboxylene superplasticizers, sulphate 
ions SO4

2-  
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1. Introduction 
Fly ashes being product of coal combustion in the fluidized bed boilers display fundamental 
dissimilarities in the chemical and mineral composition when comparing with ashes from 
conventional energetic boilers (Brandt A.M. et al., 2010;  Vassilev S.V. et al., 2005; Conn R. 
E. et al., 1999). Low combustion temperature of fluidized boilers (about 850oC) is a reason 
of the liquid phase nonexistence within the fluidized bed (Lee G.S. et al., 1984; Maenami H. 
et al., 2004; Xuemei C. et al., 2014). Irregular ash grains have large specific surface area 
and don’t contain the vitreous phase (Brandt A.M. et al., 2010;  Lee G.S. et al., 1984; 
Maenami H. et al., 2004). The ashes mainly contain dehydrated minerals that previously 
formed the gangue, anhydrite and calcium oxide. Highly developed surface and the irregular 
shape of the ash grains, as well as the phase composition, cause that the rheological properties 
of their water suspensions differ from the suspensions of conventional ashes; the last have 
spherical grains and include mainly the vitreous phase ( Stryczek S. et al 2012; Maenami H. 
et al., 2004; Grzeszczyk S. et al., 2002; Roy D.M. et al., 1984). 
This paper presents the rheological research results of the ash suspensions from the fluidized 
bed boilers as well as of cement pastes including the ashes. 
2. Experimental 
2.1. Materials 
Chemical composition of the materials applied and their Blaine surface are gathered 
in Table 1. 

Table 1. Chemical composition and the Blaine surface of the fly ashes from the fluidized combustion 
(PF) and the Portland cement (C) 

Component 
SiO2 Fe2O3 Al2O3 CaO MgO SO3 

Blaine surface  

[m2/kg] 

Fly Ash (PF) 39.26 3.79 29.37 12.04 1.79 4.1 830 

CEM I 42,5R (C) 19.9 2.9 5.9 65.9 1.6 2.9 400 

The rheological tests have been performed for suspensions of the fly ashes originated from 
fluidized beds (PF) and the cement pastes containing 20 wt% of PF. Two different 
polycarboxylic superplasticizers were used as the fluidizing admixtures, namely acrylic (SP-A) 
and maleic (SP-M) (both 2% of the solid mass). 
The chemical structure of the superplasticizers applied was defined by the Gel Permeation 
Chromatography (GPC) and the Fourrier Transformed Infrared Spectroscopy (FTIR) 
(Janowska-Renkas E., 2013a). The maleic superplasticizer (SP-M) is the maleic acid 
derivative characterized by large molecular mass and built of polymaleic backbone chains 
and very long polyoxyethylene side chains. Moreover, the SP-M superplasticizer, compared 
with the SP-A one, includes more carboxyl groups -COOH, that hydrolyze to –COO- 
in aqueous medium (Janowska-Renkas E., 2013a). 
2.2. Experimental methods 
The phase composition of the ashes was studied using the X-ray diffractometer (Philips). Cu 
radiation filtered by 0.1mm Ni filter were applied, sensitivity of 1000 pulses per second, tape 
speed of 1 cm per minute, 2ranged within 5-65 
The rheological tests were performed using the coaxial cylinders rotary viscometer 
Viscotester VT550. Rheological properties of the suspensions based on the flow curves for 
both increasing and decreasing shearing rate within 0 - 150 s-1, after 10, 30 and 60 minutes. 
The yield value and plastic viscosity were derived based on the Bingham model. For the 
cement-fly ash pastes, the researches were done for the water to solid ratio of w/s=0.45 (when 
using a superplasticizer, w/s was 0.4). The fly ash suspensions required w/s=0.9 (0.7 with 
a superplasticizer). Experimental temperature was 21oC. 
3. Results and discussion 
The XRD pattern of the fly ash (PF) is shown in Fig. 1. Following phases were identified: 
quartz, anhydrite, gehlenite, calcite, lime, portlandite, cristobalite, alumina, hematite, 
muscovite, farhildite and orthoclase (cf. Fig. 1). 
The flow curves of both the ash and cement-ash suspensions, with and without 
superplasticizers, after 10, 30 and 60 minutes, are shown in Figs 2-5. 
 



 

 

  

 

 
Fig. 1. The XRD pattern of fly ash from fluidized bed boiler (PF) 

In Table 2, the rheological parameters derived are presented. The analysis of the rheological 
results has proved that the fluidized bed fly ashes require high w/s ratio (w/s=0.9; and with 
a superplasticizer, w/s=0.7). The rheological parameters increased rapidly with time. After 
30 minutes, the experiment was impossible for the paste without superplasticizer (cf. Fig. 2) 
while after 60 minutes – with a superplasticizer (cf. Table 2). The fly ash suspension displays 
the antitixotropy phenomenon (cf. Fig. 2) while the cement-ash suspension displays 
the tixotropy phenomenon and its properties reflects the Newtonian liquid (see Fig. 4). 

  
Fig. 2. Flow curves of  fluidized fly ashes paste 
with acrylic (SP-A) and maleic (SP-M) 
superplasticizers and without, after 10 min 

Fig. 3. Flow curves of  fluidized fly ashes paste 
with acrylic (SP-A) and maleic (SP-M) 
superplasticizers and without, after 30 min 

 4 

Fig. 4. Flow curves of cement paste with fly 
ashes containing  acrylic (SP-A) and maleic (SP-
M) and without superplasticizer, after 10 min 

Fig. 5. Flow curves cement paste with 
fluidized fly ashes containing acrylic (SP-A) and 
maleic (SP-M) and without superplasticizer, 
after 60 min 



 

 

 

Table 2. Yield value τ0 [Pa]  and plastic viscosity 
with and without 

The type of suspensions 

Fly ash (PF) 

PF + 1% SP-A 

PF + 1% SP-M 

C + 20% PF 

C + 20% PF + 1% SP-A 

C + 20% PF + 1% SP-M 

Rheological results have proved that the plastic viscosities of ash and 
containing two kinds of sup
and Table 2). Typically, in the beginning (after 10 min.) pastes with the SP
display lower plastic viscosity 
(60 min.) the reverse phenomenon is observed. Comparison between superplasticizer 
efficiencies in the pastes studied is shown in Fig. 6.

Fig. 6. Plastic viscosity ηpl [Pa∙s] cement

Similar behavior was observed for increased concentration of the SO
calcium sulfate hemihydrate) introduced to cemen
This phenomenon was explained by 
superplasticizers on the sulfate concentration
Considering large amount of sulfates in the fly as
properties should be attributed to the sulfates function in the pastes studied.
former study (Janowska-Renkas E., 2013b)
superplasticizer is less sensitive to increasing concentration of SO
the SP-A show higher fluidity. The pastes containing fluidized bed fly ashes, display better 
liquefaction with the SP-A superplasticizer than with the SP
When regarding the acrylic superplasticizer (SP
its adsorption can result from the partial negative charges originated from polarization of ester 
group bonds of the backbone chain 
side chains increase the distance between the ce
In such a case, high sulfate concentration does not seriously disturb in the steric blockade 
formation thus explaining better SP
On the other hand, lower efficiency of the SP
the competition between the SO
the superplasticizer) for the Ca
enables (or hampers) adsorption of carboxylic superplastic

 

[Pa]  and plastic viscosity ηpl [Pa∙s] of the fly ash and cement
with and without SP-M i SP-A superplasticizers, after 10, 30 and 60 min

w/c Time[min] o [Pa] pl 

0.90 
10 40.1 
30 Experiment impossible 

Experiment impossible 
Experiment impossible
Experiment impossible60 

0.70 
10 
30 
60 

Lack of the yield value 
Lack of the yield value 
Experiment impossible Experiment impossible

0.70 
10 
30 
60 

Lack of the yield value 
Lack of the yield value 
Experiment impossible Experiment impossible

0.45 
10 
30 
60 

53.5 
117.5 
118.1 

0.40 
10 
60 

Lack of the yield value 
Lack of the yield value 

0.40 
10 
60 

Lack of the yield value 
Lack of the yield value 

Rheological results have proved that the plastic viscosities of ash and cement
containing two kinds of superplasticizer (SP-A and SP-M) differ seriously (cf. Fig. 2, 3 

Table 2). Typically, in the beginning (after 10 min.) pastes with the SP-A superplasticizer 
display lower plastic viscosity ηpl than pastes with the SP-M. However, after longer time 

min.) the reverse phenomenon is observed. Comparison between superplasticizer 
efficiencies in the pastes studied is shown in Fig. 6. 

[Pa∙s] cement-fly ash pastes with and without superplasticizer SP
A, after 10 and 60 minutes 

Similar behavior was observed for increased concentration of the SO4
2- ions (originated from 

calcium sulfate hemihydrate) introduced to cement pastes  (Janowska-Renkas E., 2013b)
phenomenon was explained by different sensitivity of the SP

superplasticizers on the sulfate concentration (due to the superplasticizers’ chemical structure). 
Considering large amount of sulfates in the fly ashes studied, the differences of
properties should be attributed to the sulfates function in the pastes studied. 

Renkas E., 2013b), at first (after 10 minutes) the
superplasticizer is less sensitive to increasing concentration of SO4

2- ions, thus 
A show higher fluidity. The pastes containing fluidized bed fly ashes, display better 

A superplasticizer than with the SP-M one. 
When regarding the acrylic superplasticizer (SP-A), containing very few 

from the partial negative charges originated from polarization of ester 
group bonds of the backbone chain (Morrison R.T. et al.,1985). The shorter polyoxyethylene 
side chains increase the distance between the cement grains causing their deflocculation. 

such a case, high sulfate concentration does not seriously disturb in the steric blockade 
formation thus explaining better SP-A efficiency. 
On the other hand, lower efficiency of the SP-M superplasticizer perhaps results from 

competition between the SO4
2- ions (from the paste) and the –COO

superplasticizer) for the Ca2+ active centers at the ash and cement grains. The competition 
enables (or hampers) adsorption of carboxylic superplasticizers at the cement/ash grains 
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according to Aïtcin (Aïtcin P.C. 2006), Nakajima and Yamada (Nakajiama Y. et al., 2004) 
and Zingg (Zingg A. et al., 2008). 
4. Conclusions 
1. The pastes containing fly ashes from fluidized combustion require large water amount 

(w/s=0.9). Their rheological parameters increase rapidly with time thus rheological 
experiments are impossible after 30 minutes. 

2. At first (till 10 minutes), the pastes show better fluidity with the SP-A superplasticizer than 
with the SP-M one. However, after longer time (60 minutes), quite  reverse behavior 
is observed. This phenomenon was explained by different chemical structure 
of the superplasticizers. 

3. Acrylic superplasticizer including low number of the –COO- groups, for higher sulfates 
concentration can adsorb at the cement or a fly ash grains due to partial negative charges 
formed in ester groups of the backbone chain. Then, the shorter polyoxyethylene side 
chains increase distance between cement grains leading to their deflocculation. Thus, 
increased sulfate amount in the paste disturbs less formation of the steric blockade 
between cement grains. This could explain better efficiency of the acrylic superplasticizer 
in the pastes studied. 

4. Maleic superplasticizer have more –COO- groups. For increased sulfates concentration, 
this can limit its adsorption on the active centers of cement grains due to strong 
competition between the –COO- and SO2- ions. This can be a reason of reduced efficiency 
of maleic superplasticizer in pastes containing ashes originated from the fluidized bed 
combustion displaying enhanced sulfates concentration. 

Referents 
 Brandt A.M. et al, 2010.  Application of Boiler Ash in the Fluidized Beds Design Concrete 
Construction. The National Academy Of Sciences, Warsaw, in Polish. 
 Vassilev S.V., Vassileva C.G., 2005. Methods for Characterization of Composition of Fly Ashes 
from Coal-Fired Power Stations: A Critical Overview. Energy Fuel, 19, 1084–1098. 
 Conn R. E., Sellakumar K., 1999. Utilization of CFB Fly Ash for Construction Applications. 
Proceedings of the 15th International Conference on Fluidized Bed Combustion. Savannah, Georgia 
 Zhang Z., Qia J., Youa J., You C., Hu. C., 2012. Use of Circulating Fluidized Bed Combustion Fly 
Ash and Slag in Autoclaved Brick. Construction and Building Materials. 35, 109-116. 
 Lee G.S., Han G.Y., Kim S.D., 1984. Coal combustion characteristics in a circulating fast fluidized 
bed. Korean.  Journal of Chemical Engineering 1, 71–76. 
 Maenami H., Isu N., Ishida E.H., Mitsuda T., 2004. Electron microscopy and phase analysis of fly 
ash from pressurized fluidized bed combustion. Cement and Concrete Research, 781-788. 
 Stryczek S., Wiśniowski R., Gonet A., Złotkowski A., 2012. Influence of Specific Surface 
of Lignite Fluidal Ashes on Rheological Properties of Sealing Slurries. Archives of Mining Sciences, 
57, 2  313-322. 
 Maenami H., Isu N., Ishida E.H., Mitsuda T., 2004. Electron Microscopy and Phase Analysis of Fly 
Ash From Pressurized Fluidized Bed Combustion. Cement and Concrete Research, 781-788. 
 Grzeszczyk S., Lipowski G., 2002.  Effect of Fly Ashes on the Rheology of Cement Pastes, 
Ed.: S.N. Ghosh, Advances in Cement Technology: Chemistry, Manufacture and Testing, Tech Books 
International, New Delhi 110 019, India, 171-201. 
 Roy D.M., Skalny J., Diamond S., 1984. Effect of Blending Materials on the Rheology of Cement 
Pastes and Concretes. Materials Research Society, 152-181. 
 Janowska-Renkas E., 2013. The Effect of Superplasticizers’ Chemical Structure on Their Efficiency 
in Cement Pastes. Construction and Building Materials, 38, 1204–1210.  
 Janowska-Renkas E., 2013. The Superplasticizer’s Structure and Efficiency of its Effects 
on Cement Paste Properties. Monograph no. 82, KILiW Polish Science Academy, Warsaw,  in Polish. 
 Morrison R.T., Boyd R.N.1985. Organic Chemistry. State Scientific Publishing, Warsaw. 
 Aïtcin P.C., 2006. Admixtures: Essentional Components of Modern Concrete. Cement Lime 
Concrete, 5, 227-284. 
 Nakajima Y., Yamada K., 2004. The Effect of the Kind of Calcium Sulfate in Cements 
on the Dispersing Ability of Poly ß-Napthalene Sulfonate Condensate Superplasticizers. Cement 
and Concrete Research, 34, 839 – 844. 
 Zingg A., Winnefeld F., Holzer L., Pakusch J., Beckerb S., Gauckler L., 2008. Adsorption 
of Polyelectrolytes and its Influence on The Rheology, Zeta Potential and Microstructure of Various 
Cement and Hydrates Pastes. Journal of Colloid and Interface Science 323, 301–312. 



1 
 

Influence of bamboo charcoal on the properties and microstructure 

of cement paste 

Zhengwu Jiang1,Zhiyong Zeng1,2,Manli Tian1 
(1. Key Laboratory of Advanced Civil Engineering Materials of Ministry of Education, Tongji 

University, Shanghai 200092 china 

2. School of civil engineering & architecture of Taizhou University, Zhejiang 318000) 

Abstract 

In this paper, the basic properties, including setting time, compressive strength, drying shrinkage of 

sulphate aluminum cement paste in corporating bamboo charcoal (BC)with the various fineness and 

contents were studied as well as the pore structure and microstructure were investigated using the 

microscopic testing methods. The results show that the incorporation of different fineness and content 

of BC can extend the setting time of cement paste, the smaller BC particles led to the more obvious 

trend . Different fineness of BC resulted in a decrease of the cement paste strength, and when the 

dosage was 25%, the strength of cement paste gradually reduced with the increase of BC, while as the 

dosage was up to 30%, the strength became increase slightly. As the average fineness is 359.0μm (P), 

the BC reduced the paste early drying shrinkage effectively, but it also increased the long-term 

shrinkage. The amount of pores less than 50nm increased obviously with the extension in age. As the 

fineness of BC diminished, the average pore size and porosity of paste decreased and the amount of 

micro pore increased.  

Key words: Bamboo charcoal; cement-based materials; setting time; compressive strength; drying 

shrinkage; pore structure 

 

1. Introduction 

Since twenty-first Century, air pollution and water pollution have been two main issues that 

the society concerned which affecting human health and the living environment[1]. Such 

functional materials and environmental protection material, as bamboo charcoal(BC) emerged 

under this kind of background and attracted great attention. Because of the rich pore structure 

and large specific surface area, BC has been widely used in water purification, adjusting 

humidity, antibacterial and adsorption of harmful substances in air etc. [2,3]. 

BC handicraft production has been mainly produced by pressing method, this method has 

many disadvantages, such as the long production cycle, low efficiency, and difficulty in 

producing complex shape parts. Cement based materials are the indispensable material in 

construction field, the compound BC and cement-based material will not only change the 

processing method of BC products effectively, but also shorten the processing cycle, and 

increase the function of cement based materials, such as adjusting humidity, adsorption etc.. 

The influence of BC on the setting time, compressive strength and drying shrinkage of cement 

based materials was studied in this paper, which lays the foundation for a further development 

of functional BC cement-based materials. 
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BC cement-based composite functional materials can be used in building materials, such as  

walls, floors, roofs, etc. The incorporation of BC imparting these materials with good 

properties such as adjusting humidity, anti-microbial, deodorization, mould proof and other 

functions, which can improve the indoor environment effectively. So this kind of material has 

great development potential and prospect. The study of this article is significant for the 

exploitation of BC cement-based composite functional materials. 

2 Raw materials and experimental methods 

2.1 Raw materials 

BC with the specific area of 66 cm2/g in this experiment was produced by Zhejiang Jianzhong 

Bamboo Industry Co..Ltd. The average fineness of BC were 359.0μm, 22.7μm and 8.4μm, 

marked as M,N,P respectively.  Light alkaline sulphoaluminate cement of 42.5 grade as 

produced by Tangshan Liujiu Company was used in the experiment. HY750,DH16 Model 

Early Strength Reducing Agent were also adapted with the solid content of 40%. 

Table 1 basic properties of the cement 

Tested 

properties 

Specific 

area/m2*kg-1 
PH 

Setting time/min 
Compressive 

strength/MPa 

Initial Final 1d 7d 

Results 490 10.4 15 29 25.0 32.5 

 

2.2 Experiment methods 

The water to cement ratio was 0.35, which was kept constant in the study. The amount of 

water reducing agent was controlled to enable all paste to have the same fluidity (the value 

was 190±10mm). All paste were stirred following the criterion of GB/T50080-2002（The test 

method for performance of ordinary fresh concrete）. 

The setting time of paste was tested using standard vicat apparatus, referring to criterion of 

GB/T1346-2011(Standard test methods for Cement standard consistency water, setting time 

and soundness). To study the strength, testing blocks of 20mm×20mm×20mm were prepared 

and cured in the standard curing room. Each group was made up of three samples to test the 

strength at age of 1d，7d，28d and 90d. 

The test method of drying shrinkage referred to the criterion of CB/T29417-2012(Standard 

test methods for drying shrinkage stress and cracking of cement paste and concrete). The size 

of samples was fixed as 40mm×40mm×160mm.Three samples were made up a set. After the 

demolding, the specimens were transferred to the curing room with temperature of (20±2)℃ 

and relative humidity of (60±5)%. The length of specimens was measured once a day until 

10d. After that, the test was conducted at the age of 17d, 24d, 31d, 6d, 90d, 120d, 150d, and 

180d. 

2-3grams of samples were prepared from the middle of testing blocks to perform the mercury 

injection test. The samples were dried at the low-temperature dryer with temperature of 

(40±1)℃.  

3. Result and discussion 

3.1 Effect of BC on the setting time of cement paste 

Table 2 shows the influence of N BC dosage on setting time of cement pastes with reducer. 

Early strength water reducing agents can not only regulate the fluidity of paste, but also 

promote the hydration of anhydrous calcium sulphoaluminate and accelerate the condensation 
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The influence of different fineness of BC on the setting time of paste

shown in table 3. The setting time of BC paste
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M 359.0
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3.2 Effect of BC on the compressive strength of cement paste
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the cement paste extended with the increase of BC.

Table 2 Effect of BC on the setting time of paste 
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dosage of BC                （b）30% dosage of BC

Fig.4 The effect of BC fineness on the drying shrinkage of cement 

Drying shrinkage is the volume decrease during the process of setting and 

Because the relative humidity in the environment surrounding 

humidity, it causes water loss. At the beginning of setting and hardening, 

internal relative humidity reaches 100%.Under the drying effect, the free water 

capillary effect does not occur, thus it did not cause shrinkage of the 

When the paste is kept in (60±5)% of the dry environment, the internal relative 

and the paste begins to lose water from small capillary 

meniscus formed by the water in capillary pore generates negative pressure on cement paste,

in shrinkage of the cement paste. Therefore, capillary pore (<50nm) 

cement paste greatly. 

structure of BC cement paste 

Figure 5 is the SEM image of cement paste with BC at 28d, it can be seen 

flake resultants (Aft and Afm) were interwoven. The floccular Al2O3·3H2O gel and the C

gel shaped of rolled foil closely clustered at the surface pore position and the edge of BC 

particles. The graph (a) shows that the hydration products were difficult to bond to 

BC particles, the gap between hydration products and surface of BC was

The graph (b) shows that the smaller BC particles were packaged by the hydration products 

If the BC uniformly dispersed in the cement paste was seen as micro aggregate, the 

can be the weak area of the cement paste. Therefore

paste with BC was significantly less than the blank paste. 

（a）                         （b） 

Fig.5The SEM image of cement paste with BC  
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3.5 The characteristics of pore structure 

Figure 7 was the pore size distribution of blank paste (B) and 

content is 20%, at different age. Table 4 is the porosity of different paste. It shows that the 

pore volume of paste at 28d decreased all, and for the paste with BC, its pore volume reduced 

significantly, but the pore less than 50nm increased significantly, from 28.2% at 

at 28d. In contrast, the pore 

difference, which accounts 

released slowly in age, which promoted the hydration further. Theref

filled by the hydration products and refined constantly

pore less than 50nm increased. Although the porosity increased, the pore size distribution 

became more uniform and the strength at 28d increase

cement hydrates fast, in general

to 70%~75% at 28d. It has little influence on the fine pores, while the later hydration products 

can fill the big hole, and refine the pore. So the pores larger than 100nm greatly reduced, 

while the pores between 50 nm and 100nm increased

That`s the reason for the increase 

 

Fig.7 The pore size distribution diagram       Fig. 8 The

 of cement paste at different ages

Table 4 The

Type 
1d

Porosity/% 16.27

 

Table 5 The

Type Blank

Porosity/% 12.72

Table 6 The characteristics pore of different cement paste

Type 
The most probable

pore/nm

Blank 17.35 

M 26.51 
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The characteristics of pore structure of cement paste with BC 

the pore size distribution of blank paste (B) and the paste with N BC

at different age. Table 4 is the porosity of different paste. It shows that the 

pore volume of paste at 28d decreased all, and for the paste with BC, its pore volume reduced 

significantly, but the pore less than 50nm increased significantly, from 28.2% at 

contrast, the pore bigger than 50nm of blank paste at 1d and 28d showed little 

 for 64.9% and 65.1% respectively. The water absorbed in BC 

, which promoted the hydration further. Therefore the big hole was 

hydration products and refined constantly. The pore volume decreased, and the 

pore less than 50nm increased. Although the porosity increased, the pore size distribution 

the strength at 28d increased significantly. The s

cement hydrates fast, in general, the degree of hydration at 1d can reach to about 60%, and up 

has little influence on the fine pores, while the later hydration products 

refine the pore. So the pores larger than 100nm greatly reduced, 

the pores between 50 nm and 100nm increased and the porosity decreased obviously. 

increase of the strength of blank pastes in early days

size distribution diagram       Fig. 8 The pore size distribution diagram of 

f cement paste at different ages              cement paste with BC at 28d

 

Table 4 The porosity of different cement paste 

Blank Paste N BC Paste

1d 28d 1d 

16.27 10.43 11.98 

Table 5 The porosity of different cement paste 

Blank M N 

12.72 26.09 15.26 

 

Table 6 The characteristics pore of different cement paste 

The most probable 

pore/nm 

The average 

pore/nm 

The middle area 

aperture/nm 

The middle volume

aperture/nm

 6.52  17.13 23.95

 15.68  20.36 308.9

paste with N BC, which 

at different age. Table 4 is the porosity of different paste. It shows that the 

pore volume of paste at 28d decreased all, and for the paste with BC, its pore volume reduced 

significantly, but the pore less than 50nm increased significantly, from 28.2% at 1d to 68.5% 

50nm of blank paste at 1d and 28d showed little 

he water absorbed in BC 

ore the big hole was 

pore volume decreased, and the 

pore less than 50nm increased. Although the porosity increased, the pore size distribution 

he sulphoaluminate 

about 60%, and up 

has little influence on the fine pores, while the later hydration products 

refine the pore. So the pores larger than 100nm greatly reduced, 

porosity decreased obviously. 

s.   
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BC at 28d 

N BC Paste 

28d 

12.51 

P 

16.44 

The middle volume 

aperture/nm 

23.95 

308.9 
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N 27.00 7.39  20.65 31.74 

P 22.67 6.93  18.6 29.01 

 

As the content of BC is 20%, the pore size distribution of different paste was shown in figure 

8, and the porosity and the characteristic pore were listed in Tables 5 and 6 respectively. For 

the different pastes, the middle volume aperture is more than the most probable pore, 

followed by the middle area aperture and the average pore. The pore volume, porosity and 

characteristic pore of different paste with BC were larger than that of blank paste. The side 

wall effect of the particles and bleeding around the BC amplified the non uniformity of paste, 

which caused the strength of the paste with BC less than the blank. The porosity of paste with 

M was the largest, up to 26.09%, and the pore volume was also the largest, while the pore 

distribution wasn`t uniform as the pore larger than 100nm accounted for 63%. In general, its 

strength is the least; however, the test showed it was larger than N paste instead. For P paste, 

its pore volume, characteristics pore and porosity were the smallest of the minimum, pore 

distributed uniformly, and thus the strength was greater than that of the M and N paste. 

Therefore, the pore structure is the main factor that affecting the strength of paste, while 

there`s also other factors affecting the strength. Metha and Monteirio proposed that the micro 

pore less than 50nm includes gel pore(<4.5 nm) and micro clearance pore (4.5 ~50 nm). 

Those pores affect the drying shrinkage of cement paste [4].It can be seen from figure 8 that 

the order of the micro pore(< 50nm) of different pastes is P>N>M> Blank, which was in 

accordance with the drying shrinkage of different pastes at 30d. 

4. Conclusions 

(1)As the increase of the content of BC and the decrease of the fineness, the setting time of 

cement paste extended. 

(2) BC can weaken the strength of cement paste obviously. When the content was less than 

25%, the strength of paste decreased with the increase of the dosage of BC. When the dosage 

was 30%, the later strength increased significantly, even more than that with 20% and 15% of 

BC. The strength of P paste was the largest and N was the least when the dosage was 20%. 

(3)The shrinkage value of the different paste with BC extended in age, and it tended to be 

stable after 90d. The long-term drying shrinkage value of M and P paste increased with an 

increasing dosage of BC significantly. The long-term drying shrinkage of different paste with 

BC was obviously higher than that of the blank, except M cement paste of which the drying 

shrinkage was slightly less than the blank within 10d.For the different dosage of BC, the 

effect of different BC on the drying shrinkage was different. 

(4)The pore less than 50nm of the paste with BC increased greatly from 1d to 28d, while the 

pore volume decreased. The pore volume, porosity and characteristic pore diameter were all 

larger than that of the blank paste. The porosity of P paste was the smallest and its strength 

was the largest. The relationship of the content of the micro pore among the pastes was in 

accordance with the drying shrinkage of different pastes at 30d. 
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Abstract 
With the using of low alkalinity sulfoaluminate cement, the problem of high alkalinity in porous eco-concrete is being 
solved. But the porous eco-concrete, which was prepared by using sulfoaluminate cement, doesn’t have nutritional 
components for plants. So, fertilizer was mixed with sulfoaluminate cement to make porous eco-concrete can slowly 
release fertilizer to plants by hardened cement paste. In this paper, carbamide as fertilizer was mixed with 
sulfoaluminate cement. X-ray diffraction analysis was used to determine the mineralogical compositions of 
sulfoaluminate cement hydration products. The isothermal micro heat meter was used to get hydration rate and 
hydration heat of sulfoaluminate cement. The results show that fludity increased remarkably with the increase of 
carbamide. the compressive strength of hardened sulfoaluminate cement pastes firstly increases and then decreases 
with the dosage of carbamide increasing. When the dosage of carbamide reaches 2.0%, the compressive strength of 28d 
hardened sulfoaluminate cement 2% higher than without carbamide. There is no significant difference in mineralogical 
compositions of sulfoaluminate cement hydration products. The hydration rate of sulfoaluminate cement becomes lower 
than without carbamide, and at the same time the setting time becomes longer. The carbamide can increase the porosity 
of hardened cement paste lightly. 
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1. Introduction 
With the rapid development of society, environmental degradation, soil erosion and desertification are 
further threatened the survival of mankind (Shiqi Liu. et al., 2003). So, environment protection and 
sustainable development are attracting more and more attention. Ordinary concrete has been used for 
slope to prevent soil erosion and maintain river bank safety for a long time. The using of ordinary 
concrete cuts off the connection between air and offshore soil. So, the ecological environment 
necessary for vegetation growth is destroyed (Weijun Tian. et al., 2000; Guiyuan Liu, 1997). 
Therefore, development of an environmentally friendly concrete which is beneficial to both slope 
protection and ecological conservation has become the focus of concern. 
In order to control soil erosion, strengthening and greening road and slope, pervious ecological 
concrete was first introduced into the United States in the mid-1970s, and been used in many 
applications for over 30 years to protect the natural ecological environment to protect human survival 
environment (Malhotra VM, 1976). Because the high greening rate, high strength and water 
permeability of porous ecological concrete slope protection technology, it has been gradually 
attracting attention in recent years (C.Lian. et al., 2010; Omkar Deo. et al., 2011; Jing Yang. et al., 
2003). 
In the 1990s, the porous ecological concrete was first put forward in Japan, and the committee of 
ecological concrete research was set up. In order to promote the application process of porous 
ecological concrete, the new organization called "about establishing the water permeability of concrete 
design and the applied method research committee", which developed the porous concrete river 
revetment construction method manual, founded in 2005 (Naiqian Feng, 2001). Since the end of the 
20th century, the research and development of the porous ecological concrete were carried out 
American and some European developed countries. The porous ecological concrete block was 
developed by South Korea's natural and environmental co., LTD, and used for the construction of 
ecological river (Bin Zhou, 2005). The study of porous ecological concrete starts relatively late in 
China. In recent years, the preparation and properties of porous ecological concrete were studied by 
Jianwei Dong, Wei Zhang (Wei Zhang. et al., 2005; Jianwei Dong. et al., 2003a; Jianwei Dong. et al., 
2003b). The development and utilization of the porous ecological concrete has attracted increasing 
attention in China. The ecological concrete used for slope protection has been developed by Dexi Hu 
(Dexi Hu, 1997) Jilin water conservancy industrial company developed a kind of environmental 
protection by using waste bricks or stone material as aggregate. The nutrient elements and supply 
mechanism of for plants grown on ecological concrete are studied (Jianwei Dong. et al., 2003c). The 
alkali of ordinary cement is too high to grow plants. The low alkali sulfoaluminate cement for porous 
ecological concrete was prepared by Xiaobo Yan (Xiaobo Yan. et al., 2012), and the relationship 
between the pastes’ coating thickness and the pore structure features, alkalinity and mechanical 
property of porous ecological concrete were also studied (Xiaobo Yan. et al., 2013). Wuhan 
University of technology and other scientific research institution are concentrati on the engineering 
slope greening technology (Xiangbo Chen, 2005; Feng Li, 2006; Wennian Xu. et al., 2004), especially, 
shotcrete technology used for railway to planting grass has explored (Fancheng Yang, 2004). The 
compatibility between plants and porous ecological concrete was also studied (Xinsheng Xie. et al., 
2005). 
2. Experimental 
2.1. Raw Materials 
The complete chemical analyses of sulfoaluminate cement, from a local supplier, complying with the 
specification given by GB/T 20472 (GB, 2006), used in this investigation was shown in Table 1. The 
admixture of nutritional component used in this study is carbamide (99.0% from Sinopharm Chemical 
Reagent Co., Ltd, China). 

Tab. 1 Chemical components of sulfoaluminate cement /% 

Components SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 SrO 

Content 9.60 21.64 2.45 45.16 1.28 10.73 0.38 0.17 1.03 0.252 

2.2. Experimental Process 



 

In this work, there are several proportions were designed (Dosage of admixture（wt.%）: 0、0.2、

1、1.5、2、2.5、3、3.5、4). All those nine mixes of cement pastes with the water/cement ratio of 
0.27 were prepared. Pastes cast in 20 mm×20mm×20mm molds, vibrated to remove air bubbles, and 
then wiped the surface flat with the scraper. The molded pastes were kept at 20±2°C and relative 
humidity exceeding 95% for 24 h, and then removed from the molds. The demolded samples were 
cured in a water tank at 20±2 °C for 3, 7 and 28 days.  
2.3. Measurement methods 
2.3.1. Fluidity of the cement paste 
The fluidity of the cement paste was determined according to GB/T 8077-2000 concrete admixture 
homogeneous experimental method. 
Cement pastes were prepared by mixing water and a predetermined amount of the admixtures, at a 
water cement ratio of 0.45 (300 g cement powder and 135 g water). Mixing was immediately started 
after the addition of water and continued for 2 min with a low speed. Then mixing was continued for 
another 2 min with a high speed. The fluidity of the cement pastes was immediately measured after 
mixing. 
The fluidity was determined by measuring the diameters of the cement pastes using a cone (60 mm 
height, 36 mm top diameter, 60 mm bottom diameter). The maximum diameter of the spread sample 
and the maximum width perpendicular to the diameter were measured. The average of these two 
values was defined as the fluidity. 
2.3.2. Setting time of the cement paste 
The initial and final setting time of the cement paste was determined using the Vicat apparatus 
accordance with the GB/T 1346-2001 standard test method. 
2.3.3. Hydration heat-evolution test 
An isothermal heat-conduction calorimetry (TAM air C80, Thermometric, Sweden) was used to 
measure the hydration heat evolution of cement powder mixed with a predetermined amount of the 
admixtures. The water cement ratio was 0.3 and experimental temperature was 30.0±0.1 °C. Samples 
and water were tempered for several hours before mixing, then the water was injected into the reaction 
vessel and the samples were stirred in the calorimeter for several minutes. This procedure allowed 
monitoring the heat evolution from the very beginning when water was added to samples. Data 
acquisition was performed for about 72 hours. 
2.3.4. X-ray diffraction (XRD) 
XRD data were collected on D8 ADVANCE X-ray diffractometer with strictly monochromatic Cu Kα 
radiation (λ=0.154nm) produced by Bruker in Germany. 
The overall measurements for hydration products were carried out in the range of 5° to 65° (2θ) with a 
step size of 0.02° (2θ), a step time of 0.2s per pattern, an accelerating voltage of 40 kV and a current of 
40 mA. 
2.3.5. Compressive strength test 
Compressive strength tests were carried out according to the Chinese National Standard GB175-2007. 
The determination of compressive strength was performed after 1, 3, 7 and 28 days of hydration. Each 
resultant value of compressive strength was an average calculated from six determinations.  
2.3.6. Pore structure and porosity 
The porosity and pore size distribution of hardened cement pastes were determined using mercury 
intrusion porosimetry (MIP Micromeritics, AutoProe 9500 IV). At the age of 28 days, the hardened 
cement pastes were crushed and placed in ethanol solution to stop hydration. The samples for the MIP 
test were then obtained by carefully breaking the core with a chisel. Small pieces of mortar were taken 
from the middle of the core by a hand clipper. Before testing, the samples for the MIP test were dried 
in an oven at 50 °C until a constant mass was reached. 
3. Results and Discussion 
3.1 Fluidity of sulfoaluminate cement pastes with carbamide 
Figure. 1 shows that the sulfoaluminate cement pastes admixed with 0.2-4% carbamide had higher 
fluidity values than without carbamide. Before dosage of 1.5%, the fluidity values of cement pastes 
have an apparent increase. When the dosages of carbamide exceed 1.5%, the effect of carbamide 



 

sulfoaluminate cement pastes on fluidity becomes weakl, and the fluidity values tend to 140mm 
approximately. At the dosage of 1.5%, the fluidity value can up to 133mm. 
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Figure. 1 Fluidity of the sulfoaluminate cement pastes with different dosages of carbamide 

3.2 Effect of carbamide on the sulfoaluminate cement heat development 
Plots of the heat flow and the cumulated heat evolution versus the hydration time are shown in Figure. 
2 for the pastes prepared with increasing amounts of carbamide (from 0 to 4). These plots show 
differences in the dosages of the carbamide that result in different heat flows at a given time. At the 
first beginning of hydration, there is an endothermic peak, because the solution of carbamide. The 
initial period is characterized by rapid reactions between the C4A3$ and the water that begins 
immediately upon wetting and by those same reactions that occur from the water that is released by 
the dissolution of C4A3$ and C3A. Carbamide tended to retard the hydration process, and the effect 
became remarkably when dosage increased. 
In this phase, there is a remarkable decrease of accumulated hydration heat with retarded hydration 
process by carbamide increased shown in Figure. 3. The accumulated hydration heats without and 
with 4% carbamide are 329.5 J/g and 296.3 J/g, respectively, which indicates that high concentrations 
of carbamide have noticeable retarding effects. 
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Figure. 2 Isothermal conduction calorimetry of the different sulfoaluminate cement pastes 
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Figure. 3 The cumulated heat of different sulfoaluminate cement pastes 

3.3 Effect of carbamide on the setting time of sulfoaluminate cement pastes 
The setting time of the sulfoaluminate cement paste is defined as the initiation of the solidification and 
subsequent hardening, i.e., the compressive strength gain of the paste. The initial and final setting 
times of the sulfoaluminate cement with different concentrations of carbamide are shown in Figure. 4. 
The sulfoaluminate cement without carbamide reached an initial set in 29 min and a final set in 46 min, 
respectively. 
With the increase of carbamide the initial and final setting times increased remarkably, indicating that 
the carbamide can retard the setting process of the sulfoaluminate cement. When concentrations of the 
carbamide increased from 0% to 4%, the initial and final setting times improved from 29 and 46 min 
to 69 to 89 min, respectively. These phenomena are consistent with the previously discussed results on 
the heat development. 
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Figure. 4. Effect of carbamide on the sulfoaluminate cement’s setting time 

3.4 Effect of carbamide on the compressive strength of sulfoaluminate cement pastes  
The compressive strength of sulfoaluminate cement with different concentration of carbamide is 
provided in Figure. 5. It shows that the compressive strength of all of the sulfoaluminate cement pastes 
increases with curing time. The presence of carbamide has different influences on the compressive 
strength, with the mortars curing at 1, 3 and 28 days. Carbamide acts as a retarder to reduce the 
compressive strength of the mortars in the early stages. So, the compressive strength of the mortar 
decreased with the increase of carbamide at a hydration stage of 1 and 3 days. When the curing time 
reached 28 days, it was apparent that the presence of carbamide (not in excess of 2%) can enhance the 
strength. The biggest compressive strength of sulfoaluminate cement pastes can up to 124MPa. 
Compared with the blank sample, the highest increasing rates is 2%. 
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Figure. 5. Compressive strength of sulfoaluminate cement with different concentrations of carbamide 

3.5 Effect of carbamide on the hydration products of the sulfoaluminate cement 
The hydration products of the sulfoaluminate cement paste with different dosages of carbamide are 
showed in the Figure. 6. XRD analysis indicated that the main the main hydrates are ettringite, 
monosulfate and gibbsite. These hydrates were formed by the hydration of yeelimite. The reaction 
between C4A3$ and the anhydrite was also studied. The availability of the anhydrite compared to 
C4A3$ makes a great effect on nature and quantity of the hydration products. From figure 6. it can be 
clearly seen that the carbamide makes no remarkable effect on the hydration products of the 
sulfoaluminate cement, and a weak effect on the hydration degree in early hydrating age. 
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(a)3d                                                               (b)28d 

Figure. 6 XRD patterns of the pastes that contain carbamide hydrated (a) for 3 day, (b) 28 days 

3.6 Effect of carbamide on the pore characteristics of the sulfoaluminate cement 
The pore size distribution of each sulfoaluminate cement pastes specimen is shown in Figure. 7. The 
admixture of carbamide makes a weak effect on the pore size distribution of sulfoaluminate cement 
pastes. The cumulative porosity without and with 3.5% carbamide are 3.18% and 4.10%, respectively, 
which indicates that the carbamide can increase the porosity of sulfoaluminate cement pastes. 
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Figure. 7. Pore size distribution of sulfoaluminate cement pastes 

4. Conclusions 
Our conclusions are as follows: 
From the basis of different perspectives, we have studied the compatibility between the carbamide and 
the sulfoaluminate cement. The fluidity of the sulfoaluminate cement paste increased with the 
increasing concentration of carbamide, whereas the increasing rate is decreased. It makes the fluidity 
from 80 to 149 mm. Under the same water to cement ratio, initial and final setting time are dallied by 
the increasing concentration of carbamide. With the dosage of 4%, the initial and final setting time are 
dallied to 69 and 89min, separately. The presence of carbamide tended to retard the hydration process 
and decrease the accumulated hydration heat, and the effect become remarkably when dosage 
increased. So, the compressive strength of the sulfoaluminate cement decreased in the early age. The 
concentrations of carbamide between 1% and 2%, there is an increase when curing time reached 28 
days. Compared with the blank sample, the highest increasing rate is 2% when the cement contains 
2% carbamide. The XRD patterns reveal that there is no remarkable effect on the hydration products 
of the sulfoaluminate cement over the entire carbamide concentration range. From the MIP analysis, 
carbamide makes a weak effect on the pore size distribution, and the carbamide can increase the 
porosity of sulfoaluminate cement lightly. 
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Abstract 
The influence of heat pre-treated temperature(600℃、700℃、800℃ and 900℃) on washing pre-treated MSWI fly 
ash(PW-MSWI) cementitious activity was studied by mortar experiment. Concrete experiment was also conducted to 
figure out the influence of both PW-MSWI and heat pre-treated PW-MSWI(PWH-MSWI) on concrete strength 
development. Hydration mechanism and products of cement-MSWI cementitious system were analyzed by XRD and 
DSC-TG. The results show that heat pre-treatment improve the early-age activity, but reduce the later-age activity of 
PW-MSWI. The best heat pre-treated temperature is 700℃. Both PW-MSWI and PWH-MSWI improve the early-age 
strength, but harmful to later strength development of concrete. PWH-MSWI is better on concrete early strength 
improvement than PW-MSWI. In contrast to cement, more ettringite and chemical bonding water are formed during the 
early-age hydration of cement-MSWI cementitious system, but the hydration rate of ettringite and calcium hydroxide 
slow down in later age, leading to less chemical bonding water.  
 
 
Originality 
The MSWI fly ash is a kind of dangreous solid waste of waste incineration power plant, which is rich in chloride ion 
and heavy metal. But its main ingredient belongs to SiO2-Al2O3-CaO-Fe2O3 system, which has cementitious activity to 
some extent. In fact, washing pre-treatment can effectively remove the hazardous material in MSWI, meanwhile the 
activity of MSWI decline. Heat pre-treatment can improve the early-age activity of PW-MSWI obviously. At the pre-

treated temperature of 700℃ , 3d activity of PW-MSWI increased by 12.6%. So the utilization of heat pre-treatment as 
a method to improve PW-MSWI’s cementitious activity is first originality. 
As PWH-MSWI has higher cementitious activity than PW-MSWI, PWH-MSWI using as supplementary cementious 
material in concrete has been studied in this paper. At 10% dosage, 7d compressive strength of concrete increased by 
14.5%, due to the formation of more ettringite. So the experiment study on the effect law of PWH-MSWI concrete 
strength is second originality. 
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1. Introduction 
MSWI fly ash is collected from heat recovery system and gas clean-up system during the incineration 
process of waste incineration power plant. Its main ingredient belongs to SiO2-Al2O3-CaO-Fe2O3 
system(Shi Huisheng et al., 2009), which is similar to fly ash and slag. As a kind of dangerous solid 
waste, MSWI is rich in soluble chloride ion, alkali and heavy metal, which need secure landfill, 
solidification or stabilization(Yang Fuyun et al., 2006; Jiang J G et al., 2006). The total processing 
capacity of municipal solid waste among the 142 incineration plants in China is 15.4 MT/per day 
(Disposal Committee of Urban Domestic Refuse, CAEPI, 2013), producing about 15000 tons MSWI 
fly ash per day. With more and more resources are used on waste disposal, for example land resource, 
the study on the recycle way of MSWI fly ash is urgent. 
At present, pre-treating the MSWI fly ash to remove the hazardous material, then using it in cement-
based material becomes a main research area on the recycle of MSWI fly ash. Recent studies showed 
that washing pre-treatment could effectively remove the chloride ion in MSWI fly ash, and the 
proportion of exchangeable heavy metal was declined significantly(Zhou Luquan et al., 2010; Luo 
Zhiyu et al., 2008; Zhang Bo et al., 2009; Yu Xin et al., 2011). At 10% dosage, MSWI fly ash had 
little negative effect on concrete strength and could improve chloride ion penetration resistance of 
concrete (Ning Bo et al., 2011). PW-MSWI could mix with industry residue and natural mineral in 
certain proportion to prepare compound mineral admixture, which could be used in concrete as a 
substitute for part of the cement. Its cement mortar activity satisfied the requirement of high 
performance concrete mineral admixture (Li Jingjing et al., 2012). 
Though washing pre-treatment is an effective and economic way to remove the hazardous material in 
MSWI fly ash, the active material is also removed, which lead to the decline of MSWI’s cementitious 
activity. Its recycle in cement-based material is limited. 
PW-MSWI was heat pre-treated in this study. Mortar compressive strength ratio was used to analyze 
the influence of pre-treating temperature on PW-MSWI’s cementitious activity. Concrete compressive 
strength ratio was used to analyze the influence of PW-MSWI’s dosage on concrete strength 
development. XRD and DSC-TG method were used to analyze the hydration process and product of 
cement-MSWI cementitious system. Discover the effect of heat pre-treating method on the 
improvement of PW-MSWI’s cementitious activity. 
 
2. Experimental 
2.1. Raw materials 
PW-MSWI was sourced from Shanghai Pudong Yuqiao waste incineration power plant, which was 
washing pre-treated by Shanghai University. As seen from table 1, the calcium, siliceous and 
aluminum constituents are dominant compositions of PW-MSWI. 

Tab. 1 Chemical compositions of PW-MSWI /% 

Compositions CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Cl- LOSS 

Content 52.8 16.4 4.9 2.2 2.9 7.4 0.4 0.7 1.5 20.5 

P.II 52.5 Portland cement (GB 175-2007) and ISO standard sand were used in mortar experiment. P.O 
42.5 Common Portland cement(GB 175-2007), river sand (modulus of fineness: 2.5), breakstone 
(5mm~20mm, continuous grading) and polycarboxylate superplasticizer were used in concrete 
experiment. P.O 42.5 Common Portland cement (GB 175-2007) was used in microscopic test. 
2.2. Experimental Process 
In mortar experiment, PW-MSWI was heat pre-treated under 600℃、700℃、800℃ and 900℃ for 4 
hours separately. All of the pre-treated MSWI fly ash (including 4 PWH-MSWI and 1 PW-MSWI) 
were grinded until passing 0.08mm sieve. According to Chinese standard GB/T 2847-2005 
‘Pozzolanic materials used for cement production’, mortar strength test method were taken to evaluate 
the activity of MSWI fly ash. 30% cement were substituted by MSWI fly ash. 3d, 7d and 28d 
compressive strength were tested. Mortar strength ratio was calculated according to formula 1. The 
mortar mix ratio is shown in table 2. 

J 100 %R  
MSWI mortar compressive strength

（ ）          Formula 1
Reference mortar comnpressvie strength

 



 

Table 2 Mix ratio of mortar experiment 

No. Cement/g 
PW-MSWI 

Sand/g Water/g 
Dosage/% Mass/g Heat pre-treated temperature/℃ 

J 450 0 0 / 1350 225 
R0 315 30 135 / 1350 225 
R1 315 30 135 600 1350 225 
R2 315 30 135 700 1350 225 
R3 315 30 135 800 1350 225 
R4 315 30 135 900 1350 225 

*J: Reference mortar specimen. R0: PW-MSWI (not heat pre-treated) mortar specimen. R1, R2, R3, R4: PWH-
MSWI (heat pre-treated under different temperatures) mortar specimen. 

In concrete experiment, PW-MSWI and PWH-MSWI (Heat pre-treated under 600℃) were used as 
cementitious material with the dosage of 5%, 10%, 15% and 20% (Mass ratio of total cementitious 
material in concrete). 7d, 28d and 60d compressive strength were tested according to the Chinese 
standard GB/T 50081-2002 ‘Standard for test method of mechanical properties on ordinary concrete’. 
Concrete strength ratio was calculated according to formula 2. The concrete mix ratio is shown in table 
3. 

H 100 %R  
MSWI concrete compressive strength

（ ）      Formula 2
Reference concrete compressive strength         

 

Table 3 Mix ratio of concrete experiment 

*H: Reference concrete specimen. A: PWH-MSWI (heat pre-treated under 600℃) concrete specimen. B: PW-
MSWI (not heat pre-treated) concrete specimen. The number after A and B represent the dosage of MSWI in 
total cementitious material. 

In microscopic test, XRD and DSC-TG methods were used to analyze the 3d and 28d hydration 
products and mechanism. The testing samples were cement-MSWI paste prepared according to the 
cementitious system A10, A20, B10 and B20 in table 3. Reference paste (H) was also tested. 
3. Experiment Results 
3.1. Mortar experiment result 
Table 4 shows when the pre-treating temperature was in the range of 600~800℃, the 3d and 7d PWH-
MSWI mortar strength ratio were higher, but the 28d strength ratio was lower than PW-MSWI mortar. 
This indicates that heat pre-treatment can improve early age, but reduce later age activity of PW-
MSWI. Under the temperature of 700℃ has the best improvement of early age activity. The 3d and 7d 

mortar strength ratio increased separately by 12.6% and 4.9%. Under the temperature of 900℃ has the 
worst detrimental effect on later age activity. The 28d mortar strength ratio reduced by 17.9%.  

 

No. 
Mass of material per m3 concrete/kg 

Cement MSWI Sand Breakstone Water 
polycarboxylate 
superplasticizer 

H 318 0 826 1051 175 1.91 

A5 302.1 15.9 826 1051 175 1.91 

A10 286.2 31.8 826 1051 175 1.91 

A15 270.3 47.7 826 1051 175 1.91 

A20 254.4 63.6 826 1051 175 1.91 

B5 302.1 15.9 826 1051 175 1.91 

B10 286.2 31.8 826 1051 175 1.91 

B15 270.3 47.7 826 1051 175 1.91 

B20 254.4 63.6 826 1051 175 1.91 



 

Table 4 Test result of mortar compressive strength 

No. 
Compressive strength/MPa RJ/% 

3d 7d 28d 3d 7d 28d 
J 35.6 46.7 61.7 - - - 

R0 20.4 26.8 41.5 57.3 57.4 67.3 
R1 23.8 28.5 37.1 66.9 61.0 60.1 
R2 24.9 29.1 35.3 69.9 62.3 57.2 
R3 4.8 5.4 6.5 67.7 59.1 56.1 
R4 4.5 5.2 5.5 62.9 56.1 49.4 

3.2. Concrete experiment result 
Table 5 shows when the dosage was in the range of 5%~15%, both PWH-MSWI and PW-MSWI 
improved the early age concrete strength to some extent. Under the dosage of 10% has the best 
improvement of early age concrete strength. The 7d concrete strength ratio of PWH-MSWI and PW-
MSWI increased separately by 14.5% and 8.2%. But under the dosage of 20%, the7d concrete strength 
ratio of PWH-MSWI and PW-MSWI reduced separately by 5.2% and 19.3%. Both PWH-MSWI and 
PW-MSWI has detrimental effect on the later age concrete strength. Under the dosage of 10% has the 
least detrimental effect. The later age concrete strength (average value of 28d and 60d) of PWH-
MSWI and PW-MSWI reduced separately by 3.8% and 7.6%. Under the dosage of 20% has the worst 
detrimental effect. The later age concrete strength (average value of 28d and 60d) of PWH-MSWI and 
PW-MSWI reduced separately by 17.4% and 19.9%. In general, PWH-MSWI is better on the 
improvement of early age concrete strength and has less detrimental effect on the later age concrete 
strength than PW-MSWI.  

Table 5 Test result of concrete compressive strength 

 

7d 28d 60d 

Compressvie 
strength/MPa 

RH/% 
Compressvie 
strength/MPa 

RH /% 
Compressvie 
strength/MPa 

RH % 

H 26.9 - 39.2 - 43.6 - 

A5 28.3 105.2  34.6 88.3  38.0 87.2  

A10 30.8 114.5  38.4 98.0  41.2 94.5  

A15 28.9 107.4  33.0  84.2  39.4 90.4  

A20 25.5 94.8  31.9 81.4  36.6 83.9  

B5 28.1 104.5  33.2 84.7  37.8 86.7  

B10 29.1 108.2  36.2 92.3  40.3 92.4  

B15 27.4 101.9  33.8 86.2  38.1 87.4  

B20 21.7 80.7  30.6 78.1  35.8 82.1  

3.3. Microscopic test result 
3.3.1 XRD test result 
Figure 1 shows at 3d hydration, the ettringite and calcium carbonate diffraction peak of A10 (PWH-
MSWI sample) and B10 (PW-MSWI sample) were higher than H (reference sample), which indicates 
that at the dosage of 10%, both PWH-MSWI and PW-MSWI promote the early hydration process of 
cementitious system. More ettringite were formed during the early age hydration process of MSWI 
samples. But the higher content of calcium carbonate came from the washing pre-treatment process of 
MSWI, which promoted the early age hydration process to some extent (Yang Huashan, Fang Kunhe 
et al., 2006). The ettringite and calcium carbonate diffraction peak of A20 and B20 were still higher 
than H (reference sample), but lower than A10 and B10, which indicates that at the dosage of 20%, the 
early hydration promotion of both MSWI is still effective, but weakened with the increase of MSWI 
dosage, due to the decline of cement clinker mineral relatively. 
Figure 2 shows at 28d hydration, the ettringite and calcium hydroxide diffraction peak of H was higher 
than A and B at both dosage of 10% and 20%, which indicates that the later age hydration rate of 
MSWI samples slows down. The hydration product and diffraction peak height of PWH-MSWI and 
PW-MSWI sample has little significant difference. 



 

 
                                  (a) 10% dosage                                                             (b) 20% dosage 

Fig 1 3d hydration XRD pattern 

 
(a) 10% dosage                                                             (b) 20% dosage 

Fig 2 28d hydration XRD pattern 
3.3.2 DSC-TG test result 
Figure 3 and figure 5 show three obvious endothermic peaks on each DSC pattern in the temperature 
range of 30℃~1000℃. The fisrt peak appeared at 100℃~110℃, due to the loss of chemical bonding 

water in AFT (ettringite) and CSH. The second peak appeared at 440℃~480℃, due to the thermal 

decomposition of calcium hydroxide. The third peak appeared near 725℃ , due to the thermal 
decomposition of calcium carbonate. Three relative agravity platforms can been seen on the TG 
patterns (Fig.4 and Fig.6). 



 

           

(a) 10% dosage                                                             (b) 20% dosage 
Fig 3 3d hydration DSC pattern 

   
(a) 10% dosage                                                             (b) 20% dosage 

Fig 4 3d hydration TG pattern 

   
Fig 5 28d hydration DSC pattern(10% dosage)                 Fig 6 28d hydration TG pattern(10% dosage) 

On the bases of DSC-TG test result, TA analyzing software was used to calculate calcium carbonate 
and chemical bonding water content to represent the main hydration products content of different 
cementitious systems. The caldulatint datas were listed in table 6 and table 7. 

 
 



 

Table 6 Calculating data of 3d hydration products      

Sample H-3d A10-3d B10-3d A20-3d B20-3d 
Calcium carbonate/% 0.68 0.86 0.96 1.53 2.07 

Chemical bonding water/% 12.83 13.12 13.30 12.44 12.62 

Table 7 Calculated data of 28d hydration products       

Sample H-28d A10-28d B10-28d 

Calcium carbonate/% 1.09 1.56 1.81 
Chemical bonding water/% 13.75 13.23 13.61 

Table 6 and table7 show that at 3d hydration, samples with 10% dosage (both PWH-MSWI and PW-
MSWI) had higher chemical bonding water content than reference sample, which indicates that both 
MSWIs promote the hydration process of cementitious system at early age. But at 20% dosage, the 
chemical bonding water content of both MSWIs were lower than reference sample, which indicates 
that the promotion of early age hydraiton become less obvious at higher dosage of MSWI. At 28d 
hydration, the chemical bonding water content of both MSWIs were lower than reference sample, 
which indicates that both PWH-MSWI and PW-MSWI have weak cementitous activity at later age. 
This is in accord with the XRD test result. 
 
4. Discussion 
4.1. Discussion of the heat pre-treating influence on PW-MSWI activity at early age 
Mortar and concrete experiment show that heat pre-treatment had certain promotion to PW-MSWI 
early age activity, which was more obvious in mortar expereiment. But in microscopic test, heat pre-
treatment led little difference to the type and content of hydration products at early age. This may be 
because P.II Portland cement was used in mortar experiment, but in concrtete and microscopic 
experiment used the P.O42.5 ordinary Portland cement. According to Chinese standard, 15%~20% 
mineral material are permitted to add to P.O42.5 ordinary Portland cement, which makes the 
cementitious system more complicated. Complex effect may occur among different mineral materials, 
which promote PW-MSWI early age hydration process and makes heat pre-treating effect not so 
obvious. During the heat pre-treating process, certian calcium aluminate material may be formed in 
PW-MSWI, which has rapid hydration rate. This class of material promoted the early age activity of 
cementitious system to some extent (Chen Xi, Wang Jinggang et al., 2007). But in XRD test in this 
study, such material was not found. 
PW-MSWI early age activity was best promoted at the heat pre-treating temperature of 700℃. This 

may be because the remaining organics in PW-MSWI are almost combusted at 700℃, and the inner 
structure of PW-MSWI is partly destroyed, during which new active phase are formed progressively. 
When the heat pre-treating temperature rise to 900℃, the unformed amorphous phase in PW-MSWI 
decline progressively, and the calcium carbonate also begin to decompose, which weaken the 
promtion effect of PW-MSWI early age activity through heat pre-treatment. 
4.2. Discussion of the heat pre-treating influence on PW-MSWI activity at later age 
Mortar experiment show that heat pre-treatment reduced the later age activity of PW-MSWI. But 
concrete experiment show that PWH-MSWI and PW-MSWI had little difference on the influence of 
concrete strength at later age. This may be the same reason as discussed before, which due to the 
complex effect from multi- mineral material composition in P.O42.5 used in concrete experiment. This 
may make heat pre-treating effect not so obvious in contrast to mortar experiment. 
The detrimental effect on PW-MSWI later age activity by heat pre-treatment became worse as the pre-
treating temperature rise. This may be because more calcium carbonate decompose at higher 
temperature, forming free calcium oxide, which may cause the volume stability problem of 
cementitious system at later age. In addtion, the usage of MSWI may increase the detrimental pores 
(Φ＞50nm)  in cementitious system (Yue Peng, 2004), which may be one of the reasons causing the 
strength decline in mortar experiment. 

。 

 



 

5. Conclusions 
The early age cementitious activity of washing pre-treated MSWI fly ash (PW-MSWI) is improved by 
heat pre-treatment, which is best promoted under the pre-treating temperature of  700℃. Its 3d mortar 
compressive strength ratio increase by 12.6%. This may be because remaining organics in PW-MSWI 
are almost combusted, while new active phase are formed during heating process. 
The later age cementitious activity of PW-MSWI decline by heat pre-treatment, which is worst under 
the pre-treating temperature of  900℃. Its 28d mortar compressive strength ratio decline by 17.9%. 
This may be because calcium carbonate are decomposed at high temperature, forming free calcium 
oxide, which cause the volume stability problem of cementitious system at later age. 
Both PW-MSWI and heat pre-treated PW-MSWI (PWH-MSWI) have certain promotion effect on 
concrete compressive strength at early age, but have detrimental effect at later age. PWH-MSWI is 
better on concrete early strength improvement than PW-MSWI. Under 10% dosage has the best 
promotion effect. 
Compared with cement, more ettringite and chemical bonding water are formed at early hydration 
process (3d) in cement-MSWI cementitious system. But the hydration rate of ettringite and calcium 
hydroxide slow down later, leading to less chemical bonding water content than cement.  
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Abstract 

The effect of LiAl-layered double hydroxides (LiAl-LDHs) with 3D micro–nano structures on the early 

properties and hydration process of calcium sulphoaluminate cement (CSAC) clinker was investigated. 

Three Li-Al layered double hydroxides (LiAl-LDHs) with different particle size were prepared through a 

facile solvothermal method. CSCA clinker incorporating LiAl-LDHs with constant water to cement 

radio were made and tested. The results indicate that a higher content of LiAl-LDHs resulted in a faster 

hydration rate, a shorter setting time and a higher early compressive strength. Besides, with the 

decrease of the particle size of LiAl-LDHs, the hydration rate was accelerated with corresponding 

increase in compressive strength. However, the influence of particle size of LiAl-LDHs on the initial 

setting time and final setting time of CSAC clinker is not significant. Moreover, the addition of 

LiAl-LDHs did not cause a new phase formed, but increased the quantity of hydration products which 

resulting in homogeneous, dense and compact microstructure and providing higher compressive 

strength and shorter setting time. 

 

Originality 
Calcium sulphoaluminate cement (CSAC)are widely used in many domains.However, the early 
properties of CSAC cannot meet the requirements of some special projects such as patching roadways, 
grouting engineering and so on. In this paper for the first time we investigated the early properties of 
CSAC clinker containing LiAl-LDHs particles with 3D micro-nano structures under high water-cement 
ratio and the effect of content and particle size of LiAl-LDHs on the clinker hydration.The CSAC 
clinker paste with LiAl-LDHs show good early performance.The addition of LiAl-LDHs can 
significantly shorten the initial and final setting time of CSAC clinker pastes.However, the effect of 
LiAl-LDHs particle size on the setting time of CSAC clinker pastes was not remarkable. LiAl-LDHs 
significantly improved the compressive strength of the CSAC clinker pastes; Besides, using LiAl-LDHs 
with a smaller particle size and a higher dosage enhanced the compressive strength much more. There 
is no new phase formed when LiAl-LDHs is added into CSAC clinker pastes. However, the addition of 
LiAl-LDHs promoted the rate of hydration and increased the amount of hydration products which are 
the reason why the compressive strength of the pastes at 1, 3 and 7 days was increased. 
 

Keywords:  

LiAl-layered double hydroxides; calcium sulphoaluminate cement clinker; setting time; early 

compressive strength 

 

1 Introduction 

Calcium sulphoaluminate cement(CSAC) whose clinker mainly consisting of C4A3Ŝ 

(ye'elimite), belite and ferrite[1] is taken as a high–performance material and its main 

properties include impermeability, low alkalinity, micro-expansion, low temperature 

performance and better corrosion resistance capacity[2][3][4] . CSAC is widely used in many 

domains, such as architectural engineering[5], cement manufacturing (cement ships, telephone 



poles, concrete railway sleepers, etc.), emergency repairs, framework node point, permeability 

resistance engineering, etc. However, the compressive strength and setting time of CSAC 

cannot meet the requirements of some special projects such as patching roadways, grouting 

engineering and so on.   

In recent years, the application of nanotechnology in cement-based materials has developed 

enormously. Due to its extremely small sized particles, nanomaterial can fill the voids, thus 

leading to a higher packing level (‘‘filler’’ effect) and generating a denser binding matrix 

(“crystal nucleus” effect) as well. In this field, the utilization of nanomaterial as an additive is 

highly effective. Some researchers have employed nanoparticles in cementitious materials so 

as to modify mechanical strength and other properties. Various nanomaterials such as 

nano-SiO2
[6], nano-TiO2

[7], nano-Fe2O3
[8], nano-CaCO3

[9] carbon nano-tubes and 

nano-clay[10]have recently been used in Portland cement or concrete to improve their 

mechanical, physical, durability and several other novel properties[11]. Chen et al.[12] 

investigated the effect of nano-TiO2 on the hydration and workability of Portland cement 

pastes. Cement was partially replaced with nano-TiO2 at level of 0%, 5% and 10% by weight. 

The results showed the addition of nano-TiO2 significantly accelerated the hydration rate, 

shortened the setting time and increased the early compressive strength of CSAC clinker 

pastes. The optimum content of nano-TiO2 at 10% gave the highest strength and shortest 

setting time.  

Besides the kinds of nanometer materials, the size of nanoparticles also has paramount 

influence on working performance. Quercia et al.[13] examed the morphological and textual 

characteristics of seven different amorphous silica used in Portland cement concrete, and 

found that the main parameters influencing the final mechanical properties of cement mortars 

were specific surface area, micropore volume and average size of the primary particles of the 

silica. Haruehansapong et al. [14] presented the compressive strength of Portland cement 

mortars containing silica fume(SF) and nanosilica (NS) with sizes of 12nm, 20nm and 40nm. 

Results show that NS greatly enhanced the compressive strength of cement mortars, besides, 

cement mortar containing NS 40nm gave higher compressive strength than those with NS 12 

and 20 nm .  

Recent research by Xu, Chen [15] has revealed that CaAl-layered double hydroxides 

(CaAl-LDHs) as a hardening accelerator in Portland cement enhanced the value of early 

compressive strength by 61%. However, the preparation of pure CaAl-LDHs is not easy and 

the effects of LDHs on the morphology, structure and hydration heat of cement have not been 

investigated. Until now, the effect of nanomaterials on the properties of CSAC clinker has 

seldom been reported in the literature.    

Naturally occurring hydrotalcite, Mg6Al2(OH)16CO3.4H2O, and synthetic hydrotalcite-like 

compounds, also called layered double hydroxides (LDHs), have been investigated for many 

years[16,17] . The formula of the LDH can be generalized to [M1-x
2 + Mx

3 +(OH)2]
x + 

[(An-)x/n.mH2O]x- where Mz + can be Ni2 +, Zn2 +, Mn2 +, Ca2 + , etc.; M3 +: Al3 + ,Ga3 +, Fe3 +, Cr3 

+ , etc.; and An-: NO3
- , Cl-, CO3

2- ,SO4
2-, etc. LiAl2(OH)6

+A- is also an example of a layered 

double hydroxide, and its properties have been extensively investigated for many years. It is 

composed of sheets of lithium and aluminum atoms octahedrally surrounded by hydroxyl 

groups[18]. Their layered structure, nano-sized interlayer space and adjustable particle size are 

significant factors that should be considered when being used in many industries as 



high-performance catalytic materials, adsorbents, separation materials, additives in plastics 

and as biological and pharmaceutical materials[19,20,21,22]. LDHs materials can also be used as 

host materials for a variety of anions of interest to cement scientists because of high anion 

exchange capacity. 

The aim of this work was to investigate the content and particle size of LiAl-LDHs on the 

setting time and the early strength of CSAC clinker pastes at high water cement ratio. For this 

purpose, three Li-Al layered double hydroxides (LiAl-LDHs) with 3D micro–nano structures 

were prepared through a facile solvothermal method, and then the effect of LiAl-LDHs on 

chemical and mechanical properties of CSAC clinker pastes was examined. 

2 Experiment 

2.1 Materials 

In this study, sulphoaluminate cement clinker was taken as binder material. Its chemical 

composition (by weight) is given in Table 1. The chemical reagents such as LiNO3, 

Al(NO3)3·9H2O,CO(NH2)2, Na2CO3 and NaOH were of analytical purity. 

Table 1 Chemical composition of calcium sulfoaluminate cement clinker (% by weight) 

 CaO Al2O3 SiO2 Fe2O3 MgO SO3 LOSS The sum 

%( by weight) 40.96 34.46 9.63 2.21 0.87 8.67 0.52 97.32 

 

2.2 Synthesis of LiAl-LDHs 

Highly dispersed LiAl-LDHs were prepared by a solvothermal method[23]. In a typical 

procedure, a solution of 0.015mol LiNO3 ,0.005mol Al(NO3)3.9H2O and 0.065mol of urea 

were dissolved respectively in mixtures containing different water alcohol ratios (75ml 

H2O/25mlC2H5OH ; 50ml H2O/ 50mlC2H5OH; 25ml H2O/75mlC2H5OH) in total volume of 

100ml. The solution was magnetically stirred for 20 min at 25 , then transferred to a ℃

polytetrafluoroethylene vessel. The container was sealed and placed in an oven to maintain at 

393K for 24 h. The solid was collected by filtration, then washed with deionized water until 

the washings reached a pH of 7.0, and subsequently dried at 373K for 24 h. The samples 

prepared at different solvent ratio (75:25; 50:50; 25:75) are denoted by LDH-1, LDH-2 and 

LDH-3, respectively. 

2.3 Characterization of LiAl-LDHs 

Powder X-ray diffraction(XRD) patterns were collected on a Bruker D8 Advance X-Ray 

diffractometer with Cu Kα radiation (λ=0.154nm) in the 2θ range from 3°to 70°. Scanning 

electron microscopy (SEM) images were taken by a JSM-6390LV scanning electron 

microscope(Japan) operated at 15kV. Elemental analyses for Li and Al were performed by 

inductively coupled plasma (ICP) using a PerkinElmer Optima 7000DV (PerkinElmer, MA, 

USA). The particle size distribution was determined using a Malvern Mastersizer 3000 laser 

particle size analyzer.  

2.4 Test methods 

2.4.1 Setting time   

The setting time test on the CSAC clinker pastes with and without LiAl-LDHs was measured 

in accordance with the Chinese National Standard GB/T1346. The water cement ratio was 

0.34. The clinker was replaced by LiAl-LDHs at level of 0%, 0.5%, 0.75%, 1.0%, 1.25%, 

1.5%, 2.0%, 2.25% and 3.0%, respectively. 

2.4.2 Compressive strength 



The compressive strength of CSAC clinker pastes with and without LiAl-LDHs was tested in 

line with Chinese National Standards GB/T 7897-2008. CSAC clinker was mixed at water to 

cement ratio (w/c) of 0.6 and the clinker was replaced by LiAl-LDHs at level of 0%, 1.0% 

and 3.0%, respectively. Then the paste was put into the 2 × 2 × 2 cm3 molds for vibrating. 

Subsequently, those specimens were cured in moist air at (20 ± 1)  with more than 90% ℃

relative humidity for several hours, followed by demoulding. After that, the specimens were 

cured in water till the age required. Eighteen cubic specimens were prepared for each mixture, 

each six of which were cured until 1, 3 and 7 days respectively.  

2.4.3 Hydration heat  

The CSAC clinkers at water to cement ratio (w/c) of 0.6 with and without LiAl-LDHs were 

prepared to observe the hydration flow evolution. A TAM air isothermal calorimeter (TAM air, 

TA, American) was employed to measure the hydration exothermic rate within 70 h at 20 . ℃

The clinker was replaced by LiAl-LDHs at 0%, 1% and 3%. 

2.4.4 XRD, FT-IR ,SEM and TG-DSC  

The specimens were collected from the crushed part of the compressive strength test      

specimen. The hydration of these specimens was terminated by using absolute alcohol, 

followed by being dried in a vacuum desiccator and analyzed by XRD, FT-IR, SEM and 

TG-DSC. Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance 

X-Ray diffractometer with Cu Kα radiation (λ=0.154nm) in the 2θ range from 5°to 45°. 

Scanning electron microscopy (SEM) images were taken with a JSM-6390LV scanning 

electron microscope (Japan) operated at 15kV. The IR spectral analysis was recorded from 

KBr disks using Bruke V70 IR spectrometer in the range from 400 up to 4000 cm-1. The 

samples were prepared by using KBr pressed disk technique which can give a further 

reduction in scattering. Thermogravimetric analysis was carried out under Ar atmosphere 

using a Setaram Evolution TG/DSC instrument at 10°C/min up to 900°C.  

3. Results and discussion 

3.1 Structure and size of LiAl-LDHs  

LiAl-LDHs of three particle sizes were synthesized by the solvothermal method, denoted by 

LDH-1, LDH-2, LDH-3. The XRD patterns of these samples prepared at different solvent 

ratio(C2H5OH/H2O) are shown in Fig. 1. The diffraction peaks of these samples are the same 

in agreement with that of the hexagonal phase of LiAl-LDHs illustrated in JCPDS 

No.42-0729. Diffraction peaks related to secondary phases were not found, suggesting that 

only a pure-single phase of LiAl-LDHs was formed in different solvents. The diffraction 

peaks are intense and well-defined, indicating the hydration products are of high degree of 

crystallization or structural ordering at long-range. With the increase of ethanol content, the 

intensity of diffraction peak of LiAl-LDHs went up and became sharp, indicating that the 

crystallinity increased and crystal tended to grow up, which can be confirmed by SEM 

pictures. 

Scanning electron microscopy (SEM) is of importance to analyze the constantly increasing 

size of LiAl-LDHs crystals in different solvent systems. A large number of hexagonal 

LiAl-LDHs at an average size of 1-2µm was formed in the system with 25% ethanol content 

(Fig. 2(a)). When the content of ethanol reached 50% (Fig. 2(b)), the hexagonal plates became 

larger, and the size of these nanosheets was about 2-4µm. With the ethanol content up to 75ml, 

large hexagonal nanosheets were synthesized, the size of which was between 11 and 15um 



(Fig. 2(c)). 

Due to the different viscosity and surface tension of ethanol from water, the properties of the 

solvent could have an effect on the diffusion behavior of the regents and the intermediate. 

Changing the relative concentration of ethanol to water and controlling the diffusion rate of 

ions in the solvent could facilitate the formation of different sizes of LiA-LDHs in the 

synthesis system[24,25].  

The particle size distribution curves of the three LDH samples are illustrated in Fig. 3(a). The 

average particle sizes of LDH-1, LDH-2 and LDH-3 are 1.516µm, 2.849µm and 12.057µm 

respectively, in agreement with the results of SEM. The curves of representing the cumulative 

distribution of the particle sizes of the three LDH samples are illustrated in Fig. 3(b). 

Obviously, there are about 90% particles at size less than 2µm in LDH-1 sample, 95% 

particles at size less than 4µm and 90% particles at size less than 18µm. The results of ICP 

show that three LiAl-LDHs samples had similar Li+/Al3+ molar ratios (0.5272 for 

LDH-1,0.5330 for LDH-2and 0.5158 for LDH-3, respectively). 
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Fig. 1. XRD patterns of products prepared at different ethanol/water ratios: (a) 75ml:25ml,   

(b) 50ml:50ml, (c) 25ml:75ml 

     
 

Fig. 2. SEM images of prepared products at different ethanol/water ratios: (a) 75ml:25ml ; (b) 

50ml:50ml ;(c) 25ml:75ml 



    

0.1 1 10 100

0

1

2

3

4

5

6

7

8

9

10

11

12

LDH-3LDH-2
V

o
lu

m
e
(%

)

Size(m)

LDH-1

(a)

0.1 1 10 100

0

20

40

60

80

100

120

LDH-3

LDH-2

LDH-1

C
u
m

u
la

ti
v
e
 v

o
lu

m
e
(%

)

size(m)

(b)

 

Fig.3 Particle size distribution of LiAl-LDHs: (a) frequency distribution; (b) cumulative distribution 

3.2 Effects of LiAl-LDHs on setting time and early strength  

3.2.1 Setting time 

Table 2 Effect of LiAl-LDHs on the setting time of CSA clinker paste 

 

 

By weight(%) 

LDH-1 LDH-2 LDH-3 

Initial time 

(min) 

Final time 

(min) 

Initial time 

(min) 

Final time 

(min) 

Initial time 

(min) 

Final time 

(min) 

0 11 22.5 11 22.5 11 22.5 

0.5 7.3 13.7 6.6 10.7 6.8 10.7 

0.75 7.0 13 6.1 10.2 6.6 10.6 

1.0 6.2 10.2 5.9 9.8 6.5 10.5 

1.25 5.6 9.6 5.8 9.0 5.6 9.2 

1.50 5.5 9.1 5.6 8.7 4.9 8.8 

2.0 4.3 7.4 3.9 6.1 4.8 8.6 

3.0 3.4 5.2 3.8 5.8 4.2 7.3 

The addition of LiAl-LDHs can significantly shorten the initial and final setting time of 

CSAC clinker pastes (table 2). When incorporating 1wt% LDH-1, LDH-2 and LDH-3, the 

initial setting time of CSAC clinker pastes was reduced by 41.6%, 46.3% and 40.9%, 

respectively. The setting time of CSAC clinker pastes was further shortened by 60.9%, 64.5%, 

56.4% when the LiAl-LDHs content was 2% by weight. In addition, when the LiAl-LDHs 

content was 3%, the initial setting time of CSAC clinker pastes was reduced by 69.1%, 65.5%, 

61.8%.  

Similarly, the addition of LiAL-LDHs also reduced the final setting time of CSAC clinker 

pastes. For 1wt% LDH-1, LDH-2 and LDH-3, the reduced value was 54.7%, 56.4% and 

53.3%, respectively. The final setting time of CSAC clinker pastes with LiAl-LDHs is 

shortened much more as the replacement content of LiAl-LDHs is increased. The final setting 

time decreased by 67.1%, 72.9% and 63.1% for CSAC clinker pastes incorporating 2wt% 

LDH-1, LDH-2 and LDH-3 and 76.8%, 74.2% and 67.5% for CSAC clinker pastes containing 

3wt% LDH-1, LDH-2 and LDH-3 . 

In short, with the increase of the LiAl-LDHs content, both the initial and final setting time of 

CSAC clinker pastes were shortened. However, the effect of LiAl-LDHs particle size on the 

setting time of CSAC clinker pastes was not remarkable. 

3.2.2 Compressive strength 

Table 3 presents the compressive strength of CSAC clinker pastes containing three different 



sizes of LiAl-LDHs relative to that of CSAC clinker paste without LiAl-LDHs (control 

cement paste) at the ages of 1, 3 and 7 days.  

When adding 1wt% LDH-1, the relative compressive strength ratio at the ages of 1 day, 3 

days and 7 days was 216%, 126% and 121%, respectively. Similarly, when the LDH-1content 

went up to 3wt%, the relative value was 278%, 159% and 158%. When incorporating LDH-2 

or LDH-3, with the increase of content, the relative compressive strength rate at the ages of 

also showed a rising trend. 

Therefore, the increase of LiAl-LDHs content is conducive to the development of the 

compressive strength at the ages of 1 day, 3 days and 7 days. 

At 1 day, the compressive strength of CSAC clinker pastes with LDH-1, LDH-2, LDH-3 at 

1% dosage was increased by 216%, 202% and 105% compared with the control cement paste. 

When the LiAl-LDHs content was 3%, the paste could reach a higher compressive strength 

that was 2.78, 2.67and 1.30 times that of the control cement paste, respectively. Obviously, 

the particle size of LiAl-LDHs had great effect on the compressive strength of CSAC clinker 

pastes at 1 day. This was the same at 3 days and 7 days. 

Therefore, LiAl-LDHs significantly improved the compressive strength of the CSAC clinker 

pastes. Besides, using LiAl-LDHs with a smaller particle size and a higher dosage enhanced 

the compressive strength much more.  

Table 3 Values of compressive strength of the CSA cement paste of LiAl-LDHs relative to that of the 

CSA cement paste without LiAl-LDHs (%) 

 LDH-1 LDH-2 LDH-3 

1%  

(by weight) 

3%  

(by weight) 

1%  

(by weight) 

3%  

(by weight)) 

1%  

(by weight) 

3%  

(by weight) 

1 d 216 278 202 267 105 130 

3 d 126 159 120 145 117 136 

7 d 121 158 114 149 108 144 

3.3 Isothermal conduction calorimetry 
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Fig. 4 Hydration heat flow of CSA cement clinker paste with and without LiAl-LDHs: (a) 1wt%; 

(b)3wt% 
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Fig. 5 Total heat released of CSA cement clinker paste with and without LiAl-LDHs: (a) 1wt%; (b) 

3wt% 

The effect of LiAl-LDHs on the rate of heat release and total heat released during the CSAC 

clinker pastes hydration is shown in Fig. 4 and Fig. 5. Fig. 4(a) and 4(b) show the effect of 

different LiAl-LDHs particle sizes on the heat flow development of sulphoaluminate cement 

clinker pastes. The addition of LiAl-LDHs had little effect on the time of the first hydration 

heat peak of CSAC clinker pastes. As shown in Fig. 4(a), the values of the first hydration heat 

peak of CSAC clinker pastes without LiAl-LDHs and with LDH-3, LDH-2, LDH-1 (1wt% ) 

were 0.0156W/g, 0.0168 W/g, 0.0176 W/g, 0.0188 W/g, respectively. However, when the 

content of LiAl-LDHs reached 3wt%, the corresponding values were 0.0156W/g, 0.0172 W/g, 

0.0198W/g, 0.0269 W/g, respectively.  

In general, LiAl-LDHs accelerates the hydration of CSAC clinker pastes; moreover, with the 

increase of dosage of LiAl-LDHs, the rate of heat release at the early hydration was faster. 

Additionally, the smaller the particle size of LiAl-LDHs, the faster the rate of heat release. 

The effect of LiAl-LDHs on the heat released from CSAC clinker pastes at early ages is 

shown in Fig.5. The addition of LiAl-LDHs increased the heat release of CSAC clinker pastes 

at early ages. The higher the content of LiAl-LDHs, the higher the quantity of heat released. 

These results show that LiAl-LDHs can speed up the hydration of CSAC clinker pastes at 

early ages, which may be the reason why the setting time was shortened. 

3.4.1SEM 

 



      

      

Fig.6 SEM images of cement clinker paste mixed without and with LiAl-LDHs at day 1: (a) control 

clinker paste; (b) LDH-1(1%); (c) LDH-2(1%); (d) LDH-3(1%); (e) LDH-1(3%); (f) LDH-2(3%); (g) 

LDH-3(3%) 

Fig. 6 shows SEM photographs of cement paste without LiAl-LDHs (the control cement paste) 

and cement clinker pastes with LiAl-LDHs of 1% and 3% at 1 day. The structure of the 

control cement clinker pastes (given in Figs. 6(a)) is very loose, and there are lots of micron 

pores and a large amount of cracks. Comparing the cement pastes with LiAl-LDHs and the 

control cement paste, the textures of hydration products of the cement paste with LiAl-LDHs 

of 1% by weight (given in Figs. 6(b)-(g)) are different from those of the control cement paste. 

The structure of CSAC clinker pastes is compact and the ettringite rod has been observed in 

the image. With the increase of LiAl-LDHs content from 1% to 3% by weight, the textures 

were becoming more compact. One possible reason is that the control cement clinker paste 

gave lower hydration performance and packing ability than that with LiAl-LDHs. Another 

possible reason may be that LiAl-LDHs, as a crystal seed material in the cement clinker 

hydration process, lowered the energy barrier to the formation of the hydration products 

precipitated from the liquid, which accelerated their rate of precipitation from the liquid, thus 

increasing the amount of the hydration products. The acceleration of cement hydration by 

inert or active ultra fine particle has been demonstrated by some investigations[26,27].  

Figs. 6(b)-(d) show SEM photographs of CSAC clinker pastes containing 1% LiAl-LDHs at 1 

day. The results indicate the particle size of LiAl-LDHs affected the microstructure of CSAC 

clinker pastes. Clearly, the texture of hydration products of CSAC clinker paste with LDH-1 

was denser than that of pastes with LDH-2 and LDH-3. 

In conclusion, the content and particle size of LiAl-LDHs had significant effect on the 

microstructure of cement pastes, which is in line with the results of compressive strength.  

3.4.2 FT-IR and XRD 
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Fig.7 FT-IR spectra of CSA cement clinker pastes without and with 1wt% LiAl-LDHs: (a) 1d; (b)7d  

Fig.7 shows the FT-IR spectra of the CSAC clinker pastes containing different particle sizes 

of LiAl-LDHs and control pastes at 1 day and 7 days and lists the vibration frequencies 

characteristic of the main products as well. Vibration frequencies characteristic of aluminium 

hydroxide[28] in the form of gibbsite, with free and associated OH bands respectively located 

at 3630 cm−1and 3460 cm−1, were observed on the spectra. Hydration products such as 

ettringite and calcium monosulphoaluminate also exhibit a signal characteristic of OH groups 

at a frequency of 3630 cm−1 , however, they cannot be detected in these pastes due to band 

overlapping in the area. The gibbsite Al–OH stretching vibrations were positioned at 1022 

cm−1 [29,30]. A double band was observed at 1480 cm−1 generated by the [CO3]
2- v3 vibrations 

associated with the presence of calcium monocarboaluminate (
4 11C ACH ) or calcium 

hemicarboaluminate (
4 0.5 12C AC H ) in the pastes. The strong and sharp peak at 1115 cm-1 is due 

to [SO4]
2- vibrations [31,32] as a result of the formation of calcium sulphoaluminate hydrate, 

although the identity of the hydrate, i.e., ettringite or calcium monosulphoaluminate, cannot 

be accurately confirmed[33]. The Si-O stretching vibrations were located at 522 cm-1. Cement 

clinker pastes with and without LiAl-LDHs had the same peak position at the same age 

indicating there were no new phases formed. 
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Fig. 8 XRD patterns of the CSA cement clinker pastes without and with 1wt% LiAl-LDHs:(a) 1d; (b)7d 

The XRD patterns of hydrated sulphoaluminate cement clinker containing LDH-1, LDH-2, 

LDH-3 and control sulphoaluminate cement clinker (without LiAl-LDHs) are given in Fig. 8. 

At 1 day, the hydration products formed were
3 32
.3 .C A CS H , 

3 12
. .C A CS H and 

3 11
.1 2 .1 2 .C A CC CH H . 



Previous research [34,35] was also reported the similar hydration products . Ettringite and 

calcium monosulphate were yielded by the hydration of ye’elimete. The result was also found 

in work of M.J. Sánchez-Herrero [33] who observed ettringite by hydrating a ye'elimite-rich 

clinker in the absence of gypsum. The alumina gel was not observed in XRD spectrum, as it 

could be amorphous. The intensity of unhydrated calcium sulphoaluminate phase decreased 

when incorporating 1% LiAl-LDHs. The smaller the particle size of LiAl-LDHs, the lower the 

intensity of unhydrated calcium sulphoaluminate. The result indicates the addition of 

LiAl-LDHs promoted the hydration of CSAC clinker pastes and the smaller the particle size 

of LiAl-LDHs, the faster the hydration of CSAC clinker pastes.  

As the curing time went up to 7 days, an additional hydration product, CAH10 has formed (Fig. 

8 (b)). The intensity of unhydrated calcium sulphoaluminate phase was the lowest, indicating 

the ability of LDH-1 to accelerate hydration is the best. 

Overall, the XRD results show that the addition of LiAl-LDHs did not facilitate a new phase 

to develop. However, the addition of LiAl-LDHs indeed could accelerate the hydration of 

CSAC clinker pastes, moreover, with the decrease of the particle size, the hydration of CSAC 

clinker pastes was increased. 

3.4.3 TG-DSC  

The TG-DSC curves of hydrated calcium sulphoaluminate cement clinker containing various 

sizes of LiAl-LDHs and control cement clinker are shown in Fig. 9.The DSC curves show the 

existence of endothermic peaks at 110°C, 145°C, 180°C and 270 °C at 1 day (Fig. 9(a)). The 

endothermin peaks at 110°C, 145°C and 180°C are related to the dehydration of the lattice 

water of ettringite, calcium hemicarboaluminate, and calcium monosulphoaluminate 

respectively. The formation of monosulphate hydrate is the result of conversion of ettringite 

because of lacking sulphate. The endothermic peak located at 270°C is mainly due to the 

dehydroxylation of Al(OH)3. As shown in Fig. 9(a), the smaller the particle size of 

LiAl-LDHs, the larger the endothermic peak area. As the amount of hydration products is 

proportional to the endothermic peak area, this result illustrates that the smaller the particle 

size of LiAl-LDHs, the faster the rate of hydration of the pastes. 

The TG-DSC curves at 7 days are shown in Fig. 9(b). Because of the endothermic peak of 

ettringite and CAH10 overlapping, there is no new endothermic peak appeared on DSC curves. 

The above results indicate that the addition of LiAl-LDHs did not facilitate the formation of a 

new phase. 

The TG curve of the CSAC clinker pastes at 1 day is shown in Fig. 9(a). The weight loss of 

the control CSAC clinker paste was 19%, while the weight loss of the CSAC clinker pastes 

with 1wt% LDH-1, LDH-2, LDH-3 was 21.4%, 21.1% and 19.6%, respectively. With the 

decrease of the particle size of LiAl-LDHs, the weight loss of the CSAC clinker pastes was 

increased. Namely, the smaller the particle size of LiAl-LDHs, the faster the hydration of the 

pastes. 

Fig. 9(b) shows the TG curve of the CSAC clinker pastes containing different particle sizes of 

LiAl-LDHs and the control paste at 7 days. The weight loss of CSAC clinker pastes without 

LiAl-LDHs and with 1wt% LDH-1, LDH-2, LDH-3 were 19.7%, 26.5%, 26.6%, 26.7%, 

respectively. 

As the DSC curve of Fig. 9(b) shows, CSAC cement clinker paste incorporating LDH-1 

produced the largest amount of Al(OH)3. According to Eqs. (1) and (2)[36], stoichiometrically 



the formation of 1 mole of Al(OH)3 will consume 0.5mole calcium sulphoaluminate. Thus 

LDH-1 at its smallest size facilitates the hydration of CSAC clinker paste to the largest extent. 

However, the weight loss of the CSAC clinker paste with LDH-1 is not the highest. The 

reason may be that small part of ettringite has converted into calcium monosulphoaluminate. 

Although the conversion cannot benefit the growth of the compressive strength, the 

compressive strength of the CSAC cement clinker paste incorporating LDH-1still was the 

highest, which may be due to a large amount of Al(OH)3 existing. 

 

  4 3 2 6 3 32 32 34 2C A S CSH H C AS H AH                               

(1) 

    4 3 4 12 318 2C A S H C AS H AH                                       

(2) 
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Fig.9 TG-DSC curves of CSA cement clinker pastes without and with LiAl-LDHs of 1% by 

weight:(a)1d; (b)7d  

4 Conclusions 

The following conclusions can be made based on the results of the investigation: 

(1)Three LiAl-LDHs samples with Li+/Al3+ molar ratio of 0.5 denoted by LDH-1, LDH-2 and 

LDH-3 were successfully synthesized by a solvothermal method and the average particle sizes 

of LDH-1, LDH-2 and LDH-3 was about 1.516µm, 2.849µm and 12.057µm, respectively. 

(2) The content and particle size of LiAl-LDHs directly affected the setting time and 

compressive strength of the CSAC clinker pastes. As the dosage of LiAl-LDHs increased, the 

compressive strength of the CSAC clinker pastes at early ages was enhanced and the setting 

time was shortened. The particle size of LiAl-LDHs had little effect on the setting time but 

great influence on the compressive strength of the CSAC clinker pastes. The smaller 

LiAl-LDHs particles resulted in a higher compressive strength. 

(3) The rate of hydration heat and total heat released from CSAC clinker pastes at early ages 

was promoted with the increase of the LiAl-LDHs content. With the decrease of particle size 

of LiAl-LDHs, the rate of hydration heat was accelerated. The addition of LiAl-LDHs 

accelerated the hydration of CSAC clinker pastes at early ages, resulting in the setting time 

being shortened. 



(4) There is no new phase formed when LiAl-LDHs is added into CSAC clinker pastes. 

However, the addition of LiAl-LDHs increased the amount of hydration products, which 

made the structure of CSAC clinker pastes more compact. The smaller particle and higher 

content of LiAl-LDHs resulted in more hydration products, which is the reason why the 

compressive strength of the pastes at 1, 3 and 7 days was increased. 
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Abstract 
Nanosilica (nSiO2) as a cement-based composites additive, exhibits tremendous properties which can positively affect a 
variety of concrete and cement mortar properties such as: compressive, flexural and tensile strength, early strength 
improvement, increase of hydration rate and acceleration of the pozzolanic reaction. The uniform dispersion of 
nanoparticles in the cement matrix is a key issue in their application in the field. Due to high surface area to volume 
ratio of nanosilica particles, the workability of concretes can be highly affected. Overcoming this obstacle is essential 
in the case of nanosilica application in self-compacting concretes (SCC) or heavyweight concretes (HWC). 
Therefore, the influence of three commonly used incorporating methods of nanosilica on the rheological properties and 
microstructure has been examined. The rheological properties (yield stress and plastic viscosity) have been determined 
with use of rotational rheometer. 
Additionally, examined samples were analyzed by a scanning electron microscope (SEM) to investigate the properties 
of microstructure and interfacial transition zone (ITZ) which is considered to act as the "weak link in the chain" when 
compared to the bulk cement paste and the aggregate particles. Thus the lower strength and stiffness of the ITZ 
translate directly into lower strength and stiffness values for concrete as compared to cement paste. 
Studies have shown that the incorporating method of nanosilica can highly affect the rheological properties of cement 
pastes and can contribute to significant changes (especially with the high volume of nSiO2) both of workability and the 
microstructure. Moreover, the analysis of electron microscopy images allowed to reveal the mechanism of the cement 
properties enhancement in the presence of the nanoparticles - densification of the interfacial transition zone (ITZ) 
between the cement paste and aggregate was observed.  
 
Originality 
So far, it was not a point of interest how the application method influenced the rheological properties and 
microstructure of cement composites. Despite a number of publications, there is no comprehensive and systematic 
analysis of the effect of nanosilica incorporating method on the microstructure of cement paste.  
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1. Introduction 
Nanotechnology is a field of science which undoubtedly contributed in recent decades to accelerate 
the development of technology. Concrete technology, due to its very nature, is developing relatively 
slow compared to other sciences, although for several years there is a definite noticeable increase in 
interest in the products modified using nanometric materials. Massive cement production causes huge 
emission of carbon dioxide (CO2) to the atmosphere. Therefore, use of cement in concrete can be 
reduced by use of nanoscale materials. The additive tested by many researchers so far reveals 
tremendous properties is nanosilica (nSiO2), which can positively affect a variety of concrete and 
cement mortar properties. One of the first results were obtained by Hui Li (Li H. et al., 2004a; Li H. et 
al., 2004b). Researchers found out that nanosilica significantly improves the compressive, tensile and 
flexural strength of samples (Beigi M. H. et al., 2013; Givi A. N. et al., 2010; Givi A. N. et al., 2011; 
Li G., 2004; Ltifi M. et al., 2011; Oltlulu M. et al., 2011). Due to its ultrafine size, nanosilica act as 
filler in the empty spaces in the concrete structure thus increasing the mechanical compressive 
strength. Therefore, the finer the particle the more precisely nanosilica fills the empty voids thickening 
the internal structure (Sadrmomtazi A. et al., 2010; Senff L. et al., 2010; Vera-Agullo J. et al., 2010). 
Nanosilica not only acts as a reinforcing filler but also exhibits high-pozzolanic activity (Oltlulu M. et 
al., 2011). It was also reported that nanosilica improves early strength by increasing the level of 
cement hydration (Zhang M. H. et al., 2012b). Due to its characteristics, it has been proposed that 
nSiO2 can be added to cements with high volume fly ash to overcome the side effects of the fly ash, 
which are low early strength, delay of the hydration process and slow increase of the strength 
(Kawashima S. et al., 2013; Zhang M. H. et al., 2012a). A study held by Vera-Agullo (Vera-Agullo J. 
et al., 2010) confirmed the pozzolanic effect and thermo gravimetric analysis showed that the samples 
containing nanosilica had more Calcium silicate hydrate (C-S-H) phase and less portlandite than 
cement paste without the addition of silica nanoparticles. It was found that nanosilica consumes the 
CH therefore increasing the amount of stiff C-S-H within the hydrated cement paste, resulting in an 
improved microstructure. Denser structure results from the improvement of the properties such as 
reduction of water absorption, capillary absorption and penetration of chloride ione (Singh L. P. et al., 
2013; Beigi M. H. et al., 2013). Moreover nSiO2 improves frost resistance and reduces the water 
permeability of hardened concrete (Behfarnia K. et al., 2013). In general, studies show that nanosilica 
causes strength enhancement, refines pore structure, accelerates hydration rate, increase durability and 
reduces the Ca- leaching (Singh L. P. et al., 2013; Vera-Agullo J. et al., 2010). 
Application of nSiO2 in self-compacting concretes (SCC) seems to be much more effective than the 
use of the conventional silica fume. In addition, studies has shown that the presence of nanosilica in 
the concrete can reduce the shrinkage (Jo B-W. et al., 2007; Sanchez F. et al., 2010) although recent 
studies discuss the impact of nSiO2 causing the reduction of shrinkage (Yang H., 2012). 
It is believed that the process which occurs in the case of silica fume can also be referred to the 
nanosilica, but because of the finer size of particle and higher surface area this effect is more 
significant (Singh L. P. et al., 2013). Although nanosilica tend to become more popular and interesting 
to the application, it still has to meet a number of challenges to become a product used on a large scale.  
Uniform dispersion of nanosilica in cement matrix is a key issue to be solved. Due to high surface area 
to volume ratio of nanosilica particles there is a noticeable reduction in liquidity and difficulties in 
achieving a desired blend of workability (Vera-Agullo J. et al., 2010; Kawashima S. et al., 2013). 
Overcoming this obstacle is essential if nanosilica would like to be applied in i.e. SCC. Studies held 
by researchers have shown that generally with the increase of volume of nSiO2 the values of torque 
and yield stress are increasing. It is caused by presence of nSiO2 in the mixture which decreases the 
available amount of lubricating water (Senff L. et al., 2009; Senff L. et al., 2012). Moreover, high 
surface area of nanosilica which increases the water absorption can contribute to the formation of 
"weak zones” in concrete (Singh L. P. et al., 2013) Due to unspecified amounts of additive, ranging 
from 0.25 % even up to 10 %, the major dispersion problem exists (Beigi M. H. et al., 2013; Givi A. N. 
et al., 2011; 2010; Horszczaruk E. et al., 2013; Horszczaruk E. et al., 2014a; Horszczaruk E. et al., 
2014b; Li G., 2004; Sanchez F. et al., Shakhmenko G. et al., 2013). Thus the method of incorporating 



 

nanosilica particles seems to be a very important issue to improve rheological properties of cement 
mortars and concrete. 
This paper reports the effects of three most popular incorporating methods of nanosilica on the 
rheological properties of cement pastes and the microstructure of cement matrix. The aim of the study 
is to present and indicate that the incorporating method has a significant influence on the rheology  
and microstructure of cementitious composites and supposed to be taken in account while applying 
nanomaterial in order to optimize the performance of nanomodified composites. 
2. Materials and Methods 
2.1. Materials and Equipment 
Rapid Hardening Portland Cement (RHPC) type I 42,5R conforming to EN 197-1 was used as 
received.  Its chemical composition is reported in table 1. 

Tab. 1 Chemical composition of portland cement (wt %) 

Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O. K2O Cl- LOSS 
CEM I 
42,5R 

19.5 4.9 2.9 63.3 1.3 2.8 0.1 0.9 0.06 3.5 

Additionally, for cement mortar preparation the fine aggregate sand of 0/2 mm consistent with the PN-
EN 196-1 was used.  
2.2. Synthesis of Silica Nanospheres (nSiO2) 
Synthesis of the silica nanospheres SiO2 was prepared by a modified Stöber sol–gel process 
(Cendrowski K. et al., 2011; Stober W. et al., 1968).  1.5 mL of the tetraethyl orthosilicate (TEOS) 
and 50.0 mL of the ethanol (EtOH) were mixed together in a reactor (round-bottomed flask) and 
refluxed under constant temperature 45°C, associated with magnetic stirring. After receiving and 
maintaining set temperature, 2.5 mL of ammonium (NH3•H2O) was aged for 24 hours. Next the 
suspension was centrifuged at 8,000 rpm for 20 min and the received sediment was washed with 
ethanol and centrifuged again. Further nanomaterials were re-dispersed in the water and evaporated at 
100°C. To characterize the morphology of the silica nanostructures, a high resolution transmission 
electron microscope with a dispersive X-ray spectrometer EDS (FEI Tecnai F20) and scanning 
electron microscope (Tescan Vega 3 and Hitachi SU 8000) were used. The specific surface area 
adsorption was measured by BET isotherm with a Quantachrome Instruments analyzer.  
2.3. Cement Paste Composition and Incorporating Methods 
Six different cement pastes incorporating nanosilica spheres and one reference sample (R) without any 
additives were prepared. Three different silica incorporating methods were used to apply nSiO2 to 
cement paste. Samples designated as N1P and N3P are samples consisting of 1 wt% and 3 wt% of 
nanosilica added as a dry powder to cement. Samples designated as N1W and N3W are samples 
consisting 1 wt%  and 3 wt% of nSiO2 added to cement in the water (previously dispersed and stirred 
for 24h). Samples designated as N1A and N3A are samples consisting 1 wt%  and 3 wt% of nSiO2 
incorporated to cement in the acetone suspension. Briefly, nanosilica spheres were dispersed in the 
acetone and then the suspension was added to cement. Afterwards cement and acetone/nSiO2 
suspension were mechanically mixed until the evaporation of acetone. Incorporating methods are 
presented in figure 1 and summarized in table 2. 



 

 
Figure 1 Schematic presentation of the incorporation methods of nSiO2 to cement. Symbols are related to the 

application method: W – water, P – dry powder A – acetone. 

The first two methods (W, P) are widely used by researchers. The last method (A) is a modified way 
of silica incorporation reported by Li (Li G., 2004). A novel aspect of the method, proposed by authors, 
focused on the proper silica dispersion in acetone. 

Tab. 2 Mixture proportion of nSiO2 particles and method of incorporating (P,W,A indicates application 
method) 

Sample designation nSiO2 particles (%) Incorporating method 
R 0% Reference sample 

N1P 1% Powdered 
N3P 3% Powdered 
N1W 1% Dispersed in water 
N3W 3% Dispersed in water 
N1A 

1% 
Dispersed by evaporation of acetone-cement-

silica suspension 
N3A 

3% 
Dispersed by evaporation of acetone-cement-

silica suspension 

The water to binder (w/b) ratio was fixed to 0.5 to enable reasonable paste workability. No additional 
admixtures and additives have been used in order to determine the influence of nanosilica presence in 
the cement paste. 
2.4. Test Method 
The rotational rheometer Rheotest RN4 with concentric cylinder geometry was used to determine the 
yield stress and the plastic viscosity as defined by Bingham (figure 2).   
Numerous researches (Pedrajas C. et al., 2014; Rößler C. et al., 2008; Senff L. et al., 2009) have 
successfully applied the Bingham equation which defines the flow using two parameters. Ideal 
Bingham materials are an elastic solid at low shear stress values and a Newtonian fluid above a critical 
value called the Bingham yield stress τ0. 
The plastic viscosity region exhibits a linear relationship between shear stress (τ) and shear rate (γ), 
with a constant differential viscosity equal to the plastic viscosity ηpl. The so-called Bingham model 
can be expressed as a:   

τ = τ0 + ηpl ∙ γ        (1) 
The slope of the down-curve (decreasing shear rate) was used to calculate the plastic viscosity, while 
the intercept at zero shear rate was used to calculate the yield stress. The influence of shear rate on the 
rheological behavior of the pastes was examined. The paste was introduced into the cylinder directly 
after 5 minutes of stirring. The rheological measurements were performed at 12, 42, 72 and 102 min 
after the initial water addition. The temperature was fixed at 20 °C with the help of a thermostat. 



 

 
Figure 2 Rotational rheometer Rheotest RN4 with Medingen E20 thermostat. 

To accurately examine samples and compare the rheological properties of cement pastes, every test of 
samples was preceded by pre-shearing at a constant rate of 100 s-1 for 350 seconds, in order to 
homogenize the samples (Ferraris C. F. et al., 2001; Schwartzentruber L. D. A. et al., 2006) and reach 
the equilibrium state (Ferron R. P. et al., 2007). After, pre-shearing samples were left for 5 seconds to 
rest and decelerate cylinder rotation. Afterwards the sample were sheared in 5 steps from 0 to 100 s-1 
for 50 seconds (each step 10 seconds). Finally, the shear rate was decreased in the same way from 100 
to 0 s-1. The slope of the down-curve (decreasing shear rate) as suggested by Senff (Senff L. et al., 
2009) was used to calculate the plastic viscosity. Hence, the intercept at zero shear rate was used to 
calculate the yield stress. Figure 3 presents scheme of conducted test. 

 
Figure 3 Testing procedure (time axis not in the scale). 

3. Results and Discussion 
3.1. Characteristics of Silica Nanospheres 
Nanosilica spheres (nSiO2) with average size of 255 nm (figure 4) and 120 m2/g Blaine fineness were 
obtained. The properties of nSiO2 particles are shown in table 3.   

     
Figure 4 Graphical representation of particle size distribution. 

Transmission electron micrographs (TEM), scanning electron micrograph (SEM) presented in figure 5 
prove the composition of synthesized nanostructure and relatively similar diameter of solid 
nanospheres.  



 

  
a) TEM micrographs                                          b) SEM micrograph 

Figure 5 TEM and SEM micrographs of nSiO2 presenting solid and spherical shape of nanosilica spheres. 
Tab. 3 The properties of nanosilica spheres 

Diameter (nm) Surface volume ratio (m2/g) Purity (%) 
255±20 120 >99.9 

EDS spectrum of nanosilica spheres proves the effectiveness of the synthesis method presented in 
figure 6. Weak signal from nickel and copper comes from TEM grid. 

 
Figure 6 EDS diagram of solid silica nanospheres (nSiO2). 

3.2. Rheology of Fresh Pastes 
The Bingham plastic model has been successfully used to determine the plastic viscosity and the yield 
stress of cement pastes modified with additive of nanosilica (figure 7). The results are summarized in 
table 4. Rheological properties characterized by the Bingham model and their evolution in time are 
presented in the figures 8, 9 and 10. 
Application of nanosilica in dosage of 1 wt% applied directly to cement as a dry powder (method P) 
and incorporated in the acetone (method A) resulted with decrease of yield stress (τ0) compared to the 
reference sample R, while in the case of nanosilica applied in the mixing water, a slight increase of 
yield value was noticed. Regardless of the incorporating method in the samples containing 3 wt% of 
nSiO2, an increase of yield stress was reported. The most significant change of τ0 was observed in the 
sample N3W where the nanosilica was applied in the mixing water (figure 8). 

Tab. 4 Yield stress – τ0 [Pa] and plastic viscosity - ηpl [Pa • s] of cement pastes containing nanosilica 

Time 
[min] 

R N1P N3P N1W N3W N1A N3A 
τ0 ηpl τ0 ηpl τ0 ηpl τ0 ηpl τ0 ηpl τ0 ηpl τ0 ηpl 

t = 12 9.59 0.35 8,19 0,32 12,36 0,30 11.09 0,29 17,30 0,65 5,13 0,25 11,33 0,19 
t = 42 9.73 0.36 8,27 0,32 12,87 0,28 10,50 0,31 18,08 0,64 6,10 0,25 12,43 0,18 
t = 72 9.48 0.40 8,35 0,32 11,72 0,31 10,71 0,30 18,83 0,61 6,17 0,27 12,72 0,21 

t = 102 10.17 0.44 8,84 0,32 11,25 0,32 10,82 0,32 19,93 0,59 7,05 0,28 12,39 0.24 
Growth 
/Decay 

- -             

 



 

 
Figure 7 Shear stress versus shear rate in t = 12 min, 42 min, 72 min, 102 min. 



 

 
Figure 8 Yield stress of nanosilica modified pastes in four different testing times (t = 12 min, 42 min, 

72 min, 102 min). Symbols (A, P, W) indicate the application method. 
Irrespective of the application method in every cement paste containing 1 wt% of nanosilica, the 
decrease of plastic viscosity ηpl was reported (comparing to the reference sample). In the case of 
samples modified with 3 wt% of nSiO2 in samples applied as a dry powder and in the acetone, the 
result was also a diminishing of this parameter. In contrast, sample N3W exhibited significant increase 
of plastic viscosity (figure 9). 

 
 

 
Figure 9 Plastic viscosity of nanosilica modified pastes in four different testing times (t = 12 min, 42 min, 72 

min, 102 min). Symbols (A, P, W) indicate the application method. 



 

The influence of time on the yield stress value was insignificant, however the slight increase of plastic 
viscosity of cement pastes was noticeable, which can be associated with the progress of the cement 
hydration and structural build-up at rest (figure 10). 

 
Figure 10 Influence of different incorporating methods on the time evolution of rheological behavior of the 

cement paste: (a) yield stress; (b) plastic viscosity. 

Only for cement paste N3W (application method W) was the reduction of plastic viscosity ηpl in time 
reported. It can be concluded from three tested incorporating routes, that the most affective is the 
method W where nanosilica is dispersed in mixing water. In the case of applying nanosilica to the 
cement in quantities of 3 wt%, the character of rheological properties is divergent and both parameters 
of plastic viscosity and yield stress are changing differently in time than in the case of the other two 
tested methods and the reference sample. Determination of consistence of fresh mortars by flow table 
(in accordance with EN 1015-3) shows that, with increase of nSiO2 content, the consistency of cement 
mortars tend to decrease (data not presented here). In small quantities of additive such as 1 wt% the 
change is insignificant (Horszczaruk E. et al., 2013) This phenomenon can be linked with 
simultaneous increase of air content caused by presence of nSiO2 (increase of fluidity) and high 
surface area to volume ratio (reduction of liquidity) which results in overcoming the impact of nSiO2 
(Senff L. et al., 2009). Only in the case of application of nanosilica in acetone is there significant 
enhancement of liquidity which is a result of high increase of air content caused by both presence of 
nSiO2 and acetone (Horszczaruk E. et al., 2013b). In samples containing 3 wt% of nSiO2, the 
application method had a significant effect on the rheological properties of the tested pastes. It can be 
presumed that further increase of nanosilica additive in the cement paste will contribute to major 
changes in the rheological properties of cement pastes. Therefore with the increased amount of nSiO2 
additive, use of superplasticizers seems to be necessary (Stefanidou M. et al., 2012) in order to 
deflocculate the cement paste and to increase the amount of free water in the mixture. It will allow to 
optimize the rheological parameters and can contribute to diminish the possibility of creation of so-



 

called “weak zones” containing agglomerates of non dispersed nanosilica, especially while applying 
nanosilica in mixing water – method W (samples N1W, N3W) (Horszczaruk E. et al., 2013a). 
3.2. Scanning Electron Microscope (SEM) Analysis 
Cement mortars (prepared conforming to EN 196-1) containing nanosilica applied in different 
incorporating methods have been analyzed with use of scanning electron microscope Tescan Vega 3. 
Figures 11 and 12 representing the microstructure of cement mortars modified with nanosilica 
incorporated in mixing water and acetone suspension (respectively). It can be noticed that with the 
increase of nanosilica content there is a noticeable growth of air voids in the cement matrix. It is 
caused directly by the presence of nanosilica which increases the air content in fresh mortars (Senff L. 
et al., 2009; Horszczaruk E. et al., 2014b).  

 
Figure 11 Microstructure of cement mortars modified with nanosilica in the mixing water (R – reference sample, 

N1W and N3W – samples containing 1 % and 3% of nSiO2) 

 
Figure 12 Microstructure of cement mortars modified with nanosilica in the acetone suspension (R – reference 

sample, N1A and N3A – samples containing 1 % and 3% of nSiO2) 
 

Moreover, in case of incorporating nSiO2 with the use of popular method (in the mixing water) with 
extended content of nSiO2 (3 wt%) problems with uniform densification of the cement paste especially 
around the finer aggregate particles exist. Partially,  this phenomenon can be associated with the high 
water demand of nSiO2 particles (effect of high surface area), which absorb the water during the time 
of mixing and sonicating nanoparticles. Therefore, less free water is avalaible to provide sufficient 
workability of cement mortar. In case of incorporating nanosilica as a dry powder same phenomenon 
is noticeable.  
In normal cement grains, initial hydration usually take place on the grain sufrace alone. While the 
process of hydration is ongoing the cement grains are consumed resulting in growth of hydration 
products which are deposited on the surface of grains. Due to packed hydration products and the time 
hydration process occuring the ionic transfer between the unhydrated cement particle and the 
surrounding solution limits cement hydration and generation of a dense C–S–H structure. The 
presence of nanosilica in the cement matrix has a significant influence on the processes occurring 
during the hydration. Because of its pozzolanic activity it contributes to form C-S-H seeds on its 



 

surface. In case of low amount of nSiO2 the formation of C-S-H seeds is not significant and still most 
of hydration still takes place on the surface of the cement particles. Hence, the porosity of the 
hardened cement matrix is still relatively large (figure 13). 
While the amount nanosilica is too high there is sufficient amount of C-S-H seeds formed to enable 
the hydration products grow and results in densification of C-S-H but at the same time the viscosity 
problems occurs which can lead to entrapment of air into the cementitious system (Yu R. et al., 2014).. 
Application of nanosilica spheres with use of acetone suspension method (figure 12) can contribute to 
unfirom dispersion of higher quantity of nanomaterial (Horszczaruk E. et al., 2014b), although it 
increases additionally the air content in fresh mortar. The reason behind it are difficulties with 
complete removal of acetone, due to formation of low evaporable compounds as a results of aldol 
condensation, which influence on pore structure in the cement paste (Taylor H. F. W., 1997).  
Therefore, the optimialization of application method and quantity seem to be very imporant factor to 
be concerned while designing nanosilica modified composites in order to balance the positive effect of 
the nucleation and the negative influence of the entrapped air.    

 
Figure 13 Microstructure of interfacial transition zone (ITZ) in cement mortars modified with nanosilica 

incorporated as a dry powder (R – reference sample, N1P and N3P – samples containing 1 % and 3% of nSiO2) 
4. Conclusions 
An experimental investigation of the influence of application methods of nanosilica additive on the 
rheological properties of cement pastes was presented. Based on the results presented in the report, the 
following conclusions can be drawn: 
The application method of nanosilica has a significant impact on the rheological properties of cement 
pastes, especially with the increase in content of nSiO2, 
The highest impact on the rheological properties (yield stress and plastic viscosity) of cement pastes 
exhibited the method where nSiO2 was applied in the mixing water. In case of this method (3 wt% 
content of nSiO2) the evolution of yield stress and plastic viscosity is different than in the other 
samples and reference one, 
Even though the application of nanosilica in the mixing water is a popular method employed by many 
researchers, it tends to be less effective and can contribute to undesirable changes in the rheological 
properties of cement composites. Moreover, non-uniformly dispersed nanosilica particles may 
contribute to the creation of weak zones and result in decrease of the final mechanical properties of the 
cement mortars. 
Application method has significant impact on the microstructure of cement matrix and can contribute 
to create non-uniform structure of cement paste. 
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Abstract 

Polycarboxylate superplasticizer disperse cement particles mainly by steric hindrance effect. To 

investigate whether sulfate effect the dispersion capability of cement paste by weaken its steric 

hindrance effect, the paper determinate the effect of sulfate on the adsorption layer thickness of 

superplasticizers of different molecule weight on cement particles by X-ray photoelectron 

spectroscopy. By using fluorescence spectrum, the conformation change of superplasticizer in 

sulfate aqueous was studied. The result indicated that sulfates effect the dispersion of cement paste, 

and Na2SO4 has more negative effects on cement paste dispersion than CaSO4·2H2O. 

Superplasticizers with larger molecule weight are more sensitive to sulfates. Sulfate greatly reduce 

the adsorption layer thickness of polycarboxylate superplasticizer. However, effect of sulfates on 

the conformation of superplasticizer in aqueous is not significant. 

Keywords: Polycarboxylate superplasticizer; Sulfate; Adsorption layer thickness; Conformation 

change 

1. Introduction 

Besides the mechanism of electrostatic repulsion, Polycarboxylate Superplasticizer with comb-

shaped molecule structure disperse cement particles by means of the steric hindrance from long side 

chain, which is different from Naphthalene series water reducing agent’s electrostatic repulsion 

mechanism [1]. Polycarboxylate superplasticizer allows the production of highly flowable concrete 
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and able to control slump loss of concrete. They reduce the water to cement ratio of concrete which 

improve pore structure of concrete, thus result in concrete with excellent mechanical properties and 

durability. Polycarboxylate superplasticizer also provides technical support toward development of 

high-performance concrete. However, sulfate of cement, composite materials may cause 

incompatibility between Polycarboxylate Superplasticizer and concrete constituents, which have 

negative effect on the performance of Superplasticizer. 

The mechanism for the incompatibility caused by sulfates has been studied in recent years in 

order to control the fluidity of concrete containing superplasticizer. K.Yamada etc.[2] believed 

polymer adsorption was shown to be very sensitive to the concentration of sulfate ions as a 

consequence of their competitive adsorption. The initial rheology of the cement paste added by 

Superplasticizer is dramatically affected in the presence of high sulfate ion concentrations. By 

determinate the root mean square (RMS) radius of superplasticizer in the presence of distilled water 

and sulfate solutions, E.Sakai etc.[3] discovered that the RMS radius in the sulfate solution is much 

smaller than that in distilled water, therefore, they indicated the ion strength increases as the 

concentration of sulfates go up is the fundamental reason for the smaller RMS radius, the decrease 

of RMS radius of superplasticizer is responsible for the poor dispersion of cement paste. The reason 

why these two perspectives are quiet different is because there is no universally accepted 

parameters and characterization methods to research superplasticizer’s steric hindrance effect. The 

steric hindrance effect of superplasticizer is mainly determined by the adsorption layer thickness 

and the stretching degree of branch chains, which is called space conformation as well. The 

adsorption layer thickness refers to the average thickness of the polymer chains in the adsorption 

layer while space conformation is a form of expression that make function in a particular 

environment. At present, most of the research on steric effect of polycarboxylate superplasticizer 

are limited to the theoretical analysis and computer simulations, how sulfate influence the steric 

hindrance of superplasticizer are rarely reported. 
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Polycarboxylate superplasticizer exists in “cement-water-superplasticizer” system in the form of 

adsorbed state or dispersed state. It is generally believed that the absorbed superplasticizer disperse 

cement particles by its steric effect. The dispersed superplasticizers not only maintain dynamic 

balance between solution and adsorption layer, but also supply superplasticizer consumed by 

cement hydration and inter-layered adsorption which give system a good dispersion stability. 

Different methods are used for the characterization of adsorption layer thickness: X-ray 

Photoelectron Spectroscopy [4], Auger Electronic Spectrum [5], Atomic Force Microscope [6], ect. 

Different instruments are used to chacterize steric effect,including dynamic/static light scattering 

instrument [7], fluorescence spectrum [8], single-molecule force spectroscopy [9], ect. As a 

common surface analytical instrument, X-ray Photoelectron Spectroscopy (XPS) is widely used in 

materials science research. Intensity of spectral line in the energy spectra pictures (that is the area of 

photoelectron peak) tells atom content or relative concentration, the chemical shift of inner electron 

binding energy suggests chemical bond and charge distribution. Fluorescence spectra provide 

excitation and emission spectra, the intensity and position of peaks reflects changes in the 

microenvironment of the polycarboxylate superplasticizers. Pyrene marked on the polycarboxylate 

superplasticizer as a fluorescent probe, since superplasticizers possess characters of soft matter, it is 

easily affected by ionic strength, pH, concentration, etc. Determinating excitation and emission 

spectra give access to the aggregation behavior and micro conformational changes of 

superplasticizers [10]. The paper studied the effect of sulfate on the layer thickness of absorbed 

superplasticizer on cement particles by X-ray Photoelectron Spectroscopy, with the help of 

Fluorescence Spectra, how sulfates effect the conformation of superplasticizer in liquid phase was 

discussed. Intend to reveal the mechanism of sulfate on compatibility of polycarboxylate 

superplasticizer and cement by testing the change of adsorption layer thickness and polymer 

conformation. 

2. Experimental section 

2.1. Materials 
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The cement used was commercially available ordinary Portland cement (P.O.42.5R) in China. The 

cement characters are shown in Table 1. Five kinds of PC used were specially synthesized for the 

experiment. The main component was co-polymer of methacrylate containing different length of 

poly (ethyleneoxide) (PEO) graft chain. The characters of superplasticizers are shown in Table 2. 

Other chemical reagents: CaSO4·2H2O, Na2SO4 (analytical grade) and pyrene (purity > 99.0 %). 

2.2. Methods 

2.2.1. Fluidity of cement paste 

The fluidity of cement paste was tested according to <Methods for testing uniformity of concrete 

admixture> (GB 8077-2000). The cement paste was mixed at a water/cement ratio (w/c) of 0.29 

with the superplasticizer dosage of 0.2mass%. The sulfate added to the cement paste. 

2.2.2. Determination of adsorption layer thickness of superplasticizers 

The adsorption layer thickness of superplasticizer was determined by means of a X-ray 

Photoelectron Spectroscopy (XSAM800). An amount of 100 g of solution containing 0.15 g 

superplasticizer and 1.5 g of cement were mixed by a magnetic stirrer for 2 h at 25 °C. The sample 

was separated by using a suction filter, dried the filter cake and pressed into powder. Parameter 

settings: Al Kαwas featured as excitation source, the photoelectron energy is 1486.8 eV, full 

spectrum scan range from 0-600eV. 

The principle of the test was based on reference 4, the adsorption layer thickness of superplasticizer 

on cement particles is calculated by the photoelectron peak integral area of Si2p before and after 

adsorption. 

2.2.3. Determination of conformation of superplasticizers 

Weighed pyrene 10.18 mg accurately, dissolved in methanol, then transferred the solution into a 

100ml flask. Injection 10 μL of pyrene-methanol solution into a 5 ml of volumetric flask by 

microliter syringe. Add superplasticizer of certain concentration after the evaporation of methanol. 

For the sake of fully dispersed and dissolved of pyrene, volumetric flasks were placed in an 

ultrasonic bath, ultrasonic vibration for 10 min. In this case, the concentration of pyrene is 10-6 mol 
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/L magnitude, put them aside for later use. The emission spectra and excitation spectra were 

scanned by Fluorescence Spectra (RF-5301PC, Shimadzu Corporation). Parameter settings: (1) 

Emission spectra: excitation wavelength: 335 nm; scan range: 350-550 nm; excitation slit width: 3 

nm; scan speed: super. (2) Excitation spectra: excitation wavelength: 373 nm; scan range: 300-360 

nm; excitation slit width: 3 nm; scan speed: super. Temperature: 25 °C. 

The principle of the test was based on reference 8.The intensity ratio (I1/I3) of the first vibrational 

band (I1 = 373 nm) and the third vibrational band (I1 = 384 nm) of pyrene in emission spectra is 

closely related to its micro-environment, I1/I3 goes up as the chain of superplasticizer stretches, on 

the contrary, it goes down as the conformation collapses.  

3. Results and discussion 

3.1. Effect of sulfate on dispersibility of polycarboxylate superplasticizer 

The effect of sulfate on fluidity of cement paste with superplasticizer tells the effect of sulfate on 

dispersibility of polycarboxylate superplasticizer from the macroscopic way. From Figs.1 and 2, 

without the addition of sulfate, superplasticizer with larger side chain molecule weight exhibits 

better fluidity than that of superplasticizer with smaller side chain molecule weight. This is because 

superplasticizer with larger side chain molecular weight shows a stronger steric effect. The fluidity 

of PC-2400 shows the most significant decrease as the dosage of Na2SO4 increases, that is to say, 

superplasticizer with longer side chains are more sensitive to sulfate which is in consistent with 

Flatt’s perspectives. Na2SO4 had more significant negative effects on dispersibility of PC than 

insoluble CaSO4·2H2O. The fluidity of cement paste decreases significantly as the concentration of 

Na2SO4 goes up, however, the addition of CaSO4·2H2O also reduce the fluidity of paste, but not 

that obvious. It is hard to say whether the reason for the fluidity decrease dues to the dissolution of 

Na2SO4 into Na+ and SO4
2- in distilled water that increases ionic strength of the system, causing 

conformation change of superplasticizer and the decrease of adsorption layer thickness of 

superplasticizer on cement particles which result in poor dispersion ability. Due to the low 

solubility of CaSO4·2H2O, the ionic strength did not change a lot, result in little change in steric 
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conformation of superplasticizer and its adsorption layer thickness. Two aspects will be  discussed 

in the following part, one is adsorption layer thickness, the other one is steric conformation of 

superplasticizer. 

3.2. Effect of sulfate on adsorption layer thickness of polycarboxylate superplasticizer 

Before and after adsorption of superplasticizers on surface of cement particles, full spectrum 

and Si2p spectrum of cement with adsorption of 1.5 g/L PC-800, PC-1200, PC-1600, PC-2000, PC-

2400 were determinated by XPS, results are shown in Figs.3 and 4. The adsorption layer thickness 

of superplasticizer with different side chain molecule weight on the surface of cement particles was 

calculated by the Si2p peak area before and after the adsorption. The adsorption layer thickness 

increases as the side chain molecular weight of superplasticizer increases. That is to say 

superplasticizers with larger side chain molecular weight shows stronger steric hindrance effect, 

which is in line with the experimental results of the fluidity of cement paste. 

As is shown in Figs.5 and 6, the full spectrum and Si2p spectrum of cement with adsorption of 

1.5 g/L and 3 g/L PC-2400 were determinated by XPS respectively. It can be seen, the peak area of 

C1s goes up as concentration of superplasticizer increases. As a polymer, the carbon content 

increases with the adsorption of superplasticizer. The detected Si peak and Ca peak of cement with 

adsorbed superplasticizer is the result of excitation of Si atom and Ca atom under the adsorption 

layer. It can be seen the intensity of Si2p and Ca2p reduced to varying degrees after get through the 

adsorption layer of PC-2400. The position of Si2p emerged with 0.3eV of chemical shift with 

superplasticizer, which indicates the chemical adsorption between cement and PC-2400. The result 

of adsorption layer thickness of PC-2400 of different concentration on cement particles can be 

calculated by integrating the peak area of Si2p before and after adsorption, as is shown in table 4. 

The adsorption layer thickness of PC-2400 increases with concentration and exhibits stronger steric 

hindrance effect, gives fluidity of cement paste, which is consistent with the results of fluidity of 

cement paste. 
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In order to have insight into the effect of sulfate on adsorption layer thickness of cement, the full 

spectra and Si2p spectra of cement particles with 1.5 g/L PC-2400 in the presence of CaSO4·2H2O 

and Na2SO4 ware determinated by XPS. It is not difficult to discover that sulfate did not destroy the 

behavior of chemical adsorption between cement particles and PC-2400 from Figs.7 and 8. Effect of 

sulfate on the adsorption layer thickness of PC-2400 on cement particles were calculated by the 

differences between integrated Si2p area before and after adsorption, the result are shown in table 5. 

Sulfates weaken the steric effect of the PC-2400, the adsorption layer reduced with the 

concentration of sulfate increases. Competitive adsorption between sulfate and PC-2400 on cement 

surface also plays a role in reducing the adsorption layer thickness. Results also suggests 

CaSO4·2H2O has stronger influence on adsorption layer thickness than Na2SO4, which cannot 

account for the fluidity result. One possible explanation is that adsorption layer thickness (steric 

hindrance effect) is just one of the reasons which affect the system dispersibility, other mechanisms 

to be discussed. 

3.3. Effect of sulfate on conformation of polycarboxylate superplasticizer 

The fluorescence intensity of excitation and emission spectra of PC-800, PC-1600 and PC-

2400 were measured (Figs.9-11). The fluorescence intensity increases gradually with the increasing 

concentration of superplasticizer illustrates that the environment of pyrene changes and a certain 

degree of aggregation with superplasticizer take place. The figures also shows with the increasing 

concentration of superplasticizer, the maximum absorption peak appeared redshift, this further 

indicates that the concentration affect the conformation of superplasticizer in solution. 

In the presence of different concentration of CaSO4·2H2O and Na2SO4, pyrene’s excitation 

spectra and emission spectra in 2 g/L superplasticizer were discussed. Read out the intensity of the 

first and the third vibration band from the excitation spectrum, work out the value of I1/I3, as shown 

in Figs.12-14. 

As the dosage of CaSO4·2H2O increases, the I1/I3 of pyrene show slightly decrease; as the 

dosage of Na2SO4 increases, the I1/I3 of pyrene show a relatively obvious decrease than that of 
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CaSO4·2H2O. However, generally speaking, the reduced amplitude is not large, that is to say sulfate 

(ionic strength) have little effect on the conformation of superplasticizer. The conclusion is 

inconsistent with E.Sakai who thinks the addition of sulfate increases the ionic strength of the 

system that collapsed the conformation of superplasticizer, and lowers the steric effect as 

consequence. It is worth mention that I1/I3 of pyrene has a more significant influence than that of 

PC-1600 and PC-800, this is because the micro-structures and chain conformation of the long side-

chain superplasticizer are more sensitive to sulfate, which is consistent with macro dispersible. 

Sulfates obviously reduce the adsorption layer thickness of superplasticizer, while the 

conformation of superplasticizer did not changes a lot. This is because the adsorption of polymer on 

the surface of material is the foundation of the adsorption layer thickness. The result is not only 

related to the distribution of superplasticizer in solution and surface of cement particles, but also 

relate to the competition of cement surface of solution and polymer. However, the conformation of 

superplasticizer is determinated in aqueous, the lack of solid interface makes the impacting factors 

less. 

4. Conclusions 

For polycarboxylate superplasticizers of the same main chain structure, superplasticizers with 

larger side chain molecule weight express better dispersion effect on cement paste. Sulfates effect 

the dispersion of cement paste, and Na2SO4 has more negative effects on cement paste dispersion 

than CaSO4·2H2O. 

The adsorption layer thickness of superplasticizer goes up with the increase of molecule weight 

and concentration. Sulfates greatly reduce the thickness of the adsorbed layer of superplasticizer, 

the fact that CaSO4·2H2O has more negative effects on adsorption layer thickness than 

CaSO4·2H2O indicates that adsorption layer thickness is not the factor that control the fluidity of 

cement paste.  
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The conformation of superplasticizer shows a certain degree of aggregation as concentration of 

superplasticizer increases. Sulfates have a certain effect on the conformation of superplasticizer, but 

not significantly.  

Dispersion and steric conformation of superplasticizers with larger molecule weight are more 

sensitive to sulfates. 
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Figures and Captions 

Fig. 1. Effect of on Na2SO4 fluidity of cement paste with superplasticizer. 

Fig. 2. Effect of on CaSO4·2H2O fluidity of cement paste with superplasticizer. 

Fig. 3. Change of XPS peak strength with etched depth (different molecule weight of side chain). 

Fig. 4. Change of XPS peak strength of Si2p with etched depth (different molecule weight of side 

chain). 

Fig. 5. Change of XPS peak strength with etched depth (different concentration of PC-2400). 

Fig. 6. Change of XPS peak strength of Si2p with etched depth (different concentration of PC-

2400). 

Fig. 7. Change of XPS peak strength with etched depth (different concentration and type of sulfate). 

Fig. 8. Change of XPS peak strength of Si2p with etched depth (different concentration and type of 

sulfate). 

Fig. 9. Effect of concentration of PC-2400 on (a) excitation spectra and (b) emission spectra of 

pyrene. 

Fig. 10. Effect of concentration of PC-1600 on (a) excitation spectra and (b) emission spectra of 

pyrene. 

Fig. 11. Effect of concentration of PC-800 on (a) excitation spectra and (b) emission spectra of 

pyrene. 

Fig. 12. Effect of sulfate on I1/I3 of pyrene (2g/L PC-2400). 

Fig. 13. Effect of sulfate on I1/I3 of pyrene (2g/L PC-1600). 

Fig. 14. Effect of sulfate on I1/I3 of pyrene (2g/L PC-800). 

Table 1 Table 1  Chemical composition of cement. 

Table 2 Properties of superplasticizers. 

Table 3 Adsorption layer thickness of 1.5 g/L superplasticizers of different molecule structure on 

cement particles. 

Table 4 Adsorption layer thickness of PC-2400 of different concentration on cement particles. 
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Table 5 The adsorption layer thickness of 1.5 g/L superplasticizer on the surface of cement particles 

in the presence of sulfate. 
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 

600 500 400 300 200 100 0 -100

Binding energy (eV)

Control

5g/L Na2SO4

10g/L Na2SO4

Without sulfate

5g/L CaSO4· 2H2O

10g/L CaSO4· 2H2O

O1s

Ca2s
Ca2p

C1s

Si2s Si2p

 



 

- 20 - 

Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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Fig. 11. 
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Fig. 12. 
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Fig. 13. 
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Fig. 14. 
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Table 1  

Mass fraction w/% 

SiO2 SO3 Fe2O3 Al2O3 CaO MgO Loss 

21.20 2.26 3.46 5.55 63.68 0.89 1.24 
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Table 2  

Type Name of superplasticizer Solid content% 

Polycarboxylate-type 
superplasticizer 

PC-800 48.68% 

PC-1200 49.36% 

PC-1600 50.10% 

PC-2000 49.59% 

PC-2400 50.14% 
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Table 3  

Type of superplasticizer Adsorption layer thickness (nm) 

PC-800 2.947 

PC-1200 5.025 

PC-1600 5.498 

PC-2000 6.347 

PC-2400 7.572 
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Table 4  

Concentration of superplasticizer (g/L) Adsorption layer thickness (nm) 

1.5 7.57 

3 10.26 
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Table 5  

Concentration of sulfate（g/L） Adsorption layer thickness (nm) 

Without sulfate 7.57 

5g/L Na2SO4 4.49 

10g/L Na2SO4 4.05 

5g/LCaSO4·2H2O 3.83 

10g/LCaSO4·2H2O 2.43 
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Abstract 
As for modern high performance precast concrete, the use of early strength water-reducers is the main 
method to improve the early strength, shorten the steam curing time, speed up the turnover rate, reduce 
the amount of cement and improve economic efficiency. Early-strength water-reducers BTC300 with 
sulfonic acid groups and amide groups which is synthesized at room temperature has some significant 
functions such as high water reduction rate, and can also significantly improve hydration rate. 
Compressive strength of C40 precast concrete with water-reducers BTC300 can reach 56% of Design 
strength after 1d standard curing. The compressive strength of C50 grade precast concrete segments 

can reach 60% of the design strength after 12h steam curing at 40 ℃, and after 8h Steam curing at 

60 ℃,it can reach 74 % of design strength, which shows a significantly performance of earlier 
strength. 
 
Originality 
In this study, the theory is based on the more sufficient reaction of polycarboxylate water reducers 
under the conditions of catalyst at room temperature, by using early strength water-reducers with more 
active ingredients, synthesized at normal temperature to prepare high early strength C40 ~ C50 
concrete, and the actual water reducing rate can reach more than 40%. The concrete components have 
a more lower water-cement ratio and significantly improves the early strength. 
 
Keywords: precast concrete; early strengthen; water-reducers; steam curing 
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1. Introduction 
Recent years, our country enjoy a rapid development of urban railway construction, there 

are nearly 50 cities in china reach the index of subway construction. Shield method is the main 

mean of subway tunnel constructing project, and as the most important structure of subway tunnel 

shield lining, the property of concrete segments has decisive influence on engineering quality and 

service life. With the rapid development of subway construction, requirements on production 

efficiency, quality and quantity of concrete segments improve greatly. In order to improve early 

strength of precast concrete, speed the turnover rate of templates and reduce steam curing time, 

methods to improve the early strength of concrete would be to raise the amount of cement and 

cement strength class, or use special early strength cement, or add early strengthening admixture, 

or use steam curing, or even use microwave conservation. Although to raise the amount of cement 

and cement strength class and to use special early strength cement can improve the early strength 

of concrete, it might not be good for improvement of volume stability and durability of concrete. 

As raising the amount of cement increasing the economic costs, which is not the true sense of 

sustainable development of high performance concrete. The early strength admixture such as 

traditional inorganic salts can greatly influence the development of late strength of concrete, and it 

has high content of Cl- or alkali, which is not good for Durability of concrete. Steam curing and 

microwave conservation can also improve the early strength of concrete, but it is not conductive to 

saving and environmental protection requirements and concrete durability, it can also enhance 

concrete internal defects. To solve the problem above, ultra-early strength water-reducers with 

early strength, significant enhancements, large water reduction, and significant plasticizing effect 

is needed. 

Foreign company has specifically researched and developed many different kinds of early 

strengthening composite products, such as Rheobuild3000FC、ViscoCrete20HE、ADVA1050, 

which are specifically for precast concrete, and have achieved good results. It significantly 

reduces the time of steam curing and it also makes possible to cancel the steam curing. Many 

studies in domestic on early strengthening water-reducerss have not reached the ideal result, 

methods of compounding using ordinary water-reducerss only have a limited effect. In this study, 

the theory is based on the more sufficient reaction of polycarboxylate water reducers under the 

conditions of catalyst at room temperature, by using early strength water-reducers with more 

active ingredients, synthesized at normal temperature to prepare high early strength C40 ~ C50 

concrete, and the actual water reducing rate can reach more than 40%. The concrete components 

have a more lower water-cement ratio and significantly improves the early strength. 

2. Materials and methods 

2.1 Materials 

2.1.1 Materials of synthesizing the early-strength type water-reducers BTC300 

The macro monomers in synthesis raw materials are methyl acrylic base polyethylene glycol 

2400 and isopentenyl polyethylene glycol 2400, both of which have purity 90%above; small 

monomers are polymerization grade acrylic, sulfonate methyl allyl and acryl amide etc; Initiator is 

27% hydrogen peroxide solution, catalyst is ascorbic acid, chain transfer agent is β

-mercaptopropionic acid, pH regulator is triethanolamine, the water is deionized water.  

2.1.2 Materials of C40 concrete  

Cement is Lima P.O42.5 ordinary Portland cement; stones are 5 mm~20 mm gravels with 

smaller particle size and good grain shape whose mud content is less than 1%, needle and flake 



 

shaped content is less than 5%; the sand is one of the natural sand in second district which’s mud 

content be less than 2%; mineral admixtures are fly ash of level I and slag powder of S95; 

chemical admixture is the early-strengthening type polycarboxylate water-reducers, they are 

BTC100, BTC300, the commercial one of domestic Early PC-1 and the commercial one of foreign 

Early PC-2. 

2.2Methods 

2.2.1 Synthesis of early-strength type water-reducers 

Put methyl acrylic base polyethylene glycol 2400, isopentenyl polyethylene glycol 2400 and 

water at mass ratio of 1:1:1 into the 3-litre glass reactor to heat and mix, then add the hydrogen 

peroxide solution of 27%. Use polymerization grade acrylic, sulfonate methyl allyl, acryl amide 

and water etc. to prepare small-monomer solution A of about 30％, and use moderate ascorbic 

acid, β-mercaptopropionic acid and water to prepare catalyst solution B of about 1％.When 

solution in reaction vessel is slowly heated up and stable at 63±2℃, Drip solutions A and B at the 

same time, uniformly drip solutions off at about 2-2.5 hours, then cool mixed solution after 

0.5-1.0-hour aging, use 30% triethanolamine solution to neutralize mixed solution. By diluting the 

solution, early-strengthening type water-reducers BTC300 of 50% can be prepared. 

2.2.3 Tests of C40 concrete with polycarboxylate water-reducers 

The application tests of concrete with polycarboxylate water-reducers are in accordance with 

"GB50081-2002 ordinary concrete mechanical properties test methods”. Mixed concrete 

admixtures performance test is in accordance with “GB8076-2008 concrete admixtures' conduct. 

Water-reducers Content is the percentage of water-reducers solid as the total cementitious material. 

C40 grade concrete has water-cement ratio of 0.39, slumps of each set of concrete are 200-230mm, 

and Sand ratio is 40% sand. Mixing ratio is with Table 1. 

(1) Each set of tests is mixed with water-reducers of BTC100, BTC300, Early PC-1 and Early 

PC-2. The average compressive strengths of concrete at 1 day, 2 days, 3 days and 28 days are 

tested under standard curing conditions. The mixture ratio of C40 precast concrete is showed 

in Table 1. 

Table 1 C40 precast concrete unilateral material consumption (kg) 

Type Cement Coal ash Ore powder water Sand Pebble 

amount 287 41 82 160 740 1110 

2.2.3 The properties of C40 concretes 

The results of C40 concrete mixed with water-reducers is shown in Table 2. 

Table 2 results of C40 precast concrete  

Number Water-reducers 
Content 

(%) 

Slump 

(mm) 

Compressive strength 

(MPa) 

1d 3d 7d 28d 

1 Early PC-1 0.40 220 21.0 35.4 47.4 62.1 

2 BTC100 0.18 215 21.5 39.4 47.5 63.4. 

3 BTC300 0.19 215 22.4 38.7 53.9 74.5 

4 Early PC-2 0.22 200 20.8 36.1 48.3 68.4 

As table 1 shows that 1d strength of precast concrete mixed with BTC300 at a solid content 

of 0.19%. under standard curing conditions is 22.4Mpa, 28d strength is 74.5Mpa, which reaches 

56% and 187 % of design strength respectively. Compared with other products with the same 



 

content, the good effect early strength performance of water-reducer BTC300 is most obvious. 

3. Performances of C50 grade precast concrete segments  

3.1 Materials and mix proportion of precast concrete segments 
Cement is Lima P.O42.5 ordinary Portland cement; stones are 5 mm~20 mm gravels with 

smaller particle size and good grain shape whose mud content is less than 1% and needle and flake 

shaped content is less than 5%; sand is Natural sand in Second District whose mud content is less 

than 2%; admixtures are I level fly ash and S95 slag powder; admixture is early-strength type 

water-reducers, they are BTC100, BTC300, Early PC-1 of Yonyang and Early PC-2 of Subo. 

Precast segment should have high precision demand, and the segment must have a high 

precision to ensure smooth splice underground, and have smooth lines overall and smooth 

appearance, but not color aberration and honeycomb surface. The design strength grade of precast 

concrete segments is C50, and it need to be smooth finished within 10 ~ 20 min, which requires 

high early strength of concrete. Slump of precast segment concrete should not loss easily, so that it 

is easy to pouring and the viscosity is not too large without segregation bleeding. Precast concrete 

segment should have higher durability, higher permeability resistance and higher erosion 

resistance. C50 grade concrete has water-cement ratio of 0.32, slumps of each set of concrete are 

200-230mm, and Sand ratio is 36% sand. Mixing ratio is with Table 3. 

Table 3 C50 grade precast concrete segments unilateral material consumption (kg) 

Type Cement fly ash  slag powders water Sand stone 

amount 326 77 50 145 656 1166 

3.2 Advantages of BTC300 applied in precast concrete segments  
Each set of tests is mixed with BTC100, BTC300, Yonyang and Subo water-reducers, and 

the average compressive strength of concrete at 1day and 28 days are tested under standard curing 

conditions. Comparative strength might be increasing under steam curing condition if under 40℃ 

steam curing for 6h, 8h, 12h, and the 4h, 6h, 8h average compressive strengths under 60℃ steam 

curing are listed in table 4. 

Table 4 The result of property tests of C50 concrete 

Water-re

ducers 

Conten

t (%) 

Slump 

(mm) 

40 ℃ steam curing 

strength (MPa) 

60 ℃ steam curing 

strength (MPa) 

Standard curing 

strength（Mpa） 

6h 8h 12h 4h 6h 8h 1d 28d 

Yonyang 0.25 160 14.7 17.6 24.6 11.5 23.7 29.2 19.1 78.3 

Subo 0.24 220 15.6 22.0 30.5 14.1 28.0 36.5 24.7 81.6 

BTC100 0.21 220 14.6 18.8 27.3 13.2 26.2 35.4 23.5 80.2 

BTC300 0.20 220 16.1 22.7 30.8 15.4 27.8 37.1 25.8 83.7 

The results showed that the early strengthening water-reducers BTC300 was synthesized at 

normal temperature introducing sulfonic acid group and amide group. the theoretical reason is 

based on the more sufficient reaction of water-reducers under the conditions of catalyst at room 

temperature, due more active ingredients exist, and the actual water reducing rate can reach more 

than 40%. Its basis relies on absorbability provided by carboxylic groups at optimum ratio, and 

powerful dispersing stability formed by sulfonic group and ether side-chains molecular structure. 

Great water reduction rate can not only reduce concrete viscosity in a strong diffusion power, but 

also enhance early strength of concrete. It can especially meet the requirements of the construction 

process of the subway precast segments. 

Molecules of polycarboxylic (salt) water reducer are “comb-like" or "dendritic" structure 



 

formed by artificial "molecular design”, and the main chain is connected with a certain length and 

a plurality of stiffness branched (side chain), as shown in figure 1. 

 

Figure 1 “comb-like" or "dendritic" structure of Water-reducers 

There are hydrophilic groups such as sulfonate and carboxyl in the main chain of 

water-reducers Molecule which electrifies the cement particles and it can play the role of a 

traditional electrostatic repulsion of water reducer. More importantly, once the main chain adsorbs 

on the surface of cement particles, Branched chain and branched chain on the other surface form 

grade-separated junction, which hinders the particles getting close to each other, so that it can 

reduce water. This steric hindrance effect is not weakened with time gong on. The dispersion of 

water-reducers is more durable, which has a good dispersion and water reducing effect on cement.  

3.4 Property routine tests of C50 concrete  
    The result of property tests of C50 concrete mixed with water-reducers is list in table4. It can 

be seen from figures 3 and 4, which the early strength of concrete can be greatly improved under 

steam curing system compared to the standard curing system, and steam curing temperature has a 

great influence on the early strength of concrete. 40 ℃ and 60 ℃ are used in the test, 6h、8h、

12h Compressive strength of concrete are tested under 40℃ steam curing, 4h、6h、8h 

Compressive strength of concrete are tested under 60℃ steam curing. From 6h, 4h initial strength 

development curve in Figures 3 and 4, the strength of concrete mixed with BTC100 and the 

strength of concrete mixed with BTC300 are not much high, but with steam curing time gonging 

on, the strength of concrete mixed with BTC100 and the strength of concrete mixed with BTC300 

increase greatly, and the strength of concrete mixed with BTC300 is the highest. They are 

respectively 30.8Mpa and 37.1Mpa reaching 60% and 74% of C50 design strength respectively. 

That is because BTC300 molecular introduce sulfonic acid group and amide group, both of which 

can enhance strength of concrete, and density of macromer in structure is relatively higher, so it 

has better water absorption and supply effects. BTC300 has Ultra-high water reduction rate under 

the same larger dosage, Powder particles are better able to settle densely, and the strength 

increases rapidly due to excess water Released from the inside out. 
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Fig.2 strength development of 40℃steam curing   Fig.3 strength development of 60℃steam curing 
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Figure 4 contrast of 6h steam curing and 1d standard curing strength  

From Figure 4, it can be seen that at the same steam curing time of 6h, strength of  60 ℃

steam curing is much higher than that of 40 ℃ steam curing, and the strength of concrete mixed 

with BTC300 defers by 11.7Mpa under two steam curing conditions. The strength of concrete 

mixed with Subo defers by 11.7Mpa fewer than two steam curing conditions. And 1d Standard 

curing strength is between both steam curing conditions. The 1d standard curing strength of 

concrete mixed with BTC300 can reach 25.8Mpa. From figure5, it can be seen that the strength 

gap under the same Steam curing time of 8h but deferent steam curing temperature is very big. the 

8h strength of concrete mixed with BTC300 reaches 37.1Mpa under 60℃ steam curing, which is 

74.2% of C50 design strength and has greatly Shorten the steam curing time. That Proves early 

strength performance of BTC300 is very good. At the same time, it can also be seen that 8h 

strength and 24h of concrete under 40℃ steam curing are nearly the same. 
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Figure5 contrast of 8h steam curing and 1d standard curing strength 

4. Conclusions 
(1) Early-strength water-reducers BTC300 is catalytic synthesized at room temperature with 

sulfonic acid groups and amide groups which can enhance early strength of concrete. It also 

greatly increases water reduction rate, unilateral water of concrete can be controlled at a 

relatively low level, and it is very good to enhance the solidity, impermeability and Volume 

stability of precast concrete segments, ultimately to improve the durability of precast 

concrete segments. 

(2) Compared with similar products at home and abroad, Early-strength water-reducers BTC300 

has early strength and rapid growth; it can also shorten the steam curing time, speed up the 



 

turnover rate, reduce the amount of cement and improve economic efficiency. 

(3) Early-strength water-reducers BTC300 can not only enhance the strength of concrete, it can 

also reduce unilateral amount of cement and decrease the cost of concrete effectively. Low 

cement content means less demand which can reduce the energy consumption and harm to 

the environment of cement production process. 
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Influences of aggregate micro fines on the performances of mortar and its 

physical filling effect in mortar 
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Abstract 
The influences of aggregate micro fines (AMF) on the strength, early shrinkage and pore structure of mortar, which is 
mixed with limestone manufactured fine sand (MFA) at a water-to-cement ratio of 0.50, were comparatively studied. 
The experimental results show that the strength and early shrinkage are better when the AMF content is between 10% 
and 15%, and the optimal is 15%. The change regularity of the pore structure is the same. To explain the physical 
filling effect of AMF, the concept of free water in fresh mortar was defined, and the calculation formula of the amount 
of free water in fresh mortar mixture was obtained through combining the establishment of model with the test of wet 
pack density. The change regularity of the amount of free water with AMF agrees with the influence regularity of AMF 
on the performances of mortar, which shows that the influence of limestone AMF on performances of mortar are mainly 
caused by its physical filling effect.  
Originality 
To further explore the influence regularity and the inner mechanism of aggregate micro fines (AMF) on mortar, the 
influences of AMF on the strength, early shrinkage, and pore structure of mortar with a water-to-cement ratio of 0.50 
were comparatively studied, and their change regularities were analyzed. The concept of free water in fresh mortar 
mixture was defined, and the calculation formula of the free water was obtained through combining the establishment 
of the model with the test of wet pack density. The change regularities of AMF on the amount of free water, strength, 
early shrinkage, and pore structure are similar, which shows that the limestone AMF on performances of mortar are 
mainly caused by its physical filling effect. 
 
Keywords: mortar; manufactured fine aggregate (MFA); aggregate micro fines (AMF); free water; physical filling 
effect 
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1. Introduction 
To minimise the negative effects of micro fines (minus 75 μm), their contents are limited in some 
specifications. For example, the limits on the contents are less than 1%~5% for natural sand and less 
than 3%~7% for manufactured fine aggregate (MFA) to maintain the compressive strength of concrete 
in sand for construction (GB/T 14684-2001). The particles in natural sand are mostly clay, organic 
matter, and other impurities, which can increase the water content of concrete (Chen Jialong, 2004). 
However, the particles in MFA have the same components as the MFA, and its content is usually 
10%~20%, which may improve the performance of concrete if the optimal amount is used (Wang Yuli, 
et al, 2008; M. Galetakis, et al, 2004; Wang Jiliang, et al, 2008). However, aggregate micro fines will 
increase the water content, making the shrinkage bigger and compressive strength lower if the water 
content is too high.   
Li Xinggui (Li Xinggui, 2004) reported that the shrinkage of concrete with MFA increases with the 
increase of the AMF (minus 160 μm) content, and the shrinkage significantly increases when the AMF 
content is greater than 12%. The early shrinkage of MFA concrete with a high volume of AMF is 
obviously larger. The shrinkage of concrete at the age of 330 days increases with the increase of AMF 
from 0% to 3%, 5%, 7%, 10%, 15%, and 20%, which was studied by Ahmed and Ei-Kourd (Ahmed E, 
et al, 1989). The influences of the AMF contents (0%, 5%, 15%, and 20%), on the shrinkage of 
concrete with water-to-cement ratios of 0.70, 0.53, and 0.40 were studied by Malhotra and Carette. 
They showed that the larger the water-to-cement ratio and the AMF contents are, the greater the 
increase of the shrinkage (V.M. Malhortra, et al, 1985). Wang Yuli et al thought that the AMF filled 
the voids between larger particles, and AMF can contribute to workability stability without increasing 
the water content at an optimal content (Wang Yuli, et al, 2013; Wang Yuli, et al, 2014; Wang Yuli, et 
al, 2012). T. Celik et al. stated that the AMF fills the gaps in the concrete, reduces the air content in 
the concrete and increases its compactness (Tahir Celik, et al, 1996; Singh Tanpreet, et al, 2015; Wang 
Yuli, et al, 2008; A. K. Sahu, et al, 2003; He Tusheng, et al, 2007; Wang Jiliang, et al, 2008; Wang 
Yuli, et al, 2008).  
To further explore the influence regularity and the inner mechanism of AMF on mortar, the influences 
of AMF on the strength, early shrinkage, and pore structure of mortar with a water-to-cement ratio of 
0.50 were comparatively studied.  
2. Experimental 
2.1. Raw Materials 
Ordinary portland cement with a Grade of 32.5 (P.C32.5) made by the Huaxin Company was used. Its 
density is 2.96 g/cm3, and its specific surface area is 356 m2/kg. Each performance index satisfies the 
standard GB175-1999, and its main performance indexes are shown in Table 1. Fugang limestone 
MFA was used, and some of the performance indexes are shown in Table 2. The grade curve is shown 
in Fig. 1. Fugang limestone AMF collected by wind was used, and its specific area is 269.5 m2/kg. 

Table 1 Main properties of cements 

Table 2 Main performance indexes of MFA 

brand 
Density/(g/cm3) void 

ratio/% 

fineness 

modulus 

AMF 

content/% 
MB 

crushing 

value/% 

rough-

ness/% apparent loose 

Fugang 2.69 1.55 42.0 3.10 4.3 0.5 18 18.9 
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2.2. Experimental Process 
Measurement of the strength of cement mortar is performed according to the method of testing 
cements-determination of strength (GB/T 17671-1999). The shrinkage of cement mortar is measured 
according to the method testing the drying shrinkage of cement mortar (JC/T 603-2004), and the 
samples were cured in a curing room with a temperature of 20±2 ℃ and a humidity of 60±5 %. The 
samples were tested at 1 d, 3 d, 7 d, 28 d, and 56 d. 
The minimum void ratio of paste (εm) was obtained with the thick paste method, which was suggested 
by de Larrard (François de Larrard, 1999), and the amount of water required to produce a “thick” paste 
was determined. When some water is added to a powder, a “humid powder” state is obtained. During 
mixing and after stop mixing material looks like many damp agglomerations. If more water is added, 
at some point during mixing the whole sample forms three pieces and when mixing is stopped, these 
three pieces tend to form a single piece after tapping the container. This is the “thick paste” state. 
After the amount of water required is obtained, the minimum void ratio of paste (εm) can be calculated 
with formula (1).  
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 ┉┉┉┉┉┉┉   (1) 

Where:   φm——compactness of paste; 
Vs——volume of powder; 

               Vt——volume of thick paste; 
               mw——quality of water; 
               ρmax——maximum density of paste; 
               ms——quality of powder; 

               ρs——density of powder.  
 
3. Results and Discussion 
3.1. Influences of the AMF contents on the strength of the mortar  
The water-cement ratio is fixed at 0.5, and the quantity of sand is fixed at 1500 g. The influences of 
stone powder on the compressive strength and flexural strength were studied when the quantities of 
cement are, respectively 450 g and 500 g. The specific mix proportions and experimental results are 
listed in Table 3. 

Table 3 Effects of limestone powder on the strength of mortars  

No. 
AMF 

content/% 

quantity of raw material/g 
compressive 

strength/MPa 
flexural strength/MPa 

water cement sand 7d 28d 7d 28d 

1 7 

225 450 1500 

25.4 37.6 7.23 10.03 

2 10 25.4 39.1 7.17 10.66 

3 15 27.1 40.1 7.13 10.53 

4 20 26.2 39.8 6.63 9.88 

5 7 

250 500 1500 

24.1 37.8 6.89 10.42 

6 10 27.4 40.2 6.95 10.95 

7 15 27.8 47.5 7.05 10.94 

8 20 27.4 40.6 7.13 10.11 

 
As is shown in Table 3, the compressive strengths of two groups with different mix proportions first 
increase and then decrease as the amount of stone powder changes from 7% to 20%, and they reach a 
maximum when the AMF content is 15%. The changing regularities of the flexural strengths of mortar 
are not as clear as those of the compressive strength, and they are better at 28 days when the AMF 
contents are between 10% and 15%. Therefore, the strength of the mortar, whether the compressive 
strength or the flexural strength, is better when the stone powder contents of MFA are between 10% 



 

and 15%; 15% is optimal, according to the varying regularities of the compressive strength and 
flexural strength. 
3.2. The early shrinkage of the AMF contents on mortar  
The water-to-cement ratio is fixed at 0.5, and the sand-to-cement ratio is 3.0. The AMF contents of 
MFA were changed by replacing MFA with an equal quantity of AMF, and the effects of AMF on the 
early shrinkage of mortar were studied. Specific mix proportions and experimental results are listed in 
Table 4. 

Table 4 Effects of AMF contents on the dry shrinkage of mortar 

No. 
AMF 

content/% 
sand-to-cement 

ratio 
water 

content/g 

shrinkage ratio/×10-6 

1 d 3 d 7 d 14 d 28 d 56 d 

1 5 

3 250 

496 652 801 1116 1191 1268 

2 7 304 535 753 1052 1106 1237 

3 10 213 352 564 856 920 1034 

4 15 302 392 503 769 821 935 

5 20 375 429 621 1036 1250 1305 

Generally speaking, the shrinkage of mortar first decreases and then increases as the AMF content 
increases. According to the total regularity, the total process can be broken into two stages: first, the 
shrinkage is minimal at an AMF content of 10% when the curing age is less than or equal to 3 days, 
and the next smallest value occurs 15%; second, the shrinkage is minimal at an AMF content of 15% 
when the curing age is greater than or equal to 7 days, and the next smallest value occurs at 10%. To 
summarise, the shrinkage is better when the AMF contents are between 10% and 15%. 
3.3. The effects of the AMF contents on the pore structure of mortar 
The water-to-cement ratio is fixed at 0.5, and the sand-to-cement ratio is 3.0. The pore structures of 
the mortar were tested with a mercury injection apparatus called the Poremaster 33-6, made by an 
American company named Quanta chrome, when the AMF contents of MFA were 0%, 5%, 10%, 15%, 
and 20%. The results are shown in Table 5. 
It can be concluded from Table 5 that the maximum probability pore size of the sample without stone 
powder is the largest, and it gradually decreases with the increase of AMF contents; it is the smallest 
when the AMF content is 15%, and then adversely increases when it is more than 15%.   

 
Table 5 Results of the MIP test 

AMF content/% 0 5 10 15 20 
maximum 

probability pore 
size/nm 

53.81 52.76 52.32 51.11 53.19 

pore size/nm specific pore volume/cm3/g/percent by total pore volume/% 
<10 0.0101/2.3 0.0152/3.6 0.0218/5.4 0.0286/7.1 0.0239/5.7 

10~20 0.0572/13.1 0.0598/14.1 0.0601/14.7 0.0637/15.9 0.0581/13.8 
20~30 0.0653/15.0 0.0615/14.4 0.0575/14.1 0.0506/12.6 0.0611/14.6 
30~40 0.101/23.2 0.0952/22.3 0.0831/20.3 0.0795/19.9 0.0831/19.8 
40~50 0.1515/34.7 0.1461/34.3 0.1391/34.0 0.1332/33.3 0.1401/33.4 
>50 0.0512/11.7 0.0483/11.3 0.0471/11.5 0.0446/11.2 0.0533/12.7 

accumulative 0.4363/100.0 0.4261/100.0 0.4087/100.0 0.4002/100.0 0.4196/100.0 

The pores that are less than 20 nm are somewhat effective, and their accumulative percentages are 
15.4%, 17.7%, 20.1%, 23.0%, and 19.5% when the AMF contents are 0%, 5%, 10%, 15%, and 20%, 
respectively. The accumulative percentages of pores with sizes between 20 nm and 50 nm are 72.9%, 
71.0%, 68.4%, 65.8%, and 67.8% in turn; the accumulative percentages of pores with sizes that are 
larger than 50 nm are 11.7%, 11.3%, 11.5%, 11.2%, and 12.7%. The pore structure of mortar can be 
improved by AMF, and the pore structures of mortar are better when the AMF contents are between 
10% and 15%; 15% is optimal. 
It can be concluded from the above effects of AMF on the strength, shrinkage, and pore structure of 
mortar that the AMF contents of MFA are better between 10% and 15%; 15% is optimal. 



 

3.4. Establishment of formula and its application 
3.4.1. Establishment of calculation formula 

To better analyze the effect mechanism of AMF, fresh mortar mixture can be divided into three parts. 
As is shown in Fig. 2, the first one includes MFA (excluding AMF, the same below), cement, AMF, 
and water; the paste, which is composed of cement, AMF, and water, just fills the void of MFA. The 
second one includes cement, AMF, and water, and the water just fills the void of cement and AMF in 
the part. The third one only includes water, namely the remainder of the whole water, which can be 
called free water. It is concluded from the above analysis that the paste can be divided into two parts: 
one is called filling paste, which is to fill the void of the MFA; the other one is called free paste. 
Obviously, the water in the filling paste does not contribute to the slump of concrete, and it can be 
called filling water. The water in the free paste can be divided into two parts: the first one is to fill the 
void among the grains of powder (including cement and AMF), and it also belongs to filling water; the 
second one is free water, which can freely move. Obviously, the free water is related to the void 
among the grains in concrete mixture; the more the free water is, the less the void is, and adversely. 
Therefore, if the amount of the free water is known, the physical filling effect of AMF can be well 
explained.  
It can be known from the above discussion that the amount of free water is the total amount of water 
(VFP·εr) in the free paste minus the amount of filling water (VFP·εm) in the free paste. Therefore, the 
volume of free water VFW in fresh mortar mixture can be calculated with the formula (2), which is the 
same as the formula of the free water VFW in fresh concrete mixture when the sand ratio of MFA is 
fixed in concrete and the content of AMF varies (Wang Yuli, et al, 2013;). 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

         … (2) 

Where,   VFW——the volume of free water; 
               VFP——the volume of free paste; 
                εr——the real void ratio of paste; 
              εm——the minimum void ratio of paste, be obtained with the wet packing density method; 

VTP——the total volume of paste; 
VS——the real volume of MFA, excluding AMF; 
VST——the volume of MFA and AMF; 

Fig. 2 mortar diagram 

 
 

(1) MFA+ cement+ AMF+ water 
 

 
 

(2) cement + AMF + water 
 

(3) free water 
 



 

βS——the compactness of MFA without AMF; 
εS——the void ratio of MFA without AMF, is 0.42/(1-0.043)=0.439, namely 0.44; 

           VTW——the total volume of water; 
            VC——the volume of cement; 
         VAMF——the volume of AMF; 
3.4.2. Conclusions of the free water in the mortars 

The volume of free water in fresh mortar mixture in Table 3 was calculated with the formula (2), and 
the calculated results were shown in Table 6. It can be concluded from Table 6 that the volume of free 
water in fresh mortar mixtures first increases and then decreases as the amount of AMF increases, and 
the amounts of free water are both the greatest when the percentage of the AMF is 15%, namely, the 
grain compositions of mortar are both the best when that of the AMF is 15%. Combination with the 
influences of AMF on strength, early shrinkage, and pore structure of mortar, it can be concluded that 
the influence of the AMF on performances of mortar is mainly caused by the physical filling effect of 
the AMF.  
 

Table 6 the influence of AMF on the volume of free water in fresh mortar mixture 
No. AMF/% VC/cm3 VST/cm3 VTW/cm3 VAMF/cm3 εr εm VFW/cm3 
3-1 7 

152.03 557.62 225 

39.0 0.5408 0.420 1.120 
3-2 10 55.8 0.5198 0.419 3.956 
3-3 15 83.6 0.4885 0.420 6.086 
3-4 20 111.5 0.4606 0.423 5.213 
3-5 7 

168.92 557.62 250 

39.0 0.5459 0.420 6.180 
3-6 10 55.8 0.5266 0.419 8.178 
3-7 15 83.6 0.4975 0.420 8.956 
3-8 20 111.5 0.4713 0.423 6.788 

 
4. Conclusions 
The influences of AMF content on strength, early shrinkage, and pore structure of mortar, which is 
limestone MFA mortar with a water-to-cement ratio of 0.5, were comparatively studied. The strength, 
shrinkage, and pore structure of mortar have the same change regularity as the AMF increases, and 
they all increase first and then decrease; they are all better when the AMF content is between 10% and 
15%. The calculation formula of the amount of free water in fresh mortar mixture was obtained 
through combining with the wet packing density method, and the amounts of free water in fresh 
mortar mixtures, which are with the different AMF content and the different sand-to-cement ratio, 
were obtained with this formula. The variation regularities of the amount of free water in fresh mortar 
with the different AMF content are the same as those of the influence of AMF on the strength, 
shrinkage, and pore structure of mortar.  
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Abstract 
1H-Time-Domain-NMR is a non-destructive bulk method providing detailed information about the different physical 
environments of hydrogen during chemical reactions. Low financial impact in maintenance and acquisition offers an 
already broad usage in quality control and research in polymer and food industry. Allowing both quantitative and 
physical measurements of hydration products, organic additives and water, it is the most promising laboratory scale 
method for characterizing interactions between organic substances and cement under in-situ conditions otherwise 
hardly accessible by standard methods commonly known in cement chemistry. In order to demonstrate and evaluate the 
range of applications for this method a detailed description will be provided for the data acquisition and processing 
requirements for cementitious systems under in-situ conditions along with hydration studies combined with standard 
methods highlighting the value of the supplementary insights from in-situ 1H-TD-NMR. The possibility to follow in high 
detail the interactions and reactions between organic additives and cementitious systems will open new potentials for 
the development of optimized products and applications. 
 
Originality 
1H-Time-Domain-NMR to our best knowledge has never been used for the quantitative study of cement hydration in the 
developed level of time resolution and completeness under in-situ conditions. The development of optimized acquisition 
and processing methods for this kind of measurement regime and data amount was an essential part of our work 
enabling such kind of insights. The potential to follow directly the interactions and dynamics of organic additives under 
in-situ conditions is to our knowledge not published yet. 
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1. Introduction 
Time-Domain Nuclear Magnetic Resonance does in contrast to “conventional” frequency resolved 
NMR methods not rely on highly homogenous magnet systems with high field strength and therefore 
provides a normal lab scale analysis of relaxation times within a reasonable financial impact. 
Commonly hydrogen and fluorine relaxation studies are realisable on bench-top scale systems without 
any special or invasive sample preparation (see Mitchell et al. (2014) for an overview of the vast range 
of applications of low-field NMR spectrometers). Concerning cementitious materials many relaxation 
studies have been published over the past decades as Valori et al. (2013) recently summarized. The 
presented study focuses on the development of a time resolved in-situ method to characterize the 
kinetics and dynamics of cement hydration and polymers. Furthermore we show the possibility to 
solve one of the major problems of relaxation studies, which is the deconvolution of the experimental 
data into an interpretable relaxation distribution. In order to differentiate between crystalline / polymer 
/ amorphous and liquid hydrogen host materials special pulse sequences are employed and trimmed to 
reach the goal of a highly time resolved method. By application of this method we are able to provide 
a fast quantitative and qualitative picture of cementitious systems to support and extend the insight of 
common analytical methods for multiple open questions in cement chemistry. 
 
2. Experimental 
2.1. Materials 
For the investigations a synthetic monoclinic M3 tricalcium silicate (alite), using the synthesis routine 
of Bergold et al. (2013) was used. As a polymer modified system we employed a PVA solution 
containing 20 ma.-% PVA 04/140 in deionised water, which was prepared by sealed heating and 
stirring of the mixture to 90 °C for 1 h until no solid residues were visible. The synthetic alite was 
analysed by X-ray powder diffraction (PXRD) using the Rietveld method to check the phase purity of 
the synthesized alite. The PXRD results did not produce any observation of impurities along with 
synthetic alite.  
 
2.2. Methods 
2.2.1 TD-NMR theory 
Common relaxation studies using low-field permanent magnets include measurements of T1 
(longitudinal relaxation times) and T2 (transverse relaxation times) of the NMR active 1H nucleus of a 
sample. These relaxation times according to the BPP theory (Bloembergen et al., 1948) are sensitive to 
the rotational correlation time thus a direct measure of mobility of the protons in different 
environments. Regarding T2 a monotonically decrease towards a limit is predicted with decreasing 
mobility. Thus highly confined protons as in crystalline solid will exhibit very short T2 times while 
amorphous solids and polymers normally are characterized by intermediate T2 relaxation times. 
Liquids show high T2 relaxation times. Additionally T2 relaxation times are proportional to pore sizes, 
thus allowing the observation of the microstructure development. The reader is referred to the 
extensive review article of Valori et al. (2013) for further details and discussions.  
 
2.2.2 TD-NMR parameters and pulse sequences 
A Bruker minispec mq20 operating at 19.95 MHz in combination with a temperature controlled probe 
head with low dead times (around 6.8 µs) was used to perform T2 transverse or spin-spin relaxation 
measurements. In order to improve signal to noise ratio, a digital filter was adjusted on previously 
hydrated samples to ensure a good compromise between noise reduction and influence of the observed 
relaxation signal. As crystalline hydrate phases exhibit very short relaxation times around 10 µs most 
of the information on these essential components of hydrating systems would be obscured by the 
instrument dead time. In order to compensate the instrument dead time and field inhomogeneities, a 
combined solid echo and CPMG pulse sequence similar to the sequence of Maus et al. (2006) was 
found fruitful and reasonably fast to capture the dynamics during cement hydration. For the combined 
sequence sufficient low dead time and pulse length are required to resolve quantitatively the 
crystalline fraction by means of solid echo (Powles & Strange, 1963; Maus et al., 2006). The actual 



 

data acquisition routine was programmed on the basis of the implementation of Maus (2005) by using 
the instrument programming language ExpSpel and was optimized to the specific needs for automated 
in-situ regime measurements. Other acquisition routines aiming to improve signal to noise ratio like 
averaging multiple measurements or phase cycling were discarded to reduce acquisition times. An 
effective single range T2 measurement depending on the system under consideration within seconds 
was achieved. In contrast, longitudinal T1 measurements require several tens of minutes to gain 
reasonable data resolution and thus contradict to the goal of the development of an in-situ scale 
method. The acquisition parameters for the programmed pulse sequence compromise essentially two 
parameters for the solid echo sequence: firstly the gap between the two 90° pulses normally chosen to 
be shortly above the dead time to acquire a maximum of the crystalline signal and secondly the 
acquisition length of the following FID (free induction decay) signal to record the relaxation signal of 
the crystalline fraction. For the following CPMG sequence additionally two parameters namely the tau 
delay between the two 180° pulses and the number of echos are available. The tau of the CPMG 
sequence is limited in two ways. The lower limit in this combined sequence is twice the chosen 
acquisition time of the solid echo FID. The upper limit is freely chosen however high values tend to 
give rise to diffusion effects and reduce the obtained data resolution. Concerning the number of echos, 
the total pulse sequence should cover a good range of fully decayed signal to avoid artefacts during 
data evaluation. In order to optimize the parameters of the pulse sequence and instrument gain of 
unknown systems a first dummy shot is required to ensure reasonable data resolution, acquisition 
times and the signal to noise ratio.  
 
2.2.3 TD-NMR data evaluation 
One of the most critical issues regarding relaxation measurements is the deconvolution of relaxation 
times (T2) and amplitudes (A) of different proton environments (n) from the actual signal decay. 
Commonly the intensity of the NMR signal (I(NMR)) over the acquisition time (t) of T2 measurement 
are characterized by a sum of exponential decays in the form of: 

�(���)(�) ≈ ∑ ��
� exp �

��

���
� + ��������       (1) 

In case of a solid echo signal a Gaussian “solid” component is often added. Due to the ill-posed nature 
of this description two major problems are introduced. The first is that in conventional fitting 
procedures one will have to “guess” the number of environment/respective exponential functions. The 
other problem results from common (non-negative-)least-square fitting procedures, which generally 
fail to give plausible answers and are heavily unstable eventually even considered as a “naïve” 
approach (Day, 2011) in case of multi-exponential data. For the current study also a tremendous 
amount of work would be necessary to assure reasonable fitting of the data for the huge quantity of 
collected experimental data. 
One yet computational intensive approach is to fit a continuous distribution of exponential decays to 
the observed data, therefore only refining the amplitudes. This inverse laplace transformation (ILT) 
approach is widely used to overcome the problem. Yet also this method is prone to artefacts and will 
always be a “plausible” solution dependent mostly on the experimental noise level. One of the most 
toughly tested algorithms is the implementation of Provencher (1982a, 1982b) within the Fortran 
program Contin with well over 1500 citations regarding inverse problems. This implementation has 
the big advantage that almost no user parameters or operations are required to “convert” the 
experimental data to an interpretable T2 distribution and amplitudes.  
We therefore developed a software framework for the evaluation of the acquired experimental data. In 
order to simplify the data output only minor modifications of the source code were made. The 
developed software framework automates the conversion of the experimental data format to Contin 
specific input files. And after the refinement it creates output files from the computed results of the 
Contin implementation. The user can either fix the number of fit points and limits of the continuous 
distributions or they are automatically chosen from experimental data. By this way large amounts of 
experimental data can be processed without relevant user interaction. It is important to mention that 
each experimental data file is processed independently and so no correlation between data files is 



 

occurring. The described automated inverse laplace transformation approach was an essential step to 
achieve a practicable in-situ method minimizing the effort of data evaluation with reasonable 
computation requirements.  
The effective evaluation of the continuous T2 relaxation distributions is very straight forward 
evaluated by summation of the amplitudes of the interpreted proton reservoirs over time to attain 
respective proton ratios. Likewise the evolution of T2 relaxation times are accessible either by 
evaluating the “peak” maximums or using the peak solutions computed by the Contin software.  
We assume that the lack of automation and file conversion for the input in the Contin file format or 
similar implementations is the reason why most cement related studies only evaluate some limited 
points of time during hydration studies with exception of Faure & Rodts (2008) and Wang et al. (2013). 
Another frequently observed problem is associated with the dominant artefacts of inverse laplace 
transforms at the extremities of the fit range (Mitchell et al., 2014; Muller, 2014) when using CPMG 
data only. We observed this kind of artefact frequently when only CPMG data is analysed. However, 
by using the full range of solid echo signal and CPMG data such artefacts never occurred. While the 
solid echo signal is commonly described by a Gaussian component, manual fitting showed high 
agreement with the respective Contin results. Thus no modification of raw data collection was 
considered to be required.  
A further factor that might be of concern is the inability of the solid echo to refocus mobile protons, 
and therefore commonly signal of the liquid may be affected due to the lost fraction during the time of 
the two solid echo delays and one 90° pulse length. However considering the observed T2 of the liquid 
and amorphous states of the samples in combination with the used fast pulse parameters the error is in 
the range of 2% relative error, which is well beyond the scope of this study. For a full quantitative 
recovery of the solid to mobile fraction an interpolation of the solid echo signal with increasing pulse 
gaps is normally performed. Not such interpolation was considered needed as the introduced 
underestimation for the derived solid proton fraction is still in a satisfying range due to the relatively 
low crystalline fractions and fast sequence parameters in this study. Alternative pulse sequences of 
Maus (2005) may be considered to reduce this problem on equipment with higher dead times or 
systems with larger crystalline content. 
 
2.2.4 TD-NMR sample preparation and measurement parameters 
Hydration studies of alite were conducted for a water to solid ratio (w/s) of 0.4 and for a polymer to 
solid ratio (p/s) of 0.1. All measurements were carried out at 23 °C. The solids were carefully placed 
into NMR glass tubes of 10 mm diameter after adding the appropriate amount of water or PVA-
solution and stirring the resulting paste for one minute. A teflon plug was inserted into the tubes and 
sealed with parafilm to limit the free volume and to reduce evaporation and carbonation. Sample 
preparation inclusive adjustment of instrument gain was finished four minutes after the first contact of 
the sample with water. The instrument parameters are presented in table 1. Respective pulse sequence 
parameters for the individual experiments are stated in table 2. All measurements were collected over a 
total time range of 24 hours using a repetition frequency of 15 minutes in order to allow full recovery 
of the equilibrium magnetisation of the respective systems.  

Tab. 1 Instrument parameters of the used mq20 TD-NMR device. 

Instrument 
parameter 

1H NMR freq. 
[MHz] 

Dead time 
[µs] 

90° pulse length 
[µs] 

180° pulse length 
[µs] 

Dig. filter 
[Hz] 

Value 19.95 6.8 3.60 7.22 400 

Tab. 2 Pulse sequence parameters for the hydration experiments. 

Experiment Solid echo 
delay [µs] 

Solid echo acquisition 
window [ms] 

CPMG tau 
[ms] 

CPMG 
echos 

Total acquisition time of 
one range [ms] 

Alite w/s 0.4 8 0.15 0.3 9800 3010.56 

Alite PVA w/s 
0.4 p/s 0.1 

8 0.15 0.3 9800 3010.56 

 
 



 

2.2.5 Additional laboratory scale measurements 
In addition to the NMR experiments, isothermal heat flow calorimetry and in-situ XRD measurements 
were conducted at 23 °C to acquire the kinetics and follow the quantitative phase evolution. The 
reader is referred to the publications of Jansen et al. (2011a, 2011b), Bergold et al. (2013) and Ectors et 
al. (2013) for further details about respective methods and evaluation procedures. 
 
3. Results and Discussion 
3.1. Alite hydration (w/s 0.4, 23°C) 
The results of the IL-transformed data are presented as a level plot over the 24 hours of measurement 
in figure 1a with interpreted proton environments. The evolution of proton fractions of the respective 
interpreted environments is presented in figure 1b. 

 
(a)  Level plot of IL-transformed data                          (b) Evolution of proton fractions  

 with interpreted proton environments                     of the interpreted environments 

 CH (0-0.04 ms) / C-S-H (0.04-5 ms) / 

 H (5-3000 ms) 

Figure 1 The evolution of T2 relaxation times and proton fractions of alite up to 24 hours. 
 
From figure 1a we can qualitatively follow the development of relaxation times of the studied alite 
hydration. In the first hours of hydration a dominant peak is visible that continuously shows a shift 
towards smaller T2 relaxation times. Evidently this environment can be attributed to the pore water in 
the system. After approximately 8 hours of hydration two additional environments are visible. The 
fastest relaxing component around 0.01 ms can be attributed to crystalline hydration products. The 
intermediate fraction can be attributed to amorphous products and highly confined mobile protons. 
Due to the commonly postulated reaction equation for pure alite systems with a C/S of 1.7 for C-S-H:  
C3S + xH -> 1.3 CH + C1.7-S-H(x-1.3) the respective proton environments may be interpreted as 
described in figure 1a. The summation of the associated amplitudes of the ILT data allows the 
derivation of the quantitative evolution of respective proton fractions (figure 1b). Inspection of the CH 
to C-S-H ratio from figure 1b suggests a water saturated (with inter- and intra-layer water) C-S-H 
composition of C1.7-S-H4. While the ILT data show regularly a double or even a triple split in the 
intermediate relaxation range, supporting the theory of several proton environments, no attempt of a 
deconvolution was regarded meaningful. In order to verify the development of proton fractions, a 
comparison with in-situ XRD data provides useful insights. The proton fractions from the NMR data 
can be transformed into mass fractions by the assumption of the composition of the respective 
environments. Recent developments in in-situ XRD analysis additionally allows to quantify long-
range ordered C-S-H of the assumed composition C1.7-S-H2.6 (Bergold et al., 2013). Due to preferred 
orientation and or spottiness effects of CH, the effective XRD quantification of CH is often biased (e.g. 
Bergold et al., 2013), however C-S-H evolution can be quantified independently. Figure 2 compares 

0,01 0,1 1 10 100 1000
0

2

4

6

8

10

12

14

16

18

20

22

24

T
im

e
 [
h

]

T2 [ms]

0 2 4 6 8 10 12 14 16 18 20 22 24

0

5

10

15

20

25
70

75

80

85

90

95

100

1
H

-F
ra

c
tio

n
 [
%

]

Time [h]

 CH
 C-S-H
 H



 

the hydrate phase evolution of the in-situ XRD experiments with the direct C-S-H quantification, as 
well as the CH, C-S-H and H evolution derived from the quantitative alite dissolution from XRD.  

 
Figure 2 The evolution of quantitative phase fractions of NMR data compared to direct XRD results and 

expected XRD(exp.) results from alite dissolution.  

 
From figure 2 it is evident that the developed in-situ TD-NMR method matches quite reasonably the 
quantitative information needed for further studies. Especially the reduction of the degree of work 
needed for quantifying C-S-H compared to XRD methods is rather promising. It is also to note that 
due to the true bulk analysis of NMR the CH content is closer to expected values. Of further interest is 
the comparison with heat flow calorimetry as the observed T2 shift of the pore water (fig 1a) can be 
interpreted as a measure of microstructure development of the system. Further the cumulative heat of 
hydration may be compared to the NMR data using thermodynamic data. Therefore figure 3a 
compares the evolution of mean T2 relaxation times of the pore water with calorimetric data. Figure 
3b compares the heat of hydration from calorimetric measurements with the calculated heat of 
hydration from the observed CH phase evolution of NMR data assuming the reaction enthalpies for 
the reaction as given by Jansen et al. (2011b). The corresponding reaction enthalpy is therefore -
1329.8 J/gCH. Additionally the first hour of the calorimetric measurement is biased by the external 
preparation and therefore neglected. 

 
(a)  Comparison of mean T2 relaxation                   (b)  Calculated heat of hydration from CH  

 times of the pore water with measured             precipitation compared to  

 heat flow by calorimetry                                  measured heat of hydration (1-24 hours) 

Figure 3 Comparison of NMR data with calorimetric measurements 
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From figure 3a it is observable that the T2 relaxation times of the pore water attain a minimum as soon 
as the calorimetric measurement indicates the maximum heat flow of the main reaction of the system. 
This is in close agreement with observations of Faure & Rodts (2008) regarding T1 measurements on 
OPC. Indeed this evolution may be interpreted as indicator of microstructure development and 
corresponds closely to setting times (Wang et al., 2013), which might further be interpreted that at the 
end of the maximum of the main reaction alite dissolution is increasingly govern by diffusion as the 
microstructure is too dense to allow further free dissolution. From figure 3b it is evident that the 
quantitative evolution of hydrate phases as derived from NMR data is also consistent with calorimetric 
data. Thus no large systematic influence of NMR measurements are likely as also XRD data are in 
good agreement (fig. 2). 
 
3.2. Alite hydration with PVA (w/s 0.4, p/s 0.1, 23°C) 
As a first step the used PVA-solution was analysed to ensure a differentiation between the polymer 
and water signal. Figure 4 shows the outcomes of the ILT analysis of a representative measurement. A 
clear separation between the polymer and the residual water is observed. This solution was the same 
used for the investigation of the alite hydration with PVA.  

 
Figure 4 ILT analysis of the used PVA solution with derived mean T2 relaxation times and proton fractions of 

the interpreted components.  
Figure 5a shows the results of the IL-transformed data over 22.5 hours with interpreted proton 
reservoirs. The “PVA” assignment shown as a dotted line is a guide for the eye. Figure 5b summarizes 
the evolution of proton fractions from the respective ILT data. The most interesting observable aspect 
of these results is the evolution of the T2 relaxation times of the PVA and water signal during the first 
hours. The interpretative assignment of the PVA signal is clearly supported by the rather constant 
proton fraction over time (fig. 5b), which is in close agreement with the proton fraction from the 
solution measurements (fig. 4).  
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Figure 5 The evolution of T2 relaxation times and proton fractions of the alite PVA system over 22.5 hours. 
 
In figure 6 the evolution of the mean T2 relaxation times of the H and PVA signal is presented and 
compared to the relaxation times of the polymer free alite hydration shown in chapter 3.1.  

 
Figure 6 Evolution of the mean T2 relaxation times of the pore water and PVA with pore water of the polymer 

free alite system. 
 
Regarding the pore water of the alite PVA system, a lower initial relaxation time compared to the 
polymer free system is visible. This can clearly be understood as the macroscopic viscosity of the 
polymer modified system is higher and thus lower relaxation times for the pore water can be expected. 
The surprising result in the first hours is however the extremely rapid increase of relaxation times of 
the PVA signal and parallel fast decay of relaxation times of the mix water. Between 1 and 2 h of 
hydration, PVA exhibits a relatively steady state and is followed then by a rapid and then slower decay 
of relaxation times. After the 22.5 h the PVA signal still suggests much higher relaxation times than 
initially observed as well as in the pure PVA solution (fig. 4). This clearly implies an extreme change 
in the dynamics of the PVA conformation or state during the hydration of the system.  
As a first tentative interpretation that could explain the dynamic of the observed relaxation times of 
the PVA and H signal starting form the initial solution, the following mechanism would agree with the 
observations: In the pure “solution” PVA could be conformed as small discrete agglomerations 
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(colloid suspension) predominantly due to a hydrogen bonding system. In contact with Ca-ions due to 
the dissolution of alite, these hydrogen bonds would break thus the discrete agglomerations rapidly 
“dissolve” leading to smaller agglomerations or possibly even single PVA molecules in the pore 
solution environment, which is also suggested by the high relaxation times. This however would not 
explain the fast decay of the relaxation times of the pore water. Thus the “free” PVA molecules would 
presumably form a kind of continuous emulsion, restricting the water into increasingly smaller 
“clusters”. The later decay of the relaxation rate of PVA then might be explainable by a possible 
complexation with Ca2+, film formation due to the decrease of water by the hydration reaction of alite 
and the inevitable densification of the microstructure. Clearly the observed relaxation rates of PVA do 
not suggest any relevant adsorption on alite or hydrate phases in the measured timescale. We note that 
the evolution of CH and C-S-H was observed to be in good agreement with the in-situ XRD 
experiments. The calorimetric measurement as shown in figure 7 compared to the polymer free system 
reveals, apart from a change in hydration kinetics, another interesting feature: Apart from the initial 
heat flow due to the external preparation method a rather prominent shoulder is observable within the 
time range of one to two hours of hydration. Compared to the XRD data and in agreement with the 
observed development of hydrate phases from fig 5b, the measured heat flow exhibits an exothermal 
event that is not related to the reaction of alite or the formation of hydrate phases. Considering the 
hydrolysis degree of the used PVA (around 88%) and the reaction enthalpy of alkaline hydrolysis from 
Wadsö & Karlsson (2013), this event is considered to be due to alkaline hydrolysis of the PVA. 
Certainly further studies concerning the behavior of PVA in this system and alkaline environments 
will clarify the picture of the dynamics of PVA under these conditions.  
 

 
Figure 7 Measured heat flow by calorimetry in comparison with the polymer free system and the evolution of 

relaxation times of the PVA signal  
 
4. Conclusions 
 
We have demonstrated the benefit of laboratory scale bench-top TD-NMR experiments for hydration 
studies of cementitious materials and polymer modified pastes by a multi method approach. The 
development of the optimal connection between in-situ scale acquisition sequences with target aimed 
evaluation procedures allows insights into a wide range of reactions with minimal effort for large scale 
highly time resolved studies. For the study of interactions of polymer additives TD-NMR offers an 
unprecedented option not only to characterize the impact on hydration reactions but opens a direct 
insight into the polymer dynamics itself virtually inaccessible in such detail by otherwise known non 
invasive techniques. We expect that this kind of technique will rapidly evolve into an invaluable 
method for cement chemistry.  
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Abstract 
 
The interaction between Vinylacetate Ethylene (VAE) latex stabilized by partially hydrolyzed Polyvinyl 
Alcohol (PVOH) and Portland cement was studied. 
The initial interaction between two VAE latices stabilized by PVOH and Portland cement were 
investigated in the colloidal system. The nominal non-ionic VAE latex particles showed negative 
charge. Adsorption experiments were performed via depletion method and the result indicated the 
analogous Langmuir type adsorption. Zeta potential results showed negligible effect of the VAE latex, 
indicating that the non-electrostatic interaction was dominant. Meanwhile, PVOH revealed 
preferential interaction with aluminate phase. 
As revealed in the initial interaction, divergent influence of the latex particles and PVOH on the 
hydration kinetics has also confirmed by means of isothermal heat flow calorimetry and ICP-OES. In 
accordance with the initial interaction, latex particles influenced the silicate phase hydration 
principally, while PVOH affected the aluminate hydration within the first 24 hours. Accordingly, the 
equilibrium concentration of SO4

2- was lower in the presence of PVOH during the first hours. As a 
result, a stronger sulphate depletion peak was observed.     
Accompanied by the cement hydration, latex particles could form a film within the cement stone. The 
unique properties of the investigated latex was redispersibility, which were imparted by PVOH. Thus, 
surface morphology of the film and its redispersibility under cement environment were investigated by 
means of environmental scanning electron microscopy (ESEM). The latices possessed glass transition 
temperature (Tg) of 22 °C and 0 °C, respectively. Latex films were stored under 85% relative humidity 
(R.H.) or coated on cementitious substrate under 50% R.H. Besides, the film was also casted from the 
dispersions in synthetic cement pore solution (SCPS). Results revealed that redispersibility of the film 
hardly related to its surface morphology. High humidity resulted in coalescence of the latex polymer 
with low Tg and moderate PVOH content. The films applied on cementitious substrate were 
non-dispersible after seven days, while those casted from SCPS achieved non-dispersibility after one 
day. 
 
 
Originality 
The systematical research on the interaction between VAE latex stabilized by PVOH and Portland 
cement was carried out. The two components within the latex were realized and the individual 
interaction with cement minerals was revealed. Besides, this study concerned colloidal properties of 
the latex and the adsorption of the non-ionic VAE latex on cement was confirmed for the first time. Also, 
an innovative investigation on the film formation within cement paste was implemented. These results 
could be interesting for the formulators who deal with the efflorescence, early shrinkage and adhesion 
of the polymer modified cement (PMC).     
 
Keywords: VAE latex; polyvinyl alcohol; adsorption; hydration kinetics; film formation 
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1. Introduction 

Polymer modified cement (PMC) is essential for construction activities, while the polymer 

refers to polymer emulsion (latex used as synonym) or its powder form (redispersible polymer 

powder) (van Gemert D., 2007). In previous studies, the influence of polymers with respect to 

the hydration kinetics as well as the microstructure of the composite have been investigated 

intensively (Atkins K. M. et al., 1991; Beeldens A. et al., 2005; Chandra S. et al., 1987; Sakai 

E. et al., 1995; Su Z. et al., 1996), in which a common used polymer - Vinylacetate Ethylene 

(VAE) latex stabilized by partially hydrolyzed Polyvinyl Alcohol (PVOH) – was also studied 

(Betioli A. et al., 2009; Silva D. A. et al., 2006). However, the variety of the polymer in 

regard of its physicochemical properties was often ignored. Thus, the validity of the simple 

model in regard of polymer-cement interaction proposed by Ohama (Ohama Y., 1998) was 

challenged by recent findings (Boutti S. et al., 2007; Gretz M., 2010), concerning the ability 

of film formation in cement paste. In this study, we aim to characterize the VAE latex and link 

its physicochemical properties to the interaction between polymer and cement, and the 

influence on film formation within the cement matrix was investigated as well. 

2. Materials and methods 

2.1 Materials  

Cement used in this study was CEM I 42.5 R. The mineral composition listed in Table 1 was 

analyzed by quantitative XRD (Rietveld refinement with Highscore plus) from PANalytical, 

Almelo/the Netherlands. The pure C3S mineral was purchased and provided by Wacker 

Chemie, Burghausen/Germany. 

Table 1 Mineral composition [wt.-%] of the CEM I 42.5 R cement 

C3S C2S C3A (cubic) C4AF Anhydrite Dolomite Arcanite 

55.4 22.1 8.1 8.8 4.4 0.6 0.6 

Latex polymers were synthesized and provided by Wacker Chemie. Polymer characterization 

is presented in Table 2. Meanwhile, the PVOH used as protective colloid was also provided 

by Wacker Chemie, with hydrolysis degree of 88 mol% and molecular weight of 27 K Da. 

Table 2 Characterization of latex polymers 

 PVOH 

content 1 

VAc 2 

content 

Volume mean 

particle size [µm] 

MFT 3 

[°C] 

Tg 
4 

[°C] 

Charge density [µC/cm2] 

in deionized water at pH = 12.5 

A 4.3 w.-% 80wt.-% 1.2 -2 0 -7.2 -19.4 

B 5.5 w.-% 92wt.-% 1.1 6 22 -1.3 -13.0 

1. the amount separated by ultracentrifugation 

2. Vinyl Acetate 

3. Minimum Film-forming Temperature 

4. glass transition temperature 

Mineral particles were dispersed in isopropanol with ultrasonic pulse dispersion and both 

mineral and polymer dispersions were measured by Mastersizer 2000 S from Malvern, 

Worcestershire/UK. The results are presented in Figure 1. 



 

 

 

2.2 Methods 

Latex adsorption was carried out according to Merlin (Merlin F. et al., 2005), with a w/c ratio 

of 9. PVOH adsorption was determined by mixing 4.5 g PVOH solution at different 

concentration with 0.5 g mineral for 1 min and centrifuging for another 15 min at 3000 g 

force. The supernatant was measured by TOC-L from Shimadzu Europa, Duisburg/Germany. 

Zeta potential was conducted by DT310 from Dispersion Technology, Bedford, New 

York/United States. The principle and practice of this electroacoustic method was elaborated 

by Dukhin (Dukhin A. S. et al., 2002). 

Heat flow of hydration was monitored by MC CAL isothermal calorimeter from C3 Prozess- 

und Analysentechnik, Haar/Germany. The pore solution was obtained by suction filtration 

plus 0.22 µm membrane filter and analyzed by Ciros Vision (ICP-OES) from Spectro, 

Kleve/Germany. 

The morphology of latex film was investigated by means of ESEM, using a Quanta 200 F 

from FEI, Eindhoven/the Netherlands. Polymer film was formed either under 80% R.H. or 

coated on a cement substrate under 50 ± 5 % R.H., or casted from SCPS according to Gretz 

(Gretz M. et al., 2011) at 23 ± 2 °C and 50 ± 5 % R.H.. Redispersibility test was carried out 

according to Du Chesne (Du Chesne A. et al., 2000). 

3. Results and discussions 

3.1 Initial interaction between polymer and cement in colloidal state 

In previous studies, electrostatic force was proposed as the driving force for latex adsorption 

on mineral surface (Merlin F. et al., 2005; Plank J. et al., 2008), while surface charge density 

of latex particle was dominant on adsorption behavior. In this study, two VAE latices 

possesses little negative charge at pH neutral condition but higher negative charge at alkaline 

condition (see Table 2). Surprisingly, the analogous Langmuir type isotherm indicated the 

saturated adsorption amount, which could not be explained by their differences in charge 

density, as shown in Figure 1, in which more negative latex A showed less adsorption amount. 

Figure 1 Particle size distribution of minerals (left) and latices (right) 



 

 
Figure 2 Adsorption isotherm of two latices on cement obtained at w/c = 9 

Zeta potential of cement-polymer suspension was also measured to verify the possible linkage 

between electrical properties and adsorption behavior. In Figure 3, the increase of p/c ratio 

nearly had no influence on the zeta potential. This result indicated that electrokinetic 

properties of cement particles were not affected by the polymer adsorption. This result 

correspond to the previous findings (Kaufmann J. et al., 2012), from which they speculated 

weak interaction between VAE latex and cement. However, if taking the adsorption ratio into 

account, as much as 50 wt.-% of the polymer was adsorbed at low p/c ratio. Thus, our 

findings might suggest that electrostatic force should not be the single mechanism which 

leads to the latex adsorption. 

 

Figure 3 Zeta potential of cement-latex suspension at w/c = 9 

As presented in Table 2, the two VAE latices possess PVOH, which could either be free 

dispersed or adsorbed / grafted on the latex particle surface (Carrà S. et al., 2005). Thus, the 

individual interaction of PVOH with cement was investigated. In Figure 4, PVOH shows a 

saturated adsorption on C3S but not on cement at p/c > 0.01. Since C3A is quite reactive, the 

interaction of C3A-PVOH (Bonapasta A. A. et al., 2000) other than adsorption may occur. The 

depleted amount from the supernatant of C3A-PVOH was as high as 5.5 mg/g at p/c = 0.01, 

indicating a much stronger interaction between PVOH and C3A, while this was also in 

accordance with the higher nominal adsorption on cement. Therefore, even regardless of 

surface charge, VAE latex could interact with cement particle via its surface PVOH.   



 

 
Figure 4 Adsorption of PVOH on minerals obtained at w/c = 9 

3.2 Hydration kinetics influenced by the polymers 

As revealed in section 3.1, latex particles can adsorb on the surface of cement particles. 

Though the results were obtained under diluted state, the non-electrostatic interaction 

indicated less relevance of ionic strength. Thus, cement hydration could be altered. In Figure 

5, at p/c = 0.02, both latex A and B have little influence on the hydration kinetics. At moderate 

or high p/c ratio, the extension of the induction period was shown. At p/c = 0.10, both latex 

polymers showed much lower exothermic heat of the silicate peak and retarded the sulfate 

depletion peak. The enhanced sulfate depletion peak should be attributed to the presence of 

PVOH, which can also be postponed with the increasing amount of PVOH. Previous research 

confirmed that the enhanced sulfate peak in the presence of PVOH was the result of late 

ettringite formation (Jansen D. et al., 2010). Meanwhile, PVOH had less effect on silicate 

reaction, which was in accordance with its adsorption result. However, the reason why latex A 

and B behaved differently at high p/c ratio was not clear. A possible explanation may be 

derived from their different adsorption behavior. Since less contact with cement surface, more 

latex particle surface was available for interaction with ions from pore solution, which could 

be barrier for diffusion and nucleation process. 

 
Figure 5 Heat evolution of cement-polymer composite at w/c = 0.5 

As presented in heat flow evolution, VAE latex itself had little effect on cement hydration 

when the p/c ratio was low. This postulation was also confirmed by pore solution analysis (see 

Figure 6). With the increase of p/c ratio, K+ concentration was decreased. At p/c = 0.02, in the 

presence of latex B, K+ concentration was decreased more dramatically, compared with that of 

latex A. This could be explained by the higher adsorption of latex B which resulted in limited 

dissolution of the minerals. At p/c = 0.05, however, K+ concentration decreased in the 

presence of both latex A and B, where more available latex particle surface may also affect 



 

the equilibrium concentration of cations, as discussed before. Theoretically, SO4
2- 

concentration should be less affected by latex particles. At p/c = 0.02, latex A had little 

influence on SO4
2- concentration but latex B did. However the form of PVOH within VAE 

latex is variable (Carrà S. et al., 2005), and therefore it is difficult to determine the exact 

influence of the latex particle itself on SO4
2-. Nevertheless, PVOH could clearly affect the 

equilibrium concentration of SO4
2- at both p/c = 0.002 or 0.01. Though the interaction 

mechanism between PVOH and SO4
2- was not clear, this anion could result in precipitation of 

5 wt.-% PVOH solution at about 0.35 mol/L of SO4
2- concentration (Marten F. L., 2002). 

Nonetheless, the changed SO4
2- concentration may influence the initial and late formation of 

ettringite, which was also reported due to the desorption of SO4
2- from the silicate phase 

(Quennoz A. et al., 2013). Besides, no profound influence of polymers on Na+ and Ca2+ 

concentration was found, except increase of Na+ concentration in the presence of PVOH at 

p/c = 0.01. 

 

Figure 6 Ion concentration in pore solution during the early hydration at w/c = 0.5 

3.3 Film formation in cementitious environment 

As water evaporated or was consumed by cement hydration, latex particles concentrate and 

get in contact with each other. Thus, a polymer film is formed. Classic film forming 

mechanism consists of four stages: 1) particle dispersed; 2) close-contact; 3) deformation; 4) 

interdiffusion and coalescence (Keddie J. L. et al., 2010). However, for film formation of 

VAE latex in cement matrix, this process is more complicated due to two aspects. The one is 



 

the role of protective colloid - PVOH, which could induce redispersibility to the final film; 

the other is cementitious environment, such as high humidity, interaction with cement 

particles and ions in pore solution etc. Therefore, some simplified conditions was applied. 

  

Figure 7 ESEM image of films formed under 80% R.H. at age 1 d (left: A/right: B) 

In Figure 7, the surface morphology of latex films, which were formed under 80% R.H. are 

presented. The particle deformation of both latex polymers was achieved at 1 day, though 

particle identity was not vanished in the film of latex B. Budhlall (Budhlall B. M. et al., 2003) 

described this structure as hill of polymer particle and valley of interstitial PVOH. Moreover, 

fibrous white substance on the surface of the latex A film could be burned by electron beam. 

The plausible speculation is that this organic substance is PVOH. 

  

Figure 8 ESEM image of latex B film formed on cementitious substrate (left: 1 d/right: 7 d) 

However, under lower relative humidity, particle deformation was slower. In Figure 8, some 

spherical particles of latex B can be seen at age 1 day. After 7 days, the deformed particle 

morphology is visible. However, coalescence could not be predicted based on the ESEM 

images. Differently, latex A film under this condition showed similar morphology with that 

under high humidity. This may imply that Tg is also a decisive factor on particle deformation. 



 

  

Figure 9 ESEM image of film formed from SCPS at age 7 d (left: A/right: B) 

As formed from SCPS, porous and fragmented polymer films could be observed (see Figure 

9). The film was rinsed with water before the image was taken, which indicates an 

interpenetrated network between polymer and inorganic salts. Moreover, the particle 

deformation of both latex polymer films was observed clearly. However, whether the 

coalescence of the latex polymer occurred, was still suspicious even after 7 days. 

Nevertheless, the interdiffusion and coalescence of the VAE latex stabilized by PVOH could 

be hinted by redispersibility test, since the film must be non-dispersible once the coalescence 

process has been completed. In Table 3, redispersibility of the films is listed, which was 

formed under various conditions. SCPS is the most efficient condition for the film formation 

and accelerated the film-forming process, which is in accordance with previous findings 

(Jenni A., 2003). Besides, cement substrate as well as high humidity can affect the 

coalescence process in various degrees, where removal of vicinity PVOH is the key for the 

interdiffusion of latex polymer (Du Chesne A. et al., 2000). Hence, cement substrate provides 

a porous structure for the sorption of PVOH, which is in favor of polymer interdiffusion. 

Similarly, this process could also be linked to the interaction between PVOH and cement 

minerals.  

Table 3 Redispersibility of latex films formed in different conditions 

 Age [d] 80% R.H. on cementitious substrate from SCPS 

Film A 1 + ± - 

7 - - - 

Film B 1 + + - 

7 + - - 

+ redispersible / ± difficult to redisperse / - non-dispersible 

4. Conclusions 

Interaction between VAE latex stabilized with PVOH and cement could be considered as that 

between VAE latex particle and cement, or PVOH and cement, respectively. 

This study revealed that charge density should not be the determinant parameter with respect 

to the latex adsorption. Negligible effect of the latices on the electrokinetic properties of the 

cement also confirmed this speculation. Meanwhile, PVOH showed preferential interaction 

with the aluminate phase. Thus, the interaction between VAE latex particle and cement was 

feasible via its surface PVOH.  

The initial adsorption of the polymer could influence the cement hydration by limiting the 



 

dissolution of the minerals. However, VAE particle had little effect on the hydration kinetics 

unless the polymer dosage was high. Moreover, the presence of PVOH could change the 

equilibrium concentration of sulfate and led to the enhanced sulfate depletion peak.  

The film formation of the polymer in cement matrix was investigated under individual 

conditions: high humidity, minerals and cement pore solution. Results showed that cement 

pore solution as well as mineral surface could provide ideal circumstance for the film 

formation of VAE latex stabilized with PVOH. In fact, the interaction between the polymer 

and cement could accelerate the film-forming process for this kind of latex. 
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Abstract 

In order to investigate the feasibility and superior of volcanic rocks used as pozzolan in cement-based 

composite, the volcanic rocks from the east region of Jiangxi Province, China, were collected for this 

research. They include tuff, lava, perlite, and laval tuff. 

The analysis result of chemical composition displayed that the volcanic rocks contained high quantity 

of SiO2+Al2O3 (>77%), especially great amount of SiO2 (≥64%), which are far more than the 

requirements of composition in the relevant standards, such as the German standards DIN 51043 and 

ASTM C 618. XRD results shown that the volcanic rocks were mainly composed of glassy groundmass, 

quartz, sanidine, and sodium feldspar. The amorphous phase content of volcanic rock could be 

obtained from XRD data. The percentage of crystal phase integral area calculated above the 

diffraction background curve in the whole phase integral area below the diffraction peak cure, was 

defined as the content of crystalline phase in volcanic rock. The amorphous phase content might be 

calculated using the percentage difference between the whole content and the crystalline phase content 

in volcanic rock. The volcanic rocks were comprised of amorphous phase no less than 62%. Pozzolanic 

activity component for pozzolan was calculated by the product of chemical composition (SiO2 + Al2O3) 

content (%) and amorphous phase content (%). It declares proportion of pozzolanic activity 

composition to be able to react during the second–hydration reaction without the consideration of 

particle size, and is appraised as the characteristic index of potential pozzolanic activity to indicate 

internal capacity of pozzolan to react with CH, instead of chemical composition alone. These volcanic 

rocks possessed pozzolanic activity components no less than half of whole rock composition. 

Pozzolanic activity index of volcanic rock was evaluated as the ratio of the compressive strength of the 

cement mortar blended with volcanic rock to that of a control cement mortar. The results exhibited that 

pozzolanic activity indices at 28 days ranged between 71-100%, and were so large enough to surpass 

to the critical value of pozzolan used for cement mortar and concrete according to relevant standard. 

Thus, the volcanic rocks could be used as qualified pozzolans in cement-based composite.  

The pozzolanic reaction degree of the volcanic rock in the cement paste, determined by selected 

hydrochloric acid dissolution, was increased with prolongation of curing time. The growth rate of the 

reaction degree during early period was obviously larger than that after 7 days. And it can also be 

seen that the reaction degree of the volcanic rock with a higher percentage of replacement is lower 

than that with a lower percentage of replacement. The homologous relationship for volcanic rocks was 

revealed between the mechanical properties expressed by pozzolanic activity strength index and the 

chemical reaction properties reflected through reaction degree. 
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Originality 

One method is originally presented to determine the pozzolanic activity component of volcanic rock 

without the interference of particle size. Pozzolanic activity component calculated from chemical 

composition content and amorphous phase content, rather than chemical composition alone, was 

appraised as the characteristic index of potential pozzolanic activity to indicate internal capacity of 

pozzolan to reacting with CH. 

Investigation on the feasibility and superior of volcanic rocks used as pozzolan in cement-based 

composite is scare work in terms of composition, amorphous phase content, pozzolanic reaction degree, 

and pozzolanic activity index for China. 

 

Keywords: cement; volcanic rock; pozzolan; property; pozzolanic reaction degree 
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1. Introduction 

Natural pozzolans mixed with lime were used in concrete construction long before the 

invention of portland cement because of their contribution to the strength of concrete and 

mortar. Nowadays, natural pozzolans are used with portland cement not only for strength, but 

also for economy and beneficial modification of certain properties of fresh and hardened 

portland-cement concrete. Recently, especially since the 2nd half of the 20th century, the 

addition to Portland cement with natural or artificial materials to react with lime for a 

cementitious product has received much attention. However, the supply of high quality 

pozzolan in form of by-products is limited and many local sources are already fully exploited. 

Alternatives to the traditional industrial by-product pozzolans are to be found on the one hand 

in an increased usage of natural pozzolans and on the other hand in the expansion of the range 

of industrial by-products or societal waste to substitute for clinker. As a decline in production 

of blast furnace slags and fly ashes is expected due to new processes applied in steel and 

electricity production, Habert et al. (2010) noted that the total percentage of replacement has 

remained at 20% since the early 70’s, while the main replacement materials have shifted from 

slag and fly ash to limestone in France. They stressed that the contemporary cement or 

concrete industry has the challenges of producing more sustainable, less energy intensive 

products without sacrificing the mechanical strength or durability performance of the final 

product. In response, the most common development with limited interference in the 

conventional production process is the increased blending of pozzolans with Portland cement.  

Natural pozzolans are abundant in certain locations and are extensively used as an addition to 

Portland cement in countries, for example Italy, Germany, and Greece (Mehta and Monteiro, 

1993), Turkey (Uzal et al., 2007), Saudi Arabia (Khan and Alhozaimy, 2011), Malaysia 

(Wong and Askury, 2011), and China (Yu et al., 2003, 2010). Compared to traditional 

industrial pozzolans, they are characterized by a larger range in composition and a larger 

variability in physical properties. The application of natural pozzolans in Portland cement is 

mainly controlled by the local availability of suitable deposits and the competition with the 

accessible traditional industrial by-product pozzolans. In part due to the exhaustion of the 

latter sources and the extensive reserves of natural pozzolans available, partly because of the 

proven technical advantages of an intelligent use of natural pozzolans, their use is expected to 

be strongly expanded in the future (Mehta, 1987; Damtoft et al., 2008). The potential of 

Portland cement substitution by pozzolan to decrease production costs and to increase 

sustainability and durability of the final products is reflected in the large and steadily growing 

numbers of peer-reviewed papers published on the subject. Excellent general literature 

reviews which have been remarkable sources of information for the subject have been 

published earlier by ACI Committee 232 (2001), Lothenbach et al. (2011), and Snellings et al. 

(2012).  

The great majority of natural pozzolans in use today is of volcanic origin, mainly owing to the 

wide spread availability of volcanic rocks in many countries. However, not all volcanic rocks 

are suitable as pozzolanic material. Pyroclastic materials resulting from explosive eruptions 

such as ashes or pumices show higher pozzolanic activity owing to their higher glass content 

and highly porous or vesicular nature. The eruption type largely depends on the magma 

viscosity which is related to the “acidity” (i.e., SiO2 content) of the magma. In general, more 
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siliceous magma produces more explosive volcanism and products with better pozzolanic 

properties. Coarser highly vesicular pyroclastic material forms pumice-type deposits. Finely 

divided materials are transported further away from the volcanic source and are deposited as 

ash layers. There are a lot of volcanic origin rocks distributed in the east region of Jiangxi 

Province, China. Majority of these rocks are tuff, lava, and laval tuff with crystal fragments, 

rock fragments or/and brecciated gravel fragments, which belong to an extrusive igneous 

silica rock with abundance of SiO2 and Al2O3 in chemical composition and glassy on texture. 

They are similar to other natural material, e.g., alumino–silicate glass and pozzolan to be able 

to used as blended material in cement or/and mineral admixture in concrete when particles are 

ground to mostly under 45 µm.  

The aim of the present study was mainly to consider the feasibility and advantages of the 

volcanic rocks used as a supplementary binding material in cement–based materials. The 

specimens of representative volcanic rocks were collected from a main volcanic area in the 

eastern Jiangxi Province, China. The volcanic rocks were studied in terms of composition, 

texture state, pozzolanic reaction degree in cement paste, and pozzolanic activity index in 

cement mortar. Finally, the consistency of development on pozzolanic reaction degree and 

pozzolanic activity index for the volcanic rocks was probed. Meanwhile, the relationships 

between properties of volcanic rocks and pozzolanic activity were further discussed and 

revealed.  

2. Experimental materials and methods 

The specimens of volcanic rocks were collected from the east region of Jiangxi Province. The 

experimental tests included three parts: first part, chemical composition, the content of 

vitreous phase, mineral species and rock structure were quantitatively or semi-quantitatively 

examined by chemical composition analysis, petrographic analysis and XRD. Then the 

pozzolanic activity component was calculated from chemical composition content and 

amorphous phase content, and appraised as the index of potential pozzolanic activity to 

reacting with calcium hydroxide under adopted particle sizes. Second part, the pozzolanic 

reaction extents in the pozzolan/cement paste were quantified by a selective dissolution 

method. Thus, the hydration progress of volcanic rock in the cement paste was assessed from 

pozzolanic reaction degree, and pozzolanic activity of the volcanic rocks was confirmed from 

the perspective of a chemical reaction with cement. Third part, pozzolanic activity indices for 

the volcanic rocks were tested and calculated by the ratio of compression strength of the 

pozzolan/cement mortar to the control cement mortar, which verified the further reliability of 

pozzolanic activity through mechanics conduct. 

2.1 Specimens of volcanic rocks collection and grinding  

The most important geological event in the southeast China during the late Mesozoic was 

strong tectonic magmatic activity, and intermediate–acid volcanic intrusive rocks as the main 

body of the tectonic magmatic belt were formed. Jiangxi Province is located in the western 

part of the tectonic magmatic belt, and the late Mesozoic volcanic rock series were widely 

distributed to form a dozen volcanic basins with different sizes, among them the two volcanic 

belts (the south and the north) could be divided depending on the space distribution. The 

specimens used in this work were collected from the north volcanic belt, and it also called 

Dongxiang–Linchuang–Le’an volcanic belt, which includes the scope of the eastern Jiangxi 



 

Province, and its administrative division

volcanic rocks were collected as specimens in 

them at present are mined and used as building stones in 

railway, building and other application
Table 1 Specimens of volcanic rocks and their original site

No. Specimen Rock 

1 Ca  Laval tuff with 
crystal fragments

2 Da Laval tuff 
3 Db Tuff 
4 Ja Perlite 
5 Jb Laval tuff with 

crystal fragments
6 Jc Laval tuff 
7 La Lava 
8 Lb Tuff 

The volcanic rock specimens 

particle size is controlled in most cases by limiting the amount 

Mehta and Monteiro (1993) 

passing this sieve, as the coarser partic

cement. At least 90% of the 

experiment. The powder particle sizes of 

Particle Size Analyzer and shown

in powder particle sizes among the volcanic rocks

sizes of the volcanic rock specimen J
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dministrative division is Fuzhou City. The typical representatives of 

collected as specimens in this work, and listed in Table 1

at present are mined and used as building stones in the construction of road, highway, 

applications. 
Table 1 Specimens of volcanic rocks and their original sites 

Original site 

Laval tuff with 
crystal fragments 

Quarry, Hunan Town, Linchuan County 

 Waste dump field, Copper Mine, Dongxiang
Waste dump west-field, Copper Mine, Dongxiang
Songshan Temple, Huwan Town, Jinxi County

Laval tuff with 
crystal fragments 

Bajiaoting, Huwan Town, Jinxi County 

 Fengshan Village, Huwan Town, Jinxi County
Quarry, Gongxi Town, Le’an County 
Zoujiashan Village, Gongxi Town, Le’an County

specimens were crushed and ground into powder by ball mill

is controlled in most cases by limiting the amount above 45 μm (No. 325

(1993) have found that reactivity is directly related to the quantity 

passing this sieve, as the coarser particles generally do not react in a reasonable time in 

0% of the volcanic rock powder must pass through 45 μm 

The powder particle sizes of the specimens and cement were measur

shown in Figure 1. It is observed that there were a 

among the volcanic rocks and the cement, instead 

specimen Jc were smaller than that of cement. 

and procedures 

2.2.1 Chemical composition analysis    
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The analysis of bulk chemical composition for the volcanic rocks was performed by means of 

wet chemical analysis, in accordance with Chinese Standard GB/T14506.28–2010 (Methods 

for chemical analysis of silicate rocks – Part 28: Determination of 16 major and minor 

elements content). 

2.2.2 Petrographic analysis    

Acquisition observation was based on volcanic rock original-site, and the petrography 

features were inspected under polarizing microscope by using their thin sections. The main 

viewed programs included estimating the proportion of vitreous matrix semi–quantitatively, 

rock structure, the type of porphyritic bodies (crystal mineral, rock and debris or breccia) and 

their proportion. 

2.2.3 Powder XRD    

Volcanic rock powder XRD was carried out using a Bruker (D–8) X-ray diffractometer 

(Cu/Kα =1.54 Å, Ni filter, 40 KV, 40 MA, 2º/min, 2θ=2°~90º). Then, the results were used to 

identify crystalline phase minerals and to calculate the amorphous phase content in volcanic 

rock. 

The mineral species of crystalline in volcanic rocks could be identified by characteristics 

diffraction spectral pattern. 

In petrology, Davraz and Gunduz (2005) introduced that the content of amorphous phase 

might be calculated using the percentage difference between the whole content and the 

content of the crystalline phase in volcanic rock. The crystalline phase content of volcanic 

rock could be obtained from XRD data by the application of software MDI Jade 5.0 produced 

by Rigaku Company in Japan. The procedure is described as following. The diffraction 

background curve was firstly drawn, and the area above background curve was regarded as 

the integral area of crystal phase. The area below the diffraction peak cure was considered as 

the integral area of the whole phase. Thus, the percentage of crystal phase integral area in the 

whole phase integral area was defined as the content of crystalline phase in volcanic rock, 

also called crystallinity.  

It is known that XRD is a semi–quantitative technique to assess the crystalline phases. The 

acidic volcanic rocks contains 2–3% Fe, and there is small difference in Fe content among the 

volcanic rocks so as to avoid Fe-rich materials resulting in much higher backgrounds in using 

Cu/Kα radiation during XRD experiment. Thereby, the above test result is reliable and 

considerable precision. So far, the test result has great reference significance in the absence of 

better method determining the crystalline phase content or amorphous phase content, 

excepting for the quantitative determination of the amorphous content by reference to internal 

or external standard specimens. 

2.2.4 Preparing paste samples for testing pozzolanic reaction degree  

The pozzolan/cement pastes were prepared at the water–to–binder ratio of w/b=0.3. Volcanic 

rock powder was used as a direct replacement of cement on a weight basis at the levels of 0%, 

10%, 20%, 30%, and 40%. The prepared pozzolan/cement pastes were cured in a moist 

environment (at 20±2 ) for one day, ℃ and then at a constant temperature of 20±2  and ℃ a 

relative humidity of ≥90% for 1, 3, 7, 14, 28, 60, 90 days with the termination of hydration, 

respectively. The pozzolan/cement pastes were then immediately soaked in anhydrous alcohol 

to cease the further hydration for the determination of pozzolanic reaction degree. 
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2.2.5 Determination on pozzolanic reaction degree by hydrochloric acid dissolution    

The pozzolanic reaction degree (PRD) of volcanic rock in the pozzolan/cement paste was 

quantified using a selective dissolution method developed by Ohsawa et al. (1985). The 

principle of the procedure is based on the assumption that the majority of the unreacted 

pozzolan is acid insoluble. In a blended cement paste, the pozzolan reacts with calcium 

hydroxide to form acid soluble hydration products. Thus, it is possible to dissolve the 

hydration products of cement and pozzolans, and the unreacted cement, leaving the unreacted 

pozzolan as insoluble residue. PRD of pozzolan (volcanic rock) is defined as the percentage 

of reacted pozzolan in the initial amount of pozzolan in the pozzolan/cement paste.  

The prepared samples were placed in a vacuum desiccator overnight to remove anhydrous 

alcohol and then dried at 60  in an oven. For the determination of the hydration degree, the ℃

dried samples were ground into powder to pass through 80 μm sieve before performing the 

chemical analysis.  

The details of the procedure determining PRD of volcanic rock with hydrochloric acid 

dissolution are shown as following. Firstly, the mass fractions of insoluble parts of cement 

and volcanic rock powder in hydrochloric acid solution are measured separately. Secondly, 

the sample of pozzolan/cement paste is divided into two parts: one part is gradually burned up 

to 950  for 1h in an electric furnace, ℃ and another part is used with hydrochloric acid 

dissolution method for determining the mass fraction of the residual volcanic rock that does 

not participate in pozzolanic reaction in the pozzolan/cement paste sample. Afterwards, the 

grinding powder of pozzolan/cement paste sample is placed and dissolved in hydrochloric 

acid solution prepared with hydrochloric acid and deionized water in weight ratio of 1:2 at 

40 . The insoluble residue in hydrochloric acid is filtered and dried to constant weight ℃

under the 105 . Thus, the mass percentage of the partial ℃ volcanic rock that does not 

participate in pozzolanic reaction in the pozzolan/cement paste can be calculated by the 

following formula. Finally, using differential calculation, the mass fraction of the partial 

volcanic rock that has participated in pozzolanic reaction in the pozzolan/cement paste (i.e., 

PRD) could be achieved. According to Li (2003), the PRD formula is shown as follows: 
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Where, WC,O—the mass fraction of cement in the pozzolan/cement paste (%); WT,O—the mass 

fraction of volcanic rock in the pozzolan/cement paste (%); WH—the mass fraction of 

insoluble material in hydrochloric acid for the pozzolan/cement paste (%);  WC,H—the mass 
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fraction of insoluble material in the acid for the pure cement (%);  WT,H—the mass fraction 

of insoluble material in the acid for the pure volcanic rock powder (%); WN—the mass 

fraction of non-evaporable water in the pozzolan/cement paste (%); WL—the ignition loss of 

the pozzolan/cement paste (%); m0—the mass of the pozzolan/cement paste before burning 

(g); m950—the mass of the pozzolan/cement paste after calcination at 950  (g); L℃ P—the 

ignition loss of the pure cement (%); LT—the ignition loss of the volcanic rock powder (%); 

LC—the ignition loss of the mixture of cement and volcanic rock powder before pozzolanic 

reaction (%). 

2.2.6 Testing pozzolanic activity strength index and pozzolanic activity index 

In the macro level, the impact of pozzolanic activity for various pozzolan on cement–based 

material will be reflected by mechanical behaviour. The pozzolanic activity strength index 

(PASI) is most easily used to evaluate pozzolanic activity for pozzolan in cement–based 

material. The PASI is defined as the ratio of the compression strength of the pozzolan/cement 

mortar blended with pozzolan (replacing cement in equal mass) to the compression strength 

of the cement mortar without pozzolan under the same standard curing environment and 

curing time. Particularly, just as outlined in Chinese industry standards JG/T 315-2011 

(Natural pozzolanic materials used for cement mortar and concrete), pozzolanic activity index 

for pozzolan is defined as the ratio of compression strength of the pozzolan/cement mortar 

with 30% pozzolan to that of control cement mortar. According to this standard, a set of 

testing mortars (including three samples) were prepared by mixing cement, ISO standard sand 

and natural pozzolan with weights shown in Table 2. After molding, the mortar samples were 

immediately covered to prevent evaporation and cured in a moist environment at 20±2  for ℃

24 h. Then the mortar samples were removed from the moulds and cured in a thermostatic 

water bath (at 20±2 ) until the age of strength testing for 28 and 90 day℃ s, respectively. 
Table 2 the composition of mortar samples 

Material Cement Volcanic rock powder ISO Standard sand Water 

Weight/gram  315 135 1350 225 

During the experiment, mortars were made with the ISO standard sand and the control 

Portland cement produced by China United Cement Group Co., LTD. and Lucheng Cement 

Co., LTD. in Shandong Province. The control Portland cement was P.Ⅰ42.5 Grade, which 

defined as the Portland cement Type Ⅰ and its compressive strength above 42.5 MPa at the 

28th day of curing under standard condition (According to ISO 679). 

3.Results and discussion 

3.1 Pozzolanic activity component 

3.1.1 Petrographic features 

Petrography characteristics of the volcanic rocks were inspected under polarizing microscope 

using thin sections. Natural pozzolans generally contain pyroclastic rocks. The volcanic rocks 

have evident porphyritic texture with 40–70% matrix of volcanic ash in vitreous state based 

on microscopic visual inspection, seen in Figure 2. The porphyritic bodies were comprised of 

crystal fragments, rock fragments, brecciated gravel and glass accompanying with their partly 

melted margins. The majority of crystals were classified as the minerals of quartz and feldspar, 

and the majority of rocks were classified as acid volcanic extrusive rocks.  
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              A. Specimen Ca                      B. Specimen Jb (+) 

  

               C Specimen Jc (+)                      D. Specimen Lb (+) 

Figure 2 Photos for micro-texture of the volcanic rocks 

3.1.2 Chemical composition  

The results in chemical composition analysis for the volcanic rocks are listed in Table 3. They 

displayed that the volcanic rocks were close to granite or rhyolite composition and contained 

high quantity of SiO2+Al2O3, especially great amount of SiO2. The total content of SiO2, 

Al2O3, and Fe2O3 in the specimens was found to be more than 79%, which exceeds the 

minimum requirement (70%) for natural pozzolans specified in ASTM C 618 and Turkey 

Standards (TS 25). A relatively high content of SiO2+Al2O3 could also indicate the acidic 

character of the pozzolanic material.  

Table 3 Major chemical composition of volcanic rocks and cement, in mass percent 

No. Specimen SiO2 Al2O3 K2O Na2O CaO MgO Fe2O3 
Loss on 
ignition 

1 Ca 75.74 12.6 6.00 1.96 0.29 0.16 2.71 0.99 

2 Da 70.10 9.25 2.57 0.16 4.61 1.32 2.66 6.49 

3 Db 68.33 9.12 2.56 0.14 4.95 1.14 1.67 7.12 

4 Ja 71.09 12.66 3.58 3.51 1.36 0.39 3.15 4.89 

5 Jb 76.89 10.51 8.25 0.8 0.12 0.06 2.48 0.64 

6 Jc 63.97 14.75 5.58 3.2 3.36 0.84 3.64 2.98 

7 La 69.19 14.58 5.85 2.59 1.45 0.78 3.47 1.03 

8 Lb 67.56 16.47 4.47 0.4 0.31 1.25 2.95 3.16 

9 Cement 25.26 6.38 – 0.56 54.67 2.68 4.05 2.59 

10 Dacite (Snellings et al.) 52–66        

11 Rhyolite (Snellings et al.) >66        
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However, most natural and artificial supplement cementitious materials consist of a 

heterogeneous mixture of phases and therefore a direct relationship between overall chemical 

composition and pozzolanic activity becomes less obvious. The fact that all correlations were 

reported for long term pozzolanic activity and/or performance indicates that the 

characteristics and the distribution of the reaction products should relate supplement 

cementitious material chemistry and long term performance. Massazza (2001) summarized 

that the eventual, long term reaction product assemblage is controlled by the overall 

chemistry of the active phases. Richardson (1999, 2004) observed that the addition of 

pozzolan (just like blast furnace slag or metakaolin) has changed the Ca/Si ratio, the silicate 

polymerization and the morphology of the main C–S–H reaction products and thus can alter 

the permeability of the reaction product barrier layer and the eventually performance of the 

binder. As the main reaction products are calcium–silicate hydrates (with some Al 

incorporation) and calcium–aluminate hydrates (containing additional Si and Fe), the total 

SiO2 + Al2O3 + Fe2O3 content of the active phases may be considered as an indication of the 

Ca(OH)2 binding potential of an supplement cementitious material. 

From chemical composition point of view, the SiO2 content in pozzolan has a determining 

role in the development of hydration products when they react with CH at ambient 

temperatures. The chemical composition of natural pozzolan is stated as 50–67% SiO2 in the 

German standards (DIN 51043). Because the volcanic rocks employed contained SiO2 rate far 

more than the requirement of the above standard, it is implied that they may provide more 

potential for active SiO2 to actuate the pozzolanic activity during second–hydration reaction. 

The reported chemical data of 150 unaltered pyroclastic materials and 83 zeolitized rocks 

used as natural pozzolanic material were plotted in a total alkali over SiO2 diagram on a 

recalculated 100% volatile-free basis by Snellings et al. (2012). The most natural unaltered 

pumices and ashes fall in the intermediate (52–66 wt% SiO2) to acid (> 66 wt% SiO2) 

composition range. The predominant rock types are dacite and rhyolite, representing 29% and 

21% of the reported analyses respectively. The SiO2 contents of volcanic rocks used fell 

within the above acid (7 specimens) or intermediate (1 specimen) composition range 

summarized by predecessors, seen in Table 3. 

Most of the specimens studied were fallen into the acid composition range, except one 

specimen in intermediate. In these regards, it is noteworthy that the volcanic rocks employed 

have higher quantity in terms of the sum of SiO2+Al2O3 +Fe2O3 and the SiO2 content. 

Therefore, it is suggested that the volcanic rocks may provide more potential of pozzolanic 

activity on chemical composition during second–hydration reaction.  

3.1.3Powder XRD result 

XRD patterns of the volcanic rock powder in our work are described in Figure 3. The results 

from identifying crystalline phase minerals and calculating content of amorphous phase are 

displayed in Table 4.  

The volcanic rocks were mainly composed of glassy groundmass, quartz, sanidine, albite, 

sodium feldspar, and cristobalite within a decreasing order of their abundance. From the view 

of crystal mineral genesis, the volcanic rocks contained some silicon aluminum minerals 

formed under high temperatures, such as quartz, sanidine, albite (disordered) and so on. On 

the other hand, the volcanic rocks were comprised of amorphous phase no less than 62%. It 
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Table 4 Powder XRD results 

No. Specimen Mineral Amorphous 
phase 
content/% 

Pozzolanic 
activity 
component/% 

1 Ca Quartz, sanidine 62 55 

2 Da Quartz, sodiun silicate oxide, 
potassiun aluminum silicate 

66 52 

3 Db Quartz 78 60 

4 Ja Cristobalite, sodium aluminum 
silicate, sanidine, albite(disordered) 

80 67 

5 Jb Quartz, sanidine 68 59 

6 Jc Quartz, sanidine, albite(ordered) 76 60 

7 La Quartz, sanidine, albite(disordered) 70 59 

8 Lb Quartz, aluminum silicate 74 62 

was noted that volcanic rocks were generated when silicon aluminum magma at high 

temperature was erupted and cooled rapidly. That was reason that the volcanic rocks are not 

only rich in silicon aluminium on the chemical composition, but also unstable structural state 

with more vitreous content. It could further explain the reason that the volcanic rocks have a 

large potential of pozzolanic activity. 

3.1.4 Pozzolanic activity component  

Snellings et al. (2012) thought that pozzolanic activity cannot be determined just by 

quantifying the presence of silica, alumina, and iron. The amount of amorphous material 

1Ca

2Da

4Ja

7La

8Lb

3Db

6Jc

5Jb

2 12 22 32 42 52 62 72 82
2θ/(°)

Figure 3 XRD patterns of the volcanic rocks 
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usually determines the reactivity of a natural pozzolan. The constituents of a natural pozzolan 

can exist in various forms, ranging from amorphous reactive materials to crystalline products 

that will react either slowly or not at all. Because the amount of amorphous materials cannot 

be determined by standard techniques, it is important to evaluate each natural pozzolan to 

confirm its degree of pozzolanic activity. There is no clear distinction between siliceous 

materials that are considered pozzolans and those that are not. Generally, amorphous silica 

reacts with calcium hydroxide and alkalies more rapidly than does silica in the crystalline 

form (quartz). As is the case with all chemical reactions，the larger the particles (the lower the 

surface area per unit volume) the less rapid the rate of reaction. Therefore, the chemical 

composition of a pozzolan does not clearly determine its ability to combine with calcium 

hydroxide and alkalies. 

Factors affecting the activity of pozzolan are the content of (SiO2 + Al2O3 + Fe2O3), 

amorphous degree of its structure, and particle sizes. It was known that the pozzolanic activity 

of pozzolan principally depends on the content of active SiO2 and active Al2O3 under certain 

particle sizes. Thus, in order to express the total content of active SiO2 and active Al2O3, 

pozzolanic activity component (%) (PAC) for pozzolan was defined as the sum of active SiO2 

and active Al2O3, and then calculated by the product of chemical composition (SiO2 + Al2O3) 

content (%) and amorphous phase content (%) in volcanic rock as follow: 

 PAC = Chemical composition (SiO2+Al2O3) content × Amorphous phase content       (7) 

Thus, according to SiO2 and Al2O3 contents by chemical composition analysis and amorphous 

phase content by XRD data, PAC for pozzolan could be calculated using the Eq. (7). PAC 

declares proportion of pozzolanic activity composition to be able to react during the 

second–hydration reaction, and is appraised as the characteristic index of potential pozzolanic 

activity to indicate internal capacity of pozzolan to react with calcium hydroxide without the 

consideration of particle size.  

The PACs for the above volcanic rocks were presented in last column of Table 4. The result 

exhibited that these volcanic rocks possessed pozzolanic activity components no less than half 

of whole rock composition. Therefore, on the perspective of internal property factors, the 

volcanic rocks have sufficient potentiality for pozzolanic activity, and can been used as 

supplementary cementing material in cement–based material so long as they are ground into 

powder with certain particle sizes. 

Within a group of unaltered natural pozzolans with similar volcanic origin and composition, a 

correlation between amorphous phase content and pozzolanic activity has been observed by 

Mehta (1981), and it was explained that glass SiO2 content ranges between 45 and 75 wt%. 

Mielenz et al. (1950) had a statistical analysis on many natural pozzolans to be usable in the 

raw state, and concluded that the best natural pozzolans owed their activity to volcanic glass 

with 70 to 73% SiO2, with 40 to 100% being in the form of rhyolitic glass. According to their 

result of statistical analysis and the Eq. (7), active SiO2 contents of the best natural pozzolans 

should be in ranges between 28 and 73 wt%. The pozzolanic activity components of volcanic 

rocks in this work fell into the above extents summarized by predecessors.  

3.2. Pozzolanic reaction degree 

The pozzolanic reaction degrees of the volcanic rocks at different age times and mixing 

contents are presented in Table 5, and compared with previous studies.  
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Table 5 Pozzolanic reaction degree of volcanic rock in the pozzolan/cement paste 

No. Specimen Mix 
content/% 

1 
day 

3 
days 

7 
days 

14 
days 

28 
days 

60 
days 

90 
days 

1 Perlite 
Ja 

10 7.62 13.39 27.94 31.81 37.69 60.76 64.28 

2 20 5.20 21.79 25.00 36.08 47.54 52.67 58.26 

3 30 3.57 17.35 28.87 33.16 39.91 47.03 51.41 

4 40 3.42 18.96 28.33 29.59 36.67 42.97 46.63 

5 Laval tuff 
Jb 

10 2.39 2.63 2.95 13.13 19.17 25.77 32.42 

6 20 4.83 4.50 7.83 14.80 20.62 23.15 24.43 

7 30 5.53 8.06 14.94 11.88 17.22 22.02 23.35 

8 40 7.91 8.56 13.20 13.54 15.96 19.11 19.08 

9 Zeolite  
(Poon et al., 1999) 

15  5.17 9.08  28.94  36.32 

10 25  4.93 8.92  28.45  36.14 

 

From Table 5, it can also be seen that the PRD of the volcanic rock in a cement paste with a 

higher percentage of replacement is lower than that with a lower percentage of replacement. 

This is consistent with the results in the hydration study of the zeolite/cement pastes (Poon et 

al., 1999), fly ash/cement pastes (Lam et al., 2000), metakaolin/cement pastes and silica 

fume/cement pastes (Poon et al., 2001). The higher rate of pozzolanic reaction in cement 

pastes with a lower replacement level can be attributed to the higher concentration of CH 

available for the pozzolan to react with. Sufficient CH from hydration of cement existed 

under the lower dosage of volcanic rock in the pozzolan/cement paste, and accelerated the 

pozzolanic reaction of volcanic rock in the system and maintained a higher growth rate of the 

PRD for a longer time 

Although there was a small difference in trend pattern of PRD between two volcanic rock 

specimens Ja and Jb at any time mentioned, whereas the PRD of the specimen Ja (perlite) was 

still higher than that of the specimen Jb (laval tuff), with individual exception. It was 

demonstrated that the perlite Ja possessed better pozzolanic activity and was preferable 

pozzolan in cement–based material. A comparison of the reaction degrees of volcanic rocks 

with zeolite measured by a selective dissolution procedure using picric acid–methanol 

solution and water (Poon et al., 1999) is given in Table 5. It can be seen that the reactivity of 

the perlite (Specimen Ja) in this work is distinctly higher than that of zeolite during any time, 

but the reactivity of the laval tuff (Specimen Jb) in this work is lower than that of zeolite. This 

indicated that the perlite in cement–based material has more advantages on rapid harden in 

early stage and accelerate construction in site.  

The specimen Ja was an example of discussing varying pattern for the PRD of volcanic rock. 

At the initial stage of hydration reaction (1 day), the reaction degrees of the perlite were 

recorded to scatter between 3.4–7.6% for various mixing contents, as shown in Table 5. Then, 

during the early stages of 3 to 7 days, the reaction degrees of the perlite increased rapidly 

from approximately 13–19% to 25–28%. The reaction degrees continued to rise slightly. At 

90 days, more than 46% of the perlite had been reacted, and 64% of the volcanic rock had 

been participated in pozzolanic hydration with a 10% perlite replacement in the 

pozzolan/cement paste. The PRD of the perlite in the pozzolan/cement paste was gradually 
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increased with curing time (Figure 4). The growth rate of the PRD during early hydration 

period was obviously larger than that after 7 days. Thus, there existed an explicit turning point 

for growth rate of the PRD at the age of 7 days with any perlite replacement in the 

pozzolan/cement paste. Then the PRD increased slowly, but had been in progress for a 

long–term. It is important to note that, although the rate of perlite reaction becomes slow after 

prolonged curing, there was still a considerable improvement in the PRD of perlite from 14 to 

90 days. For example, PRD of perlite for a pozzolan/cement paste with 20% replacement was 

36% at 14 days and 58% at 90 days. The reaction of perlite still did not completely finish at 

the age of 90 days and more than one third of the perlite were still unreacted.  

 

3.3 Pozzolanic activity strength index and pozzolanic activity index 

The compressive or tensile strength of mortars is used to assess pozzolanic activity for 

pozzolan in many standards, such as ASTM C618-00 (Standard specification for coal ash and 

raw or calcined natural pozzolan for use as a mineral admixture in concrete) in the United 

States and JG/T 315–2011 (Natural pozzolanic materials used for cement mortar and concrete) 

in China. Takemoto and Uchikawa (1980) also stated that the quality of natural or artificial 

pozzolanic cements should be evaluated by mechanical strength test. The mortars are 

prepared with a specified ratio of pozzolan to Portland cement or pozzolan to lime, and cured 

under closely controlled conditions. 

Pozzolanic activity index is thought as a direct parameter to assess pozzolanic activity for 

pozzolan. The tested achievements of pozzolanic activity index were enumerated in Table 6. 

The pozzolanic activity indices in our specimens are so large enough to meet to the 

requirement of the Chinese industry standard JG/T 315–2011 (Natural pozzolanic materials 

used for cement mortar and concrete). Therefore, the volcanic rocks used are mechanically 

suitable for usage as pozzolans in cement–based material.  

Table 6 Mortar strength and pozzolanic active strength index  

No. Specimen 
Volcanic 

rock 
Compressive 
strength/MPa 

Flexural 
strength/MPa PASI /% 
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Figure 4 Varity of reaction degree  for the rock Ja with curied time 
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content/％ 28d 90d 28d 90d 28d 90d 

0 Cement 0 47.52 53.30 7.25 8.64   

1 Da 30 34.00 37.93 7.03 7.02 72 71 

2 Db 30 44.36 49.75 7.20 7.47 93 90 

3 Jb 30 40.63 45.87 7.51 7.65 86 86 

4 Jc 30 36.77 46.51 8.02 8.44 77 87 

5 La 30 37.12 43.32 7.10 6.95 78 81 

6 Lb 30 33.70 33.73 6.45 6.04 71 63 

7 Ca 

10 53.49 51.56 8.24 8.05 113 97 
20 50.64 45.37 7.82 7.73 107 85 

30 39.78 43.42 7.24 7.11 84 81 

40 43.13 39.45 7.03 6.25 91 74 

50 41.25 37.42 6.52 5.93 87 70 

8 Ja 

10 48.29 57.23 8.72 8.75 102 107 

20 50.16 57.32 8.75 8.01 106 108 

30 47.72 52.39 8.45 8.23 100 98 

40 47.56 56.53 8.14 8.70 100 106 

50 47.48 53.51 8.35 8.14 100 100 

9 Natural pozzolanic material 
(JG/T 315–2011) 

30     ≥65  

 

It is generally appreciated that pozzolan should have a pozzolanic activity index of ≥75% so 

to satisfy the demand of supplementary binding material on superior quality in cement–based 

materials, which is consistent with the Chinese Standard GB/T 18736–2002 (Mineral 

admixtures for high strength and high performance concrete) and US ASTM C618–00 

(Standard specification for coal ash and raw or calcined natural pozzolan for use as a mineral 

admixture in concrete). Six volcanic rock specimens possessed no less than 75% pozzolanic 

activity index in 28 days curing period and surpassed to the critical value of high grade 

pozzolan. Hence, these volcanic rocks could be confirmed to be good pozzolans in 

cement–based material. Meanwhile, other two volcanic rock specimens (Da and Lb) had 

pozzolanic activity indices less than or approximating the critical value of good pozzolans. 

The development of cement and concrete prescriptions and standards towards more 

performance based conditions highlights the generally accepted view that the utilization of a 

wider array of pozzolans at higher replacement percentages should be allowed and judged on 

the eventual performance of the end product (Hooton, 2008; Kaid et al., 2009). The 

mechanical performance of blended cements in concrete and mortar was closely controlled by 

the level of pozzolan replacement. As seen from results of specimen Ca and Ja in Table 6, a 

consistent decline in the compressive or flexural strength and rate of strength development for 

mortars was noted as the amount of the raw pozzolan material in the blended cement 

increased. It is obvious that the optimum replacement level for volcanic rock was at 10%–20% 

for the compressive or flexural strength of mortar at anytime, when the mortar strengths were 

the highest and some of them overstepped the control cement mortar. While the ground 

volcanic rock Ca and Ja replaced up to 50% of control cement, the volcanic rock blended 

cements produced had the desired physical characteristics with 28–day compressive strengths 

above 32.5 MPa and 42.5MPa, respectively. The results suggest that both of the volcanic 
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rocks can be separately used in the production of 32.5 grade and 42.5 grade pozzolan cements 

blended with 50% volcanic rock. 

Similarly, the variation of PASI with the mixing content of volcanic rock was plotted in 

Figure 5. PASI for volcanic rock Ca and Ja were decreased with the percentage of volcanic 

rock within the mentioned range, and relations between PASI and the mix percentage were 

always well linear. The fitting linear regression equation of specimen Ca had higher 

correlation coefficients at various cured stages, such as 0.84 at 28 days and 0.98 at 90 days. 

But the correlation coefficients of the fitting linear regression equation for Ja are 0.61 at 28 

days and 0.56 at 90 days. This suggested that the development trend of PASI with mixing 

pozzolan content was stable. 

 

3.4 The relationship between PRD and PASI 

According to the data in Table 5 and Table 6, the relation between PRD and PASI for the 

volcanic rock specimens Ca and Ja could be diagrammed in Figure 6, in which each point 

represented the specimen values of PRD and PASI at the same hydration time and the same 

level of replacement. If these data were divided into 4 groups (Ca–28d, Ca–90d, Ja–28d, and 

Ja–90d) based on specimen and hydration time, there was a linear relation between PASI and 

PRD for various mix percentages. The most of fitting linear regression equations had 

favourable correlation coefficients, such as 0.78 and 0.89 for Ca and Ja at 28 days, and 0.99 

and 0.43 for Ca and Ja at 90 days.  

The above figure exhibited the evolution consistency of PASI with PRD for the volcanic 

rock under the identical conditions of specimen powder, blended content and hydration 

environment. In other words, the homologous relationship for volcanic rocks was revealed 

between the mechanical properties expressed by PASI and the chemical reaction properties 

reflected through PRD. 
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4 . Conclusions 

The results of the analysis and discussion are summarized as follows.  

The volcanic rocks in this work were demonstrated to qualify as a supplementary binding 

material in cement–based material according to relevant standards. The volcanic rocks 

possessed abundant SiO2+Al2O3 in chemical composition and plentiful amorphous phase 

content in rock texture. It also showed that the volcanic rocks have great potential of 

pozzolanic activity with the parameters of pozzolanic activity component, pozzolanic reaction 

degree and pozzolanic activity index. 

Pozzolanic activity component calculated from chemical composition content and amorphous 

phase content, instead of chemical composition alone, was appraised as the characteristic 

index of potential pozzolanic activity to indicate internal capacity of pozzolan to reacting with 

calcium hydroxide without the interference of particle size. 

The pozzolanic reaction degrees of the volcanic rocks in the cement paste were gradually 

increased with curing time. After 7 days, the pozzolanic reaction degree slowed down while 

continued for a long–term. The pozzolanic reaction degrees of the volcanic rocks in a cement 

paste with a higher percentage of replacement is lower than that with a lower percentage of 

replacement. 

The homologous relationship for volcanic rocks was revealed between the mechanical 

properties expressed by pozzolanic activity strength index and the chemical reaction 

properties reflected through pozzolanic reaction degree. 
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Kinetic advantages of using microwaves in polymerization of polycarboxylic 

superplasticizer 
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Abstract 

Microwave irradiation has been a special alternative for heating systems and several chemical reactions. In 

polymerization processes, microwaves can enhance reaction rates or improve specific characteristics of the formed 

polymer. In this work, The kinetics advantages of free radical polymerization of polycarboxylic superplasticizer(PCE) 

using α-methallyl-ω-methoxy poly(ethylene glycol) ether(TPEG) and acrylic acid(AA) hydrogen peroxide(H2O2) and 

vitamin C(Vc)(as water soluble initiator)，3-thioglycolic acid(TGA) (as chain transfer agent) has been investigated by 

microwave irradiation at constant temperature 50℃ . Different effects were observed in polymerization of the 

concentration of TPEG, AA, H2O2, Vc and microwave power. To study the effect of microwave irradiation at constant 

temperature 50℃ upon the free radical polymerization. The rate of polymerization increases with an increase in 

concentrations of TPEG, AA, H2O2, Vc and microwave power. Based on the observed results microwave advantages has 

been proposed to account for the experimental observations followed by a discussion on its significance. 
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1. Introduction 

As a modern high performance concrete key component, PCE plays an irreplaceable role[1-6]. However, 

conventional heating technology used widely at home and abroad exists obvious temperature gradient[7-9]. It 

makes the PCE production large energy, loog time, wide distribution of the molecular weight of the 

polymerization products and poor performance. The technology of microwave synthesis has become popular 

for its cleaning, efficiency and target[11-14]. The technology is applied in the systhesis of PCE. It can achieve 

the “instantaneous” preparation and optimization of narrow distribution of the high molecular weight. Also, it 

promotes new molecular structure generation. 

The application of microwave irradiation in polymer chemistry is an emerging research field. A lot of 

activity has been developed in the last ten years regarding the use of microwave irradiation for polymerization 

purposes. This is because the microwave irradiation offers a clean, convenient, and inexpensive method of 

heating which often results in higher yields and shorter reaction time[15]. The heating of liquids using 

microwaves can be explained by the interaction of matter with the electric field of the incident radiation, 

causing the movement of ions as well as that of induced or permanent molecule dipoles. Molecules exhibiting 

a permanent dipole moment try to align to the applied electromagnetic field resulting in rotation, friction, and 

collision of molecules and, thus, in heat generation (the so-called dielectric heating)[16,17]. The microwave 

irradiation has become an interesting tool for a number of applications in the polymerization field. 

In the work described the use of microwave irradiation in free radical polymerization processes was 

investigated, and compared with conventional water bath heating. The synthesis of PCE were carried out 

under microwave or conventional heating in a glass reactor. The effect of monomer and initiator 

concentrations on Rp were also studied. For this purpose, PCE’s microwave polymerization reactions were 

conducted and featured the advantages of microwave polymerization. 

2. Experimental 

2.1. Materials 

Portland cement 42.5R complying with the Chinese standard GB175-2007 were used, whose composition are 

listed in Tab.1. The composition of the cement was obtained according to the Chinese Standard GB/T176-2008. 

Tab.1 Composition of Portland cement 

Chemical composition (mass %) Mineral composition (mass %) 

SO3 SiO2 Fe2O3 Al2O3 CaO MgO Na2Oeq f-CaO C3S C2S C4AF C3A 

2.83 21.58 3.46 4.03 61.49 2.60 0.62 0.84 46.0 27.14 8.45 7.05 

 

2.2 Experimental procedures 

2.2.1 Microwave polymerizations 

The microwave reactions were conducted in a microwave reactor. The microwave source was of 2.45 GHz 

frequency magnetron powered by a 1000W variable power generator. In addition, samples could be stirred through 

amagnetic stirrer. The temperature of the sample was monitored by thermocouple, inserted in one of the vials, 

measured the vial external temperature. The microwave reactor could be adjusted to keep constant either sample 

temperature, or the applied power, varying the other parameter operated at different power levels.  
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The synthesis of PCE at a molar ratio of 3:1 is described. At first, 12mL of DI water was placed in a 250 mL 

three-neck round bottom flask equipped with a mechanical stirrer, reflux condenser and two separate inlets for the 

monomers(2.7g of AA and 10 mL of DI water) as inlet A, which was dropped in 15min and the initiator and chain 

transfer agent (0.06g of TGA, 0.06g of Vc and 20 mL of DI water) as inlet B, which was dropped in 16min. The 

flask containing 30g of TPEG, 0.25g H2O2 12 mL of DI water was heated to 50 °C, and total reaction time was 

30min. Next, the pH was adjusted to 6~7 using 30 wt.% aqueous NaOH solution.  

2.2.2 Conventional heated polymerizations 

Conventional heated polymerizations were conducted in a 250 mL glass reactor, equipped with mechanical 

stirrer. the monomers(2.7g of AA and 10 mL of DI water) as inlet A, which was dropped in 180min and the 

initiator(0.06g of TGA acid 0.06g of Vc and 20 mL of DI water) as inlet B, which was dropped in 210min. The 

flask containing 30g of TPEG, 0.25g H2O2 12 mL of DI water was heated to 50 °C, and total reaction time was 

270min. Next, the pH was adjusted to 6~7 using 30 wt.% aqueous NaOH solution.  

2.2.3 Determination of Rp  

To perform the free radical polymerization under constant temperature, the vials were filled with aliquots 

(10mL) of a previously prepared solution (consisting of water, initiator, chain transfer agent and monomers), and 

purged with nitrogen. The AA, TPEG, H2O2, Vc monomer was then added. Thereafter, the vials were closed with 

capillary and submitted to microwave irradiation, for individual reaction times. The vials were promptly heated up 

to the reaction temperature and after being kept at the desired temperature (50 °C) for a certain interval, At first the 

capillary liquid level had a certain growth, when liquid level rosed to the highest point of recording the value of V0 

and the polymerization to certain volume shrinkage value the reaction stop(ΔV=V1-V2), and the samples were 

taken out, quenched in an ice bath and 2~3 drops of hydroquinone solution were added to stop the reaction, then a 

certain amount of reaction liquid taken out exactly in iodine flask, and add quantitative and excessive KBr-KBrO3 

solution and 10ml of hydrochloric acid solution, KBr and KBrO3 in acidic conditions reaction generated Br2. Part 

of Br2 and monomer containing double bond addition reaction, the remaining Br2 could reacted with excess 

potassium iodide and generated I2, Na2S2O3 standard solution dropped to the droplet formation of I2. 

At the same time, the blank experiment was done by using the Na2S2O3 volume V1 of the blank test, and the 

Na2S2O3 volume of the reaction solution was V2. The content of the monomer was calculated by using the formula 

(1). Then volume shrinkage factor K was calculated. 

0

1
100%

V
c

V K


                                                      (1) 

Where, c –monomer conversion,%;  

ΔV –volume change of the polymerization reaction;  

V0–initial volume of the polymerization reaction; 

K–volume shrinkage factor. 

The Rp is usually expressed by the amount of polymer in the unit time or the amount of monomer consumption. 

The linear regression of the discrete points (dc/dt) is obtained by using the transformation rate vs time (c vs t). 

According to the formula (2), the polymerization rate Rp can be obtained. 
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[ ]
[ ]p

d M dc
R M

dt dt
                                       (2) 

Where, [M] –monomer concentration,%;  

t – the polymerization reaction time.  

This experimental procedure was repeated for different reaction times. In order to compare results, the 

experimental conditions were similar to those used in reactions with conventional heating. 

2.3 Size exclusion chromatography (SEC) 

PCE solutions containing 10 g/L of the polymer were preparedfor SEC analysis. Measurement was performed 

on a DAWN HELEOS II( Wyatt Technology, USA) was used to determine weight average molecular weight  

(Mw), number average molecularweight (Mn) and the polydispersity(PDI) of the prepared polymers[18]. 

2.4 Fluidity 

A fluidity test was conducted to evaluate the plasticizing efficiency of the synthesized PCE in cement pastes 

with W/C of 0.29. The fluidity of the fresh cement pastes with the addition of various PCE was characterized by 

spread diameter in a mini-cone test, where a copper cone with a top diameter of 36 mm, bottom diameter of 60 mm 

and height of 60 mm was used.  

 

3. Results and discussion 

3.2 Effect of monomer concentrations on Rp 

The effect of [TPEG] on Rp was studied by varying the concentration in the range 0.20~0.4 mol·L-1 at fixed 

concentrations of AA, H2O2, Vc, TGA and at constant temperature (50oC) along with microwave wave energy 

(2.45GHz and 600 W). From the plot of (ln Rp) vs (ln[TPEG]), was found to be linear with slopes 4.14 and 1.20 

with microwave or conventional heating(Fig.1). The effect of [TPEG] on the Rp values with microwave or 

conventional heating conditions are shown in Tab. 2.  

Similarly, the effect of [AA] on Rp was studied by varying the concentration in the range 0.74~0.78 mol·L-1 at 

fixed concentrations of TPEG, H2O2, Vc, TGA and at constant temperature (50oC) along with microwave wave 

energy (2.45GHz and 600 W). From the plot of (ln Rp) vs (ln[AA]), was found to be linear with slopes 2.49 and 

1.12 with microwave or conventional heating(Fig.2). The effect of [AA] on the Rp values with microwave or 

conventional heating conditions are shown in Tab. 3.  

From Fig. 1 and 2, Tab.2 and 3 shows that Rp value is almost 8.90 to 74.06 times higher in the presence of 

microwave irradiation (2.45GHz, 600 W) than conventional heating. The increase in Rp value is attributed to the 

change in the size, surface area and morphology of TPEG and AA due to the positive effect of microwave might be 

enlarged. Further the collision between intermediates is increased by increasing TPEG and AA amount. Therefore 

the opportunity of forming a complex between them is largely increased. Hence, the Rp increased with increase in 

the amount of TPEG and AA.  
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Fig.1 Effect of [TPEG] on Rp. Reaction condition: [AA], 0.89 mol·L-1; [H2O2], 0.05 mol·L-1; [Vc], 0.008 mol·L-1; [TGA], 0.016 

mol·L-1; temp.50 oC; microwave condition (2.45GHz, 600 W, time. 30 min); conventional condition (time. 270 min). 

Tab.2 Effect of [TPEG] on Rp 

 

 
Fig.2 Effect of [AA] on Rp. Reaction condition: [TPEG], 0.30mol·L-1; [H2O2], 0.05 mol·L-1; [Vc], 0.008 mol·L-1; [TGA], 0.016 

mol·L-1; temp. 50 oC; microwave condition (2.45GHz, 600 W, time. 30 min); conventional condition (time. 270 min). 

 

 

 

 

[TPEG]/ mol·L-1 Rp ×103/ mol·L-1·s-1 

(with microwave) 

Rp ×103/ mol·L-1·s-1 

(with conventional ) 

Rp(with microwave)/ Rp(with conventional ) 

0.20 59.5 5.79 10.27 

0.25 71.5 8.03 8.90 

0.30 162.2 9.58 16.93 

0.35 386.1 11.42 33.81 

0.40 1006.5 13.59 74.06 
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Tab.3 Effect of [AA] on Rp 

 

3.3 Effect of initiator concentrations on Rp 

The polymerization rate increased with increased concentration of H2O2 in the range 0.03~0.07 mol·L-1 at a 

fixed concentration of TPEG, AA, Vc, TGA and at constant temperature (50oC) along with microwave wave 

energy (2.45GHz and 600 W). A plot of ln Rp vs ln[H2O2] was found to be linear with slopes 0.86 and 0.76 with 

microwave or conventional heating(Fig.3). The effect of [H2O2] on the Rp values with microwave or conventional 

heating conditions are shown in Tab. 4. 

The polymerization rate increased with increased concentration of Vc in the range 0.003~0.014 mol·L-1 at a 

fixed concentration of TPEG, AA, H2O2, TGA and at constant temperature (50oC) along with microwave wave 

energy (2.45GHz and 600 W). A plot of ln Rp vs ln[Vc] was found to be linear with slopes 2.31 and 0.86 with 

microwave or conventional heating(Fig.4). The effect of [Vc] on the Rp values with microwave or conventional 

heating conditions are shown in Tab. 5. 

 

Fig.3 Effect of [H2O2] on Rp. Reaction condition: [TPEG], 0.30mol·L-1; [AA], 0.89 mol·L-1; [Vc], 0.008 mol·L-1; [TGA], 0.016 

mol·L-1; temp. 50 oC; microwave condition (2.45GHz, 600 W, time. 30 min); conventional condition (time. 270 min). 

 

 

 

 

 

 

 

[AA]/ mol·L-1 Rp ×103/ mol·L-1·s-1 

(with microwave) 

Rp ×103/ mol·L-1·s-1 

(with conventional ) 

Rp(with microwave)/ Rp(with conventional ) 

0.74 98.70 5.79 16.07 

0.89 162.20 8.03 16.93 

1.19 198.20 9.58 16.05 

1.49 574.30 11.42 38.34 

1.78 902.90 13.59 51.57 
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Tab.4 Effect of [H2O2] on Rp 

 

Fig.4 Effect of [Vc] on Rp. Reaction condition: [TPEG], 0.30mol·L-1; [AA], 0.89 mol·L-1; [H2O2], 0.05 mol·L-1; [TGA], 

0.016mol·L-1; temp. 60 oC; microwave condition (2.45GHz, 600 W, time. 30 min); conventional condition (time. 270 min). 

Tab.5 Effect of [Vc] on Rp 

 

From Fig. 3 and 4, Tab.3 and 4 shows that Rp value is almost 8.93 to 83.78 times higher in the presence of 

microwave irradiation (2.45GHz, 600 W) than conventional heating. It implies that the decomposition of H2O2 and 

Vc may be enhanced in the presences of microwave. Thus the observed Rp value is more in the presence of 

microwave. Therefore the monomers and initiators are reacting rapidly and form more polymer. 

3.4 Effect of power on Rp 

The polymerization rate increased with increased microwave power in the range 0~1000W at a fixed 

concentration of TPEG, AA, H2O2, TGA and at constant temperature (50oC) along with microwave wave energy 

(2.45GHz). The effect of microwave power on the Rp values are shown in Tab. 6.  

[H2O2]/ mol·L-1 Rp ×103/ mol·L-1·s-1 

(with microwave) 

Rp ×103/ mol·L-1·s-1 

(with conventional ) 

Rp(with microwave)/ Rp(with conventional ) 

0.03 110 7.45 14.86 

0.04 134.1 9.33 14.42 

0.05 162.2 9.58 16.90 

0.06 189.8 12.62 15.06 

0.07 223.8 14.57 15.43 

[Vc] / mol·L-1 Rp ×103/ mol·L-1·s-1 

(with microwave) 

Rp ×103/ mol·L-1·s-1 

(with conventional ) 

Rp(with microwave)/ Rp(with conventional ) 

0.003 38.1 4.27 8.93 

0.005 87.9 9.06 9.70 

0.008 162.2 9.58 16.93 

0.011 712.9 13.02 54.76 

0.014 1691.6 20.19 83.78 
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From Tab.6 shows that Rp value is almost 4.24 to 45.46 times higher in the presence of microwave irradiation 

(2.45GHz) than conventional heating. The increase in Rp value is attributed to the rotation, friction, and collision 

between intermediates is increased by increasing microwave power. Therefore the opportunity of forming a 

complex between them is largely increased.  

Tab.6 Effect of microwave power on Rp 

 

microwave power / W Rp ×103/ mol·L-1·s-1 

0 9.58 

200 40.62 

400 85.13 

600 162.21 

800 238.14 

1000 435.52 

 

Reaction condition: [TPEG], 0.30mol·L-1; [AA], 0.89 mol·L-1; [H2O2], 0.05 mol·L-1; [Vc], 0.008 mol·L-1 ; [TGA], 0.016mol·L-1; 

temp. 50 oC; microwave condition (2.45GHz, time. 30 min);. 

3.5 Comparison between PCEs’ microwave conventional heating polymerizations  

The Effect of microwave and conventional heating on PCE’s Mw, Mn, PDI and cement paste fluidity, is 

shown in Tab.7. For the same reaction condition, higher PDI and cement paste fluidity were obtained under 

microwave irradiation, in comparison with conventional heating. These results indicate that microwave 

irradiation increases PCE’s PDI and dispersion. 

Tab.7 Effect of microwave and conventional heating on PCE’s Mw , Mn, PDI and cement paste fluidity  

 
4. Conclusion 

In this study, the PCE by microwave assisted system. The parameters influencing the rate of polymerization 

were performed with microwave irradiation and conventional heating. It shows that the Rp enhanced under 

microwave irradiation condition compared with the conduct of the same polymerization with conventional heating. 

The Rp value increases with increasing the [TPEG], [AA], [H2O2] and [Vc]. Meanwhile microwave irradiation 

increases PCE’s PDI and dispersion.  
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Abstract 

The present study investigates the compressive strength, flexural strength and water 

absorption of concrete specimens containing nano-Cr2O3 (NC) and rice husk ash 

(RHA). Portland cement has been replaced by 10, 20, and 30wt% RHA and then NC 

with the ratios of 1, 2 and 3% of the weight of cement were added. Mechanical and 

durability properties of the produced samples were assessed. Water absorption was 

conducted to determine the durability properties of concrete specimens. The results 

show that the presence of the nanoparticles enhanced the mechanical properties and 

durability of specimens. Although, the replacement of 1% RHA increased the 

mechanical properties of specimens. Beyond 1%, the mechanical properties of 

concrete samples was decreased. The effect of RHA replacement on the water 

absorption is noticeable.  

Key words: Nano-Cr2O3; Mechanical properties; Water absorption; Rice husk ash. 
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Abstract 
Microstructural characterization of Class A oil well cement slurries was performed through synchrotron x-ray 
diffraction technique, which allowed for real-time, in-situ measurements of x-ray diffraction patterns to be obtained. 
Phases of interest, including portlandite, ettringite, monosulfate, and jaffeite (crystalline form of calcium silicate 
hydrate), were monitored up to 8 hours. The effect of elevated temperatures (60, 85, and 150C) and elevated pressure 
(~150 MPa), as well as the effect of nanomaterial addition were investigated. Rate of conversion of ettringite to 
monosulfate increased with increasing temperature. On the other hand, increase in pressure led to a decrease in the 
rate of this conversion, although it still accelerated rate of portlandite formation. Also, a seeding effect by the nano-
sized attapulgite clays was observed, where there was a clear acceleration in the rate of formation of portlandite and 
jaffeite. 
 
Originality 
Information on the microstructural evolution of oil well cement systems at elevated pressures and temperatures is still 
lacking due to experimental challenges in characterization. This study looked at the effect of pressures reaching 
approximately 150 MPa, where most studies have been limited to approximately 50 MPa. Such characterization is 
critical to improve the cementing process in terms of efficiency and safety during these operations, particularly for 
deepwater applications. And to the knowledge of the authors, capturing the seeding effect by nanomaterials under such 
conditions in oilwell cement systems has never been done. 
 
Keywords: high pressure; high temperature; nanomaterials; oil well cement; synchrotron x-ray diffraction 
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1. Introduction 
Select applications require special rheological properties, for instance high rate of thixotropic 
rebuilding after placement. A number of studies have shown the effectiveness of clays in enhancing 
thixotropy for reducing the formwork pressure of self-consolidating concrete and for slipform paving 
applications (Kim J.H., et al, 2010, Pekmezci B.Y., et al, 2007) And a highly-purified attapulgite clay 
was found to be particularly effective. When mono-dispersed, they become needle-like with an 
average diameter of 3 nm, and therefore can be considered as a nanomaterial. Given their effect on 
thixotropic rebuilding, they can be suitable for applications in oil well cementing, where high rate of 
magnitude and gelation can help prevent gas migration during transition time. Due to the depths oil 
wells can reach, the cementing material must have the ability to perform at elevated temperatures and 
pressures. Therefore, understanding the influence of clays on the microstructural evolution up until 
setting under such conditions is necessary in determining their suitability for the application. In this 
study, synchrotron x-ray diffraction (XRD) is implemented to monitor the formation and 
decomposition of various phases continuously over time. This method has been applied to oil well 
cement systems in other studies (Jupe A.C., et al, 2005, Jupe A.C., et al, 2008, Jupe A.C., et al, 2012) 
Fresh samples are loaded and cured in the test setup, allowing for real-time, in-situ measurements. 
And to simulate downhole conditions, tests are conducted at elevated temperature and pressure levels. 
The complete findings of this investigation will be incorporated in a manuscript to be submitted for 
review in a journal publication (Ma S. and Kawashima S., 2015). 
 
2. Experimental 
2.1. Materials 
Class A oil well cement (OWC) and tap water are used in all mixes. Highly-purified hydrous 
magnesium aluminum-silicate is added to select mixes at 0.5% mass of cement. It is a commercially 
available clay that is chemically exfoliated from bulk attapulgite to remove all impurities, such as 
swelling clays. When dispersed, they are needle-like with an average length of 1.75 m and diameter 
of 3 nm. To disperse the clay, they are blended with the mixing water in a Waring blender and added 
to the cement as a suspension. 
2.2. Synchrotron mono-XRD setup 

Synchrotron mono-XRD tests are performed at the Advanced Photon Source (APS) in Argonne 
National Laboratory (ANL) on bending magnet beamline 13-BM-D (GeoSoilEnviroCARS) in a DIA 
setup. This setup allows for elevated pressures and temperatures to be applied to the sample during 
testing. The details of the setup can be found elsewhere (Wang Y., et al, 2003, Wang. Y., et al, 2005). 
Fresh slurry is cast in a 3 mm x 3 mm PEEK cylindrical capsule, which is inserted in a cubic assembly 
(Figure 1a). PEEK plugs are placed above and below the capsule, and a graphite heater surrounds the 
capsules and plugs. Heat is introduced to the sample in the test setup (Figure 1b) by applying a voltage 
to the top and bottom anvils. Once sufficient contact is made during loading, current passes through 
the graphite heater in the assembly. Pressure is introduced through six anvils, one on each face of the 
cubic assembly (Figure 1b). Sodium chloride is used as a pressure marker. From initial cement and 
water contact, it takes approximately one hour to load the assembly into the synchrotron setup and 
reach the targeted temperature and pressure levels. 
 



 

(a)  (b)  

Figure 1 (a) Cubic assembly and (b) cubic assembly placed in DIA setup. 

 
The wavelength of X-ray used in this work is 0.30995Å (E = 40.00 keV). The raw images are 
converted to intensity vs d-spacing using FIT-2D (Hammersley, A.P., et al, 1996). The main criterion 
in selecting peaks is no significant overlap with others. The d-spacing range between approximately 
4.8Å to 11Å, which include all phases (ettringite, monosulfate, C3S, C4AF), is chosen. The area of 
single peak from each phase of interest is estimated by curve fitting with a mixture of Cauchy and 
Gaussian shape function.  The determined peak area versus time data is plotted to show how relative 
amounts of each phase vary during hydration. The high brilliance of the x-ray source at APS allows 
for XRD patterns to be gathered at fine time resolution (approximately every 10 minutes), as shown in 
Figure 2. Also, since the slurry sample is loaded into the setup while in the fresh state, it is effectively 
cured in the setup. Therefore it is possible to track the crystalline phases in-situ and in real-time from 
very early ages to beyond setting. Scans are performed on each sample for approximately 8 hours. 
 

 
Figure 2 XRD patterns collected over 8 hours at 150C 

 
3. Results and Discussion 
The main phases of interest are alite, ferrite, portlandite, monosulfate, gypsum, and ettringite. From 
the diffraction patterns, the relative amount of each phase is computed. The results are presented here 
to show the effect of temperature and nanoclay addition. 
 
3.1. Effect of temperature  

The results of plain OWC pastes at a constant applied load and temperatures of 60, 85 and 150C are 
presented in Figures 3, 4, and 5, respectively. At 60C (Figure 3), at the beginning of observation, the 
presence of ettringite increases with decreasing ferrite and gypsum. By 200 min, measurements 
indicate gypsum is consumed. After gypsum is exhausted, the transformation between ettringite and 



 

monosulfate does not begin immediately, in keeping with the observations of (Jupe, A.C. et al, 2007). 
It indicates that after the disappearance of solid gypsum, there is still sulfate (SO4

2−) left in sample. 
The formation of ettringite ends about 40 min after gypsum depletion followed by a steady decline. 
The decline of ettringite occurs simultaneously with the formation of monosulfate over time, up to 500 
min, indicating the transformation of phase ettringite to phase monosulfate. At 60C, monosulfate 
remains stable until the end of the experiment. 
In comparison, at 85C (Figure 4) ettringite-monosulfate transformation occurs more sharply, between 
200 and 250 min. Then, the intensity of monosulfate decreases, which is associated with 
destabilization of monosulfate at 85C. And at 150C (Figure 5) ettringite and monosulfate are not 
detectable. Their formation and decomposition likely occurs during the heating period. However, 
jaffeite, a crystalline form of calcium silicate hydrate (CSH) is present and forms steadily over time. 
At 150C, the accelerating effect of temperature on C3S is much greater than at 60C and 85C. The 
dramatic decline of C3S occurs simultaneously with the formation of jaffeite, which has lower 
mechanical strength and higher permeability compared to amorphous CSH (Barnes and Bensted 
2002). The effect of temperature on C4AF is not as notable as that on C3S. 

 
Figure 3 Plain OWC paste at 60C 

 
Figure 4 Plain OWC paste at 85C 



 

 
 

Figure 5 Plain OWC paste at 60C 

3.2. Effect of clay 

At temperatures of 60 and 85C, no measurable effect of the nanoclay is observed. This may be due to 
the poorly defined peaks in the XRD patterns for the phases of interest, which makes it difficult to 
observe any subtle differences. On the other hand, jaffeite has a very well defined peak and the 
relative amounts are shown in Figure 6. There is a higher rate of formation in the slurry with nanoclay, 
indicating that they are having an accelerating effect on hydration. This can be attributed to a seeding 
effect, as a result of the fine size and high specific surface area of the clay particles. 

 

Figure 6 Effect of nanoclay on jaffeite content 

 

4. Summary and Future Work 
This paper provides preliminary results and analysis of synchrotron XRD tests that are performed on 
OWC slurries at elevated temperatures and pressures. The rate of formation and decomposition of 
ettringite and monosulfate are found to increase with temperature. Nanoclays have an accelerating 
effect on the rate of formation of jaffeite. Work is ongoing, where more detailed microstructural 
characterization and analysis, as well as rheological characterization, will be performed.  
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Abstract This paper reviews the state of the field of nanotechnology of cement and concrete. The impact of re-
cent advances in instrumentation and design of advanced composite materials is discussed. Main directions, his-
torical milestones and recent progress in nanoengineering and nanomodification of cement-based materials are 
presented. 

1 Introduction 

While the science related to nanotechnology is new, nanosized devices and objects have existed since ancient 
times when humans began to use nanosized materials in glass [1], to modern times where "classic" photography 
employed silver nanoparticles sensitive to light. It has been proven that the exceptional mechanical performance 
of biomaterials such as bones or mollusk shells is due to the presence of nanocrystals of calcium compound 
[2,3]. The nanocomposite material of the abalone shell consists of nanosized particles of calcium carbonate 
bound together by a glue composed of a carbohydrate protein mix [3]. This type of nanostructure leads to very 
high strength and toughness of the shell due to interlocking of nano-blocks of calcium carbonate is responsible 
for the crack arrest and dissipation of energy. Better understanding and mimicking the processes of “bottom-up” 
construction used by nature is one of the most promising directions in nanotechnology [1,3].  

The elementary building unit in nanotechnology is a quantum dot or nanoparticle; which can be represented as a 
cluster of tens to thousands of atoms of 1-100 nm in diameter. When nanoparticles are created by the “bottom-
up” approach, the size and shape of a particle can be controlled by production conditions. These particles can al-
so be considered as nanocrystals because the atoms within the particle are perfectly ordered. When the dimen-
sions of a material are reduced from macro- to nano-size, significant changes occur in electronic conductivity, 
optical absorption, chemical reactivity, and mechanical properties. In reducing the size, more atoms are located 
on the surface of particle, and, in addition to a remarkable surface area of nanopowders (Fig. 1), this imparts a 
considerable change on surface energies and surface morphologies. All these factors alter the basic properties 
and the chemical reactivity of nanomaterials [1,2,4]. The shift in properties helps to develop the improved cata-
lytic ability and to design better pigments and paints with self-cleaning and self-healing features [1,5]. Nano-
sized particles have been used to enhance the mechanical performance of plastics and rubbers [1-3], as they help 
to make cutting tools harder and ceramic materials ductile. For example, new nano-ceramic materials based on 
metal and oxides of silicon and germanium demonstrate superplastic behavior, undergoing elongations up to 
1000 % before failure [6].  

The most promising contemporary developments include the synthesis of the new forms of carbon: fullerene 
(C60), carbon nanotubes (e.g., single-wall nanotubes, SWNT) and graphene. The synthesis of SWNTs is 
achieved under precisely controlled conditions in the presence of a catalyst; in case of the deviation from the 
production route, multi-wall carbon nanotubes (MWNTs) are formed [1]. The application areas of nanotubes 
vary widely from the nanoelectronic devices and tips for scanning-probe microscopes to bio and chemical sen-
sors, catalyst support, gas storage and separation, drug delivery, self-healing technologies, and, finally, en-
hancement of composite materials strength. For example, the exceptionally high tensile strength of nanotubes 
(which calculated to be 20 times higher than steel, at the level of 45 GPa) makes these materials an ideal rein-
forcing component of modern fibers and films with possible applications in the cables supporting long-span or 
high-rise structures.   

The combination of carbon nanotubes and conventional polymer based fibers and films is another challenge. For 
example, the incorporation of 10% SWNTs into the strongest man-made fiber Zylon, resulted in the new 
material with up to 50% strength enhancement [7]. It is expected that better exfoliation along with improved 
dispersing and alignment of the individual nanotubes can boost the performance of composite fibers or, 



 

alternatively, reduce the volume of the nanotubes used [40]. Dalton et al. [8] introduced a significant 
breakthrough related to SWNT-reinforced fibers which achieved the strength of 1.8+ GPa. These fibers match 
the energy-absorbing capacity of spider silk up to the breaking point of silk at 30% (165 J/g) and continue 
absorbing energy until reaching the toughness of 570 J/g, compared with 50 J/g and 33 J/g for Spectra and 
Kevlar fibers, respectively [8]. The application of these new fibers in composite materials is very promising.  

The nanoscience and nano-engineering (nanomodification) of cement based composites are terms which 
describe two main directions related to nanotechnology of construction materials [9]. Nanoscience deals with 
the measurement and characterization of nano- and micro-scale structure of materials used to understand how 
this structure affects the macroscale properties and performance through the use of advanced characterization 
techniques and atomistic or molecular level modeling. Nano-engineering encompasses the techniques of 
manipulation at the nanometer scale to develop a new generation of multifunctional composites with superior 
mechanical performance and durability potentially having a range of novel properties such as: low electrical 
resistivity, self-sensing capabilities, self-cleaning and self-healing [9]. Composite can be nano-engineered by the 
incorporation of nano-sized building blocks or objects (e.g., nanoparticles and nanofibers) to control material 
behavior and add novel properties, or by the grafting of molecules onto cement particles, aggregates, additives 
(including nano-sized additives) to provide surface functionality, which can be adjusted to promote specific 
interfacial interactions [9,10]. 

 

Fig. 1. The particle size and specific surface area scale related to concrete materials [9,10] 

The majority of recent nano-research related to concrete materials has investigated the structure of cement-based 
materials and corresponding fracture mechanisms [3,9-11]. With new advanced equipment, it is possible to ob-
serve the structure at its atomic level and even measure the strength, hardness and other basic properties of the 
micro- and nanoscopic phases of materials [1-4]. The application of atomic force microscopy (AFM) for inves-
tigating the “amorphous” C-S-H gel discovered that at nanoscale this product has a highly ordered structure 
[12]. Considerable progress over recent years has been achieved by the employment of nano-scale characteriza-
tion techniques to understand the nano-scale structure and processes such as: 

 Nuclear magnetic resonance;  
 Atomic force microscopy;  
 Micro-and nano-indentation;  
 Neutron and X-ray scattering; 
 Ultrasonic force microscopy;  
 Focus-ion-beam (FIB) nanotomography.  

 
Better understanding the structure at nano-level helps to influence the important processes related to the produc-
tion and use of construction materials: strength, fracture, corrosion and even tailoring the desired properties. For 
instance, for façade and interior applications, the development of paints and finishing materials with new self-
cleaning properties, discoloration resistance, anti-graffiti protection, high-scratch and wear-resistance is ex-
tremely important. The self-cleaning concrete, mortars, and water-based paints were developed based on the 



 

photocatalyst technology [13]. The self-cleaning effect related to the decomposition of organic pollutants and 
gases is achieved when TiO2 photocatalyst thin film is set on a surface and can emit active oxygen under UV 
light. Another aspect of self-cleaning is provided by the hydrophilicity of the surface, which helps to rinse away 
dust and dirt. Photocatalytic properties can be also used to engineer cement based materials for energy harvest-
ing applications [14]. Nano-SiO2 and nano-Al2O3 have proved to be a very effective additives to polymers and 
cement-based composites to improve strength, flexibility, and durability [15,16]. Surface modification is a key 
approach to tailor nanomaterials for the best performance in composites.  

2 Nanotechnology of Concrete 

Concrete, the most ubiquitous man-made material, is a nano-structured, multi-phase, composite material that 
ages over time [9,10]. The properties of concrete exist in, and the degradation mechanisms occur across multiple 
length scales (nano to micro to macro) where the properties of each scale derive from those of the next smaller 
scale. The amorphous phase, calcium-silicate-hydrate (C–S–H) is the “glue” that holds concrete together and is 
itself a nanomaterial.  

Nano-chemistry with its “bottom-up” possibilities offers new products that can be effectively applied in con-
crete technology. One example is related to the development of new admixtures for concrete, such as the poly-
carboxylic ether (PCE) superplasticizers designed for the extended slump retention of concrete mixtures [9]. 
Mechano-chemical activation of cement with PCE based grinding modifiers was found to be very effective me-
thod to tailor the behavior of cement-based materials in fresh and hardened state [15]. The reported improve-
ment of performance (up to 115 MPa vs. the strength of reference cements of 72 - 89 MPa) was achieved due to 
the formation of organo-mineral nano-layers or nano-grids on the surface of cement as well as surface amorphi-
zation.  

It was proposed that, when nanoparticles are incorporated into conventional building materials, such materials 
can possess advanced properties required for the construction of high-rise, long-span or intelligent civil and in-
frastructure systems [9-11]. For example, SiO2 nanoparticles (nanosilica, Figs. 1, 2) can be used as an additive 
for high-performance and self-compacting concrete, thereby improving workability and strength [9]. The par-
ticle size and specific surface area scale related to concrete materials reflect the general trend to use finer mate-
rials [9]. For decades, major developments in concrete performance were achieved with the application of super-
fine particles such as silica fume, and now, nanosilica. Nanofibers (such as nano-Al2O3, Fig. 2, right) are another 
promising component for application in concrete.  

     

Fig. 2. Nanosilica particles (left, [15, 24]) and Al2O3 nanofibers (right, courtesy of ANF Development) under the TEM 

3 Concrete with Nanoparticles  

Nano-binder was proposed as a material designed with a nano-dispersed cement component to fill the gaps be-
tween the particles of mineral additives [9]. The nano-sized cementitous component can be obtained by the col-
loidal milling of portland cement (the top-down approach) or by the self-assembly using mechano-chemically 
induced topo-chemical reactions (the bottom-up approach). 



 

Chemically precipitated C-S-H was suggested as an effective admixture to improve the performance of concrete 
[17]. It was proposed that nano-sized C-S-H particles with an average size of 5 - 10 nm act as a nucleation seeds 
for the hydration products of portland cement. The positive effect of C-S-H admixture is attributed to the signif-
icant reduction of porosity, the size of the pores, and consequently, the permeability of cement paste.  

The most of the experimental work was conducted using nano-SiO2 particles. Collepardi et al. were among the 
first to study the performance of low-heat self-compacting concrete (SCC) produced with nano-SiO2. Nanosilica 
(the size of 5-50 nm) was used in a form of slurry as viscosity modifying agent at a dosage of 1-2% of cementi-
tious materials [18]. The design of SCC with a low-heat generation was achieved by using blended cement (with 
60% of blast furnace slag) and incorporating of limestone and fly ash powders. It was reported that the addition 
of nano-SiO2 makes the concrete mixture more cohesive and reduces bleeding and segregation. The best per-
formance was demonstrated by concrete with ground fly ash, 2% nanosilica, and 1.5% of superplasticizer. This 
concrete had the desired behavior in fresh state and the highest compressive strength [18]. Nano-SiO2 was used 
as an effective viscosity modifying agent in high–density, high-strength cementitious grout [19]. The accelerat-
ing effect of nano-SiO2 on the hydration of C3S was reported by Björnström et al [20]. The increased rates of 
C3S phase dissolution, subsequent accelerated formation of C-S-H gel, and the removal of non-hydrogen bonded 
OH- groups were revealed with DR FTIR spectroscopy and DSC for samples containing up to 5% of colloidal si-
lica. Li [21] performed a laboratory study of superplasticized, 50% type F fly ash, high-strength concrete incor-
porating 4% of nano-SiO2. It was demonstrated that the pozzolanic reaction of nano-SiO2 is very quick, reaching 
70% of its ultimate value within three days; and, in a two-week period, this reaction was completed by ~95%. 
The investigation of the hydration process confirmed the assumption that the pozzolanic activity of fly ash can 
be significantly improved by the application of nano-SiO2. It was demonstrated that adding nano-SiO2, even at 
small dosages (3%), reduces the amount of CH formed at the aggregate’s interface and reduces the size of CH 
crystals, overperforming SF [22]. The addition of nano-SiO2 was the most effective way to improve the com-
pressive and the bond strength, especially, at the early stages of hardening [15,23,24]. Porro, et al. [23], investi-
gated the effect of different dosages and the size of SiO2 nanoparticles on the performance of portland cement 
pastes. The compressive strength of the cement pastes increased with the reduction of the dosage and the par-
ticle size of the nanoparticles. This improvement of strength and durability was attributed to the formation of 
larger silicate chains of the C-S-H gel in mixtures with nano-SiO2 (Fig. 3). 

 

Fig. 3. 29Si MAS NMR spectra for C–S–H gels of (a) reference (R) samples and nanosilica (N) samples (b) after exposure to a sulfate 
solution (0.5M NaSO4) [23]. 

The relatively small quantities, less than 1% (by weight of cement), of nano-sized materials are sufficient to im-
prove the performance of nanocomposites [9,10]; yet, the commercial success of nanomaterials depends on the 
ability to manufacture these materials in large quantities and at a reasonable cost relative to the overall effect of 
the nanoadditives. Nanomaterial technologies, which could lead to the industrial outputs, involve plasma arcing, 
flame pyrolysis, chemical vapor deposition, electrodeposition, sol-gel synthesis, mechanical attrition, and the 
use of natural nanosystems [1]. Among chemical technologies, sol-gel synthesis is one of the widely used “bot-
tom-up” production methods for nano-sized materials such as nano-silica. The process involves the formation of 
a colloidal suspension (sol) and gelation of the sol to form a network in a liquid phase (gel). Usually, tetraethox-
ysilane (TEOS) is applied as a precursor for synthesizing nanosilica [4]. The details of the “bottom-up” sol-gel 
synthesis of nano-SiO2 particles with the size range of 5–100 nm and the effect of this material on the perfor-
mance of cement systems were reported [15,24]. According to the XRD results, the manufactured nano-SiO2 is a 
highly amorphous material with predominant crystallite size of 1-2.5 nm. The obtained nano-SiO2 particles are 
forming highly agglomerated xerogel clusters with the size of 0.5–10 µm. The particles within the clusters are of 
the size of 5–70 nm and the BET surface area of 116,000-500,000 m2/kg. It was demonstrated that the perfor-



 

mance of nano-SiO2 in cement system depends on the conditions of synthesis (i.e., molar ratios of the reagents, 
type of the reaction media, pH and the duration of the reaction). The best nano-SiO2 products with particle size 
ranging from 5–20 nm were synthesized at highest molar concentrations of water. The addition of developed 
nano-SiO2 to portland cement mortars improved the compressive strength. The distribution of nano-SiO2 par-
ticles within the cement paste is an important factor governing the performance; therefore, the disagglomeration 
of nanoparticles is essential for the design of composite materials. The application of superplasticizer, ultrasoni-
fication and high-speed mixing was effective approach to incorporate nano-SiO2 [15,24].  

Based on the available data, the beneficial action of the nano-particles on the microstructure and the perfor-
mance of cement-based materials can be explained by the following factors [9,10]: 

 Well-dispersed nano-particles increase the viscosity of the liquid phase, helping to suspend the cement 
grains and aggregates and improving the segregation resistance and workability of the system; 

 Nano-particles fill the voids between cement grains, resulting in the immobilization of “free” water (“filler” 
effect); 

 Well-dispersed nano-particles act as centers of crystallization of cement hydrates, thereby accelerating the 
hydration; 

 Nano-particles favor the formation of small-sized crystals (such as Ca(OH)2 and AFm) and small-sized uni-
form clusters of C-S-H; 

 Nano-SiO2 participates in the pozzolanic reactions, resulting in the consumption of Ca(OH)2 and formation 
of an “additional” C-S-H; 

 Nano-particles improve the structure of the aggregates’ contact zone, resulting in a better bond between ag-
gregates and cement paste; 

 Crack arrest and interlocking effects between the slip planes provided by nano-particles improve the tough-
ness, shear, tensile, and flexural strength of cement based materials.  

4 Application of Carbon Nanostructures  

Carbon nanostructures (CNS) such as nanotubes (CNT), nanofibers (CNF) and graphene are potential candi-
dates for nano-reinforcement of cement-based composites. CNS exhibit extraordinary strength with moduli of 
elasticity on the order of TPa and tensile strength in the range of GPa, and they have unique electronic and 
chemical properties [9-11]. Compared to CNTs, vapor grown CNFs have a lower production cost and are suita-
ble for mass production. While CNTs/CNFs have been extensively studied in polymeric composites, their use in 
cement composites has remained limited. Most research efforts have focused on CNTs compared to CNFs and 
have been performed on cement pastes and mortars [9,10,25-27].  

5 Developing New Functionalities  

Carbon nanofiber-reinforced composites may function as a piezoresistive strain sensor. The introduction of car-
bon nanofibers into composite decreases the electrical resistivity, due to the high conductivity of the carbon fi-
bers compared to plain cementitious material. In addition to providing the strain-sensing ability, CNFs addition 
increases the tensile and flexural strengths, tensile ductility and flexural toughness, which make the self-sensing 
feasible. Han et al. introduced a self-sensing material with multi-walled carbon nanotubes for traffic monitoring 
[28]. A self-sensing CNT-cement composite was used for the detection of mechanical stresses induced by traffic 
flow in laboratory and field. 

Architectural concrete needs to maintain the aesthetic characteristics such as color over the entire service life, 
even in highly polluted urban environments. Application of photocatalytic materials is a smart solution for oxi-
dizing and destroying organic pollutants and, subsequently, removing inorganic matter from the surface of arc-
hitectural concrete. The photocatalytic TiO2 was applied in white cement-based concrete with self-cleaning and 
air-purification features [9,29]. One of the most popular photocatalytic materials used in cement is anatase po-
lymorph of nano-sized TiO2. 

It was proved that the cement-TiO2 composite is a very effective photocatalytic couple. Accelerated 8-hour ir-
radiation stimulating intensive solar light (corresponding to one month of sunlight exposure) of phenanthroqui-
none colored TiO2 cement based specimens resulted in restoration of an original white color. It was reported that 



 

the photocatalytic cement matrix is very effective for NOx abatement. Under solar radiation, NO in the air is 
oxidized and converted to nitrate. A photocatalytic cement technology has been used for a number of construc-
tion projects including the “Dives in Misericordia” Church (architect Richard Meier) located in Rome, Italy.  

6 Future Developments 

Considerable progress in construction materials, especially concrete is expected in coming years by the adapta-
tion of new knowledge generated from the rapidly growing field of nanotechnology. Development of the follow-
ing concrete-related nanoproducts can be anticipated: 

 Catalysts for the low-temperature clinker synthesis and accelerated hydration; 
 Grinding aids and suface modification for superfine grinding and mechano-chemical activation; 
 Binders reinforced with nano-particles, nano-rods, nano-tubes, graphene, nano-nets, nano-dampers, or na-

no-springs; 
 Binders with nanoengineered bond between the hydration products;  
 Binders modified by nanopolymer particles or films; 
 Nanomodified eco-binders with substantially reduced volumes of portland cement component (down to 

15%); 
 Alternative nanobinder systems (MgO-phosphate, geopolymers); 
 Bio-inspired materials (e.g.imitating the structure of mollusk shells);  
 Cement-based composites reinforced with nano-engineered fibers;  
 Superplasticizers for supreme workability control; 
 Cement-based materials with supreme strength, ductility, and toughness; 
 Binders with controlled internal moisture supply to control micro-cracking; 
 Materials with engineered nanostructure exhibiting supreme durability;  
 Superhydrophobic materials for extreme durability; 
 Self-healing materials and repair technologies; 
 Photocatalyst materials with self-cleaning and air-purifying features; 
 Photocatalytic cements for energy harvesting applications; 
 Materials with controlled electrical conductivity, deformative properties, non-shrinking and low thermal 

expansion  
 Smart materials, such as temperature-, stress-sensing or stress-responding.  

Mechano-chemistry and nano-catalysts can change the face of modern cement industry by significantly reducing 
clinkering temperature and even realizing the possibility of cold-sintering clinker minerals in mechano-chemical 
reactors.  

7 Conclusions  

Nanotechnology has changed and will continue to change our vision, expectations, and abilities to control the 
material world. These developments will greatly affect modern construction and the field of cement-based mate-
rials. The major achievements in this domain include:  

 The ability to observe the structure at its atomic level and measure the strength and hardness of nanoscopic 
phases of composite materials;  

 Discovery of an ordered crystal nanostructure of “amorphous” C-S-H gel;  

 Nanoparticles, nanofibers, nanomeshes for performance enhancement;  

 Development of paints and finishing materials with self-cleaning properties, discoloration resistance, anti-
graffiti protection, and high scratch-and-wear resistance;  

 Self-cleaning materials based on photocatalyst technology; 

 Photocatalytic cements for energy harvesting applications; 

 Smart stress-sensing composites;  

 Nanometer-thin coatings that protect carbon steel against corrosion and enhance thermal insulation of win-
dow glass.  



 

Among new nano-engineered polymers are highly efficient superplasticizers for concrete and high-strength fi-
bers with exceptional energy-absorbing capacity. Nanoparticles, such as silicon dioxide, were found to be a very 
effective additive to polymers and concrete, a development recently realized in high-performance and self-
compacting concrete with improved workability and strength.  

Portland cement, one of the largest commodities consumed by humankind, has significant, but not completely 
explored potential. Better understanding and precise engineering of an extremely complex structure of cement-
based materials at the nanolevel will result in a new generation of concrete that is stronger and more durable, 
with desired stress-strain behavior and possibly possessing the range of newly introduced “smart” properties, 
such as electrical conductivity, temperature-, moisture-, and stress-sensing abilities. At the same time, this new 
concrete should be sustainable, cost and energy effective – in essence exhibiting the qualities modern society 
demands. Nano-binders or nano-engineered cement-based materials with nano-sized cementitious component or 
other nano-sized particles are the next ground-breaking development.   

Nanotechnology is still in its pre-exploration stage—it is just emerging from fundamental research onto the in-
dustrial floor; thus its full-scale applications—especially in concrete—are very limited. However, the tremend-
ous potential for nanotechnology to improve the performance of cement-based materials and processes is most 
promising.  
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1. Introduction  
Biorefinery is a facility that efficiently converts biomass to fuels and/or to chemicals. Biomass 
feedstock can alter from agro to wood-based materials, and therefore biorefineries are applicable 
around the globe. The biorefinery concept is analogous to oil refinery which produces fuels and 
chemical products from petroleum instead of biomass. Biorefineries are characterized as the future’s 
green alternative for the petroleum industry.  
Although high volume, low cost transportation fuels, e.g. ethanol, can be produced from 
lignocellulosic material, the biorefinery concept would be more profitable, if all its side-stream 
compounds, lignin being one of the most important, could be valorized to value-added products. In 
addition, chemical pulp mill that can also be considered as a biorefinery, would benefit from the 
valorization of the lignin by-stream. Chemical pulping processes produce lignin approximately 60 
million tons annually (Gosselink et al., 2004). The potential of lignins to replace oil-based raw 
materials is being actively investigated for various specialty chemicals and material uses (Doherty W. 
et al., 2011), but most of them are still searching for commercial applications. A vast amount of lignin 
is incinerated in the production site to provide energy in the manufacturing process.  
Lignin is not a new material for concrete industry, since lignosulphonates have been utilized widely in 
concrete industry for last decades (Ramachandran V., 1984). Lignosulphonates are water-soluble by-
products of sulphite pulping and therefore economically profitable plasticizers. Currently, the sulphite 
pulping technology is declining, and lignosulphonates have been greatly displaced by 

polycarboxylate-based superplasticizers that are specially tailored for concrete applications (Stern and 
Schwarzbauer, 2008)(IHS Chemical, 2012). 
Sulfate (kraft) process is the main traditional method for pulping wood (95% of world production) 
(Gosselink et al., 2004) and hence produces the largest volume of lignin. Soda process is the 
predominant method for pulping annual plants (e.g. straw). However, the kraft and soda lignin, 

isolated from the pulping liquors, are water soluble only at alkaline conditions (Norgren and 
Lindström, 2000)(Ragnar et al., 2000), and contain very low amount of carboxylic groups. Thus, they 
cannot be used as dispersing agents without a modification. In order to valorize kraft or soda lignin for 
concrete plasticizing purposes, lignin must have techno-economical competence against 
polycarboxylate-based superplasticizers.  
One of modification methods of lignin is oxidation. Several oxidizing chemicals exist, with molecular 
oxygen (O2) being one of them. O2 is an attractive oxidant, since it is inexpensive, at €0.06 per kg 
(Kangas et al., 2014), abundant, and nontoxic. Under alkaline conditions, O2 is active toward phenolic 
hydroxyl groups, which are abundant in kraft and soda lignins. O2 oxidation can be applied to strongly 
degrade and solubilize lignin (Kalliola A. et al., 2011) or alternatively it can be used to polymerize 
lignin (Kalliola A. et al., 2014a). Recently, we have developed a simple alkali-O2 oxidation method to 
increase the carboxylic acid content of soda lignin and thus its water solubility. The polymeric 
structure of lignin is retained, which is desirable for dispersing applications. The modification is 
conducted under high lignin content, and thus the modified lignin solution can be used as such for 
concrete plasticization. Both the negative charge and the molecular mass of lignin can be controlled by 
the oxidation parameters, especially by pH (Kalliola A. et al., 2015)(Kalliola A. et Al., 2014b). This 
paper presents the feasibility of applying the alkali-O2 oxidized lignin as concrete superplasticizer. 
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2. Experimental 
 
2.1. Materials 
A commercial wheat straw lignin (Protobind 1000, purchased from GreenValue SA) The wheat straw 
lignin contained 2.9% carbohydrates (Liitiä T. et al., 2014). The lignin was subjected to alkali-O2 
oxidation in a stainless steel high-pressure batch reactor (Parr Instrumental Co) or in a semi-batch 
reactor (iControl RC1e™ HP100 Hastelloy, Mettler-Toledo GmbH) equipped with a pH-control loop. 
The reaction parameters used were: lignin content 11.4-25 w-% in the alkaline solution (initial pH 
around 13), NaOH charge 23-65 w-% on lignin, O2 load 17-49 w-% on lignin, initial temperature 50-
80 °C, and reaction time 30 min. Lignin characterization was done directly from the reaction solution. 
Detailed description of the method development and characterization of the samples is described by 
Kalliola A. et al. (2015). Different modified lignins in terms of molecular weight and negative charge 
were produced. Table 1 presents the characteristics for five alkali-O2 oxidized lignin samples 
evaluated in this study.  
 

Tab. 1 Characteristic of the unmodified (No Oxidation) and alkali-O2 oxidized lignins. 

Sample Mw Mn Mw/Mn Negative charge 

No Oxidation 3880 g/mol 2070 g/mol 1.9 1.5 mmol/g 

Al-Ox 1 6400 g/mol 3000 g/mol 2.1 3.2 mmol/g 

Al-Ox 2 6950 g/mol 2690 g/mol 2.6 3.5 mmol/g 

Al-Ox 3 7320 g/mol 2600 g/mol 2.8 3.4 mmol/g 

Al-Ox 4 6270 g/mol 2390 g/mol 2.6 5.1 mmol/g 

Al-Ox 5 4580 g/mol 2020 g/mol 2.3 6.5 mmol/g 

 
Plasticizing performance of alkali-O2 oxidized lignin was studied with Ordinary Portland Cement, 
CEM II B (S-LL) 42,5N (Plussementti) from Finnsementti. The cement did not contain C3A. 
Aggregates that were used for mortar studies were according EN-196-1. Concrete aggregates were 
laboratory aggregates from VTT’s stock (Partially crushed natural aggregates). 
Alkali-O2 oxidated lignins were benchmarked against commercially available plasticizers. 
Lignosulphonate WRDA90D was purchased from Grace Construction Products. Polycarboxylate-
based superplasticizer Glenium 51 was purchased from BASF. 
 
2.2. Experimental Process 
Preliminary testing of alkali-O2 oxidized lignins plasticizing capability was evaluated in cement paste 
with water/cement –ratio 0.5. Alkali-O2 oxidized lignin content was 0.2% from cement weight. 
Viscosity of the cement pastes were measured with Bohlin Visco –viscometer.  
Plasticing efficiency of alkali-O2 oxidized lignins was also studied with mortar samples (Table 2). 
Mortar samples were mixed in a 5-litre Hobbart mixer with mixing period of 5 min. First aggregates, 
cement and water were mixed for 2 minutes. Lignin samples were introduced to mixer and mixing was 
continued for 3 minutes. Flow properties of the mortar samples were measured with Haegerman flow 
table according to DIN-1060. Mortar rheology was characterized with Rheotest RN –rheometer by 
using VK-measuring geometry, specially designed for construction materials. Air content of the 
mortars was measured according to SFS-EN 12350-7. 
Lignins plasticizing capability was further studied with concretes. Concretes were prepared according 
to EN1766 type C(0.40) with CEM II B (S-LL) 42.5N. Plasticizer dosage was 0.4% dry plasticizer 
(w/w(cem)), expect with Glenium 51 were dosage was only 0.2%. Slump test was performed 
according to SFS-EN 12350-2 and air content was measured according to SFS-EN 12350-7. 
Compression strength and density of the concrete was measured according to EN-196-1 at the age of 
28 days. Effect on early-age hydration was studied with conduction calorimeter (Tam-Air) at constant 
25oC temperature for 168 hours (7 days). 
 
 



 

 
Tab. 2 Mix proportioning of mortar samples /g. 

Sample lignin dry material content m(sand ) m(CEM II) m(water) m(lignin solution) 

No Lignin - 1350 1000 426.6 - 

No Oxidation 15.0% 1350 1000 400.0 26.50 

Al-Ox 1 15.0% 1350 1000 400.0 26.50 

Al-Ox 2 15.0% 1350 1000 400.0 26.50 

Al-Ox 3 25.0% 1350 1000 410.6 15.90 

Al-Ox 4 15.0% 1350 1000 400.0 26.50 

Al-Ox 5 11.4% 1350 1000 391.6 34.87 

 
3. Results and Discussion 
 
3.1. Cement paste samples  
 
Viscosity of cement paste samples are presented in Table 3. Lignin samples were able to plasticize the 
cement paste.    

Tab. 3 Viscosity studies of alkali-O2 oxidized lignins in cement paste.  

Sample Dosage w-%   Shear stress at 700 rpm    

No Lignin - 55 ± 2  

No Oxidation 0.20 42  

Al-Ox 1 0.20 33  

Al-Ox 2 0.20 39  

Al-Ox 3 0.20 43  

Al-Ox 4 0.20 38  

Al-Ox 5 0.10 40  

Al-Ox 5 0.20 37  

 
3.1. Mortar samples  
Mortar samples flow ability was studied with Haegerman flow –table before and after vibration 
(Figure 1). Mortar sample compositions are described in Table 2. Mortar sample with un-modified 
(No oxidation) wheat straw lignin had a small effect on mortar flowability. Alkali-O2 oxidation 
improved lignins capability to plasticize mortars. Samples Al-Ox 4 and Al-Ox 5 had the best 
plasticizing capability and were further studied in concrete samples. Rheological characterization of 
the Al-Ox 4 and Al-Ox 5 –samples are presented in Figure 2. Al-Ox 4 and Al-Ox 5 –samples had 
typical plasticized mortar graphs.    

 
Figure 1 Haegermann flow of mortar samples before and after vibration. 

 



 

 
Figure 2 Mortar rheology of Al-Ox 4 and Al-Ox 5 –samples and non-plasticized reference.  

 
3.3. Concrete samples  
Concrete batches according to EN1766 type C(0.40) were plasticized with 0.4% (w/w(cem) alkali-O2 
oxidized lignin. Reference samples without lignin and the un-modified lignin were also studied. 
Commercial plasticizers WRDA90D 0.4% (w/w(cem) and Glenium 51 0.2% (w/w(cem) were also 
compared to alkali-O2 oxidized lignins. Slump results are presented in Figure 3. Without any 
plasticizer (No lignin –sample), zero slump was observed. With un-modified lignin (No oxidation) and 
WRDA90D, a small increase in slump was observed (<50mm).  Poor performance of WRDA90D –
plasticizer was further confirmed by increasing the plasticizer dosage to 2.0% (w/w(cem)). Slump 
value 90mm was observed. Alkali-O2 oxidized lignin samples (Al-Ox 4 and Al-Ox 5), had slump 
values over 200mm indicated highly flowable mixes. Slump flow value over 200mm was also 
observed with Glenium 51 superplasticizer with half smaller plasticizer dosage.    
 

 
Figure 3 Slump values of studied concretes. Plasticizer dosage was 0.4%, expect with Glenium 51 only 0.2% 

dosage was used.  

 

Air content of the studied concretes are presented in Figure 4. The un-modified lignin (No oxidation) 
introduced high air content into concrete (~12%). Al-Ox 4 lignin increased concretes air content 



 

modesty (~4%).  Commercial plasticizers and Al-Ox 5 –lignin did not increase the concretes air 
content.    
  

 
Figure 4 Air content and fresh densities of studied concretes. 

 

3.4. Hydration 
Plasticizers effect on early-age hydration was studied with conduction calorimeter. Calorimeter 
samples had the same composition as paste phase in concrete samples. Heat flow and total heat are 
presented in Figure 5. Largest effect on early-age hydration was observed with WRDA90D plasticizer. 
WRDA90D –plasticizer generated heat in 7-day observation period only 85 J/g(cem). Similar values 
were observed with un-modified lignin (No Oxidation) and Al-Ox 4 lignin. Glenium 51 (0,2% 
w/w(cem) and Al-Ox 5 -lignin (0,4% w/w(cem) had total heat flow close to reference sample (No 
Lignin) after 7-day observation period.  
Biggest difference between polycarboxylate-based plasticizer and alkali-O2 oxidized lignins were 
observed during first hours of hydration. After 24 hours of hydration, Glenium 51 sample had 
generated total heat 160 J/g(cem) which was 80% of the reference sample heat. Best performance 
alkali-O2 oxidized lignin had only generated total heat 65 J/g(cem) which was only little over 30% of 
reference sample heat.  
Differences in early-age hydration did not have effect on compression strength at the age of 28 days. 
Only increased air content caused lower compression strength in the samples (Table 4).   

 
 

(a) Heat flow                 (b) Heat 
Figure 5 Heat flow and total heat of early-age hydration. 



 

 
 

Tab. 4 Densities and compression strengths of matured concrete samples. 

Sample Dosage Density Compression strength 

  28d 28d 

No Lignin 0 2420kg/m3 56.7MPa 

No Oxidation 0.4% 2140 kg/m3 27.2MPa 

Al-Ox 4 0.4% 2390 kg/m3 52.1MPa 

Al-Ox 5 0.4% 2420 kg/m3 57.8MPa 

WRDA90D 2.0% 2430 kg/m3 60.5MPa 

Glenium 51 (0.2%) 0.2% 2430 kg/m3 64.8MPa 

 
Alkali-O2 oxidized lignin sample Al-Ox 5 presented good plasticizing performance. With 0.4% dosage 
the plasticizing performance was similar to 0.2% dosage of the state-of-the art polycarboxylate-based 
plasticizer. Biggest negative difference between Al-Ox 5 –lignin and Glenium 51 was in the early-age 
hydration. According to conduction calorimeter results, Al-Ox 5 –lignin had retarding effect on early-
age hydration which was large when compared to commercial Glenium 51. Similar behaviour has 
been observed in lignosulphonate plasticizers (Danner T. et Al., 2014).                                                                                                                                                                                                         
This difference was not possible to compensate by any applicable method. Only applicable way is to 
perform more trials on various oxidation conditions to seek out optimum process parameters in terms 
of early-age hydration.  Another option is to pre-fraction of the un-modified lignin and separation of 
the problematic fractions. Economically this is only viable if the size-fractioning can be combined 
with other chemical products in Biorefinery. Also other applications were slight retardation is 
favourable might be applicable for modified lignins.          
Increased content of air was not observed in the Al-Ox 5 lignin, although the un-modified lignin 
presented significant tendency to introduce air into concrete mixes. Increased air content of un-
modified lignin was a potential cause that could explain the small plasticizing effect observed in the 
concrete slump experiments with non-oxidized lignin.    
When Al-Ox 5 lignin was compared to commercial lignosulphonate, the difference was almost as 
large as with Glenium 51 and lignosulphonate. Commercial lignosulphonate was not able to efficiently 
plasticize the studied concrete mixture although the plasticizer content was significantly increased. 
Other studied alkali-O2 oxidations did not have similar performance. Some of the oxidized lignins 
introduced air into concrete mix and some did not have good plasticizing efficiency. Precise control of 
alkali oxidation conditions was obligated when good performance lignin-based plasticizer was 
produced.  
Although the alkali-O2 oxidated lignin presented good basis to become highly efficient concrete 
plasticizer, more research is needed. Alkali-O2 oxidation must be further developed to overcome 
retarding effect, observed in early-age hydration. Also the alkali proportioning must be tuned. In our 
current study, solid lignin was re-dissolved with high content of sodium hydroxide. In current concrete 
standards, the amount of alkalis is limited (Suomen Betoniyhdistys, 2012). Appropriate alkali or earth-
alkali combination must be created that fulfil the requirements of the concrete standards. It is also 
possible that redissolution can be avoided if the precipitation of the lignin is not needed in the 
biorefinery process. Before industrial production is possible, potential changes in raw-feed lignin 
composition must be also evaluated. According our studies, the alkali-oxidation process must be finely 
tuned in order to produce high efficiency plasticizer. When the oxidation process was altered, 
plasticizing efficiency was reduced and air was introduced into concrete. Similar, change in lignin 
origin and processing history can potentially alter the plasticizer properties.             
Despite the identified challenges, alkali-O2 oxidized lignins are extremely interesting concrete 
plasticizers. Commercial usage of a plasticizer is always a combination of price and performance. 
Although lignin-based superplasticizers will lose in performance for tailored polycarboxylate 
superplasticizers, lignin superplasticizer will gain in price. At the moment, lignin is commercially used 
as fuel in chemical pulping and in the emerging biorefineries. The alkali-O2 oxidation process is 



 

simple and affordable.  When above mentioned challenges are solved, high performance lignin based 
bioplasticizer will be available with relative low price. 
 
4. Conclusions 
According to our studies, lignin can be used as feed-stock for bio-based concrete superplasticizer. 
Raw-feed lignin can be transformed to bio-based concrete superplasticizer by affordable alkali-O2 
oxidation method. Approximately 0.4% dosage of alkali-O2 oxidized wheat straw lignin produced 
same plasticizing effect as 0.2% state-of-the art polycarboxylate superplasticizer. Biggest difference 
between lignin-based plasticizers and polycarboxylates was observed in early-age hydration. Lignin-
based plasticizer had significant retarding effect in first 24h hydration period, whereas 
polycarboxylates were in the same level as non-plasticized reference. Despite the identified challenges, 
alkali-O2 oxidized lignins are extremely interesting concrete plasticizers due their hypothesized low-
price, compared to today commercially available plasticizers. The alkali-O2 oxidation method can be 
used to modify the characteristics of technical lignins and thus further enhanced bio-based products for 
concrete plasticization could be obtained.   
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Abstract 
Developing multifunctional cement-based materials has been a long engineering pursuit that holds great promise and 
impact for altering the building materials landscape. However, despite recent progresses in other fields such as  
advanced materials and emerging nanomaterials, there has been little progress in cementitious materials front. Herein. 
we report the synthesis and characterization of multifunctional cement and concrete composites reinforced via 
emerging two-dimensional (2D) nanomaterials such as hexagonal boron nitride (h-BN) and graphite oxide (GO). This 
strategy leads to superior mechanical strength and oil adsorption properties compared to composites devoid of h-BN 
and GO. Our electron microscopy characterizations show that while GO bridges the cement surfaces, h-BN sheets 
mechanically reinforce the composites and adsorb the oil. We find that introduction of these fillers even at low filler 
weight fractions increases the compressive strength and toughness properties of pristine cement and of porous concrete 
significantly, while the porous composite concrete illustrates excellent ability for water separation, hydrophobicity and 
crude oil adsorption. This work is the first attempt in integrating thin h-BN nanomaterial sheets into cement and can 
provide novel insights for nanoengineering cement based composites to develop novel forms of multifunctional 
structural materials with a range of environmental applications. 
 
Originality 
Our method of reinforcing cement via emerging thin 2D nanomaterials such as hexagonal Boron Nitride sheets and 
graphite oxide is the first report in its kind to create multifunctional cement composites. This bottom-up approach 
introduces innovative paradigms to study and modify the cement chemistry at the molecular level, and impart multiple 
functions such as hydrophobicity and improved mechanics through integration of multifaceted 2D fillers.While there 
have been several efforts in integration of carbon nanotubes and other nanomaterials in cement, there is little or no 
evidence of integration of emerging 2D nanomaterials. Herein, we have proposed a reinforcement-based synthesis 
method, which allows use of novel 2D nanomaterials in cement to improve mechanical properties and impart novel 
functionalities such as hydrophobicity. To our knowledge, this strategy in conjunction with nanoscale chemo-
mechanical characterizations can provide an new phase space to put “cement reinforcement” on equal footing with 
advanced materials and heterostructures on the current application of science-based multi-scale engineering of 
materials. 
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1. Introduction 
Low dimensional materials such as graphene and hexagonal Boron Nitride (hBN) are an emerging 
class of nanomaterials that are more recently considered as multifunctional fillers for hybrid 
cementitious composites. With huge surface area and tendency towards agglomeration, the major 
challenge in this category of fillers seems to be their homogeneous dispersion in the cement paste. 
Boron nitride (BN) exists in various crystalline forms, along with its hexagonal allotrope, h-BN 
similar to that of graphite structure (Stephan et al. 1999). The 2D crystal structure of h-BN exhibits 
unique features, such as thermodynamic (air stable up to 1000 Å C) and chemical stability, excellent 
mechanical strength as well as a layered nature, and highly electrical insulating, while its highly 
thermally conducting nature makes it suitable for many technological applications. The hydrophobic 
nature of h-BN sheets can be utilized for making non-wetting surfaces, underwater constructions, or 
even filtration systems. The commercial products of h-BN include various thermal management 
materials such as thermal grease, thermal pads, coatings, and cosmetics. h-BN is widely used in 
cosmetics due to its oil adsorption capacity and IR-radiation absorption capability. Recently, 
exfoliated h-BN sheets were demonstrated for applications as additives in transformer oils for thermal 
management applications ( Ishida et al. 1998). 
Recently, the occurrence of oil spills has become a major environmental threat that directly affects the 
ecosystem. For oil remediation, a broad variety of materials such as adsorbents, solidifiers, dispersants, 
and skimmers have been used, but the availability of an eco-friendly and efficient approach is still 
lacking. Various attempts were made in the past to separate and remove oil from water. Most of these 
techniques were based on the selective oil adsorption capacity of polymers or membrane based 
filtration. In most cases, the hydrophobic properties of these materials are used to separate oil from 
water. Each polymer has a saturation limit for its adsorption capacity, while the efficiency of 
membrane-based separation is limited to low fluent rates. 
Similar to h-BN, other 2D materials such as graphene or graphene-oxide containing composites have 
been proven to have significantly enhanced mechanical properties in composite materials 
(Watcharotone et al, 2003). Addition of more than one nanocarbon in a poly mer matrix is also found to 
enhance the resultant mechanical properties of composites to a large extent (Prasad et al, 2009). 
Recently, Walker et al. reported a giant enhancement in the toughness of graphene platelet (GPL; 
thermally reduced graphite oxide) based ceramic composites (Walker et al 2011). The fracture 
toughness enhancement of such ceramic composites is associated with the mechanism of anchoring 
and wrapping the GPL fillers underneath the silica grains, therefore forming a continuous wall of GPL 
fillers along the grain boundaries that arrests crack propagation in three dimensions rather than two 
dimensions. Graphite and h-BN, with their relatively similar structures, are used to synthesize various 
forms of carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs). Despite the differences in 
the electronic properties of CNTs and BNNTs, similar mechanical properties specifically in the 
Young's modulus are reported in these materials, demonstrating potential applications such as 
mechanical reinforcement. Ultrathin boron nitride sheets can improve the mechanical properties of 
BN-based polymer composites. As an example, addition of ≈ 0.3 wt% BN nanosheets to poly(methyl 
methacrylate) (PMMA) increases the elastic modulus and strength by ≈ 22% and ≈ 11%, respectively 
(Zi et al., 2011)  
Porous concretes, also called pervious concretes, are structures of high porosity used for applications 
in sustainable construction, greenhouses, and storm-water management. By using h-BN and GO fillers, 
the goal is not only to engineer and fabricate porous composite concretes with excellent mechanical 
properties, but also to enhance the oil adsorption capacity of such composite materials for underwater 
construction structures having oil spill mitigation properties. Such structures could also be useful for 
water gas-oil-sand separation with improved phase separation and enhanced water quality. Here, we 
report the use of h-BN nanoflakes with cement and concrete composites for the efficient hydrocarbon 
(crude oil) adsorption and heavy crude oil/water separation. This concrete-based material has higher 
volumetric adsorption capacity while keeping a high water fluent rate. Mechanical studies proved the 
reinforcement capacity of h-BN flakes meanwhile, the graphite oxide (GO), with 
its rich verity of functional group, is used to bridge cement torbermorite sheets.  



 

 
Figure 1. a) TEM image of synthesized GO flakes deposited on top of TEM grid after sonication for 6 h in water. 
b) SEM image of BN powders deposited on top of the silicon 
the composites with cement with BN and GO fillers.

 
2. Results and Discussions  
2.1 Synthesis of BN and GO Cement and Concrete Composites
GO was synthesized using modifi
sheets were procured from Sigma Aldrich
98% pure). The protocol employed to disperse BN and GO fillers in
concrete are provided in the Experimental
tests were conducted on cylindrical coupons to study
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stress vs strain curves (i.e., toughness) for the pure cement and the composite formulations. 

In order to fabricate practical cement-based composites, porous concretes are engineered by adding 
aggregates to cement before processing the specimens. Similarly to investigate the effect of the h-BN 
and GO fillers in these composites, at least four specimens for each of the materials are fabricated, and 
the compression tests on cylindrical coupons (12 cm in diameter and 24 cm in height) are repeated at 
the same loading fraction of ≈ 1.0 wt% h-BN and ≈ 1.0 wt% GO (Figure 3 d,e). While the toughness 
in ≈ 1.0% h-BN concrete dramatically increased by ≈ 200%, the compressive strength of this 
composite increased by ≈ 64% compared to the pristine concrete (Figure 3 e). Despite the fact that 
utilizing a mixture of 1.0 wt% GO and 1.0 wt% h-BN fi llers in cement decreased the toughness of 
pure cement by ≈ 55%, the toughness value significantly increased by ≈ 175% in porous concrete 
material with same filler loading fractions. Figure 2 c shows the SEM image of the 1.0 wt% BN 
concrete composite fractured specimen showing both BN sheet pull-out of the matrix and the strong 
adhesion between the BN sheets and cement particles. In general, different types of mechanisms can 
be seen in BN-based composites. For example, it is reported that in silicon nitride/BN composites, 
multilevel toughening mechanisms, including crack deflection, bifurcation, and pull-out of matrix 
sheets, are attributed to the enhanced toughness property of the composites (Wang et al, 2002).  
To better understand the mechanical deformations and essential contributing factors of our 2D fillers, 
we performed nanoindentation experiments via a grid technique on several locations on of the hBN 
reinforced cement composites (Figure 3). Our preliminary results suggest improvement in strength and 
toughness at the level of a few hundred nanometers, however further systematic study to unravel the 
role of hBN, portlandite, etc are needed. 

 
Figure 4. Typical nanoindentation tests on the surface of hBN-cement composite. The control sample is devoid 
of hBN fillers. 
 
2.3 Hydrophobic Properties of hBN Concrete Composites 
The above mentioned mechanically reinforced h-BN concrete composite (containing both gravel and 
cements) was tested for water-diluted bitumen crude oil mixture separation (porous concrete is widely 
used in pavements to drain water). The photographs of the various experiment sequences involved are 
demonstrated in Figure 5 a. We used Canadian bitumen heavy crude oil diluted with naphtha (1:4) and 
mixed 100 mL of the mixture with 400 mL of water before applying the filtration. It was found that h-
BN concrete composite effectively filters the crude oil from water and the filtered water becomes clear. 
Both the filtrate and original water/diluted heavy oil mixture were  subjected to UV-vis absorption 
studies. The results indicate that a major fraction of the hydrocarbon is removed while passing through 
the h-BN concrete composite (Figure 5 b). 
 



Figure 5 . a) The photographs of the various experiments sequences
The Canadian bitumen heavy crude oil was diluted with naphtha (1:4) and 100 mL
with 400 mL of water before applying the filtration. As shown, a
adsorbed by the porous concrete with ≈
crude oil and their mixtures before and after the fi

 
3. Conclusions 
In summary, we show that incorporation of 
of the cement and concrete materials
hydrocarbons such as crude oil. This opens the possibility to
such as road pavements and water purifi
fillers have potential environmental
materials. This bottom-up approach introduces innovative paradigms to study and modify the cement 
chemistry at the molecular level, and impart multiple functions such as hydrophobicity and improved 
mechanics through integration of multifaceted 2D fillers.
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Abstract 
Temperature changes driven by hydration reactions and environmental loading cause thermal cracking of restrained 
concrete elements. This work describes the use of microencapsulated phase change materials (PCMs) as a means to 
mitigate such thermal cracking. Special attention is paid to quantify: heat absorption and release, the development of 
unrestrained/restrained thermal stresses and strains and the mechanical properties including: compressive strength, elastic 
modulus and fracture behavior. Significantly, PCMs incorporated in cementitious systems absorb and release heat, which 
scales as a function of their dosage and enthalpy of phase change. In the case of both restrained and unrestrained 
conditions and for equal temperature change, the thermal deformation and stresses developed are noted to be similar to a 
plain cement system independent of the PCM dosage. However, PCM additions are noted to reduce the rate of deformation 
and stress development so long as the phase transition is active. Furthermore, while the presence of PCMs depresses the 
compressive strength and elastic modulus (in increasing proportion with dosage), the fracture toughness is impacted to a 
lesser degree. However, by rational design, and for intermediate PCM dosages, equivalence of both elastic modulus and 
fracture toughness can be maintained. For the 1st time, these studies highlight an innovative means of exploiting 
(solid↔liquid) phase transitions to control thermal stress evolutions and cracking in restrained concrete elements.  
 
Originality 
This study demonstrates a novel means for the active control of thermal stresses in restrained concrete sections by 
exploiting the effects of (solid↔liquid) phase change. For the first time, this strategy allows for active control of 
temperature evolutions and gradients in concrete sections, an aspect which has otherwise been addressed only using 
passive methods, e.g., by reducing the cement content, adding ice during the concrete mixing process etc. The impacts of the 
addition of soft inclusions are clarified, on the mechanical properties including compressive strength, elastic modulus and 
fracture toughness. In specific cases, methods are developed to predict, and mitigate the reduction in properties that results. 
The outcomes are relevant towards enhancing the service life of structures by preventing occurrences against occurrences 
of early-age thermal cracking.  
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1. Introduction 
When acting against restraint, volume changes in concrete elements may produce cracks which degrade the 
service-life of structures by acting as ingress paths for deleterious species (ACI, 2009; Bentz, and Weiss, 2008; 
Mihashi and Leite, 2004; Wang et al., 1997). Current methods to mitigate thermal cracking of concrete include 
reducing its cement content, using low-heat cements and supplementary cementitious materials (SCMs), 
provision of pipe-based cooling systems, or the use of liquid-N2, ice, or cold water as cooling-aids during mixing 
(ACI Committee 207, 2005; ACI Committee 305, 2010; Ballim and Graham, 2008; Emborg, 1989; Emborg and 
Bernander, 1994; Juenger et al., 2010; Maggenti, 2007). However, these methods may have significant 
limitations. When a large fraction of SCMs is used, property development is delayed, and cooling systems are 
often cost-prohibitive. Due to these restrictions, control of thermal concerns is often carried out only by passive 
mitigation solutions.  
The risk for thermal cracking of a restrained concrete element is dictated by a variety of interrelated factors 
related to cement composition, ambient conditions, and section geometry (Larson, 2003; Riding, 2007; Schindler 
and Follard, 2005; Shoukry et al., 2003).  In general, the tendency for thermal carcking may be reduced by 
minimizing the peak temperature achieved during cement hydration and the subsequent cool-down rate (de 
Schutter and Taerwe, 1996; Soroka, 2003; Springenschmid, 1994).  The latent heat storage capabilities of phase 
change materials (PCMs) have been utilized to provide additional thermal inertia to building materials 
(Demirbas, 2006; Sharma et al., 2009). PCMs embedded in building materials function to resist external 
variations in temperature via the absorption or release of heat necessary to cause melting or freezing, 
respectively (Demirbas, 2006; Sharma et al., 2009). The latent heat storage capability of PCMs may also provide 
means to reduce the rate of temperature change and peak temperature evolved through hydration reactions, 
thereby altering the rate of thermal deformation and stress development under simulated environmental loading. 
The influence of PCMs on the mechanical properties of cementitious composites is also investigated. 
2. Experimental 
2.1. Materials and Mixture Preparation 
An ASTM C150 compliant Type I/II ordinary Portland cement (OPC) was used in this study (ASTM 
International, 2012). A paraffin-based microencapsulated phase change material (Micronal® DS 5008X, BASF 
Corporation), supplied in the form of powder, was used in this study. As specified by the supplier, the  PCM was 
expected to have a phase change temperature of 23 ± 3°C and a latent heat of fusion (ΔHPCM) of 110 J/g (BASF, 
2013). An ASTM C778 compliant graded (quartz) sand was utilized to produce cement mortar composites 
(ASTM International, 2013, p. 778). The densities of the components were estimated as ρOPC=3150 kg/m3, 
ρPCM=300 kg/m3, and ρquartz=2650 kg/m3. 
Cement paste mixtures were prepared using de-ionized water at a fixed water-to-cement ratio (w/c = 0.45, mass 
basis) as per ASTM C305 (ASTM International, 2014a). Mixtures containing inclusions were prepared in the 
form of mortars, using PCM or quartz sand as inclusions, while keeping the w/c (mass basis) constant. The 
volume of inclusions ranged from 0-50% of the total composite volume. Composites prepared for 
characterization of phase change temperature and enthalpy of phase change included PCM volumes ranging 
from 0-to-30.82% of the total volume (corresponding to 0, 3, 5 and 10% by mass of cement). A high range 
water-reducing admixture (Glenium 7500, BASF Corporation) was dosed at 0.25% by mass of (dry) cement to 
enhance mixture fluidity. No segregation of PCM was observed in any of the mixtures prepared in this study.   
2.2. Experimental Procedure 
The compressive strength of 50 mm cube specimens (i.e., cement pastes and mortars) was measured as described 
in ASTM C109 at 1, 3, 7, 14 and 28 days on specimens cured in a sealed state at 25 ± 1°C (ASTM International, 
2014a). The coefficient of variation (CoV) in the measured strength was ≈7% for samples cast from the same 
batch. Elastic moduli were measured on 100 mm x 200 mm concrete cylinders using a MTS-110 displacement 
controlled universal testing machine, fitted with a ball and socket compression head to provide free-end loading 
conditions, at a rate of 10 µ/s. The elastic modulus was determined as per ASTM C469 (ASTM International, 
2014b, p. 469). Two LVDTs were used to measure the deformation along a gage length of 100 mm. The critical 
stress intensity factor (KIC) was determined using a two-parameter fracture model (TPFM) for tests carried out 
on notched-beams (100 mm x 400 mm) in 3rd point loading (Jenq and Shah, 1985). The notch depth used was 20 
mm (0.2 times the beam depth). The fracture determinations were carried out in closed-loop control with the 
crack mouth opening displacement (CMOD), measured using a clip gage, as the feedback signal. Since it was 
difficult to initiate unloading at 95% of the peak load (Shah, 1995), a modified procedure that eliminates 



 

operator control of unloading (Jansen et al., 2000), and uses a CMOD of 0.5 mm as a preset unloading point was 
used. The procedure used to calculate KIC from the experimental load-CMOD relations, including the modified 
method (the so-called focal point method) are reported elsewhere. 
Differential scanning calorimetry (DSC) was performed on microencapsulated PCMs, OPC pastes, and PCM-
OPC paste composites using a TA Instruments Q100 DSC to determine the phase change temperature window 
(°C) and enthalpy of phase change (kJ/kg). The samples were held in platinum pans under a flow of nitrogen gas. 
DSC scans were carried out at a heating rate of 5°C/minute, spanning from -40°C to 60°C.  
Unrestrained thermal deformations were measured on ASTM C157 equivalent prismatic, hardened paste 
samples, provided with an embedded thermocouple using a fully instrumented deformation setup (ASTM 
International, 2014c, p. 157; Sant, 2009, 2007; Sant et al., 2007). Each specimen was sealed in two layers of 
aluminum tape and placed on a dilatometer in an environmental chamber. Temperature cycles were then 
imposed on the specimen via the environmental chamber. Deformation of the specimens during these thermal 
cycles was measured via linear variable displacement transducers with automated data-logging (measurement 
accuracy ±5 µε) (Sant et al., 2006).  
Restrained deformations were measured on cement-composite samples cast between two concentric Invar 36 
rings (Sant, 2007; Sant et al., 2007; Weiss et al., 2008). Invar 36 was selected for its low coefficient of thermal 
expansion (≈2.5 με/°C). The inner Invar ring had an outer radius RIC of 50.8 mm and an inner radius RII-INT of 
44.5 mm, while the height of each ring was 25.4 mm. Each ring was instrumented with four strain gauges (CEA-
00-350 Ω) placed at 90° from the other at the mid-height on the inner/outer circumference. Strain was measured 
at two minute intervals, starting about 30 minutes after mixing. The samples were cast in the annulus formed 
between the rings on top of an acrylic base. The rings and base were coated with a form release oil to prevent 
restraint due to bonding between cement paste and the equipment. The setup was maintained in an 
environmental chamber programmed at T= 25°C and RH= 87 ± 0.5% to limit moisture loss. The setup was 
subsequently expoed to thermal cycling while keeping the RH constant. A PVC sheet was placed on top of the 
rings to reduce specimen drying. The effect of temperature on measured strain (due to thermal 
expansion/contraction of the rings) was excluded via calibrations. The analytical expressions required to convert 
the strains to stresses are described elsewhere (Sant, 2007; Sant et al., 2007; Weiss et al., 2008).  
3. Results and Discussion 
3.1 Mechanical Properties of PCM Mortars 
3.1.1 Compressive Strength 
The compressive strength of plain pastes and mortars containing varying volume fractions of quartz and PCM 
was examined experimentally (Figure 1). The addition of quartz inclusions slightly increased the strength of the 
composite, while addition of PCM strongly reduced composite strength by acting as voids in the system. The 
effect of inclusion volume fraction and type can be approximated by (Beaudoin et al., 1994; Shin et al., 2011)  

  100 1
y

N IV    Equation (1) 

where, σN is the paste-normalized composite compressive strength (unitless), VI is the inclusion volume fraction, 
and y is a fitting constant (unitless). The values of y were determined as y = 2.47 or 3.22 for PCM mixtures for 
w/c = 0.35 and w/c = 0.45, and y = -0.14 for the quartz mixtures for w/c = 0.45, respectively.  
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Figure 1: (a) The compressive strength of plain paste systems as a function of time and (b) the paste-normalized 



 

compressive strength for mortars of various inclusion volume fractions. The uncertainty in the measured compressive 
strengths was on the order of 7%. 

Although PCM additions substantially reduced compressive strength, the (normalized) weakening effect of PCM 
was reduced at lower w/c. This suggested that the increased paste porosity at high w/c acted in tandem with the 
soft inclusions to engender more significant strength reductions. Chemical interactions between the cement paste 
matrix and PCM microcapsules or ruptured PCM core materials may additionally degrade compressive strength 
(Alves et al., 2005). The reduction of compressive strength due to PCM additions noted herein is problematic, as 
the addition of stiff quartz inclusions would only have limited offsetting effects. 
3.1.2 Elastic Modulus 
The elastic modulus for plain cement pastes was measured experimentally, as shown in Figure 2. The model 
formulations of Hobbs was then utilized to predict the elastic moduli of mortar composites as a function of PCM 
or quartz inclusion volume fraction, as given by (Hobbs, 1971)  

 
 

   












PIIPI

PII
PC

EEVEE

EEV
EE

2
1  Equation (2a) 

 
 
 

 
 

1 2 1

1 2 1
c I

C P

P I

v V
E E

v V

  
  

  
 Equation (2b) 

where: EC is the elastic modulus of the composite (GPa), EP is the elastic modulus of the plain cement paste as 
shown in Figure 2a (GPa), EI is the inclusion elastic modulus, i.e., (64 GPa for quartz (Chen et al., 2004) and  
55.7 MPa for PCM (Hossain et al., 2009)), vc, vP and vI are the Poisson’s ratios of the composite, the plain paste 
(0.20, unitless (de Schutter and Taerwe, 1996)) or of the inclusions; 0.22 for quartz and 0.499 for the PCM 
respectively (Trinquet et al., 2014; Wichtmann and Triantafyllidis, 2010). In Equation (2b), the Poisson’s ratio 
of the composite was taken as the Voigt-Reuss-Hill average (Mindess et al., 2003). These equations were chosen 
to match the assumptions of approximately equivalent Poisson’s ratios (quartz mortars, Equation 2a), or strong 
Poisson’s ration mismatch but very weak inclusions EI ≈0 (PCM mortars, Equation 2b). 
The addition of PCM significantly reduces the elastic modulus of cementitious composites, similar to its effect 
on compressive strength. Contrastingly, the addition of stiff quartz inclusions significantly increased the elastic 
modulus of composites. These predicted effects on the elastic modulus are significant for thermal cracking, as 
the modulus is directly related to thermal stresses developed in these composites. A simple analysis based on 
Hooke’s law, would predict that the elastic stress developed in a 30% PCM composite would be approximately 
40% that of a plain cement paste and approximately 28% that of a 30% quartz mortar, at equivalent strain. Thus, 
while the strength and stiffness reductions engendered by PCM additions are potentially problematic for 
structural design, the stiffness effect may be advantageous for thermal cracking resistance, as for materials with 
equivalent coefficients of thermal expansion (CTEs), the material with lower modulus would experience a 
smaller thermal stress. These effects may be enhanced by an increased tendency for viscoelastic stress relaxation 
(Shin et al., 2011).  
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Figure 2: (a) The elastic modulus of plain cement paste and (b) paste-normalized elastic modulus for composites as a 
function of inclusion volume fraction, as predicted by Equations (2a and 2b) for quartz and PCM inclusions, respectively. 

3.1.3 Fracture Toughness 



 

Mitigation of thermal cracking is dependent upon the material’s ability to arrest cracks and dissipate energy 
under thermal loading. The addition of weak inclusions in quasi-brittle materials, while reducing strength, can 
also provide beneficial crack blunting and twisting mechanisms, which may offset decreases in fracture 
toughness (KIC) (Jajam and Tippur, 2012; Leguillon et al., 2000). Figure 3(a) shows the effect of PCM inclusion 
on the load-crack mouth opening displacement (CMOD) of concretes under notched three-point flexural tests. 
Figure 3(b) shows the KIC extracted from this response for two w/c. For both w/c, the fracture toughness was 
essentially unchanged at a PCM dosage of 10%, but reduced at 20% PCM dosage. Therefore, contrary to the 
case of PCM mortar compressive strength, the reduction of fracture toughness due to PCM addition in a concrete 
may be offset at small dosages. This suggests the operation of a toughening mechanism such as crack deflection 
or deformation of the microcapsule (Leguillon et al., 2000). At larger PCM volumes, composite weakening and 
potentially debonding between PCM microcapsules and the paste matrix dominate fracture behavior, reducing 
KIC. The addition of a small amount of silica fume slightly reduced the KIC, an effect which has not yet been 
clearly elucidated.  
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Figure 3: (a) Typical load-CMOD curves for concretes with and without PCM, (b) KIC values for the plain and PCM 
incorporated concrete mixtures. The uncertainty in the KIC values was around 12% in this study. 

3.2 Thermal Properties of PCM Mortars 
3.2.1 Heat Absorption and Release 
Figure 4a shows DSC heat flow curves of microencapsulated PCM. The area under this curve was used to 
calculate the latent heat of fusion of the PCM as approximately 114 J/g, in good agreement with the value 
provided by the manufacturer (110 J/g). The melting temperature window spanned from 21.9 to 26.2°C, with the 
endothermic peak at 26.2°C. Note, a smaller peak is noted at ≈5°C, which corresponds to a minor component in 
the PCM. Upon incorporation of PCM into a cement paste, the phase change temperature window was not 
significantly altered (i.e., the endothermic peak of PCM melting was within ±2.0°C of that of the microcapsules), 
as shown in Figure 4b. As expected, the enthalpy of phase change of these PCM-cement composites increased 
with increasing PCM dosage. However, as shown in Figure 4(c), the increase was smaller than that predicted 
based on the mass fraction of PCM in the composite. This enthalpy penalty may be attributed to a chemical 
degradation of the PCM within the cementitious environment, e.g., by cross-linking of the PCM structure (Alves 
et al., 2005). For example, the incorporation of 30.82% PCM by volume (≈6.9% by mass) in a cement paste 
should result in a theoretical enthalpy of 7.59 kJ/kg, whereas an enthalpy of only 5.80 kJ/kg (≈24% reduction) 
was observed. This suggests that for reasons including: (1) capsule rupture and (2) degradation of the PCM in 
caustic environments, the PCM used herein was unable to provide thermal storage to its complete capacity when 
incorporated in cementitious systems.  
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Figure 4: DSC curves for: (a) microencapsulated phase change material (PCM), and (b) PCM mortars with varying PCM 
mass fraction. Only the region corresponding to the endothermic peak (melting) is shown for clarity. The exothermic 

(solidification) peak is similar, but occurs at slightly lower temperatures. (c) The measured and theoretical enthalpy of phase 
change as a function of PCM volume, for PCMs incorporated in a cement paste. PCT denotes “the phase change 

temperature at the peak”. 

3.2.2 Unrestrained Deformations 
Figure 5 shows unrestrained thermal deformations induced within plain paste and PCM mortar (20% PCM by 
volume) specimens by imposed cyclic thermal loads. Both systems with and without PCM experienced similar 
thermal deformation levels across the imposed temperature cycles, indicating similar coefficients of thermal 
expansion (CTE). The effects of the phase transition induced in PCM mortar on thermal strain were generally 
very slight, but were more significant in response to slower temperature ramp rates. This is not unexpected due 
to the thin geometry of the specimens examined herein, which allowed for rapid temperature equilibration 
through the sample, overwhelming the heat absorption/release benefits of the PCMs. Figure 5(b) highlights the 
ability of PCMs to reduce the rate of deformation by stabilizing the temperature evolved within the sample under 
temperature cycling. As the PCM begins to solidify in response to the cooling temperature cycle, the rate of 
change of thermal strain is diminished from -39 µε/hour to -13 µε/hour. This effect coincides with the 
stabilization of temperature within the sample, due to heat release provided by the PCM. This PCM effect is 
significant to reducing the propensity for thermal cracking in cementitious composites. However, it must be 
noted that these effects are only significant while phase change is active (i.e., within the phase transition 
temperature window), after which the thermal strain response of both materials is similar. This observation 
warrants further investigation into informed dosage of PCMs as to extend the phase transition temperature 
window, by providing a mixture of PCMs or by altering the thermal conductivity of the composite. 
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Figure 5: Representative illustrations of: (a) Thermal deformation and temperature within plain pastes and PCM mortars 
under thermal cycling at a temperature ramp rate of 5°C/hour. The samples were allowed to hydrate for ≈60 hours prior to 

measurement. The effects on temperature and strain development induced by embedded PCMs are highlighted in the 
zoomed insets and part (b). 

3.2.3 Restrained Deformations 
Figure 6 shows the stress developed within restrained ring specimens of plain paste and PCM mortar (20% PCM 
by volume) in response to imposed temperature cycles. While undergoing heating or cooling, thermal stress 



 

became increasingly positive (tensile) or negative (compressive), respectively. This effect exhibited a 
dependence on the temperature ramp rate, as the peak tensile stress developed in the specimens was greater 
under slower temperature ramp rates. Differences in stress developed were not on account of different CTEs of 
plain and PCM pastes, as these materials demonstrated similar unrestrained thermal deformations (Sant, 2012; 
Wyrzykowski and Lura, 2013). The addition of PCM to the cement paste resulted in reduced thermal stress, 
noted by the reduction in stress amplitude (from tension to compression) with respect to the plain paste. This 
effect was likely due to the corresponding reduction in elastic modulus. Significantly, PCMs were noted to 
induce a reduction in the rate of thermal stress development (Figure 6b). Similar to the case of unrestrained 
thermal deformation, the coupled influences of PCM on both section temperature and stress manifest as a 
“bump” when phase change activates (see zoomed insets, Figure 6b). The magnitude of this effect was 
dependent on temperature ramp rate, but was apparent during every phase change. 

  

(a) (b) 
Figure 6: Stress development and temperature measured in a plain cement paste and 20% PCM mortar in response to 

different temperature ramp rates: (a) starting at an age of 1 day and (b) A zoomed-in view of the active phase transition 
region. Positive stresses correspond to tension while negative stresses correspond to compression. The temperature ramp 

rates are 20, 5, and 2°C/ hour respectively. 
4. Conclusion 
This work presents a preliminary overview of the influences of microencapsulated phase change materials 
(PCMs) on the mechanical and thermal properties of cementitious materials, as relevant to mitigating their 
thermal cracking. Addition of PCM to cement pastes is noted to reduce the compressive strength and elastic 
modulus of the resulting PCM mortar. However, these effects may be mitigated by aggregate effects in concretes, 
or by cement paste strengthening via the addition of silica fume. The fracture toughness of PCM mortars is more 
weakly reduced by PCM additions, attributed to the beneficial effects of crack blunting and twisting. PCMs 
exhibit no influence on the deformability of cementitious composites under unrestrained thermal loading, as 
material response is controlled by the continuous cement paste matrix. Therefore, the reduced stress 
development within PCM mortars under restrained thermal deformations can be attributed to the combined 
section temperature reduction and decrease in composite elastic modulus attributed to PCM addition. While the 
observed duration and extent of stress rate reduction was quite small, design of materials such as to extend the 
phase transition temperature window may allow for enhanced thermal cracking mitigation. Further property 
evaluations relevant to the mitigation of thermal cracking by use of PCMs are presented in the following 
reference (Fernandes et al., 2014) 
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Abstract 
Through characterization techniques (XRD, TG / DTA, classical chemical analysis, 27Al MAS NMR) and reactivity tests 
of metakaolin with calcium hydroxide (calorimetry isothermal conduction and Chapelle test at 55°C), an unknown 
phenomenon that is difficult to be reproduced was noticed, but proved to be attached to contents of Si / Al, degree of 
disarrangement of the material and quantity aluminum V sites in the sample. A factor that may have potentialized the 
occurrence of the phenomenon appears to be ramp heating the samples in the isothermal calorimetry conduction test 
with pozzolanic material and the proportion of calcium oxide above 1:1 ratio. NMR spectroscopy was used to help 
unravel with the peculiarities of this phenomenon. 

Originality 
The objective is determining possible causes of unwanted phenomenon in order to improve knowledge about the 
reactivity of metakaolin in environments autoclave and concrete mass. 
There are no studies in literature about the phenomenon of change of reactivity metakaolin and reproduction is difficult 
because there are no consolidated parameters on the subject. Data collection and the opportunity to study a rare 
phenomenon provide contributions to the understanding of pozzolan. 

Keywords: Metakaolin, pozzolan, reaction with calcium hydroxide, pozzolanic reactivity. 
  



1. Introduction 
This work addresses a phenomenon of rare reproduction in which the reactivity of metakaolin in the system 
under autoclave suffers unexpected reactivity lower than expected for samples that have a high degree of 
structure form and when there is an attempt to replicate the event with samples from the same source this 
does not occur. There are reports that the addition of the amorphous silicon system normalizes reactivity 
metakaolin, the phenomenon no longer occurs (Chappex, 2013). 
In the investigative process of hydration reactions of metakaolin with calcium hydroxide yielded unexpected 
results leading to the suspicion of an unknown phenomenon. The pozzolanic reaction is complex and 
depends on many variables. Studies of phenomena and reactions with metakaolin, when applied to Portland 
cement system, are difficult to separate and even identify (Garcia, 2013). 
The shortage related to the study of metakaolin-Ca(OH)2 system works prevents a greater understanding of 
the processes involved in their reactivity. Manufacturing processes with high comminution and thermal 
curing occur without a thorough understanding of the implications offered by compounds formed and the 
consequences for the pozzolanic reactivity. 
Some are conceptual foundations to the present day knowledge about the activation of clays and pozzolanic 
reaction of the sample (Loewenstein, 1952). The literature survey on thermal activation of clays shows that 
illite and smectite group mineral clays are not much reactive, even with the highest dehydroxylation because 
the structural arrangement of these mineral clays are mostly the tetrahedral and octahedral coordination 
(Al(IV) and Al(VI), respectively), and are not ordered as in kaolinite. Activation of kaolinite for pozzolanic 
means (metakaolinite) turns the crystalline phase into the formation of most amorphous aluminum V (Al(V)), 
besides  Al(IV) and Al(VI) in the structure (Fernandez, Martirena and Scrivener, 2011; Sanz and Serratosa, 
1984; Deer, Howie and Zussman, 1981).  
Sanz et al., (1988) conducted an analysis of metakaolin and showed that the population of aluminum 
coordination V increased with calcination when reaching a maximum near 700°C, decreasing at higher 
temperatures. It is known in the scientific community that the temperature of 700°C generally offers the 
largest for pozzolanic reactivity and alkaline activation reactions (Rachad, 2013). 
The presence of high levels of reactive aluminum, however, does not mean that the final product is better for 
the cement-pozzolan system. Should be considered the desired conditions and the predicted effects of their 
presence. Chappex and Scrivener (2013) stated that initially the presence of reactive silica on 
aluminosilicates changes the composition of C-S-H and thus reduces the pH of the impregnating solution, 
which slows down the dissolution rate phase of susceptible aggregates. Secondly, the alumina may be 
absorbed directly onto the surface of silica-containing phase in susceptible aggregates and slowing its 
dissolution. Chappex and Scrivener (2013) considered probable synergy between these effects, such as 
reduction of pH and increasing of the aluminum absorption on the surface of susceptible stages. Similarly the 
aluminum acting on the alkali-aggregate reaction can be supposed that it acts on pozzolanic systems by 
modifying the dissolution of amorphous phase by forming different reaction products in accordance with the 
temperature of kaolinite clay calcination. 
On the other hand, metakaolin pozzolanic reactions often generate compounds of known species such as 
hydrated calcium silicate, hydrated gehlenitas, tetracalcium aluminate hydrated, tricalcium aluminate 
hydrated, hydrogarnets and among others no so important (Murat, 1983; De Silva and Glasser, 1993). Other 
compounds that may arise are gismondine zeolites family that has spherical agglomerates of small crystals 
and large specific surface area. Inside this zeolite family there is Zeolite MAP – gismondine like, which 
generates flexible distortion and easy hydration structures depending on their condition (Carr et al, 1997).  
Davidovits (2012), in turn, theorizes the geopolymers, reaction products of alkaline inorganic materials are 
mistaken for feldspathoids, not identified by XRD as being non-crystalline structure. Therefore, zeolites 
known as calcium gismondine could not close in a crystalline structure forming an inorganic polymer. 
Species and amount of compounds formed by pozzolanic reaction are dependent of the calcination 
temperature of clays and the temperature of reaction. Particularly, the hydrogarnets are unstable in reaction 
with calcium hydroxide up to 50°C (Serry et al., 1984). It is known that hydrogarnets appear after 70 to 150 
days when pozzolans are combined at room temperature with lime, representing 40 to 60% of the initial 
weight of pozzolan (Hewlett, 2003), it is then very important in evaluating the pozzolanic activity, especially 
when the reaction is conducted at high temperature. Studies show that for reacted metakaolin with calcium 
hydroxide during thermal curing in the first 250 hours (4 days) the mass hydrogarnets maintains a growth 
curve larger than other compounds in the same period (Cabrera and Rojas, 2001). Other authors suggest that 
the favorable conditions for determining the presence of certain compounds in the absence or failure of 
others, as with C4AH13 and C3AH6 which varies as a function of temperature and the relationship Al(OH)4-

/OH in saturated portlandite, as well as the katoite phase is highlighted in the literature by metastable 



behavior with respect to grossular hidrogarnet (Blanc et al., 2010). The katoite closely linked to the C3A to 
be hydrated accepts high addition of silicon in composition according to the formula Ca3Al2(SiO4)3-x(OH)4x - 
with Si/Al ratio = 1.5 (Lager, Armbruster and Faber, 1987; Mindat, 2001; Sthefan and Wistuba, 2006). In a 
study of cement pastes made with crushed quartz and CaO, it was found that the katoite plays an important 
role in the formation of C-S-H. On models with high contents of reactive aluminum has been assumed that 
the decreasing of calcium and aluminum hydrogarnet (katoite) is associated with the formation of 
torbemorite through a mechanism that is not yet clear. There is a suspicion that this phase acts as a calcium 
source for the formation of tobermorite in autoclave curing with advanced age (Kikuma et al., 2010).  
Akira Kato mineralogist identified the katoite compound as a C3A hydrated, hydrated compound similar to 
that arises in the cement (Passaglia, 1985). The C3A formation on cement is dependent on variables such as 
rapid or slow cooling and the presence of alkaline substances such as sodium and potassium to set their 
structures as cubic or orthorhombic forms. Even though these two classifications, there are still variations 
forms structures, that can be observed many other species, mainly due to orthorhombic C3A (Kirchheim, 
2008). Considering the formation of C3A hydrated compounds from orthorhombic forms within alkali 
environment, the diversity in the appearance of a variety of different species with respect to hydrogarnets, 
including the katoite, may be high.  
The study of reactions of metakaolin with calcium hydroxide in autoclave environments is still not 
completely known (Garcia, 2013). Only one study available on this subject does not have reproduction 
parameters (Frias et al., 2013). For this reason, the authors started studying pozzolanic reactions of 
metakaolin clays by means of reproducibility parameters and species formed after reaction. Was then made 
an investigation for assessing selected techniques to understand the process of formation of reactive pozzolan 
from kaolinite clay which has led to surprising results.  
2. Experimental 
2.1. Raw material 
Sedimentary kaolinite clay was collected from the accumulated material in a prismatic lot of the same batch, 
by manual means, the random choice of various colors clods. Pozzolan material were obtained from 
sedimentary origin kaolinite clay with chemical composition determined by classical chemical analysis as 
follow: 51.77% SiO2, 29.45% Al2O3; 2.22% Fe2O3; 2.87% K2O; 1.38% TiO2; Fire Loss 10.58% and other 
lesser extent. The material preparation occurred by manual grinding with a mortar until fully passing through 
sieve # 200mesh (65μm). The sample was calcined at various temperatures from 500 °C, 550 °C, 600 °C, 
650 °C, 700 °C, 750 °C, 800 °C and 850 °C after two hours without heating ramp in a muffle furnace the 
material was then cooled by forced ventilation to gain amorphousness. 
2.2. Experimental Process 
The pozzolanic reactivity analysis was performed with lime reaction according to the Chapelle test using 
different concentrations (pozzolan-CaO): 1:1, 1:1.5 and 1:2 ratios. Reactions took 16 hours at 90 °C (± 5), 
with the result expressed as milligrams per gram of CaO fixed material.  
Calcined unreacted and reacted with CaO samples were analyzed by X-ray diffraction, thermal analyses 
(TG/DTG/DTA), and solid state magic angle nuclear magnetic resonance (MAS-NMR). 
X-ray diffraction was performed on a Rigaku Windmax 1000 equipment, with 2° ramp, 1° slit. An 
acceleration voltage of 40 kV and a current of 20 mA were applied. The thermal analyses (TG / DTG / DTA) 
were performed using TA Instruments SDT 2960 equipment in an open alumina crucible, with Nitrogen 
100mL/min purge, at a heating rate of 10 °C/min. The 27Al MAS-NMR spectra were obtained at the 
frequency of 156,38 MHz (14,1 Tesla) on a Bruker Avance 600 spectrometer using 2.5mm rotor with 25kHz 
spinning speed rotation, 5.5 µs 90° pulse, and 2 s recycling delay, and at the frequency of 208.5 MHz (18.8 
Tesla) on a Bruker AV800 spectrometer using 3.2 mm rotor with 20 kHz spinning speed rotation, 0.8 µs 
90° pulse, and 3 s repetition time. 
Blaine permeability was measured according to Brazilian standard NBR NM67 and laser BET analysis were 
performed on a Gemini V2.00 Micrometrics equipment on nitrogen atmosphere with 3s equilibration time 
and 711.945 mmHg sat. pressure. The laser granulometry were measured with Malvern Instruments e 
software Mastersizer 2000E version 5.6. The pozzolanic reactivity analysis was performed with lime reaction 
according to the Chapelle test using 1:2 pozzolanic material-CaO ratio in 16 hours test at 90 °C (± 5), with 
the result expressed as milligrams per gram of CaO fixed material. Tests were performed on equipment 
calorimetry thermometric TAM AIR eight channels at the temperature of 55°C for 168 hours. Tests on 
samples calorimetry were performed in two ways: by treatment of water in oven, pozzolan, calcium 
hydroxide and vials at a temperature of about 55 °C; and no treatment in an oven, with temperature balancing 
device samples the initial level 21 °C to 55 °C. 
3. Results and Discussion 



3.1.Characterization 
3.1.1 Calcined Samples 
A simple calculation of the area of the amorphous diffraction was performed by integrating the halo in each 
calcined sample popping a graph as follows below. It is possible to emphasize the 
600 °C and 750 °C with a peak pointing to 700

Figure 1 Amorphous area calculated from amorphous halos integral

In the TG analysis of the samples calcined at various temperatures can be seen that significant weight loss 
occurs for lower temperature up to 5

Figure 2 Thermogravimetric curves of samples calcined at various temperat

Observing 27Al MAS NMR spectra of calcined samples in different temperatures (Figure 3
observed that there is a significant change in the coordination sites of aluminum, changing from more 
crystalline sites - octahedral coordinated Al: Al(VI). Sample calcined at 500 °C presents a sharp peak at 
0 ppm due to kaolinite present in the sample. As the calcination temperature is higher th
signal decreases to amorphous sites as one can observe tetrahedral coordinate
approximately 60 ppm increases. T
with a maximum intensity of Al(V) for samples calcined between 650 °C up to 750 °C
The area calculation of each aluminum site obtained by 
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A simple calculation of the area of the amorphous diffraction was performed by integrating the halo in each 
calcined sample popping a graph as follows below. It is possible to emphasize the level of reactivity between 

°C with a peak pointing to 700 °C (Figure 1). 

from amorphous halos integral generated between the base 
points of the diffraction peaks. 

In the TG analysis of the samples calcined at various temperatures can be seen that significant weight loss 
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observed that there is a significant change in the coordination sites of aluminum, changing from more 

inated Al: Al(VI). Sample calcined at 500 °C presents a sharp peak at 
ppm due to kaolinite present in the sample. As the calcination temperature is higher th

signal decreases to amorphous sites as one can observe tetrahedral coordinated Al: Al(IV) 
approximately 60 ppm increases. There is also an increase of Al(V) sites: peaks at approximately 30 ppm 
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(a) 27Al MAS NMR spectra of calcined samples
Figure 3 Evolution of the 27Al MAS NMR spectra of calcined samples 

3.1.2 Samples reacted with Ca(OH)
When metacaulim samples react at 1:1.5 
of some hours and then reacted in accelerated rate up to 11 hours, when starting deceleration.
this experiment it was observed an unexpected 
XRD and NMR techniques showed 
reaction occurs of rehearsal loss accelerated reactivity an
stop to grow, falling until the end of the test 
differential curves of the accumulated heat reaching only 250 J/g 
temperatures had a normal behavior reaching about 340 J/g in 168 hours. 

Figure 4 Accumulated heat curves of kaolinite (

In order to clarify whether the sample had problems, the
(calcined clay at 700 °C), which showed a high 
reacted samples were taken from sealed containers, 
NMR. The variable behavior of the reacted calcined samples, specially the one calcined at 700 °C 
the XRD analysis to identify the compounds formed 
results for calcined samples reacted with Ca(OH)
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of calcined samples  (b) Amount of different coordinated Al sites
Al MAS NMR spectra of calcined samples according to the calcina

sample. 

Samples reacted with Ca(OH)2 
at 1:1.5 pozzolan-CaO ratio, all samples demonstrated an induction period 

of some hours and then reacted in accelerated rate up to 11 hours, when starting deceleration.
experiment it was observed an unexpected phenomenon occurrence with the sample at 700

NMR techniques showed more amorphous and more reactive sample. Approximately
occurs of rehearsal loss accelerated reactivity and hence the curves to 66 hours of accumulated heat 

lling until the end of the test (Figure 4).  Calcined at 500 °C 
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temperatures had a normal behavior reaching about 340 J/g in 168 hours.  
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all samples demonstrated an induction period 
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650°C x   x   x     x x   x x 

700°C  x   x   x     x x   x x 

700°C rep x   x   x     x x   x 
 

750°C x   x   x     x     x x 

*probable occurrence. 

The XRD differentiate sample at 700 °C, which suffered the unexpected phenomenon of reactivity in the 
sample of 700 °C and the one repeated (700 °C rep) was repeated only the presence or absence of  katoite 
species, suggesting that this compound has a direct relationship with the stable reactivity of the first sample.  
This unexpected behavior was compared with other test conduction isothermal calorimeter conducted on the 
same samples calcined at 700 °C, but with the heat treatment pozzolan, regents, containers of water and dried 
at 55 °C. In the used proportion of pozzolan-calcium oxide 1:2. Even in this case the heat accumulated in the 
calcined sample at 700 °C showed a value lower than expected. 
Chapelle tests were performed according to NBR 15.895:2012, similar to NF P18.513:2012, which deals 
with the assessment of calcium absorption by pozzolan. (Figure 5). This Chapelle tests were used for 
comparing data with isothermal calorimetry tests, 

 
Figure 5 Accumulated heat (right-prism) during the various calcined samples in reaction pozzolan-calcium oxide 1:2 

occurred in the 168th hour. The Chapelle test according to NBR 15 985:2012 (left-circle) was used as the reactive 
potential of the comparative samples. 

The phenomenon seems to happen again, but on a much smaller scale, only modifying the final reactivity of 
calcined sample at 700 °C (Figure 6). In this sample accumulated heat curve, however, there was a decline of 
heat accumulated in the test as previously presented. When compared to calorimetry tests with proportion for 
pozzolan-calcium oxide 1:1 ratio, the phoneme did not happen. At this proportion on contrary, the 
pozzolanic reaction showed a very high correlation with the tests as Chapelle Raverdy et al. (1980) (Figure 
7). 



 
Figure 6 Heat accumulated (right-square) during the various calcined samples in reaction pozzolan-calcium oxide 1:1 
occurred in the 168th hour. The Chapelle test according to Raverdy et al. (1980) (left-prism) was used as the reactive 

potential of the comparative samples. 

The looking for conclusive evidences about the differences in the pozzolanic reaction of samples calcined at 
700 °C, the reacted sample were again analyzed by XRD in a lower angle for a longer time of radiation 
which seemed to cause a “beam effect”, as we could see comparing the results from the first measurements. 
At the second measurements – with lower angle, it was observe mostly katoite and muscovite species. 
The samples first analyzed by 27Al MAS NMR in a 14.1 Tesla and then in a 18.8 Tesla equipment. When the 
results were compared it was observed that in the katoite chemical shift (around 11 ppm) (Sanz, 1988), have 
the same behavior for both spectrometers, and both samples. In the first experiment, it was assumed that the 
signal between 72 – 68 ppm was due to muscovite species, and it was not possible to observe any difference 
between unexpected reacted sample and the normal reacted sample (700 °C rep), as shown in Figure 7. 
However, after the beam effect and the experiment at 18.8 Tesla it was observed some differences between 
the samples, suggesting that not only muscovite is present as could also be possible the presence of 
gismondine (zeolite MAP) species, which have the same chemical shift range occurrence. The appearance of 
zeolite MAP is between 70 – 50 ppm (Carr et al, 1997).  

 
(a) bad reaction sample (700°C) (b) good reaction sample (700°C rep) 

Figure 7 27Al MAS NMR spectra of Metakaolin (sample calcined at 700 °C) and reacted with Ca(OH)2 

4. Conclusions 
There are some parameters that can be highlighted in the phenomenon found: 

 The calcination at 700 °C is a homogeneous process, reaching the highest amorphous halo evidenced 
by XRD by the stabilization of weight loss by TGA and increased absorption of calcium in the 
Chapelle test reactivity NBR15.895.  

 All calcined samples showed the katoite in the formation of hydrated compounds and the one that 
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showed no (700 °C rep.) Was obtained larger than the pozzolanic reactivity test in accordance with 
the driving of isothermal calorimetry. 

 The tests occurred at a temperature of 55 °C and literature agrees that are metastable phenomena 
occurring in this isothermal cure temperature. 

 The Si/Al ratio close to 1:1 appears to be related to the phenomenon. 
 The content used in reactivity pozzolan-calcium oxide greater than 1:1 seems to have favored the 

emergence of the phenomenon. 
 The sample that showed the highest amount of Al(V) in NMR-MAS was 700 °C, with suspicions 

that it is intimately connected with the phenomenon. 
 The heating ramp test caused the first driving isothermal calorimetry reactivity pozzolan-calcium 

oxide 1:1.5 seems to have enhanced the phenomenon. 
 The possibility of observing zeolite MAP (not crystalline form) could explain the competition of 

the formation of C-S-H (observed by XRD) in the pozzolan reaction. This effect could also explain 
the accumulating heat curve behavior in the unexpected reaction at 700 °C.  
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Abstract 
The photocatalytic activity of powdered TiO2 (75% anatase, 25% rutile) was tested after the 
incorporation of the additive in mortars of calcium aluminate cement. Two different CACs were used 
according to their chemical and mineralogical composition: one of the CAC was a high alumina 
cement (H-CAC, 70.9% of Al2O3) while the other one was a low alumina cement (L-CAC, 42.0% of 
Al2O3) with a large amount of ferrite. One batch of the prepared mortars was tested after being 
subjected to 28 days under a normal curing regime (20ºC and 95% RH). A second batch was tested 
after a curing regime of 60ºC and 100% RH (for 24 hours) and then 20ºC and 95% RH. This second 
curing regime intended to induce the conversion reaction, which is responsible for the formation of 
stable calcium aluminate hydrates at the expense of metastable hydrates. Different properties such as 
workability, setting time and compressive strength were determined in the tested mortars in order to 
study the influence of the TiO2 addition. The photocatalytic effect was assessed by means of the NOx 
abatement under UV irradiation. The TiO2-H-CAC mortars were found excellent systems to decrease 
NO2 concentrations in connection with the more abundant presence of aluminates. The better NO2 
retention improved the NOx removal. An chemical interaction between ferrite and TiO2 was suggested 
to take place in the L-CAC mortars as evidenced by XRD, SEM, EDAX and zeta potential analyses. 
This interaction originated two new iron titanate phases, namely pseudobrookite and, to a lesser extent, 
ilmenite. The reduced band-gap energy of these compounds compared with that of TiO2 improved the 
photocatalytic efficiency of L-CAC samples in the visible spectrum, as proved by Methyl Orange 
degradation tests, conferring a self-cleaning ability to the TiO2-bearing iron-reach L-CAC under 
visible illumination. 
 
Originality 
Although CAC is used in many building as well as industrial structures, its modification upon addition 
of photocatalytic additives has not yet been addressed and that is precisely the purpose of the present 
work. We intend to obtain for the first time depolluting CAC mortars modified with different amounts of 
TiO2. The effect of the TiO2 incorporation on setting time, compressive strength and mineralogical 
composition of the CAC mortars will be assessed. PCO efficiency of these TiO2-bearing CAC mortars 
will be also measured by means of the NOx abatement. The modified depolluting mortars could be then 
applied in different tunnels, industrial floors and urban areas in which CACs are usually applied. 
 
Keywords: Calcium Aluminate Cement; X-ray Diffraction; Compressive Strength; NOx abatement. 
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1. Introduction 

The presence in the air of nitrogen oxides NOx is one of the causes of the atmospheric 

pollution. It has been recognised as one of the most serious environmental problems (Beevers, 

S.D., et al, 2012). NOx are one of the most common gaseous pollutants in the urban 

atmosphere being very injurious to the human health. Many adverse environmental effects 

like acid rain and ozone depletion are caused by their presence in the earth atmosphere. For 

that reason, is essential to find of ways to remove the NOx from the atmosphere. One 

possibility is the use of photochemical oxidation (PCO) assisted processes which have gained 

a great attention to promote the degradation of inorganic toxic gases and organic pollutants. 

These processes are related - although not only- to the use of TiO2 and the combinations 

thereof (Di Paola, A., et al, 2012.). 

These powdered photocatalysts should be immobilized in order to improve practical 

applications. This immobilization provides surfaces that can be reached by light irradiation. 

One type of matrix that is useful to this aim comprises binding materials under condition that 

(i) present low degree of chemical interaction with photocatalyst particles; (ii) exhibit stability 

in the face of products formed; (iii) provide enough surface area to guarantee an adequate 

level of photocatalytic reaction; and (iv) are environmentally friendly.  

Previous works show that these photocatalytic agents have been successfully included in 

Portland Cement (PC) creating better materials not only with depolluting properties but also 

with self-cleaning ability of their surfaces (Chen, J.; et al, 2011) (Folli, A., et al, 2012). A 

widespread distribution of the active agent is achieved with the incorporation of 

photocatalysts into cement materials and, if it is applied to outdoor exposed surfaces large 

enough, could be helpful in urban environments to reduce the contaminants level. On the 

other hand, the self-cleaning capacity safeguards the aesthetic characteristics and at the same 

time minimizes the maintenance and cleaning expenses (Smits, M., et al, 2014).  

The PCO of NOX occurs through the following reactions (Sugrañez, R.; et al,2013): 

TiO2  +  h    e  +  h+  (1) 

H2O  +  h+    H+  +  OH•  (2) 

O2  +  e-      O2•
   (3) 

NO  +  O2•
    NO3

     (4) 

NO  +  OH•    HNO2    (5) 

HNO2  +  OH•     NO2  +  H2O   (6) 

NO2  +  OH•     NO3
  +  H+    (7) 

A certain degree of erosion of the PC mortars (Ibusuki, T., 2010) has been described because 

the acids formation (reactions 5 and 7) after the NOx capture on the surface of the mortars in 

the form of alkaline nitrate (reaction 7). Moreover it has been reported that during the 

photocatalytic process (reaction 6) some amounts of NO2 were produced and were not 

retained by the PC system. These amounts of released NO2 partially counteract the 

photocatalytic efficiency (Sugrañez, R.; et al,2013) (Cárdenas, C., et al, 2012). 

One type of cement is calcium aluminate cement (CAC) which is principally made of 

monocalcium aluminate (CA) and with different proportions of C12A7, C5A3, C3A and C4AF. 

The interest in CACs is continuously growing because of their rapid hardening and enhanced 

durability properties (Juenger, M.C.G., et al, 2011). The purpose of this work is the 

modification of CACs upon addition of TiO2, which novelty lies on the fact that there is a lack 



 

in the literature. The photocatalytic performance of these new mortars under UV irradiation as 

well as under visible light irradiation was studied. 

2. Experimental section 

2.1. Materials 

Mortars were prepared by using two types of CAC. One of the CACs was low alumina 

cement (L-CAC) with 17.0 wt. % in Fe2O3, and the other one contains high alumina 

percentages (H-CAC) with only a 0.1 wt. % in Fe2O3. 

The mineralogical composition of these cements as proved by XRD was: for L-CAC, XRD 

studies revealed a main phase CaAl2O4 (CA) and minor phases with iron such as Ca2FeAlO5 

(C4AF), Ca3TiFe2O8 and FeO; for H-CAC, the X-ray diffraction studies showed as main 

phases CaAl2O4, (CA) and CaAl4O8 (CA2) and a minor phase of Ca12Al14O33 (C12A7) with 

negligible amounts of iron-bearing compounds. L-CAC and H-CAC were supplied by 

Ciments Molins and Kerneos. CAC cements were mixed with a normalized siliceous 

aggregate. TiO2 as photocatalyst (Aeroxide P25, Evonik, 75% anatase and 25% rutile) was 

added. To ensure a good workability of the samples, a polycarboxylate-based superplasticizer 

(Melflux2651e, BASF) was used.  

2.2. Methods  

2.2.1. Obtaining of the mortars 

Weight ratios of 1:3 and 1:0.37 were used, respectively, for cement:aggregate and 

cement:water relationships. TiO2 percentages with respect to cement of 1%, 3%, 5% and 10 

wt.% were added. Different amounts of the superplasticizer were required ranging from 0.07% 

to 2.5% for L-CAC mortars and from 0.10% to 1.10% for H-CAC mortars. 

Additives, aggregate and CAC were mixed for 10 min at low speed in a blender. Later water 

was added and mixed at low speed for 90 s. Then fresh state properties were determined. 

Lastly, cylindrical mortars samples were prepared in 36x40 mm cylindrical casts and de-

moulded 24 h later. Normal curing condition (20°C and 95% RH) was imposed to half of the 

samples and the second curing condition (hereinafter, forced curing condition), with high 

temperatures and RH (60°C and 100% RH, and after 24h, 20°C and 95% RH) to the rest of 

the samples. Samples subjected to normal curing condition were expected to develop 

metastable phases, while the forced curing condition was applied in order to provoke stable 

cubic aluminate hydrates formation. Samples were cured for 28 days and three samples of 

each mortar were tested.  

2.2.2. Characterization 

Consistency and setting time were studied as fresh properties. After the curing period, 

compressive strengths were measured at a loading rate of 50 N·s-1. Pore size distributions 

(PSD) were obtained by mercury intrusion porosimetry (Micromeritics-AutoPoreIV-9500; 

pressure 0.0015 to 207 MPa). Mineralogical characterization by X-ray diffraction (XRD) was 

done in a Bruker D8 (CuKα1, from 2º to 80º 2θ; increment of 0.02º at 1 step.s-1 scan rate).  

Textural characteristics and elemental compositions of the samples were performed by a Zeiss 

DSM-940A SEM coupled with an EDAX probe. 

2.2.3. Photocatalytic studies: NOx oxidation and organic dyes degradation 

In NOx oxidation tests a irradiated with a xenon lamp (Solarbox 3000) with an irradiance of 

25±1 W·m-2 adjusted by a Delta-Ohm HD-2101.1 photoradiometer, with a LP-471 probe 

(315-400 nm) and a laminar-flow reactor and were used. Conditions were 50±10% RH and 



 

25±2ºC. The photoreactor (300 mL) was fed by a 1000 ppb NO stream. The residence time of 

NO in the photoreactor was ca. 4 s. Concentrations of NO and NO2 were determined by 

chemiluminescence (Environnement AC32M) at a 3.0 L·min-1 flow.  

The sample was in the dark for 10 min with NOx stream flowed over it. Then, the 

photoreactor was irradiated for 30 min. Neither NOx adsorption on mortar surface nor direct 

photolysis evidences were found. 

For organic dyes degradation studies, cylindrical samples (36x10 mm) were coated with 1 mL 

of aqueous Methyl Orange (MO) solution (0.1 g·mL-1). The area exposed was limited to 19.23 

cm2 discs and irradiated with a Philips LED (irradiance 10±1 W·m-2 between 400 and 700 

nm).in the absence of UV radiation. Data were collected at 12, 24, 48 and 72 hours. CIELab 

coordinates were registered by a Konica-Minolta spectrophotometer CR-300. Colour 

coordinates were brightness (L), range between red to green (a) and range from blue to yellow 

(b), according to the Commission Internationale de l’Eclairage21, where ∆E, which served to 

estimate the total variation of color, is:  

∆� = �� + �� + �� 

The higher ∆E variation, the larger the discoloration of MO. 

3. Results and discussion 

3.1. Properties of tested mortars 

It has been observed that the higher amount of photocatalytic additive in mortars the higher 

demand in water because of the small particle size of the TiO2. Furthermore, the higher the 

amount of photocatalyst, the larger was the percentage of superplasticizer. 

 

Figure 1 Setting time values of the different %TiO2 loaded L- and H- CAC mortars. 

Data collected in Figure 1 shows how incorporation of TiO2 caused a setting time delay. An 

example of that is: 0%-CAC samples displayed a setting time of 15 min (L-CAC) or 5 min 

(H-CAC), while 3 wt.% TiO2-bearing L-CAC and H-CAC samples showed setting times of 

26 and 20 min, respectively. Presence of significant amounts of superplasticizer in the fresh 

mixtures (10 wt.% TiO2) contributed in a larger extent to the delay in the setting time (Jansen, 

D., et al, 2012) The high alumina cement, H-CAC shows the shortest setting times in 

comparison with the low alumina cement, L-CAC. This fact can also be ascribed to the faster 

hydration of calcium aluminates as compared with the hydration of the ferrite phase 

(Ca2(AlxFe1-x)2O5). Ferrite phase is the main characteristic cementitious phase that is present 

in large amount in the L-CAC. While this phase is absent in the H-CAC, it is undoubtedly 

identified in the L-CAC. To sum up, mortars with both cement types presented short setting 
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Figure 4. Comparative XRD profiles of 10 %TiO2 loaded L- and H- CAC mortars cured at 20°C and 95% 

RH for 24 h. 

H-CAC plain samples after normal curing condition showed greater mechanical resistance 

values than L-CAC plain samples. This fact can be a result of the hydration of calcium 

aluminates, the main responsible compounds for the early mechanical resistance. H-CAC 

samples contain a greater amount of calcium aluminates (70.9 wt.% content of Al2O3 and 28.0 

wt.% of CaO) as compared with the lower one of L-CAC (42.0 wt.% content of Al2O3 and 

37.8 wt.% of CaO), which also presented an exceptional amount of ferrite. The presence of 

ferrite does not contribute to the strength due to its short- term hydration.  

XRD studies of H-CAC showed the absence of any new distinct crystalline phase involving 

TiO2, indicating that no strong chemical interaction took place upon addition of the TiO2 in 

these samples. In 10 wt. % TiO2-loaded H-CAC sample, the anatase peaks were identified. 

Nevertheless, for L-CAC samples, the diffraction peak of anatase almost completely 

disappeared. At the same time, the diffraction peaks of the ferrite (brownmillerite) phase  

which could be observed in a plain L-CAC sample  underwent a clear reduction in the TiO2-

bearing L-CAC sample. Whereas the appearance of pseudobrookite (Fe2TiO5) was identified 

by its diffraction peaks at 17.9, 18.2, 25.6, 32.8, 36.6 and 37.4º 2, and, to a lesser extent, the 

presence of ilmenite (FeTiO3) was also found (main diffraction peaks at 32.4, 35.1, 48.8 and 

24.0º 2). The finding of this mixture of iron titanates was a good indicative of the interaction 

between TiO2 and ferrite of the L-CAC. The substitution of Ti4+ by Fe3+ was favoured in our 

experimental conditions thanks to the closeness of their respective ionic radii (0.64 and 0.67 

Å). 

In the present work, our experimental evidences for L-CAC helped us to find a clear 

interaction TiO2-ferrite, although there is some controversy on this topic so far (Chen, J., et al 

2009). 

In Fig.5 micrographs of CACs samples under normal curing condition can be seen. Plain L-

CAC samples as well as H-CAC samples present similar textural appearance (with fractured 

surfaces and with some well identified compounds, such as hexagonal plate-like crystals of 

 



 

C2AH8 metastable calcium aluminates (Navarro-Blasco, I., et al, 2013), in good agreement 

with the XRD results.  

The addition of 5 wt.% of TiO2 resulted in a different micro-morphology depending on the 

type of cement: for L-CAC samples irregular and non-geometric aspect were seen with some 

ill-defined clusters, under normal curing regime. Nevertheless, SEM studies let us see 

prismatic crystals with well-defined structures in H-CAC samples. 

Figure 5 SEM micrographs of free- and 5wt.%- TiO2 CAC samples after curing at 20°C and 95% RH 

for 24 h. 

We can conclude that, in H-CAC samples, there is no interaction and TiO2 seems to be 

physically entrapped in the matrix of the cement. Therefore, H-CAC, with more amount of 

TiO2 available to oxidize NOx, should achieve better photocatalytic efficiencies than L-CAC 

samples. 

3.2. Measurement of the photocatalytic efficiency of the mortars under UV and visible 

light irradiation 

Figure 6 and 7 show the profiles of NO, NO2 and NOx abatement measurements (UV 

irradiation) for samples with 1, 3 and 5 wt.% TiO2 by weight of L-CAC and H-CAC, 

respectively. The NO and NOx profiles have three common stages: i) During the first 10 

minutes, when the irradiation source was off, neither the activation of the sites of TiO2 on the 

surface of photocatalytic mortars nor NO oxidation took place. NO concentration remained 

constant. ii) The heterogeneous photocatalytic reaction took place under UV radiation (next 

30 min) beginning the oxidation of pollutants by means of (1) to (7) reactions. NO 

 



 

concentration was decreasing until reached a plateau. iii) UV radiation was off during the last 

10 min of the test and consequently the NO concentration reverted to its initial value. 

Conversely to Portland cement, in general, the NO2 gas profile decreased under UV radiation.  

Figure 6. Conversion charts of the NO, NO2 and NOx abatement of different TiO2 loaded L-CAC 

samples after normal curing at 20°C and 95% RH (left) and forced curing 60°C, 100% RH (right side). 
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Free-TiO2 L-CAC (forced curing condition) 

1%-TiO2 L-CAC (forced curing condition) 

3%-TiO2 L-CAC (forced curing condition) 

5%-TiO2 L-CAC (forced curing condition) 

 



 

Figure 7. Conversion charts of the NO, NO2 and NOx abatement of different TiO2 loaded H-CAC 

samples after normal curing at 20°C and 95% RH (left side) and forced curing at 60°C and 100% RH 

(right side). 

The removal rate (%) of NO is a very interesting parameter to assess the specific efficiency of 

each mortar in the PCO. Removal rate of NO values are collected in Table 1. It can be 

observed that the higher the dosage of additive, the higher the NO abatement. Maximum 

values of NO conversion (65%) were seen for 10wt.% TiO2 in H-CAC. The same amount of 

 



 

photocatalytic additive in L-CAC yielded up to 48% of abatement. In the present study we 

could observe that even for large amounts of additive (10 wt.%), CACs behave as an 

appropriate matrix to immobilize important amounts of photocatalyst. This fact does not agree 

with several previous works dealing with Portland cement matrices, which had reported that a 

TiO2 upload over ca. 2wt.% produced an inversion of the photocatalytic efficiency (Lucas, 

S.S., et al, 2013) based on the recombination of electon-hole pair in an excess of TiO2.  

Table 1. The NO removal rate (%) obtained for L-CAC and H-CAC samples with different TiO2 

content and subjected to different curing conditions. 

 TiO2 
(%) 

L-CAC H-CAC 

 Control 16 14 
Normal 1% 39 40 
curing  3% 25 49 

condition 5% 44 54 
 10% 48 55 

 Control 11 18 
Forced 1% 36 48 
curing  3% 42 52 

condition 5% 45 62 
 10% 48 65 

If the samples are subjected to the mild hydrothermal conditions under forced curing regime, 

we can study the evolution (conversion reaction from metastable hexagonal hydrates to cubic 

stable phases) of the CAC samples over time. Thanks to the values of the NO conversion 

measured under both curing conditions it can be concluded that this unavoidable conversion 

will not have a negative effect on the photocatalytic activity. 

NO2 fixation (data gathered in Table 2) is as important as NO conversion during the PCO 

process. Even though the strong decomposition of NO2 by TiO2 photocatalytic-based 

compounds is well known, previous studies revealed that NOx abatement in Portland cements 

produced an increase of the NO2 concentration due to the fast photochemical oxidation of  

NO (Sugrañez, R.; et al,2013) (Cárdenas, C., et al, 2012). The values obtained in the present 

work prove that CACs are excellent materials in order to achieve a suitable NO2 fixation. For 

example H-CAC samples reduced the amount of NO2 twice as much as L-CAC samples, both 

with the same amount of photocatalyst (10 wt.% TiO2). Threefold NO2 amount was removed 

by 10 wt.% of TiO2 H-CAC samples in comparison with the value obtained for L-CAC 

samples, subjected to forced curing condition. As shown in Table 2, the percentage 

contribution of the NO2 conversion to the total percentage of NOx removal was commonly 

higher in H-CAC than in L-CAC samples. 

Table 2 Contribution ratio (%) of NO2 abatement related to the total degradation of NOx 

TiO2 
(%) 

L-CAC 
20ºC 95% 

RH 

L-CAC 
60ºC 100% 

RH 

H-CAC 
20ºC 95% 

RH 

H-CAC 
60ºC 100% 

RH 
Control 11.7 16.7 26.1 17.3 

1% 11.7 8.6 13.5 7.5 
3% 13.6 3.2 11.7 10.4 
5% 6.4 5.0 14.6 10.6 

10% 7.7 6.1 12.6 13.7 

The significant efficiency of NO2 sorption and ulterior conversion can be explained by the 

chemical composition of the cementitious matrix of the CACs. We hypothesize that UV 

illumination produces holes on calcium aluminates that would act as Lewis acids sites upon 



 

which NO2 (Lewis base) can then interact. This kind of interaction has been described in other 

photocatalytic systems (Devahasdin, S., et al, 2003) including some barium aluminates (Akiti 

Jr., et al, 2001), calcium aluminates (Proto, A., et al, 2013) and alkaline-earth metal oxides 

(CaO, MgO and BaO) that have been seen able to adsorb NO2 (in order to increase the NO2 

removal). In addition, some divalent metal aluminates (e.g. MgAl2O4 and ZnAl2O4) with 

structures similar to calcium aluminates are used as wide band-gap semiconductors sensitive 

to UV illumination (Ragupathi, C., et al, 2013). 

The differences in the NO2 conversion (Table 2) observed between the TiO2-free samples of 

H-CAC and L-CAC are related to their different chemical composition: the lower NO2 

degradation capacity measured for L-CAC are based in the lower amount of calcium 

aluminates of L-CAC in comparison with H-CAC. 

On the other hand, Table 1 shows a better NO removal for H-CAC samples than for L-CAC 

samples. The reaction between ferrite phase and TiO2, which gives rise to pseudobrookite and 

ilmenite, contributes to explain the lower efficiency of L-CAC of the NO conversion under 

UV irradiation. This fact is a consequence of the more reduced band-gaps and lower PCO 

activity of the resulting pseudobrookite (Ye, F.X., et al, 2008) (2.18 eV) and ilmenite (Ye, F. 

and Ohmori, A., 2002) (2.58 eV), together with a reduction of active sites of the titania 

surface. It is, however, necessary, to consider that a certain amount of TiO2 do not react with 

ferrite in TiO2-bearing L-CAC samples, consequently this amount of TiO2 will take part in the 

NO conversion of these samples.  

Based on the observed formation of iron titanates in L-CAC samples, we expected that the 

use of these mortars should result in improved photocatalytic efficiency under visible light. As 

a matter of fact, it had been reported that coupling titania with semiconductors (among them 

mixtures Fe2O3-TiO2) with a narrow band gap widened its sensitivity towards the visible 

spectrum. Bearing that in mind, comparative tests of organic dyes degradation under visible 

light irradiation were carried out on L-CAC and H-CAC samples. It should be noticed that 

plain L-CAC samples initially showed a marked MO degradation value, as an expected 

consequence of the amount of iron oxides present, which by themselves are able to 

photodegradate organic dyes. Plotted values were normalized with respect to each one of the 

plain cement samples (as control groups) in order to discard the contribution of the plain 

cements (in terms of differences in chemical composition as well as in as pore size 

distribution) and of the photolytic self-degradation of the dyes. Figure 8 depicts the 

normalized values for the degradation of MO under visible light irradiation, as measured by 

∆E (chromatic alteration of the surface of the mortars). The response was quasi-dosage-

dependent and was lower for H-CAC than for L-CAC samples. In spite of the wide-gap of the 

TiO2 present, the observation of a certain degradation of dyes in H-CAC mortars can be 

related to a photosensitized pollutant degradation mechanism, in which the dye acted as a 

sensitizer of the photocatalyst. It must be considered that the depicted values were the net 

contribution of the additive, since the base values of the plain mortars had already been 

subtracted in the normalization process. The dose-response effect was larger for L-CAC than 

for H-CAC. The larger values of MO degradation obtained in L-CAC samples confirmed the 

activity of the pseudobrookite in the visible wavelengths, whereas the activity in the UV 

region (measured by NOx degradation) can be related to the TiO2 remaining unreacted and 

ilmenite presence. This behaviour is a first indication of a good self-cleaning ability of these 



 

TiO2-modified iron-rich L-CAC mortars under visible light.  

 

Figure 8. Color variation of methyl orange-treated samples under visible light irradiation in: a) TiO2-

doped L-CAC and b) TiO2-doped H-CAC samples. Normal curing regime. All plotted values were 

normalized with respect to the response of control samples (photocatalyst-free samples). 

Overall, the CAC-based mortars exhibited a very remarkable NOx removal rate thanks to the 

good efficiency in the NO and NO2 conversion. Best values were obtained for H-CAC 

samples. Comparatively, under similar experimental conditions, a lower NOx conversion was 

reported for Portland cement-based pastes with 3.5% of TiO2 (Folli, A., et al, 2012). This fact 

gives assurance of the effectiveness of TiO2-modified CACs as depolluting materials to be 

used in many practical applications, such as tunnels, industrial floors and urban areas. 
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4. Conclusions 

Calcium aluminate cements, modified by incorporation of different percentages of TiO2, have 

been successfully identified as depolluting materials for NOx reduction. The TiO2 presence 

gives rise to mortars with significant compressive strengths over 20 MPa.  

Two different calcium aluminate cements have been studied (high and low alumina cements). 

An interaction between the ferrite (brownmillerite) phase present in the L-CAC with the TiO2 

added, is the responsible of the formation of certain amounts of titanates, mainly 

pseudobrookite.  

For 10 wt.% TiO2 L-CAC and H-CAC mortars, NO oxidation rates ca. 48% and 65% were 

observed, respectively. Values obtained for L-CAC mortars are ascribed to the presence of 

iron titanates with a smaller band-gap than that of TiO2.  

CAC matrices are proved to be suitable to immobilize large amounts of photocatalytic 

additives when important conversions values of NO are required. This fact is seen in the 

excellent PCO performance even for samples containing 10 wt. % of TiO2.  

Conversion of metastable hydrates into cubic stable hydrates is provoked under forced curing 

condition. This fact does not make the photocatalytic efficiency to decline, so that the long-

term PCO activity is assured.  

Higher values of MO degradation (under visible light) for L-CAC samples when compared 

with those obtained for H-CAC, showed the activity of the new phase formed 

(pseudobrookite) by the reaction between TiO2 and ferrite in the L-CAC samples. This fact 

confirms that TiO2 doped with iron could be an efficient photocatalyst under visible light.  

Calcium aluminates matrices are excellent materials in order to sorb NO2 as compared with 

other binding materials. Consequently, NO conversion rates will be increased by using CACs.  
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Abstract 
Self-leveling mortar(SLM) was prepared by mixing Portland cement, sulpho-aluminate cement and other chemical 
additives. The effects of cementation system, different mineral fillers and different chemical additives on the properties 
of SLM were studied; the hydrated products of different binder systems and micro-structures of hardened pastes were 
investigated by X-ray diffractometry (XRD), scanning electron microscopy (SEM) and other characterization methods. 
The results show that sulfur cement content of 10% can effectively shorten the setting time of cementitious materials 
and improve self-leveling mortar early strength, but when sulfur cement content reaches a certain value, the late 
strength retraction will be caused by it. Since the late hydration gel mixed system generates more net ettringite crystals, 
they can effectively fill the gaps and voids within the cement structure, making the cement structure is more compact, 
and ultimately improves the contractile properties of cement-based self-leveling and strength properties. 
Originality 
Mix the sulpho-aluminate cement with Portland cement instead of other special cement, in order to prepare a cement-
based self-leveling mortar is an innovative point of this paper. This method not only can slow down the mortar the late 
shrinkage, but also can reduce the cost of self-leveling mortar. 
 
Keywords: sulpho-aluminate cement; ettringite; fluidity; strength
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1. Introduction 
Cement-based self-leveling mortar(SLM) (Luo, 1995) was made by mixing cementitious 

materials, aggregate, mineral admixtures and other chemical admixtures, which was one kind of 
functional building mortar. When used, the self-leveling mortar had excellent fluidity after adding 
water and stirring into a paste which can be pumped pouring, and it can automatic leveling to form a 
smooth surface after slightly paving. 

The early strength of Portland cement was much lower than aluminous cement, sulfur cement and 
some other special cement because of slow hydration. So when we prepared the cement-based self-
leveling mortar by only using Portland cement as cementitious materials without early strength agent 
and expansion components, it will be difficult to achieve good results. On the other hand, sulpho-
aluminate cement has high early strength and faster hydration characteristics, if we choose sulpho-
aluminate cement as cementitious materials to prepare cement-based self-leveling mortar, while that 
can meet SLM’s high early strength, low shrinkage and micro-expansion requirements. However, due 
to its faster hydration, loss of slurry fluidity often not meets the requirements of fast leveling high 
fluidity. Studies (Fu, Hou, Yang, Wang, &Lv,2001) have shown that due to the late strength cement 
sulphoaluminate had varying degrees of retraction and setting time was too short and other defects, 
caused by its use in a number of construction projects was limited. If the Portland cement and sulfur 
cement to a certain percentage of self-leveling compound to prepare material, we can prepare high 
early strength, mobility and high intensity does not fall and late shrink, and low shrinkage of cement-
based self-leveling mortar . 

In this paper, PO52.5 Portland cement and 52.5sulpho-aluminate cement was mixed to prepare 
cement-based self-leveling mortar. Strength, fluidity and other properties of SLM were studied, and its 
microscopic perspective hydration process was studied. 
2. Experimental 
2.1. Raw Materials 

The ordinary Portland cement (PO52.5)were sourced from cement corporation of Jurongtai in 
Jiangsu province, China; The Sulpho-aluminate cement were sourced from The Jianwen Special 
Material Technology Co., Ltd in Henan province, China; The sand were washed quartz sand of 30-70 
mesh and 70-120 mesh; The filler of the self-leveling mortar were heavy calcium carbonate powder of 
325-400 mesh; The Super plasticizer was PC-1016 powder polycarboxylate, sourced from Suzhou 
Xingbang Chemical Building Materials Co., Ltd in Jiangsu province, China; The redispersible latex 
powder were FLOWKIT3210, sourced from Elotex; Retain moisture admixture was HPMC (type 
E230x); The type of defoaming agent was P823; The physical properties and chemical composition  of 
cements were shown in Tab.1 and Tab. 2, XRD analysis of sulpho-aluminate cement was shown in 
Figure.1. 

Tab. 1 Physical property of cementitious material 
Cement Specific 

surface/(m2/kg) 
Water 

requirement/% 
Setting 

time/min 
Flexural 

strength/MPa 
Compressive 
strength/MPa 

Initial Final 24h 3d 24h 3d 
PC 350 27.5 168 214 3.2 6.1 11.6 28.6 

SC 420 32.0 30 46 4.5 7.4 23.4 50.3 

 
Tab. 2 Chemical composition of cement /% 

Cement SiO2 CaO Al2O3 SO3 Fe2O3 MgO K2O TiO2 Na2O P2O5 Loss 

PC 19.01 67.34 4.98 3.74 3.13 0.57 0.76 0.21 0.13 0.05 0.08 
SC 7.02 44.82 22.11 16.52 1.67 5.78 0.84 0.50 0.02 0.11 0.61 
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Figure 1 XRD analysis of Sulpho-aluminate cement 

2.2. Formula composition and sample preparation 
Experiment prepared self-leveling mortar composition and ratio shown in Table 3, the additives 

according to the quality of the total percentage of cementitious materials, aggregates and fillers added. 
Brushing the surface of the calcium silicate board (15cm × 15cm) of the interfacial agent paving 3 ~ 
5mm thick mortar as a sample in order to observe the surface properties after the leveling performance 
and hardening. Other sample preparation and performance testing were shown in the experimental 
process. 

Tab. 3 Components and proportions of SLM/% 

Component Raw  material SC dominated SLM/Wt % 
Binder 

 
 

Aggregate 
 
 

Mineral filler 
 

Strength enhancer 
 

Rheology modifier 
 

 

Portland cement 
Sulpho-aluminate cement 

 
Coarse sand 
Fine sand 

 
Calcium carbonate 

 
Redispersible polymer powder(FL3210) 

 
Superplasticizer(PC-1016) 

E230x(HPMC) 
P823 

30 
10 

 
35 
25 

 
15 

 
0.6~0.8 

 
0.6~0.8 

0.01~0.02 
0.2-0.4 

Mixing water water 20~25 

2.3. Experimental Process 
The experiments ambient temperature was 23  ± 2℃ ℃, the relative humidity was 50% ± 5% and 

the cycle wind speed of the test area less than 0.2M/s.  
The fluidity mold was a metal hollow cylinder that had a inner diameter of φ30mm ± 0.1mm and 

a height of 50mm ± 0.1mm. The test board was the area of 300mm × 300mm flat glass. Dried the test 
board so that it was flat and smooth surface when we tested the fluidity, mold placed vertically in the 
center of the test board, mixing good mortar filled fluidity mold. Then uniform lifted the mold in the 
vertical direction so that mortar can freely shed. We can measure the diameter of the two perpendicular 
directions after 4 min and take the average of the two diameters as the fluidity of mortar. The same 
batch of samples was allowed to stand in the mixing pot for 20min, repeated testing by the above 
method, so called the fluidity after 20min. 



 

Test according to the industry standard of JC/T985-2005/ Cement based self-leveling mortar. The 
size of mortar forming mold in accordance with the need to adopt 40mm × 40mm × 160mm, 20mm × 
20mm × 20mm and 1mm × 1mm × 6mm, there were 3~6 samples without vibration in each group. 
Samples were maintained in water of 20  ±℃  1℃ for 24h, 3d and 28d after knockout, then we 
measured the bending strength and compressive strength of the samples. 

The length change of samples can be tested by using comparator and screw micrometer; there 
two sizes of samples were 5mm×40mm ×160mm and 10mm×10mm×60mm. The dimension 
changing rate of sample was positive (expansion) and negative (shrinkage) changes of the sample after 
maintenance compared to one after knockout, expressed as percentage. The dimension changing rate 
was calculated according to the following formula that exact to 0.01%.  

%100
-

-

d

0t 
LL

LL
  

  ——  the dimension changing rate, %; 

L0  ——  the length testing for the first time of samples after forming, mm; 

Lt  ——  the length testing for different ages of samples after forming, mm; 

L  ——  the length of molds, 160mm/60mm; 

Ld —— the length of two shring head that were buried in the mortar, 20mm±2mm/6mm±1mm. 
3. Results and Discussion 
3.1. The shrinkage and strength properties of two kinds of cement  

The properties above strength and shrinkage of different cement were studied; the results were 
shown in Table 4 and Figure 2. 

Tab.4 Performance of mortar 

Cement Flexural strength/MPa Compressive strength/MPa 
1d 3d 28d 1d 3d 28d 

PC 2.78 6.11 12.94 12.5 29.8 57.3 
SC 4.77 6.55 12.00 25.5 38.1 51.3 

By cement mortar test can be drawn, Sulpho-aluminate had a higher early strength, but its 
strength after 28 days was lower than Portland cement’s. So, to some extent, we can explain that If the 
two cement compound can get high early strength, no retraction late strength composite cement.. 
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Fig.2 Performance of drying shrinkage 



 

From analysis of Figure.2, both natural drying shrinkage of cement with the growth of age are 
showing an increasing trend, but in contrast, drying shrinkage of sulpho-aluminate cement was lower. 
This was because of that the expansive ettringite compensate contraction caused by dehydration 
throughout all hydration process of sulpho-aluminate cement. Therefore, I think that drying shrinkage 
of complex cement was much lower than pure Portland cement. 
3.2. Setting time and strength tests of complex cement 

The water-cement ratio of tests was 0.35, and the setting time and strength results were shown in 
Fig.3 and Tab.5. 
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Fig.3 Result of setting time 

In Fig.3 we can know that setting time of complex cement reduced with content of sulpho-
aluminate cement increasing. When content of SC more than 10%, setting time of complex cement 
was significantly reduced, and when content of SC was 20%, the interval between initial and final 
setting time was longer. From the operational point of view of time, which is conducive to self-
leveling cement-based mortar construction, so according to the setting time, the content of SC was 
between 10% and 20%. 

Tab.5 Performance of mortar 

No. Content of 
SC/% 

1d Flexural 
strength/MPa 

1d Compressive 
strength/MPa 

28d Flexural 
strength/MPa 

28d Compressive 
strength/MPa 

1 0 2.85 13.7 10.02 58.6 
2 10 3.86 14.9 10.23 65.1 
3 20 3.57 13.2 10.72 59.4 
4 30 3.18 12.6 8.27 46.2 
5 40 4.5 14.3 7.52 43.2 
6 50 4.3 15.0 6.01 37.5 

In Tab.5 we can know that with the changes in the content of sulpho-aluminate cement, flexural 
and compressive strength of mortar showed different changes. Strength after 1day of mortar increased 
with increasing of SC, however, compared to 1day’s strength, there were varying degrees of retraction 
in strength of mortar after 28days.On the other hand, strength of mortar after 28days were highest 
when content of SC was 10%. Strength of mortar after 28days had gradually decreased when content 
of SC more than 10%. Above all, the best content of SC was 10%. 



 

3.3. The effect of chemical admixtures on self-leveling mortar 
Super plasticizer can effectively improve the flow properties of self-leveling mortar, while 

reducing the amount of water when mixing the mortar. So that can reduce shrinkage, and improve 
strength of self-leveling mortar. Super plasticizers used in experiment were polycarboxylate and 
melamine.  

Defoamer can often eliminate leveling due to the introduction of air bubbles and other 
mechanical stirring, to improve the surface condition to improve the strength and fluidity of SLM. 
Results of tests were shown in Fig.4 and Fig.5. 
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Fig.4 Fluidity test of self-leveling mortar 

Fig.4 showed that two kinds of super plasticizer both can effectively improve fluidity of SLM. 
And the improvement of polycarboxylate was better than melamine. Above all, it can improve fluidity 
of SLM significantly when content of polycarboxylate was 0.6%. 

     

                             (a)                       (b)                      (c)                        (d)                       (e) 



 

Fig.5 Effect of  defoamer on SLM（a. 0%；b. 0.1%;c. 0.2%;d. 0.3%; e. 0.4%） 

Effect of defoamer on SLM was shown in Fig.5. We can see that there was some pinhole because 
of bubbles on mortar surface. With increasing content of P823, pinhole on mortar surface was reduced. 
And pinhole on mortar surface almost disappeared when content of P823 was 0.4%. Above all, the 
best content of P823 was 0.4%. 
3.4. XRD analysis of the Composite cementitious hydration products 

Sulpho-aluminate cement (Liu, 1987) was one kind of hydraulic cementitious material which 
used bauxite, limestone and gypsum as the main raw material, then made by calcined grounding. The 
main mineral components of SC were anhydrous calcium sulfo-aluminate, calcium silicate and 
gypsum. 
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Fig.6 XRD of sulpho-aluminate cement after hydration 

From Fig.6 can be found that lots of expansive ettringite and CSH were generated throughout 
hydration of SC with growth of curing period. When used together with Portland cement, anhydrous 
calcium sulfo-aluminate will generate the following reaction (Wang, Sun, Xu & Zhang, 2013): 

 

C4A3S
_

+2CS
_

H2+36H→C6AS
_

3H32+2 AH3               (1) 

C4A3S
_

+8CS
_

H2+6CH+74H→3C6AS
_

3H32                   (2) 

Anhydrous calcium sulfo-aluminate consumed a lot of gypsum and calcium hydroxide, 
accelerated the hydration process and shortened the setting time. Adding a small amount of sulfur 
cement in Portland cement can improve the early strength, the excess will lead to reduced strength. 
J.Ambroise (J.Pe´ra& J.Ambroise, 2008) mentioned formula (2) the reaction of ettringite, can improve 
the system's expansion, equation (1) the reaction of ettringite can improve the strength of the system 
early, but can not raise expansion. J.F.Georgin (J.F.Georgin, J.Ambroise, J.Péra, & J.M.Reynouard, 
2008) also noted that sulfur cement-based self-leveling mortar, anhydrous calcium sulfo-aluminate 
consumed a lot of water, was one of the reasons for its small shrinkage deformation. 
3.5. SEM analysis of the Composite cementitious hydration products 

To further illustrate the composite cement and Portland cement hydration process and the 
differences in the hydration structure is formed, the use of a scanning electron microscope SEM 



 

analysis, the following is Portland cement and blended cement hydration 3 days and 28 days, 
respectively, spray hydration SEM photograph of the sample. 

  

                                     （a）                                                               （b） 

  

                                              （c）                                                               （d） 

Fig.7 SEM images of cementitious system at a curing age of 3 days (PC: a, b; SC-PC: c, d) 

      

（a）                                                               （b） 

     

（c）                                                              （d） 



 

Fig.8 SEM images of cementitious system at a curing age of 28 days (PC: a, b; SC-PC: c, d) 

From Fig.7 and Fig.8 can be observed that a large number of plates-like Ca (OH) 2 was generated 
which was covered with a lot of calcium silicate hydrate gel after 3 and 28 days. On the other hand, 
there were some small needle, columnar ettringite crystals generated during hydration of complex 
cement after 3days, while less ettringite was generated during hydration of Portland cement; When 
the 28 days of hydration, hydration is substantially complete, the composite cement hydration 
to generate a lot of ettringite crystals, these tiny needles filled in some of the micro-cracks and 
voids, making a composite of cement hydration structure is more compact, which is complex 
cement shrinkage performance than a single good reason for pure Portland cement. 

 
4. Conclusions 

By experiment that, setting time of complex cement reduced with content of SC increasing, 
setting time of complex cement reduced significantly when content of SC more than 10%, so the 
content of SC was between 10% and 20%. 

Strength after 1day of mortar increased with increasing of SC, however, compared to 1day’s 
strength, there were varying degrees of retraction in strength of mortar after 28days.On the other hand, 
strength of mortar after 28days were highest when content of SC was 10%. Strength of mortar after 
28days had gradually decreased when content of SC more than 10%. Above all, the best content of SC 
was 10%. 

Super plasticizer can effectively improve the flow properties of self-leveling mortar, while 
reducing the amount of water when mixing the mortar. So that can reduce shrinkage, and improve 
strength of self-leveling mortar. And defoamer can often eliminate leveling due to the introduction of 
air bubbles and other mechanical stirring, to improve the surface condition to improve the strength and 
fluidity of SLM. Above all, it can improve fluidity of SLM significantly when content of 
polycarboxylate was 0.6%, and the best content of P823 was 0.4%. 

Two samples of the cement hydration XRD analysis and SEM analysis showed that pure Portland 
cement and blended cement is basically the same in all ages of hydration products, namely, calcium 
hydroxide, calcium silicate hydrate ettringite and condensate such as plastic. Due to the formation of 
ettringite network structure hindered dicalcium and tricalcium silicate hydration, resulting in a 28-day 
strength composite cement mortar experiment no Portland cement is high, but because of the 
formation of these crystals ettringite gaps and voids, they can fill in the cement structure effectively, 
making cement structure is more compact, and ultimately improve the shrinkage and strength 
properties of cement-based self-leveling. 
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Abstract 

The humidity-controlling material is of important significance to the comfort level of housing 

environment and consume of energy. In this study, rice straw fiber was semi-carbonized before used in 

the cement building materials. The semi-carbonization means that the rice straw fiber is carbonized at 

low temperature (about 300 °C), the cellulose, hemicellulose and lignine, which can delay hydration 

hardening time seriously, are incomplete decomposed. Thereby admirable humidity-controlling 

materials were prepared using semi-carbonized plant fiber. The foam gypsum and vermiculite mortar 

were selected as basis materials, which were added different amount of semi-carbonized rice straw 

fiber to achieve porous humidity-controlling materials. The strength, density, the capacities of moisture 

absorption and desorption and SEM images of the two kinds materials for three times were investigated. 

As a result that, the density of the materials is below 900 kg/m3, compressive strength meet to require of 

unloaded-bearing wall materials. The maximum 24 h maximal absorbing moisture value of foam 

gypsum material reached 32.1 kg/m3, the capacity of moisture desorption is accounted for 75.39% of 

the maximal absorbing moisture value, and the final equilibrium absorption moisture content is 10.5 

kg/m3 at 10% amount of semi-carbonized fiber . And the maximum 24 h maximum hygroscopicity of 

vermiculite mortar material reached 33.4 kg/m3, the first time desorption is accounted for 74.02% of 

the hygroscopicity, and the final  equilibrium moisture absorption content is 11.3 kg/m3. From the SEM 

images, the graduation is formed between micropores in the semi-carbonized plant fiber and the 

macropores introduced, the macropores would increase desorption surface area and the micropores 

adsorb and immobilize water molecules, so the materials have a very good self-adjustment function of 

moisture. 

Originality 

The proposed contents are original and not involving plagiarism with copyright infringement issues. I 

hereby declare and guarantee those are true, I claimed.  

It is a long history that rice straw fiber was used in mortar as reinforced material. However, the 

semi-carbonized rice straw fiber is first mentioned, which used in mortar as a kind porous material. 

And cellulose, hemicellulose and lignine are incomplete decomposed，thereby the hydration hardening 

time won’t be delay obviously. There are two kinds of humidity-controlling materials studied in this 

work. The surface area of absorption and desorption was increased by double effects of the macropores 

in the based materials and the micropores in the semi-carbonized plant fiber, the absorption and 

desorption surface area is increased by the macropores and the capillary absorption is caused in 

micropores. The two kinds of humidity-controlling materials both reach the standard of unload-bearing 

indoor building materials. The humidity-controlling property of the vermiculite concrete is better, but 

the cost is higher, however, the waste utilization rate of the foaming gypsum materials is higher and the 

cost is lower. 

Key Words: semi-carbonized plant fiber; relative humidity controlling; humility-controlling material 
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1. Introduction 

Rice straw fiber is a kind of common and high-yield agricultural residue, which can be widely 

used in industry and agriculture (Larkum A et al., 2010). But the precious resource is not 

utilized effectively, and also causes potential safety hazard and environmental 

problems(Ioannidou O. et al., 2007). So it is necessary to pay attention on how to make use of 

the rice straw fibers of agricultural waste. The technology of preparation of building materials 

by plant fiber was reported aboard long before(Wang Fei et al., 2013). Claramun (J. Claramunt 

et al., 2011) has reported that rice straw plant fiber adding into cementitious materials can 

improve the mechanical, crack resistance, permeability resistance properties. Xiao(XIAO 

Liguang et al., 2005) have a research on the effects of the plant fiber on properties of 

cementitious material, which discovered the plant fiber not only can improve the material 

properties, but also have Heat preservation effect. Almost rice straw fiber added into building 

materials were dealt by physical or chemical methods that wasted vast energy and caused the 

second serious pollution. There are many methods of carbonizing plant fiber, which mostly 

were preparation of active carbon(Judy A. L. et al., 2011). For example, Aworn et al.( A. Aworn 

et al., 2009) utilized kinds of waste agricultural fiber to prepare active carbon by CO2 physical 

activated method. And Song et al. (Xiaolan Song, et al., 2012) prepared an activated carbon 

with high specific surface area by mixing rice husk with NaOH. The semi-carbonized plant 

fiber mentioned in this paper was prepared under low heating temperature after activated by 

activator, which with both adsorption and toughness. We prefer to focus on the heat 

preservation performance of the existing wall building materials than the Humidity-controlling 

performance. Actually humidity-controlling performance indoor is important for improving the 

comfort and reducing the resource consuming (Wai Li et al., 2000). The semi-carbonization of 

rice straw fiber is a kind of energy-efficient and effective modified method based on the 

carbonization of plant fiber theory. When the semi-carbonized plant fiber was added into the 

wall building material, the result of moisure-condition, heat preservation and air purified would 

be achieved. 

2. Material and methods 

2.1 Materials 

(1) Rice straw fiber: rice straw fiber obtained from Wuhan, which ear of straw were cut, the 

element composition and chemical compositions of the fiber were show in table1, 2. 

Table 1 Element composition of straw fiber/Wt% 

Element C H O N S Cl H/C O/C 

Mass 42.37 6.92 48.84 0.81 0.79 0.87 0.16 1.15 

Table 2 Chemical compositions of straw fiber/Wt% 

Chemical 

composition 
cellulose pectin hemicellulose lignin ash protein Others 

Mass 34.2 3.1 26.1 11.7 17.1 3 3 

The rice straw fiber in this work were modified by the semi-carbonization technology in 

advance, of which modified progress was: firstly, the cleared plant fiber were submerged in the 

solution of 15 vol% H3PO4, then submerged into water and clean to nutrition; lastly, carbonized 



 

 

at 300 °C, the heating arising rate at 5 °C/min. The modified fiber has both adsorption and 

toughness, of which pore structure was tough. The adsorption-desorption isotherms of N2 on 

semi-carbonized rice straw fiber were showed in Fig.1, BJH pore size distribution of 

semi-carbonized rice straw fiber was shown in Fig. 2. 

 

 

 

 

 

 

 

The line showed in Fig. 1 is closed hysteresis, which appeared at low press that indicates the 

structure of the semi-carbonized rice straw fiber is mesoporous. The BJH pore size distribution 

showed in Fig. 2 indicate that the pore size is 3.64 nm (mico-mesoporous) approximately, and 

the distribution is concentrated. The distribution of the pore size of plant fiber is uniform that 

contribute to the absorption of water, formaldehyde, and so on. 

 (2) Gypsum: β-hemihydrate gypsum produced by Yangluo power station in Wuhan, is 

yellowish powder, and the crystal habit is schistose and irregular secondary particle. The 

chemical composition of β-hemihydrate gypsum was shown on Table 3. 

Table 3 Chemical composition of β-hemihydrate gypsum/Wt% 

CaO SO3 MgO Al2O3 SiO2 Fe2O3 SrO Cl K2O Loss on ignition 

32.79 42.57 0.38 0.33 1.79 0.14 0.05 0.02 0.04 21.9 

Fig.1 N2 adsorption-desorption isotherms Curve of 

semi-carbonized rice straw fiber 

Fig.2 Pore size distribution of semi-carbonized rice 

straw fibers 



 

 

(3) Cement: Yadong 42.5 P.O., specific surface area is 420 m2/kg, loss on ignition is 3.76%.  

(4) Air entraining agent: Sodium dodecyl sulfate (K12) produced in National medicine group 

chemical reagent co., a kind of super linear chain Surfactant, of which the foaming properties, 

the expansion rate of foam and foam stability is desirable. 

(5) Vermiculite: sintered at high temperature, size is below 1mm, volume density is 130-180 

kg/m3, the water-absorbing quality ，is 420% impurity quality is less than 1%, mostly as porous 

lightweight construction material. 

2.2 Equipment 

(1) Muffle furnace: Box-type energy-saving electric resistance furnace produced by Jianli 

company in Hubei, heating power is 12 kw, rate of temperature increase is 5 °C /min. 

(2) Flexural strength tester: TYP-300 flexural strength tester produced by Jianyi instrument 

company. 

(3)Scanning electron microscopy: Scanning electron microscopic (SEM) images were 

observed by a JSM-6610LA microscopy (JEOL, Japan). Gold coated samples were examined 

with an accelerating voltage of 10 kV. 

2.3 Experimental methods 

The proportion of semi-carbonized rice straw fiber gypsum-based Humidity-controlling 

material: in each group, gypsum was 800 g, other stuff was based on the weight of gypsum, the 

proportion of water-reducing admixture, air entraining agent and water-retaining agent was 

2.5‰, 1.5‰ and 1.0‰ respectively, and the water-gypsum ratio was 0.5. The proportion of 

semi-carbonized plant fiber vermiculite cement Humidity-controlling material: in each group, 

cement was 600 g, vermiculite was 400 g, other stuff was based on the weight of cement, the 

proportion of water-reducing admixture and water-retaining agent was 2.5‰, 1.5‰ and 1.0‰ 

separately, and the water-gypsum ratio was 0.7 higher than gypsum-based material, because the 

water absorbing capacity of vermiculite is super. The ratio of semi-carbonized plant fiber added 

were both 0, 2%, 4%, 8%, 10%. 

In each group, six 40×40×40 mm square blocks and three 100×100×5 mm Chip test blocks 

were prepared. Compressive strength were tested after density test using the 6 square blocks, 3 

d compressive strength of gypsum-based material and 28 d compressive strength of the 

vermiculite cement material were tested and the actually strength were calculated by 4 median 

of compressive strength of each group. The adsoption-desorption test of the materials were 

tested in a damping machine, of which the atmosphere of adsorption and desorption were RH 

90%, RH 30%, respectively, then calculated the averages as test value(JC/T2082-2011). 

3. Results and Discussion 

3.1 Compression Strength 

The compression strength of the two types of humidity-controlling materials are shown in 

Fig.3, from which we can realize that the compressive strength of the Humidity-controlling 

composite material is decreased remarkable as the ratio of semi-carbonized rice straw fiber 

increasing. So, the result was that the compressive strength is affected by semi-carbonized plant 

fiber significantly. 

The compression strength of gypsum based humidity-controlling material which added 2% 

semi-carbonized plant fiber was be inferior to the material without semi-carbonized plant fiber 

shown as Fig.3 (a), and the reduction ratio was to 27.2%, the reduction ratio of vermiculite 

cement material is 24.6%. Then the reduction ratio of compressive strength reduced as the ratio 



 

 

of semi-carbonized plant fiber increasing. The integrality of materials was destroyed when the 

semi-carbonized plant fiber was added into the materials that is a reason for the compressive 

strength reduction. What’s more, hydration and hardening process of cement was not 

completed as some of the water was stored in the semi-carbonized plant fiber. In this work, the 

maximum content of semi-carbonized plant fiber in materials was 10%, the compressive 

strength of the two kind of materials both reached to 2 MPa, according with the requirement of 

the strength of the nonbearing wall materials. 

 

 

Fig.3 Compressive strength of the humidity-controlling materials 

3.2 Density  

As shown on Fig.4, the variation tendency of density reduce when the addition of air entraining 

agent and vermiculite. The density of gypsum-based was lower than 900 kg/m3，the range of 

density of Vermiculite cement-based material was 673-821 kg/m3.  

  

 

Fig.4 Density of the humidity-controlling material materials 

But the regulation of density variation of the two kind materials was different, the density of 

gypsum based material was unregulated, less than 900 kg/m3, because the quantity of the foams 

had vertical effect on the density, however, some foams the introduced by air entraining agent 

were destroyed by the semi-carbonized plant fiber. The foams in the mortar would break when 

they were pressed or jabbed by the edge of semi-carbonized plant fiber unregularly. So it is 

understandable of the increasing of density when the ratio of semi-carbonized plant fiber was 2% 

than none. However, the density of vermiculite cement material is regulated changed as the 

ratio of vermiculite increasing. As the vermiculite is unlike the foams, it can not be destroyed 

by semi-carbonized rice straw fibers. The density of vermiculite cement material reduced as the 

a. Foam gypsum humidity-controlling material b. Vermiculite humidity-controlling material 

a. Foam gypsum humidity-controlling material b. Vermiculite humidity-controlling material 



 

 

semi-carbonized rice straw fibers increasing, ranking 821 to 673 kg/m3, reasoning for the 

apparent density of semi-carbonized plant fiber was lower than the base materials. 

 

3.3 Absorption and Desorption Ability 

The sorption curve three times of two types of moisture-control materials for three times are 

shown in Fig. 5, the foam gypsum moisture-conduction material and vermiculite cement is 

show in figure 5(a), (b). The condition of the test is: the RH of absorption is 90%, of desorption 

is 30% at 25 °C. The maximum content of absorption is increased as the amount of 

semi-carbonized plant fiber increasing. The 24 h maximum content of absorption up to 32.1 

kg/m3, the amount of desorption is up to 75.39% for the first time, and the final moisture 

content is 10.5 kg/m3. For the vermiculite cement, the content  of absorption is up to 33.4 

kg/m3, the amount of desorption is up to 74.02% for the first time, and the final moisture 

content is 11.3 kg/m3. 

 

 

Fig.5 Capacity of absorbing-desorbing moisture of the humidity-controlling materials 

 

The partial pressure of water vapor on the atmosphere and the surface of humidity-controlling 

material have an obvious effect on the absorption and desorption ability of the materials 

(Jiang Hongyi et al., 2006). The fig.5 shows that the slopes of the absorption-desorption curve 

decrease as the time going by in a cycle (24 h), indicating that the rate of sorption and 

desorption is high in the earlier stage, slowing down when the quantity of absorption or 

desorption reach a degree. 

BET multilayer adsorption theory demonstrates that multilevel hydrone has been adsorbed on 

the in-wall of the adsorption holes, the thickness of the adsorption layer is about 0.285 nm. 

When the relative humidity is 30% and 95%, the thickness of the hydrone adsorption layer on 

the in-wall is 0.42 nm and 0.83 nm, respectively, which can be ignored compared to the pore in 

semi-carbonized plant fiber. The critical pore size is small (Rimmer S et al., 2009) and the 

ability of absorption is strong when the relative humidity is 20%-90%。        

Additionally, the functional groups on the material surface and the surface potential in the 

structure have effect on the absorption ability. The more specific surface and surface potential, 

the stronger the absorption ability. The pore size of the semi-carbonized plant fiber is 2-4 nm 

commonly, the absorption quantity of the pores is not easy to reach saturation. And there are 

plenty of hydrophilic acidic groups obtained by activation before carbonization, so 

semi-carbonized plant fibers have chemical absorption on the hydrone, formaldehyde and so on 

a. Foam gypsum humidity-controlling material b. Vermiculite mortar humidity-controlling material 



 

 

(Rios R. RV et al., 2003). But the moleculen absorbed is uneasy to be desorbed, so the final 

moisture content increases as the absorption cycle index increasing. 

3.4 Microstructure  

Fig. 6 shows the surface images of two kinds of humidity-controlling materials, including SEM 

figures of gypsum based material (a, b) and SEM figures of vermiculite cement-based material 

(c, d). There are a large number of pores in the mortar as Fig.6 (a) showing, of which size is 50 

µm approximately, and in the larger magnification Fig.6 (b), a large number linked pores are 

bundle shaped in the fiber. The vermiculite scattered in the cement as figure 6(c) showing and 

its layered structure is clear. And the figure 6(d) is selected to show structure of the vermiculite, 

where the layered structure is loose and the layer gap is on the order of microns. And the size of 

micropores in the semi-carbonized plant fiber is about 3-4 nm, grading with the macropores to 

improve the humidity-controlling property of the materials. The surface area of the absorption 

and desorption is increased by the macropore introduced, thereby the humidity-controlling 

property and the sensitivity to the environment humidity changes are improved. The number of 

the foams introduced by air entraining is uneasy to control and the distribution of pore size is 

large that is not conducive to the moisture absorption and desorption. However, the vermiculite 

is a kind of natural porous material, most of which pore hole is micron level(Miao Zhao et al., 

2010), and collaborate with micropores to improve the humidity-controlling property. The 

micropores generally have strong physical adsorption on the water molecules, so the 

vermiculite cement Moisture -condition material has the better.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 SEM images of the humidity-controlling materials 

The crack between semi-carbonized plant fiber and base material are shown in Fig.6 (a), 

indicating that the cementation between is not closed, the increases the defect in the materials 

that have negative influence on the compressive strength.  

There are two kinds of humidity-controlling materials studied in this work. The surface area of 

absorption and desorption was increased by double effect of the macropores in the based 

d 

b a 

c 



 

 

materials and the micropores in the semi-carbonized plant fiber, the absorption and desorption 

surface area is increased by the macropores and the capillary absorption is caused by 

micropores. The two kinds of humidity-controlling materials both reach the standard of 

nonload-bearing indoor building materials. The humidity-controlling property of the 

vermiculite concrete is better, but the cost is higher, however, the waste utilization rate of the 

foaming gypsum materials is higher and the cost is lower. 

4. Conclusion 

The semi-carbonized plant fiber is mixed with gypsum and vermiculite cement to prepare 

humidity-controlling materials. The compressive strength of the materials reach to the standard 

of nonload-bearing indoor building materials and the density is low when the maximum content 

is 10%. The macropores are introduced by adding air entraining agent and vermiculite. And the 

graduation is formed between micropores in the semi-carbonized plant fiber and the 

macropores introduced, the macropores would increase the surface area of desorption and the 

micropores absorption and immobilize water molecules, so the materials have a super 

self-adjustment function of humidity.   

The compressive strength of gypsum moisture materials is lower, the density is higher and the 

humidity controlling performance is poorer, but the cost is lower and utilization rate of waste is 

higher, so the gypsum based humidity-controlling material has high exploitation and utilization 

value.    
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Abstract 
Cement slurries have been designed to remain liquid for extended periods of time (>weeks) until exposed to 
neutron or ionizing radiation to provide a triggered activation mechanism. The cement setting occurs in 
two stages. First, a triggered setting of an aqueous monomer phase forms a stiff gel; then, the gel hardens 
further and develops strength by cement hydration. This paper describes the design and results of this 
initial work detailing the rheological behavior and mechanical properties of such cement system before 
and after being exposed to 14 MeV neutron radiation from a Cockcroft-Walton D-T accelerator and 
ionizing sources, such as gamma radiation. The triggered response of this system with relation to neutron 
energy and admixtures used in the cement design to impart direct response is discussed. Particular details 
are presented relative to usage of commercially available neutron generators of various designs to produce 
neutrons of different energy levels. Additionally, corresponding Co-60 gamma radiation and Boltzmann 
distributions of neutron energies are included as energy sources. Correlations between energy output, 
calculated energy absorption, and cement response summarize the effects of this ionizing radiation on 
cement slurries containing admixtures designed to respond to such exposure. 
 
Originality 
To the best of the authors’ knowledge, using high energy subatomic particles to initiate stiffening of a 
cement slurry through control of the aqueous phase properties has not been described in the literature. 
This work offers a new viewpoint for triggerable cementing systems of particular use where time is a 
driving factor, such as during oil and gas exploration. 
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1. Introduction 
Hydraulic cement compositions are commonly employed during the drilling, completion, and 
repair of oil and gas wells. During the well construction operation, the casing is placed in the well 
and cemented to hold it in place.  Normally, the cement is pumped down the interior of steel 
casing to the bottom of the well and then back up through the free annular space between the 
casing and formation, where it serves to bond the casing to the rock formation and prevent fluids 
from moving from one formation to another and/or to the surface. Typically, the cement slurries 
are retarded with a set-retarder (e.g., sugars or sugar acids) to lengthen the setting time to help 
ensure the cement does not set during the pumping and placement processes. The time necessary 
for the cement to set and harden is called waiting-on-cement (WOC) time. A cement slurry used 
in oilwell cementing must be precisely formulated to help ensure it does not set during pumping, 
yet minimize the WOC time so that the crew can recommence the drilling operation, and thus 
reduce the total time and cost of operations. 
The control of setting time and establishing early strength can be accomplished using cement 
slurry compositions and associated technologies in which a storage-stable cement slurry is created, 
and is subsequently set using a stimulus. Typically, the stimulus is a chemical activator that needs 
to be blended into the cement slurry before it is placed downhole (Pang et al. 2014). This study 
explores a new type of stimulus that can be applied after the cement has been placed. One method 
to achieve storage-stable slurries with such triggered setting behavior is using polymer-modified 
cement slurries where the polymer within the cement slurry is crosslinked to form an 
interpenetrating polymer network (IPN) within a cement-based network. This crosslinking can be 
achieved using chemicals or ionizing radiation. The polymer network provides the initial strength 
necessary to resume operations while the cement continues to hydrate and provide the long-term 
engineering properties. 
Crosslinking of polymers in aqueous solution using chemical means or ionizing radiation is a 
well-known technique used in polymer chemistry (Henglein, 1959). The crosslinking of 
polymeric materials in an aqueous solution is achieved by free-radical polymerization. This can 
result from direct action of radiation on the polymer or monomer to form a radical species or 

from an indirect effect (i.e., reaction of the intermediates generated in water [∙OH ] with polymer 
molecules). The fractional energy absorbed by each component in an irradiated H2O-polymer 
system depends on the mass fraction of that component in the mix. Hence, in dilute and even 
moderately concentrated aqueous systems, the indirect effect dominates. 
Using ionizing radiation offers several advantages compared to chemical means; primarily, it 
obviates using chemicals, such as initiators and crosslinking enhancers, which can activate 
prematurely without the controlled trigger event. The radiation chemistry of water and aqueous 
solutions has been well-studied (Cockerham et al., 2007; Sonntag, 1987; Spinks and Woods, 
1990). Irradiation of aqueous systems with ionizing radiation, such as gamma rays, generates 

several reactive species, those predominantly being hydrated electrons (eaq
-), hydrogen atoms (∙H), 

and hydroxyl radicals (∙OH). The hydroxyl radicals are highly reactive and can easily add to 
unsaturated (e.g., double) bonds or abstract hydrogen from a C-H bond to form a carbon-centered 
radical on the polymer chain. The active polymer chains with the free radicals can combine with 
other, similar chains to form a crosslinked network. Thus, in a polymer-modified cement slurry, 
the polymers in the aqueous medium can be crosslinked to form an interpenetrating network with 
the cement hydration products. The water in the slurry is present within the crosslinked network 
to form a hydrogel and is available to the cement for continued hydration over time. Such a 
composite provides early mechanical strength from the polymer network while the cement 
continues to hydrate to provide the ultimate mechanical properties desired. In the case of well 
construction, the polymer-cement composite is designed to provide sufficient mechanical stability 
to allow drilling to resume. 



Ionizing radiation suitable for use during crosslinking of polymers includes ultraviolet radiation 
(UV), gamma radiation (e.g., from a Co-60 source), and ionizing radiation particles, such as alpha 
particles, beta particles, and electrons. Although these various forms of radiation have been used 
during radiation induced crosslinking of polymers, not all are suitable for oilwell environments 
(Devanny, 1965; Lopérgolo et al., 2003; Rosiak et al., 1983 and 1988; Rosiak and Ulanski, 1999). 
For use in oilwell cementing, the radiation should be able to penetrate the steel casing and 
maintain enough energy to initiate the crosslinking of the polymers in the cement matrix behind 
the casing. Particles, UV radiation, and typical electron beams were eliminated because of their 
inability to penetrate the steel casing. Gamma ray sources were considered good candidates 
because they can penetrate the casing and are already used during well-logging applications. It 
has been determined (as illustrated in the results of this paper) that gamma rays are an effective 
method for providing ionizing radiation. However, gamma radiation sources, such as cobalt 60 
(Co-60), are “always on” sources; thus, shielding is necessary for storage and transportation. 
Furthermore, the Nuclear Regulatory Commission’s guidelines limit the use of Co-60 tools to 
under 8-curie Co-60 sources (National Research Council, 2008). Both of these factors limit the 
ultimate gamma radiation dose available downhole.  
Because of these restrictions, the most practical method of employment was determined to be 
indirectly ionizing radiation, such as a neutron source, which allows high penetration of steel and 
can produce gamma rays when attenuated. Neutron generators (deuterium–deuterium [D-D] or 
deuterium-tritium [D-T]) can be switched on and off and thus can be stored safely without 
concern. Several types of neutron generators are currently used under wellbore environments for 
logging purposes. Fast neutron energy is attenuated in solids by means of inelastic collisions, 
which produce gamma rays. However, lower energy (thermal) neutrons can be captured by nuclei 
to form radioactive isotopes (neutron activation), some of which have long half-lives. 
Accordingly, the bulk of the experimental work with cement was performed using gamma rays 
instead of neutrons to help prevent generating long-lived radioactive isotopes (e.g., activation of 
calcium). Silica was used as a surrogate for cement in the neutron experiments. The expectation is 
that the polymer interactions are driven by the radiation-induced ionization and not by cement; 
therefore, the gelation results should be comparable with gamma- and neutron-induced gelation 
because the active mechanism is gamma rays in either case.  
2. Experimental 
2.1 Materials  
Class H cement was used during all experiments and was obtained from Lafarge. Polyethylene 
oxide, acrylamide and N,N’-methylenebisacrylamide were obtained from Sigma Aldrich. Coarse 
silica flour (SFC -200 mesh ground quartz) and fine ground silica flour (SFF -<10 µm ground 
quartz) were obtained from Halliburton. A polysaccharide based material supplied by Halliburton 
was used as the retarder. ADVA 575 was obtained from W.R. Grace & Co. Melflux 1641 and 
Melflux 2651 were supplied by BASF Chemicals. Diutan gum was used as a viscosity modifying 
agent (VMA). VMA was necessary to help prevent settling of the cement particles during 
transport from the laboratory to the testing site. Several various oxygen scavengers were 
evaluated in the lab, including tetrakis[hydroxymethyl]phosphonium chloride [THPC], stannous 
sulfate [SnSO4], SnCl2, sodium dithionite, and thiourea dioxide, all purchased through Sigma-
Aldrich. 
2.2 Slurry Optimization 
Several polymer-based compositions were tested for their ability to undergo gelation triggered by 
various forms of ionizing radiation. These compositions included some entirely polymeric in 
nature, as well as polymer composites. Numerous forms of ionizing radiation, such as UV, 
gamma, neutron, x-ray, and bremsstrahlung, were tested as part of the investigation. The success 
of these strategies is based on the ultimate bulk behavior and mechanical strength of the 
compositions’ post-radiation exposure. 



The mechanism for radiation induced crosslinking is similar for both gamma radiation and 
neutrons. Thus, much of the early work on formulation optimization was performed using gamma 
radiation sources because of the ease of operations and access to the radiation sources. Most of 
the experimental work using the gamma radiation was conducted at the University of 
Massachusetts at Lowell, and the Nuclear Engineering Department at the North Carolina State 
University. 
The samples were prepared using the API RP-10B-2 procedure for designing cement slurries 
(American Petroleum Institute, 2013). The cement slurry was prepared by mixing 800 g of a 
Class H cement with 320 mL of H2O (water-to-cement ratio, w/c = 0.40) and a known amount of 
a polymer. The slurry also contained 0.50% bwoc (by weight of cement) of a polysaccharide set-
retarder, and other additives, as necessary. The slurry was mixed for 50 seconds in a Waring 
blade-type blender at high shear rate. The shear rate during mixing was maintained at 4,000 
rev/min for the first 15 seconds, and then increased to 12,000 rev/min for an additional 35 
seconds. A VMA, such as diutan gum, was added to the slurry mixes to help prevent the binder 
and other solids from settling. The VMA was added at a dosage of 0.20% bwoc.  
Initially, the samples were evaluated for their ability to gel using visual means. The samples were 
exposed to the ionizing radiation in a vial for a known radiation dose, and then inverted and 
inspected visually for signs of gelation. This method was deemed adequate for initial work when 
analysis was performed by means of simple macroscopic changes. As the work progressed, back-
extrusion rheometry (BER) was chosen for quantitative determination of the extent of gelation 
(Morgan et al., 1979). 
Distinct BER devices have been designed and calibrated for measurement of viscosities and other 
physical properties, such as gel strength (Morgan et al., 1979). The basic operation involves 
positive displacement of the material placed in a capillary-like vertical chamber caused by a 
plunger traveling at a constant velocity (v) being forced into it. This displacement leads to an 
upward volumetric flow of material in the concentric annulus between the plunger and container 
walls. As the plunger enters the sample, the force versus displacement (y) data are collected, as 
shown in Figure 1 (right). Measurement of the force exerted on the plunger (Fp) is correlated to 
rheological parameters, such as gel strength.  

Figure 1 (Left) Schematic of an operation of the BER. (Right) typical force-deformation curve for a 
Newtonian sample (reproduced from Hickson et al., [1982]). 

2.3 Radiation Sources 
Experiments using gamma radiation were conducted at the following three sources:  

(a) University of Massachusetts at Lowell Radiation Laboratory (UMLRL). The Co-60 
sources are located inside a H2O filled bulk-irradiation pool at the UMLRL. The sources 
are configured into 25-cm × 36-cm frames to produce planar source geometry. When an 
irradiation is performed, the source frame is positioned onto a wall-mounted rack inside 
the pool. For the Gamma Cave facility, the rack is located in front of a 12.7-mm thick 
aluminum source window through which the Co-60 gamma photons enter the Gamma 



Cave facility (Figure 2). The Gamma Cave is a dry ventilated irradiation room located on 
the experimental level of the UMLRL reactor containment building. The Gamma Cave 
has a 15-m3 volume to accommodate experimental apparatus of various sizes. Inside the 
Gamma Cave facility, a 2.7-m2 opening in the pool wall tapers inward to the 0.356-m2 
source window. A wide range of dose rates, from 0.5 rad(Si)/s to 210 rad(Si)/s, are 
currently achievable by varying the source activity and the center-line distance of the 
sample from the source window.  

 
Figure 2 Top-angled three-dimensional (3D) view of UMLRL’s Gamma Cave (top removed for clarity). 

(b) North Carolina State University (NCSU) Nuclear Engineering Department. The gamma 
radiation chamber had a 57-curie Co-60 source with a photon dose rate that varied from 
approximately 4 to 6.6 krads/hr over the project lifetime. 

(c) Notre Dame Radiation Laboratory (NDRL) also has three gamma radiation chambers 
with radiation dose varying over three orders of magnitude (15.5 krads/hr, 277 krads/hr, 
and 1.55 Mrads/hr). 

2.4 Silica as a Model System 
Fast neutrons can interact with other atomic nuclei, depending on the nucleus and the neutron’s 
velocity and often produce radioactive nuclei. Cement contains elements (e.g., calcium [Ca], 
sodium [Na]) that can interact with the fast neutrons to produce radioactive isotopes with long 
half-lives. This complicates the experimental work with fast neutrons because one should wait 
until all of the radioactive nuclei have decayed to a radiation level that is safe to handle. Hence, 
there was a need to identify a material transparent to fast neutrons that could replace cement in 
neutron irradiation work. The ideal model compound requirements were as follows: 

 The compound does not produce radioactive isotopes with long half-lives. 
 It is a good emitter of gamma rays. 
 It can be dispersed with polycarboxylate dispersants. 
 The compound must have a particle size similar to cement (mean size approximately 50 

µm).  
Silica is considered to be transparent to fast neutrons and can be used as a model compound for 
cement. SFC is silicon dioxide (SiO2), which exists in a form very comparable in size to cement 
with a mean particle size of 50 µm. SFC is already used in oilwell cementing as an additive to 
cement to address strength retrogression issues at elevated temperatures. Because of its 
transparency to fast neutrons, similarity in size to cement, and ready availability, it was chosen as 
a model compound for cement for neutron irradiation work. All experimental work using fast 
neutrons was conducted using silica slurries that contain a small amount of lime to increase the 
pH and produce essentially a saturated Ca(OH)2 solution (lime H2O). Because a downhole 
radiation tool is likely to be a D-T or D-D accelerator, the optimized slurries were tested using 



fast neutrons generated from a D-D or a D-T generator while a research nuclear reactor was used 
for initial screening.  
Experiments using neutron radiation were conducted at several locations, as outlined in Table 1. 

Table 1 List of neutron radiation sources used in this study 

Neutron Radiation Source Type of Radiation 

NCSU’s Research Nuclear Reactor, Raleigh, 
NC 

1-Mega watt reactor that can be operated to provide fast 
neutron dose rate ranging from 1 × 107 n/cm2/s to 
1 × 1012 n/cm2/s by varying the reactor power 

Texas A&M University, Houston, TX D-T generator with 14.1 MeV neutrons 

Thermo Fisher, Colorado Springs, CO D-T generator with 14.1 MeV neutrons 

Adelphi, Redwood City, CA D-D generator with 2.54 MeV neutrons 

The University of Michigan, Ann Arbor, MI D-T generator with 14.1 MeV neutrons 

3. Results and Discussion 
3.1 Effect of Polymer Chemistry 
Aqueous solutions of polyethylene oxide (PEO) are known to form hydrogels when exposed to 
gamma radiation (Rosiak and Ulanski, 1999; King and Ward, 1970; Charlesby, 1968). The initial 
proof-of-concept experiments with a cement system were conducted using PEO with gamma 
radiation at the University of Massachusetts’ Lowell Radiation Laboratory.  
The initial samples were prepared using the API RP-10B procedure as previously described. 800 
g of Class H cement were mixed with 320 mL of water (to obtain a water-to-cement, w/c, ratio of 
0.40) and 0.50% bwoc of a 900,000 Da PEO (polyethylene oxide) to form a slurry. The slurry 
also contained 0.50% bwoc polysaccharide-based retarder. The slurry was split into two samples. 
One sample was exposed to 4.3 Mrads of gamma radiation from a Co-60 source at the Lowell 
Radiation Laboratory, while the other was used as the control. The control sample, that was not 
irradiated, was still fluid (yield point measured at 96 Pa), whereas the gamma-irradiated sample 
had crosslinked to yield a solid gel. 
Several slurries were prepared using a Class H cement and water (to obtain a water-to-cement, 
w/c, ratio of 0.40) with two different PEOs (100,000 Da and 900,000 Da). Other components in 
the slurries included a polycarboxylate ether (dispersant), Diutan gum (viscosity modifier), and a 
polysaccharide-based retarder. Table 2 presents the mix-designs for these slurries. All of the 
slurries were exposed to 4.3 Mrads (~16 hours) of gamma radiation from a Co-60 source and 
were observed to crosslink and gel on exposure to gamma radiation; nonradiated controls were 
still fluid. The yield points for the controls were determined using a FANN 35 viscometer with a 
Fann Yield Stress Adapter (FYSA) (Johnson and Morgan, 2005) and are shown in Table 3. No 
such measurements were possible on the gelled samples. 

Table 2 Mix designs for the slurries used in crosslinking experiments 

Mix Design  Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

Cement g 800 800 800 800 800 800 

Water g 316.4 316.4 320 320 320 320 

Retarder g 4 4 4 4 4 4 

Dispersant name  
ADVA 

575 
ADVA 

575 
Melflux 

1641 
Melflux 

1641 
Melflux 

2651 
Melflux 

2651 
Dispersant total 

solids 
 0.40 0.40 1.00 1.00 1.00 1.00 

Dispersant g 6 6 2.4 2.4 2.4 2.4 

VMA (diutan gum) g 3.2 3.2 3.2 3.2 3.2 3.2 

PEO MW Da 100,000 900,000 100,000 900,000 100,000 900,000 

PEO g 4 4 4 4 4 4 

  



Table 3 Yield point measurement of the controls for the crosslinking experiments 

Mix ID Yield Point (Pa) 

1 92 

2 94 

3 110 

4 96 

5 110 

6 122 

Figure 3 illustrates an irradiated cement slurry sample and its corresponding non-irradiated 
control sample. This figure clearly shows that the irradiated sample has gelled, is self-supporting, 
and can retain its shape, whereas the control is still fluid and can still be poured out. 

 
Figure 3 PEO cement slurries after exposure to 4.3 Mrads of gamma radiation. (Left) irradiated sample; 

(right) control sample that was not irradiated. 

Because the polycarboxylate dispersants also have EO and PO chains in their molecular structure, 
experiments were performed to determine if the dispersant contributes to the crosslinked structure. 
Aqueous solutions of PEO and polycarboxylates were irradiated with 4.3 Mrads of gamma-
radiation. Table 4 presents the observations. The results clearly show that the polycarboxylates do 
not undergo crosslinking when exposed to gamma radiation. Thus, the gelation behavior can 
clearly be attributed to the crosslinking of the PEO polymers. 

Table 4 Effect of radiation on aqueous solutions of polycarboxylates 

Sample ID Sample Effect of Radiation 

1 2% Solution of 100,000 Da PEO Crosslinks 

2 5% Solution of 100,000 Da PEO Crosslinks 

3 2% Solution of 900,000 Da PEO Crosslinks 

4 5% Solution of 900,000 Da PEO Crosslinks 

5 10% Solution of ADVA 575 No crosslinking 

6 10% Solution of Melflux 1641 No crosslinking 

7 10% solution of Melflux 2651 No crosslinking 

Next, experiments were conducted to evaluate the ability of neutron irradiation to crosslink 
polymeric slurries. Initial work was performed in aqueous solutions, with subsequent work 



conducted to evaluate polymeric slurries with inorganic fillers. Samples were exposed to fast 
neutrons at NCSU’s research reactor. The reactor was operated to provide a flux of 1012 n/cm2/s 
of fast neutrons (with equal flux of thermal neutrons and background gamma) at the sample 
surface. Aqueous solutions of PEO with molecular weights ranging from 1,000 to 900,000 Da 
and at two different concentrations (i.e., 1.25 and 2.50 wt%) were exposed to fast neutrons. It was 
observed that the radiation dose necessary for gelation of PEO decreases with increased 
molecular weight of the polymer. Table 5 presents the results. 

Table 5 Results from exposure of PEO solutions to 1012 n/cm2/s of fast neutrons 
(‘L’ denotes liquid and ‘G’ denotes gel) 

Concentrations 1.25% 2.50% 

Exposure 
Times 

30 
(seconds) 

1 
(minutes) 

2 
(minutes) 

30 
(seconds) 

1 
(minutes) 

2 
(minutes) 

1,000 Da L L L L L L 

10,000 Da L L G L L L 

100,000 Da L G G L G G 

900,000 Da G G G G G G 

Experiments were also performed with PEO polymers in a slurry with inorganic fillers. Silica was 
used as a filler because cement becomes activated in the presence of fast neutrons. Silica slurries 
(SFC at 0.43 water-to-solid ratio, or w/s ratio, and SFF at 0.49 w/s ratio) with 1% 900,000 Da of 
PEO were exposed to radiation in NCSU’s research nuclear reactor. The reactor was operated to 
provide a flux of 1012 n/cm2/s of fast neutrons (with equal flux of thermal neutrons and 
background gamma) at the sample surface. Total exposure time was 2 and 8 minutes. Figure 4 
shows the silica flour slurry with 1% bwos (by weight of silica) of PEO.  

 
Figure 4 Silica flour slurry with 1% bwos of PEO: control and after 2 and 8 minutes of exposure 

to fast neutrons (1012 n/cm2/s flux). 
Thus, PEO slurries appear to crosslink with both gamma radiation and fast neutrons. The lowest 
radiation dose necessary for gelation of PEO using the fast neutrons from the NCSU research 
reactor was observed to be 2 × 1012 n/cm2.  
All of these slurries required a high dose of gamma radiation to crosslink. The necessary radiation 
dose to crosslink was observed to decrease with the increased polymer concentration in the 
cement slurry. However, higher concentrations of these high MW polymers in cement slurry 
results in increased viscosity; thusly, there is a practical limitation in terms of the maximum 
polymer concentration that can be used.  
One way of reducing the necessary radiation dose for radiation-induced crosslinking and gelation 
of cement slurries was to use low molecular weight oligomers or monomers as opposed to high 
MW polymers, such as PEO or polyvinyl pyrrolidone (PVP). Low MW acrylates, including 
hydroxyethyl acrylate (HEA), hydroxyethyl methacrylate (HEMA), polyethylene glycol 
diacrylate (PEGDA), and polyethylene glycol dimethacrylate (PEGDMA), are known to form 



hydrogels when exposed to UV radiation. Similar behavior is also observed for acrylamide (AAM) 
and methylenebisacrylamide (MBA) system. This system is also used extensively in polymer gel 
dosimetry (McAuley, 2006). The crosslinking mechanism is similar to the crosslinking of other 
polymers such as PEO and PVP. The use of monomers and low MW polymers offers several 
advantages compared to the polymeric systems; particularly, they do not adversely impact 
rheology and can be used at higher total solids loading. Therefore, additional experiments were 
performed using the gamma sources described previously as proof-of-concept studies. Slurries 
containing AAM and MBA were observed to be the most promising, and the remainder of the 
technical discussion focuses on these systems. 
3.2 Effect of Oxygen Scavengers 
Free radical polymerization is inhibited by the presence of oxygen. The mechanism revolves 
around peroxide-radicals, which are created when oxygen is present in the system. These 
peroxide radicals quickly react with other radicals, leading to termination of the growing polymer 
chain. Adding oxygen scavengers to cement slurries can help lower radiation dose requirements 
at relatively low scavenger levels, thus lowering the overall radiation energy requirements for 
gelation.  
Several oxygen scavengers were evaluated in cement slurries to help reduce radiation dose 
requirements by reducing or eliminating oxygen inhibition from the polymerization process. 
These included THPC, SnSO4, SnCl2, sodium dithionite, and thiourea dioxide. Class H cement 
slurries were prepared by mixing 800 g of a Class H cement with 320 mL of H2O (w/c = 0.40), 8% 
bwoc of AAM, and 0.5% bwoc of MBA using the standard API RP 10B procedure as previously 
described. The slurry also contained 0.50% bwoc of a polysaccharide retarder. The oxygen 
scavengers were added at concentrations of 0.10% bwoc. The samples were transferred to low-
density polyethylene (LDPE) vials and exposed to neutron irradiation at NCSU’s nuclear reactor 
for 2 and 20 minutes. The measured neutron radiation flux was 1 × 107 n/cm2/s. The relative gel 
strength (RGS) of the irradiated samples was measured using the BER and compared to evaluate 
the performance of the oxygen scavenger (Figure 5). 

 
Figure 5 Results from the neutron irradiation of Class H cement slurries with 8% AAM, 0.5% MBA, and 

varying 0.1% bwoc oxygen scavengers. The neutron radiation flux measured 1 x 107 n/cm2/s. 
SnCl2, THPC, and thiourea dioxide appear to perform well. In general, the effect of oxygen 
scavengers on RGSs is higher at lower exposure times. At higher exposure times, the gel 
strengths do not appear to be severely impacted. This is to be expected because, at higher dosages, 
the gelation plateaus, and hence the strengths are relatively similar. Because of availability and 
ease of use, SnCl2 was chosen as the preferred oxygen scavenger for further investigations. 
3.3 Effect of Radiation Dose 
Optimization of the slurries was performed using the gamma radiation chamber and NCSU’s 
research nuclear reactor. Experiments conducted by RTI in NCSU’s research reactor 



demonstrated gelation of silica flour slurries in aqueous AAM and MBA solution, using neutron 
radiation. 
The slurry composition for these tests was as follows: 

 SFC 
 8% bwos of AAM 
 0.5% bwos of MBA 
 0.2% bwos of diutan gum  
 0.1% bwos of SnCl2  
 0.44 lime H2O: silica ratio 

This composition was deemed the most susceptible to gelation during the reactor testing 
conducted at NCSU. During these tests, a dose of 2.9 × 1010 n/cm2 consistently gelled the slurry. 
Gelation was also sometimes observed at a lower fluence of 1.2 × 1010 n/cm2. This was likely 
caused by the varying contributions from the fast and thermal neutron and background gamma 
radiation, depending on the reactor start-up history. 
Predicting pulsed-neutron logging tool field performance to gel the slurries is complicated by 
differences in the radiation environments produced by a reactor and the anticipated accelerator. 
Pulsed neutron tools that are typically used are D-T fusion that produces ~14.1 MeV neutrons. 
Fast neutrons in the reactor are of much lower energy (1–2 MeV) and are accompanied by a 
significant component of thermal neutrons and gamma radiation. Although the thermal neutron 
flux can be reduced significantly with Cd shielding, some level of thermal neutrons and gamma 
radiation still reach the sample. Because of this complex system, it was necessary to prove the set 
on command concept using a neutron source without other particle types and energies.  
3.3.1 Texas A&M Results 
TAMU has two neutron generators based on Cockcroft-Walton D-T accelerators. The generators 
are rated to produce up to 1012 n/s at maximum power with a new target. However, the generator 
was run at a lower power level to help prevent catastrophic failure of the target, and the actual 
neutron yield was lower than the stated maximum yield.  
The silica slurry was exposed to fast neutrons from the D-T accelerator. No gelation was 
observed at fluences of 2.7 × 1010, 8.0 × 1010, and 1.6 × 1011 n/cm2. However, increasing the 
fluence to 3.2 × 1011 n/cm2 (1 hour at a flux of 9 × 107 n/cm2/s) produced a strong, rubbery, 
resilient material. Thus, gelation of the SFC and monomer solution slurry was achieved using 14-
MeV neutrons, at a total fluence of 3.2 × 1011 neutrons. This fluence was a much higher exposure 
compared to the comparable gelation threshold fluence experienced by using the fission reactor 
source. The high-energy 14.1 MeV neutrons from the D-T accelerator appear much less effective 
than the lower energy neutrons (and perhaps the accompanying gamma radiation) from the 
reactor.  
3.3.2 Adelphi Technology Inc. 
Adelphi (Redwood City, CA) has a D-D generator with a yield of 1 × 108 n/s. A D-D generator 
gives off fast neutrons with 2.45-MeV energy, unlike the neutrons from a D-T generator that are 
at 14.1 MeV. Two sets of silica slurries with AAM and MBA were exposed to fast neutrons from 
a D-D generator. The slurry composition for these tests was the same as that tested at TAMU: 
The neutron flux from the D-D generator was 1.5 × 107 n/cm2/s at the surface of the generator. 
The first set of samples was exposed for 6 hours with a total fluence of approximately 1.03 × 1010 
n/cm2. The second set was exposed for 12 hours with a total fluence of approximately 1.98 × 1010 
n/cm2. The silica slurry from the first set had not gelled completely, although it had undergone 
some viscosification, with the lower portion showing some gelation with some unset portions 
above. The sample from the second set gelled completely. Figure 6 illustrates the extracted 
sample from the second set. 



 
Figure 6 An irradiated silica slurry sample. The total exposure fluence was 1.03 × 1010 n/cm2 

of 2.45-MeV fast neutrons from a D-D generator. 
Table 6 shows the comparison of the necessary radiation dose for gelation of the silica slurries 
using 14.1-MeV neutrons from a D-T generator at TAMU and the 2.45 MeV neutrons from a D-
D generator at Adelphi. From the data, it is clear that the necessary radiation dose decreases with 
the decreased energy of the fast neutrons. Thus, the 2.45-MeV neutrons from a D-D generator are 
estimated to be ~10 times more efficient than the 14.1-MeV neutrons from a D-T generator. 

Table 6 Comparison of gelation dose for standard silica slurries using 2.45 MeV 
and 14.1 MeV fast neutrons 

Neutron 
Source 

Energy 
(MeV) 

Neutron Flux 
(n/cm2/s) 

Exposure Time 
(minutes) 

Total Dose 
(n/cm2) 

Gelation 
Observed 

TAMU 14.1 8.93 × 107 30 1.63 × 1011 No 

TAMU 14.1 8.93 × 107 60 3.24 × 1011 Yes 

Adelphi 2.45 5.0 × 105 360 1.03 × 1010 No 

Adelphi 2.45 5.0 × 105 720 1.98 × 1010 Yes 

3.3.3 Thermo Fisher 
Two silica slurries were evaluated at Thermo Fisher; one was the standard silica slurry that had 
been tested at TAMU and Adelphi earlier and the other sample was the standard formulation with 
an additional 2% bwos silica fume. The flux from Thermo Fisher was approximately 2.86 × 107 
n/cm2/s. The gelation of the original sample was achieved at the 3 hour mark, equating to 
approximately 3.09 × 1011 neutron dose, similar to the 3.2 × 1011 n/cm2 observed at TAMU 
previously. The silica fume sample gelled at approximately 2 hours, which calculates to 2.06 × 
1011 dose. This represents a 33% dose reduction.  
Based on the experimental work at Thermo Fisher, it can be concluded that the neutron fluence 
(14.1 MeV) necessary for gelation is approximately 3.1 × 1011 n/cm2 and that the addition of 2% 
silica fume can reduce the necessary fluence by 33% to approximately 2.1 × 1011 n/cm2.  
3.3.4 University of Michigan 
The University of Michigan has a 1010 n/s D-T generator with an experimental setup that provides 
an average flux of 1.1 × 109 n/cm2/s (measured at the center of the sample, with the generator 
operating at 160 kV and 3 mA). 
Experiments were conducted to bracket the exposure times necessary for gelation. The generator 
was run at 1.60 kV and 1.5 mA, corresponding to an average flux of 5.4 × 108 n/cm2/s. Standard 
SFC mixes were prepared and manually introduced to the neutron generator, and exposed for 5, 
15, 25, and 35 minutes. The samples were cut into two halves and visually examined for gelation. 
At the end of 25-minute exposure time, there was a noticeable end-to-end viscosity gradient, and 
the half nearest to the neutron target appeared to be a soft free-standing gel; the other half 
appeared to be an even softer and less free-standing gel. A 35-minute exposure time resulted in a 
gelled sample, denoting that the radiation dose necessary for gelation of SFC slurries is 1.6 × 1012 
n/cm2.  
Experiments were performed to validate the linearity of dose response by evaluating the standard 
SFC slurries with AAM and MBA at constant total neutron dose by varying the neutron flux and 
the gelation time. For each case, fresh slurry was prepared and allowed to stand for 1 hour to 



provide a 1 hour induction time before testing. Repeat tests were performed, and all results were 
consistent. Table 7 summarizes a subset of the results.  
The results confirm the linearity of the radiation dose on crosslinking effect and clearly show that 
the total dose requirements do not change appreciably with the radiation dose rate for the range of 
fluxes studied. The total necessary radiation dose in the experiments here is higher than the 
necessary radiation dose at TAMU and at Thermo Fisher by a factor of 5, reasons for which are 
unclear at this point. 

Table 7 Evaluation of linearity of dose response of 14.1 MeV neutrons for gelation of standard silica 
Slurries 

Mix No. Flux (n/cm2/s) 
Exposure Time 

(minutes) 
Total Dose 

(n/cm2) 
Qualitative Results 

1 5.4 x 108 35 1.6 x 1012 When cut into two, both ends are free-standing gels 

3 2.7 x 108 70 1.6 x 1012 When cut into two, both ends are free-standing gels 

4 1.1 x 109 17.5 1.6 x 1012 When cut into two, both ends are free-standing gels 

3.3.5 Gamma Radiation at Notre Dame Radiation Laboratory. 
Different slurries with 8.4% total monomer were evaluated, and the radiation during exposure 
was measured using Landauer’s nanoDot dosimeter. Table 8 provides the measured radiation 
dose. Figure 7 plots the radiation dose necessary for gelation as a function of dose rate. The graph 
clearly shows that the total radiation dose requirements decrease as the dose rate is lowered, and 
then levels off at approximately 1,000 rads for approximately 15.5 krads/hr and lower dose rates.  

Table 8 Measured radiation doses necessary for gelation at different Co-60 gamma 
radiation chambers 

Radiation Source krad/hr Filler Polymer 
Time 

(seconds) 
Measured cGy 

NDRL 1,550 Class H/SFC 8.42% AAM/MBA 10 5,624 

NDRL 1,550 Class H/SFC 8.42% AAM/MBA 10 4,039 

NDRL 277 Class H/SFC 8.42% AAM/MBA 45 3,283 

NDRL 277 Class H/SFC 8.42% AAM/MBA 45 2,809 

NDRL 15.5 Class H 8.42% AAM/MBA 300 1,226 

NDRL 15.5 Class H 8.42% AAM/MBA 300 1,077 

NCSU 4 SFC 8.42% AAM/MBA 900 1,043 

NCSU 4 SFC 8.42% AAM/MBA 900 852 

NCSU 4 SFC 8.42% AAM/MBA 900 845 

 



Figure 7 The radiation dose necessary for gelation as a function of dose rate after evaluating different 
slurries with 8.42% total polymers. 

3.4 Mechanical Properties 
This work primarily focuses on the fluid properties and response of the cement system. The 
polymer/monomer systems that have been explored should have little impact on the long term 
engineering properties of the cement. A small series of tests were conducted to compare samples 
of the cement formulation with and without gamma irradiation. Table 9 summarizes the results, 
illustrating that there appears to be no initial detriment to the mechanical integrity of the sample 
once set. 

Table 9 Compressive strength of cement samples after curing 

Sample Compressive strength after curing at 140°F for 30 days 

1—Control 2600 

1—Irradiated 3060 

2—Control 2740 

2—Irradiated 2900 

3—Control 2650 

3—Irradiated 3000 

4. Conclusions 
Cement slurries have been designed that can stay fluid for several weeks at operating conditions, 
if desired (actual hydration time can be adjusted using retarder, similar to any standard system). 
These slurries contain polymeric material that can undergo crosslinking when exposed to 
radiation, such as gamma rays or neutrons. Upon exposure to the radiation, these slurries form a 
rigid polymer-cement composite with an interpenetrating network of cement and polymeric 
material. The polymeric matrix provides the early strength to resume well drilling operations, 
while the cement continues to harden and provides the final engineering properties. 
The proof-of-concept work demonstrated in this paper illustrates the potential for reducing the 
time dependence of oilwell drilling on the hydration kinetics of cement. It has been shown that 
cement slurries can be designed to respond to radiation sources to form a rigid matrix “on 
command,” while not substantially affecting the long term properties of the cement.  
Experiments have shown that the necessary gelation dose decreased as the neutron energy is 
decreased from 14.1 MeV (D-T accelerator) to the 2.54 MeV (Adelphi accelerator). Similar 
behavior was also observed with gamma radiation, where the necessary gelation dose decreased 
with the decreased gamma energy dose-rate. 
It should be noted that the experimentally determined radiation dose is not practical with current 
neutron producing devices, which average ~1×108 n/cm2/s. This leads to operating times far in 
excess of practical usefulness. Further research is focusing on avenues of higher flux neutron 
tools and alternative triggering mechanisms, which will be described in future publications.  
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Abstract: Reactivity and cementitious properties of copper tailings irradiated by microwave 

at different power has been investigated. The dissolution quantities of Si4+, Al3+ of irradiated 

copper tailings were tested by inductively coupled plasma emission spectrometer, the 

irradiated copper tailings and the microstructure of the copper tailings-cement were 

examined by XRD, TG-DTA and SEM. The results show that the copper tailings irradiated at 

power 800W has the optimum cementitious properties, and activate Si4+ and Al3+ dissolution 

quantities are37.3 and 34.7mg·g-1, it is compared to the raw copper tailings to increase by 

56.7% and 31.4% respectively. When coal copper tailings at 800W are mixed into Portland 

cement, the content of calcium hydroxide in paste is significantly reduced, while the 

microstructure and the hydration degree of paste are improved, hence resulting in the 

compressive strength is increased. The heavy metals elements in the copper tailings are 

effective curing in cement pastes and don’t pollute the environment. 

 

Key words: copper tailings; activity; microwave irradiation; cementitious properties 

 

Introduction 

Copper tailings are generated during flotation process from copper industry as a kind of 

industrial by-product. According to relevant statistics, they become abundant year after year, 

the total copper tailings is more than 2.4 billion tons in China [1]. Large amounts of copper 

tailings piled up which take up valuable land, so it becomes a serious problem for wasting 

land resources. Copper tailings are easy to diffuse when wind comes, which cause a lot of air 

pollution. They’re washed out by the rain and following into the rivers and lakes[2]. Copper 

tailings may have flotation agent from the flotation process, leach harmful substances 

polluted water or soil and affect agriculture and fishing production badly, which leads to 

economic losses [3, 4]. At present, most of copper tailings abandoned as a waste, or simply 

used for backfilling or road construction. Therefore, the utilization rate is low and copper 
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tailings fail to be made good use. 

A large number of industrial wastes, such as fly ash [5], slag [6], and coal bottom ash [7], 

are widely used with the Portland cement for mixture, providing guidance for copper tailings 

used as cement mixture. Copper tailings used as cement mixture is an effective way to solve 

the problem of copper tailings accumulation, its pozzolanic activity is the basis of a 

judgment whether it can be used as cement mixed material. In order to make the effective 

utilization of copper tailings resources, it needs to increase the activity of copper tailings. 

But at present, most studies focused on the direct use of copper tailings in cement or 

concrete, the direction of study activate copper tailings is less [8-10]. This paper researches the 

reactivity of copper tailings by microwave irradiation and its effects on cement paste.  

 

Experimental 

Raw materials 

The copper tailings are from Langya mountain mining industry company (china), 

cement clinker and desulfurization gypsum are provided by China United Cement Chuzhou 

Co., Ltd. Chemical compositions of raw materials are shown in table 1. 

Table1: Chemical composition of raw materials 

materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss Total 

copper tailings 37.02 7.34 11.64 26.00 3.34 - 11.61 96.95 

cement clinker 21.79 5.32 3.31 64.80 2.17 - 0.60 97.99 

desulfurization gypsum 2.32 1.22 0.49 31.43 1.53 33.56 22.49 93.04 

Table 2 Trace elements content of copper tailings（w/%） 

K2O Na2O Mn Zn Cu Ti B Ba Cr As Pb 

0.42 2.25 0.18 0.11 0.68 0.19 0.025 0.052 0.02 0.0042 0.006 

The main chemical composition of copper tailings is CaO, SiO2, Fe2O3, Al2O3 and a 

small amount of MgO which presented in Table 1 and besides, it also has many trace 

elements such as Mn, Zn, Cu, Ti, etc which presented in Table 2. The XRD pattern of 

copper tailings is shown in Fig.2, it can be seen that the main mineral composition are 

quartz, calcite, dolomite, muscovite and clinochlore. Above all, copper tailings are complex 

mixtures. 

Experimental methods 

Copper tailings are irradiated for 10 minutes at 400  ℃ in high temperature microwave 

muffle furnace, powers are 500W, 600W, 700W, 800W, 900W, 1000W and 1100W 
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respectively, took out and grinded, then sealed. 

The original copper tailings or irradiated copper tailings are soaked in 1 mol/L NaOH 

solution, curing for 14 days at 20℃, and then in water-bathing constant temperature vibrator 

oscillate 8 hours, then let it sit for 16 hours, finally take the filtration, use Optima-4300 DV 

type inductively coupled plasma emission spectrometer to test Si4+, Al3+ dissolution, analysis 

the pozzolanic activity. 

Copper tailings-cement percentages are given in Table 2. The cement pastes with 

water/solids ratio of 0.4 were cast into 2×2×2cm cubes and hand vibrated 30 times on table 

vibrator. They were then cured in a moist room at 20±3℃. The specimens were demoulded 

after 24h and left in the moist room until compressive strength measurement were carried out 

after 3, and 28 days. After testing strength, the surface of sample was discarded and the 

sample was ground with absolute alcohol to stop hydrating. Then filtration the ground 

samples were moved to the drying oven at 50～60 to dry for 4～5 hours. Finally, samples 

were cooled at room temperature for hydration products test. 

Using DX-2700 type X-ray diffraction to analysis material composition, work 

conditions are Cu Kα line, the tube current is 30 mA, tube voltage is 40 KV. With American 

QUANTA200 scanning electron microscopy to analysis microstructure, accelerating voltage 

is 20 KV. With Germany STA 449 c type synchronous analyses TG and DSC thermal 

analyzer (rate of temperature increase is 10 K/min). 

 

Results and discussion 

Cementitious properties of copper tailings  

Copper tailings activate activity though microwave irradiation respectively under the 

power of 500 W, 500W, 600W, 700W, 800W, 900W, 1000W and 1100W, according to mix 

proportions that the activated copper tailings are 30% to prepare cement. Then 3-day and 

28-day compressive strengths are shown in table 3. It can be seen from table 3, the values of 

compressive strength of cement mixed with copper tailings after microwave irradiation are 

improved compared to the cement with original copper tailings, and compressive strength is 

the highest when power 800 W. The compressive strength gradually increases from power 

500W to 800W and reduces from power 800W to 1100W.  

The compressive strength value has positive correlation to the activity of copper tailings, 

the higher the activity of copper tailings, the higher the compressive strength. That is to say 

that copper tailings activity from power 500W to 800W is greater than the original copper 

tailings, and gradually increase, the activity start to decrease after power 900W. As a result, 
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3-day and 28-day compressive strengths gradually increase when copper tailings activity is 

increasing from power 500W to 800W. Then the compressive strengths decrease with 

activity is reducing after power 900W. So it can improve cementitious properties of copper 

tailings that copper tailings are irradiated by microwave, the cementitious properties are the 

best at power 800W. 

Table 3:  Compressive strength of irradiated copper tailings-cement paste 

Sample 

microwave power 

of irradiated 

copper tailings 

 (W) 

Portland 

cement clinker 

(W%) 

copper 

tailings 

(W%) 

desulfurization 

gypsum 

(W%) 

compressive 

strength 

(MPa) 

3d 28d 

A0 - 66 30 4 31.3 52.1 

A1 500 66 30 4 30.9 57.4 

A2 600 66 30 4 33.8 61.1 

A3 700 66 30 4 39.5 64.2 

A4 800 66 30 4 46.6 69.6 

A5 900 66 30 4 42.8 62.1 

A6 1000 66 30 4 43.4 55.9 

A7 1100 66 30 4 37.0 48.5 

Composition and structure changes of irradiated copper tailings 

Using X-ray diffraction to test 

material composition of raw copper 

tailings and copper tailings irradiated 

by power 700 W, 800 W and 900 W, 

the results are shown in Fig.2. 

Compared with raw copper tailings, 

the diffraction peaks intensity of the 

quartz, calcite, and magnetite in 

irradiated copper tailings becomes 

weaken. The diffraction peak of 

clinochlore is apparent when copper 

tailings are not irradiated, but the 

diffraction peak intensity disappeared 

after irradiated. It shows that clinochlore is decomposed and the crystallization water in the 

clinochlore minerals is moved. The clinochlore is resolved to from activated SiO2 and Al2O3. 

Thus, the process of microwave irradiation main affects and changes the composition of 

clinochlore and quartz.  
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Fig.2. XRD pattern of copper tailings 
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Si4+, Al3+ content of irradiated copper tailings 

The dissolution quantities of Si4+ and Al3+ have good correlation to pozzolanic activity. 

Raw copper tailings and copper tailings irradiated by power 700W, 800W and 900W are 

tested dissolution quantities of Si4+ and Al3+ by inductively coupled plasma emission 

spectrometer, the results are shown in table 4. From Table 4, the dissolution quantities of Si4+ 

and Al3+ of irradiated copper tailings are higher than raw copper tailings. And the dissolution 

quantities of Si4+ and Al3+ are the highest when power is 800W, the amounts 

respectively improved 56.7% and 31.4%, compared with raw copper tailings. Besides, the 

dissolution quantities of Si4+ and Al3+ are reduced when power 900 W, but still more than 

raw copper tailings. 

Analysis the reasons, after microwave irradiation quartz crystallinity is reduced, which 

makes the Si4+ dissolution quantities increase. In addition, the clinochlore’s crystal lattice 

damaged into amorphous state though microwave irradiation, resolved to from activated 

SiO2 and Al2O3, and increased the dissolution of the Si4+ and Al3+. When the copper tailings 

are irradiated below 800W power, the Si4+ and Al3+ dissolution quantities increase, but power 

increase to power 900 W, the crystal and glass formed in copper tailings, leading to the Si4+ 

and Al3+ dissolution quantities fell sharply. Therefore, the microwave irradiation can improve 

activity, but activity decrease when power is too high. The activity improvement best when 

irradiation power is power 800 W, it is consistent with the compressive strength. 

Table 4 Si4+ and Al3+ dissolution quantities 

microwave 

Power (W) 
Si4+ dissolution 

quantity (mg·g-1) 
Increase 

percentage (%) 
Al3+ dissolution 
quantity (mg·g-1) 

Increase 
percentage (%) 

0 23.8 0 26.4 0 

700 36.5 53.4 33.7 27.7 

800 37.3 56.7 34.7 31.4 

900 31.8 33.6 31.0 17.4 

TG-DTA analysis of copper tailings-cement paste 

The hydration samples of A0 and A4 were tested by differential thermal analysis plotted 

in Fig. 3 and Fig.4. Fig. 3 shows Ca(OH)2 endothermic peaks during 435 ~ 436℃ on the 

DTA curves, unprocessed copper tailings and power 800 W activated copper tailings 

corresponding to mass losses were 3.05% and 2.92% respectively on the TG curves in Fig. 4. 

That is to say, cement mixed raw copper tailings form more Ca(OH)2  in hydration process 

than cement mixed irradiated copper tailings at power 800W. It showed that activated SiO2 

and Al2O3 in rradiated copper tailings have reacted with Ca(OH)2 that come from the clinker 

minerals hydrating in system, so the content of Ca(OH)2 is low in hardened paste.. 
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Fig.3 DTA curves of 28d hydration samples Fig.4 TG curves of 28d hydration samples 

SEM analysis of copper tailings-cement paste 

Fig.5 is SEM microstructure analysis images of the hydration samples of A0 and A4 at 

28 days. It can be seen from Fig.5, the hydration structures of A4 are compact and have few 

pore structures, hydration products’ crystallization degree better than A0. Fibrous C-S-H gel, 

platy Ca(OH)2 and the layered structure AFm in the SEM images of cement mixed with 

copper tailings irradiated at power 800 W are seen clearly. This is because the copper tailings 

after irradiated have more activated SiO2 and Al2O3 to neutralize Ca(OH)2 produced by 

hydration of cement clinker, then the Ca(OH)2 is not saturated and crystallization, don't 

hinder the hydration of C3S and C2S and increase the degree of hydration, finally accelerate 

the formation of new hydration products, promote the cement clinker hydration. It indicates 

that the activation of copper tailings is more advantageous to cement hydration, the higher 

the activity of copper tailings, the better the hydration process. 

  
Fig.5. SEM images of 28d hydration samples 

Heavy metal dissolution of copper tailings-cement paste 

The heavy metal dissolution of cement mortars are tested by ICP according to 

GB5085.3-2007. The results are shown in Table 5. Table 5 is indicated that the heavy metals 

dissolutions of each copper tailings-cement pastes are much lower than the standard 

requirements of Identification standards for hazardous wastes-Identification for extraction 

A4 A0 
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toxicity. The copper tailings-cement pastes are almost have no pollution effect on 

environment. 

Table 4 Heavy metal dissolution of copper tailings-cement pastes (mg·L-1) 

Sample Cr Ni Cu Cd Pb Zn As Ba 

A0 <0.0071 0.018 <0.0054 <0.0025 <0.009 0.022 <0.083 0.63 

A3 <0.0071 0.016 <0.0054 <0.0025 <0.009 <0.0018 <0.083 0.78 

A4 <0.0071 0.013 <0.0054 <0.0025 <0.009 <0.0018 <0.083 0.75 

A5 <0.0071 0.014 <0.0054 <0.0025 <0.009 <0.0018 <0.083 0.71 

GB5085.3-2007 ≤5 ≤5 ≤100 ≤1 ≤5 ≤100 ≤5 ≤100 

 

Conclusions 

Reaction activity and cementitious properties of coal gangue by microwave irradiation 

can be improved effectively. Irradiated Copper tailings mixed with Portland cement, the 

compressive strengths increase when the content of copper tailings are 30%, and 

improvement effect is most obvious when power 700W to 900W, in addition, strength values 

are the highest at power 800W. Irradiated copper tailings promote cement hydration, 

crystallization degree of hydration products is high, and make less porosity as well as 

compact structure. 

The dissolution quantities of Si4+ and Al3+ increase after microwave irradiate copper 

tailings, and the activity improves. The dissolution quantities of Si4+ and Al3+ are the highest 

when power is 800 W, the amounts respectively improved 56.7% and 31.4% compared with 

raw copper tailings. 

The heavy metals elements in the copper tailings are effective curing in cement pastes 

and don’t pollute the environment. 
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Abstract 

Steel slag is the inevitable product of the steelmaking process, and its generation amount is about 

12% to 14% as steel production. Huge amount of steel slag is deposited, directly leading to 

environmental pollution. In addition, it’s a great waste of resources. Steel slag contains cementitious 

minerals similar with Portland cement clinker as tricalcium silicate (C3S) and dicalcium silicate (C2S). 

Thus it can be regarded as building material resources. However, the total quantity of C3S and C2S is 

less than cement clinker and crystalline morphology is different, which leads to a worse cementitious 

activity than cement.  

In this paper, the converter furnace steel slag of Tangshan Xinbaotai was selected as raw material, 

coke as reducing agent, lime and bauxite as modification material. The chemical and mineral 

compositions were identified via chemical analysis, scanning electron microscopy, energy dispersive 

spectrometer and X-ray diffraction. Hydration process and products’ microstructure characteristics of 

cement-based composite cementitious materials with slag after curing 3d, 7d, 14d were researched via 

heat of hydration, differential thermal analysis, X-ray diffraction and scanning electron microscopy. 

Then the mechanical properties of cementitious materials were tested. Through exploring the influence 

of different types of modified material on slag composition in different dosage conditions, theoretical 

foundation and technical support were provided to realize industrialization experiment. The main 

results achieved in this paper are the following aspects: 

(1)30% cement is replaced by remelt slag to prepare mortar test blocks. The compressive strength 

increases by 20% to 40% after curing for 3d; 29% mostly increases after 7d; 100% can be reached 

after 28d. Hydration evolution of cement based composite cementitious materials can be promoted by 

steel slag. The hydration exothermic rate increases by 25% to 30%. The amount of chemically 

combined water is 1.13% more than cement after curing for 14d. 

(2)The cementitious properties of steel slag are improved to varying degrees with 1%, 5%, 10%, 

20% lime addition as calcareous modification material. 3d, 7d, 28d compressive strength of modified 

slag mixed with 5% lime increases by 62%, 42%, 22% respectively, which has basically reached the 

performance of cement. Through the modification process above, slag’s hydration evolution is 

promoted at the same time. When the slag is modified with 5% lime, hydration heat for 168h is 

increased approximately by 63%. 

(3)Remelt and modify slag with bauxite. Slag’s hydration is promoted. The hydration rate of 

exothermic is significantly accelerated. The second exothermic peak appears 21h earlier than original 

slag and the peak reaches 2.75×10-3w/g, who is increased by 63%. Compared to original slag, the 3d, 

7d, 28d compressive strength of modified slag with 1% bauxite is increased by 34%, 23%, 9% 

respectively.



 

The experiments show that the slag modified with 5% coke and 5% lime has the best performance. 

The iron oxide content is decreased to less than 5%. The compressive strength of 3d, 7d, 28d are 

28.8MPa, 40.0MPa, 52.5MPa respectively, which is basically reached the strength index of cement. 

 

Originality 

In this paper, coke was used to reduce iron oxide in the steel slag to recover a part of iron. Then 

single modification materials were added to change the composition and crystalline structure. Thereby 

steel slag’s cementitious activity was improved and its application in the building materials industry is 

promoted. The utilization rate can be improved ultimately. 

 

Keywords: remelt and modified, cementitious mineral, early strength, hydration, microstructure.



 

 

1 Introduction 

Steel slag is inevitable product during steelmaking process. 120kg-140kg slag can be 

generated to produce 1 ton steel. Since 2000, iron and steel industry in our country has 

developed rapidly. 101 million tons of steel slag was generated in 2013 and only 25% of the 

slag can be utilized as resource. Most slag was abandoned to consume fields and pollute 

environment. It is also a giant waste of resource. Steel slag is not only waste of steelmaking 

but also a kind of precious resource. Steel slag high-value utilization is inevitable choice of 

realizing iron and steel industry circular economy. 

At present, low additional value utilization ways like using for backfill material is main 

model to digest steel slag. Economic benefits and social benefits are not significant. 

Utilization ways and amounts of steel slag are shown in Table 1. 

Table 1  Utilization ways and amounts of steel slag 

Utilization ways 
Utilization amounts 

 (million ton) 
Utilization ratio (%) 

Used for cement and concrete 8.50 42.7 

Used for steel slag cement and cement admixture 4.53 22.8 

Used for steel slag brick 2.26 11.4 

Used for road and backfill material 4.60 23.1 

Along with the development of iron and steel industry, the yield of steel slag and blast 

furnace slag has increased continuously. The utilization rate of steel slag is very low now. 

There is a great gap to meet the requirements of national “12th Five Year” plan. It means that 

the task of increasing steel slag utilization rate is serious. The yields and utilization amounts 

of steel slag from 2009 to 2013 are shown in Table 2. 

Table 2  Yields and utilization rates of steel slag from 2009 to 2013 

Year Yield (million ton) Utilization amount (million ton) Utilization rate (%) 

2009 79.50 17.49 22 

2010 81.47 17.11 21 

2011 88.79 19.53 22 

2012 93.00 20.46 22 

2013 101.27 25.31 25 

The main reason of low steel slag utilization rate is that its cementitious property is bad 

which leads to a bad early activity and volume stability, so that the quality cannot meet the 

requirements of application fields. The comprehensive utilization work of resources is 

influenced and the utilization rate is always very low. A new technology to improve steel slag 

bad stability and early strength is urgent to work out to increase the utilization rate of steel 

slag. 

2 Basic property of steel slag 

The main compositions of steel slag come from oxide materials of furnace burden, 

impurities and slag making materials. There are obvious differences in slag appearance on 

account of different composition. Judging from the color, low basicity slag appears in black. 

The color turns thin along with the basicity dropping. Steel slag has a stiffness and thick 

character. The inner poriness is low. In addition, the grindability is bad because of the existing 

of iron mineral. Steel slag has a grindability of 0.96 (the grind-ability of standard sand is 1 



 

and blast furnace slag is 0.7).

3 Experiment raw materials 

The experiment is to mix reducing agent to reduce the content of iron oxide. Other 

compositions content are corresponding increased. Then mix calcareous modification material 

to raise the content of CaO in the slag system. High C

of calcic minerals and improve the cementitious property of steel slag.

May raw materials of this experiment are furnace steel slag, lime and coke. The steel 

slag without any treatment from Xinbaotai iron and steel gro

of this experiment. Reducing agent and calcic material were chosen as modification materials. 

In order to quicken remelting speed, the slag was grinded by ball mill to a specific surface 

area of 200 m2/kg. Calcic modificati

above 99%. The chemical composition of slag is shown in Table 3.

composition CaO SiO2 

Steel slag 38.83 12.14

The basicity of the slag is 2.66 so that it belongs to high basicity steel slag. The XRD 

atlas of original slag is shown in Fig.1.

1—C2S  2—C3S  3

It can be concluded that main minerals of original slag are s

phase. The content of silicate minerals is not sufficient, but the diffraction peaks of RO phase 

and other minerals are very obvious

beneficial to give play to cementitious

The proportion scheme is shown in Table 4.

Table 4  The proportion scheme of experiment

Number Slag powder (kg)

N-1 10.0

N-2 10.0

N-3 10.0

N-4 10.0

The proportion scheme of this experiment is mixing 5wt% coke and different amounts of 

calcic material as modifier material. Increasing the ratio of CaO in slag can improve basicity 

and calcium material content. It is in 

The contents of cementitious minerals like calcium silicate and calcium aluminate are 

increased and cementitious property of steel slag is improved.

and blast furnace slag is 0.7). 

 

The experiment is to mix reducing agent to reduce the content of iron oxide. Other 

compositions content are corresponding increased. Then mix calcareous modification material 

to raise the content of CaO in the slag system. High CaO content can promote the generation 

of calcic minerals and improve the cementitious property of steel slag. 

May raw materials of this experiment are furnace steel slag, lime and coke. The steel 

slag without any treatment from Xinbaotai iron and steel group was chosen to be raw material 

of this experiment. Reducing agent and calcic material were chosen as modification materials. 

In order to quicken remelting speed, the slag was grinded by ball mill to a specific surface 

. Calcic modification material adopts chemically pure lime. The purity is 

above 99%. The chemical composition of slag is shown in Table 3. 

Table 3 Chemical composition of slag 

 Al2O3 Fe2O3 MgO FeO MnO 

12.14 2.14 8.97 11.22 14.32 1.48 

The basicity of the slag is 2.66 so that it belongs to high basicity steel slag. The XRD 

atlas of original slag is shown in Fig.1. 
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Fig.1  The XRD atlas of original slag 

concluded that main minerals of original slag are silicate minerals

phase. The content of silicate minerals is not sufficient, but the diffraction peaks of RO phase 

and other minerals are very obvious。It proves that the mineral composition of steel

cementitious property. 

The proportion scheme is shown in Table 4. 

Table 4  The proportion scheme of experiment 

Slag powder (kg) Coke (kg) Calcic modification

10.0 0.5 0.1

10.0 0.5 0.5

10.0 0.5 1.0

10.0 0.5 2.0

The proportion scheme of this experiment is mixing 5wt% coke and different amounts of 

calcic material as modifier material. Increasing the ratio of CaO in slag can improve basicity 

and calcium material content. It is in favor of promoting the generation of silicate minerals. 

The contents of cementitious minerals like calcium silicate and calcium aluminate are 

increased and cementitious property of steel slag is improved. 

The experiment is to mix reducing agent to reduce the content of iron oxide. Other 

compositions content are corresponding increased. Then mix calcareous modification material 

aO content can promote the generation 

May raw materials of this experiment are furnace steel slag, lime and coke. The steel 

up was chosen to be raw material 

of this experiment. Reducing agent and calcic material were chosen as modification materials. 

In order to quicken remelting speed, the slag was grinded by ball mill to a specific surface 

on material adopts chemically pure lime. The purity is 

P2O5 f-CaO 

2.45 5.58 

The basicity of the slag is 2.66 so that it belongs to high basicity steel slag. The XRD 
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ilicate minerals and RO 

phase. The content of silicate minerals is not sufficient, but the diffraction peaks of RO phase 

It proves that the mineral composition of steel slag is not 

cation material (kg) 

0.1 

0.5 

1.0 

2.0 

The proportion scheme of this experiment is mixing 5wt% coke and different amounts of 

calcic material as modifier material. Increasing the ratio of CaO in slag can improve basicity 

favor of promoting the generation of silicate minerals. 

The contents of cementitious minerals like calcium silicate and calcium aluminate are 



 

This research takes the laboratory simulation of high temperature steel slag remelting 

modification method. Using appropriate modification materials can modify and optimize 

original slag. Grind slag to specific surface area larger than 200 m2/kg and mix with calcic 

modification material. Melt the materials under the condition of electric heat. Cut down the 

electric power. Elevate the electrode and lean the furnace. Take out the product after cooling 

down. 

4 Chemical and mineral composition of modified slag 

Mix a certain amount of coke and different amounts of lime in the original slag. After 

high-temperature calcinations, the chemical compositions of the products are shown in Table 

5. 

Table 5 The chemical composition of modified slag with coke and lime 

Number 
Chemical composition content (wt %) 

basicity 
SiO2 Al2O3 CaO MgO Fe2O3 FeO P2O5 MnO 

Original slag 12.14 2.14 38.83 11.22 8.97 14.32 2.45 1.46 2.66 

N-1 14.06 2.11 55.23 11.44 2.58 3.35 1.13 0.40 3.64 

N-2 13.57 2.60 60.93 7.31 1.27 3.43 1.01 0.37 4.18 

N-3 15.32 2.60 62.43 5.05 0.99 2.82 0.97 0.31 3.83 

N-4 12.65 2.14 64.88 5.21 0.44 3.32 0.90 0.26 4.79 

N-dust 7.27 9.86 1.29 25.98 32.20 0.45 0.21 0.16 0.17 

It can be concluded that the contents of CaO and MgO changed most. The content of 

CaO in slag system was raised to above 50wt% from about 40wt%. The content of MgO falls 

by about one half. It is because that one part of the slag is absorbed by dust collector. 

Alonging with adding into more lime, the amount of CaO which takes part in 

compositing minerals is larger. The content of f-CaO is also a trend of increase. This is 

because that the main four kinds of oxide burdening are CaO, SiO2, Al2O3 and Fe2O3. The 

percentage content of CaO should fall on vice tetrahedron C3S-C3A-C4AF-C12A7. The 

C3S-C3A-C4AF attachment face should be the limit of content surface. 
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Fig.2 XRD spectrum of calcium modified steel slag 

Fig.2 is the XRD spectrum of the slag modified with coke under the condition of 

high-temperature. The test conditions of conducting X-ray diffraction are CoKα1, λ=1.7889 Å, 

40kV, 40mA. After mixing calcic modification material in the original slag, the main mineral 

compositions of remelt modification slag are C2S, C3S, RO phase and f-CaO. A few C3A and 

C4AF are generated. Comparing to diffraction spectrum of original slag, the diffraction peaks 

of C2S and C3S are reinforced apparently. 

When calcination temperature reaches 2000℃ or above 2000℃ and the amount of lime 

is less than 10wt%, the mixed calcic modification material takes part of compositing the 

minerals in slag. Main minerals contain C3S, C2S, RO phase and a certain amount of C3A and 

C4AF. When 10wt% or above 10wt% lime is mixed in the slag, there is not enough acidic 

oxide to unite CaO. It leads to an excess of f-CaO. The experiments prove that only consider 

raising the ratio of calcium and silicon can improve the cementitious property of steel slag, 

but CaO will be over saturation and the volume stability of slag will be influenced. 

5 Cementitious property of modified slag 

30wt% mentioned slag was mixed to replace cement to produce mortar test blocks. The 

blocks were placed in the maintenance and curing oven after dismantling mould. The curing 

temperature is 20±1℃ and the humidity is 90%. The compression resistance and fracture 

resistance of the blocks were measured after curing 3 days, 7 days and 28 days. 
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Table 6  The resistance of modified slag with coke and lime 

Number 

Compression resistance 

(MPa) 

Fracture resistance 

(MPa) 

Compression resistance 

ratio (%) 

3d 7d 28d 3d 7d 28d 3d 7d 28d 

Blank cement 27.4 37.9 52.5 5.5 7.4 9.8 100 100 100 

N-0 14.8 27.9 43.9 3.5 5.5 7.7 43 64 78 

N-1 26.4 37.9 52.2 6.1 8.3 9.8 96 100 99 

N-2 28.8 40.0 52.5 6.4 8.1 9.3 105 106 100 

N-3 26.4 37.3 49.3 6.5 7.6 9.4 96 98 94 

N-4 27.5 37.9 49.2 6.5 7.6 8.6 100 100 94 

The Blank cement mortar block produced by Portland cement and N-0 mortar block 

produced by original slag were chosen as comparison samples. The above table shows that the 

property of modified slag with calcic modification material is the best. The compression 

resistance of 3 days, 7 days and 28 days were all in the range of 100±10%. The mortar blocks 

modified with different amounts of calcic modification material had apparent better 

compression resistance and fracture resistance than N-0. The blocks produced by modified 

steel slag with 5wt% chemically pure CaO modification material had a 3 day compression 

resistance of 105% and a 7 day compression resistance of 106%. The mineral composition of 

modified slag with calcic modification material shows that cementitious mineral components 

had been more in the remelt and modified steel slag. The contents of cementitious minerals 

like C3S, C2S and C3A had been apparently higher than original slag. Alonging with the 

proceed of curing and hydration, the mortar strength had been raised significantly, even 

surpass the mortar blocks produced by Portland cement. 

After grinding the modified slag with calcic modification material to specific surface 

area above 420 m2/kg, 30% cement can be replaced by steel slag powder. When the amount of 

mix modified slag powder with 1wt% calcic modification material, the fluidity of mortar was 

85%; when the mix amount was 5wt%, the fluidity was 86%; and when the mix amount were 

10wt% and 20wt%, the fluidity were respective 88% and 89%. It was proved that the fluidity 

of the experimental group slag modified with calcic modification material is good. 

6 Hydration process and products of modified steel slag 

The mortar blocks of N-0 (the ones mixed with original slag), N-2 (the ones mixed with 

modified slag with coke and 5wt% calcic modification material) and the blank mortar blocks 

mixed with Portland cement were chosen to be a comparison. The exact water cement ratio 

was 0.3. The size of the test blocks were 20mm×20mm×20mm. The curing ages were 

respectively 3d, 7d, 14d. 0.3 was chosen to be the water cement ratio was to guarantee the 

steel slag and cement reacting fully and the fluidity would be good. 

When maintained to the relevant age, the test blocks were taken out to dip in the absolute 

ethyl alcohol to stop hydration reaction. 85℃ was the drying temperature. The surface of the 

blocks would be done away and the central part was taken out to grind. XRD, SEM and 

differential thermal analysis were conducted. The 168h steel slag hydration exothermic 

process was monitored. 

6.1 Hydration heat tests 



 

(a)                                 (b)

Fig.3 Hydration heat release rate and quantity curves of remelt steel slag cement

Fig.3(a) is the hydration heat release rate curve of the blocks. The hydration reaction 

processes of cement blocks mixed with remelt steel slag were similar to cement. The 

induction periods were longer than cement blocks. The second exothermic peak of cement 

blocks appeared at the point of 14h. The second exothermic peak of blocks mixed with 

original slag appeared 15h later. The hydration reaction rate of steel slag was much lower than 

cement. The peak value of hydration heat release peak was also much lower than

Portland cement. It explained that the active compositions in slag were less than cement. But 

the rate of blocks mixed with modified slag was apparently higher than the blocks of cement 

and original slag. When the hydration reaction 

rate of the blocks mixed with modified slag gradually exceeded pure cement. Fig.3(b) was the 

hydration heat release quantity curves of the blocks. 
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processes of cement blocks mixed with remelt steel slag were similar to cement. The 

induction periods were longer than cement blocks. The second exothermic peak of cement 

cks appeared at the point of 14h. The second exothermic peak of blocks mixed with 

original slag appeared 15h later. The hydration reaction rate of steel slag was much lower than 

cement. The peak value of hydration heat release peak was also much lower than

Portland cement. It explained that the active compositions in slag were less than cement. But 

the rate of blocks mixed with modified slag was apparently higher than the blocks of cement 

and original slag. When the hydration reaction proceeded to 96h, the hydration heat release 

rate of the blocks mixed with modified slag gradually exceeded pure cement. Fig.3(b) was the 

hydration heat release quantity curves of the blocks. Hydration heat quantity order for each 

sample: mixed with modified steel slag blocks > cement sample > original slag samples.
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be used as a gelling material hydration degree of a representation of value. 

 

(a)                                (b) 

(a) Thermal analysis curves of Portland cement hydration of different ages 

(b) Thermal analysis curves of original slag hydration of different ages 

Fig.4 Thermal analysis curves of cement and original slag 

The hydration product of different age at 120℃ and 500℃ respectively of pure 

Portland cement and mixed with 30% of original slag cement appeared obvious 

weightlessness peaks. It is dehydration weightlessness peak of C-S-H gelling and ettringite 

around 120℃ and it is calcium hydroxide dehydrated weightlessness peak around 450℃. It 

can also be seen that calcium hydroxide on the thermogravimetric curve in different instars of 

dehydration weightlessness peak are reduced after mixing steel slag in cement. Steel slag 

package part of the cement particles inhibits the hydration of cement. Slow steel slag 

hydration also leads to less amount of calcium hydroxide generated within 14d. In different 

ages, the cement blocks mixed with steel slag have a little  weightlessness around 120℃. It 

declares that the generating quantity of C-S-H gelling and ettringite of modified steel slag are 

both less than cement. The mixing of steel slag delays hydration. Because slag has less 

calcium aluminate minerals, the generating ettringite is less. 

 

Fig.5 Thermal analysis curves of modified steel slag hydration of different ages 

Fig.5 shows that the thermal analysis curve of pure Portland cement was similar to the 

curve of remelting modified slag cement. The desiccation weightlessness peaks both appeared 

at the temperature of 120℃ and 500℃. But it is apparently that the CH gelling in the 

hydration reaction product of remelting steel slag was much less than the slag modified mixed 

with calcic material or aluminous material. 

The quantities of chemical combination water of different blocks after curing 3d, 7d, 14d 

is shown in Table 7. 

 

 



 

Table 7 The quantities of chemical combination water (%) 

 BL N-0 N-2 

3d 10.23 8.01 9.29 

7d 11.37 9.17 11.49 

14d 12.28 10.78 13.41 

It can be concluded from Table 7 that the quantities of chemical combination water in 

cement blocks and steel slag cement blocks was increased along with the extension of 

hydration age. The blocks mixed with 5% remelting steel slag and the blocks mixed with 5% 

bauxite modified slag had more chemical combination water than cement after 14d hydration. 

The blocks mixed with 5% calcic modified material had a good performance was 

because that the blocks contained large quantity of gelling mineral material after remelting 

with coke. The gelling mineral material can generate gel after reacting with water. This can 

also reflect that the quantity of gelling mineral material in remelt and modified steel slag is 

significantly more than original slag. 

6.3 The compare of modified slag hydration product 

In order to study the hydration products of the composite Portland cement and calcium 

aluminate cement system and find out the macro performance of the development of the 

internal cause, XRD analysis was carried out on the sample firstly. The peak value did not 

represent the composition content. But the strength of the phase is proportional to the number 

and the amount of phase of the samples. [6, 7] According to the experimental results, the 

hydration product of mineral composition of different sample can be compared roughly. 

 
Fig.6 The XRD pattern of original steel slag after different hydration ages 

Fig.6 is the XRD patterns of cement blocks mixed with 30% original steel slag after 

curing different ages. The hydration products of gelling materials curing after 3d, 7d, 14d are 

Ca(OH)2, C-S-H and ettringite. Along with the extension of curing age, the diffraction peaks 



 

of unhydrated C3S and C2S gradually wore off. There was little unhydrated calcium silicate 

after 14d hydration. The gelling materials in cement reacted with Ca(OH)2 and generated 

C-S-H gel. So the peak value of Ca(OH)2 was decreased from the curing age 7d to 14d. The 

generated products of cement base composite gelled material were similar to the products of 

cement. But a little magnesia spinel and hydrated calcium aluminate was still melt in it. Their 

XRD diffraction peaks were not obvious. 

Fig.7 shows the XRD patterns of the hydration products after curing different ages of the 

3:7 cement base composite gelled materials. The material was composited by 70% cement 

and 30% remelt and modified steel slag with coke and 5% lime. 

 

Fig.7 The XRD patterns of remelt and modified steel slag after curing different ages 

6.4 The microstructure of modified steel slag after hydration reactions 

  

Fig.8 The microstructure of C-S-H gel after steel slag 3d hydration 

Different modal hydration products were generated after hydration reactions of gelling 

material. Fig.8 shows the C-S-H gel of different microstructures. Tobermorite (C-S-H gel) is 

the most important product of cement hydration reactions. It has the effect of bending other 

hydration products. It is the main source of set cement structural strength. But the structure is 



 

quite complex. [8] The structures of the hydration products have close relationship with the 

growing space they may get. The microstructure of C-S-H gel may be Fibrous particles, 

reticular particles, equal-volume particles, mottled pore shape particles, thin sheet particles, 

wheat tubular particles, coralloid roots particles, flower shape particles and so on. In recent 

years, Taylor has thought that in the early hydration products, C-S-H gel is mostly formed by 

the imperfect structure of hydroxyl of sodium silicon calcium stone, and the rest part is 

Tobermorite. The silicate anion is bipolymer. [4] 

  

Fig.9 The microstructure of Ca(OH)2 after steel slag curing for 3d as gelling material 

The hydration products of Ca(OH)2 are different from C-S-H’s. Ca(OH)2 has definite 

chemical composition, high purity. There is little impurities in it except a little Si, Fe and S. In 

the initial stage of hydration, Ca(OH)2 often appears as six-party plate structure. When 

hydration process arrives acceleration period, more Ca(OH)2 crystal seeds out. The generating 

crystal characteristic of Ca(OH)2 is that it only grows in the existing space. When the growing 

up comes across hinder, it will grow towards another direction. It sometimes comes round 

hydration steel slag and cement particles and entirely packs them. The crystal of Ca(OH)2 

usually appears as stratified structure. The six-party plate structure in the left part of Fig.9 is 

the microstructure of initial hydration stage Ca(OH)2. In the right one, the Ca(OH)2 crystal 

appears as closely connected lamellose structure. Observing the products in different angular, 

the hydration products of the same mineral appears into different forms. 

Tricalcium aluminate and gypsum react and generate hydration tricalcium aluminate 

sulfer type, is known as the ettringite (AFt). The AFt hydration products appears columnar or 

acicular structure in the system. In the composite gelling material slurry, AFt often appears 

six-party prismatic shape crystal. The microstructure depends on the existing space and the 

supply condition of ionic. At the beginning of the hydration within a few hours, it always 

separates out as gel and then grow into columnar or acicular structure. The faceted pebble is 

very distinct. In the slurry system, AFt can concomitant with other hydration products and is 

always packed by C-S-H gel. 



 

  

Fig.10 The microstructure of AFt after steel slag curing 3d as gelling marterial 

The formation of slurry shows that C-S-H gel plays a major role in the development of 

strength. Aft and hydrated calcium aluminate contributes to the strength in the early days. The 

effect is not obvious in the later period. But because of the oversize of Ca(OH)2 crystal, it 

goes against the growing up and connection of microcrystal. It still has function of filling in 

the blanks and helps to strength. 

  

Fig.11 The combination condition of steel slag after curing 3d as gelling material 

After 3d hydration reaction, there generated a part of C-S-H gel. At the mean time, most 

steel slag had not entirely hydrated. Almost generated gel packs around unhydrated steel slag 

particles. It can be seen in the above figure that there exists various kind morphologies 

surround the unhydrated steel slag. But is package is not very close. The hydrated slurry had a 

sparse structure. There existed a certain pore between particles. There remains to be further 

hydration of gelled material. The hydration process of gelled material was observed under the 

condition of 3000 times. It could be seen that after 3d hydration reaction, there existed a 

certain quantity of hydration products in the gelling material system. But there was a certain 

amount of unhydrated particles. 

7 Conclusions 

In this article, the converter furnace steel slag of Tangshan Xinbaotai steel mill was 

chosen as raw material. Coke was reducing agent and modification material was lime and 

bauxite. The steel slag was remelt and modified to get better performance. 

(1) 30% cement is replaced by remelt slag to prepare mortar test blocks. The 

compressive strength increases by 20% to 40% after curing for 3d; 29% mostly increases after 

7d; 100% can be reached after 28d. Hydration evolution of cement based composite 

cementitious materials can be promoted by steel slag. The hydration exothermic rate increases 



 

by 25% to 30%. The amount of chemically combined water is 1.13% more than cement after 

curing for 14d. 

(2) The cementitious properties of steel slag are improved to varying degrees with 1%, 

5%, 10%, 20% lime addition as calcareous modification material. 3d, 7d, 28d compressive 

strength of modified slag mixed with 5% lime increases by 62%, 42%, 22% respectively, 

which has basically reached the performance of cement. Through the modification process 

above, slag’s hydration evolution is promoted at the same time. When the slag is modified 

with 5% lime, hydration heat for 168h is increased approximately by 63%. 

(3) Remelt and modified slag with bauxite. Slag’s hydration process is promoted. The 

hydration rate of exothermic is significantly accelerated. The second exothermic peak appears 

21h earlier than original slag and the peak reaches 2.75×10-3w/g, who is increased by 63%. 

Compared to original slag, the 3d, 7d, 28d compressive strength of modified slag with 1% 

bauxite is increased by 34%, 23%, 9% respectively. 

The experiments showed that the slag modified with 5% coke and 5% lime has the best 

performance. The iron oxide content is decreased to less than 5%. The compressive strength 

of 3d, 7d, 28d are 28.8MPa, 40.0MPa, 52.5MPa respectively, which was basically reached the 

strength index of cement. 
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Abstract 

Influences of aliphatic water reducer, polycarboxylic superplasticizer and aliphatic-polycarboxylic 

compound water reducer on cement hydration and the adaptability of these water reducers to cement 

were investigated by TOC, infrared spectroscopy, chemical analysis and mortar fluidity test. In addition, 

the technology and economy of three kinds of water reducers was compared. Experimental results 

indicate that the aliphatic-polycarboxylic compound water reducer could strengthen the dispersion 

property and accelerate the formation of calcium sulphoaluminate by establishing the collaborative 

mechanism of electrostatic repulsion and steric hinder, so as to improve the adaptability between 

cement and water reducer and the fluidity of mortar. The technology and economy of 

aliphatic-polycarboxylic compound water reducer is superior than the other two admixtures. 

 

Originality 

The aliphatic-polycarboxylic compound water reducer improve the adaptability between cement and 

water reducer by establishing the collaborative mechanism of electrostatic repulsion and steric hinder. 

The aliphatic water reducer and polycarboxylic superplasticizer in mass fraction ratio of 2:1 can not 

only reduce the costs but also enlarge the market application space of polycarboxylic superplasticizer. 

 

Keywords: aliphatic water reducer, polycarboxylic superplaticizer, compound water reducer, cement 

hydration, adaptability 
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1. Introduction 
With the development of concrete technology, the components gradually trend to be 
diversified. Water reducers have already become the fifth essential component[1-3] in the 
modern concrete. The main action mechanism of naphthalene series and aliphatics, the 
condensational water reducers, is electrostatic repulsion. They are characterized with the 
mature production technology and widely applied into various fields. However, it is easy for 
naphthalene water reducer to generate such issues as great slump loss and increased 
shrinking percentage. And when the mixing amount is large, aliphatic water reducer is easy 
to produce bleeding phenomenon[4,5]. The main action mechanism of polycarboxylic 
superplasticizer, the copolymerization water reducer, is steric hindrance. It has such 
advantages as high water-reducing rate and good performance of molding. However, its cost 
is relatively high and performance stability is comparatively unfavorable. Moreover, the 
polycarboxylic superplasticizer is relatively sensitive to mixing amount and mud content in 
sand and stone[6].  

In a sense, the combined use of condensational water reducer and copolymerization water 

reducer is to recombine functional groups with different effects. The new compound water 

reducer has electrostatic repulsion function and steric hindrance function at the same time, 

supplementing each other, so as to obtain good integrated application effects. This is a simple, 

convenient and economical approach to meet the project needs. Through systematic analysis, 

this paper discusses relevant impacts of aliphatic-polycarboxylic compound water reducer on 

the cement hydration and the adaptability of such reducer to cement. It provides theoretical 

foundation and reference basis for development, research and engineering application of 

compound water reducer. 

2. Experimental 

2.1. Raw Materials 
Cement: P.II 52.5 Portland cement produced by Jiangnan-Onoda Cement Co., Ltd. The 
chemical components of the cement are shown in table 1. 

Tab. 1 Chemical components of cement (wt.%) 

CaO  2SiO  2 3Al O  2 3Fe O  MgO  3SO  2K O  2Na O  LOI  

64.5 22.04 4.76 3.1 0.92 1.9 -- -- 1.01 

Water reducer: The sulfate-compatible polycarboxylic superplasticizer (PCA) and aliphatic 
water reducer (SAF) are synthetized by ourselves. The compound mass fraction ratio of 
aliphatic water reducer and polycarboxylic superplasticizer is 2:1. 
Water: deionized water and tap water.  
Sand: standard sand. 

2.2. Experimental Process 

Measurement of adsorbing capacity: The adsorbing capacity of water reducer on cement 
surface was measured by total organic carbon (TOC) analyzer. 20g single-component water 
reducer (aliphatic water reducer and polycarboxylic superplasticizer) and 
aliphatic-polycarboxylic compound water reducer were prepared in different concentrations. 
The concentrations (%) of polycarboxylic superplasticizer were 1.5×10-2, 3×10-2, 6×10-2, 
0.12 and 0.15 respectively, and the concentrations (%) of aliphatic water reducer were 2 
times of polycarboxylic superplasticizer. The addition amount of cement was 2g. All tests 
were finished at the indoor temperature of 20℃. 
Infrared spectroscopic analysis: 1-2mg cement samples with different water reducers, 
hydrated for 15 minutes and 3days, were weighed respectively. The samples were mixed and 
ground with dry KBr powder, and then pressed into 1-2mm transparent slices in low vacuum, 
and used to map infrared absorption spectrum. 
Chemical analysis: The powder samples were put into conical flasks with plugs. The glycol 
was added and stirred for 2 hours at indoor temperature. The dissoluble parts were separated 
with a funnel and the rest were washed with methanol. The glycol–methanol (3:1) mixed 



liquor could be used to extract the total amount of Al2O3 in ettringite (AFt) and in calcium 
monosulfate aluminate hydrate (AFm), and the glycol–methanol (1:3) mixed liquor could be 
used to extract the total amount of Al2O3 in AFt. The filter liquor was poured into the flasks 
and heated. At the last, the dry samples were dissolved with (1+1) HCl. The content of Al2O3 

were measured by chemical analysis and then the contents of AFt and AFm in cement 
samples could be calculated. 
Mortar flowing property: 700g cement and 1400g sand were weighed and the water-binder 
ratio was 0.40. The corresponding amount single-component water reducer and compound 
water reducer were added into mortar. The time of mortar flowing out from V-shaped funnel 
with the volume as 1L were measured. 

3. Results and Discussion 

3.1. Adsorption–dispersion properties of water reducer on the surface of cement particles 

Many researchers have made numerous researches on the adsorption–dispersion properties of 

water reducers on the surface of cement particles. It is universally acknowledged that the 

adsorption of water reducers comply with Langmuir isothermal adsorption equation[7], and the 

reciprocal of adsorption equilibrium concentration of water reducer is in linear relations with 

the reciprocal of adsorbing capacity. The saturated adsorbing capacity of water reducer can be 

obtained by means of graphing method. The saturated adsorbing capacities of aliphatic water 

reducer, polycarboxylic superplasticizer and aliphatic-polycarboxylic compound water 

reducer on the surface of cement particles are respectively shown in table 2.  
Tab. 2 Adsorption equilibrium concentration and saturated adsorbing capacity of water reducer on 

the surface of cement particle 

Water reducer PCA SAF SAF-PCA 

Adsorption equilibrium 
concentration (wt%) 

0.008 0.100 0.039 

Adsorbing capacity (mg/g) 110 180 124 

According to table 2, it can be seen that the adsorption behaviors of water reducers on the 
surface of cement particles differ due to the different types of water reducers. The adsorption 
equilibrium concentration and the saturated adsorbing capacity of aliphatic water reducer are 
greater than these of polycarboxylic superplasticizer, which is mainly caused by the 
prostration absorption state with rigid chain of the condensational water reducer. The 
molecules of water reducer carry many sulfonic acid groups, mainly depending on the 
electrostatic repulsion function to change the distribution of charges on the surface of cement 
particles. However, the molecular skeleton of copolymerization water reducer is mainly 
composed of main chains and numerous branch chains, mainly depending on the steric 
hindrance function to make the cement particles disperse and stabilize.  
Both adsorption equilibrium concentration and saturated adsorbing capacity of 
aliphatic-polycarboxylic compound water reducer are less than these of aliphatic water 
reducer, which indicates that the compound mixture of aliphatic and polycarboxylic 
superplasticizer can improve the adsorption dispersing performance of water reducer. 
Although both aliphatic water reducer and polycarboxylic superplasticizer have comb-type 
molecular structures, the former has greater flexibility in terms of the main chain and is easy 
to be preferentially adsorbed on the surfaces of cement particles, so as to occupy the 
adsorption vacancies. However, the polycarboxylic superplasticizer, which is unabsorbed at 
first, gives the full play to the dispersive action on the surface of cement hydration products. 
Dispersion effects of aliphatic-polycarboxylic compound water reducer are improved 
through preferential adsorption and secondary adsorption in combination and establishing 
electrostatic repulsion and steric hindrance synergistic action mechanism.  

3.2. Infrared spectroscopy of cement hydration products 

Infrared absorption spectrums of the hydration of cement pastes without water reducer and 

mixed with different water reducers for 15 minutes and 3days are shown in the following 

figures.  



 
 

 
 

  
 
According to figure.1 –figure.4, weak Ca(OH)2 absorption peaks are seen in all cement 
samples after hydration for 15 minutes, which is caused by stretching vibration of OH-1. 
According to figure.5 –figure.8, the absorption peaks of Ca(OH)2 obviously intensify after 
cement hydration for 3 days. Wave numbers from1600 cm-1 to 1650 cm-1 belong to bending 
vibration of crystal water in sulfoaluminate hydration products, which can be used to 
represent the production of hydrated sulfoaluminate[8]. After hydration for 15 minutes, no 
wave numbers, from1600 cm-1 to 1650 cm-1, are seen in IR spectrograms of cement paste 
without water reducer and mixed with aliphatic water reducer. Wave numbers of 1630 cm-1 
and 1620 cm-1 can be respectively observed in IR spectrograms of cement paste mixed with 
polycarboxylic superplasticizer and aliphatic-polycarboxylic compound water reducer, 
which indicates that polycarboxylic superplasticizer and aliphatic -polycarboxylic compound 
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Figure.2 IR spectrogram of the hydration of 
cement paste mixed with PCA for 15 minutes 

Figure.1 IR spectrogram of the hydration of cement 
paste without water reducer for 15 minutes 

Figure.3 IR spectrogram of the hydration of 
cement paste mixed with SAF for 15 minutes 

Figure.4 IR spectrogram of the hydration of cement 
paste mixed with SAF-PCA for 15 minutes 

Figure.5 IR spectrogram of the hydration of 
cement paste without water reducer for 3 days 

Figure.6 IR spectrogram of the hydration of 
cement paste mixed with PCA for 3 days 



water reducer promote the formation of hydrated sulfoaluminate at the initial stage of cement 
hydration. 

 
 
In addition, it can be known that the absorption peaks with wave numbers between 920cm-1 
and 930cm-1 are seen in all cement samples after hydration for 15 minutes from figure.1 to 
figure.4, which indicates the existence of C3S. According to figure.5–figure.8, the 
aforementioned absorption peaks move toward high wave numbers after hydration for 3 days, 
which indicates the hydration of C2S. Thus, it can be known that all water reducers promote 
the hydration of calcium silicate.  

3.3. Quantitative analysis on ettringite and calcium monosulfate aluminate hydrate 

Ettringite and calcium monosulfate aluminate hydrate are the main hydration products of 
aluminum-phase minerals in cement. Besides the impacts of electrostatic repulsion and steric 
hindrance action mechanism of water reducers, the flowing property of cement paste is also 
correlated with hydration products generated at the initial stage of cement hydration. The 
chemical analysis method is used to calculate the contents of ettringite and calcium 
monosulfate aluminate hydrate in cement paste without and mixed with water reducers. 
Relevant results are shown in table 3.  

Tab.3 Quantitative analysis results of ettringite and calcium monosulfate aluminate hydrate in 
cement paste without and mixed with water reducers (wt.%)  

Hydration Products 
Hydration Time 

15min 3d 

 
AFt 

 

Blank 
PCA 
SAF 

SAF-PCA 

0.98 
1.26 
2.82 
3.03 

12.40 
14.02 
13.68 
13.85 

 
AFm 

 

Blank 
PCA 
SAF 

SAF-PCA 

0.36 
1.11 
1.23 
1.37 

3.15 
3.33 
3.25 
3.29 

According to table 3, after cement hydration for 15 minutes, the promotion function of 
aliphatic-polycarboxylic compound water reducer for the generation of ettringite and 
calcium monosulfate aluminate hydrate is superior to single component polycarboxylic 
superplasticizer and aliphatic water reducer, which indicates that 
condensational-copolymerization compound water reducer has superior promotion function 
in the initial stage of cement hydration by establishing electrostatic repulsion and steric 
hindrance synergistic action mechanism. The formation of hydrated sulfoaluminate is helpful 
for improving adaptability of cement and water reducer. After hydration for 3 days, the 
production of hydrated sulfoaluminate increases and the hydration promotion function of 
polycarboxylic superplasticizer for aluminum-phase minerals is superior with lengthening 
hydration time.  
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Figure.7 IR spectrogram of the hydration of 
cement paste with SAF for 3 days 

Figure.8 IR spectrogram of the hydration of 
cement paste with SAF-PCA for 3 days 



3.4. Flowing property of mortar 
The fluidity of cement paste is usually used to test the adaptability of cement and water 
reducer. However, existing researches indicate that it is of uncertainty to use the fluidity of 
cement paste to evaluate the adaptability of cement and water reducer[9]. Compared with 
cement paste, the test results of mortar are relatively consistent with that of concrete. 
Therefore, the adaptability of mortar and water reducer is evaluated by measuring the flow 
time of mortar in V-shaped funnel. The flow time of mortar without and mixed with water 
reducers is shown in table 4.  

Tab. 4 Flow time of mortar without and mixed with water reducers 

Type of water reducer Flow time (s) Remarks  

Blank —— Not fully flow 
PCA 13.44  

SAF 16.45 
A little a little mortar at both 

walls 
SAF-PCA 10.08  

According to table 4, the mixture of water reducer improves the flowing property of mortar. 
The flow time of mortar is successively shown as follows: the minimum for mortar mixed 
with aliphatic-polycarboxylic compound water reducer, followed by mortar mixed with 
polycarboxylic superplasticizer, and the maximum for mortar mixed with aliphatic water 
reducer with a little mortar at both walls of V-shaped funnel as well. It can be known by 
combining the analysis results in Section 3.3 that aliphatic-polycarboxylic compound water 
reducer improves the flowing property of mortar by improving the adaptability of cement 
and water reducer.  

3.5. Technology and economy of water reducers 

The technology and economy of three kinds of water reducers is shown in table 5, which is 
calculated according to equation 1. The relation is defined by  

W=
Cbp

a
                                                                (1) 

where W is the technology and economy of water reducer; a is the water reducing rate(%); C 
is the cement content(kg/m3); b is the dosage of water reducer(%); p is the price of water 
reducer(yuan/kg). 
                  Tab.5 Technology and Economy of Water Reducers 

Water reducer 
Dosage 

(%) 
Water reducing 

rate(%) 
Price 

(yuan/kg) 
W 

SAF 
(Solid content 20%) 

0.80 18 3.0 7.50 

PCA 
(Solid content 40%) 

0.60 30 7.0 7.14 

SAF-PCA 0.73 35 4.3 11.15 

It can be seen that the technology and economy of aliphatic-polycarboxylic compound water 
reducer is superior than single-component water reducer. The compound water reducer 
reduces the application costs of polycarboxylic superplasticizer and is provided with 
favorable economic benefits and market application prospects. 

4. Conclusions 

1.Adsorption equilibrium concentration and adsorbing capacity of aliphatic-polycarboxylic 

compound water reducer are less than these of aliphatic water reducer. Compound water 

reducer improves adsorption dispersing performance by establishing electrostatic repulsion 

and steric hindrance synergistic action mechanism. 

2.In the initial stage of cement hydration, aliphatic-polycarboxylic compound water reducer 
has superior function to promote cement hydration than single-component water reducer. 
The former accelerates the formation of hydrated sulfoaluminate, so as to improve the 
adaptability of cement and water reducer.  
3.The combined mixture of aliphatic and polycarboxylic superplasticizer can promote the 



flowing property of mortar mixture by improving the adaptability of cement and water 
reducer. 
4.The aliphatic-polycarboxylic compound water reducer in mass fraction ratio of 2:1 can not 
only reduce the costs but also enlarge the market application space of polycarboxylic 
superplasticizer. 
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Abstract 

In this paper, the cement  production pulverized coal combustion characteristics experiment was done 

respectively at 21%, 30%, 35%, 40% and 100% oxygen concentration, on this basis, the pulverized coal 

combustion kinetic parameters of different oxygen concentration was calculated based on the different reaction 

mechanism of integration of different functions. The results showed that: with the increase of oxygen 

concentration, pulverized coal combustion Thermal Gravity(TG)  curves moved to lower temperature zone, the 

maximum burning rate increased, and the ignition and burnout temperature significantly decreased, which 

caused ignition and combustion of pulverized coal  relatively easy. The control steps of coal combustion were 

probably chemical reaction.The coal combustion mechanism was possible chemical reactions, and with the 

increase of oxygen concentration, activation energy and pre-exponential factor increased. 

Key words：pulverized coal, oxygen concentration, combustion characteristics, kinetic 

 

0. Introduction 
As the main fuel for cement production process, the pulverized coal had a huge impact on the 
decomposition of raw material and clinker burning, so it was very important for cement plant to 
reduce fuel consumption in the premise of ensuring the quality of cement. As one of the latest energy-
saving technologies developed in last two decades,the Oxygen Enriched Combustion 
(OEC)technology could significantly improve the efficiency of coal combustion, with significant 
energy savings and environmental benefits, which was known as the "resource creative technology"  
(SU Jun-lin . et al., 2007), applied in metallurgy, glass and other industry, but it was in the research 
infancy in the cement industry applications. 
The research of pulverized coal combustion of different oxygen concentration was essential for the 
promotion of OEC technology in the cement industry, and the related research was less. ZONG 
Dian(ZONG Dian. et al., 2012)studied the coal combustion at different oxygen concentration 
conditions,but it lacked  further study from the perspective of coal combustion dynamics 
characteristics. Given the rapid development of OEC technology, it was very important for deep study 
of coal combustion characteristics under oxygen-enriched conditions, especially kinetic parameters, to 
promote OEC technology in the cement industry. 
In this paper, Thermal Gravity-Differential Scanning Calorimetry (TG-DSC) experiments of 
pulverized coal from a cement plant was done at different oxygen concentrations, the characteristics of 
pulverized coal combustion was analyzed ,and combustion dynamics parameters was calculated. 

1 Raw materials and test methods 

1.1 Raw materials 
The pulverized coal industry analysis and element analysis were shown in Tab.1 and Tab.2, which was 
from a cement plant. 

Tab1.pulverized coal industry analysis 

                                           
1 Corresponding author: ZHU Wen-shang, 13261384261@163.com, Tel +86-10-51167175, Fax +86-10-
65724831 



 

Mad(%) Vad(%) Aad(%) Fad(%) Qnet,ad(kJ/kg) 

1.00 29.00 22.60 47.40 25405.70 

Tab 2 pulverized coal element analysis 

Car(%) Har(%) Oar(%) Nar(%) Sar(%) War(%) 

60.52 3.71 9.83 1.19 0.93 1.25 

1.2 Test methods 
The thermal analysis method was widely used in combustion characteristic research recent years, 
which could be used for the pulverized coal combustion characteristics research, including ignition 
temperature, burning temperature, maximum rate of combustion etc.. The thermal analyzer collected 
test data in the experimental process in accordance with the computer program, recorded the coal 
sample weight and rate of heat release in the weight loss process, and then drew the TG curve and 
DSC curve. The TG curve indicated the sample quality varied with temperature, while the DSC curve 
was obtained by measuring the sample absorbing or releasing heat, according to the relationship 
between temperature and power difference of sample and reference material, indicating the sample 
endothermic or exothermic rate. The TG-DSC curve reflected the characteristics of pulverized coal 
reaction condition, the curve change process was the external performance of the whole reaction 
process, and the pulverized coal combustion characteristics could be obtained by analysis of the curve 
(ZONG Dian. et al., 2012). 
This experiment was carried out on the German Netzsch company's STA449F3 simultaneous thermal 
analyzer, in which the alumina flat crucible to facilitate gas diffusion of pulverized coal surface. The 
thermal analysis programs were as follows: the heating rate was 20  per minute, from room ℃
temperature to 1100 , the furnace atmosphere was nitrogen and oxygen mixed gas (180mL / min), ℃
the balance shield gas was nitrogen (20mL / min) and the oxygen concentration was 21%, 30%, 35%, 
40%and 100% respectively. 

2. Pulverized coal combustion characteristics results and analysis 

2.1 Pulverized coal combustion curve analysis 
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Fig.1 pulverized coal TG curve of different oxygen concentration 
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Fig.2 pulverized coal DSC curve of different oxygen concentration 

The pulverized coal combustion was an extremely complex process of physical and chemical changes.  
The oxygen concentration change directly affected the combustion reaction rate, and the higher 
reaction speed, the faster reaction exotherm thus ignited more flame ignition components, resulting in 
different combustion atmosphere curves under different reaction conditions. As seen from Fig. 1 and 
Fig. 2, the pulverized coal would firstly released moisture when heated, typically occurred before 
150 , and appeared weightlessness on the TG curve. As the temperature continued to rise, ℃
pulverized coal produced a slight weight increase phenomenon, and with the increase of oxygen 
concentration, coal weight increase phenomenon was more obvious. The reason was that the 
pulverized coal outer surface and the inner pore surface physically and chemically adsorbed oxygen, 
and this trend continued until the volatile began to precipitate. With a large number of volatile 
precipitation, coal began to produce weightlessness, TG curve marked decline into the main 
combustion reaction zone, in which pulverized coal burned the vast majority of combustible materials, 
and the DSC curve showed the heat release rate increased rapidly and reached  maximum value, which 
indicated the beginning of the ignition of pulverized coal combustion. The final stage was the 
pulverized coal burning ember stage, and the TG and DSC curves were basically flat. 

2.2 The influence of oxygen concentration on pulverized coal combustion peak temperature and 

maximum rate 
The maximum burn rate was the maximum value of the heat release rate during coal combustion, and 
that was the peak point of the DSC curve, which corresponded to the peak temperature. The influence 
of oxygen concentration on the pulverized coal peak temperature and maximum combustion rate were 
shown in Table 3. As could be seen, with the increase of oxygen concentration, coal combustion 
maximum rate increased, and the peak temperature firstly dropped then increased. When the oxygen 
concentration was 35%, the peak temperature was lowest to 468 , then with the oxygen ℃
concentration increased, the peak temperature increased, which may be due to with the increase of the 
oxygen concentration, the reaction was in advance, burn rate increased, and the maximum burning rate 
increased and shifted to lower temperature zone. The coal combustion was at best when the oxygen 
concentration was 35%, after more than that excess oxygen makes the increase of the burning intensity, 
the peak temperature increased. 

Tab.3 influence of oxygen concentration on peak temperature and maximum combustion rate  

oxygen concentration

（%） 
21 30 35 40 100 

peak temperature（℃） 505 483 468 472 527 
maximum combustion rate

（mW/mg） 
28 34 38 45 170 

2.3 The influence of oxygen concentration on the pulverized coal ignition temperature and burnout 

temperature 



 

The influence of oxygen concentration on the pulverized coal ignition temperature and burnout 
temperature reflected the degree of coal ignition difficulty, in engineering practice, ignition 
temperature was important for ignition and stable combustion of pulverized coal. Burnout temperature 
was the temperature of pulverized coal basically burnout, and the burnout temperature was lower 
indicated that the burning ember time was shorter, the more likely pulverized coal burn out, and the 
combustible carbon residue amount remained less (ZONG Dian. et al., 2012). 
There were several ways to determine the pulverized coal ignition temperature and burnout 
temperature, and we use the TG-DSC method (Han Ya-fen. et al., 2007). A vertical line was draw 
through the DSC curve peak and intersected at one point with TG curves, a tangent was draw through 
TG curve at that point, which had a intersection with parallel of the weight loss began, the 
corresponding temperature was defined as the ignition temperature Ti.The corresponding temperature 
of intersection with parallel lines of weightlessness basically ended was defined as the burnout 
temperature Tb, and the specific drawing method was shown in Figure 3. The influence of oxygen 
concentration changes on ignition temperature and burnout temperature were shown in Table 4. As 
could be seen, with the increase of oxygen concentration, coal burning ember ignition temperature and 
burnout temperature showed a downward trend. The burnout temperature declined greater than the 
ignition temperature, indicating that the oxygen concentration could complete the combustion of 
pulverized coal at a lower temperature zone (Han Ya-fen. et al., 2007), while its burning time would 
be shortened, which had a large impact on complete combustion of pulverized coal, that was, with the 
increase of the oxygen concentration, the conditions of stable combustion of pulverized coal could 
satisfy at lower temperatures. 
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Fig.3 determination of ignition temperature and burnout temperature 

Tab.4 influence of oxygen concentration on ignition temperature and burnout temperature 

oxygen concentration

（%） 
21 30 35 40 100 

ignition temperature

（℃） 
439 421 410 400 390 

burnout temperature

（℃） 
595 590 580 550 520 

3. Pulverized coal combustion kinetics parameter calculation 

3.1 The kinetic parameters calculation methods and processes(GAO Zheng-yang. et al., 

2007,WANG Jun-jie. et al., 2013) 
It was generally believed that the coal combustion process comprised devolatilization and combustion 
as well as combustion of coke, the former was only about 10% of the total coal burning time, while 
90% of the time was the combustion of coke. Meanwhile, volatile deposition and combustion and coke 
combustion was carried out continuously, wherein the portion of the reaction process was also 
performed simultaneously. In TGA experiments, pulverized coal combustion process belonged to the 
slow heating and ignition stage as a combustion reaction may be considered to belong to the power 
zone, so in the ignition phase the reaction rate was controlled by kinetic factors. Pulverized coal 
combustion rate equation could be expressed as: 

 



 

( )G Kt             （1） 

0T T t           （2） 

Assuming the reaction rate constant and the apparent activation energy, pre-exponential factor 
followed Arrhenius law, namely, 

0 exp( )
E

K k
RT
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Pulverized combustible matter decomposition degree was 
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In which, 
( )G   was the integral form of pulverized coal combustion mechanism functions; 

 t was the reaction time; 
 K was the reaction rate constant;  
T was the reaction temperature;  

0T was the initial temperature;  
E was the apparent activation energy;  

0k was the pre-exponential factor;  
R was the gas constant reaction ;  

0m was the initial sample mass;  
m∞ for the final quality of the sample.  
Suppose in coal combustion process, the control steps were chemical reaction or diffusion, seven kinds 
of mechanisms function were listed below and their integral form to characterize the mechanism of 
coal combustion reactions. 

Tab.5 reaction mechanism function  

No. mechanism function 
integral form 

( )G   
No. mechanism function integral form ( )G   

1 
chemical reaction 

reaction order 
21 (1 ) 

 
5 

single-step random 
nucleation and 

growth 
ln(1 ) 

 

2 
phase boundary 

reaction 
contraction cylinder 

1

21 (1 ) 
 

6 
Three-dimensional 

diffusion of spherical 
symmetry 

1
23(1 (1 ) ) 

 

3 
phase boundary 

reaction 
contraction sphere 

1

31 (1 ) 
 

7 
spherical diffusion 

Kuenstlinger equation 

2

3
2

1 (1 )
3
   

 

4 
chemical reaction 

reaction order 

1

41 (1 ) 
 

   

 

The apparent activation energy E and pre-exponential factor 0k
was calculated as follows: 

The formula (2) and (3) were substituted into equation (1) and collated, 
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Both sides of the logarithmic, 
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Based on thermal analysis data of pulverized coal (time, temperature and the corresponding quality, 
data not shown), α was calculated according to the formula(4), and then respectively substituting into 



 

seven kinds of mechanism functions to calculate the G (α), plotting T use 0

( )
ln

G

T T

 



�

 to obtain a straight 

line, and the slope and the y-intercept of the line were
E

R T
 and 0ln k  respectively,  the pre-exponential 

factor 0k and the activation energy E could be obtained respectively by the reaction, and the 
mechanism of the combustion reaction of pulverized coal was determined according to the principle of 
the maximum correlation coefficient. 

3.2 The results and analysis 
Tab.6 different kinetic constant reaction mechanism function of 21%oxygen concentration  

No. activation energy E/（J·mol-1） pre-exponential factor 0k
/min-1 correlation coefficient R 

1 18086  2.41 0.99904 
2 43009  33.78  0.99100 
3 44992  32.46  0.98950 
4 48584  43.82  0.99059 
5 56664  699.24  0.99063 
6 143860  24397714.06  0.99462 
7 130849  2623447.89  0.98994 

Tab.7 different kinetic constant reaction mechanism function of 30%oxygen concentration  

No. activation energy E/（J·mol-1） pre-exponential factor 0k
/min-1 correlation coefficient R 

1 19207  3.46 0.9948 
2 36656  23.78 0.96373 
3 43567  41.68  0.97805 
4 47318  58.56  0.98237 
5 57888  1394.09  0.98876 
6 129534  6452640.60  0.98958 
7 113946  451350.74  0.98679 

Tab.8 different kinetic constant reaction mechanism function of 35%oxygen concentration  

No. activation energy E/（J·mol-1） pre-exponential factor 0k
/min-1 correlation coefficient R 

1 19929  4.48 0.99578 
2 9902  6.36  0.97483 
3 10733  2.56  0.92559 
4 14973  1.70  0.95647 
5 29064  24.78  0.98262 
6 73628  2186.37  0.99162 
7 52016  58.56  0.98118 

Tab.9 different kinetic constant reaction mechanism function of 40%oxygen concentration  

No. activation energy E/（J·mol-1） pre-exponential factor 0k
/min-1 correlation coefficient R 

1 23733  19.69 0.99586 
2 43978  50.40  0.97565 
3 48173  74.44  0.97786 
4 51246  94.63  0.97964 
5 59295  1571.84  0.98048 
6 156927  447863922.58  0.99234 
7 144885  52693359.51  0.98813 

Tab.10 different kinetic constant reaction mechanism function of 100%oxygen concentration  

No. activation energy E/（J·mol-1） pre-exponential factor 0k
/min-1 correlation coefficient R 

1 36582  1450.99  0.99913 
2 30724  6.42  0.98915 
3 33095  6.62  0.99065 
4 34302  6.11  0.99121 
5 38011  47.94  0.9923 
6 149309  95058210.12  0.98327 
7 140373  32281342.83  0.98011 

The Tab. 6 to Tab. 10 were coal combustion function activation energy and pre-exponential factor 
calculated under different oxygen concentrations through different reaction mechanism. As could be 
seen from the tables, under the oxygen concentration of 21%, 30%, 35%, 40% and 100%, the 



 

correlation coefficient R of function 1 which was  chemical reaction mechanism of the reaction order  
was biggest, so the control steps of coal combustion were probably chemical reactioncoal combustion 
reaction mechanism most may be  chemical reaction ranther than diffusion. 
In addition, with the increase of oxygen concentration, activation energy and pre-exponential factor 
increased may be due to the oxygen concentration increased, coal fired more rapidly after the fire 
began to burn rapidly and emitted a lot of heat in a short time, accelerated temperature rise, while the 
greater the activation energy of the reaction was, the more sensitive to temperature, the collision 
frequency factor became larger, in the same concentration of molecules, there were more collisions 
and more rapid reaction. As could be seen from DSC curve of coal combustion, with oxygen 
concentration increasing, DSC curve getting steeper, indicating that combustion reaction became more 
and more rapid, the activation energy increases illustrate the enhancement of pulverized coal reaction 
intensity. This coal combustion reaction was consistent with the laws derived by Han Ya-fen(Han Ya-
fen. et al., 2007). 

4. Conclusions 
(1) With the increase of the oxygen concentration, coal combustion TG curve moved to lower 
temperature zone, the maximum burning rate increased, the ignition temperature and burnout 
temperatures decreased significantly, and coal ignited relatively easily. 
(2)The coal combustion mechanism control steps of coal combustion were probably chemical reaction 
was probably chemical reaction, and with the increase of oxygen concentration, activation energy and 
pre-exponential factor increased. 
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Retarding Effect of Organic Molecules on Tricalcium Silicate Hydration 
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Abstract 
This study attempts to estimate the relation between the adsorption of the molecules on calcium silicate hydrates 
(C-S-H) and their ions complexation on their retarding effect on tricalcium silicate hydration. The molecules 
mainly differ by their stereochemistry, functionality and charge. A set of small polyols with and without ending 
carboxylate group (D-mannitol, D-glucitol, D-gluconate) and amines with functionalized carboxylate and 
phosphonate groups (EDTA, EDTMP…) was studied. The calcium complexation constants were determined by 
simulating the pH, calcium and molecules concentrations at equilibrium with solid portlandite which were 
experimentally measured. The adsorption of the organics was measured on synthetic C-S-H with the depletion 
method. The increase of the calcium and silicon concentrations of the solution at equilibrium with C-S-H in 
presence of the additives was studied in terms of complexation. It results that all these retarding molecules 
complex calcium ions in solution and adsorb on synthetic C-S-H to different extents. They are particularly 
sensitive to calcium counter-ions present at the surface of C-S-H at high Ca/Si. Some of the organic compounds 
also complex silicate ions. The results point out that the retardation induced by the presence of the molecules on 
tricalcium silicate hydration is not only function of their calcium complexing abilities or of their affinity with C-
S-H. 
 
Originality 
With the diversity of existing cements and the increasing levels of Supplementary Cementing Materials of 
Portland cement in modern concrete, the current limited knowledge on the interactions between chemical 
admixtures and mineral phases and their influence on the hydration mechanisms of cement phases represents a 
real limitation in the development of new products with improved properties. This study intends to contribute to 
fill this knowledge gap by focusing on the nature of the interactions between small organic molecules and 
cement phases and their effects on cement hydration kinetics.  
  
Keywords: adsorption, complexation, hydration, kinetic, tricalcium silicate.    
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 1.  Introduction 
 
 Many chemical admixtures are commonly used in manufactures to retard cement hydration or 
to act as cement dispersing agents. The latter called plasticizers or superplasticizers are also known to 
retard cement hydration to different extents which can be more or less desirable depending on the 
practical application (Collepardi, 1996, Pourchet, et al., 2007, Gu, et al., 1994). Different authors have 
studied the mechanisms responsible of the retarding effect generated by different molecules on cement 
hydration. Some of them suggest an adsorption of the molecules on  calcium  silicate hydrates  
(abbreviated  C-S-H) which  are  the hydration  products  of  the  main  phase of cement called 
tricalcium silicate (C3S), (Young, 1972, Thomas, et al., 1983, Zhang, et al., 2010). The effect of a 
possible complexation between the admixtures and calcium and/or silicon ions is also proposed 
(Milestone, 1979, Wilding, et al., 1984). Although much have been published, the mechanisms by 
which additives retard cement hydration are still not clearly understood and limit the development of 
admixtures with specific and controlled properties. Hence, this study focuses on understanding both 
the effects of the adsorption of additives on synthetic C-S-H and the effects of calcium and silicon ion 
complexation with the molecules on C3S retardation. The impact of the stereochemistry and of the 
ionic groups carried by the molecules on these effects is investigated. 
 The retardation induced by small organic molecules on the hydration of pure C3S is first 
compared. Secondly, the ability of these molecules to complex calcium ions is identified. Then, the 
adsorption isotherms of organics on C-S-H and their aqueous calcium and silicon complexations are 
studied. Finally, this study attempts to estimate the relation between the adsorption on C-S-H and the 
aqueous calcium and/or silicon complexation and the retarding effect induced by the molecules. 
 
2.  Experimental procedures 
 
2.1. Materials  
 Pure triclinic C3S was obtained from Mineral Research Processing. Its grain size distribution 
was determined in ethanol by light scattering (Mastersizer 2000, Malvern Instruments) and is reported 
in Table 1.  
 
 

Table 1: Grain size distribution of C3S. 

Sample D[4,3] a (µm) D[3,2] b (µm) Ssa c (m2/g) 

C3S 7,68 3,80 0,49 

a D[4,3]: the volume mean diameter of particles 
b D[3,2]: the surface mean diameter of particles 
c Ssa=6/(ρC3S . D[3,2]) when considering an homogeneous density of particles with the size, spherical 
particles and ρC3S=3.21 g/cm3. 
 The water used for the preparation of the pastes, suspensions and solutions was both distilled 
and deionised. The molecules studied were D-glucitol (≥98%), D-mannitol (≥98%) from Sigma 
Aldrich, sodium gluconate (≥98%) from Merck, all as a powder form, sodium salts of ethylenediamine 
tetraacetic acid (EDTA, 32.9 %bw), 2-hydroxyethyl ethylenediamine tri(methylenephosphonic acid) 
(HEDTMP, 25.9 %bw) and ethylenediamine tetra(methylene phosphonic acid) (EDTMP, 26.1 %bw) 
from Bozzetto as aqueous solution form. The chemical structures of the different molecules are shown 
in Table 2 . 

 
 
 
. 
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Table 2: Chemical structures of the molecules studied. 

D-glucitol D-mannitol D-gluconate EDTA HEDTMP EDTMP 

   

 

 

 
 
 

 

   
 Calcium oxide used in the different experiments was obtained after decarbonation of calcium 
carbonate (98.5-100 %, VWR AnalaR NORMAPUR) at 1000 °C for 24 h. Stock suspensions of C-S-
H were synthesized by mixing calcium oxide, aerosil silica (Evonik) and water. The proportions of 
calcium oxide, aerosil silica were chosen in order to obtain Ca/Si equal to 0.80 and 1.58 and the 
Liquid to Solid ratio (L/S) was 20. These stock suspensions were stirred for a month at 23°C, which is 
long enough to reach equilibrium (Haas, et al., 2015).  
 
2.2. Methods 
 
 All the experiments cited below were performed at 23 °C. 

 
Isothermal calorimetry: 

Hydration of C3S in presence of the different molecules was monitored by isothermal calorimetry 
(TAM AIR). The mixing protocol was as follow: 1 g of C3S was put in a plastic ampoule and mixed 
with 0,4 mL of organics in water (L/S=0,4) at 3200 rpm for 2 minutes with a stirrer. After mixing, the 
ampoules were capped and inserted in the calorimeter. 
 
 Organic compounds at equilibrium with C-S-H in suspension: 
Parts of stock suspensions of C-S-H were put in Nalgene tubes (10mL). The admixtures were added in 
the suspensions to fix the initial concentration of molecule.  
 

Additives at equilibrium with saturated calcium hydroxide suspensions:  
Calcium oxide was added to 3 mL of aqueous solutions containing the different molecules (50, 100 
and 150 mmol/L) in Nalgene tubes. The amount of calcium oxide was high enough to be in excess in 
such a way that the saturated solution is buffered by solid calcium hydroxide. 
 
 These different tubes containing molecules equilibrating with C-S-H or calcium hydroxide 
were kept closed to avoid carbonation and shaken a day (120 rpm) after which the equilibrium is 
reached. Then, the samples were centrifuged at 9000 rpm for 5 min. Finally, the supernatants were 
filtered with a 0.20 µm syringe filter (PTFE, VWR). The pH of the different filtered solutions was 
measured with a pH meter (Consort C931, Schott Instruments electrode). 
 The possible adsorption of the additives on calcium hydroxide or C-S-H is measured by using 
the depletion method. The non adsorbed portion of molecules remaining in the solution at equilibrium 
with calcium hydroxide or C-S-H was measured by analyzing the Total Organic Carbon (Shimadzu 
TOC analyser VCPN) of this solution. In parallel with the adsorption measurements of the molecules on 
solid phases, the total concentrations of ions in solutions at equilibrium were measured by Inductively 
Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES).  
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3.  Results and discussions 
 
3.1. Effect of the structural and chemical parameters of organic molecules on the kinetics of C3S 
hydration 
 
 In the range of concentration studied (0-13 mmol/L), the presence of the different organics in 
C3S pastes induces a retarding effect on the hydration but does not change the slope of the calorimetric 
curves during the acceleration period as it can be observed in Figure 1 when sugar alcohols and a 
sugar acid are used for example. 
 

0 250 500 750 1000 1250 1500 1750 2000

0

1

2

3

4

5

6

7

8

9

10

H
e
a

t 
flo

w
 (

m
W

/g
 o

f 
C

3
S

)

Time (min)

 Reference
 7,50 mmo/L of D-glucitol
 7,50 mmol/L of D-mannitol
 3,75 mmol/L of D-gluconate

 
Figure 1: Calorimetric curves followed during the hydration of C3S in presence of two sugar alcohols and a sugar 

acid, L/S=0.4. 
 
 Hence, the retardation induced by the molecules is calculated as the difference in time 
between the maximum peaks of heat flow ending the acceleration period of the calorimetric curve of 
the samples with molecules and of the reference without additive. The ability of the molecules to delay 
the hydration of C3S is identified by comparing the retardation generated by the organic compounds as 
a function of their initial concentration (Figure 2-a) or charge concentration (Figure 2-b). 
 
 As far as D-glucitol and D-mannitol are concerned, even though they have the same chemical 
formula C6H14O6, these sugar alcohols induce different retarding effects on the hydration of C3S pastes, 
Figure 2-a. D-glucitol induces a higher retardation on the hydration of C3S than D-mannitol. A similar 
effect was also seen by Zhang who studied the setting time of C3S pastes in presence of D-sorbitol (D-
glucitol) and D-mannitol (Zhang, et al., 2010). Hence, the stereochemistry of the alcohol groups of 
these hexitols plays a role on their retarding effect. The comparison between the retarding effect 
imparted by D-glucitol and its corresponding mono-carboxylate showed a longer C3S hydration delay 
in the presence of an ending carboxylate group,  Figure 2-a. 
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a)                                            b) 

 
 
Figure 2: Retardation of C3S hydration a) as a function of the initial concentration of the different molecules, b) 

as the function of the charge concentration for three charged molecules, L/S=0,4. 

 
 The retarding effects induced by charged molecules carrying different main chain or ending 
chemical functionalities (sugar acid, amines with functionalized carboxylate or phosphonate groups) 
are compared as a function of their charge concentration, Figure 2-b. For a fix concentration of charge, 
the tri-phosphonate HEDTMP retards more C3S hydration than the tetra-phosphonate EDTMP and the 
tetra-carboxylate EDTA. Moreover, it can be observed that the delay generated by D-gluconate is 
higher than the one led by a charge carried by amines with functionalized phosphonate groups, Figure 
2-b. As a summary, the retardation generated by charged molecules does not follow a unique master 
curve as a function of the charge concentration: sugar alcohol > amino phosphonate > amino 
carboxylate. Consequently, the retarding effect of charged molecules is not controlled by their charge. 
This idea is reinforced by the fact that sugar alcohols which are non-charged molecules still delay the 
hydration of C3S. 
 
3.2. Complex formation between calcium ions and organics 
 
 The measurement of the pH, of the total calcium and molecules concentrations in equilibrium 
with solid portlandite allows us to determine the complex formation equilibria between calcium ions 
and the molecules and their associated constant. A decrease of the molecule content in the equilibrium 
solution with portlandite is only observed in presence of D-gluconate and tetra-phosphonate. 
Calculations have been made with the speciation software PHREEQC. The composition of the calcium 
complex and its associated formation constant were adjusted until the experimental data and the 
calculated values showed a good agreement. Although several complex forms are in equilibrium, only 
one preponderant species was considered. The different calcium complexes of the molecules studied 
and their stability constant are listed in Table 3.  
 

 
 
 
 

0 2 4 6 8 10 12

0

250

500

750

1000

1250

1500  EDTMP
 HEDTMP
 EDTA
 D-gluconate
 D-glucitol
 D-mannitol

R
e

ta
rd

a
ti
o

n
 o

f 
C

3
S

 h
y
d

ra
ti
o

n
 (

m
in

)

[molecule] (mmol/L)

0 5 10 15 20 25 30 35 40 45 50 55

0

250

500

750

1000

1250

1500
 EDTMP
 HEDTMP
 EDTA
 D-gluconate

R
e

ta
rd

a
ti
o

n
 o

f 
C

3
S

 h
y
d

ra
ti
o

n
 (

m
in

)

[charge] (mmol/L)



 6 

Table 3: Description of the calcium complexes and of their stability constant ((X) is the activity of X). 

Molecules Complexes Stability constants Definitions Log K 

D-mannitol [CaM2OH]+ K1 (CaM2OH+)/((Ca2+)(M)(OH-)) 3.8 

D-glucitol [CaM2OH]+ K2 (CaM2OH+)/((Ca2+)(M)(OH-)) 4.3 

D-gluconate [Ca2M(OH)3]
0 K3 (Ca2M(OH)3)/((Ca2+)2(M-)(OH-)3) 9.4 

EDTA [CaM]2- K4 (CaM2-)/((Ca2+)(M4-)) 5.6 

HEDTMP [Ca3M]0 K5 (Ca3M)/((Ca2+)3(M6-)) 15.5 

EDTMP [Ca4M]0 K6 (Ca4M)/((Ca2+)4(M8-)) 20.5 

 
 It can be observed that the molecules with polyol chains such as D-mannitol, D-glucitol and 
D-gluconate form hydroxy calcium complexes whereas the amines with functionalized phosphonic or 
carboxylic do not.  
  
 Thanks to the complexation constants calculated with PHREEQC, the total concentration of 
calcium ions complexed by the different molecules as a function of their total concentration at 
equilibrium were computed and are compared in Figure 3. Amines with funtionalized phosphonates 
groups have the highest calcium complexing power and are followed by the sugar acid and the 
carboxylate substituted amines. Sugar alcohols show the lower aqueous calcium complexation but 
they have different complexing power depending on the stereochemistry of their OH groups: D-
glucitol is a stronger calcium chelating agent than D-mannitol. 
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Figure 3: Concentration of complexed calcium ions as a function of the concentration of the molecules at 

equilibrium with saturated portlandite. 
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3.3. Interaction between the molecules and synthetic C-S-H with low and high Ca/Si 
 
 The adsorption and complexing powers of the molecules were studied by analyzing the 
concentrations of molecules and ions in the solution at equilibrium with C-S-H. 
 
3.3.1. Ions complexations 
 
Figure 4 presents the evolution of the total concentrations of calcium and silicon in the solution at 
equilibrium with C-S-H at Ca/Si=1.58. For all the molecules, the total calcium concentration increases 
with the molecules concentration revealing their calcium complexation. As far as the silicon 
concentration is concerned, it increases very slightly in the case of aldols and EDTA but is enhanced 
in presence of amino-phosphonates. For tri-phosphonate, the silicon concentration passes through a 
maximum.  D-gluconate induces a higher silicon concentration than the other polyols studied. 
 

a)                                            b) 

  
 

Figure 4: Evolution of the total concentrations of a) calcium b) silicon ions in presence of the different molecules 
at equilibrium with C-S-H (Ca/Si=1.58). 

 
 In order to identify if the different molecules also complex silicate ions, the composition of the 
solution at equilibrium with C-S-H at Ca/Si=1.58 was simulated by only using the equilibria and the 
complex formation constant between calcium ions in solution and the organics described in Table 2. 
This simulation uses a program modelling the solubility and stoichiometry of C-S-H phases with 
PHREEQC code. The simulated concentration of silicon ions is lower than the experimental one for all 
the molecules studied except for EDTA and D-mannitol, Figure 5-a). Hence, we can conclude that D-
mannitol and EDTA do not or slightly complex silicate whereas the other molecules definitely 
complex silicate ions to different extent. Amino-phosphonates are the best silicate complexing 
molecules followed by D-gluconate and D-glucitol. 
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a)                                            b) 

 
 

Figure 5: Comparison between the experimentally measured and simulated total silicon concentration in the 
solutions at equilibrium with C-S-H at Ca/Si=1.58 in presence of the different molecules. 

 
 
3.3.2. Adsorption of the molecules on C-S-H 

 
The adsorption of the molecules on C-S-H is described as the ratio of the amount of molecules 

adsorbed to the amount of silicon composing C-S-H particles in suspension at equilibrium. This 
amount of silicon gives a measure of the amount of C-S-H in suspension.  From the initial amount of 
silicon and water which are known and from the analysis of the solution at equilibrium with C-S-H, 
the amount of silicon composing C-S-H particles in presence of different concentrations of the 
organics is determined by this simple equation (Eq(1)): 
 
Eq(1) [Si]C-S-H = [Si]initial – [Si]tot eq at 1 day 
 
 
Figure 6 and Figure 7 show the average measurements of two replicates of the adsorption on C-S-H of 
polyols and substituted amines respectively. The error bars represent the standard deviation of the 
mean. The adsorption isotherms of polyols on C-S-H with Ca/Si=1.58, Figure 6-a) and Ca/Si=0.80 
(Figure 6-b) show that the sugar acid anion D-gluconate is more adsorbing on C-S-H than its 
corresponding sugar alcohol D-glucitol. The presence of the ending carboxylate function seems to 
facilitate the adsorption of polyols on C-S-H. Moreover, D-glucitol adsorbs slightly more on C-S-H 
with Ca/Si=1.58 than one of its stereoisomer D-mannitol (Figure 6-a).  
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a)                                            b) 

 
 

Figure 6: Adsorption isotherms of sugar alcohols and a sugar acid on C-S-H with a) Ca/Si=1.58 and b) 
Ca/Si=0.80, L/S=20. 

 

a)                                            b) 

 
 

Figure 7: Adsorption isotherms of amines with functionalized carboxylate or phosphonate groups on C-S-H  
with a) Ca/Si=1.58 and b) Ca/Si=0.80, L/S=20. 

  
Concerning amines with functionalized carboxylate or phosphonate groups, EDTA have a lower 
adsorption on both C-S-H than HEDTMP, Figure 7. Amino-phosphonates do not have a Langmuir 
type of adsorption isotherm on the two types of C-S-H given that the adsorption of the molecules 
reaches a maximum (Figure 7) and then decreases instead of reaching a plateau. For all the additives 
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studied here, the affinity of the molecules with C-S-H at Ca/Si=1.58 (Figure 6-a and Figure 7-a) is 
higher than on C-S-H with Ca/Si=0.80 (Figure 6-b and Figure 7-b).  
 
3.4. Retarding effect: relation with the adsorption of the molecules on C-S-H and their ions 
complexing power 
  
 The common point of the retarding additives studied is that they all complex calcium ions in 
solution and that they have a stronger interaction with C-S-H at high Ca/Si where calcium counter-
ions are present.  
 

To understand the effect of these interactions on the kinetics of C3S hydration, the retarding 
effect induced by the additives is compared to their aqueous calcium complexing power in Figure 8-a) 
and to their affinity with C-S-H in Figure 8-b). The calcium complexing power of the molecules is 
described as being the amount of calcium ions complexed per molecule present in solution and equals 
to the slope of the linear regression of the curves presented in Figure 3. As far as the affinity is 
concerned, it is defined as being the slope of the linear part of the adsorption isotherm of the 
molecules on C-S-H with Ca/Si=1.58, Figure 6-a) and Figure 7-a). One can realize that the molecules 
which have an important aqueous calcium complexation or affinity with C-S-H induce an important 
retarding effect on C3S hydration but there is no master curve describing the two graphs. Hence, this 
delay is not only function of the calcium complexing abilities of the molecules or of their affinity with 
C-S-H. In Figure 8-a), a linear master curve can be supposed to describe the evolution of the 
retardation depending on the calcium complexing powers of the molecules. It reveals that two points 
do not fit this master curve: one concerns EDTA which is below the curve and the other one concerns 
HEDTMP which is above. It is important to note that these two molecules have extremely different 
silicon complexing abilities: EDTA does not or slightly form complex with silicon whereas HEDTMP 
has a strong complexation with silicon. The silicate complexation is also assumed to play a role on the 
retarding effect induced by the molecules. 

 
a)                                            b) 

 
 

Figure 8: Retardation of the hydration of C3S induced by the organics as a function of a) their calcium 
complexing power and b) their affinity with C-S-H (Ca/Si=1.58). 
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4. Conclusions 
 

The retarding effects of different molecules with different stereochemistry, functionality and 
charge on the hydration of C3S pastes were compared. The retarding effect led by organics on C3S 
hydration has been compared to their affinity with C-S-H and to their aqueous calcium complexing 
power. All the additives studied complex calcium ions in solution and adsorb on C-S-H. They all are 
sensitive to calcium counter-ions present at the surface of C-S-H with high Ca/Si. The adsorption of 
the additives on C-S-H is then supposed to occur by a complexation with calcium at its surface. Except 
D-mannitol and EDTA, the molecules studied also complex silicon ions to different extent and amino-
phosphonates are found to be the best silicon complexing molecules. 

It was showed that the retarding effect induced by organic compounds does not only depend 
on their affinity with C-S-H or on their calcium complexing power. The presence of aqueous silicate 
complexes observed in presence of different molecules is also assumed to participate to their retarding 
effect.  
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Abstract 
The rheological behavior of fresh Portland cement (PC) pastes with different chemical and potential mineralogical 
compositions was analyzed alone and when blended with siliceous mineral additions: silica fume, diatomite and quartz, 
which had a SiO2 content of over 90%. The replacement ratios used were 20 and 40% for mineral additions quartz and 
diatomite, and 5 and 15% for silica fume, all by Portland cement weight. Trials were conducted during latent hydration 
at 25 ºC and were designed to find the most significant thixotropical behavior of all fresh cement pastes. The findings 
showed that the shear stress in every fresh paste was observed to rise with C3S (%) content of the PC and hence with a 
decrease in its Na2Oeq.(%) content, which actually proved to be the key determinant for apparent viscosity of both fresh 
PC pastes. Further, then, to the potential mineralogical composition of the two Portland cements and therefore to the 
nature and development of the hydration products formed, the PC with higher C3A (%) content, i.e., the one with the 
higher Na2Oeq.(%) content, performed best in the rheological study, as logical. The siliceous mineral additions were 
likewise observed to affect fresh paste rheology with both types of PC, depending, firstly, on whether or not they were 
pozzolanic, and secondly, on their morphology and particle size and the type of PC. Thus, they were observed to 
stimulate Portland cement hydration differently: directly and non-directly or, if they were very pozzolanic, indirectly 
above all. In addition, depending of the mineral addition deemed, dilution also had a direct and inevitable effect on the 
rheological properties of their fresh pastes. 
 
Originality 
At present, the technology of concrete studies a great number of topics just as: solution of segregation and exudation 
problems, capacitance of convexity, development of SSC concrete... In all they, the cement paste composition very 
important for these in the cohesion of concrete components. The inclusion of mineral additions has a greater or lesser 
impact depending on the nature and chemical character, morphology, particle size and replacement ratio of the addition, 
as well the type of Portland cement (PC), the length of the latent period and the properties of the resulting fresh paste. 
One such property, fluidity, is very important for fresh concrete, mortar or paste mixing, shipping, placement and 
consolidation. Fluidity may be assessed with rheometric trials to determine, for instance, shear strength or stress (σ) by 
varying the rotational speed. Stress also depends on the type of PC, type of mineral addition and replacement ratio, as 
well as on the temperature, water:cement ratio and acceleration/deceleration cycles applied. The resulting flow curves 
provide a measure of fluidity. In this study, the parameters defined to analyze the variables involved and the effect of 
pozzolanic or non-pozzolanic mineral additions on the apparent viscosity of each fresh paste during cement hydration 
latency.  
 
Keywords: rheology, fresh pastes, pozzolanic and non-pozzolanic mineral additions, hydration stimulus 
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1. Introduction 
Cement hydration reactions begin from the time the material comes into contact with water, initiating 
a period during which the respective fresh concrete, mortar or paste can be suitably mixed, poured and 
consolidated, also known as the “open time”. That period lasts until the reactions evolve enough for 
the material to start setting, after which it should be allowed to rest until setting is completed and 
mechanical strength begins to develop. That interval, known as the “latent period”, is readily identified 
by calorimetric monitoring of the heat released (García-Maté, M., et al, 2012; Husson S., et al, 1992; 
Rahhal V., Talero R., 2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009; Uchikawa H., 1980; 
Uchikawa H., et al, 1986). Such trials have been and continue to be used to analyse cement type, 
composition, fineness, hydration temperature, the effect of active mineral additions and their 
replacement ratios, fineness, reactivity and chemical nature. 

The inclusion of mineral additions has a greater or lesser impact depending on the nature and chemical 
character, morphology, particle size and replacement ratio of the addition, as well the type of Portland 
cement (PC), the length of the latent period and the properties of the resulting fresh paste (García-
Maté, M., et al, 2012; Husson S., et al, 1992; Rahhal V., Talero R., 2005; Rahhal V., et al, 2012; 
Talero R., Rahhal V., 2009; Uchikawa H., 1980; Uchikawa H., et al, 1986). One such property, 
fluidity, is very important for fresh concrete, mortar or paste mixing, casting, placement and 
consolidation. Fluidity may be assessed with rheometric trials to determine, for instance, shear 
strength or stress (σ) by varying the rotational speed. Stress also depends on the type of PC, type of 
mineral addition and replacement ratio, as well as on the temperature, water:cement ratio and 
acceleration/deceleration cycles applied. The resulting flow curves provide a measure of fluidity 
(Bombled J.P., 1970, 1974; Caufin B., Papo A., 1984; Chen, J.J., Kwan, A.K.H., 2012; El Barrak, M., 
et al, 2009; Martínez de la Cuesta P. J., et al, 2000; Miranda J., et al, 2000; Nanthagopalan P., et al, 
2008; Nunes, S., et al, 2011; Pedrajas C., et al, 2014; Talero R., et al, 2013). In this study, the 
parameters defined to analyse the variables involved and the effect of pozzolanic or non-pozzolanic 
mineral additions on the apparent viscosity of each fresh paste during cement hydration latency were 
as follows: 
- the type of cycle to be applied, on the grounds of the largest possible area of hysteresis 

characteristic of paste thixotropicity (Talero R., et al, 2013),  
- the responses obtained in Portland cements with different potential mineralogy (Chen, J.J., Kwan, 

A.K.H., 2012; El Barrak, M., et al, 2009; Nunes, S., et al, 2011; Pedrajas C., et al, 2014)  
- their rheological behaviour in the presence of the following additions:  

i) siliceous crystalline mineral additions α-quartz type or filler (non-pozzolanic), ground to 
cement fineness (Rahhal V., et al, 2012), and 

ii) mineral additions siliceous in nature as well, according to ASTM C 618-95 standard, but 
pozzolanic with silicic chemical character, according to Talero (Talero R., 1986): diatoms and 
silica.  

2. Materials and Methodology 
The potential mineralogical composition, density and specific surface of the two Portland cements (PC) 
(EN 197-1 Standard, 2011; Instrucción para la Recepción de Cementos RC-08, 2008) are given in 
Table 1. Distilled mixing water was used throughout. As the two PCs exhibited similar fineness, the 
difference in their density could be partially attributed to their mineralogical composition.  

All three mineral additions used had a SiO2 content of over 90% (ASTM C 311 Standard, 1997). The 
completely crystalline quartz (Q) (Figure 1) (ASTM C 778-92) (ASTM C 778-92a Standard, 1992) 
was ground to a size which ≤20% of the material passed through a No. 325 sieve in a wet sieving 
process (mesh size 45 µm (ASTM C 595M Standard, 1995). The other two, diatom (D) and silica 
fume (SF), had very different morphologies and particle sizes (Talero R., 2012a) and therefore very 
different pozzolanicity (Talero R., 2012a). For that reason and given the differences in their vitreous 
contents as determined by X-ray diffraction (Figs. 2 and 3), their reactive silica content, SiO2

r– was 
determined (UNE 80-225 Standard, 2012) (Table 2). SiO2

r– can be defined as a hydraulic factor of 
pozzolan which can react with CaO in an aqueous medium to form C-S-H gel. In addition, their 



 

pozzolanicity were determinated by Frattini test (Frattini N., 1949). The key chemical and physical 
characteristics of the three mineral additions are given in Table 2, and the pozzolanicities of D and SF 
in Table 3. In this Table 3, the non-pozzolanicity of Q filler can be seen as well.  

Table 1. Physical-chemical characteristics of Portland cements 

                     Portland cement 

 
Components  
(Bogue) and Physical,  
Chemical characteristics  

PC1 PC2 

C3S       (%)  51 79 

C2S        (%) 16 2 

C3A       (%) 14 0 

C4AF     (%)  5 10 

Na2Oeq. (%) 1.24 0.56 

Density 3.08 3.21 

Spec. surf. (m2/kg) 319 301 

The replacement ratios used were 20 and 40% for mineral additions Q and D, and 5 and 15% for SF, 
all by Portland cement mass. Only the blended cements which contained D and SF additions were 
labelled POZC cements. The water demand for normal consistency and initial and final setting times 
determined in accordance with EN 196-3 standard (EN 196-3 Standard, 2012) for the cements studied 
are given in Table 4.  

The rheological trials were conducted on a rotational rheometer fitted with a profiled rotor blade with 
serrated surface (Ri=19,010 mm; h=55 mm), a profiled cylinder, a temperature control unit for coaxial 
cylinders and a circulation thermostat (Puertas F., et al, 2014). After analysing the effect of varying the 
aforementioned parameters, a scheme was designed with 10-second intervals, three velocities and 
down ramping preceeding up ramping which made the evolution of cement pastes became the biggest 
hysteresis loop (thixotropic behaviour). The Doherty-Hurd method was proposed which is based in a 
reconstruction-destruction of the structure. A continuous variation of shear rate between a maximum 
and minimum value was applied, assuming at the maximum, the structure is close to destroyed and at 
the minimum is not rebuilt (Albertazzi A., Rastelli E., 1997). 

Table 2 Physical-chemical characteristics of mineral additions 

                      Addition  

Physical/chemical 

parameter 

Q D HS 

SiO2 (% )  

SiO2
r- (%)  

99.9 

---- 

91.8 

89.2 

92.0 

88.5 

Na2Oeq. (%) 

Density 

0.00 

2.70 

1.58 

2.59 

0.00 

2.10 

Blaine Spec. Surf. (m2/kg). 395 ---- ---- 

BET (m2/kg) ---- 720 22100 

Daily moisture adsorption (%) 0.41 0.04 5.59 

A control shear rate test (or CR test) was chosen for every case. The scheme designed (Figure 4) was 
as follows: 10” from 0 to 45 rad/sec; 30” at 45; 10” from 45 to 27; 10” at 9; 10” from 9 to 0; 10” rest; 
10” sec from 0 to 9; 10” from 9 to 27; 10” at 27; 10” from 27 to 45; 30” at 45 and 10” from 45 to 0. 
Trials were conducted during latent hydration at 25 ºC because the viscosity of these materials is 
strongly dependent on the shear rate applied and on the degree of hydration of the cement paste, so 



 

this experimental scheme minimizes the different cement hydration rate influence (Pedrajas C., 2015; 
Pedrajas C., et al, 2014; Talero R., et al, 2013; Vance K., et al, 2015). 

Table 3: Pozzolanicity of the cements used  

*Water needed for normal consistency; 2* w/b = water:binder ratio; 3* not determined, unnecessary  
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Figure 1 Quartz (filler Q) 

diffractogram 
 Figure 2 Diatomite (D) 

diffractogram 
 

 Figure 3:Silica fume (SF) 
diffractogram 

 
Table 4 Physical-chemical characteristics of PC1 and PC2 blended with mineral additions Q, D and SF  

* (mM/l)          
2* Initial age, not common to all cements  
 3* The representative point of the pair of values in boldface type lies in the Ca(OH)2 sub-saturation region in an alkaline solution (= + result)  

For the rheometric trials, the samples were hydrated at a water:binder (cement + mineral addition) 
ratio of 0.5 for Q, 0.75 and 1.00 for D and 0.5625 and 0.6875 for SF. The fresh pastes were mixed 
manually for 2 minutes in a porcelain, were stored in water bath at 25C until they were tested and 

                     Cement 

Physical parameter 

PC1 
100/00 

PC1/Q 
80/20 

PC1/Q 
60/40 

PC1/D 
80/20 

PC1/D 
60/40 

PC1/HS 
95/05 

PC1/HS 
85/15 

Water demand* (w/b2*) 0.31 0.32 0.32 0.54 0.90 0.33 0.41 

Setting start time (h:min) 3:20 2:45 3:15 3:45 4:30 2:25 1:00 

Setting end time (h:min) 5:10 4:30 4:45 5:40 n.d.3* 4:25 4:00 

                       Cement 

Physical parameter 

PC2 
100/00 

PC2/Q 
80/20 

PC2/Q 
60/40 

PC2/D 
80/20 

PC2/D 
60/40 

PC2/HS 
95/05 

PC2/HS 
85/15 

Water demand* (w/b2*) 0.28 0.29 0.30 0.54 0.86 0.32 0.40 

Setting start time (h:min) 4:30 5:05 5:00 6:50 7:20 5:35 4:10 

Setting end time (h:min) 6:15 7:00 8:00 9:00 10:00 8:40 9:10 

AGE 
[OH-

]* 
[CaO]

* 
[OH-] [CaO] [OH-] [CaO] [OH-] [CaO] [OH-] [CaO] [OH-] [CaO] [OH-] [CaO

] PC1 PC1/Q 80/20 PC1/Q 60/40 PC1/D 80/20 PC1/D 60/40 PC1/HS 95/05 PC1/HS 85/15 

20 minutes 40.0 39.5 33.0 35.4 23.0 31.8 26.0 37.4 23.0 29.6 27.5 38.6 25.5 36.8 

60 minutes 42.5 34.7 37.5 33.9 31.5 30.1 29.0 34.5 25.0 30.2 31.0 33.0 31.3 32.7 

1st minim.* 42.8 31.9 40.0 33.8 38.0 32.3 34.5 33.2 32.5 33.7 35.0 31.9 44.5 32.4 

2nd peak 2* 50.0 12.5 40.0 18.0 43.0 25.0 53.5 14.0 50.0 20.0 42.0 16.3 45.0 18.8 

1 day 66.5 8.7 60.0 10.2 54.0 11.7 62.3 9.9 56.5 10.7 70.0 10.0 59.83* 6.73* 

AGE PC2 PC2/Q 80/20 PC2/Q 60/40 PC2/D 80/20 PC2/D 60/40 PC2/HS 95/05 PC2/HS 85/15 

20 minutes 24.5 49.2 30.00 50.0 29.5 43.5 37.8 46.7 37.50 43.4 31.3 44.4 34.00 41.9 
60 minutes 29.5 43.4 36.00 44.7 35.0 42.9 43.3 42.2 41.25 42.4 36.5 42.0 37.75 40.1 

1st minim.2* 31.5 41.1 42.50 39.4 30.5 42.5 40.0 41.3 40.00 41.3 39.3 39.6 37.75 39.8 

2nd peak2* 39.0 33.1 41.1 29.0 36.2 31.0 42.2 28.3 42.5 16.5 43.0 28.1 37.0 22.5 
1 day 42.8 28.3 41.0 28.1 40.3 24.8 43.3 25.2 42.75 22.7 43.3 27.3 37.00 21.0 
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Cr C → Cristobalite Cr → Cristobalite 
CS → Silicon carbure 

Q → Quartz 



 

poured into the viscometer annulus. Test times were made to concur with the hydration latency period. 
The latency period was determined with prior calorimetric trials (Rahhal V., Talero R., 2005; Rahhal V., 
et al, 2012; Talero R., Rahhal V., 2009). The heat release rates observed are listed in Tables 5 and 6 for 
the Portland cement PC1 and PC2 mix families, respectively. X-ray diffraction was applied to identify 
the hydrated and unhydrated compounds present in the resulting pastes, likewise during hydration 
latency. 

Lastly, a second series of pastes, identical to the ones tested, were prepared to explain the rheometric 
findings. All these pastes were hydrated at a temperature of 25C until the beginning of the hydration 
latency period, when a small sample of each was analysed with differential scanning calorimetry (DSC) 
on a SETARAM Labsys thermal analyser. The samples were set in platinum crucibles and the 
TG/DSC curves were recorded at temperatures of 25-950ºC, with a ramping rate of 50C/min under an 
air flow of 10 mL/min. 

 

Figure 4: Rotational speed sequence 

3. Results and Discussion 
3.1. Previous Tests  
As expected, PC1 had a higher water demand than PC2, given its greater capacity to form 
sulfoaluminates and calcium aluminate hydrates, which have substantial amounts of chemically 
combined water. 

Moreover, the water demand for normal consistency remained practically unaltered in both cements 
after Q was added. That may be due, in part, to the low moisture in quartz (see Table 2) as well as to 
its lack of pozzolanic or hydraulic activity. The setting times changed, however, depending on the 
percentage of Portland cement replaced. In PC1 both the initial and final times were shortened, while 
both were lengthened in PC2. The former was indisputably due to direct (Rahhal V., Talero R., 2005; 
Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and non-direct (Rahhal V., et al, 2012) hydration 
stimulation by Q and the considerable C3A content in the PC1 fraction in the blend, as well as to the 
respective C3S content, although to a much lesser extent. That setting times in PC2 (with a high –79% 
– C3S content and nil C3A content) were retarded more with rising replacement ratios (see Table 4) 
was proof of the physical dilution induced. 

In contrast, when pozzolanic additions D and SF were added, water demand rose with replacement 
ratio. This may have been partially attributable to their small particle size and partially also to the 
peculiar morphology of these particles: hollow, vitreous sheathes known as frustules in pozzolan D, 
and hollow, vitreous very small spheres in SF (see in Table 2 that their respective BET specific surface 
is very high). 

Both, but particularly D, would require more water to moisten their entire outer surface and fill their 
hollows completely via capillary suction (see Table 4) (Talero R., 2012a). The initial portlandite 
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concentration in the liquid phase would at the same time be diluted to sub-saturation levels before any 
significant pozzolanic activity could take place, as observed in POZC P1/D 60/40. Such circumstances 
should have slowed the pozzolanic reactions (Table 3), lengthening paste setting times substantially 
(see Table 4). In contrast, the setting times for the SF-containing cement blends should have been 
shortened in PC1 and lengthened in PC2. The behaviour would be qualitatively the same as observed 
for addition Q, but more intense in nearly all cases (since SF would develop substantial early 
pozzolanicity (Table 3). 

Moreover, with a rising SF replacement ratio, the times shortened even further, with the exception of 
the end setting time for POZC PC2/SF/85/15, which was longer. That finding nonetheless confirmed 
that the high, early and speedy pozzolanicity (Table 3) was a primary cause of the direct (Rahhal V., 
Talero R., 2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009), non-direct (Rahhal V., et al, 2012) 
and especially indirect, albeit brief, hydration stimulation that should have been induced in the pastes 
in the first 16 hours (Talero R., Rahhal V., 2009, Talero R., 2011), especially in PC1, given its high 
C3A content (14%). In the absence of C3A, i.e., in PC2, indirect stimulation in particular would have 
been insufficient because the content tricalcium aluminate was essentially nil. Nonetheless, C4AF 
(about 10%) hydration should have been stimulated (Rahhal V., et al, 2010), although that phase is 
known to affect setting times much less than C3A. This premise was supported in the present study by 
the fact that the final setting time was also lengthened in POZC PC2/SF 85/15, as it was in the non-
pozzolanic (wholly crystalline) Q-blend pastes. The inference, then, is that, from the point of 
viewpoint of hydration heat released only, in the first 16 hours of hydration, such extraordinary 
pozzolanic activity in SF (as a result of the addition's very high –88.5%– SiO2

r– content and very high 
BET specific surface – 22100 m2/kg–) was more specific than generic, as in the case of the Al2O3

r– in 
metakaolin at all ages (Talero R., Rahhal V., 2009; Talero R., 2011) (see paragraph 3 of section 3.2.3 
below for a fuller discussion). Later, as hydration progressed, the same result was attained via non- or 
anti-specific hydration (Talero R., Rahhal V., 2009; Talero R., 2011) because it was not only hindered, 
but over time prevented in suitable amounts for each OPC, regardless of whether hydration involved 
gypsum (with sulfates) (Talero R., 2011), or with NaCl or neither (Talero R., Rahhal V., 2009). And 
now, to study the rheological behaviour of its fresh pastes is needed to determine whether the 
extraordinary SF´s pozzolanic activity is also more specific than generic or not. 

Note also that when Q was added to PC1, the pH in the liquid phase of the pastes (found with the 
Frattini test (Frattini N., 1949) at 25C) decreased as the replacement ratio rose (Table 5), revealing the 
aforementioned physical dilution effect generated in PC1 and its Na2Oeq. content. That translated into 
the decrease in the [OH–] in the portlandite generated after initial hydration at all Frattini test ages and 
in all except one, the downturn was steeper with rising Q in the blend. This was not the case, however, 
of the respective [CaO], which also decreased but only in the first 20 to 60 minutes and in the first 
trough, rising thereafter, although proportionally in the last two ages only. This further supported the 
fact that in terms of this chemical parameter, after the first trough direct and non-direct stimulation of 
hydration prevailed over dilution (see Table 3).When pozzolanic D and SF were added, however, the 
pH values rose with the replacement ratio. This proved: 

(a) their siliceous nature, as in Q, plus their clearly silicic chemistry character (Talero R., 1986) and 
hence pozzolanicity, for none had a pH higher than the liquid phase of the pure PC1 paste, with 
the exception of paste POZC PC1/SF 85/15, a finding that showed  

(b) that direct (Rahhal V., Talero R., 2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and 
non-direct (Rahhal V., et al, 2012) stimulation of the 85% PC1 fraction in the blend must have 
exceeded the indirect pathway (Talero R., Rahhal V., 2009) (due, as mentioned, to the high, 
speedy and early pozzolanicity developed by the 15% SF fraction at the age of 110 min. (Table 
3)); and that since this pozzolan cement completed the Frattini test at the age of 1 day, before that 
age it must have been working toward that result, for the [CaO] in its liquid phase decreased over 
time: see Table 3. 

When pozzolan D was added to PC2, the pH values decreased with rising replacement ratios, in 



 

contrast to behaviour in PC1, although they rose with the ratios when SF was the addition. That 
showed that both pozzolans stimulated hydration in Portland cements with a high C3A content more 
effectively than in PCs with a high C3S content. In other words, the former phase was more prone to 
be hydrated more fully and swiftly than the latter and, logically, than C2S or C4AF. When the addition 
was pozzolan D, during the early ages, dilution must have prevailed over direct (Rahhal V., Talero R., 
2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and non-direct (Rahhal V., et al, 2012) 
stimulation (see Table 3) as the replacement percentage rose, whereas with SF the opposite was 
observed, for the reason discussed above: its very early and speedy pozzolanic activity, thanks to 
which POZC PC1/HS 85/15 completed the Frattini test after just 1 day (see Table 3).  

In PC2, when Q was the mineral addition used, the pH rose slightly with a 20% replacement ratio but 
decreased with 40%, thereby revealing, again:  
iii) that hydration was stimulated directly] (Rahhal V., Talero R., 2005; Rahhal V., et al, 2012; Talero 

R., Rahhal V., 2009) and non-directly (Rahhal V., et al, 2012) when the ratio was 20%, and 
iv) that as in PC1, when the ratio was 40%, dilution effect prevailed in the cement and consequently in 

the portlandite generated after initial hydration.  

All the foregoing was verified by the Frattini test findings for all the pastes analysed (Table 3). 

3.2.Rheological results 
Figure 4 shows the cycle applied to each fresh paste. Points A1, B1, C1, C2, A2, B2 and C3 obtained 
from each curve are labelled on the graph. Yield stress parameter values were determinated too, but 
these shear stress points were chosen to try to find the best way to explain the dynamic behavior of 
cement pastes and predict the mixing and application processes. In fact, the yield stress values were 
also adjusted with the model thay provides a better regression, in this case was Casson ecuation (ec. 1) 
(Albertazzi A., Rastelli E., 1997; Pedrajas C., 2015; Vance K., et al, 2015), that can be seen in Table 5 
and Table 6. Also, Figures 5, 7 and 9 plot shear stress versus shear rate for pure PC1 fresh paste and 
the blends containing Q, D and SF, while Figures 6, 8 and 10 plot the same parameters for PC2 and its 
blends. 
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The singular points labelled in Figure 4 were obtained from Figures 5 to 10: all the values for the PC1 
family of fresh pastes are given in Table 5, while the results for PC2 and its blends are listed in Table 6. 
These Tables also include a column showing the age (or latent period) of each fresh paste when tested, 
along with a column with the pH of the liquid phase found with the Frattini test (Frattini N., 1949), 
conducted at 25C. 

3.2.1 Comparison of Portland cements PC1 and PC2 
After 120 minutes of hydration, fresh paste PC1 reached a shear stress at point A1, i.e., after the first 10 
seconds of rotation at 45 rad/s, of 91.91 Pa. At point B1, after 30” of constant rotation, stress decreased 
sharply, to nearly 38 Pa (thixotropic behaviour). When the rotor blade was stopped completely (point 
C1), the shear stress remaining in the paste was 11.48 Pa. After a 10-second pause, the paste recovered 
part of its shear strength (point C2), which rose to 12.30 Pa. At point A2, however, shear strength was 
approximately just half the value recorded at point A1, while at point B2, where the stimulus was the 
same as in point B1, strength dropped by only 15% with respect to point B1.  

This means that in their initial plastic state in the liquid phase, the fresh paste particles, which should 
have been affected by the external force of gravity only, were nonetheless set in motion up to a 
rotational speed of 45 rad/s at point A1, while the rheometer torque was in place up to point C1. At 
point C2 the shear stress rose by 0.82 Pa over point C1 value. Nonetheless, the particles in the fresh 
paste and its liquid phase must not have been the same at point C2 as when the paste was placed in the 
rheometer. Rather, new hydration products must have formed, particularly from C4AF and C3A origin 
(calcium aluminate hydrates) and from C2S and C3S origin (CSH gels, in addition to the portlandite in 



 

the liquid phase up to the supersaturation level, see Table 3). The resulting viscosity sufficed to lower 
shear stress by approximately 50% when the fresh paste was subjected to the same controlled rate of 
45 rad/s at point A2, while subsequently, at point B2 where the stimulus was the same as at B1, stress 
dipped by a mere 15%. Lastly, at the end of the test, i.e., at point C3, the remaining shear was similar 
to the value recorded at point C1. The foregoing showed, in short, the high degree of thixotropic 
recovery in fresh paste PC1. 
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Figure 5: Rheological behaviour in fresh PC1 paste 
with and without filler Q (80/20 and 60/40) 

Figure 6: Rheological behaviour in fresh PC2 paste 
with and without filler Q (80/20 and 60/40) 
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Figure 7: Rheological behaviour in fresh PC1 paste 
with and without pozzolan D (80/20 and 60/40) 

Figure 8: Rheological behaviour in fresh PC2 paste 
with and without pozzolan D (80/20 and 60/40) 
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Figure 9: Rheological behaviour in fresh PC1 paste 
with and without pozzolan SF (95/05 and 85/15) 

Figure 10: Rheological behaviour in fresh PC2 paste 
with and without pozzolan SF (95/05 and 85/15) 

In fresh PC2 paste, after 100 minutes of hydration, the shear stress at point A1 (after the first 10 
seconds of the rheological trial, when the rotational speed was 45 rad/s) came to 162.5 Pa. In this case, 
the shear stress was much higher than in PC1, due firstly to the lower Na2Oeq. content (0.4 compared 
to 1.5% – see Table 1 (Chen, J.J., Kwan, A.K.H., 2012; Pedrajas C., et al, 2014; Talero R., et al, 2013) 



 

and hence lower liquid phase pH: 12.35 compared to 12.38, as shown in Tables 5 and 6, respectively. 
And this in spite of that the proportions of usual and less usual hydration products (especially slow-
forming ettringite, ett-fl, with its hexagonal prismatic needles and rosettes (Talero R., 2011) and AFm 
with its hexagonal plates) generated must have varied widely between the two Portland cements (their 
presence was unfavourable for fresh paste rotational movement in any event, particularly in PC1, 
which generated larger amounts of such ett-fl and AFm) because their potential mineral composition 
likewise differed (see Table 1 and the diffractograms in Figures 11 and 12). Similarly, after fresh PC2 
paste was rotated at a constant rate up to point B1, its shear strength decreased by nearly 87 Pa 
(thixotropic behaviour). In both PC1 and PC2, shear strength decreased by around one half of the 
value reached at points A1. The findings for the two fresh pastes can be summarised as follows. 

v) When the rotor blade stopped completely at point C1, the shear stress remaining in fresh PC2 paste 
was 13.44 Pa, although with a clear tendency to decrease over time, slipping to 12.04 Pa at point C2. 
Under the same circumstances, the shear stress in fresh PC1 paste rose from 11.48 Pa at point C1 to 
12.30 Pa at point C2. 

vi) When the rotor was started up again, at point A2 the shear stress of the fresh paste PC2 was 
approximately only one quarter lower than at point A1, while in fresh PC1 paste the shear stress at 
A2 was around half of the A1 value. 

vii) At point B2, where the stimulus was the same as at point B1, the shear stress in fresh PC2 paste 
dropped by 45%, whereas in fresh PC1 paste stress decreased by a mere 15%. 

In other words, in fresh PC1 and PC2 pastes, other characteristics in addition to their rheological 
behaviour differed, namely: 

(a) their mineralogical compositions (Table 1)  
(b) their Na2Oeq (%) contents (Table 1)  
(c) their Frattini test results at all ages (Table 3) 
(d) their water demand for normal consistency (Table 4) 
(e) their setting times (Table 4) 
(f) the amount and type of hydration products generated when controlled rate rheological tests were 

conducted (Figures 11, 12, 13 and 14). 

These six differences must, then, necessarily explain the first three in one way or another. The 
explanation must lie either in the higher C3A and Na2Oeq. contents (%) in PC1, the higher C3S content 
(%) in PC2 or any combination of the three. Nonetheless, the higher hydration rate of C3A must have 
always played a lead role. Hence that fresh paste’s “settability”, with the resulting rotational 
consequences observed. 

Further to above hypothesis, differential scanning calorimetry (DSC) confirmed that the early age 
chemical reactions leading to the respective hydration products in Portland cements PC1 and PC2 also 
differed. 

An analysis of the TG/DSC and TG/dTG curves in the temperature range 110-150C (Figures 13 and 
14), i.e., when water was released from the interlayers of the less crystalline CSH gel, jennite and 
some of the tobermorite (Ramachandrad,V.S., et al, 2002), as well as from the calcium sulfoaluminate 
hydrates (AFm and AFt) (Ramachandrad,V.S., et al, 2002), showed that the heat flow in that range 
(DSC (W/g)) was greater in PC1 than in PC2. This was attributable to the large amounts of slow-
forming ettringite (ett-lf (Talero R., 2011) and AFm forming, which dehydrated and decomposed at the 
aforementioned temperatures. As noted earlier, since those compounds call for greater amounts of 
hydration water, the heat flow resulting from thermal treatment is necessarily greater in their presence. 
That hypothesis was supported by the fact that at the peak heat flow in the temperature range, the mass 
loss in the CSH gel interlayers (Ramachandrad,V.S., et al, 2002) in PC1 amounted to 21% of the total 
initial mass (m0), whereas in paste PC2, the loss was necessarily greater, at 24.5% (Figures 11, 12, 13 
and 14). 

Furthermore, their respective TG/dTG curves in that range also showed a higher rate of mass loss in 



 

the latter. The inference is that the amount of CSH gel formed in PC2 at that age was much greater 
than in paste PC1. In addition, an analysis of the same TG/dTG curves at a temperature of  450C 
showed that the mass loss in the samples due to the water released as a result of portlandite 
dehydroxylation (Ramachandrad,V.S., et al, 2002) was much greater in paste PC2, for much more 
portlandite (Ca(OH)2) formed after hydration  due to the substantially higher C3S content 79% (Table 
3). Further substantiation was observed after 800C, when more portlandite was lost due to calcite, 
vaterite and aragonite (phases formed by Ca(OH)2 carbonation with the CO2 in the air) decomposition, 
as likewise denoted by the progressive m observed after 400C (Figure 14). 

Table 5 Shear stress at singular points for PC1 paste and its family of blended cements (with Q, D and SF) 

Cement pH* w/b 
ratio2* 

Age3* 

(min.) 
Yield 

Stress (Pa) 
Shear stress (Pa) 

PC1 100/00 12.38 0.50 120 71.98 91.91 54.07 11.48 12.30 47.20 46.15 11.35 

PC1/Q 80/20 12.18 0.50 100 34.34 78.50 55.34 12.81 13.90 36.97 34.77 12.76 

PC1/Q 60/40 11.98 0.50 125 41.42 122.7 74.48 15.09 13.60 48.06 44.98 13.75 

PC1/D 80/20 12.31 0.75 110 95.64 106.7 65.34 10.76 10.13 60.21 55.23 9.30 

PC1/D 60/40 12.35 1.00 165 25.83 45.62 30.99 3.27 3.72 38.52 36.74 4.10 

PC1/HS95/05 12.33 0.56 100 71.83 114 71.34 25.27 27.24 47.86 45.22 22.4 

PC1/HS85/15 12.41 0.68 110 97.11 180.3 97.25 53.78 65.56 60.16 56.06 39.2 

* Determined on liquid phase of the Frattini test [28] at 25 C, during hydration latency3*  

2* w/b = water/binder ratio 

Table 6  Shear stress at singular points for PC2 paste and its family of blended cements (with Q, D and SF)  

Cement pH* w/b 
ratio2* 

Age3* 

(min.) 
Yield 

Stress (Pa) 
Shear stress (Pa) 

PC2  100/00 12.35 0.50 100 40.32 162.5 75.78 13.44 12.04 46.15 42.87 12.83 

PC2/Q 80/20 12.37 0.50 180 38.93 138.7 77.92 12.99 12.77 48.77 45.19 10.58 

PC2/Q 60/40 12.24 0.50 95 26.10 119.4 74.46 11.19 11.30 47.37 44.77 11.36 

PC2/D  80/20 12.32 0.75 125 67.16 59.31 28.27 2.92 3.56 27.49 26.82 3.53 

PC2/D  60/40 12.28 1.00 160 64.67 51.63 32.89 2.19 3.10 34.39 31.83 2.32 

PC2/HS 95/05 12.46 0.56 160 86.74 164.5 97.7 25.96 25.81 51.27 45.54 18.13 

PC2/HS 85/15 12.51 0.68 155 185.64 209.9 122.6 55.50 61.37 62.85 55.13 34.91 

* Determined on liquid phase of the Frattini test [28] at 25 C, during hydration latency3*  

2* w/b = water/binder ratio 

3.2.2 Comparative study of Portland cements PC1 and PC2 with mineral addition Q 
When Q was added to PC1, shear strength rose at most of the singular points and where that was the 
case, the effect intensified when the replacement ratio was raised to 40%. That increase in the apparent 
viscosity of the fresh paste was attributable to the larger number of (crystalline and hence non-
pozzolanic and non-hydraulic) Q particles present, which must have diluted PC1 physically and with it 
its initial Na2Oeq. Content (Table 2). In addition, PC1 hydration was stimulated directly (Rahhal V., 
Talero R., 2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and non-directly (Rahhal V., et al, 
2012) as a result of the larger number of Q particles, giving rise to hydration products typical of PC1 
such as slow-forming ettringite (ett-fl, hexagonal prismatic needles and rosettes, (Talero R., 2011)) and 
AFm (hexagonal plates), which would have likewise lowered fresh paste fluidity. The greater the 
amount of the two salts formed, which would be proportional to the larger amount of hydration water 
available to the PC1 in the blend (in this case, PC1 60/40), the steeper would be the decrease. 
Nonetheless, an analysis of the TG/DSC and TG/dTG curves for that paste (Figures 13 and 14) 



 

showed that the dTG curve shifted to higher temperatures than observed for pure PC1, more 
specifically to around 250C, at which temperature the water in the calcium sulfoaluminate hydrates 
(AFm and Aft) was released [0]. Furthermore, the peak dTG at that temperature constituted an 
absolute maximum, an indication that the mass lost in the sample at that temperature was greater than 
in the pure PC1 paste as a result of the aforementioned direct (Rahhal V., Talero R., 2005; Rahhal V., 
et al, 2012; Talero R., Rahhal V., 2009) and non-direct (Rahhal V., et al, 2012) stimulation induced by 
the quartz, whose presence in the mix was likewise observed in the form of a peak at 575 C, the result 
of its α ↔ β transformation (Mackenzie R.C., 1957). 

That said, in these fresh pastes the effects of both forms of stimulation must have been countered by 
the physical dilution of the PC1 by the Q. That would go hand-in-hand with the chemical dilution in 
the liquid phase of the fresh paste, and with it of the portlandite and Na2Oeq generated during initial 
PC1 paste hydration (see Table 3). The inevitable result originated was the greater fresh paste viscosity. 
Both assertions, in particular the former, are supported on the following rheological grounds. 

viii) This hypothesis should be more clearly verified for the fresh PC1/Q pastes with a replacement 
ratio of 40% (the shear stress was greater than for pure PC1 at six of a total of seven singular points) 
than when a 20-% ratio was used (where it was greater in only four of the seven singular points), as 
observed in this study, see Table 5. Conversely, in PC2/Q, verification should logically be more 
visible with a 20% ratio. 

ix) After the 10 second pause, the two fresh PC1/Q pastes (the 80/20 and 60/40, blends) should exhibit 
higher shear stress at point C2 than pure PC1 (Table 5), whereas in the PC2 blends, stress should be 
higher only in the 80/20 blend.  

x) The shear stress values at points C1 and C2 in the two fresh cement blends pastes should be 
oppositional. 

xi) The shear stress at point C3 in the fresh pastes of the PC1/Q blends should be greater than in pure 
PC1 and grow with the replacement ratio. In contrast, it should be lower in PC2/Q than in pure PC2.  

All of the foregoing was borne out in this study (see Tables 5 and 6), and further confirmed by the 
TG/dTG findings for 110 – 250C.   

xii) In paste PC1/Q 60/40, which its mass loss (the water loss from moisture origin, the water loss 
from the interlayers in the less crystalline CSH gel (Ramachandrad,V.S., et al, 2002) and the water 
loss in the calcium sulfoaluminate hydrates (Ramachandrad,V.S., et al, 2002) origins) was 
significantly greater than in pure PC1 (Figure 14).  

xiii) In paste PC2/Q 60/40, which its mass loss was significantly lower than in pure PC2 (Figure 14) 
(the water was also released from moisture and from the interlayers in the less crystalline CSH gel 
(Ramachandrad,V.S., et al, 2002), but not so much from the calcium sulfoaluminate hydrates, or 
perhaps less intensely, because its C3A content is 0% and its C4AF is 10%, Table 1). 

3.2.3 Comparative study of PC1 and PC2 with D and SF 

1. When PC1 was replaced by pozzolans D and SF, due to the high BET specific surface values of the 
additions (Table 2), greater amounts of water were required to attain workable fresh pastes. And in 
the case of SF, the replacement ratio had to be lowered considerably, given its intense reactivity 
(Table 3). While pozzolan D also called for more water, it exhibited low pozzolanicity (Table 3). 
Consequently, the excess water needed for fresh paste workability was not fully used for 
pozzolanic reactions, particularly because each particle or frustule was moistened both internally 
and externally and filled with liquid phase as a result of capillary suction. That would have diluted 
the portlandite as well as the Na2Oeq. initially generated in PC1 (Table 1), which would have 
formed more of the latter when the w/b ratio was 1.0, given a sufficient amount of C3A, the mineral 
in Portland cement known to hydrate most quickly, than when the ratio was 0.75, as in POZC 
PC1/D/ 80/20. For that reason, at 20% replacement, pozzolan D induced a substantial rise in the 
shear stress in the up ramp of the cycle and a decrease in the down ramp. 

 



 

Figure 11: XRD analysis of pastes made with 
pure PC1 and its (60/40) blends with Q, D and 
SF at the first valley of their initial hydration T: 
ett-lf; M: AFm; H: portlandite; Q: quartz 

Figure 12: XRD analysis of pastes made with 
pure PC2 and its (60/40) blends with Q, D and 
SF at the first valley of their initial hydration T: 
ett-lf, M: AFm, H: portlandite, Q: quartz 

At a ratio of 40%, however, the shear stress decreased at all the singular points. The following is put 
forward in support the above assertions. 

 The greater yield stress of POZC PC1/D 80/20  (Pedrajas C., 2015; Vance K., et al, 2015), 
attributable to the greater amount of water needed to make it workable (w/b=0.75) than in pure 
PC1 (w/b=0.50) and the frustule morphology of pozzolan D (Talero R., 2012a). That in turn 
would explain the need for more water, both when the frustules were empty and especially when 
they were full of liquid phase. That premise is not borne out, however, for in that case, all the 
shear stress values for fresh POZC PC1/D 60/40 paste would necessarily have had to be greater 
than the values for POZC PC1/D 80/20, while the shear stress values at all the singular points 
for fresh POZC PC2/D 80/20 and 60/40 pastes should have behaved in the opposite manner, 
only four of a total of seven singular points actually had higher values. 

 Notwithstanding the above, the pozzolan D frustules would not contribute to stimulating 
Portland cement hydration (Husson S., et al, 1992; Rahhal V., Talero R., 2005; Rahhal V., et al, 
2012; Uchikawa H., 1980; Uchikawa H., et al, 1986), for no ettringite or portlandite was 
detected in paste POZC PC1/D 60/40 (see Figure 11). In the absence of sufficient amounts of 
portlandite, no ettringite can form even where the liquid phase of the paste contains sufficient 
Na2Oeq. to ensure the alkalinity required (pH = 12.35) and with it workability and considerably 
lower shear stress values than in POZC PC1 80/20. In addition, at such an early age, the 
pozzolan D-induced formation of large amounts of CSH gel is unlikely (Talero R., 2012a). 

Despite the foregoing, an analysis of the TG/DSC and TG/dTG curves for paste PC1/D 60/40 
(Figures 13 and 14) revealed, not necessarily solid but perhaps less liquid, mass loss, given its 
higher w/b ratio than in pure PC1, in addition to an exothermal peak at 117C attributed to the α1 
↔ β1 transformation of the tridymite (Grimshaw Rex W., 1971; Mackenzie R.C., 1957), also 
present after having been reacting pozzolan D (with its small cristobalite fraction, see Figure 2) 
with the very alkaline liquid phase, pH = 12.35, due to Na2Oeq. and portlandite mainly) of its fresh 
PC1/D 60/40 and PC2/D 60/40 pastes, at a temperature of 25C until the beginning of its respective 
hydration latency period, which must have also overlapped with the α ↔ β transformation in 
cristobalite in the 200-280C range (Mackenzie R.C., 1957). At a temperature of  450C on the 
TG/dTG curve, the mass loss in paste PC1/D 60/40 as a result of the dehydroxylation of portlandite 
was nil, confirming that the amount of that phase present was negligible. Further confirmation 
came in the form of the nearly non-existent mass loss as a result of the decomposition of calcite, 
vaterite and aragonite (generated by portlandite carbonation) from a temperature of 800C. The 
minor presence of portlandite detected in PC1/D 60/40 may have been due to some SiO2
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pozzolanic reaction, for exothermal recrystallisation of the silicate hydrates was identified on the 
TG/DSC curve. The amount of CSH gel forming in the fresh paste at that early hydration age was, 
however, again found to be insufficient to induce any significant increase in fresh paste viscosity. 
The portlandite was in all likelihood also overly diluted because of the large amount of mixing 
water needed to make this fresh paste workable (Tables 4, 5 and 6). 

2. In contrast, the addition of pozzolan D to PC2 lowered shear stress significantly at all the singular 
points. The pattern in any event differed from the findings observed when the mineral was added to 
PC1 (compare Figures 7 and 8).  This substantial decrease in shear stress induced by pozzolan D 
has been due to the high water demand required, along with its low pozzolanicity. That would have 
meant that the excess water required was not actually used here for the pozzolanic reaction, either, 
but simply to moisten its frustules externally and fill them with water via capillary suction. Dilution 
would have added to the effect, inasmuch as less PC2 would be present to react with the water. But 
bearing in mind the same explanation for pozzolan D behaviour as described for PC1, in 
connection with the higher Na2Oeq. POZC PC2/D 60/40 make true the purpose that the paste with 
highest Na2Oeq content will be the paste with a highest viscosity. These values are consistent with 
the respective shear stress values for the two POZC fresh pastes, PC1/D and PC2/D, despite the 
detection of portlandite in PC2/D 60/40 and that the intensity of C3S did not decrease (Figure 12). 
Consequently, sufficient CSH gel must not have been generated to clearly explain the higher shear 
stress values in this fresh paste (Table 6 and Figure 8). That, in short, reinforces the veracity of the 
foregoing. 

3. When pozzolan SF was added to PC1, the shear stress was greater at all the singular points than in 
pure PC1, and increased with rising replacement ratios. The higher shear stress induced by raising 
the SF replacement ratio (121 and 433% for ratios of 5 and 15%, respectively) was due primarily to 
the early, rapid and very high pozzolanicity developed by the SF (Table 3) (in the fresh paste, 
attributable to its high specific surface, at 22 100 m2/kg, but especially, to its very high –88.5%– 
SiO2

r- content) which must have stimulated C3A as well as C3S hydration in PC1 directly (Rahhal V., 
Talero R., 2005; Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and non-directly (Rahhal V., et 
al, 2012) but especially indirectly (Talero R., Rahhal V., 2009). At these early ages, when the pastes 
are still fresh, their pozzolanic activity is likewise specific, as in the case of reactive alumina, 
Al2O3

r– (Trusilewicz, L., et al, 2012), of metakaolin (Talero R., Rahhal V., 2009; Talero R., 2011; 
Talero R., 2012b) which is specific at all ages, for more intense and speedier hydration of C3A, as 
well as C3S and under certain conditions C4AF (Rahhal V., et al, 2010). That supports the premise 
that at such early ages, hydration is as generic as specific, but having the specific hydration the 
same meaning as that of the Al2O3

r–, although only in the first 16 hours of initial hydration (Talero 
R., Rahhal V., 2009). After that age, the same results are attained by non- or perhaps more precisely 
anti-specific behaviour (Talero R., Rahhal V., 2009; Talero R., 2011), which intensifies as hydration 
progresses (Talero R., Rahhal V., 2009; Talero R., 2011), for it not only hinders, but when sufficient 
time lapses, even prevents sufficient hydration in each OPC, whether gypsum (with sulphates 
(Talero R., 2012a; Talero R., 2011), or with NaCl (Talero R., et al, 2011; Talero R., 2012b) or 
neither is involved (Talero R., Rahhal V., 2009). Furthermore, such stimulation must have been 
favoured by the greater amount of water available: see the higher w/b ratios in Table 5. Silicate 
phases, C2S and especially C3S, must have been stimulated by SF (again due to its very high, early 
and rapid pozzolanicity) to generate portlandite, thereby yielding more SF-induced CSH gel. 
Further confirmation of the foregoing is found in the following.  

xiv) Slow forming ettringite and AFm were present and portlandite absent, while C3S decreased 
notably in the diffractogram for POZC PC1/HS 60/40 (see Figure 13). 

xv) No portlandite was identified on the TG/DSC or TG/dTG curves for paste PC1/SF 85/15.  
xvi) When SF was added to PC2, the shear stress was also greater at all the singular points, and 

rose in all when the replacement ratio was increased, as in PC1. Moreover, the rise in shear 
stress was greater when the rotational speeds were lower (points C1 and C2, with growth of 
114 and 410% for 5 and 15% ratios, respectively (somewhat higher than for the same 
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points in PC1). These findings further support the very high reactivity of SF and the 
intensity of the hydration stimulation induced in PC2, directly (Rahhal V., Talero R., 2005; 
Rahhal V., et al, 2012; Talero R., Rahhal V., 2009) and non-directly (Rahhal V., et al, 2012), 
but particularly indirectly (Talero R., Rahhal V., 2009). The rise in shear stress with SF 
replacement ratio might have been due to the same pozzolanicity as described for PC1, 
except that the lower AF phases content in PC2 (which in this case must have been 
stimulated as a result of the formation of AFm primarily from C4AF origin (Rahhal V., et al, 
2010), see the respective diffractogram in Figure 12) may have been the reason why shear 
stress rose somewhat less. Furthermore, while portlandite did not appear (see Figure 14) 
because it was consumed in the pozzolanic reaction, the intensity of the C3S diffraction line 
was observed to decrease as a result of CSH gel formation, which contributes to 
mechanical strength, as verified by the shear stress findings (Table 6). The inference drawn 
from the foregoing is that, in the early age rheological behaviour tests on these fresh pastes, 
and more concretely, in the first 16 hours of initial hydration (Talero R., Rahhal V., 2009) 
only, the very high pozzolanicity developed by the very high SiO2

r– content in SF (88.5%), 
along with its very high specific surface (Table 2), was as generic as specific, as noted 
earlier  (but having the specific hydration the same meaning as that of the Al2O3

r– of 
metakaolin which is significant for all the trial), because in the initial stages stimulation 
was also indirect, inducing greater and speedier hydration not only in the C3A in the OPC, 
but also in its C3S. While the C3A content in a PC is nil, as in the PC2 studied here, C4AF 
hydration is likewise stimulated mostly indirectly (Rahhal V., et al, 2010). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 TG/DSC analysis of fresh pastes made with pure Portland cements PC1 and PC2 and their blends 
with Q (60/40), D (60/40) and SF (85/15), at the beginning of hydration latency   
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Figure 14 TG/dTG analysis of fresh pastes made with pure Portland cements PC1 and PC2 and their blends 
with Q (60/40), D (60/40) and SF (85/15), at the beginning of hydration latency  

4. Conclusions 

The conclusions drawn from the rheological behaviour observed in two Portland cements, PC1 and 
PC2, with and without siliceous additions are listed below.  

(a) At the hydration latency period, shear stress of Portland cement pastes rise with C3S content and 
hence with a decrease in Na2Oeq., which actually proved to be the key determinant for shear 
stress in all the materials studied due to the nature and development of the hydration products 
formed. 

(b) The effect of all three siliceous additions, on fresh paste rheology depended on their physical state 
and morphology, as well as the type of Portland cement involved. That finding leads to the 
interpretations set out below. 

 Q stimulated AF phases more than silicate phase hydration by direct and non-direct ways (tthe 
formation of ett-lf or AFm is clear), although its physical dilution effect cannot be overlooked, 
for it impacted all the synthetic mineralogical components in the Portland cement, especially 
the ones related to its Na2Oeq. content. As a result, rheological performance was found to be 
highest in the fresh PC1/Q 80/20 and PC2/Q 60/40 pastes. 

 Pozzolanic addition of pozzolan D stimulated the AF phases in Portland cements more than 
silicates phases and hence their Na2Oeq. content (%), directly and non-directly, despite its low 
pozzolanicity. Such stimulation was intensified when the replacement ratio was raised in PCs 
with a high C3A content (%), but not in PCs with a high C3S content (%).  



 

 Pozzolanic addition SF stimulated the hydration of both AF phases and silicates in the 
Portland cements (directly and non-directly, but especially indirectly given its very high SiO2

r- 
content and especially its high specific surface. Due to its high, speedy and early pozzolanic 
activity, it was also shown to induce AFm even in the Portland cement with a low C3A content 
(%), primarily by reacting with its C4AF. That further infers that this pozzolanic reactivity is 
actually as generic as specific, inducing more intense C3A hydration and C3S hydration, during 
the first 16 hours only. 

Consequently the rheological behaviour of its fresh pastes with PC, during most of the ages of 
its rheology test, has always been worse than its plain fresh PC paste, and the worse the lower 
was its C3A(%) content, i.e. its Na2Oeq.(%) content, and higher its replacement. 

(c) Inferences and technical recommendations that follow the last conclusion: 

 By the analysis and study of the rheological behavior of the fresh pastes with the same SF, it 
have been refined and precise further more that during the first 16 hours of the hydration only, 
the mentioned very high, rapid and early pozzolanic activity (Table 3) is, indeed, as generic as 
specific, since it achieves also by the indirect stimulation the major and rapider hydration of 
the C3S from OPC content, which it is mixed with, as well as the specific one provokes to its 
correspondent C3A content, being for that reason qualitatively and quantitatively comparable 
to what is provoked solely to the C3A by the specific pozzolanic activity of the Al2O3

r- from 
metakaolin. Instead, once the first 16 hours of hydration are passed, the pozzolanic activity of 
the SiO2

r- from SF ceases to be specific to that C3A and ceases to be so the more the mentioned 
hydration progresses, whereas that of the Al2O3

r- from metakaolin continues being so, that is to 
say, it remains specific ever. Here then, the remarkable difference in rheological behaviour 
resulting from their very different pozzolanic activity caused by its very different chemical 
character: the silicic of SH and the aluminic of the metakaolin. 

 On the other hand, one corollary to the final conclusion above refers to the amount of 
portlandite needed for plasticisers and superplasticisers to fulfil their water-reducing purpose. 
The proportion of this compound present in the liquid phase of the high-strength (gunned, self-
consolidating or micro) concrete or mortar or simple paste to be designed may be insufficient 
due to the very high, early and speedy pozzolanicity that an excess amount of silica fume may 
generate (erroneously based on the high cost of the former) at early ages in the fresh paste. 
Manufacturers are consequently urged to act prudently and carefully determine the 
compatibility among the three components involved, Portland cement, silica fume and 
admixture, to ensure optimal performance. Otherwise, there is some risk of undesirable side 
effects such as constituent (including mixing water) segregation or bleeding. The underlying 
reason would be the high acidity of the latter two components (silica fume due to its high 
reactive silica, SiO2

r- content, enhanced by its high specific surface, and the two admixtures 
due to their hydrolysis when they dissolve in the mixing water) and the alkalinity of 
portlandite and Portland clinker. Therefore, the former two may compete forcefully, not to say 
ferociously, for either of the latter two, hindering or even preventing the workability of the 
material to be designed and manufactured, which (in self-consolidating or other concrete, 
gunnite or mortars) must be mixed with more or less coarse and fine aggregate, shipped, cast 
in place, and vibrated (in non-self-consolidating concrete). Where fly ash or siliceous or lime 
fillers are used (Rahhal V., et al, 2012), determining the compatibility and optimal combined 
performance of the four, five or six components is even more important. Be it said in this 
regard that all other things being equal, on purely chemical grounds, plasticisers are logically 
less acid than superplasticisers. Hence, for a given consistency, their respective dosages with 
respect to silica fume, Portland cement and the amount of mixing water needed are never 
equal. 

What reasonably priced test method could be used to determine the compatibility of all these 
components and their optimal combined performance in a short period of time, 48 hours at most? 



 

While this final question was not the object of the present study, it is nonetheless one that merits 
exploration in greater depth and will in fact be addressed in future papers. 
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Abstract 
Robustness of materials in concrete has always been one of the, if not the main driving force in the utilization of 
chemical admixtures. Among which, dispersing agents such as plasticizers are often the common targets for their low 
robustness due to their high incompatibility challenges towards e.g. sulphate contents, clay contaminants, etc. The 
current plasticizer market show high performance with PCEs (polycarboxylate ether). However, these polymers often 
lack in the robustness department. On the other hand, despite the seemingly poorer dosage performance, 
lignosulfonates are still the main used plasticizers for concrete on a global basis. The most cited reason for this seems 
to be robustness of a lignosulfonate based plasticizer in any kind of concrete in any climate with any kind of raw 
material. From this several questions arise: What means robust? How is it defined? What is a robust admixture? Is a 
lignosulfonate based chemical admixture really as robust as many users have claimed? What is the difference in 
robustness of such an admixture to that of a PCE based admixture?  
In this study we conducted concrete trials involving lignosulfonate based chemical admixture (full sugar lignosulfonate) 
adjusted to 40% solid content and PCE based admixture (slump retaining type) adjusted to 20% solid content. All 
formulations contained 0.2% Biocide and 0.2% defoamer. The purpose of this investigation is to provide scientific 
evidence for the robustness of lignosulfonate versus PCE in a formulation. Robustness is hereby defined as the degree 
of change to one parameter without affecting specific properties of concrete. The robustness of similar dispersing 
ability admixture formulations containing lignosulfonate or PCE was thus investigated against each other to test for the 
robustness of lignosulfonate versus PCE in concrete properties. 
For the main concrete properties a standard deviation was defined as follows: Slump ± 10mm (= 5%), slump retention 
± 30mm, air content ± 1% and compressive strength ± 10% at 1, 7 and 28 days. The initial slump of the tested 
admixtures was adjusted to 200mm. As long as the concrete resulted in a mix within these deviations, it was considered 
identical. The change of one of the following parameters: total water content and temperature that resulted in a change 
of concrete properties to be outside of these barriers ended the variability of this parameter. All work was performed 
following EN standards. The achievable variation of each parameter: water and temperature was implemented into a 
graphic showing the maximum change possible before the concrete was affected in only one of its properties describing 
parameter. 
The results obtained here demonstrated that in general, lignosulfonate based admixture is indeed more robust than that 
of the PCE based admixtures. Therefore, it can be concluded that the persisting usage of lignosulfonate is not only a 
matter of habits or convenience, but also grounded into its robustness in applications as a chemical admixture for 
concrete. 
 
Originality 
It is said, that lignosulfonates provides a higher robustness concerning deviations or inaccuracies in water to powder 
or cement ratio, fluctuations in temperature dependency and in mix design. All these parameters are of high importance 
in order to allow stable and consistent fresh and hardened concrete parameters. Nevertheless no one has ever proven 
the robustness of lignosulfonate based chemical admixtures against PCE based versions. In this study scientific proof of 
robustness of lignosulfonate based chemical admixtures being superior to PCE based formulations on various 
parameters are given. 
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1. Introduction 
Robustness of materials in concrete has always been one of the, if not the main driving force in the 
utilization of chemical admixtures. Among which, dispersing agents such as plasticizers are often the 
common targets for their low robustness due to their high incompatibility challenges towards e.g. 
sulphate contents, clay contaminants, etc. The current plasticizer market show high performance with 
PCEs (polycarboxylate ether). However, these polymers often lack in the robustness department. On 
the other hand, despite the seemingly poorer dosage dependence performance, lignosulfonates are still 
the main used plasticizers for concrete on a global basis. The most cited reason for this seems to be 
robustness of a lignosulfonate based plasticizer in any kind of concrete in any climate with any kind of 
raw material. From this several questions arise: What means robust? How is it defined? What is a 
robust admixture? Is a lignosulfonate based chemical admixture really as robust as many users claimed? 
What is the difference in robustness of such a formulation to that of a PCE based admixture?  
Taking the definition of robustness that can be found on Wikipedia, one may have a good starting 
point:  
Robustness is the property of being strong and healthy in constitution. When we transpose it to a 
system, it refers to the ability of tolerating perturbations that might affect the system’s functional body. 
In the same line, robustness can be defined as "the ability of a system to resist change without adapting 
its initial stable configuration". [When perturbations are small in magnitude we speak about 
"Robustness in the small", always keeping in mind that the ”small” magnitude hypothesis is hard to be 
verified since small or large depends on the specific problem. Conversely, we say that we address a 
"robustness in the large problem" when no assumptions are made about the magnitude of perturbations, 
which can either be small or large.] (Wikipedia) 
Here the definition given for systems is the most fitting one when it comes to concrete. Generally it is 
difficult to give a scientific value to robustness.  
In this study we conducted concrete trials involving lignosulfonate based chemical admixture adjusted 
to 40% solid content and PCE based admixture adjusted to 20% solid content. The purpose of this 
investigation is to provide scientific evidence for the robustness of formulations based on 
lignosulfonate as compared to those containing PCE. Robustness is hereby defined as the degree of 
change to one parameter without affecting specific properties of concrete. The robustness of similar 
dispersing ability admixture formulations containing lignosulfonate or PCE was thus investigated 
against each other in concrete properties. 
 
2. Experimental 
2.1. Raw Materials 
All trials have been conducted according to European norms. The concrete aggregate is preconditioned 
prior to concrete testing. The moisture contents of the respective aggregates are adjusted 24 h before 
the start of each concrete mix. The values are shown in Table 1. 
 

Table 1: Moisture and Density of aggregates 

Aggregate CRF (crushed rock fines) Sand 10mm 20mm 

Moisture [M-%] 2.50 2.00 1.80 1.80 
Density [kg/m3] 2.83 2.58 2.63 2.69 

 
The aggregates are stored in plastic bags that are sealed, to let the moisture be homogeneously 
distributed throughout the aggregate sample. The aggregate density is determined by analysis at an 
external laboratory (Table 1).  
 



 

The concrete mix design followed EN and is given in Table 2. 
 

Table 2: concrete mix design 

 [kg/m3] 

ACC cement  350 
water 185,5 
w/c ratio 0,53 
CRF 376 
Sand 376 
10mm 394 
20mm 576 

 

The aggregate fractions are combined to produce a total combined particle grading close to that 
defined by EN 480-1. The amount of fines has to be increased relative to the EN grading to produce a 
robust concrete giving real slump - and not sheared slump. The control concrete is adjusted to a slump 
of 50 ± 5 mm. 
The utilized cement OPC 525 – ACC - from India, has a slow hardening characteristic. It is optimized 
for warm weather conditions. 
As Lignosulfonate a full sugar softwood type was selected. It is easily available globally. The solid 
content was adjusted to 40% dry matter. Additionally 0.2% biocide and 0.2% defoamer were added. 
As biocide Acticide RX was utilized, Triisobutylphosphate (TiBP) as defoamer. This should represent 
a typical standard LS based concrete mixture.  
As PCE a commercially available polymer, optimized for ready mix concrete (RMC) concrete was 
selected. It is specifically recommended for the use in RMC with long slump life. The PCE was 
adjusted to 20% solid content. Also here the defoamer and biocide were added at both the same dosage 
of 0.2%. This should represent a typical PCE based concrete admixture. 
 
2.2. Experimental Procedure 
All measurements and testings in the lab were made either at 20±1℃ or 27±1℃. 
 
2.2.1 Preparation of Lignosulphonate (LS) and Polycaroxylate (PCE) admixture formulation 
For the 40% solid solution of lignosulphonate, the following procedure was applied: 
1. Prior to dissolving the lignosulphonate powder, 95% of the total water for the batch was introduced 
into the mixing tank, together with all liquid defoamer and biocide. 
2. The pre-weight amount of ligosulphonate powder needed for the batch was fed slowly into the 
mixing tank with mixing paddle switched on. A mixing speed was used which created a small vortex 
in water. It is important not to mix at excessive high vortex speed. 
3. When there is dry lignosulphonate powder floating on the surface of mixing water, the feeding in of 
powder was stopped and mixing was continued until all lumps and floating powder have disappeared. 
Then, adding lignosulphonate powder was continued with stoppages when powder started to floats on 
the mixing water again or when large lumps formed. This process of slowly feeding may be tedious 
but it is the most efficient way to dissolve the powder lignosulphonate. 
For the PCE a similar procedure was applied. The liquid PCE at 40% solid content was added to the 
water during mixing.  
 
2.2.2 Procedure of concrete testing 
The concrete was mixed according to EN 480-1. The mixer utilised was a Collomix mixer M-105. The 
volume per mix was at the optimum of 20 liter. The mixing buckets were pre-wetted with a moist 
towel. The raw materials were added in the following order: 

1. Coarse aggregate 
2. Sand  
3. Cement 



 

The mixing of the dry ingredients was started and then 95% of the water added. Between the 60 and 
90 seconds mixing time, the admixture was added and the admixture container washed with the 
remaining 5% of water. The mixing was then stopped for another 90 seconds. It was performed this 
way to ensure proper mixing took place. At 3 minutes after the addition of water, mixing was 
continued for another 90 seconds to achieve a total time of 4 minutes and 30 seconds. 
 
10min after wetting of the concrete, slump measurement was conducted. 12kg of concrete is required 
for the test. The base plate is placed on a flat and horizontal surface free from external vibration or 
shock. The mould and dampen are cleaned immediately prior to testing, but kept free from superflous 
moisture. The cone is placed on the surface with the largest opening facing the surface. It is hold in 
position by standing on the foot pieces ensuring no concrete can leak from the bottom. The mould is 
filled with 3 layers of concrete, each consolidated with 25 strokes. Strokes are given uniformly. The 
surface of the concrete is leveled off with the tamping rod. Spilled concrete is removed from the 
surface of the cone and base plate. The cone is lifted from the concrete by raising it straight vertically 
upward. The mould is placed next to the concrete. The slump is determined by putting the tamping rod 
on the top of inverted mould, placed at equal elevation and measured the difference in height of mould 
and that of the highest point. Type of failure is noted: true/shear/collapse. For initial slump this test is 
completed within 3 minutes after mixing of concrete. The utilized equipment is summarized in Table 3. 
The slump is recorded in mm and type of failure mode and whether the mix is normal or 
shows bleeding or segregation. 
 

Table 3: Equipment for slump measurement 

Slump cone M63 
Tamping Rod 

Base Plate 
Funnel 

Measuring Scale 

After the 10 min slump value the air content was measured. 8.0 Liters of concrete are utilized. The air 
meter is to be moist before testing. The concrete is filled into the container in two layers. For each 
concrete layer, the container is placed on the vibrating table and compacted until all entrapped air is 
released. The concrete surface is even, smooth and shiny after compacting. The top concrete layer is 
filled to a level above the top of the container before vibrating. The top of the container and the 
container outside are cleaned of concrete. The top is mounted. The container is put on a balance and 
weight (Mc) is recorded. The air valve is closed and the valves at the side of the top are opened. Water 
is filled with a plastic water bottle with tube through one of the two valves until the water comes out of 
the other valve without air bubbles. The valves are closed. The container containing concrete and 
water is weighed (Mc +w). The air pressure is pumped up, until the needle in the dial guage has passed 
the red line. Air pressure is released by adjusting valve until the needle is on red line. The air pressure 
is released into the container and the air content (Ai) on the air meter is noted. It is noted to the nearest 
0.1%. The release valves are opened carefully and the air pressure is released. As Equipment 
Form+Test-M33, Vibrating Table-M15 and Plastic Water Bottle (250ml) are used. 
 
The slump was again measured after 30, 60, 90 and 120 minutes. Prior to measurement it was always 
homogenized in the mixer for 10 seconds. In the time between the buckets with concrete was covered 
by a lid to prevent exchange with the surrounding air. 
 
The compressive strength was measured on a Form+Test machine. It was tested at 2, 7 and 28 day of 
hydrations. Prior to testing the concrete cubes were unmolded. The specimen is positioned in a way 
that the load is applied perpendicularly to the direction of casting. The load is applied to the specimen 
and increased continuously at a constant rate of ± 10%, until no greater load can be sustained. The 
maximum load is recorded in kN. 



 

 
3. Results and Discussion 
3.1. Procedure and reference concrete  
A concrete with an initial slump of 200mm was selected as the reference concrete. The reference was 
performed at 20°C at a fixed water to cement (w/c) ratio of 0.53. As the dispersing ability of LS and 
PCE is different, the dosages for both technologies were adjusted till same initial value of 200mm 
slump was achieved. This resulted in a dosage of 0.50% solid by weight of cement [sbwc] for LS and 
0.20% sbwc for PCE dry solid polymer by weight of cement [sbwc]. The slump retention of the 
concrete was regularly measured at 30min intervals. LS and PCE showed similar performance at 60 
and 90 minutes, a usual time for concrete placement at the jobsite. At 30 minutes the slump is higher 
for PCE and at 120 minutes the slump value was higher with LS. This was followed by casting the 
cubes for the compressive strength measurement. Initial slump and slump retention is displayed in 
Figure 1a. Additionally the air content was measured at a concrete age of 10 minutes. The 
compressive strength was measured at 2, 7 and 28 days. The values are shown in Figure 1b.  
 

       
(a) LS and PCE at 20°C; w/c = 0,53; 0,5/0,2% sbwc           (b) air content and compressive strength for LS/PCE 

Figure 1: Initial slump and slump retention over 2h for LS and PCE at 20°C, w/c = 0,53 and dosages used 

LS/PCE were 0,5/0,2% sbwc; air content at 10 minutes and compressive strength at 2, 7 and 28 days concrete 

age. 
 
After fixing the values of the reference concrete the maximal possible deviation of certain parameters 
was set. The allowed deviation was decided to be values that will result in a very similar to identical 
concrete to the reference. The parameters checked are listed in Table 4. 
 

Table 4: measured concrete parameters and fixed maximum allowed deviation 

Parameter Measured at concrete age Fixed deviation 

Initial slump 10min 200mm ± 10mm 
Slump retention 30, 60, 90, 120min reference value ± 30mm 
Air content 10min reference value ± 1% air 
Compressive strength 2, 7, 28day reference value ± 10% 

 

The first parameter to be changed was temperature. 
 



 

3.2. Robustness  
3.2.1 Temperature dependency 
The temperature was adjusted to 27℃±1℃ and the concrete was again tested on all parameters. The 
results in comparison to 20°C are shown in Figure 2. 
 

       
(a) LS at 20°C and 27°C; w/c 0,53; 0,5% sbwc          (b) air and CS for LS at 20°C and 27°C 

       
(c) PCE at 20°C and 27°C; w/c 0,53; 0,2% sbwc          (d) air and CS for PCE at 20°C and 27°C 

Figure 2: Initial slump and slump retention over 2h for LS and PCE at 20°C and 27°C; w/c = 0,53; dosage = 

0,5/0,2% sbwc; air content measured at 10 minutes and CS at concrete age of 2, 7 and 28 days. 

 
The initial slump shows good robustness for both LS and PCE (Figure 2a and c). It is nearly identical 
to the reference concrete value. The slump retention is very similar for LS over 2 hours except the 
30min value. It is just slightly out of the 30mm maximum deviation. The shape of the curve stays very 
similar. The air content is only slightly affected, whereas the CS rises dramatically at the 2 day value 
showing also a higher value after 7 days. The PCE is out of the standard deviation at 30 and 60 
minutes. The shape of the curve changes also. Considering the air content there is no change, the CS 
though changes dramatically, showing significantly higher values for 2 and 7 days. Overall the LS is 
more robust regarding a rise of temperature, as the slump curve stays close to the 20°C curve. 
Nevertheless both admixtures show very different values for CS at 2 and 7 day of concrete age. 
 



 

3.2.2 Water content dependency 
Following the change of temperature the water content of the concrete was increased and also 
decreased. The water to cement ratio of the reference concrete was fixed to 0.53. The increased w/c 
was adjusted to 0.56 and the decreased w/c to 0.50. All tests were performed at 20°C ± 1°C.  
 

       
(a) LS at 20°C; w/c 0,50/0,53/0,56 at 0,5% sbwc          (b) air and CS for LS at w/c = 0,50/0,53/0,56; 20°C 

       
(c) PCE at 20°C; w/c 0,50/0,53/0,56 at 0,2% sbwc          (d) air and CS for PCE at w/c = 0,50/0,53/0,56; 20°C 

Figure 3: Initial slump and slump retention over 2h for LS and PCE at 20°C; w/c = 0,50/0,53/0,56; dosage = 

0,5/0,2% sbwc; air content measured at 10 minutes and CS at concrete age of 2, 7 and 28 days. 
 
For LS the initial slump is within the set deviation for the higher w/c ratio but far out for the lower one. 
As expected the slump retention is better at w/c = 0.56 and worse at w/c = 0.50, whereas the values at 
30 and 60min are outside the defined deviation. The shape of the curves stays similar. The air content 
is only affected at lower w/c, at the higher value it stays constant. The CS is giving different values for 
all 3 w/c ratios at 2 and 7 days showing lower values correlating linear with higher w/c ratio, again as 
expected. The PCE is slightly out of the maximum deviation for w/c = 0.50 at the initial slump value. 
Slump retention shows a different shaped curve for the high w/c value, whereas the 0.50 is following 
more the reference concrete curve. The 30 and 60min value for the low w/c and the 60, 90 and 120min 
value for the high w/c are out of the defined deviation. The air content is out of the deviation for the 
lower w/c but the CS is within. On the other hand the air is again out of deviation for w/c = 0.56 and 
the CS is far lower. Generally the LS shows a more predictable change of parameters as w/c ratio 
changed. The slump retention is predictable, air values stay constant and the CS rises linear with lower 
w/c ratio. 
 
The change of w/c was also performed at 27°C. The reference in this case is the concrete performed at 

27℃±1℃. All relevant parameters are shown in Figure 4. 
 



 

       
(a) LS and PCE at 27°C; w/c = 0,53; 0,5/0,2% sbwc           (b) air content and CS for LS/PCE at 27°C 
Figure 4: Initial slump and slump retention over 2h for LS and PCE at 27°C, w/c = 0,53 and dosage = 0,5/0,2% 

sbwc; air content measured at 10 minutes and compressive strength at concrete age of 2, 7 and 28 days. 
 
Both LS and PCE show very similar performance at 27°C. Air content is higher for PCE as are CS 
values at 2 and 7 days. The results for concrete performed at different w/c ratios are shown in Figure 5. 

 

       
(a) LS at 27°C, w/c 0,50/0,53/0,56 at 0,5% sbwc          (b) air and CS for LS at w/c = 0,50/0,53/0,56; 27°C 

       
(c) PCE at 27°C, w/c 0,50/0,53/0,56 at 0,2% sbwc          (d) air and CS for PCE at w/c = 0,50/0,53/0,56; 27°C 

Figure 5: Initial slump and slump retention over 2h for LS and PCE at 27°C; w/c = 0,50/0,53/0,56; dosage = 

0,5/0,2% sbwc; air content measured at 10 minutes and CS at concrete age of 2, 7 and 28 days. 
 
For LS the initial slump is within the set deviation for the higher w/c ratio but far out for the lower one. 
The slump retention is better at w/c = 0.56 and worse at w/c = 0.50, whereas the values at 30 and 
60min are outside the defined deviation. The shape of the curves again as for the 20°C stays also 
similar at 27°C. The air content is only affected at lower w/c, at the higher w/c it stays constant. The 
CS is giving different values for all three w/c ratios at 2 and 7 days. It shows the same linear 
dependency of CS giving higher values with lower w/c ratio. The PCE is slightly out of the maximum 
deviation for w/c = 0.50 at the initial slump value. Slump retention shows a different shaped curve for 
the high w/c value, whereas the slump curve at w/c = 0.50 is following more the reference curve. The 
30 and 60min value for the low w/c and the 60, 90 and 120min value for the high w/c are out of the 



 

defined deviation. Again the air content is out of the deviation for the lower w/c but the CS is within. 
On the other hand the air is stable for w/c = 0.56 and the CS is far lower. As for the lower temperature 
LS shows generally a more predictable change of parameters. The slump curve is similar, the air 
values constant and the CS rises linear with the lowering of the w/c ratio. 
 
An increase of temperature from 20°C to 27°C leads to reduced slump retention and higher early 
strength development for both LS and PCE based admixtures, whereas the air content is not affected. 
A change of water content at 20°C shows a more predictable change of parameters for the LS based 
admixture. The slump retention is predictable, air values stay constant and the CS rises linear with 
lower w/c ratio. At higher temperature the results stay very similar. The LS based admixture shows 
predictable values, whereas the PCE based admixture changes characteristic. The results are 
summarised in the graphic shown in Figure 6. 
The graph shows the robustness of a typical LS and PCE based chemical admixture towards the 
change of temperature and water content. Here the maximum possible deviation from one parameter is 
shown, that will lead to a concrete identical to the reference mix. The calculation is done by taking the 
value of the parameter with the biggest deviation (slump, air or compressive strength) and 
recalculating which value would be just within the prior fixed deviation (Table 4) to allow an identical 
concrete. 
 

 
Figure 6: Robustness shown as the maximum deviation of temperature and water content of LS and PCE based 

chemical admixtures 

 
4. Conclusions 
Lignosulfonate shows overall a better performance in terms of robustness than PCE. It performs better 
in respect to Temperature rise and water content change. The performance as such is similar. When it 
comes to temperature the advantage of LS based admixture lies in a very similar slump retention curve 
and linear and predictable behaviour regarding the strength development. The air stays more or less 
constant. The same is true for water content changes at higher temperature. The PCE on the other hand 
is slightly more sensitive when it comes to slump retention. The performance is less predictable and 
shows sometimes huge changes at CS and air values. The change of water content shows huge effect 
on both LS and PCE. Here a higher temperature gives slightly less impact on the concrete. 
Nevertheless the PCE shows a change of slump retention curve whereas the LS results in a well 
predictable slope. 
The work will be continued testing further parameters as well as other LS and PCE types. Also Flow 
values measured according to EN will be taken into account. 
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Abstract 
The behaviour of different superplasticizers admixtures was assessed for hydrated lime pastes and 
mortars. Sometimes, air lime pastes and mortars were modified with two supplementary cementing 
materials (SCMs), namely nanosilica (NS) and metakaolin (MK). Two different polycarboxylate ethers, 
a lignosulfonate and a naphthalene condensed sulfonate superplasticizer were added to lime pastes 
and mortars and their effects on fresh-state properties as well as on the mechanical strengths were 
evaluated. A close relationship was found between the molecular architecture of the plasticizers and 
the flowability of the pastes. Zeta potential assessment allowed us to elucidate the main action 
mechanisms for these admixtures. In the case of polycarboxylate ethers, the large specific surface area 
of nanosilica led to a large SPs consumption as compared with metakaolin with lower surface area. 
However, polycarboxylate ethers in MK-lime samples were attached favourably to the C-S-H and 
aluminate hydrates, so that the dispersing action was greater with respect to NS-lime suspensions. 
 
Originality 
The use of plasticizing admixtures in order to improve the handling of cement-based media has been 
extensively reported. High-range water reducers or superplasticizers (SPs) act by reducing the water 
demand and enhancing the flowability of the fresh mortars, yielding workable materials. So far little 
attention has been devoted to the study of the performance of superplasticizers in lime-bearing pastes 
and mortars. The widespread use of hydrated lime and pozzolan-hydrated lime pastes for paints, 
consolidant products, soil treatments and the obtaining of repair mortars and grouts, especially for 
architectural monuments of the Cultural Heritage, supports the interest of these materials. In order to 
design suitable hydrated lime pastes and mortars, the use of compatible and effective SPs seems to be 
imperative. 
 
Keywords: admixture; pozzolan; zeta potential; nanosilica; metakaolin. 
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1. Introduction 

The use of plasticizing admixtures in order to improve the handling of cement-based media 

has been extensively reported (Navarro-Blasco I. et al, 2014). Superplasticizers (SPs) are 

frequently used for different goals: - to reduce the water demand in order to increase the 

strength of material, - enhance the flowability of the fresh mortar yielding workable materials. 

SPs with different compositions have been employed for these purposes: polycarboxylates 

(PCEs), lignosulfonates (LS), polynapthalenes sulfonate-based (PNS) polymers, etc. (Papo A., 

Piani, L., 2004). 

The presence of pozzolanic additives or supplementary cementing materials (SCMs), such as 

nanosilica (NS) and metakaolin (MK), could affect the interaction between the 

superplasticizers and the particles of the binder (Burgos-Montes O. et al, 2012; Fernández 

J.M. et al, 2013). 

Remarkable enhancements have been observed after adding NS and/or MK into air-lime 

based pastes and mortars, as a result of their filler effect and the generation of calcium 

silicates hydrates (CSH) (Alvarez J.I. et al, 2013). 

The performance of superplasticizers in lime-bearing pastes and mortars has not been widely 

studied (Navarro-Blasco I. et al, 2014). However, the use of compatible and effective SPs 

seems to be imperative in order to design suitable hydrated lime pastes and mortars, which 

could be used as repair mortars and grouts for architectural monuments of the Cultural 

Heritage. 

The main aim of this work is to gain a better understanding on the behavior of different SPs in 

lime-bearing pastes and mortars modified some of them upon the addition of pozzolanic 

materials, such as NS and MK. 

2. Materials and Methods 

For the preparation of the samples, lime, aggregate and dry SPs admixtures were blended for 

5 min using a solid admixtures mixer BL-8-CA. When necessary, MK as pozzolanic additive 

was added into the dry admixtures. Water (and, when required, the other pozzolanic additive 

as a NS suspension) was then added and mixed for 90 s at low speed, in a Proeti ETI 26.0072 

mixer. Table 1 shows the mix proportions of the samples. 

The determination of the fresh state properties was performed after 10 minutes to let the 

additives take effect. The consistency of the suspensions was assessed through the 

mini-spread flow test, by measuring the slump after the standardized procedure (EN 1015-3, 

2000). The study of the interaction between the SPs and the lime and/or pozzolans (NS and 

MK) was performed by means of potential zeta’s experiments in the solid/liquid interface. To 

this aim, suspensions with 7 g of lime and 25 g of either NS or MK per 140 ml of water were 

prepared and allowed to react for 30 minutes to ensure the pozzolanic reaction to take place. 

SPs (1% w/v) solutions were used as titrants.  

For the study of hardened state properties, mortars were moulded in prismatic 40x40x160 mm, 

stored at 20 ºC and 60 % RH and demolded after 5 days. Samples were tested at different 

times, but only results at 7 and 91 days will be shown in this work. Samples collected from 

the mortars were ground and measured by powder X-ray diffraction (XRD) in a Bruker D8 

Advance diffractometer, and also by Fourier Transform Infrared – Attenuated Total 

Reflectance (FTIR-ATR) in a Nicolet-Avatar 360 instrument, and thermogravimetry – 

differential thermal analysis (TG-DTA) through a simultaneous TG-SDTA 851 Mettler Toledo 



 

device. Compression strength tests were done on the two fragments of each specimen resulted 

from previous flexural tests, using on a Proeti ETI 26.0052 (rate of loading was 50 N/s).  
Table 1 Mix proportions of the studied samples of lime mortars 

Sample Lime:aggregate 
ratio (by 
weight) 

PCE1 
(wt. %) 

PCE2 
(wt. %) 

PNS 
(wt. %) 

LS 
(wt. %) 

NS 
(wt. %) 

MP1 1:3 0 0 0 0 0 
MP9 1:3 1 0 0 0 0 

MP12 1:3 1 0 0 0 20 
MP17 1:3 0 1 0 0 0 
MP20 1:3 0 1 0 0 20 
MP25 1:3 0 0 1 0 0 
MP28 1:3 0 0 1 0 20 
MP33 1:3 0 0 0 1 0 
MP36 1:3 0 0 0 1 20 

3. Results and discussion 

3.1. Fresh state properties 

In plain air lime-based mixtures, the presence of the four tested SPs increased the flowability 

(Figure 1). The value of flowability in the control group (MP1, admixture-free sample), with 

only lime and aggregate, is 173 mm. From these results, we can conclude that SPs act as 

water reducing agents that increase the fluidity of the fresh samples. Similar results were 

described for cement-based matrices (Chandra S., Björnström J., 2002). PCE1 turned to be 

the most effective in increasing the fluidity of the pastes (Figure 1). MP9 increased the slump 

values beyond the limits of the mini spread-flow test (> 300 mm). PNS-based polymer (MP25) 

also increased largely the fluidity. The slump values from sample MP25 underwent an 

increase of ca. 45 %.   

  

Figure 1 Slump values corresponding to the different admixtures. 

The addition of NS provoked reduction in the values of fluidity in all the samples studied 

(Figure 1). This fact could be explained taking into account the small particle size of NS, 

which increase the water demand to achieve a similar consistency (Navarro-Blasco I. et al, 

2014). 

In other experiments performed in samples with PCEs and MK (Navarro-Blasco I. et al, 

2014), the slump reduction in pastes was not as strong as in the case of the addition of NS, 

possibly due to the large particles size of the MK, which led to a lower water demand, and a 

certain lubricant effect, thus increasing the fluidity. 
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Figure 2 Dispersing maintaining ability of pastes with 0.5 wt. % of SPs over time (min) 
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Figure 3 Dispersing maintaining ability of pastes with 0.5 wt. % of SPs and 20 wt. % of NS over time 

(min) 
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Figure 4 Dispersing maintaining ability of pastes with 0.5 wt. % of SPs and 20 wt. % of MK over time 

(min) 

The dispersion maintaining ability over time of the pastes containing SPs (0.5 wt. %) and/or 

pozzolans (20 wt.% of NS or 20 wt. % of MK) was assessed by measuring the slump loss 

over time in minutes (Figures 2, 3 and 4). PCE1 showed the largest dispersing ability over 

time (Figures 2, 3 and 4). NS-bearing pastes offered low fluidity, reaching only values of 

slump between 115 and 142 mm (Figure 3). The different behavior of the SPs could be 

explained by their different molecular architecture of the polymers and their anionic charge 

densities (Navarro-Blasco I. et al., 2014). These parameters strongly affect the adsorption of 

the SPs onto lime particles thus modifying their effectiveness. 

Zeta potential studies can be used for assessment about the action mechanisms for the 

admixtures and the supplementary cementing materials (SCMs). For example, for PCEs, the 

most important reduction in zeta potential values from initial values (around + 60 mV) was 

measured for lime-MK pastes, reaching asymptotic values around +10 mV when 15 mL of 

PCEs were added as titrants (Figure 5). The decreasing of the values corresponding to the 

lime-NS pastes was minor, until reaching values ca. +40 or +50 mV depending on the PCE 

used as titrant (Figure 6). Specific surface area was one of the factors responsible for the 

differences in zeta potential and for the dispersing effectiveness in this system. Higher doses 

of SPs were required in lime-NS than in lime-MK to achieve similar flowability 

(Navarro-Blasco I. et al., 2014). The large specific surface area of nanosilica (500 m2/g) led to 

a large SPs consumption as compared with metakaolin (20 m2/g) and could explain the higher 

consumption of SPs in this case. However, the overall zeta potential, ascribed to the EDL 

around CSH, was modified only to a limited extent, showing a high number of “inactive” 

sites and minor amount of polymer attached to CSH phases (Navarro-Blasco I. et al, 2014). 

The zeta potential values clearly decreased when MK-lime pastes were used, showing a large 

degree of plasticizing effectiveness. In MK-system, the polymer units preferentially anchored 

onto CSH and aluminate hydrates and not onto SCMs, as happened in the NS-system 

(Navarro-Blasco I. et al, 2014). 



 

  
Figure 5 Zeta potential of lime-MK pastes titrated with PCE1 and PCE2 

  
Figure 6 Zeta potential of lime-NS pastes titrated with PCE1 and PCE2 

3.2. Hardened state properties 

Carbonation has a significant influence on the hardening process in time. For all the samples, 

the highest values of compressive strength were obtained at 91 days (Table 2).  
Table 2 Compressive strength results at 7 and 91 days (MPa) 

Time MP1 MP9 MP12 MP17 MP20 MP25 MP28 MP33 MP36 

7 days 0.4 0.5 5.2 0.6 3.2 0.6 3.7 0.7 4 
91 days 3.2 1.1 7.7 2.9 6.9 1.9 5 1.5 8 

The isolated influence of the SPs on the compressive strength can be also observed in Table 2 

for samples MP9, MP17, MP25 and MP33. The addition of 1 wt % of PCE2 (MP17) caused 

the highest strength increase at 91 days. The most outstanding improvements in mechanical 

strength were observed upon addition of both SPs and NS (samples MP12, MP20, MP28 and 

MP36), showing a clear synergistic effect (Table 2). These effects could be result of the filling 

effect of NS and the formation of CSH (Fernández J.M. et al., 2013; Duran A. et al., 2014). 

 



 

 

Figure 7 FTIR-ATR spectra corresponding to samples from mortars MP28 and MP36 after 91 days 

 
Table 3 Percentages of Ca(OH)2 and CaCO3 calculated from TG analysis at 91 curing days 

Sample Ca(OH)2 CaCO3 

MP28 7.21 80.13 
MP36 7.25 77.11 

The rate of carbonation and the formation of CSH at different curing times (mainly at 7 and 

91 days) were followed by XRD, FTIR-ATR and TG-DTA, and will be elucidated in a further 

paper. By way of example, Figure 7 and Table 3 depict the infrared spectra and the 

percentages of Ca(OH)2 and CaCO3 calculated from TG, corresponding to samples collected 

from MP28 (1 wt.% PNS + 20 wt.% NS) and MP36 (1 wt.% LS + 20 wt.% NS), both curing 

at 91 days.   

The degree of carbonation is higher in the case of the mortar containing the PNS-based 

plasticizer (MP28) in whose infrared spectrum absorption bands corresponding to portlandite 

(the strong sharp signal at ca. 3650 cm-1, characteristic of the O-H stretching vibration form of 

Ca(OH)2) (Legodi M.A. et al., 2001) have practically disappeared whereas signals assigned to 

carbonate group (i.e. ca. 1400 cm-1) have increased in comparison with the mortar containing 

LS (MP36) (Figure 7). The percentage of Ca(OH)2 in MP28 is minor, and the degree of 

carbonation is higher in this mortar due to the larger presence of CaCO3 (Table 3). These 

results completely match with those derived from XRD.  

Calcium silicate hydrates (CSH) were formed through the reaction between portlandite 

particles and reactive SiO2 from NS (Fernández, J.M., et al., 2013). The broad infrared band 

at around 1050 cm-1 can be associated with Si-O-Si asymmetric stretching vibrations derived 

from these compounds. CSH are preferentially formed in sample MP36 as observed in Figure 

7. The higher values of compressive strength of MP36 at 7 and 91 days in comparison with 

MP28 could be related to this fact (Table 2). 

4. Conclusions 

The addition of the different superplasticizers admixtures produced a differential behaviour in 

pastes and mortars. PCE1 turned to be the most effective in increasing the fluidity of the 

pastes and also showed the best dispersion maintaining ability over time. In the case of 

polycarboxylates ethers (PCEs), the large specific surface area of NS led to a large SPs 

consumption as compared with MK with lower surface area. The dispersion performance was 



 

more effective in the MK-lime suspensions, because of the polymer units preferentially 

anchored onto CSH and aluminate hydrates. NS provided a high number of inactive 

adsorption sites and polymers preferentially attached onto NS and not onto CSH. 

The highest mechanical performance of the tested lime mortars was obtained under the 

combined action of both NS and PSs. In the comparative study between the PNS and 

LS-derived polymers, the rate of carbonation was higher when the former was part of the 

admixtures. However, the formation of CSH was preferred when the latter was added.        
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Abstract 
The sorption behavior of two lignosulfonates onto two different cements was investigated via GPC and 
ultraviolet spectroscopy. Rapid sorption occurred and more than 80% of the added lignosulfonate were 
consumed by cement within the first five minutes of hydration. While similar amounts of lignosulfonate were 
consumed by both cements, it was found that the cement composition had significant impact on the hydration of 
cement paste and the cement paste flow resistance. The initial hydration curves suggest that lignosulfonate 
modifies dissolution of both C3A and C3S. Changes observed in the initial hydration curve induce additional 
changes in the main hydration curve where the lignosulfonates either retard hydration of the C3S phase or no 
retardation is observed in a particular case. Cement pastes prepared from the cement with low amounts of C3A 
exhibited “normal” features while cement pastes prepared with a cement with high C3A content set rapidly in 
the presence of the lignosulfonate with high molecular weight and low charge density. In contrast, fluidity was 
maintained with the low molecular weight lignosulfonate with high charge density. These features are suggested 
linked to the lignosulfonate interaction with the different cement minerals.  
 
Originality 
Adsorption of a widely used plasticizer, lignosulfonate, is investigated and coupled to a series of other 
experimental techniques. The results suggest that the molecular weight and content of charged groups is governs 
the interaction with the main cement minerals. Small variations in the composition of the lignosulfonate are, 
along with differences in the cement composition found to have profound effects on the hydration and fluidity of 
cement paste. We believe that these results also may improve the understanding of how other polymers, in 
particular those with significant hydrophobic character, impact cement hydration. 

Keywords: Lignosulfonate, molecular weight, electrostatic adsorption, silicates, C3A, calorimetry  

 
1. Introduction 
 
The groundbreaking work by Lerch established that the composition of Portland cement is 
vital for how it behaves as a construction material (Lerch 1946). Of distinct interest was the 
relation between the amount of C3A and gypsum present in the cement. Since then, it is well-
established that the different cement minerals react at different rates and form hydration 
products of different properties. Currently, most concrete produced contain some sort of a 
dispersant, either a simple plasticizer or a superplasticizer. These chemicals interact with 
cement minerals and cement hydration products and facilitate production of concrete mixes 
with significantly improved rheology at water addition levels impossible to handle without 
plasticizers (Edmeades and Hewlett 1998). Lignosulfonates are classified as a standard 
plasticizer which in normal use means that one can reduce the water content in a concrete mix 
with around 12% (Ouyang et al. 2006). Underlying the ability to reduce the water content in a 
concrete mix is the interaction between lignosulfonate molecules and the surfaces of the 
different cement mineral species. In order to better understand this interaction, we have 
investigated how two purified lignosulfonate samples interact with two model cement systems. 
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The purpose was to seek a relation between the content of lignosulfonate functional groups 
and ability to modify typical characteristics of cement pastes.  
 
The fluidity of a cementitious system is of paramount importance for the application as 
construction material. Following fluidity is of course development of a required strength 
within a given time. In this work we are mainly concerned with the properties of fresh cement 
paste and want to determine how two lignosulfonates modify the rheology of pastes prepared 
from two different model cements. The cements are prepared from two clinkers blended with 
3 mass% of gypsum to moderate hydration of the aluminate phases. Most importantly, one of 
the cements contains a large amount of C3A (10%) while the other one hardly contains any 
(0.3%). This aspect is important because the reactions of the C3A phase are considered quite 
important for the rheology of fluid cementitious pastes (Kucharska 1990). The second set of 
variables investigated is the composition of the lignosulfonate molecule where both the 
molecular weight and the amount of various functional groups are important. The molecular 
weight is important because it is proportional to the size and hence the density on the surface 
as well as the magnitude of the steric repulsive barrier upon adsorption (Bonen and Sarkar 
1995). Functional groups determine, chemically or physically, the strength of interaction 
between lignosulfonate and cement minerals. The main difference between the 
lignosulfonates used in this work is the variation in molecular weight and content of 
carboxylic acid groups. 
 
In addition to determination of how the cement paste rheology is affected by the presence of 
lignosulfonate, hydration curves are recorded with isothermal calorimetry, the consumed 
amount determined using both normal UV absorption and GPC analysis. Finally, the zeta 
potential with and without lignosulfonate is recorded. Combined, the results from these 
techniques shed light on how lignosulfonate interact and modify the hydration of two different 
cements.  
 
2. Materials and methods 
2.1  Materials 
 
Two different clinkers abbreviated as A and B from Norcem, Brevik/Norway, lab grade 
gypsum from VWR, Oslo/Norway and two lignosulfonate powders from Borregaard, Norway 
are obtained and used as supplied. Table 1 list results from a chemical characterisation of the 
two lignosulfonates, denoted “H” and “S” in the remained of this article. Both lignosulfonates 
were purified and contain a low amount of sugar. Examination of Table 1 reveals that the 
main difference between lignosulfonate S and H are in their molecular weights (Mw = 29k 
versus 7k g/mol) and the content of carboxylic acid groups (7.1% versus 13.1%) respectively. 
The lignosulfonate powders are dissolved in deionised water and prepared as 10 mass% 
solutions for accurate dosing and the water is included in the calculation of w/c for the cement 
pastes.  
  

Table 1. Mw and chemical composition of the lignosulfonate samples 

 
Mw Mn 

Org S 
(~SO3) 

SO4
2- Ca2+ Na+ COOH ϕ-OH 

 [g/mol] [g/mol] [%] [%] [%] [%] [%] [%] 
S 29,000 2,100 4.6 0.9 4.6 0.9 7.1 2.1 
H   7,000    900 6.0 3.1 2.7 2.1 13.1 2.4 

 



The chemical compositions of the clinkers as determined by XRF, loss on ignition at 950°C, 
Blaine values and densities measured by Helium pycnometry are given in Table 2. Table 3 
displays the phase compositions of the two clinker determined by XRD Rietveld analysis.  
 

Table 2. Chemical compositions and physical properties of the clinkers 

 SiO2 Fe2O3 Al2O3 CaO MgO K2O SO3 LOI950°C SUM Blaine Ρ 
 [mass%] [m2/kg] [g/cm3] 
A 20.3 3.3 5.7 61.3 2.9 1.2 1.5 1.9 98.6 449 3.1 
B 21.8 5.6 4.3 61.4 2.1 0.4 1.2 0.5 97.6 426 3.2 
 

Table 3. XRD Rietveld analysis of the clinkers phases 

 Rietveld analysis 

 C3S C2S C3A C4AF SUM 
 [mass%] 
A 49.1 25.6 10.0 10.2 94.9 
B 45.6 33.6 0.3 18.5 97.7 

 
The clinkers (both A and B) were mixed and homogenised with 3% by weight of solid of 
gypsum respectively before being subjected to further investigation with the lignosulfonate. 
This amount of gypsum was selected arbitrarily and is not balanced towards the composition 
of the clinkers. 
 
For simplicity, the clinker and gypsum mixtures are denoted as cement A and cement B 
respectively.  
  
2.2  Experimental  
 
The cement slurries were prepared and analysed at a w/c of 0.4. The required dosage of 
plasticizers was homogenized in the water and added to the dry powder mix over 30s before 
blending under high shear for 1min utilizing a high shear mixer (Philips, 600W, capacity = 
200mL), let stand for 5min and a final high shear mixing of 1min to avoid false setting. High 
shear mixing was employed to mimic the high shear energy in a concrete partly imposed by 
coarse aggregate (Williams et al. 1999). In each mix, the amount of slurry prepared was 
~140g to minimise weighing errors. The obtained slurries were subsequently employed in the 
rheological, adsorption and calorimetric analyses. 
 
Only direct addition of lignosulfonate was performed here. 
 
Rheological measurements 
About 2ml of the prepared slurries were employed here. All measurements on the samples 
were started within the first 12min after first contact of dry powder with water. A Physica 
MCR 300 rheometer (Anton Paar, Graz/Austria) equipped with parallel plate geometry, 
diameter 30 mm, was utilised. The upper (rotor) and lower (stator) plates were serrated to a 
depth of 150µm, the gap distance was 1mm and measurements were conducted at 20°C. 
Before starting the measurements, the paste was sheared at 100s-1 for 1min. The up and down 
flow curves was measured over the range of shear rates from 2 to 150s-1 over a period of 6min 
after an initial homogenisation of 1min at a shear rate of 100s-1.  
 



 
Figure 1 Illustration of the FR2 obtained from the down flow curve (shaded area in red) 

 
For analysis, the down flow curve was fitted with two linear regressions at the high and low 
shear rates (threshold limits of <20 and >50s-1 respectively). The flow resistance (FR2) [ref 
vikan] which represent the amount of work performed to shear the paste within the given 
range of shear rate was calculated from the area under the down curve (Figure 1). The 
experimental sequence was repeated four times to give a profile of the variation in rheological 
properties of the cement pastes as a function of time. A rest period of 12.5min was introduced 
between each test period, giving total test duration of ~ 1.5h (22.5min/cycle).  
 
UV measurements and Gel Permeation Chromatography 
Both standard UV measurements and Gel Permeation Chromatography was used to determine 
the consumed amount of lignosulfonate using the common depletion method. Pore water was 
collected by centrifugation of the paste and stabilised by dilution with 10 vol% nitric acid. A 
calibration curve was established for each lignosulfonate to determine the concentration in 
pore water. A Genesys 10S UV Spectrophotometer from Thermo Scientific was used to 
measure the adsorbed amounts of lignosulfonate. The pore solutions were diluted about 10–
200 times with deionised water. The amount of lignosulfonate in the aqueous phase was read 
from the calibration curves. Finally, the amount of lignosulfonate in the pore solution was 
recalculated to obtain the actual amount of polymer in solution, and thus adsorbed content. 
 
A sample with a known concentration and molecular weight was used to determine both the 
amount of lignosulfonate present in the pore water in addition to the molecular weight 
distribution. As will be discussed later, a large share of the added lignosulfonate was 
consumed by the cement and the fractions non-adsorbed lignosulfonate typically have Mw < 
1500. This variation will not be discussed further. An Agilent HPLC 1100 series equipped 
with a Jordi Glucose DVB 104Å pore size and a TSK gel PWXL pre-column was used to 
determine the molecular weight. The mobile phase is composed of 324 g DMSO, 43g 
Na2HPO4, 3.2 g sodium dodecyl sulfate and 3200 g MilliQ water. The pH was adjusted to 
10.5. Figure 2 shows some of the resulting traces from the GPC measurements. 
 
Zeta potential measurements 
A Zeta probe from Colloidal Dynamics, USA, was used to determine the zeta potential of the 
hydrating cements. Cement pastes were prepared at w/c 0.65 instead of 0.4 to prevent 
premature setting/hardening of paste. For cement pastes without lignosulfonate, the zeta 
potential was determined as a function of time for at least 120 minutes. In the presence of 



lignosulfonate, a titration was conducted where incremental amounts of lignosulfonate were 
introduced to the hydrating cement paste. This means that determination of the zeta potential 
in the presence of lignosulfonate is conceptually similar to delayed addition. Pore water 
collected from cement hydrating in water was used as a background to determine the correct 
zeta potentials. 
 

 
Figure 2 Molecular weight traces from the GPC analysis. The reference corresponds to paste with no 

lignosulfonate, the trace labelled H depicts the molecular weight of lignosulfonate H before mixing with cement. 

 
 
Calorimetric investigations 
For in situ measurements, 4g of cement was placed in the vial and calibrated in the 
calorimeter. 2 g of water and the corresponding amount of lignosulfonate needed for each test 
was added into the vial when calorimetry reading has stabilized to a rate of heat evolved value 
of below 0.02 mW/g. This marks the start of the measurement.  
 
For external mixing, ~8g of the paste was mixed according to protocol above were weighed 
accurately into a glass vial, sealed with a lid and placed in the isothermal TAM Air 
calorimeter (TA Instrument, New Castle/USA). Measurements were performed up to 24h 
from the point of first contact between dry powder and water against a calibrated reference of 
inert alumina powder of similar mass. The time of placement was recorded and all subsequent 
hydration profiles were calculated and tabulated after 1h due to excessive heat transfer arising 
from initial preparation.  
 
3. Results and discussion 
3.1  Influence of lignosulfonate on the flow resistance of cement pastes 
 
The rheological effect of lignosulfonate was first examined, up to a period of ~90 min. In the 
absence of lignosulfonate, cement A displayed an initial FR2 of ~26K Nm/m3s (Vikan et al. 
2007). This decreased to ~20K Nm/m3s at the end of measurement, indicating a gain in 
fluidity of the cement paste after each cycle of shear stress. Similar drop in FR2 was observed 
for cement B, but the change was less significant (7.8K to 6.3K Nm/m3s). It appears 
reasonable to attribute the difference in initial FR2 to the amount of C3A present in the 
cements. Cement A contains approximately 10 mass% C3A (Table 3) while cement B only 
contain 0.3 mass%.  
 



Figure 3 displays the flow resistance of the paste made from cement A with 0.2% and 0.4% of 
lignosulfonates H. When lignosulfonate S was added, immediate ('flash') set of the paste 
occurred, thus no rheological measurements were possible. On the other hand, addition of 0.2% 
H to cement A displayed a FR2 with very similar magnitude as that determined for the neat 
cement paste at the start of measurements, but it gradually increased as a function of time to 
around 43Nm/m3s. When 0.4% H was added, a higher initial FR2 of 33K Nm/m3s was 
registered which decreased and followed the trend for the neat cement paste thereafter.  
  

 
Figure 3. Flow resistance of cement A pastes in the presence or absence of lignosulfonate H as a function of time. 

Pastes with lignosulfonate S was not measured due to flash set 

 
Figure 4 displays the flow resistance of cement paste B prepared in the presence or absence of 
both lignosulfonate S and H (0.2% and 0.4% respectively). In the presence of either 
lignosulfonate, the initial FR2 of all pastes increased as a function of dosage and remained 
stable as a function of time, regardless of lignosulfonate type with the exception of 0.4% S. In 
cement B paste with 0.4% S, a slight increase in FR2 was observed. This behavior is 
reminiscent to the flash set observed in pastes prepared from cement A, but of lower 
magnitude.  
 

 
Figure 4. Flow resistance of cement B pastes in the presence or absence of lignosulfonate S and H as a function 

of time respectively 
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For better comparison of the effect of lignosulfonate on the different cements, the relative 
percentage in FR2 of the paste with lignosulfonate was calculated against that of neat paste 
and plotted in Figure 5(a–c). As observed, no fixed trend appears to be present. When 0.2% H 
was added to the cements, a general increase in the relative FR2 was observed, indicating a 
decrease in flow of the cement paste with addition of H, regardless of cement type (Figure 5a). 
In the presence of double dosage (0.4% H), the performance of lignosulfonate H on the 
fluidity of the cement paste B remained similar to that with only 0.2%, that with cement A 
varied. In this case, an initial increase in FR2 was observed, which then decreased to be 
similar to the neat cement paste A as a function of time (Figure 5b). In terms of lignosulfonate 
S, at 0.2% addition, the fluidity of cement B worsened relative to neat cement paste as a 
function of time, but appeared to improve again when 0.4% S was added. No rheological 
measurements were possible with cement A and lignosulfonate S as rapid setting of the paste 
was observed.  
 

 
 
Figure 5. Relative change in FR2 of cement pastes with 
lignosulfonate as compared to neat cement paste (a) 
comparison of pastes when 0.2% H was added, (b) 
comparison of pastes when 0.4% H was added; (c) 
comparison of pastes made only from cement B, with 
0.2% and 0.4% S added. No cement A + lignosulfonate 
S is represented due to flash setting. 

 

 
 
3.2  Adsorption investigations – UV and GPC measurements 
 
As explained in Figure 6, the amount of lignosulfonate in the pore water was determined 
using the UV absorbance of the pore water. In addition, the molecular weight distribution of 
the lignosulfonate remaining in the pore solution was determined. Generally, the consumed 
amount lignosulfonate determined using data from the GPC analysis are higher than the 
corresponding values determined from standard UV measurements. Yet, examination of 
Figure 6 indicates that the variation in consumed amounts is similar. Rather than suggesting 
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that the two analytical techniques gives different results, it is likely that the difference arise 
from the use of different calibration factors (one for each technique) when converting the 
absorbance to concentration.   
 

  
Figure 6. GPC and UV analysis of pore solutions from both cement A and B with different amount of added soft- 

or hardwood lignosulfonate 

While only a limited number of experiments have been conducted, it is clear from Figure 6 
that most of the added lignosulfonate is either adsorbed on cement particles or incorporated in 
cement hydration products with cement B (Sun et al. 2009). Due to rapid set with 
lignosulfonate S, no pore water were collected from cement A with this lignosulfonate. As 
shown in Figure 6, the UV measurements indicate substantially less consumed amounts of 
lignosulfonate H than lignosulfonate S with cement A. The results from the GPC analysis 
reveal the same albeit with a smaller difference. An increase in dosage from 0.2 % bwoc to 
0.4 % bwoc gives higher consumed amounts and suggests that the dosages used are within the 
high affinity region of the sorption isotherm. In terms of consumed amounts, lignosulfonate S 
sorbs in larger amounts than lignosulfonate H at otherwise comparable conditions. Apparent 
from Table 2 is that cement A and B have comparable surface area, suggesting that 
differences in the consumed amounts may reveal effects of cement composition. For the 
limited number of experiments, the consumed amounts are consistently higher in pastes 
prepared from cement B, tentatively suggesting that both lignosulfonates exhibit a higher 
affinity towards cement B than cement A.  
 
3.3  Zeta potential measurements 
 

 
Figure 7 Zeta potential of cement pastes prepared from cement A (left) and cement B (right) as a function of 

dosage lignosulfonate H or S. For comparison, the time dependence of the zeta potential of the cement paste with 
no lignosulfonate present is included. 
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Lignosulfonate carry a negative charge and it is assumed that adsorption onto cement particles 
will modify the zeta potential accordingly where the final zeta potential is determined by the 
sum of the intrinsic particle charge and the amount of adsorbed lignosulfonate. In Figure 7 the 
determined zeta potentials for pastes prepared from cement A containing increasing amounts 
of lignosulfonate H and S are shown. The effective amount of lignosulfonate, expressed as % 
bwoc is shown along the abscissa. For comparison the zeta potential of a cement paste 
without lignosulfonate is included. The zeta potential of the cement without lignosulfonate 
remains constant for the duration of the experiment, except for a slight reduction occurring 
within the first 30 minutes of the experiment. In the titration experiment with lignosulfonate H 
a similar behavior is observed, i.e. a small reduction in the zeta potential during the first 30 
minutes followed by a constant value. In the presence of lignosulfonate S, the zeta potential 
decreases slowly with time. Yet, the change in zeta potential at all conditions during the 
course of these experiments is around 2 mV and that is not a large difference. Looking at the 
corresponding results obtained with cement B one see that similar to cement A, the zeta 
potential of cement B does not change with time during the first two hours of hydration. The 
zeta potential of cement B (~ -4 mV) is somewhat lower than the zeta potential of cement A 
(~ -10 mV). Titration with both lignosulfonate H and S increases the negative magnitude of 
the zeta potential and lignosulfonate H leads to the most marked change. In line with the 
results from determination of the consumed amount of lignosulfonate, no plateau is reached 
with increasing lignosulfonate dosage. (An additional experiment not shown here revealed 
that the magnitude of the negative zeta potential increased up to 1 mass% lignosulfonate H 
without signs of reaching a constant value.) No flash set was observed with pastes prepared 
from cement A, possibly due to the higher w/c ratio used for determination of the zeta 
potential.  
 
3.4  Calorimetry studies 
 
The first hour of heat evolution during hydration of the cement pastes is explored by 
calorimetric studies. The initial heat of hydration of an ordinary Portland cement can be 
mainly attributed to the hydration of C3A in presence of gypsum and the dissolution of C3A 
and C3S phases. In some cases, initial dissolution of C4AF can also contribute to this initial 
heat evolution in a cement paste. Figure 8 and 9 display the heat of hydration for cement A 
and B within the first hour, in presence and absence of lignosulfonate.  
 
Regardless of the type of lignosulfonate added, an increase in heat evolved is observed in 
cement A (Figure 8). With 0.2 % bwoc of lignosulfonate S, the gain in heat released within 
the first hour of hydration is twice that in the neat cement paste (~2.1 to ~4.2 J/g), whilst that 
with H only showed an increase of ~40% (2.1 to 2.9 J/g). This difference in heat release 
signified that lignosulfonate S appears to have a greater impact on the initial hydration than 
lignosulfonate H. It is likely that this heat is related to dissolution of C3A which would also 
account for the rapid set observed with lignosulfonate S and an increase in FR2 with 
lignosulfonate H.  
 



 
Figure 8. Rate of heat evolutions of cement A pastes during the first hour of hydration prepared by in situ mixing, 

with and without lignosulfonate addition 

 
When the dosage of lignosulfonate is doubled from 0.2 to 0.4 % bwoc, the rate of initial heat 
evolution remained constant for both lignosulfonates while the total heat evolved increased 
from ~ 4 J/g to 6 J/g (lignosulfonate S) and from 2.9 J/g to 5 J/g (lignosulfonate H). The 
similar magnitude in the gain in energy evolved (+2J/g) potentially signify that the high 
amount of C3A present can potentially acts as a sink for interaction with lignosulfonate after 
the initial depletion of gypsum source or increase competitive sorption with increasing 
lignosulfonate addition.  
 
Figure 9 presents the initial heat evolved for cement paste B with and without lignosulfonates 
added. In contrast to findings with cement A, addition of either lignosulfonate reduces the rate 
of heat evolution. Lignosulfonate S is somewhat more efficient on lowering the rate of heat 
evolution but the effect appears to increase with dosage. Apart from this, addition of 
lignosulfonate does not change the appearance of the initial hydration curves. Cement B is 
mainly composed of C3S and C2S and it appears reasonably that the reduced rate of heat 
evolution in the presence of lignosulfonate may be attributed to interaction with these species. 
Tentatively, adsorption of lignosulfonate onto these minerals will lower the dissolution rate, 
hence the lower heat production. The dissimilarity in behavior observed with cement A and B 
lends support to the suggested interaction between C3A and lignosulfonate.  
 

 
Figure 9. Rate of heat evolutions of cement B pastes during the first hour of hydration prepared by in situ mixing, 

with and without lignosulfonate addition 
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Pastes prepared from cement A and B were also mixed externally and the hydration curves 
were recorded for the first 24 hours. The paste samples used for calorimetry are the same as 
used for determination of the consumed amount and the rheological characterization. Earlier, 
the higher rate of heat evolution in presence of lignosulfonate S with cement A was attributed 
to enhanced C3A dissolution rates. In Figure 10 the hydration curves recorded for the 
externally mixed pastes prepared with cement A in the presence of lignosulfonates are 
presented. For both dosages of lignosulfonate H the peak in the hydration curve occurs at 
practically the same time as the sample without lignosulfonate. Hence, no particular 
retardation takes place in the presence of lignosulfonate H. In contrast, significant retardation 
which depends upon lignosulfonate dosage is found with lignosulfonate S. The main 
hydration peak is normally attributed to reactions of C3S and a change in the morphology of 
ettringite due to depletion of sulfate. As no retardation of this peak is observed in the presence 
of lignosulfonate H one may propose that little or no lignosulfonate is adsorbed onto C3S 
surfaces and they may thus react as if no lignosulfonate is present. This would require that 
lignosulfonate H preferentially interacts with C3A. In contrast the shape of the main hydration 
peak is substantially changed in the presence of lignosulfonate S, suggesting interaction with 
both C3A and C3S.  
 

 
Figure 10. Rate of heat evolutions of cement A pastes up to 24h of hydration prepared by external mixing, with 

and without lignosulfonate addition 

 
Figure 11 shows the hydration curves of pastes prepared from cement B with and without 
lignosulfonate. Here, both lignosulfonate H and S retards the onset of the main hydration. The 
initial hydration curves of the same systems suggested that presence of lignosulfonate 
inhibited dissolution of C3S and this effect in further enhanced in Figure 9. The initial 
hydration curves suggested that an increase in lignosulfonate dosage gradually inhibited C3S 
dissolution and this trend is further enhanced in Figure 11. Further, it may appear as if 
lignosulfonate S is a more efficient inhibitor than lignosulfonate H.  
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Figure 11. Rate of heat evolutions of cement B pastes up to 24h of hydration prepared by external mixing, with 

and without lignosulfonate addition 
 
3.5  Overall mechanism 
 
The Blaine numbers for cement A and B are rather similar indicating comparable surface 
areas. Several investigations (Bishop and Barron 2006; Danner et al. 2015; Wang et al. 2012) 
have claimed strong interaction between lignosulfonate and ettringite. Intuitively, one may 
also presuppose a strong interaction with C3A (and C4AF) and from this it would follow that 
the consumed amounts of lignosulfonate should be higher with cement A while the results 
shown in Figure 6 suggest the opposite. Examination of the composition of the two cements 
(Table 2) reveals that the sum of the silicate phases (C3S and C2S) and the aluminate phases 
(C3A and C4AF) are quite similar. If one for simplicity assumes that lignosulfonate has similar 
affinity for C3S and C3A, lower consumption in pastes prepared from cement A may arise 
from stabilization of ions or precursor C3A hydration products. Still, it is important to keep in 
mind the results from the GPC analysis. The fraction of lignosulfonate that remains 
unconsumed and remains in the pore water has low molecular weight. Ergo, lignosulfonate 
remaining in the pore water may interact with the cement minerals but it may not have 
sufficient molecular weight to act as a dispersant. Further investigations are required to get to 
the bottom of this issue. 
 
A strong interaction between C3A and lignosulfonate is suggested on the basis of differences 
in the initial hydration curves. Specific for cement A, we conjecture that the interaction with 
C3A increases the consumption of lignosulfonate, either by incorporation in non-specific 
organo-mineral products or an increase in nucleation seeds. Measurements of the zeta 
potential in the presence of lignosulfonate revealed small if any changes in the presence of 
lignosulfonates, which indicates that the lignosulfonate negative charge somehow gets 
neutralized. However, the initial hydration curves reveals strong interaction, indicating that 
interaction of lignosulfonate with C3A may occur in solution instead of topochemical, 
especially in presence of excess amount of C3A. Cement B only contains a small amount of 
C3A and the impact of the above effects should be small. Instead, more lignosulfonate is 
available for interaction with C3S. The results show that lignosulfonate reduces the intensity 
of the heat of hydration, indicating that a decrease in heat of dissolution might have occurred. 
Coupled with the results from the zeta potential measurements, which disclose an increase in 
the negative magnitude as the lignosulfonate dosage increases, it is conceivable that 
lignosulfonate adsorbs onto C3S particles.  
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The main hydration peak of pastes prepared from cement A in the presence of lignosulfonate 
H was not retarded as it is with lignosulfonate S (Figure 10). In contrast, lignosulfonate H and 
S both retard the onset of the main hydration peak in pastes prepared from cement B and 
exhibit a normal dosage response (Figure 11). Above, we conjectured that both 
lignosulfonates, S somewhat stronger than H, adsorbs onto C3S during the initial wetting. The 
adsorption retards dissolution which further leads to delayed hydration as observed. The lack 
of retardation of the main hydration peak in the presence of lignosulfonates in pastes prepared 
with cement A is fascinating. A tentative interpretation is that the added lignosulfonate is 
consumed in C3A hydration products or other organo-mineral compounds. In this scenario, 
the added lignosulfonate interacts preferentially with C3A and the unconsumed lignosulfonate 
remaining in the pore solution may or not adsorb onto the C3S phase. However, the non-
consumed lignosulfonate has low molecular weight (Figure 2) and apparently not capable of 
modifying the cement hydration.  
 
It may appear from the above that lignosulfonate H exhibit a strong preference for C3A while 
lignosulfonate S exhibit preference for both C3A and C3S. This difference may originate from 
differences in the molecular composition. Alternatively, the two lignosulfonates may have 
similar interaction strengths towards C3A but the larger size of lignosulfonate S may interact 
with regions of C3S contiguous to C3A. In parallel with adsorption of lignosulfonates onto 
cement particles, there will be a competitive precipitation of cement hydration products on the 
same surfaces. Of the two tested lignosulfonates, lignosulfonate H with low molecular weight 
and a high amount of carboxylic acid groups induces the smallest acceleration of the C3A 
hydration for cement A and the least delayed dissolution of the C3S phase for cement B. This 
may indicate it has a weaker interaction with the cement minerals than lignosulfonate S. 
Based upon the larger molecular weight of lignosulfonate S one would expect that this 
interacts stronger with the surfaces for entropic reasons. 
 
One of the surprising findings in this work is that lignosulfonate failed to improve the 
rheology of cement pastes, as seen from evaluation of the flow resistance, FR2. For one of the 
cements, cement A this may be explained with less than sufficient gypsum to balance 
hydration of C3A. In a separate study, addition of 4% gypsum displayed no significant flash 
setting of the cement A, thus confirming this notion. Cement B contains low amounts of C3A 
and from the presented data there is no reason to believe that modulation of the hydration of 
C4AF contributes particularly. It was observed that both lignosulfonates delayed initial 
dissolution of C3S. One may speculate that delayed dissolution is coupled with formation of 
C-S-H nuclei precipitating on the surface of cement particles one may explain the lack of 
change in flow resistance. Specifically for pastes prepared from cement B, the slightly higher 
zeta potentials in the presence of lignosulfonate H may account for the lower flow resistance 
numbers observed in comparison to lignosulfonate S.  
 
4. Conclusion 
Two lignosulfonates which differ in composition has been shown to give similar and 
divergent results when used as plasticizers in cement pastes with different composition of 
cement minerals. Results from several independent techniques suggest interaction between 
lignosulfonate and in particular the C3A phase, but also the C3S phase. Associations between 
lignosulfonate and C3A may occur in the form of organo-mineral phases, but further 
investigations are required to resolve this matter. As may be expected from the loss of 
configurational entropy upon adsorption, a high molecular weight lignosulfonate appears to 
interact stronger with the cement minerals, even if the low molecular weight lignosulfonate 
carry a higher density of charged groups.  
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Abstract 
The ability to control the setting of cement is essential in several applications such as slip forming, oil 
well cements or in normal concrete if challenging climatic conditions or time constraints are required. 
This is normally done by using retarders or accelerators but very rarely by the combination of both. 
 
In this study we propose to wake up a heavily delayed cement mixture by the use of mineral addition 
that cancels the effect of the set retarder. Specifically, concrete is put to sleep with a high dosage of 
superplasticizer and woken up “on demand” by the use of bentonite with a high affinity to bind PCE 
superplasticizers. 
 
Isothermal calorimetry technique has been used to investigate the impact of the different admixtures on 
the hydration kinetics of cement and adsorption isotherms have been conducted on a bentonite 
suspension and on cement pastes to study the interaction between the retarding superplasticizer and 
the bentonite. 
 
The combination of set retarding properties of superplasticizers and the physical interaction of the 
clays such as bentonite with the superplasticizer changes the setting time of a cement paste. This can 
be used to control the setting time in the range of high (excess) superplasticizer dosages. 
 
Originality 
The novel strategy proposed in the present study opens innovative and flexible construction 
perspectives. While many studies describe the impact of individual admixtures on setting time and 
cement hydration kinetics, the combination and interaction of set retarders and set accelerators still 
remains an open field. Specifically the combination of superplasticizers and clays used to control the 
setting is novel. 
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1. Introduction 
Setting time of cement can be controlled via chemical admixtures such as set retarders and set 
accelerators. These admixtures allow the use of cement in special applications such as oil well 
cements or under more extreme temperature conditions. A recent innovation in slip casting, 
termed “Smart Dynamic Casting”, proposed the use of the two admixtures simultaneously by 
heavily retarding a batch of mortar and accelerating it in a controlled way (Gramazio et al., 
2014; Lloret et al., 2014). By carefully controlling the setting time, one can perform slip 
casting at the exact time when a mortar has gained enough strength to support itself and yet 
still be soft enough to be shaped. This kind of technology offers a wide range of possibilities 
to create nonstandard structures without the need for prefabricated formworks. 
 
Polycarboxylate ether (PCE) superplasticizers are widely used as water reducers in the 
concrete industry, but it is known that at very high dosages, they retard the hydration of 
cement, leading to very long set times (Marchon et al., 2013; Yamada et al., 2000). Swelling 
clay minerals (montmorillonites) are generally thought of as a nuisance in the concrete 
industry, because their presence in aggregates increases water demand, and even at very low 
quantities can affect the performance of PCE superplasticizers, due to the affinity of the PCEs 
for swelling clay minerals (Jeknavorian et al., 2003; Nehdi, 2014). Ng and Plank (2012) 
stated that PCEs interact with montmorillonite via intercalation of the PEO side chains in the 
galleries, or by electrostatic attraction of the negatively charged backbone to surface adsorbed 
calcium ions, which would impact their availability to function as water reducers. 
 
This work examines a method in which this behavior can be exploited to control the setting 
time of cement.  By using a large excess of superplasticizer, a heavily retarded batch of 
cement can be produced, and addition of a swelling clay mineral can cancel the retardation by 
consumption of the retarding superplasticizer. The bleeding and segregation of such systems 
would typically be initially controlled by mix design adjustments, for example by introducing 
VMAs. This paper however only focuses on the quantitative understanding of how the 
superplasticizer-induced retardation can be cancelled by bentonite additions. 
 
2. Materials and Methods 
2.1 Materials 
A commercial Portland cement CEM I 52.5R according to the European standard EN 197-
1:2000 was used. Its mineralogical composition was determined by Rietveld analysis of the 
X-ray diffraction (XRD) patterns and expressed in values normalized to 100% of crystalline 
phases (see Table 1). 
 

Table 1. - Mineralogical composition (%w/w) of Portland cement determined by Rietveld analysis of 
the XRD patterns. 

C3S C2S C3A C4AF Gypsum Hemihydrate Quartz Calcite 

64.6 9.2 5.2 11.6 3.0 5.2 0.3 0.9 

 
The superplasticizer (SP) is a comb-shaped copolymer synthesized by grafting onto the 
backbones. The backbone is based on polymethacrylic acid (PMA) and the side chains on 
polyethylene gylcol (PEG) with a length of 1000Da.  The carboxylate/ether ratio is 3.2. The 
solution has a solid content of 7.61%. The superplasticizer weight is always given as solid 
superplasticizer content. 
 
The bentonite used in this study is Na-montmorillonite, a 2:1 swelling clay supplied by 
Sigma-Aldrich. 
 
 
 



2.2 Preparation of cement pastes 
The cement pastes were prepared by mixing for 3 minutes at 500 rpm with a blade stirrer 100 
g of cement with 40 g of water (liquid/solid ratio of 0.4). Dosages of 0, 0.8, 1.6, 2.4 and 4.0 ‰ 
of superplasticizer by cement weight were added to the mixing water. For each concentration 
of superplasticizer, the effect of the bentonite addition on the hydration of cement was studied 
(0, 1.04, 2.08, 3.13 and 5.00 mg of bentonite / mg superplasticizer). Bentonite was manually 
homogenized with the cement powder previous to addition of the water and superplasticizer.  
 
2.3 Methods 
Adsorption curves of superplasticizer on bentonite suspensions 
To determine the adsorption isotherms of the superplasticizer, 0.5 g of bentonite and 50 g of 
distilled water containing different amounts of superplasticizer were mixed and stirred for 24 
hours at 23 °C. 
The suspensions were subsequently centrifuged at 10000 rpm during 10 minutes using a 
Centrifuge Allegra 25R High Speed Benchtop (Beckman Coulter). The aqueous phase was 
filtered through a membrane filter Sartorius 0.45 μm and the total organic carbon content was 
determined on a Shimadzu TOC-VCSH/CSN total organic carbon (TOC) analyser. The 
amount of consumed superplasticizer on bentonite was measured by depletion method, 
considering the difference between the initially added amount and the amount in the liquid 
phase. 
 
TOC of cement paste 
The aqueous phase of the cement pastes was filtered five minutes after the beginning of 
mixing through a membrane filter Sartorius 0.45 μm and the total organic carbon content was 
determined on a Shimadzu TOC-VCSH/CSN total organic carbon (TOC) analyser. Again, the 
amount of consumed superplasticizer was calculated by depletion method, considering the 
difference between the added amount of superplasticizer and the amount in the liquid phase 
reduced by the base organic content of the cement paste without admixtures. 
 
Isothermal calorimetry 
Isothermal calorimetric measurements were carried out in an I-Cal 8000 calorimetry 
(Calmetrix) at 23 °C on cement pastes. This technique was used to monitor the kinetics of the 
hydration reaction of the cementitious systems under study. 
 
3. Results 
Figure 1 shows the adsorption of superplasticizer on bentonite. The adsorption is linear up to 
0.2 superplasticizer weight by bentonite additions and fraction adsorbed in this initial regime 
is 97%. An adsorption plateau is reached at an adsorption limit of 0.32 superplasticizer weight 
by bentonite. It should be noted that the adsorption isotherm exhibits a clear curvature 
between the end of the linear zone and the plateau. It can be estimated that the plateau is 
reached for an added amount of superplasticizer corresponding to about 600 mg SP/g 
bentonite. However this dosage must depend a lot on the solid to liquid ratio. From an 
equilibrium point of view the concentration in solution is what would matter and this would 
be about 280 mgSP/gB. The superplasticizer concentration in solution may also change with 
the ionic composition of the solution and is something we will be investigated in subsequent 
work.  
 



Figure 1 – Adsorption of superplasticizer on bentonite suspension. 
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Figure 2 shows the superplasticizer amounts present in cement pore solution for 
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Figure 2 – Superplasticizer in pore solution, measured by TOC with variable superplasticizer and 
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Figure 3 shows the heat release rate of cement pastes with and without superplasticizer and 
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Figure 4 – Setting time as defined by the first inflexion point of 
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4. Discussion 
 

The bentonite strongly attracts superplasticizers, as shown in the adsorption isotherm (Figure 
1) in considerable amounts compared to cement. It was observed (A. A. Jeknavorian, 2003; 
Sakai et al., 2006) that swellable clays, specifically Montmorillonite extensively adsorb PCEs 
and strongly reduce their dispersion effect. This has also been observed for sodium 
Montmorillonite and explained (Ng and Plank, 2012) by chemisorption via intercalation of 
the poly(ethylene oxide) side chains into the interlayer region between the aluminosilicate 
layers and physisorption on clay surfaces which are positively charged through uptake of Ca2+. 
These observations recently lead Lei and Plank (Lei and Plank, 2014) to propose the synthesis 
of more clay tolerant PEG-free superplasticizers. 
 
In cement paste, bentonite appears to have a lower adsorption plateau and the affinity of the 
SPs for it seems to be lower. This difference may results from the very different contact times 
in the two sets of experiments. However the overlay of the setting time measurement and the 
superplasticizer content in pore solution indicate, that the amount of superplasticizer acting on 
the retardation does not strongly change after 5 minutes of the admixture addition. 
 
It is probable that adsorption onto bentonite in cement paste faces a competitive process. On 
the one hand this could be that the superplasticizer is not easily desorbed from the cement 
surfaces. On the other hand, ions released in solution by cement may modify the SP 
adsorption onto bentonite. 
 
While bentonite additions effectively reduce retardation induced by superplasticizers, they 
cannot completely cancel it. However, if one only wants to reduce partially such retardation, 
bentonite can be an effective admixture for this purpose. However, concerning practical use, 
it should be emphasized that if SPs are highly dosed, other adjustments to the mix design will 
be needed to prevent segregation and bleeding. For examples VMAs may be considered. 
Preliminary experiments have shown, that the addition of VMA’s is not changing the general 
trend of how the superplasticizer delay is reduced by the addition of bentonite. For simplicity 
VMA’s were not included in the mix design of the cementitious system used in this 
publication. 
 
Finally, we note that in the case of high superplasticizer contents in conjunction with no or 
low bentonite additions, calorimetry indicates an inversion of the occurrence of the sulfate 
depletion and the silicate hydration peak. This explains the non-linearity between retardation 
and bentonite dosage in the range of high superplasticizer contents and low bentonite dosages. 
 
5. Conclusion 
 

We have shown, that the combination of set retarding properties of superplasticizers and their 
affinity for clays such as bentonite can be used to modulate setting time of a cement paste. 
Indeed the retarding effect can be reduced by as much as 16 hours or 65% by the addition of 
5.00 mgB / mgS. 
The setting time can be fixed by the superplasticizer dosage with knowledge of the quantity 
of superplasticizer remaining in pore solution after the addition of bentonite. When the 
cement must be “activated” an appropriate amount of bentonite may be added to drastically 
reduce the retardation. 
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Abstract 
Calcium sulphoaluminate cement (CSA) are considered one of the possible and eco-friendly alternative to Ordinary 
Portland Cements (OPC) for mortar and concrete applications, thanks to the rapid-hardening and shrinkage 
compensating behaviour coupled with the lower environmental impact. A modern mix design normally includes 
admixtures that, being designed for OPC applications, may in some cases lead to undesirable interactions with CSA. In 
this study, the admixture-CSA interaction issue was investigated by in-situ XRD and heat flow calorimetry on paste, and 
the results correlated with compressive strenght development on mortar. It was found a satisfactory agreement between 
some key paramenters such as ettringite development and anhydrite consumption trends observed by XRD, the heat 
flow and the physical characteristics like rheology at fresh state and compressive strength development in all the 
performed tests. 
 
Originality 
The present work deals with compatibility between calcium sulphoaluminate cements and admixtures by in-situ XRD 
and heat flow calorimetry, relating the obtained results with rheology and strength development. No study including all 
the above mentioned techniques and relative relationships is present in literature, according to authors’ knowledge. 
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1. Introduction 
The worldwide annual production of ordinary Portland cement (OPC), the most important building 
material, today reached over than 3 billion tonnes and it is expected an increase to about 4 billion 
tonnes within 2050 (Cement Technology Roadmap, 2009). Good reasons support this trend: raw 
materials are abundant, low cost and, in most cases, easily available. At the same time hardened 
cement shows good compressive strength performances and durability properties that are able to 
extend building service life over 50 years. However, due to high production volumes, the 
manufacturing of PC clinker, the main OPC constituent, accounts for about 5% of total carbon dioxide 
emissions produced by industrial activities (Gartner E.M., 2004; Damtoft J.S. et al., 2008). In these 
last decades many efforts are being made by cement industry to reduce the environmental impact of 
cement production both in terms of process optimization, e.g., with more efficient kilns and mills and 
in terms of clinker/cement ratio reduction by the use of supplementary cementitious materials (SCMs) 
such as slag and fly ashes (Schneider M. et al., 2011). Even if the introduction of composite cements 
contributed positively to reduce environmental footprint, high percentages of OPC substitution 
resulted limited by the compositional variability of industrial by-products and by reduced early 
strength. In this scenario, a potential valid alternative seems represented by non-Portland systems such 
as calcium sulphoaluminate cements (CSA) introduced in China since 1970 as fast setting and 
shrinkage compensate cement (Klein A. et al., 1958; Nakamura T. et al., 1968; Budnikov P.B. et al., 
1968) and nowadays reconsidered as promising low-CO2 alternative binder to use alone or blended 
with OPC, slag and fly ash in composite cements (Michel M. et al., 2011; Ioannou S. et al., 2014; 
Telesca A. et al., 2014). 
Calcium sulphoaluminate clinkers are characterized by the presence of ye’elimite (or C4A3$) that can 
be produced from calcium sulfate, limestone and bauxite (cement notation is used in the text with A = 
Al2O3, C= CaO, F = Fe2O3, H= H2O, S = SiO2, $= SO3, T = TiO2). 
Depending on the raw meal composition, calcium sulfoaluminate-based clinker could contain other 
phases such as belite (C2S), ferrite (C4AF), mayenite (C12A7), and anhydrite. 
The main reactions taking place starting from the very early ages are presented in the followings  
(Glasser F. et al., 2002; Gastaldi D. et al., 2007; Winnefeld F. et al., 2009): in presence of calcium 
sulphate and lime it essentially results in rapid formation of ettringite (Aft), according to reaction 
scheme (1), while in event of lime or sulphate lack, both ettringite and   monosulphate (AFm) could 
form, following reaction scheme (2) and (3): 
C4A3$ + 6CH + 8C$H2 + 74 H → 3 C6A$3H32                                                                                      (1) 
C4A3$ + 2C$H2 + 34 H → C6A$3H32 + 2AH3                                                                                        (2) 
C4A3$  + 18 H → C3A$H12 + 2AH3                                                                                                        (3) 
Other minor phases present in the clinker lead then to several different products like C-S-H phases, 
strätlingite or hydrogarnet, depending on raw materials composition (Majling J. et al., 1993). Ettringite 
formation is the main responsible of the fast setting and strength development (La W. et al., 1996; 
Hendricks C. et al., 1998; Winnefeld F. et al., 2010), as well as volume stability due to a low 
shrinkage behavior (Glasser F. et al., 2002; Winnefeld F. et al., 2009 ; Lura P. et al., 2010).  
Admixtures are ingredients added to the concrete batch immediately before or during mixing. They 
comprise chemical admixtures, air-entraining agents, and miscellaneous other types. They confer 
beneficial effects to concrete, including reduced water requirement, increased workability, controlled 
setting and hardening, improved strength, better durability, desired coloration, and volume changes. 
Given this, it is recognized by several authors that incompatibility between cement and admixtures 
such as superplasticizers leads in some cases to a dramatically drop of the above mentioned 
characteristics (Jolicoeur C. et al., 1998; Prince W. et al., 2003; Planck J. et al., 2007), but very few 
works were done considering this aspects and CSA cement. The aim of this paper is to focus on the 
feasibility of predicting  the compatibility between CSA cement based systems and admixture by in-
situ XRD, considering the relationship observed between ettringite development and compressive 
strength of cement pastes. To do this the hydration mechanism and the ettringite formation in the first 
24 hours have been monitored by means of in-situ XRD and isothermal conduction calorimetry.  



 

The potentiality of the in-situ XRD technique has been put in evidence thanks to the possibility to 
follow the hydration process of cementitious systems without stopping hydration with solvents, but by 
using a climatic chamber installed in the X-ray diffractometer, in which temperature and humidity are 
controlled (Scrivener K.L. et al., 2004; Marchi M. et al., 2013). 
 
 
2. Materials and Methods 
2.1. Raw Materials 
All the experiments were carried out using a cement paste made of commercial CSA cement (i-tech 
ALICEM® by Italcementi) considering a water/cement ratio of 0.5. The chemical composition was 
measured by X-ray fluorescence (XRF) and mineralogical composition was determined from X-ray 
diffraction (XRD) patterns using Rietveld refinement. The chemical and mineralogical composition of 
the raw materials is shown in the table 2-3. Three different commercial policarboxylate-based 
admixtures were tested, one was powder-form, named PC D, and two liquid were based called PC L1 
ad PC L2. Considering the dry content of liquid admixtures, it was decided to add the same quantity of 
active part for all the superplasticizers, as reported in the table 1. 
 

Tab. 1 Admixture dosage. 

Admixture  Dry % wt % on cement 

PC D 100 0.1 

PC L1 20 0.5 

PC L2 19 0.5 

 
 

Tab. 2 Chemical compositions of CSA cement/%. 

L.O.I. SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O SrO Mn2O3 P2O5 TiO2 

1.44 7.09 25.7 0.99 40.79 3.19 18.57 0.48 0.37 0.35 0.13 0.09 0.34 

 
 

Tab. 3 Mineralogical compositions of CSA cement/%. 

Ye’elimite  50.4 

Larnite 11.5 

C-f-t 0.6 

Anhydrite 19.2 

Mayenite 2.4 

Fluoroellestadite 6.6 

Merwinite  2.9 

Periclase 3.4 

Bredigite 3.0 

 
 
2.2. Methods 
The in-situ XRD analysis were carried out using a climatic chamber “Material Research Instruments 
gmbh (mri)” that maintains constant environmental condition (T 25°C and RH 95%) during the pattern 
acquisition. The cementitious pastes were prepared by hand mixing for 3 minutes the samples using a 
water-to-cement ratio of 0.5. After a preliminary stabilization of the temperature and the relative 
humidity, the pastes were placed in the chamber and the equilibrium re-established within 5 minutes 
after mixing. For collecting the XRD patterns, a conventional Bragg-Brentano Bruker D8 Advance 
diffractometer equipped with a LinxEye detector was used. The instrumental set-up was: Cu Kα 
radiation (λ=1.54059 Å), divergence slit 0.5°, detector slit 8 mm, soller slit set 4°+4°; the data 
collection was: 5-70°2θ, step/size 0.02° and t/step di 0.36 s (total scan time about 21 minutes). The so 



 

collected diffraction patterns have a sufficient resolution for performing Rietveld analysis. With such 
collection strategy, the first measurement covers the period from x to x+21min (where x is about 5 
min). The data were analysed by using the software TOPAS 4.2 (Bruker) and the used crystal 
structures are reported in the Table 4. The composition of the cement paste was obtained by Rietveld 
refinement using the G-factor method (Marchi M. et al., 2013). 
The G-factor method is based on the calculation of a calibration constant for the diffractometer using a 
standard material (in this case silicon).  

 
                                              (4) 

 
Where: 
SSi: Rietveld scale factor of silicon from Rietveld analysis; 
ρSi: Density of silicon; 
VSi: Unit-cell volume of silicon; 
CSi: Weight fraction of silicon (100 wt%); 
μ*Si: Mass attenuation coefficient (MAC) of silicon. 
The factor G is then used in order to calculate the amount of each crystalline phase in the cement paste 
(cj), taking into account the density of  j-phase (ρj), the unit-cell volume of  j-phase (Vj), the calculated 
scale factor for j-phase (sj) and the MAC of the whole sample (μ*sample) which in this case was 
determined from XRF data. 

 

 
                                                     (5) 

                                                                                                                       
A detailed discussion of this method is given in (Jansen D. et al., 2011; Hesse C. et al., 2011). 
The heat flow curves of all samples were obtained by means of isothermal conduction 
calorimeter (apparatus according to Cembureau test method 1977): 10 g of cement were 
weighted into a sealed flask and put inside the calorimeter operating at 20°C. A micro-stirrer 
and a syringe needle for water injection are centrally introduced into the flask. After 8 hours 
of conditioning, 5 g of water at 20 °C was added mixing for 3 minutes by means of internal 
stirrer. The heat evolution was followed up to first 48 hours.The compressive strength test on 
mortar were performed according to EN196-1. Considering the very early testing period, 
(ranging from 8 to 24 hours), the samples (4x4x16 cm mortar prism) were placed in a 
humidity chamber at 20°C and 98% RH immediately after casting up to the test time.  
 

Tab. 4 Structures of the main phases used in the Rietveld refinements. 

Name  Space  Group (Int. Tab. N°)                       ICSD ref. Reference 

Bredigite Orthorhombic P2nn (34)                            9828 Moore, P.B. et al., 1976 

β C2S                               Monoclinic P21/n (14)                                   963 Jost K. H. et al., 1977 

C4A3$                              Orthorhombic Pcc2 (27)                           80361 Calos N.J. et al., 1995 

Anhydrite Orthorhombic Amma (63)                        40043 Hawthorne F.C. et al., 1975 

Ettringite  Trigonal P31c (159)                                                                             Goetz-Neunhoeffer F. et al., 2006 

Periclase   Cubic Fm-3m  (225)                             64930 Schiebold E. 1977 

C11A7f Cubic  I-43d  (220)                                      92042 Costa, U. et al., 2000  

C-f-t                                  Orthorhombic P c m 21 (26)                         203100 Motzet H. et al., 1998 

Merwinite Monoclinic P21/a (14) 26002 Moore, P.B. et al., 1972 

Fluorellestadite Hexagonal P63/m (176)                                                                             97203 Pajares  I. et al.,  2002 



 

 

3. Results and Discussion 
The performed tests results are shown in figure 1 to 6 where the XRD acquisition, phase evolution 
during time, heat flow curves  and the compressive strength resistance are collected. 
In the figure 1 are shown the diffraction patterns collected on time for the sample PLAIN, while in the 
table 5 is shown the Rietveld quantitative phase analysis for this sample. 
For all samples was monitored the amount of ettringite which is formed in the first 24 hours. In the 
first minutes (up to 40 min) the rate of the ettringite formation is similar for all samples (figure  2b), 
then due to the effect of the different admixture used the kinetics of hydration change (figure  2a). 
For the PLAIN sample  the rate of ettringite formation is faster up to 1.5 hours then the ettringite 
continues to increase but at a low rate as far as 24 hours to reach the 40%. The sample PC D has the 
same behavior up to 5 hours then the rate of ettringite formation slows to reach 31% at 24 hours. 
The sample PC L2 after the first 40 minutes shows a similar trend to the previous but with a lower 
amount of ettringite, at 24 hours to form 25%. The last sample PC L1, shows a hydration kinetics 
completely different than the previous: practically after the first 40 minutes the hydration evolution is 
stopped,  in fact in the graph of formation of ettringite forms a plateau until about 20 hours, then start 
coming to form 18% to 24 hours. 
The trend in consumption of C4A3$  obviously reflects the kinetics of formation dell'ettringite. So the 
sample PLAIN is one in which it has the greatest consumption of C4A3$ and anhydrite to 24 hours 
while the sample PC L1 is one in which it has a lower consumption. 
In the PLAIN sample, at 24 hours, anhydrite is almost completely reacted, for the sample PC D and 
PC L2 the trend is similar but with a lower consumption; while for the sample PC L1 the anhydrite 
starts to react after 20 hours.  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1 XRD of PLAIN sample : anhydrous and after different ages of hydration (E=ettringite, Y=Ye’elimite, 
A=anhydrite).  
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Tab. 5 Rietveld quantitative phase analysis in weight percentage. 

 0 h 2 h 8 h 16 h  24 h 

Ye’elimite  33.7 19.1 13.0 5.6 2.5 

Larnite 7.7 6.6 6.3 5.5 5.4 

Anhydrite 12.8 7.6 5.6 3.6 2.4 

Mayenite 1.6 1.6 1.5 1.4 1.2 

Periclase 2.3 2.2 2.1 2.2 2.0 

Others° 8.6 7.1 6.5 6.2 5.4 

Ettringite  0.0 13.9 23.2 34.1 40.6 

Acn+FW* 33.3 41.9 41.8 41.4 40.5 

      

SUM 100.0 100.0 100.0 100.0 100.0 

*the value included the amorphous, cristalline non-quantified phases (Acn) and free water (FW) 
°Other phases are bredigite, merwinite, fluorellestadite and C-f-t. 

 
 

 

 

 
Figure 2 Ettringite phase evolutionin up to 24hours(a), zoom in the first hour (b). 

 
 

 
Figure 3 C4A3$ phase evolution up to 24hours. 

 

a) b) 



 

 
Figure 4 Anhydrite phase evolution up to 24hours. 

 
The results of isothermal conduction calorimetry are in agreement with the XRD data relative to the 
consumption of C4A3$, in fact are clearly different and influenced by the different admixture. All the 
samples have a very rapid peak in the first minutes of hydration: during this stage there is a fast 
dissolution of ionic species and formation of first hydrated phases. For all the samples, after the first 
period of fast hydration, the overall hydration rate slows down (induction or dormant period). The 
sample without admixture has a dormant period after the initial peak until a sample age of about 1hour. 
The main hydration peak occurs at 2 hours with a shoulder after 6 hours, this is the acceleration period 
which is characterized by a rapid dissolution of C4A3$ and anhydrite. The sample PC D shows a 
dormant period until 2 hours, followed by a first main hydration peak at 4 hours.  
Different is the behavior of the other two samples: PC L2 has the main hydration peak at 10 hours; PC 
L1 while it is much too late in fact the hydration peak occurs after the 24 hous and this explains the 
small amount of ettringite formed. 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5 Isothermal conduction calorimetry. 

 
The strength evolution perfectly reflects the different hydration process kinetics obtained by 
diffraction and calorimetry. In fact for the first 3 samples the development of strenght following order 
a very similar trend, although with different values (table 6). While the last sample, PC L1,  shows 
very low values (< 2Mpa) up 16 hours. 
 

Tab. 6 Compressive strength values (Mpa) on samples. 

 8h  16h 24h  

PLAIN  16.17 34.87 43.79 

PC D  11.71 30.96 42.79 

PC L2 3.74 28.79 32.81 

PC L1 0.49 1.02 11.36 
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Figure 6 Compressive strength evolution on mortar. 

 
 

 
4. Conclusions 
The hydration process of calcium sulphoaluminate cement with different type of admixture has been 
studied by means of in-situ XRD, isothermal calorimetry and compressive strength evolution. 
- Thanks to the in-situ XRD technique it was possible to monitor the evolution of the ettringite 
formation, the consumption of ye'elimite and anhydrite during the first 24 hours of hydration 
permitting to correlate this information to the final cement performance, as the compressive strength 
evolution.  
- The results have been indirectly confirmed by isothermal conduction calorimetry. 
- According to the experimental findings it emerges how the use of superplasticizers, commonly used 
for adjusting the rheological behavior of mortar and concrete, have also an impact on the cement 
hydration kinetic influencing the early age performance of CSA cements.   
- The different types of additive, at equal performance in terms of initial slump, affect differently the 
hydration kinetics of CSA cement. In particular, it was noticed in some cases a dramatic impact on the 
ye’elimite and anhydrite dissolution and as a consequence on the ettringite precipitation, causing an 
important drop in the very early ages compressive strengths. This effect, in most of the cases, tend to 
be reduced at long term ages. 
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Abstract 

The adsorption amount of polynaphthalene sulphonate superplasticizer (NSF) on the surface of alite- 

sulphoaluminate cements of different mineral composition were detected by ultraviolet-visible 

absorption spectrometry. The adsorptive behaviors of NSF on the surface of cement particles in the 

hydration system were investigated. The results showed that the adsorption amount of NSF on the 

cement increased with higher initial concentration; the adsorption amount and the maximum 

adsorption amount increased with prolonged hydration time; with a certain content of C3S, the 

increased amount of calcium sulphoaluminate (3CaO·3Al2O3·CaSO4, 4 3C A S ) leads to observably 

increased adsorption amount and the maximum adsorption amount of NSF on cement. The total 

adsorption amount is much more than that of Portland cement. 

 

Originality 

Alite–sulphoaluminate cement is a new type of energy-conserving and high-performance cement, which 

possesses the properties of Portland cement, and shows benefits of rapid hydration and hardening, 

higher early age strength and smaller volume shrinkage of hardening. The adsorptive behaviors of NSF 

on the surface of cement particles in the hydration system were investigated in this experiment. At 

present, there is no report about the adsorptive behaviors of superplasticizer on alite-sulphoaluminate 

cement. So the research on the adsorptive behaviors of superplasticizer on alite-sulphoaluminate 

cement is an originality in this paper. 
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1. Introduction 

Alite–sulphoaluminate cement composed of main minerals of C3S, C2S, and 4 3C A S is a new 

type of energy-conserving and high-performance cement. It possesses the properties of 

Portland cement, and shows benefits of rapid hydration and hardening, higher early age 

strength and smaller volume shrinkage of hardening (Liu Xiaocun et al., 2002). 

Polynaphthalene sulfonate superplasticizer (NSF) is a kind of non-air-entraining 

superplasticizer with -naphthalene sulfonic acid formaldehyde condensation compound as 

the main component (Zhu Huaxiong, 2000; Ge Zhaoming et al., 2004). The superplasticizers 

show advantages such as low cost, high water reducing rate, non-air-entraining property, good 

adaptability with the cement, and capability for production of high-strength, 

high-performance concrete. Recent studies reported naphthalene water reducing agent used in 

Portland cement, such as: Effect of the superplasticizers on the adding limestone, slag and 

other admixture cement fluidity (Hallal A. et al., 2010; Boukendakdji O. et al., 2012); 

Influence of delayed addition time, temperatures, mixing sequence and the dosage of 

superplasticizer on the fluidity, the physic-mechanical properties and durability of cement 

pastes (El-Didamony H. et al., 2012; Fernandez-Altable V. et al., 2006); Interactions between 

C3A content, specific surface, admixture, calcium silicate hydrates and superplasticizer on the 

effect of cement workability and mechanical properties (Popova A. et al., 2000; Gołaszewski 

J. 2012; Kadri E. H. et al., 2009). Some researchers reported the adsorption behavior of 

superplasticizer and its relation to fluidity of cement paste, and effect of the admixture and 

retarder on the adsorption behavior of superplasticizer (Plank J. et al., 2008; Kim B. G. et al., 

2000). Most of the current research is about the scattered mechanism of water-reducing agent, 

and revealing the regularity of dispersion effect of superplasticizer on Portland cement 

mineral particles (Yoshioka K. et al., 2002; Zhang T. et al., 2001; Li Yanjun et al., 2011). 

There are also reported studies on the adsorptive characteristics of water-reducing agent on 

the hydration products AFt and AFm of early hydrating cement (Liu Bingjing, 2002; Plank J. 

et al., 2007). To the best of our knowledge, there is no report about the adsorptive behaviors 

of superplasticizer on alite-sulphoaluminate cement. The paper used UV-visible absorption 

spectroscopy (Qu Jindong et al., 2004) to study the adsorption amount and behaviors of NSF 

on alite-sulphoaluminate cement. 

2. Experimental 

2.1. Raw Materials 

This experiment used commercial raw materials such as limestone, clay, phosphogypsum and 

fly ash and pure chemicals reagent CaF2. The compositions of the raw materials were given in 

table 1. The chemical compositions of clinkers and corresponding calculated mineral 

components can be seen in table 2. The NSF (solid) was provided by in the Shandong Wenhe 

reagent plant (China). 

2.2. Preparation of the samples 

The mineral composition of the test clinker has been chosen: C3S 60%, the total contents of 

C2S and 4 3C A S were ~ 30%，C4AF and CaSO4 was 5% respectively (wt. %). Sample A, B and 

C were designed according to the different contents of 4 3C A S. The raw mixtures were 

prepared by mixing adequate quantities of raw materials (table 2) with the addition of 0.25% 

CaF2 and grinding in a laboratory ball mill to leave a residue of ~ 4% (wt.%) on the 80 μm 

standard sieve. The raw mixtures ground was mixed with 8% water and pressed with 25 MPa 



pressure into discs using a mould with the size of 60 mm in diameter and 8 mm in thickness. 

Tab. 1 Chemical composition of raw materials /% 

 Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 ∑ 

Lime stone 41.27 4.40 0.67 0.30 51.10 1.65 --- 99.39 

Clay 6.96 61.44 16.58 6.85 3.26 0.74 --- 95.83 

Fly ash 2.37 52.11 32.69 5.55 3.12 0.56 --- 96.40 

Phosphogypsum 18.10 5.02 0.45 0.24 30.17 0.24 42.50 96.72 

The discs were burned to clinker in an electric furnace with silicon molybdenum bars heating 

elements at 1320 ℃ for 50 min, then removed from the furnace at 1200 ℃ and cooled rapidly 

in air. The cement was made by mixing 95% clinker and 5% phosphogypsum, and grinding in 

a laboratory ball mill to a specific surface area of ~ 320 m2·kg-1. 

Tab. 2 Practical chemical compositions and calculated mineral components of the clinkers /% 

 
Chemical compositions  Mineral components 

CaO SiO2 Al2O3 Fe2O3 SO3 C3S C2S C A S4 3  C4AF CaSO4 

A 63.81 23.38 4.28 1.81 3.43 56.88 25.69 6.24 5.49 4.44 

B 61.82 19.94 8.18 2.17 4.69 58.98 12.76 13.56 6.61 4.94 

C 60.41 18.51 10.64 2.01 5.35 57.41 9.82 18.66 6.13 4.93 

2.3. Phase analysis 

In order to investigate the formation of mineral phases, the content of free lime in the clinker 

was determined chemically using the ethanol-glycerin method. The mineral composition of 

the clinker was analyzed by the XRD (Cu, K, =0.154 nm), the microstructures of the 

clinkers were observed by scanning electron microscope (SEM). 

2.4. Measurement of the adsorption amount 

Superplasticizer solutions were prepared with concentrations of 600, 900, 1200, 1500 and 

1800 mg/L at 25 . The initial concentration C℃ 0 was determined by TU-1901 UV 

spectrophotometer. The sample of 2.5 g was in a beaker, and 25 mL of superplasticizers 

solutions with different concentrations were added. The mixture was stirred for 5 min, 

keeping still for 25 min, 55 min, and 85 min respectively. The clear liquid was separated, 

centrifuged for 30 min, and the superplasticizer solution after adsorption was obtained. The 

solutions were diluted to the controlled the concentration range of 20 - 40 mg/L to comply 

with the Beer's Law. The concentration of the solutions was measured by UV 

spectrophotometer, and was noted as C. The adsorption amounts were calculated with the 

concentration difference (C0-C) of the solutions before and after adsorption. 

3. Results and discussion 

3.1. Mineral formation of clinkers 

Ethanol-glycerin method was used to determine the content of f-CaO in clinkers A, B and C , 

and the result was 0.48, 0.21, and 0.41% respectively, indicating that the mineral reaction is 

completed at high temperature. The XRD patterns and SEM pictures of the clinkers are shown 

in figure 1 and figure 2. Alite–sulphoaluminate cements clinker contain main minerals: C3S 

(d=0.304, 0.219, 0.176 nm), C2S (d=0.278, 0.275, 0.261 nm), 4 3C A S (d=0.375, 0.265, 0.217 

nm).  

According to figure 1, the spectra of different minerals are consistent with the standard card, 

and the diffraction peaks are sharp and intense. According to figure 2, the crystal of different 



minerals is regular, clear, and uniformly distributed. The spectra and the diagram indicate the 

good formation of clinkers, consistent with the designed mineral components. 

 

Figure 1 XRD patterns of clinkers A, B and C 

(●: C3S; ▲: C2 ★S; : 4 3C A S) 

   
(A)                       (B)                         (C) 

Figure 2 SEM photograph of clinkers A, B and C 

(C3S: short pillar and hexagonal sheet; C2S: round shape; 4 3C A S: small polygon ) 

3.2. Adsorption of NSF on alite–sulphoaluminate cement 

C0 and C (mg/L) represent the concentrations before and after the adsorption. The adsorption 

amount of solute is ns (mg/g). 

ns = V (C0 - C) / m                                                        (1) 

where V = volume of superplasticizers solutions, mL; m = mass of mineral sample, g. 

Adsorption isotherm is obtained if taken ns as the function of C (named equilibrium 

concentration). The adsorption equation is determined according to the shape of the 

adsorption isotherms to obtain the maximum adsorption amount (Wang Qian et al., 2003). 

Figure 3 present the adsorption amounts of NSF on the different cements at 30 min, 60 min, 

and 90 min. From figure 3, the adsorption amount of NSF on cement increases with increased 

initial concentration C0 of NSF solutions. When the initial concentration C0 is small, the 

superplasticizer molecules have larger dispersion, and the molecular diffusion length is longer 

in adsorption process. In a certain time length, the total adsorption amount is small, which is 

far from the maximum adsorption amount. When C0 is larger, the dispersion of the 

superplasticizer molecules is less, and thus more molecules can be adsorbed on the surface of 

cement particles and reach the maximum adsorption amount is a shorter time length. 



 

  
Figure 3 Adsorption isotherm of NSF on the cement A, B and C 

Figure 3 also show that the adsorption amount of NSF on cement particles is larger with 

longer hydration time when the initial concentrations are the same. During the hydration 

process, the adsorption rate of NSF molecules is more than the dissociation rate. This seems 

to be related to the hydration of cement. When the cement particles and the superplasticizer 

molecules contact, sulfonic acid with negative charge is adsorbed on the surface of cement 

particles due to the electrostatic attraction, with sulfonic acid groups (-SO3
－) pointed towards 

the liquid phase. This indicates that after the superplasticizer molecules are adsorbed onto 

cement particles, the adsorbed molecules build a net of negative electrical charge to the 

surface of cement particles. This phenomenon results in long range electrostatic repulsive 

force and short range steric repulsive force between cement particles, and the dispersion of 

cement particles, to prevent the formation of flocculated structure of cement particles and 

release the free water in flocculated coagulation. These dispersion effects for cement particles 

from the adsorption of the superplasticizer molecular contribute to increased fluidity of 

cement paste. As the hydration process continues, ettringite (AFt) or hydrated monosulfate 

calcium sulphoaluminate (AFm), hydration calcium silicate and portlandite are the major 

products formed at the cement surface in the hydration system. The specific surface area of 

cement particles decreases. The adsorption amount of NSF on the hydration calcium silicate 

and portlandite is very small. However, the hydration products AFt or AFm has much stronger 

adsorptive capacity (Liu Bingjing, 2002; Plank J. et al., 2007). The dissociated NSF 



molecules from the surface of cement particles can be adsorbed again by the AFm or AFt 

molecules, and thus the adsorption amount of NSF on the cement particles increased with 

prolonged adsorbing time. 

Figure 3 shows that the adsorption process of A, B and C cement can be expressed with 

Langmuir isotherm equation (Chen Jiankui, 1997). 

1
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where ns
m = maximum adsorption amount; b = adsorption constant; c = equilibrium 

concentration. To get the maximum adsorption amount, equation (2) can be reformed as: 
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Figure 4 C/ns ~ C curves of NSF adsorbed on the cement A, B and C at different times 

Equation (4) is as the y = a + bx type linear equation. When changing the axis of the isotherm 

curves, taken C/ns as the function of C, the linear relationship is obtained, and the slope 

represents the maximum adsorption amount ns
m. Figure 4 is the C/ns-C diagram of NSF 

adsorbed on A, B and C cement at 30 min, 60 min, and 90 min. According to the slopes of the 



straight lines in figure 4, the maximum adsorption amount ns
m of NSF on the cements are 

shown in table 3. 

Table 3 showed that the maximum adsorption amount of NSF on alite–sulphoaluminate 

cement increased with prolonged hydration times. The results indicated that for 

alite–sulphoaluminate cement, as the hydration process continued, certain amount of AFm 

and AFt are formed with higher adsorptive capability, and facilitated the adsorption rate more 

than the dissociation rate of the NSF molecules. Therefore, the maximum adsorption amount 

increased with longer adsorption time. 

Tab. 3 Maximum adsorption amount of NSF on the cement A、B and C (mg/g) 

Time A B C 

30min 8.98 10.13 11.05 

60min 9.35 10.62 11.24 

90min 10.08 11.09 11.62 

 

3.3. Effect of the mineral composition on the adsorption amount and maximum adsorption 

amount 

Figure 3 indicates that the adsorption amount of NSF on A, B and C cement increase with 

increased content of 4 3C A S mineral in clinkers. In order to investigate influence of the 

mineral composition on the adsorption amount, the content of C3S was designed constantly, 

and the contents of C2S and 4 3C A S was changed in A, B and C cement. The C2S amount 

decreases corresponsively with the increased amount of 4 3C A S. In a previous paper, as 

hydration proceeds, the adsorption amount of NSF on C3S mineral is more than that on C2S 

single mineral (Li Yanjun et al., 2011). However, 4 3C A S  mineral has much stronger 

adsorptive capacity than the silicate minerals C3S and C2S. Consequently, the superplasticizer 

molecules can be more absorbed on 4 3C A S  mineral. The results indicated that for the 

different minerals composition of alite-sulphoaluminate cement, constant content of C3S with 

increased 4 3C A S amount leads to the increased adsorption amount of NSF. This is related to 

the characteristics of clinkers mineral and the difference of hydration products.  

Comparing the composition with alite-sulphoaluminate cement clinker and Portland cement 

clinker mineral, the former contains calcium silicate minerals and more 4 3C A S mineral, and 

the latter contains calcium silicate minerals and C3A mineral. The 4 3C A S mineral charging 

condition is similar to C3A, with a positive charge, and can easily adsorb anionic water 

reducing agent in the hydration system. From the investigation analysis about the hydration 

kinetics, Hargis et al. (Hargis C. et al., 2013) indicated that the hydration of small 4 3C A S 

particles was quite rapid and almost completed in just a few minutes. If a suitable amount of 

Ca(OH)2 is in hydration system, the rate of heat evolution of 4 3C A S hydration obviously 

increases, the induction period is shortened, and the second exothermic peak is appearing at 

an earlier time. Heat evolution of the second peak can complete only in about 90 minutes. 

Considering the fact that the characteristics main mineral of alite-sulphoaluminate cement 

clinker is C3S and 4 3C A S, a certain amount of Ca(OH)2 is required in the process of 4 3C A S 

mineral hydration that forming AFt or AFm, and these Ca(OH)2 can be provided continued by 

the hydration of C3S in the hydrating period. In-situ soft X-ray microscopy and the scanning 

electron microscopy show that hydration product ettringite is needles or filiform crystalline 

germ of only 0.5m in width and 1m to 10m in length within 150 minutes of the initial 



4 3C A S hydration (Hargis C. et al., 2013). Plank et al. (Plank J. et al., 2007) and Liu (Liu 

Bingjing, 2002) reported that AFt or AFm has much stronger adsorptive capacity. Besides, 

very small ettringite crystal particles have very large specific surface area and can adsorb a 

large amount of superplasticizer. Merlini et al. (Merlini M. et al., 2008) studied the interaction 

between ettrigite and superplasticizer. It was shown that when polynaphthalene sulfonate 

superplasticizer was used, admixture molecules were not only adsorbed on the surface of 

ettrigite germs, but also chemically active within the formation of an organomineral phase. 

These causes result in a higher dosage of superplasticizer in the hydration system. The cases 

are consistent with the results obtained in this study. The increased amount of 4 3C A S mineral 

in the cement leads to the increased adsorption amount of NSF in the hydration system. 

Table 3 also showed that the maximum adsorption amount of NSF on the cement was larger 

for the cement containing higher 4 3C A S mineral, while the content of C3S was unchanged in 

the clinkers. Literature (Wang Qian et al., 2003) investigated the adsorption characteristics of 

various NSF superplasticizers on Portland cement. Adsorptive behaviors of four types of NSF 

superplasticizers on Portland cement shows maximum adsorption amount of 7.57, 6.00, 6.02, 

and 4.87 mg/L at 30 min. In contrast, the alite-sulphoaluminate cement have stronger 

adsorptive capacity than Portland cement, and the maximum adsorption amount of NSF on 

those is 1.2 to 2.5 times as much as on Portland cement. Research (Qi Tao et al., 2009) 

indicates that if the amount of 4 3C A S mineral in clinker increased, the difference between the 

initial fluidity of the different cement pastes is small, but the flow loss of cement paste is 

more. Therefore, the higher the maximum adsorption amount of NSF on alite- 

sulphoaluminate cement is, the worse the plasticity of cement paste. The compatibility 

between cement and superplasticizer is worse. As for alite-sulphoaluminate cement 

containing 4 3C A S mineral, the hydration rate of 4 3C A S mineral is fastest. Because of the 

selectivity and nonuniformity of superplasticizers adsorbed on cement particles, the 

superplasticizer molecules will be absorbed firstly on 4 3C A S  mineral and its hydration 

product during the hydration process. So the dissociative NSF molecules will decrease, 

inevitably effects the adsorption amount of superplasticizer on the other mineral (C3S, C2S, 

and C4AF). As a result, it will decrease the dispersion effect of superplasticizer on the cement 

mineral particles, and induce to worse compatibility between cement and superplasticizer, 

comparing with Portland cement. 

4. Conclusions 

With the same adsorption time, the adsorption amount of NSF on alite-sulphoaluminate 

cement increases with the increased initial concentration. With the same initial concentration, 

the adsorption amount and the maximum adsorption amount of NSF on alite-sulphoaluminate 

cement increases with prolonged hydration time. For the same C3S content, as the amount of 

4 3C A S mineral increased, the adsorption amount and the maximum adsorption amount of 

NSF on alite-sulphoaluminate cement increased. Alite-sulphoaluminate cement has much 

stronger adsorptive capacity than Portland cement, and the maximum adsorption amount is 

1.2 to 2.5 times as much as Portland cement. 
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Abstract 
In this paper, experimental results on binary systems’ blending effect of cement mortar with various 
amounts of additives by cement weight with same fineness value, including precipitation speed of 
wasted overburden (hereinafter referred to as OB) at coal and other mining was investigated. The 
binary systems of blended cements were prepared by using Portland cement OPC 42.5 of “Khutul” 
CLC (Cement and Lime Company) and heat or alkali treated additive types of Tawan Tolgoi 
(hereinafter referred to as TT) or Baga-Nuur (hereinafter referred to as BN) coal mining by-product as 
artificial pozzolans. Besides chemical, mineralogical composition and differential thermo analyses for 
the Khutul cement and the TT or BN overburdens, the physics-chemical characteristics as grain size 
distribution, hydrogen ion saturation factor, pH, mineral and chemical some characteristics, 
suspension activity in some inorganic solution, and their suspension state were determined in detail for 
each overburden samples. The suspension solution of each overburden samples was prepared while 
kept them for 24 hours. A coagulation speed of Baga-Nuur overburden suspended samples activated by 
1%, 3%, 5%, 10%, 15%, 20% of alkali or alkali earth metals’ as sodium hydroxide; potassium 
hydroxide; and calcium hydroxide solution respectively was presented in this paper as well. TT 
Overburden was activated by thermal method in 550, 650,750oC for 1, 2, 3 hour respectively and 
preferred 2h at 750oC from them. Physics-mechanical properties as compressive strengths of blended 
cement, which was strengthened while kept them for 3, 7, 28, 90 days in water condition, were 
increased by 200-250 kg/cm2 under the strength comparison control of Portland cement to the binary 
systems effect of pozzolans related with self-compacting ability of various amounts of cement weight by 
5-20%. TEM, XRD analyses showed that a large quantity of sheet-like CSH was formed when a 
combination of activated metakaolinite additives.by thermal and alkali method. 
 
Originality 
Mining activities particularly opencast mine in huge areas results into loss of air quality, and soil 
system and releases huge amount of coal and other mining wastes as Industrial by-product mineral 
additives (IBMA) of overburden to the upper part of the land surface in Mongolia. Some of them are 
rich in siliceous and aluminium minerals such as kaolinite, which meets the mineral additive materials 
requirement of MK750 to some extent. The binary systems of blended cements were prepared by using 
Portland cement PC 42.5_MNS_0974:2008 of“Khutul” CLC (Cement and Lime Company) and heat 
and activated additive types of Tawan Tolgoi or Baga-Nuur coal mining by-products. The blended 
cements mortar cured at room temperature shows good mechanical properties. Its 3 days compressive 
strength is 39.3 MPa, respectively. The 28 days compressive strength is up to 60.2 MPa, respectively. 
So the utilization of Tawan Tolgoi and Baga-Nuur overburden as starting materials for industrial by-
product mineral additive material is first originality. It is well known that industrial by-product 
mineral additives can be suspended and coagulated well by alkaline solution may have excellent 
resistance to acidic erosion. So the research on coagulation speed of synthesized IBMA in alkali 
solution is second originality. 
 
Keywords: Industrial by-product mineral additives (IBMA);  coal and other mining waste; high volume 
blended cements; coagulation by alkali and alkali earth solution to sulphate resistance; thermal 
activation;  
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1. Introduction 
Coal is the most abundant resource of fossil fuel at the present in our country. Coal mines 
gradually shifted toward the modern industrial production and open-pit coal mines were 
created in almost every aimag and thermal coal domestic demand was completely increased 
too. Therefore coal has a relatively more importance for the economic growth of the country 
and our GDP rates, which is driven by coal mining industry’s contribution. From other hands 
the blended cement with high volume mineral additive (HVMA) meet low carbon economics 
in cement by using a low carbon concrete to increase product effciency to cement and an 
excellent durability in terms of hydraulic free or sulphate resistance and chloride mitigation 
for use fundamental structures of construction and highway [1]. 
 

 
Fig1. Coal reserves in Mongolia. 

Fig2. Coal production and IBMA in Mongolia 

Recent days Mongolia has over 300 known coal deposits in 12 coal basins and 3 regions, 
which total reserve (Fig1) is estimated in 152 billion tons and 22.5 tons of these reserves have 
been proven [2]. The Tawan Tolgoi is one of the world’s largest untapped coking and thermal 
coal deposits in our country, located in Tsogt-Tsetsii soum, Umnugobi (province) aimag in 
Southern Mongolia, and divided into six sections: Tsankhi, Ukhaa Khudag, Bor tolgoi, 
Borteeg, and Southwest and Eastern coalfields. The Tsankhi coal field section is the largest 
and the most focused part in recently, and it divided into East and West Tsankhi. The Baga 
Nuur coal mining deposit is located in a municipal district of capital city of Ulaanbaatar (UB) 
in 620 km² area at the border between the Tuv (Central province) and  Khentii (one of the 
East province) aimags, actually a separate city. The BN city is the keypoint of central heating 
city of UB. Transportion of coal through the freight trains of UB-Baga Nuur-UB and 138 km 
of paved road are accessible to UB and other neighbouring towns. 

The overburden (Fig.2) of the mining is removed by dragline (with 15-20 m3 bucket), shovel 
(with 5-8m3 bucket) and dump truck (with 40-80t) then stored in open air environment at 
every local mining area [3]. Open-pit mining is a developmental activity, which is taken us to 
the natural ecosystem damage by several mining activities. By open-pit mining, the soil is 
removed and the fragmented rock is heaped in the form of overburden dumps [4]. But the 
average stripping ratio from year to year (overburden to coal) for the last two decades was 
1.97m3/t [5, 6, 7, 8]. The selection of coal mining overburden (OB) area depends on various 
parameters as physical and chemical properties of overburden and cement clinker 
compositions. The physico chemical properties of overburden dump materials are specific and 
differ at site from one dump to another dump due to different  geological deposit of rocks. 
The objective of the present  study was to characterization of blending effect of cement mortar 
with various amounts of additives by cement weight with same fineness value, including 
precipitation speed or thermal activation of Industrial by-product as overburden for HVMA as 
alternative material to clinker substitution  purposes of blended cement.   

2. Experimental procedure 
2.1. Materials and Methods 
The binary blended cements were prepared by using OPC 42.5 Portland cement and cement 
substituting mineral additive as the TawanTolgoi, at west Tsankhi as 43o37’30” N, 



 

105o28’27”E, Umnugubi province, owned by TawanTolgoi LLC and from Baga Nuur as 
47o75’77”N, 108o33’33”E, owned by BagaNuur JSC overburdens. Chemical and 
mineralogical compositions of overburdens are relatively different depending on each type 
geographic zone and the Baganuur overburden samples are divided into 2types as no clay and 
clayish. Their and TT OB’s chemical, and mineralogical analyses results and reference 
Portland cement OPC 42.5 MNS-ASTM of Khutul cement are given in Table 1-3, which was 
done by chemical, mineralogical and differential thermo analyses of TG/DTA undertaken by 
DERIVATOGRAPH, Hungary, with using of -Al2O3 reference material in 10oC/min heating 
rate.  

Table 1. Chemical compositions of BN overburden /% 

Compositions SiO₂ Al₂O₃ CaO Fe₂O₃ TiO₂ MgO R₂O H2O
+ LOI*  

BN OB, no clay 64.96 13.17 3.10 2.17 0.31 0.3 3.83 2.20 9.90 99.94 

BN OB, clayish 64.91 16.92 0.90 3.05 0.52 - 3.97 2.38 7.34 99.99 

TT OB 50.18 28.13 3.93 3.32 0.05  0.3 3.23 3.12 7.23 99.49 

The reference cement as PC 42.5_MNS_0974:2008 Portland cement was supplied by 
“Khutul” CLC (Cement and Lime Company). 

Table 2. Mineralogical composition of the Hutul cement,% 
C3S C2S C3A C4AF Free lime 
56 21 8.2 13.7 0.61 

As seen from Table 3, slowest weathering and most stable series of plagioclase feldspar as the 
sodium rich siliceous and aluminum constituents for BN and clay minerals are dominant in 
mineralogical compositions. Detection of hydration group and its dehydration and phase 
transformation processes were controlled too by IR spectra measurement with using of CsI 
pellet method by Shimadzu, Japan, FT/IR-4400 spectrometer. 

Table 3. Mineralogical compositions of overburdens, /% 

№ Minerals  BN_OB, % TT_OB, % 
Specific gravity, 

g/cm3 

1. Quartz: SiO2 35.0 7.50 2.65 

2. Feldspars 
Microcline: K[AlSi3O8] 25.3 11.0 2.60 

Oligoclase: Na,Ca[AlSi3O8] 37.20 6.50 2.70 

3. Muscovite : K2Al4(Si6Al2)O20(OH)2 0.30 0.80 2.75 

4. 
Magnetite: FeO · Fe2O3   0.20 - 5.00 

Illminite:  FeTiO3 0.05 - 4.80 

5. 
Biotite (mica-monocline):  
K (Mg,Fe)3[Si3AlO10]· [OH, F]2 

1.10 0.30 2.80 

6. 
Clayish material-Zeolite:  
Ca(Al2Si10O24)*7Н2О 0.40 5.50 2.65 

7 Nacrite: Al2Si2O5(OH)4 0.20 35.0 2.55 

8 Kaolinite: Al2Si2O5(OH)4 0.30 33.40 2.55 

The cement mortar specimens for compressive strength were aged for 3, 7, 28 and 90 days in 
a laboratory medium of 20±2oC temperature and 50±5% relative humidity. Demolding after 
24h, the specimens were kept in water until they were tested for compressive strength. Six 
specimens with dimensions 20mm x 20mm x 20 mm, were tested under same laboratory 
conditions. These compressive strength tests were carried out by using hydraulic compressor 
of 20 000N as PSU-35 (Russia) and reported the average of six measurement of each 
specimen. The hydration products were identified by X-Ray Diffraction Analyses (XRDA) 
and Transmission Electron Microscope (TEM). The hydrated products were grinded in an 
agate mortar. XRD measurements, carried out by DIFFRACTOMETER D-500 (Germany), by 
using Ni- filtered Co K, with a 0.001o step size in the range of 5-55oƟ.  In order to determine 
the properties of 28days hydrated phases of silicate calcium was used a scanning electron 
microscope as JEOL ARM-200F. 
3. Results and Discussion 



 

3.1. Activity of Mineral Additives  
3.1.1  HVMA of BN_OB 
The BN overburden was suspended in tape water while kept them for 24 hours and the ratio 
of solid: liquid as 1:9 [5]. Then the suspended BN_OB was activated by alkali and alkali earth 
solution of potassium hydroxide; sodium hydroxide; and calcium hydroxide solution of 1%, 
3%, 5%, 10%, 15%, 20% respectively and pH value, suspension activity in some inorganic 
solution, and their coagulation speed were determined. The precipitation speed kinetics study 
of activated BN_OB by alkali and alkali earth solution was shown in Table 4 depending on 
their coagulation speed in detail.  

Table 4. Coagulation rate kinetics for alkali activated specimen of BN OB.  
 (by time, min) 

 
 
 
 
 
 
 
 
The physics-chemical characteristics as grain size distribution, hydrogen ion saturation factor, 
pH (see Table 5), and mineral and chemical some characteristics, suspension activity in most 
suitable coagulant solution were determined in detail for each BN_OB samples. 

Table 5. Hydrogen ion saturation factor and pH value of BN_OB 

№ Overburden suspension* 
рН value 

рНaverage 1 2 
1 Unactivated BN_OB   6,04 6,07 6,06 

2 Activated BN_OB   7,15 7,15 7,15 

*(S : L = 1 : 9) 
3.1.2 HVMA of TT_OB 
The nacrite and kaolinite was changed by various amount into metakaolin respectively (eq.1) 
due to dehydration during heating, the other minerals such as feldspars, cericite, biotite and 
quartz in overburdens remained no change in thermal activated TT Overburden.  

Al2Si2O5(OH)4 → Al2Si2O7 + 2 H2O (eq.1) 
The TT_Overburden activated by thermal method in 550, 650,750oC from 1, 2, 3 hour 
respectively (from physics-mechanical study preferred 2h) and ground by a ball mill to a 
fineness of 0.01% residue on a 65 μm sieve. Physical properties of the OBs as fineness, 
particle size distribution were investigated by Blaine method and results shown in the Table 6. 

Table 6. Physical properties of the TT_OBs 
 Specimens 

OPC 42.5 HVMA_BN HVMA_TT 
Blaine specific surface area, m2/kg 346 423 460 

3.2 Blended Cement properties 
3.2.1 Cements’ compressive strengths  
The cement strength is the main point to evaluate the cement quality. Besides cement strength, 
cement setting time is an important property in terms of the workability of the cement. In 
practically gypsum may be interground with the clinker and the HVMA in order to regulate 
the setting time of the cement. Physics-mechanical properties as compressive strengths of TT 
or BN blended cements were determined under comparison control of OPC42.5 without and 
with 5, 10, 15 and 20% amounts of HVMA by cement weight while after strengthened them 
in water condition for 3, 7, 28, 90 days.  
The results of the physics-mechanical tests for the binary blended cement mortars were 
described by Figure 3 and 4.  In Table 7 and 8 are shown the range of the BN_OB and TT_OB 
blended cement setting times and their performance of compressive strength.  

Coagulants  Samples  1%, 3%,  5%,  10%,  20%,  

KON 
Clayish 4,01 3,50 3,50 4,00 7,01 
No clayish  4,00 4,00 4,00 7,00 7,00 

NaOH 
Clayish 4,30 4,30 4,20 4,30 6,30 

No clayish  3,22 3,22 3,22 4,23 5,23 

Ca(OH)2 
Clayish 3,20 3,00 2,20 4,40 5,00 
No clayish  3,20 3,00 2,30 4,40 5,00 



 

Table 7. Study results for the BN_OB blended cements’ strength kinetics 
Blended 
cement,  

Setting time, min Compressive strength, kg/cm2 
Initial Final 3 days 7 days 28 days 90 days 

0 175 500 410 420 430 450 
10 170 490 280 440 530 530 
15 160 425 330 510 540 540 
20 150 380 360 640 710 730 
25 140 445 330 550 600 660 

The final setting time of BN_OB blended cements was slightly accelerated and compressive 
strength increased by 300kg/cm2 about at a dose of 20% replacement of PC.  

 
Fig 3. Physics-mechanical properties of HVMA BN_OB 

blended cements mortar for 3, 7, 28, 90 days 

In the Figure 3, a case of 20% of HVMA of BN_OB specimen showed the highest strength 
development at the age of  90 days even in early age it has lower effect than referred material 
of PC 42.5_MNS_0974:2008. 

Table 8. Study results for the TT_OB_blended cements’ strength kinetics 
Blended 
cement,  

Setting time, min Compressive strength, kg/cm2 
Initial Final 3 days 7 days 28 days 90 days 

0 175 500 410 420 430 450 
10 164 445 360 400 460 460 
15 150 435 380 460 580 580 
20 130 410 400 440 560 560 

The final setting time of TT_OB blended cements at a dose of 20% replacement of PC was 
slightly accelerated and compressive strength increased by 100kg/cm2 over at a dose of 15% 
replacement of PC.  

 
Fig 4. Physics-mechanical properties of HVMA TT_OB 

blended cements mortar for 3, 7, 28, 90 days 



 

In the case of HVMA of TT_OB specimen the 15% of cement weight amount was more effective  
strength development at the age of  90 days and it clear described in Fig.4, even in early age it has 
lower effect than referred material of PC 42.5_MNS_0974:2008 too. 

3.2.2 TEM and XRDA 
Blended cement pastes of PC 42.5_MNS_0974:2008 with and without HVMA mortars 
hardened in water conditions for 3 days respectively were investigated by using XRDA and 
TEM analyses.  

  
Fig 5. X-Ray diffraction pattern and TEM micrograph of C-S-H phases in hydrated cement referring 

material of PC 42.5_MNS_0974:2008 for 28 days. 

From hydrated referring material of 3days hydration age PC 42.5_MNS_0974:2008 TEM 
showed that unhydrated cement grains were showed needle shaped fibers of ettringite in the 
middle of C-S-H crystals gel which is surrounded and widely resembled that XRD pattern of 
C-S-H were dispersed through the cement 
paste (Fig.5). 

 
Fig 6. X-Ray diffraction pattern and TEM 

micrograph of C-S-H phases formed in hardened 
HVMA_BN_OB_Hydrated Blended Cement for 28 days. 

The hydrated blended cement of 3days hydration age HVMA_BN_OB (Fig.6) C-S-H gel 
calcium silica hydrates gel pores and unhydrated cement belite grains were being in middle of 
C-S-H gel. The obtained C-S-H is surrounded by resembled calcium silica hydrates gel, which 
was widely dispersed through the cement paste in TEM and XRD pattern of C-S-H  (I and II) 
phases as hydraulic free phases in cement colloidal system[6, 10].  
 



 

 
Fig 7. X-Ray diffraction pattern and TEM micrograph of C-S-H phases formed in hardened 

HVMA_TT_OB_Hydrated Blended Cement for 28 days. 

From the TEM analysis results of 3 days hydration age hydrated blended cement of 
HVMA_TT_OB can be suggested that calcium silica hydrates more stable crystal structures 
were formed on the result of hydration reactions. The calcium silica hydrates gel containing 
capillary pores and hexagonal crystals of calcium hydroxide (portlandite) conglomerations 
were observed (Fig.7) especially in the case of HVMA_TT_OB. This shows that 
HVMA_TT_OB intensifies the formation of sheet-like C-S-H stable crystal phases [12, 15, 
16, 18]. 
 

3. Conclusions 
The following conclusions can be drawn from the study: 
Both TT and BN overburden used in this study had up to 20% of major cement weigth, 
conforming with the chemical requirements of the ASTM and Mongolian Standards. They 
fulfilled physics-mechanical requirements concerning compressive strength. 
The colloidal solution precipitation speed was more effective when use 5% Ca(OH)2 for 
alkali activation of BN overburden. The fineness of the HVMA blended cement analysis 
results show that the final product of hydration C-S-H sheet like gel structure forms 
dominantly in early age of 3 of them. TEM analysis results show that compared to PC42.5R 
ASTM: MNS and with addition of TT or BN HVMA crystallizes with forming of stable 
crystals with round shaped or hexagonal geometric forms of CSH. This supports the results of 
XRDA. X-ray analysis results show that the content of Ca(OH)2 phase decreases and the 
formation of hydrated calcium silica phase increases due to the addition of both TT or BN 
overburden than to “PC cement” system at the early age of hydration. 
The addition of BN_HVMA leads to content of Ca(OH)2 phase decreases and the formation 
of hydrated calcium silica phase increases due to the addition of both TT or BN overburden 
than to “PC cement” system at the early age of hydration. HVMA cement  contributes to the 
reduction of carbon dioxide and other emissions at source. Due to its better  eco-compatibility, 
the market share of HVMA cements will increase in the future.  
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Abstract 
This paper investigated the influence of water-retention and thickening admixture (RTA) on consistency of fresh mortar 
by using low-field NMR, and the microstructure of bentonite, diatomite and sepiolite were analyzed by SEM. Results 
showed that T2 distributions of fresh mortar were bimodal, and T2 distribution (long component) gradually moved to the 
left with increasing content of RTA. RTA can effectively increase the consistency of mortar. The thickening effect of 
bentonite on mortar is higher than the diatomite and sepiolite used in the mortar, and compared with sepiolite, 
diatomite exhibits a greater thickening effect on mortar. Furthermore, it was found that T2 of long component and 
consistency testing results were linearly correlated. 
 
Originality 
In order to obtain suitable workability, ready-mix mortars may added in water-retention and thickening admixture 
(RTA) to obtain a homogeneous mortar paste. RTA can effectively improve the water-retention property and adhesive 
force and modify segregation and operability. It can be confirmed that consistency as an important property is strongly 
affected by water-retention and thickening admixture, and the study of thickening mechanism of RTA is beneficial 
to the design and improvement of the ready-mix mortars.  
Low-field NMR has the advantages, such as non-destructive to samples, time saving. Low-field NMR provides a 
constant magnetic field, which intensely reduce the price and expand its applications. Low-field NMR has been 
employed to characterize pore structure  and  monitor cement hydration. Meanwile low-field NMR is sensitive to water 
in mortar and give a vivid scenario of development of fresh mortar, which makes itself a facilitating method. Results 
show that T2 distributions of fresh mortar were bimodal, and T2 distribution (long component) gradually moved to the 
left with increasing content of RTA. RTA can effectively increase the consistency of mortars and thickening effect of 
bentonite on mortar is higher than the diatomite and sepiolite used in the mortar and compared with sepiolite, 
diatomite exhibits a greater thickening effect on mortar. Furthermore, relationship between the T2 of long component 
and consistency testing results were also discussed in this paper. 
 
Keywords: Low-field NMR; RTA; Mortar; Consistency 
 



 

1. Introduction 
Building mortar is consist of binder materials, fine aggregate and water and prepared by certain 

proportion of these raw materials. The advantage, homogeneity of quality, using convenience and 
good physical and chemical properties, endows the building mortar with widely application to 
practical construction [1, 2]. Especially for the ready-mix mortars, including among others tile adhesives, 
rendering and repairing mortars, are often characterized by a highly complex formulation. In particular 
different types of organic and mineral admixtures are included in their mix-design in order to meet a 
number of requirements related to their placement processing, their hardening properties and their 
long-time behavior [3-5]. In order to obtain suitable workability, ready-mix mortars were usually added 
in water-retention and thickening admixture (RTA) to obtain a homogeneous mortar paste. RTA could 
effectively improve the water-retention property and adhesive force and modify segregation and 
operability. It can be confirmed that consistency as an important property is strongly affected by 
water-retention and thickening admixture and the study of thickening mechanism of RTA is beneficial 
to the design and improvement of the ready-mix mortars.  

In recent years, the application of Low-field NMR gradually extends its study scope and was 
applied to study cement-based materials. It has the advantages, such as non-destructive to samples, 
time saving. Low-field NMR uses to provide magnetic field, which intensely reduce the price and 
expand its applications. Low-field NMR has been employed to characterize pore structure [6,7,8] and  
monitor cement hydration[9,10,11]. however, there is seldom usage in fresh mortar. Although 
different methods like cryo-SEM [12], resistivity [13] and rheology [14] can provide an indirect way 
to probe fresh mortar, low-field NMR is sensitive to water in mortar and give a vivid scenario of 
development of fresh mortar, which makes itself a facilitating method. 

This paper investigated T2 distribution of mortar with three kinds of RTA at 5min and micro-
structure of bentonite, diatomite, and sepiolite was analyzed by SEM. Furthermore, the relationship 
between consistency and low-field NMR parameter of fresh mortar is also discussed in this paper. 
2. Experimental 
2.1. Raw Materials 

Cement used was P·II 52.5 Portland cement manufactured by Onoda and its Blaine specific 
surface area was 315m2/kg. Sands used in this study was standard sand which fineness modulus and 
bulk density is 2.4 and 1450kg·m-3repectively. Inorganic water-retention and thickening admixture 
(RTA), bentonite, diatomite and sepiolite with saturated water-retention rate (measured by standard 
method) of 0.65, 1.65 and 1.63 severally were also used and all are commercial products The 
distribution of particle size of inorganic water retaining materials are shown in Figure 1. The chemical 
composition of cement and water-retention and thickening admixture (RTA) was shown in table 
1.Before using them, they were dried to constant weight at 105℃, in this study. 

Tab. 1 Chemical Composition of Cement and RTA/wt% 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O TiO2 Cr2O3 Others 

Cement 20.9 2.53 0.27 64.2 0.02 2.87 0.25 0.21 - 8.75 

Bentonite 60.8 14.4 5.80 0.30 0.35 0.25 1.39 0.97 - 15.74 

Diatomite 82.9 6.14 2.76 0.79 0.48 0.96 1.09 0.64 0.01 4.23 

Sepiolite 60.5 8.60 5.82 2.18 10.1 0.13 1.23 0.77 0.01 10.66 
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Figure 1 Distribution of particle size of water retaining materials 

 
2.2. Experimental Process 

MICRO-MR20 (Niumag Corporation, Shanghai) with magnetic field of 0.5T was used and 
proton resonance frequency was 23MHz. Magnet was kept at 32℃. Dead time was 45μs and thus, 
signals gathered during the NMR measurement came from liquid water, that is, adsorbed water and 
bulk water. In the case where pore radius was small than mean square distance , fast exchange 
theory [14] was suitable and signals form a single pore decayed mono-exponentially, which suggested 
that transverse relaxation time of this pore was weighted average of adsorbed water and bulk water 
and weight was mass of two kinds of water; in the opposite case, relaxation process was controlled by 
diffusion and signals from a single pore decayed multi-exponentially. Under experiment condition in 
this paper, diffusion coefficient D was 2×10-9 m2/s, and time t equals number of sampling data, 5000, 
multiplied echo time, 200μs. Given particle size of cement ranging from several micrometers to 
several decades of micrometers, size of pores in the package of cement is small than mean square 
distance and thus fast exchange theory is suitable in this paper. Transverse relaxation time (T2) was 
defined by formula (1): T2,bulk, T2,diff and T2,surf were bulk relaxation time, diffusion relaxation time and 
surface relaxation time, respectively. D was diffusion coefficient of water and γ was gyromagnetic 
ratio. G was gratitude of magnetic field and ρ2 was surface relaxivity. S/V was surface volume ratio. 
T2 was involved with environment where water molecules explored and if T2,bulk and T2,diff were 
neglected, confinement of environment and T2 were inversely correlated. 
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T2 was measured by CPMG sequence, π/2-[τ-π-τ]n-TR. π/2 and π were pulses which could rotate 
the magnetization vector about the axis where pulses were applied for 90° and 180°. TR was waiting 
time between two measurements and n was number of sampling data. In this experiment, echo time 
was 200μs to minimize influence of diffusion on T2 and TR was 10s to leave enough time for 
magnetization to recover. NNLS algorithm was used to inverse T2 data. Weighted T2 was calculated 
with weight of relative amplitude. 

A field emission environmental scanning electron microscope (SEM) quanta 200FEG was used to 
observe the morphology characteristics of the water-retention and thickening admixture (RTA). 



 

Consistency test was measured according to the standard JGJ/T70-2009 (Test method for the 
performance of building mortar). Test apparatus included mortar consistency tester which consist of 
testing cone, vessel and bearing. The Consistency will be settled by average value of two experimental 
results and the extract value will be accurate to 1mm. Mix design was shown in table 2. In the case of 
NMR test, cement, water-retention and thickening admixture (RTA) and sands were scaled and were 
mixed with water for 2min. After mixing, the mortar was poured into a NMR tube and then sealed by 
PTFE film.  

Tab. 2 Mix design of mortar for every patch 

Sample Water /Cement Cement/Sand Bentonite/% Diatomite /% Sepiolite /% 
Control-P 0.60 0.25 0.00 0.00 0.00 

P3 0.60 0.25 3 0.00 0.00 
P6 0.60 0.25 6 0.00 0.00 
P9 0.60 0.25 9 0.00 0.00 

Control-D 0.60 0.25 0.00 0.00 0.00 
D3 0.60 0.25 0.00 3 0.00 
D6 0.60 0.25 0.00 6 0.00 
D9 0.60 0.25 0.00 9 0.00 

Control-S 0.60 0.25 0.00 0.00 0.00 
S3 0.60 0.25 0.00 0.00 3 
S6 0.60 0.25 0.00 0.00 6 
S9 0.60 0.25 0.00 0.00 9 

 
3. Results and Discussion 
3.1 T2 distribution of mortar  
T2 Distribution of cement paste added in bentonite, diatomite, and sepiolite measured at 5min are 
shown in Figure 2, Figure 3, and Figure 4. T2 distributions of mortar added in RTA are bimodal and in 
this paper, we name peak on the left side ‘short component’ and peak on the right side ‘long 
component’. It can be seen that adding different RTA will leads to a left-ward shift of the long 
component which suggest that the confinement to water molecule increased by these RTA. In addition, 
peak area of the long component will be effective reduced by these RTA. 
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Figure 2 T2 Distribution of mortar added in bentonite 
(measured at 5min) 

Figure 3 T2 Distribution of mortar added in diatomite 
(measured at 5min) 
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Figure 3 T2 Distribution of Mortar added in sepiolite 
(measured at 5min) 

SEM images of Figure 5 (B1, B2 and B3) also show that microstructure of bentonite is stacked by 
different range particles with relative rough microscopic surface and loosened and thick flake are also 
found under different magnifications. The reason is that microstructure of bentonite is loosely bound 
and the monoclinic lattice of the diatomite used in this paper owns a relatively low binding force 
between the crystal layers which enable the bentonite particle to absorb more water molecules in the 
cement paste [15]. In addition, Figure  1 shows that the particle size distribution of bentonite is between 
1um-100μm which leads to a good dispersion in water. Because of these properties, the bentonite 
could consume free water which results in a low water to cement ratio partly. Moreover, as is shown 
that the water-cement ratio reducing effect may enhanced by increasing the content of the bentonite. It 
can be seen from Figure 3 that diatomite could also lead a left-shift of long component. SEM images 
of Figure 5 (D1, D2 and D3) also show the microstructure is circinal sieve shape and banded 
under different magnifications. And dense micropores are also founded in the shell that results in a 
relatively high specific surface area [16]. That’s similar with bentonite, the diatomite could consume 
free water which results in a low water to cement ratio partly. The microstructure of sepiolite 
presented in SEM images of Figure 5 (S1, S2 and S3) reveal s that fiber crystal construction which 
endows a multiple layers and porous structure. Sepiolite owns single fiber-like, fiber bundle clusters-
like and irregular single fiber-like structure and the end of these fibers are relative loosened. In the 
crystal structure, there exist many connected tubes which in accord with the direction of the fiber. This 
special property results in a relatively high specific surface area which endows a high water absorbing 
behavior in the mortar.   

B1  B2   B2  



 

    D1        D2   D3 

    S3        S2    S3 

Figure 5 SEM images of RTA (bentonite, diatomite, and sepiolite) 

3.2. Correlation between T2 of long component and consistency  
Figure 6 shows the consistency of mortar with different water-retention and thickening admixture 

(RTA) content. It can be seen that RTA can effective increase the consistency of mortar, expressed as 
the decreasing of sinking depth of testing cone, and the consistency increasing effect on mortar 
increase with content of the RTA. Moreover, the results of consistency test also shows that the 
thickening effect of bentonite on mortar is higher than the diatomite and sepiolite used in the mortar 
and compared with sepiolite, diatomite exhibits a greater thickening effect on mortar. In order to 
investigate the relationship between consistency and T2 of long component, correlation between T2 of 
long component and consistency were shown in Figure 7. For T2 of mortar was weighted average of 
adsorbed water and bulk water according to fast exchange theory, proportion of bulk water decreased 
with the content of the RTA, resulting in a decrease in T2 of long component. Furthermore, the 
decrease in T2 of long component confirmed that the limitation to water molecules increase. Under the 
same temperature and sand ratio, consistency of mortar is directly influenced by the degree of freedom 
of water molecules in cement paste. Thus, T2 of long component and consistency were linearly 
correlated. 
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Figure 6 Consistency of mortar with different RTA content 
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Figure 7 Correlation between T2 of long component and consistency 

 
4. Conclusions 
1) The microstructure of water-retention and thickening admixture determines its water-
absorbing ability: bentonite is loosened and thick flake and with relative rough microscopic surface; 
The microstructure of diatomite owns circinal sieve shape and dense micropores are also founded in 
the shell; Sepiolite owns single fiber-like, fiber bundle clusters-like and irregular single fiber-like 
structure and the end of these fibers are relative loosened. 
2) T2 distributions of fresh mortar were bimodal, and T2 distribution (long component) gradually 
moves to the left with increasing content of RTA. 
3) RTA could effective increase the consistency of mortar. Thickening effect of bentonite on mortar 
was higher than the diatomite and sepiolite used in the mortar and compared with sepiolite, diatomite 
exhibits a greater thickening effect on mortar; T2 of long component and consistency were linearly 
correlated. 
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Abstract 

Polycarboxylate ether/ester (PCE) superplasticizer has gotten wide spread application in ready mixed 

concrete so far. But the use of PCE in pre-stressed high strength concrete tubular pile (PHSCTP) has 

not substantially started yet for its particular fabrication process. In this paper the factors influencing 

the centrifugal water separation property of concrete were tested and discussed, according to the 

requirements of tubular pile manufacture process. The dewatering property of cement pastes with 

different structural PCEs and poly naphthalene sulfonate (PNS) condensate was investigated. The 

effect of molecular structure of PCE on the hydration process was monitored and analyzed. The 

demoulding strength of concrete with PCE and PNS superplasticizers at 1 day after steam curing was 

compared. The results showed that the demoulding strength of concrete for C80 PHSCTP could reach 

as high as 75MPa ~ 80MPa in the case of using PCE, and the autoclave curing process could be saved 

with the help of strong dispersing ability and high early strength property of PCE. PCE has a good 

application prospect in the field of PHSCTP for its high water reducing effect, low shrinkage and 

minor detrimental substance content. 

 

Originality 

Study on the application properties of PCE to match the particular fabrication process of pre-stressed 

high strength concrete tubular pile. Special attention was paid to the influence of PCE on the water 

separation ability of concrete during centrifugal moulding process. And the results about dewatering 

property of concrete with different types of PCE as well as PNS was first reported here. The 

relationship of the PCE structural parameter and cement hydration rate was analyzed and disclosed, 

which was not clear before. The results about the early strength of PHSCT with PCE has supported the 

conclusion that autoclave curing is not indispensable for the production of PHSCT, which is quite 

important to save time and energy in the future. 
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1. Introduction 

With the increasing investment in infrastructure constructions, pipe industry has been 

developing quickly in recent years. There are the about 400 pipe enterprises in China 

nowadays (ZhOU Dong-liang et al., 2013), and up to 2013 the national pipe production 

capacity had reached more than 600 million meters. China has become the world's largest 

pipe production and consumption country. PHSCTP is a kind of high strength concrete pipe, 

which has special requirements in the production process. The most commonly used water 

reducing agent in production of PHSCTP are PNS and aliphatic sulfonate based 

superplasticizer (the second generation of water reducing agent) currently. As the third 

generation of water reducing agent, polycarboxylate ether/ester (PCE) based water reducing 

agent possesses the advantages of higher water reduction ratio, better flow retaining ability, 

less shrinkage and lower dosage. In recent years, PCEs have been widely used in ready mixed 

concrete industry, especially in high strength concrete. But PCE also exhibits some 

disadvantages, such as higher air entrainment compared to PNS, more sensitive to the 

variation of concrete raw materials, higher viscosity of fresh concrete in the case of low water 

cementitious ratio, etc., which are thought unfavourable to use in production of PHSCTP. 

Some researchers reported the application of PCE in PHSCTP production process and 

durability in recent years, but few have mentioned the influence of molecular structure on the 

centrifugal process and concrete early strength of PHSCTP. In recent years, PCE with 

particular designed structure was proposed to meet the actual needs of the production of 

tubular pile. Zhang (ZHANG Jian-gang et al., 2012) tried to introduce the amphipathy groups 

in the molecular structure of PCE, so as to reduce the viscosity of concrete mixture through 

increasing the thickness of water film surface of the cement particles. Wen (WEN Qing-ru et 

al., 2011) employed allyl poly (oxyethylene + polypropylene) ether in the synthesis of PCE to 

modify air entraining property and improve the cement hydration rate by changing the contact 

area of cement and water. 

This article studied the effect of PCE molecular structure on the separation of waste slurry in 

pipe centrifugal process. The influence of PCE on cement hydration was studied and 

analyzed.  

2. Experimental 

2.1. Raw Materials 

Cement: PⅡ52.5, physical properties are shown in Table 1. 

Table1 Cement physical properties 

Specific 

surface area/

（m2/kg） 

Stability 

Standard 

consistency 

water demand 

/% 

Setting time/min Compressive 

strength at 28days 

/MPa Initial  Final  

370 Qualified 27.4 172 257 59.3 

Fine aggregate: river sand, area II continuous grading, fineness modulus 2.5, clay content 

0.4%; Coarse aggregate:5~20 mm continuous grading rubble, elongated and flaky particle 

content ≤ 36%, clay content 0.2%, Crushing value 7.6%. Mineral admixtures: S95 slag 

powder, specific surface area was 441 m2/kg; Gypsum powder from Hengtai, specific surface 

area was 542 m2/kg. 



Polycarboxylate high performance water reducers: PCE-1 to PCE-8, with 20% solid content, 

synthesized in laboratory. Naphthalene based HRWR (PNS) with 33% solid content. Tap 

water. 

2.2 Test method and Experiment 

Steamed concrete strength test and setting time were carried out in accordance with the 

relevant requirements of GB/T 50080-2008 Standard for Test Method of Ordinary Fresh 

Concrete Properties and GB/T 13476-2009 Pre-tensioned Pre-stressed Concrete Pile. The 

slump of concrete mixture was controlled in the range of 30mm to 70mm. Specimen size was 

150 mm  150 mm  150 mm. Steam curing regime included 3 hour pre-curing at（20±5）℃

after molding, then moved the specimens into curing tank, and the heated to 95℃ at the rise 

rate of 20℃ /h , then curing 5h at 95℃, finally cooling the specimens to room temperature in 

2 hours. The compressive strength of the specimens were tested at 1 day after steam curing. 

The mix proportions of concrete were listed in table 2. 

Table2 Mix proportions of concrete, kg/m3 

Cement 
Slag 

powder 

Gypsum 

powder 
Sand 

Coarse 

aggregate 
Water 

W/C 

287 90 33 689 1336 115 0.28 

The centrifugal molding device suitable for experiment in lab was designed and fabricated, 

which could simulate the production process of the concrete tubular pile. The outer diameter 

of pipe mold is Φ200 mm, inner diameter is Φ100mm, and length is 300mm. The schematic 

diagram of centrifugal molding device is illustrated as Fig. 1 

 

 

Figure 1 Schematic diagram and picture of centrifugal device 

The separated cement paste (slurry) was collected after centrifugation, calculating percentage of 

separated paste according to total mass of concrete. The solid content of the separated cement 

paste was calculated after drying. Centrifugal test process was divided into four speed stage: low 

speed, low and medium speed, medium speed, high speed. Rotation speed corresponding to 

different time as shown in table 3. 

Table3 Parameters of Centrifugal Process 

Stage Speed r/min Time/min 

low speed 100 3 

low and medium speed 170 2 

medium speed 360 2 

high speed 510 6 



3. Results and Discussion 

3.1 Properties of PCE with different Molecular structural parameters 

Certain amount of sulfonic acid and ester groups were introduced in the backbone of PCE by 

using AMPS and HEA as monomers. Sulfonate ion with strong adsorption capacity was used to 

improve adsorption quantity of copolymers on surface of cement particle, and then improve the 

dispersion ability of PCE. The introduction of HEA in the molecular structure was intended to 

adjust the adsorption rate of PCE and improve the flow retaining ability of concrete mixture. PCE 

structural parameters are illustrated by the monomer molar ratio, as shown in Table 4. Fluidity test 

results of cement paste different PCE samples are shown in table 5. 

Table 4Monomer molar ratio for preparation PCE 

Polymer APEG:AA:AMPS:HEA 

PCE-1 1:6:1:1 

PCE-2 1:6:2:1 

PCE-3 1:6:3:1 

PCE-4 1:6:1:2 

PCE-5 1:6:2:2 

PCE-6 1:6:3:2 

PCE-7 1:6:0:1 

PCE-8 1:6:1:0 

 

Table 5 Cement paste fluidity with different PC samples 

Admixture Dosage/% 
cement paste fluidity /mm 

SL0 SL1h 

PCE-1 0.13 226 207 

PCE-2 0.13 235 214 

PCE-3 0.13 247 219 

PCE-4 0.13 228 217 

PCE-5 0.13 234 223 

PCE-6 0.13 247 228 

PCE-7 0.13 207 187 

PCE-8 0.13 224 186 

With the increase of AMPS molar ratio, the fluidity of cement paste increased, which implied that 

the dispersion ability of the polymer improved accordingly. By introduction of HEA in the 

molecular structure, the fluidity retention ability was apparently enhanced as designed. 

3.1 Centrifugal moulding properties of concrete mixture  

The dewatering and slurry separation property of concrete mixtures with different PCE and PNS 

were examined during the centrifugal molding process. The compositions of the separated cement 

paste and residual concrete are shown in Table 6.  

Table 6 The amount and solid particle content of separated slurry 

Admixture 

Dosage 

/% 

Slump 

/mm 

The 

percentage 

of 

separated 

slurry 

Solid  

content 

of the 

slurry 

/% 

W/C  

of the separated  

slurry 

W/C 

of the residual 

formed 

concrete 



PCE-1 1.2 30 2.1% 67.9 0.47 0.262 

PCE-2 1.2 40 2.3% 64.2 0.56 0.252 

PCE-3 1.2 45 2.4% 61.7 0.62 0.246 

PCE-4 1.2 30 2.2% 67.4 0.48 0.260 

PCE-5 1.2 45 2.4% 64.9 0.54 0.253 

PCE-6 1.2 50 2.6% 61.3 0.63 0.242 

PCE-7 1.2 20 1.8% 74.5 0.34 0.275 

PCE-8 1.2 25 1.9% 72.5 0.38 0.271 

PNS 2.8 40 2.4% 65.7 0.52 0.254 

 

The centrifugal forming process lowered the W/C ratio of the residual concrete mixture by 

separating the cement paste with higher W/C ratio than the original concrete and air bubbles in the 

mixture. The percentage of separated slurry after centrifugal process increased with the rise of 

AMPS molar ratio in the polymer, while the solid particle content in slurry decreased. PCE-6 

exhibited the best centrifugal molding property by removing most water and least cement particle. 

Comparing to the results from concrete with PCE and PNS, it is clear that the centrifugal forming 

properties of concrete are equivalent in both cases. 

3.2 Compressive strength of steam cured concrete 

The setting time of the concrete mixture and the steam cured strength at 1 day are shown in table 7. 

The setting time of concrete with PCE having highest AMPS content ( PCE-3) was the shortest 

one, and the setting time of concrete with PCE-2 and PCE-6 is comparable to that of concrete with 

PNS. Concrete with PCE-7 showed the longest setting time, which reflected the retarding 

tendency of HEA monomer. The compressive strength of steam cured concrete with PCE-3 and 

PCE-6 was higher than the others. The air content may has a remarkable effect on the compressive 

strength of steam cured concrete, for the reason of serious damage caused by the immigration of 

vapor and expansion of air during heating process (PENG Bo al.,2007; HE Zhi-hai et al.,2007). So 

in the steam curing process, concrete having higher air content showed lower compressive 

strength (PCE-4, PCE-7, PNS).  

Table 7 The performance of pipe pile concrete  

Polymer Air content/% 
Setting time/h:min Steam curing 

strength/MPa Initial  Final 

PCE-1 2.6 6:25 7:55 77.3 

PCE-2 2.1 5:50 7:40 80.1 

PCE-3 1.8 5:20 7:35 84.4 

PCE-4 2.8 6:35 8:00 76.2 

PCE-5 2.5 6:10 7:50 77.8 

PCE-6 2.1 5:40 7:45 81.3 

PCE-7 2.9 7:05 8:15 74.6 

PCE-8 2.5 6:00 7:45 78.9 

PNS 2.6 5:45 7:40 76.1 

3.3 Shrinkage and sulfate resistance of hardened concrete 

Shrinkage and anti-sulfate corrosion tests were conducted in accordance with the relevant 

requirements of GB/T 50082-2009 Standard for Test Methods of Long-term Performance and 

Durability of Ordinary Concrete. The shrinkage curves of concrete with PCE-2, PCE-6 and PNS 



are shown in Fig.2. It is obvious that the shrinkage of concrete with PCE was lower than that of 

concrete with PNS. PCE even showed a shrinkage reduction effect compared to the result of plain 

concrete. This phenomenon may be explained by the fact of lower air content and pore structure of 

concrete with PCE (ZENG Jun-jie et al.,2012).  
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Figure 2 Shrinkage curves of concrete with different superplasticizers 

Sulphate resistance test was conducted by using mortar specimens. The water cement ratio of 

mortar is 0.30, cement to sand ratio is 1:3. The specimens were put into the dry-wet cycling test 

after curing 28 days in standard curing condition. The results are shown in figure 3. The 

compressive and flexural strength of mortar were still growing during the first half period of test, 

due to the further hydration of unhydrated cement particles, and then declined with the increase of 

dry-wet cycle. The compressive and flexural strength of mortar with PCE-2 and PCE-6 reached 

the highest value at the time of 50 times dry-wet cycles. The compressive and flexural strength of 

mortar with PNS reached the highest value at the time of 30 ~ 40 times dry-wet cycles. The final 

strength of mortar with PCE after 90 times wet-dry cycles was still higher than that of original 

mortar specimens, which proves the excellent sulfate resistance property.  
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Figure 3 The sulfate resistance behavior of mortar with different admixtures 

4. Conclusions 

1. The introduction of AMPS monomer to the backbone of PCE can promote properties of PCE, 

and is suitable for application in the production of pre-stressed high strength concrete tubular pile 

(PHSCTP). 

2. The free water can be separated from the concrete mixture with optimized PCE during the 

centrifugal process, and the solid particle content was lower than that of the compared concrete 

with PNS. The 1 day strength of concrete with PCE reached 75 ~ 80MPa after steam curing, and 
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could meet the requirement of demoulding without further autoclaved curing.  

3. The shrinkage of mortar with PCE was lower than that of mortar with PNS. The sulphate 

resistance of mortar with PCE is superior to that of mortar with PNS. 
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Abstract 
In the field of concrete admixture, the polycarboxylate superplasticizer (PCE) is usually synthesized at 
60-80°C. In this study, a PCE was successfully synthesized at room temperature by a polymerization 
reaction among acrylic acid (AA), maleic anhydride (MA) and isopentenyl polyethylene glycol (IPEG) 
to achieve the energy-saving on the basis of excellent application performance. The composition and 
amounts of initiating system, and the ratio of monomers were determined respectively. The results 
showed that the oxidation initiator: reduction initiator: IPEG was 0.015: 0.012: 1, and the IPEG: MA: 
AA: chain transfer agent was 1: 2.5: 1.25: 0.3. Moreover, the effect of polymerization temperature on 
PCE’s fluidity performances was investigated, and the results showed that the cement pastes mixed 
with PCE synthesized at 10°C, 20°C, 30°C respectively exhibited better fluidity performances than that 
mixed with common PCE synthesized at higher temperature. The 1H nuclear magnetic resonance (1H 
NMR) and Fourier Transform Infrared Spectroscopy (FTIR) measurements were used for structural 
characterization of the synthesized product, and the results confirmed the occurrence of polymerization 
and the ideal structure. In order to clearly understand its working mechanism in cement paste system, 
the Zeta potential, adsorption behavior and hydration heat of cement paste mixed with synthesized 
PCE were measured respectively. The results showed that adding the synthesized PCE can effectively 
promote the homogeneous dispersion of cement paste, the steadily increased adsorption rate, the low 
hydration heat and low hydration rate, indicating an excellent workability in cement paste system. 
Furthermore, the application performance of synthesized PCE in mortar and concrete were tested and 
the results showed that the cement pastes mixed with the PCE synthesized at room temperature 
exhibited higher water-reducing rate, better fluidities and fluidity retentions. Finally, the energy-saving 
benefit was calculated in detail. For producing 10 tons of this PCE synthesized at room temperature, 
the saved electrical power was 403.6 kwh, equivalent to 73.8 kilos of coal. This synthesis method has 
great research value and application prospect for the PCE preparation in concrete engineering.  
 
Originality 
Generally the PCE products used in concrete projects were synthesized at 60-80°C according to the 
principle of free radical polymerization. The reason is that the thermal initiator can produce 
appropriate free radical number to ensure the polymerization reaction only at this temperature range. 
However, it is well known in the theory of polymer chemistry that the oxidation-reduction initiating 
system can significantly lower the decomposition activation energy to achieve higher decomposition 
rate and lower polymerization temperature, which is able to be applied to the synthesis of PCE in this 
investigation; besides, the demand of PCE is increasing year by year in concrete engineering, which 
production needs a great deal of energy consumption. Therefore, the synthesis of PCE polymerized at 
room temperature by the oxidation-reduction initiating system is very meaningful to save the heat 
power generated from the PCE polymerization, and correspondingly there are at least two advantages 
for this innovation: the one is that the saved power, cost and heating devices are substantial; the other 
one is that the PCE synthesized at room temperature even exhibited more excellent paste fluidity 
performances than commercial PCE. Such superiorities can widen the application of PCE synthesized 
at room temperature in construction engineering.  
 
Keywords: polycarboxylate superplasticizer; oxidation-reduction; polymerization; room temperature; 
energy-saving 
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1. Introduction 

Nowadays, polycarboxylate superplasticizer (PCE) has become a key material in preparation 

of high-performance concrete for its advantages of low dosage, high slump retention and 

water-reducing rate [1, 2].  

Polycarboxylate superplasticizer has good adaptability to different cement, strong 

dispersion to cement and concrete, good concrete slump retention, and high water reducing 

rate in cement paste or mortars. The water reducing rate can reach to 25-45% when the 

dosage of PCE was 0.2-0.3 wt% of cementitious materials. The strength of concrete mixed 

with PCE grew quickly, with the compressive strength of 28 days increased by 150% and 

good volume stability. Therefore, the use of PCE in concrete will significantly improve the 

technical performance of concrete. The study of PCE represents the development direction of 

concrete admixture in the future, for its excellent performance and environmental protection 

characteristics. 

PCE structures are so designable that the researchers can obtain various PCEs with 

different structures and performances by different unsaturated monomers contained carboxyl 

groups according to different synthetic technologies. All of these PCEs contained a certain 

amount of functional carboxyl groups in the main chains, but also exhibited comb, linear or 

branched molecular structures and excellent water reducing ability, fluidity retention, and 

mechanical properties of corresponding concretes. The designable characteristics of its 

molecular structure determined that a series of different characteristics of the products can be 

developed by PCEs to meet the diversified demands of construction engineering to concrete 

materials [3]. 

At present, the adaptability between PCE and cement is an important problem. Generally 

speaking, one of the main causes to this compatibility problem is the type and performance of 

PCE. G.Bradley et al. [4] investigated the methyl acrylic acid copolymer grafted by 

polyoxyethylene chains, and discussed the effects of temperature on cement hydration and 

adsorption of PCE to cement particles. The results showed that the fluidity of concrete was 

the lowest at 20ºC, and the slump loss accelerated with the increase of temperature. However, 

the effects of temperature on fluidity and fluidity retention of concrete decreased when the 

side chains of polymer lengthened. Due to the raw materials of concrete in practical 

engineering conditions and application environment are much more complicated than those in 

laboratory, it is urgent for many basic theories and application technologies to research, 

especially the adaptability of PCE to raw materials of concrete and the sensitivity of PCE to 

water consumption, etc [5]. Besides, it should be paid more attention for concrete admixture 

researchers to achieving PCE’s economy and energy conservation based on the theory of 

polymer synthesis.  

From the current synthetic technology of PCE, most of synthetic conditions need high 

temperature and complicated technology. The side reaction is easily produced at the higher 

temperature, leading to weaken the final performance of products. Furthermore, the existed 

PCE turned to be sensitive to the raw materials, manifesting as decreased water reducing rate 

and severely reduced retention, particularly for methoxy polyethylene glycol (MPEG) and 

allyl polyethylene glycol(APEG) as macromonomer to synthesize PCE. At the present stage, 

there are several redox initiators for applying to the synthesis of PCE, but the reaction 

temperature is not significantly reduced, or the performances of PCEs are not improved at low 



 

reaction temperature. 

In this study, according to the theory of molecular structure design, the PCEs with low 

sensitivity to raw materials were synthesized through selecting the appropriate monomers and 

initiators and using the alkylallyl polyethylene glycol (IPEG) as macromonomer at the 

reaction conditions of low temperature (10-30ºC) to avoid the occurrence of side reactions. 

Besides, the effects of monomer ratio, amount and composition of initiating system, and 

temperature on the cement paste fluidity were investigated. The structural characterization 

and performance measurements of PCEs were carried out through FTIR, 1H NMR, Zeta 

potential TOC and hydration heat. The application performances of mortar and concrete 

mixed with this type of PCE were systematically studied. At last, the calculated energy-saving 

evaluation showed that this synthetic method can not only achieve energy conservation and 

CO2 emission reduction, but also shorten the production cycle and reduce the production cost, 

which can play a positive role in further popularization and application of PCE. 

2. Experimental 

2.1 Materials 

Reaction raw materials include: isopentenyl polyethylene glycol (IPEG), acrylic acid 

(AA), maleic anhydride (MA), ammonium persulfate (APS), sodium methallyl sulfonate 

(SMAS), Ascorbic Acid (ASA) and sodium hydroxide (NaOH). Reference cement P.I.42.5 

was supplied by China Building Materials Research Institute (Beijing, China). The physical 

characteristics and chemical compositions of reference cement are illustrated in Table 1. The 

water used in this experiment was deionized water.  
Table 1 Physical characteristics and chemical compositions of reference cement 

Characteristics and compositions Reference cement P. I. 42.5 

Apparent density, g•cm-3 3.10 

Fineness (0.08 mm sieve, by mass), % 0.30 

Specific surface area, m2•kg-1 353 

Normal consistency (by mass), % 27.60 

Initial setting time, min 209 

Final setting time, min 267 

SiO2, % 21.58 

Al2O3, % 4.81 

CaO, % 62.21 

MgO, % 2.89 

SO3, % 2.40 

Na2O, % 0.15 

Fe2O3, % 3.26 

2.2 Synthesis 

The IPEG were diluted by distilled water in a four-neck round-bottom flask which was 

placed in a constant temperature bath with stirring. When stirred homogeneously, an aqueous 

mixture of AA, MA, APS and SMAS were dropwise added to the flask. After 10 minutes, the 

ASA aqueous solution was also dropwise added to the flask. The dropping process lasted 2 

hours and then the reaction at a constant temperature for 3 hours. Thereafter, the NaOH 

aqueous solution was used for adjusting the pH value to 7-8 followed by cooling to room 

temperature, thus yielding the final product. The specimens used for the characterization were 

further purified by repeated precipitation into the excess diethyl ether.  

2.3 Characterizations 



 

The 1H Nuclear Magnetic Resonance (1H NMR) spectrum of PCE was obtained at room 

temperature (25°C) with an ARX-400 spectrometer (Bruker Co., Germany) operating at a 

frequency of 400MHz, and the chemical shift values were expressed in δ values (ppm) relative 

to tetramethylsilane (TMS) as an internal standard. Sample for 1H NMR was prepared by 

dissolving sample in the solvent, i.e., deuterated water (D2O) as internal reference.  

The Fourier Transform infrared (FTIR) spectrum of PCE was prepared by mixing a fixed 

mass of solid PCE with KBr, which was then pressed into a disk, and analyzed by a VERTEX 

70 Fourier transform infrared spectrometer (Bruker Co., Germany) at room temperature (25°C). 

The solid PCE sample was prepared via dissolution and precipitation at least three times, and 

then dried in vacuum at 60°C for 24 hours to constant weight. 

The determination of Zeta potential is followed as these procedures: a certain amount of 

cement was added in a beaker, and then added the PCE solution with the same concentration 

as PCE in cement paste. After stirring, the suspension of slurry was poured into the 

electrophoresis tank, and then the Zeta potentials were measured by Zeta Potential Analyzer 

(Melvin Corporation, British). The appropriate size of cement particles were selected, and 

then the tested Zeta Potential values were recorded by adding positive and negative voltage 

each time with 10 samples as a team. 

The hydration heat and hydration exothermic rate for cement pastes with or without PCE 

were measured by using a TAM AIR-08 Thermostat (Thermometric, Järfälla, Sweden), 

according to the reported method [6]. The mass of cement sample to be tested was 3 g with a 

W/C of 0.5, and the dosage of PCE was 0.2 wt% of cement. 

The adsorption amounts of PCEs on the surfaces of cement particles were evaluated 

according to a reported method [7]. The non-adsorbed portion of polymer remaining in solution 

at equilibrium condition was determined by analyzing the total organic carbon (TOC) content 

of the solution. In a typical experiment, 30 g of cement, 120 g of deionized water and the 

amount of PCE (remaining the same liquid concentration as the fluidity testing of cement 

paste, namely 0.15:29) were mixed and then the homogeneous slurry was filled into a 50 mL 

centrifuge tube to be centrifuged for 5 min at 6000 r/min in a centrifuge. The supernatant was 

diluted 100 times with deionized water, and then the total organic carbon of the solution was 

determined on a Vario TOC cube instrument (Elementar Analysensysteme GmbH, Germany). 

The adsorption amounts of PCE were calculated from the difference between the TOC 

content of the polymer reference sample in the initial solution and that of the supernatant of 

cement paste. The adsorption amount changes with time were obtained by testing the PCE 

adsorption after 5 min, 30 min, 60 min, 90 min and 120 min, respectively. Measurements 

were generally repeated three times and the average was reported as the adsorbed amount. 

The fluidities of cement pastes mixed with PCEs were tested according to the standard 

method [8] at a water-cement ratio (W/C) of 0.29, and the dosage was based on the weight 

ratio of solid PCE to cement. Moreover, to study the maintenance of fluidity, cement pastes 

mixed with PCEs were examined every 60 min within a total period of 120 min. For each test 

of cement paste fluidity, the cement paste mixture was poured into a truncated cone (60 mm 

height, 36 mm top diameter and 60 mm bottom diameter) on a glass plate, and then the cone 

was vertically removed. After 30 seconds, the diameter of paste was recorded as the fluidity of 

paste, and the resulting spread of the paste was measured twice. The second measurement was 



 

perpendicular to the first measurement, and the average was calculated to yield the spread 

value.  

The mortar workability with PCE overtime was tested according to the same standard 

method [8]. To investigate the workability retention, mortars mixed with PCEs were examined 

every 30 min within a total period of 60 min. The workability of concrete for PCE was 

indicated by the slump and slump flow at 0 min and 1 h in a slump cone test according to the 

standard method [9]. The mix proportions of C30 concrete for experiments are shown in Table 

2.  

Table 2 Mix proportions for C30 concrete（kg/m3） 

Cement Slag Fly ash Sand Gravel Water 

200 80 80 830 1020 175 

3. Results and discussion 

3.1 Composition and amounts of initiating system 

The polymerization reaction carried out at room temperature needs the 

oxidation-reduction initiator. This initiator has a characteristic of low activation energy 

(40-60 kJ/mol), and thus can behave at room temperature (0-50ºC) with a rapid 

polymerization rate. Since the polymerization reaction is carried out in an aqueous solution, 

the water-soluble oxidation-reduction initiator should be chosen. In this study, the common 

APS and ASA are designated as the oxidant and reductant of the initiating system, 

respectively.  

A series of PCE were synthesized through varying the molar ratio of APS/IPEG from 

0.010 to 0.025. The fluidities of cement pastes were tested at a W/C of 0.29 and solid content 

of 0.20%. The results are shown in Figure 1. 

 

Figure 1 Influence of APS/IPEG molar ratio on cement paste 

The experimental results showed that the initial paste fluidity and paste fluidity retention 

are significantly increased when the molar ratio of APS/IPEG increased from 0.01 to 0.015. 

However, the water-reducing effect gradually decreased with the continual increase of APS 

amount. The results also showed that the optimum molar ratio of APS/IPEG was 0.015:1. 

A series of PCE were synthesized through varying the molar ratio between oxidant and 

reductant. The fluidities of cement pastes were tested at a W/C of 0.29 and solid content of 

0.20%. The results are shown in Figure 2. 
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Figure 2 Influence of ASA/IPEG molar ratios on cement paste 

It can be seen from Figure 2 that the performance of PCE was relatively poor when the 

molar ratio between reductant and oxidant exceeded 1. This indicates that part of reductants 

react with some free radicals from oxidation-reduction reaction and consume a part of free 

radicals. The performance of PCE reached the best when the reductant dosage was 0.8. The 

initial fluidity and fluidity retention of PCE decreased when the reductant dosage lowered to 

0.5. Therefore, the reductant dosage was determined 8 times as more as the oxidant dosage, 

namely the ASA/IPEG molar ratio of 0.012:1. 

3.2 Ratio of monomers 

Adding dibasic acid monomer such as MA can introduce more carboxyl groups, and thus 

increase the anchoring properties of PCE molecules on the cement particles, resulting in a 

long-time dispersion. However, the content of carboxyl groups in copolymer increased with 

the increase of MA content. This signifies that the side chain density of copolymer decreased, 

indicating a weakened steric hindrance and decreased fluidity retentions. A series of PCE 

were synthesized through varying the molar ratio of MA/IPEG, AA/IPEG and SMAS/IPEG. 

The fluidities of cement pastes were tested at a W/C of 0.29 and solid content of 0.20%. The 

results are shown in Figure 3, Figure 4, and Figure 5, respectively. 

 

Figure 3 Influence of MA/IPEG molar ratios on cement paste 

In Figure 3, when MA/IPEG value is lower, the initial fluidity and fluidity retention are 

poor. When MA/IPEG value increased to 3, the dispersion and slump retention turns to be 
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excellent. With the increase of MA/IPEG value, the initial fluidity and fluidity retention of 

cement pastes were gradually decreased, and thus the optimum MA/IPEG molar ratio was 

about 3. 

 

Figure 4 Influence of AA/IPEG molar ratios on cement paste 

From Figure 4, the initial fluidity and fluidity retention of cement pastes were similar 

when the molar ratio of AA/IPEG was 0.5 or 1. The initial fluidity was nearly unchanged and 

the fluidity retention kept good performance when the AA/IPEG molar ratio increased to 1.5. 

Then the performance decreased when the AA/IPEG molar ratio continually increased. 

Therefore, the appropriate molar ratio of AA/IPEG is about 1.5.  

 

Figure 5 Influence of SMAS/IPEG molar ratios on cement paste 

From Figure 5, the dispersion effect of PCE was poor at a SMAS/IPEG molar ratio of 1, 

which is possibly because of the long branched molecular chain or uneven molecular weight 

distribution, resulting in the reduced adsorption quantity on the surface of cement particles. 

With the increase of SMAS/IPEG, the dispersion and slump retention gradually improved, 

and then the performance decreased when it increased to 0.4 mol. Therefore, the optimum 

molar ratio of SMAS/IPEG is about 0.3.  

Based on the above effects of monomers on PCE performances and the determinations of 

optimum dosages, the formula was optimized by using orthogonal design method. The factors 

and levels are shown in Table 3and the orthogonal experimental results are shown in Table 4. 
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Table 3 Factors and levels of orthogonal test 

Level  

Factor 

MA/IPEG 

(mol/mol) 

AA/ IPEG 

(mol/mol) 

SMAS/ IPEG 

(mol/mol) 

1 2.5 1.25 0.25 

2 3 1.5 0.3 

3 3.5 1.75 0.35 

 

Table 4 Results of orthogonal test 

 MA/mol AA/mol SMAS/mol 
Fluidity/mm 

0h 1h 2h 

1 2.5 1.25 0.25 168 197 219 

2 2.5 1.5 0.3 132 154 192 

3 2.5 1.75 0.35 138 162 218 

4 3.0 1.25 0.35 132 175 215 

5 3.0 1.5 0.25 145 178 224 

6 3.0 1.75 0.3 122 131 197 

7 3.5 1.25 0.3 162 201 225 

8 3.5 1.5 0.35 126 146 204 

9 3.5 1.75 0.25 110 120 149 

After the analysis of the above orthogonal experimental results, the optimum proportion 

of TPGE: MA: AA: SMAS is 1:2. 5:1. 25:0. 25. 

3.3 Effect of polymerization temperature on fluidity of cement paste 

According to the determined optimum formulation and process, a series of PCE were 

synthesized through varying the polymerization temperature at 10ºC and 20ºC. The fluidities 

of cement pastes were tested at a W/C of 0.29 and solid content of 0.20%. The results are 

shown in Figure 6. 

 
Figure 6 Influence of temperature on cement paste 

The performance of synthesized PCE turned to be weakened with the decrease of 

temperature, which was because the temperature affected the activity of polymerization 

monomers. Compare with PC-1, the PCE synthesized at 10ºC still exhibited better 

performance, indicating the feasibility of polymerization without heating. 
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3.4 1H NMR and FTIR characterization 

The 1H NMR and FTIR results of the synthesized PCEs are shown in Figure 7 and 

Figure 8, respectively.  

 
Figure 7 NMR spectrum of the synthesized PCE 

In Figure 7, the x: y: z can be calculated as 7.46:1.16:1. The possible state of IPEG in 

aqueous solution is presented as: the hydrophobic ends assembled together, and the 

hydrophilic side chains dispersed in water. A part of the IPEG homopolymerized and 

copolymerized with part of the acid gathered at the ends. 
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Figure 8 Infrared spectrogram of the synthesized PCE 

In Figure 8, C=O stretching vibration peak appeared near the 1735 cm-1, and the peak at 

1726.7 cm-1 showed the carboxylic acid ester. Generally speaking, the stretching vibration of 

ester C-O-C exhibits two or more strong peaks in the range of 1290-1180 cm-1. Thus, the two 

peaks at 1282 and 1248.3 cm-1 further proved the existence of carboxylic acid ester. The 

stretching vibration peak of alkyl ether C-O-C appeared at 1140-1110 cm-1, and thus the peak 

at 1116 cm-1 in Figure 8 is the stretching vibration peak of macromonomer. There are two 



 

ranges of asymmetric stretching at 1369-1290 cm-1 and symmetric stretching at 1170-1120 

cm-1 for sulfonic groups, and thus the peaks at 1346 and 1116 cm-1 ensured the sulfonic acid 

group of sodium methallyl sulfonate.   

3.5 Zeta potential 

The Zeta potential values of cement particles in cement-water system respectively 

mixing with PC-1 and PCE at the mass concentrations of 0%, 0.2%, 0.4% and 0.8% were 

measured when W/C is about 800:1. The results are shown in Table 5. 
Table 5 Zeta potentials with different superplasticizers 

Sample  
Zeta potential/-mV 

0% 0.2% 0.4% 0.8% 1.0% 2.0% 

PC-1 2.10 4.58 6.20 6.72 7.13 5.56 

PCE 2.10 5.70 6.32 6.76 7.21 5.39 

With the increase of PCE concentration, the Zeta potential values of the system also 

gradually increased, indicating that the Zeta potential of cement paste increased by carboxylic 

acid ions. PCE belongs to the anionic surfactants, and thus its Zeta potential value increased 

rapidly when it adsorbed on the surfaces of cement particles. The adsorption ability between 

cement particle surfaces is greater; the electrostatic repulsion caused by the same charge 

between particles is also stronger. Thus, the dispersion effect of cement particles is better, and 

the initial fluidity of cement paste is increased [10-11]. The Zeta potential continually increased 

with the increase of PCE dosage. When the PCE dosage reached 0.4%, the Zeta potential 

values turned to be gently. This is because Zeta potential will reach the maximum value when 

the adsorption amount of PCE becomes saturated.  

The Zeta potential reduced rapidly when PCE concentration increased from 1.0% to 

2.0%. Because the oxygen atoms with lone pair electrons in polyoxyethylene side chain also 

have certain electronegativity with the same electronegativity as carboxylic acid ions, the 

molecule is in a stretch of state based on the mutual repulsion of groups with the same kind of 

charges under the alkaline environment of cement paste. The steric hindrance effect of long 

side chains strengthened with the increase of PCE concentration. After PCE molecules 

reached a certain concentration, the minority of carboxylic acid anion was gradually coated 

by polyoxyethylene side chain in the system. Once the carboxylic acid anion was coated, PCE 

tended to avoid contact with the hydroxide anion in cement paste, and thus further reduced 

the Zeta potential.  

3.6 Adsorption behavior 

The adsorption percentages of PCEs on the surfaces of cement particles over time were 

displayed in Figure 9. 



 

 

Figure 9 Adsorption percentage of PCE over time 

In Figure 9, the initial adsorption of PC-1 is higher, and the adsorption turned to stabilize 

after 30 minutes, with no obvious increase from 30 to 120 minutes. The adsorption amount of 

PCE synthesized at room temperature gradually increased over time, which was because a 

small amount of PCE molecules adsorbed on cement particles at early hydration weakened 

the initial slump of concrete. However, with the hydration of cement, the adsorbed PCE 

molecules will be covered by hydrates to gradually lose their dispersion effect. At this time, 

the PCEs without adsorbing on cement particles can continue to adsorb to play a role in 

dispersing. Furthermore, the adsorbable PCE components continued to increase to play 

dispersion effect over time, leading to the gradually increased dispersibility of PCE to cement 

particles within a certain time [12]. Compared with PC-1, PCE had better fluidity retention.   

3.7 Hydration heat 

The hydration heats within 3 days of cements respectively mixed with PC-1 and PCE at 

the dosage of 0.20% were measured, and the results are shown in Figure 10. 
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Figure 10 Hydration heat curves of PC-1 and PCE 

Figure 10 shows that the hydration heat of cement mixed with PCE exhibited the delayed 

maximum rate, compared with the blank cement sample. Under the same dosage, PCE 

exhibited the delayed maximum rate of hydration heat and slightly decreased hydration heat 

amount than PC-1.  

3.8 Fluidities of mortar and concrete mixing with PCE 
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The water reducing rates of mortars mixing with different types of PCE at different 

dosages were measured in this study, and the results are shown in Table 6.  

Table 6 Water reducing rate of superplasticizer 

 Water reducing rate/% 

Dosage 0.10% 0.15% 0.20% 0.25% 0.30% 

PC-1 17.3 26.2 31.1 32.4 36.4 

PC-2 19.2 28.1 32.1 33.0 36.5 

PCE 21.3 29.3 31.5 33.3 36.8 

From Table 6, the water reducing rate gradually increased with the increase of PCE 

dosage. At the lower dosage (0.10%, 0.15%), the water reducing rate of PCE was 

significantly higher than that of PC-1 and PC-2. When the PCE dosage was higher than 

0.20%, the water reducing rate of PCE increased slowly, which means it reaches the 

saturation dosage. 

The slump and slump loss of concretes respectively mixing with PC-1, PC-2 and PCE 

synthesized at room temperature were compared, and the results are shown in Table 7. 
Table 7 Slumps and slump flows of concretes 

Sample Dosage/% Air content/% 
Slump/slump loss/mm 

0h 1h 

PC-1 0.26 4.2 240/500 240/470 

PC-2 0.26 4.0 250/600 245/530 

PC-CW 0.26 4.5 255/620 245/540 

The results showed that the slump loss of fresh concrete mixed with PCE synthesized at 

room temperature was lower, presenting as better dispersion and retention properties than 

those of PC-1, indicating the synthesis at room temperature introduces more carboxyl groups 

and thicker grafting density of side chain in the PCE structure.   

3.9 Energy-saving evaluation 

1 kmol IPEG, 1.25 kmol acrylicacid, 2.5 kmol XA and 0.3 kmol sodium methallyl 

sulfonate were added to a reaction kettle, and the temperature rose from 30ºC to 60ºC. The 

melting point of IPEG is 40ºC, and the melting point of solid melting heat is about 2000J/kg 

(∆Hm). The required total heat for the reactants is: 

Q= (1500×620+1875×34.8+3750×59+0.45×49.2) ×303×4.2+2400×2000=1.55×106KJ 

The total energy used in the production of 10 tons PCE material is heated from 30ºC to 

60ºC required for 1.55×106KJ. This is the savable energy for the synthesis of 10 tons of PCE 

at room temperature. According to per KWh of electricity and heat per kilogram of coal, it 

can be converted to the savable coal and electricity, as shown in Table 8. 

Table 8 Energy-saving value of the synthesis at 30ºC 

 Produced heat Saving amount kettle (10 tons) 

Electricity  3.6×103KJ/kwh 430.6kwh 

Coal  2.1×104KJ/kg 73.8kg 

Thus it can be seen that the used polymerization method to synthesize PCE at room 

temperature in this study can effectively reduce the energy consumption of reaction process. 

Each 10 tons PCE production is equivalent to saving 430.6 KWh, or 73.8 kg coal. This is a 



 

synthesis method with excellent prospects to further achieve the high-efficiency and energy 

conservation. 

4. Conclusion 

The optimum initiating effect was determined when APS: ASA: IPEG molar ratio is 

0.015: 0.012: 1. The optimum polymerization ratio of IPEG: MA: AA: SMAS was 

1:2.5:1.25:0.3 according to orthogonal experiment. PCE had excellent performance at the 

polymerization temperature of 30ºC, and the experiments at the synthetic temperatures of 

10ºC and 20ºC demonstrated the feasibility of low-temperature synthesis. 

The NMR and FTIR spectra of the synthesized PCE showed that the designed functional 

groups in advance such as carboxyl and sulfonic groups were successfully introduced into the 

molecular structure, and proved the experimental feasibility of selecting redox initiator and 

polymerization system in this study. 

The Zeta potential measurement results showed that the Zeta potential absolute value 

was significantly increased for the synthesized PCE. The adsorption behavior results showed 

that the adsorption rate of PCE to cement particles was more gently. The hydration heat 

results showed that the synthesized PCE exhibited retarding effect on cement and decreased 

hydration heat. 

The mortar and concrete results showed that the water reducing rate of PCE was slightly 

higher than that of the common commercial PCEs. The water reducing rate increased slowly 

at the dosage of above 0.25%, manifesting as good dispersion and retention. The saturation 

dosage of PCE was about 0.25%, and the fluidity of cement paste increased over time. 

The determined synthesized method in this study has a significant energy-saving effect. 

For instance of the synthesis of IPEG as room temperature, the saving energy of produce a 

kettle PCE (10 tons) was calculated, which was equivalent to save electricity about 403.6 

kWh, or 73.8 kg coal. 
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Abstract 

When increasing the degree of fluidity of previously aerated cementitious mixtures, there is a problem 

of maintaining their correct aeration. Most of the available superplasticizers cause a significant 

increase of the air content of concrete mixtures. The problem of compatibility of superplasticizer and 

air-entraining admixture increases in case of multicomponent Portland cement, due to different effects 

of these additives. It comes down to achieving a compatibility of the three variables mentioned in the 

title of paper, due to the required air entrainment and consistency of mixture. Achieving compatibility 

of such a system requires a series of experimental studies that were presented in the paper together 

with their resulting indications. 

 

Originality 

The research results conducted by the authors proved that in case of previously air-entrained concrete, 

i.e. performed with the use of that is made with innovative air-entraining multicomponent Portland 

cement, after the addition of new generation superplasticizer occurs very large increase in air 

entrainment. The problem of compatibility of superplasticizers with innovative air-entraining 

multicomponent Portland cement is very important and new. Compatibility testing of superplasticizers 

with the air-entraining cement with were not conducted. The authors did not find similar results of 

studies in the literature.  

 

 

Keywords: air-entraining cement, fly ash, air-entraining admixture, superplasticizer, compatibility, 

air-content. 
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1. Introduction 

In order  to  maintain  better  durability  performance  and  extended  service  life  in  freezing  and  

thawing environments,  concrete  must  consists of  a  proper  air-void  system.  For this, a suitable 

amount of entrained air-voids with accurate specific surface and spacing factor should be maintained in 

concrete. Commonly, limits  on  volume  of  air-voids  or  air  content  are  specified  although  the  role  

of  spacing  factor  is important. This is due to the fact that the air content can be determined more 

effortlessly and immediately than spacing factor (Safiuddin Md., et al. 2006). It may happen that the 

variation in cement’s type while keeping all other technological and material parameters, may decrease 

concrete’s frost resistance (Gebler S. and Klieger P., 1983), (Freeman E., et al. 1997), (Kjellsen K. and 

Atlassi E., 1999). This issue is clearly formulated by the opinion of Committee 225 (Guide to the 

Selection and Use of Hydraulic Cements) and Committee 201 (Guide to Durable Concrete) of 

American Concrete Institute (ACI). It is stated that: “variations of Portland cements and composite 

cements, allow to obtain the same level of concrete’s frost resistance, providing the correct proportions 

of components and correct mixture’s air-entrainment. Crucial, from the point of final air-entrainment 

effect view apart from the graining, is the type and amount of mineral additives included in cements 

(blast furnace cement CEM III, pozzolanic cement CEM IV and composite cement CEM V). Mineral 

additives activate beneficial changes in the structure of paste’s porosity (concrete) resulting in decrease 

of capillary pores and increase of gel pores. The test results of concrete on cements with mineral 

additives show that despite enhanced sealing and higher resistance, there are problems with frost 

resistance of non-air-entrained concretes, even under conditions of moderate frost effect.  
 

One solution to the problem is the creation of possibilities of the use of cement with mineral additives 

containing in the composition of which air-entraining admixture (AEA): air-entraining multicomponent 

Portland cement. The goal of the project supervised by the authors is to establish the innovative 

technology of the aerating cements production for designing and production of freeze and thaw 

resistant concrete. Aerating cements technology concludes dosing aerating additives in the grinding or 

blending process of cement production. Project focuses principally on cements containing large 

numbers of non-clinker constituents, i.e. Portland-composite cements CEM II (CEM II/B-V, CEM 

II/B-S), blast furnace cement CEM III (CEM III/A, CEM III/A NA) and composite cements CEM V 

(CEM V/A, CEM V/B). This choice of aerating cements for implementation by cement industry fits the 

sustainable development philosophy. The another favor of the project will be original contribution to 

the new cement and concrete scientific approaches. However, the results of studies conducted by the 

authors have shown that the use of new generation superplasticizer with the previously air-entrained 

concrete mixture causes a problem of maintaining the proper air entrainment. The research results 

(Mosquet M. 2003), (Sakai E., et al., 2006),  (Szwabowski J. and Łaźniewska-Piekarczyk B., 2008) 

show that the new generation of SPs have side effects manifested by increasing the air content in the 

mixture (Table 1). The air content in the hardened concrete, which is a side effect of SP, may be higher 

than 8% (Szwabowski J. and Łaźniewska-Piekarczyk B., 2008). The solution to the present problem is 

the condition of compatibility of system: innovative air-entraining cement and superplasticizer (SP), 

due to the presence of the air in the mixture and its consistency.  

Table 1 Influence of superplasticizers type on air-content of mixture (Mosquet M. 2003) 

Type of SP Lignosulfonate 

LS 

Naphthalene 

SNF 

Melamine 

SMF 

A new generation of superplasticizers 

Polycarboxylate 

PCP 

Aminophosphonates 

polyoxyethylene  

AAP 

Air content ++ + 0 ++ ++ 

 

The present study is an experimental analysis of the impact of the type of plasticizing and 

superplasticizing admixtures on the air content and consistency of cement based mixtures made with 

the participation of the air-entraining innovative CEM II/B-V. Unfortunately, fly ash which contains 

carbon can attract and absorb the surfactants in AEAs (Kqlaots I., et al., 2004).  As model cement 
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based mixture adopted the reference cement mortar according PN-EN 480-1. Four types of air-

entraining innovative cement were used, diversified manufacturing technology (jointly mixed and 

ground together), with the participation of two different types of air-entraining admixture: natural and 

synthetic. The consistency of mortars was changed with different types of plasticizing and 

superplasticizing admixtures. 

 

2. Research significance 

In case of previously air-entrained concrete that is made with an air-entraining cement, after the 

addition of new generation SP occurs very large increase in air entrainment. The air-content of mixture 

according PN-EN 480-1 may be higher than 13%.  

 

 

3. Experimental procedure 

Materials used to prepare mixtures of cement based mortars, which are the subject of the study were: 

air-entraining innovative CEM II/B-V (Table 2), normalized sand, distilled water and different types of 

plasticizing and superplasticizing admixtures (Table 3). The content of siliceous fly ash cements V in 

all cements is 30%. With these materials, standardized cement mortar with w/c = 0.50 was prepared, in 

accordance with the guidelines of EN 480-1. Reference mortar are also made, i.e. air-entraining and 

superplasticizing without admixtures. 

Table 2. Properties of the air-entraining innovative cements CEM II B-V 

Symbol of 

cement 

Type of cement; method of preparation 

the cement 

Air-entraining 

admixture 

Participation of 

admixtures, % mass of 

cement. 

M CEM II/B-V; cement mixed together - - 

G CEM II/B-V; common ground cement - - 

M+S CEM II/B-V; cement mixed together synthetic  1.70 

M+N CEM II/B-V; common mixed cement natural  0.12 

G+S CEM II/B-V; cement ground together synthetic  1.70 

G+N CEM II/B-V; common ground cement natural  0.12 

 

Table 3 Characteristic of plasticizing and superplasticizing admixtures 
 

Basic chemical base of SP Symbol Type of admixture 

polycarboxylate ether PCE-1 III generation 

polycarboxylate ether PCE-2 III generation 

polycarboxylate ether PCE-3 III generation 

polycarboxylate ether PCE-4 III generation 

modified polycarboxylates PCP-1 III generation 

modified polycarboxylates PCP-2 III generation 

modified naphthalenes MN III generation 

substances from the group of polycarboxylates PC III generation 

cross-linked polymers, acrylic CLAP III generation 

modified amino phosphonates AAP III generation 

sulfonated naphthalene-formaldehyde resins SNF-1 II generation 

sulfonated naphthalene-formaldehyde resins SNF-2 II generation 

sulfonated naphthalene-formaldehyde resins SMF  II generation 

modified lignosulfonates MLG-1 I generation 

modified lignosulfonates / carbohydrates of natural origin MLG-2 I generation 

 

 



4 

 

 

In the first step of the test, the goal was to analyze four available AEAs for their air entraining 

compatibility, the air void system and the air stability. EN 206 for XF classes has specified ranges of 

air content between 4% and 7%. Commonly, around 4.5% to 6.5% air content is required in concrete 

for freeze-thaw resistance in Poland. Nonetheless, in mortar only fine aggregates are used, because of 

the absence of coarse aggregates the air content in mortar is roughly twice of that in concrete at the 

same condition. Thus, in the mortar test air content of about 10-11% was aimed at as the normal 

condition. After trial and error tests, it was concluded that at a dosage around 0.12% and 1.70 by 

weight of cement all of  these two AEAs can entrain a total air content of around 10-11% (Table 2).  

 

The aim of the second stage of the study was the choice of the type and the quantity of plasticizers and 

superplasticizers to the air content of mortar was approximately similar to that of the reference mortar, 

i.e. without plasticizing and superplasticizing admixtures. The liquid plasticizing and superplasticizing 

admixture dosed with the mixing water, in accordance with recommendation of EN 480-1. While 

plasticizing and superplasticizing admixture in powder form were dispensed with cement, according to 

the manufacturer's recommendations. Table 4 summarizes the required amounts of admixtures 

necessary to liquidate the mortar a comparable degree. In most cases the greatest degree of fluidity of 

mortars was obtained which is important, maintaining the stability of the mortar. The consistency of the 

mortars was determined according to EN 1015-3, while the air-content according to EN 1015-7. 

Ambient temperature during testing mortar was 20oC±1oC. The relative air humidity was about 50%. 

 

Table 4 The amounts of admixtures used in research; % mass of CEM II/B-V 

 

Symbol of 

cement 

M G M+S G+S M+N G+N 

Method of 

preparation 

the cement 

Cement 

mixed 

together 

Common 

ground 

cement 

Cement 

mixed 

together 

Common 

ground 

cement 

Cement mixed 

together 

Common 

ground 

cement 

AEA - - synthetic synthetic natural Natural 

PCE-1 0.44 0.44 0.86 0.81 0.87 1.20 

PCE-2 0.45 0.53 2.00 2.00 2.00 2.06 

PCE-3 0.46 0.56 1.61 1.47 1.62 1.33 

PCE-4 0.44 0.44 3.00 2.66 2.74 2.56 

PCP-1 0.46 0.45 1.25 1.45 1.25 0.97 

PCP-2 0.44 0.46 1.70 1.65 1.63 1.62 

MN 0.32 0.44 0.62 0.62 0.62 0.44 

PC 0.44 0.44 1.08 0.90 1.00 0.90 

CLAP 0.46 0.46 1.63 1.02 1.64 1.04 

AAP 0.46 0.45 3.08 3.10 3.11 3.05 

SNF-1 0.96 1.72 2.15 2.19 2.19 2.44 

SNF-2 0,92 1.80 1.87 2.26 1.90 2.34 

SMF  1.62 1.69 3.15 3.26 3.45 3.44 

MLG-1 1.60 1.72 4.44 4.24 4.08 4.27 

MLG-2 1.63 1.64 4.51 4.27 4.71 4.22 
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4. Test results and discussion 

Surface-active agents can be classified according to the type of polar (hydrophobic) group in their 

molecules: anionic agents, cationic agents, amphoteric agents (Cullum D.C., 1994). There are three 

groups of AEAs: wood-derived products, vegetables acids, and synthetic detergents. Air entraining 

agents (AEAs), which can be based on natural resins (for example vinsol) or synthetic surfactants, were 

added to the concrete mix to enhance the controlled quantity of air in the form of microscopic bubble in 

cement paste. From the first usage of air-entertainers until now, many various types of air-entertainers 

have been established. However, disregarding of what kind of air-entertainers, they all have similar 

properties or functions, that is, all of them are influential surfactants. Research results presented in 

publication (Kqlaots I., et al., 2004) show that the natural admixture aeration is more powerful than 

synthetic one because the natural admixture participation is much smaller than the synthetic in cement. 

Commercially available air-entraining agents are generally manufactured from chemically complex raw 

materials, and the final products may consist of blends of these raw materials plus other raw materials 

or chemicals, hence it is challenging to define air-entraining agents chemically except by rather broad 

classification. Wood-derived products and synthetic detergent, two types of most frequently used air-

entraining agents are described here. The aim of using AEAs is to get more balanced and uniform air 

bubbles with small sizes homogeneously distributed in the cement paste. Synthetic detergents allow for 

quick production of air bubbles in concrete, these bubbles tend to be coarser than those produced using 

wood-derived materials. While their primary application has been for foaming agents, some are also 

used as air-entraining agents. Generally speaking, the synthetic ones produce air quicker than the 

organic ones; yet, the organic ones have better compatibility with other admixtures than the synthetic 

ones (Whiting D.A., et al., 1998).  The synthetic detergents have been blended with water-reducing 

agents to generate water-reducing/air-entraining agents. The synthetic agents were more active in 

lowering the surface tension of cement filtrate than their vinsol resin counterparts. The synthetic agents 

decrease while surface tension plays an important role in production of all sizes of bubbles, other 

factors may be responsible for formation of large bubbles and prevent formation of smaller bubbles in 

synthetic admixtures. More comprehensive research is needed to thoroughly understand this 

phenomenon. 

 

Figures 1 and 2 show the results of measurements of the air content in mortars. These results show that 

some of the new generations of superplasticizers significantly increase the volume of air in the 

previously air-entrained cement based mortar. This is probably perhaps the particles of slag are finer 

than cement. Replacing cement with SCMs is kind of improving the fineness of the cementitious 

materials which stabilizes the air bubbles better. The SCM particles usually have higher surface areas 

than Portland cement grains.  

 

 
Figure 1 Comparison of air content in the non-air-entrained mortar containing superplasticizers 

according to the type of cement and admixtures. 
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Figure 2 Comparison of air content in the air-entrained mortar containing superplasticizers according to 

the type of cement and admixtures. 

 

Especially the latest generation admixtures significantly increase air content. It happens that the air 

content increases three times compared to previously aerated mortar (Figure 2). Many inorganic 

electrolytes and polar organic materials effect the foaming ability of surfactants. The impact of other 

chemical admixtures for air entrainment is complex. Generally, most organic chemical admixture can 

enhance the air entrainment. The test results showed in 错误！未找到引用源。  show that the 

superplasticizer can reduce the surface tension of water in a similar way as admixture (AEA).  

 

 
Material Temp Surface Tension, σ 

C / F (N/m) (lb/ft) 

Water, pure 15.6 / 60 0,0734 0,00503 

Figure 3 Influence of polycarboxylate based superplasticizer (PCP) and air-entraining admixture (AEA) 

on surface tension of water (Szwabowski J., Łaźniewska-Piekarczyk B., 2008). 

The results of tests (Kobayashi M., et al. 1981) indicated that the different types of high-range water-

reducing admixtures influence surface tension, foaming, and stability of air bubbles in a different way. 

Some types of superplasticizers effect on the surface tension of the liquid phase of the cement paste. 

The presence of functional groups (oxygen in form of etheric group (-O-), hydroxyl group (-OH) and 

carboxyl group) produce water surface tension decrease, producing flocculation of associated 

molecules and increase in moisture of not only  grains of  cement but also the whole mineral 

framework (Kucharska L., 2000). The research (Reknes K. and Peterson B.G., 2003) results show that 

the surface tension changed considerably with time depending on the combination of powder and 

superplasticizer. The change seems to be caused by the sorption, which includes chemical adsorption, 

physical adsorption and absorption. Among three kinds of sorption, the absorption of superplasticizer 

by powder obstructs the function of superplasticizer. The tendency was indicated that the absorption 

could occur in paste according to fluidity test of paste. 

 

The addition of a superplasticizer (SP) can destabilize the air-void system, but this effect is immensely 

fluctuating and is especially related to the cement and the air-entraining agent used. The results show 
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that melamine and naphthalene-based superplasticizers can form essential discrepancies in the air 

content versus the spacing factor relationship. It is concluded that concrete producers must be very 

careful when using SPs in air-entrained concrete because significant air-void system destabilization can 

occur without any significant air content variation. In-plant testing is highly recommended to verify the 

effect of a given combination of cement-air-entraining agent-SP (Saucier F., et al., 1990). 

 

Experimental results (Baalbaki M. and Aitcin P.C., 1994) performed on 12 various combinations of 

admixtures with a Type 10 (ASTM Type I) Portland cement show that the addition of superplasticizer 

practically always enhanced the air content without changing the bubble spacing. The only case in 

which the air bubble spacing was somewhat altered was when the air content of the concrete was lower 

than 4.5 percent 70 min after batching. In this case, the total air content decreased after the introduction 

of the superplasticizer, while the spacing factor increased notably. Second Type 10 cement was used to 

duplicate these results. No significant change was found between the results of the two sets of 

experiments. 

 

Results (Plante P.K., et al., 1989) demonstrate that superplasticizers can create a significant boost of the 

value of the spacing factor. The impact of superplasticizers was found to differ significantly with the 

characteristics of the cement and also with the type of air-entraining admixture. 

 

In the SPs group there are ones that show only dispersion functioning not decreasing surface tension 

(Ley M.T., et al., 2009). They are: hydrocarboxylen acid salts, sulphonic melamine-formaldehygenic 

resins, formaldehygenic picodensats salts of beta-naphtalensulphonic acid. 

 

Analysis of the results listed in Figure 2 mixture made of participation of the innovative, air-entraining 

multi-component cement, first second generation superplasticizers based on modified naphthalene, and 

then modified phosphoramidate should be used. Action of admixtures mentioned in the second order 

involves only the steric dispersion - and so the "natural" blockade of polymer without using 

deflocculating electrostatic phenomena. This results in compatibility with cements that have extremely 

different properties and compositions, including air-entraining cements. The analyzed results show that 

the superplasticizers based on polycarboxylate, polycarboxylic ether and acrylate cause a significant 

increase in the air-content of the air-entrained mortars. In certain cases of cement mortars and less 

dosage of SP, up to three times. 

 

Many research reports show that high-range water reducers can make some loss of the air content 

during occasional agitation (Johnston C.D., 1994), (MacInnis C. and Racic D., 1986). The effects of 

research analyzed in the publication (Sakai E., et al., 2006) suggests that the type SP  is also important 

because of the size and proportions of air pores in air-entrained concrete. This is perhaps attributed to 

the generation of greater large-size bubbles, which could quickly disappear with time.  Also,  the  large  

dosage  of  high-range  water  reducer  could  induce  extra fluidity and segregation, and thus may 

cause some loss of entrained air. Higher dosages of SP can drive some of the entrained air-voids to 

coalesce resulting in enhanced spacing factor for a given air content (Pigeon M., et al., 1989), 

(MacInnis C. and Racic D., 1986). Therefore, the air-void system in hardened concrete could be 

influenced, and the freeze-thaw durability would be decreased (Safiuddin Md., et al. 2006).  

 

Superplasticizers exclude large air voids visible under the microscope but do not greatly interfere with 

the action of air-entraining admixtures in the creation of small pores. The paper (MacInnis C. and Racic 

D., 1986) deals with the effect of two different superplasticizers (Mighty and Melment) on the air-void 

system parameters generated by two various air-entraining agents (NVR and Darex), when the 

superplasticizer is added about 40 minutes after the concrete has been batched and mixed. A notable 

drop in air content was noticed with corresponding reductions in total air-void surface areas and 

increases in air-void spacing factors. 
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As presented by the research (Mather B., 1979) the addition of high range water reducers to air 

entrained concrete enhances the spacing factor and reduces the specific surface area of the air void 

system. Yet, present study’s results suggest that the effects of synthetic agents on the air void system 

are independent of the effects of high range water reducers. 

 

Tests (Gorzelańczyk T. and Hoła J., 2011) have shown that the pore structure evidently depends on the 

superplasticizer added to the concrete mix. When superplasticizer, based on a combination of 

polycarboxylans and viscosity, bonding and hardening regulators, is added to concrete mix, the 

structure of the achieved concrete is characterized by more beneficial parameters than those 

characterizing the structure of the concrete made from the concrete mix to which superplasticizer based 

on polycarboxylic ether was added. 

 

The results show that the distribution of the air-void diameters is effected by the nature of the air-

entraining agent but not by the usage of a superplasticizer (Pleau R. et al., 1990). Hence, clashing 

information on the freeze-thaw resistance of superplasticized concrete is given in the literature. For this 

reason, the Research Centre of the German Cement Industry instigated a broad research program. 

Superplasticizers based on melamine and naphthalene sulfonates were used in the main program and 

lignosulfate-based products in a subsidiary program. Some of these consisted of de-airing agents. The 

air-void distribution and the spacing factor were measured as well as the freeze-thaw resistance with 

deicing chemicals. When superplasticizers were used in a high-workability air-entrained concrete, the 

amount of pores with a diameter up to 300 m declined, while the content of pores larger than 500 m 

and the bubble spacing factor enhanced. Small pores coalesced and created larger pores. Although the 

air content of the fresh concrete was satisfactory, the superplasticized concrete sometimes had a 

spacing factor above 0.20 mm. Due to this fact, concrete with superplasticizers did not always have 

decent freeze-thaw resistance. An effect due to the type of superplasticizer could not be distinguished, 

while the de-airing agents of the superplasticizers had a noticeable effect. Some further tests with 

plasticizers and retarders show that these admixtures also alter the air-void distribution or air-entrained 

concrete. 

 

The analysis results shown in Figure 2 indicates that, as recommended admixture of the second 

generation in the case of air-entraining cement admixture based on the naphthalene and melamine can 

be identified. The results (Saucier F., et al., 1990) show that melamine and naphthalene-based 

superplasticizers can form crucial discrepancies in the air content versus the spacing factor relationship. 

It is concluded that concrete producers must be very careful when using SPs in air-entrained concrete 

because serious air-void system destabilization can occur without any significant air content variation. 

In-plant testing is highly recommended to verify the impact of a particular combination of cement-air-

entraining agent-SP, and a general procedure to do it is proposed. 

 

Comparison of the results from Figures 4-6 demonstrates that the third generation SPs based on 

modified naphthalenes (MN) provide a good workability of the mortar, no worse than SPs on the basis 

of a polycarboxylate, polycarboxylate ether, acrylate, or a phosphoramidate. 
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Fig

ure 4 Comparison of diameter of the initial flow the non-air-entrained mortar containing 

superplasticizers according to the type of cement and admixtures. 1 cm = 0.0109 yd. 

 

 
Figure 5 Comparison of diameter of the initial flow the air-entrained mortar containing 

superplasticizers according to the type of cement and admixtures. 1 cm = 0.0109 yd. 

 

 
Figure 6 Comparison of diameter of the final flow the non-air-entrained mortar containing 

superplasticizers according to the type of cement and admixtures. 1 cm = 0.0109 yd. 
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Figure 7 Comparison of diameter of the final flow the air-entrained mortar containing superplasticizers 

according to the type of cement and admixtures. 1 cm = 0.0109 yd. 

Serious advances have been made in process, production, and application of LS based admixtures. 

There is a broad range of lignosulphonates available and the performance in concrete differs from basic 

water reduction and strong retardation to high range water reduction (Reknes K., 2004), (Jun S.D., 

2008). With the progress of a new modified lignosulphonate superplasticizer (PLS), it is possible to 

produce self-compacting concrete (SCC) with such an admixture. With modified lignosulphonate 

superplasticizers entering the market, its primaryperformance, including workability, retardation and 

strength, have been researched. However, there is not much information available in the literature on 

the effect of thesefreshly developed modified lignosulphonate superplasticizers on cement hydration, 

workability retention and pore structure, in comparison to those of other types of superplasticizers such 

as naphthalene and polycarboxylate based admixtures and to those of traditional lignosulphonate water 

reducing admixtures. Thus, the ongoing research was conducted (Reknes K., 2004). Nevertheless, do 

not combine lignosulfonates (first generation of admixtures) with some air-entraining admixtures. 

 

Certain producer’s admixtures in their commercial offer of admixtures plasticizers are also made based 

on polycarboxylate ether with the addition of a large amount of antifoaming admixture, especially 

recommended in prefabrication. However, as shown by the analyzed results, the addition of anti-

admixtures not always prevents excessive growth of the pre-air entrainment of previously air-entrained 

mixture. 

 

Research results summarized in Figures 8 and 9 show the lack of relationship between the consistency 

and air content of the air-entrained and not air-entrained cement based mixtures. According to the 

authors, to such a wide diversification of commercial superplasticizers, unfounded is to build a 

mathematical model that binds air content in the mortar and its propagation. 

 

 

Figure 8 Relation between flow diameter and air content in air-entrained mortar. 1 cm = 0.0109 yd. 
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Figure 9 Relation between flow diameter and air content in non-air-entrained mortar. 1 cm = 0.0109 yd. 

 

 

 

To finish it can be added, it is impossible to speculate the effects of admixtures interactions with 

surfactants on air entrainment. The compatibility of the admixtures should be experimentally tested if 

the effects of such combinations are unknown in advance. Most organic chemical admixtures like 

superplasticizer can enhance the air entrainment since it can slightly reduce the absorbed AEA 

molecules on the solid surface by competing with them. Additionally, macromolecular materials may 

help stabilize the dispersed air bubbles. Moreover, some high-range water reducers themselves may 

have the air-entraining potential. However, the adding of straight calcium chloride may tend to limit the 

number of entrained air due to the precipitation of surfactants in the solution by creation of insoluble 

salts (Lianxiang D., Folliard K.J., 2005). Other admixtures like retards, accelerators, etc., have 

negligible effect on the air entrainment. Yet, today there are many types of AEAs like wood-derived 

acid salts AEA, vegetable oil acids AEA and synthetic detergents AEA, which may react with chemical 

admixtures. This adds the difficulty on the study of the impact of chemical admixtures on the air 

entrainment. The compatibility of the admixtures should be experimentally tested if the effects of such 

combinations are unknown in advance. In view of the obtained results of the research it can be 

concluded that the compatibility of admixtures SP and the AEA and cement can be checked only when 

they occur together. Checking each individual admixture does not take into account their interaction. 

 

5. Conclusions 

Within the scope of the research and examined admixtures, it was found that in order to increase the 

degree of fluidity of previously aerated concrete, made with the participation of innovative air-

entraining CEM II/B-V, should be: 

 For each air-entraining cement the choice of amount and type of plasticizer or superplasticizer, 

due to the required aeration and consistency of mixture, can be successfully carried out only on 

the basis of experimental comparison. The condition of compatibility of entraining and 

superplasticizing admixtures with cement should be verified taking into account their mutual 

influence of both the consistency and the content of the air in the mixture. It is important to verify 

their interactions and possible consequences for air-entrainment and mortar consistency, as well 

as concrete.  

 The recommended admixtures in case of the air-entraining CEM II B-V are second generation 

admixture based on the naphthalene and melamine. In case of a significant increase in the degree 

of liquidity of concrete mixture, first second generation superplasticizers based on modified 

naphthalene, and then modified phosphoramidate should be used. The new generation 

superplasticizers based on polycarboxylate, polycarboxylic ether and acrylate cause a significant 

increase in the air-content of the air-entrained mortars. In certain cases of cement mortars and less 

dosage of SP, almost three times. 
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Abstract 
Solidification/stabilization of municipal solid waste incineration (MSWI) fly ash, especially from fluidized bed 
incinerators, with Portland cement and water is difficult, because it causes the evolution of hydrogen gas by the 
reaction of contained metallic aluminum and the alkaline solution and results in the formation of porous and brittle 
solid. We found that the evolution of hydrogen gas is possible to be suppressed by improving the mixing method and 
controlling the amount of CaCl2 in the ingredients. The evolution of hydrogen gas is separated into two chemical 
processes: the dissolution of protective oxide layer on aluminum with the alkaline solution and subsequent reaction of 
metallic aluminum with the solution. Solidification of MSWI fly ash with cement is generally achieved by mixing the fly 
ash and cement powders with a mixer, adding water slowly to the mixture while mixing, and mixing the ingredients 
thoroughly. The protective oxide layer on aluminum is mechanically broken during the mixing process, especially when 
the amount of water is not enough for reducing the friction between aluminum and other particles. Aluminum with a 
broken oxide layer then easily reacts with the alkaline solution to generate hydrogen gas. Thorough mixing of MSWI fly 
ash and cement powders with a drum-type mixer and subsequent addition of a specific amount of water at once scarcely 
induces the mechanical destruction of the oxide layer during the mixing process, since the amounts of air and water in 
the dry and wet admixtures, respectively, are enough for reducing the friction. Water soluble CaCl2 externally added 
and/or contained in MSWI fly ash itself reduces the alkalinity of the aqueous solution by reacting with hydroxyl ions 
and therefore prevents the attack of the solution to the oxide layer. The evolution of hydrogen gas is thus suppressed by 
improving the mixing procedure and controlling the content of CaCl2. 
 
Originality 
Although solidification/stabilization with Portland cement is one of the easiest ways for safe disposal of MSWI fly ash, 
because of the evolution of hydrogen gas, the solidification of MSWI fly ash containing metallic aluminum has been 
difficult and dangerous. We found that the evolution of hydrogen gas can be suppressed by improving the mixing 
method and controlling the amount of CaCl2 in the ingredients. Our finding makes the disposal of MSWI fly ash safer, 
easier and cheaper. 
 
 
 
Keywords: MSWI fly ash; solidification; aluminum; Portland cement; hydrogen gas; calcium chloride; mixing 
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1. Introduction 
Incineration is one of the most distinctive features of waste treatment in Japan. Of 45 million tons of 
municipal solid waste generated in 2012, about 80% was incinerated (Ministry of Environment, 2014) . 
The incineration reduces the volume down to 5%, the weight down to 10%, and breaks down several 
hazardous substances. Solid residues from municipal solid waste incineration (MSWI) can be 
categorized as bottom ash and fly ash. Bottom ash residues are large particles removed from the bed of 
the incinerator whereas fly ash residues are fine particles entrained in the flue gas. Although the 
amount of the fly ash is less than 24% of the total ash, the fly ash is more hazardous than the bottom 
ash, because volatile hazardous substances such as lead and cadmium are concentrated in the fly ash. 
Stabilization of hazardous substances is therefore necessary for final disposal of MSWI fly ash. 

One of the simplest methods for the stabilization of MSWI fly ash is cement-based solidification. 
Solidification involves the mixing of MSWI fly ash, cement (usually Portland cement) and water to 
form a hard solid after hydration, thereby suppresses the leaching of the hazardous substances. The 
cement-based solidification is also effective for reducing the solubility of hazardous heavy metals, 
since many heavy metals form poorly water-soluble hydroxides under an alkaline condition. Although 
the cement-based solidification has been widely used for stabilizing MSWI fly ash, application of this 
treatment to MSWI fly ash containing metallic aluminum is difficult, because it causes the evolution 
of hydrogen gas by the reaction of aluminum and the alkaline solution, as 

2Al + 2OH- + 6H2O  2Al(OH)4
- + 3H2       (1) 

and results in the formation of porous and brittle solid. Evolution of hydrogen gas takes place not only 
during the solidification process but merely by absorbing water, since the absorbed water becomes an 
alkaline solution by dissolving Ca(OH)2 that has been added for neutralizing the flue gas. Even 
explosive accidents have been reported so far at incineration facilities in Japan (Mizutani S., et al., 
2000).  
   The content of metallic aluminum depends on the type of incinerator. MSWI fly ash from Stoker-
type incinerator, the most popular incinerator in Japan, scarcely contains aluminum, whereas the fly 
ash from the fluidized bed incinerator, the second most popular incinerator, contains significant 
amount of aluminum (Satoh M., 2015).  Although the amount of solid waste burned with the fluidized 
bed incinerator is merely 17% of total one, the generated amount of MSWI fly ash is as large as 0.15 
million tons. It is therefore desirable to find a new cement-based solidification process that is 
applicable to MSWI fly ash containing metallic aluminum.  Suzuki et al. proposed a new method of 
solidification that is applicable to MSWI fly ash with metallic aluminum (Suzuki et al.,2009). They 
used two successive processes for preventing the formation of brittle solid. They first solidified the fly 
ash by adding ground granulated blast furnace slag, coal fly ash, NaOH and water. Since the 
concentration of NaOH was as high as 5 M, all the aluminum reacted with water to convert to stable 
Al(OH)4

-. The solidified fly ash was then solidified with cement. Although their method gave a rigid 
and stable product, a significant amount of hydrogen gas was evolved in the first process. A new 
process of MSWI fly ash solidification without evolution of hydrogen gas has therefore been desired. 

We found that the evolution of hydrogen gas during the cement-based solidification process is 
possible to be suppressed by improving the mixing method and controlling the amount of CaCl2 in the 
ingredients. The surface of metallic aluminum is generally covered with a protective oxide layer 
preventing the attack of water. Therefore, as long as the oxide layer is maintained, no hydrogen gas is 
evolved during the solidification process. The oxide layer can be broken mechanically by friction 
and/or chemically by the attack of an alkaline solution which causes the dissolution of the oxide layer 
by reaction 

Al2O3 + 2OH- + 3H2O  2Al(OH)4
-        (2) 

The dissolution rate increases with increasing pH of the solution. 
 Solidification of MSWI fly ash with cement is generally achieved by mixing the fly ash and cement 

powders with a mixer, adding water slowly to the mixture while mixing, and mixing the ingredients 
thoroughly. The protective oxide layer on aluminum is then mechanically broken during the mixing 



 

process, especially when the amount of water is not enough for reducing the friction between 
aluminum and other particles. The mechanical damage is possible to be suppressed by eliminating the 
mixing process under high friction or insufficient lubricant condition. The chemical damage is also 
possible to be suppressed by reducing the pH of the solution with CaCl2. MSWI fly ash in Japan 
contains a significant amount of CaCl2 that is the product of HCl in the flue gas and Ca(OH)2 added 
for neutralizing the flue gas. Water soluble CaCl2 externally added and/or contained in MSWI fly ash 
reduces the alkalinity of the aqueous solution by reacting with OH- ion, as 

Ca2+ + 2OH-  Ca(OH)2         (3) 

and therefore prevents the attack of the solution to the oxide layer. The evolution of hydrogen gas is 
thus suppressed by improving the mixing procedure and controlling the content of CaCl2. The details 
of the process will be mentioned in the following section. 
 
 2. Experimental 
Three kinds of MSWI fly ash from different fluidized-bed incinerators and one MSWI fly ash from a 
Stoker-type incinerator in Japan were used for cement solidification. The content of water in MSWI 
fly ash was less than 2%. Unless otherwise stated, % in the present article implies weight %. Ordinary 
Portland cement was used for solidification. 
  For measuring the amount of gaseous products from MSWI fly ash, the fly ash in a 250 mL glass 
Erlenmeyer flask was tumble-mixed with reagents such as cement and water.  The gaseous products 
were then collected in a 1 L gas sampling bag made of a laminated aluminum foil, and the volume the 
gas was determined by measuring the weight of home-made separable volumetric flask in which the 
bag was immersed in water.  

For determining the amount of water soluble component in MSWI fly ash, 100 g of distilled water 
with 10 g of the fly ash was shaken for 1 hr and then filtrated through a 0.45m membrane filter. The 
content of Cl- ions in the filtrate was determined with Morh’s titration with silver nitrate. The content 
of Ca2+ ions was determined with an EDTA titration using EBT as an indicator. The contents of Ca+, 
Na+ and K+ ions were determined with an inductively coupled plasma  optical emission spectrometer 
(ICP-OES Vista-PRO, Varian Inc.). The weight of the residue of the filtrate after drying for overnight 
at 230 C was in good accordance with the total weight of Cl-, Ca2+, Na+ and K+ in the filtrate, so that 
the dissolved species were mainly CaCl2, NaCl and KCl. The concentration of Cl- in the filtrate was 
also in good accordance with the total concentration of Na+, K+ and 2Ca2+.  

The amount of metallic aluminum in MSWI fly ash was determined by measuring the volume of 
hydrogen gas that was evolved by immersing 10 g of the fly ash in 100 g of 5M NaOH solution. The 
evolution of hydrogen gas was stopped after 12 hr. For determining the content of Ca(OH)2, the source 
of alkali in MSWI fly ash,  1M of HCl was added to 10 g of the fly ash until pH=3 of the slurry was 
attained.  After filtration, the content of Ca2+ in the filtrate was determined with ICP-OES. The volume 
of CO2 and hydrogen gases generated by adding 1M HCl was measured for determining the content of 
CaCO3.The content of Ca(OH)2 was then obtained by subtracting the content of Ca2+ arising from 
CaCO3 from the total content of Ca2+.  

 MSWI fly ash was solidified with ordinary Portland cement and water or a CaCl2 solution. The 
mass ratios of MSWI fly ash, cement and water were 2 : 1 : 1.35, respectively. They were mixed with 
two methods. One was a traditional mixing method in which the fly ash (50 g) and cement in a pan 
was mixed with an electrical mixer. Water was then continuously added for a few minutes while 
mixing vigorously. The resultant slurry was transferred into an Erlenmeyer flask for measuring the 
evolution of hydrogen gas. The other is an improved mixing method in which the fly ash (40 g) and 
cement in an Erlenmeyer flask was thoroughly mixed by tumbling the flask. Water or a CaCl2 solution 
was then added at once without tumbling. Since the fly ash and cement particles were surrounded by 
highly water-soluble salts particles, the water was penetrated into the mixture to give homogeneous 
slurry. The slurry was then thoroughly mixed by gently tumbling the flask. 

 
3. Results and Discussion 



 

3.1. Hydrogen evolution by water addition 
 Table 1 shows the contents of metallic aluminum, Ca(OH)2 and water-soluble components.  MSWI 
fly ash from the stoke-type incinerator contains no metallic aluminum, whereas the ash from the 
fluidized-bed incinerator contains a significant amount of metallic aluminum. 1 kg of the fly ash is 
possible to generate more than 13 L of hydrogen gas.   
  Table 2 shows the amount of hydrogen gas evolved from fluidized-bed fly ash (ca. 40g) by the 
addition of distilled water. No generation of gaseous product was observed for Stoker-type fly ash. 
The evolution of hydrogen gas was started within one day and was terminated within 8 days after the 
addition.  Although the amount of hydrogen gas was different, as shown in Table 1, the chemical 
composition of the fly ash and the pH of the slurry were not much different. The difference might arise 
from the tolerance of the protective oxide layer to the attack of alkaline solutions. 

The pH and therefore the evolution of hydrogen gas increased with increasing the amount of water, 
which was due to the decrease of the concentration of CaCl2 in water. Since the solubility of CaCl2 is 
more than 40% or 7mol/kg H2O at ambient temperature, CaCl2 was completely dissolved in the fly ash 
slurry. Ca(OH)2 is slightly soluble compound with the solubility of less than 0.17%. The concentration 
of OH- ions, [OH-], is then derived from Reaction (3) as 

[OH-] = K/[Ca2+]1/2          (4) 

where K is the solubility product and [Ca2+] is the concentration of Ca2+ in water. The pH or 
14+log[OH-] therefore increases with decreasing [Ca2+]. Figure 1 shows the relation between the pH 
and the concentration of CaCl2 that was obtained by measuring the pH of a Ca(OH)2-saturated solution 
while successively adding CaCl2 to the solution. Since the dissolution rate of the protective oxide layer, 
Reaction (2), increases with increasing pH, the evolution of hydrogen gas increased with increasing 
water.  Table 2 suggests that the evolution of hydrogen gas is possible to be suppressed by controlling 
the amount of CaCl2.  

Table 1. Contents of metallic aluminum, calcium hydroxide, and water-soluble components in MSWI 
fly ash (mol/kg) 

Fly ash* Metallic Al Ca(OH)2 CaCl2 NaCl KCl 
F-1 0.53 3.16 0.52 0.69 0.36 
F-2 0.39 3.12 0.56 0.66 0.51 
F-3 0.47 2.89 0.51 0.52 0.61 
S-1 0.00 4.22 1.45 0.62 1.18 

* F and S denote fly ash from fluidized-bed and Stoker-type incinerators, respectively.  
 
 
 
Table 2.  Relation between water content (kg/kg dry ash)  and 
pH of MSWI fly ash slurry, and the volume V (L/kg dry ash)  
of hydrogen gas evolved. 

 

 
 

Figure 1. Effect of CaCl2 concentration 
on the pH of saturated Ca(OH)2 solution 
dissolving CaCl2. 

Water 0.5 0.75 1 1.5 2 

F-1 
pH 11.56 11.73 11.82 12.0 12.2 
V 0 0 0.9 2.7 3.48 

F-2 
pH 11.46 11.65 11.8 11.93 12.03 
V 0 0 0 0 5.5 

F-3 
pH 11.48 11.7 11.86 11.98 12.05 
V 0 3.5 5.0 5.0 6.6 
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 3.2 Hydrogen evolution by cement solidification 
Figure 2 compares the evolution of hydrogen gas after  solidifying F-1 fly ash with the traditional and 
the improved mixing methods. The amount of water added was 0.675/dry ash. Preparation of 
solidified fly ash by the improved method did not show the evolution of hydrogen gas, whch suggests 
that the protective oxide layer was not damaged during the mixing process. As shown in Table 2, 
aluminum in F-1 fly ash was torrelant to the attack of alkaline water up to 0.75 water/dry ash. 
Although the addition of cement might increase the alkalinity of the mixture, the above result indicates 
that the pH of cement-solidified fly ash was not much different from that of water-fly ash mixture. 
Solidification of F-2 fly ash with the improved mixing method did not induce the evolution of 
hydrogen gas, either. As shown with open circles in Fig. 2, solidification of F-1 fly ash with the 
traditional mixing method caused the evolution of hydrogen gas, whch suggests that the protective 
oxide layer was damaged during the mixing process.  The damage might be induced after adding a 
small amount of water. The mixing process can be roughly devided into three periods, dry mixing 
without water, semi-wet mixing with insufficient water and wet mixing with sufficient water for 
fluidizing the mixture. The protective oxide layer may not be significantly broken in the dry and the 
wet mixing processes, because the mixture contains enough amount of lubricants, air for the former 
and water for the latter, for reducing the friction between solid particles. Addition of a small amount of 
water to the dry mixture expells air, sticks the particles together, and makes the mixture stiff. The 
protective oxide layer is therefore broken during the semi-wet mixing. Although this mixing process is 
necessary for preventing the segregation of ingredients particles in ordinaly mortal and concrete, this 
is avoidable for the solidification of MSWI fly ash. MSWI fly ash and cement particles in the dry 
mixture are surrounded with highly water-soluble salts particles, so that water added at once is 
homogeneously penetrated into the mixture while dissolving the salts. 
  Figure 3 shows the evolution of hydrogen gas from solidified F-3 fly ash. Addition of 0.75 water/dry 
ash to F-3 fly ash induced the evolution of a significant amount of hydrogen gas (Table 2), so that the 
improved mixing method alone was not effective for preventing the evolution of hydrogen gas. 
However, the addition of CaCl2 was possible to suppress the evolution of hydrogen gas. The amount 
of CaCl2 for  stopping the evolution was 5% or 0.5 mol/kg dry ash, which is less than the amount of 
CaCl2 in MSWI fly ash. Cement solidification of the mixture of fly ash from Stoker-type and 
fluidized-bed incinerator is therefore an alternative way of supplying enough amount of CaCl2 for 
stopping hydrogen gas evolution. 
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Figure 2. Evolution of hydrogen gas from cement-        Figure 3. Effect of CaCl2 concentration on the  
solidified F-1 fly ash prepared with traditional and        evolution of hydrogen gas from cement- 
improved mixing method.                                               solidied F-3 fly ash prepared with improved 
                                                                                         mixing method. 



 

 

Figure 4. Appearance of solidified MSWI fly ash prepared from ordinaly Portland cement, water, and 
F-1 fly ash with the improved mixing method (A),  F-1 fly ash with the ordinaly mixing method (B) or  
F-3 fly ash with the improved mixing method (C). 

Figure 4 shows the appearance of solidified MSWI fly ash after removing the solids from plastic tubes of 

27mm inner diameter and 90mm height. Solidification of F-1 fly ash with the improved mixing method gave a 

sound solid, whereas the ordinary mixing method gave a porous solid which was broken during the removal. 

Solidification of F-3 fly ash with the improved method gave a brittle solid, though it gave a sound solid by the 

addition of CaCl2. Figure 4 indicates that MSWI fly ash gives a sound solid as long as the evolution of 
hydrogen gas is possible to be suppressed. 
 
4. Conclusions 
Cement solidification of MSWI fly ash containing metallic aluminum has been considered to be 
difficult, because it induces the evolution of explosive hydrogen gas and results in the formation of 
porous and brittle solids. We found that the evolution of hydrogen gas is possible to be suppressed by 
reducing the mechanical and chemical destructions of the protective oxide layer covering metallic 
aluminum. The mechanical damage is reduced by tumble-mixing the ingredients powders, adding 
water at once and wait for a while, and then gently tumble-mixing the resultant fluid. The chemical 
damage, dissolution of the oxide layer, is reduced by reducing the pH of water which is attained by 
adding CaCl2 to the mixture.  Although the present study deals with a small amount of MSWI fly ash, 
the proposed cement solidification process can be scaled up by using a conventional drum-type mixer 
(Ferraris C.F., 2001). It should be noted that mixing with a pan-type mixer while slowly adding water 
gives the worst result. 
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Abstract 
The retarding grinding aid(DE) which synthesized by Diethanolamine(DEA), Epichlorohydrin and 
sodium hydroxide was characterized by infra-red spectroscopy(FT-IR) and used for the production of 
Portland cement in this paper. The ground cements were tested for Blaine specific surface area and 
hydration heat. In addition, cement mortars were tested for the standard consistency, setting times and 
mechanical properties. The results showed that DE increased the specific surface area effectively and 
the cement mortars made with DE exhibited excellent mechanical properties. It was found that DE 
showed strong retarding effect and the rate of hydration heat of cements mixed with DE were slower 
than control group which without DE. Test results by XRD showed that the retarding effect mainly 
attributed to that the generated of Ca(OH)2 crystal was postponed by DE, which result in retarded the 
hydration of cement. 
Keywords: retarding, grinding aid, grindability, cement 
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1.Introduction 
Cement production is a high-energy consumption process. It consumes nearly 2% of the 
global primary energy annually. The clinker grinding step consumes about 40% of the power 
and the effective utilization of power is less than 5% in the process[1,2]. During grinding, 
chemical bonds especially Ca-O and Si-O are broken and static charges are created on the 
newly section. As a result, the agglomeration phenomenon was intensified due to electrostatic 
attraction and Van der Waals force, and the agglomeration phenomenon becomes more and 
more serious along with the grinding[3]. 
Introducing appropriate grinding aid is a feasible method to improve the energy efficiency in 
cement production process. As the excess valences are neutralized and attractive forces are 
screened when grinding aid is absorbed on particle surface by chemical or physical 
interaction, therefore, the agglomeration phenomenon is weakened, which improves the 
grinding efficiency efficaciously. In addition, the grain composition of cement is optimized 
generally when mixed with grinding aid in the clinker ground process, so the mechanical 
properties of the cement are better than those of control group. Hence, introducing grinding 
aid is a simple and valid way to improve the utilization rate of industrial waste residue in 
cement production[4,5]. 
Nowadys, two kinds of grinding aids are most commonly used for the production of cement. 
One is highly purified chemicals such as triethanolamine(TEA), triisopropanolamine(TIPA), 
glycerol and inorganic salt which is with enhanced role. Another is industry by-products such 
as lignin and molasses. Many researches have already carried out for the grinding effect on 
cement. For example, Ion Teoreanuand and Graziela Guslicov[6] studied the characterization 
of ethylene glycol, propylene glycol and polypropylene glycol on grindability. According to 
their test results, the effect of propylene glycol was better when Blaine specific surface was 
for 3200-4400cm2/g; the additive polypropylene glycol showed comparable effects for lower 
values of specific surface of cement; whereas the ethylene glycol exhibited a preferable effect 
for high values of specific surface. In addition, beet molasses used as a grinding aid in grind 
cement was studied by Xiaojian Gao[7]. It was found that the addition of beet molasses led to 
significant gains on the specific surface of cement and provided better size distribution for 
ground cement, which was in favour of improving the strength of cement. T.S.Sverak[8], etc. 
studied the grindability of twelve commercial grinding aids in the laboratory and found the 
novel acrylate-based griding aid showed considerable promise for product ultrafine(0-30μm) 
cement. In order to develop Multi-function grinding aid, intensive study has been done on 
synthesis of grinding aid. 
In this research, Diethanolamine(DEA), Epichlorohydrin and sodium hydroxide were used to 
synthesize grinding aid(DE) which was measured by FT-IR. The grinding effect of DE was 
characterized by Blaine specific surface area and particle size distribution of ground cement 
at different admixture amounts and grinding times. The changes of setting times, strength, and 
hydration heat were also examined in this research. 

2.Material and synthetic method 

2.1 Materials 
Diethanolamine from Tianjin Kemiou Chemical Reagent Co., Ltd., Chian; Epichlorohydrin, 
sodium hydroxide and triethanolamine was supplied by ChengDu KeLong Chemical Co.,Ltd. 
Chian. Portland cement clinker and gypsum from a cement plant in Jinagyou city of Sichuan 
province. Their chemical compositions are shown in Table 1. The mineralogical phases 
determined by XRD are given in fig.1. 

Table 1 Chemical analyses of the clinker and gypsum/% 

Oxides Loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 

Clinker 0.71  19.04  5.62  3.39  63.23  1.92  0.90  

Gypsum 8.65  1.70  0.30  0.20  38.41  0.80  48.63  

2.2 synthetic process 
First of all, 41g of diethanolamine was fed into the four-necked flask which was equipped 



with a stirring paddle, a thermometer
18.5g of epichlorohydrin and 40g of sodium hydroxide solution
four-necked flask with the constant pressure dropping funnels. 
reaction, so epichlorohydrin
temperature under 50℃. The reaction continued for another 30min
finished. After cooling, the solution was put in drying oven to evaporate water so 
NaCl would precipitate from solution. 
and adjusted its solid content of 40%.

Fig.1. XRD

2.3 Detection Method 
2.3.1 Infrared Detection 
FT-IR was performed with a
the fundamental region of 400
2.3.2 Grinding Experiments 
Experiment was conducted in a 5kg laboratory rotating b
particle size distribution were tested to evaluat
were crushed by a laboratory crusher to ensure the
feed materials(3.8kg clinker and 0.2kg gypsum) and grinding aid were ground in the rotating 
ball mill. Keep the mill in the same working conditions to make sure 
2.3.3 Mechanical Properties 
The compressive strength measurements 
accordance to  the China
Determination of strength); t
of cement were determined according to the GB/T1346
requirement of normal consistency,
particle size distribution and specific surface area cement were characterized by 
Mastersizer 2000 particle size analyzer
AreaTester. 
2.3.4 Isothermal Calorimertry
An eight channel TAM Air 

evolution rate of ground cement
during the test. 
2.3.5 XRD Analysis 

a thermometer and two constant pressure dropping funnels.
18.5g of epichlorohydrin and 40g of sodium hydroxide solution(20%wt) were fed into the 

constant pressure dropping funnels. This is a vehement
epichlorohydrin and  sodium hydroxide solution were fed slowly 

The reaction continued for another 30mins at 60-70℃
After cooling, the solution was put in drying oven to evaporate water so 

from solution. Finally, the grinding aid was obtained from
ts solid content of 40%.  

Fig.1. XRD diffraction of the cement clinker used. 
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The compressive strength measurements were conducted at the ages of 3,
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Mastersizer 2000 particle size analyzer and CZB-9 Automatic Blaine S

alorimertry 
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funnels. Secondly, 
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2011(The methods for water 
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particle size distribution and specific surface area cement were characterized by Malvern 

Specific Surface 

isothermal calorimeter was used to measure the heat 

water cement ratio 0.7 



The cement paste 20mm×20mm×20mm were prepared with water cement ratio 0.3 and 

curing temperature and humidity were 20±1℃ and >90%,respectively. Then, grounding the 
paste of different ages and their mineralogical phases were determined by XRD analysis. 
XRD analysis conditions: using a Netherlands PANalytical X'Pert PRO powder diffraction, 
voltage current of 40mA, 40kV, and Cu Kα1 radiation =1.5405 Å.  
3.Results and Discussion 
3.1 Characterization of DE 

 
Fig.2. FT-IR spectra of examined DE 

Fig.2 shows the FT-IR result of the DE. The O-H stretching vibration is at 3399.35cm-1. The 
O-H in-plain and out-plain bending vibration are observed at 1457 cm-1 and 615.31 cm-1. The 
perk observed at 2952.93 cm-1 and 2888.88cm-1 are CH2 stretching vibration and CH 
stretching vibration. The band at 1645.00 cm-1 and 880.65 cm-1 are due to presence of C-H 
in-plain and out-plain bending vibration. A perk observed at around 1071.51cm-1 is assigned 
to C-O stretching vibration. The C-N (tertiary amine group) stretching vibration is observed at 
1032.24 cm-1. So the molecular structure designed was compounded. 
3.2 Grindability 
In order to have a system research on the grinding effect of DE, 4 contents were set: 0, 0.01%, 
0.04% and 0.07% with a grinding time of 20mins, 30mins, 40mins, 50mins and 60mins 
respectively, and then the specific surface area was tested. The test results are as shown in 
Table 2. Figure 3 shows the specific surface area changes with the change of mixing amount 
of DE and grinding duration. 
It was observed that the mixing of DE has an obvious impact on specific surface area. In all 
cases, the mixing of DE led to higher specific surface area in comparison with the control 
group. In addition, the specific surface area tends to increase as the mixing amount of DE 
increases under the same grinding duration. The specific surface area of the test group which 
the grinding time of 50min and the mixing amount of DE was 0.07% expressed the highest 
growth rate. Besides, the growth rate of the specific surface area increased with the increased 
of the mixing amount of DE. For example, after the ground of 20mins and the mixing amount 
of DE increased from 0.01% to 0.07%, the growth rate of specific surface area increased by 
2.9%. Similarly, when the grinding time increased from 30mins to 60mins, the growth rates of 
specific surface increased by 4.04%, 8.42%, 8.3% and 4.94% respectively. So, it can be 
known that when the grinding time is 40mins, DE is the most favorable to the growth of 
specific surface area. Taken together, DE shows a better grinding result in the medium period 
of grinding. 

Table 2  Specific surface areaof ground cement 

DE ratio(%) Grinding time(min) 
Specific surface area 

(cm2/g) 
Growth rate(%) 

0 20 3206 
 

0.01 20 3309 3.21 

0.04 20 3418 6.61 

0.07 20 3498 9.11 

0 30 3712 
 

0.01 30 3791 2.13 
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0.04 30 3898 5.01 

0.07 30 3941 6.17 

0 40 3823 
 

0.01 40 3909 2.25 

0.04 40 4093 7.06 

0.07 40 4231 10.67 

0 50 4002 
 

0.01 50 4139 3.42 

0.04 50 4399 9.92 

0.07 50 4463 11.52 

0 60 4251 
 

0.01 60 4362 2.61 

0.04 60 4483 5.46 

0.07 60 4572 7.55 

In order to compare with TEA, table 3 shows the test results of grinding effect of DE and 
TEA in different additive ratio. Both DE and TEA reduced D50 and D90, which indicated 
that the two grinding aids are able to improve the grindability of material which is difficult to 
grind. It was observed that DE and TEA are effective in varying degrees in the increase of 
specific surface area and growth rate of specific surface area tends to increase with the 
increase of the mixing amount, but the enhancement effect of TEA is slightly superior to DE, 
which may be due to that DE plays a good role of adsorption into film. It plays a lubrication 
role when testing the specific surface area and conducive to airflow through material column, 
which results in the test value partially small.  

 
Fig.3. Specific surface area of ground cement with or without DE 

According to the studies by Wang Jianfeng and Wang ying[9,10], hydroxyl can easily form 
hydrogen bond and adsorb on the surface of cement clinker. Thereby, it weakens powder 
agglomeration and exerts a good effect of grinding. DE is micromolecule of grinding aid with 
high polarity of polyhydroxy, which has multiple combined points of hydroxyl and easy to 
form hydrogen bonds on the surface of clinker. In addition, molecules with high polarity can 
neutralize the new charges formed during grinding and impede the agglomeration of 
cement[11]. So DE can effectively increase the fragility of clinker, and bate the phenomenon of 
reunification and "paste ball" in the process of grinding. Therefore, the grinding aid of DE 
expressed a better grinding effect. 

Table 3 Particle size distribution and specific surface area of the tested cement 

Grinding 
aids 

Dosage(
%) 

D10(μm) D50(μm) D90(μm) 
>80μm

(%) 

specific 
surface 

area 
(cm2/g) 

Growth rate of 
Specific 

surface area

（%） 

 0 2.927 19.661 69.628 6.740 3206  

 

DE 

0.01 2.463 18.546 60.240 4.100 3309 3.21 

0.04 2.481 18.189 58.731 3.825 3418 6.61 
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0.07 2.385 18.583 58.973 3.750 3498 9.11 

 0.01 2.310 18.665 58.766 4.271 3267 1.90 

TEA 0.04 2.396 18.931 59.326 3.680 3335 4.02 

 0.07 2.451 19.545 58.143 4.511 3552 10.79 

Note：grinding duration=20mins. 

3.3 physical property of cement  
Table 4 shows the test results of water requirement for standard consistency, setting time and 
compressive strength of cements which were ground 20mins. The specific surface area of 
cement increased with DE, so that water requirement for standard consistency would increase; 
but at the same time, DE was polyhydroxy compounds with a certain effect of water reduction, 
and water requirement for standard consistency would reduce. Therefore, under the influence 
of these two factors, water requirement for standard consistency failed to show evident 
patterns. 
Test results show that the setting times of the ground cements extended with the increase of 
the dosage of DE. It can be seen from Figure 4 that when the mixing amount of DE increased 
from 0 to 0.03%, the setting times dramatically extended and the setting times were still 
postponed when the mixing amount exceeds 0.03%, but the retarding effect faded away. The 
retarding effect of alcohol is known as its complexation with calcium[12,13]. Calcium 
complexation prevents the formation of portlandite in cement and prevents the nucleation of 
C–S–H. And the grinding aid molecular of DE adsorbed on the surface of cement particle to 
form the films, which will slow down the hydration of cement[14]. The more the absorption is, 
the more obvious the retarding effect is. When the adsorption capacity approaches saturation, 
the extension of setting times will slow. 

Table 4  Standard consisitency, setting time and compressive strength of ground cements 

DE ratio(%) 
Water requirement of normal 

consistency(%) 

Setting time(min) Compressive strength(MPa) 

Initial Final 3d 7d 28d 

0 25.6 107 172 32.3 41.8 48.3 

0.01 25.4 190 305 34.8 43.8 51.4 

0.02 25.8 254 360 35.2 42.9 50.7 

0.03 25.5 389 450 34.1 42.3 49.6 

0.04 25.6 420 504 36.3 43.9 51.4 

0.05 25.5 450 526 34.8 44.8 52.4 

0.06 24.8 455 545 34.1 44.8 52.1 

0.07 25.4 473 576 34.0 44.2 51.5 

Note：grinding duration =20mins. 

The test results indicate that the compressive strength of ground cements in each age was 
improved in different degree in comparison with those of the control group. The compressive 
strengths of 3-day, 7-day and 28-day maximum increased by 3.0MPa, 3.0MPa and 4.1MPa 
respectively. The enhancement of strength attributes to the grinding effect of DE, because the 
particles size distribution of cement was optimized and the specific surface area increased 
after mixing DE in grind process, which leaded to the improvement of strength in a certain 
degree. 



 
Fig.4. Setting times of the tested cement with DE(grinding duration=20mins.) 

 
3.4 The impact of DE on hydration heat  

Hydration exothermic rate of ground cement is shown in Figure 5. Generally, the hydration of 
portland cement includes four stages and the hydrated process corresponds to hydration heat 
curve. The first stage, after mixing cement with water, C3A takes the lead of hydration, and 
has a rapid formation of ettringite (AFt) in the case of the existence of gypsum. The reaction 
heat forms the first exothermic peak. The second stage is called induction period. In this stage, 
the calcium concentration increases, but the hydration is very slow. This stage corresponding 
to the peak-valley in the diagram. In third stage, C3S has a rapid hydration to form calcium 
silicate hydrates (C-S-H) and calcium hydroxide (CH)(a), and forms the second exothermic 
peak with a great deal of heat release. In addition, the C2S

(b) and the iron phase participate in 
the hydration with varying degrees in the second and third stages. The fourth stage is the 
period of structure formation and development. In this stage, the heat release rate is relatively 
low and stable, and the cement hardened paste structure forms gradually. 

3CaO·SiO2+nH2O=xCaO·SiO2·yH2O+(3-x)Ca(OH)2（a） 

2CaO·SiO2+nH2O=xCaO·SiO2·yH2O+(2-x)Ca(OH)2（b） 
The results obtained from the test of hydration heat show that DE has little influence on the 
first and fourth stages of hydration, but can significantly prolong the induction period and the 
appearance time of the second peak. The mixing amounts of DE are set as 0, 0.01%, 0.04% 
and 0.07%, and the second exothermic peak appears at 10h, 15h, 17h and 17.5h respectively. 
Results showed that DE has the effect of delaying on hydration rate of ground cement. The 
higher the mixing amount of DE is, the more obvious the effect is. Figure 6 shows total heat 
release of each experimental group. The total heat release of the test group mixed with DE is 
slightly smaller than the control group, which means that DE can reduce the total heat of 
cement. So it can be inferenced that DE has an effect on the hydration of C3S and C2S, that is, 
it affects the formation of C-S-H and CH, thus the hydration rate and heat release of cement 
were slow down.  

 

  
Fig.5. Heat evolution rates of cement pastes with w/c=0.7 ( grinding time=20min,left:complete 

measurement,right:detail) 
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Fig.6. Total heat of cement pastes with w/c=0.7( grinding time=20min,left:complete 

measurement,right:detail) 

 
3.5 XRD analysis 

Figure 7 and Figure 8 are XRD patterns of hydration of ground cements with or without 
DE in different ages. The dosage of DE is 0.04%, the cement grinding time is 20mins, and a 
control group was set. In Figure 7, the diffraction peak of Ca(OH)2 of the control group 

appears evidently after 6 hours of hydration, while the peak of the test group mixed with DE 
is not obvious. It can be seen from the XRD patterns of 3 days and 28 days, the peak forms 
with or without DE are almost the same. It can be inferred that DE was adsorbed on the 
surface of cement particles, which may retard the hydration of C3S and C2S, hinder the 
crystallization of Ca(OH)2 and prolong the setting times of the cement, and would not cause 
significant effect on hydration of cement later. It thus confirms the inference of 3.4. 

 
Fig.7. XRD analysis of cement hydrated 6h and 18h 

 
Fig.8. XRD analysis of cement hydrated 6h and 18h 

4. Conclusions 
The aim of this research work was to prepare a grinding aid DE, which was characterized by 
FT-IR. The results obtained from the study showed that DE was effective in the grinding of 
cement clinker, and the specific surface area of ground cement increased by 11.52% 
maximum in comparison with the control group. This was attributed to the special molecule 
structure of DE, which has multiple combined points of hydroxyl and easy to form hydrogen 
bonds on the surface of clinker. Thus, the charges formed during grinding were neutralized 
and the phenomenon of agglomeration was hindered. Meanwhile, the cement mortars made 
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with DE exhibited excellent compressive strength in comparison with the reference. 
Furthermore, the addition of DE obviously prolong the setting times and the rate of hydration 
exothermic of cement. Test results by XRD showed that the retarding effect mainly attributed 
to that the generated of Ca(OH)2 crystal was postponed by DE, which results in retarding the 
hydration of cement. 

 

 

 

 

 

 

References 
1. H Dundar., H Benzer., et al. Simulation assisted capacity improvement of cement grinding circuit: 
Casestudy cement plant[J].Minerals Engineering,2011,24:205-210. 
2. M Katsioti., P.E.Tsakiridis., et al. Characterization of various cement grinding aids and their impact 
on grindability and cement performance[J]. Construction and Building Materials,2009,23:1954-1959. 
3. Tailong Zhang, Jianming Gao, Jingchao Hu. Preparation of polymer-based cement grinding aid and 
their performance on grindability[J]. Construction and Building Materials,2015,75:163-168. 
4. A.A.Jeknavorian., E.F.Barry., et al. Determination of grinding aids in portland cement by pyrolysis 
gas chromatography-mass spectrometry[J]. Cement and Concrete Research 1998,28:1335-1345. 
5. P.B.Rajendran Nair., R.Paramasivam. Effect of grinding aids on the time-flow characteristics of the 
ground product from a batch ball mill[J].Powder Techonlogy,1999,101:31-42. 
6. Ion Teoreanu.,Graziela Guslicov.Mechanisms and effects of additives from the dihydroxy- 
compound class on Portland cement grinding[J], Cement and Concrete Research, 1999,29:9-15. 
7. Xiaojian Gao, Yingzi Yang, Hongwei Deng. Utilization of beet molasses as a grinding aid in 
blended cements[J].Construction and Building Materials,2011,25:3782-3789. 
8. T.S.Sverak.,C.G.J.Baker.,O.Kozdas. Efficiency of grinding stabilizers in cement clinker 
processing[J]. Minerals Engineering,2013,43-44:52-57. 
9. Jianfeng Wang. Study on Structure-Performance Relationship and Molecular Structure Design of 
Cement Grinding aids[D] (in Chinese). Beijing:China University of Mining and Technology, 2013.4. 
10. Wang Ying,Wang Yujiang,et al. Effect of Different Organic Group on Cement Grinding 
Process[J](in Chinese). Bulletin of the Chinese Ceramic Society, 2009,28(3): 575-579. 
11. Ion Teoreanu. Mechanisms and effects of additives from the dihydroxy-compound class on Portland 

cement grinding[J]. Cement and Concrete Research ,1999,29:9-15. 
12. Xueyu Pang, Pinmanee Boontheung, Peter J. Boul. Dynamic retarder exchange as a trigger for 

Portland cement hydration[J]. Cement and Concrete Research,2014,63:20-28. 
13. J.Cheung,A.Jeknavorian,et al. Impact of admixtures on the hydration kinetics of Portland cement[J]. 

Cement and Concrete Research,2011,41:1289-1309. 
14. Yinwen Li,Huayu Zhu,et al. Synthesis and super retarding performance in cement production of 

diethanolamine modified lignin surfactant[J]. Construction and Building Materials,2014,52:116-121. 



 

Synthesis of SiO2@SRA core-shell nanoparticles and its effect on the 
performance of cement-based composites 

 
 

Gu Yue 1,3*, Ran Qian-ping2,3,Shu Xin2,3, Chang Hong-lei1,3,Lv Kai1 

 

   1. School of Materials Science and Engineering，Southeast University，NanJing 210008, China; 

2. Jiangsu Research Institute of Building Science Co., Ltd., Nanjing, Jiangsu 210008, China; 

   3. State Key Laboratory of High Performance Civil Engineering Materials, NanJing 210008, China 

 
Abstract 
NanoSiO2 appears to be one of the most attractive nanomaterials for cement and concrete researchers, however 
dispersion of nanoSiO2 and excessive shrinkage induced by nanoSiO2 limit its effective use. The surface modification 
technology can be introduced to improve nanoSiO2 property. In this study, at first, nanoSiO2 -shrinkage reducing agent 

（SiO2@SRA）core-shell nanoparticles was synthesized from shrinkage reducing agent and colloidal nanosilica by 
electrostatic self-assembly methods, SiO2@SRA was testified by DLS, FTIR, and TGA. Next, the effect of SiO2@SRA on 
the performance of cement-based composites was investigated.The results show that SiO2@SRA-added composites 
experience a higher rate of strength increase than that of nanoSiO2, and shrinkage property of cement-based 
composites can be regulated by shell structure. Separation of shell and core particle of SiO2@SRA in pore solution is a 
possible mechanism of shrinkage-reducing observed in composites. The research provides a new pathway for nanoSiO2 
to optimize cement-based composites. 

 
 
 
Originality 

The synthesis of Nanosilica -shrinkage reducing agent （ SiO2@SRA） core-shell nanoparticles is first 
originality. The research about modified effect of SiO2@SRA on shrinkage of cement-based composites is second 
originality. 
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1. Introduction 
In recent years, due to the rapid development of nanotechnology and the desire for breakthrough 

in concrete, there has been a strong focus on the application of nanoparticles in cement and concrete. 
Various nanoparicles have gradually been reported in concrete research fields. Khataee  reported that 
the TiO2-modified cements can be used as self-cleaning surfaces and solar-powered remediation 
devices for polluted waters (Khataee R. et al., 2013). Babak revealed that 1.5% graphene oxide can 
improve tensile strength of the cement mortar by 48% at 28d(Babak F. et al., 2014), Kawashima found 
that nanoclay is very effective in reducing self-consolidating concrete formwork pressure, because it 
have a significant effect on the instantaneous formwork response(Kawashima S. et al., 2013). 

Among all the nanoparicles, nanoSiO2 is the most attractive one and widely used in cement-based 
materials. Owning to the seeding effect and pozzolanic reaction with with calcium hydroxide, in most 
literatures, it was reported that nanoSiO2 improved the early mechanical property of cement-based 
composites significantly. Although nanoSiO2 introduce the advantage of accelerating the hydration of 
cement at early age, excessive shrinkage induced by such high specific surface area paricle is a major 
drawback when it was added to cement-based materials, and has hindered its application prospect 
(Yang Y. et al., 2005；Sanchez F. et al., 2010).Another Serious problem of nanoSiO2 encounter is the 
agglomeration phenomenon in cement-materials matrix. This phenomenon affects the rheological 
behavior of the cement-materials, and the ultimate hardened properties (Elkady H. et al., 2013).  

Fortunately, there are lots of silanol groups on the surface of nanoSiO2 and consequently the 
surface can be modified by some chemical or physical methods. It is attractive to choose proper 
organic molecule to functionalize the nanoSiO2 to optimize itsapplication in cement and concrete. 
Shrinkage reducing admixture (SRA) is a kind of organic chemicals regarded as surfactant. It is 
comprised of alcohol, low molecular weight polyether and polyether derivatives. The polyether 
derivatives is new type SRA for concrete and owns a wide developing perspective, because this sort of 
admixture can integrate the function of water reducing and shrinkage-reducing. To overcome 
excessive shrinkage and promote the dispersing performance, the conception of nanoSiO2-shrinkage 
reducing agent （SiO2@SRA）core-shell nanoparticle was proposed in this paper.  

Thus, in this study, SiO2@SRA was synthesized from shrinkage reducing agent and colloidal 
nanoSiO2 by electrostatic self-assembly method, and it was testified by DLS, FTIR, and TGA. 
Moreover, the effect of SiO2@SRA on Shrinkage and mechanical performance of cement-based 
composites was investigated. A possible mechanism of SiO2@SRA used in cement matrix was also 
discussed. 
2. Experimental 
2.1 materials 
2.1.1. Chemicals 

3-aminopropyl triethoxy-silan（APTES, toluene were all purchased from Sinopharm chemical 
regent, China. Shrinkage reducing agent (SRA) was supplied by Jiangsu Bote New Materials Co., Ltd 
(China), its estimated chemical structure is shown in Fig1. All other reagents were analytic grade and 
used without further purification.  

 
Fig.1 Chemical structure of SRA (Ran Q. et al., 2006) 
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2.3 Characterization methods of SiO2@SRA 
The Fourier transform infrared (FTIR) spectra of samples were recorded using EQUINOX55 

BRUKER with a resolution of 0.4cm-1. The FTIR samples were palletized with KBr powders. 
The mean size and size distribution of nanoparticles were determined by Dynamic light scattering 

instrument (DLS) (CGS-3, ALV, Germany). The nanoparticles suspension for DLS measurement was 
diluted with de-ionized water to 1mg/mL. 

Thermo gravimetric analysis (TGA) was carried out on a SQT Q600 instruments with a heating 
rate of 10 /min from the room temperature to 1000  under the nitrogen atmosp℃ ℃ here. 
2.4 Performance of cement-based composites 
2.4.1 Shrinkage property 

The cement mortar specimen for measuring shrinkage was cast at 25mm x 25mm x 280mm 
prismatic moulds. The prisms were removed from the mould 24 h after production, then stored at 20 
±1  at 60% of relative humidity. The shrinkage rateε℃ i and shrinkage increasing rate R are calculated 
according to Equations 1 and 2, respectively.  

0 0( ) / ( 250) 100%i iL L L   ε                                                                                                     (1) 

0 0( - ) / 100%iR  εε ε                                                                                                                     (2) 

where L0 is the initial length of the specimen (in mm); Li is the length at different ages of the 
specimen(in mm);ε0 is the shrinkage rate of the reference specimen (%) ;εi is the shrinkage rate on 
different ages of the specimen (%).Mix proportions of water, cement, and sand in mortar were 
0.35:1.0:3.0.To enhance the workalility of the mortar, a water-reducing admixture (JM-PCA, Jiangsu 
Bote New Materials Co., Ltd, China) was added at the rate of 0.2% by mass of cement. The 
nanoparticles addition was 1.0% of cement in mass. 
2.4.2 Mechanical property 

The compressive strength and the flexural strength of the mortars were measured based on GB/T 
17671-1999 of the national standard of the People’s Republic of China. The 40mm x 40mm x 160mm 
molds were used to prepare mortar specimens. The specimens were de-molded after cured at 20 ±1  ℃
and over 95% of relative humidity for 24 h, then immersed in water at 20 ±1  till the time of testing. ℃
Three specimens were used to determine the average compressive strength. Mix proportions of mortar 
were the same with the shrinkage property test.  
2.4.3 Surface tension of SRA 

The surface tension of the synthetic pore solution (0.35 M potassium hydroxide + 0.05 M sodium 
hydroxide in deionised water), which contained different concentration of SRA (0.2%~5%), was 
measured with a Du Nouy Ring Tensiometer at a control temperature of 20 . The surface tension ℃
was determined by the force that was required to pull a platinum ring away from the surface of the 
contacting liquid. 
 



 

3. Results and Discussion 
3.1 Characterization of SiO2@SRA core-shell nanoparticles 
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Fig.3 FTIR spectra of SiO2@SRA 

The SRA is accepted as an anionic copolymer adsorbed on the surface of nanoSiO2 to form 
SiO2@SRA.The FTIR spectra of SiO2@SRA is shown in Fig.3. It can be seen that there are peaks in 
2878cm-1 and1457 cm-1, which are assigned to C-H and CH3 stretching vibration of SRA, respectively. 
What’s more, in spectra, peaks at 3418 cm-1, 1600cm-1 and 794 cm-1 come from O-H stretching 
vibration, SiO-H bending vibration, Si -O-Si stretching vibration, respectively. These peaks indicate 
the modification of surface states of nanoSiO2. Experimental results of FTIR spectra confirmed that 
SRA has been successfully immobilized on the surface of nanoSiO2. 
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Fig.4 Particle size distribution and mean particle size of SiO2@SRA measured by DLS 

On basis of dynamic light scattering (DLS), nanoparticles suspension in de-ionized water is 
prepared to measure the particle size distribution （PSD）and mean particle size. The result of DLS 
tests is shown in Fig.4.As shown, mean particle size of nanoSiO2 is19nm, with a peak at 15nm. 
However, when nanoSiO2 modified by SRA, its mean particle size increased to 24nm. Compared with 
nanoSiO2, SiO2@SRA has a larger mean particle size. This is because SRA molecule on surface could 



 

stretches in solution. From Fig.4, a weak peak at 2 nm observed in PSD of SiO2@SRA. This peak can 
be ascribed to free SRA divorced from the surface of SiO2. The shift of the main peak (from15nm to 
21nm) proved the formation of SiO2@SRA. 
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Fig.5 TGA spectra of nanoSiO2 and SiO2@PCE 

Thermo gravimetric analysis (TGA) could be used to evaluate the determination of the 
composition of organic/inorganic hybrid paricles (Tai Y. et al., 2008). Thermal stability of nanoSiO2 
and SiO2@SRA was measured by TGA as shown in Fig.5. The main thermal decomposition of 
nanoSiO2 can be seen before 100 .This is due to a serious of chemical reactions happening on the ℃
surface of nanoSiO2, or decomposition of some adsorption substances, especially desorption of 
physical adsorption H2O.The mass loss is only 2.3% at a low decomposition rate at 150 ~900  ℃ ℃
stage. According to Fig.5, the curve of SiO2@SRA is similar with that of nanoSiO2 before 
350℃,while is distinct after 400℃. The region (between 350  and ℃ 550 ) of weight loss ℃
corresponds to the thermal oxidation and pyrolysis of SRA in SiO2@SRA. The balance value after 
550  represents the content of nanoSiO℃ 2 in SiO2@SRA. So, the SRA content is 13.20wt% for 
SiO2@SRA. Therefore, TGA results further illustrate that SRA molecule chains were anchored on the 
surface of nanoSiO2, otherwise, the SRA should be removed during ultrafiltration. 
3.2 Effect of SiO2@SRA on early strength 
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Fig.6    Early strength of cement-based composites 



 

Fig.6 illustrates the effect of nanoparticles on compressive strength of cement-based composites 
at the age of 3 day and 7 day. All of the test samples were made with the same water/binder ratio. Both 
SiO2@SRA and nanoSiO2 can promote the early compressive strength. The 3dstrength of specimen 
with SiO2@SRA increase by 10%, compared with the blank specimen. Similar increase can also be 
seen in nanoSiO2-added composites. However, at 7 day, it can be found that the SiO2@SRA has a 
higher rate of increase than nanoSiO2. A higher compressive imply a higher degree of cement 
hydration. It is commonly accepted that the addition of nanoparticles increased nucleation sites for C-
S-H phases, which is the primary cause of a higher cement hydration speed (Oertel T. et al., 2014). But, 
the poor dispersion of nanoparticles would make them become the defects in the solid structure in later 
ages, offset the accelerating effect. That means SiO2@SRA may represent a better dispersing 
performance that can produce more nucleation sites and less defects. In addtion, the discussion is 
further complicated because surface properties of nanoparticles may also affect the reaction 
mechanism. 
3.3 Effect of SiO2@SRA on shrinkage performance 

Shrinkage is the reduction in volume at constant temperature without restraining. It influences 
structural properties and durability of concrete when shrinkage leads to cracks. Fig.5 shows the 
shrinkage performance of cement-based composites contained 1wt% nanoparitcles as well as blank 
sample. In general, the shrinkage of all three samples rise dramatically at early age (before 7d), but 
appear a slow growth later. This is due to elastic modulus of the solid network increase over time, and 
it’s not high enough to resist stress caused by relative humidity reduction in the early days (Bentz D P. 
et al., 2008). 

As shown in figure Fig.5, the addition of nanoSiO2 increased the shrinkage both at early age and 
later stage significantly, while SiO2@SRA has slight effect. It is accepted that nanoscale pozzolanic 
additives accelerate the early hydration of cement. The main mechanism behind the this phenomenon 
is related to the high specific surface area of nanoscale fillers, because it works as nucleation site for 
the precipitation of C-S-H gel (Quercia G. et al., 2012) .Moreover, if introducing nanoSiO2 into cement-
based materials, additional C-S-H gel would be formed through its chemical reaction with the 
hydration product of calcium hydroxide(Hou P K. et al., 2014). Rapid hydration speeds up the internal 
moisture transmission, which is related to the shrinkage of cement-based composites. Compared with 
blank sample, the shrinkage of sample with nanoSiO2 increased by 67.52% at 3d and 33.20% at 28d, 
respectively, which remarkably greater than that with SiO2@SRA (shown in Table 2). These results 
indicated that the shell structure of SiO2@SRA can regulate the excessive shrinkage of cement-based 
materials caused by introduction of nanoparitcles. 
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Fig.5 Shrinkage performance of cement-based composites 



 

 
Table 2 shrinkage increasing rate of cement-based composites  / % 

 1d 3d 7d 28d 

NS 99.53 67.52 36.01 33.20 

NS@SRA 34.95 27.49 0.5 5.06 

 
3.4 Discussion 

Cement-based material is a porous material with a wide pore distribution. The formation of 
empty spaces is mainly attributed to chemical shrinkage and bubbles in the process of mixing. During 
hydration, consumption of water leads to a depression of the internal equilibrium relative humidity(RH) 
and the degree of fluid saturation in the pores(Sant G. et al., 2011).The menisci would emerge in pores 
between the hydration products particles, creating a capillary stress ( P )in the solution according to 
the Kelvin-Laplace equation(3) (Sant G. et al., 2006):  

2 cos -In(R H /100)R T
=

m

P
r V

 
                                                                                         (3) 

Where: σ is the surface tension of the pore solution (N/m); θ is the contact angle between the  pore  
solution and the solid phase, r is the menisci radius(m) , R is the universal gas constant(8.314J/K mol),  
T is the thermodynamic temperature, Vm is the molar volume of the pore fluid 

Capillary tension can be combined with the elastic properties to describe the deformation of 
cement-based composites in an experienced equation (4)[15].While this equation is strictly applicable 
only for a purely elastic materials, it has been applied to cement-based composites with some success 
as a description of the rationalization: 
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k k



                                                                                                                               (4) 

Where:εis the linear strain, S is the saturation of water-filled porosity, K is the bulk modulus of the 
porous materials including empty pores, KS is the bulk modulus of the solid-skeleton excluding the 
effects of porosity. 

Owing to the fact that the cement hydration is the water consumption process, accelerating effect 
of nanoSiO2 speeds up the water transport velocity inside material. This process makes the materials 
internal pores come to a status of low RH in a faster velocity .As described by Eq. (3) and Eq. (4), 
When RH declines, capillary pressure would increase. So, a dramatic volume deformation was 
observed in cement composites containing nanoSiO2. 

However, compared with nanoSiO2, SiO2@SRA-added cement composites shows a lower 
shrinkage in this paper, it means that the  shell structure of this nanoparticle can offset negative effects 
on shrinkage in some degree . In general, the shell structure of SiO2@SRA has two functions in 
cement matrix. The first one is that it can improve the dispersion in cement matrix in the mixing stage. 
This is because after introducing the SRA polymer onto the surface, the nanoSiO2 would have a 
stronger steric hinerance. The second function is that it reduces the surface tension of cement pore 
solution during the hydration stage. Unlike pure water solution, there are Na+, K+, Ca2+, OH- and SO4

2- 

ions in the cement pore solution from the dissolution of cement clinker. Usually, PH value in pore 
solution varies from 12 to 13.5 with material composition changing, and Ca2+ concentration always 
remains near the portlandite saturation point. Dispersed in such solution with high PH and Ca2+, 
SiO2@SRA would decompose gradually, because electrostatic force between SRA and nanoSiO2 
could be weakened by the ions in aqoeous solution. Desorption process of SRA on the surface of 
SiO2@SRA is schematically depicted in Fig.7. 



Fig.7   Desorption process of SRA on the surface of SiO
After separated from core particle nanoSiO

interfaces as a kind of surfactant. Adsorption of SRA at interfaces leads to a reduction in the interface 
energy, thus a lower surface tension of water
driving force of cement composites shrinkage. According to Eq. (3), the capillary stress is proportional 
to surface tension, which means that SRA can 

To assess the effect of SRA on surface tension of cement pore solution, the surface tension of 
different concentrations SRA were measured in synthetic pore solution at temperature 20 , which ℃
range from 0.2% to 5%, as shown in 
the SRA concentration in aqueous solution. Although the surface tension fluctuates in the smooth from 
1 wt% of SRA to 5 wt%, it drops sharply from 72.9 mN/m to 47.02 mN/m only by 0.2 wt% of SRA. 
This experimental result illustrates that during the hydration of cement, surface tension of pore 
solution would decline remarkably, if only a small amount of SRA was separated from the surface of 
SiO2@SRA. 
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interfaces as a kind of surfactant. Adsorption of SRA at interfaces leads to a reduction in the interface 
energy, thus a lower surface tension of water-air interface can be observed. Capillary stress is the main 
driving force of cement composites shrinkage. According to Eq. (3), the capillary stress is proportional 
to surface tension, which means that SRA can decrease the driving force of shrinkage.

To assess the effect of SRA on surface tension of cement pore solution, the surface tension of 
different concentrations SRA were measured in synthetic pore solution at temperature 20 , which ℃
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Later on, the effect of SiO2@SRA on the performance of cement-based composites was studied. It is 
revealed that SiO2@SRA has a more enhancing impact on early mechanical properties than nanoSiO2. 
Shrinkage test result shows the shell structure of SiO2@SRA can regulate the excess shrinkage of 
cement-based materials caused by introduction of nanoparitcles. Separation of shell and core particle 
of SiO2@SRA in pore solution is a possible mechanism of shrinkage-reducing observed in composites. 
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Abstract 
TiO2 are widely used as white pigment in paints and cement industry to provide aesthetic beauty and brittleness to the 
materials. During the last few years, researchers has shown ample interest for using TiO2 as an inert material to 
minimize the air pollution and decoloration of volatile organic compounds by heterogeneous photocatlaytic oxidation 
process. Besides these surficial effects TiO2 has shown promising effects for enhancing the mechanical properties, 
water permeability, improvement in the micro structures and thermal properties. Nanoscale modifications provide the 
means to minimize energy consumption and maximize the desired properties but cost effectiveness should also be 
considered in this regard. Modified hydrothermal approach have been adopted for the synthesis of titanate nanotubes 
with improved properties including high specific surface area 300 m2/g, outer diameter 20-70 nm and inner diameter in 
mesoporous region. Titanate nanotubes are not commercially available and have been used for the first time as an 
additive. Interaction and integration of titanate nanotube with binder matrix have been analysed. Higher tendency of 
nanoparticles for making agglomeration in liquid media is minimized by electrostatically stabilizing the material using 
different superplastisizers. Ionic interaction of titanate nanotubes was investigated by using saturated solution of 
Ca(OH)2. Ion chromatography and EDTA titration method have shown influential effect of nanotubes as compared to 
starting raw material anatas. Effects on the early hydration of C3S were investigated. Kinetic study showed accelerating 
effect of nanotubes on hydration process especially shortening of induction period and higher rate of hydration. 
Scanning electron microscope results shows the formation of C-S-H phases on the surfaces of nanotubes with C3S as 
model system. Titanate nanotubes improve the microstructure of cement system and denser micro structures lead to 
better mechanical properties.   
 
Originality 
The new approach is to use titanate nanotubes (Ti-NTs) as nano reinforcement. Carbon nanotubes (CNTs) are well-
known for the improvement of mechanical properties in concrete. For providing a good integration in cementitious 
systems CNTs have to be surface treated due to their hydrophobic character. The used Ti-NTs have a hydrophilic 
surface without modification and high potential to counteract the embrittlement of ultra high performance concrete 
(UHPC). These facts are big advantages compared to CNTs not known in the literature related to cementitious systems. 
The method used for synthesis of Ti-NTs is cost saving and industrially applicable. Optimizing the synthesis condition, 
nano material can be obtained with manifold tailored properties as compared to the raw materials. Ti-NTs provide 
ionic interaction by sorption of Ca2+ ions on the nanotube surface. Even a minute quantity of nanotube is sufficient for 
improved properties without disturbing the total cement contents. 
 
Keywords: Titanium dioxide, titanate nanotubes, tricalcium silicate, ultra high performance concrete 
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1. Introduction 
In recent years research is being conducted for the development of UHPC systems. Different research 
strategies have been adopted with the objective to improve the material properties such as higher 
compressive strength, flexural strength, greater durability and aesthetics of constructed structures as 
well as on saving the sources (Sanchez, F., et al., 2010). 
The properties of these materials are based on many factors, in particular, close-packed density with 
an improved microstructure. To attain these characteristics the grain size distributions are optimized to 
nano-levels. Different nanomaterials are being used to engineered material behavior and to promote 
specific interfacial interactions. However, in addition to improve the mechanical properties there is 
also a risk of increase brittleness, which leads to sudden failure of structures due to applying certain 
load. This is a drawback for many applications. Attention has been given to counteract the 
embrittlement by using fibers of different dimensions. Those fibers are of particular importance 
because of their impact on nanoscale (Torgal. F. P., et al, 2013). In this context, carbon nanotubes 
(CNTs) have been tested successfully (Konsta-Gdoutos. M. S., et al, 2010). However, CNTs have the 
disadvantage that they are hydrophobic due to their chemical composition, Therefore they have to be 
surface treated in order to achieve good bonding with cement grains (Kowald T., et al, 2004). Due to 
the advantageous surface properties alternative materials were searched and investigated. Those 
materials should give a better interaction to the cementitious matrix because of its chemical nature.  
Potentially suitable materials for this purpose are Titanium-nanotubes (Ti-NTs).The successful use of 

  TiO2 in UHPC have already been proven several times. However, the use of Ti nanotubes has not   
been investigated yet. Ti-NTs are not commercially available, therefore they must be initially 
synthesized and characterized. A challenge is also the adequate dispersion of Ti-NTs i.e. to distribute 
them as homogeneous as possible in volume. For a better understanding of the interactions of 
Titanium nanotubes with the cementitious system first model tests were performed in Ca(OH)2 
solutions and the C3S system. Initial studies were carried out on basic cementitious system. 
Subsequently complex cementitious systems will also be investigated. In previous works related to 
TiO2 nanoparticles and cement, materials were used in granular form and provided by the 
manufacturing industries but in present work Ti-NTs were prepared in-house. There are different 
methods for the production of Ti-NTs i.e. assisted template method, electrochemical anodic oxidation 
approach and hydrothermal method [Xiaobo C.,et al, 2007). In recent study modified hydrothermal 
synthesis approach has been used for the bulk amount of Ti-NTs production (Stötzel T., et al, 2011). 
 
2. Materials and Methods 
For the synthesis of Ti-NTs, TiO2 (Bayer, Germany) was used as starting material with average 
particle size less than 1 μm.  
C3S was synthesized in-house by using high purity quartz and calcite powder. Quantitative XRD 
analysis and Franke method revealed 0.5%, 0.8% free lime respectively.  
Saturated solution of Ca(OH)2 was prepared by adding 5.6 g of CaO (after checking its purity) in 1000 
mL of deionized water and was refrigerated overnight to enhance the solubility.  
The size and morphology of the Ti-NTs was measured by using Dual beam-HREM Helios Nanolab 
600 FEI scanning electron Microscope and FEI Quanta FEG 250 ESEM. BET surface area was 
determined by using adsorption apparatus (Micromeritics ASAP 2020). Hydration kinetics were 
studied by using differential calorimetric analysis (DCA) [Toni HexaCal (Toni Technik 
Baustoffprüfsysteme GmbH)].  
Sample preparation of C3S with Ti-NTs for XRD was carried out by mixing 10 g C3S with 4 g of 
deionized water at w/c ratio of 0.4 for 1 minute in a mortar and then applied to a XRD sample holder 
and covering it with Kapton film which exhibit high transmittance for X-rays. Afterwards the sample 
was examined in situ for 48 hours. To determine the concentration of Ca2+ five different samples were 
prepared, each in 20 mL saturated solution of Ca(OH)2. After eight hours all were filtered using 0.45 
μm Nylon filter. All five samples were titrated against 0.1 N EDTA using calconcarboxylic acid as 
indicator. Ion chromatography was also used on three different samples only with Ti-NTs to verify the 
titration results. 



 

Samples for mechanical properties were prepared with C3S, 1% Ti-NTs and anatase. Hydrated at 
Water/Cement ratio of 0.4 and then filled in prismatic shapes molds of 30 x 8 x 12 dimensions. After 
preparation the samples were stored in molds at 20°C and a relative humidity of approximately 95%. 
After 24 h the samples were removed from the molds and stored at 20°C and a relative humidity of 
approximately 95% again till the strength tests. Compressive strength was determined after 2, 7 and 28 
days while the flexural strength was determined after 7 and 28 days. 
 
3. Synthesis and characterization 
For the synthesis of Ti-NTs, TiO2 (Anatase) was used as starting material with average particle size of  
less than 1 μm. Different steps were followed for the complete conversion of anatase to nanotubular 
structures including annealing in 10 M NaOH solution, washing with deionized water and 0.1 N HCl 
solution until pH of 6-7 is obtained, followed by calcination of the material at different temperatures 
and time intervals to optimize desired properties. Figure 1 shows the steps involved for Ti-NTs 
synthesis. 
 
 
 
 
 
 
Figure 1. Steps involved for the synthesis of Ti-NTs 

 

 
Figure 2. SEM images of raw material anatase (left) and Ti-NTs (right) 
 
The morphology of the Ti-NTs was examined by scanning electron microscopy (SEM). The diameter 
of Ti-NTs ranges from 10-70 nm in the form of clusters and bundles. The length of the Ti-NTs varied 
over a wide range from about 0.1 µm to several µm in length. When comparing the length of the Ti-
NTs with the size of the anatase particles it reveals that the length of the Ti-NTs exceeds considerably 
than the original dimensions of the anatase particles. For Ti-NTs this length shows that the Ti-NTs are 
flexible and can be bent. This is an important feature for the use of Ti-NTs as reinforcement material. 
Ti-NTs morphology can vary from batch to batch despite identical conditions of synthesis, may have 
slightly different physical characteristics such as length, linearity or BET surface area. Also the 
chemical composition may vary, depending on how the washing process was performed. By 
optimizing the synthesis conditions BET surface area of 200-300 m2/g has been achieved which is 
higher than the starting material anatase 50 m2/g. 
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BET surface area increases with decrease in the calcination temperature. 2000C - 4000C is most 
suitable temperatura range to obtain higher surface area. Pore size distribution results show that most 
of the pores lies in the mesoporous region. 
 

 
 
 
 
        
                     
 
 
 
 
 
                       
 
 

 
Figure 3. N2-adsorption isotherms at different calcination temperaturas (left) particle size distribution determined 
by nitrogen adsorption using BJH method (right) 
 

Figure 4. X-ray Diffraction patterns for Ti-NTs 
 
Figure 4 shows that the X-ray diffractogram is typical of layered structure which results in peak 
broadening. It is suggested (Chen et al, 2002) that nanotubes obtained through hydrothermal treatment 
of TiO2 and NaOH have walls formed by Ti3O7

2- (tinatante) and the interlamellar region occupied by 
H+ ions. 
 
 
 
 
 
 
 



 

4. Results and Discussion 
4.1. Liquid phase investigations 
Intercalation, particularly of calcium ions is decisive for the use of Ti-NTs in cementitious binders. 
Change in calcium ion concentration in the solution phase changes the C-S-H phase composition and 
influence the kinetics of the hydration. It was found that in case of Ti-NTs sorption is significantly 
higher than anatase. The anatase used for all subsequent measurements is the same as the raw material 
for the production of the Ti-NTs. In order to detect an interaction of Ti-NTs with Ca2 + ions present in 
the saturated solution of (CaOH)2, EDTA titration method and ion chromatography were used. Results 
are described graphically in figure 5 and 6 and  data is tabulated in table 1 and 2 respectively. 
  

Table 1. Comparison of change in 
concentration via EDTA titration 

 
 
 
 
 
 
 
 
 
 
    
 

 Figure 5. Concentration of Ca2+ in saturated solution of  
                Ca(OH)2 after the addition of the additives 
   

Table 2. Comparison of change in 
concentration via ion chromatography 

 
 
  
 
 
 
 
 
 
 
 

 
Figure 6. Concentration of Ca2+ in saturated solution of  
               Ca(OH)2 using ion chromatography 

 
Results shows that reduction  in Ca2+ in samples containing 0.02 g and 0.1 g TiO2 was 10% and 12%, 
on the other hand a decrease of 18% and 40% in Ca2+ amount was recorded in samples with similar 
concentrations respectively. This higher decreases in concentration is due to the fact that Ti-NTs are 
rolled up layered structures and thus a longitudinal opening exist along the entire length of the Ti-NTs. 
it can be assumed   that Ca 2 + ions sorbing over the entire length, as well as in the interlayer spacing. 
 
 
 
 

Sample 
Ca2+ 
mg/L 

Ca(OH)2 Ref 788.42 

Ca(OH)2 + 0.02g 
TiO2 

708.08 

Ca(OH)2+ 0.1g TiO2 694.72 

Ca(OH)2+ 0.02g  
Ti-NTs 

641.28 

Ca(OH)2+ 0.1g  
Ti-NTs 

467.6 

Sample 
 

Ca2+ in 
ppm 

Saturated Ca(OH)2 
sol. 

933.20 

Saturated Ca(OH)2 
sol. + 0.01g Ti-NTs 

871.94 

Saturated 
Ca(OH)2sol. + 0.1g 

Ti-NTs 
820.33 



 

4.1.1. Effect of Ti-NTs on the hydration of C3S 
Differential colorimetric analysis reveal the influncial effect of nanotubes on the early hydration of 
C3S. After starting the hydration process initial one hour data was also recorded to evaluate the 
dilution effect. Results have shown higher rate of reaction and shortening of the induction period. The 
degree of hydration has increased at partial Ti-NTs replacement level of  5% >3% >1% > C3S 
respectively. It is assumed that C3S after mixing with water make saturated solution of Ca(OH)2 and 
interaction of Ti-NTs with saturated solution can be seen in figure 5 and 6. Higher surface area of 
nanotubes provide the nucleation site for hetrogenous nucleation reaction. This is responsible for 
higher rate of hydration as well as dilution effect which dominate the reaction process in early hours of 
hydration. 
 

 
Figure 7. Hydration behaviour of C3S in presence of Ti-NTs up to 1 hour of hydration on (left) and up to 36 
hours of hydration  (right) 
 

4.1.2. Investigation of the reaction progress of C3S hydration by in situ X-ray powder diffraction 
with the addition of Ti-NTs 

 
Figure 8.  In situ XRD of C3S 48 h hydration in 3D view 

 
The formation of C-S-H phases cannot be monitored directly by means of in situ X-ray diffraction, 
however, the decrease of C3S during the hydration process and the formation of crystalline Portlandite 
can be estimated. To further investigate the influence of Ti-NTs on the hydration of C3S, samples with 
1% Ti-NTs were examined. Figure 8, 9 and 10 shows the XRD diffractograms for the hydration of C3S 
with 1% Ti-NTs. The formation of crystalline Portlandite begins earlier as compared to pure C3S.   



 

 

 
Figure 9.  In situ XRD of with 1 % Ti-NTs after 48 h hydration in 3D view 

Figure 10. In situ XRD of C3S with  1% Ti NTs, 48 h of hydration in 2D view 
 

4.2. Mechanical properties of C3S with Ti-NTs and Anatase 
The results for the strength measurements are shown in Figure 11. For mechanical properties tests 
were performed according to DIN EN 196 and the deviation from the average value was less than 
±10%. The samples without the addition and with the addition of anatase each have substantially 
identical compressive strengths which are about 10% lower than the sample with Ti-NTs. When the 
flexural strength is considered, the sample with Ti-NTs after 7 and 28 days showed the highest 
strength values. However with less difference from the other two samples. 
 
 
 
 
 
 
 
 
 



 

 
Figure 11. Compressive strength  after 2 ,7 and 28 days (left) and flexural strength  of C3S, anatase and Ti-NTs 
after 7 and 28 days (right) 
 

4.2.1 Growth of C-S-H phases on the Surface of Ti-NTs 
To investigate the CSH phase growth on the surface of Ti-NTs, C3S was hydrated in the presence of 
Ti-NTs. In the images shown in Figure 12 C-S-H phases development can be observed. The images 
were taken at 36 hours after beginning of hydration. Previously used samples for kinetic study were 
chosen for this investigation. From the pictures it can be concluded that the C-S-H phases are formed 
on the entire surface of Ti-NTs. This means that the Ti-NTs mainly affect the early course of hydration. 
This fact was also confirmed by the calorimetric studies and the study of Portlandite formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. SEM images of C-S-H phase formation on the surfaces of Ti-NTs nanotubes after 2d of hydration 

 
5. Conclusion 
The present studies have shown that Ti-NTs are new promising material that can improve the 

mechanical properties of UHPC. In contrast to the previously examined CNTs this material need no 

surface modification before use, although it provides a good interaction with the hydration products. 

Current experiments evidently prove the sorption of calcium ions from aqueous solutions by Ti-NTs. 

SEM studies are confirming the findings that a dense cover of hydration products over the Ti-NTs. 

The Ti-NTs also influence the kinetics of hydration similar to other reactive nanoparticles. The 

presence of Ti-NTs results in the shortening of the induction period, which in turn results in 



 

acceleration of the hydration process. This applies to both C3S and Portland cement. 

The effectiveness of the Ti-NTs with a view to improve the mechanical properties of the hardened 

products could also be detected in initial experiments. Based on the promising results with this new 

type of nanoscale additives investigations will be continued in the future. 

References 
- Chen, Q., Du, G. H., Zhang, S., Peng, L. M., 2002., The structure of trititanate nanotubes,Acta 
Crystallographica Section B, vol. 58, no. 4, pp. 587–593        
- F.P Torgal., M.V.diamanti,. A.Nazari., C.G.Granqvist., 2013., Nanotechnology in Eco-Efficient Construction. 
Cambridge: Woodhead Publishing Ltd. 
- Konsta-Gdoutos M S., Metaxa Z.S., Shah S P., 2010., Highly dispersed carbon nanotubes reinforced cement 
based materials. Cem Concr Res;40(7):1052–9. 
- Kowald, T., Trettin R., 2004. Influence of surface-modified Carbon Nanotubes on Ultra-High Performace 
Concrete. In: M. Schmidt (Hg.): Ultra high performance concrete (UHPC). Proceedings of the International 
Symposium on Ultra High Performance Concrete, Kassel, Germany, September 13 - 15, 2004. Kassel: Univ. 
Press (Schriftenreihe Baustoffe und Massivbau, 3), S. 195–202. 
- Sanches F., Sobolev K.,2010., Nanotechnology in concrete – A review. Construction and Building Materials 24  
2060-2071 
- Stötzel T, Ali M, Trettin R., 2011., Neue Nanopartikel zur Verbesserung der Eigenschaften von zementären 
Bindemitteln, Tagung Bauchemie, GDCh Tagungsband p. 344-349, Hamburg, Germany  
- Xiaobo C., Samuel S.M., 2007., Titanium Dioxide Nanomaterials: Synthesis, Properties, Modifications, and 
Applications, Chem. Rev.  107, 2891-2959 
 

 

 



The heterogeneous nature of the bleeding phenomenon in cement paste 
 

Nadia Massoussi, Nicolas Roussel 
Université Paris Est, IFSTTAR, Laboratoire Navier, FRANCE 

 
 
Abstract 
We focus in this paper on the bleeding phenomenon and its kinetics at the scale of cement paste. Our 
experimental results on simple systems suggest that bleeding cannot be simply considered as the consolidation of 
a porous material but is of an obvious heterogeneous nature leading to the formation of water extraction 
channels or preferred paths within the paste. As a consequence, its kinetics can be divided into three regimes: a 
dormant period (which could, if fully understood, be of major interest from an industrial point of view), an 
accelerating period (during which the apparent permeability of the paste increases due to the formation and 
percolation of water extraction channels) and a consolidation regime (during which the permeability of the 
sample decreases because of the water extraction itself until gravity is not able to further consolidate the sample 
and extract any additional water). Only the latter had been observed until now in literature. 
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1. Introduction  

In recent years, the understanding of the rheological behavior of homogeneous cementitious materials 
has made significant progress. However, concrete or mortar stability (i.e. the ability of the mixture to 
stay homogeneous) and the physical phenomena at the origin of this stability are still poorly 
understood. Concrete or mortar stability can be divided into two major features: the stability of the 
coarse aggregates or sand particles suspended in the cement matrix (which can reverse into so-called 
segregation), and the stability of the cement grains suspended in water (which can reverse into so-
called bleeding).  Although there exist some analysis of aggregates stability [1], bleeding is still 
treated empirically and the methods allowing for its proper measurement are only weakly developed 
and/or understood. Relatively few scientific publications are available on this topic. The most 
complete state of the art is gathered in the thesis of Josserand [2], in which the main conclusion is that 
bleeding of cementitious materials [2-5] can be seen as a soil-consolidation-like process. 
We focus in this paper on this specific gravity-induced phase separation process and its kinetics at the 
scale of cement paste. Our experimental results on simple systems suggest that bleeding cannot be 
simply considered as the consolidation of a porous material but is of an obvious heterogeneous nature 
leading to the formation of water extraction channels within the paste. As a consequence, its kinetics 
can be divided into three regimes: a dormant period (which could, if fully understood, be of major 
interest from an industrial point of view), an accelerating period (during which the apparent 
permeability of the paste increases due to the formation and percolation of water extraction channels) 
and a consolidation regime (which eventually lead to the total extraction of the free water in the 
system). Only the latter had been observed until now in literature. 
2. Material and Protocol 
A CEM I type cement of specific density 3.14 is used in this study. Its specific surface measured using 
a Blaine apparatus is 3390 cm2/g. Its maximum solid fraction is estimated at around 59% [6] and its 
chemical composition is given in the following table: 

Table 1. Cement chemical compoistion 
SiO2 Al2O3 Fe2O3 CaO Mgo Na2O K2O SO3 Cl CAO 

21.04% 3.34% 4.14% 65.43% 0.83% 0.22% 0.35% 2.31% 0.02% 0.69% 

The water to cement mass ratio is fixed at 0.6 in order to measure a significant bleeding. Water is 
mixed with cement during 3 minutes using a Turbo test Rayneri VMI mixer at 840 rpm. Just after 
mixing, the mixture is poured into a transparent test tube. The total time needed to fill the beaker does 
not exceed one minute. After filling, the tube is sealed with a plastic film to prevent any water 
evaporation. Progressive water extraction from the sample is recorded using numerical image 
acquisition and automated analysis. The acquisition period of the extracted water layer thickness is 
one second during the first hour then one minute for the following three hours.  
3. Results and Discussion 

In theory, if we consider that we are facing the homogeneous consolidation of a deformable porous 
media, we expect from Darcy's Law that the amount of water that has left the sample after a time t 
shall be proportional to Δρ.g.kt/µ0 where µ0 is the viscosity of the interstitial fluid, Δρ is the density 
difference, K is the permeability (which could decrease with time and consolidation). We can however 
also consider that the final compaction state below the extracted water layer shall be the same no 
matter the initial filling height. As a consequence, the final amount of water that has left the sample 
shall be proportional to the initial volume of material tested. 
From the above basic scaling, we therefore expect that water flow rate shall not depend on the initial 
filling height whereas the final amount of water that has left the sample shall be proportional to the 
initial height. As a consequence, bleeding shall start similarly no matter the initial height but stop 
before for the lowest initial heights. 
This is what we get on long time scales as shown in Fig. 1 in which the experimental results obtained 
for three different initial sample heights are plotted. 



Figure 1. Thickness of the extracted water layer as a function of time for three different initial

On long time scales, bleeding rate decreases as expected and the final amount of extracted water is as 
expected proportional to the initial height of
is the same for all samples also as expected from the above basic scaling. We conclude therefore, 
similarly to other authors, that bleeding, on these long time scales, 
like process. The permeability of the sample decreases because of the water extraction itself until 
gravity is not able to further consolidate the sample and extract any additional water.

 

Figure 2. Water extraction channels visible at the upper surface of the sample. Initial height is 40cm. These 
channels are not visible for the 14cm initial height.

Two features suggest however that the physics behind bleeding is more complex. The first one is 
shown in Fig. 2, in which some extracting water channels can be spotted at the surface of the sample 
for the highest sample initial height. This suggests that the consolidation process is not the one of an 
homogeneous porous media and involves some strong local
lead to some erosion and transport of the finest particles within the sample. These particles are then 
carried out to the surface to form the heterogeneities shown in Fig. 2.
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On long time scales, bleeding rate decreases as expected and the final amount of extracted water is as 
expected proportional to the initial height of material. On intermediate time scales, the extraction rate 
is the same for all samples also as expected from the above basic scaling. We conclude therefore, 
similarly to other authors, that bleeding, on these long time scales, can be seen as a soil
like process. The permeability of the sample decreases because of the water extraction itself until 
gravity is not able to further consolidate the sample and extract any additional water.
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in Fig. 2, in which some extracting water channels can be spotted at the surface of the sample 

for the highest sample initial height. This suggests that the consolidation process is not the one of an 
homogeneous porous media and involves some strong localization of the water extraction, which can 
lead to some erosion and transport of the finest particles within the sample. These particles are then 
carried out to the surface to form the heterogeneities shown in Fig. 2. 
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The second feature suggesting that the
expected is shown in Fig. 3, in which the focus is given to short time scales by redrawing Fig. 1 in log 
scale. 

Figure 3. Thickness of the extracted water layer as a function 

We see in Fig. 3 that, below 1000 s (
extraction rate. We will call this regime the dormant period. The water layer thickness in this regime is 
the one that already existed at the end of the pouring phase. This extremely low water ex
can be associated to a very low permeability. This suggests that the apparent permeability of the 
sample involved in the constant extraction rate following the dormant period is higher than the initial 
permeability of the sample suggesting th
Considering this and the water extraction channels in Fig. 2, we suggest therefore that bleeding of 
cement pastes result from the formation of water extracting channels or water extraction preferred 
paths, which lead to an increase in the permeability of the paste resulting into an increase in water 
extraction rates and to a fast consolidation of the material surrounding these channels, which would 
consequently lead to a decrease in apparent permeability. If the s
water extraction paths becomes larger than a few 100 micrometres, they can then be visually spotted. 
Even when they cannot be visually spotted, they do exist within the paste and are at the origin of the 
water extraction rate increase that can be seen in Fig. 3 for the lowest sample initial height, which 
visually seem to stay homogeneous during the entire duration of the test. The fact that its permeability 
starts from a low initial value to increase to a higher one in the
that these channels or preferred paths do form in the paste. 
4. Conclusions 
We focused in this paper on the bleeding phenomenon and its kinetics at the scale of cement paste. 
Our experimental results on simple systems
consolidation of a porous material but is of an obvious heterogeneous nature leading to the formation 
of water extraction channels or preferred paths within the paste. As a consequence, its kinetics
divided into three regimes: a dormant period (which could, if fully understood and extended, be of 
major interest from an industrial point of view), an accelerating period (during which the apparent 
permeability of the paste increases due to the fo
and a consolidation regime (during which the permeability of the sample decreases because of the 
water extraction itself until gravity is not able to further consolidate the sample and extract any 
additional water). Only the latter had been observed until now in literature.
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We see in Fig. 3 that, below 1000 s (i.e. around 15 minutes), there exists a regime of very low water 
extraction rate. We will call this regime the dormant period. The water layer thickness in this regime is 
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lead to an increase in the permeability of the paste resulting into an increase in water 
extraction rates and to a fast consolidation of the material surrounding these channels, which would 

ize of these channels or preferred 
water extraction paths becomes larger than a few 100 micrometres, they can then be visually spotted. 
Even when they cannot be visually spotted, they do exist within the paste and are at the origin of the 

rate increase that can be seen in Fig. 3 for the lowest sample initial height, which 
visually seem to stay homogeneous during the entire duration of the test. The fact that its permeability 

accelerating regime suggests however 

We focused in this paper on the bleeding phenomenon and its kinetics at the scale of cement paste. 
suggest that bleeding cannot be simply considered as the 

consolidation of a porous material but is of an obvious heterogeneous nature leading to the formation 
of water extraction channels or preferred paths within the paste. As a consequence, its kinetics can be 
divided into three regimes: a dormant period (which could, if fully understood and extended, be of 
major interest from an industrial point of view), an accelerating period (during which the apparent 

rmation and percolation of water extraction channels) 
and a consolidation regime (during which the permeability of the sample decreases because of the 
water extraction itself until gravity is not able to further consolidate the sample and extract any 
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Abstract 

The impact of welan gum on C3S hydration was examined to determine the retarding effect of welan gum on 

cement hydration. In this research, zeta potential analyzer and UV-visible adsorption spectrophotometer 

were used to study the surface electrochemical properties and adsorption characteristics of welan gum. 

Meanwhile, C3S hydration behaviors in the presence or absence of welan gum was researched by zeta 

potential analyzer, X-ray diffraction and field emission scanning electron microscopy. In addition to welan 

gum, the adsorption behavior and zeta potential inversion of C3S were observed as well as a rapid decrease 

of zeta potential and retarding effect on C3S system were also discussed. Besides, the reduction of 

nucleation rate and morphology change of Ca(OH)2 were demonstrated. Thus, through the adsorption 

effect, welan gum induces a retarding behavior of C3S hydration. 

 

Originality 

The impact of welan gum on C3S hydration was examined. The Hydration of C3S was significantly 

influenced by welan gum, it could be inferred a delay of early hydration by welan gum. For C3S hydration 

products the form of C-S-H wasn't influenced by welan gum, welan gum had little influence on the 

nucleation of Ca(OH)2, but owing to its network, hindered the moving of the nucleation and delayed the 

crystallization and growth.  

 

 

Keywords: welan gum; cement clinker, hydration; C3S 

 

                                                      
1 Corresponding author: zhaoqinglin@whut.edu.cn, Tel +86-27-87669993, Fax +86-27-87641294 
 



1. Introduction 

Welan gum is a new kind of microbial polysaccharides produced by the fermentation of 

Alcaligenes species (Plank J., 2003, Kang K. S., 1982, Zhang Y., Zhang G. P., 2006). Due to its 

fine thickening property and resistance to separation performance, welan gum is widely applied in 

cement and concrete industry as stabilizer (Plank J., 2003, Khayat K. H., 1998). However, welan 

gum will lead to fluidity reduction obviously, so it is necessary to investigate its effect on cement 

hydration, which provides an reference for polysaccharide admixtures’ effect on cement 

hydration. 

Because that the composition of cement is complex, it’s difficult to distinct the influences of all 

the factors, so one of the main cement clinker phases C3S was investigated in this paper. By the 

changes of Zeta potential and adsorption on C3S surface with hydration time, the influence of 

welan gum on C3S hydration could be inferred. In order to obtain more information about the 

hydration product, the XRD and ESEM were used. In this paper, the hydration process of C3S 

with 1‰ welan gum was discussed, including the amount and formation of Ca(OH)2 and C-S-H, 

with a purpose to provide theoretical direction of welan gum in application. 

 

2. Experiments 

2.1. Raw Materials 

2.1.1. Welan gum 

Welan gum is a kind of reproductive polysaccharides, produced from microbial fermentation, 

whose molecular construction is made up of D-glucose, D-glucuronic acid and L-rhamnose, 

which is similar to Xanthan gum (Plank J., 2003) and whose side chain is constituted of the single 

chains, L-mannose and L-rhamnose, shown in Figure 1. The interaction of welan gum is Van der 

Waals force and hydrogen bond between the main chain and the side chain in its aqueous solution. 

From ESEM the images of welan gum aqueous solution, complicated networks are observed that 

H2O molecular is wrapped in welan gum easily, so welan gum has fine thickening property in 

cement and conctere. Besides, welan gum is good at pseudoplastic, thermal stability, alkali 

resistance and salt resistance (Plank J., 2003), that welan gum is well adapting to environment 

which provides a theory basis for its wide application prospect. 

 

       

Figure 1 Molecular construction (Left) and ESEM images (Right) of welan gum 



2.1.2. C3S 

C3S was one of cement clinker main phases, contributing to cement strength. Typically, the more 

C3S, the higher long age strength. From cement phase diagram (Zhang L.M., 2008), the melting 

temperature of C3S is nearly 2150℃ and the formation is between 1400℃ and 1600℃, that a 

high temperature is necessary for C3S sintering. Considering the heating section and wastage of 

Annealing Furnaces, sintering at 1450℃ for 3h is referred to and repeated until C3S is pure. 

Preparing Ca(OH)2 and SiO2 as the molar ratio 3:1, mixing them in ceramic grinding for 12h, and 

tabletting then sintering at 1450℃ for 3h. In this condition, the energy provided was not enough 

to form stable C3S (Feng X. J., 1995) and the product was powdering completely during cooling. 

After sintering it the second time, crystal defects were modified partially and stable C3S were 

formed but with a low purity. After the third sintering, C3S with a high purity was formed, and the 

XRD was shown in Figure 2. 
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Figure 2 XRD of C3S sintering three times 

From Figure 2, after three-times’ sintering, C3S was nearly pure and the chemical formula was 

Ca3SiO5. 

 

2.2. Experimental Methods 

2.2.1 Zeta Potential Measurement 

Zeta potential reflects the charge character and dispersion property of colloidal particles. In this 

paper, Zeta potential measurement was conducted by Zeta-Meter System 3.0+, made in the U.S. 

Zeta-Meter Company. Mixing 2g C3S and 2mg welan gum with 1g distilled water, stirring it for 

5min, weighing 80mg of the mixture at different hydration time, 5min, 1h, 3h, 7h, 10h, 24h, 3d 

and 7d respectively, and then dissolving it in 100mL distilled water and stirring the solution in 

magnetic stirrer for 5min. Supernatant was taken for Zeta potential measurement. 

2.2.2. Adsorption Measurement 

For the quantification of the welan gum adsorption on C3S surface, spectrophotometry has been 

used. The test machine is LAB UV-2800 Ultraviolet-visible Light Detector. Because that welan 

gum is polysaccharide, it needs to be decomposed to monosaccharide by phenol-concentrated 

sulfuric acid method, that is, mixing 1mL welan gum solution with 5mL concentrated sulfuric 



acid and 1mL phenol (mass fraction is 10%), putting it in 80  water for 30min, ℃ and then cooling 

it in the indoor temperature to test the solution absorbance at the maximum absorbed peak. The 

absorbance curve of welan gum was shown in Figure 3 and the maximum adsorption peak was 

484nm. Then the standard absorbance curve of different welan gum concentrations in 484nm was 

worked out. 

Preparing 2g C3S, dissolving it in 100mL welan gum solution (the solid content being 1‰ of C3S), 

stirring for 5min by magnetic stirrer, and then distributing the solution into 5 equal parts and 

keeping them still. After 5min, 30min, 1h, 2h and 3h hydration, the sample supernatants were get 

through 0.22μm filter membrane on suction filtration (vacuum degree being -0.03MPa), to test the 

absorbance and calculate the concentration of welan gum by Lambert-Beer Law. The deviation 

between test results and initial value is the absorption results. 
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Figure 3 Absorbance curve of welan gum 

2.2.3 Ion Concentration Measurement 

Ion concentration changes in solution can reflect the formation of hydration product. Because that 

the ion changes in supernatant was similar to that in cement pore solution and much more easily 

to be measured, the supernatant was taken instead of cement pore solution. In order to get enough 

supernatant, the water to cement ratio was designed as high as 5. Preparing 10g C3S, dissolving it 

in 50mL welan gum solution (the solid content was 1‰ of C3S), stirring for 5min by magnetic 

stirrer, and distributing the solution into 8 equal parts and keeping still. After 5min, 1h, 3h 7h, 10h, 

24h, 3d and 7d hydration, the sample supernatants were get through 0.22μm filter membrane on 

suction filtration (vacuum degree is -0.03MPa), and then proper amount was taken for ion 

concentration measurement. 

1) Ca2+ Concentration Measurement 

Considering the cost and the accuracy, the absorption spectrophotometry was used. Because that 

the Ca2+ solution was transparent, so it is necessary to choose proper color agent. In this paper, 

acid chrome blue K-naphthol green B(K-B) was used as color agent for Ca2+(Wang Haiying, 

2014). The absorbance was measured at the wave length where the color agent and Ca2+ equal 



molar absorption point. 

Chemical reagents include NH3-NH4Cl buffer solution for pH=10.0 and K-B reagent. In K-B 

reagent, acid chrome blue K concentration was 2×10-4mol/L and the mass ratio of acid chrome 

blue K to naphthol green B was 0.5. Mixing the sample solution up with NH3-NH4Cl buffer 

solution and K-B reagent by volume ratio for 1:3:8 and keeping it static for 5min before 

measurement. 

In Figure 4, when λ is less than 425nm, absorbance reduced gradually with a wave length 

increase. When λ is bewteen 425 and 542nm, absorbance curve has a first drop and a rise trend 

then.When λ is between 542nm and 800nm, abosorbance reduced gradually with a wave length 

increase. In this research, Ca2+ absorbance was measured at 425nm wave length. 

300 400 500 600 700 800
0.2

0.3

0.4

0.5

0.6

0.7

A
b

so
rb

a
n

ce

Wavelength (nm)  
Figure 4 Ca2+ absorbance measurement curve (K-B act as color reagent) 

2) Si concentration measurement 

Same to Ca2+ measurement, considering the cost and the accracy, concentration of Si was 

measured by absorption spectrophotometry. Due to the low Si concentration in C3S hydration 

process, it is better to choose silicomolybclenumblue colorimetric method. Measuring method is 

in accordance with the GB/T 8538-2008 Methods for Examination of Drinking Natural Mineral 

Water. Chemical reagents include hydrochloric acid solution(1:1), 100g/L ammonium molybdate 

solution and 2.5g/L 1,2,4 amino-naphthol-sulfonic acid solution. Taking 2mL supernatant and 

diluting it with deionized water to 15mL. Mixing it with 1mL Hydrochloric acid solution and 

2mL ammonium molybdate solution and keeping it static for 15min (when the temperature is less 

than 20℃, keep it for 30min; when the temperature between 30℃ and 35℃, for 10min; and when 

the temperature more than 35℃, for 5min), then adding 2mL 1,2,4-amino-naphthol-sulfonic acid 

solution and keeping it static for 5min. The absorbance was measured at 426nm wave length. 

2.2.4 XRD Phase Analysis 

To analyze the hydration products of C3S and C3S with welan gum, D/Max-RB X-ray diffraction 

produced by Japan Rigaku Company was used and the scan length is from 5° to 75°. 

2.2.5. ESEM Morphology Analysis 

To know more about the hydration product morphology, an ESEM test was conducted. Being 

compared with simple SEM, ESEM has higher resolution and temperature control capacity, which 



prevents hydration product from chemical interaction. During the testing process, the testing 

temperature is 25℃ (due to the heat of electron beam, the actual temperature is limited to 0-40℃) 

and when observing the morphology of welan gum solution, the testing condition must be 

controlled seriously at T=3℃，p=1.0mbar, U=10KV(Plank J., 2011) because that welan gum 

could be decomposed under a high electron beam. 

 

3. Results and Discussions 

3.1. Welan gum effect on C3S Zeta potential 

Due to C3S fast hydration, the Zeta potential and the conductivity of C3S and C3S with welan gum 

were measured after hydrated at 5min, 1h, 3h, 7h, 10h, 24h, 72h and 168h respectively. 

 

Figure 5 Zeta potential of C3S and C3S-welan gum with hydration time 

From Figure 5, during C3S hydration, the Zeta potential was nearly 5mV and the state of 

hydration product was identified as gel by experience law. At first, the solution conductivity was 

high because that C3S interacted with water quickly and produced Ca(OH)2. Then with the 

hydration continued and ions interfered with each other to produce hydration products, there is a 

reduction trend of solution conductivity. Compared with C3S hydrated in Ca(OH)2 solution, the 

hydration rate of C3S in water is slower, probably because that there is lower Ca2+ concentration 

and supersaturation, and the hydration latency is extended. 

Compared with C3S hydration, the initial Zeta potential decreased sharply with the adding of 

welan gum, which meant that welan gum could change C3S Zeta potential. However, the zeta 

potential of C3S with welan gum was just a little lower than that of C3S during the later hydration, 

which was because that during C3S hydration, a layer with rich Si was formed at the surface and 

leading to a negative charge, attracted Ca2+ to form a layer outside, and welan gum was adsorbed 

on the Ca2+ layer because of its negative charge, and moved the sliding surface to decrease the 

measured absolute value (Pourchez J., 2010). From theconductivity curve, there was a peak 

valley at 3h for C3S hydration while 7h for C3S with welan gum, so it could be inferred a delay of 

early hydration by welan gum, and that the conductivity of C3S with welan gum was lower than 

that of C3S during the early hydration but higher than that during the late hydration.  

3.2 Welan gum Adsorption on C3S surface 

To know the exact adsorption condition of welan gum on C3S, the adsorption of welan gum in 3h 



was tested and the result was shown in Figure 6. 
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Figure 6 Welan gum adsorption with hydration time 

From Figure 6, welan gum adsorption increased gradually with the hydration time extend in 2h 

but decreased slowly between the hydration time 2h and 3h, which was due to the formation of 

early C-S-H gel. Part of welan gum could be adsorbed on the Ca2+ layer outside of the C-S-H gel, 

which could across the 0.22μm filter membrane, increase the amount of welan gum in pore 

solution and lead to a decrease of the calculated adsorption. 

From Figure 6, the adsorption of welan gum on C3S was relatively high, so the Zeta potential of 

C3S with welan gum was not resulted by a little adsorption but the move of sliding surface 

conformed to the theory of Zeta potential. 

3.3. Welan gum effect on ion concentration during the hydration  

As we know, during C3S hydration, the formation of Ca(OH)2 and C-S-H precipitation are always 

emerging, which leads to ion concentration change in cement pore solution. Among those ions, 

Ca2+ concentration has a closer relation with the formation and variety of C-S-H. Besides, ion 

concentration does an important influence on C3S and C-S-H potential properties. Therefore, it is 

necessary to measure ion concentration change to investigate welan gum effect on C3S hydration. 

0.1 1 10 100
0

50

100

150

200

250

300

Time(h)

Io
n

 c
o
n

ce
n

tr
at

io
n

(
1

0
-6

 m
ol

/L
)

 

 

Ca
2+

Si

C
3
S

 
0.1 1 10 100

0

50

100

150

200

250

300

Si

Time(h)

Io
n

 c
on

ce
n

tr
at

io
n

(
10

-6
 m

ol
/L

) C
3
S+W

 

Ca
2+

 

Figure 7 Ion concentration changes in C3S (Left) and C3S-welan gum hydration system (Right)  

From Figure 7, during C3S hydration, Ca2+ concentration decreased gradually in the early stage 

while Si concentration increased in 1h. The process of Ca2+ and SiO3
2- interacted to produce 



C-S-H, which was inferred from the above results, that’s why Ca2+ concentration decreased. 

Similar to C3S hydration, Ca2+ concentration decreased in the early hydration in C3S-welan gum 

system, and achieved a peak valley at 7h which was later than that of C3S hydration, which 

conformed to the conductivity trend. So welan gum decreased the early Ca2+ concentration and 

delayed the early hydration. However, the Ca2+ concentration of Ca2+ was higher than that of C3S 

hydration during the later hydration, which was because that the adsorption of welan gum 

hindered the formation and precipitation of Ca(OH)2, making it be suspended in pore solution and 

then increase the Ca2+ concentration and conductivity. In a word, welan gum affected C3S early 

hydration and hindered Ca(OH)2 precipitation on C3S surface and then influenced the hydration. 

3.4 Hydration Products Phase Analysis in C3S-Welan Gum System 

Based on the above analysis, welan gum influenced Ca2+ concentration during C3S hydration and 

then influenced the amount and distribution of C-S-H and Ca(OH)2. To know clearly the form of 

hydration products, samples in different hydration time were tested by XRD, which were shown 

in Figure 8. 
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Figure 8 Hydration products of C3S (Left) and C3S-welan gum system (Right) by XRD 

From Figure 8, C-S-H wasn’t tested because of its gel state in 7d. During C3S hydration, Ca(OH)2 

was formed at 7h and was crystallized well in 10h. While to C3S-welan gum system, Ca(OH)2 

was also formed in 7h, which proved that welan gum had little influence on Ca(OH)2 nucleation, 

while Ca(OH)2 was not crystallized well in 10h so that no peak of Ca(OH)2 was detected.This 

was also owing to the adsorption of welan gum, whose net structure hindered the nucleation 

gathering of Ca(OH)2, and then distributed in pore solution, so hindered the crystallization. On 

the other hand, welan gum dispersed the product well and promoted C3S hydration in the later 

stage, so the amount of Ca(OH)2 was higher than that of pure C3S hydration at 7d, which was 

proved by XRD. 

Based on the XRD results, the morphology and distribution of hydration products of C3S or 



C3S-welan gum after having hydrated for 24h were observed by ESEM. The results were shown 

in Figure 9. 

 

  

(a) C3S hydration for 24h (×2000)            (b) C3S-welan gum hydration for 24h (×2000) 

  

(c) C3S hydration for 24h (×4000)           (d) C3S-welan gum hydration for 24h (×4000) 

Figure 9 ESEM of C3S or C3S-welan gum hydration products for 24h 

C-S-H formed during C3S hydration are in two forms (Hamlin M., 2000, Lv Peng, 2004). One is 

low-density type with plate or laminar and always formed on silicate mineral surface with low 

formation energy, and the other is high-density type with needle bar developed from 

crystallization point to all directions. From Figure 9, low-density C-S-H was formed on C3S 

surface and little ball-like high-density C-S-H was observed in such hole constructions of C3S and 

C3S-welan gum systems, because that Ca2+ concentration is high while SiO3
2- concentration is 

low in hole solution, which was opposite to that on C3S surface and the morphology of C-S-H 

wasn’t influenced by welan gum. 

Besides, Ca(OH)2 was observed in C3S or C3S-welan gum after hydration for 24h and no oriented 

distribution was observed in C3S-welan gum system so that welan gum played little influenced on 

Ca(OH)2 morphology. Except for that, from Figure 9(b), Ca(OH)2 is formed and distributed 

among hole solutions in C3S-welan gum system, and is formed on C3S surface in C3S-H2O 

Ca(OH)



system. 

 

4. Conlusion 

- Welan gum affected C3S early hydration and hindered Ca(OH)2 precipitation on C3S surface and 

then influenced the C3S hydration.  

- Welan gum takes negative charge of high density, which is absorbed on Ca2+ layer and leads to 

the decrease of C3S Zeta potential.  

- Welan gum lowered the ion concentration in the early hydration, but suspended Ca(OH)2 in pore 

solution and raised the ion concentration in the later hydration. 

- Welan gum had little influence on the nucleation of Ca(OH)2, but owing to its network, hindered 

the moving of the nucleation and delayed the crystallization and growth. However, welan gum 

didn’t result in oriented distribution of hydration product. 
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Abstract 
Naphthalene sulfonate formaldehyde (NSF) condensate plasticizer performs negative effect on the dispersing 
property in cement paste containing PCE superplasticizers. A series of blended solutions with different mass 
ratios of PCE to NSF from 1 % to 99 % wt were studied. The actual viscosity of blended solutions was much 
higher than the theoretical data especially for the NSF solutions added low mass ratio of PCE polymers. The 
addition of NSF polymers increases the surface tension of PCE superplasticizers while PCE polymers decrease 
the surface tension of NSF solution. NSF polymers didn’t show obvious impact on the initial fluidity of cement 
paste containing PCE superplasticizer but the flow spread of cement paste declined sharply when the mass ratio 
of NSF up to 7% wt. The fluidity of cement paste containing NSF plasticizer with low mass ratio of PCE 
superplasticizer showed significant decrease at the mass ratio of 5 % wt.  
 
Originality 
NSF condensate is a traditional plasticizer while PCE copolymer is a new generation superplasticizer with 
higher water-reducing rate up to 30%. These two plasticizers cannot be blended and applied together for the 
fluidity of concrete will decrease sharply. This paper tried to explain the interaction between these two polymers 
from the point of molecular conformation theoretically and experimentally. It can be supposed that soft PCE 
segments would twine around rigid NSF segments and the conformation of PCE molecules will be changed by 
blended with NSF. These strands of molecules twine around each other and lost their dispersing function. 
Therefore, both of the viscosity and surface tension of PCE solution will be changed with the addition of NSF.  
 
Keywords: carboxylate superplasticizer, naphthalene sulfonate formaldehyde condensate plasticizer, blend 
solution, kinematic viscosity, dispersing effectiveness  
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1. Introduction 
Polycarboxylate superplasticziers (PCE) have developed rapidly for its prior properties while 
naphthalene sulfonate formaldehyde condensate plasticizers (NSF) are widely applied as the first 
generation plasticizer (Hanehara S., Yamada K., 1999). The cost of PCE is much higher than that of 
NSF so the maximum social and economic benefits can be achieved if these two plasticizers can 
applied as a mixture. But there were some unexpected poor dispersing effectiveness occurred when 
they were blended (Pickelmann, J., Plank J., 2012).PCE polymers are synthesized from unsaturated 
carboxylic acid and macromonomer with polyethylene glycol via free radical copolymerization. NSF 
polymers are synthesized from naphthalene and formaldehyde via polycondensatioin. The schematic 
structure of PCE (a) and NSF (b) are shown in figure 1  (Teraoka I., 2002).   

          
 (a) Branched chain  of PCE polymers                               (b) Linear chain of NSF polymers 

Figure 1 The schematic structure of plasticizers  
It can be seen from figure 1 that the backbone of PCE is connected by C-C bond with the bond angle 
of 109.5 °. The bond angle of C-O bond contained in side chain is approximately 104° for the 
hybridization in oxygen is also sp3. The single bonds contained in PCE enable essentially free rotation 
about their axes. There are 5 pi bonds contained in each naphthalene molecule which cause NSF 
molecules more of rigid segments for the rotation involves destroying the parallel orientation of the 
constituent p orbitals. Therefore, the rotation degrees of freedom of segments contained in PCE 
polymers are much higher than that of NSF (Huynh L., Feiler A., Jenkins P., 2001). The chemical 
bond and their rotation scales contained in PCE and NSF polymers were shown in figure 2.         

                             
(a) Rotation scale of C-C bond            (b)  Chemical bond contained in naphthalene 

Figure 2 The chemical bond and rotation scale contained in PCE and NSF polymers 
The soft segments of PCE might twine around the rigid NSF segments if these two polymers were 
blended. It can be assumed that the viscosity of the polymer solutions will be changed as well as the 
surface tension with another polymer added (Rao M. V. S., 1993.). Therefore, the twined PCE and 
NSF polymers would lose their effect serving as surfactant in cement paste.  
2. Experimental 
2.1 Raw Materials  
A standard cement from CUCC was used with the bath No. QJ023. Its phase composition was shown 
in table 1. The powder polycarboxylate superplasticizer is ester type PCE supplied by Laoshushan 
Building Materials Co.,LTD. of Zhejiang province P. R. China and naphthalene sulfonate 
formaldehyde was supplied by Yongyang Building Materials Co., LTD. of Tianjing Province P. R. 
China. Their molecular weights were 3,700 g/mol and 42,000 g/mol respectively and the chemical 
structures were presented in figure 3.  



 

Tab. 1 Chemical compositions of tailings /% 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq f-CaO Loss Cl- 
Content 25.10 6.38 4.19 54.87 2.61 2.66 0.56 0.79 2.18 0.009 
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(a) PCE superplasticizer                    (b) NSF palsticizer 

Figure 3 The chemical structure of PCE and NSF polymers  

2.2. Experimental Process 
2.2.1 Measurement of Viscosity 
An Ubbelohde viscometer (shown in Fig. was used to measure the viscosity of PCE and NSF solutions. 
The ubbelohde viscometer was fixed vertically in temperature-controlled water bath and the diameter 
of capillary inside is 1.0 mm). Plasticizer solutions were prepared at the concentration of 10% wt and 
were measured at the temperature of 30 ℃ (Sridhara T., Tirtaatmadjaa V., Nguyena D.A., Guptab 
R.K., 1991).  
2.2.2 Surface Tension  
An automatic surface tension meter (BZY-1/22, Hengping Instrument Company, Shanghai, China) 
was used to evaluate the transformation of the blended solution of PCE and NSF samples. The blended 
solutions were measured at 10 % wt which was higher than the critical micelle concentration. The 
measurement was carried out at  the temperature of 25 ℃. Each sample was measured 3 times and 
took the average value.  
2.2.3 Dispersing Effectiveness  
The fluidity of cement paste containing PCE and NFS polymers was tested according to the standard 
of GB/T8077-2000 of P. R. China with a water to cement ratio of 0.29. The dosages of PCE solutions 
with low mass ratio of NSF and NSF solutions with low mass ratio of PCE were 0.15 % and 0.5% 
bwoc respectively. A standard stirring machine produce by China Building Material Academy was 
used to mix the cement slurry and plasticizer solutions. A typically tests for the fluidity of the cement 
paste is as follows: the plasticizer solution and 300 g cement were added to the steel container of the 
stirring machine. The rotate speed of the stirrer was 140 r/min for the first 2 minutes after started. The 
rotate speed went up to 285 r/min after 10 seconds’ break. Then, transfer the cement paste to a cone 
model (height 60 mm, top diameter 30 mm, bottom diameter 60 mm) placed on a glass plate. Finally, 
the cone was lifted vertically and the flow spread data was the average of two perpendicular diameter 
of the cement paste.  
3. Results and Discussion 
3.1 Kinematic Viscosity  
The kinematic viscosity of blend solution of polymers is shown in equation 1.  

=n * n *a a b b  
                 (1) 

na—the mole ratio of polymer a; 
nb—the mole ratio of polymer b; 
na—the viscosity of pure polymer a; 
nb—the viscosity of pure polymer b. 
The ratio of PCE and NSF in the blend solutions is mass ratio in applications so it should be 
transferred to mole ratio for the calculation of kinematic viscosity (Pyun C. W., Fixman. M., 1965). 
The molecular weight of PCE polymer mentioned previously is approximately 10 times as that of NSF 
polymer, thus the mole ratio of the polymers shows significant difference from the mass ratio 



 

(Krigbaum W. R., Mandelkern L., Flory P. J., 1952., Han C. C., 1979). Figure 4 shows the kinematic 
viscosity of PCE solution with a low mass ratio of NSF from 1.0% to 9.0%.  
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Figure 4 the kinematic viscosity of PCE solution with different mass ratio of NSF 

The kinematic viscosity in figure 4 starts from pure PCE solution at the concentration of 10%wt 
(Chauveteau G., Tirrell M., Omari A., 1984.). The actual kinematic viscosity of blend solution of PCE 
and NSF polymers shows slight rise from 1.0% to 5.0% for the mass ratio of NSF while the increasing 
trend become more discernible from 5.0% to 9.0% (Lyons P. F.,  Tobolsky A. V., 1970). The actual 
kinematic viscosity of PCE solution with low mass ratio of NSF didn’t show significant difference 
from the pure PCE solutions. On the contrary, the theoretical viscosity of the blend solution decreased 
sharply with the addition of NSF polymer, which means that the viscosity of blend PCE and NSF 
should decline without the interaction of these two polymers (Jiang W. H., Han S. J., 2000).  
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Figure 5 the kinematic viscosity of NSF solution with different ratio of PCE 

PCE polymers show significant influence to the kinematic viscosity of blend solution at low mass ratio 
shown in figure 5. The theoretical viscosities of NSF polymers with low ratio of PCE display quite 
stable trend as the ratio of PCE increased because of the high molecular weight of PCE polymers. The 
actual viscosity of blend solution of PCE and NSF polymers increased no more than 0.1m2/s when the 
mass ratio of NSF varied from 1.0% to 3.0%. Then, the actual viscosity shows apparent increase from 
3.0% mass ratio of PCE which indicated that this mass ratio is the inflection point for the interaction 
of PCE and NSF polymers.  
According to the actual data in figure 4 and figure 5, PCE polymers perform much stronger effect to 
the blend polymers solution than NSF at the same mass ratio.  
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Figure 6 the kinematic viscosity of PCE-NSF solution 

The loop curve of actual and theoretical kinematic viscosity of blend PCE and NSF solution with 
different mass ratio of PCE from 10% to 90% was measured. The slope of actual curve is much sharp 
in the mass ratio range of 10% to 50% shown in figure 6. The kinematic viscosity still shows steady 
increase with the mass ratio of PCE polymers. The actual viscosity curve at the high mass ratio of NSF 
is much steeper than that of PCE which indicated that NSF polymers exhibit stronger effect to the PCE 
polymers than PCE to NSF. The strongest interaction between PCE and NSF polymers occurs at the 
mass ratio of 50% which is the inflection point in the actual viscosity curve.  
3.2 Surface Tension 
Both of PCE and NSF polymers serve as surfactant in cement paste because of their hydrophilic and 
hydrophobic groups, so they can reduce the surface tension between cement particles and water. PCE 
polymers is a kind of much more effective surfactant than NSF polymers, so the surface tension of 
PCE solutions should be lower than that of NSF at the same mass ratio.  
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Figure 7 The surface tension of PCE-NSF solutions 

The surface tension of blend solutions of PCE and NSF is shown in figure 7. NSF solutions exhibit 
apparent high surface tension exceeding 70 Nm/m which is quite close to the pure water. The addition 
of NSF increased the surface tension of PCE solutions while PCE reduced the surface tension of NSF 
solutions. In addition, the surface tensions of these two polymers increase or decrease significantly 
between the mass ratios of 1.0 % to 3.0% and keep steady changes after 4 %.  
3.3 Dispersing Effectiveness 
Polycarboxylate superplasticizer and naphthalene sulfonate formaldehyde condensate plasticizer 
increase the fluidity of the cement paste as a surfactant(Nemeh S., Sennett P., Slepetys R.A., 1988). 
The flow spread of the cement paste containing the blended solutions of PCE and NSF were carried 



 

out via mini slump test to characterize the interaction of these two polymers (Björnström J., Chandra S. 
2003.). The dosage of the PCE polymers with low mass ratio of NSF was 0.15% while the dosage of 
NSF polymers with low mass ratio of PCE was 0.5% by the weight of cement (Aiada I., Abd El-
Aleemb S., El-Didamonyc H., 2002).  
The mini slump of cement paste adding the blended solutions with low ratio of NSF polymers were 
tested and shown in figure 8. The low spread was tested each hour over a period of 2 hours. It 
indicated that the initial fluidity of the blend solution with low ratio of NSF didn’t show significant 
decrease while the trends for the first and second hour were quite similar. The flow spread of cement 
paste containing PCE with NSF below 5% exhibited slight decline but it decreased by 50 mm when 
the mass ratio of NSF up to 7 %.  
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Figure 8 The dispersing effectiveness of PCE solutions with different ratio of NSF 

Only the initial flow spread of cement pastes containing NSF with low mass ratio of PCE were tested 
for its poor slump retention (Marco P., Florens J., 2007). The flow spread in figure 9 shows gradually 
decrease with the increase of the mass ratio of PCE. It indicates that NSF performances higher impact 
to PCE than PCE to NSF with the same mass ratio.  
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Figure 9 The dispersing effectiveness of NSF solutions with different ratio of PCE 

4. Conclusion 
In this study, the viscosity of blended solutions of PCE and NSF polymers were measured via 
Ubbelohde viscometer. It indicated that the viscosities of blended solutions were all increased whether 
its PCE solutions with low mass ratio of NSF polymers or NSF solutions with low mass ratio of PCE 
polymers. It can be assumed that there was interaction between PCE and NSF polymers because of the 
twine of their soft and rigid segments. The impact of low mass ratio of PCE on NSF solutions was 
much higher than that of low mass ratio of NFS on PCE solutions. The blend of PCE and NSF 



 

polymers went to a moderate surface tension between two pure polymers. According to the flow 
spread tests results, the addition of low mass ratio of NSF to PCE solutions didn’t influence too much 
on the initial fluidity of cement paste but their flow spread decreased significantly after 1 and 2 hours. 
The fluidity of cement paste of NSF with low mass ratio of PCE polymers decreased from the initial 
flow spread.  
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Abstract 
C-S-H seeding is a relativley new approach to accelerate cement hydration. C-S-H nanoparticles are 
added to the cement lime to stimulate the formation of C-S-H nuclei during very early stage of cement 
hydration, which will accelerate the C-S-H formation during the continuing cement hydration. In the 
present work two different approaches to prepare C-S-H seeds are shown: a mechanochemical and a 
sol-gel method. In both cases the way the seeds are prepared, directly influence their ability to 
accelerate cement hydration. A factorial design of experiments setup was used to optimize the 
mechanochemical method in order to achieve the best acceleration. The method itself uses commercial 
available materials and simple grinding technology. For the optimization the accelerating effect of the 
C-S-H seeds was analysed by heat flow calorimetry and four factors could be determined to be 
significant for the characteristics of thus prepared seeds. When the most efficient seeds were added to 
ordinary Portland cement an earlier and faster setting could be determined as well as higher early 
strength, even at low concentrations of 0.25 wt.% of C-S-H seeds. The accelerating effect of C-S-H 
seeds could also be verified in cements, which were blended with fly ash or ground granulated blast 
furnace slag.  
 
Originality 
Traditional commercially available accelerators for cement hydration, like calcium salts, have 
negative side effects like being harmful or having retarding effects at certain concentrations. C-S-H 
seeding is a promising approach to accelerate cement hydration without these disadvantages. Until 
now little is known about the way the C-S-H seeds work and how they affect the properties of the 
hydrated cement paste. To be able to analyse this in detail it is necessary to have a preparation method 
for the C-S-H seeds, which is able to prepare seeds with defined properties, is reproducible and is able 
to yield the amounts of seeds that are necessary to test cement, mortar and concrete. The present work 
describes two simple methods for the synthesis of C-S-H seeds, which comply with these requirements. 
For the first time it is reported, which factors of the preparation method have an impact on the 
efficiency of the prepared seeds and how the method itself can be optimized to achieve the best 
accelerating effect. By this it is possible to control the C-S-H properties in a repeatable way. C-S-H 
seeds prepared this way can be used to study the principle of C-S-H seeding in more detail, which is 
necessary to use this technology to control cement hydration and to tailor the properties of the 
hydrated cement paste.   
 
Keywords: C-S-H seeding; accelerator; cement hydration 
 

                                                 
1 Corresponding author: stephan@tu-berlin.de, Tel +49-30-314-72101, Fax +49-30-314-72110 
 



 

1. Introduction 
Nucleation seeding is an approach to adopt materials and progress of nanotechnology in construction 
materials. It is based on the addition of nanoparticles to cement pastes in order to manipulate the 
formation of the hydrate phases to control the kinetics of cement hydration and the properties of the 
hydrated cement paste. Due to their small particle size nanoparticles have very large surface areas, 
which often are highly charged and reactive. These surfaces of the nanoparticles may act as a site for 
the heterogeneous nucleation of small nuclei of cement hydrates in the very early stage of cement 
hydration. By growth and by stimulation of further nucleation these first nuclei contribute to a faster 
development of hydrate phases in the cement paste. This is especially desirable in the case of C-S-H 
phases, because an earlier and faster formation of C-S-H phases should result in higher early strengths, 
which is requested in many applications of cement. 
Many different types of nanoparticles like nanosilica, nanoalumina and other metal oxides have been 
tested for their efficiency as a nucleation site for cement hydrates with various success (Rashad 
A.M.,2013). Nanosilica shows good results, which correlate with the size of the particles surface area 
(Land G., et al., 2012), but the effect might not be caused by heterogeneous nucleation alone but also 
by the pozzolanic reaction of the material, which also forms C-S-H. The most effective surface for C-
S-H nucleation which was found is C-S-H itself (Thomas J.J., et al., 2009). When relatively small 
amounts of C-S-H nanoparticles, so called C-S-H seeds are added to the cement paste, C3S hydration 
can be obtained much earlier and with higher reaction rate (Thomas J.J., et al., 2009, Nicoleau L., 
2013a). The rate of this acceleration of cement hydration correlates with the concentration of C-S-H 
seeds, even though there is maximum dosage above which no further acceleration can be achieved by 
additional seeds (Nicoleau L., 2013a). The range of suitable concentrations of C-S-H seeds has been 
found to depend on the cement composition, especially the alkali sulphate and the gypsum 
concentration (Nicoleau L., 2013a). In the case of a sol-gel synthesis of the C-S-H seeds their 
microstructure can be controlled by the addition of comb-like polymers, which was found to have an 
effect on the seeds ability to accelerate cement hydration (Nicoleau L. et al., 2013b). The addition of 
C-S-H seeds not only effects the kinetic of the cement hydration, but also the chemical composition of 
the C-S-H phase, which is formed during the cement hydration. As this composition has an influence 
on the durability and the mechanical properties of the hydrated cement it should be possible to tailor 
these characteristics of the hydrated cement by controlled addition of C-S-H seeds (Alizadeh R. et al., 
2009, Alizadeh R. et al. 2011).  
2. Experimental 
2.1. Synthesis of C-S-H seeds 
Two different routes to achieve C-S-H seeds were tested: a mechanochemical process as a top-down 
approach and a sol-gel synthesis as a bottom up approach. 
2.1.1 Mechanochemical Synthesis 
An appropriate amount of precipitated Calciumcarbonate (AppliChem, Germany) was calcined for 4h 
at 950°C in a muffle furnace to achieve the required amount of fresh Calciumoxide. After cooling 
under inert conditions a defined amount of deionized water was added. Under homogenization with a 
ultra turrax type disperser (Miccra D-9, ART Prozess- & Labortechnik, Mülheim, Germany) 
nanosilica sol (Köstrosol 0830, 1540 or 3550, CWK, Bad Köstritz, Germany) was added. A 500 mL 
PE jar was filled to 1/3 of its volume with the dispersion. Another third was filled with grinding balls 
(ø= 11-13 mm) and the last third was flushed with Argon (99.999 vol.-% Ar, Linde, Germany) to 
prevent carbonation. The sealed jar was put onto a jar mill for a defined duration. By 
thermogravimetric analysis (Tarsus F3, Netzsch, Selb, Germany) the Ca(OH)2 content of freeze dried 
samples was determined to follow the reaction process and to ensure complete reaction. A white 
dispersion of C-S-H seeds was achieved after 1-7 days. 
2.1.2 Sol-Gel synthesis 
1.5g of calcium grains were transformed to Calciumethoxide in 500 mL Ethanol (99.8%v/v, Carl Roth, 
Karlsruhe, Germany) under reflux and Ar atmosphere. Defined amounts of Tetraethylorthosilicate 
(TEOS, Wacker Chemie, Burghausen, Germany) and deionized water were added. The solution was 
then stirred at a defined temperature. After gel formation the C-S-H gel was separated from the 



 

solution by centrifugation (3-16L, Sigma, Osterode, Germany) for 10 min at 3300x g. Afterwards the 
gel was redispersed in deionized water and centrifuged 4 more times to rinse the gel, especially from 
the TEOS, which is a strong retarder for cement hydration. The final gel is grey and translucent.  
2.2 Experiments on cement hydration 
To evaluate the accelerating effect of the C-S-H seeds, heat flow calorimetry, Vicat-needle testing, 
ultrasonic testing and compressive strength tests were performed. The C-S-H seeds for the test were 
freshly prepared and thoroughly dispersed by ultrasound (UP400S, Hielscher, Germany). Tests were 
performed with a CEM I 42.5 R type Portland cement (OPC, Schwenk Zement, Bernburg, Germany) 
or blends of this cement with either fly ash (Microsit M10, Baumineral, Herten, Germany) or ground 
granulated blast furnace slag (GGBFS; HSM Salzgitter, Holcim, Höver, Germany). The chemical 
composition of the binder materials are shown in table 1. 

Tab 1: Chemical composition (manufacturers data) of the OPC, GGBFS and Fly Ash  

 OPC GGBFS  Fly Ash 

SiO2 [wt.%] 18.5 32.3 52 

Al2O3 [wt.%] 4.7 7.8 26 

Fe2O3 [wt.%] 3.1 0.4 6 

MgO [wt.%] 3.1 8.8 n.s. 

CaO [wt.%] 61.3 39.6 5 

Na2O [wt.%] 0.2 0.4 n.s. 

K2O [wt.%] 0.9 0.7 n.s. 

TiO2 [wt.%] n.s. 0.6 n.s. 

P2O5 [wt.%] 0.3 <0.1 n.s. 

SO3 [wt.%] 3.3 1.7 n.s. 

L.O.I. [wt.%] 2.5 1.8 3.5 

 
For heat flow calorimetry 10g of cement or the blended cement were mixed in a sealed PE bottle with 
deionized water for one minute in a sealed PE bottle with a vortex mixer before the samples were 
placed into the calorimeter (MC-CAL, C3 Prozess-und Analysentechnik, Haar, Germany). The water 
was premixed with the desired amount (by weight of cement; BWOC) of the C-S-H seeds. The water 
content of the C-S-H dispersions was considered for the adjusting of the w/c ratio. The release of 
hydration heat was followed for 3 d at 20°C.  
For compressive strength tests, ultrasonic testing and Vicat-needle tests a single batch of 1.5 kg of 
cement or blended cement was mixed with the corresponding amount of the premixed water/C-S-H 
dispersion using a mortar mixer. From this mixture 2·2·2 cm cubes were prepared for compressive 
strength tests. The cubes were demolded 11.5 h after initial mixing and were stored at 20°C above 
water in a sealed container until testing. Tests were performed according to DIN EN 196-1. At each 
date 5 cubes were tested to ensure the results.  
For ultrasonic tests (IP-8, UltraTest, Achim, Germany) a double determination was performed for 3d 
at 20°C with a time interval of 30 sec. A ToniSet (Toni Technik, Berlin, Germany) was used to follow 
the setting behaviour of the samples at 20°C according to DIN EN 196-3. 
 
3. Results and Discussion 
After a series of preliminary tests four parameters of the synthesis, which have a direct impact on the 
ability of the C-S-H seeds to accelerate cement hydration, could be detected. To quantify this impact 
and to evaluate the relationship of the parameters a design of experiments (DoE) setup was performed. 
The parameters of the synthesis are: the particle size of the nanosilica, the CaO/SiO2-ratio (C/S) of the 
C-S-H seeds (assuming complete reaction), the grinding duration and the water/solid-ratio (w/s). A 
Box-Behnken experimental plan with 27 experiments was applied (using DoEasy software, q-tec 
group, Lübeck, Germany) with the assumptions that all parameters follow a polynomial degree 2 or 
less and that no 3 factor interactions exist. The range of the synthesis parameters are given in table 2.  

 
Tab 2: Range of parameters for the DoE 



 

Limits C/S-ratio w/s-ratio Grinding duration [d] Particle diameter [nm] 

Lower limit 0.4 4 1 8 

Upper limit 2 20 7 35 

To optimize the mechanochemical synthesis a response surface analysis (RSA) was performed. For 
each of the 27 types of C-S-H seeds, which were achieved by the experimental plan, a heat flow 
calorimetry was done using 0.5 % BWOC of C-S-H seeds. The position of the heat flow maximum 
(tmax) during the accelerating period of cement hydration was used as the criteria to evaluate the 
accelerating effect for each of the 27 C-SH seeds, implying that an early heat flow maximum is an 
evidence for an effective acceleration. Using this response value for the RSA a polyoptimization was 
done to show the parameters of synthesis, which result in the most effective C-S-H seeds. The results 
of the RSA within the limits, which were used in the experimental plan, are shown in figure 1. 

 
Figure 1 Position of the heat flow maximum (tmax) of the accelerating periode of cement hydration in 

dependence of the particle size and C/S-ratio (left) or the grinding duration and the w/s-ratio (right) 



 

The calculated results of the RSA show that the heat flow maximum should occur 8.8 h after initial 
mixing when the ideal conditions for the synthesis are used (particle size=35nm, C/S-ratio=2, w/s-
ratio=12.46, grinding duration 3.9 days).  
To verify the validity of the DoE a confirmatory run was performed. For this C-S-H seeds were 
synthesized under the calculated optimal conditions. The results of a heat flow calorimetry of the OPC 
with these seeds are shown in figure 2. The heat flow maximum of the sample containing 0.5 wt.% C-
S-H BWOC, which was the dependent variable for the DoE, occurs at 8.9h after initial mixing. Within 
the accuracy of the measurement method this this is in very good accordance to the calculated value 
of 8.8h. By repetitive syntheses and calorimetry experiments an overall R2 of 0.91 was determined for 
the statistical model of the DoE which describes the correlation between the ability of the seeds to 
accelerate OPC hydration and the parameters of their synthesis. This confirms that DoE setups are a 
feasible way to optimize the synthesis of C-S-H seeds by the mechanochemical method.  

 
Figure 2 Heat flow calorimetry of a CEM I increasing concentrations of optimized C-S-H seeds 

 

The results of the heat flow calorimetry show that the optimized seeds of the mechanochemical 
synthesis are an effective accelerator for the cement hydration. During the so called dormant period 
which usually shows little hydration activity, a significant heat flow can be detected when the C-S-H 
is added. Also in the following acceleration period, where most of the heat is caused by C3S hydration, 
heat flow increases at a faster rate and reaches the maximum several hour earlier (5.8 hours earlier for 
0.5 wt.% of C-S-H) when C-S-H seeds are added. An increase of concentration of the C-S-H seeds in 
the cement paste above 0.5 wt.% only shows little effect on the cement hydration, which indicates, 
that this is already the upper limit of the reasonable range of C-S-H seed concentrations, which was  
also found by other authors (Nicoleau L., 2013a). 



 

By the earlier hydration of C3S and the higher reaction rate a faster formation of C-S-H phase should 
be induced in the cement paste, which will cause a higher early compressive strength. The results of 
compressive strength test of these C-S-H seeds are shown in figure 3.  

 
Figure 3 Compressive strength development of a CEM I with and without optimized C-S-H seeds during the 

first 24 hours (left) and 28 days (right) 
 

After 12 hours the compressive strength of samples containing 0.5 % BWOC of C-S-H seeds is 
almost tripled compared to pure OPC and keeps an advance in compressive strength within the first 
three days of hydration.  



 

A faster formation of strength related structures could also be verified by ultrasonic testing, which is 
shown in figure 4. The ultrasonic velocity increases much earlier and at faster rate when C-S-H seeds 
are added. This increase in ultrasonic velocity can be allocated to the formation of strength related 
microstructures in the cement paste. This is also confirmed by Vicat-needle testing, which is also 
shown in figure 4. Initial setting occurs approx. 3 hours earlier and total setting time is shortened by 
the addition of the C-S-H seeds.  

 
Figure 4 Strength development of OPC with and without C-S-H seeds added to the paste. Initial and final setting 

time displayed as arrows   
 



 

Cements, which contain fly ash or GGBFS, are known to have slower reaction rate and a lower heat 
output compared to OPC. For some applications like massive concrete structures this is a desirable 
feature, while it is a disadvantage in applications where construction schedules are a major factor. In 
the latter case an acceleration of the hydration is necessary, which is possible by the addition of C-S-
H seeds, like it is shown in figures 5 and 6. 

 

 
Figure 5 Heat flow calorimetry of fly ash blended OPC, which are accelerated by C-S-H seeds 



 

 
Figure 6 Heat flow calorimetry of GGBFS blended Portland cements, which are accelerated by C-S-H seeds   

 

The hydrations of cements where cement fractions are replaced by either fly ash or GGBFS shows a 
similar acceleration by C-S-H seeds as pure OPC. A higher heat flow can be detected during the 
dormant period and an earlier and faster C3S hydration is achieved. In the case of a replacement by 
GGBFS also the shoulder during the deceleration period, the so called sulphate depletion peak, shows 
a sharpening and shift to later times when C-S-H seeds are added to the paste. All the effects get more 
pronounced with increasing C-S-H seeds concentration (not shown in the data), but as in the case of 
pure Portland cement dosages above 1 wt.% show little additional acceleration.  
The results of the response surface analysis of the mechanochemical synthesis showed that the C/S 
value of the C-S-H seeds is major factor for their ability to accelerate cement hydration and that 
Calcium rich seeds are preferable. This could be verified with C-S-H seeds, which were synthesised 
by the sol-gel method. Seeds in the same range of C/S values as in the mechanochemical method were 
synthesized as described above. The results of heat flow calorimetry are shown in figure 7.  
 



 

 
Figure 7 Heat flow calorimetry of OPC with C-S-H seeds added: C/S=0.4 (left) and C/S=2.0 (right) 

 

The general effects that occur when the sol-gel seeds are added to the OPC are similar to those of the 
mechanochemical C-S-H. The observed characteristic, that Ca-rich seeds are more effective 
accelerators for cement hydration then low-Ca one can clearly be confirmed by the results. The 
dormant period almost disappears when calcium rich seeds are added to the paste and C3S hydration 
seems to start immediately after the initial dissolution period even at very low concentrations of seeds.  
 
4. Conclusions 
Two methods for the synthesis of C-S-H seeds are shown, a mechanochemical methods and a sol-gel 
method. Both can be used to synthesize C-S-H seeds, which effectively accelerate cement hydration at 
low dosages. The dormant period can be shortened and the C3S reaction rate can be increased, 
resulting in earlier and faster stetting and higher early strength. The effects correlate with the 
concentration of C-S-H seeds in the cement paste at low concentrations while the effect of additional 
seeds diminishes above 1 wt.%. The C/S-ratio could be determined to be an important factor for the 
ability of the seeds to accelerate cement hydration, with calcium-rich seeds as the best accelerators.  
With the mechanochemical synthesis a production method that only uses simple technology and good 
accessible raw materials is available. The particle size, the water/solid-ratio, the grinding duration and 



 

the CaO/SiO2-ratio could be determined to be important factors, which influence the efficiency of the 
C-S-H seeds but need to be optimized for the mill, which was used for grinding.  
 
References 
- Alizadeh R., Beaudoin J., Raki L., et al., 2011. C-S-H seeding: An approach for the nanostructural tailoring of 
cement-based materials. In: Ángel Palomo, Aniceto Zaragoza and Juan Carlos López Agüí, ed. 13th 
International Congress on the Chemistry of Cement - Abstracts and Proceedings, Madrid 3-8 July 2011.  
- Alizadeh R., Raki L., Makar J.M., et al., 2009. Hydration of tricalcium silicate in the presence of synthetic 
calcium–silicate–hydrate. Journal of Materials Chemistry, 19, 7937–7946. 
- Land G., Stephan D., 2012. The influence of nano-silica on the hydration of ordinary Portland cement. Journal 
of Materials Science, 47, 1011-1017. 
- Nicoleau L., Gädt T., Chitu L., et al., 2013b. Oriented aggregation of calcium silicate hydrate platelets by the 
use of comb-like copolymers. Soft Matter, 9, 4864–4874. 
- Nicoleau L., 2013a. The acceleration of cement hydration by seeding: influence of the cement mineralogy. 
ZKG International, (1), 40-49. 
- Rashad A.M., 2013. A synopsis about the effect of nano-Al2O3, nano-Fe2O3, nano-Fe3O4 and nano-clay on 
some properties of cementitious materials – A short guide for Civil Engineer. Materials and Design, 52, 143-
157. 
- Thomas J.J., Jennings H., Chen J.J., 2009. Influence of nucleation seeding on the hydration mechanisms of 
tricalcium silicate and cement. Journal of Physical Chemistry C, 113, 4327–4334. 



 

Time-of-Set Control through Delayed Addition of Ultra-High Surface Area 
Supplementary Cementitious Material 

 

Kyle A. Riding, Ph.D., P.E.1*, Feraidon Ataie, Ph.D.2, Sarah Taylor-Lange, Ph.D.3, Maria C.G. Juenger, 
Ph.D.4 

1. Department of Civil Engineering, Kansas State University, Manhattan, KS 66506, USA 
2. Concrete Industry Management, Chico State University, Chico, CA 95929, USA  

3. Building Technology and Urban Systems, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 
4. Department of Civil, Architectural and Environmental Engineering, University of Texas at Austin, Austin, TX 78712, 

USA 
 
 
Abstract 
Retarders are typically used in concrete mixtures to control the time of set, allowing for extended placement times and 
transport. High dosages of retarder can cause cement systems to take days or longer to set. It was shown to be possible 
to cause setting in these mixtures soon after the delayed addition of a nucleating agent. A new type of ultra-high surface 
area (UHSA) supplementary cementitious material (SCM) was made from biomass pretreated to remove alkali 
impurities before ashing and used in this study as the nucleating agent. The UHSA SCM was shown to be successful in 
restarting the hydration of systems with very long set times due to additions of either sucrose or zinc oxide. This method 
could prove to be useful in extending the working time while reducing the dosage of accelerator needed before 
application of shotcrete.  
 
 
Originality 
This paper documents the unique properties of a new ultra-high surface area supplementary cementitious material in 
controlling the setting time of cement systems. This new material could lower cost of shotcrete and other concrete that 
requires a long but controlled working time and accelerated hydration when the working time ends. 
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1. Introduction 
Extended concrete pot life is needed in some cases to allow for long transport, large continuous 
concrete placements, or overnight storage to allow returned concrete to be stabilized and used later. 
Hydration stabilizing admixtures have allowed concrete made at a central batch plant to be used for 
placements that typically would be performed with a mobile concrete mixing truck. Wet-mix shotcrete 
is another application that can require a long working time before concrete placement. In this method 
of shotcrete, concrete is batched beforehand and added to the shotcrete hopper. The concrete then 
stays in the hopper until it is used, at which point it is pumped into the nozzle and mixed with 
compressed air. A retarder is added to the concrete during batching so that the concrete stays fluid 
while the shotcrete is being applied. Accelerator is only added to the shotcrete at the nozzle to allow it 
to rapidly set once it leaves the nozzle.  
Retarders typically use inorganic or organic compounds. Typical inorganic retarders used are 
phosphonic acid, zinc oxide (ZnO) (Berke and Caldarone 2013), or boron-based (Boncukcuoğlu, et al. 
2002). Hydroxycarboxylic acid salts such as citric acid, lignosulfonates, and carbohydrates are also 
used as powerful hydration retarders. Carbohydrates such as sucrose are believed to delay hydration 
by poisoning the nucleation and/ or growth of hydration products (Juenger and Jennings 2002; Cheung, 
et al. 2011).  
When the concrete is ready for placement after being delayed by a retarder, an accelerating admixture 
can be added to restart hydration. Accelerating admixtures commonly used in conventional concrete 
include calcium chloride, calcium nitrate, and triethanolamine. Calcium chloride is generally 
considered the best accelerating admixture, but is not suitable for use in reinforced concrete because of 
corrosion concerns, limiting its use. Shotcrete applications typically use either an alkali-based or 
alkali-free accelerator. Alkali-free accelerators include aluminum sulfate and calciumsulfoaluminate 
compounds. Alkali-based accelerators include sodium or potassium aluminate, carbonate, or 
hydroxide. These may increase porosity in the concrete, leaching of alkalis out of the concrete and into 
the environment causing water pollution, and the probability alkali-silica reaction in concrete 
(Mailvaganam and Rixom 1999). Accelerating admixtures can add significantly to material costs in 
the high dosages required for shotcrete applications. An alternative methods for restarting the 
hydration process after delay is the addition of a seeding agent to the mixture that promotes nucleation 
and restarting of the hydration. Seeding admixtures such as X-Seed 100 have been shown to accelerate 
hydration in C3S systems (Nicoleau 2011; Thomas, Jennings and Chen 2009). Alternative seeding 
materials could prove beneficial in accelerating the cement system and restarting hydration after delay 
from the use of a retarder. 
Pretreated agricultural residue ash (ARA) is a material that has the potential to be used as a nucleating 
agent to restart cement hydration. A high percentage of the inorganic material in agricultural residue 
such as rice straw, rice husks, or sugar cane bagasse is silica. Ashing in an oxygen-rich environment 
removes most of the organic material when heated up to 500°C, leaving behind the inorganic material 
that can be used as a supplementary cementitious material (SCM) (Ataie 2013). Alkalis (Na, K, Mg) 
found in the agricultural residue can melt on the surface of the material during ashing, trapping carbon 
and increasing the material loss on ignition (LOI) (Ataie and Riding 2013). Soaking the agricultural 
residue in a dilute acid prior to ashing can leach alkalis and improve the ashing process, resulting in a 
very porous, high surface area ash (Ataie and Riding 2013). The high surface area of pretreated ARA 
could create locations for C-S-H to nucleate and grow, accelerating hydration. 
The goal of this study was to determine if high surface area pre-treated ARA could restart and 
accelerate delayed hydration of cementitious systems due to retarding admixtures. The study examined 
the ability of a pre-treated rice straw ash to restart hydration after delay with an inorganic retarder, 
zinc oxide, and an organic retarder, sucrose.   
2. Experimental 
2.1. Raw Materials 
This study used an ASTM C150 Type I/II portland cement in all of the cement paste mixtures made. 
Table 1 shows the chemical composition of the portland cement used in this study as measured by x-
ray fluorescence. The potential cement composition was calculated from the oxide analysis using 



 

Bogue calculations as shown in Table 2. The cement composition was also found using Rietveld 
analysis of X-ray diffraction pattern data using the software Topas, as shown in Table 2. The X-ray 
diffraction pattern was scanned using from 5-70° 2θ (CuKα) using a step size of 0.02° and dwell time 
of 6 s. Rutile was used as the internal standard and was chosen because the cement does not contain 
rutile. The cement Blaine fineness as measured by ASTM C204 was 395 m2/kg.  

Tab. 1 Chemical composition of cementitious materials /% 

Material SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O Na2Oeq. SO3 

Cement 19.7 3.3 4.7 62.7 2.3 0.56 0.12 0.49 3.3 

Rice Straw 
Ash 

85.7 1.0 1.4 10.7 0.6 0.6 0.2 0.45 - 

 
Tab. 2 Cement Compounds /% 

Bogue Method Rietveld Refinement 

C3S (Alite) 58 64.1 

C2S (Belite) 11 14.6 

C3A (Aluminate) 7 4.4 

C4AF (Ferrite) 10 10 

Lime - 0.4 

Calcite - 2.5 

Gypsum - 4 

 
Rice straw ash (RSA) was prepared for this study by first pretreating the ash by soaking 250g of rice 
straw in 3100±100 mL of 0.1 N HCl solution undisturbed at 80°C for 24 h. The rice straw was then 
washed twice using 2500 mL of distilled water and dried at 80°C. After the material was dried, the 
rice straw was placed inside a stainless steel cage on two wire-mesh shelves used to hold the straw in 
place during ashing. The stainless steel cage and rice straw were heated in a benchtop electric furnace 
at 500°C for 2 hours. The ash was then cooled and removed from the oven. After cooling, the ash was 
ground in a laboratory ball mill at 85 rpm for 1 hour. Figure 1 illustrates the rice straw ash preparation 
process. The rice straw ash chemical composition as measured using X-ray fluorescence is shown in 
Table 1. The rice straw ash surface area was measured using BET nitrogen adsorption and was found 
to be 200 m2/g. The amorphous content of the rice straw ash was measured using Rietveld refinement 
of X-ray diffraction patterns collected using CuKα radiation operating at 40 mA and 30 kV. The 
sample was scanned from 5° to 45° 2θ in steps of 0.02° 2θ and a 4 s dwell time. 10% Zinc oxide was 
used as the internal standard for the X-ray diffraction measurements of the rice straw ash. The 
crystalline content of each identified phase was calculated from the X-ray diffraction pattern using 
Rietveld refinement. The amorphous content was then calculated using equation 1: 

     (1) 

Where, Pamorphous is the mass percent of amorphous material in the sample, Pi is the mass percentage of 
the material present as calculated by Rietveld refinement, I’ is the mass of the internal standard, and n 
is the total number of phases present in the software. The rice straw ash was found to contain 12% 
quartz and 88% amorphous material.  
 



 

 
Figure 1 Rice Straw ash preparation process that includes a) Straw pretreatment in 0.1N HCl, b) dry Straw, c) 

ashing in electric muffle furnace, d) cool ash and remove from oven, and e) grind ash to a powder 
ACS grade zinc oxide and sucrose were used as retarders in the cement paste experiments. Distilled 
water was used as the mixing water. 
2.2. Experimental Process 
Cement paste mixture proportions are shown in Table 3. When sucrose was used as the retarder in 
mixtures 1-3, it was dissolved into the mixing water before mixing. When ZnO was used in mixture 5-
7, it was blended with the cement before mixing. The sucrose in mixture 1-4 and ZnO in mixtures 5-8 
were added to the mixture before initial mixing. For mixtures 1, 2, 5, and 6, all of the cementitious 
materials were added to the water immediately before initial mixing. For samples 3 and 7, the RSA 
was not added until 2 h after the initial mixing. Cement paste samples were mixed initially in an 
overhead stirrer at 500 rpm for 90 s followed by a 120 s rest period, and then mixed at 2000 rpm for 
120 s. Mixtures 1, 2, 5, and 6 were sampled and placed into an isothermal calorimeter for testing 
immediately after the initial mixing period was completed. Mixtures 3 and 7 were mixed using the 
same initial mixing procedure as the other mixtures, but were then allowed to rest for 2 h. After the 2 h 
rest period was completed, the RSA was added to the mixture and the mixture was remixed at 500 rpm 
for 120 s and then sampled for testing. Mixtures 4 and 8 were identical to mixtures 1 and 5, but instead 
of being sampled after the initial mixing period, were allowed to rest for 2 h. After resting for 2 h, 
mixtures 4 and 8 were remixed at 500 rpm for 120 s and then sampled for testing.  

Tab. 3 Cement Paste Mixture Proportions  

Mixture 

Cementitious 
Material 
Added 

During Initial 
Mixing 

Cementitious 
Material 

Added after 
2 h 

Admixture 
Dosage 

Initial 
w/cm 

During 
Initial 

Mixing 

Final w/cm 
When 

Placed in 
Calorimeter Notes 

1 100% OPC - 0.15% Sucrose 0.45 0.45  

2 
85% OPC, 
15% RSA - 0.15% Sucrose 0.45 0.45 

 

3 85% OPC   15% RSA 0.15% Sucrose 0.53 0.45 
0.15% RSA added 2 
h after initial mixing 

4 100% OPC - 0.15% Sucrose 0.45 0.45 
Remixed 2 h after 

initial mixing 

5 100% OPC - 0.30% ZnO 0.45 0.45  

6 
85% OPC, 
15% RSA - 0.30% ZnO 0.45 0.45 

 

7 85% OPC 15% RSA 0.30% ZnO 0.53 0.45 
0.15% RSA added 2 
h after initial mixing 

8 100% OPC - 0.30% ZnO 0.45 0.45 
Remixed 2 h after 

initial mixing 

 
Cement paste mixture reaction kinetics were measured after sampling using an eight-channel 
isothermal calorimeter. Approximately 30 g of paste were used in each isothermal calorimetry test. 
Isothermal calorimetry measurements were continued for 72 h after mixing began. The sample mass 



 

was measured before being placed in the calorimeter to normalize the isothermal heat of hydration 
measurements by mass of dry cement.  
3. Results and Discussion 
Figure 2 shows the isothermal heat of hydration measurements with time for mixtures 1-4. The 
sucrose caused significant retardation and essentially kept the cement system in the induction period 
for two days. The RSA was able to supress the retardation from the sucrose when added at the time of 
initial mixing, giving an increase in the rate of heat and end of the induction period at 2.4 h. The 
shorter induction period from the RSA seeding effect demonstrates that SCM-admixture interaction 
should be considered when proportioning concrete mixtures. The expected performance of a retarder 
in an SCM system may be very different than expected based on the admixture performance in an 
OPC system.  The delayed addition of the RSA was able to restart hydration after mixing and end the 
induction period at 3.9 h after the initial cement paste mixing. Mixture 4 was the same as Mixture 1 
but remixed 2 h after initial mixing to determine how much of the decrease in the induction period 
time from delayed addition of RSA could be accounted for by remixing. It was found that the remixed 
mixture had a decreased induction period by about 6 h, but did not account for the hydration activation 
caused by the delayed addition of RSA. The reactivation of the cementitious system is most likely 
caused by the RSA very high surface area providing locations for C-S-H nucleation (Nicoleau 2011; 
Thomas, Jennings and Chen 2009). It is possible that the high surface area of the RSA provided too 
many nucleation sites for the sucrose to poison.  

 
Figure 2 Isothermal heat of hydration for mixtures containing 0.15% sucrose 

 
Figure 3 shows the isothermal heat of hydration curve for the cementitious systems containing the 
inorganic retarder ZnO. The zinc oxide had a similar effect on the OPC mixture as the sucrose, just 
with slightly shorter induction period caused by the difference in dosage response of the two types of 
admixtures. The RSA showed a dramatic decrease in the cement retardation both when added during 
initial mixing and when addition was delayed by 2 h. When RSA was added during initial mixing, the 
the induction period ended at 3.2 h. When the RSA addition was delayed, the induction period ended 
at 3.5 h. The similar behaviour of the cementitious systems when sucrose and ZnO were used suggests 
that the retardation mechanisms may be similar, namely that they poison C-S-H nucleation and growth. 
More work is needed to determine the relationship between the SCM-retarder ratio and the 
effectiveness of the RSA in decreasing the time of set. 



 

 
Figure 3 Isothermal heat of hydration for mixtures containing 0.30% ZnO 

4. Conclusions 
Based on the experimental results found in this study, the following conclusions can be made: 

 Addition of an ultra-high surface area SCM can eliminate the retardation seen by sucrose and 
ZnO when added at the time of initial mixing. SCM-admixture interactions should be 
considered when designing mixtures with SCMs or increasing time of set through the use of 
admixtures. 

 Delayed addition (2h) of an ultra-high surface area SCM was very effective in reducing the 
extended induction period caused by a large retarder dosage of either sucrose or ZnO. This 
opens the door to the possibility of using an ultra-high surface area SCM such as pretreated 
RSA to reduce restart hydration after a long haul or overnight retardation of concrete. It also 
could serve as a new method of accelerating cementitious system hydration either by itself or 
in combination with a reduced dosage of accelerating admixtures in shotcrete when the SCM 
is mixed with the cement paste or mortar at the nozzle. 
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Abstract 
Environmental concerns have prompted research into the use of captured carbon dioxide as a feedstock in the 
production of concrete. Industrial trials have examined the use of CO2 to produce ready-mix concrete. A gas injection 
system provided CO2 into a ready-mix truck during batching and mixing of a concrete with a binder containing 20% 
slag. The impacts of carbon dioxide dose, injection method and time of injection were examined. The slump and 
concrete temperature were measured. Compressive strength and resistivity were measured at ages from 24 hours to 91 
days. Strength improvements up to 14% at 24 hours and 26% at 28 days were observed. The resistivity was not affected 
by the carbonation treatment. The strength benefit is attributable to the influence of carbon dioxide on the very early 
hydration of the cement. A combination of isothermal calorimetry and microstructural analysis suggests that nano-scale 
carbonation reaction products seed the hydration and contribute to the development of a stronger microstructure. The 
strength benefit suggests that carbonation is a possible tool to provide acceleration that could allow the greater use of 
supplementary cementitious materials in concrete mixtures. The use of waste carbon dioxide in the process offers a 
means to upcycle the CO2 as a beneficial additive to concrete. 
 
Originality 
This submission describes an experiment concerning the industrial use of carbon dioxide in ready mixed concrete. The 
approach is novel. The outcomes and material science aspects have not previously been examined or published. The 
work presented would offer technical insights that could be employed by other investigators in the field of carbon 
dioxide utilization in concrete materials. The work also supports a means for the cement and concrete industry to 
develop a sustainability narrative concerning the employment of waste carbon dioxide emissions to useful ends in the 
built environment. 
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1. Introduction 
Carbon dioxide emissions are recognized as a significant issue relating to cement production and the 
use of concrete as a building material. It is estimated that 5% of the world’s annual CO2 emissions are 
attributable to cement production (Damtoft J.S. et al., 2008). The industry has previously recognized a 
number of approaches to reduce the emissions intensity of the cement produced and used (IEA, 2009). 
The most significant improvements in efficiency and cement substitution are likely to be already 
known and available. Future emissions improvements will likely be incremental. Innovative 
approaches are sought that can be a part of a portfolio strategy. Thus, a range of further approaches 
will also have to be pursued. 
One potential method is to upcycle captured carbon dioxide into concrete products. The mechanism of 
the carbonation of freshly hydrating cement was systematically studied in the 1970s at the University 
of Illinois. The main cement phases, tricalcium silicate and dicalcium silicate, were shown to react 
with carbon dioxide in the presence of water to form calcium carbonate and calcium silicate hydrate 
gel (Berger R.L. et al., 1972) as shown in equations 1 and 2: 

3CaO∙SiO2 + (3-x)CO2 + yH2O → xCaO∙SiO3∙yH2O + (3-x)CaCO3 (1) 

2CaO∙SiO2 + (2-x)CO2 + yH2O → xCaO∙SiO3∙yH2O + (2-x)CaCO3 (2) 
Further any free calcium hydroxide present in the cement paste will rapidly hydrate and react with 
carbon dioxide, as show in equation 3: 

Ca(OH)2 + CO2 + H2O → CaCO3 + 2H2O (3) 
The carbonation reactions are exothermic. The reaction proceeds in the aqueous state when Ca2+ ions 
from the cementitious phases meet CO3

2- ions from the applied gas. The carbonation heats of reaction 
for the main calcium silicate phases are 347 kJ/mol for C3S and 184 kJ/mol for β-C2S (Goodbrake C.J. 
et al., 1979) and 74 kJ/mol for Ca(OH)2 (Moorehead D.R., 1986). 
When the calcium silicates carbonate, the calcium silicate hydrate (C-S-H) gel that forms is 
understood to be intermixed with CaCO3 (Berger R.L. et al., 1972). C-S-H gel formation occurs even 
in an ideal case of β-C2S and C3S exposed to a 100% CO2 at 1 atm given the observation that the 
amount of carbonate that forms does not exactly correspond to the amount of calcium silicate involved 
in the reaction (Goodbrake C.J. et al., 1979). 
The reaction of carbon dioxide with a mature concrete microstructure is conventionally acknowledged 
to be a durability issue due to such effects such as shrinkage, reduced pore solution pH, and 
carbonation induced corrosion. In contrast, a carbonation reaction integrated into concrete production 
reacts CO2 with freshly hydrating cement, rather than the hydration phases present in mature concrete, 
and does not have the same effects. Rather, by virtue of adding gaseous CO2 to freshly mixing 
concrete the carbonate reaction products are anticipated to form in situ, be of nano-scale and be 
homogenously distributed. 
Earlier work had pursued reacting carbon dioxide with ready-mixed concrete to maximize the carbon 
dioxide absorption (Monkman S., 2014). A limited reaction time and effects on workability were 
identified as challenges to overcome. Subsequent lab work using isothermal calorimetry identified the 
potential performance benefit of using an optimized low dose of carbon dioxide to promote the 
development of finely distributed carbonate reaction products. It was concluded that a small dose of 
carbon dioxide could feasibly be used to provide performance benefits in ready-mixed concrete. 
Industrial scale investigation of the concept was pursued. 
2. Experimental 
Industrial experiments were conducted wherein carbon dioxide was delivered to ready-mixed concrete 
during its production at Metrix Ready Mix in North York, Ontario. A tank of liquid CO2 was 
connected to a gas control system and manifold. The liquid was metered for injection into the mixing 
drum whereupon it converted into a mixture of CO2 gas and solid carbon dioxide snow. The liquid 
carbon dioxide was delivered, at a specified flow rate and over a fixed injection interval, into the truck 
whereupon it reacted with the hydrating cement before the concrete mix was completed. The concrete 
was then subjected to assessment and testing. 
2.1 Production Methods and Materials 



 

The work was completed in July and September 2014. The trials were conducted on trucks loaded 
with 4 m3 (half full) concrete using a 25 MPa (3525 psi) mix design summarised in Table 1. 

Tab. 1 Mix design for industrial trials 

Component Type Quantity Fraction 

Concrete Sand Fine aggregate 959 kg 42% 
20 mm Stone Coarse aggregate 1080 kg  49% 

Slag Binder 53 kg 2% 
Cement Binder 212 kg 9% 

Water Reducer Admixture 190 ml - 
Mix Water  155 kg - 

The requested load of concrete was first batched into the truck before transport to the wash rack where 
the batch received final water adjustments by the truck operator. Upon completion of the batch 
adjustments a sample of uncarbonated (control) concrete was removed, a slump test was performed, 
and test specimens were cast. The truck was then subjected to three sequential doses of carbon dioxide 
with assessment of slump and casting of the treated concrete between each round. The time between 
the start of mixing and the carbon dioxide application was recorded. All of the test samples came from 
the same truck to maximize the experimental results from a single batch and to minimize any batch-to-
batch variation that may have arisen. The sequential dosing of carbon dioxide was pursued to 
determine an optimum dose. 
2.2 Gas delivery 
The CO2 delivery was controlled by a mobile gas injection system. The injection proceeded for 30-90 
seconds followed by an additional 90 -180 seconds of high speed mixing after the injection was 
completed. CO2 dosages were determined with respect to the content of cement present in the mix and 
totalled 0.1%, 0.3% and 0.6% by weight of cement (bwc). The truck was set to a slow transit mixing 
speed at any time other than the pauses for sampling and the high speed mixing during the CO2 
injections. 
2.3 Analytical Methods 
The fresh concrete was assessed via on-site measurement of slump and temperature. The concrete was 
further cast into 4” x 8” cylinders for compressive strength testing. A fresh sample was also taken for 
assessment of the heat evolution via a Calmetrix iCal 8000 isothermal calorimeter set at 22 °C. The 
fresh samples were approximately 220 g and represented the entire mix; they were not sieved of 
coarse aggregate. 
Concrete performance was assessed through compressive strength testing at 1, 3, 7, 28 days with one 
trial concluding with a test at 58 days and the other concluding with 56 and 91 day tests. The 
measurements performed at 1 and 28 days were performed in triplicate, while the measurements at 
other ages were performed in duplicate. All specimens were subjected to grinding of the bearing faces 
before testing to ensure planeness. The specimens tested beyond 1 day were subjected to standard 
moist curing conditions prior to testing. All concrete specimens were prepared and tested in 
accordance with CSA A23.2. Bulk resistivity was assessed using a Merlin Mark III by Germann 
Instruments. 
2.4 Lab study of pore Solution pH 
The question about the influence of the carbon dioxide on the pore solution pH of a mature 
microstructure was of sufficient interest to warrant a lab study to complement the industrial work. A 
dedicated pore solution pH assessment was conducted involving cement paste samples created 
specifically for the purpose. Cement pastes were mixed at w/c = 0.5 in a blender. A control sample 
was taken. The paste was then exposed to a flow of 20 LPM carbon dioxide gas supplied into the 
blender while it was mixing. Samples were taken after 30, 60, 90 and 120 seconds of gas exposure. 
The samples were cast into cylindrical specimens and rotated for 24 hours to prevent segregation. The 
sample moulds were sealed and the samples were stored under room temperature water for 28 days. 
The samples were crushed and subjected to pore solution extraction. The pH of the extracted solution 
was measured directly. 
3. Results 



 

3.1. Trial Details 
The first trial served as a proof-of-concept effort to establish that a low dose injection could be 
integrated into a conventional ready-mix operation. A complete overview of the conditions produced 
during the first trial day is presented in Table 2. The weather was 19 °C and sunny.  

Tab. 2 First trial production variables, CO2 settings and fresh results 

Sample Code Condition Age at injection (min) Slump (inches) Mix Temperature (°C) 

1401 Control - 3.5 23.0 
1402 0.1% CO2 42 3.0 - 
1403 0.3% CO2 56 3.0 25.6 
1404 0.6% CO2 71 2.0 26.5 

The control concrete was sampled 23 minutes after mixing started. It was observed that with 
sequential doses of carbon dioxide the temperature of the mix was increasing and the slump of the 
mixture was decreasing. While the exothermic nature of the carbonation reaction would result in a 
temperature increase it cannot be concluded whether the observed effects were attributable wholly to 
the carbonation process, or further represented normal changes due to the passing of time between 
measurements, mixing, progress of hydration, increasing ambient temperature, etc. 
The second trial was a repeat of the first trial to increase confidence in the results. However, while 
delivering a CO2 injection to a truck stopped at the wash rack is potentially feasible, breaking the 
delivery into multiple doses represents a possible delay that is preferably avoided and is not 
universally applicable. Many examples exists wherein concrete is batched and mix centrally thereby 
precluding the need for a wash rack and a related pause. The second trial included an alternate CO2 
injection mode wherein the gas was added during the initial batching/mixing phase. A complete 
overview of the conditions produced during the second trial day is presented in Table 3. 

Tab. 3 Second trial production variables, CO2 settings and fresh results 

Sample Code Condition Age at injection (min) Slump (inches) Mix Temperature (°C) 

801 Control - 3.5 22.4 
802 0.1% CO2 27 3.0 24.0 
803 0.3% CO2 43 2.5 24.7 
804 0.6% CO2 52 1.5 27.3 
805 0.3% CO2 0 3.0 23.3 

The trial repeated the sequential carbon dioxide dosing at the wash rack that had been explored in the 
first trial. The control truck was sampled 21 minutes after mixing started. Batch 805 was from a 
second truck where the carbon dioxide was injected during the batching stage. 
As before, in the first truck, it was observed that the temperature of the mix was increasing and the 
slump of the mixture was decreasing with increasing doses of CO2. Testing on the second truck 
showed that the slump was essentially equivalent to that of the control while the temperature was 
slightly increased. It is plausible that the small temperature rise was associated with the exothermic 
carbonation reaction but it is also noted that the second truck was batched/mixed 90 minutes later in 
the day than the first and thus the weather could have warmed the input materials. 
3.2 Isothermal Calorimetry 
The evolution of heat from the fresh concrete was measured from 0 to 20 hours after mixing. The 
amount of heat released by the concrete in the range of 0 - 24 hours can be used as a proxy for the 
development of mechanical properties (such as setting or compressive strength) at very early ages (Ge 
et al., 2009). A summary of the power data (mW/g of cement) for the four batches is presented in 
Figure 1a and the energy (J/g cement) is presented in Figure 1b. Plots exclude any data either acquired 
during the initial heat increase associated with the earlier stages of hydration or acquired on the 
subsequent deceleration period. Data is plotted starting just after the induction period has started has 
ended. 



 

 
          (a) Power              (b) Energy 

Figure 1 Isothermal calorimetry of early hydration for batches produced in first ready-mix concrete trial 
The carbon dioxide injection did not appear to have any effect on the induction period. The 
acceleratory stage of hydration for each sample was underway by 4 hours. By 7 hours the heat 
evolution of the carbonated samples occurred at an increased rate (as noted in a shift to the left of the 
shape of the curves) where the effect was greater with the greater dose of carbon dioxide. Further, the 
heat release at the peak of the early hydration was found to increase in magnitude and be shifted to 
earlier times as the carbon dioxide dose increased. 
An alternate interpretation of the data considers the total energy released with time. The energy release 
relative to the control can be quantified at various ages and used as a metric of hydration progress. It is 
shown that at 6 hours the carbonated batches had released about 10% less energy than the control. The 
low dose had matched the control by 11 hours and remained equivalent thereafter. The second dose of 
CO2 reached 101% of the control at 9 hours before improving to 12% better at 12 hours and finishing 
at 6% more energy released through 20 hours. The highest dose reached 102% of the control at 10 
hours, 13% greater at 12 hours and 4% increase through 20 hours. It is observed that the carbon 
dioxide may have slightly slowed the hydration in the first 8 hours but in the 10 to 14 hour range an 
accelerating effect could be realized in the two higher doses. This potentially corresponds to a 
performance benefit such as a higher strength at these times. 
A summary of the power data for the five batches from the second trial is presented in Figure 2a and 
the energy is presented in Figure 2b. 

 
        (a) Power               (b) Energy 

Figure 2 Isothermal calorimetry of early hydration for batches produced in first truck at second ready-mix trial 
The calorimetry of the concrete from first truck in the second trial was consistent with that of the first. 
The carbon dioxide was found to offer an accelerating effect. The data considered as energy shows the 
magnitude of the effect from the carbon dioxide. The lowest dose released 20% more energy than the 
control through 2 hours. The benefit declined to 7% at 7 hours before increasing to 13% at 10 hours 
and thereafter the declining to be equivalent to the control. The middle dose of CO2 was 41% higher 
than the control at 2 hours with the benefit declining to 9% at 8 hours. The energy release jumped to 
16% ahead of the control at 10 hours before declining to be equivalent to the control. For the highest 



 

dose the energy was between 92% and 99% of the control in the first 9 hours before spiking to be 9% 
ahead and thereafter declining to be equivalent to the control. 
It is evident that the lower doses of CO2 had an affect on the very early hydration and all doses had an 
effect notably around the 10 hour mark. The shape of the power curves suggests that this time period 
is consistent with the end of the acceleration period (Gartner E.M. et al., 2002) when the initial silicate 
hydration starts to slow down. 
The batch that was dosed with CO2 during batching (805) showed a calorimetry response that 
appeared to show some retardation relative to the control. The power is presented in Figure 3a and the 
energy is presented in Figure 3b. 

 
        (a) Power               (b) Energy 

Figure 3 Isothermal calorimetry of early hydration of control and batch carbonated during batching from 

second ready-mix trial 
 
Heat evolution was slower across the 7 to 13 hour interval. After lagging to 83% of the control 
through 11 hours the hydration accelerated and was 5% ahead at 15 hours thereafter increasing to 7% 
at 20 hours. 
 
3.3 Hardened Properties 
3.3.1 Compressive Strength 
The average compressive strength measured for each carbonated condition across the five test ages for 
the first trial is given in Figure 4. Each data point represents the average measured compressive 
strength in MPa with the relative comparison to the corresponding control value displayed as a 
percentage. 

 
Figure 4 Average compressive strengths of all carbonated first trial specimens, further expressed as a 

percentage of the control value 
The results showed an increase in the compressive strength upon carbonation of the concrete mix for 
the higher two doses. This agrees with the improvement observed through the calorimetry. The lowest 
dose of CO2 had little impact on the compressive strength showing strength between 0 and 5% better 



 

the control at all ages except 28 days when it was 9% better. Batch 1403, with the middle dose of CO2, 
was 11% stronger than the control at the two earlier ages, 10% at 7 days and 7% thereafter. The 
greatest benefit was seen in the final carbonated batch. A 19% increase in strength was observed at 1 
day, 16% increase at 28 days and 26% increase at 58 days. 
The repeat conditions examined in the second trial revealed similar results. The average compressive 
strength measured for each wash rack carbonated condition across the six test ages is summarized for 
the second trial in Figure 5. The data for the second truck (CO2 applied during batching) is presented 
in Figure 6. Both the average strength in MPa and the strength relative to the appropriate control are 
presented. 

 
Figure 5 Average compressive strengths of second trial specimens from first truck, further expressed as a 

percentage of the control value 
The results reaffirmed that an increase in the compressive strength could be realized upon carbonation 
of the concrete mix. Amongst the sequential doses in the first truck it was again seen that the smallest 
dose had the least effect. Likely the 0.10% bwc dose does not result in sufficient reaction product 
development to impact the concrete properties. The strengths ranged between 99% and 107% of the 
control across the test periods excluding a anomalous reading at 56 days that showed a decline in 
compressive strength to 85% of the control value. The 0.3% CO2 bwc dose offered at least a 6% 
strength benefit notably reaching 12% at 3 days and 16% at 56 days. The 0.6% dose in the first truck 
offered a benefit that ranged between 7% and 15%. The results do not offer much to distinguish 
between the performance of the two higher doses. At three of the ages the strengths increased with 
increasing CO2 dose. At the other three ages the strength associated with the middle dose were higher 
than that of the highest dose. 

 
Figure 6 Average compressive strengths of trial 2 batch carbonated during batching, further expressed as a 

percentage of the control value 



 

The final batch showed the greatest promise given that the strength benefit exceeded 14% at all ages 
including a 26% benefit at 3 days and 15% at 91 days. This final batch is of particular interest since 
the industrial implementation would clearly be the simplest and most scalable of any of the 
investigated variations. 
 
3.3.2 Bulk Resistivity  
The bulk resistivity data for trial one is presented in Table 5 and for trial two in Table 6. Higher 
resistivity values are indicative of lower permeability. The readings showed that the carbonated 
batches matched the control at all ages. 

Tab. 5 Bulk Resistivity (Ω·m) and chloride penetrability risk for Trial 1 test specimens at five different ages 

Sample Code Condition 1 day 3 day 7 day 28 day 58 day 

1401 Control 8.9 19.3 33.6 78.7 106.5 
1402 0.1% CO2 8.8 18.9 25.5 74.1 112.0 
1403 0.3% CO2 8.7 18.8 24.7 67.1 97.7 
1404 0.6% CO2 8.9 20.3 24.1 70.2 101.8 

1401 Control High High High Moderate Low 
1402 0.1% CO2 High High High Moderate Low 
1403 0.3% CO2 High High High Moderate Low 
1404 0.6% CO2 High High High Moderate Low 

Resistivity ranges that are relatable to the chloride ion penetrability levels described in ASTM C1202 
were used to assess the chloride penetrability risk for all samples. The risk was determined to be 
moderate at 28 days and low at 58 days. The resistivity data reassures that the carbon dioxide injected 
concrete is equivalent to the control concrete. 

Tab. 6 Bulk Resistivity (Ω·m) and chloride penetrability risk for Trial 2 test specimens at five different ages 

Sample Code Condition 1 day 3 day 7 day 28 day 91 day 

801 Control 9.6 14.9 21.0 58.3 123.4 
802 0.1% CO2 9.6 16.4 21.6 56.8 122.2 
803 0.3% CO2 9.2 15.9 20.9 59.6 123.7 
804 0.6% CO2 9.2 16.1 20.7 50.3 112.9 
805 0.3% CO2 10.1 18.0 23.3 61.8 129.8 

801 Control High High High Moderate Low 
802 0.1% CO2 High High High Moderate Low 
803 0.3% CO2 High High High Moderate Low 
804 0.6% CO2 High High High Moderate Low 
805 0.3% CO2 High High High Moderate Low 

The bulk resistivity measurements were consistent with what was observed in the first trial insofar as 
the assessments of the carbonated batches were equivalent to the control. The chloride penetrability 
risk for all samples was assessed to be moderate at 28 days and low at 91 days 
3.4 Pore solution pH testing 
The pore solution pH of the carbonated samples was shown to be unaffected by the carbon dioxide. 
The results for the control sample (0% CO2) and the four carbonated samples are presented in Figure 7. 
The carbon dioxide-treated pastes had carbon dioxide uptakes that exceeded the doses of CO2 injected 
during the industrial study so in the industrial case an effect, if any, would likely be expected to be 
even less. 



 

 
Figure 7 Pore solution pH of five pastes created with carbon dioxide added during mixing 

The results suggest that the carbon dioxide injection does not increase the risk of depassivation of 
ferrous reinforcement and would thereby not lead to increased corrosion risk. The evidence supports 
the reaction mechanism as understood insofar as the very early reaction carbon dioxide with hydrating 
cement does not prevent the subsequent formation of calcium hydroxide and the development of 
typical paste alkalinity. 
 
4. Discussion 
The performance improvement observed due to the formation of carbonate reaction products is 
analogous to growing an in-situ nanoparticle CaCO3 addition that would act as nucleation sites and 
impact later hydration product development. The calorimetric evidence is similar to what can be 
observed by ex-situ additions of nano-CaCO3 (10% by mass) to C3S (Sato T. et al., 2010). Model 
system work theorized that the nano-carbonates acted on the surface or in close proximity to calcium 
silicate particles. In one interpretation, the carbonates could affect the stability of the Si-rich reaction 
product that covers the surface of the hydrating calcium silicates during the induction period. 
Alternately the products could act as heterogeneous nuclei for C-S-H growth after the induction period. 
The batch 805 test showed that adding carbon dioxide during the batching resulted in retardation from 
7 to 13 hours before an overall increase in early hydration. The dose of CO2 was delivered during the 
earliest exposure of cement to water and the carbonate ions would likely not have found Ca2+ ions in 
the bulk of the aqueous phase. The carbonate reaction products likely formed on the cement particles 
and impaired the first development of C-S-H during the acceleration phase. The overall increase in 
hydration suggested that there initially may have been fewer active sites on the cement particles 
actively fuelling the growth of the hydration products but the presence of carbonate phase nuclei may 
have contributed to a net hydration increase as time proceeded. 
The carbon dioxide that was added to concrete at the wash rack was added 45-70 minutes after mixing 
started (a limit of the temporary nature of the test facilities rather than through any experimental 
design). After 45 min of hydration the aqueous phase of the concrete mix would likely be saturated in 
Ca2+ ions. It is probable that the carbonation reaction products could be formed in the pore solution 
where the carbonate anions would first encounter the cations. Acceleration due to reaction product 
particles acting at a distance from the cement particle surfaces is possible. Work with C-S-H additions 
(1-4% by weight) to hydrating cement systems suggested increases in early hydration rate and total 
amount of early hydration were attributable to the creation of new nucleation sites within the pore 
space away from the particle surfaces (Thomas J.J. et al., 2009). Such a mechanism is particularly 
relevant to the reactions at hand. Reflecting upon the chemical equations 1 and 2 previously presented, 
it is apparent that C-S-H gel formation is expected alongside the calcium carbon carbonate 
development. 
The amounts of carbon dioxide used were 0.6% by weight of cement or lower. This amount of CO2 
would correspond to a maximum 1.4% by weight CaCO3 (in practice the actual amount of absorbed 
carbon dioxide is likely lower given that not all of the dosed gas is expected to be consumed). The 



 

small amount CO2 involved attests to the potency of the impact. In addition, in-situ production 
addresses one of the challenges of incorporating nano-CaCO3 into cement systems, namely, achieving 
effective dispersion and fine distribution (Kawashima S. et al., 2014). Conventional approaches to add 
nano-calcite to concrete require the creation of a nano-suspension through ultrasonication (Wang et al. 
2014). 
The two dosing approaches used represent three different potential industrial approaches. Firstly, 
dosing the carbon dioxide during batching represents an industrially scalable approach that offers 
minimal interruption to the conventional batching and mixing process. Gas delivery equipment could 
be integrated into the standard ready mix production. Secondly, in cases where the ready-mix concrete 
trucks are first batched and then pause within the plant, such as at a wash rack, an interval exists 
wherein carbon dioxide could be supplied concurrent with other normal production operations. In this 
case the mix will have had 5 to 10 minutes of hydration before the carbonation reaction takes place. 
Finally, if an extended hydration time is known to have advantages then the CO2 could be dosed at the 
job site immediately prior to placement. It is possible that a small portable carbon dioxide injection 
system could be installed on trucks or on location at big projects. 
One outcome of using a tool that can unlock a consistent strength benefit could be to sell a given 
concrete mix for a price premium. A 15% strength improvement to a 35 MPa mix would allow for the 
production 40 MPa mix. Alternately, instead of maintaining the mix design and offering a strength-
improved 40 MPa mix, the cement content could be reduced in order to deliver the same 35 MPa 
performance as before. The amounts of carbon dioxide used (and thereby absorbed) in these tests is 
small and possibly only offers a slight inherent environmental benefit but if carbon dioxide can be 
used as tool to reduce cement loadings there would be an direct and tangible reduction in the carbon 
footprint of the concrete so produced. 
The industrial experiments demonstrated that carbon dioxide could be injected into a ready-mix truck 
during batching and mixing to bind CO2 into the paste fraction of the produced concrete. The 
carbonate reaction products thereby impacted the early hydration and resulted in compressive strength 
improvements 
The industrial trials have inspired further research development. Work is ongoing and has several aims. 

1. Examine sensitivity of cementitious materials selection and mix design to the material 
performance of the carbonated concrete. The action of the carbon dioxide is analogous to that 
of an admixture. It is anticipated that performance outcomes will depend on the nature of the 
cementitious system used. 

2. Conduct a broad durability study. A carbonated wet mix durability study encompassing 
compressive strength, flexural strength, drying shrinkage, abrasion, resistivity, service 
carbonation, salt scaling, pore solution chemistry, bulk diffusion and ASTM G109 corrosion 
testing is planned to better characterize the performance of the carbon dioxide treated concrete. 

3. Characterize the mechanism and morphology of carbonate reaction products. A more 
fundamental understanding of the physiochemical aspects of the carbonation reaction can help 
determine the best practices and applications of the technology. It is clear that a carbonation 
uptake below 0.5% is sufficient to markedly effect the concrete properties. 

4. Investigate different dosing times. Any performance difference related to dosing during 
mixing as opposed to dosing at a wash rack or a job site will impact potential industrial 
implementations. The approach wherein a single truck was subjected to multiple doses of 
carbon dioxide simultaneously tested the effects of increasing hydration time prior to 
carbonation and increasing the total dose. So it was not conclusive from these trials whether 
the time at dosage was more or less important than the amount of carbon dioxide provided. 

5. Assess the reproducibility of the performance benefit. Given that many factors can influence 
the compressive strength of concrete (air, water to binder ratio, mixing history) it is necessary 
to pursue a larger industrial test program in order to gauge the inherent variability of a benefit 
in the context of the inherent variability of the production.  

6. Examine the potential to increase slag usage in cold weather. The slow early strength 
development of slag containing concrete can limit the use of slag in cold weather or cold 



 

climates. If the carbon dioxide has a strength boosting effect on slag blended concrete then it 
potentially can extend the use of slag into colder times of the year. An industrial trial 
investigating this point would be valuable. 

5. Conclusions 
Industrial scale experiments assessed the viability of adding small doses of carbon dioxide to a ready-
mix concrete production cycle in order develop performance benefits associated with the in-situ 
development of carbonate reaction products. Isothermal calorimetry indicated that hydration could be 
accelerated. 
Compressive strength results suggested that a strength benefit of 20% at 3 days, 16% at 28 days and 
26% at 58 days was achieved with an optimized dosage of carbon dioxide supplied at the wash rack. 
In practice this could potentially be a single optimized dose of carbon dioxide provided at the job site. 
Delivery of carbon dioxide into the concrete during batching resulted in retardation in the 7 to 13 hour 
timeframe but small acceleration beyond 14 hours. The strength was 26% better than the control at 3 
days, 15% better at 28 days and 18% at 56 days. Neither the bulk resistivity (an indicator of 
permeability) nor the pore solution pH was changed by the carbonation. The difference in heat 
evolution between the two dosing approaches hinted at possible differences in the reaction product 
formation. 
The approach potentially can offer strength benefits or allow for cement reductions. Several avenues 
of investigation are being pursued to further characterize the mechanism of the reaction, understand 
variations between dosing approaches, and complete a broad durability assessment program. 
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Abstract 
Phase conversion phenomena are often observed in calcium aluminate cements (CACs), when the water-rich hydrates 
(e.g., CAH10, C2AH8) formed at early ages at temperatures ≤30°C, expel water in time to form more compact, less 
water-rich structures (C3AH6). The phase conversions follow a path regulated by the thermodynamic stabilities (i.e., 
solubilities, Ksp) of phases. Based on this premise, it is demonstrated that conversion phenomena in CACs can be 
prevented by provoking the precipitation of phases more stable than those typically encountered along the conversion 
pathway. Therefore, X-AFm formation (where in this case, X = NO3

-) provoked by the sequential addition of calcium 
nitrate (CN) additives is identified as a means of preventing conversion. A multi-method approach comprising x-ray 
diffraction and evaluations of the compressive strength is applied to correlate phase balances and properties in CAC 
systems cured at 25°C and 45°C. The results highlight the absence of the C3AH6 phase across all the systems and 
curing conditions considered, with no decrease in strength being noted, when sufficient quantities of CN additives are 
used. The experimental outcomes are fully supported by new insights gained from thermodynamic simulations which 
highlight thermodynamic selectivity as a means of regulating/controlling the evolutions of solid phase balances using 
inorganic salts in CACs, and more generally in cementitious material systems. 
 
Originality 
This work presents an original chemical treatment which can be used to prevent conversion phenomena in calcium 
aluminate cements, by provoking the formation of a stable NO3-AFm phase. This approach is especially promising due 
to ability to encompass a wide range of admixtures, which provide anions, e.g., Cl-, NO3

-, NO2
-, CO3

2-, SO4
2- and OH-; 

all of which can occupy the AFm interlayer positions and thus prevent conversion. In addition to conversion prevention, 
CN, and other suitable anionic salts are shown to function as strength enhancement additives, due to the favorable 
molar volume and stiffness of these phases as compared to typical CxAHy (where, x and y are coefficients) phases that 
form during CAC hydration. The site occupation preference in the AFm interlayer also ensures that such systems show 
enhanced corrosion resistance, due to the trapping, and exchange of Cl- ions such materials. By solving a critical 
material limitation of conversion in CACs while improving their performance, the outcomes of this work provoke new 
means for the use of CACs as a superior binder in general, and structural construction applications.    
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1. Introduction 
1.1 Calcium Aluminate Cements: Usage and Conversion Processes  
Calcium aluminate cements (CACs) are a good alternative to ordinary portland cements (OPC) when 
rapid strength gain and abrasion resistance are desired. In spite of these benefits, their high cost and 
property alteration due to phase conversion limit their usage to specialty applications. CAC 
conversion originates from the initial formation of metastable phases in CAC systems at low 
temperatures (Hewlett, 2003; Taylor, 1997). At temperatures ≤30°C, CAH10 and C2AH8 are the initial 
hydrates formed, along with some amorphous AH3-x, where “x” denotes a variable water content). 
Note that standard cement chemistry notation is used, where: C = CaO, A = Al2O3, F = Fe2O3, S = 
SiO2, CS = CaSO4.2H2O and H = H2O. In time, these metastable phases undergo conversion to form 
the stable hydrates C3AH6 and AH3-x. The relevant chemical reactions are displayed as Equations 1-3. 
The mechanism of conversion is controlled by both kinetic and thermodynamic means, such that the 
system will always tend to convert to the stable phases (Barnes and Bensted, 2002; Hewlett, 2003; 
Taylor, 1997). This phenomenon results in a substantial increase in porosity, as the stable hydrates are 
denser than the initial metastable products. This may result in significant strength reductions, as 
mechanical properties are closely tied to microstructural porosity. However, the conversion reactions 
also produce water, which depending on the mixture formulation, may react with residual anhydrous 
CAC, potentially offsetting some of the porosity increase due to conversion. 

1010 CAHHCA   Equation (1a) 

HAHAHCCAH 92 38210   Equation (1b) 

382112 AHAHCHCA   Equation (2a) 

HAHAHCAHC 923 36382   Equation (2b) 

363 2123 AHAHCHCA   Equation (3) 

Due to conversion, the compressive strength of CAC pastes increases initially before decreasing to a 
stable value (Scrivener et al., 1999). Therefore, testing methods must take into account the strength of 
the converted system.  Numerous efforts to bypass conversion have been attempted, with only limited 
success. The addition of siliceous substances in conjunction with additional alkali ions promotes 
strätlingite formation in lieu of the metastable hydrates, and phosphate additions have been shown to 
be capable of inhibiting the conversion process (Chavda et al., 2014; Ding et al., 1995; Fu et al., 1997). 
Practical solutions to conversion mitigation (low w/c mixture proportioning (w/c<0.40, by mass)) 
often cause inefficient CAC use, as excess CAC remains in the system unreacted, serving only as 
inclusions. Therefore, while cost certainly limits the use of CACs, conversion and its associated 
property alterations are critical factors leading to the relegation of CACs to specialty uses. Solving the 
conversion problem may allow more diverse use of CAC systems, which could additionally prove 
advantageous for their reduced CO2 impact relative to OPC. 
1.2 Thermodynamic Selectivity: A Means for Bypassing Phase Conversions in CACs  
CAC phase conversion is ensured by thermodynamic considerations, as the system seeks to minimize 
its (Gibbs) free energy and achieve the most stable state. This suggests that phase conversion 
phenomena in CAC systems may be bypassed by chemically modifying the system as to form stable, 
preferred phases (i.e., as indicated by the Gibbs free energy (Anderson and Crerar, 1993; Damidot et 
al., 2011)) whose formation is fast. Figure 1 shows solubility products (Ksp) of the different hydrates 
that may form in CAC systems

1
, which can be used to estimate the relative preference for the 

formation of different phases. 

                                                 
1 It is difficult to equitably compare Ksp data of the different phases as an indicator of phase stability, due to the different numbers of 

participating species involved in their formation. While one option would be to normalize the Ksp of a given phase by the number of ions 
participating in its formative reactions (as an indicator of phase stability), this choice is imperfect. However, Ksp data can be related to the 
preference, or potential for phase formation, absent any kinetic restraint, via the Gibbs free energy of reaction (ΔGR, kJ/mole), which for a 

given (p,T) can be written as: ΔGR = ΔGPR - ΔGRE = -RTln(Ksp) where the subscripts PR and RE designate the product and reactant 
components respectively, R is the gas constant (8.314 J/K.mole), T is the thermodynamic temperature (K) and Ksp is the thermodynamic 

solubility product (unitless). 



 

Based on the above argument, the conversion bypassing mechanism presented herein is the addition 
of CN to CAC systems. The resulting NO3

- ions present in the mixing water chemically react with the 
CAC to form the NO3-AFm phase as the major hydrate, at the expense of the CAH10, C2AH8 and 
C3AH6 hydrates that form in typical systems. The NO3-AFm phase is preferred (and dominant) on 
account of its ability to depress the free energy of the system, i.e., to a more stable state than that 
induced by the formation of the conversion sensitive hydrates; e.g., CAH10 and C2AH8 which are 
susceptible to time and temperature linked conversions. As per estimations drawn from the currently 
available thermochemical data (Balonis, 2010; Balonis et al., 2011; Matschei et al., 2007a), the NO3-
AFm dominant solid phase assemblage CN doped systems is expected to remain stable at least across 
the temperature range 5-to-55°C (see Section 3.3 for further detail).  

 
Figure 1: The solubility constants (KSP

1) of a variety of phases relevant to hydrated CACs and for comparison, 
the NO3-AFm phase, as a function of temperature (Balonis et al., 2011; Matschei et al., 2007a, 2007b). Simple 

linear fittings of measured solubility data are shown as dashed lines. 
CN is highlighted due to its very high solubility in aqueous systems, low cost, abundant availability, 
and ability for reaction rate regulation in cementitious systems (Justnes and Nygaard, 2010, 1995). 
However, the approach is versatile, as a multitude of alternative anions can be hosted within the AFm 
interlayer, including Cl-, NO2

-, CO3
2-, SO4

2- and OH-. The AFm-interlayer site occupation preference 
of these ions at 25°C and in conditions relevant to cement pastes scales as: Cl->NO3

-> NO2
->CO3

2-

>SO4
2->OH- (Balonis, 2010). This is an important aspect, which highlights the potential for other AFm 

phases, hence X-AFm (i.e., where X is a single type or a multiplicity of ions including Cl-, NO3
-, NO2

-, 
CO3

2-, SO4
2- and/or OH-), to be used to bypass phase conversion phenomena in CACs.  

2. Experimental 
2.1. Materials 
Secar® 51, a grey calcium aluminate cement manufactured by Kerneos Aluminate Technologies was 
used in the present study. The mass-based oxide composition of the CAC was determined by x-ray 
fluorescence as: 51.05% Al2O3, 38.94% CaO, 4.77% SiO2, 2.23% Fe2O3, 0.59% MgO, 2.02% TiO2, 
0.11% P2O5, 0.31% K2O and 0.07% Na2O. The mass-based mineralogical composition of the CAC 
was determined using x-ray diffraction and Rietveld refinement as: 73.3% CA, 18.1% C2AS, 4.9% CT 
with minor phases in the form of 0.8% CaO, 0.6% C2F, 1.5% C3FT and 0.8% Fe3O4. CAC pastes were 
prepared using deionized water at a mass based water/cement ratio w/c=0.45 as described in ASTM 
C305 (ASTM International, 2014a, p. 305). A commercially available liquid calcium nitrate (CN) 
admixture (53.93% CN by mass in water) manufactured by Yara Industrial Nitrates was added to 
mixing water to prepare CN-dosed pastes. CN was dosed at 5, 10, 20, and 30% by mass of CAC. The 
upper bound on the CN dosage, i.e., 30% (by mass of CAC) was chosen as around 28% CN (by mass 
of CAC) was expected to fully suppress the formation of C3AH6 in a water-sufficient system at 
complete hydration (as calculated using the GEMS-PSI distribution, see Section 3.3).  
2.2. Experimental Procedure 
The compressive strength of cubic specimens (50 mm on edge) was measured at 1, 3, 7, 14, 28, 56, 
and 90 days. Specimens were cured at 25 ± 0.1°C and at 45 ± 0.1°C in temperature-controlled 



 

chambers under water until evaluation (ASTM International, 2014b). Strength was measured at 
dosages of 0% and 10% CN at 25°C, and at dosages of 0%, 5%, and 10% CN at 45°C. The strength 
reported is the average of three specimens cast from the same mixing batch, with the highest 
coefficient of variation (CoV) ≈10%. 
Additional CAC pastes samples were prepared in airtight cylindrical HDPE containers (d=32 mm x 
h=16 mm) for x-ray diffraction. The pastes were cured sealed in these containers until the desired age. 
Solvent exchange using isopropanol was performed to stop hydration at the appropriate age. Hydrated 
pastes were crushed (< 5 mm) and submerged in isopropanol for 14 days before being placed under 
vacuum for 7 days. Samples were then finely powdered to pass through a 75 μm sieve prior to x-ray 
diffraction analysis. 
Qualitative x-ray diffraction was carried out on powdered CAC mixtures using a Bruker-D8 Advance 
diffractometer with a VANTEC-1 detector. The diffractometer was used in a θ-θ configuration with 
Cu-Kα radiation (λ=1.54 Å) and a divergence slit of 1.00°. The samples were scanned between 5-70° 
(2θ) in continuous mode with an integrated step scan of 0.021° (2θ). The potential for preferred 
orientation was minimized by using a fine powder in a rotating sample holder. X-ray patterns for 
relevant phases was sourced from the literature and standard databases (RRUFF, 2014). 
Gibbs Energy Minimization Software (GEMS-PSI), version 2.0 was used to calculate expected phase 
assemblages (Kulik et al., 2004, 2012; PSI, 2014). The GEMS software uses a convex programming 
approach based on the Interior Points Method (Mehrotra, 1992) in conjunction with information of the 
thermodynamic properties of phases (i.e., solids, liquid and air) to calculate phase balances based on 
Gibbs energy minimization criteria. Chemical interactions involving solid phases, solid solutions and 
the aqueous electrolyte(s) are considered simultaneously. The thermodynamic properties of all the 
solid and the aqueous species were sourced from the GEMS-PSI database, and then amended with 
additional information relevant to CAC systems (Balonis, 2010; Balonis et al., 2011; Balonis and 
Glasser, 2009; Dilnesa et al., 2012, 2011; Jappy and Glasser, 1991; Lothenbach et al., 2012; Matschei 
et al., 2007a). Table 1 presents the thermodynamic properties of hydrates relevant to CACs. 
Thermodynamic modeling was performed for systems containing CAC (SECAR®51) and 20% CN 
(w/c= 0.45) admixture at atmospheric pressure (p = 1 bar) and T=25°C. The solid/liquid phases were 
assumed to be at equilibrium with CO2-free air. The calculations accounted for the fractional 
reactivity of the anhydrous CAC.  

Table 1: Standard molar thermodynamic properties of relevant hydrated phases at T = 25°C and p = 1 bar as 
used in the thermodynamic calculations. Properties are sourced from the references listed above. 

Phase Log Ksp ΔfG
0

 ΔfH
0 S0 a0 a1 a2 a3 V°* 

  [kJ/mol] [kJ/mol] [J/(molK][J/(molK)] [J/(molK2)] [JK/mol] [J/(molK0.5)] [cm3/mol]

C3AH6 -20.84 -5010.1 -5540 419 292 0.561 0 0 150 

C4A(NO3)2H10   -28.67 -6778.0 -7719 821 580 1.02 -2.77e+06 872.2 297 

CAH10 -7.5 -4622.3 -5320 501 150.5 1.11 0 3200 193 

C2AH8 -13.56 -4812.8 -5433 438 392 0.714 0 -800 183 

C2ASH8 -19.70 -5705.1 -6360 546 438 0.749 -1.13e+06 -800 216 

water (H2O)  -237.2 -286 70 75 0 0 0 18 

SiO2 (amorph.)   -848.9 -903 41 47 0.034 -1.13e+06 0 29 

Fe(OH)3  -711.6 -843 88 27.8 0.052          0 0 34 

Al(OH)3 (amorph.) -1143.2 -1280 70 36 0.190 0 0 31 

Al(OH)3 (gibbsite) -1151.0 -1289 70 36 0.191 0 0 32 

Al(OH)3 (microcryst.) -1148.4 -1265 140 36 0.191 0 0 32 
 

3. Results and Discussion 
3.1 Compressive Strength Evolutions 



 

Figure 2 shows the development of paste compressive strength in plain and CN-containing CAC 
pastes. In general, CN additions increased strength and the rate of strength development. These 
increases can be attributed to both the acceleration in hydration due to CN addition, and to the 
changes induced in the solid hydrate assemblages, i.e., the formation of the NO3-AFm at the expense 
of CAH10, C2AH8 or C3AH6. In cement-based systems, higher strength generally correlates to lower 
porosity, an aspect which is discussed further based on the thermodynamic calculations. Specimens 
cured at 45°C demonstrated a very rapid initial gain in strength, followed by little to no increase at 
later ages. No reduction in the compressive strength corresponding to phase conversion was noted in 
either the plain CAC (0% CN) or 10% CN samples cured at 25°C. As noted in Figure 2(b), the 
strength of  the 5% CN system was intermediate to the 0% CN and 10% CN cases, demonstrating a 
scaling of strength related to the quantity of NO3-AFm formed in the system (see Figure 5 and Section 
3.3).  
As described in Section 2.2, two different sample geometries were used for analysis (50 mm cubes for 
strength and small cylindrical samples for XRD). The lack of reduced strength expected to manifest as 
a result of phase conversion in CAC mixtures cured at 25°C (Figure 2a) may result from three 
possible causes (or a combination thereof): 
 Water, either provisioned externally due to underwater curing or internally by the water released 

due to conversion of high-water metastable phases, may have acted to allow the unhydrated CAC 
to react. This would offset the effects of phase conversion by filling the porosity of the paste. 

 As noted in the XRD plots (Figure 3a), significant conversion was not observed until 56-to-90 
days. As such, the microstructural implications of conversion may not have manifested in the 
duration in which strength was investigated. 

 The larger size of the strength samples may have induced a minor level of phase conversion not 
captured in the XRD samples, likely due to the increased early-age temperature of the larger 
samples. However, the extent of conversion was expected to be small, as the samples cured at 
25°C showed significantly higher strength than those cured at 45°C across all ages.  

  
(a) (b) 

Figure 2: The evolution of the compressive strength as a function of age for CAC mixtures cured at: (a) 25°C, 
(b) 45°C. 

3.2 X-Ray Diffraction (XRD) 
X-ray diffraction analysis was performed to identify the effects of CN additions on the solid phases 
present in hydrated CACs at different ages. Figure 3 shows the XRD patterns of plain CAC pastes 
cured at 25°C and 45°C for ages 1-90 days. As expected, curing temperature exerts significant 
influence on the phases found within these pastes over time. Phase conversion was noted to occur 
significantly between 56 and 90 days for CACs cured at 25°C, as indicated by the elimination of 
CAH10 and C2AH8 phases from the XRD patterns, and concurrent increase in C3AH6 peak intensity 
(Figure 3a). The conversion reactions also increased the presence of AH3, which forms in addition to 
C3AH6 based on Eqs. 1-3. The CAH10 phase was never observed in plain CAC systems cured at 45°C, 
due to the increased preference for C3AH6 formation (Lothenbach et al., 2012; Taylor, 1997). At 45°C, 



 

C2AH8 was observed only at 1 day, as it is expected to form as an intermediate prior to C3AH6 

formation (Lothenbach et al., 2012; Nonnet et al., 2001; Rashid et al., 1994, 1992).. Unhydrated 
monocalcium aluminate (CA), gehlenite (C2AS), and strätlingite (C2ASH8) were also observed (Jappy 
and Glasser, 1991; Midgley and Bhaskara Rao, 1978). CA was expected to remain present, given the 
lack of water required for full hydration. The hydration of CA to form C3AH6 and AH3 was very rapid 
at 45°C, providing evidence for the rapid strength gain which occurred in the CAC mixtures after 1 
day of hydration (Figure 2b). After 1 day, the presence of these phases remained relatively constant 
with age. C2AS was noted to hydrate to form C2ASH8 at 45°C, as a consequence of enhanced silicon 
release at this temperature. 
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Figure 3: X-ray reflections of plain CAC pastes at different ages for mixtures cured at: (a) 25°C and (b) 45°C. 
Time and temperature dependent phase conversions are identified. 

Figure 4 shows XRD patterns of CAC pastes of different CN dosages cured at 25°C and 45°C for 90 
days. Expectedly, increasing of CN dosages, i.e., from 5% CN to 30% CN, yielded phase balances 
with increased quantities of NO3-AFm, and reduced amounts of CAH10, C2AH8 and C3AH6. At CN 
dosages less than 30% at 25°C, small amounts of C2AH8 were present at early ages which 
subsequently converted into C3AH6, as the CN dosage was insufficient to fully eliminate this phase 

(Hewlett, 2003; Taylor, 1997). While the enhanced reduction of C3AH6 with increasing CN dosage 
was generally applicable to CACs with admixed CN at 45°C as well, one important difference persists. 
In this case, C3AH6 remained in samples with high CN dosage, attributed to the combined effect of 
insufficient CN addition, and the reduced activity of water, causing a preference for the formation of 
the lower water C3AH6 phase instead of NO3-AFm (Flatt et al., 2011). 
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Figure 4: The effects of incremental CN additions on phase assemblages of CAC pastes hydrated for 90 days 
at: (a) 25°C and (b) 45°C. Due to the long duration of hydration, conversion of metastable phases to C3AH6 is 
evident. At both temperatures, increasing the CN dosage yields more NO3-AFm and reduces the prevalence of 

C3AH6. 

3.3 Thermodynamic Modeling of Phase Assemblages in Calcium Aluminate Cement 
Thermodynamic calculations were performed to describe the influence of CN additions on the phase 
assemblages of hydrated CAC pastes. While the phase assemblages discussed below are quantitative, 
the results for the system containing 20% CN present a level of uncertainty due to the difficulty in 
representing solutions at ionic strengths greater than 2.0-3.0 mol/L (Kulik et al., 2004). Calculations 
were carried out for CAC systems with 0% and 20% CN dosages. While the calculations display the 
effect of the fractional reactivity of the CAC, reaction kinetics are not considered. As such, the results 
presented below do not predict the formation of metastable hydrates, and can only be qualitatively 
linked to late age XRD data, wherein specimens can be considered “mature” (as in Figure 4).  
Figure 5(a) shows the simulated phase assemblage of a mature plain CAC system. As observed via 
XRD, C3AH6, C2ASH8 and AH3 were the primary hydrates predicted. Also consistent with XRD 
observations, minor quantities of unhydrated CAC were also predicted. Figure 5(b) shows the 
simulated phase assemblage of 20% CN-containing CAC system. The observed formation of NO3-
AFm at the expense of C3AH6 noted in this case was also observed across multiple CN dosages, not 
depicted herein. CN dosage strongly correlates to the amount of NO3-AFm formed in the hydrated 
CAC, allowing for CN dosage to be tuned as to suppress or fully bypass conversion-prone phases. 
While AH3 is considered as a poorly-crystalline phase in calculations, the crystallinity of this phase is 
dependent upon the temperature, chemical environment, and age of the system (Lothenbach et al., 
2012; Taylor, 1997). This may produce minor unforeseen changes in density and solubility (KSP). Due 
to the very small quantity of Ti and Fe in the anhydrous CAC: no account is made for the precipitation 
of titanium bearing phases, although Fe is expected to exist dominantly as Fe(OH)3 in, though some 
Fe may partially substitute Al in the X-AFm or C3AH6 structures (Dilnesa et al., 2012, 2011; Taylor, 
1997). 
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Figure 5: Calculated phase balances of “mature” CAC pastes hydrated at 25°C as a function of the degree of 
hydration for w/c = 0.45: (a) plain CAC paste, and (b) 20% CN. Case (a) considers the reaction of 100 g of 

CAC and 45 g of water, while case (b) considers an additional 20 g of CN dissolved in the water. 

As shown in Figure 5, the calculated volume of the solid hydrates differed significantly depending on 
the presence of CN admixture. The increased solid volume of the 20% CN mixture relative to the 
plain CAC paste can be attributed to the improved space-filling of the NO3-AFm phase compared to 
C3AH6. This effect explains increased strength of CN dosed systems, relative to cement pastes, even 
when conversion did not induce substantial effects, as in early ages. The presumably NO3-AFm phase 
may also be more intrinsically stiff than CAH10, C2AH8 and C3AH6 as are CO3-AFm phases (Moon et 
al., 2012). The improved strength observed in these CAC samples dosed with CN admixture are 
beneficial as they may allow increased efficiency of material use, by mixture proportioning at lower 
cement content. This provides an additional benefit for CN usage, i.e., as a strength enhancing 
additive for CAC-dominant and CAC containing binder (e.g., floor screeds, and repair) formulations. 
4. Conclusions 
This paper demonstrates the usage of calcium nitrate admixtures in CAC systems as a method to 
bypass phase conversion by the stabilization of the NO3-AFm phase. This method is attractive for its 
generality, as a host of X-AFm phases, where X=Cl-, NO3

-, NO2
-, CO3

2-, SO4
2- and/or OH- are also 

predicted to be stable, preferred phases. Measurements of compressive strength, x-ray diffraction, and 
thermodynamic calculations are employed to study the phase assemblages and properties thereof as a 
function of time. NO3-AFm was noted to be stable over 90 days at both 25 and 45°C, and effectively 
obviated the formation of the metastable calcium aluminate hydrate phases with sufficient CN dosage. 
A dependence on CN dosage was noted, with higher CN dosages being increasingly successful in 
bypassing phase conversion. Significantly, CN-doped CAC systems consistently demonstrate higher 
strengths than plain CAC pastes at the same w/c. This is attributed primarily to the enhanced space-
filling/porosity reduction of NO3-AFm. Further study of the kinetic evolutions of reactions (due to 
potential acceleratory or retarding effects of admixtures) and of the durability characteristics (e.g., 
porosity, transport, etc.) of CN-doped CAC systems over longer durations are required, but the 
present study clearly demonstrates the viability of the chemical admixtures based on inorganic salts to 
bypass phase conversion phenomena, and to enhance strength of CAC systems. Additional 
investigation of w/c effects, temperature stability, and thermogravimetric analysis of phase 
assemblages in CN-dosed CAC systems can be found in (Falzone et al., 2015). 
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Abstract 

Digital image correlation (DIC) is an optical metrology based on digital image processing and 

numerical computing, by which the information of both in-plane and out-of-plane displacement of 

samples could be attained. In the present work, 3D-DIC was used to record the in-plane and 

out-of-plane displacement of mortar at early age. Then the corresponding strain values were 

calculated. Thus we obtain results about influence of different factors on mortar shrinkage strain. 

Influences of the w/c ratio, fine aggregate volume and specimen size on mortar shrinkage were 

investigated through using 3D-DIC. The analysis of its accuracy was given. The 3D-DIC method 

accuracy for shrinkage deformation measurement was evaluated through comparing to testing results 

from conventional length comparator. The experimental results show that 3D-DIC can measure the 

deformation displacement of mortar effectively. With the increase of w/c ratio, the drying shrinkage 

strain of mortar increased. Fine aggregate volume had a very strong influence on mortar drying 

shrinkage. And the displacement fields or strain fields of mortar deformation were also obtained 

through using 3D-DIC. The results from point analysis and line analysis of 3D-DIC method indicate 

that specimen size is also the key factor influenced drying shrinkage of mortar. 

 

Keywords: digital image correlation (DIC), drying shrinkage, mortar 

 

1. Introduction 

Free drying shrinkage of cement-based materials is generally defined as “the 

unrestrained, the time-dependent deformation that occurs due to loss of water at constant 

temperature and relative humidity. [1]Drying shrinkage of cement-based materials may lead 

to micro-cracking before materials are subjected to any kind of loading. Micro-cracking 

increased the penetration of deleterious agents and diffusivity of materials which will weaken 

the durability of cement-based materials.[2] Thus, the characterization of shrinkage in 

cement-based materials is important[3]. 

Conventional methods for shrinkage deformation measurement include length 

comparator, extensometers and strain gages, et al.[4] The measured shrinkage strain by using 

conventional method was some kind of average strain of a specimen. [5]Embedded strain 
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gauges is also popular for measurement of shrinkage[6]. But the shrinkage behavior may be 

affected by the strain gauges[3]. There is little research concerning full-field measurement of 

shrinkage in cement-based materials. 

Advances in computer technology and digital cameras have been enabling an optical 

technique called digital image correlation method to obtain full-field deformation information 

of materials. 

Digital image correlation method was originally developed by Yamaguchi[7] from Japan 

and Peters and Ranson[8] from USA in the 1980s. It has been developed into an effective and 

flexible optical technique for surface deformation measurement. [9] This is often used to 

measure deformation, displacement, strain and optical flow, but it is widely used in many 

areas of science and engineering[10].  

Digital image correlation (DIC) method has been applied to study properties of 

cement-based materials for decades. This method was first to measure deformation on 

concrete under compressive loads by S. Choi and P.Shah [11]. V. Huon, B.Cousin, et al[12] 

investigated the thermo-mechanical behavior of cementitious materials using image 

processing techniques. Caduff and Van Mier measured crack development before and at peak 

stress using 3D-digital image correlation[13]. 

Some literatures have been reported that measure free shrinkage of cement-based 

materials using DIC. F.Lagier, et al[14]. And In [15], T.Mauroux et al studied free drying 

shrinkage by 2D-DIC. Two-dimensional (2-D) digital image correlation, which is used with a 

single camera, can measure only in-plane displacement fields on plane objects.  

 To overcome the drawback of 2-D digital image correlation, Luo et al.[16] proposed a 

3-D digital image correlation technique. For 3D image correlation to obtain the three 

displacement components (including the out-of-plane displacement) of a deforming surface, 

two cameras viewing the specimen at different angles are usually used. 

The objective of this work concerns 3D-DIC for free shrinkage of mortar specimens 

under drying conditions. This article focused on 3D-DIC which was a new method for 

investigating shrinkage behaviors of cement-based materials. 

This paper details the methodology of 3D-DIC for shrinkage measurement in 

cement-based materials. 3D-DIC is a nondestructive method and measures displacement in 

three dimensions with a high degree of sensitivity. 

 

2. Experimental 

2.1. Raw Materials 

Type I 42.5 Portland cement was used in this study. Table 1 shows the chemical 

compositions of cement. A kind of manufactured sand with a fineness modulus of 2.8 was 

used as fine aggregate. The fundamental properties of fine aggregate are shown in Table 2. 

Tab.1 Chemical composition of type I cement (mass %) 

 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 LOI Others 

 
21.86 4.45 2.35 63.51 1.67 0.55 0.26 2.91 0.11 1.89 0.44 

 

 

 

 



Tab. 2 The fundamental properties of fine aggregate 

Fine aggregate  

Silt content (%) 2.0 

Apparent density(kg/m3) 2618 

Bulk density(kg/m3) 1516 

 

2.2. Mix proportion 

The mix proportions are given in Table 3. Mortars were batched in a 15-L horizontal 

mortar mixer. The cement and fine aggregate were first introduced in the mixer. The water 

was then added and mortars were mixed for 2 minutes.  

 

Tab.3 Mix-proportions of mortars 

 W/C=0.3 W/C=0.4 W/C=0.5 

M3005 M301 M302 M4005 M401 M402 M5005 M501 M502 

Sand/binder ratio 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 

Sand (kg/m3) 614 993 1436 547 903 1340 493 828 1256 

Cement (kg/m3) 1227 993 718 1093 903 670 985 828 628 

Water (kg/m3) 368 298 215 437 361 268 493 414 314 

2.3. Experimental Process 

2.3.1. Specimen preparation 

Shrinkage tests of mortar were carried out on prisms with size 100mm×100mm×

100mm .After casting, the specimens were cured in a climate room (T=20℃ and RH=95%) 

for 24h. Then the mortar specimens were demolded and cut into size 100mm×100mm×

10mm and 100mm×100mm×25 mm. 

2.3.2. Surface preparation 

In order to improve grey scale of speckle, the surface of specimen need to be sprayed with 

one coat of white flat lacquer. A modified spray can nozzle generated flat black splatter of the 

required surface.  

2.3.3. Digital image correlation 

In the experimental programs, digital images are acquired once a day as the mortar specimens 

exposed to environmental chamber (40% relative humidity and 20℃). Two digital cameras 

have a resolution of 2048 × 2048 pixels. For the testing, the angle between two cameras is 

mounted approximately 25°~35°. Adjusted the distance between cameras and specimens, in 

order to image the entire 100mm×100mm of the specimen.  

3. Results and Discussion 

For this research, the measurement of shrinkage on the unsealed mortar specimens was 

performed. In the tests, 3D-DIC was used to record on a daily basis for 7days. 

3.1. Drying shrinkage linear strain of mortar 

Digital image correlation can be used as a kind of extensometer. Drying shrinkage linear 

strain of mortar will be obtained by using DIC. 

3.1.1. Effect of w/c on mortar drying shrinkage  

The mortar specimens were made with 0.3, 0.4 and 0.5 W/C ratio. The sand/cement ratios 

were 0.5, 1 and 2. Tests were performed for specimens exposed at 40% relative humidity and 

20℃. 

Overall, the influence of W/C ratio on drying shrinkage of two mortar specimen sizes were 

investigated. Drying shrinkage results of mortar specimens are presented in Fig.1. Fig.1(a), 



Fig.1(b) and Fig.1(c) show that drying shrinkage of mortar 100×100×25 mm. Fig.1(d), 

Fig.1(e) and Fig.1(f) show that drying shrinkage of mortar 100×100×10 mm. 

  
(a) s/c=0.5 (specimen size 100×100×25 mm) (d) s/c=0.5 (specimen size 100×100×10 mm) 

  
(b) s/c=1 (specimen size 100×100×25 mm) (e) s/c=1 (specimen size 100×100×10 mm) 

  
(c) s/c=2 (specimen size 100×100×25 mm) (f) s/c=2 (specimen size 100×100×10 mm) 

Fig.1. Drying shrinkage results of mortar specimens 

 

Shrinkage results from 7 day investigations indicate a pronounced influence of the W/C ratio 

for mortars. The drying shrinkage of mortar increases with the increase of water/cement ratio.  

As expected, the mortar with the lowest W/C ratio had the lowest amount of drying shrinkage. 

It may be associated with the modulus of elasticity of mortar. Mortar of high water/cement 

ratio has a lower strength and lower modulus of elasticity and hence has a greater tendency to 

shrinkage. As can be noted, higher water/cement ratio lead to significant increase in drying 

shrinkage. 



The variation in drying shrinkage may be explained by water loss. To drying shrinkage, water 

loss mainly associated with weight loss ratio of specimen.  

Relationship between water/cement ratio (W/C) and weight loss ratio is plotted in Fig.2. 

These data correspond to those obtained from tests carried out on two specimen sizes. To two 

size specimens, with the increase of water/cement ratio, the weight loss ratio increased.  

The drying condition of mortar has a great influence on shrinkage. The curing process of 

mortar in a low relative humidity (40%RH) may lead to mass loss of the water retaining in the 

capillary pores. The fact that the drying shrinkage is caused by the evaporation of capillary 

water pushed the effort to investigate the mass loss in mortar specimens as plotted in Fig.2. 

The slightly more pronounced effect of the W/C ratio observed on specimens is presumably 

due to the fact that the rate of water diffusion decreases with the W/C ratio. Hence, it can be 

inferred that W/C ratio has a significant effect on the drying shrinkage strain of mortar. 

  

(a) specimen size 100×100×25 mm (b) specimen size 100×100×10 mm 

Fig.2. Relationship between weight loss ratio and water/cement ratio (W/C) 

 

3.1.2. Effect of sand/cement ratio on mortar drying shrinkage  

The mortar specimens were made with 0.5, 1 and 2 sand/cement ratios. Tests were 

performed for specimens exposed at 40% relative humidity and 20℃ . The effect of 

sand/cement ratio on drying shrinkage in two kinds of specimens is shown in Fig.2. 

  

(a) w/c=0.3 (specimen size 100×100×25 mm) (d) w/c=0.3 (specimen size 100×100×10 mm) 



  
(b) w/c=0.4 (specimen size 100×100×25 mm) (e) w/c=0.4 (specimen size 100×100×10 mm) 

  
(c) w/c=0.5 (specimen size 100×100×25 mm) (f) w/c=0.5 (specimen size 100×100×10 mm) 

Fig.3. Drying shrinkage results of mortar specimens 

 

Aggregates have a restraining effect on shrinkage. The effect is illustrated in Fig.2. To assess 

the contribution of fine aggregate restraint to drying shrinkage, tests were done on three 

sand/cement ratios mortars.  

As expected, with the increase of sand/cement ratio, the drying shrinkage of mortar increased. 

Drying shrinkage is a cement paste-related phenomenon, so the paste volume is a dominant 

feature. When sand/cement ratio is lower, the paste volume is relatively higher. To mortar 

specimen with low sand/cement ratio, the fine aggregate restraint is smaller. The investigated 

results agree with these two reasons. 

 

3.1.3. Effect of specimen size on mortar drying shrinkage  

The effect of specimen size on drying shrinkage strain development is illustrated in Fig.3. for 

two kinds of specimens. Fig.3 shows that the specimen with 100×100×10 mm, in general , 

exhibited more shrinkage as compared to strains at specimen with 100×100×25 mm. With 

the increase of ages, drying shrinkage strain of two sizes mortar increase. Because the rate of 

drying is strongly affected by the size of the specimen, it can be seen from this map that 7th 

day deformation differ much from one specimen size to the other. To early drying shrinkage, 

the specimen size affected the drying shrinkage deformation. 



   
(a) s/c=0.5 (b) s/c=1 (c) s/c=2 

Fig.4. Drying shrinkage of two sizes mortar with w/c=0.5 

 

The 7th day shrinkage strains of mortars obtained for the two specimen sizes investigated are 

shown in Table4. As the rate of drying is strongly affected by the size of the specimen, it can 

be seen from this table that the deformation differs much from one specimen to the other at 7 

day. Hence, for the larger size investigated in this study, it seems that humidity gradient have 

influence on strain during drying.  

 

Tab.4 The 7th day drying shrinkage strain of mortars at 40%RH and 20℃ for two size specimens 

 Specimen size Growth rate 

（%） 100×100×25 mm 100×100×10 mm 

M5005 -861μm -1407μm 63 

M501 -591μm -856μm 45 

M502 -400μm -514μm 29 

M4005 -734μm -828μm 13 

M401 -542μm -666μm 23 

M402 -475μm -456μm -4 

M3005 -544μm -670μm 23 

M301 -449μm -604μm 35 

M302 -332μm -432μm 30 

 

Weight loss ratio is used to characterize drying rate. Fig.5. presents weight loss ratio of two 

sizes mortar specimens. Weight loss ratio of size 100×100×10 mm mortars is generally 

higher, so these specimens exhibit a higher drying rate.  

As plotted in Table4, size 100×100×10 mm mortars also exhibit a higher drying shrinkage. 

Hence, it can be inferred that specimen size has a significant effect on the drying shrinkage 

strain of mortar.  

 

 .  

(a) specimen size 100×100×25 mm (b) specimen size 100×100×10 mm 
Fig.5. The weight loss ratio of mortar specimens vs drying age 



 

3.2. Displacement fields of mortars 

 

  
(a) Displacement field: X-direction (b) Displacement field: Y-direction 

  
(c) Displacement field: Z-direction (d) Displacement field: Total  

Fig.6. Displacement field information of mortar(M501) on day 7 at 20℃ and RH40% 

 

Fig.6(a) and Fig.6(b) show the displacement fields in X-direction and Y-direction for 

mortar(M501) at 20℃ and RH40% on day 7.  

The displacement maps in both coordinate systems indicate that the specimen experienced 

surface shrinkage. Both fields have similar displacement distributions due to axisymmetric 

conditions. Along X-direction, the change of displacement near the edges of a specimen is 

larger. Also along Y-direction, the change of displacement near the edges of a specimen is 

larger. 

In 3D-DIC, the displacement along Z-direction is presented in Fig.6(c). Differed from 

2D-DIC, 3D-DIC can present deformation information of Z-direction. It can be inferred from 

Fig.6(c) that the drying shrinkage also appeared along Z-direction. 

Fig.6(d) shows total displacement information of mortar (M501) on day7 at 20℃ and 

RH40%. The maximum displacement occurred at four locations, which on the outer surface 

in four corners. The locations of zero shrinkage approximately correspond to the centers of 

the specimens. 

 

3.3. Strain fields of mortar 



  
EXX EYY 

 
EXY 

Fig.7. Three kinds of strain maps of mortar (M501) 

 

The strain analysis of mortar (M501) for day 7 is presented in Fig.7.  

In Fig.7, EXX is the lateral strain, EYY is the longitudinal strain and EXY is the shear strain. 

EXX =
𝜕𝑋

𝜕𝑥
 

EYY =
𝜕𝑌

𝜕𝑦
 

EXY =
𝜕𝑋

𝜕𝑥
+
𝜕𝑌

𝜕𝑦
 

However, the results shown in Fig.7 are different from the results shown in Fig.6. This may 

due to the noise in the analysis. 

It is acceptable and reasonable for the measurement of the distribution of the strain to be 

measured globally. As observed from Fig.7(a) and Fig.7(b), the surface shrinkage is larger in 

the area close to the outer surface than in the inner core. 

 



  

E1 E2 
Fig.8. The principal strain of mortar (M501) 

 

The principal strain map of mortar (M501) in drying shrinkage was plotted in Fig.8.  

In this paper, E1 and E2 are the principal strain. 

E1 =
𝐸𝑋𝑋 + 𝐸𝑌𝑌

2
+√(

𝐸𝑋𝑋 − 𝐸𝑌𝑌

2
)2 + (

𝐸𝑋𝑌

2
)2 

During the drying process, due to water loss, mortar may expose shrinkage stress. Stress may 

make mortar expose shrinkage strain. From Fig.8, it can be inferred principal strain was 

measured in the area near the outer surface. 

 

4. Conclusions 

Advances in computer technology and digital cameras have enabled 3D-DIC to measure the 

shrinkage deformation of cement-based materials. There are two functions in 3D-DIC. First, 

3D-DIC can be used as a kind of extensometer. Second, an automated analysis system was 

developed and applied to obtain displacement and strain maps in X-direction, Y-direction and 

Z-direction. And the principle strain of surface is also presented. The experimental results 

have shown that the drying shrinkage behaviour of mortar specimens is consistent with results 

in the literature.  
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Abstract 

It is widely known that the production of Portland cement consumes considerable energy and at the same time 

contributes a large volume of CO2 to the atmosphere. It is estimated as being responsible for 5-7% of current 

anthropogenic CO2 emissions world-wide. The environmental impact from the production of cement has 

prompted research into the development of concretes using 100% replacement materials activated by alkali 

solutions, termed geopolymers. It has been estimated that reduction of CO2 emission due to the replacement of 

Portland cement with geopolymer is between 26-45%. While the use of geopolymers is now becoming 

widespread there are significant variations in the chemical and physical properties of the fly ashes available. 

This study investigated the microstructure and durability characteristics of geopolymer concrete synthesized 

from a  range of class F fly ash obtained in different power plants in Australia. The optimum mix designs for 

each fly ash based geopolymer concrete were determined by activating the fly ash with sodium silicate and 

sodium hydroxide using different ratios. A number of key durability parameters were then analysed for the 

optimum concrete mix for each fly ash. Properties investigated included compressive strength, workability, 

ultrasonic pulse velocity, rebound hammer and resistivity.  Scanning electron microscopy and energy dispersive 

X-ray spectroscopy were employed to examine the geopolymerization, composition and microstructure of the 

end products. A variation in 28-day compressive strength for the five fly ash based geopolymers was observed 

between 24.1MPa and 48.7MPa. All geopolymers contained unreacted/partially reacted phases as inactive 

fillers within the geopolymer binder, resulting in variability in their durability characteristics. The difference in 

strength, durability and microstructure among the five geopolymer concretes are attributed to the different 

reactivity of the source materials and the amount of nonreactive fillers.  

 
Originality 

In order to enable the application of geopolymer concrete and the environmental benefits it can provide in depth 

knowledge is required to ensure that the fly ash used will provide acceptable performance from the concrete 

produced. Extensive research has been published on the development of fly ash based geopolymer concrete 

using range of mix designs and activators. However, only limited studies have been conducted on the variations 

in properties and composition over the range of fly ash precursors available. This investigation of a range of fly 

ashes provides the originality as previous studies have focused on the properties of a single fly ash.  This study 

focused on five different types of class F, fly ash. The data shows that the material properties in different fly ash 

geopolymer concretes are well correlated with the observed microstructures, i.e. the matrix produced in the 

geopolymer concrete, which is itself dependent upon the Al/Si ratio and the number of unreacted and partially 

reacted grains. The degree of unreacted particles is dependent upon the flow of the material, and that a certain 

workability is required to obtain a geopolymer concrete comparable to standard Portland cement and 

replacement cement concretes.  

Keywords: Geopolymer; Fly ash; Compressive strength; Durability; microstructure 
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1. Introduction   

Portland cement concrete is the most widely used construction binder today. The success of this 

material over the twentieth century can be attributed to its material properties, cost effectiveness, 

availability and overall performance. However, from an energy and environmental point of view, 

certain inherent features of Portland cement manufacturing give cause for serious concern in modern 

society. The process involves very high temperatures (1400 to 1500 °C), the destruction of natural 

resources to extract raw materials, and the emission of greenhouse gases. Cement production alone 

contributes between 5% to 7% of the anthropogenic CO2 emissions worldwide (Meyer C., 2009, Chen 

C. ,et al., 2010), with the production of 1 tonne of cement producing from 0.6 up to1 tonne of CO2, 

depending on the power station (Li C. ,et al., 2011, Peng J. ,et al., 2013). This has encouraged 

research into environmentally friendly cementitious materials producing high strength and good 

durability, while maintaining an acceptable level of energy consumption for production.  

A possible alternative is the use of alkali-activated binder, widely known as geopolymer, using 

industrial by-products containing silicate materials (Davidovits J., 1994, Palomo A. ,et al., 1999). One 

of the most common industrial by-products used as binder materials is fly ash. This has been widely 

used as a pozzolanic material to enhance the physical, chemical and mechanical properties of cements 

and concretes. It has been estimated that reduction of CO2 emission due to the replacement of 

Portland cement with geopolymer is between 26-45%, with no economic sacrifices (Habert G. ,et al., 

2011, Turner L. K. and Collins F. G., 2013). Research has shown that geopolymer concrete can 

achieve comparable strengths to Portland and blended cement concretes (Bakharev T., 2005b, Guo 

X. ,et al., 2010). Durability studies have investigated acid attack (Bakharev T., 2005c), sulphate attack 

(Bakharev T., 2005a), fire resistance (Kong D. L. Y. and Sanjayan J. G., 2010) and resistance to 

ingress of chlorides (Miranda J. M. ,et al., 2005). Thus, geopolymer concrete has the potential to be a 

suitable alternative material to Portland and blended cement concretes. However, to date limited 

attention has been given to evaluating variations in performance in the durability characteristics of 

geopolymer concrete produced from a range of fly ashes, with different chemical and physical 

properties. This paper discusses a series of engineering properties, i.e. compressive strength, 

flowability, ultra sonic pulse velocity, Schmidt Hammer surface hardness and resistivity, along with 

the microstructural changes of five different fly ash based geopolymers. 

2. Experimental work 

2.1. Materials 

Five types of fly ash (class F) conforming to AS 3582.1 (1998b), obtained from Gladstone (G), Port 

Augusta (PA), Collie (C), Mount Piper (MP) and Tarong (T) power plants in Australia were used to 

manufacture the geopolymer concrete. The chemical composition, mineralogical composition and 

fineness of each fly ash (FA), determined by X-ray fluorescence (XRF), X-ray diffraction (XRD) and 

Malvern particle size analyser instruments Mastersizer X, respectively are shown in Table 1, Figure 1 

& Table 2, and Table 3. Brunauer Emmett Teller (BET) method by N2 absorption was used to 

determine the fly ash surface area. The sulphur trioxide (SO3) is less than 1%, which should ensure 

high volume stability, which is desirable for good durability.  

The alkaline liquid used in geopolymers consisted of a mixture of commercially available sodium 

silicate solution with a specific gravity of 1.53 and an alkaline modulus ratio (Ms) equal to 2 (where 

Ms= SiO2/Na2O, Na2O=14.7% and SiO2=29.4% by mass), and sodium hydroxide solution (15M). The 

sodium hydroxide solution was prepared by dissolving the sodium oxide pellets of 99% purity in 

deionised water one day prior to usage.  

Both coarse and fine aggregate were prepared in accordance with AS 1141.5 (2000). The moisture 

condition of the aggregate was in a saturated surface dry condition. The fine aggregate was river sand 

in uncrushed form with a specific gravity of 2.5 and a fineness modulus of 3.0. The coarse aggregate 

was crushed basalt aggregate of two-grain sizes: 7 mm (2.58 specific gravity and 1.60% water 

absorption) and 10 mm (2.62% and 0.74%). Demineralized water was used throughout the experiment. 

 
Table 1.Chemical composition of fly ash precursors 
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FA type 
by weight (%) 

SiO2 Al2O3 Fe2O3 CaO K2O TiO2 P2O5 MgO Na2O SO3 MnO 

GFA 47.88 25.10 15.54 4.66 0.86 1.76 2.20 0.96 0.0 0.38 0.19 

PAFA 49.37 31.25 4.47 4.80 2.21 2.94 1.65 1.28 1.30 0.24 0.04 

CFA 56.75 27.39 7.83 1.34 0.68 2.12 1.58 0.67 0.0 0.55 0.02 

MPFA 65.24 25.20 1.12 0.83 4.21 1.74 1.16 0.0 0.0 0.25 0.0 

TFA 69.21 24.60 1.03 0.38 0.60 2.54 1.28 0.0 0.0 0.15 0.0 

 
Table 2. Amorphous & crystalline percentage of fly ash 

Mineralogical composition (%) GFA PAFA TFA CFA MPFA 

Amorphous 71.8 59.5 66.3 72.5 79.2 

Crystalline 

Quartz 6.8 29.2 14.8 18.2 7.2 

Mullite 17.9 7.5 18.9 8.7 13.6 

Others 3.5 3.8 0 0.6 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                             Figure 1. Mineralogical composition of fly ash precursors 

 

Table 3.Physical properties of fly ash precursors 

 

 

 

 

 

 

 
 

 

2.2. Mix designs 

The blended sodium silicate and sodium hydroxide solutions are characterized by the activator 

modulus, Eq.1. The mix design in each fly ash geopolymer was initially selected, based on previous 

tests on mortar specimens (Gunasekara M. P. C. M. ,et al., 2014). The activator modulus was then 

varied by 0.125 intervals, starting from the optimum mix design of the mortar (Table 4), to determine 

the optimum compressive strength for the concrete. The target 28 day compressive strength was 

Properties investigated GFA PAFA CFA MPFA TFA 

BET Surface Area, (kg/m2) 2363 1228 1095 1025 1876 

 

Fineness (%) 
at 10 microns 43.1 46.7 40.9 36.0 43.0 

at 20 microns  61.9 62.1 54.6 57.1 63.0 

at 45 microns  82.7 80.2 70.0 80.7 81.8 

Unburnt carbon content (%) 0.43 0.51 0.63 1.30 1.16 
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40MPa to replicate the strength for standard site concrete as specified in AS 3600 (2009), exposure 

classification B2. To achieve this target strength a 15% Na2O dosage was selected. The total 

aggregate in the concrete was kept to 64% of the entire mixture by volume for all mixes. The ratio of 

ingredients (fly ash, chemical activator, aggregate, and water) was calculated based on the absolute 

volume method (Neville A. M., 1996), as a result, the total weight of binder and water was varied to 

keep the volume of material and water/solid ratio (0.37) constant. The water in the mix was taken as 

the sum of water contained in the sodium silicate, sodium hydroxide and added water. The solid is 

taken as the sum of fly ash, the solid in the sodium silicate solution and the sodium oxide pellets. 

Table 5 summarizes the mix details for all fly ash based geopolymer concretes. 

 

Activator Modulus (AM) =  
SiO2 in alkaline activator solution

Na2O in alkaline activator solution
                                                        (1)   

 
Table 4. Tested concrete specimens in each fly ash based geopolymer (GP) concrete 

GP 
Mix design 

AM-0.625 AM-0.75 AM-1.0 AM-1.125 AM-1.25 AM-1.375 AM-1.5 AM-1.625 AM-1.75 

GFA - - - G1.125 *G1.25 G1.375 G1.5 - - 

PAFA - - - PA1.125 *PA1.25 PA1.375 PA1.5 - - 

CFA - - C1.0 C1.125 C1.25 *C1.375 C1.5 - - 

MPFA MP0.625 *MP0.75 MP1.0 - - - - - - 

TFA - - - - - - T1.5 *T1.625 T1.75 
*Optimum mix design based on previous tests on mortar specimens (Gunasekara M. P. C. M.,et al., 2014)  

 
Table 5.Mix design details for tested concrete specimens (kg/m3) 

Mix Fly ash 

(kg) 

Aggregate (kg) Activator (kg) Added     

water (kg) Sand 7 mm 10 mm Na2SiO3 (Liquid) NaOH (15 M) 

AM -0.625 427 718 317 634 136 147 33 

AM -0.75 425 714 315 631 163 132 30 

AM -1.0 421 708 313 626 217 104 20 

AM -1.125 420 706 312 624 241 92 15 

AM -1.25 418 702 310 621 266 78 12 

AM -1.375 416 699 309 618 292 65 8 

AM -1.5 414 697 308 616 317 52 3 

AM -1.625 412 693 306 612 342 39 0 

AM -1.75 409 687 304 607 365 26 0 

 

2.3. Mixing, casting and curing 

The mixing of geopolymer concrete was carried out using a 90 litre concrete mixer. The dry materials 

(fly ash, fine and coarse aggregates) were mixed first for 4 minutes. Then activator and water were 

added to the dry mix and mixed continuously for approximately 8 minutes until the mixture was 

glossy and well combined. The mixture was then poured into 100mm3 cubic Teflon moulds for 

compressive strength and carbonation tests, 100x200mm3 cylindrical PVC molds for density tests and 

100x200x200mm3 cubical timber molds for ultrasonic pulse velocity, rebound hammer and resistivity 

tests. All specimens were vibrated using a vibration table for 1 minute to remove air bubbles. After 

vibration the molds were kept at room temperature for 1 day and then heat cured in an oven for 24 

hours at 80°C temperature with 95% relative humidity. The inside surfaces of the moulds were coated 

with a high performance silicon spray to prevent the samples from sticking to the moulds surface 

during the heat curing process. Moulds were removed from the oven and left to cool to room 

temperature before demoulding, and then kept at room temperature until being tested in 28 days. 

2.4. Testing    
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The slump test was undertaken in accordance with Australian Standard AS 1012.1 (2014). 

Compressive strength tests were performed with a loading rate of 20 MPa/min according to AS 

1012.9 (1999). The bulk density of hardened geopolymer concrete was determined accordance with 

AS 10.12.12.2 (1998a). The ultrasonic pulse velocity was measured in accordance with ASTM C597 

(2009) using a portable ultrasonic non-destructive digital indicating tester with a 54 kHz transducer. 

The surface hardness test (Schmidt rebound hammer test) was carried out using Schmidt Type N 

hammer in according to ASTM C805/C805M (2013). Striking points were uniformly distributed to 

reduce the influence of coarse aggregates distribution and averages of the rebound value calculated. 

The resistivity of geopolymer concrete was measured using Wenner probe by the four-point method at 

50 mm spacing. All tests were conducted after 28 days of casting, except the carbonation test. The 

reported test results in each specific test are an average of three samples. The microstructure was 

observed using Scanning Electron Microscopy (SEM) imaging employing backscatter electron 

detector with 15eV of energy. Energy Dispersive X-Ray Spectroscopy (EDX) analysis was performed 

using Oxford instruments nano-analysis software (AZtec 2.1) to determine the chemical composition 

of the reacted geopolymer. To prepare the samples for SEM/EDX analysis the specimens were cut 

using a diamond saw to a size of 2–4 mm in height and 5–10 mm in diameter. The samples were 

subsequently carbon coated and then mounted on the SEM sample stage with conductive, double-

sided carbon tape. A total of 9 samples in 3 different specimens were investigated for each mix. 

 

3. Results and discussion 

3.1 Optimize compressive strength  
The variation in compressive strength with AM for each fly ash based geopolymer concrete is 

presented in Figure 2. The optimum mix design in each fly ash geopolymer, based on previous tests 

on mortar specimens (Gunasekara M. P. C. M.,et al., 2014), was initially tested for all fly ash 

geopolymer concretes. Additionally testing was then undertaken in 0.125 increments to determine the 

optimum 28-day strength.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Compressive strength vs. AM in five different fly ash based geopolymer concrete 

 

The optimum 28-day compressive strength of GFA, PAFA, TFA, CFA and MPFA geopolymers are 

48.7, 42.9, 33.1, 24.3 and 24.1MPa, respectively. It was observed that the optimum strengths occur at 
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a range of different AM. The optimum compressive strength of both GFA and PAFA were obtained at 

AM of 1.375, while CFA was obtained at AM of 1.125 and the MPFA at 0.75 and TFA at 1.625. 

From the previous tests on mortar specimens (Gunasekara M. P. C. M.,et al., 2014), GFA, PAFA and 

CFA obtained their optimum 28-day strength at AM of 1.25, 1.25 and 1.375, respectively. Thus, 

converting geopolymer mortar into concrete while introducing coarse aggregates had slightly changed 

the optimum AM. However, both MPFA and TFA based geopolymer obtained their optimum 

compressive strength at the same AM for both the mortar and concrete.  

 

The 28-day strength of GFA mixes varied between 36.5 and 48.7MPa while PAFA mixes were in the 

range 33.1 to 42.9MPa. All GFA and PAFA concrete mixes show higher compressive strength 

compared to other three fly ash geopolymers, Figure 2. Both CFA and MPFA geopolymer showed the 

lowest compressive strength in all cases irrespective to the mix design. The strength of CFA mixes 

varied between 15 and 24.3MPa while MPFA mixes were between 16.2 to 24.1MPa.  

There results show no direct correlation between the AM and the compressive strength, though the 

lowest AM did give the lowest strength. Wang et al. (1994)  has reported that, as the formation of 

silica gel makes a significant contribution to strength, there is a significant inter dependence between 

the AM and Na2O content. In this study, AM was changed, Table 3, while fixing Na2O content in 

constant. Thus, changing AM significantly modified the degree of polymerization of the dissolved 

species in the alkaline-silicate solution. This may result in the formation of different synthesized gel 

products that determine the optimum compressive strength. In all geopolymer concretes, only GFA 

and PAFA obtained the target strength to replicate the strength for standard site concrete as specified 

in AS 3600 (2009), exposure classification B2.  

 

3.2. Workability 

 

(a) Strength vs. flow                                             (b) Strength- flow relationship 

Figure 3. Effect of workability on compressive strength 

 

Figure 3(a) illustrates optimum compressive strength vs. slum flow. In this study, the workability is 

representing by the average diameter of slump flow. All fly ash based geopolymers displayed a very 

high, collapsed slump in all optimum mixes, except MP0.75. The GFA, TFA, PAFA and CFA gave a 

slump flow between 365mm and 665mm. This is attributed to the spherical shape of fly ash particles 

combined with the lubricating effect of sodium silicate solution increasing the workability.  However, 
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the MP0.75 resulted in very stiff mix and experienced difficulties in obtaining uniform mixing and 

compaction. The MPFA gave a zero slump flow and in a conventional slump test gave a slump height 

of 40mm The MPFA has the largest unburnt carbon percentage which may absorb the activator 

solution and reduce the lubricating effect, resulting a stiff none workable mix. This is hypothesized as 

the reason MPFA had a low compressive strength. The lack of flow in the mix will inhibit the 

dissolution of the fly ash particles. This would result in more unreacted and partially reacted grains. 

The strength of the geopolymer is known to correlate to the quantity of unreacted and partially reacted 

grains (Steveson M. and Sagoe-Crentsil K., 2005), hence the lower strength obtained by the MPFA 

geopolymer concrete. 

There is a strong correlation between compressive strength and slump flow, Figure 3(b): the 28-day 

strength of fly ash geopolymer concrete increase with an increase of slump flow. This is well related 

with the previously reported results (Demie S. ,et al., 2013). The data shows that four of the five 

materials show a strong strength-flow relationship for geopolymer concrete, but the MPFA does not. 

Demie et.al  (2013) further reported that 28-day strength was varied between 44.69MPa and 

53.08MPa when slump flow changed from 625mm to 710mm. In this study, the slump flow of G1.375 

and PA1.375 mixes were in this range and obtained the 42.9MPa and 48.7MPa strengths, respectively. 

Overall the results suggest that the workability does have an influence on the compressive strength, 

and further study is required to identify the acceptable range of slump flow for the fly ash based 

geopolymer concrete. 

 

3.3. Ultrasonic Pulse Velocity (UPV) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) UPV                                                         (b) UPV vs. Strength and density 

Figure 4. UPV of different fly ash based geopolymer concretes 

 

The UPV test is a common technique employed for analysing the uniformity and relative quality of 

concrete to indicate the presence defects, such as voids and cracks (Yap S. P. ,et al., 2013). The 

measured 28-day UPV values for optimum geopolymer concrete mixes are presented in Figure 4(a). 

The changing UPV in all geopolymer concretes showed similar behaviour as the strength variation in 

Figure 2, except C1.125. The G1.375 and MP0.75 concretes obtained highest and lowest UPV values 

which related to highest and lowest strengths. Since the ultrasonic pulse will propagate more easily 

through the solid phase than that of empty space, the higher UPV would indicate a higher solid 

volume fraction/density and a lower porosity of the specimens (Karakurt C. ,et al., 2010). As 

suggested by Browne et al. (Browne R. ,et al., 1983), the G1.375 and PA1.375 are considered as fair 
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quality concrete as the UPV values fall between 3 and 4 km/s. But, T1.625, C1.125 and MP0.75 

concretes are identified as poor quality concrete with UPV values between 2 and 3 km/s.  

Both compressive strength and oven dry density are plotted against UPV, Figure 4(b). The dry density 

of G1.375, PA1.375, T1.625, C1.125 and MP0.75 concretes are 2142.1, 2017.9, 2164.2, 2115.8 and 

2276.1 kg/m3, respectively. The best fit obtained has good correlation for strength and ultrasonic pulse 

velocity in the geopolymer concrete, R=0.845, but a poor correlation between dry density, R=0.424. 

For instance, though T1.625 has the second highest density, its UPV showed the second lowest value. 

This is somewhat surprising as the UPV is taken as an indication of the density of a material. A 

possible explanation is that the materials have a different pore structure, further discussed in the 

microscopy section. The aluminosilicate matrix formed by the different fly ash materials may allow 

an ultrasonic pulse to move through the materials at a different rate and hence the variation in the 

correlation between UPV and density with the compressive strength. 

 

3.4. Schmidt surface hardness 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Surface hardness                                                             (b) Strength vs. Surface hardness 

Figure 5. Schmidt surface hardness of fly ash based geopolymer concretes 

 

The Schmidt surface hardness test is one of the oldest non-destructive methods and it is widely used. 

The surface hardness of five different fly ash based geopolymer concretes is illustrated in Figure 5(a). 

The highest and lowest strength concretes, G1.375 and MP0.75, did correspond to the highest and 

lowest rebound values (35 and 25 respectively). While T1.625 obtained a higher surface hardness than 

PA1.375, their strength behaviour is the opposite. C1.125 gave similar results to the MPFA. 

Schmidt rebound hammer is useful in assessing concrete uniformity and in comparing one concrete 

against another, but can only be used as a rough indication of concrete strength in absolute terms. The 

relationship between compressive strength and surface hardness of different fly ash geopolymers are 

shown in Figure 5(b). However the correlation between these factors was not strong. This 

experimental data would suggest that a universal correlation factor cannot be used, thus each fly ash 

based geopolymer should have its own correlation curve based on Schmidt hammer and compressive 

strength at 28 days. This again indicates a different matrix structure giving the different strengths. 

 

 
 

3.5. Resistivity 
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The resistivity of concrete is one of the parameters used to assess the likelihood of corrosion of steel 

in geopolymer concrete. Bungey et al. (2006)  interpreted the resistivity measurements and 

categorised into four corrosion levels. However, resistivity does not indicate if corrosion is occurring, 

only the likely rate should corrosion actually be taking place. As suggested (Bungey J. H.,et al., 2006), 

Figure 6 showed the G1.375 is identified as having the likelihood of a low corrosion rate, should 

corrosion be occurring, as the resistivity value falls between 10 and 20 kΩ.cm. The resistivity of all 

other geopolymers is less than 5 kΩ.cm predicting the likelihood of a very high corrosion rate.    

 

 
                          Figure 6. Resistivity 

 

3.6. Microstructure 

 
Table 6. Mix design details of tested mortar specimens with regards to SEM/EDX analysis 

GP 
Mix            

design 

Relevant 

AM 

Mass ratio of materials for 1 liter (kg) 

Fly ash Sand Water 
Activator Solution Na2SiO3 / 

NaOH Na2SiO3 NaOH 

GFA AM -1.25 1.25 1 2.75 0.042 0.638 0.175 3.6 

PAFA AM -1.25 1.25 1 2.75 0.042 0.638 0.175 3.6 

CFA AM -1.375 1.375 1 2.75 0.024 0.699 0.157 4.4 

MPFA AM -0.75 0.75 1 2.75 0.067 0.383 0.312 1.2 

TFA AM -1.625 1.625 1 2.75 0.001 0.796 0.098 8.1 

 

In order to compare the microstructure of five different fly ash based geopolymer materials, 

geopolymer mortar specimens with an optimized activator modulus based on 28-day compressive 

strength and 15% Na2O dosage used in previous mortar tests were analysed (Gunasekara M. P. C. 

M.,et al., 2014), Table 6. In order to gain a comprehensive analysis of the microstructure SEM was 

used to determine the quantity of unreacted and partially reacted fly ash gains, as was the quantity and 

width of microcracks present in the matrix. A total of 9 locations in 3 different specimens were 

investigated for each mix. 

Based on the SEM analysis, Figure 7, it was observed that all the geopolymer specimens contained 

both unreacted and partially reacted fly ash grains in addition to the aluminosilicate gel, 

[Naz(AlO2)x(SiO2)y.NaOH.H2O]. The most distinctive differences in the microstructure were the 
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density of the pore structure and the number of unreacted/partially reacted grains. Formation of 

amorphous alumina-silicate gel, which primarily relies on the extent of dissolution of fly ash type, is a 

dominant step in geopolymerization. Generally, alumina-silicate particles cannot be converted totally 

from the solid phase to the gel phase. As reported by Xu H. and Van Deventer J. (2000), alumina-

silicate in fly ash reacts with sodium hydroxide solution and form a gel layer on their surfaces, it is 

proposed that then gel diffuses outward from the particle surface into larger interstitial spaces between 

the particles with precipitation of gel and concurrent dissolution of new fly ash grains. When the gel 

phase hardens, the separate fly ash particles are therefore bound together by the gel which acts as a 

binder.   

 

 
Figure 7. Microstructure of different fly ash based geopolymers 

  

The molar ratio of Si/Al determines the geopolymer structure formed: that is polysialate (Si-O-Al) or 

polysialate-siloxo (Si-O-Al-O-Si) or poly sialate-disiloxo (Si-O-Al-O-Si-O-Si) or Sialate link   

(Davidovits J., 2005), corresponding to the Si/Al ratio of 1, 2, 3 and greater than 3, respectively. 

Based on EDX analysis, the composition of GFA and PAFA geopolymers was identified as having 

Si/Al ratio of 2.46. As such the predominant form of the geopolymeric gel was inferred to be 

polysialate-siloxo (Si-O-Al-O-Si). For CFA geopolymer, Si/Al ratio was 3.08, which indicated that 

the geopolymeric gel will be poly sialate-disiloxo. However, both MPFA and TFA showed higher Si 

content with less Al in the final geopolymer mix. Thus, having higher Si/Al ratio (greater than 4) 

compared to other geopolymers is hypothesised as resulting in the geopolymeric gel containing 

complex sialate links.  

GFA based geopolymer has a well compacted, uniform, denser pore structure with the least amount of 

unreacted fly ash grains and few propagated micro-cracks. This would explain the high compressive 

strength observed in GFA. Both the PAFA and TFA showed that microstructures are heterogeneous, 

with more partially reacted and unreacted fly ashes existing in the matrix geopolymer. In addition, an 

increased number of micro-cracks appeared in the TFA geopolymer matrix. These observations would 

explain the slightly lower strength gain of PAFA and TFA geopolymers compared to the GFA. The 

MPFA contained a higher amount of unreacted fly ash grains while the CFA had a microstructure 

with widely propagated micro-cracks. The width of the cracks was visibly larger than those in the 

other geopolymer matrices. The larger micro-cracks in CFA also divided the microstructure into 

GFA TFA

MPFA

PAFA

CFA

Unreacted FA

Micro-cracks 
propagated

Alumino-silicate gel

Partially 
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several small parts making discontinuities in the matrix. In both the MPFA and the CFA the unreacted 

components make up a significant proportion of the total volume of the binder. These components are 

composites, hence the strength of the unreacted particles, the interface between them and geopolymer 

matrix is expected to have a significant bearing on the overall strength of the material (Steveson M. 

and Sagoe-Crentsil K., 2005). The observed microstructures explain lower strengths of MPFA and 

CFA.  

These observation correlate well with the observed compressive strengths, UPV and dry density 

results obtained and clearly show that the material properties of the geopolymer concretes produced 

are dependent upon the matrix produced in the geopolymer concrete, which is itself dependent upon 

the Al/Si ratio and the number of unreacted and partially reacted grains. The results also suggest that 

the degree of unreacted particles is dependent upon the flow of the material, and that a certain 

workability is required to obtain a geopolymer concrete comparable to standard Portland cement and 

replacement cement concretes.  

 

4. Conclusion 

Based on the experimental works reported, the following conclusions can be made: 

 Optimum 28 day compressive strength of fly ash based geopolymer concrete varied from 24.1MPa 

for MPFA to 48.7MPa for GFA. Only GFA and PAFA obtained the target strength, 40MPa, to 

replicate the strength for standard site concrete as specified in AS 3600.  

 Workability does have an influence on the compressive strength of fly ash based geopolymer 

concrete; strength increases with an increase of slump flow.   

 There is a good correlation between compressive strength and UPV in geopolymer concrete; that 

suggests UPV could be successfully used for estimating strength of geopolymer concretes. 

 The highest and lowest strength concretes, did correspond to the highest and lowest surface 

hardness, based on Schmidt rebound number. However, each fly ash based geopolymer concrete 

should have its own correlation curve based on Schmidt hammer and compressive strength.  

 Based on resistivity measurements, GFA would have a low corrosion rate, but all other 

geopolymers suggest a risk of a very high corrosion rate.   

 The microstructure of all five geopolymers contained unreacted/partially reacted phases as inactive 

fillers. The difference in strength and durability characteristics is attributed to the Al/Si ratio and 

umber of unreacted and partially reacted grains and the propagated micro-cracks.  
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Abstract 

Drying shrinkage can be a major cause of deterioration for concrete structures,where the deformation of calcium 

silicate hydrate (C-S-H) gel is a key issue. It is quite chanlenging to investigate the drying behavior of C-S-H because  

of  its small size and test limitations.This paper presents a numerical model for predicting the drying shrinkage of C-S-

H gel including low density (LD) and high density (HD) C-S-H. From previous models and experimental evidence from 

literature, the nanostructure model of C-S-H is introduced as an assemblage of discrete granular particles at nanoscale. 

In this paper,the virtual nanostructures of  LD and HD C-S-H are generated as packing of spherical particles. From the 

nanostructure model, pore structure characteristics are analyzed. At mid to high relative humidity, changes in capillary 

pressure is assumed as the governing mechanisms for drying-induced shrinkage. Based on the virtual nanostructures of 

LD and HD C-S-H, their drying shrinkage are respectively predicted by a three-dimensional lattice model. It is found 

that the shrinkage of C-S-H is approximately inversely proportional to RH in the range of 45%RH and 100% RH. 

Simulations also indicate that the shrinkage of LD C-S-H is larger than that of HD C-S-H. 

 

 

Originality 

It is well known that calcium silicate hydrates(C-S-H) play an important role in the drying behaviour of cementitious 

materials. However, it is a big challenge to quantify the drying deformation of C-S-H because of its small size and test 

limitations. On the basis of experimental evidence and concept models in literature, this paper has introduced a 

granular particle packing model to construct the nanostructures of C-S-H. Based on the virtual nanostructures, the 

characteristics of gel pores are investigated. So quantifying the gel pore characteristics using particle packing model as 

starting materials for C-S-H is first originality. 

Based on the virtual nanostructures, and according to capillary pressure theory, the drying deformation of C-S-H is 

predicted by a three-dimensional lattice model. So the computation on drying shrinkage of C-S-H coupling the particle 

packing model and three-dimensional lattice model is second originality. 

 

Keywords: calcium silicate hydrate; drying shrinkage; lattice model; capillary pressure; particle packing 
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1. Introduction 

Drying-induced shrinkage and cracking can be a major cause of the deterioration of concrete 

structures when exposed to low humidity environment or losing evaporable pore water through 

consumption in the hydration reaction. Among the constituents contributing to the drying shrinkage of 

concrete, the deformation of calcium silicate hydrate (C-S-H) gel is a key factor. However, it is a big 

challenge to quantify the drying deformation of C-S-H because of its small size and test limitations. 

From a realistic structure of C-S-H, by coupling with certain algorithms or analysis methods, 

numerical simulations can provide us a helpful approach to investigate the three-dimensional drying 

nature of C-S-H. 

In the range of internal relative humidity (RH) that a typical concrete will experience, the capillary 

pressure mechanism and the disjoining pressure mechanism are predominant (Grasley Z.C. et al., 

2005). At mid to high RH, capillary pressure due to surface tension and disjoining pressure are active. 

Below about 40%~45% RH, capillary menisci are not stable and the effect of capillary pressure is not 

present (Aligizaki K.K., 2006, Grasley Z.C. et al., 2005).  

In this paper, based on experimental evidence and concept models proposed by Jennings H.M. and his 

co-workers (Allen A.J. et al., 2007, Thomas J.J. et al., 2006, Jennings H.M., 2008), a granular particle 

packing model is first introduced to represent the virtual nanostructures of C-S-H including LD and 

HD gels. Then, from the particle packing model at nano-scale and according to the capillary pressure 

theory, the deformation of C-S-H is computed through three-dimensional lattice analyses.  

2. Generation of Nanostructures of C-S-H 

2.1. Nanostructures of C-S-H by Experiment 

A number of models for describing the structure of C-S-H have been proposed since 1918, including 

layered models, crystal-like models, colloidal models, fractal models and so on (Papatzani S. et al., 

2015). Two types of C-S-H with different densities have been introduced as a high density C-S-H (HD 

C-S-H) and a low density C-S-H (LD C-S-H) (Tennis P. D. et al., 2000). Based on the measurements 

for specific surface area, density, porosity and C-S-H stoichiometry, it is found that the volume 

fraction of solid phase is about 0.74 in HD C-S-H and 0.64 in LD C-S-H (Tennis P. D. et al., 2000, 

Jennings H. M., 2000, Thomas J.J. et al. 2006). Nanoindentation results by Ulm F.-J. et al. (Ulm F.-J. 

et al., 2004) showed the same values. 

According to the colloidal concept model proposed by Jennings H.M. and his co-workers, the HD C-

S-H and LD C-S-H are formulated by colloids flocculation. The basic unit might be a spherical block 

with 2.2 nm in diameter. A globule about 5 nm is formulated from these basic blocks via a hexagonal 

close packing (HCP) arrangement (Jennings H. M., 2000). C-S-H is mainly composed of about 5 nm 

globules, 30-60 nm globule flocs, and water-filled spaces, which consist of interlayer spaces, small gel 

pores and large gel pores (Jennings H. M., 2000, Allen A.J. et al. 2007, Thomas J.J. et al. 2006, 

Jennings H.M. 2008, Maruyama I. et al. 2014). 

2.2. Particle Packing Model of C-S-H 

Continuing to the colloidal concept model and the experimental evidence, a particle packing model is 

developed in this paper to generate the virtual nanostructures of HD and LD C-S-H. In the concept 

model the basic unit is a hypothetical spherical block of 2.2 nm, while the basic cluster is the globule 

of about 5 nm composed of hexagonal close packing blocks. In the particle packing model, the basic 

packing unit is assumed as globules of 5 nm to reduce computation cost. The nanostructure of C-S-H 

is assumed as packing of spherical particles to represent globules.  

The HD C-S-H was generated using a regular assembly of globules with the packing fraction of the 

globules 0.74. Both hexagonal close packing (HCP) and face-centered cubic packing (FCC) can 

provide a packing density of 0.74. The former is employed in generating HD C-S-H in this paper. 

The LD C-S-H phase was generated using a random hexagonal close-packed (RHCP) arrangement. 

First, a number of globules are randomly created by Monte-Carlo algorithm in a 3D space, called 

‘nucleation globules’. Second, new globules randomly grow from the ‘nucleation globules’ following 

a HCP arrangement until the packing fraction of globules is 0.64. See illustrations in figure 1. Similar 

particle packing model is utilized by Fonseca P.C. et al. to investigate the mechanical parameters of C-



 

S-H (Fonseca P.C. et al., 2011).The simulated HD and LD C-S-H of 100 nm length are illustrated in 

figure 2.  12489 and 10515 particles are generated for HD and LD C-S-H, respectively. 

 

 
Figure 1 Colloidal structure and simulation algorithms for C-S-H (after Jennings H. M., 2000). 

 

  
 

Figure 2 Simulated nanostructures of HD C-S-H (left) and LD C-S-H (right). 

 

2.3. Pore Structure Characteristics of C-S-H 

From the particle packing model of HD and LD C-S-H, the pore structures can be obtained, given in 

figure 3. The nanostructures from the particle packing model are digitalized using a 9 points control 

algorithm (Liu L. et al., 2013), and pore size distribution calculations are performed on the digital 

structures. Jennings H.M. has divided the pores existing within the gels into three categories: (1) the 

interlayer gel pore (IGP) with size ≤ 1 nm; (2) the small gel pore (SGP) between 1~3 nm; (3) the 

larger gel pore (LGP) between 3~12 nm (Jennings H.M., 2008). The IGP won’t be discussed here, 

because it exists in the interlayer of globules and the basic packing unit is globules in this study. For 

HD C-S-H, the SGP that exist outside the globules but are less than 3 nm across is predominant, and 

no LGP is found. Because of the regular arrangement (HCP) of globules, its pore structure shows a 

regular arrangement too. For LD C-S-H, both SGP and LGP exists, see the pore size distribution 

curves in figure 4. The SGP porosity is about 0.18 and the LGP is about 0.12. The majority pore size is 

between 1.5~3.5 nm. The pore structure characteristic of C-S-H is a key factor for determining drying 

shrinkage. From the pore structure of C-S-H, the inside drying front can be obtained as RH decreases.  

100 nm 



 

  
 

Figure 3 Simulated nano- pore structures of HD C-S-H (left) and LD C-S-H (right). 

 
Figure 4 Pore size distribution of LD C-S-H from the particle packing model. 

3. Drying Shrinkage Prediction by 3D lattice approach 

3.1. Drying Front and Capillary Pressure  

According to Kelvin equation, the capillary pressure pcap is given by (Grasley Z.C. et al., 2005, Coussy 

O., 2010), 

cap atm L R

L

ln
RT

p p p h
V

                                                                                                       (1) 

where pL is pressure in pore fluid, MPa; patm is the atmospheric pressure, MPa; LV  is the molar volume 

of water, cm3/mol; R is the universal gas constant, J/(mol•K); T is temperature, K; hR represents the 

value of relative humidity. Based on a spherical meniscus, combing equation (1) and a Laplace 

equation, the pore radius threshold for drying at a specific hR and T can be described as (Coussy O., 

2010), 
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where rΔu represents the smallest pore access radius of the pore volume currently invaded by air;  γLV is 

the surface tension of the liquid/vapor interface, J/m2. At 293.15 K,  R=8.314 J/(mol•K), LV =18.032 

cm3/mol and γLV=0.0728 J/m2 are adopted in this paper (Lide D.R., 2001). 

According to equation (2), at high humidity, in the range of 85% RH and 100% RH, water evaporation 

occurs in capillary pores with diameter larger than 12 nm, while gel pores are still full of water. At 

middle humidity, in the range of 45% RH and 85%, water in gel pores evaporates. At 45%RH, gel 

100 nm 



 

pores larger than about 2.7 nm get empty. Fluid saturation degree is closely related to the threshold 

pore radius rΔu and the characteristics of pore structure. Due to the capillary pressure in gel pores, the 

globules become more tightly packed as RH decreases. 

3.2. Lattice Analyses  

3.2.1 Lattice Structure Construction 

Based on the simulated structures of C-S-H, the associated lattice structures of C-S-H are generated. 

As illustrated in figure 5, the node is generated in the center of the globule, and the element is 

generated by connecting two nodes where the two globules are in contact. The local mechanical 

properties assigned to each element are determined from nanoindentation by Ulm et al.. 47.75 Gpa for 

Young's modulus E and 19.1 Gpa for shear modulus G are utilized (Ulm F.-J. et al., 2004).  

 

 
Figure 5 Illustration of constructing lattice structure of C-S-H and applying internal loads. 

3.2.2 Results 

The load applied on the node is an integration of capillary pressure pcap on its associated surface ∂Acap 

Here, ∂Acap represents the surface of the globule in contact with gel water, see figure 5.  

For LD and HD C-S-H, set free boundary condition, the linear shrinkages obtained through 3D lattice 

analysis are given in figure 6. For both LD and HD C-S-H, in the range of 45%RH and 100% RH, its 

shrinkage is approximately inversely proportional to RH. This is in agreement with the test on cement 

pastes and mortars in the range of 48%RH and 100% RH from (Bissonnette B. et al. 1999). In addition, 

simulations indicate that the shrinkage of LD C-S-H is larger than that of HD C-S-H. 

 

 
Figure 6 Shrinkages of C-S-H as RH decreases. 
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4. Conclusions 
This paper presents a numerical model to study the shrinkage behaviour of C-S-H. From the granular 

particle packing model representing the virtual nanostructures of C-S-H, the pore structure 

characteristics of C-S-H at nano-scale are investigated. It is found that the SGP is predominant in HD 

C-S-H and no LGP is detected. For LD C-S-H, both SGP and LGP are found, while SGP takes 

majority. 

From the granular particle packing model representing the virtual nanostructures of C-S-H, and 

according to the capillary pressure theory, the deformation of C-S-H is computed through three-

dimensional lattice analyses. It is found that the shrinkage of C-S-H is approximately inversely 

proportional to RH in the range of 45%RH and 100% RH. Simulations also indicate that the shrinkage 

of LD C-S-H is larger than that of HD C-S-H. 

This study is performed on virtual nanostructures of C-S-H with a certain packing arrangement of 

globules, further investigation and some calibrations might be carried out in the future. 
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Abstract 

Enhancement of the surface quality of hardened cementitious material is critical for achieving an improved durability 

of the concrete structure. In this paper, the authors try to present a systematic discription of their investigations on the 

surface-treatment of hardened cementitious materials with nano-SiO2. Based on the discussion on the intrisic properties 

of nano-SiO2, especially its penetration capability into capillary pores and the pozzolanic reactivity, colloidal nano-

SiO2 and its precursor, TEOS, were used for surface treatment. Results demonstrated that although the mechancial 

property of hardened cementitious materials can be hardly affect by surface-treatment, its corrision-resistance, i.e., 

sulfate attack resistance and calcium ion-leaching resistance, can be improved by physical or chemical effect. The in-

depth investigation reveals that the refinement of the pore structure of hardened cementitious materials at the surface, 

as well as the optimization of the C-S-H gel due to the in-situ pozzolanic reaction with the cement hydration products, 

expaically in the TEOS-treated samples, can be ascribed to the quality enhancement. 

 

Originality 

Improvement of the quality of cement-based materials at the superficial part is one of the major concerns of researchers 

for quite a long time. Although many techniques such as implementations with the silicate-based treatment agents and 

the organic film-forming agents have been studied, shortages such as the introduction of alkali ions, poor weather-

resistivity hinder their applications. The use of TEOS for surface-treatment of hardened cement-based materials has 

recently been studied and it shows great potential for improving the quality of the surface structure. This work 

summerizes the mechanisms of the surface-treatment, which can be useful for improving the durability of cement-based 

materials. 
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1. Introduction 

Hardened concrete structures in service interact with the environment in the whole life, during which 

processes the liquid, gaseous and ionic ingredients transport in and out of the surface of the structures, 

leading to the gradual deterioration of the concrete. It is easy to understand that deteriorations occur 

more easily at the surface of the concrete due to the harshest environment, i.e., the highest 

concentration of the deteriorative agents, the greatest temperature/moisture/stress/strain gradients, etc, 

which will result in a porous, cracked or scaled surface, and accelerate the deterioration of the inner 

concrete. Thus it is quite desirable to make a good surface for achieving a good durability of the 

concrete structure and this has been the research topic for many years. Techniques including surface-

treatment with organic (saline, resin, pigment, etc.) and inorganic (grout, water-glass, etc.) agents have 

been intensively used. 

 

It is normally known that all the surface-treatments of the concrete structures have been correlated to 

the compactness and the intrinsic corrosion-resistance of the materials: a compacter surface structure 

decreases the easiness of the transport of deteriorative agents and a reduced content of the corrosion-

prone component in the surface of normal concrete, e.g., Ca(OH)2(CH), benefit a superior corrosion 

resistance behaviour. And these have been the goals of surface-treatment techniques. Recently, 

modification of concrete through nano-technology has attracted great interests. It has been widely 

reported that, through addition of nano-materials, even at a small dosage, the compactness of concrete 

structure can be greatly increased through the seeding effect on cement hydration, the filling effect on 

the pore structure and/or the production of additional C-S-H gel through the pozzolanic reaction 

between silicate-base nano-material and CH from cement hydration (Givi, et al., 2010; Stefanidou, et 

al., 2012; Thomas, et al., 2009). Moreover, the chemical components/gel structure of cement hydrates 

can be optimized for ensuring a better performance in anti-corrosion (Gaitero, et al., 2008). All the 

above-mentioned features of nano-materials show their potential for been used for the enhancement of 

the surface quality of hardened concrete. 

 

Based on the work on the investigation of modification of cement-based materials with nano-SiO2, this 

paper tries to present a systematic introduction of the work of the current authors and others as well on 

the surface-treatment of hardened cement-based materials with nano-technology. Results showed that 

through proper selections of treatment agent/technique, an enhanced surface quality of hardened 

cement-based material, for example, the increase of the compactness, the reduction of mass transport, 

the leaching resistance, can be achieved. 

 

2. Characteristics of nano-SiO2 

Two prerequisites are required to improve the properties of hardened cement-based material through 

surface treatment technique: treatment agent should penetrate into the pores and be preferred to react 

with the hydration products of cement for a strong chemical bound. The nano-size feature and its high 

pozzolanic reactivity of nano-SiO2 could be beneficial for these prerequisites. 

 

2.1. Penetration capability of nano-SiO2 

Pores of hardened cement-based material provide routes for the migration of nano-SiO2 from the 

surface to the inner part through diffusion and capillary suction. Concrete pore size varies from micron 

to nano-meter according to the age, w/c, etc., and particles with smaller sizes will definitely penetrate 

into a deeper depth. However, nano-particles with single sizes of several nano-meters would form 

clusters greater than 100 nm (Figure 1) due to the condensation, which would definitely affect its 

migration into the capillary pore of hardened cement-based materials, especially when the pores are 

fine. Using electrokinetic treatment technique, Kardnes et al. primarily investigated the movement of 

charged-nano-particle into hardened cementitous materials (Cardenas, et al., 2006; Cardenas, et al., 

2012). To make a movement of the negative charged nano-SiO2 under electric field, nano-Al2O3 was 

doped on the surface of nano-SiO2 to make it positive. After the elecrokinetic treatment, SEM image 

showed a nano-particle modified concrete layer of about 100 microns thickness. The benefits of 



 

electrokinetic technique on surface-treatment of hardened cementitious material have also been proven 

by Sánchez (Sánchez, et al., 2014) lately.  

 

A breakthrough of the surface-treatment with nano-SiO2 has been recently proposed by Pigino (Pigino, 

et al., 2012). Instead of nano-SiO2, its precursor, TEOS, has been used for surface-treatment of 

hardened cementitious materials, which when penetrates into the pores, hydrolyzes in-site, forming 

silica sol of nano-size following Eq. 1. As a kind of saline, TEOS is well known for its use in the 

rehabilitation of cultural relics: the in-situ formed silica sol strengthens the broken/cracked structure. 

However, unlike other types of saline used for surface-treatment of cementitious materials, TEOS has 

been rarely used in cement and concrete. 

  
Figure 1. Morphology of colloidal nano-SiO2 and the hydrolysis products of TEOS in CH solution 

(Hou et al., 2015a) 

 

TEOS+H2O=nano-silica sol+C2H5OH       Eq.(1) 

 

Figure 2 presents the penetration results of nano-SiO2 and TEOS into hardened cementitious materials, 

during which nano-SiO2 with a mean size of 30 nm in the colloidal state and chemical grade TEOS 

were used. It can be seen that a reduction of the penetration depth of 30-50% is seen in CNS-soaked 

sample to that of the control sample, while an increase of the penetration depth is resulted in the 

TEOS-treated sample. The results present direct evidence of the superior penetration capability of 

TEOS, which could be ascribed to its small molecular size. 
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Figure 2. Penetration of colloidal nano-SiO2 and TEOS in hardened cement paste and mortar 

(samples were soaked in agents for 30 min) (paper submitted for publication, 2015) 
 

2.2. High reactivity of nano-SiO2 

When using silicate-base materials for surface-treatment of hardened cementitious materials, the 

decisive factor that governs the treatment effect is its reaction capability with the cement hydration 

product of CH. The effect becomes even greater when considering the reaction environment at the 

surface. The intrinsic chemical reactivity of nano-SiO2 was studied by analyzing the CH-consuming 

capability of nano-SiO2 and the results are demonstrated in Figure 3. It shows that the finer the particle 



 

size, the faster the consuming rate of CH. An order magnitude higher of the reaction rate constant of 

nano-SiO2 to that of silica fume derived from Figure 3 as reported by the current author (Hou, et al., 

2015b) verified the advantage of using nano-sized silicate for the surface treatment of hardened 

cementitious materials. It also depicted in Figure 3 that TEOS consumes CH, verifying its pozzolanic 

reactivity for surface-treatment. 
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Figure 3. CH consuming capacity of CNS/SF (CNS/SF:CH=1:4; w/b=2.0, 4 months old; ) (Hou, et al., 2015; 

paper submitted for publication) 

 

The morphology of the pozzolanic reaction products of the silicate-base material with CH is shown in 

Figure 4. It can be seen that the hydration products of nano-SiO2 is obviously compacter than that of 

silica fume, which could be due to its higher chemical reactivity. Similar morphological results were 

reported by other researchers and these characteristics were believed to be related to the greater nano-

mechanical property of C-S-H gel (Hou et al., 2015a), as well as the superior performance of the 

durability of the gel (Gaitero, et al., 2008a). SEM image of the hydration products of TEOS with 

saturated CH solution demonstrates that cluster- and foil-like amorphous C-S-H gel forms, which 

significantly differents from the hydrolysis product of TEOS as shown in Figure 1. 

 
SF 

 
NS 

  
TEOS 

Figure 4. Morphology of pozzolanic hydration products of silica fume, nano-SiO2 (NS/SF:CH=1:4; w/b=2.0, 4 

months old) (Hou, et al., 2015b) and TEOS (TEOS:CH(aq, sat.)=1.0:1.0, paper submitted for publication) 

 
From the above presented characteristics of nano-SiO2, it can be more clearly verified its potential for 

surface-treatment of hardened-cementitious materials and the results are demonstrated in the following 

sections. 

 

3. Effects of surface-treatment on the properties 

3.1. Mechanical property 

It shows in Figure 2 that the influencing depth of surface treatment of hardened cementitious materials 

with nano-SiO2 is quite limit. Thus its influence on the mechanical property of hardened cementitious 

material could be rare, and this was verified by the one-day treated and 7- and 28-day cured cement 

mortar sample. It can be seen in Figure 5 that CNS has no effect on the compressive strength, but 

TEOS statistically decreases the compressive strength, and this could be due to its influence on the 

hydration of cement at early ages. This has been verified by its influences on the pore size distribution 



 

as shown in Figure 5, from which it demonstrates that although the coarse pores of hardened cement 

paste can be blocked by TEOS, pores of 1 to 0.01 micron increase in the TEOS-treated sample. 

Similar results were reported by other researcher: Kong et al. (Kong, et al., 2015) reported the slowed 

hydration heat release rate of TEOS-added cement pastes. It thus can be deduced that a mature 

cement-based materials is preferred when applying the TEOS-treatment. 

 

0

5

10

15

20

25

30

35

40

45

20
0
C, 95%RH

TEOS+sealedCNS+sealed

C
o
m

p
re

s
s
iv

e
 s

tr
e
n
g
th

/M
P

a

Control+sealed TEOS+unsealedCNS+unsealedControl+unsealed

7 days
Reference

0

10

20

30

40

50

60

20
0
C, 95%RH

TEOS+sealedCNS+sealed

C
o
m

p
re

s
s
iv

e
 s

tr
e
n
g
th

/M
P

a

Control+sealed TEOS+unsealedCNS+unsealedControl+unsealed

28 days 20
0
C, 95%RH

Reference

1000 100 10 1 0.1 0.01 1E-3

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

P
o

re
 v

o
lu

m
e

/m
l/
g

Diameter/micron

 Cotrol

 TEOS-brush

 TEOS-immerse

 
Figure 5. Effect of surface-treatment on the compressive strength of cement mortar (4cm×4cm×16cm, 

w/c=0.6) (Hou, et al., 2014) and the pore size distribution (w/c=0.38, treated at 1 day old and then cured for 

7 days) (Hou, et al., paper submitted for publication) 

 

3.2. Transport property 

The primary role of the surface cementitious material is the stoppage of the transport of substance in 

and out of the body. The water vapour transport properties of hardened cement pastes of various 

original pore structures before and after surface-treatment were investigated according to the ASTM 

code and the results are demonstrated in Figure 6. It shows the decrease extents of 0% and 14.5% for 

CNS- and TEOS-treated pastes at w/c of 0.26, 34.7% and 63.4% at 0.38, 47.7% and 68.9% at 0.6, and 

18.9% and 42.2% at 1.0. A negligible reduction degree is seen in CNS-treated paste at a w/c of 0.26, 

reflecting that little CNS penetrates into the pores. A greater reduction of the permeability coefficient 

as shown in the high w/c paste demonstrates the importance of the penetration of treatment agents on 

the pore-refining effect as discussed in section 2.1. 
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Figure 6. Water vapor transport properties of hardened cement pastes (samples demolded at 2 

days were soaked in treatment agent for one hour and then cured for 26 days) (Hou, et al., 

2015a) 
 

3.3. Durability 

3.3.1 Sulfate resistance 

The main target of surface-treatment of cementitious material is to enhance the durability of the entire 

structure. As a normal deterioration form, sulphate attack has been considered as both chemical and 

physical attacks due to its reaction with the hydration products of cement and the expansion of the 

hardened material caused by the salt crystallization pressure during the loss of free water (Taylor, 

1997). The influences of surface treatment of hardened cement pastes with TEOS on the sulphate 

resistance were studied and the results are shown in Figure 7. During the tests, cement clinker was 



 

ground and mixed with gypsum to prepare cement and water-to-cement ratio of 0.38 was used. 

Samples were cast in the 2cm*2cm*2cm molds and demolded one day after casting. Samples were 

dried in air for one day before TEOS surface-treatment: brushing for 3 times or soaked for 30 min. 

After that, samples were cured in 95%RH, 23oC for three weeks before moved into sodium sulphate 

solution (1.5M) and cured for 7 and 28 days. The physical attack resistance was simulated by wetting-

drying curing regime: samples were saturated in the sodium sulphate solution for 7 days and then 

moved into the RH=40% and Temp.=40oC chamber for another 7-day curing. Samples were cycled for 

4 times before compressive strength were measured. 
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Figure 7. Chemcial and physical sulfate attack resistance of harended cement pastes (paper 

submitted for publication) 

 
It can be seen in Figure 7 that for the chemical attack, TEOS-treatment shows rare contribution as 

comparable compressive strength was resulted for both the treated and untreated samples. However, a 

significant increase of the compressive strength is resulted in the physical attack tests. Considering that 

both the chemical compositions of cement hydration products and the physical structure has been modified, 

the latter of which contribute to the improvement of the physical attack resistance as illustrated by the 

wetting-drying cycling test. However, the modification of the chemical compositions, i.e., the reduction of 

CH and formation of the low Ca/Si C-S-H gel may weaken its resistance to the sulfate attack. 

 

3.3.2 Ca-leaching resistance 

When contacting water, calcium ions dissloves, leading to the corruption of the C-S-H gel. Hardened 

cement paste samples were soaked in the 6M NH4NO3 solution to accelerate the calcium dissolution 

process. Figure 8 shows the calcium ion concentrations of samples before and after TEOS-treatment 

when immenced in the 6M NH4NO3 solution for various times. It shows that a lower Ca2+ 

concentration is seen in TEOS-treated sample at 4 hours: 28.6% (0.38 w/c paste) and 12.5% (0.6 w/c 

paste) lower than the control sample, respectively. Twelve days later, the Ca2+ concentrations of the 

0.38 and 0.6 w/c cement pastes after treatment are 34.9% and 17.1% smaller than their control 

sample. 
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Fig. 8 Decalcification of hardened cement pastes 

The calcium ion leached from cement paste is mainly from CH and C-S-H gel (Wan et al. 2013). At 4 



 

hours, the lower calcium ion of TEOS-treated pastes as shown could be mainly attributed to the lower 

CH content in the system (Hou et al. 2014, Sandrolini et al. 2012), which was reported to be 

preferentially dissolved in NH4NO3 solution than C-S-H gel (Wan et al. 2013). Considering that CH 

would dissolve quickly (Chen et al. 2004), the larger discrepancy of the calcium ion concentration 

between control and TEOS-treated samples at 12 days would reflect the decalcification resistivity 

difference of the C-S-H gel in the two samples. Barreira et al. (Barreira et al., 2014) studied the 

dissolution rate of C-S-H gel at different Ca/Si ratios and found that the dissolution rate constant of C-

S-H gel with Ca/Si ratio of 1.67 could be 3 order of magnitude bigger than the gel with a Ca/Si ratio of 

0.83. In our previous work (Hou et al. 2014), a lower Ca/Si ratio of C-S-H gel of the TEOS-treated 

mortar was reported and this could be accounted for the superior calcium leaching resistivity of the 

TEOS-treated sample. The mechanisms of the surface-treatment are demonstrated in section 4. 

 

4. Mechanisms 

The aboved mentioned results demonstrate the advantages of the surface-treatment on the properties of 

hardened cementitious materials. The mechanisms of the surface-treatment with nano-materials were 

studied, including the filling effect and the chemcial reaction mechanisms. 

4.1. Filling effect 

The filling effect of nano-material on cementitious materials has been considered as a primary 

mechanism of the improvement of the properties. The filling of the capillary pores of hardened 

cementitious materials after surface-treatment with nano-SiO2 was studied by using SEM technique 

and the results are shown in Figure 9. 

   

   
Figure 9. Ca and Si ion mapping images of CNS/TEOS-treated mortar (Hou et al., 2014) 

(1000×, w/c=0.6, samples cured at 50oC/95% RH/14 days after water absorption ratio determination in 

Fig. 2 were used) 

 

It can be clearly seen in Figure 9 that the capillary pores of hardened cementitious materials were 

filled with silicate cluster, illustrating the filling of the pores with nano-SiO2. The pore filling effect 

was more directly shown in the pore size distribution curves of samples before and after CNS and 

TEOS treatment (Figure 10), from which it shows that a significant reduction of the capillary pore 

bigger than 0.1 and 0.01 micron is achieved in the CNS and TEOS treated samples, respectively. 
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Figure 10. Pore refining effect of nano-SiO2 (Hou et al., 2015a) 

 

4.2. In-situ pozzolanic reaction 

For the silicate-base materials used in cementitious materials, its chemical reaction with cement 

hydration products has been intensively studied and has been regarded as another mechanism for the 

property enhancement. Due to the special hydration environment at the surface of hardened 

cementitious materials, the reaction mechanism would be different from that when been added into the 

fresh hydration system as shown in section 2.2. To evaluate the pozzolanic reaction of nano-SiO2 at the 

surface of hardened cementitious material, the current authors studied the IR spectrum of the hydration 

products on the surface and found that only a small hydration happens when nano-SiO2 was applied 

and cured at the elevated temperature of 50oC(Hou, et al., 2014). From this it can be deduced that the 

in-situ chemical reaction of nano-SiO2 play a small effect for surface quality enhancement. However, 

it also found that the pozzolanic reaction of nano-SiO2 was closely related to the form of nano-SiO2: 

XRD plots of TEOS-treat sample showed a significant reduction of the CH peak intensity (Figure 11), 

indicating the consumption of the CH with TEOS. 
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Figure 11. Superficial XRD patterns of TEOS-treated cement pastes at 10 hours and 7 days old 

(w/c=0.35) (Hou, et al., 2014) 

 

IR spectroscopy was used to study the alternation of the C-S-H gel structure after TEOS-treatment. It 

is demonstrated in Fig. 12 that a characteristic set of bands centered at ~1000cm-1 that assigned to Si-O 

stretching vibrations shift toward higher frequency, indicating the polymerization of the silicate chain 

(Yu et al. 1999). It has been reported that an enhanced polymerization degree of the C-S-H gel was 

beneficial for the calcium leaching resistance (Gaitero et al. 2008, Komljenović et al. 2012). The 

modification of the nanostructure of C-S-H gel associating the decrease of Ca/Si ratio after TEOS 

treatment would be due to the combined effect of the increase of the content of Si-OH and the 

reduction of calcium ion in the C-S-H gel as in tobermorite-based models raised for C-S-H gel (Taylor 



 

1997). Although this tendency is not so apparent in the bulk sample, but the brodening of the bands at 

~1000cm-1 still illustrates the increase of the polymerization degree of the C-S-H gel. 
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Figure 12. Influences of TEOS-treatment on the structure of C-S-H gel (papers submitted for 

publication, 2015) 

 

5. Conclusions 
1. The quality of the superficial part of hardened cementitious materials can be improved by using 

nanotechnology; 

2. The precursor of nano-SiO2, TEOS, is more pronounced in improving the surface quality due to its 

greater penetration capability, higher in-situ pozzolanic reactivity, leading to a compacter structure, an 

optimized C-S-H gel structure, resulting in an increased durability of the hardened cementitious 

materials. 
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Abstract  

As a new kind of fiber reinforced cementitious composite, Engineered Cementitious Composite (ECC) 

causes extensive attention for its special micromechanics design, excellent mechanical property and 

durability. This paper introduces the design theory of ECC, which explains the generation conditions of 

multiple cracking and strain hardening behavior; the research advances on mechanical properties, 

such as direct tensile property, flexural property and anti-fatigue property; in addition, some comments 

and prospects on the deficiency and development tendency of ECC are given in this overview. At last, a 

hybrid fiber system consists of CaCO3 whisker, Polyvinyl Alcohol (PVA) fiber and steel fiber is 

presented. The paper discusses the property of this hybrid fiber reinforced mortar and the effect of this 

hybrid fiber system on ECC performance.  

 

Originality 

CaCO3 whisker and steel fiber are added in ECC during the research, which combine with Polyvinyl 

Alcohol (PVA) fiber to form a new fiber hydration system. CaCO3 whisker is micron-sized, while PVA 

and steel fibers are millimeter-sized. Thus, it can not only reduce the dosage of widely used whereas 

high cost PVA fiber in ECC, but also promote the adaptability of hybrid fiber system to multi-level 

characteristic of cementitious composite. In addition, the improvements of both macro-property of ECC 

and microstructure of cement paste realize the positive hybrid effect. This project will provide a new 

idea for improving the performance, reducing the production cost and promoting the large scale 

application of fiber reinforced cementitious composite.  

 

Keywords: Engineered Cementitious Composite; strain hardening; mechanical performance; hybrid 

fiber 

 

1. Introduction 

Concrete consisted by cement, aggregate, water, additive and admixture has been widely 

used in modern civil engineering. Despite the advantages of abundant raw materials, easily 

molded and low cost (Leung C K. et al., 2007), its quasi-brittleness with low tensile strain 

capacity makes concrete excluded in some important applications. Once the connection and 

propagation of cracks occur after first crack appearance, brittle failure may take place in 

ordinary concrete. Concrete reinforced by fibers such as steel fiber, carbon fiber and glass 
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fiber etc, may enhance its toughness and ductility to some extent. However, it contributes 

little to the ultimate tensile stress and tensile strain after initial cracking (Fischer G. et al., 

2007). Thus, makes traditional fiber reinforced concrete behave strain softening under tensile 

and flexural stress (Leung C K. et al., 2007).  

Engineered Cementitious Composite (ECC) is a new kind of fiber reinforced 

cementitious composite on the basis of micromechanics theory. Fiber, matrix and fiber/matrix 

interface are tailored to make ECC possess strain-hardening behavior (Victor C. Li., 1998). 

Polymer fibers such as Polyethylene (PE) fiber, Polyvinyl Alcohol (PVA) fiber and 

Polypropylene (PP) fiber are employed as reinforcing ingredient in ECC; also, steel fiber has 

been used sometimes. Properties of each fiber are presented in table 1 (Matsumoto T. et al., 

2003; Ohno M. et al., 2014; Felekoglu B. et al., 2014; Maalej M. et al., 2005). Matrix 

constituents mainly include ordinary cement and fly ash, silica sand with an average diameter 

of 110 μm and maximum diameter of 250 μm, water and superplastisizer (Victor C. Li., 2007). 

A low fiber volume fraction normally less than 2% with appropriate matrix design can make 

ECC have the tensile strain of 3%-7% (Zhou J. et al., 2012), 200-500 times of those ordinary 

concrete (Zhang J. et al., 2002). It is due to the high ductility and toughness under tension that 

increasing attention is attracted to this promising material. With the development of utilizing 

ECC in practical engineering, we can hope that ECC will be a milestone in materials related 

to civil engineering.  

Tab. 1 Properties of fibers used in ECC 

Fiber type 
Tensile  

strength/MPa 

Elastic  

modulus/GPa 
Length/mm Diameter/μm Aspect ratio 

PE fiber 2 790 75.0 8 12 667 

PVA fiber 1 620 42.8 12 39 308 

PP fiber  850  6.0 10 12 833 

Steel fiber 2 500 200 13 160 81 

In this paper, the micromechanics design theory and mechanical properties of ECC are 

reviewed. Some comments and prospects are given in this overview and it is hoped that some 

references can be offered in the future research. At last, a new kind of hybrid fiber system 

composed by CaCO3 whisker, Polyvinyl Alcohol fiber and steel fiber is introduced. The 

inspire of hybrid fiber is originated from ECC, which resolves two deficiencies of ECC: lack 

of micro-reinforcement and higher engineering cost.  

2. Micromechanics based design 

Fibers make contribution to outstanding mechanical properties through the processes of 

arresting and bridging crack, transferring load, limiting the width of crack and fiber pulling 

out (Nawy E G., 2001; Xu S. et al., 2009; Rödel J., 1992). Within which, fiber bridging is the 

fundamental theory related to fiber reinforced cementitious composite (Li V C., 1993a; Li V C., 

1997). ECC is designed on the basis of fiber bridging and following the micromechanics 

theory. Thus, makes it possesses flat crack propagation, multiple cracking (Li V C. et al., 1992a) 

and then strain hardening behavior. But to attain strain hardening behavior when subjected to 

tensile load, it is necessary to satisfy strength and energy criteria under the curve of  𝜎 −

𝛿(shown in figure 1 (Yang E. et al., 2014)).  



 

Hatched area represents the maximum complimentary energy C; Shaded area represents the crack tip 

toughness 𝐺tip 

Figure1 A typical 𝜎B(𝛿) curve for tensile strain-hardening composite  

2.1. Strength criterion 

One of criteria for acquiring multiple cracking is the strength criterion. It stipulated that 

the tensile stress 𝜎cr to initiate first crack mustn’t exceed the maximum fiber bridging 

stress 𝜎0. That is  

𝜎cr < 𝜎0                                         (1) 

Where 𝜎cr is determined by pre-existing flaw size c and fracture toughness of matrix. The 

equation requires that stress must be loaded by fibers where the first initial crack occurs. Then, 

depending on the chemical and physical bond of fiber/matrix interface, stress is transferred 

back to matrix. With the increasing stress transferred to matrix, once reaching cracking 

strength of matrix where the second largest flaw size exists, new crack then generates. With 

the process of fiber bridging crack, transferring stress, generating new crack and fiber 

bridging crack recirculation, multiple cracking can be acquired and then straining hardening 

realized (Li V C. et al., 1992a; Li V C. et al., 1992b). On the contrary, if strength criteria can’t be 

satisfied, namely the maximum load fiber can bridge is less than or equal to the cracking 

strength, thus there is a risk of fiber rupture. However, if fiber rupture happens, it will lose the 

capacity of carrying load, and then transferring stress will be suspended. So that, multiple 

cracking and straining hardening behavior can’t be achieved once the stress criteria violated 

(Li V C., 2012).  

In order to achieve multiple cracking, it is required to obey Eq. (1). At the same time, 

researches have pointed out that (Kanda T. et al., 2006), strength criterion is much easier to be 

met since 
𝜎0

𝜎cr
⁄  larger. Thus, there are two approaches to get  

𝜎0
𝜎cr

⁄   large enough to 

achieve strength criterion effortless. One is to reduce 𝜎cr and the other is to increase 𝜎0. 

However, once reducing 𝜎cr in a large margin, the initial cracking strength will be sharply 

decreased, leading to smaller tensile and compressive strength of ECC. So, a more applicable 

approach is to increase 𝜎0. It can be achieved by increasing the strength and volume fraction 

of fiber reasonably and improving the properties of fiber/matrix interface (Fukuyama H. et al., 

2009). In this way, strength criterion can be satisfied easily and multiple cracking and 

straining hardening behavior may be acquired. 

2.2. Energy criterion 

Obtaining multiple cracking and strain hardening behavior requires meet stress criterion, 

𝜎0𝛿0 − ∫ 𝜎B(𝛿)
𝛿0

0

d𝛿

≡ C 

𝜎ss𝛿ss − ∫ 𝜎B(𝛿)
𝛿ss

0

d𝛿

= Gtip 



but is not enough. It is also needed to satisfy the energy criterion which determines whether 

the bridging fiber will be pulled out or ruptured after first cracking by controlling the mode of 

crack propagation (Li V C., 2012). To achieve multiple cracking, fiber rupture or pullout must 

be controlled by restricting the width of propagating crack. So, a different crack propagation 

mode is required as steady state crack propagation. Energy criterion states that, two aspects of 

requirements should be reached. Firstly, the work done due to the tensile stress 𝜎ss applied 

on ECC must be equal to the energy needed to break down the crack tip 𝐽tip and energy 

required to open the crack width from 0 to 𝛿ss against fiber bridging. It can be shown as 

𝜎ss𝛿ss-∫ 𝜎（𝛿）d𝛿
𝛿ss

0
=𝐽tip                            (2) 

Where  

𝐽tip =
𝐾m

2

𝐸C
                                    (3) 

And 𝐸C is the Young’s Modulus of composite; left part of Eq. (2) represents the residual area 

of 𝜎(𝛿) at 𝜎ss𝛿ss, often called complementary energy. Secondly, in order to guarantee the 

steady state crack propagation, crack tip toughness Jtip must not exceed the maximum 

complementary energy 𝐽b
′ . It can be summarized as  

𝐽tip < 𝜎0𝛿0 − ∫ 𝜎(𝛿)d𝛿
𝛿0

0
≡ 𝐽b

′                          (4) 

Eq. (4) illustrates the energy criterion, from which it can be seen that larger 
𝐽b

′

𝐽tip
⁄  is benefit 

for satisfying energy criterion. 

Energy criterion shows the important role of steady state crack propagation playing in 

multiple cracking. It has been investigated that fibers may be easily pulled out due to the 

weak bond strength of fiber/matrix interface, leading to lower peak strength of 𝜎0; on the 

contrary, fiber rupture may occur under the case of too strong bond strength of interface, 

resulting in lower crack width propagation. Whatever which situation occurs, the maximum 

complementary 𝐽b
′  will be reduced. The theory of steady state crack propagation assumes 

that (Li V C., 2003), when complementary is small, the crack will behave as Griffith cracking 

(figure 2a). Along with crack propagating forward, a region of strain softening will appear in 

crack tip. The composite will lose the capacity of loading sharply, leading to strain softening 

behavior like ordinary fiber reinforced cementitious composite. However, if the maximum 

complementary energy is large enough, crack will behave as steady state propagation(figure 

2b), and maintain stable loading capacity. Following this, stress can be transferred back to 

matrix and generate new crack, namely, possessing multiple cracking characteristics. So, it is 

the appropriate bond strength of fiber/matrix interface that related to the mode of crack 

propagation and future to the multiple cracking.  



 

Figure 2 Different patterns of crack propagation 

In brief, fiber bridging and crack propagation designed on the basis of micromechanics 

are the preconditions to acquire multiple cracking and strain hardening behavior. It is needed 

to take fiber, matrix and fiber/matrix interface into consideration during the process of 

designing and production of ECC.   

3. Mechanical property 

3.1. Tensile property 

 It is the obvious ultra high tensile strain that ECC is distinguished from traditional fiber 

reinforced cementitious composite. In order to evaluate the ductility property of ECC, 

uniaxial tensile test is usually performed. Figure 3(Weimann M B. et al., 1999) shows the 

typical stress-strain curve of ECC, from which it can be seen that ECC has the tensile strain 

above 5% and gives multiple cracking characteristics with maximum crack width blow 

100μm. Both of ultra high strain and multiple cracking are contributed to its capacity of crack 

bridging, load transferring, and steady state crack propagation.  

 

Figure 3 Uniaxial tensile stress-strain response of PVA-ECC  

The research group of Victor C. Li investigated that ECC reinforced by PE fiber attained 

over 5% tensile strain with fiber volume fraction no more than 2% (Li V C., 1993b); PVA-ECC 

reached 3%-7% tensile strain with 2% volume fraction of fiber (Yang E. et al., 2007). It can be 

seen that, even the content of reinforcing fiber of PE-ECC is less than PVA–ECC, it can 

achieve better property. But the higher cost of PE fiber is more remarkable than its reinforcing 

effect; on the other hand, tensile strain over 3% of cementitious composite is sufficient for 

infrastructure. So, much attention has been focused on PVA fiber reinforced ECC. In recent 

years, PVA-ECC are manufactured with high volume fly ash or silica fume to replace cement, 

which has the tensile strain capacity of 4.48% similar to that of normal PVA-ECC (Wang S. et 

al., 2007; Huang X. et al., 2013; Lee B Y. et al., 2012). At the same time, ECC produced with 



mineral admixture is not only more environmental friendly but also cost saving. Hiroyuki 

Takashima (Takashima H. et al., 2003) studied the property of PP fiber reinforced ECC. The 

results showed that just 0.55% tensile strain can be achieved with fiber dosage of 7.4% 

volume fraction, which cannot be taken as ECC in strict significance for its much lower 

tensile strain. Such little value of tensile strain may attributed to the poor mechanical 

properties of PP fiber in tensile strength and Young’s Modulus compared with PE or PVA 

fiber (table 1). It emphasizes the importance of fiber property and choosing appropriate fiber 

type in achieving high performance of ECC. Investigation results of Maalej (Maalej. et al., 

2005) suggested that steel fiber used in ECC can’t behave as PE and PVA fibers duo to its 

smaller aspect ratio. As to the advantages of steel fiber in high Elastic modulus and low cost, 

it is practical to combine steel fiber with PE or PVA fiber to form hybrid fiber used in ECC. In 

this way, it may be realized in both promoting the strain hardening capacity and decreasing 

the cost of ECC (Maalej. et al., 2005; Soe K T. et al., 2013).      

3.2. Flexural property 

Flexural property is of great vital for concrete structure especially for beam in security 

and durability under service work. However, traditional fiber reinforced cementitious 

composite characterized by brittleness are easier to crack and it is hard to control the crack 

width, thus leading to works rupture. Due to the capacity of ECC in arresting crack and fiber 

bridging during early stage of damage (Zhang J. et al., 2002; Matsumoto T., 1998), micro-cracks 

can be prevented from growing into macro-crack. Then, under loading, the strain hardening 

behavior developed from stress transferring and multiple cracking makes ECC achieve higher 

deformability (Li V C., 2003). Both of these two processes contribute to remarkable flexural 

property of ECC.  

Peerapong Suthiwarapirak(Suthiwarapirak P. et al., 2003) researched the flexural property 

of ECC reinforced by PE and PVA fiber. The results showed that, specimens with the size of 

100 mm×100 mm×400 mm had the ultimate flexural strength of 8.71 MPa and 9.93 MPa and 

the mid-span deflection of 1.5 mm and 2.5 mm for PE-ECC and PVA-ECC respectively, 

which are prominent than traditional fiber reinforced cementitious. Jun Zhang (Zhang J., et al., 

2006) investugated with PVA-ECC using as protecting layer beem, referencing as layered 

ECC-concrete beem. The results indicated that specimens with dimensions of 100 mm×100 

mm×500 mm possessed the average flexural strenth of 5.2 MPa and 6.3 MPa for 25 mm and 

50 mm layered ECC beam respectively. Compared with plain concrete beam, 18.2% and 43.2% 

have been found to increase in flexural strength.  

From these investigations, a practical application of ECC is put out, which not only 

makes full use of its outstanding mechanical property but also reduces the cost of engineering. 

However, in order to connect ECC with traditional fiber reinforced concrete perfectly, the 

primary problem to solve is the interface between existing fiber reinforced concrete and 

subsequent casting ECC. Otherwise, the weak bond of interface may acts as flaw, leading to 

opposite effect on mechanical property.  

3.3. Fatigue property 

Fatigue property is significant for concrete structure under dynamic situation, which is 

evaluated by the number of cycles to failure rupture and the growth of deflection when 

suffered fatigue load. Structures made of traditional fiber reinforced cementitious and plain 

concrete are poorly behaved in terms of anti-fatigue. Once crack initiated, it propagates 



rapidly and develops into macro-crack with large crack width, leading to structure failure 

within a small number of cyclic load. The root of improving fatigue property is to control the 

width and propagation of cracks. So, ECC characterized by the ability of crack width and 

propagation controlling, and the resulting strain hardening behavior is seen as promising 

material used in higher demanding of anti-fatigue structure. Suthiwarapirak (Suthiwarapirak P. 

et al., 2004) investigated the fatigue property of PE-ECC and PVA-ECC employing four-point 

flexural tests. The results indicated that specimens with size of 100 mm×100 mm×400 mm 

had the large increased ability of anti-fatigue property compared with traditional fiber 

reinforced concrete under different fatigue stress level. It is also the multiple cracking and 

crck width controlling that governs the number of cycles to failure and midspan deflection 

under fatigue loading. Christopher K.Y. Leung (Leung C K. et al., 2007) and Jun Zhang (Zhang 

J. et al., 2002) studied the fatigue performance of concrete beam with ECC layer. It showed 

that an increased fatigue life was observed with beam layered by ECC and this increment 

grew with the thickness of ECC layer. 

4. Comments and prospects 

ECC made of binder material, fiber, ultra fine silica sand, water and super plasticizer 

maintains the tensile strain of greater than 3%. It overcomes the brittleness of plain concrete 

and solves the deficiency of strain softening of traditional fiber reinforced cementitious 

composite. The review above indicates that ECC is a promising material used in future 

engineering. But in order to make complete application in construction, a series of problems 

have to be settled. 

(1) At present, most investigations focus on PVA fiber reinforced ECC. However, the high 

quality of PVA fiber available now is mainly imported from Japan, while produced in 

elsewhere is less than satisfactory. This limits the widely research and application of ECC. 

So, it is extremely urgent to produce high quality PVA fiber with the two questions better 

solved, high strength and surface treatment of fiber. 

(2) High cost of ECC is the mainly problem which makes ECC hardly to be applied in 

infrastructure. So, it is practical to make PVA or PE fibers replaced by some cheaper 

fibers. For example, combined with steel fiber to develop a hybrid fiber system, thus to 

make ECC more economical. 

(3) The composition and raw materials are strict for ECC and it is difficult to employ the 

same mix proportion in elsewhere. So, it puts forward a question that how to make use of 

local available materials to produce high performance ECC.  

(4) As a new kind of fiber reinforced cementitious composite system, ECC is different from 

traditional fiber reinforced cementitious composite both in design theory and 

macro-property. So, a corresponding new test system applicable for ECC is needed to be 

set out, so as to make the research of ECC more standardized and unitized. 

5. A new hybrid fiber system 

Inspite of highly evaluate on the unique design, mechanical property, durability and 

promising application in engineering, some shortages still exist in ECC, as stated above. 

Aiming to resolve the problems of high cost and short of micro-reinforcing effect of ECC, a 

new hybrid fiber system was proposed by Cao Mingli and Zhang Cong (Zhang C. et al., 2014; 

Cao M. et al., 2014a). Hybrid fiber system composed of micro-fiber calcium carbonate whisker 

(CaCO3 whisker), medium-fiber (PVA fiber) and macro-fiber (steel fiber). Properties of fibers 



are shown in table 2 (Cao M. et al., 2014b). Three kinds of fibers with different sizes are chosen 

to play roles in different stages of cracking. Namely, micro-sized CaCO3 whisker is designed 

to play a role in micro-sized of cement hydration product for arresting crack and inhibiting 

micro-crack propagation into macro-crack; PVA fiber mainly controls the multiple cracking 

behavior at cement paste and mortar dimension, which realizes the increment of strain both in 

flexural and split tensile tests; steel fiber works at mortar or concrete scale and prevents the 

macro-crack developing into uncontrollable structural damage crack. There is no obvious 

boundary between these stages and adversely, they may appear simultaneously in structure 

under loading. Figure 4 shows the microstructure of CaCO3 whisker, PVA fiber, and steel 

fiber in hybrid fiber reinforced mortar respectively.              

Tab.2 Properties of fibers 

Fiber type 
Density 

(g/cm3) 
Length Diameter/μm Tensile strength 

Elastic 

modulus 

Steel 7.8 13 mm 200 ≥2 000 MPa - 

PVA 1.29 6 mm 31 1 100 MPa 41 GPa 

CaCO3 

whisker 
2.86 20-30 μm 0.5-2 3-6GPa 410-710 GPa 

 

Figure 4 Microstructure of CaCO3 whisker, PVA fiber, and steel fiber in hybrid fiber reinforced mortar 

respectively. 

 The mechanical property of hybrid fiber reinforced mortar was researched and the 

results showed that (Cao M. et al., 2014a; Cao M. et al., 2014b):  

(1) The hybrid fiber containing multi scale fiber has significant effect on both flexural 

strength and toughness of the mortar with deflection hardening and multiple cracking after 

ultimate flexural loading.  

(2) Multi-scale fiber improves the softening branch and strain capacity under 

compressive condition, achieving a ductile failure mode, though has scarcely any 

improvement on compressive strength.  

(3) The hybrid fiber system helps reduce the drying shrinkage much lower than that of 

plain mortar without fiber; PVA fiber and CaCO3 whisker are efficient in enhancing the 

performance of plastic shrinkage as for their high specific surface area and fiber availability 

which can bleed water on the top surface of the specimens. 

Due to the research of hybrid fiber reinforced cementitious composite is immature so far, 

many properties are not comparable with ECC and the reinforcing mechanism is quite 

unawareness. But it has exhibited promising future of fiber synergetic effect in different sizes 



and cracking stages. Furthermore, it is the partial replacement of PVA fiber by the much lower 

cost of steel fiber and CaCO3 whisker that makes ECC be more realiable to apply in 

engineering. 
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Abstract 

In this paper, the factors having effects on the penetration behavior of Cl, Cs, K and Na are discussed from the 

viewpoint of the interactions between the aqueous species and hydrates. It was shown that the penetration velocity of Cs 

is significantly faster than K and Na although the Cs is one of the alkali metals as is the case in K and Na. The shape of 

concentration profile of Cs is also quite different from that of Na and K and consists of a peak shape at inner layer next 

to surface and a moderate downward slope toward the inside. The peak shape is a common in the alkali metals, 

however, the downward slope is intrinsic feature of Cs. In the downward slope area, Cs penetrates with being 

influenced by the -SiOK and -SiONa, which make the penetration depth of Cs coincide with the leaching out depth of 

Na and K. In addition to the interactions, in the peak shape area, the -SiOH has an effect on the penetration of Cs 

which may cause the peak shape. When 30% OPC is replaced by fly ash, the penetration depth or leaching out depth of 

Cl, Cs, K and Na are reduced at a constant rate compared to the case of no replacement. These are derived from the 

experimental results by the immersion test using chloride salt solution of 0.5 mol/dm3. However, even in the lower 

concentration (3 x 10-3 mol/dm3), the penetration depths and the shape of profile of Cs and Cl does not change . 

 

Originality 

The treatment of incineration ash containing the radioactive cesium, derived from the Fukushima Dai-ichi nuclear 

power plant accident, has become a social problem in Japan. Therefore the investigation of the cesium penetration 

behavior in hardened cement paste is quite important for the design of concrete treatment facility to isolate the 

incineration ash containing the radioactive cesium. The penetration behavior of cesium is considered to be close to that 

one of sodium and potassium. In this paper the penetration of cesium is studied from the viewpoint of comparison with 

that of sodium and potassium. The results obtained in this study make a contribution to the development of the method 

to predict the cesium penetration into concrete structure and the design of the concrete treatment facility. 
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1. Introduction 

The treatment of incineration ash containing the radioactive cesium, derived from the Fukushima Dai-

ichi nuclear power plant accident, has become a social problem in Japan. The incineration ash with 

100,000 Bq/kg or higher of radioactive cesium should be kept under shielding as a specified waste. 

For the final disposal sites to isolate the specified waste, concrete structures have been examined 

(Yamada K., et al, 2014). 

The incineration ash contains many types of water-soluble salts, e.g. CaCl2, NaCl and KCl. The 

radioactive cesium in the incineration ash also exists as one of the water-soluble salts. Therefore the 

investigation of the cesium penetration behavior in concrete is quite important for the design of 

concrete structure for the final disposal sites. The penetration behavior of cesium is considered to be 

close to that one of sodium and potassium. In this paper the penetration of cesium into the mortar 

where sodium and potassium coexist was studied from the viewpoint of comparison with that of 

sodium and potassium. 

 

2. Experimental 

2.1. Materials 

Ordinary portland cement (OPC) and fly ash cement (FAC) as the binder of the mortar, and crushed 

limestone sand as fine aggregate, were used in this study. The FAC contained 30% fly ash 

replacement by weight. The chemical composition of the materials used is given in Table 1. 

 

Table 1 Chemical composition of OPC and fly ash 

Compound (%) OPC Fly ash 

Ig. loss 2.72 4.75 

SiO2 20.19 54.38 

Al2O3 5.05 26.32 

Fe2O3 2.98 4.79 

CaO 64.66 4.13 

MgO 0.89 1.93 

SO3 2.08 0.26 

Na2O 0.34 0.78 

K2O 0.36 0.69 

TiO2 0.28 1.28 

P2O5 0.2 0.39 

 

Mortar specimens for immersion test were prepared in accordance with JIS R 5201. The specimens 

were prisms of 40 x 40 x 160 mm. A water to cement ratio (W/C) and the sand to cement ratio (S/C) 

were 0.5 and 3.0 respectively. After mixing the mortar specimens were maintained in the molds for 

24h  and were then cured under damp conditions for 28days at 20 degree Celsius for OPC and 40 

degree Celsius for FAC. 

 

2.2. Immersion test 

Aqueous solutions for immersion test are listed in Table 2. A half of Cs is replaced by K and Na in 

no.2 solution and no.3 solution respectively. The concentration of Cl is kept in 0.5 mol/dm3 from no1 

to no3 solution. The concentration of CsCl of no.4 is derived by assuming the elution of Cs from the 

incineration ash that are wet with water.  

After sealing the surface of the specimen by epoxy resin, except for the 10 mm x 40 mm surface 

parallel to the direction of casting, the mortar specimens were submerged into the aqueous solutions as 

listed in Table 3 for 28days. 

After immersion the concentration profile of the elements penetrating into mortar immersed in the 

aqueous solution from no1 to no3 was measured by an electron probe micro analyzer (EPMA) 

technique, a non-destructive method, which can measure a large number of the concentration data in 

case of thin layers of hardened paste, mortar and concrete (Mori D., et al, 2006).  

The concentration of the elements in the case of solution no.4 is too low for the EPMA to measure. In 



 

this study the wet analysis is used to capture the concentration profile instead of the EPMA.  

 

Table 2  Aqueous solutions for immersion test 

No. Aqueous solution Measurement of 

concentration profile 

1 0.5 mol/dm3 CsCl  

EPMA 2 0.25 mol/dm3 CsCl + 0.25 mol/dm3 KCl 

3 0.25 mol/dm3 CsCl + 0.25 mol/dm3 NaCl 

4 3.0 x 10-3 mol/ dm3 CsCl Wet analysis 

 

 

2.3. Measurement of the concentration profile  

In the EPMA method, block specimen was obtained by cutting the mortar prismatic specimen after 

immersion. The end face of that block was exposed face, and measurement face was parallel to the 

element penetration direction. Measurement conditions of EPMA are as follows; accelerator 

voltage:15kV, probe current: 100nA, probe diameter: 50µm, measurement interval: 100µm, measure- 

ment area: 50 x 40mm. 

The concentration profile of element is obtained by extracting the element concentration in the paste 

from EPMA surface analysis results, using the advantage of different chemical compositions of paste 

and aggregate and paste (Mori, D., et al., 2006). 

In the wet analysis, the block specimen prepared by cutting the mortar prismatic specimen is also used. 

Then grinding off the block specimen was performed in 1 mm thickness of layers parallel to the 

exposed surface and powder samples were obtained. The Cl concentration of the powder samples were 

determined in accordance with JIS A 1154. The Cs concentration of the powder samples were 

measured by an inductively coupled plasma spectrometry from an extract solution obtained in the 

process of JIS A 1154.  

 

3. Results and Discussion 

3.1. Effect of Na and K on the penetration of Cs 

The results of EPMA distribution maps of Cs, Cl, K2O and Na2O are shown in figure 1. The element 

concentration profiles extracted from the distribution map are displayed in figure 2 (0.5 mol/dm3 CsCl), 
figure 3 (0.25 mol/dm3 CsCl + 0.25 mol/dm3 KCl) and figure 4 (0.25 mol/dm3 CsCl + 0.25 mol/dm3 
NaCl). 
The Cl penetration depth is deeper and concentration is higher than any other element in all solution 
cases. Compared with other element,  generally the penetration velocity of Cl is much faster, and the 
concentration of Cl becomes higher due to binding by the Friedel’s salt formed with the reaction of 

monosulfate and Cl.  
The penetration depth of Cs is not deep as that of Cl but is much deeper than that of Na and Cl. In 
general the penetration velocity of Na and K is much lower than that of Cl. In this study, however, it is 
revealed that the penetration velocity of Cs, which is one of the alkali metals, is significantly faster 
than and different from that of Na and K which are also alkali metals.  
In addition, the shape of concentration profile of Cs is found to differ from that of Na and K. As 

shown in the figure from 2 to 4, the Cs profile consists of two geometric features. One is a peak shape 
at inner layer next to surface and the other is a moderate downward slope toward the inside. In the case 
of immersion liquid where K or Na coexists, as seen in figure 3 and 4, the peak shape is found in the 
profile of Na and K as well as Cs. Therefore the peak shape is a common feature in the penetration of 
alkali metals.   
On the other hand the moderate downward slope does not occur when the K or Na penetrates into the 

mortar with Cs. Thus the shape of downward slope is considered to be a intrinsic feature of Cs.  
In the case of no existence of Na and K in the immersion liquid,  those species derived from cement 
components leach out from the mortar. As seen in figure 2, the depth of leaching out of Na and K is in 
good agreement with the penetration depth of Cs corresponding to the downward slope. This suggests 



 

that Cs penetrates interacting with Na and K although the penetration velocity of Cs is quite faster than 

Na and K.  
For the interaction among the alkali metals, binding onto the C-S-H is thought to be highly effective 
origin of the interaction. The C-S-H can bind aqueous species by the reaction of silanol site on the C-
S-H surface. The Na and K derived from cement components exist in the mortar as species reacted 
with silanol site described as follows: 
 

-SiOH + K+    → -SiOK + H+        (1) 
-SiOH + Na+ → -SiONa + H+        (2) 

 

When the Cs penetrates into mortar, the reaction of silanol site with Cs also occurs as follows: 

 

-SiOK + Cs+      → -SiOCs + K+        (3) 
-SiONa + Cs+  → -SiOCs + Na+        (4) 

 

By the interaction described as equation (3) and (4), K and Na are released into pore solution. The 

released K and Na easily move in the pore solution and leach out. This is one of the reason why the 

penetration depth of Cs coincides with the leaching out depth of K and Na. 

When the K or Na penetrates into mortar from outer immersion liquid, those alkali ions are bound 

according to the equation (1) or (2). This may make the penetration of K and Na reduced extremely at 

the thin layer next to the surface.  

In the case of no.2 immersion solution (0.25 mol/dm3 CsCl + 0.25 mol/dm3 KC), for example, the 

penetration of K forms the peak shape due to the reaction of equation (1) as shown in figure 3. On the 

other hand, Na moves to outside with the interaction with Cs as described in equation (4) and leaches 

out.  Thus the penetration depth of Cs coincides with the leaching out depth of Na. 

In the area of peak shape of Cs, the silanol site also reacts with Cs as described in equation (5) in 

addition to the equation (3) and (4).  

 
-SiOH + Cs+ → -SiOCs + H+        (5) 

 

3.2. Effect of fly ash 

In the case of FAC, the penetration depth or leaching out depth of Cl, Cs, K and Na are reduced at a 

constant rate compared to the case of OPC as shown in figure 5. This means that the interactions 

between aqueous species and cement hydrates recognized in the OPC are conserved even in the case 

of FAC. Generally fly ash has two factors to reduce the penetration of aqueous species, binding 

capacity and tortuosity. The results in this study suggest that the addition of fly ash has a greater effect 

on the tortuosity, i.e., the pore structure of mortar, compared to the binding capacity, i.e., the 

interaction between aqueous species and hydrates. 

 

3.2. Effect of Cs concentration 

The concentration profiles of Cs and Cl in the case of lower concentration solution (3 x 10-3 mol/dm3) 

are displayed in figure 6 (OPC) and 7 (FAC). The penetration depths and the shape of profile of Cs 

and Cl are close to those in the case of higher concentration solution. This suggests that the behavior 

of Cs and Cl when they penetrate into mortar does not change even in quite lower concentration. 

 

4. Conclusions 
In this paper, experimental results on the penetration profile of Cl, Cs, K and Na into mortar are 

presented and the factors having effects on the penetration behavior of those aqueous species are 

discussed. 

The penetration velocity of Cs is found to be significantly faster than K and Na although the Cs is one 

of the alkali metals as is the case in K and Na. 



 

The shape of concentration profile of Cs is also quite different from that of Na and K and consists of 

two geometric features. One is a peak shape at inner layer next to surface and the other is a moderate 

downward slope toward the inside. The peak shape is a common in the alkali metals, however, the 

downward slope is intrinsic feature of the penetration of Cs. 

In the downward slope area, Cs penetrates with being influenced by the -SiOK and -SiONa. This 

interactions make the penetration depth of Cs coincide with the leaching out depth of Na and K. In 

addition to the interactions, in the peak shape area, the -SiOH has an effect on the penetration of Cs 

and may cause the peak shape. Same effects of the -SiOH are occurred on the penetration of K and Na. 

In the case of FAC, the penetration depth or leaching out depth of Cl, Cs, K and Na are reduced at a 

constant rate compared to the case of OPC. This suggests that the addition of fly ash has a greater 

effect on the the pore structure compared to the interaction between aqueous species and hydrates. 

The penetration depths and the shape of profile of Cs and Cl in the case of lower concentration 

solution are close to those in the case of higher concentration solution. This suggests that the behavior 

of Cs and Cl does not change even in quite lower concentration. 
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Figure 1 Elemental distribution maps of Cs, Cl, Na2O and K2O 

 



 

      

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0 5.0 10.0 15.0 20.0

Depth (mm)

C
o
n
c
. 
o
f 

e
le

m
e
n
t 

(m
m

o
l/

g-
c
e
m

e
n
t)

K

Na

Cl

Cs

 
Figure 2 The concentration of element of OPC mortar (0.5 mol/dm3 CsCl) 
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Figure 3 The concentration of element of OPC mortar (0.25 mol/dm3 CsCl + 0.25 mol/dm3 KCl ) 
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Figure 4 The concentration of element of OPC mortar (0.25 mol/dm3 CsCl + 0.25 mol/dm3 NaCl ) 
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Figure 5 The concentration of element of FAC mortar (0.5 mol/dm3 CsCl ) 
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Figure 6 The concentration profile of Cs and Cl of OPC mortar  

                          in the case of lower concentration solution (3 x 10-3 mol/dm3) 
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Figure 7 The concentration profile of Cs and Cl of FAC mortar  

                          in the case of lower concentration solution (3 x 10-3 mol/dm3) 
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Abstract 

A two-phase model of boundary element method (BEM) in a multiply connected domain was proposed to study the 

chloride diffusion in concrete. The concrete was treated as a two-phase material composed of mortar and coarse 

aggregate, and the chloride diffusion was assumed to take place only in the mortar. By modeling concretes with 

different coarse aggregate content, particle shape, size and arrangement, the effect of coarse aggregate on the chloride 

diffusion was examined. Contrasted with the finite element model, the two-phase BEM model was proved to be 

reasonable and of more advantage, indicating that the proposed model can be used to analyze the chloride diffusion in 

concrete. The results showed that coarse aggregate obstructs the diffusion of chloride in concrete, and the content of 

coarse aggregate has a significant impact on decreasing the capability of diffusion and changing the concentration 

distribution of chloride in field. Nevertheless, the particle shape, size and arrangement of coarse aggregate have 

marked effect on the concentration distribution, but negligible influence on the profile of average concentration of 

chloride in mortar. 

 

Originality 

The BEM in a multiply connected domain was employed in the two-phase model to investigate the chloride diffusion 

behaviour in concrete. 

 

Keywords: concrete; chloride diffusion; two-phase model; boundary element 
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1. Introduction 

Exposure to marine environment is a major threat with respect to the durability of reinforced concrete 

structures. The chloride ions are able to penetrate the concrete and trigger a pitting corrosion process 

on the reinforcing steel bars, and the structure durability failure is followed (S.J.H. Meijers et al., 

2001). A lot of efforts have been devoted to determine the apparent chloride diffusivity of concrete by 

using analytical, experimental and numerical methods. Traditionally, the chloride ingress process has 

been modelled by Fick's second law, and a variety of correction formulas were proposed to determine 

the chloride diffusion coefficient, assuming that concrete is a homogeneous material on the macro 

scale (LIU Jun-li et al., 2013). Virtually, at the macro-levels, concrete consists of three components, 

i.e., mortar, aggregate and Interfacial Transition Zones (TIZs), and there embeds reinforcing bars in 

the real concrete structures, therefore, it’s defective to treated concrete as a homogeneous material. 

Tian and Stanly performed numerical simulations to investigate the obstruct effect of reinforcement on 

chloride ion diffusion in concrete based on the finite-element, and assuming that concrete was a 

homogeneous material (TIAN Guan-fei et al., 2006; Kranc SC et al., 2002). Zhao regarded concrete as 

a heterogeneous material consisting of two components, i.e., aggregate and mortar matrix, to study the 

influence of aggregate’s characteristic on carbon dioxide ingress in concrete. The shape, size and 

placement of a single aggregate, and the roundness, average particle size and content of the aggregate 

collection were concerned in this paper (ZHAO Yan-lin et al., 2009). A two phase model was also 

developed by Zeng to explore the chloride ion concentration distribution in concrete based on the 

finite element method (Zeng Y.2007). Long et al. developed a mesoscopic structure model to 

investigate the chloride diffusion behavior in concrete. The concrete was treated as a heterogeneous 

material composed of cement paste and aggregate two phases. The tow-dimension series and parallel 

models provided upper and lower bounds of the effective diffusion coefficient. Based on finite-

element method, the influence of aggregate content on the lower bound of the diffusion coefficient 

was examined (Li L. et al., 2012). Wang proposed a microscopic lattice network model suitable for 

investigating mass diffusion, in which the mortars and concretes were modelled as three-phase 

composites consisting of the aggregate, bulk cement paste and ITZ (WANG Li-cheng et al., 2008). 

JIN  determined the equivalent diffusion coefficient of concrete with the three-phase concrete model, 

and studied the influence of ITZ and aggregate on the concrete diffusion coefficient(JIN Wei-liang et 

al.2008). Similar model was applied by Du to investigate the effect of aggregate distribution, 

aggregate shape, aggregate content, diffusivity properties of the ITZ and water/cement ratio on 

chloride diffusion in concrete base on the finite-element method (Du X. et al., 2014). 

In the studies previous, the simulations of chloride diffusion in multi-phase were accomplished to 

analyze manifold factors which effect on chloride diffusivity, and reveal the chloride diffusion 

behavior on mesoscopic scale. The finite-element method was the primary method in those 

investigations. However, considerable work needs to be done when we utilize the finite-element 

method to investigate the chloride ion diffusion in concrete, since it need fine spatial discretization and 

time discretization. Therefore, it is not conducive to improving the efficiency of calculations with 

finite-element method. On the contrary, just a few time discrete units and a one-dimensional 

discretization along the diffusion boundary are required when the investigation is based on the 

boundary element method, thus a higher efficiency can be obtained. Nevertheless, most BEM models 

are built in the condition that concrete is treated as a homogeneous material to explore the chloride ion 

diffusion in concrete, and ignore the effect of aggregate. 

In this paper, a mesoscopic structure model was proposed based on the BEM in a multiply connected 

domain to simulate the chloride diffusion in concrete. The concrete was treated as a heterogeneous 

material composed of cement paste and aggregate two phase. The chloride diffusion was assumed to 

take place only in the cement paste phase. By modelling concretes with different aggregate content, 

particle shape, size and arrangement, the effect of aggregate on the chloride diffusion in concrete was 

examined. 

2. Boundary integral equation of chloride diffusion in multiply connected domain 

The process of chloride diffusion in concrete can be described by Fick’s second law as (Du X. et al., 

2014): 
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Where C is the chloride concentration in concrete ( evaluated by the mass fraction using gram chloride 

per gram concrete), Cs is the surface chloride concentration of the specimen, t is the exposure time, D 

is the diffusion coefficient of chloride (mm2/year) , and ▽2 is the Laplace operator. Here, q denotes the 

flux density and is referred to as the chloride concentration gradient, qs is the surface flux density,  is 

the domain in which Eq. (1) applies. Moreover, h is the exposed surface length, and l is the chloride 

diffusion length. The initial condition and the boundary condition are shown in the Fig.1. 

According to the compensation length theory, there exists a compensation length of the chloride 

diffusion field L, which can be obtained by the equation followed:  

3.5L Dt                                                                   (4) 

In the diffusion model, it should be satisfied that the length of chloride diffusion field should 

be not less than L gained by the equation above.  

The corresponding weighted residual statement for Eq. (1) takes the form [10-11]:  
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Where C* and q* are the fundamental solutions pertaining to the PDE of Fick’s second law and denote 

the chloride concentration and its gradient, respectively, at the field point j(x, y) at the time τ if the 

chloride ion with the unit concentration is applied to the source point i(xi, yi ) at the time t. 

Place the source point i on the boundary , Eq. (6) can be lead to a boundary integral equation 

according to the Green’s theorem and integration by parts : 

0
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Where the 
*

tC and 
*

tq represent the integration of C* and q* on the time domain respectively, iA  

denotes the integration coefficient, it is depended on the surface texture of the boundary where the 

source point is located, 1/ 2iA   for the smooth boundary and / 2  for the non-smooth boundary, 

 denotes the internal tangent angle, which can be measure through the domain between the limiting 

tangents to the boundary   to the left and to the right of the source point i. 



 

              
Figure 1 The diffusion model for two-phase concrete     Figure 2 The boundary element model with a 

multiply connected domain 

To investigate the effect of coarse aggregate on the chloride diffusion, concrete was treated as a 

composite material composed of coarse aggregates and mortar matrix. Since the aggregates used in 

concrete are dense compared with the mortar matrix and so are assumed to allow negligible transport 

through them, the chloride diffusion was assumed to take place only in the mortar matrix. As 

illustrated in Fig.2, in the proposed model, a fictitious boundary was introduced to the place among the 

border of the coarse aggregates and the outer border of concrete, thus the aggregates boundaries were 

connected into a single boundary, and finally connected to the concrete outer boundary. Reference to 

the BEM format in the multiply connected domain, the boundary integral equation (7) leads to: 
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Make the fictitious boundaries between the actual boundaries coincided, there comes about:
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Thus Eq. (7) leads to:  
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Discretized the boundary into n linear elements, and treat the nodal points which on the boundary as 

source points, thus n boundary element integral equations as followed can be obtained based on Eq. 

(10): 
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Here,  
e

a and 
e

b denote the array of chloride concentration and its gradient evaluated at nodal point, 

respectively. Further,   iN is the shape function associated with the nodal point i and takes the form of 

a linear function. 

Gathering all the boundary integral equations in a complete matrix form and solving it, we can obtain 

the chloride concentration and gradient of every node in  the boundary element at a given moment, 

hereafter ,based on these chloride concentration and gradient, the chloride concentration of any point 

in the diffusion field at the given moment can be determined , thus the chloride concentration 

distribution of the total diffusion field can be derived .  

3. Model description and validation 

Base on the proposed BEM in multiply connected domain, a concrete specimen with size of 

400 400mm mm  was built to simulate chloride diffusion behavior, and 16 circular coarse aggregates 

with a diameter of 40mm were embed in this model evenly. The top of specimen was exposed to 

chloride ion environment, and the remaining surfaces of the specimen were completely sealed off by 

epoxy resin, thus the chloride ion could penetrate into concrete from the top surface merely. The 

surface chloride concentration on the exposed surfaces was 0.8% (evaluated by the mass fraction using 

gram chloride per gram mortar) and the diffusion coefficient of mortar was 100 mm2/ year, the initial 

chloride concentration in mortar was 0. The BEM was employed to calculate the concentration 

distribution of the chloride ion when the concrete specimen was exposed to chloride environment for 

100 years. 

In accordance with Eq. (5), the compensation length was 350 mm, for the exposure time duration of 

100 years. This compensation length was less than the actual length of the concrete specimen. 

Therefore, the chloride diffusion field should not be compensated using the compensation length 

theory. The boundary of the chloride diffusion field is discretized into 364 elements in the spatial 

domain, as shown in Fig. 3(a), and the temporal domain is divided into four sub-domains. To contrast 

with the BEM model, a FEM model was built herein, of which the chloride diffusion field is 

discretized into 2180 elements as illustrated in Fig. 3(b), while the temporal domain is divided into 

100 sub-domains. The BEM formulation and the FEM formulation built here are, respectively, 

ignoring the effect of aggregate, to compare with the analytical solution. 

As shown in the Fig. 3, the chloride ion concentration curves along the dotted line in the BEM model 

and FEM model were plotted in Fig. 3(c) respectively, as well as the chloride ion concentration 

contour of formulations which neglected the influence of aggregate. In the Fig. 3(c), CA means coarse 

aggregate. 
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Figure 3 The element mash for boundary element model (a) and finite element model (b), and the comparison of 

the calculation results (c) 

Fig. 3(c) clearly shows that, when ignore the effect of aggregate, the result obtained by the BEM and 

FEM agree well with the yielded by the CFS, thus demonstrating the accuracy of the FEM and BEM. 

Furthermore, as illustrated in Fig. 3(c), in the two phase models, the result obtained by BEM is highly 

consistent with that of the FEM, thus evidencing again the accuracy and effectiveness of the proposed 

BEM. 

4. Effect of coarse aggregate on the chloride concentration distribution 

In this section, a sensitivity analysis was carried out based on the proposed BEM model to examine 

the influence of coarse aggregate content, particle size and arrangement on the chloride diffusion in 

concrete. 

4.1. The influence of coarse aggregate on the chloride diffusion 

As exhibited in Fig.4, here proposed four specimens, the first one was pure cement mortar, the 

remaining three were concrete specimens embedded 16 coarse aggregates with an identical aggregate 

content (12.56%), the aggregate are arranged in four rows and four columns, and their shape was 

round, square and regular triangle respectively. Possessing an equal total area (1256 mm2), the 

diameter of the round aggregates was 40.0mm, and the edge side length of the square aggregates was 

35.4mm and 53.9 of the triangle aggregates. The top of the specimen was exposed to chloride ion 

environment, and the surface chloride concentration was 0.8% (evaluated by the mass fraction using 

gram chloride per gram mortar), and the diffusion coefficient of mortar was 100 mm2/ year, the initial 

chloride concentration in mortar was 0 and the sub-domain was 25 years. After 100 years of exposure, 

the contour maps of the total chloride concentration distributions within concrete are shown in 

Figure.4. 

      

 
Figure 4 The concentration distribution of chloride in concrete with different coarse aggregate 

It can be seen in the Fig.4 that these concentration contours are agree well with horizontal line in the 

specimen without aggregate, illustrating that the chloride concentration is identical at a same diffusion 

depth and the chloride diffusion here is one-dimensional. In the specimens containing aggregates, the 

concentration contours are curved, and the curvature changes significantly at the upper and lower of 



 

the coarse aggregates, showing that the chloride concentration is varied at a same diffusion depth and 

the chloride diffusion is two-dimensional. 

It is obvious that the inclusion of coarse aggregate can reduce the permeability of concrete because of 

the dilution (blocking) and tortuosity (redirecting) effects, thus turning the chloride diffusion from 

one-dimensional to two-dimensional, extending the diffusion path and altering the partial gradient of 

chloride ion concentration field. 

4.2. The effect of the coarse aggregate content，particle shape and particle size to the chloride 

concentration distribution in concrete 

To model concrete with different coarse aggregate content and shape, here embedded round 

aggregates and square aggregate with the number of 16, 36 and 64 in the diffusion domains 

respectively, in the arrangement of4×4, 6×6, 8×8 , thus the coarse aggregate content (the total area of 

coarse aggregate for the percentage of the total area of diffusion region ) was 12.56% (4×4 

arrangement) , 28.26% (6×6 arrangement) and 50.24% (8×8 arrangement). The diameter of the round 

aggregate was 40.0mm, and 35.4mm of the side length of the square aggregate. Due to the side length 

of triangle coarse aggregate was longer than others in a given particle area, it was difficult to arrange 

as 8×8. Therefore, here embedded the triangle coarse aggregate in the concrete specimen in the 

arrangement of 4×6, 4×6and 7×7, for the coarse aggregate content (volume fraction) of 12.56%, 

28.26% and 38.465%, respectively. The side length of the triangle coarse aggregate was 53.9 mm.  

The proposed BEM model was employed to determine the chloride concentration distribution in the 

concrete specimens, which containing different coarse aggregate content and different coarse 

aggregate shape, assuming that the chloride ions diffused into concrete from the top surface of the 

specimens, the surface chloride concentration was 0.8% (evaluated by the mass fraction using gram 

chloride per gram mortar) and the diffusion coefficient of mortar was 100 mm2/ year, the initial 

chloride concentration in mortar was 0, and the persist exposure time was 100 years with a sub-

domain of 25 years. To make a comprehensive comparison, here averaged the chloride concentration 

of every point at the same depth in the cement paste, ignoring it of the point in the coarse aggregate 

(the chloride concentration in the coarse aggregate was 0), and render the average value with the 

change of diffusion depth, as shown in Figure. 5. 
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Figure 5 The profile of average concentration of chloride in mortar with different content of coarse aggregate 

As shown in Figure. 5, the average chloride concentration of mortar at the same depth all generally 

decreases with the rise of coarse aggregate contents, indicating that the existence of coarse aggregate 

has the adverse effect to chloride diffusion. Contrasted with round and square coarse aggregate, with 

the triangle coarse aggregate contents increasing, the average chloride concentration of mortar in the 

same depth decreases more obviously, indicating that the triangle coarse aggregate has higher 

significant impact on decreasing the capability of diffusion. The primary reasons of the coarse 

aggregate obstructing the diffusion of chloride in concrete are the presence of the coarse aggregate in 

concrete extending the way of chloride diffusion and reducing the section of chloride diffusion. 

During the equal-area conversion of single coarse aggregate, due to the side length of the triangle 

coarse aggregate（53.9mm）is larger than the diameter of the round coarse aggregate (40.0mm) and 

the side length of the square coarse aggregate (35.4mm), the decrease of cross section of chloride 

diffusion in the triangle coarse aggregate is the most one, thus the triangle coarse aggregate has the 

most significant effect on decreasing the capability of diffusion. 



 

The effect of the size of particles to average chloride concentration in mortar under the same content 

of coarse aggregate has been uncovered. As for the round aggregate, the content of coarse aggregate 

was 50.24%.Therefore, in the model of concrete diffusion domain, according to the arrangement of 

8×8,11×11,15×15 , here respectively embedded 64,121 and 225 round aggregates (diameter was 

40.0mm,29.1mm and 21.3mm respectively). As for square aggregate, the content of coarse aggregate 

was 28.26%. Then, here embedded square aggregates with number of 36, 81 and 121in the diffusion 

domains respectively, in the arrangement of 6×6, 9×9, 11×11. The side length of the square coarse 

aggregate was 35.4mm, 23.6mm and 19.3mm respectively. As for triangle aggregate, the content of 

coarse aggregate was 38.465%. Then, here embedded triangle aggregates with the number of 49, 121 

and 196 in the diffusion domains respectively, in the arrangement of 7×7, 11×11, 14×14. The side 

length of them was 35.4mm, 23.6mm and 19.3mm respectively.The chloride ions penetrate from the 

upside into concrete ,with the surface chloride concentration(Cs) of 0.8%( evaluated by the mass 

fraction using gram chloride per gram mortar), the chloride diffusion coefficient(D) of mortar was 100 

mm2/year, the original chloride concentration  of mortar was 0, the time step was 25 year. 
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Figure 6 The profile of average concentration of chloride in mortar with different particle size of coarse 

aggregate 

As shown in Figure. 6, for the round aggregate and square aggregate, the curves of average chloride 

concentration in mortar are basically in coincidence although the particle size is different. As for the 

triangle aggregate, the change of the particles  total number will changes the distribution of aggregates, 

so thus the average chloride concentration curves are not in coincidence under the different particles 

size, however, the trends of average chloride concentration curves are basically identical. Therefore, 

it’s indicated that the changes in the size of coarse aggregate particles are not of much practical use in 

the distribution of average chloride concentration in mortar. 
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Figure 7 The profile of average concentration of chloride in mortar with different shape of coarse aggregate 

The effect of aggregate shape to the chloride diffusion was examined. When the content of coarse 

aggregate was 50.24%, the model of triangle coarse aggregate could not be established, thus the 

comparation was made between round aggregate and square aggregate. 

As shown in Figure 7,for the round aggregate and square aggregate, the curves of average chloride 

concentration in mortar are basically in coincidence. Compared with round and square aggregate, there 

is lower average chloride concentration in mortar for triangle aggregate. At the same diffusion time, 

the trend of this become stronger when the content of coarse aggregate increase from 28.26% to 

http://dict.cnki.net/dict_result.aspx?searchword=%e7%a0%82%e6%b5%86&tjType=sentence&style=&t=mortar
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b0%af%e7%a6%bb%e5%ad%90%e6%b5%93%e5%ba%a6&tjType=sentence&style=&t=chloride+concentration
http://dict.cnki.net/dict_result.aspx?searchword=%e6%97%b6%e9%97%b4%e6%ad%a5%e9%95%bf&tjType=sentence&style=&t=time+step


 

38.465%. Therefore, it indicates that the shape of coarse aggregate has impact on the decreasing the 

capability of diffusion. Without consideration of the influence of interfacial transition zone (ITZ) 

between the coarse aggregate and mortar, the smooth, uniform and near spherical coarse aggregate 

have little effect on the decreasing the capability of diffusion, whereas this effect will be more obvious 

with irregular shape of coarse aggregate. 

4.3. The effect of arrangement mode of coarse aggregate to the chloride concentration distributing 

in concrete 

To analyze the effect of arrangement mode of coarse aggregate to the chloride diffusion , in the 

concrete model, as shown in Figure 8, the 64 round coarse aggregates (with the diameter of 40.0mm) 

were staggered in 8 rows, and the 36 triangle coarse aggregate (with the side length of 53.9mm) were 

rotated 180 degrees in situ. To ensure the consistency of the boundary conditions, the number of 

coarse aggregate decreased from 64 to 60 in the staggered arrangement. In the simulation, the upside 

of concrete model was the exposed surface, with the surface chloride concentration(Cs) of 0.8%(the 

mass fraction of mortar), the chloride diffusion coefficient(D) of mortar was 100 mm2/year, the 

original chloride concentration of mortar was 0, the continuous exposure time was 100 years with the 

sub-domain of 25 years. The distribution of chloride concentration in concrete and the profile of 

average concentration of chloride in mortar with different aggregate arrangement were shown in 

Figure.8 and Figure.9. 

As shown in Figure.8, after the staggered of round aggregate, the diffusion path of chloride become 

more complex and the blocking effect of coarse aggregate become more obvious. Besides, there are 

more chloride in front of coarse aggregate and less in the rear. Thus the curves of chloride 

concentration become more tortuous and the distribution of chloride in concrete become much more 

uneven. However, from the average chloride concentration in mortar, although the curves of chloride 

concentration become tortuous on the two arrangements, the average chloride concentration in 

different depth is basically identical. Thus the arrangement of coarse aggregate has influence on the 

distribution of chloride in space, but it has little influence on the average chloride concentration at the 

same depth. 
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Figure 8 The concentration distribution of chloride in concrete and the profile of average concentration of 

chloride in mortar with different arrangement of coarse aggregate (Round) 

It can be seen from the Figure.9 that the arrangement of triangle coarse aggregate has influence on the 

distribution of chloride concentration. For the arrangement B, in the region containing coarse 

aggregate, the average chloride concentration at the same depth is lower than it for the arrangement A, 

it is because the base of inverted triangle is closer to the diffusion boundary so that the chloride 

diffusion is obstructed by coarse aggregate in the earlier periods, and the decreasing of the diffusion 

capability due to the coarse aggregate get more stronger. However, in the area without coarse 

aggregate or far away from the exposed surface of concrete, the average chloride concentration at the 

same depth is basically identical in the two different arrangements. Therefore, the arrangement of 

coarse aggregate can change the distribution of chloride concentration in the region containing coarse 

aggregate, but has little influence on the curves of average chloride concentration in the overall. 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%9a%b4%e9%9c%b2%e9%9d%a2&tjType=sentence&style=&t=exposed+surface
http://dict.cnki.net/dict_result.aspx?searchword=%e8%b4%a8%e9%87%8f%e5%88%86%e6%95%b0&tjType=sentence&style=&t=mass+fraction
http://dict.cnki.net/dict_result.aspx?searchword=%e7%a0%82%e6%b5%86&tjType=sentence&style=&t=mortar
http://dict.cnki.net/dict_result.aspx?searchword=%e7%a0%82%e6%b5%86&tjType=sentence&style=&t=mortar
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b0%af%e7%a6%bb%e5%ad%90%e6%b5%93%e5%ba%a6&tjType=sentence&style=&t=chloride+concentration
http://dict.cnki.net/dict_result.aspx?searchword=%e7%a0%82%e6%b5%86&tjType=sentence&style=&t=mortar
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Figure 9 The concentration distribution of chloride in concrete and the profile of average concentration of 

chloride in mortar with different arrangement of coarse aggregate (Triangle) 

5. Conclusions 
In this paper, concrete was treated as a two-phase heterogeneous material consisting of mortar and 

coarse aggregate. By connecting the concrete outer boundary with the aggregates boundaries, a 

multiply connected domain boundary integral equation of chloride diffusion in concrete was proposed. 

Hereafter, based on the integral equation, a BEM model was built to investigate the chloride diffusion 

behaviour in concrete. The proposed model was proved to be accurate and advantaged when compared 

with FEM, since in the proposed BEM model, the time interval (duration) was sparsely discretized 

into only a few sub-domains, while the spatial domain was discretized along the concrete boundary 

such that significantly fewer unknowns were involved and considerable computational time reduction 

can be achieved.  

For sake of investigating the influence of coarse aggregate on chloride ion diffusion, model concretes 

with different aggregate content, particle shape, size, and arrangement. From the result obtain the 

conclusions that the inclusion of coarse aggregate will obstruct the chloride diffusion, thus turning the 

chloride diffusion from one-dimensional to two-dimensional, extending the diffusion path and altering 

the partial gradient of chloride ion concentration field. The obstruction effect of the coarse aggregate 

depends on the aggregate content mainly, the effect will be intensive with the rise of the coarse 

aggregate content, and the minor is the aggregate shape, when neglect the influence of ITZ, the 

sharper the coarse aggregate edge, the stronger the obstruction, and the effect dealt with the aggregate 

particle size is negligible. The arrangement of coarse aggregate will influence the distribution of 

chloride ion in space, but cause no significant effect on the average chloride concentration curve at 

different depths in mortar matrix. 
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Abstract 

Chloride induced steel corrosion is the greatest problem in durability of the reinforced concrete structures exposed to 

marine environments. Addition of the blast furnace slag to cement suppresses the transportation of chloride ion into the 

concrete, especially the hardened cement paste. The transportation of chloride is influenced by the physical and 

chemical adsorption to the cement hydrate such as CSH and Friedel’s salt as well as the ionic diffusion. In particular, 

chloride ions adsorbs dominantly on the C-S-H, which in the mainly hydration of cement. It is well known that an 

aluminum substituted calcium silicate hydrate gel (C-A-S-H) is produced when added blast furnace slag. However, the 

effect of Al substitution on the physical adsorption of chloride ions of C-S-H has not been understood enough. In this 

study, C–S–H and two types of C-A-S-H substituted 4 and 8 mole % of Si by Al, of which Ca/(Si+Al) molar ratio equal 

to 1.0 were synthesized. The physical adsorption of calcium and chloride ions for synthesized C-S-H and C-A-S-H were 

experimentally quantified by ion chromatography. The enhanced surface complexation model was proposed by 

considering silanol and aluminol groups in silicate tetrahedral of C-A-S-H as adsorption sites. Parameters of the model 

were obtained by fitting the model to the experimental data for adsorption and zeta potential. We obtained a good fit 

between the model results and experimental data on chloride adsorption. 

 

Originality 

In this study, the effect of Al substitution on physical adsorption of chloride ion on the calcium silicate hydrate is 

quantified by using synthesized C-S-H and two types of C-A-S-H. In particular, it was the evidence that the replacement 

of Al with Si in C-S-H to form C-A-S-H had remarkable influence on its zeta potential. The value of zeta potential is 

shifted in the negative direction at the same pH with increasing substitution of Al, and thus, the zeta potential was 

independent on pH of solution. From these results, it could be seen that the permanent charge was generated by Al 

substitution. Moreover, the incorporation of Al into C-S-H greatly increased the adsorption of calcium and chloride 

ions in higher concentration of calcium in the solution. The author enhanced the previous surface complexation model 

by considering the aluminol site in silicate tetrahedral of C-S-H as an adsorption site in addition to silanol site. The 

validity of the new model was verified from a good fit of the new model results with the experimental data. 

 

Keywords: Adsorption; Chloride; C-S-H; C-A-S-H; Surface complexation 
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1. Introduction 

Chloride-induced corrosion of steel bar dominates the durability of concrete structures exposed to 

marine environments and de-icing salts. Chloride ions can penetrate into concrete from the 

environment surrounding a structure by several mechanisms: diffusion, capillary suction, advection, 

migration, and others. On the other hand, some of chloride ions are captured by the hydration products. 

This so called chloride binding which can remove chlorides from the diffusion flux, and thus 
preventing the penetration of chloride. Therefore, the effect of chloride binding must be taken into 

account when quantifying the chloride ion transport in concrete, and thus, great importance to 

determine the service life of concrete structures with regards to chloride-induced corrosion. Two 

different types of chloride binding are proposed: the chemical binding and the physical binding. The 

chemical binding is due to formation of Friedel's salt, which is a hydrate having a similar structure 

with AFm but the sulfate ion is replaced by two chloride ions (Roberts, 1962, Mehta, 1977, Diamond, 

1986, Taylor, 1992). The physical binding is driven from the adsorption of chloride on or in C-S-H 

(Berman, 1972, Suryavanshi et al., 1998., Kayyali and Haque,1995, Reddy et al., 2002, Glass and 

Buenfeld, 2000).  

Some researchers indicated that concrete made with ground granulated blast furnace slag (GGBFS) 

had better resistance against the chloride–induced corrosion than Portland cement concrete. They 

insisted that an increase of physical adsorption of chloride ion by C-S-H contributed the improvement 

of chloride–induced corrosion resistance (Song, 2006, Dehghanian and Arjemandi, 1997). 

Furthermore, Richardson suggested that Al substitutes the Si in C-S-H (hereinafter, it is referred to as 

C-A-S-H) is occurred in GGBSF cement paste (Richardson, 1999, Richardson, 2004). This implies 

that the adsorption of chlorides on C-A-S-H is superior to C-S-H. However, the effect of Al substitutes 

for Si in C-S-H on physical adsorption of chloride on C-S-H is not well understood yet.  

The adsorption of ions on the surface of solid materials is understood primarily in terms of interactions 

between ions and solid phases (Sposito, 1984). The interactions comprise of the surface complexation 

reaction and electrostatic interaction.  The surface complexation reaction is basically due to formation 

of inner-sphere surface complexes of the ion and the specified surface functional groups. The 

electrostatic interaction is due to formation of outer-sphere complexes at a certain distance from the 

surface. The author successfully modeled the adsorption of chloride on C-S-H in ordinary Portland 

cement paste by applying the surface complexation reaction model (Elakneswaran and Nawa et al., 

2010).  

In this study, the chloride physical binding for synthesized C-S-H and C-A-S-H were experimentally 

quantified and a surface complexation reaction model was developed to predict the chloride physical 

binding of C-S-H and C-A-S-H. 

 

2. Experimental 

2.1 Materials and Sample Preparation  
C–S–H was synthesized by mixing pure agent of Ca(OH)2 and  SiO2 with deionized water at 50 °C for 

2 weeks to achieve Ca/Si of 1.0. Two types of C-A-S-H, replacement of 4 and 8 mole % of Si with Al 

in the C-A-S-H of Ca / (Si + Al) molar ratio equal to 1.0, were synthesized in autoclave at 170 °C and 

0.79 Mpa for 2 hours. The synthesized C-S-H and C-A-S-Hs are indicated hereinafter in the figures by 

CSH, CASH-A4 and CASH-A8. The specific surface area measured by H2O BET method were 238.3 

m2/g, 236.3m2/g and 234.4m2/g for C-S-H, CASH-A4 and CASH-A8 respectively.  

2.2 Experimental Methods 

Zeta potential measurements were carried out in aqueous sodium hydroxide and calcium hydroxide 

solutions. Suspensions were prepared at 0.1 g/l solid to liquid and were kept for 2 hours, then 

dispersed by ultrasonic waves for 1 minute before the measurements. A Zetasizer Nano series 

apparatus was used to determine zeta potential through the Smoluchowski approximation. 

Chloride binding capacity was conducted using equilibrium concentration technique. The sample was 

mixed with a known chloride solution at solid to water ratio of 0.5g/l and kept for 2 weeks. Then, the 

suspensions were centrifuged for 1 min and then they were filtered by using 0.45 μm filter. The 

concentration of chloride ions in the filtered sample was measured by ion chromatography. 



 

 

3．RESULTS AND DISCUSSION 

3.1 Zeta potential   

Zeta potentials of C-S-H and C-A-S-H immersed in the aqueous sodium hydroxide and calcium 

hydroxide solutions as a function of pH are shown in Figs.1 and 2. In sodium hydroxide solution, the 

sign of the zeta potential did not change with the increase of pH, but the absolute value was increased 

as shown in Fig. 1. It can be seen that sodium ion behaves as indifferent ion towards the surfaces of C-

S-H and C-A-S-H. The same behavior was reported in the case of sodium chloride solution (Viallis-

Terrisse et al., 2001, Nachbaur, 1998). The isomorphous replacement of Al+3 for Si+4 in C-A-S-H 

show a remarkable influence on zeta potential in aqueous sodium hydroxide solution. The value of 

zeta potential for C-A-S-H was shifted in the negative direction at the same pH as compared with C-S-

H and the amount of shfit increases with the substitution of Al in C-A-S-H. This implies the shift of 

the zeta potential value towards negative direction of C-A-S-H is drived from the generation of 

negative charge of C-A-S-H with substitution of Al.  

In the aqueous Ca(OH)2 solution, the absolute value of zeta potential increased with increasing 

concentration of calcium ions as shown in Fig.2, and the sign of the zeta potential was reversed from 

the negative to positive. It implies that hydrated Ca2+
 ions are dehydrated and formed an inner-sphere 

complex with the ionized surface groups. Further, the value of zeta potential was very similar despite 

of substitution of Al in C-A-S-H. It can be explained as follows: the isomorphic substitution of Al for 

Si in the silicate tetrahedral of calcium silicate hydrate generates the negative permanent charge, 

which also provides a high affenity of cation; hence in the presence of calcium ions, the Ca2+ ions can 

be absorbed on C-A-S-H more than C-S-H and offset the effect of permanent charge on the zeata 

potential for C-A-S-H by producing inner-sphere surface complexes on the surface of C-A-S-H. 
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Figure 1. Measured zeta potential of C-S-H and 

C-A-S-H in the sodium hydroxide solution as a 

function of pH. 
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Figure 2.  Measured zeta potential of C–S–H and 

C-A-S-H in the calcium hydroxide solution as a 

function of pH. 

 

3.2 Ionic adsorption  

Fig. 3 shows the adsorption isotherm of chloride on C-S-H. The binding isotherms show the increase 

of adsortption of chloride with the concentration of chloride at low concentration, but at high 

concentration of 500 mmol.l−1 or more, the adsorption of chloride increase again with the 

concentration of chloride. Thus it is obvious that  the adsorption isotherm of chloride on C-S-H shows 

a poor fit to Langmuir-type adsorption isotherm. It can also be seen that the substitution of Al for Si in 

C-A-S-H greatly affects the adsorption isotherm of chloride. With the increase of the Al substitution, 

the amount of adsorbed chloride ions was greatly increased.  

The adsorption of calcium ion on C-S-H and C-A-S-H is illustrated in Fig. 4. The difference in the 

adsorption of Ca2+ ion between C-S-H and C-A-S-H was hardly found until 5 mmol.l−1 of calcium 

hydroxide solution concentration. However, at higher concentration higher than 5 mmol.l−1 of calcium 



 

hydroxide, the adsorption of Ca2+ ion onto C-A-S-H became larger than that on C-S-H. This implies 

that there are two different mechanisms on the adsorption of Ca2+ ions on C-A-S-H: the surface 

complex formation and the ion exchange. The surface complexation formation can be defined as a 

reaction between functional surface groups and an ion in a surrounding solution, which form a stable 

unit (Schindler et al., 1976). The functional surface groups of C-S-H/C-A-S-H is silanol groups (≡Si-

OH) and, the reaction between silanol groups and calcium ion can be given as follows: 

 
  HOCaSiCaOHSi  2      (1) 

 

The ion exchange can be defined as an adsorption on the negative surface which is generated due to 

replacement of Si4+ by Al3+. C-A-S-H has a structure that substitutes Si4+ by Al3+ and  the increase of 

substitution of Si4+ by Al3+ increases the negative charge. Consequently, as shown in Fig.4, the 

discrepancy in the adsorption of Ca2+ between C-S-H and C-A-S-H derived from the adsorption on the 

interlayer due to the permanent charge.  
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Figure 3. Chloride binding isotherm for C-S-H 

and C-A-S-H in the sodium chloride solution. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10

C
a2+

 a
d

so
rp

ti
o

n
(m

m
o

l/
g)

Ca(OH)2 concentration (mmol/L)

C-S-H

CASH-A4

CASH-A8

 
 

Figure 4.  Calcium binding isotherm for C-S-H 

and C-A-S-H in the calcium hydroxide solution. 

 

3.3 Modelling for chloride binding 

In surface complexation model, a generalized two-layer model is used to model the chloride 

adsorption on C-S-H/C-A-S-H because it has an advantage to describe adsorption as a function of 

ionic strength of changing solution and has only a small number of adjustable parameters. This can 

quantitatively predict well the ionic adsorption below the ionic strength of 100 mmol.L−1 (Bradl, 

2004). In the model, all specifically adsorbed ions and non-specifically adsorbed ions are assigned to a 

surface layer and diffuse layer respectively. A Gouy-Chapman distribution of ions is assumed for 

diffuse layer. Further, it is assumed that the all surface reactions follow a mass law of equation. The 

surface charge is caused by ionization of all surface sites through proton exchange reactions and 

surface coordination reactions with cations and anions. The surface charge density is the amount of 

charge per area of the surface materials. 

 

])()([)]()()()[( 2   
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      (2) 

 

where F is Faraday constant (96,485 C/mol), A is specific surface area (m2/g), S is solid concentration 

(g/l), Z is the valence of a adsorbing ion, ГH and ГOH are adsorption densities of protons and hydroxyl 

ions (mol/m2), and ГM and ГA are adsorption densities of specifically adsorbed cations and anions 

respectively.  



 

According to Gouy-Chapman theory (for a symmetrical electrolyte with valence Z), the surface charge 

density σd (C/m2) in the diffuse layer is related to surface potential Ψ0 (V) by: 
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where ε is the dielectric constant of water, ε0 is the permittivity of free space (8.854×10–12 C/Vm), and 

μ is the ionic strength. 

For the charge balance, σ +σd = 0, and surface charge density is directly related to surface site density 

of C-S-H/C-A-S-H. However, only a few studies have reported about the surface functional groups of 

C–S–H (Schindler et al., 1976, Viallis-Terrisse et al., 2001, Pointeau et al., 2001, Heath et al., 1996, 

Yu et al., 1999, Chen, 2004).  

Based on the structure of C-S-H, Pointeau et al. (Pointeau et al., 2001) proposed that C-S-H has two 

kinds of surface group sites: silanol site (≡Si-OH) and silandiol site (=Si(OH)2). Silanol sites are 

present on silicate tetrahedra which is at the end of the silicate chain, and silandiol sites are present in 

the middle of bridging tetrahedra on the chain. However, Viallis-Terrisse et al. (Viallis-Terrisse et al., 

2001) considered that the whole surface of C-S-H consists of one type site(≡Si-OH). In this study, we 

assumed that the surface group of C-S-H consists of a silanol group and its density is the same as the 

value obtained by Viallis-Terrisse et al. (Viallis-Terrisse et al., 2001), 4.878 sites/nm2.         

On the other hand, Pardal and Nonat et al. (Pardal et al., 2009, Pardal and Nonat et al., 2012) found 

that Al can substitute Si in bridging positions as well as in pairing positions from the 29Si and 27Al 

MAS NMR analyses of well-characterized C-A-S-H. They also reported that Al in pairing sites are 

observed only for Ca/(Si+Al) ratios greater than 0.95. C-A-S-H used in this study had Ca/(Si+Al) 

ratios of 1.0, and we estimated the site density of aluminol site (≡Al-OH) group by assuming that the 

aluminol site is located only in bridging positions of silicate chain of C-S-H. As the result, we 

determined the site densities of silanole site (≡Si-OH) and aluminol site (≡Al-OH) in CASH-A4, 

which were 3.119 sites/nm2 and 1.759 sites/nm2, respectively. The silanole site and aluminol site for 

CASH-A8 were also estimated to 2.180 sites/nm2 and 2.695 sites/nm2, respectively.  

The principal mechanism by which C-S-H acquires surface charge is the de-protonation of silanol sites 

(Viallis-Terrisse et al., 2001, Pointeau et al., 2001, Elakneswaran and Nawa et al., 2009, Elakneswaran 

and Nawa et al., 2010). The chemical reaction formula of dissociation of silanol surface groups and 

the intrinsic equilibrium constant for deprotonation KOH can be given by  

 

OHSiOOHSiOH 2   ,           .exp
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where ai is the activity of i (solution species or surface species), Ψ0 is the surface potential (V), R is the 

universal gas constant equal to 8.31451 J/(mol.K), and T is the absolute temperature (K).  

At high pH, the cation adsorption is favourable on the silanol sites but the anion adsorption is limited. 

Thus, the negatively charged C-S-H particles are compensated by calcium ions in the solution, and the 

strong affinity of calcium ions to the surface brings the charge reversal shown in Fig.2. Hydrated 

calcium ions lose some of their water molecules and make an ionic bond with silanol sites through the 

following reaction (Viallis-Terrisse et al., 2001, Pointeau et al., 2001, Elakneswaran, Nawa et al., 2009, 

Elakneswaran, Nawa et al., 2010): 

 

       HSiOCaCaSiOH 2 ,  
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where KCa is the intrinsic equilibrium constant for calcium bonding with silanol group.  

 

 



 

The equilibrium constants, KOH and KCa , for Eqs. (4) and (5) were obtained by fitting experimental 

data of both ion adsorption and zeta potential to the model. The determined log KOH and log KCa were 

−11.6 and −7.9, respectively.  

In order to model the surface complexation reaction in C-A-S-H, the equilibrium constants considered 

for C-S-H were assumed for ≡Si-OH group in C-A-S-H, and the other equilibrium constants for ≡
Al-OH group, KOH, AlOH and KCa, AlOH, can be determined from the experimental results of both ion 

adsorption and zeta potential for C-A-S-H:  
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The determined log KOH, AlOH and log KCa, AlOH were −7.9 and -7.8, respectively.  

Chloride ion can adsorb on silanol and aluminol sites on the calcium adsorbed surface through the 

reaction: 

 

 SiOCaClClSiOCa       ,        









 RT

F

aa

a
K

ClSiOCa

SiOCaCl
Cl

0exp
*



   

     (8) 

 

    AlOCaClClAlOCa       ,

  















RT

F

aa

aa
K

ClAlOCa

HAlOCaCl

AlOHCl
0exp

*

*
,

        (9) 

 

The equilibrium constants for surface complexation reactions of chloride adsorption, KCl and KCl, AlOH, 

were determined from experimental results of chloride adsorption. The determined log KCl and log KCl, 

AlOH were −8.3 and 7.2, respectively.  

Fig. 5 shows the experimental zeta potential values of C-S-H and C-A-S-H (CASH-A8) in different 

calcium hydroxide solutions compared with the surface potentials of C-S-H and C-A-S-H (designated 

by ΨC–S–H and ΨC–A-S–H) which is obtained from surface complexation model. There were some 

discrepancy between experiment and the model values. The zeta potential are not equal to the surface 

potential. The surface potential results are from the average of the surface charge complexes of 

specific sorbed ions on the ionized surface sites (>SOCa+) and dissociated surface sites, whereas zeta 

potential is created by the sum of these charges and the charges of the ions located in the space 

between the surface and the “shear” plane. Pointeau (Pointeau, I., et al., 2006) pointed out that for 

hardened cement paste, the difference between the zeta potential and the surface potential would be 

remarkable for ionic strength higher than 0.1 M and for surface potential values higher than 25 mV in 

absolute value. In this study, the absolute values of surface potential were higher than 25 mV and it 

could generate the discrepancy between them. Although there is some discrepancy between 

experimental values and model prediction, it can be confirmed that experimental values are good 

agreement with the model. 

Fig. 6 shows experimental physical adsorption of chloride on C-S-H and C-A-S-H in the sodium 

chloride solution compared with the predicted chloride adsorption by the surface complexation model. 

It could be seen that there was a good agreement between the amount of adsorption measured by ion 

chromatography and predicted by surface complexation model. However, it could also be found that 

there is the discrepancy between experimental and predicted values in low concentration of sodium 

chloride. More accurate model and experiments are needed to understand the behavior of ionic species 

on the surface of calcium silicate hydrates. 
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Figure 5. Measured zeta potential and calculated 

surface potential of C-S-H and C-A-S-H in 

calcium hydroxide solution with varying 

calcium hydroxide concentration. 
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Figure 6. Measured amount of adsorbed chloride 

and calculated adsorption of chloride of C-S-H 

and C-A-S-H in sodium chloride solution with 

varying calcium cloride concentration. 

 

 

4．CONCLUSIONS 

In this study, the effect of Al incorporation in C-S-H on the physical adsorption of chloride ion was 

quantified by using synthesized a C-S-H and two types of C-A-S-H and simulating the specific ionic 

adsorption on C-S-H and C-A-S-H surface through surface complexation reaction with silanol and 

aluminol surface groups. 

In NaOH solution, the isomorphous replacement of Si with Al in C-A-S-H had remarkable influence 

on zeta potential; the value of zeta potential is increased in negative at the same pH with increasing 

incorporation of Al. The excess negative charge is generated by the substitution of Al3+ for Si4+ in 

the micro-crystal structure of C-A-S-H. The increase of negative charge was independent on pH of the 

solution, thus result with the permanent charge.  

The adsorption isotherms for chloride and calcium on C-S-H and C-A-S-H were determined 

experimentally. The binding isotherms of chloride ion were Freundlich type. The substitution of Si 

with Al in C-A-S-H greatly increase the adsorption of chloride with the increase of the Al 

incorporation. The substitution of Si with Al also gives the same effect on adsorption of calcium and 

sodium ions in higher concentration of calcium and sodium hydroxide solutions. However, in the 

presence of divalent ion such as calcium, the permanent charge was reversed. 

The equilibrium constants for hydroxide, calcium, and chloride ions adsorption were obtained by 

fitting experimental data to surface complexation reaction model. The new surface complexation 

reaction model to predict the chloride binding was validated by obtaining a good agreement between 

the experimental data and predicted values. 
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Abstract 

The cement paste attached on natural aggregates has a significant effect on the quality of recycled concrete aggregates 

(RCAs) because it usually has higher porosity and lower strength than natural aggregates. This work attempted to 

improve the quality of RCAs through carbonation of the attached cement paste. During carbonation reactions，CO2 

reacted with Ca(OH)2 and calcium silicate hydrate (C-S-H) to form CaCO3 and silica gel, which filled the pores in the 

attached cement paste. Thus, carbonation increased the density, and decreased the water absorption and crushing 

values of the RCAs. It thus increased the flowability and compressive strength, and decreased drying shrinkage of the 

recycled aggregate mortars. 

 

Originality 

The cement paste attached on recycled concrete aggregates (RCAs) is a highly porous material, which results in RCAs 

have high absorption and low strength. Various methods have been developed to improve the properties of RCAs, but 

those methods include drawbacks for preventing the implementation of RCAs. This work provides a new approach for 

improving the properties of RCAs, which uses carbon dioxide to treat RCAs. Carbon dioxide reacts with calcium 

hydroxide and calcium silica hydride to form calcium carbonate and silica gel, which filled the pores in the RCAs. Thus, 

carbonation treatment can reduce the porosity and water absorption of RCAs. Also, the carbonation treatment 

consumes carbon dioxide, which can reduce the greenhouse effect. 
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1. Introduction 

With rapid development of economy and construction of infrastructure, many 

construction and demolition wastes are generated and need to be treated. Due to increased 

landfill cost and demand of aggregates in construction, recycle and reuse of waste concrete is 

becoming more important to ensure sustainable development (Kong et al. 2010; Poon et al. 

2007). An effective way to reuse waste concrete is to crush and sieve it to produce recycled 

concrete aggregates (RCAs). Also, the increased construction of infrastructure needs more 

concrete. Statistics data show that concrete production in China was reached 5 thousand 

million tons in 2013, and concrete contains about 70% aggregate. Aggregate is the 

nonrenewable material in short period of time, and how to reuse those construction wastes 

became a significant approach for sustainable development.  

Waste concrete can be crushed and sieved for producing the recycled concrete 

aggregates (RCAs). In general, RCAs consist of 65–70% original aggregate and 30–35% 

original cement pastes by volume. The original cement paste is a highly porous material, 

which results in RCAs have high absorption and low strength. Compared with ordinary 

concrete, the tensile and compressive strengths of RCAs concrete were decreased by 40%, 

and its drying shrinkage was increased by 60% (Ikea et al. 1988; Hansen et al. 1985). Cracks 

were more likely to appear when concrete contained more than 50% RCA, because of the 

reduced tensile properties of the concrete (Talamona and Tan 2012). Therefore, it is important 

to improve the properties of RCAs so to get better quality concrete made with RCAs. 

The methods for improving the performance of RCAs can be classified into two 

categories: (1) removing the attached mortar by ultrasonic cleaning method (Katz 2004), ball-

milling (Montgomery 1998), heating and then rubbing (Tateyashiki et al. 2001) or pre-

soaking RCAs with HCl, H2SO4, H3PO4 (Tam et al. 2007); (2) improving the quality of 

attached paste, such as surface-coating with waterglass (Li et al. 2009), pozzalanic materials 

(Li et al. 2009; Tsujino et al. 2007; Shayan and Xu 2003) or polyvinyl alcohol emulsion (Kou 

and Poon 2010). However, the addition of acidic solvents can lead to new pollution, use of 

waterglass increases the risk of alkali-aggregate reaction, and the other methods require extra 

energy. 

 This paper provides findings of the research work for improving the properties of 

RCAs by using carbon dioxide treatment. Carbon dioxide can react with the cement pastes 



 

attached on the original aggregates so to improve the physical properties of RCAs, and 

thereby to improve the performance of concretes and mortars made with RCAs.  

2. Experimental 

2.1. Raw Materials 

The recycled gravel concrete aggregate (G-RCA) was retrieved from concrete 

beams with compressive strength of 30 MPa, and the recycled crushed stone concrete 

aggregate (C-RCA) was retrieved from concrete beams with compressive strength of 50 

MPa. The gravel from a river was crushed and used as the control find aggregate. Both 

G-RCA and C-RCA were sieved to the same gradation as the control aggregate, as 

shown in Table 1. Ordinary Portland cement with the chemical composition as shown in  

Table 2 was used in this work. 

Table 1. Gradation of aggregates 

Diameter（mm） 2.5 1.25 0.63 0.315 0.16 

Cumulative residue on sieve (%) 0 15 50 85 100 

 

Table 2. Chemical composition of cement 

CaO Al2O3 MgO Fe2O3 SiO2 SO3 

65.40 5.40 3.40 2.80 21.00 2.00 

 

2.2. Experimental Process 

2.2.1. Carbonation Treatment of Recycled Concrete Sands 

RCAs were placed in an automatic controlled carbonation chamber (错误!未找到引用

源。) and carbonated in accordance with the Chinese standard GB/T 11974-1997 at T=20±

2°C, RH=60±5% and CO2 concentration=20±2%. Every day, some RCA samples were 

taken out, ground and sprayed with 1% phenolphthalein alcohol solution to identify the 

carbonated. After carbonated for 7 days, RCAs were fully carbonated no color change was 

observed as they were sprayed with 1% phenolphthalein alcohol solution. During carbonation, 

the temperature changes of G-RCA with the particle size of 0.16-0.32 mm and 1.25-2.50 mm, 

and C-RCA with the particle size of 0.16-0.32 mm were measured.  



 

 

Fig.1. Automatic controlled carbonation chamber 

Physical properties of the RCAs were measured after carbonation, and the tests were 

conducted in accordance with the Chinese standard JGJ / 52-2006, which include apparent 

density, water absorption, and crushing value.  

2.2.2. Composition Analysis of the Carbonated Cement Paste 

Cement paste was crushed apart from the recycled aggregate before and after 

carbonation. The composition analyses consist of X-ray diffraction (XRD) analyses, infrared 

spectroscopy analyses, and thermogravimetric analyses.  

2.2.3. Mortar Mixture with Carbonated Recycled Concrete Sands 

The carbonated recycled concrete sands were used to make mortars after the 

carbonation treatment. The mixture design for the mortars consist of sand to cement ratio of 

1.5, and water to cement ratio of 0.5.  

The flowability of fresh mortars was measured using a cone with 60 mm height, 70 mm 

top diameter and 100 mm bottom diameter following the Chinese standard GB/T2419-2005. 

The maximum diameter and the diameter perpendicular to the maximum diameter of the 

mortars were measured. Average of the two diameters was reported as the flowability of the 

sample. 



 

Fresh mortar mixtures were cast in a 40×40×40 mm cubic molds. The samples were 

demolded after 24 hours of casting, then were cured in a lime saturated water at 20±2°C until 

3 d, 7 d, 28 d, and 90 d were reached for compressive strength testing. 

3. Results and Discussion 

3.1. Temperature Change during RCAs Carbonation 

错误!未找到引用源。 is the recorded temperature data of G-RCA with the particle 

size of 0.16-0.32 mm, 1.25-2.5 mm and C-RCA with particle size of 0.16-0.32 mm. The 

temperatures increased rapidly as the reaction start, and reached the maximum around 20 

minutes. This indicated that the carbonation reactions occurred mostly during the first 20 

minutes, and slowed down then after. Two reasons may contribute to the slowed down 

reactions: (1) CaCO3 formed as CO2 reacts with hydration products, and covered the surface 

of cement paste, which impeded further reactions; (2) the cement paste became less porous 

after carbonation, which slowed CO2 to infiltrate into cement paste. 

Results in 错误!未找到引用源。 also indicated that the temperature rising rate and the 

maximum temperature of G-RCA were higher than those of C-RCA during carbonation. This 

suggested that G-RCA was more porous than C-RCA. Because G-RCA was obtained from 

concrete beams with the 28-day compressive strength of 30 MPa, and C-RCA was obtained 

from concrete beams with the 28-day compressive strength of 50 MPa. CO2 could penetrate 

into G-RCA more easily than into C-RCA. Also, the CO2 diffusion rate and the quantity of 

Ca(OH)2 in the paste attached to gravel were higher than that attached to crushed stone. 

Compared the temperature curves of G-RCA with different particle sizes, it could be noticed 

that G-RCA with smaller particle size had higher temperature peak and more released heat. If 

took the ratio of the peak temperature and the sample mass as the index of the amount of paste, 

the index of G-RCA with particle size of 0.16-0.32 mm and 1.25-2.50 mm are 24.8% and 

23.8%, respectively. This means that RCA with smaller particle size has more attached 

cement paste. RCA crushed into smaller particle size also result in more contact surface 

between CO2 and attached cement during carbonation (Hidalgo et al. 2008). 
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Fig.2. Temperature variation during carbonation of recycled concrete aggregates 

3.2. Physical Properties of Carbonated RCAs 

Physical properties of the carbonated and uncarbonated RCAs are shown in Table 3. 

The apparent density of uncarbonated RCA was 6.3-7.8% lower than the control aggregate, 

while the carbonated RCA was 1.9-2.6% lower than the control aggregate. After carbonation, 

the water absorption and crushing value of RCAs were reduced 22.6-28.3% and 7.6-9.6%, 

respectively. As mentioned previously, CO2 reacts with the hydration products and unhydrate 

cement particles to form CaCO3 and silica gel, which fill the capillary pores in the hardened 

cement paste. 

Table 3. Physical properties of aggregates 

Physical properties 
Uncarbonated aggregate  Carbonated aggregate 

NA G-RCA C-RCA  G-CI R-CI 

Water absorption (%) 2.35 8.06 8.70  5.78 6.73 

Apparent density (kg/m3) 2.70 2.53 2.49  2.65 2.63 

Crushing value (%) - 18.6 17.1  16.9 15.8 

 

3.3. Chemical Composition of the Cement Paste on Carbonated and Uncarbonated RCAs 

3.3.1. XRD Analyses of Recycled Gravel Aggregate 

The XRD results of uncarbonated and carbonated RCAs are shown in Fig.. The 

carbonated aggregates had a lower Ca(OH)2 peaks and no AFt peaks. This suggested that AFt 



 

and Ca(OH)2 in the attached cement paste were transformed into CaCO3 during carbonation. 

By comparing the quantity of AFt and Ca(OH)2 in the uncarbonated recycled gravel 

aggregates, only a few AFt was found. Thus, the quantity of CaCO3 transformed from AFt 

during carbonation was very small compared with the that transformed from Ca(OH)2. 
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Fig. 3. X-ray diffractograms of cement paste attached to aggregates 

3.3.2. Infrared Spectroscopy Analyses 

FT-IR spectrums of carbonated and uncarbonated RCAs with the particle size of 0.63-

1.25 mm are shown in Fig.  and 5. The strong IR frequencies at 1430 cm-1 was typical bands 

assigned to v3-CO3
2-; a sharp band at 875 cm-1 assigned to v2-CO3

2-; and a strong band at 1080 

cm-1 assigned to v3-Si-O-Si (Hidalgo et al. 2008; Slegers and Rouxhet 1976). The areas of 

bands in 433 cm-1 and 1084 cm-1 of carbonated sample were larger than these of uncarbonated 

sample. This indicated that the quantity of calcite in attached cement paste grew with degree 

of carbonation. Slegers et al (1976) found that the band of the silica gel generated from the 

carbonation of C-S-H occurred at about 1084 cm-1. Though the band of vibration of Si-O-Si in 

quartz may affect the identification of silica gel, the increased band area at 1080 cm-1 also 

indicated that silica gel formed during carbonation.  

The frequency of band assigned to v3-Si-O-Si associated with Ca/Si ratio, and the band 

of v3-Si-O-Si is at 970 cm-1 for ordinary cement (Thiery et al. 2007). However, the frequency 

increases with the reduction of Ca/Si ratio, which reached to 1080 cm-1 as silica gel appeared 

in carbonated C-S-H. 
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Fig. 4. Infrared spectrum of recycled gravel concrete aggregates 
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Fig. 5. FT-IR spectrum of recycled crushing stone concrete aggregates 

3.3.3. Thermogravimetric Analyses 

Thermogravimetric analysis (TGA) was conducted to measure the quantity of CaCO3 

and Ca(OH)2 in cement paste attached to the RCAs after carbonation. One the differential 

scanning calorimetry (DSC) curve, the peaks at about 430-520°C and 530-950°C correspond 

to dehydration of Ca(OH)2 and decomposition of CaCO3. In the TG curve, the mass 



 

percentage of Ca(OH)2 (CH) and CaCO3 (CC) can be calculated from the mass loss at 430-

520°C (dh) and 530-950°C (dc), as shown in Equations (6) and (7). 

Ca(OH)2→CaO+H2O 

CH%=4.11dh                                            （6） 

CaCO3→CaO+CO2 

CC%=2.27dc                                             （7） 

The quantity of CaCO3 (CCCH%) generated from the carbonation of Ca(OH)2 can be 

calculated based on the percentage of Ca(OH)2(ΔCH%) in the cement paste after carbonation, 

as shown in Equation (8). The total amount of CaCO3 subtracts CCCH% equals to the amount 

of CaCO3 (CCCSH%) generated from the carbonation of C-S-H. 

Ca(OH)2+CO2→CaCO3+H2O 

CCCH%=1.35ΔCH%                          （8） 

The composition of the carbonated and uncarbonated RCAs with different particle size 

is shown in Table 4. The Ca(OH)2 content was reduced after carbonation, and the CaCO3 

content was increased significantly. RCAs with smaller particle size had more CaCO3 

generated from C-S-H. 

Table 4. Effect of carbonation to the component of attached cement paste of G-RCA 

Particle 

size 

(mm) 

Uncarbonated  Carbonated 

CH% CC% 
 

CH% CC% ΔCH% 
CCCH

% 

CCCSH

% 
%

CC

CC

CSH


 

A B  C D E F G H 

0.16-0.315 3.86 17.30  2.22 25.24 1.64 2.22 5.72 72.0 

0.315-0.63 4.52 16.85  2.63 24.45 1.89 2.55 5.05 66.5 

0.63-1.25 4.32 15.75  1.81 20.95 2.51 3.39 1.81 34.8 

1.25-2.5 4.23 16.55  2.38 19.43 1.85 2.50 0.38 13.2 

 

Ca(OH)2 in hydrated cement paste was appeared as large hexagonal plate crystals, and 

carbonation consumed and refined the Ca(OH)2 crystal to form CaCO3. The CaCO3 filled the 

pores in hardened cement paste, which increased the density of hardened cement paste. 

However, the carbonation products covered the surface of Ca(OH)2, which impede further 

reactions (de Juan and P.A. 2009; Šauman 1971). Thus, Ca(OH)2 cannot be fully carbonated, 



 

which was also evidenced by the weak peak around 450-500°C in the DSC curve (Fig.). The 

peak at b indicated that the CaCO3 with low crystallinity was decomposed. Thiery et al (2013) 

suggested that the peak at around 450-500°C corresponds to both dehydration of Ca(OH)2 and 

decomposition of CaCO3. Therefore, the calculated quantity of Ca(OH)2 was higher than the 

real measured. Thus, the carbonation degree was under estimated as well.  
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Fig. 6. Thermal gravimetric curves of the attached cement on carbonated and uncarbonated 

recycled gravel aggregates 

Table 5 summarizes the composition of C-RCA before and after carbonation. It could 

be found that the quantity of Ca(OH)2 decreased after carbonation, while the quantity of 

CaCO3 increased significantly. Aggregates with smaller particle size generated more CaCO3 

during carbonation, and more CaCO3 was transformed from C-S-H. 

Table 5. Composition of recycled crushing stone aggregates with different particle sizes 

before and after carbonation  

Particle size 

Uncarbonated  carbonated 

CH% CC%  CH% CC% ΔCH% CCCH% CCCSH% %
CC

CC

CSH


 

A B  C D E F G H 

0.16-0.315 2.14 64.42  1.93 67.69 0.21 0.28 2.99 91.4 



 

0.315-0.63 2.55 59.68  2.26 61.07 0.29 0.39 1.00 71.9 

0.63-1.25 2.71 58.11  2.14 60.84 0.57 0.77 1.96 71.7 

1.25-2.5 3.33 55.71  2.80 56.75 0.53 0.71 0.33 31.7 

 

The DTG curve of carbonated cement paste attached to C-RCA is shown in Fig.. The 

mass change of C-RCA was smaller than that of G-RCA by comparing Fig. and 7. This is 

because the C-RCA was very dense due to low initial W/C ratio, which makes more difficult 

for CO2 to infiltrate into the pastes on C-RCAs. The CaCO3 generated from C-S-H in C-RCA 

was higher than that in G-RCA as shown in Table 4 andTable 5. This may be due to the 

different composition of intial cement paste in the two concretes. Concrete with lower 

strength usually contain more pozzolanic materials, which would consume some Ca(OH)2 and 

generate more C-S-H. C-S-H generated from pozzolanic reactions had lower Ca/Si ratio, and 

was easier to be carbonated (Baroghel-Bouny 2007). 
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Fig. 7. Thermal gravimetric curves of the attached cement on carbonated and uncarbonated 

recycled crushing stone aggregates 

3.4. Flowability and Compressive Strength of Mortars with RCAs 

The flowability of fresh mortar is shown in 错误!未找到引用源。. The mortars with 

carbonated RCAs exhibited better flowability than those with uncarbonated RCAs. Because 

carbonation reduced water absorption of the RCAs, and that reduced the influences of RCAs 

on actual W/C ratio. The flowability of mortars with C-RCA was slightly higher than those of 

mortars with G-RCA, which may be due to the denser attached cement paste. 
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Fig. 8. Flowability of fresh recycled aggregate mortars that mixed with different sands 

The compressive strength of the hardened mortars with RCA is shown in 错误!未找到

引用源。. The 7-day and 28-day compressive strength of the mortars with carbonated G-

RCA increased 15% and 10% compared to the mortars with uncarbonated G-RCA. Compared 

with the mortars with uncarbonated C-RCA, the 7-day and 28-day compressive strength of 

mortars with carbonated C-RCA increased 16% and 5%, respectively. The 7-day compressive 

strength of the mortar with carbonated G-RCA and carbonated C-RCA were 14% and 20% 

lower than those with sand. The 28-day compressive strength of the mortars with carbonated 

G-RCA and carbonated C-RCA were 12% and 6% lower than those with natural sand. Thus, 

the strength of mortars with carbonated RCA was more close to that with natural sand. Both 

water absorption and crushing value of the RCA were decreased and the apparent density was 

increased after carbonation. This revealed that carbonation improved the physical properties 

of the RCAs, and the improved physical properties of mortars with carbonated RCAs. Also, 

this suggested that the properties of sand control the mechanical properties of mortars (Kim et 

al. 2012). 

The compressive strength of mortar with C-RCA was higher than that with G-RCA 

before carbonation, which may be due to the original attached cement paste had higher 

strength and denser interfacial transition zone. However, the strength of mortar with 

carbonated G-RCA was close to that with carbonated C-RCA, which suggested that 

carbonation more significantly increased the properties of the RCAs with poor original 

attached cement pastes. 
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Fig. 9. Compressive strength of hardened recycled aggregate mortars that mixed with 

different sands 

4. Conclusions 

The following conclusions can be drawn from the tests results and discussion: 

(1) The recorded temperature profile indicated that carbonation reactions occurred 

rapidly during the first 20 minutes. Carbonation of RCAs with smaller particles was faster 

than those with larger particle size. 

(2) Carbonation increased density and apparent density of the attached cement paste, 

and decreased water absorption of the RCAs. The physical and mechnical properties of the 

carbonated RCAs were similar to those of the natural aggregates. 

(3) Measurements on the carbonated RCAs revealed that both CaCO3 and silica gel 

formed during carbonation, which resulted in the solid volume increase. This contributes to 

the decreased absorption and increased density of the RCAs. 

(4) The flowability of fresh mortars with carbonated RCA were slightly better than 

those with uncarbonated RCA, and mortar with C-RCA had better flowability than those with 

G-RCA. 

(5) The compressive strength of mortars with carbonated RCA were higher than those 

with uncarbonated RCA. The strength increase of mortar with G-RCA was higher than that 



 

with C-RCA after carbonation, which indicated that carbonation on RCAs with lower initial 

strength were more significant. 
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Abstract 

Alkali Silica Reaction (ASR) is a frequent cause of reduced durability of concrete. It is known that one main reason for 

this type of damage is the increased solubility of strained quartz aggregates under ASR conditions. Many attempts are 

made to characterize or test aggregates with respect to ASR risk. Defined durability tests on concrete prisms (ASR 

performance tests) are now required in Germany for obtaining a permission to apply aggregates for highway pavement 

concrete. In order to characterize aggregates, thin sections are frequently investigated by light optical microscopy. On 

this way in principal the deformation regime of the quartz microstructure can be assessed. Due to the describing nature 

of thin section microscopy a real measurement of quartz deformation properties, i.e. dislocation density, preferred 

orientation etc. cannot or only with great effort (U-stage measurements to determine preferred orientation of quartz-

axis) be done. 

It is known that the Electron Backscatter Diffraction (EBSD) technique provides quantitative crystallographic data on 

twinning, (mis-)orientation and the (sub)grain structure. In combination with (electron probe microanalysis) EPMA 

mapping a simultaneous chemical-crystallographic characterization at the micro scale is obtained. The ability to 

characterize the crystal structure and orientation of complex multiphase materials spatially resolved is one of the main 

advantages of EBSD. By means of orientation imaging microscopy (OIM) EBSD is able to distinguish crystal 

orientations that differ by less than 0.25° at a spatial resolution as low as 10 nm. 

The study presented here describes in detail how sample preparation of concrete aggregates has to be carried out to 

obtain EBSD pattern on polished sections. Furthermore it is shown which mapping parameters (area and resolution as 

well as vacuum conditions) are required to obtain quantitative OIM data on quartz microstructure. The OIM mappings 

offer a wide spectrum of measures for quartz deformations such as image quality map, inverse pole figure (crystal 

orientation), (sub-) grain boundaries, misorientation angles, intracrystalline deformation and so on. In the present 

study it is revealed which parameters of OIM analysis are required to distinguish quartz microstructures that bear an 

ASR risk. Aggregate rocks that are known for their low and high ASR risk are investigated. 

The results of OIM analysis are compared with classic optical light microscopy characterization of the quartz 

microstructure. Thereby it is shown that OIM analysis opens new possibilities to quantitatively characterize and 

compare microstructure of quartz with respect to ASR.  

 

 

 

 

 

 

 

 

Originality 

EBSD is a well known analytical technique to identify crystalline components in multiphase materials. It is also used to 

characterize preferred crystal orientation and deformation of crystalline minerals. The present study aims to show that 

this technique is valuable to identify quartz microstructures that are prone to ASR. Thereby it is possible to find 

microscopic quantitative measures (such as preferred orientation, subgrain size, misorientation angles etc.) to evaluate 

the ASR risk. 
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1. Introduction 

The sustainability of concrete is improved by reduction of energy and resources required to produce 

and by increasing the durability of the material. Thereby increased durability is even more beneficial 

because the general concrete production can be reduced, if the durability of concrete is increased. This 

effect is especially obvious for highway concrete pavements, airfields and bridges. In temperate and 

cold climate zones the risk of concrete deterioration by processes of alkali silica reaction (ASR) is 

increased. Also often concretes exposed to seawater under humid climate show ASR detoriation. Thus 

currently the durability of highway concrete pavements and bridges is a severe problem that leads to 

increased maintenance costs. 

ASR in general means the dissolution of silica coming from concrete aggregates caused by the 

alkaline, aqueous phase of concrete and the following precipitation of an alkali-silicate gel (Taylor 

H.F.W., 1997, Ichikawa T. et al., 2007). The deterioration of concrete is thereby a result of 

combination of dissolution and precipitation processes. Current investigations are still needed to 

attribute the deterioration of concrete exactly.  

Two factors that increase the risk for concrete deterioration caused by ASR are freeze thaw cycles and 

thereby application of de-icing agents (NaCl, alkali acetates and formiates etc. Kawamura M. et al., 

1994, Giebson C. et al., 2010). The freeze thaw factor is given by climate condition and thus can 

hardly be changed. The search for alternative de-icing agents could be one way to limit the ASR 

damages, but up to now all newly applied de-icing agents are not (cost-) effective. Further factors for 

increased ASR risk are a high alkali content of the cementitious materials and the lack of siliceous 

concrete aggregates to withstand dissolution in alkaline environment (Kawamura M. et al. 1994, 

Broekmans M. 2004). The alkali content of the cementitious materials can be limited but as alkalis 

enter the concrete pore systems as de-icing agent the better way seems to look for aggregates that 

withstand dissolution in an alkaline environment.  

The complete understanding of ASR mechanisms is an important step towards a design of pavement 

concretes that are durable even in ASR prone regions. One main point of current research is to 

characterize the ASR risk of aggregate rocks. Commonly used aggregates for concrete production are 

river sands and gravel but nowadays more and more crushed rocks such as granites, greywackes etc. 

are used. Among different rock forming minerals that contain silica (i.e. feldspar, mica, clay), quartz 

and amorphous silica are regarded as main sources for ASR followed by feldspar minerals (Leeman A. 

& Holzer L., 2005). Thus most investigations on ASR risk of rocks are focused on investigating the 

influence of quartz microstructure (Shayan A., 1993, Leeman A. & Holzer L., 2005, Broekmans M., 

2004). Since long time it is known that silicate rocks and gravel that contain flint, micro- or 

cryptocrystalline quartz (chert, chalcedony) or even amorphous silica (opal) are very prone to produce 

ASR and thus concrete deterioration (Shayan A., 1993, Del Amo G.D. & Perez C.B., 2001, 

Broekmans M., 2004, Marinoni N. & Broekmans M., 2013). It can be stated that increasing solubility 

of quartz and silica is one factor that can increase the risk of ASR (Broekmans M., 2004). The reason 

lies that besides alkali availability, dissolved silica is the other educt needed for ASR.  

It was shown that decreasing crystal size (Shayan A., 1993, Del Amo G.D. & Perez C.B., 2001, Wenk 

H.-R. et al., 2008) and increasing dislocation density (Wigum B.J., 1995, Wenk H.-R. et al., 2008) 

increases solubility of quartz and thereby increases the ASR risk of aggregates. Also it is known that 

tectonic deformation of quartz, i.e. dislocations arising from tectonic deformation (Locati F. et al., 

2010) increase the ASR risk. 

Evaluation of ASR potential of aggregates is still a challenge. A proper evaluation should emphasize 

the quartz microstructure such as grain size, specification of grain boundaries, dislocation density, 

twinning etc.. Also the quantity of amorphous silica and other sources of silicate (feldspars, mica and 

other minerals) should be assessed. Typically microstructure of aggregates is described by light 

microscopy (Del Amo G.D. & Perez C.B., 2001, Fernandez I. et al., 2013, Stark, J. & Wicht, B., 2013) 

and quantitative X-ray diffraction (QXRD). Whereas light microscopy has the advantage of spatial 

information (grain sizes, recrystallisation structures), the resolution and quantification of crystal 

structures and defects is limited. QXRD can give quantitative information on ground, bulk samples. 

But precision of phase analysis of multiphase rock samples (such as deformed granites, granodiorites 



 

and rhyolites for example) is limited. Thus often aggregates that possess different ASR potentials 

cannot be differentiated by QXRD (Marinoni, N. & Broekmans, M.A.T.M., 2013).  

For analysis of quartz deformation light microscopic investigations are nowadays complemented by 

Electron Backscatter Diffraction (EBSD) analysis in the Scanning Electron Microscope (SEM).  

These diffraction patterns allow identification of minerals and determination of orientation of the 

crystal lattice (Prior D.J. et al., 1999). Furthermore orientation imaging microscopy (OIM), based on 

the automated analysis of SEM-EBSD patterns, provides the characterization of many microstructural 

parameters including orientation mapping, crystallographic texture, grain size and shape as well as 

grain boundary character (Adams B. L. et al., 1993). 

EBSD is a surface technique – with the diffraction pattern signal coming from the top few nm of the 

sample surface (Schwartz A.J. et al., 2009). Therefore a prerequisite for obtaining EBSD pattern is a 

polished surface of aggregates (rocks) that is virtually free of crystal defects that are caused by sample 

preparation (sectioning, mechanical polishing). If this is achieved EBSD OIM maps can be used to 

characterize spatial distribution of crystal orientation and thus not only grain sizes but also 

discrimination between subgrain and grain boundaries is possible (Adams et al., 1993, Wright S.I. et 

al. 2011) by OIM. The length of these boundaries in dependence of misorientation angles of related 

crystals can be quantified. Also amorphous areas can be identified. Due to the high resolution of SEM-

EBSD information (angular resolution of 0.2 °, step size of 0.1 µm, Humphreys F.J., 2001) also micro- 

and cryptocrystalline quartz can be differentiated. Last but not least preferred orientation of minerals 

(caused by deformation of rocks) can be quantified. 

The present study shows how EBSD analysis can be applied to concrete aggregates to evaluate the 

ASR risk of these aggregates. Also various sample preparation techniques are compared. 

2. Experimental 

2.1. Raw Materials 

Mineralogical compositions of aggregates and rock types are given in table 1. All aggregates used for 

investigations are actually used for concrete production. According to standard German accelerated 

ASR mortar bar test (Deutscher Ausschuss für Stahlbeton (DAfStb) 2007. “Vorbeugende Maßnahmen 

gegen schädigende Alkalireaktion im Beton (Alkali-Richtlinie)”) all are estimated as applicable for 

production. From application in the field it is known that the granodiorite B behaves as slow late ASR 

prone aggregate (Stark J., Seyfarth K., 2008). 
Tab. 1 composition of aggregates as determined by Q-XRD Rietveld analysis. 

Rock type 
quartz 

alkali-

feldspar 
plagioclase muscovite biotite chlorite pyroxenes hornblende 

Granodiorite A  33 15 45 2 2 1 - - 

Granodiorite B 25 11 44 5 6 4 4 <2 

2.2. Experimental Process 

For QXRD samples of aggregates have been ground to a particle sizes < 32 µm. X-ray measurements 

were performed with an X-ray powder diffractometer (D-5000, Siemens, Germany). The CuKα (λ = 

1.5418 Å) radiation was generated at 40 mA and 40 kV. Data have been collected over a Bragg angle 

range of 6-70° 2 θ using an angular step width of 0.02° and 5 s counting time. Quantification was done 

by Rietveld analysis (Topas 4.2, Bruker, Germany). 

Quartz microstructure was evaluated by optical light microscopy (polarization microscope JenaLab 

POL, Zeiss, Germany). Therefore thin sections were prepared by mechanical sectioning and polishing.  

For SEM-EBSD investigations aggregates were cut and embedded in epoxy resin (vacuum 

impregnation). According to standard mechanical polishing the sections were polished in incremental 

steps by using diamond oil slurries of particle sizes 15, 3 and 0.25 µm. 

Afterwards the final stage of polishing includes both mechanical and chemical polishing. A colloidal 

alkali silica suspension (0.02 µm diameter, pH ~ 12) etches the sample during the mechanical 

polishing process. Mechanical-chemical polishing was carried out with a vibratory polisher 

(VibroMet2, Buehler) for 2 h. Thereby the surface layer of the sample that contains crystal defects that 

are caused by pure mechanical polishing is removed. 



 

Furthermore on selected samples a further surface etching by using an argon Broad Ion Beam (BIB) 

mill (TIC 3X, Leica, Germany) is applied. Thereby a flat milling angle (~9°) was used to mill samples 

at 5, 2, and 1 kV for 30, 15 and 15 min respectively. The EBSD sample preparation followed 

suggestions made by Halfpenny A. et al., 2013. 

SEM investigations were carried out by using a Nova NanoSEM 230 (FEI) equipped with a field 

emission gun. Analytical periphery of the microscope is an energy dispersive spectrometer (EDS, 

Apollo 40 silicon drift detector, EDAX/AMETEK, USA) and a DigiView III EBSD camera 

(EDAX/AMETEK, USA). Software package “OIM Data Collection 6.1” respectively “OIM Image 

Analysis” have been used for investigation. In order to avoid electrical coating and charging during 

SEM-EBSD investigation, samples were investigated in water vapor atmosphere at 0.1-0.7 mbar. 

Surface of polished sections was immersed in 2.5 M NaOH solution (pH measured by glass electrode 

=13.5) at 60 °C for 5 respectively 24 h to simulate etching in an alkaline environment. 

3. Results and Discussion 

3.1. Sample preparation and EBSD conditions  

A good indication for quality of EBSD patters is the image quality map which shows the 

quality/contrast of diffraction pattern as gray scale image. Keeping the microscope settings constant 

the image quality of the grain interior (not grain boundary) is proportional to lattice orientation and 

deformation (Wright, S.I., Nowell, M.M., 2006). The reason for the lattice deformation may arise from 

mechanical sample preparation or from deformational state of the rock sample. After mechanical 

polishing of aggregates sample up to 0.25 µm (diamond paste) the EBSD patterns quality is to poor for 

EBSD mapping.  

EBSD mappings can be carried out if after 0.25 µm mechanical polishing a mechanical-chemical 

polishing (vibration polishing) was applied. After 2 h chemical-mechanical polishing (vibration 

polishing with 0.02 µm colloidal silica suspension of pH 12) EBSD-patterns with very good quality 

were recorded. If instead of mechanical-chemical polishing BIB polishing was applied several 

polishing steps at varying voltages were necessary to obtain good EBSD pattern quality on quartz. It 

was found that BIB at 5 kV for at least 30 min, 2 kV and 1 kV for 30 min are needed to prepare the 

sample surface in sufficient quality for EBSD-mapping procedure.  

Figure 1 shows the image quality map as indication for sample preparation of a pure quartz sample 

after 1a) BIB and 1b) chemical-mechanical polishing. Thus it is concluded that either chemical-

mechanical or BIB polishing can be applied to prepare quartz sample surface for EBSD mapping. If 

both polishing methods are available chemo-mechanical polishing has the advantage of polishing 

several samples in parallel whereas BIB has the advantage that polishing up to etching can be better 

controlled.  

  
Figure 1 EBSD-OIM image quality map of quartz samples after a) BIB and b) chemical-mechanical 

polishing. Grey values indicate EBSD patterns contrast (quality), light colors are very good patterns black color 

indicates low pattern quality (Average image quality number according to  Wright S.I., Nowell M.M., 2006 is 

2111 for a) and 1944 for b) at a standard deviation of 570 and 520 respectively.). 



 

To compare EBSD pattern quality it is important to keep other SEM parameters (voltage, current, 

apertures, chamber pressure) at constant values. These values have been optimized for mappings of 

quartz clusters in concrete aggregates. The optimum quality of EBSD patterns was achieved for higher 

voltages (20-25 kV) and high beam currents (5-8 nA). For non-conductive and non-coated sample 

surfaces this means the arising electrical charges have to be neutralized by working at low water vapor 

pressure. Placing a conductive layer would obscure the EBSD signal. The optimum chamber pressure 

was found to be approximately 0.5 mbar. Variation in water vapor chamber pressure from 0.1 to 0.7 

mbar did not significantly change the EBSD pattern quality for the chosen material (quartz) and 

microscope conditions (20 keV, 6 nA).  

Also it is very important to reduce charging introduced by nano scaled surface remnants of alcohols 

used for cleaning the surface. Therefore washing of sample with anionic tensides, rinsing with 

deionized water and immediate drying with pressured air was found to be very crucial. 

In the following all EBSD mappings were recorded at 0.5 mbar water vapor pressure in the SEM 

sample chamber, 20 keV accelerating voltage, 6 nA beam current. The step size for mappings varied 

(i.e. 2 µm or 0.4 µm) depending on sampling area and target resolution. Sample tilt angle was 70°. 

For image analysis of the mappings software OIM analysis 6.2 (EDAX/AMETEK, USA) was used. It 

is possible to improve the amount of properly indexed patterns by applying so called clean up routines 

to the recorded data. In order to compare EBSD mappings of different aggregates the applied clean up 

routines were always kept constant. The effect of this clean up of scatter data points is shown in figure 

2. The applied clean up functions are described as follows: firstly confidence index (CI) 

standardization (grain tolerance angle 5, minimum grain size 4, CI > 0.1), secondly neighbor 

orientation correlation (clean up level 4, single iteration) and last grain dilation (minimum grain size 4, 

 
 

 
Figure 2 Inverse Pole Figure (IPF) map of quartz microstructure in granodiorite A before (a) and after (b) 

application of clean up routines. 



 

single iteration). Details of the applied clean up functions can be found at Humphreys F.J. 2001, 

Nowell M.M & Wright S.I. 2005, and Wright S.I. 2005. 

3.2. Characterization of quartz microstructure by optical light microscopy 

  
Figures 3 Images of quartz microstructure obtained by optical light microscopy under crossed polars. a) large 

quartz grain in granodiorite A showing patchy to undulose extinction, trails of fluid inclusion and cracks as thin 

black lines, b) quartz grain in granodiorite B showing undulose extinction, deformation lamellae (grey lines in 

center), trails of fluid inclusion and cracks as thin black lines.  
Typically parallel to performance testing of concrete optical light microscopy is used to characterize 

the microstructure of concrete aggregates to assess the quality for application. Thereby the optical 

light microscope has the benefit of viewing large areas of thin sections and to describe the granular 

nature, microstructure and texture of the various minerals. To evaluate to ASR risk of aggregates 

typically the quartz grains are deployed in more detail. Thus images obtained under crossed polars in 

the optical light microscope of representative quartz grains of the investigated granodiorite A and B 

are shown in Figures 3a and b. Obviously the quartz grains are of similar size. Under crossed polars 

undulose extinction indicates that quartz experienced some low temperature deformation. Thin black 

lines inside the quartz grains are mostly trails of fluid inclusions or cracks. The granodiorite B quartz 

additionally shows deformation bands, indicating a little more low temperature deformation signs than 

found in the quartz of granodiorite A. 

3.3. Microstructural features of quartz that are relevant to assess ASR risk obtained from EBSD 

maps  

Chemical-mechanical polished sections of aggregates described in Table 1 have been used for 

obtaining EBSD-OIM mappings. For acquisition of mappings large sample areas containing only 

(respectively mainly) quartz, were selected. The mapping data has been processed by software OIM 

analysis as described in the previous section. To smooth out misindexed data points the before 

mentioned data clean up procedures have been applied. The clean up procedures and parameters have 

been kept constant. Typical information obtained from recorded EBSD pattern is the orientation of the 

crystal lattice with respect to the polished surface. By OIM analysis the orientation of the various 

crystal directions is plotted as inverse pole figure (IPF) and the EBSD mapping area is colored in the 

same manner (Figures 4). Additional information is obtained from grayscale image quality (IQ) maps. 

Thereby the contrast of each EBSD pattern of the mapping is transferred into a grayscale image 

(Wright, S.I. & Nowell, M.M., 2006). Thus image quality correlates with changes in grain orientation, 

elemental composition, voids/cracks, grain boundaries and strain (Wright, S.I. & Nowell, M.M., 2006). 

Superposition of grayscale image quality maps and inverse pole figure (IPF) maps give a fairly good 

representation of crystal orientation changes and indicate areas with low or no diffraction information. 

From crystal orientation maps also distribution of grain boundaries can be deduced. Grain boundaries 

can also be specified by their rotation angle (i.e. low angle or high angle boundaries and twin 

boundaries). Figures 4 depict colored IPF maps superimposed with grayscale image quality map and 

identified grain boundaries (including four different ranges of boundary rotation angles see legend). 



 

 

 

 
Figure 4 Colored Inverse Pole Figure (IPF) maps superimposed with grayscale image 

quality maps and colored grain boundaries (see legend bottom right side).  

(a) quartz grains in ASR neutral granodiorite A, (b) quartz grains in ASR prone 

granodiorite B (c) quartz grains in undeformed quartz druse. 

Comparing granodiorite A and B it becomes obvious that in the B case much more grain and subgrain 

boundaries are detected (colored lines in Figures 4). In the granodiorite A quartz the undulose 

extinction observed in the optical light microscopy mostly correlates not with detectable subgrain 

boundaries (i.e. misorientation angle to low for the selected EBSD mapping condition). But the 

deformation bands (as observed by optical light microscopy as well) are clearly identified by subgrain 

boundaries (vertical red lines in left side of Figure 4b). For comparison Figure 4c depicts an EBSD-

OIM mapping of a deformation-free quartz druse. There quartz grain boundaries are straight and 

subgraining is rarely found. Thus OIM maps can be used to clearly observe grain boundary structure 

(straight or lobate), identify misorientation of grain boundaries, i.e. imaging subgrain boundaries as  



 

  
Figure 5 Number of grain boundaries per sample area in dependence of their 

misorientation angle. ASR prone granodiorite B shows increased amount of grain 

boundaries (angle > 15 °) and subgrain boundaries (angle < 15°) for comparison grain 

boundaries of a strain free quartz druse is shown. 

hint for accumulated dislocations and to detect crystallographic defined grains (i.e. areas with similar 

crystallographic orientation). For assessing dislocation and deformation of quartz it is thus very 

interesting to quantify subgrain and also grain boundaries because they can be taken as clear indication 

for increased deformation / accumulated dislocations. 

Quantification of number fraction per sample area of various types of quartz grain boundaries is 

shown in Figure 5. There it is clearly shown that the quartz of granodiorite A always has a lower 

number fraction of grain boundaries (i.e. very large grain size). The quartz of granodiorite A possesses 

a significantly fewer amount of low angle boundaries (2-5° misorientation angle) and a fewer amount 

of Dauphinè twin grain boundaries. Since these grain boundaries are indicators for crystal dislocations 

caused by rock deformation we can assume that the granodiorite B experienced some more 

deformation than the granodiorite A sample. Further indicator for progressing quartz deformation is 

the occurrence of mechanical Dauphinè twin boundaries (Menegon, L., et al. 2011). Thus Dauphinè 

twin boundaries have been quantified by OIM analysis (Figure 5). Clearly the granodiorite B has 

increased amount of Dauphinè twin boundaries and this can be taken as further hint for the increased 

deformation of the aggregate. For comparison grain boundaries have been analyzed in strain free druse 

quartz (Figure 5). As typical for static crystallized quartz (i.e. no deformation) the druse quartz 

dominantly contains grain boundaries with misorientation angle > 15°. Also Dauphinè twin boundaries 

are detected in the druse quartz but here it is attributed not to mechanical induced twinning but to 

growth twining (Piazolo S., et al. 2005). 

3.4. Comparison of EBSD mappings on quartz containing aggregates before and after etching in 

NaOH 

After EBSD-OIM mapping and SE imaging of the aggregates sections the surfaces of the samples 

were exposed to 2.5 M NaOH solution in order to simulate the pH environment of concrete (> pH 

13.5). For comparison etching was also recorded for feldspar and mica containing sample sites. SE 

images before and after etching show that also mica and especially the very porous feldspar minerals 

show dissolution structures in NaOH solution (Figures 6). 

Figures 7 show IQ maps and grain boundaries (Fig. 7a) respectively SE images of surfaces of quartz in 

granodiorite B sample before and after 1 d etching in NaOH solution (Figs 7 b & c). Obviously at the 

shown magnification, mainly cracks/voids and grain boundaries with misorientation angle > 15° are 

eroded by alkaline solution. EBSD mappings at successively etched quartz surfaces of granodiorite B 

sample have been carried out also at increased magnification. Results of OIM analysis after slight and 

strong etching are shown in Figures 8. 



 

  
Figure 6 SE images of (a) polished surface of ASR neutral granodiorite A (b) after 5 h of etching in 2.5 M 

NaOH. 
 

   
Figure 7 Images of quartz microstructure in ASR prone granodiorite B (a) image quality map superimposed by 

grain boundaries (red: 2-5°, green 5-15°, blue >15° misorientation angle) (b) SE image before etching and (c) 

after 1d etching in 2.5 M NaOH. White square indicates location of EBSD mapping showed in Figs. 8. White 

circle highlights dissolution at intersecting grain boundaries. 

  
Figure 8 Quartz microstructure in granodiorite B documented by inverse pole figure maps superimposed by 

image quality maps and grain boundaries (red lines: 2-5°, green lines 5-15°, blue lines >15° misorientation 

angle) of area indicated by white square in figure 5c. (a) after slight etching (2.5 h) (b) after 1 d of etching in  

2.5 M NaOH. 
 



 

White circles highlight locations where after prolonged etching additional voids are generated. 

Typically these voids/etch pits occur along subgrain boundaries and especially abundant at junctions of 

subgrain boundaries. Thus it is concluded that identification of quartz subgrain boundaries by OIM 

analysis is a valuable tool to characterize solubility behavior of aggregates in high pH environment. 

4. Conclusions 
The study was aimed as preliminary test to evaluate the applicability of EBSD-OIM analysis for 

characterization of concrete aggregates with respect to their ASR risk. 

EBSD analysis can only be carried out if sample preparation of aggregates removed all lattice defects 

induced by mechanical sectioning and polishing of the sample. Thus it was compared whether chemo-

mechanical or Broad Ion Beam (BIB) argon polishing is better suited to prepare samples. In 

conclusion both methods allow concrete aggregates to be prepared for EBSD analysis. Chemo-

mechanical polishing appears to be less time consuming, the optional etching of surfaces by BIB 

opens further possibilities to selectively enhance microstructural features (grain boundaries etc.). 

EBSD-OIM was applied to crushed concrete aggregates known for their differing behavior with 

respect to ASR damage. The more ASR stable granodiorite A showed fewer amount of subgrain and 

deformation twin boundaries than the ASR prone granodiorite B. This clearly indicated that the 

granodiorite B experienced some more deformation than the granodiorite A and thus contains more 

dislocation defects. 

Etching of sample surface in alkaline environment (2.5 M NaOH) revealed strong etching after 5 

hours and one day. Besides quartz, etching was also recognized on biotite and feldspar minerals. 

Comparison of etching effects on cracks, grain and subgrain boundaries within quartz clusters 

revealed that significant dissolution occurred along cracks and grain boundaries (> 15 ° misorientation 

angle) but also along subgrain boundaries’ etching was observed. 

Thus for further investigation of microstructure of concrete aggregates EBSD-OIM can help to 

differentiate quartz microstructural features that are not distinguishable by optical light microscopy. 
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Abstract 

This article selected the Portland cement clinker grinding P.O42.5 cement with C3A content less than 7%, the S95 

grade slag powder, the secondary fly ash and the ultrafine oil shale ash as raw material, according to the performance 

characteristics of the material to optimize the mix ratio; The hydration exothermic curve and the total hydration heat of 

different combination gelling material were determined; Using the standard sand instead of coarse and fine aggregate 

to measure concrete adiabatic temperature rise. The results show that cement dosage in the per cubic concrete is 

between 160kg and 220kg, and the ultrafine oil shale ash dosage is between 120kg and 60kg, the 7 days adiabatic 

temperature of concrete is in the range of 45℃ to 49℃, as long as pouring temperature is below 16℃, the highest 

temperature of concrete is within 65℃; The water-binder ratio of concrete is at about 0.39, the 28 days strength is 

between 43MPa and 47MPa: the scheme can better control of large volume concrete temperature rise. 

 

Originality 

Scientific and rational use of activity of ultrafine oil shale ash, can reduce cement dosage to control of large volume 

concrete temperature rise; Using the standard sand instead of coarse and fine aggregate, create a general method for 

the detection of large volume concrete temperature rise. 
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1. Introduction 

Oil shale is a kind of oil organic mineral, which can be used in oil refining, and combustion for power 

generation (Jieyu Chen et al., 2006). In today's world with energy increasingly scarce, people pay 

more and more attention to the use of oil shale resources (Chunming Yang., 2011). With the wide 

application of oil shale, if the residual ash is simply piled up, which not only occupies the land and 

pollute the environment, but also is a waste of oil shale ash resources (Awni Y., 2006). In view of this 

situation, shale ash used as mineral admixture of concrete can solve the covering and pollution 

problems, and increase the varieties and new sources for the raw materials of concrete admixture, the 

is a comprehensive method of energy saving and waste and turning harm into benefit (Moharnland M 

et al., 2003; Dyni J R et al., 2003). 

For large volume concrete, due to its large size, cement hydration will produce a lot of hydration heat 

(Mats Emborg et al., 1994), and large volume concrete is bad heat conductor, internal heat is not easy 

to diffuse out, and will cause uneven temperature distribution in large volume concrete. If the control 

is not reasonable, too high temperature will cause the cracking of concrete, its harm is very big, and 

directly affects the safety of engineering structures (Bissonette et al., 1995; Yan P Y et al., 2001). 

Therefore, now mostly through the high volume mineral admixtures, retarder technology and other 

technical means, on the basis of reducing hydration heat, studying on the influence of water binder 

ratio, gelling material, and admixtures on the properties of concrete physical mechanics and hydration 

heat, the high strength and low hydration heat concrete is prepared (Gao Peiwei et al., 2008). 

In this paper, through grinding oil shale ash to a certain fineness, we made full use of its activity to 

replace part of cement in large volume concrete, studied on effect of superfine oil shale ash on basic 

performance of concrete workability, strength and hydration heat etc, and carried on the 

comprehensive evaluation of concrete durability by the impermeability test, shrinkage test and freeze-

thaw test and sulfate erosion test. 

2. Experimental 

2.1. Raw Materials 

(1) Cement, P. O42.5 cement from Weifang Shanshui cement plant, C3A content is 6.8%, the chemical 

components are shown in table 1; 

(2) Slag powder, S95 grade powder from Weifang steel plant, chemical components are shown in 

table 1; 

(3) Fly ash，Second level ash from Weifang power plant, chemical compositions are shown in table 1; 

(4) Oil shale ash, Haiyang Longfeng thermal power plant ash, chemical compositions are shown in 

table 1; 

(5) Sand, Changle mechanism sand, fineness modulus is 3.2, containing powder content is16.8%; 

(6) Stones, 5 ~ 30 mm continuous gradation stones, silt content is less than 0.5%; 

(7) Water reducing agent, polycarboxylate superplasticizer from Ji'nan Zhaosheng company. 
Tab. 1 Chemical composition analysis 

Raw Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 

Cement 22.16 8.96 2.30 53.72 4.78 2.86 0.57 0.22 0.49 0.05 

Slag powder 30.92 15.62 0.47 36.93 12.71 0.35 0.335 0.41 0.59 0.07 

Fly ash 51 31.77 5.49 3.02 0.92 0.1 1.14 0.36 1.18 0.24 

Oil shale ash 56.85 17.59 4.78 11.90 1.60 2.33 1.16 2.36 0.58 0.39 

2.2. Experimental Process 

(1) Oil shale ash activity test was done according to GB/T17671-1999 "cement mortar strength test 

method"; 

(2) Concrete slump, extension, setting time and compressive strength were tested by reference to 

GB8076-2008 "concrete admixture"; 



 

(3) Gelling material hydration heat test was measured according to GB2022-80 "cement hydration 

determination method (direct method)"; 

(4) Concrete adiabatic temperature rise was determined by using the acoustic emission sensor and 

automatic temperature recorder; 

(5) Concrete impermeability test, shrinkage test, freeze-thaw test and sulfate erosion test were done 

according to GB/T 50082-2009 "ordinary concrete long-term performance and durability test method"; 

3. Results and Discussion 

3.1. Effect of grinding time on the oil shale ash activity 

Oil shale ash fineness was measured by 80 um standard screen, the grinding results are shown 

in table 2 and figure 1. 
Tab. 2 Oil shale ash fineness and activity under different grinding time 

Grinding time /min Residue on sieve /% 7 days activity /% 28 days activity /% 

0 22.4 72 81 

10 10.2 74 84 

20 4.7 83 90 

30 1.8 88 96 

Table 2 shows oil shale ash fineness increases with the increase of grinding time, but the increase rate 

decreases gradually. The reason is that, as the grinding time growth, grain is refined, surface area 

increases, surface activity increases, the refined particles are easily agglomerated. 

 
Figure 1 Oil shale ash fineness and activity along with the change of grinding time 

Figure 1 shows 7 days activity and 28 days activity of oil shale ash increase gradually along with the 

increase of grinding time, variational trend is similar to that of the fineness. This is because with the 

increase of oil shale ash fineness, water consumption in cement sand test process increases, and the 

pores in hardened cement stone increase, this will slow the increase of strength. 

3.2 Concrete workability and strength 

According to the mix design principle of large volume concrete, mix design was made. The concrete 

grade was C40, the total amount of cement and superfine oil shale ash was 280 kg/m3, slag powder 

was 60 kg/m3, fly ash was 80 kg/m3, stones were 1020 kg/m3, sand ratio was 0.44, water-binder ratio 

was 0.39. In order to ensure the concrete good workability, using high performance polycarboxylate 

superplasticizer to ensure that the initial slump of concrete was between 200~240mm, the initial 

expansion was greater than 500mm; after 2 hours, the slump was more than 180mm, the expansion 

was not less than 450mm. The forming concrete was maintained to specified period under 65℃ 

condition and standard condition, and measured its compressive strength. Specific mixture ratio, as 

well as results of workability and strength are shown in table 4 and figure 2. 
 

 

 



 

Tab. 3 Concrete mix design, workability and strength 

Number 
Cement 

/kg·m-3 

Oil shale 

ash/ 

kg·m-3 

Slump/mm Extension/mm 
Compressive strength/MPa 

65℃ Standard  

0 1h 2h 0 1h 2h 7d 7d 28d 60d 

1 160 120 235 225 220 560 555 545 39.2 32.4 43.3 44.5 

2 180 100 230 230 215 570 570 560 40.5 33.5 43.8 45.3 

3 200 80 220 210 205 570 566 555 42.2 35.4 46.4 47.3 

4 220 60 225 210 205 570 560 545 42.5 36.2 45.1 46.6 

5 240 40 220 210 210 565 540 530 41.2 36.6 44.2 45.2 

The five groups of concrete in table 3, the initial slump was greater than 220 mm, after two hours, the 

one was over 200 mm; The initial extension was greater than 560 mm, the one after two hours was 

over 530 mm; Both slump and the extension meet the requirements of large volume concrete, concrete 

workability performance is good. 

 
Figure 2 Change of strength of concrete with different mix ratio 

Figure 2 shows, in standard curing condition, the 7 days strength of concrete from mix ratio 1 to mix 

ratio 5 increased in turn, and the gap was bigger; This is because the oil shale ash replacing cement 

will cause decline of hydration rate, under the same water-binder ratio, early strength will be low, 

replacing the greater quantity, the early strength will decrease more powerful. Maintenance to 28 days 

and 60 days, the strength of concrete from mix ratio 3 was the highest, but the gap from mix ratio 1 to 

mix ratio 5 significantly reduced; This is because the active mineral admixtures contain large amounts 

of active SiO2 and active Al2O3, which will occur secondary hydration reaction, and generate a large 

amount of C-S-H and ettringite filled in concrete pores, concrete structure becomes more compact, and 

consumption of orientational Ca(OH)2 improves the interfacial structure properties of aggregate and 

cement stone, so the later strength of concrete significantly increased. For the 7 days strength, 65℃ 

curing strength increased obviously than standard curing strength; This is because the temperature can 

promote the cement hydration, accelerate the dissolution of admixture vitreous, and promote the 

secondary reaction, so scientific and rational use of large volume concrete temperature can excitation 

volcano ash activity to enhance the strength of concrete. 

3.3 Effect of oil shale ash on the gelling system hydration heat 
Tab. 4 Hydration heat and adiabatic temperature rise of different gelling system 

Number 

Hydration 

heat/kj·kg-1 
Peak time 

/h 

Peak 

/J·g-1·h-1 

Adiabatic temperature rise/℃ 

3d 7d 3d 7d 

1 161.7 219.2 12.11 6.01 31.25 45.41 

2 166.1 221.9 12.07 6.16 32.26 46.52 

3 173.9 225.7 10.43 6.78 33.27 48.18 

4 174.2 232.5 10.40 7.36 33.84 48.43 

5 187.5 247.6 10.17 8.07 36.82 52.86 

As seen from table 4, we can clearly see that gelling system hydration heat was obviously reduced, 

heat release rate also slowed down, the peak time was delayed and the peak reduced when oil shale 



 

ash was used to replace part of cement. The 7 days adiabatic temperature rise of concrete from mix 

ratio 1 to mix ratio 4 was between 45℃ and 49℃; As long as pouring temperature is below 16℃, the 

highest temperature of concrete is within 65℃, the is very good control of concrete temperature rise. 

 
Figure 3 7 days hydration heat curve                      Figure 4 7 days hydration rate curve  

As seen from the curve slopes of figure 3 and figure 4, in the first 20 hours, hydration heat release rate 

was bigger, cement hydration heat increased rapidly, while the later hydration heat release rate 

gradually slowed down, after hydration time to 160 hours, hydration was at a very low level and 

gradually stabilized. Most of the system heat released within 7 d. 

So combining with the workability, mechanical properties and hydration heat three aspects evaluation, 

comprehensive evaluation of mix ratio 3 is the highest. 

3.4. Durability analysis 

Considered from the durability of mass concrete, impermeability, corrosion resistance, and shrinkage 

performance of concrete is an important consideration. As a result, this paper selected concrete 

specimens of mix ratio 3 were carried out impermeability test, shrinkage test, freeze-thaw cycle test 

and sulfate erosion test. 

3.2.1 Impermeability performance 

The impermeability performance of concrete is an important barrier to resistance to the external 

corrosion. Impermeability test results are shown in table 5. 
Tab. 5 Impermeability performance test results 

Specimen 

number 

Water 

pressure/MPa 

Penetration 

height /mm 

Average penetration 

height /mm 

Impermeability 

grade 

1# 

0.9 

64 

67 P8 2# 68 

3# 69 

When the water pressure was 0.9MPa, the average penetration height of three concrete specimens is 

67 mm, and is far less than 150 mm that specimen completely penetration height, concrete structure is 

very compact, the permeability of concrete performance is better, Impermeability grade reaches P8 

grade, This shows that the concrete structure is very compact, the concrete impermeability is better. 

This is because that water binder ratio is low, the concrete density will be good, it is conducive to 

improve the concrete impermeability；Again filling effect and volcanic ash effect of ultrafine shale 

ash make concrete hardening body porosity reduce further, and improve the impermeability.  

3.2.2 Shrinkage performance 

The shrinkage of large volume concrete is one of the main reasons for cracking risk. Shrinkage test 

results are shown in figure 5. 



 

 
Figure 5 Shrinkage performance test results 

Figure 5 shows that 7 days shrinkage rate is 0.87 x 10-4, shrink rate was faster, this is because the 

water in the early concrete loses faster; 14 days shrinkage rate is 1.08 x 10-4, concrete continued 

contraction, then drying shrinkage accompanied by hardening shrinkage of cement occurred at the 

same time, later the contraction speed gradually slowed down. 28 days shrinkage rate is about 1.20 x 

10-4, and shrinkage rate was basically no growth from 28 days to the 60 days, this shows that the 

concrete shrinkage value is small and has very good shrinkage cracking resistance. 

3.2.3 Freezing-thawing resisting performance 

After 300 times freeze-thaw cycles, the mass loss rate and relative dynamic elastic modulus of three 

specimens are shown in table 6. 
Tab. 6 Freeze-thaw cycle test results 

Freeze-thaw 

cycle times 

Mass loss rate /% Relative dynamic elastic modulus /% 

1# 2# 3# 
Average 

value 
1# 2# 3# 

Average 

value 

0 0.00 0.00 0.00 0.00 100.0 100.0 100.0 100 

50 -0.16 -0.14 -0.12 -0.14 99.2 98.4 98.1 98.6 

100 -0.56 -0.52 -0.47 -0.53 98.2 97.6 97.5 97.8 

150 -0.95 -0.94 -0.82 -0.90 97.5 97.1 96.4 97.0 

175 -1.27 -1.35 -1.24 -1.29 97.2 95.7 94.1 95.7 

200 -1.55 -1.63 -1.42 -1.53 95.4 93.2 92.1 93.6 

225 -1.84 -1.87 -1.76 -1.82 91.1 90.1 89.6 90.3 

250 -2.21 -2.20 -2.11 -2.17 88.2 88.8 87.2 88.1 

275 -2.48 -2.52 -2.37 -2.46 85.1 84.4 85.4 85.0 

300 -2.65 -2.62 -2.58 -2.62 83.4 81.8 81.2 82.1 

As shown in table 7, after 300 times freeze-thaw cycles, the average mass loss rate of three specimens 

was 2.62%, less than 5%; The relative dynamic elastic modulus of three specimens was an average of 

82.1%, far greater than 60%: these two aspects meet the requirements of concrete frost resistance, the 

concrete has good frost resistance. 

3.2.4 Sulfate erosion resistance performance 

Sulfate erosion is the biggest impact on concrete erosion in all chemical erosion, and the erosion 

results are shown in table 7. 
Tab. 7 Sulfate erosion test results 

Erosion times Specimen type 
Compressive 

strength/MPa 
Erosion coefficient  

60 
Erosion specimen 48.7 

102.4% 
Contrast specimen 47.6 

120 
Erosion specimen 48.1 

97.2% 
Contrast specimen 49.5 

150 
Erosion specimen 46.9 

89.6% 
Contrast specimen 52.3 

Table 7 shows that after 60 times sulfate erosion , the erosion coefficient was 102.4%; After 120 times 



 

erosion and 150 times erosion, the erosion coefficient were 97.2% and 89.6% respectively, both meet 

the specification requirements that shall not be less than 75%. 

Concrete sulfate erosion process is divided into two stages. The first stage is controlled by the 

diffusion, the gypsum and ettringite are generated and filled in concrete pores, which improves 

concrete compactness, and obviously improves concrete compressive strength. This is the reasons for 

the increase of concrete compressive strength after 60 times erosion. 

In the second stage, ettringite continues being generated, that will produce very big internal stress in 

concrete internal. This stress will lead to internal micro cracks and cause strength reduction, this is 

also the mechanism of sulfate erosion. But after 120 times erosion and 150 times erosion, the strength 

decreased slightly; It shows that the concrete sulfate erosion resistance ability is strong, it also explains 

the low cement content effectively reduces the C3A content, and the concrete sulfate erosion resistance 

ability is significantly improved. 

4. Conclusions 
(1) Ultrafine oil shale ash was by grinding raw oil shale ash grinding for 30 minutes, 7 days activity 

was 88%, 28 days activity was 96%; Instead of 30% cement dosage in large volume concrete, after 2 

hour, slump and extension of the concrete were respectively 205mm and 570mm, 28 days strength and 

60 days strength were respectively 46.3MPa and 47.4MPa: these aspects meet the working 

performance and strength requirements of C40 large volume concrete. 

(2) Ultrafine oil shale ash instead of part cement was used in large volume concrete, gelling system 

hydration heat was obviously reduced, heat release rate also slowed down, and the peak obviously 

decreased. Cement dosage in the Per cubic concrete was between 160 kg and 220 kg, and the ultrafine 

oil shale ash dosage was between 120 kg and 60 kg, the 3 days adiabatic temperature of concrete was 

in the range of 31℃ to 34℃, the 7 days adiabatic temperature of concrete was in the range of 45℃ to 

49℃; As long as pouring temperature is below 16℃, the highest temperature of concrete is within 

65℃. 

(3) Ultrafine oil shale ash instead of 30% cement dosage was used in large volume concrete, 

impermeability grade reached P8 grade; 28 days shrinkage rate was about 1.20 x 10-4; After 300 times 

freeze-thaw cycles, mass loss rate was 2.62%, and relative dynamic elastic modulus was 82.1%; After 

120 times sulfate erosion and 150 times sulfate erosion, erosion coefficients were 97.2% and 89.6% 

respectively. Comprehensive evaluation, the concrete durability is very good. 
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Abstract 

Alkali silica reaction, ASR is still a durability problem in Japan although countermeasures have been established since 

1986. The problems of this Japanese situation are thought to be caused by lack of verification of the effectiveness of the 

adopted countermeasures. In this critical review, the background of the Japanese countermeasures against ASR and a 

new approach that Japan has to introduce are explained. It will be informative for many countries to prepare ASR 

countermeasures. As an example of new methodology, a case of ASR damage in Thailand was analyzed from the 

viewpoint of petrography using concrete thin section. The ASR found in a footing was caused by microcrystalline quartz 

in granite mylonite, which is typical mineral for late expansion. Although ettringite formation was accompanied, the 

major mechanism of expansion is considered as ASR judging from the texture of expansive phase produced in 

aggregate and cement paste. Another important highly reactive phase was identified during this analysis. Mica in 

granite can be altered and generate highly reactive opal in hot and humid climate, which is a typical mineral for rapid 

expansion. This alteration product can be common all over Southeast Asia and considered as a possible serious cause 

of ASR damages. 

 

Originality 

This paper described the risk of ASR for late expansion and rapid expansion respectively from the viewpoint of geology 

and petrology taking Japan as an example. 

In this study a deteriorated concrete sample from Thailand was analyzed and appropriate methodology was showed. 

This study revealed the notable risk of ASR in hot and humid climate. 
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1. Introduction 

Alkali aggregate reaction, AAR is one of the durability problems of concrete. Some kinds of aggregate 

in concrete react with alkalis mainly from cement to produce expansive alkali silicate gels. This 

phenomenon was found by Stanton T. E. (1940). After that, various methods have been introduced to 

detect the alkali reactivity of aggregate and to suppress AAR. Historically AAR is classified into 

several kinds; alkali silica reaction, ASR; alkali carbonate reaction, ACR; alkali silicate reaction. 

However, based on intensive petrographic study by Katayama T. (2010), ACR expansion was not 

caused by the reaction of some carbonate but by the reaction of silica. Surely dolomite (CaMg(CO3)2) 

in argillaceous dolostone reacts to form calcite (CaCO3) and brucite (Mg(OH)2) or M-S-H (Mg silicate 

hydrate) but this reaction is volume reducing. In this rock type, cryptocrystalline quartz (SiO2) grains 

are included but overlooked by its small size. This cryptocrystalline quartz was the mineral causing 

expansion. Therefore, ACR is a kind of ASR. Similarly, in many cases such as so-called alkali silicate 

reaction and the reaction of strained quartz, ASR by cryptocrystalline quartz has been overlooked. 

The above is the most recent understanding of ASR. However, not every country is considering these 

advanced analytical results. Canadian standard CSA A23.2 27A-09 seems to be one of the most 

advanced standards. Compared to CSA, Japanese standard(JIS) is far behind. Many countries desire to 

establish their own standards and in order to establish new standards, it is essential to understand the 

previous works appropriately. There are so many studies and standards which are not easy to judge 

whether they are important or not. 

This critical review paper tries to explain the background and limitation of the Japanese standard and 

an ideal methodology to suppress ASR. Every time, the most fundamental difficulty for durability 

problems is the analysis of the local degradation and identify the exact reason. Therefore, one example 

of ASR diagnosis of some damaged concrete structures in Bangkok is also introduced. 

2. History of ASR Research and Establishment of Countermeasures in Japan 

In Table 1, important events relating ASR countermeasures in Japan are summarized. Similar to many 

other countries, before certain age, ASR was considered negligible. Once recognizing its effects, 

intensive researches were carried out and countermeasures were established. As aggregate tests, 

chemical method JIS A 1145 based on ASTM C 289 and mortar bar test JIS A 1146 based on ASTM 

C227 were introduced. Although the limitations of both methods were known in Japan (Kawamura M., 

Yanaba M., 1984), they were applied only because of the easiness of application for users. There were 

many simplifications in these methods such as; elimination of the boundary between harmful and 

potential harmful in chemical method that indicates the possibility of compositional pessimum effect, 

ignoring the existence of inapplicable rock types, etc. Suppression of ASR is based on three methods, 

i.e. control of total alkali amount to be less than 3.0 kg/m3, use of appropriate supplementary 

cementing materials (SCMs), and use of innocuous aggregates. The alkali limit was decided on 

experimental data, i.e. when total alkali in concrete is less than 3.0 kg/m3, the expansion is limited for 

various types of aggregates (Japan cement association, 1989). However, the duration of experiments 

was only one year and continuous measurement was not carried out. 

After the introduction of countermeasures, it was confirmed that the damages of ASR have been 

reduced drastically. However, the reduction seems to be partly due to the reduction of alkalis in 

cement by switching alumina source from clay to fly ash from coal fire electricity power plant that 

contains much less amount of alkalis (Yamada K., 2011). This change of cement character just 

coincided with the introduction of ASR countermeasures. Certain researchers have been alerting the 

risks of compositional pessimum effect by highly reactive aggregate and slow expansion. Both types 

may pass both aggregate tests and the former is difficult to be controlled expansion by total alkali limit 

of less than 3.0 kg/m3. 

Academic societies and the government have not verified the effectiveness of ASR countermeasures 

for long time. Recently, JCI research committee alerted the imperfectness of traditional methodology 

and insisted to modify the strategy (Torii K., et al, 2008). 

One of the cases suffering serious damages by compositional pessimum effect was East Japan Railway 

(JR-East) and so Matsuda Y., et al. (2012) introduced their own methodology. They modified criteria 

of chemical method and mortar bar test. In order to introduce effective and easily applicable methods, 



 

they slightly modified existing chemical method and mortar bar test and countermeasures of alkali 

limit for tighter criteria. According to the category, different countermeasures are specified. For 

harmful aggregates, blended cement must be used. For E-harmful (semi-harmful) aggregates, total 

alkali must be lower than 2.2 kg/m3 or blended cement must be used. For innocuous aggregate, no 

countermeasures are required. By this change, some parts of ASR will be suppressed. However, 

essential disadvantages of these methods have not been cleared yet. 

Recently, Koga H., et al. (2013) reported interesting results of a 23-years exposure test indicating the 

limitation of chemical method, mortar bar test, and total alkali limit. Now, Japan has to work to 

introduce new methodology (Yamada K., et al., 2014). 
Table 1 Chronicle table of events relating ASR in Japan 

Year Event Remarks 

-1980’s    ASR was not recognized as serious problems in Japan. 

1983- 

1987 
JCI reseach committee on ASR 

Wide range of ASR were discussed including petrographic 

observation although the application of optical microscope 

was limited only for aggregate but not for degraded 

concrete. 

1985- 

1987 

National research project on the 

durability of concrete 

Chloride attack and ASR were intensively researched 

including field survey. 

1986 

First national regulation for ASR 

Non-reactive aggregates by chemical method or mortar bar 

test 

Low alkali cements 

Mineral admixtures having suppression effect 

Total alkalis amount limit less than 3.0 kg/m3 

2002 

Revision of ASR mitigation (change 

in the priority order) 

Total alkali limit less than 3.0 kg/m3 

Mineral admixtures 

Non-reactive aggregates (because of false report on the 

reactivity of aggregates) 

2003- 

2005 

JSCE committee on safety evaluation 

of rebar broken concrete structures by 

ASR 

The effect of reinforcement breakages is limited (Chaired 

by Prof. Miyagawa). 

2006- 

2007 

JCI research committee on the 

mechanism of ASR 

New damages outside of traditional methodology were 

reported. (Chaired by Prof. Torii). 

2011- 

2013 

JCI research committee on ASR 

diagnosis 

Tryed to establish diagnosis procedures based on 

petrographic evaluation. (Chaired by Dr. Yamada). 

2015- 

2017 
Revision of JCI standards Under discussion and preparation. 

3. Examples of Analysis of ASR in Japan 

3.1. Rapid Expansion (Yamada K., 2012; Obana Y. & Torii K., 2008) 

A railway bridge suffered serious ASR damages just a few years after construction. More than 15 

years has passed but the expansion is still proceeding even after painting to prevent from wetting. Cut 

surface of concrete sample indicates that cracks pass through and connect andesite particles of coarse 

aggregate while not dolerite particles (Figure 1). Figure 2 shows a close image of a andesite particle. 

The extrusion of viscous transparent to white ASR gel is apparent. 

In Figure 3, a photomicrograph by polarizing microscope is shown. The texture clearly shows that a 

crack comes out from andesite aggregates extending into cement paste. This is a key evidence to 

identify that andesite is the source material of expansion. More detailed observation reveals that the 

ASR gel was formed after opal vein accompanying cristobalite. Figure 4 shows opal vein in this 

andesite before used in concrete. The concrete used in this bridge contained only 2.2 kg/m3 of total 

alkalis but these highly reactive minerals are thought to react even in such lower alkali amount. 

Similar severe ASR damages by rapid expansion were found recently around Tokyo bay area. In this 

area, because of the lack of source of coarse aggregate nearby, limestone aggregates have been 

transported from large mines in Japan by ship for hundreds of km. And local sand is a little bit too fine 

for concrete and requires size distribution adjustment by blending with coarser sand. For this purpose, 



 

various kinds of aggregate were transported by sea. One kind of these aggregates contained highly 

reactive opal in a low ratio. This opal caused severe compositional pessimum effect even in alkali 

amount of 2.2 kg/m3. According to Obana Y. & Torii K. (2008), the concrete was replaced only after a 

few years of construction in some extreme case (Figure 5). Figure 6 shows reacted sand particle of 

opalin fine-grained tuff. 

    
A: Andesite;  D: dolerite 

Figure 1 Cut surface of damaged concrete.             Figure 2 Extruded ASR gel from reacted aggregate. 

    
 

 

    
 

 

3.2. Distribution of ASR Damages and Risk in Japan 

In Japan, rapid expansion due to volcanic rocks such as andesite have caused serious damages 
including reinforcement breakage and they are the center of concerns. However, the detailed analyses 
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Figure 3 Photomicrograph of damaged concrete: 

plane polarized light. 
Figure 4 Photomicrograph of opal vein in 

andesite before used: plane polarized light. 
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Figure 5 Deteriorated PC pavement concrete board. Figure 6 Photomicrograph of reacted opalin fine-

grained tuff: plane polarized light. 
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have not been much carried out. Only recently, the importance of compositional effects and alkali 

released from aggregate has been emphasized based on the analysis of real damaged structures. 
Besides, late expansions also have caused ASR expansion even in estimated alkali amount less than 
3.0 kg/m3. This kind of study is limited possibly because there are no standardized methods for 
analysis and a JCI technical committee on ASR diagnosis was conducted (Yamada K., et al., 2014). 
Figure. 7 is a summarized map of reported ASR in Japan and geological map of important geological 
components having possibilities to include rocks of high reactivity are shown in Figure 8. There are 

significant discrepancies. Therefore, it is easy to imagine that many of ASR damages have not been 
reported yet. Even if ASR damages have not been reported in some areas, it is possible to point out the 
possibility of ASR based on geological knowledge and experiences in ASR. 

 

: Reported ASR             : Reported reinforcement breakage 

Figure 7 Summarized map of reported ASR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

Figure 8 Geological map showing area having possibility of existence of reactive aggregate. 
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4. An Example of ASR Damage in Thailand 

4.1. Geological and Geographical Characteristics of Thailand 

From geological view point, Thailand is located in Alps orogenic zone continuing from Indonesia to 

Alps and is divided into three areas; Shan Thai para-platform in the west; Khorat Kontum platform in 

the east; Yunnan-Malay mobile belt in the middle. There are significant discrepancies between Japan 

and Thailand. Geological ages are completely different. From view point for ASR, the majority of 

Japan is roughly composed of Cenozoic volcanic rocks accompanying some Mesozoic and Paleozoic 

metamorphic or other rocks. In Thailand, important characteristics are in Mesozoic and Paleozoic 

strata and deformation by various orogenic movements. This means every rock in Thailand has a 

possibility for slow expansion by crypto or microcrystalline quartz formed by metamorphism, 

mylonitization and cataclastic deformation. Besides late expansion, there is some necessity to pay 

attention for the existence of chalcedony in every rock types. Once the general geology is understood, 

it is possible to predict how aggregates behave. Obviously, in order to detect alkali reactivity of 

aggregate in Thailand, ASTM C 1260 should be used. However, under hot and humid climate in 

Thailand, there is another possibility that opal is formed in some aggregates as mentioned later. For 

this kind of aggregate, concrete prism test such as RILEM AAR-3 or AAR-4 may be required. 

4.2. Analysis of a Deteriorated Structure 

Many structures (mainly footing) of express way were deteriorated in Thailand (Figures 9-10). In 

Table 2, analytical results of concrete from four structures deteriorated on different degree by optical 

microscope observation on concrete thin sections are shown. Description category of degree of ASR is 

shown in Table 3. The major aggregate causing ASR was granite mylonite containing crypto- to 

microcrystalline quartz. Granite is a coarse grained plutonic rock. When granite suffered 

mylonitization by orogenic movement by continental drift, its grain size decreases to invisible under 

optical microscope that is less than several μm. Besides, other various rock types such as limestone, 

hornfels, and chert contained some reactive crypto- to microcrystalline quartz. All these rock types are 

expected in many places from the geology of Thailand. 
Table 2 Analytical results of deteriorated concrete. 

Sample 30/07 30/01 29/24 30/06 

Degree of 

deterioration 
A lot of wide cracks A lot of cracks Few cracks No crack 

Coarse 

aggregate 
Granite mylonite (4)* Granite mylonite (3)* 

Granite mylonite (2)*, 

Pelitic hornfels (2)*, 

Limestone (2)*, Chert (2)* 

Limestone (2)* 

Fine 

aggregate 
Granite (2)* Granite (2)* Granite (2)* Granite (2)* 

Na2Oeq 

(kg/m3) 
2.56 2.53 2.02 2.48 

ASR IV III II II 

* Numbers in parentheses indicate progress degree of ASR about each rock types as shown in Table 3. 

Table 3 Category of ASR corresponding descriptions in Table 2. 

Progress of ASR Petrographic severity 

1: Reaction rim & gel exudation I: Traceable 

2: Gel-fill cracks in aggregate II: Minor 

3: Gel-fill cracks in cement paste III: Moderate 

4: Network of gel-fill cracks IV: Severe 

In Figure 11, photomicrograph of damaged concrete is shown. Cracks are originated from granite 

mylonite and penetrate into cement paste surrounding the aggregate. These cracks are filled with ASR 

gel in the aggregate but with ettringite in the cement paste. Beyond some point from the aggregate, 

very few ASR gel were observed in the cement paste. There is one possibility that the most ASR gel 

was replaced by ettringite as suggested by the texture observed. As reported in Japan cement 

association (1989), ettringite is detected in various places as pore or crack fillings. Also in Japan, 



 

ettringite formation was found in some voids in concrete and in ASR gel replacement texture but not 

so many. 

In Figure 12, photomicrograph of the texture of granite mylonite is shown. Stretched crypto- to 

microcrystalline quartz generared by mylonitization is abundant. 

    
Figure 9 Overview of ASR-deteriorated structure.        Figure 10 Overview of ASR-deteriorated structure. 

    
 

 

In Table 4, the estimated chemical compositions of cement used in the damaged concrete and that of 

typical Japanese ordinary Portland cement are shown. There is a significant difference among them. 

Because SO3 content is higher in Thai cement and the sulfate ion concentration in the environment 

where damaged structures are located is limited as reported in Baingam L., et al. (2012), much sulfate 

ions in cement may be the reason why much ettringite is formed. The discrimination of the causes of 

cracks between delayed ettringite formation (DEF) and ASR may be difficult. As described by 

Thomas M., et al. (2008), filling patterns of cracks are the key to distinguish. Ettringite has relatively 

high solubility and is easy to move and re-precipitate in concrete. DEF damage is believed to occur by 

the ettringite formation inside C-S-H where ettringite cannot dissolve to move to other places. Many 

visible ettringite in many voids and cracks are secondary formed ettringite and are not the causes of 

DEF damage initiation. If open cracks, observed inside the aggregate, are free from ASR gel, it may 

be an evidence for the expansion of cement paste by the mechanism of DEF. In this case, it is difficult 

to ignore the contribution of DEF but the obvious evidence suggesting DEF was not observed in this 

study. 
Table 4 Chemical compositions of cement paste part. 

Sample SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 

1 22.0 4.9 3.0 61.5 1.3 2.9 0.5 0.6 0.2 

2 21.5 4.9 3.0 61.2 1.3 3.5 0.7 0.6 0.2 

OPC* 21.3 5.1 2.9 64.2 1.5 2.0 0.3 0.5 0.3 

* OPC: Japanese ordinary portland cement 

Figure 11 Photomicrograph of the texture in ASR 

damaged concrete: plane polarized light. 
Figure 12 Photomicrograph of the texture of 

granite mylonite: crossed polarized light. 

1mm 0.2mm 

ASR gel in aggregate 

Ettringite in cement paste 



 

4.3. Possibility of Opal Formation in Granite 

In Figure 13, a cut surface of the degraded concrete is shown. There are typical signs of ASR gel 

surrounding reactive aggregate. Surrounding parts of white granite particles look like wet by darker 

color than other parts. ASR gel bleeding from core aggregate is present on this darker part. The cracks 

in the granite particles are filled with typical ASR gel as shown in Figures 14-15. 

There is an interesting texture in other places. One place in grain boundaries, possible amorphous 

materials as opal and allophane (hydrated aluminosilicate) are observed as shown in Figure 16. In 

granite, as a colored mineral, mica is generally contained. This mica is thought to be altered to form 

these minerals. “Alter” or “alteration” relates diagenesis and are technical terms in geology meaning 

the change of rock forming minerals by some action relating water such as hydrothermal activity, 

weathering and so on. This reaction can be expected common in hot and humid climate like Southeast 

Asia. The relationship between annual rainfall and change of clay minerals are shown in Figure 17. 

Having more rain, aluminosilicate releases silica and alumina rich minerals are remained. This means 

silica will move and there is a possibility to deposit as amorphous silica such as opal. Simultaneously 

there may be a possibility of deposition of amorphous silica from ground water. Therefore, it is 

important to remind the existence of opal in any aggregate in Southeast Asian countries. Opal is an 

amorphous material and is impossible to be detected by X-ray diffraction. The only and easy way to 

detect is the observation of thin section by polarized optical microscope. Once remembered the 

existence of this phenomena, it will be possible to detect this possibility during ASR diagnosis. 

    
 

 

    
 

 

 
 
 

Figure 13 Cross section of concrete showing ASR 

gel bleeding from granite particles. 
Figure 14 Photomicrograph of a granite particle 

in concrete: plane polarized light. 

Figure 15 SEM photograph of a usual texture of 

crack filling ASR gel. 
Figure 16 Photomicrograph of alteration products 

found in granite: plane polarized light. 
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Figure 17 Relationship between rainfall and clay mineral composition changes (modified after Barshad I., 1966). 

5. Conclusions 
In order to present useful information to establish local standard for mitigating ASR damages, the 

history and present state of Japanese testing methods of alkali reactivity of aggregates and 

countermeasures for suppressing ASR are explained. The major aggregates causing ASR in Japan are 

highly reactive volcanic rocks such as andesite. Therefore, old chemical method and mortar bar test 

have been used as test methods and total alkali limit of 3.0 kg/m3 has been used as a major 

countermeasure. However, obviously there is a limitation and reconstruction will be under discussion 

and preparation in a technical committee of the Japan Concrete Institute (JCI). 

For the new countermeasures, it is essential to know the mechanism of deterioration. As an example, 

ASR damaged concrete structures in Thailand was explained from petrographic analysis. Crypto- to 

microcrystalline quartz in granite mylonite was the major mineral of expansion. Furthermore, from the 

viewpoint of geology, the existence and possible damage by opal formed by alteration characteristic in 

hot and humid weather in Southeastern Asia are pointed out. 
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Abstract 

Self-desiccation is one common phenomenon of high-performance cementitious materials 

characterized by low water to cementitious material ratio (w/c). Autogenous shrinkage is closely 

related to the internal relative humidity (RH) drop and capillary pressure induced by self-desiccation 

in the cement pastes. However, there is debate about the determination of time-zero, the time at which 

autogenous shrinkage begins to develop. 

The objective of this study is to provide an accurate determination of time-zero based on the 

relationship between the internal RH and autogenous shrinkage of low w/c ratio cement pastes. And 

according to the time-zero, cement pastes blended with zeolite were prepared to investigate the 

potential of zeolite as internal curing agent. 

The autogenous shrinkage was conducted according to the standard method ASTM C1698. Internal RH 

was performed on the sealed cement pastes at very early age by conventional method of hygrometer. 

Setting time was determined by the Vicat needle apparatus according to the standard method ASTM 

C191. 

Experimental results revealed that no internal RH drop was observed around the final setting time 

determined by the Vicat method. Besides, a knee point was observed in the shrinkage curve at the time 

when the internal RH began to decrease. This is the so-called time-zero. And zeolite was found to be a 

potential internal curing agent according to the autogenous shrinkage tests measured from the new 

time-zero. 

    

Originality 

There are many publications concerning the mitigation strategies for autogenous shrinkage of low w/b 

ratio cementitious materials, such as utilization of super absorbent polymer (SAP), lightweight 

aggregates (LWAs). However, both these two materials will result in negative influence on the 

mechanical properties of cementitious materials. Zeolite was proved to be a pozzolanic material, 

however few researches were carried out about the utilization of zeolite as internal curing agent in low 

w/c ratio cementitious materials. This study could present and explain the potential of zeolite for 

internal curing.  
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1. Introduction 

(Ultra-) High performance concrete (HPC/UHPC) has become popular due to its excellent 

mechanical and durability properties. Typically, HPC/UHPC is characterized by low 

water/binder (w/b) ratio, high cement content and the incorporation of silica fume. All of 

these cause a significant drop in the internal relative humidity (RH) in the cement paste 

during hydration. It is the so-called self-desiccation, and will result in autogenous shrinkage, 

which increases the risk of cracking of concrete structures, especially at early ages (Persson 

B., 1997; Kim J.K. and Lee C.S., 1999). Autogenous shrinkage restrained internally by 

aggregates and externally by neighboring structural members will generate tensile stresses, 

which might cause cracking  once the material strength is exceeded (Bentz D.P. et al., 1997; 

Koenders E.A.B. and Van Breugel K., 1997). Hence, the mechanisms of autogenous 

shrinkage and the mitigation strategies for autogenous shrinkage is the main subject of 

research interest. 

Although the mechanism of autogenous shrinkage is still under discussion, there is a general 

agreement about the existence of a relationship between autogenous shrinkage and internal 

RH changes in the pores of hardening cement paste. As long as the cement paste is fluid, the 

chemical shrinkage is totally converted into external volume change. When a solid skeleton 

forms in the hardening paste, the stiffness increases and gas bubbles start to nucleate and 

grow in the bigger pores due to the water consumption in the capillary pores. This leads to the 

formation of water-air menisci and the internal RH drops (Kelvin’s law). The presence of 

menisci causes tensile stresses in the pore solution (Laplace’s law) exerted on the solid 

skeleton, which leads to the autogenous shrinkage of cement paste (Jensen O.M. and Hansen 

P.F., 1996 and 2001a; Lura P. et al., 2003). 

One important problem involved in the research is how to reduce autogenous shrinkage of 

HPC or UHPC. Extensive studies on the mitigation strategies for autogenous shrinkage have 

been carried out, and internal curing by using appropriate curing agents, such as super 

absorbent polymer (SAP) (Jensen O.M. and Hansen P.F., 2001b and 2002), lightweight 

aggregates (LWAs) (Bentz D.P. and Snyder K.A., 1999; Bentur A. et al., 2001), and wooden-

derived materials (Mohr B.J. et al., 2005), was experimentally proved capable to eliminate or 

considerably diminish autogenous shrinkage. These agents can absorb significant amounts of 

water either before or during mixing and release the water during concrete hardening. 

Normally, these agents are porous materials and will leave voids in the dense cement matrix 

(such as SAPs), resulting in negative influence on the mechanical properties of concrete. So, 

searching for proper internal curing agent remains the subject of research interest. 

Zeolite was proved to be a pozzolanic material, which could improve the mechanical 

properties of concrete, however few researches were carried out about the utilization of 

zeolite as internal curing agent in low w/c ratio cementitious materials. Bílek V. et al. (2002) 

used a pre-soaked fine zeolite powder (clinoptilolite type) to produce high performance 

concrete with low w/c, and found that 10% zeolite showed a small decrease in the autogenous 

shrinkage using the 1-day length as the reference. According to Zaichenko N.M. (2011), a 

fine zeolite aggregate (0.63-5 mm) reduced the autogenous shrinkage of the high performance 

concrete, but it induced higher drying shrinkage than the reference. Ghourchian S. et al. (2013) 

concluded that the natural zeolite (clinoptilolite type) aggregate is not a suitable agent for 

internal curing. Due to its fine pore structure, most of the absorbed water is retained even at 

80% RH. As a result, the absorbed water is not available to counteract the self-desiccation and 

dry. The zeolite containing concrete shows a higher total shrinkage. But no information about 

the influence of zeolite on the autogenous shrinkage was mentioned in their studies. 

According to these studies, no common conclusion could be made. Therefore, the main 

motivation of this study was to investigate the potential utilization of zeolite as an internal 

curing agent for mitigating the autogenous shrinkage. 

2. Experimental study 

2.1 Materials 

Cement pastes blended with or without zeolite were prepared with a low water to binder (w/b) 

ratio of 0.25. Portland cement (CEM I 52.5.N), 20 % zeolite (obtained from the Netherlands) 



by mass of cement, and deionized water were used. The chemical and Bogue potential 

composition of the cement and chemical composition of zeolite are listed in Table 1. Figure 1 

provides the particle size distribution of the cement and zeolite. The zeolite shows a finer 

particle size than the cement.  

Tow mixtures were evaluated in this paper, a control cement paste and a zeolite blended 

cement paste. The mixture design is shown in Table 2. A polycarboxylate-based 

superplasticizer (Glenium 51, 35% SPL) was used to modify the fluidity of cement pastes.  
Table 1 Chemical and Bogue composition of cement and zeolite (-  not available or not applicable) 

Material 
Chemical composition/ % by weight Bogue composition 

CaO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O L.O.I C3S C2S C3A C4AF 

Cement* 64.0 24.0 5.0 3.0 2.4 0.3 - 1.3 63.77 9.24 8.18 9.13 

Zeolite 10.01 55.00 15.94 6.95 0.19 - 9.26 - - - - - 

* provided by the cement company 

 
Figure 1 Particle size distribution of cement and zeolite 

Table 2 Mixtures design (% by weight of cement) 

Sample Cement Zeolite Replacement w/b Superplasticizer 

Control 100 0 
0.25 

1.6 

Z-20 80 20 1.0 

 

2.2 Final Setting 

Final setting of cement paste was determined using the Vicat needle test according to ASTM 

C 191-13 (2013). 

2.3 Autogenous Shrinkage 

Autogenous shrinkage of the paste was measured by the corrugated tube method, which was 

introduced by Jensen and Hansen (1995) and standardized as ASTM C1698-09 (2009). The 

technique is designed to minimize restraint of the paste, permitting measurements to start 

approximately 30 min after mixing. The fresh cement paste was casted into the corrugated 

tubes with a length of 420 mm and an outer diameter of 29 mm and vibrated. The specimens 

were maintained in a room at 20±1 °C on a dilatometer rig, which was equipped with linear 

variable differential transformer (LVDT) with a measuring accuracy of 2.5 μm/m. The 

autogenous shrinkage was measured by LVDTs and the data was recorded every 5 min 

automatically.  

2.4 Internal Relative Humidity 

The internal equilibrium relative humidity (RH) of hydrating cement paste was monitored by 

two Rotronic hygroscope stations equipped with WA-40TH cells. Each station was equipped 

with a Pt-100 temperature sensor and a DMS-100 H relative humidity sensor. During the 

measurement, the stations were immersed in water bath to maintain the temperature at 

20±0.1 °C. The stations were calibrated before measurement with standard salt solutions with 

known RH in the range 65-95% at 20 °C. This gives a measurement accuracy of ±0.5 % in the 

absolute RH. More detailed information about the test procedure of the internal RH 

measurement can be found in the study of Huang H. and Ye G. (2014). 



The cement paste was placed in the measuring cells of the RH stations after mixing and 

sealed by the sealing plug for about 1 hour. Afterwards, the sealing plug was replaced by 

humidity sensor. The RH in the specimen and the temperature in RH station was measured 

and recorded every 3 min automatically. 

3. Results and Discussion 

3.1 Autogenous shrinkage 

The deformation was recorded from approximately 30 min after mixing. According to ASTM 

C1698-09 (2009), the autogenous shrinkage was zeroed at the final setting time. The final 

setting time of control and zeolite blended sample is 17.3 h and 7.7 h, respectively.  

 
(a) Control                                                                    (b) Z-20 

Figure 2 Autogenous shrinkage zeroed to the final setting after mixing 

Figure 2 shows the autogenous shrinkage zeroed to the final setting time as a function of time 

after mixing for the control and zeolite blended cement pastes. As shown in Figure 2(a), after 

mixing, the control sample underwent a monotonic quick shrinkage till several hours after 

final setting, after which the sample showed another continuous shrink but with a much 

slower rate. No significant change in the slope of deformation curve was observed at the final 

setting time. At 3 days after mixing, the autogenous shrinkage was 1325 μm/m, of which 

more than 50% occurred in the first several hours after final setting.  

As shown in Figure 2(b), the zeolite blended sample also showed the similar trend in the 

change of the autogenous shrinkage curve. But it showed a much larger autogenous shrinkage 

at 3 days after mixing; it reached 2457 μm/m, and most part of it also occurred in the first 

several hours after final setting. 

The results indicate that the addition of zeolite as a replacement of cement would lead to an 

increase of autogenous shrinkage if the autogenous shrinkage results are compared to those of 

control sample according to ASTM C1698-09 (2009). 

3.2 Relative humidity 

 
Figure 3 Internal RH of cement pastes after mixing  

The development of internal RH with time is provided in Figure 3. Both the control and 

zeolite blended sample showed a similar initial RH in the first several hours, about 99%. Due 

to the ions dissolution in the pore solution, the water activity is reduced and hence the internal 



RH is lower than 100% in the initial stage. The initial RH value around 99% at the very early 

age was also reported on different cement pastes (Jensen O.M. and Hansen P.F., 1996; Chen 

H. et al., 2013).  

The very first sharp increase in RH was due to the disequilibrium between the humidity of 

RH sensor and the humidity of paste. 

As shown in Figure 3, the internal RH of control sample stabilized at around 99% till 21.9 

hours after mixing, and then it showed a monotonic decrease to 89.3% at 3 days after mixing. 

The internal RH of zeolite blended paste began to decrease at 14.3 hours after mixing. And 

several hours later, it was followed by a slower decreasing. At 3 days after mixing, the 

internal RH was 94.1%, which was higher than that of the control sample, indicating that the 

addition of zeolite as replacement of cement has a positive effect in the maintain of internal 

RH at high range. Due to its porous structure, the zeolite probably acts as an internal reservoir, 

providing a source of curing water to the paste in its vicinity. 

3.3 Choice of “time-zero” 

Chemical shrinkage begins with the contact of cement and water and it is totally converted 

into external volume change as long as the cement paste is fluid. When a solid skeleton forms 

in the hardening paste, chemical shrinkage can no longer be totally transformed into external 

volume change. And this time is the “time-zero”, at which the self-supporting skeleton starts 

to develop and the stresses begin to develop. 

One important problem involved in the research is the determination of “time-zero”, i.e. the 

time for the start of autogenous shrinkage measurement. Deformations occurring before this 

“time-zero” can be ignored for stress calculation purposes, since they do not result in stresses. 

There is no general acceptance about the determination of this time, whether it corresponds to 

the initial setting, final setting, or some other time (Weiss J., 2006). This lack of 

standardization causes great difficulty in direct comparisons between results provided in the 

existing literatures. 

As proposed by ASTM C1698-09 (2009), the final setting time is defined as the “time zero”. 

However, it should be noted that the Vicat needle test is a mechanical method, whose result is 

largely depended on the consistency of the cement paste and thus on the water/binder ratio. If 

the Vicat test is used to determine “time-zero”, different viscosities of the investigated pastes 

are unavoidable. What’s more, according to the definition of the “time-zero”, after the “time-

zero”, a solid stable skeleton in the hardening paste is formed, the chemical shrinkage can 

only be partly transformed into external volume change. So a decrease of the deformation rate 

is expected at the “time-zero”. But, as shown in Figure 2, no change of the slope was 

observed at the final setting time in the deformation curves for both control and zeolite 

blended pastes. It is indicated that the final setting time does not act as the precise “time-zero”. 

For the sealed cement paste, the water supply is restricted. After the “time-zero”, the stiffness 

increases and gas bubbles start to nucleate and grow in the bigger pores due to the water 

consumption in the capillary pores. This leads to the formation of water-air menisci and the 

RH drops (Kelvin’s law), referred to as self-desiccation. The increasing curvature of the 

menisci leads to the development of hydrostatic tensile stresses in the pore solution and 

compressive stresses exerted on the solid skeleton, which lead to the bulk deformation of the 

cement paste, called autogenous shrinkage (Jensen O.M. and Hansen P.F., 1996 and 2001a; 

Lura P. et al., 2003). It is indicated that the autogenous shrinkage is part of the chemical 

shrinkage and is caused by the decrease of internal RH in pore structure. The solidification 

and the concurrent change of capillary pressure in the capillary pores start very slowly, and it 

is practically impossible to determine the precise onset of these processes. But the precise 

internal RH measurements of the pastes starting from the pastes are still in fluid phase supply 

reasonable experimental data to discuss the “time-zero” of autogenous shrinkage caused by 

self-desiccation. A systematic research about determining the “time-zero” in low w/b ratio 

cement pastes was carried out by Huang H. and Ye G. (2014), and they came to the 

conclusion that the “time-zero” could be link to the time when internal RH begins to drop. 

Figure 4 displays the relation between the shrinkage and the internal RH of the cement pastes 

as function of time from mixing. In Figure 4, the shrinkage was zeroed at final setting. It can 

be seen that no internal RH drop was observed at around the final setting time for both the 



control and zeolite blended pastes, but the internal RH began to drop several hours after final 

setting time. 

As shown in Figure 4(a), the internal RH of control sample began to drop at 21.9 hours after 

mixing, corresponding to the knee point in the shrinkage curve. This time is the so-called new 

“time-zero”. After the “time-zero”, it developed a monotonic shrinkage at a much slower rate 

than that before the “time-zero”, corresponding to the constant decrease of the internal RH. 

According to this new “time-zero”, the autogenous shrinkage of control sample was 563 
μm/m at 3 days after mixing (as shown in Figure 5). 

  
(a) Control                                                           (b) Z-20 

Figure 4 Relation between shrinkage and RH of mixtures as function of time after mixing 

As shown in Figure 4(b), the internal RH of zeolite blended cement paste began to drop at 

14.3 hours after mixing, and a knee point in the shrinkage curve was also observed. After the 

“time-zero”, the internal RH curve showed a different characterization from that of control 

sample, which can be roughly divided into two stages. During the first few hours after the 

“time-zero”, i.e. stage 1, a relative rapid decreasing of internal RH was observed. Then it was 

followed by a constant decreasing with a much slower rate at stage 2. As a porous material, 

the zeolite adsorbed part of the mixing water during the mixing process. As a result, the 

effective water to binder ratio was lower than 0.25 (the original total water to binder ratio) in 

the zeolite blended cement paste. According to the Kelvin equation, at a specific RH only the 

pore which is bigger than a proper size can be emptied, i.e. the size of 100 nm corresponds to 

internal RH in pores of roughly 99%. Because of the fine pore structure of zeolite, the 

adsorbed water in the pores can only start to be released slowly until the internal RH decrease 

to a relative low value. The lower effective water to binder ratio and the fact that the adsorbed 

water cannot be released result in the rapid decrease of internal RH during the first several 

hours (stage 1). Afterwards, the internal RH dropped to a relative low level, at which the 

adsorbed water start to be released out to act as internal curing water and it can help 

counteracting the effects of self-desiccation and slow down the decrease of internal RH. In the 

shrinkage curve, a significant shrinkage occurred during the period of the rapid decrease of 

internal RH at the stage 1; and then the curve tended to be almost flat corresponding to the 

period of slower decrease of internal RH (stage 2).  

 
Figure 5 Shrinkage zeroed at the ‘time-zero’ defined by the onset of RH drop 



The autogenous shrinkage zeroed at the “time-zero” defined by the onset of internal RH drop 

is illustrated in Figure 5. At 3 days after mixing, the autogenous shrinkage of Z-20 was 494 

μm/m, which was slightly less than that of the control sample.  

Considering the impact of zeolite on the internal RH and autogenous shrinkage of the paste, 

the zeolite shows a potential application as an internal curing agent. But it has to be noticed 

that, in the zeolite blended cement paste, the majority of the autogenous shrinkage occurred 

during the first several hours after “time-zero” as well as the rapid internal RH drop. 

Modification of the pore structure of zeolite should be performed to optimize the release 

mechanism of absorbed water from the pores during the hydration, aiming to diminish the 

rapid internal RH drop at the very beginning after “time-zero” and the autogenous shrinkage 

as well. 

4. Conclusion 

This paper accesses the early age autogenous shrinkage behavior of low w/b ratio cement 

paste blended by zeolite. Main findings can be made as follows. 

(1) No internal RH drop was observed at the final setting time; the internal RH begins to 

decrease several hours later than the final setting time, corresponding to a knee point in the 

shrinkage curves. 

(2) According  to the “time-zero”, the time when internal RH begins to drop, the cement paste 

blended by 20% zeolite shows a higher internal RH and a slightly less autogenous shrinkage 

than those of control sample at 3 days after mixing. 

(3) The zeolite shows a potential application as an internal curing agent; modification of the 

pore structure of zeolite should be performed which might help diminish the rapid internal 

RH drop at the very beginning after “time-zero” and the autogenous shrinkage as well. 
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Abstract 

This work analyses the behaviour of concretes with replacements of cement by ground clay bricks waste (GCBW) 
against reinforcement corrosion by chlorides. Reinforced concrete specimens with 80 x 80 x 80 mm were cast with 
cement mass replacements of 0 %, 10 %, 20 % and 30 % and water to binder ratio of 0.55. Cylindrical concrete 
specimens were also cast for compressive strength tests. All the specimens were wet cured for seven days and remained 
in laboratory environment until being tested. The cubic specimens were subjected to wetting and drying cycles in 1M 
sodium chloride solution after a delay of 180 days for concretes to reach a more stable microstructure. When identified 
reinforcement despassivation by electrochemical measurements, total and free chloride profiles were obtained for each 
specimen and from that the critical chloride contents at surface level of rebar. Results show that there is a slight 
decrease in compressive strength that tends to be reduced over time. In a similar way, the critical chloride content tends 
to decrease for concretes with GCBW, which is explained by the alkalinity decrease in porous network solution for these 
concretes. On the other hand, concretes with GCBW tend to present a decrease of its mass transport ability, which can 
compensate the previous loss of performance and extend the initiation period of corrosion. 

 

Originality 

The use of ground clay bricks waste as cement replacement has been less studied and means an aspect of originality. 

Furthermore, the influence of cement replacement by GCBW on reinforcement corrosion started by chlorides was not 

previously studied. 
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1. Introduction 

Cement industry has contributed to the greenhouse effect due to the significant amount of CO2 

emissions during cement production process. According to the Brazilian Cement Industry Union 

(2009), the CO2 emissions from cement industries represent 5% of the world emissions from human 

activities and in Brazil this number reaches 2%. 

Many industrial wastes have been incorporated into the civil construction chain, resulting in benefits 

to the products in which they are incorporated and promoting the reintroduction of these wastes to the 

production process. 

The clay ceramic industry generates waste materials as a result of breaking its products during 

handling and transportation. Although there are not Brazilian official data, literature shows values of 

waste materials around 10% of the total production. Some works studied this kind of waste material 

and observed that they can have different characteristics depending on the productive process, which 

influences on the possibility of this material presenting pozzolanic characteristics (Vieira, 2005; 

O’Farrel et al., 2006; Vejmelková et al., 2012). In the state of Paraíba, there are more than 50 

industrial plants specialized in the production of bricks and tiles and, although there is no official data, 

a significant amount of waste materials is generated. 

Pozzolans play an important role when used as cement replacement, changing calcium hydroxide into 

CSH, which consequently promotes the refinement of pores network and the increase of the 

compressive strength of materials (Moraes et al., 2000; Sabir et al., 2001). Gonçalves (2005), Toledo 

Filho et al. (2007) and Cordeiro et al. (2002) observed higher compressive strength values for 

concretes and mortars that used 20 % of ground wastes of burnt clay bricks (GCBW) as cement 

replacement. Farias Filho et al. (2000), using 35 % of mass cement replacement, observed similar 

behaviour with higher values or values at the same level for compressive strength. 

Concerning a literature review, Xianming et al. (2012) observed that the use of mineral additions as 

cement replacement, like fly ash, blast furnace slag, metakaolin, etc., usually increases the resistance 

against chloride penetration and the bound chloride content. They emphasize the importance of more 

research about other industrial wastes that can be incorporated to concrete considering the marine 

environmental aggressiveness.  

Oh and Jang (2007) observed that the diffusion coefficient decreased between 15 % and 50 % when 

using fly ash as mass cement replacement. This corroborates the results found by Papadakis (2000) 

when using silica fume and fly ash with high and low calcium content. In all cases the chloride 

penetration rate decreased. 

Toledo Filho et al. (2007), when working with mortars and concretes with GCBW as mass cement 

replacement at percentages between 20 % and 40 %, observed that the replacement contributed to 

decrease the water absorption in all cases, which was attributed to the pores refinement network.  

This work aims to analyse the compressive strength behaviour, the chloride transport into concrete,  

the initiation period of corrosion and the critical chloride content for concretes with partial mass 

cement replacement by GCBW. 

2. Experimental 

The experimental work analysed the influence of four different levels of mass cement replacement by 

GCBW (0, 10%, 20% and 30%) in the behaviour of concrete mixtures. The compressive strength, the 

chloride transport and the initiation period of corrosion of specimens subjected to wetting and drying 

cycles in 1M sodium chloride solution were evaluated, as well as the chloride threshold for 

reinforcement depassivation. 

2.1. Materials 

The coarse aggregate used in this work was crushed granitic gravel with a maximum diameter of 9.5 

mm and the fine aggregate was siliceous sand with fineness modulus of 1.75 mm. 



 

A high early compressive strength cement, without mineral additions, was used in this work. Its Blaine 

specific surface was 402 m2/Kg, its specific mass was 3.1 g/cm3 and its chemical composition is 

presented in Table 1. 

The GCBW was obtained from a ceramic bricks industry located in the outskirts of João Pessoa city, 

state of Paraíba, Brazil. This waste material was ground in a balls mill until reaching the specific 

surface of about 500 m²/kg, by following the recommendations proposed by Vieira (2005), who used 

the same material. Its specific mass was 2.6 g/cm3 and the chemical characteristics of this material are 

also presented in Table 1. The limits recommended by the Brazilian standard NBR 12653 (ABNT, 

1992) for pozzolanic materials were met. 

Table 1 Chemical analysis of cement and GCBW 

Oxide Cement (%) GCBW (%) Oxide Cement (%) GCBW (%) 

Na
2
O - 1.9 BaO - 0.12 

SiO
2
 10.9 66.2 SrO 0.1 0.06 

Al
2
O

3
 2.6 15.9 MnO 0.1 0.1 

Fe
2
O

3
 5.0 7.2 Cr

2
O

3
 - 0.05 

MgO 0.4 2.2 SO
3
 4.1 1.2 

K
2
O 0.6 3.0 V

2
O

5
 0.1 - 

CaO 73.3 2.3 NiO - 0.01 

ZrO
2
 - 0.06 ZnO - 0.01 

TiO
2
 0.4 0.9 Rb

2
O - 0.01 

 
Reinforcements with tensile strength of 500 MPa and 6.3 mm diameter were used in reinforced 

specimens. They were cleaned by mechanical brushing and afterwards their extremities were protected 

by an insulating tape leaving an intermediate exposure length of 30 mm. 

2.2. Concrete mixtures and specimens 

Concretes with 0 %, 10 %, 20 % and 30 % of GCBW were used (Table 2). The specimens were cast 

following the Brazilian standard 5738 (ABNT, 2003) recommendations. Cylindrical specimens, with 

10 cm diameter and 20 cm height, were used for compressive strength measurements and cubic 

specimens with 8 cm of edge for accelerated tests with chlorides. Two reinforcements were embedded 

to each cubic specimen, which were placed with 20 mm of reinforcement concrete recover. A total of 

three specimens and six rebar were used for each experimental condition. 

Table 2 Concrete mixtures. 

Mixture Cement GCBW  Sand Gravel water/binder (w/b) 

REF 1 0 1.86 2.25 0.55 

C10 0.9 0.1 1.86 2.25 0.55 

C20 0.8 0.2 1.86 2.25 0.55 

C30 0.7 0.3 1.86 2.25 0.55 

 
After being cast, the specimens were removed from de molds after 24 h and afterwards they were 

cured through submersion in water saturated with lime until reaching the seventh day. The cylindrical 

specimens were cured in the same way. After the curing period, the cubic specimens had four of their 

six faces painted with epoxy resin to simulate a unidirectional flux of chlorides and remained in 

laboratory environment until the 180th day, when started the accelerated tests. 

2.3. Chloride attack  

The specimens were subjected to wetting and drying cycles. They were submerged in one molar (1M) 

sodium chloride solution for three days and, after that, remained in an oven at 50º C for four days, 



 

following the procedures adopted by Meira (2004). At the end of each cycle, electrochemical 

measurements were carried out until the moment in which reinforcement depassivation was identified. 

Linear polarization resistance with ohmic drop compensation and corrosion potential measurements 

were the electrochemical techniques adopted to monitor reinforcement depassivation. A Gill AC 

potentiostat from ACM Instruments was the equipment adopted for this purpose, with a Cu|CuSO4 

electrode (CSE) as reference electrode and a stainless steel plate as counter electrode (Figure 1). The 

measurements were taken once a week when the specimens finished the wetting semi-cycle. This 

procedure was repeated until potential values were more negative than -350 mV (CSE), following 

ASTM C-876 (1999) recommendations and corrosion current density measurements exceeded the 

range 0.1 - 0.2 μA/cm2 (Andrade and González, 1981). 

  

Figure 1 – Linear polarization measurements. 

After reinforcement depassivation, chloride profiles were obtained through chemical analysis of the 

samples extracted from concrete specimens at different depths from surface. These samples were 

prepared according to RILEM (International union of laboratories and experts in construction 

materials, systems and structures) recommendations for total and free chloride measurements (RILEM, 

2002a, 2002b) and were analysed by potentiometric titration with silver nitrate solution. 

Starting with chloride profiles, chloride thresholds were determined in two steps. The first step was to 

rescaling the two-zone chloride profiles (Andrade et al., 1997; Meira et al., 2010), typical for wetting 

and drying cycles, as shown in Figure 2. The second step was fitting the Fick’s Second Law to these 

rescaled profiles and observing the chloride content at the rebar surface level. The chloride content 

represented by the crossing point between the fitted curve and the reinforcement surface was assumed 

as the chloride threshold (Figure 3). 



 

 

Figure 2 – Rescaling two-zone chloride profiles. 

 

 

Figure 3 – Chloride threshold determination by using a rescaled chloride profile. 

 

2.4. Concrete alkalinity monitoring 

Parallel to all these previous experiments, an alkalinity evaluation of all these matrices was carried out 

by using cement pastes with the same GCBW replacements. After the same curing procedures as 

concrete specimens, these cement paste samples were crushed into small pieces (about 2 mm) and 

were immersed in deionised water respecting the 1/1 ratio and stored in an atmosphere with nitrogen 

to avoid further carbonation. The pH of the leaching water was periodically measured, until the limit 

of 90 days. The principles of this extraction procedure are similar to that described by Oliveira (2000) 

and Castellote et al. (2002), differing only in the leaching period. It is clear that this equilibrium 

solution does not accurately represent the concrete porous network solution, but in some way it 

represents a ‘‘potential’’ alkalinity of the samples and thus it was used only for comparative analysis, 

in a similar way to other previous works (Räsänen and Penttala, 2004). 



 

3. Results and Discussion 

3.1. Compressive strength  

Table 3 shows the average values for compressive strength for concretes at 7, 28 and 90 days. 

Table 3 Compressive strength of concretes. 

Concrete mixture w/b (water/binder) 
Average value 

– 7d (MPa) 

Average value 

–28d (MPa) 

Average value 

– 90d (MPa) 

REF 

0,55 

33,45 38,50 43,10 

C10 26,70 37,80 40,10 

C20 26,00 33,60 37,65 

C30 20,65 31,40 38,40 

 
Results show that although the GCBW is a pozzolanic material, there is a tendency of a slight 

compressive strength decrease, which tend to decrease over time. This indicates that the gain of 

resistance from the pozzolanic action does not surpass that from the cement hydration at the first ages, 

but it tends to change as time goes by. 

3.2. Initiation period of corrosion  

Figure 3 presents the results of the initiation period of corrosion and show that this period extends with 
GCBW content. The cement replacement of 20 % and 30 % by GCBW increase the initiation period of 

corrosion in 38 % and 64 %, respectively, in comparison to reference concrete, which can have a 
significant impact on service life of reinforced concrete structures in chloride contaminated 
environments. 

. 
Figure 3 – Effect of GCBW content on the initiation period of corrosion. 

 

Taking into account the influence of GCBW content, there are two aspects that need to be pointed out. 

The mass replacement adopted in this work means that more GCBW volume is added (about 20 %), as 

its density is lower than that of cement. This may have contributed for a refinement of materials 

porosity and the increase of the tortuosity of their porous network, which demands more time for the 

chlorides to reach the reinforcement level. Another aspect is that by increasing GCBW volume, there 

is an increase on the binding ability of hydrated paste, which contributes for extending the initiation 

period of corrosion. Although these results are not presented and discussed here, analysis of total and 



 

free chlorides indicated an average increase of bound chlorides of more than 10 % when increasing 

GCBW content from 0 to 30% (Meira et al., 2014). 

3.3. Chloride transport into concrete  

As chloride profiles were obtained just after reinforcement depassivation, they express results obtained 
at different exposure times and thus it makes difficult a direct comparison of profiles. This way, the 
diffusion coefficient of chlorides was used to compare the behaviour of concretes concerning the 
transport ability of chlorides. Figure 4 presents the diffusion coefficient obtained from total and free 
chloride profiles for the different concrete mixtures.  

A tendency of lower diffusion coefficients for concretes made with GCBW can be observed, what 
indicates that chlorides are transported at lower rates into these concretes. This can be either explained 
by the same aspects (pores refinement and concrete binding ability) discussed in last section.  

Figure 4 – Diffusion coefficients for total and free chlorides. 

 

3.4. Chloride thresholds and concrete alkalinity  

Figure 5 presents the results of chloride thresholds for the studied mixtures of concrete. A tendency of 

lower chloride thresholds for concretes made with GCBW can be observed. This behaviour can be 
explained by the decrease on concrete alkalinity as GCBW content increases (Table 4), which makes 
necessary less chlorides to star reinforcement corrosion, considering a similar ratio [Cl-]/[OH-]. 



 

 

Figure 5 – Total and free chloride thresholds. 

Table 4 – pH for paste samples monitored along 90 days. 

Paste mixture 
Initial  28 days 90 days 

REF 11.44 13.50 13.82 

10% GCBW 11.48 13.45 13.70 

20% GCBW 11.35 13.40 13.47 

30% GCBW 11.49 13.20 13.25 

 

4. Conclusions 
Although there is a slight decrease on compressive strength when increasing mass cement replacement 

by GCBW, this pattern tends to decrease over time and there is the expectancy that at more advanced 

ages GCBW concretes can show compressive strengths at the same or higher level of reference 

concretes. 

In the case of marine aggressiveness, the initiation period of corrosion increases as GCBW content 

increases, as a consequence of porosity refinement, tortuosity increasing and higher binding ability of 

GCBW concretes. These aspects affect chloride transport velocity and result in extended initiation 

periods of reinforcement corrosion. 

Chloride threshold tends to decrease with cement replacement by GCBW, as a consequence of 

decreasing alkalinity reserve of concretes made with GCBW. However, the reported decrease of mass 

transport ability of GCBW concretes can compensate this loss of performance and extend the expected 

service life of reinforced concretes. 
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Abstract 

In biogas production plants, concrete structures suffer chemical and biological attacks during the 

anaerobic digestion process. The attack on concrete may be linked to the effects of (i) organic acids, 

(ii) ammonium and CO2 co-produced by the microorganisms’ metabolisms, and (iii) the bacteria’s 

ability to form biofilms on the concrete surface. In a context of biogas industry expansion, the 

mechanisms of concrete deterioration need to be better understood in order to propose innovative, 

efficient solutions. 

This study aims, firstly, to characterise the evolution of the biochemical composition of the 

biodegradable wastes during digestion so as to identify the compounds that are aggressive for 

concrete. Secondly, it aims to evaluate the mechanisms of concrete deterioration in anaerobic 

digesters. 

CEM I paste specimens were immersed in synthetic inoculated biowaste in anaerobic digestion 

conditions. The liquid fractions were analysed chemically. The alteration mechanisms of the 

cementitious matrices were investigated using XRD and SEM analyses.  

The maximal total concentration of organic acids was 65 mmol/L in the liquid fraction during the 

digestion process. The pH evolution showed two phases: acidification in the first few days and then a 

slow increase to pH 7-8. In only 6 weeks, an abundant biofilm developed on the cement paste surface. 

Biodeterioration leads to calcium leaching and carbonation of the cement paste.  

 
Originality 
Today, the construction of new structures in the biogas field is rapidly expanding. For example, according to the 

French organization ADEME, the number of anaerobic digester installations should be multiplied by 6 between 

2010 and 2020 in France. This work aims to characterize the aggressiveness of anaerobic digestion conditions 

on concrete structures to ensure the sustainable development of this new dynamic field.  

Indeed, the biodeterioration of cement-based material in anaerobic digestion is poorly characterized. The study 

of biodeterioration in biogas structures will contribute to highlight mechanisms of biodeterioration on 

cementitious material in agricultural and agroindustrial environments. 

 

Keywords: Anaerobic digestion, cementitious materials, biodeterioration, organic acids, 

microstructure  
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1. Introduction 

Anaerobic digestion is a natural biological process of organic matter degradation in the absence of 

oxygen (Franck and Smith, 1988). Complex organic matter undergoes several successive degradation 

reactions: hydrolysis, acidogenesis, acetogenesis and finally methanogenesis (Evans and Furlong, 

2003). This process can be implemented intentionally (industrialised) in a digester, starting from 

organic wastes (Nallathambi Gunaseelan, 1997). It leads to the production of biogas, a proper fuel 

similar to natural gas and containing methane with co-products such as solid or liquid digestates. 

Biogas appears to be a good alternative energy resource as it is relatively cheap and is available locally. 

Consequently, the industrial development of anaerobic digesters has become widespread throughout 

the world for many sources of wastes. Anaerobic digestion is becoming a key instrument in attempts 

to supply sustainable energy, with major development plans in Germany and in China. European 

policies support anaerobic digestion projects and France has the objective of increasing the number of 

installations by about 300% by 2020 (Theobald and Brecq, 2010). 

Concrete is the most widely used material for the construction of structures in the biogas industry 

(pre-tank, digester, post-digester, storage tank, etc.) because it is economical, water- and air-tight, and 

offers high thermal inertia, among other advantages. Despite its safety and efficiency, the durability of 

concrete is reduced by the attacks of several aggressive chemical and biological components in the 

waste effluents in the course of the anaerobic digestion process. The degradation is notably due to acid 

components (various organic acids, including volatile fatty acids or VFA, especially acetic and 

propionic acids (Breure and Andel, 1984; Chen and Hashimoto, 1996; McCarty, 1964) (Lata et al., 

2002), CO2  (McCarty, 1964; Rasi et al., 2007), and ammonium (McCarty, 1964), produced by 

microbial oxidation processes and probably accentuated by the colonisation of the concrete surface by 

microbial biofilms. These attacks, combined with mechanical stresses due to machine traffic and tank 

cleaning (high pressure water cleaning, scraping) during draining periods, result in loss of alkalinity, a 

decrease in mechanical resistance, progressive surface erosion and increased permeability of concrete. 

The consequences of such degradation of concrete structures are (i) economic: production yield is 

reduced by biogas leakage and repairing the structures, with the concomitant interruption of 

production during the repair work, is costly, and (ii) environmental: sealing defects lead to leakage of 

polluting effluents into the environment. 

In the aim of improving the durability of digesters, this paper highlights the degradation mechanisms 

resulting from the microbiologically produced chemicals and caused by the microbes themselves in 

the waste fermentation process. While the actions of synthetic volatile fatty acids, CO2 and ammonium 

on the cement matrix are quite well known (Bertron et al., 2004, 2005a, 2005b, 2007, 2009; Carde et 

al., 1997; Larreur-Cayol et al., 2011; Lea, 1965; Oueslati and Duchesne, 2012), very few studies have 

so far investigated their combined action together with that of the microorganisms that produce them. 

The mechanisms of microbial adhesion to the concrete surface (biofilm) have also received little 

attention as yet. In this context, our preliminary work focused on (i) analysing the pH and the 

composition of a synthetic biowaste in terms of organic acid natures and concentrations during the 

anaerobic digestion process, and (ii) determining the mechanisms of microbiologically influenced 

deterioration of concrete. In this study, cement paste specimens were immersed in a batch process for 

6 weeks, which is the average time required for biowaste to undergo complete digestion. During the 

experiment, the organic acid composition was analysed daily and the pH was measured continuously. 

The chemical, mineralogical and microstructural changes in the cement pastes were explored by SEM 

observations coupled with EDS analyses and XRD. 
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2. Materials and methods 

2.1 Cementitious materials 

CEM I 52.5 cement pastes were made with a water/cement ratio of 0.40. The specimens were cast in 

cylindrical moulds 75 mm high and 25 mm in diameter. The pastes were removed from their moulds 

24 h after pouring and stored in water at 20°C for 28 days. 

2.2 Preparation of synthetic biowaste  

A model of biowaste, representative of the organic domestic waste produced in France, was prepared 

according to a process provided by IRSTEA of Antony (France). The composition of the model 

synthetic biowaste was (by mass): potatoes (8.1%), tomatoes (3.4%), minced meat (8.1%), milk 

powder (0.7%), crackers (4.1%), and water (75.6%). The whole mixture was blended for 10 min at 

20°C to obtain a homogeneous mixture. The biowaste was microbiologically inoculated to initiate the 

anaerobic digestion (Boulanger et al., 2012; Elbeshbishy et al., 2012; González-Fernández and García-

Encina, 2009; Hashimoto, 1989; Neves et al., 2004; Raposo et al., 2006; Rzsn et al., 2012). The 

microbial inoculum was sludge collected from a municipal waste water treatment plant in Toulouse 

(France). The organic loads, expressed as chemical oxygen demands (COD), were about 50 g/L for the 

biowaste and 20 g/L for the sludge (inoculum). In the literature, several ratios of inoculation, 

corresponding of the ratios between the quantity of inoculum and the quantity of biowaste (m/m), are 

reported to ensure a  successful anaerobic digestion process (Boulanger et al., 2012; Chen and 

Hashimoto, 1996; Elbeshbishy et al., 2012; Hashimoto, 1989) . In our work, the strategy of sludge 

inoculation was adapted from the procedure of Elbeshbishy et al. (Elbeshbishy et al., 2012) in which a 

ratio of 1 g COD(Inoculum)/g COD(biowaste) was used. The bioreactors (usable volume: 500 mL) 

were maintained at 37°C in an operating mode oven during the whole experiment (Figure 1). 

2.3 Cement paste immersion in fermented biowaste under anaerobic digestion conditions 

The cement paste specimens were immersed in bioreactors containing the inoculated biowaste for 6 

weeks at 35°C (Khanal, 2009, Lettinga, 1995). The specimen was immersed immediately after the 

sludge inoculation of the biowaste. Cement pastes were exposed to all the successive degradation 

reactions of the biowaste during anaerobic digestion. The solid/liquid ratio (cement paste surface 

area/inoculated biowaste volume) for each bioreactor was approximately 224 cm2.L-1 (the in situ ratio 

in a standard digester is approximately 4 cm2.L-1). Control bioreactors containing inoculated biowaste 

without cement paste specimens were also run for 6 weeks as reference tests. The pH was 

continuously measured using a pH data acquisition system (WTW, Multi 3430). 

 

  
Figure 1: (a) Picture of the experimental tests for the exposure of cement pastes to digested biowastes 

and (b) schematic representation of the anaerobic bioreactors placed on a magnetic plate for mixing 

purposes and kept in an oven regulated at 37°C. 

(a) 

(b) (a) 
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2.4 Analysis of organic acids by HPLC 

Samples of 1.5 mL of biowaste were collected from the bioreactors twice a day for the first week then 

once a day until the end of the experiment using sterile needles and syringes. The samples were 

filtered at 0.2 µm in Eppendorf tubes and then stored in a freezer at -18°C until their further analyses. 

The nature and concentrations of soluble organic acids in the liquid part of the biowaste samples were 

analysed by High Performance Liquid Chromatography (Eluant flow 0.6 ml/min, eluant H2SO4, 

Thermo Fisher U3000, Aminex HPX-87H BIORAD column). 

2.5 Analysis of cementitious materials 

Slides of cement paste specimens were saw perpendicularly to their axes and embedded in an 

epoxy resin (Mecapres Ma2 by Presi). The specimens were dry polished using silicon carbide 

polishing disks (by Presi) according to the procedure described in (Bertron at al. 2009). The polished 

sections were coated with carbon and were then characterised by Scanning Electron Microscopy 

(JEOL JSM-LV) combined with Energy Dispersive Spectrometry analyses (RONTEC XFlash® 3001). 

The mineralogical changes were analysed by X-Ray Diffraction (Siemens D5000, Co cathode, 40kV, 

30 nA). The specimens were prepared according to the procedure described in (Bertron et al., 2005a). 

These analyses were performed on the plane sides of the cylinders. The first analysis was carried out 

on the plane external face of the specimen, which was then abraded and submitted to the next analysis. 

A control specimen was also analysed 5 weeks after pouring. 

2.6 Observation of the microbial biofilms 

The biofilm on the surface of the specimen was observed by SEM-FEG (JEOL 7100F TTLS combined 

with EDX XMax, 5kW). Cement paste specimens were sawn carefully to preserve the biofilm 

developed at their surfaces. Before SEM observations, the biofilms on the cement pastes were 

chemically fixed and then dehydrated. The aim of the fixation was to create an artificial reticulation to 

preserve the integrity of the microorganism membranes during water extraction. The chemical fixation 

method required several steps: (i) 20 minutes of immersion in aldehyde fixator solution made of 2 

volumes of glutaraldehyde (4%), 1 volume of phosphate buffer (pH 7.4, 0.4 M) and 1 volume of 

distilled water, (ii) two times 15 minutes of immersion in cleaning solution made of 1 volume of 

phosphate buffer (pH 7.4, 0.4 M), 2 volumes of sucrose solution (0.4 M) and 1 volume of distilled 

water.  

The aim of the chemical dehydration was to replace water by volatile solvents, such as acetone and 

hexamethyldisilazane (HDMS). The chemical dehydration was progressively carried out by successive 

immersion of the specimens in solutions made of: acetone and water (50%-50%, 5 min), acetone and 

water (70%-30%, 5min), acetone (30 min), acetone and HDMS (50%-50%, 10 min) and, finally, 

HMDS (100%) until complete evaporation. 

After fixation and dehydration, the specimens were coated with a thin layer (in order to preserve the 

biofilm integrity) of gold before SEM observations. 

 

3. Results  

3.1 Tracking the production of organic acids and the pH evolution during the anaerobic 

digestion of biowastes 

During the anaerobic digestion process, organic waste is biologically degraded and converted into 

clean biogas. According to Zhang et al. (2014) , the biodegradation process includes four main steps: 

hydrolysis, acidogenesis, acetogenesis and methanogenesis, as shown in Figure 2. Firstly, high 

molecular materials and solid substrates (e.g., lipids and carbohydrates, protein) are hydrolysed by 

fermentative bacteria into small molecular materials and soluble organic substrates (e.g., fatty acids 

and glucose, amino acids). Secondly, small molecular materials and soluble organic substrates are 

degraded into volatile fatty acids (organic acids) and by-products (e.g., NH3, CO2 and H2S) are formed. 
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Thirdly, the organic substrates produced in the second step are digested into acetate, H2, CO2, which 

may be used by methanogens for methane production. 

 
Figure 2: Steps of the anaerobic digestion process of organic substrates (adapted from Zhang et al., 

2014) 

Anaerobic bacteria need different pH ranges for their growth, e.g., a comprehensive pH range of 4.0-

8.5 is required for the fermentative bacteria producing organic substrates (e.g., fatty acids and glucose). 

In particular, a range of 6.5-7.2 promotes the growth of methanogenic bacteria (Zhang et al., 2014). 

Organic acids produced by fermentative bacteria determine the pH within the mix of the digested 

biowastes.  

Figure 3 shows the evolution of the biowastes (containing the cement paste or not) in terms of nature 

and concentrations of organic acids and the corresponding pH during a complete cycle of anaerobic 

digestion (6 weeks).  

The decrease in pH in the first few days was correlated with a significant rate of production of lactic 

acid and volatile fatty acids, such as acetic, propionic and butyric acids.  

The pH values obtained in this study indicate the proper setting up of the different digestion phases. 

The pH decreased from 6 to 4 in the first day. Then, the pH slowly increased to 7 and 8. Interestingly, 

the presence of cement material in the bioreactor seemed to accelerate the establishment of the pH in 

the range favourable for methanogenesis (Figure 3). This was probably due the release of hydronium 

ions from the cementitious matrix into the medium. 

Acetic, butyric and propionic acids are typical metabolites from microbial anaerobic digestion (Breure 

and Andel, 1984; Chen and Hashimoto, 1996; Jeris and McCarty, 1965; McCarty, 1964). In contrast, 

the lactic acid production occurring in the first day is less common. The production of lactic acid was 

probably linked with the presence of milk powder in the biowaste. Lactic acid was nevertheless 

completely degraded in the first 3 or 4 days. The three VFAs showed high production rates in the first 

few days. Then, the concentrations of these acids remained constant at about 10 mmol/L for butyric 

acid, 15 mmol/L for propionic acid and between 30 and 40 mmol/L for acetic acid in the presence of 

cement paste. Without cement paste, the concentrations of these acids remained constant at about 10 

mmol/L for butyric and propionic acid and between 15 and 25 mmol/L for acetic acid. The 

concentrations of acids then tended to 0 at the end of the experiment, except for acetic and propionic 

acids in the absence of cement paste in the bioreactor. This change in pH has an impact on microbial 

metabolism and may result in the activation of the metabolic pathway leading to butyric acid 

production and/or the inhibition of the production of lactic acid. The total amount of acids analysed 

was higher in the presence of cement paste in the mix, with a total maximal amount of 65 mmol/L, 

than in the  absence of cement paste (total concentration of 50 mmol/L), except at the end of the 

experiment. 

http://www.sciencedirect.com/science/article/pii/S1364032114003633#gr2
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Figure 3: Concentration of acids and pH during the anaerobic digestion of biowaste in presence (a) and 

in absence (b) of ordinary cement paste sample in the bioreactors  

3.2 Highlighting microbial biofilm formation on the cement paste surface 

Figure 4 shows the SEM observation of the surface of the cement paste specimens immersed in the 

fermented biowastes for 6 weeks. A biofilm developed and the coverage of the sample surface by the 

microbial biofilm was total.  

Various shapes and sizes of microorganisms were observed inside the biofilm. The shapes of 

methanogenic microorganisms are mainly described in the literature as rod (bacillus), curved rod, 

spiral and coccus types [30]. Here, the microorganisms making up the biofilm had a variety of aspects. 

Some had clearly spherical shapes (Figure 4b), corresponding to a coccoid morphology. Others were 

stretched or elongated, suggesting long rods. The length of the rod-like microbial cells varied between 

1 μm and 10 μm (figure 3). These results match those observed by Zellner et al. (1996) who identified 

rod and coccus shaped microorganisms in the microbial flora of a fixed-bed anaerobic methanogenic 

bioreactor. 

(a) 

(b) 
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Figure 4: SEM observations of ordinary cement paste surface colonised with a microbial biofilm after 

6 weeks of exposure to biowastes under anaerobic digestion process.  

3.3 Assessing the chemical degradation of cement paste immersed anaerobic digestion conditions   

3.3.1 Chemical changes 

Figure 5 shows SEM observations in BSE (Back-Scattered Electron) mode of a polished cross section 

of a specimen exposed to anaerobic digestion conditions for 6 weeks. A chemical zonation of the 

specimen was identified by EDS analyses. The typical compositions of the various zones, marked 

zones 1 to 5 and shown on figure 5, are given in table 1. From the core of the specimen to the outer 

layer, the zonation was as follows: 

 Zone 1, or sound zone, showed a high density of anhydrous residual grains (white grains on 

the SEM picture). The chemical composition of this zone was similar to that of an unaltered 

control specimen (table 1), 

 Zone 2 was slightly decalcified and was enriched in sulphur. The density of residual 

anhydrous grains was lower than in zone 1. This zone was 50 m-thick. 

 Zone 3, 100 m-thick, was slightly decalcified. Most residual anhydrous grains had been 

dissolved. 

 Zone 4, a few tens micrometers thick, had a high phosphorus content. Phosphorus was most 

likely brought by the medium. Precipitates mainly composed of P, Ca and Si were observed at 

different places in this thin layer (Figure 8). The proportions of Ca, P and Si of these 

precipitates were typical of apatite minerals (Elliott et al., 2002).  

  Zone 5, the outer layer previously in contact with the biofilm, was 50 m thick. The density 

of this zone was very low. Nearly complete decalcification occurred in this zone. The 

aluminium and silica contents were higher than in the zones closer to the centre. 

(b) (a) 
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Figure 5: Observations by SEM of the different zones on a polished section of ordinary cement paste 

exposed to anaerobic digestion conditions for 4 weeks 

Table 1: Average chemical composition (calculated on 6 analyses of circular zones 5 m in diameter) 

and standard deviations in mass percentages in the different zones defined on Figure 5 (d.l.: detection 

limit) 

  Zone 

Element Zone 1 Zone 2  Zone 3 Zone 4  Zone 5 

Aluminium 3.46 ± 0.27 10.69 ± 2.14 4.86 ± 0.38 4.58 ± 0.68 15.15 ± 0.38 

Silicon 28.39 ± 2.58 14.16 ± 6.35  31.69 ± 1.71 22.10 ± 3.87 52.44 ± 6.77 

Phosphorus 0.32 ± 0.00 0.29 ± 0.07 0.48 ± 0.16 26.28 ± 3.04 12.63 ± 4.03 

Sulfur 4.09 ± 0.31 19.26 ± 7.30 4.28 ± 1.11 3.07 ± 0.78 2.25 ± 0.54 

Calcium 62.80 ± 2.18 54.53 ± 2.17 57.44 ± 1.78 43.26 ± 4.28 11.66 ± 4.28 

Chloride < d.l. < d.l. < d.l. < d.l. 4.65 ± 0.16 
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Figure 6: Observation and typical chemical composition in percentages of oxides of a precipitate 

observed in zone 4 of the specimen immersed in anaerobic digestion conditions for 6 weeks 

3.3.2 Mineralogical changes 

The mineralogical characterisation of the different zones of the cement pastes, as defined in 3.3.1, was 

performed by XRD analyses after 6 weeks of exposure to the fermented biowaste in anaerobic 

conditions.  

Figure 7 presents the X-ray patterns obtained in the core (zone 1) and in the altered zones (zones 2, 3, 

4 and 5). 

 Zone 1 showed the same mineralogical characteristics as the control specimen. Peaks of 

portlandite, ettringite and anhydrous grains of C3S and C2S were present. 

 In zone 2, portlandite peaks had disappeared. The intensity of ettringite peaks was higher than 

in zone 1. These observations can be related to the slight decalcification and to the increase in 

sulphur content highlighted through EDS analyses.  

 In zone 3, the only crystallised phase was calcite.  

 Zone 4 showed peaks of calcite and of hydroxyapatite  

 Zone 5 was completely amorphous.  

 

 
Figure 7: X-ray traces of ordinary cement paste specimens immersed in inoculated biowaste in 

anaerobic fermentation conditions for 4 weeks 



10 

 

4. Discussion 

4.1 Composition of anaerobic digestion medium and potential aggressiveness 

In this study, cement paste specimens were exposed to the complete anaerobic digestion cycle of a mix 

of biowaste, which included 4 main successive reactions of conversion (hydrolysis, acidogenesis, 

acetogenesis, methanogenesis, Figure 1). The aim was notably to identify the steps of the anaerobic 

digestion that were the most aggressive toward cementitious materials.   

The pH of the anaerobic digestion process, presented in Figure 3, showed an initial decreasing step 

from 6 to 4-5 during 2 days before slowly increasing to reach the pH value of 7-8 in 5 weeks.  In terms 

of composition of acids, lactic acid and volatile fatty acids (acetic, propionic and butyric acids) were 

produced during the anaerobic digestion with a maximal total concentration of about 65 mmol/L. The 

presence of cement pastes in the waste was found to accelerate the increase of pH. In addition, CO2 

and ammonium were also co-produced and so were probably present in the digestion medium. Mac 

Carty (1964) reported concentrations of CO2 in the range of 2000-3000 mg.L-1 and ammonium in the 

range of 50–200 mg.L-1 in classic anaerobic digestion media. To develop a complete assessment of the 

anaerobic digestion aggressiveness on cement based materials, additional analyses to evaluate the 

evolution of CO2 and ammonium concentrations in the biowaste should be performed. 

In terms of pH conditions, despite a short initial  period in which the pH was low, anaerobic digestion 

media should be classified as a deleterious environment for cement material according to their stable 

pH of 7-8. However, CO2 and ammonium concentrations reported in the literature suggest that the 

anaerobic digestion media should be considered as highly chemically aggressive (XA3) toward 

concrete according to the European standard EN NF 206-1. Nevertheless, it should be noted that this 

standard does not consider the nature and concentration of the acids or the presence of microorganisms 

in the chemical aggressive environment classification, although these two components were identified 

as aggressive to the cement matrix (Bertron, 2014; Magniont et al., 2011). 

4.2 Microbial colonization at the surface of the cementitious materials 

Biodeterioration is often exacerbated when the presence of a surface layer of microorganisms and their 

products is identified on the surface of the altered material. Such microbial layers are known as 

microbial biofilms and contain high concentrations of products from the microbial metabolism. 

Generally, biofilms are in direct contact with the material rather than dispersed in the surrounding 

environment. Thus, the aggressive products secreted by microorganisms are concentrated in close 

proximity to the material surface and result in accelerated damage of concrete material. The first cases 

of microbiologically induced concrete biodeterioration were especially detected in constructions like 

sewer pipes (Diercks et al., 1991), waste water treatment facilities (Redner et al., 1991), cooling 

towers (Zherebyateva et al., 1991), gas and oil platforms (Edyvean, 1987), marine structures (Hughes 

et al., 2013), and other structures where various microorganisms (like bacteria, microscopic fungi, 

algae and lichen) are usually present at high concentrations (Viitanen et al., 2010). 

Anaerobic digestion environments are rich in microorganisms that have the ability to organise 

themselves as multispecies biofilms. Several types of biogas production processes operate 

continuously with fermentative and methanogenic biomass immobilised in the form of aggregates or 

solid particles that are easy to separate (fixed bed or fluidised bed methods). We investigated whether 

these microorganisms involved in anaerobic digestion were able to install themselves on concrete and 

truly colonise the surface exposed to the fermenting biowastes.  

In only 6 weeks, an abundant biofilm developed on the cement paste surface, despite an initial pH of 

13 on the cementitious surface exposed to the fermenting biowaste. However, as mentioned previously, 

the optimal pH for microorganisms involved in anaerobic digestion to thrive is around 4.5-6.3 for 

hydrolytic and acidogenic bacteria, in the range of 6.8-7.5 for acetogenic bacteria and around 6.2-7.6 

for methanogenic bacteria (Evans and Furlong, 2003; McCarty, 1964; Prescott et al., 2010). The 

metabolites (acids, CO2 and ammonium) secreted initially by planktonic microorganisms (in 
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suspension in the liquid phase of the biowaste) probably initiated the material deterioration (most 

likely through leaching and carbonation, as analysed with SEM+EDS and XRD) and provided suitable 

pH conditions for the microorganisms to colonise it (Magniont et al., 2011). These phenomena 

enhanced the bioreceptivity of the cementitious material (Manso et al., 2014). 

The bacterial communities involved in the biofilm formation have not yet been identified. However, 

morphological analysis of the biofilms by SEM observations revealed a complex and irregular mixture 

of rod and coccus shaped microorganisms. This is in accordance with earlier observations (Zellner et 

al., 1996), which showed these same shapes involved in a biofilm in anaerobic digester reactors. 

Further analyses of the diversity of the microbial populations will be needed in order to identify the 

microorganisms developing at the surface of the cementitious specimens. 

It should be noted that the formation of biofilm on the material surface may have consequences on the 

distribution and the concentration of soluble chemical species. The microorganisms are the motor of 

the anaerobic digestion as they catalyse the reactions of conversion of the organic substrates. Thus, 

measurements of organic acid concentrations carried out in the biowaste during anaerobic digestion 

are certainly lower than what was actually produced locally on the surface of cement pastes. 

4.3 Chemical degradation mechanisms on cementitious materials in anaerobic digestion 

condition 

Cementitious materials in anaerobic digestion media are subjected to several chemical degradation 

mechanisms. 

The attack of the anaerobic digestion medium implemented in this study on the cementitious 

specimens expressed itself through chemical and mineralogical zonation. The aggressive components 

in the medium (organic acids, CO2 and ammonium) induced (i) calcium leaching and (ii) carbonation 

of the cement matrix. 

The acids in the medium (VFA and lactic acids) are characterised by their very soluble calcium salts 

(Bertron, 2014; Bertron and Duchesne, 2013). The attack by these acids leads to calcium leaching 

from the matrix and to the formation of a Si-Al-skeleton gel with high porosity and low mechanical 

properties (Bertron et al., 2007). In this study, the chemical and mineralogical composition of zone 2 

(transition zone typical of calcium leaching phenomena) and of zone 5 (Si-Al gel outer layer) were 

typical of a leaching process resulting from  the exposure of cementitious materials to VFA (Bertron et 

al., 2007), strong acids (Duchesne and Bertron, 2013) and ammonium (Escadeillas, 2013).  

CO2 is produced during respiration of the microorganisms and also as a metabolite during anaerobic 

digestion in the methanogenesis phase. CO2 leads to the carbonation of the specimen (Lajili et al., 

2008). The precipitation of calcite is linked to the diffusion in the cementitious matrix of dissolved 

CO2 produced by microorganism respiration in the aggressive medium (Lajili et al., 2008; Magniont et 

al., 2011; De Windt and Devillers, 2010). HCO3
2- combined with Ca2+ released by the cement paste, 

and precipitated in the form of calcite in zones 3 and 4, where suitable conditions no doubt occurred.  

A phosphorus-bearing layer was also identified by chemical analyses in zone 4. Hydroxyapatite 

probably precipitated because of the combination of calcium released from the cement matrix with 

phosphorus diffused from the medium. 

Finally, it should be mentioned that microorganisms play a key role in deterioration in an agricultural 

environment (De Belie et al., 2000; Bertron et al., 2005c). As highlighted by Magniont et al. (2011), 

microorganisms in the form of a biofilm on the surface are more aggressive than their metabolites 

alone. In accordance with our comment in the previous section, Magniont et al. explained that the 

presence of microorganisms on the surface probably led to particular conditions of acid concentrations 

and pH (high acid concentrations and low pH) locally. These conditions may explain (i) the intense 

alteration of the outer layer of the specimens observed in our study (total decalcification of the matrix) 

despite a pH close to neutrality, and (ii) the conditions suitable for calcite precipitation in zones 3 and 

4 inside the matrix rather than at its surface. 
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5. Conclusion 

The anaerobic digestion process was followed in bioreactors filled with biowaste microbiologically 

inoculated by sludge from a municipal waste water plant in laboratory conditions. Ordinary cement 

paste specimens were immersed in bioreactors and were thus exposed to the successive degradation 

steps of the anaerobic digestion cycle of the biowaste. 

The investigation of the liquid fraction of the biowaste during digestion showed a massive production 

of acids (lactic acid and volatile fatty acids: acetic, propionic and butyric acids) in a maximal total 

concentration of 65 mmol/L. The rapid production of acids led to a short period of biowaste 

acidification corresponding to the first 3 days of the study. During the five and a half weeks that 

followed, the pH stabilised in a region close to 8.0. After the 6 weeks of cement paste exposure to 

digesting biowaste, an abundant biofilm estimated to be several tens of µm thick was observed on the 

material surface. 

The biodeterioration was expressed by a combination of leaching and carbonation phenomena. 

Phosphorus-bearing precipitates were also detected in the cementitious matrix. Further research will 

focus on deciphering the specific impact of attached microorganisms in the deterioration. 

Microorganisms capable of colonising the surface of cement pastes will also be identified using DNA-

based microbial population analyses. 
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Abstract 

Carbonation of Portland cement mortars including metakaolin and limestone has been investigated. Mortar bars of a 

white Portland cement (P) and of three blends with a clinker replacement level of 35 wt.%, i.e., pure limestone (L), pure 

metakaolin (M), and metakaolin/limestone (ML, 3:1 w/w), were cured saturated at 20 oC for 91 days and then exposed 

to 1% (v/v) CO2 for another 91 days at a relative humidity of 57 %. Slices with a 15 – 20 mm thickness were split from 

the mortar bars and the carbonation depths were measured using a 1 % phenolphthalein pH indicator. Thermo-

gravimetric analysis (TGA) was used for quantification of portlandite and calcium carbonate. These data were 

compared with predictions from thermodynamic modeling. In addition, the microstructure was characterized by 

mercury intrusion porosimetry (MIP).  

The lowest and highest performance with respect to carbonation was observed for the L and P mortars, respectively. 

MIP showed comparable total porosity and threshold pore sizes for the P, M, and ML mortars after carbonation. TGA 

revealed the formation of comparable amounts of CaCO3 in the outer surface layer of these mortars, indicating similar 

binding capacity. Thermodynamic modeling predicted that portlandite is initially carbonated, resulting in a slight 

decrease in pH, and that a partial carbonation of C-S-H induces a pH decrease as reflected in the carbonation depth, 

indicated by the phenolphthalein indicator. This explains the apparent high carbonation resistance for the P mortar as 

indicated by phenolphthalein, since the P mortar contains a relative larger amount of portlandite. In contrast, mortars 

M and ML contain only small amounts of portlandite and the decrease of pH indicated by phenolphthalein occurs at an 

earlier carbonation time for these two mortars. The low carbonation resistance of the L mortar is explained by the high 

porosity, high initial pore connectivity and low amount of portlandite compared to the P mortar.  

 

Originality 

A combination of several analytical approaches, describing carbonation depths, microstructural changes and CO2 

binding, have been applied to investigate the carbonation performance of mortars including white Portland cement, 

metakaolin and limestone. The carbonation-induced pH decrease, reflected by the carbonation depths, is attributed to 

partial carbonation of the C-S-H phase. The P, ML, and M blends are observed to have comparable total porosity and 

threshold pore sizes determined by MIP after carbonation, and similar apparent CO2 binding measured by TGA. The 

observed differences in carbonation performance by the phenolphthalein method cannot be explained unless a partial 

carbonation of the C-S-H phase is taken into account. Thermodynamic modelling predicts that partial carbonation of 

the C-S-H phase results in a decrease of the pH as indicated by the phenolphthalein method.  
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1. Introduction 

With the aim of reducing CO2 emission associated with Portland cement production, significant 

research efforts focus at the moment on new Portland cement blends including calcined clays as 

supplementary cementitious materials (SCM’s). This interest reflects that clays are widely abundant in 

the Earth’s crust and that significantly lower temperatures are required for their thermal activation 

compared to those used in a cement kiln for Portland clinker production. Limestone represents another 

interesting material, which is commonly added in small amounts to Portland cements, where it 

increases the early strength, reduces the water demand and improves the rheology of the resulting 

concrete (Herfort D., 2004). Furthermore, limestone provides nucleation sites for the formation and 

growth of the C-S-H hydration products and it is also partially consumed during hydration, resulting in 

the formation of monocarbonate (Lothenbach B. et al., 2008a). The combination of limestone with 

other SCM’s has been used to develop ternary cement blends (De Weerdt K. et al., 2011). For 

example, a synergetic effect between metakaolin and limestone has been observed in ternary Portland 

cement blends, as seen by an increase in compressive strength (Steenberg M. et al. 2011; Antoni, M. 

et al., 2012). The durability of such new cement blends is important and an improved under-standing 

of their long-term performance under severe environmental conditions, such as sulfate attack, chloride 

ingress and carbonation, is required before an industrial realization. 

The present study is a part of a range of durability investigations of Portland cement – SCM’s blends, 

all employing a replacement level of 35 wt.% of clinker. The present paper focusses on the carbo-

nation of Portland cement – metakaolin blends with or without limestone. For comparison, a reference 

of pure Portland cement and Portland cement clinker with a 35 wt.% limestone replacement are also 

investigated.  

For pure Portland cements, the physical-chemical changes during carbonation are quite well 

understood. For these systems, the destabilization of the main hydration products, portlandite (CH) 

and the calcium-silicate-hydrate (C-S-H) phase, during carbonation has been described in terms of 

kinetics, microstructural changes and moisture properties (Morandeau A. et al., 2014). For Portland 

cement – SCM blends, the major carbonation process is attributed to carbonation of the C-S-H, since 

only small amounts of CH may be present in such blends. Although several studies have reported that 

incorporation of SCM’s in blended cements improve the microstructure of the cement paste, and 

consequently enhances its durability, this does not apply for carbonation processes. Most of the SCM 

blended cements have been reported to exhibit poor carbonation resistance (see for example, 

Papadakis V. G., 2000 and Antoni M., 2013). This underlines the research needs to better understand 

the differences in carbonation performance for Portland cement and Portland cement – SCM blends.  

In this work, the phenolphthalein spray method is used to monitor carbonation depths whereas 

mercury intrusion porosimetry is applied to monitor the changes in microstructure due to carbonation. 

A combination of thermogravimetric analysis and thermodynamic modeling is employed in this 

investigation of the actual and potential CO2 binding for different blends and to examine changes of 

pH in relation to phase changes. Finally, the carbonation behaviors of the studied blends are explained 

in terms of pore-structure changes and CO2 binding. 

 

2. Experimental 

2.1. Materials 

The binders used in this study were made from a white Portland cement (wPc, CEM I), limestone (LS) 

and metakaolin (MK). The wPc from Aalborg Portland A/S, Denmark, included 3.1 wt.% LS, 4.1 

wt.% gypsum and 1.9 wt.% free lime. The MK was produced in the laboratory by thermal treatment of 

kaolinite (Kaolinite SupremeTM from Imerys Performance Minerals, UK) at 550 oC for 20 h. The 

limestone was a Maarstrichtian chalk from Rørdal, Northern Denmark. The chemical compositions of 

the binder materials, determined by X-ray fluorescence (XRF), are given in Table 1. The wPc contains 

62.7 wt.% alite and 17.6 wt.% belite, as determined by 29Si MAS NMR. The sand used to produce the 

mortars is a CEN reference sand (Normensand GmbH, Germany), which has a silica content of at least 

98 wt.%. A superplasticizer (SP, Glenium 27, BASF, Germany) was used to achieve a similar flow for 

all mortars. 



 

Table 1: Chemical compositions of the binder materials (wt.%) 

 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 P2O5 LOI 

wPc 21.81 3.56 0.24 66.13 1.10 0.43 0.041 3.371 0.309 0.042 2.57 

LS 3.92 0.33 0.14 53.73 0.35 0.05 0.08 0.05 0.02 0.10 41.8 

MK 52.84 39.49 1.42 0.22 0.483 0.998 0.05 0.061 0.88 0.105 3.55 

 

2.2. Binder compositions and mortar preparations 

The compositions of the blends (Table 2) targeted a replacement of 35 wt.% white Portland clinker by 

the SCM’s. This resulted in a real binder composition with 31.9 wt.% replacement of white Portland 

cement (wPc), considering the small amounts of LS and gypsum in the wPc. The blends were used to 

produce mortars with a constant water to binder ratio (w/b = 0.5) and binder to sand ratio (b/s = 1:3), 

both ratios by weight. The dosage of SP was adjusted to the content of MK (SP/MK=0.07) by weight 

to achieve a flow which was within ±5% of the flow of the reference P mortar. 

Mortars were cast in molds of 40 × 40 × 160 mm3. After demoulding, the mortars were cured in 

demineralized water at 20 oC for 91 days prior to the exposure to the CO2 environment. From the 

measured degrees of hydration by 27Al and 29Si MAS NMR analyses on similar blended cement paste 

samples, the mortars can be considered as nearly fully hydrated (Dai Z. et al., in preparation).  

Mortar prisms for carbonation were exposed to a controlled atmosphere with 1.0% (v/v) CO2 in an 

incubator at 20 oC. The relative humidity (RH) was set to target a value of 57%, which matches the 

RH range ~ 40 – 70% for maximum carbonation reactions (Thiery M. et al., 2007). 

 
Table 2: Compositions of the Portland cement – SCM blends (wt.%).  

Mortar labels wPc MK LS 

P 100 0 0 

L 68.1 0 31.9 

ML 68.1 25.5 6.4 

M 68.1 31.9 0 

 

2.3. Phenolphthalein spray test 

The phenolphthalein spray test is a simple colorimetric method to monitor the carbonation depth. The 

phenolphthalein creates a contrast between a “carbonated” zone (pH < 8.3) and a “non-carbonated” 

zone (pH > 8.3). The fresh split surface of the slice was sprayed by phenolphthalein and then 

photographed after the color was stabilized as shown in figure 1. The carbonation depths were 

measured on the photographs using the commercial software “GetData Graph Digitizer”. 

 

    

Figure 1. Illustration of the color change (0 - 66 s) after spraying the M mortar with phenolphthalein.  

 

2.4. Mercury intrusion porosimetry 

The pore structure of the mortars was characterized for the carbonated and non-carbonated mortars 

using mercury intrusion porosimetry (MIP). Two full subsequent intrusion cycles were performed on a 

Pascal 140/440 equipment. Cut slices with thickness of about 2 mm close to the surface and slices 

from the non-carbonated inner core were sampled and dried by solvent exchange with isopropanol for 

2 days, followed by drying in an oven at 50 oC for 24 hours. The total porosity (intruded pore volume) 

https://scholar.google.no/citations?user=c_y9lusAAAAJ&hl=no&oi=sra


 

and the pore connectivity were obtained from the intrusion curves. The threshold pore size was 

acquired from the intersection of the two tangents in the intrusion curve versus pore size as described 

in an earlier study (Canut, M. M. C., 2011). 

 

2.5. Thermogravimetric analysis 

The carbonated and non-carbonated samples were investigated by thermogravimetric analysis (TGA) 

in order to quantify the actual CO2 binding. First, the casting side and its parallel side were removed 

using a mechanical saw with a thick blade (for fast cutting). The remaining part between these two 

sides, where the CO2 diffusion can be considered as an one-dimension diffusion process, was then cut 

layer-by-layer employing a diamond saw with a thin blade (for precise cutting with thickness of about 

0.2 mm). Each layer was ground into a fine powder for the TGA measurements. Approximately 50 mg 

of the powder was heated at 20 oC/min from 30 to 980 oC. Quantification of Ca(OH)2 and CaCO3 was 

performed by the tangential method. The quantified results were normalized as mass percentage of 

ignited mortars relative to the weight at 800 oC. 

 

2.6. Thermodynamic modeling 

Thermodynamic modeling was carried out using the Gibbs free energy minimization program, 

GEMS3 (Kulik D. et al., 2013, Wagner T. et al., 2012), which calculates the equilibrium phase 

assemblages in complex chemical systems from its total bulk elemental composition. The default 

databases are expanded with the CEMDATA07 database (Lothenbach B. et al., 2008b) and data for 

distinct C-S-H phases (Kulik D., 2011), which contain solubility products of solids relevant for 

cementitious systems. 

 

3. Results and discussion 

3.1. Carbonation depths  

The carbonation depths as measured by the phenolphthalein spray method are plotted as a function of 

the square root of time in figure 2. No initial carbonation of the mortars is observed in accordance with 

the mortars being kept saturated prior to exposure. When these mortars are exposed to 1% CO2 at 57% 

RH, a significant degree of carbonation is observed already after 7 days of exposure for all mortars 

except the P mortar and the carbonation depths increase linearly as function of square root of time. 

Only the reference mortar (P) shows a very slow progress of carbonation and thereby the highest 

resistance to carbonation whereas the L mortar, containing no MK, is most vulnerable to carbonation. 

Moreover, the data in figure 2 reveals that neither of the MK containing blends exhibit a good 

resistance to carbonation.  

 
Figure 2. Carbonation depths determined by the phenolphthalein spray test under 

 the exposure condition of 1% (v/v) CO2 at 57% RH and 20 oC. 



 

3.2. Pore structures  

Figures 3 and 4 show typical MIP intrusion curves for the non-carbonated mortars after the first and 

second intrusions. The samples were taken from the non-carbonated inner core of the mortars after 

119 days of hydration (i.e., 91 days of curing in demineralized water and 28 days of CO2 exposure). 

The results in figures 3 and 4 show that the incorporation of MK in the mortars results in a refined 

microstructure (lower threshold pore size and larger fraction of ink-bottle pores (Kaufmann J. 2010)), 

as compared to that observed for the reference mortar (P), their total intruded porosities being almost 

identical (figure 3).  

When the carbonation depths are measured, it is observed that the mortars show different rates of color 

evolution after spraying phenolphthalein on the freshly split surface. For the P and L mortars, the 

change of color occurs immediately (within 1 second after spraying the phenolphthalein) whereas the 

change of color develops quite slowly for the ML and M mortars, as demonstrated in figure 1. Finally, 

the pink color of all samples reaches a comparable darkness. Differences in the pore connectivity of 

the mortars may explain this phenomenon. The P and L mortars have high pore connectivities, which 

allow for fast access of the phenolphthalein solution and causes an immediate contact between 

phenolphthalein and the alkaline environment. In contrast, the ML and M mortars have refined pore 

structures with low connectivity, resulting in an increased time of diffusion for phenolphthalein to 

reach the alkaline environment and thus a slower color change. 

 

 

 

Figure 3. Intrusion curves from the first MIP 

intrusion cycle. Non-carbonated, inner core samples. 
Figure 4. Intrusion curves from the second MIP intrusion 

cycle. Non-carbonated, inner core samples. 
 

 

 

Figure 5. Impact of carbonation on the micro- 

structure based on the first MIP intrusion cycle. 
Figure 6. Impact of carbonation on the micro- 

structure based on the second MIP intrusion cycle. 
 



 

The impact of carbonation on the microstructure is examined in figures 5 and 6, which illustrate the 

intrusion curves from the first and second MIP intrusion cycles, respectively. Figure 5 shows that the 

pore threshold, i.e., the breakthrough pore radius, for all types of mortars is larger after carbonation 

and at the same time that no significant changes of total porosity are observed for any of the mortars. 

The intrusion curves after the second intrusion cycle (figure 6) reveal a similar coarsening effect of the 

threshold pore radius for all mortars with little impact on the total porosity. It has been reported (e.g., 

by Morandeau A. et al., 2014) that the pore-size distribution in ordinary Portland cement paste is 

significantly reduced during accelerated carbonation (10% CO2, RH = 63%) as a result of clogging by 

the formed CaCO3 of the whole range of pores accessible to MIP (1µm to 4nm). This result is not 

consistent with the coarsening observed in the present work for all samples (figure 5). We expect that 

the coarsening effect may result in an acceleration of the carbonation, as observed for the ML and M 

mortars (figure 2), where the carbonation rate is not slowed down by their initial very fine threshold 

pore sizes. However, this is not the situation for the P mortar, where no significant acceleration of the 

carbonation is observed after 91 days of exposure. 

 

3.3. CO2 binding  

It is clear that the carbonation performance of the different mortars cannot solely be explained on basis 

of the pore structure analysis. The ability of the hydrated cement to bind CO2 must also be taken into 

account. The phase assemblages of the hydrated samples have been predicted by thermodynamic 

modeling, employing the measured degrees of hydration for the principal phases (alite, belite, 

tricalcium aluminate, metakaolin) for the paste samples, as determined by 27Al and 29Si MAS NMR 

analyses of the samples after 91 days of hydration (Dai Z. et al., in preparation). Figure 7 illustrates 

the volume fractions of the predicted phases in the paste samples of the four blends. The major hydrate 

phases for paste P are C-S-H, ettringite, portlandite, and monocarbonate. Similar phases are predicted 

for the L paste, however, in smaller amounts as the cement is diluted by the addition of 31.9 wt.% of 

LS which only reacts to a small extent. For the ML and M samples, portlandite is predicted to be 

absent, as a result of its pozzolanic reaction with MK. The results also show that there is a relatively 

little increase in the total volume of C-S-H for the MK samples (note that the volume of C-S-H 

includes the interlayer space, but not its associated gel porosity, which is expected to be higher for the 

MK containing samples as compared to the pastes of the P and L blends (Kulik D., 2011)). The phase 

assemblages calculated by thermodynamic modeling are found to be in good agreement with 

experimental data (Dai Z. et al., in preparation), although, some small amounts of portlandite are still 

detected by XRD after 91 days. 

 

 
Figure 7 Phase assemblages predicted by thermodynamic modeling for paste samples of the four  

blends cured saturated for 91 days at 20 oC and without any CO2 exposure. 



 

In order to predict the CO2 binding capacity based on the phases present after 91 days of hydration, the 

amount of the main calcium-bearing phases relevant to cement carbonation has been calculated using 

molar percentages rather than volumes and related to the mass of ignited mortar (by division with a 

factor of 4 according to the binder/sand ratio of 3). The total amount of CaO present in the hydrates 

can be used to predict the maximum CO2 binding capacity for each system and these data are 

summarized in table 3. It should be noted that the samples used for the CaCO3 measurements were 

taken from the outer layer of the mortars, which have been in direct contact with the exposing 

environment, whereas the samples used for the portlandite measurements were taken from the non-

carbonated inner core of the mortars.  

The measured CO2 binding capacity was obtained by quantification of CaCO3 formed during 

carbonation. The amount of CaCO3 originally incorporated by adding limestone in the blends is 

deducted from the total measured quantity of CaCO3. The results are normalized as mol percentage of 

100 g ignited mortars (TGA temperature at 800 oC) in order to eliminate the impact of moisture 

content of the samples. The thermodynamic calculations shown in table 3 indicate that the P mortar 

has a significantly higher CaO content, allowing for a potentially much higher binding of CO2 as 

compared to the other three blends. However, the experimental data in table 3 show that the amount of 

CaCO3 bound in the different composite cement mortars is similar after 91 days of carbonation, 

indicating that carbonation proceeds at a similar rate in the different mortars, although they have 

different total potential CO2 binding capacities and different phases (CH or C-S-H), which bind the 

CO2. In this context, it should be recalled that the pore structure data in figure 5 shows that the P, M 

and ML mortars exhibit similar microstructural changes during carbonation. The changes in both the 

pore structure and measured CO2 binding data seem to contradict the observed difference in the 

apparent carbonation depths measured by phenolphthalein, as shown in figure 2 (further comments on 

this discrepancy will be given the next section 3.4). 

For the analyzed samples, the presence of portlandite particles with carbonated surfaces and non-

carbonated centers has also been observed. This phenomenon has also been reported in other studies 

and related to the formation of dense calcite layers coating the portlandite crystals, thereby preventing 

its further carbonation (Morandeau A. et al., 2014). 

 
Table 3. Comparison of the amounts of measured CaCO3 (carbonated samples close to the mortar surface) and 

portlandite (non-carbonated inner core) after 91 days of carbonation and calculated total potential CO2 binding 

capacity [mol CaO/100g ignited mortar] of the hydrated mortars (Shi Z. et al., in preparation). 

 Method Phases P L ML M 

Calculated by GEMS  Ca(OH)2 0.11 0.07 0.00 0.00 

C-S-H 0.12 0.10 0.11 0.11 

Monocarbonate 0.01 0.006 0.06 0.03 

 Total CaO (potential binding capacity) 0.24 0.18 0.17 0.14 

Measured by TGA Surface: CaCO3 (carbonation) 0.12 0.10 0.11 0.12 

Core: Ca(OH)2 0.11 0.07 0.01 0.004 

 Surface: Ca(OH)2 0.02 0 0 0 

 

3.4. pH changes  

Since the carbonation depths were measured with the phenolphthalein indicator, the differences 

between the P and M/ML mortars with respect to their apparent carbonation performance may reflect 

changes in pH related to phase changes. The thermodynamic modeling predicts that portlandite is less 

stable than C-S-H towards carbonation, implying that carbonation of the C-S-H phase will first occur 

when portlandite is depleted. However, this is not always observed experimentally by bulk analyses, 

since portlandite particles carbonated only at the surface may be present (Morandeau A. et al., 2014). 

When portlandite has been carbonated, the thermodynamic modeling predicts a partial decalcification 

of the C-S-H phase. Both the carbonation of portlandite and the decalcification of the C-S-H are 



 

accompanied by a decrease in pH, where the carbonation depth indicated by phenolphthalein indicator 

may principally reflect the pH change corresponding to partial carbonation of the C-S-H phase. The 

partial carbonation of the C-S-H phase occurs earlier for the ML and M mortars than for the P mortar, 

due to consumption of portlandite by the pozzolanic reaction with MK. This explains the shallow 

carbonation depths observed for the P mortar as shown in figure 2. In addition, the Ca/Si ratio of the 

C-S-H phase is higher for the P mortar than the ML and M mortars (Dai, Z. et al., 2014). Thus, the   

C-S-H phase in the P mortar has a higher CO2 binding capacity as compared to the low-Ca/Si C-S-H 

phases in the ML and M mortars, following the results from a recent carbonation study of synthesized 

C-S-H phases with different Ca/Si ratios (Sevelsted T. F. and Skibsted J.  2015).  

 

4. Conclusions 
The carbonation performance of well-hydrated mortars including Portland cement, metakaolin and 

limestone has been investigated by the exposure to a 1% (v/v) CO2 concentration at RH = 57 % for up 

to 91 days. The highest and lowest carbonation performance was observed for a pure Portland cement 

mortar and a binary Portland cement – limestone blend, respectively. The following principal 

conclusions can be drawn: 

(1) Thermodynamic modeling predicts firstly the carbonation of CH and then carbonation of the C-S-

H phase which results in a decalcification of the C-S-H. The partial carbonation of the C-S-H 

may explain the pH decrease reflected by the carbonation depth observed by the phenolphthalein 

indicator.  

(2) For Portland cement and Portland cement, metakaolin and limestone mortars, MIP has shown 

comparable total porosities and threshold pore sizes after carbonation. TGA has revealed that they 

have similar measured CaCO3 content in the surface layer after 91 days of carbonation, indicating 

similar CO2 binding. The partial carbonation of the C-S-H phase starts earlier for the metakolin-

containing blends due to a much smaller amount of portlandite in these mortars, which led to a 

deeper carbonation depth measured by the phenolphthalein indicator method.  

(3) For the Portland cement – limestone mortar, the amount of portlandite is higher than in the 

metakaolin-containing mortars. However, this did not improve its carbonation resistance, which is 

ascribed to a very high initial total porosity and pore connectivity for the Portland cement – 

limestone mortar.  

(4) A coarsening effect after carbonation has been observed for all mortars with an increase of the 

threshold pore sizes measured by MIP. 
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Abstract 

In the latest period hundreds of concrete viaducts were built in Poland within a short time range. Their characteristic 

feature was the use of high class concrete containing the CEM I 42,5 cement (struts and abutments) and the CEM I 52,5 

cement (spans). Construction often took place during winter time. Despite successful laboratory tests the concrete 

prepared on the construction site often did not achieve the assumed freeze resistance F150. 

The lack of freeze resistance in concrete has an unusual course. Higher than normative decrease of strength occurs 

with simultaneous high tightness. There is no surface spalling, typical for the low freeze resistance concrete, no edge 

curvature, etc. On the sample surface however, a characteristic mesh of white leakage of unknown chemical compounds 

appears around big aggregate grains. Those compounds were thoroughly investigated with the using SEM analysis. Is 

known a similar case from 2002 year of freeze resistance lack along with white compound leakage on the area 

borderlines in the aggregate. For comparison this case was also described in the  

 

Originality 

The world literature presented many cases connected with the delayed ettringite formation after freeze/thaw cycles, also 

in bridges, but analysed in this paper example is resoluteness different. In ours example instead of ettringite formation 

there was observed no expansive phosphate and carbonate salts. The cement matrix was characterized by the 

microcracks filled with white salts, what was proved by the EDS-SEM analysis.  
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1. Introduction 

In the period before the 2012 UEFA European Football Championship several dozen of concrete 

viaducts were built in Poland within a short time. Application of concrete class C40/50 with cement 

CEM I 52,5 and building in periods of lowered temperatures was characteristic for those objects. 

Despite successful laboratory tests, concrete made in the building site conditions often did not achieve 

the assumed freeze resistance F150. In technical literature there was a similar case from few years ago, 

concerning the lack of freeze resistance with occurrence of salt leakage on the border areas between 

aggregate [Wołowicki W., 2008.]. Nonetheless, the reason of this phenomena has not been yet 

recognized. 

The aim of research was to define reasons of the lack of frost resistance of concrete C40/50 which was 

used in 2011-2012 to build load-bearing structures of flyovers on route S5 Poznań – Wrocław. 

Flyovers’ construction solutions were analysed, climate and technological conditions during concrete 

works were reconstructed, parameters of the used concrete mix were evaluated, the concrete used in 

the structure was analysed. Concrete compression strength was defined on the basis of samples taken 

during the process of concreting, and then – when criteria for frost resistance were not met – on the 

basis of core drills taken from various layers of the flyovers’ structural elements. In order to explain 

the lack of frost resistance in both cubic and core samples, an analysis of concrete microstructure was 

conducted with the use of method of scanning microscopy with EDS probe. 

2. Results and discussion 

2.1.  Macroscopic analysis of flyovers 

In July 2012 an on-site visit was done to check several flyovers and assess their technical condition 

and make a macroscopic analysis of structural elements of these constructions. The macroscopic 

assessment of surface of all these structural elements was positive. The researchers did not notice any 

cracks, concrete pitting, places with non-vibrated concrete, uneven surfaces, damaged edges, etc. On 

the slab of one construction, on its surface, a marbled area was noticed – a net of micro-cracks caused 

by water evaporation from the concrete surface. 

2.2. Reconstruction of climate and technological conditions during concrete works 

Concrete works at load-bearing structures (girders and road slabs) were conducted in the fourth quarter 

2011 and the first quarter 2012. In terms of conducting concrete works on huge open areas directly 

exposed to climate conditions, the situation was not favourable, as the temperature during the day was 

considerably high, there was a long-time sun exposure, lack of rain and rather low relative humidity of 

air. When concreting was finished, concrete water care was not applied, and the fresh-laid concrete 

was covered with black foil. The considerably high temperature during the day, a long-time sun 

exposure and rather low relative humidity of air resulted in the drying of the concrete surface, loss of 

water and increase of porosity. Such phenomena may cause local decrease of strength, lower water 

absorption and loss of concrete frost resistance. They may have been the reason for the lowered frost 

resistance of samples taken from drills made on one of the flyovers. Researchers observed significant 

decrease of concrete strength after testing its frost resistance. It was 44.1%. The decrease may be 

explained by partial water evaporation from the surface slab of the flyover. There were the following 

weather conditions during concreting process: max. temperature of air 22.7°C, min. temperature 

14.7°C, average temperature 18.7°C, sun exposure 6.6 hours/day, rain 1.7mm, air relative humidity 

64%. The concrete C40/50 was made of cement CEM I 52.5 N – HSR/NA in the amount of 400 kg/m3, 

with high heat capacity, with relation w/c = 0.39. Both external and internal conditions were not 

favourable for the proper cement hydration (shortage of internal and external humidity); this resulted 

in the lower strength of concrete and its other parameters. 

2.3. Analysis of concrete mix  
Physicomechanical parameters of concrete C40/50, based on the following recipe per 1m3: CEM I 
52.5 N – HSR/NA – 400 kg, sand 0/2 – 670 kg, grit 2/8 – 438 kg, grit 8/16 – 679 kg, water – 157 l, 
admixtures 5.52 kg – which is presented in Table 1 making trial batches and research results obtained 
for fresh concrete mix, as well as testing samples of hardened concrete confirm the proper selection 
and proportions of components and positive values of all concrete parameters stipulated in the project 
specification. 



 

 

Table 1 Physicomechanical properties of concrete C40/50 

Parameter Value 

Compressive strength, MPa  

f cm 7 47.5 

f cm 28 73.4 

Consistency, cm 

Density, kg/dm3 

12, after 1 h 16 

2.349 

Level of air entrainment, % 5.2 

Freeze resistance 

Waterproofness 

Water absorbability, % 

F150 

W8 

4.1 

 

2.4. Analysis of concrete  and trial batches 

In the construction process of flyovers the following departures from parameters of concrete mix and 

concrete were observed: 

 concrete mix delivered to the site had a higher consistency value than assumed in the project, 

which was measured by a concrete slump test; instead of slump 12/16 cm, the slump was 18 

cm, or even > 25 cm; 

 the level of air entrainment of concrete mix on site was between 3.5% and 3.9% and was 

lower than the trial entrainment 5.2%; 

 concrete compression strength was lower by %, which was caused by the concreting process 

conducted also in the period of lower temperatures; 

 water absorption by weight of samples from the site was lower by %, higher concrete tightness; 

 significantly lower resistance of concrete undergoing cyclic freezing and defrosting; 

 increasing weight of samples undergoing freezing and defrosting; 

 lack of concrete scaling on the surface of samples, visible cracks of samples, filled with white 

salt residue (Fig. 1) 

  
Figure 1 Craks filled wtth white salt residue after cyclic freezing and defrosting: left –side : speciments taken 

during concreting, fight-side: speciments taken from the construction  

The negative assessment of properties of concrete samples taken on site during concreting of load-

bearing structures resulted in taking cylinder samples from assessed flyovers to check parameters of 

concrete used in the structure. The samples’ diameter and height was 100 mm. These samples 

confirmed the negative assessment of criteria regarding concrete frost resistance, increase of weight 

during ongoing freezing – defrosting process and appearance of white salt residue filling microcracks 

of samples. The macroscopic analysis of samples and microcracks resulted in defining their nature. 

Salt residue usually appears around the aggregate, where the adhering cement slurry and mortar show 

greater porosity than the slurry in areas located farther away. This state results in the concrete strength 



 

lowered to about 40 MPa, whereas unfrozen samples show strength of about 60 MPa. The process of 

cyclic freezing lowers the strength but does not lead to damaging the sample and its weight loss in a 

way that is observed in concrete which is not air entrained and does not meet the criterion of concrete 

frost resistance. 

2.5. SEM and  EDS  analysis  concerning the white salt leakage in the transition zone between 

aggregate and mortar 

SEM images with different magnifications for the places of unknown compound occurrence were 

performed to identify the white salts leakage. The microstructural analysis was carried out for concrete 

drill core samples taken out from the investigated viaduct and subjected to freeze-thaw cycles. Figure 

2a presents the interfacial transition zone between aggregate and mortar with the white leakage of salts 

concentrating on the zones boundary. Whereas on the Figure 2b there are visible Portlandite plates 

covered by the salts with needle-like crystals. On the next Figures the salt crystals in magnification 

(places 1, 2, 3 on Fig. 3), and unfrozen concrete sample with fly ash grain enriched in Nickel (Fig. 4) 

were shown.  

 
Figure 2 SEM spectra for places filled with salt residue 

 

  
Figure 3 EDS analysis at points 1,2,3 Figure 4 Place enriched in Nickel in unfrozen sample  



 

On the Figures 5-8 the EDS analysis, for places marked on the Figures 3 and 4, indicating the 

chemical composition of those areas were presented. 

 
Figure 5 EDS analysis in place 1. Mass fraction % - Ca – 13.88, Ni – 17.22, P – 3.23 

 
Figure 6 EDS analysis in place 2. Mass fraction % - Ca – 12.12 , Ni – 21.61, P – 4.60 

 
Figure 7 EDS analysis in place 3. Mass fraction % : Ca – 13.07, Ni – 15.33, P – 3.13 



 

 
Figure 8 Unfrozen concrete sample. Mass fraction % : Ca – 14.25, Ni – 3.11 , P – 0.57 

 

Testing the concrete microstructure with the scanning microscopy supported by the X-ray analysis 

(SEM-EDS) proved that on the junction of aggregate and cement slurry, after 150 cycles of freezing 

and defrosting, the transition zone becomes enriched with nickel and calcium cations, and phosphoric 

anions, which results in crystallizing needle-shaped, hard-soluble salts in this area. Values of ratios 

Ni/O and Ni/P, as well as Ca/O and Ca/P, obtained on the basis of analysis conducted with EDS probe 

show that these hard-soluble salts are nickel phosphate Ni3(PO4)2 and calcium phosphate Ca3(PO4)2. 

These are probably salt mixtures, where calcium ions Ca2+ were partially exchanged with nickel ions 

Ni2+. Nickel and calcium phosphates are hard-water-soluble salts, their properties account for the 

delayed cement hydration, which may result in the lower strength of concrete [Małolepszy J. and 

Tkaczewska E., 2006, Tkaczewska E. and Kłosek-Wawrzyn E, 2008]. Moreover SEM with the EDS 

analysis for unfrozen concrete samples taken out from the tested viaducts was performed (Fig. 4). It 

was shown that in concrete samples which were not subjected to cycling freezing there were also 

existed the components of phosphate salts crystallized in microcracks (Fig. 5-8). Presented research 

does not proved the suggestions of others scientist about possibilities in this case of autogenous 

expansive reaction in concrete calling Deleaed Ettringite Formation [Martin R. and Toutlemonde F., 

2012, Shao Y et al, 1997].   

3. Conclusions 
The research analysis has proven numerous departures from project assumptions in terms of 
concreting technology on site, the most important of which is lack of air entraining of concrete mix 
and its improper consistency. Moreover, taking into consideration weather conditions in the fourth 
quarter of 2011 and the use of cement CEM I 52.5 in the amount of 400 kg/m3 of the mix and w/c = 
0.39, the active concrete care should have been applied. Testing the concrete frost resistance was not 
typical. There is a relatively significant decrease of strength while weight increases. The weight 
increase is not the result of appearance of expanding salts but rather the delayed cement hydration 
which is blocked by the concrete tightness that limits the transfer of humidity. There is no surface 
concrete scaling, rounded edges and other phenomena that are typical for low frost resistance of 
concrete. The direct reason for lower concrete strength after 150 cycles of freezing and defrosting is 
the enrichment of the transition zone with nickel and calcium cations, and phosphoric anions, which 
results in crystallizing needle-shaped, hard-soluble salts in this area; this causes the delayed cement 
hydration which leads to the decrease of concrete strength. The origin of unknown fly ash grains 
which generate the nickel – phosphates salts needs an additional explanation.  

References 
- Małolepszy J., Tkaczewska E., 2006. Effect of fly ashes from co-burning bituminous coal and biomass on 

hydration and properties of cement. Conference Proceedings Dni betonu, Polski Cement, Wisła. In polish.  

- Martin R-P, Toutlemonde F., 2012. Theoretical and experimental validation of a simple method to reproduce  

representative DEF – prone conditions in laboratory. Materials and Structures,359-403.  

- Shao Y., Lynsdale C.J., Lawrence C.D., Sharp J.H., 1997. Deterioration of heat- cured mortars due to the 



 

combined effect of delayed ettringite formation and freze/thaw cycles. Cement and Concrete Research, 27, 1761-

1771. 

- Tkaczewska E., Kłosek-Wawrzyn E., 2008. Effect of phosphate ions PO4
2- on cement hydration, Cement Wapno 

Beton, 2, 401-408. 

- Wołowicki W., 2008. A case of unreliability of frost-resistant concrete test. Conference Proceedings Dni betonu, 

Polski Cement, Wisła. In polish. 



Cement Clinker Microscopy as an Aid to Determine Performance 

Differences in the Presence of Chemical Additives 
 

 

Sibbick, R1 and Cheung J, 
W.R. Grace & Co, Cambridge, MA 02140, USA 

 

 

 
Abstract 

It has been observed that certain cement clinkers exhibit a better response with chemical additives than 

other clinkers regardless of the resulting cement’s other performance criteria, such as early and late 

age strength, set time and water demand. These chemical cement additives are generally added at the 

grinding stage to improve grinding or, as in the cases studied here, improve strength development of 

certain components of the cement (aluminate, ferrite, silicate phases etc.) and accelerate or retard the 

hydration.  

In this on-going study, we have used clinker microscopy and on occasions supporting scanning 

electron microscopy (SEM) and energy dispersive X-ray analysis (EDX analysis) to determine if any 

consistent characteristics could be established that explain the known differences in chemical additive 

response to a series of 28 test clinkers (16 responsive performers, 12 non-responsive performers). 

Comparison of these test clinkers by bulk chemical analysis using X-ray Fluorescence (XRF) and 

compositional phase analysis by Quantitative X-ray Diffraction (QXRD) did not appear to show any 

obvious or conclusive effects on performance by the presence of chemical additives. However the 

possible microstructural characteristics of these various clinkers, which might explain the variation in 

cement properties due to chemical additives, gave some indications.   

It is reported and confirmed in this paper that the relative response of different clinkers in the presence 

of various chemical grinding additives cannot easily be determined by either, XRF nor XRD Rietveld 

analysis. However, the findings of this microscopy-based investigation to date suggest that various 

clinker microstructure characteristics may influence the response of chemical additives in the resulting 

cement. These studies reveal that the clinkers yielding non-responsive performers either exhibited 

mediocre characteristics, the result of undesirable conditions such as under and lighter burning or  

over or hard burning, or showed evidence of residual raw feed and poor combinability. Conversely 

cement clinkers with more ‘optimal’ appearances responded effectively to chemical additives.   

 

Originality 

The optical microscopic assessment of whole Portland cement clinkers was originally developed by the 

Blue Circle Industries in the 1970’s in order to determine the extent of microstructural characteristics 

associated with various kiln related process issues and was thus used to rectify those problems. This is 

the first time that the whole clinker microscopic assessment method is employed to understand how 

certain aspects of clinker impact chemical additive performance.  
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1. Introduction 

With the continuing improvements in the quantitative analysis of cement clinkers by X-ray 

Diffraction (Rietveld Analysis), and X-ray Fluorescence Analysis (XRF), combined with 

lower staffing levels, the use of optical and scanning electron cement clinker microscopy has 

become less commonly used in a systematic manner. Some of the larger cement producers 

have maintained this intricate capability within their technical centers, but such expertise are 

now less common at plants. This paper is intended to show that the performance of various 

clinkers exposed to chemical additives can be assessed by previously developed 

microstructural characterization microscopy. 

1.1 Background information 

Existing techniques including QXRD by Rietveld Analysis, XRF, Differential 

Thermogravimetry (DTG), isothermal calorimetry, Blaine specific surface area (BSA), 

particle size determination (PSD), flowability, set time, water demand, and strength testing 

have all been used by producers to monitor the performance and quality of cement produced. 

However QXRD and XRF have yet to identify a relationship between a cement clinker’s bulk 

mineralogical composition or chemistry and its performance with chemical cement additives. 

The chemical cement additives referred to in this work are generally added in the cement mill 

to improve both grinding and strength development by accelerating/retarding hydration of 

certain components of the cement (aluminate, ferrite, silicate phases etc.). Such chemical 

additives are typically formulations from a range of organic and inorganic chemistries, such 

as alkanolamines, polyols, hydoxylated polymers, inorganic salts, etc. A number of cement 

clinkers with positive or no acceleration in strength response to chemical additives had been 

established by mortar testing. These samples were analyzed by Rietveld QXRD, XRF, and 

optical clinker microscopy with a chemical test for clinker reduction. 

1.1.1 Cement Clinker Microscopy 

Cement clinker has been studied by various microscopic methods including the production of 

petrographic thin sections (20-25 microns), under the scanning electron microscope (SEM) 

with associated EDX system and the “Ono method” (Ono et al. 1968, Ono, 1981 and 1995) 

for many years. Numerous papers have been produced describing, in detail, the identification 

of clinker under the microscope (Lea, 1970, Midgley, 1964, Bye, 1983, and Campbell, 1999). 

However these techniques all have limitations for their application in the general 

understanding of a clinker’s character, making it difficult to use these techniques to compare 

the quality of a number of clinkers from different sources (Brown, 2012, Campbell, 2012).  

The whole clinker optical microscopy method developed by Blue Circle Industries in the UK 

in the 1970’s (Long 1982a and b) is characterized by examining large representative samples 

of clinker that include the full grading of the clinker sizes produced. Specimens of nodules 

and fines representing several size ranges are prepared and studied in detail. Due to the 

variable nature that occurs within one large representative clinker sample, this method allows 

one to examine the differences between complete nodule specimens and also any 

microstructure differences between the core and periphery regions of each nodule specimen 

prepared. Coupled with knowledge of the feed composition, plant information, and other 

relevant background information, it was possible to build an accurate evaluation of each stage 

of the production process and its impact on the clinker microstructure and quality. As a result, 

valid suggestions and corrective actions could be suggested to potentially improve the clinker 

quality and reduce production costs. While many other methods used a subset of this 

knowledge base, it seemed likely that a less detailed approach often overlooks key 

microstructural features and could potentially lead to false interpretations. The procedure 

undertaken for this investigation is based largely on this whole clinker analysis method.  

The microscopic examination is undertaken on intact nodules of various size fractions, which 

are taken from a larger representative sample. These different sized nodules are then initially 

resin impregnated under vacuum, saw cut and finely polished using diamond powders in oil, 

before being finally Nitol etched. These specimens can also be subsequently examined at 

exactly the same point of interest as seen under the optical reflected microscope using and 

SEM and EDX system. Other highly effective etchants exist which can highlight differences 

in the various components to an even greater degree, however, the relatively universal 



application and ‘safe’ use of the Nitol etch (Gille et al, 1965) has a greater appeal for use in a 

large comparative study as discussed here. The basic technique application to the 

characterization of clinkers was highlighted in several earlier ICMA presentations by G. Long 

in 1982 and 1983.   

1.1.2 QXRD and XRF 

As mentioned above, QXRD by means of Rietveld analysis (Rietveld, 1969) can be used to 

analyze a cement clinker and determine reproducible contents for the various crystalline 

cement mineral phases present. Depending on how good the validation method development 

is, the resulting calculated compositions can be very accurate. This investigation incorporated 

published mineral X-ray diffraction data to calculate the amounts of the various mineral 

constituents in a series of NIST standard clinkers. Likewise XRF can be used to accurately 

establish the elemental composition of the clinker and from that, the potential amounts of the 

various phases can be calculated using the Bogue analysis (Bogue, 1955). In the case of 

Bogue analysis it is well known because of minor element (Al, Fe, Mg and S) substitution in 

the crystal lattice of the various phases, and different degrees of combination, that the 

potential calculated components based on Bogue are seldom correct, but are often a 

reasonable first estimate (Brown, 2012). Some efforts have been previously made to account 

for minor element inclusion in the major cement phases and these can certainly improve the 

accuracy of the determinations made (Ramlochan and Hooton, 2009). 

In the case of QXRD the use of Rietveld refinement analysis should also help improve the 

accuracy of the phase content determinations made. However, the accurate determination of 

the amount of the various constituent minerals alone is often not sufficient to provide much 

useful quality information. It is commonly expressed that a simple increase in alite content 

should automatically result in increased strength and this is often not the case (Brown 2012). 

X-ray techniques cannot by their very nature identify the microstructural characteristics of 

cement clinkers which will further the understanding of a particular clinker’s production 

history and therefore its potential quality. 

The use of clinker microscopy remains an essential tool to better understand a particular 

production source, and may be used in conjunction with the other analytical techniques 

available. Conversely the use of these other relatively quick standardized techniques (XRF 

and QXRD), without the backup expertise to undertake clinker microscopy is a potentially 

risky approach. At a minor scale no explanation for a production problem may be found. At 

the more severe extreme the interpretations and recommendations made can potentially make 

the problem even worse.   

1.2 What can be observed by clinker microscopy? 

The whole clinker optical microscopy technique employed here can show a great many 

microstructural features not always visible using other microscopic techniques. These features 

include porosity changes, color changes, constituent amounts (qualitative), individual crystals 

sizes and form, clustering size and form (alite, belite, free lime), interstitial amounts and 

components, degree of crystallinity, minor constituents and many other features. A majority 

of these different features can be observed and can indicate/suggest certain process 

mechanism(s) are being experienced by the particular clinker(s) under examination and can 

thus help in remedying the problem in the plant by changing the feed rate, composition and 

grinding and/or the kiln variables such as rotation speed, maximum burning zone temperature, 

flame position, oxygen level, fan speed etc.    

1.3. Process conditions affecting cement clinker microstructure 

The ongoing survey of real production clinkers has highlighted a series of process issues 

which were revealed by the whole clinker microscopy technique. A highlight of the key issues 

noted are summarized in Figure 1. More detailed descriptions of these clinker microstructures 

and the compositional characteristics of these various process conditions was given in a paper 

presented at the ICMA, Sibbick and Cheung, 2013. The whole clinker microscopy approach 

used here can establish the presence and extent of various kiln process conditions.  

  



Typical normal “acceptable quality” 

clinker 

Under or lightly burnt 

  
Reduction Poor combinability and feed related 

issues 

  
Over or hard burnt  Cooling rate 

  
Figure 1: Examples of the microstructural characteristics of clinkers experiencing various process 

mechanisms. Fuller details of the features typically associated with these mechanisms was given in 

Sibbick and Cheung, 2014 

These process issues include: challenging raw feed composition and combinability problems, 

raw feed grinding issues, poor blending, and non-optimum kiln conditions (overloading of the 

kiln, under-burning, over-burning, cooling rate, slow cooling and reducing conditions), or 

more often some combination of these. 

Any atypical characteristics diverging significantly away from this general ‘acceptable quality’ 

as shown in Figure 1 and described in more detail in Sibbick and Cheung, 2013 can indicate 

that something may be overlooked and should be investigated in greater detail. However, all 

aspects of the clinker morphology must be taken into consideration when making these sorts 

of determinations, including the degree of the observed variability within the specific clinker 

under investigation. 

  



2. Results and Discussion - Chemical Response to Clinker Chemistry  

2.1 QXRD and XRF findings 

Since late 2011, a series of 28 clinkers have been assessed in an attempt to investigate the 

influence of clinker microstructure on their chemical additive responsiveness. These clinkers 

formed two series, which were confirmed to be responsive (perform well) and non-responsive 

(no response) with addition of various chemical additives. All were analyzed by XRF for 

chemical compositions and Rietveld QXRD for mineralogical composition.  

The XRF results (Figure 2) did not highlight any obvious trends in terms of the clinker 

chemistry for the responsive and non-responsive chemical additive performance groups. What 

this data primarily appears to show is a remarkably consistent bulk chemical composition of 

the cement clinkers globally. The QXRD results (Figure 3) also show remarkably similar 

average mineralogical composition to the clinkers. Interesting, in this case, it is clear that 

there was a significantly greater range and variability in the amounts of alite and belite in the 

non-responsive clinkers compared to good responsive set. However, such a general trend does 

not provide any information on a specific clinker’s chemical additive responsiveness and 

overall performance. Neither of these analytical techniques therefore appeared to show any 

chemical responsiveness correlations with the various clinkers. 

 
Figure 2: XRF analysis data for 16 responsive clinkers and 12 non-responsive clinkers. 

  
Figure 3: QXRD analysis data for 16 responsive clinkers and 12 non-responsive clinkers. 

2.1 Clinker Microscopy findings 

In contrast to the QXRD and XRF results, the results of the microscopic assessments as 

shown in Table 1 do appear to reveal broader correlations. No cement clinker is ever entirely 

composed of one single homogeneous type material which exhibits uniform process 

characteristics. However, there is usually a predominant form present, be it well burned or 

poorly combined in nature. In Table 1, the extent to which the various clinker microstructural 

characteristics were observed in each clinker sample is given a broad rating based on the 

degree present. XXX was recorded if there was significant amount of that microstructural 

component present, XX when a lesser amount was detected and X when trace amounts were 

identified. 

 
  



Table 1: Microstructural characteristics of the chemical additive performance test clinker samples 

(XXX- significant component, XX- lesser component, X-trace amounts). 

 
While many of the responsive performing clinkers were predominately reasonably well burnt, 

the non-responsive performers were typically dominated by the various ‘atypical’ 

microstructure characteristics and associated clinker production history. The most commonly 

identified characteristic found in the non-responsive clinkers was a predominately higher 

degree of under burning in the clinker when taken as a whole. No association was observed 

between average alite size, homogeneity or cooling rates and the individual clinkers chemical 

additive responsiveness. 

An exception to this observation was displayed in Sample R-9. The reasoning for this is not 

known. However, these results showed that the use of real world clinkers in this investigation 

and some potential for inconsistencies in the determination of good additive performing 

clinker needs to be assessed further before this technique can be used to assess an individual 

clinker’s responsiveness to chemical additives. Examples of the clinker microstructure 

typically observed in some of the responsive and non-responsive test clinkers are shown in 

Figure 4. 

 

 

  

Responsive 

clinkers

EAAS 

(Microns)

Homo/Hetero Cooling 

rate

Well 

burned

Under 

burnt

Hard 

burnt

Poor 

combination

Raw feed 

issues

Reduction

R1 15-25 Homo M-MF XXX

R2 20-30 Homo M-MF XXX

R3 20-30 Hetero M XXX X

R4 15-20 Homo MF XXX XXX

R5 25-35 Hetero M XXX XX  

R6 20-25 Homo M XXX XX

R7 25-35 Hetero F-MF XXX XXX

R8 20-25 Homo/ Hetero M-S XXX X X XXX

R9 15-20 Hetero M-F  XXX XXX XX 

R10 10-20' Hetero S XX XXX X XX

R11 30-40 Homo M-F XXX XX  XX XX

R12 15-25 Homo MF-M XX XX  XX

R13 50-60 Hetero M XXX   

R14 25-35 Homo M-MF XXX X XX

R15 20-30 Homo F XXX  XXX

R16 20-30 Hetero M XXX X

Non-responsive 

clinkers

EAAS 

(Microns)

Homo/Hetero Cooling 

rate

Well 

burned

Under 

burnt

Hard 

burnt

Poor 

combination

Raw feed 

issues

Reduction

N1 35-45 Hetero M-MF XXX XXX XXX XXX

N2 35-50 Hetero M XXX  XXX XXX

N3 10-20' Hetero M-S XXX XXX XXX

N4 20-25 Hetero M-F XX XXX

N5 50-60 Hetero M-F XXX XXX XXX  

N6 25-35 Hetero M-F XXX XXX XXX

N7 50-60 Hetero MF-F XXX XXX XXX XXX XXX

N8 25-35 Hetero MF-MS XX XXX XXX XXX

N9 15-25 Hetero/Homo F XX XXX XXX XX

N10 20-30 Homo MS XX XXX XXX

N11 20-30 Hetero M-MF XXX XXX XXX

N12 55-60 Hetero M-MF XXX XXX XXX XXX



Responsive Clinkers Non-responsive Clinkers 

  
Clinker -R1 homogeneous EAAS 15-25μms Clinker -N3 heterogeneous EAAS 10-20μms 

  
Clinker -R4 homogeneous EAAS 15-20μms Clinker -N7 heterogeneous EAAS 50-60μms 

  
Clinker -R5 semi-homogeneous EAAS 25-

35μms 

Clinker -N12 heterogeneous EAAS 55-60μms  

Figure 4: Examples of the microstructures demonstrated by the various responsive (left) and non-

responsive clinkers (right) in this study. All samples have been etched with Nitol and the image widths 

are 660 microns. 

3. Conclusions and discussion 

This paper has been produced from on-going investigations which show the ongoing apparent 

need for some level of advance clinker microscopy, if all the potentially negative 

characteristics that may occur in cement clinker production process are to be correctly 

identified. XRF and QXRD Rietveld, while extremely useful tools for routine analysis 

picking up changes in chemical composition and constituent minerals, cannot identify the sort 

of detrimental features and production situations described above. The more in-depth form of 

‘whole’ clinker microscopy described here is required to obtain all the important features and 

information which may be otherwise discounted.  

If whole clinker microscopy can identify a production ‘flaw’ in a clinker, which can 

subsequently be remedied by changes to the kiln or feed set up, this could result in an 

improved quality clinker, and significant cost savings could also be realized. Additionally, it 



seems possible that such an improved quality clinker could also respond more positively to 

cement chemical additives, although this has not yet been verified. 

It is reported and confirmed in this paper that the relative performance of different clinkers in 

the presence of various chemical additives cannot be determined by XRF and QXRD. 

However, the findings of this whole clinker microscopy-based investigation suggest some 

good relationships do indeed appear to exist between the various clinkers’ microstructure 

characteristics and their chemical additive performances.  

It appears that clinkers with less than optimal quality characteristics, most significantly light 

or under burnt characteristics are more often those associated with non-responsive 

performance in the presence of the various chemical additives under investigation. On the 

other hand, clinkers with an ‘optimal quality’ appearance -generally exhibit responsive 

chemical additive performances. There is an exception to this observation (clinker R9), 

indicating that a more in depth study of a smaller number of these clinkers in terms of minor 

elemental composition in the various cement phases, alite polymorph assessment, and 

performance with specific chemical additive types  should also be assessed. Future studies in 

the coming years are expected to identify the specific characteristics that can be used to 

distinguish clinkers that perform well in response to chemical additives from those that do not. 

It remains necessary to still determine why clinkers with less than optimal morphological 

characteristics exhibit a non-responsive performance with chemical additives in order to 

suggest process adjustments which may resolve this issue.    
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Abstract 

In Polish climatic conditions frost resistance of concrete is one of its most important durability properties. 

There are many material and technological factors influencing on that property of concrete, however, it can be 

assumed that modification of structure of cement matrix porosity by introducing air-entraining admixtures into 

concrete mix is the most effective used solution. 

In the paper innovative way in that manner, based on the production of air-entraining cement (AEC) was 

presented. Portland-fly ash cement CEM II/B-V according to European Standard for common cements EN 197-

1 is included in the research. Cement containing siliceous fly ash with addition of air-entraining admixtures 

(AEA) was obtained by semi-industrial test. Scope of analysis covered ability of cements to aerate mortar and 

concrete as well as their physical and mechanical properties. 

Based on the performed investigations authors indicated possibility of obtaining cements with air-entraining 

admixture which meet the requirements for common cements and are able to aerate effectively mortar and 

concrete mix according to design assumptions. 

 

Originality 

Originality of the research relays on the development of production technology of innovative composite cements 

which contain optimal quantity of selected air-entraining agents (AEA). Optimal AEA addition to cement 

provides concrete porosity characteristics in line with requirements of accurate standards, and the same freeze 

and thaw resistance of concrete. Comparing to American Standard ASTM C595 for blended cements the 

research also includes cements produced by inter-grinding of the constituents. 

The research was based on scientific and application approaches. Eventually all the tests and works have been 

performed to develop guideline for production technology of innovative cements as well as application 

conditions of these cements in the technology of concrete resistant to freeze and thaw. 

 

Keywords: concrete, mortar, air entraining cement, frost resistance, AEA 

 

 

 

 

 

 

 

 

                                                           
 Corresponding author: m.ostrowski@icimb.pl, Tel +48-12-6837989, Fax +48-12-6837901 



1. Introduction 

In Polish climatic conditions frost resistance of concrete is one of its most important durability 

properties. The wide literature and extensive research prove that concrete made with composite 

cements containing high amounts of mineral additives (blastfurnace slag and/or siliceous fly ash) 

despite a better tightness, may not be frost resistant [3-9]. According to the recommendations of the 

American Concrete Institute [10] there is a possibility to provide the frost resistance of such concrete, 

however, proper aeration of the concrete mix is necessary. This issue is considered in the European 

Standard EN 206-1:2003 “Concrete – Part 1: Specification, performance, production and conformity” 

which recommends aeration of the concrete mix for an exposure class XF, i.e. aggression caused by 

freezing/thawing.  Proper aeration of concrete made of cement containing high content of mineral 

additives is difficult to obtain and requires proper amount of air-entraining agent (AEA) what depends 

on the kind and quantity of mineral additive in composite cement [1÷3, 5, 10]. The US standards 

ASTM C150 for Portland cement [11] and  ASTM C595  for composite cements [12] cover the 

applicability of AEA blended with cements in aerated concrete technology. The problem of frost 

resistance of concrete made with cement containing mineral additives is included in the research 

project realized within Polish National Research and Development Centre "Innovative air-entraining 

cements in concrete." The general aim of the project is to develop an innovative production of air-

entraining cements (AEC) which can properly aerate concrete; that is ordinary Portland cements and 

composite cements containing high amount of mineral additives. Technological assumptions of AEC 

were based on proper selection of type and quantity of air-entraining agent, resulting in required air 

entraining and full frost resistance of concrete. Objectives of the project include two basic issues: 

technological guidelines and application conditions of AEC in air entraining concrete technology with 

required pore characteristics. 

In the paper selected results of AEC properties and ?? of aerated concrete are analyzed. The results of 

cement with AEA addition, providing 4-6 % aeration of concrete, were specified. Selected concrete 

characteristics made of AEC, including pore characteristics and frost resistance were also presented. 

2. Methods and Samples 

Air-entraining Portland-fly ash cements CEM II/B-V (AEC) were the subject of investigation. 

Research program covered two issues. Properties of AEC according to European Standard EN 197-1 

were one of them . The other one  concerned the properties of concrete made of AEC. Analysis 

included the following determinations: 

 water demand, setting time and soundness according to EN 196-3+A1:2009; 

 consistency according to EN 1015-3:2000, table test; 

 compressive strength according to PN-EN 196-1:2006; 

 heat of hydration by semi-adiabatic method according to PN-EN 196-9:2010; 

 air content in mortar according to standard EN 1015-7:1999; 

The following examinations of concrete made with AEC were performed: 

 air content in concrete mix according to EN 12350:2011, 

 air void characteristics in hardened concrete according to EN 480-11:2008 

 compressive strength according to EN 12390-3:2011 

 frost resistance test in accordance with PN-88/B-06250 

AEC was produced by constituents mixing method; 67% Portland cement CEM I 52.5R, 33% 

siliceous fly ash and proper amount of AEA admixture. Reference cement have the same proportion 

of constituents but without AEA admixture. The quantity of AEA providing 4-6% aeration level of 

concrete mixes was chosen based on control tests of air content in normative mortars.  

3. Results and discussion 

3.1 AEC properties 

Test results of AEC and characteristics of normative mortars made of CEM II/B-V are given in tables 

1 and 2. 
Tab. 1 Test results of cement mortars made of reference CEM II/B-V and AEC 



Cement 
Air content 

[%] 

Water demand 

[%] 

Setting time 

[min.] 

Consistency 

[cm] 

Soundness 

[mm]      

CEM II/B-V 
Ref 6.5 30.7 182 227 17.1 0 

AEC 9.4 30.3 209 294 18.0 0 

Tab. 2 Test results of cement mortars made with reference CEM II/B-Vand AEC 

Cement 

Heat of 

hydration 
41h [J/g] 

Compressive strength [MPa] 

2 days 28 days 

CEM II/B-V 
Ref 248 25.0 43.4 

AEC 282 18.5 32.5 

AEC has lower water demand, which property is required to obtain normative cement paste 

consistency. It can be stated that AEC provide very good mortar consistency. There were no problems 

with soundness of all tested cements. 
The comparison of compressive strength development of AEC and reference CEM II/B-V, after 2 and 

28 days of hardening, is shown in figure 1. Cement with AEA addition achieved lower early and 28 

days compressive strength comparing to the reference CEM II/B-V , approximately by 25%. 

 
Figure 1 The comparison of compressive strength development of AEC and reference CEM II/B-V  

According to classification of common cements included in EN 197-1:2012 compressive strength 

results of AEC are one class lower than that of reference cement.  

3.2 Concrete properties 

Concrete mixes were produced with cements specified in section 2 and 3.1, ie AEC – Portland-fly ash 

cement CEM II/B-V with AEA addition, Reference cement - CEM II/B-V without AEA addition. The 

composition of the concrete mix corresponded to standard concrete according to European Standrad 

EN 480-1[13] and EN 934 [14]. The proportions of concrete mixtures constituents have been 

determined by experimental method, with constant w/c=0.45 and consistency V2. Concrete mix 

compositions are given in table 3. 
Tab. 3 Composition of concrete mix 

Constituents 

Concrete 

CEM II/B-V  

reference 

CEM II/B-V  

AEC 

Sand 0/2 525 kg/m3 

Granite aggregate 2/8 390 kg/m3 

Granite aggregate 8/18 373 kg/m3 



Granite aggregate 16/22 515 kg/m3 

Cement 380 kg/m3 

Water 171 dm3 

Superplasticizer 0.4 % 0.2 % 

Consistency – Vebe time 12 s 11 s 

Air content: 

pressure method 
1.4 % 5.6 % 

Cube concrete samples of 150 mm side were made in accordance with EN 480-1. The scope of the 

concrete investigations covered determination of compressive strength after 7 and 28 days of 

hardening. Frost resistance was determined by strength decrease and weight loss after 75 cycles of 

freezing and thawing. Results of compressive strength and frost resistance measurements are given in 

table 4. Air void microstructure characteristics test was performed according to EN 480-11 by means 

of microscopic method with digital image analysis [13,14]. Concrete samples after frost resistance 

determination were the objects for pore characteristics test. Pore distribution results are given in Table 

5. Figure 2 shows polished and contrasted concrete samples with digital image analysis of concrete 

aeration. Air void size distribution is presented in Figure 3.  
Tab. 4 Test results of concrete made of reference CEM II/B-Vand AEC 

Concrete made of 

cement 

Air content 

[%] 

Compressive strength [MPa] Frost resistance-75cycles 

7 days 28 days 
Strength 

decrease [%] 

Weight 

loss [%] 

CEM II/B-V 
Ref 2.05 25.0 59.3 -2.2 0.04 

AEC 4.86 18.5 42.5 +0.9 0.02 

Tab. 5 Air void microstructure characteristics in hardened concrete according to PN-EN 480-11 

Concrete made of cement 
Air-void microstructure characteristics 

A [%] α [1/mm] L [mm] A300 [%] 

CEM II/B-V 
Ref 2.05 51.8 0.134 0.63 

AEC 4.90 44.1 0.115 2.67 

L-      air voids spacing factor in hardened concrete 
A-    total air content in hardened concrete 

A300-  the content of air voids smaller then 0.3 mm in hardened concrete 

α-      specific surface of air voids 



               
Figure 2 Digital image analysis of concrete aeration. Concrete made of: reference CEM II/B-V on the left, AEC 

on the right. 

 
Figure 3 Air void size distribution in hardened concrete. Concrete made of: reference CEM II/B-V on the left, 

AEC on the right. 

According to the table 5, total air content 4.86% in air entraining concrete sample met standard 

requirements for hardened concrete [15]. It can be observed on figure 3, air void distribution in air 

entraining concrete specimen is significantly better compared to no air entraining concrete sample. 

Significantly increase of small air bubbles < 300 µm and regular distribution in the AEC matrix can 

be observed. According to the table 5 amount of macropore A300 2.67 % is significantly higher than 

standard requirements value i.e. 1.8% for extreme exposition class XF4 [16]. Air void spacing factor 

L met also standard requirements for 0.2 mm. That parameters are very important for design and 

perform frost resistant concrete.  

Results given in the table 4 provide fact of decreased compressive strength of air entraining concrete. 

AEC influencing on mechanical strength of air entraining concrete must be taken into account for 

concrete class designing.   

 

4. Conclusions   



Presented and discussed in the paper properties of air-entraining cements allow to conclude that they 

meet the requirements according to EN 197-1for common cements, showing their special properties in 

air entraining concrete mix. 

Introduction of AEA into cement results in a decrease of compressive strength of normative mortar,  

one class lower compared to no air entraining cement mortar. 

According to the results in the paper, air entraining cement (AEC) allows to get established air 

entraining degree of concrete mix, simultaneously providing required parameters of air void 

distribution and pore size, which is the condition of producing frost resistant concrete. 
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Abstract 

The characterization of chloride penetration in concrete exposed to composite solution of 

5%NaCl+5%Na2SO4 attack under flexural loading and drying-wetting cycles was investigated in this 

paper. The free chloride concentration and chloride diffusion coefficient (Dc) at the different cover 

depth and erosion age of concrete exposed to composite solution attack were analyzed. It was shown 

that the free chloride concentration of concrete increased with the increasing of erosion age at the 

same depth of concrete and decreased with the increasing of the cover depth of concrete at the same 

erosion age. Compared with long-term immersion, drying-wetting cycles could accelerate the chloride 

penetration in concrete. The influence of flexural loading on the resistance of chloride erosion of 

concrete was determined. 

 

Originality 

This paper investigated the chloride penetration in concrete exposed to salt solution attack under 

flexural loading and drying-wetting cycles. Currently, a few papers take these three factors into 

account to investigate the chloride permeability of concrete. Secondly, the erosion solution in this 

paper is composite solution, which is consist of chloride and sulfate. And their interactions in the 

chloride permeation of concrete will be investigated. 

 

Key words: flexural loading; composite solution; diffusion coefficient; chloride penetration 
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1. Introduction 

Reinforced concrete structures exposed to sea or salt lake environment suffer from corrosion 

of steel bars due to the chloride ingress. Especially in the tidal and splash zones of marine 

environment, the erosion of chloride of the concrete can be obviously accelerated under 

frequent drying-wetting cycles and loading. This corrosion may lead to serious damages to 

concrete structures and cost much of repair activities for them. Therefore, the chloride 

penetration is a major factor that affects the durability of concrete structures. 

There are many reports about the chloride penetration of concrete with many different 

methods and some of them had built the molds of chloride penetration (Poulsen E., 1995; 

Banthia N. et al., 2007; Lim C. C. et al., 2000; Fraj A. B. et al., 2012). Chindaprasirt P. 

(Chindaprasirt P. et al., 2014) researched the influence of sodium hydroxide concentration on 

chloride penetration of fly ash-based geo-polymer concrete under marine site and suggested 

that the chloride penetration of embedded steel decreased with the increasing of NaOH 

concentration. Rob B. Polder (Polder R. B. et al., 2002) investigated the characterization of 

chloride transport of concrete under drying-wetting cycles by electrical resistivity. Bitaraf M. 

(Bitaraf M. et al., 2008) adopted a finite point method (FPM) to solve the chloride diffusion 

equation for prediction of service life of concrete structures and initiation time of corrosion of 

reinforcements. But seldom researches have researched the chloride penetration of concrete 

exposed to composite solution attack under drying-wetting cycles and flexural loading. 

In this paper, the characterization of chloride penetration in concrete exposed to salt solution 

attack under flexural loading and drying-wetting cycles was investigated. The free chloride 

concentration and chloride diffusion coefficient (Dc) at the different depth of concrete and at 

different erosion ages had been determined. The influence of drying-wetting cycles and 

flexural loading on chloride penetration of concrete had been taken into consideration. 

2. Experimental 

Chinese standard P∙Ⅱ∙52.5 Portland cement which is produced by Jiangnan-Xiaoyetian 

Cement Co. Ltd was used. The fine aggregate is normal river sand and the coarse aggregate is 

limestone with maximum size of 20 mm. A polycarboxylate-type superplasticizer with a 

water reducing rate of 25% by weight was used. The slumps of the concrete is about 200-220 

mm. The mix proportion of concrete are summarized in Table1. 

Table 1. Mix Proportion of Concrete 

Mix Cement 
Coarse 

aggregate 

Fine 

aggregate 
Water Superplasticizer w/c 

C50 449 1123 674 157 4.04 0.35 

Concrete specimens were cast in molds of 70×70×280 mm. After curing for 1d in the molds 

specimens were then cured for 28d in the condition of 20±2℃ and 95% of relative humidity. 

The compressive strength and flexural strength of the specimens at different curing ages was 

measured and shown in Table 2. Only one dimensional direction chloride diffusion of the 

specimens had been considered in this experiment, so the shaping surface and its opposite, 

and two ends were sealed with epoxy resin and the other two opposite surfaces were used as 

the diffusion surface. The four-point bending loading device were used to load the specimens, 

and the strength of load was 0%, 35% and 50% of the compressive strength of the specimens. 

The device was shown in fig. 1. Then a part of the specimens was put into the drying-wetting 



instrument to suffer drying-wetting cycles for 150d with composite solution of 

5%NaCl+5%Na2SO4. The other specimens were immersed in the composite solution of 

5%NaCl+5%Na2SO4. There were two types of drying-wetting methods in this study. One 

cycle period of the two of drying-wetting methods was 3 days, but their drying wetting ration 

was different. The first was 2 days drying and 1 day wetting and the other one was 1 day 

drying and 2 days wetting. 

Table 2. Compressive strength and flexural strength of concrete at different curing ages (MPa) 

Mix 
Compressive strength Flexural strength 

28d 60d 28d 60d 

C50 54.2  55.1  8.81  9.30  

 

Fig 1. The four-point bending loading set-up 

Some of the specimens would be dried at 60℃ for 2 days and drilled after cooling down 

when the specimens had been eroded for 30 days, 90 days or 150 days. The drill surface was 

the unsealed surface and samples were drilled at some different cover depths of concrete, 

which represent the distance from concrete surface. The drilling holes were shown in Fig 2. 

Then the titration was used to determine the free chloride concentration. 

 

Fig 2. The schematic diagram of concrete surface after drilling 

3. Result and discussion 

3.1. The influence of drying-wetting cycles 

The free chloride concentration of concrete under three different drying-wetting methods and 

35% flexural loading and exposed to composite solution of 5%NaCl+5%Na2SO4 attack were 

shown in Fig 3. As it showed, under three different drying-wetting methods, the distribution 

of chloride concentration of concrete had the same change rule. The free chloride 

concentration increased at the same depth of concrete with the increasing of erosion ages and 

decreased at the same erosion age with the increasing of depth of concrete. When eroded for 

150d, compared with the concrete under long-term immersion, the free chloride concentration 

of concrete under 1d wetting and 2d drying at the depth of 2.5mm, 7.5mm, 12.5mm and 



17.5mm had increased for 82.83%, 153.53%, 503.67% and 695.85%, respectively. But the 

free chloride concentration of concrete under 2 d wetting and 1 d drying had increased for 

40.15%, 84.71%, 254.13% and 415.57%, respectively. So drying-wetting cycles can 

obviously accelerate the chloride penetration and with the increasing of drying-wetting ratio, 

the free chloride concentration increased at the same depth of concrete at the same erosion 

age. 
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Fig 3. Free chloride concentration of concrete exposed to composite solution of 5%NaCl+5%Na2SO4 

attack under different drying-wetting methods and 35% flexural loading (tensile region) 

The diffusion of free chloride concentration of concrete fitted the Fick’s second law, so the 

free chloride concentration (% by weight of concrete) at the depth of x and erosion time of t 

was calculated on Equation (1). 

( , ) [1- ( )]
2

s

x
C x t C erf

Dt
                                                (1) 

Where C(x, t) is free chloride concentration (% by weight of concrete) at the depth of x and 

erosion time t, x is distance from concrete surface (mm), t is erosion age (s), Cs is chloride 

concentration at the surface of concrete (% by weight of concrete) at erosion time t, D is 

diffusion coefficient (mm2/s) at erosion time t, and erf is error function. Through substituting 

the free chloride concentration at different depth into the Equation (1) and fitting with Least 

squares principle (Equation (2)), the Cs and D can be obtained by Matlab programme. 
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Where Cc(x, t) is free chloride concentration obtained from experiment, Cm(x, t) is free 



chloride concentration from calculation, n is amount of specimen, and δ is coefficient of 

variation.  

The free chloride diffusion coefficient at different erosion ages can be obtained by the Matlab 

programme. Fig 4 shows the free chloride diffusion coefficient at different erosion age under 

different drying-wetting methods. It’s obvious that the free chloride diffusion coefficient of 

concrete under different drying-wetting cycles decreased with the increasing of erosion ages. 

This would be resulted from the increased hydration products and corrosion products over 

time, which filled the pores of concrete and resisted the ingress of chloride. Compared with 

the concrete under long-term immersion, the free chloride diffusion coefficient of concrete 

under drying–wetting cycles for 2d wetting 1d drying and 1d wetting 2d drying had increased 

for 121.21% and 166.94%, respectively. It’s proved that drying-wetting cycles can 

dramatically increase the chloride diffusion coefficient and accelerate the chloride penetration. 

It was because the chloride penetration of concrete under long-term immersion was mainly 

due to the diffusion caused by concentration gradient, but the chloride penetration of concrete 

under drying-wetting cycles was not only due to the diffusion caused by concentration 

gradient, but also the capillary effect caused by moisture gradient which played a major role 

in chloride penetration. In the wetting progress of drying-wetting cycle, the chloride ion of 

salt solution can be absorbed into the surface of concrete until the chloride ion in concrete is 

saturated. In the drying progress of drying-wetting cycle, the water evaporated out of the 

concrete due to the increase of chloride concentration in the surface of concrete and chloride 

further diffused into the inner of concrete due to chloride concentration difference. Because 

the capillary effect is stronger than diffusion, the chloride penetration of concrete under 

drying-wetting cycles was faster than that under long-term immersion and the chloride 

penetration increased with the increasing of drying-wetting ration.  
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Fig 4. The free chloride diffusion coefficient of concrete under different drying-wetting methods 

(tensile region) 

3.2. The influence of flexural loading  

The concrete structures are always under certain loading, especially flexural loading which 

could lead to deterioration of concrete. The free chloride concentration of concrete under 

different loadings were shown in Fig 5. As it was shown, flexural loading didn’t change the 

rule of distribution of free chloride concentration of concrete. In the tensile region, the 

chloride penetration of concrete increased with the increasing of loading and decreased with 

the increasing of erosion age. Fig 6 showed the chloride diffusion coefficient of concrete 



under different loading. It could be seen obviously that the chloride diffusion coefficient of 

concrete decreased with the increasing of erosion age at the same flexural loading and 

increased with the increasing of loading at the same erosion age. Likely this should be owing 

to the cracks appeared in concrete under flexural loading, the cracks extended and connected 

mutually with the increasing of loading, which lead to the chloride penetration into concrete. 
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Fig 5. Free chloride concentration of concrete under different strength of flexural loading (tensile 

region) 
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Fig 6. The free chloride diffusion coefficient of concrete under different strength of flexural loading 

(tensile region) 
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Fig 7. The chloride concentration of the tensile region/compressive zone of concrete under flexural 

loading 
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Fig 8. The free chloride diffusion coefficient of the tensile region/compressive zone of concrete under 

flexural loading 

The chloride concentration of the tensile region/compressive zone of concrete under flexural 

loading were shown in Fig 7. As it was shown that, in the tensile region of concrete, the 

chloride concentration of concrete under 50% flexural loading in the depth of 2.5mm, 7.5mm, 

12.5mm and 17.5mm had increased for 22.5%, 37.26%, 34.83% and 13.86%, respectively. 

But in the compressive zone, it decreased for 2.37%, 3.18%, 17.21% and 22.28%, 

respectively. The chloride diffusion coefficient in the tensile region/compressive zone of 

concrete was shown in Fig 8. The chloride diffusion coefficient in the tensile region of 

concrete under 35% flexural loading was also larger than that in the compressive zone of 

concrete. It was because that the concrete under tensile stress could lead to the expansion of 

cracks in concrete and accelerate the chloride penetration. But in the compressive zone, 

compressive stress densified the concrete and resisted the ingress of chloride. 

4. Conclusions 

Through the above results, the conclusions were shown as following: 

With the increasing of the depth of concrete at the same erosion age, the chloride 

concentration of the concrete exposed to composite solution attack under drying-wetting 

cycles and flexural loading decreases, but increases at the same depth with the increasing of 

erosion age and the chloride diffusion coefficient follows the same rule. 

Compared with long-term immersion, drying-wetting cycles can accelerate the chloride 

penetration of concrete and the rate is faster with the increasing of drying-wetting ratio. 

In the tensile zone of concrete under flexural loading, the chloride diffusion coefficient 

increases with the increasing of loading. However, in the compressive zone of concrete under 

flexural loading, the chloride diffusion coefficient decreases with the increasing of loading. 
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Abstract 

Due to environmental (low CO2 emission) and economic benefit, supplementary cementitious materials (SCMs) have 

been widely used in reinforced concrete structures. However, the question from engineering practice is to which extend 

these blended mixtures do meet the future durability criteria. Chloride ingression is nowadays considered as the main 

concern for reinforcement corrosion. Due to self-desiccation or drying process, cement-based materials are no longer 

saturated, which would greatly influence the chloride transport properties.  

This paper explores the effect of water saturation level on chloride diffusivity in cement-based materials by resistivity 

measurements. Experiments were performed on mortars made of different blended materials, i.e. fly ash, blast furnace 

slag and limestone powder. Mortar materials have been curing for 200 days conditioning in humid room at 20±1°C, 

followed by oven drying at 50°C until the samples reach targeted water saturation levels. The results showed that 

chloride diffusivity is highly dependent on the water saturation level and water-vapour desorption isotherm of the 

mortar material. The dependency varies with cement type, and is significantly related to pore size distribution 

characteristics. In addition, the effect of water content on chloride diffusivity is more evident in blended cement mortars 

than reference ordinary Portland cement mortar. For the materials studied in this research, the capillary pores with 

diameter range of 7.1-73 nm plays dominated role in chloride diffusion under non-saturated state. 
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1. Introduction 

Due to the environmental and economic benefit, nowadays supplementary cementitious materials 

(SCMs), such as ground granulated blast-furnace slag (BFS), fly ash (FA), limestone powder (LP), 

have been widely incorporated into binary, ternary and quaternary cement concrete mixes. 

Nevertheless, the durability of these blended materials remains uncertain yet. Chloride diffusivity is 

usually considered as main indicator to evaluate the durability of reinforced concrete serving in marine 

environment. Chloride ions can penetrate into cement-based materials through connected aqueous 

solution in the porous network. Whenever the critical amount of chloride ions reaches the surface of 

reinforced steel, along with enough oxygen and moisture, steel corrosion may take place resulting in 

cracking and spalling of the cover concrete. The time from casting of concrete to corrosion initiation 

of reinforced steel is usually defined as service life of reinforced concrete structures. 

The current standard, e.g. Duracrete, relies on measurement of chloride transport in saturated 

concrete, and the service life prediction is designated on diffusion model which is deduced by Fick’s 

second law. However, concrete is seldom saturated due to its long term self-desiccation or drying 

process. It was reported that even under water stored concrete remains unsaturated after 220 days’ 

curing age (Powers et al. 1947). A series of experiments have also proved that the relative humidity of 

interior concrete could be as low as 75% even if the concrete is curing under water for long time 

(Nilsson 1980; Chatterji 1995; Bertil 2001). Actually, concrete is very difficult to re-saturate once the 

unsaturated state has achieved (Glasser et al. 2001). Chatterji (2004) illustrated this phenomenon on 

the basis of hydrodynamics of water flow through concrete, and pointed out that it often takes years to 

re-saturate after contact with water. It is known that the moisture diffusivity of cement-based materials 

is usually no more than 1.0×10-12 m2/s, take sample with 10 mm in thickness as example, the diffusion 

time required for saturation is around 3 years (Galle et al. 2000). In most cases, steel corrosion occurs 

in unsaturated concrete. Chloride transport approaches, based on Fick’s second law alone, not 

involving unsaturated condition, have no real practical interest. 

Chloride penetration is a humid process, and occurs only if water is present. In saturated condition, 

all the pores in concrete are fulfilled with water solution. Diffusion through the water-filled porous 

network is believed to be the main mechanism for chloride penetration. Under non-saturated condition, 

water phase favours to fill the smaller pores, and the moisture profile inside porous network would be 

distributed in different manner from that in saturated condition. As a result, the chloride penetration 

becomes much more complex. Nevertheless, the chloride transport properties under non-saturated 

condition were seldom noticed in previous lab-experiments and analysis, and very little progress has 

been made in this research field, possibly because of the difficulties in sample preparation and 

chloride penetration test in unsaturated state. 

This paper attempt to investigate the chloride diffusivity in partially saturated mortar made of 

blended cement. The pore structures as well as water-vapour desorption isotherms were measured. The 

chloride diffusivity was assessed by resistivity measurements. The pore structure was evaluated by 

mercury intrusion porosimetry (MIP). The results showed that chloride diffusivity is highly dependent 

on the water saturation level and water-vapour desorption isotherm of the mortar material. Compared 

to reference ordinary Portland cement mortar, the effect of water content on chloride diffusivity is 

more evident in blended cement mortars, which is determined by pore size distribution of the materials. 

2. Experiments 

2.1. Raw Materials 

In the experimental program, both cement paste and mortar was studied. The binder material is a 

mixture of ordinary Portland cement (OPC) blended with fly ash (FA), blast furnace slag (BSF) or 

limestone powder (LP). The mixture proportions for cement pastes are listed in table 1. Water to 

binder ratio (W/B) is 0.5 and the curing age is 200 days for all mixtures. Mercury intrusion 

porosimetry (MIP) is performed to determine the pore structure of cement pastes. The sample 

preparation for MIP can be found elsewhere in (Ye 2003).  



 

Mortar samples were cast for desorption isotherm test and resistivity measurement.  Each mortar was 

made with the same content of siliceous sand, but varies with binders. The particle size of siliceous 

sand ranges from 0.125 mm to 2 mm. The binder to sand ratio is 1:3 by weight. Cylindrical mortars 

800 mm in height and 100 mm in diameter were cast in the lab, which were demoulded after one day 

curing. The mortars were then moved to humid curing room at 20±1°C. After curing 200 days, both 

the top and bottom surface of the mortar samples with the thickness of 15 mm were cut off with a 

diamond blade saw, the middle part of the samples will follow the sample preconditioning procedure 

which is described in subsequent section 2.2. 

Tab. 1  Mixture proportions (weight percentage) used for the binders 

Binder OPC FA BFS LP W/B 

P 100% - - - 0.5 

PF 70% 30% - - 0.5 

PB 30% - 70% - 0.5 

PBL 25% - 70% 5% 0.5 

2.2 Sample preconditioning 

A well-controlled partial saturation state must be obtained before resistivity measurements. Water 

saturation degree (SD) is a measure of moisture content in the porous network. It is defined as the 

volume fraction of voids filled with water over the total volume of voids, which can be expressed in 

equation (1): 

                                                                                                                                               (1) 

where mh is the mass of specimen at particular saturation state (g), ms is the mass of specimen at 

saturated condition (g), md is the mass of dried specimen (g). 

In this research, 50-mm thick discs of mortar samples were preconditioned to different SD values. 

Both the lateral and bottom sides were sealed with electric isolating tape to avoid any multi-side 

directional moisture transfers. Then the mortar samples were placed in a ventilated oven and heated at 

5°C per hour up to 50°C. The oven was subsequently pumped until vacuum at 50 Pa to prevent 

carbonation. The mass loss with time was recorded. This involves recording decrement of mass 

change at relatively frequent intervals during the first 6 hours, and subsequently takes one 

measurement per day afterwards. The measurement precision of the balance is 0.001 g.  

The sample mass corresponding to a particular SD, mh, is calculated according to equation (2): 

                                                                                                                                        (2) 

where, A is the water absorption coefficient (%). The parameters ms, md and A are obtained by 

following recommendation ASTM C642-13 (2013).  

 
Figure 1 Set-up for monitoring the moisture homogeneity of mortar samples 

As soon as mh reaches its targeted value, there is still a moisture gradient from the bottom side to 

topside of the sample. In order to obtain homogeneous moisture distribution, a moisture redistribution 

step becomes a necessity. In this research, a simple set-up was developed to monitor and validate the 

moisture homogeneity inside samples, which was displayed in figure 1. Before moisture redistribution 

step, the electric isolating tape on the bottom surface of mortar sample was removed, with the lateral 

side still sealing. Next the mortar sample was placed in a cylinder tube and sealed thereafter, 



 

maintaining constant temperature at 50°C. The time-related RH of both top and bottom surface of the 

sample were monitoring with the same type of hygrometer. As expected, the RH is increasing on top 

surface while decreasing on the bottom surface. Once the RH values on both surfaces are approaching 

identical (difference less than 1%), the moisture inside mortar sample can be assumed to be 

homogeneous. Then, the mortar sample was cooling down slowly with 5°C per hour to room 

temperature to avoid any initiation of crack. Finally, each mortar sample was moved out from the tube 

and stabilized in a plastic bag at its corresponding saturation state before any kind of measurement.  

The protocol for sample preconditioning at each particular SD can be summarized briefly in Fig. 2. 

 
Figure 2 Sample preconditioning for mortar samples until targeted saturation degree 

2.3 Mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry (MIP) is a technique commonly used to evaluate the pore structure 

characteristics of cementitious materials (Ye 2003). However, the notably ink-bottle problem makes 

the results inappropriate to describe the real pore size distribution (Diamond 2000). It has been 

reported that the 2nd cycle of MIP measurement has little “ink bottle” effect, and the pore size 

distribution obtained by 2nd mercury intrusion agrees very well with that derived from nitrogen 

sorption [Kaufmann 2009]. In addition, the ink-bottle pores not counted in the 2nd cycle mercury 

intrusion are relatively large in size (diameter > 100 nm) [Kaufmann 2009]. In this study, the pore 

diameter formed by meniscus curvature in unsaturated state is the research focus, which is usually 

smaller than 0.1 um. Therefore, the 2nd cycle of MIP can be an effective technique in this research. 

The measurements were performed on paste materials with devise of Micrometrics Pore Sizer 9320. 

Each measurement was conducted by five stages: (1) a manual low pressure intrusion run from 0 to 

0.17 MPa, (2) an automated high pressure intrusion run from 0.17 to 210 MPa, (3) an automated high 

pressure extrusion run from 210 MPa down to 0.03 MPa, (4) a 2nd high pressure intrusion run from 

0.03 up to 210 MPa, (5) a 2nd automated high pressure extrusion run from 210 MPa down to 0.03 

MPa. The equilibrium time for each applied pressure level was controlled at 30s. The test procedure 

can be found elsewhere in (Ye 2003). The result from the fourth stage of each measurement is used to 

identify the pore size distribution of paste sample. Three parallel measurements were performed. 

To quantify the diameter of pore sizes, Washburn equation applies, 

                                                                                                                                 (3) 

where, P is the intrusion pressure of mercury. D is the equivalent pore diameter. γHg is the surface 

tension of mercury and assumed as 0.48 N/m. The contact angle θ is 138°C.  

2.4 Desorption isotherm 

In order to study the moisture profile under different saturation levels, water-vapour desorption 

isotherm was measured on all the mortar samples. The lateral surfaces of each mortar sample were 



 

sealed with electric isolating tape. The mortar samples with targeted SD levels were carried out with 

RH measurements, the correlation of SD and RH was established.  

The RH in cementitious system is mainly controlled by the meniscus curvature formed in the pores. 

In principle, Kelvin-Laplace equation allows for calculation of menisci with diameter as low as 8 nm, 

with ±6% discrepancy for diameter in the range 8-40 nm (Leonard 1981). Kelvin-Laplace is shown in 

equation (4) 

                                                                                                                                       (4) 

In this study, the thickness t of absorbed water film is taken into account (shown in Figure 3). Then, 

the Kelvin-Cohan equation should be applied (Neimark et al. 2003). 

                                                                                                                                      (5) 

where, γ is surface tension of water (0.072 N/m in pure water), M is molar weight of water (0.01802 

kg/mol), θ is contact angle between water and solids (herein assuming it is zero), Vm is the molar 

volume of water fluid, r is radius of the meniscus, R is ideal gas constant (8.314 J/mol∙K) and T is 

absolute temperature, t is thickness of absorbed water film and expressed in nm. According to 

Badmann et al. (1981), t is a function of interior RH in the porous system and usually within 0.2-2 nm 

for cement-based materials: 

                                                                                                                       (6) 

Based on Kelvin-Cohan equation, the maximum diameter for pores filled with water corresponding 

to a particular RH level can be obtained. 

 

 

Figure 3 Schematic illustration of meniscus curvature and adsorbed water films in capillary pores [Chen 2013] 

2.5 Electrochemical impedance spectroscopy (EIS) 

In order to measure chloride diffusion coefficient in cement-based materials, chloride source was 

usually applied from the outer surface into the material. However, in unsaturated state, it is very 

difficult to perform chloride penetration without changing the interior water content of the material. 

Electrochemical Impedance Spectroscopy (EIS) has been widely used to investigate electrochemical 

system, which allows assessing the transport properties of cementitious materials (Olsson 2013). The 

bulk conductivity [σ] is theoretically correlated to the chloride diffusion coefficient [D]. According to 

Nernst-Einstein equation  

                                                                                                                                                      (7) 

where σ0 (S/m) and D0 (m2/s) are the conductivity and diffusion coefficient of chloride ion through 

pore solution of cement-based materials.  

In this research, the chloride diffusivity is assessed by resistivity measurement. A portable 

resistance meter, type ESCORT LCR using alternating current (AC) at 120 Hz was used for resistivity 

test in this study. For the specimens with each SD, the resistivity was measured with one stainless 

electrode covering each side of the specimen. Humid sponge was employed in between surface 

specimen and each electrode to ensure the whole surface of specimen under current flow. The 

measurements were performed at constant room temperature at 20°C. During the test, the measured 

resistivity was found to decrease with the time elapse. This is ascribed to the moisture loss of sponge 

r + t 

r 



 

absorbed by the specimen. In this respect, only the first measurement was employed for the final 

analysis.  

3. Results and discussions 

3.1 Pore size distribution 

The result of cumulative intrusion volume from 2nd cycle of MIP was applied to identify the pore size 

distribution of four paste materials. The pore size distribution curves are displayed in Fig. 4. It is 

found that, the most porosities are contributed by the pores with diameter less than 0.1 um.  There is 

one main peak for each curve. With the addition of blended materials, the pore sizes toward to a finer 

distribution, and the peak corresponds to smaller pore sizes than the reference system P. The smallest 

peak was observed in slag-blended system PB. Interestingly to note that the pore size distribution of 

mixtures PF and PBL are quite approaching to each other. The influence of pore size distribution on 

water-vapor desorption isotherm as well as on chloride diffusivity will be discussed in the following 

sections. 

 
Figure 4 Pore size distributions of paste materials identified by 2nd cycle of MIP 

3.2 Water-vapor desorption isotherm 

In order to understand the moisture profile at each particular saturation state, water-vapour desorption 

isotherms were investigated. The results for all the mortar mixtures were plotted in figure 5, which 

present the relative humidity (RH) at each targeted SD level. As indicated, the four mixtures follow 

similar evolution, and each curve can be divided into two stages for the tested SD range. However, 

strong differences lie in the results at high SD levels. When the SD decreases from saturated state, the 

RH for reference mortar P starts with a slight decrease but was followed by a relatively steeper linear 

drop. On the contrary, for blended mortars, the curves tend to start with a sharp decrease and thereafter 

a linear slowly decrease is followed. In addition, blended mortars present much higher saturation level 

corresponding to very low interior RH than reference mortar P. For example, with SD of 80%, the 

interior RH is 75% in slag-blended mortar (PB), while this value is as high as 95% in reference mortar 

P. According to Kelvin-Laplace equation, the higher interior RH corresponds to a larger meniscus 

radius. At the same water saturation level (e.g. 80%), the meniscus radius is lower in blended cement 

mortars. This is in agreement with the results of finer pore size distribution of paste matrix, which is 

shown in Figure 4. It should be also noted that, the curves of mixtures PF and PBL are very closed 

compared to the other two curves. This might be highly related to the similar pore size distribution 

characteristics of corresponding paste matrix, as shown in Figure 4. In fact, when the RH is decreasing 

from 95% down to 45%, the diameter of meniscus curvature formed in the porous network declines 

from 42 nm to 3 nm, which highlights the decisive role of small capillary pore size on the moisture 

distribution in unsaturated state. 

The fall of interior RH in desorption isotherm can be associated with a percolating pore network 

that draining with decrease of SD. Water desorption occurs by vapour diffusion in the porous network, 

the draining of a pore is possible only when this pore is connected to the draining network. A 

reduction in SD leads to a reduction in RH. In contrast, the air void space increases, which may 

decrease the possibility of connections of water solution in the percolating pore network and thus 



 

influence the ionic diffusion. For this reason, water-vapour desorption isotherm should be highly 

linked to chloride penetration in unsaturated state, which depends on the pores and their size range of 

percolating network. This point will be further discussed in following section. 

 
 

Figure 5 Relative humidity is a function of saturation degree in mortar materials 

3.3 Relative chloride diffusivity vs. saturation degree 

The resistivity measurements were performed on all the mortar specimens. It should be noted that 

some specimens with very low SD failed to be measured with the resistance meter, because the 

resistance is too high to be tested. In these cases, the pore solution in the material is assumed to be 

discontinuous. In other words, the depercolation for chloride diffusion has attained. The corresponding 

water saturation related to the depercolation for chloride diffusion is noted in this paper as “critical 

saturation level”. Based on Nernst-Einstein equation, the resistivity results were expressed in terms of 

diffusivity coefficient. The relative diffusivity is defined as the ratio of chloride diffusivity at given 

SD over that under saturated condition. 

The relative chloride diffusivity is analyzed against water saturation degree. The results are 

summarized in figure 6. Apparently, relative chloride diffusivity is highly dependent on SD regardless 

of binder type. It starts with slightly decrease when the water starts to loss from saturated state, but 

then falls off rapid when SD is in between 60%-95%, followed by a slow drop and finally approaches 

to zero at SD value near 40%. With the decrease of SD, the chloride diffusion would be impaired by 

the decrease of the number of transport channels, which are interconnected and filled with water 

solution. Also, as the decrease of the thickness of adsorbed water layers, chloride diffusion can be 

interfered by the precipitation of chemical compound (e.g. Ca(OH)2) as well as by the strong rise of 

the interaction forces between cement paste and ions (Saetta 1993). Particularly at the very low 

saturation level, the chloride diffusivity is negligible. Possibly because there is no longer continuous 

penetration path through the porous network, thus preventing significantly chloride diffusion.  

It should be noted that, compared with reference mortar P, the relative chloride diffusivities in 

blended mortars are much more sensitive to the changes of water saturation level. At given SD, the 

highest relative chloride diffusivity is observed in reference mortar P, followed by mortar PF, PBL and 

PB. If look it in detail, at SD of 80%, the chloride diffusivities in blended mortars are 10% (PB), 30% 

(PBL) and 35% (PF) respectively over that under saturated condition, while this value is 60% in 

reference mortar P.  



 

 
Figure 6 Relative chloride diffusivity depends on saturation degree 

According to Kaufmann (2009), the ink-bottle pores from the first mercury intrusion measurement 

are relatively large in size (diameter > 0.1 um), and the second cycle of mercury intrusion 

measurement showed very little ink-bottle effect. In this regards, it can be assumed that the capillary 

pores of small size range (e.g. diameter < 0.1 um) are connected through the bridge of large capillary 

pores (e.g. diameter > 0.1 um). The small capillary pores act as throat neck in the porous channels, 

which govern the interior RH level as well as the chloride diffusion process. At given SD/RH level, 

the maximum diameter of throat pores, which are fulfilled with water solution, can be determined by 

Kelvin-Cohen equation. This maximum diamater of throat pore, corresponding to a particular SD/RH 

value, is defined in this paper as “percolating diameter”. The pores at each percolating diameter are 

denoted as “percolating pores”. In unsaturated state, it is the throat pores with size range less than 

percolating diameter that provide the main paths for ionic diffusion. The percolating diameter is 

decreased with the decrease of SD/RH level. Accordingly, the pore family in view of chloride 

diffusivity can be categorized into three portions based on their size distributions: (1) pores with size 

range larger than the biggest percolating pore, herein noted as macro pores; (2) percolating pores; (3) 

pores with size range smaller than smallest percolating pore, herein noted as micro pores. The 

schematic details are illustrated in figure 7.  

 
Figure 7 Schematic porous channels and ionic diffusion with the decrease of water saturation degree 

The relative chloride diffusivity in relation to SD can be consequently divided into three stages: 

I. All the percolating pores are saturated. When SD starts to decrease from saturated state (SD < 

100%), the macro pores firstly loss water, the main routes for chloride diffusion are remain 

saturated with pore solution. The chloride diffusivity is not severely influenced and quite 

closed to that in saturated condition. 

II. With the decrease of SD level (SD<SD1), the percolating pores are partially saturated. In this 

stage, the percolating pores start to loss water, and are gradually filled with water vapour. 

Subsequently, chloride diffusion is significantly influenced, and a sharp decrease in relative 

diffusivity was observed. The scope of SD level in this stage is defined as sensitive SD with 

respect to chloride diffusivity.  

III. Once the SD is lower than a critical level SD2, all of percolating pores are unsaturated and 

absorbed with solution layers, which are composed of water molecules and chemical 



 

compounds (e.g. Ca(OH)2). In this stage, water loss commences in micro pores. The diffusion 

process is quite slow but decreases less apparently until depercolation attained. 

The diameter range of percolating pores can be obtained from stage II. As indicated in figure 6, the 

sensitive SD (SD2<SD<SD1) for reference mortar P is in the range of 60%-95%, corresponding to 

interior RH range 80%-97% (from figure 5). On the basis of Kelvin-Cohen equation, the associated 

percolating diameter can be figured out that is ranging from 10.8-73.0 nm. From pore size distribution 

curve (figure 4), the volume percentage of percolating pores (diameter 10.8-73.0 nm) over the total 

pore volume is 46.4% for reference system P. Accordingly, the results for blended systems can be 

derived as well. The overall results are summarized in Table 2. As it is presented, the volume 

percentage of percolating pores is much less in blended systems than reference system P. As a result, 

the water continuity of percolating pores in blended systems would be more sensitive to the loss of 

water and decreases much faster with the decrease of SD. Consequently, the effect of SD on relative 

diffusivity is more evident in blended mortar samples. 

Tab. 2 Calculation of percolating pores with related to chloride diffusivity in unsaturated state 

Mixtures 
Sensitive SD range 

(SD2<SD<SD1) 
Corresponding RH 

range 

corresponding 

percolating diameter 

Volume percentage of 

percolating pores 

P 60-95% 80-97% 10.8-73.0 nm 46.4% 

PF 65-95% 75-95% 8.6-43.4 nm 33.8% 

PBL 70-95% 75-95% 7.1-43.4 nm 25.2% 

PB 80-95% 75-85% 8.6-14.5 nm 13.7% 

4. Conclusions 

This paper studied the chloride diffusivity in unsaturated state of various cement-based materials by 

resistivity measurements. The water-vapour desorption isotherm was obtained based on the 

measurement of relative humidity against each water saturation level. The pore structure was analyzed 

and discussed with relation to moisture profile as well as to chloride diffusivity under non-saturated 

condition. It was found that chloride diffusivity of cement-based materials is highly dependent on the 

water content and water desorption isotherm, the dependency is significantly related to pore size 

distribution of the material. Compared with OPC system, the effect of SD on chloride diffusivity in 

blended cement-based systems is more evident. For the materials studied in this research, the capillary 

pores with diameter range of 7.1-73 nm plays dominated role in chloride diffusion under non-saturated 

state.  
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Abstract 

In recent years, alkali-activated slag (AAS) as an alternative low-carbon cementitious material has received 

increased attention. However, the high shrinkage and the crack tendency of AAS limit its wider industrial 

applications. Although considerable research has already been carried out on the plastic shrinkage of Portland 

cement (PC) based systems, information and understanding on the plastic shrinkage of AAS is still limited. As 

plastic shrinkage mainly occurs due to a high rate of water evaporation from the surface of fresh concrete, 

identifying the relationship between evaporation and plastic shrinkage is considered as the first step towards the 

understanding of its fundamental mechanism.  

In this study, the plastic shrinkage of sodium silicate activated slag was investigated and also compared to that of 

a PC paste. A tailored drying technique based on low-pressure condition was developed so that both the 

evaporation (in terms of moisture loss) and the plastic shrinkage could be measured simultaneously in a controlled 

environment during the early drying period from placement up to 24 hours. Lateral shrinkage was measured using 

two horizontal dial gauges. The tests were carried out under a free plastic shrinkage condition using a 70×70×70 

mm3 sample at a constant relative humidity of 30%, which simulates a dry atmospheric condition. The temperature 

was controlled at 20oC. The AAS mixtures were formulated with 0.4 water-binder (w/b) ratio, 1.5 moduli of sodium 

silicate and 4% alkali concentrations (Na2O% equivalent by the mass of slag). A PC mixture was also formulated 

with a w/b ratio of 0.4 as a control. The moisture loss and plastic shrinkage of these mixtures were measured and 

compared. 

The evaporation and the shrinkage curves of both the AAS and PC systems showed that the early-age drying under 

the constant external conditions occurs at four distinct stages. Stage I is a period of a constant evaporation rate, 

with the rate of the lateral shrinkage rates of both systems increasing. The behaviour of Stage II varies between 

the two systems. In the case of AAS, it is a period with a reduced evaporation rate in which the lateral shrinkage 

rate increases caused by high surface tension of waterglass until it reaches a critical value and then starts to fall; 

in contrast, the evaporation rate of the PC at stage II is raised, presumably, due to hydration reactions. At stage 

III, for both PC and AAS, the evaporation rate falls at a low rate. At stage IV, volumetric contraction stops and 

the evaporation rate reduces to very low as the water is drawn from the inside of the specimen. Overall, the amount 

of plastic shrinkage of AAS is about two times more than that of the PC paste at stages I and II. However, the 

amount of moisture loss in AAS is about half of that of the PC paste owing to the higher surface tension and higher 

viscosity of sodium silicate solution as compared to water. Since the amount of plastic shrinkage in stages I and 

II contributes to about 80% of the total plastic shrinkage, it means that drying at these stages plays an important 

role in the high plastic shrinkage behaviour of the AAS.  

 

Originality 

Existing studies on the plastic shrinkage of cementitious materials mostly focus on PC. However, information and 

understanding of the plastic shrinkage mechanism of AAS is non-existent. Thus, the results from this study would 

provide the benefit of better understanding of the plastic shrinkage behaviour of AAS. In addition, the existing 

experiment technique under low pressure monitors only shrinkage of samples. Thus, a new test apparatus was 

developed in this study to measure both evaporation and plastic shrinkage. The experiment results based on both 

evaporation and plastic shrinkage behaviour will help to distinguish the different mechanisms involved in the 

plastic shrinkage of both PC and AAS pastes.  
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1. Introduction 

It is widely reported that the production of Portland cement (PC) contributes a significant volume of 

CO2 to the atmosphere (Davidovits, 1994). Nonetheless, PC remains the primary binder in concrete and 

this contradiction results in worldwide research interests in exploring more environmentally friendly 

cementitious materials. 

Alkali-activated binder, using industrial by-products containing silicate materials, is an alternative to 

PC. The most commonly used by-product is ground granulated blast furnace slag (GGBS). GGBS has 

been used as a cement replacement material due to its latent hydraulic properties (Swamy, 1986). 

However, GGBS can also react directly with water, but requires an alkali activator in order to speed up 

the chemical reaction. Activation with liquid sodium silicate (waterglass) has been widely known to 

give rise to rapid hardening and high compressive strengths (Wang et al., 1994).  

The use of alkali activated slag (AAS) has several superior advantages in terms of cost and performance. 

However, it has a higher shrinkage and cracking tendency than the Portland cement concrete that 

prohibited its wider industrial applications. Shrinkage of AAS pastes can be 1.6 to 2.1 times greater than 

that of PC (Douglas et al., 1992, Collins et al., 2000). Unlike some major types of shrinkage such as 

carbonation, drying, and autogeneous shrinkage, there is very limited information available in the 

literature on the mechanism of the plastic shrinkage of AAS mixtures. 

Fresh concrete has high levels of volume changes through moisture movement caused by hydration, or 

loss of moisture to the substrate, or evaporation to the atmosphere (Neville, 2011). Under rapid drying 

and hot weather conditions, plastic shrinkage cracks may appear in an early period ranging from 

placement up to 24 hours (Hammer, 2002). Such types of cracks may not endanger the present 

serviceability of the concrete structure, but can significantly affect its durability (Qi, 2003). 

Water evaporation is widely recognised as the principal cause of plastic shrinkage cracks. Fast 

evaporation can be induced by different atmospheric conditions, including: 1) low relative humidity; 2) 

high wind speed (excess of 5 mph); and 3) high temperature above the surface when exposed to the sun 

(Wittmann, 1976). According to Bakhshi et al. (2011), the drying of Portland cement paste based on the 

evaporation rate can be divided into two distinct stages: constant drying rate period (stage I) and falling 

drying rate period (stage II). However, the effect of cement hydration was not considered during the 

process of moisture loss in their study. Many different factors and parameters such as hydration reactions, 

viscosity and surface tension of fresh concrete can lead to significant changes in water evaporation; and 

also to a different plastic shrinkage (Shoya et al., 1990). Therefore, in order to compare the mechanism 

of plastic shrinkage of AAS with that of PC, these parameters should be investigated.  

However, before the above parameters can be investigated, a suitable test method would be essential. A 

detailed literature review to examine the developments in test methods for measuring plastic shrinkage 

and related cracking was undertaken by the authors. It indicated that there were several experimental 

methods in the literature, including fans, heat lamps, fans plus heaters, or wind turbines, to simulate the 

severe evaporation conditions that could create plastic shrinkage cracks in fresh concrete (Banthia et al., 

2007, Ma et al., 2004, Jacobsen et al., 1999, Naaman et al., 2005, Turcry et al., 2006). Most of this 

research focuses on parameters related to the crack itself, such as crack width, area, and length. Even 

though evaporation is considered to be a highly related factor in determining plastic shrinkage, 

surprisingly, existing test methods are not able to monitor both shrinkage and evaporation at the same 

time under controlled environmental conditions (such as temperature and relative humidity). As a result 

of the lack of an appropriate test method, the mechanism of plastic shrinkage cannot be fully understood. 

In the current study, built upon the information obtained from the literature, a tailored drying technique 

based on low-pressure condition was firstly developed so that both the evaporation (in terms of the 

weight loss of fresh cementitious matrix) and the plastic shrinkage can be measured simultaneously 

under a controlled environment during the early drying period from placement up to 24 hours. Using 

this system, a comprehensive study was carried out to compare the plastic shrinkage behaviour between 

sodium silicate activated slag and PC paste. The possible mechanism related to the plastic shrinkage of 

sodium silicate activated slag is then proposed.  

 

 



 

2. Experimental Programme 

2.1. Materials and mix proportions 

Paste samples manufactured with two types of cementitious materials, namely, Portland cement type II 

(CEM II) and waterglass activated ground granulated blast furnace slag, were investigated. Two PC and 

AAS mixtures were formulated with a w/b ratio of 0.4.  

The modulus of sodium silicate was adjusted to 1.5 by adding solid sodium hydroxide. The hot solution 

was cooled down to room temperature and then stored for one day. The Na2O concentration in the AAS 

paste was formulated with a 4% equivalent by the mass of the slag.  

2.2. Experimental Method 

The drying setup for the plastic shrinkage test under a low pressure condition is shown in Figure 1. This 

test method can vary the relative humidity (RH) at any range of ambient temperatures. The specimen 

consists of two elements: 1) a plastic mould with an inner size of 70 × 70 × 70 mm3; and 2) an 

envelope, formed by two PVC plates (called reflecting plates) attached to a plastic sheet, to assist 

measuring horizontal shrinkage. Paste of PC and AAS was cast into this envelope and positioned inside 

the mould. The friction between the mould and the envelope was minimized by using oil. In this way, 

when the specimen shrinks, the reflecting plates can be dragged along by the cement paste. The 

shrinkage of the paste was continuously monitored every 1 min by two dial gauges located at 45mm 

from the bottom, which is shown in Figure 2. They measured the displacement of the reflecting plates, 

from which the plastic shrinkage was calculated. To simultaneously monitor the evaporation, the entire 

assembly was positioned on a digital scale inside a glass desiccator as shown in Figure 3. Using this 

digital scale, the weight of the sample was continuously monitored throughout the whole drying cycle. 

By employing a vacuum pump and a pressure regulator, the air pressure inside the desiccator was 

lowered to around 1700 Pa (0.5 in Hg) and controlled at this level throughout the test. If the pressure 

was too low, evaporation could occur at high RH with normal rate, and if it was too high, microstructural 

damage might take place inside the sample (Bakhshi et al., 2011) . This pressure lowered the RH inside 

the desiccator to around 30%, which simulated dry weather conditions. However, the temperature inside 

the desiccator was controlled at ambient temperature (20°c). In addition to the vacuum pump, silica gel 

was placed at the bottom of the desiccator to accelerate the reduction of the RH level.   

As shown in Figure 1, both the temperature and the humidity above the sample were monitored using a 

digital sensor continuously. In addition, the weight loss and horizontal displacement measurements were 

recorded in a computer interface unit. To avoid excessive moisture removal at the beginning of the test, 

a calibration procedure was developed using a cement paste exposed to several vacuum pressures such 

that the RH level was maintained at a constant value. 

 

 
Figure 1 - Schematic of drying test setup 

 



 

 

2.3. Surface tension 

Shoya et al. (1990) showed that by lowering the surface tension of fluid, shrinkage of concrete can be 

reduced by up to 50%. Hence, the surface tension between particles is an influencing parameter on the 

mechanism of plastic shrinkage. Surface tension of both the pure water and the waterglass solution were 

measured with a drop shape analyser (Kruss DSA100) tensiometer. In this method, a pendant drop was 

formed on the tip of the stainless steel needle. The digital images were then focused, acquired 

sequentially and captured and stored in the computer. The drop shape analysis software DSA100 V1.8 

determined the surface tension of each pendant drop formed for each experiment. 

2.4. Rheology 

Ennis et al. (1990) showed that viscous interactions between cementitious particles should be considered 

whenever a liquid interstitial phase is present. The plastic viscosity of the paste samples, pure water and 

the waterglass solution were monitored. Immediately after mixing, the pastes were placed in a Contraves 

Rotation Viscometer (RM 115) having concentric cylinders. The plastic viscosity of the mixtures was 

measured every seven minutes for half an hour at the beginning of the test. 

2.5. Isothermal conduction calorimetry 

The heat evolution inside the samples may cause different evaporation rates. Therefore, the 

measurement of heat evolution is essential to better understand the various drying stages. Isothermal 

conduction calorimetry was performed on paste mixtures using a TAM Air isothermal calorimeter to 

determine the heat dissipated during the hydration reaction under a constant temperature condition 

(20°c). The sample container with the cement (i.e. slag or PC) and the syringe with the solution (i.e. 

waterglass or water) were maintained at 20°c prior to mixing. When thermal equilibrium was achieved, 

the cement and the solution were mixed by injecting the solution into the cement. 

 

3. Results and Discussion 

3.1. Evaporation and plastic shrinkage data  

Both moisture loss and shrinkage data were collected from the paste mixtures tested under the controlled 

low pressure condition during the early drying period, in order to understand the fundamental 

mechanism of the plastic shrinkage of AAS. Figure 4 compares the cumulative moisture loss and 

shrinkage of both the PC and the AAS mixtures from immediate placement up until 24 hours. It can be 

seen that, from placement up to approximately 2.5 hours, the amount of moisture loss of the AAS 

mixture was higher than that of the PC mixture. A similar trend was observed in the shrinkage behaviour 

during this period, i.e. the amount of shrinkage of the AAS mixture was higher than that of the PC 

mixture. After this period, however, the cumulative moisture loss of the AAS mixture became less than 

that of the PC mixture; but the cumulative shrinkage of the AAS mixture continued to be high until it 

almost stopped increasing after around 9 hours and was maintained at that level afterwards. On the other 

hand, the cumulative shrinkage of the PC also reached its peak at around 9 hours, but with a much lower 

shrinkage. After 24 hours, although the total cumulative moisture loss of the AAS mixture was only 

around half of that of the PC, its total amount of shrinkage was almost double that of the PC mixture. 

 

 

Figure 2 - Section view of shrinkage measurement Figure 3 - Test plan 



 

Previous research results have shown that the plastic shrinkage is directly proportional to evaporation 

and the development of capillary pressure (Liu et al., 2012). Therefore, based on the current moisture 

loss results as demonstrated in Figure 4(b), one may expect a higher plastic shrinkage from AAS mixture. 

The unexpected high plastic shrinkage from AAS mixture could be attributed to the higher surface 

tension of waterglass as well as the high autogenous shrinkage of AAS (Melo Neto et al., 2008). 

However, further study still needs to be carried out in order to establish a better understanding of the 

current results.   

 

 
a) b) 

Figure 4 – Comparison of the moisture loss and shrinkage between AAS and PC (w/b ratio: 0.4) 

a) Cumulative shrinkage b) Cumulative moisture loss 
 

The higher shrinkage in the AAS paste can be clearly observed when comparing the pictures taken at 

the end of the two vacuum tests in Figure 5; it shows the crack patterns of the AAS and the PC paste 

samples after 24 hours. It can be seen that the propagated cracks of the AAS paste are significantly wider 

and deeper than those of the PC paste. 

 

 
a) b) 

Figure 5- Test specimens after a 24hr vacuum test a) PC b) AAS 

 

Figure 6 shows the relationship between the evaporation rate and the shrinkage rate versus drying time 

respectively, for both the PC and the AAS pastes. The evaporation rates at stages I and III of the PC 

paste (Figure 6a) are in agreement with the results obtained by Bakhshi et al. (2011). They are also 

similar to the results reported by Hall et al. (2009) for clay brick ceramics and Kowalski (2012) for wet 

capillary porous materials. These studies indicate that the evaporative flux at the surface is roughly 

constant for a period of time at the beginning of the drying and then falls significantly with time in the 

second period. In the current study, the same drying behaviour was observed at the first period, or stage 

I, for both the PC and AAS paste, i.e. constant evaporation rate. However, following this, a distinct 

increasing drying period was clearly identified for the PC paste (i.e. stage II: 3.9 to 9 hours) which was 

then followed by a falling drying period (i.e. stage III: 9 to 16.5 hours). On the contrary, two falling 

periods (i.e. stage II: 1 to 3.8 hours, stage III: 3.8 to 13.8 hours) were observed from AAS after a short 



 

constant drying period. Stage IV, which is very similar between PC and AAS systems, is the period 

when there is a very low evaporation rate. The typical evaporation behaviours of PC and AAS are further 

compared in Table 1. Thus, the observations from the current study indicate that although four distinct 

drying stages can be identified from both PC and AAS systems, different drying patterns can be observed 

between these two cementitious systems which could be explained based on surface tension, plastic 

viscosity of the liquid and hydration of cement particles, according to De Bisschop et al. (1982), Plumb 

et al. (1999) and (Scherer, 1990) below.  

 
Table 1- Evaporation behaviour during different drying stages 

Drying Stages PC AAS 

Stage I Constant Constant 

Stage II Increasing Falling (high rate) 

Stage III Falling (high rate) Falling (first low rate) 

Stage IV Falling (low rate) Falling (second low rate) 

 

Shrinkage rates for the same PC and AAS cement paste samples are also shown in Figures 6a and 6b 

respectively. The shrinkage behaviour can be linked to the evaporation results at the same four stages. 

The shrinkage rate of both PC and AAS increased at stage I. In the case of PC system, however, a 

reduced shrinkage rate was identified in Stage II, which was then followed by a lower falling rate at 

stage III. At Stage IV, the volumetric contraction was almost stopped and the shrinkage curve was 

flattened. It should be highlighted that the shrinkage of PC paste observed in the current study is in good 

agreement with the results obtained by Saliba et al. (2011), Turcry et al. (2006) and (Banthia et al., 

2007). On the other hand, a distinct increasing period and then a falling rate were identified for the AAS 

paste at the evaporation stages of II and III respectively. The other drying stages (i.e. I and IV) of the 

AAS paste had a similar trend to those of the PC paste. The feature of the plastic shrinkage of PC and 

AAS pastes during the four drying stages is also compared and shown in Table 2.  

 
Table 2- Shrinkage behaviour during different drying stages 

Drying Stages PC AAS 

Stage I Increasing Increasing 

Stage II Falling (High rate) Increasing 

Stage III Falling (Low rate) Falling 

Stage IV Almost Zero Almost Zero 

 

 

 

  
a) b) 

Figure 6 - Typical evaporation rate and shrinkage rate versus time at 0.4 w/b ratio 

a) PC paste b) AAS paste 



 

3.2. Surface tension  

Previous studies showed that the higher surface tension cause reduction in evaporation, but increase the 

plastic shrinkage (Cabrera et al., 1992, Mora-Ruacho et al., 2009). The measurements of the surface 

tension of the waterglass solution with a modulus of 1.5 and water lead to the following observations. 

As shown in Figure 7, the average surface tension of waterglass solution and water are 141 and 73 mN/n 

respectively. As a result the surface tension of the waterglass solution is about twice that of water, which 

is considered as one of the most important factors contributing to the reduced moisture loss and higher 

shrinkage rate of AAS paste. 

 

 
Waterglass solution  

(Modulus: 1.5) 

Water 

141.84 mN/n 73.19 mN/n 

Figure 7- Surface tension of waterglass solution and water 

 

3.3. Plastic viscosity  

The plastic viscosity results of the liquid solutions and paste mixtures obtained from the rheology tests 

are shown in Figure 8. The results show that the plastic viscosity of AAS increased to about 0.7 Pa.s. 

However, the plastic viscosity of PC reduced from 0.8 to 0.5 Pa.s during the first 30 minutes of the test. 

On the other hand, the viscosity of the waterglass solution is about three times higher than that of the 

water. Lin et al. (2010) proposed that an increasing viscosity of mixing solution can stabilize the early 

age volume change, and thereby reduce plastic shrinkage cracking and settlement cracking. However, 

an increasing viscosity may also facilitate drying cracking due to the reduction of bleeding water 

(Khayat, 1998). The higher viscosity of AAS could have contributed to the lower moisture loss 

compared to that of the PC (as shown in Figure 4a). Therefore, plastic viscosity is an influencing 

parameter on the evaporation of water and higher shrinkage of AAS. 

 

 
a) b) 

Figure 8 - Plastic viscosity a) water and waterglass solution (with modulus: 1.5) 

b) PC and AAS pastes  

 

3.4. Heat evolution  

Figure 9 shows the profile of the heat evolution for AAS and PC pastes during the first 72 hours. After 

an initial peak primarily due to the heat of wetting, the PC reactions’ sequence begins from 1 hour and 

reached the peak at about 10 hours; which was the end of the drying stage II in Figure 6a. The rising 



 

evaporation rate period at stage II can be explained by the heat evolution of the PC. On the other hand, 

two major heat evolution peaks were observed in AAS: the first at the beginning up to 1 hour, and the 

second at around 30 hours. The first peak corresponds roughly to the time of setting; and the second 

peak to the onset of the development of strength (Brough et al., 2002, Shi et al., 1995). The second 

reaction sequence of AAS starts from 24 hours, which is not in the plastic shrinkage period. Therefore, 

the result of heat evolution in AAS has shown that its plastic shrinkage is very similar to soil shrinkage 

for up to 24 hours (Glukhovskij et al., 1983). 

 

 
             a)                                 b) 

Figure 9 - Heat evolution a) PC paste b) AAS paste 

 

 

3.5. Analysis of drying stages and plastic shrinkage mechanism  

Based on the results obtained from the rheology, calorimetry, tensiometer and vacuum tests, the drying 

processes of AAS and PC are discussed below. Figures 10 and 11 show schematically the four drying 

stages for up to 24 hours, for the PC and AAS respectively; these are discussed in the following sections. 

 

 

  
Figure 10 - Drying process of PC paste Figure 11 - Drying process of AAS paste 

 

3.5.1 Stage I 

At stage I of drying, the vapour diffusion of the liquid occurs at the surface of the paste mixtures and 

determines the evaporation rate (Figures 10 a-c and 11 a-c). Hall et al. (2009), using several 

experimental data, showed that the drying rate at stage I is not affected by capillary processes inside the 

sample. Bakhshi et al. (2011) presented that the evaporation rate of PC pastes is constant at the early 

stage and is about the same as water’s evaporation rate under the same environmental conditions. The 



 

phenomenon can be explained by vapour pressure and the degree of continuity between the distinct 

vapour and the liquid phases. PC and AAS pastes show a constant evaporation rate of 0.31 and 0.36 kg 

/ (m2.h) at a 0.4 w/b ratio, respectively. At the start of the drying, the cement is fully saturated and 

bleeding causes the segregation of cement particles. There is no vapour pressure to take the moisture 

away from the inside of the mixture, but the vapour pressure at the surface removes the moisture to the 

environment. 

In stage I of the drying process, external evaporation of the liquid phase of the paste mixtures causes 

very few changes in the capillary pressure inside the pores. The material is capillary saturated and the 

internal moisture concentration remains constant throughout the sample depth. However, it should be 

noted that the capillary pressure has been considered as the primary mechanism of plastic shrinkage 

(Kowalski, 2012) and, obviously, this cannot be formed in stage I.  
 

3.5.2 Stage II 

At the second stage, once the layer of bleeding water is consumed by evaporation, menisci are occurred 

at the outer surface of the paste. They become curved resulting from the surface tension, as indicated in 

Figures 10d and 11d (Scherer, 1990). The rate of evaporation starts to fall in AAS. However, as the heat 

generated in PC paste increases at this stage, the evaporation rate in the PC paste rises. The transition 

time from Stage I to Stage II for the PC and AAS paste samples is determined as 3.9 hours and 1 hour, 

respectively. Figures 10e and 11e show that in Stage II drying, the liquid phase becomes discontinuous 

and a liquid bridge between the particles starts to develop from the top surface of the sample.  

The higher volume changes of AAS at stage II could be attributed to the higher surface tension 

introduced by the menisci between the slag particles at the surface of the sample due to the much higher 

surface tension of waterglass as compared to that of water. On the other hand, the ongoing hydration of 

AAS would lead to an increase in the stiffness of the solid skeleton, which would reduce the shrinkage 

at Stage II. The measured increased shrinkage of AAS would suggest that the surface tension of the 

menisci surpass the effect of the increased stiffness in the AAS system.  

in a similar way, as the cement hydrates in the PC pastes, hydration products that bond all the loose 

particles together, form around the cement particles (Ma et al., 2004). Capillary pressure produced by 

the menisci on the surface consolidates the PC paste solid skeleton as the tension in the fluid serves to 

bring the particles closer to each other. However, compared to the AAS system, the surface tension 

generated by the menisci between the PC particles should be much lower than that of AAS due to the 

lower surface tension as compared to that of waterglass. As a consequence, this period presents a 

progressive slowing down of the plastic shrinkage in the PC.  

 

3.5.3 Stage III 

Referring to the results presented in Figure 6, transition in the drying stage is gradual for both the PC 

and AAS. The third stage transition time for the PC and AAS cement paste samples is determined as 9 

hours and 3.8 hours respectively. The transition time in the PC is in agreement with the peak time of 

heat evolution as shown in Figure 9. 

As drying continues, the creation of liquid bridges proceed until it is developed between most of the 

particles in both the PC and AAS samples (Figure 10f). At this stage, the evaporation rate falls and the 

further drying causes a reduction of the liquid bridge’s volume, until it reaches the critical volume at 

which the bridge cannot resist and it starts to break (Ennis et al., 1990). However, the stiffness of the 

solid skeleton of the cement particles in both PC and AAS have a significant effect on the decreasing 

trend of plastic shrinkage. 

 

3.5.4 Stage IV 

As drying further continues, the granular media becomes packed so that it is then dense enough to resist 

the capillary pressure. Volumetric contraction stops and the shrinkage curve becomes constant. The 

evaporation rate reduces to very low (almost zero) because the menisci enter the specimen and water is 

drawn from the inside of the specimen. 

 



 

 

4. Conclusions 
This paper studied the mechanism of plastic shrinkage for AAS and PC based on moisture evaporation. 

The experimental results indicated that the plastic shrinkage of AAS and PC pastes under constant 

external conditions occurs at the following four distinct stages during 24 hours of the test: 

 At Stage I for both AAS and PC pastes, the evaporation rate is constant and main moisture loss 

take place at the surface. At the transition time to stage II, moisture content at the surface reaches 

a critical value. 

 At Stage II, the evaporation rate starts to fall in AAS. However, as the heat reaction increases 

at this stage, the evaporation rate in the PC paste rises. At this stage menisci begin to be created 

at the outer surface of the paste and no pores inside the body are empty. The shrinkage rate 

increases in AAS which can be attributed to the higher surface tension introduced by the menisci 

between the slag particles at the surface of the sample due to the much higher surface tension 

of waterglass as compared to that of water.  

 At Stage III, the evaporation rate falls for both AAS and PC and the drying causes a reduction 

of the liquid bridge’s volume until it reaches the critical volume at which the liquid bridge 

cannot resist and it starts to break. 

 At Stage IV, volumetric contraction stops because the menisci enter the specimen and water is 

drawn from the inside of the specimen. 

The amount of the plastic shrinkage of AAS is about two times higher than that of the PC paste at stages 

I and II. Since the amount of plastic shrinkage in stages I and II contributes to about 80% of the total 

plastic shrinkage, it means that drying at these stages plays an important role in the high plastic shrinkage 

behaviour of the AAS.  

Rheology, surface tension and heat evolution results were used to compare the characteristics of the PC 

and AAS pastes in order to understand the mechanism of early age shrinkage. The waterglass solution 

has a higher viscosity than water, which may be a reason for the lower moisture loss of AAS compared 

to the PC. In addition, the surface tension of waterglass solution is about twice that of water which could 

have caused the higher shrinkage rate of the AAS paste.  
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Abstract 

Electrochemical chloride extraction (ECE), also known as electrochemical chloride removal or desalination, is based 

on the principle of reversing chloride ion migration by an externally-applied electrical field. It has been successfully 

used for the protection of reinforced concrete structure exposed to chloride environment. However, the effectiveness of 

ECE has been questioned once corrosion has initiated. The applied external power field can also cause other ionic 

effects on the concrete pore characteristics resulting in reduced pH and increased carbonation rate. This issue has 

become more pressing with the more widespread use blended cement concrete, using fly ash (FA) and ground 

granulated blast furnace slag (GGBS). Such concretes already have reduced hydroxyl ion contents and the application 

of ECE could accelerate the risk of an increased carbonation rate. On the other hand the higher chloride binding 

capacity of these mixes potentially results in more effective ECE.  

In the research reported in this paper, three cement combinations, i.e. 100%PC, 70%PC/30%FA and 

50%PC/50%GGBS, were selected to prepare the concrete specimens with w/c ratios ranging from 0.35 to 0.55 to cover 

the mixes widely used in reinforced concrete structures exposed to chloride-rich environments. In order to study the 

problem in a timely manner, chloride was electrically driven into the specimens with controlled low DC voltage and 

was used to establish typical chloride penetration profiles of naturally exposed concrete with required depth thus the 

ECE process were applied prior to rebar damage. Two cycles of ECE were then applied to the chloride penetrated 

specimens to as used in a concrete repair. Pore size distributions and chloride profiles of the specimens were measured 

at each stage of the electrical treatment to determine any changes due to the electrical chloride penetration and 

extraction. Accelerated carbonation and chloride re-ingress were then carried out on the ECE treated specimens to 

evaluate the changes in concrete performance.   

The results from this study indicate that the applied ECE treatment obtained a very effective chloride removal with 50-

70% of total chlorides been extracted after two cycles. The micro-pore structure characterization using mercury 

intrusion porosimetry (MIP) shows that the capillary pores increased during both chloride penetration and ECE 

process, and the most increase was found in PC/GGBS concrete due to its relative lower original porosity and higher 

voltage applied to the specimens to achieve the same chloride penetration depth and same current density in ECE 

treatment. 

The chloride penetration process aggravated carbonation resistance of all concretes compared to the corresponding 

reference concrete due to the increase in porosity and reduced pH at surface layer of the concrete. ECE process 

increased carbonation further, however, showed less increase compared to the penetration process. 

The effect of ECE process on further chloride resistance was found insignificant in pure PC and PC/FA concretes. 

However, significant increase was observed in PC/GGBS concrete. This is in line with the porosity changes observed in 

MIP analysis. To prevent such negative effect, the application of a hydrophobic surface treatment to retard further 

chloride re-ingress has been proved to be effective.  

 

Originality 

The work presented in this paper give metrics for pore structure change in concrete due to the electrochemical chloride 

extraction in blended cement concrete. The chloride penetration method suggested in this work provided chloride 

profiles in the specimens typical of those for long-term natural exposure within a short time, without causing corrosion 

of rebar. Data for two-cycle ECE treatment to remove chloride that was pre-penetrated into the concrete specimens is 

given. The work gives details of micro structural changes in pore size within concrete together with the effects on 

carbonation and residual chloride resistance performance following ECE treatment, which is reported for the first time. 

Suggested post-treatment on ECE treated concretes against further chloride attack had been proved to be effective. The 

work is beneficial for clients and engineers with responsibility for infrastructure exposed to chloride environments 

considering ECE as a repair or rehabilitation method prior to the onset of corrosion. 

 

Keywords: electrochemical chloride extraction (ECE); pore structure; durability; chloride resistance; carbonation  
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1. Introduction 

Electrochemical chloride extraction (ECE), also known as electrochemical chloride removal or 

desalination, is based on the principle of reversing chloride ion migration by an externally-applied 

electrical field. It has been successfully used for the protection of reinforced concrete structure 

exposed to chloride environments, such as bridge components (Polder and Van der Hondel, 1992; 

Bennett et al., 1993; Chlemeña and Jackson, 2000). ECE is considered as a non-destructive technique 

using high current density, ranged 1-5 A/m2 and is applied temporarily for a short period of 2-6 weeks 

on concrete structure under conditions of corrosion has not or has just initiated. As the method named, 

the primary target of using such method is to extract the internal chlorides through concrete under the 

applied external electrical field to prevent the corrosion of the reinforcement. Subsequently, the 

effectiveness and efficiency of the technique are inevitable to be the most significant consideration, 

which have been widely investigated (Mietz, 1998; Orellan et al., 2004; Ismail and Muhammad, 2011). 

The long-term study of field data showed (Elsener, 2008) that ECE treatment not only removed 

between 40 and 80% of the total chloride content from the chloride-contaminated concrete, but fully 

repassivated the corroded steel. However, the effectiveness of ECE once corrosion has initiated has 

been questioned (Miranda et al., 2007), thus in this research the process was applied prior to rebar 

damage. 

 

Despite the enormous reports of extracting largely amount of chlorides from reinforced concrete 

structure, the applied external power field, however, can cause other ionic effects on the concrete pore 

characteristics resulting in reduced pH and increased carbonation rate. This issue has become more 

pressing with the more widespread use blended cement concrete, using fly ash (FA) and ground 

granulated blast furnace slag (GGBS). Such concretes already have reduced hydroxyl ion contents and 

the application of ECE could accelerate the risk of an increased carbonation rate. On the other hand 

the higher chloride binding capacity of these mixes potentially results in more effective ECE. Visual 

examination of the SEM images (Siegwart et al., 2003) indicates obvious differences in the pore size 

distribution between the samples before and after ECE. The total porosity in pure Portland cement (PC) 

concrete was found an increase by 12% (Ismail and Muhammad, 2011) however, in fly ash (FA) and 

ground granulated blast furnace slag (GGBS) blended cement concretes, it was decreased by 5% and 

19%, respectively. Few reports were found regarding these pore structure changes affecting the 

performance of the ECE treated concretes, which would be the key issues to determine whether the 

treatment can extend the service life of the reinforced concrete structures and how long it can bring. 

To address these the study presented in this paper was carried out. 

 

In the research reported in this paper, three cement combinations, i.e. 100%PC, 70%PC/30%FA and 

50%PC/50%GGBS, were selected to prepare the concrete specimens with w/c ratios ranging from 

0.35 to 0.55, which covered the mixes widely used in reinforced concrete structures exposed to 

chloride-rich environments. After the specimens prepared, the chloride was electrically driven into the 

specimens with controlled low DC voltage to establish typical chloride penetration profiles of 

naturally exposed concrete with required depth within a short time, without causing corrosion of rebar. 

Two cycles of ECE were then applied to the chloride penetrated specimens to remove the chloride as 

that used in a concrete repair. Pore size distributions and chloride profiles of the specimens were 

measured at each stage of the electrical treatment to determine any changes due to the electrical 

chloride penetration and extraction. Accelerated carbonation and chloride re-ingress were then carried 

out on the ECE treated specimens to evaluate the changes in concrete performance. Post-treatment 

using hydrophobic surface coating agents on desalinated concretes against further chloride attack was 

evaluated. The work is beneficial for clients and engineers considering ECE as a repair or 

rehabilitation method for infrastructure exposed to chloride environments prior to the onset of 

corrosion.   

 

 

 



 

2. Experimental Details 

 

2.1. Materials, Mix Proportions and Specimen Preparation 

A single source of PC conforming to BS EN 197-1, FA conforming to BS EN 450 and GGBS 

conforming to BS EN 15167 was used as cementitious materials throughout the study. The physical 

and chemical properties of these materials are given in Table 1. Local river sand and crushed 

limestone with two size ranges of 4-10 mm and 10-20 mm conforming to BS EN 12620 were used as 

fine and coarse aggregates. A mild steel rebar of 10 mm diameter and 460 N/mm2 grade conforming to 

BS 4449 was used in beam concrete specimens. 

 
Table 1 Physical and chemical properties of cements used in this study 

 PC FA GGBS 

Fineness, m²/kg 465 20%* 598 

Particle Density, g/cm³ 3.14 2.17 2.89 

Loss on Ignition, % - 6.2 0.9 

Bulk Oxide Composition, % by mass  

CaO 62.91 3.34 39.17 

SiO2 18.77 42.13 33.77 

Al2O3 4.55 19.65 11.99 

Fe2O3 2.88 10.27 0.52 

MgO 1.07 1.30 6.87 

MnO 0.05 0.08 0.22 

TiO2 0.42 1.03 0.49 

K2O 0.64 2.70 0.34 

Na2O 0.31 1.65 0.18 

P2O5 0.21 0.40 0.01 

Cl 0.08 0.02 trace 

SO3 2.59 1.77 0.99 

   *: particles retain on 45 µm sieve. 

 

Three distinct mixes were selected and these included a 100%PC mix and two blended cement mixes, 

i.e. 70%PC+30%FA (PC/FA) and 50%PC+50%GGBS (PC/GGBS). Three levels of water to cement 

ratio (w/c) were employed as 0.35, 0.45 and 0.55 for each mix throughout. The details of the concrete 

proportions are given in Table 2. A superplasticizer conforming to BS EN 934-2 was used in mixes at 

w/c ratio of 0.35 and 0.45 in order to maintain S3 consistence class according to BS 8500-1 (Slump = 

90-170 mm). Fresh concretes were cast in specially made steel molds of 70×300×130 mm. Steel rebar 

was inserted into the side holes at such a position that 50 mm cover depth from the exposure top 

surface (bottom face in cast) was kept. Specimens were cast in two layers and 30 second vibration was 

applied for each layer for compaction. After 24 hours cured at room temperature and 60±5% RH, the 

specimens were demolded and then cured in water according to BS EN 12390-2. 

 
Table 2 Mix proportion of concrete, kg/m3 

 W/C 
Free 

Water 

Cements Sand 

0/4 mm 

Coarse Aggregate 

PC FA GGBS 4/10 mm 10/20 mm 

100 PC 

0.35 140 400 - - 780 390 780 

0.45 180 400 - - 740 370 740 

0.55 220 400 - - 700 350 700 

70PC30FA 

0.35 140 280 120 - 760 380 760 

0.45 180 280 120 - 720 360 720 

0.55 220 280 120 - 680 340 680 

50PC50GGBS 

0.35 140 200 - 200 775 385 775 

0.45 180 200 - 200 730 365 730 

0.55 220 200 - 200 690 345 690 



 

A pond (70×250 mm) is designed to hold the ponding salt solution during chloride driven process (See 

2.2 below) and electrolyte solution during ECE (See 2.3 below). The pond composed of a lid and four 

side pieces of PVC, glued together and sealed with silicone sealant on top surface of the concrete 

specimen to ensure no leaches between them. The remaining five surfaces of the concrete specimen 

were waxed by multi-layers of hot wax for avoiding the moist evaporation from the specimen. The 

waxed specimen was then filled with water in the pond container before test, to check the watertight of 

the pond container and cure sample. 

 

2.2. Chloride Penetration Process 

The chloride was driven into 28 day cured concrete specimens by applying external electrical field. 

10%NaCl solution was poured into the pond and a piece of galvanized mesh and sponge was then 

placed in the pond on the top of the specimen. The mesh was connected to the negative terminal of a 

DC power supply while the steel rebar was linked to the positive terminal. Switch on the power supply, 

and then adjust the required voltage for the target duration. The applied voltage and duration were 

depended on w/c ratios and cement combinations of the concrete mixes. It was estimated from the 

initial chloride migration test according to NT Build 492 on the same concrete mix to ensure the 

chloride penetration depth was controlled less than the cover depth and the occurrence of corrosion of 

steel was avoid before the application of ECE. After chloride driven process, two specimens were 

taken and dried for the measurement of the chloride penetration profiles and the other specimens 

placed with de-ionized water in the pond to ensure continuous water curing for the following ECE 

process. 

 

2.3. Electrochemical Chloride Extraction 

The ECE experimental set-up was similar to that for the above chloride penetration process, as shown 

in Figure 1. The differences from the above penetration set-up were the direction of the power supply 

reversed to make the steel rebar as cathodic and the ponding solution changed to saturated calcium 

hydroxide solution as electrolyte. The specimens at least two weeks after the above chloride 

penetration process were used for the ECE test.  

 

 
Figure 1 Concrete specimens in electrochemical chloride extraction process. 

 

During ECE process, constant current density of 2 A/m2 of the exposed concrete area was applied. The 

current density was regularly monitored and the voltage adjusted to keep the current to the original 

value when it decreased because of the increasing resistivity of concrete specimen. The pH value of 

electrolyte was also monitored and replaced with new solution once pH<7 to avoid the evolution of 

chloride gas. The ECE process consists of first cycle of two weeks desalination, one week break and 

second cycle of two weeks desalination. The break ensured the dissolution of bound chlorides into free 

phase when new equilibrium between them was reestablished, which increased the removal efficiency 

of chlorides (Swamy and McHugh, 2006; Elsener and Angst, 2007). Measurements of the chloride 

penetration profiles were carried out after each ECE cycle. 



 

 

2.4. Relevant Test Methodologies 

 
Accelerate Carbonation 

To evaluate the effect of ECE on carbonation resistance, specimens from both before and after ECE 

treatment were placed into a carbonation chamber with a controlled 4% CO2 concentration, at 20°C 

and 55% RH. Carbonation depths were measured at 2, 4, 6 and 10 weeks following the procedures 

given in (Dhir et al., 1985).  

 

Re-ingress of Chlorides into Concrete 

To evaluate the effect of ECE on chloride resistance, the specimens from both before and after ECE 

treatment were placed into a salt solution of 1M concentration spraying tank as shown in Figure 2. The 

spraying process was continued for 30 days. The concentration of solution in the tank was monitored 

by conductivity measure in comparison to the fresh reference solution (55.5 g/l) and controlled by 

adding salt or water. Measurements of the chloride penetration profiles were then carried out for each 

specimen. 

 

 
Figure 2 Concrete specimens in chloride spraying re-ingress process. 

 

Surface Treatment Application 

Two types of commercially available hydrophobic surface treatment agents, MasterPel 790 and 

100% Silane, were applied on the surface of the specimens to evaluate their effects on chloride 

resistance of the ECE treated specimens. Applications were carried out in accordance with the 

recommendations from producer’s instructions (BASF, 2014) and the UK Highway agency report (UK 

Highway Agency, 2003). The surface treated specimens were then put into the salt solution spraying 

tank undergoing chloride re-ingress together with the other untreated specimens. Chloride profiles 

were then obtained to evaluate the effect.    

 

Chloride Profile Measurement 

Chloride profiles of the specimens after each test stage were measured to evaluate the effects of 

chloride penetration, extraction and re-ingress. The total (acid soluble) and free (water soluble) 

chloride in specimen of certain depth was measured using the titration technique on powder samples 

from grinding, according to ASTM C 1152 and ASTM C 1218 respectively. A hand-held grinder was 

used to get the powder within a 100×50 mm area restricted by a steel formwork. The ground depth 

was controlled by the stretching of the grinder’s head.  Totally 8 layers of powder samples were 

obtained from each specimen, with 5 mm per layer for the electrical treated specimen into the deepest 

depth of 40 mm and with 2 mm per layer for the salt spraying chloride re-ingress specimen into the 

deepest depth of 16 mm.   

 

 



 

Pore Structure Measurement 

For each specimen, core samples in 10mm diameter were obtained drilling inside from the exposure 

surface using a diamond drill. Total porosity and pore size distributions of drilled samples were 

measured using mercury intrusion porosimetry (MIP) according to BS 7591-1. 

 

3. Results and Discussion 

 

3.1. Controlled Chloride Penetration  

The expected chloride penetration depth is controlled as 40 mm to ensure no chlorides reach at the 

position of embedded steel (50 mm cover thickness). On basis of the preceding chloride migration test 

(NT Build 492), the chloride penetration depth is determined by chloride migration coefficient, test 

duration and applied voltage on concrete. Therefore selection of applied voltage and test duration, 

which are not sole value, can be determined from the controlled chloride penetration depth (40 mm) 

and known chloride migration coefficient of concrete, illustrated as follows. 
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Where, U is absolute value of applied voltage, V; t is test duration, hour; T is average temperature in 

the anolyte solution, °C; L is the thickness of the cover, mm; Dnssm is non- steady state migration 

coefficient, ×10-12 m2/s. The designed parameters for chloride penetration to obtain 40 mm chloride 

penetration and measured penetration depth from chloride profile after chloride penetration are given 

in Table 3. In this study, applied voltage took the same value as that in NT Build 492 test and then 

duration was estimated from equation (1). The resulting chloride penetration depths were close to the 

expected values, though a slight increase in measured depths was found in most of mixes. 

 
Table 3 Designed parameters for 40 mm chloride penetration and measured penetration depth 

 W/C 
Dnssm 

10-12 m2/s 

Designed parameters for 40 mm chloride 

penetration 
Measured 

Penetration 

Depth, mm Applied Voltage, V Duration, hours 

100 PC 

0.35 7.2 30 64 38 

0.45 9.6 25 54 40 

0.55 13.5 20 45 42 

PC/FA 

0.35 7.6 35 50 44 

0.45 12.7 25 44 42 

0.55 19.0 25 28 45 

PC/GGBS 

0.35 2.4 60 93 40 

0.45 3.3 50 72 45 

0.55 5.3 45 58 44 

 

3.2. Chloride Extraction Efficiency  

Figure 3(a) shows typical chloride profiles before and after ECE treatment. The extraction efficiency 

of ECE was expressed as the ratio of the removed chlorides during ECE process to the initial 

penetrated chlorides in percentage as shown in Figure 3(b). The extraction efficiency values equal to 

the ratios of the colored areas to the total area under the before ECE chloride profile. The calculated 

extraction efficiency values for all mixes are given in Table 4. The results indicated that the behavior 

of extraction efficiency was affected w/c ratio and cement combinations types. After the first cycle 

process, the most significant efficiency (56%) was found in 70PC/30FA concrete at w/c ratio of 0.55, 

while after two cycles of ECE, the greatest value (70%) was observed in 100 PC concrete at w/c ratio 

of 0.55. For PC mixes, significant increase in extraction efficiency was observed with an increase in 

w/c ratios, however, such tendency was unclear in both PC/FA and PC/GGBS binary combination 

concretes.  

 



 

 
Figure 3 (a) Chloride profiles of the specimen before and after ECE,  

and (b) Removed chloride with ECE and extraction efficiency (100% PC, w/c=0.45). 
 

Table 4 Chloride extraction efficiency of each ECE cycle 

 W/C 
Extracted Chloride Efficiency, % 

First Cycle Second Cycle Total 

100 PC 

0.35 44 6 50 

0.45 47 18 65 

0.55 47 23 70 

PC/FA 

0.35 50 14 64 

0.45 55 10 65 

0.55 56 9 65 

PC/GGBS 

0.35 41 16 57 

0.45 47 11 57 

0.55 48 8 56 

 

3.3. Changes in Pore Structure Characteristics  

The pore structure characteristics of concrete involved porosity, pore size distribution and critical pore 

diameter, which were measured by MIP. The porosity results of the reference concrete (C1) without 

any treatment, the chloride penetrated concrete (C2) and ECE treated concrete (C3) are compared in 

Figure 4. 
 

 
Figure 4 Porosity increase of concrete during electrical treatment. 

 

The process of both electrochemical chloride penetration and ECE treatment increased the porosity of 

concrete in all cases. Figure 4 showed the increment of porosity by the two electrical processes and 

total increase in comparison with the original reference concrete. While the chloride penetration 

process slightly increased the total porosity, the process of ECE increased porosity further. PC/GGBS 

concrete showed relative higher increase in porosity than PC and PC/FA mixes due to its relative 

lower original porosity and higher voltage applied to the specimens to achieve the same chloride 

penetration depth and same current density in ECE treatment. This generated more heat in concrete 

specimens under the external electrical field, which resulted in the dissolution and removal of 

portlandite and ettringite (Castellote and Andrade, 1999). 



 

 

The critical pore diameter also changed during the chloride penetration and ECE treatment, however, 

the variations were insignificant for each individual cement combinations as shown in Figure 5. It was 

observed slight reduction in 100PC concretes while slight increase in both PC/FA and PC/GGBS 

concretes, however, the critical pore diameters for blended cements were lower than pure PC 

compared at the same w/c ratio, especially the PC/GGBS combinations. 

 

 
Figure 5 Critical pore diameter changes of concrete during electrical treatment. 

 

Further investigation on the pore size distribution found that pore content with any range sizes 

increased during electrical treatment, and relative fraction of the small capillary pores (d<100 nm) 

increased more than pores >100 nm as shown in Figure 6. The influences of the small scale of 

concrete sample and the effect of ITZ on the precise measurement of pore structure characteristics of 

concrete from MIP test cannot be ignored, especially for pore size distribution. Overall, after the 

chloride penetrated and desalination process, the properties of pore structure of concrete became 

worse when compared to that of non-treated concrete. 

 

 
Figure 6 Pore volume in range (a) 10-100nm and (b) > 100nm. 

 

3.4. Changes in Carbonation Resistance  

The carbonation depths from accelerated carbonation test at 4, 6 and 10 weeks of the reference 

concrete (C1), the chloride penetrated concrete (C2) and ECE treated concrete (C3) at w/c ratios of 

0.45 and 0.55 are compared in Figure 7. No carbonation depth was observed in concrete at w/c ratio of 

0.35 in such test period.  

 



 

 
Figure 7 Comparison of carbonation depth of concrete at each exposure time before and after ECE treatment. 

 

The electrical treatment (penetration and ECE) decreased the carbonation resistance of all mixes, 

reflecting more measured carbonation depths of the electrical treated specimens mainly because of the 

increase of porosity in concrete. The most significant increases were observed in PC/FA concrete with 

higher w/c ratios. The penetration process increased the carbonation depth likely more significant than 

ECE at each exposure time probably due to the movement of hydroxyls toward steel, which reduced 

the pH value of pore solution in concrete surface during the chloride penetration process. Conversely 

to the penetration process, ECE process generates hydroxyls around embedded steel and drives them 

toward to concrete surface, which increases the pH value of concrete matrix and offsets the effect from 

the increased porosity.  

 

3.5. Changes in Chloride Resistance and Effect of Surface Treatment  

The pore structure in concrete changes due to the electrical penetration and ECE discussed inevitably 

will affect the chloride resistance performance of the treated concrete. Surface treatments with 

hydrophobic agents, RheoFIT®790 (Coating I) and 100% Silane (Coating II) were then applied on the 

surface of the specimens to reduce such effect. The salt spraying re-ingress process was carried out 

and the chloride profiles from the specimens of original reference, ECE treated and surface treated 

concretes are compared in Figure 8 to evaluate their effects on the further chloride resistance.  

 

As detailed in Figure 8, the acid-soluble chloride content profiles of the reference and desalinated 

concrete were plotted in (a), (b) and (c) for 100PC concrete, and concrete blended with FA and GGBS 

respectively. For PC mixes, the re-penetrated chloride content was found slight higher in the 

desalinated concrete compared to that in the reference concrete at surface zone, but performed closely 

similar in the deep bulk matrix. The PC/FA mixes had a similar results to PC mixes at low w/c ratio 

and the difference tended to significant at high w/c ratio. The PC/GGBS mixes had the highest 

chloride content difference between the desalinated specimens and their reference at each measured 

depth, shown in Figure 8(c). This is in line with the porosity changes observed in MIP analysis. 

 

Coating materials penetrated into several millimeters depth and formed hydrophobic materials by 

reaction with the concrete substrate. Water repelling ability allowed them to inhibitor the movement of 

liquid form water thus retarded or possibly prevented the chloride penetration from exposure 

environment. As also shown in Figure 8, great benefits from the application of the surface coating 

treatments were obtained, not only on preventing chloride accumulation in depth, but reducing 

chloride penetration depth, except 100PC concrete treated with Coating I. For blended cement mixes, 



 

both coating materials performed significant enhancement on preventing chloride ingress, where the 

Coating II material showed stronger chloride resistance than the Coating I material.  

 

 
Figure 8 Chloride profile of concrete after salt solution spraying re-ingress test. 

 

4. Conclusions 
ECE technique is effective in chloride remove on both pure PC and blended cement concretes and at 

w/c ratio as low as 0.35. With the two cycles of ECE process, not only free chloride in pore solution 

but bound chloride can dissolve into pore solution and be removed from the concrete matrix. However, 

the applied external power field inevitably caused negative effects on the concrete pore structures and 

affected its performance after ECE treatment.  

 

The results from this study indicate that the applied ECE treatment obtained a very effective chloride 

removal with 50-70% of total chlorides been extracted after two cycles. The micro-pore structure 

analysis using MIP discovered that the total porosity increased during both chloride penetration and 

ECE process, and the most increase was found in PC/GGBS concrete due to its relative lower original 

porosity and higher voltage applied to the specimens to achieve the same chloride penetration depth 

and same current density in ECE treatment.  

 

The chloride penetration process aggravated carbonation resistance of all concretes compared to the 

corresponding reference concrete due to the increase in porosity and reduced pH at surface layer of the 

concrete. ECE process increased carbonation further, however, showed less increase compared to the 

penetration process.  



 

 

The effect of ECE process on further chloride resistance was found insignificant in pure PC and 

PC/FA concretes. However, significant increase was observed in PC/GGBS concrete. This is in line 

with the porosity changes observed in MIP analysis. To prevent such negative effect, post-treatment 

with hydrophobic surface coating agents on desalinated concretes against further chloride attack had 

been proved to be effective. The work is beneficial for clients and engineers with responsibility for 

infrastructure exposed to chloride environments considering ECE as a repair or rehabilitation method 

prior to the onset of corrosion.  
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Abstract 8 

The chloride permeability of concrete is mainly depended on the transport properties of concrete, 9 

while the result of rapid chloride migration (RCM) test, which is virtually measurement of electrical 10 

conductivity of concrete, is not only influenced by the transport properties of concrete but also by the 11 

electrical conductivity of pore solution. Therefore, utilization of RCM method to evaluate the chloride 12 

permeability of concretes is not so accurate. 13 

In the present study, the electrical conductivity of pore solution of concretes with supplementary 14 

cementitious materials was normalized relative to that of Portland cement concrete, then the chloride 15 

diffusion coefficient derived from RCM test was corrected to minimize the influence of electrical 16 

conductivity of pore solution. The corrected chloride diffusion coefficient was much closer correlated to 17 

the transport properties (in terms of capillary water absorption rate and capillary porosity) of concretes, 18 

indicating that corrected of chloride diffusion coefficient can be regarded as a more reliable and effective 19 

index to evaluate the chloride permeability of concretes. 20 

  21 

Originality 22 

1. The chloride diffusion coefficient derived from RCM test was corrected based on electrical conductivity of 23 

pore solution of concrete. 24 

2. The corrected chloride diffusion coefficient was much closer to the transport properties of concretes.  25 

3. The correction of chloride diffusion coefficient was a more reliable and effective index to evaluate the 26 

chloride permeability of concrete. 27 

 28 

Keywords: Rapid chloride migration, Correction, Electrical conductivity, Pore solution. 29 
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1. Introduction    31 

Chloride is condidered as the main reason to initiate corrosion of reinforcement, reducing the 32 

durability and service life of reinforced concrete structures. Concrete is commonly regarded as a 33 

porous material, consisting of pores, hydration products, un-hydrated phases and aggregates, among 34 

which the pores network provide the only path for chloride penetration. That is to say, the permeability 35 

of chloride is mainly depended on the transport properties of concrete. Penetration of chlorides 36 

through concrete is a very slow process in the nature environment. Therefore, several accelerated test 37 

methods are proposed in the last two decades. 38 

The Rapid chloride migration (RCM) test, an non-steady-state migration test method firstly 39 

developed by Tang and Nilsson [1,2], is one of accelerated test methods widely adopted in the world. 40 

An external potential difference is applied axially across the specimen, thus the chlorides migrate from 41 

the outside into the specimen under the applied electric potential. The specimen is axially split after 42 

RCM test, and the penetration depth of chlorides is measured, consequently the non-steady-state 43 

chloride diffusion coefficient can be calculated as Eq. (1).  44 
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where, D is the chloride diffusion coefficient, m2/s; T is the average temperature in the anolyte 46 

solution, K; U is the absolute value of the applied voltage; L is the thickness of the specimen, m; t is 47 

the test duration, s; xd is the average value of the chloride penetration depths, m.    48 

As a main method for evaluating the permeability of chloride, the RCM method, which is regarded 49 

more reliable and efficient than RCP method [3], was standardized by Nordtest (NT Build 492) [4], 50 

which is now widely used in the world..  51 

When the RCM method is applied to evaluate the chloride penetration of self-compacting concrete, 52 

conventional concrete and cement mortar, which consist of different sand ratio, cementitious material 53 

constituent, and water to binder ratio, it was observed that the chloride diffusion coefficient from RCM 54 

method decreased with the increase of electrical resistivity (as shown in Fig. 1), illustrating that the 55 

chloride diffusion coefficient of concrete derived from RCM test was influenced by the electrical 56 

resistivity of the tested specimen. Similar results were obtained in literatures [5,6].  57 

Actually the electrical resistivity of water-saturated concrete is not only influenced by the transport 58 

properties of concrete but also related to the electrical conductivity of pore solution. Since, the 59 

chloride penetration has little to do with the electrical conductivity of pore solutions [7,8], the result of 60 

RCM method cannot accurately reflect the real chloride penetration of the concrete until the influence 61 

of the electrical conductivity of pore solution is eliminated.  62 

 63 



 

 64 

Fig. 1. The relationship between the electrical resistivity, the total charge passed and the chloride diffusion 65 

coefficient 66 

2. Correction of chloride diffusion coefficient 67 

The chloride diffusion coefficient of concrete was corrected based on the electrical conductivity of 68 

concrete pore solution. The electrical conductivity of concrete pore solution (Go) was measured and 69 

normalized relative to that of Portland cement concrete pore solution (GPII). The relative electrical 70 

conductivity (γ) was calculated by Eq. (2).  71 

 o
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The electrical resistance of concrete can be calculated according to the Ohm's law (Eq. 3).  73 

U
R

I
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where, R is electrical resistance of concrete, Ω; U is potential difference, V; I is electric current, A. 75 

And, the electrical resistivity of concrete is calculated by Eq. (4). 76 
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l
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where, ρ is electrical resistivity, Ω▪cm; A is cross-sectional area, cm2; l is thickness of the specimen, 78 

cm.  79 

According to the literature [9], the bulk electrical resistivity of concrete is calculated as Eq. (5). 80 
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                                                                  (5) 81 

where, ρb is the bulk electrical resistivity of concrete, Ω▪cm; ρo is the electrical resistivity of pore 82 

solution, Ω▪cm; Φ is the porosity of concrete; β is the tortuosity of the pore structure. 83 

The conductivity (G) is the invers of the electrical resistivity (ρ) as shown in Eq. (6). Therefore, by 84 

combining Eq. (6) and (5), Eq (7) can be obtained. 85 
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For a given concrete specimen, the pore structure (
1


) is constant, then the electrical resistivity 88 

of concrete samples can be corrected through Eq. (8): 89 

b b* = *o PII PIIG G  
                                                   (8) 90 

Eq. (9) can be obtained by combining Eq. (2) into (8). 91 

-PII b b                                                                 (9) 92 

where, ρPII-b is the bulk electrical resistivity of Portland cement concrete, Ω▪cm; GPII is the pore 93 

solution electrical conductivity of pore solution of Portland cement concrete, Ω▪cm; γ is the 94 

normalized electrical conductivity of pore solution.  95 

The relationship between the chloride diffusion coefficient and electrical resistivity of concrete 96 

was set up through the curve-fitting. A typical regression equation was shown as in Eq. (10). 97 

* b
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where, Drcm is the chloride diffusion coefficient, m2/s; ρ is the electrical resistivity of concrete, Ω▪cm; 99 

a, b are regression constants. 100 

Combining Eq. (9) and (10), the corrected Drcm (Drcm-PII) can be obtained (shown as Eq. 11). 101 
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b
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3. Experiment and results 103 

3.1 Raw materials  104 

The chemical compositions of raw materials used in the test are given in Table 1.The Blaine 105 

surface areas of Portland cement, fly ash and ground limestone were 360, 340 and 340m2/kg, 106 

respectively. Ground blast furnace slag (GBFS) was respectively ground to Blaine specific surface 107 

areas of 400m2/kg and 800m2/kg for use. River sand with fineness modulus of 2.7, 5-16 mm crushed 108 

granite and 16-31 mm crushed granite were used as aggregate. 109 

Table 1 Chemical compositions of raw materials (%) 110 

Materials  SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 LOI 

Portland cement 21.60 4.35 2.95 1.76 63.81 0.16 0.51 1.06 1.19 

GBFS 35.22 12.15 0.25 11.25 37.08 0.25 0.49 1.19 - 

Low calcium fly ash 49.27 28.33 6.38 1.63 5.43 0.53 1.10 1.22 3.60 

Note: LOI, Loss on ignition. 111 

3. 2 Mixture proportions of concretes 112 

The mixture proportions of concretes were shown in Table 2. The Blaine specific surface areas of 113 

GBFS used in B1, B2 and B3 was 400m2/kg, and that of GBFS used in B4 is 800m2/kg. The slump of 114 



 

concrete was controlled at 190 ± 20 mm by adjusting the dosage of polycarboxylic superplasticizer, 115 

then fresh concrete were cast into 100 mm× 100 mm× 100 mm cubic and Φ100 mm × 100 mm 116 

cylinder. The specimens were demoulded after 24 h and then cured at 20℃ in saturated calcium 117 

hydroxide solution. 118 

Table 2 The mixture proportions of concretes (kg/m3) 119 

Concrete 

ID 

Portland 

cement 
GBFS Fly ash Limestone Water 

Crushed granite 
Sand 

5-16mm 16-31.5mm 

B1 282 70 44 44 160 418 626 756 

B2 167 154 62 57 160 418 626 756 

B3 110 158 172 - 160 418 626 756 

B4 110 158* 172 - 160 418 626 756 

 120 

3. 3 The electrical conductivity of pore solution 121 

Since it is very difficult to obtain pore solution from long-term cured concrete, binders 122 

with same constituent as that used in the concretes was prepared and mixed with water at a 123 

water to binder ratio of 5, then simulated pore solution was extracted from the slurries after 124 

cured at 20 oC for 28 days. The electrical conductivity of the simulated pore solution was 125 

measured using the DDS308A Electrical conductivity tester, and then normalized relative to 126 

that of simulated Portland cement pore solution as shown in Table 3. The electrical 127 

conductivity of pore solution of binder slurries with supplementary cementitious materials 128 

(SCMs) was much lower than that of Portland cement, especially for binder with larger 129 

amount of SCMs. For example, the electrical conductivity of B3 was only 54.87% compared 130 

to that of Portland cement. It is confirmed that the composition of binders has significant 131 

influence on the electrical conductivity of pore solution, and consequently on the RCM 132 

results.   133 

Table 3 The electrical conductivity of pore solution 134 

Concrete ID 
Portland cement 

concrete 
B1 B2 B3 B4 

Electrical conductivity (mS/cm) 14.38 13.63 10.57 7.89 9.51 

Normalized electrical conductivity (%) 100.00 94.78 73.50 54.87 66.13 

 135 

3. 4 Correction of chloride diffusion coefficient  136 

The chloride diffusion coefficient of concretes with curing age of 28 days was measured according 137 

to NT build 492 [4], meanwhile the electrical resistance of concrete was also calculated by Eq.(3) and 138 
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Eq. (4). Fig. 2 and Table 4 indicated that B4 had the lowest chloride diffusion coefficient and highest 139 

electrical resistivity compared with Portland cement concrete, and the experimental data can be fitted 140 

by Eq. (12). 141 

Table 4 The chloride diffusion coefficient and the electrical resistivity of concrete 142 

 Electrical resistivity (Ω▪cm) Drcm (10-12 m2/s) 

B1 10944.60 7.87 

B2 25183.91 3.97 

B3 52810.86 1.95 

B4 63431.62 1.32 

 143 

 144 

Fig. 2 Relationship between the chloride diffusion coefficient (Drcm) and electrical resistivity of concrete 145 

4 -0.9043.5530*10 *rcmD      R2=0.9913                                          (12) 146 

The chloride diffusion coefficient of concrete was corrected using the method proposed in section 147 

2. Comparison of chloride diffusion coefficients before and after correction was shown in Fig. 3 and 148 

Table 5. Obviously, the chloride diffusion coefficient presented a larger value after correction, 149 

especially for concretes with larger amount of SCMs. For instance, the chloride diffusion coefficient of 150 

B4 increased from 1.32×10-12m2/s to 2.35×10-12m2/s after correction, while that of B1 was only 151 

increased from 7.95 ×10-12m2/s to 8.43×10-12m2/s. 152 

 153 

Fig. 3 The chloride diffusion coefficient of concrete before and after correction 154 



 

Table 5 The electrical resistivity and chloride diffusion coefficient of concrete 155 

 ρ (Ω·cm) γ (%) Modified ρ (Ω·cm) Drcm (10-12m2/s) Modified Drcm (10-12m2/s) 

B1 10944.60 94.78% 10373.78 7.87 8.32 

B2 25183.91 73.50% 18511.40 3.97 4.93 

B3 52810.86 54.87% 28976.19 1.95 3.29 

B4 63431.62 66.13% 41949.56 1.32 2.35 

 Note: γ is relative electrical conductivity of pore solution.  156 

4. Effectiveness of the corrected chloride diffusion coefficient 157 

Zhang [10, 11] found a significant linear correlation between the permeability, resistance to sulfate 158 

attack and the water absorption rate or capillary porosity. To verify the effectiveness of correction of 159 

chloride diffusion coefficient, the water absorption rate and capillary porosity (in terms of water loss 160 

ratio at 60oC (P60)) of concrete were measured and correlated to the corrected chloride diffusion 161 

coefficient. 162 

4.1 Relationship between chloride diffusion coefficient and water absorption rate of concretes 163 

Concrete slices with size of 100 mm × 100 mm × 50 mm were cut from 100 mm × 100 mm × 100 164 

mm concrete specimens, and then dried in a oven with temperature of 105 ± 5oC for 48 h. The sides 165 

of dried concrete slices were sealed with resin, the bottom of concrete slice was immersed in water 166 

bath at 20℃ as shown in Fig. 4, the mass increased of concrete slices were recorded at 30 min, 60 min, 167 

90 min and 120 min.  168 

 169 

Fig. 4 Schematic diagram for capillary water absorption test 170 

 171 

The water absorption rate (S) can be calculated by Eq. (13). 172 

I = C + St0.5                                                                      (13) 173 

where, I is the water mass absorbed in per unit area, 10-2g/min0.5·mm2; t is testing time, min; C is 174 

regression constant.  175 

Then relative water absorption rate was calculated by (14), the results were showed in Table 6. 176 

B1

Bi

   
S

Relative water absorption rate
S

                                           (14) 177 



 

where, SB1 is the water absorption rate of B1, 10-2g/min0.5·mm2. SBi is the water absorption rate of 178 

concrete (Bi means B1, B2, B3 or B4 ), 10-2g/min0.5·mm2. 179 

Table 6 The capillary water absorption rate of concrete 180 

Concrete ID B1 B2 B3 B4 

Water absorption rate S (10-2g/min0.5·mm2) 1.48 1.31 1.02 0.64 

Relative water absorption rate(SB1/SBi) 1.00 1.13 1.45 2.31 

 181 

The relative chloride diffusion coefficient were defined, which can be calculated by Eq. (14).  182 

-B1

-Bi

   rcm

rcm

D
Relative chloride diffusion coefficient

D
                                    (14)  183 

where, Drcm-B1 is the chloride diffusion coefficient of concrete B1; the Drcm-Bi is the chloride diffusion 184 

coefficient of Bi. 185 

The relationship between the relative water absorption rate and the relative chloride diffusion 186 

coefficient was shown in Fig. 5. For a given concrete, the relative chloride diffusion coefficient of 187 

concrete obtained from corrected RCM method was much smaller than chloride diffusion coefficient 188 

from RCM method. Specifically, the relative chloride diffusion coefficient of concrete B4 was 189 

decreased from 5.96 to 3.53. Theoretically, the relative chloride diffusion coefficient of concrete 190 

showed same value with the relative water absorption rate. In fact, the relative chloride diffusion 191 

coefficient was much closer to the relative water absorption rate. That is to say, the corrected RCM 192 

method can be regarded as a more effective method to evaluate the chloride penetration of concrete 193 

than RCM method.  194 

  195 

Fig. 5. Relationship between the relative water absorption rate and the relative chloride diffusion coefficient 196 

4.2 Relationship between chloride diffusion coefficient and water loss ratio of concretes 197 

The capillary porosity of concretes was determined using a vacuum saturation method described in 198 

RILEM CPC 11.3 [12]. Φ100 mm × 20 mm cylinders were prepared and oven dried at 105 °C for 48 h. 199 

After initial mass of the specimens were measured, the specimens were subjected to vacuum saturation 200 

for 3 h, then water was poured into the vacuum chamber meanwhile the vacuum was maintained for an 201 



 

additional 1 h. The specimens were then left undisturbed in water for 12 more hours, the mass of the 202 

specimens were recorded. After vacuum saturation the samples were oven dried at 60℃ for 24 h to 203 

remove the capillary water. The capillary porosity (P60) and total porosity (P105) can be calculated by 204 

Eq. 15, 16. The relative capillary porosity can be calculated by Eq. 17, and P60/P105 can be regard as the 205 

proportion of capillary pore of concretes.  206 

s 105
105

s b

m -m
P = 100%

m -m
                                                            （15） 207 

s 60
60

s b

m -m
P = 100%

m -m


                                                           （16） 208 

60-B1

60-Bi

The relative capillary 
P

P
porosity                                             （17） 209 

where, the P105 is the total porosity of the specimen, %; ms is the saturated surface-dry mass of the 210 

specimen after vacuum saturation, g; mb is apparent mass of specimen in water after vacuum 211 

saturation, g; m105 is the mass of specimen dried at 105 oC, g; m60 is the mass of specimen dried at 212 

60oC, g; P60 is the capillary porosity of specimens, %. 213 

Table 7 showed that there was no obvious difference between the total porosity (P105) for all 214 

concretes prepared, while the capillary porosity (P60) varied dramatically. The proportion of capillary 215 

pore of B1 was 67.21%, and that of B4 was only 37.86%, indicating that B4 has a much denser 216 

structure than B1. 217 

Table 7 The total porosity and capillary porosity of concretes  218 

Concrete ID B1 B2 B3 B4 

P105 (%) 10.52 12.3 10.32 11.26 

P60 (%) 7.07 6.95 4.66 4.26 

P60/P105 (%) 67.21 56.53 45.13 37.86 

Relative capillary porosity(P60-B1/P60-Bi) 1.00 1.02 1.52 1.66 

 219 

The relationship between the relative chloride diffusion coefficient and the relative capillary 220 

porosity was shown in Fig. 6, similar tendency was observed as shown in Fig. 5. Thus it can be 221 

concluded that the relative chloride diffusion coefficient was much closer to the relative capillary 222 

porosity, which also proved the effectiveness of corrected RCM method. 223 
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 224 

Fig. 6. Relationship between the relative chloride diffusion coefficient and the relative capillary porosity  225 

5. Conclusions 226 

Main conclusions that can be drawn from the present study are summarized as follows:  227 

(1) The RCM method is virtually measurement of electrical conductivity of concrete, thus the 228 

influence of the electrical conductivity of pore solution on the results of RCM cannot be avoided.  229 

(2) The chloride diffusion coefficient was corrected based on the electrical conductivity of pore 230 

solution of concretes. The influence of electrical conductivity of pore solution on the chloride 231 

diffusion coefficient was minimized.  232 

(3) The corrected chloride diffusion coefficient was much closer correlated to the transport 233 

properties of concretes, indicating that corrected chloride diffusion coefficient can be regarded as a 234 

more reliable and effective index to evaluate the chloride permeability of concretes. 235 

 236 
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Cracking Mechanism of Cement-based Material Caused by Different Alkaline 

Metal Ions 
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Abstract 

The influence of high equivalent alkali content and different alkaline metal ion (K+ and Na+) on cracking of 

cement-based material was investigated; the results showed that high equivalent alkali content could improve cracking 

sensitivity of cement-based material seriously due to its high dry shrinkage and autogenous shrinkage, in which K+ was 

more likely to promote shrinkage cracking. With the help of Atomic Force Microscope (AFM), the topography of C-S-H 

clusters, particulate interaction of C-S-H cluster of cement-based material hydration phase were characterized. K+ and 

Na+ were trend to limit C-S-H cluster pack each other. Based on the micromechanics parameters and molecular 

structure of C-S-H cluster, the important reason for improving cracking sensitivity of cement-based material was low 

adhesive force of C-S-H clusters caused by different alkaline metal ions. 

 

Originality 

(1) The influencing rule of different alkaline metal ion on cracking sensitivity of cement-based material was obtained. 

(2) The cracking mechanism of cement-based material caused by different alkaline metal ions was revealed by 

micromechanics parameters, characterized in terms of preferential morphologies and particulate interaction of C-S-H 

cluster. 

 

Keywords: Cement-based material; micromechanics parameters; Calcium silicate hydrates(C-S-H); Alkaline metal ion; 

Cracking 

1. Introduction 

In cement cement-based materials, the alkali is almost as difficult to control as the trace elements. It can 

promote the early hardening of cement pastes(Odler, I.et al.,1983; Jawed, I. et al., 1978;He, Z.et al.,2005), 

but it will lead to macroscopic volume deformation, or even cracking which seriously affect the volume 

stability and durability of cement cement-based materials(Thomas, J.et al.,2008). When study the affection 

of alkali on the cracking sensitivity of cement cement-based materials, the alkali content is often unified into 

an equivalent Na2Oeq (Na2Oeq=Na2O+0.658K2O). Alkali ions in cement cement-based materials include Na+ 

and K+, and the value of K2O/Na2O is generally 2:1~10:1(Barnes, P.et al.,2002). Only a few studies show the 

affection of different alkali ions on the cracking sensitivity of cement cement-based materials(Chen 

Meizhu,2004). The modern cement cementitous materials are often multiple gelling systems, and sometimes 

contain a large quantity of chemical admixtures and stone powder which will increase the alkali content and 

the difference of the content of K+ and Na+ will be greater. So, it is difficult for the crack control method of 

cement cementious materials to take effect ignoring the difference of the affection of different alkali ions. 

The impact mechanism of alkali on the shrinkage and cracking of cement cement-based materials is 

often attributed to the fact that the alkali improves the hydration rate and refines the pore structure which 

causes the excessive volume shrinkage deformation (Barnes, P.et al.,2002; Neto, A.et al.,2008). But this 

explanation does not seem comprehensive, because the pastes with the same compressive strength and the 

same shrinkage still show great difference in crack resistance which is regarded as the anti-crack extension 
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(Burrows, R,1998)which is considered to be caused by the morphology of hydration products. The studies by 

Vivina(1981)indicated that the hydration products of cement with high content of alkali tended to be gel 

rather than crystalline. Ramachnadrn et al. (1993) observed the fracture surface by SEM, and found that the 

morphology of C-S-H in the paste containing NaOH was netted while that in the reference paste was fibrous. 

However, these findings do not provide sufficient evidence for the cracking mechanism of cement 

cement-based materials. With the in-depth study of the major hydration product C-S-H, it is found that the 

extension of the paste seem to be closely related to the microscopic mechanical properties of C-S-H, because 

the C-S-H was the unique phase could connect each hydration products of cement paste. Lesko (2001) 

measured the cohesion between C-S-H clusters under different solution conditions by Atomic Force 

Microscope (AFM), and the results indicated that Na+ decreased the cohesion between C-S-H clusters. But 

there is little information about the relationship between the microscope mechanical properties of C-S-H and 

the cracking sensitivity of the cement paste. 

This study focused on the effect of different alkali ions (K+ and Na+) on the early age cracking of 

cement cement-based materials under the equivalent (Na2Oeq). And based on the shrinkage and cracking 

performance of cement cement-based materials, the cohesive properties of C-S-H, and the structure of C-S-H 

bunching, revealed the micro-mechanical mechanism of the impact of different alkali ions on the cracking 

behaviour of cement cement-based materials. 

2. Materials and test methods 

2.1 Materials and mix proportion of pastes and mortars 

The cement used was a standard P·I 42.5(China) with equivalent alkali content of 0.64%，the chemical 

composition of cement was given in Table 1,the sand used was ISO quartz sand. In order to study the 

influence of high alkali content and different alkaline metal ion on cracking of cement-based material, 

equivalent alkali content of cement was adjusted to be 1.64% of the mass of cement by NaOH and KOH 

( AR grade, marked K and Na separately). Mortar samples prepared with a mass proportion of cement-based 

binder:sand:water of 1:2:0.4 were mainly used for shrinkage and cracking test , while the paste samples 

prepared with mass proportion of 1:0.4 were mainly used for Atomic Force Microscope(AFM) test. Mix 

proportion of the pastes and the mortars are summarized in Table 2. 

Table1 Chemistry composition of cement w/% 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O TiO2 (Na2O)eq 

64.03 19.54 4.22 3.84 2.73 3.89 0.15 0.74 0.27 0.64 

Table 2 Mix proportion of the pastes and the mortars  

Name W/C Binder:Sand 
Added NaOH* 

(Na2Oeq),% 

Added KOH* 

(Na2Oeq),% 
Total Na2Oeq,% 

C 0.4 1:0 - - 0.64 

SN 0.4 1:0 1.0 - 1.64 

SK 0.4 1:0 - 1.0 1.64 

CM 0.4 1:2 - - 0.64 

SNM 0.4 1:2 1.0 - 1.64 

SKM 0.4 1:2 - 1.0 1.64 

2.2 Test methods 

2.2.1 Initial cracking time of the mortar 



Initial cracking time of cement mortar were measured by multi-channel ellipse ring shrinkage cracking 

apparatus(He, Z.et al.,2005), it can directly reflect the ability of resistance early cracking of cement- based 

material under constraint condition. According to table 2, the mortar sample contained different alkali metal 

ions were demoulded at 18h for this test and immediately stored in a drying room at a constant temperature 

of 20°C and 53% RH. When the mortar sample cracks, the cracking time would be recorded by voltage 

sensor on the mortar sample. 

2.2.2 Shrinkage test   

Six mortar prisms measuring 25 × 25 × 280 mm were cast for each binder according to table 2. Drying 

and autogenous shrinkage tests were performed. The prisms were demoulded at 1d under standard cuing 

condition, in which three prisms were immediately stored in a drying room at a constant temperature of 

20 °C and 53% RH for drying shrinkage tests, other three prisms were sealed with petroleum jelly and 

wrapped with an outer layer of plastic and stored in the same condition for autogenous shrinkage tests, 

maximum moisture loss at 28 days was controlled below 0.3%. Length variances and data processing method 

validated in accordance with JC/T 603-2004”Standard test method for drying shrinkage of mortar”(in 

Chinese). 

2.2.3 Micromechanical parameters of C-S-H 

C-S-H clusters, around 50 nm in diameter, were consisting of elementary bricks of 5nm. With the 

different age and hydration condition, the main hydration product C-S-H clusters showed completely 

different micormechanical properties(Constantinides, G.et al.,2003; Jennings, H. M.2008), such as elastic 

modulus and hardness that may can affect the macromechanical properties of cement-based materials. The 

cohesive force between C-S-H clusters of cement paste added with different alkaline metal ions for 3d had 

been studied. In order to obtain good surface of specimens for this experience, specimen had been grinding 

and polishing on diamond discs with 9μm、3μm and1μm diamond slurry in turn. 

AFM is powerful tools for investigating material surfaces chemical properties and cohesive properties 

(Hoh, J. H.et al.,1992; Eastman, T.et al.,1996). The pull-off force between AFM tip and C-S-H clusters could 

indirectly reflect the cohesive force between C-S-H clusters, and Force-distance curve of AFM almost 

contained all interaction information and between samples and tip(Bai chunli.et al.,2000). Fig 1 was the 

Force-distance curve between sample surface and tip, in the process of approach and withdraws of tip, the 

pull-off force of C-D stage could reflect the cohesive force between C-S-H clusters. Cohesive force could be 

calculated as follows: 

                       F=k×β×UC-D                                     (1) 

Where k is the cantilever spring constant; βis ratio between the deformation of cantilever beam and 

the voltage of piezoelectric detector ; UC-D denotes the cantilever de flection (measured in Volts). The 

experimental conditions was atmospheric environment.  

   
Fig 1 Force-distance curve between sample surface and tip 

Pull-off 

force 

Distance (nm)  



3. Results and discussion 

3.1 Initial cracking time of the mortar  

Fig 2 shows initial cracking time of cement mortar added with different alkali metal ions. It can been 

seen that all alkali metal ions increased cracking sensitivity of cement mortar, in which the promoting effect 

of K+ was higher than that of Na+. Compared with the control sample CM, initial cracking time of SKM 

added with K+ shortened 28%, while initial cracking time of SKM added with Na+ shortened only 13%, it 

can be verified that K+ could increase cracking sensitivity of cement mortar twice than Na+. This conclusion 

was similar to the result of K2O could increase cement-based material cracking than Na2O in reference 

[9].Therefore, when studying on the influence of alkali on cracking sensitivity cement-based materials , the 

role of different alkali metal ions should been pay sufficient attention. 

 

Fig 2 Initial cracking time of cement mortar added with different alkali metal ions 

3.2 Shrinkage of the mortars added with different alkali metal ions 

Fig. 3 lists comparative graph of drying shrinkage and autogenous shrinkage of cement mortar bars 

added with different alkali metal ions. The shrinkage presented in Fig.1 was the averages of the three 

specimens. It can been seen that Compared with the control sample CM，K+ and Na+ both increased drying 

shrinkage and autogenous shrinkage of cement mortar, but either drying shrinkage or autogenous shrinkage 

of cement mortar added with K+ were significantly higher than that with Na+. For the drying shrinkage, 

shrinkage of cement mortar bars added with Na+ was the same as control sample CM before 7d, then the 

drying shrinkage of it was significantly higher than control sample CM, the growth rate of drying shrinkage 

was 121% at 28d; While during the entire test period, the drying shrinkage of cement mortar bars added with 

K+ was always higher than control sample CM and the growth rate of drying shrinkage was remained at 

around 140%. These results indicate that different alkali metal ions had different influence on the drying 

shrinkage of cement mortar bars. For the autogenous shrinkage, shrinkage of cement mortar bars added with 

K+ was also higher than that with Na+, but the growth rate of drying shrinkage of cement mortar bars added 

with Na+ and K+ were always remained at around 120% and 140% respectively after 1d, which indicated that 

compared with drying shrinkage of mortar bar, the impact of different alkali metal ions on autogenous 

shrinkage of mortar bar was more significant. However, alkali were not by influencing the autogenous 

shrinkage of cement mortar bar to influence the drying shrinkage of cement mortar bar, the rate of 

autogenous shrinkage value in drying shrinkage value were less than 50% and reduced gradually with the 

increase of age. It could be derived that alkali had effect the macroscopic change of cement-based material 

by increasing drying shrinkage of cement-based material. 

For the relationship between shrinkage and cracking sensitive of cement-based materials, according to 

the results of initial cracking time of cement mortar (Fig.2), all cement mortar contained CM, SNM and 
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SKM were cracked before 4d, while during this time although the drying shrinkage of SNa was same as the 

drying shrinkage of CM, initial cracking time of SNa was 87% of initial cracking time of CM. It could be 

derived that single judged from drying shrinkage the cracing sensitive of cement-based materials was not 

desirable. 

 

(a) CM                               (b) SNM 

 
(c) SKM 

Fig 3 Comparative graph of drying shrinkage and autogenous shrinkage of cement mortar bars 

3.3 Adhesive ability of C-S-H cluster  

To ensure the accuracy of micromechanics parameters, high-resolution C-S-H clusters topography was 

firstly obtained by AFM with contact mode, scanning area was 1μm × 1μm.Then cohesive force between tip 

and C-S-H clusters in which twenty or more representative points were chosen, was obtained by AFM with 

tapping mode. Fig. 4 is C-S-H clusters topography of cement paste added with different alkali metal ion for 

3d. It can be clearly seen that alkali had a great influence on the morphology of C-S-H clusters. Control 

sample C had compact structure, in which single C-S-H clusters of diameter of about 50nm that further piled 

into globular C-S-H clusters around 100nm could not be observed clearly. While in the cement paste added 

with Na+ and K+, single C-S-H clusters of diameter of about 50nm could be observed clearly and the 

structure seemed to be rather loose. Table 3 lists the test data of cohesive force between tip and C-S-H 

clusters of cement paste. It was interesting to find that cohesive force of C-S-H clusters of control sample C 

was significantly larger than that of cement paste added with K+ and Na+. In addition, cohesive force of 

C-S-H clusters of control sample C was wider distribution ranged from 6nN to17nN, showing a bimodal 

distribution that the peaks were in 7nN ~8nN and11nN ~12nN respectively, while cohesive force distribution 

of C-S-H clusters of cement sample added with Na+ and K+ were significantly narrowed and ranged from 

5nN to10nN and from 4nN to11nN respectively.  
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(a) C (Rms=28nm)                   (b) SN (Rms=18nm) 

 

(c) SK (Rms=25nm) 

Fig 4 AFM spectrum of cement paste added with different alkali metal ion for 3d 

(Rms represents square average roughness) 

It is worth noting that using K inspection, we found that cohesive force of C-S-H clusters were in line 

with the gauss distribution, Mondal et al. (2008)also pointed out that young’s modulus of hydration phase of 

the hardened cement paste in the  nanoscale were also in line with the gauss distribution. It can be verified 

that cement-based material in both macroscopic and microscopic exhibited anisotropic characteristics. Fig 5 

represents average adhesive force of C-S-H clusters of cement paste added with different alkali metal ions 

for 3d. It can be clearly seen that adhesive force of C-S-H clusters of control sample C was 10.84nN, which 

higher than adhesive force of C-S-H clusters of cement sample added with K+ and Na+. While compared to 

control sample C, adhesive force of C-S-H clusters of cement sample added with K+ and Na+ were reduced 

by 29% and 33% respectively. Therefore, it can be concluded that alkali metal ions can affect the packing 

topography of C-S-H clusters and trended to reduce adhesive force between the C-S-H clusters. 

Table 3 Test data of cohesive force between tip and C-S-H clusters of cement paste 

C SNa K 

Area F(nN) Area F(nN) Area F(nN) 

1 11.45 1 6.36 1 5.41 

2 11.76 2 9.81 2 8.2 

3 12.45 3 8.35 3 8.2 



4 13.87 4 7.47 4 6.05 

5 16.13 5 5.98 5 8.7 

6 12.44 6 8.00 6 9.04 

7 15.06 7 7.32 7 10.72 

8 14.37 8 9.04 8 6.00 

9 11.15 9 9.85 9 6.30 

10 10.50 10 8.16 10 8.40 

11 11.49 11 8.39 11 8.10 

12 10.15 12 7.51 12 5.60 

13 10.31 13 8.08 13 7.80 

14 7.63 14 7.97 14 5.00 

15 11.72 15 6.55 15 5.20 

16 11.69 16 8.35 16 5.80 

17 9.62 17 8.51 17 7.74 

18 7.86 18 9.50 18 5.90 

19 6.97 19 8.85 19 8.00 

20 8.76 20 5.21 20 7.60 

21 7.82 21 6.28 21 7.20 

22 7.90 22 6.25 22 7.80 

23 8.12 23 6.51   

  24 7.20   

 

Fig 5 Average adhesive force of C-S-H clusters of cement paste added with different alkali metal ions for 3d 

According to the above-mentioned results, in the view of micro-mechanical of C-S-H clusters, the 

performance of the C-S-H gel is the key role causing the shrinkage of cement pastes. The AFM observation 

shows that Na+ and K+ have both decreased the cohesion between C-S-H particles in the cement paste (see 

Fig. 7), which means that under the same stress conditions, Na+ and K+ will cause C-S-H particles to break 

away from each other and then increase the crack sensitivity of cement pastes. By comparing the results of 

the pastes incorporating Na+ and K+ respectively, it is found that K+ is more likely to decreases the cohesion 

between C-S-H particles and increase the autogenous shrinkage and drying shrinkage so as to increase the 

crack sensitivity of cement pastes. The reason why the cohesion between C-S-H clusters in the pastes 

incorporating Na+ or K+ may be: the Si-OH at the surface of C-S-H adsorb Na+ and K+ (Brouwers, H. J. 

H.,2003; Stade, H. ,1989), and convert to Si-OK and Si-ONa whose ironic radius is so large that the coulomb 

force of Si-O- is shield and as a result the cohesion between C-S-H clusters is decreased. 
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4. Conclusion 

This paper studies the impact of different alkali ions on the crack sensitivity of cement pastes, 

autogenous shrinkage and drying shrinkage and reveals the mechanism based on the cohesion force between 

C-S-H clusters. The main conclusions are as follows: 

(1)The alkali ions can improve the crack sensitivity of cement pastes, and at the same alkali equivalent 

conditions, K+ is more likely to promote the shrinkage and cracking of pastes than Na+. 

(2) K+ is more likely to promote the autogenous shrinkage and drying shrinkage of mortar than Na+, but 

which could not account for crack sensitivity of cement-based materials added with different alkali metal 

ions reasonably. 

(3) K+ and Na+ were trend to limit C-S-H cluster pack each other and both decreased the cohesion force 

between C-S-H clusters, in which K+ reduced more cohesion force between C-S-H clusters than Na+. It may 

be the micro-mechanical mechanism for alkali ions promoting the crack sensitivity of cement-based 

materials. 
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Abstract 

By the Fukushima-Daiichi accident, radio-Cs was released to the environments. Some parts are deposited on concrete. 

In order to decontaminate, the nature of radio-Cs contamination should be clarified. Concrete samples were collected 

from contaminated field. The absolute amount of radio-Cs is extremely small and there is no efficient way to evaluate 

the distribution excepting radiation measurement. By using beta-ray radiograph, distribution images of radio-Cs with 

the spatial resolution of 0.1 mm were obtained. There is a logarithmic relationship between the air dose and the 

penetration depth and the contaminated depth is estimated to be limited in a few mm even in highly contaminated area 

such as 30 μSv/hr. The radio-Cs is insoluble in concrete. Therefore, it is possible to apply water jet abration for 

decontamination of contaminated concrete. However, when concrete is immersed into Cs-137 radio isotope solution, 

Cs-137 penetrated in cm order. The reason of this significant difference between field and laboratory is discussed from 

the view point of clay adsorption, carbonation, and alkali leaching. Each factor has some effects but the detailed 

mechanism of radio-Cs penetration in field concrete is still unclear. 

 

Originality 

Real penetration behaviors of Cs in field concrete are reported and compared with laboratory immersion tests. Based 

on the measurement results, a guideline for the decontamination is proposed. 

 

 

Keywords: Cs, contamination, radiograph, depth, insoluble, Fukushima accident 



 

1. Introduction 

By the accident in Fukushima Daiichi Nuclear Power Station of TEPCO, radio-Cs is released for 

environments and various places and materials are contaminated. The area highly contaminated is 

restricted to live. For the return of people in their original living places, decontamination reducing air 

dose ratio must be completed and remediation works are required. And for this, various 

decontamination technologies have been examined by the fund from Ministry of Environment (JAEA 

2015). 

Major contaminants are soil and vegetation but concrete structures occupy some parts of large 

quantity. Decontamination of concrete by ultra-high pressure water or shot blast have been examined 

and the effectiveness has been demonstrated. However, the penetration depth and its correlation with 

contamination level are unclear. According to an example of Chernobyl accident, Cs-137 and Sr-90 

reached at least 50 mm and the 70% was located in 5 mm (Farfán 2011). 

Because of the kinds of released radio-nuclides relating half life and amounts by the Fukushima 

accident, two nuclides mentioned above are the concerns. In majority, the contamination by Sr-90 is 

around 1/1000 of that by Cs-137 and only Cs-137 is the problem in reality (NRA 2012). 

For the decontamination work of concrete, it is important to know how deep radio-Cs penetrated 

into concrete. Therefore, in this study, penetration experiments by using radio isotope of Cs-137 and 

actual evaluation of contaminated field concrete by water jet abrasion were carried out. 

 

2. Isotope Cs-137 penetration into laboratory concrete 

As is expected from the experience of NaCl penetration from sea water to concrete, penetration depth 

will be mm or cm level for 0.1 M order solution. However, the physical but not radiation 

concentration of radio-Cs released from the Fukushima accident is expected extremely low. The major 

release of radio-nuclides for air is limited from 12 March to 26 March, 2011. After the Fukushima 

accident, by the west wind, majority of radio-Cs was gone to the Pacific Ocean because the west wind 

during dry fine weather is major in this season of Japan. However, on several days, by the change of 

pressure systems, east wind was observed accompanying some rain. This means contaminated wet 

atmosphere or rain came to contact with dried concrete.  

In order to reproduce this situation, two kinds of concrete are prepared in two conditions. Two kinds 

of concrete are made having different water to cement ratios, i.e. 60% and 45%. Limestone aggregate 

of relatively high purity was used as coarse and fine aggregate in order to avoid the effect of clays. 

Cement used was ordinary Portland cement. Specimen of 20x50x50 mm was cut out from φ100L200 

mm cylinder. One specimen was dried at 58%RH and another specimen was water saturated for one 

month. One face of 20x50 mm with covering other faces by epoxy resin was dipped into radio-Cs 

solution of 20 mL having 5000 Bq/mL. 

Dried specimens were immersed in the 

solution for 6 hr. Water saturated 

specimens were immersed for 22 days. The 

penetration depth was evaluated by beta-

ray radiograph. In beta-ray radiograph, a 

plate sensitive to beta-ray emitted by Cs-

137 was used. Immersed samples were 

sliced by oil cutter to be a few mm 

thickness in the vertical direction to 

exposure. Then, shaped samples were put 

simply on an imaging plate. The imaging 

plate used has special resolution of 

0.05mm and this is enough because the 

range pass of beta-ray from Cs-137 is 0.16 

mm. Each pixel on imaging plate counts 

beta-ray emission and the strength is on 

each point is recorded. 

 

  
Figure 1 Beta-ray radiograph for Cs-137 penetration 

into concrete specimens. (W/C, relative humidity, 

exposure time, radiation counts by NaI detector. 



 

In Figure 1, the beta-ray radiographs are 

shown with photo of concrete specimens. In 

Figure 2, penetration profiles are shown. Radio-

Cs penetrated into concrete through paste part. In 

dried samples, radio-Cs moved about 25 mm 

regardless of the water to cement ratio although 

the surface concentration was much higher in the 

case of 60%. In water saturated samples, 

significant differences were observed depending 

on water to cement ratio. In the case of 60%, the 

penetration depth was 45 mm and in the case of 

45%, that was 25mm. 

 

 

 
Figure 3 Deposition of radio-Cs and location of sampling (METI 2015, Small red circle on the right 

upper figure). 

Larger figure indicates radio-Cs deposition by the survey on Nov 5, 2011. 

Smaller figure indicates radio-Cs deposition by the survey on Dec 28, 2012. 

 

 
Figure 4 Sampling of concrete in radio-Cs contaminated field. 
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Figure 2 Cs-137 penetration profiles. 

 

Fukushima  

Diichi NPS 



 

3. Radio-Cs penetration in field concrete from Iidate 

Village 

 

3. Surface radiation survay of concrete in Iidate Village 

3.1 Locations of sampling 

On December 17, 2012, concrete samples of concrete product plates on road side gutter having a size 

W412T95L500 mm and concrete cores of 10L20 cm from walls were collected from Road 399 in 

Iidate Village, Fukushima Prefecture. The location is indicated in Figure 3 (deposition density map of 

radio-Cs by METI 2015) as a red circle. The concrete gutter and wall sampling are shown in Figure 4. 

The details of concrete character are unknown but the cement used will be ordinary Portland cement. 

The correlation between air dose rate and surface dose rate of concrete measured by a NaI survey 

meter is shown in Figure 5. Major source of gamma-ray of radio-Cs is from soil and vegetation. So, 

the surface dose rate of concrete is less than the air dose rate. There is a positive correlation between 

air dose rate and surface dose rate of concrete. Concrete in higher contaminated area is highly 

contaminated. The contamination level is different depending on the direction of surface. Upper 

surface is more contaminated. Neutralization depth by phenolphthalein were 5 – 10 mm on the side 

face of wall but that is very limited less than 1mm on the upper surface. 

 3.2 Water jet abrasion 

In order to decontamination of concrete, water jet abrasion (Figure 6) was applied for 3 pieces of 

concrete plate having size of 30x30x9.5 cm. Before water jet abrasion, concrete surface was washed 

by high pressure water of 3MPa. For water jet, water pressure was 150 MPa, nozzle size was 0.1 mm, 

7 nozzles, jet flow was 5.58 L/min. Concrete plates were sliced into several parts for water jet abrasion 

and radiograph. From the plates of No. 5 and No. 6, two pieces of concrete were used for abrasion test.  

By high pressure water washing, 30 or 40 % of dose rate decreased. There may be some stains of 

fine particles or clay. However, the decontamination efficiency is limited for only high pressure water 

washing. 

In Figure 7, appearance changes of concrete plates by water jet abrasion are shown. #5 showed 

relatively smooth surface and the smallest appearance change was observed. #6 showed relatively 

rough surface and the cement paste part was removed easily. #4 showed intermediate appearance 

change. 

In Figure 8, the correlation between water jet abrasion time and surface dose rate is shown. 

Regardless of the different appearance change of each sample, surface dose rate decreased similarly. 

For this size and water pressure (relatively low), 200 s is enough. By measuring mass change before 

and after abrasion and assuming paste density, abrasion time was converted to abrasion depth and the 

correlation with surface dose rate is shown in Figure 9. Contamination depth of #5 with smooth 

surface was around 0.5 mm and much less compared to 2 mm of #6 with rough surface. However, 

from a practical point of view, required time for abrasion will be the same for similar location 

regardless of the quality of concrete. 
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Figure 5 Correlation between air dose rate 

and surface dose rate of concrete. 

 
Figure 6 Water jet abrasion. 



 

 

 

 

Figure 7 Appearance changes of concrete plates of road girder by water jet abrasion. 

(Left 0 s, middle 30 s, right 210 s) 
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Figure 8 Water jet abrasion and surface dose rate.  

 

3.3 Beta-ray radiograph 

Because the contamination depth estimation by water jet abrasion is the average of removed material, 

detailed distribution of Cs was evaluated by beta-ray radiograph. From each sample obtained from 

fields, several small plates were cut out. In Figure 10, the results are shown. Because the shaped 

specimens have thickness around 3 mm, beta-ray gave no sharp edge on the surfaces. Instead for inner 

part, quite sharp and there seems almost no diffusion. In Figure 11, line profile is shown. As is shown, 

open air side, beta-ray diffused from vertical face to departed positions. 
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Figure 9 Abrasion depth and surface dose rate. 



 

 

 
Figure 10 Beta-ray radiograph of concrete from Iidate village. Round one is standard source  (φ25mm). 
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Figure 11 Line profile of beta-ray intensity by imaging plate. 

 

In Figure 12, correlation between the radio-Cs penetration depth read from Figure 10 for the 

samples that the surface was parallel to ground and the air dose rate is shown. Because of the diffusion 

of beta-ray radiograph, there are some errors in depth evaluation. However, there found a logarithmic 

correlation between air dose rate and the penetration depth of radio-Cs. This correlation is useful to 

determine the required thickness of decontamination. In Okuma village, highest air dose rate reaches 

around 30 μSv/hr (METI 2015) and the estimated depth is around 4mm. 



 

From the viewpoint of decontamination of concrete by 

some abrasion, solubility of radio-Cs into water is a 

serious concern. Concrete specimens were crushed into 

powders less than 0.1 mm and soluble ratio was 

evaluated. When samples were exposed into pure water, 

leaching was less than detection limit. However, samples 

were exposed to high concentration solution such as 1 M 

of KCl or NH4Cl, 28 and 25 % of radio-Cs was released 

respectively. This indicates that water jet is safe if the 

solid parts are recollected perfectly but it is important to 

avoid contacting with saline solution. 

 

4. Surface radiation survay of concrete in Okuma Village 

It is not easy to obtain highly radio-nuclide contaminated 

samples from real concrete structures because of the 

strict control of contaminated materials and 

the availability of laboratory controlled 

under the Ionizing Radiation Ordinance. In 

December 2014, the authors got a chance to 

obtain samples from highly contaminated 

areas in Okuma Village. The locations of 

sampling are a few surrounding areas of 

Fukushima NPS in Figure 3. 

In this survey, not only form road 

structures but also from columns from 

destroyed architect structures, concrete 

block, and tuff stone block were examined. 

In this preliminary survey, penetration 

depth of radio-Cs was examined by the 

comparison of beta-ray measurement by 

GM survey meter and gamma-ray 

measurement by NaI survey meter. 

Because of the difference of range of beta-

ray and gamma-ray, the correlation 

becomes different depending on the 

penetration depth. 

In Figure 13, the correlation between gamma-ray and beta-ray of various concrete is shown. Data 

are plotted separately depending on the type of structures with the results form Iidate Village. One 

type is from gutter cover plate and the other is from various concretes such as columns from collapsed 

building at sea side by tsunami, concrete block products, and tuff stone block. 

There is a linear correlation for gutter cover plate corresponding to the only surface contamination 

as shown in Figures 10 and 12. On gutter cover plate, radio-Cs is contained on the surface only. In 

some other cases, gamma-ray was detected in relatively higher dose rate suggesting deeper penetration 

of radio-Cs. Deep penetration was also observed in concrete block products having relatively porous 

structure. The most obvious case is tuff stone block called as Ohya-ishi. The reason for deep 

penetration is its porous texture. After the leakage of reactor on March 12th, 2011, until March 15th, 

west wind was observed and dry days were continued. By the pressure arrangement change on March 

15th, radio-Cs is thought to come by east wind and fallen out with rain. Therefore, dried concrete 

absorbed water fast especially in porous blocks. In the case of collapsed columns surface, deeper 

penetration was also observed although the penetration on broken surface was the same with gutter 

plate. The detailed mechanism is not clear but there will be some mechanisms controlling the 

penetration depth of radio-Cs. 
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Figure 12 Air dose rate and radio-Cs 

penetration depth.  
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Figure 13 Correlation between gamma-ray and beta-

ray of various concrete. 



 

5. Cs-137 penetration into treated laboratory 

concrete 

5.1 Experimental procedure 

In order to investigate the mechanism of 

different radio-Cs penetration behaviors into 

concrete, concrete specimens prepared in 

laboratory were treated in different ways to 

simulate neutralization and alkali leaching. 

The amount of radio-Cs brought after the 

accident is extremely limited. Therefore, as 

radio-Cs is known to be adsorbed silica 

vessels very easily, radio-Cs is expected 

adsorbed also by concrete at only the surface. 

However, as written in the chapter 2, in 

laboratory made concrete, radio-Cs 

penetrated cm order regardless of the 

conditions saturated or dried. There is a 

possibility of stable Cs contained in cement in 

ppm order prevented the more adsorption of 

additional radio-Cs. Therefore, in this next 

experiment, in order to reproduce the 

condition of concrete in field, three factors were considered, i.e. Cs binding effect by clay minerals, 

silica gel formation by carbonation, alkali leaching because of the competitive adsorption of Cs with K. 

Therefore, mortar specimens were made of pure limestone aggregate with/without 30% partially 

altered granite sand (LS/AG) and concrete specimens were treated in two ways. One is carbonation in 

5% CO2 camber at 40 ºC for 2 weeks and the other is alkali leaching in pure water of 10 times mass 

for four weeks at 20 ºC. Then, no treated (NT), carbonated (CB), and alkali leached (AL) specimens 

were died at 60 %RH for 7 days and exposed to 20 ml solution contains Cs-137 in 5000 Bq/mL for 23, 

40, and 72 hours. Base mixture of mortar was 0.50 of water to ordinary Portland cement, 3.0 of sand 

to cement ratio and specimens were cured for 28 days in a humid chamber. Strength or microstructure 

have not evaluated. For mortar containing altered granite sand, 3 mass% of superplasticizer was added 

to have adequate fluidity for casting. 

5.2 Evaluation of penetration 

As a preliminary evaluation of Cs-137 penetration, as was done in the former chapter, beta-ray surface 

dose rate and gamma-ray surface dose rate were compared. The correlations are shown in Figure 14. 

There are two trends at a first glance. One is the proportional trend between beta-ray and gamma-ray 

dose rate excepting alkali leached samples, suggesting the increase in only surface accumulation. The 

other one is the stable beta-ray dose rate and increase in gamma-ray dose rate suggesting a constant 

surface accumulation but more ingress into deeper positions. 

Regarding the effect of clay minerals, only a slight increase in surface accumulation is estimated by 

the limited increase in beta-ray dose rate. The mechanism can be thought as follows. There are 

significant amount of K and stable Cs in cement paste and these K and stable Cs are already adsorbed 

in clay minerals and K and stable Cs were not released so much by carbonation or water leaching. 

By carbonation, the accumulated amount increased double. This behavior may be caused by the 

formation of silica gel partially adsorbing K and stable Cs. The effect of alkali leaching was appeared 

in very different way. By the exposure into water, not only alkali but also Ca was leached out to form 

porous pore structure. Then, the accumulation of Cs-137 at the surface was limited but Cs-137 

penetrated into concrete continuously. 

In the next step, beta-ray radiograph will be obtained for these 6 specimens and direct evaluation of 

Cs-137 will be connected with field experiences. 
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Figure 14 Correlation between gamma-ray and 

beta-ray of treated laboratory made concrete 

exposed to Cs-137 for 23, 40, and 72 hours.  

(NT: no-treatment, CB: carbonated, AL: alkali 

leached, LS: limestone aggregate, DG: Altered 

granite sand) 



 

6. Conclusions 

For the purpose of decontamination of radio-Cs released by the Fukushima Diichi accident in concrete, 

radio-Cs penetration behaviors in concrete from field and made in laboratory were investigated.  

- By a simple Cs-137 solution immersion, Cs-137 penetrated concrete in cm order like NaCl.  

- However, in the case of concrete from Iidate Village, the contamination is limited on the surface. 

Water jet abrasion was applied and required condition for decontamination was obtained. The 

abrasion products did not show radio-Cs leaching.  

- There is a correlation between the air dose rate and radio-Cs penetration depth evaluated by beta-

ray radiograph and the correlation information can be a guide to estimate the required depth of 

decontamination.  

- From the samples from relatively highly contaminated Ohkuma Village, there were different 

samples from concrete plate for road gutter. In porous tuff stone block or concrete product block 

and columns of building collapsed by tsunami, deeper penetrations of radio-Cs was estimated by 

the comparison of surface dose rate by beta-ray and gamma-ray. 

- In order to reproduce the different penetration characters of radio-Cs into concrete, concrete 

specimens made in laboratory were treated in different ways and various factors such as clay 

adsorption, carbonation, alkali leaching were examined. These factor affected in different ways. 

However, the reason why radio-Cs contamination is limited on the surface has not clarified yet. 
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Abstract 

Cyclic freeze-thaw has been recognized as one of the most primary factors leading to structure and 

function failure of concrete. Strain, which may have certain inherent advantages compared to 

traditional test parameters, such as real-time nondestructive monitoring, more accurate and 

continuous with little error that is caused by manual intervention and so on, was used to characterize 

the deformation and deterioration of concrete matrix under freeze-thaw cycles in this study. With the 

process of freeze-thaw cycles, the moving up strain hysteretic loop indicates that residual strain is 

produced in the concrete matrix. The produced residual strain proves that the damage of concrete 

matrix is a continued accumulated and irreversible deterioration process. This process is directly 

related to the continued initiation and propagation of cracks in matrix during freeze-thaw cycles. The 

variation of freeze characteristic temperature ∆Tf and the variation of apparent frost heaving 

coefficient ∆αf defined in this study are able to characterize the freeze-thaw damage degree and frost 

resistance of concrete respectively. Besides, the residual strain produced in 3.5wt.% NaCl solution is 

larger than in water, showing that the chloride attack accelerates the freeze-thaw damage of concrete. 

 

Originality 

Strain which can be real-time continuous nondestructive monitoring was used to characterize the 

deterioration of concrete matrix subject to freeze-thaw cycles instead of traditional test parameters in 

this study. Combined with micro-analysis, the deeper mechanism of freeze-thaw damage is explained, 

which can not be found out by the results of mass loss and relative dynamic elastic modulus. 

 

Keywords: concrete matrix; strain hysteretic loop; residual strain; freeze-thaw cycles; chloride attack 
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1. Introduction 

It is known that concrete is one kind of porous solid consisting of cement paste and aggregates. At 

normal atmospheric pressure, water freezes with 9 vol.% expansion below 0℃. So under freeze-thaw 

cycles, concrete matrix is widely accepted to generate hydrostatic pressure (Powers T. C., 1945) and 

crystallization pressure (Scherer G. W., 1999) which may be considered as a kind of inner tensile stress. 

The amount of microcracks may generate and propagate when the inner tensile stress exceeds the 

ultimate tensile strength of concrete matrix (Jacobsen S., et al, 1996. Mu R., et al, 2010). When cyclic 

freeze-thaw is conducted in salt solution, the damage is more severe (e.g., Penttala V., 2006. Sun W., et 

al, 2002). Freeze-thaw damage of concrete can be classified into two types, one being surface scaling 

(e.g., Şahin R., et al, 2010), and mass loss was used to characterize the surface scaling degree of 

concrete. The other being internal micro-cracks and their propagation (e.g., Penttala V., 2006), the 

initiation and propagation of microcracks inevitably result in the deformation of matrix. At present, the 

most frequently-used test parameter of internal damage was relative dynamic elastic modulus. In recent 

years, strain which is able to reflect the deformation of concrete matrix has increasingly been 

monitored as a measure of internal damage (e.g., Kaufmann J., 2004. Wang L., et al, 2013), and shown 

to increase progressively with the progress of deterioration. 

This study is an attempt to analyze the strain-temperature variation and residual strain of concrete with 

different water cement ratios under freeze-thaw cycles or under freeze-thaw cycles coupled with 

chloride attack. The cooling phase was divided into initial freezing phase and freezing phase, and the 

freezing phase was analyzed emphatically. Furthermore, the variation of freeze characteristic 

temperature ∆Tf defined in this study was discussed to characterize the freeze-thaw damage degree, and 

the variation of apparent frost heaving coefficient ∆αf was discussed to characterize the frost resistance 

of concrete. 

2. Experimental Program 

2.1 Materials 

The raw materials were Portland cement (strength grade P.I 42.5, composition given in Table 1) with 

specific surface area of 347 m3/kg and volume density of 3.10 g/cm3, river sand with the fineness 

modulus of 2.8 and silt content less than 1 wt.%, crushed gravel with particle sizes of 5-10 mm and 

10-20 mm in a ratio of 4:6, and triterpenoid-saponin air entraining agent (The allowed maximum 

dosage is 0.03 wt.% of the cementitious material content). 

Table 1 Chemical compositions of cement  w/% 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 NaO2eq Loss f-CaO Cl- 

21.57 4.45 2.76 63.90 1.88 2.57 0.57 1.51 0.60 0.008 

Table 2 Mix proportion and physical properties of concrete 

No. 
Cement 

(kg/m3) 
W/C 

Sand 

(kg/m3) 

Gravel 

(kg/m3) 

AEA 

(%) 

Slump 

(mm) 

Air 

content 

(%) 

28d 

compressive 

strength 

(MPa) 

Freeze-thaw 

scheme 

A 330 0.5 733 1120 0 25 2.5 40.7 In water 

B1 330 0.6 733 1120 0 60 2.8 34.2 In water 

C 330 0.65 733 1120 0 75 3.2 30.1 In water 

B2 330 0.6 733 1120 0.01 105 4.5 27.4 In water 

B2-1 330 0.6 733 1120 0.01 105 4.5 27.4 In NaCl solution 



 

 

Note: The mix proportion of specimen B2-1 is the same as that of specimen B2, and only the freeze-thaw scheme 

is different, so the same test result of physical property is used. 

2.2 Preparation of Specimens 

The mix proportions and the physical properties of concrete are listed in Table 2. Only the water 

cement ratios are different in the mix proportions of specimens A, B1 and C, being 0.5, 0.6 and 0.65 

respectively. Based on the mix proportion of B1, the air entraining agent (AEA) was doped into the 

specimen B2 and B2-1, analyzing the effect of chloride attack on freeze-thaw damage of concrete. One 

group of each numbered concrete specimen with the dimension of 100mm×100mm×100mm was 

employed to test 28d compressive strength. The other two groups of each numbered concrete specimen 

with the dimension of 100mm×100mm×400mm were also employed. Of these two groups, one was 

used to test mass loss and dynamic elastic modulus, and the other one was used to test strain 

continuously by the VWS-10 vibrational chord strain sensor (as shown in Fig. 1(a)). 

              

(a) Vibrational chord strain sensor             (b) Embedding location 

Fig. 1 Appearance of vibrational chord strain sensor and its location in concrete 

According to the mix proportions, the raw materials were water mixing within the time specified. After 

mixing, the fresh concrete was used to test the slump and the air content, and immediately put into the 

moulds later on. The strain sensors were embedded in the center of concrete specimens with the 

dimension of 100mm×100mm×400mm as shown in Fig. 1(b). The specimens were demolded after 24h 

and then put into a curing room at 20±2℃ and ≥ 90% relative humidity. After 24d of curing, the 

specimens were moved into the vacuum water-saturation equipment, saturating in water or 3.5wt.% 

NaCl solution for 4d. 

2.3 Methods 
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Fig. 2 Temperature profile for freeze-thaw cycles 
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Cyclic freeze-thaw was carried out in accordance with the quick frost method in GB/T 50082-2009. 

The water saturated specimens were moved to the test chamber and placed in the rubber sleeves filled 

with water to a level of more than 2cm. During the freeze-thaw cycles, the highest and lowest 

temperatures of the specimen centers were controlled to (-182)°C and (52)°C, respectively. An 

example of the actual measured temperatures of the thermal exchange fluid and specimen centers is 

shown in Fig. 2. 

2.3.1 Testing method of traditional parameters 

The dynamic elastic modulus and mass loss of specimens are tested every 25 cycles. The test is 

finished until the value of relative dynamic elastic modulus reducing to 5% or the value of mass loss 

reaching 5% or the number of freeze-thaw cycles reaching 300 times. 

2.3.2 Testing method of strain 

The strain sensors were connected to a MCU-32 automatic strain data-logger. The data acquisition rate 

is set as once every 5min. Then the freeze-thaw cycles were started, and meanwhile strain variations 

were measured and recorded by the test system which consists of the data-logger and a computer. 

3. Results and Discussion 

3.1 Generation of Residual Strain 

 

(a) Specimen A, W/B=0.5 

 

(b) Specimen B1, W/B=0.6 

Fig. 3 Strain variation of specimen A and B1 with temperature during the 1st cycle and the 25th cycle 

Strain variation of specimen A and B1 with temperature during the 1st cycle and the 25th cycle is 

shown in Fig. 3. It is found that the strain variation paths of concrete matrix during the cooling phase 



 

 

and the heating phase of every freeze-thaw cycle are not overlapped, forming a hysteresis loop. The 

phenomenon is generally considered to be caused by “the ink bottle effect” (e.g., Kaufmann J., 2004. 

Banthia N., et al, 1989). There are amount of small-end and big-center pores similar to the ink bottle in 

concrete. The big pores freeze first during the cooling phase, and the small pores thaw in advance 

during the heating phase. There is some ice being captured due to that they are not able to move out of 

“the ink bottles” during the heating phase, causing that the values of strain tested at the same 

temperature during the cooling phase and the heating phase are different, thereby the hysteretic loop 

generates. However, the value is not able to go back to the beginning when the hysteresis loop is over, 

indicating that an irreversible damage is generated by every freeze-thaw cycle in the concrete matrix. 

Besides, the hysteretic loops of specimen A and specimen B1 both move up after 25 cycles. The 

phenomenon is not able to be explained by “the ink bottle effect”, and the most possible reason is that 

the irreversible freeze-thaw damage is generated caused by the initiation and propagation of cracks in 

the concrete. In other words, the residual strain is produced in the concrete matrix. In this study, 

residual strain is defined as the difference value between the values of strain tested at the lowest 

temperature in different freeze-thaw cycle, using the value of strain at the lowest temperature in the 

first cycle as the initial value. After 25 cycles, the residual strain of specimen A and specimen B1 are 

325με and 449με respectively. The smaller the water cement ratio is, the less residual strain is 

produced. 

3.2 Freeze Characteristic Temperature and Apparent Frost Heaving Coefficient 

After observing Fig. 3(a) and Fig. 3(b), it is found that there is an obvious strain inflection point in the 

freezing phase of every hysteresis loop. The reference (Coussy O., et al, 2008) defines the 

corresponding temperature for the strain inflection point as freeze characteristic temperature Tf, which 

is influenced not only by the ice crystal nucleation temperature of concrete, but also by the pore 

structure characteristic parameters including total porosity, pore distribution and so on. Because the 

pore sizes are different in concrete, the freezing points of pore solution are different. Tf is considered to 

be the temperature when large amount of pore solution in concrete begins to freeze, rather than the 

exact freezing point of pore solution. So the cooling phase is divided into to two stages, i e, before and 

after Tf, named initial freezing phase and freezing phase respectively. The strain tested in these two 

stages both vary linearly. During the initial freezing phase, most pore solution is under supercooled 

condition (e.g., Coussy O., et al, 2008), and the motivation of strain variation lies in the migration and 

redistribution of pore solution as well as the freezing of small amount of pore solution which causes the 

expansive stress. The expansive stress is not enough to counteract the stress caused by cold contraction, 

so the strain decreases linearly slightly. During the freezing phase, large amount of pore solution in 

concrete freezes, causing that the constantly produced expansive stress is bigger and bigger, so the 

strain increase linearly with the rising temperature. 

From the above, the linear part after Tf is able to characterize the deformation of concrete matrix in 

which large amount of pore solution freezes, so we can draw a conclude that to study the freezing phase 

is more meaningful. The reference (Wang L., et al, 2013) defines the absolute value of the slope of the 

linear part as apparent frost heaving coefficient αf which characterizes the variation velocity of strain 

after large amount of pore solution in concrete freezing, as shown in Eq.(1) 

f
T








                                                                   (1) 

Where, Δε = variation of strain in freezing phase. ΔT = variation of temperature in freezing phase. 
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Tab. 3 Apparent frost heaving coefficient and freeze characteristic temperature of concrete 

Calculated values 
Specimen A, W/B=0.5 Specimen B1, W/B=0.6 

1st cycle 25th cycle 1st cycle 25th cycle 

Tf (℃) -6.39 -6.13 -6.27 -5.91 

∆Tf=Tf25-Tf1 (℃) 0.26 0.36 

αf (10-6/℃) 12.9 15.13 13.62 16.76 

∆αf=|αf25-αf1| (10-6/℃)  2.23 3.14 

Note: ∆Tf = variation of freeze characteristic temperature. ∆αf = variation of apparent frost heaving coefficient. 

Table 3 gives Tf, ∆Tf, αf and ∆αf values of concrete specimens derived from Fig. 3(a) and Fig. 3(b). It is 

obvious that the Tf values of specimen B1 which water cement ratio is higher in the 1st cycle and the 

25th cycle are both higher than those of specimen A. Water cement ratio influences largely on the pore 

structure of concrete specimen. The higher the water cement ratio, the more the bigger pores content, 

and while the freezing points of bigger pores are higher, so the Tf values of specimen B1 are higher. 

Besides, the Tf values of specimen A and specimen B1 both increase after 25 cycles, because cyclic 

freeze-thaw causes increasing pores and bigger pores content in concrete. The ∆Tf value of specimen 

B1 is higher, indicating that the bigger pores content of specimen B1 increases more quickly than that 

of specimen A, and in other words, the damage degree of specimen B1 is higher during the freeze-thaw 

cycles. In sum, ∆Tf can be used to characterize the damage degree of concrete which water cement 

ratios are different subject to freeze-thaw cycles. 

The αf values of specimen B1 in the 1st cycle and the 25th cycle are also both higher than those of 

specimen A. In other words, the strain variation velocity of specimen B1 is higher with the temperature. 

Strain is able to characterize the deformation capacity of concrete matrix. The higher the deformation 

rate of matrix, the looser the matrix, the poorer the frost resistance of concrete is. After 25 cycles, the αf 

values of specimen A and specimen B1 increase 2.23×10-6/℃ and 3.14×10-6/℃ respectively, indicating 

that the higher the water cement ratio, the higher the ∆αf value of concrete. In other words, the more 

quickly the strain variation increases with temperature, the looser the concrete matrix is, the higher the 

freeze-thaw damage degree is, the poorer the frost resistance of concrete is. In sum, ∆αf can be used to 

characterize the frost resistance of concrete which water cement ratios are different subject to 

freeze-thaw cycles. 

3.3 Residual Strain 

 

Fig. 4 Residual strain of concrete with different W/C under freeze-thaw cycles 



 

 

     

(a) Specimen A                      (b) Specimen B1 

Fig. 5 Damage of specimen A and B1 with different W/C after 50 freeze-thaw cycles 

Residual strain variation of specimen A, B1 and C with the process of freeze-thaw cycles during the 1st 

cycle and the 25th cycle is shown in Fig. 4. It is found that after the same number of freeze-thaw cycles, 

the higher the water cement ratio of specimen, the higher the value of residual strain, indicating that the 

higher the water cement ratio of specimen, the higher the deformation of matrix during cyclic 

freeze-thaw. Taking 50 freeze-thaw cycles for example, the residual strain values of specimen A, B1 

and C are 575με, 630με and 807με respectively. It is also able to be observed in Fig. 5 that after 50 

freeze-thaw cycles, the surface of specimen A has almost no damage, while some coarse aggregates of 

specimen B1 are exposed to the surface. 

 

Fig. 6 Mass loss of concrete with different W/B under freeze-thaw cycles 

 

Fig. 7 Relative dynamic elastic modulus of concrete with different W/B under freeze-thaw cycles 

The mass loss and relative dynamic elastic modulus of specimen A, B1 and C with the process of 

freeze-thaw cycles during the 1st cycle and the 25th cycle are shown in Fig.6 and Fig. 7. It is found that 

after the same number of freeze-thaw cycles, the higher the water cement ratio of specimen is, the more 



 

 

quickly the mass loss increases, the more quickly the relative dynamic elastic modulus decreases. After 

50 freeze-thaw cycles, the mass losses are -0.26%, 0.74% and 4.11% of specimen A, B1 and C, and the 

relative dynamic elastic modulus decreases to 94.3, 88.7% and 61.5% respectively. Specimen C which 

water cement ratio is maximum is completely destroyed after 50 cycles, and while specimen B1 and C 

are destroyed after 100 and 175 cycles. 

From the above, the test results reflected by residual strain and tranditional parameters are consistent, 

indicating that residual strain is able to characterize the frost resistance of concrete subject to 

freeze-thaw cycles like tranditional parameters. 

3.4 Residual Strain Characterize Damage Degree of Concrete Subject to Freeze-thaw Cycles and 

Chloride Attack 

Residual strain variation of specimen with the same mix proportion under freeze-thaw cycles and 

freeze-thaw cycles coupled with chloride attack are shown in Fig. 8. It is found that after the same 

number of freeze-thaw cycles except before 25 cycles, the residual strain values of specimen B2-1 are 

all higher than those of specimen B2. Taking 50 freeze-thaw cycles for example, the residual strain 

values of specimen B2-1 and B2 are 45με and 30με respectively.  

The residual strain values of specimen B2 tested during the first 25 cycles are higher. While with the 

process of freeze-thaw cycles, the residual strain values of specimen B2-1 are all higher than those of 

specimen B2, and the increasing rate is also more quickly. The most possible reason is that the frost 

resistance of concrete specimen is better in earlier period of freeze-thaw cycles. The freezing point of 

NaCl solution is lower than water, so the duration of frost stress decreases, and the residual strain 

values of specimen B2-1 decrease. With the process of freeze-thaw cycles, the cracks in concrete 

constantly generate and propagate. The NaCl solution in cracks may accelerate the scaling of the cracks 

wall like accelerating the surface scaling of concrete. Coupled with the synergy action of frost pressure, 

osmotic pressure and crystal pressure, causing the higher and higher internal damege and residual strain 

values of specimen B2-1. 

 

Fig. 8 Residual strain of concrete with same mix proportion under freeze-thaw cycles and freeze-thaw cycles 

coupled with chloride attack 

From the above, freeze-thaw cycles and chloride attack interact and influence each other, exacerbating 

the damage of concrete. For one hand, using NaCl solution may bring the influence of osmotic pressure 

and possible crystal pressure at the lower temperature, exacerbating the damage of concrete subject to 

freeze-thaw cycles. For the other hand, cyclic freeze-thaw causes the continued initiation and 

propagation of cracks in concrete, providing the moving channel for Cl-, accelerating the chloride 

attack. 



 

 

4. Results and Discussion 

(1) With the process of freeze-thaw cycles, the moving up strain hysteretic loop indicates that residual 

strain is produced in the concrete matrix. The produced residual strain proves that the damage of 

concrete matrix is a continued accumulated and irreversible deterioration process. This process is 

directly related to the continued initiation and propagation of cracks in matrix during freeze-thaw 

cycles.  

(2) Freeze characteristic temperature Tf is considered to be the temperature when large amount of pore 

solution in concrete begins to freeze, rather than the exact freezing point of pore solution. Apparent 

frost heaving coefficient αf is used to characterize the variation velocity of strain after large amount of 

pore solution in concrete freezing. The variation of freeze characteristic temperature ∆Tf defined in this 

study is able to characterize the freeze-thaw damage degree, and the variation of apparent frost heaving 

coefficient ∆αf is able to characterize the frost resistance of concrete. 

(3) The residual strain produced in 3.5wt.% NaCl solution is larger than in water, showing that the 

chloride attack accelerates the freeze-thaw damage of concrete. The reason is that freeze-thaw cycles 

and chloride attack interact and influence each other. 
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Abstract 

Urban structures are naturally degraded by climatic activity, saline environments and microorganisms. The last 

of these accelerates dissolution processes, thus generating pathologies such as the darkening of concrete and the 

loss of mass. The purpose of this study was to isolate microorganisms from concrete structures where these types 

of pathologies were evident and to measure in vitro dissolution of concrete based on the liberation of elements 

such as calcium. With the objective of confirming microbial effects on concrete, a bioacidulation process was 

performed with Aspergillus niger, which has been previously found in materials exhibiting these pathologies. 

After seven days of incubation, it was found that the concentration of calcium in the uninoculated culture 

mediums was 172.3 mg L-1, while in the inoculated mediums it was 525.0 mg L-1. These findings are important 

because they confirm that microbial activity is a determining factor in the degradation of urban structures. This 

should be taken into consideration in maintenance and protection programs for these structures. 

 

Originality 

This work has not been summit to another congress or journal its results are original and novel. It provides 

information about degradation of urban structures and how the building ś material, as concrete, could be 

attacked by microorganisms (bacteria and fungi). These findings could help to understand the origin of 

structural pathology and to establish protection programs for urban structures. 

 

Keywords: concrete dissolution, structural pathology, bioleaching. 
 

1. Introduction 

Concrete is one of the strongest materials applied in construction industry (Cwalina, 2008). However, 

it can be deteriorated by different factors such as limitations of the material, design deficiencies, and 

exposure to environmental agents (Escadeillas et al., 2007). Environmental factors such as weather, 

salt concentration, and microorganism play an important role in the mass loss processes, discoloration 

and cracking of structures (Bertron et al., 2007). The microorganism cause biodeterioration of stones 

in architectural structures, monuments, buildings, and other structures (Papida et al., 2000).  

The deterioration of historical structures, valuable buildings and different constructions represents a 

significant economic lost because it can have deleterious effects on structural integrity and aesthetic 

(Giannantonio et al., 2009). One of the main causes of this degradation is the microbial activity that 

produce proton (H+) and may lead to acid attack of concrete surfaces via dissolution of calcium 

carbonate and hydration products of cementitious systems (Leemann et al., 2010; Wei et al., 2013). 

These materials are dissolved in the next order: portlandite, ettringite, calcite, and decalcification of 

hydrated calcium silicates (H-C-S) leading to the formation of a silica-rich layer at the surface (Faucon 

et al., 1998). 

The susceptibility of stones to biodeterioration is variable, this depends on mineral composition 

(Papida et al., 2000). Several studies have been conducted to relate chemical and mineralogical 

composition of stones and its possible biodeterioration (Limbachiya et al., 2007). These have 

demonstrated that these materials commonly contain Ca, Mg, Fe, Mn, Zn, Si, Al, and Na forming 

different minerals such as quartz, calcite, wollastonite, albite, anatase, and actinolite (Angulo et al., 

2007).  

The purposes of this study were to isolate microorganisms from concrete structures that exhibited 

different pathologies and to measure in vitro dissolution of concrete based on element release (silicon, 

phosphorous, and calcium).  

 

2. Experimental conditions 

 

2.1. Concrete waste 



 

The concrete waste (CW) sample used in this study was provided by the Laboratory of Concretes, 

Universidad Nacional de Colombia at Medellin. The CW were cut in tiles of 5 x 5 x 0.4 cm.  

 

2.3. Mineralogical characterization 

 

CW materials were examined by X-Ray fluorescence using an energy-dispersive-equipment with 

direct excitation in 2D. PANalytical, MinPal 2 brand, 9 w (30 KW, 1 mA) chrome irradiation tube, Si-

PIN detector, 12-position sample changer, 100-240 V, 45-65 HZ. 

 

2.4. Isolation of culturable bacteria and fungi from deteriorated urban structures 

 

Urban structures showing visual deterioration were chosen in the city of Medellin, Colombia (06°15 Ń, 

75°35’W). Four concrete samples were collected from buildings with degradation evidence 

(discoloration, cracking and mass loss), two samples were taken from structures that had herbaceous 

plants growing on concrete materials (soilless), and two samples from lichens growing on concrete. 

Samples were taken with knife and forceps disinfected with ethanol (90%), bagged in sterile plastic 

containers and transported to the Laboratory of Biogeochemistry at the same university. 

 

Particles of concrete adhered to plant roots, lichens, or evidently deteriorated were either transferred 

directly (0.1-g) to Petri dishes or serial-diluted with saline solution (0.01 M CaCl2) from10-1 to 10-3 

dilutions. In the case of plant roots, they were cut in 1-cm fragments, rinsed with saline solution, and 

then transferred directly to the culture medium (autoclaved PDA or nutrient agar) in Petri dishes. The 

culture medium contained antibiotic (tetracycline 200 mg L-1) or fungicide (benomyl 100 mg L-1) in 

order to isolate by duplicate fungi or bacteria, respectively. Petri dishes were incubated for four days at 

26ºC. 

 

The microbial isolates were morphologically identified and the number of colony forming units 

registered (CFU). Then, they were purified in separate Petri dishes in the same culture media and 

multiplied for eight days at 26°C.  

 

All purified isolates were transferred with a sterile loop to Petri dishes containing a sterile nutrient 

medium (glucose 10 g L-1, NH4Cl 1 g L-1, bromothymol blue as pH indicator, agar-agar 15 g L-1, and 

70-200 µm concrete particles 3.5 g L-1) named CDW medium (it stands for “concrete and demolition 

waste” medium). The pH indicator permit us to detect microorganisms capable of pH decrease 

(presumably by exudation of organic acids). The medium was previously autoclaved for 15 minutes 

and 0.1 MPa. Autoclaved concrete particles were added before solidifying the agarized medium over 

its surface. Then, the Petri dishes were incubated for four days at 26 °C and those microbial isolates 

forming yellow halos were selected, multiplied in the same medium, and then suspended in sterile 

distilled water and conserved at 4 °C for further tests. 

 

2.5.  In vitro dissolution of concrete particles 

 

Five-mL of two microbial suspensions (one bacterium, one fungus) were aseptically transferred into 

250-mL Erlenmeyer flasks containing 100 mL of autoclaved CDW medium without agar and pH 

indicator. The flask were shaken in a reciprocal shaker at 110 rpm at 25°C for seven days. After the 

incubation period, the medium pH was measured directly with a pH electrode (WTW electrode Sentix 

81) coupled to a potentiometer; concentration of soluble phosphorus and silicon in the medium was 

measured by the blue-molybdate method at 880 nm in a spectrophotometer (Genesys 20, Thermo 

Spectronic) after medium filtration through a Whatman No. 42 filter paper and centrifugation at 4000 

rpm (1520xg) for 10 minutes (Jouan MR 1812 centrifuge); soluble calcium was determined by atomic 

absorption at xxx nm in an AA Perkin Elmer 2380 spectrometer. 

 



 

The experimental design was completely randomized; three treatments (uninoculated control, a fungal 

inoculation, a bacterial inoculation) were tested with four replicates. 

 

2.6. Data analysis  

 

Data were subjected to anova and Duncan tests, both in a significance level (P) ≤ 0.05, using the 

statistical software Statgraphics Centurion version. 

 

3. Results and Discussion 

 

3.1. X-Ray fluorescence mineralogical Characterization  

Concrete waste samples were constituted mostly by silicon (SiO2 41.0%), in the form of silicates and 

quartz, followed by calcium (CaO 31.0%), iron (Fe2O3 3.68%), magnesium (MgO 2.38%), 

phosphorous (P2O5 2.36%), and potassium (0.99%), among others (Table 1). These elements are 

nutrients for microorganisms. In addition, other elements were found in smaller quantities such as: Ti, 

Na, Mn, Cr, and S. Since these elements are part of low-soluble minerals their nutrient bioavailability 

for microorganisms and plants is achieved via bioacidulation, permitting thus their release (Puente et 

al., 2004; Barber, 1998)). 

 

 

 

Table 1. Content of elements in CDW. X-ray fluorescence 

Element as oxide % 

SiO2 41.0 

CaO 31.0 

Al2O3 9.58 

Fe2O3 3.68 

P2O5 2.36 

TiO2 0.67 

MgO 2.38 

Na2O < 0.010 

K2O 0.99 

MnO 0.14 

Cr2O3 0.06 

SO3 0.93 

Pérdidas por ignición  6.92 

 

 

 

The dissolution reactions of minerals in acidic environment are thermodynamically favorable as 

illustrated by Lindsay (2001), equations 1-4 for albite, chlorite, quartz and calcite: 

 

  (1) 

 (2) 



 

 (3) 

 (4) 

 

3.2. Isolation of culturable bacteria and fungi from shoots and roots of urban structure - grown 

plants  
Urban structures inspection in Medellin city showed that the oldest buildings evidence stone structure 

degradation like mass loss, concrete darkening and presence of microorganism, figure 1. Additionally, 

the establishment of plant in urban structures without soil was evidenced, figure 2. The commonly 

plant establishment was Asteraceae (Figure 3). This kinds of plants caused the same damages in the 

structures.  

 

  
Figure 1. Stone structure degradation by external agents. The structures showed mass loss and darkening. 

National University of Colombia, Medellín - own source 

 

   
Figure 2. Unidentified plant species growing in urban structures without. Own source. 

 

 
Figure 3. Asteracea galingosa ciliata. Niquia, Bello, Antioquia Colombia. Own source. 

 

 



 

To identify the presence of microorganism in structure urban plants, fungi and bacteria were isolate to 

different zones. Population density of natural culturable endophytic bacteria from structure urban 

plants could show in Table 2.  

 
Table 2. Colony forming unit (UFC) per sample. (ND: not detected). 

Sample Fungi (UFC) Bacteria (UFC) 

1 (root) 
Withe mycelium with black spores 2X104 

Yellow mycelium with black spores 6x106 
ND 

2 (root) 

Withe mycelium with black spores 1.2X104 

Yellow mycelium with black spores 4x103 

Withe mycelium 7x103 

Orange mycelium 4x104 

Blue mycelium 1x102 

Darck green mycelium 1x102 

 

ND 

3 (moss) 

Yellow mycelium with black spores 1x102 

Withe mycelium 7x103 

Blue mycelium 1x103 

Orange mycelium 5x102 

Darck green mycelium 1x104 

pinkish 1x102 

Orange 8x103 

4 (moss) 
Withe mycelium with black spores 4X106 

Yellow mycelium with black spores 6x106 

White 8.3x106 

Yellow 6.8x106 

Pinkish 7.2x106 

Crem 4.7x106 

5 (concrete) 

Withe mycelium with black spores 3.8X106 

Yellow mycelium with black spores 4.9x106 

With mycelium 7.5x106 

 

White 7.6x106 

Yellow 5.8x106 

Pinkish 1x102 

Crem 4x106 

6 (concrete) 
Withe mycelium 2.8X106 

 

White 6.2x106 

Yellow 5.8x106 

Pinkish 6.3x106 

7 (concrete) Withe mycelium 4.9X106 Blanca 1.0x104 

8 (concrete) Withe mycelium 2X103 

Blanca 8.2x106 

Amarilla 6.4x106 

Crema 6.9x106 

 
Eight tested isolates were able to grow in solid media. However, the microorganism isolates only one 

evidence production of organic acid by change in the pH medium (change of the culture medium from 

blue to green, yellow). The fungi whit mycelium and spores black (Figure 4) evidence medium color 

changed.  

 



 

 
Figure 4. Medium without inoculation (right), Medium with fungi white mycelium and spores black 

(left). The color changes in medium indicate the pH decrease. 

 

The urban structure - grown plants (without soil) adapt to adverse conditions and having a little 

nutritional requirements. The population of bacteria and fungi were detected in rhizosphere, root 

concrete for CFU, different morphotypes of bacteria and fungi were evident. However, in all sample 

persisted the same 6 morphotypes 4 fungi and bacteria. It should be noted, that colonization was 

detected around the planted roots, suggesting that these organisms play an important role in supplying 

the nutrients. Only one morph type showed the ability to produce organic acids and dissolved CW.  

In vitro CW bioacidulation tests showed the production of acids by fungi, evidenced by decrease in the 

pH values of the solution (Figure 5). The control presented a pH of 8, while the pH of the inoculated 

samples fell to 4.0. Based on the minerals contained in CW, the potential to solubilize Ca can be 

highlighted. The concentration of Ca significantly increased 525 mgL-1 with respect to the controls 

(172.25 mgL-1) (Figure 6). 

The fungi produced acids in the medium. The acids caused comparable reactions in terms of 

dissolving CD. This was evidenced by a decrease in pH and the release of Ca and Si. Calcium comes 

from the dissolution of calcium carbonate and hydration products of cementitious systems (portlandite, 

ettringite and calcite). Moreover, the Slice in solution evidence the dissolution of H-C-S (Faucon et al., 

1998). 

From the results obtained, it can be inferred that despite the fact that CW is stable in natural conditions 

in accordance with the mineralogy found, upon being exposed to mediums with microorganisms that 

exude organic acids, it undergoes changes to its physical, chemical and mineralogical properties. This 

favors the dissolution of elements such as calcium, which is comparable to the results that have been 

found (Colling et al. 2011, Shiping et al., 2013) in the case of urban structures and sculptures. 

The deterioration, or degradation, of CW is caused by the organic acids produced by the fungi leading 

to instability and the dissolution of minerals like carbonates, calcium silicates, and phosphates, among 

others (Lian et al., 2008), thus releasing Ca and P in solution. In studies carried out by other authors, 

one of the predominant factors in the dissolution processes of rocks, minerals, and urban structures is 

microbial activity. This is supported by the findings of the present study (Shinkafi and Harana, 2013). 

On the other hand, it is important to note that the chemical and mineralogical composition of CW has 

been found to be similar to that of soils. For this reason, construction and demolition waste may be 

used in restoration processes for soils degraded by anthropic activities, as a source of essential 

nutrients and benefits for the plants and soil microorganisms, and to improve the physical, chemical 

and biological properties, if it undergoes prior acidulation processes. The use of construction and 

demolition waste in the recovery of degraded soils has allowed for the improvement of physical 

properties such as aeration, infiltration and texture, among others (Ramalho, A.M and Pires, 2009; Dos 

Santos 2009). Moreover, this waste can be used to improve chemical and biological properties of 

degraded soils, which would permit for the establishment of plants and thus help recover ecosystem 

services such as landscaping and recreation (Wallace, 2007). However, the use of C&D as a source of 



 

nutrients and for the reestablishment of chemical and biological properties in degraded soils has been 

little studied. Therefore, further studies should be focused on determining the use of this waste as a 

source of nutrients in degraded soils. 

 
Figure 5. Changes in pH values in solutions inoculated with the fungi. Each bar represents the average of the 

four repetitions. Standard deviations are represented at top of each bar. Different lowercase letters indicate 

significant differences among the treatments according to the Duncan test (p≤0.05). 

 

 
Figure 6. Calcium concentration in solution (mg L-1) of the solution as a function of inoculation with the fungi. 

Each column represents the average of four repetitions. The bars indicate standard deviation. Columns with 

different lowercase letters indicate significant -differences in the treatments according to the Duncan test 

(p≤0.05). 

 

4. Conclusions 

The microorganism and plant were funding in urban structures. The structure biodeterioration is 

generated by the loss of Ca and Si. Calcium and silicon are essential constituents of concrete as 

portlandite and calcite cement. The loss of this compromising the durability and strength of structures. 

It is important to note that the morphotypes of microorganisms found were persistent in all sampling. 

In summary, this study showed a large population of microorganisms in the rhizosphere and root. 



 

These microorganism induced deterioration of urban structure by concrete material dissolving and 

generating structures pathologies that compromise its proper operation. 
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Abstract 

During the hydration of cement tricalcium aluminate (C3A) reacts with gypsum and forms Ettringite (AFt). Once all 

gypsum is consumed ettringite can further react with remaining C3A and form monosulfate (AFm) at 1-2 days. 

Normally at early ages ettringite all transfers to AFm phase. After several months or years ettringite can form again if 

a new source of sulfate becomes available in the pore solution of the paste, viz. delayed ettringite formation. In this 

study it is found that delayed ettringite forms in Portland cement concrete when the concrete samples are cured under 

moist conditions, i.e. without external sulfate phase. This delayed ettringite formation may result in the decrease of 

resistance of Portland cement concrete to chloride penetration. 

 

Originality 

Delayed ettringite formation normally occurs in concrete 1): suffering from sulfate attack; 2): under steam curing 

conditions (>70 °C). In this study, however, it is found that delayed ettringite forms in Portland 
cement concrete at later ages when the mixtures are cured under moist conditions, i.e. without 
external sulfate attack. The formation of this kind of ettringite may decrease the resistance of 
Portland cement concrete to chloride penetration at later ages. 
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1. Introduction 

During the hydration of cement tricalcium aluminate (C3A) reacts with gypsum and forms 

ettringite (AFt: C6AS3H32) (see Equation 1). Once all gypsum is consumed, ettringite can 

further react with remaining C3A and form monosulfate (AFm: C4ASH12) (see Equation 2).  

 (1) 

 (2) 

At later stages (after several months or years) ettringite can form again in Portland cement 

concrete, viz. delayed ettringite formation (DEF) if 1): a new source of sulfate becomes 

available in the pore solution of the paste (Stark J. et al., 1999; Collepardi M., 2001) (see 

Equation 3); 2): the concrete mixtures are under steam curing conditions (>70℃) with 

subsequent moist conditions (Ludwig U. et al., 1985). In general DEF accompanies with 

cracks formation and deterioration of concrete structures (Collepardi M., 2001).  

 
(3) 

In this study, however, it was found that DEF occurs in Portland cement concrete at later ages 

when the concrete mixtures are cured in a fog room (20℃; 100% humidity), i.e. without 

external sulfate attack. Two techniques were used to detect the formation of delayed ettringite, 

i.e. XRD (X-ray diffraction) and ESEM (environmental scanning electron microscope). RCM 

(rapid chloride migration) test was used to determine the resistance of Portland cement 

concrete to chloride penetration. 

2. Experiments 

2.1. Raw Materials 

The materials used in this study are Portland cement (CEM I 42.5 N) (ENCI, the Netherlands), 

aggregate (the maximum size of 16 mm) and tap water. Table 1 shows the chemical 

compositions of Portland cement. Three w/c (water to cement) ratios, 0.4, 0.5 and 0.6 are 

used.  
Tab. 1 Chemical compositions of Portland cement /% 

Compositions SiO2 Fe2O3 Al2O3 CaO MgO Na2O free-CaO K2O SO3 

Content 20.36 3.17 4.96 64.4 2.09 0.14 0.6 0.64 2.57 

2.2. Experimental Methods 

X-ray diffraction (XRD) analysis was used to identify the hydration products of concrete. 

The dried concrete samples were gently ground by hand until the particle size was smaller 

than 125 µm. After grinding, the powder samples used for XRD were placed in an aluminium 

sample holder. XRD analyses were performed using a Philips X’ pert diffractometer system 

with Cu Kα radiation. Scans were run from 5 to 70° 2θ, with a step size of 0.02° 2θ and a 

dwell time of 2 seconds per step. 

Environmental scanning electron microscope (ESEM) was used to observe the 

morphology of hydration products by performing secondary electron (SE) mode (for instance, 

the needle-shaped ettringite in concrete). The concrete specimens for SE-image observations 

were split into several small pieces by hammer and dried in a vacuum machine. After drying 

(around 2 days) carbon coating was applied on the surface of samples to create a conductive 

layer in order to avoid charging of concrete samples and to improve the SE signal.  

Rapid chloride migration (RCM) test was used to determine the resistance of concrete to 

chloride ingress. The concrete samples were cast in standard cylindrical mould with the 

dimension of Φ100*300 mm. After demoulding, the specimens were cured in a fog room 

until preconditioning for testing in 28 days, 91 days, 180 days, 365 days, 730 days and 1095 

days. NT Build 492 method was used to determine the chloride migration coefficient of 

concrete (DRCM) from non-steady-state migration experiments (NT Build 492, 1999). 

3. Results and Discussion 

3.1. XRD Results  

Figure 1 shows the XRD patterns of Portland cement concrete (w/c=0.4) at an age of 215 

days and 2 years. At 215 days the characteristic peaks of quartz (Q: from aggregate), 

portlandite (CH: hydration product) and calcite (CaCO3: from limestone powder) are clearly 

33 2 6 323 26C A CSH H C AS H  

33 6 32 4 122 4 3C A C AS H H C ASH  

 2 3 4 2 2 2 3 4 26 ( ) 3(3 32

                                                                  

3 12

                                   

 )

                       

3CaO Al O C Ca OH CaO Al O CaSO H O

A

H

F

S

m

a O O        
4 2

8(CaSO 2H O)

Ettringite



 

detected. At an age of 2 years another two characteristic peaks are also observed. They are 

ettringite (2θ = 9.09°) and monocarbonate (2θ = 11.7°). 

 
E: ettringite; Q: SiO2; CH: Ca (OH)2; CO: CaCO3; M: monocarbonate 

Figure 1 XRD patterns of Portland cement concrete 

3.2. SE Image Observations  

Figure 2 shows the SE image of Portland cement concrete (w/c=0.4) at an age of 2 years. The 

needle-shaped ettringite crystals can easily be observed. An energy dispersive spectroscopy 

(EDS) analysis is made at the spot of the red square. The EDS spectrum is shown in Figure 3. 

The molar ratio of Al/S is around 1.38:1, which is in the range from 0.67 (molar ratio of Al/S 

of ettringite) to 2 (molar ratio of Al/S of AFm). This indicates that the selected area probably 

includes both ettringite and AFm phases. In Figure 3 the Si element peak is also detected, 

probably from C-S-H phase. Hence, this area might be a mixture of AFm, ettringite and C-S-

H. Furthermore, micro-cracks with a width of 3-5 µm can also be observed. Ettringite and 

micro-cracks are also observed in the images collected from other concrete samples (w/c=0.6) 

at an age of 3 years as shown in Figure 4. 

 
Figure 2 SE image of Portland cement concrete (w/c=0.4) at an age of 2 years (4000×) 
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(a) EDS spectrum 

Element C O Si S Ca Al Mg Fe K 

Wt % 10.80 37.37 10.03 1.98 34.97 2.30 0.55 1.56 0.44 

Molar ratio: Al : S=1.38:1 

(b) element analysis 

Figure 3 EDS spectrum of selected area (a) and element analysis (b)  

 

 
Figure 4 SE images of Portland cement concrete: w/c=0.6 at an age of 3 years  

A: 1000×; B: 2000×; C: 2000×; D: 1000×  

3.3. RCM Results 

Figure 5 shows the chloride migration coefficient (DRCM) of Portland cement concrete with 

three w/c ratios. As expected, the w/c ratio has a significant influence on the DRCM value. At 

28 days it varies from 13×10-12 m2/s to 28 ×10-12 m2/s with increasing w/c ratio from 0.4 to 

0.6. 

However, the evolution of the DRCM values of Portland cement concrete after 28 days is 

different for different w/c ratios. For w/c ratios 0.4 and 0.5 the DRCM value decreases 

gradually up to 180 days, then increases to a peak value after about 1 year and then decreases 
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Cracks

B

B

Ettringite

Cracks

C D



 

again. In the case of w/c ratio at 0.6, a decrease of the DRCM value is observed from 28 to 90 

days. Afterwards, the DRCM value shows an upward trend up to 3 years. As illustrated in 

Figure 5 the development of the DRCM value of Portland cement concrete with time is in 

accordance with the experimental results of several authors quoted in Figure 6 (Tang L., 1996; 

Obla K. H. et al., 2003; van Dalen S. M. 2005; Audenaert K. et al., 2007; Gailius A. et al., 

2008). 

As mentioned in introduction, the concrete samples were cured in a fog room (100% 

humidity). In theory, moist curing ensures progress of the hydration of cement clinker 

resulting in a denser microstructure of the concrete. We would expect, therefore, that the 

DRCM values of Portland cement concrete should decrease with increasing age of the concrete. 

However, in Figure 5 and Figure 6 the DRCM values of Portland cement concrete increase after 

a certain age of the concrete (around 6 months). That indicates that the microstructure of 

cement paste damages. 

 
Figure 5 DRCM values of Portland cement concrete made with different w/c ratios 

 
Figure 6 DRCM values of Portland cement concrete from references (Tang L., 1996; Obla K. H. et al., 

2003; van Dalen S. M. 2005; Audenaert K. et al., 2007; Gailius A. et al., 2008). 

3.4. Discussions 

From the results of XRD test and SE image observations it is clear that ettringite forms in 

Portland cement concrete at later ages and that formation of ettringite is then accompanied 

with crack formation. Since DEF results in a change of the microstructure of cement paste, it 

is considered a possible reason for an increase of the DRCM values of Portland cement 

concrete after an age of 180 days. 

As mentioned in introduction delayed ettringite formation in concrete normally requires a 

new source of sulfate in the pore solution of the paste. It has been proposed by Klemm 

(Klemm et al., 1990) that also the presence of limestone powder (CaCO3) in concrete can 

result in the formation of ettringite if the concrete is cured in wet (moist) conditions. Under 

moist conditions CaCO3 can slowly dissolve and subsequently react with any calcium 
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monosulfoaluminate hydrate or calcium aluminate hydrate to form ettringite and 

monocarbonate. The chemical reaction of CaCO3 with monosulfate (AFm) is (Klemm 1990; 

Taylor HFW. 1997): 

 
(4) 

In this study the Portland cement used contains CaCO3, as shown in Figure 1 and the concrete 

mixtures are cured under moist conditions. 

4. Conclusions 
Since DEF results in a change of the microstructure of cement paste, it is considered a 

possible reason for an increase of the DRCM values of Portland cement concrete after an age of 

180 days. The information presented in this study shows that delayed ettringite formation 

occurs in Portland cement concrete when it contains limestone powder and when it is cured 

under moist conditions.  

At present, the use of limestone powder in cement is common in European countries. It brings 

technical, economic and ecological benefits. However, it appears that the addition of 

limestone powder in concrete may lead to the formation of delayed ettringite at later ages and 

decrease the resistance of Portland cement concrete to chloride penetration under moist 

conditions. It is recommended that more attention should be paid to the impact of limestone 

powder on the DRCM values of Portland cement concrete when limestone powder is used in 

concrete mixtures. 
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Abstract 

 

In the water supply project of Turkish Republic of Northern Cyprus (TRNC) from Turkey, high-density 

polyethylene (HDPE) pipes of total 80 km in length are to be used. These pipes are suspended 

250 meters below the sea level by means of precast concrete anchor blocks that are positioned on the 

seabed at different depths, at a maximum depth of 1431 m. The mix design of anchor blocks are made 

conforming to ACI 318 technical specifications and designed against sea water effects. The cement type 

used is slag cement that is highly resistant to effects of sea water and high-strength self-compacting 

concrete is used for ease of placement. 

 

According to the specifications of the pre-cast concrete anchor blocks, the concrete should have a 

maximum w/c ratio of 0.35 and a minimum strength class of C40/50. Moreover, as this strength class of 

concrete has a high cement dosage and the smallest dimension of the anchor block is more than  

1.0 m, the concrete should be treated as mass concrete. With the specified criteria and given properties, 

the concrete is required to have a 50 years of service life against the effects of seawater. 

 

During the development of concrete mixture design, limestone aggregates with a maximum grain size of 

19.1 mm were obtained from a local ready-mix concrete plant that has a production control certificate 

conforming to TS EN 206 standard.  Moreover, from a cement factory nearby slag cement that conforms 

to  EN 197-1 with a ground granulated blast furnace slag (ggbfs) content of at least 60% is obtained.  

Finally, a new generation of chemical admixture is utilized to produce self-compacting concrete. After 

developing the self-compacting concrete in the laboratory, anchor blocks were successfully produced. 

 

Since the produced SCC anchor blocks were classified as mass concrete, the adiabatic temperature rise 

was not carefully controlled in some of those blocks and some cracks were observed due to thermal effects. 

These cracks were later repaired by epoxy injection method which is an appropriate crack repair material. 

 

Originality 

This study is a state of the art report. It was studied both in the laboratory and implemented on site. TRNC 

Water Supply Project is a very unique project and is the first time implemented in the World history. 

Water will be transferred with a 1600 mm diameter of  HDPE pipes suspended in the sea water of 250 m 

depth. In order to hold the pipes suspended state in the sea water, very heavy concrete anchor blocks 

were designed and cast conforming to ACI Building Code requirements and standard specifications. In 

the design of concrete blocks subjected to the sea water effect, very low w/c ratio (0,35) was to be used 

and it had to be self compacting concrete to be placeled and compacted into the forms easily. In addition, 

due to the cement content of concrete was very high (475 kg/m3) and the minimum size of concrete blocks 

was more than 1,0 m, the concrete design was taken into consideration as the mass concrete. Lastly, 

because these concrete blocks were placed on seabed under the maximum depth of 1435 m, they had to 

be very high strength concrete class. These anchor blocks were designed to last at least 50 years service 

life under seabed. 

 

Keywords 

Anchor blocks, self-compacting concrete, ground granulated blast furnace slag (ggbfs), mass concrete 

blocks, thermal cracks. 
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The water need of TRNC (Turkish Republic of Northern Cyprus) is 36 million m3/year as of 

2010 and is expected to reach 54 million m3/year in 2035. For many years TRNC have faced 

with water shortage and many projects were considered to supply the needed water from Turkey. 

In this context, the most appropriate long-term solution to resolve this problem seemed to be the 

transfer of water via a pipeline from Turkey. 

 

With this project, which is also known as the “Project of the Century”, 75 million m3 of water is 

to be conveyed from Turkey to TRNC after the completion of two dams (one in Turkey and the 

other in the TRNC), a total of 107 km of pipeline and two pumping stations (Figure 1). As can 

be seen from the figure, 80 km long HDPE pipes having a diameter of 1600 mm will be 

suspended in the sea, by a method which will be implemented for the first time in the world. 

Each of these HDPE pipes have a length of 500 m and will be anchored to the seabottom by 

means of tethers and anchor blocks. 

 

Anchor blocks are very important part of this project. In Figure 2 four types of anchor blocks 

that will be used in the project are shown. The first one shows the blocks that will be used to 

keep the pipe on the seabottom. The second one shows the blocks that will be used when the 

pipeline is on the sea bottom at a depth of 20 m to 280 m. The third one shows the blocks that 

will be used when the pipeline is buried in sea bottom. Finally, the fourth one shows the anchor 

blocks that will be used at every 500 m to suspend the pipes at a depth of 250 m. The concrete 

that the anchor blocks are to be cast should have a service life of at least 50 years and should be 

manufactured according to its specifications and the ACI 318 Building Code requirements. 



 

 
 

Figure 1  Schematic View of the TRNC Water Supply Project 
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Figure 2  The anchor blocks that will be used in different parts of the project 
 

 

 

 

 

 

 



2. Design Principles of the Concrete Anchor Blocks  
 

The design parameters of the concrete used in the manufacture of anchor blocks together with 

their criteria, and the ingredients used in the concrete mixture are as follows: 

 

 The harmful compounds for the concrete in seawater are sulfate ( 2

4SO  ), magnesium  

( 2Mg  ), carbonic acid (H2CO3 ), and chloride ( -Cl ) ion content. Among these, in 

particular sulfates, magnesium and chloride ions are the most important ones and are 

used for determining the environmental impact parameters. 

 

 Mediterranean sea water contains a sulphate ion content of about 2900 mg / L, a 

magnesium ion content of about 1440 mg / L and a chloride ion content of about 19270 

mg / L. The salinity of the Mediterranean sea is around 4.3% and its pH can be 

considered as 8.0. 

 

 According to the Table 4.2.1 of ACI 318 building code provisions, the concrete to be 

used in anchor blocks is considered to be in environmental action class S2 against due 

to sulfate and magnesium ion contents and class C2 due to chloride ion content. 

 

Moreover, as the concrete anchor blocks are to be located on the seabed at a depth of about 1435 

m, the concrete is required to be of high strength and impervious. The provisions that belong to 

the environmental effects are as follows: 

 

a. ACI 318, for environmental impact class S2: Based on Table 4.3.1 of ACI 318 building 

code, in the production of the concrete anchor blocks that will be exposed to sulfate ions, the 

maximum water / cement ratio shall be of 0.45 and the minimum strength class (Ǿ =150, L=300 

mm) for cylindrical specimens shall be at least 31.0 MPa. According to TS EN 206, this strength 

class conforms to C30/37.  When sulfate resistance in terms of the cement type is considered, it 

should be Type V according to ASTM C150, or Type IP and IS according to ASTM C595 (slag 

content <70%).  When concrete is to be produced with the chosen cement type, and specified 

provisions the permeability of the concrete consequently will be very low and the anchor blocks 

will resist sulfate, magnesium and chloride ions for a long time. Samples to be taken during 

manufacture of concrete, when tested according to ASTM C1202 standard, permeability class 

will be very low and the value shall be less than 2000 Coulomb. 

 

b. Environmental impact of ACI 318 building code C2 class (for reinforcement corrosion): 

Based on Table 4.3.1 of ACI 318 building code, in the production of the concrete anchor blocks 

that will be exposed to chloride ions, the maximum water / cement ratio shall be of 0.40 and the 

minimum strength class (Ǿ=150, L=300 mm) for cylindrical specimens shall be at least 35.0 

MPa. According to TS EN 206, this strength class conforms to C35/45. Moreover, the chloride 

ion amount that will result from all the ingredients of 1 m3 of concrete, should be limited to 

0.15% by mass of cement. 

 

c. The technical specifications of anchor blocks: According to technical specifications of 

anchor blocks and the strength requirements of the specification, concrete anchor blocks shall 

be high strength precast elements. According to the criteria set out in the manufacture of 

concrete, the maximum water / cement ratio should be 0.35 and, the minimum strength class (Ǿ 

= 150, L=300 mm) for cylindrical specimens should be 40.0 MPa.  

 

When the above mentioned criteria and technical specifications are compared, it is obvious that 

the criteria set out in the technical specifications governs for both effects.  Therefore, in the 

concrete mixture design the technical specifications will be used. On the other hand, in order to 

produce concretes with the criteria mentioned in the technical specifications, self compacting 

concrete will be considered. 



3.  Concrete Ingredients and Properties 

 

In the concrete mixture design of the anchor blocks that will be used in the TRNC Water Supply 

Project, three sizes of aggregates with a Dmax = 19.1 mm (0-4 mm sized crushed stone fine 

aggregate, 4-11.2 mm and 11.2-19.1 mm sized coarse aggregates), one type of cement (CEM III 

/ A 42,5 N with 60% Slag), one type of new generation superplasticizer is used.  In this article, 

the concrete mixture design together with the fresh and hardened concrete test results and 

evaluations are provided. 

 

a.   Aggregates 

The experimental test results for unit weight, density, water absorption ratio and the optimal 

aggregate mixture proportions for aggregates used in the concrete mix design are provided in 

Table 1. The maximum grain size of aggregate, according to the results of sieve analysis is 

determined as 19.1 mm. Very fine material in fine aggregate was found to be around 11% . In 

the self-compacting concrete mixtures, to achieve self compacting properties a higher amount 

of very fine material is required, provided that the fines are free of clay, silt or any pollution. 

Our national TS 13515 standard permits this amount up to 16 %.  On the other hand, higher 

amount of fine material is beneficial for better workability, segregation resistance and 

compaction. During the concrete production the necessary measures should be taken to limit the 

change in the characteristics of aggregates, in particular in the proportion of fine material. 

 

Aggregate mixture ratios and optimum particle size distribution were determined based on the 

maximum aggregate size recommended for SCC production and according to internationally 

known standards and specifications for a proposed fine aggregate grading curve fit. The amount 

of very fine material within SCC, the cement paste content by volume, water / powder ratio and 

the amount of fine aggregate needed are determined according to slump-flow diameter and 

segregation resistance tests. 

 

Table 1 - Specific gravity, water absorption, aggregate proprtions and fineness modulus of 

aggregates used in SSC mix design. 

 

Aggregate 

classes 

Specific 

gravity  

Water 

absorption  

% 

Aggregate mix 

proportions 

 % 

Fineness 

modulus 

11,2 – 19,1 mm 2,69 0,40 18 
2,69 

4 – 11,2 mm 2,68 0,50 25 

0 – 4 mm 2,62 2,20 57 2,87 

 

b.  Cement 

In the manufacture of concrete anchor blocks, considering the environmental effects and the 

below-mentioned facts, it was decided to use Adana Cement Factory CEM III/A (ground 

granulated blast furnace slag cement with a minimum and a maximum slag content of 60 and 

70%, respectively) type of cement produced according to TS EN 197-1 standard.  

 

Sulphate attack is one of the most significant factors affecting the concrete durability. According 

to an experimental study carried out by Turkish Cement Manufacturer’s Association R&D 

Institute, the sulphate resistances of three cements, i) granulated blast furnace slag cement, ii) 

sulphate-resistant cement, and iii) Portland cement are compared. In this experimental study, 

mortar samples were prepared and kept in a 5% Na2SO4 solution for 32 weeks following the 

ASTM C 1012 standard. During that 32 weeks, the expansion and strength performances were 

monitored for all three types of cements. The blast furnace slag cement was found to exhibit 

best performance against the sulphate attack. As shown in Figure 3, the slag cement showed 

less volume expansion even when compared to sulphate resistant cement.  



Considering the sea water in concrete terms, perhaps the most harmful ingredient is undoubtedly 

the effect of sulfate ions. If the measures taken against these effects generally contains low 

aluminate cement or sulphate resisting cement are used. Moreover, in the recent literature it is 

also mentioned that against the effects of sea water, slag cement is reported to be durable.  

 

 
 

Figure 3  Graphical representation of test results of sulphate resistance of three different 

cements 

 

In the production of anchor blocks after determining on the type of cement as slag cement, from 

the nearest Adana cement plant CEM III / A 42,5 N type of cement with at least 60% ground 

granulated blast furnace slag is obtained. The chemical and physical properties of the slag 

cement is provided in Tables 2 and 3. 

 

 

Table 2 - Chemical characteristics of the cement 

 

Chemical Characteristics  Experimental Results 

SiO2 31,0 

Al2O3 8,55 

Fe2O3 2,35 

CaO 44,6 

SiO2+Al2O3+Fe2O3 41,9 

Insoluble residue  0,87 

Loss on Ignition 3,52 

Amount of mineral additive 64,1 

Amount of clinker 35,9 

Amount of C3A in the clinker 6,54 

SO3 1,35 

MgO 4,85 

(Na2O) Alkali Equivalent 0,67 

 

 

 

 



Table 3 - Physical characteristics of the cement 

 

Physical Characteristics 
Experimental 

Results 

 7 day comp. strength (MPa)  22,6 

28 day comp. strength (MPa)  42,8 

Standard consistency ( % )  31,8 

Initial setting time, (min.) 205 

Final setting time, (min.) 255 

Volume expansion, mm 0,5 

Density (g/cm3) 2,92 

Blaine specific surface area, cm2/g  4510 

Mass retained on 90 µm sieve, (%) 0,3 

Relative humidity (%) 0,17 

 

In addition to the physical and chemical properties of slag cement, its heat of hydration is also 

determined.  For that, the 7-day heat of hydration of cement is determined following the TS EN 

196-8 approximately as 50 cal/g, which is lower than 52.5 cal/g, typically accepted as a 

maximum value recommended for mass concrete applications. Moreover, by the use of a 

isothermal calorimetry device available in DSI laboratories, the heat of hydration and the rate of 

heat of hydration of this cement at a w/c ratio of 0.50 and by the use of a chemical admixture is 

also determined as shown in Figures 4 and 5.  As can be seen in those figures, through the use 

of a chemical admixture the heat of hydration is reduced and delayed.  

 

 

 
 

Figure 4  Total heat of hydration of CEM III/A 42,5N cement with and without chemical 

admixture 

 

 



 
 

Figure 5  Rate of heat of hydration of CEM III/A 42,5N cement with and without chemical 

admixture 

 

4. SCC Mixture Proportions and Properties 

 

For the Type 1 and Type 2 anchor blocks of the TRNC Water Supply Project, the SCC mix 

design was determined according to the results obtained from fresh and hardened concrete tests.  

Table 4 presents the mix proportions of the SCC mix. 

 

Table 4. Mix proportions of C40/50 SCC resistant to sea water 

 

 
 

a.  Fresh and Hardened Concrete Test Results 

In the experimental studies conducted in the laboratory, based on the maximum allowable w/c 

= 0.35 criterion, and C40/50 concrete strength class, the required fresh concrete properties were 

tried to be satisfied.  In order to place the concrete into the molds of the anchor blocks without 

segregation, its cohesion properties and slump were determined. For this purpose, studies were 

conducted to produce self compacting concrete (SCC)  to satisfy the desired criteria for self 

compactibility. Producing SCC will also lead to the elimination or minimization of possible 

labor related errors. 

 

Crushed fine 

aggregate (0 - 4 mm)

Crushed fine gravel 

(4 - 11,2 mm)

Crushed coarse gravel 

(11,2 - 19,1 mm)

2,62 2,68 2,69

% kg/m3 % 57 % 25 % 18

> 65 cm437,1 314,7 2392 1,00,35 % 0,80 3,800 996,61
C40/50

w/c=0,35
475,0 165,0

Diameter of 

slump-flow, 

cm

BASF Glenium Sky 635

Water Content

kg/m3

Water/Cement 

Ratio

(w/c)

Chemical Admixture

Proportions of aggregate and quantities, (SSD) kg/m3

Theoretical 

unit weight 

of fresh 

concrete, 

kg/m3

Air content 

of fresh 

concrete, 

%

Anchor Blocks Self Compacting Concrete Design (Dmax=19,1 mm)

Mix. No
Code of 

Mixture

CEM III/A 

42,5N Slag 

Cement 

Content

kg/m3



To ensure the desired properties of fresh concrete in the mixture a water amount of 165 kg/m3 

was viable.  In order to satisfy a water / cement ratio of 0.35, a cement amount of 475 kg/m3 

was needed.  The mixture proportions of SCC were determined using these parameters. 

Moreover, a high range superplasticizer at an amount of 0,8% by weight of cement was also 

utilized.  Of the mixture prepared in the laboratory flow test was conducted according to the  

EN 12350-8 standard and a slump flow diameter of 65 to 75 cm was obtained, with a slump 

flow class of SF2. 

 

From the samples taken from the mixture prepared in the laboratory, the compressive strength 

results are obtained as provided in Table 5. In addition, in the ready-mix concrete plants all 

these properties were also determined and checked for conformity. 

 

Table 5  - Compressive strength development of SCC  

 

Cement content 

(kg/m3) 

Water content 

(kg/m3) 

Compressive strength 

(MPa) 

1 day 3 day 7 day 28 day 

475 165 18,6 40,1 56,9 82,3 

 

b. Permeability Test Results 

As mentioned earlier, in order to ensure the durability of the anchor blocks, the chloride ion 

penetration into the concrete should be limited, requiring an impermeable concrete.  The 

chloride permeability test results (ASTM C 1202) of the SCC mixture is summarized in Table 

6.  The test results reveal that the concrete is of very low permeability.  

 

Table 6 - Chloride ion permeability test results of concrete specimens  

 

 
 

c. The Adiabatic Heat Rise within Concrete 

For the anchor blocks having a smallest cross-sectional thickness over 90 cm, the concrete is 

required to be evaluated as mass concrete. For this reason for some of these blocks, the heat of 

hydration and the adiabatic heat rise within the concrete was needed to be determined.  

 

Concrete is generally known to have a low thermal conductivity. Therefore, concrete especially 

mass concrete behaves approximately as an adiabatic or sometimes as a semi-adiabatic system. 

Adiabatic temperature rise in a mass concrete system without any heat loss is calculated as 

follows; 

( )c c

p

M H t
T

C





 
 


 

:

:

:

:

:

:

:

:

Average ResultSpecimen 1 Specimen 2Rapid chloride permeability test

Measured potantial charge, Coulombs 338 238 288,0

Permeability class Very low Very low Very low

Measured electrical current, mA 15,3 10,8 13,1
Testing period, hour 6,0 6,0 6,0

The age of specimens 29 29

Electrical voltage applied, V 60 60 60

Date of sampling 22.08.2013 22.08.2013

Date of testing 20.09.2013 20.09.2013

CEM III/A 42,5N: 475 kg, Su: 165 kg, Dmaks: 19,1 mm



In the above equation; 

 

Mc: Total binder within 1 m3 of concrete, kg/m3 

Hc: The total heat of hydration of the binder, kJ/kg 

(t): The amount of hydration (is affected by time, concrete temperature and heat of hydration)  

: The unit weight of concrete, kg/m3  

Cp: The specific heat of concrete, kJ/kgC.  

 

Specific heat of concrete is approximately similar to the specific heat of aggregates, and for 

limestone-based aggregates it can be accepted as 0.90 to 0.94 kJ/kgC.  For 90% hydration the 

above equation will yield a adiabatic temperature rise calculation of about 40°C.  Therefore, in 

order to limit the temperature of concrete at the end of the hydration of cement, it is important 

to limit the initial concrete placement temperature to below 20 °C. For this purpose, aggregates 

should be protected from the effects of direct sunlight, and if necessary, should be cooled with 

water spray. Whenever necessary use of ice as part of the mixing water was also considered in 

order to obtain the required initial concrete temperature. 

 

In view of these evaluations, during the manufacture of an anchor block, one block of concrete 

was equipped with temperature data loggers to monitor the adiabatic temperature increase 

within the concrete center and the surface.  The most important problem was to limit the 

difference between the environmental and center temperature of the concrete block to 25 °C.  

Moreover, the highest temperature that can be observed within the block should not exceed 

70 °C. As presented in Figure 6, the maximum temperature within concrete was around 62 °C, 

and the difference between the environment and concrete block was 40 °C.   

 

 

 
 

Figure 6  The temperature history of the anchor blocks 
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5. Discussion and Conclusions 

In the TRNC water supply project, 80 km long HDPE pipes which are suspended 250 m below 

sea level are positioned by concrete gravity anchor blocks, to carry water from Turkey to the 

Northern Cyprus.  The anchor blocks used within this project will be subjected to chemical and 

biological effects of the sea water besides the high water pressure during their service life of at 

least 50 years. For this purpose, in the production of concrete all necessary measures are 

considered for the choice of ingredients and concrete properties. 

 

The concrete needs to be resistant against the influence of sulfate ions, after a long-term 

monitoring of CEM III / A 42,5 N cement having a ggbfs amount of at least 60% against sulfate 

attack, that cement is chosen in the production of concrete. Moreover, the corrosion resistance 

of the concrete was also tested through the use of rapid chloride permeability testing, and the 

anchor blocks produced with slag-cement type is shown to have very low permeability against 

chloride ingress. Therefore, concrete when evaluated in terms of durability is expected to have 

at least 50 years of service life.  

 

Because the concrete anchor blocks were to be considered as mass concrete in terms of sizes 

and because the heat of hydration of cement and cement content is very high, adiabatic 

temperature rise of concrete is also quite high in concrete blocks. The temperature difference 

between the interior and outer side of concrete blocks should be maintained at most 25ºC for 

this kind of heavy reinforced concrete blocks. For overcoming of this problem and in order to 

reduce temperature difference between the interior and exterior of the concrete blocks, a kind 

of insulation forms were used at the sides of the concrete blocks which completely eliminated 

the formation of thermal cracks in concrete. The upper side of concrete blocks were left open 

and cured with warm water of about 35ºC for at least 5 days. The temperature diference was 

kept constant and was not allowed to exceed 25ºC.  As a results, the formwork was not removed 

immediately after one day and maintained for 5 days of such curing.  
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Deterioration of the Concrete Elastic Properties Due to the Salt 

Frost Action  
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Abstract：Fly ash air-entrained concrete specimens were tested in 3.5% NaCl solution with 

rapid freeze-thaw cycles.The relative dynamic modulus of elasticity and frost damaged layer 

thickness of  concrete specimens were measured by the ultrasonic testing technology, and also  

the static modulus of elasticity was measured.The results showed the development process of 

internal cracks in concrete due to salt frost damage by microscopic observation with SEM. A 

certain correlation between the static modulus of elasticity and the relative dynamic modulus 

of elasticity can be acquired but are not in line with the calculated values by standard was 

carried out.The elastic characteristics development trend of reinforced concrete specimens 

was roughly the same as that of concrete specimens without rebar as function of number of 

freeze-thaw cycles.However divergences existed due to their different heat capacity, which 

should be important to the salt frost durability assessmen of reinforced concrete structure. 

Key words：Fly ash air-entrained concrete; freezing-thawing cycles; durability;  modulus of 

elasticity  

 

1. INTRODUCTION 

     Reinforced concrete is the most widely used construction material in the world. It is one of 

the most durable and versatile composite material to be used for almost any structural member if 

being designed, produced and excuted by the right way. Although reinforced concrete is a very 

normal construction material, concrete material is still susceptible to deteriorate and then the  

internal reinforcing steel corrosion under field engineering environment. .   

    Reinforced concrete  have endured the action of freeze-thaw cycles in winter, not only in the 

marine environment but also in the de-icing salt chloride environment.The frost damage, known 

as surface scaling, is caused by mechanisms involving the differings thermal expansion of ice 

and concrete [1]. Due to the frost action, loose flaking can be found in the concrete and the 

emergence and development of internal cracks accelerated [2].This in turn affects the stress-

strain relation in compression and tension, as well as compressive and tensile strengths, elastic 

modulus, fracture energy, and bond strength between the reinforcement and surrounding 

concrete in damaged regions [3]. 

     Several research articles have been primarily concerned with the causes and mechanisms of 

frost deterioration, see [4-6]. However, very little attention has been given to the effect of frost 

damage on the material elastic property of concrete. The correlation between elastic modulus 

and compressive strength of recycled aggregate concrete [7] and self-consolidating concrete 

(SCC) [8] were studied with UPV measurements. The effects of age on the relationships 

between dynamic and static elastic moduli or compressive strength were investigated [9,10]. 

However, the effect of frost damage on concrete elastic characteristic have not been taken into 



  

 

account. Kamyab Zandi Hanjari et al.[11] investigated the effect of frost damage on the elastic 

characteristics and bond properties of concrete.The test results showed significant change in the 

material and bond properties of frost-damaged concrete when compared with reference concrete. 

The salt freezing-resistance of high performance concrete (HPC) test beams and concrete 

specimens subjected to the action of 3.5% (by mass)NaCl solution was studied by the 

accelerated freezing method. The experimental results indicated that the actual performance 

characteristics of reinforced concrete member could not be reflected by the salt freezing-

resistance of concrete specimen[12]. 

    The experiments presented here were carried out to investigate the effect of frost damage on 

the material properties of concrete, especially the elastic properties including the static modulus 

of elasticity and the dynamic modulus of elasticity. Therefore, the level of frost damage was 

quantified by the relative dynamic modulus of elasticity, calculated from ultrasonic 

measurements made on all specimens. The change in microstructure of the concrete was visually 

observed by microscopic imaging; the distribution of cracks was investigated using image 

analysis of thin sections. The behaviour of frost-damaged concrete was evaluated in 

compression,by compression tests and elastic modulus tests. The outcome of the tests can be 

used when analyzing frost-damaged concrete structures and to gain a better understanding of the 

effect of frost damage on properties of concrete. 

2. EXPERIMENTAL STUDY  

2.1 Materials and mix proportions  

      Concrete is a cement-based composite in which fine aggregate and coarse aggregate are 

embedded in a matrix of cementitious paste. In this study,Chinese standard 42.5R(I) Portland 

cement equivalent to ASTM Type II Ordinary Portland cement supplied by Shanxi Qinling 

Cement Corporation in China , Fly ash (FA) was used as matrix.River sand with fineness 

modulus of 2.64  was used as fine aggregate and crushed limestone with a maximum size of 20 

mm were used as oarse aggregate. The chemical composition and properties of the cement and 

FA are shown in Table 1 and the mix proportion is summarized in Table 2. Thirty percent of 

cement was replaced by fly ash on weight-to-weight basis in the concrete mixture, respectively. 

Air entrainment was added to produce a design mix with an air content of 5%±1.5% in 

accordance with commercial batching procedures and acceptance limits. The dosage rate of the 

Cemex air entrainment agent was 0.45kg/ 1000kg CEM1.A polycarboxylate-type super-

plasticizer with a water-reducing rate of 25% by weight was used. 

2.2 Specimen preparation and procedure 

      Two types of concrete specimens were used to find the difference about the elastic 

properties for concrete after freeze-thaw cycles, including concrete specimen without rebar 

(Type A) and concrete specimen with rebar (Type B). All the concrete specimens were prepared 

with a water cement ratio of 0.40; see Table2 for mix composition. The concrete specimen with 

rebar were prepared as shown in Fig.1 with a Φ10 deformed steel bar. To investigate the 

influence of concrete cover on the salt frost damage, three concrete cover for 20 25 30mm were 

used. While casting, concrete was poured into the moulds and compacted in two steps.20 s 

vibration using a vibrating table for each step. All the concrete specimens were removed from 

the moulds after 24 ± 2 hours and stored in a climate chamber, with a temperature of  20 ± 2℃ 

and a relative humidity of 95%, for 85 days. The concrete specimens were presaturated by 

submerged in 3.5% NaCl solution(by mass)  at  20 ± 2℃ for 4 days.Thereafter the specimens 

were stored in the plastic tryout to reach the desired levels of frost damage with 3.5% NaCl 

solution (by mass) by the repeated freezing and thawing. During the test, the temperature in the 

for all specimens followed the regime specied in GB/T 50082-2009 [13]. During the process of 



  

 

freezing and thawing, the minimum and maximum temperatures in the center of the specimen 

should be controlled at -18 ± 2℃ and 5 ± 2℃. At any time, the temperature in the center of the 

specimen Shall not exceed 7℃, and less than -20℃.After the concrete specimens had reached 

the desired cycles, the dynamic modulus of elastic, static modulus of elasticity and the thickness 

of the damaged layer were measured.  

Table 1 

Chemical composition, mechanical and physical properties of cement and fly ash 

Chemical 

composition（%） 

Materials Mechanical and physical properties 

Cement  
Fly 

ash 

Properties 
Cement  

Fly 

ash 

Silicon dioxide, 

SiO2 
21.66 49.02 

Compressive 

strength(MPa) 

3d 18.2 - 

Aluminum oxide, 

Al2O3 
5.13 31.56 

28d 36.5 - 

Iron oxide, Fe2O3 5.25 6.97 Ignition loss(%)  1.19 3.65 

Calcium oxide, 

CaO 
64.37 4.88 

Finness  

   

Magnesium 

dioxide, MgO 
1.06 0.83 

Residual of 0.080 mm 

sieve (%) 

3.8 - 

Sulfur trioxide, 

SO3 
2.03 1.20 

Residual of 0.045 mm 

sieve (%) 

- 18 

Table 2 

Mix proportion and basic properties of fly ash concrete 

  W/B 

ratios 

Mixture proportions(kg/m3) 
theoretical 

density 

air void 

content 

Compressive 

strength(MPa) 

cement               Fly ash 
Fine 

 aggregate  

   Coarse 

 aggregate 
Water 28 d 90 d 

0.40 280 120 570    1270  160 2450 5.1 35.2 41.3 

 

 

Fig.1.Concrete specimen with rebar (Type B) 

2.3  Damage quantification 

2.3.1 Dynamic Modulus of Elasticity 

    Before the concrete specimens were placed in the test liquid (3.5% NaCl solution(by mass)), 

the dynamic modulus of elasticity , determined by Eq. (1) [14], was measured by use of a high-

accuracy nonmetal ultrasonic analyzer as the initial value. The NM-4B Ultrasonic testing 

instrumentation was used in this experiment, which was produced by Beijing Concrete Testing 

Technology Co., Ltd. 



  

 

  The DME changes of specimens were then monitored at every 10 cycles. The relative 

dynamic modulus of elasticity, which was determined by Eq. (2), is the ratio of DME value to 

the initial DME value after 10 cycles.  
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     Where Edn is the dynamic elastic modulus of concrete (MPa), ρ  the hardened concrete 

density (kg/m3), c the UPV (km/s) and   is the Poisson’s ratio. Poisson’s ratio was assumed 

as 0.2 for all concrete mixtures. T0 and Tn are the ultrasonic time of concrete specimens at an 

the age of curing and at the action period of salt frost. 

2.3.2 Static Modulus of Elasticity  

      When the fly ash entrained concrete prism specimens achieved the desired salt freeze 

cycles, they were removed with the surface natural drying. The static modulus of elasticity 

test have been carried out in accordance with ISO 1920-10:2010 [15]. 

2.3.3 Thickness of Damaged Layer    

      A kind of nondestructive technology,NM-4 nonmetal ultrasonic tester,which is shown in 

Figure1, was used to measure the corrosion depth of the concrete specimen under different 

corrosion states.In the experimental procedure,low  frequency transducer whose frequency is 

below 50 kHz was selected.Considering that the dimension of the specimen, 40mm,was 

determined as the measuring space,five measuring points B1, B2, B3, B4, and B5 (shown in 

Figure 2) were found.One transducer A (shownin Figure2) is put on a permanent position,and 

the other transducer is placed on the measuring points B1, B2, B3, B4, and B5 in turn. In the 

test, sound velocity on each measuring point t1, t2,  t3 was recorded,and the distance between 

the two transducers was obtained.Time-distance graph shown in Figure 3 can be achieved. 

     If the concrete specimen is corroded,the surface will become loose, and the sound velocity 

Vf  sound velocity measured by undamaged concrete(denoted by Va). Vf  and  Va can be 

calculated by (1),respectively : 
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When the distance between the transducers is short,the ultrasonic wave will transmit in the 

damaged layer.Once the distance exceeds a threshold value which is denoted as l0, some of 

the ultrasonic wave will penetrate through the damaged layer and transmit along the 

undamaged surface rapidly and will reach the receiver transducer prior to the wave transmit 

through the damaged layer.Therefore,a step change will occur. 

Wave velocities that penetrate through thes pecimens under different corrosion states can 

be achieved,and the corrosion depths of concrete specimens after different immersion periods 

can be calculated by the expression(2).Relations between the corrosion depth and immersion 

time under different acid solutions are shown inFigure 4: 
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where dfc is the thickness of concrete damaged layer ,l0 is the threshold distance value 

between the two measured points,which can be achieved by the time-distance diagram, Va is 

the sound velocity for undamaged concrete, and Vf is the sound velocity for damaged concrete. 
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Fig.2  Setting of transducer 
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Fig.3  Relationship of travel time and test distance 

 

3. RESULTS AND DISCUSSION 

3.1 Relative dynamic modulus of elasticity  of concrete specimen 

     The relative dynamic modulus of elastic  ( RDME ) is an important index of frost 

resistance of concrete. The relationship between the relative dynamic elastic modulus of 

concrete the action of freeze-thaw obtained by the ultrasonic testing technology was shown as 

Fig.4.  

     On the whole, the relative dynamic elastic modulus of fly ash concrete decreased with 

increasing degree of frost damage. After 20 freeze-thaw cycles action, the relative dynamic 

elastic modulus of the fly ash concrete decreased by 7.4 %. The fly ash concrete then suffered 

addition 20 salt freezing cycles action, the relative dynamic elastic modulus decreased by 

12.5%. This reflected that the cumulative damage of frozen concrete developed rapidly in the 

early period of salt frost, but lagged in the later period. The reason may lies in that the 

permeability of concrete is on bigger in salt solution than in water, which make the saturation 

degree of concrete is much higher in the salt solution than in water. So the extent of concrete 

damage of salt frost action intensified [17]. On the other hand, when the concrete were soaked 

in salt solution, only the concrete surface highly saturated, but the saturation  of concrete 

interior was still very low with Long-term immersion in salt solution. In the cyclic freeze-

thaw process, due to the common effect of pore and solution, the solution in the pore of 

concrete may not freeze in the freezing temperature, and the destruction of the concrete 

internal structure caused by salt frost significantly low. So the concrete relative dynamic 

modulus of elastic decreased slowly in later period with freezing and thawing in salt solution. 

The results were also visible in the literature study [18] that the damage characteristics of fly 

ash concrete were obvious in the 20 freeze-thaw cycles. 

3.2 Static modulus of elasticity  

Concrete static modulus of elasticity is an important parameter in analyzing the bearing 

capability of reinforced concrete structures and components. The value is generally constant 

in the structural design and the analysis of concrete structure bearing capacity. But the 

composite reinforced concrete is the combination of steel and concrete which have the 

different thermal expansion coefficient. When the reinforced concrete subjected to cyclic 

freeze-thaw, the internal heat stress generated by the salt frost action would redistribute with 

the concrete damage. Based on the the multicomponent non mixed uniform composition, each 

part have the different elastic modulus and the inconsistent deformation, and the degradation 

damage rules are different, which lead to  different static modulus of elasticity to the whole 



  

 

concrete with  increased freeze-thaw cycles [19]. As shown in Fig. 5, the static modulus of 

elasticity present downward trend along with the salt frost effect intensified due to its internal 

damage deteriorated. 

 The dynamic modulus of elasticity is determined by the specimen vibration or ultrasonic 

pulse velocity. The relationship between the static modulus of elasticity and the dynamic 

modulus of elasticity listed by Britain concrete specification is shown as equation (3) [20].  

1.25 19000C dE E                                                                                                            （3） 

where EC is the static elastic modulus of concrete (MPa), Ed the dynamic elastic modulus 

of concrete (MPa),as shown in Equation (4). 
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where ECn is the static elastic modulus of concrete after n freeze-thaw cycles (MPa), Edn is the 

dynamic elastic modulus of concrete after n freeze-thaw cycles (MPa). 

The static elastic modulus expressions could be obtained as shown equation (4) with the 

relative dynamic elastic modulus when the formula 1, 2, 3 were set up. The comparison of 

formula calculated values with experimental values of concrete static modulus of elasticity  

are as shown in Fig.5. The experimental values and formula calculated values of the concrete 

static modulus of elasticity decreased with salt frozen cycles increasing. After salt frozen 

cycles for 20, the concrete static modulus of elasticity experimental values declined from 

initial 3.41×104 MPa to 2.64×104MPa. The amplitude of reduction of experimental values 

achieved to 22.5%, but formula calculated values only have 9.5% compared to the same 

period. When the cycles of freezing and thawing reached 40, its experimental values of 

concrete declined to 2.21×104MPa, and the amplitude of reduction fell to 35.2%.  However 

the formula calculated values only have 19.4% compared to the same period. The ratio of   the 

experimental values and the formula calculated values of the concrete static modulus of 

elasticity also showed as a trend of decline and the decline gradually increased. The results 

showed that the static elastic modulus of concrete materials could not be considered as a 

constant value in the analysis of the bearing capacity of reinforced concrete structure under 

salt frost environment. As the static elastic modulus of concrete decreased, the structural 

stiffness would be decreased and the deflection would be increased. 

 
Fig.4. Rrelative Dynamic Modulus of Elasticity versus  

freeze-thaw cycles 

 
Fig.5. Static modulus of elastic versus number of  

freeze-thaw cycles 



  

 

     It can be found from Fig. 6 that the fly ash concrete damaged layer thickness increased 

under the action of salt frost, and the static modulus of elasticity loss and relative dynamic 

modulus of elasticity loss were increased at the same time. The growth of static modulus of 

elasticity loss was greater than the relative dynamic elastic modulus loss compared to the 

same period.  

Fig. 7 showed that the thickness of concrete damaged layer increased due to the action of 

salt frost, and the loss of modulus of elasticity increased at the same time. The growth of 

static modulus of elasticity loss was greater than the relative dynamic elastic modulus loss 

compared to the same period. Data regression analysis results showed that the static elastic 

modulus loss and the relative dynamic elastic modulus loss all have linear relationship with 

the concrete damaged layer thickness. There exists a good correlation [21] between them 

above.

3.3 Relative dynamic modulus of elasticity of reinforced concrete specimen 

      The difference of relative dynamic modulus of elasticity of concrete specimens with rebar 

and wihout rebar due to salt frost action are illustrated in the Fig.8. The result can be obtained 

that the damaged level of concrete specimens with rebar are lowered than the cocrete 

specimens without rebar.Similar results can be found in the literature[10,11].The main reason 

lies in that the concrete and steel rebar have different thermal expansion coefficient and 

specific heat capacity, which lead to a different deformation of concrete specimens compared 

to reinforced concrete under salt frost action.   

       

 
Fig.6.   Thickness of concrete damaged  layer versus  

freeze-thaw cycles 

 

 
Fig.7. Relationship of static elastic modulus loss and 

relative dynamic elastic modulus loss with the 

salt frost damaged layer thickness 

Fig.8. Effect of the concrete cover on the relative 

           dynamic modulus of elasticity of  reinforced 

 concrete  versus  the freeze-thaw  cycles 

 
Fig.9.Effect of the concrete cover on the relative  

dy n a m i c  m o d u l u s  o f  e l a s t i c i t y  o f 

reinforced concrete versus the freeze-thaw  

cycles 
 



  

 

Fig.9 revealed the effect of defferent concrete cover on the relative dynamic modulus of 

elasticity of concrete specimen with rebar under the salt frost action. In general, the relative 

dynamic modulus of elasticity decreased slightly with the  concrete cover increased, which 

indicated  a less degree damage. The diameter of reinforced rebar used in this experiments are 

10mm. In fact, the larger diameter of reinforced rebar are applied in the actual engineering 

structure. The constraint effect  reinforced rebar to concrete is not the same. To provide better 

frost resistance and avoid steel corrosion, the concrete cover should be more than 30mm.  

4.  CONCLUSIONS 

      Fly ash concrete have a strong salt frost  resistance ability because  the air entraining agent 

and water-reducing agent used in the concrete mix can improve its internal structure and make 

the density increased. In the early salt frost action, the degradation of modulus of elasticity 

including dynamic and static is obviously found. Later the degradation lagged for a certain 

extent.The damaged layer thickness of concrete specimen without rebar  developed rapidly. 

After freeze-thaw  for 40 cycles, the damaged layer thickness has reached 16.12 mm. The 

existing concrete cover was about 30 mm. So it is very necessary to increase the thickness of 

concrete protective layer for resistance to frost damage and prolong the service life of 

concrete structure. At the same time, the experimental results showed that static modulus of 

elasticity declined rapidly compared to the calculated values with British Standard, which 

could affect the durability assessment of existing reinforced concrete structure.It can't be 

ignored that reinforced rebar would affect the relative dynamic modulus of elasticity versus 

freeze-thaw cycles. The research results show that the durability index of reinforced concrete 

specimens are different  from concrete specimens without rebar, a lot of research should be 

carried out to determine the relationship between them. 
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Abstract 

OPC mortar and concretes can be attacked by sulfate solutions giving rise to different decaying 

processes, related with the formation of ettringite, gypsum, thaumasite etc. At present deterioration due 

to ettringite formation is avoided by limiting aluminate phase in clinker Portland, however it does not 

prevent other forms of sulfate attack. Barium carbonate has been used in several fields to eliminate 

sulfate ion from solutions due to it reacts with them and produces a very insoluble salt, BaSO4. There 

are in the literature studies demonstrating that ettringite as well as gypsum decompose in the presence 

of barium carbonate. Studies on the hydration rate of synthetic C3A in the presence of varying 

percentages of gypsum, BaCO3 or gypsum+BaCO3 revealed that BaCO3 neither regulated the speedy 

reaction of C3A with water nor reacted with the aluminate. Blends of gypsum plus BaCO3 proved able 

to regulate C3A hydration. 

The objective of this paper was to know the behavior of mortars elaborated with optimized mixes of 

clinker-gypsum-BaCO3 in 4.4 wt% Na2SO4 solution. For this four cements were elaborated by mix of: a) 

clinker M with 5% of gypsum; b) Clinker M with 3% of gypsum and 15% of BaCO3; c) clinker V and 7 

wt% of gypsum; d) clinker V plus 3wt% of gypsum and 15% of BaCO3. Studies on durability were 

performed on mortar prisms of 10x10x60 mm size, with cement/sand ratio = 1/3 and water/cement ratio 

= 0.5. Cement Mortar prisms remained submerged under water and under sodium sulfate solution for 

one year. Samples were extracted from solution after 1,3,5,7 and 12 months and then mechanically 

tested.  XRD and SEM/EDX were performed on the said samples. 

The compressive but mainly flexural strengths of mortars a), decreased from 5 months in contact with 

sulfate solution while in the mortars b) strengths remain unaltered after 12 months. Mechanical 

strengths of mortars c), decreased from 3 months in contact with sulfate solution and were completely 

destroyed after 12 months of exposition. BaCO3 fails as protector from sulfate attack in d) mortars 

which were cracked after one year of sulfate exposition. 

Correlations between mineralogical composition and microstructural changes in mortars along time of 

test were established.  
 

Originality 

The present study explores a new approach to developing sulfate-resistant cements: the inclusion of BaCO3, 

capitalizing on the capacity of Ba to fix dissolved sulfates as barite (BaSO4) 

 

Keywords: BaCO3; Portland cement; durability; sulfate attack. 
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1.-Introduction 

BaCO3 (witherite) has a number of industrial applications, including the immobilization of sulfates 

(Hlabela et al, 2007; Schriener et al, 1997).  In its presence sulfate precipitates as a highly insoluble 

salt, barium sulfate (BaSO4, barite). In the cement industry barium carbonate has been used in 

clinkerization trials to significantly shorten the time and lower the temperature needed for C3S 

formation (Katyal et al. 1999) or to synthesize barium aluminate cements (Rezaie et al. 2009). Its 

effect on the performance of raw meal cement clinkerized using sulfur-rich coal has been also 

researched (Xie et al. 2005) but literature published on the hydration of cement in the presence of 

BaCO3 is limited (Dumitru et al., 1999; Utton et al. 2011) unlike CaCO3 (Lothenbach et al., 2008; 

Matschei et al., 2007; Kakali et al. 2000).  

Since the use of what is currently defined in standards and codes as sulfate-resistant (SR) cements 

(UNE-EN 197-1) elaborated from clinker with a low C3A content (from 0 to 5 wt.%), just prevents the 

formation of  expansive ettringite (3CaO·Al2O3·3CaSO4·32H2O), but it does not curb the formation of 

other common mineral phases derived from sulfate attack (Mehta, 1992) on the cement paste such as 

gypsum (CaSO4·2H2O) or thaumasite (CaCO3·CaSO4·CaO·SiO2·15H2O) (Bellmann et al., 2007), 

recently a new approach to produce new sulfate-resistant cements by the addition of BaCO3 to clinker 

(Carmona-Quiroga et al. 2015), capitalizing on the capacity of Ba compounds to immobilize sulfates 

in the form of barite (Ciliberto et al. 2008), has been explored. 

Preliminary experimental and thermodynamic studies on the hydration of cement based systems 

revealed that BaCO3 inhibits primary ettringite formation (Dumitru et al., 1999; Carmona-Quiroga et 

al. 2011) or destabilizes this salt (Carmona-Quiroga et al., 2013a) and that the decomposition 

advances more swiftly at higher temperatures (Carmona-Quiroga et al., 2013 a). Thermodynamic 

modelling of the CaO–BaO–Al2O3–CaSO4–CaCO3–H2O closed system at 25 °C showed that ettringite 

is unstable in solutions containing [Ba2+] > 0.1176mmol/kg (Carmona-Quiroga 2011).  

BaCO3 may also immobilize external sulfates by forming barium sulfate, along with CaCO3 and 

preventing expansive ettringite and thaumasite precipitation according to thermodynamic modelling 

(Carmona-Quiroga et al. 2013 b). Mortars elaborated with white clinker and 15% of BaCO3 showed a 

good sulfate resistance in spite of the clinker containing 14 wt% of C3A (Bogue calculation) 

(Carmona-Quiroga 2015).  

Addition of BaCO3 to Portland cement interferes with the hydration reactions of clinker aluminates 

because of the two competitive reactions that take place: gypsum with the barium salt and gypsum 

with C3A. Whereas BaCO3 neither regulates the speedy reaction of C3A with water nor reacts with the 

aluminate, gypsum + BaCO3 blends are able to regulate C3A hydration giving rise to barite, and 

calcium carboaluminate hydrates precipitation from the earliest ages of hydration (Gismera-Díez et al., 

2015). 

The aim of this work is to study the mechanical behavior and mineralogical evolution along one year 

of two cements with different C3A content, plus gypsum and BaCO3 when they are submitted to 

sulfate attack. 

2. Experimental 

2.1. Raw Materials 

The commercial clinkers used were provided by Molins (clinker M) and Valderribas (clinker V). 

Table 1 gives the data on the chemical composition determined by X-Ray fluorescence (Bruker S8 

TIGER XRD) and its potential composition based in Bogue equations, as described in Spanish 

standard UNE 80304 (2006). C3A contain in M clinker determined by Rietveld was 3%. 

 
Tab. 1 Chemical (XRF ) and mineralogical composition (Bogue calculations) of both clinker /% 

 Compositions SiO2 Fe2O3 Al2O3 CaO MgO K2O SO3 Na2O C3S C2S C3A C4AF 

M Content 21.2 3.1 5.0 65.7 1.7 1.0 1.2 0.15 60 16 8 9.4 

V Content 20.2 3.1 6.2 63.1 3.46 1.08 1.15 0.12 57.2 14.8 11.2 9.4 

 



 

The optimal amount of gypsum to produce cements from these clinkers was determined. The industrial 

Clinkers (M and V) were mixed with 5% (wt) and 7% (wt) of gypsum respectively giving laboratory 

cements called MG and VG.  

In order to establish the effect of the barium in the sulfate attack, previously both M and V clinker 

were mixed with 15% (wt) of BaCO3. After that it was necessary to determine the minimum amount of 

gypsum to regulate the setting time of the new cements. Different proportions of gypsum, 1, 2, 3, 4, 5 

or 6% (by weight) were added to the 85% clinker + 15% BaCO3 and setting time and consistency 

water were determined (UNE EN 196-3) concluding that 3% (wt) is the minimum amount of gypsum 

to setting regulation.  

For the previous laboratory cements (MG and VG) and new laboratory cements (MGW and VGW), 

water demand, setting time and consistency were determined (Table 2). 

 
Tab. 2 Composition and physical characteristics of cements   

 

Cement 

name 

 

Clinker 

Clinker 

(wt%) 

Gypsum 

(wt%) 

BaCO3 

(wt%) 

Water 

demand 
Consistencia Fraguado 

(l/s)   Inicio  Final  

MG M 95 5 0 0.27  36 mm 2h 22’  3h 42’  

MGW M 82.45 3 14.55 0.245  32 mm 4h 31’  6h 41  

VG V 93 7 0 0.3  30mm 2h 20’ 3h 25’  

VGW V 82.45 3 14.55 0.28  34 mm 2h 10’  4h 20’ 

 

 

Gypsum substitution (5 or 7wt%) by 3% (wt) gypsum + 14.55% (wt) BaCO3, decreases the amount of 

water necessary to get normal consistency and increases final setting time. 

Calcium sulfate (CaSO4·2H2O), sodium sulfate (Na2SO4) and barium carbonate (BaCO3) were 

laboratory reagents.   

2.2. Experimental Process 

Prismatic mortars using aggregate/sand ratio 1/3 and water/cement ratio 0.5 were prepared with the 

four laboratory cements (MG, MGW, VG, VGW) and added into 10x10x60 mm size moulds. Samples 

were cured at 25°C and 99% R.H. for 21 days, and subsequently they were submerged in water 

(control) or a 4.4% Na2SO4 solution. Specimens were removed and tested for flexural strength after 1, 

3, 5, 7 and 12 months. Mineralogical composition of the samples was determined by XRD (2.2-kW 

Bruker D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) (CuKα1 radiation: 

1.5406 Å and CuKα2 radiation: 1.5444 Å; operating parameters, 40 kV and 30 mA; 2h recording 

range 5°–70°; step size, 0.02. Morphological analysis after 7 months of exposure in the aggressive 

solution was analysed by SEM/EDX (Hitachi S-4800 field-emission scanning electron microscope 

(FESEM; Hitachi High-Technologies Corporation, Tokyo, Japan) equipped with a Bruker nano 

energy-dispersive X-Ray spectrometer (XFlash Detector 5030; Bruker Nano GmbH, Berlin, Germany), 

operating at a voltage of 20 kV.  

3. Results and Discussion 

3.1. Mechanical Properties  

Flexural mechanical strength values of the samples after 21 days of curing were 11.09 ± 0.73 and 

10.06 ± 0.4 MPa for the samples with the clinker M without and with witherite, MG and MGW 

respectively. For the cement prepared with clinker V the flexural strength values were 10.06 ± 0.48 

and 8.32 ± 0.48 MPa, for the samples VG and VGW respectively. Then it is clear that mechanical 

strength values of cements prepared with clinker M are higher than for cements with clinker V.   

After immersion in the aggressive solution the flexural strength of the samples MGS and MGWS 

increases until 210 days and afterwards decreases until 1 year. This behavior is related to the gypsum 

and ettringite formation in MGS and gypsum in MGWS, according to results from XRD patterns (not 

showed). Sample MGWS shows better mechanical behavior than MGS, due to the protective effect of 

witherite to sulfate attack. 



 

It should be noted that after 12-months the flexural strength decreases in the sample MGWH, that is, 

the sample with the pair gypsum + witherite but submerged in water, not in the aggressive solution, 

while the sample without witherite, MGH, does not show a decline in strength. 

 

 
 
 

 
Figure 1 Flexural strength of the mortar samples 

 

Nevertheless, for the artificial cement prepared with clinker V a gradual decrease in strength is noticed 

in all the samples, except for the reference ones (without witherite and submerged in water), which 

leads after 360 days to the breaking of the specimens in the sulfate solution (VGS and VGWS) (Figure 

1). 

3.2. Mineralogical composition  

To find out about the cause of the breaking the mortars specimens elaborated with clinker V after 

immersion in the aggressive solution of sodium sulfate (VGS and VGWS) (Figure 2), a mineralogical 

study of the samples was carried out. For the samples without witherite (VGS) it can be observed that 

gypsum diffraction lines increase from 1 to 12 months while those of portlandite decrease. Figure 3 

presents enlargements of the diffractograms of the Figure 2 in the interval 2θ = 6º-20º.  The XRD 

patterns of the VGS samples (Figure 3a) reveal 1-month hemicarboaluminate precipitation that evolve 

to ettringite and monosulfoaluminate formation with time; however after 360 days none of the 

previous phases is present in the samples but a high proportion of gypsum is formed. In turn, 

portlandite consumption with time is observed.  

For the samples with witherite (VGWS,), carboaluminate phases have not been formed, but traces of 

ettringite and small amounts of gypsum are present from, almost, the first month in the sulfate solution 

(Figure 3b). XRD pattern of MGWS sample after 360 days of immersion shows intense reflections 

assigned to BaSO4 together to those due to BaCO3, while no reflections from portlandite are observed. 
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This indicates that, BaCO3 have reacted with sulfate from aggressive medium according to reaction [1], 

while it has neither avoided the precipitation of bassanite nor the mechanical deterioration of the 

mortar prisms. From the thermodynamic point of view (Carmona-Quiroga et al., 2011) witherite is 

incompatible with ettringite and gypsum or bassanite however small diffraction lines from gypsum or 

bassanite or ettringite are present in XRD pattern of samples. This can be evidence of, for some reason, 

witherite failing in preventing the sulfate attack completely, therefore a SEM study of the samples 

before breaking (210 days) was proposed. 

  

BaCO3 + Ca(OH)2 + SO4
=
 BaSO4 + CaCO3 + 2OH-  [1] 
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(a) VGS                                                                 (b) VGWS 

 

Figure 2 Evolution of the XRD patterns of the specimens VG (a) and VGW(b) soaked in Na2SO4 (S) for up to 1 

year. Q = quartz; P = portlandite; C = calcite; G = CaSO4·2H2O; E = ettringite; Bas = CaSO4·0.5H2O; W = 

BaCO3; Ba = BaSO4. 

 

 

 

 

 

 

 

 

 

 

(a) VGS                                       (b) VGWS 

 

Figure 3 Evolution of the XRD patterns of the specimens VG (a) and VGW(b) soaked in Na2SO4 (S) for up to 1 

year in the interval 2θ = 6º-20º. hCA = monocarboaluminate; E = ettringite; G = CaSO4·2H2O; P = portlandite; 

Bas = CaSO4·0.5H2O; AFm = monosulfoaluminate 

 

3.3 SEM/EDX 

Scanning electron microscopy with elemental analysis was used for the microstructural study of the 

mortars. Prisms prepared with clinker V (VGS) and submerged in sulfate aggressive solution for 210 

days show some fissures filled with gypsum and ettringite that can explain the decline in flexural 

strength and the subsequent breaking of the specimens after 12 months (Figure 4). 

For the specimens with Ba (VGWS) in their composition and immersed in the sulfate solution for 12 

months only small amounts of gypsum could be identified, but some agglomeration of ettringite could 

be observed in the sand-paste interface (Figure 5). In those samples, clusters of witherite have been 
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observed (Figure 6). This not homogeneous distribution of the BaCO3 particles along the matrix could 

be the reason why the specimens are not properly protected against sulfate attack as expected and can 

justify the concomitant presence of gypsum and ettringite with witherite in spite of their 

thermodynamic incompatibility. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 4 SEM image of a VGS specimen after 12 months immersion in the sulfate solution. EDX analysis of 

deposits on the crack. 

 

 

 

 
 

 

 

Figure  5  SEM image of a VGWS specimen after 12 months immersion in the sulfate solution. EDX analysis of 

ettringite on the interface.  

 

 

 

 
 

 

 

 

 

 

 

 

Figure 6 SEM image of witherite agglomerations in the sample VGWS 210-days immersed in sulfate solution. 

 

 

 

 



 

4. Conclusions 

Behavior against sulfate attack of several cements prepared with two different clinkers containing 8 or 

11% of C3A and gypsum or gypsum + witherite used as setting regulators, were studied. The main 

conclusions that can be drawn from the results are the following: 

-  Cement setting can be regulated with a mixture of 3 wt % of gypsum and 14.55 wt % of BaCO3. 

- None of the mortars elaborated with clinker containing 8 wt% of C3A break after 12 months 

immersed in 4.4 wt% Na2SO4 solution although flexural strength decreases, to a greater extent in the 

specimens prepared without BaCO3. At this age laboratory cement specimens manufactured with the 

clinker having the highest amount of C3A (11 wt%), with and without BaCO3, have been broken. 

- Main deterioration products in the broken samples were gypsum or bassanite. BaCO3 presence 

prevents ettringite formation and reduce calcium sulfate (as gypsum or bassanite) formation. 

- The inhomogeneous distribution of BaCO3 particles can be the fault in the specimen protection 

against sulfate attack. Researches about a proper system to distribute BaCO3 particles in the cement 

have to be carried out. 
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Abstract 

Durability of cement based materials is one of the main challenges of modern society from a technological and 

economical point of view. This is so because for many years architects and engineers have relied on the unique 

properties of cement composites making them ubiquitous in our cities and infrastructures. However, in spite of their 

endurance not even cement based materials can escape the effects of time, forcing developed countries to invest an 

important part of their budget in repair and maintenance works. As a consequence, any initiative devoted to increasing 

durability and/or reducing maintenance costs is most welcomed. Within this framework, self-healing materials present 

themselves as a promising technology that is hoarding an important research effort worldwide. As a result several 

different approaches are being simultaneously developed. The one presented in this work consists in the introduction of 

the healing agent (a two component epoxy resin) inside the matrix during the mixing process. To do so, one of the 

components has been encapsulated into silica microcapsules to avoid interference with the hydration process. The 

second component, the hardener, is an amine that is introduced as a functionalization on silica nanoparticles. Upon 

hydration of cement, functionalized nanoparticles induce a pozzolanic reaction with cement that results in the formation 

of an amine functionalized matrix. Similarly, silica microcapsules also undergo certain extent of reaction ending up 

perfectly bound to the matrix. This aspect is crucial because the microcapsules have to break altogether with the matrix 

when the crack forms in order to liberate the healing resin. When the resin that flows along the crack finds the amine it 

begins to harden sealing it. In order to evaluate the healing capacity of the system several steps were followed. First, 

the healing agents were thoroughly characterized to study their properties and to assess whether they could withstand 

the mixing process. Then, they were used to produce ultra-high performance concretes. And finally, the healing 

capacity under different environments was evaluated. The obtained results showed that the healing agents are not 

damaged during mixing; that they can be used to produce fiber-reinforced concrete with compressive strength higher 

than 100 MPa and over 15 MPa flexural strength; and that such concretes showed self-healing capacity in terms of 

crack sealing even under aggressive conditions. 

 

Originality 

Ultra-high performance fiber-reinforced self-healing concretes were successfully produced and evaluated under 

different environmental conditions. The obtained results showed that the self-healing concretes could seal cracks of up 

to 300 m without any external action. The healing capacity was also evaluated under different aggressive 

environments to verify that they are also valid for harsh weather conditions. Characterization of concretes proved also 

that they had very good mechanical and durability properties. 

 

Keywords: Self-healing, amine functionalized nanosilica, microcapsules, ultra-high performance concrete 
 

1. Introduction 

Durability of cement based materials is one of the main challenges of modern society from a 

technological and economical point of view. This is so because for many years architects and 

engineers have relied on their unique combination of performance, durability and price for many 

applications, making them ubiquitous in our cities and infrastructures. However, in spite of their 

endurance not even cement based materials can escape the effects of time, forcing developed countries 

to invest an important part of their budget in repair and maintenance works; see for example 

(American Society of Civil Engineers, 2013). As a consequence, any initiative devoted to increasing 

durability and/or reducing maintenance costs is most welcomed. 

 

Within this framework, extrapolation of the technology of self-healing, originally developed for 

polymeric materials (White S. R., 2000), to cement composites presents itself as a tempting possibility 

that is hoarding an important research effort worldwide. As a result several different approaches are 

being simultaneously developed (Van Tittelboom K., 2013a; Mihashi H., 2012; Wu M., 2012; Van 

Tittelboom K, 2013b). The one presented in this work consists in the introduction of the healing agent 

(a two component epoxy resin) inside the matrix during the mixing process. To do so, one of the 

components is encapsulated into silica microcapsules to avoid interference with the hydration process. 



 

The second component, the hardener, is an amine that is introduced as a functionalization on silica 

nanoparticles. Upon hydration, amine functionalized silica nanoparticles should induce a pozzolanic 

reaction with cement that results in the formation of an amine functionalized matrix. Similarly, silica 

microcapsules should also undergo certain extent of reaction ending up perfectly bound to the matrix. 

This aspect is crucial because the microcapsules have to break together with the matrix when the crack 

is formed in order to liberate the healing resin. When the resin that flows along the crack finds the 

amine, it begins to harden sealing it. It is important to take into account that the amount of healing 

agent available is limited. This means that certain measures have to be taken in order to deter crack 

growth further from a particular size. 

The development of such a smart material has to be addressed stepwise, considering the following 

main issues: 

i. The synthesis and characterization of the self-healing additions. 

ii. The proper mixing of the additions within the cementitious material and their chemical 

compatibility with the matrix. 

iii. The design, preparation and characterization of the self-healing cement composite. 

iv. The assessment of the self-healing capacity.  

The objective of this work is to summarize in a single document the main advances obtained in each of 

these steps along the years. As a consequence, the article will also be divided in four main sections, 

each of them devoted to a single step. 

2. Synthesis and characterization of the additions 

2.1. Amino functionalized silica nanoparticles (NS). 

The route of synthesis is based on the Stöber method (Stöber W., 1968) and, in this case, the 

tetraethoxysilane is reacted with 3-aminopropyltriethoxysilane in a one pot reaction to obtain the 

amine functionalization (Berriozabal G., 2011). Ethanol (4 L), water (83.3 mL), tetraethoxysilane (121 

mL, 0.542 moles) and 3-aminopropyltriethoxysilane (13.2 mL, 0.0566 moles) are added to a glass 

container. To this, concentrated ammonium hydroxide (39 mL) is added and the reaction is left stirring 

for three days. After this time, the particles of the resulting white colloidal dispersion are separated 

from the solvent by centrifuge and decanting. The solid is then washed three times with ethanol to 

remove any reactants and centrifuged and decanted to collect it. Finally, around 40 g of nanoparticles 

are obtained with a diameter of about 150 nm (specific surface area is 36.7 m2/g) (Perez G., 2015). 

Their structure is completely amorphous with a loss on ignition of 12.39 wt.%. 

2.2. Silica microcapsules encapsulating EpothinTM (CAP). 

The synthesis is a two-step process: a sol-gel reaction and an oil-in-water emulsion. In the first one, a 

precursor is obtained by hydrolyzing 11.2 mL (0.05 moles) of TEOS with water in acidic conditions 

(pH~2) during 5 hours in a reflux at 40 °C. The molar ratio of the reactants used in this first step is 

1:4:1:3x10-3 of TEOS:EtOH:H2O:HCl. In the second one, 3 mL of EpothinTM are added, followed by 

25 mL of water, and the mixture is stirred at 600 rpm to form an emulsion. Ammonium hydroxide 

solution 0.1 M is then added dropwise until the pH is around 10. The obtained suspension is left aging 

for an hour before collecting the solid fraction by centrifuge. Such solid is washed 3 times with water 

and collected every time by centrifuge. After drying at room temperature, around 2 g of microcapsules 

with EpothinTM are obtained. Capsules are mainly spherical with a diameter of 5-180 m and a 

specific surface area of 343.6 m2/g as a consequence of their porous surface (Perez G., 2015). The shell 

is composed of amorphous silica although they have an elevated loss on ignition, 69.32 wt.% as a 

consequence of the EpothinTM filling. 

3. Addition-cement mixing and interaction 

3.1. Mixing and strength development 

In order to study addition-cement interaction, cement paste prismatic specimens of 1x1x6 cm3 were 

prepared. In all cases, 24 g of distilled water, 3.2 g of superplasticizer (Structuro 351 from Fosroc) and 

100 g of binder were used. However, three types of binders were used. The first one was an OPC 

(CEM I 52.5N) to be used as a reference. In the second one, 20 wt.% of the OPC was replaced by 

silica fume (Elkem Grade 940-U undensified) to be used as a second reference. In the third one, silica 

fume was replaced by different amounts of the self-healing additions in the proportions shown in table 



 

1. The mixing procedure varied slightly depending on the composition of the binder. On the one hand, 

NS was dispersed on the water with the superplasticizer using an ultrasonic probe. On the other hand, 

silica fume and microcapsules were mixed with the cement for 1 minute at 300 rpm before pouring the 

water on them. 
Table 1: Composition of studied cement samples 

Sample 
Cement 

(g) 

Silica Fume 

(g) 

CAP 

(g) 

NS 

(g) 

CEM 100 --- --- --- 

REF 80 20 --- --- 

CAP5 80 16 4 --- 

NS7 80 14.67 --- 5.33 

MIX5 80 10.67 4 5.33 

 

Figure 1 Compressive strength evolution of studied samples along curing time. 

 
The first difference that could be noticed was that while silica fume increased the workability of the 
paste, self-healing additions reduced it slightly. This was attributed to the smaller particle size and/or 
larger specific surface area of such additions compared to SF that resulted on greater surface water 

absorption. Strength development rate also varied from sample to sample, see figure 1. In the case of 
the samples containing microcapsules, a very quick strength gain is observed during the first 3 days 
with very little variation afterwards. The responsible for the fast initial strength development may be 
the high specific surface area of the particles that makes them very reactive. However, such effect does 
not last long because the pores of the particles are rapidly filled by cement hydrates preventing further 
reaction. This might be the reason why no evidence of pozzolanic reaction could be obtained (Perez G., 

2015). Furthermore, the poor mechanical performance of the microcapsules might also have a negative 
impact on final strength, since capsules act as weak points within the matrix. The effect of NS and SF 
is completely different from CAP, resulting in very little strength gain during the first day of hydration. 
It is well known that both NS and SF are pozzolanic additions and, therefore, they react with calcium 
dissolved from cement. As a consequence, the large degree of substitution might initially result 
detrimental because the ratio of calcium concentration in the solution to silica content is too low. 

Furthermore, if little or no pozzolanic reaction takes place during that first day, heat of hydration 
decreases slowing down hydration reactions. Although after 3 days of reaction the difference in 
strength with CEM becomes much smaller in both cases (REF and STO7), no clear proof of 
pozzolanic reaction was obtained until 7 days from mixing and only in the case of NS (Perez G., 2015). 



 

This is due to the larger particle size of SF compared to NS and to the presence of hydroxyl groups on 

the latter that make it more reactive (Perez G., 2015). 

3.2. Effect of mixing on the additions 

The self-healing concept followed in this work is based on two main points: the epoxy resin must be 

isolated from the cement until a crack appears, and it must be liberated and polymerized afterwards. 

The first one relies almost exclusively on the resistance of CAP to the mixing process. On the contrary, 

the second one requires a good interaction between CAP and the matrix, to warrant that both will 

break simultaneously, and the reaction of NS to produce an amine functionalized C-S-H gel. Figure 2 

shows a SEM image of MIX5 in backscattering mode in which some microcapsules perfectly bound to 

the matrix can be observed. They can be easily seen in the form of rounded pores surrounded by a ring 

of clear color. Such ring is the capsule’s shell and it is rich in silicon, although certain amount of 

calcium can also be detected. Calcium to silicon ratio increases as we move from the inner part of the 

capsules to the outer one. The lack of hydration products inside the broken spheres suggests that they 

did not break during mixing but while preparing the sample for the SEM imaging. Furthermore, 

capsules are broken but are not extracted from the matrix which suggests that the capsule’s shell is 

weaker than its bond to the matrix. The pozzolanic reaction of the NS already mentioned in the 

previous section (2.1) results in the formation of C-S-H gels with the amine functionalization attached 

at the end of the silicate chains (Monasterio M., 2015). 

 

Figure 2 Backscattering SEM image of MIX5 after 28 days of curing. 

4. Self-healing cement composite 

4.1. Design and preparation 

As it was already explained in the introduction, the maximum crack width that our system can repair 

depends in the amount of epoxy resin available. Taking into account that CAP have micrometric size it 

is evident that cracks must also be limited to the micrometric size. In order to produce a cement 

composite with such characteristic, we based its design on the work of P. Richard and M. Cheyrezy 

(Richard P., 1995). The exact composition of the samples is presented in table 2. Mixing was similar 

to that of cement pastes with the only difference that the aggregates were also mixed with the cement 

and CAP and two additional steps were added at the end to introduce the fibers. In this case, a set of 



 

samples without self-healing additions was also prepared for comparison. Different sample geometries 

were used depending on the property of interest. 
Table 2. Composition of the fiber-reinforced concretes. 

Sample 

Aggregates (g) 
Cement 

(g) 

SF 

(g) 

NS 

(g) 

CAP 

(g) 

Water 

(g) 

SP* 

(g) 

Fibers** 

(g) 
Siliceous 

D<1mm 

Limestone 

D<1mm 

CREF 510 510 680 170 --- --- 204 27.2 119 

CMIX5 510 510 680 90.67 45.33 34 204 27.2 119 

* Fosroc Structuro 351 

** Bekaert OL13/.16 steel fibers with a diameter of 0.16 mm and a length of 13 mm. 

4.2. Characterization of the composite 

For the characterization of the mechanical performance of the cement composites, 4x4x16 cm3 

specimens were prepared. Compressive and bending strength tests were performed after 28 days of 

curing according to UNE-EN 196-1. Obtained results show a decrease of strength as a consequence of 

the additions, see table 3. However, there are two points that must be stressed. First, values of the self-

healing concrete were still high. And second, the objective was not producing a high strength concrete 

but one capable of deterring crack growth at microscale. The use of steel fibers made material’s failure 

ductile and crack mouth opening displacement recovered to a great extent after unloading (García 

Calvo J. L., 2014); which is perfect for the application pursued. 
Table 3. Results of the mechanical strength tests after 28 days of curing. 

Sample 

Compressive 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

CREF 165 42 

CMIX5 139 34 

5. Self-healing capacity evaluation 

5.1. Autonomous sealing of micro-cracks 

For the evaluation of the self-healing capacity, two sets of three cylindrical specimens with 10 cm in 

diameter and 2.5 cm in thickness were fabricated with the compositions presented in table 2. After 28 

days of curing, cracks were induced in the cylindrical specimens to specified CMOD of 150 μm using 

the Brazilian splitting tension test crack-opening controlled with a constant deformation rate of 0.5 

μm/s. Once cracked, the specimens were stored in sealed plastic bags, to prevent carbonation, for a 

healing period of 28 days. Then, they were placed in a sample container with 5 mm of water. By doing 

so, unidirectional capillary absorption is obtained. Water ingress was periodically measured in terms 

of weight gain. The resulting curves of weight increase as a function of the square root of time are 

collected in figure 3 for specimens of CREF and CMIX5, together with the corresponding curves of 

uncracked samples of the same compositions. 

The results of the water absorption tests indicate that the uncracked specimens have a similar open 

porosity, with a mass increase even lower in the case of sample CMIX5 as compared to sample CREF. 

It can be concluded that the inclusion of the two-component self-healing system, in the dosages used 

in this study, does not decrease the durability of the fabricated cementitious material related to water 

ingress in the absence of cracks. 

With respect to the cracked samples, a clear increase in the water absorption rate was measured after 

28 days for the CREF concrete, while the water absorption rate of the CMIX5 cracked sample was 

lower after 28 days of healing. In fact, after this time the initial slope of the curve in the CMIX5 

cracked samples is very similar to that obtained in the uncracked samples. Thus, the obtained results 

indicate that the healing is effective when a healing time of 28 days is considered. As the final weight 

increase is higher in the cracked CMIX5 concrete than in the uncracked specimens, it is maybe 

necessary an even longer healing period to completely seal the cracks. Nevertheless, the results of the 

capillary water absorption tests clearly indicate that the self-healing system developed in the present 

study is effective to regain material tightness upon a healing period after cracking. 
 



 

 
Figure 3 Results of the capillary absorption tests showing a recovery of tightness. 

6. Conclusions 

In this work, all the steps followed to develop a self-healing cement composite based in a two-

component epoxy resin are described. The self-healing system consists in amine functionalized silica 

nanoparticles and silica microcapsules containing an epoxy resin. Both types of particles have been 

proved to be compatible with the cement matrix, although a reduction in compressive strength has 

been observed. Comparison with samples containing similar amounts of silica fume suggests that part 

of the problem might come from the large volume of addition used. Therefore, dosage should be 

optimized in order to maximize performance without compromising self-healing capacity. Anyway, 

certain extent of strength reduction seems to be unavoidable due to the weak nature of silica 

microcapsules. Self-healing capacity of the cement composite has been proved in terms of autonomous 

sealing of cracks. Obtained results have shown a reduction of capillary absorption rate in cracked 

samples as a consequence of the healing additions. However, final water absorption values are similar 

suggesting that sealing capacity may still be improved. 
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Abstract 

A new test method for evaluating the resistance of cementitious products and materials to biogenic acid attack, labelled 

BAC-Test for Biogenic Acid attack on Concrete Test, has been developed. It consists of inoculating pipes with a highly 

diverse microbial consortium (from an urban wastewater treatment plant), and trickling a feeding solution containing a 

safe and soluble reduced sulfur source over the inoculated surface in order to select a sulfur-oxidizing activity. A sulfur 

substrate, thiosulfate, was used in the feeding solution, which facilitated the monitoring of the bacterial activity, and of 

the leaching of cementitious ions. The functioning of the test in terms of selection of sulfur oxidizing microorganisms, 

acid and sulfate production, and degradation mechanisms occurring in the cementitious materials has been validated 

previously. 

This paper aims (i) to evaluate the reproducibility and repeatability of the test when the source of the sludge used for 

the inoculation is changed and (ii) to optimize the test design. The following changes were carried out with a view to 

intensifying the biological and chemical reactions: change of sulfur substrate (tetrathionate instead of thiosulfate), 

increased sulfur flow rate at the surface of the biofilm, and increased temperature. 

The results highlight good reproducibility of the test: the change in the inoculum and in the sulfur substrate led to the 

same phenomena in terms of (i) transformation of reduced sulfur species into sulfate and production of acid and (ii) 

degradation mechanisms of the cement linings. Moreover, the change of the sulfur substrate combined with the 

reduction of the exposed surface locally intensified the alteration kinetics. In contrast, in the experimental conditions, 

the increase in temperature did not seem to have any positive influence on the microbial activity. 

 

Originality 

No standardized test method currently exists for qualifying cementitious materials and products exposed to biogenic 

sulfuric acid attack, which constitutes a real limitation in the development of new manufactured products intended for 

sewer environments. Moreover the design of representative and reproducible test methods is absolutely necessary to 

progress in the understanding of microorganisms-materials interactions. 

The originalities of the test proposed here are (i) the use of sulfur mass balances to quantify the biological 

transformations, (ii) the selection at the surface of cementitious lining of sulfur-oxidizing bacteria from an unspecific 

inoculum, (iii) the versatility of the use on different nature of cementitious linings, and (iv) the work on products 

dedicated to the sewer utilities, which enables taking the manufacturing process into account. 

 

Keywords: Biodeterioration, sewers, biological test, mortars, microstructural changes 
 

                                                 
1 Corresponding author: bertron@insa-toulouse.fr, Tel +33-561559931, Fax +33-561559949 



 

1. Introduction 

Biodeterioration of cementitious materials in sewer networks is due, in particular, to the biological 

oxidation of the hydrogen sulfide (H2S) released in the gas phase of the sewers into sulfuric acid 

(H2SO4) (Parker, 1951). This concrete deterioration leads to major problems during the collection and 

treatment of wastewaters, needing considerable financial investment for restoration (O’Connell et al., 

2010). Cementitious products intended for sewer networks are currently qualified only by chemical 

tests in dedicated standards although it is acknowledged that these tests are not representative of 

phenomena occurring in sewer environments (Alexander and Fourie, 2011; Ehrich et al., 1999; 

Herisson et al., 2013). In this context, several tests with different designs and principles have been 

proposed in the literature so far, with no consensus being reached on any test method (Monteny et al., 

2000).  

This study proposes a new biological test, labelled BAC-Test for Biogenic Acid Concrete Test, 

intended for products and materials in sewer systems. It consists of inoculating the inner surface of 

cementitious linings of pipe products with a highly diverse microbial consortium (activated sludge) 

and in trickling a feeding solution, containing a reduced sulfur source, over the inoculated surface in 

order to select sulfur-oxidizing activity (Peyre Lavigne et al., 2015a). Safe, soluble sulfur species, 

identified as chemical and biological intermediates in the oxidation of H2S species into SO4
2-, were 

chosen to replace H2S (toxic gas) as sulfur sources . Thiosulfate (S2O3
2-) was the sulfur species tested 

in the first series of experiments.  

Previous studies validated the representativeness of the test in terms of microbial selection, and 

chemical, mineralogical and microstructural changes in the cementitious matrices, and its ability to 

discriminate between two different manufactured linings (CEM III and CAC mortar linings) through 

short-term experiments (Peyre Lavigne et al., 2014a, 2015a, 2015b).  

The present paper aims to present further experimental campaigns carried out to evaluate the 

reproducibility of the test and to optimize its design. The following parameters were varied: the nature 

of the sulfur substrate (tetrathionate (S4O6
2-) instead of thiosulfate), the inoculum, the area of the 

exposed surface, the hydraulic retention time of the biogenic acid, and the temperature. The 

composition of the leaching solution was monitored over time (tetrathionate, sulfate, calcium, pH). At 

the end of the test (4 months), the deterioration of the mortar linings was analysed by SEM 

observations coupled with analyses by EDS and EPMA fitted with a BSE detector. 

 

2. Experimental 

2.1. Pipe products 

The pipe segments, made by Saint-Gobain PAM, were 200 mm long and 200 mm in internal diameter. 

A pipe is composed of a ductile cast-iron tube with a cement mortar lining. The cementitious lining 

acts as a protective layer for the ductile iron structure of the sewer pipe (chemical, sacrificial 

protection against aggressive environments). The lining was a few millimetres thick and was produced 

by centrifugation of mortar on the inner surface of the iron pipe (Saint Gobain PAM production 

process (Soukatchoff, 1999)). The placing of cementitious linings inside the pipes by centrifugation 

leads to spatial segregation of the different mortar compounds. Figure 1 shows SEM observations of 

cross sections of CAC and BFSC control specimens. 

The linings show a heterogeneous, double-layered structure composed of: 

(i) a paste layer (inner part of the lining and in contact with the biofilm). The paste layer is 1 mm 

thick for the CAC lining and 0.8 mm thick for the BFSC lining.  

(ii) an outer layer (in contact with the ductile cast iron tube) made of mortar. The CAC mortar 

layer is 3.8 mm thick, whereas the BSFC one is 3.0 mm thick. 

No initial cracking was observed in either of the control linings.  

The composition of the hydrated matrix of the paste layer is given in (Peyre Lavigne et al., 2015b). 



 

(A) 

 
 

(B) 
Figure 1 Observation with SEM (BSE mode) of control specimens, cross sections of mortar linings, (A) the CAC 

lining and (B) the BFSC lining (*80). The paste layer is in contact with the biofilm, the mortar layer is in contact 

with the ductile cast-iron tube. 

 

2.2. Test setup 

2.2.1 Architecture of the test 

The pilot apparatus was made up of two vertical parallel pipe-reactors, each mainly composed of a 

segment cut from a real sewer pipe (Figure 2). Before the start of the experiment, a fraction of the 

surface of each cementitious lining was inoculated with an activated sludge consortium. The efficiency 

of this type of inoculation had been demonstrated previously (Peyre Lavigne et al., 2015a). The 

surface inoculated was delimited with grooves created by longitudinal sawing (with a hand grinder). 

The grooves were filled with an epoxy resin (Figure 3). The area of each longitudinal inoculated zone 

was 100 cm2 (5*20cm2) (Figure 3A). A constant flow of a mineral solution containing a sulfur source 

was trickled onto the cement surface (Figure 3B). The aim was to produce a liquid phase that could be 

considered as a condensate at the surface of the exposed linings (reactive zone at the top of a pipe in 

real sewers). The surface exposed to this trickling was considered as the reactive area. Soluble sulfur 

sources were used in this device to enable fast and quantifiable selection of sulfur-oxidizing activity at 

the lining surfaces. Moreover, the use of safe sulfur sources made the laboratory handling easier than 

the use of H2S (Peyre Lavigne et al., 2014a, 2015a, 2015b). 

 
Figure 2. Biodeterioration test pilot. 

 



 

A)   B) 

Figure 3. Inoculated zones of the segment pipes (A) and trickling of the S-bearing substrate solution (B). 

 

2.2.2Optimization of test design 

The aim of this study was (i) to evaluate the repeatability and the reproducibility/robustness of the test 

method (BAC-Test), (ii) to intensify the microbial reactions and the deterioration of the material in 

order to accelerate the kinetics of the test. The robustness of the test method could be reduced by a 

possible variability in the test response linked with non-controlled biodiversity. A sludge collected in a 

plant other than that of our previous study was therefore used here. The repeatability was assessed by 

performing two tests at the same time on two CAC linings in the same conditions (marked CAC_a and 

CAC_b in what follows).  

In order to intensify the reactions with regards to our previous campaign (Peyre Lavigne et al., 2015a, 

2015b), the design of the test was modified as follows: 

- Thiosulfate, an intermediate in the oxidation of sulfur into sulfate was used as the sulfur source 

in our previous study. Tetrathionate was tested as the sulfur source in the present experiment in 

order to increase the proton production of the biological reaction: 1 mole of sulfur oxidized 

from tetrathionate S4O6
2- produces 1.5 mol of H+ whereas one mole of sulfur oxidized from 

thiosulfate S2O3
2- produces 1 mol of H+. 

- The sulfur substrate flow was increased: it was set at about 7.44 molS/m2/d vs. about 0.15 

molS/m2/d in our previous study.  To this end, the concentration of the sulfur substrate of the 

feeding medium was kept similar in both studies (4.00*10-3 molS/L for tetrathionate and 

6.32*10-3 molS/L for thiosulfate at the end of the experiment) but the flow of leaching solution 

was increased (155 ml/h vs. 50 ml/h respectively) and the area of exposed surface was 

decreased (0.002 m2 vs  0.05 m2) (Peyre Lavigne et al., 2015a).  

- A test, performed on a BSFC lining, was carried out at 30°C (the feeding solution and the pipes 

were thermostated) in order to explore the temperature as a possible way to intensify the 

biological and chemical reactions. The other tests (performed on a BSFC and on the CAC_a and 

CAC_b linings) were carried out at 20°C. 

The composition of the feeding solution is given in Table 1. The test was run for 112 days. 

 
Tab. 1 Chemical compositions of the feeding solution 

Mineral S_S4O6
2- N_NH4

+ P Mg2+ Mn2+ Fe3+ Cl- 

Concentration (mol/L) 5*10-3 2.60*10-4 1.3*10-5 5.1*10-6 4.3*10-7 2.6*10-7 2.7*10-4 

 

2.3. Chemical analyses of the leaching solution 

The leaching solution was regularly sampled and analysed: pH and concentrations of tetrathionate, 

sulfate and dissolved calcium were measured.  

The concentration of SO4
2- was measured by anionic chromatography (DIONEX: IC25, IonPacTM 

AS19, at 30°C with eluent generator cartridge EGC III KOH). The dissolved calcium concentration 

was quantified by cationic chromatography (DIONEX: ICS 2000, IonPac CS12, at 30°C with eluent 

generator cartridge EGC III MSA for methanesulfonic acid).  

Without biological activity, thiosulfate was found to be stable in a solution trickling at the surface of 

cementitious linings (Peyre Lavigne et al., 2015a), as was tetrathionate (data not shown). 

Consequently, biological acid production could be calculated from the sulfate production, with the 

hypothesis of a low proportion of sulfate trapped inside the cementitious matrix (controlled by sulfur 



 

mass balances in the leaching solution) as shown in (Peyre Lavigne et al., 2015a). 

 

2.4. Microstructural characterization of the cementitious linings 

Microstructural observations and chemical analyses of exposed and control mortar lining specimens 

were performed using a scanning electron microscope (Jeol JSM-6380LV, pressure: 60 Pa, 

accelerating voltage: 15 kV) fitted with an EDS detector (Rontec XFlash® 3001). The observations 

were made on fractures and on flat polished sections previously coated with a carbon film. The flat 

polished sections were prepared as described in (Bertron et al., 2009; Peyre Lavigne et al., 2015b). 

The flat polished sections were also analysed with an electron microprobe analyser (CAMECA SX-

Five-WDS detector) fitted with a BSE detector in order to produce quantitative chemical mapping. 

The accelerating voltage and current were respectively 15 keV and 20 nA so as to collect enough 

signal for quantification with low counting times. The interaction volume of the beam was about 10 

m3. Data were acquired on a 101x126 point grid (step size between 2 points: 2 m, counting time: 

0.25s on peak and 0.06s on background for each point). Calibration was performed on natural and 

synthetic materials. 

 

3. Results and Discussion 

3.1. pH and composition of leaching solution  

Figure 4 presents the evolution of pH, and cumulative sulphate, calcium and H+ of the different 

trickling solutions collected at the bottom of the segment pipes according to time. 

 

a b 

c d 
Figure 4 Evolution of a) pH, b) cumulative sulfate, c) calcium and d) H+ of the leaching solution according to 

time. 

 

For all the linings tested (BSFC linings at 20 and 30°C, CAC_a and CAC_b), the pH of the leaching 

solution decreased from 9 to 4 in the first 30 days of the experiment (Figure 4a). The decrease of pH 



 

was linked with the transformation of tetrathionate by the biological activity, which produced H+ and 

SO4
2- in the trickling solution (Figure 4b,d). Despite some instability of the pH at 53, 60 and 103 days 

due to occasional clogging of the tubing, an overall acidification was observed, pH being around 3.5 

between day 50 and the end of the experiment.  The sulfate production showed a two-stage evolution 

(0-50 and 50-117d) with an intensification of the kinetics between the two stages. On the second 

period (50-117d, matching pH≈ 3.5), the sulfate production was almost linear according to time with 

an average sulfate production rate of 1.12 mmol/d (or 560 mmolSO4
2-/d/m2).  The rate of H+ 

production ion the same period (calculated from the sulfate production (Peyre Lavigne et al., 2015a)) 

was 1.68 mmol/d (or 840 mmol/d/m2). The leaching of calcium showed significantly different 

behaviour between CAC and BFSC linings. A two-stage evolution was observed for BSFC_20°C and 

the two CAC: an initial period (0-20d) with sharp release of calcium (surface dissolution phenomena) 

and a second period (20-117d) with smoother kinetics, probably due to diffusion kinetics becoming 

installed. The increase of temperature did not cause any increase in the biological activity (same 

sulfate production for BSFC_20°C and BSFC_30°C – the biofilm suffered drying), but it impacted the 

chemical processes by increasing the leaching of calcium by the BSFC_30°C.  Finally, the 

repeatability of the test was validated on CAC_a and CAC_b data, with very similar evolutions of pH 

and cumulative sulfate and calcium for the two linings. 

 

3.2 Intensification of biological process responsible for mortar lining degradation 

Figure 5 compares the acid production and the calcium leaching of the cementitious materials exposed  

to different biodeterioration tests, according to the sulfur substrate: H2S for the “Hamburg test” 

presented in (Ehrich et al., 1999), S2O3
2- for our previous study (Peyre Lavigne et al., 2015a) and 

S4O6
2- in the present paper. Mortars or linings of BSFC and CAC were studied in each case. The 

intensification of biological processes obtained from the change of sulfur substrate nature (S2O3
2- 

replaced by S4O6
2-) and the increase of sulfur substrate flow (0.15 to 7.44 molS/m2/d) is clearly visible 

when the results in (Peyre Lavigne et al., 2015a) are compared with those of the present study (plots C 

to F vs plots A and B).  

Figure 5 also confirms that the increase in temperature had no positive effect on the biological 

reactions in the testing conditions (plots C and D) and that the repeatability of the test was quite good 

(CAC_a and CAC-b, plots E and F). Moreover, the total quantity of acid to which the specimens were 

exposed in this study (65.7 molH+/m2 on average for the different specimen types) is significantly 

higher than that in the Hamburg chamber (31.3 molH+/m2) despite the shorter duration of the test (3.7 

months vs. 6.7 months). 

 
Figure 5  Comparison of biogenic acid  produced and calcium leached from cementitious materials (mortars or 

linings made of CAC or BSFC) exposed to biodeterioration tests with different sulfur substrates. 

 

3.3. Microstructural analysis on BFSC mortar  

The surface of the BFSC linings exposed to the biodeterioration test was not regular (Figure 6). In the 

areas where the solution trickled (“run-off zone” on Figure 6), the cement paste layer was dissolved to 



 

a depth of 700 m. The first aggregates under the paste layer were thus uncovered. These hollowed 

out zones were visible to the naked eye on the cross sections of the specimens.  

Outside the run-off zones, the outer layer of the paste (in contact with the biofilm, dotted red rectangle 

on Figure 6), 20 m to 70 m thick, was strongly decalcified and mainly composed of Si (EDS 

spectrum on the left-hand  side of the figure). It was thus probably composed of a silica gel. The zone 

under this surface was slightly decalcified. No cracks were observed in the paste layer or deeper in the 

mortar layer. 

In the run-off-zone, the lining showed two main zones from the surface to the core of the specimen: 

- Zone a (surface zone), 100 to 300 mm thick, had a low density and was made of silicon only 

(probably a silica gel) 

Zone b, under zone a, with a similar density to the sound specimen, showed intense cracking, typical 

of secondary expansive ettringite formation. These cracks were observed at many places and at 

different depths in the matrix (Figure 7). EDS analyses and observations in SEI mode confirmed the 

formation of ettringite (Figure 8). 

 

 
Figure 6  Observation with SEM (BSE mode) of the surface of the BSFC_20°C lining (flat polished section, *80) 

and EDS analysis in the rectangular red zone. 
 

 
 

Figure 7  Crack network observed with SEM (BSE mode) of the mortar layer of the BSFC_20°C lining under the 

run-off zone (flat polished sections, *200). 

 

   
Figure 8  Observation with SEM of the mortar layer of the BSFC_20°C lining under the run-off zone. Left: 

typical aspect of massive ettringite on flat polished section (BSE, *1000), middle: EDS analysis of the circled 

zone (typical spectrum of ettringite), right: ettringite needles observed on fractures (SEI, *1500). 

 

 



 

3.4. Microstructural analysis on CAC mortar  

The surface of the CAC linings exposed to the test was regular. Notably, no loss of material was 

observed in the run-off zones. The outer layer of the specimen in contact with the biofilm showed 

chemical and density zonation (Figure 9). 

 

  
Figure 9  Observation with SEM of the mortar layer of the CAC lining exposed to the test (flat polished sections, 

BSE mode, *200), red squared zone: area analysed with EPMA and shown at 

 Figure 10. 

 

 Figure 10 Observation with BSE mode of the squared red zone of Figure 9 (left) and quantitative chemical 

mapping obtained with EPMA (CaO, Al2O3 and SO3) (right). 

 

From the core to the surface: 

- Zone 1 had similar density and composition as the control specimen (Figure 1). The density of 

residual anhydrous grains was high.  

- Zone 2, with lower density, 100 to 150 m thick, was decalcified and composed mainly of 

aluminium (Figure 9 and 
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 Figure 10) (likely in the form of AH3 (Peyre Lavigne et al., 2014a, 2015b)), most residual 

anhydrous grains have been dissolved. 

- At the surface, a deposit is observed in some places close to the run-off zones. EPMA 

chemical mapping shows that the stoichiometry was typical of gypsum. 

No cracks were observed in the whole specimen. 

 
4. Discussion 

Our previous study showed that, from an unspecified environmental inoculum, sulfur-oxidizing 

bacteria were selected at the surface of BFSC and CAC linings by the use of thiosulfate as a sulfur 

source and the control of the operating conditions. Thiosulfate is an intermediate in the oxidation of 

reduced sulfur compounds (Okabe et al., 2007; Peyre Lavigne et al., 2015a) and a sulfur substrate used 

by numerous sulfur-oxidizing bacteria, including acidophilic bacteria (Kelly, 1999; Sand, 1987; 

Yousefi et al., 2014). The use of a soluble sulfur source, such as thiosulfate or tetrathionate, as the 

sulfur substrate for a test intended to evaluate the behaviour of cementitious materials subjected to 

biogenic acid attack in a sewer-like environment has been discussed previously (Peyre Lavigne et al., 

2015a). The representativeness of the test in terms of degradation phenomena occurring in the cement 

matrix that was exposed and its ability to discriminate two cement linings, BFSC and CAC mortars,  

known to have different behaviours when faced with biogenic acid has also been validated (Alexander 

and Fourie, 2011; Ehrich et al., 1999; Hormann et al., 1997; Peyre Lavigne et al., 2014a, 2014b, 

2015b). This paper first aimed to evaluate (i) the reproducibility of the test when the source of the 

sludge used for the inoculation was changed and (ii) its repeatability. The second aim of the study was 

to optimize the test design. Some changes made with a view to intensifying the reactions (biological 

activity and chemical changes of the materials). 

 

4.1 Reproductibility and repeatability of test design 

Despite the sludge source change, the type of metabolism selected in the test (sulfur oxidizing) was the 

same as in our previous study: sulfate and acid were produced from the oxidation of the reduced form 

of sulfur used (tetrathionate). The same types of deterioration mechanisms were also observed:  

- The BFSC lining showed intense cracking of the outer zone of the paste layer because of the 

precipitation of secondary ettringite. The outer layer of the paste zone was also decalcified and 

mainly amorphous.  

- For the CAC lining, an amorphous layer was observed at the surface of the material. This layer, 

in contact with the biofilm, was decalcified and probably composed of AH3 (which is consistent 

with the literature (Ehrich et al., 1999; Herisson et al., 2014). No cracks were observed in the 

lining.  

The reproducibility of the test was thus demonstrated. 

The repeatability was also validated through the tests performed on CAC_a and CAC_b specimens in 

the same conditions. The analyses of the leaching solutions showed the same production of sulfate and 

leaching of calcium. Moreover, the observations on the specimens showed the same patterns of 

chemical and microstructural degradation. 

 

4.2 Optimization of test design 

The changes made to the test design in this study were: a change of sulfur substrate, an increase in 

sulfur flow rate at the surface of the biofilm, and an increase in temperature. Intensification of the 

biological reactions and of the chemical reactions within the cementitious matrix was obtained through 

the change of sulfur substrate (thiosulfate replaced by tetrathionate) and the increase in the flow rate of 



 

sulfur substrate (7.44 molS/m2/d vs. 0.15 molS/m2/d in our previous study, obtained mainly by the 

increase of the leaching solution flow and the decrease of the area of exposed surface). The oxidation 

of tetrathionate produces 1.5 times more H+ per atom of sulfur oxidized than the oxidation of 

thiosulfate. Moreover, if no nutritional limitation occurs, the higher the flux of the reduced sulfur 

source, the higher the biological activity (in our case, the excess of mineral nutrients such as nitrogen 

and phosphorous was adjusted to obtain the highest biological activity and to avoid any precipitation 

of unrepresentative minerals such as complex phosphorous salts (struvite, hydroxyapatite, etc). 

The differences observed between this study and our previous one (Peyre Lavigne et al., 2015b) were:  

- Higher sulfate production and greater calcium leaching (Figure 5) 

- More intense alteration phenomena: the outer layer of BFSC lining was dissolved in the zones 

exposed to the trickling solution, which was not observed previously. This may have been due 

to higher local concentration of acids at the biofilm-cementitious matrix interface. Moreover, 

greater degraded layer thicknesses were obtained: whereas the deterioration phenomena were 

formerly limited to the paste layer of the BSFC lining (the degraded layer thickness was 700 m 

at the end of the test), here, precipitation of secondary massive ettringite was observed deeper in 

the specimen at many locations in the mortar layer (degraded layer depth greater than 1 mm).  

Moreover, the representativeness of the test, in terms of deterioration phenomena in the material, was 

improved through the changes made in this study. Precipitation of gypsum, typical of concrete 

deterioration in sewer environments (Herisson, 2012; Roberts et al., 2002), was observed at the surface 

of the specimens. The formation of gypsum was favoured by the creation of super-saturation areas 

close to the run-off zone (through the limitation of the trickling area), as already suggested (Peyre 

Lavigne et al., 2015b).  

The discriminating power of the test was also increased since the difference in behaviour between the 

two linings was accentuated: the degraded layer depth for the CAC was similar in both our campaigns 

(about 150 m), whereas the degradation phenomena were intensified (local dissolution of the paste) 

and the degraded layer depths were increased for the BFSC lining.  

Finally, no positive effect was observed of the increase in temperature from 20°C to 30°C. The tests 

carried out on BSFC_20°C and BSFC_30°C did not show any intensification of biological activity (no 

increase of sulfate) mainly because the biofilm suffered drying in these conditions of temperature and 

relative humidity (50 %). Nevertheless, some accelerating effects were obtained on the chemical 

phenomena (larger quantity of calcium leached at 30°C than at 20°C).  

 

5. Conclusions 
Based on a previous test design for industrial cementitious linings for sewage applications (BAC-Test), 

this study focused on (i) evaluating the reproducibility of the use of an unspecified microbial 

consortium as inoculum and (ii) optimizing the test design by the intensification of the biological acid 

production and its impact on the cementitious matrix. The intensification of the biological acid 

production was brought about by changing the reduced sulfur source (from thiosulfate to tetrathionate) 

and increasing the fluxes of reduced sulfur at the surface of the cementitious linings. The increase of 

the aggressiveness of the acid attack on the cementitious matrix was obtained by decreasing the area of 

the exposed surface. First, the reproducibility of the use of an unspecified microbial consortium from 

wastewater treatment as the inoculum was validated. Secondly the optimization of the test design 

enabled an increase of the biological acid production (from 4.6 molH+/m2 for the previous test with 

thiosulfate and large exposed surface area, to 65.7 molH+/m2 in this paper). This led to an increase in 

the leached calcium (from 1.8 molCa2+/m² to 14.6 molCa2+/m² for a BFSC lining). Moreover, the new 

test design (BAC-Test) intensified the discrimination between Portland based linings and calcium 

aluminate linings. At the same time, the chemical and microstructural evolutions of the cementitious 

linings were still representative of those observed in a sewer environment, with the formation of 

gypsum at the surface and ettringite in the depth of the deteriorated lining. The reproducibility and 

repeatability of the test were evaluated with positive first results. Further works are under way as part 

of the French research program DURANET, including the validation of the test design with respect to 

field investigations. 
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Abstract 

The evaluation of alkali aggregate reaction in an existing subway tunnel is discussed in this paper. The petrographical 

examination of concrete thin sections was used to distinguish the alkali reactivity of the aggregates. Combined with 

alkali content analysis, it was deduced that part A of the tunnel had the potential for alkali-silica reaction. The typical 

form of alkali-silica gel was found in a broken surface of a concrete core, indicating the occurrence of ASR in this part 

of the subway tunnel. Some measures against ASR should be taken in order to continue use the existing subway. 

 

Originality 

This is the first case of subway concrete structure facing the high risk of alkali-silica reaction in China. 
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1. Introduction 

Alkali Aggregate Reaction (AAR) is one of the important factors influencing the durability of concrete 

structures. Though wo kinds of AAR, alkali-silica reaction (ASR) and alkali-carbonate reaction (ACR) 

have been investigated by researchers in many countries, it is evident that ASR is the main type of this 

problem. Since the middle 1980’s, ASR affected structures have been found in infrastructures in China, 

including concrete piles, railway ties, airport runways highway bridges and dams etc (Chen, 

1997;Tang et al. 1997). In 2004, Central Research Institute of Building and Construction (CRIBC) 

was assigned to evaluate the durability of an existing subway tunnel.  

The existing subway tunnel, 7.4 Km long, in North China, was built in 1970s and went into service in 

1984. The main structure of the subway is a reinforced concrete frame below ground; the inner view of 

the structure and a section view can be seen in Figure1 (a shows the middle pillar, b shows the middle 

wall). In 2001, the municipal government decided to extend the old subway to about 24 Km. The 

existing subway service stopped and the repair or rehabilitation of stations and frame structures was 

needed. After an initial field survey, it was found that serious leakage happened in some parts of the 

concrete tunnel, especially in a part below a river. The outside waterproofing system of the tunnel was 

damaged to some degree (Hao 2004). 

In the geographical area where the tunnel existed, several cases of AAR affected cloverleaf junctions 

were reported in the late 1990’s. The local building research institute concluded that various kinds of 

alkali reactive aggregates were used in this area. But it is clear that no preventive measures against 

AAR were taken when the subway was built in 1970’s. Thus, in our inspection project, besides 

concrete strength, corrosion of steel bars, concrete permeability and cracks distribution, the AAR 

damage was also be studied. This paper gives the results of the evaluation of AAR in this tunnel. 
 
 
 
 
 
 
 
 
 
 
 
 

a.  middle pillar (right side)                                                b. middle wall 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Inner view of the subway tunnel and the sketch of frame section(dimensions in mm) 

 

2. Inspection plan and Test methods 

 



 

There are 8 subway stations over the 7.4 Km distance. Based on these stations, seven parts were 

divided as in Figure 2. The length of each part is about 1 Km. Part C couldn’t be tested due to some 

reasons. 

 8 7 5  6 4 32
*

1
B(26)A(44) C(23) D(32) E(35) F(38) G(38)

 
Figure 2 Rougth drawing of 7 parts of the existing subway tunnel 

(* The number in the parentheses means the quantity of the expansion joints of each part) 

 

In field survey of this tunnel, it was found that part A, just below a river, had the worst leakage. At 

least three points were steaming with water. Unfortunately, the surface concrete of the side wall was 

chiselled while the worker tried to stop the leakage by injecting waterproofing materials, so we 

couldn’t check the width of cracks. Cracks on the roof of part A were also found, as shown in Figure 3. 

It was not easy to estimate whether the cracks were related with AAR. There were a few similar cracks 

in other parts of the tunnel. 

 

 

 

 

 

 

 

 

 

Figure 3 Crack pattern on the roof of the subway tunnel 

 

Alkali-aggregate reaction can not happen until reactive aggregate, sufficient alkali and moisture occur 

together in concrete. Due to the serious leakage in some parts of the tunnel, the supply of water was 

enough, which means that there is potential for AAR if both conditions of reactive aggregate and 

alkali content are satisfied in this structure. The types of aggregates used and the alkali content of the 

concrete are need to be investigated. 

For each of the other six sections, 20 cores with diameters of 100 mm were drilled as test samples.  

2.1 Thin section method 

In each tunnel section, 4 cores was used to prepare thin sections  for petrograghic analysis by means of 

a polarizing microscope. 

2.2 Alkali content analysis 

Alkali content of concrete was measured according to following methods: The cores were crushed, 

and the powder of hardened mortar was made by grinding the broken samples after removing coarse 

aggregates. Soluble Na2O and K2O of the mortar powder were measured by atomic absorption 

spectrophotometry. The equivalent alkali content of mortar was calculated as Na2Oe%= K2O%×

0.658+ Na2O%. 

In each section, 16 cores were crushed to measure the alkali content. 

2.3 Microscopic study 

A scanning electric microscope with Energy Dispersive X-ray Detector was used to examine the 

presence of ASR products. 



 

 

3. Test results 

3.1 Description of aggregates 

Petrograph examination showed that fine aggregates of the subway concrete was almost all fine sands 

provided locally, mainly composed of quartz sand, feldspar sand and fragment rock sand. The normal 

extinction of quartz sand implied the non-reactivity of this kind of fine aggregate. The main mineral in 

feldspar sand was albite or potash feldspar, which was inert to AAR. The primary fragment rock sand 

was dolomite fragment, next was quartzite fragment. The dolomite rock was from microlitic texture to 

fine grained texture, most of them were idiomorphic texture. The quartzite was composed of quartz 

grains of big size, normal extinction. Generally speaking, there were no notable alkali reactive 

minerals in fine aggregates in the subway tunnel. 

As for coarse aggregates, things were more complex. First, different sources of aggregates were used 

in different parts of the tunnel. For example, crushed gravels were used in part A, B, F and G while 

natural cobbles were used in part D. Analysis of aggregate from section E was more interesting: 

crushed gravels were found in three of four cores, cobbles were found in one core. 

Second, different types of gravel were used in each part of the subway structure. For example, the 

amount of dolomite rock was over 90% in coarse aggregate of part A. In these dolomites, the 

microlitic texture or middle grained texture dolomite had no alkali reactivity. While the oölitic 

dolomite and silicificated dolomite were alkali silica reactive due to the microcristaline quartz with a 

grain size less than 0.05 mm, contained in the rock, as shown in Figure 4. In other parts of the tunnel, 

besides the silicificated dolomite, there were also other kinds of alkali reactive aggregates, like 

andesite, etc (Viggo 1993; Ciaran et al. 2005). 

 

 

 

 

 

 

 

 

 

 

        a. oölitic dolomite                                          b. silicificated dolomite 

(crossed polarized light, ×70) 

Figure 4 Petrograph results of alkali silica reactive aggregates 

3.2 Alkali content 

The calculation of alkali content per cubic meter concrete was based on the mix design of the tunnel 

concrete, which was specified in the design files in the 1970’s.  Following is the mix proportions: 

cement 356 kg/m3, water 193kg/m3, sand 651kg/m3, coarse aggregate 1198 kg/m3.  The alkali content 

of the mortar in each concrete core was measured after removing the coarse aggregates from the 

crushed core. After measuring the quantity of K2O and Na2O, the alkali content per cubic meter 

concrete obtained by multiplying the Na2Oe% and the mass of the mortar (356+193+651=1200). As 

mentioned before, 16 cores were tested for each part and the test result of Part A is shown in Table 1. 

Table 1 Alkali content of cores of Part A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

K2O % 0.3 0.59 0.27 0.26 0.19 0.31 0.19 0.27 0.17 0.26 0.18 0.3 0.27 0.25 0.28 0.28 



 

Na2O % 0.091 0.24 0.1 0.097 0.083 0.099 0.1 0.12 0.15 0.12 0.11 0.12 0.12 0.092 0.1 0.11 

Na2Oe* 3.46 7.54 3.33 3.22 2.50 3.64 2.70 3.57 3.14 3.49 2.74 3.81 3.57 3.08 3.41 3.53 

Standard deviation of Na2Oe* 1.13 

*=1200×(Na2O %+0.658× K2O %) Kg/m3 

 

From Table 1, it can be seen that 13 of 16 cores had a higher alkali content than 3.0 Kg/m3, which is 

the limiting value specified in the China Technical Specification for subway concrete issued in 1990’s. 

The average alkali content of Part A is 3.55Kg/m3, which is the highest value compared with other 

parts of the subway. The standard deviation of alkali content of this part is 1.13. 

For other five sections of the tunnel, the average alkali content of 16 cores was measured as Part A. 

The results and the standard deviation are shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(# the number in brackets is the standard deviation) 

Figure 5 The average alkali content in subway concrete 

From Figure 5, it can be seen that the average alkali content of Part B, D and E was lower than other 

three parts. Except Part A, the average alkali content of Part F and G are near the limiting value of 3.0 

Kg/ m3. Three of 16 tests of Part F and six of 16 tests of Part G had the alkali contents higher than 3 

Kg/ m3.  

As some construction documents of this subway were lost, the materials used and the mix design of 

each part can’t be compared here. Based on the test results above, it is reasonable to believe that high 

alkali cement was used in Part A or Part F, G. 

Then it could be deduced that Part A had the highest danger of alkali silica reaction because the 

prerequisite of ASR was satisfied. As for Part F and G, some places of them with high alkali content 

had the potential of ASR if water could be supplied. 

4. Analysis on ASR products 

Based on the analysis above, we believed that some characteristics of ASR were likely in concrete 

cores of Part A. Some cores from Part A were used to test compressive strength and the broken surface 

of specimens was investigated carefully. As expected, a white gel was found in a void of concrete. The 

morphology of the gel was investigated by SEM, as shown in Figure 6.  

In order to know the composition of the gel, an Energy Dispersive X-ray Detector was used to analyze 

the gel. As shown in Figure 7, two points (a and b) were isolated. A micro area of the gel, 

340μm×340μm, was also analyzed. The results are shown in Figure 8 and Table 2. 
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a. white gel on the broken surface of a core                                 b. loose gel (×100) 

 

 

 

 

 

 

 

 

 

 

 

c. morphology of gel   (×5000)                            d. semi-crystalline product (×10000) 

Figure 6.  Morphology of white gel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 7 Two kinds of products (point a and point b) 
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Figure 8 Results of Energy Dispersive X-ray analysis 

 

Table 2 Chemical composition of the gel  （%） 

location SiO2 Al2O3 K2O Na2O CaO MgO FeO 

Point a 48.62 6.86 9.92 5.09 22.88 3.93 2.70 

Point b 58.55 0.87 17.94 7.01 13.94 0.59 1.11 

Micro area 58.15 0.67 20.40 6.80 13.99 —— —— 

 

From Figure 8 and Table 2, it can be seen that point a and b are consistent with alkali-silica gel with 

some impurities of MgO and FeO. Point b had more K2O than point a and was in a transition state 

from amorphous to crystalline in some degree. The analysis of micro area gave the average results of 

composition, which further proved the property of the alkali-silica products. These kinds of products 

are very similar to those found in sites where deleterious ASR happened both in China and other 

countries (Cole 1981; Broga 1996; Hao 2001; Li 2004; Fu et al 2004). 



 

Combining SEM analysis and results of Energy Dispersive X-ray analysis, it can be reasoned that 

ASR happened in Part A of the subway concrete tunnel. The hygroscopic ASR products firstly 

precipitated in the pores system of the concrete, then began to expand while absorbing water. The 

concrete structure would have deteriorated by this slowly accumulating process (Jonathan 1995; Li 

2000; Yin 2001; Jason 2004; Gunnar 2004). Though no obvious structural displacement of the tunnel 

is observed till now, preventive measures should be taken against the process in order to continue 

using the tunnel. 

4. Conclusions 

There were no notable alkali reactive fine aggregates in an existing subway concrete tunnel. However, 

different kinds of alkali-silica reactive coarse aggregates, including oölitic dolomite and silicificated 

dolomite, were found in the concrete tunnel. The reactive minerals in these aggregates were mainly 

microcrystalline quartz. 

The average equivalent alkali content of Part A of the tunnel was 3.55 Kg/m3, which is beyond the 

limiting value and higher than other parts of the tunnel. At the same time, serious leakage could supply 

water to promote ASR in this part. Part A had the highest danger of alkali silica reaction compared 

with other parts. 

A white gel was found in concrete cores of Part A. By SEM and Energy Dispersive X-ray analysis, it 

was verified that the gel was the very typical alkali silica reaction products, which confirmed the 

happening of ASR in this structure. Corresponding measures should be taken to suppress the 

continuation of this reaction.  
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Abstract 

In this paper, the distributions and relationships among total, bound and free chloride ions in different 

forms in the concrete with different supplementary cementitious materials at different curing ages and 

large scale water-to-binder ratios were analyzed. The results show that the relationship between total 

and free chlorine ions content was found to be good linear, as well as total and bound chlorine ions 

content. The influence of total chlorine ions content to free chloride ions content is almost "unique" 

factors, and impact on the binding chloride ions content is lager too, but not the only factor. No matter 

how changes total chloride ions content, will not affect the ratio of free and bound chloride ions 

content, according to the analysis of the principle of chemical reaction balance, when to achieve 

balanced solidification of chloride ions in concrete, the relationship between the average of free and 

chemical bonding chloride ions content as follows:   6347.0
0952.0][ ClfClbound  . 

Originality 

Through linear relationships between total chlorine ions and free and binding chloride ions 

respectively is obtained that the influence of total chlorine ions content to free chloride ions is almost 

"unique" factors, and impact on the binding chloride ions is lager too, but not the only factor. And 

total chloride ions content will not affect the ratio of free and bound chloride ions content, so 

concrete resistance to chloride ions diffusion doesn't seem to help from increasing the ability of 

chloride ions binding by optimization of hydration product types and quantity. In addition, according 

to the principle of chemical reaction balance, when to achieve balanced solidification of chloride ions 

in concrete, the relationship between the average of free and chemical bonding chloride ions content 

as follows:   6347.0
0952.0][ ClfClbound  . Which solve the relationship of cannot be 

explained purely from linear regression between the free and binding chloride ions. 

 

Keywords: Concrete; Chloride ions; Linear correlation; Chemical balance 
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1. Introduction 

Chloride ions erosion is one of the important reasons to concrete durability damage. And 

diffusion of chloride ions in concrete is a complicated process, which is significant to the 

concrete surface chloride ions concentration, the hydration degree of cement and concrete 

pore structure distribution characteristics. At home and abroad has achieved some 

achievements in research on the chloride ions erosion mechanism and the presence of forms 

of chloride ions in concrete. Then free and bound chloride ions were defined in concrete. 

The situations of forms and distributions of chlorine ions in concrete not only affect the 

speed of diffusion of chloride ions, but also affect the corrosion rate of steel [1-2]. But at the 

moment, there are rarely studies on the distributions and the relationships of all kinds of 

chloride ions in concrete. Therefore, the distributions and the relationships of all kinds of 

chloride ions in concrete were analyzed in this experiment which aimed at the concrete with 

different supplementary cementitious materials at large scale water-to-binder ratios, and 

which is important significance to improve the durability and improve its service life. 

2. Materials and methods 

2.1 Materials 

Chemical and mineral composition of concrete used in this test shown in Table 1. 

Table 1 Chemical composition and mineral composition 

Raw ingredients Properties 

Cement (C) Ordinary Portland cement P.O 42.5 

Class I fly ash (FA) Ignition loss: 4.69% 

Ground granulated slag (GGS) Specific surface area: 428 m2/kg 

Sand (S) 
Apparent density: 2650kg/m3; Bibulous rate : 2.8%; Fineness 

modulus : 2.58 

Gravel (G) Apparent density : 2710kg/m3; Size: 5～20mm 

Polycarboxylic superplasticizers Density : 1.074g/mL; Solid content: 20%; pH value : 7.1 

2.2 Mix proportions of concrete and experimental method 

The mix proportions of concrete used in this study shown in Table 2.  

Table 2 Mix proportions of concrete 

No. W/B 
FA replacement of 

cement quantity (%) 

GGS replacement of 

cement quantity (%) 

Unit content (kg/m3) 

W  C  FA  GGS S G 

P1 0.51 0 0 178 350 0 0 702 1250 

P3 0.35 0 0 151 431 0 0 704 1250 

F1 0.57 15 0 181 270 48 0 702 1250 

F3 0.33 15 0 142 366 65 0 705 1250 

F4 0.53 30 0 172 227 97 0 702 1250 

F6 0.26 30 0 121 326 140 0 703 1250 

G1 0.56 0 20 183 261 0 65 701 1250 

G3 0.40 0 20 159 318 0 80 704 1250 

G4 0.51 0 40 175 206 0 137 702 1250 

G6 0.36 0 40 150 250 0 167 704 1250 

FG2 0.40 15 20 155 252 58 78 702 1250 

FG5 0.36 20 30 145 201 81 121 703 1250 

In the process of preparation of concrete, the requirement of sample slump in 180±10 mm, 



no disintegration and no bleeding. Concrete blocks were prepared with different 

water-to-binder (W/B) ratios, mixed with different mineral admixtures. In order to cut the 

concrete conveniently,  concrete blocks size were prepared as diameter 80mm, height 

55mm, and were moist cured for 14 days, 28 days and 90 days. 

The rapid chloride ion permeability test was carried out to the concrete blocks of reaching 

curing age of 14 days, 28 days and 90 days [3], and output voltage was 60V. Cutting for 

each block began from contacting with sodium chloride solution to the end of the 

same thickness of different depth, cutting thickness was 6 mm, each of sample was 

cut into 6 slices, collecting samples powder of different layer, cutting depth shown in 

table 3. 

 

Table3 Cutting depth of concrete 

Improved Volhard titration method [4]was carried 

out to determination of total and free chloride ions 

content for the collection of powder samples, while 

bound chlorine ions content was calculated by the 

total chloride ions content minus the free chlorine 

ions content. 

 

 

 

3. Results and discussions 

3.1 Distribution relationships of all kinds of chloride ions in all concrete samples  

The relationships of the total chlorine ions content and free , bound chloride ions content 

were respectively analyzed by regression analysis, and shown in Figure 1. 
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Figure 1 Distribution of each kind of chloride 

concentration for all concrete samples 

Figure 2 Relationship of the average concentration 

of  chloride ions at each diffused depth 

From Figure 1 shows, the linear correlation of total and free chlorine ions content was found 

to be good, the correlation coefficient is 0.9923. which shown that the influence of total 

chlorine ions to free chloride ions is very large, and which can even think that the influence 

of total chlorine ions content to free chloride ions is almost "unique" factors. Similarly, the 

Level Cutting depth /mm 

The first layer 4.8 

The second layer 10.8 

The third layer 16.8 

The fourth layer 22.8 

The fifth layer 28.8 

The sixth layer 34.8 

Block 

fixed  

area 

http://www.iciba.com/concrete_disintegration


relationship between the total and bound chloride ions content was also found to be good 

linear, and the correlation coefficient is 0.9137. The influence of total chlorine ion on the 

bound chloride ion is lager too, but not the only factors, which also relate to the cement type, 

PH value, hydration products and other factors. According to the perspective of the data 

distribution, free and bound chloride ions content are in linear variation no matter how vary 

of the total chlorine ions content.  

The total, free and bound chloride ions content in each diffusion depth (table 3 ) in samples 

were analyzed by regression analysis respectively to further explore the exact relationships 

of them, which shown in Figure 2.  

With the increase of diffusion depth, the average of total chlorine ions content is decrease, 

while as shown in Figure 2, the relationships between the averages of total and free , bound 

chloride ions content were found to be good linear in the same layer of all the samples, and 

the correlation coefficient is 0.9992 and 0.9846 respectively. It can be concluded from the 

point of view of the average that allocation proportion of the average of free and bound 

chloride ions content will not change as change of total chlorine ions content, that is, the 

number of total chloride ions content does not affect the proportion of free and bound 

chloride ions content. And the ratios have nothing to do with concrete composition, 

water-to-cement ratios, curing age and other factors of concrete hydration hardening. 

It can be concluded from the above analysis that concrete resistance to chloride ions 

diffusion doesn't seem to help from increasing the ability of chloride ions binding by 

optimization of hydration products type and quantity. Improving the internal pore structure 

of concrete is unable to change the proportion of free and bound chloride ions content, but 

can drastically reduce the total chloride ions into the concrete. With a part of chloride ions 

were bounded on the way of the diffusion and the concentration of chloride ions were 

decreased, diffusion speed of chloride ions were slowed and difficult to continue to spread. 

So as to achieve the purpose of improving the ability to resist chloride ions into concrete. 

3.2 Relationships of reaction equilibrium between free and chemical bonding chloride 

ions 

Chloride ions which from the outside world react with the hydration products of cement 

concrete to generate OmHClCAC a 223 )3,1(   [5-6]. Analyze from the angle of reaction 

equilibrium, the total chloride ions in concrete which from the outside world are not all of 

the reactants of binding reaction, some of them have turned into bound chloride ions, so to 

participate in the binding reaction should be free chlorine ions. Therefore, assume that the 

hydration products react with free chlorine ions in concrete to generate hydration products of 

chlorine, the reaction general formula is given as follows: 

)()()( productshydrationChlorinecproductshydrationchlorineNobClfa 

（1） 

Where, a , b  and c  are Moore coefficients of chemical reaction, and Clf  is free 

chlorine ions. 

According to the principles of chemical reaction balance [7] available: 

 }][)](/{[][ bac productshydrationchlorineNoClfproductshydrationChlorineK 



（2） 

Where, K  is the reaction equilibrium constant. 

Due to the presence of large amounts of no chlorine hydration products in concrete, there are 

very few no chlorine hydration products consumed to generate chlorine hydration products, 

it can put the quantity of no chlorine hydration products in concrete as a constant, reactive 

can change at this time as follows: 

ac ClfKproductshydrationChlorine ][][ 1                               （3） 

Or: 
/c

2 ][][ aClfKproductshydrationChlorine                           （4） 

In the equation (4): 
/c1

12 KK  . 

Assume that bound chloride ions content is constant in the chlorine hydration products, and 

then the quantity of bound chloride ions content ( Clbound  ) can be counted, namely: 

  ][][ p r o d u c t sh y d r a t i o nC h l o r i n exClbound                             （5） 

Where, x  is the proportional coefficient of chloride ions in the chlorine hydration 

products. 

Put equation (4) into equation (5), the reaction equation can be rewritten as: 

  
DClfClbound ][][                                                （6） 

Where, the index caD / ，the coefficient 
2

xK  or 
c

xK
/1

1 .  

Take logarithm on both sides of equation (6), get: 

 ][][ ClfLnDLnClboundLn                                       （7） 

Where, D  is the slope of regression straight line, and Ln  is the intercept of regression 

straight line. The value of D  and   were calculated by slope and intercept of regression 

equation of the straight line.  

The logarithms of free and bound chloride ions content were analyzed by linear regression. 

The results as follows: 

Regression equation of logarithms of all data:  3513.26347.0  xy   7642.0R  

Regression results were calculated which according to the logarithmic of all data: 

6347.0D ； 0952.0)3513.2exp(  . The result was:  

  6347.0
0952.0][ ClfClbound                                          （8） 

Model (8) is the relationship between free and chemical bonding chloride ions concentration 

which is obtained from angle of chemical reaction balance.  

Chemical bonding chloride ions content was calculated by putting the experimental data into 

model (8), which was used to investigate the relationship between total and chemical 

bonding chloride ions content of calculated, the results shown in Figure 3. 

From Figure 3 shows, Chemical bonding chloride ions concentration through model (8) and 



total chloride ions content in concrete has good linear relationship. Bound chloride ions 

content by determined of the experiment is the result of the combination of chemical 

bounding and adsorption, and chemical bonding is dominant. But chloride ions content of 

calculated value from model (8) is purely chemical bounding of chloride ions, So the 

difference between the experimental results and the model results may be regarded as caused 

by the chloride ions of adsorption. Therefore, distribution relation of chloride ions content of 

penetrating into concrete can be reflected by model (8) very well. 

4. Conclusions 

Based on the above analysis, the conclusions of 

the distribution laws of chlorine ions in 

concrete can be drawn as follows: 

 (1)The relationship between total and free 

chlorine ions content was found to be good 

linear, as well as total and bound chlorine ions. 

The influence of total chlorine ions content to 

free chloride ions content is almost "unique" 

factors, and impact on the binding chloride 

ions is lager too, but not the only factor.   

 (2) No matter how changes total chloride ions 

content, will not affect the ratio of free and 

bound chloride ions content, So concrete 

resistance to chloride ions diffusion doesn't 

seem to help from increasing the ability of 

chloride ions binding by optimization of 

hydration product types and quantity. 

 (3) According to the principle of chemical reaction balance, when to achieve balanced 

solidification of chloride ions in concrete, the relationship between the average of free and 

chemical bonding chloride ions content as follows:   6347.0
0952.0][ ClfClbound  . 
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Figure 3 Relationship between total chloride 

ions and chemical bonding chloride ions of 

model calculated value 
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Abstract 

Shotcrete is widely used in underground engineering, such as subway, road, or railway tunnels and public sewers. In this 

study, setting time, permeability, durability performance, and mechanical properties of shotcrete were evaluated before 

and after corrosion damage occurs. This experiment was completed in two phases. In the first phase, setting time of 

cement pastes with an accelerator, mechanical properties in different hydration ages, and permeability of shotcrete for 

90 days of curing were investigated. In the second phase, durability of shotcrete with 10% fly ash and 0.64 vt.% steel 

fiber was investigated through environmental corrosion-related processes, including freeze–thaw cycle, accelerated 

carbonation test, sulfate attack, and chloride ion diffusion. Results showed that ordinary shotcrete exhibited greater 

durability properties, except carbonation and chloride ion diffusion, than ordinary concrete with the same mixture. Thus, 

steel fiber (steel fiber-reinforced shotcrete) not only provided a denser microstructure in shotcrete matrix but also 

significantly improved early-age compressive and splitting tensile strengths, permeability, and durability of shotcrete. 

 

Originality: 

Because of the difference of hydration process, accelerated shotcrete has very short setting time and high early 

mechanical properties. Meanwhile, the hydration products are also different with that of ordinary concrete. Thus, the 

research results of normal concrete durability can not characterize shotcrete. Therefore, the durability and mechanical 

properties before and after damage is very important.  

In order to study the shotcrete durability, three types of concrete which included normal concrete without accelerator, 

accelerated shortcrete, steel fiber reinforced shotcrete, with the same water-binder ratio and dosage of fly ash were used. 

The experiment erosion environment contained permeability, accelerated carbonation, freezing and thawing cycle, sulfate 

corrosion and chloride ion diffusion. Shotcrete had better durability performance about carbonation resistance, frost 

resistance and sulfate resistance. However, the impermeability and chloride ions diffusion resistance was worse than that 

of normal concrete. Steel fiber can improve the durability and mechanical properties after damage of shotcrete in erosion 

environment. 

 

Key words: shotcrete; steel fiber; durability; mechanical properties; permeability 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 
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Sprayed concrete is a type of concrete conveyed under pressure via a pneumatic hose or pipe and launched in 

place at a high velocity; in this mechanism, compaction, condensation, and hardening occur simultaneously 

[Alum Thomas,2012; Gary B. Hemphill,2013]. Accelerated shotcrete exhibits shorter final setting time and higher 

early-age mechanical properties than unaccelerated ordinary concrete [Liu X. R., et al, 2009; C. Maltese, et al, 

2007]. Since shotcrete was utilized as a part of lining structures of the municipal tunnel of Frankfurt and Munich 

in 1970, shotcrete has been used in different structures, such as tunnel support, rapid repair materials, slope 

support, gas and oil wells, and other underground structures [J. P. Won, et al, 2013; LI L, et al, 2013; Christopher 

K. Y Leung, et al, 2005].  

In design and construction of modern tunnel lining structure, shotcrete single-layer lining is a potential material 

for future development [Guan S. B., 2009]. In tunnel operation, structural diseases, including cracking, physical 

and chemical erosions, seepage, and shotcrete spalling, have been observed when this material is exposed to 

surrounding rock deformation, high-pressure water, and environmental corrosion factors. The durability and 

service life of lining structure are also compromised [Jiang F. X., et al, 2007]. Therefore, the durability of 

shotcrete single-lining structure should be investigated. 

Several researchers investigated shotcrete durability. Park [C. W. Park, et al., 2010] found that the impermeability 

of shotcrete with silica fume and fly ash (FA) is enhanced. Chen [J. X. Chen, et al., 2014] analyzed frost resistance 

of C25 shotcrete; after 400 freeze–thaw cycles, weight loss rate, relative dynamic elasticity modulus, and 

compressive strength are 3.1%, 22.5%, and 36.5MPa, respectively. Park [S. W. Park, et al., 2003], Won [J. P. Won, 

et al., 2007], and Park [H. G. Park, et al., 2008] reported that the loss rate of relative dynamic elasticity modulus 

is not >1% of shotcrete after 300 freeze–thaw cycles are completed. Lee [S. P. Lee, et al., 2006] investigated the 

accelerated carbonation of shotcrete with an alkali-free accelerator; carbonation depth is 7 mm after 

carbonation age of 56 days. Ma [S. J. Ma, et al., 2007] demonstrated that shotcrete with silica fume exhibits 

improved long-term carbonation resistance. Lee [S. T. Lee, et al., 2009] investigated the sulfate erosion durability 

of shotcrete; after shotcrete is immersed for 360 days, the loss rate of compressive strength is >50%. 

However, studies on shotcrete durability are limited and unsystematic. In this study, compressive and splitting 

tensile strengths and permeability of shotcrete with different water–binder (w/b) ratios, FA concentrations, and 

steel fiber contents were investigated. The durability of ordinary concrete, ordinary shotcrete, and steel fiber-

reinforced shotcrete (SFRS) with the same mixture was also investigated.  

2. Materials and experiments 

2.1 Materials 

An ordinary Portland cement (OPC) and a secondary fly ash (FA) complying with Chinese standard titled 

Common Portland cement (GB175-2007) and Fly ash used for Cement and Concrete (GB/T1596-2005) were 

used in this study and the characteristics were examined using chemical analysis test, particle size analyzer 

and XRD test. The chemical composition of cement and fly ash were listed in Table 1 by using X-Ray 

Fluorescence Spectrometry (XRF). Table 2 shows the physical properties and XRD results of cement and fly 

ash. The fine aggregate used in this study was natural river sand with a fineness modulus of 3.5, an apparent 

density of 2688kg/m3, and a water absorption of 1.2 %. The coarse aggregate used was gravel with continuous 

grading from 5mm to 10mm and the maximum grain size 15mm, the density and absorption were 2650kg/m3 

and 0.61%, respectively. Both aggregates complied with the requirement of Chinese standard titled 

Specifications for Bolt-shotcrete Support (GB50086-2001). Low-alkali liquid accelerator (AC) used was 

which major substances were Na2CO3 and NaAlO2. The chemical characteristics of accelerator were also listed 

in Table 1. 

Table 1 Chemical and physical properties of cementitious materials and accelerator 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 f-CaO Cl— alkali other 

cement 19.50 6.45 3.08 57.57 1.21 2.01 0.81 0.007 1.14 0.77 

fly ash 43.64 25.39 4.19 5.62 0.84 0.28 0.46 0.011 1.80 1.35 



accelerator 14.74 18.83 4.17 32.72 0.64 0.29 / 0.300 10.44 1.78 

Table 2 physical properties of cement and fly ash 

 

physical properties 
compressive 

strength/MPa 

flexural 

strength/MPa 

density(g/cm3) 
blaine 

fineness(cm2/g) 

loss of 

ignition(%) 
3 day 28 day 3 day 28 day 

cement 3.08 3340 4.12 30.0 47.7 5.1 8.9 

fly ash 2.09 4040 3.0 / / / / 

2.2 specimen preparation 

The specimens in each experiment were divided according to three phases. In the first phase, motor specimens 

were prepared with three w/b ratios (0.38, 0.43, and 0.49) and four FA amounts (0%, 10%, 20%, and 30%) to 

evaluate setting time. FA (FA/b) was added as the mass ratio between FA and cementitious materials. The six 

mixtures are illustrated in Table 3. In the second phase, shotcrete specimens were also prepared for nine 

mixtures to examine the permeability and mechanical properties of hydration age; of these mixtures, the first 

six were the same mixture as motor specimens. In the third phase, shotcrete specimens were grouped into three 

mixtures to investigate durability. These mixtures contained ordinary concrete (C43F10) with w/b 0.43 and 

10% fly ash, ordinary shotcrete (S43F10) with w/b 0.43 and 10% fly ash, and SFRS (S43F10SF50) with w/b 

0.43, 10% fly ash, and 50 kg/m3 steel fiber (Table 4). In each mixture, the sand-to-total aggregate ratio of 0.50 

and the mixing amount of water reducing and accelerator were 1% and 4% of cementitious material, 

respectively.  

Table 3 Mix proportions of pastes for setting time. (kg/m3) 

Specimens S38F10 S43F10 S49F10 S43F0 S43F20 S43F30 

OPC 468 411 360 457 365 319 

FA 52 46 40 0 92 138 

Fine aggregate 860 892 921 892 892 892 

Coarse aggregate 860 892 921 892 892 892 

Water 197 197 197 197 197 197 

Water reducing 5.20 4.57 4.00 4.57 4.57 4.57 

Accelerator 20.80 18.28 16.00 18.28 18.28 18.28 

w/b 0.38 0.43 0.49 0.43 0.43 0.43 

Table 4. Mixture proportions of shotcrete for permeability, mechanical properties and durability. (kg/m3) 

Specimen

s 

C43F1

0 

S38F1

0 

S43F1

0 

S49F1

0 

S43F

0 

S43F2

0 

S43F3

0 

S43F10SF4

0 

S43F10SF5

0 

S43F10SF6

0 

OPC 411 468 411 360 457 365 319 411 411 411 

FA 46 52 46 40 0 92 138 46 46 46 

fine 

aggregate 

892 860 892 921 892 892 892 892 892 892 

coarse 

aggregate 

892 860 892 921 892 892 892 892 892 892 

water 197 197 197 197 197 197 197 197 197 197 

water 

reducing 

4.57 5.20 4.57 4.00 4.57 4.57 4.57 4.57 4.57 4.57 

steel fiber 0 0 0 0 0 0 0 40 50 60 

accelerato

r 

0 20.80 18.28 16.00 18.28 18.28 18.28 18.28 18.28 18.28 

w/b 0.43 0.38 0.43 0.49 0.43 0.43 0.43 0.43 0.43 0.43 

FA/b 0.1 0.1 0.1 0.1 0 0.2 0.3 0.1 0.1 0.1 

where S43F10SF50 means shotcrete with w/b 0.43, fly ash dosage of 10% and steel fiber content 50kg/m3. 

The concrete was first sprayed as large slabs with dimensions of 1 m × 0.5 m × 0.15 m using dry method. The 

slab moulds were oriented 75° to the ground, and the nozzle was oriented 90° relative to the bottom plate of 

the mould. The distance between the nozzle and the bottom of the mould ranged from 0.85 m to 1.2 m (Fig. 

1a). After 3 h, slabs that had formed were removed and placed into tunnel for 7 d of curing (Fig. 1b). The large 

slabs were subsequently cut into standard cube specimens measuring 400 mm × 100 mm × 100 mm using an 

automatic rock cutting machine (Fig. 1c). Afterwards, prism specimens were cut into three cube specimens 



with lengths of 100 mm (Fig. 1d). Finally, specimens were moisture-cured at 20 ± 2 °C and 95% relative 

humidity for 21 d and then dry-cured until testing. 

  

(a) (b) 

  

(c) (d) 

Fig. 1 Production of test specimens. 

a: spraying concrete into moulds; b: demoulding after 3 h; c: cutting large slabs into prisms with sizes of 100mm × 

100 mm × 400 mm; d: cutting prisms into cubes with lengths of 100 mm 

2.3 Testing method 

2.3.1 Setting time 

Pastes of three w/b ratios and four FA amounts at different curing ages were used for the setting time, which 

was measured according to ASTM C191-08. 

2.3.2 Permeability 

Permeability is a method for characterizing the difficult degrees and abilities of permeation, diffusion, and 

migration by gas, liquid, and ions under pressure, chemical potential, and electric field. Permeability is an 

important part of concrete durability. The permeability study included air permeability, water absorption, and 

the RCM method. 

2.3.2.1 Air permeability 

Air permeability was tested by using an Auto Clam permeability instrument with a 100 mm cubic shotcrete 

specimen [Yang, K., et al., 2014]. Before testing, air was implanted inside the instrument by syringe through the 

pipe until the air pressure was more than 500 mbar (1 mbar = 500 Pa). After starting the test, the air pressure 

was recorded per minute. Given the linear relationship between the natural logarithm of air pressure and time, 

the slope (K) of the liner could be used as an index for evaluating air permeability. 

2.3.2.2 Water absorption test 

Water absorption test defines the ability of concrete to absorb water according to the BS 1881-122 and ASTM 

C1585. In order to ensure the consistent performance of shotcrete, 54 cube casts with the size of 100 mm, were 

selected randomly from the large slabs and divided into 6 groups which corresponded 6 immersion ages: 10 

min, 20 min, 40 min, 1 hr, 3 hrs and 7 hrs, respectively. The water absorption index (S) was calculated as the 

following equation.  



i =
Δ𝑤

𝐴𝑟
  (Eqs.1) 

i = A + S√𝑡  (Eqs.2) 

where Δw is the absorption water weight, g; Ar is the inflow surface area, m2; I is the weight of absorbing 

water per unit area of the inflow surface, g/m2; A is a positive intercept; t is the immersion time, h; S is the 

water absorption index, m/h0.5.  

2.3.2.3 RCM test  

The RCM test was conducted to examine the chloride migration coefficient of shotcrete according to the NT 

Build 492-1999.11 standard.  

The non-steady-state chloride ion coefficient was calculated by the following equation: 

𝐷𝑅𝐶𝑀 =
0.0239∙(273+𝑇)∙𝐿

(𝑈−2)∙𝑡
∙ (𝑋𝑑 − 0.0238 ∙ √

(273+𝑇)∙𝐿∙𝑋𝑑

𝑈−2
), (Eqs.3) 

where DRCM is the non-steady-state chloride ion coefficient, 10 m2/s to 12 m2/s; U is the absolute voltage value, 

V; T is the average of the innate and final temperatures in the analyte solution, °C; L is the thickness of the 

samples, mm; Xd is the average value of the penetration depth, mm; t is the test duration, h. 

2.3.3 Compressive and Splitting tensile strengths 

Compressive strength and splitting tensile strength were used to evaluate the mechanical properties of the 

specimens aged for 1d, 3d, 7d, 28d, 60d, 90 d and 180 d. Compressive and splitting tensile strength tests were 

performed in accordance with Chinese Standard GB50081-2002.  

2.3.4 Durability performance 

2.3.4.1 Accelerated carbonation 

Accelerated carbonation test was performed to evaluate carbonation depth in accordance with Chinese standard 

GB/T 50082-2009 (Part 11: The Method for Carbonation of Ordinary Concrete). Accelerated carbonation test 

was conducted as follows: 

(1) The test was performed using a prism specimen with a size of 100 mm × 100 mm × 400 mm, and three 

specimens were included in one group. 

(2) After 90 days of curing, the specimens were dried at 60 °C for 48 h. The surface was then covered with 

epoxy resin except one side of 100 mm × 400 mm used in the experiment. The dried specimens were then 

placed in an automatic accelerated carbonation chamber with carbon dioxide concentration of 20% ± 2%, 

relative humidity (RH) of 70% ± 5%, and temperature of 20 ± 2 °C. Carbonation ages were 7d, 14d, 28d, 42d, 

and 56d, respectively. 

(3) At the end of carbonation aging, the specimen was split from one end by using a universal testing machine. 

After concrete specimens were split, the freshly split surface was cleaned and sprayed with 1% phenolphthalein 

ethanol solution. A purple-red color was obtained in the non-carbonation part of the specimen with highly 

alkaline concrete. By contrast, no coloration occurred in the carbonated part with weakly alkaline concrete. 

(4) After 30 s, carbonation depth was measured using a Vernier caliper at an interval of 10 mm; average 

carbonation depth was then calculated. 

2.3.4.2. Freezing and thawing cycle 

The freeze–thaw cycle of shotcrete was performed to evaluate frost resistance in accordance with Chinese 

Standard GB/T 50082-2009 (Part 4: Test Methods for Resistance of Ordinary Concrete to Freezing and 

Thawing). 

(1) Before the test was conducted, the specimen was immersed in water at 20 ± 2 °C for 4d.  

(2) Excess water on the specimen surface was wiped with a wet cloth. The initial weight, transverse 

fundamental frequency, and compressive and splitting tensile strengths of specimens were then examined. 

(3) The specimen was initially placed in an elastic rubber box and then in a freezing-and-thawing tester. In the 

freeze–thaw cycle in both test procedures, specimen temperature was initially decreased from 5 °C to −18 °C 



and then increased from −18 °C to 5 °C.  

(4) After an interval of 25 cycles, mass, transverse fundamental frequency, and compressive and splitting 

tensile strengths of specimen were evaluated. Weight loss ratio, relative dynamic elasticity modulus, and 

strength were also calculated.  

(5) The experiment was terminated when 300 freeze–thaw cycles were completed, 60% loss rate of relative 

dynamic elasticity modulus was reached, or 5% weight loss ratio was obtained. 

The loss rate of specimen after frost damage occurred was calculated as follows: 

Δ𝑃𝑁 = (1 −
𝐸𝑑𝑁

𝐸𝑑0
) × 100 = [1 − (

𝑓𝑁

𝑓0
)

2
] × 100    (Eqs.4) 

Δ𝑊𝑁 = (1 −
𝑊0−𝑊𝑁

𝑊0
) × 100 (Eqs.5) 

Δ𝑓𝑐(𝑡)𝑁 = (1 −
𝑓𝑐(𝑡)0−𝑓𝑐(𝑡)𝑁

𝑓𝑐(𝑡)0
) × 100 (Eqs.6) 

where ΔPN is the relative dynamic elasticity modulus of specimen after N freeze–thaw cycles, %; EdN is the 

transverse fundamental frequency of specimen after N freeze–thaw cycles, Hz; Ed0 is the initial transverse 

fundamental frequency of specimen, Hz; ΔWN is the weight loss rate of specimen after N freeze–thaw cycles, %; 

WN is the weight of specimen after N freeze–thaw cycles, kg; W0 is the initial weight of specimen, kg; Δfc(t)N is 

the loss ratio of compressive or splitting tensile strength of specimen after N freeze–thaw cycles, %; fc(t)N is the 

compressive or splitting tensile strength of specimen after N freeze–thaw cycles, MPa; and fc(t)0 is the initial 

strength of specimen, MPa. 

2.3.4.3 Sulfate erosion 

An accelerated durability test was performed using a dry–wet cycle method in accordance with Chinese 

standard GB/T 50082-2009 to analyze the sulfate attack of shotcrete. The experiment was performed as follows: 

One dry–wet cycle included two steps. The specimens were initially dried at 60 °C for 8 h and then immersed 

in 10% Na2SO4 solution for 16 h. 

The experiment was subjected to five accelerated ages, including 15, 30, 60, 90, 120, and 150 cycles of drying 

and immersing. 

At the end of each accelerated aging, relative dynamic elasticity modulus, weight loss rate, cubic compressive 

and splitting tensile strengths, and damage layer thickness were examined.  

Weight loss rate, relative dynamic elasticity modulus, and compressive and splitting tensile strengths were 

used to characterize the internal compactness of specimen after sulfate damage. Test procedures and calculation 

method were the same as freeze–thaw cycle test. 

The thickness of a damaged layer of specimens was calculated [P. Kumar Mehta, et al., 2006], and the test 

method is illustrated in Fig. 2. 

ℎ𝑓 =
𝑉1𝑉2𝑡𝑖

2√𝑉2
2−𝑉1

2
   (Equ.7) 

where h is the thickness of a damaged layer, mm; V1 is the surface wave of the damaged phase, m/s; V2 is the 

surface wave of the undamaged phase, m/s; ti is the intercept when range begins at 0 in a sonic-ranging liner 

of the undamaged phase. 

  



Fig. 2 Test method for damage layer thickness 

2.3.4.4 Chloride ion diffusion 

Immersion and salt spraying methods were used to simulate shotcrete under seawater and in ocean–atmosphere 

zone to analyze chloride ion diffusion in shotcrete in a marine environment. The experiment was performed as 

follows: 

A cubic specimen with 100 mm was dried at 60 °C for 24 h. Afterward, the sample was cooled at room 

temperature. 

The sample was immersed in deionized water for 4 days and then transferred to 3.5% NaCl solution for 

simulating shotcrete under seawater or in an automatic salt spray chamber for simulating shotcrete in ocean-

atmosphere zone. In immersion, the experimental age was divided into six cycles: 30, 60, 90, 120, 150, and 

180 days. In salt spray method, the experiment was subjected to six ages: 30, 60, 90, 120, 150, and 180 cycles. 

Each cycle involved two stages: spraying for 12 h and drying for 12 h (temperature at 35 °C). 

At the end of each month, the specimen was dried at room temperature for 3 days and powdered in 15 layers 

by using a rotary impact drill with a depth of 20 mm. Afterward, the powder in each layer was placed in a 

weighing bottle and dried at 110 °C until constant weight was achieved. The chloride ion concentration of 

specimens was evaluated in accordance with ASTM C1218-99 and ASTM C114-05. 

3 Results and discussed 

3.1 Setting time 

The setting time of all paste are presented in Fig. 3. The initial and final setting times of the paste increased 

significantly when the w/b ratio and FA dosage increased. A large w/b ratio and FA amount could extend the 

final setting time and reduce the early performance of shotcrete. 

 

Fig.3. Setting times of all cement pastes 

3.2 Compressive and splitting tensile strengths 

The mechanical properties of shotcrete at different w/b ratios, FA concentrations, and steel fiber contents are 

listed in Table 5. As age and steel fiber content increased and w/b ratio decreased, the mechanical properties 

of the samples increased. The compressive strength of the specimens with FA significantly decreased at an 

early curing age compared with that of S43F0. After 28 days of curing, the mechanical properties of shotcrete 

with FA increased. A 20% FA mixture provided the highest comprehensive strength. As steel fiber weight 

increased, compressive and splitting tensile strengths increased. Moreover, the growth rate of splitting tensile 

strength was higher than that of compressive strength.  

The compressive and splitting tensile strengths of S43F10 were lower than those of C43F10. The setting time 

of accelerated shotcrete was faster than that of ordinary concrete. Young shotcrete exhibited a high strength 

because of a large number of thick rod-like ettringite and albite crystals and formulated silicate hydrate (CSH 

gel). As curing age increased, the density of shotcrete was lower than that of ordinary concrete. Thus, the 

hardening strength of shotcrete was approximately 70% of that of ordinary concrete. 



Regression analysis (curve fitting technique) was performed to estimate the relationship between strength and 

other parameters, particularly w/b ratio, fly ash concentration, and curing age. Based on a large number of tests, 

Equ. (8-9) is the most suitable analytical model to describe this relationship. 

𝑓(𝑡) = 𝑘𝑠 (𝑎
𝑊

𝐶
+ 𝑏

𝐹𝐴

𝐶
+ 𝑁1) [𝑁2 + 𝑑 ln(𝑡 + 𝑁3)]    (Equ.8) 

𝑘𝑠 = 𝑒 (
𝑠

𝑐
)

2
+ 𝑓 (

𝑠

𝑐
) + 1  R2=0.981    (Equ.9) 

where ks is the parameter of steel fiber; w is the usage amount of water per cubic meter (m3) of shotcrete, kg; 

c is the content of OPC per m3, kg; FA is the fly ash concentration in shotcrete per m3, kg; t is the curing age, 

d; and a, b, d, e, f, N1, N2, and N3 are the parameters. 

The effects of w/b ratio, FA amount, and curing age on compressive and splitting tensile strengths were 

determined using MATLAB 2013a according to the following equations: 

𝑓𝑐𝑐
′(𝑡)

= 𝑘𝑠 (−3.697
𝑤

𝑐
+ 2.114

𝐹𝐴

𝑐
+ 3.606) [2.682 + 4 𝑙𝑛(𝑡 + 1.064)]    𝑅2 = 0.979            (𝐸𝑞𝑢. 10) 

𝑘𝑠 = −11.991 (
𝑠

𝑐
)

2
+ 1.722

𝑠

𝑐
+ 1  R2=0.981    (Equ.11) 

𝑓𝑠𝑡(𝑡) = (1.605
𝑤

𝑐
− 0.675

𝐹𝐴

𝑐
+ 0.226) [1.302 + 0.754 𝑙𝑛(𝑡 + 0.357)]    𝑅2 = 0.961          (𝐸𝑞𝑢. 12) 

𝑘𝑠 = 1.28
𝑠

𝑐
+ 1  R2=0.965    (Equ.13) 

where fcc(t) is the compressive strength of shotcrete as a function of curing age, MPa and fst(t) is the splitting 

tensile strength of shotcrete with curing age, MPa.  

Table 5. Compressive strength of ordinary concrete and shotcrete for curing age 

specimen 
Curing age/days 

1d 3d 7d 28d 60d 90d 180d 

Compressive strength/MPa 

S37F10 14.45 21.56 28.26 35.33 40.50 46.97 54.85 

S43F10 10.21 17.37 23.49 28.78 36.75 41.63 48.61 

S49F10 9.23 13.87 21.88 26.38 32.92 38.64 45.12 

S43F0 14.79 21.50 25.94 30.72 36.13 37.79 41.65 

S43F20 8.75 16.92 21.56 32.88 45.27 48.81 54.23 

S43F30 6.30 15.90 20.44 33.80 43.02 47.23 51.34 

S43F10SF40 11.76 18.13 25.42 31.76 38.27 43.24 51.61 

S43F10SF50 13.71 19.46 28.13 36.08 42.39 46.49 52.42 

S43F10SF60 10.11 14.35 19.04 24.07 32.15 35.72 41.43 

Splitting tensile strength/MPa 

S37F10 1.67 2.83 3.21 3.91 4.63 4.95 5.54 

S43F10 1.43 2.25 2.54 3.18 3.86 4.14 4.68 

S49F10 1.02 1.81 2.04 2.82 3.21 3.43 3.84 

S43F0 1.82 2.43 2.94 3.67 4.03 4.08 4.53 

S43F20 1.29 2.04 2.33 3.39 4.09 4.20 4.91 

S43F30 0.83 1.55 2.25 3.65 4.17 4.49 5.03 

S43F10SF40 1.57 2.48 2.71 3.53 4.15 4.46 5.05 

S43F10SF50 1.72 2.73 3.01 3.81 4.38 4.68 5.26 

S43F10SF60 2.04 3.14 3.51 4.34 4.82 5.08 5.65 

3.3 Durability 

3.3.1 Permeability 



The air permeability(K), water absorption index (S) and non-steady-state chloride ion coefficient  (DRCM) of 

the shotcrete specimen is listed in Table 6. The permeability of shotcrete decreased with increasing w/b ratio 

and amount of steel fiber. However, the permeability of shotcrete first decreased and then increased with 

increasing FA content.  

Table 6. Air permeability, water absorption index and non-steady-state chloride ion coefficient of the shotcrete specimen 

Specimen K S(g/m2•h0.5) DRCM (10−12·m2/s) 

C43F10 0.017 149.35 9.26 

S37F10 0.013 220.89 18.93 

S43F10 0.020 172.24 20.98 

S49F10 0.038 150.99 27.34 

S43F0 0.031 229.74 26.05 

S43F20 0.011 146.81 18.24 

S43F30 0.016 158.44 18.66 

S43F10SF40 0.016 164.89 15.64 

S43F10SF50 0.012 152.18 14.69 

S43F10SF60 0.009 139.01 13.28 

3.3.2 Accelerated carbonation 

The carbonation depths of shotcrete are listed in Fig. 4. As carbonation age was prolonged, shotcrete depth 

increased. The carbonation depth of shotcrete was lower than that of ordinary concrete. The carbonation depth 

of shotcrete was only 53.5% of that of ordinary concrete at carbonation age of 7 days. The absolute value was 

larger as carbonation age was prolonged. Along the whole accelerated carbonation test, the carbonation depth 

of SFRS was less than that of S and OC. At test age of 56 days, the carbonation depths of SFRS were 64.77% 

and 37.2% of those of specimens S and OC, respectively. 

Fig. 5 shows the compressive and splitting tensile strengths of specimens after accelerated carbonation was 

performed. As carbonation depth increased, compressive and splitting tensile strengths were enhanced. The 

growth rate of the mechanical properties of specimens S and SFRS were greater than that of the mechanical 

properties ordinary concrete. At examination age of 56 days, the growth rates of compressive and splitting 

tensile strengths of shotcrete were 2.89 and 1.25 times than those of ordinary concrete. The growth rate of 

splitting tensile strength of SFRS was evident.  

  

Fig. 4 Carbonation depth of shotcrete 
Fig. 5 Compressive and splitting tensile strength of 

specimen after accelerated carbonation 

 In shotcrete formation, cementitous materials and aggregate are sprayed at high velocity under air pressure 

and compacted under continuous impact. Therefore, the density of shotcrete was lower than that of ordinary 

concrete; CO2 in shotcrete diffused slowly. As sich, the carbonation resistance of shotcrete was higher than 

that of ordinary concrete. Steel fiber can improve pore structure and inhibit the emergence and development 



of drying shrinkage cracks at an early age. Steel fiber also hinders the formation of carbonation shrinkage 

cracks in shotcrete. Thus, carbonation resistance was enhanced.  

 Carbonation is a complicated physicochemical process. Reaction products can fill in pores and interfacial 

transition zone (ITZ) of concrete; reaction products also increase concrete density. Hence, mechanical 

properties were larger as carbonation depthincreased. The initial density of shotcrete was higher than that of 

ordinary concrete. A high increasing rate of strength was observed after filling certain amount of carbonation 

products in pores. As carbonation products were filled in the boundary of fiber and matrix, interface bonding 

stress and fracture energy increased. Therefore, splitting tensile strength of SFRS was significantly enhanced. 

3.3.3 Freezing and thawing cycle 

Relative dynamic elasticity modulus and weight loss rate are shown in Figs. 6 and 7. As freeze–thaw cycle 

increased, the relative dynamic elasticity modulus and weight loss rate were great. After 100 freeze–thaw 

cycles were completed, the relative dynamic elasticity modulus and weight loss rate of C43F10 were 63% and 

3.51%, respectively. The relative dynamic elasticity modulus and weight loss rate of S43F10 were 15.87% and 

32.48% of C43F10, respectively; the relative dynamic elasticity modulus and weight loss rate of S43F10SF50 

were 17.46% and 21.37% of C43F10, respectively. In this period, C43F10 was frost damaged. After 200 

freeze–thaw cycles were completed, the relative dynamic elasticity modulus and mass loss rate of S43F10SF50 

were 43.75% and 75.38% of those of S43F10. Thus, the frost resistance of S43F10 was higher than that of 

C43F10, and steel fiber could significantly improve frost resistance of shotcrete. 

  

Fig. 6 Relative dynamic elasticity modulus of specimen 

after freeze-thaw cycles 

Fig. 7 Weight loss rate of specimen after freeze-thaw 

cycles 

The compressive and splitting tensile strengths of specimen are listed in Fig. 8. With increasing freeze–thaw 

cycle, the compressive and splitting tensile strengths reduced. The frost resistance values of S43F10 and 

S43F10SF50 were higher than those of C43F10. Compressed air was present in shotcrete and not timely 

discharged; as such, isolated micropores were formed in shotcrete with air contents of 2.5% to 5.3%. During 

freeze–thaw cycle, the micropores helped relieved the frost-heave pressure on capillary pore water and osmotic 

pressure of super cooled water migration. These pores could also reduce freeze–thaw damage. S43F10SF50 

showed excellent frost resistance mainly because steel fiber weakened damage caused by frost resistance-

induced tensile stress on the matrix and improved the fracture energy of specimen. As a result, S43F10SF50 

yielded a higher compressive and splitting tensile strengths at the same freeze–thaw cycle times. 



 

Fig. 8 Relative compressive and splitting tensile strength of specimen after freeze-thaw cycles 

3.3.4 Sulfate attack 

The relative dynamic elasticity modulus of ordinary concrete decreased as accelerated aging was prolonged 

(Fig. 9). However, the change in relative dynamic elasticity modulus of shotcrete was observed in three stages 

as follows: initial downward stage (less than 15 cycles), stable stage (more than 15 cycles but less than 30 

cycles), and rapidly declining stage (more than 60 cycles). With 150 dry–wet cycles, the loss ratios of the 

relative dynamic elasticity modulus of undamaged specimens were 78.7%, 83.1%, and 87.7%.  

 Fig. 10 shows the weight loss ratios of damaged specimens. In ordinary concrete, the mass loss ratio of 

shotcrete was observed in three steps: increasing step, stable step, and decreasing step. The weight of SFRS 

initially increased by 0.55% and then became stable. Steel fiber can inhibit internal expansion and crack 

propagation in a specimen. Thus, cracking spalling degree on a specimen surface was reduced.  

  

Fig. 9 Relative dynamic elasticity modulus of specimens 

by different accelerated aging. 

Fig. 10 Weight loss ratio of specimens by different 

accelerated aging. 

 The mechanical properties of damaged specimens are presented in Fig. 11. The compressive and splitting 

tensile strengths initially increased and then decreased. The mechanical properties of ordinary concrete, 

shortcrete, and SFRS reached the maximum values during dry–wet cycles of 15, 30, and 60, respectively. 

Afterward, strength quickly decreased.  

 The thickness of the damaged layer of the specimen after sulfate attack was tested (Fig. 12). As accelerated 

aging was prolonged, the thickness of the damaged layer increased, but growth varied. The initial thickness of 

ordinary concrete was 74.55% than that of shotcrete. Finally, damage layer thickness of ordinary concrete 

reduced rapidly and was 105% than that of shotcrete. Erosion rate was slow because of high strength and 

density of ordinary concrete. As the amount of corrosion products increased, specimen performance rapidly 

deteriorated. The enclosed pores in shotcrete can accommodate a large number of corrosion products and 

improve sulfate resistance. Steel fiber can significantly improve the internal microscopic pore structure of 



sprayed concrete and enhance sulfate corrosion resistance. 

  

Fig.11 Compressive and splitting tensile strength of 

specimens under accelerated aging 
Fig. 12 Damage layer thickness of specimen. 

3.3.5 Chloride ion diffusion 

 Chloride ions migrated into shotcrete through diffusion, capillary absorption, and penetration when 

shotcrete comes in contact with seawater. Chloride ion migrated to the inner layer of shotcrete through capillary 

absorption as the main mode because of unsaturation on specimen surface; the migration depth usually reaches 

5 mm to 15 mm. Based on concentration gradient, chloride ion migrated through diffusion as the main 

mechanism. However, migration velocity decreased because of surface tension and diffusion resistance. 

Compared with capillary absorption and diffusion, the penetration of chloride ion in shotcrete was negligible. 

The chloride ion concentrations of shotcrete at different experimental ages and environments are listed in Fig. 

13. As depth increased on the basis of specimen surface, chloride ion concentration initially increased until 

peak concentration was reached; chloride ion concentration decreased and became stable. At the same depth 

of the specimen, the chloride ion concentration increased as experimental age was prolonged. At corrosion age 

of more than 120 days, the peak concentration of the specimen immersed in a salt solution reached a 

concentration similar to that of the specimen on the surface, and the range of chloride ion convection zone 

reduced. By contrast, the peak concentration of the specimen in the salt-sprayed environment was different 

from that of the specimen in the surface; convection zone increased.  

Chloride ion concentration on a specimen surface varied from high to low in the following order: S43F10, 

S43F10SF50, and C43F10. This result is attributed to the rate of chloride ion diffusion that depends on the 

density and permeability of a specimen. In the spray process, a large number of pores were evenly distributed 

in shotcrete; the density of specimen was lower than that of ordinary concrete. With an accelerator in concrete, 

hydration rate was absolutely fast, and high amount of hydration heat was released in a short time. Ettringite 

and CSH gel quickly formed and specimen microstructure loosened.  

With steel fiber in shotcrete, the distribution of chloride ion was the same as that in ordinary shotcrete. As 

experimental age was prolonged, the convection zone range became smaller for specimen at under seawater 

but larger for specimen at salt-sprayed environment. The chloride ion concentration on the surface layer of 

S43F10SF50 was lower than that of S43F10 under seawater. The chloride ion concentration was higher in a 

salt-sprayed environment than under seawater. On the one hand, steel fiber could inhibit the generation and 

expansion of microcracks when shotcrete was young. On the other hand, steel fiber could improve the 

microstructure, density, and pore tortuosity of shotcrete. Nevertheless, the specimen was cut from large slags, 

and great amounts of ITZ and pores were found around aggregate and steel fiber, which provided the passage 

of chloride ion migration.  

 



 

Fig. 13 Chloride ion concentration of specimen at different ages and environment 

4 Conclusions 

Shotcrete is widely applied in tunnels and underground structures; as such, mechanical properties and 

durability of shotcrete should be understood. In this study, the mechanical properties of shotcrete were 

evaluated. The durability properties of ordinary concrete (mixture C43F10), ordinary shotcrete (mixture 

S43F10), and SFRS (mixture S43F10SF50) were also investigated. Based on test and theoretical analysis 

results, the following conclusions were obtained. 

The initial and final setting times of the pastes increased significantly when w/b ratio and fly ash dosage 

increased. Compressive and splitting tensile strengths showed an enhanced relationship with curing age, w/b 

ratio, fly ash amount, and steel fiber content. As fly ash concentration increased and w/b ratio decreased, the 

strength of the specimen increased exponentially. 

The permeability of shotcrete was weaker than that of ordinary concrete. As fly ash concentration and steel 

fiber content increased, the permeability of shotcrete decreased. As fly ash concentration increased, the 

permeability of shotcrete initially decreased and then increased. 

The carbonation depth of ordinary concrete was deeper than that of ordinary shotcrete. Therefore, ordinary 

shotcrete exhibited enhanced carbonation resistance compared with ordinary concrete. Similarly, the frost and 

sulfate resistance of ordinary shotcrete was much better than that of ordinary concrete. This result is attributed 

to a large amount of micropores that can decrease frost-heaving force from super-cooled water migration and 

swelling stress from corrosion products. In addition, chloride ion concentration of ordinary shotcrete was 

higher than that of ordinary concrete. Indeed, chloride ion diffusion performance was related to attack 

environment and aging. Chloride ion concentration of concrete in a salt-sprayed environment was more than 

that in a salt immersion solution. The durability of SFRS was significantly improved than that of ordinary 

shotcrete because steel fiber can improve micropore structure and relieve damage caused by tensile stress.  
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Abstract 

Environmentally-friendly and low-cost construction materials have recently received increased attention recently. 

Ecological and environmental benefits support the use of waste glass powder as a supplementary cementing material by 

decreasing the amount of landfills, by the reduction of non-renewable natural resource consumption, by reduction of 

energy demand for cement production (less cement is needed), and by reducing greenhouse gas emission. The 

application of different glass types (sorted by chemical composition) for powders shows the improvement of mechanical 

properties of the concrete and going along with improvements for the concrete durability issues, that makes glass 

powder a valuable supplementary cementitious material or Portland cement substitute. The present research is focused 

to obtain an ecologically sustainable foamed concrete with the application of waste glass powder as cement substitute 

at a level of 20% per mass and optimal pore size distribution. The foamed concrete is obtained by mixing in a high-

speed disperser under laboratory conditions with a good balance between the mechanical and thermal properties.  

 

Originality 

Foamed concrete has so far been used mainly as a filling material. The applications in which the foamed concrete 

would be used as a load bearing material are scarce until now. The reason for that are the fairly low strength 

parameters. The present research shows that application of waste glass in foamed concrete had a positive effect on the 

mechanical properties and also improved the stability of pore distribution in foamed concrete. As foamed concrete 

cannot be subjected to compaction or vibration, the foamed concrete should have flow ability and self-compact ability, 

therefore, the water/cement ratio of foamed concrete is usually between 0.5 and 0.6; also, if necessary, more water can 

be added to increase the workability. The foamed concrete necessary flow ability and its creamy consistency could be 

reached by the means of a high-speed disperser with as low possible (0.42) water/binder ratio as possible applying 

surfactant during the cavitation treatment of the foamed concrete mixture. Considering, that the freeze thaw resistance 

of foamed concrete is a relatively recent topic in the scientific literature, the set of experiments was performed and the 

results showed that foamed concrete with waste glass powder used as Portland cement substitute have improved 

resistance to freeze-thaw deterioration. 
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1. Introduction 

Foamed concrete is not relatively a new construction material. Its first patent and recorded use dates 

back to to the beginning of the 20th century (Patent US 1751430A), but the application of foamed 

concrete for construction works was not recognized until the late 1970s (Brady et al., 2001) when 

significant improvements in production methods and in the quality of foaming agents led to increased 

production and broadening of the range of its applications. The value of foamed concrete lies in its 

good void filling ability with a rigid hardened structure since it is a naturally self-levelling and self-

compacting material which fills the smallest voids, cavities and seams within the pouring area. In 

excavations with poor soil that cannot be easily compacted, foam concrete forms a 100% compacted 

foundation over the soft sub-soil. Foamed concrete has so far mainly been used as filling material 

since its applications in load bearing constructions are limited due to fairly low strength parameters. 

The major factor limiting the use of foamed concrete in applications where durability is a concern is 

the lack of information and design guidance regarding the acceptable performance of the material 

(Tikalsky et al., 2004). There are standards and performance criteria for the durability of normal-

weight and lightweight concrete. The freeze thaw resistance of foamed concrete is a relatively recent 

topic in the scientific literature. Japanese researchers (Kamada et al., 1984) have developed and 

summarized freeze–thaw deterioration models for both cellular concrete and autoclaved aerated 

concrete. The differences between cellular concrete and normal-weight concrete lead to a pronounced 

two-phase freeze–thaw deterioration: one phase through classic expansive forces from restrained 

freezing water (Eglinton, 1998) and another phase from differential forces between the saturated 

surface zone and the unsaturated inner zone (Kamada et al., 1984). Specification of foamed concrete is 

currently not covered by any British or European standards (Dyer, 2014), but guidance on 

specification has been published by the Transport Research Laboratory in the UK. The basic 

requirements include permitted materials, plastic (wet) density, cube strength and pour depth. 

Additional optional requirements include workability, maximum cube strength, resistance to 

segregation and durability. Under durability, the specification states that it is normally not necessary to 

specify for freeze-thaw resistance, as the high void content of foamed concrete makes it extremely 

resistant to this type of deterioration. Resistance of foamed concrete to carbonation and chloride 

ingress is generally lower for conventional concrete, but the use of steel reinforcement in combination 

with foamed concrete is uncommon (Dyer, 2014).  

2. Experimental 

2.1. Raw Materials. 

The constituent materials used in the laboratory to produce mortar mixtures comprised of: 

(i) Portland cement (PC): CEM I 42.5N with a specific surface area of 3880 cm2/kg (Blaine); 

soundness of 1.0 mm (Le Chatelier); setting time of 122/220 min (initial/final); compressive strength 

at 28 days of 55 MPa; mineral composition of C3S 51.7%, C2S 19.3%, C3A 5.4%, C4AF 15.90%; 

density of 3.15 g/cm3. 

(ii) waste glass powders: soda-lime glass cullet (green (G)) and special glass cullet (soda-alkaline 

earth-silicate glass coming from low pressure mercury-discharge lamp cullet (L) and incandescent 

light bulb borosilicate glass waste cullet (D)) were ground into fine powders in a laboratory planetary 

ball mill Retsch PM400 (at a rotation speed of 300 min-1). Performance characteristics of waste glass 

powder substituting Portland cement in mortar mixtures are described in (Kara et al., 2015). 

(iii) silica fume RW-Fuller (RW silicium GmbH, Germany), a specific surface area (by Blaine) – 

15000 cm2/kg; specific gravity – 2.2 g/cm3. 

(iv) quartz sand with a fraction of 45 µm; density 2.61 g/cm3. 

(v) chemical admixture Sika ViscoCrete D 132-2 plasticizing agent based on polycarboxylic ether 

(PCE) polymers; appearance - dark brown liquid, specific gravity (20°C) – 1.08±0.02 g/cm3; pH – 

6.0±1; viscosity – 1280 mPas; alkali content ≤ 1.0 %, chloride content ≤ 0.1 %. 

(vi) surfactant – porosity inducing agent (not commercially available), appearance – yellowish liquid, 

specific gravity (20°C) – 1.03±0.02 g/cm3; pH – 7.0±1.  

(vii) water used within the mixtures was simple tap water, considered to be clean and mostly free of 

impurities with conductivity ranged between 80 and 85 µs/cm and pH – 7.5±1. 



 

2.2. Experimental Process 

As foamed concrete cannot be subjected to compaction or vibration the foamed concrete should have 

flow ability and self-compact ability, therefore, the water/cement ratio of foamed concrete is usually 

between 0.5 and 0.6; also if necessary more water can be added to increase the workability. The set of 

the experiments were carried out in (Kara et al., 2014) to obtain foamed concrete by the means of a 

high-speed disperser applying surfactant during the cavitation treatment of the mixture with as low 

water/binder ratio as possible of 0.42 which guaranteed the necessary flow of foamed concrete and its 

creamy consistency.  
Tab. 1 Chemical compositions of PC and waste glass powders / % 

Compositions 

Content 
SiO2 Fe2O3 Al2O3 CaO MgO Na2Oeq. 

PC 17.60 3.05 4.04 65.08 3.06 1.03 

G 67.80 0.36 1.53 10.93 1.58 11.45 

L 65.52 0.11 1.22 5.11 2.95 13.59 

D 71.14 0.17 2.60 1.32 0.62 4.42 

 
Figure 1 Foamed concrete mortar’s flow and creamy consistency (left) and mini-slump test (right) 

Mini-slump tests were carried out to test the rheological parameters of fresh foamed concrete mixtures. 

In comparison with a normal fresh cementitious mixture, the flow during the slump test was very fast. 

The mixtures were quite liquid and easy to handle and easy to fill in forms. 
Tab.2 Mixtures’ proportions of foamed concretes 

Mixture 

Target 

density, 

[kg/m3] 

Real 

density, 

[kg/m3] 

Mixture’s proportion [kg/m3] 

CEM I 

Waste 

glass 

powder 

Sand 
Silica 

fume 
Water Foam Plasticizer 

PC 1400 1440 361.5 - 400 64 155.5 13 6 

D 1300 1310 289.2 72.3 (D) 400 64 155.5 13 6 

L 1300 1310 289.2 72.3 (L) 400 64 155.5 13 6 

G 1300 1310 289.2 72.3 (G) 400 64 155.5 13 6 

D2 1000 1000 289.2 72.3 (D) 200 64 155.5 13 6 

The frost resistance tests were carried out in accordance with GOST 10060.0-95, GOST 10060.1-95, 

GOST 10060.2-95 and GOST 26134-84. Accelerated frost test method was used and strength losses in 

the specimens were measured recording the ultrasonic velocity changes; further details of the 

specimen preparation and method description are available in (Kara, 2013). Concrete specimens which 

were subjected to frost tests had a prismatic shape with internal dimensions of 60×60×180 mm (see 

Figure 2).  

   
Figure 2 Foamed concrete casting and ultrasonic pulse velocity measurement by portable tester "UK-1401" 

20 cm 



 

Three specimens per each mixture were prepared. The specimens freezing procedure was carried out 

in the climatic chamber ILKA KTK-800 (VEB Maschinenfabrik Nema Netzschkau, 1988), at a 

temperature of -20 ± 0.5 °C and thawing in non salty water at a temperature of 20 ± 0.5 °C. A decrease 

in ultrasonic pulse velocity and mass of the specimens were recorded after 30th and 50th cycle. If the 

decrease of ultrasonic velocity didn’t exceed 5% and decrease of weight didn’t exceed 3%, it is 

considered that the specimen has passed the number of cycles and frost resistance tests were continued. 

3. Results and Discussion 

The obtained foamed concrete mini-slump spread was in the range of 18-21cm, but with the addition 

of G and L waste glass powders, an increase in diameter and improved workability were observed. 

The compressive strength of mixture PC was 18 MPa, increase for 28% was observed for mixture D 

and compressive strength decrease for 5.6% for mixtures L and G. The decrease of foamed concrete 

density leads to a 50% decrease in compressive strength for the mixture D2. The partial replacement 

of Portland cement with waste glass powder has a very good effect on the stability, the round shape of 

the pores, uniform distribution and open-cell structure. As it can be seen in Figure 3, the addition of 

waste glass powder into the mixture reasonably improved the stability of pores, preserving them from 

cracking and collapsing. Therefore, the structure of pores for the mixtures with waste glass powder 

could be characterized by better distributed and stable pores which at some point affect the freeze-

thaw resistance of foamed concrete. 

   
Figure 3 Foamed concrete pore for mixture PC (left) and for mixture D (right) 

Tab.3 Compressive strength and ultrasonic pulse velocity of foamed concrete / % 

Mixture 

Target 

density, 

[kg/m3] 

Compressive 

strength, %, 

28 days 

Number of freeze-thaw cycles  

20 30 50 

PC 1400 100% 0% -0.3% -0.6% 

D 1300 +28% 0% -0.1% -0.3% 

L 1300 -5.6% 0% -0.2% -0.5% 

G 1300 -5.6% 0% -0.2% -0.5% 

D2 1000 -50% 0% -0.4% -0.9% 

 

   
Figure 4 Foamed concrete mixtures PC (left) and D (right) after 30 freeze-thaw cycles 

4. Conclusions 

The high void content of foamed concrete makes it extremely resistant to freeze-thaw deterioration. 

The Portland cement substitution with waste glass powder has a positive effect on the stability of the 

round shape and uniform pore structure of the foamed concrete, and the cavitation treatment of the 

foamed concrete mixture during the preparation process improves the pore distribution as it makes the 

mixture more homogenous. The set of freeze-thaw experiments was performed and the results showed 



 

that foamed concrete with waste glass powder used as Portland cement substitute has an improved 

resistance to freeze-thaw deterioration. 
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Abstract  

In the cold snowy region of China, buildings usually expose to the marine environment and deicing salt. It is 

observed that the harmful environment accelerates the corrosion of steel structure and result in the concrete 

deterioration, especially under freezing-thawing conditions. Polypropylene fiber(PPF), was used to reduce the 

cracks of concrete, and it also can improve the durability properties of concrete under an environmental 

condition of freezing and thawing, with the existence of de-icing salt. A total of four groups of specimens were 

prepared, by varying the amounts of PPF. In order to observe the effects and roles of PPF on the durability 

performance of concrete, freezing and thawing test, surface scaling, microscopic observation and chloride 

concentration were carried out. Test results showed that the incorporation of PPF improved the resistance of 

freezing and thawing with de-icing salt, the chloride penetration and the resistance of surface scaling of concrete 

compared to the control volume containing 0.1% PPF. 

Keywords: polypropylene fiber concrete; durability; freezing-thawing;de-icing salt; chloride concentration 
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1. Introduction 

Durability of concrete structures has been receiving much attention. Degradation of concrete exposing 

to freezing and thawing is the most common cause of destruction of concrete structures(Gintautas 

Skripkiunas. et al., 2013). The frost damage of concrete is the common phenomenon in northern China. 

Marine structures which are exposed to freeze-thaw condition, in addition to the saline environment, 

are highly vulnerable(Wang Chenfei. et al., 2012). Compared to simple frost damage, the presence of 

salt has different effects. Application of salt to an ice layer reduces the melting point of ice, which may 

result in stress from thermal shock(T. Ye. Et al., 1992).The presence of salt in the pore solution 

increases the degree of saturation in the surface,leading to damage by internal crystallization(John J. 

Valenza II. et al., 2007). The concentration of the remaining solution increase when ice forms from a 

salt solution, leading to damage by the osmotic pressure(John J. Valenza II. et al., 2004). 

Fibers have gained popularity in recent years for use in concrete, mainly to enhance the shrinkage 

cracking resistance and toughness of plain concrete(A. M. Alhozaimy. et al., 1995). Although fiber 

concrete reduced the shrinkage crack, the performance of fiber concrete may deteriorate due to 

environmental, physical or chemical conditions(Peng Zhang. et al., 2012). Polypropylene fibers(PPF) 

are commercially utilized at relatively low volume fractions to control plastic shrinkage cracking of 

concrete. Unfortunately, there exists few data of the deterioration to frost damage of PPF concrete 

under salty condition. To bring more information on the influence of PPF on the resistance to the frost 

damage of concrete under salty condition, the PPF concrete with different fiber volume were studied 

under freezing-thawing conditions. 

2. Experimental program 

2.1. Raw materials 

The ordinary Portland cement denoted as Grade 42.5 according to Chinese Standards used was 

produced by Shannxi Qinling Cement Plant. The Fly ash used was produced by Wei River Power Plant. 

Table 1 shows the chemical compositions of the cement and fly ash. Jing river sand with a fineness 

modulus of 2.62 was used. Crushed limestone with a size of 5~15mm was from Jingyang. The 

physical and mechanical properties of polypropylene fibers are given in Table 2.  

Table1   Chemical compositions of cement and fly ash /% 

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3 

Cement 63.02 21.2 5.02 4.21 2.2 2.4 

Fly ash 4.88 49.02 31.56 6.97 0.83 0.84 

 

Table2   Physical and mechanical properties of PPF 

 

2.2. Mixing proportion of samples 

Four groups of concrete samples with different fiber volume were designed. The mixing proportions of 

all samples were shown in Table 3. 

length 

(mm) 

Diameter 

(μm) 

Density 

( g/cm3) 

Elastic modulus 

( MPa) 

Tensile strength 

( MPa) 

Elongation 

(%) 

19 20 0.91 3800 270 8 



 

 

Table3   Mix proportions of samples /kg/m3 

Type Cement Stone Sand Fly ash 
Fiber 

volume 

Water 

reducer 

C1 375 1048 720 85 0 

proper 
C2 375 1048 720 85 0.9 

C3 375 1048 720 85 2.7 

C4 375 1048 720 85 4.5 

2.3. Test method 

Specimens with the dimensions of 100mm100mm100mm and 100mm100mm 400mm were 

prepared in the laboratory. All specimens were cured in standard environment with RH 95%±5% and 

20℃±2℃ for one month and then cured at ordinary environment for two months.  

In order to simulate the real environmental conditions of freezing and thawing with de-icing salt, 

concrete specimens were subjected to repeated cycles of freezing and thawing, in accordance with JTJ 

270-98, and the deteriorations during the test were assessed. For this test, chloride solution with 3.5% 

salt concentration was used. The prism specimens’ relative dynamic modulus of elasticity and loss of 

weight were measured after the 240 cycles of freezing and thawing. The cubic specimens were used to 

measure the amount of chloride ions and the depth of chloride migration. Some cubic specimens were 

grounded into powder from the exterior to the interior along longitudinal, and then the powder was 

measured according to JTJ 270-98. The others were split in half and use the AgNO3 colorimetric 

method to measure the depth of chloride ions migration. 

3. Results and discussions 

3.1. change of relative dynamic modulus of elasticity 

    

      (a) C1                (b) C2               (c) C3                (d) C4 

Fig 1 The appearance of specimens after 240th freeze-thaw 

Fig.1 shows the appearance of specimens after 240th freeze-thaw. Some precipitate of mortars falls off 

after 240th cycles of freezing and thawing in NaCl solution. In fact, the surface of specimens becomes 

irregular and rugged dues to de-icing salt environment as shown in Fig.1. Plain concrete and 

specimens with low fiber volume deteriorate badly, while specimens with high fiber volume almost 

keep the same appearance as before, and the bare fiber can be seen on the surface of specimen C4. 

The relative dynamic modulus of elasticity of samples when subjected to freezing and thawing cycles 

in salt solution are shown in Fig.2. From the results shown in Fig.2, it can be found that the relative 

dynamic modulus of elasticity of samples degraded with increment of freeze-thaw cycles. After 240 



 

 

cycles, the specimen C1 had severely deteriorated, the relative dynamic modulus of elasticity of C1 

degraded to 93.85% of the initial value. The specimen C4 had slightly deteriorated, the relative 

dynamic modulus of elasticity of C4 degraded to 97.9% of the initial value. All curves have the similar 

trend, though the amount of relative dynamic modulus of elasticity was different. The initial phase 

steeped relatively, and then the curve show steady and slow development, finally the curve steeped 

severely. These test results indicate that adding PPF significantly improved the resistance of concrete 

to freezing and thawing cycles. The incorporation of fiber inhibits the extension of micro-cracks, and 

also reduce the damage to the specimens. 

     

Fig 2 Changes of relative dynamic modulus of elasticity  Fig 3 Changes of weight loss rate for specimens 

     for specimens 

3.2. change of weight loss 

Fig.3 shows the weight loss ratio of concrete specimens caused by the concrete surface scaling, which 

occurred when concrete was subjected to freezing and thawing cycles in 3.5% salt solution, after 

10-240 cycles. From the results shown in Fig.3, it can be found that the weight loss of specimens 

degraded with increment of freeze-thaw cycles. The specimens with PPF showed the best resistance of 

freeze-thaw. After 240 freeze-thaw cycles, the decrease in the mass loss ratio of the specimens that had 

0, 0.1%, 0.3%, 0.5% of PPF were from 98.12% , 98.55%, 98.83%, 98.96%, respectively. It is thought 

that, the porous surface of the specimen was saturated after pre-saturation, consequently the initial 

mass loss increased quickly. The inner of concrete is denser than the surface, so the mass loss 

increased slowly. Finally, more cracks occurred and more moisture migrated into concrete, the salt also 

improve the water saturation, consequently the mass loss increased quickly. 

3.3. Chloride profile of PPF concrete 

 

 

 

 

 

 

 

 

 

(a)50th freeze-thaw cycles                                     (b) 100th freeze-thaw cycles 

Fig 4 Chloride profiles for specimens 



 

 

The chloride concentrations of the specimens are plotted in Fig 4, which contain the data measured 

after 50th cycles and 100th cycles. The curve have the similar shape, which can be divided into two 

parts, there is a chloride ion enrichment region between 1 and 4mm depth from the surface of 

specimens. The chloride concentration tended to increase with the increment in volume of fiber and 

the freeze-thaw cycles. In the case of C2, the depth of highest chloride content is 1.5mm from the 

surface of the specimen, similarly it is 2.5mm to C4, in addition, the chloride content near the peak 

changed remarkably. It is thought that, chloride migrated with the moisture under freeze-thaw cycles, 

which can be explained in two phases. Firstly, the ice crystals in the air voids suck water from the 

surrounding mesopores in the cement paste during freezing phase, therefore liquid transportation 

induce a higher salt concentration in the pore. Secondly, during the thawing phase the ice will melt to 

liquid, which will refill the surrounding mesopores, consequently the chloride migrate with the melt 

liquid to the surrounding pore. Both phases contribute to the chloride profile. 

Fig.5 shows chloride diffusion coefficients after 50, 100 freezing and thawing cycles, in 3.5% salt 

solution. It was found that the chloride diffusion coefficients of specimens C2 exposed to freezing and 

thawing cycles in salt solution was lowest of other specimens. The reason for this can be discussed in 

relation to pore refinement in concrete. PPF with a suitable adding volume can inhibit the extension of 

micro-cracks, which cause refinement in the pore structure of concrete. 

      

Fig 5 Chloride diffusion coefficient     (a) Colorimetric picture of C2    (b)Color change depth of specimens 

     from migration test                            Fig 6 The color change of specimens 

Different specimens after freeze-thaw were sprayed with 0.1mol/L AgNO3 solutions respectively, and 

the color depth change was measured(He Fuqiang. et al., 2009). The typical color change phenomenon 

of the specimen was shown as Fig6(a). In Fig6(b), expect in the case of C2(PPF 0.1%), the color depth  

tends to increase with the increment in volume of fiber and the freeze-thaw cycles. Moreover, a 

moderate amount of fiber content improves the resistance to the migration of chloride. So the 

excessive fiber can not be hoped to obstruct the penetration of chloride. The specimen with 0.1% PPF 

fiber is distinctly superior compared with other specimens, while the specimen with 0.5% PPF fiber is 

the worst. Hence the suitable control of PPF fiber content in concrete is necessary for obstructing the 

penetration of chloride under salty condition. It is thought that, for the PPF concrete, excessive fibers 

increase the pore volume, in which the penetration of chloride increases, while the color depth  

increases.  



 

 

3.4. Microstructure observation 

       
          (a) C1               (b) C2                (c) C3                (d) C4 

Fig 7 SEM photographs of specimens without freeze-thaw cycles 

       
          (a) C1               (b) C2                (c) C3                (d) C4 

Fig 8 SEM photographs of specimens, 100th freeze-thaw cycles 

Fig 7 shows the micro-structure inside the specimens without freezing-thawing cycles. In Fig 7, expect 

in the case of C2, the micro-structure becomes loose with the increment in proportion of PPF. As 

shown in Fig 8, there are more micro-cracks inside the specimens after 100th cycles. After 

freezing-thawing cycles, the concrete with 0.1% PPF is distinctly dense compared with other 

specimens, while excessive fibers inhibit the extent of micro-cracks remarkably. In addition, many 

cubic NaCl crystals form inside concrete, because NaCl solution diffuse into concrete during 

freezing-thawing cycles. 

4. Conclusions 

The results of the investigation of the durability of concrete with PPF, under an environmental condition of 

freezing and thawing with the existence of de-icing salts, draw the conclusion that: 

Using PPF as cement strengthen material in concrete, in particular the incorporation of 0.5% volume, 

has improved the resistance of concrete to freezing and thawing cycles with 3.5% salt solution. The 

scaled mass and the loss rate of dynamic modulus of elasticity decrease with increment of the PPF 

volume. The fiber volume increase from 0 to 0.5%, the loss ratio of mass is reduced from 98.1% to 

98.96% and the loss rate of dynamic modulus of elasticity is reduced from 93.58% to 97.9%.  

The chloride concentrations of the specimens tend to increase with increment of the PPF volume and 

the freeze-thaw cycles. Chloride migrated with the moisture under freeze-thaw cycles. There is a 

chloride ion enrichment region between 1 and 4mm depth from the surface of specimens and the 

chloride content near the peak change remarkably.  

The excessive utilization of PPF cause the increment of the pore volume of capillary, which increased 

the penetration of water and chloride. However the resistance to chloride penetration of concrete 

probably increase when the proportion of PPF is suitable, considering that the high PPF volume results 

in the increment of pore volume. 
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Abstract 

This study investigates the sulfate resistance of binary, ternary and quaternary mixes of Portland clinker, calcareous fly 

ash, slag and limestone. Neat and limestone cements expanded to damage within less than 80 days of exposure. 

A 45 wt.% clinker replacement by calcareous fly ash reduced the expansion significantly. However, the sulfate 

resistance varied between the two studied ashes. We observed that the expansion of mortars largely correlated to the 

amount of monosulfate in paste prior to exposure. Although the two ashes had similar alumina content, and thus similar 

potential to form monosulfate, their pastes contained very different amounts of this hydration product. The reason for 

that seems to be the fly ash reaction kinetics and the speed of supply of alumina to the system. 

One of the studied ashes was mainly composed of moderately reactive aluminosilicate glasses, which resulted in pastes 

scarce in monosulfate and mortars resistant to expansion. The other fly ash contained more than 50 vol.% of fast-

reacting calcium-rich aluminosilicate glass which lead to more monosulfate produced and did not mitigate the 

expansion completely. Adding slag together with the second fly ash did not change the monosulfate content but reduced 

the expansion, probably due to less permeable matrix. Adding limestone to cements with slag and fly ash promoted 

monocarbonate formation, less monosulfate and lower expansion. 

 

Originality 

This work presents a fundamental approach to understand the effect of calcareous fly ash on the sulfate resistance of 

composite cements. A new SEM-EDS procedure allowed us to quantify different glasses in calcareous fly ash and to 

relate their reactivity to macroscopic observations of the durability tests. Realizing that each of the glasses in fly ash 

contributes separately to the durability, changes the way we perceive this material. This study is a step towards 

generalizing the link between fly ash chemical composition and durability. 
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1. Introduction 

According to recent findings (Kunther et al., 2013; Schmidt et al., 2009; Yu et al., 2013), sulfate-

induced damage is caused by crystallization pressure. This pressure is exerted during the 

crystallization of ettringite from fine monosulfate crystals intermixed with C-S-H in nanometric pores. 

The amount of such monosulfate as well as the availability of external sulfate to react with it are 

therefore expected to play key role in the said process. The external supply of sulfate can be reduced 

by incorporating supplementary cementitious materials (SCMs) such as fly ashes and slags. These 

materials refine the porosity (Ouellet et al., 2007) and thus limit the permeability of cement matrix. 

Further, adding SCMs may alter the phase assemblage, notably the amount of monosulfate. 

Calcareous fly ashes (CFA) are of interest to industry as slags and siliceous fly ashes become 

increasingly limited. Unfortunately, due to inherent heterogeneity and variability CFAs were often 

discarded and not researched much. As a result, many aspects of CFA remain unexplored: from 

hydration and interactions with other SCMs to durability of composite binders. 

Attempts were made to link the calcium content as well as the chemical and the mineralogical 

composition of various fly ashes with their sulfate resistance (Dhole et al., 2013; Dunstan, 1980). 

Compared to siliceous fly ashes, CFAs are less efficient in reducing sulfate attack although not all to 

the same extent. CFAs may contain C3A and C4AF, which are believed to decrease sulfate resistance. 

However, the amounts are usually comparable or lower than those in Portland clinker that is being 

replaced by the ash. Hence, more attention should be given to the main component of the fly ash, the 

glass. Indeed, ashes containing mullite or anorthite type glass tend to improve sulfate resistance, while 

those where the more reactive gehlenite glass is present were found more susceptible to sulfate attack. 

This study investigates the durability of Portland-calcareous fly ash composite cements against sulfate 

attack. New SEM-EDS procedure (Durdziński et al., 2015) provided a detailed analysis of fly ash 

glass, which was then related to the paste phase assemblage by XRD-Rietveld refinement and the 

linear expansion of mortars. Ternary and quaternary mixes with slag and limestone were used to 

assess the combined effect of SCM replacement. 

2. Experimental 

2.1. Raw Materials 

Two calcareous fly ashes (CFA1 and CFA2), slag (S), limestone (L) and Portland cement (PC) were 

used in this study. These materials were ground to similar Blaine fineness around 4200 cm2/g (CFA1, 

CFA2, S, PC) and 7200 cm2/g (L). Their bulk chemical composition was measured by XRF (Tab. 1) 

and their phase composition by XRD-Rietveld (Tab. 2).  
Tab. 1 XRF bulk chemical analysis /wt.% 

 PC CFA1 CFA2 S 

Al2O3 5.5 19.8 18.2 11.6 

SiO2 20.7 42.3 33.6 36.7 

CaO 65.7 20.7 26.5 38.9 

Na2O 0.2 0.3 1.9 0.2 

K2O 0.4 1.5 0.4 0.7 

MgO 1.5 2.2 6.4 7.8 

Fe2O3 2.7 8.2 6.4 0.5 

SO3 2.6 1.4 2.2 2.8 

Tab. 2 Phase composition by XRD-Rietveld with rutile external standard /wt.% 

 PC CFA1 CFA2 S 

C3S 66.3 - - - 

C2S 8.3 2.5 0.5 - 

C4AF 8.7 2.0 1.5 - 

C3A 7.7 1.0 4.0 - 

Quartz 0.5 1.3 3.5 - 

Calcite 1.8 - - - 

Gypsum 2.6 - - - 

Anhydrite 3.0 1.8 2.0 - 

Free lime - 1.7 0.6 - 



 

As demonstrated in table 2, crystalline phases in the studied fly ashes accounted for only around 

10 wt.% of the material. The remaining 90 wt.% was glass. Unfortunately, fly ash glass is not 

homogeneous but a collection of compositions. To investigate the fractionated fly ash composition in 

detail, we carried out image analysis of full element maps obtained by scanning electron microscopy 

with energy dispersive x-ray spectrometry (SEM-EDS). This analysis is presented in Figure 1. More 

details can be found in (Durdziński et al., 2015). We observed that CFA1 was mainly composed of 

moderately-reactive aluminosilicate phases, accompanied by lower amounts of Ca-silicates and Ca-

rich aluminosilicates. In turn, the composition of CFA2 was dominated by fast reacting Ca-rich 

aluminosilicates while Al-silicates and Ca-silicates were only present in smaller amounts. Interestingly, 

a large fraction of CFA2 contained non-reactive silicate phases. 

 
Figure 1: Phase composition of the studied calcareous fly ashes obtained by SEM-EDS image analysis  

2.2. Mix compositions 

The studied mix compositions are presented in table 3. The total PC substitution by fly ash and/or slag 

was 45 wt.%. Companion mixes were prepared with limestone replacing 10% of the PC, i.e. the 

limestone content in blended mixes was 5.5%. Adequate amounts of gypsum were added to adjust the 

SO3 content of each mix to 3.5 wt.%. 
Tab. 3 Powder mix compositions /wt.% 

Name PC L CFA1 CFA2 S 

PC 100 - - - - 

PC-CFA1 55 - 45 - - 

PC-CFA1-S 55 - 25 - 20 

PC-S 55 - - - 45 

PC-CFA2-S 55 - - 25 20 

PC-CFA2 55 - - 45 - 

PC-L 90 10 - - - 

PC-L-CFA1 49.5 5.5 45 - - 

PC-L-CFA1-S 49.5 5.5 25 - 20 

PC-L-S 49.5 5.5 - - 45 

PC-L-CFA2-S 49.5 5.5 - 25 20 

PC-L-CFA2 49.5 5.5 - 45 - 

2.3. Sulfate attack 

For sulfate attack testing, mortar samples were prepared according to EN 196-1 with water to binder 

ratio 0.5 by mass. Metal studs were incorporated in the mortar bars at the time of casting. The mortars 

were cured in a saturated lime solution for 90 days to ensure sufficient time for the SCMs to react. 

Sulfate attack was investigated similarly to (Fernández-Altable et al., 2011) by measuring expansion 

of a series of three 2x2x16 cm mortar bars immersed in 3g/L Na2SO4 solution at room temperature. 

The mortar bars were obtained by removing 1 cm from each of the four longer walls of the 4x4x16 cm 

bars. Each set of bars was stored separately in a sealed plastic box filled with sulfate solution. The 

volumetric ratio of sulfate solution and mortar was 25. Sulfate attack was evaluated by linear 



 

expansion of mortars. The expansion was measured fortnightly and was accompanied by a renewal of 

sulfate solution. 

2.4. Phase assemblages of hydrated composite cements 

Phase assemblages of the studied mixes were determined on paste samples cured for 90 days similarly 

to the mortars. The hydration was stopped by solvent exchange: paste discs were soaked in 

isopropanol during 7 days. The discs were then kept for 7 days in a vacuum desiccator to evacuate the 

alcohol. Ground pastes were studied by XRD-Rietveld refinement and thermo-gravimetric analysis. 

3. Results and Discussion 

Exposed to sulfate solution, plain Portland cement mortar expanded at an increasing rate until failure 

at around 3.4%. Substitution of 10% by mass of the PC with limestone powder resulted in faster 

expansion. The failure occurred almost twice as fast and at lower expansion (Figure 2a). This is in 

line with the published data, which shows that up to 5 wt.% limestone replacement reduces porosity 

(Schmidt et al., 2009), but larger amounts (> 10 wt.%) increase the porosity and lower sulfate 

resistance (Schmidt et al., 2009; Tosun-Felekoǧlu, 2012; Lee et al., 2008). 

Most of the tested PC-SCM mortars did not show significant expansion (below 0.025%) and are not 

presented in this paper. The only expanding formulations were PC–FA2 and PC–FA2–S, which are 

shown in Figure 2b. The linear expansion of these two mixes was nevertheless much lower than that 

of the PC and PC-L and reached around 0.7% after 500 days of exposure to sulfates. 

  
  (a) without fly ash or slag          (b) with fly ash and slag 

Figure 2: Linear expansion of mortars immersed in sulfate solution 

We observed that the linear expansion of PC-SCM mixes (Figure 3a) largely correlated with the 

monosulfate content prior to exposure to sulfates (  (a) linear expansion at 500 days, % 

 (b) monosulfate prior to exposure, g/100g paste 

Figure 3b). Expansion was not observed in systems without monosulfate. The PC-CFA2 mix 

expanded the most among the PC-SCM mixes and had the highest monosulfate content. The PC-CFA1 

did not expand. Based on the oxide analysis (Tab. 1), we know that the total alumina content, and thus 

the theoretical potential to form monosulfate, of CFA1 was very similar to that of CFA2. However, 

even after 90 days of hydration only very low amounts of monosulfate were observed in the PC-CFA1 

system. What is not captured by the bulk oxide analysis of fly ash, can be seen in the detailed 

characterization by SEM-BSE. CFA1 was mainly composed of moderately reactive aluminosilicate 

glasses, while CFA2 contained significant amounts of fast reacting calcium-rich aluminosilicate glass. 

It seems therefore that the rate of alumina supply by fly ash to the reaction is crucial to formation of 

monosulfate and ultimately to the sulfate resistance. 

Adding limestone to the PC-CFA2 system lowered the monosulfate content. Limestone can react with 

monosulfate to carbonate-AFm and ettringite. Although considerable amounts of monosulfate were 

still present in the PC-L-CFA2 system, the expansion was reduced. 

A possibility to increase the sulfate resistance of PC-CFA mixes by adding slag was reported 

(Kandasamy et al., 2014). Here, using a mix of 25 wt.% CFA2 and 20 wt.% slag (PC-CFA2-S) 

reduced the expansion to around 0.1% at 500 days. The partial replacement of CFA2 by S did not 



 

however lower the monosulfate content. Similarly, PC-S mix expanded only slightly despite 

monosulfate present. This is probably due to lower permeability of slag containing mixes. The 

presence of monosulfate in these mixes may mean that their chemical resistance to sulfate is 

nevertheless low and deterioration is delayed but not prevented. 
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  (a) linear expansion at 500 days, %  (b) monosulfate prior to exposure, g/100g paste 

Figure 3: Comparison of the linear expansion of PC-SCM mixes and their monosulfate content prior to exposure. 

4. Conclusions 

This study shows that replacing 45 wt.% of Portland clinker with calcareous fly ash reduces the 

sulfate-related expansion, but the efficiency can vary substantially depending on the composition of 

fly ash glass. Indeed, sulfate-related expansion cannot be mitigated by adding only CFA2. Fast 

reacting calcium-rich aluminosilicate glass releasing significant amounts of alumina at early stages of 

hydration may lead to a phase assemblage where monosulfate is finely intermixed with C-S-H and 

thus susceptible to sulfate attack. Adding slag reduces the expansion, although not entirely. Limestone 

addition is more efficient; formation of carbonate AFm at the expense of monosulfate seems to be the 

reason for low expansion of PC-L-CFA2 system. 

This study focuses on the chemical effects of adding SCMs on sulfate resistance. Work is on-going to 

assess the permeability of the composite cements and clarify the underlying chemical and physical 

effects together. 
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Abstract 

The effect of electrical pulse on sulfate resistance of mortars was investigated. The parameters 

involved in this study included type of associated cations, water/cement ratio and mineral admixtures 

for a part of cement. For comparison, specimens with the same mixture were immersed in sulfate 

solutions. The performance of specimens was evaluated by measurement of sulfate-ion content and 

mechanical resistances (flexural and compressive strengths). Meanwhile, the microstructures of the 

damaged specimens were examined by scanning electron microscope (SEM) equipped with an energy 

dispersive X-ray analyzer (EDXA). The results showed that electrical pulse greatly sped up the 

migration of sulfate ions and subsequently accelerated the deterioration of mortars due to sulfate 

attack. When MgSO4 was used as the attack solution in electrical pulse test, some C-S-H gel converted 

into non-cohesive magnesium silicate hydrate (M-S-H), resulting in greater strength losses of the 

specimens compared with that caused by Na2SO4 attack. Reducing water/cement ratio improved sulfate 

resistance. However, after 90 days of electrical pulse test, relative flexural and compressive strengths of 

the mortar with water/cement ratio of 0.30 decreased to 90% and 88% respectively, indicating that 

electrical pulse still resulted in accelerated sulfate corrosion of cement-based materials with low 

water/binder ratio. Although the blended cement mortars had better sulfate resistance, the notable 

reductions in strengths were observed at the end of 90 days of electrical pulse test. The acceleration of 

sulfate attack using electrical pulse provides a new idea in rapidly evaluating sulfate resistance of 

cement-based materials.   

 

Originality 

The research and application of using an electrical field to accelerate the ingress of chloride ions in 

concrete had been extensively reported. Later, the rapid chloride permeability test using 

electrochemical technique was adopted as a routine test in standards (ASTM C 1202 and NT BUILD 

492). Similarly, sulfate is an ionic species, it is feasible to employ an electrical field to speed 

up the migration of sulfate ions and then accelerate sulfate attack. However，there were few reports 

using electrical field to investigate the accelerated sulfate attack. This paper is about the acceleration 

of sulfate attack on mortars using electrical pulse as an external electrical field. The results showed 

that electrical-pulse greatly accelerated the deterioration of mortars due to sulfate attack. Therefore, 

this investigation provided a now idea in rapidly evaluating sulfate resistance of cement-based 

materials. 
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1. Introduction 

Concrete structures located in sulfate-bearing soils and groundwater or exposed to sea-water 

are vulnerable to sulfate attack. The entering sulfate ions can react with the hydrated 

compounds of the cement paste and then produce gypsum and/or ettringite. (e.g., Rozière 

E.,et al, 2009; Tixier R.,et al, 2003; Maltais Y.,et al, 2004). Ettringite is known to cause 

microstructural damage to concrete by creating expansive force and high crystallization 

pressure in small pores (e.g., Müllauer W.,et al, 2013). Gypsum typically is formed in high 

sulfate-rich environments and results in further expansion and degradation (e.g., Tian B.,et al, 

2000; Santhanam M.,et al, 2003a).  

Sulfate attack may take a long time to damage concrete, especially for those with low W/C 

ratio and/or mineral admixtures. In order to accelerate the deterioration induced by sulfate 

attack, some rapid test methods were suggested and applied (e.g., Cohen M.D.,et al, 1991), 

including decreasing specimen size, increasing sulfate concentration and raising solution 

temperature. In this investigation, however, an external electrical field was employed to force 

the transfer of sulfate ions and then accelerate the damage of materials. This idea is derived 

from the research and application of using an electrical field to accelerate ingress of chloride 

ions in concrete. Since the heat produced under direct current with a high voltage, such as 

60V in the ASTM C1202 (2012), has a negative effect on the microstructure of cement-based 

materials (e.g., Lu X., 1997), 30 V electrical pulse was employed as the external electrical 

field in this study. And, during electrical pulse a period with no voltage also contributes to the 

heat loss.   

The aim of this research is study the effect of electrical pulse on sulfate deterioration of 

mortars. The parameters in this study were type of associated cations, water/cement ratio and 

incorporation of mineral admixtures. Meanwhile, the specimens with the same mixture were 

immersed in sulfate solutions and water as comparison.  

2. Experimental procedures 

2.1 Materials and mortar mixtures 

The cement used in this investigation was constituted of 95% of Portland cement clinker and 

5% of gypsum by weight, and mineral admixtures [silica fume (SF) and fly ash (FA)] were 

used in blended cements. Table 1 summarizes the composition of clinker, gypsum and mineral 

admixtures.  

Table 1 Chemical composition of materials 

Chemical 

composition (%) 

Materials used in PC and blended cement production 

Clinker Gypsum Silica fume Fly ash 

Loss on ignition 3.52 16.87 2.37 3.10 

SiO2 19.99 4.47 90.54 45.08 

Al2O3 4.80 0.99 0.89 29.11 

Fe2O3 2.98 0.36 0.61 16.12 

CaO 61.22 34.05 1.60 3.41 

SO3 2.23 40.61 1.16 0.76 

MgO 3.27 1.84 0.76 0.49 

Na2O 0.18 0.08 — 0.88 

K2O 0.88 0.23 — 1.05 
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In all mortar mixtures, siliceous sand, with a fineness modulus of 2.65, was used as the fine 

aggregate and cementitions materials: sand ratio was keep constant as1:3 by weight. In the 

type of associated cations test, 5% Na2SO4 and 4.23% MgSO4 solutions were selected, and the 

water/ cementitious materials ratio (w/cm) was 0.50 without mineral admixtures. In the 

water/cementitious materials ratio test, ratio of 0.30, 0.40 and 0.50 were chosen without 

mineral admixtures, and the corrosion medium was 5% Na2SO4 solution. In the mineral 

admixtures test, 10% SF and 20% FA were used at replacement of cement by mass, 

respectively. The water/cementitious materials ratio and corrosion medium were 0.50 and 5% 

Na2SO4 solution, respectively. The details of mortar mixtures and corrosion medium used in 

the tests are listed in Table 2. 

Table 2 Details of mortar mixtures and corrosion medium 

Mixture Number Symbol Cementitious materials w/cm Corrosion medium 

1 PC-50-N 100% PC 0.50 Na2SO4 

2 PC-50-M 100% PC 0.50 MgSO4 

3 PC-40-N 100% PC 0.40 Na2SO4 

4 PC-30-N 100% PC 0.30 Na2SO4 

5 SF10-50-N 90% PC + 10%SF 0.50 Na2SO4 

6 FA20-50-N 80% PC + 20%FA 0.50 Na2SO4 

2.2 Electrical pulse test 

For the specimens in electrical pulse test, the mixtures were cast into the middle part 

(40mm×40mm×160mm) of H-shaped molds (as shown in Figure 1) after mixing, and the molds 

were covered with plastic sheets and kept under a moist room (relative humidity: above 95% and 

temperature: 20±1oC). Twenty-four hours later, the iron sheets used for mixing were removed and 

the specimens along with the moulds were re-stored in the moist room. After 27 days, sulfate 

solution was added to the both ends of special moulds. Two titanium rods used as electrodes for 

applying an external electrical field were placed into sulfate solution, and placed on with the 

left-hand side of cathodic compartment and another side of anodic compartment, respectively (see 

Figure 2). The electrical pulse cycle was consisted of a pulse of positive voltage of 30 V, followed 

by a period when no voltage was applied (as shown in Figure .3). The upper surface of the 

specimens was coated with Vaseline to prevent from transfer with the environment and 

carbonization. For comparison, specimens with the same mixture were immersed in the 

corresponding sulfate solutions and water, respectively. 

 

Figure 1 H-shaped mould. 
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Figure 2 Schematic drawing of electrical pulse for accelerating sulfate attack. 

 

 

 

 

 

 

 

Figure 3 Wave form of electrical pulse. 

2.3 Sulfate-ion content distribution  

After slicing and grinding the samples, the sulfate-ion content (represented by SO3 content) 

was determined by barium sulfate gravimetric method (chemical titration), according to GB/T 

50476-2008.  

2.4 Mechanical properties 

The damage of the mortar specimens was investigated by measuring the relative flexural and 

compressive strengths, which were calculated respectively as follows:  

K = fa/fb × 100%                                                      (1) 

R = fc/fd × 100%                                                      (2) 

Where, K (R) = the relative flexural (compressive) strengths; fa (fc) = the average flexural 

(compressive) strength of mortar specimens in electrical pulse or immersion test, MPa; fb ( fd ) = 

the average flexural (compressive) strength of mortar specimens cured in water for the same 

period, MPa.  

2.5 Microstructural analysis 

The microstructure of the fracture samples after electrical pulse and immersion tests were 

examined under scanning electron microscope (SEM) equipped with an energy dispersive X-ray 

analyzer (EDXA). Fresh fragments were coated with gold and then placed in the sample stage of 

the microscope. 

3. Results and discussion 

3.1 Sulfate-ion content distribution 

Figure 4 presents the sulfate-ion content distribution measured from PC-50-N mortars after 90 

days ofimmersion and electrical pulse test. For electrical pulse test, the sulfate concentration 

was measured from the cathodic side. In immersion test, the SO3 content at 0.2 cm and 0.5 cm 

was 1.96 and 1.42 respectively, while it significantly increased to 3.53 and 3.98 for the 

sample subjected to electrical pulse. It should be point out that the lower SO3 quantity at 0.2 

cm than that at 0.5 cm was due to the spalling of the surface where massive sulfate products 
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precipitated. Indeed, it is generally accepted that the sulfate reaction with cement-based 

matrix propagates from surface to interior (e.g., Santhanama M., et al, 2003b). The sulfate 

concentration at 1.0 cm and the subsequent layers had no significant change, which closed to 

the initial sulfate-ion content (about 1.12%). Therefore, the depth of sulfate reaction could be 

considered 1.0 cm. The specimen subjected to electrical pulse showed a significantly greater 

of depth of sulfate more than 3.5 cm. The difference in sulfate-ion content distribution 

between immersion and electrical pulse test indicated electrical field accelerated the migration 

of sulfate ions into the mortar and then increased the depth of sulfate reaction.  
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Figure 4 Sulfate-ion content distributions of PC-50-N mortars after 90 days ofimmersion and electrical 

pulse test. 

3.2 mechanical properties 

Figure 5 shows the mechanical properties of PC-50-N and PC-50-M mortars in immersion 

and electrical pulse tests. After 30 days of immersion in both Na2SO4 and MgSO4, the 

specimens exhibited an increase in the strengths, which was attributed to the filling up of the 

pores by the expansive products, denitrifying the mortar matrix in the early stage of 

immersion. Similar observations have been previously reported by other researchers (e.g., Lee 

S.T., et al, 2005; Sideris K.K., et al, 2006). With the prolongation of immersion time, high 

tensile stress in the pores produces expansion of the matrix and then result in cracking and 

strength loss. At the end of 180 days of immersion, the relative flexural and compressive 

strengths were 93%, 92% and 95%, 94% respectively for PC-50-N and PC-50-M mortars. 

The specimens subjected to electrical pulse also experienced the process of increase in 

strengths in the early period. After 180 days of electrical pulse test, the strengths decreased 

rapidly. For example, the flexural and compressive strength losses were 19%, 25% and 30%, 

37% respectively for PC-50-N and PC-50-M specimens. These results indicate that electrical 

pulse accelerated the deterioration of mortars due to sulfate attack. It should be noted that in 

electrical pulse the mortar subjected to MgSO4 attack led to a larger reduction in strengths, 

which was the opposite case in immersion test. The reason were further investigated and 

discussed in the following section of microstructural analysis.  
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     (a) Relative flexural strength                (b) Relative compressive strength 

Figure 5 Mechanical properties of PC-50-N and PC-50-M mortars. 

Figure 6 shows the relative flexural and compressive strengths of the mortars with the w/cm 

ratio of 0.30, 0.40 and 0.50 in immersion and electrical pulse tests. As shown, the strengths 

decreased with the increase of w/cm ratio. Similarly, the strength losses in electrical pulse test 

were much more pronounced than those in immersion test. For example, the relative flexural 

and compressive strengths of PC-40-N and PC-50-N mortars were 98%, 96% and 93%, 90% 

respectively in immersion test, while 85%, 77% and 82%, 70% respectively in electrical pulse 

test. PC-30-N with the w/cm ratio of 0.30 exhibited a better resistance to sulfate attack, 

especially in immersion test its strengths were still greater than that cuing in water for the 

same period of 180 days. However, PC-50-N specimen subjected to electrical pulse showed 

considerable amount of strength losses indicating that electrical pulse still contributed to 

promotive sulfate deterioration of cement-based materials with low w/cm ratio.  
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Figure 6 Mechanical properties of mortars with different w/cm ratios. 

The relative flexural and compressive strengths of PC-50-N, SF10-50-N, FA20-50-N is 

shown in Figure 7. The mortars blended with silica fume and fly ash displayed an excellent 

sulfate resistance because of their fine particle size, and the pore refinement due to the 

conversion of portlandite into secondary C-S-H gel through pozzolanic reaction (e.g., 

Sahmaran M.,et al, 2007; Irassar E.F.,et al, 1996). The relative flexural and compressive 

strengths were 99%, 98% and 97%, 97% respectively for SF10-50-N and FA20-50-N 

specimens after 180 days of immersion in Na2SO4 solution. While the flexural and 

compressive strength reductions, as compared to those cuing in water, were 9%, 15% and 

11%, 18% respectively for SF10-50-N and FA20-50-N specimens. These results also 



indicated the beneficial effect of electrical pulse on sulfate deterioration of cement-based 

materials incorporated with mineral admixtures.  
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Figure 7 Mechanical properties of plain and blended cement mortars. 

3.3 Microstructural analysis 

The microstructural changes in the mortars due to sulfate exposure were investigated utilizing 

scanning electron microscopy (SEM) equipped with energy dispersive X-ray analysis 

(EDXA). Figure 8 shows the SEM and EDXA of PC-50-N mortar after 90 days of immersion 

test. Few needle shaped crystals were noted in the pre-existing pores (Figure 8a). The EDXA 

of one of the crystals (Point A), as shown in Figure 8b, indicates the presence of Ca, Al and S, 

confirming the identification of ettringite. Due to the filling of pores by these few ettringite, 

the strengths of the specimen were greater than that immersed in water after 90 days, as 

shown in Figure 5.  

 

  (a) SEM photograph           (b) EDXA of Point A in fig.8a 

Figure 8 SEM and EDXA of PC-50-N mortar after 90 days of immersion test. 

The SEM and EDXA of PC-50-N mortar after 90 days of electrical pulse test is shown in 

Figure 9 . A large amount of well-formed and randomly oriented crystals was observed. The 

EDXA of the crystal in Fig. b presents the formation of mainly Ca, Al and S, indicating the 

formation of ettringite. Beside, the ettringite crystals were larger, for which higher tensile 

strain produced in the matrix, leading to the strength losses. A lot of ettringite crystals existed 

in the mortar with w/cm ratio of 0.30 after 90 days of electrical pulse test (Figure 10). 

 

Energy/KeV 

 



 

    (a) SEM photograph           (b) EDXA of Point B in fig.9a 

Figure 9 SEM and EDXA of PC-50-N mortar after 90 days of electrical pulse test. 

 

Figure 10 SEM of PC-30-N mortar after 90 days of electrical pulse test. 

Figure 11 presents the SEM and EDXA of PC-50-M mortar after 90 days of electrical pulse 

test. As shown in Figure 11b, massive ettringite crystals were observed. In addition, some 

phase different from C–S–H gel found in the solid Figure 11c. The EDXA of the phase in 

Figure 11d shows mainly the presence of Ca, Si in addition to some Mg, indicating the 

formation of non-cohesive magnesium silicate hydrate (M–S–H) due to the replacement of 

magnesium with some calcium content of C–S–H gel. Santhanam et al. (2005) reported that 

the abundant conversion of C–S–H gel into M–S–H in PC mortar after 32 weeks of 

immersion in MgSO4 solution. In this investigation, M–S–H was formed in PC-50-M mortar 

after only 90 days of electrical pulse test, which explained why MgSO4 attack resulted in the 

greater strength losses compared to Na2SO4 attack as mentioned earlier in Figure 5.  

In spite of denser and less permeable structure due to pozzolanic reaction, significant amounts 

of ettringite were still observed in the blended cement mortars (Figure 12). 
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     (a) SEM photograph (×500)        (b) Magnification of Area 1 in fig.11a (×3000)  

 

(c) Magnification of Area 2 in fig.11a (×10000)   (d) EDXA of Section C in fig.11c 

Figure 11 SEM and EDXA of PC-50-M mortar after 90 days of electrical pulse test. 

    

(a) FA20-50-N                   (b) SF10-50-N 

Figure 12 SEM of SF10-50-M and FA20-50-N mortars after 90 days of electrical pulse test. 

4. Conclusions 

Electrical pulse significantly accelerated the penetration of sulfate ions into the mortars and 

subsequently the deterioration due to sulfate attack. 

MgSO4 attack resulted in a larger reduction in strengths compared to Na2SO4 attack in 

electrical pulse test. In addition, electrical pulse still has beneficial effect on sulfate 

deterioration of cement-based materials with low w/cm ratio or blended with mineral 

admixtures.  

In spite of various factors to influence sulfate deterioration, the above results will provide a 
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new idea for rapidly evaluating sulfate resistance of cement-based material.  
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Abstract 

The influence of heat curing was considered which it has on the hydration and silicate structure of cement paste (CP) 

and silica fume paste (SFP). The influences were discussed from the perspectives of cement hydration required by the 

Rietveld method using powder X-ray diffraction (XRD), silica fume hydration by the selective  dissolution method and 

silicate-chain polymerization of calcium silicate hydrate (C-S-H) by the trimethylsilyl (TMS) derivatization method. We 

investigated the effect of the cement and SF hydration reactions and the C-S-H silicate structure in fresh SFP and heat-

cured SFP. Our results can be summarized as follows. For the CP hydration reaction, the hydration reaction stagnated 

and the amount of C-A-H produced increased for the curing pattern with an ultra-low W/B ratio of 15%, a maximum 

temperature of 90 °C, and a pre-curing time of 4 hours. However, for the other heat-curing patterns, the C3S reaction 

rate, C2S reaction rate, and SF reaction rate increased and the amount of C-S-H and C-A-H produced increased as the 

maximum temperature increased. In the SFP hydration reaction, the SF reaction rate increased and the amount of C-S-

H produced increased as the maximum temperature increased. In CP, for the silicate chain-length distribution of C-S-H, 

monomers and dimers accounted for 70 to 80 vol. % of the chains, the amount of trimers and larger chains increased 

when heat curing was performed for 48 hours at a maximum temperature of 90 °C, and the chain lengths also increased. 

For the silicate chain-length distribution in C-S-H produced in SFP, monomers accounted for less than 10 vol. % , and 

the proportions of dimers, tetramers, and pentamers was large. 

 

 

Originality 

The effects of the interaction between silica fume and heat curing history on cement hydration in a low water-to-cement 

ratio were clarified by means of cement hydration by the XRD-Rietveld method and of silica fume hydration by the 

selective leaching method. This research is particularly unique in that the interactions were viewed from the perspective 

of silica-chain polymerization of C-S-H by the TMS derivatization method. 
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1. Introduction 

In recent years, there has been an increase in construction using ultra-high-strength concretes (UHSC) 

with strengths greater than 120 MPa. This kind of UHSC has an extremely low water-binder ratio 

(W/B), and there are many examples of using an admixture of low porosity cement and silica fume 

(SF), which can reduce the water content. Quality management is difficult with UHSC; therefore, pre-

cast concrete that is heat cured in the factory is being developed because this makes it easier to 

streamline and monitor the quality of curing. However, knowledge of the strength development and 

hydration reactions when UHSC is subject to a temperature history is mainly about mass concrete 

(Mitani Y. et al., 2009; Matsuda T. et al., 2011), and although publications such as the 

Recommendations for Design and Construction of Ultra-High-Strength Fiber Reinforced Concrete 

Structures (UFC Recommendations (Draft))(The Japan Society of Civil Engineers., 2004) are 

available, there is currently little data that is applicable to factory products. Therefore, we investigated 

the effect of the thermal cure history on the compressive strength, SF reaction rate, cement reaction 

rate, amount of C-S-H produced, and degree of polymerization of C-S-H silicate chain-length 

structures in UHSC. We changed the heat-curing pattern for compositions of W/B = 15 and 22% with 

reference to the standard heat curing in the UFC Draft Recommendations, and found that the chain 

lengths of the silicate structure in the calcium silicate hydrate (C-S-H) were increased by increasing 

the maximum temperature, and that poor hardening and loss of strength occurred when the pre-curing 

time was less than the setting time for the composition with W/B = 15%(Sato M. et al., 2012). In this 

research, we aim to (1) determine the differences in hydrate reaction rate and C-S-H silicate structure 

using samples of hardened cement paste (CP) and silica fume paste (SFP), and (2) analyze the hydrate 

reaction of C-S-H, calcium aluminate hydrate (C-A-H), ettringite (AFt), and crystalline monosulfate 

hydrate (AFm). Our results will help clarify the reaction characteristics and C-S-H silicate structure 

during the poor hardening we observed previously (Sato M. et al., 2012; Endo T. et al., 2013) and 

develop our research on improving the efficiency of heat curing. 

2. Experimental 

2.1. Materials and Composition Parameters 

The materials were low-heat Portland cement (LC; ρ = 3.22 g/cm3), SF (ρ = 2.20 g/cm3, BET specific 

surface area 22 m2/g), calcium hydrate (CH; ρ = 2.22 g/cm3, extra pure reagent), ISO standard sand (S; 

ρ = 2.63 g/cm3), and distilled water (W) for mixing. A high-performance UHSC water-reducing agent 

(anionic polymer surfactant (SP) containing a polycarbonate-based graft copolymer as the main 

component) and a polyether-based defoaming agent (DEF) were used. Table 1 shows the composition 

of mortar (M), CP, and SFP, Table 2 shows the heat-curing conditions, and Figure 1 shows the heat-

curing patterns. The mortar composition was W/B = 15%, and the amount of SF added was 20 mass % 

(internal percentage). The CP composition was the mortar composition without the fine aggregate sand. 

The SFP composition was set to give a water-powder ratio (W/P) of 60%, such that the composition 

ratio of CH to SF was 1:1. As we have reported previously(Sato M. et al., 2013), at 20 °C in UHSC, 

the hydrate reaction of LC stagnates accompanied by the stagnation of CH production. Because of this, 

there is an insufficient amount of CH for the pozzolanic reaction compared with the amount of SF. We 

have reported(Sato M. et al., 2012) that during heat curing, the SF reaction is temperature dependent. 

From this result, CH:SF = 1:1 was chosen so that the amount of CH becomes insufficient during heat 

curing without the SF pozzolanic reaction stagnating. SP was added as an external percentage of the 

solid fraction. 

Compressive strength was based on the mortar composition, and analysis was based on the CP and 

SFP compositions. In the fresh state, the mortar flow value (JIS R 2501) was adjusted to 250 ± 20 mm 

and the air content was adjusted to 3.0% or less using SP and DEF. A mortar mixer was used to mix 

the mortar composition and CP composition; after adding the water, the mixture was rotated at low 

speed for 7 minutes, then scraped, and then rotated at high speed for 3 minutes. For the SFP 

composition, after adding water, the mixture was rotated at low speed for 1 minutes, then scraped, and 

then rotated at high speed for 7 minutes. Mortar samples were cast in a lightweight frame of φ50 × 100 

mm and then the top surface was lapped, and wrapped in aluminium tape. CP and SFP samples were 

cast in 250 mL plastic bottles and then heat cured. After removal from the mold, the CP and SFP 



 

samples used in the analysis were crushed using a hammer and planetary ball mill to particles 0.15 mm 

or less in size and hydration was stopped using acetone. Heat curing was performed varying the 

maximum temperature, pre-curing time, and continuous time at the maximum temperature, as shown 

in Table 2 and Figure 1. The heat-curing pattern for a maximum temperature of 60 °C, pre-curing time 

of 48 hours, and continuous time at maximum temperature of 48 hours was denoted as 60P48H48. 

Table 1 Mix compositions 

C SF CH SF

M 232 1238 309 - - 639 4.00 - 0.25

CP 306 1635 410 - - - 4.00 - 0.25

SFP 60 570 - - 475 475 - - 2.00 -

DEF

（B×%)

SP

（P×%)
P

15

W
B

S

Quantitiy of material per unit volume (kg/m
3
)

SP

（B×%)

W/B

(%)

 
Table 2 Experimental parameters 

CuringPattern 60P4H48 75P4H48 90P4H48 60P48H48 75P48H48 90P48H48

W/B (%)

Pre-curing Time (hour)

Max Temp. (°C) 60 75 90 60 75 90

Hold Time of  Max Temp. (hour or day)

15

P4 P48

H48 H48  
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Time（hours）

Pre-curing time

20 °C 4 - 48hours

Hold Time of 
Temperature 8 - 48hours

Max Temp 90°C

Heat-up Time

15 °C/hours
Air-
cooling

60°C

75°C

 
Figure 1 Curing pattern 

2.2. Experimental Method 

Compressive strength was measured according to JIS A 1108. The amount of CH was measured by 

thermogravimetric differential thermal analysis (TG-DTA) using the CP and SFP samples. The amount 

of CH was determined from the absorption peak at 400–450 °C and the amount of mass reduction. 

Because the amount of CH measured using the Rietveld method including amorphous material is 

underestimated(Nozoki T. et al., 2009), the amount of CH was used for determining the phase 

composition. The interstitial water content (H) was found from the mass reduction by taking 1.0 g of 

sample and drying it in a drier at 105 °C until the mass became constant. The amount of interstitial 

water was also used in the phase composition calculation. The SF reaction rate was measured and 

calculated by using the selective dissolution method(Asaga K. et al., 1982) for SF mixed with CP and 

SFP. Quantification of the cement minerals and hydrates in the CP composition was performed 

according to the method in our previous research(Sato M. et al., 2012) by processing the XRD results 

with Rietveld analysis software TOPAS (Bruker AXS). Quantification was performed simultaneously 

on amorphous materials, including alite (C3S), belite (C2S), various porous cement minerals (C3A, 

C4AF), CH, AFt, AFm, gypsum (Gyp), hemihydrate plaster (Bas), C-S-H by using α-Al2O3 (10 

mass %) as an internal marker material, C-A-H, and SF(Sato M. et al., 2012). The amount of 

amorphous material was found from the quantified value of the internal marker α-Al2O3 from Eq. [1].  
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CSH: Amount of C-S-H produced (mass %), CAH: Amount of C-A-H produced (mass %), R: Mixing 

ratio of α-Al2O3 (mass %), A: Quantitative value of α-Al2O3 (mass %), S: Unreacted amount of SF 

(mass %) 

In our previous research, the phase composition of the amorphous material was determined, assuming 

that it consisted of SF and C-S-H(Sato M. et al., 2012); however, in the present research the amount of 



 

C-A-H produced from SF, C-S-H (C3S2H4), and C-A-H (C4AH13) was determined from a balance 

calculation of the amount of C3A and C4AF in the reaction and the amounts of AFt and AFm 

produced(Taylor H.F.W., Thomas Telford Ltd., 1997).The amorphous material left after subtracting the 

amount of C-A-H and SF from the amount of amorphous material was assumed to be the amount of C-

S-H produced. In the SFP composition, the amount of C-S-H produced was assumed to be the total 

mass minus the amount of unreacted CH, H, and unreacted SF. For the phase composition, the volume 

ratio was calculated from the mass ratios determined by using the analysis results with the densities in 

Table 3. 

Silicate ions SiO4
4- are a monomer in which four O atoms are arranged around a central Si atom. When 

two of these atoms are brought together, they form a Si2O6
4- dimer where they share a single O atom. 

The silicate ions in the cement minerals C3S and C2S exist as monomers, with the silicate ions 

polymerizing into a chain through the formation of C-S-H via hydration, creating heavier 

molecules(Fukiya Y. et al., 2003). Furthermore, the silicate ions in SF have an amorphous random 

length chain structure, similar to a glass state, and the pozzolanic reaction progresses by breaking this 

chain structure through hydrate decomposition. Therefore, we measured the silicate chain-length 

distribution to determine the trend in the change of the °C of polymerization of the silicate in C-S-H 

that accompanies the progress of the hydration reaction caused by heat curing. To measure the silicate 

chain-length distribution, we performed trimethylsilyl (TMS) derivatization method on the CP and 

SFP samples with our TMS derivative method (Sato M. et al., 2012). We analyzed the TMS method 

by gas chromatography, and measured the silicate ion composition ratio (silicate chain-length 

distribution) of chains from monomers to hexamers. The silicate chain-length distribution can be 

represented by the molar fraction as found from the area under the peak from monomers to hexamers 

by gas chromatography. However, in complex systems like this, where the SF pozzolanic reaction 

proceeds in parallel with the LC hydration reaction, it is difficult to understand the details. Although 

silicate chains are thought to correspond to the breakdown of the silicate phase (C3S, C2S) and C-S-H 

silicate components, the mass ratios of the phase components and the molar fractions of the silicate 

chain-length distributions cannot simply be compared. The total sum of silicate chains originating 

from C-S-H, from (unreacted) C3S and C2S, the hydration of cement minerals, and the pozzolanic 

reaction of SF can be detected. Therefore, to investigate the C-S-H production processes more 

rigorously, we calculated the silicate chain-length distribution produced by the hydration reaction and 

pozzolanic reaction by comparing and excluding the silicates contained in unreacted C3S and C2S by 

using the method in our previous research(Koizumi K. et al., 2014). We investigated the effect of 

chain length distribution after subtracting the value multiplied by the composition ratio of each chain 

length in unhydrated LC from the unreacted amounts of C3S and C2S obtained by XRD (LC was 

composed of monomers: 90.8%, dimers: 7.9%, trimers: 1.0%, and trace constituents of tetramers and 

higher of approximately 0.4%). Furthermore, we assumed that the volume occupied by the silicate 

components of each chain length was proportional to the chain length (number of Si atoms) according 

to our previous research (Sato M. et al., 2012), and converted it to the volume ratio by multiplying the 

molar fraction of the silicate chain-length distribution by the chain length (n = 1 to 6). 

Table 3 Density of cement minerals and hydrates / g/cm3 

C3S C2S C3A C4AF Gyp Bas AFt AFm CH
C-S-H

(C3S2H4)

C-A-H

(C4AH13)
SF

H

（Water）

3.15 3.26 3.04 3.77 2.32 2.76 2.98 1.99 3.35 2.12 2.08 2.20 1.00  
3. Results and Discussion 

3.1. Compressive Strength 

Figure 2 shows the results of the compressive strength experiment. For the compressive strength 

directly after heat curing, the specimen had not hardened after a pre-curing time of 4 hours at a 

maximum temperature of 90 °C (90P4H48). In our previous research(Sato M. et al., 2012; Endo T. et 

al., 2013), we found that poor hardening and swelling occurred in samples where the compressive 

strength was degraded after a pre-curing time of 4 hours. After a pre-curing time of 48 hours 

(90P48H48), the compressive strength reached 220 MPa. At 60 and 75 °C an extreme drop in strength 

was not observed by shortening the pre-curing time, unlike at 90°C, and the strength was increased by 



 

extending the pre-curing time and increasing the maximum temperature. 
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Figure 2 Compressive strength in M 

3.2. Hydration Reaction of Cement and SF 

Figure 3 show the phase compositions for the CP for SFP compositions. 

0 20 40 60 80 100
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60P4H48
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75P4H48
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Phase constitution (vol.%)

C3S C2S C3A C4AF Gyp Bas CH

AFt AFm SF C-S-H C-A-H H   
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75P48H48
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Phase constitution (vol.%)

CH SF C-S-H＋Silicate Gel H
 

(a)CP                                                                           (b)SFP 

Figure 3 Phase constitution of cement ratio 

3.2.1 Changes in SF reaction rate due to heat curing 

Figure 4 show the SF reaction rate determined by the selective dissolution method for the CP and SFP 

compositions, respectively.  

For the CP composition, poor hardening occurred and the SF reaction rate was 35 mass % for a 

maximum temperature of 90 °C and a pre-curing time of 4 hours (90P4H48), whereas it was 70 

mass % for a pre-curing time of 48 hours (90P48H48). Furthermore, the SF reaction rate was 50 

mass % for 60P4H48, and 70 mass % for 60P48H48, 75P4H48, and 75P48H48. For the SFP 

composition, a clear difference was found between maximum temperatures of 90 and 60 °C, with the 

SF reaction rate reaching 85 mass % for 90P4H47 and 90P48H48, and 75 mass % for 60P4H48 and 

60P48H48. At a maximum temperature of 75 °C, the SF reaction rate was 75 mass % for 75P4H48 

and 85 mass % for 75P48H48, with the reaction rate increasing with extended pre-curing time. These 

results showed that the SF reaction rate depends on the temperature for both the CP and SFP 

compositions, and that the SF reaction is promoted at 90 °C. 
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(a)CP                                                                               (b)SFP 

Figure 4 Degree of hydration of SF measured by the selective dissolution method 

 

 

3.2.3 Reaction of cement minerals during heat curing 



 

Figure 5 and Figure 6 shows the C3S and C2S reaction rate for the CP composition calculated from the 

phase composition. 

The C3S reaction rate was approximately 25 mass % at a maximum temperature of 90 °C and a pre-

curing time of 4 hours (90P4H48) and the hydration reaction stagnated, and it was 85 mass % at a pre-

curing time of 48 hours (90P48H48) and the reaction rate increased. Furthermore, the C3S reaction rate 

was 80 mass % at a maximum temperature of 75 °C and a pre-curing time of 4 hours (75P4H48), and 

85 mass % at a pre-curing time of 48 hours (75P48H48). At a maximum temperature of 60 °C and a 

pre-curing time of 4 hours (60P4H48) it was 75 mass %, and at a pre-curing time of 48 hours 

(60P48H48) it was approximately 80 mass %.  This showed that at maximum temperatures of 60 and 

75°C, hydration stagnation did not occur, even for a pre-curing time of 4 hours. Figure 8 shows the 

C2S reaction rate of the CP composition calculated from the phase composition. For the C2S reaction 

rate, at a maximum temperature of 90 °C and pre-curing time of 4 hours (90P4H48) the hydration 

reaction slightly stagnated, giving 40 mass %, and at the pre-curing time of 48 hours (90P48H48) it 

gave 60 mass %, and increased the reaction rate. Even at maximum temperatures of 60 and 75 °C, the 

reaction rate increased with extended pre-curing time. The maximum temperature had no effect on the 

rate at a pre-curing time of 48 h, and the rates were similar at 60 mass % for 90 °C, 65 mass % for 

75 °C, and 60 mass % for 60 °C. Although the C2S reaction rate was 50 mass % at a material age of 1 

year in our previous research (Sato M. et al., 2013), heat curing promoted the reaction. From these 

results, at the maximum temperature of 90 °C and a pre-curing time of 4 hours the C3S reaction rate 

did not increase, whereas in other heat-curing patterns, the reaction progressed more than for curing at 

20 °C, and reaction-promoting effect was found. 
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Figure 5 Degree of hydration of C3S measured in CP 
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Figure 6 Degree of hydration of C2S measured in CP 

3.2.3 Dependence of the amount of hydrate product on heat curing 

Figure 7 shows that the amount of C-S-H produced in the CP composition at a maximum temperature 

of 90 °C and pre-curing time of 4 hours (90P4H48) is approximately 30 mass %, and it stagnates the 

same as the C3S reaction rate. At a pre-curing time of 48 hours (90P48H48) the amount increased 

greatly to approximately 60 mass %. Furthermore, at a maximum temperatures of 60 and 75 °C, for a 

pre-curing time of 4 hours the amount of C-S-H was 50 mass % for 60P4H48 and 55 mass % for 

75P4H48; thus, increasing the pre-curing time increased the amount by 5 mass %. 

Figure 8 shows that the amount of C-A-H produced in the CP composition was approximately 4.5 

mass % for 90P4H48, and 6.0 to 7.0 mass % for other temperature patterns. Although the amount of 

C-A-H produced was calculated from the balance of C3A and C4AF, SF showed the same trend as the 



 

reaction rate of calcium silicate (C3S and C2S), and although the reaction rates of each of the minerals 

changed depending on changes in the maximum temperature and pre-curing time, the trends for the 

minerals were the same. 
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Figure 7 Amount of C-S-H measured in CP       Figure 8 Amount of C-A-H measured in CP 

Figure 9 shows that the amounts of AFt and AFm produced in the CP composition were extremely 

small, at less than 1 mass % in each case. Figure 10 shows that the amount of C-S-H produced in the 

SFP composition followed virtually the same trend as the SF reaction rate, with 62 mass % for 

90P4H48 and 90P48H48, and 56 to 58 mass % for 60P4H48 and 60P48H48. At a maximum 

temperature of 75 °C, it was 60 mass % for a pre-curing time of 4 hours (75P4H48) and 63 mass % for 

a pre-curing time of 48 hours (75P48H48). Therefore, although the amount of C-S-H produced 

increased slightly with the extended pre-curing time, the effect of the cure pattern was small. 

 The amount of C-S-H produced immediately after heat curing exceeded 20 mass %, in contrast to the 

sealed cured material aged for 1 year at 20 °C in our previous research (Sato M. et al., 2013). 
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Figure 9 Amount of AFt and AFm measured in CP        Figure 10 Amount of C-S-H measured in SFP 

3.3. Changes in C-S-H Silicate Chain-Length Distribution Caused by Heat Curing 

Figure 11 shows the silicate chain-length distribution of C-S-H, excluding silicate components that 

contain unreacted C3S and C2S in unhydrated cement measured by the TMS method, and Figure 12 

shows the silicate chain-length distribution for the SFP composition measured by the TMS method. 

For the silicate chains in C-S-H in the CP composition, although correction was not performed for 

chains originating from unhydrated C3S and C2S, monomers accounted for approximately 50 vol. % of 

the product, and dimers constituted the next largest amount. We assume that this was detected from 

the C-S-H occurring in the cement (Koizumi K. et al., 2014). For the silicate chain lengths in C-S-H in 

the SFP composition, monomers only accounted for 5 to 10 vol.%, and it was clear that the proportion 

of dimers, tetramers, and pentamers was large. This suggests that SF is composed of a silicate glass of 

amorphous random length chains, and the pozzolanic reaction proceeds in the multimer silicate chain 

state. The silicate chains of trimers and higher in Figures 11 and 12 are shown Figures 13 and 14. For 

the CP composition, at a maximum temperature of 90 °C, the production of trimers and larger 

multimers was extremely small compared with the other cure patterns for a pre-curing time of 4 hours 

(90P4H48) where the hydration reaction stagnated. At a pre-curing time of 48 hours (90P48H48), the 

production of multimers was increased compared with the other cure patterns, and the dehydration 

condensation of the C-S-H silicate chains occurred. The trends were virtually the same at maximum 

temperatures of 60 and 75 °C. In the SFP composition, for the pre-curing time of 4 hours, the amount 

of trimers and larger multimers was only 20 vol. % at a maximum temperature of 60 °C, and increased 



 

to approximately 30 vol. % at maximum temperatures of 75 and 90 °C. For the pre-curing time of 48 

hours, the amount of trimers and larger multimers reached a maximum of approximately 35 vol. % at a 

maximum temperature of 60 °C, and decreased as the maximum temperature increased to a minimum 

of approximately 30 vol. % at 90 °C. It may be reduced because only silicate chains of up to hexamers 

were detected in the gas chromatography measurements. 
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Figure 11 Chain length distribution of silicate anions obtained by TMS method in CP (C-S-H, n = 1-6) 
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Figure 12 Chain length distribution of silicate anions obtained by TMS method  

in SFP (C-S-H, n = 1-6) 
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Figure 13 Chain length distribution of silicate anions obtained by TMS method in CP (C-S-H, n = 3-6) 
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Figure 14 Chain length distribution of silicate anions obtained by TMS method 

in SFP (C-S-H, n = 3-6) 

 

4. Conclusions 
We investigated the effect of the cement and SF hydration reactions and the C-S-H silicate structure in 

fresh SFP and heat-cured SFP. Our results can be summarized as follows. 



 

For the CP hydration reaction, the hydration reaction stagnated and the amount of C-A-H produced 

increased for the curing pattern with an ultra-low W/B ratio of 15%, a maximum temperature of 90 °C, 

and a pre-curing time of 4 hours. However, for the other heat-curing patterns, the C3S reaction rate, 

C2S reaction rate, and SF reaction rate increased and the amount of C-S-H and C-A-H produced 

increased as the maximum temperature increased. 

In the SFP hydration reaction, the SF reaction rate increased and the amount of C-S-H produced 

increased as the maximum temperature increased. 

In CP, for the silicate chain-length distribution of C-S-H, monomers and dimers accounted for 70 to 80 

vol. % of the chains, the amount of trimers and larger chains increased when heat curing was 

performed for 48 hours at a maximum temperature of 90 °C, and the chain lengths also increased. 

For the silicate chain-length distribution in C-S-H produced in SFP, monomers accounted for less than 

10 vol. % , and the proportions of dimers, tetramers, and pentamers was large. 
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Abstract 

Usage of alternate materials becomes a focused agenda towards sustainability initiatives, more so, for the 

depleting stock of non-renewable resources. Material characteristics have perpetually been changing, owing to 

geological transformation. Constituents for making concrete now are vastly different than what it was 100 years 

back or even 10 years back. Presence of chloride in many cement making ingredients are progressively rising 

resulting in higher chloride content in cement.  

This paper reports an experimental investigation carried out to evaluate the influence of high chloride bearing 

Ordinary Portland Cement (OPC) on the chloride transport properties of concrete system. A number of 

concrete mixture were prepared using different OPCs having chloride content 0.1, 0.2, 0.3% by mass and water 

cement ratio (w/c) 0.3, 0.4, 0.5, 0.6 following the same aggregates and mixing protocol. The result suggests that 

the compressive strength of the concrete at the early age increases with increased dosage of chloride content in 

cement. However, its influence on 28 days is not significant. The study has demonstrated an influence of 

chloride content on the compressive strength of concrete. Concrete made with identical w/c does not exhibit 

significant change in RCPT values for all classes of concrete indicating that the chloride transport 

characteristic of the concrete is not greatly influenced by chloride richness of cementitious material. An 

approach for prediction of corrosion initiation in concrete is presented using modeling technique. Outcome of 

this exercise has given some framework towards prediction of chloride threshold value leading to corrosion in 

concrete.     

 

Originality 

Present work details an experimental investigation on hardened state performance of the concrete using high 

chloride bearing Portland cement with an objective of examining it’s suitability for concrete making. The study 

explains about two important performance parameters, compressive strength and chloride transport properties 

of concrete using chloride rich Portland cement at laboratory scale. With rapidly increasing consumption of 

cement globally the availability of cement grade raw material has become a major concern for cement 

manufacturers. The amount of impurities like chloride has been increasing progressively. However, the concrete 

users have always been apprehensive towards usage of chloride rich material for concrete making. It is believed 

that such efforts will contribute positively towards mitigating the user concern so that the cement grade raw 

materials with slightly higher level of impurities like chloride can be utilized for cement production. 

 

Keywords: chloride, permeability, chloride transport properties 
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1. Introduction 

Constituent materials of concrete are vastly different now, than it was 100 years, or even 10 years ago. 

Material characteristics have perpetually been changing, owing to geological transformation. During 

the process of selection of constituent ingredients of concrete, the primary focus always directs to 

select materials with low chloride bearing or the chloride content within the recommended norms of 

relevant standards and low chloride bearing OPC in particular. Usage of alternate materials becomes a 

focused agenda towards sustainability initiatives, more so, for the depleting stock of non-renewable 

resources. Chloride bearing material for concrete, drive the mind of concrete maker that corrosion is 

inevitable, if taken in use. Presence of chloride, in any form in binder would initiate and propagate 

corrosion in concrete irrespective of its environmental conditions of the structure in service. However, 

corrosion of reinforcement in concrete is manifested by diffusion, permeations, migration and 

absorption phenomenon of concrete encapsulating the reinforcement (Basheer et al. 2001, 

Chandramouli et al. 2010, Hooton et al. 2001). Whatever the external origin, chlorides penetrate 

concrete by transport of water containing the chlorides, as well as by diffusion of ions in the water 

and by adsorption. Prolonged or repeated ingress can, with time, result in a high concentration of 

chloride ions at the surface of the reinforcing steel (Oh et al., 2004). 

 

For the contamination to occur due to external sources, chloride ingress in concrete is responsible and 

the main transport mechanisms are: Diffusion, diffusion, capillary absorption, hydrostatic pressure 

and evaporative transport (Chandramouli et al., 2010). If we can use chloride contaminated materials 

like sea-water for curing and mixing, sea dredged aggregates, chloride enriched cement, and then it 

would be a great way forward to support sustainability initiative. But it requires a proper 

understanding of how “chloride” described by Verbeck as “unique and specific destroyer” can be used 

in concreting with minimum harm (Tang et al. 1993, Verbeck 1975, Waheeb et al. 1997, Yildirim et 

al. 2010, Whiting 1991). 

 

The primary objective of this paper is to present, the influence of high chloride bearing OPC on 

chloride transport properties of concrete was evaluated and the compressive strength of the concrete, 

as well. Binder (OPC), fine and coarse aggregate, mixture proportioning, compaction and curing  

remains identical throughout the test. The design variables for this experiments  are water to binder 

ratio and the choride content in binder, as well. A modelling approach for chloride transport 

characteristics leading to corrosion initiation is examined and presented. The limited data generated 

during the course of this study is used for revalidation of the model for corrosion initiation prediction.  

While the concrete cube compressive strength was performed at 1 and 28 days in accordance to IS 

516:1993, the Rapid Chloride Penetration Test (RCPT) was conducted at 28 days following ASTM 

C1202. The outcome of the work collaborates with the past research works presented, elsewhere. 

 

2. Experimental Program  

A total of 16 concrete mixture were tested with water to binder ratio (w/c) at four groups; 0.3, 0.4, 0.5 

and 0.6. The chloride content of binder (OPC) was 0, 0.1, 0.2 and 0.3 % by mass of OPC for each 

group. Compressive strength of concrete at the age of 1 and 28 days was tested. Chloride transport 

properties of each concrete mixture were evaluated by Rapid Chloride Penetration Test (RCPT). 

Ordinary Portland Cement(OPC), river sand (S), Crushed stone as coarse aggregate and common salt 

(NaCl), were the main constituents for concrete composed in laboratory. The chloride transport 

properties were evaluated using Rapid Chloride Penetration Test (RCPT) and compressive strength of 

concrete was tested at the age of 1 and 28 days. All concrete mixtures were produced in laboratory 

with identical conditions of mixing, curing, ambient, etc. Sulphonated naphthalene formaldehyde 

(SNF) based admixtures were used at 0.5% by mass of cement, whenever, necessary for making the 

concrete mixture just workable for comfortable pouring, filling and compaction. Sodium chloride was 

added to mixing water in such a way so that the total chloride in the cement is 0.1%, 0.2%, 0.3% by 

mass.  
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Table 1 Physical properties of cement 

 

Specific gravity 3.137 

Normal Consistency 29.5% 

Initial setting time 150 minutes 

Final setting time 225 minutes 

Fineness 318 m2/kg 

Soundness 

a. Le-chat expansion 

b. Autoclave expansion 

 

0.9mm 

0.072% 

Compressive strength 

a. 3 days 

b. 7 days 

c. 28 days 

 

41.6MPa 

50.6MPa 

63.5MPa 

Performance improver 

a. Lime stone 

 

4% 

 

2.1Materials, Composition of Concrete and Concrete Mixture Protocol 

The physical and chemical properties of cement is listed in Table 1 and Table 2 and was used as 

binder althroughout the experiments.River sand as fine aggregate and crushed stone as coarse 

aggregate were used in the study. For enhanced uniformity in chloride distributions laboratory grade 

sodium chloride was used and it was mixed with the mixing water of concrete for proper mixing. A 

laboratory pan mixture of 90 liters was employed for mixing and the concrete was compacted using 

table vibrator. 
 

Table 2: Chemical properties of cement 

Chemical Name Test Result (%) 

Al2O3 / Fe2O3 1.30 

Insoluble Residue 1.57 

Magnesia 1.11 

Sulphuric Anhydride 2.45 

Total Loss on Ignition 2.68 

Total Chlorides 0.066 

 

The grading characeteristics of both coarse and fine aggregates fell within this stipulation of 

IS383:1979 and plotted in Figure 1. The specific gravity of the 20mm, 10mm coarse aggregates and 

the fine aggregate are 2.69, 2.67 and 2.61 respectively. 
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Figure 1 Aggregate Gradation 

 

3. Results and Discussions 

The concrete mixture composition is given in Table 3. The concrete mixtures are classified in four 

group according water-cement ratio and each group is sub-classified in further four groups according 

to the chloride content in cement. Chloride transport properties of all the concrete mixtures are plotted 

in Figure 2 and the 28 days compressive strength for all the mixtures in plotted in Figure 3. Whereas, 

the test results 1day strength of all the concrete mixtures is listed in Table 4.  

 
Table 3: Mixture composition of concrete 

 

Sample w/c 
Water Cement FA CA20 CA10 Admixture NaCl 

kg kg Kg kg kg gm Gm 

30 

0.3 

4.48 14.93 16.82 10.51 21.03 74.7 0.0 

31 4.48 14.93 16.82 10.51 21.03 74.7 23.2 

32 4.48 14.93 16.82 10.51 21.03 74.7 47.8 

33 4.48 14.93 16.82 10.51 21.03 74.7 72.6 

40 

0.4 

4.48 11.20 17.92 11.20 22.40 56.0 0.0 

41 4.48 11.20 17.92 11.20 22.40 56.0 17.3 

42 4.48 11.20 17.92 11.20 22.40 56.0 35.9 

43 4.48 11.20 17.92 11.20 22.40 56.0 54.4 

50 

0.5 

4.48 8.96 18.58 11.61 23.23 44.8 0.0 

51 4.48 8.96 18.58 11.61 23.23 44.8 13.9 

52 4.48 8.96 18.58 11.61 23.23 44.8 28.7 

53 4.48 8.96 18.58 11.61 23.23 44.8 43.5 

60 

0.6 

4.48 7.47 19.02 11.89 23.78 37.3 0.0 

61 4.48 7.47 19.02 11.89 23.78 37.3 11.6 

62 4.48 7.47 19.02 11.89 23.78 37.3 23.9 

63 4.48 7.47 19.02 11.89 23.78 37.3 36.3 

 

A general trend for all the concrete mixtures is, with the increase in w/c, the chloride permeability 

increases and compressive strength decreases irrespective of chloride content in OPC. Another 

interesting feature is that 1 day strength of the concrete mixtures of a group increases with increase in 

chloride content in cement. 
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Figure 2 Variation of RCPT value (charge passed) with chloride content and w/c  
 

This trend is observed for all the groups. RCPT values for each group’s remains within a very narrow 

range, however, the values changes in an upward direction with an increase in water-to-cementitious 

ratio. ASTM C-1202-12 has classified the chloride ion permeability of concrete in five groups 

depending on the RCPT values of charge passed in Coulomb. If the RCPT value of charge passed is 

between 2000 – 4000 Coulomb then the chloride ion permeability is Moderate. The chloride ion 

permeability is classified as Low, Very Low and Negligible for charge passed below 2000 Coulomb 

and it is classified as High if the charge passed is more than 4000 Coulomb.  The RCPT values of all 

the concrete mixtures are following in the Moderate Chloride Ion Permeability zone. The chloride 

content in cement does not seem to have significant influence on the RCPT values of concrete mixture.  

 

Once all the surface active agents have been adsorbed and removed from solution, crystallization and 

structure formation proceed rapidly and with increased strength because of the larger number of 

nuclei available for growth (Lea, 1971). The addition of salts, such as chlorides, to a cement mix is 

held not to affect the coagulation process but to influence the speed of crystallization because of their 

effects on the solubility of the hydration products and the degree of super-saturation in the solution. 

The most common accelerator used over many decades was calcium chloride (Neville, 1996).  

Calcium chloride is effective in accelerating the hydration of the calcium silicates, mainly C3S, 

possibly by a slight change in the alkalinity of the pore water or as a catalyst in the reactions of 

hydration (Brown and Bothe, 2004, Dehghanian, C. and Locke, 1981, Hussaini, 1990). When concrete 

is permanently submerged, chlorides ingress to a considerable depth but, unless oxygen is present at 

the cathode, there will be no corrosion (Alonso and Andrade, 1990). In concrete which is sometimes 

exposed to sea water and is sometimes dry, the ingress of chlorides is progressive. The following is a 

description of a situation often found in structures on the coast in a hot climate (Alonso and Andrade, 

1990). 
 

 

 

 

 

 

 

 

Table 4: 1-Day Compressive Strength of Concrete  
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Sample W/C 1 Day Strength (MPa) 

302 

0.3 

30.67 

312 32.00 

322 39.11 

332 44.00 

402 

0.4 

26.67 

412 28.00 

422 29.33 

432 30.89 

502 

0.5 

22.22 

512 23.33 

522 26.89 

532 26.22 

602 

0.6 

19.56 

612 23.11 

622 24.67 

632 25.33 

 

Chloride ingress by permeation occurs when concrete is subject to a one-sided pressure from water 

containing chlorides. This creates the highest concentration of chlorides at the non-pressure surface 

opposite the exposed surface (Basheer et al. 2001). 

 

Transport by electro migration occurs after active corrosion of the re-bars has started. Corrosion is an 

electrochemical process with the pore water in the concrete matrix as the electrolyte ((Basheer et al. 

2001, Neville, 1996).  The corroding areas of the reinforcement create an electric current, and will 

attract the negatively charged chloride ions (Cl-) (Oh et al., 2004). This will worsen the situation at the 

corroded areas considerably. 

 

Microstructures have a huge role to play in the various properties of concrete. The type, amount, size, 

shape and the distribution of the various phases present in the solid is called the microstructure. 

Macrostructure means the gross microstructure visible to unaided human eye which is about 200μm.  

(Mehta and Montiero, 2006). The water transport characteristic through concrete is largely dependent 

on microstructure of concrete (Chandramouli et al., 2010). Concrete microstructure improves 

drammatically for the w/c 0.3 and below (Mehta and Montiero, 2006). If there is continuity in the 

pores in the microstructure then the permeability is increased highly and the concrete matrix also gets 

weaker resulting in a weaker and permeable concrete (Zhang and Chia, 2002). It should be noted that 

with age the hydration products occupy the space in these pores resulting in them getting 

discontinuous, thus permeability decreases and strength increases with age (Chandramouli et al. 2010).  

 

Reinforcement corrosion is the primary cause of concrete deterioration in many parts of the world. 

Reinforcement corrosion is predominantly caused by the chloride ions (Oh et al. 2004, Tang and 

Nilsson, 1993, Zhang and Chia, 2002). The chloride penetration depends on various factors like 

exposure conditions, water-cement ratio, type of cement, age of concrete, temperature, type of 

aggregates to name a few (Basheer et al., 2001, Care, 2003, Dehghanian, C. and Locke, 1981, Hansen 

and Saouma, 1999, Neville, 1996, Oh et al., 2004).   
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Figure 3 – Variation of 28 days compressive strength of concrete with chloride content and w/c 

The chloride may be introduced during the service life of concrete like in case of marine structures, or 

by application of deicing agents in cold places. Chloride may also come from aggregates, mixing 

water, curing water or the chloride present in the cement (Hansson et al., 1985). Due to the huge 

impact of chloride on corrosion, maximum chloride percentage present in cement has been restricted 

by the codes. It should be noted that chloride may be a contributing factor, but it is not the only factor 

(Neville, 1996).  Many structures are standing tall in areas of high chloride concentration for a 

significantly long time and have shown no durability problem or corrosion problem (Alexander and 

Mindess 2005, Alonso and Andrade 1990, Azad et al. 1997, Eliss et al. 1991, Feldman et al. 1994, 

Glasser et al. 1991). Pore system and microstructure of hardened concrete play a significant role in 

corrosion (Alexander and Mindess 2005). Moreover sufficient amount of oxygen and moisture should 

also be present (Oh et al., 2004, Neville, 1996).  Corrosion is seldom seen in desert regions, because 

the concrete matrix does not contain sufficient amount of moisture, although other contributing 

factors are present. 

 

When the concrete surface is exposed to chlorides, diffusion will always be an active transport 

mechanism (Hansen and Saouma 1999, Oh et al. 2004, Pratanu et al. 2011). This is because the 

driving force is the concentration difference between the contaminated surface and the non-

contaminated concrete. The rate of ingress will depend on the chloride concentration at the surface, 

and the diffusion coefficient of the concrete. The diffusion coefficient is a material property 

describing the speed of diffusion through the concrete. The size of the diffusion coefficient is highly 

dependent on the pore-structure and the denseness of the concrete and therefore mainly varies with the 

w/c-ratio, cement content, pozzolana content, presence of micro-cracks and curing conditions (Oh et 

al. 2004, Azad et al. 1997, Hansson et al. 1994, Pradhan and Bhattacharjee, 2011, Rasheeduzzafar et 

al. 1990, Shi 2004). 

 

The compressive strength at the age of 1 and 28 days is decreasing with the increase of w/c. The 

increased chloride content in cement seems to have significant influence on 1day compressive 

strength. A general trend is noticed that with the increase of chloride content in cement, early strength 

response is significantly improving. Concrete having w/c 0.3 exhibits 50% recovery in 1 day strength 

with 0.3 % chloride content in cement, in comparison with the reference concrete mix of the particular 

group. This trend is observed for the concrete mixture for all the groups. It gives enough hints that the 

chloride based salt may act as an accelerator in cement hydration kinetics. 
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4. Corrosion Initiation – A Modeling Approach 

Chloride ion is understood as one of the major contributory factor for corrosion in concrete, which 

results in development of cracks, loss of reinforcement strength and loss of bonding between 

reinforcement and concrete (Apostolopoulos, 2012). Corrosion initiation takes place when chloride 

concentration reaches a critical value; however, there is no unique value of chloride ion concentration 

for concrete (Alonso et al., 1990). There are many factors like type cement and steel, resistivity and 

moisture content of the concrete, availability of oxygen at the steel surface etc., on which the 

threshold value depends (Angst et.al. 2009).  

 

Corrosion initiation time and diffusion coefficient of concrete at different ages of its service life are 

closely linked (Berke, 1993). The reliability of corrosion initiation prediction would greatly depend on 

diffusion coefficient of concrete. Chloride transportation characteristics may possibly be modeled as 

an unsteady diffusion based on Fick’s second law. Accuracy of the boundary conditions towards 

deriving the value of the chloride concentration at a particular depth and time is essential. 

Symbolically it can be expressed as:   

     …..1 

Crank’s solution is widely used for calculation of the concentration at a particular depth and at a 

particular time widely. The boundary conditions for which this solution works are: Ci=0 at x=t, t=0 

and Ci=Cs   at x=0, t=t. The solution is given as 

      …..2 

where Ci[x,t] is the value of concentration at a depth “x” and at a time “t”, Cs = surface concentration, 

Di is the diffusion coefficient, erfc is the standard complementary error function. The assumption of 

constant diffusion coefficient and surface concentration over time is the major shortcoming of this 

formulation. It also does not take into account the influence of water transport on the transport of 

chemical compounds. As a consequence a single value of the diffusion coefficient can never be 

obtained from the measured concentration profiles, particularly if the measurements are performed 

over longer time periods (Ghosh, 20011). Temperature effect or the pressure effects are not taken into 

account by this method. 
 

If chloride is present in the original mixture, then the Crank’s solution cannot be used as the basic 

assumption that the chloride content in the concrete at t=0 is not zero, but a finite value Cf. 

For this condition (Elsener et al. 2003) gave a formula for determining the concentration. 

  …..3 

 

From the above discussion it can be seen that the calculation of diffusion coefficient is a basic step to 

know the chloride content at a particular depth and at a particular time and as such to determine the 

chloride profile in the concrete at a given time. The diffusion coefficient was empirically related to the 

result of rapid chloride permeability test conducted according to ASTM C1202 by Berke (1993). He 

calculated the diffusion coefficient values by ponding test done in accordance to ASTM 1543-92 and 

correlated the results with the results obtained by testing sample according to ASTM C1202-91. The 

empirical formula he suggested is: 

Di = 0.0103 X 10-8 X (Q6hrs)
0.84 …..4 

where Q6hrs is the total charge passed through the sample in 6 hrs in Coulombs and Di is in cm2/sec.  

With the values obtained from rapid chloride permeability test, modeling of chloride initiation time 

has been attempted in this work. The diffusion coefficients were found out from the RCPT values 

with the help of Berke’s formula (1993). The value of the diffusion coefficient was used for further 

modeling the chloride initiation time using the equation suggested by (Elsener et al. 2003). It is 

assumed that the corrosion initiation starts when the chloride content at the surface of the 

reinforcements reach the threshold value. A clear cover of 50mm is assumed. The threshold value is 
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taken according to the values given by (Tang et al. 1999) assumed to be 0.4% by weight of concrete. 

The surface chloride concentration is assumed to be 0.6 % by weight of concrete. The time to reach 

the chloride threshold value for various samples is shown in Figure 4. 
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Figure 4 Variation of corrosion initiation time with w/c and chloride content 

 

It is observed that with increasing chloride content the corrosion initiation time reduces. As chloride 

percentage is increased from 0% to 0.3%, a decrease of about 15 % in the time to reach the chloride 

threshold value is observed. This shows that time to reach chloride threshold remains almost constant 

for a chloride content of 0.1% and 0.2%, even though there were changes in w/c. but the corrosion 

initiation time depends on the w/c for the mixes without any chloride where, with increasing w/c, the 

time to initiate corrosion decreased rapidly. The results for the 0.3 % chloride content seems to be 

somewhat out of trend. The limitations of the data availability and possible experimental deficiencies 

may be the contributory factors of this.  

 

The cast beams of dimension 50x50x150mm were visually inspected after a period of 2 years of 

casting. Beam cast with various w/c ratios and chloride contents were kept exposed to external 

weather. The beams showed no signs of deterioration. Figure 5 shows some of the pictures. 

  

 
 

Figure 5 Cast beam samples 
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Generation of larger population of data is required to improve the accuracy in modeling the corrosion 

initiation time. There are large number of variables in the calculation, which affect the values. In this 

study, temperature effect and chloride binding effects were not taken care of. Moreover influence of 

other ions present in the concrete matrix was not monitored, which may have resulted in chloride 

permeability value and the diffusion coefficient value not pertinent with the time to initiate corrosion.  

 

5. Conclusion 

This investigation was designed to study chloride transport properties of concrete with a w/c of 0.3, 

0.4, 0.5 and 0.6 composed with OPC and with additional chloride content of 0.1, 0.2, and 0.3 % by 

mass. Based on the results of the experimental study, the following conclusion could be obtained. 

Both chloride transport characteristics and compressive strength of concrete was the primary 

considerations for studying under the influence of chloride rich OPC. The study shows a close link 

between the water cement ration (w/c) and compressive strength as well as chloride transport 

properties of concrete. With the increase in w/c and compressive strength reduces and chloride 

permeability increases irrespective of chloride content in OPC. The study has demonstrated an 

influence of chloride content on the compressive strength of concrete. Concrete made with identical 

w/c does not exhibit significant change in RCPT values for all classes of concrete. Compressive 

strength of the concrete at the early age increases with increased dosage of chloride content in cement. 

However, its influence on 28 days is not significant. Modeling approach presented here seems to be a 

useful tool for prediction of corrosion initiation in concrete. However, for improving the accuracy of 

this modeling approach much larger population of data generation is essential. 
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Abstract  

 To understand the influence of limestone on reducing water stability of magnesium potassium phosphate cement 

(MKPC) pastes, effect of limestone content on the hydration temperature, setting time, compressive strength and 

early water stability of magnesium potassium phosphate cement ( MKPC ) was investigated. The cause of water 

stability deteriorated were analyzed by testing and analyzing the pore structure，pH values of the immersion fluid 

of hardened MKPC paste，leaching substances and total phosphorus contents. The results showed that adding 

limestone to the magnesium phosphate cement matrix accelerates the setting reaction of MKPC, decreases the 

total heat evolution of MKPC and clearly degrade the strengths. But increasing the limestone content did not affect 

the formation of new phases to any appreciable extent. The performance of bad water stability may be caused by 

worse pore structures, higher pH value and phosphate dissolution after adding limestone.  

 

Originality 

Limestone/MKPC blended binders are novel and little open literature is available concerning their properties，

detailed chemical or microstructural characterisation of limestone powder has not yet been reported, and 

limestone powder may have negative effect on the performance of MKPC paste. And the limestone powder on the 

water stability of the magnesium phosphate cement slurry water has not been studied. So the research of limestone 

powder on the water stability of the magnesium phosphate cement slurry water is the originality. 
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1. Introduction 

Magnesium phosphate cement (MPC) paste is prepared by mixing dead-burned magnesium 

oxide (MgO) and acid phosphate source with a proper proportion of water. The paste 

demonstrates superior performance such as fast setting, high early-strength, low shrinkage 

and good bonding which make them attractive for applications like fast repairing of damaged 

structures (Yang Nan et al., 2013; Chang Yang et al., 2014),waste encapsulation (Wagh A.S. et 

al.,1997; Ibrahim W.A. et al.,2011). However the magnesium phosphate cements are sensitive 

to water. The mechanical properties deteriorate when immersed, or simply when contacted 

with water, the instability of MPC in water limits its applications in moist environment. 

Sarkar(Sarkar A K.,1990) found that the maximum strength loss of MPC mortar cured for 28 

day in dry environment was about 20% after 90 day of immersion in water. Seehra et al 

(Seehra S.S. et al.,1993) found that the residual compressive strength of MPC mortars with 

age of longer than 28 day was 87% after long-term immersion in water. Li et al(Li Dongxu et 

al., 2009) found that the strength of MPC decreased 44.2% when cured in water for 28 days. 

Shi (Shi Caijun et al., 2014and Yang et al(Yang Jianming et al., 2011) indicated that water 

glass could fill up the pores of MPC paste and act as a barrier to the infiltration of external 

water into the inside. Thus, it effectively decreased the dissolution of unreacted phosphate and 

the hydrolysis of hydration product in MPC paste during water curing, and improved its water 

stability significantly at early ages.  

Magnesium phosphate Cement-Based Materials are restricted to specialty applications mainly 

because of the relatively high cost of pure MgO, which is far less common than limestone or 

dolomite(Kurdowski W. et al.,1983). To reduce the practical operation costs, other binders 

and additives were used to substitute the traditional raw binders, Fly ash, cement kiln dust, 

lime kiln dust and other industrial inorganic wastes were used as filler materials in MPC 

system (Chattopadhyay S.,2002),some researchers use limestone powder as binders to replace 

the pure MgO. Kurdowski and Sorrentino(Kurdowski W et al., 1983) used intimate mixture of 

CaCO3 and MgO to reduce the raw material costs, But the performance of such cements is 

poor due to their dilution with calcite. Yang(Yang Quanbing et al., 2000) studied the influence 

of strength of magnesium phosphate cement mortar and compared with several components of 

aggregate, it was also found that aggregate containing minerals with high content of CaO can 

reduce the strength of MPC pastes, because they reacted with the phosphate constituent 

undesirably. Calcium phosphate hydrates can be easily formed. Therefore, the hydrates of 

MKP which was the major contribution to strength are reduced. Yang (Yang Jianming et al., 

2015) investigated the properties of magnesium phosphate cement with limestone powder as 

an additive and reached a completely opposite conclusion. She found that some limestone 

powder added significantly improved early hydration degree of MPC paste, increased the 

crystal degree and formation amount，changed the shape and size of crystal, resulting in high 

mechanical strength and low shrinkage. 

Current research on Limestone Magnesium phosphate cement performance are not much 

depth, the limestone powder on the water stability of the magnesium phosphate cement slurry 

water has not been studied. The purposes of this study were to study the effect of the addition 

of limestone powder on water stability of MKPC and the cause of water stability deteriorated 

were analyzed by testing and analyzing the pore structure，pH values of the immersion fluid 



of hardened MKPC paste, leaching substances, total phosphorus contents and the 

microstructure of the material. 

2. Raw materials and testing methods 

2.1. Materials 

Dead-burned magnesium oxide (MgO) powder with a specific surface area of 183 m2/kg 

was obtained by calcing at 1700 °C and grinding magnesia sand in a lab ball mill. The 

chemical composition of MgO was shown in Table 1. The MgO content was 96.8%, whereas 

small amounts of SiO2, CaO and Al2O3 were also noticed in the raw material. Because of high 

reactivity of MgO, composite retarder (A) (Yang Jianming et al., 2011) which was prepared 

by borax, disodium hydrogen phosphate dodecahydrate and chloride in a certain percentage 

used here as a retardant. The potassium dihydrogen phosphate (KH2PO4) used in the study 

was obtained from Lianyungang Geli Chemical Factory Co., Ltd. It was an industrial grade 

product with particle size of 245–350 μm. The limestone powder containing about 95% of 

CaCO3 was utilized in this work, and it had a surface area of 413m2/kg. The addition of 

limestone powder was 0%, 5%, 10%, 15%, 20%, 25% of dead magnesium oxide, the prepared 

MKPC pastes are, hereafter，referred to as L-0, L-5, L-10，L-15,L-20 and L-25, where the 

numeral refers to the addition of limestone powder. The mixing proportions and physical 

properties of MKPC paste are listed in Table 2. 

Tab.1 Chemical composition of the raw Magnesia/% 

Compositions MgO CaO SiO2 Fe2O3 Al2O3 

Content 96.80 1.33 0.92 0.34 0.16 

Tab. 2 Mixture of MKPC pastes and some physical properties 

A-Mixture of dipotassium hydrogen phosphate and composite retarder 

2.2. Testing methods 

2.2.1 setting time  The setting time of the MPC mortar was carried out using a Vicat 

apparatus, according to GB/T1346-2001. As MPC could set very fast and the initial setting 

was close to the final setting, the mixing time should be controlled  within 3 minutes，and a 

final setting time was measured. Take a minute at the beginning and when closer to the final 

setting measuring every 15s. 

2.2.2 Temperature rise during setting In order to study the rate of heat evolution, the 

temperature rise in the slurry was recorded by an automatic temperature recorder with a 

precision of ±1 °C. A total of 100 g MKPC paste was placed in an insulated container within 2 

min after mixing. A temperature sensor was inserted into the paste to record its temperature. 

Number 
m(MgO+CaCO3)/ 

mKH2PO4 

A/MgO 

(%) 

Limestone 

(%) 
W/S 

Initial setting 

time/min 

Final setting 

time/min 

L-0 3 8 0 0.16 32 43 

L-5 3 8 5 0.16 28 38 

L-10 3 8 10 0.16 26 37 

L-15 3 8 15 0.16 25 34 

L-20 3 8 20 0.16 23 33 

L-25 3 8 25 0.16 20 32 



The environment temperature was kept constant at 20°C during the experiments. 

2.2.3 water stability  Fresh MKPC paste was prepared by mixing magnesia, soluble KDP, 

composite retarder and tap water according to the mix design for 3 min，then the cement 

pastes were cast into a 40x40x40mm PTFE mould, All moulds with mixtures were compacted 

using a vibration table. The specimens were demolded 5 h after the casting, then were cured 

under different conditions and then tested in triplicate at 1, 3, 7 and 28 days. The compressive 

strength was determined using a universal testing machine with the vertical load applied 

axially at a constant rate of 0.6MPa/min. Compressive strength of the specimen cured in water 

to that cured under sealed condition was defined as the residual compressive strength ratio. It 

was used to reflect the water stability of MKPC pastes.  

2.2.4 water immersion test one cube sample from each group was immersed into a 

plastic-made sealed bottle which contained 500 ml deionized water till the designated ages at 

a temperature of 20℃. The soak solution was stirred well and approximately 50 ml solutions 

were sampled and dried in an oven at 104℃ until constant mass, weight the mass of residual 

material in solution to get solid content which is used as an indication of the water stability of 

MKPC paste. pH value was recorded and filtering process was applied to separate solid from 

liquid. The apparatus used was a vacuum-operated system using a 0.45 um porous filter. The 

concentrations of total P dissolved in the solutions were measured by a spectrophotometer 

(UV2550) in accordance with GB11893-99.  

2.2.5. Thermal analysis The surface layer (1 mm) of the specimen was grinded into powder. 

The powders were dried in an oven at 60°C for 24 h, and then sieved through a 125 μm sieve. 

The powders were heated from 20 to 1100°C by heating rate of 10 °C/min in a N2 

atmosphere.  

2.2.6 Powder X-ray diffraction (XRD) analysis Specimens from the crushed MKPC samples 

were used to study some of the crystalline phases present in the paste using x-ray powder 

diffraction (XRD) technique. The samples were crushed and sieved through the 200μm sieve, 

and then vacuum- dried at 60°C for 24h. The measurement was performed in the 2θ range 

from 10° to 70° using Cu-Kα(34 kV, 20 mA) radiation as the source with a step size of 0.05°. 

2.2.7 Porosity and pore distribution Mercury Intrusion Porosimetry analysis was performed 

on the samples by a Quantachrome Pore Master Autoscan-60 to examine the pore volume and 

the distribution of pore sizes. 

2.2.8. Scanning electron microscope (SEM) analysis The samples were chosen from the core 

of crushed samples and vacuum-dried at 60°C for 24h before the experiment. Quanta FEI-200 

equipped with energy dispersive spectroscopy (EDS) was used to analyze the surface 

morphologies and elemental composition of matrices. The samples were coated with Au-Pd 

before examination under the SEM. 

3. Results and Discussion 

3.1. Effect of limestone on hydration temperature of MKPC pastes 

Fig.1 shows the temperature development curves of MKPC pastes with different 

limestone powder contents during the first 25h. It can be seen that all the curves have two 

temperature peaks, the appearance of the first temperature peaks is due to the dissolution of 

magnesia and limestone in water, and the formation of the reaction product MgKPO4·6H2O is 

accounted for the 2nd peak(Chang Yuan et al., 2013). Limestone particles (added to the acidic 

aqueous solution) could dissolve neutralizing acids and increase dissolved calcium 



concentration. The proposed acid–base reactions are represented by the following chemical 

equations, respectively (Hussain S et al., 2011).  

MgO + 2H+ →Mg2++ H2O                                               (1) 

MgO+H2O→Mg2++2OH-                                                                           (2) 

CaCO3+H+ →Ca2++HCO3
-                                                                         (3) 

CaCO3+ H2O →Ca2++HCO3
- + OH-                                                                  (4) 

The basic thermodynamic potentials of the constituents involved in the reactions are 

listed in Table 3. And for both of reactants and reaction products the thermodynamic data are 

available from the CRC handbook of chemistry and physics(Haynes W. M., 2010).The 

standard enthalpy change of reaction △H based on the Eq. (1) and (3) are -151.23 and 

-25.33KJ/mol, respectively. So the first temperature peak droped with the increase content of 

limestone. It can also be observed that the location of the first temperature peak is nearly the 

same for all the mixtures but the second temperature peak was less exothermic than the first 

one and its intensity and time appearance were variable. The second temperature peak of 

Samples prepared with less than10% limestone powder (31.1°C and 31.7°C) was higher than 

that of samples without limestone powder (29.8°C). The second temperature was more intense 

and at shorter time than the one observed the pastes without limestone powder except for the 

addition of 5% limestone powder to the paste. This means that the hydration reactions and the 

setting process are faster in the presence of limestone powder. 
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Fig 1 Calorimetry curves obtained for MPC prepared with various additions of limestone. 

Tab. 3 The standard state chemical thermodynamic properties of MKPC pastes 

Substances Physical state f H 
（kJ/mol） 

CaCO3 S -1207.6 

H+ aq 0 

H2O aq -285.83 

3HCO
 aq –689.93 

Ca2+ aq –543.0 

MgO s -601.6 

Mg2+ aq –467 

3.2. Effect of limestone on setting time of MKPC pastes 

The effect of different limestone powder contents on the setting time of MKPC paste was shown 



in Fig.2. The setting times were shortened with the addition of limestone powder increasing. 

However, it did not affect the setting time to any appreciable extent if limestone is excessed, this 

observation agrees with the findings from Yang et al(Yang Jianming et al., 2015). Samples 

prepared with 25% limestone powder exhibited the lowest setting time of about 20 min, which 

was 37.5% less than sample without limestone powder. The hydration rate of MKPC paste was 

really controlled by the concentrations of H+ and OH-. The limestone coagulant effects related to 

system of acidity or alkalinity of the reaction environment. The pH value of MgO saturated 

solution is 7.45 and the pH value of CaCO3 saturated solution is 9.5, so the addition of limestone 

would raise the pH of the reaction environment, the effect of Composite retarder (A) by 

controlling pH of hydration system cannot be exerted effectively(Yang Jianming et al., 2013). 

Meanwhile limestone particles also increased hydration temperature of MKPC pastes and 

accelerated the reaction between MgO and phosphate. As a result, limestone can significantly 

speed up the setting time of MKPC pastes. 

L-0 L-5 L-10 L-15 L-20 L-25
0

5

10

15

20

25

30

35

40

45

S
et

ti
n

g
 t

im
e/

m
in

Sample

 Initial setting time

 Final setting time 

 

Fig 2 Setting time of MKPC paste with different CaCO3 contents 

3.3Effect of limestone on water stability of MKPC pastes 

Compressive strength versus limestone content for MPC pastes at 1, 3, 7, and 28 days is 

presented in Fig. 3. Within the different curing conditions, the general trend observed in all 

the cases was that the early compressive strength reduced with the increase in the limestone 

content. It shows that the addition of limestone powder would reduce the strengths of 

matrixes. However, Yang et al.( Yang Jianming et al., 2015) reported a different observation in 

which the addition of limestone powder could improve the compressive strengths of MKPC 

pastes. 

It can be seen that for both L-20 and L-25 series, the strength growth rate obviously broaden 

under seal curing but still lower than those of the mixture without limestone under seal curing 

because the excess amount of limestone affects the formation of MKP, negatively affecting 

the material’s structure. The MKPC pastes had a reducing trend after 3 days water curing and 

this trend is likely to exacerbate with the increase of limestone powder proportion. Yang Q 

et.al(Yang Q et al., 1999 ) believed that the key component in MKPC, phosphate, are more 

easily react with CaCO3, or Ca2+ in the minerals than with dead burnt MgO. The calcium 

phosphate hydrates can easily formed and the magnesium-ammonium phosphates hydrates are 

reduced, the strength of calcium phosphate hydrates may be lower than that of 

magnesium-ammonium phosphates(H. Monma, 1988). So the early compressive strength of 

limestone - additive MKPC matrixs was lower than the non-additive MKPC matrix. 
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Fig 3 Influence of limestone content on compressive strength of MPC  

The residual compressive strength ratio Wf (Wf=Rfc/Rc) used to reflect the water stability of 

MKPC pastes. Rfc is the compressive strength of the specimen cured in water and Rfc is the 

compressive strength of the specimen cured in airtight bags. The larger the strength retention 

coefficients, the better the water stability. After cured for 28 days, the compressive strength 

and residual compressive strength ratio with different limestone powder contents was 

summarized in Table 4. The residual compressive strength ratio of samples containing 

limestone was lower than that of non-additive samples (85%) except samples with 5% 

limestone content (86%). Sample with 20% limestone powder possessed the lowest residual 

compressive strength ratio, which was 72%. Appropriate amount of limestone added would be 

beneficial for the water stability performance of MKPC paste. With the limestone powder content 

increases, the unreacted limestone powder can be regarded as a hard core bonded by hydration 

products. The internal CaCO3 is difficult to continue react with phosphate, and a large number of 

unreacted CaCO3 particles with smooth surface and low strength were leaved in the paste, leading 

less binding thus adversely affect the strength. carbon dioxide was produced by its chemical 

reactions can cause an increase of porosity, it further increased the dissolution of unreacted 

phosphate and hydration product, resulting in a degradation of water stability. The results indicate 

that with the proper amount of limestone powder doped had favorable water stability of the 

hardened MKPC pastes.Considering the materials costs and the strength developing rule, the 

addition of limestone powder content is no more than 10%.  

Table 4 Residual compressive strength ratio of hardened MKPC pastes at 28d 

Code L-0 L-5 L-10 L-15 L-20 L-25 

Compressive strength after 28d seal curing(MPa) 45.85 38.75 38.70 36.00 36.65 31.80 

Compressive strength after 28d water curing(MPa) 39.00 33.37 30.77 29.60 25.60 22.85 

Residual compressive strength ratio(%) 0.85 0.86 0.80 0.82 0.70 0.72 

The mass loss of hardened MKPC pastes with different limestone powder contents after being 

soaked in water at different ages are shown in Fig. 4. As seen from the figure, the mass loss 

significantly increased with the limestone powder increases. This indicates that the addition of 

limestone powder increased the dissolution of unreacted phosphate and hydration products in 

hardened MKPC pastes. The solubility product Ksp of MgKPO4•6H2O is 2.1x10-12(Luff B.B. et 



al.,1980), and it is difficult to dissolve in water. PO43-, Mg2 + and K+ will continuous dissolve 

in limited water solution. If the ionic product exceeds the Ksp then precipitation occurs and 

removed from the solution, alkaline environment will accelerate the dissolution of MKP 

crystals, the higher the pH value, the more precipitation occurs, corresponding to the mass 

loss rate of MKPC paste is greater.  
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 Fig.4 Mass loss of MKPC pastes with different soaking time 

3.4 The pH value and total phosphorus concentrations of soaked solution  

More work was under-taken to evaluate the impact of on water stability MKPC pastes. 

The results of the pH value under different curing time are shown in Figure 5. During the pH 

experiment, it was observed that the early immersion fluid was weakly alkaline, and a rapid 

increase in the pH values for all the mixes in the first 3d, then began a slow decline. It was 

seen that increasing the content of the limestone powder lead to an increase in the change in 

pH. When the limestone powder content is 25%, the concentration of [OH]- ions was 

increased an order of magnitude. This shows that the addition of limestone powder can 

destroy the integrity of potassium magnesium phosphate crystallization network, so that the 

channel of crystallization waters into the hardened paste increased, accelerated the dissolution 

rate of f unreacted phosphate and hydration products in hardened paste, which lead to the 

reduction of water stability.  

The leaching concentrations of total phosphorus (TP) in solution decreased remarkably 

with the rise in pH (Fig. 6). As the age growth, total phosphorus concentration showed a 

decreasing trend. When samples soaked no more than 3d, the leaching concentration of 

phosphorus from 10% limestone -added MKPC matrix was greater than the control sample. 

The total phosphorus concentration was smaller than that of blank group except 5% 

limestone-added sample after soaked 3d. Unhydrated phosphates exist in the MKPC hard 

pastes and dissolve to achieve the saturation in limited water solution. It reacts with Mg2+ and 

K+ to form a relatively pure precipitate in terms of K-struvite composition. Phosphate ions 

will continuous decreased as the growth of the age. The addition of limestone powder 

improved the pH value, and accelerated the crystallization process of MKP crystal. As a result, 

the consumption of total phosphorus phosphate ions is more and the rest of the phosphate ions 

in the solution were lower than the control samples.  

The addition of calcium ions promoted the precipitation and affects the purity of struvite 

(Hassidou Saidou, 2015). During the immersion test, it was observed that white crystalline 

were deposited on the surface of MKPC cement matrix，and more precipitation isolated from 

the samples were obvious in the mixes with ages，the amount of precipitation increased with 



the increase of limestone powder content. And it was also observed that an evolution of the 

crystallized solid precipitate to the amorphous phase by increasing the content of limestone 

powder. 
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Fig. 6 Total phosphorus concentration of hardened MKPC pastes in aqueous solutions.  

3.5 Microstructural Analyses 

3.5.1 XRD analysis  

Fig. 7 compares the XRD patterns of MKPC pastes with 

different proportion of limestone powder after curing for 28 days. It can be seen that all the 

hardened pastes showed major peaks of magnesium potassium phosphate (MgKPO4·6H2O, 

MKP) and unreacted magnesium oxide (MgO). From the intensity–2θ format, it showed that 

the MKP diffraction intensity of the paste decreased as the increase of limestone powder. It 

implied that the addition of limestone powder would decrease the amount of well crystallized 

MKP phase. These findings are consistent with the morphological features observed in the 

SEM micrograph s of fractures surfaces of the hardened cement s shown in Fig. 11. It was 

also noticed that the MgO and MKP diffraction peak intensity of the specimens L-5under 

sealed curing conditions were stronger than that under water curing conditions, but lower 

intensity of the diffraction peak CaCO3. Therefore, it could be concluded that some MKP and 

MgO in MKPC paste were dissolved in solution.  

From the XRD results above, despite some differences in intensity, there was no new 

crystalline phase formed and the main crystal phase of all the samples was still MKP after the 

addition of limestone. This showed that the addition of limestone powder had no obvious 

influence on the formation of major crystalline phase MKP. 
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Fig 7 XRD patterns of MKPC pastes with different limestone content at 28d 

3.5.2 Thermal analysis 

Fig.8a and b shows the TG-DTA results of MKPC pastes after 28 d under seal curing and 

under water curing. The DTG curve shows a significant mass loss at about 100°C which is 

attributed to dehydration and mass loss K-struvite. There is an extra endothermic peak near 

700℃ corresponding to calcium carbonate decomposed. By comparing the area enclosed by 

the dehydration values of all curves, it was found that the amount of MKP product decreases 

with limestone powder content and lower the dehydrated temperature. It indicated that the 

crystal degree of crystalline hydrates is deteriorated. The MKP mass loss rate of the control 

group specimens under 28d water curing condition was 13.38%，greater than that under seal 

curing condition(10.4%). This behavior can be attributed to "not mature" products will 

continue absorb water to generate more stable MKP, so the amount of hydration products 

relative increase. However, the limestone-additive MKPC matrix presents a contrary 

phenomenon. It is considered may due to the immature products increased with the addition 

of limestone powder and can be dissolved and then generate precipitation caused when 

soaked in water. 
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Fig. 8 TG–DSC curves f MPC pastes for 28 d seal curing and 28d water curing 

3.5.3 Porosity and pore distribution analysis 

The total porosity of MKPC paste samples at 28d is given in Fig.9 and the effect of 

limestone powder addition on pore size distribution of MKPC pastes under different curing 

conditions is summarized in Table 5. The results indicate that both pore size distribution and 

the total porosity are influenced by limestone powder content. The total porosity of 

limestone-additive samples were higher than that of non-additive samples while the pore size 

distribution tended to be finer under seal curing. However the total porosity of hardened 

MKPC pastes was obviously lower after water curing due to the dissolution of hydration 

products and other material. Proportion of the harmful pore larger than 100 nm and hole 

between 50 nm to 100 nm in hardened MKPC pastes under water curing condition was higher 

than that in hardened MKPC pastes under natural curing condition, this led to increase 

precipitation and recrystallization of MgKPO4·6H2O on the surface of the specimen. The 

limestone particles can fill the voids and make the structure denser, but carbon dioxide was 

produced by its chemical reactions can increase the porosity, resulting in a degradation of 

mechanical properties. When samples immersed in water the reduction of the mechanical 

strength will be worse. 
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（a）seal curing                             （b）water curing 

Fig 9 Total porosity of MKPC paste samples at 28d 

Table 5 Pore size distribution of MKPC pastes samples under different curing conditions. 

Sample Curing condition 
Total 

porosity/% 

Mean-pore 

diameter 

Pore size distribution/% 

<50nm 50-100nm 100nm-1um >1um 



(nm) 

L-0-28d  

Seal curing 

13.65 57.65 30.63 13.66 43.22 12.49 

L-5-28d 16.33 53.29 28.21 13.14 29.33 29.32 

L-25-28d 20.87 40.28 35.63 12.56 26.50 25.31 

L-0-28d  

Water curing 

15.31 66.82 19.94 5.58 30.40 44.08 

L-5-28d 16.26 60.66 21.75 6.81 33.9 37.54 

L-25-28d 22.79 41.59 30.57 7.76 31.45 30.22 

3.5.4 SEM analysis 

The SEM images and EDX of the hardened magnesium paste samples which were cured for 

28-day are shown in Fig. 10 and Table 6. As shown in the image, paste sample contained 5% 

CaO and cured under sealed condition has significant amount of hydration products covered 

on the surface of MgO particles. The hydration product and MgO particles were bond very 

well, and the microstructure has good density. The sample cured in water has healthy crystal 

growth leading to a bigger size of the resultant polycrystals but lower density and higher 

porosity due to the dissolution of hydration product. It is clearly shown in the image that the 

hydration products of the non-additive MKPC matrix have high degree of crystallization as 

cured in water. Also, the cystals were connected and leave fewer space between each other, 

which results in the sample has a tidy microstructure and rational formulation. But, the 

hydration products of the high crystallization material were reduced, and some loose 

unhydrated materials were covered on the surface of the unreacted MgO powder. Moreover, 

the hydration products were rarely connected, which results in lots of space between the MgO 

particles. Thus, the pore structure is more porous than non-additive MKPC matrix. The better 

mechanical performance of MKPC-based composites can be largely attributed to the better 

formation of MKP hydrate and the more ideally compacted microstructures(Xu Biwan et 

al.,2015 ). When limestone powder was blended into the MKPC system, the pH of the solution 

increases rapidly, and calcium ions which released from the limestone can competing for 

phosphate ions with magnesium ion. It reduces the crystal size and inhibits the struvite 

growth(Doyle J.D.,2002 ), or affects struvite crystallisation and leads to the formation of an 

amorphous substance rather than crystalline struvite(Le Corre K.S. et al., 2005; Bouropoulos 

N.Ch. et al., 2000; Koutsoukos P.G. et al.,2003; Kofina A.N. et al., 2004)，resulting in strength 

reduction. 



    

                           

                 Fig 10 SEM photographs of MKPC pastes hardened for 28d 

Limestone powder in the solution causes huge changes on the morphology of the 

hydrated products (Fig 11). In Fig. 11a, the microstructure of MKP without limestone powder 

consisted of larger quantities of needle-like crystalline phases. From Fig. 11b, it was shown 

that, after 5% limestone powder was added, the amount of previous well crystallized phases 

decreased or blurred. There were lots of amorphous gel-like hydrates surrounding the blurred 

MKP crystals, By comparing with the needle-like polycrystals shown in Fig. 11a, the reaction 

products of the paste with 25% limestone-addition are much bigger in size. The crystal habit 

is changed from acicular to bladed prismatic. Elemental analysis using EDX was also carried 

out at different locations on those samples and the average typical results are shown in Table 6. 

These results confirm that the elemental composition present is mainly Mg, P, K and O, and 

given their relative weights present, indicate that it is the reaction product MKP. The presence 

of Ca2+ in the crystal indicated that the Ca ions can be incorporated into the struvite crystalline 

network by nucleation during the crystal growth process, suggesting the limestone powder 

particles may be covered by the hydration product MKP and it was further confirmed at the 

morphology and size shape of struvite crystallization was changed by the addition of 

limestone. 

(a)0%CaCO3(water curing) 

 

(b)5%CaCO3(water curing) 

 

(c)25%CaCO3(water curing) 

 

(d)5%CaCO3(seal curing) 

 

F 



                
Fig 11 SEM photographs for hydration products of MKPC pastes hardened for 28d 

For the scanned area A (Fig. 11a), the measured molar ratio among the three key 

elements (Mg, K, and P) is 1.0:1.0:1.1, which is incredibly close to the theoretical value of 

1:1:1 among the elements in MPK., The molar ratio of Mg : K : P is 5.56:1:0.43 for area C 

(Fig. 11b), which means that the Mg content is largely increased in this area, while the 

contents of P is almost zero. It is presumed as an originally huge magnesia particle which was 

not totally consumed by the chemical reaction and embedded materials with very different 

morphologies. The area E was different morphologies of MKP. The compositional analysis of 

the area scan shows a combination of various metal elements including magnesium, calcium, 

potassium and phosphorous. It is worthy to point out that the relative number of moles of Mg 

is higher than the theoretical value, That could be attributed to a large amount of magnesia 

residuals, which are nearby, underneath, and most of the cases embedded in the reaction 

products(Chau C.K. et al., 2011). 

Table 6. Elemental compositional analysis in different MKPC system( in Atom%)  

Micrograph 
Curing 

condition 
NO. Mg P K Ca O 

Mg/K 

actual 

K/P  

actual 

L-0 

Water curing 

A 14.2 14.7 13.93 - 57.18 1.02:1 1:1.06 

L-5 

B 19.81 11.18 08.47 3.62 60.53 2.34:1 1:1.32 

C 23.73 1.83 4.27 - 70.17 5.56:1 1:0.43 

D 17.23 12.81 06.85 - 63.11 2.52:1 1:0.87 

C 

D 

E 

H 

G 

A 

(a)  (b) 

(c)

 

) 

)  

(d) 

) 

B 



L-25 
E 15.82 12.54 10.39 2.93 58.32 1.52:1 1:1.21 

F 19.90 2.55 2.42 2.54 72.60 8.22:1 1:0.95 

L-5 Seal curing 
G 20.04 06.35 06.45 - 67.16 3.11:1 1:0.98 

H 20.04 3.81 9.69 - 66.47 2.16:1 1:0.39 

4. Conclusion  

Based on the experimental results obtained in this study, the following general conclusions can be 

drawn： 

To keep the water stability of magnesium phosphate cement, lime stone powder as the inert 

aggregate filler should not be more than 15%. 

The addition of limestone powder to the magnesium phosphate cement matrix accelerated the 

hardening reaction, increased the pH value of Slurry, shortened the setting time and the second 

temperature peak was more exothermic. 

Limestone powder significantly influences the water stability of MKPC paste. the early 

compressive strength of magnesium phosphate cement reduced under the different curing 

conditions and the mass loss rate of MKPC matrix after 28 day of immersion in water increased 

with the increase in the limestone content. For MKPC paste with 5% limestone powder, the 

residual strength rate has achieved its maximum value 0.86，and little higher than that of 

non-additive MKPC matrix. The residual strength rate was lower than that of non-additive MKPC 

matrix with the increase of limestone powder content added in cement. The residual strength rate 

of samples prepared with more than 15% limestone powder was under 0.80.  

The formation of new phases as a result of the presence of limestone in this study was not detected 

by XRD and SEM-EDS, but the addition of limestone powder affect significantly the crystal 

growth and the characteristics of K-struvite. And some Ca element was identified in the hydration 

products which was different from the composition of non-additive MKPC matrix. The total 

porosity of limestone-additive samples were higher and the pore structure was more porous，

which effectively increased the dissolution of unreacted phosphate and the hydrolysis of 

hydration product in MKPC paste during water curing, and the water stability of samples will 

be worse. 
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Abstract 

In this paper, the rheological behaviors of self-compacting concretes (SCC) with different mixing proportions were 

studied by rheometer and their influence on distinct-layer casting performance of concrete were experimentally 

evaluated. The mixing proportion factors include different replacement levels of fly ash and ground granulated blast-

furnace slag (GGBS), different dosage of retarder and different w/b ratio. The results show that the addition of fly ash 

and a higher w/b ratio reduce the shear stress and viscosity of fresh SCC, and make SCC more shear thickening, while 

different amount of GGBS has different effects on the rheological performances of concrete. The more addition of fly 

ash, retarder and the higher w/b ratio result in the lower loss of relative mechanical strength of specimens that were 

prepared by using the distinct-layer casting and self-compacting way. 

 

Originality 

Developed a modified method to evaluate the distinct-layer casting performance of SCC, and studied the relationship 

between the rheological behaviors and distinct-layer casting performance of SCC, the influence of time-dependent 

behavior was mainly discussed. 
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1. Introduction 

The use of self-compacting concrete has increased in recent years. Due to its ability of filling 

formworks without vibration, SCC not only reduce the time and difficulty of construction progress, 

but also increase the quality of project. The performance of fresh SCC is generally estimated by its 

filling ability, passing ability and stability. The rheological behaviors of SCC is usually described by 

the Bingham model (Eq.(1)) (Tattersall G. H., 1973; Wallevik J. E., et al, 2003) and modified 

Bingham model (Eq.(2)) (Feys D., et al, 2008a; Yahia A., et al, 2001a). The thixotropy of fresh SCC is 

not considered in conventional tests and the Bingham model.  

τ=τ0+μ∙∂γ/∂t                                                                                                                                         (1) 

τ=τ0+μ∙∂γ/∂t+c∙(∂γ/∂t)2                                                                                                                        (2) 

where: τ = shear stress (Pa), τ0 = yield stress (Pa), μ = plastic viscosity (Pa∙s), ∂γ/∂t = shear rate (1/s), c 

= the second order parameter (Pa∙s2). 

SCC is said to be thixotropic as it has a high flocculation rate at rest and a high de-flocculation rate 

when applied a shear rate, the flocculation rate of thixotropic SCC is between 0.1 and 0.5 Pa/s. 

Roussel has proposed the classification of SCC according to their flocculation rate: when the 

flocculation rate is less than 0.1 Pa/s then it is called non-thixotropic SCC; and higher than 0.5 Pa/s 

then is called highly thixotropic SCC (Roussel N., 2009). The effects caused by thixotropy on fresh 

SCC can be correlated to the applied shear rate and flow history of SCC, the static yield stress of fresh 

SCC increases with the rest time before test while a pre-shear before test can reduce the static yield 

stress. The thixotropic loop has been used to measure the thixotropy, but the measured surface can be 

the same for two mixer whose behavior will be very different. Thixotropy can be explained by the 

potential energy of particle. When the energy given to the particle is lower than a characteristic energy, 

then the material shows an elastic solid behavior; when it is higher than the characteristic energy then 

it may overcome the potential energy “wall” and flow, the characteristic energy increases with rest 

time and can be partial restore by a given shear rate (Saak A. W., et al, 2001b). Jarny et al. has proved 

that, in short timescales thixotropy is mainly controlled by flocculation and de-flocculation; in longer 

timescales the dominant affecting factor is hydration process (Jarny S., et al, 2005). 

The static yield stress and its increase rate at rest are related to the formwork pressure, the stability and 

distinct-layer casting, it has been proved that a low thixotropic SCC has a better distinct-layer casting 

quality and there is a time after which the two layers cannot mix (Roussel N, 2006b).  

There is a short time for SCC to rest before the second layer is cast above it, if the thixotropy of SCC 

is too serious its static yield stress may increase too much and impede the mix of two layers (Roussel 

N, 2008b). There is a critical value of static yield stress above which the two layers cannot mix well 

and result in a weak interface in the final structure, the weak interface may decrease the mechanical 

strength and impermeability and is necessary to avoid. The thixotropy of the first layer SCC decide the 

rest time for SCC to reach the critical static yield stress, while the rheological performance and 

thickness of the second layer SCC related to the value of critical static yield stress. Furthermore, the 

height and pattern of casting may also affect the quality of distinct-layer casting SCC.  

In this paper, the rheological behaviors of SCC with different mixing proportions were studied, and 

several of SCC mixes were selected for further experiment of distinct-layer casting by a new method. 

The relationship between the rheological behaviors and distinct-layer casting performance of SCC was 

studied, and difference caused by the mixing proportions and time-dependent behaviors were mainly 

discussed. As the target, the influence of rheological behaviors on the distinct-layer casting quality of 

SCC and the methods to increase the performances was investigated. 

2. Experimental 

2.1. Raw Materials 

The cementitious materials used in this study were TypeⅠPortland cement, according to Chinese 

standard, ground granulated blast-furnace slag (GGBS) and fly ash (Class F). The information of the 

oxides in the material is showed in Table 1. The SP here represented a polycarboxylate-based 

superplasticizer liquid with solid content of 40% and specific density of 1.07. The size distribution of 

sand and gravel is showed in Table 2.  The mixture proportion of SCC is showed in Table 3. All SCC 



 

mixtures in this study can meet the requirement of a slump flow between 620 mm and 700 mm and a 

V-funnel flow time between 10 s and 15 s. 
Tab. 1 The chemical characteristics of cementitious materials (%) 

Oxide Cement Fly ash GGBS 
SiO2 19.5 42.47 33.52 
Al2O3 4.7 26.01 14.42 
Fe2O3 2.80 8.44 0.29 
CaO 64.2 14.01 42.8 
MgO 2.50 3.15 5.91 
SO3 2.6 1.57 0.8 

Tab. 2 The size distribution of sand and gravel (%) 

Sieve size (mm) 38.0 19.0 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 
Passing percent (sand) 100.0 100.0 100.0 99.3 89.1 74.8 56.7 21.1 2.6 0.6 
Passing percent (gravel) 100.0 98.7 42.5 1.2 0 0 0 0 0 0 

Tab. 3 Mixing proportion of SCC (units in kg/m3) 

 Cement Water Fly ash GGBS Sand Gravel SP Retarder 

C1 530 180 0 0 800 880 4.24 0.53 

F1 477 180 53 0 800 880 4.24 0.53 

F2 424 180 106 0 800 880 4.24 0.53 

F3 371 180 159 0 800 880 4.24 0.53 

G1 477 180 0 53 800 880 4.24 0.53 

G2 424 180 0 106 800 880 4.24 0.53 

G3 371 180 0 159 800 880 4.24 0.53 

W1 530 191 0 0 800 880 4.24 0.53 

R1 530 180 0 0 800 880 4.24 1.06 

2.2. Experimental Process 

A RCAD400 rheometer, made in France, was used to measure the rheological parameters of mortars 

as showed in Figure 1. An identical test procedure was applied to each sample. As it has been posed 

that the thixotropy of SCC is mostly based on cement paste, the rheological parameters of SCC were 

measured on the mortars formulated from SCC mixtures in this study. 

The way of mixing mortars: mixing all dry components for 20 s in the planetary mixer, then mixing 

the SP with water before adding water into the dry components and blending for another 4 min. The 

quality of mortar was checked before tested by the rheometer for the initial test and this operation was 

finished within 10 minutes. 

                   
 

Figure 1 The rheometer used in this study                       Figure 2 The rotational speed of rheometer 

To measure the rheological parameters of mortars, the rotational speed was set in an optimum way: at 

a low speed of 0.1 rev/min for 30 s (step 1) to measure the static yield stress, then stepwisely increased 

to 150 rev/min in 75 s by 15 steps (step 2) and kept at 150 rev/min for 120 s (step 3) to preshear and 

de-flocculate, finally gradually decreased to 0 rev/min in 75 s by 15 steps (step 4). On these stages, 



 

every step of the increasing and decreasing process lasted 5 s, as showed in Figure 2. To study the 

influence of rest time the mortar sample was tested again after each 20 min of rest, all samples were 

prepared to test 4 times. However, some mortars set too fast during rest time to finish all tests. The 

shear stresses at the same shear rate are different during increasing and decreasing process because of 

the thixotropy of mortar, which is called “thixotropy loop”. Although “thixotropy loop” was proved to 

be not very accurate because it was very depended on test apparatus and procedure, it can be used as a 

reference of thixotropy. The shear stress during decreasing process can be used to deduce the yield 

stress of sample when SCC is casted and stopped flowing by Bingham model. The static yield stress 

can be seen as the lowest stress needed for a resting SCC to flow and is related to the performance of 

SCC placed by distinct-layer casting. 

 
Figure 3 The sample for the shear strength measurements 

Distinct-layer casting experiments were carried out for several concrete mixtures of Table 1. The 

100mm×100mm×100mm cubic specimen was cast in two layers for various delays between layers.  

The way to place the SCC specimens: mixed a type of SCC in the mixer and casted about 50mm 

height in the model as the first layer of SCC, after a specified time (20 min, 40 min, 60 min) mixed the 

same type of SCC for another time and casted it above the first layer of SCC as the second layer of 

SCC. The height and pattern of casting were controlled the same to avoid the error caused by the way 

of casting. The specimens casted without any delay were also considered as control sample. After the 

end of casting, the cubes were covered with a plastic film for an initial curing of 24 hours at room 

temperature, then the specimens were demolded and stored in a foggy room at a temperature of 

20±2°C.  

After 3, 7 and 28 days of foggy curing, the mechanical strength of specimens were tested. To evaluate 

the influence of distinct-layer casting on mechanical performance of SCC, the shear strength of the 

interface between two layers was tested by installing a simple metal frame on the specimen and 

applying a compression load (as shown in Fig. 3). The ultimate pressure upon specimen being broken 

was recorded for every sample and three specimens were measured for each mixture with same delay 

of distinct-layer casting. The relative mechanical strength was evaluated by comparing the ultimate 

pressure of distinct-layer casting specimen with one delay to the ultimate pressure of ordinary casting 

specimen (distinct-layer casting with no delay). Finally, the relative mechanical strength development 

with the increasing delay of distinct-layer casting was obtained for every concrete mixture. 

3. Results and Discussion 

3.1. rheological parameters  

The static yield stress was studied under a low shear rate as the mortar started to flow after a specified 

rest time, and the result of the static yield stress tests is shown in Table 4. The result of the area of 



 

thixotropy loop, the appear viscosity of fresh mortars under low shear rate, and the yield stress 

extrapolated by the modified Bingham model were shown in Table 5. 

The addition of 10% and 20% of fly ash (F1, F2) only reduced the static yield stress of fresh mortar 

from 4.1 Pa to 3.3 Pa and 3.4 Pa, but the addition of 30% of fly ash (F3) reduced the static yield stress 

of fresh mortar to 2.4 Pa. And with the addition of fly ash, the influence of rest time on the static yield 

stress decreased serious. The area of thixotropy loop and the appear viscosity of fresh mortars 

decreased with the increasing of fly ash, while the addition of 10% of fly ash increased the yield stress.  

The lower static yield stress and appear viscosity of fly ash – contained mortars could be attributed to 

the higher stacking density of particles and more free water (Mehdipour, I., et al, 2013; Rahman, M.K., 

et al, 2014). The replacement of fly ash reduced the amount of cement particle, and the activity of fly 

ash is much lower than cement particle, result in a lower influence of rest time. The result showed that 

the addition of fly ash reduced the static yield stress of mortars of all rest time, and the area of 

thixotropy loop decreased with the amount of fly ash, it could be indicated that the addition of fly ash 

can increase the performance of distinct-layer casting SCC. 

The influence of the addition of GGBS on the rheological parameters was irregular, the addition of 

10% of GGBS (G1) increased the static yield stress and appear viscosity of fresh mortar while the 

addition of 20% and 30% of GGBS (G2, G3) had an opposite influence. With the addition of GGSB, 

the area of thixotropy loop and the yield stress extrapolated by the modified Bingham model grew 

grievous. This could be ascribed to the shape of GGBS particles which may enhance the friction 

between particles. The result indicated that GGBS was not a good fine filler for SCC which was 

distinct-layer casting.  

The increase of w/b ratio from 0.34 (C1) to 0.36 (W1) decreased all the tested parameter obviously, 

the rheological parameters of W1 were clear to the rheological parameters of mortars with 30% of fly 

ash (F3) and much lower than the control mortar (C1). This can be explained by the higher content of 

free water which resulted in an increased distance and decreased friction among particles in the mortar. 

The low rate of static yield stress increasing with rest time led to high performance of distinct-layer 

casting SCC, but the increase of w/b ratio may reduce the final mechanical strength of construction. 

The increase of the amount of retarder did not affect the initial rheological parameters. But the growth 

rate of static yield stress with rest time was much lower, it was good for the performance of distinct-

layer casting. The addition of retarder did not affect the final mechanical strength of construction and 

could maintain the workability of SCC before placed, but too much retarder would put off the 

hydration process and extended the time of project. 
Tab. 4 The static yield stress of mortars (Pa) 

 C1 F1 F2 F3 G1 G2 G3 W1 R1 

0 4.1 3.3 3.4 2.4 12.7 1.7 3.0 2.8 4.1 

20 158.9 69.6 47.9 60.5 130.7 81.7 71.7 45.6 20.8 

40 710.5 102.6 107.5 100.5 392.7 146.9 117.1 187.5 40.8 

60  170.8 125.2 123.9  265.2 140.3 483.1 90.8 

Tab. 5 The rheological parameters of fresh SCCs modeled by modified Bingham model 

 C1 F1 F2 F3 G1 G2 G3 W1 R1 

thixotropy loop (Pa/s) 776 897 698 644 1245 1322 1277 634 786 

apparent viscosity (Pa.s) 8.8 9.2 6.2 5.8 20.3 7.8 7.6 5.9 8.7 

Yield stress (Pa) 0.4 0.7 0.3 0.2 5.1 1.9 1.2 0.2 0.4 

3.2. distinct-layer casting  

The sample C1, F1, F2, W1 and R1 were selected as the sample to study the influence of distinct-layer 

casting. Fig.4 are the fracture surface of F2 distinct-layer casting after different rest time, there were 

not too much different between the control sample and the sample rest time = 20 min. It was hard to 

distinguish the interface of two layers of SCC from the fracture surface, this meant that a delay of 20 

min before placed the second layer did not affect the connection of two layers greatly for sample F2. 

But as time passed, the sample whose rest time = 40 min had a smooth fracture surface, it was easy to 



 

distinguish that there was an interface of two layers of SCC. The sample whose rest time was 60 min 

had a more smooth fracture surface, the coarse of second layer enter the first layer less. 

  

(a) rest time = 0 min (control sample)                      (b) rest time = 20 min 

  

(c) rest time = 40 min                       (d) rest time = 60 min 

Figure 4 The fracture surface of SCC F2 distinct-layer casting after different rest time 
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(c) 28 days 

Figure 5 The breaking stress of SCCs at different ages. 



 

As mentioned above, the test results of distinct-layer casting can be contributed to the growth of static 

yield stress and viscosity of the surface of the first layer of SCC, which is caused by structuration. The 

stress caused by the weight of the second layer of SCC was not able to break through the resistance of 

first layer of SCC, which resulted in a weak connect of two layers of SCC and the coarse particle of 

the second layer of SCC was unable to enter the first layer of SCC and led to an interface between two 

layers. 

Fig.5 was the test result of the breaking stress of distinct-layer casting SCC at different age. The 

breaking stress of sample decreased with the increasing rest time and meant that the defect caused by 

distinct-layer casting increased, this could be contributed to changes the rheological parameters, and at 

different ages the influence of distinct-layer casting may had some different.  

At the age of 3 days, the sample of C1 had a loss of breaking stress of about 10% under the rest time 

of 20 min, while other samples had a loss less than 3%, it seen that at the rest time of 20 min the first 

layer of SCC was not able to resist the stress caused by the casting of second layer of SCC, there did 

have an apparent interface for most sample. The loss of breaking stress increased with the increasing 

of rest time, and it should be noticed that for most of the samples, there were a critical time beyond 

which the loss of breaking stress increased significantly, for C1, F1 and F2 the critical time was 

between 20 and 40 min while for W1 the critical time was between 40 and 60 min, R1 seen to have no 

such a critical time. 

For the sample did not have a rest time before cast the second layer, C1 had a higher breaking stress 

than most of the other samples, but for rest time larger than 20 min, the breaking stress of C1 lower 

than other samples, this could be caused by the high growth rate of static yield stress of C1, as the 

thixotropy of C1 was higher than other samples. The addition of fly ash or a higher w/b ratio reduced 

the breaking stress of samples whose rest time=0min, but the loss rate of breaking stress was much 

lower than C1. F2 had a lower loss of relative breaking stress (the breaking stress of a sample compare 

to the breaking stress of the sample did not have a rest time) compare to F1, but the fundamental of F2 

was much lower than F1, as a result, the breaking stress of F1 was higher than F2 at most rest time. 

The breaking stress of W1 were close to F1 for the control sample and the sample whose rest time was 

60min, but critical time of W1 was larger than F1, the breaking stress of W1 at the rest time of 40 min 

was 45.9 kN, while the breaking stress of F1 at the rest time of 40 min was only 40.5 kN. This result 

was not fit the test result of static yield stress well, there should be other parameters to affect the result 

of distinct-layer casting, like the viscosity and the content free water. R1 with a higher amount of 

retarder had the best test result, but as mentioned above, too much retarder would put off the hydration 

process and extended the time of project. 

From the test result of samples at the age of 7 days and 28 days, it could be found that most SCC had a 

larger loss of breaking stress at the rest time beyond 40 min than at the age of 3 days. This might be 

the interface of two layers be a weakness and had a less development as age increased, the loss of 

breaking stress increased as the age increased.  

Contact to the result of rheological parameters, the sample with a lower static yield stress and viscosity 

could have a lower loss of breaking stress at the same rest time, and the content of free water had a 

great influence on the performance of distinct-layer casting SCC. As the rest time was not larger than 

60 min, the first layer of SCC should have a static yield stress less than 80 Pa and a viscosity lower 

than 15 Pa.s to ensure a low loss of breaking stress. 

4. Conclusions 
1) The addition of fly ash reduces the static yield stress and the influence of rest time on the 

rheological parameters. 10% of fly ash increase the viscosity of SCC while a higher amount of fly ash 

reduces the viscosity of SCC. The addition of 10% of fly ash has a better effect on reducing the loss of 

breaking stress caused by distinct-layer casting. 

2) Mixing with GGBS increases the static yield stress of SCC. Addition of 10% of GGBS increase 

viscosity of SCC serious, but 20% and 30% of GGBS can reduce the viscosity of SCC and increase. 

The influence of GGBS was irregular for some rheological parameters, this was not a good filler to 

enhance the performance of distinct-layer casting SCC. 



 

3) A larger w/b ratio leads to a lower static yield stress and lower apparent viscosity, the thixotropy of 

mortars decreased as the w/b ratio increased. Although the static yield stress was higher than the 

mortar addition fly ash, the higher w/b ratio has a better result on distinct-layer casting, this could be 

caused by the larger content of free water. 

4) A large content of retarder do not affect the initial rheological parameters of SCC, but decrease the 

influence of rest time. A higher content of retarder work well on keep the workability and the 

performance of distinct-layer casting SCC. 

5) For most SCC, there is a critical time beyond which the loss rate of breaking stress increased 

serious, and the critical time affects by the mixing proportion of SCC. The loss of breaking stress 

increased as the age increased. 
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Abstract 

On the basis of the severe damages of concrete structure by multiple corrosive ions coupling interaction in our Ocean 

and Western regions, 29Si and 27Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) combined with 

deconvolution technique were used to study the effect of 5wt% corrosion ions (viz. SO4
2-, Mg2+, Cl- and CO3

2-) on C-S-H 

microstructure in Portland Cement-30% fly ash pastes. The results indicate that under coordination corrosion of Mg2+ 

and SO4
2- ions, Mg2+ corrosion enhances the decalcification of C-S-H by SO4

2- attack, leading to the increase of silicate 

tetrahedra polymer, thereby the mean chain length (MCL) of C-S-H higher than that under SO4
2- single corrosion, 

however, the degree of Al3+ substituting for Si4+ (Al[4]/Si) in this pastes doesn’t change evidently. Compared with SO4
2- 

single corrosion, the action of sulfate attack on C-S-H is not significantly influenced by Cl- ions when specimens are 

under SO4
2- and Cl- coordination corrosion, therefore the MCL of C-S-H and Al[4]/Si in fly ash-cement pastes show 

little change. When specimens are under coordination corrosion of SO4
2-, Cl- and CO3

2- ions, the decalcification of C-S-

H by sulfate and carbonate attack, as well as the activation of fly ash by SO4
2- results in the increase of the MCL and 

Al[4]/Si, which are both higher than that under SO4
2- single corrosion, Mg2+ + SO4

2- or SO4
2- + Cl- coordination 

corrosion. 

 

Originality 

Multiple corrosive ions including SO4
2-, Mg2+, CO3

2-, Cl- and etc., exist in the ocean and western regions of our country, 

and their coupling interaction can either promote or hinder the damage of concrete materials. Multiple corrosive ions 

coupling interaction will definitely impose an influence on the change of hydration degree of silicate minerals and 

reaction degree of fly ash, thereby changing the MCL of C-S-H and the degree of Al3+ substituting for Si4+ in C-S-H 

structure. Since traditional characterization methods are difficult to quantitatively evaluate this change in the condition 

of multiple corrosive ions, the investigation of quantitative characterization about this change is less at the present time 

and further discussion is needed. 
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1. Introduction 

In both sea and western regions of China, there are many kinds of corrosive ions (SO4
2-, Mg2+, CO3

2-, 

Cl- and so on) and interaction corrosion of those ions results in crack and serious durability 

degradation of concrete, withdrawing prematurely service and causing enormous economic loss and 

resource waste. In concrete, calcium silicate hydrate (C-S-H) as the main hydration products of 

cement-based materials, is the main strength source of hardened cement pastes (Taylor H. F. W., 

1997), however, C-S-H microstructure is short-range order amorphous structure, and it will change 

correspondingly with corrosive ions which directly affects macroscopic properties of concrete. 

However, current studies on the effect of corrosive ions on the concrete microstructure mainly 

centralize on the influence of species, composition and morphology of corrosive product under ions on 

the macroscopic mechanical properties, ion diffusion, expansive destruction of concrete and so on 

(Irassar E. F. et al, 2003; Jin Z. Q. et al, 2005; Gao R. D., 2010; El-Hachem R. et al, 2012), 

quantitative study on C-S-H microstructure under multiple ions corrosion is still less. Multiple ions 

corrosion not only improves cement hydration and stimulates the activation of fly ash reactivity, but 

also influences the distribution of 4-coordinated aluminum (Al[4]) and 6-coordinated aluminum (Al[6]) 

in cementitious pastes, eventually leading to more complex and changeable C-S-H microstructure, 

therefore, the formation of C-S-H microstructure under multiple corrosive ions is revealed as an 

important basis to improve durability and service life of concrete. Thus, in this paper, the influence of 

multiple corrosive ions on C-S-H microstructure in fly ash-cement pastes will be quantitatively 

analyzed in order to provide a theoretical basis for optimization and regulation of the C-S-H 

microstructure and durability improvement of concrete. 

2. Experimental 

2.1. Raw Materials 

P.I 52.5 Portland cement from Huaxin (Huangshi, Hubei), and fly ash (FA) from Huayuan class I fly 

ash (Zhenjiang Jianbi Power Plant), the following chemical composition are listed in Table 1. Mixing 

water is distilled water. Na2SO4, MgSO4, NaCl and Na2CO3 are chemical pure reagents. According to 

the ASTM C-1012(ASTM Standard Designation C 1012, 1995), 5% Na2SO4 solution is selected as 

corrosive solution, and MgSO4, NaCl and Na2CO3 concentrations are selected at 5%. 
Table 1 The chemical composition of materials /% 

Materials CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 Na2O K2O Other 

Cement 62.60 21.35 4.67 3.31 2.25 3.08 0.27 0.21 0.54 0.72 

Fly ash 1.60 58.50 32.40 3.01 0.33 0.53 1.18 0.42 1.72 0.04 

2.2. Experimental Process 

Cement paste with 30% fly ash (water-cement ratio at 0.35) is prepared and molded in the Ф10mm 

×50mm plastic pipe (one side sealed by rubber plug). The samples were demoulded after standard 

curing for 24h, and the sample surface was covered evenly with epoxy resin except for the one 

contacted with the rubber plug. These samples were immersed in plastic-sealed box containing 

distilled water and corrosive solution (5% Na2SO4, MgSO4, NaCl or Na2CO3), and then cured in the 

standard curing box. The samples were removed after 540d, and cut out 2mm from samples surface 

with cutting machine, and cracked to particle size less than 3mm with hammer, and then stopped 

hydration by anhydrous alcohol for 1d. They were ground to fine powder and were dried in a vacuum 

drying oven at 50℃ for 2h (Gan X. P., 1996). 

2.3. Test Methods 

2.3.1. 29Si and 27Al NMR 
29Si and 27Al MAS NMR spectra were acquired using a Bruker Avance III 400WB spectrometer 

(magnetic field 9.4T; operating frequency of 79.5MHz for 29Si and of 104MHz for 27Al). Samples 

were packed into 4mm zirconia rotors and spun at 8kHz for 29Si and 12kHz for 27Al. The 29Si and 27Al 

spectra were acquired over 20,000 or 200 scans using a pulse recycle delay of 2s or 1s, a pulse width 

2μs or 1μs and an acquisition time of 0.0426s or 0.025s, respectively. The 29Si and 27Al chemical shifts 

were referred to external samples of the tetramethylsilane (TMS) and Al(NO3)3, respectively. 

Quantitative information on the fractions of Si present in silicate tetrahedra with different connectivity 

was obtained by 29Si MAS NMR spectra. Qn (n = 0~4) denotes the connectivity of the silicate 



 

tetrahedron (Richardson I. G. et al, 1993; Richardson I. G., 1999). Q0 represents isolated tetrahedra, 

which presents in the anhydrous silicate minerals in cement. Q1 represents chain-end group tetrahedra 

of dimeric or polymeric silicate units. Q2 represents the middle-chain groups, including the ‘paired’ 

tetrahedra (Q2P) and ‘bridging’ tetrahedra (Q2B) (Richardson I. G. et al, 1993). Q2(1Al) represents 

middle-chain groups where one of the adjacent tetrahedra is occupied by aluminum (Richardson I. G. 

et al, 1993; Richardson I. G., 2004). Q3 represents tetrahedron connected with the other three [SiO4], 

which is a double chain polymeric structure or layered structure with a chain branching; Q4 represents 

three dimensional network structure with four [SiO4] (He Y. J., Hu S. G., 2007). 
29Si and 27Al NMR spectra are superimposed by some resonant peaks. The deconvolution was applied 

to assign resonances to individual species by Peakfit software. In addition, the hydration degree of 

silicate minerals in Portland cement (ɑC), reaction degree of Fly ash (aFA), the mean chain length 

(MCL) of C-S-H, and the degree of Al3+ substituting for Si4+ (Al[4]/Si ratio) were calculated following 

equations (1), (2), (3) and (4), respectively (Lippmaa E. et al, 1980; Justnes H. et al, 1990; Richardson 

I. G., 2004; He Y. J. et al, 2007). 

)(Q)/(Q-1 0

0

0

c IIα      (1) 

)Q(Q)/Q(Q-1 43

0

43

FA  IIα     (2) 

)(Q(1Al))]/(Q1.5)(Q)(Q2[MCL 1221 IIII      (3) 

   (1Al))](Q(0Al))(Q)(Q(1Al))/[(Q0.5Al[4]/Si 2212 IIII      (4) 

Where I0(Q0) and I(Q0) are the integral intensity of the signals for the cement and the hydrated cement 

pastes, respectively. I0(Q3+Q4) and I(Q3+Q4) are integral intensity of the signals for Fly ash and Fly 

ash-cement pastes, respectively. I(Q1), I(Q2) and I(Q2(1Al)) are the integral intensity of the signals Q1, 

Q2 and Q2(1Al), respectively.  

2.3.2. XRD 

X-ray diffraction (XRD): D/MAX2500PC, produced by Japanese Rigaku Corporation was used to 

analyze hydration products of Fly ash-cement and the mineral composition of multiple ions corrosion 

products. The hardened fly ash-cement pastes were ground to particle size less than 75μm. The XRD 

was used in 100mA and 40kV, with Cu(Kɑ) ray, test angle between 5~ 65° and step 0.02°. 

2.3.3. SEM-EDX 

By field emission scanning electron microscope company (FSEM), produced by Japan Hitachi 

Company, with 20kV acceleration voltage, microstructure morphology of hardened fly ash-cement 

pastes was analyzed. Combined with energy dispersive X-ray spectroscopy (EDX) produced by 

America Thermo Company, the composition of the observed products was analyzed. 

3. Results and Discussion 

3.1. 29Si NMR analysis of cement and fly ash 
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Figure 1 29Si NMR spectra of Portland cement                       Figure 2 29Si NMR spectra of Fly ash 
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Figure 3 29Si NMR spectra of 30%Fly ash-cement materals 

Figure 1 illustrates the 29Si NMR spectra of Portland cement. The top line, middle line, and bottom 
lines in Figure 1 are the observed spectra, the simulated spectra and the simulated spectra for 
individual Qn sites, respectively. In Figure 1, the peaks at chemical shift about -68.8ppm, -72.3ppm, -
73.3ppm, -74.5ppm are corresponding to Q0, which are attributed to [SiO4] tetrahedral monomer in 
C3S; and the peak at around -70.7ppm is attributed to Q0 of Si site in C2S phase (Grimmer A. R., 1994; 
Elkhadiri I. et al, 2008). 29Si NMR spectra of fly ash are shown in Figure 2. The peaks at around -
84ppm, -93.8ppm, -98.6ppm, -103.4ppm and -108ppm are assigned to vitreous in fly ash (Fernández-
Jiménez A. et al, 2006), and the peak at -88ppm is attributed to Q4(4Al) in mullite (Palomo A. et al, 
2004), while the peaks at -109.3ppm, -114ppm, -122ppm are corresponding to Q4(0Al) in quartz 
(Klinowski J., 1984). Figure 3 shows the 29Si NMR spectra of the Portland cement with 30% fly ash, 
the relative intensity of Q0 in cement with 30% fly ash is about 67.60%, relative intensity of Q3+Q4 is 
about 32.40%. Obviously, it is nonlinear relationship with the cement-fly ash mix ratio. 

3.2. Effect of multiple ions on hydration of silicate minerals and reaction degree of fly ash 
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Figure 4 29Si NMR spectra of 30%Fly ash-cement pastes by several ions attack until 540d 

Table 2 The relative intensity of Qn from 29Si NMR spectra in Figure 4 

Samples 
The relative intensity of Qn/% 

Q0 Q0(H) Q1 Q2(1Al) Q2B Q2P Q3+Q4 

No corrosion 12.79 1.06 33.38 10.12 6.05 12.07 24.53 

Na2SO4 11.94 0.98 19.60 14.19 9.83 19.66 23.80 

MgSO4 11.32 1.88 18.14 13.22 10.39 20.67 24.38 

Na2SO4+NaCl 11.55 1.96 19.61 15.76 9.25 18.45 23.42 

Na2SO4+NaCl+Na2CO3 10.84 1.72 12.46 18.85 11.25 22.15 22.72 



 

 

Table 3 Calculation results from deconvolution of 29Si NMR spectra in Table 2 

Samples ɑC/% ɑFA/% MCL Al[4]/Si 

No corrosion 81.08 24.28 4.00 0.082 

Na2SO4 82.34 26.55 7.18 0.112 

MgSO4 83.13 24.74 10.51 0.113 

Na2SO4+NaCl 82.91 27.71 7.24 0.115 

Na2SO4+NaCl+Na2CO3 83.96 29.88 11.90 0.146 

Figure 4 shows the 29Si NMR spectra of fly ash-cement pastes under multiple ions corrosion to 540d, 

the deconvolution results of them are shown in Table 2 and Table 3. Figure 4 shows that the peaks at 

about -75.7ppm, -78.3ppm, -80.6ppm, -82.2ppm, -84.2ppm are corresponding to Q0(H), Q1, Q2(1Al), 

Q2B, Q2P (Grimmer A. R., 1994; Brough A. R. et al, 1994; Elkhadiri I. et al, 2008), respectively, where 

Q0(H) represents hydrated tetrahedron monomer (Brough A. R. et al, 1994). As seen from Table 3, 

hydration degree of silicate minerals under MgSO4 corrosion is close to that of Na2SO4 attack, but the 

reaction degree of fly ash in the former is lower than that in the latter, which indicates that the 

promotion of Mg2+ involving in SO4
2- corrosion on silicate mineral hydration is not significant, but the 

promoting effect of that on the pozzolanic reaction of fly ash is reduced. This is because that corrosive 

reaction of MgSO4 with cementitious pastes (Bonen D. et al, 1992) (shown as Equ.5, Equ.6, Equ.7), 

formed a layer of Mg(OH)2 (MH) thin film and silica gel (confirmed from Figure 4: 29Si NMR of 

MgSO4 corrosion has Q3 site in chemical shift about -93ppm) on the paste surface, filling paste pore to 

hinder SO4
2- penetration and diffusion from surface to interior, and reducing the formation of gypsum 

and AFt, and the promotion for reaction degree of fly ash. It can be proved from XRD of fly ash-

cement paste under multiple ions corrosion, as shown in Figure 5, the intensities of gypsum and AFt 

by MgSO4 corrosion are significantly lower than that of Na2SO4 attack, but the intensity of AFm is 

opposite. At the same time, Mg(OH)2 diffraction peak is not observed obviously in XRD patterns 

during MgSO4 corrosion, the result illustrates that the MH is not formed by MgSO4 corrosion, but 

rather the formation of M-S-H gel (Equ.8). 
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Figure 5 XRD patterns of 30%Fly ash-cement pastes by several ions attack until 540d 



 

As seen from Table 3, hydration degree of silicate mineral and reaction degree of fly ash under 

Na2SO4+NaCl corrosion are close to that of Na2SO4 attack, it indicates that the promotion of Cl- on 

SO4
2- corrosion is relatively small. The reason can be obtained from Figure 5 that the intensities of 

diffraction peak for gypsum and AFt under coordination corrosion of SO4
2- and Cl- are significantly 

lower than that of Na2SO4 corrosion, while the diffraction peak of ClHSAC3
 is found in the former. 

This is due to that the diffusion rate of Cl- in paste is two orders of magnitude higher than that of SO4
2- 

(García-Lodeiro I. et al, 2010), Cl- ions first enter into the pastes and react with the calcium aluminum 

hydrate (CAH) or AFm to form the ClHSAC3
, thus effect of Cl- participating in SO4

2- attack on 

hydration of silicate minerals and reaction of fly ash is less. 

For the cementitious paste under coordination corrosion of SO4
2-+Cl-+CO3

2-, CO3
2- involving in SO4

2-

+Cl- corrosion accelerated the promotion of SO4
2- on hydration of silicate minerals and reaction of fly 

ash. This is because that the CO3
2- ions combine with a large number of CH to form CaCO3, promoting 

reduction of alkalinity in cementitious paste and improving hydration of the silicate minerals; at the 

same time, the consumption of CH by CO3
2- corrosion results in decreasing formation amount of 

gypsum (Figure 5), increasing activation effect of SO4
2- on fly ash. During coordination corrosion of 

SO4
2- and CO3

2- at the low temperature (<15℃), the corrosion damage of Thaumasite in concrete was 

found (Ma B. G. et al, 2004, 2006) . However, as seen from Figure 5, the Thaumasite in the cementitious 

pastes under coordination corrosion of SO4
2-+Cl-+CO3

2- is not definitely distinguished. The reasons 

may be that 20℃ curing temperature is not conducive to the formation of Thaumasite. 

3.3. Effect of multiple ions on mean chain length of C-S-H in Fly ash-cement pastes 

As seen in Table 3 that the MCL (10.51) of C-S-H under the MgSO4 corrosion is higher than that 

(7.18) under Na2SO4 attack. Comparison of Qn value of in fly ash-cement pastes under the Na2SO4 and 

MgSO4, it can be obtained that under the MgSO4 corrosion, Q0 content decreases 0.62, Q1 content 

decreases 1.46%. It means that the enhancement of Mg2+ corrosion on hydration of silicate minerals is 

relatively lower, while, the decalcification of Mg2+ corrosion decreases the number of dimer, which 

results in the increase of MCL. 

The MCL (7.24) of C-S-H during the coordination corrosion of SO4
2- and Cl-, is similar in that during 

SO4
2- corrosion (7.18). A proper explanation is that the diffusion coefficient of Cl- is two orders of 

magnitude higher than that of SO4
2- (García-Lodeiro I. et al, 2010), and Cl- is more easily to react with 

aluminum phase to produce stable Frield’s salt, thus reducing the content of ettringite and gypsum 

which is proved from analysis result of XRD in Figure 5, therefore corrosion effect of Cl- on C-S-H is 

relatively lower. Comparing Qn value with SO4
2- and Cl-+SO4

2- corrosion, it can be found that under 

the corrosion of Cl-+SO4
2- ions, the content of Q0 decreases 0.39%, and content of Q1 changes slightly, 

Q2(1Al) content increases 1.57% and Q2 content decreases 1.79%. These prove that Cl- corrosion exerts 

lesser impact on the polymerization of silicate tetrahedra in C-S-H. 

Under the coordination corrosion of SO4
2-+Cl-+CO3

2-, the MCL (11.90) of C-S-H is all higher than that 

under other corrosive ions. It is because that the evident decalcification of CO3
2- carbonization on C-S-

H increases significantly the MCL. Comparison of Qn value under Cl-+SO4
2- and SO4

2-+Cl-+CO3
2- 

corrosion, under the corrosion of SO4
2-+Cl-+CO3

2- ions, the content of Q0 decreases 0.71%, Q1 content 

decreases 7.15%, the content of Q2(1Al) and Q2 increases 3.09%, 5.70% respectively. These results 

indicate that the promotion effect of CO3
2- ions participating in SO4

2-+Cl- corrosion on hydration of 

silicate minerals is not significantly, but it can reduce obviously the amount of dimer; At the same 

time, SO4
2- corrosion promotes the pozzolanic reaction of fly ash, thus increasing the number of Al3+ 

entering into C-S-H microstructure, which leads to the increase of MCL and Al[4]/Si in C-S-H. 

Through the SEM-EDS analysis of cementitious pastes under multiple corrosive ions (Figure 6), the 

C-S-H in cementitious paste under MgSO4 corrosion appeared loose granular packing, and it is 

observed by EDS that a large number of Mg2+ ions existed in the paste, which indicates that the 

product may be M-S-H gel. Meanwhile, under Na2SO4 corrosion, Ca/Si ratio of C-S-H is similar with 

that under Na2SO4+NaCl corrosion, whereas Ca/Si ratio of C-S-H under SO4
2-+Cl-+CO3

2- corrosion is 

lower. Therefore, it confirms the obtained result, which the MCL of C-S-H under SO4
2-+Cl-+CO3

2- 

corrosion is higher. 



 

  
(a): Na2SO4 

  
(b): MgSO4 

  
(c): Na2SO4+NaCl 

  
(c): Na2SO4+NaCl+Na2CO3 

Figure 6 SEM micrographs of 30%Fly ash-cement pastes by several ions attack until 540d 

3.4. Effect of multiple ions on degree of Al3+ substituting for Si4+ in C-S-H of Fly ash-cement pastes 

As seen in Table 3, under Na2SO4, MgSO4 and Na2SO4+NaCl corrosion, the Al[4]/Si of C-S-H in 

cementitious paste is all similar, all of which are higher than that without corrosion. However, Al[4]/Si 

of C-S-H under SO4
2-+Cl-+CO3

2- corrosion is higher than that under Na2SO4 corrosion. This is because 

that coordination corrosion of SO4
2-+Cl-+CO3

2- ions increases reaction degree of fly ash, promoting the 

dissolution of Al3+ from fly ash; meanwhile, CO3
2- ions have not dealuminization on C-A-S-H. 

Therefore, these results lead to the increase of Al[4]/Si. 

Figure 7 illustrates the 27Al NMR spectra of fly ash. The top line, middle line, and bottom lines in 

Figure 7 are the observed spectra, the simulated spectra and the simulated spectra for individual Al3+ 

coordination, respectively. According to Figure 7, the Al3+ ions in fly ash existed in glass phase in 

form of Al[4] and Al[6], and existed in mullite in form of Al[4], Al[5] and Al[6]. 
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Figure 7 The 27Al NMR spectra of the Fly ash 

Figure 8 shows the 27Al NMR spectra of fly ash-cement paste under multiple ions corrosion, the 

deconvolution results of them are shown in Table 4. The peak of Chemical shift at about 67.2ppm(●) 

is ascribed to Al[4] of bridging silicate tetrahedra in C-A-S-H (Faucon P. et al, 1999; Andersen M. D. 

et al, 2003), the peaks of chemical shift at about 50.0ppm(■), 36.0ppm(▲) and 0.9ppm(★) are 

corresponding to Al[4], Al[5] and Al[6] in mullite (Palomo A. et al, 2004), the peaks at 13.2ppm, 

9.0ppm, 3.8ppm are attributed to ettringite, monosulphate and Third aluminate hydrate(TAH) 

respectively (represented as E, M and T) (Faucon P. et al, 1999; Andersen M. D. et al, 2003). TAH is a 

cementitious aluminate phase or calcium aluminate hydration. Its structure mainly consist of Al(OH)6
3-

or x)(3

x-6xAl(OH)O  octahedral units (Andersen M. D. et al, 2003). 

It can be seen in Table 4 that the relative intensity of Al[4] (14.27%) in C-S-H under MgSO4 corrosion 

is higher than that (13.20%) under Na2SO4 attack, but the relative intensity of AFt is opposite. The 

cause may be that the forming silica gel or M-S-H by MgSO4 corrosion filled the pore and improved  
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●—Al[4] in C-S-H; ■—Al[4] in Mullite; ▲—Al[5] in Mullite; E—Al[6] in AFt;  

M—Al[6] in AFm; T—Al[6] in TAH; ★—Al[6] in Mullite 

Figure 8 27Al NMR spectra of 30%Fly ash-cement pastes by several ions attack until 540d 

Table 4 The deconvolution data of 27Al NMR spectra from Figure 8 

Samples 
The relative intensity of Al3+ coordination/% 

Al[4]- ● Al[4]- ■ Al[5]-▲ Al[6]-E Al[6]- M Al[6]- T Al[6]-★ 

Na2SO4 13.20 11.19 10.30 37.64 12.44 4.37 10.87 

MgSO4 14.27 11.65 18.11 17.25 19.41 7.31 11.98 

Na2SO4+NaCl 15.17 8.29 17.58 17.83 15.40 7.79 17.93 

Na2SO4+NaCl+Na2CO3 21.61 8.86 18.69 21.52 11.13 4.79 13.41 

pastes density, thus, reducing the dealuminization of SO4
2- on C-A-S-H. The relative intensity of Al[4] 

in C-S-H under Na2SO4+NaCl corrosion and Na2SO4 attack is similar, while under Na2SO4+NaCl 

corrosion, the relative intensity of AFm in paste is higher than that under Na2SO4 corrosion. It is 

because that the formation of Frield’s salt by  Cl- corrosion, giving rise to the transformation from AFt 

to AFm, thus weakening the dealuminization of SO4
2- on C-A-S-H. Under coordination corrosion of 

Na2SO4+NaCl+Na2CO3, the relative intensity of Al[4] (21.61%) is higher than that (15.17%) under 

Na2SO4+NaCl corrosion, indicating that the decalcification of CO3
2- on C-S-H increases its 

polymerization, thus improving the binding effect of C-S-H on Al[4] and the dealuminization 

resistance of C-A-S-H by sulfate attack. 

 

4. Conclusions 
(1) Under the coordination corrosion of Mg2+ and SO4

2- ions, the promotion of Mg2+ involving in SO4
2- 

corrosion on silicate mineral hydration is not significant, but the promoting effect of that on the 

pozzolanic reaction of fly ash is reduced. Mg2+ corrosion enhanced the decalcification of SO4
2- on C-S-

H, increasing the number of silicate tetrahedra polymer, therefore MCL of C-S-H under coordination 

corrosion is higher than that under SO4
2- corrosion; However, compared with SO4

2- corrosion, 

coordination corrosion of Mg2+ and SO4
2- shows little change on Al[4]/Si in C-S-H structure. 

(2) Compared coordination corrosion of SO4
2- and Cl- with SO4

2- single corrosion, effect of Cl- 

participating in SO4
2- attack on hydration of silicate minerals and reaction of fly ash is less. Moreover, 

the effect of Cl- ions on SO4
2- corrosion is not significant, and MCL and Al[4]/Si of C-S-H in fly ash-

cement pastes change slightly under SO4
2- and Cl- corrosion. 

(3) Under the coordination corrosion of SO4
2-, Cl- and CO3

2- ions, the decalcification of CO3
2- ions 

accelerates the promotion of SO4
2- on hydration of silicate minerals and reaction of fly ash. Meanwhile, 

the decalcification of both SO4
2- and CO3

2- ions on C-S-H and activation of SO4
2- and Cl- on fly ash 



 

result in the increase of MCL and Al[4]/Si in C-S-H, which is higher than that under SO4
2- corrosion, 

Mg2++SO4
2- or SO4

2-+Cl- corrosion. 
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Abstract 

Based on the practical situation of serious deterioration for concrete materials performance in sulfate attack 

environment of our Ocean and Western regions, by using the 29Si and 27Al Magic Angle Spinning Nuclear Magnetic 

Resonance (MAS NMR) combined with deconvolution technique, effect of 5wt% sodium sulfate on C-S-H 

microstructure in Portland cement was investigated. The results show that sulfate attack can promote the hydration of 

silicate minerals, and the mean chain length (MCL) of C-S-H increases with the corrosion age. Compared with no 

corrosion, the increase amplitude of MCL under SO4
2- corrosion is greater before 28d, and slows down gradually after 

28d. At early age(3d), sulfate attack enhances the hydration of silicate minerals, and promotes the incorporation of 4-

coordinated Al3+(Al[4]) into C-S-H structure, thus increasing the degree of Al3+ substituting for Si4+(Al[4]/Si). With the 

corrosion age, dealuminzation to calcium aluminosilicate hydrate (C-A-S-H) by SO4
2- ions is gradually discovered, 

which decreases the Al[4]/Si and promotes Al[4] transforming into 6-coordinated Al3+(Al[6]), while, the formed 

vacancies by dealuminzation are occupied by [SiO4] tetrahedra, the MCL of C-S-H doesn’t decrease with it. 

 

Originality 

C-S-H is a non-stoichiometric compound with uncertain chemical composition, and its microstructure is mainly short-

range order amorphous structure. The consumption of Ca(OH)2 in cement pastes caused by sulfate attack results in the 

decrease of the alkalinity of pore solution. When the alkalinity is under 11.4, the decalcification of C-S-H by SO4
2- ions 

will occur; Besides, the formation of AFt by sulfate attack leads first to a transformation of Al3+ coordination in cement 

pastes, followed by the degree of Al3+ substituting for Si4+ changing, and ultimately resulting in complex changes of C-

S-H microstructure. However, quantitative description about evolution law of C-S-H microstructure in cement pastes 

under sulfate attack is not completely clear. Therefore, further study on the influence of sulfate attack on C-S-H 

microstructure in cement pastes is needed in order to discern and ascertain the influence mechanism of sulfate attack 

on the polymerization of silicate tetrahedra in C-S-H. 

 

Keywords: Sodium sulfate; cement; C-S-H; microstructure; Al3+ coordination  
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1. Introduction 

At sulfate attack environment, materials and structural properties of concrete suffer serious 

degradation at the sea and western regions of China, out of service prematurely. As the main hydration 

product of cement-based materials, calcium silicate hydrate (C-S-H) is the elementary unit of concrete, 

and its microstructure plays a key part in macro-properties of the concrete. However, C-S-H is a 

nonstoichiometric compound of uncertain composition, and has an amorphous structure in short range 

order, meanwhile, Al3+ can enter into the C-S-H structure and substitute for Si4+ in the hydration 

process of cement based materials, participating in the construction of C-S-H and forming the C-A-S-

H (Taylor H. F. W., 1997). 

The SO4
2- ions can react with hydration products of cement, such as calcium hydroxide (CH), 

substances containing aluminum and so on, subsequently, form into the gypsum and ettringite (AFt), 

producing the expansion pressure and leading to the crack of concrete. Simultaneous, the alkalinity of 

pore solution will be reduced by the SO4
2- consuming calcium hydroxide, when the alkalinity is lower 

than 11.4, the decalcification of C-S-H will occur, finally resulting in disintegration and destruction of 

C-S-H, these are the essence of sulfate attack (Ouyang C. S. et al, 1988; Collepardi M., 2003; Xiao J. 

et al, 2006; Frank B. et al, 2006). However, the effect of formed the gypsum and AFt by sulfate attack 

on the macro-mechanical properties of concrete, ions diffusion, bulging destruction and so on is 

mainly investigated at present (Irassar E. F. et al, 2003; Jin Z. Q. et al, 2005; Gao R. D., 2010; El-

Hachem R. et al, 2012), the research of sulfate attack on microstructure of C-S-H is seldom involves, 

especially the lack of quantitative characterization about hydration degree of silicate minerals, mean 

chain length (MCL) of C-S-H, the degree of Al3+ substituting for Si4+ (Al[4]/Si) and so on at sulfate 

corrosion environment. So it is necessary to study the effect of sulfate attack on the microstructure of 

C-S-H in cement pastes, in order to prove the polymerization mechanism of silicate tetrahedra in C-S-

H at sulfate attack condition. 

2. Experimental 

2.1. Raw Materials 

Type 52.5 Portland cement and distilled water were used to prepare the cement pastes in this study. 

The chemical composition of cement is listed in Table 1. 
Table 1 The chemical composition of cement /% 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 Na2O K2O Other 

62.60 21.35 4.67 3.31 2.25 3.08 0.27 0.21 0.54 0.72 

2.2. Experimental Process 

The cement pastes were prepared with water-cement ratio of 0.35 and cast in Ф10mm×50mm plastic 

pipe which was sealed by rubber plug at one end. The specimens were cured in a standard curing 

chamber for 24h, and then were demoulded. Subsequently, these specimens were coated with epoxy 

resin, besides the surface of nearing by the rubber plug. They were placed in the plastic cases with the 

distilled water and 5% (wt. %) Na2SO4 solution in the 20℃ curing chambers respectively. The surface 

part of the specimens (Ф10mm×2mm) which was not coated by epoxy resin was broken into the 

fragments (< 3mm×3mm×3mm) at 3d, 28d and 180d respectively, and hydration of them was stopped 

by anhydrous alcohol for 1d. Subsequently, they were ground to fine powder and were dried in a 

vacuum drying oven at 50℃ for 2h. The condition of samples preparation is showed in Table 2. 
Table 2 The condition of samples preparation 

Samples  Curing solution Curing temperature/℃ w/c Age/d 

W3 Distilled water 20 0.35 3 

W28 Distilled water 20 0.35 28 

W180 Distilled water 20 0.35 180 

NS3 5% Na2SO4 20 0.35 3 

NS28 5% Na2SO4 20 0.35 28 

NS180 5% Na2SO4 20 0.35 180 

2.3 Test Methods 
29Si and 27Al MAS NMR spectra were acquired using a Bruker Avance III 400WB spectrometer 

(magnetic field 9.4T; operating frequency of 79.5MHz for 29Si and of 104MHz for 27Al). Samples 

were packed into 4mm zirconia rotors and spun at 8kHz for 29Si and 12kHz for 27Al. The 29Si and 27Al 



 

spectra were acquired over 20,000 or 200 scans using a pulse recycle delay of 2s or 1s, a pulse width 

2μs or 1μs and an acquisition time of 0.0426s or 0.025s, respectively. The 29Si and 27Al chemical shifts 

were referred to external samples of the tetramethylsilane (TMS) and Al(NO3)3, respectively. 

Quantitative information on the fractions of Si present in silicate tetrahedra with different connectivity 

was obtained by 29Si MAS NMR spectra. Qn (n = 0~4) denotes the connectivity of the silicate 

tetrahedron (Richardson I. G. et al, 1993; Richardson I. G., 1999). Q0 represents isolated tetrahedra, 

which presents in the anhydrous silicate minerals in cement. Q1 represents chain-end group tetrahedra 

of dimeric or polymeric silicate units. Q2 represents the middle-chain groups, including the ‘paired’ 

tetrahedra (Q2P) and ‘bridging’ tetrahedra (Q2B) (Richardson I. G. et al, 1993). Q2(1Al) represents 

middle-chain groups where one of the adjacent tetrahedra is occupied by aluminum (Richardson I. G. 

et al, 1993; Richardson I. G., 2004). 
29Si and 27Al NMR spectra are superimposed by some resonant peaks. The deconvolution was applied 

to assign resonances to individual species by Peakfit software. In addition, the hydration degree of 

silicate minerals in cement (ɑ), the mean chain length (MCL) of C-S-H, and the degree of Al3+ 

substituting for Si4+ (Al[4]/Si ratio) were calculated following equations (1), (2) and (3), respectively 

(Justnes H. et al, 1990; Richardson I. G. et al, 1993; Nocun-Wczelik W., 1997). 
α = 1-I(Q0)/I0(Q0) (1) 

MCL=2[I(Q1)+I(Q2)+1.5I(Q2(1Al))]/I(Q1) (2) 

Al[4]/Si=0.5I(Q2(1Al))/[I(Q1)+I(Q2)+I(Q2(1Al))] (3) 

Where I0(Q0) and I(Q0) are the integral intensity of the signals for the cement and the hydrated cement 

pastes, respectively. I(Q1), I(Q2) and I(Q2(1Al)) are the integral intensity of the signals Q1, Q2 and 

Q2(1Al), respectively. 

3. Results and Discussion 

3.1. Effect of Na2SO4 on hydration degree of silicate minerals in cement pastes  

Figure 1 illustrates the 29Si NMR spectra of the cement pastes by no corrosion and sulfate attack, and 

the deconvolution data of them is given in Table 3. In accord with earlier studies on 29Si NMR of 

Portland cement (Grimmer A. R., 1994; Richardson I. G., 1999), the peaks at around -68.8ppm~ -

74.5ppm are corresponding to Q0, which are attributed to [SiO4] tetrahedral monomer in C3S and C2S 

phases, The peaks at around -75.7ppm, -78.3ppm, -80.6ppm, -82.2ppm, and -84.2ppm are assigned to 

Q0(H), Q1, Q2(1Al), Q2B and Q2P units, respectively. Q0(H) represents hydrated monomeric silicate 

units (Richardson I. G., 2004). As can be seen from Figure 1(a), the main peaks of cement pastes by 

no corrosion at 3d age are that of Q0 and Q1, and the intensity of Q0 peak is obviously higher than that 

of Q1 peak. These results indicate that many silicate minerals in cement pastes at 3d are not hydrated, 

and dimers of silicate tetrahedra are main species in C-S-H structure. Moreover, the lower intensities 

of Q2(1Al), Q2B, and Q2P peaks demonstrate that the amount of silicate tetrahedra at the sites of 

Q2(1Al), Q2B and Q2P in the C-S-H structure is less, which indicated less polymeric silicate tetrahedra  
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Figure 1 The 29Si NMR spectra of the cement pastes by no corrosion and sulfate attack 



 

Table 3 The deconvolution data of 29Si NMR spectra from Figure 1  

Samples 
The relative intensity of Qn /% 

ɑc/% MCL Al[4]/Si 
Q0 Q0(H) Q1 Q2(1Al) Q2B Q2P 

W3 45.55 1.19 40.61 3.77 2.97 5.92 54.45 2.72 0.035 

W28 34.26 2.25 44.33 7.92 3.82 7.42 65.74 3.04 0.062 

W180 28.50 3.15 44.49 8.99 4.99 9.89 71.50 3.27 0.066 

NS3 38.59 3.03 44.46 5.16 2.92 5.84 61.41 2.74 0.044 

NS28 29.97 1.40 44.83 4.44 6.46 12.90 70.00 3.16 0.032 

NS180 24.79 2.45 44.71 2.28 8.59 17.17 75.21 3.31 0.016 

amount. With the age prolonging, the relative intensity of Q0 peak gradually decreases and those of 

Q2(1Al), Q2B, Q2P peak increase, these results indicate the hydration degree of silicate minerals and 

polymeric silicate tetrahedra in C-S-H gels increase with age. Comparing Figure 1(a) with Figure 1(b), 

the relative intensities of Q0 peak in cement pastes by sulfate attack in Figure 1(b) obviously decrease 

and those of Q2B, Q2P peak significantly increase. The obtained results demonstrate that sulfate attack 

promotes hydration of silicate minerals, and impels the increase of polymeric silicate tetrahedra in C-

S-H gels. 

Figure 2 shows the compared curves of silicate minerals hydration by no corrosion and sulfate attack. 

It can be seen from Figure 2 that sulfate attack promotes hydration of silicate minerals, however, the 

increase amplitude of silicate minerals hydration decreases with corrosive age increasing, such as 

6.96%, 4.26% and 3.71% respectively. When the concentration of SO4
2- ions is lower than 1000ppm, 

SO4
2- ions will mainly react with hydrated calcium aluminate and monosulphate(AFm) phases to form 

the ettringite (AFt) (Santhanam M. et al, 2002), so that at corrosive age of 3d, the AFt will be formed 

in the interior of cement pastes, which leads to the increase of C-S-H gels porosity and then reduces 

the resistance of ionic diffusion, finally the hydration of silicate minerals is promoted. With increase 

of age, the thickness and density of hydration product in the surface of silicate minerals gradually 

increase; meanwhile, when the concentration of SO4
2- ions is more than 8000ppm, the corrosive 

product of SO4
2- ions is primarily gypsum (Santhanam M. et al, 2002), those will result in the decrease 

of porosity and the increase of density degree, then the resistance of ionic diffusion will be increased, 

which reduces the promotion role of sulfate attack on silicate minerals hydration. 
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Figure 2 The compared curves of silicate minerals hydration by no corrosion and sulfate attack 

 



 

3.2. Effect of Na2SO4 on mean chain length of C-S-H in cement pastes 
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Figure 3 The comparison curve of MCL of C-S-H cement pastes by no corrosion and sulfate attack 

Figure 3 illustrates the comparison curve of C-S-H mean chain length in cement pastes by no 

corrosion and sulfate attack. It can be found that the MCL of C-S-H increases from 2.72 at 3d to 3.27 

at 28d, which is in accord with the Rodger et al researched results (Rodger S. A. et al, 1987). They 

found that the MCL of C-S-H in Portland cement pastes is about 2~3.1 at 1 year, meanwhile, obtained 

that the MCL of C-S-H in the pastes of C3S hydration at 26 years is lower than 5 (Rodger S. A. et al, 

1988). Moreover, at 20℃, the MCL of C-S-H in white cement pastes with 0.5 ratio of w/c at 2 years is 

2.67~3.85 using 29Si NMR (Andersen M. D. et al, 2004). 

As seen from Figure 3, the MCL of C-S-H increases with the corrosive age, the increase amplitudes 

are as follows: 0.02, 0.12, 0.04. It demonstrates that the promotion role of SO4
2- ions on MCL of C-S-

H is less under corrosive age of 180d. Combined with Figure 2, it can be obtained that at short 

corrosive age, SO4
2- ions significantly promote the hydration of silicate minerals, and then the 

Ca(OH)2 formed by silicate minerals hydration balances the alkalinity of pore solution, leading to the 

decrease of decalcification by SO4
2- ions on C-S-H. 

3.3. Effect of Na2SO4 on Al[4]/Si in C-S-H of cement pastes 
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Figure 4 The comparison curve of Al[4]/Si in cement pastes by no corrosion and sulfate attack 

Figure 4 shows the comparison curve of Al[4]/Si in cement pastes by no corrosion and sulfate attack. 

It can be seen from Figure 4 that the Al[4]/Si in C-S-H of cement pastes by no corrosion increases and 

then changes little with corrosive age. However, at corrosive age of 3d, the Al[4]/Si (0.044) in sulfate 

attack condition is slightly higher than that of no corrosion (0.035). This is because of SO4
2- ions 

promote hydration of silicate minerals as well as Al[4] entering into C-S-H structure at corrosive age 



 

of 3d, resulting in the increase of Al[4]/Si. However, the Al[4]/Si gradually decreases with corrosive 

age from 0.044 (3d) to 0.016 (180d), it indicates that the SO4
2- ions have a dealuminization for Al[4] in 

C-S-H structure. 

3.4. Effect of Na2SO4 on Al3+ coordination in cement pastes 

Figure 5 illustrates the 27Al NMR spectra of the cement pastes by no corrosion and sulfate attack, and 

the deconvolution data of them is given in Table 4. According to the previous literatures (Faucon P. et 

al, 1999; Andersen M. D. et al, 2003, 2006), the peak at 67.2ppm (●) is assigned to the tetrahedral 

coordination Al incorporated in the C-S-H phase, the peaks at 13.2ppm, 9.0ppm, and 3.8ppm are 

attributed to the octahedrally coordinated Al in ettringite, monosulphate, and the third aluminate 

hydrate (TAH), which are denoted by E, M, and T, respectively. The TAH has been reported for C-S-

H synthesized in the presence of Al[5] and confirmed that it is a less crystalline alumina phase or a 

calcium aluminate hydrate including 
3

6Al(OH)  or 
 )(3

-6Al(OH)O x

xx  octahedra in its structure (Andersen M. D. 

et al, 2003, 2006). As seen from Figure 5, the peak at around 35ppm (30~40ppm) (Lippmaa E. et al, 

1980) is not clearly observed, which indicates that Ca2+ is not substituted by the pentahedral 

coordination Al3+, or the pentahedral coordination Al3+ may not be observed, due to the lower 

magnetic field (9.4T) of the 27Al NMR spectroscope. 
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Figure 5 The 27Al NMR spectra of the cement pastes by no corrosion and sulfate attack 

 

Table 4 The deconvolution data of 27Al NMR spectra from Figure 5 

Samples 
The relative intensity of Al3+ coordination /% 

Al[4]-● Al[6]-E Al[6]-M Al[6]-T 

W3 17.60 50.50 18.60 13.30 

W28 28.90 26.10 29.60 15.40 

W180 30.70 25.20 32.90 11.20 

NS3 30.68 41.27 13.32 14.73 

NS28 22.28 56.91 16.55 4.25 

NS180 8.40 57.13 32.35 2.11 

 



 

It can be found from Figure 5(a) that the relative intensity of Al[4] increases with age in cement pastes 

by no corrosion, moreover, the AFt gradually transforms to AFm. However, combined with Figure 5(b) 

and Table 4, the relative intensity of Al[4] gradually decreases from 30.68% to 8.40% with SO4
2- 

corrosion age, meanwhile, the TAH transforms to AFm or AFt. These results indicate that SO4
2- 

corrosion not only promotes the transformation from TAH to AFm or AFt, but also has a 

dealuminization for Al[4] in C-S-H structure, providing the corroboration for analysis results of 29Si 

NMR. 

3.5. Polymerization mechanism of silicate tetrahedra in C-S-H at sulfate attack condition 

Figure 6 shows the distribution curve of Qn in cement pastes by no corrosion and sulfate attack. It can 

be obtained from Figure 6(a) and Table 3 that the relative intensity of Q0 decreases 11.29% between 

3d and 28d in no SO4
2- corrosion condition, but that of Q1, Q2(1Al) and Q2 increases 10.07%, 4.15% 

and 2.53% respectively. The obtained results demonstrate that the transformation degree from Q0 site 

tetrahedra to Q1 (Q0→Q1) in the process of silicate minerals hydration is higher and transformation 

degree from Q1 site tetrahedra to Q2 (Q1→Q2) is lower with age prolonging. According to the kinetics 

theory, Arrhenius energies of 35kJ/mol for Q0→Q1 and 100kJ/mol for Q1→Q2 in the process of 

silicate minerals hydration were proposed (Brough A. R. et al, 1994). Therefore, the monomer of 

silicate tetrahedra easily overcomes energy barrier of 35kJ/mol to form dimer, but the dimer difficultly 

overcomes energy barrier of 100kJ/mol to form the polymer at 20℃, these results indicate that the 

transformation from Q0 to Q1 is dominant polymerization process of silicate tetrahedra, and the 

transformation degree from Q1 to Q2 is lower, leading to the most of tetrahedra dimer existing in C-S-

H structure. Thus, this explains the main cause which is the larger increase amplitude of hydration 

degree of silicate minerals with age, the increase amplitude of MCL of C-S-H is less. Meanwhile, 

those also indicate that the amount of [AlO4] entering into bridging silicate tetrahedra of C-S-H 

structure gradually increases, and then [AlO4] linking two tetrahedra enhances the MCL of C-S-H. By 

contrast, the role of [AlO4] increasing MCL is more than that of [SiO4], therefore, the degree of Al3+ 

substituting for Si4+ gradually increases with age. 

With the age prolonging, the relative intensity of Q0 decreases 5.76%, and that of Q1, Q2(1Al) and Q2 

increases 0.16%, 1.07%, 3.64% respectively. It demonstrates that the transformation degree of Q0→Q1 

is still higher and that of Q1→Q2 is lower with age, so that, although the increase of silicate minerals 

hydration at 20℃, the occupancy volume of dimer in C-S-H is still higher.  

Comparison with the Qn value by no corrosion and sulfate attack at 3d age in Figure 6(a) and Figure 

6(b), it can be found that the relative intensity of Q0 reduces 6.96%, and that of Q1 and Q2(1Al) 

increases 3.85% and 1.39%, but that of Q2 decreases 0.13%. These indicate that at corrosion age of 3d, 

sulfate attack not only promotes hydration of silicate minerals to enhance the amount of dimer in C-S-

H, but also impels the Al[4] entering into the C-S-H structure to the increase of Al[4]/Si. However, the 

promotion of sulfate attack on transformation from dimer to polymer is less. 
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Figure 6 The distribution curve of Qn in cement pastes by no corrosion and sulfate attack 



 

As seen from Figure 6(b), the relative intensity of Q0 reduces 13.80% and that of Q1 only enhances 

0.37% from corrosion age of 3d to 28d, but when the corrosion age reaches 180d, the relative intensity 

of Q1 only decreases 0.12%, and that of Q2(1Al) declines 2.88%, moreover, the relative intensity of  

Q2 significantly increases 17.00%. These results show that sulfate attack promotes the hydration of 

silicate minerals to enhance the dimer during corrosion age of 3d to 28d, however, from corrosion age 

of 28d to 180d, sulfate attack not only promotes hydration of silicate minerals, but also combines with 

a lot of portlandite to form gysum, leading to the decrease of Ca2+ ions concentration in pore solution 

and then the increase of amount of polymer. However, due to the larger increase amplitude of dimer, 

the increase of MCL of C-S-H is small. Meanwhile, the Al[4] in C-S-H structure is stripped down by 

sulfate attack, but the vacancies of dealumination by sulfate attack are occupied by [SiO4], so that the 

MCL of C-S-H doesn’t decrease with it. 

 

4. Conclusions 
Sulfate attack can promote the hydration of silicate minerals, the increase amplitude of silicate 

minerals hydration decreases with corrosive age increasing; the occupancy volume of silicate 

tetrahedra dimer in C-S-H is still higher at no corrosion, and the MCL of C-S-H increases with the 

corrosion age. Compared with no corrosion, the increase amplitude of MCL under SO4
2- corrosion is 

greater before 28d, and slows down gradually after 28d. 

At early age of 3d, sulfate attack enhances the hydration of silicate minerals, and promotes the 

incorporation of Al[4] into C-S-H structure, thus increasing the degree of Al3+ substituting for Si4+. 

With the corrosion age, dealuminzation to C-A-S-H by SO4
2- ions is gradually discovered, which 

decreases the Al[4]/Si and promotes Al[4] into Al[6], while, the formed vacancies by dealuminzation 

are occupied by [SiO4] tetrahedra, leading to not reducing the MCL of C-S-H. 
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Abstract 

Concrete contains three-phase components, namely, bulk paste, aggregate, and an interfacial 

transition zone (ITZ). The aggregate comprises the largest proportion of the concrete; thus, it 

significantly affects carbon dioxide diffusion in the latter. In this study, we design an accelerated 

carbonation test to investigate the effect of the aggregate and paste thickness on the carbonation 

resistance of cement-based materials. Results indicated that for the mortar specimens, dilution and 

tortuosity effects were higher than those of the ITZ and percolation effects within a critical volume of 

sand. As the sand volume increased, carbonation depth decreased. Meanwhile, at more than the 

critical volume, the ITZ and percolation effects were greater than the dilution and tortuosity effects. 

Carbonation depth increased with an increase in sand volume and a decrease in paste thickness. For 

the concrete specimens, the volume of aggregate exceeded the threshold value, and the ITZ and 

percolation effects were greater than the dilution and tortuosity effects. Finally, when the content of the 

entire aggregate was at a certain value, carbonation depth showed a decreasing tendency with the 

increase in coarse aggregate and paste thickness. 

 

Originality 
In this study, we discuss the effect of the aggregate and paste thickness on the carbonation resistance of 

cement-based materials. Comparing the ITZ and percolation effects with the dilution and tortuosity 

effects, we found that the dominance of the effects depended on the aggregate content. Paste thickness 

also had good correlation with the carbonation depth. Hence, paste thickness was used to quantify the 

effects of the aggregate on concrete carbonation. 
 

Keywords: carbonation, cement-based materials, aggregate, paste thickness 
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1. Introduction 

Concrete has three-phase components (Wang L. et al., 2011; Yu H. et al., 2011), namely, 

the cement paste, the aggregate, and the interfacial transition zone (ITZ) between the cement 

paste and the aggregate. The transmission properties of concrete have an important effect on 

the ingress of the aggressive medium, such as carbon dioxide and chlorides (Thomas et al., 

2013). Hence, the durability of the concrete is directly controlled by the transmission 

properties. The aggregate (about 70%) has the largest volume proportion in the concrete; thus, 

the size, shape, content, and ITZ feature of the aggregate have important effects on the 

transmission properties of carbon dioxide (CO2) (Grassl P. et al., 2010; Gal E. et al., 2011; 

Idiart A. et al., 2012; Zheng J. et al., 2012; Basheer L. et al., 2005). Therefore, the effects of 

the aggregate on concrete resistance against carbonation should be studied. 

The effects of the aggregate on concrete carbonation are represented in the current study 

in four aspects (Shah, S P., 2000), namely, the dilution, tortuosity, shrinkage restriction, and 

the ITZ and percolation effects. For the first effect, CO2 could not penetrate the aggregate, and 

the aggregate reduces the space for CO2 diffusion. Thus, the connectivity of the entire pore 

structure is remarkably reduced. Second, adding the aggregate into the paste would change 

the tortuosity of the CO2 diffusion path and increase the pathway length (Yang CC. et al., 

2003; Gao Y. et al., 2013; Zhao YL. et al., 2009). Third, the aggregate in the concrete serves 

as the skeleton, which limits concrete shrinkage and restrains the production and development 

of the crack. Consequently, concrete resistance against carbonation could be improved. 

Finally, the ITZ in the concrete is introduced by the aggregate. The ITZ is known as the weak 

link in the concrete, with water films forming around the aggregate particles because of a 

higher water-cement ratio closer to the aggregate. The microstructure of the ITZ has been 

studied in a previous work (Scrivener KL. et al., 1988). The mean porosity of the ITZ has 

been found to be approximately three times greater than the matrix. These characteristics tend 

to accelerate the concrete carbonation process. 

A few studies (Morandeau A. et al., 2014; Qinghua H. et al., 2012; Xu Y., 2011; Li Q., 

2012) have reported that the carbonation rates of cement paste, mortar, and concrete decrease 

under the same carbonation conditions and water binder ratios. Owing to the significant 

effects of the aggregate on carbonation, the CO2 diffusion channel is reduced and the length of 

the diffusion path is extended. However, the carbonation model that rarely considers the effect 

of the aggregate, and only uses the empirical coefficient to represent the aggregate effect 

(Zhiyong L. et al., 2011), could not determine the mechanism of the aggregate effects on the 

carbonation process. 

 The aim of this paper is to study the effect of the aggregate on concrete carbonation. By 

working on the specimens submitted to accelerate the carbonation test, the effects of 

aggregate size, content, and paste thickness on the resistance of cement-based materials 

against carbonation are identified, and the theoretical foundation for the quantitative analysis 

of the effect of the aggregate on the concrete carbonation model is provided. 

2. Experimental   

2.1 Materials 

The cement used in this study was ordinary Portland cement(OPC). The chemical and 

mineral compositions are presented in Table 1. The fineness modulus of the river sand was 2.6. 
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Two coarse aggregates were used in this study: 5 mm to 10 mm and 5 mm to 20 mm 

continuous grading, respectively. The water cement ratio was 0.53 in all cases. 

Table 1 Chemical and mineral compositions of OPC used (all values are in mass %) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O 

insoluble 

residue 

loss on 

ignition 

21.35 4.67 3.31 63.18 3.08 2.25 0.54 0.46 0.95 

C3S C2S C3A C4AF Gypsum Others 

55.5 19.1 6.5 10.1 5 3.8 

2.2 Mix proportion  

The composition details of C30 and M30 are listed in Tables 2 and 3, respectively. 

Table 2. Mix proportion of C30 

Specimen 
Water 

（kg/m3） 

Cement 

（kg/m3） 

Sand 

（kg/m3） 

Gravel 

（kg/m3） 

Gravel 

volume 

fraction 

（%） 

Sand 

volume 

fraction 

（%） 

Total 

aggregate 

volume 

fraction 

（%） 

C30I 195 368 921 900 35.3 34.7 70.0 

C30II 195 368 735 1100 43.1 27.7 70.8 

C30III 195 368 639 1200 47.1 24.1 71.2 

Table 3. Mix proportion of M30 

Cement sand ratio(C/S) 

Water 

（g） 

Cement 

（g） 

Sand 

（g） 

Sand volume fraction 

（%） 

1:1 212 400 400 30.7 

1:2 212 400 800 46.9 

1:4 212 400 1600 63.9 

2.3 Carbonation tests 

According to Yaxiao (2011), no obvious size effect was found for the 40×40×160 mm to 
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150×150×550 mm specimens. Hence, in the current study, the size of the paste and mortar 

specimens was 40×40×160 mm, while that of concrete specimens was 70×70×280 mm. 

At 28 days, after standard curing, the specimens were placed into the drying oven for 48 

h at 60 °C. The specimens were then covered with wax over the lateral face and carbonated at 

a CO2 concentration of 20% and temperature of 20±2 °C, with relative humility of 70%±3% 

for another 28 days.  

3. Results and discussion 

3.1 Effect of sand content on the mortar carbonation rate 

The carbonation depth of different mortar specimens is shown in Fig. 1. Fig. 2 shows the 

relationship between carbonation depth and sand volume, and Fig. 3 shows the relationship 

between paste thickness and carbonation depth. 

The results in Figs. 1–3 indicated the critical sand content during the carbonation process. 

As the volume of sand increased, the critical value of the carbonation depth decreased owing 

to the fact that the increasing aggregate volume lengthened the CO2 diffusion pathway and led 

to the decrease in carbonation rate. When C/S=1:4, the sand volume exceeded the percolation 

threshold value, and the carbonation depth evidently increased. The inflection point of sand 

volume at 44% in Fig. 2 corresponds to the minimum carbonation depth. As shown in Fig. 3, 

percolation paste thickness was approximately 210 μm, which exceeded the common 

thickness of the ITZ (about 50 μm). Therefore, due to the interface, percolations in the ITZ 

was observed and formed the interfacial effect zone.   
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Fig. 3. Relationship between paste thickness and carbonation depth 

Table 4.Paste thickness values of different mortar specimens 

Cement sand 

ratio(C/S) 

Sand volume 

fraction 

（%） 

Paste thickness（μm） 

Carbonation depth

（mm） 

1:1 30.7 305.6 8.2 

1:2 46.9 153.3 7.3 

1:4 63.9 76 11.6 

Using the calculation method in the literature (Winslow D.N. et al., 1994), the paste 

thickness was obtained. The thickness values of different mortar specimens are listed in Table 

4. As can be seen, the paste thickness decreased when the sand volume increased, and the 

carbonation depth decreased at first and then increased thereafter. Within the percolation 

threshold value (paste thickness >210 μm), the sand volume increased and the carbonation 

depth decreased, indicating the dominance of the dilution and tortuosity effects. Then, when 

the sand volume exceeded the percolation threshold value, the carbonation depth increased as 

the sand volume also increased. Therefore, the ITZ and percolation effects exceeded the 

dilution and tortuosity effects and were in the dominant position.  

3.2 Effect of the aggregate size on carbonation 

The mix proportions of P30, M30, and C30II are listed in Table 5. The two types of 

gravel used in C30II ranged from 5 mm to 10 mm and 5 mm to 20 mm. The water-cement 

ratio was 0.53 in all cases. The carbonation depth results of the paste, mortar, and concrete are 

listed in Table 6. As shown in the table, a decrease was observed under the same carbonation 

conditions and the same water binder ratio. Moreover, the carbonation depth of C30 (5 mm to 

10 mm) was deeper than that of C30 (5 mm to 20 mm). Therefore, the aggregate size had an  



 

 

obvious effect on carbonation. 

Table 5. Mix proportions of P30, M30, and C30II  

Type W/C 

Water 

（kg/m3

） 

Cement 

（kg/m3

） 

Sand 

（kg/m3

） 

Gravel 

（kg/m3

） 

Gravel 

volume 

fraction 

（%） 

sand 

volume 

fraction 

（%） 

Total 

aggregat

e 

volume 

fraction 

 （%） 

P30 0.53 622 1179 0 0 0 0 0 

M30 0.53 195 368 735 0 0 46.9 46.9 

C30

（5-10mm） 
0.53 195 368 735 1100 43.1 27.7 70.8 

C30

（5-20mm） 
0.53 195 368 735 1100 43.1 27.7 70.8 

The CO2 diffusion path is shown in Fig. 4. For concrete, as the aggregate volume was 

maintained constant and as the aggregate size increased, the CO2 diffusion pathway became 

short and the carbonation rate declined. Essentially, the effect of the aggregate size on 

carbonation influence the length of the diffusion pathway. Meanwhile, the different 

carbonation depths caused by the different aggregate sizes are shown in Fig. 5.  

For the cement paste, no interface was caused by the aggregate, and no such “efficient” 

diffusion path was created by the interface. However, for this reason, no aggregate restricted 

the cement paste shrinkage, and numerous micro cracks were observed in the cement paste. 

Hence, the connectivity of the cement paste was higher than that of the mortar and concrete 

specimens. The cement paste specimens had the longest diffusion pathway, and the CO2 

diffusion rate was faster than that of the mortar and concrete specimens. In this study, the 

experimental results showed that the carbonation depth of the cement paste was 1.22 or 1.39 

times greater than those of the concrete or mortar specimens. 

Table 6. Carbonation depths of paste, mortar, and concrete (mm) 

carbonation depth 3d 7d 14d 28d 

CP30 5.1 6.6 7.6 8.9 

M30 4.2 5.1 6.4 7.3 

C30（5-10mm） 3.8 4.2 5.2 6.5 

C30（5-20mm） 3.5 4 5.1 6.3 
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   Fig. 4. CO2 diffusion path              Fig. 5.Carbonation depths of different specimens 

3.3 Effects of coarse aggregate and fine aggregate proportions on concrete carbonation rate 

To analyze the effect of coarse and fine aggregate proportions on concrete carbonation 

rate, three different coarse aggregate proportions were used: 900, 1100, and 1200 kg/m3. The 

total aggregate volume was the same for all cases, but the coarse aggregate and fine aggregate 

proportions differed. Using the calculation method in the literature (Winslow D.N. et al., 

1994), we obtained the paste thickness values listed in Table 7. In Section 3.1, the 

experimental results showed that the percolation paste thickness was smaller than 210 μm. 

The relationship between paste thickness and carbonation depth is shown in Fig. 6. As shown 

in Table 7 and Fig. 6, all concrete paste thickness values were <210 μm. Therefore, 

percolation occurred in the concrete specimens. As illustrated in Fig. 6, carbonation depth and 

paste thickness had a good correlation. Specifically, carbonation depth increased with a 

decrease in paste thickness. In summary, the ITZ and percolation effects exceeded the dilution 

and tortuosity effects and were in the dominant position.  

At almost the same total aggregate volume, the coarser the aggregate, the thicker the 

paste surrounding it, and the greater the decrease in carbonation depth. By contrast, as paste 

thickness decreased, carbonation depth increased. The specific surface area of the coarse 

aggregate in this study was 2154 cm2/kg, and that of the fine aggregate was 27871 cm2/kg; 

hence, the specific surface area of the latter was about 13 times greater than that of the latter. 

At almost the same total aggregate, a coarser aggregate meant less fine aggregate, reduced 

total surface area, and reduced ITZ volume. Given that the porosity in the ITZ was greater 

than that in the matrix, a reduced ITZ corresponded to a reduced length of the CO2 diffusion 

pathway. Therefore, when the total aggregate content was at a certain value, the coarser the 

aggregate, the lower the carbonation depth. Meanwhile, the increase in fine aggregate content 

corresponded to an increase in the ITZ. Given that the crystal in the ITZ was larger than that 

in the matrix, and that the initial micro crack in ITZ was also large, cracks in the concrete 

easily developed and extended (Fig. 7), thereby accelerating the carbonation process. 

 



 

 

Table 7. Paste thickness values of different aggregate proportions 

Type 

Gravel 

volume 

fraction 

（%） 

Sand 

volume 

fraction 

（%） 

Total aggregate 

volume fraction 

（%） 

Carbonation depth

（mm） 

Paste thickness

（μm） 

C30I 35.3 34.7 70.0 8.3 108 

C30II 43.1 27.7 70.8 6.3 128 

C30III 47.1 24.1 71.2 5.3 141 
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Fig. 6. Relationship between paste thickness and carbonation depth 

 

Fig. 7. ESEM of crack propagation in the ITZ before and after carbonation（1000×） 



 

 

3.4 Discussion  

The aggregate in the concrete had opposite effects. On the one hand, the ITZ and 

percolation effects accelerated the carbonation process; on the other hand, the dilution and 

tortuosity effects decelerated the carbonation process. The dominance of the effects depended 

on paste thickness. 

In analyzing the mortar specimens in this study, we followed percolation theory. When 

the mortar paste thickness exceeded the percolation critical value of 210 μm (sand volume 

<0.44), the carbonation process model can be simplified, as shown in Fig 8. The black and 

white balls represent the aggregate and the cement paste, respectively. As can be seen in the 

figure, the CO2 could only go through the cement paste (the white ball). When the aggregate 

volume was less than the percolation critical value, a greater incidence of CO2 diffusion (i.e., 

increase in the number of white balls) reduced the length of the diffusion pathway and 

increased the carbonation rate. At this point, the dilution and tortuosity effects determined the 

carbonation rate. When the mortar paste thickness was less than the percolation critical value 

of 210 μm (sand volume >0.44), as shown in Fig. 9, the ITZ percolation occurred. The ITZ 

connected (the red ring) and formed the porous channel, consequently benefiting CO2 

diffusion. At this moment, the ITZ and percolation effects determined the carbonation rate. 

   

Fig. 8. Carbonation process model           Fig. 9. ITZ percolation model  

For concrete specimens, when paste thickness was less than the percolation critical value 

and the volume of the total aggregate exceeded the percolation critical value, the ITZ 

percolation occurred. The carbonation process of the concrete became similar to that of the 

mortar specimen, in which paste thickness was less than the percolation critical value of 210 

μm. Meanwhile, carbonation depth increased as paste thickness decreased, as shown in Fig. 6. 

At constant total aggregate volume, the proportion of the fine aggregate was reduced, 

indicating that carbonation depth decreased as the content of the ITZ decreased.  

The critical percolation paste thickness exceeded that of the ITZ (about 50 μm), as 

shown in Table 7. Therefore, the interface affected both the interface layer permeability and 

the interfacial effect zone. The interfacial effect zone, which comprised the area perpendicular 



 

 

to the direction of diffusion, was caused by the CO2 concentration gradient perpendicular to 

the interface. Finally, as paste thickness decreased, the distance of the aggregate particles was 

reduced and the interfacial effect zone overlapped, resulting in an accelerated carbonation 

rate.  

4. Conclusion 

This study adopted interface theory to analyze the carbonation of cement-based materials. 

The ITZ and percolation effects were investigated and compared with the dilution and 

tortuosity effects of the aggregate on carbonation. Several conclusions were drawn. 

(1) For paste specimens, carbonation depth was deeper than that for mortar specimens 

(when C/S＜1:2 ). Therefore, the dilution and tortuosity effects of the aggregates were in the 

dominant position. By contrast, when the paste thickness values of the mortar specimens were 

less than the percolation thickness values (e.g., C/S=1:4), ITZ and percolation effects were in 

the dominant position. 

 (2) Under the experimental conditions, for mortar specimens with different sand 

volumes, the critical percolation sand volume was 44% .When the sand volume was less than 

44% and paste thickness was over 210 μm, the dilution and tortuosity effects were in the 

dominant position. By contrast, when the sand volume was more than 44% and the paste 

thickness was less than 210 μm, the ITZ and percolation effects were in the dominant 

position.  

(3) For concrete specimens, the volume of the total aggregate exceeded the threshold 

value, and the ITZ and percolation effects were in the dominant position. For concrete 

specimens with the same total aggregate volume but different coarse and fine aggregate 

proportions, carbonation depths differed. Therefore, the effect of the aggregate on carbonation, 

based on the aggregate content, was not enough for evaluation. Given the good correlation 

between paste thickness and concrete carbonation depth, when paste thickness increased, 

carbonation depth decreased, whereas when paste thickness decreased, carbonation depth 

increased. Hence, paste thickness can be used to quantify the effects of the aggregate on 

concrete carbonation.  
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Abstract 

Water confined within the nano- to microscale pores of cementitious materials plays a crucial role in damage processes 

affecting the sustainability of cement pastes, especially for the binding material comprising calcium-silicate-hydrates 

(C-S-H). Here, we employed a combination of molecular simulation techniques (Monte Carlo and Molecular Dynamics) 

to investigate physical properties of confined water in open nanopores (connected with the environment) and closed 

nanopores (isolated from the environment) formed between C-S-H particles constituting the cement microstructure. 

 

Upon heating, we found that pore pressure increased beyond 10% of the reference state (room temperature), 

independently of the pore connectivity with the environment (open vs. closed porosity). Upon freezing, we found pore 

pressure increased up to ~55% of the reference state close to the freezing temperature, and then reached a plateau in 

the open porosity case. In contrast, the pore pressure fluctuated around ±10% of the reference state pressure in the 

closed porosity case, suggesting a more drastic, destructive effect of hydraulic pressure with respect to pressure 

induces by the increased order of the fluid (water and calcium counterions) in C-S-H nanopores (~ crystallization 

pressure). Water structure, diffusion, and mobility were also monitored as a function of temperature. When increasing 

the temperature, a peak of diffusion and mobility was observed around the liquid-gas transition in the open porosity 

configuration, while diffusion and mobility increases smoothly for the closed porosity configuration. At very low 

temperatures (around the freezing point), we found very low water mobility with relatively stable structural fluid 

properties in both cases of pore connectivity to the environment. 

 

These findings underscore the importance of accounting for the molecular nature of water to investigate temperature-

induced damage mechanisms in cement and concrete. Further, these molecular simulations underscore the important 

role of confined water in modulating the structure and properties of calcium-silicate-hydrates upon exposure to extreme 

environments. 
 

 

 

 

Originality 

This computational modeling and simulation work provides new insights at the molecular scale on the role of water on 

cement damage mechanisms and water dynamical properties in calcium-silicate-hydrate nanopores in extreme 

temperatures. These results prompt refinement of existing damage mechanism theories developed at a higher length 

scale, where the effects of molecular nature of water have not yet been considered. 
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1. Introduction 

Nanoconfined water in cement and concrete affects their overall physical and mechanical behavior 

(Scherer G. W., 1999; Pinson M. B. et al. 2015) being critical for concrete sustainability, which is a 

major issue since concrete and its industry are responsible for 5-7% of global CO2 emissions (Tanaka 

N. et al. 2009). Concrete is a complex, composite material resulting from the mix of aggregate, sand, 

cement and water, where calcium-silicate-hydrates, a cement hydration product, act as glue (binding 

phase). The mechanical properties of calcium-silicate-hydrates (or C-S-H with C = CaO; S = SiO2; H 

= H2O) limit the stiffness and strength of concrete structures (Manzano H. et al. 2007; Manzano H. et 

al., 2009; Pellenq R.J.-M., et al. 2009). C-S-H is a phyllosilicate, where the resulting phase is a 

disordered aggregation of nanoplatelet particles (Gmira A. et al., 2004; Gatty L. et al. 2001) of 5-50 

nm in apparent width (Jennings H. M. et al., 2008a; Jennings H. M., 2008b). Strong cohesive forces 

drive aggregation between particles that are charged and geometrically anisotropic. Consequently, 

hydrated cement pastes exhibit a multiscaled, porous network. 

 

In a previous molecular scale study (Bonnaud P. A., 2013), we explored calcium-silicate-hydrate 

mechanical properties at high temperatures since it is a key limitation to the sustainability of 

cementitious composites due to ostensible chemical and physical transformations in the aggregates 

and/or the cement paste. This approach highlighted the critical role of confined water within and 

between C-S-H particles separated by a width of 1 nm, where significant confinement effects occur. 

Upon temperature driven water desorption, we found a densification of particles due to their volume 

shrinkage leading to an increase of their mechanical properties (DeJong et al., 2007). We showed a 

water loss between particles in the related experimental temperature range 100-200˚C in agreement 

with experiments (Alarcon-Ruiz L. et al., 2005). Finally, pore pressure is an important quantity for 

porous materials since it is strongly related to the overall mechanical behavior of the material. By 

computing such quantity, we confirmed the presence of a transition temperature below which cohesion 

is increased and above which cohesion is decreased when temperature is raised in agreement with 

maximum hardness (DeJong et al., 2007) and maximum macroscale compressive strength (Ulm F.-J. 

et al., 1999) observed experimentally. 

 

In the latter work, our approach was based on grand canonical Monte Carlo simulations to equilibrate 

the water content in the system with an environment defined by its temperature and chemical potential. 

In other words, water molecules were able to enter and leave freely the porous structure to reach the 

equilibrium state driven by laws proportional to the Boltzmann factor. Such conditions correspond to a 

situation where either the pore is directly in contact with the environment or the permeability of the 

porous network is very high (open porosity). The permeability of a cement paste is strongly related to 

the amount of mixing water used for cement hydration defined by the water over cement ratio (W/C). 

The higher the W/C, the higher the permeability in cement (Kim Y.-Y. et al., 2014). Furthermore, an 

experimental study showed that high performance concrete (W/C=0.30) samples subjected to high 

temperatures (up to ~600 K) demonstrated higher permeabilities (Noumowe A. N. et al., 2009). The 

particle shrinkage observed when temperature is increased in our previous molecular simulation work 

(Bonnaud P. A., 2013) is in good agreement with this finding. Overall, our previous work constitutes a 

higher bound (high permeability) for the pore solution behavior in a cement paste. 

 

In this study, we investigated the lower bound (no permeability) by considering a closed porosity. We 

also extended our study to low temperatures (down to 100 K). In such a way, the combination of 

results obtained in the open and closed porosity provided relevant information at the molecular scale 

to better understand freezing-thaw damages in cement pastes due to hydraulic pressure and pressure 

induced by an increase of the fluid order (~ crystallization pressure if the liquid-ice phase transition 

occurs). Previous experimental, theoretical and modeling studies (Scherer G. W., 1999; Chatterji S., 

2003; Coussy O. et al., 2008; Sun Z. et al., 2010a; Sun Z. et al., 2010b; Sun Z. et al., 2010c) showed a 

competition between these two kind of pressures and that one is dominant over the other depending on 

experimental conditions. Furthermore, based on well-equilibrated configurations obtained in grand 



 

canonical Monte Carlo simulations, we produced Molecular Dynamics trajectories and analyzed water 

mobility as a function of temperature in the open and closed porosity models. In the remainder of this 

paper, we first present the methods used to build our molecular models and to simulate our systems. 

Then, we show results on pore pressure and dynamical properties of water in confinement.  

 

2. Methods 

2.1. Molecular model of the C-S-H nano slit pore 

We performed molecular simulations on a previously designed molecular model of a calcium-silicate-

hydrate nano slit pore (Bonnaud P. A. et al., 2012; Bonnaud P. A., 2013). It has been used with 

success to estimate the effect of water on cement mechanical properties at ambient (Bonnaud P. A. et 

al., 2012) and high temperatures (Bonnaud P. A., 2013). This molecular model is built using the 

molecular structure of calcium-silicate-hydrates suggested by Pellenq et al. (Pellenq R.J.-M. et al., 

2009) as a basic unit. Note that in the remainder of this paper we follow the notation in cement 

chemistry denoting CaO as C, SiO2 as S, and H2O as H such as calcium-silicate-hydrate becomes C-S-

H. In Pellenq et al. model, two silicate-rich layers are explicitly described in the simulation box. The 

calcium-to-silicon ratio of this structure is C/S = 1.65, similar to the mean value found using energy 

dispersive X-ray analysis (Groves G. W., 1986; Richardson I. G. et al., 1992) of hardened Portland 

cement pastes (C/S=1.70). Surface charge of this C-S-H molecular structure arises from ionized 

silanol groups in the silica chains; we used the PN-TrAZ force field (Bonnaud P. A. et al., 2012) to 

reflect this with σ ~ -0.73 C.m-2. The surface charge is compensated by calcium counterions to 

maintain system electroneutrality. The original molecular model is enclosed in a triclinic box of (a, b, 

c) = (1.33 nm, 2.95 nm, 2.37 nm) with the following angles (α, β, γ) = (92.02˚, 88.52˚, 123.58˚). The 

C-S-H nano slit pore is built by duplicating Pellenq's molecular model along the x-direction. Then, the 

two silicate-rich layers are separated by a distance of H = 1 nm, resulting in a model enclosed in a 

triclinic box of (a, b, c) = (2.66 nm, 2.95 nm, 3.37 nm). 

2.2. Interatomic Potential, Monte-Carlo simulations, and Molecular Dynamics 

To describe interactions among atoms in the C-S-H molecular structure and the pore solution (explicit 

water molecules and calcium counterions), we used classical potentials combining dispersion-

repulsion interactions (short-range interactions) with electrostatic interactions (long-range interactions). 

Ref. (Bonnaud P. A. et al., 2012) provides full details of the potential parameters used to model these 

interactions. For interactions between water molecules, we employed the rigid-SPC model (Berendsen 

H. J. C. et al., 1981; Ji Q. et al. 2012) in order to simulate a large number of water molecules (Nwater 

per simulation box ~ 440 molecules for the lowest temperatures) in a reasonable amount of time. In 

the course of the simulation, dispersion-repulsion interactions were summed within a cutoff radius of 

Rcut ~ 1.2 nm. The Ewald summation technique was employed to account for the long-range 

component of the electrostatic interactions with parameters κ ~ 2.4 nm-1 and kmax = 5. 

 

In this work, we defined a closed and an open porosity corresponding to molecular simulations in the 

canonical and the grand canonical ensemble, respectively. While in the canonical ensemble the 

number of atoms and molecules (Ntotal) and the volume of the system (V) are constants exchanging 

only heat with an infinite reservoir of defined temperature (T), in the grand canonical ensemble the 

volume V of the system is constant and is in equilibrium with an infinite reservoir of water molecules 

of defined chemical potential μwater and temperature T (Frenkel D. et al., 2002). The chemical potential 

is related to fugacity (fwater), pressure of the infinite reservoir of water if it were an ideal gas) and 

temperature (β = 1/kBT) by μwater = log (β fwater Λwater
3)/β, where Λwater = (β h2 / (2π mwater))1/2 is de 

Broglie thermal wavelength, h is Planck's constant, and mwater is mass of a water molecule. In the open 

porosity (grand canonical ensemble), only the number of water molecules is allowed to fluctuate in the 

simulation box as the calcium counterions are treated in the canonical ensemble: each ion is allowed to 

move while the number of ions remained constant. As these ions compensate the surface charge of the 

silicate-rich layers, this ensures that the system remains electroneutral. For both models (closed/open 



 

porosity), silicate-rich layers are kept fixed (rigid) in the course of the simulation to reduce computing 

time. Then the adsorbate/substrate interactions were computed using an energy grid. The potential 

energy is calculated at each corner of each triclinic element ((la, lb, lc) = (0.02 nm, 0.02 nm, 0.02 nm) 

with the following angles (α, β, γ) = (92.02˚, 88.52˚, 92.02˚). In the course of the simulation, the grid 

values are interpolated in a linear fashion to provide an accurate estimation of the energy. Such a 

procedure has been shown to simulate adsorption in mesoporous media of complex morphology 

and/or topology without a direct summation over matrix species during Monte Carlo runs (Coasne B. 

et al., 2004). Periodic boundary conditions were used along a, b, and c directions. 

 

Furthermore, we defined a reference thermodynamic state at T0 = 300 K and fwater = P0(T0), where P0 is 

the saturating vapor pressure (the pressure at which for a given temperature we are at the bulk liquid-

gas equilibrium), corresponding to thermodynamic conditions for which rigid-SPC water potential 

parameters were developed (Berendsen H. J. C. et al., 1981). At room temperature, we can reasonably 

assume that the pressure of the gas reservoir is Pwater = fwater (ideal gas). For the rigid-SPC water model, 

this pressure is P0
SPC(T0 = 300 K) = 4.4 kPa (Vorholz J. et al., 2000). We seek to characterize the effect 

of temperature on confined water properties in C-S-H nanopores. Therefore, starting from the latter 

reference state, we performed simulations for each molecular model (closed/open porosity) by 

increasing (resp. decreasing) the temperature with a step of δT = 5 K. For each new simulation point at 

Tn = Tn-1 ± δT, the initial configuration was taken as the final configuration of the previous simulation 

point (Tn-1). The temperature range is chosen so that (i) during heating the system is passing through 

the liquid-gas transition temperature for confined water (T0
confined) and goes up to 575 K, which is ~20 

K below the critical temperature (Tc) for the rigid-SPC water potential (~593.8-596 K) (Raabe G. et al., 

2007), (ii) during freezing the system is passing through the bulk melting temperature of the rigid-SPC 

water model, which was reported to be Tmelt
SPC ~ 190.5 K for an external pressure of 100 kPa (Vega C. 

et al., 2005), and goes down to 100 K in order to ensure that the bulk crystallization temperature of 

rigid-SPC water is reached (Tfreeze
SPC), which should be very close to Tmelt

SPC, as well as the confined 

crystallization temperature (Tfreeze
SPC, confined). A set of 96 simulations has been done for each molecular 

model (closed/open porosity). Previous experimental work on porous silica gels (Ishikiriyama K. et al., 

1995) showed that in a pore of 1 nm the freezing temperature Tfreeze should be depleted by ΔT ~ 30 K. 

By analogy with the latter hydrophilic material, we expect in our C-S-H pore of 1 nm a freezing 

temperature depletion of ΔT > 30 K, C-S-H being more hydrophilic than silica gels and calcium 

counterions being in the pore solutions. Nevertheless, only few molecular simulation studies reported 

ice nucleation like, for example, the work of Matsumoto et al. (Matsumoto M. et al., 2002) for bulk 

water and the work of Han et al. (Han S. et al., 2010) for confined water in hydrophobic nano slit 

pores. Considered volumes are so small that the probability of having an event either by homogeneous 

nucleation or by heterogeneous nucleation is extremely low. Even experimentally, Sun and Scherer 

(Sun Z. et al., 2010a) predicted for cementitious materials (mortars) that only one nucleus able to form 

ice would appear at -1˚C in a cube of ~ 35 cm side. Again, Sun and Scherer (Sun Z. et al., 2010b) 

found in thermoporometry experiments on cementitious materials (mortars) that the so-called unfrozen 

layer (the layer close to the confining surface where the fluid structure is strongly modified over 

several molecular diameters) is about 1.0-1.2 nm thick leading them to the conclusion that no freezing 

would occur in pores with diameters ≤ 4.5 nm, at least down to -40˚C. Therefore, we didn’t expect the 

formation of ice in our work since the pore size is 1 nm, but rather the formation of a glass. 

 

Finally, using well-equilibrated configurations obtained in Monte Carlo simulations, we used the 

DL_POLY Molecular Simulation Package (version 2.19) to perform Molecular Dynamics simulation 

runs (MD) (W. Smith et al., 1996). Independently of the original molecular model (closed/open 

porosity), simulations were carried out in the canonical ensemble; the temperature in the simulation 

box was maintained using a Nosé-Hoover thermostat (S. Nosé, 1984; Hoover W. G., 1985) with a 

relaxation time of 1.0 ps. MD trajectories were integrated using the leapfrog integrator algorithm with 

a time step of 1 fs. Integration of the rotational part of the equations of motion for rigid-SPC water 

molecules was done with the quaternion algorithm (Evans D. J., 1977). After an equilibration run of 2 



 

ns, we performed a sampling run of 50 ns with a sampling rate of 1 ps. The Si, O, and Ca atoms of the 

silica-rich layers were not allowed to move in the course of the simulation (frozen atoms). As in Monte 

Carlo simulations, periodic boundary conditions were used, so that the system is equivalent to an 

infinite system. The PN-TrAZ potential functions for the dispersion-repulsion interactions in the 

Molecular Dynamics simulations were fitted with (n-m) interaction potentials available in DL_POLY. 

Previous work on amorphous, porous silica (Bonnaud P. A. et al., 2010) showed that such a change in 

mathematical form for interaction potentials doesn’t affect significantly the potential energy and the 

structure of water. As in Monte Carlo simulations, the Ewald summation technique was employed to 

take into account the long-range part of electrostatic forces in MD simulations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Figure captions of calcium-silicate-hydrate slit nanopores in the closed porosity (a) and open porosity 

(b) as a function of temperature. 

 

 

 

 

 



 

3. Results and Discussion 

3.1. Pore pressure 

Using ensembles of well-equilibrated configurations (e.g., see fig. 1) generated in Monte Carlo 

simulations in the frame of the open porosity model (grand canonical ensemble) and the closed 

porosity model (canonical ensemble), we computed pore pressures as a function of temperature using 

the virial definition of pressure as previously defined in Refs. (Bonnaud P. A. et al., 2012; Bonnaud P. 

A., 2013). We reported in fig. 2a the relative pore pressure (ΔPN = PN(T) - PN(300 K), PN being the 

pressure in the direction normal to the pore surface), where reference pore pressures were those taken 

at T = 300 K and were PN(300 K) ~ -2.39 GPa for the closed porosity and PN(300 K) ~ -2.61 GPa for 

the open porosity. A decrease of the relative pore pressure corresponds to an increase of cohesion 

within the pore space, while an increase of pore pressure would correspond to a decrease of cohesion. 

 

Upon heating in the closed porosity model, we observed fluctuations around the referenced value of 

the relative pore pressure (± 5%) up to ~350 K. Then, beyond ~350 K, the pore pressure is increasing 

smoothly up to 575 K, where the relative pore pressure is about 16% higher than the reference state. 

Therefore, upon heating, cohesion in the closed porosity is nearly constant in the temperature range 

300-350 K and starts to decrease beyond ~350 K. For the open porosity and as previously observed 

(Bonnaud P. A., 2013), the relative pore pressure is first decreased and reaches a minimum at ~330 K. 

Then, the relative pore pressure starts to increase and exhibits a jump at ~ 340 K corresponding to the 

cavitation temperature in confinement (liquid-gas transition in confinement). Beyond ~ 340 K, the 

relative pore pressure is increasing smoothly up to 575 K, where it reaches a value ~ 30% higher than 

the reference state. Thus, in the open porosity, prior to a heating-induced decrease of cohesion, we 

observe an increase of cohesion in good agreement with maximum hardness (DeJong et al., 2007) and 

maximum macroscale compressive strength (Ulm F.-J. et al., 1999) observed experimentally. 

 

Figure 2: a) Relative pore pressure (ΔPN) in the direction normal to the pore surface and b) water 

diffusion (DH2O) in the plane parallel to the pore surface as a function of temperature. The reference 

pore pressure is the one at room temperature (300 K) with a relative humidity of 100%. Purple solid 

line and green solid line stand for closed and open porosity, respectively. Vertical green dotted lines 

(190.5 K and 340 K) and the vertical purple dotted line (215 K) stand for transition temperature 

observed in potential energy profiles for the open and closed porosity, respectively. 

Upon freezing in the closed porosity, we observed relative pore pressure fluctuations around the 

reference state value in the range 0-10%, while in the open porosity the relative pore pressure is 

increased prior to reach a plateau at T ~ 190 K with a relative pore pressure ~55% higher than the 

reference state. Therefore, cohesion in the closed porosity is barely modified, while cohesion in the 

open porosity is strongly affected. Recalling that the open porosity model was defined to capture 

hydraulic pressure effects and the closed porosity model was designed to capture effects due to the 

increasing order of the confined fluid (~ crystallization pressure), our present results suggest that in C-

S-H nanopores of 1 nm hydraulic pressure is more disruptive than pressure induced by the increasing 

fluid order (~ crystallization). 

(a) 
 

(b) 
 



 

 

3.2. In-plane self-diffusivity of confined water 

We investigated dynamical properties of confined water in C-S-H nanopores of 1 nm by analyzing in-

plane self-diffusivity of water (DH2O). The self-diffusivity corresponding to the in-plane motion (in the 

plane parallel to pore surfaces) has been estimated from in-plane mean square displacements using 

Einstein’s formula: 

DH 2O =
1

4
lim
t®¥

d

dt
x t( ) - x 0( )( )

2

+ y t( ) - y 0( )( )
2

   (1) 

where (x(t), y(t)) and (x(0), y(0)) are the coordinates of a water molecule at time t and 0, respectively. 

Brackets in eq. (1) indicate that the value is averaged over each molecule in the pore space and a large 

number of configurations. Fig. 2b reports DH2O for water confined in C-S-H nanopores of 1 nm in the 

open and closed porosity models. At the reference temperature (300 K), we found an in-plane self-

diffusivity of ~1.15 × 10-5 cm2.s-1 for the closed porosity and ~1.16 × 10-5 cm2.s-1 for the open porosity. 

Self-diffusivity of bulk rigid-SPC water is D0 ~ 4.33 × 10-5 cm2.s-1 at T = 300 K. Therefore, water 

diffusivity is reduced by ~72-73% in confinement at room temperature (300 K). Experimentally, 

Bordallo et al. (Bordallo H. N. et al., 2009) found by neutron spin echo experiments (NSE) at the same 

temperature a water diffusivity reduced by ~ 56-76% with respect to bulk water in various cement 

samples differing by their W/C ratio and their equilibration with different relative humidity. The 

strongest reduction (~76%) in water diffusivity was experimentally observed for samples where only 

gel pore water is present in the sample (gel pore having a width in the range 1-10 nm). Our simulation 

results at room temperature are in excellent agreement with experiments madding us confident with 

our model to study self-diffusivity of water on a wider range of temperatures in the closed and open 

porosity models. In the closed porosity, we observed beyond 300 K a linear relationship between self-

diffusivity and temperature due to the fact that water cannot desorb. Below 300 K, self-diffusivity 

behaves non-linearly down to ~ 190 K, where self-diffusivity values become particularly low (> 0.06 

× 10-5 cm2.s-1). In the open porosity, self-diffusivity of water is higher than those in the closed porosity 

in the range 320-340 K. Indeed, water density in the open porosity is lower (even if the pore space is 

still full of water) than water density in the closed porosity allowing higher water mobility. The jump 

in diffusivity observed at 340 K is due to cavitation (sudden pore emptying). Water self-diffusivity in 

our C-S-H open nanopore of 1 nm cannot exceed ~2.5 × 10-5 cm2.s-1. From 340 to 450 K, the 

remaining adsorbed water layer at the pore surface is becoming thinner and thinner when temperature 

is raised. Water molecules are more affected by the substrate. So, self-diffusivity is decreasing 

smoothly. Beyond 340 K, self-diffusivity of water in the closed porosity is higher than in the open 

porosity since in the former case the pore is full of water, while in the latter case the water content is 

changing (decreasing). From 450 to 575 K, self-diffusivity is nearly constant and is ~ 0.6 × 10-5 cm2.s-1. 

As can be seen on fig. 1b, at such temperature range only a water layer is adsorbed on pore surfaces 

(the pore is not full of water). Then, this self-diffusivity value is reflecting water dynamical behavior 

in the vicinity of the pore surface, where its structural and dynamical properties are strongly affected 

with respect to its bulk counterpart. Since C-S-H is a strong hydrophilic substrate, it reduces water 

mobility. Furthermore, below 320 K and similarly to the closed porosity model, self-diffusivity of 

water is decreasing non-linearly and is particularly low down to ~190 K. Such low diffusivities in the 

closed and open porosity models could be a signature of a glass transition in our C-S-H slit pore model. 

 

4. Conclusions 

In summary, we employed numerical simulations to provide a clearer understanding how temperature 

affected specific properties of calcium-silicate-hydrates, in which water content and water physical 

properties in C-S-H nano-slit pores are pivotal. These concepts are relevant to our ongoing efforts to 

improve the durability of cement in extreme temperatures by elucidating underlying damage 

mechanisms.  

 



 

We first designed two molecular models depicting a pore of 1 nm connected to a porous network with 

a very low permeability (closed porosity) and a very high permeability (open porosity). Such models 

are also relevant in freezing conditions to discriminate disruptive effects on cement paste due to 

hydraulic pressure and fluid-order-induced pressure (~ crystallization pressure). 

 

Then, we extracted from Monte Carlo simulations pore pressures in the open porosity and closed 

porosity models and we observed for low temperatures that the most drastic disruptive effect is mainly 

due to hydraulic pressure as densification of water in confinement lead to an increase of pressure of ~ 

55% with respect to the reference state (room temperature). Upon heating, we found that pore pressure 

increased beyond 10% of the reference state, independently of the pore connectivity with the 

environment (open vs. closed porosity). 

 

Finally, we get confined water in-plane self-diffusivity. At room temperature, we found a reduction of 

water self-diffusivity in confinement with respect to the bulk value very close to what is 

experimentally observed in cement pastes (~76%). We found a peculiar behavior of water diffusivity 

in the frame of the open porosity model, where the water content is changing as a function of 

temperature. Indeed, a peak of self-diffusivity was observed around 340 K corresponding to pore 

emptying (cavitation). For both models (open/closed porosity), we found very low self-diffusivities 

below ~190 K. 

 

These findings underscore the importance of accounting for the molecular nature of water to 

investigate temperature-induced damage mechanisms in cement and concrete. Further, these molecular 

simulations underscore the important role of confined water in modulating the structure and properties 

of calcium-silicate-hydrates upon exposure to extreme environments. These results also prompt 

refinement of existing damage mechanism theories developed at a higher length scales, where the 

effects of molecular nature of water have not yet been considered. 
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Abstract 

The drop weight test was usually used to evaluate the impact performance of fiber-reinforced concrete. However, 

there is no uniform parameters about the weight and the drop height of the hammer in the drop weight test. In 

this paper, the effect of the weight and the drop height of the hammer on the impact performance of steel fiber 

and polypropylene fiber concrete was studied with a same impact energy in each test. The results show that the 

damage of the polypropylene fiber concrete is still a brittle fracture at this condition. However, the steel fiber 

addition to concrete improves its ductility and impact performance. The initial strength and the final strength 

linearly increase with the increase of the drop weight, and exponentially decrease with the increase of the drop 

height. The effect of drop height is greater than that of the weight of hammer when the impact energy is a 

constant value. 

 

Originality 

The effect of the weight and the drop height of the hammer on the impact performance of steel fiber concrete 

were studied with same impact energy in each test. The initial strength and the final strength linearly increase 

with the increase of the drop weight, and exponentially decrease with the increase of the drop height. The effect 

of drop height is greater than that of the weight of hammer when the impact energy is a constant value. 

 

Keywords: Drop weight; drop height; steel fiber concrete; polypropylene fiber concrete; impact performance  
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1. Introduction 

There are many concrete structures subjected to impact loads, such as wall panels, hydraulic structures, 

airport pavements, military structures, and industrial floor overlays(Chakradhara Rao 2011, Dey, 

Bonakdar et al. 2014). Steel fiber addition to concrete improves its ductility, tensile, impact, and 

flexural strength (Rahmani, Kiani et al. 2012, Wang and Wang 2013, Yazici, Arel et al. 2013). 

Low-velocity impact on fiber-reinforced concrete has been the subject of many experimental 

investigations. The weights and drop height of hammer are very important parameters in the 

low-velocity impact test. However, the two parameters are different in results published by many 

researchers, See Table 1.  

Table 1 weight and drop height of hammer in the impact test 

 Weight of hammer Height of Hammer/mm 

Zongcai Deng (Deng et al. 2009) 1.40, 1.65, 2.5 kg 500, 4 00 

Xiaokang Shen (Shen et al. 2007) 5 kg 300 

Zhaoyang Liu (Liu 2011) 0.372 kg 800, 500 

GB/T21120-2007 (2007) 3.0 kg 300 

Mohammad.Y(Mohammadi et al 2009) 5.45 kg 457 

ACI 544 (ACI 2009) 44.7N 457 

Deju Zhu(Zhu, Gencoglu et al. 2009) 134N 50, 100, 200 and 250 

The objective of this study is to evaluate the effects of the weight and drop height of hammer on the 

impact performance of steel fiber concrete. This work has important meanings for comparing the 

experimental results and improving the test method. 

2. Experimental 

2.1. Raw Materials 

Ordinary Portland cement (P.O 42.5) was used for concrete mixtures. River sand (particle sizes less 

than 4 mm) with a specific gravity of 2610 kg/m3 and fineness modulus of 2.61 was used as the fine 

aggregate. Crushed diabase (particle sizes of 5 mm to 25 mm) with specific gravity 2.66 was used as 

coarse aggregate. A polycarboxylate based superplasticizer was added to obtain the desirable 

workability. The crimped steel fiber (30mm in length, 0.7mm in diameter) and the polypropylene fiber 

(19mm in length, 0.03mm in diameter) were used in this study. The cement, sand, coarse aggregate 

and mixing water contents were 400, 850, 1040 and 180 kg/m3; and 117 kg/m3 steel fiber and 11 kg/m3 

polypropylene fiber were added to mix tow kinds of fiber concrete, respectively. SZ120-100AA strain 

gauges were used to measure the strain. 

2.2 Mixing and samples preparation 

The procedures for mixing the steel fiber concrete were as following: firstly, the cement, sand and 

coarse aggregate were mixed dry in a pan mixer for a period of 2 min. Then, the mixing water with 

superplasticizer was added and mixed for 1 min. This was followed by 2 min of rest and then 1 min of 

mixing. After which, the fibers were dispersed by hand to avoid fiber balling. Mixing was continued 

for 2 min to achieve a uniform distribution throughout the concrete. Prisms with 100 × 100 × 400 mm 

were cast. After 24 h, the specimens were demolded and cured at a constant temperature (20±2oC) and 

90% relative humidity for 28 days.  



 

2.3 Experimental Process 

For flexural impact tests, a drop-weight impact-testing apparatus was used. Fig.1 illustrates the impact 

test setup and details of constraints. It consists of two stiff constraints which restrain the specimen 

from translation and rotation. It is capable of dropping a mass of 1.0-10.0 kg from heights of up to 2.0 

m on the target specimen. A steel cylindrical projectile with 40 mm diameter is the head of drop 

hammer. One part is set to prevent the second impact. For each specimen, the side surface (2mm from 

the top surface) and the bottom surface are bonded a strain gauge, respectively. The strain was 

monitored by a PC-based high speed data acquisition system. The impact energy is a constant value 

during the impact test. The weight and the drop height of the hammer are shown in Table 2. 

  

Fig.1 the impact test equipment 

 

Table 2 the weight and the drop height of the hammer in impact test 

 E1 E2 E3 E4 E5 E6 E7 

Weight(kg) 9.0 6.0 4.5 3.0 2.0 2.5 1.0 

Height(mm) 100 150 200 300 450 600 900 

There prisms are conducted in each impact test. The numbers of impact test are defined as the initial 

impact strength (Si) and the final impact strength (Sf) when the strain is 1600με and 8000με, 

respectively.  

3. Results and Discussion 

3.1. Relationship between the strain and the number of impact test 

Fig.2 shows the relationship between the strain and the impact test number of polypropylene fiber 

concrete when the weight and the drop height of the hammer are 3.0kg and 300mm, respectively. It 

can be seen that the bottom and the side strains of polypropylene fiber concrete increase with the 

impact test number and reach over 1600με and 8000με within 4 impact tests. That is to say the damage 

of the polypropylene fiber concrete is still a brittle fracture at this condition. 



 

 

a) The bottom strain of polypropylene fiber concrete    b) The side strain of polypropylene fiber concrete 

Fig.2 Relationship between the strain and the number of impact test (with 3kg weight and 300mm height) 

 

 

a) The bottom strain of steel fiber concrete               b) the side strain of steel fiber concrete 

Fig.3 Relationship between the strain and the number of impact test (with 3kg weight and 300mm height) 

Fig.3 shows the relationship between the strain and the impact test number of the steel fiber concrete 

when the weight and the drop height of the hammer are 3.0kg and 300mm, respectively. It indicates 

that the bottom and the side strains of the steel fiber concrete increase with the impact test number. 

The bottom strains reach over 1600με and 8000με after about 7 and 11 impact tests, respectively. The 

side strains reach over 1600με and 8000με after about 15 and 23 impact tests, respectively. Steel fiber 

addition to concrete improves its ductility and impact performance. 

3.2 Polypropylene fiber concrete 

Table 3 the initial and the final impact strength in impact test/times 

  E1 E2 E3 E4 E6 E7 

PFC 

Si-bottom 7.00 5.00 4.00 2.67 2.00 1.75 

Sf-bottom 7.25 5.25 4.33 3.00 2.00 1.75 

Si-side 7.25 5.25 4.33 3.67 2.67 1.75 

Sf-side 7.25 5.25 4.33 3.67 2.67 1.75 



 

The initial impact strength (Si) and the final impact strength (Sf) are given in Table 3. It is shown that 

Si-bottom is close to Sf-bottom, and Si-side is same with Sf-side because the polypropylene fiber concrete is still a 

brittle fracture in this impact test. 

 
a) Height                                b) Weight 

Fig.4 Effect of height and weight on the impact strength 

Fig.4 shows the effect of height and weight on the impact strength of polypropylene fiber concrete. 

Both the initial impact strength and the final impact strength decrease with the increase of the drop 

height; and they increase with the increase of the weight when the impact energy is a constant value 

during the impact test. The relationship between the impact strength and the drop height, the impact 

strength and the weight can be seen in Eq.1 and Eq.2. 

txaeyy /
0

  R2=0.973                      (1) 

Where y0 =1.87, a =10.92, t =133.76  

     dxcy      R2=0.980                            (2) 

Where c =1.09, d =0.68 

3.3 Steel fiber concrete 

Table 4 the initial and the final impact strength in impact test 

  E1 E4 E5 E6 E7 

SFC 

Si-bottom 24.3 8.3 6.7 6.0 5.0 

Sf-bottom 28.7 11.3 9.7 7.7 6.0 

Si-side 32.7 15.3 14.0 11.0 7.7 

Sf-side 39.0 23.3 20.0 15.0 12.5 

The initial impact strength (Si) and the final impact strength (Sf) are given in Table 4. It is shown that 

Sf-side is the biggest value followed by Si-side and Sf-bottom. Si-bottom is the smallest one for all steel fiber 

concrete specimens. In other words, steel fiber addition to concrete improves its ductility and impact 

performance. 



 

 

                 a) Height                                b) Weight 

Fig.5 Effect of height and weight on the impact strength 

Fig.5 shows the effect of height and weight on the impact strength of steel fiber concrete. Both the 

initial impact strength and the final impact strength decrease with the increase of the drop height; and 

they increase with the increase of the weight when the impact energy is a constant value during the 

impact test. The relationship between the impact strength and the drop height, the impact strength and 

the weight can also be seen in Eq.1 and Eq.2. The parameters in Eq.1 and Eq.2 for steel fiber concrete 

are given in Table 4. 

Table 4 Parameters in Eq.1 and Eq.2 for steel fiber concrete 

 a t y0 R2 c d R2 

Si-bottom 46.77 109.59 5.50 0.995 1.96 2.45 0.991 

Sf-bottom 44.45 141.17 6.73 0.984 3.43 2.80 0.996 

Si-side 40.58 189.77 8.51 0.961 6.42 2.95 0.980 

Sf-side 40.21 264.96 11.27 0.986 11.67 3.12 0.940 

The changes of weight and drop height have a significant effect on the impact performance of 

polypropylene fiber and steel fiber concrete, although the failure modes are very different. The effect 

of drop height is greater than that of the weight of hammer when the impact energy is a constant value. 

4. Conclusions 

The damage of the polypropylene fiber concrete is still a brittle fracture at this condition. However, the 

steel fiber addition to concrete improves its ductility and impact performance.  

The initial strength and the final strength linearly increase with the increase of the drop weight, and 

exponentially decrease with the increase of the drop height.  

The effect of drop height is greater than that of the weight of hammer when the impact energy is a 

constant value. 
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Abstract: From the perspective of effective utilization of resources and environmental preservation, carbonation of waste 6 

hydrated cement paste (abbr. whcp) is a promising and environmentally beneficial application. Greenhouse gas CO2 can 7 

be captured, whcp can be reused, and building materials with excellent performance can be produced. In order to explore 8 

the accelerated carbonation mechanism of whcp, calcium silicate hydrate(C-S-H), the most dominant phase, with 9 

calcium to silicate ratio of 1.50 was synthesized and were exposed to CO2 for accelerated carbonation. A certain amount 10 

of water was mixed with dry powder homogeneously. The wet mixture was casted into a cylindrical stainless steel mold 11 

and compacted at 8.0 MPa and then the compacts were cured in a sealed chamber to initiate the carbonation reaction, 12 

where CO2 of 99.9% mass purity was injected into the chamber and the CO2 partial pressure was regulated at a constant 13 

of 0.2 MPa for different time in case of CO2 starvation. The carbonation degree was calculated by TG/DSC and the 14 

microstructure changes of C-S-H before and after accelerated carbonation were investigated with SEM, XRD, FT-IR and 15 

Nitrogen physisorption analysis. The results show that calcium silicate hydrate with a formula of C1.36SH1.35 was 16 

obtained. Carbonation degree reached more than 70% after carbonated for 2h. In the carbonation process the layer 17 

structure of C-S-H was destroyed, silica gel with more polymerization formed and calcium carbonate stacked together. 18 

Calcite, vaterite and aragonite exist in the carbonation products. The more polymerized silica gel makes the specific 19 

surface area and pore structure showed significant changes. 20 

 21 

Originality: Carbon capture and storage using Ca-rich or Mg-rich waste is a promising technology for permanent 22 

carbon storage. C-S-H is the commonest carbonation phase in alkaline industrial wastes especially in waste cement 23 

paste. In this study, C-S-H with C/S ratio of 1.5 was synthetized for accelerated carbonation. TG analysis and QXRD 24 

(Rietveld refinement) analysis were used to quantitatively calculate the products composition and carbonation degree. 25 

SEM, Nitrogen physisorption analysis and FT-IR were performed to observe the microstructure changes caused by 26 

accelerated carbonation. 27 

 28 

Keywords: calcium silicate hydrate; accelerated carbonation; microstructure; FT-IR; Nitrogen physisorption analysis 29 
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1. Introduction  1 

Carbon dioxide, the most important greenhouse gas that caused global warming, has increased at the rate 2 

of 2ppm/yr over the last decade, and atmospheric CO2 has increased 41% of the preindustrial level(278ppm) 3 

in 2012, largely due to the emissions from combustion of fossil fuels(Franks et al., 2013). Except for reducing 4 

energy consumption, increasing utilization efficiency, carbon capture and storage (CCS) is a promising 5 

process to relieve the greenhouse effect, especially in developing countries where they depend on fossil fuels 6 

to meet their increasing electricity demand(Gibbins et al.,2008; Praetorius et al., 2009). 7 

Mineral carbonation, the most stable, long-term CO2 storage processes, has been the focus of researchers 8 

in recent years (Huijgen et al., 2003; Oelkers et al., 2008). It is a feasible and attractive method to decrease the 9 

emission of CO2 and there exists enough mineral in nature to capture the CO2 (Goldberg et al., 2001). Whereas, 10 

its application is limited by the slow kinetics of mineral-fluid reaction, high energy demand and high cost 11 

during the mining and pre-treatment progresses (Oelkers et al., 2008; O'Connor et al., 2004, Gerdemann et al.,2007). 12 

Alkaline industrial waste residues rich in calcium (magnesium) oxides and hydroxides, including steel slag, 13 

waste cement, fly ashes, etc, present excellent properties for CO2 sequestration over natural minerals (Bobicki 14 

et al. 2012; Pan et al., 2012). The quantity of construction wastes in China has been increasing rapidly in recent 15 

years, accounting for about 30%–40% of the whole city solid wastes (Li, 2008). Indeed, approximately 200 16 

million tons of waste concrete are currently produced annually in China, the quantity of waste concrete will 17 

be 638 million metric tones in 2020 and the amount will increase by over 8% every year (Shi et al., 2006). 18 

However, China is building massive amounts of infrastructure, consumption of concrete and cement is huge. 19 

Carbonation of waste cement can be viewed as either a CO2 sequestration process or a waste recycling 20 

process. Calcium carbonate from waste cement can either be used as raw material for cement production or 21 

preparing for new building materials (Katsuyama et al., 2005; Liu et al., 2001; Iizuka et al., 2004). 22 

Previous studies have also proved that calcium silicate hydrates (C-S-H), the major constituents of 23 

hydrated cement paste, are prone to be carbonated in atmosphere and calcite and highly polymerized silica gel 24 

formed along carbonation reaction proceeded (Black et al., 2007). And the nanostructure changes of C-S-H 25 

induced by aqueous carbonation was investigated using small angle X-ray scattering, it showed that light 26 

density C-S-H was more readily to be carbonated, and particles of 5 nm typical radius was obtained (Morales 27 

et al., 2012). The documents published of carbonation of C-S-H under accelerated conditions (high CO2 28 

concentration) are limited. Understanding the carbonation ability and characteristics of C-S-H in the 29 

accelerated carbonation conditions is critical for us to evaluate the CO2 sequestration ability and to improve 30 

the durability of carbonated-cement-based products. 31 

C-S-H has a wide range in chemical composition with a C/S ratio between 0.6 and 2.0. In light 32 

of chemical composition, C–S–H was often categorized as types (I) and (II) by Taylor, with a C/S<1.5 and 33 

C/S>1.5, respectively (Taylor, 1997). In order to investigate the effects of accelerated carbonation on C-S-H 34 

gel, C-S-H with a C/S ratio of 1.50 was synthesized.  35 

2. Experimental procedure 36 

2.1 Synthesis of C–S–H 37 

The C–S–H samples were synthesized from a solution with an initial C/S ratio of 1.50. Sodium silicate 38 

(Na2SiO3·9H2O) and (Ca(NO3)2·4H2O) were used as the source of silicon and calcium. Sodium hydroxide 39 

(NaOH) was used as a pH regulator. The synthesis procedure was as the follows: a certain amount of 40 

Ca(NO3)2·4H2O solution was added, drop by drop, to the sodium silicate solution in which an appropriate 41 

amount of NaOH had been added to ensure the solution pH>13. The water/solid ratio was 10 and the mixes 42 

were sealed for 7 days at ambient pressure and temperature during which timing string was needed. At the 43 

end of this process (two clearly differentiated phases formed, a supernatant solution and a precipitate), the gel 44 



was filtered by vacuum filtration to remove the residual nitrate ion and sodium ion until the supernatant 1 

reached a neutral pH. Finally, the gel was dried at 60℃and stored for testing and accelerated carbonation.  2 

2.2 Characterization  3 

Powder X-ray diffraction data were recorded with a PANalytical Empyre system with Cu Kα radiation 4 

(40 kV and 40mA). The XRD patterns were recorded at the range of 5°～60° with a step size of 0.026°, 5 

scanning time 0.1s. Microstructure of C-S-H samples before and after accelerated carbonation was 6 

characterized by scanning electron microscopy (SEM, FEI Quanta 450). A Bruker EQUINOX55 Fourier 7 

transform IR spectroscopy was used to characterize the synthetic C-S-H. Spectral analysis was performed over the 8 

range 4,000 cm-1–400 cm-1 at a resolution of 4 cm-1. The IR spectra were recorded and stored using spectroscopic 9 

software (OPUS, Version 5.5). The characteristics of C-S-H before and after accelerated carbonation were 10 

studied using 3H-2000PS2 nitrogen isotherm physisorption experiments. Samples were degasified at 80℃ for 11 

4h before adsorption experiments, and the adsorption--desorption experiments was finished at 77K. 12 

Brunauer–Emmet–Teller and Barret–Joyner–Halenda methods were used to calculate specific surface area 13 

and pore size distribution, respectively. 14 

C-S-H is easily to be carbonated in the preparing process (Black et al., 2007; García et al., 2008). To 15 

understand the thermal properties of synthetic C-S-H and calculate the content of calcium carbonate, TG 16 

analysis was performed on the synthetic C-S-H, because it is a useful method to give the content of calcium 17 

carbonate (Kim et al.2013). Simultaneous TG/DSC was performed using a METTLER TOLEDO STARe 18 

system under nitrogen atmosphere. To avoid the influence of adsorbed water, the heating schedule was as 19 

follows: first, the sample temperature was keep constant at 60℃ for an hour, and then heated from 60℃ to 20 

1000℃ at a heating rate of 10℃/min. In our TG/DSC analysis a similar dehydration temperature range was 21 

observed to other reporters (Kim et al.2013; Jain et al., 2009) the mass loss due to dehydration was between 22 

60℃ to 300℃. In their study, they defined the mass loss in 350℃-500℃ as the decomposition of Ca(OH)2 23 

and the mass loss in the 650℃-800℃ as the decarbonation of CaCO3. The detailed calculation progress of the 24 

content and purity of C-S-H was explained in the literature (Kim et al.2013). But we denote the mass loss 25 

300℃ to 800℃ as W2 as the CO2 loss due to calcium carbonate, because in our TG/MS analysis, we found 26 

the trace of CO2 from 300℃-800℃, the calcium carbonate formed has a relatively low decomposition 27 

temperature. When Ca(NO3)2·4H2O and Na2SiO3·9H2O with a 1.50 ratio was mixed, 1 mol of CxSHy( the 28 

C/S ratio and H/S ratio were x and y ) and n mol of CaCO3 will be synthesized and the equation (1) and (2) 29 

can be obtained.
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Where, W1 and W2 are the mass loss of H2O and CO2, respectively, 56.08x+60.08+18.01y, 44.01 and 33 

100.09 are the molecular weight of CxSHy, CO2 and CaCO3, respectively. 34 

2.3 Carbonation of C-S-H 35 



The samples with water/solid ratio of 0.10 were prepared. A certain amount of water was added to the 1 

prepared C-S-H powder then the wet mixtures of about 10g were cast into a stainless steel mold (20mm× 2 

20mm×100mm) and compacted at 8MPa for 1 min. The compact cake obtained was about 20mm thick. 3 

Finally the compact was cured in a stainless chamber to initiate the carbonation reaction. CO2 of 99.9% purity 4 

was injected into the sealed chamber and the CO2 partial pressure was regulated at a constant of 0.2 MPa for 5 

different carbonation time in case of CO2 starvation.  6 

3. Results and discussion  7 

3.1 Characterization of C-S-H 8 

The powder XRD patterns of C–S–H before accelerated carbonation are presented in Fig.1. As can be 9 

seen, the XRD patterns of C-S-H before accelerated carbonation produce dispersive peaks instead of strong, 10 

sharp ones. It showed wide, poorly peaks of C-S-H at 2θ=29°, 32°, 50° and the dispersive diffraction peaks at 11 

2θ =7° indicates the layer structure of C-S-H. Diffraction characteristic peaks of raw materials were not found 12 

indicating that the sodium silicate (Na2SiO3·9H2O) had reacted completely with calcium nitrate 13 

(Ca(NO3)2·4H2O) and the products was mainly semi-crystalline C-S-H(I) which was easily carbonated to 14 

calcium carbonate (Black et al., 2007). Calcium carbonate was not found in the XRD patterns because the 15 

strongest peak is at about 29°, and it can easily be lost in the strong background. Another carbonated product, 16 

silica gel (Morales et al., 2012), was not found in the XRD patterns owing to its amorphous property. 17 

The SEM, FT-IR and BET analysis also indicate that C-S-H similar to the hydration products of cement 18 

was synthesized. The detailed information will be presented in the following discussion part (section 3.3.2, 19 

3.3.3 and 3.3.4). 20 

 21 

Fig.1 XRD patterns of C-S-H before and after accelerated carbonation, C, A and V are calcite, aragonite and 22 

vaterite, respectively. 23 

The TG/DSC curves of synthetic C-S-H were depicted in Fig.2. The mass loss from dehydration of 24 

C-S-H is 8.43% and the CO2 loss due to calcium carbonate decomposition is 2.91%. The CaCO3 content is 25 

6.6% and the C-S-H with 93.4% purity was synthesized. Using equation (2), the calculated stoichiometric 26 

formula of C-S-H is C1.27SH0.76. The exothermic peak at about 800℃ indicates a phase transformation to 27 

wollastonite.  28 

 29 

Fig.2 TG/DSC Curves of synthetic C-S-H 30 



3.2 Carbonation degree  1 

Carbonation mass gain and carbonation degree are the most important index of C-S-H to evaluate the 2 

ability to sequestrate greenhouse gas CO2. For CxSHy, the theoretical maximum mass gain degree supposes 3 

the calcium in the C-S-H can be carbonated to calcium carbonate completely and it was calculated from 4 

equation (3). 55.89g CO2 can be absorbed by 1mol C1.27SH0.76 and the theoretical maximum mass gain degree 5 

is 38.55%. The CO2 mass gain degree method was calculated by measuring the mass of the samples before 6 

and after carbonation and the mass of evaporated water, as shown in equation (4). The evaporated water 7 

consists of the water added to the C-S-H powder for compaction and that released in the carbonation reaction. 8 

The carbonation degree, namely the actual CO2 mass gain to that of theoretical maximum CO2 mass gain, was 9 

calculated using equation (5). After accelerated carbonation for 2h, the mass gain degree is 26.95% and the 10 

carbonation degree is 69.9%. C-S-H reacted with CO2 after exposed to CO2 rapidly, the carbonation mass 11 

degree within 3 min reached 11.35%, reaching 42.1% of that for 2h carbonation; the mass gain of 20 minutes 12 

reached 20.16%, accounting for 74.8% of 2h. 13 
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Where, (%)max  is the theoretical maximum CO2 mass gain degree; 44.01，56.08，60.09，18.01are the 17 

molecular weight of CO2, CaO, SiO2 and H2O, respectively; m1 and m2 represent the mass of C-S-H before 18 

and after carbonation; m0 is the mass of collected evaporated water during the carbonation process; (%)R is 19 

the carbonation degree. 20 

3.3 Effects of carbonation on the microstructure of C-S-H 21 

3.3.1 Phase analysis 22 

The XRD diffraction patterns of C-S-H after carbonation for 2h were depicted in Fig.1(b). As shown, the 23 

basal reflections of C-S-H subjected to acceleration carbonation diminished and the XRD patterns revealed 24 

the presence of calcite, aragonite together with vaterite. Mineral phases of C-S-H after carbonation were 25 

determined by quantitative X-ray diffraction (QXRD) analysis. 10% ZnO was added as internal standard to 26 

determine the amorphous content. Rietveld refinement quantitative phase analysis was performed using 27 

TOPAS4.2 software. The Rietveld refinement strategy consisted of emission profile, background, instrument 28 

factors and zero error. Using the above method, the proportion of calcite, aragonite, vaterite and amorphous 29 

phase are 33.98%, 18.74%, 17.13% and 30.15%, respectively. Calcium carbonate accounts for 69.85% of the 30 

total mass.  31 

3.3.2 Morphology and microstructure  32 

Fig.3 showed the SEM images of C-S-H and samples carbonated for different time (compacted at 33 

8MPa). The image of C-S-H before accelerated carbonation showed flake-like or sheet-like structure with 34 

coarse texture (Fig.3 (a)). Though the synthetic C-S-H indicates a different morphology to the fibrous, 35 

honeycombs or reticular traditional hydrated cement product (Taylor,1997), a porous and amorphous calcium 36 

silicate gel was obtained. This may indicate the synthetic C-S-H has a higher crystallinity. After carbonation 37 

for 3min (Fig.3 (b)), there appear many small crystals on the C-S-H surface. Exposed to CO2 for longer time, 38 

the layer-shape structure of C-S-H was destroyed (Fig.3(c)). Calcium carbonate particles stacked together. 39 

The calcium carbonate surface became smoother and the microstructure became denser exposed to CO2 for 40 



2h (Fig.3 (d)). As times go on, the C-S-H morphology decreased gradually and calcium carbonate stacked. 1 

Literature (Matsushita et al., 2004) mentioned that when autoclaved aerated concretes were carbonated less 2 

than 20%, no shrinkage was observed. It is possible the precipitation of CaCO3 makes the microstructure 3 

denser, the mechanical properties were enhanced. It (Matsushita et al., 2004) also indicates when the 4 

carbonation degree was higher, the double-chain silicate anion structure was destroyed.  Though more 5 

calcium carbonate formed and decreased the pore volume, the shrinkage makes the mechanical properties 6 

unfavorable.  7 

 8 
Fig.3 SEM photograph of C-S-H before and after accelerated carbonation 9 

 10 

3.3.3 FT-IR analysis 11 

Fig.4 shows the FT-IR spectra of synthetic C-S-H before and after accelerated carbonation in the range 12 

of 400-2000cm-1.  13 

These absorption bands detected before accelerated carbonation were similar to the bands for the 14 

traditional C-S-H in hydrated cement (García et al., 2008; García et al., 2010). In the spectrum before 15 

accelerated carbonation, strong and broad absorption bands centered at around 970cm-1 (band d) attributed to 16 

the Si–O bond asymmetric stretching(v3) vibrations can be observed, indicating the existence of Q2 units in 17 

C-S-H phase. A series of bands at about 450cm-1 and 668 cm-1 were caused by the Si–O–Si bending vibrations. 18 

A small narrow band at 1380cm-1 generated by the N-O stretching vibration was observed, an indication that 19 

NO3
- was not washed completely before drying process. As expected, the C-S-H was subjected to carbonation 20 

in the preparing process. The bands generated by C-O in-plan bending vibrations (ν2 C-O (CO3
2-)) and 21 

asymmetric stretching vibrations (ν3 C-O (CO3
2-)) both revealed the presence of calcite. Silica gel was not 22 

detected due to its amorphous structure in XRD analysis, but FT-IR analysis can give more accurate 23 

information. After the accelerated carbonation, the most obvious changes observed were the shift in the 24 

frequency of main Si-O bond. Only slight trace of the main band (band d) of C-S-H can be detected and it 25 



shifted to a higher frequency centered at about 1080cm-1. It was conclusive evidence that carbonation reaction 1 

lead to the decalcification of C-S-H, and the C/S ratio gradually decrease. Contrary to the C/S, the 2 

polymerization of silica groups increased (Bhat et al., 2011), and the silica gel was obtained finally. The band 3 

generated by out-of-plan bending vibration of Si–O–Si disappeared completely, at the same time, the band 4 

caused by symmetric stretching of Si-O-Si bond occurred. All the band shifts indicate after accelerated 5 

carbonation, silica gel was obtained except for calcium carbonate polymorphs. 6 

 7 

 8 

 9 

Fig.4 FT-IR spectrum of C-S-H before and after accelerated carbonation. (a) FT-IR spectra for C–S–H before and after 10 

accelerated carbonation. (b) Deconvoluted bands spectra of signal of asymmetrical stretching vibrations Si–O before and after 11 

accelerated carbonation  12 

3.3.4 Nitrogen physisorption analysis 13 

The nitrogen-adsorption–desorption isotherm curves were depicted in Fig.5(a), and the samples before 14 

and after accelerated carbonation produced type Ⅳ adsorption-desorption curves with a H2 hysteresis loop 15 

indicating the capillary condensation in mesopore structures (Morales et al., 2012). The H2 hysteresis loops may 16 

be attributed to the different mechanism between condensation and evaporation processes occurring in ‘ink 17 

bottle’ pores and the hysteresis loops showed the C-S-H gel have an irregular pores shape and pore size 18 

distribution. The nitrogen-adsorption–desorption isotherm showed an almost linear increase in the low 19 

relative pressure (P/P0 of 0-0.3), indicating microporous adsorption. In the middle relative pressure range 20 

(P/P0 of 0.4-0.9), the hysteresis loops become narrower after exposed to carbonation reaction, suggesting less 21 

mesopore in the samples. The increase of N2 adsorption in the high relative pressure (P/P0 of 0.9-1.0) range is 22 

caused by the macropore Nevertheless, the majority of adsorption is attributed to the mesopores (2nm 23 

-50nm).  24 

The famous BET method was used to calculate the specific surface area Fig.5(b), which is particularly 25 

applicable to the low pressure range (P/P0 of 0-0.3). The adsorption branch of the isotherm curves were used 26 

to calculate the average pore size and pore-size distribution with the Barett-Jonyer-Halenda (BJH) method as 27 

shown in Fig.5(c) and (d).   28 

The results showed that the specific surface area decreased from 85.6m2/g to 67.7 m2/g by 20.9% and the 29 

total volume decreased from 0.31 ml/g to 0.26 ml/g. The carbonation products included silica-gel and calcium 30 

carbonate crystal. Silica gel is amorphous porous gel with high specific surface area, but the calcium 31 

carbonate crystal is micrometric crystals with very low specific surface thus leading to the decrease of total 32 



specific surface area (Morales et al., 2013). The results were contrary to that reported by Morales (Morales et 1 

al., 2012). The difference between the carbonation processes is they rested the C-S-H powder in the 2 

CO2-saturated for overnight, but the C-S-H was carbonated in a smaller water content condition in our 3 

experiment. The carbonated sample (silica-rich gel) has much higher adsorption ability to the uncarbonated 4 

C-S-H. The C-S-H samples after accelerated carbonation has a relatively larger micropore structure. The 5 

average pore size increased from 9.25nm to 12.0nm and the most probable pore increased from3.31nm to 6 

6.78nm.    7 

 8 

Fig.5 Nitrogen physisorption analysis. (a), Nitrogen adsorption–desorption isotherms; (b), Multipoint Brumauer–Emmett–Tller 9 

(BET) graphs; (c), Cumulative pore volume of samples; (d), Pore size distributions; V—Volume of the adsorbed nitrogen; 10 

P/P0—Relative pressure; P, P0—Equilibrium and saturation pressures of the nitrogen, respectively. 11 

4 Conclusions 12 

In this study, calcium silicate hydrate(C-S-H) with calcium to silicate ratio of 1.50 was synthesized and 13 

C1.27SH0.76 with 92.3% purity was obtained. The samples were prepared under 8MPa compaction pressures 14 

and then were exposed to a constant CO2 gas pressure (0.2 MPa) chamber for different carbonation time. The 15 

carbonation degree and microstructure changes of C-S-H before and after accelerated carbonation were 16 

investigated. 17 

[1] The carbonation degree reached about 70% after carbonated for 2h. The carbonation reaction is rapid in the 18 

early period. The carbonation degree of patches compressed under 8MPa was 20.16% after carbonated for 19 

20min and reached 74.8% of that for 2h; 20 

[2] In the carbonation process, the layer structure of C-S-H was destroyed and more polymerized silica gel and 21 

calcium carbonate formed. The strong adsorption band centered at about 970cm-1 (it indicates Q2 of C-S-H) 22 

shifts to Q3 and Q4 of silica gel. Calcite, vaterite, aragonite exists in the carbonation products. The calcium 23 

carbonate formed in the accelerated carbonation process has a relatively low decomposition temperature from 24 

the TG analysis the trace of CO2 was observed from 300℃-800℃; 25 

[3] The porous silica gel make the specific surface area decreased from 85.6m2/g to 67.7m2/g, the total pore 26 



volume decreased from 0.31 ml/g to 0.26 ml/g and the average pore size increased from 9.25nm to 12.0nm. 1 
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Abstract 

The influence of different chloride concentrations (0.1M, 0.3M and 1.0M NaCl) on the pitting 

corrosion resistance of 10%Cr corrosion-resistant steel after 10 days of natural passivation in 

simulated concrete pore solution (SCPS) was investigated using cyclic potentiodynamic polarization 

(CPP), electrochemical impedance spectroscopy (EIS), confocal laser scanning microscopy (CLSM) 

and SEM/EDXA. Conventional low-carbon steel and well-known 2304 duplex stainless steel were also 

tested for the comparative purpose. The results indicated that the pitting corrosion behavior of 10%Cr 

steel was very similar to that of 2304 duplex stainless steel in SCPS with 0.1M and 0.3M NaCl. 

However, at high chloride concentration of 1.0M, 2304 duplex stainless steel exhibited much higher 

pitting corrosion resistance compared with 10%Cr steel due to its much higher Cr content and the 

presence of alloying element Ni. Nevertheless, the pitting corrosion resistance for 10%Cr steel was 

significantly higher than conventional low-carbon steel in the case of higher chloride concentration of 

1.0M in SCPS. The relatively higher pitting corrosion resistance for 10%Cr steel was mainly attributed 

to the formation of more protective and stable passive film and Cr-bearing dense rust layer, thus 

inhibiting the initiation and propagation of corrosion pits, respectively. 

 

Originality 

1. A specially designed corrosion-resistant steel with ~10%Cr was tested for its pitting corrosion 

resistance in chloride-containing concrete pore solutions. 

2. The pitting corrosion morphology and the distribution of alloying elements in rust layers were 

characterized by the combination of confocal laser scanning microscopy (CLSM) and SEM/EDXA. 

 

Keywords: Pitting corrosion; corrosion-resistant steel; simulated concrete pore solutions; cyclic 

potentiodynamic polarization; confocal laser scanning microscopy 
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1. Introduction 

    In marine environments, the durability of reinforced concrete structures cannot be 

guaranteed due to chloride-induced steel corrosion, especially for tidal zones in partially 

submerged structures.  

Stainless steel, as a promising alternative of conventional low-carbon reinforcing steel, 

has sometimes been used to mitigate steel corrosion in severe environments. Austenitic 

stainless steels such as AISI 304 and AISI 316 grades in concrete have been widely studied 

[Blanco G., et al, 2006, Presuel-Moreno F., et al, 2010]. In addition, duplex stainless steel 

2205 has also been applied due to its excellent corrosion resistance in concrete [Alvarez S.M., 

et al, 2011, Moser R.D., et al, 2012]. Furthermore, low-Mo duplex stainless steel 2304 and 

low-Ni and high-Mn duplex stainless steel 2101 have been developed for their lower initial 

price compared with 2205 steel [Bertolini L., et al, 2011, Islam M. A., et al, 2014, Gastaldi 

M., et al, 2014, Serdar M., et al, 2013]. However, the Cr content for all the stainless steels is 

usually higher than 12%, so that the initial price is still much higher than conventional 

low-carbon reinforcing steel. Accordingly, it is one of the major reasons for the limited 

application of stainless steel in infrastructure construction.  

It is well known that alloying element Cr plays a positive role on the corrosion resistance 

of steel. Therefore, Cr-bearing steels have been widely investigated in concrete [Callaghan B. 

G., 1993, Tae S. H., et al, 2007, Vedarajan R., et al, 2010]. In this study, a specially designed 

corrosion-resistant steel with ~10%Cr and a trace of alloying element Mo by Sha-steel in 

China was tested for its pitting corrosion resistance after the formation of stable passive film 

in simulated concrete pore solutions with various chloride concentrations by cyclic 

potentiodynamic polarization (CPP). Tests for conventional low-carbon steel and 2304 duplex 

stainless steel were also performed for comparative purpose.  

2. Materials and Methods 

2.1 Materials 

Electrochemical testing was performed on the following types of reinforcing steel: 

low-carbon steel (LC steel), 10%Cr corrosion-resistant steel (10%Cr steel), and 2304 duplex 

stainless steel (2304 steel). The chemical composition of these steel specimens is presented in 

Table 1.  

Table 1 Chemical composition of three steel specimens 

Steel 
Chemical composition (wt. %) 

Fe C Si Mn P S V Cr Ni Mo 

LC Bal. 0.22 0.53 1.44 0.025 0.022 0.038 – – – 

10%Cr Bal. 0.0144 0.487 1.491 0.0131 0.0073 0.059 10.365 – 1.162 

2304 Bal. 0.0215 0.565 1.09 0.0157 0.0011 0.0761 23.54 4.64 0.353 

The cylinder steel specimens with the thickness of 10 mm were cut from Ф16 mm ribbed 

rebar. The cross-section of steel specimens were wet ground with SiC grinding paper 

successively to 1200 grits, and then polished with diamond polishing agent. After that, the 

polished steel specimens were cleaned with ethanol, and then dried for metallographic 

analysis and electrochemical tests. 

The polished LC steel specimen was chemically etched using 4% nital solution (4 ml 

HNO3 mixed with 96 ml ethanol). Due to the high corrosion resistance, the polished 10%Cr 

and 2304 steel specimens were etched using a mixture of reagent 1 (1g sodium metabisulfite 



with 100 ml distilled water) and reagent 2 (4 g dry picric acid with 100 ml ethanol). After 

etching, the microstructures of three steel specimens were observed using an optical 

microscope (OM, Olympus, BHM), as shown in Fig.1. 

It can be seen in Fig.1a that, for LC steel the ferrite phase appears brighter while the 

pearlite phase is darker. As for 10%Cr steel, very fine grains can be identified. The brighter 

part in Fig.1b is the ferrite phase while the darker phase is the bainite phase. With respect to 

2304 steel, it has a well known ferrite-austenite duplex microstructure [Alvarez S. M., et al, 

2011], as shown in Fig.1c. 
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Figure 1 Optical microscopy images of steel specimens. (a) LC steel, (b) 10%Cr steel, and (c) 2304 

steel. 

The simulated concrete pore solution (SCPS) used in this study was 0.1 mol/L 

NaOH+0.2 mol/L KOH+0.1 mol/L Ca(OH)2+0.003 mol/L CaSO4 [Ghods P., et al, 2010]. The 

pH value of SCPS was 13.3 under normal room temperature. Excessive amounts of 

undissolved Ca(OH)2 in SCPS was used to compensate the pH reduction by carbonation 

during passivation period and electrochemical testing [Li L., et al, 2002]. All reagents used in 

this study were of analytical grade, and the deionized water was used as the solvent. 

2.2 Electrochemical methods 

The classical three-electrode arrangement was used for electrochemical measurements. 

Saturated calomel electrode (SCE) and platinum electrode were used as the reference 

electrode and the counter electrode, respectively. The exposed area of steel specimens was 

fixed to 1 cm2 in the corrosion cell. PARSTAT 2273 potentiostat was employed to perform the 

electrochemical tests. 

Electrochemical impedance spectroscopy (EIS) was used to evaluate the corrosion 

resistance of passive film of different steel specimens before and after 10 days of passivation. 

EIS was conducted at Ecorr with the ac perturbation amplitude of 10 mV in the frequency 

range from 100 kHz to 10 mHz. Nyquist plot and Bode plots can be obtained after EIS tests. 

Cyclic potentiodynamic polarization (CPP) curves were measured from –200 mV 

negative to Ecorr up to +800 mV, and then reversed to Ecorr. All CPP tests were carried out at a 

constant scan rate of 2 mV/s. The potentials mentioned in this study are all referred to the 

saturated calomel electrode (SCE).  

Prior to CPP tests, steel specimens were all immersed in chloride-free SCPS for 10 days 

to form a stable passive film prior to the addition of chlorides [Moser R. D., et al, 2012]. 

After conditioning, each three steel specimens were exposed to SCPS with three different 

NaCl concentrations of 0.1M, 0.3M and 1.0M for 1 hour, respectively, and then CPP curves 

were measured. 

2.3 Surface morphologies 

After the electrochemical tests, the steel specimens were rinsed with deionized water in 



order to remove the loose precipitates on steel surface, so that corrosion products were 

retained. Finally, they were dried and stored in a desiccator for microstructure 

characterization.  

The surface morphologies of corrosion products were characterized by Sirion field 

emission scanning electron microscopy (FESEM). In association with SEM images, energy 

dispersive X-ray analysis (EDXA) was also performed on steel specimens, so as to identify 

the chemical compositions of different corrosion products. 

The 3D profiles of corrosion products and corrosion pits in steel specimens were 

observed using confocal scanning laser microscope (CSLM, Lasertech OPTELICS C130). 

The resolution of CSLM is 0.18 μm. 

3. Results and discussion 

3.1 The formation of passive film 
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Figure 2 EIS images for steel specimens after immersed in chloride-free SCPS for about 1 hour and 

stable Ecorr has been achieved. 

After stable Ecorr has been achieved, EIS tests were conducted in order to obtain the 

initial electrochemical behavior of three steel specimens in chloride-free SCPS, as shown in 

Fig.2. It is evident that the diameter of the low-frequency capacitive loop of 2304 steel was 

significantly larger than that of LC and 10%Cr steels. In addition, 10%Cr steel exhibited 

slightly larger low-frequency capacitive loop compared with LC steel. The low-frequency 

impedance modulus and the phase angles showed an identical trend.  

After the formation of passive film, an interesting feature can be observed. It is depicted 

in Fig.3 that the corrosion resistance for the passive film of 10%Cr steel was very similar to 

that of 2304 steel. Although LC steel showed increased corrosion resistance after 10 days of 



exposure, the corrosion resistance was strongly lower than both 10%Cr and 2304 steel 

specimens. 
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Figure 3 EIS images for three steel specimens after immersed in chloride-free SCPS for 10 days and 

stable passive film has been obtained. 

Based on the results shown in Figs.2-3, it revealed that 10%Cr steel could form very 

corrosion-resistant passive film after passivation. Though 10%Cr steel has much lower Cr 

content and with no addition of Ni, its corrosion resistance was comparable to that of 2304 

steel. The addition of a small amount of alloying element Mo in 10%Cr steel may improve the 

formation of protective passive film [Mesquita T. J., et al, 2012].  

3.2 The pitting corrosion behaviors 

Fig.4a-c presents CPP curves of three pre-passivated steel specimens in SCPS with 0.1M, 

0.3M, and 1.0M NaCl, respectively.  

At NaCl concentration of 0.1M (Fig.4a), it is evident that all steel specimens exhibited 

passive plateau upon anodic polarization above Ecorr. At the polarization potential of about 

600 mVSCE, a sudden increase of current density has been observed. It is worth noting, that 

600 mVSCE should be the potential for oxygen evolution reaction (EOE) in SCPS (Eq.1), rather 

than the pitting potential (Epit) of steel specimens [Alvarez S. M., et al, 2011, Moser R. D., et 

al, 2012]. When the potential reversed to the cathodic direction, the corresponding current 

density of backward potential scan was lower than forward scan. Therefore, no hysteresis 

loop typical from pitting corrosion has formed, and the Epit values for all steel specimens were 

higher than EOE values [Li L., et al, 2002]. In all, at 0.1M NaCl, no pitting corrosion for all 

steel specimens has been observed. 
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Figure 4 The CPP curves of three steel specimens after the formation of stable passive film in SCPS 

with various chloride concentrations. (For interpretation of the colour of the arrows for the scanning 

direction in these figures, the reader is referred to the web version of this article.) 

When NaCl concentration was increased to 0.3M (Fig.4b), similar electrochemical 

behaviors to the case of 0.1M NaCl have been observed for all steel specimens. It indicates 

that passive film of steel was still stable at 0.3M NaCl. 

At the highest NaCl concentration of 1.0M (Fig.4c), both LC steel and 10%Cr steel 

exhibited pitting corrosion, due to the formation of positive hysteresis loops. However, no 

pitting corrosion has been observed for 2304 steel. It can be seen that the area of hysteresis 

loop of 10%Cr steel was much smaller than LC steel. In addition, the current densities 

corresponding to the polarization potential were significantly lower for 10%Cr steel, 

compared with LC steel. Accordingly, the pitting corrosion resistance of 10%Cr steel was 

superior to that of LC steel. 

3.3 Corrosion pits and corrosion products 
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(b) 10%Cr steel
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(c) 2304 steel

 

Figure 5 SEM images and EDXA of pre-passivated steel specimens after CPP tests in SCPS with 

1.0M NaCl. 

Fig.5 depicts the typical SEM images of corrosion products of steel after CPP tests. It 

can be seen from Fig.5a that LC steel substrate was fully covered by uniform distributed loose 

corrosion products. 10%Cr steel showed only sparse pitting and some relatively dense 

corrosion products, as shown in Fig.5b. Alloying elements Cr and Mo have be observed in the 

corrosion products of 10%Cr steel, which may be the major reason for the formation of dense 

corrosion products [Mesquita T. J., et al, 2012]. Fig.5c showed that no evident corrosion pits 

and corrosion products can be observed for 2304 steel. 
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Figure 6 CLSM images (1125 μm × 1375 μm) of pre-passivated steel specimens after CPP tests in 

SCPS with 1 M NaCl. (a) LC steel, (b) 10%Cr steel, and (c) 2304 steel. 

 Fig.6 shows the 3D CLSM images for steel specimens. For LC steel (Fig.6a), there 

were many corrosion products deposited on steel surface, which is consistent with the SEM 

images shown in Fig.5a. However, relatively smooth surface condition was observed for 

10%Cr steel, except for some corrosion pits and scattering distributed corrosion products 

(Fig.6b). As for 2304 steel, no distinct corrosion pits and corrosion products can be detected, 

as shown in Fig.6c.  

4. Conclusions 

1. After 10 days of passivation in chloride-free SCPS, the corrosion resistance of passive 

film formed for 10%Cr steel was comparable to that of 2304 steel as shown in EIS images. 

However, a much less corrosion-resistant passive film has formed for conventional LC steel.  

2. In SCPS with 0.1M and 0.3M NaCl, no pitting corrosion behaviors have been observed 

for all steel specimens. However, it should be noticed that the shape of CPP curves for 10%Cr 

steel and 2304 steel was very similar, but they were different from that of LC steel.  

3. Pitting corrosion has occurred for LC steel and 10%Cr steel when NaCl concentration 

increased to 1.0M, while 2304 steel still showed no trace of pitting corrosion. More 

importantly, it was detected that 10%Cr steel exhibited higher pitting corrosion resistance 

compared with LC steel. The results of EIS and SEM indicated that, more protective passive 

film and relatively denser Cr-bearing corrosion products may be two dominating reasons for 

the higher pitting corrosion resistance of 10%Cr steel. 
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Abstract 

The alkali-silica reaction (ASR), leading to serious structural degradation, is the chemical reaction between 

reactive silica presenting in aggregates and hydroxyl ions from cement paste or pore solution. Although the 

chemical mechanism of ASR attack has been well studied for years, the mechanism of micro scale ASR gel 

formation leading to macro scale expansion is still under debate.  

The present study aims to illustrate the performance of ASR gel by investigating the interaction between ASR gel 

and sodium ion from solution. In this study, ASR gels with different calcium silica (Ca/Si) ratios (0.1, 0.5, 1) are 

synthesized by mixing reagent Ca(OH)2 with silica fume in a sodium hydroxide solution for seven days. 

Afterwards, the synthesized ASR gel is immersed in sodium hydroxide solutions with different concentrations 

(0.1mol/L, 0.5mol/L, 1.0mol/L) for seven days. Chemical composition, structure and water content of the ASR 

gel before and after alkali exposure are studied by XRD, XRF and TGA. 

The results confirm that an ASR gel with a targeted Ca/Si ratio can be synthesized. In addition, XRD and TGA 

results show that part of the calcium in the ASR gel is exchanged by sodium, leading to a structural modification. 

In general, this study will give further comprehension of ASR gel performance under alkaline environment, and 

provide detailed data to investigate the interaction between ASR gel and calcium ions in an alkaline solution in 

the future. 

 

Originality 

Considering the importance of interaction between ASR gel and the alkalis-calcium system on explaining ASR 

expansion, the effect of alkalis on ASR gel is studied in the first place. The originality of this study lies both on 

the chosen Ca/Si ratio for ASR gel synthesis and exposing ASR gel to alkalis hydroxide solution after the gel is 

synthesized.        

Firstly, in order to reasonably simplify real ASR happening in the interface of aggregates and paste, ASR gel is 

artificially synthesized with different Ca/Si ratios, which are used to represent the most common ASR gels, 

whereby the high calcium content gel mainly represents the situation close to the cement paste, while the one 

with low calcium content represents the situation close to the aggregate surface.  

Secondly, in order to simulate the situation that the ASR gel diffusing into cement paste after its formation close 

to the surface of aggregates, the ASR gel is reacting in a controlled model system with a certain liquid solid ratio 

to achieve proper sodium silica ratio and Ca/Si ratio throughout alkali exposure process. 
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1.  Introduction 

The alkali-silica reaction (ASR), which was firstly reported by T.E. Stanton in 1940 (Stanton 1940), is 

the chemical reaction between reactive silica in aggregates and hydroxyl ions from pore solution of 

cement paste. A macro scale expansion caused by ASR can lead to structural degradation of concrete. 

The expansion due to ASR in concrete is a two-step process. First of all, reactive silica from 

aggregates reacts with alkalis and hydroxyl ions from pore solution of cement paste to form alkali 

silicate hydrates (A-S-H) gel, which can convert to calcium silicate hydrates (C-S-H) gels by 

combining with calcium ions in solution. The nomination of C-S-H gel is mainly about the main 

oxides it contains, it does not necessarily give any implication about the possible composition and 

structure of the gel. This C-S-H gel is normally called ASR gel due to its close relationship with ASR 

expansion. In this study, the synthetic C-S-H gel equals the synthetic ASR gel. Secondly, the 

formation of C-S-H gels results in macro scale expansion and structural degradation. Within the 

second step, the mechanism of swelling and expansion is still controversial, though several 

explanations and models have been proposed for decades (Powers and Steinour 1955, Glasser 1979, 

Chatterji 1989, Wang and Gillott 1991, Prezzi, J.M. Monteiro et al. 1997, Ichikawa and Miura 2007).  

As the trigger of ASR, siloxane bond (Si-O-Si linkage) of reactive silica is firstly attacked by hydroxyl 

ions to form silanol bond (Si-O-H linkage), leading to the formation of dissolving silicates which are 

negatively charged at high pH. The dissolution rate depends on the pH solution (Iler 1979) that the 

higher pH is in the solution, the faster and the more silica dissolves (Gaboriaud, Nonat et al. 1999). 

The negatively charged dissolving silicates are counter balanced mainly by alkalis (Na+/K+), leading to 

the formation of A-S-H gel. By combining with calcium ions in solution, A-S-H gels were converted 

into calcium alkali silicate hydrates (C-A-S-H) gel (Bulteel, Garcia-Diaz et al. 2002). Due to the 

similarity between the synthesis process and the ASR process in concrete, the synthetic gel has been 

reasonably chosen as a simplified model of the ASR gel which formed during ASR process and 

leading to ASR expansion. Hence the chemical and physical properties of the synthetic gel are thought 

to be comparable with the “real” ASR gel in concrete. As the one of the main factors deciding ASR 

expansion, the behaviors of ASR gel under different calcium and alkali conditions are investigated to 

achieve more evidence to explain how the swelling in micro scale leads to expansion in macro scale. 

These behaviors depend on the composition and structure of the gel, which have a close relationship 

with the calcium and alkali environment in pore solution, which can change the composition and 

structure of the gel in return: the gel and the solution are in a dynamic equilibrium. In other words, 

ASR expansion has a close relationship with calcium and alkali concentration in pore solution. 

However, research aiming at studying the performance of C-S-H gels in alkaline solution which is 

related to ASR is scarce.    

In order to study the behavior of C-S-H gels linked to ASR in alkali solutions with different 

concentrations, the gels were made artificially with a modeled system by mixing silica fume, sodium 

hydroxide solution with different calcium hydroxide additions. Afterwards, the synthetic gels were 

exposed in alkaline solutions with different concentrations to study their behavior after alkaline 

exposure.  

2. Materials and methods 

2.1 Materials 

The reactive silica used in this study was Elekem Microsilica Grade 940U, the composition of which 

is given in Tab.1 and the XRD pattern of silica fume is shown in Fig.1. The NaOH solutions used in 

the experiment were made by dissolving pellets of NaOH in the distilled and CO2-free water which 

was also used throughout this study. Pellets of NaOH and powder-like Ca(OH)2 were both the level 

for chemical analysis. 
Tab.1 Chemical composition of silica fume / % 

Compositions SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O SO3 

Content 94.2 0.6 1.0 0.5 0.7 1.0 1.1 0.3 

 



 

 
Fig.1 XRD pattern of silica fume. 

2.2 Sample preparation  

The sampling of this study consisted of two parts, gel synthesis and alkali hydroxide solution exposure. 

The mix design of gel synthesis is shown in Tab.2. The alkaline solution exposure is given in section 

2.4. 
Tab.2 The mix of synthetic gels 

Samples Targeted Ca/Si Na/Si 

MS01 0.1 0.19 

MS05 0.5 0.28 

MS10 1.0 0.39 

2.3 Gel synthesis 

C-S-H gels with targeted Ca/Si ratio were synthesized by adding a certain amount of 1 mol/L NaOH 

solution into the mixture of silica fume and calcium hydroxide with different Ca/Si ratios. This 

approach was used for many researchers to make ASR gel artificially. The slurry was sealed in a 

polypropylene bottle filled with argon gas to avoid carbonation and mixed by a rotary mixer at a speed 

of 60 rpm at room temperature. Liquid and solid ratio in this step was set as 3 to simulate partial silica 

dissolution which is the usual case of ASR in reality (Leemann, Le Saout et al. 2011) and to obtain 

appropriate workability as well. After the desired storage period, the slurry was filtered through a 

vacuum funnel and washed to remove excess NaOH. In order to stop reactions, the residue was 

immersed into isopropanol for 6 hours before it was dried at room temperature in a vacuum desiccator 

with silica gel for 24 hours. 

2.4 Alkali hydroxide solution exposure 

Synthetic C-S-H gels were immersed in NaOH solutions with concentrations of 0.1, 0.5 or 1.0mol/L, 

the samples were labeled according to certain rules e.g. MS0101 which means that a synthetic gel of 

MS01 was immersed in NaOH solution with a concentration of 0.1mol/L. Afterwards the samples 

were sealed and mixed in the same way as that in the first step for 7 days. After filtration and drying, 

the samples were sent for further tests.  

2.5 Measurements 

The powder X-Ray Diffraction (XRD) measurements were carried out by using a Thermo Scientific 

ARL X’tra Diffractometer equipped with a Peltier cooled detector. 

The X-Ray Fluorescence (XRF)  used in this study is EDAX Eagle III laboratory X-ray Fluorescence 

with polychromatic incident X-ray beam. All the samples were measured under vacuum condition. 

The thermo gravimetric analysis/differential thermal analysis (TGA/DTA) data were collected with 

NETZSCH STA 449 F3 Jupiter thermal analyzer. The samples were heated up from room temperature 

to 1000 °C at a speed of 10 K/min under N2 atmosphere to avoid any contamination.   

3. Results and discussion 

3.1 TGA results 

TGA results for the synthetic gels and the gels after alkaline exposure with Ca/Si ratios of 0.1, 0.5 and 

1.0 are presented in Tab.3. In order to exclude the impact of evaporation from trace free water and 

avoid underestimating of bound water, the initial weight was taken at 80°C. 
Tab.3 Mass loss determined by TGA 

Samples Mass loss below 400°C / % Total mass loss /% 

MS01 7.32 8.87 

MS05 8.72 10.14 



 

MS10 10.43 11.53 

MS0101 7.34 9.37 

MS0105 8.80 12.02 

MS0110 13.06 17.53 

MS0501 14.23 17.19 

MS0505 14.09 17.14 

MS0510 14.66 17.97 

MS1001 13.61 19.71 

MS1005 13.47 20.61 

MS1010 16.49 21.65 

The results showed that the total loss increases with increasing Ca/Si ratio, consistent with the results 

from Leemann (Leemann, Le Saout et al. 2011). This is mainly due to the further hydration of silica 

fume by adding calcium so that more C-S-H gels and A-S-H gels were formed. Further measurements 

are necessary to verify which one contributed to most of the mass loss. The alkaline exposure enabled 

more C-S-H gel formations, and the increased alkaline concentration intensified this effect as expected. 

3.2 XRD results 

The silica fume used in this study is amorphous which is indicated by the XRD pattern given in Fig.1 

with a broad peak centered around 22° (2θ). This means the silica fume used in this study is vulnerable 

to alkaline exposure. 

The XRD pattern of the synthetic ASR gel samples are shown in Fig.2. The broad reflections from C-

S-H gels (Kim, Foley et al. 2013) were observed from patterns for MS05 and MS10. It needs to be 

noted that the broad reflections for C-S-H formation in MS01 cannot be fully confirmed is mainly due 

to overlaps between broad reflections from C-S-H and peaks from other phases (Bellmann, Damidot et 

al. 2010). Nevertheless, this is in agreement with the result from Hou (Hou, Kirkpatrick et al. 2005) 

and enough for us to conclude that the gel synthesis in such a simulated system is successful. Besides, 

the XRD pattern illustrates phase changes as addition of portlandite increases. The more portlandite 

was added at the beginning, the less silica fume was observed from the pattern. The broad reflection 

from silica fume centered at 22° (2θ) disappears when the Ca/Si ratio equal 1. Additionally, residual 

portlandite can be clearly observed from the pattern of the same sample indicating the presence of 

excess portlandite which leads to fully consumption of silica fume. Actually for MS05, peaks from 

portlandite can be found at the same time as the presence of silica fume. This is consistent with the 

result of Leemann (Leemann, Le Saout et al. 2011) that more portlandite addition results in more silica 

consumption and more C-S-H gel formation. According to Leemann, residual portlandite was 

observed when Ca/Si ratio was 0.4. The peaks from calcite for MS10, as the product of carbonation, 

are observed at around 23° (2θ), 36° (2θ), 39° (2θ), 43° ( 2θ), and 49° (2θ), though the strongest 

characteristic peak occurring at 29° (2θ) overlaps with reflections from other phases. Most of the 

carbonation observed in Fig.2 happened when samples were transferred from the storage containers to 

the XRD chamber and during the measurements. The peaks for calcite are more obvious as Ca/Si ratio 

equals to 1. This indicates that the more portlandite is left in the samples, the more carbonation 

happens. TGA confirmed the absence of portlandite and carbonation for MS01, and the presence of 

slight carbonation for MS10 (not present). 

 



 

Fig.2 XRD pattern of synthetic C-S-H gels with different calcium hydroxide addition (a, C-S-H; b, calcium 

hydroxide; c, calcite) 

The XRD patterns of the gels with different Ca/Si ratio after alkaline exposure are shown in Fig.3-5. 

The broad peak of silica fume (Fig.3-5) centered at 22° (2θ) disappears as alkaline concentration 

increases, indicating that silica fume present in the samples was consumed out after reacting with 

NaOH to produce A-S-H gels or C-S-H gels. The broad reflections of C-S-H gels become more and 

more obvious as the disappearance of the broad peak for silica fume. The peaks from Ca(OH)2 were 

observed both in XRD patterns before and after alkaline exposure (Figs.4 and.5), indicating the 

presence of excess Ca(OH)2 in the samples. This result alone cannot provide any evidence about if 

additional Ca(OH)2 has combined with newly formed A-S-H gels, other characterizations are needed. 

Besides, the presence of calcite are also confirmed by the peaks at around 23°(2θ), 36°(2θ), 39°(2θ), 

43°(2θ), and 49°(2θ) from the XRD patterns before and after alkaline exposure.  

 
Fig.3 XRD pattern of synthetic gel after alkaline exposure with Ca/Si ratio of 0.1 

 
Fig.4 XRD pattern of synthetic gel after alkaline exposure with Ca/Si ratio of 0.5 



 

 
Fig.5 XRD pattern of synthetic gel after alkaline exposure with Ca/Si ratio of 1.0 

3.3 XRF results 

The XRF results focusing on Ca/Si ratio and Na/Si ratio of synthetic C-S-H gels before and after 

alkaline exposure are given in Fig.6 (a) and Fig.6 (b).   

  
Fig.6 (a) Analyzed Ca/Si ratio of gels before 

and after alkaline exposure with different 

concentrations 

Fig.6 (b) Analyzed Na/Ca ratio of gels before and 

after alkaline exposure with different 

concentrations 

Although some variations exist according to the results presented in Fig.6, the synthesis of C-S-H gels 

with targeted Ca/Si ratio is generally successful. The analyzed Ca/Si ratios are lower than the targeted 

Ca/Si ratio for MS01 and MS05, while MS10 has a greater analyzed Ca/Si ratio than the target. These 

variations are mainly due to the presence of excess Ca(OH)2, confirming the XRD results in the 

previous section. Considering the samples were washed with water several times during preparation, 

sodium present in residuals can be regarded as bound sodium. The washing can also result in the 

calcium leaching leading to the variations of Ca/Si ratio from the targeted ones. The amount of bound 

sodium increases with increasing targeted Ca/Si ratio. This is perhaps because more silica fume was 

attacked by OH- with more Ca(OH)2 addition, leading to more sodium was bonded by C-S-H gels. 

This is consistent with the results from Hong and Glasser (Hong and Glasser 1999) where the alkali 

binding ability improves as the Ca/Si ratio increases.  

As for the gels after alkaline exposure, the analyzed Ca/Si ratio of MS01 increases slightly after 

alkaline exposure, while the analyzed Ca/Si ratios of MS05 and MS10 after alkaline exposure drop 

dramatically. At the same time the analyzed Ca/Si ratio increases as alkaline concentration increases 

from 0.1mol/L to 1mol/L. This implies that this process of C-S-H gels exposed to alkaline treatment is 

not determined by one factor only. Two processes are happening for the synthetic C-S-H gel exposed 

to an alkaline solution: silica dissolution and ion exchange. After synthetic C-S-H gels were in contact 

with alkaline solutions, residual silica fume from the samples was dissolved by NaOH in solution 

lowering the silica content in the solid phase. At the same time, Na+ exchanged with Ca2+ in C-S-H 

gels (Sugiyama 2008) leading to the decrease of the calcium content in samples and the increase of the 

sodium content as well. These two factors both contribute to the change of analyzed Ca/Si ratio and 



 

Na/Ca ratio. When the C-S-H gel with Ca/Si ratio of 0.1 is immersed into an 0.1mol/L NaOH solution, 

silica dissolution is the main factor which contributes to the increase of analyzed Ca/Si ratio. This is 

perhaps due to the lack of calcium to be exchanged for C-S-H gels with Ca/Si ratio of 0.1 considering 

the slight decrease of analyzed the Na/Ca ratio. As the alkaline concentration increased to 1mol/L, 

more silica was dissolved due to the high pH. Meanwhile the Na/Ca ratio nearly remains constant. 

When the Ca/Si ratio of C-S-H gels is 0.5, the decrease of the Ca/Si ratio caused by ion exchange 

becomes strong enough to offset the increase caused by silica dissolution as alkaline concentration 

increases, which is verified by the increase of the Na/Ca ratio. This trend is more obvious for the C-S-

H gels with a Ca/Si ratio of 1.0.  

4.Conclusions 

In this study, ASR is simulated in a modeled system consisting of silica fume that was dissolved by a 

NaOH solution with different Ca(OH)2 additions. Due to the low liquid solid ratio during synthesis, 

silica fume is partly dissolved until the initial Ca/Si ratio of the mix equals to 0.5. The presence of 

additional Ca(OH)2 in samples increases the risk of carbonation.  

The alkaline exposure enables further hydration of residual silica fume present in synthetic gels. Silica 

dissolution and ion exchange both determine the composition of gels, which has a close relationship 

with ASR expansion. 
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Abstract 

Silanes, as “integral water repellents”, are often used on concrete to prolong the service life of structures. However, 

their performance is significantly affected by chemical compound and form. In this paper, three silanes (ethylene-

triethoxy silane, methyl-triethoxy silane, octyl-triethoxy silane) with different forms (monomer, polymer, emulsion) were 

assessed with water capillary absorption test, chloride diffusion coefficient and chloride ion profiles in concrete. The 

results showed that sliane polymer (polyethylene-triethoxy silane) displayed the best resistance toward capillary water 

absorption and chloride ion corrosion. The chloride ion diffusion coefficient was only 1.1 × 1012 m2·s1, and water 

absorption coefficient was reduced by more than 87%. But its penetration depth in concrete was very low (< 2 mm). 

The results revealed that silane monomers, with simple structure, low molecular weight, and low viscosity exhibited 

greater penetration depth (> 7 mm) in concrete. Although silane emulsions had relatively poor protective effect 

compare to silane polymer and silane monomer, its good penetration ability, significant stability and low evaporation 

rate make them become the best candidates in construction. 

 

Originality 

Silanes can act as hydrophobic pore liners for concrete structures. Evidence from numerous studies demonstrate that 

the application of silanes significantly reduces water uptake, which as a result reduces the ingress of chlorides and 

hence also reduces the corrosion risk to the concrete structures. In fact, efficacy of silanes on protecting concrete is 

strongly affected by their chemical composition and different form (like monomer, polymer, emulsion, powder etc.). 

However, very little is known regarding the effects of the specific chemical characteristics of silanes on their protective 

properties on concrete. In this study, three silanes with different chemical structures were selected as water repellents. 

Then, the concretes treated with these silanes were characterized by water capillarity absorption test, chloride ions 

diffusion test to determine their protection effectiveness. Silane polymer (polyethylene-triethoxysilane) with high 

viscosity has the best waterproof effect but the minimum penetration depth in concrete. For silane monomers and silane 

emlusions, their protecting efficacy increased with the increase of the alkyl group number. Octyl-triethoxy silane 

monomer exhibited remarkable protective properties with preventing water and chloride ions penetrate into concrete. 

However, their relatively high evaporation rate could limit their application in actual project seriously. Silane 

emulsions can penetrate in concrete about 4-8 mm, and they also exhibited excellent protective effect of reducing water 

capillary absorption coefficient, chloride profiles, and chloride ion diffusion coefficient in concrete. Therefore, silane 

emulsions could be the better candidate for water repellents in construction projects. 
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1. Introduction 

Concrete is the most widely used construction material in the world. The deterioration of long-term 

performance and durability of concrete is closely associated with the presence and migration of 

water[1-4]. For example, water always acts as a medium for harmful and aggressive substances such 

as chloride and sulfate ions which penetrate into the concrete and causes reinforcement corrosion 

leading to spalling of the surrounding concrete cover[5-7]. Therefore, prevention of water intrusion is 

one of the important measures to improve the durability of concrete[8-11]. Results from literature 

studies demonstrate that silanes with long alkyl chains significantly reduce water uptake, thus 

preventing the ingress of harmful ions leading to an efficient protection of the concrete[12-14]. Silanes 

get adsorbed on the surface of concrete and form a hydrophobic film in the inner walls of the capillary 

pores resulting in the change of the concrete surface properties (mainly increase the contact angle of 

concrete surface and water) to achieve the purpose of long-term waterproof effect, and enhance the 

durability of the concrete. Moreover, silanes did not significantly impairing the water vapor 

permeability. 

However, there are many different silanes with different chemical composition and different form 

(like monomer, polymer, emulsion, powder etc.). These factors that influence their performance on 

concrete surface have not as yet been fully investigated. Therefore, it is important to further 

understand the effects of the specific chemical characteristics of silanes on their protective properties 

on concrete. 

Nevertheless, the main objective of this study was to testify the protection efficiency of silanes on 

concretes. This information is important to help select protective products for reinforced concrete 

structures. Moreover, this work presents information on the influence of different silanes in the 

efficacy of protection and the protection mode. In this study, three silane monomers (vinyl-

triethoxysilane), methyl-triethoxysilane  and octyl-triethoxysilane) with different chemical structure 

were first selected as raw materials to prepare silane polymer and silane emulsion. Then, the concretes 

treated with different silanes were characterized by laboratory tests (water absorption by capillarity, 

chloride ion absorption by capillarity and chloride ion diffusion) to determine their protection 

effectiveness. 

2. Experimental 

2.1. Silanes 

Silane monomers used in this study were listed in Tab. 1. Ethylene-triethoxy silane was selected to 

synthesize the silane polymer. Ethanol was used as solvent, and dicumyl peroxide was used as the free 

radical initiator. The synthesize procedure as follows: (i) a certain amount of monomer and initiator 

were added to a round-bottom flask purged with nitrogen gas; (ii) the flask was placed in the oil bath 

over a magnetic stirring plate maintained at 100 °C, and the mixture was stirred at the speed of 800 

r·min1 for 12 h; (iii) after the completion of the reaction, polyethylene-triethoxysilane was achieved. 

Eq. 1 shows the schematic representation of the reaction. 

                                      (1) 

Methyl-triethoxy silane and octyl-triethoxy silane were selected to synthesize the silane emulsion. 

Deionized water was used as solvent. SPAN 80 and peregal-O were used as the emulsifier. 

Polyethylene glycol 2000 (PEG2000) was used as the stabilizer. The synthesize procedure as follows: 

(i) a certain amount of monomer and emulsifier were added to a round-bottom flask; (ii) aqueous 

solution of PEG2000 was added into the flask placed in the oil bath over a magnetic stirrer maintained 

at 55 °C, and the mixture was stirred at the speed of 2000 r·min1; (iii) silane emulsion was obtained 

after 7 h of reaction followed by cooling. The chemical reaction is represented in Eq. 2. 



 

                                           (2) 

Tab. 2 shows the characteristic of the different silanes. pH value was measured by a pH meter (PHS-

3C, INESA). Viscosity of silanes was measured by viscosity meter (DV-S, Brookfield). Evaporation 

rate was calculated through the Eq. 3. 
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                                                                   (3) 

Where, Er represents the evaporation rate (%); 

mr represents the reminder silanes heated under 60 °C after 30 min; 

m0 represents the initial silanes. 
Tab. 1 Silane monomers used in this study 

Silane monomer Molecular formula Molecular structure 
Specific gravity 

(g/cm3) 
Manufacturer 

Methyl-triethoxy 

silane 
CH3Si(OC2H5)3 

 

0.95 
Xuxin Chemical Co., 

Ltd. Qingdao 

Ethylene-

triethoxy silane 
CH2CHSi(OC2H5)3 

 

0.90 
Xuxin Chemical Co., 

Ltd. Qingdao 

Octyl-triethoxy 

silane 
CH3(CH2)7Si(OC2H5)3 

 

0.88 
Xuxin Chemical Co., 

Ltd. Qingdao 

 
Tab. 2 Characteristics of different silanes 

Form Appearance 
pH 

value 

Evaporation 

rate 
Stability 

Silane 

content 

Viscosity 

(mPa·s) 
Note 

Methyl-

triethoxy 

silane 

Colorless, 

transparent, no 

precipitation 

7.0 65.7% 
> 12 

month 
90% 2.2 

Available 

ethyl alcohol 

dilution 

ethylene-

triethoxy 

silane 

Colorless, 

transparent, no 

precipitation 

7.2 57.3% 
> 12 

month 
90% 2.5 

Available 

ethyl alcohol 

dilution 

Octyl-

triethoxy 

silane 

Colorless, 

transparent, no 

precipitation 

7.2 60.5% 
> 12 

month 
90% 2.2 

Available 

ethyl alcohol 

dilution 

Polyethylene-

triethoxy 

silane 

Colorless, 

transparent, no 

precipitation 

6.9 13.57% 
> 12 

month 
88.5% 220 

Available 

water and 

ethyl alcohol 

dilution 



 

Methyl-

triethoxy 

silane 

emulsion 

Milk white, no 

precipitation 
7.1 15.24% 

> 6 

month 
50.5% 5.1 

Available 

water dilution 

Octyl-

triethoxy 

silane 

emulsion 

Milk white, no 

precipitation 
7.2 12.27% 

> 6 

month 
47.2% 5.5 

Available 

water dilution 

 
2.2. Concrete 

Commercial Portland cement type P.O. 42.5, crushed aggregate (25 mm maximum size) and natural 

sand (2 mm maximum size) were used. Two types of concrete samples with water to cement ratio 

(W/C) of 0.4 and 0.5 were prepared. The concrete composition was listed in Tab. 3. 
Tab. 3 Concrete composition [kg·m-3] 

 

The concrete specimens were prepared by using 100 × 100 × 100 mm3 molds (for water capillary 

absorption test and capillary salt suction experiment) and Φ100 × 300 mm3 molds (for chloride ion 

permeability coefficient test). The samples were demolded after 24 h of curing, then they were placed 

in a curing room (20 ± 3°C, relative humidity (RH) ≥ 90％) for 14 d. After 14 d, the samples were cut 

into two halves with a diamond saw. Subsequently, these half cubes were placed in the curing room 

until the age of 28 d. Then, the silanes were brushed on the surface of concrete with 400 g·m2. 

2.3 Experimental methods  

2.3.1 Penetration depth 

     
Fig. 1 Penetration depth of silanes in concrete 

Fig. 1 demonstrates the measurement of penetration depth of silanes in concrete. Thick slice of the 

silane treated concrete (10 mm) was cut, and water was sprayed on the freshly cut surface. Surface of 

the concrete covered with silane was hydrophobic and is shown in lighter color. Silane free area is 

hydrophilic and is shown in deeper color. Measurements were taken on every 10 mm slice. The 

average penetration depth was calculated based on the results of the above mentioned experiment[15, 

16]. 

2.3.2 Capillary water absorption test 

Components  Cement  Sand  Gravel  Water  Superplasticizer  W/C 

A 380.0 579.0 1269.0 152.0 1% 0.4 

B 320.0 653.0 1267.0 160.0 0.8% 0.5 



 

 

Fig. 2 Concrete capillary water absorption test 

Fig. 2 illustrates the water capillary absorption test. To keep one-dimensional absorption process, four 

sides of concrete were sealed with paraffin. The samples were placed in a flat-bottom container with 

two holders at the bottom. The surface of water was 5 ± 1 mm above the bottom of the test concretes. 

At the absorption time of 0, 1, 2, 4, 8, 12, 24, 48, and 72 h, the weight of each sample was measured. 

According to the weight change, water absorption coefficient was calculated by using Eq. 4. 

t
WA 

                                                                          (4) 

Where, A is water absorption coefficient (g·m2·h0.5); 

ΔW is amount of water absorbed in absorption time (g·m2); 

t is water absorption time (h). 

2.3.3 Chloride ions profile in concrete 

The procedure for chloride ions profile test was similar to that for the water absorption test, except for 

that the water was replaced by 3% sodium chloride (NaCl) solution. During the soaking time of 28 d, 

the container was covered to prevent the change in density caused by evaporation. After soaking, the 

specimens were dried off at the temperature of 105 ± 5 °C. The concentration of chloride ions in 

concrete was determined by Mohr method, after layered milling and sieving by a 0.63 mm sieve. 

The amount of chloride ions (Cl) is calculated using Eq. 5. 

                                                             (5) 

where, P is the amount of chloride ions (%); 

CAgNO3 is the concentration of standard AgNO3 solution (mol L1); 

G is the weight of the sample (g); 

V3 is water consumption on soaking (mL); 

V4 is amount of filtrate titrated (mL);  

V5 is the amount of AgNO3 solution consumed (mL). 

2.3.4 Chloride ions diffusion coefficient  

According to the reference of “Standard for test methods of long-term performance and durability of 

ordinary concrete” (GB/T 50082-2009), the chloride ion diffusion coefficient were determined by 

rapid chloride migration (RCM) method (Fig. 3). 

 

app:ds:concentration
app:ds:chloride
app:ds:diffusion
app:ds:coefficient


 

Fig. 3 RCM test to determine chloride ions diffusion coefficient in concrete 

Specimens employed for the test were cylindrical concretes with a diameter of 100 ± 1 mm and height 

of 50 ± 2 mm. The catholyte was NaCl (10%) solution, and the anolyte was KOH solution (0.3 mol 

L1). Temperature of the test specimens and solution was 20-25 °C. The specimens were immediately 

split into half by the pressure testing machine (Fig. 4), after the completion of measurements. AgNO3 

solution (0.1 mol L1) was sprayed on the freshly split surface, when the precipitate could be seen 

clearly (about 15 min, Fig. 4). The chloride ion penetration depth was measured at every 10 mm from 

the center to the edge. 

             
Fig. 4 Specimen splitting and penetration depth measurement by RCM test 

3. Results and Discussion 

3.1. Silanes penetration depth in concrete 

The efficiency of silane treatments strongly depends on their impregnation depth. Penetration depths 

of different silanes in concrete are listed in Table 2. Results showed that polyethylene-triethoxy silane 

has the smallest penetration depth because of its greater viscosity, which makes it extremely difficult 

to penetrate into concrete. Silane monomers with smaller viscosity can penetrate easily into the 

concrete. Moderate penetration depth is observed for silane emulsions. The particle size of emulsion 

directly affects its penetration depth. Fig. 5 shows the analysis of particle size by dynamic light 

scattering particle size analyzer (Horiba LB500). It demonstrates that the average particle diameters of 

methyl-triethoxy silane emulsion and octyl-triethoxy silane emulsion are 0.8 and 1.2 μm, respectively. 

Depth of penetration increases with a decrease in particle diameter. 
Tab. 4 Silanes penetration depth in concrete (mm) 

Concrete 

Types 

Polyethylene- 

triethoxy 

silane 

Methyl-

triethoxy silane 

emulsion 

Octyl-

triethoxy 

silane 

emulsion 

Methyl-triethoxy 

silane monomer 

Vinyl-

triethoxy 

silane 

monomer 

Octyl-

triethoxy 

silane 

monomer 

A 1.2 4.7 3.7 7.8 7.6 7.2 

B 2.0 6.8 5.4 9.3 7.9 8.2 

             

(a)                                                                                    (b) 

Fig. 5 Particle size distribution of methyl-triethoxy silane emulsion (a) and octyl-triethoxy silane emulsion (b) 

3.2 Water capillary absorption 
3.2.1 Water capillary absorption of concrete treated with silane monomers and silane emulsions  

Fig. 6 shows the water capillary absorption of concrete with and without treated by silane monomers. 

It can be seen that the amount of water absorbed in concrete significantly decreased by treating with 

silane monomers. For concrete A, absorption amount of the untreated sample is 1439.8 g·m2 in 72 h, 



 

but only 303.9, 248.1, and 258.4 g·m2 for the methyl-triethoxy silane, ethylene-triethoxy silane and 

octyl-triethoxy silane treated concretes, respectively (Fig. 6(a)). Similar results also can be achieved in 

concrete B (Fig. 6(b)). 
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(a)                                                                                            (b) 

Fig. 6 Effect of silane monomers on water capillary absorption of concrete: (a) W/C = 0.4; (b) W/C = 0.5. 
Effects of methyl-triethoxy silane emulsion and octyl-triethoxy silane emulsion on concrete capillary 

water absorption is shown in Fig. 7. It clearly indicated that concrete treated with silane emulsion 

absorb less water. For concrete A, the absorption amount the samples treated with methyl-triethoxy 

silane emulsion and octyl-triethoxy silane emulsion was only 349.4 g·m2 and 265.6 g·m2 in 72 h, 

respectively. 
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(a)                                                                                            (b) 

Fig. 7 Effect of silane emulsions on water capillary absorption of concrete: (a) W/C = 0.4; (b) W/C = 0.5. 

When silane monomer and silane emulsion brushed on concrete surface, polar groups linked to Si 

undergo condensation reaction with hydroxyl (OH-) groups on the concrete surface. Meanwhile, non 

polar hydrophobic groups spread out to form a hydrophobic layer which decreased surface energy of 

concrete (Fig. 8). The long chains of –Si–O–Si– creates a reticular film structure[17-19]. This special 

film provides a long-term effective prevention of water penetration. 



 

 

Fig. 8 Reaction between silane emulsions and concrete surface 

3.2.2 Water capillary absorption of concrete treated with polyethylene-triethoxysilane 
Effect of polyethylene-triethoxysilane on water capillary absorption of concrete is shown in Fig. 9. 

Concrete A treated with polyethylene-triethoxysilane displayed a absorption value of only 231.2 g·m2, 

which is 1/6th of the untreated sample. For concrete B, the absorption amount in 72 h of the untreated 

and treated concrete is 1840.3 g·m2 and 227.4 g·m2, respectively.  
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(a)                                                                                            (b) 

Fig. 9 Effect of polyethylene-triethoxysilane on water capillary absorption of concrete: (a) W/C=0.4; (b) 

W/C=0.5. 

Reactions between polyethylene-triethoxysilane and concrete surface are depicted in Fig. 10. Silane 

polymer react with OH- groups on concrete surface resulting in the formation of stable –Si–O–Si– 

chains based on the carbon chains gained through free radical polymerization. The two-layer structure 

exhibits excellent protective effects.  

 
Fig. 10 Reaction between polyethylene-triethoxysilane and concrete surface 

3.2.3 Water capillary absorption coefficients 



 

The water capillary absorption coefficients obtained from the linear fitting of the data acquired from 

the Fig. 6, Fig. 7 and Fig. 9 are listed in Tab. 5. 
Tab. 5 The water capillary absorption coefficient of concrete treated with different silanes [g·m2·h0.5)] 

Concrete Reference 
polyethylene- 

triethoxysilane 

octyl-

triethoxysilane 

octyl-

triethoxysilane 

emulsion 

vinyl-

triethoxysilane 

methyl- 

triethoxy silane 

methyl-

triethoxysilane 

emulsion 

A 194.0 25.7 26.8 32.2 31.5 37.9 40.7 

B 261.1 27.8 33.5 39.4 44.0 55.4 56.7 

 
The values listed in Tab. 5 show that the water capillary absorption coefficient is significantly reduced 

for concretes treated with silanes. Polyethylene-triethoxysilane featured the best water repellency. For 

silane monomers and silane emlusions, waterproof effect increased with the increase of the alkyl 

group number.  

However, because of its small penetration depth, polyethylene-triethoxysilane always loses its 

protective effectiveness when the concrete suffers external forces. Although silane monomers had 

greater penetration depth in concrete surface, waterproof effect could not be guaranteed in outdoor 

environment due to their high evaporation rate. Taken together, silane emulsions may be a better 

candidate in engineering applications because of their good penetration ability, significant stability, 

excellent waterproof properties and low evaporation rate.  

3.3 Chloride erosion test 

Fig. 11-13 shows the effect of silane monomers, silane emulsions and silane polymer on the 

distribution and concentration of chloride ions in concrete. Results indicated that the concentration of 

chloride ions reduced significantly in the concrete treated with silanes. Negligible amount of chloride 

ions was observed in the depth of 2-5 mm, compared to the untreated sample where excessive amount 

of chloride ions in the depth of 20 mm. Although small amount of water penetrated into the concrete 

through the tiny cracks and pore defects on the concrete surface, the amount of dissolved chloride ion 

was insignificant. Interestingly, water travels through the concrete surface in the form of vapor, but it 

is difficult for the chloride ions to penetrate. It also demonstrated that silanes with better waterproof 

effect exhibited excellent resistance to chloride ions penetration. From Fig. 11 and 12, octyl-triethoxy 

silane monomer and emulsion shows better resistance to chloride ions penetration than methyl-

triethoxy silane monomer and emulsion attributed to its excellent waterproof performance. 
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Fig. 11 Effects of silane monomers on chloride profiles in concrete. 
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Fig. 12 Effects of silane emulsions on chloride profiles in concrete. 
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Fig. 13 Effects of polyethylene-triethoxysilane on chloride profiles in concrete. 

Fig. 14 shows the concrete treated with polyethylene-triethoxysilane and octyl-triethoxy silane 

emulsion. It can be seen that high viscosity of polyethylene-triethoxysilane made it cannot penetrate in 

concrete easily. Thus, most of polyethylene-triethoxysilane was left on the outer surface of concrete 

and covering the pores and cracks. Therefore, outstanding blocking ability of polyethylene-

triethoxysilane prevented the penetration and diffusion of chloride ions introduced by water.  

 
Fig. 14 Concrete treated with polyethylene-triethoxysilane (left) and octyl-triethoxy silane emulsion (right) 

3.4 Effects of silanes on chloride diffusion coefficient 

Diffusion is the principle mechanism for chloride ions transport from the external environment into 

concrete. So, concrete durability is often represented in terms of chloride diffusion coefficient. 

Penetration of chloride ions into concrete mainly relies on water capillary absorption, and diffusion 

continues under certain humid conditions. Tab. 6 lists the chloride diffusion coefficients and chloride 

penetration depths in concrete with and without treated with silanes mentioned above. 
Tab. 6 Effect of different silanes on chloride diffusion coefficient and chloride penetration depth  

Silane emulsion types 
chloride penetration depth [mm] 

chloride diffusion coefficient 

 [ × 1012 m2 s1] 

W/C=0.4 W/C=0.5 W/C=0.4 W/C=0.5 

Non silane 21.82 28.35 9.8 12.8 



 

Polyethylene-triethoxy silane 4.32 7.71 1.1 1.4 

Octyl-triethoxy silane 11.27 14.31 1.9 2.5 

Octyl-triethoxy silane emulsion 10.79 14.15 1.8 3.6 

Methyl-triethoxy silane 12.54 18.80 6.5 7.9 

 
Results show that chloride diffusion coefficient and chloride penetration depth decreases significantly 

after treating the concrete surface with silanes. Polyethylene-triethoxysilane displayed the most 

remarkable effect on preventing chloride ions diffused into concrete. Compared to the untreated 

concretes, chloride diffusion coefficient decreased by 88.8% (Concrete A) and 89.1% (Concrete B), 

and penetration depth decreased by 80.2% (Concrete A) and 72.8% (Concrete B). Thus, silane 

monomers were more effective than silane emulsions. Octyl-triethoxy silane could reduce chloride 

diffusion coefficient by 80.6% (Concrete A) and 80.5% (Concrete B), and penetration depth was 

reduced by 49.5% (Concrete A) and 48.4% (Concrete B). Comparison of different silane monomers 

and emulsions revealed that octyl-triethoxy silane and its emulsion had stronger resistance than 

methyl-triethoxy silane and its emulsion. 

4. Conclusions 
Silanes have good effect on protecting concrete from water absorption and chloride ions erosion. 

However, silanes with different chemical structures have different properties on concrete surface. 

Polyethylene-triethoxysilane was found to have the best waterproof effect but the minimum 

penetration depth in concrete due to its high viscosity. Hence, if the concrete surface was worn along 

with time, polyethylene-triethoxysilane would lose its protective effects. Silane monomers have the 

maximum depth penetration in concrete. Octyl-triethoxy silane exhibited remarkable protective 

properties with preventing water and chloride ions penetrate into concrete. However, their relatively 

high evaporation rate could limit their application in actual project seriously. Silane emulsions can 

penetrate in concrete about 4-8 mm, and they also exhibited excellent protective effect of reducing 

water capillary absorption coefficient, chloride profiles, and chloride ion diffusion coefficient in 

concrete. Moreover, silane emulsions displayed lower rate of volatilization, insignificant toxicity, and 

better detainment of the active ingredient. Therefore, silane emulsions could be the better candidate 

for water repellents in construction projects. 
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Abstract 

Chloride ingress is one of the major causes of reinforced concrete degradation. Chlorides accelerate the breaking of 

the protective layer of rebars favoring pitting corrosion; furthermore, corrosion products generate cracks in concrete, 

which further accelerate chloride ingress, increase porosity and reduce the strength. From a chemical perspective, the 

presence of chlorides and its diffusion into the reinforced concrete matrix is highly influenced by the content and 

distribution of aluminates (C3A), in the same way, in concretes where ultra-rapid strength development and controlled 

expansion are required the presence of CA determine the chloride diffusion. This can be explained because chlorides 

react with aluminates to form Friedel’s salts and other compounds. Although these reactions have been widely studied, 

their electrical changes still require further evaluation and analysis.  

These experimental works use dielectric spectroscopy (DS), a technique that applying an alternating voltage and 

measuring phase and magnitude of current can determine the dielectric behavior variation. Also, this technique has 

shown good potential for measuring chlorides in other materials. Within this context, the main objective of this paper is 

to present the results of a study of the dielectrical behavior of calcium aluminate (in presence of mayenite and other 

ferrite compountds) when it interacts with solutions of chloride ions (Cl-) at different concentrations (0-1M) using DS. 

In addition, the paper includes a structural characterization, by SEM, which provides information about changes in the 

microstructure and the spatial distribution of chemical elements. The results show that changes in dielectric parameters 

of CA are proportional to chloride content; in addition, chlorides preferentially interact in those zones where Al, Ca, 

and O are. 

 

Originality 

The Chlorides react with some of the cement’s compounds, and its interaction with aluminates (C3A and CA) reduces 

the diffusion rate of chloride ions in cements. Although these reactions have been widely studied, their electrical 

changes still require further consideration. From this perspective, the main contribution of this study is the evaluation 

and analysis of electrical changes of calcium aluminates in presence of different chloride solutions. These electrical 

properties can be used with advantage as an alternative to measure chloride content in reinforced concrete.  

 

Keywords: Calcium aluminate, dielectric spectroscopy, chlorides, microstructural characterization  
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1. Introduction 

Chloride ingress is one of the major causes of reinforcement corrosion in concrete structures. 

Chlorides accelerate the breaking of the protective layer of rebar allowing pitting corrosion. These 

failures weaken the strength of the material, and corrosion products generate cracks into the structure 

(Glasser et al. 2008; Andrade et al. 2011). 

On the other hand, calcium aluminates (CA, C3A, C4AF, C12A7, cement chemistry notation) are 

usually used in the steel industry as refractory mixed oxides and in the cement community as 

hydraulic materials. Nowadays, other applications are developing such as optical devices, oxygen 

ionic conductors, and catalysts (Chang et al. 2014). Aluminates such as CaO•Al2O3 (CA) and 3CaO 

•Al2O3 (C3A) are essential in cementitious materials, because they are refractory binders (Scian et al. 

1987). Thermodynamic studies about calcium aluminates report their formation at temperatures near 

1100°C, when Ca ions diffuse into the Al2O3 (Scian et al. 1987; Mohamed and Sharp 2002). 

According to (Yildirim et al. 2011) aluminate content in cements is decisive in the chloride presence 

and diffusion. This can be explained because chlorides react with calcium aluminates in presence of 

water to form Friedel’s salts. In general, chloride salts (i.e. CaCl2, NaCl or KCl) dissociate in water, 

and then react with aluminates. Chloride ions go inside hydrated aluminate structure (Ca2Al(OH)6)+  

replacing OH- ions, and forming a distorted “Brucite-like” main layers separated by interlayers of Cl- 

and H2O molecules.  (Balonis et al. 2010; Lannegrand et al. 2001; Abate and Scheetz 1995; Chang et 

al. 2014). Although these reactions have been widely studied, their electrical changes still require 

further evaluation and analysis.  

One of these electrical changes is the electric polarization that affects dielectric constant and 

conductivity (resistivity).  Polarization is the alignment of the dipoles in presence of an electric field, 

and causes stored charge increasing in the material. Four principle types of polarization exist: 

molecular, electronic, interfacial, and ionic. Molecular polarization is due to the alignment of 

permanent dipole (e.g. water molecule) with the external electric field, this kind of polarization 

remains after electric field is removed. When in presence of an external electric field, electrons in the 

atom of a material shift away from the positively charged nucleus, it is called electronic polarization, 

and like molecular polarization this one is temporary. Interfacial polarization occurs when charge 

mobility is accelerated by an electric field, and is stopped by a physical barrier making charge 

accumulation at that place. This phenomenon is predominant in the low frequency range of 10-3 to 103 

Hz. Finally, ionic polarization happens when anions and cations in crystals are relatively displaced 

from their normal positions (Pokkuluri 1998; Callister 2008; Ma and Boggs 2014).  

Until now, the study of electrical parameters changes on concrete through radio frequencies (3Hz – 

300GHz) have been used for detecting chloride (Al-Qadi et al. 1997), and dielectric parameters’ 

variation have been studied for determining changes on the microstructure of cements due to 

hardening and admixtures presence (Tsonos et al. 2009; Wen and Chung 2001). These experimental 

works use dielectric spectroscopy (DS), a technique that applying an alternating voltage and 

measuring phase and magnitude of current can determine the dielectric behavior variation (Tsonos et 

al. 2009). Also, this technique has shown good potential for measuring chlorides in other materials, 

such as food (Castro-Giráldez et al. 2010).  

For these reasons, the main objective of this research is to study the dielectrical behavior of CA (in 

presence of other aluminate phases and ferrite compounds in less proportion) when it interacts with 

chloride ions (Cl-) using dielectric spectroscopy (DS). In addition, structural characterization, by SEM, 

complements this study, giving information about microstructural changes and spatial distribution of 

chemical elements.  

2. Experimental details 

Commercial monocalcium aluminate was given by Parexlanko, its commercial name is Ternal RG. 

To control and to understand the material's properties and behavior, it has been characterized 

structurally and electrically. Following subsections explain the procedures for both characterizations. 

 

 



 

2.1. Electrical characterization 

An impedance analyzer Agilent 4294A Dielectric text fixture 16451B was used to characterize the 

aluminates before, during, and after they react with chlorides.  The frequency range was between 100 

Hz and 5 MHz and the area (A) of the plates is 1.13 x 10-3 m2. This device works between 0°C and 

55°C, for these experiments the temperature is 19°C±1°C, and it was necessary to do open/short 

compensation. Calcium aluminate powder (6,6g) is laid and tamped with a rammer during 120sec until 

it reaches a thickness between 1.84 x 10-3m and 2.27 x 10-3m.  Figure 1 shows CA sample before and 

after tamping. 

Water deionized (0M) and three NaCl solutions were used to test the dielectrical behavior of CA: 

0,5M, 0,7M and 1,0M. Table 1 lists the name and characteristics of each test. In addition, 

measurements were performed 1 minute after 1mL of NaCl solution is added to CA and every 10 

minutes for 1 hour to determine time dependency. Each experiment was performed by triplicate.  

                 
(a)                                                    (b)      

Figure 1 CA samples (a) before and (b) after preparation 

 

Tab. 1 Tests conditions 

Sample name NaCl Concentration (M - Molar) 

CA 0 (Dried) 
CAH 0 (Hydrated) 

CACl0,5 0,5 
CACl0,7 0,7 
CACl1 1,0 

2.2. Structural characterization 

Before making electrical characterization, calcium aluminate was characterized by X Ray Diffraction 

(XRD), using Bragg Brentano geometry by powder diffractometry in a Rigaku Ultima III equipment at 

a speed of 0.6° 2θ/min in the range 5-42°2θ, according to reported researches (Brown and Badger 

2000; Sugiyama et al. 2008). Additionally, CA samples were studied by Scanning Electron 

Microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), using a microscope JEOL, 

model JSM 6490-LV at environmental pressure and 2000x, at Universidad de los Andes.  

3. Results and Discussion 

XRD characterization (Figure 2) demonstrated that the aluminate Ternal®RG given by Parexlanko 

presented small traces of iron oxide, mayenite (C12A7) and other ferrous components (Ca2Fe2O3). Also, 

it showed the presence of monocalcium aluminate, CaO.Al2O3 (CA) that was the principal compound 

of the sample. 

In general, all of the tests presented the same tendency (Figure 3). It means, in the first 10 minutes of 

each experiment, they reached a steady value. Figure 3 suggests that relative permittivity does not 

depend on the time nor the frequency at this range. It is important to take into account that interaction 

depends on diffusion processes, and it is possible that outliers could be explained because of that. 

These results state that polarization mechanisms are constant, because of that, dielectric behavior is 

virtually independent of frequency  (Callister 2008; Pokkuluri 1998).  



 

 
Figure 2 XRD Spectrum of Aluminate Ternal®RG 
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Figure 3 Effect of time on CA’s behavior when 0.7 M NaCl solutions are added at specific frequencies. At min 0 

the CA was dried.  

In contrast, Figure 4 shows the change in relative permittivity as chloride solution concentration was 

increased. The effect of chloride solutions was to increase the measured relative permittivity. It means 

that parallel plates capacitance arises due to the ingress of Cl and Na ions that caused an ionic 

polarization inside the material.  
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Figure 4 Time effect on CA's electrical behavior when 0M, 0.5M, 0.7M and 1M NaCl solutions are added. Each 

data set is the mean of three 

Figure 5 demonstrates that relative permittivity is proportional to chloride concentration through:  

        r = 2.438 + 1.391X                       (1) 

Where: r = relative permittivity, and X = chloride concentration [M].  



 

It means that ionic polarization of NaCl and molecular polarization of H2O lead to higher values of the 

dielectric constant allowing the increased of stored charge in the CA. Also, ionic penetration into the 

material causes that electric resistivity decrease, and of course, conductivity increase. 
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Figure 5 (a) Effect of chloride content on measured relative permittivity for CA dried and exposed to 0M, 0.5M, 

0.7M and 1M NaCl solutions; (b) Correlation between chloride concentration and relative permittivity  

Figure 6 shows the impact of NaCl solutions on the CA’s microstructure. These images show acicular 

formation on the samples’ surface. This behavior was presented for all interactions solutions-samples. 

Figure 6a displays the microstructure of the CA after deionized H2O is added. The micrography shows 

that the CA was homogeneously hydrated and also, that the structure was not closed by the process, it 

means that even when the CA was hydrated, it allowed water and ions penetration. Additionally, this 

image shows the formation of acicular structures. Likewise, Figure 6b also shows acicular structures 

on the surface. According with (Cornell et al. 1989) acicular growth can be explained by the formation 

of goethite (-FeO(OH)) that, as it is shown by Figure 7 is one of the products of hydration of the 

iron presented in the CA used in this research. 

      
(a)                                                        (b)      

Figure 6 Micrography of CA when (a) 0M and (b) 0.7 M NaCl solutions are added 

Figure 7 states that goethite (13°, 17°, 27°) is present on calcium aluminate surfaces as soon as it 

comes in contact with water. On the other hand, it is possible to identify the presence of hydrated 

aluminates (CAH10), that is formed by the reaction of water and CA at low temperatures,20°C 

Taylor 1997). This compound is represented by the peaks in 6.8° and 11.8° (Chotard et al. 2011) of the 

XRD spectra.  

Figure 8a displays an image on CACl0,5 samples. And figures 8 b,c,d,e,f and g show the spatial 

distribution of Al, Ca, Fe, O, Na and Cl, respectively. As they illustrate, Na+ and Cl- were present on 

the presence of Al, Ca and O. This fact could be due to the reaction between Al, Ca, O and Cl ions. 

These maps also show that even when XRD spectrum (Figure 2) illustrated that there are little traces 

of Fe that, according to these images, was homogeneously distributed in the sample; Na+ and Cl- did 

not interact with it. Similarly, Figure 9 shows that CA exposed to 0,7M NaCl solution presented the 

same behavior as CACl0,5 in other words, those places where Ca, Al and O were present were also the 

preferential places for Na+ and Cl-.  



 

 
Figure 7 XRD spectrum of dried Aluminate after its interaction with aqueous chloride solutions (0M, 0.5M, 

0.7M, 1.0M) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 EDX map of CA when 0,5M NaCl solutions are added 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 EDX map of CA when 0,7M NaCl solutions are added 



 

 

4. Conclusions 

The results of this study can be summarized as follows: 

Electric permittivity changes of monocalcium aluminate caused by chloride ions presence and water 

were observed by DS. Through this technique it has been demonstrated that chloride and water 

presence have a measurable impact in the dielectric properties of the material 

Experiments show that CA’s dielectric behavior is independent of frequency and time. It means that i) 

polarization mechanisms constantly work during and after the contact with chloride solutions, and ii) 

interaction between CA and Cl- is fast and reaches a steady state quickly; however, that interaction can 

be not homogeneous causing shifts in measuring.  

SEM micrographies and XRD spectra illustrate that acicular structures are due to interaction between 

iron presented in CA and deionized water and not because of reactions between CA and Cl-. 

EDX maps state that Na and Cl ions have preferential places for interacting. In fact, these ions are 

fixed where Al, Ca and O exist. 

These results suggest that monitoring CA’s dielectric behavior can be used for measuring chloride 

concentration on RC since measurements are steady at the first hour of reaction.   
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Abstract 

During carbon sequestration, wellbore cement could be vulnerable to high pressure and temperature in 

underground storage settings. Deterioration has been observed under supercritical CO2 exposure 

condition in previous experimental and field studies. Previous studies also showed that a reduction in 

compressive strength when cement prisms were exposed to supercritical CO2 when compared to the ones 

exposed to control. In this study, cement prisms were subjected to various exposure conditions to 

decouple the effects of high temperature (up to 85 °C); high pressure (up to 28.9 MPa); and CO2 injection. 

Modulus of rupture and compressive strengths of the cement prisms were tested and evaluated. The 

results indicated the cement prisms had a lower compressive strength when cured at high temperature 

and in synthetic Mt. Simon brine solutions. Furthermore, a lower modulus of rupture was observed when 

cement prisms were exposed to high pressure and supercritical CO2. Alteration of the cement paste was 

identified and quantified by using scanning electron microscopy.   

 

Originalities: There are three originalities of this research: (1) A more realistic exposure condition: 

compared to previous research, this research has been focused on a more realistic exposure condition 

with high pressure (up to 28.9 MPa) and high temperature (up to 85°C), which represented the exposure 

condition of real wellbore. In addition, more complex brine including NaCl, MgCl2, CaCl2, Na2SO4 and 

NaHCO3 was used instead of a simplified brine composition. (2) Decoupled experimental condition: all 

factors that could possible influence the integrity of the cement paste were decoupled and analysed. (3) 

Quantifying the impact on cement strength when cement was exposed to CO2.  

 

Keywords: Class H cement, CO2 sequestration, compressive strength, modulus of rupture, scanning 

electron microscopy (SEM) 
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1. Introduction 

The reduction of atmospheric CO2 emissions has been an ongoing concern for decades. 
Extensive research was completed on the ability to sequester CO2 in a safe and efficient manner 

(Bond et al., 2001; Lackner, 2003; Yamasaki, 2003). While terrestrial biomass, ocean and 
geological sequestration were all explored, geological sequestration was considered the most 
developed technique (Keith, 2000; Holloway, 2001; Hepple and Benson, 2005). A critical issue 
of carbon storage was that gaseous CO2 converts to a supercritical state when critical pressure 
exceeded 7.38 MPa and critical temperature exceeded 31.1oC. Under this state, CO2 either 
existed as a supercritical plume, or was subsequently dissolved into formation fluids and 

converted into carbonate minerals. After CO2 was injected, geochemical reactions, or 
preexisting gaps and fractures could lead to multiple potential leakage pathways. Specifically, 
dissolution of CO2 could result in degradation of cement annulus, cement plug and cement 
bonded to formation rock (Ide et al., 2006; Kutchko et al., 2007; Kutchko et al., 2008).   
Typically, Class G or H Portland cement are used when dealing with wellbore applications. 
When exposed to CO2-saturated brine, calcium hydroxide dissolved and reacted with 

bicarbonate to form calcium carbonate (i.e. calcite or vaterite) (Kutchko et al., 2007; Kutchko 
et al., 2008). The continuous injection of CO2 resulted in a decrease in pH, which thereby 
dissolved the calcium carbonate due to higher solubility, and converted it to aqueous 
bicarbonate and Ca2+. Furthermore, the leaching of calcium from C-S-H left a porous 
amorphous silica structure thus increased porosity and permeability in the cement matrix 
(Thaulow et al., 2001; Kutchko et al., 2007).  

The rate of alteration in which the cement paste was dependent on several factors such as the 
pressure, temperature, brine composition (Kutchko et al., 2007; Kutchko et al., 2008; Scherer 
et al., 2011; Jung et al., 2012; Mason et al., 2013). For example, high pressure resulted in greater 
dissolution of CO2 and thus more carbonic acid (Takenouchi and Kennedy, 1965). Another 
study found that high temperatures, could affect the microstructure of the cement paste and 
develop crystalline C-S-H polymers impacting the rate of cement hydration and compressive 

strength (Bentur et al., 1979; Bresson and Zanni, 1998; Bresson et al., 2002). Another impact 
on the cement paste was the presence of chlorides from the formation brine which could 
deteriorate both the cement paste the wellbore casing. The introduction of external sulfate in 
the cement matrix might lead to the formation of expansive minerals, such as gypsum or 
ettringite, which might cause cracking, loss of strength, and scaling (Taylor, 1997; Glasser and 
Zhang, 2001). In addition, previous research suggested a correlation between a reduction in 

compressive strength of cement paste when exposed to various CO2 sequestration conditions 
(Verba, 2014). 
The information presented above and previous research encouraged the need to identify the 
impact of brine composition, high pressure and temperature on cement integrity when exposed 
to CO2 sequestration conditions. In this study, we aimed to understand the deterioration 
mechanisms of cement paste in the presence of CO2. Specifically, this study focused on the 

geomechanical integrity of cement by decoupling the impacts of high pressure and temperature 
on wellbore cement. 
The objectives of this study were met by conducting a series of tests on cement prisms that 
were exposed to different conditions which include: 1) saturated lime water at both 23°C and 
85°C and ambient pressure, 2) synthetic Mt. Simon brine at both 23°C and 85°C and ambient 
pressure, and 3) under CO2 sequestration conditions at 85°C and 28.9 MPa.  

 
2. Experimental Methods 

2.1. Raw Materials  
The cement used in this study was Class H cement. According to American Petroleum Institute 
(API) Recommended Practice 10B, materials were mixed at w/cm 0.38. After mixing, cement 
paste was cast in molds of 25.4 mm ×  25.4 mm ×  152.4 mm. Cement prisms were 

demolded and transferred to curing solution after 24 hours. Table 1 and Table 2 show the 
chemical analysis of the cement. 
 
 



 

Table 1 Chemical Composition of investigated cement 

Compound SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SrO SO3 LOI 

Weight % 21.24 2.93 4.48 64.17 2.72 0.12 0.15 0.21 0.14 0.11 2.81 0.79 

 

Table 2 Phase analysis of investigated cement 

Phase C3S C3A C2S C4AF 

Weight % 65.71 0.17 11.33 13.64 

 
Cement prisms were cured in saturated lime water (according to ASTM C 511-13: 3 grams of 
calcium hydroxide per liter of deionized water) or in synthetic Mt. Simon brine. The synthetic 

Mt. Simon brine was based on the Illinois Basin brine under the U.S. Department of Energy Phase 

III Regional Partnership. The primary salt species were NaCl, CaCl2, MgCl2, Na2SO4 and 
NaHCO3 based on wellbore depth at 1220-1250 m (Illinois State Geological Survey). The 
synthetic brine was mixed in lab at room temperature. Table 3 showed the chemical composition 
of synthetic Mt. Simon brine.  
 

Table 3 Chemical composition of synthetic Mt. Simon Brine 

Composition NaCl CaCl2 MgCl2 Na2SO4 NaHCO3 

Weight (g/l) 59.36 18.847 5.713 2.841 0.84 

 

2.2 Test Method 

There are two objectives for this study: 1) to investigate how curing solution, high pressure, 
high temperature and supercritical CO2 influence cement integrity. This included examination 
of mechanical properties, specifically the modulus of rupture (MoR) and compressive strength; 

2) to investigate the microstructure of cement prior and after CO2 sequestration. 
Cement prisms were exposed to different exposure conditions. For prisms exposed to CO2 
sequestration, they were also exposed to high pressure (28.9 MPa) and high temperature (85°C), 
until the 28th day in Alloy-20 retrofitted autoclave units after demolding. Selected cement 
prisms at 28-day age were taken for test. Subsequently, CO2 were injected into the autoclaves 
until the pressure reached 28.9 MPa. Prisms at 42-day, 56-day and 70-day age were analyzed 

respectively. Table 4 and Table 5 show the testing matrix in this study.  
 

Table 4 Temperature effect studies on Class H cement 

Temperature effect at ambient pressure 

  Control High Temp 

Temperature (°C) 23 85 

Solution 
Mt. Simon Brine/Saturated 

lime water 

Mt. Simon Brine/Saturated lime 

water 

Analytical time days 

(D) 
28/56/84/98  28/56/84/98 

 

 

 

 

 

 



 

Table 5 Test conditions under P=CO2 on Class H cement 

CO2 Conditions 

Temperature (°C) 85 

Pressure (MPa) 28.9 

Solution Mt. Simon Brine 

Analytical time 28D Cure 

(CO2 exposure) (42/56/70D exposure) 

 

Modulus of rupture (MoR) test and compressive strength test were modified based on ASTM 

C 348 and ASTM C 349 (ASTM, 2008a, b). Four-point MoR (the loading span was one third 

of supporting span) was calculated based on the equation (1): 

𝝈𝒎 =
𝟑𝑭(𝑳 − 𝑳𝒊)

𝟐𝒃𝒅𝟐
   

(1) 

(σm: modulus of rupture; F: total load applied to cement prism before break; L: distance between 
supporting points; L0: distance between loading point; b: width of prism; d: height of prism).  
Compressive strength was conducted on 25.4 mm × 25.4 mm cubes that were cut out of the 
broken pieces after MoR test with BUEHLER Isomet low speed saw. Compressive strength 
was calculated according to the equation (1.2): 

𝝈𝒄 =  
𝑷

𝑨
 

(2) 

(σc: compressive strength; P: total load applied to cement cube before break; A: loading area) 

2.2.5 Scanning electron microscopy (SEM) Analysis 
Samples prepared for SEM analysis were cut into 25.4 mm × 25.4 mm × 5.0 mm slice using a 
BUEHLER Isomet low speed saw for analysis. DI water was used as cutting media. Samples 
were submerged in isopropyl alcohol for 72 hours to prevent continuous hydration, and 

isopropyl alcohol was renewed once after first 24 hours. Samples were then dried in a vacuum 
for another 48 hours to remove all alcohol. Subsequently, samples were impregnated with a 
two-part epoxy and polished with Struers Labopol-5 and RotoPol-35 polishers. To reduce 
hydration, samples were polished using an oil-based suspension fluid with polycrystalline 
diamond grit in size of 9 µm, 3 µm and 1 µm. The grits were applied hourly up to 16 hours 
(9µm: 8hours, 3µm: 4hours and 1µm: 4 hours). The analysis was completed using an FEI 

QUANTA 600F environmental SEM. Before analysis, samples were coated with Au/Pd alloy 
to prevent charging. Voltage of 20.0 KV was applied. Backscattered electrons (BSE) images 
were acquired for observation and analysis.  
 
3. Results and Discussions 

3.1 Mechanical Properties 

As described, cement prisms were exposed to different exposure conditions. In this session, the 
influence of high pressure, high temperature and CO2 sequestration on the MoR and 
compressive strength were discussed. To keep it consistent in this report, all cement prisms 
were described based on the age of the cement. 
3.1.1 Modulus of Rupture  
The MoR results of the cement prisms cured at 23°C and 85°C in saturated lime water and Mt. 

Simon brine were shown in Figure 1. When prisms were cured in saturated lime water at 23°C, 
MoR ranged from 6.64 MPa to 8.97 MPa, as compared to 6.66 MPa to 8.84 MPa at 85°C. Based 
on the standard deviation, there was no significant influences observed. On the other hand, for 
cement prisms cured in synthetic Mt. Simon brine, MoR ranged from 6.33 MPa to 8.89 MPa at 
23°C, whereas MoR ranged from 6.23 to 9.24 MPa at 85°C. We can conclude that the curing 
solution and temperature had limited effects on MoR of cement prisms.  

https://www.instrumentschedule.com/fom/viewonly?eid=54&p=uOIi8nU4gz
https://www.instrumentschedule.com/fom/viewonly?eid=54&p=uOIi8nU4gz


 

  

Figure 1 MoR testing results comparing different curing fluids and temperatures: (A). Cement prisms 

cured in saturated lime water; (B). Cement prisms cured in synthetic Mt. Simon brine. (Cement prisms 

cured in saturated lime water at 85°C and 98D was not included.) 

As previously described in the methods, cement prisms weren’t exposed to CO2 until after 28 

days of curing under elevated pressure and temperature (28.9 MPa and 85°C). In figure 2, the 

MoR of cement paste exposed to supercritical CO2 was shown. 

 
Figure 2 MoR of cement prism when exposed to supercritical CO2. (28D indicated 28-day curing for 

cement prism; 42D indicated 28-day of curing plus 14-day CO2 sequestration; similarly, 56D and 70D 

were used to indicate different CO2 sequestration period.) 

After 28-days at high pressure and high temperature curing, the MoR of cement prisms was 5.98 ± 

0.66 MPa, which was lower than MoR of cement prism cured at 85°C (7.38 ± 0.63 MPa in Figure 

1) without pressure applied. This indicated high pressure can influence the microstructure of the 

cement then MoR. Thus, the reduction on MoR could be caused by the high pressure. In addition, 

after CO2 was injected into the system, cement prisms, except 56D prisms, showed to have a 

constant MoR.  



 

3.1.2 Compressive strength 

As discussed in introduction, microstructure of hardened cement was significantly influenced by its 

curing and exposure conditions thus compressive strength was affected. In figure 3, compressive 

strength of cement prisms in both saturated lime water and synthetic Mt. Simon brine was 
shown. A clear reduction in compressive strengths was observed when cured at 85°C in both 
curing conditions. Cement prisms cured at 23°C showed an increase of compressive strength 
with exposure time, whereas prisms cured at 85°C had limited strength development. This 
indicated high temperature accelerated the cement hydration and impacted cement hydration 
products. A possible explanation of the compressive strength reduction could be a high calcium-

to-silicon ratio and densified C-S-H formed when cement was cured at high temperature, thus 
created more porosity in cement microstructure (Eilers and Root, 1976; Bentz, 1997; Cao et al., 
2007; Lothenbach et al., 2008).  

Figure 3 Compressive Strength of cement prisms exposed to different temperature: (A). Cement prisms 

cured in saturated lime water; (B). Cement prisms cured in synthetic Mt. Simon brine. (Cement prisms 

cured in saturated lime water at 85°C and 98D was not included.) 

Furthermore, there was a reduction in compressive strength when cement prisms were exposed 

to the synthetic Mt. Simon brine when compared with the prisms cured in saturated lime water, 
especially at 23°C. It was speculated the cause the compressive strength reduction could be due 
to the influence of complex salt species. There were higher concentrations of Na+, Ca2+, Mg2+, 
Cl- and SO4

2− in the brine, then salt crystals could form on the surface of the cement prims. In 
addition, these salts could also diffuse into the cement prism and cause alteration of cement 
microstructure as seen in the SEM section and previous research of that documented by Scherer 

(Scherer, 2004). In addition, the synthetic Mt. Simon brine contained 0.17 M CaCl2, which was 
reported to accelerate the hydration and create a more porous microstructure (Ramachandran, 
1971; Andrade and Page, 1986; Scherer, 1999, 2004).  
As there was a distinct change in the compressive strength due to the influence of the brine 
composition and temperature, it was expected to see a similar decrease in compressive strength 
once the prisms were exposed to supercritical CO2. Indeed, the compressive strength of cement 

prisms exposed to supercritical CO2 was impacted as shown in Figure 4. Compressive strength 
of cement paste after 28-day curing at high pressure and temperature was reported to be 44.23 
± 2.20 MPa. There was a reduction in compressive strength in both 56-day prism and 70-day 
prism (44.23±2.20 MPa to 30.78±8.60 MPa and 37.18±3.38 MPa respectively). This could be 
an indication that during CO2 conditions, the compressive strength was influenced by secondary 
mineral precipitation and calcium leaching of cement exterior.  



 

 

Figure 4 Compressive strength of cement prism exposed to CO2 condition (85oC/28.9 MPa).  

3.2 SEM Analysis 

In this study, there were two fundamental reasons for SEM analysis on cement samples: 1) to 

investigate the influence of saturated lime water or synthetic Mt. Simon brine curing on cement 
hydration and microstructure; 2) to study CO2 alteration reactions.  
3.2.1 Influence of Mt. Simon brine on microstructure 
As shown in 3.1, when cement prism were submerged to Mt. Simon brine, a lower compressive 
strength was observed. Figure 5 showed the microstructure after cement prisms were exposed 
to different curing solution at the same temperature for a same exposure time.  

Figure 5 Backscattered image of cement microstructure: (A). Cement prism exposed to saturated lime 

water at 23°C for 98 days; (B). Cement prism exposed to synthetic brine at 23°C for 98 days. 

Cement prisms immersed in synthetic Mt. Simon brine showed about 50% of unhydrated 
cement grains; but cement prisms in saturated lime water showed a higher degree of hydration. 
On the other hand, cement cured in saturated lime water showed a very dense microstructure 

with limited amount of pores whereas the cement cured in the synthetic Mt. Simon brine 
showed a more porous structure with pores up to 10 µm. And the high porosity could help 
explaining that cement cured in synthetic Mt. Simon brine showed a lower compressive strength 
when compared to the cement in saturated lime water.  
 



 

3.2.2 Cement alteration 
When cement exposed to CO2, alteration started from the exterior of the investigated cement 
prisms. By using polarized optical microscope and SEM, the alteration of cement can be 

identified and quantified. Figure 6 showed the optical microscope image of cement alteration 
after 28-day high pressure, high temperature curing plus 42-day CO2 sequestration.  

Figure 6 Polarized optical microscope image of an altered cement (70-day age: 28-day high pressure, 

high temperature curing plus 42-day CO2 sequestration). 

The left corner of a cement sample imaged by optical microscope was shown in Figure 6. The 
alteration of cement prism can be clearly seen in the sample, which was highlighted by the 
white dotted line. As previously discussed in introduction, the alteration (calcium carbonation 

precipitation and calcium leaching) started from the exterior of cement prism to form different 
alteration zones. Figure 7 showed the backscattered images to compare the cement prisms prior 
and after sequestration.  

Figure 7 Alteration on cement prisms subjected to CO2 sequestration: (A). 28-day curing sample (prior 

to sequestration; (B). 70-day sample (42-day CO2) sequestration. 

When comparing the cement prims prior or after CO2, there was slight transition zone seen in 
the sample prior sequestration, and this could be caused by the intrusion of salt species or DI 
water (during sample cutting). On the other hand, the cement prisms exposed at PCO2 conditions 
for 70 day displayed a very clear alteration zone as distinct by the pore distribution differences 
shown in Figure 7. The total alteration depth was measured as 1013±200 µm. In addition, three 
different alteration zones as illustrated in Kutchko et al. were also found in this study through 

SEM analysis: 1) the amorphous silica rich zone, of remnant C-S-H that has been leached of its 
calcium; 2) a dense calcite zone; 3). calcium depleted zone, where calcium was leached to the 
adjacent calcium carbonate creating a porous microstructure (Kutchko et al., 2008). 
Furthermore, prisms immersed in the brine in both ambient and PCO2 conditions showed 
external portlandite and halite precipitation as confirmed by SEM analysis. 



 

4. Conclusion 

This research simulated the condition of cement paste when exposed to various curing solutions, 
pressures, temperatures, and supercritical CO2. The influence of these CO2 conditions on 

cement integrity and hydration mechanism were investigated. We found that the modulus of 
rupture decreased when cement prisms were exposed to CO2 conditions, but did not change 
over time. In addition, there was a decrease in compressive strength when cement prisms were 
exposed to high temperature (85°C) and synthetic Mt. Simon brine. We demonstrated that the 
brine chemistry had a significant impact on mechanical strength. In addition, a reduction on 
compressive strength was observed after CO2 injection. The hydration and alteration of the 

cement paste was clearly identified by using SEM. Further study should focus on investigating 
ion exchange and its influence on cement pore solution exchange In addition, a longer exposure 
time is preferred.   
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Abstract 

The new evaluation test method with small sized specimens of 8mm cubic for short period was investigated in our 

former study, in order to evaluate resistance of salt scaling of concrete. In this study, this evaluation method is applied 

for evaluation of resistance to sodium and magnesium sulfate solution. Appearance change of specimens, formation of 

new chemicals to destroy the specimens and analysis of microstructure are investigated. In case of sodium sulfate 

solution dipped, ettringite is precipitated in specimens and specimens expand and specimens collapse at last. Residue 

mass ratio decreases to zero. In case of magnesium sulfate solution dipped, magnesium hydroxide precipitated on the 

surface of specimens, gypsum also formed inside of magnesium hydroxide phase and grows into the specimens. Crack 

grows with the precipitation of gypsum. Residue mass ratio became larger than 100%. The effects of the addition of fly 

ash, the limestone powder, and gypsum on sulfate resistance were studied. Soaking temperature was changed from 

20℃ to 60℃. The resistance in the sulfate solution is evaluated by the small sized test method using a mortar pieces of 

8mm cubic Evaluation test method. In sodium sulfate solution, the addition of fly ash and gypsum improved the sulfate 

resistance. The destruction to the particles did not occur at high temperatures. In case of magnesium sulfate solution, 

the addition of gypsum and fly ash, high temperature became less effective than the case of sodium sulfate solution. 

 

Originality 

The new evaluation test method with small sized specimens of 8mm cubic for short period was investigated in our 

former study, in order to evaluate resistance of salt scaling of concrete. In this study, this evaluation method is applied 

for evaluation of resistance to sodium and magnesium sulfate solution. In case of sodium sulfate solution dipped, 

ettringite is precipitated in specimens and specimens expand and specimens collapse at last. Residue mass ratio 

decreases to zero. In case of magnesium sulfate solution dipped, magnesium hydroxide precipitated on the surface of 

specimens, gypsum also formed inside of magnesium hydroxide phase and grows into the specimens. Crack grows with 

the precipitation of gypsum. In sodium sulfate solution, the addition of fly ash and gypsum improved the sulfate 

resistance. The destruction to the particles did not occur at high temperatures. In case of magnesium sulfate solution, 

the addition of gypsum and fly ash, high temperature became less effective than the case of sodium sulfate solution. 
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1. Introduction 

ASTM C1012, a sulfate resistance assessment method, consists in immersing mortar specimens in a 

sodium sulfate solution and measuring the expansion that occurs as a result. However, depending on 

the type of sulfate, significant degradation may occur as the result of expansion. For example, 

immersion in a sodium sulfate solution or magnesium sulfate solution produces different appearance 

changes according to degradation of the specimens, with the former immersion solution being 

characterized by expansion, and the latter by degradation with a limited amount of expansion(Bonen D. 

et al., 1991)(Gollop R.S. 1996).  In cases of actual sulfate degradation, it is common for the positive 

ions that are included in the soil to not be identifiable. In view of this fact, the authors investigated the 

application of a method they developed, which uses small-sized 8 mm cubic specimens cut out from 

mortar, for the evaluation of sulfate resistance, immersing said specimens in a magnesium sulfate 

solution and a sodium sulfate solution and observing the resulting appearance changes of the 

specimens and the agreement of this method with existing assessment methods.  The changes caused 

by degradation inside the specimens were also analyzed. 

 

2. Experimental 

2.1. Materials Used and Mix Proportions 

The materials used and the mix proportions are listed in Table 1. Three types of cement were used, 

ordinary Portland cement (OPC), 50% blast furnace slag cement JIS type B (BB), and white Portland 

cement (WPC). Crushed sand for the Kurokawa in Morioka City (size up to 2.5 mm, surface-dry 

condition) was used as the fine aggregate. JIS mortar specimens measuring 4 × 4 × 16 cm were 

prepared, and after curing in 20C water for 28 days after demolding, the specimens were cut into 8-

mm cubes with a diamond cutter for use as test specimens. 

 

Table 1 Materials and mix proportion of mortar 

 
 

2.2. Sulfate resistance test method using small test specimen 

Sets of three small test specimens (each set weighing approx. 4g) (3 sets per level) were placed in a 

polypropylene container of 100 ml capacity and immersed in a sulfate solution at the solid-liquid ratio 

of 1:10 (mass ratio) at the temperature of 20 degree centigrade. Following immersion up to the 

specified material age of 26 weeks, the small test specimens were removed from the solution, drained, 

and dried at 40 degree centigrade. The test specimen particles measuring 2.5 mm or larger were 

collected in a sieve, and the average residual mass ratio (Oyamada T. et al 2011) was obtained by 

comparing their weight with the initial weight of the three test pieces. A solution of sodium sulfate and 

magnesium sulfate was used as the sulfate solution, using a 5% concentration of Na2SO4 and adjusting 

the amount of MgSO4 to 4.24% so as to achieve the same concentration of Na2SO4 and SO4
2-. 

2.3. Analysis of the specimen 

After being processed, the specimens underwent visual observation, SEM observation, and 

examination by XRD to identify the generated material and measure its microhardness with a micro 

Vickers hardness meter. 

 

 

 

 



 

3. Experimental Results and Discussion 

3. 1. Change in appearance of small-sized specimens 

 Photos documenting the appearance change process of the small test specimens of OPC, BB, and 

WBC immersed in the Na2SO4 and MgSO4 solutions are shown in Fig. 1 and Fig. 2. In the case of 

immersion in a solution of Na2SO4, the speed of degradation was slow. Crumbling of particles from 

the surfaces, progressing until they become sand-like particles. The size of the crumbled particles was 

uniform. Past 10 weeks, no larges pieces were left and the material had turned into uniformly small 

grains. Focusing on the 8th week, one can observe differences in the progression of degradation, with 

the rate of degradation being WPC＞BB＞OPC in order of decreasing magnitude. On the other hand, 

immersion in a solution of MgSO4 produced slower degradation compared with immersion in Na2SO4. 

Moreover, the surfaces of the small test specimens turned a white color. Crumbling and other 

degradation phenomena did not occur uniformly but instead were concentrated in the corners. This is 

believed to be due to penetration of the sulfate solution from the three corner surfaces. From the 8th 

week, small cracks started being detected in the specimen surfaces, and their width tended to expand 

as time passed. In the case of BB and WPC, the expansion of the cracks was significant, and in the 

case of OPC, crumbling at the corners and cracking could be confirmed at 26 weeks. However, 

crumbling into fine particles like in the case of Na2SO4 immersion did not occur. Even for the same 

sulfate, major differences were seen in the decay process caused by sulfate degradation between 

Na2SO4 and MgSO4.  

 At each immersion age, the specimens were passed through a 2.5mm sieve to obtain the residual 

mass ratio. The results are shown in Fig. 3. Until the material age of 4 weeks, the residual mass ratio 

remained almost unchanged for both the Na2SO4 and MgSO4 solution immersion. However, after that, 

significant loss of residual mass ratio was observed for Na2SO4 immersion, while on the contrary, 

residual mass ratio increased for MgSO4 immersion. 

In the case of Na2SO4 immersion, the residual mass ratio decreased rapidly from the age of 4 weeks, 

until it became 0% by 8 weeks. Next, the same tendency was observed also for BB, but in that case the 

residual mass ratio declined to 40% by 8 weeks, and reached almost 0% by 18 weeks. The decline of 

the residual mass ratio of OPC began from the 8th week, and reached 0% by 18 weeks. Thus sulfate 

resistance in the case of Na2SO4 immersion was highest for OPC, followed by BB and WPC. On the 

other hand, in the case of MgSO4 immersion, the percentage of increase was large for BB and WPC, 

and low for OPC. Based on the observation of appearance changes, the degradation of BB is 

significant compared to that of WPC, and considering that the amount of specimen under the 2.5 mm 

sieve increased, further increase in the residual mass ratio for BB is confirmed. The mass increase in 

the case of MgSO4 immersion is related to the formation of new compounds inside the specimens. 

Based on observation of degradation changes, in the case of Na2SO4 immersion, a decline in residual 

mass ratio occurred as the result of crumbling at the surfaces, while in the case of MgSO4 immersion, 

mass increase was brought about by the generation of new compounds inside the specimens, as 

evidenced by the white discoloration and appearance of cracks. 

 

3. 2. Analysis of the specimens 

As significant changes in residual mass ratio occurred for different types of sulfate, analyses of the 

specimens were conducted. First, the new compounds generated by sulfate attack were identified 

through XRD analysis. The X-ray diffraction profiles of the BB specimens before immersion and at 13 

weeks of immersion in Na2SO4 solution and MgSO4 solution prior to sieving are shown in Fig. 4. The 

profile of the BB specimens prior to immersion is shown at the bottom in that figure. The profile of the 

BB specimens immersed in Na2SO4 at 13 weeks shows significant precipitation of ettringite (AFt), 

marked by ×. It is known that when sulfate ions ingress hardened cement paste, monosulfate hydrate 

and unreacted interstitial phases react with the sulfate ions from the outside, which produces ettringite 

and causes swelling, and in the case of Na2SO4 immersion, this reaction was observed to occur. The 

profile of the BB specimens immersed in MgSO4 at 13 weeks is shown at the center level in Fig. 4. 

Here, ettringite is not seen but there is marked precipitation of gypsum. It has been reported that in the 

case of MgSO4 immersion, magnesium hydroxide and gypsum are generated(Bonen D. et al., 1991) 



 

(Gollop R.S. 1996), and behavior approximating this was observed. The diffraction peak of Mg(OH)2 

was extremely small. The precipitation of gypsum inside the specimens contributed to the increase in 

residual mass ratio during MgSO4 immersion. An increasing amount of gypsum was detected as time 

passed. 

 

 
Fig.1  Appearance of specimens dipped with 5% Na2SO4 solution 

 

 
Fig.2  Appearance of specimens dipped with 4.24% MgSO4 solution 



 

 
Fig. 3  Residual mass ration of specimens               Fig. 4  XRD profile of specimens dipped with  

          dipped with Na2SO4 and MgSO4 solution                 with Na2SO4 and MgSO4 solution 

            

Table 2 lists the amounts of each compound in WPC and OPC at 13 weeks of immersion. WPC 

immersed in Na2SO4 shows similar behavior to that of BB, with the production of ettringite but no 

gypsum.  On the other hand, in the case of OPC, while ettringite is the main degradation product,  the 

generation of gypsum is also detected. Thus, in the case of immersion in MgSO4, gypsum is generated 

for both OPC and WPC, but so too is ettringite. The generation of gypsum during MgSO4 immersion 

could have been attributed to the precipitation of gypsum as the result of the consumption of calcium 

hydroxide, but given that the greatest amount of gypsum was generated in the BB specimens, which 

contain almost no calcium hydroxide, we know that calcium hydroxide was not the source of the Ca 

used for the gypsum. Ca may have been supplied from the conversion of C-S-H and other hydrates to 

M-S-H. The compounds that are generated vary according to the type of cement, but we know that 

increases or decreases in residual mass ratio are definite trends, and that the generation of ettringite in 

the case of Na2SO4 immersion, and gypsum in the case of MgSO4 of immersion, are the main causes 

of sulfate degradation. 

 

Table 2 Amount of chemicals in specimens dipped with Na2SO4 and MgSO4 solution 

 
 

  The micro Vickers hardness measurement results are listed in Table 3. The inside and outside 

hardness of particles collected in a 2.5 mm sieve at 6 to 10 weeks in the case of Na2SO4 immersion, 

and 13 weeks in the case of MgSO4 immersion, was measured at five different points for each case. 

For both BB and OPC immersed in Na2SO4, the inside and outside hardness values were relatively 

close, indicating that erosion of the hardened cement progressed due to the formation of ettringite 

inside. In the case of MgSO4 immersion, the inside hardness values were relatively high, while on the 

contrary, the outside hardness values were lower than those for Na2SO4 immersion, indicating that 

erosion progressed faster on the outside. However, for WPC, the reverse held true, and thus further 

study is in order. 



 

 

Table 3  Micro Vickers hardness(HV) of specimen dipped with Na2SO4 and MgSO4 solution 

 
 

Following immersion in a Na2SO4 solution and MgSO4 solution, microstructure observation of the 

degraded cement paste was conducted. backscattered electron images and element distributions of S of 

the inside and outside of hardened cement paste at 10 weeks of immersion in Na2SO4 are shown in Fig. 

5. The hardened structure was uniform, showing no differences between the inside and the outside. 

Looking at the element distribution of S, the concentration of S in the cement paste is uniform. As the 

X-ray diffraction results show that a large amount of ettringite was formed, it is believed that ettringite 

precipitated uniformly throughout the hardened cement paste. A backscattered electron image of the 

outside of the hardened cement paste and the element distributions of Mg and S after 13 weeks of 

immersion in MgSO4 are shown in Fig. 6. As can be seen from backscattered electron image, unlike 

the case of Na2SO4, there are large cracks around the aggregate, and these cracks are filled with 

precipitates. Based on the element distribution results, phases rich in Mg have precipitated on the 

outside of the hardened cement paste, forming a thickness greater than 50μm. As the magnesium 

sulfate dissolves, low-solubility magnesium hydroxide precipitates. This phase is the magnesium 

hydroxide phase. Further, streak-shaped layers of precipitate with a high concentration of S are present 

inside the hardened cement paste. This phase is the gypsum phase. This phase precipitates just on the 

inside of the magnesium hydroxide phase or in the cracks between the aggregate and paste inside the 

specimen. Given that gypsum precipitates along the cracks inside the hardened cement paste,  this is 

considered to be what causes the cracks to widen, leading to the specimens breaking apart as seen at 

26 weeks. 

 

    
 

Fig. 5  BEI and map of Sulfur                                  Fig. 6  BEI and map of Sulfur and Magnesium 

(BB with Na2SO4 solution for 10 weeks)                 (OPC with Na2SO4 solution for 13 weeks) 

 

 

 

  



 

 
Fig. 7  Schematic Image of degradation process by attacked with Na2SO4 and MgSO4 

 

Based on the analysis results obtained so far, a diagram of the degradation process during immersion 

in Na2SO4 and MgSO4 was created, as shown in Fig. 7. 

 

In the case of Na2SO4,  

(1) Ettringite is formed from the outside, causing expansion and fine cracks. 

(2) As the expansion and cracks grow larger, sulfate ions spread out inside the hardened cement paste, 

leading to the formation of ettringite inside, and crumbling of hardened cement paste from the outside. 

(3) As the above-described phenomena rapidly progress farther inside, decay progresses to the point of 

collapse of the entire specimen. 

 

In the case of MgSO4, 

(1) magnesium hydroxide starts precipitating on the outside of the specimen, forming a layer that 

increases in thickness over time. Gypsum then precipitates in layers inside the hardened cement paste. 

(2) Expansion and crumbling take place from the corners, which are the most affected because they 

have three sides, and a number of cracks develop in the center part of each face. 

(3) Gypsum precipitates in cracks and the gypsum precipitate phase extends farther inside the 

hardened cement paste, eventually  causing it to break apart. 

 

Sulfate degradation by Na2SO4 immersion and by MgSO4 immersion involves different causative 

agents and therefore the appearance change process greatly differs between the two solutions. Along 

with determination of the phenomena at work through observation of expansion and crumbling, 

immersion testing using small-sized specimens allows also identification of the compounds newly 

formed in the hardened cement paste, and thus constitutes an excellent assessment method. 

 

3. 3. Agreement with existing sulfate degradation assessment methods 

In the ASTM C1012 method, specimens are immersed in a 5% Na2SO4 solution and their sulfate 

resistance is assessed based on the subsequent expansion amount. A previous report stated that the use 

of thin specimens with spacers, using the mortar molds prescribed for the JIS R5201 method, can 

achieve results comparable to those of the ASTM C1012 method(Kuboyama A., 2012). Figure 8 

shows the length changes according to their physical age of thin mortar specimens prepared with the 

same mix proportions as the abovementioned method and immersed in a 5% Na2SO4 solution. The 



 

specimens showing 0.1% or less expansion at 6 months are said to have high sulfate resistance. In the 

case of WPC, expansion exceeded 0.1% at 8 weeks, and in the case of blast furnace slag cement, 

expansion reached 0.1% at 16 weeks. For OPC, expansion was just 0.04% at 26 weeks, indicating high 

sulfate resistance. The relationship between judgment based on existing expansion figures and the 

residual mass ratio as the result of immersion testing using small-sized specimens in a 5% Na2SO4 

solution was examined. The relationship between the expansion amount at 3 months (levels of 0.1 and 

higher are marked as 0.1), which is the index of sulfate resistance in Fig. 8, and the residual mass ratio 

at 4,5, 6, and 8 weeks, is shown in Fig. 9. At week 4, the residual mass ratio remains almost 

undiminished at nearly 100% for all three types of cement, but the residual mass ratio of WPC and BB 

then decreases at weeks 5, 6, and 8, and a correspondence is seen with the expansion amount at 3 

months. In the case of immersion for 6 weeks or more, the residual mass ratio shows a degree of 

correlation with the expansion amount at 3 months. Thus, the residual mass ratio values obtained by 

the immersion test using small-sized specimens in a Na2SO4 solution agree to a certain extent with 

existing sulfate resistance tests such as ASTM C1012. Moreover, the proposed method has the merit 

of an assessment period of just six weeks, thus less than half that of conventional methods. Further 

studies are needed to more amply demonstrate and refine the efficacy of the proposed method. 

 

  
Fig. 8  Expansion of specimens dipped with          Fig. 9  Relationship between this proposal method  

   Na2SO4 solution (Thin mortar specimens test)               and expansion test method with Na2SO4 aq. 

 

4. Conclusions 

Immersion testing using small-sized specimens, one of the freeze‐ thaw resistance assessment 

methods, was studied to determine whether it can be adapted to the assessment of sulfate degradation, 

and the following findings were obtained. 

Adaptation of immersion testing using small-sized specimens to sulfate degradation allows the 

observation of discoloration, crumbling, expansion, and crack generation caused by ingress of sulfate 

ions from the outside according to the type of sulfate, and also allows evaluation based on appearance 

observation and the residual mass ratio determined from the amount of material collected in a 2.5 mm 

sieve. Moreover, the immersion test method using small-sized specimens presents other advantages, 

including the possibility of identifying the causative agents of degradation. 

・In the case of immersion in a Na2SO4 solution, a repeated cycle of ettringite formation inside the 

hardened cement paste, causing the whole specimen to expand, and sulfate ions ingress inside the 

specimen, takes place. The residual mass ratio decreases from the 4th week onward, and ultimately 

reaches 0%, with the whole specimen crumbling. 

・In the case of immersion in a MgSO4 solution, a magnesium hydroxide phase precipitates on the 

specimen surfaces and grows thicker over time, while gypsum precipitates in layers inside the 

specimen, with crumbling commencing from the corners, cracks appearing on the center part of the 



 

faces, the gypsum precipitate phase extending farther inside the hardened cement paste, and the 

specimen eventually breaking apart. The residual mass ratio increases in the test using small-sized 

specimens. 
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Abstract 

Using rapid hardening sulphoaluminate cement and recycled fine aggregate of construction waste for 

producing a new kind of self-compacting backfill material is a major aim of this study, which can be 

mainly employed in the emergency backfill engineering. Totally, sixteen mixtures were prepared for 

experiment with the different cement-to-sand ratios of 0.05, 0.10, 0.15, 0.20 and water-to-solid ratios 

of 0.25, 0.27, 0.29, 0.31. Meanwhile, the amounts of fly ash (FA) and water reducing agent in each 

mixture were fixed at 15.0% by weight of recycled fine aggregate of construction waste, and 3.0% by 

weight of cement, respectively. The flowability and bleeding rate of fresh mixture were measured, and 

hardened mixture was tested to measure its compressive strength. Test results indicate that self-

compacting backfill material produced by rapid hardening sulphoaluminate cement and recycled fine 

aggregate of construction waste could achieve the desirable flowability, but the bleeding rate increased 

with the increase of the flowability. In addition, the 4-hour compressive strength could reach 0.11-

1.54MPa, and the 28-day compressive strength could reach 0.43-6.42MPa, which could be adjusted 

via the different cement-to-sand ratio and water-to-solid ratio according to the requirements of 

engineering. Moreover, the 4-hour, 7-hour, 1-day, 3-day, 7-day, 28-day, 56-day compressive strength 

were measured respectively, and an analytical model for predicting compressive strength has been 

developed with high reliability based on these experimental data. 

 

Originality 

In some cases of emergency backfill engineering projects, such as the backfilling of sudden road 

subsidence or short permitted construction time, traditional backfill materials could not meet the 

requirements of construction rapidly due to their long curing time. The present study puts forward to a 

new kind of self-compacting backfill material, which utilizes both rapid hardening sulphoaluminate 

cement and recycled fine aggregate of construction waste. Rapid hardening sulphoaluminate cement 

can provide the properties of fast-setting and rapid-hardening, which can meet the requirement of 

rapid backfill in emergency backfill engineering projects. On the other hand, recycled fine aggregate 

of construction waste, an industrial by-product generated from the removal of buildings, was used as 

the natural sand substitute to overcome the shortage of natural resources, for the purpose of 

sustainable development. Therefore, the present study has a significant originality. 
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1. Introduction 

In recent years, the accidents of sudden road subsidence occurred frequently in many cities of 

China, which caused not only a large quantity of economic lose, but also the great influence 

on traffic flow and social safety. So, how to backfill the place of road subsidence quickly has 

been a serious problem for road management department. In addition, for reducing the effect 

of urban road construction and maintenance on the surrounding residents' daily life, the time 

limit of construction is also very urgent. Especially for some backfill projects, such as the 

pipe trench excavation backfilling and the surrounding backfilling of inspection well etc., 

always need to be backfilled rapidly. However, the present traditional backfill materials, such 

as cement stabilized soil, graded gravel and lime-fly ash stabilized aggregate, etc., could not 

meet the requirements of rapid construction due to their long curing period. Meanwhile, the 

traditional backfill materials could not be compacted effectively due to the narrow backfill 

space or the limitation of pipeline and other structures, which often result in some engineering 

damages (Zhang Hong et al., 2011). 

On the other hand, a large quantity of construction waste, generated from the process of 

construction and demolition of urban infrastructure, may cause negative effect on not only 

city appearance, but also environment. Therefore, the recycling of construction waste has 

attracted many researchers pay attention to this filed over the past several decades. At present, 

the main recycled method of construction waste is to produce recycled aggregate by 

classifying, crushing, and screening. Then they were used to produce recycled concrete (Li 

Jiabin et al., 2004), recycled mortar (Zhou Wenjuan, et al., 2009), or some building products 

such as recycled brick (Li Shoude et al., 2006), recycled block (Zhu Xihua, 2001), and other 

recycled materials, by replacing natural aggregate with different proportions. Among them, 

recycled coarse aggregate with good quality such as recycled coarse aggregate produced by 

waste concrete (Sun Wubin, 2007), can be re-used effectively. Compared with recycled 

coarse aggregate, the re-use of recycled fine aggregate, especially for the urban construction 

waste which has high content of red clay brick detritus, dust and other impurities, is more 

difficult due to the terrible classification work of construction waste and the poorer quality. 

In the present study, a new kind of rapid hardening and self-compacting backfill material was 

developed, in which rapid hardening sulphoaluminate cement is used as binder to achieve the 

fast-setting and rapid-hardening properties. Meanwhile, recycled fine aggregate of 

construction waste was used as natural sand substitute in order to overcome the shortage of 

natural resources. This kind of material is not only an environmental-friendly and low-cost 

material instead of traditional backfill materials, but also can be employed in the emergency 

backfill engineering. The objective of this paper was to investigate and evaluate the properties 

of this new kind of self-compacting backfill material and establish an analytical model for 

predicting its compressive strength.  

2. Materials and Experimental program 

2.1. Materials 

Rapid hardening sulphoaluminate cement (R·SAC, strength grade 42.5) was sampled from 

Tangshan polar bear building materials Co., Ltd. in Hebei province, China. Its specific 

surface area is over 350m2/kg, the initial setting time is longer than 25min and the final 

setting time is shorter than 180min. The 1-day, 3-day and 28-day compressive strength of 

cement are 30.0MPa、42.5MPa and 45.0MPa, respectively. The chemical composition of 

R·SAC is shown in Table 1. 

Tab. 1 Chemical composition of R·SAC / % 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O TiO2 SrO Others 

47.57 11.23 20.27 2.90 14.45 1.84 0.50 0.86 0.14 0.24 

The used fly ash (FA) is Class F Grade Ⅲ according to Chinese standard “Fly ash used for 

cement and concrete” (GB/T 1596-2005). The total amounts of SiO2, Al2O3 and Fe2O3 in fly 

ash is over 70% and the loss on ignition (LOI) is less than 15%. The fineness of fly ash 

residue on a 45μm sieve is less than 45% and the water demand ratio is less than 115%.  



 

The used chemical admixture is melamine water reducing agent provided by Athanasy 

technology Co., Ltd. in Beijing, China. The mixing water is tap water. 

Recycled fine aggregate of construction waste was sampled from a construction waste 

disposal plant, and its chemical composition is shown in table 2. The XRD data and gradation 

curve are presented in Figure1 and 2, respectively.  
Tab. 2 Chemical composition of recycled fine aggregate of construction waste / % 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O TiO2 Na2O P2O5 MnO Others 

20.45 50.68 13.72 3.86 0.77 5.77 2.29 0.80 1.14 0.21 0.14 0.17 

   
Figure 1  XRD pattern of recycled fine aggregate        Figure 2 Gradation of recycled fine aggregate 

Figure 1 shows that the majority of crystalline phases present were Quartz [SiO2], Calcite 

[CaCO3] and Margarite-2M1 [CaAl2(Si2Al2)O10(OH)2] for recycled fine aggregate of 

construction waste. The lower and upper line in Figure 2 is the suggested gradation limit in 

Chinese standard “Recycled fine aggregate for concrete and mortar” (GB/T 25176-2010) as 

the grading requirements for recycled fine aggregate employed in concrete and mortar. Figure 

2 shows that the gradation of recycled fine aggregate of construction waste was between 

gradation zone 1 and gradation zone 2, and the fineness modulus was 3.33, which was 

equivalent to coarse sand. The content of particles greater than 1.18 mm was approximately 

61.7% of the total quantity of recycled fine aggregate of construction waste by weight, and 

mainly comprised of broken waste concrete, waste mortar, waste red brick etc. The content of 

micro powder smaller than 0.075mm was 8.4% of the total quantity of recycled fine aggregate 

of construction waste by weight, which was higher than natural sand. 

2.2 Mix proportion  

Sixteen mix proportions of self-compacting backfill materials utilizing rapid hardening 

sulphoaluminate cement and recycled fine aggregate of construction waste were prepared for 

experiment, as shown in Table 3. The test variables include the cement-to-sand (C/Sa) ratio 

and the water-to-solid (W/So) ratio. In accordance with the preliminary tests, the amounts of 

fly ash (FA) and water reducing agent (A) in each mixture were fixed at 15.0% by weight of 

recycled fine aggregate of construction waste, and 3.0% by weight of rapid hardening 

sulphoaluminate cement, respectively. The cement-to-sand (C/Sa) ratio of 0.05, 0.10, 0.15 

and 0.20 signifies the percentage of rapid hardening sulphoaluminate cement to the amount of 

recycled fine aggregate of construction waste by weight, and the water-to-solid (W/So) ratio 

of 0.25, 0.27, 0.29 and 0.31 is the percentage of water to the total solid materials including 

recycled fine aggregate of construction waste, rapid hardening sulphoaluminate cement and 

fly ash by weight. 
Tab. 3 Mix proportions of self-compacting backfill materials 

Mixture FA A C/Sa W/So 

Mix proportions / Kg/m3 

R·SAC FA A 
Recycled fine aggregate of 

construction waste 
water 

Z 1 

15% 3% 0.05 

0.25 69.0 207.0 2.5 1380.0 414.0 

Z 2 0.27 69.0 207.0 2.5 1380.0 448.5 

Z 3 0.29 69.0 207.0 2.5 1380.0 483.0 

Z 4 0.31 69.0 207.0 2.5 1380.0 517.5 

Z 5 

15% 3% 0.10 

0.25 132.0 198.0 4.8 1320.0 411.8 

Z 6 0.27 132.0 198.0 4.8 1320.0 446.2 

Z 7 0.29 132.0 198.0 4.8 1320.0 480.5 



 

Z 8 0.31 132.0 198.0 4.8 1320.0 514.8 

Z 9 

15% 3% 0.15 

0.25 189.0 189.0 6.8 1260.0 408.2 

Z 10 0.27 189.0 189.0 6.8 1260.0 442.3 

Z 11 0.29 189.0 189.0 6.8 1260.0 476.3 

Z 12 0.31 189.0 189.0 6.8 1260.0 510.3 

Z 13 

15% 3% 0.20 

0.25 240.0 180.0 8.6 1200.0 403.2 

Z 14 0.27 240.0 180.0 8.6 1200.0 436.8 

Z 15 0.29 240.0 180.0 8.6 1200.0 470.4 

Z 16 0.31 240.0 180.0 8.6 1200.0 504.0 

2.3. Test procedures 

2.3.1 Specimen preparation 

Before test, recycled fine aggregate of construction waste was dried in an oven at 105±5℃ 

until no further weight reduction. The specimen of self-compacting backfill material is 

prepared as follows. Firstly, recycled fine aggregate of construction waste, rapid hardening 

sulphoaluminate cement, fly ash and solid melamine water reducing agent were added to the 

mixer together and dry-mixed for 1min or so to ensure the homogeneity of mixture. Then the 

mixture was mixed with water for additional 3 min. Finally, the fresh self-compacting backfill 

material produced was poured into the different molds for different tests without compaction 

or vibration due to its high flowability. 

2.3.2 Flowability test 

Flowability test was conducted according to USA standard “Standard Test Method for Flow 

Consistency of Controlled Low Strength Material (CLSM)” (ASTM D6103-04). However, 

the cylinder mold (76×150mm) was replaced by the truncated cone mold (which height, up 

diameter and bottom diameter are 60±0.5mm, 70±0.5mm and 100±0.5mm respectively). 

2.3.3 Bleeding test 

The bleeding rate was measured according to USA standard “Standard Test Methods for 

Bleeding of Concrete” (ASTM C232/C232M-09). However, the size of cylinder mold was 

108×109mm instead of the cylinder mold (255×280mm). 

2.3.4 Compressive strength test 

The compressive strength of hardened self-compacting backfill material was measured at 4-

hour, 7-hour, 1-day, 3-day, 7-day, 28-day and 56-day according to USA standard “Standard 

Test Method for Compressive Strength of Cylindrical Concrete Specimens” (ASTM 

C39/C39M-14a). However, the size of specimen was 70.7×70.7×70.7mm. 

3. Results and Discussion 

3.1 Flowability 

The results of flowability test are shown in Figure 3. At the same cement-to-sand (C/Sa) ratio, 

the flowability increased with the water-to-solid (W/So) ratio increased from 0.25 to 0.31. 

The test result indicates that amount of mixing water has significant influence on the flow 

capacity of self-compacting backfill material. In another words, an increase in amount of 

mixing water likely resulted in high flow consistency.  

 
Figure 3 Flowability of fresh self-compacting backfill material 
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In addition, at the same water-to-solid (W/So) ratio, the flowability also increased with the 

cement-to-sand (C/Sa) ratio increased from 0.05 to 0.20. The test result is different from the 

previous study on low-strength flowable backfill material made of construction waste (Jia 

Dongdong, 2014). In which, the ordinary Portland cement (P·C 32.5R), fly ash, silica fume, 

recycled fine aggregate of construction waste and tap water were used to produce low-

strength flowable backfill material, but no water reducing agent was used. In this case, the 

flowability increased with the increase of water-to-solid (W/So) ratio, whereas the increase of 

the cement-to-sand (C/Sa) ratio had little effect on the flowability of low-strength flowable 

backfill material. In the present study, water reducing agent was used to improve the 

workability of self-compacting backfill material. Although the adding percentage of water 

reducing agent in each mixture was fixed at 3.0% of rapid hardening sulphoaluminate cement 

by weight, an increase in the cement-to-sand (C/Sa) ratio resulted in an increase amount of 

water reducing agent. At the same water-to-solid (W/So) ratio, more water reducing agent 

resulted in higher flow consistency. Therefore, the cement-to-sand (C/Sa) ratio should also 

probably have little effect on the flowability in the preset study.  

3.2 Bleeding rate  

The bleeding test results are shown in Figure 4. At the same cement-to-sand (C/Sa) ratio, the 

bleeding rate increased with the increase of the water-to-solid (W/So) ratio. Test result 

indicates that amount of mixing water have also significant influence on the bleeding rate of 

self-compacting backfill material. In the case of high water-to-solid (W/So) ratio, the bleeding 

water would appear on the surface of mixture during the cementitious-hydrated process. 

Similarly, at the same water-to-solid (W/So) ratio (except 0.05), the bleeding rate also 

increased with the increase of the cement-to-sand (C/Sa) ratio, which is also related to the use 

of water reducing agent. 

 
Figure 4 Bleeding rate of fresh self-compacting backfill material 

The relationship between flowability and bleeding rate is shown in Figure 5. The bleeding 

rate increased together with the increase of flowability at the same cement-to-sand (C/Sa) 

ratio. As mentioned above, more mixing water was used to improve the flowability of mixture, 

which also caused the occurrence of excessive water during the cementitious-hydrated 

process. Meanwhile, the use of water reducing agent also resulted in the increase of the 

bleeding rate. Moreover, the test result shows that there were best-fit straight line 

relationships between flowability and bleeding rate. The R-squared values were greater than 

0.95, which indicated that the correlation was very well. 

 
Figure 5 Relationship between flowability and bleeding 



 

3.3 Compressive strength  

3.3.1 Time-compressive strength correlations 

Figure 6 shows the development of compressive strength at different curing time when the 

cement-to-sand (C/Sa) ratio is 0.05, 0.10, 0.15 and 0.20, respectively. All the 4-hour 

compressive strength of specimens could reach 0.11-1.54MPa and well-matched the 

properties of fast-setting and rapid-hardening backfill materials. It is also shown that all the 

28-day specimens have the average compressive strength of 0.43-6.42MPa, which could be 

adjusted via the different cement-to-sand ratio (C/Sa) and water-to-solid ratio (W/So) 

according to the requirements of engineering.  

It can be also seen that the compressive strength increased with the increase of curing ages, 

viz. a longer curing ages caused a higher compressive strength due to the continuation of 

cementitious-hydrated process. The relationship between compressive strength and curing 

ages could be analytically expressed in the following logarithmic function.  

bln(t)a(t)fc                                                                                                   (1) 

where: fc(t) is the compressive strength at curing ages of t (hours); a, b are the experimental 

coefficients; t is the curing ages, hours. All the R-squared values were found to be greater 

than 0.90, which confirms that the above logarithmic formula is reliable for describing 

compressive strength evolution of self-compacting backfill material.  

   

   
Figure 6 Compressive strength development of hardened self-compacting backfill material 

3.3.2 Effects of C/Sa and W/So on compressive strength  

As depicted in Figure 6, at the same curing age, the compressive strength of specimens 

increased with the increase of cement-to-sand (C/Sa) ratio due to the increase of cement 

amount, and decreased with the increase of water-to-solid (W/So) ratio due to the increase of 

mixing water amount. This phenomenon could be comparable with the previous studies on 

backfill material made with recycled fine aggregate of construction waste (Jia Dongdong, 

2014) or surplus soil after excavation (Fan Meng, 2009). Take 56-day compressive strength as 

example as seen in Figure 7, when the cement-to-sand (C/Sa) ratio varied from 0.05 to 0.20, 

the associated compressive strength at 56 days increased gradually. While the associated 

compressive strength at 56 days decreased gradually with the water-to-solid (W/So) ratio 

varied from 0.25 to 0.31. Moreover, there were also best-fit straight line relationships between 

compressive strength and C/Sa or W/So. 



 

   
Figure 7 56-day compressive strength with respect to C/Sa and W/So 

3.3.3 Analytical formulation of compressive strength 

Referencing the predicted model of compressive strength of soil-based controlled low-

strength material containing stainless steel reducing slag proposed in the literature (Sheen Y.-

N. et al., 2014), which was employed the water to binder (w/b) ratio and percentage of slag 

replacement (ps) as independent variables for describing compressive strength evolution, a 

predicted model of self-compacting backfill material utilizing rapid hardening 

sulphoaluminate cement and recycled fine aggregate of construction waste was established.  

Based on the experimental data of this study, 1 day to 56 days compressive strength of the 

proposed self-compacting backfill material could be analytically evaluated via the following 

equation, which was derived from the regression approach. 
)()(' 21 )/()/()()(
tbtb

c SoWSaCtatf                                                                        (2) 

where: )('tfc  is the compressive strength at curing ages of t (days); C/Sa is the cement-to-

sand ratio; W/So is the water-to-solid ratio; a(t), b1(t) and b2(t) are coefficients depending on 

curing ages, t (days) and  calculated by the following equations. 
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The predicted compressive strength of three kinds of self-compacting backfill materials (Z3, 

Z10 and Z15) was calculated by Equation (2) and shown in table 4. The measured 

compressive strength is also shown in table 4. The result indicates that the predicted 

compressive strength calculated by Equation (2) is in high agreement with the measured 

actual compressive strength. And the percentage of error was all located within an error range 

of ±10%. 

Tab. 4 Comparison of measured and predicted compressive strength 

Mixture C/Sa W/So 
Compressive Strength / MPa 

 1 day 3 day 7 day 28 day 56 day 

Z 3 0.05 0.29 

Measured 0.31 0.40 0.44 0.49 0.53 

Predicted 0.29 0.39 0.45 0.52 0.54 

Percentage 

of error 
-6.5% -2.5% 2.3% 6.1% 1.9% 

Z 10 0.15 0.27 

Measured 1.97 2.50 2.70 3.09 3.25 

Predicted 2.01 2.57 2.85 3.10 3.15 

Percentage 

of error 
2.0% 2.8% 5.6% 0.3% -3.1% 

Z 15 0.20 0.29 

Measured 2.45 2.88 3.69 3.87 4.15 

Predicted 2.37 3.05 3.40 3.71 3.78 

Percentage 

of error 
-3.3% 5.9% -7.9% -4.1% -8.9% 



 

4. Conclusions 

The cement-to-sand (C/Sa) ratio and the water-to-solid (W/So) ratio are two suitable mix 

proportion design parameters to calculate the dosage of different materials in self-compacting 

backfill material. The water-to-solid (W/So) ratio is the major indicator which affects the 

workability of fresh mixture, and also affects the compressive strength of hardened mixture. 

The cement-to-sand (C/Sa) ratio is the major indicator which affects the compressive strength 

of hardened mixture. 

The flowability of fresh mixture increased with the increase of water-to-solid (W/So) ratio. 

While the bleeding rate increased also with the increase of flowability. Self-compacting 

backfill material needs to have the higher flow capacity, whereas the higher bleeding rate has 

probably an adverse influence on the normal condensation and hardening of material, the 

internal structure and properties of hardened mixture. Therefore, how to reduce the bleeding 

rate under the desirable flowability is a key point of further research. 

The 4-hour and 28-day compressive strength of specimens were between 0.11-1.54MPa and 

0.43-6.42MPa, respectively. It is indicated that this new kind of material can be used in either 

the emergency backfill engineering or some special backfill engineering projects to substitute 

traditional backfill materials. However, only 4-hour compressive strength can not meet the 

requirement of some more urgent backfill engineering, the more early strength, such as 2-hour 

strength or 1-hour strength etc. should be provided in the further research. 

The predicted model of compressive strength was reasonably established by regression 

approach, in which two independent variables (C/Sa and W/So) as well as curing ages were 

taken into account. Comparison of measured and predicted compressive strength indicates 

that the proposed model is reliable to evaluate compressive strength evolution. However, the 

proposed model was based on the 1 day to 56 days compressive strength data, viz. it could not 

be used to evaluate compressive strength within 1 day. The suggested formula should also be 

further confirmed in the future practice because it has been established based on limited data. 
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Abstract 

Over the last two decades, there has been an increased focus on the stability of the cement sheath under the influence of 

shear stresses imposed during the lifetime of the well. Shear stresses can occur on pressure testing or due to 

temperature fluctuation on the casing during well production, fracturing and in extreme cases on geological shifts over 

time. In order to mitigate the effect of shear stresses, the mechanical properties of the cement sheath are investigated 

and improved on addition of fibers for tensile strength and elastomeric material for enhanced Young’s modulus and 

Poisson’s ratios. It has also been demonstrated that modification of the C-S-H matrix, as on addition of nano-particles, 

can also improve the mechanical properties and resistance to external stresses.  

Studies have shown the beneficial effects on mechanical properties on addition of calcium silicate hydrate fibers, such 

as wollastonite, to the well cement matrix. However, there has been no investigation, on the impact to the cement sheath 

matrix, on the formation of fibrous crystalline calcium silicate hydrates that occurs under temperature and pressure. In 

well cements tobermorite (Ca5Si6O16(OH)2.4H2O) has been reported to form as the predominant phase at temperatures 

in the range of 120 – 180°C and has a platelet, lath or fibrous habit while xonotlite (Ca6Si6O17(OH)2) forms at 

temperatures above 150 °C and has a needle-like habit. The present research focuses on the effect of the fibrous like 

matrices as they impact tensile strength of the cement sheath, in particular with respect to crystallite size and type. 

Tensile strength data was obtained at 150°C and 230°C with phase assemblage of the hydrated cement determined 

using XRD, crystal habit by SEM analyses and porosity by mercury intrusion porosimetry. The effect of retarder on 

crystallite formation was also investigated and correlated to thickening time and calorimetry.  

 

Originality 

There has been a trend in the last decade in well cementing to determine the influence of stresses on the well cement 

sheath and to improve the resistance of the cement matrix performance. Studies have focused on the mechanical 

properties of the cement sheath such as tensile strength, Poisson’s ratio, Young’s modulus and Mohr-Coulomb failure 

parameters on addition of fibers or elastomeric material. Limited data has been reported on the effect of modifying the 

matrix to improve mechanical properties using nano-materials. However there has been no known literature published 

on the effect of the matrix with temperature and the effect of the crystalline phases formed above 120°C, in particular to 

the impact of formation of fibrous matrix phases such as tobermorite and xonotlite which are known to be the 

predominant hydration phases. This research is a preliminary study on the impact of these phases on tensile strength 

and in particular in relation to crystallite size and effect of retarders.  

 

Keywords: Tensile strength, matrix, tobermorite, xonotlite, retarder. 
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1. Introduction 

In developing oil and gas wells, one of the most important operations is primary cementing (Nelson 

E.B. and Guillot D., 2006). The purpose of primary cementing is to form a sheath between the steel 

casing, placed in the wellbore after drilling operations are completed, and the formation to provide 

zonal isolation and prevent movement of fluids or gas occurring between zones. Portland cement-

based slurries have been widely used for this purpose as they provide a hydraulic seal between the 

cement and steel casing, between cement and rock formation as well as providing a cement sheath that 

provides structural integrity to the wellbore.  

 

Over the last two decades, there has been an increased focus on assessing the long-term stability of the 

cement sheath when exposed to changing wellbore stresses that can occur over the life time of the well 

(Di Lullo G. and Rae P., 2000, Thiercelin M.J. et al, 1997, Bosma M., et al., 1999, Goodwin K.J. and 

Crook R.J., 1992, Reddy B.R., et al.. 2007). Although the cement sheath may initially fulfil its 

function in zonal isolation, changes in pressure conditions resulting from increased pressure can result 

in induced stress on the cement sheath and loss in zonal isolation over time. Increased pressures can 

result from 1) pressure integrity testing, stimulation treatments, change in wellbore fluid, or reservoir 

depletion/injection or 2) temperature fluctuations on the casing from well production, steam injection, 

HT/HP wells or in extreme cases 3) geological shifts, creep, faulting, compaction over time. 

Mechanical failure of the cement sheath itself leads to the formation of cracks whereas debonding of 

the cement sheath from casing or formation leads to a micro-annulus. 

Traditionally compressive strength has been used as an indicator of cement integrity. However, for 

long term integrity where the cement sheath is subjected to large changes in stress the 

material/mechanical properties, such as tensile strength, Young’s modulus, Poisson’s ratio, unconfined 

and confined triaxial measurements, are now considered as key parameters (Ravi K., et al., 2002, 

Inverson B., et al., 2008).  Improvement in the cement sheath mechanical properties has in general 

been achieved by addition of fibers to enhance tensile strength (Inverson B., et al, 2008, 

Philippacopoulos A.J. and Berndt M.L., 2002, Elmoneim H.A., et al. 2000, Berndt M.L. and 

Philippacopoulos A.J., 2002) and elastomeric materials (Le Roy-Delage S., et al., 2000, Stiles D. and 

Hollies D., 2002, Bosma M.G.R., et al., 2000, Boukhelifa L., et al., 2005) to improve on Young’s 

modulus and Poisson’s ratio. More recently engineered modification of the cement C-S-H matrix, as 

on addition of nano-materials, has been demonstrated to show improved mechanical properties and 

provides resistance of the cement sheath to external stresses (de La Roij R., et al., 2012). 

 

Natural mineral fibers, such as tobermorite (Ca5Si6O16(OH)2.4H2O), xonotlite (Ca6Si6O17(OH)2) and 

wollastonite (CaSiO3) have been shown to considerably improve the mechanical properties of the C-S-

H gel matrix at ambient temperatures (Beaudoin J.J and Low N.M.P., 1994, Low N.M.P. and 

Beaudoin J.J., 1994) and at higher temperatures, above about 193°C, in the crystalline calcium silicate 

hydrate matrix that itself comprises tobermorite and/or xonotlite (Mueller D.T., et al., 2001, DiLullo G. 

and Rae P., 2004).  It is known that compressive strength, porosity and permeability of the crystalline 

calcium silicate hydrate matrix formed at temperatures above 150°C is dependent in part on the phase 

formed, for example, pectolite, scawtite, truscottite, xonotlite, tobermorite (Mueller D.T., et al., 2001, 

Eilers L.H., et al. 1980).   

 

Matrix crystalline calcium silicate hydrate phases of particular interest comprise tobermorite the 

predominant phase obtained in the temperature range of 120-180°C and xonotlite that forms on 

conversion of tobermorite at above about 150°C and is the predominant phase above 200°C. 

Tobermorite has been reported to form in various morphological habits, flat plates that are irregular or 

of crystalline shape, sometimes elongated in one direction, lath-like or highly fibrous (Gard J.A., et al., 

1959, Kalousek G.L. and Prebus A.F., 1958, Bell N.S., et al., 1996). There is no definitive explanation 

given in the literature as to why one or other of these crystal habits form, though in general CaO/SiO2 

ratio of 0.83 tends to favor a plate habit (Mostafa N.Y., et al. 2009) whereas CaO/SiO2 ratios between 



 

0.83 - 1.0 shows a mixture of plate and lath or fibrous habit. In addition, Al (Matsui K., et al., 2011, 

Connan H., et al., 2007), Al and Na (Nocun-Wezelik W., 1999) and Al and sulfate (Mostafa N.Y., et 

al., 2009) substitution in tobermorite show conflicting data on the morphological habit. Xonotlite, in 

contrast, forms only fibers (Spudulis E., et al., 1999, Milestone N.B., et al., 2007, Black L., et al., 

2009) though these can vary from spherical agglomerates of small fibers to long thin needles to thick 

fibers depending on water/solid ratio, mixing conditions etc. Magnesium substitution into xonotlite 

structure was noted though to change the needle-like fibers to laths that appeared platy (Black L., et al., 

2009) 

 

The objective of this paper was to investigate tobermorite and xonotlite matrix phases that are noted to 

have a fibrous, needle or lath like habit and determine the effect of the crystallite size and type on 

mechanical properties in terms of porosity and tensile strength. Initial studies were made on thermal 

cement samples cured for 3 days at 150°C and 230°C that favored formation of tobermorite and 

xonotlite respectively and compared with C-S-H matrix of a sample cured at 25°C. Although it is 

known that the system is not in equilibrium at 3 days this was considered as a preliminary 

investigation to long-term studies.  

 

Phase assemblage and morphology (crystallite size) of the matrix tobermorite or xonotlite was 

determined using XRD and SEM respectively. Porosity was determined as it was known to relate to 

crystallite size and was measured by mercury intrusion porosimetry (Krakowiak K.J., et al., 2015). 

Tensile strength data was chosen as a means of defining the effect of the matrix on mechanical 

properties of the cement sheath. In addition, the effect of the retarder type and concentration on phase 

assemblage and crystallite size was also investigated and correlated to thickening time and calorimetry.  

 

2. Experimental 

2.1. Materials 

In this study the oil-well cement used was supplied by Lehigh Hanson (Canada) and was classified as 

a Class G, according to API 10A (2010) specifications, with mineralogical composition (wt.%) C3S – 

57.74, C2S – 15.84, C3A – 2.12, C4AF – 13.03 based on Bogue calculation as provided by 

manufacturer. Silica flour (325 mesh) was used in the cements to provide thermal stability at 

temperatures above 110°C by providing a bulk CaO/SiO2 ratio of 0.83 that favors formation of phases, 

namely tobermorite and xonotlite, that do not show strength retrogression with time (Nelson E.B., 

Guillot D., 2006). Physical, chemical and mineralogical data are provided in Table 1. 
 

Table 1 LOI and chemical composition by XRF of used materials. 

Content by XRF (%) Class G Silica flour 

SiO2 20.69 87.5 

Na2O 0.32 1.25 

Al2O3 3.54 4.47 

Fe2O3 4.29 1.18 

CaO 62.25 1.64 

K2O 0.52 1.25 

MgO 2.70 0.40 

SO3 2.97 - 

Others 2.72 2.31 

LOI 1.14 - 

Total (Normalized) 100 100 

 

The Class G cement was dry blended with 40% by weight of cement (bwoc) silica flour and mixed 

with water at a water/(cement + silica flour) ratio of 0.42 in a Waring blender and conditioned for 20 

min in an atmospheric consistometer at 25°C according to API 10B-2 (2003). The mixing and 

conditioning regime was intended to be representative of mixing and pumping cement down hole in an 

oil well. 



 

 

In addition, two different retarder combinations were used, sodium gluconate (SG) with tartaric acid 

(TA) for temperatures lower than 200°C, and sodium methylene phosphonic acid (SMPA) with an 

AMPS-based random copolymer (AMS) for temperatures above 200°C. In order to minimize foaming 

during blending and settling at high temperatures of the slurries, a glycol polymer antifoam (PG-A) 

and an acrylate-based copolymer viscosifier were used respectively. All the additives were 

commercially available. Distilled water was used in all experiments.  

 

2.2. Experimental Process 

2.2.1 Slurry formulation and thickening time  

A total of seven oil-well cement slurries with a density of 1.89 g/cm3 were formulated with a specific 

loading of retarders to obtain 4 and 12 h thickening times, respectively. The final designs are shown in 

Table 2. Thickening time (TT) is a measure of the length of time a cement slurry remains pumpable 

and was determined using a Chandler Engineering (USA) pressurized consistometer model 7322 

HPHT. Temperature and pressure of the cement slurry were increased from room temperature and 

atmospheric pressure to the desired test temperature (25, 150 and 230°C) and 13.8 MPa (2000 psi) 

respectively, in 70 minutes. Thickening time was recorded as the time between the first application of 

temperature and pressure to the pressurized consistometer and the time at which a consistency of 100 

Bearden units (Bc) was reached. Bearden unit of consistency or Bc is the measure of the consistency 

of a cement slurry with no direct conversion factor to more common units of viscosity (Nelson E.B. 

and Guillot D., 2006). Time to reach consistency values of 40, 70 and 100 Bc were reported. 

 
Table 2 Slurry formulation used for this study (density 1.876 g/cm3). 

Materials TH4025 TH40150 TH40150R1 TH40150R2 TH40230 TH40230R1 TH40230R2 

Class G (%) 100 100 100 100 100 100 100 

Silica flour (% bwoc) 40 40 40 40 40 40 40 

Water (% bwoc) 59 59 59 59 59 59 59 

SG retarder  (% bwoc) - - 0.50 1.20 - - - 

TA retarder  (% bwoc) - - 0.25 0.60 - - - 

SMPA retarder  (% bwoc) - - - - - 1.0 1.5 

AMS retarder  (% bwoc) - - - - - 1.0 1.0 

Anti-settling  (% bwoc) - - - - - 0.2 0.2 

PG-A antifoam (% bwoc) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

w/b 0.42 0.42 0.42 0.42 0.42 0.42 0.42 

 SG: Sodium gluconate, TA: Tartaric acid, SMPA: sodium methylene phosphonic acid, AMS: AMPS based random copolymer, PG-A: 

glycol polymer antifoam. 
 

 

2.2.2 Direct tensile strength (dog-bone) 

All cement slurries were mixed in a Waring blender according to API RP 10B-2 (2013). The water 

content was fixed at 59% for a target density of 1.876 g/cm3. Formulations are shown in Table 2. After 

blending, the slurries were conditioned in an atmospheric consistometer for 20 min at 25 °C. Slurries 

were then poured in two layers in to the moulds (dog-bone shaped) and tapped with a glass bar to 

remove any trapped air bubbles. The moulds were placed in a pressurized chamber and cured for 72 h 

at the selected temperatures (25, 150 and 230 °C) and pressure, 13.8 MPa (2000 psi). Ramp time for 

25°C to 150 or 230 °C was 70 minutes. After the initial curing the samples were left to cood-down to 

room temperature for two extra days. All prepared samples (6 briquettes per slurry) were de-moulded 

and tested at 5 days for their direct tensile strength following the modified procedure described in 

ASTM C307-08 (2008) standard. An ADMET eXpert 2600 dual column table top universal 

tensile/compressive testing machine (MTestQuattro® control) was used in all experiments.  

  

2.2.3 Total porosity, pore size and distribution 



 

Selected pieces from each dog-bone (briquette) tested were placed immediately in acetone for 3 days, 

and then removed and placed in a vacuum oven at 50°C and 66 kPa for between 72 and 90 hours until 

a stable weight was obtained. Sample of approximately 10 g were tested using an AutoPore IV series 

mercury intrusion porosimeter (MIP). Procedures followed those reported by Ye G. (2003). 

 

2.2.4 Mineralogical (phase assembly) and morphological analysis 

Selected samples for SEM analysis (FEI Quanta 250, Eindhoven, the Netherlands) were prepared from 

exposed fracture surfaces in acetone, dried in a convection oven at 50°C for 48 h to ensure all 

remaining water was removed, cooled, and then mounted on aluminium stubs for imaging, with the 

SEM operating at 15 kV accelerating voltage and at an approximately 10 mm working distance. 

Vacuum dried internal fragments taken from crushed dog-bone briquettes were hand ground to pass a 

75 micron sieve and used to determine the mineralogy by X-ray diffraction (XRD) (Rigaku MiniFlex, 

Japan) with FeK radiation, a 5° to 85° 2 range, 0.03° step size and an 18 s/step count rate. In 

addition, one un-hydrated blend was analysed as reference (Class G plus 40% bwoc silica flour). 

 

2.2.5 Calorimetric test 

The dry blend was mixed with water at water/ (cement + silica flour) ratio 0.42 in a Waring blender 

according to API RP 10B-2 (2013) standard. Approximately 2.5 mL of the 600 mL slurry was 

syringed into a pyrex flat bottomed tube (6 mm diameter x 5 cm), and placed into a high pressure 

stainless steel Setaram C80 calorimeter cell supplied by Setaram Instrumentation, France.  The cell 

was sealed and placed into the calorimeter simultaneously with the reference cell. A Class G plus 40% 

bwoc silica flour sample set at 150°C was used as a reference sample on the assumption that the 

thermal capacity matched, as closely as possible, the actual experiments (Aukett P.N. and Bensted J., 

1992). Nitrogen was applied to each cell at a pressure of 7.5 MPa (1088 psi) using a high pressure gas 

control panel. Heat was applied with temperature gradients from 27°C to 150°C of 70 min and then 

maintained for 72 hours. In the cases where samples were to be analysed by XRD, samples were 

prepared as the procedure described in 2.2.4. 

 

3. Results and Discussion 

 

3.1. Thickening Time and Calorimetric Analysis  

Thickening time data is shown in Table 3. At 25°C and 2000 psi pressure, thermal cement without the 

addition of retarder gives a TT of 7:51 h:m to 100 Bc and occurs over a period of approximately 3 

hours 20 minutes based on time from 40 to 100 Bc. At 150°C, as expected TT is considerably more 

rapid at 1:07 h:m to 100 Bc over a period of 20 minutes from 40 to 100 Bc. Retarder concentrations 

were determined to give TT to 100 Bc of around 4 and 12 hours at 150 and 230°C respectively.  

 
Table 3. Thickening-times (TT) of the different conventional (1.89 g/cm3) 

cement slurries tested (25, 150, 230°C -2000 psi-70 min). 

Slurry  
TT (h:min) 

40 Bc 70 Bc 100 Bc 

TH4025 4:31 6:31 7:51 

TH40150 0:45 1:01 1:07 

TH40150R1 1:24 4:09 4:10 

TH40150R2 11:47 11:49 11:51 

TH40230R1 3:35 3:36 3:38 

TH40230R2 10:45 10:47 10:48 

    Bc: Bearden units 

TT, with the exception of the 4 h retarded slurry TH40150R1 at 150°C, show a rapid thickening going 

from 40 to 100 Bc within 4 minutes, typical of a right angle set. The TH40150R1 however shows a 

somewhat slower rate of thickening taking almost 3 hours to go from 40 to 100 Bc. 

 



 

Calorimetric studies on the 150°C slurries are shown in Figure 1. The initial peak, due to wetting of 

the cement particles and initial hydration reactions, was not observed as this occurred during mixing 

and set-up of the test. In some cases the decline in the peak could be observed though again this 

typically occurred during the ramp up in temperature of the test and data obtained during this time 

period is questionable due to the non-equilibrium conditions which typically give negative heat flow 

values (Luke K., 2011). As the thermal cement without retarder reacted while the cement was ramping 

up to temperature it was not possible to see the first of the doublet peaks as observed in the 4-h and 

12-h retarded slurries. The TH40150* thermal cement (Figure 1- insert) contained a combination of 

0.375% SG and 0.187% TA retarders (bwoc). The small amount of retarder used was to give an 

indication on the trend in the doublet peak observed at minimal retarder concentration.  
 

Presence of peaks before the main hydration peak has previously been noted (Luke K., 2011). In the 

present study only a single peak is observed and occurs almost immediately in advance of the main 

peak and gives a notable exotherm that at lower concentrations produces a greater heat flow than the 

main hydration peak.  XRD analyses of the hydration products formed before and after this peak, 

Figure 1 inset points 1 and 2, indicate that the exothermic reaction is due to an initial hydration of the 

cement phases. Sample taken at point 1, quenched to stop hydration, had not set and was still in slurry 

form and give, C3S, C2S, ferrite, hemihydrate and periclase, typical of unreacted cement and quartz as 

the main phases as would be expected considering this sample was taken prior to the end of the 

induction period. The sample taken at point 2 clearly had some reaction products and XRD indicated 

Portlandite, ettringite and C-S-H.  The sample taken after the main hydration peak, point 3 showed a 

large hump in the background at 32-46 ° 2 indicative of an amorphous C-S-H gel and trace amounts 

of tobermorite. Unreacted C3S, C2S and ferrite were also detected. At such short hydration time, 

crystalline phases have not had much time to evolve.    

 

 

                                 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 Calorimetric data of thermal cement slurries at 150°C. 

 

It is notable that TT is considerably shorter than the calorimeter heat flow times given the same 

amount of retarder used, for example TH40105R2, TT is 11:51 h:min whereas onset of the main 

calorimetric peak is about 40 h. This is consistent with the fact that TT is a dynamic test whereas 

calorimetry is static. Stirring of the slurry in the TT test can cause the breakdown of the cement-

retarder protective layer giving renewed and faster hydration, and in addition TT is a measure of 

viscosity or gelation of a slurry and not necessarily related to the setting of the cement.  

 
3.2. Direct tensile strength (dog-bone)  

Figure 2 shows the average tensile strength of the thermal slurries at 25, 150 and 230°C at 3 days. The 

tensile strength at 25°C for the non-retarded thermal cement is 2.76 MPa (400 psi). It can be seen that 

this increases with temperature to around 4.13 MPa (600 psi) at both 150°C and 230°C. In is of note 

that the thermal blends at temperature with the lower dosage of retarder, giving 4 h thickening times, 



 

show a higher tensile strength, about 6.20 MPa (900 psi) and 4.48 MPa (650 psi) at 150 and 230°C 

respectively. At 150°C the 12-h retarder dosage appears to give a somewhat lower tensile strength 

value than obtained with the 4-h retarder dosage, though higher than without retarder. Tensile strength 

of the 12-h retarded samples cured at 230°C were not determined as these samples were found to 

fracture on demolding due to what appears to be a stronger adherence to the mold and weaker cement 

matrix and is being further investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Average tensile strength of the thermal cement slurries with or without retarder at 25, 150 and 230° C. 

 

3.3 Total porosity, pore size and distribution 

Mercury intrusion porosimetry analyses on selected pieces taken from the dog-bone briquettes are 

illustrated in Figure 3. Cumulative intrusion for the non-retarded slurries at 25°C, 150°C and 230°C 

are plotted in Figure 3a. At 150°C and 230°C the trends are similar where almost all the porosity is gel 

porosity with pore diameters less than 100 nm whereas at 25°C not only is there gel porosity but also 

capillary porosity. This is more clearly evident in the pore size and distribution plot, Figure 3b.  

 

It is evident that there is a more variable distribution of pores at 25°C with a number of peak maxima 

the two most notable at 324 nm and at 86 nm. At 150°C and 230°C the distribution in porosity 

becomes more refined with a narrow range of pore diameter. Although not evident in Figure 3b, there 

is a small peak at 284 nm and 74 nm for the 230°C and 150°C slurries respectively. Porosity at 230°C 

appears to be coarser, 45 nm, than at 150°C and is considered to relate to the space evolved as the 

silica flour grains react to form crystalline phases (Krakowiak K.J., 2015). Total porosity at 230°C is 

also notably higher 39.5% compared to 33.9% at 150°C and 34.5% at 25°C.   

 

The effect of retardation on porosity at 150°C appears to be minimal, Figure 3c. A slight increase in 

cumulative intrusion is observed as the retardation increases with total porosity values increasing from 

33.9% to 37.5% for non-retarded to 12 hours retardation respectively. The pore size and distribution 

data show an almost insignificant increase in the mean pore size of 23 to 26 nm with again an increase 

in retardation, Figure 3d. At 230°C there is a more significant effect on addition of retarder in that, 

even with 4-h retardation, the total porosity decreases to 32.1% in comparison to the non-retarded 

thermal cement having total porosity of 39.5%, Figure 3e. In addition the pore size and distribution 

show a much finer gel porosity after a 4 h retardation giving 23 nm compared to 45 nm for the non-

retarded thermal cement, Figure 3f. The reasons for this are not clear and are being further 

investigated.  
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Figure 3 Effects of curing regime and retarder loading on pore size and distribution 

 

The effect of retardation on porosity at 150°C appears to be minimal, Figure 3c. A slight increase in 

cumulative intrusion is observed as the retardation increases with total porosity values increasing from 

33.9% to 37.5% for non-retarded to 12 hours retardation respectively. The pore size and distribution 

data show an almost insignificant increase in the mean pore size of 23 to 26 nm with again an increase 

in retardation, Figure 3d. At 230°C there is a more significant effect on addition of retarder in that, 

even with 4-h retardation, the total porosity decreases to 32.1% in comparison to the non-retarded 

thermal cement having total porosity of 39.5%, Figure 3e. In addition the pore size and distribution 

show a much finer gel porosity after a 4 h retardation giving 23 nm compared to 45 nm for the non-

retarded thermal cement, Figure 3f. The reasons for this are not clear and are being further 

investigated.  

 

 

 

3.4 Mineralogical (phase assembly) and morphological analysis 

The phase assemblage of fragments taken from the dog-bone briquettes, are shown in Figure 4. The 

un-hydrated dry blend, TH40, shows a typical XRD pattern for Class G cement superimposed with the 

quartz peaks associated with the silica flour. C3S, C2S, ferrite (C4AF) and gypsum are clearly evident 

 

(c) Intrusion volume (150 °C) 

(e) Intrusion volume (230 °C) 

 

(f) Pore size and distribution (230° C) 

 

(a) Intrusion volume (No retarder)  (b) Pore size and distribution (No retarder) 

 

(d) Pore size and distribution (150° C) 



 

as well as possible trace amounts of C3A. Hydration of the non-retarded system at 25°C for 3 days, 

shows the presence of Portlandite (Ca(OH)2) along with some unreacted C3S, C2S and ferrite. There 

was no indication of ettringite or monosulfoaluminate phases, possibly due the loss of structural water 

as a result of drying conditions used to stop hydration. However, the gypsum appears to have reacted 

as it was no longer visible in the XRD trace. Quartz peaks were still intense as would be expected at 

25°C indicative that the silica flour acts as only as an inert filler at this temperature.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4 Crystalline phases present in the unhydrated samples and in samples (with and without retarder) 

hydrated at 25, 150 and 230 °C as determined by X-ray diffraction. (A: C3S, B: C2S, C: C4AF, F: Ferrite, G: 

Gypsum, L: Lime, Q: Quartz, P: Portlandite, T: Tobermorite, X: Xonotlite) 

 

There was also an indication of an increase in the background at about 34 to 40° 2 although not 

clearly visible in the diffractogram indicative of amorphous C-S-H hydration product. However, SEM 

images at 25°C, clearly show the presence of C-S-H gel and ettringite needles as illustrated in Figure 

5a.  XRD traces, Figure 4, of samples TH40150 and TH40150R1 hydrated for 3 days at 150°C appear 

to be similar. At this temperature there is a notable increase in the background at around 32-45° 2 

indicative of  a C-S-H gel that may be slightly more structured than at 25°C. The TH40150R2 sample 

appears somewhat different with a lower background and possibly containing trace amounts of 

xonotlite. Tobermorite peaks are clearly evident at temperatures of 150°C and above. Some unreacted 

quartz, C2S and ferrite are evident and not unexpected due to the early age of the reaction. In 

comparison to XRD the morphology of the samples at 150°C appear to show differences that relate to 

the initial retardation of the samples. In the case of the non-retarded sample reaction products are C-S-

H and tobermorite, Figure 5b. The tobermorite is composed of very thin platelets and appears to form 

on the surface of the quartz grains. This suggests a localized environment high in silica and low in 

CaO consistent with low CaO/SiO2 ratio favourable for formation of platelet tobermorite as observed. 

The dense packing and more defined structure can account for the narrow pore distribution and finer 

porosity of the non-retarded 150°C sample compared to the 25°C sample and the resultant increase in 

tensile strength.   

 

Retardation of the thermal cement slurry has a notable change on the morphology at 3 days, with a 4-h 

thickening time giving larger and more defined tobermorite platelets, Figure 5c, and a 12-h thickening 

time producing fibrous tobermorite, Figure 5d, and potentially some xonotlite based on XRD. 
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Figure 5 Morphological features after 3 days of curing at 13.8 MPa, a) TH4025, b) TH40150, c) TH40150R1 

and d)TH40150R2 

 

Although not shown in Figure 5 (c) the TH40150R1 sample showed the presence of a gel-like material 

indicative of C-S-H (1) that was also observed to a lesser extent in the TH40150R2 sample. On the 

basis of the XRD and SEM morphology it is evident that the degree of retardation has an effect on the 

phases formed. It is considered that although the hydration reaction is retarded that the samples having 

been exposed to the 150°C temperatures during the induction period will have a somewhat different 

aqueous and solid phase composition compared to a sample that reacted without retarder. This would 

be more evident at the longer retardation times. Ettringite formed on initial reaction with water or at 

early stages would be converted to AFm due to its stability limit of around 70°C (Nelson E.B. and 

Guillot D., 2006). Dissolution of quartz during the induction period is likely to affect the overall 

CaO/SiO2 ratio. At the end of the induction period hydration of ferrite phase is more likely to produce 

AFm rather than ettringite with additional sulfate. This reaction notably occurs before the onset of the 

C3S/C2S reactions, on the basis of the calorimetric data, and adds to the potential for both sulfate and 

alumina substitution for silica in the forming calcium silicate hydrates and may explain the formation 

of  the fibrous form of tobermorite observed in TH40150R2 compared to the platelet habit with 

TH40150 and TH40150R1 (Mostafa N.Y., et al., 2009). Further work is required to verify this. In 

addition it has been shown previously that the phase assemblage and morphology is dependent not 

only on the bulk but also on the localized CaO/SiO2 ratios and relates to the solubility of the initial 

materials, i.e silica, and the crystalline hydrated phases and this may possibly explain the presence of 

xonotlite in TH40150R2 (Luke K. and Taylor H.F.W., 1984). The increase in the crystallinity of the 

tobermorite in the retarded samples both in terms of the platelets and the fibers would account for the 

subtle increase total porosity, however, the data does not explain the notably higher tensile strength of 

TH40150R1 compared to TH40150 and TH40150R2 and this need further investigation.  
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Figure 6 Morphological features after 3 days of curing at 13.8 MPa, a) TH40230 and b)TH40230R1 

 

Although data at 230°C is limited due to experimental issues, the difference between the phase 

assemblage and morphology of the non-retarded slurries at 25°C and 150°C is notable. The 

tobermorite formed along with xonotlite at 230°C have a fibrous morphology, Figure 6a, by 

comparison to the platelets observed at 150°C, Figure 5b. The more defined aspect and larger crystals 

size indicates a greater degree of crystallinity. In addition there is no indication of amorphous C-S-H 

gel at 230°C. The greater crystallinity is also consistent with the coarser porosity compared to the 

150°C non-retarded cement as observed in Figure 3b and may in part also explain the lower tensile 

strength at 230°C.  As is the case with the retardation on the 3 day samples at 150°C there is also a 

notable change in the morphology of the 4-h retardation on the morphology of the 3 day sample at 

230°C.  In this case the xonotlite fibres have a different aspect, and instead of the short well defined 

crystals of the TH40230, Figure 6a, the xonotlite of the 4-h retarded TH40230R1 cement slurry forms 

a mass of what appears to be less crystallized bundles of needle-like fibers that form a network 

structure. This again would explain the lower total porosity of the TH40230R1 of 32.1% compared to 

39.5% of the non-retarded TH40230, and the lower pore diameter, 23 nm compared to 45 nm 

respectively, Figure 3 e and f. The different morphology of the hydration product coupled with the 

porosity explains the slightly higher tensile strength observed. 

 

The results of the current study show that it is not only the phase assemblage but the morphology of 

the hydration products that relate to the total porosity and pore size and distribution and ultimately 

tensile strength. Although it has been possible in most cases to correlate the data, in terms of 

morphology and phase assemblage with porosity and ultimately tensile strength, there is still a 

question as to why the T40150R1 has such a high tensile strength. Although the retardation of the 

thermal cement slurry modifies the morphology and to some extent phase assemblage and porosity at 

3 days it remains unclear if these changes are impacted over the long term, 28 days or more, and this is 

an area that needs further research. 

 

4. Conclusions 
In this study, the influence on tensile strength of the crystalline phase assemblage of the cement matrix, 

formed on curing under down-hole conditions, was investigated. Temperatures of 150°C and 230°C 

and 13.8 MPa were chosen as they were within the field stabilities of the two predominant crystalline 

phases prevalent in down-hole cement compositions, namely tobermorite and xonotlite. The fibrous 

morphology of these phases was considered to be of particular interest in terms of how the matrix 

could beneficially impact tensile strength.   

 

The impact on tensile strength of the cement matrix was defined by the interrelation of total porosity, 

pore size and distribution with the morphology of the crystalline phases produced. The crystalline 

phases formed at 150°C and 230°C produced a matrix consisting almost entirely of gel porosity within 

a narrow distribution range and resulted in higher tensile strength compared to the C-S-H gel formed 

at 25°C which had both capillary and gel porosity and a wide particle size distribution. Retardation of 

the cement slurry to 4 and 12 hours showed little impact on phase assemblage though actual phase 

morphology differed significantly resulting in subtle changes in total porosity and mean pore size at 

150°C and significant changes at 230°C that resulted in increased tensile strength. Morphology 

changes with retardation at 150°C showed, initially with no retarder a tobermorite composed of very 

small fine platelets, that on retardation for 4 hours were larger and more defined and after 12 hours 

Xonotlite + Tobermorite 

b a 



 

retardation developed a fibrous habit. However, retardation to 4 hours at 230°C resulted in a notable 

change in the morphology of the xonotlite needles/fibers from short well defined crystals to a network 

of bundles of needle-like shaped fibers. Correlation however between the morphology and tensile 

strength in this case was not evident and requires further investigation.   

 

Initial studies using calorimetry and XRD indicate there is some fundamental change occurring on the 

solid phase hydration dependent on retardation time that can impact at least the short term matrix 

morphology and porosity that can ultimately impact the tensile strength. To date testing had only been 

performed after 3 days hydration when the phase assemblage is not at equilibrium. Longer term testing 

is suggested to determine if the effects seen at short term can and do impact phase assemblage and 

morphology of the matrix in the long term and if these can be modified to improve the tensile strength 

and other mechanical properties of the cement sheath. 
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Abstract 

The present study investigates the compressive strength, water absorption, electrical resistivity, and 

chloride permeability of self-compacting mortar (SCM) specimens containing fly ash and nano-TiO2 

(NT).  Portland cement was replaced by 1%, 2%, 3%, 4% and 5% TiO2 nanoparticles and then fly ash 

(FA) with the ratio of 25% of the weight of cement was constantly added. Rheological, mechanical 

and durability properties of the produced samples were assessed. Water absorption, electrical 

resistivity, and rapid chloride permeability tests (RCPT) were conducted to determine the durability 

properties of SCMs. The results show that the presence of the nanoparticles enhance the mechanical 

and durability properties of specimens. The highest compressive strength and chloride permeability 

improvement was observed through 5wt% replacement of nanoparticles, while specimens involved 

4wt% NT had the best result in water absorption and electrical resistivity. On the whole, it can be 

concluded that the properties of mixtures have been significantly improved by replacing cement with 

nano-TiO2.  

 

Key words: nano-TiO2; self-compacting mortar; fresh and mechanical properties; electrical resistivity; 

rapid chloride permeability test. 

Introduction 

The application of nanoparticles in concrete has commenced since the early 2000s. Some research 

studies were conducted investigating how these additives influenced the properties of mortar or 

concrete. From researchers’ point of view, in general, nano-additives such as SiO2 (NS), Al2O3 (NA), 

and Fe2O3 (NF) powders were mostly utilized in the studies. But, the use of other nanoparticles (such 

as nano-ZnO2 and nano-TiO2) has been examined rarely [1-3]. For instance, Meng et al. [4] conducted 

research on the effect of nano-TiO2 on the mechanical properties of cement mortar specimens. 

According to the obtained results, substituting nano-TiO2 with cement led to an increase in the 

strength of cement mortar at early ages (1-, 3- and 7-day) and reduce it at late ages (28-day). Also, 

modifying the fluidity and the strength at late ages of the cement mortar with nano-TiO2 was 

beneficial by the addition of superplasticizer and slag powder into mixtures. Sobolev et al. [5] 

reported that the strength of specimens increased by 15-20% through adding nanosilica. Porro et al. [6] 

found that utilizing nanosilica particles led to an increase of the compression strength of cement 

pastes. Oltulu et al. [1] investigated the influence of single, binary and ternary of various 

nanoparticles (nano-SiO2, nano-Al2O3, and Fe2O3) on compressive and flexural strengths of mortar. 

The results indicated the improvement in most specimens. In 2006, Josef et al. [7] indicated a 

satisfactory photocatalytic impact of the nano-TiO2 film created on the top of glass on four familiar 

organic pollutants. Senff et al [8] used SiO2 and TiO2 particles to improve the durability of traditional 

building materials. The photocatalytic capacity of semiconductor materials is one of the most well-

known applications of nanomaterials in the construction industry. Some semiconductors materials, 

such as TiO2, ZnO, Fe2O3, WO3 and CdSe have photocatalytic capacity [9, 10]. TiO2 is able to 

crystallize as rutile, anatase and brookite, and also it is the most available nanomaterial, the 9th most 
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abundant element in the Earth crust, and is currently utilized as additive in the painting industry [9]. 

Moreover, the effect of fly ash (FA) on the strength of concrete materials has been already 

investigated. In 2011, Barbhuiya [11] conducted some tests to obtain the influences of using FA 

powder on the properties of self-compacting concrete (SCC) specimens. As could be observed from 

the results, the specimen with fly ash was found to demonstrate the satisfactory requirements 

suggested by the European Federation of Producers and Contractors of Specialist Products for 

Structures (EFNARC) guide for making SCC. However, the high related cost of using chemical 

admixtures and high volume of Portland cement can be taken into account as one of the drawbacks of 

SCC. So using mineral additives such as fly ash can be illustrated as a remedial to eliminate this 

significant issue. 

Having less coarse aggregate in SCC than regular concrete make the properties of mortar important. 

In other words, the need for sophisticated instruments led to the measurement of the rheological 

properties of self-compacting concrete to be often impractical. Thus experimental studies of mortar 

are easier than those of concrete. Therefore, what can be utilized to investigate the performance 

characteristics of SCC is SCM [12-16]. 

This study investigates the advantages and drawbacks of using nano-TiO2 on rheological, mechanical 

and durability properties of self-compacting mortar (SCM) containing fly ash. 

2. Experimental Plan 

2.1 Materials 

Ordinary Portland cement type II and fly ash class F conformed to ASTM C150 [17] were used in this 

study. Table 1 shows the physical and chemical properties of cement and fly ash. Moreover, Natural 

river sand was added as fine aggregates. A dosage of superplasticizer with density of 1.03 g/cm3 

according to polycarboxylate acid, PCE according to ASTM C494 TYPE F [18] was utilized to 

accelerate the compact formation of specimens. Some specific properties of TiO2 nanoparticles are 

demonstrated in Table 2. 

2.2. Mixture proportion 

The mixtures with various proportions at 700 kg/m3 of binder were produced. The percentage of 

cement replacement by fly ash used was constant at 25% of the weight of the total cement binder 

(containing cement, fly ash, and nanoparticles) in all mixtures. The content of nanoparticles and the 

water to binder (w/b) ratio were determined through doing some preliminary experimental tests 

involved nanoparticles. The water to binder ratio of 0.4 was also considered constantly in all mixtures. 

The ratio of superplasticizer changed from 3.5 kg/m3 to 4.5 kg/m3 to possess the slump flow diameter 

in the prescribed limited area to the procedure recommended by EFNARC committee (European 

Federation for Specialist Construction Chemical and Concrete Systems) [12]. The mixture proportions 

are summarized in Table 3. 

2.3. Production of specimens 

It is likely that nanoparticles do not be distributed uniformly in the mixtures because of their 

pozzolanic activity. This probability can directly influence the physical and mechanical properties of 

mortars.  For that reason, in this study, specimens were produced after carrying out some preliminary 

experiments, which are described as follows: 

1- In the first step, cement and sand were mixed for about 1 minute with the speed of 80 rpm.  

2- Then fly ash, 30% of water, and nanoparticles were added and mixed with the speed of 120 

rpm for round 1 minute.  
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3- The obtained mixtures were rested approximately 1.5 minutes.  

4- Finally, the remaining amount of water (70%) and superplasticizer were added and mixed 

well for 2 minutes to combine the mixtures completely.  

The mortars were then cast in the 50-mm cube molds, and the produced specimens were kept in the 

laboratory for 24 hours under constant room temperature. Finally, all specimens were stored in the 

water tank at a constant 20±1°C temperature, until the testing day. The mechanical properties of the 

hardened mortars were obtained by carrying out compressive strength tests at the ages of 3, 7, 28, and 

90 days. Water absorption, electrical resistivity and rapid chloride permeability test were also 

conducted on the 90th day to assess the durability of specimens. 

3. Result and discussion 

3.1 Fresh properties of self-compacting mortar 

After combining materials, the slump flow diameter and V-funnel flow time tests were conducted to 

evaluate the fresh properties of specimens. Bleeding and segregation of concrete were observed 

visually.  The fresh mortar tests were carried out in accordance to the procedure given by EFNARC 

Committee [12].  

Table 4 indicates the fresh properties of mortars. The slump flow diameter of the specimens was 

increased by enhancing the ratio of nanoparticles while the V-funnel flow time (s) was relatively 

reduced.  Specimens with 5wt% NT nanoparticles had the lowest and the highest V-funnel flow time 

and slump flow diameter as 7.6s and 25.8s, respectively. Results indicated that the ratio of slump flow 

diameter of samples containing 1% and 2% nano-TiO2 was not affected and the similar diameter was 

observed in both the control and the specimens with NT at these ratios (1% and 2%). However, this 

phenomenon is slightly different in specimens with higher NT ratios. The V-funnel flow time of all 

specimens with various ratios of 1%, 2%, 3%, 4% and 5% NT is influenced significantly. Mixtures 

containing 5wt% nano-TiO2 experienced the lowest flow time among all the specimens. In general, 

the rheological properties of specimens with different content of nanoparticles increased slightly.  

3.2 Mechanical and durability properties of self-compacting mortars 

3.2.1 Compressive strength 

The compressive strength tests of specimens were conformed to ASTM C109-93 [19].  Figure 1 

shows the results of the compressive strength of mortar specimens with nanoparticles. According to 

the obtained results, the compressive strength of specimens increased and reached its peak at the 

oldest curing day (90 days). The best volume fraction of TiO2 nanoparticles can be illustrated at 5%. 

The strength of all samples at different ages is increased by the enhancement of nano-TiO2. In fact, 

there has been an upward trend in the mixtures with nano-TiO2. As can be seen from Figure 1, this 

trend is more significant in all specimens after replacing more than 2% of TiO2. In 2012, Meng [4] 

reported that the compressive strength of cement mortar containing 5wt% nano-TiO2 at 28 days was 

enhanced with increasing nano-TiO2 content up to approximately 10%.  In this study, the percentage 

of strength was obtained by around 17% when 5wt% of nano-TiO2 was replaced with cement at 28 

days. It can be due to the important function of nano-TiO2 in formation of C-S-H gel by increasing the 

content of Ca(OH)2 crystals, especially at the early age of hydration. If the amount of nanoparticles 

and the distance between them be suitable then crystallization and the growth of Ca(OH)2 crystal will 

be controlled and restricted. This phenomena assists the cement matrix with being more homogenous 

and compact. As a consequence, the strength of specimens is affected positively [20].  

 

3.2.2 Water absorption 
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The water absorption results of the tested self-compacting mortars containing nano-TiO2 at various 

contents are presented in this section. Figure 2 shows that increasing the amount of nanoparticles 

caused a constant trend in specimens containing NT. Although mixtures with nano-TiO2 at ratios of 1% 

and 2% had relatively the similar rate of water absorption, all specimens were effectively influenced 

by replacing nanoparticles. There has been a steep drop in the water absorption of specimens with 

higher content of TiO2. In fact, the water absorption was approximately dropped continuously in 

samples containing NT, except samples with 5% of nano-TiO2 in which water absorption increased 

slowly compared to samples with 4% NT. And this is probably due to inappropriate distribution of 

nanoparticles. In contrast with the control sample, the absorption of specimens involved NT at ratio of 

1% decreased by 2.9% and was preceded by drop at 2%, 3%, and 4% with 3.3% , 5.7%,  and 11.9%, 

respectively. In contrast to this, there was an increase in samples with 5% NT which is not desirable. 

It was generally observed that replacing TiO2 nanoparticles dropped the water absorption compared 

with ordinary sample in all specimens. This is because of the expectation of nanoparticles filling voids 

of mixtures and so decline the water absorption. The lowest rate of water absorption was determined 

through 4NT. So 4wt% of nao-TiO2 can be mentioned as the best ratio in this test.  

3.2.3 Electrical resistivity 

Figure 3 shows changes in the electrical resistivity of the SCMs containing TiO2 nanoparticles. In 

comparison with the control specimens, an increase in the electrical resistivity can be seen in all 

specimens, whereas the specimen containing 4wt% of nanoparticles obtained the greatest resistivity. 

The addition of nanoparticles increased the resistivity of specimens, as a result, decreased the 

corrosion rate. The corrosion is unlikely to be imposable in the samples involved 4wt% and 5wt% NT. 

In mixtures containing 1%, 2%, and 3% NT, corrosion rate is low to moderate (see Table 5). It 

indicates the substantial influence of nano-TiO2 on electrical resistivity of mixtures. The significant 

function of nanoparticles at high ratios can be by virtue of the importance of them into compacting 

microstructure of mixtures. In fact, the more electrical resistivity would be as a result of the superior 

compaction.  

3.2.4 Rapid chloride permeability test (RCPT) 

Rapid chloride permeability test or RCPT can be taken into consideration as one of the methods of 

controlling the quality of the hardened mortar or concrete. The RCPT results of self-compacting 

mortars are indicated in Figure 4. As can be inferred from the results, utilizing nanoparticles has 

importantly affected the resistance of samples against chloride permeability. Mixtures with 5wt% NT 

had the lowest charge passed amongst the specimens and can be sorted in a category with low 

chloride permeability, as seen in Table 6. Based on Table 6 this is obvious that all specimens can be 

sorted in a category with low chloride permeability as the charge passed in all samples is ranged 

between 1000 and 2000 coulombs. From the records, samples with NT at ratios of 1%, 2%, 3%, 4% 

and 5% had the transmission charge passed of 1847, 1840, 1589, 1285, and 1201coulombs, which are 

36.31%, 36.55%, 45.2%, 55.68%, and 58.58% lower than the plain sample, respectively. It indicates 

that chloride permeability of the mixtures with TiO2 nanoparticles is declined when the content of 

nanoparticles increases. Consequently, according to the results, nanoparticles play a vital role in 

dropping the ratio of chloride permeability with different volume fractions and so in increasing the 

durability of mixtures.  

3.3 Microstructure 
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Microstructures affect the properties of samples such as rheological, mechanical and durability and 

are described through the SEM micrographs. The SEM micrographs of specimens without and with 

nanoparticles can be observed (after 90 days of curing in water) in Figures 5 and 6, respectively. 

Nanoparticles play a filler role in order to enhance the density of samples, which can decrease the 

porosity of mixtures. On the one hand, nanoparticles can accelerate cement hydration by virtue of 

their high free energy; on the other hand, they can also act as kernels in cement paste to reduce the 

size of Ca(OH)2 crystals and to make the tropism more stochastic [23]. According to the Figure 5, 

some large pores in control specimen were observed, whereas adding nanoparticles filled these pores 

and led to a denser microstructure, see Figure 6. The cement hydration and the volume of larger pores 

were accelerated and reduced, respectively. In other words, the amount of Ca(OH)2 crystals was 

decreased and a compact formation of hydration products was observed by utilizing this micrograph. 

This results in demonstrating a more compact microstructure and so rapid processing of C-S-H gel in 

presence of disparate nanoparticles. In fact, Ca(OH)2 amount which is created during the hydration of 

Portland cement related to the high activity of nano-TiO2, can be taken into account as one of the 

reasons of the improvement of properties in samples containing nanoparticles.  

Conclusion  

In this study, the rheological, mechanical and durability properties of self-compacting mortar (SCM) 

containing nano-TiO2 and fly ash were investigated and indicated the benefits of using nanoparticles 

to improve the properties of SCM. Based on the obtained results, the following conclusions can be 

drawn: 

1-The rheological properties of SCM samples improved.  In the present case, the NT content up to 

5wt% resulted in greater slump flow diameter, as well as shortening up to 30% of the V- funnel flow 

time.   

2- Both mechanical and durability properties of specimens improved, namely at higher amounts of NT 

particles. Nano-TiO2 affected the compressive strength of mixtures significantly. Replacing of NT at 

5wt% in all ages enhanced the compressive strength of mortars more than the other proportions, 

namely at late ages (90 days). The proportion of 5wt% can be illustrated as optimal compressive 

strength in all specimens, at all ages. 

3- The utilization of 4wt% nano-TiO2 gave the lowest water absorption. However, all samples have 

been affected importantly in terms of water absorption by replacing NT with cement. 

4- The replacement of nano-TiO2 influenced the electrical resistivity of mixtures dramatically. For 

self-compacting mortars containing FA, if the mixtures be compared from the proportional point of 

view, the best result was obtained by samples with 4wt% NT which had the lowest probability of 

corrosion.  

5- Among the self-compacting mortars involved FA, the highest chloride permeability improvement 

was observed through 5wt% replacement of nanoparticles. Meanwhile, the permeability of specimens 

improved significantly by replacing NT at various ratios.  
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Figures 

 

 
Fig. 1. Variation of compressive strengths of self-compacting mortars containing nano-TiO2 

at different ages. 
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Fig. 2. Water absorption of self-compacting mortars containing TiO2 nanoparticles. 

 

 
Fig. 3. Electrical resistivity values for specimens containing TiO2 nanoparticles 
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Fig. 4. Rapid Chloride Penetration Test (RCPT) results 

 

 
Fig. 5. SEM micrograph of mortar without nanoparticles 
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Fig. 6. SEM micrograph of mortar with nano-TiO2 

Tables 

Table 1 

Chemical composition of and physical properties of ordinary Portland cement and fly ash 

Chemical analysis 

(%) Cement Fly ash 

SiO2 21.56 55.8 

Al2O3 6.67 20.75 

Fe2O3 6.17 6.66 

CaO 49.88 4.12 

MgO 4.51 1.9 

SO3 2.75 0.44 

K2O 0.76 1.73 

Na2O 0.43 0.78 

LOI 2.79 1.95 

Specific gravity 

(g/cm3) 

3.15 2.2 

Specific surface area 
3250 285 
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(cm2/g) 

   

 

Table 2 

Properties of TiO2 nanoparticles 

Diameter (nm) Surface volume ratio (m2/g) Density (g/cm3) Purity (%) 

15 200 <0.15 >99 

    

 

 

 

 

Table 3 

Mixture proportioning of SCMs 

Label 
Cement 

(kg/m3) 
FA (kg/m3) 

Nano TiO2 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 
SP (kg/m3) 

Control 525 175 0 280 1210 4.2 

1NT 518 175 7 280 1198 3.8 

2NT 511 175 14 280 1187 3.9 

3NT 504 175 21 280 1176 3.9 

4NT 497 175 28 280 1164 4.1 

5NT 490 175 35 280 1153 4.2 

 

 

Table 4 
Fresh properties of mortars 

label 

Slump flow 

diameter 

(mm) 

  
V-funnel flow 

time (s) 
  

Control 245  11 

1NT 245  9.8 

2NT 245  10 

3NT 250  8.1 
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4NT 253  8 

5NT 258   7.6 

 

 

 

 

 

 

 

 

Table5 

Relationship between electrical resistivity and corrosion rate [21] 

Electrical resistivity ρ (kΩ cm)   Corrosion rate 

>20 

   

Low 

10–20 

   

Low to moderate 

5–10 

   

High 

<5       Very high 

 

 

Table 6 

Chloride Permeability Based on Charge Passed [22] 

Charge Passed (Coulombs)   Chloride Permeability 

>4000 

   

High 

2000–4000 

  

Moderate 

1000–2000 

  

Low 

100–1000 

   

Very low 

<100       Negligible 
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Abstract 

Sacrificial concrete is an important component of EPR(European Pressurized water Reactor). Its molten core-

sacrificial concrete interactions (MCCI) and high temperature erosion process must be investigated for the usage in 

nuclear power plant. In this paper, the melting temperature and compressive strength evolution of sacrificial concrete 

under high temperature were investigated. Then the simulated molten core-sacrificial concrete interaction experiment 

were followed. The molten erosion depth, temperature conduction and thermal deformation of sacrificial concrete were 

tested. The results showes that residual compressive strength of sacrificial concrete is 12~16MPa after expsoure of 

1000°C high temperature. And the melting temperature is about 1100~1180°C. The surface erosion depth at the 

bottom of sacrificial concrete is greater than that on the lateral side, the temperature of sacrificial concrete quickly rise, 

and then decreases slowly. The thermal deformation of sacrificial concrete bath increases with time, and the maximum 

strain of sacrificial concrete is 250~602με. The new formed molten products are Fe3O4 and Ca2Fe9O13. Utilization of 

mid grade hematite replace high grade hematite, and using 50% mineral admixture containing fly ash and GGBS 

replace cement is in favor for preparation of high performance sacrificial concrete. Additionally, adding 1.5kg/m3 PP 

fiber into sacrificial concrete could improve the thermal cracking resistance capacity, and reduce the molten erosion 

depth and strength loss of sacrificial concrete. 

 

Originality 

The high temperature properties and molten process of sacrificial concrete is very important for safety of the EPR 

(European Pressurized water Reactor), which decides the cooling speed of molten core and rescue response time. It is 

glad that a simple molten core-sacrificial concrete interactions (MCCI) experiment is designed, and the main 

properties evolution of sacrificial concrete can be tested. Generally, the molten erosion depth and melting temperature 

of sacrificial concrete were tested. However, the temperature conduction and termal deformation of sacrificial concrete, 

which is the most important factors for the cracking and damage of sacrificial concrete structure, were ignored.  So the 

analysis of mainly parameters including residual compressive strength, melting temperature, molten erosion depth, 

especially the temperature conduction and thermal deformation of sacrificial concrete under MCCI is the first 

originality. 

It is well know that the binding materials of ordinary sacrificial concrete are mainly cement and silica fume, which will 

reduces its workability and cracking resistance capacity. Utilization of 50% mineral admixture containing fly ash and 

GGBS, adding 1.5kg/m3 PP fiber into sacrificial concrete improved the thermal cracking resistance capacity, and 

reduce the molten erosion depth and strength loss of sacrificial concrete. So the high performance sacificial concrete is 

second originality.  

 

Keywords: Sacrificial concrete; MCCI; high temperature; thermal deformation; PP fiber 
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1. Introduction 

Large amounts of radioactive materials are present in a nuclear fission reactor, whose release would be 

harmful to the environment. Therefore, the risk of a severe accident should be seriously considered in 

stage of design, construction and operation of a nuclear power plant. To prevent the hazardous 

emissions, the core catcher is designed in the third generation of nuclear power plant such as VVER-

1000、EPR、COMET(Widmann W. et al., 2006). The sacrificial concrete layer is an important 

component of the core catcher. The motivation of using sacrificial concrete is based on the expectancy 

that the molten core-concrete interactions involve specific phenomena which are essential with respect 

to fulfilling the goals of the temporary melt retention and to demonstrating its inherently safe 

operation (Fischer M, 2004). In the sacrificial concrete used in the EPR reactor pit, hematite (Fe2O3), 

quartz (SiO2) and limestone were used as aggregate (Sevón T, 2010). 

A lot of work has been done in the literature. The crack resistance property and high temperature 

damage of sacrificial concrete were studied (Cao, et al., 2012; Li, et al., 2013) and Eppinger 

(B.Eppinger,2000) described the concrete erosion by a corium melt. Sevon (Tuomo Sevon, 2013) 

experimentally investigated the interaction between molten core and hematite-containing concrete. 

With the development of high performance sacrificial concrete, the molten core-concrete interactions 

process should be investigated before using in the local nuclear power plant of China. In the past, 

substantial efforts were devoted to the development of MCCI (Molten core-concrete interaction) 

models, as a valuable contribution for risk-oriented analysis and MCCI behavior of severe accidents in 

the process of plants operation (Michel Cranga, et al., 2012). Obviously, the model parameters 

including melting temperature, erosion depth and temperature conduction coefficient are important. 

In this study, the high performance sacrificial concretes containing hematite, quartz, mineral 

admixtures and fiber were prepared. The simulated molten core (thermite)-sacrificial concrete 

interaction experiment was investigated, and the melting temperature and compressive strength 

evolution of sacrificial concrete under high temperature were investigated. And the molten erosion, 

temperature conduction and thermal deformation of high performance sacrificial concretes were 

measured. The microstructure and phase evolution of sacrificial concrete attacked by molten thermite 

were also investigated by SEM and XRD.    

2. Experimental 

2.1. Raw Materials 

A Chinese standard P.I.52.5 Portland cement, Class I fly ash(FA), S95 GGBS and silica fume(SF) was 

used as cementing materials. The chemical composition of cement is shown in Table 1. The quartz 

with SiO2 content more than 95% and two types of hematite, which is mid grade and high grade, were 

used as aggregate, and the size of aggregates was 0~8mm. The mid grade hematite with Fe2O3 

content is 70~80%, which is used for high performance sacrificial concrete Y3 and Y5. The high grade 

hematite with Fe2O3 content is more than 90%, which is used for ordinary sacrificial concrete HD09 

and HD09OP. The polypropylene (PP) fiber with elasticity modulus is 3500MPa, and melting point of 

160℃ was used in the test. A polycarboxylic acid-type superplasticizer was used and its dosage was 

adjusted to keep the slump of fresh mixture in the range of 160~200 mm. 

Table 1 Chemical composition of cementing materials 
Constituent 

(wt%) 
Loss SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 P2O5 Cl 

Cement 0.58 21.07 3.79 3.19 61.85 3.05 0.61 0.26 0.24 2.26 0.08 0.039 

GGBS 0.37 32.87 13.40 1.34 41.06 5.64 0.54 0.45 0.59 2.68 0.04 0.01 

Fly ash 0.73 51.67 33.41 4.33 4.87 0.77 1.04 0.39 1.46 0.69 0.34 0.018 

The mixture proportions and the corresponding compressive strengths of the sacrificial concretes are 

given in Table 2. 

Table 2 Mix proportion and compressive strength of concretes 
No kg·m-3 Compressive 

strength(MPa) 
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 Cement FA GGBS SF Hematite Quartz Water Fiber 28d 90d 

Y3 225 75 150 0 1261 944 175 0 42.0 55.6 

Y5 225 75 150 0 1261 944 160~170 1.5 46.7 53.4 

HD09 388 135 0 20 1060 980 175~181 0 64.8 79.8 

HD09OP 388 135 0 20 1060 980 175~181 1.5 63.1 76.2 

Concrete specimens were prepared two sizes. The one is cube sample (100mm*100mm*100mm) 

using for high temperature test. The other is a square section (400mm×400mm×300mm) using for 

MCCI experiment, and the molten bath inside the specimens with size of 200mm×200mm×150mm. 

The sacrificial concrete specimens were cast and cured for 90 days in the room. To gain the 

temperature field in the sample subjected to high temperature action, the thermocouples and strain 

gauges were used. The upper thermocouple was located under the molten bath for 15~40mm. The 

spacing between the upper thermocouple and the middle one, and the spacing between middle 

thermocouple and bottom one were both 10mm. the thermal deformation sensors were located in both 

sides of the specimens. 

2.2. Experimental Process 

In high temperature test, sacrificial concrete specimens were placed in high temperature furnace, the 

furnace temperature curve  meets with standard ISO834. The specimens had placed in furnace at 

400°C，800°C and 1000°C  for 1h, the residual compressive strength were tested. Other 

specimens heated to molten, and the melting temperature was decided.  

In additionally, sacrificial specimens were placed in the high temperature resistant sealing furnace. 

2kg thermite was used as replacement of the molten core and put inside the molten bath. The mix 

proportion of thermite is aluminum powder: calcium oxide: ferric oxide=1:1.5:3 and its melting 

temperature is about 2500°C. In the molten core-concrete interaction process, the temperature in 

different depth of sacrificial concrete specimens was tested, and the thermal deformation was recorded 

by strain gage devices. When the MCCI experiment was finished and the melt was cooled, the melt 

was cleared and the molten erosion depth in the bottom and sides of sacrificial concrete molten bath 

was measured. The corresponding components were analysed by XRD. 

3. Results and Discussion 

3.1. Residual compressive strength and melting temperature 

The residual compressive strength of sacrificial concrete under high temperature is shown in Figure 

1(a). Obviously, the compressive strength loss can be ignored after 400°C， and then the strength 

reduces sharply with increasing temperature due to the decomposition of Ca(OH)2 and CSH. Even 

after 1000°C high temperature action, the residual compressive strength of sacrificial concrete is 

about 12~20MPa. The specimens were heated to molten; the melting temperature of sacrificial 

concrete is about 1100~1180°C and the experimental results plotted in Figure 1 (b). Fig.1 indicated 

that the PP fiber improved the high temperature erosion resistance capacity of sacrificial concrete, and 

the residual compressive strength and melting temperature increases compared with ordinary 

sacrificial concrete simultaneously.   
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(a) residual compressive strength                                        (b) melting temperature 

Fig.1 The properties evolution of sacrificial concrete under high temperature 

3.2. Erosion depth of sacrificial concrete in MCCI 

The molten erosion in the bottom and sides of sacrificial concrete molten bath is shown in Figure.2. 

Testing the bottom and side erosion depth of various sacrificial concretes, of which, the bottom 

erosion depth of Y3 and Y5 series of sacrificial concrete as shown in Figure 3. Point 0 to 10 represents 

one side to the other side, and point 5 is the central position of the bottom. Obviously, the erosion 

depth is high in the middle part of molten bath. Other types of concrete bottom and sides of maximum 

erosion depth are shown in Table 3. It indicated that by the effect of 2000~2200g high temperature 

flux, the maximum erosion depth in the bottom of sacrificial concrete is 11~18mm, the side erosion 

depth is 3.8~5.4mm, the bottom surface erosion depth is greater than the side. Additionally, the molten 

erosion resistance capacity of high performance sacrificial concrete Y3 and Y5 is better than that of 

ordinary sacrificial concrete, and the existence of pp fiber reduces the erosion depth of sacrificial 

concrete in MCCI experiment.    

   

（a）Cooled molten thermite     (b) erosion in bottom       (c) erosion in sides 

Fig.2 Molten thermite erosion of sacrificial concrete bath 
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（a）Y3                                           (b) Y5 

Fig.3 Erosion depth of the bottom inside Y3 and Y5 sacrificial concrete baths 

Table 3 the maximum erosion depth of the bottom and sides in sacrificial concrete baths (mm) 
 Y3 Y5 HD09 HD09OP 

Bottom 13.81 10.86 17.95 11.82 

Side 5.43 4.5 3.79 4.98 

3.3. Temperature conduction analysis in MCCI  

The temperature evolution of varying depth inside sacrificial concrete part from the bottom of molten 

bath is tested by thermocouple and shown in Fig.4. Because the error in cast, the distance between the 

bottom of molten bath and the upper thermocouple is unfixed, and the distance of Y3, Y5, HD09 and 
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HD09OP is 38.4mm, 32.3mm, 18mm and 21.9mm, respectively. The closer the sacrificial concrete to 

the erosion bottom was, the higher the temperature would be, and the rising rate would be faster. 

Because the sacrificial concrete was a poor conductor of heat, the temperature of the thermocouple 

from the bottom of 18mm depth had not exceeded 1350°C, although the temperature of the high flux 

had reached to 2500 ° C and the effect time was about half an hour. With the further increment of the 

distance from the bottom of the molten bath, the temperature of the lower part of thermocouple did not 

exceed 100 ° C, which would effectively guarantee the security of the substrate of sacrificial concrete. 
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(c) HD09                                       （d） HD09OP 

Fig.4 the temperature evolution of varying depth inside sacrificial concrete 

3.4. Thermal deformation of concrete in MCCI 

The thermal deformation between outsides of sacrificial concrete bath is tested by strain gage and 

plotted in Fig.5. With the increment of the effect time of high-temperature flux, the deformation would 

increase gradually. When the sacrificial concrete cracked, the deformation kept stable. The maximum 

micro strain of Y3, Y5, HD09 and HD09OP is about 602  , 380  , 360  and 250  , 

respectively. And the time of achieve stable deformation is 304s, 478s, 263s and 560s, respectively. 

Additionally, the maximum crack width of Y3 and HD09 is 0.15mm and 0.23mm, but the crack of Y5 

and HD09OP can be neglected. Obviously, the existence of PP fiber decreases thermal deformation of 

the sacrificial concrete, and delays its cracking time, which indicates that addition of PP fiber could 

improve the thermal cracking resistance capacity of sacrificial concrete. 
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Fig. 5 Thermal deformation of sacrificial concrete bath 

3.5 Microstructure and components evolution 

    The microstructure evolution of Y5 sacrificial concrete before and after MCCI is observed by SEM 

and show in Fig.6. And the corresponding components evolution is tested by XRD and shown in Fig.7. 

Obviously, after the high temperature erosion test, the dense structure of the sacrificial concrete was 

transformed to loose structure. Fe2O3, Ca(OH)2 and un-hydrated cement (C3S and C2S) of the original 

melting spalling were changed into Fe3O4 and Ca2Fe9O13. 

  
（a） Before molten erosion                        (b) After molten erosion 

Fig.6 Microstructure evolution of Y5 sacrificial concrete during MCCI 

  
(a) initial phase of sacrificial concrete           (b) the phase of molten erosion products 

Fig.7 Component evolution of sacrificial concrete during MCCI 

4. Conclusions 

The residual compressive strength of sacrificial concrete after 1000°C is 12~20MPa, and its melting 

temperature is about 1100~1180°C. 

The thermite can be used instead of molten core to simulate the MCCI, and its melting temperature 

was about 2500°C, the molten erosion effect time of 2kg thermites was about 30 minutes. The 
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maximum erosion depth in the bottom of sacrificial concrete bath effected by the thermite was 

11~18mm, the side erosion depth was 1.4~5.4mm. 

The temperature of the thermocouple from the bottom of 18mm depth did not exceed 1350 ° C. With 

further increment of the distance from the bottom of the weld pool, the temperature of the lower part 

of thermocouple was lower than 100 ° C. The maximum micro strain of sacrificial concrete was 

250~602με, the time to reach the stable deformation was 263~ 560s, the maximum crack width was 

0.23mm.  

Utilization of 50% mineral admixture containing fly ash and GGBS replace cement was in favor for 

preparation of high performance sacrificial concrete. The PP fiber could improve the thermal cracking 

and high temperature erosion resistance capacity, and lighten the molten erosion depth of sacrificial 

concrete.    
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ABSTRACT 

The mechanism of external sulfate attack (ESA) involves chemical, physical and mechanical processes. Furthermore, 

ESA is mostly studied on saturated matured sample. However, most concrete structures are exposed to sulfate 

ingress at early age. This paper describes a comparative study focused on the effect of water curing on the resistance 

of a Portland cement paste to external sulfate attack. In this study, paste samples prepared with CEM I (Portland 

cement) at a water to cement mass ratio of 0.6 are immersed in sodium sulfate solution (15 g/l Na2SO4) at 

controlled pH condition (pH = 8±1) after either 24 hours or 1 year of water curing. Sulfate ingress is measured 

using ICP-AES. The pore distribution is investigated using MIP. SEM images are shown to illustrate the 

microstructure changes. Our results show that, although sulfate ingress and binding are similar for early age 

exposure and for matured samples, expansion and cracking fundamentally differ.  

1. Introduction 

Long-term behavior of concrete structures is still a major challenge for civil engineers. Usually, concrete 

structures are exposed to various physical and chemical aggressions as soon as their formwork is removed. 

This early age exposure has an obvious influence on the structural element future transport properties, 

which are first order parameters affecting the durability of the material. More specifically, transport 

properties influence the ability of the material to sustain deterioration mechanisms due to the penetration 

of deleterious ions from external environment into the inner porous microstructure of the cementitious 

matrix. However, most standards and laboratory investigations are based on mortar or concrete samples 

studied after 28 days or 91 days curing.  

External Sulfate Attack (ESA) is the second cause of deterioration for concrete structures after corrosion. 

Ingress of sulfate ions present in surrounding sulfate-rich environment (seawater or underground) can 

cause severe damage to concrete structures, such as expansions, mechanical strength losses along with 

surface spalling. ESA is a complex phenomenon involving physical, chemical and mechanical processes 

leading to the final degradation of the structural element [1, 2, 3, 4, 5, 6]. Despite the large amount of 

publication and research about the ESA process, there still exist some open questions.  

Furthermore, in the present state of knowledge and standards, performance criteria against sulfate attack 

are based only on macroscopic measurements such as expansion and cracking [7]. In her thesis, Aude 

Chabrelie [8] pointed out the lack of studies dealing about the initiation of ESA under real conditions and 

tried to fill this gap by comparing laboratory and field results.  

The present work focuses on the kinetics of sulfate ingress and binding within a cement paste and its 

consequences on microstructure. Sulfate concentration profiles are measured both at early ages and for 
matured cement paste. We combine these measurements with some analysis of the microstructural 

changes by investigating the evolution of the pore distribution and the chemical nature of the hydrated 

phases.  

 
Keywords: early age; External Sulfate Attack; microstructure; durability 

 
 

 



2. Material and protocols 

2.1. Materials 

The chemical composition of the tested Portland cement (CEM I) is given in table 1.The clinker phase 

contents are calculated according to Bogue and shown in Table 2. 
Tab. 1 Chemical composition of CEM I cement by using ICP-AES and TGA 

Chemical composition (%) 

CaO 62,81 

SiO2 20,22 

Al2O3 4,85 

Fe2 O3 2,92 

CaO (free) 1,58 

MgO 0,84 

SO3 2,88 

S 0 

K2O 0,77 

Na2O 0,34 

Ignition Loss 2,59 

Tab. 2 The main cement clinker phases according to Bogue analysis 

Cement C3S C2S C3A C4AF 

CEM I 65.2 8.8 7.9 8.9 

 
2.2. Experimental protocol 

Cylindrical samples of 10 cm diameter were cast with cement pastes prepared with a water-to-cement 

mass ratio W/C equal to 0.6. This high W/C ratio was chosen in order to enhance sulfate ingress. A 

sample slow rotation device was used during setting to prevent bleeding of cement paste and produce 

homogenous samples. After 24 hours, all specimens were removed from their molds and were cut into 5 

cm thick cylinders. Some of these were then cured in water for one year to study the matured case. These 

specimens were fully immersed in 25 L of non-renewed water.  The other samples were cured in the 

sulfate solution (diffusion bins) after applying an epoxy resin on the peripheral surface in order to insure 

unidirectional diffusion of sulfate ions (Cf. Fig 1). Only one side of the specimens was in contact with the 

test solution (semi-immersion), which was prepared with 15 g/L of sodium sulfate in deionized water (10 

g/L of sulfate). The surface area of samples to the solution volume ratio was 25. The pH of the sulfate 

solution was adjusted to (8 ± 1) by a sample device consisting of a pH regulator and a pump. Thus, this 

protocol allows for pH regulation by simultaneously adding sulfuric acid at 0.05% concentration and 

upholding the same sulfate concentration by weekly renewal of the solution. 

 



 
Figure1: specimens used for the study  

3. Experimental methods 

3.1 Sulfate profiles  

ICP-AES was used to quantify sulfate content and/or sulfate ingress into the samples. The output from this 

experimental method is the total sulfur concentration, from which sulfate concentration is computed. In 

this study, specimens were grinded starting from the exposed surface. The obtained amount of powder 

corresponding to a 1 mm thick sample displayed an average particle size of 315 µm. All sulfates present in 

this powder were ionized by an acid attack. The resulting solution was then tested using ICP-AES. 

3.2 Microstructural analysis  

MIP was used for the investigation of the pore distribution evolution in the reference case and the sulfate 

exposure case. Before, the mercury intrusion test, samples was lyophilized. Then, SEM observations were 

done on polished surface. 

4. Results and Discussion 

4.1 Sulfate profiles and visual observation 

In figure 2, we plot the sulfate content, in g/g of the cement paste, as a function of depth for both the early 

age exposure sample and the matured sample for two exposure times. 

First, we note that the bulk sulfate concentration (i.e. for depths higher than 5 mm) corresponds to the 

amount of sulfate present in the cement itself (of order 2% g/g). 

Second, we note that the average sulfate content (of order 10 % g/g) stays far above what could be 

expected from a simple equilibrium between the internal pore solution and the external sulfate solution (of 

order 0.2 % g/g). This suggests that physically or chemically bound sulfates fully dominate any free 

sulfates in solution. In addition, the extremely high ratio (of order 100) between sulfates content and free 

sulfates in solution (considering that free sulfates in solution shall be at most of the order of the external 

solution sulfates concentration) suggest that the energy involved in the fixation process is extremely high. 

The binding shall therefore be mostly chemical as this ratio is too high for a simple and reversible sulfate 

physical adsorption alone. This is in agreement with the amount of sulfate adsorbed on C-S-H considered 

as being of the order of 1% g/g in [9] far lower than the average 10 % g/g of sulfate content measured here. 

We can also observe that the sulfate profiles are similar in the two cases, after 4 weeks and 8 weeks of 

sulfate exposure. Therefore, this observation suggests that the kinetic of sulfate binding is higher than the 

ingress (diffusion). Moreover, the sulfate binding may not be related to the pore distribution and the 

hydration degree. Thus, although a diffusion process due to concentration gradient is initially at the origin 

of sulfate ingress in the porous medium, sulfate ions get physically and chemically trapped in the paste 

microstructure with a higher kinetic.  

We use the empirical equations from [10, 11] to roughly quantify the maximum amount of sulfate, which 

can be chemically fixed if we consider that all C3A react to form Ettringite. We moreover consider that 

the maximum amount of sulfates in solution results from a simple equilibrium between the internal pore 

solution and the external sulfate solution. These rough estimations are compared with the total amount of 

sulfates measured using ICP in Fig 3 in the first millimeters of sample exposed (around 10 %g/g). 



Figure 2: Sulfate profiles for CEM I samples with and without water curing, measured using ICP-AES, after 4 and 8 

weeks of exposure. 

 
Figure 3: Sulfate amount for CEM I samples, theoretical and measured 

We conclude from Fig. 3 that around 7 %g/g of sulfate could potentially be chemically bounded under the 

form of ettringite. Around 2 %g/g from the measured total of 10 %g/g come from the cement itself and the 

amount of sulfate in solution is fully neglectable. This means that either the amount of physically adsorbed 

sulfate is around 3 %g/g (i.e. 3 times higher than the value from literature) or that some aluminum may 

come from the C4AF phase and allow for additional chemical fixation of sulfate ions. 
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4.2 Macroscopic observations: 

 

 
(a)                               (b) 

Figure 3: (a) (picture at early age (8 weeks exposure) without cracking (b) Swelling and cracking observed for 

Portland cement paste cured during 1 year and exposed during 8 weeks in a sulfate solution 

The figure 3 (a and b) illustrate the macroscopic degradation occurring after 8 weeks of exposure to the 

sodium sulfate solution, at both early age and in the matured case. There is neither swelling nor cracking 

in the early age exposure case after the same period of exposure. Those observations suggest that the 

crystallization of AFt phases in smaller pore and after an advanced hydration reaction (saturated pore) is 

more detrimental for the cement paste (volume for 1 mol of ettringite is 2.28 larger than AFm phases, 707 

cm3/309 cm3).  In addition, in the case of a matured sample, there is enough portandite available in surface 

to precipitate gypsum. The molar volume of gypsum is 2.25 larger than the molar volume of Portlandite 

(74 cm3/ 33 cm3, for 1 mol).  To lead to expansion, the ettringite have to be confined in order to exert 

pressure. As has been discussed by Flatt and Scherer [12], the expansive stress in a specimen depends on 

the volume fraction of crystals exerting pressure. Furthermore, in [13] Kunther, and al. confirm that while 

the formation of sulfate containing solids is a prerequisite for expansion, the supersaturation in solution 

(matured case) and thus the force exerted by the forming mineral seems to be decisive. They also confirm 

that the development of crystallization pressure due to crystals in supersaturated pore solution is more 

probable when gypsum and ettringite can co-exisit thermodynamically. In this situation, any remaining 

unconverted Afm phases (such as those confined in C-S-H) experiences a solution which is supersaturated 

with respect to ettringite and consequently the formation of AFt generates expansive crystallization. 
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4.3 Pore distribution 

 

(a)                                                                                   (b) 

Figure 4: Total mercury porosity (a) and average pore diameter (b) evolution for CEM I samples for various 

environmental conditions. 
In the figure 4, we plot the total porosity (a) and the average pore diameter (b) evolution for various 

environmental conditions.  

The average pore diameter after one day of setting is about 70 nm with 50% porosity. Thus, specimens at 

early age are very porous with large pore diameter. After 1 year of curing the average pore diameter has 

decreased down to 14 nm and the porosity is only 30%.  

However, when exposed to the sulfate solution, at early age or after 1 year of curing, we observed above 

that sulfate ingress was similar in the two cases suggesting again that sulfate ingress is not transport-

driven. Moreover, the pore distribution evolution shown in Fig. 4 seem to be explained by the progress of 

the hydration reaction more than the sulfate ingress and the occurring chemical reactions, at least before 

any expansions lead to some cracking of the samples. However, the consequences of the ingress depend 

on the saturation and the diameter of the pore, which was confirmed by the surface swelling observed for 

the matured cement paste after 8 weeks of sulfate exposure.  
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4.4 SEM observation 

 

 
Figure 6: SEM image showing the presence of Ettringite for a Portland cement paste, for an early age exposure and 

after 2 months of sulfate exposure 

The SEM images above confirm ettringite precipitation for a cement paste exposed to the sulfate solution, 

at early age during 2 months. These precipitations do not lead to a compressive morphology in the early 

age case. The Ettringite crystallization occurs in a non-confined pore solution.  

5. Conclusion: 

We presented in this paper a comparative study focused on the effect of water curing on the resistance of a 

Portland cement paste to external sulfate attack. In this study, paste samples prepared with CEM I 

(Portland cement) at a water to cement mass ratio of 0.6 are immersed in sodium sulfate solution (15 g/l 

Na2SO4) at controlled pH condition (pH = 8±1) after either 24 hours or 1 year of water curing. Sulfate 

ingress was measured using ICP-AES. The pore distribution was investigated using MIP. SEM images are 

shown to illustrate the microstructure changes. Our results suggest that, although sulfate ingress and 

binding are similar for early age exposure and for matured samples, expansion and cracking 

fundamentally differ. 
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Abstract 

Due to the complexity of contructing non-spherical particle and their packing algorithm, the influence of particle shape 

on interfacial transition zone (ITZ) microstructure and  macro-properties of cementitious composites is seldom 

discussed in the literature. In this paper, ITZ layer is successfully constructed around Platonic particles by a numerical 

technique. A systematical line sampling approach is developed to statistically study the influence of particle shape on 

the ratio of apparent to actual ITZ thickness (t'/t) around a single particle. A fitting equation including the effect of 

particle shape is derived to extend the capability of the previously developed quantitative formula on t'/t around a 

single convex-shape particle. Then the formula is extended to multisized aggregate system to explore the impact of 

aggregate size distribution on the statistical mean of apparent ITZ thickness. Finally, analytical formula of ITZ volume 

fraction (VITZ) as well as differential effective medium approximation are employed to present the impact induced by the 

overestimation of ITZ thickness on the exaggeration of concrete diffusivity. The result demonstrates that the nature of 

particle shape effect on the value t'/t is attributed to particle sphericity. The exaggerated degree of VITZ can be explicitly 

expressed as the function of fineness and volume fraction of aggregate, actual ITZ thickness, and particle sphericity. 

And the numerical simulation result reveals that depending on exact values of aggregate shape, size distribution and 

volume fraction, the diffusivity ratio of ITZ to cement paste matrix, and  actual ITZ thickness, the diffusivity of concrete 

can be overestimated by 10%~40%. The methodology presented in this paper can also be used to study the error of 

elastic modulus induced by the overestimation of ITZ thickness.  

 

Originality 

The ITZ layer around Platonic particles is successfully constructed by a numerical technique. The impact of particle 

shape on overestimate degree of ITZ thickness around a single particle can be statistically quantified. The above 

contribution extends the capability of previously developed analytical formula on the ratio of apparent to actual ITZ 

thickness around a single particle to multi-sized aggregate system, where the effect of particle shape is included. The 

methodology about the impact of ITZ thickness overestimation by the section plane analysis on ITZ volume fraction as 

well as diffusivity of concrete is analytically presented. Aggregate shape, size distribution and volume fraction, the 

diffusivity ratio of ITZ to cement paste matrix, and  acutal ITZ thickness are the key parameters which affect the 

diffusivity of concrete. Effect of particle shape on overestimation of ITZ thickness, VITZ and diffusivity of concrete can be 

characterized by sphericity of particle.  
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1. Introduction 

Quantitative backscattered electron image (BEI) analysis from the highly polished sectioning plane of 

concrete sample is a common-used experimental method to obtain the interfacial transition zone (ITZ) 

thickness(as shown in Figure 1(a), Scrivener et al., 1988; Gao et al., 2013). If the sectional plane is not 

perpendicular to the normal of particle surface at the given point as shown in Figure 1(b), the ITZ 

thickness must be overestimated. And the probability for a random section plane going through the 

normal of particle surface is almost zero. The contribution of the ITZ to macro-properties of 

cementitious composites will be consequently exaggerated. To properly understand the ITZ's effect on 

mechanical and transport properties, the quantitative relationship of apparent and actual ITZ 

thicknesses should be derived. Previously, Chen et al. (2007) developed an analytical formula (as 

shown in Eq.(1)) around arbitrary convex-shape aggregate particles, but only verified its reliability for 

circle and sphere due to the difficulty of constructing the ITZ layer  around non-spherical particle. 
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where, t' and t are the apparent and actual ITZ thicknesses respectively; S1 and B1 are the surface area 

and caliper diameter of the particle, respectively; k means the volume ratio of invalid sampling 

region Vinvalid to the ITZ layer, i.e. k=Vinvalid/VITZ as shown in Figure 1(b)), its value is closely 

dependent on the particle shape.  

                                         
(a) determination of ITZ thickness from SEM image redraw 

from Gao et al.(2013)  
(b) Overestimation by sectional plane analysis 

       Figure 1  Overestimation of ITZ thickness by random section plane analysis 

 
Figure 2  Explanation of invalid sampling region 

 

The reason why we proposed invalid sampling region in Eq.(1) is that the ITZ is commonly regarded 

as  a porous region which is composed of cement paste with more porosity than matrix. So in practice, 

if a random section plane only crosses the ITZ region but not intersects with the aggregate, the 

researcher will not conduct the quantitative BEI analysis process on such section plane. In other words, 

only when the sectioning plane crosses both the ITZ layer and the aggregate, the image analysis of ITZ 

microstructure can be conducted. So, the invalid sampling region is defined as the region where the 

sampling planes at the specified direction intersects with ITZ layer but not with the aggregate particle. 

Due to the anisotropy of non-spherical particle, the volume of invalid sampling region Vinvalid for the 

coefficient k in Eq.(1) will be calculated by average over all spatial orientation. For sphere particle, it 



 

is easy to obtain the theoretical formula as shown in Eq.(2). For other particle shape, further work 

needs to be done to obtain the analytical solution of k. 
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where D is sphere diameter.  

Recently, Zhu et al. (2014) succeeded in constructing the ITZ layer around Platonic particles(as shown 

in Figure 3). If we can obtain the value of coefficient k in Eq.(1), it will be helpful for us to understand 

the effect of particle shape on the statsitical quantitative ratio of apparent to actual ITZ thickness. 

Finally the generalized analytical formula can be used by researchers to correctly obtain the actual ITZ 

thickness of and further assess the contribution of ITZ on macro-performance of concrete.  
 

 
Figure 3  Construction ITZ layer around Platonic particles (Zhu et al. 2014.) 

This paper studies the statistically quantitative relationship of apparent to actual ITZ thickness around 

a single Platonic particle. Then the result will be extended to multi-sized Platonic aggregate particle 

system. And the corresponding overestimation of ITZ volume fraction in terms of the apparent ITZ 

thickness will be concerned. Finally, based on composite theory, the error induced by the 

overestimation of ITZ thickness on diffusivity and elastic modulus of cementitious composite will be 

presented. 

     
Figure 3  Visualization of systematical line sampling 

algorithm 

Figure 4 Influence of total number of sampling lines on 

the statistical  mean value of t'/t around a single particle 

@ t:Deq =0.01:2 

 

2. Quantitatively Statistical Analysis of Apparent ITZ Thickness 

Since the generalized formula on the effect of particle shape on coefficient k in Eq.(1), ie. the volume ratio of 

invalid sampling region to the ITZ layer, is not available yet, numerical simulation is the only way to obtain the 

value of the coefficient k. Therefore a systematical line sampling algorithm (SLS algorithm) will be employed to 

determine k. It can be seen from Figure 3 that the precision of k (i.e. the repeatability or reproducibility of the 

measurement) for the SLS algorithm depends on total number of sampling lines, i.e. the step of the following 

five parameters: spatial orientation (,) of sectioning plane, spacing of neighboring section planes (h), planar 

angle  of sampling lines, and spacing of neighboring sampling lines in a single section plane (L2d). Figure 4 

presents the influence of total number of sampling lines on convergence of the statistical ratio of apparent to 

actual ITZ thickness. When the total number of sampling lines reaches the order of the magnitude of 106, the 

curve tends to stable. If the steps of five parameters are set as: Nθ=Nφ=N=10, and ∆h=∆L2D= 0.01*Deq, the 



 

order of the magnitude of the total number of sampling lines is roughly around107. So this sampling 

rule will be used to study the influence of particle shape on coefficient k and t'/t. The results are given 

in Figure 5. It can be seen from Figure 5(a) that the value of k increases with t/Deq. And the high value 

of particle's sphericity (it is defined as the ratio of the surface area of a sphere with the same volume as 

the given particle to the surface area of the particle, their values are given in Table 1) may also 

produce larger k value. Input the value of k in Figure 5(a) into Eq.(1) may obtain the theoretical value 

of t'/t. The comparison of theoretical t'/t with simulation result from pure SLS algorithm is given in 

Figure 5(b). The relative error at the whole range of t/Deq is lower than 5%. It means that the 

theoretical formula is reliable. 

               
(a) k (b) t'/t 

Figure 5  Influence of particle shape on coefficient k and t'/t at different t/Deq 

Now we may extend the above result around a single Platonic particle to study the statistical 

relationship of t'N/t for multi-sized aggregate particle system. It should be noted that here t'N/t rather 

than t'/t (which is for a single particle) is used to stand for the statistical ratio of apparent to actual ITZ 

thickness around all particles with different size.  Since the value of k depends on t/Deq, if we want to 

use Eq.(1) into multi-size aggregate particle system, it is better to obtain analytical formula of 

coefficient k, the curves k of Platonic particles can be fitted by Eq.(3).The fitting results of Eq.(3) from 

Figure5(a) is given in Table 1. 

        
1 2

1 2

[(1 ) 1]

(1 ) 1

x
k

x

 

 

 


   

                                                                                                                      (3) 

where β1 and β2 are unknown constants. 

Table 1  Fitting coefficients of Eq.(3) for Platonic particles 

 Tetrahedron Cube Octahedron Dodecahedron Icosahedron 

Sphericity, s 0.671 0.806 0.846 0.910 0.939 

β1 2.0160 2.0864 2.1130 2.1956 2.1657 

β2 1.7030 1.7006 1.6652 1.6745 1.6156 

R 0.9992 0.9998 0.9998 0.9992 0.9993 

For the sake of convenience, Fuller distribution function as shown in Eq.(4) is commonly used in the 

literature to represent the particle size distribution of aggregate in concrete. It is easy to obtain number 

based probability density function of Eq.(4), the result is given in Eq.(5).  
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Where FV(Deq) is the volume-based cumulative probability function, Deq_min and Deq_max respectively 

represent the minimum and maximum equivalent spherical diameter of a particle.  
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For multi-scale aggregate system with Fuller distribution, the statistical average of the apparent ITZ 

thickness can be expressed as: 
        

_ max

_min

' ' ( )
eq

eq

D

N N eq eq
D

t t f D dD                                                                                                                (6)
 

In the literature, the ITZ thickness is commonly assumed in the range of 20~50m, the influence of 

particle shape on the statistical mean value of t'N/t for multi-sized aggregate particle system following 

Fuller distribution function with diameter range of 0.125-16mm is given in Figure 6 (a). Figure 6(a) 

reveals that depending on the particle shape and actual value of ITZ thickness, the ITZ thickness is 

overestimated by 40%~80%. And increase of both actual ITZ thickness and sphericity of particle will 

lead to the reduction of t'N/t. Then, we further study the influence of aggregate fineness on t'N/t. In 

Figure 6(b), the symbol "SV" in the legend of Figure 6(b) is the specific surface area of aggregate. It 

can be seen from Figure 6(b) that it is specific surface area of aggregate which determines the 

statistical mean value of t'N/t. No matter what kind of particle size distribution is used, if their specific 

surface areas are equal, the value of t'N/t will be exactly the same. And higher specific surface area of 

aggregate, i.e., increase in aggregate fineness will reduce the value of t'N/t. 

          
(a) influence of particle shape (b) influence of particle size distribution 

Figure 6   Influence of particle shape and size distribution on statistical mean of t'N/t 

From the above study on Platonic particle as well as sphere, we know the key parameter affecting the 

statistical ratio of apparent to actual ITZ thicknesses is sphericity of particle. Although most of 

aggregate particle in concrete is irregular, if the sphericity of aggregate is available, people may 

potentially use the above result to estimate the value of t'/t as well as t'N/t. 
 

3. Overestimation of ITZ Volume Fraction by Apparent ITZ Thickness 

To assess the error induced by apparent ITZ thickness measurement, we need to quantify the 

overestimation degree of  ITZ volume fraction (VITZ). Previously, Garboczi et al.(1997) proposed an 

analytical formula to calculate VITZ for multisized spherical aggregate system. Recently, based on 

systematical point sampling algorithm, the previous numerical simulation in multi-size ellipsoid 

packing system with fixed ITZ layer (as shown in Figure 7(a), Xu et al.,2014a) revealed that the ITZ 

volume fraction around multi-sized spheroid aggregate particle system was exactly the same as that for 

multi-sized dodecahedron particle packing system if their sphericities were kept equal. So we used 

sphericity as the parameter and extended Garboczi et al.'s formula to the multisized Platonic and 

spheroidal particle system (as shown in Eqs.(7)-(8)). And its reliability was verified and shown in 

Figure 7 (b) and (c) (Xu et al.,2014a, 2014b).  
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where VITZ is the ITZ volume fraction when the ITZ thickness is equal to t , Vagg is the volume fraction 

of aggregates, and eV(t) is matrix which is outside all aggregates and ITZs in the concrete, and 

expressed as: 
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(a) spheroids with same sphericity (b) spheroids with different aspect ratios (c)  Platonic particles  

Figure 7  Verification of Eqs.(7)-(8) by systematical point sampling method 

   
(a) effect of aggregate fineness (b) effect of ITZ thickness (c) effect of particle shape 

Figure 8  Influence of various factors on the overestimation of ITZ volume fraction 

            
(a) apparent ITZ volume fraction, VITZ'(tN') (b) actual ITZ volume fraction, VITZ(t) 

Figure 9   Influence of particle shape on apparent and actual ITZ thickness 

Therefore, we may combine Eqs.(7)-(8) and Figure 6 to determine the overestimation degree of actul 

ITZ volume fraction. Here the overestimation degree of ITZ volume fraction is defined as 

V'ITZ(t'N)/VITZ(t). And the results are given in Figure 8. Figure  8 demonstrates that the overestimation 

degree of VITZ is very sensitive to the variation of aggregate volume fraction, aggregate fineness 

(Figure8(a)), actual ITZ thickness(Figure8(b)), and aggregate shape(Figure8(c)). With the decrease of 



 

aggregate fineness, or reduce of aggregate volume fraction, or decrease of actual ITZ thickness, the 

overestimation degree of VITZ will increase. But we can not find clear tendency of the V'ITZ/VITZ versus 

particle sphericity. As shown in Figure 9, the reason is that V'ITZ in packing system of aggregate with 

smaller sphericity will reach maximum value earlier than VITZ as the aggregate volume fraction 

increases. If the volume fraction of aggregate varies between 60%~80%, the actual ITZ volume 

fraction is potentially overestimated by 11.6%~80.0%. In other words, the sectional analysis approach 

may significantly exaggerate the effect of ITZ on macro-mechanical or transport properties of 

cementitious composites. 

4. Overestimation of Diffusivity by Apparent ITZ Thickness 

Various theoretical models were developed in the literature to predict the influence of ITZ on macro-

properties of cementitious composites, such as Maxwell approximation, self-consistent approach, 

generalized self-consistent scheme, different effective medium method, Mori-Tanaka approach, and 

Hashin-Shtrikman bound, etc.(Christenson, 2005; Liu et al., 2014; Torquato, 2002). As an example, 

classical differential effective medium approximation (as shown in Eq.(9), Zheng et al., 2014; 

Torquato,  2002) will be used to present the error induced by overestimation of ITZ thickness. The 

results are given in Figure 10. In Figure 10, the diffusivity of concrete calculated from the acutal 

ITZthickness and the stastistical apparent ITZ thickness t'N are expressed as Dcon and Dcon', respectively.  
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where Dcon, Dcp and DITZ are the diffusivities of concrete, cement paste matrix and ITZ, respectively; 
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;Vagg and VITZ are the volume fractions of aggregate and ITZ. 

     
(a) effect of DITZ/Dcp (b) effect of aggregate fineness 

     
(c) effect of acutal  ITZ thickness (d) effect of particle shape 

Figure 10  Influence of various factors on the error of concrete diffusivity based on Eq.(9) 

Figure 10 reveals that the overestimation degree of diffusivity of three-phase composites is very 

sensitive to the variation of the following five paramters: volume fraction of aggregate, DITZ/Dcp 



 

(Figure10(a)), aggregate fineness (Figure 10(b)), acutaly ITZ thickness (Figure 10(c)), and particle 

shape (Figure 10(d)). In current state presented in Figure 10, the diffusivity of concrete, depending on 

the exact values of the above five parameters, can be overestimated by 10%~40%. In some cases as 

shown in Figure 10, some of the  Dcon'/Dcon  curves  increase first, then gradually drop down with Vagg. 

It is because the ITZ volume fraction reaches peak at certain value of  Vagg as shown in Figure 9. 

Afterwards, the volume fraction of ITZ will drop down with the further addition of aggregate. In other 

words, the negative impact of ITZ on macro-properties of concrete is compensated by the futher 

addition of aggregate, the error of diffusivity induced by the overestimation of ITZ thickness 

consequently reduces. Obviously, the above methodology can also be used to evaluate the effect of 

ITZ thickness overestimation on elastic modulus of concrete. 

5. Conclusions 

In this paper, ITZ layer is successfully constructed around Platonic particles by a numerical technique. 

A systematical line sampling approach is developed to statistically study the influence of particle 

shape on the ratio of apparent to actual ITZ thickness (t'/t) around a single particle. A fitting equation 

including the effect of particle shape is derived to extend the capability of the previously developed 

quantitative formula on the t'/t around a single convex-shape particle. Then the formula is applied into 

multisized aggregate system to explore the impact of particle size distribution of aggregate on 

statistical mean of tN'/t. Finally, both analytical formula of ITZ volume fraction (VITZ) and differential 

effective medium approximation are employed to present the impact induced by the overestimation of 

ITZ thickness on the exaggeration of concrete diffusivity. The result demonstrates that the nature of 

particle shape effect on the value t'/t is attributed to the sphericity of particle.  The exaggerated degree 

of VITZ can be explicitly expressed as the function of aggregate fineness and volume fraction, actual 

ITZ thickness, and particle sphericity. And the numerical simulation result reveals that depending on 

exact values of aggregate shape, size distribution and volume fraction, DITZ/Dcp, and actual ITZ 

thickness, the diffusivity of concrete can be overestimated by 10~40%. The methodology presented in 

this paper can also be used to study the error of elastic modulus induced by the overestimation of ITZ 

thickness.  
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Abstract 

The long-term durability of concrete structures is closely related to the physical properties including the gas 

permeability and electrical resistivity, and the pore saturation is a determinant factor on the gas permeability and 

electrical resistivity of structural concretes. This paper reports a recent experimental investigation on the gas 

permeability and electrical resistivity at different pore saturations for several representative structural concretes. To 

this purpose, concrete specimens with different pore saturations were prepared through oven-drying and moisture 

equilibrium procedure. The gas permeability was measured through CemBureau method and the Klinkenberg effect 

was considered in the regression of apparent gas permeability at different inlet pressures; the electrical resistivity was 

measured through alternative current method with the minimum electrical current set as 40mA. Then the influence of 

pore saturation is described through Van Genuchten-Mualem models for gas permeability and electrical resistivity. It is 

found that the relative gas permeability is not sensitive to the concrete composition while the relative conductivity is 

rather sensitive to the material w/c ratio. 

 

Originality 

The role of pore saturation is crucial for gas permeability and electrical resistivity measurement. The in-situ quality 

judgment by gas permeability or electrical resistivity is heavily dependent on the actual pore saturation, in addition to 

the material pore structure. Thus mastering the impact of pore saturation on the gas permeability and electrical 

resistivity is crucial to estimate correctly the durability properties of concrete materials. 
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1. Introduction 

The durabilty of structural concretes relates closely to the transport of aggressive agents form external 

environments into the pore structure of materials (DuraCrete, 1998). The kinetics of these processes is 

usually determined by the relevant transport properties of material. Among these properties, the gas 

permeability and electrical resistivity are regarded as key indicators for durability (Baroghel-Bouny V. 

et al., 2011). The gas permeability depicts the transport rate of gas through the pore structure of 

concrete and the electrical resistivity represents the resistance of concrete against the electrical current 

flow. Both properties are related to specific concrete deterioration processes: the gas permeability 

relates to those processes relevant to gas transport such as concrete carbonation (CO2 transport) and 

steel corrosion (O2 transport). Further, both properties are regarded as durability indicators to represent 

the compactness of concrete materials (AFGC, 2007) thanks to their respective standard experimental 

methods. However, both properties depend strongly on the pore saturation of concrete: the gas 

permeability is sensitive to the gas-occupied space while the electrical resistivity relates closely to the 

liquid-occupied space of concrete. Actually, for structural concretes in service condition, the pore 

saturation can be an arbitrary value, and the gas permeability and electrical resistance at this arbitrary 

pore saturation can be complementary properties one to the other for characterizing the compactness 

of materials. This paper attempts to deepen this concept through the measurement of gas permeability 

and electrical resistivity on different pore saturations on a series of ordinary Portland cement (OPC) 

concretes, and investigate the impact of pore saturation on the gas permeability and electrical 

resistivity. 

 

2. Experiments 

2.1. Materials and Specimens 

Four concretes were prepared with water to cement (w/c) ratios of 0.3, 0.4, 0.5 and 0.6.  The 

cementitious material is PO42.5 cement according to Chinese cement specification (CCS, 1999). The 

concrete proportioning is given in Table 1.  
Table 1. Mix proportioning for structural concretes 

Material 
w/c 

(-) 

Water 

(kg/m3) 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Superplasticizer 

(kg/m3) 

Porosity (%) 

C-1 0.3 169 563 689 1033 0.54 8.3 

C-2 0.4 194 485 689 1033 0.13 10.8 

C-3 0.5 213 426 689 1033 0.0 12.7 

C-4 0.6 228 380 689 1033 0.0 15.3 

The concretes were cast into cylinder moulds, demoulded at the age of 3d, and cured in standard 

curing conditions to the age of 90d. At 90d, the disc specimens of 50mm thickness were sawed out 

from the concrete cylinders, and immersed in water before the gas permeability and electrical 

resistivity measurements. Cube specimens were also cast and cured in standard conditions to the age 

of 90d for porosity evaluation through gravimetry method. The experimental procedures for the 

measurements for porosity, gas permeability and electrical resistivity are given in the following.  

 

2.2. Experimental Procedure 

2.2.1 Porosity 

The porosity of concrete was evaluated through the gravimetry method. The cube specimens at age of 

90d were sawed into slices of 5mm thickness, and 5-8 slices were retained for each concrete material. 

These slices were first measured for their saturated density, and then oven-dried at 105oC to constant 

weight. The porosity of concrete was calculated by the mass loss of the slices and the saturated density. 

Due to the elevated drying temperature of 105oC, the porosity is believed to represent all the pores 

containing evaporable water (SIA, 2013). The results of the porosity are presented in Table 1. The 

porosity is to be used in the drying treatment of concrete specimens to expected pore saturation levels. 

 



 

2.2.2 Gas permeability 

The gas permeability was measured through CemBureau method (RILEM TC 116-PCD, 1999). The 

principle of this method is to impose a constant pressure gradient on the concrete specimen, measure 

the steady gas flow through the specimen, and calculate the intrinsic permeability considering the 

boundary slip effect (Klinkenberg L.J., 1941). On the basis of the porosity evaluation, the target mass 

changes/losses for pore saturation levels of 80%, 60%, 40%, 20% and 0% are calculated. Then, the 

disc specimens, 3 specimens for each concrete, were taken out from the water immersion condition, 

then subjected to the gas permeability measurement for 100% saturation level. Then, the saturated 

specimens are oven-dried to the first target pore saturation level of 80%. Once the target mass change 

was reached, discs were encapsulated by aluminium paper and put into 60oC oven for 14d to 

homogenize the moisture distribution. After this treatment, the disc specimens were subjected to gas 

permeability measurement for 80% pore saturation level. Afterwards, the above treatment was 

repeated to reach pore saturation levels of 60%, 40%, 20% and 0%, and the gas permeability at each 

saturation level was measured for the disc specimens. The infiltrating gas is nitrogen, and the 

experimental device is illustrated in Figure 1. 
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Figure 1  Schematic illustration of CemBureau method for gas permeability measurement. 

 

2.2.3 Electrical resistivity 

The electrical resistivity was measured under an alternative current device following the European 

standard (ChlorTest, 2006). The device is composed of two red copper electrodes imposed on the two 

exposed surfaces of each disc specimen through thin absorbent sponge, cf. Figure 2. Alternative 

current with a frequency of 500HZ is used and the electrical resistance at current density of 40mA is 

recorded. The specimens of electrical resistivity measurement are the same as the specimens in gas 

permeability measurements. Actually, under a same pore saturation level, 100%, 80%, 60%, 40%, 

20% and 0%, a same disc specimen, underwent firstly the gas permeability measurement, and then 

was subjected to the electrical resistivity measurement before the gas permeability measurement for 

the next pore saturation level.  

 

Resistivimeter
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Electrode
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Figure 2  Schematic illustration of alternative current method for electrical resistivity measurement. 

 

3. Measurements at different pore saturations 

3.1. Gas permeability 

Using CemBureau device, the steady gas flow is measured under a given pressure gradient. The gas 

permeability can be evaluated through the Darcy’s law as, 



 

2

2 2

1 2

2

( )
A

L P Q
K

A P P





  (1) 

where KA stands for the gas permeability (m2), A,L represent the cross section and thickness of the 

concrete specimen, P1,2 for the inlet and outlet pressures (Pa),  for the viscosity of infiltrating gas 

(N•s/m), and Q for the volume flow rate of infiltrating gas (m3/s). Due to the boundary slip or 

“Klinkenberg” effect (Klinkenberg L.J., 1941) of gas flow in concrete pores, the intrinsic permeability 

obtained from Eq.(1) is found to be pressure dependent. Thus, the “real” intrinsic permeability is 

defined as the permeability value as the pressure gradient tends to infinite. This regression is done by 

fitting the gas permeability values at several different levels of pressure gradients, and the following 

relation is used for the regression, 
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where Kint stands for the intrinsic permeability at infinite pressure gradient (m2), pm for the average of 

the inlet and outlet pressure (P1+P2)/2, and b for the coefficient for Klinkenberg effect (Pa). In this 

study, the pressure gradients are changed from 0.15MPa to 0.40MPa. Figure 3(a) illustrates the 

measured values for the intrinsic permeability at different pore saturation levels for concrete C-1 to C-

4. For saturation degree of 100% all materials show zero value for gas permeability since all pores are 

occupied by pore water, and no transport path is available for gas permeation. At pore saturation of 

80%, the gas permeability is relatively low, in the magnitudes of 10-18~10-17m2, ranging from 3.410-18 

m2 (C-1) to 2.9610-17m2 (C-4). At totally dried state, the gas permeability ranges from 2.8610-16m2 

(C-1) to 9.6710-16m2 (C-4). Thus, the gas permeability can increase by two orders of magnitude as the 

pore saturation decreases from 80% to 0%. The measurement error associated with the permeability 

measured is quite important: about 30% for C-4 materials and more than 40% for C-1 materials with 

low permeability values.  

 
(a) Gas permeability                                               (b) Electrical conductivity 

Figure 3 Gas permeability and electrical conductivity at different pore saturations for OPC specimens. 

 

3.2. Electrical resistivity at different saturations 

By the alternative current method in Figure 2, the resistivity  (m) of the concrete specimen can be 

calculated through,  

1 U A

I L
   
    (3) 

where  is the conductivity (S/m), U, I are the imposed potential difference (V) and electrical current 

(A), and A,L the cross section and thickness of the specimen. Figure 3(b) illustrates the experimental 

results for electrical conductivity. At 100% saturation, all the pores are filled with water, thus the 

electrical resisctivity reflects capacity of electrical conductivity of all the pore paths. This value can 



 

also be used to depict the tortuosity of the pore structure through the Archie’s law (Archie G.E., 1942). 

In Figure 3(b), the electrical resistivity of concretes ranges from 297 m (C1) to 173  m (C4). At 

80% pore saturation, the electrical resistivity increases due to the decrease of the water-occupied space 

in the pore network. Accordingly, the electrical resistivity increases and ranges from 748  m (C1) to 

220  m (C4). The increase is noted as 152% for C1 and 27% for C4, implying that the change of 

water-occupied space is more important from 100% saturation to 80% saturation for C-1(w/c=0.3) 

than for C-4 (w/c=0.6). As the pore saturation decreases further the electrical resistivity increases 

sunstabtially, raging from 20534 m (C1) to 1103 m (C4) for S=40%. The resistivity at 0% 

saturation, dried to constant weight state under 60oC, was actually measured and the elelctrical current 

was not detected, thus the resistivity is assumed to be infinite. The relative error associated with the 

electrical resistivty measurement is within 10% in this study, implying that the electrical resistivity can 

be used as a stable experimental indicator for the compactness of structural concrete. To facilitate the 

data interpretation, the conductivity, instead of resistivity, is used in the follwoing to investigate the 

relationship between the pore saturation and electrical resistance.  

 

4. Impact of pore saturation 

4.1. Theoretical basis 

For porous materials, Van Gnutchten (1980) has proposed the follwing expression to descrine the 

relative permeability for liquid, 

    
2
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1 1

ml m

rlK S S   
  

  (4) 

where S stands for the pore saturation (-), l,m for two model parameters. Using the complementary 

principle, the relative permeability for gas obeys the following expression, 
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where p is the model fitting parameter. It was suggested p=l=0.5 for the above models (Mualem Y., 

1976). Note that these two equations were originally porposed for soils. Some recent research applied 

these relations to concrete materials taking the assumption from Mualem (Baroghel-Bouny V. et al., 

2001). This study is to use the Van Gnutchten-Mualem (VGM) model to analyze the relative 

permeability dedcued from the gas permeability and the electrical conductivity at different pore 

saturations. Note that the electrical conductivity at different pore saturations is assigned to liquid 

relative permeability since it is relates closely to the water-occupied path in pore networks. 

 

4.2. Relative permeability 

Figure 4 gives the curve fitting results for gas relative permeability and the liquid relative permeability. 

The regressed values for m are given in Table 2. From the figure, it can be seen that the relative gas 

permeability is not sensitive to the w/c ratio of concrete and the curves of C1 to C-4 nearly collapse 

into one curve, with the m values ranging from 1.067 to 1.146. On the contrary, the relative 

permeability deduced from the electrical conductivity shows strong dependence on the w/c ratio of 

concrete and the m value ranges from 0.779 (C-1) to 1.311 (C-4). One possible mechanism would be 

that the electrical resistivity is more sensitive the electrical state of pore surface and the electrical state 

can be changed with the thcikness change of the adsorption water film as the pore saturation decreases 

(Yang R.W., 2014). Further investigations can probably put into evidence the relation among the 

relative permeabilities, water saturation and w/c ratio of concrete. 

 
Table 2. Regressed m values from VGM models for gas permeability and electrical conductivity 

Measurement C-1(w/c=0.3) C-2 (w/c=0.4) C-3 (w/c=0.5) C-4 (w/c=0.6) 

Electrical conductivity 0.779 0.894 1.066 1.311 

Gas permeability 1.067 1.121 1.126 1.146 

 



 

  
(a) Relative gas permeability                                     (b) Relative liquid permeability 

Figure 4 Relative permeability from gas permeability and electrical resistance for OPC specimens. 

 

5. Conclusions 
(1) The gas permeability is highly dependent on the pore saturation of concretes. For the concrete C-1 

to C-4 in this study, the gas permeability at dried state is about two orders of magnitude higher than 

the permeability at 80% saturation. The relative error associated with the gas permeability is usually 

around 30% and this error can be higher as the absolute value of gas permeability is smaller. 

(2) The electrical resistivity of concrete is also highly dependent on the pore saturation degree. In this 

study, the electrical resistivity at 100% pore saturation is on the order of 170-300m while this value 

increases rapidly to the range of 1100-20534m at 40% pore saturation. Among the four concrete 

materials, C-1 with w/c=0.3 shows more important increase than other materials. 

(3) The VGM models are used to represent the impact of the pore saturation on the gas permeability 

and the electrical conductivity. The VGM models can fit well the dependence of the two quantities on 

pore saturation. The gas relative permeability is not sensitive to the material w/c and all the four 

materials share the same curve with the m values regressed as about 1.10. The relative conductivity is 

rather sensitive to material w/c and smaller w/c has smaller m values. The underlying mechanism can 

be attributed to the detailed electrical properties associated with the water film adsorbed on the pore 

wall at lower pore saturation. 
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Abstract 

The major objective of primary cementing is to provide zonal isolation in oil, gas, and water wells, i.e., to exclude fluids 

from one zone to another in the well. The high temperature and pressure in oil wells require a particularly resilient 

cement system. Recently, several research groups in oil and gas industry have begun to study the application of 

nanomaterials to mitigate problems in oil well cementing. Addition of nanoscale particles to cement paste can improve 

the functionality of the cement system providing a range of property improvements. The Young’s modulus of cement 

sheaths in oil wells should be as low as possible, while the tensile strength should be as high as possible to maintain the 

desired mechanical properties for cement sheath in oil wells. In this study, the Young’s modulus, E, tensile strength, σt 

and fracture toughness, KIC of neat Class G oil well cement paste with and without 0.2% (BWOC) nanopalygorskite 

were determined by use of the flattened Brazilian disk specimen. 2α=30 ͦ was selected for the loading angle 

corresponding to the flat end width. E was determined from the slope of the section before the maximum load, σt from 

the maximum load, and KIC from the local minimum load observed subsequent to the maximum load. Incorporation of 

nanopalygorskite enhanced the σt/E ratio and the fracture toughness leading to improved tensile properties, which 

seems to reveal more efficient performance of cement sheaths in oil wells. 

  

Originality 

For long-term zonal isolation in oil and gas wells, the mechanical properties of the cement system are important. The 

addition of fibers enhances the tensile strength and toughness of cementitious composites considerably. It has been 

shown that fibrous material can act as a bridging agent over cracks or pores by providing sufficient tensile load 

transfer. There are several studies on the impact of carbon nanotubes/nanofibers and various metal oxide nanoparticles 

as reinforcing agents for cementitious systems. However, to the best of our knowledge, only few studies have been 

reported on the application of fibrous clay in cement paste to modify the rheological properties, and no study on their 

impact on the tensile properties was reported before.  In this research, the effectiveness of nanoscale fibrous clays in 

enhancing tensile properties of oil well cement sheaths has been studied by testing of flattened Brazilian disk specimens.   
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1. Introduction 

Maintaining a durable zonal isolation, i.e., to exclude fluids such as water, gas or oil in one zone from 

another zone in the well, is the main goal of the cement job in oil and gas wells. Due to the stress 

condition in oil wells caused by high temperature and pressure and stresses induced to the cement 

sheath due to the different operations/events during the life of the well, the cement sheath may fail in 

displaying the desired performance (Nelson and Guillot 2006). Traditionally, development of 

sufficient compressive strength has been the main indicator for evaluation of the provided zonal 

isolation. However, recently, it has been demonstrated that for an adequate long-term zonal isolation, 

the compressive strength requirement is no longer adequate. Typical compressive strength of cement 

system is enough to withstand the compressive loads imposed by the well. However, its tensile 

strength is approximately 10% of the compressive strength value and consequently, in most of cases, 

cement sheath fails under tensile forces (Pedersen, Scheie et al. 2006).  

In order to have a cement system which can provide a durable zonal isolation under conditions which 

impose tensile stresses to cement sheath,  flexibility and tensile strength of cement system should be 

improved (Thiercelin, Dargaud et al. 1998, Dean and Torres 2002). As each well has its own special 

condition, it is complicated to define quantitative requirement for tensile properties of cement sheath 

which can be applicable for all wells. In previous studies (Williams, Khatri et al. 2011), two important 

characteristics have been considered for a cement system which can perform properly in oil and gas 

wells: the ratio of cement sheath-to-formation Young’s modulus, and the ratio of tensile strength to 

Young’s modulus of cement sheath. If the Young’s modulus of cement sheath reduces significantly 

below the Young’s modulus of the formation, the tensile strength requirement will be decreased 

(Williams, Khatri et al. 2011). In addition, a higher tensile strength to Young’s modulus ratio of 

cement system is more suitable for elevated stress environments. 

There are many additives which can be used in a cement system to modify its different properties; 

however, in order to increase tensile strength, toughness and improve durability of the cement system, 

incorporation of fibrous material have been confirmed to be effective (Berndt and Philippacopoulos 

2002, Metaxa, Konsta-Gdoutos et al. 2010, Mukhopadhyay 2011). Recently, development of fibrous 

material in nanoscale has opened new areas in cementitious material which is supportive in controlling 

crack propagation at nanoscale. Among nanofibers carbon nanotubes/nanofibers (CNTs/CNFs) have 

gotten the most of interest among cement researchers. CNTs/CNFs exhibit extraordinary mechanical 

properties which put them among the most promising nanomaterials for enhancing the mechanical 

properties. However, due to the challenges in achieving proper dispersion, incorporating the unique 

mechanical properties of CNTs/CNFs in cement composite has proven to be complex, and to date 

mixed results have been obtained (Sanchez and Sobolev 2010). Several studies have been done 

regarding the impact of CNTs/CNFs and metal oxide nanoparticles on mechanical properties of 

cementitious material. However, to the best of our knowledge, the impact of fibrous clay on 

mechanical properties of cement paste is not fully understood and needs further research. 

In this paper, the effectiveness of nanoscale fibrous clays in enhancing tensile properties of oil well 

cement sheaths has been studied by testing of flattened Brazilian disk specimens.   

2. Experimental 

2.1. Raw Materials 

Cement slurries used in this study were prepared using API Class G oil well cement and deionized 

distilled water. The chemical properties of this cement are summarized in Table 1. Highly-purified 

palygorskite, 1.5-2 μm length and 30 nm width, is the clay selected for this study. Palygorskite has a 

needle-like shape compared to the bentonite (smectite), the most common type of clay used in oil well 

cement systems, which has a plate-like structure. The high specific surface area of palygorskite in 

combination with its small particle size in dispersed state, may lead to a considerably high adsorption 

capacity (Kawashima, Kim et al. 2012). The water absorption of nanopalygorskite (NP) considered 

200% by dry mass of NP according to manufacturer information and experimental work by 

Kawashima et al. (Kawashima, Kim et al. 2012).  

2.2. Experimental Process 

All paste samples had a water-to-cement ratio (w/c) of 0.44 by mass. For mixes containing NP, they 



 

Table 1: The chemical properties of API Class G oil well cement. 

Compositions SiO2 Al2O3 Fe2O3 CaO Mg

O 

SO3 P2O

5 

K2O Na2

O 

LOI

* 

Eq. 

Na2O*

* 

Content % 21.67 4.11 5.24 64.32 0.65 2.77 0.08 0.65 0.13 1.48 0.56 

Bogue 

composition 

C3S: 54.1 

C2S: 21.6 

C3A: 2.0 

C4AF + 2 C3A: 20.0 

* Loss on ignition 

**Equivalent alkali (as Na2O)  

 

were introduced as a stock suspension with 25% NP, where 25 g of NP blended with 75 g of mixing 

water in a Warning blender at high speed for 5 min to facilitate dispersion. For preparation of mixes 

with a NP addition, first, the mixing water and desired amount of stock suspension were mixed for a 

15 sec at low rate followed by 15 sec at high rate; second, the cement was added within 15 sec while 

mixing at low rate; and third, mixing for further 35 sec at high rate in the Warning blender. After 

cement slurry preparation, the prepared slurry transferred to a cylindrical mold, with diameter of 50 

mm and thickness of 30 mm, then, sealed and cured for desired time in an oven at constant 

temperature. Later, samples took out of the oven and machined to flattened disc specimen with 

thickness of 25 mm and diameter of 50 mm. 

Plain cement paste and cement paste containing 0.2% NP cured at constant temperature of 40 °C 

(Morris, Criado et al. 2003) for duration of 3 and 28 days. After removing the samples from the oven, 

they were kept under water at 27 °C before testing. Each test should be repeated at least for three 

samples. Based on the specimen dimensions, the loading rate was taken as 1×10-3 mm/sec for all 

samples (Keles and Tutluoglu 2011).  

 

3. The method and theory 

Tensile strength, Young’s modulus and fracture toughness of cement sheath are important for design 

and analysis for the whole life of the well. The Brazilian test or splitting tension test has been popular 

for indirectly determining of tensile strength for rock and cementitious material which is performed by 

compression with diametrically opposite concentrated loads on a disc specimen. In order to avoid local 

cracking, breakage or yielding around the loading point caused by stress concentration, two parallel 

flat ends were introduced to the disc as shown in Fig. 1 (Wang and Xing 1999, Wang, Jia et al. 2004).  

 
Figure 1: Loading method, flattened Brazilian disc specimen (Chen, Wu et al. 2014). 

 

A test procedure using the flattened Brazilian disc specimen has been proposed for the determination 

of three material parameters, Young’s modulus, tensile strength and fracture toughness by information 

gained from different sections of a complete load-displacement test record (Wang and Xing 1999, 

Wang, Jia et al. 2004). In order to guarantee crack initiation at the center of the specimen, which is 

considered to be crucial for the test validity, the loading angle corresponding to the flat end width must 



 

be greater than a critical value (2α ≥ 20). After selection of proper value of 2α , the tensile strength σt 

can be determined from Eq. 1 (Wang, Jia et al. 2004): 

 
σt = 2Pmax k(α)/πDt                                                       (1) 

 

Where Pmax is the maximum load applied on the flat ends during testing, D the diameter, t the 

thickness, and k is the coefficient which is a function of the loading angle. When 2α=30°, k=0.9205. 

When the specimen is loaded, initially, the specimen has a non-linear behavior caused by compression 

of existed porosity and micro-cracking of the specimen. Then follows a period of linear ascending, the 

load reaches its maximum, which corresponds to the initiation of a crack at the center of the specimen. 

Then the load must go down, since the dimensionless stress intensity factor Φ is rising, the crack 

propagates unstably at this stage. The load soon reaches the local minimum value Pmin, which 

corresponds to the critical crack length. This critical crack length corresponds to Φmax and there is no 

need for its measurement. The fracture toughness KIC can be determined by using Pmin  and Φmax  

according Eq. 2 (Wang, Jia et al. 2004): 

KIC = PminΦmax(α)/t√R, Φmax=0.5895 (for 2α=30°)             (2) 

Consequently, from only a recorded curve of load versus displacement test as shown in Fig.2, E can be 

determined from the slope of the linear section before the maximum load,  σt from the maximum load 

and KIC from the local minimum load immediately subsequent to the maximum load. 
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Figure 2: A test record of load-displacement for a flattened Brazilian disc specimen of class G cement containing 

0.2% NP, cured for 3 days at 40 °C. 

 

4. Results and Discussion 

The tensile strength, fracture toughness and Young’s modulus are given in Table 2. During machining 

of flattened loading ends, it was difficult to adjust the 2α precisely; however, in the case of deviation, 

k and Φmax were corrected to take into account the actual degree of loading according to equations 

developed by (Wang, Jia et al. 2004, Keles and Tutluoglu 2011) respectively. 

The tensile strength and fracture toughness of the samples containing 0.2% NP, cured for 3 days at 

40 °C increased 35% and 39%, respectively, while the elastic modulus remained almost unchanged 

compared to the plain cement sample. For samples cured for 28 days at 40 °C, the addition of 0.2% 

NP resulted in 53% increase in tensile strength, 73% in fracture toughness, and 20% increase in elastic 

modulus compared to the plain cement sample. Thus, by addition of 0.2% NP, the ratio of σt/E for 

samples cured for 3 days and 28 days at 40 °C increased 17% and 11%, respectively, compared to the 

plain cement samples.  

In Table 3, result of 0.2% NP/cement composite tested in this study are compared to data from the 

literature on the tensile strength and Young’s modulus of cement composites containing CNTs in 

comparable amounts (approx. to 0.2%). In some of those studies, the flexural strength was measured 



 

by bending test; and to allow for comparison, the tensile strength of the composite was calculated from 

the flexural strength data according Eq. 3: 

fct,sp=0.86fct,f-1.12                                (3) 

Where  fct,sp ,in MPa, is the indirect tensile strength and  fct,f  ,in MPa, is the flexural strength measured 

using the bending test (Balbo 2013). 

In general, addition of NP improved tensile strength within the range of observed improvement for 

CNT/cement composites. As can be observed in Table 3, variable results have been obtained for 

addition of CNTs to the cement paste. Addition of 0.2% multi walled carbon nanotubes (MWCNT) to 

class H oil well cement led to no improvement in mechanical properties. This might be attributed to 

improper dispersion. However, in another study with the same content of MWCNT, the calculated 

tensile strength using Eq. 3 increased 430% (flexural strength 269%) compared to the control system. 

Data for cement systems containing metal oxide nanoparticles such as nano-SiO2, nano-Fe2O3 with 

higher content ranging from 0.5 to 5%, are not included in Table 3. For these systems, a lower or 

comparable improvement was observed (Li, Xiao et al. 2004, Nazari and Riahi 2011, Nazari and Riahi 

2011, Nazari and Riahi 2011).  

Montmrillonite is an active and major ingredient in bentonite, the most common type of clay used in 

oil well cement systems. Incorporation of 1% nano-montmorillonite in cement paste, cured 56 days 

under water, increased tensile strength 42% according to Eq. 3 (flexural strength 32%) and improved 

fracture toughness about 31% compared to the plain cement paste (Hakamy, Shaikh et al. 2014). A 

lower concentration of NP, 0.2%, in cement paste at the age of 28 days exhibited higher improvement 

in tensile strength and fracture toughness compared to nano-montmorillonite.  

As mentioned earlier, besides tensile strength the Young’s modulus of an oil well cement sheath plays 

an important role in providing the required zonal isolation. From Table 2 and 3 it can be seen that  

 
Table 2: The average tensile strength, fracture toughness and Young’s modulus determined by testing flattened 

Brazilian disk specimens for cement system containing 0.2% NP cured at 40 °C. 
NP% 

BWOC 
Pmax (N) Pmin (N) σt (Mpa) KIC

 (MPa√m) E (GPa) σt/E 

3 d 28 d 3 d 28 d 3 d 28 d 3 d 28 d 3 d 28 d 3 d 28 d 

0 
8150.6 9099.5 6599.7 6939.1 3.8 4.3 1.0 1.0 8.2 8.7 0.54 0.57 

SD* 

(%RSD)     
0.69 

(17.9) 
1.67 

(38.8) 
0.25 

(25.5) 
0.54 
(51) 

0.91 
(11.1) 

2.10 
(24.1) 

  

0.2 
11050.0 14090.6 9199.2 12116.0 5.2 6.6 1.4 1.8 8.2 10.4 0.63 0.63 

SD 

(%RSD)     
0.69 

(2.5) 

0.78 

(1.8) 

0.20 

(14.6) 

0.25 

(7.6) 

0.34 

(4.2) 

0.57 

(5.5) 
  

*SD: standard deviation; %RSD: %relative standard deviation 

 

 
 

 
 
 
 
 
 

 
 
 
 

Figure 3: Testing of flattened Brazilian disk specimen. 



 

Table 3: The impact of CNT and NP addition on tensile strength and Young’s modulus of cement-based 

materials 

Nanomaterial 
Content (% 

BWOC) 
w/c 

Curing 
period 
(day) 

E(GPa) σt(MPa) 
% of changeb 

Ref. 
σt E 

Short-MWCNT 0.1 0.3 28 - 8.8a 30 - 

(Konsta-
Gdoutos, 
Metaxa et 
al. 2010) 

Short-MWCNT 0.2 0.4 28 17 9.0a 430 20 
(Abu Al-

Rub, Ashour 
et al. 2012) 

Long-MWCNT 0.1 0.4 28  13 3.5a 100 -10 
(Abu Al-

Rub, Ashour 
et al. 2012) 

MWCNT 0.2 0.54 7 7.2 2.5 -5 0 
(Santra, 

Boul et al. 
2012) 

NP 0.2 0.44 28 10 6.6 55 20 
Current 
study 

a Tensile strength predicted according to Eq. 3. 
b % of change calculated for each composite compared to its own reference system. 

 

application of NP or CNT/CNF alone has in most of cases increased the Young’s modulus. Therefore, 

to obtain improved flexibility, composites with flexible particles are being studied. 

4. Conclusions 

The tensile strength and fracture toughness of a cement system containing fibrous clay increased 

compared to a plain cement system with the same w/c ratio. The Young’s modulus remained almost 

unchanged at 3 days of curing and showed an increase at 28 days of curing. A cement sheath with 

additional flexibility is required to provide zonal isolation in the oil well. 
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Abstract: X-ray tomography (X-CT) was applied to track in-situ, continuously and 

visually the migration process of water in unsaturated cement pastes. The effects of 

water to cement ratio were investigated. According to grey values and pores spatial 

distribution in X-CT images, it indicates that the profiles of water suction starts with an 

early rapid growth and a subsequent slowly increasing period which followed by a 

relatively stable stage. The rate of water penetration is accelerated with the increasing 

water-to-cement ratio. 
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1 Introduction 

Cement-based material is one of the most widely infrastructural construction 

materials. The durability and service life of material strongly depends on its transport 

properties including diffusivity, permeability, and sorptivity. Water not only acts as 

transporting medium for ingress of aggressive agents (e.g. chlorides, sulphates) or 

leaching of calcium, but also causes cracking, spalling, and delamination of concrete 

due to shrinkage or freeze-thaw cycles exposed to alternating conditions of temperature 

and humidity. It is worthwhile to note that the deterioration rate of concrete structures 

subjected to marine environments will be greatly accelerated.   

For the transport properties of water or ionic solutions in cement-based materials, 

there are exhibit different transport mechanisms under three marine conditions 

including atmospheric zone, tidal/splash zone, underwater zone. Aggressive ions 

penetrated from an ocean atmospheric environment transport at a much lower rate, 

compared to ions intrusion in the region of tidal/splash or seawater submerge[1]. 

Compared with underwater saturated concrete, the unsaturated concrete of marine 

tidal/splash zone is subject to more serious damage due to the coupling effect of 

convection and diffusion. Despite both the water advection and ions diffusion are the 

primary transport mechanisms by which harmful ions ingress into cement-based 

materials, capillary absorption of water near an unsaturated concrete surface is 

generally regarded as the dominant penetration process since there are not enough 

continuous paths of liquid water present to support ions diffusion[2-6]. In addition, 

cement-based materials are rarely in a state of full saturation even if the long-term 

immersion in water. Therefore, it is essential to investigate the water transport in non-

saturated concrete that will be conducive to explain the ingress mechanism of 

aggressive ions. 

Recently, X-ray computed tomography (X-CT) as a non-destructive and visual 

technique has proved to be powerful tool for tracking the microstructural evolution[7,8] 

and fluid flow[9] in cement-based materials. In the present study, transfer dynamic 

processes of internal moisture were in situ examined using the X-CT method. Based on 



the typical image of water intrusion, the spatial distributions and time dependent of 

water were quantitatively identified in non-saturated cement pastes.  

2 Experimental procedure 

2.1 Raw materials and samples preparation 

A Chinese standard graded 52.5 P I type Portland cement, similar to ASTM C150 

type I cement, was provided by Huaxin cement plant, PR China. Blast furnace slag is 

supplied by Jiangnan grinding Co., Ltd., PR China. Their chemical compositions and 

physical properties are given in Table 1.  

Pastes with W/C of 0.35 and 0.53 were used to compare the effect of water-to-

cement ratio (W/C). Samples were mixed with 1min at low speed and 2 min at high 

speed. Then, the pastes were cast into mold with size of 40 mm×40 mm×160 mm. After 

24 hours, the specimens are demoulded and placed in a room at 20±3 °C and more 

than 95% relative humidity for curing 1year. 

 

Table 1 The chemical compositions and physical properties of raw materials 

Types of 

raw 

materials 

Chemical compositions (%) 

Density 

(kg/m3) 

specific 

area 

(m2/kg) 
CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O 

Loss 

on 

ignition 

Cement 62.6 21.35 4.67 3.31 3.08 2.25 0.54 0.21 0.95 3150 369.6 

Slag 34.54 28.15 16 1.1 6 0.32 0.45 0.46 2.88 2800 416 

 

2.2 Water absorption test 

To determine the capillary absorption properties of harden cement pastes, the 

gravimetric method was used to measure capillary sorptivity. The samples were taken 

out of curing room and cut into prisms with size of 10 mm×10 mm×40 mm. Before the 

test, all prisms were dried in a vacuum oven at 105 °C until constant weight had been 

reached. After cooling, the lateral sides of these prisms were sealed with paraffin so 

that only bottom surfaces of the prisms (10 mm×10 mm) were exposed to water. Then, 

the samples sealed were placed in a flat-bottom plastic container with four small blocks 

upholding the bottom of samples. Finally, the container is filled with water up to a level 

approximately 2 mm higher than the bottom surfaces. The uptake of water by capillary 



absorption was measured through the weight gain of the samples surface in contact with 

water. Before 120 min of water absorption, sample weight measured is taken every 10 

min. After that, weight is tested every 30 min until the end of the experiment. 

2.3 X-ray computed tomography 

This study is performed on the YXLON CT apparatus with Y.CT Precision System. The 

schematic diagram of the CT apparatus is presented in Fig. 3. The equipment consists 

of an X-ray source from beam line, a manipulator to position the object to be inspected 

and a detector to capture the radioscopic image [23]. The water absorption test was 

carried out again under X-ray CT monitoring. The cuboid samples were placed inside 

the plastic container (Fig. 1) that was then fixed on the manipulator of CT. After starting 

the CT system, the intrusion of water in samples is in situ visually tracked from 0 to 

270 min. Finally, attenuation images are collected from many angles by rotating the 

specimen through small, evenly spaced angular increments between 0° and 360° using 

a rotation stage. The detailed parameters of CT (YXLON) are presented in table 2. 

  
Fig. 1 The schematic illustration of CT system 

 

 

 

 

 

 



Table 2 Experimental parameters of a CT apparatus 

 

Type Parameters 

Detector Y.XRD0820 

X-ray tube voltage 185 kV 

X-ray tube current 0.26 mA 

2D pixel size 0.0410.041 mm 

3D voxel size 0.0410.0410.041 mm   

Image dimension 10241024 pixels 

Rotation angles 360° 

 

2.4 Mercury intrusion porosimetry 

The porosity and pore size distribution of cement pastes were measured by a 

Micrometrics Autopore IV 9500. The mercury intrusion measurement investigated pore 

sizes in the range of 3.6 nm to 360 μm with a maximum pressure up to 50000 psia. The 

cubic samples with the size of 10 mm×10 mm×10 mm were obtained by cutting from 

the hardened pastes at the age of 1 year. These samples were first placed into an oven 

for drying 3 days at 60 °C until the weight stability was reached, and then were sealed 

into a 5 ml penetrometer. After that, MIP measurements were conducted into two stages: 

(1) an initial low-pressure test run from 0.51 to 25 psia; (2) a high-pressure analysis run 

from 25 to 50000 psia. The process of intrusion and extrusion of mercury was 

automatically controlled by computer program. In order to reach stable pressure at each 

pressure increment interval, the equilibration time of machine was set to 30 seconds at 

a mercury contact angle of 130°.      

 

3 Results and discussion 

3.1 Typical CT image of water intrusion of cement paste 

After 20 minutes of absorbing water for cement paste with W/C of 0.35, a typical 

2D CT image of cross-sectional slices is shown in Fig. 2. It can be seen that the process 

of water intrusion of hardened cement paste can be directly visualized by means of CT 

apparatus. According to the profile of water front, the sample is clearly divided into two 

zones (dry zone and wet zone). After contacting with water, the brighter area in the 

lower part represents the zone in which water has penetrated the pores of cement paste. 



Areas of high density have greater attenuation coefficient values and show lighter shags 

in the CT image. Therefore, it is obvious that the brightness of wet zone at the bottom 

is larger than the upper part of dry zone. For wet zone, the left depth of water is higher 

than the right one. As cement paste is a non-homogeneous material, the uneven 

distribution of pores cause this difference of intrusion rate of water.  

 

Fig. 2 Typical 2D image of water absorption by capillary suction 

 

To accurately identify the depth of water intrusion, three random lines are imposed 

on the 2D image (Fig. 2). The distribution of gray values along the lines from bottom 

to top are shown in Fig. 3. It can be seen from Fig. 3 that the gray curves at different 

lines have a similar trend. The gray values of sample reduce with the increase of depth 

in the wet zone, then approximately keep constant in the dry zone. This suggests that 

water content along the depth of cement paste gradually decreases to values close to 

zero. According to the turning point of curves, the mean penetration of depth can be 

quantitatively determined. It is noted that gray values shows a fluctuation in the dry 

zone. The gray values are proportional to the X-ray attenuation coefficient that is 

strongly correlated with the density of the sample. Hardened cement paste is a multi-

phase composite material that mainly include anhydrated cement particle, calcium–



silicate–hydrate, calcium hydroxide, ettringite, capillary pores. As the gray values of 

different phases relative to their average atomic number, anhydrated cement shows 

brightest followed by hydrated products and capillary pores [24]. When a straight line 

pass through anhydrated cement, a peak (point A) appear at the gray value curve of line 

2. When straight lines pass through capillary pores, troughs with point B, point C, point 

D occur at the gray value curves of line 2, line 3, and line 1, respectively. 
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Fig.3 Change of 2D image gray vales of water absorption by capillary suction 

3.2 Influence of W/C 

Fig. 4 presents the influence of W/C on evolution of 2D CT images at identical 

locations during the free water absorption test. Consecutive images demonstrate the 

displacement with time of the water front toward the interior of samples. Immeidately 

after contacting, water rapidly penetrates into inside. After 60 min, the rate of capillary 

water absorption begins to gradually decrease until to 270 min. In addition, the position 

of water front is not completely fixed during the process of capillary absorption. The 

water front appears on the left and right side in the early age. In contrast, the water front 

locates in the middle of cement pastes after 150 min of water absorption. The direction 

of casting the fresh paste and the different intensity of compaction have a significant 

effect on capillary suction, which is consistent with the results reported by Zhang et 

al[10]. 



 

  

  

Fig.4 Evolution of 2D Cross-sectional slices of paste with different W/C at the same location 

during capillary absorption process 

 

Based on the analytical method from section 3.1, the evolution of penetration depth 

for pastes with W/C values of 0.35 and 0.53 is shown in Fig. 5. It can be clearly seen 



that the samples with different W/C have similar trend of curves. Immediately after 

contacting water, the rate of penetration evolution rapidly increases. After 60 min, the 

rate of penetration change slows down gradually. For the same time of absorbed water, 

the larger W/C of cement paste shows higher depth of penetration. At 270 min of water 

suction, the penetration depth of W/C with 0.53 is increased by 4.1% than that of W/C 

with 0.35. 
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Fig. 5 Effect W/C on penetration depth during water absorption by capillary 

 

4. Conclusions 

In view of the characteristic of non-transparency for the cement-based materials, X-ray 

computed tomography is employed to in situ, continuously and visually track the water 

penetration process in cement-based materials under capillary force. The following 

conclusions can be drawn: 

(1) CT technology is a powerful non-destructive method to observe of dynamic water 

absorption of cement pastes. The gray value of 2D images can be further assessed 

to quantitatively obtain internal water distributions as a function of time with high 

precision and spatial resolution. 

(2) For unsaturated cement-based materials, the water absorption profiles appear an 

early rapid growth followed by a relatively slow increasing stage and a 

subsequently stable stage. Mixtures with lower water-to-cement ratio significantly 

decrease the rate of water penetrating. 
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Abstract 

Nowadays, governments all over the world are very worried about environment and consequently about 

environmental policies; within the actuations assumed, it is given much importance to the reuse, recycling and 

valorization of wastes, this way decrease the amount of raw materials for the manufacture of new products, the 

reduction in fuels, the gasses emissions to the atmosphere and of course, the amount of wastes accumulated. 

Construction sector has always been considered as disrespectful with the environment; therefore a lot of 

researchers are trying to change this trend, making an effort for reaching a more sustainable sector using 

wastes in all the process. One of these wastes that is pretended to introduce in the life cycle of the materials in 

the construction sector are the construction and demolition wastes (C&DW), that are an important flow in all 

the world and there are low ratios of recycling. 

Actually this kind of wastes has several applications, where is highlighted their use as aggregate in the 

manufacture of recycled concretes, in roads and highways or as drainage material. 

It is intended to give a new application to construction and demolition wastes as pozzolanic addition in cement.  

Based on previous researches, wastes from management plants were collected, these materials come from a mix 

fraction with at least 20% of ceramic material on it, the rest can be other products as mortar, paint, varnish, 

gypsum, etc., that in this case are considered as contaminants. 

The incorporation of this kind of wastes in different percentages in substitution of the cement as pozzolanic 

addition has produced good results, with the final achievement of two international patents 

(PCT/ES2014/070212 and PCT/ES2014/070406).  

The object of the current research work is the study of the durability of these new blended cements based on 

construction and demolition waste as pozzolanic addition, focusing on the sulfate attack, being possible the 

comparison with cements where this kind of materials has not been used. 

The durability is going to be studied in cement pastes, in two different samples, the first one, an ordinary 

Portland cement (CEM I 42.5R) and the other sample, a cement with a 30% addition of construction and 

demolition waste formed by 100% of ceramic material.      

The evolution of mechanical behavior and morphology were evaluated in both samples for different 

concentration and exposure time to sulfate solution. This way is possible the comparison the properties of 

cements with and without active addition. 

 

Originality 

At the present, construction and demolition wastes are commonly used in different applications as aggregate in 

recycled concrete, drainage or roads, so the originality of the current research work goes back to the use of 

these kinds of wastes in a new application: Pozzolanic Addition, and how it is possible to improve the durability 

of cements with the substitution of a certain percentage of cement by construction and demolition waste, which 

produces the improvement in environmental quality. 

 

Keywords: C&DW; ceramic material; pozzolanic addition; cement; sulfate attack 

 

 

 

 

 

 

 

 

 

 

                                                 
* Corresponding author: eloyadl@ietcc.csic.es, Tel +34-913020440, Fax +34-913020700 



 

1. Introduction 

The environmental awareness of governments across the world is increasingly acute and 

environmental policies are drafted as a consequence of this awareness. 

One way of supporting these tendencies is through activities such as recycling, the reuse and 

valorization of materials in different sectors, which have a direct impact on the environment. These 

activities can be focused on reducing the exploitation of natural sources for the extraction of raw 

materials for new products, such as those focused on the use of alternative fuels that permit reductions 

in the consumption of non-renewable energies and/or based on fossil fuels. 

In the construction sector, which has always been considered to show little respect for the environment, 

one possible option is the introduction of measures based on recycling, reuse and valuation. There are 

many researchers who focus their work on the search for a change in this tendency, seeking a more 

sustainable sector from all standpoints, including the use of raw materials and alternative fuels (Aranda 

Usón et al., 2013; Hassaan, 2001; Kaddatz et al., 2013; Lamas et al., 2013). Other sustainable ways of 

implementing these measures are through the reintroduction of materials in the lifecycle, so that 

materials that a priori have arrived at the end of their lifecycle may be used in future buildings. This is 

for example the case of the use of industrial waste and/or sub-products as additional components (Li 

and Ding, 2003; Vigil de la Villa et al., 2008; Utton et al., 2008; Rodríguez Largo et al., 2009; Kocak and Nas, 

2014; Hu, 2014). 

With the aforementioned materials in mind, Construction and Demolition Waste (C&DW) is 

considered one type of material that may be reintroduced into the lifecycle. C&DW comes from 

construction and demolition activities and from waste materials from the manufacture of ceramic 

products such as tiles and bricks. Its sale is impossible, due to different reasons and problems in the 

manufacturing process, hence its classification as waste. Earlier works have described the use of these 

materials as pozzolanic addition in cement with good results (Sánchez de Rojas et al., 2001, 2006, 2007; 

Toledo Filho et al., 2007; Lavat et al., 2009), which have led to new investigations, in which C&DW is 

employed as an additional cement component, thereby seeking to give it a new use. Nowadays this 

type of waste is on the whole used as aggregate in the manufacture of recycled concretes, in roads and 

highways and as drainage material, or simply for esthetic purposes (Vegas et al., 2011; Medina et al., 

2012a, 2012b; GERD, 2012; Jiménez et al., 2012a, 2012b; Medina et al., 2014a, 2014b; Ledesma et al., 2014; 

Bogas et al., 2014; Rahman et al., 2014). C&DW based on ceramic material and collected from different 

Spanish recycling plants are used in different proportions as a pozzolanic substitute in cement, 

yielding good results. These activities have resulted in two international patents (Sánchez de Rojas et al., 

2014a, 2014b). 

These new cements have to be studied so as to evaluate the possibility and the viability of their use in 

cements and so as to assess the point of view that the use of these new materials improves and 

modifies the properties of standard cements.  

Among the properties under evaluation, those related to the durability of the cement are important, 

which is the objective of this present study. It presents an evaluation of the differences in the durability 

of a reference cement as opposed to a cement in which 30% of the cement has been substituted by 

C&DW consisting 100% of ceramic materials. 

This durability study focuses on sulfate attack in both types of cement, so as to compare the possible 

formation of new compounds such as gypsum (Ca2SO4.2H2O), ettringite 

(3CaO.Al2O3.3CaSO4.32H2O), thaumasite (Ca3Si(SO4).(CO3).(OH)6.12H2O) and a mixture of both, 

after the attack and the reaction with different concentrations in solution of sodium sulfate over 

different immersion times (Pandey et al., 2003; Binici and Aksoğan, 2006; Tosun et al., 2009; Frías et al., 

2009; Veiga and Gastaldini, 2012; Frias et al., 2013; Komljenović et al., 2013; Goñi et al., 2014; Sánchez de 

Rojas et al., 2014c). It is very important to centre attention on the formation of this type of compounds 

due to their expansive nature, as they can cause damage to the cement paste, due to the formation of 

cracks (H F W Taylor, 1997; Pandey et al., 2003; Tosun et al., 2009). Over prolonged periods of exposure, 

it could lead to the destruction of structures that employ these types of cements. So, in the present 

work, changes in the weight of the cement specimens is evaluated with the purpose of relating this 

data to the formation of new products and with variations in their appearance. The deterioration of the 



 

specimens immersed in solutions of sodium sulfate at different concentrations can worsen over 

lengthier periods of time. 

According to previous studies by different authors, there are three factors that influence greater 

durability of cements with pozzolanic additions: the refined pore structures, the low alkalinity of the 

solutions in those structures, and a lower content of Portlandite in the pastes based on this type of 

cement (Diamond, 1983; Mehta and Monteiro, 2006; Veiga and Gastaldini, 2012; Frias et al., 2013; Sánchez de 

Rojas et al., 2014c). The present work centres on this latter factor. Different instrumental techniques 

were used for the analysis of the compounds that formed, so as to compare their formation and the 

greater or lesser presence of portlandite in the pastes.  

The use of different analytical techniques permits a study in terms of both the composition and the 

morphology of the cement, so as to evaluate the differences that exist between the pastes manufactured 

with cement with and without the addition of C&DW pozzolanic materials. Finally, a study was 

performed on the mechanical behaviour of these pastes, examining their resistance to flexural strength 

in a similar way to the Koch-Steinegger test (Koch, A. and Steinegger, H., 1960).  

2. Experimental 

2.1. Materials 

The materials used in the current research work were cement and a construction and demolition waste. 

Cement used was an ordinary Portland cement (OPC), CEM I 42.5 R type, with a content unless 95% 

of clinker and up to 5% of minority components, based on UNE–EN 197–1:2011 Standard (AENOR, 

2011).  

A construction and demolition waste (C&DW) completely based on ceramic material (tiles and bricks) 

from a Spanish recycling plant with a particle size less than 63 µm that has been obtained after a 

conditioning. 

The chemical composition by X-ray florescence (XRF) of the waste is shown in the table 1, where it is 

possible to see that the main component is SiO2, and also are important oxides with acid nature as 

Al2O3 and Fe2O3, typical components of pozzolanic materials (AENOR, 2011; Saraya, 2014; Amin et al., 

2014; Kocak and Nas, 2014; Vigil de la Villa et al., 2008; Pacheco-Torgal and Jalali, 2010; Ay and Ünal, 2000; 

Bensted and Munn, 2001; Sánchez de Rojas et al., 2001, 2006, 2007; Lavat et al., 2009; Pereira-de-Oliveira et 

al., 2012; Tironi et al., 2013; Frias et al., 2006; Toledo Filho et al., 2007).  
 

The C&DW based cement (CDWC) used in the current research work was preparing by blending 70% 

OPC with 30% C&DW. 

 
Tab. 1 Chemical composition of the C&DW by XRF/% 

Oxides SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O SO3 K2O TiO2 P2O5 LOI* 

C&DW 59.63 18.51 5.92 0.09 3.12 4.78 0.73 0.42 3.59 0.84 0.15 2.15 

* LOI: Loss On Ignition 

 

2.1. Experimental Process  

Cement pastes specimens (1x1x6 cm) were prepared with the two cements, OPC and CDWC (C&DW 

based cements) using w/c ratios of 1/2 for both of them. 

Specimens, after 28 days of curing in water at room temperature, were introduced in sodium sulfate 

solutions (0.50 and 1 M) during different times (14, 21, 42 and 56 days) and compared with a 

reference solution (without Na2SO4). Solutions were not refreshed during the testing stage. 

After periods of immersion in Na2SO4 solutions, the specimens were weighed and measured before 

testing their mechanical behaviour. 

3. Results and discussion 

During the current research work is pretended to evaluate the influence that the incorporation in 

cements of a ceramic based waste from construction and demolition activities has in the sulfate 

resistance.  

In order to know the behaviour of the new designed cements, different test were carried out and 

different techniques were used. 



 

3.1. Evolution of the specimens mass 

The mass with the time was evaluated for the two cements for all the sodium sulfate concentrations 

before the mechanical test, and the results are shown in the figure 1. 

 

 
 

Fig. 1 Evolution of the weight with the time in OPC and CDWC when are immersed in Na2SO4 (a) 0.5 M and (b) 

1 M solutions 

 

 

 

 

 
Fig. 2 Evolution of the specimens with the Na2SO4 concentration at 56 days of immersion 



 

It is possible to observe how the specimens manufactured with OPC have a greater gain of weight than 

CDWC ones for both concentrations. This fact is caused by the formation of new compounds after 

sodium sulfate solution action (Zhu et al., 2013). 

It is possible to observe in figure 2, where is shown the evolution of the aspect of the prisms after their 

immersion in both solutions for 56 days, that the new compounds formed have an expansive nature (H 

F W Taylor, 1997; Pandey et al., 2003; Tosun et al., 2009). Without importance of the sulfate concentration 

for 56 days, specimens manufactured with CDWC (Fig. 2b) have not suffered damages, while there 

are cracks in OPC ones (Fig. 2a). 

3.2. Evaluation of the sulfate attack 

The durability of the cement paste specimens manufactured with OPC and CDWC, object of the 

current research work, was evaluated with the use of different instrumental techniques in order to 

study the evolution of expansive products as the ettringite. These products have been formed after the 

immersion of the prisms in solutions with different sulfate concentrations.  

3.2.1 DTA analysis 

Using differential thermal analysis (DTA), is going to be possible to obtain two different results. 

On one hand, and comparing OPC and CDWC thermograms after an immersion in a solution without 

sodium sulfate during 56 days, it is possible to see that the cement paste manufactured with blended 

cement has less portlandite than OPC cement paste. This fact is due to two factors, the first one as a 

consequence of the substitution of 30% of the cement by the addition (dilution effect) (Veiga and 

Gastaldini, 2012), and the second one due to the pozzolanic reaction. The portlandite is reacting with the 

pozzolanic addition resulting hydration products (H F W Taylor, 1997; AENOR, 2011; Veiga and 

Gastaldini, 2012; Frias et al., 2013). This decrease in the portlandite content is observed in figure 3.   

 

 
Fig. 3 DTA analysis of OPC and CDWC at 56 days in a non sulfates solution 

 

On the other hand, it is possible the relation between the decrease in the portlandite content in cement 

pastes manufactured with OPC and CDWC, and the increase of products formed by the reaction with 

the sulfates provided from the solutions (Komljenović et al., 2013; Goñi et al., 2014). The evolution in the 

portlandite contents as a function of the sulfate concentration is shown in figure 4. 

 
Fig. 4 Evolution of the portlandite content (%) in OPC and CDWC with the sulfate concentration 



 

In view of the representation is possible to confirm the decrease in portlandite content for both cement 

pastes as sulfate concentration increases, thus the formation of these kind of compounds based on 

sulfates. 

It is very difficult to confirm, using only DTA, the kind of compounds formed as a result of sulfates 

attack. This is due to that in the same temperature range in which these compounds are dehydrated, 

other compounds also do. Therefore other techniques are going to be necessary in order to confirm the 

results obtained. 

3.2.2 XRD 

In figure 5, are shown the X-ray diffraction patterns for OPC (a) and CDWC (b) at 56 days and 

solutions with different sulfate concentrations.  

 

 
 

Fig. 5 XRD patterns of (a) OPC and (b) CDWC when specimens are immersed in Na2SO4 during 56 days. 

(E:Ettringite, P: Portlandite, C: Calcite, Q: Quartz, CA: Carboaluminte, Fe: Ferrite phase, G: Gypsum, A: Alite, 

B: Belite and Al: Calcium aluminate)  

 

In figure 6 is shown the XRD pattern comparing OPC and CDWC pastes immersed in a solution 

without Na2SO4 during 56 days. In this figure it is possible observe that the most important differences 

between mineralogical analysis of OPC and CDWC are the presence of quartz from ceramic material 

in CDWC pastes (Sánchez de Rojas et al., 2014c), and the different content of portlandite in OPC pastes 

and CDWC ones due to the pozzolanic reaction (H F W Taylor, 1997; AENOR, 2011; Veiga and Gastaldini, 

2012; Frias et al., 2013). The differences in portlandite content have been also observed in DTA analysis.  

 
Fig. 6 XRD patterns for OPC and CDWC  

 

 

In figure 7, (a) OPC and (b) CDWC, are shown the magnifications for the most important diffraction 

maxima for ettringite (2θ = 9.061⁰) and portlandite (2θ = 2.627⁰). 
 

The increase of the ettringite maximum when Na2SO4 concentration increase is directly associated 

with the decrease of the portlandite maximum (Komljenović et al., 2013; Goñi et al., 2014). It reflects the 



 

sulfates attack to the portlandite resulting expansive products that later will influence in cement pastes 

durability (H F W Taylor, 1997; Pandey et al., 2003; Tosun et al., 2009).  

 

 
Fig. 7 Magnification of diffraction maxima for ettringite and portlandita in (a) OPC and (b) CDWC 

 

3.2.3. IR 

In the study of the cement pastes durability, there is a correspondence between the portlandite content 

and the ettringite formed as above has been reflected with the use of other instrumental techniques. 

It is possible to observe the evolution in the ettringite formation by IR through the characteristic bands 

located at 1120, 3420 y 3635 cm-1. In figure 7 is shown a magnification in the infrared spectra range 

between 1200 and 800 cm-1. The changes in characteristic band for ettringite at 1120 cm-1 is marked 

with dotted line. 

 

 
Fig. 8 Evolution of ettringite band for (a) OPC and (b) CDWC 

 

 

For OPC (a) is clearly observed as the ettringite is present in cement pastes after 56 days of immersion. 

The higher is the Na2SO4 concentration in the solution, the bigger is the ettringite band. On the other 

hand, for cement pastes manufactured with CDWC (b), ettringite is formed after 56 days in Na2SO4 



 

solutions, but the evolution is not so clear as in OPC ones. This fact is reflected in figure 9 where OPC 

and CDWC pastes are compared at 56 days for the maximum sulfates concentration. 

 
Fig. 9 Comparison of the ettringite band located at 1120 cm-1 for OPC and CDWC when the sulfate 

concentration is maximum.  

 

3.2.4. SEM/EDX 

The quantitative analysis of the sulfate concentration in cement pastes was evaluated by EDX. It is 

possible to have an orientation about the sulfate content in cement pastes and how the sulfate attack 

affects both cement pastes when are immersed in sodium sulfate solutions with different 

concentrations.  

In table 2, SO3 content (%) in OPC and CDWC is shown by EDX for the three concentrations after 56 

days immersed. The data in the table are the mean value of ten analysis.   

 
Table 2 SO3 content (%) in cement pastes at 56 days immersed in Na2SO4 solutions 

 
Na2SO4 concentration 

(M) 

SO3 content 

 (%) 

OPC 

0 3.02 

0.5 3.156 

1 3.601 

CDWC 

0 0.93 

0.5 2.44 

1 2.66 

 

It was expected that the SO3 content for both cement pastes (OPC and CDWC) increase as the solution 

is more concentrated. The content is higher for pastes manufactured with cement without pozzolanic 

addition.  

In the cement pastes analysis by SEM, in figure 10, is shown the presence of needles of ettringite in 

pores next to portlandite plates. OPC cement pastes are presented in fig. 10 (a – c) for 0, 0.5 and 1 M 

sulfate concentrations respectively, similarly, in fig. 10 (d – f) for CDWC. The scanning electron 

microscopy, confirms the results shown above by other techniques: The ettringite formation due to the 

sulfate attack of the cement pastes.  

In all the cases, needles of ettringite are formed in the pores (Frias et al., 2013; Goñi et al., 2014) (fig. 10). 

 



 

 
 

Fig. 10 SEM images of OPC (a-c) and CDWC (d-f) at 56 days immersed in sulfates solutions 

 

3.2.5. Mechanical behaviour of the specimens 

In the evaluation of the mechanical behaviour of the specimens, make with the two types of cement, 

the current research work was focused on the study of the flexural strength in the specimens, based 

this way on the previous researches by Koch and Steinegger (Koch, A. and Steinegger, H., 1960; Frías et 

al., 2009; Frias et al., 2013; Sánchez de Rojas et al., 2014c). 

Figure 11 shows the flexural strength (Fs) for both cement pastes, for the three sulfate concentration 

studied (a – c). 

 

 
Fig. 11 Flexural strength of OPC and CDWC for different concentrations of Na2SO4 

 

In the view of the graphs, it can be possible to observe as the higher the concentration is in the solution, 

the lower are the differences between flexural strength in OPC and CDWC. Cement pastes 

manufactured with cement with 30% of construction and demolition waste reaches better mechanical 

behaviour at 25 days of immersion when the sulfate concentration is the highest. 



 

In figure 12, corrosion index, calculated by equation 1, for cement pastes manufactured with the 

cements studied in the current research work at 56 days are represented. It can be observed the 

evolution of the index with the variation on the Na2SO4 concentration.  

                                                                                                                           

                                                                                               (1) 

 
where:  = Flexural strength of specimens immersed 56 days in Na2SO4 solution and  = Flexural 

strength of specimens immersed 56 days in distilled water  

 

 

 

 
Fig. 12 Evolution of the corrosion index with the Na2SO4 concentration for cement pastes prepared  

 

Corrosion indexes, for specimens based on a cement with the incorporation of 30% of construction 

and demolition waste as supplementary material, are for all the range of Na2SO4 concentration higher 

than the cement pastes based on OPC as it is possible to observe in fig. 12. 

 

According to the Koch-Steinegger methodology (Koch, A. and Steinegger, H., 1960), specimens are 

resistant to sulfates if the corrosion index calculated at 56 days is equal or higher than 0.70. For all the 

specimens studied in the current work (both OPC and CDWC pastes), indexes obtained are higher than 

0.7 (indicated with solid line in the fig. 12). That fact indicates that all the specimens are resistant to 

the sulfates. For OPC the maximum index is obtained for the 0.5 M concentration, while for higher 

concentrations (1 M) the flexural strength begins to decrease. On the other hand, when 30% of 

construction and demolition waste is incorporated to cement, specimens no reductions in the flexural 

strength are observed, and corrosion indexes are higher than the OPC ones, as Sanchez de Rojas et al. 

has studied for cement pastes where cement is replaced by 20% of ceramic waste (Sánchez de Rojas et 

al., 2014c). 

Analysing data form flexural strength and corrosion indexes for different sodium sulfate solutions in 

both cements is reflected that the incorporation of construction and demolition wastes based on 

ceramic material as pozzolanic addition improves the durability of the cement pastes.  

Conclusions 

The conclusions to this study on the durability of cement pastes may be outlined as follows: 

 The specimens made with cement without additions underwent a greater increase in weight, 

due to the formation of new products following immersion in the sodium sulfate solutions. 

 After 56 days of exposure, only the cement pastes manufactured with Ordinary Portland 

Cement (OPC) suffered damage, which is evident from the cracks in the specimens. 

 The durability of the cement pastes was studied through different instrumental techniques, 

observing the formation of ettringite, an expansive product that directly affects the durability 

of the specimens that were prepared. 



 

 The increase in ettringite content is related to the reduction in the content of Portlandite, and in 

turn, to the concentration of sulfates in the solution in which the specimens were immersed. In 

this way, the formation of ettringite was greater, at higher concentrations of sulfate. 

 The ettringite was principally formed in the pores existing in the cement pastes, as may be 

seen in the Scanning Electron Microscopy (SEM) images. 

 The mechanical behaviour of the specimens was tested on the basis of flexural strength. The 

cement with 30% pozzolanic additions showed greater strength in relation to the OPC, when 

the concentration of sulfates was at a maximum after 25 days of immersion in the solution. 

 Resistance to sulfates was evaluated with the corrosion indexes, following the Koch-

Steinegger method. It was found that although all the specimens under study were resistant to 

sulfates, the cement pastes that incorporated C&DW presented the best corrosion indexes. 

On the basis of the results presented in this work, it may be confirmed that the incorporation of 

C&DW based on ceramic materials as an added pozzolanic component improved the durability of the 

cement pastes. 
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Abstract 

This paper studied the influence of alkali silica reaction (ASR) on constitutive relation of concrete under uniaxial 

compression both on experiment and calculation. In aspect of experimental test, three concrete of different strength 

level was selected. In aspect of numerical calculation, the concrete was considered as a composite composed of 

aggregate, ITZ and mortar matrix. A mesoscale model was obtained based on Fuller’s curve. Mechanical properties of 

aggregate, ITZ and mortar were calculated according to mechanics of composite materials. In order to reflect the 

influence of ASR on the constitutive relation of concrete under uniaxial compression, ASR expansion ratio was used as 

a measurement parameter to obtain the relationship of component mechanical parameters with ASR. Finally the 

stress-strain curves of concrete under uniaxial compression were obtained according to finite element method. The 

calculated results fitted the test results well.  

 

Originality 

A mesoscale model was obtained based on Fuller’s curve. Mechanical properties of aggregate, ITZ and mortar were 

calculated according to mechanics of composite materials. In order to reflect the influence of ASR on the constitutive 

relation of concrete under uniaxial compression, ASR expansion ratio was used as a measurement parameter to obtain 

the relationship of component mechanical parameters with ASR. 
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1. Introduction 

The constitutive relation of concrete is a very important basis for stress state analyzing, loading capacity 

calculation, and nonlinear analyzing of concrete structure. In practical structures, concrete materials always 

bears very complicated stress loading, however, the constitutive relation of concrete under uniaxial 

compression is still a reference basis for structure designing and complicated stress state analyzing. As a 

world widely damage to concrete structures, ASR always generated a kind of alkali silica gel, which will 

absorb enough water and show a large expansion. The ASR induced expansion often generates cracks within 

concrete, and the existence of these cracks will induce the rigidity and strength of concrete, and finally 

influence the stability of concrete structures. For structures that already existing ASR, the stress state 

analyzing is very significant to study the safety of concrete structures. Thus, the study of constitutive relation 

of concrete under ASR is very important for the stability and safety of structures suffering from ASR.  

Mechanical properties of concrete influenced by ASR attraction have been widely studied all over the world 

(Giaccio G. et al., 2008; Siemes T. et al., 2000; Saint-Pierre F. et al., 2007; Ahmed T. et al., 2003). However, 

few researches have been focused on ASR concrete constitutive relation. In order to analyze the stress state 

of reinforced concrete structures that have been attracted by ASR, a constitutive relation model is necessary 

to estimate the effect of damage induced ASR. Pantazopoulou (Capra B. et al., 2003)proposed a analytically 

stress-strain model to describe the mechanical properties of concrete induced by ASR. Simultaneously, the 

author experimental compared the uniaxial stress-strain curves of ASR induced concrete with normal 

concrete. The results showed that ASR attraction obviously reduced the peak stress and increased the related 

peak strain. Giaccio (Giaccio G. et al., 2008) performed a research to analyze the effects of ASR on the 

mechanical behavior of concrete. The mechanical responses of reference concrete and ASR attracted 

concrete were compared. The author proposed that the degradation of concrete under uniaxial compression 

was effectively affected by ASR. The shape of experimental stress-strain curves demonstrated that cracks 

existed within concrete structures. The existed cracks were difficult to be controlled and had an obviously 

effect on concrete damage. The author also researched the mechanical properties of concrete specimens 

contained nature fine aggregate, slow reactive granitic crushed aggregate and reactive siliceous aggregate. 

Tested results of peak stress and related peak strain approved Pantazopoulou’s result.  

In this paper, the stress-strain curves under uniaxial compression of concrete suffered from ASR were 

experimental studied firstly. A 2D mesostructure of spherical aggregate distribution was modeled according 

to 2D Fuller grading curve. The component properties and parameters was then calculated, most important is 

that the expansion ratio was selected as a measurement index to establish the relationship of ASR with the 

constitutive relation. The calculated stress-strain curves were then compared to experimental results. 

2. Experimental descriptions 

2.1. Materials and mixtures 

The mixtures were composed of P·O 52.5 ordinary Portland cement, coarse aggregate (unreactive nature 

aggregate and reactive glass aggregate), and fine aggregate (modulus of fineness equals 2.73). Additional 

NaOH was added to adjust the alkali content of mixtures. Specimens with 70.7mm×70.7mm×220mm was 

molded to test the uniaxial compressive stress-strain curves, 100mm×100mm×100mm was molded to test the 

compressive strength of concrete, and 70mm×70mm×280mm was molded to test the ASR induced expansion 

and ultrasonic wave velocity. The mix proportion of concrete was listed in Table1. 
Tab. 1 Mix proportion of concrete/kg/m3 

No. Cement Water Gravel Fine aggregate Super-plasticizer 

1 368 195 1103 735 0 

2 448 157 1121 672 3.36 

3 566 122 1019 679 8.46 

In this program, a kind of limestone with the aggregate size arranged within 4.75mm~16.0mm was selected 

as coarse aggregate. A kind of molten amorphous quartz glass was used to be reactive coarse aggregates to 

accelerate the ASR progresses. The replacement of active aggregates of each mixture proportion was shown 

in Table 2.  
Tab. 2 The replacement program of active aggregates /mm 

Mix proportion No. 
Size of coarse aggregate 

4.75～9.5 9.5～16.0 

1 A 0.3N 0.4N+0.3R 

2 B 0.3N 0.4N+0.3R 

2 C 0.3R 0.7N 

3 D 0.3N 0.4N+0.3R 



Note: N and R mean unreactive aggregate and reactive aggregate, respectively. 

Specimens were cured within same environment, and were demolded 24h later and then transferred to 

standard curing condition (20 ± 2℃, 95% relative humidity) for 28days. Then the specimens were cured in 

stainless container with sufficient NaOH solution (1N) to supply alkali for ASR. Comparator readings and 

ultrasonic wave velocity of the specimens were measured periodically.  

2.2. Experimental method 

Before measurements were carried out, the specimens were placed in a room of constant temperature and 

humidity, and with wet felt covering over them for at least 14h. The compressive stress-strain curves were 

tested by MTS815.02 Electro-hydraulic servo rock mechanics test system. The displacement loading velocity 

was set as 0.002 mm/min, and the data was collected by computer twice a second.  

Because of the easy and nondestructive testing, the expansion ratio was widely used as the parameter to 

estimate the degree of ASR. However, ASR expansion can’t reflect the degradation of concrete suffering 

from ASR attraction. Considering the high sensitiveness to ASR, some researchers suggest the ultrasonic 

wave velocity and the dynamic elastic modulus as indicators to estimate the mechanical reduction of ASR 

concrete. The ultrasonic wave velocity was tested and then translated to relative dynamic elastic modulus to 

describe the degradation of ASR on concrete specimens. The relative dynamic elastic modulus was 

calculated by: 

0

100d
r

d

E
E

E
                                                                          (1) 

Where rE , dE , 0dE represent relative dynamic elastic modulus, dynamic elastic modulus of concrete under 

ASR attraction, and dynamic elastic modulus before ASR attraction, respectively. 

3. Proposed stress-strain method 

3.1. Generation of meso-structure 

As is well-know, particle shape and texture play an very important role as to workability, strength, durability, 

stress distribution, and even to crack initiation and damage evolution of cementitious materials. In this 

research, the spherical shape and random distribution of aggregate particles were assumed. The size 

distribution of aggregate particles was taken corresponding to the 2D Fuller grading curve (Reinhardt H. W. 

et al., 1982; Walraven J. C., 1981). The Fuller curve is a popular and acceptable grading curve to provide 

concrete with proper performance, e.g., with respect to compactability, workability, and strength. 
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Where D0 is the diameter of the smallest aggregate particle in concrete and Dmax of the largest. 

Based on the content, maximum and minimum size of the aggregate, the number of different aggregate sizes 

can be obtained. Then, the problem is how to assess the size distribution of aggregate particles in concrete. 

The method introduced by Zheng (Zheng J. J. et al., 2002) is employed for this purpose, because it is a 

simple way to generate the size distribution of particles.  

First, a random number wi on the interval (0,1) was generated, which was used to represent the probability 

(Pc in the 2D Fuller curve formula) of i-th aggregate to be distributed. Solve the equation of the curve and the 

diameter of the i-th aggregate will be obtained. Next, the areal ratio of aggregates to specimen can be 

assessed. Comparing this areal ratio Ai with the aggregate content A0, we can judge whether the amount of 

the generated particles satisfies the situation we need. Hence: 

If Ai is smaller than A0, keep generating new particles. 

If Ai is larger than A0, stop the generation and i is the number of particles that will be distributed in the 

specimen. 

Particle allocation is the process of placing the generated particles in the structure.  

First, the generated particles will be arranged in order of diminishing size; 

Then, the particles will be placed in the specimen randomly from the largest one to the smallest one; 

Check whether every placed particle is completely in the specimen and overlap is avoided with other 

particles. If the i-th aggregate does not overlap with the proceeding (i-1) particles and is completely situated 

in the specimen, then repeat step 2 until all particles have been distributed within the specimen. Otherwise, 

the j-th aggregate is rejected. 

In this research, concentric circles were generated to simulate the ITZ (10% of aggregate radius) in the three 

phase model. The generated mesostructures was then meshed by quadrilateral, as seen in Figure 1. 



 
A                B                   C                D 

Figure 1 Particles generation and mesh 

3.2. The determination of mechanical parameters 

After the mesh of mesostructures, the mechanical parameters should be determined. In order to reflect the 

effect of ASR on concrete, mechanical parameters should be calculated related to ASR. In this part, the 

determination of mechanical parameters contained aggregate, ITZ and mortar matrix will be calculated. 

3.2.1 The volume fraction of ITZ and mortar matrix 

On normal concrete, ITZ and mortar matrix has high porosity and low strength and elastic modulus, and thus 

to be a thin part within concrete. Mechanics of composite materials showed that the elastic modulus depend 

not only on component elastic modulus, but also on the volume fraction of each pahse (Vilardell J. et al., 

1998). 

Lu (Lu B. et al., 1992) proposed an analytical formulation to calculate the area fraction of ITZ. This 

formulation can exactly describe the volume fraction of ITZ, and thus Garboczi (Garboczi E. J. et al., 1997) 

adopted this analytical equation to calculate the volume fraction of ITZ within concrete structures. The 

volume fraction of ITZ can be described as, 

   2 3

1 2 31 1i a a V i i iV V V EXP N t H t H t H       
                                              (3) 

in which, aV  represents volume fraction of aggregate, VN  represents the number of concrete of unit 

volume, iH  represents the depth of ITZ, and 1t , 2t , 3t  are parameters described by: 
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in which, 
kR  represents the kth area matrix,  can be equaled to 0, 2, 3. Considering the value of 

 does not affect the volume fraction when spherical aggregate was used in the model calculation (Garboczi 

E. J. et al., 1997), 0   was used in this paper. 

Zheng (Wood R. J. et al., 1997) proposed the formulation of the number of aggregate and area matrix.  
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in which, n represents aggregate grading coefficient, 3.0n  and 2.5n   represent equal volume 

fraction mix and the Fuller mix. Thus, the volume fraction of ITZ can be determined with the last parameter 

of ITZ depth. Zheng (Zheng J. J. et al., 2005) proposed an empirical equation to calculate the ITZ depth. 
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in which, /w c  represents the water to cement ratio of concrete mixture; mD  represents the maximum 

diameter of cement particle. Then, the volume fraction of mortar matrix can be calculated by  

1m a iV V V                                                                           (10) 

3.2.2 The elastic modulus of ITZ and mortar matrix 

In concrete structures, in order to determine the elastic modulus of concrete, the composite can be described 

as a three-phase material, as seen in Figure 2. aR means the radius of aggregate, i m aH R R   means the 

thickness of ITZ layer, and m iR R  means the thickness of mortar matrix. The proportion of each component 

in concrete composite model satisfy the following equations, 
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in which, aV  and iV  represent volume fraction of aggregate and ITZ, respectively. 
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Figure 2 Three sphere model to calculate elastic modulus 

Generally, the Poisson’s ratio of concrete varies slightly comparing to elastic modulus, strength and 

deformation. Thus, it can be assumed that the aggregate, ITZ and mortar matrix constitutive a series system 

in transverse direction (Zheng J. J. et al., 2005). If the strain of each component along axial direction equals 

to each other, the concrete strain can be equal to average strains of component phases. Thus the Poisson’s 

ratio of concrete can be described as,  



c a a i i m mV V V                                                                       (12) 

in which, aV , iV , mV  represent the volume fraction of aggregate, ITZ phase and mortar matrix. 

In the model showed in Figure 2, the displacement of each constituent should satisfy the differential equation 

as following,  
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The general solution can be solved as 
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in which, sC and sD  are constant, sK  and sG  represent bulk modulus and shear modulus of sth phase, 

respectively. 
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in which, sv  represent the Poisson’s ratio of s th constituent.  

In order to solve the differential equation, boundary conditions as following should be needed  

In the center of aggregate, the deformation satisfy  0 0aU r   ; 

At the interface of aggregate and ITZ, the displacement and stress satisfy    a a i aU r R U r R   , 

   ra a ri ar R r R    ; 

At the interface of ITZ and mortar matrix, the displacement and stress satisfy    i i m iU r R U r R   , 

   ra i ri ir R r R    ; 

By eliminating the parameters ri , /i iU R , ra , /a aU R  and 1C , it is obtained that, 
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The parameters can be described as 
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Corresponding to elastic theory, the stress, strain and bulk modulus follows relationship of (Timoshenko S. P., 

1945; Christensen R. M. et al., 1979): 
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By comparing the equation (16) and (17), the bulk modulus can be obtained as 
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Then, the elastic modulus of concrete can be calculated by, 



 3 1 2c c cE K v                                                                        (19) 

Thus the concrete elastic modulus can be calculated according to parameters of aggregate 11

a and 21

a , 

parameters of ITZ  , 1,2i

kl k l   and parameters of mortar matrix  , 1,2m

kl k l  . Within the description of these 

parameters, 11

a and 21

a depend on physical properties of parent rock, aV can be determined by mixture 

proportion, the concrete elastic modulus cE and Poisson’s ratio cv can be tested by experiments. So, the ITZ 

parameters  , 1,2i

kl k l  and mortar parameters  , 1,2m

kl k l   can be inverse calculated according to the relationship 

of them. According to the description of  , 1,2i

kl k l  and  , 1,2m

kl k l  , it can be found that they are depend on the 

ITZ parameters of iE and iv , and mortar parameters mE and mv . 

Anson and Newman (Anson M. et al., 1966) proposed that the Poisson’s ratio of mortar changes slightly at 

0.25. Hashin and Shtrikman (Hashin Z. et al., 1963) tested the Poisson’s ratio of mortar to be 0.26. It is very 

difficult to test the mechanical properties of ITZ experimentally because of the non-uniformity within ITZ 

layers, and thus it is difficult to estimate the influence of ITZ on macro mechanical properties of concrete. 

Hashin and Monteiro (Hashin Z. et al., 2002) calculated the concrete elastic modulus, and inversely 

calculated the elastic mechanical properties of ITZ. The results showed that the ITZ elastic modulus equaled 

50% of mortar elastic modulus, and the Poisson’s ratio ranged between 0.311~0.400. Simeonov and Ahmad 

(Simeonov P. et al., 1995) found that the concrete elastic modulus slightly changed 1%, when the Poisson’s 

ratio of component phase changed from 0.1 to 0.2. Thus, the effect of component Poisson’s ratio on concrete 

elastic modulus can be neglected in numerical calculation. According to the published literatures, the ITZ 

elastic modulus equals 20% ~80% of mortar elastic modulus.  

Thus , assumptions can be provided before calculation: the Poisson’s ratio of ITZ and mortar matrix equals 

0.35 and 0.25, respectively, as 0.35iv  and 0.25mv  ; the ITZ elastic modulus equals 60% of mortar elastic 

modulus, as 0.6i mE E . So, according to the descriptions of parameters of aggregate 11

a and 21

a , parameters of 

ITZ  , 1,2i

kl k l   and parameters of mortar matrix  , 1,2m

kl k l  , equations (18) and equations (19), the mortar 

elastic modulus can be inversely calculated. 

3.3. Determination of parameters of concrete suffering from ASR 

In order to model the constitutive relation of concrete suffering from ASR by FEM, the parameters of 

component phase should be determined firstly. In this paper, the component parameters were determined 

from literatures. 

The aggregate strength and elastic modulus are difficult to be tested experimentally, and the parent rock 

parameters were used to instead the aggregate parameters. In this experiment, both natural aggregate and 

high alkali reactive aggregate were used. The effective elastic modulus and strength of the composite 

aggregate were determined according to Voigt model as shown in Figure 3. 

 

Figure 3 Voigt model 

The effective elastic modulus of composite materials can be calculated by equation, 

a ra ra na naE E V E V                                                                       (20) 

in which, raV and naV  represent the volume fraction of reactive aggregate and non-reactive aggregate, 

respectively. aE , raE , naE represent the elastic modulus of composite aggregate, reactive aggregate and 

non-reactive aggregate, respectively.  

The Poisson’s ratio of limestone arranges within0.05~0.16, the elastic modulus arranges within40~80GPa 

and changes according to the texture of parent rock. In this paper, the elastic modulus was assumed to be 

60GPa, and the Poisson’s ratio was assumed to be 0.16. The elastic modulus and Poisson’s ratio of reactive 

aggregate was assumed to be 80.5GPa and 0.16, respectively. The volume fraction of non-reactive aggregate 

and reactive aggregate in composite aggregate was 30% and 70%, respectively. Then, the effective elastic 

modulus of composite aggregate can be calculated according to equation (20).  

The compressive strength of limestone is (115±7) MPa, and the compressive strength of molten amorphous 

quartz glass is still higher than limestone. In concrete component phases, the compressive strength of 



aggregate is generally higher than other components, and thus other component always damage earlier than 

aggregate. In the fracturing process, the damage of aggregate can be considered follows elastic linear rule. In 

this paper, the compressive strength of aggregate was assumed to be 105MPa, and tensile strength of 

aggregate was assumed to be 0.059. 

Researches (Goble C. F. et al., 1999; Harsh S. et al., 1990; Gopalaratnam V. S. et al., 1985) published 

showed that the strength, elastic modulus and water/cement ratio follows relationship of 

0.047 0.5cmc w f                                                                   (21) 

1.4ln 1.5tm cmf f                                                                     (22) 

 1000 7.7ln 5.5m cmE f                                                                 (23) 

in which, cmf and tmf represent the compressive strength and tensile strength of mortar, respectively. 

Generally, the strength of ITZ is lower than that of mortar, because of the initial damage and stress 

concentration in loading process. Within the uniaxial compressive fracturing process of concrete, tensile 

failure and shear failure are the main fracture styles. In this paper, the ITZ tensile strength was assumed to be 

50% of mortar. 

For concrete suffering from ASR attraction, the elastic modulus changes as the ASR attraction intensifying. 

However, it is difficult to experimentally test it by destructive method because of requirement of specimens 

for stress-strain curves testing. So we test the ultrasonic velocity changing in ASR attracting specimens, the 

ultrasonic velocity was then changed to dynamic elastic modulus. The dynamic elastic modulus was then 

transferred to elastic modulus according to  

1.25 19cc cdE E                                                                       (24) 

in which, ccE and cdE represent elastic modulus and dynamic elastic modulus, respectively.  

The obtained elastic modulus was then fitted to expansion ratio of specimens suffering from ASR attraction. 

This will help to reflect the influence of ASR on mechanical properties. 

A: 
20.3402 71.947 33.159ccE l l   , 2 0.9872R                                             (25) 

B: 
280.576 28.496 38.536ccE l l    , 2 0.9925R                                             (26) 

C: 
214.165 55.117 36.511ccE l l    , 2 0.9922R                                            (27) 

D: 
2171.02 12.502 41.117ccE l l    , 2 0.9936R                                            (28) 

Taking elastic modulus calculated from equation (25) to equation (28) into chapter 3.2, the mortar elastic 

modulus can be obtained. The physical parameters into equation (21) to equation (23), the mechanical 

parameters of each component can then be obtained. All parameters needed in stress-strain curves calculation 

are shown in Table 2. 

Tab. 2 Parameters of aggregate, mortar and ITZ 

No. 

Mortar Aggregate ITZ 

fc/ 

MPa 

ft/ 

MPa 

E/ 

GPa 
v 

fc/ 

MPa 

ft/ 

MPa 

E/ 

GPa 
v 

ft/ 

MPa 

E/ 

GPa 
v 

 29.5 3.3 24.2 0.25 105.0 6.2 67.5 0.16 1.7 14.5 0.35 

A 28.2 3.2 20.2 0.25 105.0 6.2 67.5 0.16 1.6 12.1 0.35 

 22.9 2.9 18.6 0.25 105.0 6.2 67.5 0.16 1.4 11.2 0.35 

 50.2 4.0 26.8 0.25 105.0 6.2 67.5 0.16 2.0 16.1 0.35 

B 45.5 3.8 28.9 0.25 105.0 6.2 67.5 0.16 1.9 14.3 0.35 

 24.1 3.0 19.0 0.25 105.0 6.2 67.5 0.16 1.5 11.4 0.35 

 50.2 4.0 26.8 0.25 105.0 6.2 67.5 0.16 2.0 18.1 0.35 

C 39.5 3.6 22.8 0.25 105.0 6.2 67.5 0.16 1.8 13.7 0.35 

 19.6 2.7 17.4 0.25 105.0 6.2 67.5 0.16 1.3 10.4 0.35 

 81.9 4.7 31.3 0.25 105.0 6.2 67.5 0.16 2.4 18.8 0.35 



D 68.1 4.4 27.0 0.25 105.0 6.2 67.5 0.16 2.2 16.2 0.35 

 40.0 3.7 22.9 0.25 105.0 6.2 67.5 0.16 1.8 13.7 0.35 

4. Comparison of calculation results with experimental results 

The component parameters were taken into each phase of mesostructures. The bottom boundary was 

constrained along X and Y direction. The calculated results were compared to experimental curves, as shown 

in Figure 4.  

 

(a) A 

 

(b) B 

 



(c) C 

 

(d) D 

Figure 4 Comparison of calculated results with experimental results 

The Figure 4 shows the stress-strain curves of different strength concrete suffering from ASR attraction. It 

can be seen that the calculated results fitted the experimental results well, containing the curves shape, the 

ascending curves and descending curves. The calculated peak stresses the related peak strains are lower than 

tested stresses, this maybe attributed to the initial damage of concrete materials. Concrete is a complicated 

porous material containing solid phase, solid phase and gas phase, and thus shows high heterogeneity. 

Besides the aggregate and mortar matrix, existed pores and cracks are also most important component of 

concrete composite, which show ignore effect on macro properties on concrete structure. Because of the 

existing of ITZ, porous and cracks, the stress-strain curves of concrete under uniaxial compression always 

show a large nonlinear property. The determination of component parameters ignored the initial damage 

existed in concrete, which is an ideal condition in practical structures. Researches (Wang Z. L., 2007) 

showed that the initial damage influenced the concrete mechanical properties slightly when the initial 

damage is less than 1%. When the initial damage is larger than 5%, the peak stress related peak strain 

showed larger nonlinear properties as the initial damage increasing. Besides, the tested peak stress and 

related peak strain also depend on loading ratio and experimental condition, while the numerical calculation 

avoided this problem. 

5. Conclusion 

This paper proposed a numerical calculation model to predict the uniaxial compression stress-strain curves of 

concrete suffering from ASR. Simultaneously, experimental studies were also carried out to test uniaxial 

compressive stress-strain curves of different strength level concrete. Concrete was considered as a three 

phase material contained aggregate, ITZ and mortar phases. A 2D mesostructure was generated to model the 

spherical aggregate distribution within concrete structure. The aggregate grinding was obtained according to 

Fuller’s curve. In order to obtain the necessary parameters needed to calculate the stress-strain curves, 

mechanics of composite materials was used to inversely calculation. As a most important input parameter, 

elastic modulus of mortar in different ASR attraction stage was fitted to expansion ratio in order to describe 

the effect of ASR on mechanical properties. The calculated stress-strain curves were then compared to 

experimental data, the results showed that the proposed model can effectively predict the uniaxial 

compressive stress-strain curve of concrete induced by ASR. 
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Abstract 

This paper studied the influence of alkali silica reaction (ASR) on constitutive relation of concrete under uniaxial 

compression both on experiment and calculation. In aspect of experimental test, three concrete of different strength 

level was selected. In aspect of numerical calculation, the concrete was considered as a composite composed of 

aggregate, ITZ and mortar matrix. A mesoscale model was obtained based on Fuller’s curve. Mechanical properties of 

aggregate, ITZ and mortar were calculated according to mechanics of composite materials. In order to reflect the 

influence of ASR on the constitutive relation of concrete under uniaxial compression, ASR expansion ratio was used as 

a measurement parameter to obtain the relationship of component mechanical parameters with ASR. Finally the 

stress-strain curves of concrete under uniaxial compression were obtained according to finite element method. The 

calculated results fitted the test results well.  

 

Originality 

A mesoscale model was obtained based on Fuller’s curve. Mechanical properties of aggregate, ITZ and mortar were 

calculated according to mechanics of composite materials. In order to reflect the influence of ASR on the constitutive 

relation of concrete under uniaxial compression, ASR expansion ratio was used as a measurement parameter to obtain 

the relationship of component mechanical parameters with ASR. 
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1. Introduction 

The constitutive relation of concrete is a very important basis for stress state analyzing, loading capacity 

calculation, and nonlinear analyzing of concrete structure. In practical structures, concrete materials always 

bears very complicated stress loading, however, the constitutive relation of concrete under uniaxial 

compression is still a reference basis for structure designing and complicated stress state analyzing. As a 

world widely damage to concrete structures, ASR always generated a kind of alkali silica gel, which will 

absorb enough water and show a large expansion. The ASR induced expansion often generates cracks within 

concrete, and the existence of these cracks will induce the rigidity and strength of concrete, and finally 

influence the stability of concrete structures. For structures that already existing ASR, the stress state 

analyzing is very significant to study the safety of concrete structures. Thus, the study of constitutive relation 

of concrete under ASR is very important for the stability and safety of structures suffering from ASR.  

Mechanical properties of concrete influenced by ASR attraction have been widely studied all over the world 

(Giaccio G. et al., 2008; Siemes T. et al., 2000; Saint-Pierre F. et al., 2007; Ahmed T. et al., 2003). However, 

few researches have been focused on ASR concrete constitutive relation. In order to analyze the stress state 

of reinforced concrete structures that have been attracted by ASR, a constitutive relation model is necessary 

to estimate the effect of damage induced ASR. Pantazopoulou (Capra B. et al., 2003)proposed a analytically 

stress-strain model to describe the mechanical properties of concrete induced by ASR. Simultaneously, the 

author experimental compared the uniaxial stress-strain curves of ASR induced concrete with normal 

concrete. The results showed that ASR attraction obviously reduced the peak stress and increased the related 

peak strain. Giaccio (Giaccio G. et al., 2008) performed a research to analyze the effects of ASR on the 

mechanical behavior of concrete. The mechanical responses of reference concrete and ASR attracted 

concrete were compared. The author proposed that the degradation of concrete under uniaxial compression 

was effectively affected by ASR. The shape of experimental stress-strain curves demonstrated that cracks 

existed within concrete structures. The existed cracks were difficult to be controlled and had an obviously 

effect on concrete damage. The author also researched the mechanical properties of concrete specimens 

contained nature fine aggregate, slow reactive granitic crushed aggregate and reactive siliceous aggregate. 

Tested results of peak stress and related peak strain approved Pantazopoulou’s result.  

In this paper, the stress-strain curves under uniaxial compression of concrete suffered from ASR were 

experimental studied firstly. A 2D mesostructure of spherical aggregate distribution was modeled according 

to 2D Fuller grading curve. The component properties and parameters was then calculated, most important is 

that the expansion ratio was selected as a measurement index to establish the relationship of ASR with the 

constitutive relation. The calculated stress-strain curves were then compared to experimental results. 

2. Experimental descriptions 

2.1. Materials and mixtures 

The mixtures were composed of P·O 52.5 ordinary Portland cement, coarse aggregate (unreactive nature 

aggregate and reactive glass aggregate), and fine aggregate (modulus of fineness equals 2.73). Additional 

NaOH was added to adjust the alkali content of mixtures. Specimens with 70.7mm×70.7mm×220mm was 

molded to test the uniaxial compressive stress-strain curves, 100mm×100mm×100mm was molded to test the 

compressive strength of concrete, and 70mm×70mm×280mm was molded to test the ASR induced expansion 

and ultrasonic wave velocity. The mix proportion of concrete was listed in Table1. 
Tab. 1 Mix proportion of concrete/kg/m3 

No. Cement Water Gravel Fine aggregate Super-plasticizer 

1 368 195 1103 735 0 

2 448 157 1121 672 3.36 

3 566 122 1019 679 8.46 

In this program, a kind of limestone with the aggregate size arranged within 4.75mm~16.0mm was selected 

as coarse aggregate. A kind of molten amorphous quartz glass was used to be reactive coarse aggregates to 

accelerate the ASR progresses. The replacement of active aggregates of each mixture proportion was shown 

in Table 2.  
Tab. 2 The replacement program of active aggregates /mm 

Mix proportion No. 
Size of coarse aggregate 

4.75～9.5 9.5～16.0 

1 A 0.3N 0.4N+0.3R 

2 B 0.3N 0.4N+0.3R 

2 C 0.3R 0.7N 

3 D 0.3N 0.4N+0.3R 



Note: N and R mean unreactive aggregate and reactive aggregate, respectively. 

Specimens were cured within same environment, and were demolded 24h later and then transferred to 

standard curing condition (20 ± 2℃, 95% relative humidity) for 28days. Then the specimens were cured in 

stainless container with sufficient NaOH solution (1N) to supply alkali for ASR. Comparator readings and 

ultrasonic wave velocity of the specimens were measured periodically.  

2.2. Experimental method 

Before measurements were carried out, the specimens were placed in a room of constant temperature and 

humidity, and with wet felt covering over them for at least 14h. The compressive stress-strain curves were 

tested by MTS815.02 Electro-hydraulic servo rock mechanics test system. The displacement loading velocity 

was set as 0.002 mm/min, and the data was collected by computer twice a second.  

Because of the easy and nondestructive testing, the expansion ratio was widely used as the parameter to 

estimate the degree of ASR. However, ASR expansion can’t reflect the degradation of concrete suffering 

from ASR attraction. Considering the high sensitiveness to ASR, some researchers suggest the ultrasonic 

wave velocity and the dynamic elastic modulus as indicators to estimate the mechanical reduction of ASR 

concrete. The ultrasonic wave velocity was tested and then translated to relative dynamic elastic modulus to 

describe the degradation of ASR on concrete specimens. The relative dynamic elastic modulus was 

calculated by: 

0

100d
r

d

E
E

E
                                                                          (1) 

Where rE , dE , 0dE represent relative dynamic elastic modulus, dynamic elastic modulus of concrete under 

ASR attraction, and dynamic elastic modulus before ASR attraction, respectively. 

3. Proposed stress-strain method 

3.1. Generation of meso-structure 

As is well-know, particle shape and texture play an very important role as to workability, strength, durability, 

stress distribution, and even to crack initiation and damage evolution of cementitious materials. In this 

research, the spherical shape and random distribution of aggregate particles were assumed. The size 

distribution of aggregate particles was taken corresponding to the 2D Fuller grading curve (Reinhardt H. W. 

et al., 1982; Walraven J. C., 1981). The Fuller curve is a popular and acceptable grading curve to provide 

concrete with proper performance, e.g., with respect to compactability, workability, and strength. 
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Where D0 is the diameter of the smallest aggregate particle in concrete and Dmax of the largest. 

Based on the content, maximum and minimum size of the aggregate, the number of different aggregate sizes 

can be obtained. Then, the problem is how to assess the size distribution of aggregate particles in concrete. 

The method introduced by Zheng (Zheng J. J. et al., 2002) is employed for this purpose, because it is a 

simple way to generate the size distribution of particles.  

First, a random number wi on the interval (0,1) was generated, which was used to represent the probability 

(Pc in the 2D Fuller curve formula) of i-th aggregate to be distributed. Solve the equation of the curve and the 

diameter of the i-th aggregate will be obtained. Next, the areal ratio of aggregates to specimen can be 

assessed. Comparing this areal ratio Ai with the aggregate content A0, we can judge whether the amount of 

the generated particles satisfies the situation we need. Hence: 

If Ai is smaller than A0, keep generating new particles. 

If Ai is larger than A0, stop the generation and i is the number of particles that will be distributed in the 

specimen. 

Particle allocation is the process of placing the generated particles in the structure.  

First, the generated particles will be arranged in order of diminishing size; 

Then, the particles will be placed in the specimen randomly from the largest one to the smallest one; 

Check whether every placed particle is completely in the specimen and overlap is avoided with other 

particles. If the i-th aggregate does not overlap with the proceeding (i-1) particles and is completely situated 

in the specimen, then repeat step 2 until all particles have been distributed within the specimen. Otherwise, 

the j-th aggregate is rejected. 

In this research, concentric circles were generated to simulate the ITZ (10% of aggregate radius) in the three 

phase model. The generated mesostructures was then meshed by quadrilateral, as seen in Figure 1. 



 
A                B                   C                D 

Figure 1 Particles generation and mesh 

3.2. The determination of mechanical parameters 

After the mesh of mesostructures, the mechanical parameters should be determined. In order to reflect the 

effect of ASR on concrete, mechanical parameters should be calculated related to ASR. In this part, the 

determination of mechanical parameters contained aggregate, ITZ and mortar matrix will be calculated. 

3.2.1 The volume fraction of ITZ and mortar matrix 

On normal concrete, ITZ and mortar matrix has high porosity and low strength and elastic modulus, and thus 

to be a thin part within concrete. Mechanics of composite materials showed that the elastic modulus depend 

not only on component elastic modulus, but also on the volume fraction of each pahse (Vilardell J. et al., 

1998). 

Lu (Lu B. et al., 1992) proposed an analytical formulation to calculate the area fraction of ITZ. This 

formulation can exactly describe the volume fraction of ITZ, and thus Garboczi (Garboczi E. J. et al., 1997) 

adopted this analytical equation to calculate the volume fraction of ITZ within concrete structures. The 

volume fraction of ITZ can be described as, 

   2 3

1 2 31 1i a a V i i iV V V EXP N t H t H t H       
                                              (3) 

in which, aV  represents volume fraction of aggregate, VN  represents the number of concrete of unit 

volume, iH  represents the depth of ITZ, and 1t , 2t , 3t  are parameters described by: 
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in which, 
kR  represents the kth area matrix,  can be equaled to 0, 2, 3. Considering the value of 

 does not affect the volume fraction when spherical aggregate was used in the model calculation (Garboczi 

E. J. et al., 1997), 0   was used in this paper. 

Zheng (Wood R. J. et al., 1997) proposed the formulation of the number of aggregate and area matrix.  
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in which, n represents aggregate grading coefficient, 3.0n  and 2.5n   represent equal volume 

fraction mix and the Fuller mix. Thus, the volume fraction of ITZ can be determined with the last parameter 

of ITZ depth. Zheng (Zheng J. J. et al., 2005) proposed an empirical equation to calculate the ITZ depth. 
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in which, /w c  represents the water to cement ratio of concrete mixture; mD  represents the maximum 

diameter of cement particle. Then, the volume fraction of mortar matrix can be calculated by  

1m a iV V V                                                                           (10) 

3.2.2 The elastic modulus of ITZ and mortar matrix 

In concrete structures, in order to determine the elastic modulus of concrete, the composite can be described 

as a three-phase material, as seen in Figure 2. aR means the radius of aggregate, i m aH R R   means the 

thickness of ITZ layer, and m iR R  means the thickness of mortar matrix. The proportion of each component 

in concrete composite model satisfy the following equations, 
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in which, aV  and iV  represent volume fraction of aggregate and ITZ, respectively. 
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Figure 2 Three sphere model to calculate elastic modulus 

Generally, the Poisson’s ratio of concrete varies slightly comparing to elastic modulus, strength and 

deformation. Thus, it can be assumed that the aggregate, ITZ and mortar matrix constitutive a series system 

in transverse direction (Zheng J. J. et al., 2005). If the strain of each component along axial direction equals 

to each other, the concrete strain can be equal to average strains of component phases. Thus the Poisson’s 

ratio of concrete can be described as,  



c a a i i m mV V V                                                                       (12) 

in which, aV , iV , mV  represent the volume fraction of aggregate, ITZ phase and mortar matrix. 

In the model showed in Figure 2, the displacement of each constituent should satisfy the differential equation 

as following,  
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The general solution can be solved as 
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in which, sC and sD  are constant, sK  and sG  represent bulk modulus and shear modulus of sth phase, 

respectively. 
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in which, sv  represent the Poisson’s ratio of s th constituent.  

In order to solve the differential equation, boundary conditions as following should be needed  

In the center of aggregate, the deformation satisfy  0 0aU r   ; 

At the interface of aggregate and ITZ, the displacement and stress satisfy    a a i aU r R U r R   , 

   ra a ri ar R r R    ; 

At the interface of ITZ and mortar matrix, the displacement and stress satisfy    i i m iU r R U r R   , 

   ra i ri ir R r R    ; 

By eliminating the parameters ri , /i iU R , ra , /a aU R  and 1C , it is obtained that, 
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The parameters can be described as 
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Corresponding to elastic theory, the stress, strain and bulk modulus follows relationship of (Timoshenko S. P., 

1945; Christensen R. M. et al., 1979): 
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By comparing the equation (16) and (17), the bulk modulus can be obtained as 
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Then, the elastic modulus of concrete can be calculated by, 



 3 1 2c c cE K v                                                                        (19) 

Thus the concrete elastic modulus can be calculated according to parameters of aggregate 11

a and 21

a , 

parameters of ITZ  , 1,2i

kl k l   and parameters of mortar matrix  , 1,2m

kl k l  . Within the description of these 

parameters, 11

a and 21

a depend on physical properties of parent rock, aV can be determined by mixture 

proportion, the concrete elastic modulus cE and Poisson’s ratio cv can be tested by experiments. So, the ITZ 

parameters  , 1,2i

kl k l  and mortar parameters  , 1,2m

kl k l   can be inverse calculated according to the relationship 

of them. According to the description of  , 1,2i

kl k l  and  , 1,2m

kl k l  , it can be found that they are depend on the 

ITZ parameters of iE and iv , and mortar parameters mE and mv . 

Anson and Newman (Anson M. et al., 1966) proposed that the Poisson’s ratio of mortar changes slightly at 

0.25. Hashin and Shtrikman (Hashin Z. et al., 1963) tested the Poisson’s ratio of mortar to be 0.26. It is very 

difficult to test the mechanical properties of ITZ experimentally because of the non-uniformity within ITZ 

layers, and thus it is difficult to estimate the influence of ITZ on macro mechanical properties of concrete. 

Hashin and Monteiro (Hashin Z. et al., 2002) calculated the concrete elastic modulus, and inversely 

calculated the elastic mechanical properties of ITZ. The results showed that the ITZ elastic modulus equaled 

50% of mortar elastic modulus, and the Poisson’s ratio ranged between 0.311~0.400. Simeonov and Ahmad 

(Simeonov P. et al., 1995) found that the concrete elastic modulus slightly changed 1%, when the Poisson’s 

ratio of component phase changed from 0.1 to 0.2. Thus, the effect of component Poisson’s ratio on concrete 

elastic modulus can be neglected in numerical calculation. According to the published literatures, the ITZ 

elastic modulus equals 20% ~80% of mortar elastic modulus.  

Thus , assumptions can be provided before calculation: the Poisson’s ratio of ITZ and mortar matrix equals 

0.35 and 0.25, respectively, as 0.35iv  and 0.25mv  ; the ITZ elastic modulus equals 60% of mortar elastic 

modulus, as 0.6i mE E . So, according to the descriptions of parameters of aggregate 11

a and 21

a , parameters of 

ITZ  , 1,2i

kl k l   and parameters of mortar matrix  , 1,2m

kl k l  , equations (18) and equations (19), the mortar 

elastic modulus can be inversely calculated. 

3.3. Determination of parameters of concrete suffering from ASR 

In order to model the constitutive relation of concrete suffering from ASR by FEM, the parameters of 

component phase should be determined firstly. In this paper, the component parameters were determined 

from literatures. 

The aggregate strength and elastic modulus are difficult to be tested experimentally, and the parent rock 

parameters were used to instead the aggregate parameters. In this experiment, both natural aggregate and 

high alkali reactive aggregate were used. The effective elastic modulus and strength of the composite 

aggregate were determined according to Voigt model as shown in Figure 3. 

 

Figure 3 Voigt model 

The effective elastic modulus of composite materials can be calculated by equation, 

a ra ra na naE E V E V                                                                       (20) 

in which, raV and naV  represent the volume fraction of reactive aggregate and non-reactive aggregate, 

respectively. aE , raE , naE represent the elastic modulus of composite aggregate, reactive aggregate and 

non-reactive aggregate, respectively.  

The Poisson’s ratio of limestone arranges within0.05~0.16, the elastic modulus arranges within40~80GPa 

and changes according to the texture of parent rock. In this paper, the elastic modulus was assumed to be 

60GPa, and the Poisson’s ratio was assumed to be 0.16. The elastic modulus and Poisson’s ratio of reactive 

aggregate was assumed to be 80.5GPa and 0.16, respectively. The volume fraction of non-reactive aggregate 

and reactive aggregate in composite aggregate was 30% and 70%, respectively. Then, the effective elastic 

modulus of composite aggregate can be calculated according to equation (20).  

The compressive strength of limestone is (115±7) MPa, and the compressive strength of molten amorphous 

quartz glass is still higher than limestone. In concrete component phases, the compressive strength of 



aggregate is generally higher than other components, and thus other component always damage earlier than 

aggregate. In the fracturing process, the damage of aggregate can be considered follows elastic linear rule. In 

this paper, the compressive strength of aggregate was assumed to be 105MPa, and tensile strength of 

aggregate was assumed to be 0.059. 

Researches (Goble C. F. et al., 1999; Harsh S. et al., 1990; Gopalaratnam V. S. et al., 1985) published 

showed that the strength, elastic modulus and water/cement ratio follows relationship of 

0.047 0.5cmc w f                                                                   (21) 

1.4ln 1.5tm cmf f                                                                     (22) 

 1000 7.7ln 5.5m cmE f                                                                 (23) 

in which, cmf and tmf represent the compressive strength and tensile strength of mortar, respectively. 

Generally, the strength of ITZ is lower than that of mortar, because of the initial damage and stress 

concentration in loading process. Within the uniaxial compressive fracturing process of concrete, tensile 

failure and shear failure are the main fracture styles. In this paper, the ITZ tensile strength was assumed to be 

50% of mortar. 

For concrete suffering from ASR attraction, the elastic modulus changes as the ASR attraction intensifying. 

However, it is difficult to experimentally test it by destructive method because of requirement of specimens 

for stress-strain curves testing. So we test the ultrasonic velocity changing in ASR attracting specimens, the 

ultrasonic velocity was then changed to dynamic elastic modulus. The dynamic elastic modulus was then 

transferred to elastic modulus according to  

1.25 19cc cdE E                                                                       (24) 

in which, ccE and cdE represent elastic modulus and dynamic elastic modulus, respectively.  

The obtained elastic modulus was then fitted to expansion ratio of specimens suffering from ASR attraction. 

This will help to reflect the influence of ASR on mechanical properties. 

A: 
20.3402 71.947 33.159ccE l l   , 2 0.9872R                                             (25) 

B: 
280.576 28.496 38.536ccE l l    , 2 0.9925R                                             (26) 

C: 
214.165 55.117 36.511ccE l l    , 2 0.9922R                                            (27) 

D: 
2171.02 12.502 41.117ccE l l    , 2 0.9936R                                            (28) 

Taking elastic modulus calculated from equation (25) to equation (28) into chapter 3.2, the mortar elastic 

modulus can be obtained. The physical parameters into equation (21) to equation (23), the mechanical 

parameters of each component can then be obtained. All parameters needed in stress-strain curves calculation 

are shown in Table 2. 

Tab. 2 Parameters of aggregate, mortar and ITZ 

No. 

Mortar Aggregate ITZ 

fc/ 

MPa 

ft/ 

MPa 

E/ 

GPa 
v 

fc/ 

MPa 

ft/ 

MPa 

E/ 

GPa 
v 

ft/ 

MPa 

E/ 

GPa 
v 

 29.5 3.3 24.2 0.25 105.0 6.2 67.5 0.16 1.7 14.5 0.35 

A 28.2 3.2 20.2 0.25 105.0 6.2 67.5 0.16 1.6 12.1 0.35 

 22.9 2.9 18.6 0.25 105.0 6.2 67.5 0.16 1.4 11.2 0.35 

 50.2 4.0 26.8 0.25 105.0 6.2 67.5 0.16 2.0 16.1 0.35 

B 45.5 3.8 28.9 0.25 105.0 6.2 67.5 0.16 1.9 14.3 0.35 

 24.1 3.0 19.0 0.25 105.0 6.2 67.5 0.16 1.5 11.4 0.35 

 50.2 4.0 26.8 0.25 105.0 6.2 67.5 0.16 2.0 18.1 0.35 

C 39.5 3.6 22.8 0.25 105.0 6.2 67.5 0.16 1.8 13.7 0.35 

 19.6 2.7 17.4 0.25 105.0 6.2 67.5 0.16 1.3 10.4 0.35 

 81.9 4.7 31.3 0.25 105.0 6.2 67.5 0.16 2.4 18.8 0.35 



D 68.1 4.4 27.0 0.25 105.0 6.2 67.5 0.16 2.2 16.2 0.35 

 40.0 3.7 22.9 0.25 105.0 6.2 67.5 0.16 1.8 13.7 0.35 

4. Comparison of calculation results with experimental results 

The component parameters were taken into each phase of mesostructures. The bottom boundary was 

constrained along X and Y direction. The calculated results were compared to experimental curves, as shown 

in Figure 4.  

 

(a) A 

 

(b) B 

 



(c) C 

 

(d) D 

Figure 4 Comparison of calculated results with experimental results 

The Figure 4 shows the stress-strain curves of different strength concrete suffering from ASR attraction. It 

can be seen that the calculated results fitted the experimental results well, containing the curves shape, the 

ascending curves and descending curves. The calculated peak stresses the related peak strains are lower than 

tested stresses, this maybe attributed to the initial damage of concrete materials. Concrete is a complicated 

porous material containing solid phase, solid phase and gas phase, and thus shows high heterogeneity. 

Besides the aggregate and mortar matrix, existed pores and cracks are also most important component of 

concrete composite, which show ignore effect on macro properties on concrete structure. Because of the 

existing of ITZ, porous and cracks, the stress-strain curves of concrete under uniaxial compression always 

show a large nonlinear property. The determination of component parameters ignored the initial damage 

existed in concrete, which is an ideal condition in practical structures. Researches (Wang Z. L., 2007) 

showed that the initial damage influenced the concrete mechanical properties slightly when the initial 

damage is less than 1%. When the initial damage is larger than 5%, the peak stress related peak strain 

showed larger nonlinear properties as the initial damage increasing. Besides, the tested peak stress and 

related peak strain also depend on loading ratio and experimental condition, while the numerical calculation 

avoided this problem. 

5. Conclusion 

This paper proposed a numerical calculation model to predict the uniaxial compression stress-strain curves of 

concrete suffering from ASR. Simultaneously, experimental studies were also carried out to test uniaxial 

compressive stress-strain curves of different strength level concrete. Concrete was considered as a three 

phase material contained aggregate, ITZ and mortar phases. A 2D mesostructure was generated to model the 

spherical aggregate distribution within concrete structure. The aggregate grinding was obtained according to 

Fuller’s curve. In order to obtain the necessary parameters needed to calculate the stress-strain curves, 

mechanics of composite materials was used to inversely calculation. As a most important input parameter, 

elastic modulus of mortar in different ASR attraction stage was fitted to expansion ratio in order to describe 

the effect of ASR on mechanical properties. The calculated stress-strain curves were then compared to 

experimental data, the results showed that the proposed model can effectively predict the uniaxial 

compressive stress-strain curve of concrete induced by ASR. 
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Abstract：The influence of a new type of antifreeze-reinforced material (AFRM) on Vc 

value, strength, freeze-thaw resistance, water absorptivity and void parameters of roller 

compacted concrete (RCC) were investigated. Results showed, when the AFRM was 

incorporated into RCC, the VC value was not affected while the mechanical properties 

of RCC were greatly improved. In comparison to the reference concrete without 

incorporation of AFRM, the compressive strengths of RCC were increased by 16.7% 

and 28.3% respectively with incorporation of AFRM of 0.3% or 0.6%, while increased 

by 29.7% and 43.8% compared to air-entrained concrete of 5% air content. The mixtures 

incorporated AFRM showed less scaling and higher relative dynamic modulus than the 

control mixture and the air-entrained mixtures after exposure to the same cycles. The 

rate and coefficient of water absorption in RCC incorporated with AFRM were lowest 

among all RCC specimens, which confirmed that the structure of capillary pores of RCC 

was ameliorated by incorporation of AFRM. The air void parameters were determined, 

which proved that a great number of small, spherical and closely-spaced micro pores 

were introduced into the hardened RCC by incorporation of AFRM. The average pore 

radius was approximately 230μm and spacing factor varied with AFRM content, ranging 

from 199.22μm to 164.26μm, which interpreted why the RCC with incorporation of 

AFRM showed better freeze-thaw resistance. Therefore, AFRM can be considered as a 
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new functional component to improve RCC performance in high altitude and severely 

cold area. 

Keywords: antifreeze-reinforced material (AFRM), roll compacted concrete (RCC), 

strength, freeze-thaw resistant, air void parameter 

1 Introduction 

In China, the remaining hydropower resources mainly locate in the West and 

Southwest, distributed in Yarlung Zangbo River, Jinsha River, Lancang River and 

Salween River. These areas are characterized by complex terrain which caused the 

transportation difficulty of raw materials, high altitude, severely cold and large 

temperature difference, therefore it is of the utmost importance to select the dam 

materials of roller compacted concrete in these areas. Roller compacted concrete (RCC) 

is much dependent on fly ash in which the addition of fly ash is as high as 70%. Chemical 

properties of the surface of unburned carbon in fly ash lead to the high adsorption ability 

to polar material such as air-entraining admixture which would seriously affect the 

formation of bubble and its stability. The gas in fly ash concrete would release over time, 

and the releasement of gas amount increases as the increment of fly ash dosage [1~2]. 

Concerning the difficulty in air entrainment in RCC, it has become an awkward problem 

to select appropriate dam engineering materials applied in these harsh environment 

mentioned above. In addition, bubble formation and stability maintainable in RCC 

should be more difficult to achieve, due to the conduction of vibration compaction 

technology and incorporation of less cementitous materials. In extremely cold and high 

altitude areas, the impact of environmental pressure on air entrainment also can’t be 

ignored for that the pressure would decrease as altitude increases, resulting in reduction 

in the air content of concrete [3]. Though the air content in RCC could be increased by 

adding more air-entraining agent, the result could be the increasing cost and strength 

reduction in concrete. 

Superabsorbent Polymer (SAP) is characterized of a three-dimensional network 

structure of low cross-linking degree which can absorb a large amount of water to swell. 

Incorporation of SAP in concrete can significantly prevent or reduce the self -

deformation of concrete by entraining extra water. SAP is mainly used as internal curing 

agent in high performance concrete. On the other hand, they leave voids in the cement 



 

matrix after releasing the water and deswelling [4~5], which was proved to be favorable 

for improvement of freeze-thaw durability in normal concrete [4, 6~8]. Laustsen and Jensen 

[8] further confirmed that compared to the traditional air-entraining agent, the air voids 

left by SAP desorption are more stable, and the air bubble cannot escape or burst during 

mixing, pumping, vibrating or compaction. More importantly, the controllability of the 

air content and bubble radius can be enhanced [6, 8~9]. Additionally, Reinhardt et al [7] 

found that SAP may interact with superplasticizer, resulting in increment in air content 

or generation of tiny bubbles adhering to SAP particles. It also has been found that the 

bubble spacing factors were dependent on the volume of air voids left by SAP, mainly 

ranging from 150μm to 400μm, and larger SAP particles were more favorable for 

improvement of freeze-thaw resistance. Based on computer simulation technology, it has 

been proved by Bentz and Snyder [11] that the concrete could obtain best protection when 

the distance of SAP particles in the hardened cement matrix was approximately 200μm. 

However, the reduction in strength is also reported for internal curing of concrete. 

Therefore, to use SAP as a new technology for air entrainment have not been attracted 

more attention on. Furthermore, the report on the application of SAP in roller compacted 

concrete was few. 

In fact, the SAP cannot be used as antifreeze-reinforced material (AFRM) in 

concrete because the reduction in strength was great while the freeze-thaw durability 

was improved rather than dramatically improved. In order to achieve the goal of 

significant improvement of freeze-thaw resistance without strength loss, a new type of 

absorbent polymer was developed by combination of improved component and reverse 

phase suspension polymerization technology with expectation of application as the 

antifreeze-reinforced material in concrete (AFRM) in roller compacted concrete (RCC). 

AFRM is characteristics of small spherical particles, low absorptivity of less than 20 

times, high adaptability in saturated Ca(OH) 2 solution and filtered cement pore solution 

with high PH and Ca2+ concentration. By adding appropriate content of AFRM in RCC, 

the freeze-thaw resistance of RCC can be obviously improved. The study of tea bag 

method found that the water absorption and desorption kinetics of modified spherical 

water-absorbent resin particles was dramatically changed compared to the ordinary SAP. 

In order to creation of an uniform distributed air void system and avoidance of water-

absorbed SAP gel particles agglomeration bound by van-der-Waals bonds, this AFRM 

particle was added in dry state. The compressive strength and splitting tensile strength 

development, scaling and relative dynamic modulus with exposure to freeze-thaw cycles, 



 

water absorption capacity and velocity, and the air void parameters of a reference 

concrete and concrete with incorporation of air-entrained agent (AEA) or antifreeze-

reinforced material (AFRM) were determined. The results confirmed that not only 

mechanical properties of RCC have been greatly improved, but also an effective air void 

system was generated as a result of improvement of freeze-thaw resistance of concrete 

containing antifreeze-reinforced material (AFRM). Therefore, the new water absorbent 

resin material is suitable to be applied as antifreeze-reinforced material (AFRM) to 

enhancement of freeze-thaw resistance with growth of strength as for roller compacted 

concrete in cold high altitudes areas. 

2 Materials and Procedures 

2.1 Materials 

P.MH 42.5 Cement in accordance with GB200-2003 was used. The chemical 

composites of cement and Class I Fly ash were presented in Table 1. The Antifreeze-

reinforced material (AFRM) was synthesized by acrylic acid which was characterized 

with spherical particles ranging from 80 to 120 μm and density of 0.74g/cm3. 

Table 1 Chemical Composites (%) 

Type SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O R2O SO3 loss 

Cement 22.53 3.89 4.88 63.00 2.09 0.50 0.09 0.42 2.08 0.59 

Class I Fly ash 54.35 21.08 13.08 3.87 2.26 0.77 0.35 0.86 0.40 2.70 

Note: * R2O represents of equivalent of sodium alkali content, R2O=Na2O+0.658K2O 

2.2 Mix proportions 

The mix proportions of roller compacted concrete (RCC) mixtures was listed in 

Table 2. All samples were prepared with w/c of 0.5 and sand ratio of 38%. 5 batches of 

RCC were designed, including one batch of control RCC specimen (RC0), two batches 

of air-entrained RCC specimens (RC1 and RC2) and two batches of RCC with 

incorporation of AFRM of 0.3% or 0.6% respectively (RC3 and RC4). In order to mix 

uniformity, together dry AFRM granular with powder particles including cement and fly 

ash were put into a bag, rotated and vigorously shook, then poured into the blender with 

sand and stone and mixed for 1 min, finally added water and mixed for 3 min. The 



 

mixture was compacted and then casted into the cubic moulds (150mm ×150mm 

×150mm).   

 

 

 

 

Table 2 Mix proportions of RCC mixtures 
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RC

0 

100 120 80 840 1370 0.3   7 2.2 2519 

RC

1 

100 120 80 790 1290 0.3 0.8  3 4.3 2500 

RC

2 
100 120 80 790 1290 0.2 1.0  4 5.0 2477 

RC

3 
100 120 80 840 1370 0.3  0.3 5 2.2 2495 

RC

4 
100 120 80 840 1370 0.4  0.6 7 2.2 2477 

 

2.3 Procedures 

The absorption dynamics of antifreeze reinforced material (AFRM) can be 

measured by teabag method. Weigh a certain dry AFRM, note m1, put them into the pre-

wetted teabag rapidly and weigh it, note m2, then immerse it into the target liquid to 

conduct absorption test. Take the teabag out every 5 minutes, hang to dry and then weigh 

the teabag, note m. The absorption test last for 30 minutes. And the absorptive can be 

expressed as follow: 

1 2

1

m m m
Absorptivity

m

 
  

According to DL/T 5433-2009 “Test code for hydraulic roller compacted concrete”, 

the Vc value, compressive and tensile strength of roller compacted concrete (RCC) were 

obtained. The size of specimens used for test of the compressive and tensile strength was 

150mm×150mm×150mm cubic. All specimens were cured in standard curing room 



 

(20℃±3℃, RH≥95%) for 90 days. 

The freeze-thaw durability of RCC was evaluated by the CDF test. After curing for 

83 days, the cube specimens were taken out and cut them into prism ones by 

150mm×150mm×75mm. The cut surface was the test surface with the size of 

150mm×150mm and the four sides with the size of 150 mm × 75 mm were sealed with 

butyl rubber aluminum foil. Then the prism specimens were immersed into water for 7 

days until saturation, finally the specimens were taken out and the unilateral freeze-thaw 

test can be implemented. Two prism specimens of each mixture were used for unilateral 

freeze-thaw test. Within the first four hours, the temperature falls from 20 ℃ to -20 ℃ 

(accuracy of ±1 ℃) at the uniform speed of 10 ℃ per hour. The temperature stays 

constant for another 3 hours, then increases to 20 ℃ with accuracy of ±1 ℃in four hours 

and maintains for 1 hour. The detailed freeze thaw regime can be seen in Fig.1. The 

scaling and relative dynamic moduli of the specimens were measured for each two 

freeze-thaw cycles. 

 

Fig.1 Freeze thaw regime 

Evaluation of the capillary pore structure of RCC was conducted by the method of 

water absorption test. After curing for 90 days, the cube specimens were taken out and 

cut them into prism ones by 150mm×150mm×75mm. The cut surface was the test 

surface with the size of 150mm×150mm and the four sides with the size of 150 mm × 

75 mm were sealed with butyl rubber aluminum foil. The prism specimens were put into 

the drying oven and dried for 7 days to a constant weight at 50℃, then placed in a dry 

shrinkage chamber with temperature of 20±2℃ and RH of 50% to conduct water 

absorption test after measurement of the initial weight of the blocks. The water surface 
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in the containers was 10±1mm above the suction surface of the specimens, as shown in 

Fig. 2. After each 5min within the first 30min, the specimens were weighed, and then 

the intervals was prolonged for 30min and then for 1 hour. After lasted for 24 hours, the 

specimens were weighed for every day.  

 

Fig.2 The schematic diagram of water absorption 

3 Results and Discussions 

3.1 Absorptivity of AFRM 

The essential feature of acrylic acid polymer composed of AFRM is their ability to 

uptake water, store it and finally release it into the hardening cement matrix. In order to 

investigate the ions constituting the cement pore solution, absorptivity of AFRM in 

various saline model solutions, including deionized water, 0.9% NaCl solution, 0.7mol/L 

NaOH solution, saturated Ca(OH)2 solution and filtered cement pore solution was 

observed, presented in Table 3 and Fig.3. Results showed that the absorptivity of any 

AFRM in saline solution was weaker than that in deionized water, which resulting from 

reduction of osmotic pressure caused by a general charge screening by the dissolved ions 

from AFRM[12]. It was interesting to find that the absorptivity of AFRM in 0.7mol/L 

NaOH solution with PH value of 13.3 was stronger than that 0.9% NaCl solution with 

PH value of 7.0. The reason is that acrylic acid polymers transform into saline in the 

presence of alkaline, thus increasing the osmotic pressure caused by the increment of 

ions charge in the molecular chain. AFRM in the 0.9% NaCl solution showed the lowest 

but also slowest absorption. Another surprising observation was that in comparison to 

0.7mol/L NaOH solution containing monovalent cations (Na+), the absorptivity of 
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AFRM in saturated Ca (OH) 2 solution containing divalent cations (Ca2+) was stronger, 

which implied that AFRM is chemically stable and able to swell in the liquid phase of 

the cement paste with highly alkaline and containing Ca2+ at its saturation. AFRM in all 

media uptook the majority part of the liquid with 5 min, making the workability of fresh 

concrete invulnerable to be affected. 

Table 3 Results of water absorptivity 

Medium PH Value 

Water absorptivity at different time intervals 

0min 5min 10min 15min 20min 25min 30min 

deionized water 7.0 0 13.31 13.63 15.39 16.60 17.57 18.00 

0.9% NaCl 7.0 0 9.45 9.55 9.55 9.68 9.52 9.53 

0.7mol/L NaOH 13.3 0 12.98 13.16 13.17 13.25 13.40 13.44 

Saturated CH 12.3 0 14.51 14.82 15.10 15.29 15.52 15.57 

Filtered cement 

pore solution 
12.2 0 13.41 14.38 14.61 14.73 14.89 15.03 

 

 

Fig. 3 Absorptivity of AFRM in various media 
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3.2 Influence of AFRM on Workability and Strength of 

RCC  

Results of Vc value, air content of fresh concrete and strength of hardening concrete of RCC 

were presented in Table 4. It can be clearly observed that, the Vc value and air content in the fresh 

concrete remained unchanged with incorporation of AFRM compared to control RCC (RC0), yet 

increased in Vc value and decreased in air content compared to air-entrained RCC. The air content 

of the fresh mixture containing AFRM was as low as the control RCC, because the micro pores 

entrained by AFRM can be formed after desorption of AFRM. Not only compressive strength but 

also splitting tensile strength was greatly improved by adding AFRM. The compressive strength of 

RCC with incorporation of AFRM of 0.3% or 0.6% increased by 16.7%, 28.3% respectively in 

comparison to control RCC (RC0) and by 29.7%, 43.8% respectively compared to air-entrained RCC 

with air content of 5.0% (RC2). 

Table 4 Vc value, air content and strength of RCC 

No. 
Vc value

（s） 

Air content 

(%) 

Splitting tensile strength at 90d 

(MPa) 

Compressive strength at 90d 

(MPa) 

RC0 7 2.2 2.48 30.7 

RC1 3 4.3 2.04 30.4 

RC2 4 5.0 2.17 27.6 

RC3 5 2.2 2.59 35.8 

RC4 7 2.2 2.59 39.4 

 

3.3 Influence of AFRM on Freeze-thaw durability of 

RCC 

The scaling and relative dynamic modulus of RCC cured for 90 days were 

respectively presented in Fig. 4 and Fig. 5. It was not difficult to find that the RCC 

incorporated with AFRM showed less scaling and higher relative dynamic modulus than 

the other RCC specimens. After 40 cycles, the control RCC specimens without air-

entrained agent or AFRM was damaged, which was evidenced by the fact that the total 

sum of scaled materials was beyond 300 g/m2 and the relative dynamic modulus 



 

decreased below 60%, yet the total sum of scaled materials was 189 g/m2 and 154 g/m2 

and the relative dynamic modulus was 79.7% and 83.7% for the two air-entrained RCC, 

i.e. RC1 and RC2 respectively, 125 g/m2 and 82 g/m2 and the relative dynamic modulus 

was 88.0% and 90.2% for the two mixtures incorporated AFRM, i.e. RC3 and RC4 

respectively. After 100 cycles, the total sum of scaled materials reached to 257 g/m2 and 

206 g/m2 and the relative dynamic modulus was 67.4% and 71.1% for the two air-

entrained RCC, i.e. RC1 and RC2 respectively, 183 g/m2 and 154 g/m2 and the relative 

dynamic modulus was 76.5% and 82.8% for the two mixtures incorporated AFRM, i.e. 

RC3 and RC4 respectively. Even compared to the mixture with 5% air content (RC2), 

the total sum of scaled materials decreased by 11% and 25% respectively and the relative 

dynamic modulus increased by 7.6% and 16.5% respectively for the two mixtures mixed 

with 0.3% and 0.6% AFRM (RC3 and RC4) after exposure to 100 cycles.  

 

Fig. 4 Accumulative amount of scaling with freeze thaw cycles 

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120

S
ca

li
n

g
（

g
/m

2
）

Freeze thaw cycles

RC0 RC1 RC2 RC3 RC4



 

 

Fig. 5 Relative dynamic modulus with freeze thaw cycles 

3.4 Influence of AFRM on Water sorption of RCC 

Once the surface of concrete is in contact with water, the water will be push into 

the concrete along the capillary pores due to capillary absorption. Kelham[13] found that 

among the initial period of water absorption, the relationship of water absorption 

capacity per unit area and time square root was liner on the one dimensional direction, 

yet not rigorous liner but presence of a deviation observed by Hall[14-15]. The math 

expression can be draw as follow:  

  W A t a                

W represents water absorption capacity per unit area, g/m2; A represents water 

absorption coefficient, g.m-2.h-0.5; t represents time, h; a is caused that capillary pores 

were rapidly filled with water in the initial period of contact of water and specimen 

surface.  

Fig. 6 lists the relation curve between water absorption capacity per unit area of 
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RCC specimens at 90 days and time square root. It can be observed that the water 

absorption capacity per unit area grew in liner with time within the initial 4 hours. 

Compared to the control RCC specimen, the water absorption capacities of two air-

entrained RCC specimens (RC1 and RC2) increased by 22.8% and 42.8% respectively 

at 4 hours but decreased by 10% and 2.2% respectively as for the RCC specimens 

containing AFRM of 0.3% and 0.6%. Based on the eq. (2), the water absorption 

coefficient can be obtained through liner extrapolation. The results of water absorption 

coefficient were presented in table 6.   

The water absorption coefficient of concrete mainly depends on porosity, size and 

distribution of capillary pores [16]. The macropores, including the pores and air voids 

formed in the process of mixing and vibration [17], had little effect on concrete water 

absorption. It can be found that the among all RCC specimens, the air-entrained RCC 

had the fastest water uptake rate and the highest water absorption coefficient, while both 

RCC specimens by adding AFRM had the lowest water uptake rate and water absorption 

coefficient. It confirmed that the structure of capillary pores of RCC was ameliorated by 

incorporation of AFRM, which is favorable for durability of RCC. 

Table 6 Water absorption coefficient of RCC 

Samples RC0 RC1 RC2 RC3 RC4 

Water absorption coefficient 

(g.m-2.h-0.5) 
437.8 511.9 516.4 380.2 401.2 

 



 

 

Fig. 6 Water absorption of RCC 

4 Conclusion 

Some important conclusions can be draw as follows: 

(1) The absorptivity of any AFRM in saline solution was weaker than that in 

deionized water. AFRM is chemically stable and able to swell in the liquid phase of the 

cement paste with highly alkaline and containing Ca2+ at its saturation. AFRM in all 

media uptook the majority part of the liquid with 5 min, making the workability of fresh 

concrete invulnerable to be affected. 

(2) The Vc value of the fresh RCC remained unchanged through incorporation of 

dry AFRM particles which implied that the technology of dry mixing can be applied in 

the actual construction. The air content of the fresh mixture containing AFRM was as 

low as the control RCC and it was not consistent with that observed in the hardened 

mixture, because the micro pores entrained by AFRM can be formed after desorption of 

100

300

500

700

900

1100

1300

1500

1700

1900

0 2 4 6 8 10 12

∆
W

（
g

.m
-2
）

t0.5（h0.5）

RC0 RC1 RC2 RC3 RC4

javascript:void(0);
javascript:void(0);


 

AFRM. 

(3) Not only compressive strength but also splitting tensile strength was greatly 

improved by adding AFRM, especially comparing to air-entrained RCC. The 

compressive strength of RCC with incorporation of AFRM of 0.3% or 0.6% increased 

by 16.7%, 28.3% respectively in comparison to control RCC (RC0) and by 29.7%, 43.8% 

respectively compared to air-entrained RCC with air content of 5.0% (RC2). 

(4) After 40 cycles, the control RCC specimen was damaged, yet until exposure to 

100 cycles, the total sum of scaled materials for the two mixtures incorporated AFRM 

was 183 g/m2 and 154 g/m2, less than scaling of air-entrained RCC, and the relative 

dynamic modulus was 76.5% and 82.8%, higher than that in air-entrained RCC. Even 

compared to the mixture with 5% air content, the total sum of scaled materials decreased 

by 11% and 25% respectively and the relative dynamic modulus increased by 7.6% and 

16.5% respectively for the two mixtures mixed with 0.3% and 0.6% AFRM after 

exposure to 100 cycles. 
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Abstract：Concrete was damaged under the interaction of carbonation and freeze-thaw which is 

a factor why many concrete structures did not reach the design life and premature failure. 

Carbonization test, freeze-thaw test and the alternating action of freeze-thaw and carbonization 

were taken to messure the depth of carbonation, relative dynamic elastic modulus, mass loss rate 

and flexural strength. The results show that carbonation depth of both specimens conducted 

carbonization test followed by freeze-thaw test and specimens conducted freeze-thaw test 

followed by carbonization test increases with the increase of water-binder ratio or mixing amount 

of fly ash, in general. But specimens conducted freeze-thaw test firstly have far greater 

carbonation depth than specimens conducted carbonization test firstly. The dynamic elastic 

modulus loss and weight loss of carbonized specimens are smaller than that of uncarbonized 

specimens within a reasonable range of carbonation. The flexural strength of both specimens 

conducted carbonization test followed by freeze-thaw test and specimens conducted freeze-thaw 

test followed by carbonization test declines with the increase of water-binder ratio or mixing 

amount of fly ash. 

Key words: carbonation; freeze-thaw; macro-propertites; fly ash. 

1. Introductions 

Concrete is the largest amount in building materials which is widely used in bridges, dams, 

highways, industrial and civil building structure[1-2]. Concrete subjected to freeze-thaw cycles 

caused by internal micro cracks and surface spalling in most of the cold areas or winter weather 

conditions in the world. Meanwhile, the atmospheric carbon dioxide into concrete which leads to 

the destruction of surface passivation film of reinforcement and causes corrosion[3-5]. Concrete 

was damaged under the interaction of carbonation and freeze-thaw which is a factor why many 

concrete structures did not reach the design life and premature failure. The durability of hydraulic 

concrete is one of the key problems that many scholars are concerned with in concrete field, 

because the performance and lifespan of many projects depend on the durability. In recent years，

the focus of durability research is transferred from single degradation factor to multi ones 

internationally[6]. In the many factors affecting the durability of hydraulic concrete, carbonation 

and freeze-thaw cycles are two extremely important factors which affect the durability of concrete. 

Therefore, anti-carbonation and frost resistance are two important branches for the research of the 

durability of concrete[7,8]. The alternation of two factors is widespread in practical projects, so 

research of the alternation of carbonation and freeze-thaw cycles is of great significance to a wide 

range of practices.  

javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')


Many research show that the manifestations of concrete are cracking, spalling, weight 

aggregate separation, corrosion of steel, mechanical properties decrease and so on[9-10]. when 

concrete suffers both the carbonation and freeze-thaw cycles. However, to date the study of 

concrete’s durability deterioration and microstructure changes when concrete suffers carbonation 

and freeze-thaw cycles is few, leading to the lack of corresponding research in damage of concrete 

durability and microscopic point[11]. Studying the interrelation between macroscopic properties 

and microstructure is the only way to understand the law of durability and avoid deterioration of 

concrete[12].   

The changes in macrostructure of concrete when it suffers carbonation and freeze-thaw cycles 

by messuring the depth of carbonation, relative dynamic elastic modulus, mass loss rate and 

flexural strength. It will be of great importance to improve durability of concrete in harsh 

condition. 

2. Experimental  

2.1 Freeze-thaw test and carbonization test 

Two graded aggregate concrete with six mix proportions, twelve group tests are chosen for 

the test. The specimen is conducted carbonization test followed by freeze-thaw test or freeze-thaw 

test followed by carbonization test. The test scheme is listed in table 2-1 and table 2-2. The air 

content of concrete is controlled between 4.5% and 5.0%, the collapsed slump is controlled 

between 50 mm to 70 mm and the mix proportion is shown in table 4-3. Due to a larger number of 

test pieces, a standard curing age is setted 28d. 

The molding number in each group is six. The specimen size is 100mm×100mm×400mm. 

After curing in standard curing room for a scheduled time, three piece were transplanted into a 

closed carbonation box, then into a freezing and thawing box after accelerated carbonation for 28d. 

Measure the quality and relative dynamic elastic modulus before and after being transplanted into 

the freeze-thaw box for 100 times. At last measure the depth of carbonation. The other three pieces 

did freeze-thaw test first, and suffered from accelerated carbonation for 28d. Do the carbonization 

test according to Test Code for Hydro-concrete(DL/T 5150—2001). The specimens should be 

taken out from the standard curing room before two days of the standard curing age, then measure 

the depth of carbonation after drying at 60 ℃ ± 2 ℃ for 48h. After curing for 28d, the 

concrete carbonation depth results are shown in Table 4-4 under alternating action of carbonation 

and freeze-thaw. Specimen C1 to C6 are conducted carbonization test followed by freeze-thaw test. 

Specimen D1 to D6 are conducted freeze-thaw test followed by carbonation test. 

Table 2-1 Freeze-thaw after carbonization 

Samples W/C Fly ash (%) 
Age 

（d） 

Carbonization time 

（d） 

Freeze-thaw 

times 

C1 

0.35 

0 

28 14 100 

C2 20 

C3 0.45 20 28 14 100 
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C4 40 

C5 

0.55 

20 

28 14 100 

C6 40 

 

Table 2-2 Carbonization after freeze-thaw 

Samples W/C Fly ash (%) 
Age 

（d） 

Freeze-thaw 

times 

Carbonization time

（d） 

D1 

0.35 

0 

28 100 14 

D2 20 

D3 

0.45 

20 

28 100 14 

D4 40 

D5 

0.55 

20 

28 100 14 

D6 40 

  Table 2-3  Mix proportions 

Sampl

es 

Gradat

ion 
W/C 

Fly ash 

（%） 

Aggregate 

ratio 

（%） 

Admixture materials(kg/m3) 
Slump 

（mm） 

Air 

content 

（%） PCA 

（%） 

GYQ 

（%） 

wate

r 

Middle 

stone 

Small 

stone 

C1/D1 two 0.35 0 30 0.48 0.012 117 813 665 55 4.5 

C2/D2 two 0.35 20 30 0.45 0.011 117 806 659 62 4.7 

C3/D3 two  0.45 20 30 0.43 0.011 117 833 682 65 5.2 

C4/D4 two 0.45 40 30 0.43 0.011 116 829 678 65 4.9 

C5/D5 two 0.55 20 30 0.42 0.010 117 850 696 69 4.8 

C6/D6 two 0.55 40 350 0.42 0.010 116 847 693 70 4.6 

2.2 Dynamic elastic modulus 

Do the concrete freeze-thaw cycle test according to "quick freeze method" in Test Code for 

Hydro-concrete(DL/T 5150—2001).Measure the dynamic elastic modulus and weight of the 

specimen before the test. Then measure the dynamic elastic modulus every 25 cycles with each 

freeze-thaw cycle should be completed within 2h to 4h. At the end of the freezing and thawing, the 

center specimen temperature should be controlled -17℃±2℃ and 8℃±2℃, respectively. The 

freeze-thaw cycle is about 4h, and the specimen in process of freezing and thawing are in full 

immersion state (i.e., saturation state). 

The relative dynamic elastic modulus of the specimen is calculated as follows 



2

2
100n

n

o

f
P

f
                          (2-1) 

Where Pn is relative dynamic elastic modulus of the specimen after n-th time of freeze-thaw 

cycle %, f0 is the natural frequency before freeze-thaw Hz, and fn is the natural frequency after n-th 

time of freeze-thaw cycle Hz. 

2.3 Mass loss 

Measure mass loss of concrete specimen during freeze-thaw test using an electronic balance 

(precision 0.1g), the loss rate is given by 

                
0

0

100
n

n
G G

W
G


                    (2−2) 

Where Wn is the mass loss rate of the specimen after n-th time of freeze-thaw cycle %, G0 is the 

specimen weight before freeze-thaw g, and Gn is the specimen weight after n-th time of 

freeze-thaw cycle g. 

 

3. Results and analysis 

3.1 Depth of carbonation 

Table 3-1  Depth of carbonation for each samples 

Samples W/C Fly ash(%) 
Age 

（d） 

Carbonization 

time（d） 

Freeze-thaw 

times 

Depth of 

carbonation

（mm） 

C1 0.35 0 28 14 100 0.1 

C2 0.35 20 28 14 100 0.3 

C3 0.45 20 28 14 100 0.5 

C4 0.45 40 28 14 100 1.2 

C5 0.55 20 28 14 100 0.8 

C6 0.55 40 28 14 100 1.4 

D1 0.35 0 28 14 100 2.6 

D2 0.35 20 28 14 100 4.3 

D3 0.45 20 28 14 100 7.8 

D4 0.45 40 28 14 100 14.5 



D5 0.55 20 28 14 100 10.2 

D6 0.55 40 28 14 100 17.8 

 

（1）It can be seen from table 3-1 that the carbonation depth of specimens conducted 

carbonization test followed by freeze-thaw test or freeze-thaw test followed by carbonization test 

is increasing with the increase of water-binder ratio generally. After 28d of curing, the carbonized 

material hydration of concrete with small water-binder ratio is less, the concrete density is high, 

the big holes and some connected channels are also greatly reduced, and the diffusion resistance 

that transfers from carbon dioxide into the concrete is large. As a result, the carbonation depth is 

relatively small. With the increase of water-binder ratio, the water increases after the cement being 

hydrated, the permeability of concrete is enhanced, carbon dioxide more easily penetrate into the 

concrete, resulting in the carbonation depth increased. 

（2）When the mixing amount of fly ash is 20%, the carbonation depth is increasing with the 

increase of water-binder ratio. The carbonation depth of specimen conducted freeze-thaw test 

followed by carbonization test is much greater than the specimen conducted carbonization test 

followed by freeze-thaw test. The reason for this phenomenon may be that after the concrete 

curing for 28d, and then after carbonation, the produced calcium carbonate makes the structure 

more compact. Then after 100 times of freezing and thawing, the external water, under the effect 

of inflation pressure and osmotic pressure, penetrates into some of the pores, making the calcium 

hydroxide molecules in center of the specimen with no carbonization reaction penetrate into the 

sides of the specimen as the water flows, leading to smaller carbonation depth for specimen 

conducted carbonization test firstly. The second reason is that for specimen conducted using 

freeze-thaw firstly, microfracture is produced inside the concrete, even surface cracking or peeling 

is caused, which accelerates the intrusion rate of carbon dioxide and spread into the deeper. In [13], 

a mercury injection test of concrete before and after freeze-thaw found that the porosity of the 

concrete is increased after freeze-thaw, especially the number of pore size of about 20 nm is 

greatly improved. This illustrates the conclusions obtained in this paper that the carbonation depth 

of specimen frozen-thawed firstly is larger than specimens carbonized firstly. 

（3）At the same time, when the water-binder ratio is constant, the carbonation depth increases 

with the increasing mixing amount of fly ash. This is because fly ash instead of cement reduces 

total amount of calcium hydroxide hydration and consumption of calcium hydroxide in the 

secondary hydration of fly ash, resulting in the effective alkaline (i.e., calcium hydroxide 

concentration) of internal concrete reduced and carbonation resistance of concrete decreased. 

However, due to early hydration inert of fly ash, micro aggregate effect of fly ash has little effect 

on the compactness of concrete, so that the early carbonation resistance of fly ash concrete is low. 

3.2 Dynamic elastic modulus 

Table3-2 Relative dynamic elastic modulus of samples 

Samples W/C Fly ash（%） 
Air content 

（%） 

Relative dynamic elastic 

modulus 

P50 P100 
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C1 

 

0.35 0 4.5 97.41 96.04 

C2 0.35 20 4.7 94.94 92.11 

C3 0.45 20 5.0 92.08 89.26 

C4 0.45 40 4.9 90.33 88.08 

C5 0.55 20 4.8 89.96 86.43 

C6 0.55 40 4.6 88.61 84.05 

D1 

 

0.35 0 4.5 96.06 93.99 

D2 0.35 20 4.7 92.02 89.38 

D3 0.45 20 5.0 90.09 85.87 

D4 0.45 40 4.9 84.62 78.17 

D5 0.55 20 4.8 83.43 80.30 

D6 0.55 40 4.6 80.32 71.67 

 

（1）It can be seen from the table that when the mixing amount of fly ash is 20%, the 

dynamic elastic modulus loss of specimen conducted carbonization test followed by freeze-thaw 

test increases gradually with the increase of water-binder ratio, and the loss rate also increases 

gradually. The elastic modulus loss of specimen directly carbonized without thawing increases 

than specimen conducted carbonization test followed by freeze-thaw test. 

（2）When the water-binder ratio is constant, after the same freeze-thaw cycle, the dynamic 

elastic modulus increases with the increasing mixing amount of fly ash. The specimen without 

mixing of fly ash has the highest frost resistance and the least decrease of dynamic elastic 

modulus. 

（3）The carbonation can improve the frost resistance of concrete specimens to a certain 

extent. It can be seen from the above mechanism of carbonation that the calcium carbonate of 

concrete specimen generated in the process of carbonation deposites in the pores of the specimen, 

making large hole decreased, porosity reduced, and structure compact. In the freeze-thaw process, 

the total swelling pressure is reduced, the moisture migration is difficult, and the osmotic pressure 

increase correspondingly lags. So the frost resistance of concrete specimen after a certain degree 

of carbonation is higher than concrete specimens without carbonation. 

3.3 Mass loss rate 

Table 3-3  Mass loss rate of concrete 

  

Samples 
W/C Fly ash（%） 

Air content 

（%） 

Mass loss rate（%） 

W50 W100 

C1 0.35 0 4.5 -0.14 0.99 

C2 0.35 20 4.7 0.02 1.38 
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C3 0.45 20 5.0 -0.09 1.87 

C4 0.45 40 4.9 0.62 2.17 

C5 0.55 20 4.8 0.43 2.30 

C6 0.55 40 4.6 0.32 2.67 

D1 0.35 0 4.5 0.29 1.68 

D2 0.35 20 4.7 0.52 1.75 

D3 0.45 20 5.0 0.99 1.88 

D4 0.45 40 4.9 3.62 5.13 

D5 0.55 20 4.8 2.33 4.95 

D6 0.55 40 4.6 6.75 9.65 

（1）It can be seen from the table that the weight of concrete specimens does not reduce, but 

increases slightly in initial freeze-thaw cycles. This may be due to micro cracks are generated 

during the positive and negative temperature variations of the specimen, which leads to water 

absorption increase of the specimen, so that the weight is slightly increased. With the increase 

times of freeze-thaw, the micro cracks further expand, the weight begins to lose, and the weight 

loss rate increases gradually. So the weight loss is not obvious in initial freeze-thaw cycles, but 

loses rapidly after a certain number of times of freeze-thaw.  

（2）At a given mixing amount of fly ash is 20%, the specimen weight loss of two groups 

increases with the increase of water-binder ratio, and the loss rate is also gradually increasing. The 

specimen weight loss rate without carbonation is higher than that of carbonized specimens. This is 

the same when the mixing amount of fly ash is 40%, and the weight loss rate increases more 

obviously. When the water-binder ratio increases to 0.55, the uncarbonized specimen D6 has the 

highest weight loss rate, far greater than that of specimens carbonized. 

（3）At a given water-binder ratio, the weight loss increases with the increase of mixing 

amount of fly ash after same freeze-thaw cycles, two groups without mixing of fly ash have the 

highest frost resistance, and the weight loss rate is the minimum. The weight loss of carbonized 

concrete reduces less, which is consistent with the mechanism of dynamic elastic modulus shown 

above. 

3.4 Flexural strength 

Table 3-4  Flexural strength of samples under the alternating action of freeze-thaw and 

carbonization 

Samples Gradation W/C 
Fly ash 

（%） 

Air 

content 

（%） 

Flexural strength

（MPa） 

 

 

C1 two 0.35 0 4.5 9.69 
 

 

 C2 two 0.35 20 4.7 8.19 
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C3 two 0.45 20 5.0 8.06 
 

freeze-thaw 

followed by  

carbonization 

C4 two 0.45 40 4.9 6.56 

C5 two 0.55 20 4.8 5.94 

C6 two 0.55 40 4.6 5.31 

D1 two 0.35 0 4.5 12.81 
 

 

carbonization  

followed by 

freeze-thaw 

 

 

 

 

 

D2 two 0.35 20 4.7 11.25 

D3 two 0.45 20 5.0 10.67 

D4 two 0.45 40 4.9 9.69 

D5 two 0.55 20 4.8 9.02 

D6 two 0.55 40 4.6 5.94 

（1）It can be seen from the table, at a given certain mixing amount of fly ash, for specimens 

conducted carbonization test firstly or conducted freeze-thaw test firstly, the flexural strength of 

concrete specimens decreases with the increase of water-binder ratio, also the flexural strength 

drop rate increases gradually, and specimens conducted carbonization test followed by freeze-thaw 

test have larger flexural strength. When the water-binder ratio is constant, the flexural strength of 

these two kinds of concrete specimens (i.e., specimens conducted carbonization test firstly or 

conducted freeze-thaw test firstly) decreases with the increasing mixing amount of fly ash. The 

reasons are that fly ash increases the internal microstructure porosity, and the incorporation of fly 

ash replaces part of cement, making the calcium hydroxide after cement hydration is reduced, 

resulting in lower initial pore solution alkalinity, carbonation more likely to happen, and faster 

decreased intensity after freeze-thaw damage.At a given mixing amount of fly ash is 20%, the 

specimen weight loss of two groups increases with the increase of water-binder ratio, and the loss 

rate is also gradually increasing. The specimen weight loss rate without carbonation is higher than 

that of carbonized specimens. This is the same when the mixing amount of fly ash is 40%, and the 

weight loss rate increases more obviously. When the water-binder ratio increases to 0.55, the 

uncarbonized specimen D6 has the highest weight loss rate, far greater than that of specimens 

carbonized. 

（2）For specimens conducted carbonization test followed by freeze-thaw test, the internal 

structure becomes dense, and the frost resistance is increased due to the filling effect of the 

calcium carbonate in the process of carbonization. But in the process of freeze-thaw, the osmotic 

pressure and swelling pressure of water make some unstable calcium carbonate decompose 

gradually, in addition, some original closed pores begin indirect within one another, the internal 

tissues fluid becomes loose, and the compressive strength slightly declines than before. According 

to the previous measured dynamic elastic modulus, the frost resistance of carbonized specimens is 

stronger than that of uncarbonized specimens within a reasonable range of carbonation, as a result, 

the flexural strength is higher than that of specimens without carbonation. 
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（3）For specimens conducted freeze-thaw test followed by carbonization test, due to the osmotic 

pressure and swelling pressure in the process of water movement, tiny cracks begin to produce on 

the surface, the internal tissues becomes loose, and the total porosity increases. The more the 

water-binder ratio or the amount of fly ash is, the more damage the specimens suffer, and the 

larger the porosity is. After 14d of carbonization, the carbon dioxide can more quickly diffuse into 

the specimen, and such specimen has a relatively dense calcium carbonate, so the specimen 

strength of specimens conducted freeze-thaw test followed by carbonization test is higher. 

（4）The flexural strength of specimens conducted freeze-thaw test followed by carbonization test 

is generally higher than that of specimens conducted carbonization test followed by freeze-thaw 

test. The reason may be that in the process of carbonization, the strength growth rate of specimens 

conducted freeze-thaw test firstly is much higher than that of specimens conducted carbonization 

test firstly and in the process of freeze-thaw, the strength decline rate of these two kinds is less 

different. Therefore, the effect of freeze-thaw on carbonized concrete should be seriously 

considered in the reinforced concrete structure. 

4. Conclutions 

（1）The carbonation depth of both specimens conducted carbonization test followed by 

freeze-thaw test and specimens conducted freeze-thaw test followed by carbonization test 

increases with the increase of water-binder ratio or mixing amount of fly ash, in general. But 

specimens conducted freeze-thaw test firstly have far greater carbonation depth than specimens 

conducted carbonization test firstly. This indicates that carbonation has a relatively small influence 

on concrete frost resistance is, while freeze-thaw cycle greatly accelerates the rate of concrete 

carbonization. 

（2）When the mixing amount of fly ash is constant, the dynamic elastic modulus loss and weight 

loss increase with the increase of water-binder ratio, also the loss rate increases gradually. At a 

given certain water-binder ratio, the dynamic elastic modulus loss and weight loss increase with 

the increasing mixing amount of fly ash after same freeze-thaw cycles. The dynamic elastic 

modulus loss and weight loss of carbonized specimens are smaller than that of uncarbonized 

specimens within a reasonable range of carbonation. The specimens without mixing of fly ash 

have the highest frost resistance, the minimum dynamic elastic modulus, and the minimum weight 

loss. 

（3）The flexural strength of both specimens conducted carbonization test followed by 

freeze-thaw test and specimens conducted freeze-thaw test followed by carbonization test declines 

with the increase of water-binder ratio or mixing amount of fly ash. Under the condition of same 

mix proportion, the specimen strength of specimens conducted freeze-thaw test followed by 

carbonization test is bigger that of specimens conducted carbonization test firstly. 
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Abstract 

The penetration of aggressive substances into concrete is the primary cause of concrete and reinforcement degradation, 

which affects the concrete durability greatly. For structures in marine environment, chlorides are the most critical 

environmental factors, causing serious steel corrosion and damage the concrete structures. For concrete structures 

exposed to chlorides, corrosion happens once the chloride concentration at the steel surface reached a critical point. 

The influence of flexural load on chloride diffusion and microscopic structure of concrete and hardened paste were 

investigated, as well as the affecting mechanism of flexural load on microscopic structure. The results showed that the 

maximum chloride concentration among the pure bending section in concrete appeared at about 2 mm depth, and 

flexural load accelerated the penetration of chloride ions in concrete. There was a significant correlation between the 

flexural load levels and the constant load factor when expressed in an exponential function, for the typical high 

performance concrete mix. It should consider the influences of flexural loads on chloride diffusion coefficient in 

durability design of concrete structures. 
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1. Introduction 

Corrosion of steel bar induced by penetration of chloride in concrete cover is a frequent cause of 

degradation of reinforced concrete structures exposed to marine environments. Mehta et al. found that 

the durability of concrete structures could be improved by increasing the chloride threshold value and 

decreasing the chloride diffusion coefficien (P K Mehta et al., 2003). Chloride diffusion coefficient is 

an important parameter in resisting the penetration of chloride ion in concrete. Numerous experiments 

have been carried out investigating the influence factors of concrete to chloride diffusion coefficient 

(Hasan Yildirim et al., 2011; How-Ji Chen et al., 2012; Yingfang Fan et al., 2014; Majid Safehian et al., 

2013). Recent research has found out that concrete durability and loads in working environment have a 

very close relationship. With the increase levels of load, the resistance capacity of concrete tension zone to 

chloride ion erosion reduced, while the resistance capacity of concrete compression zone to chloride ion 

erosion increased, which means concrete structures under tensile stress face more serious problems of 

interaction between load and environment than under compressive stress. Though many scholars issued that 

the permeability of concrete under load must be explored, the test results varied with test conditions, 

substantial service of concrete in the stress state and substantial materials used in concrete. In addition, 

marine engineering high-performance concrete with low water-Binder ratio, high content quality admixture, 

may differ from ordinary concrete in resisting chloride ion penetration under load. (Wu-man Zhang et al., 

2011; Fang Yong-hao et al., 2012; C.C Lim et al., 2000). To fulfill the existing research, this study applied 

bending load of concrete structures, which are placed at the splash zone in seawater environment 

simulation box, carried out the influence of flexural load on diffusion rules of chloride through concrete at 

the splash zone. 

2. Experimental 

2.1. Raw Materials 
The cementitious materials were consist of Graded II 42.5R Portland Cement supplied by Yuexiu Cement 

inGuangdong province, Graded II fly ash with the density of 2160 kg/m3 supplied by Huangpu Power Plant, 

and slag ground blast furnace slag with the density of 2900 kg/m3 supplied by Guangzhou Iron&Steel Plant. 

The chemical composition of raw materials are given in Table 1. Washed river sand of fineness modulus 

2.7 with the apparent density of 2.64, and the maximum size of the coarse aggregate was 20 mm with the 

apparent density of 2.64 were used respectively. Ordinary water used was the normal drinking water from 

the pipe water supply systemHigh Range Polycarboxylate Water Reducer super plasticizer called HSP-V, 

supplied by Guangzhou SihangMaterial Technology Co Ltd, was incorporated. 
Table 1 Chemical composition of cementitious materials /% 

Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 IL 

Cement 20.24 4.43 5.30 63.83 0.97 0.08 0.64 2.85 2.68 

fly ash 60.81 24.12 5.76 3.03 0.55 0.32 0.71 1.31 3.26 

Slag 34.20. 13.39 1.20 38.20 9.02 0.20 0.51 0.28 2.73 

2.2. Experiment scheme 
The proportions of all types of concrete and the main mechanical properties are shown in Table 2. In our 

experiment, the size of concrete samples was 100 mm × 100 mm × 515 mm, Specimens were cured for 28 

days before the implementation of the load, the tensile stress levels were 15%, 30%, 50% of the ultimate 

flexural strength of concrete, respectively. Concrete specimens with the same material proportion were 

prepared, cured for 28d and treated with the same fluxural load as former ones, After the exposure test of 

90 days, samples were used to test pore structure determination.  

To determine the chloride diffusion in concrete, epoxy resin was used to seal the molding facet and two 

end facets of the concrete samples, placed in artificial seawater splash zone simulation chamber exposure, 

NaCl concentration at 1.5% (mass fraction). The environment temperature is 25 oC. After the exposure test 

age of 90 days, remove and uninstall loading device, and then to take concrete powder and chemical 

analysis experiments. Each mix concrete specimens forming nine groups. 
Table 2 Mix proportion and mechanical properties of concrete at 28d 

Sample 
Material consumption /% 

W/C 
mixture/(kg.m-3) compressive 

strength /MPa 

flexural 

strength/MPa C FA GBFS cement sand Gravel water 

L01 100 --- --- 0.35 420 738 1107 147 59.2 6.4 

LF 70 30 --- 0.35 420 721 1082 147 62.0 6.7 

LS 40 --- 60 0.35 420 732 1098 147 59.6 6.2 



 

FS 40 20 40 0.35 420 723 1084 147 61.8 6.4 

2.3. Experiment method 
Concrete specimens were dry in room temperature, concrete powder samples were collected by grinding 

with diamond bit from the exposed surface at different depth from the bending section of the tensile region 

of the specimens. Chloride diffusion coefficient of concrete specimen was tested according to JTS 257-2-

2012 "high performance concrete harbor engineering quality control standards". Chloride ion content of 

concrete powder sample was determined by Metrohm's 785DMP automatic titrator. The morphology and 

composition of concrete interface were studied by SEM (JSM6490), XRD and EDS. Pore structures of 

hydrated cement are tested using the Micrometrics ASAP 2000 automatism isothermal adsorption 

instrument. 

3. Results and Discussion 

3.1. Influence of flexural load on chloride distribution of concrete 
After the exposure of 90 days, the influence of flexural load on distribution of chloride ion on concrete 

shown in Fig. 1. 

 
     （a）Sample L01                                                                           （b）Sample LF 

 
（c）Sample LS                                                                   （d）Sample FS 

Fig.1 Influence of flexural load on distribution of chloride ion in concrete exposed in splash zone at 90 days 

According to Fig.1, concrete specimen of the same mixture ratio under flexural load, chloride ion content in 

the same depth of tensile area increases with the increase of the bending stress levels. Meanwhile, cement 

materials also have a great impact on the distribution of chloride ions in the concrete, under the same stress 

level and at the same depth, the chloride ion contents in concrete specimens with mineral admixtures were 

significantly lower than the pure cement concrete specimens, as at bending stress level of 30% and the 

distance is 4mm away from the concrete surface, the chloride ion content of pure cement concrete 

specimens was 0.349%, while chlorine ion content of the fly ash concrete and concrete with mineral 

admixtures were 0.195% and 0.186%, respectively. 

The internal micro-cracks of concrete under flexural loads, especially under tensile stress, experienced a 

process of open to destruction. Concrete adhesion between aggregate particles and hydration products is 



 

weak under tensile loads, the energy needed for matrix cracks generation and expansion is reduced and 

crack propagation direction is perpendicular to the stress direction, each new cracks generate and grow will 

reduce the effective load bearing area, further increasing the critical stress at the crack tip, and promote the 

elastic deformation of the cracks, finally the cracks will form a bridge and link with other cracks. 

3.2. Influence of flexural load on chloride diffusion coefficient on concrete 
Many studies have shown that the chloride diffusion coefficient is an important indicator reflecting the 

durability of concrete, by establishing relationships between diffusion depth and tested concentrations, then 

obtain the diffusion coefficient of fitted values according to Fick's law. Influence of flexural load on 

chloride diffusion coefficient on concrete exposed in splash zone can be caculated shown in Fig. 2. 

 
（a）Sample L01                                                                           （b）Sample LF 

 
（c）Sample LS                                                                   （d）Sample FS 
Fig.2 Influence of flexural load on chloride diffusion coefficient on concrete 

It can be seen from Fig. 2, the chloride diffusion coefficients in concrete increase with the increase of 

flexural load level, though at different magnitude, as for specimen L01, the flexural load level increased 

from 0 to 50% while the chloride diffusion coefficient of the specimen increased from 0.93 to 2.85; flexural 

load level of specimen LF increased from 0% to 50% while its specimens chloride diffusion coefficient 

increased from 0.85 to 1.42; specimen LS’s flexural load level increased from 0% to 50% and its chloride 

diffusion coefficient increased from 0.69 to 1.41; chloride diffusion coefficient of specimen FS increased 

from 0.77 to 1.23 while stress level increased from 0% to 50% . The figure simultaneously shows that 

chloride diffusion coefficient of admixture concrete is lower than the chloride diffusion coefficient of plain 

cement concrete at the same load level. By simulating the regressing fit of the variation of the chloride 

diffusion coefficient which changed with different load level ,and the specimen L01, LF, LS and FS 

corresponding fitting equations were 2.06y 1.059 xe  , 1.04y 0.893 xe  , 1.43y 0.718 xe   and 1.23y 0.732 xe  . 

As can be seen in the resulting equation, concrete chloride diffusion coefficient and flexural load level 

concrete was found out to be a exponential relationship. 
3.3. Constant load factor of chloride diffusion coefficient for concrete exposed in splash zone 
In China’s current standards and specifications of the concrete structure durability design and life 
prediction model, the control indicators of chloride diffusion coefficients are based on unload concrete 



 

specimens as standard, while the above-mentioned tests showed flexural loads will affect concrete chlorine 

diffusion coefficient. In addition, we can see from the above experiments, influence of flexural load on 

chloride diffusion coefficient on concrete has no relation with typical concrete mix, for typical marine high 

performance concrete mix, relationship between flexural load and constant load factor of chloride diffusion 

coefficient for concrete exposed in splash zone shown in Fig. 3. 

 
Fig.3 Relationship between flexural load and constant load factor of chloride diffusion coefficient for concrete  

According to Fig. 3, flexural load and constant load factor have a good exponential correlation for typical 

marine high performance concrete mix: 
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 is the bending load tensile stress level; D is the flexural load level of the role of the diffusion coefficient 

of concrete indicators; D0 is no diffusion coefficient of concrete under load control indicators. 

Compared with unloading concrete specimens, when flexural load level of 50%, the chloride diffusion 

coefficient was 2 times larger than no load one. So influence of flexural load on chloride diffusion 

coefficient should be considered during the durability of concrete structure's design. 
3.4. Influence of flexural load on pore structure of paste 
Pore structure includes not only the pore structure of the porosity and average pore size, but also pore size 

distribution, as gel pores (<10nm), the transition pores(10~50nm), the capillary pores (50~100nm) and 

macro pores (>100nm), etc. Influence of flexural load level on pore structure of fly ash paste shown in 

Table 3. 
Table 3 Influence of flexural load level on pore structure of fly ash paste  

level /% 
pore volume /

（cm3/g） 
average pore size / nm 

pore size distribution / % 

＜10nm 10～50nm 50～100nm ＞100nm 

0 0.073 18.52 11.49 58.98 6.85 22.69 

15 0.097 19.93 8.91 65.89 6.18 19.01 

30 0.113 22.29 7.30 58.07 7.34 27.29 

50 0.141 23.72 6.34 57.46 8.43 27.77 

According to Table 3, paste total pore volume and average pore size increases with increase of the bending 

flexural load level, when the flexural load level is 50% , the average pore size of the specimen increased by 

28% compared to unload ones. As shown in Table 3, the proportion of gel pores decreases as with the 

flexural load level increases, the proportion of macro pores and capillary pores increase with increases of 

flexural load level, indicating that the flexural load not only increases of total pore volume and average 

pore size, but also to changes pore size distribution of the hydrated paste, leading the increase of more 

proportion of capillary pore and macro pore. 

The flexural load would lead to micro-cracks in the interfacial transition zone between aggregate and paste, 

meanwhile, change pore structure of the paste or slurry, and the proportion of macro pores and capillary 

pores increase with increases of flexural load level. The performance of the concrete durability is better 

when the proportion of gel pores and transition pores is higher. Therefore, increase the flexural load level 

of concrete structures will reduce the resistance to chloride ion penetration in concrete. 
4. Conclusions 
The influence of flexural load on chloride diffusion rules of concretes in splash zone was investigated by 

changing the load levels. The main results as follows. 



 

The chloride ion content in the same depth of tensile area increases with the increase of the bending stress 

levels, and flexural load will accelerate the penetration of chloride ions in concrete. 

There was a significant correlation between the flexural load levels and the constant load factor when 

expressed as an exponential function for the typical high performance concrete mix. When flexural load 

level of 50%,The chloride diffusion coefficient was 2 times larger compared with unloading concrete 

specimens. And it should consider the influences of flexural loads on chloride diffusion coefficient in 

durability design of concrete structures.  

The flexural load not led only to micro-cracks in interfacial transition zone between aggregate and paste, 

but also to more proportion of capillary pore and macro pore, and eventually resulted in increases of total 

pore volume and average pore size, which would decrease the resistance to chloride ion penetration in 

concrete. 
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Abstract 

Reinforced concrete structures should be designed in order to resist all possible loading conditions and all predictable 

environmental impacts and combinations thereof during the entire design service life. Chloride initiated corrosion is 

one of the major mechanisms, which limits service life of reinforced concrete structures in practice. It has been shown 

recently that chloride penetration into concrete is accelerated by combined actions, as for instance mechanical stress 

and chloride penetration. So far, however, our knowledge on the influence of frost action on chloride penetration is 

rather limited. Frost resistance of concrete in contact with water or in contact with salt solutions such as seawater are 

of particular importance for service life prediction in cold regions. Damage of concrete with different water-cement 

ratios and of concrete with and without entrained air was determined in water and in aqueous chloride solution. Before 

and after induced frost damage the microstructure of the hardened cement paste in concrete was investigated by 

mercury intrusion porosimetry and scanning electron microscopy. In addition chloride penetration before and after 

frost damage was determined. Results obtained show that the mass loss of concrete after freeze-thaw cycles in salt 

solution is significantly higher than after freeze-thaw cycles in water. By air entrainment artificial pores with an 

average diameter of about 50 µm are created. An increased number of artificial air entrained pores slows down 

chloride penetration into concrete because capillary pores get interrupted. As a consequence chloride concentration in 

the surface near zone increases, while the penetration depth decreases. 

 

Originality 

In this contribution results of test series with three different types of concrete will be presented. Three different water-

cement ratios have been selected. The three different types of concrete have been tested with and without air 

entrainment. Degradation of concrete under freeze-thaw cycles in water or in aqueous chloride salt solutions were 

researched, and microstructure and chloride penetration property were also analyzed. The results of this contribution 

are believed to be useful to service life prediction for reinforced concrete structure in cold regions.  
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1. Introduction 

Frost damage of concrete is a most complex phenomenon. It cannot be explained by one dominating 

mechanism but in contrast a series of totally different mechanisms contribute to damage as observed in 

concrete and concrete structures. Before systematic research on frost damage started a simplistic 

hypothesis was suggested (Hirschfeld). It is well-known that water expands by about 9 % when is 

solidifies below 0 °C. Hence it was thought that concrete is damaged by frost action only if more than 

91 % of the pore volume is filled with water. Later it was found that water in fine capillaries freezes at 

very low temperatures, which are hardly ever reached under usual climatic conditions, only. A 

considerable amount of water in the pore space of concrete never freezes under natural climatic 

conditions. Based on results of recent research on mechanisms of frost damage deterioration of 

concrete at low temperatures can be subdivided into two major processes: scaling and bulk frost 

damage. Both scaling and bulk frost damage are due to a number of different characteristic damage 

mechanisms. 

When a massive structural element made of concrete is cooled down, a thermal gradient is established 

immediately. It can be calculated that the cool outer zone is exposed to high tensile stress, which 

easily overcomes tensile strength of concrete. As a result cracks are formed. When the concrete 

element is heated again, by sun shine for instance, the outer layer will experience high compressive 

stress. This can lead to buckling of the surface near zone and scaling under the imposed compressive 

stress. During heating of the surface of a structural element water may evaporate from the pore space. 

This process may lead to crystallization of dissolved chemical compounds such as chloride or sulphate. 

Then the crystallization pressure contributes to the scaling of the outer layer. The freezing point of 

pore water is lowered by the presence of dissolved ions such as chloride or sulphate. It may happen 

that close to the surface the chloride content is high and the aqueous salt solution will not freeze under 

a given temperature gradient (Yang, 2005). At a critical distance from the surface, however, the salt 

concentration may be low enough to allow the aqueous solution to solidify by freezing. The ice 

crystals formed behind the ice-free surface layer then may be at the origin of spalling. These are just 

the some of the most relevant mechanisms of deterioration of the surface near zone and of spalling. 

The pore size distribution in hardened cement paste covers an extremely wide range from nanometres 

to millimetres. The freezing temperature of water in very fine pores is lowered considerably. That 

means as mentioned above, a considerable amount of water will never freeze in concrete under usual 

climatic conditions. When water freezes in big pores, due to a difference in vapour pressure, water 

vapour will begin to migrate from the finer pores, in which the water is still liquid, to coarser pores or 

to artificial air pores where it will contribute already existing ice crystals to grow (Çopuroglu et al., 

2008; Valenza II et al., 2007; Valenza II et al., 2005). The surrounding zones, however, will shrink. 

As long as there is enough space in the bigger pores the growing ice crystals do not exert pressure on 

the pore walls. There will be no damage of the porous material. This is essentially the function of the 

artificial pores created by air entrainment. When the pores get gradually filled with ice crystals, 

however, further crystal growth will be at the origin of frost damage.  

In addition there is a purely mechanical damage mechanism, which contributes to both spalling and 

bulk frost damage, i.e. the difference of thermal dilatation of the hardened cement paste and common 

aggregates. The coefficient of thermal dilatation of hardened cement paste is nearly twice as high as 

the coefficient of thermal dilatation of frequently used aggregates. Whenever concrete is exposed to an 

environment with decreasing temperature the matrix of hardened cement paste will get under 

increasing tensile stress. As a consequence micro-cracks are formed in the composite material. As the 

interface between natural aggregates and the hardened cement paste matrix, the interfacial transition 

zone, is particularly weak, the clean surface of aggregates becomes visible in the surface near layer.  

In this contribution results of test series with three different types of concrete will be presented. Three 

different water-cement ratios have been selected. The three different types of concrete have been 

tested with and without air entrainment. 

 

 

 



 

2. Experimental 

2.1. Preparation of concrete specimens 

Three different types of concrete, referred to type N, A, and B, have been prepared for these test series. 

Ordinary Portland cement OPC 42.5 from Dongyue Cement Ltd, Qingdao, river sand with a maximum 

grain size of 5 mm and a fineness of 2.7 and crushed gravel with a continuous grading between 5 and 

25 mm from Dagu River, Qingdao area, were used. A polycarboxylate-based high range water 

reducing admixture from Jiangsu was added to the fresh concrete in order to improve workability. 

From all three types of concrete companion specimens, referred to as NA, AA, and BA, with air 

entrainment were prepared. In this case a triterpene-based air entraining agent from Zhejiang was 

added. The mix proportions, the slump and the air content are given in Table 1. 

 
Tab. 1 Mix proportions of all six types of concrete N, A, and B and NA, AA, and BA  

Code 

OPC 

42.5, 

kg/m3 

Sand, 

kg/m3 

Gravel, 

kg/m3 

Water, 

kg/m3 

Water 

reducing 

agent, % 

W/C 
Slump, 

mm 

Air 

entraining 

agent, % 

Air 

content,

 % 

N 
410 597 1295 144 1.7 0.35 

106 - 1.6 

NA 112 0.03 4.4 

A 
380 627 1269 152 1.5 0.4 

110 - 1.7 

AA 118 0.03 4.5 

B 
320 653 1267 160 1.5 0.5 

109 - 1.8 

BA 113 0.03 4.3 

 

From all six mixes concrete prisms with the following dimensions were cast in steel forms: 100 mm  

100 mm  400 mm. They were allowed to harden in the forms for 24 hours covered with a plastic 

sheet. Then the forms were removed and the concrete prisms were further stored in water at a 

temperature of 20 ± 2 °C until they had reached an age of 28 days. 

2.2. Freeze-thaw cycles, scaling, and characterization of the microstructure 

After curing for 28 days, half of the specimens were exposed to 25, 50, 100 and 200 freeze-thaw 

cycles in tap water following the recommendation GB/T 50082-2009 (2009). At the same time the 

second half of the specimens was exposed to 25, 50, 100, and 200 freeze-thaw cycles but in an 

aqueous chloride solution with a chloride concentration of 5 %. 

After the given number of freeze-thaw cycles the mass loss due to scaling was determined 

gravimetrically. In addition the pore size distribution was measured by means of mercury intrusion 

porosimetry using a Pore Master 33 from Quantachrome. The pore structure was measured on fracture 

surfaces by scanning electron microscopy with S-3500N from Hitachi. In this case the fracture 

surfaces were first covered with a thin film of evaporated gold for the SEM observations. 
2.3. Determination of chloride profiles 

After a given number of freeze-thaw cycles, thin layers with a thickness of 1 to 2mm were milled 

successively starting from the original surface. From the powder obtained by milling the water soluble 

chloride content was obtained by titration following the recommendation JTJ270-98 (1998). 

3. Results and Discussion 

3.1. Scaling 

The mass loss as function of the number of freeze-thaw cycles has been determined gravimetrically. 

Results are shown in Table 2. It can be observed that scaling progresses with increasing number of 

freeze-thaw cycles. It is also obvious that damage due to imposed freeze-thaw cycles in water is 

significantly less than damage observed on concrete, which experienced the freeze-thaw cycles in 

sodium chloride solution. As was expected, damage increases with increasing water-cement ratio. 

Mass loss is significantly reduced for concrete type N and type A by artificial air pores. Although 

there is huge scatter in the experimentally determined mass loss it seems that mass loss in concrete 

type B in contrast is not significantly improved by air entrainment. This may be due to the fact that 

artificial air pores near the surface will be water filled in this case. 



 

 
Tab. 2 Mass loss of concrete as function of the number of freeze-thaw cycles in waterand in chloride solution; 

mass loss is given in %. 

Code 
Freeze-thaw cycles in water Freeze-thaw cycles in chloride solution 

25 50 100 200 25 50 100 200 

N 0.17 0.40 1.48 2.34 0.2 1.17 2.44 3.57 

NA 0.10 0.34 0.87 1.10 0.13 0.68 1.84 1.75 

A 0.20 0.45 3.45 — 0.63 3.81 5.52 — 

AA 0.22 0.64 1.17 2.52 0.17 0.49 2.27 3.07 

B 0.20 0.54 — — 1.17 9.39 — — 

BA 0.32 0.83 1.68 3.48 2.17 2.74 1.72 — 

 
Yang (Yang, 2012) found that absorption by concrete in salt solution was more important than by 

concrete in water. In the literature (Çopuroglu et al., 2008; Valenza II et al., 2007; Valenza II et al., 

2005), it is reported that frost damage becomes more serious when the water contains a moderate 

amount of dissolved ions (1-3%). This has been found experimentally and by model analysis. Setzer 

(Setzer, 2001) developed the micro-lens-model which explains the mechanism of saturation of 

concrete during freeze-thaw cycles. Mu (Mu et al., 2010) has also pointed out that in concrete water 

migrates from smaller pores to larger pores during freeze-thaw cycles. After a critical number of 

freeze-thaw cycles larger pores become saturated. Large pores in the surface near zone may be water 

filled from the surrounding liquid. Then increased spalling must be expected.  

In Figure 1 the surface of the three types of concrete N, A, and B is shown. It is quite obvious that 

concrete with lowest water-cement ratio (type N, W/C = 0.35) shows the least damage due to spalling. 

In contrast concrete type B with a comparatively high water-cement ratio is seriously damaged by 

spalling. 

 

 
Figure 1 Surface of concrete type N (left) of type A (centre) and of type B (right)  

after exposure to 50 freeze-thaw cycles.  

3.2. Microstructure of concrete  

In Figure 2 micrographs obtained by scanning electron microscopy are shown. The left photo shows 

the fracture surface of a conventional concrete type N while the right photo shows the fracture surface 

of the same type of concrete but with artificial pores introduced by air entrainment. The average 

diameter of the artificial pores can be estimated to be approximately 50 µm. The right photo as shown 

in Fig. 2(b) has been further analysed by a commercial program. In this way the average size and the 

average distance of the artificial air pores was obtained. The corresponding values are shown in Table 

3. 
 



 

    

(a) Concrete type N                                                           (b) Concrete type NA 

Figure 2 SEM micrographs of fracture surfaces of concrete type N without and of concrete type NA with 

artificial air pores introduced by air entrainment. 

 

Tab. 3 Mean size and mean space of visible air void of concrete 

Code 
Mean diameter of 

air voids, µm 

Mean distance of 

air voids, µm 

NA 26 105 

AA 64 135 

BA 85 131 

 

Powers (Powers et al., 1953) has suggested that in order to avoid frost damage the mean pore size 

should not exceed a critical value in the range of 200-250 m. He also recommended a maximum 

distance of the artificial pores in the order of 250 m. In conventional concrete this distance is 

sufficient to allow enough water to migrate to the nearest artificial air pore. In this way the ice will be 

formed in the big pores and the smaller pores are unloaded. Chen (Chen et al., 2011) found 

experimentally that a mean distance of air voids of less than 240 m could ensure sound frost 

resistance. Furthermore he found that the mean radius of the artificial pores should be less 

than 150 m. The air-entrained types of concrete included in the test series described in this 

contribution fulfil the above requirements.  
3.3. Chloride Penetration 

During freeze-thaw cycles in salt solution, chloride can penetrate into the pore space of concrete. In 

Fig. 3 chloride profiles as determined by chemical analysis from the powder obtained by milling thin 

layers from the surface are shown. The left diagram shows the chloride profiles as determined on neat 

concrete N, A, and B without artificial pores and the right diagram shows the corresponding chloride 

profiles in concrete but with entrained air NA, AA, and BA after 50 freeze-thaw cycles.  

It can be seen that the concrete type N with low water-cement ratio absorbs most chloride during the 

50 freeze-thaw cycles. Concrete type B with a water-cement ratio of 0.5 absorbs very little chloride in 

contrast. This effect is most probably to be due to self-desiccation because of continuing hydration. In 

the centre of specimens made with concrete type N the relative humidity in the pore space may be as 

deep as 75 %, while in concrete type B we may expect a relative humidity as high as 98 %.  
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Figure 3. Chloride profiles as determined after 50 freeze-thaw cycles in conventional concrete type N, A, and B 

(left) and in air entrained concrete type NA, AA, and BA (right). 

 

The three chloride profiles shown in the right part of Fig. 3 were measured on air entrained concrete. 

The chloride profiles are identical within the range of statistical scatter, if we disregard the points 

close to the surface, but the penetration depth is slightly bigger as compared with the penetration depth 

observed in concrete without entrained air. The values obtained at a distance of 1 mm from the surface, 

cannot be considered to be representative, as chloride containing hardened cement paste has been 

removed between the aggregates by scaling (see Fig. 1). The three types of concrete NA, AA, and BA 

have nearly the same volume of air entrained pores (see Table 1). These pores remain partially water 

filled because of the very low capillary under-pressure in the spherical pores with a comparatively big 

radius. These pores play the same role as the pores which are emptied in concretes type N, A, and B 

due to self-desiccation. The volume of gas in the pores is reduced whenever the concrete is cooled 

down. As a consequence under the influence of the higher atmospheric pressure outside the concrete 

prisms water is pressed into the pore space. In this case chloride transport is controlled by a 

combination of diffusion, capillary absorption and under-pressure in the comparatively big artificial 

pores. It seems that the effect of the artificial air pores is comparable with the effect of self-desiccation 

of the concrete type N. Ferreira et al. (Ferreira et al., 2014; Li, 2009; Li, 2007) have also observed that 

the effect of 70 freeze-thaw cycles on chloride profiles is small or negligible. Results of further studies 

will tell us to which degree the effect will be more pronounced at higher numbers of cycles and on 

concrete with higher water-cement ratios. 
It ought to be mentioned at this point that the real penetration depth as measured from the original 

surface is somewhat bigger as the values shown in Fig. 3 because the surface is shifted slightly into the 

concrete by surface scaling. 
 
4. Conclusions 

Weight loss of concrete due to scaling increases with increasing water-cement ratio, as expected.  

If concrete is placed in an aqueous salt solution, as for instance in seawater, while exposed to freeze-

thaw cycles, weight loss due to scaling is significantly higher as compared with weight loss of the 

same type of concrete but placed in pure water. 

High strength concrete with low water-cement ratio absorbs more chloride during freeze-thaw cycles 

than concrete with higher water cement-ratio. This observation can be explained by autogenously 

drying (self-desiccation) of high strength concrete. In the pre-dried center of the concrete samples 

cyclic under-pressure is created in concrete samples during each freeze-thaw cycle.  
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Abstract 

As byproducts of iron and steel industry, blast furnace slag has been widely used as supplementary 

cementitious material in concrete. However, the utilization rate of steel slag is still relatively low and 

its open-air stacking occupies a lot of land. Corrosion of reinforcement is regarded as one of the most 

important indexes of concrete durability. This paper reports the effect of slag admixture on the 

corrosion of reinforcement based on the investigation of pore liquid pH, electric flux, carbonation 

performance of the concrete with slag admixtures，and corrosion behavior of the reinforcement under 

dry-wet circulation conditions. Experimental results show that concrete with Ground Granulated 

Blast-furnace Slag has better resistance of chloride-ion penetration and lower resistance of liquid 

phase alkalinity, which is harmful for steel anticorrosion. The pore liquid alkalinity of concrete with 

Ground Steel Slag keeps at a high level, but the density of concrete is lower due to the slower growth of 

concrete strength in the early period. Compared to single-doped slag, Ground Iron and Steel Slag 

helps the concrete maintain high pore liquid alkalinity as well as good resistance of chloride-ion 

penetration, which would provide a better protection to fixture within concrete. 

 

Originality 

Like blast furnace slag, steel slag is one kind valuable resource in building materials industry, and is 

usually called as “overburnt Portland cement clinker”. In this research, we used Ground Granulated 

Blast-furnace Slag, Ground Steel Slag and their mixtures as concrete admixtures and proved that the 

concrete added with mixture of two kinds of slag with a certain proportion has better performance in 

terms of anticorrosion of reinforcement. The proposed content is original and not involving plagiarism 

with copyright infringement issues. I hereby declare and guarantee those are true. 

Keywords: ground steel slag, ground granulate blast furnace slag, concrete, corrosion of 

reinforcement 
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1. Introduction 

According to statistics from Worldsteel Association[1], worldwide crude steel production has 

kept increasing since 2000. In the year 2013, China's crude steel output reached nearly half of 

the global production (see Figure 1), generating the large amount of byproducts as iron, steel 

slag, etc. In recent decades, lots of researches were carried out all over the world, especially 

in the field of construction materials. Due to its consumptive capacity, cementitious admixture 

is considered as one most important way of resource utilization. 

1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013

0

200

400

600

800

1000

1200

1400

1600

1800

2000

 

 

C
ru

d
e

 s
te

e
l 
p

ro
d

u
c

ti
o

n
 (

1
×

1
0

3
 t

h
o

u
s

a
n

d
 t

o
n

s
)

 World

 China
1649.303

821.990

 

Figure 1  The world's crude steel production statistics 

Steel slag generates in the process of steel production, which has cementitious activity due to 

its composition of a certain amount of C3S, C2S, etc. Steel slag is often called as over-burning 

Portland cement clinker[2], different from the cement clinker calcination temperature of about 

1450 ℃, the temperature of its formation is about 1650 ℃. Relatively minerals crystallize of 

steel slag form more complete and compact, leading to slow hydration. 

Blast furnace slag comes from iron-making section. As a result of water quenching treatment, 

mineral structure remains vitreous in thermodynamically unstable state, which possesses 

potential hydraulic cementitious activity. The reactive SiO2 and Al2O3 are the main factors 

influencing slag activity under alkaline stimulating agent Ca(OH)2. In progress of minerals 

and water reacted, strength is obtained from hydrated calcium silicate, hydrated calcium 

aluminate, etc. 

In addition to saving energy and resources, and reducing environmental impact, slag powders 

are adopted in concrete to improve its working performance[3]. With the active mineral 

admixture, concrete improves particle size distribution and pore structure, which leads to 

good performance in liquidity, secretion of water, setting time, resistance to chloride ion 

permeability[4-6], etc. 

Durability is an essential factor in the life and safety of concrete structures[7]. Moreover, 

corrosion of reinforcement that is usually caused by carbonation or chloride is considered the 

most important and direct reason of concrete durability failing. During concrete hydration 

process, calcium hydroxide [Ca(OH)2], calcium silicate hydrate [3CaO•SiO2•3H2O], 

unhydrated tricalcium silicate and dicalcium silicate are the main carbonized material reacted 

with carbon dioxide which diffuses into the concrete from atmosphere. CaCO3, Al(OH)3 and 



 

other products are generated forming loose and non-cementitious state in concrete structures, 

which finally results in the destruction of concrete structures[8]. Another issue is that chloride 

ions would penetrate into the concrete reaching the steel surface to cause electrochemical 

action. Steel surface passivation film is destroyed in the first place. Therefore, the formation 

of pitting gradually spread throughout the steel surface[9]. Corrosion products bring about an 

increase in volume leading to concrete cracking, delamination and flaking. The destruction 

facilitates the passage of water and chloride intrusion, accelerating corrosion development 

even more. 

2. Experimental 

2.1. Raw Materials 

Ground granulated blast furnace slag (BF) and ground steel slag (SS) used in the 

experiment were both sourced from a large iron and steel corporation in Jiangxi province, 

China. As seen from table 1, composition difference between the two kinds of slag mainly 

concentrates in siliceous and aluminum constituents. Slag were ground by a ball mill to the 

specific surface area of 400±5 m2/kg, when density of blast furnace slag was 2900 kg/m3 and 

density of steel slag was 3350 kg/m3. Basic physical property of slag is shown in Table 2~3 

(according to Chinese standard GB/T 18046-2008 and GB/T 20491-2006). Standard cement 

was ordinary Portland cement supplied by Jidong Cement Co., Ltd., China. 

Table 1  Chemical composition of slag (%) 

 CaO SiO2 Al2O3 Fe2O3 FeO MgO P2O5 MnO 

SS 41.35 12.07 1.88 11.67 14.32 9.12 2.41 1.26 

BF 38.56 31.24 12.61 10.71 - 7.77 - - 

Table 2  Flexural and compressive strength of cement mortar with SS 

ratio(%) specific surface area 

(m2/kg) 

fluidity 

 (mm) 

flexural strength (MPa) compressive strength (MPa) 

standard cement SS 7d 28d 7d 28d 

100 / 308 254 8.5 11.2 45.0 58.1 

70 30 400 262 6.6 9.0 30.9 46.9 

Table 3  Flexural and compressive strength of cement mortar with BF 

ratio(％) specific surface area 

(m2/kg) 

fluidity 

(mm) 

flexural strength (MPa) compressive strength (MPa) 

standard cement BF 7d 28d 7d 28d 

100 / 327 223 5.7 8.0 29.4 47.0 

50 50 400 247 5.0 7.7 24.2 50.9 

2.2. Experimental Process 

As strong alkaline substances, concrete’s range of pH value remains 12.5~13.0. Carbonation 

mainly effects on pH value of pore liquid within concrete. The alkaline of concrete slowly 

lowered from surface to interior. The passivation film on the steel surface would become 

unstable and lose the protective effect on reinforcement when the pore liquid pH around 

reinforcement up to about 11.5. Besides, chloride ions reaching the surface of steel may also 

cause electrochemical effect, thus corrosion of reinforcement occurs. 

Therefore, through the pore liquid pH tests, carbonation performance and electric flux of the 

concrete with slag admixtures and corrosion behavior of the reinforcement within concrete 

under dry-wet circulation conditions, the effect of slag admixture on the corrosion of 

reinforcement would be concluded. 



 

Pore liquid alkalinity test (ex-situ leaching method) 

Cement paste consisted of 30% or 40% (mass ratio, same bellow) SS or BF and ordinary 

Portland cement under standard curing conditions (temperature 20℃±2℃、Relative humidity 

95%). Tests were undertaken at specified curing period (1 d, 3 d, 7 d, 28 d, 60 d, 100 d, 140 d, 

170 d and 200 d).  

Carbonation test 

According to Chinese standard GB/T 50082-2009, concrete were prepared with mineral 

admixture (SS-20%, SS-30%, SS-40%, BF-30%, BF-40% and BF-50%), water/powder ratio 

50%, sand/powder ratio 43 % and water reducing agent 0.9 % under the conditions of carbon 

dioxide concentrations 20%±3%, humidity 70%±5%, temperature 20℃±2℃. Tests were 

undertaken at specified curing period (14 d and 28 d). 

Electric Flux Test 

Chloride ion permeability of concrete would be reflected by the electric flux values. The 

greater the electric flux values, the better concrete Chloride ion permeability reaches. As test 

objects, ground iron and steel slag (IS) composed of SS and BF at certain ratio of 2:8, 3:7 or 

4:6. According to Chinese standard GB/T 50082-2009, concrete were prepared with mineral 

admixture (SS-30%, BF-30%, IS-30%, IS-40% and IS-50%). Tests were undertaken at 

specified curing period (28 d). 

Corrosion behavior test 

To corrosion of reinforced concrete, alternative wet and dry condition is the most adverse 

environment. The situation of steel corrosion can be reflected directly by measuring the mass 

loss of steel corrosion. According to Chinese standard GB/T 50082-2009, samples were 

prepared with mineral admixture (SS-10%, SS-30%, SS-40%, BF-30%, BF-50%, BF-70%, 

IS-10%, IS-30% and IS-40%). Tests were undertaken at specified period (15 cycles and 20 

cycles). Mass loss rate of steel corrosion was calculated as the following formula. 
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LW — mass loss rate of steel corrosion (%); 

W0 — initial weight of steel (g); 

W — mass of pickled Corroded steel (g); 

W01, W02 — initial mass of standard steel (g); 

W1, W2 — mass of pickled standard steel (g). 

Mass loss results should accurate to 0.01%. 

3. Results and Discussion 

3.1. Pore liquid pH value 

During 200 test period, pore liquid pH values of samples mixed with steel slag (SS-30% and 

SS-40%) and pure cement sample (CE) develop with the same trend, where pH of early age 

(3d) is low and then returns to normal along with decreasing over time gradually. pH values 

reach lowest point at age of 140 d. However, pH values of samples mixed with blast furnace 

slag (BF-30% and BF-40%) fluctuate decreasing over the test period, as shown in Figure 2. 
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Figure 2  The pH value of cement paste pore liquid 

From the overall perspective, the pore liquid alkalinity of pure cement sample remains in the 

highest state, followed by SS and BF samples. Also, the impact shows a positive correlation 

with dosage of admixture content due to the alkalinity order from high to low is that cement, 

steel slag and blast furnace slag.  

As for CE and SS samples, the same trend shows that ground steel slag has no significant 

impact on alkalinity characteristics of cement paste. In another word, as alkaline substances, 

cementitious property of steel slag depends on its minerals as C2S, C3S, etc. which is similar 

to Portland cement and hydration process goes almost the same.  

But for BF samples, as low alkalinity slag powder, blast furnace slag has potential hydraulic 

cementitious activity due to its reactive SiO2 and Al2O3 activated by alkaline agent Ca(OH)2. 

As a result, alkaline substances are produced and consumed at the same time, forming a 

fluctuating trend. Because of the lower level of alkalinity caused by blast furnace slag, dosage 

of blast furnace slag in concrete engineering should be emphasized and controlled strictly[10]. 

3.2.Carbonation depth 

This experiment was conducted in the carbonation tank where concentration of carbon 

dioxide and relative humidity conditions met the need of accelerating reaction. But the 

carbonation depths of samples are all 0 mm, which demonstrates that concrete carbonation 

reaction has not occurred. First reason is that concrete samples are prepared so dense that 

carbon dioxide cannot penetrate into the concrete in such a short time. In addition, although 

alkalinities of samples are different, pH values of all remain above 12.0, in which carbonation 

phenomenon is difficult to take place[11].  

3.3.Electric Flux 

As is shown in Figure 3, Electric flux tests results reflect the resistance to chloride ion 

penetration of concrete primarily related to compactness. Test results of pure cement sample 

(CE) and 30% steel slag sample (SS-30%) are beyond the scope of the instrument test which 

were both recorded as 4000 C. As a result of steel slag slow pace of hydration, SS-30% 

displays no significant improvement. Studies have shown that the relative diffusion 

coefficient of chloride ion of concrete mixed with 30% ground steel slag in curing age of 28 d 



 

and 90 d are 5.22×10-12 m2/s and 1.45×10-12 m2/s respectively[12], indicating that as the 

curing period of extend, slag powder can sufficiently hydrate and improve the density of 

concrete. 

  
Figure 3  Electric flux of concrete samples 

Compared with sample CE, sample BF-30% shows an obvious advantage, since ground blast 

furnace slag has a short term of activating and reacting. Furthermore, pore structures of 

concrete are filled with hydration products, making the structure denser, improving the 

impermeability of concrete. 

When it comes to the IS-series samples, it is found that incorporated slag powders 

demonstrate good performances. Influences show positive relation with slag content. 

Especially the samples IS-50% (2:8 and 3:7), electric fluxes fall more than 50% margin 

compared with sample CE’s, which evidence that admixture composed by both ground steel 

slag and ground blast furnace slag can receive improvement on concrete compactness, 

surpassing single-doped slag powder. As for the results of different ratio of IS, 2:8 and 3:7 are 

almost at the same level, but addition of ground blast furnace slag leads to weaken the effect, 

especially when percentage of IS reaches 50%. 

3.4.Steel corrosion behavior within concrete 

Mass loss rate of steel corrosion within concrete gives a direct visual comparison between 

different samples, as is shown in figure 4, in which light-colour bars refer to test of 15 cycles 

and dark ones represent of 20 cycles.  

 

Figure 4  Mass loss rate of steel corrosion 



 

It is found that all the concrete samples result in significant differences between 15 cycles and 

20 cycles. For results of 15-cycle samples, component of concrete has little effect, yet data of 

20 cycles shows difference to some degree. For the samples mixed with ground steel slag (SS 

series), due to the longer test period, cementitious property of SS play a role in ensuring the 

alkalinity of the liquid within concrete, meanwhile improving its compactness, which 

effectively reduce steel corrosion. For the samples added by blast furnace slag (BF series), 

steel corrosion reduced significantly, which mainly depend on the hydration products of BF 

filling the role of concrete, improving the pore structure of concrete. However, it is noted that 

dosage of BF reaches 70%, the steel corrosion rate recovered, which consistent with the 

above findings. It should be taken to control of the content when BF used as admixture in 

concrete. For the incorporation of slag powder sample (IS series), with the increase of slag 

powder content, the effect tends to improve significantly, while the composition of the slag 

powder has little effect on the results. 

4.Conclusion 

As inevitable byproducts of iron and steel production, metallurgical slag needs to be utilized 

as reasonable resource through technical means in order to avoid dumping, occupation of land 

and environmental pollution. Mineral composition causes cementitious activity or potential 

activity in steel slag and blast furnace slag, which is an important issue in the application in 

the field of construction materials. Steel slag can help the concrete alkalinity keep a higher 

level, but concrete strength can hardly increase fully at early age due to the slow pace of steel 

slag hydration. Blast furnace slag can improve the density of concrete by quick reaction and 

products; yet due to the possible low alkalinity, the slag cannot adequately protect steel, so its 

dosage should be controlled strictly. When the two kinds of slag mentioned above mixed at a 

certain ratio, it can ensure the strength and compactness of concrete, as well as keep the pore 

liquid alkalinity at a higher level. In these regards, this research would sheld light on 

improving the concrete durability, reducing steel corrosion rate and effectively extending the 

service life of reinforced concrete. 
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Abstract 

The impermeability of recycled fine aggregate concrete (RFAC) with different content of recycled fine aggregate 

(RFA) was tested according to the standard test method of ASTM C1202. The moisture states of RFA were 

controlled at air-dried (AD), oven-dried (OD) and saturated surface-dried (SSD) states. Both the interfacial 

structure and the pore structure of RFAC was analyzed. Research results show that, for the same total water-

cement ratio and the same content of RFA, with the increase of the moisture of RFA from oven-dried, air-dried, 

to saturated surface-dried states, the interfacial transition region of RFAC became denser and the density and 

porosity of hardened cement paste (HCP) were improved, which result in the higher impermeability of RFAC. 

For the same moisture state, with the increase of RFA content, Both the interfacial transition region and the 

property of interface structure of RFAC becomes weaker. The density and porosity of HCP are decreasing, 

resulting in the lower impermeability of RFAC. 

 

Originality 

With the different content of recycled fine aggregate（RFA） and the different moisture states of RFA，The 

performance ,especially the impermeability, of recycled fine aggregate concrete is diffrent, considering the high 

water-absorbing bahavior of recycled fine aggregate.However, the influence of moisture states of RFA on the 

impermeability of RFAC has been seldom investigated. Therefore the originality of this paper is obvious. 

 

Keywords: recycled fine aggregate; concrete; moisture state; impermeability; interface structure 
 

1. Introduction 

Recycled aggregate concrete, one of the effective utilization ways of waste concrete, is a kind of 

sustainable green concrete（Takeshi W. et al., 2007a).At the same time, Due to the restriction of 

natural resources, natural river sand has been of shortage. So research and use of recycled fine 

aggregate (RFA) are to be an important way of solving this problem.  

     

Recycled aggregate (RA) can be obtained through crushing waste concrete. the production of recycled 

aggregate, the mix proportion and the mechanical properties of recycled aggregate concrete had been 

researched in literatures(Tam WYV. et al.,2007 a; Tam WYV. et al.,2008 a;Poon C, et al., 2004 a). 
Recycled aggregate (RA) can be mixed in concrete total or partial after grading. but the replacement of 

the RFA may result in poor performance on durability(Shi Huisheng. et al., 2009a).Research results 

showed that the permeability of concrete increases with the increase of RFA content， because the 

damage accumulation of concrete block during disassembly and fragmentation results in a large 

number of tiny cracks inside RFA(Xiao Kaitao. et al., 2004a). Research result also showed that the 

impermeability of recycled fine aggregate concrete (RFAC) with RFA after particle shaping was 

slightly higher than that of RFAC with RFA treated through simple crushing; The RFA had a greater 

influence on the chloride permeability of concrete than that of recycled coarse aggregate(Xiao Kaitao, 

2004a),and impermeability of RFAC decreased with increase of replacement rate of fine aggregate(Li 

Yanmei. et al., 2008a).impermeability of high-quality RFAC is better than that of natural aggregate 

concrete and increases slightly with the replacement rate of RFA increasing. Incorporating the high 

range water reducing agent, superfine ground slag or silica fume can prepare the high performance 

recycled concrete with good workability and impermeability(Zhang Jingqi. et al., 2008a). The 

influence of moisture conditions of recycled coarse aggregates with high water-absorbing on the 

behaviors of fresh and hardened concrete has been considered (Poon C. et al., 2004 a.)Some scholars 



 

have studied fluidity, compressive strength, splitting tensile strength and dry-shrinkage properties of 

the fresh concrete made from recycled coarse aggregate at different moisture state (AD, SSD,OD) 

(Shui Zhonghe. et al.,2003a). However, the influence of moisture states of RFA on the 

impermeability of concrete has been seldom Investigated (Sun Yuedong. et al., 2006 a.) 

 

This research is a further research of the literature (Sun Yuedong. et al., 2006 a.) in which the effect 

of moisture state of recycled fine aggregate on the cracking resistibility of concrete has been 

researched. In this paper,the influence of RFA under different moisture conditions on the 

impermeability and mesostructure of concrete were systematically studied through combining 

macroscopic with mesoscale experiments. From the view of mesostructure,  the influence of moisture 

states of RFA on the impermeability of concrete were analyzed, and the relationship between the 

interface structure, pore structure and its impermeability were studied. 

2. Experimental 

2.1. Raw Materials 

Cement: 42.5R Lianshi brand ordinary Portland cement produced in Fujian, apparent density is 

3050kg/m3, the 28-day compressive strength is 45.0MPa. 

Fly-ash: Ningde gradeⅡ fly-ash, apparent density is 2120kg/m3. 

Coarse aggregates: gravel produced from Suyang quarry in Minhou, with a bulk density of 1537 kg/m3 

and an apparent density of 2666 kg/m3. The water absorption of the dry saturation surface is 0.2%, and 

the gradation of coarse aggregates is shown in 错误!未找到引用源。. 

Natural fine aggregates (NS): Min river sand, with the fineness modulus of 2.13, the apparent density 

of 2587kg/m3, and the water absorption of the dry saturation surface of 1.2%. 

RFA (RFA): produced by Tong Li Technology Building Material Ltd in Fujian, with the fineness 

modulus of 2.76, the apparent density of 2292kg/m3, the water absorption of the dry saturation surface 

of 7.2%, and the gradation of fine aggregates is shown in 错误!未找到引用源。 . The crushed 

indicator of fine aggregates is listed in Table 1 Gradation of coarse aggregates (Residue on each sieve) (%) 

Aggregate Sieve size(mm) 2.36 4.75    9.50   16.0 19.00 26.50 

Crushed  granite 0.60 3.80 50.00  24.92 20.08 0.6 

 

Table 2 Gradation of fine aggregates (Residue on each sieve) (%) 

Aggregates Sieve size 

(mm) 
<0.15 0.15 0.30 0.60 1.18 2.36 4.75 

Min river sand 1.09 8.86 69.55 17.48 2.29 0.73 0.00 

RFA 13.36 10.08 20.28 13.76 15.72 21.26 5.64 

. The specific surface area of fine aggregates is shown in 错误!未找到引用源。. 

Water reducer: TW-4 retarding high-range water reducing agent produced by Fujian Academy of Building 

Research in Fuzhou, water-reducing rate of 15～25%. The optimum mix amount R  is 2% and its solid 

content RZ  is 33%. 

Water: tap water. 
 Table 1 Gradation of coarse aggregates (Residue on each sieve) (%) 

Aggregate Sieve size(mm) 2.36 4.75    9.50   16.0 19.00 26.50 

Crushed  granite 0.60 3.80 50.00  24.92 20.08 0.6 

 

Table 2 Gradation of fine aggregates (Residue on each sieve) (%) 

Aggregates Sieve size 

(mm) 
<0.15 0.15 0.30 0.60 1.18 2.36 4.75 

Min river sand 1.09 8.86 69.55 17.48 2.29 0.73 0.00 

http://dict.cnki.net/dict_result.aspx?searchword=%e9%87%87%e7%9f%b3%e5%9c%ba&tjType=sentence&style=&t=quarry
app:ds:natural
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RFA 13.36 10.08 20.28 13.76 15.72 21.26 5.64 

 

Table 3 Crushed indicator of fine aggregates 

Aggregates Particle size 

(mm) 
   2.36-4.75 1.18-2.36 0.6-1.18 0.3-0.6 

Min river sand 13% 14% 11% 11% 

RFA 16% 17% 15% 12% 

 

Table 4 Specific surface area of fine aggregates  

Aggregates Particle size 

(mm) 2.36-4.75 1.18-2.3 0.6-1.18 0.3-0.6 Raw sand 

Min river sand 17.27 35.64 70.56    139.78 74.44 

RFA 25.35 50.39 103.12    269.52 139.53 

 
2.2. moisture states and the RFA replacement ratio 

The moisture conditions of RFA, namely (AD), (OD) and (SSD) are controlled. First, the RFA was 

placed into an oven and then dried them in the oven at 105℃  till constant weight. Under this 

circumstance, the RFA was in drying state with water content of 0.0%. In the laboratory of constant 

temperature and humidity, a proper amount of water was added to RFA in drying state and mixed them 

evenly by hand, spreading them on a plane to obtain the air-dried states after 24 hours with water 

content of 3.5%. The RFA in dry state was immersed in the vessel with the total water of concrete mix 

proportion for 24 hours, and the saturated surface-dried states with water content of 7.2% was 

obtained. The RFA replacement ratio  is the weight ratio of RFA to total fine aggregates.the is 0%, 

25%, 50%, 75% and 100% respectively. 

2.3. Test mix proportions 

Due to the larger water absorption of RFA, the total water consumption should be adjusted, and the 

total water consumption is summation of the water consumption by the calculation (the calculation of 

water consumption) by the design method of a mix proportion of ordinary concrete and supplementary 

water of the sandstone aggregates in SSD. 

 

The calculation of water consumption is 183kg/m3, which is added when sand (natural sand and RFA) 

and stone is in SSD. When sand and stone are in the completely dry state, the calculation of water 

consumption and the water quantity which is needed for the sand and the stone reaching SSD makes 

the total water consumption. Because RFA used for the test have three moisture states, the net water 

content is that the total water consumption deducts the water quantity which has been in the RFA 

before added to the concrete. The sand ratio is uniformly 0.42 in the design of the test mix proportion. 

 

The total water consumption is the calculation of water consumption+ (the amount × the water 

absorption 7.20% of the dry saturation surface of RFA+ the amount × the water absorption1.24% of 

the dry saturation surface of the natural sands+contents × the water absorption 0.2% of the dry 

saturation surface of the gravel)= the net water content+( the amount × the water content of RFA+ the 

amount × the water content of the natural sands + contents × the water content of gravel), which can 

effectively ensure that the total water consumption of AD, OD and SSD are consistent when the 

mixing content of RFA is constant. Because of the larger water absorption and dynamic balance of 

absorption procedure of RFA, we introduce the conception of the total water-cement ratio,the net 

water-cement ratio and the effective water-cement ratio. The total water-cement ratio refers to the ratio 

of the total water consumption and the cement content. The net water-cement ratio refers to the ratio of 

the net water usage and the cement content. However,the effective water-cement ratio refers to the 

mass ratio of the water which isn’t absorbed by the aggregates in concrete and the cement paste and 

cement, taking RFA absorbing or returning water from the cement paste into consideration, so the 



 

effective water-cement ratio isn’t constant and changes with time. The total water-cement ratio is 

uniformly 0.61 in the design of the test mix proportion.The gravel and the natural sands should be 

dried in the sun beforehand to ensure its water content 0. The final test mix proportions is listed in 

Table 5. When   is 0%, its moisture states aren’t considered because of no RFA, namely, the mix 

proportions of AD1, OD1 and SSD1 are identical, so the total mix proportions practically have 13 

groups. 

 

Table 5 Mix proportions of RFAC (㎏/m3) 

No. Combinati

on 

Moistur

e states 

Total water 

consum 

ption 

Net 

water 

usage 

Total 

water 

cement 

ratio 

Net 

water 

cement 

ratio 

Ceme

nt 

Fly 

ash 

Grave

l 

Natur

al 

sands 

RFA Water 

reduc

er 

AD1 100% 

natural 

sands 

AD 195 195 0.61 0.61 318  48  1063  769  0  7.31  

OD1 OD 195 195 0.61 0.61 318  48  1063  770  0  7.31  

SSD1 SSD 195 195 0.61 0.61 318  48  1063  770  0  7.31  

AD2 25% 

RFA+75% 

NS 

AD 206 199 0.61 0.59 336  50  1044  567  189  7.73  

OD2 OD 206 206 0.61 0.61 336  50  1044  567  189  7.73  

SSD2 SSD 206 192 0.61 0.57 336  50  
1044  567  189  7.73  

AD3 50% 

RFA+50% 

NS 

AD 216 203 0.61 0.58 354  53  1026  371  371  8.13  

OD3 OD 216 216 0.61 0.61 354  53  1026  371  371  8.13  

SSD3 SSD 216 190 0.61 0.54 354  53  1026  371  371  8.13  

AD4 75% 

RFA+25% 

NS 

AD 227 208 0.61 0.56 370  56  1009  183  548  8.52  

OD4 OD 227 227 0.61 0.61 370  56  1009  183  548  8.52  

SSD4 SSD 227 187 0.61 0.51 370  56  1009  183  548  8.52  

AD5 100% RFA AD 237 212 0.61 0.55 387  58  992  0  718  8.89  

OD5 OD 237 237 0.61 0.61 387  58  992  0  718  8.89  

SSD5 SSD 237 185 0.61 0.48 387  58  992  0  718  8.89  

Notes: The amount of the fly ash added in every group of mix proportions is 15% of the amount of cement 

content and the amount of water reducer is 2% of the amount of cementitious materials (fly ash+cement). 

2.4 Test methods 

2.4.1Test method of impermeability 

Different RFAC samples with the same size of 100mm×100mm×400mm, made according to the mix 

proportions in Table 5, are cut into three samples of 100mm×100mm×50mm after 28 days curing 

respectively. Then its center thickness is measured by the ruler when the top and bottom surfaces of 

the sample is smoothed down. Then when cured to age, we apply paraffin to fill the larger holes  of the 

sides of sample, necessarily to ensure that the sides of sample were completely sealed. Electric flux of 

RFAC for 6 hours was tested by electric flux method to evaluate its impermeability (ASTMC1202 

method [10]). 

2.4.2 ESEM scanning electron microscope method 

Hitachi S3000N scanning electron microscope from Fuzhou University Photoelectric Display 

Technology Research Institute was used in ESEM test. Different RFAC samples with the same size of 

150mm×150mm×150mm, made according to the mix proportions in Table 5, are cut into about 1cm3 

concrete pieces in the interface of cement and aggregates after curing 28 days. Then we put the pieces 

into the ethanol for 48h to stop the cement hydration, and place them at 60℃, drying them to constant 

weight. Plating carbon film on the section of fresh concrete in a vacuum, and observe interfacial 

morphology of the RFAC under scanning electron microscope. 

2.4.3 Test method of pore structure 
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The pore structure test used a pore structure analyzer V-Sorb 2800S produced by the Beijing Jin Ai Pu 

Science and technology limited company. Different RFAC samples with the same size of 

150mm×150mm×150mm, made according to the mix proportions in Table 5, were crushed within 8 

mm distant from aggregate by the hammer after 28 days curing to get the concrete pieces, whose 

diameter was less than 8mm. Then we removed sand particles and impurities on surface of the 

concrete pieces with a tweezer, and put them into the ethanol for 48h to abort the cement hydration. 

Place them at 60℃, drying them to constant weight, and put them into the pore structure analyzer for 

pore structure test. 

3. Results and Discussion 

3.1.  Impermeability test 

Electric flux of RFAC for 6 hours is tested by the ASTMC1202 method and electric flux curve is in 错

误!未找到引用源。. 
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Fig.1. Electric flux curve of RFAC 

3.1.1Moisture states 

Fig.1shows that when the mixing amount is respectively 25%, 50%, 5%,100%,the  electric flux ( Ef ) 

decreases and the impermeability increases, with the increase of the moisture of RFA from OD, AD, 

to SSD, namely, the performance of impermeability is SSD>AD>OD. This is because under the 

circumstances that the total water consumption is the same, the net water content is the least and the 

net water-cement ratio is minimum (Table 5) in SSD group and the effective water-cement ratio and 

the net water-cement ratio tend to be consistent because the  SSD RFA is almost not absorbing water. 

However, the net water usage of AD and OD groups is much more than that of SSD groups. Although 

RFA in AD and OD states still can absorb the water, causing the decline of the effective water 

consumption and decreasing of the effective water-cement ratio. Considering it is impossible for RFA 

to absorb the water to be SSD, which makes the effective water-cement ratio of the AD and the OD 

groups larger than that of SSD groups, so the interfacial density of concrete of the SSD group is the 

best and the mechanical interaction of aggregates and hardened cement paste (HCP) of the SSD group 

is the strongest, leading to the best impermeability. 

 

The net water usage in concrete in AD group is less than that of OD group. The concrete in AD group 

has the ability of absorbing water, causing the decline of the effective water consumption and 

decreasing the effective water-cement ratio. Although RFA in OD states also have the ability of 

absorbing water and causing decreasing of the effective water-cement ratio, its original net water 

usage is larger, making the effective water-cement ratio after absorbing water still larger than that of 

AD groups. As a result, the interfacial density of AD groups is larger than that of OD groups, and its 



 

mechanical interaction of aggregates and HCP is also stronger than that of the OD groups, leading that 

its impermeability is better than that of concrete of the OD groups. 

3.1.2 Mixing amount of RFA 

错误!未找到引用源。 also shows that when RFA are respectively in AD, OD and SSD states, the 

electric flux of all the concrete increases and the impermeability decreases with the mixing amount 

increasing. After their absorbing water, the effective water-cement ratio of AD, OD and SSD groups 

decreases with the mixing amount of RFA increasing. Although decrease of the effective water-ement 

ratio is good for the development of interface strength of concrete, and then improves the compactness 

of the interface, the specific surface area of RFA is larger than that of river sand (in 错误!未找到引用

源。); when the mixing amount increases, there is a need for much more slurry to wrap RFA. As a 

result, it causes the increasing defects in the HCP and interface zone of concrete. Furthermore, the 

uneven pore distribution decreases the compactness of the interface. Therefore the impermeability of 

concrete corresponding to RFA in the three states decreases with the increase of RFA mixing amount. 

3.2 ESEM scanning electron microscopy test 

The interfacial morphology of concrete prepared by RFA in different moisture states and mixing 

amounts is shown in Fig.2 
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                                            Figure 2 The interfacial morphology of concrete 

By contrast between ((b) (d) (f)),((c) (e) (g)),((h) (j) (l)),((i) (k) (m)) in Fig.2, we can see that when the 

mixing amount is respectively 25%, 50%, 75% and100%, the interfacial transition zone (ITZ) between 

the coarse aggregates and HCP gets to be denser with the increase of the moisture of RFA from OD, 

AD, to SSD states. Namely, when the mixing amount of RFA is constant, compared to OD groups the 

density of ITZ in AD groups is better, and the density of the interface is relatively high, and the 

macropores in the HCP are less, and the pore distribution is more uniform. The density of ITZ in SSD 

groups is the best, and the density of the interface is the best, and the macropores among the HCP are 

the least, and the pore distribution is the most uniform. 

 

When RFA keeps air-dried states, by contrast with (a) (b) (c) (h) (i) in Fig.2, showsthat the ITZ 

between the coarse aggregates and HCP gets to be clear, and the density of the interface declines, and 

the macropores among the HCP is increasing and the pore distribution gets to be uneven with the 

mixing amount of RFA increasing from 0% to 100%. When RFA keep oven-dried states and saturated 

surface-dried states, we can also observe the same rule. 
 

3.3 Pore structure test 

3.3.1 The total pore volume 

The total pore volume is one of the important physical parameters of the meso-structure of HCP and  

has a very close relationship with volume-change property of cement-based materials, macro-

mechanical properties, water absorption, permeability and durability. The relationship between the 

total pore volume and pore size of HCP in every group is shown in Fig.3 and Fig.4. Fig.3 shows the 

relationship between the total pore volume and pore size of concrete  corresponding to RFA with 

different moisture states and the same mixing amount. Fig.2 shows the relationship between the total 
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pore volume and pore size of HCP corresponding to the concrete made of RFA of different mixing 

amounts for the same moisture state. 
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(a) RE =0% (b) RE =25% 
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(c) RE =50% (d) RE =75% 
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(e) RE =100% 

Fig.1 Relationship between total pore volume and pore size of RFAC under the same dosage and 

different moisture state 
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Fig.2 Relationship between total pore volume and pore size of RFAC under different dosage and the 

same moisture state 

Fig.3 (b) (c) (d) (e) shows that when the mixing amount is respectively 25%, 50%, 75% and 100%, the 

total pore volume of concrete corresponding to RFA in the three states presents a rule: SSD group<AD 

group <OD group. Fig.4 (a) (b) (c)shows that when RFA are respectively AD, OD and SSD states, the 

total pore volume of the HCP increases and the density decreases with the mixing amount increasing. 

3.3.2 Pore size distribution 

The pore size distribution of micro-pore structure measured by the V-Sorb 2800 pore structure 

analyzer is shown in Table 6 for RFA concrete samples.Table 6 Pore size distribution 

 
Table 7 Pore size distribution 

Sample 

Number

s 

Pore size distribution (%) 

the average pore 

diameter (nm) 
<20nm 

20～50 

nm 

50～
200 

nm 

>20

0nm 

>50nm/<50 

nm 

AD1 14.1 35 45   20   0 0.25 

OD1 14.1 35 45   20   0 0.25 

SSD1 14 35 45   20   0 0.25 

AD2 15.9 36 41   23   0 0.30 

OD2 16.2 32 42   26   0 0.35 

SSD2 15.5 38 41   21   0 0.27 

AD3 16.1 31 42   27   0 0.37 

OD3 16.4 33 37   30   0 0.43 

SSD3 15.7 35 41   24   0 0.32 

AD4 16.3 30 35   35   0 0.54 

OD4 16.7 28 34   38   0 0.61 

SSD4 15.8 31 39   30   0 0.43 

AD5 17.2 29 32   39   0 0.64 

OD5 17.6 25 33   42   0 0.72 

SSD5 16.8 31 36   33   0 0.49 

 
There is a great relationship among the average pore diameter, the macro-mechanical properties of 
concrete and changes of the internal humidity field and permeability. The larger average pore diameter 
of concrete results in a stronger humidity transfer capability, easily giving rise to the water 

http://dict.cnki.net/dict_result.aspx?searchword=%e5%ad%94%e5%be%84%e5%88%86%e5%b8%83&tjType=sentence&style=&t=pore+size+distribution
http://dict.cnki.net/dict_result.aspx?searchword=%e5%ad%94%e5%be%84%e5%88%86%e5%b8%83&tjType=sentence&style=&t=pore+size+distribution
http://dict.cnki.net/dict_result.aspx?searchword=平均孔径&tjType=sentence&style=&t=average+pore+diameter
http://dict.cnki.net/dict_result.aspx?searchword=平均孔径&tjType=sentence&style=&t=average+pore+diameter


 

consumption. What’s more, the harmful substances in environment easily penetrates into the inner of 

concrete because of the large permeability, and damages the durability of concrete. The pore structure 
more than 50 nm in the HCP mainly affects the concrete permeability.  
 
From the Table 6, we can see that when the mixing amount of RFA is respectively 25%, 50%, 
75%and100%, with the increase of its moisture from OD, AD, to SSD states, both the average pore 
size of concrete and the ratio of pores with diameter larger than 50 nm to smaller than 50 nm present a 

trend of OD >AD >SSD group. When RFA are respectively in AD, OD and SSD states, with the 
mixing amount of RFA increasing from 0% to100%, both the average pore size of concrete and the 
ratio of pores with diameter larger than 50 nm to smaller than 50 nm present an increasing trend. 

4. Analysis and discussion 
4.1The influence of  prewet states 

The test results of permeability of the RFAC shows that when the mixing amount is constant, the 

permeability improves with the increase of the moisture of RFA from OD, AD, to SSD. ESEM results 

show that for the same mixing amount, with the increase of the moisture of RFA from OD, AD, to 

SSD states, the ITZ of the coarse aggregates and HCP gets to be denser, and the interfacial density 

improves, and the macropores among the HCP decrease and the pore distribution gets to be more 

uniform. The experimental results of the pore structure show that when the mixing amount is constant, 

with the increase of the moisture of RFA from OD, AD, to SSD states, the total pore volume of 

concrete decreases, and the density of the HCP in the RFAC increases, and the average pore diameter 

decreases. In HCP, the ratio of pores with diameter 50 nm having a great influence on permeability 

performance and the ratio of pores with diameter larger than 50 nm to pores with diameter smaller 

than 50nm also reduce. 

 

For the same mixing amount, with the increase of the moisture of RFA from OD, AD, to SSD states, 

the effective water-cement ratio of concrete decreases, causing the interfacial strength and the density 

to improve. The water desorption effect of RFA also enhances and the secondary hydration reaction in 

ITZ of concrete between the mineral admixtures and the hydration products of cement, causing the 

interface of concrete to be denser and the pore distribution to be uniform. The pores within diameter 

50 nm having a great influence on the permeability, and then resulting in the higher impermeability of 

concrete.Geopolymers synthesized from calcined ore-dressing tailings are not resistant to concentrated 

sulphuric acid and hydrochloric acid due to the serous damage of appearance and the extreme 

reduction of strength. 

4.2 The influence of recycled fine aggregate content 

The test results of permeability of the RFAC show that for the same moisture state, with the increase 

of RFA content, the impermeability of concrete presents a trend of decline. The results of ESEM show 

that for the same moisture state, with the increase of RFA content, the ITZ of the coarse aggregates 

and HCP in concrete gets to be clear, and the interfacial density declines, and the macropores among 

the HCP increase and the pore distribution gets to be uneven. The experimental results of the pore 

structure show that for the same moisture state, with the increase of RFA content, the density of the 

HCP declines, and the average pore diameter increases. In HCP, the porosity ratio with diameter larger 

than 50nm which has a great influence on permeability performance, and the ratio of pores with 

diameter larger than 50 nm to pores with diameter smaller than 50nm also increase. 

 

Although the effective water-cement ratio decreases with the increase of the RFA content, there is a 

need for much more slurry to wrap RFA because of the larger specific surface area of RFA than that of 

river sand (in Table 4). As a result, it causes the defects in the ITZ of concrete , and make the pore 

distribution uneven, and then it causes density of the interface decrease and the total pore volume 

increase, resulting in the lower impermeability of RFAC. 

5. Conclusion 

From what has been  researched, the following conclusions can be  

http://dict.cnki.net/dict_result.aspx?searchword=预湿&tjType=sentence&style=&t=prewet
http://dict.cnki.net/dict_result.aspx?searchword=状态&tjType=sentence&style=&t=state


 

(1)For the same content of recycle fine aggregate (RFA), with the increase of its moisture of RFA 

from OD, AD, to SSD states prior to use, the interfacial transition region of RFAC becomes denser, 

and the property of interface structure enhances, and the density and porosity of hardened cement 

paste (HCP) improve, and both the average pore size and the ratio of pores with diameter larger than 

50nm to pores with diameter smaller than 50nm are decreasing, resulting in the higher impermeability 

of RFAC. 

(2) For the same moisture state, with the increase of RFA content, the interfacial transition region of 

RFAC becomes clear, and the property of interface structure becomes weakened, and the density and 

porosity of HCP are decreasing, and both the average pore size and the ratio of pores with diameter 

larger than 50nm to pores with diameter smaller than 50nm increases, resulting in the lower 

impermeability of RFAC. 
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Abstract 

This paper explores the effects of nano-kaolinite clay (NKC) on the behavior of concrete, when exposed to an acidic, 

chloride, and freeze-thaw environment. Ordinary Portland cement was partially substituted with NKC in ratios of 0%, 

1%, 3%, and 5% by weight. The chloride diffusion property of cement mortar and concrete was investigated by rapid 

chloride migration (RCM) method. To simulate acid deposits, a sulfate and nitric acid solution with a pH level of 1.5 

was deposited in the cement mixture in our laboratory experiments. The Rapid Freeze-Thaw Cabinet was used to 

measure the resistance of ordinary concrete and concrete with NKC to deterioration caused by repeated F-T actions. 

Properties (including the pore structure, mass, electrical resistivity, compressive strength and dynamic modulus of 

elasticity) of the concrete were measured at regular intervals.  

It is revealed that the chloride diffusion coefficient of concrete is decreased exponentially with the NKC additives. The 

results showed that both the mass and compressive strength of the NKC added mortars were higher than the control 

specimens after 20, 40 and 60 days exposure to the acid solution. The experimental results revealed that the 

introduction of NKC improves the F-T resistivity values, as compared to the control concrete. 

 

Originality 

There are only a limited number of studies on the use of nano particles to enhance durability of cement-based materials. 

It is reported for the fresh cement mortar with nanoparticles (Fe2O3, Al2O3, TiO2, and SiO2) and nanomontmorillonite 

at 1% by weight of cement, the reduction of 28-day DCl− was in the order of Clay 

(montmorillonite)>SiO2>TiO2>Al2O3>Fe2O3. Considering the low cost of clay, the use of clay in concrete to reduce 

chloride permeability seems to be a best choice, and should be promising. The 28-day chloride diffusion coefficient of 

cement mortar is decreased by 53.03% at 5% NKC additives. So the utilization of NKC as supplementary materials for 

concrete is first originality. 

However, the comprehensive early age and long term properties of the cement concrete with clay are still not clear by 

now. So the research on durability of NKC concrete in acid rain, seawater and freeze-thaw cycle is second originality. 

Keywords: nanoclay; acid rain; chloride; freeze-thaw; concrete 
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1. Introduction 

It is well known that concrete is a kind of porous materials. During concrete structure service, some 

harmful medias (such as acid rain, chloride ion in seawater) will get through the pores and capillaries 

inside the concrete structure. The ingression of harmful media will initiate the corrosion of the 

reinforcement in concrete (Fan Y. F. et al., 2010; Fang C. et al., 2004). With the corrosion of 

reinforcement, the destruction of the concrete starting from the surface must be generated. When water 

in the pores freezes to ice, it occupies 9% more volume than that of water. Volume expansion may 

cause pressure in the pores of the concrete, which eventually cause cracking, scaling, and crumbling of 

the concrete (Cai H., et al., 1998). Freeze-thaw durability of concrete is especially important to 

concrete structures in cold regions. Consequently, the way to make concrete resistant to acid rain, 

chloride ion in seawater and freezing and thawing is a crucial issue in the practical civil engineering. 

A number of recent studies investigated the acid and chloride ion diffusion resistance of concrete 

made with supplementary cementitious materials (SCM). The results show that using SCM, such as 

slag, fly ash, silica fumes, rice husk ash (RHA), and cement kiln dust (CKD) generated the hydrated 

calcium silicate gel, which forms a dense microstructure within cement, and therefore, effectively 

reduces the corrosion of harmful medias on concrete(Girardi F. et al., 2010; Ariffin M. A. M. et al., 

2013). Aydin found that a 40% FA replacement level can improve the sulfuric acid resistance of 

steam-cured concrete (Aydın S. et al., 2007). According to Chang’s report, a 25% mass loss reduction 

of concrete can be achieved by adding10% silica fumes and 60% fly ash (according to the mass of 

cement) after 56 days immersion in a 1% sulfuric acid solution (Chang Z. et al.,2005). It is found that 

some materials (silica fume, 15% by weight of cement and Latex, 20% by weight of cement) 

improved the chloride corrosion resistance because it increased electrical resistivity, while 

methylcellulose and carbon fibers have slight or even negative effect (Hou J. et al.,2000). To protect 

concrete from freeze/thaw damage, a number of research results about the factors affecting the 

material performance during freeze-thaw are reported. Experimental data from both laboratory and 

field has shown that well-distributed air voids can provide pressure release and improve the freeze and 

thaw resistance (Marchand J. et al., 1997; Tuyan M. et al., 2014). Compared with the above traditional 

mineral admixtures, nano-particles possess excellent physical and chemical properties. Multiple 

studies have shown that even small dosages of nanoclay can improve the physical and mechanical 

properties (Ghafari E. et al., 2014; Kawashima S. et al., 2012; Kawashima S. et al., 2013), and 

microstructure (Monteiro P. J. M. et al.,2009; Tao J. et al.,2005 ) of cement-based materials. 

Theoretically, the nanoclay particles should effectively delay damage to cementitious materials 

exposed to harsh environment. However, until now, it was not clear exactly whether and how 

nanoclay would affect the property of cementitious materials. 

The objective of the current study is focused on studying the effects of kaolinite clay on the properties 

of concrete suffered to acid rain, seawater and the freeze/thaw actions. Three kinds of additive 

amounts (1, 3 and 5% ) are considered herein, we examined the microstructure, mass change, and 

strength of the control group (ordinary Portland cement mortar with no NKC admixed) and the NKC-

incorporated mortar specimens exposed to acid deposits. Simulated acid rain was deposed by creating 

a mixture of sulfate and nitric acid in the laboratory. The effects of kaolinite clay on the mechanical 

property and chloride diffusion property of the cement-based materials are investigated, chloride 

diffusion depth, chloride ion content was elucidated. The experiments are conducted on the 

freeze/thaw durability of concrete containing nanoclay using the Rapid freeze/thaw method. The 

results will help enable structure design and maintenance by taking into consideration acid rain, 

seawater and the freeze-thaw durability of nanoclay incorporating concrete. 

2. Experimental 

2.1. Raw Materials 

Ordinary Portland cement of Type 42.5R was used in this study. A kind of commercially available 

Kaolinite clay powder was applied in this study. The kaolinite clay has a crystalline structure and 

contains silicon, whose theoretical formula is Al2Si2O5(OH)4. The chemical compositions of the 

cement and clay are listed in Table 1. The properties of kaolinite clay used in this study are listed in 

Table 2. To clarify the microstructure of the kaolinite clay studied in this paper, X-ray diffraction 



 

(XRD) analysis and Transmission electron microscopy (TEM) techniques were carried out on the neat 

clay powder. The resulting TEM and XRD images of clay powder sample are shown in Figure 1. From 

the EDS spectra, the chemical element contents of the kaolinite clay power samples are obtained, 

which are listed in Table 3. 
Table 1 Chemical composition of cement /% 

Components CaO SiO2 Al2O3 Fe2O3 MgO SO3 

Content  59.30 21.91 6.27 3.78 1.64 2.41 

Table 2 Physical index of nano-kaolinite 

Average flake diameter 

/nm 

Average flake thickness 

/nm 

Specific surface 

area/m2/g 
Density g/cm3 

300-500 20-50 30 0.6 

Table 3 Chemical composition of nano-kaolinite/% 

Components SiO2 CaO Al2O3 Fe2O3 MgO K2O TiO2 Na2O 

Content % 47.80 0.28 41.80 0.30 0.03 0.58 0.02 0.06 

a.  b. 
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Figure 1  TEM and XRD spectra of neat Nano-kaolinite powder. a. TEM micrograph b. XRD results. 

2.2. Experimental Process 

2.2.1 Simulated acid rain environment 

This study adopted an accelerated corrosion test, as seen in previous research. Since most of China’s 

acid rain is caused by sulfuric acid, we simulated a sulfuric acid rain in this study. An acidic solution 

with a pH level of 1.5 was deposited into the mixture of sulfate and nitric acid solutions (with a molar 

ratio of 9:1) in the laboratory. The acidity of the solution was recorded using a PB-10 Sartorius 

acidometer. The pH levels of the acid solutions were detected using a digital pH meter. To keep the 

pH level of the mixed solution constant, a nitric acid solution was added periodically. At the same 

time, the solution was thoroughly stirred in order to reduce differential concentrations of the acid 

inside of the solution container. Once the specimens were cured for 28 days, the four groups of 

specimens were moved to the simulated acid deposit environment for the scheduled periods (shown in 

Figure 2). 

  
Figure 2 Mortar specimens exposed to the simulated acid rain solution 

2.2.2 Testing the chloride diffusion property of concrete 

Rapid chloride migration (RCM) method proposed by Tang and Nilsson (1992) was applied in this 

study. The principle of this method is to generate the chloride penetrate through the cement based 

material by the solution concentration gradient; and accelerate the movement of chloride using an 

electrical field (shown in Figure 3). 

31.01nm 

18.66nm 

25.33nm 



 

The depth of the chloride penetration is measured. Then the depth was used to determine the diffusion 

coefficient through the Nernst-Einstein equation, which is described as follows,  
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33.338 10a Th                                                                （1） 

Where, DRCM is the chloride diffusion coefficient tested by RCM method, unit is m2/s；T is the 

average temperature of the initial and final temperature of the anode solution, unit is K；h is the 

height of the testing specimen, unit is m; xd is the diffusion depth of chloride anion, unit is m; t is the 

electricity test time, unit is s; α is the laboratory constant. 
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Figure 3 Rapid chloride migration test setup used in this paper  

2.2.3 Simulated acid rain environment 

The Rapid Freeze-Thaw Cabinet (shown in Figure 4 a) satisfying the GBJ82-85 procedure (rapid 

freezing and thawing in water) requirements was used for testing the resistance of concrete caused by 

repeated cycles of freezing and thawing herein The freeze-thaw cycle consisted of alternatively 

lowering the temperature of the specimens from 4 to -18 °C and raising it from -18 to 4 °C in 4 hours. 

Temperature curve of the freeze-thaw cycle is shown in Figure 4 b.  

a.     b.  
Figure 4 Schematic diagram of rapid freeze-thaw testing equipment and temperature change curve 

(1 - Specimen; 2 - Specimen for temperature measurement; 3 - Thermocouples; 4 - Water; 5 - Antifreeze fluid; 6 

- Rubber box) 

At every 25 cycles of freeze-thaw, the samples are removed from the machine. The removed 

specimens were first dried on the surface, followed by the physical, dynamic modulus test. The 

experimental results were compared to explore the attribution of clay on the properties of concrete.  

3. Results and Discussion 

3.1. Resistance to acid corrosion  

3.1.1 Mass loss 

Several research results showed that the mass change determination test method is reliable for 

assessing concrete deterioration in an acidic environment. Based on the visual observations described 

above, it was obvious that honeycomb voids were formed as conditioning continued, causing the 

cement’s mass to change. During the exposure tests, each mortar specimen was measured every five 

days using the electronic scale with an accuracy of 0.1g. Figure 5 presents the relation between the 

mass change ratio and the conditioning age for all of the four groups of specimens. 
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Figure 5 Change of mass loss with conditioning age. a. mass loss versus conditioning age; b. relative mass loss 

versus conditioning age 

From Figure 5, it is illustrated that little difference exists in the mass loss rate among the four groups 

of cement mortar specimens until 40 days of exposure. However, as the conditioning continues, the 

mass loss rate of all four of the mixes increased. After 60 days of exposure, the sequence of mass loss 

rate of cement mortar was NC1<NC3<NC5<NC0. As compared to the control cement mortar, the 

mass loss rate of the mortar with 1% NKC decreased by 28%. Therefore, we concluded that NKC is 

beneficial for mitigating the mass loss of cement mortar exposed to acid deposits. 

3.1.2Compressive strength  
Figure 6 shows the effects of the NKC addition to the compressive strength of cement mortar exposed 

to acid deposits for up to 60 days. The compressive strength loss ratio of the cement mortar is defined 

as follows: 

,
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Where, fc
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 is the compressive strength loss rate of the cement mortar (%); ,c t
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 is the compressive 

strength of cement mortar at t days exposure to the acid deposit; and ,0c
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 is the compressive strength of 

the sound cement mortar. 
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Figure 6 Relationship between NKC addition and the compressive strength loss rate of cement mortar 

It can be seen that a suitable NKC addition improves the compressive strength of cement mortar 

exposed to acid deposits. The compressive strength of mortar with a 3% NKC addition is higher than 

all of the other three groups of mortar specimens. When compared to the control mortar specimens, 

the compressive strength of the cement mortar with a 3% NKC addition was higher by 21% before the 

acid exposure. With a 5% NKC, the compressive strength of the mortar was lower than that of mortar 

with 3% NKC addition, but higher than that of both the mortar with 0 and 1% NKC addition. This 

may be due to the poor dispersion of a greater amount of NKC additive within the cement mortar, 

which can cause the compressive strength decrease.  

After sustained acid exposure, the compressive strength of all four groups of cement mortars 

decreased, due to the coupled effects of the dissolving action induced by H+ and the expansion stress 

caused by SO4
2-, which resulted in a porous surface, sand grains spalling, and the loosened mortar 



 

matrix. Even so, the decreased level of all three mortar specimens with the 3% NKC additions is less 

than that found in the control sample and mortar specimens with 1 and 5% NKC additives. This 

indicates that the NKC addition can delay the reactions between H+ and SO4
2- and the phase 

composition of the cement mortar specimens, which effectively reduces the amount of strength 

degradation. Compared to the control mortars, the compressive strength loss rate of the 3% NKC 

mortar was the smallest, which decreased by 17% after 60 days of exposure. As the NKC dosage 

increases, the compressive strength loss rate initially reduced, and then gradually increased with a 

higher concentration of the NKC additive. 

3.2. Resistance to chloride diffusion 

Based on the RCM method, the chloride diffusion coefficient for conventional cement mortar and 

cement mortar with various clay additives cured for 14days, 28days, and 56days were calculated. 

Figure 7 shows the evolution of chloride diffusion coefficient of cement mortar with the curing ages. It 

is observed that the modified samples have lower chloride diffusion coefficient values compared to the 

unmodified control mixture. When kaolinite clay was admixed into fresh cement mortar at 1% by 

weight of cement, the value of DCl− was decreased by 29.03% and 20.80% at 28d and 56days, 

respectively. When kaolinite clay was admixed into fresh cement mortar at 5% by weight of cement, 

the value of 28-day DCl−
 was decreased by 53.03%. 
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Figure 7 The relationship between chloride diffusion coefficient of cement mortar and clay additives 

3.3 Resistance to freezeing-thaw cycles 

3.3.1 Mass loss 

The relation between the mass loss ratio and freeze/thaw cycles is plotted in Figure 8. 
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Figure 8 Mass loss of concrete versus freeze-thaw cycles 

It is illustrated that the mass loss goes up gradually for NC0, NC1, and NC5 concrete specimens as the 

freeze/thaw cycles continues. Instead, concrete specimens with 3% nanoclay experienced a sllight 

mass gain throughout the freezing and thawing actions. After 125 freezing and thawing cycles, the 

highest mass loss is 5.13% for NC0, followed by 2.83% for NC1 and 0.85% for NC5. However, the 

mass gain of the NC3 is 0.51% after 125 freezing and thawing cycles. This may be attributed to a 

denser microstructure in the case of nanoclay, due to smaller size of nanoclay particles, and thus 

leading to less damage and less mass loss in the concrete. 

3.3.2 Dynamic modulus of elasticity 



 

Changes in the dynamic modulus of elasticity of samples cast from each mix design variation were 

measured at regular intervals up to 125 freeze/thaw cycles. The test data on the dynamic modulus of 

elasticity are summarized in Table 4.  
Table 4 Dynamic modulus of concrete after various freeze-thaw cycles / GPa 

Freeze-thaw cycles NC0 NC1 NC3 NC5 

25 38.19 37.54 40.34 37.93 

50 32.68 33.59 39.60 36.13 

75 30.20 33.32 38.39 33.54 

100 30.20 31.70 38.18 33.01 

125 26.43 27.38 37.15 30.86 

As can be seen from Table 4, the dynamic modulus was obviously affected by the freezing and 

thawing action within 125 cycles. It is shown that the mix with 3% and 5% nanoclay showed a lower 

decrease in dynamic modulus of elasticity throughout the freeze-thaw testing. The ordinary cement 

concrete displayed a decrease up to 31% in dynamic modulus of elasticity at 125 freeze/thaw cycles. 

With 5% nanoclay addition, this value decreased to 18%. With 3% nanoclay addition, this value 

decreased to 8%. Freeze/thaw actions up to 125 cycles lead to about 23% difference in the dynamic 

modulus of elasticity of 3% nanoclay incorporating and conventional concrete before and after 

freezing and thawing cycles. 

The relative dynamic modulus of elasticity is the ratio of the dynamic modulus determined at the 

particular test interval to the initial dynamic modulus at the start of the test. Figure 9 shows the 

experimental data of the relative dynamic modulus of elasticity of all the tested concrete specimens 

during the freeze/thaw cycles. Relative dynamic modulus of elasticity data for all the tested concrete 

specimens under various freeze/thaw actions have been fitted to the potential function of the number 

of freeze/thaw cycles. 
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Figure 9 Evolution of dynamic modulus of elasticity with the freeze-thaw cycles 

The best fits for all the four kinds of concrete specimens has been obtained with a unified equation, the 

correlation coefficients are listed in Table 5. 

 0
/ bE E aN                                                      （3） 

Where, N is the number of freeze/thaw cycles, both a and b are the coefficients that is related to the 

nanoclay addition, and which is shown in Table 5. 
Table 5 Fitting parameters and correlation coefficients to Eq.3 

Sample No. a b Correlation coefficient 

NC0 192.67 -0.20 0.94 

NC1 162.71 -0.15 0.80 

NC3 121.00 -0.05 0.92 

NC5 151.78 -0.12 0.92 

4. Conclusions 
The incorporation of well dispersed NKC substantially improved the resistance of blended cement 

mortars exposed to acid deposits at the different curing conditions. Compared to the control cement 

mortar, the compressive strength loss of the mortar with a 3% NKC addition decreased by17% after 60 

days of exposure to the acid solution.  



 

It is observed that the cement mortar with clay has lower chloride diffusion coefficient values 

compared to the control mortar. The 28-day DCl− of cement mortar with 1% clay is decreased by 

29.03% and 20.80% at 28d and 56days, respectively. The 28-day DCl− of cement mortar is decreased 

by 53.03% at 5% clay. 

Potential relation exists between the E/E0 and the number of freeze/thaw cycles for all the concrete 

specimens exposed to freeze/thaw actions. Freeze/thaw actions up to 125 cycles lead to about 23% 

difference in the dynamic modulus of elasticity of 3% nanoclay incorporating and control concrete. 
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Abstract 

Shrinkage reducing admixtures (SRAs) can alter ionic movement in concrete by changing the properties of pore fluid. 

This study examines the influence of SRA on chloride binding and diffusion. SRA was found to have little influence on 

chloride binding. However, as the concentration of SRA increased, the viscosity of the pore fluid increased thereby 

reducing chloride ion penetration. The apparent chloride diffusion coefficient is proportional to the reciprocal of the 

viscosity of the concrete pore solution. The apparent chloride diffusion coefficient in concrete with SRA can be 

estimated from that of plain concrete and the concentration of SRA in concrete pore solution (as the concentration is 

related to viscosity). 

 

Originality 

SRA is being increasingly used to reduce restrained shrinkage cracking in concrete. In addition, SRAs have been shown 

to reduce fluid absorption and can thereby increase the service life of concrete. The influence of SRAs on chloride 

binding and diffusion has not been widely studied and is investigated in this paper. The results show that SRA has little 

impact on chloride binding, as such the chloride binding can be assumed equivalent to a system without SRA. SRA 

increases the viscosity of the solution in the pores. This paper presents a relationship between viscosity of pore fluid 

and chloride diffusion coefficients. The increased viscosity is found to be inversely proportional to the apparent 

chloride diffusion coefficients, which indicates that SRA helps reduce chloride ingress into concrete and thereby extend 

the service life. This paper presents an approach to predict the apparent chloride diffusion coefficient in concrete with 

SRA using the apparent diffusion coefficient of plain concrete and the concentration of SRA in concrete pore solution. 
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1. Introduction 

Shrinkage reducing admixtures (SRAs) have been proposed as a method to mitigate plastic 

shrinkage, autogenous shrinkage, drying shrinkage, and restrained shrinkage cracking (Shah S. P. et 

al., 1992; Tazawa E., 1995; Weiss J. et al., 1998; Shah S. P. et al., 1998; Weiss J. and Shah S. P. 2002; 

Lura P. et al., 2007; Park J. et al., 2013). The reduced shrinkage occurs as a result of reductions in the 

surface tension of the pore fluid (Ai H. and Young J. F., 1997; Weiss J. and Berke N. S., 2003; Pease 

B. et al., 2005; Weiss J. et al., 2008; ACI 231R-10, 2010). 

The properties of the pore fluid change with the addition of SRAs due to reductions in surface 

tension and an increase in viscosity. Ai and Young (1997) provided early measures of the reductions 

in surface tension of SRA-water solutions. Pease et al. (2005) examined many commercially available 

SRAs. Rajabipour et al. (2008) examined the influence of ionic species on the changes in surface 

tension. The majority of these works focused on relating the changes in surface tension to capillary 

stress, shrinkage and shrinkage cracking. Most recently, Villani et al. (2015) related changes in 

surface tension (and viscosity) to fluid and vapor diffusion coefficients. 

Weiss (1999) showed reduced fluid absorption in concrete containing SRA. Sant et al. (2010) 

used x-ray radiography measurements to relate the reduction in fluid absorption to the change in 

viscosity of the pore fluid.  

Folliard et al. (1997) found similar rapid chloride permeability at 90 days between plain concrete 

and concrete with SRA. Lopes et al. (2013) also reported a similar charge passed in control concrete 

and concrete with SRA. Weiss (1999) reported a reduction in rapid chloride permeability in concrete 

with SRA. 

Bentz et al. (2008) used the Stokes-Einstein equation to explain the relation between viscosity of 

medium and self-diffusion coefficient of species in the medium. Bentz et al. (2013) obtained lower 

chloride diffusion coefficients in concretes with viscosity modifiers than that in plain concretes. As a 

result the influence of SRA on ionic diffusion (such as chloride ingress, sulfate attack and etc.) can be 

expected to occur primarily due to the change in the viscosity of pore solution by SRA. Very few 

studies have examined the role of SRA on chloride diffusion. 

In addition to measuring chloride diffusion it is important to understand the role of the matrix on 

binding chlorides. Chloride ions can be chemically bound by several aspects of the concrete however 

the most prevalent are the C3A and C4AF which result in the formation of Friedel’s salt or Kruzel’s 

salt (Suryavanshi A. et al., 1996; Birnin-Yauri U. A. et al., 1998; Farnam Y. et al., 2014) and/or the 

physical binding on the surface of hydrates (Beaudoin J. J. et al., 1990; Luping T. et al., 1993). 

Chloride binding isotherms can be to quantify the relationship between the content of binding chloride 

ions and the concentration of free chloride ions in pore solution at the macroscale (Delagrave A. et al., 

1997). Bound chloride plays a very important role in chloride penetration process (Glass. G.K. and 

Buenfeld N.R., 2000; Baroghel-Bouny V. et al., 2012). Little to no research has focused on the 

influence of SRAs on chloride binding or the influence of SRAs on chloride diffusion. 

From this short summary of SRA research the following items are clear: 1) SRA can reduce 

shrinkage and cracking due to reduced surface tension, 2) SRA can reduce fluid absorption due to 

changes in surface tension and viscosity, and 3) SRA can reduce fluid, vapor and ionic transport due 

to changes in surface tension and viscosity. However additional work is needed to describe the role of 

SRA on ionic transport and ionic binding for use in service life modeling. This paper examines the 

influence of SRA on chloride binding and chloride diffusion. The chloride diffusion coefficients 

obtained from Fick’s 2nd law are correlated to the viscosity of the estimated concrete pore solutions. 

2. Experimental 

2.1. Raw Materials 

Four different concrete mixtures were prepared as shown in Table 1. Pastes that correspond do 

the concrete shown in table 1 (i.e., the same mixture with the concrete as shown in Table 1) were also 

prepared. A type I ordinary portland cement (ASTM C150) was used with a Blaine fineness of 375 

m2/kg and Na2O equivalent of 0.86%, and a potential Bogue phase composition (by mass) of 61% C3S, 

8% C2S, 9% C3A and 10% C4AF. Fine aggregates were used with a specific of 2.66 and an absorption 

of 1.47%. The specific gravity of coarse aggregates was 2.74 with an absorption rate of 1.26% and a 



maximum size of 1 inch (25.4mm). A high range water reducing admixture (HRWRA, Glenium 

3000NS, BASF Construction Chemicals) was used. A commercial shrinkage reducing admixture 

(SRA, MasterLife SRA 20, BASF Construction Chemicals) was used with a concentration of 0%, 

0.5%, 5% and 10% (based on SRA replacement to water rate by mass), respectively. The liquid-vapor 

surface tension of different SRA-DI water mixtures is 72×10-3, 51×10-3, 38×10-3 and 33×10-3 N/m, 

respectively, whose corresponding dynamic viscosity is 9.10×10-4, 9.35×10-4, 1.16×10-3 and 1.41×10-3 

Pa·s at 23°C (Sant et al., 2010, Villani, 2014). 
 

Table 1 Mixture proportion (in SSD and in kg/m3) 

 Cement 
Fine 

Aggregate 

Coarse 

Aggregate 
Water SRA HRWRA (w+SRA)/c 

0% SRA 420 730 1095 168.0 - 1.68 0.40 

0.5% SRA 420 730 1095 167.2 0.84 1.68 0.40 

5% SRA 420 730 1095 159.6 8.40 1.68 0.40 

10% SRA 420 730 1095 151.2 16.80 1.68 0.40 

 

2.2. Experimental Process 

Porosity tests were conducted following ASTM C642-13 with the exception that vacuum 

saturation was used to saturate the 91 days cured concrete specimens instead of putting specimens into 

boiling water (Bu Y. et al., 2014). During saturation, concrete specimens were placed into the vacuum 

saturator and the vacuum pressure was applied for 3 hours. Then tap water was drawn into the 

saturator chamber and specimens were maintained there for another 1 hour with the vacuum pump 

running. A vacuum pressure of 7±2 Torr were used. 

Chloride binding capacity tests were measured on cement pastes at an age of 91 days. Powered 

cement paste (passed a 2 mm sieve) was vacuum dried for at least 4 days and then kept at 11% RH 

(over oversaturated LiCl solution in a chamber) for a week according to the procedure by Delagrave 

et al. (Delagrave A. et al., 1997). Then the cement powder was immersed in NaCl solution with 

different concentrations (0, 0.1, 0.3, 0.5, 0.7, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0mol/L, respectively) for 1 

month to make sure the equilibrium between the bound chloride and free chloride reached. After 

immersion the concentrations of equilibrated solutions were determined by an automatic titration 

device (Bella D. et al., 2012). 

Chloride ponding tests were conducted on concrete cylinders that were cut to have a diameter of 

102±2 mm and a thickness of 75±1 mm at a curing age of 91 days. According to ASTM C1556-11a, 

all the surfaces were coated with epoxy except the face being exposed to salt solutions. The coated 

cylindrical specimens were vacuum saturated with saturated lime water under a pressure of about 6 

Torr following the steps described in ASTM C1202. Two specimens of each mixture were immersed 

in the NaCl solution with a concentration of 5mol/L for 4 months at 23±1°C. After immersion the 

specimens were taken out from the solution, washed by tap water quickly and then dried for 1 day in a 

50±3% RH chamber at 23±1°C according to ATSM C1556-11a. Then powders were ground in 2mm 

layers. Thicker step of 3 mm was used in deeper distance than 10 mm from the exposed surface. The 

powders were then dissolved by a nitric acid solution and then the total chloride concentration of each 

layer was determined by the automatic titration device. Additionally, the background chloride 

concentrations were also obtained by titration for each concrete mixture (Bella D. et al., 2012). 

3. Results and Discussion 

3.1 Chloride binding isotherm 

Powder from hydrated cement paste was used in the test for chloride binding capacity instead of 

concrete. As shown in Fig 1, the chloride binding isotherms in cementitious materials with different 

amounts of SRA are statistically comparable, which indicates that the addition of SRA has no 

quantifiable influence on chloride binding capacity.  

Historically different forms of the absorption isotherm have been used to quantitatively interpret 

bound chloride amounts, such as linear isotherm equation (Mohammed T. U. et al., 2003), Langmuir 

isotherm equation (Sergi et al., 1992) and Freundlich isotherm equation (Luping T. et al., 1993). The 



aforementioned isotherms cannot separately quantify the relative contribution of chemical reaction 

and physical adsorption. To overcome this limitation, Baroghel-Bouny et al. (2012) proposed an 

equation to account for each contribution of the two major mechanisms: 

   
3 43 .

0.5c

b f b f f C A C AFC A eq
c c c c N c N N                        (1) 

where, cb is the total amount of binding chloride (in mg Cl/g dry paste), cf is free chloride 

concentration (in mol/L), cb
c is the amount of bound chloride ions by chemical reaction with residual 

equivalent aluminates (in mg Cl/g dry paste), α, β and δ are fitting parameters, respectively. Parameter 

α represents the capacity of physical adsorption and it depends on the C-S-H content of the materials; 

Parameter β shows the non-linearity of physical adsorption. And δ is close to 2 based on the 

stoichiometry (Baroghel-Bouny et al., 2012). The variables N(C3A)eq., NC3A and NC4AF denote residual 

equivalent C3A content, residual C3A content and residual C4AF content (in mg/g initial binder), 

respectively. The average degree of hydration of different cementitious materials at the age of 91 days 

is about 0.78 measured by mass loss of ignition. Using a degree of hydration of 78% enables the 

residual equivalent C3A to be estimated to be about 40 mol/m3 concrete. Due to the similar amounts of 

bound chloride ions among different concretes, a single chloride binding isotherm was fitted with all 

the experimental data using equation (1), as shown in Fig (1). 
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Figure 1 Chloride binding capacity of paste powder after 1 month immersion in NaCl solutions 

 

The amount of chloride ions that are bound is determined in large part by the amount of the 

aluminate phases combined with the amount of hydration products such as C-S-H. The addition of 

SRA has little influence on the long term degree of hydration as determined from water loss at both 

C-S-H and Ca(OH)2 peaks (in Fig 2(a and b)). This is in contrast with the delayed rate of hydration at 

early ages (Weiss, 1997, Sant G. et al., 2011). This delayed early hydration was correlated to the 

reduction in the dissolution amount and rate of ions from cement particles to pore solution 

(Rajabipour F. et al., 2008). Others have also shown similar long term hydration with the use of SRA.  

Zhang et al. (2009) observed that the long-term degree of hydration between non-SRA and 

SRA-bearing cement pastes was similar.  

Previous research has suggested (Zhang T.. et al., 2001, Merlin F. et al., 2005) that there is a 

limited amount of non-ionic surfactants that are adsorbed onto the solid phase surfaces. This 

observation was made using zeta potential tests and polymer adsorption isotherms. It appears that the 

non-ionic surfactants are similar in type and molecule mass with SRA in this study. Therefore it 

appears logical that a small volume of SRA molecules would be expected to absorb onto the solid 

phase. Interestingly, as the SRA content increases, two increasing peaks are observed at 

approximately 600°C and 800°C and that these peaks may belong to the intercalated SRA into C-S-H, 

which alters the structure of C-S-H and results in the observed decomposition patterns (Beaudoin J. J. 

et al., 2009). 
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Figure 2 TGA and DTG analysis of paste specimens after 3 months curing 

 

3.2 Chloride Diffusion 

Chloride ions penetrate into saturated concretes primarily through diffusion. Fick’s 2nd Law can 

be used to predict the diffusion process in concretes (Jensen O. M. et al., 1999; Nielsen L. et al., 

2003). To better predict the service life of concretes exposed to marine environment and de-icing salts, 

the time-dependent chloride diffusion coefficient is established, which depends on not only the age of 

concrete when initially exposing but also the duration of exposure (Luping T., 2008).  

The term apparent diffusion coefficient will be used to determine a single parameter that is fitted 

to the chloride profile (Boddy A. et al., 1999; Bu et al. 2014). Total chloride contents are plotted in 

Fig 3(a) after exposure to 5M NaCl solution for 4 months. The experimental profiles are fitted by the 

analytical solution formula of Fick’s 2nd Law, which writes: 
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           (2) 

where C(x,t) is the total chloride content at depth x (in m) after exposure to solution for time t (in s), 

Cs is the surface concentration of chloride (in % w.t. of concrete), C0 is the background chloride 

concentration (in % w.t. of concrete) and Dapp is the apparent chloride diffusion coefficient (in m2/s),. 
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(a)                                         (b) 

Figure 3 Chloride content profile of saturated concrete specimens after 4 months immersed in 5M NaCl solution 

 

First it should be noted that neither the apparent diffusion coefficient nor the surface 

concentration are material properties, rather they depend on the external environment and properties 

of the material, such as the exposure solution concentration, porosity, and chloride binding capacity. 

The samples tested have identical exposure solution concentration, similar porosity (in Table 2) and 



chloride binding isotherms. As such the values of surface chloride concentrations Cs can be expected 

to be similar as shown in Fig 3(b). As the content of SRA increases, the concrete becomes more 

resistant to chloride penetration by diffusion. And smaller values of apparent chloride diffusion 

coefficients are obtained in concretes with higher SRA content (in Fig 3(a)). This may result from the 

reduced self-diffusion coefficients as discussed in the next section. 

3.3 The influence of viscosity on chloride diffusion coefficients 

As previously mentioned, Bentz et al. (2008) used the Stokes-Einstein relationship shown in 

Equation (3), to relate the self-diffusion coefficient of an ion to the inverse of the viscosity of fluids in 

which ions are moving (it is assumed that the shape of ions is sphere). 

6

B
self

k T
D

r
                  (3) 

where Dself is the self-diffusion of an ion (in m2/s), kB is Boltzmann’s constant (1.38×10-23 J/K), T is 

the temperature (in K), η is the viscosity of the fluid (in Pa•s), and r is the radius of the ion (in m). It 

should be emphasized that the Stokes-Einstein relationship has been validated and restricted to large 

particles and its application to smaller molecules and ions often yields unreliable values (Marchand J. 

et al., 1998). However, it still reasonably correlates the diffusion coefficients with the viscosity of the 

fluid. The addition of SRA can noticeably increase the viscosity of pore solution. Villani(Villani, 2014) 

(2014) measured the viscosity of solutions with different concentrations of SRA at different 

temperatures (in Fig 4). Smaller values of viscosity are achieved as temperature increases while the 

viscosity increases in a non-linear fashion. In fact it appears that the viscosity reaches a relatively 

constant value above 60% concentration by mass and the value of viscosity can be expressed as a 

semi-empirical function of SRA concentration, which is indicated as below (Villani C., 2014): 

   2 3

1 2 3water SRA water SRA SRA SRAC V C V C V                   (4) 

where: ηwater is the viscosity of water with a value of 9.3×10-4 Pas at 23 °C, ηSRA is the viscosity of 

SRA with a value of 0.016 Pas at 23 °C, VSRA is the volumetric fraction of SRA in solution, and C1, 

C2 and C3 are three fitting parameters with values of 0.267, 0.907 and 1.930 at 23 °C, respectively. 
Table 2 Porosity of concretes after 91 days curing 

 SRA 0% SRA 0.5% SRA 5% SRA 10% 

Porosity 0.145 0.134 0.135 0.134 

 

 
Figure 4 The viscosity of SRA solutions (Villani C., 2014) 

 

As the hydration of cement proceeds, the porosity of concretes decreases and as a result SRA in 

pore solution becomes more concentrated. By knowing the initial concentration of SRA 𝐶𝑆𝑅𝐴
𝑖𝑛𝑖  in 

mixing water and the volume of pore solution at a specific age, the concentration of SRA can be 

estimated based on the assumption that SRA will remain in the pore solution. The assumption is not 



entirely correct however it is a reasonable first approach and illustrates an upper bound. In the 

saturated state (such as that in ponding tests), the space in which SRA exists can be estimated by the 

porosity of the concrete. The concentration of SRA (CSRA) at a specific age can be estimated as: 

 ini

SRA SRA iniC C p p 
 
               (5) 

where: p is the porosity of concretes (in Table 2) and pini is the initial porosity of concrete (16.8% in 

the case of the concrete used in this study). 

By applying Equation (3)-(5), the apparent chloride diffusion coefficients with respect to the 

viscosity of pore solution are plotted in Fig 5. It suggests that the apparent Cl diffusion coefficient 

decreases linearly as a function of the reciprocal of viscosity of pore solution. Similar results are also 

obtained in previous studies (Shimizu T. et al., 1999; Snyder K. et al., 2012). In Fig 5, the small 

variation may be due to the slight different porosity and tortuosity among different concretes. In 

summary, by increasing the viscosity of pore solution, addition of SRA into concrete can reduce the 

chloride ingress. 

The relationship between the apparent diffusion coefficient of plain concrete and the diffusion 

coefficient of concrete containing SRA can be obtained by combining Equations (3)-(5): 

2 3

1 2 31 1

water
SRA

ini ini iniSRA ini ini ini
SRA SRA SRA

water

D
D

p p p
C C C C C C

p p p






              

                    
              

  (6) 

Equation (6) provides a useful tool to predict the apparent chloride diffusion coefficient in 

concrete with SRA based on the diffusion coefficient of a plain concrete, the initial concentration of 

SRA in concrete pore solution and the change in porosity due to hydration which can be estimated 

from models like that proposed by Powers and Brownyard (1948). 
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Figure 5 The relationship between viscosity of pore solution and apparent diffusion coefficients 
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4. Conclusions 

This paper examined the influence of shrinkage reducing admixtures (SRA) on chloride ingress 

into saturated concretes. Chloride binding isotherms were measured to determine the influence of 

SRA on binding and Fick’s 2nd law was used to determine the apparent chloride diffusion coefficient. 

Concretes with varying concentration of SRA have a very similar chloride binding isotherm. As a 

result, it can be concluded that SRA has little influence on chloride binding. The surface 

concentrations of concretes with different contents of SRA have similar values to each other due to 

the identical external salt solution and similar porosity and chloride binding isotherms. As the 

concentration of SRA increases, it is more difficult for chloride ions to penetrate into concrete by 

diffusion due to the increased viscosity of pore solution. The apparent chloride diffusion coefficients 

derived from Fick’s 2nd law are roughly proportional to the reciprocal of the estimated viscosity of 

pore solution in concretes. The apparent chloride diffusion coefficient in concrete with SRA can be 

estimated based on that in plain concrete, the initial porosity, and the initial concentration of SRA in 

concrete pore solution. 
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Abstract 

In this paper, the zeta potential of freshly mixed cement paste and hardened cement pastes, as well as the concentration 

index, was measured. The influences of chloride concentration in mixing water and slag content on zeta potential of 

freshly mixed pastes were studied. A proposed model was expressed to explain the relationship of zeta potential and 

concentration index of hardened cement pastes immersed in chloride solution. The results showed that the increase of 

chloride concentration in mixing water and slag replacement improved the zeta potential of freshly mixed cement, the 

hydration rate and concentration of ions in mixed water affects the zeta potential. With the increase of chloride 

concentration in soaking solution, the chloride concentration index and zeta potential of hardened cement paste all 

gradually decreased. The addition of slag gave some changes on chloride in concentration and zeta potential. The 

relationship among chloride concentration index, chloride concentration in soaking solution and slag replacement 

revealed by Gouy-Chapman model was in good agreement with the measured results. 
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1. Introduction 

Corrosion of steel in concrete is one of the major causes for deterioration of reinforcement steel 

concrete, especially in the presence of chloride ions and carbon dioxide(Maekawa K., 2003). For 

concrete structure exposed to extreme condition, such as marine exposition or highway structure 

where de-icing salt is used, the damage caused by chloride ingress do great harm to the durability of 

reinforcement concrete structure and give rise to much high repairing and reconstruction cost(Mangat 

PS.,1992, Neville A., 1995, Federal Highway Administration, 2002, Johnson JT., 2007). The high 

alkaline condition in cement-based materials forms a passivation membrane at the rebar surface to 

protect it from being corroded. However, the corrosion initiated when the threshold chloride content is 

reached at the surface of steel and the passivation film breaks.  

In concrete, chlorides can be existed in three forms: physical adsorption chloride, chemical binding 

chloride and free chloride(Berman H A., 1972). The physically adsorbed chlorides and chemically 

bound chlorides are collectively called binding chlorides However, according to the former studies on 

chloride-related issues, it was reported that it is free chloride in pore solution that affected and resulted 

in steel corrosion(Kayyali O A., 1995). However, when it concerns to the study of chloride-induced 

corrosion, binding chloride will bring significant influences. Chloride binding decreases the content of 

free chloride in pore solution and reduces the chloride flux into concrete. Meanwhile, the formation of 

Freidel’s salt due to the chemical binding of chloride decreases the porosity and improves the 

impermeability of pastes/mortars/concrete(Glass G K., 2000, Reddy B., 2002). 

Chlorides may derive from aggregates/mixing water (internal chloride), or penetrate into concrete 

during exposure to chloride-bearing environments (intruded chloride)(Wang S D., 2000). Chloride 

ions added or penetrated into concrete will react with some of the cement constituent or hydration 

products. Due to the differences in hydration degree when chlorides appeared, internal and intruded 

chloride shows different influences on properties and performance of cement-based materials.  

The internal chlorides may participate in the hydration process of cementitous materials and affects 

hydration rate and the morphology and properties of hydration products. A. Traetteberg et 

al(Traetteberg A., 1974) found that calcium chloride accelerated the hydration of C3S and chloride 

appears to promote the formation of a higher Ca/Si hydrated product, especially at a lower w/s ratio. It 

was also reported in their paper that the presence of CaCl influenced the morphological features, 

especially in the early stages of hydration. Both C3A and C4FA in cementitous materials form 

Freidel’s salt (C3A·CaCl2·10H2O) or its analogues with Cl-(Diamond S., 1986), which may decrease 

the porosity of concrete. Meanwhile, the binding of chloride ions by cement particles and hydration 

products changes the charge density and distribution at the surface of hydration products, affects the 

formation of electric double layer at the solid-liquid interface(Yuan Q., 2009a).  

After a period of hydration, the intruded chloride gives rise to some changes in structure and 

morphological features through the physical chemistry reaction to hydration products. Different from 

the internal chloride, the chemical binding of intrude chloride ion is mainly occurred between chloride 

and aluminate. The Kuzel’s salts form firstly and transform to Friedel’s salts with the increase of 

chloride concentration in pore solution(Balonis M., 2010). In cement-based materials, chloride ions 

can also be physically absorbed by solid, and the electric double layer(EDL) formed at the interface of 

solid and liquid was regarded as the reason cause the physical adsorption. 

In 1993, Japanese researchers Nagataki et al(Nagataki S., 1993) immersed the cement paste discs in 

the sodium chloride solution whose concentration equals to seawater and measured the free chloride 

content of samples by pore solution expression. They found that after 91d of immersion, the 

concentration of free chloride in pore solution almost upped to twice of that in soaking solution. They 

called this phenomenon as chloride condensation, the ratio of chloride concentration in expressed pore 

solution to that in soaking solution was defined as concentration index. Li et al(Li Q L., 2013) 

investigated the influences of concentration of soaking solution, soaking time, curing age, soaking 

temperature and pore solution expression pressure on free chloride content of cement-based materials. 

The concentration index decreased with the concentration of soaking solution, and it increased with 

soaking time before the 63d of immersion, then decreased. The chloride ion concentration in pore 

solution decreased as the curing time increased. Soaking temperature and pressure did not affect free 



 

chloride ion concentration. The definition of chloride condensation has been proposed for about 20 

years and a lot of studies have used and studied chloride condensation. Although in this paper the 

definition of chloride condensation is also used, it has to emphasize that what we talk about here is 

deviated from the meaning of condensation in chemistry. The phenomenon of chloride condensation 

may be much more close to a kind of unstable physical adsorption. Therefore, author of this paper 

redefined this phenomenon as chloride in concentration, replaced the concentration index as 

condensation index applied before 

Nagataki et al(Nagataki S., 1993) tried to interpret the chloride in concentration in pore solution of 

cement-based materials by using the theory of electric double layer firstly. After that, Yuan(Yuan Q., 

2009b) calculated the length of electric double layer based on Debye equation, and gained the 

conclusion that the higher concentration of soaking solution, the thinner thickness of electric double 

layer and the smaller concentration index. Based on the results of Yuan, He(He F Q., 2010) assumed 

the average concentration of chloride ion in diffusion layer and proposed a computational formula to 

calculate chloride concentration index caused by electric double layer formed within pore structure of 

cement-based materials. 

The electrical double layer forms at the interface between pore walls and pore solution. The electric 

double layer consists of two layers: compact layer and diffusion layer. In compact layer, ions are 

tightly adsorbed on the solid surface, while ions diffusely distribute in diffusion layer due to the 

interactions between attraction of solid phase and thermal motion. Most of the ions in diffusion layer 

may move with pore solution, electrokinetic potential formed at shear plane is defined as zeta potential. 

Zeta potential of clinker and cement have provided a lot of useful information on early hydration of 

C3S and other calcium silicate compounds and rheological property of freshly mixed 

pastes(Traetteberg A., 1974). However, the studies on zeta potential were mainly concentrated on 

mechanism of water reducing agent on cement hydration(Plank J., 2007a). The research on influences 

of chloride ion on cement hydration and ion binding is limited. Besides, limited by testing technology, 

most of the existed studies on zeta potential need to dilute the sample during the measurement, which 

restricted the researches.  

This paper studies the influences of chloride ions on early hydration by measuring the zeta potential of 

original suspensaion, and effects on concentration index based on zeta potential of an simplified 

artificial cement pastes. A model was established to investigate the relationship between zeta potential 

and chloride concentration index. 

2.Theory on electroacoustic measurement of zeta potential 

Particles with diameter between 10-6 and 10-9 meters suspended in a continuous phase of 

another component, neither precipitation nor dissolution, is called as colloidal suspension. 

Zeta potential at the surface of colloid particle reveals the surface potential storage and had 

close relationship with the stability of colloid system. According to the theory of 

DLVO(Derjaguin LandanVerwey Overbeek), zeta potential is an important factor representing 

the stability of colloidal suspension system. 

When placed in a sound field, the stability of electric double layer may be broken down. The 

surplus ions are removed and a new polarized state reoccurs, which results to the 

rearrangement of electric charge at the surface of particles. The polarization effects induce 

dipole moment and produce a colloid vibration current within the suspension system. 

 The colloid vibration current(CVI, ICV) is a kind of current at macrolevel for suspension 

system. For thin electric double layer of monodisperse suspension and low conductivity, the 

macroscopic current and field intensity can be calculated based on Shilov Zharkikh cell model: 

brrII  cos/         )cos（/ brbE                                   (1) 
Where, r is polar coordinate, θ is polar angel, b is the cell diameter in cell model, ϕ is 

potential (V), <E> and <I> is macroscopic field intensity (N/C) and current (A). 

Based on equation (1), ICV can be calculated as               brmCV rKI  /cos/-                                               (2) 



 

Where, Km is conductivity of medium (S/m). Introducing the Kuwabara cell model and 

considering the overlap of electric double layer: 
p)1(  FGQICV                                                     (3) 

    ,/)1(1/23/)(2/j9G spSHshs  

pFQ sspm  ),2/()1(),3/()(2 0   

Where ζ is zeta potential (V), ▽p is pressure gradient (Pa/m), j is imaginary unit, s=a[ω 

/(2υ)] 1/2 , a is fineness of dispersion phase (m), ω is ultrasonic frequency (rad/s), υ is 

kinematic viscosity (m2/s), h, H, S is special function proposed in Kuwabara cell model，ρp , 

ρs is density of dispersion phase and colloid respectively (kg/m3), φ is volume concentration, 

Ɛ0 and Ɛm is vacuum dielectric constant and relative dielectric constant of dispersion medium 

(F/s), η is viscosity (Pa•s). 

Comparing to other methods, such as electrophoretic and electroosmosis technique, 

electroacoustic technique shows superior in zeta potential measurement of aqueous colloids. 

Acoustic wave is appropriate for system with complicate and high concentrate. 

Electroacoustic method has the advantages in measuring the zeta potential of samples with 

higher concentrate, larger particle size range and fewer samples consumption and has been 

used to investigate the electrochemical properties at the interface within various materials. In 

this paper, a DT-300 instrument from Dispersion Technology was used for zeta potential 

measurement without dilution of samples, which to some extent avoided the differences in 

hydration and surface properties between diluted and original samples. 

3. Experimental 

3.1. Raw Materials 

P·I 52.5 Portland cement (PC) and Grade 95 slag powder were used in this study. The chemical 

compositions of the cement and slag are given in table 1. NaCl, Ca(OH)2 and AgNO3 were analytical 

grade chemicals. De-ioned water was used to prepare solution for chemical analysis. 
Tab. 1 Chemical composition of raw materials /% 

Raw Material SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 C  LOSS 

Cement 21.09 4.34 2.81 62．50 1.81 0.62 2.87 — — 

Slag 33.00 13.91 0.82 39.11 10.04 1.91 0.16 — 0.08 

3.2 Specimen preparation and curing 

Water to binder ratio of cement pastes is 0.4. PVC pipe with a size of Φ50×200mm was used as a 

mould. One end of the mold was sealed with polyvinyl chloride board. After cement paste was cast 

into the mold, the other end of the mold was sealed with plastic film immediately, then placed in an 

oscillator for 6h of slow rotation to avoid segregation. After that, the specimens with mould were left 

in a room at 20℃ for 24h, then demolded and cut into thin-disc about 5mm of thickness. 

The cement paste disc specimens were cured in water for another 27 days before vacuum saturation 

with saturated limewater, then immersed into 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L of NaCl solutions 

respectively in plastic containers covered with plastic film at 20℃. The volume ratio of soaking 

solution to specimens was kept above 40. The solution was replaced every two weeks so to ensure the 

relatively constant chloride ion concentration in the soaking solution.  

3.3 Zeta potential measurement of freshly mixed cement pastes 

Mixing 20g Portland cement with different concentration of sodium chloride solution, that is 0，0.1，

0.3，0.5，0.7 and 1.0mol/L respectively in a beaker. The water to binder ratio is 0.4. Placed the 

beaker on a magnetic stirring apparatus with a magnetic stirring son, the beaker was sealed with 

plastic film in case of evaporation. After 20 minutes’ stirring and 1 minute of standing, zeta potential 

of freshly mixed cement pastes was measured.   

3.4 Zeta potential measurement of hardened cement pastes 



 

When the designed soaking time was reached, the samples were grounded by ball mill and placed in 

60℃ vacuum drying oven for 24h. The fraction of particles having diameter between 0.0025 to 0.0045 

mm was separated by sieving and used for zeta potential measurement. The suspension was prepared 

by mixing 2g of powder samples with sodium chloride solution whose concentration equals to that of 

soaking solution the samples immersed. The mass ratio of solid to liquid was 1:1. The suspensions 

were kept for 6 h, and then dispersed by ultrasonic waves for one minute before the measurement. 

Zeta potential in the suspensions was measured with DT300 instrument. 

3.5 Pore solution expression and chloride analysis 

The specimens with three cement paste dics for every group were rubbed with cloth soaked in the 

chloride solution and twisted to obtain saturated surface dry condition after 56 and 91 days of soaking 

in NaCl solutions. Those specimens were crushed, placed in an expression apparatus and loaded to 

510MPa at a rate of 1.5~2.5MPa/s. They were held at this pressure for 1 min, then unloaded rapidly 

and repeated once more. The expressed pore solution was collected with an injection syringe whose 

pinhead was covered with a latex tubing to prevent leaking, then was injected into a plastic container 

and sealed immediately to avoid carbonation. The pore solution expression apparatus was cleaned 

with anhydrous ethanol after a pore solution expression procedure to avoid cross contamination. For 

every batch the reported results are average of three concentration of expressed pore solution. 

3.6 Chloride ion concentration index 

Collected pore solution was diluted for 20 times for chloride ion titration using an automatic 

potentiometric titrator with a silver electrode. The titration solution was 0.01mol/L of AgCl solution. 

At the end point of the titration, automatic potentiometric titrator calculated the chloride 

concentrations automatically according to potential-volume curve. Chloride ion concentration index Nc 

was calculated by the following equation: 
Nc=ck/cb                                                                                   (4) 

Where ck is the chloride ion concentration determined by chloride ion titration, cb is chloride ion 

concentration in exposure solution. 

4. Results and Discussion 

4.1 Influences of chloride concentration in mixing water on zeta potential of freshly mixed pastes   

The development of zeta potential of freshly mixed cement pastes with chloride concentration in 

mixing water and slag replacement is plotted in figure 1. It can be seen that with the increase of 

chloride concentration in mixing water, zeta potential of 4 groups with different slag replacement all 

gradually increased. Meanwhile, the addition of slag had positive effects on higher zeta potential of 

paste samples. 
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Figure 1 Zeta potential of freshly mixed cement pastes 

The phenomenon of electrization is ubiquitous at the interface of solid and liquid. The contact of an 

overwhelming majority of dispersion particles with polar solution or polar media will create an 

electrical charge. The charged dispersion system will attract ions with opposite charges so that the 

system as a whole is electrically neutral, which results in the formation of electric double layer. 

Immersed in solution, the electric double layer formed at the interface of solid and liquid due to the 

ionization, ion exchange or binding and fraction contact. In electric double layer model established by 



 

Stern, the electric double layer consists of two layers: internal layer and external layer. Internal layer 

refers to compact layer while external layer refers to the diffusion layer. In compact layer, ions 

opposite to solid surface potential are strongly bound due to electrical or non-electrical attraction. Out 

of the compact layer, ions diffusely distribute in diffusion layer, where the concentration of counter-

ion is higher than that of ions who take same charge as compact layer. With the increase of distance to 

solid surface, the concentration of counter-ion decreases to that of bulk solution. In diffusion layer, 

there exists a shear plane, solution on the side of pore solution is flowable and moves with bulk 

solution. This movement generates a potential difference at the shear plane, which was defined as zeta 

potential. 

The main hydration product of cement-based materials is calcium silicate hydrates (C–S–H) with a 

high specific surface area. In fully hydration Portland cement paste, C-S-H may reach up to 70% of 

total volume and 200 m2/g(Elakneswaran Y., 2009a). The surface of C–S–H is negative charged due to 

ionization of silanol sites in alkaline condition. The dissociation equilibrium of silanol sites due to pH 

increase is given by(Elakneswaran Y., 2009b).:  

≡SiOH+OH-⇔≡SiO− + H2O                                                      (5) 

The specimens were vacuum saturated with saturated limewater solution before soaking in chloride 

environment, saturated limewater solution might fill the pore of specimens. The hydration of cement 

may also produce calcium hydroxide. The adsorption of Ca2+ on the silanol sites resulted in a positive 

charge: 

≡SiOH + Ca2+ ⇔≡ SiOCa+ + H+                                                 (6) 

The specimens were then immersed in a NaCl solution, chloride ion penetrated into pore solution, and 

absorbed onto the silanol sites: 

≡ SiOH + Ca2+ + Cl− ⇔≡ SiOCaCl + H+                                        (7) 

Therefore, due to the adsorption of hydration product C-S-H gel, electric double layer formed on the 

surface of cement pastes particles. The study(Elakneswaran Y., 2009a) also found that other hydration 

products, such as portlandite and Friedel’s salt, can also adsorb chloride ions. The surface properties of 

solid and ion concentration in pore solution affect zeta potential of electric double layer, and zeta 

potential of freshly mixed paste can also represent the hydration characteristics of cement pastes. 

Many researches have studied the reaction of chloride ions with component of cement during 

hydration and how that affected the hydration rate of cement. During the study on mechanism of 

coagulant and set retarding admixtures, Joisel(Joisel L., 1993) found that the dissolution of ion into 

pore solution has close relationship with hydration rate of cement. Monovalent anion or group in 

solution (such as Cl- or NO3-) can promote the dissolve of Ca2+ and accelerate the hydration of cement, 

which have positive effects on the development of early strength(Mehta P K., 2006). The paper of A. 

Traetteberg(Traetteberg A., 1974) also revealed the acceleration effects of chloride ion on hydration of 

tricalcium silicate. Especially when part of cement is replaced by slag, the addition of chloride salt 

increases the pH of pore solution, the acceleration effects may be more significant. The development 

of hydration will promote the production of hydration products and boost the zeta potential of freshly 

cement pastes. 

Koleva et al(Koleva D A., 2007) studied the influences of chloride ion on hydration products of 

cement-based materials and found that internal chloride had close relationship with C/S ratio of 

hydration products. The chloride in mixing water can increase the C/S ratio from 1.8 to 2.19~2.95. C/S 

ratio in hydration products decides the surface charge of C-S-H gel. For C-S-H gel with high C/S ratio, 

the gels are positively charged and attract the Cl−, OH− and other anion into the surface of C-S-H gels. 

Instead, the surface of C-S-H gels may be negative charged when the C/S ratio lower than 

1.2~1.3(Monteiro P., 1997). In some studies, negative zeta potential was obtained by other testing 

method and instrument, which need to dilute the samples to a very low solid-liquid ratio. The dilution 

process decreases the concentration of Ca2+ in pore solution, and thus promotes the dissolve of calcium 

hydroxide, which may obviously affect the value of zeta potential. In this study, the values of zeta 

potential are all above zero. The formation of hydration products with high C/S ratio after the addition 

of sodium chloride in mixing water increased the zeta potential of freshly mixed cement pastes. 



 

Meantime, zeta potential can also be used to represent the dispersion properties of suspension system. 

Generally speaking, the larger absolute value of zeta potential, the better dispersion properties of 

system. The electrification at the surface of cement particles is complicated, and the signal and density 

of charge at the surface of various mineral admixture particles and hydration products are totally 

different. Electrostatic repulsion is considered as one of the important reasons for particles keep the 

dispersed state, as well as the mechanism of superplasticizer on hydration properties of freshly mixed 

cement pastes(Yu Y H., 2012). Many researches(Plank J., 2007b, Ferrari L., 2010) on mechanism of 

superplasticizer found that the addition of it apparently increased the absolute value of zeta potential. 

It can be seen from our experimental results that chloride ions has a certain role in improving the 

flowing property of cement pastes and can to some degree be considered as a kind of inorganic 

superplasticizer. 

Few studies(Zhang C., 2013) were conducted on the influences of slag on zeta potential of freshly 

mixed cement pastes. The ion concentration at the boundary layer of cementitous materials particles 

has close relationship with zeta potential, and even few added electrolyte brings prominent effects on 

value of zeta potential. During the hydration process, the dissolved mineral admixtures forms new 

electrolyte and affects the system’s charge balance. At the same time, slag can break down the 

flocculation group formed around the cement particles and increase the adsorption group. The results 

that slag increases the absolute value of zeta potential and improve the flowing property of paste is 

consistent with the former study that mineral admixtures was able to promote the flowability of 

cement pastes(Chen L., 2010). 

Among the mineral composition of cement, C3A shows highest hydration activity and have significant 

influences of early hydration and rheological property of cement pastes. In this study, samples after 

only 20min of hydration was chosen for the measurement of zeta potential, thus at that stage C3A was 

the main component that start to hydrate. Research on zeta potential of synthetic C3A at early stage 

revealed that zeta potential sharply increased in the moment that water and C3A was mixed and 

reached up to 20mV about only 2 minutes later. AFt and AFm are the main hydration products of C3A, 

whose  structural formula can be represented as {[C3A]mnAl(OH)4
-.[(n-x)/2Ca2+]}.x(OH)-. With the 

development of hydration, concentration of Ca2+ on the surface of hydration products particle of C3A 

gradually increases and improve the value of zeta potential. Content of Al2O3 in ground granulated 

blast furnace slag (GGBFS) is much higher than cement, therefore the content of C3A in large 

admixture slag cement may be higher than cement without slag, which promote the early hydration 

activity of samples and increase the zeta potential of freshly mixed cement paste.   

4.2 Influences of chloride concentration in soaking solution on chloride concentration index of 

hardened cement paste 

Figure 2 and figure3 is chloride concentration index of samples with different content of slag after 28d 

of bath-curing and 56d and 91d of soaking in chloride solution. After 56d of soaking, chloride 

concentration index gradually decreased with the slag replacement, which was more apparent in low 

concentration of soaking solution. When the soaking reached up to 91d, the chloride ion concentration 

index of pastes with 20% slag showed no obvious differences from the PC samples, then decreased 

with the increase of slag content from 20% to 60%. The paste specimens with 40% and 60% slag 

showed lower concentration indices than the PC samples did over the entire soaking solution 

concentration range. It can be seen that the chloride concentration index of pastes changed from 40% 

to 60% replacement was not as notable as slag replacement increased from 20% to 40%. 
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Figure 2 Chloride concentration index of cement paste after 56d of soaking  
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Figure 3 Chloride concentration index of cement paste after 91d of soaking  

Slag is a kind of potentially hydration active supplementary cementitious material, and produces 

hydration products C-S-H gels react with the primary hydration products Ca(OH)2 of cement. The 

reaction of slag falls behind of the hydration of cement(Wang C., 2000). The increase of slag 

replacement leads to a reduction of cement content, and decreases the content of primary hydration 

product Ca(OH)2 significantly. These may have negative effects on the formation of C-S-H gel and 

adsorption of chloride ions(Yu H., 2007). Meanwhile, the reduction of Ca(OH)2 content and 

adsorption of alkali metal ion to hydration products  results in the decrease of pH of pore solution and 

affects the ionization of silanol sites. The addition of slag may also change the surface properties of 

hydration products and reduce surface potential of pastes(Elakneswaran Y., 2009c). These may all 

show negative effects on physical adsorption of chloride ions within hardened pastes. 

Chemical binding is generally the result of reaction between chlorides and C3A to form Frieda’s salt or 

the reaction with C4AF to form a Frieda’s salt analogue. Sulfates react with C3A and C4AF and form 

ettringite or monosulphate. Thus, SO3 content in the cement has a negative influence on the binding 

capacity, especially in low chloride concentrations (such as 0.1 M). The content of Al2O3 in slag was 

higher than that in the cement, while the content of sulfate was lower, which may enhance the 

chemical binding of cement pastes. Chemical binding and physical adsorption in cement pastes coexist 

in a competitive dynamic process(Luo R., 2001). The enhancement of chemical binding would 

decrease the chloride concentration in pore solution and inhibit the physical adsorption of chloride 

ions onto electrical double layer. The restriction of chemical binding on chloride in concentration may 

be much more obvious for samples soaking in lower concentration of chloride solutions, with the 

increase of concentration of soaking solution, the concentration of chloride in pore solution increased, 

which may weaken the influence of chemical binding on chloride in concentration. 



 

In the meantime, the improvement of pore structure after the slag replacement may block the 

migration of chloride ions within pastes and a longer time is needed for the penetration of chloride into 

small pore. This may be another reason for the decrease of chloride concentration index with the 

replacement of slag.   

4.3 Influences of chloride concentration in soaking solution on zeta potential of hardened cement 

paste 

In figure 4 and figure 5, zeta potential of hardened cement pastes for different slag content 

and soaking solution concentration is showed. After 56d of soaking, zeta potential of pastes 

gradually decreased as concentration of soaking solution increased. Cement pastes samples 

showed decreased zeta potential with the increase of slag content, which is weakened as 

chloride concentration increased. When soaking time reached to 91d, zeta potential of 

samples obviously increased than that of 56d soaking. However, the improvement of zeta 

potential was faster for sample with slag. 
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Figure 4 Zeta potential of cement paste after 56d of soaking 
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Figure 5 Zeta potential of cement paste after 91d of soaking 

Electric double layer can be divided into several part according to the existential form of ions. 

Firstly is potential-determined layer, where ions are chemically bound at the surface of solid, 

the ions in this layer are desolvated. Then the ions adsorbed due to physical and electrostatic 

interaction form the Stern layer. The thickness of Stern layer equals to that of 1 or 2 molecule, 

and contains the solvated ions. The potential of electric double layer is decreased in Stern 

layer from Ψ0 to Ψd. Outside of the Stern layer is the diffusion layer. There exists a shear 

plane in diffusion layer, on the two side of shear plane, one is motionless while another is 

flowable layer. The potential at shear plane is defined as zeta potential related to 

electrokinetic phenomenon. Fig. 6 is the potential changes in electric double layer of Stern 

model as a function of distance from solid phase. 



 

 
 

Figure 6 Potential changes in electric double layer 

According to Stern electric double layer model, potential-determined ions in potential-

determined layer and counter-ions in diffusion layer have close relationship with the zeta 

potential at shear plane. On one hand, the concentration of potential-determined ions affects 

the surface potential of hydration products and the signal and value of zeta potential. On the 

other hand, zeta potential changes with concentration of counter-ions in Stern layer. With the 

increase of electrolyte concentration in pore solution, the concentration of counter-ions in 

Stern layer will also increase, which may result into the more reduction of potential in Stern 

layer and zeta potential. Within cement-based materials, potential-determined layer forms due 

to the adsorption of calcium ions on the surface of hydration products, then the chloride ions 

attracted by potential-determined layer diffused distribute in diffusion layer. It can be known 

that the increase of chloride concentration in soaking solution to some extent increases the 

concentration of counter-ions (Cl-) and potential reduction in Stern layer. When the properties 

and quantity of hydration products and other factors are identical, the decrease of zeta 

potential in electric double layer is simultaneous with increase of soaking solution 

concentration. At the same time, the decrease of C/S ratio in hydration products and pH of 

pore solution caused by the slag replacement may reduce charge density in potential-

determined layer. Thus, zeta potential of hardened cement pastes gradually decreased with 

content of slag. With the extend of soaking time, hydration of slag may increase hydration 

products, which is beneficial to development of zeta potential. 
4.4 Relationship of chloride concentration index and zeta potential 

Figure 7 shows the relationship of measured chloride concentration index and zeta potential. 

A good linear relationship was obtained for our experimental results between concentration 

index and zeta potential. However, it is known that besides zeta potential, pore structure 

distribution, ion composition in pore solution and other factors also affects chloride 

concentration index. In this paper, different fitting equation was established for samples with 

different soaking time and slag replacement. 
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Figure 7 Relationship of measured chloride concentration index and zeta potential  
The ions distribution in diffusion layer can be modeled by Gouy-Chapman model, based on 

the assumption in this model, the probability of ions in diffusion layer is in direct proportion 

to Boltzmann factor e-zeψ/kT. The ion concentration in diffusion layer can be showed as follow: 

)exp(0 kT

ze
nn
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                                              （8） 

Where, n+、n-——the number of cation or anion per unit volume solution; 

           n0——the number of ions per unit volume solution at the distance where electric 

neutrality（ψ=0）reaches； 

           z——charge number of cation or anion； 

           ψ——the potential at x distance from shear plane。 

According to classical theory of electrostatics, the relationship of potential on the side of 

solution and the distance from solid surface (or shear plane) can be showed by Possion 

equation.  
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Where，ε0, εr——vacuum permittivity of electric double layer and relative permittivity of 

solution media； 

           ▽2——Laplace operator, which express the divergence of a function； 

                       ρ——the number of negative charge per unit volume minus that of positive 

charge. 

Solving the equation above with boundary conditions introduced, the following result 

obtained: 
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 is defined as effective thickness of diffused electric double layer； 

y=zeψ/kT, y0 equals to the value of y at x=0. 

Considering the value of y, in this experiment, the maximum value of zeta potential equals to 

7.87mV. Introduced into the equation above, the value of y is 0.3114. Therefore, in this study, 

the value of y calculated is all lower than 1.0, so series expanded ey/2 and leave the former two 

items:  
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Substitutes it into formula 10, then： 
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Substitutes formula 11 and effective thickness of electric double layer into formula 8: 
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Do the integral for chloride concentration in diffusion layer, we can obtain the average 

concentration of chloride ions, that is: 
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It can be known more clearly form the formula above that, the increase of chloride 

concentration in soaking solution on one hand decreases the thickness of diffusion layer in 

electric double layer and probability of chloride ions exist in electric double layer. On the 

other hand, it results into the increase of counter-ions concentration in Stern layer and 

decreases zeta potential of electric double layer. He(He F., 2010) studied the thickness of 

electric double layer and found that it decreased significantly with concentration of bulk 

solution, which became less obvious when the concentration higher than 0.5mol/L. These can 

be used to interpret the decreased concentration index with the increase of chloride 

concentration in soaking solution. 

Pore structure of cement-based materials has close relationship with chloride concentration 

index. Then, a formula for chloride concentration index calculation is obtained based on the 

assumption of cylindrical pore model (figure 8) and pore diameter distribution (table 2). The 

results are showed in figure 9. The vacuum permittivity of electric double layer is 8.854*10-

12F/m and relative permittivity of sodium chloride solution is calculated by the fitting formula 

proposed in references(Yang X Q., 2006).  
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Tab. 2 Assumed pore diameter distribution 

 0~5nm 5~10nm 10~50nm 50~1000nm 

Average/nm 2.5 7.5 30 500 

Percentage/% 20 10 60 10 

It can be seen from figure 9 and figure 10 that after 56d and 91d of soaking, the development 

of calculated concentration index with chloride concentration in soaking solution and slag 

replacement is in agreement with the measured results. However, the value of calculated 

concentration index is much lower than measured results. Two reasons may be responsible. 

The first is we assumed the pore shape as cylindrical model and a simple pore diameter 

distribution. However, the specific surface area of hydration products is much higher and 

there existed many capillary and gel pore within cement pastes, which may promote the 

chloride concentration significantly. Specially, for some small pore, the electrical double layer 

may overlap with each other and have positive effects on chloride concentration. Secondly, 

the method we used to measure the zeta potential has to grind the hardened cement pastes into 

powder and mix with same mass of corresponding soaking solution. These may change the 



 

condition around the solid phase and affects the measured zeta potential. A new non-

destructive testing method which can measure the zeta potential of hardened cement pastes 

may be helpful for further study. 
L
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Figure 8 Pore structure model within cement-based materials 
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Figure 9 Calculated chloride concentration index after 56d of soaking  
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Figure 10 Calculated chloride concentration index after 91d of soaking 



 

5. Conclusions 
Based on the results and discussion above, the following conclusion can be made: 

(1)Zeta potential of freshly mixed cement pastes gradually increased with the sodium chloride 

concentration in mix ingwater. At the same time, slag also higher the zeta potential of samples. 

(2)With the increase of chloride concentration in soaking solution, the chloride concentration 

index of paste samples decreased significantly. After soaking 56d, chloride concentration 

index gradually decreased with the slag replacement. 91d of soaking, chloride concentration 

index of samples with 20% slag reached the same level as control group. 

(3)Zeta potential of hardened cement pastes was decreased with the increase of soaking 

solution concentration and slag content, while this effects was weakened as concentration of 

soaking solution increased.  

(4)Chloride concentration index can be calculated by Gouy-Chapman model based on 

provided zeta potential and pore diameter distribution.  
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Abstract  

Magnesium fluosilicate, waterglass, sodium fluosilicate, and composite treatment of waterglass and sodium 

fluosilicate were used as surface treatment agents and their interactions with cement-based materials were studied 

in this work. Thermal and infrared spectroscopy analyses were conducted to reveal the changes in composition of 

harden cement pastes after surface treatments. The result showed that these inorganic surface treatment methods 

could reduce the content of Ca(OH)2 in surface layer of harden cement, while the amount of calcium silicate 

hydrate (C-S-H) and silica gel were increased. In addition, scanning electron microscope (ESEM) observation and 

energy dispersive spectroscopy (EDX) analyses confirmed that new products formed in surface layer. Composite 

treatment of waterglass and sodium fluosilicate performed best. The reactions between waterglass and sodium 

fluosilicate also played an important role in the composite treatment, while waterglass and sodium fluosilicate 

could reacted with Ca(OH)2The pore-blocking effect due to the interactions between these inorganic surface 

treatment agents and matrix of cement-based materials, and consumption of Ca(OH)2 would be the major reasons 

for improvement in permeability and durability of cement-based materials. 

 

Originality 

This work attempted to improve the understanding of mechanisms of three inorganic surface treatment methods 

which were unclear until now. Tests were carried out on mortar and harden cement paste to illustrate the change 

in microstructure and composition after inorganic surface treatments. In this way, it was also possible to compare 

the efficacy of different inorganic surface treatment agents. 
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1. Introduction 

The durability problem of cement-based materials are widely concerned as a failure reason of many 

reinforced concrete structures. To a large extent, concrete durability is to a large extent dependent on 

their resistance to the ingress of aggressive materials, such as chloride, sulphate and carbon dioxide. 

Within many protective methods aiming at enhancing the durability of concrete, the surface treatment 

was widely concerned since it was both effective and economic. 

Surface layer of concrete defined as a 30mm thick layer below the surface, generally thinner than the 

protection layer (De Vries I.J. and Polder R.B. 1997). Many properties of concrete, such as resistance of 

carbonation, permeability of chloride iron and mechanical properties, are affected by quality of surface 

layer (Yang P., et al. 2012). The protective surface treatments were generally classified into three 

categories by EN 1504-2:2004 according to their functions (Dai J., et al, 2010; Bertolini L. et al., 2013). 

(a) Surface coating, which can form a continuous polymer film to create a physical barrier that prevents 

the environmental aggressive agents from penetrating into concrete. (b) Hydrophobic impregnation, 

which is able to produce a water-repellent pore surface in the surface near zone while leave the pores 

open. The most commonly used hydrophobic agents are silane, siloxane and a mixture of these two 

components (Moradllo M. K. et al, 2012; Li, H. et al. 2012). (c) Pore blocking surface treatment agents, 

which can partially or totally fill the capillary pores and thus reduce the surface porosity. 

Most surface coating and hydrophobic impregnation are organic polymers. Although organic polymers 

can introduce many advantages, including lower permeability, they also have some durability problems, 

such as poor fire resistance, possibly leading to crack and detachment, and hard to remove after losing 

effectiveness (Moradllo M. K. et al, 2012; Pigino B. et al., 2012). In addition, air permeability of 

concrete after organic polymers treatment need careful evaluation. Many coating will greatly reduce the 

air permeability which will affect the adhesion between the coating and the concrete matrix (Dang Y. et 

al., 2012). In term of silane and siloxane, their effect on the air permeability are negligible, and thud 

they hardly improve the carbonation resistance. 

Recently, Medeiros et al. (2008) showed that their capacity of inhibiting water penetration will reduce 

when the water pressure is higher than 120kgf/m2. Medeiros et al. (2009) also found that they do not 

have significant impact on the resistance of chloride diffusion. Jones et al. (1995) found that the 

environment temperature had great impact on the resistance of chloride diffusion of concrete treated 

withsilane and siloxane,when the temperature is higher than 45℃, the hydrophobic surface formed by 

silane and siloxane will decompose, and lose their protection. Levi et al. (2002) showed that the effect 

of silane and fluorinated polymers will reduce to 10% and 50% after artificial ageing of UV. On the 

other hand, there are very limited researches and applications on the inorganic surface treatment. Sodium 

silicate is one of the most common pore blocking surface treatment agents. There were some studies 

demonstrated that the sodium silicate treatment could reduce the water absorption and chloride diffusion 

tosome extent, especially after post-treatment of cationic surfactan (alkyl quaternary ammonium salts) 

(Thompson J.L. et al. 1997; Kagi D.A. and K.B. Ren, 1995). Franzoni et al. (2014) found that abrasion 

resistance of concrete was increased by sodium silicate treatment. However, Ibrahim et al. (1999) 

demonstrated that sodium silicate treatment could not significantly improve the resistance of penetration 

of water and chloride ions. In addition, reaction of sodium silicate and calcium hydroxide will generate 

NaOH, increasing the likelihood of alkali silicate reaction (Pigino B., et al. 2012; Franzoni E. et al. 

2014). 

Recently, researches showed that magnesium fluorosilicate, waterglass, and sodium fluorosilicate had 

the capacity to enhance the resistance of concrete to water permeability, air permeability and carbonation 



(Jia L., 2013; Shi C., et al., 2014). In this paper, the mechanism of these inorganic surface treatment agents 

are investigated and compared throughthermal analysis, fourier transform infrared (FT-IR), scanning 

electron microscope (ESEM) observation and energy dispersive spectroscopy (EDX) analyses. 

2. Raw materials and testing methods 

2.1. Materials 

P.I. 52.5 Portland cement with a specific surface area of 336 m2/kg and an ignition loss of 2.49% was 

used. The chemical composition of the cement is shown in Table 1. The density of the sand was 2610 

kg/m3.The grading of these aggregates areshow in Table.2. 

Table 1. Chemical composition of cement 

 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 

Alkali 

equivalent 

ratio 

LOI 

Percentage 

(%) 
21.91 5.30 3.67 64.5 1.51 0.62 0.19 2.03 0.59 2.49 

Table 2. Grading of fine and coarse aggregates 

Size (mm) 5 2.5 1.25 0.63 0.315 0.16 

Cum retained of sand (%) 8.0 21.2 36.7 56.5 89.0 98.6 

An industrial grade waterglass (Na2O•nSiO2) with modulus (n) of 3 was used in this work. NaOHand 

industrial waterglass were mixed with proportion of 5.92g : 100g for obtaining a waterglass solution 

with the modulus of 2. The chemical composition and physical properties of these waterglass solutions 

are shown in Table 3. They were mixed with water with a mass ratio of 1:4 to obtain the surface treatment 

agents. Since sodium fluosilicate is often used as a coagulant of waterglass, sodium fluosilicate solutions 

with concentrations of 2% were used for improving the efficiency of waterglass treatment. Magnesium 

fluorosilicate solutions with concentrations of 30% were prepared and used as surface treatment agents. 

Table 3. Chemical composition and physical properties of waterglass 

Code Modulus Na2O (%) SiO2 (%) Baume degree Density (kg/m3) 

N3 3 9.05 26.5 38.4 1369 

N2 2 12.9 25.0 44.1 1440 

2.2 Mixture proportions and sample preparation 

The mixture proportion of the mortar is given in 错误 !未找到引用源。 . Mortar cylinders of 

Φ50mm×100mm was mixed in laboratory using a mortar mixer and were casted for morphology and 

microstructure characterization. The water cement ratio of paste sample (cylinders of Φ110mm×100mm) 

which use for thermal analysis and FT-IR was 0.45. All the molds with mixtures were compacted using 

a vibration table, then covered with plastic sheet and placed in a room at T=20±1°C for 24 hours. Then 

were placed in a moist curing room at T=20±1°C and RH≥98% for continued curing. 

Table 4. Mixture proportion of mortar specimens 

w/c cement water sand 

0.45 400g 180g 517g 



2.3 Surface treatments 

The middle portions of the cylinders were cut into 50mm thick disks after curing for 6 days. Then all 

the specimens were placed into a chamber at T=20±2°C, RH=55 ± 5% for 24h before surface treatment. 

After that, sample surfaces were treated by surface treatments by a nylon brush every two hours for four 

times. After the treatments, samples were placed back into the standard curing room till testing ages. 

The treatment methods are summarized in Table . 

Table 5. Methods of concrete surface treatment 

Specimen Surface treatment 

2-1 Without treatment 

2-2 30% magnesium fluorosilicate solutions 

2-3 N2 waterglass solution 

2-4 N3 waterglass solution 

2-5 2% sodium fluosilicate solutions 

2-6 2% sodium fluosilicate solutions + N2 waterglass solution 

2.4 Testing methods 

2.4.1 Thermal analysis 

The treated paste samples were prepared for thermogravimetric (TG) analysis after 7, 14 and 28d days. 

The surface layer (1mm) of the specimen wasgrindedinto powder. The powders were dried in an oven 

at 60°C for 24h, then sieved through a 125 μm sieve. The powders were heated from 20 to 1200°C at 

the heating rate of 10°C/min in a nitrogen atmosphere. Calcium hydroxide dehydrated between 450 and 

550°C; and calcium carbonate decomposed between 550 and 1,000°C. Thenthe mass percentage of 

calcium hydroxide and calcium carbonate was calculated. 

2.4.2 FT-IR 

The treated paste samples were prepared for FT-IR after 7, 14 and 28d days. The surface layer (1mm) 

of the specimen was grindedinto powder. The powders were dried in an oven at 60°C for 24h, then 

sieved through a 45μm sieve. FTIR spectra were obtained by using a Thermo Scientific IS10 FT-IR 

workstation and employing the conventional KBr disc method. Approximately 2mg of fly ash was 

grindedtogether with 200 mg of IR-grade KBr for 5 min and pressed into thin disc. The disc was tested 

at a resolution of 2cm-1 with 32 scans per sample, referenced against a blank KBr pellet. The relative 

absorbance spectra over the range of 1400–400 cm-1 were subjected to a deconvolution analysis using 

the Peakfit 4.12 software with Gaussian peak shape and with variable peak width. The fitting process, 

including selecting the weighting function, setting the numbers and positions of component bands and 

adjusting the band shape, was performed according to the literature (Zhang Z. et al. 2012; Wu G. 1994), 

combined with the self-fitting function of the software. The band assignments will be discussed later in 

details later, however, the principle applied was to minimize the typical component band number while 

achieving regression coefficient r2 values above 0.95. 

2.4.3 ESEM/EDX 

The mortar specimens were dried at 60°C for 24 h before the experiment. Quanta FEG-200 equipped 

with energy dispersive spectroscopy (EDS) was used to analyze the morphology of onexternal surfaces 

of the hardened cement mortar before and after treatment.Samples were coated with Au-Pd before 

examination under the SEM. 



3. Experimental Results 

3.1 Effect of inorganic surface treatment on Ca(OH)2 and CaCO3 content 

The contents of calcium hydroxide and calcium carbonate of the pasted before and after treatment are 

shown in Figure 1. According to Figure 1(a), the magnesium fluorosilicate surface treatment agent had 

little effect on the content of calcium hydroxide in surface layer. However, other surface treatment agents 

could significantly reduce the content of calcium hydroxide. Especially, the calcium hydroxide of paste 

after the composite treatment of waterglass and sodium fluosilicate reduced to about 5%. It postulated 

that both the waterglass and sodium fluosilicate could react with calcium hydroxide. It can be seen from 

Figure 1(b) that the magnesium fluorosilicate and composite treatment of waterglass and sodium 

fluosilicate slightly increase the calcium carbonate content on 7 days, while these effects diminished 

later. For paste treated with waterglass and sodium fluosilicate, the calcium carbonate content in the 

surface layer was significantly increased. This result indicated that these inorganic surface treatment 

agents could react with calcium hydroxide and accelerate the carbonation in surface layer. As both the 

consumption of Ca(OH)2 and generation CaCO3 can reduce the porosity of cement, the surface treatment 

could reduce the capillary pore theoretically. As all the samples were cured in same environment, this 

result can be explained by thermodynamics (Visser J. 2013; Groves G.W. et al., 1991). The△G0
298 of 

carbonation of Ca(OH)2, C-S-H and sodium silicate are - 74.75 kJ/mol, - 74.7 kJ/mol (Zhang Z. et al. 

2012), while the △G0
298 of carbonation of N2 and N3 waterglass are much lower as equation (1-4). This 

indicated the carbonation of waterglass is easier than Ca(OH)2 and C-S-H. The solution of magnesium 

fluorosilicate and sodium fluosilicate are mild acids. Though both of them can not react with carbon 

dioxide directly, they could reduce the content of Ca(OH)2. However, magnesium fluorosilicate could 

generate more silica gel to block the capillary pore, due to its higher concentration. 

 Ca(OH)2+H2O+CO2→ CaCO3+2H2O    △G0
298= -74.75 kJ/mol                 (1) 

3CaO·2SiO2·3H2O+3H2CO3→ 3CaCO3+2SiO2 + 6H2O   △G0
298= -74.70 kJ/mol       (2) 

2NaO·2SiO2+CO2+4H2O→ Na2CO3+4H2SiO3     △G0
298= -375.03 kJ/mol           (3) 

2NaO·3SiO2+CO2+6H2O→ Na2CO3+6H2SiO3     △G0
298= -428.07 kJ/mol           (4) 

2-1 2-2 2-3 2-4 2-5 2-6
0

5

10

15

20

25

 

 

C
a

(O
H

) 2
 (

%
)

Surface treatment

 7d

 14d

 28d

 (a) Ca(OH)2 content 

2-1 2-2 2-3 2-4 2-5 2-6
0

5

10

15

20

25

30

35

40

 

 

C
a

C
O

3
 c

o
n

te
n

t 
(%

)

Surface treatment

 7d

 14d

 28d

(b) CaCO3 content

Figure1 Effect of inorganic surface treatment on the Ca(OH)2 and CaCO3 content 

3.2 Effect of inorganic surface treatment agents on the C-S-H 

The FT-IR spectra over the range 2000 – 400cm-1 for cement paste on external surfaces (depth 1 mm 

from the external surface) are presented in Figure 2. For the spectrum of cement paste, the two main 

band at 1430cm-1 and 970cm-1 was typical bands assigned asymmetric stretching vibrations (v3) of 



CO3
2−and Q2(Si-O) stretching vibrations (Zhang Z. et al., 2012; Li G., 2009; Zhao X, 2010; Ylmén R. 

et al., 2009; Yu P. et al., 1999). And the weak shoulder at 875 cm−1 and 1640 cm−1 is caused by the out-

of-plane bending vibrations (v2) of CO3
2− and bending vibrations of (O-H) (Yu, P., et al., 1999). The 

small band in around 450 — 490cm-1was assigned to bending vibrations of Si-O-Si，indicating inactive 

silica glass (Zhang Z. et al., 2012). In general, the spectra for cement paste do not change significantly 

after different surface treatments, meaning that the products of the surface treatment agents were 

consistent with the cement paste. Comparing the FTIR spectra between the five cement pastes, the most 

significant different was observed in regions around 1430cm-1and 875 cm−1 which indicate the content 

of calcium carbonate. The calcium carbonate content in the surface layer was significantly increased by 

waterglass and sodium fluosilicate treatment. This result was consistent with thermal analysis. 
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Figure2 FT-IR spectra for surfaces cement paste on specimens with inorganic treatment  

Figure 3 shows the result of deconvolution of the main band over the range 800–1200 cm-1. The principle 

applied in the deconvolution procedure is to minimize the number of vibration bands, with consideration 

of typical position for C-S-H gel. The region of FT-IR spectra can illustrate information about four 

tetrahedron elements of silica in the C-S-H gel (Ylmén R. et al., 2009; Taylor H.F., 1997; Wu Y. et al., 

2004). The band at 810 cm−1 is due to Si–O stretching vibrations at Q1 sites which is main element in 

unhydrated cement clinker (Yu P. et al., 1999; García-Lodeiro I. et al., 2008). As the well hydration of 

the specimens, the degree of polymerization was higher than unhydrated cement, the band move to 

around 840 cm−1. The main band in around 970 cm−1is assigned to Si–O stretching vibrations at Q2 sites. 

The chains of Q2 tetrahedron can indicate a wide range of calcium silicate which has a Ca/Si rato of 

around 50%. The Q2 sites are the most common tetrahedron in well hydrated cement paste (Yu P. et al., 



1999; García-Lodeiro I. et al., 2008). The two bands at 1090cm-1 and 1140cm-1 were due to typical bands 

Q3 and Q4 sites whichwere assigned C-S-H with lower SiO2 content. The Q3 sites usually shows in 

carbonated C-S-H; and Q4 sites are relatively seldom in cement paste (García-Lodeiro I. et al., 2009; 

Hong S. and Glasser F.P. 1999). In addition, the small band at 1030cm-1 is consequently attributed to the 

binding of sodium onto a silicate-based gel (García-Lodeiro I. et al., 2009).  
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Figure 3 Deconvolution of the Si–O asymmetric stretching band in C–S–H gels 

Figure 4 shows the standardized area percentages of the deconvoluted FT-IR spectra of cement paste on 

external surfaces in 7d, 14d and 28d. It can be seen that the areas of band assigned to Q2 and Q3 were 

increase after surface treatment. Compared with untreated paste, the areas of band assigned to Q2 were 

increased by 40.00%, 31.47% and 51.93% in 2-3, 2-4 and 2-6 in 7day. These band areas were increased 

by 23.45%, 28.18% and 37.31% in 28 day, respectively. The effect of composite treatment of waterglass 

and sodium fluosilicate lasted longer than waterglass treatment alone. It can also found that the effect of 

N2 waterglass occurred mainly within the first 7days, while the effect of N3 waterglass was more 

significant in 28d. In addition, the content of Q3 sites in the gel increased after waterglass and sodium 

fluosilicate treatment. The Q3 sites are normallygenerated by the carbonationof C-S-H, but Q3 sites can 

also formed by the reaction between watergalss  and calcium hydroxide or between sodium fluosilicate 

and calcium hydroxide, thus it is hard to decide the originality of Q3 sites. The content of Q4 sites were 

greatly increased by the magnesium fluorosilicate and composite treatment of waterglass and sodium 

fluosilicate [Figure 4(c)]. This indicated that these surface treatment agents could react with cement 

paste and formed silica gel which would block the capillary pores. Moreover, the content of Q4 sites in 

2-2 and 2-6 decreased with time, while the contrary trend was found in other specimens. This indicated 

that the silica gel formed in 2-2 and 2-6 were reactivity. Figure 4(d) shows the content of silicate-based 

gel binding of sodium. The content of this gel greatly increase in 2-3, 2-4 and 2-6. 



2-1 2-2 2-3 2-4 2-5 2-6
0

5

10

15

20

25

30

35

40

45

50

55

 

 

A
r
e
a

Surface treatment

 7d

 14d

 28d

 (a) the area of band in 970cm-1 

2-1 2-2 2-3 2-4 2-5 2-6
0

2

4

6

8

10

12

14

 

 

A
r
e
a

Surface treatment

 7d

 14d

 28d

 (b) the area of band in 1089cm-1 

2-1 2-2 2-3 2-4 2-5 2-6
0

2

4

6

8

10

12

14

 

 

A
r
e
a

Surface treatment

 7d

 14d

 28d

 (c) the area of band in 1140cm-1 

2-1 2-2 2-3 2-4 2-5 2-6
0

2

4

6

8

10

12

14

 

 

A
r
e
a

Surface treatment

 7d

 14d

 28d

 (d) the area of band in 1040cm-1 

Figure4 Variation in the areas of deconvoluted components for C-S-H gels 

3.3 Effect of inorganic surface treatment on morphology and microstructure 

Highly crystalline portlandite [Ca(OH)2] and amorphous calcium-silicate-hydrate (C-S-H) are the main 

phases in all Portland cement-based systems (Richardson I. G., 1999). The ESEM images at a 

magnification of 2000 and 5000 of external surfaces of the mortar samples without treatment can be 

observed in Figure 5 (a) and (b). In this sample, the main product was an amorphous phase. Combining 

with the result of EDX analyses (Table 6), it can be found that the main product were C-S-H gel. The 

calcium-to-silicon ratio (C/S) of C-S-H in neat Portland cement pastes varies from 1.1 to 3.0 with a 

mean of 1.80, which were similar with previous report (Richardson I. G., 1999; Chen J. J. et al. 2004). 

The content of magnesium, sodium and potassium were relatively low. And there were some small 

particles. According to the EDX result, these particles were calcium carbonate, because the calcium, 

carbon and oxygen account for above 90% of elements. These particles of calcium carbonate possibly 

formed through the carbonation of C-S-H and Ca(OH)2. Researches showed that carbonation can change 

the Ca/Si, morphology and nanometer-level structure of C-S-H (Thomas J. J. et al. 2004; Morandeau A. 

et al. 2015). As the carbonation rate is slow in high humid environment, only a very limited calcium 

carbonate was found. In addition, many micro pores were observed in Figure 5. Some of these pores 

were larger than 5μm, and would attribute to the water permeability. 



Figure5 ESEM images of external surfaces of untreated mortar samples at a magnification of 2000 (a) and 

at a magnification of 5000 (b) 

Table 6 Composition of surface layer on mortar specimen (Atomic %) 

Point Ca Si C O Mg Na K 

1 20.87 1.69 23.58 47.34 0.92 0.13 1.60 

2 20.98 2.58 24.06 48.08 0.73 0.08 0.61 

3 25.60 1.23 19.07 51.94 0.24 0.10 0.24 

4 25.87 8.44 14.58 47.34 0.22 0.00 1.60 

5 23.27 11.20 10.10 50.69 0.34 0.12 0.35 

6 21.98 9.55 15.64 49.41 0.21 0.38 0.45 

7 21.37 9.06 17.49 48.35 0.12 0.21 0.89 

8 20.96 12.18 15.64 49.22 0.25 0.17 0.94 

9 20.34 14.29 14.88 45.89 0.67 0.15 1.52 

10 19.53 15.69 12.45 48.31 0.42 0.06 0.63 

11 17.75 14.14 16.74 49.26 0.64 0.21 1.00 

Avg. 21.38 11.82 14.69 48.56 0.37 0.16 0.92 

The morphology of external surface on the mortar sample with magnesium fluosilicate treatment can be 

observed in Figure 6.It can be observed at Figure 6 (a) that magnesium fluosilicate led to great change 

in the morphology and microstructure of surface. The specimen surface was covered by many 1μm-

10μm cubes and micro-powder. According to the result of EDX analyses shown in Table 7 (Point 1-3), 

the main elements in the micro-cubes were K, Mg and F, and their molar ratio was about 1: 1: 3. The 

chemical composition of these micro-cubes was probably KMgF3.The complex fluorides KMgF3 have 

the cubic of morphology, and the average grain sizes are from 1 to 17μm (Hua R. et al. 2002). It can be 

synthesized by mixing KF and MgF2 (Hua R. et al. 2002; Cao M. et al. 2004). This result further 

confirmed that the magnesium fluorosilicate could not only react with the calcium hydroxide but also 

react with K+ in pore solution. However, as the content of K2O was very low in the cement past, the 

resource of the K+ need further investigate EDX analyses showed this micro-powder probably was a 

mixture of silica gel and KMgF3. In the area uncovered by many cubic crystals, it can be seen that the 

surface of substrate was very smooth and dense. Furthermore, the chemical composition was quite 
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different from the untreated sample. The calcium content decreased significantly, while silica content 

increased. 

 

Figure6ESEM images of external surfaces of mortar samples treated with magnesium fluorosilicate at a 

magnification of 2000 (a) and at a magnification of 5000 (b) 

Table 7 Composition of surface layer on mortar specimen (Atomic %) 

Point Ca Si C O Mg F K 

1 0.75 0.98 14.43 1.45 17.42 48.54 15.61 

2 - 0.55 17.86 - 18.93 48.23 14.43 

3 - 0.35 20.74 - 17.64 48.13 13.14 

4 1.08 8.68 11.45 18.35 12.12 34.99 11.26 

5 0.57 6.65 13.67 17.24 12.69 36.38 11.39 

6 1.43 4.32 9.43 15.6 13.62 39.52 14.38 

7 0.56 7.46 9.72 19.78 11.90 35.69 13.74 

8 4.98 21.15 6.93 37.29 6.86 17.02 5.06 

9 4.93 17.57 8.76 45.06 4.40 13.14 5.10 

10 3.71 21.48 7.38 42.97 5.47 10.70 6.51 

11 1.40 23.29 9.69 31.55 6.3 19.02 7.22 

It was believed that sodium silicate could react with calcium hydroxide and form NaOH and calcium 

silicate gel, which can block the open pores and increased the density. Figure7 corresponds to the 

external surface of mortar sample treated with N2 waterglass. The ESEM images reveal that two 

distinctive phases exist on the external surfaces. It can be found that there were some robs crystals which 

growth in the space of matrix. Most these clustered crystals with diameter ranging from 0.6-4μm had 

hexagonal cross section, and some of them were hollow. On the EDX result of the crystallites (Table 8, 

Point 1-3), the Ca, C and O were the main elements, and the composition of these columnar products 

was calcium carbonate. The amount of calcium carbonate after N2 waterglass treatment was larger, 

which consist with the result of thermal analysis and FT-IR. The C-S-H formed in the waterglass-treated 

surface seems to be less porous and more compact comparing with those existing in the untreated matrix. 

It also can found that the average Ca/Si ratio of the C-S-H gel (around 1.25) was significantly lower. 

The highest Ca/Si ratio of the C-S-H within the region was 2.17, and the lowest ratio was 0.34. The 

Ca/Si ratio influences both mechanical, chemical properties and morphology of C-S-H (Grangeon S. et 
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al., 2013; Mendoza O. et al., 2015; Blanc P. et al., 2010). With the increasing of Ca/Si, the specific 

surface area of C-S-H gel increases, while the porosity and pore structure will change greatly (Grangeon 

S. et al., 2013). C-S-H with lower Ca/Si ratio has less large pore than that with high Ca/Si ratio. Thus, 

the low Ca/Si ratio C–S–H material has greater intrinsic strength and lower permeability (Pourbeik P. 

et al. 2013). Therefore, the waterglass treatment can not only form deposits in capillary pores, but also 

can improve the permeability of C-S-H in surface layer. In addition, the content of C and Na in C-S-H 

was increased after waterglass treatment. Because the carbonation rate of C-S-H will rise with the 

decrease of Ca/Si ratio, thus the content of C will increase in C-S-H gel. Besides, the Na+ from the 

waterglass can bond to the C-S-H.  

  

Figure7 ESEM images of external surfaces of mortar samples treated with N2 waterglass at a magnification of 

2000 (a) and at a magnification of 10000 (b) 

Table 8 Composition of surface layer on mortar specimen (Atomic %) 

Point Ca Si C O Mg Na K 

1 16.37 1.47 29.07 51.2 0.28 0.51 0.25 

2 16.15 0.84 31.15 50.89 0.12 0.42 0.31 

3 20.62 0.90 28.38 48.29 0.22 0.35 0.42 

4 17.49 8.49 27.10 45.41 0.15 0.19 0.64 

5 16.01 9.88 19.04 52.02 0.38 0.67 1.23 

6 14.83 7.25 29.64 45.18 0.75 0.36 0.98 

7 15.28 7.03 25.06 48.54 0.59 0.44 1.04 

8 10.01 11.85 25.82 51.69 0.10 0.26 0.16 

9 8.25 15.25 25.94 48.15 0.42 0.34 0.24 

10 7.66 18.97 24.88 46.61 0.15 0.27 0.79 

11 5.58 16.22 26.37 49.94 0.28 0.51 0.13 

Avg. 11.89 11.87 25.48 48.44 0.35 0.38 0.65 

The ESEM images of external surfaces of the mortar samples with N3 waterglass treatment can be 

observed in Figure 8. At a magnification of 2000 [Figure 8 (a)], it can be observed that he specimen 

surface was covered by two distinctive phases. According to the result of EDX analyses, these different 

products probably had same chemical composition: calcium carbonate. In Figure 8 (b), it can be 

observed that the shape of calcium carbonate were different from the rob crystals shown in Figure 7. 
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However, the reason for the different shape of calcium carbonate on 2-3 and 2-4 was not clear now. 

According to previous studies, this change in microstructure of the CaCO3 phase may be attributed to 

the change of the Ca/Si ratio in C-S-H. With the increase of Ca/Si ratio, the content of calcite gradual 

increase while the aragonite calcium content (Chang J. et al., 2014; Black L. et al., 2007). The amount of 

calcium carbonate after N3 waterglass treatment was slightly larger than 2-3, consisting with the result 

of thermal analysis and FT-IR. The content of Si, Ca and Na in the C-S-H gel changed after N3 

waterglass treatment. Though the average content of Ca and Si of the gel (11.05 and 11.60 respectively) 

was significantly lower, it was similar with that in 2-3. However, the Ca/Si ratio decreased further. The 

highest, lowest and average Ca/Si ratio of the C-S-H in 2-4 was 1.82, 0.27 and 0.95. Furthermore, the 

C-S-H formed in the 2-4 were less porous and denser. According to the results ESEM observation, the 

modules of waterglass also affected the morphology and microstructure of surface. The N3 waterglass 

blocked more pores beneath the surface layer because of its high silica content.  

  

Figure 8. ESEM images of external surfaces of mortar samples treated with N3 waterglass at a magnification of 

2000 (a) and at a magnification of 10000 (b) 

Table 9 Composition of surface layer on mortar specimen 

Atomic% Ca Si C O Mg Na K 

1 21.06 0.17 27.33 50.57 0.46 0.21 0.11 

2 19.55 0.21 26.93 53.31 - 0.34 - 

3 28.81 0.04 24.00 46.67 0.23 0.26 0.10 

4 21.39 0.27 25.97 51.20 0.66 0.27 0.13 

5 15.44 4.65 29.27 47.76 0.58 0.68 0.88 

6 20.28 02.06 34.56 41.50 - 0.42 0.76 

7 18.01 9.88 19.04 50.28 0.38 0.45 1.23 

8 14.38 7.90 28.84 45.01 0.81 0.28 1.38 

9 13.6 7.44 25.76 50.82 0.71 0.16 0.47 

10 10.97 11.98 29.36 45.69 0.27 0.54 0.24 

11 9.60 5.99 31.21 50.30 0.44 0.26 0.84 

12 9.79 14.99 29.74 44.31 0.18 0.31 0.42 

13 6.58 14.72 26.37 49.94 0.08 0.25 0.23 

14 5.43 19.92 20.10 52.84 0.13 0.64 0.22 
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Avg. 11.05 11.60 26.30 48.65 0.38 0.36 0.63 

The ESEM images of external surfaces of the mortar samples with sodium fluosilicate treatment can be 

observed in Figure 9. It can be observed that he specimen surface was much denser and covered by some 

tiny particles. At a magnification of 5000 [Figure 9 (b)], it can be found that the particles were 1μm-

5μm tetrahedrons crystals. According to the result of EDX analyses, these products probably had same 

chemical composition with the rob crystal in 2-3 and 2-4: calcium carbonate. Calcium carbonate can be 

crystallized in a wide variety of morphologies. However, the reason for the different shape of calcium 

carbonate was no clear now. The C-S-H formed in 2-5 surface were not very different from those existing 

in the untreated matrix [Figure 9 (c)]. The EDX analyses showed that the Ca/Si ratio was slightly lower 

than sample without treatment. The mean Ca/Si ratio of the C-S-H was 1.52. The highest Ca/Si ratio of 

the C-S-H within the region was 2.54, and the lowest ratio was 0.5. 

 

 

 

Figure 9. ESEM images of external surfaces of mortar samples treated with sodium fluosilicate at a 

magnification of 2000 (a) and at a magnification of 5000 (b and c) 

Table 10 Composition of surface layer on mortar specimen 

Atomic% Ca Si C O Mg Na K 

1 13.21 1.04 33.83 50.14 0.91 0.07 0.47 

2 16.57 2.69 27.99 50.10 1.13 0.22 1.06 

3 14.00 01.87 30.71 51.15 1.11 025 0.77 

4 26.21 10.3 17.43 42.97 0.29 0.31 0.88 

5 23.27 11.2 13.1 48.69 0.74 0.26 1.25 

6 18.75 12.01 20.02 45.52 0.33 0.28 0.32 

7 18.09 10.98 24.51 45.4 0.17 0.12 0.16 

8 15.02 12.01 22.2 47.8 0.22 0.18 1.06 

9 13.74 9.04 24.17 50.15 0.67 0.22 0.75 

10 11.87 9.28 18.55 56.79 0.24 0.2 0.69 
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11 5.48 10.87 26.29 55.11 0.44 0.17 0.41 

Avg. 16.55 10.71 20.78 49.05 0.39 0.22 0.69 

The ESEM images of external surfaces of the mortar samples with the composite treatment of waterglass 

and sodium fluosilicate can be observed in Figure 10. It can be observed in the ESEM images at a 

magnification of 2000 that the specimen surface was very smooth and dense [Figure 10 (a)]. Even at a 

magnification of 5000, there was not open pores, and only some micro crack could be seen [Figure 10 

(b)]. The pore blocking effect of the composite treatment of waterglass and sodium fluosilicate was 

much significant than other treatment methods. In addition, EDX analyses for the dense gel phases 

(material 2) were randomly conducted 8 times in the region. The result showed that the Ca/Si ratio was 

much lower than sample without treatment. The mean Ca/Si ratio of the C-S-H decreased from 1.80 to 

0.64 after composite treatment of waterglass and sodium fluosilicate. The highest Ca/Si ratio of the C-

S-H in 2-6 was 1.2, and the lowest ratio was 0.3. In addition, there were some small particles (material 

1) on the surface. Because the EDS result showed that the ratio of Si/O in the particles was approximately 

0.5, the product may be silica gel which could fill the open pore in sample surface. 

  

Figure10. ESEM images of external surfaces of mortar samples treated with the composite treatment of 

waterglass and sodium fluosilicate at a magnification of 2000 (a) and at a magnification of 5000 (b) 

Table 11 Composition of surface layer on mortar specimen 

Atomic% Ca Si C O Mg Na K 

1 1.28 30.47 9.93 55.91 0.59 0.45 0.3 

2 1.7 22.79 18.89 54.62 - 0.58 0.74 

3 3.28 28.47 7.99 57.91 0.59 0.43 0.3 

4 14.05 11.7 20.43 51.89 0.17 0.24 0.15 

5 13.37 11.57 16.41 55.84 0.67 0.41 0.47 

6 10.68 12.28 17.55 55.79 0.84 0.37 0.62 

7 8.39 20.76 15.25 52.73 0 0.56 0.37 

8 6.89 14.93 20.67 54.96 0.23 0.75 0.79 

9 5.75 16.01 23.02 53.52 0.33 0.36 0.89 

10 5.28 16.7 18.94 57.2 0.74 0.32 0.3 

11 4.09 11.93 26.07 55.96 0.2 0.42 0.49 

Avg. 8.56 14.48 19.79 54.74 0.40 0.43 0.51 
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4. Discussion 

4.1 Interactions between magnesium fluorosilicate and cement paste 

Zhang (2013) and Wang (2003) found that the magnesium fluorosilicate could retard the 

hydration of cement particles, since it can accelerate the dissolve of Ca2+ and form CaF2 and 

K2SiF6 which can form a barrier on the surface of cement particles. As a surface treatment agent, 

magnesium fluorosilicate can reduce the water permeability and enhance the surface hardness 

(Jia L., 2013). Though more attention was paid to the impact of magnesium fluorosilicate 

surface treatment on durability of concrete, there was seldom researches on its mechanism. As 

the magnesium fluorosilicate can react with calcium hydroxide in cement paste as equation (5), 

which was believe as the mechanism of magnesium fluorosilicate surface treatment (Bertolini 

L. et al., 2013). 

2MgSiF6+Ca(OH)2 → CaF2+MgF2+SiO2·nH2O(Gels)                  (5) 

The result of FT-IR showed that the gel content, especially the silica gel content, increased after 

magnesium fluorosilicate treatment. Observation in ESEM confirmed that the surface of mortar 

matrix became denser after magnesium fluorosilicate treatment. However, the surface of mortar 

treated with magnesium fluorosilicate did not found CaF2 and MgF2. But large amount of cubic 

crystals of KMgF3 was observed on the surface. Complex fluoride KMgF3, with a typical cubic 

perovskite structure, is an ideal material for searching for a new solid-state laser because of its 

several advantages: good homogenous optics, high thermal stability, low melting point, 

anisotropy, and high optical transparency, etc. (Hua R. et al., 2002; Cao M., 2004). In fact, the 

magnesium fluorosilicate did not significantly reduce the calcium hydroxide content. The result 

indicated that the magnesium fluorosilicate could not only react with the calcium hydroxide but 

also react with K+. However, as the content of K2O was very low in the cement past, the resource 

of the K+ need further investigate. Some researchers investigated the effect of magnesium 

fluorosilicate when added in fresh cement paste.  

4.2 Interactions between waterglass and cement paste 

Some studied (Thompson J.L. et al., 1997; Ibrahim M. et al., 1999) found that the sodium 

silicate can reduce the water permeability and improve the carbonation resistance of concrete. 

However, Dai et al. (2010) found that the penetration depth of sodium silicate could be ignored, 

and it had negligible impact on the chloride diffusion. Franzoni et al. (2014) found that there 

were many micro cracks on the concrete surface treated with sodium silicate. This can be 

explain the ineffective of sodium silicate in some circumstances. 

The treatment of waterglass could significantly reduce the content of calcium hydroxide, while 

increased the content of calcium carbonate and gel products. According to these results, the 

interaction between waterglass and cement paste can be concluded as bellow. (1) The waterglass 

can react with calcium hydroxide as equation (6) (Bertolini L. et al., 2013). (2) The waterglass 

can accelerate the carbonation of the surface layer of sample, and increase the volume of 

insoluble products. The reasons may be that the waterglass can react with carbon dioxide easily. 

Moreover, the waterglass can reduce the Ca/Si ratio of the C-S-H gel. The carbonation rate of 

C-S-H increases with the decrease of Ca/Si ratio (He J. and Yang C. 2009; Visser J., 2013). 

Na2O·nSiO2+Ca(OH)2 → CaO·nSiO2·xH2O(Gels)+2NaOH                (6) 

The N2 waterglass treatment works more efficiently at early age, while the effect of N3 

waterglass treatment was more significant after 28d. The reason was that the osmotic pressure 

increased with the viscosity of waterglass solution which increased with the modulus (Zhou H., 



1988). Therefore, N3 waterglass could not deeply penetrate into concrete as N2 waterglass at 

early age. However, N3 waterglass would continuously penetrate into concrete with increasing 

time. Finally, the N3 waterglass blocked more pores beneath the surface layer because of its 

high silica content.  

4.3 Interactions between sodium fluosilicate and cement paste 

Researcher tried to use a mixture of sodium fluosilicate, sulfate and silane to improve the 

durability of concrete, though the application was limited (Jiang Z. and Sun P., 2004). Sodium 

fluosilicate solution is a mild acid. It can react with calcium hydroxide as following chemical 

equation (Singh M., 2000). 

Na2SiF6+6Ca(OH)2 → 3CaF2+2NaOH+ CaO·nSiO2·xH2O(Gels)              (7) 

Similar with waterglass, the sodium fluosilicate treatment could significantly reduce the content 

of calcium hydroxide, while increased the content of calcium carbonate and gel products. 

However, though the surface of 2-3, 2-4, and 2-5 were coved with many calcium carbonate 

particles, the morphology of those calcium carbonate particles were significantly different with 

each other. The reason need to further investigation. It postulated that the carbonation of C-S-

H gel will change with Ca/Si ratio and environment (Black L. et al., 2008; Black L. et al., 2007; 

Borges P.H. et al., 2010; Slegers P.A. and Rouxhet P.G., 1976). 

4.4 Interactions between the composite treatment and cement paste 

Previous studied found that the composite treatment of waterglass and sodium fluosilicate can 

reduce the water permeability and improve the carbonation resistance of concrete (Jia L., 2013). 

The sodium fluosilicate is one of the curing agents to waterglass. It can accelerate the hardening 

of waterglass as following equation, forming silica gel and fluoride. Research showed that 

mechanical property of product was best when the amount of sodium fluosilicate was 10% of 

the total mass of waterglass. When the amount of sodium fluosilicate was 15% of the total mass 

of waterglass, the hardening rate of waterglass was the highest (Hu W., 2011). The research also 

showed that the product of interaction between waterglass and sodium fluosilicate would not 

decompose under 900℃, indicating much excellent fire resistance effect of the product than 

organic treatment agent (Hu W., 2011). 

2(Na2O·nSiO2)+Na2SiF6+2(n+1)H2O → (2n+1)SiO2·xH2O+6NaF              (8) 

After the composite treatment of waterglass and sodium fluosilicate, the calcium content on 

surface layer was the lowest one comparing with other surface treatment. This indicated that 

both the waterglass and sodium fluosilicate reacted with the calcium hydroxide. The result of 

FT-IR showed that the surface paste treated with the composite treatment had more C-S-H gel. 

However, the calcium carbonate content in the sample treated with composite treatment was 

lower than the sample treated with waterglass and sodium fluosilicate alone. The probable 

reason is that the silica gel formed by the interaction of waterglass and sodium fluosilicate 

inhibited the diffusion of carbon dioxide. 

5. Conclusion 

The following conclusions can be drawn from the testing results and analyses. 

The magnesium fluorosilicate surface treatment agent only had a slight impact on the content 

of calcium hydroxide, and would not accelerate the carbonation of surface layer. The formation 

of silica gel and cubic crystal of KMgF3made the microstructure of surface paste denser. The 



mechanism of magnesium fluorosilicate may not limited on the reaction with Ca(OH)2. The 

magnesium fluorosilicate could also react with K+. 

The waterglass surface treatment could not only significantly reduce the content of calcium 

hydroxide, but also increased the content of calcium carbonate and gel products. In addition, it 

could reduce the Ca/Si ratio of C-S-H. The N2 waterglass treatment works more efficiently at 

early age, while the effect of N3 waterglass treatment was more significant after 28d. Moreover, 

the module of waterglass also affected the morphology those calcium carbonate 

The sodium fluosilicate can accelerate the hardening of waterglass and had some impact on the 

chemical composition and morphology of surface layer. 

The pore blocking effect of the composite treatment of waterglass and sodium fluosilicate was 

much significant than other treatment methods. The composite treatment could not only 

significantly reduce the content of calcium hydroxide, while did not significantly increased the 

content of calcium carbonate. 
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Abstract 

 

Decreasing of the durability of the concrete and reinforced concrete structures due to the alkali-silica reaction 

is actual problem worldwide. In 1968 at the first time it was reported about the destruction of concrete 

structures by the reason of the reaction between alkalis of cement and silica of aggregate on the territory of 

Russian Federation. Further studies which were conducted in the period from the 1970s to the 1980s were 

aimed to the assessing of potential reactivity of all the fields of coarse and fine aggregates in the areas of 

construction of hydroelectric power plants and other important projects. 

 

An active interest to researching an alkali corrosion of concrete in Russia re-emerged in the late 1990s due to 

changes in technology of Portland cement production, and as a consequence, increasing of its alkalinity, as well 

as the appearance of new cases of damages of constructions by reason of the alkali-silica reaction. The purpose 

of this study was to compare the various approaches and methods of prevention of the reaction between alkalis 

of cement and amorphous silica of aggregate and to determine the degree of influence of particle size 

distribution of mineral additives such as metakaolin and nano-silica on kinetics of alkali-silica expansion in the 

concrete. 

 

In this study the optimal size distribution of used mineral supplements which contribute to prevention of alkali-

silica reaction in the concrete and reducing of their consumption was established; peculiarities of accelerated 

tests of assessment of potential reactivity of aggregates with application of nano-silica were identified. 

 

Investigations of the potential reactivity of aggregates were performed using accelerated methods according to 

the national standard of Russian Federation and the Directives of the German Committee for reinforced 

concrete. 

   

Originality  

 

A widely used method of prevention of alkaline concrete corrosion is using of silica-containing additives of 

different fineness, such as micro-silica, fly ash, metakaolin etc. Feature of the metakaolin is that it is a purpose-

made product of industry with stable characteristics rather than industrial waste, what gives certain benefits for 

the concrete with its inclusion, but also can increase the cost of construction work. 

 

In the works of a number of scientists was found that with content of 15% metakaolin in the composition of the 

concrete mixture instead of the part of the cement the relative expansion deformations significantly reduced, 

however a potential cause of this also may be a decrease of the total alkali content of the concrete mixture.  

 

In this regard, the aim of this study was to investigate the influence of particle size distribution of nano-

dispersed mineral supplements for their inhibitory ability while keeping the content of cement as a constant and 

replacement the part of fine aggregate. 

 

Keywords: alkali-silica reaction, durability, particle size distribution, metakaolin, nano-silica. 
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1. Introduction 

American scientist T. Stanton laid the foundation for the numerous studies in the field of internal 

corrosion of concrete  in 1940, released the information about the destruction of a number of 

constructions built between the late 1920s to the beginning of the 1940s in California (Virginia), called 

this phenomenon as a alkali-silica reaction ( Stanton, TE, 1940). On the territory of Russian Federation 

(formerly the Soviet Union) for the first time was identified a number of cases of destruction of 

hydraulic structures due to the reaction between the alkalis of the cement and silica of the aggregate in 

1961, and in 1962  was made and published the first in our country generalizing work on the question 

of alkali-silica reaction in the concrete (Ponomarev IF, Azelickaya RD, 1961; Moskvin VM, Royak 

GS, 1962). 

A series of works on the evaluation of concrete and reinforced concrete structures in the North of the 

Volga region, which contained the potentially reactive aggregates was carried out by Soviet scientists 

in 1968 (Malyshev NI, Novozhilova NP, 1968).  

In the samples which were taken from the river dam Sviyaga in Ulyanovsk after 8 years of operation 

were detected visible signs of internal corrosion of concrete - cracks with opening width of 0.2 to 1.3 

mm and an alkali-silica gel, in both pores and in zones of contact cement to aggregate grains. Signs of 

destruction were also observed in the interior part of spray cooling pond, which was built in 1946, 

below the water level, and the internal part of wall of modular cooling tower after 10 years of 

operation. 

Investigations on the alkali-aggregate reaction problems in Republic of Tatarstan are  conducted 

actively in connection with using  for concrete sand and gravel from the river Kama and Vyatka with 

amorphous silica content of more than 130 mmol/L as aggregates (Morozova NN, Hozin VG et al, 

2005). 

In southern Russia, the authors have analyzed the causes of the destruction of concrete sleepers after 3 

years of their placement in the way, that was accompanied by the appearance of cracks with different 

widths of disclosure and release of the gel - a product of the reaction between the alkalis of the cement 

and silica of the aggregate (Petrova TM, Sorvacheva YA, 2012; Sorvacheva YA, 2013). 

The use of active mineral additives such as microsilica, fly ash, ground granulated blast furnace slag 

etc. is an effective way of prevention of alkali-silica reaction, which used in practice, however, many 

aspects related to their inhibitory effect remain unclear (Lindgard J., 2012) . On the other hand, there 

are some works which show that certain species may increase the undesirable expansion of the 

concrete (Diamond S., 1983; Duchesne J. and Bérubé MA, 1994). 

It is known that the substitution of 15 to 50% by weight of cement by active mineral additives is a 

decrease of relative deformations of concrete expansion when conducted both accelerated and long-

term tests, a potential cause of which may be a reduction of the total alkali content of the concrete mix 

(Brykov AS, Voronkov ME, Mokeev MV, 2012). With the introduction of 20% metakaolin instead of 

the part of cement is the decreasing of the expansion deformations even in the conditions of aggressive 

alkalis, coming from outside (Dessler A., Urnonas L., Hains D., 2014). In turn, the replacement of the 

part of cement by mineral silica containing additives  adversely effect on the basic characteristics of 

the concrete mixture and concrete, such as mobility, strength, water demand (Brykov AS, Voronkov 

ME, Mokeev MV, 2012). Therefore, the aim of this study was to investigate the effect of particle size 

distribution of nano-dispersed mineral supplements to their inhibitory capacity while maintaining a 

constant the content of cement and with replacement the part of fine aggregate. 

2. Materials and methods 

2.1 Methods 

Russian norms and methods of investigation of potential reactivity of aggregate is similar to American 

standards ASTM C 1260 and ASTM C 227, which accelerated tests are carried out on samples of size 

25x25x254 mm, made of fine-grained concrete mixture with content cement composition: crushed 

aggregate in the ratio 1: 2,25 by mass. Water-cement ratio is set by the standard method of preliminary 

selection. After 24 hours of curing in a bath of water-sealed samples are placed in a container with 

distilled water and kept overnight at a temperature of 80 0 C, then allowed to cool for at least 4 hours 



 

to a temperature of 20 0C and remove the first reading. Next, the samples are stored in a solution of 

1M NaOH at the same temperature and strain was measured daily for two weeks. 

According to the directive of the German Committee for reinforced concrete tests are carried out on 

samples of size 40x40x160 mm, made of fine-grained concrete mixture with content of cement 

composition: crushed aggregate in a ratio of 1: 2.25 by weight, and water-cement ratio of 0.47. After 

twenty-four hours of hardening in a bath of water-sealed samples demolded for 24 hours and placed 

into distilled water at a temperature of 80 0C. Then, within two weeks of the samples are aged in one 

molar solution of sodium hydroxide at the same temperature. Measurements are taken daily, the 

samples at a temperature of 20 0C for two weeks with an indicator for measuring small strains with 

accuracy 0.001 mm. Boundary limit in both cases is to achieve the expansion sample value equal to 

0.1% (or 1.0 mm / m). 

The true density of the materials was determined by a helium pycnometer AccuPyc 1330, the specific 

surface area - on the Blaine device; analysis of the particle size distribution - laser diffraction particle 

size analyzer Beckman Coulter LS 13320. 

2.2 Materials 

In studying of the effect of particle size distribution of metakaolin on its ability to inhibit the reaction 

between the alkalis of cement and silica of aggregate was used Portlandcement CEM I 42,5 N with 

alkali content  0.8% recalculated on Na2Oeq, with true density of 3128 kg/m3 and a specific surface 

area of 301 m2/kg. 

As a aggregate was used crushed stone from one of fields of southern Russia with amorphous silica 

content of 38.1 mmol/L. 

As a silica containing mineral additives was used a nano-silica with a specific surface area 300,000 

m2/kg (D1) and two metakaolin from different manufacturer with a specific surface D2 - 2130 m2/ kg, 

and D3 - 1980 m2/kg. 

3. Results and Discussion 

3.1. Effect of nano-silica  

In order to prevent the occurrence of the alkali-silica reaction and to reduce the expansion 

deformations colloidal nano-silica (D1), containing of SiO2 - 99.2% with a specific surface area of 

300 000 m2/kg has been introduced in concrete mixture. 

A plastic strength of the cement paste has been evaluated at the different time using a conical 

rheometer to study a structure formation of the cement stone. The effect  of colloidal nano-silica on the 

kinetics of increasing of plastic strength was analyzed (fig. 1). 

 
Figure 1 - Effect of D1 on the kinetics of increasing of plastic strength of the cement paste 

 

Analysis of the graph showed that the addition of colloidal D1 has a negligible impact on the setting 

time of cement paste:  it reduces the time of the final setting by increasing the amount of the filler 

(from 5 h 30 min to 5 hour 00 min), while maintaining the same initial setting time (2 h 30 min). 

The presented diagram shows that the period of formation of coagulation structure (induction period of 

hardening of the cement paste) is not increasing by the addition of D1.  However, by increasing the 



 

amount of this filler the time of its transition to coagulation-crystallization structure is decreasing 

slightly. 

To determine the effect of D1 on the process of the hydration of Portland cement was carried out a 

qualitative and quantitative analyzes of samples of cement stone by the standard method with the 

introduction of 20% of zinc oxide crystalline structure, whereby it was made disregard of the formed 

peaks of zincite in qualitative analysis (Fig. 2). 

 
Figure 2 - Radiographs of samples 

Results of the analysis suggest the virtual absence of ettringite in submitted samples  (value ranges 

from 0.97 to 0.46%), due to the small amount of gypsum contents in cement and eliminates the 

expansion of samples due to its increase in volume. In turn, the introduction of D1 accelerates the 

hydration process and increases of portlandite content on 55%. 

To conduct of accelerated test for the assessment of the potential reactivity of aggregate were made 

three concrete mixtures with the same water-cement ratio 0.42. Average values of the relative 

expansion deformations are shown in Figure 3. 

 
Figure 3 – The results of the relative expansions of fine-grained concrete samples 

Relative ASR expansion of the control samples reached the value of 0.13 % after 11 cycles of the test, 

however, deformations of samples with D1 in an amount of 0.025 % and 0.125 % by mass - 0.09 % 

and 0.07 %, respectively. 

Based on this results could be erroneously conclude that D1 prevents the occurrence ASR. 

Nevertheless, deformations of the samples and ASR expansion are continuing to increase in NaOH 

solution after 11 cycles and in 21 day will exceeded the allowable limit in 1.5 - 2 times. The results 

demonstrate that the addition of D1 does not prevent of ASR, but rather slows it down. 



 

In order to confirm this assumption and to detect the gel in the samples, as a product of alkali-silica 

reaction, microscopic examination of samples were carried out by polarizing and 3D microscopes (Fig. 

4). 

 

 
 

Figure 4. Alkali-silica gel in the pore of the concrete  

3.2. Influence of metakaolin  

Supplements D2 and D3 have a similar chemical composition, and their main difference is the fineness 

and particle size distribution (fig. 5). 

 
Figure 5. Particle size distribution of D2 and D3 

According to these graphs which shows that the average grain size D2 is about 6 microns, D3 - 15 

microns. Despite the fact that the specific surface of D2 more than  D3 only on 8% their particle size 

distribution has a different trend. More than 90% of the grains D2 have a size less than 15 mm, but D3 

and - 40 microns, wherein about 10% of the particles D3 are in the range from 40 microns to 200 

microns. 

It is known that the main factors affecting the pozzolanic activity of metakaolin is the particle size, 

specific surface area of starting material - kaolin and it heat treatment temperature. The presence of 

larger particles in the D3 may be the result of insufficient quality of raw materials or violations of 

production technology and lead to a decrease in its inhibitory ability. 

To confirm the hypothesis about the influence of particle size distribution of mineral supplements to 

reduce the relative deformations of expansion were prepared concrete mixture, which was carried out 



 

the replacement parts of fraction 0,25-0,125 mm of crushed aggregate on 5, 10 and 15% additives by 

mass. 

The results of evaluation of the potential reactivity of the aggregate by reaction with alkalis in the 

cement use metakaolin as an alkaline corrosion inhibitor are shown in Figure 6. 

 
Figure 6. The relative expansion deformation of the samples according to the accelerated tests 

The test results of the control mixture according to the accelerated test indicate that the aggregate is 

potentially not reactive in combination with high alkaline cement. However, the method of 3D 

microscopy revealed in this composition alkalis-silica gel - the product of the reaction between alkalis 

of cement and silica of aggregate (fig. 7). The use of metakaolin instead of the part of fine aggregate in 

amount of from 5 to 15% in different degrees can reduce the relative expansion deformation while 

maintaining (and sometimes increase) the strength characteristics of the concrete. 

 
Figure 7. Alkali-silica gel in the pore of the concrete without aby additives 

The use of mineral supplements with an almost identical specific surface area has a different influence 

on the course of internal corrosion of concrete: replacement of the fine fraction of the aggregate by 

active mineral additives containing more than 90% of particles smaller than 15 microns may reduce 

the relative expansion deformations of more than 40%. 

4. Conclusions 
A prerequisite for high durability of the concrete and reinforced concrete structures is to evaluate the 

factors influencing on the possibility of alkali-silica reaction in concrete. Conducted studies suggest 

the following conclusions: 

1. The use of the accelerated method according to the Directive of the German Committee for 

reinforced concrete, interstate standard GOST 8269.0, American standard ASTM C 1260 does not 

allow to receive the reliable results about the potential reactivity of aggregate without the use of 

additional methods of research. 

2. The use of nano-silica allows only to slow down the alkali-silica reaction, but not prevent it entirely. 

Delayed of the reaction is explained by the formation of the gel not in the pores, but in the cement 

matrix, in connection with which, in the latter case, it takes much more gel that can lead to undesirable 

expansion of the samples. In this regard, we can say that research on the most widely used accelerated 



 

tests does not allow to get reliable conclusions on the effect of nano-silica on the process of 

destruction of concrete due to the internal corrosion of the concrete. 

3. Use of artificial mineral supplements with an almost identical specific surface area has a different 

effect on the process of internal corrosion of concrete: additives containing more than 90% of particles 

less than 15 microns have a greater ability to inhibit the alkali-silica reaction. Introduction of 5% D2 

reduces the value of alkali-silica expansion of the concrete on 42%, whereas D3 - on 23%, while 

maintaining the basic physical and mechanical properties of concrete. 

4. Selection of the optimal amount of additives for inhibition of alkaline corrosion of the concrete 

must be based on an analysis of its particle size distribution: with larger  content of particles smaller 

than 15 microns it has a greater ability to prevent alkali-silica expansion of the concrete, the presence 

of particles larger than 60 micrometers is disadvantageous of production or quality of raw materials. 
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Abstract：For the purpose to explore the durability of concrete structures in tropical marine environment, main 

destruction, carbonation depth, free chloride concentration (Cf) and total chloride concentration (Ct) of coral 

concrete were studied through site investigation and laboratory experiments on the South China Sea. The results 

showed that: In the South China Sea islands engineering, more wind, high temperature corrosion of marine 

environment has strong destructive effect on coral concrete structure, the main failure characteristics are cover 

crack, collapse, steel bar exposed, steel corrosion of concrete; the carbonation depth rule of all coral concrete is 

atmosphere zone＞splash zone＞tidal zone; Due to the nature of coral aggregate porous, so the water or sea salt 

chloride is easier to access to the concrete structure, coral concrete chloride concentration was much larger than 

ordinary concrete chloride ion content at the same depth. So in the South China Sea islands engineering, we must 

improve the anti-chloride permeability of coral concretes, especially improve its density, which will enhance the 

service life of these structures. 

 

Originality: The South China Sea marine environment has strong destructive effect on coral concrete structure, 

chloride ion attack, sulfate attack, carbonation, microbial corrosion and frequent alternation of wet and dry and 

storm waves caused by erosion and wear are the main reasons leading to the destruction of marine concrete 

corrosion [1-4]. Among them, the chloride ion attack leads to corrosion damage is particularly prominent, seriously 

endanger the safety and durability of marine concrete structure engineering [5-7]. Therefore, investigation and 

research on durability of reef coral concrete structure in the South China Sea is very important. 

 

Key words: tropic marine environment; coral concrete; durability; carbonation depth; chloride concentration 

 

The South China Sea marine environment has strong destructive effect on coral concrete structure, chloride 

ion attack, sulfate attack, carbonation, microbial corrosion and frequent alternation of wet and dry and storm waves 

caused by erosion and wear are the main reasons leading to the destruction of marine concrete corrosion [1-4]. 

Among them, the chloride ion attack leads to corrosion damage is particularly prominent, seriously endanger the 

safety and durability of marine concrete structure engineering [5-7]. Therefore, investigation and research on 

durability of reef coral concrete structure in the South China Sea is very important. 

Rick A. E[8] do field investigation to coral concrete buildings of Bikini Island in the Pacific, noted that the 

main factors affecting durability of coral concrete are salt, cover thickness and surface crack width of concrete 

structure. Some of the coral concrete building of the Pacific were Wanchai Y, Wattanachai P and Normand R[9-11] 

study found that: Due to amount of chloride in coral ,chloride ion diffusion coefficient of coral concrete is 2 times 

larger than ordinary concrete and steel corrosion rate of coral concrete is higher than the same ratio of normal 

concrete ordinary concrete. China's coastal research focused on the durability of concrete structures in Bohai Bay, 

East China and South China coast, the South China Sea islands and reefs of the marine environment belongs to the 

blank.  

This paper focus on the concrete structure engineering of coral reefs observed in the South China Sea 

environmental cracking and peeling of Durability Status, the cover thickness, carbonation depth, chloride 

concentration distribution were system tested of coral concrete, provide data support for research durability and 

practical engineering problems in the tropical marine environment of reef concrete structures. 
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1 Field investigation and test methods 

1.1 Engineering structure information, field investigation and test methods 

Field investigation according to the Chinese Standard JTJ 221-98《Standard of Quality 

Inspection and Assessment for Port Engineering Construction》[12]. Used surface observations, drill 

observations, field test, sample tests and digital camera records, Focus on examination of the 

status coral concrete structure in the South China Sea a reef destruction (Tab.1), include crack, 

collapse, steel bar exposed and ancillary facilities damaged, For on the inspection site were 

measured the thickness of protection layer and phenolphthalein alcohol solution with 1% mass 

fraction of determination of carbonization depth. To take a concrete powder samples of different 

depths when necessary, for laboratory analysis and test. 

Tab.1 Engineering information of coral concrete structure in the South China Sea 

No. 
Category of 

concrete 
Surveyed area  

Age/a Distance from the 

seaside/m 

1 

Coral 

concrete 

Structure B 25 0 

2 Breakwater 19 0~5 

3 Garage floor  25 90~100 

4 Cube（150×150×150mm） 10 0 

 

1.2 Laboratory analysis methods 

1.2.1 Free chloride concentration, bound chloride concentration and total chloride concentration  

Using a Z1A portable rig and a drill with a 6 mm diameter alloy drill, powder sample of coral concrete were 

collected from nine different depths in the field. The depth intervals were 0~5mm, 5~15mm, 15~25mm, 25~35mm, 

35~55mm, 55~65mm, 65~75mm, 75~85mm and 85~95mm.The powder collected was sieved using a 0.15 mm 

sieve to remove the coarse aggregate. According to the Chinese Standard JTJ270—98《Testing Code of Concrete 

in Port and Waterway Engineering》[13] and literature [14], this paper uses acid soluble chloride measures Ct and 

water soluble chloride measures Cf. Bound chloride concentration (Cb) can be obtained by the following equation: 

                               Cb=Ct-Cf                                                            (1) 

Where Cb is bound chloride concentration of concrete (%), Ct is total chloride concentration of concrete (%), Cf is 

free chloride concentration of concrete (%). 

 

2 Results and analysis of field investigation  

2.1 Status of coral concrete destruction 

Fig.1 shows the destruction of structures B and breakwater coral concrete structures in the South China Sea, 

with its test age were 25 years and 19 years, respectively. From the Fig.1, due to wave erosion and wear, structures 

B was obviously subjected to serious damage in the South China Sea. As seen in Fig.2b, Fig.2c and Fig.2d 

respectively, it was clear that, due to the frequent of typhoons, the surface of reef breakwater pavement of concrete 

structure had been a scaled, and the coral aggregates were exposed. The coral aggregates even were cracked and 

collapsed when they were attacked by the serious typhoons. Sometimes, coral aggregates were blew away by 

typhoons. Fig.2e and Fig.2f shown that the inside of the breakwater and the tidal zone cushion immersed in 

seawater for a long time led to chloride ion diffusion, sulfate attack and microbial corrosion, and a serious water 

penetration and a large area of erosion were took place. 



    
(a) Structure B  (b) breakwater （c）surface scaling of breakwater 

   

(d)pavement of breakwater (e) inside of breakwater (f) cushion of breakwater 

Fig.1 Destruction of coral concrete structures in the South China Sea 

 

2.2 Cover thickness and carbonation depth of coral concrete structures  

Fig.2 is coral concrete structures in the South China Sea, Tab.2 is cover thickness and carbonation depth of 

coral concrete structures. Fig.2(a) is garage floor of coral concrete, after 25a carbonation depth is 35~55mm; 

Fig.2(b) is breakwater of coral concrete, which 19a carbonation depth is 10~20mm; Fig.2(c), Fig.2(d) and Fig.2(e) 

is structure B, after 25a carbonation depth respectively is 25mm, 10mm and 8mm of its atmosphere zone, splash 

zone and tidal zone, it explains that in the South China Sea, the carbonation depth distribution of coral concrete is 

atmosphere zone＞splash zone＞tidal zone. 

     

(a) Garage floor (b) Breakwater (c) Atmosphere zone of structure B (d) Splash zone of structure B (e) Tidal zone of structure B 

Fig.2 Coral concrete structures in the South China Sea 

 

Tab.2 Cover thickness and carbonation depth of coral concrete structures in the South China Sea   

No. Surveyed area 
Category of 

concrete 
Age/a 

Cover thickness 

/mm 

Carbonation 

depth /mm 

1 Surface of breakwater 

Coral 

concrete 

19 
— 20 

2 Side of breakwater — 10 

3 Atmosphere zone of structure B 

25 

— 25 

4 Splash zone of structure B — 10 

5 Tidal zone of structure B — 8 

6 Garage floor — 35~55 

 

 

2.3 Chloride concentration distribution of coral concrete  

Fig.3 is coral concrete chloride concentration distribution of breakwater, structure B, garage floor (DP) and 

cube (LFT) in the South China Sea, the test age respectively is 19a, 25a, 25a and 10a. Breakwater and structures B 

of coral concrete are used seawater mixing. The results show that in the South China Sea, the chloride 

concentration distribution of breakwater is: Cushion (Fd)> Surface (Fb)> Side (Fc), chloride concentration 

distribution of structure B is: Surface (DTB)> Side (DTC). Garage floor (DP) chloride concentration is lower , 

which is related to use island water mix coral concrete. At the same time, due to the nature of coral aggregate 

porous, so the water or sea salt chloride is easier to access to the concrete structure, coral concrete chloride 

concentration is much larger than ordinary concrete chloride concentration at the same depth. Therefore, at reef 



concrete structure engineering, we must improve the anti-chloride permeability of coral concrete, especially 

improve its density, which will enhance the service life of these structures. 
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    (a) Free chloride concentration distribution           (b) Total chloride concentration distribution 

Fig.3 Different depth chloride concentration distribution of Coral concrete in the South China Sea 

3 Conclusions 
    (1) In the South China Sea islands engineering, more wind, high temperature corrosion of marine 

environment has strong destructive effect on coral concrete structure, the main failure characteristics are cover 

crack, collapse, steel bar exposed, steel corrosion of concrete 

 (2) In the South China Sea islands engineering, the carbonation depth distribution of coral concrete is 

atmosphere zone＞splash zone＞tidal zone. 

 (3) Due to the nature of coral aggregate porous, so the water or sea salt chloride is easier to access to the 

concrete structure, coral concrete chloride concentration was much larger than ordinary concrete chloride ion 

content at the same depth. So in the South China Sea islands engineering, we must improve the anti-chloride 

permeability of coral concretes, especially improve its density, which will enhance the service life of these 

structures. 
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Abstract 

In this paper, the accelerated method was conducted to investigate the ASR reactivity of two cherts (Yoro and Seto) 

which were used as aggregate materials for concrete mixing. The reaction was stopped at 1, 3, 5, 7, 10, 14, 20 and 24 

days by filtration the fluid through 0.45-μm filter and washing the solids with acetone to stop reactions. Solids were 

placed in an oven at temperature 40°C until them were dehydrated. Two phases of samples (solid and liquid) were 

prepared for measurements including X-Ray Diffraction (XRD), 29Si Nuclear Magnetic Resonance (29Si-NMR), and 

Inductive Coupled Plasma Atomic Emission Spectrometer (ICP-AES). Apparently ASR product can be formed due to 

the effect of Ca(OH)2 solids presenting in 0.1M-NaOH solution under high temperature at 80°C. ASR product was 

observed by using XRD in both qualitative (peaks pattern detected at 29° 2) and quantitative (ASR content) analysis. 

No appreciable peak patterns of ASR was generated in the samples without Ca(OH)2. In 29Si-NMR, relative intensity of 

the solids mixed with Ca(OH)2 was detected that the peak was dominated by -85 ppm (Q2-sites).This was attributed to 

ASR formation, like tobermorite type C-S-H. Moreover, ICP-AES was used to determine the dissolution of Si and other 

ions remained in the solutions. Higher content of dissolved Si was examined in the liquid of Yoro-chert than that of the 

Seto-chert with increasing reaction time but low content of Ca ions remained in low for both samples. In conclusion, all 

results revealed much evidence to explain the reason why incorporation of Yoro-chert increased expansion of concretes 

due to ASR when compared to Seto-chert, especially for a long-term investigation.  

 

Originality 

Major study is pointed out to the deterioration of concrete structures due to chemical process involving alkali-silica 

reaction (ASR) and delayed-ettringite formation (DEF). In ASR mechanism, the reaction between reactive aggregates 

and alkali solution varying in concentrations under accelerated condition (temperature over 60°C)is selected to 

synthesize product. Investigation such as XRD and NMR is also used to analyze the chemical compositions and 

structures of synthesized-ASR. Moreover, the results from experiment will be used as initial numerical data for 

simulating the kinetics and thermodynamic model of reaction by PHREEQC program that is widely designed to perform 

a wide variety of aqueous models. 

 

Keywords: ASR reactivity; chert;XRD;29Si-NMR;ICP-AES 
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1. Introduction 

Alkali-silica reaction (ASR) have received much attention in many countries in the world due to its 

chemical reactions, which cause the damage severity on concrete structures. ASR is a chemical 

reaction that occurs between reactive aggregates (such as Opal, Flint, and Chert) and high alkalinity as 

in the pore solution of concrete, producing ASR product. Different parts of the world (Australia, Italy 

and Argentina) have been reported several cases of the concrete-damaging on account of ASR, 

especially in massive concrete structures. (Ahmad S. et al, 2006; Comi C. et al, 2009; Mafil S.A. et al, 

2001).  

Most ASR problem has been found after the completion of construction, resulting in the critical 

condition of concrete structures. Many attempts have been made to prevent ASR problem. One way to 

decrease ASR problem is to incorporate the cementitious materials (fly ash, silica fume and perlite etc.) 

of blended concrete production. For example, Medhat H. et al, 2000 showed that the mixtures 

containing fly ash, which is found to be as pozzolanic properties in reducing the alkalinity of the pore 

solution, decreased the expansion of concrete prisms. 

Furthermore, a major current focus on avoiding ASR problem, the ASR reactivity of aggregates before 

concrete production is needed to be considered. There are many standards to estimate the potential 

reactivity of aggregates such as ASTMC289, ASTM C1260, ASTMC227 and ASTM C1293. 

According to method of ASTM C1260, Bektas F., et al, 2008 reported that the mortars containing 

reactive chert was conducted to evaluate the ASR reactivity of aggregate. The expansion behavior of 

mortar attributed to the pessimum effect that a great deal of expansion increased to maximum at 5-

15% chert. One of the most common specimens in ASR testing is concrete, although its process spent 

a lot of time. The concrete mixtures containing reactive chert aggregates (Yoro: Yo or Seto: Se), the 

expansion of concretes submersed in 1N-NH solution at 40°C until 550 days of exposure was 

investigated by Eiji I., et al, 2008. It was shown that there has been a large increase in the expansion of 

specimens submersed in 40°C (Figure 1). Under temperature at 40°C, the expansion of specimens was 

slowly increased and then was became dominant after 180 days for Yoro-chert (Yo-40°C) and 280 

days for Seto-chert (Se-40°C), respectively. This results indicated the late-ASR expansive of 

specimens, but the experiments required very long times to observe late-expanding ASR in particular, 

as shown in Figure 1.   

However, although the specimens testing (Mortar or concrete) was commonly demonstrated for 

investigating ASR reactivity of aggregates, a little attention has been paid to the chemical method 

associated with studying the structure of ASR generated. The purpose of this study is to build up the 

chemical model for producing ASR from reactive aggregate; it was conducted under chemically 

accelerated-method within 24 days. ICP-AES, XRD, and 29Si-NMR were selected to analyze the 

reacted samples in order to study the possible structure of ASR product and indicate the ASR 

reactivity between two-chert aggregates.  

2. Experimental Investigation 

2.1 ASR Synthesis 

According to experiment of Eiji I. et al, 2008, the method of JIS A1145 standard was conducted to 

identify the values of reduction in alkalinity (Rc) and dissolved Si (Sc) of reactive cherts (Yoro: Yo and 

Seto: Se); it is depicted in Tab. 1. The result confirmed that both cherts were deleterious aggregates. 

Since the test of JIS A1145 standard could be not reliable because the grinding aggregate can release 

silica, this makes the chemical model developed in this paper in order to produce ASR. Additionally, 

the chemical composition and structure of produced ASR can be analyzed by XRD, and 29Si-NMR. 

The cherts were obtained from different locations in Japan: Yoro (Yo) and Seto (Se); these cherts were 

the same reactive compounds used in the experiment of Eiji I. et al, 2008.  Tab. 2 shows the chemical 

compositions of materials used. Aggregates (Yo or Se) was grounded by ball-mill to particle sizes 

between 300 to 150 m. 0.1M-sodium hydroxide (0.1M-NH) was selected as highly alkaline solution. 

The reaction between chert aggregates and 0.1M-NH was observed with or without 1.54 grams of 

calcium hydroxide (CH solid) here. Before alkali adding, dry mixture between chert aggregate and CH 

were mixed gently with magnetic stirrer. After that, 0.1M-NH was added with the ratio of 0.25 

(Aggregate to solution) and continuously mixed well for 3 hours. To accelerate the reaction, samples 



 

were divided into polyethylene tubes, sealed tightly to prevent contamination and placed in an oven at 

temperature 80°C. The reaction was stopped at 1, 3, 5, 7, 10, 14, 20 and 24 days by filtration the fluid 

through 0.45-μm filter and washing a solid with acetone to stop reaction. Solids were placed in an 

oven at temperature 40°C until they were dehydrated. After dehydration, solids were grounded to 

produce a relative fine powder that was provided for XRD and NMR analysis. After filtration, liquid 

samples were prepared by diluting the solution to 5 ppm.  
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Figure 1 Expansion of concrete specimens containing reactive cherts at varying temperatures  

at 40°C  [Eiji I. et al, 2008]. 
Tab. 1 JIS A1145 results of chert aggregates [Eiji I. et al, 2008] 

Aggregates Prefectures 
Results of JIS A1145 (mmol/l) 

Sc/Rc 
Interpretation of 

chosen aggregates Sc Rc 

Yo-chert Gifu 329 130 2.53 
Deleterious 

  391 88 4.44 

Se-chert Aichi 116 58 2.00 
Deleterious 

  316 128 2.47 

Tab. 2 Chemical compositions of chert by X-ray fluorescence 

Compositions SiO2 Al2O3 FeO CaO MgO Na2O K2O TiO2 P2O5 MnO 

Yo 93.33 4.61 0.65 0.10 0.71 0.10 0.15 0.04 0.25 0.05 

Se 93.19 5.17 0.34 0.09 0.54 0.07 0.19 0.16 0.25 0.01 

2.2 ASR Measurement 

Mesurements, including ICP-AES, XRD, and 29Si-NMR, were used to describe the produced ASR in 

both liquid and solid samples. In ICP-AES, the standard method was selected to determine the ion 

concentrations (dissoved Si, Na and Ca) of liquid samples in the range of 10 ppb to 10 ppm under Ar 

gas measurement. For solids, a rigaku X-Ray diffractometer was used with CuK radiation, a scanning 

rate of 1°2 per min, and a step size of 0.02°2 the ranging from 5 to 70°2 in XRD analysis. 

Siroquant-Rietveld program was used to quantify the phases in the solids. The quantitative phase 

analysis by XRD is abbreviated as Q-XRD used here in this experiment. Furthermore, the structure of 

the reacted products was investigated by using 29Si-NMR.  The 29Si-NMR was performed and 

recorded on a MSL 400 9.4 T BRUKER operating with frequencies of 79.486 MHz for 29Si at room 

temperature to show the structure of the solids. The conditions were as follows; a 90° pulse length of 

5μs for 29Si recycling delay of 60 seconds and 960 scans. The Q8M8 (Si(CH3)8Si8O2) at 12.4 ppm was 

used as an external standard for the 29Si NMR chemical shifts. The NMR spectra was fitted using the 

NUTS program.   

3. Results and Discussion 

3.1 ICP-AES Measurement of Liquid Solution 

Under the influence of alkaline solutions, silica mineral of reactive aggregates can be converted to be 

reactive silica by the invasion of OH-. Since the 0.1M-NH was used as highly alkaline solution, the 

amount of dissolved Si in liquid samples were determined. Figure 2 (a) shows the dissolved Si of 



 

Yo+NH (Si) increased continuously to 68 mmol/l which was doubled than that of Se+NH (Si), 

approximately 26 mmol/l, over the period at 24 days. In contrast, low contents of dissolved Si were 

observed from the liquid samples when CH was available. They were less than 5 mmol/l for 

Yo+NH+CH (Si) and Se+NH+CH (Si), respectively. The overall ion concentrations in the liquid 

samples at 24 days are reported in Tab. 3. It appears that little contents of Si remained in Yo+Na+CH 

and Se+Na+CH is related to the low contents of Ca detected in both liquid samples. This suggests that 

Ca ions might react with dissolved Si to form ASR product, such as C-S-H, and then precipitate in 

solids. As can be seen in figure 2 (b), the higher contents of Ca was observed in Se+Na+CH than 

Yo+Na+CH. The result seems to indicate that Ca is intrinsically involved in the precipitation of C-S-H, 

particular in Yo+Na+CH. For alkali ions, it was found that the content of Na ions was a little change 

from initial concentration (100 mmol/l) to approximately 80 mmol/l for all liquid samples. It is 

thought that alkali ions might not be incorporated into this C-S-H. 
 Tab. 3 The overall ions concentrations in liquid samples at 24 days 
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(a) The content of dissolved Si and Na ions (mmol/l)                   (b) The content of Ca ions (mmol/l 

Figure 2 Ions concentration of liquid samples measured by ICP-AES 

3.2 XRD measurement of solids 

As previously mentioned, dissolution of Si was determined as lower than 5 mmol/l for both liquid 

samples when Ca ions were present. To explain this result, the solids were therefore analyzed by XRD 

in this section. For the Q-XRD data, siroquant software was used to calculate the amount of all phases 

in the solids. The XRD patterns of the Yo+NH and Se+NH powders appear in Figure 3. There are no 

broad peaks for amorphous and poorly-ordered crystalline silicate in the powder samples of Yo+NH 

and Se+NH. In contrast, relative peak intensity at 29.32 °2 was only detected in the solids related 

with CH consumption (Figure 4). This peak pattern is already proposed to C-S-H precipitation 

(Xiaqiang H. et al, 2004). As an additional evidence for C-S-H formation, a quantitative analysis (Q-

XRD) was applied to determine the content of amorphous product existed in samples at different ages. 

As shown in Figure 5, the amount of quartz gradually dropped for both Yo and Se samples. In the 

meantime, it was found that the content of C-S-H of Yo+NH+CH at 24 days of reaction increased to 

24.29% which was higher than that of 19.96% for Se+NH+CH. This indicated the dissolved Si was a 

reactant for ASR, yielding C-S-H product when Ca ions present in the solution. 

3.3 29Si-NMR measurement of solids 
29Si-NMR spectra of solids is illustrated in Figures 6-7. The notation of “Q” represents the Si site and 

“n” represents the number of bridging oxygen atoms, by the ranging of  n = 0 to 4 (H. Xiaoqiang et al, 

2005). As can be seen in Figure 6, no peaks intensity related to the formation of ASR in the solids 

without CH, only Q4 appeared that represents the original peak of quartz. Conversely, the relative 

intensities of  Q1 (-79.26 ppm) and Q2 (-85.13 ppm) were observed for both solids (Yo+NH+CH and 

Ions concentration 

(mmol/l) 

Liquid samples at 24 days of Yo  Liquid samples at 24 days of Se 

Yo+NH  Yo+NH+CH Se+NH  Se+NH+CH 

Dissolved Si (Si) 67.61 2.22 26.25 2.32 

Na ions (Na) 98.38 76.54 89.27 93.10 

Ca ions (Ca) - 2.46 - 6.08 



 

Se+NH+CH),  indicating that the formation of ASR contains Ca ions (Figure 7). Q2 intensity of 

Yo+NH+CH increased gradually and became dominant at 14 days of reaction. In the 29Si-NMR 

spectra of Se+NH+CH, it can be observed that relative peak intensity was very similar to Yo+NH+CH, 

except Q2  becoming dominant after 20 days. The appearance of  Q1 and Q2 indicated the formation of 

ASR product, likely to tobermorite type C-S-H. 
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Figure 3 XRD patterns of solids in the absence of CH 
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Figure 4 XRD patterns of solids in the presence of CH 

Figure 5 Amorphous and quartz content (%) existed in solids at each reaction time 

 

From the results showed above, the formation of produced ASR was confimed by the accelerated 

method presented in this paper. The reaction between reactive aggregates and alkaline solution, with 

the presence of CH solid, will generate ASR product. In discussion here, we found that the content of 

dissolved Si gradually increases in the samples without CH. When Ca ions are present, the amount of 

dissolved Si is slightly observed (Figure 2). It seems that Ca ions play a significant role in accelerating 

the reaction to produce ASR, like tobermorite type C-S-H. Supporting by the XRD and 29Si-NMR, the 

data taken from both measurement fall on the same trend, confirming the ASR product which is 

compatible to tobermorite type C-S-H with the low Ca/Si ratio. Only tobermorite type C-S-H is 

formed due to the exchange of Ca for alkali ions. This phenomena takes place since the higher 

electrostatic of Ca-O than Na-O bond. (Wang H. et al, 1991) On the contrary, no identical peaks of 

ASR was observed in the solids without CH. The reason that why ASR, like kenemite (alkali-silicate 

hydrate) was not produced in this system because of the soluble property of kenemite (Alkali-silcate 

hydrate) or the condition applied in this paper here is not enough for precipitation of soluble product, 

likely kenemite. It is consistent with the result of Xian-Dong C. et al. ,1993, they suggested that 

reactive silica will be partially reacted with alkali hydroxide to yield mostly soluble product which 

may be lost during acetone washing.  
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In summary here, we see that the more content of dissolved Si found in Yo+NH tends to give 

predictions that are parallel to the Si dissolution from Yo+NH+CH. We reasoned that the dissolved Si 

from Yo+NH+CH is intrinsically involved in the precipitation of ASR, yielding the C-S-H with low 

Ca/Si ratios. Regarding the Q-XRD results, it is apparent that high content of C-S-H was found in 

Yo+NH+CH than Se+NH+CH. This is consistent with the 29Si-NMR results, relative intensity at -

85.13 ppm (Q2 site) of Yo-samples was clearly observed, imply to the formation of tobermorite C-S-H, 

in which the value of Ca/Si is low, approximately 0.83(Xiaqiang H. et al, 2004). 
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Figure 5 Amorphous and Quartz content (%) existed in solid samples at each reaction time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figures 6 29Si-NMR of  samples at 24 days of reaction (a)Yo-solid without CH and (b) Se-solid without CH 
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Figures 7 29Si-NMR of solids with CH: Q1 site (-79.26 ppm) and Q2 site (-85.13 ppm) 

 

4. Conclusions 

In this paper we present the compositions and structures of synthesized ASR via the chemical reaction 

of reactive chert aggregates at highly alkaline solution and at constant temperature. Analysis of the 

produced ASR by 29Si-NMR and XRD indicates that this ASR is similar to a C-S-H with a low Ca/Si 

ratios when Ca ions are present and are incorporated in the structure which has previously been shown 

to exhibit dominant peaks at -79.26 ppm (Q1-sites) and -85.13 ppm (Q2-sites). From results here, it 

may be concluded that the Yo-chert has a stronger ASR reactivity than the Se-chert.  
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Abstract 

Experimental investigation on the effects of fiber types, dosage and length on both explosive spalling of 

ultra-high strength concrete after exposure to severe high temperatures environment was presented. The 

mechanism of spalling resistance of ultra-high strength concrete was examined by thermal analyzer, X-ray 

diffraction and scanning electron microscope. The results indicated that the burst time can be extended but the 

spalling is not siginificantly affected by the addition of steel fiber. The spalling resistance can be improved with 

polypropylene(PP) fiber or PP and steel fiber. The ultra-high strength concrete mixed with PP fiber at a dosage 

0.20 volume percent shows excellent spalling resistance. The resistance to explosive spalling of the concrete will 

be enhanced with 12 or 19 mm length PP fibers. PP fiber can improve the spalling resistance of the ultra-high 

strength concrete mainly due to the tubular channels from external to internal formed by PP fiber melted, in the 

second place, the increasing of the capillary porosity caused by the dehydration of hydration products. Both of 

these connect with each other, which can provide the channel to release the internal stress and relieve internal 

vapor pressure. 

 

Originality 

Under Severe Environment of the fast heating and fast cooling, spalling resistance properties of ultra-high 

strength concrete is first studied, and the mechanism is explored. So as to improve spalling resistance 

performance of the ultra-high strength concrete construction, prevent the burning buildings from instantaneous 

collapse, and effectively resist penetration weapon attack. 

 

Keywords: Ultra-high strength concrete; Spalling resistance; Polypropylene fiber; Mechanism 
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1. Introduction 

With the expansion and densification of the scale of urban and rural construction, the cases of 

building collapsed often happen due to performance deterioration of building material in the fire. 

According to different of fire tinder, the impact of fire on the surrounding concrete building isn’t 

entirely the same. For example, the temperature of surrounding building is instantly above 1000 ℃ 

in case that the fire is caused in tunnel and oil industry. However, the temperature of surrounding 

building decreases instantly down to ambient temperature when the explosion is caused by some of 

the flammable and explosive gas, liquid and solid. In the face of these combustion or explosion, the 

surrounding concrete building must have good resistance effect for rapid heating and rapid cooling. 

However, concrete is easily to spalling damage in the fire or high temperatures, especially high 

strength concrete, which is more easily to happen than common concrete (Hertz K. D., 2003; Chan S. 

Y. N., et al., 1996). In addition, with the rapid development of large and high engineering construction 

in recent years, the application of the ultra-high strength concrete is more widely in the construction 

industry. Therefore, the research on the ultra-high strength concrete spalling resistance under the rapid 

heating and rapid cooling is very necessary and has realistic significance.  

The spalling damage phenomenon was put forward by Hertz (Hertz K., 1984) as early as 1984, the 

serious spalling damage of 100 MPa concrete happened in the English-French submarine tunnel in 

1996 (Kirkaland C. J., 2002), which caused a lot of countries and regions to carry out the relevant 

research. Chen Qiang (Chen Qiang, 2010) has studied the spalling damage of 109 MPa concrete in 

slow heating rate of 10-20 ℃/min. Fellcetti et al. (Fellcetti R., et al., 2000) has studied the 

spalling damage of 189 MPa concrete, but which was the slow heating rate of 1 ℃/min. Although 

Durrani et al. (Durrani A. J., et al., 1990) has taken rapid heating rate of 30-90 ℃/min to explore the 

spalling damage of 89 MPa concrete. It was obvious that the studies of the spalling damage mainly 

focused on the high strength concrete and high performance concrete, Secondly, the heating rate was 

relatively slow. However, little researches focused the spalling damage of ultra-high strength concrete, 

which is less under rapid heating and rapid cooling. 

In this paper, the spalling resistance of the ultra-high strength concrete construction mixed with 

different fiber types, dosage or length are studied under the most severe condition (the specimen is put 

in the muffle furnace immediately for 10 minutes, then instantly taken to the place of 25 ℃ 

environment), and the mechanism of spalling resistance is explored. 

2. Experimental 

2.1. Raw materials 

Ordinary Portland cement of 52.5R (density: 3150 kg/m3 and specific surface area: 448 m2/kg) was 

used in this study. Silica fume (density: 2230 kg/m3 and specific surface area: 13050 m2/kg) were 

incorporated as high strength mineral admixtures. Silica sand was used in the size ranges of 40-300 

mesh with a density of 2.87 g/cm3. Quartzose sand was used as fine aggregates. Density and fineness 

modulus of the fine aggregates were 2710 kg/m3 and 2.4, respectively. Straight steel fiber coated with 

copper was used. The density, length, diameter and the compressive strength of the steel fiber were 

7800 kg/m3, 15 mm, 0.22 mm and 2850 MPa. Polypropylene fiber (PP fiber) with a density of 910 

kg/m3, length of 6, 9, 12 and 19 mm and equivalent diameter of 26.13 μm was used. In order to obtain 

the desired workability of the fresh concrete, Polycarboxylic water-reducing agent with solid content 

of 24% was added into the mix. 



  

    (a) Straight steel fiber coated with copper  (b) PP fiber 

Fig. 1 Photograph of fiber 

2.2. Mix proportions of concrete 

Mix proportions of concrete were shown in table 1. 

Table 1 Mix proportions of concrete 

Concrete 

types 

Water/ 

binder 

ratio 

Silica sand/ 

binder ratio 

High strength 

admixture/ 

binder ratio 

PP fiber 

(V%) 

Steer 

fiber 

(V%) 

Aggregat

e (V%) 

Defoamer 

(‰) 

concrete 0.18 0.61 20 0 0 10 0.15 

Steel fiber 

concrete 
0.18 0.61 20 0 1.75 10 0.15 

PP fiber  

concrete 
0.18 0.61 20 0.20 0 10 0.15 

PP and steel 

fiber concrete 
0.18 0.61 20 0.20 1.75 10 0.15 

Note: 1) The length of PP fiber was 12 mm without showed, and would have an explanation If there was any 

change in this paper. 

2) The dosage of water reducing agent was adjusted by slump flow vibration. 

2.3. Experimental methods 

2.3.1 Specimen preparation 

Raw materials were weighed accurately according to what stated in table 1. First solid raw materials 

were mixed well for 45 seconds except for steel fiber with a mixer, and then liquid was added in with 

stirring ensure significant fluidity. The total mixing time should be 6 minutes. If mixed, steel fibers 

were put in slowly to ensure homogeneous dispersion together with paste when stirring for about 3 

minutes. Slump flow was immediately measured without vibration. The prepared pastes with an 

appropriate slump flow of 260 mm±20 mm were then placed in the moulds of 40× 40×160 mm with 

two layers. Two groups’ specimens were prepared, and three specimens for each group were 

conducted for all tests designed in this study. The specimens were demoulded after 24 hours mixing 

with water. All the specimens were cured in a standard curing room (RH>95%, T=20 ℃) for 28 

days. After that the specimens will divided into two groups. One group samples were cured in a dry 

air room (RH=55%~65%, T=20 ℃) for 14 days till the spalling resistance was measured. Another 

sample was used for strength comparison experiment. If spalling damage happened, the strength and 

quality of concrete would not be measured. 

2.3.2 Experimental method of high temperature 

Muffle furnace was heated and maintained at 1000 ℃ for 30 minutes. The specimen of room 

temperature was immediately put into the furnace. After 10 minutes, the specimen was rapidly taken 



out and put into the room, the temperature of which was about 25 ℃. As the temperature of the 

specimen was reached at about 100 ℃, it was placed in the dryer for air isolation where it remained 

until strength test.  

2.3.3 Evaluation method of spalling damage  

Visual evaluation was measured by the spalling damage degree, which was divided into “Almost no 

damage, Slightly damage, Medium damage, Greater damage, Damage and Collapse”, after the high 

temperature test (Momose H., Sakuramoto F., Yanagita K., 2003). 

2.3.4 Methods of mechanical property 

Compressive strength of concrete was measured in accordance with Method of Testing 

Cements--Determination of Strength (GB/T 17671-1999 (ISO 679：1989)). 

2.3.5 Microscopic experimental method  

The specimens before and after high temperature were selected to employ TG/DTA, XRD, SEM and 

MIP tests. The specimens were lightly knocked into block samples with a diameter about 3-5 mm. 

After using alcohol to terminate the hydration, part of block samples were grinded into powder, and 

all specimens were placed into the dryer. Powder specimen was used to TG/DTA and XRD tests. 

Thermogravimetric analysis was determined by NETZSCH STA449C model comprehensive thermal 

analyzer. The structural analysis was carried out by D8 Advance Diffractmeter X-ray diffraction. 

Specimens with a flat sheet of diameter 3 mm were used to SEM tests. The microscopic structure of 

the hydration products of specimen was observed by a Quanta 250 FEG field emission environmental 

scanning electron microscope. Particle specimens were used to MIP tests. The internal porosity of 

specimens was tested by Mercury porosimeter. 

3. Results and discussion 

3.1. Relationship between fiber types and concrete spalling damage 

Addition of fusible organic fibers in high strength, high performance concrete is one of the most 

economic and feasible measure for spalling protection (Pierre K., Gregoire C., Christophe G., 2001), 

and polypropylene fiber is considered to be the most effective organic fiber ( Sarvaranta L., Mikkola 

E., 1994). In addition, steel fiber is one of main raw materials of ultra-high strength concrete such as 

reactive powder concrete in the present. Therefore, steel fiber, PP fiber and their mixture are added 

into the ultra-high strength concrete, respectively. The effect of the fiber types on the concrete spalling 

damage was investigated. The main results of the tests are summarized in table 2. 

The fiber types will greatly effect on the spalling damage of ultra-high strength concrete. The 

specimens mixed without any fiber or with steel fiber are almost completely spalling, indicating 

poorer spalling resistance to high temperature. The spalling damage is “Collapse” and “Damage”. 

While specimens mixed with PP fiber or PP and steel fiber keep intact, with the compressive strength 

loss rate within 30%, mass loss rate within 8%. This is mainly due to the relieving vapor pressure of 

the PP fiber and the good heat conduction of steel fiber, which can quickly make the internal and 

external temperature of concrete well-distributed and reduce the internal stress produced by the 

temperature gradient. All of those factors will significantly alleviate deterioration performance under 

the condition of high temperature. 

Combining with the process of high temperature and after heated, it can be reasonably concluded that 

PP fiber can significantly improve spalling resistance of concret and steel fiber can delay spalling time. 

But the steel fiber can not obviously ease the spalling phenomenon. Those are in agreement with the 
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conclusions proposed by Sideris (Sideris K. K., Manita P., Papageorgiou A., et al., 2006) and indicate 

that the steel fiber have same impact on spalling resistance to high temperature of high performance 

concrete and ultra-high strength concrete. 

Table 2 Relationships between fiber types and spalling damage 

Fiber types No fiber Steel fiber PP fiber PP and steel fiber 

Compressive strength 

before heated (MPa) 
169 198 168 205 

High temperature 

phenomenon 

Continuous spalling 

sound after 120’, 

bigger spalling 

sound 

Continuous 

spalling sound after 

300’, bigger 

spalling sound 

No spalling 

sound 

No spalling 

sound 

Integrity of the 

specimens after heated 

Scattered into  

small size  

Scattered, larger 

residual 

Tiny cracks 

surface, complete 

corners 

Tiny cracks 

surface, complete 

corners 

Morphology after 

heated 

    

Compressive strength 

loss rate (%) 
100 100 29.37 2.70 

Mass loss rate（%） 100 92 7.84 7.86 

Visual evaluation Collapse Damage Slightly damage Slightly damage 

3.2. Relationship between PP fiber dosage and concrete spalling damage 

Table 3 Relationships between PP fiber dosage and spalling damage 

PP fiber dosage 

(%) 
0 0.10 0.15 0.20 0.25 0.30 

Compressive 

strength before 

heated (MPa) 

169 163 167 168 163 160 

High 

temperature 

phenomenon 

Spalling 

Discontinuo-

us spalling  

sound 

Spalling 

sound 

occasionally 

No spalling 

sound 

No spalling 

sound 

No spalling 

sound 

Integrity of the 

specimens after 

heated  

Scattered 

into small  

size  

One spalling 

into pieces in 

furnace 

One spalling 

into pieces 

taken out of 

furnace later 

Tiny cracks, 

complete 

corners 

Tiny cracks, 

complete 

corners 

Tiny cracks, 

complete 

corners 

Morphology 

after heated 

      
Compressive 

strength loss 

rate (%) 

100 100 100 29.37 27.30 26.73 

Mass loss rate

（%） 
100 80 76 7.84 7.65 7.36 

Visual 

evaluation 
Damage Damage Damage 

Slightly 

damage 

Slightly 

damage 

Slightly 

damage 



Table 3 shows the relationships between PP fiber dosage and spalling damage of ultra-high strength 

concrete. The compressive strength of all the specimens do not significantly change with the increase 

of PP fiber dosage before heated. The concrete without PP fiber happens spalling and scatters into 

small size in high temperature furnace. Discontinuous or continuous spalling sound will be 

appearance for the concrete with 0.10% PP fiber dosage and one of the specimens is spalled into 

pieces in furnace. With the dosage of PP fiber up to 0.15%, there is spalling sound occasionally and 

one of the specimens is suddenly spalled into pieces after taken out of the furnace. There is no 

spalling sound for the concrete of 0.20% or more PP fiber dosage and the compressive strength loss 

rate are below 30%, mass loss rate are within 8%. This illustrated that ultra-high strength concrete 

with168 MPa has significantly spalling resistance to high temperature when the dosage PP fiber in 

concrete is reached to 0.20%.  

The study of Kimura (Kimura K., Ozawa M., et al., 2008) indicates when PP fiber of 12mm length 

dosage is 0.15%, high strength concrete of 68MPa can inhibit spalling damage. The study of 

Munehiro et al. (Munehiro U., Shigemi K., 2006) indicates when PP fiber dosage is above 0.20%, 

ultra-high strength concrete of 147 MPa can inhibit spalling damage. While the study of this paper 

indicates PP fiber dosage with 0.20% could play a role. Compared with the previous research results, 

the inhibition of spalling damage of PP fiber dosage is related to the strength of concrete and high 

temperature system. 

3.3. Relationship between PP fiber length and concrete spalling damage 

Table 4 Relationships between PP fiber length and spalling damage 

PP fiber length（mm） 6 9 12 19 

Compressive strength 

before heated (MPa) 
165 170 168 171 

High temperature 

phenomenon 

Discontinuous or 

continuous spalling  

sound 

Discontinuous or 

continuous 

spalling sound 

No spalling sound 
No spalling 

sound 

Integrity of the 

specimens after heated 

Spalling into pieces 

taken out of furnace 

later 

Spalling into 

pieces in furnace 

Tiny cracks, 

complete corners 

Tiny cracks, 

complete corners 

Morphology after 

heated 

    
Compressive strength 

loss rate (%) 
82 100 29.37 6.29 

Mass loss rate（%） 100 100 7.84% 7.82% 

Visual evaluation Damage Collapse Slightly damage Slightly damage 

In order to evaluate the relationships between PP fiber length and spalling damage of ultra-high 

strength concrete, the spalling resistance of ultra-high strength concretes with different length PP fiber 

was determined. The test results are shown in table 4. The compressive strength of the concretes 

doesn’t significantly change with the increase of PP fiber length before heated. However, after heated, 

the PP fiber length will greatly effect on the spalling resistance of concretes. The spalling damage 

phenomenon of the concrete with PP fiber length of 6 and 9 mm is appeared significantly. The 



spalling resistance to high temperature of the concrete with PP fiber length of 12 and 19 mm is 

excellent. The loss rate of compressive strength is within 30% and mass loss rate is within 8%. These 

are accordance with the research results of Bentz (Bentz D., 2000) in high performance concrete, 

which proposed that the spalling resistance of long fiber was more effective than that of short fiber. In 

this experimental range, the addition of PP fiber with 12 mm length in concrete can effectively inhibit 

the spalling damage of specimens. 

3.4. Mechanism analysis 

3.4.1 TG/DTA analysis 

The weight loss in the concrete with 0.2% PP fiber, which is caused by the dehydration or 

decomposition of the ingredients of the concrete during the process of heating, was determined by 

TG/DTA analysis. The result is shown in Fig. 2. 

There are one obvious endothermic peak and two unobvious endothermic peaks in the DTA curve, as 

shown in Fig. 2. The obvious endothermic peak at around 90-200 ℃ is attributed to the dehydration of 

the hydrated calcium silicate and hydrated calcium sulphoaluminate following by the evaporation of 

evaporative water in capillary pores. At the same time, PP fiber which melts within 165 -173 ℃ has 

rare volume dosages, so peak is not enough to cause changes in DTA curve. The endothermic peak 

located in 420-450 ℃ originate from the decomposition of Ca(OH)2. The endothermic peak at around 

650-750 ℃ is due to the decomposition of CaCO3 crystals. Generally, the significant weightlessness 

will appear in general Portland cement paste at about 420-550 ℃, which is caused by the 

decomposition of Ca(OH)2. For example, the significant weightlessness appears in general Portland 

cement paste with 0.25 water/binder ratio by the research of Li Qing-hai (Li Qinghai, 2000), which is 

caused by the decomposition of Ca(OH)2 with weight loss of 1.83%. Nevertheless, weight loss is only 

0.32%, as shown in Fig. 2. This is mainly due to the pozzolanic reaction between the large amount of 

active SiO2 in the high strength admixture and Ca(OH)2 generated by cement hydration reaction, 

forming the C-S-H gel and leading the reduction of Ca(OH)2 and CaCO3. At the temperature of 

420-450 ℃ Ca(OH)2 will decompose and form H2O. The less of H2O vapor generated, the less of 

internal vapor pressure is, the better of spalling resistance is. Thus, the less of Ca(OH)2 crystal 

generated, the better of spalling resistance to high temperature of ultra-high strength concrete is. 
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Figure 2 TG/DTA curve of specimen  Figure 3 XRD curve of specimen before and after heated 

3.4.2 XRD analysis 

Fig. 3 shows the XRD patterns of ultra-high strength concrete before and after heated. The peaks of 

SiO2, C3S, C2S, Ca(OH)2 and CaCO3 are observed in concrete before heated. However, the peaks of 

Ca(OH)2 and CaCO3 are weak, which is in accordance with the results of TG/DTA curve. After heated, 



the peak of Ca(OH)2 in specimen almost disappears, suggesting the decomposition of Ca(OH)2 after 

heated.  

3.4.3 SEM analysis 

Fig. 4(a) shows the SEM images of concrete with 0.2% PP fiber before heated. The particles and 

clusters of C-S-H gel, which is the main product of hydration, are observed and the C-S-H gel is 

cemented together each other. Not any particles of Ca(OH)2 can be observed. There is no obvious pore 

between cement and aggregate and the matrix and interface structure are compact. Before heated the 

hydration products are firmly attached to PP fiber, as shown in Fig. 4(b). This illustrates that the PP 

fiber and hydration products have a good bonding effect. After high temperature of 1000 ℃, a large 

amount of tubular channels which are formed by the fusion volatilization of PP fiber and a certain 

number of micro cracks which are formed by the dehydration of hydrated calcium silicate gel are 

appearance in the interior of matrix, as shown in Fig. 4(c) and Fig. 4(d).  

 

(a) The whole structure before (b) Fiber surface morphology before 

 
(c) The whole structure after (d) fiber surface morphology after 

Fig. 4 SEM images of concrete before and after heated 

The specimen shows high compressive strength of 168 MPa on the macro performance. However, the 

concrete is easily to spalling damage under heated due to its ultra-high strength and ultra-compact. 

The concrete without PP fiber has significant spalling into small pieces (shown in Table 2). But the 

concrete with 0.20% PP fiber hasn’t spalling damage after heated of 1000 ℃. It is because both of 

tubular channels and micro cracks enhance the water vapor channel to external space, which can 

relieve internal vapor pressure and would contribute to the improvement of spalling resistance. 

3.4.4 MIP analysis 

Fig. 5 show the pore size distribution of specimen before and after heated. As can be seen before 

heated, two significant characteristic peaks of 17 nm and 5 nm appear, the most probable pore size is 

200μm

Partial enlarged view 

 

Micro cracks 

20μm

Tubular channels  

20μm

 PP fiber 

20μm

Aggregate 



small, and total pore volume is 0.0391 cm3/g. After heated, the most probable pore size increases to 55 

nm, at the same time, a small amount of big pores of 16 and 68 μm appear, total pore volume 

increases to 0.0695 cm3/g. The 16μm pores may be formed by 20 μm PP fibers melted (see in fig. 4 

(d)). So high temperature can increase total porosity to significantly, destroy of hole grading, increase 

water vapor channel, relieve internal vapor pressure, and prevent concrete from spalling. This 

conclusion has been confirmed by SEM. 

0.00

0.01

0.02

0.03

0.04

0.05

Pore diameter

(d
v

/d
lg

D
)/

(c
m

3
/g

)

before heated

after heated

0.0695

1mm   100μm    10μm   1μm   100nm  10nm  1nm

0.0391

 
Fig. 5 Pore size distribution curves of specimen before and after heated 

Combined with TG/DTA, XRD, SEM and MIP analysis, it can be seen before heated that the 

hydration products of concrete is cemented together each other to form particle clusters with good 

cementation between polypropylene fiber and cement. The overall structure is compact with low total 

porosity, which leads to explosive spalling. But after heated, almost all of PP fiber melt from external 

to internal of samples and form the tubular channels. In the second place, the dehydration of hydrated 

calcium silicate gel increases the capillary porosity. The connectivity of both of these relieves internal 

vapor pressure, and prevent specimen spalling.  

PP fiber in the concrete has the performance of spalling resistance need a certain dosage. When PP 

fiber dosage is 0.1%, explosive spalling occurs in high temperature furnace which indicate that the 

tubular channels formed by PP fiber melt is insufficient to enhance the water vapor channel from 

internal to external space, the internal vapor pressure of the concrete isn’t relieved. When PP fiber 

dosage reaches 0.15%, tubular channels from external to internal increase which lead to internal vapor 

pressure of the concrete lower than concrete’s strength, so samples don’t occur in high temperature 

furnace. Once took into room temperature, the concrete contracts sharply under the dual effect of the 

internal vapor pressure and external contraction and occurs explosive spalling. When PP fiber dosage 

reaches 0.2%, internal vapor pressure of the concrete is relieved, explosive spalling phenomenon 

doesn’t occur. 

PP fiber dosage has a significant impact on the spalling resistance of concrete, and the length of the 

fiber also has a certain impact. To the 6 or 9mm fiber simples, tubular channels from external to 

internal formed by PP fiber melt is not enough, and water vapor pressure can’t be relieved, so occurs 

spalling in high temperature furnace or at room temperature under the dual effect of the internal vapor 

pressure and external contraction. Only when PP fiber length reaches 12mm, internal vapor pressure is 

relieved, explosive spalling doesn’t occur.  

4. Conclusions 

In this study, the effect of type, dosage and length of fibers on the spalling resistance property of 



ultra-high strength concrete with the highest compressive strength of 205 MPa under the condition of 

rapid heating and quick cooling are demonstrated. The mechanism of the spalling resistance of 

ultra-high strength concrete mixed with PP fiber is discussed. The main conclusions drawn from this 

study are as follows: 

1) Steel fiber can delay spalling time, but it is not obvious to ease the spalling phenomenon. PP fiber 

can significantly improve spalling resistance of concrete. 

2) PP fiber dosage has a significant impact on the spalling resistance of concrete. The degree of 

explosive spalling is related to the PP fiber dosage. The spalling resistance is poor as the dosage lower 

than 0.20%. While spalling resistance is best for PP fiber dosage of 0.20% or more, and the 

compressive strength loss rate are within 30% and mass loss rate are within 8%. 

3) PP fiber length will influence the spalling resistance of concrete specimen. Specimens with PP fiber 

length of 6 and 9 mm show significant explosive spalling phenomenon, and specimens with PP fiber 

length of 12 and 19 mm have significant spalling resistance to high temperature. The loss rates of 

compressive strength and mass are within 30% and 8%, respectively. 

4) PP fiber can improve the spalling resistance of the ultra-high strength concrete mainly due to the 

tubular channels from external to internal formed by PP fiber melted, in the second place, the 

increasing of the capillary porosity caused by the dehydration of hydration products. The connectivity 

of both of these relieves internal vapor pressure, and prevent specimen spalling. 
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Abstract: In this paper, the composition and microstructure of high performance 

concrete with chemical and mineral admixtures were analyzed. The main transport 

paths for corrosive media, including nano-scale C-S-H gel pores, micro-scale capillary 

pores and interface transition zone, were extracted and corresponding effective 

transport coefficients were determined. Finally, a multi-scale transport model ranging 

from nano-scale, micro-scale, meso-scale to macro-scale of concrete was set up based 

on the porous media mechanics and multi-scale method, combined with numerical 

calculation and 3D visualization. This will be helpful to design and predict the service 

life of concrete structures. 
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1 Introduction 

Chloride ingress into concrete causes reinforcement corrosion, and then the 

diffusion coefficient of chloride ions mostly affects the service life and durability of 

concrete. A series of experimental tests have been developed during the last decades to 

investigate the diffusion behaviors of chloride ions in cement-based materials [1-3]. For 

example, the diffusion coefficients of chloride were measured by rapid chloride 
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penetration test[4], non-steady-state migration [5] and steady-state conductivity 

methods [6]. However, these tests are very time consuming and the experimental data 

have a significant variability due to the differences of measurement and sample 

preparation. 

In order to overcome the shortcomings of experiments, the transport properties can 

also be predicted and analyzed using empirical equations, analytical models and 

numerical simulations. Prediction of ions diffusion is a great challenge as concrete has 

a complex microstructure and exhibits composite behaviors over many length scales[7]. 

Prediction of ions diffusion is a great challenge as concrete has a complex 

microstructure and exhibits composite behaviors over many length scales [8]. A large 

range of length scales from nanometer-sized pores to millimeter-sized aggregates for 

modeling concrete necessarily require a multi-scale approach [9] to predict the chloride 

ions diffusion. The ions diffusion properties computed at micrometer are fed into the 

model which is constructed at the next higher scale, such as millimeter.  

In this study, there are two separate models developed for the cement paste 

surrounding a single aggregate (micrometer scale) and a representative volume of 

concrete (millimeter scale). It is noted that C-S-H gel diffusivity coefficient at a 

nanometer scale is incorporated at the micrometer scale. Therefore, seven orders (10-9-

10-2 m) of magnitude of length scale are contained in this multi-scale modeling method. 

The effective diffusivity of concrete is finally computed and compared to experimental 

results for a validation. 

2 Multi-scale modeling method 

2.1 Nanometer-scale model 

Based on experimental results of TEM, Bentz [10] divided C-S-H into two scales 

(micro and macro). Micro scale is the small part of the macro-scale units and their 

relationship is shown in Fig.1. Powers [11] reported that the total porosity of C-S-H is 

28%. According to isotherm absorption experiment, the porosity of micro-scale and 

macro-scale are 22.3% and 7.6%, respectively. The parameters of micro and macro 



model are listed in Table 1. 

 

Fig. 1 Relationship between micro and macro level 

 

Table 1 Parameters of micro and macro level 

Scale 
 Length 

size 

Pixel 

resolution 

Particle 

diameter 

Size 

of 

hard 

core 

Size 

of 

soft 

shell 

Number of 

particles 
Porosity 

Micro 25nm 0.125nm 5nm 3.7nm 1.3nm 212 22.3% 

Macro 250nm 1.25nm 40nm 22nm 18nm 675 7.63% 

According to the parameters in Table 1, the 2D and 3D images of C-S-H gel for 

micro and macro scale are shown in Fig. 2. The porosity of micro scale is significantly 

larger than that of macro scale. The average pore size of micro and macro are 3.69 nm 

and 14.17 nm, respectively. 



  

(a) 2D micro (b) 2D macro 

  

(b) 3D micro (d) 3D macro 

Fig.2 2D and 3D images of micro and macro model for C-S-H gel 

 

2.1 Micrometer-scale model 

The first step uses digital-image-based models to stimulate cement hydration at the 

micrometer scale. In order to accurately simulate the hydration process of cement, it is 

necessary to assure the initial three-dimensional distribution of cement particles as 

realistic as possible. Cement particles are then placed from the largest particle to the 

smallest particle according to actual water to cement ratio (W/C) and measured particle 

size distribution. The volume fraction, surface area fraction, and autocorrelation 

structure of clinker phases were determined by scanning electron microscopy, as input 



parameters to distribute the four phases amongst the cement particles. After that, three-

dimensional microstructure was created before executing hydration. The initial two-

dimensional and three-dimensional microstructure images are shown in Fig. 3. A 

specified thickness of single flat plate aggregate was then added into the 3D 

microstructure for studying the interfacial transition zone (ITZ), as shown in Fig. 4. 

  

(a) 2D (b) 3D 

Fig.3.30 W/C=0.35 initial microstructure after segmenting (red-C3S, yellow -

C4AF, green-C3A，aqua-C2S, grey-gypsum) (a) 2D (b) 3D 

 

     

(a)                                      (b) 

Fig. 4 Original two-dimensional (a) and three-dimensional (b) microstructure with 



W/C=0.35. Color assignments are: red-C3S, acqa-C2S, green-C3A, yellow-C4AF, grey-

gypsum, black-pore, pink-aggregate. 

Cement hydration was conducted by a series of dissolution, diffusion and reaction 

cycles to model the experimental procedure. As hydration program executes, the 

various characteristics of microstructure such as hydration degree, individual phase 

volume fractions, percolation, heat, chemical shrinkage, pore solution, etc. were 

monitored with hydration time. The porosity in the bulk paste achieved as a function of 

distance from the aggregate surface is presented in Fig. 5. It can be seen that the curves 

with different hydration ages show a similar response. The porosity begins to decrease 

with increasing distance near the aggregate surface and gradually becomes level off 

after 16 μm. This can be attributed that formed ITZ near the aggregate surface contains 

higher W/C than the bulk paste far away from the aggregate surface. “Wall effect” and 

“one-sided growth effect” contribute to the microstructure formation of ITZ in the 

digital-image-based simulation [12]. In addition to studying the formation mechanisms, 

the digital-image-based model is employed to study the effects of mixing and 

flocculation on the initial distribution of cement particles near an aggregate surface [13]. 

It should be noted that the hydration time does not affect the thickness of ITZ, tITZ。 The 

value of tITZ is the equivalent of 16 μm in the Fig. 5, corresponding to the median 

diameter of cement particles due to ignore any effects of bleeding [12]. 
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Fig. 5 Porosity distribution near aggregate surface for different hydration degree 

After cement hydration up to a desired time, the relative diffusivity (D/D0) can be 



expressed in Eq. 1. This equation comes from fitting the experimental results of several 

different W/C at many different hydration degrees [14]. 

2 2

0

( ) 0.001 0.07 ( ) 1.8 [ ( ) 0.18][ ( ) 0.18]
D

x x H x x
D

                            (1) 

Where D is the diffusion coefficient of chloride ions in a composite material, D0 is 

the corresponding diffusion coefficient in bulk water, i.e., D0=1.81×10-9 m2/s for 20 °C.

( )x  is the capillary porosity at the distance x from the aggregate surface，H is the 

Heaviside porosity (if y>0, H(y)=1, and otherwise, H(y)=0). 

Based on the obtained results of porosity distribution in Fig. 5, the diffusivity is 

divided into two parts: ITZ diffusion coefficient (
ITZD ) and bulk paste diffusion 

coefficient (
bulkD ). The capillary porosity of ITZ (

ITZ ) can be estimated by integrating 

the porosity as a function of distance near the aggregate surface, given by Eq. 2. The 

average porosity of bulk paste (
bulk ) is also acquired from porosity distribution curves. 

0
( )
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                                                   (2) 

Where ( )x  is the capillary porosity at the distance x from the aggregate surface, 

dx  is the infinitesimal interval of the distance from the aggregate surface. 
ITZ  and 

bulk  are then substituted into Eq. 1, the ratio of average ITZ diffusivity to average bulk 

paste diffusivity ( /ITZ bulkD D ) can be quantitatively calculated. 

2.2 Millimeter scale model  

For stimulating concrete or mortar at the millimeter scale, a hard core soft shell 

(HCSS) microstructural model (Fig. 6) has been applied to model transport properties 

in three-dimensional concrete microstructure. This model consists of hard core particles 

(aggregates), a concentric soft shell surrounding each hard core particle (equivalent to 



the ITZ), and a bulk matrix (cement paste). The hard core particles are not allowed to 

overlap each another, but soft shell can overlap one another and the hard core particles 

[15]. The system volume is a cube of 100 units per side and a real size of 30 mm. The 

HCSS model is initially executed for the measured volume fraction and particle size 

distribution of aggregate and imitative the value of tITZ to determine the volume 

fractions of bulk paste (Vbulk) and ITZ (VITZ). The previously calculated /ITZ bulkD D  is 

then input into the HCSS model to compute the effective diffusivity of concrete relative 

to the average value for bulk paste ( /eff bulkD D ) by applying the random walker algorithm. 

Finally, the overall diffusion coefficient of concrete ( effD ) is acquired according to the 

following Eq. 3. 

0 0( / ) ( / )eff eff bulk bulkD D D D D D                                         (3) 

 

Fig. 6 A schematic illustration of HCSS model (red-aggregate, yellow-ITZ, gray-

bulk paste) 

3 Experimental procedures  

3.1 Materials and mix proportions  



The experimental methods are explained in the previous literature [16]. The 

samples were prepared using Portland cement type I with the weight percentage of 5% 

gypsum. Three types of fineness modulus (3.53, 2.61 and 1.80) for siliceous sand were 

used in mortar and concrete. The size distribution of crushed gravels was in the range 

of 5–20 mm. The mix proportions of cement-based materials were present in table 2. 

Table 2 Mix proportions of cement-based materials 

No. W/C Fineness modulus of 

sand 

Volume fraction of 

sand 

Volume fraction of 

gravel 

P1 0.23 - - - 

P2 0.35 - - - 

M1 0.35 2.61 0.3 - 

M2 0.35 2.61 0.4 - 

M3 0.35 2.61 0.5 - 

M4 0.35 3.53 0.5 - 

M5 0.35 1.80 0.5 - 

C1 0.35 2.61 0.18 0.52 

C2 0.35 2.61 0.26 0.44 

C3 0.35 2.61 0.35 0.35 

3.2 Methods 

3.2.1 Hydration degree test 

The cement paste was firstly crushed and grounded into powder and the powder 

was sieved using a 0.08 mm sieve. The sieved powder was placed a porcelain crucible 



for drying 24 h at 105 °C. The weighted powder (m0) was placed in a furnace for 

igniting 3h at 1050 °C. After cooling, the powder was weighted again with mass 

denoted as m1050. Three samples were measures for each paste, and the results were 

averaged. Finally, the non-evaporable water content (
nW ) can be calculated  

 
1

c

n

c

L L
W

L





                                                         (4) 

0 1050

0

m m
L

m


                                                         (5) 

where Lc is the ignition loss of raw materials. 

The hydration of cement paste ( ) is expressed by powers as 

100

0.23

nW



                                                          (6) 

3.2.2 Steady-state accelerated chloride diffusion test 

The electrochemical technique is employed to accelerate the migration of chloride 

ions in the cement-based materials to estimate the diffusion coefficient. A test setup of 

steady-state accelerated chloride diffusion is illustrated in previous studies [17-18]. The 

chloride diffusion coefficients were measured by using a steady-state accelerated 

chloride diffusion setup. Before the test, the columned specimens (10cm in diameter 

and 3 cm in height) were vacuum-saturated for 48 h and its lateral surface was coated 

with epoxy. The specimen was placed between two acrylic cells. One of the cells called 

anode was filled with 0.3N NaOH and the other cell called cathode with 3% NaCl 

solution. The cells were forced by 30 V DC power. Two mesh electrodes under 30 V 

DC power were placed on two sides of the specimen, resulting in the electrical filed 

through the test specimen. 

During the test, the chloride concentration in the anode cell was determined by the 

potentiometric titration method with 0.01 N AgNO3 solution. The cumulative chloride 

ions concentration changes with time from the non-steady state to the steady state. The 



steady state chloride ions diffusion coefficient (
clD ) in the anode cell for specimen is 

calculated as  

  
( / )

a c l
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V CRT
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CF E l A t





                                            (7) 

where R is universal gas constant (8.3 J mol-1 K-1), T is the absolute temperature, C is 

chloride concentration in the cathode cell, F is Faraday constant (96500 C mol-1), E is 

the electrical filed, l is the thickness of specimen, Va is the volume of solution in the 

anode cell, A is the surface area exposed to chloride ions, 
clC  is the change of 

chloride ions concentration, t  is the interval time measured. 

4 Results and discussion 

In order to simulate the chloride diffusivity of concrete at the micrometer scale, the 

predicted diffusion coefficients then are directly compared to measured values in the 

Fig. 7. The predicted values have similar trends with the experimental values. As can 

be seen from Fig. 7 that predicted values are obviously lower than simulated values. 

However, the predicted values have the same order with the experimental values. When 

W/C increased from 0.23 to 0.53, the diffusion coefficient of concrete for 60 d and 90 

d are increased by 4.5 and 8.8 times respectively. 
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Fig. 7 Comparison between predicted and experimental results of concrete with 

different W/C (a) 60 d (b) 90 d 

The predicted chloride diffusion coefficient of mortar with different sand ratio are 

shown in Fig. 8. It can be seen from Fig. 4 that for a big sand ratio of concrete, the 



diffusion coefficients are higher than values with a small sand ratio. Abyaneh [19] 

pointed that the aggregates in the hydrated cement paste is fourfold: dilution, tortuosity, 

ITZ and percolation. This phenomenon is attributed that coarse sand with small volume 

fraction of ITZ causes the decrease of transport property. When the sand ratio change 

from 25% to 50%, the diffusion coefficient of 60 d and 90 d test are increased by 1.2 

times and 1.3 times, respectively. The volume fractions of ITZ increase with the growth 

of volume fraction of aggregates results in the overlapping of ITZ layers. Therefore, the 

chloride ions diffuse easily through the percolating paths of ITZ.  
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Fig. 8 Comparison between predicted and experimental results of concrete with 

different sand ratio (a) 60 d (b) 90 d 

5 Conclusions 

A multi-scale model was applied to predict the effective chloride diffusion 

coefficients in concrete or mortar. The experimental results of steady-state accelerated 

chloride diffusion test were compared to the computed values. It could be summarized 

that the multi-scale model is a good method to predict and evaluate the transport 

behavior of concrete. The thickness of ITZ can be determined by the porosity as a 

function of distance from the aggregate surface. The predicted values have less than 

measured results. The higher W/C, shorter curing age and greater sand ratio have higher 

diffusion coefficients of mortar or concrete. 
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Abstract 

Based on numerical micro-structure model of cement paste, a lattice diffusion model is generated to study the influence 

of randomness on the chloride diffusion coefficient of capillary pore element. The results indicate that, compared with 

regular model, random model has longer diffusion distance, consequently, in order to get same simulation diffusion 

results, the former’s diffusion coefficient should be adjusted a lttlte higher. 

 

Originality 

Lattice models have been used in fracture mechanics of cement-based materials for a long time. Recently, the use of 

lattice models has been extended on simulating chloride transport processes in this material. Most of the transport 

models focus on simulation method and process, but the difference of simulated results caused by randomness is 

generally ignored. In this paper, a lattice diffusion model is generated to study the influence of randomness on the 

chloride diffusion coefficient of capillary pore element, the reason that different simulation method has different results 

is also found. 
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1. Introduction 

The chloride diffusivity is a key factor for durability design, and influenced by many factors such as 

hydration degree, water cement ratio and curing condition, which cannot be considered at same time 

through experiment. However, in essence, those effects all act on the change of microstructure of 

concrete. Thus, it is necessary to generate corresponding numerical models at micro-scale to study the 

diffusion of concrete. 

At micro-scale, the study object is always treated as a composite material (cement paste) consisting of 

capillary pore, hydration product and unhydrated cement. The microstructure of cement paste can be 

obtained by synchrotron-based X-ray computed microtomography (Promentilla M. A. B. et al., 2009) 

and numerical model such as CEMHY3D (Bentz D. P., 1997), HYMOSTRUC3D (van Breugel K., 

1997) and μic (Bishnoi S. et al., 2009). Comparied with X-ray computed microtomography, the 

numerical model is more quickly. Based on those numerical models, many numerical diffusion models 

have been developed to study the diffusion mechanism of cement paste. The existing achievements 

show that the stability of calculation result is influenced by the computed volume and digital 

resolution (Garboczi E. J. et al., 2001). A random walk algorithm has been developed to predict the 

chloride diffusivity of cement paste (Promentilla M. A. B. et al., 2009). However, the predicted 

diffusivity result strongly depends on the number of walk steps and number of walkers. In order to 

improve the accuracy, a sufficient large number of walk steps as well as walkers are required in the 

simulation. However, the number of walk steps and walkers are limited by the computations resources 

in terms of time and memory (Liu L. et al., 2012). After that, a regular lattice model (Liu L. et al., 

2013) and Lattice Boltzmann-Finite Element method (Zhang M. et al., 2014) is generated respectively 

to quantify the diffusivity in hardened cement paste and shows an agreement with experimental data. 

Limited by the assumption of randomness of chloride ion diffusion, the capillary pore transport 

properties in two models are different, which has a great influence over simulated result.  

In this paper, based on HYMOSTRUC3D, a three dimensional random lattice model for simulating 

chloride diffusion in cement paste is presented; and the model is validated using experimental results 

from the literature. The reason that different simulation method has different results is also discovered. 

2. Model discription 

2.1. HYMOSTRUC3D 

An ideal model for predicting the diffusivity in cement-based materials should be based on reliable 

information on their microstructure (Garboczi E. J., 1998). HYMOSTRUC3D is a vector model 

designed by TU Delft to simulate the hydration process and microstructure evolution of cement-based 

materials. In this model, the hydration of microstructure is simulated as a function of the particle size 

distribution (PSD), the chemical composition of the cement, the water/cement (w/c) ratio and the 

reaction temperature. It incorporates the fields of cement chemistry, physics and stereological aspects. 

The complex physical interactions between hydrating cement particles and its influence on the rate of 

hydration of individual cement particles can be taken into consideration explicitly. 

                       
(a) inital                                      (b) 28 days                                     (c) 365 days 

Figure 1 Microstructure of cement paste at different curing ages 

The model is on the basis of following assumptions. Firstly, the reaction products precipitate in the 

close vicinity of the dissolving cement particles. Secondly, the dissolution and growth process occurs 

concentrically around the cement particles until they come into contact. Finally, particles with the 

same size hydrate at the same rate. With these assumptions, the hydration process of cement-based 
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materials can be modelled quite well. Figure 1 shows the microstructure of cement paste simulated by 

HYMOSTRUC3D at different curing ages. Relevant micro-scale experiments are carried out to verify 

its accuracy in terms of porosity and pore size distribution etc. (Ye G., 2003). 

2.2. Lattice Network Construction 

The lattice network construction is illustrated in Figure 2. The sketch is shown in 2D for a more clear 

illustration, and the mesh method also works for 3D case. A digital image consisting of multiple 

phases can be taken as the basis for the lattice mesh. A network of cells is generated first, and a sub-

cell can be defined within each cell. A lattice node is randomly chosen within each sub-cell. Then the 

lattice nodes in the neighboring cells are connected by lattice beam elements, which eventually form a 

lattice network system. The lattice element is regarded as one-dimensional ‘pipes’, through which the 

flow takes place. By assembled lattice network, the chloride ion diffusion in 3D is achieved. 

The length ratio of the sub-cell to the cell is defined as the randomness of the lattice system, which 

represents the disorder of chloride diffusion. The value of the randomness is in the range of [0; 1]. 

When it takes 0, the lattice node is always located at the center of the cell, and a perfect quadrangular 

lattice system is generated. When the randomness is equal to 1, the sub-cell becomes identical to the 

cell, and the materials have the maximum degree of disorder. However, there is a small probability 

that two nodes of neighboring cells are identical (figure 3). Consequently, it is advised to use a value 

smaller than 1(Šavija B. et al., 2013). 

     
(a) 2D lattice network                                    (b) 3D lattice network 

Figure 2 Lattice network construction 
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The randomness value also changes the length of the lattice system L in a fixed volume V, and the 

relationship between randomness and L/V is illustrated in figure 4. The increase of the randomness 

results in a decrease of L/V. Aiming at studying the influence of randomness on simulated result, the 

model with 0, 0.5 and 0.99 randomness is defined as a regular, semi-random and random model 

respectively. During the lattice network construction, all the layers close to the surfaces are forced to 

be regularly meshed, irrespective of the material randomness setting, to guarantee that the chloride 

ions flow through the inlet and outlet surface perpendicularly. 

2.3 Spatial Dispersion 

To determine the volume of element, Voronoi tessellation of the prismatic domain with respect to the 

specified set of nodes is performed. Nodes with adjacent Voronoi cells are connected by lattice 

elements. As shown in figure 5, a Two-dimensional system is generated. l is the length of lattice 

element; Ae is the length of intersection line, by timing l, the area would be obtained. Similarly, for 3D, 

Ae is the area of intersection plane of convex and lattice element. Then, the volume is approximately 
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equal to Ae times l. A Voronoi tessellation of a prismatic domain is shown in figure 6. 

                  
Figure 5 Two-dimensional meshing procedure                          Figure 6 Voronoi tessellation of a prismatic 

domain(Šavija B. et al., 2012) 

2.4 Chloride Diffusion Model 

At steady-state, the flux through specimens does not change with time. The governing equation for the 

Steady-state chloride diffusion through water-saturated cement paste simulation is Fick’s first law: 

 
dc

q D
dx

= -  (1) 

where q is the flow density through surface; dc/dx is the concentration gradient in cement paste; D is 

diffusion coefficient, which is commonly determined by diffusion–cell tests(MacDonald K. A. et al., 

1995; Ngala V. et al., 1995; Page C. L. et al., 1981; Tang L. et al., 1993; Yu S. W. et al., 1991). As 

shown in figure 9, for a discrete one-dimensional lattice element, the equation (1) can be written by 

(Liu L. et al., 2013),  
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 (2) 

where i and j are the numer of nodes connected by lattice element; c and q is the content and 

flow density of corresponding node respectively. Dij is chloride diffusion cofficient of element, 

defined by, 

 
2 1 1

ij i jD D D
    (3) 

Where Di and Dj are the local chloride diffusion coefficients of phases where node i and j are located at 

respectively. 

Though the lattice element can only describe the one-dimensional diffusion, the exists of 3D lattice 

network enable the model to simulate chloride diffusion in the 3D space. By imposing the boundary 

condition in figure 8 on microstructure of cement paste, the steady-state chloride diffusion can be simulated. 

The simulation is based on the following assumptions：The concentration of inlet surface and outlet 

surface keeps 1mol/L and 0mol/L repectively; Concentration difference of inlet and outlet surface is the 

only drive for chloride ions diffusion. No ions go through the other four surfaces; No chloride binding is 

considered. 

        
Figure 7 One-dimensional lattice element        Figure 8 Illustration of imposing concentration 

boundary condition 
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To validate this method, a random lattice network is applied to disperse a homogeneous medium and a 

cement paste with 0.4 w/c ratio respectively in a shape of a cube100μm on each side. The diffusion 

coefficient of chlorides in the pore solution, outer product and inner product are listed in table 1, while 

the unhydrated cement has no diffusion property. The diffusivity values used in simulations are 

obtained by inverse method according to experimental results. 
Tab. 1 Chloride diffusion coefficent of hydration products / (m2∙ s-1) 

Diffusion phase Capillary pore Inner product Outer product 

Chloride diffusion cofficent 
2.5×10-10 

(Zhang M. et al., 2014) 

3.40×10-12 

(Bary B. et al., 2006) 

8.30×10-13 

(Bary B. et al., 2006) 

The simulated concentration distributions in two samples are shown in figure 9 and figure 10 

respectively. the concentration drops with the hues changing from warm to clod. In contrast with the 

homogeneous material, the concentration shows the heterogeneity. The concentration in node is 

dependent on the diffusion history. Dark blue components in figure 10 represent cement particles 

which have no diffusion property. A comparison of average chloride profiles of two materials are 

given in figure 11. The concentration profile of homogeneous is a straight line which meets the 

analytical solution, while, in cement paste, the slope of the profile varies at different position due to 

complex of this material. 
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Figure 9 Simulated concentration distribution         Figure 10 Simulated concentration distribution  
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Figure 11 Comparison of the homogeneous and heterogeneous lattice analyses 

After the chloride concentration of cement paste is obtained, the diffusion coefficient of cement paste 

Deff can be obtained by, 

 eff

0( )b

QL
D

A C C



  (4) 

where Q is flux through the outlet surface; L is the length of cement paste sample; A is cross-sectional 

area; Cb and C0 is the concentration of the diffusive species on the inlet and outlet surface respectively. 

3. Model Verification 

In existing micro-scale diffusion models, the values of capillary pore diffusivity are not consistent (Liu 

L. et al., 2013; Zhang M. et al., 2014; Zheng J. J. et al., 2010). An inverse method is applied in the 

following.The simulated chloride diffusion properties are compared with the measured value to find 

out the appropriate value of capillary pore diffusivity for models with different randomness. 

3.1 Representative Volume Element 
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Representative volume element (RVE) is defined as the smallest possible representation of the 

microstructure, which is statistically homogeneous (Chamrova R., 2010). It is found that the REV for 

diffusivity in cement paste is 100×100×100 μm3, when the digital resolution is 1 μm/voxel (Garboczi 

E. J. et al., 2001; Zhang M. et al., 2010). Since the total time of curing time and curing age is ranging 

from 81 to 291 days for the relevant experimental literatures (MacDonald K. A. et al., 1995; Ngala V. 

et al., 1995; Page C. L. et al., 1981; Tang L. et al., 1993; Yu S. W. et al., 1991) applied to validated 

the model, the minimum time is adopt. To generate microstructure of common cement paste (CEM I 

42.5 N), the HYMOSTRUC3D is applied. In the simulations, the cement was assumed to have a 

continuous particle size distribution in HYMOSTRUC3D with a minimum size of 1 and a maximum 

size of 50 μm. Four w/c ratios, 0.30, 0.40, 0.50 and 0.60, were entered into the model for the purposes 

of evaluating with experiments. The phase content in four w/c ratios is listed in table 2. 
Tab. 2 Phase content in cement paste 

Water-cement ratio Pore Inner product Outer product Unhydrated cement 

0.3 4.0 51.9 24.8 19.3 

0.4 7.8 51.8 26.3 14.1 

0.5 17.5 48.1 25.1 9.3 

0.6 27.2 44.2 23.3 5.3 

3.2 Capillary Pore Transport Property 

At micro-scale, the chloride diffusivty of caplliray pore Dp in cement paste is quite essentail for 

studying the diffsivity of the cementious materis. As shown in Figure 12, it would largely overestimate 

the effective chloride diffusivity of cement paste, when Dp is assumed to match the sodium chloride 

diffusion coefficient of a pure solution system, i.e., Dp=1.61×10-9m2/s (Robinson R. A. et al., 1959). 

Though the predicted result drops with the raising of randomness, for high w/c ratio, it differs from the 

experimental data by a factor ranging from 8 to 15. While, for low w/c, the outcome seems similar 

with experiments. A percolation theory can be applied to explain this phenomenon and the percolation 

threshold of the capillary porosity is found at about 0.20 porosity at a resolution of 1.0 μm/voxel in 

HYMOSTRUC3D (Ye G., 2005). When porosity is lower than percolation threshold, capillary pores 

are not connected any more. As a result, there is no connected path for transport of liquids or ions, the 

transport property is determined by other phases. An example is given in figure 13 to inllustrated this 

phenomnon more specificly. The ratio of model with Dp=1.61×10-9m2/s to the one with Dp=1.07×10-

10m2/s grows with porosity. 
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Figure 12 Simulated results: Dp=1.61×10-9m2/s             Figure 13 Comparison of two models    

By comparing with a series of experimental data from literature, the chloride diffusivity in the pore 

solution is confirmed as 1.07×10-10 m2/s(Pivonka P. et al., 2004), 1.527×10-10 m2/s (Zheng J. J. et al., 

2010) and 2.5×10-10 m2/s (Zhang M. et al., 2014) respectively. Those values are approximately one 

order of magnitude smaller than the chloride diffusivity in Nacl solution. Structuring or layering of 

water implied by charged surfaces of pore implying is the primary cause (Pivonka P. et al., 2004). In 

more detail, the adsorption of water leads to forming a multilayered network which has a significntly 

higher viscosity than standard liquid water. Molecular dynamic simulations of a clay–salt water 

system show that the salt diffusion coefficient strongly depends on the viscosity of the pore solution 

(Ichikawa Y. et al., 2002). While a viscosity of lw=0.001 kg/(m s) leads to a diffusion coefficient of 

Dsol≈1.7×10-9m2/s, which is close to the one for a NaCl solution, an increase of viscosity to lw=0.007 

kg/(m s) leads to a diffusion coefficient of Dsol≈2.5×10-10m2/s, which is match the one for random 
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model. The reason why diffusivity decreases with viscosity can be regard as the diffusion distance of 

ions in liquid is improved by viscosity. 

As shown in figure 14, The optimized value is 1.07×10-10m2/s, 1.527×10-10m2/s and 2.5×10-10m2/s to 

describe the chloride diffusivity in the pore solution for the regular, semi-random and random 

diffusion model respectively, which results in an excellent agreement between the predicted results of 

chloride diffusivity in cement paste and experimental data. As mentioned above, the chloride 

diffusivity is affected by the diffusion distance. The random model has a longer diffusion distance 

than regular model, which leads to a higher diffusion coffiecent of pore phase to reach a predicted 

result agreeing with experiments, as is shown in figure15. 
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Figure 14 Comparison of the simulted results and experimental data 
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Figure 15 The influence of randomness on optimized value of chloride diffusivity  

4. Conclusions 

In this paper, a three-dimensional random lattice based model for calculation steady diffusion 

processes in hardened cement paste are built. The verification of the model is checked using two 

steady-state diffusion examples: one for homogeneous and the other for heterogeneous material 

microstructure. The results show that, compared with regular model, random model has longer 

diffusion distance, and consequently, in order to get same simulation diffusion results, the former’s 

diffusion coefficient should be adjusted a little higher. 
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Abstract 

Leaching experiments were performed over several weeks on cylinders of OPC mortars, previously cured 28 

days, in acidic conditions. The pH was maintained constant at 2, 4 or 6 with the addition of H2SO4 at 30°C 

during 28 days. A temperature of 30°C instead of 20°C enabled us to accelerate the rate of leaching without 

modifying the mineralogical phase assemblages. The aqueous solution was analyzed for calcium, silicon, 

aluminium and iron elements by ICP-OES. Moreover, at the end of the experiment, the microstructure of the 

OPC mortar was observed by SEM on polished section. The results presented as the cumulated amounts of 

chemical elements leached as a function of time, clearly demonstrated that silicon, aluminum and iron in 

addition to calcium can be released markedly after an induction period but in larger amounts at a lower pH. A 

greater release of these elements is associated to a larger thickness of the degraded zone that is depleted in 

calcium. Indeed significant amounts of low solubility phases such as silica and alumina gels are found in the 

degraded zone that was very porous. Thus the dissolution rate of these low solubility phases that have a large 

surface area in contact with aqueous phase in the degraded zone due its large porosity, can bring a contribution 

to the rate of leaching of these chemical elements. Moreover for longer leaching times, the volume of the 

degraded zone increased relatively to the total volume of the sample and as a consequence, the efficiency of H+ 

ions to solubilise the minerals decreased. Thus the degradation of the cement paste of the mortar is less than 

what would be expected on the basis of short term leaching experiments mostly based on the leaching of calcium 

ions. A leaching coefficient (LC) was thus proposed to follow the efficiency of H+ ions as a function of time. 

 

 

Originality 

Long term leaching experiments are not frequently reported especially when pH is maintained constant at values 

equal or lower than 6. Keeping the pH constant is a key point to better understand and model the physico-

chemical mechanisms that govern leaching of chemical elements out of the mortar.  

The reported results demonstrate that the kinetics of leaching of OPC mortars in the presence of sulphuric 

acidic solution is no longer only governed by the diffusion after some weeks especially for Si, Al and Fe. Indeed, 

the low solubility phases formed in the porous degraded zone where diffusion is no longer governing the 

leaching rate, can have an important contribution to the leaching of these chemical elements. As a consequence, 

silicon, aluminium and iron in addition to calcium can be released markedly after an induction period that is the 

time required to get a sufficient volume of the degraded zone relatively to the total volume of the sample.  

It is also demonstrated thanks to an original leaching coefficient that the efficiency of H+ ions to solubilise the 

minerals varies with time and pH during the leaching experiment. 
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1. Introduction 

Leaching of the Portland cement paste contained either in mortar or concrete is a key issue for 

durability of dams, fresh water pipes and radwaste storages. Thus, it has been largely studied using 

pure, mineralized or acidified water mostly on pure paste. From these experiments, it was concluded 

that calcium was the main chemical elements to be leached out from the Portland cement pastes (De 

Larrard T. et al., 2010). It was also reported that the leaching rate of calcium from Portland cement 

paste is governed by the diffusion of ions and water molecules in and out the cement paste (Beddoe R. 

et al., 2005, De Larrard T. et al., 2010). The diffusion rate was slower than the rate of the chemical 

reactions (dissolution of minerals contained in the cement paste and possible precipitation of 

secondary minerals) due the low porosity of cement paste. However, other elements such as silicon, 

aluminium and iron are also leached but in smaller amounts than calcium and thus are most often 

neglected to assess the impact of leaching on the microstructure of the cement paste and on its 

macroscopic properties. The low release of silicon, aluminium and iron is the consequence of the 

formation in the degraded zone of low solubility phases that are containing these chemical elements 

(Faucon P. et al., 1996; Fujita T. et al., 2003). Nevertheless after prolonged time of leaching, the 

amount of these low solubility phases becomes important and its impact on the amount of leached 

chemical elements cannot be neglected. This is all the more true if the leaching solution is acidified 

due to the general increase of the solubility of mineral phases with a decrease of pH. 

Consequently the main objective of this work was to investigate the amounts of the leached silicon, 

aluminium and iron along with calcium for leaching experiments carried out in acidic conditions in 

order to have different thicknesses of the degraded zone. Leaching experiments were thus performed 

over four weeks on mortars made with ordinary Portland cement in contact with sulphuric acid 

(H2SO4). It was chosen to maintain the pH constant at 2, 4 or 6 in order to precisely define the effect of 

more and more acidic conditions on the amount of chemical elements leached in relation to the 

mineral phase assemblages of the degraded zone. A second objective was to define a mathematical 

equation in order to assess the leaching efficiency by H+ depending on the experimental conditions. 

 

2. Materials and methods 

2.1. Mortar samples 

The studied materials were mortars made up of Portland cement CEM I 52.5 N (Holcim, France) and 

normalized siliceous sand (CEN EN 196-1). Table 1 gives the chemical composition of Portland 

cement obtained by XRF for Ca, Al, Si and Fe that are analysed during the leaching experiment. 

Mortars were prepared according to NF EN 196-1 in PVC cylindrical moulds 2.9 cm in diameter and 

6.3 cm height. These moulds were stored in distilled water at 20 ± 1 °C during 28 days prior the 

leaching test. 
Tab. 1 Chemical composition of Portland cement CEM I 52.5 N (mass %) 

Elements Si Fe Al Ca 

Content 7.5 2.9 2.6 41.9 

 

2.2. pHstat leaching test 

The static pH (pHstat) leaching experiments were carried out with an automatic multi-titration system 

(TIM854, Radiometer analytical, Hach Lange, France) with a pH-electrode and an automatic titration 

dispenser. The pHstat leaching tests were performed at pH 2, 4 or 6 at 30°C during 28 days but the 

duration can be extended to longer periods. An increase of the temperature from 20 to 30°C enables us 

to accelerate both the rates of diffusion and of the chemical reactions without modifying the 

mineralogical phase assemblages (De Larrard T. et al., 2010). The mortar sample was suspended using 

a thin nylon rod in a reactor containing 900 mL of distilled water acidified by the required amount of 

H2SO4 to get an initial pH of 2, 4 or 6. The reactor was continuously shaken with a magnetic stirrer 

having a low rotation speed. The pH was continually monitored and adjusted by automatic addition of 

a sulphuric acid solution at a concentration of 1, 0.1 and 0.05 mole/L for pHstat leaching test made at 

pH 2, 4 or 6 respectively.  



 

The aqueous phase in contact with the mortar was renewed each week and thus 3 renewals are made at 

the end of the first, second and third week as the experiment lasts 4 weeks. The renewal of the liquid 

phase is important as the leached ions accumulated in the liquid phase tend to reduce the 

undersaturation with respect to the minerals contained in the cement paste but also the concentration 

gradient between the pore fluid of the cement paste and the liquid phase of the reactor. As a 

consequence, both the rates of kinetics of dissolution and diffusion are decreasing leading to less 

aggressive conditions during the leaching experiment. Periodic samplings of the liquid phase were 

carried out in the reactor flask. After a 0.45 µm filtration of samples, Al, Ca, Fe, Si contents were 

determined by ICP-OES (Jobin Yvon 138 Ultrace). Moreover, at the end of the experiment, the 

microstructure of the OPC mortar was observed by scanning electron microscopy (SEM) (Hitachi SE 

4300) on polished section mostly to determine the thickness of the degraded zone but also its porosity 

and its mineralogy. Complementary experiments using energy-dispersive X-ray spectroscopy (EDS) 

under SEM were performed in order to estimate the chemical evolution in the leached zone.  

 

3. Results  

The results of the pHstat leaching tests made at pH 2, 4 or 6 are compared in order to estimate the 

impact of the pH on the intensity of leaching. First, the total amount of H+ added by H2SO4 addition in 

order to keep the pH constant during pHstat leaching test increases as the pH is fixed at a lower value 

(Figure 1). However a small difference in the total amount of H+ is found between pH 4 and 6 whereas 

maintaining pH at 2 required a total amount of H+ that was three time larger. This suggests a major 

difference between pH 2 and 4 in the intensity of the leaching and the associated mechanisms. Indeed, 

the amount of H+ added is proportional to the square root of time at pH 4 and 6 whereas it was not at 

pH 2. In this later case, at least two steps are observed. The first step corresponds to the first week of 

leaching during which the amount of H+ added decreases with the square root of time. Whereas the 

second step is almost proportional to the square root of time but with a greater slope than experiments 

made at pH 4 and 6. Greater amounts of H+ are required to maintain the pH and are associated to 

larger amounts of Ca, Si, Al and Fe released into the liquid phase (Table 2).  

 

 
Figure 1. Amount of H+ in mmol added by H2SO4 addition as a function of the square root of time during pHstat 

leaching tests made at pH 2, 4 or 6 respectively 

 
 

 

 



 

Tab. 2 Amounts of Ca, Si, Al and Fe leached during the pHstat experiments after 28 days and amounts of H+ 

added to keep the pH constant (mmol) 

 in  mmol H+ added Ca  Si Al Fe 

pH 6 42,55 16,84 0,31 0,04 0,002 

pH 4 52,50 18,92 1,96 0,34 0,005 

pH 2 157,72 48,85 4,70 3.09 0,410 

 

Calcium is leached in larger amounts than the other elements and this is all the more true that the pH 

increases from 2 to 6; 23.8, 9.2 and 8.2% of the total calcium content is leached for pHstat 

experiments carried out at pH 2, 4 and 6 respectively. The amount of Ca leached is proportional to the 

square root of time for pH 6 and 4 if, for the later, the first concentration at 1 day is removed. This 

indicates that the rate of calcium leaching is governed by the diffusion of ions in and out of the cement 

paste contained in the mortar. Indeed the resolution of the second Fick’s law indicates that the amount 

of leached elements is proportional to the square root of time in the case of a uniaxial diffusion with a 

constant diffusion coefficient. Using cylindrical samples enables us to have uniaxial diffusion 

conditions. On the other hand, it is known that the dissolution of the minerals due to leaching will 

increase the porosity of the cement paste leading to an increase of the apparent diffusion coefficient 

(Wan K. et al., 2013). Results at pH 6 and 4 therefore indicate that the porosity of the degraded zone is 

not markedly increases in connexion with a moderate dissolution of the minerals. For pH 2, and 

similarly to the amount of H+ added, two steps are observed. During the first week, the amount of Ca 

leached increases slightly whereas during the three following weeks, the amount of Ca leached is 

almost proportional to the square root of time. The presence of these two steps could be correlated to 

an increase of the apparent diffusion coefficient but the greater concentration gradient of H+ due to the 

lower pH has also to be considered. Nevertheless, as larger amounts of chemical elements are leached 

at pH 2, the porosity of the degraded zone is expected to be larger if the volume of the degraded zone 

is close for all reported experiments. 

 
Figure 2. Amount of Ca in mmol leached during pHstat leaching tests made at pH 2, 4 or 6 respectively as a 

function of the square root of time in days 

 

The proportionality of both the amount of H+ added and the amount of Ca leached with the square root 

of time, induces that the amount of Ca leached is almost proportional to the amount of H+ added 

(Figure 3). The proportionality presents two steps for the experiment carried out at pH 2. However if 



 

we consider the second step corresponding to the three last weeks of the leaching experiments, it 

appears that the slopes of all curves is very close whatever the pH of the leaching experiment. 

The leaching behaviour of the Si, Al and Fe as a function of the amount of H+ added is very different 

than for Ca (Figure 4). First of all, these chemical elements are less leached than Ca in relation to their 

lower contents in the cement (Table 1). Second, the proportionality between the amount of leached 

elements and the amount of H+ added is no longer observed except perhaps at pH 2 after the first week. 

 
Figure 3. Amount of Ca in mmol leached during pHstat leaching tests made at pH 2, 4 or 6 respectively as a 

function of the amount of H+ added as H2SO4 

 

 
Figure 4. Amounts of Si, Al and Fe in mmol leached during pHstat leaching tests made at pH 2, 4 or 6 

respectively as a function of the amount of H+ added as H2SO4 



 

Thus, additional mechanisms to diffusion are likely to play a role in the rate of leaching of these 

chemical elements. Third, the value of pH has a strong impact on the quantity of leached elements; 

lower pH value lead to larger release of Al, Si and Fe. At pH 6 and to a lesser extend at pH 4, a given 

amount of H+ has to be added before observing the release of Al and Fe in the liquid phase. 

Consequently the release of these elements is only observed after a given time of leaching that is 

longer at higher values of pH. The strong impact of the pH on the leaching of Si, Al and Fe can be 

expressed as the ratio of the amount of these elements leached at pH 2 divided by the same amount at 

pH 6; 15, 73 and 169 respectively for Si, Al and Fe. The large increase in the content of these 

chemical elements is linked to the increase of the solubility of the minerals of the cement paste and of 

the degraded zone when pH decreases. Additionally, the contribution of the minerals rich in Si, Al and 

Fe in the degraded zone to the amount of leached elements is also expected to increase as their relative 

amounts in this zone also increases with time. Thus, until a critical amount is not reached, the 

contribution of these low solubility phases to the leached chemical elements is not observed. As a 

consequence, an initial period occurs where mostly Al and Fe are not leached. SEM observations 

confirm the presence of a degraded zone that is depleted in Ca whatever the pH (Figure 5). Its 

thickness increases markedly when the pH decreases: it is about 3 times larger at pH 2 compared to pH 

6 (Tab. 3). Moreover its porosity also is greater with a greater intensity of the leaching (Figure 5). An 

altered zone located in between the bulk cement paste and the degraded zone that can be located 

thanks to a gradient in Ca evidenced by mapping the Ca content using EDS coupled to SEM 

observations. Here, on the contrary to the degraded zone, the thickness of the altered zone is larger 

with experiments carried out at higher pH (Tab. 3). As a consequence, the total thickness that was 

leached (sum of the thicknesses of the degraded zone and of the altered zone) is only 25% larger at pH 

2 compared to pH 6 (Tab. 3). Thus the percentage of the volume of the sample that was leached is 

close for all leaching experiments (Tab. 3). This indicates that the intensity of leaching related to the 

leached volume is greater for experiments carried out at lower pH values as the amount of leached 

elements increases. The major mineralogical modifications observed in the degraded zone leading to 

an enrichment in Si, Al and Fe as determined by EDS, is associated to the formation of badly 

crystallised silica, alumina and iron hydroxide often referred as gel (Fujita T. et al., 2003).  

 

  
   Surface                                                                                  Bulk   Bulk                                                                                    Surface 

Figure 5. Microstructure of the degraded zone after 28 days of leaching at pH 6 (left) and 2 (right). The depleted 

zone in Ca has a darker grey level: its thickness is about 0.5 mm at pH 6 and 1.5 mm at pH 2. In this later case, 

this zone has been partly removed during the preparation of the polished section as its mechanical strength weak 

 

4. Discussion 

The reported results demonstrate that Si, Al and Fe are leached for leaching experiments carried out at 

constant pH by the addition of H2SO4. However, if we consider the same duration of the pHstat 

leaching test, 28 days in the present case, significant amounts of Si, Al and Fe were only obtained at 

pH 2 and 4; 14.4 and 10.9% of the total leached elements However calcium remains the most leached 

element; 85.6 and 89.1% at pH 2 and 4 respectively. This is all the more true at pH 6 as 98% of the 



 

leached elements correspond to Ca. Thus the leaching of Si, Al and Fe depends on pH in relation to 

the solubility of mineral and gels formed in the degraded zone but also on the amount of these phases 

that increases as the volume of the degraded zone increases. For the leaching experiment at pH 2, the 

volume of the degraded zone represents 91.7% of the total leached volume whereas it only concerns 

39.9% at pH 6. Moreover the porosity of the degraded zone is higher when the mortar is leached at a 

lower pH. Thus diffusion is no longer expected to be the only mechanism that governs the rate of 

leaching in the degraded zone. The rate of dissolution of the low solubility phases can also give a 

significant contribution to the amount of leached elements. This latter mostly depends on the 

undersaturation of the liquid phase with respect to the solid that dissolves but also to the specific 

surface area of the dissolving solid. The renewal of the liquid phase each week during the pHstat 

experiment enables us to keep the liquid phase undersaturated even with respect to the low solubility 

phases of the degraded zone. Also larger amounts of leached elements in the degraded zone will 

produce greater specific surface areas in contact with the liquid phase. 
 

Tab. 3 Thickness of the different leached zones observed on the mortar after 28 days  

  

Thickness of the 

degraded zone (mm) 

Thickness of the 

altered zone (mm) 

Total thickness that 

was leached (mm) 

Volume leached / 

Total volume 

pH 6 0.50 0.81 1.31 20,69% 

pH 4 0.90 0.55 1.41 22,73% 

pH 2 1.50 0.15 1.65 25,58% 

 

If we consider that Si, Al and Fe are leached from the degraded zone, it is possible to calculate the 

percentage of these elements that were leached specifically from this zone (Tab. 4). This confirms the 

higher solubility of the low solubility phases of the degraded zone with a lower pH; both Al and Fe 

containing phases markedly increase their solubility at pH 2 contrarily to Si bearing phases whose 

solubility increase more monotonously with a decrease of pH. The important increase of the rate of 

dissolution of Al containing phase at pH values lower than 4 was previously reported during the acid 

attack of calcium aluminate cement (Shi C. et al., 2000). 

 
Tab. 4 Amount of element leached in % of the total initial quantity in the degraded zone after 28 days 

 

Si Al Fe 

pH 6 7.12 2.72 0.29 

pH 4 25.70 12.58 0.37 

pH 2 38.18        69.89 17.24 

 

The presence of low solubility phases in large amounts requires greater amounts of H+ in order to 

dissolve these phases. So the efficiency of H+ to leach the cement paste contained in the mortar should 

vary over the time of the experiment but also for experiments carried out with acids having a lower pH 

leading to a greater leaching. Thus a leaching coefficient (LC) has been defined (Eq. 1) in order to 

determine the efficiency of H+ ions to solubilise the minerals in the leached zone at a given time 

during the leaching experiment. 
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  (Eq. I) 

 

The values of LC after 28 days are given in table 5; LC decreases when the value of the pH maintained 

constant during the pHstat experiment also decreases. Indeed our experimental conditions lead to 

larger volumes of the degraded zone at lower pH values and thus progressively reduced the efficiency 

of H+ to leach the cement paste. This result raises several important questions with respect to the setup 



 

for leaching experiments and also the usage of the leaching results for modelling the durability. First, 

LC may seem opposed to what is observed; a greater intensity of the leaching at lower pH. This is not 

the case as the efficiency of H+ ions to solubilise the minerals in the leached zone should not be 

confounded to the intensity of the leaching. LC will decrease with time along with the increase of the 

proportion of degraded zone but at the end, once only a degraded zone depleted in Ca will persist, 

lower pH will solubilize more efficiently the remaining low solubility minerals. Thus the final LC is 

expected to be higher at a lower pH while it is the opposite at the beginning of the leaching experiment 

because lower pH conditions induce a more advanced leaching. Second, the comparison of the 

resistance to leaching of different cement pastes, mortars or concretes is only possible for 

experimental conditions that generate a comparable percentage of degraded zone with respect to the 

total volume of the sample. Thus, the important variable to compare experiments is not time but the 

amount of H+ provided during the leaching experiment. In our case, the experiment at pH 6 should 

have been performed for longer times than experiments at pH 4 and 2. Similarly pHstat experiment at 

pH 4 also had to be carried out for a longer time than at pH 2. Finally the evolution of LC with the 

duration of the leaching experiments and the experimental conditions such as the value of the pH 

demonstrates that just considering the initial leaching of calcium ions as an input parameter in order to 

model the durability of cement paste, mortar or concrete subjected to leaching is not sufficient enough 

as it will underestimate the resistance of these materials to leaching (Mainguy M. et al., 2000; Beddoe 

R. et al., 2005; De Larrard T. et al., 2010). Usual short term leaching experiments should be 

complemented by long term leaching experiments using small samples allowing us to have completely 

degraded samples. 

 
Tab. 5 Leaching coefficient (LC) at 28 days depending on the pH of the pHstat experiment 

 

LC 

pH 6 14.94 

pH 4 14.55 

pH 2 13.18 

 

5. Conclusion 

Leaching of OPC pastes, mortars or concretes is most often only related to the release of Ca as this 

chemical element is the more abundant and associated to soluble minerals such as Portlandite. 

However, if leaching experiments are carried out over longer times and in more acidic conditions, Si, 

Al and Fe can also be leached in significant amounts. The rate of leaching of these chemical elements 

is mostly governed by the kinetics dissolution of low solubility minerals contained in the degraded 

zone that is depleted in Ca. This mechanism is thus different than diffusion that is governing the rate 

of Ca leaching in the altered zone. It has also been demonstrated using a leaching coefficient that the 

efficiency of H+ ions to solubilise the minerals decreased with time during the leaching experiment. As 

a consequence, it is difficult to compare results of leaching experiments carried out with different 

experimental setups but also with a similar setup if the amount of H+ provided during the leaching 

experiment is different. Finally, accounting for the contribution of Si, Al and Fe during leaching 

experiments seems to be even more important if secondary cementitious materials are incorporated in 

Portland cement or if calcium aluminate cement are used (Shi C. et al., 2000), as the amount of these 

chemical elements will markedly increase relative to the amount of Ca. 
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Abstract 

An eco-friendly alternative to Ordinary Portland Cement (OPC) could nowadays be represented by calcium 

sulphoaluminate cements (CSA). These cements have been widely used in the past, alone or in mixture with OPC, 

because of their well-known rapid hardening and shrinkage-compensating behaviour. CSA cements are characterized 

by a lower environmental impact than OPC, thanks to a different raw material mix and a lower energy demand 

associated to their production process.   

In this study, the mechanical and the durability characteristics have been investigated according to the European 

standards, both for CSA-OPC mixes and pure CSA containing concretes. Tests have been carried out using different 

OPC sources and blending percentages, starting from 85/15 OPC/CSA mixture to a pure CSA cement. The concretes 

performances have been compared to reference concretes made of pure OPC. A satisfactory behaviour has been 

pointed out, especially for the 70/30 OPC/CSA mix, which showed good performance in all the tests.  

 

 

Originality 

 

This work deals with the performances of concretes made with calcium sulphoaluminate cement, pure or blended with 

Portland cement. The performed tests evaluated not just the rheological, mechanical and volumetric stability 

characteristics, but also the chloride penetration and the freeze and thaw resistance so as to address the durability of 

alternative binder systems, about which only few data are present in literature. 
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1. Introduction 

Calcium sulphoaluminate cement (CSA) is considered an eco-friendly binder thanks to its lower 

environmental impact than ordinary portland cement (OPC), linked to the reduced CO2 emission 

achieved by a lower production process temperature and a different chemical composition (Metha P., 

1986; Chen I. et al., 2011; Hendricks C. et al., 1998) such as ye’elimite (or C4A3$2*), that can be 

produced from calcium sulfate, limestone and bauxite at a temperature of about 1250°C (200° lower 

than OPC) (Knofel D. et al., 1994).  

Depending on the raw meal composition, CSA-based clinker could contain other phases such as belite 

(C2S), ferrite (C4AF), mayenite (C12A7) and anhydrite. 

The hydration reactions of calcium sulphoaluminate cements are linked to  the type and amount of 

sulphate sources available (Gastaldi D. et al.,2007; Glasser F. et al., 2001; Winnefeld F, Barlag S., 

2009): in the presence of calcium sulphate and lime hydration results essentially in a rapid formation 

of ettringite (Aft), while in the absence of lime or insufficient sulphate, both ettringite and 

monosulphate (Afm) could form. 

Other minor phases present in the clinker lead to different hydration products such as  C-S-H phases, 

strätlingite or hydrogarnet, depending on the raw materials composition (Mailing J. et al., 1993). 

Ettringite precipitation is responsible mainly for the fast setting and the early strength development 

(La W., Glasser F., 1996) , as well as the volume stability, low shrinkage (or shrinkage compensating 

behaviour , Lura P., Lotebach B., 2010) and the good performance regarding some durability aspects 

(Glasser F. et al., 2005, Muhzen et al., 1997). 

Several authors studied the effect of blending OPC and CSA to obtain, by adding sulphate,  a ternary 

binder for concrete (Janokta I.  et al., 1999; Pelletier L. et al., 2010; Juanl C et al., 2007)  and mortar 

with enhanced performances (Ambroise  J. et al., 2009). It was found (Pelletier L. et al., 2010; Lura P., 

Lotebach B., 2010)  that during the first 7 days the strength growth is mainly due to CSA  cement 

hydration, mainly yeelemite reaction to generate ettringite crystals, starting from the very early hours 

and continuing until 7 days  without remarkable mineralogical and structural variations of the Aft  

phase produced (Pelletier L. et al., 2010). Calcium sulphate type and amount (Winnefeld F, Barlag S., 

2009; Marchi M., Costa U., 2011) and the OPC quantity (Pelletier L. et al., 2010)  are the main 

influencing factors concerning the hydration reactions of a such ternary system: portland cement 

brings gypsum, lime and alite (C3S) to the system, which modify reaction products ratios (like the 

Aft/Afm ratio) and influences also the expansive behavior of CSA-based cement (Chen I. et al., 2012; 

Valenti G.L. et al., 2012; Juanl C et al., 2007). 

The aim of this paper is to study the performances of concretes containing CSA, alone or blended with 

different types of portland cement, in terms of rheology, strength development and several durability 

aspects.  

2. Experimental 

2.1. Raw Materials 

The experimental tests were carried out using four different OPCs type CEM I 52,5 R (according to 

EN197-1, 2011) and a commercial CSA cement (i.tech ALICEM® by Italcementi). The mineralogical 

compositions of the cements were obtained from X-ray diffraction (XRD) and Rietveld analysis 

(Rietveld H.M., 1969) are reported in percentage by mass in table 1. 

Tab. 1 Phase composition of the materials tested 

Phase CSA OPC-R OPC-C OPC-S OPC-M 

C3S  64.7 66.8 62.7 66.6 

β-C2S 11.7 7.9 7.6 12.0 10.3 

C3A  12.1 5.5 2.6 8.9 

C4A3$ 50     

                                                      
2* Cement notation: C = CaO, S = SiO2, A = Al2O3, F = Fe2O3, $ = SO3, M = MgO, T = TiO2, f=CaF2, 

H = H2O. 
 



 

C4AF  7.9 10.1 11.3 7.6 

C11A7F 4.4     

CaO  0.6 0.4   

Ca(OH)2  1.1 1.0  1 

CaCO3  1.1 1.0 2.7  

Fluorellestad. 7.2     

Periclase 3.6 0.4 1.7 3.1 0.2 

CaSO4 19.6 0.1 1.5 2.2  

CaSO4.1/2H2O  2.2 1.1 0.4 2.2 

CaSO4.2H2O  3.1 1.3 0.3 1.1 

K3Na(SO4)2  0.1 1.3 1.3 1.4 

K2SO4  0.6 0.5 0.8 0.6 

Other 2.3 0.4 0.2 0.7 0.1 

For all the concrete mixtures, siliceous coarse aggregate and river sand conforming to EN 12620, (EN 

12620, 2009) standard were used. 

The mixture proportions for the concretes are reported  in Table 2a and 2b 

Tab. 2a Concrete mix designs [Kg/m³] 

MIX R  A  RA1 RA2 RF AF 

OPC -R 400   340 280 350  

CSA  400 60 120  350 

       

Sand 0-0,5 248 248 248 248 255 255 

Sand 0,5-1 190 190 190 190 195 195 

Sand 1-4 250 250 250 250 258 258 

Gravel 4-8 136 136 136 136 141 141 

Gravel 8-16 322 322 322 322 330 330 

Gravel16-32 561 561 561 561 575 575 

SP (% on binder)§ 1.2 1 1,2 1,6 0,5 0,5 

Retarder (% onn 

binder)* 
0,36  0,3 0,3   

AEA (%on binder)     0,1 0,1 

Water  175(295) 175(295) 180(303) 180(303) 175(295) 175(295) 

w/b 0,45 0,45 0,45 0,45 0,5 0,5 

 

Tab. 2b Concrete mix designs [Kg/m³] 

MIX  AC  RC  ARC RA CA SA MA 

OPC -R  320 225 280    

OPC –C     280   

OPC –S      280  

OPC –M       280 

CSA 320  95 120 120 120 120 

        

Sand 0-0,5 265 265 265 248 248 248 248 

Sand 0,5-1 200 200 200 190 190 190 190 

Sand 1-4 268 268 268 250 250 250 250 

Gravel 4-8 145 145 145 136 136 136 136 

Gravel 8-

16 
342 342 342 322 322 322 322 

Gravel16-

32 
597 597 597 561 561 561 561 

SP (% on  1 1     



 

binder)§ 

Retarder 

(% on 

binder)* 

0,36  0,3     

Water  160 160 160 200 200 200 200 

w/b 0,5 0,5 0,5 0,5 0,5 0,5 0,5 

§ SP=acrylic polycarboxylate based 

*retarder: 40% wt active part 

2.2. Experimental Process 

The concrete mixing operations were carried out in the laboratory kept at constant humidity value of 

50%, then casting in molds conforming to EN 12390-1 (EN 12390-1, 2012) quality using the 

procedures of EN 12390-2 (EN 12390-2, 2009). 

For properties of fresh concrete, tests were done in accordance with EN 12350 series of standards, in 

particular workability was evaluated by measuring slump, (EN 12350-2, 2009) at the initial time and 

after 15 ad 30 min. Regarding hardened state properties, compressive strength was  measured in 

accordance with EN 12390-9 (EN 12390-9, 2009) standard on 100 mm cubic specimens at different 

ages. The cubes were cured 24 h in the moulds covered by plastic sheet and then put in a fog chamber 

storage at 20°C ± 2° and RH >95%  until test ages of 4 h, 8 h, 24 h, 7 days and 28 days, (the earliest 

age, 4h, was suitable for concretes without retarder admixtures only). Drying shrinkage was measured 

in accordance with UNI 11307 (UNI 11307, 2008) standard: the standard sized  prisms, (see Table 3), 

were provided with surface pins that were glued on after 24 h in the mould covered by plastic film. 

The prisms were then stored in a RH 50%-20°C chamber and specimens length was measured with a 

calibrated comparator after 1, 7, 28, 56, 90, 120, 180 and 360 days of drying. 
Tab. 3 Specimens geometry 

Specimen type Size [mm] Test method 

Cube 100  Compressive strength 

Prism 100x100x400  Shrinkage, freezing and thawing 

Cylinder 100x200  Chloride migration 

For measuring resistance to freezing and thawing without deicing agents on the concrete, prisms 

having the same geometry as for shrinkage measurement were subjected to  

24-hours cycles of temperature variation from nominal values of +20°C  to -20°C, as shown in table 4. 

Tab. 4 Freezing and thawing cycle  

Time [h] Upper Temperature limit [C°] Lower Temperature limit [C°] 

0 +22 + 4 

2 +2 -2 

4 -8 -12 

6 -16 -20 

7 -18 -22 

8 -18 -22 

9 + 20 +1 

 12 +22 +4 

 

The performance in terms of dynamic elastic modulus was evaluated after 56 cycles  in order to 

determine the relative dynamic modulus of elasticity, RDM.  

Regarding resistance to chloride penetration, concrete cylinders were casted and cured in the fog room 

for 28 days, then  two slices of 50 mm thickness were cut and subjected to vacuum, and then 

immersed in supersaturated Ca(OH)2  solution for 3 hours. 

After this treatment,  the slices were immersed in a chloride solution with an external potential applied 

across the specimen, to force the external chloride ions outside to migrate into the concrete and 

determine the non-steady-state migration coefficient in accordance with NT BUILD 492 (NT Build 

492, 1999), which is based on the work of Tang (Tang L., 1996). 



 

The first experimental set of tests was designed for assessing the rheology of the fresh concrete, the 

compressive strength development, and the drying shrinkage of pure calcium sulphoaluminate  and 

portland cement concrete (mixtures A and R), and for concretes with blends of OPC and CSA 

(mixtures RA1 and RA2) having 70/30 and 85/15 OPC/CSA ratios. 

The retarder and superplasticizer dosages were chosen in order to start with an initial workability class 

S5 according to EN 12350-2 (EN 12350-2, 2009), or at least 220 mm slump; compressive strength 

development was also evaluated by mechanical compression tests. 
The combination of a commercial polycarboxylic superplasticizer  with a retarder was necessary in 

order to reach and maintain the targeted workability and allow the proper placement operations. In 

addition, the influence of OPC type, with particular regard to sulphate type and amount, was 

investigated by the slump values and compressive strength evolution. 

Drying shrinkage was assessed in order to quantify the influence of the ettringite formation on the 

volume stability of the specimens according to UNI 11307, shrinkage  was calculated as a relative 

deformation or strain,  hence dimensionless quantity,  by the relation (2): 

 

     (2) 

 

where 

lx  =  distance between pins at time x; 

l0   =  the distance between pins at the start of the drying process 

The resistance to freezing and thawing was investigated in accordance with CEN/TR 15177(CEN/TR 

15177, 2006) , considering the initial elastic modulus and its values after 56 cycles. The relative 

dynamic modulus of elasticity, RDM , was calculated by the following equation: 

        (1) 

where 

f56  =  the fundamental transverse resonant frequency measured after 56 cycles [Hz]; 

f0   =  the initial transverse resonant frequency  [Hz] 

The CSA performance was compared with OPC as the reference. 

The non-steady-state chloride migration coefficient was determined according to NT Build 492  

standard using the equation: 

          (2) 

where 

Dnssm: non-steady-state migration coefficient, [×10–12 m2/s]; 

U: absolute value of the applied voltage, [V]; 

T: average value of the initial and final temperatures in the anolyte (NaOH) solution, [°C]; 

L: thickness of the specimen, [mm]; 

xd: average value of the chloride ion penetration depths, [mm]; 

t: test duration, [hours] 

Pure CSA ad OPC concretes were tested, as well as a blended binder composed of 70 % of OPC-R and 

30% of CSA cement. Tests were at the ages of 35 and 97 days so as to evaluate changes, if any. 

3. Results and Discussion 

3.1. Rheology and strength development 

The combination of a commercial polycarboxylic superplasticizer  with a retarder like sodium 

gluconate guaranteed that good workability was maintained  for at least 30 minutes in OPC mixtures 

while it was maintained for 15 minutes for pure CSA concrete. Some interactions between CSA 

cement and superplasticizer also have to be considered, as it seems analyzing strength values for 

mixtures RA2: even at later ages there was 15% lower strength compared with pure OPC (see Table 5). 



 

Tab. 5  Rheology and strength development 

Test Unit A R RA1 RA2 

Slump 0 min mm  220  230  240  240  

Slump 15 min mm 190  230  240  240 

Slump 30 min mm 180  220  230 240 

      

Rc  8 h MPa  11,5  2,1  7,6  18,2  

Rc  1 d MPa 13,3  19,4  23,5  24,7  

Rc  7 d MPa 51,4  43,6  48,5  34,7  

Rc  28 d MPa 65,3  55,2  65,8  46,6  

The early–age strengths are in any case higher using a CSA cement, because the ettringite formation 

reaction is faster than CSH hydration.  

Mix RA2 gave the highest 1-day strength, even better than pure CSA cement. This behavior could 

reasonably be linked to the higher sulphate content deriving from OPC,  while the same mechanism 

does not seem to be so efficient if the  ye’elemite content is too low, as it happens when the total CSA 

content is 15% (RA1). 
Considering the effect of different OPC sources, the data reported in Table 6 show the differences in terms 

of workability retention and strength development.  

Tab. 6  Rheology and strength development, different OPC effect 

Test Unit RA CA SA MA 

Slump 0 min mm  150  180  200 220  

Slump 15 min mm  50  70  130  90 

Slump 30 min mm  0 0 50  10  

      

Rc 4 h MPa  9,2  9,4  11  10,5  

Rc 8 h MPa 13,2  10,9  12,5  11,4  

Rc 1 d MPa 18,1  14,5  16,6  15,1  

Rc 28 d MPa 40  33,3  42  35,7  

Because no admixtures were added and the fast setting and hardening of the CSA cement, all specimens 

were suitable for compressive strength testing at 4 hours after casting. It was observed that OPC-S (mixture 

SA2), the richer in alkaline sulphate, gave better performances than the others. The concrete with OPC-R 

(mixture RA), the poorest in alkaline sulphate sources,  was the worst in terms of rheology and early ages 

compressive strength, while OPC-C and OPC-M  showed an initial intermediate  behavior. 

3.2  Drying shrinkage 

The drying shrinkage test results shown in Figure 1 underlined the effect of CSA cement substitution: 

while a low dosage replacement like 15% wt does not substantially affect the shrinkage performance, 

however, increasing the replacement to 30% (mixture RA2)  reduces shrinkage significantly. 



 

 
Figure 1 Drying shrinkage 

Considering mixture RA2, the measured value of 380 µɛ after 1 year is satisfactory, being almost half 

of the OPC concrete ( mixtures R, 645 µɛ ).  

The above reported behavior shows one of the features of ettringite-based systems: thanks to a 

controlled and stable expansion it is possible to reduce the total shrinkage amount without using a 

shrinkage reducing admixture. 

3.3 Freeze and thaw resistance 

The resistance to cyclic freezing and thawing of CSA mixture AF compared with the reference 

mixture RF showed a substantial equivalence, as reported in Table 7. 

Tab. 7 Freezing and thawing test results 

Test Unit RF AF 

Air content [%] 4.4 4.4 

Rc 28 d MPa 63 43 

RDM56 [%] [%] 98 97 

 

 The RDM factor at 56 cycles for OPC was 97%, while CSA gave 98%. Such a equivalency for the 

CSA concrete despite the lower compressive strength is linked to the ettringite acicular shape, that 

provides a denser paste to the specimen with lower porosity. 

3.4 Chloride migration coefficient  
The non-steady state chloride migration coefficient was determined for three different mixtures giving 

the results reported in Table 8.  

Tab. 8 Chloride test results 

Test Unit AC RC ARC 

Rc 28 d MPa 
52 48  35 

Dnssm 35 d m²/s 
1,3 E-11 1,3 E-11 1,3 E-11 

Dnssm 97 d m²/s 
9,9 E-12 1,2 E-11 1,01 E-11 

Results showed once again a substantial equivalence among the 3 tested concretes at 35 days, while 

after  97 days the CSA cement migration coefficient is slightly lower than OPC, while the blend gave 

performance placed in the middle. The good results are once again linked to the different structure of 



 

ettringite that gives a denser structure. Some Friedel’s salts could also be formed, due to the chloride 

binding capacity of the AFm phases, but this aspect needs further investigations. 

4. Conclusion 

Mechanical and durability tests were performed to evaluate the performances of concrete made with 

CSA cement, pure or blended with OPC, in order to make a comparison with OPC concrete as the 

reference. 

It was found that: 

- Considering the rheology, the strength development and the drying shrinkage performance 

presented in this experimental work, a 15 % substitution by mass of  CSA cement could be 

useful for enhancing the early-age strength, more than doubled  compared with concrete with 

only OPC. On the other hand, a 30% substitution by mass is indicated if low-shrinkage 

concrete is required; 

- The quantity and type of available sulphates is one of the key parameters in the compatibility 

of OPC/CSA cementitious systems, in particular with respect to alkaline sulphate and gypsum 

forms available for hydration; 

- Retarding and water-reducing admixtures play a crucial role in the concrete performances, 

such as for OPC systems, and attention must be paid in OPC/CSA blended cements with a 

completely different behavior compared with OPC and CSA cements alone;  

- The resistance to freezing and thawing and chloride penetration tests showed that concretes 

with CSA gave performance equivalent to the reference concrete with OPC only. 

- The different hydration products assemblage, in particular due to the ettringite formation,  lead 

to a denser paste with a low porosity  that can guarantee good durability performances for the 

above mentioned tests, where the cement matrix play a crucial role. 
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Abstract 

Based on the analysis and experimental results obtained from uniaxial and triaxial strain and stress relationship of 

leached concrete, an elastoplastic constitutive model coupled with leaching damage is formed. The plastic mechanism 

is related to deviatoric shearing and the leaching damage is identified as relative variation of porosity. Elastic and 

plastic properties are effect by leaching damage. Numerical simulations are compared with experimental data and 

good agreements have been obtained. 

 

Originality 

An elastoplastic constitutive model coupled with leaching damage is formed. 
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1. Introduction 

The leaching of calcium can be a matter of concern for the durability of concrete structures. It increases the 

porosity (Haga K. et al., 2005; Mainguy M. et al., 2001; Thomas J. J. et al., 2004) of the surface layers, and 

detrimentally affects the resistance of the material to mechanical loads (Carde C. et al., 1997; Carde C. et al., 

1996; Faucon P. et al., 1996). The leaching of calcium may have a negative influence on the long-term 

durability of various concrete structures. For instance, this phenomenon is critical in regard with the 

durability of nuclear waste containments for which the required service life ranges from a few hundred years 

to several thousand years. 

Concrete is widely used in many engineering applications, which are often suffered by the environmental 

aggressive conditions, such as rain, flowing water and acid fluids. The long term loading capacity of these 

structures should be an issue to be concerned. Many experimental investigations and analytical and 

numerical studies have been devoted to durability analysis of cement-based materials (Huang B. et al., 2011; 

Heukamp F. H. et al., 2001; Heukamp F. H. et al., 2003; Xie S. Y. et al., 2011; Yurtdas I. et al., 2011; Xie S. 

Y. et al., 2008; Bangert F. et al., 2001). Concrete is composite material, containing different scale levels of 

products. So the damage and plastic properties of this material is complex. In this paper, an elastoplastic 

constitutive model coupled with leaching damage is formed to describe the mechanical property of the 

leached concrete. 

2. Outline of the governing equation 

2.1. Constitutive model 

Based on the experimental investigation discussed in reference (Huang B. et al., 2011), a new elastoplastic 

damage model is proposed to take into account the different mechanisms discussed above. Two kinds of 

damage should be defined as follows: one is mechanical damage ( md ) due to microcracks in concrete matrix, 

another is leaching damage ( cd ) due to dissolution of calcium ion in concrete matrix leading to increase of 

the porosity of material. Furthermore, the emphasis is put on the different failure mechanism in tensile and 

compressive stress state. With assumption of small strains, the total strain tensor is decomposed the elastic 

part and plastic part: 
e p

d d d                                                                           (1) 

As mentioned above, we assume an isotropic behavior of cement-based material. The thermodynamic 

potential can be expressed as follows: 
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The fourth order tensor ,( )m cdC d


 is the elastic stiffness tensor of damage material, the function 
p  

represents the locked plastic energy in plastic hardening of damaged material, 
p denotes the internal 

variable of plastic hardening. The standard derivation of the thermodynamic potential yields the state 

equation: 
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In the case of isotropic materials, following Hill’s notation, the effective elastic stiffness tensor of damage 

material represents in the general form: 

( , ) 2 ( , ) 3 ( , )m c m c m cC d d d d K k d d J
 

                                                     (4) 

( , )m cd d and ( , )m ck d d represent the shear modulus and the bulk modulus of damage materials 

respectively. The two isotropic symmetric forth order tensor K


 and J


are defined as: 

 
1

2
ijkl ik jl il jk

1
= , = - ,

3
       J K I J I                                              (5) 

I  is the symmetric fourth order unit tensor.  denotes the second order unit tensor. 

The intrinsic mechanical dissipation must verify the following fundamental inequality:  

: 0
p

dm mY d                                                                         (6) 

Finally, the rate form of the constitutive equation is written as: 



' '
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'
( , )m cC d d and  

'
( , )

c

m cC d d  are the derivation of the elastic stiffness tensor with respect to the mechanical 

damage and leaching damage respectively. 

2.2. Damage model 

2.2.1 Mechanical damage 

The mechanical damage variable md  is assumed to be divided into two scalar damage variables: one for 

tension t  and another for compression c : 

c c t t                                                                             (8) 

The weight c and t are determined as functions of the total stress tensor : 

t








 , 1.0t c                                                                  (9) 

 and 


represent, respectively, the norm of applied stress tensor  and positive cone of the applied 

stress tensor 


. Under uniaixal compressive condition, 0t  and 1.0c  . On the other hand, in 

uniaxial tension test, 1.0t  and 0c  . 

The compressive damage criterion is a function of the generalized plastic shear strain
p : 
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The tensile damage criterion is a function of the equivalent positive stain
eq : 
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The two constants cB and tB  control respectively the evolution of tensile and compressive parts of the 

damage. They can be determined respectively using an uniaxial compression test and an uniaxial tensile test.  

In order to calculate the damage evolution rate with respect to the plastic distortion and equivalent strain, a 

radial loading is assumed (Mazars, 1984): 

0t c                                                                             (12) 

Then, the rate form of general damage variable can be given: 
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The rate from of constitutive equation becomes in the absent of plasticity evolution: 
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2.2.2 Leaching damage 
As mentioned above, leaching increase the porosity of the concrete matrix. The leaching damage can be 

defined as follows: 

( ) ( ) ( )c c c rd t t t    V                                                               (16) 

( )c t  and r  are porosity of leached concrete and sound concrete respectively. 



According to Gérard calcium mass balance equation (Huang B. et al., 2011), cd  can be described as follows: 

 c tot solid

M
d S Ca


                                                                  (17) 

Where M and  are the average molar mass and density of calcium in the skeleton. totS  denotes the total 

amount of calcium in solid skeleton, solidCa  is the calcium concentration in solid skeleton. 

2.3. Plastic model 

In order to describe mechanical behavior of concrete in a large of stresses, it is necessary to define a 

nonlinear curved yield surface. The classic Mohr-Coulomb or Drucker-Prager type criteria are not suitable. 

Based on experimental data on typical concrete (Huang B. et al., 2011), the quadratic from proposed by 

pietruszczak is adapted here to describe the failure surface of the concrete. 
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The parameter 1c , 2c  and 3c  are used to determine the best fit of failure surface with respect to 

experimental data. 
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q J ss  ,  g   defines the dependency of the failure 

surface on the Lode angle. For the sake of simplicity, we take  =1g  .  

By taking a plastic hardening law, the yield surface can be described by the following functional from: 
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The scalar valued function 
s defines the plastic hardening law of material. 

Based on the experimental data from triaxial compression tests, the following relation is determined: 

 0(1 )[1.0 1.0 ]pb

s md e
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The parameter b is constant and controls plastic hardening rate, 
0 is the initial yield value of material. 

There is a transition from plastic compressibility to dilatancy. A nonassociated plastic flow rule is used to 

describe this transition. The plastic potential proposed by Pietruszczak fulfills such a requirement and then is 

adapted here. 
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Where 0I  defines the intersection of the plastic potential surface with the I  axis. The transition from 

compressibility to dilatancy occurs at the points =0sQ

q




. It is assumed that the transition points can be 

approached by a linear relation. 

- = - ( ) =0d

c d sf q g I                                                                     (22) 

The parameter 
d

s  is the slope of the transition line between the compressibility and dilatancy. 

This is done by applying the plastic and damage consistent conditions in a coupled system: 
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By introducing the constitutive equations, plastic hardening law and damage criterions, one obtains the 

system to be solved to determine the plastic multiplier and increment of damage: 
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3. Numerical simulations 

The proposed elastoplastic model taking into account leaching degradation is implemented into the finite 

element code THMPASA developed at LML. This code has been developed for numerical modeling of 

coupled thermo -hydro- mechanical evolution problems in porous media. 

All parameters of proposed model can be determined by using a series of conventional traixial compression 

tests preformed at different confining pressures. At the beginning of the iteration, the set of state and internal 

variables are known: 
            , , , , ,
n n n n e n p n

c mn d d    . 

(1)Given increments of total strain and leaching damage so that 
     1 1

= +
n n n

  
 

 ,
     1 1n n n

c c cd d d
 

    

(2) Update the elastic and plastic properties with the current value of leaching damage. 

(3) Check the yield function and damage function    ,p

c t eq    ,       1 ( ), , ,
n p n n n

p m cf d d 


 

(4) If =0md , 0pf  , the elastic prediction is taken as the reel solution.  

(5) Else, calculate increments of plastic strains according to loading path using Eq.24. 

(6) Using the constitutive Eq. 7, the admission increment of stress is computed; the current value of stress is 

then updated. 

(7) Exit and send back the updated values to global system. 
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Figure 1 Comparing the testing and calculation results of uniaxal stress-strain relations of leached concrete 
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Figure 2 Comparing the testing and calculation results of triaxial stress-strain relations of leached concrete 

Figure 1 and Figure 2 show the comparisons between model’s predictions and experimental dates of concrete 

with different leaching damage under uniaxial and triaxial compressive strength. In an overall way, there is a 

good agreement between the simulations and test dates. The proposed model correctly predicts the main 

features of mechanical behavior of leached concrete. 

4. Conclusion 

In this paper, the formulation of an elastoplastic model for leached concrete under compressive-dominated 

stresses is presented. Compared the mechanical responses of concrete with sound and degraded samples, the 

effects of leaching damage on mechanical behavior of concrete have been taken into account. Both elastic 

and plastic properties are effected by leaching damage. The proposed model is applied to simulate typical 

laboratory tests. It seems that the proposed model is able to describe the main features of mechanical 

behavior of concrete in sound and leaching degraded states. 
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Abstract 

The aim of this study is to understand the expansion mechanisms of ettringite forming in systems based on calcium 

aluminate cement (CAC) or calcium sulfoaluminate cement (CSA) in presence of added gypsum. Ettringite systems are 

used in special mortars for their high early age performance: rapid hardening, rapid drying and shrinkage 

compensation. However a non-optimized formulation can lead to long term expansion up to material degradation. The 

dimensional stability of blends with different additions of gypsum has been studied.  

 

The long term expansion under water increases with the gypsum content. There is a slight and progressive increase of 

the expansion until a certain threshold of calcium sulfate concentration. Above this threshold the expansion increases 

rapidly. Compositions below (low expansion systems) and above (high expansion systems) the calcium sulfate threshold 

have been selected for both systems in order to compare the hydration kinetics, the microstructure and the dimensional 

stability.  

 

There is a substantial difference in the expansion of the CAC and CSA systems when gypsum is added. The CSA system 

has faster hydration reactions, ettringite and aluminium hydroxide are much more finely intermixed and there is a 

critical expansion behaviour. 

However, the microstructure and phase assemblage between the low expansion and the high expansion system remains 

comparable in terms of phase quantities. Pore solution analyses show that the supersaturation of ettringite increases 

with the gypsum content, which results in an increase of the saturation index of ettringite and of the crystallization 

pressure. Finally, the mechanisms of expansion are modelled and compared with the observed results to explain the 

influence of the crystallization pressure on the macroscopical expansion. The modelled mechanisms of expansion 

highlight a clear relation between supersaturation and expansion. 

 

Originality 

This work provides new insights on the mechanisms governing expansion caused by ettringite formation. Experimental 

results are used in relation with the basic physical equations to show the importance of the supersaturation of ettringite 

on the crystallization pressure and on the minimum pore radius where crystals can precipitate and grow. 
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1. Introduction 

Calcium aluminate and calcium sulfoaluminate cement blended with gypsum can be used to formulate 

binders adapted to specific applications where rapid setting, rapid hardening and dimensional stability 

are required. The amount of gypsum blended with either cement can produce expansive or shrinkage 

compensated systems. One field of application of these blended binders is the floor levelling. In these 

conditions the binder is applied in a thin layer and excessive drying shrinkage may lead to cracking. 

However, if the expansion is too high, there can also be cracking and deterioration. Expansion is 

usually related to ettringite formation, which leads to localized crystallization pressure that will cause 

macroscopic expansion of the hardened material.  

The objectives of this study are to understand the mechanism of expansion by means of experimental 

observations and to model these mechanisms by means of a finite element code to better understand 

the links between supersaturation of the pore solution and measured expansion. 

 

1.1. Theoretical background 

The expansive behaviour associated with ettringite formation in cement systems has been widely 

studied (Cohen 1983; Mehta 1973; Scherer 1999; Scherer 2004; Flatt & Scherer 2008) but the 

mechanisms of expansion are still not fully understood. Various mechanisms implicated in external 

sulfate attack of cementitious materials were reviewed by (Brown & Taylor 1999). Most of their 

arguments have a general validity to systems in which expansion is related to ettringite formation and 

are discussed in more detail in (Bizzozero et al 2014). 

 

The main point which emerges is that the theory of crystallization pressure emerges as the most 

plausible mechanism of expansion (Lavalle 1853; Taber 1916). 

 

In porous materials, notably cementitious materials and stones, damage can be caused by the 

precipitation of crystals from the liquid present in the pores. At equilibrium conditions, when the 

supersaturation level of a given salt in the solution is reached, it precipitates. Supersaturation depends 

on the solution concentration, the temperature and on the size of the pores (pressure factor). High 

crystallization pressures require a high supersaturation of the pore solution.  

Supersaturation provides the driving force for the development of crystallization pressure P and 

expansion (Scherer 1999; Scherer 2004). Thus, a crystal cannot grow without supersaturation. The 

saturation index SI is defined as 

𝑆𝐼 = log10 (
𝐾

𝐾𝑠𝑝
) (1) 

where K is the ion activity product and Ksp is the solubility product of a given phase. If SI=0 the 

solution is at equilibrium, if SI<0 the solution is undersaturated and if SI>0 the solution is 

supersaturated with respect to a given crystal. 

 

The species forming ettringite are 

6𝐶𝑎2+ + 2𝐴𝑙(𝑂𝐻)4
− + 4𝑂𝐻− + 3𝑆𝑂4

2− + 26𝐻2𝑂 → 𝐶𝑎6[𝐴𝑙(𝑂𝐻)6]2. 3𝑆𝑂4. 26𝐻2𝑂 (2) 

 

The resulting ion activity product K for this phase is 

𝐾 = (𝑎𝐶𝑎2+)6. (𝑎𝐴𝑙(𝑂𝐻)4
−)

2
. (𝑎𝑂𝐻−)4. (𝑎𝑆𝑂4

2−)
3

. (𝑎𝐻2𝑂)
26

 (3) 

and the solubility product of ettringite at 20°C is Ksp=10-45.52 (Cemdata14). 

 

The crystal must be confined so that growth exerts pressure on the surrounding material (Scherer 2004) 

according to 

𝑃 =
𝑅𝑇

𝑣𝑚
ln (

𝐾

𝐾𝑠𝑝
) (4) 



 

where R=8.314 J/K/mol is the universal gas constant, T the absolute temperature and vm is the molar 

volume of the crystal (for ettringite vm  705.8 cm3/mol). The maximum pressure that can be achieved 

for a given supersaturation is P. 

 

The pressure that builds up in a pore is strongly related to the interfacial free energy between the 

crystal and the liquid (cl) surrounding the crystal. The following equation relates the pressure 

generated by crystals in spherical pores with small pore entries as illustrated in figure 1 (Scherer 1999; 

Flatt 2002; Steiger 2005) 

𝑃 = 𝛾𝑐𝑙

2

𝑟𝑐
= 𝛾𝑐𝑙

2

𝑟𝑝 − 𝛿
 (5) 

where rc is the radius of the crystal and rp is the radius of the pore and  is the film of solution 

surrounding the crystal estimated to be 1-2 nm (Scherer 2004). 

 

 
Figure 1 Crystal (grey) growing in a spherical pore (blak) with small pore entries. The crystal is 

surrounded by a uniform solution (white). Adapted from (Steiger 2005). 

 

Equilibrium conditions are met when the pressure generated by the supersaturation equals the pressure 

build up by surface tension of the crystal in the pore. Equalisation of equation 4 and 5 leads to the 

Freundlich equation (Freundlich 1926) 

𝑅𝑇

𝑣𝑚
ln (

𝐾

𝐾𝑠𝑝
) = 𝛾𝑐𝑙

2

𝑟min−δ
  (6) 

 

This equation relates the minimum pore radius rmin to the supersaturation. The interfacial free energy 

of salts present in cementitious materials is expected to be highly anisotropic and there are no reliable 

data for these values. The value used in this study (cl =0.1 J/m2) is an estimate previously used by 

other authors (Flatt & Scherer 2008; Steiger 2005). 

For a given supersaturation, there is a corresponding pore radius rmin where equilibrium conditions are 

met. Crystallization pressure develops only when crystals grow in pores with radii rp larger than rmin. 

Large stresses are localized in nanometers size pores and the phase generating crystallization pressures 

has to be confined (Flatt & Scherer 2008). 

 

2. Experimental 

2.1. Materials 

The calcium aluminate cement was Secar51 supplied by Kerneos. Table 1 shows the oxide 

composition of the CAC cement and the CSA cement. CSA is mainly composed of C4A3$ , C2S and 

anhydrite. 

 
Tab. 1 Oxides composition of CAC and CSA cements (wt%). 

 CaO Al2O3 SiO2 Fe2O3 K2O Na2O TiO2 MgO SO3 

CAC 37.5 52.4 5.0 1.1 0.2 0.1 2.5 0.5 <0.05 

CSA 42.5 26.5 6.5 2 <0.5 <0.5 1 1.5 19.5 

 

 



 

2.2. Methods 

All the experiments were carried out at 20°C. Cement pastes were prepared with water/binder ratio of 

0.4. Additional gypsum (if present in the mix formulation) was added to the mixing water, then the 

cement and mixed for 2 minutes using a paddle mixer (1100 rpm). 

 

For expansion tests, the cement paste were cast in steel moulds of 1x1x4 cm3. The samples were then 

cured for one day at 96%R.H. and demoulded after 24 hours. The first measurement of the length (~4 

cm) was carried out with an extensometer with a precision of ±1 μm. The samples were conserved in a 

reduced amount of demineralized water to minimize leaching.  

 

For MIP (mercury intrusion porosimetry) the samples were cast in polystyrene cylinders of diameter 

35 mm and 50 mm high. After 24 hours the samples were demoulded and placed in recipients 

containing demineralized water. Slices were cut from the cylinders and then immersed in isopropanol 

to stop hydration by removal of free water by solvent exchange. After 7 days the slices were removed 

from the isopropanol and dried (alcohol evaporation) in a vacuum desiccator before testing. 

 

MIP was carried out using a Thermo Scientific Pascal 140 and 440 machines with a pressure capacity 

of 400 MPa. Five pieces of each samples of about 4 × 5 × 5 mm3 were used for the analysis. 

 

Pore solution analyses were carried out on cylindrical samples of 5 cm diameter and 10 cm high. The 

cement paste was cast in plastic bottles of the same size and stored for 24 hour is sealed conditions. 

After the samples were cured for 6 days under a reduced amount of water and finally tested after 7 

days of hydration. The applied pressure was 560 MPa in order to extract 5-10 ml of pore solution. The 

cations were analysed with induction coupled plasma optical emission spectroscopy (ICP-OES) and 

the anions with ion chromatography. 

 

3. Results and Discussion 

3.1. Expansion tests  

Figure 2 shows the expansion as a function of the time for CAC systems blended with variable 

amounts of gypsum. The names of the different systems are (1-X)%CA-(X)%G, X being the molar 

fraction of gypsum with respect to CA. With the increase of the calcium sulfate content there is an 

increase in expansion. Below 40 mol% of gypsum, the expansion is low and stable after a few days, 

above this amount the expansion is unstable and continues until cracking of the hardened material 

occurs. 

 

 
Figure 2 Expansion of CAC systems. Plain lines for low expansive and dashed lines for high expansive 

systems. 

 



 

Figure 3 shows the expansion for the systems with CSA and gypsum. The names of CSA systems are 

(1-X)%eqCA-(X)%G, the eqCA means that the C4A3$ molar content is  converted into CA and 

C$ content according to the following relation: C4A3$3CA+C$. Here again the expansion increases 

with the calcium sulfate content and there is a sudden transition in behaviour. The composition with 

the higher amount of gypsum broke after 4 days of hydration. Comparison of the 2 systems CAC and 

CSA shows that the appearance of macroscopic cracks occurs at higher deformations in CAC systems 

(2.3% of expansion) compared to those formed in CSA systems (0.5%). 

 

 
Figure 3 Expansion of CSA systems. Plain lines for low expansive and dashed lines for high expansive 

systems. 

 

Figure 4 shows the expansion as a function of gypsum additions (or calcium sulfate concentration) at 

28 days for both CAC and CSA systems. The expansion increases slightly with the amount of gypsum 

until a certain threshold (i.e. 40 mol% for CAC and 56 mol% for CSA systems). Beyond this critical 

composition the expansion increases drastically. 

From these measurements low expansive and high expansive compositions have been selected for 

CAC systems (CSA systems are discussed in more details in (Bizzozero et al. 2014)) in order to study 

the differences between low and high expansion, moreover a composition with much lower calcium 

sulfate has been selected for some experiments such as pore solution analyses. The selected 

compositions are given in Table 2. 
 

 
Figure 4 Expansion as a function of gypsum content at 28 days. 

 

 

 



 

Tab. 2 Low and high expansive systems. 

 Sample name CA [mol%] C$H2 [mol%] CAC [wt%] Added C$H2 [wt%] 

 80%CA-20%G 80 20 84.0 16.0 

Low expansive 60%CA-40%G 60 40 66.3 33.7 

High expansive 55%CA-45%G 55 45 61.6 38.4 

 

3.2. Microstructural analysis  

The complete study of the microstructure is published in (Bizzozero et al. 2014). It is observed that 

there are no noticeable differences in hydration kinetics between low expansive and high expansive 

systems both for CAC based and CSA based binders. The phase assemblage is also comparable for 

low expansive and high expansive systems as well as the microstructures. There are differences 

between CAC and CSA based systems. The CSA system has faster hydration reactions, ettringite and 

aluminium hydroxide are much more finely intermixed and there is a critical expansion behaviour. 

The main hydrates are ettringite and amorphous aluminium hydroxide in all cases. No 

monosulfoaluminate is detected. The pore entry size distributions measured with MIP are showed in 

figure 5 only for CAC systems as an example. There is a difference in total porosity which remains in 

the range of the experimental error but the pore entry size distribution remains comparable. 

 

 
Figure 5 MIP cumulative porosity at 1 day for low and high expansion CAC systems. 

 

3.3. Pore solution analyses  

Figure 6 shows the saturation index of ettringite as a function of gypsum content (left axis). The 

saturation index has been calculated form the concentrations measured in the pore solutions of the 

respective samples. With the increase of gypsum content there is a strong increase of the 

supersaturation of ettringite which leads to an increase in the max crystallization pressure (right axis) 

at 7 days of hydration. The crystallization pressure is calculated from equation 4 and is the maximum 

pressure that can be exerted. MIP analyses show that the pores are in the nm range. At such low pore 

sizes there is a contribution due to the interfacial free energy between the liquid and the crystal which 

is opposed to the crystallization pressure. For this reason the net crystallization pressure is reduced. 

There is no threshold in the saturation index similar to the one observed in the expansion 

measurements (see Figure 4). Therefore the supersaturation with respect to ettringite, or the 

crystallization pressure, is not sufficient to explain the considerable difference observed 

macroscopically on the expansion measurements between low and high expansive systems. 

 



 

 
Figure 6 Ettringite saturation index as a function of gypsum content at 7 days. 

 

Expansion can be generated when there is supersaturation of the pore solution and when the crystals 

grow in a confined space or porosity. Therefore the porous structure has also an important effect on 

the expansion. The supersaturation defines, according to equation 6 the minimum pore radius where 

ettringite crystals can grow. The minimum pore radius for the CAC systems is indicated in figure 7 for 

the low expansive (LE) and high expansive (HE) systems by the vertical lines. The green and red areas 

show the measured percolated porosity where ettringite crystals can grow and generate pressure. Here 

the importance of the minimum pore radius is highlighted. Both LE and HE systems have similar 

microstructures and porous structures but the higher supersaturation in the HE system allows ettringite 

to precipitate in a bigger fraction of porosity, therefore generating more pressure throughout the 

cementitious matrix. The important difference in percolated porosity is probably related to the 

threshold observed in the expansion measurements in figure 4. 

 

 
Figure 7 Crystallization pressure (left-y axis) and MIP (right-y axis) as a function of the pore entry radius. The 

green and red areas show the range of porosity where ettringite crystals can grow and generate pressure. 

 

3.4. Modelling of expansion 

A finite element model was developed assuming that the pores are spherical and that the MIP gives the 

pore size. The minimum pore radius rmin is defined by the supersaturation of ettringite. Below rmin there 

is no pressure generation and above this size the pressure decreases with the pore radius. This model 

aims to show the effect of the supersaturation of ettringite on the expansion of a sample of a given 

pore entry size distribution obtained from MIP measurements. It is a simplified two dimensional 



 

model. In isotropic materials the assumptions made in three dimensions are valid also for two 

dimensions. Moreover, no kinetics are taken into account. The input parameters are the MIP curve of 

the sample and the saturation index of ettringite at 1 day of hydration. The sample is composed of a 

homogeneous solid matrix and of pores where pressure is generated around all the pore surface. The 

properties of the solid matrix are assumed to be represented by the elastic properties of ettringite, 

E=22.4GPa and =0.25 (Haecker et al. 2005; Bary et al. 2014). More details about the model are 

found in (Bizzozero 2014). 

 

A microstructure with homogeneous solid material in which there are pores in amount and size 

according to MIP is generated. Note that here the pore entry size rp given by MIP is represented in the 

model as a circular pore. These “pores” represented in white in figure 8 are representative of the 

expansive sites in the material and the pressure generated in these sites is related to the radius rp. Only 

the pores larger than the minimum pore radius are under pressure. From a computational point of view 

it is quite challenging to generate a mesh containing objects (pores) going from 1 to 150 nm (2 orders 

of magnitude). 

The main hypotheses are listed here: 

• Mercury intrusion porosimetry gives effectively the pore entry size distribution. 

• The pressure generated in each pore is determined from the pore entry radius with equation 5. 

• The deformations in the model are purely elastic. Neither cracking nor creep are taken into 

account. With this hypothesis a lower bound of possible deformations is obtained as creep 

could result in 4-6 times higher deformations. In concrete it is usually assumed that creep 

leads to 2 to 3 times higher deformations according to EN 1992-1-1, therefore in a pure 

cement paste this amount is even larger. 

 

 
Figure 8 Model microstructure generated from MIP measurement with stress fields. Solid homogeneous 

matrix in colours and pores in white. 

 

The measured expansion and saturation indexes of the low and high expansion CAC systems are 

compared to those from the model in figure 9. There is not much difference between the simulated 

60CA-40G and 55CA-45G samples as the MIP curves are similar (figure 5). The expansion increases 

with the saturation index of ettringite as expected for both the experiments and the model. The 

calculated values (right axis) are smaller than the measured values (left axis) using the elastic 

approach. When creep is emulated in the model by multiplying the calculated values by 5, as 

explained previously, there is good agreement between the experiments and the model. This is only an 

assumption and it may not be fully correct, moreover the accuracy of the elastic properties of the solid 

matrix could be improved, for example by measuring the elastic properties of the samples or by 

nanoindentation techniques. The saturation index of ettringite is strongly linked to the amount of 

calcium sulfate. This is confirmed by the behaviour of the model curves which is comparable to the 



 

shape of the expansion as a function of calcium sulfate amount as in figure 4. For low amounts of 

calcium sulfate and for low saturation indexes of ettringite, there is low expansion, whereas increasing 

calcium sulfate or supersaturation to the threshold level leads to higher expansion.  

 

 
Figure 9 Modelling of expansion as a function of ettringite SI: comparison between experiments and 

modelling. Note that there is a factor of 5 between the experiments and the modelling. 

 

4. Conclusions 
The long-term expansion of calcium aluminate cement or calcium sulfoaluminate cement in presence 

of added calcium sulfate was studied for samples under water. Expansion increases with calcium 

sulfate and shows a critical sulfate threshold around 45 to 55 mol.% of calcium sulfate with respect to 

calcium aluminate (figure 4). Microstructural investigations showed that two systems with similar 

amounts of calcium sulfate immediately above and below the critical sulfate threshold have 

comparable microstructure, phase assemblage and porosity; the main difference being the 

supersaturation of ettringite. The solution changes around the threshold; the calcium and sulfate 

concentration increases and the aluminium concentration drops. The supersaturation with respect to 

ettringite increases with the calcium sulfate content, even if solid gypsum is observed above and 

below the threshold, and probably isolated from the pore solution by the hydrates. The rise of 

supersaturation results in an increase of the crystallization pressure but is not sufficient to explain the 

observed threshold. This study shows that the supersaturation of ettringite determines the minimum 

pore radius where a crystal can grow; therefore with higher supersaturation a larger pore volume is 

accessible to growing ettringite crystals exerting pressure in the porous matrix. The supersaturation is 

related to the ability of ettringite growth throughout the interconnected pore network: below the 

critical sulfate threshold (low saturation index) ettringite can only exert pressure in a small number of 

pores; above the critical sulfate threshold (high saturation index) ettringite can form in a larger fraction 

of porosity leading to a higher total volume of ettringite generating pressure. This correlates to the 

onset of unstable expansion. 

 

This mechanism of expansion shows the links between the supersaturation of ettringite and the 

confinement provided by the porous structure. This mechanism was then implemented in a finite 

element code to compute the relationship between expansion, saturation index and pore size 

distribution. In this model the damage is not considered and only elastic deformations are calculated. 

The deformations due to pressure in small pores show clearly a threshold effect between low and high 

supersaturations. Despite the simplifications and assumptions done in the model, it helps to understand 

and distinguish the effects of the porosity and of the saturation index of ettringite (or minimum 

accessible pore size). 
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Abstract 

This work describes the distribution of the portlandite over the surface of the lime/pozzolan mortar and the mineral 

composition of the glassy material formed when the mortar was irradiated with continuous-wave-CO2 (CW-CO2) laser. 

Both Micro-Raman and Raman mapping have been used for structural studies. 

 

Lime/pozzolan/sand 1/1/2 mortars, 5 years at room temperature, were irradiated with CW-CO2 laser (Synrad Firestar 

t80, Mukilteo, WA) operating at a wavelength of 10.591 μm, 10P(20) CO2 laser line. Laser output: 8W, 18W and 38W 

(Synrad PW-250 (Mukilteo, WA)). The laser beam was focused by means of a NaCl lens of 10 cm focal length and the 

irradiation time was 5 seconds. 

Raman spectra were collected with a Raman Spectrometer (Renishaw Invia) equipped with a CCD camera, using 532 

nm (Nd:YAG) excitation line. The laser on the sample was 5 mW and the integration time was 10 seconds. For mapping 

measurements, an area of 80 µm x 80 µm was chosen in the internal part of the glass. The step size was 5 µm with an 

individual grid size of 25 µm2. 

 

Glazing, vaporization and spalling process can produce over an irradiated surface with a high power laser beam. 

When the power density of the irradiating laser beam is high enough to raise the temperature beyond the glass 

transition, a glassy surface layer is formed. However, if surface temperatures are below that melting point, water 

vaporization can be produce over the material surface. Due to the small diffusivity of water vapour, its transport is 

hindered and an overpressure is attained. Hydraulic building materials have about 4-10% bounded water, after 

irradiation with the CW-CO2 laser, water vapour spread out in a vaporization front reacting with the CaO present in 

the sample and producing Ca(OH)2, besides a glassy surface. 

 

Originality 

The surface temperature of the lime/pozzolan mortar after irradiation with the CW CO2 laser is about 4800 K, however 

portlandite can be observed over the surface of the sample due to water vapour reacts with CaO. The CW-CO2 laser 

irradiation over hydraulic materials can be considered as an accelerating test of fire exposure. 

 

Keywords: Raman, fire test, laser, lime/pozzolan mortar 
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1. Introduction 

A CO2 laser beam can be absorbed by many organic and inorganic materials such as natural stone, 

concrete, wood, rubber, plastics, etc., but is reflected on the most metal surfaces. Optical energy is 

absorbed by the interaction of the electric field of the electromagnetic radiation with electrons. If the 

energy is high enough, the structure of the material begins to vibrate which it is detected as thermal 

energy. With greater photon fluxes the vibration becomes sufficient to break the solid structure and it 

first melts, then evaporates; the vapour is then ionized forming a plasma plume and finally the solid is 

ionized introducing Coulomb forces to remove the material.  

There are some papers that study the effect of different CO2 laser in concrete samples with different 

proposes. In some studies (Gomez-Heras M., et al., 2008), laser radiation has been used in order to 

simulate fire conditions, since laser irradiation allows concentration at high energy in a small area. 

Another studies (Kawaka K. et al., 2004) analysed the amount of carbon emitted for the sample after 

laser radiation over the concrete sample in order to determine the CaCO3 content in the sample. 

However it is also possible to study the effect of the impact of the CO2 laser over the mechanical and 

the structural change in the concrete sample. Thus it has been demonstrated that the impact of the CO2 

laser has a positive influence on the mechanical properties of cement paste, not due to the heat 

produced during irradiation, but due to the effect of electric field propagation on water molecules 

(Moreno-Virgen M.R. et al,. 2011). From the microstructural point of view it is possible to identify 

molecular structural changes in cement and concrete with a glassy compound formation after concrete 

laser radiation at 10.6 µm (Moreno-Virgen M.R. et al., 2006).  

When the power density of the irradiating laser beam is high enough to raise the temperature beyond 

the glass transition, a glassy surface layer is formed. However, if surface temperatures are below that 

melting point, water vaporization can be produce over the material surface. Due to the small 

diffusivity of water vapour, its transport is hindered and an overpressure is attained. Hydraulic 

building materials have about 4-10% bounded water, after irradiation with the CW-CO2 laser, water 

vapour spread out in a vaporization front reacting with the CaO present in the sample and producing 

Ca(OH)2, besides a glassy surface.  

The laser treatment produced novel surfaces, and the resultant structural and chemical characteristics 

of the post-process materials need to be studied. Hydraulic building materials used as modern Cultural 

Heritage, i.e. mortar, concrete, etc., has about 4-10% bounded water. After irradiation with the CW 

CO2 laser, water vapour spread out in a vaporization front reacting with the CaO formed after calcium 

carbonate decarbonation producing Ca(OH)2, besides a glassy surface (Lawrence J. and Li L., 2000).  

The present work describes the distribution of the portlandite over the surface of the sample and the 

mineralogical composition of the glassy material. Both Micro-Raman and Raman mapping have been 

used for structural studies. 

2. Experimental 

2.1. Raw Materials 

Lime pozzolan mortar with siliceous sand was prepared with the following composition: 

lime/pozzolan/sand 1/1/2. The chemical composition of the lime, pozzolan and sand used in the mortar 

preparation is showed in Table 1.  
Tab. 1 Chemical compositions of lime, pozzolan and sand 

 Compositions SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O LOSS 

Lime Content 0.39 0.24 0.16 72.13    26.46 

Pozzolan Content 45.93 10.12 17.84 8.06 5.10 1.23 4.76 5.50 

Sand Content 98.92 0.06 0.18  0.28   0.05 

2.2. Experimental Process 

Lime/pozzolan mortar specimens with lime/pozzolan/sand ratio 1/1/2 and water/blended ratio 

0.5 were placed in prisms of 5×5×10 mm. The mortar specimens were firstly cured in 

standard environment with R.H. 95% ± 5% and 20℃ ± 2℃ for 24 hours. After demolding, the 

specimens were cured at 40ºC ± 5ºC and R.H. 95% ± 5% for 7 days (for puzzolanic reaction) 

and then were submitted to a carbonation process in a chamber at 21ºC ± 5ºC and 60% R.H. 



 

until full carbonation (CaO < 0.2%). Samples were at room temperature for 5 years before 

submitted to the CW CO2 laser irradiation. The irradiation was carried out with a CW 

(Firestar t80) CO2 laser operating at a wavelength of 10.591 µm, 10P (20) CO2 laser line. This 

laser has a maximum power output of 80 W, but in our experiments, laser output was kept at 8, 

18 and 38 W as measured with a Synrad PW-250 power meter. The laser beam was focused 

by mean of a NaCl lens of 10 cm focal length. Irradiation time was varied between 5 and 30 s. 

In this way, the energy delivered to the surface sample surface range between 40 and 1200 J. 

Irradiation of the mortar samples with the CW CO2 was made in air and in a vacuum of 3 Pa 

of background pressure.  
Raman spectra were collected with a Renishaw Raman Invia Spectrometer, equipped with a CCD 

camera, using 532 nm (Nd:YAG) excitation line. The laser on the sample was 5 mW and the 

integration time was 10 seconds. The software employed for data acquisition and analysis was WIRE 

for Windows and Galactic Industries GRAMS/32TM. Five scans were recorded to improve the signal-

to-noise ratio. Daily calibration of the wavenumber axis was achieved by recording the Raman peak of 

silicon at 520 cm-1. For mapping measurements, an area of 80 μm x 80 μm was chosen in the internal 

part of the glass. The step size was 5 μm with an individual grid size of 25 μm2. 

3. Results and Discussion 

The Raman spectra of the unexposed mortar, shows the typically feature of calcium carbonate, the 

narrow and strong peak at 1084 cm-1 that corresponds to ʋ1 symmetric stretching from C-O bonds and 

the lattice mode Ca-O at 282 cm-1.  

The surface morphology of the lime/pozzolan sample irradiated with the CW CO2 laser is showed in 

Figure 1. Plasma produced in the air atmosphere, increases the surface temperature until it becomes 

incandescence, then some incandescent particles are ejected from the surface that reaches the melting 

temperature of the compounds, produces the loss of the retained water and an amorphous material is 

formed in the spot place. Depending on the irradiation time and laser power, different microstructure 

can be observed.  

 

 

 

 

 

 

 

 

 

 
 
 

 

Figure 1.- Spost over the surface of the lime/pozzolan mortar after irradiation with different CW CO2 

laser power. Diagram of the analysed parts of the sample 

 

The spot has an internal part with some holes from sample evaporation and/or particles ejection, that 

we can call external part. Around this cavity it can be observed a brown circle, middle part, and the 

external one corresponde with the unexposed part (see diagram in Figure 1). A Raman spectra of the 

three parts have been obtained (Figures 2 and 3). Internal deformations of the silicate tetrahedra of 

type ʋ2 and ʋ4 generate bands in the regions 300-500 and 400-600 cm-1, respectively, that can be 

identified in the samples exposed to different laser power.  
Quartz and cristobalite are the main polymorphs of SiO2 with different structures and therefore 

different Raman spectra due to distortion in the SiO2 structure (Shoval et al.1997). Then, cristobalite 

present two main bands at 411 and 219 cm-1 whereas, quartz predominant peaks appear at 463 and 199 
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External 

18W, 5s 8W, 5sg 
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cm-1. High density SiO2 glass can be formed after sample shocked at high pressure. On densification, 

this peak narrows and moves to higher wavenumbers, indicating a narrower of Si-O-Si average angles 

and a smaller distribution of angles (McMillan et al., 1992). This can explain that the internal part of 

the sample irradiated for 5 seconds with 8W laser powers shows a broad band (440-470 cm-1) in the 

interval of the Si-O bending, but in the middle part this band rise to a narrow one with the maximum at 

467 cm-1, disappearing in the external part and giving rise to at small signal at 830-850 cm-1 from Si-O 

stretching. This can be an indication that a less density SiO2 glass has been formed. 

Additionally it is interested to remark that portlandite is formed in the external part of the irradiated 

mortar as can be observed a small band at 358 cm-1 (Ca-O) and a strong narrow peak at 3617 cm-1 

which arises from the stretching of the O-H groups bonding to a cation, Ca-OH, from Ca(OH)2 (Figure 

3). This is a very important fact since Ca(OH)2 dehydrated at temperatures around 450ºC. At the 

irradiation conditions, evaporated H2O, from C-S-H gel, can react with CaO coming from CaCO3 

decarbonation, and forming portlandite. In order to confirm that portlandite is formed from C-S-H gel 

water evaporation, the sample was irradiated under vacuum conditions and portlandite formation was 

also observed.  
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Figure 2.- Micro-Raman spectra of the lime/pozzolan mortar exposed to CW CO2 laser 5 seconds at 

8W. 
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Figure 3.- Micro-Raman spectra of the lime/pozzolan mortar exposed to CW CO2 laser 5 seconds at 

18W. 

For the lime/pozzolan mortar exposed 5 seconds at 38W, quartz it is observed in the internal part of 

the sample. Portlandite formation it is very scarcely as can be seen in the mapping (Figure 4) and the 

Raman intensity of the signal at 3616 cm-1 it is small.  



 

 

 
 

Figure 4.- Mapping of the lime/pozzolan mortar exposed to CW CO2 laser 5 seconds at 38W 

 

4. Conclusions 
A glazing surface was formed in the lime/pozzolan mortar exposed to CW CO2 laser. A micro-Raman 

spectrum of irradiated surfaces shows Si-O stretching and Si-O bending bands. From the internal to 

the external part of the laser exposure silicate bands modified and less density SiO2 glass has been 

formed.  Decarbonation of CaCO3 under CO2 laser produce CaO that react with water from C-S-H gel 

dehydration forming Ca(OH)2. 
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Abstract 

Sulfate attack is an environmental issue for concrete structure exposed to aggressive environment 

contains sulfate ions. The interaction of cementitious materials with sulfate solutions leads to a 

reaction front within the porous material. The consequences are expansion and/or softening. 

Laboratory tests usually focus on expansion, while in the field, softening and spalling of material may 

be more important. The aim of the study presented here is to study the effects of water to binder ratio 

and solution concentration on the degradation process of cement mortars during laboratory sulfate 

exposure. A long-term sulfate resistance test close to real conditions was conducted. Mortar prisms 

were made from Portland cement (PC) and ground granulated blast furnace slag (GGBS) with 

different w/b of 0.38, 0.55 and 0.73. The original surface of mortar prisms was removed prior to 

exposure to sulfate solutions (3, 10 and 30g/L of Na2SO4), in order to accelerate the ingress of sulfate 

ions. The linear expansion was measured every 2 weeks accompanied by renewal of the solution. 

Quantitative SEM-mapping and EDS was applied to compare to the macroscopic expansion. It 

confirms that the reaction between incoming sulfate ions and solid phase buffers the increase of [SO4
2-] 

in pore solution. When all freely transformable Al2O3 has reacted, the [SO4
2-] in pore solution will 

increase, fine monosulfate crystal within C-S-H can then react to ettringite, which gives the origin of 

expansion. As sulfate continues penetrating, the affected area increases with time, so does the 

expansion. For slag addition samples, more solid phase can uptake sulfate, buffer the increase of 

[SO4
2-] in pore solution, leading to a delay of expansion. Lowering w/c can on one hand effectively 

reduce the sulfate penetration due to the improvement of permeability, and on the other hand allow an 

increased mechanical property to prevent cracking induced by expansion force, therefore mitigating 

the expansion and damage of PC mortars exposed to sulfate solution. 

 

Originality 

Combined microstructural technologies, such as SEM-Mapping, SEM-EDS and XRD, accompanied by 

the analytical methods such as Reltveld refinement and image analysis, are applied to give a new sight 

on the degradation mechanism of cementitious material under sulfate attack.  
A refinement of the crystallisation pressure hypothesis is suggested and confirmed to explain sulfate 

related expansion. The expansion is related to the transformation of monosulfate crystals embedded in 

the C-S-H to ettringite.  

The effect of w/b on the degradation process and microstructure change of mortars exposed to sulfate 

solution was fully discussed. The experiment findings give a possibility to predict the sulfate 

penetration and expansion behaviors of mortars with different w/b under sulfate attack.  

 

Keywords: sulfate attack, buffering, expansion, ettringite, water to binder ratio 
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1. Introduction 

Portland cement concrete is attacked by solutions containing sulfate, such as some natural or 

polluted ground waters. Attack can lead to expansion, cracking and ultimately disintegration, 

which may limit the durability of concrete. There has been considerable research into the 

processes behind sulfate attack (Jacques Marchand et al., 2002; Jacques Marchand & Skalny, 

2006). Gollop and Taylor (Gollop & Taylor, 1992) identified the microstructural changes 

which occur when sulfate ions penetrate into concrete or mortar. First the AFm phases, 

typically calcium alumino monosulfate, are converted to ettringite. In parallel leaching of 

calcium and other ions occurs close to the surface leading to a weakened decalcified zone. 

Sometimes gypsum also forms. This formation of zones has been confirmed by many other 

experimental studies (Irassar et al., 2003; Jacques Marchand et al., 2002; Maltais et al., 2004) 

and by thermodynamic modelling(Lothenbach et al., 2010). Nevertheless the formation of 

these zones does not correlate simply to macroscopic degradation, such as expansion and 

spalling. 

In existing standards and test methods for sulfate attack, cement paste, mortar or concrete 

samples are generally immersed in concentrated Na2SO4 solutions and the mass and length 

change are monitored as a function of time. The mortar samples show strongly differing 

expansion and deterioration depending on the composition of cementitous materials, water to 

binder ratio and the type of reaction solution (Irassar et al., 2003; Santhanam et al., 2002). 

Further factors, such as temperature, sample geometry, the concentration of solution, the 

frequency of the solution renewing (Planel et al., 2006) and the presence of CO2 in the 

interacting solution (Kunther & Lothenbach, 2009) are also influencing the expansion. The 

discrepancy between laboratory and field samples under sulfate exposure has been studied 

(Chabrelie, 2010), which indicates that there is no clear relationship between depth of sulfate 

ingress and expansion. Supplementary cementitious materials (SCMs), especially slags, which 

are widely used in field constructions, are usually treated as sulfate resistant (Osborne, 1999). 

However, the deterioration mechanism of slag-blended cement subject to sulfate attack still 

remains unclear and needs further study (Gollop & Taylor, 1996). Moreover, despite the 

current knowledge and standard specifications for concrete under sulfate attack, there has 

often been different performance of concrete in classical sulfate immersion tests from that 

observed in field exposure, which mainly due to overlooking some important parameters 

existing in the field which accompany sulfate attack. 

In this paper, the performance of PC mortars and slag blended mortars exposed to sodium 

sulfate solution of various concentrations was studied. The microstructure analysis including 

Backscatter Eletron Imaging (BSE) and SEM-mapping on affected samples were applied to 

compare with the macroscopic expansion. The effect water to binder ratio and solution 

concentration on the sulfate resistance of mortars are discussed respectively. 

2. Experimental 

2.1 Materials and testing procedure 

Portland Cement (CEM I 52.5) (PC) and ground granulated blast furnace slag (GGBS) were 

used in this study. The chemical and mineral compositions of materials, as determined by 

XRF and XRD Rietveld refinement are given in Table 1. To study the effect of slag, PC was 

substituted by 70% of slag. Mortars were prepared according to EN 196-1 with a water/binder 

ratio of 0.38, 0.55 and 0.73. The sand/cement ratio for w/c 0.73 was increased to 4:1, higher 

than the normal 3:1, to prevent bleeding during the casting prisms 40 x 40 x 160 mm were 

cast with embedded measuring studs. All the mortars were cured for 90 days in saturated 

limewater at 20°C before exposure to the sulfate solutions.   
Table 1 Chemical and phase composition of Portland cement and ground granulated blast furnace slag 

Chemical composition (%) Phase composition (%) 

 OPC Slag  OPC Slag 

SiO2 21.01 31.53 C3S 65.8  

Al2O3   4.63 15.85 C2S 16.5  



 

Fe2O3   2.60   0.32 C3A   6.6  

CaO 64.18 36.87 C4AF   7.2  

MgO   1.82   9.69 CaO (free)   0.5  

SO3   2.78   2.76 MgO   1.0  

K2O   0.94   0.44 CaSO4xH2O   2.2  

Na2O   0.20   0.33      

TiO2   0.14   1.76 Amorphous  99.5 

Ignition loss   1.26  SiO2 (free)    0.5 

After 90 days curing, the lateral faces of the mortar prisms were removed to give prisms with 

20  20 cm cross-section. For each series, three prisms were submerged in solutions 

containing 3 g/L (21.1 mmol/L), 10 g/L (70.3 mmol/L) or 30 g/L (211 mmol/L) Na2SO4 at 

20°C. Details of all the combinations studied are shown in Table 2. The volumetric ratio of 

sulfate solution to mortar was 25. The linear expansion of mortar bars was measured every 

other week, accompanied by renewal of the solution. 
Table 2 Experiment details of sulfate exposure test 

 Slag (%) w/b Sample size Sulfate Concentration (Na2SO4) 

M1 - 

0.38, 0.55, 0.73 20×20×160 mm 

  3 g/L  (21.1 mmol/L) 

M2 - 10 g/L  (63.3 mmol/L) 

M3 - 30 g/L  (211 mmol/L) 

S1 70                  3 g/L 

S2 70                10 g/L 

S3 70 30 /L 

2.2 Analytical methods 

The mortar samples were examined by scanning electron microscopy SEM (FEI ESEM XL 

30) using backscattered electrons and EDS X-ray analysis (Bruker AXS Detector 133eV). The 

details of basic Backscatter Eletron Imaging (BSE) and SEM-mapping methods follow the 

details given in the previous paper (Yu et al., 2014; Yu et al., 2013). 

3. Results and Discussion 

3.1 PC mortars with different w/c exposed to sodium sulfate solution 

3.1.1 Samples in 3g/L sodium sulfate solution 

The linear expansion of PC mortar bars subjected to 3g/L Na2SO4-solution is shown in Figure 

1, with water to cement ratios of 0.38, 0.55 and 0.73. The expansion of w/c 0.73 mortars takes 

off after 60 days exposure, and then increases at an accelerating rate reaching more than 2.5% 

at 360 days. On the contrary, the expansion of w/c 0.38 mortars remains at a relatively low 

value below 0.05%. Mortars with w/c 0.55 show a moderate and it is obvious that lowering 

w/c ratio trends to reduce the expansion of mortar bars. Moreover, the expansion curves 

indicate that, as well as solution concentration, w/c plays a highly sensitive role in the sulfate 

resistance of PC mortars.  



 

 
Figure 1 Expansion of PC mortars with different w/c in 3g/L Na2SO4-solution (Different scale) 

 

Figure 2 shows the BSE micrographs of PC mortars (w/c 0.38, 0.55 and 0.73) after 120 days 

exposure in 3g/L Na2SO4-solution. As we can see from the image, visually all the samples 

seem to be in good condition after 120 days exposure, without major cracks. Except that w/c 

0.73 mortar shows the sign of surface material loss. (Obviously, w/c 0.73 mortar shows a 

higher porosity in the interfacial transition zone. However it is due to the property of material 

itself, not sulfate attack.) 
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Figure 2 BSE micrographs and sulfur mappings of PC mortars with different w/c after 120 days 

exposure in 3g/L Na2SO4-solution 

Figure 3 shows the sulfate profiles of mortars with different w/c after 120d exposure. It can be 

easily observed that sample with w/c 0.38 has less sulfate penetrated, owing to the lower 

permeability. However, the sulfate profiles for w/c 0.55 and 0.73 shows again no significant 

difference.  



 

 
Figure 3 Sulfate profiles acquired by mapping methods after 120 days exposure, for PC mortars with 

different w/c in 3g/L Na2SO4-solution 

Figure 4 shows the BSE micrographs of PC mortars (w/c 0.38, 0.55 and 0.73) after 240 days 

exposure in 3g/L Na2SO4-solution. As we can see from the image, mortar with w/c 0.73 shows 

the most severe damage characterized by dense cracking developing along the aggregates and 

a progressive leaching. Mortars with w/c 0.38 and 0.55 are still in good condition after 240 

days exposure, without major cracks. Nevertheless, leaching and slightly surface loss are also 

identified on w/c 0.55 sample. 
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Figure 4 BES micrographs and sulfur mappings of PC mortars with different w/c after 240 days 

exposure in 3g/L Na2SO4-solution 

Figure 5 shows the sulfate profiles of mortars with different w/c after 240d exposure. After 

experiencing around 1.5% linear expansion after 240d exposure in sulfate solution, sample of 

w/c 0.73 encountered severe cracking. These cracks, of course, lead to massive sulfate ingress 

further into samples, causing more ettringite and gypsum formation in cracks. It is also 

interesting to notice that sample with w/c 0.38 remains at a low sulfate ingress level. This 

might suggest that lowering w/c can not only reduce the permeability of mortars, but also 

increase the strength to prevent cracking. More details concerning this hypothesis are 



 

discussed in the following section. 
 

 
Figure 5 Sulfate profiles acquired by mapping methods after 240 days exposure, for PC mortars with 

different w/c in 3g/L Na2SO4-solution 

3.1.2 Samples in 10g/L and 30g/L sodium sulfate solution 

The linear expansions of PC mortar bars with different w/c subjected to 10g/L 

Na2SO4-solution are shown in Figure 6. It is clear that mortars with w/c 0.73 expand in the 

same manner as in 3g/L solution but with an advance in the take-off time at 40 days. 

Nevertheless, the expansion behaviors of w/c 0.38 and 0.55 samples are nearly the same 

comparing to those samples in 3g/L solution.  
 

 
Figure 6 Expansion of PC mortars with different w/c in 10g/L Na2SO4-solution (Different scale) 

When the sulfate concentration of solution increases to 30g/L, much more aggressive 

expansion behaviors have been observed for w/c 0.73 and w/c 0.55 samples (Figure 7). 

Samples with w/c 0.73 and w/c 0.55 start to expand after 40 days and 80 days exposure, 

experiencing an accelerated expansion until the rate slows down at 300 days, when the 

expansions are more 3% and 2%. All the expansion curves presented here underline the fact 

that PC mortars are sensitive to w/c with respect to expansion. 

 



 

 
Figure 7 Expansion of PC mortars with different w/c in 30g/L Na2SO4-solution (Different scale) 

3.2 Slag mortars with different w/b exposed to sodium sulfate solution 

The linear expansion of 70% slag mortars exposed to 3g/L Na2SO4-solution is shown in 

Figure 8. All the slag blends 3g/L Na2SO4-solution show no clear sigh of rapidly increased 

expansion until 560 days. The expansions of three samples with different w/b increase slowly 

and follow nearly a same track if the dispersion of measurements is considered. However, the 

expansion of sample with w/b 0.73 seems to take off after exceeding the value of 0.1%. 
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Figure 8 Expansion of 70% slag mortars with 

different w/b in 3g/L Na2SO4-solution 
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Figure 9 Expansion of 70% slag mortars with 

different w/b in 10g/L Na2SO4-solution 

When the concentration is increased to 10g/L, typical expansion behaviors of slag mortars, 

which have been discussed in the previous paper (Yu et al., 2013), are observed for sample 

with different w/b (Figure 9). Up to 90 days, the expansions are almost identical for mortars 

with different w/b, showing a similar “track” as observed in 3g/L. Afterwards, the expansion 

of sample with w/b 0.73 takes off, reaching 0.6% at 130 day accompanied with the broken of 

prisms. Then interestingly, the expansions of w/b 0.55 and 0.38 slag samples is developing 

along the extension of “track” and takes off at 180 day and 480 day with a expansion of 

0.05% and 0.1% respectively. As expected, a reduced w/b allows slag blends to have a 

delayed expansion taking off at a higher value and thus a better resistance to sulfate attack. 

The expansion patterns of samples with different w/b are quite similar in shape, nevertheless 

displayed in different scales.  

For 70% slag blends in 30g/L Na2SO4-solution, all the expansions again go through on a same 

track and then take off successively: w/b 0.73 first at 49 day, then w/b 0.55 at 168 day and 

finally w/b 0.38 after 270 days exposure (Figure 10). Same as what indicated in 10g/L 

solution, lowering w/b will not only retard the expansion taking off but also increase the 

critical expansion value at take-off point. It is also worth of noting that the expansion value 

with respect to the breaking point is increased as the w/b reduced. This means sample with 

lower w/b is more endurable to cracks propagating. 
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Figure 10 Expansion of 70% slag mortars with 

different w/b in 30g/L Na2SO4-solution 
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Figure 11 Expansion of three prims of 70% slag 

mortars (w/b 0.38) in 30g/L Na2SO4-solution 

As mentioned in experimental, for each series, three bars were used for expansion 

measurement, of which the average value was finally selected to be more representative. 

Generally, the dispersion between three bars is relatively small. However, for slag blends in 

30g/L solution, the expansion curves of three bars show clear diversity in both take-off and 

broken point(Figure 11). This strongly suggests that the expansion of slag blends follows a 

crack-driving process. Once the cracks generated from expansion start to be connected, which 

corresponds to the take-off in the expansion curve, the sulfate ions can entry freely into the 

sample. After a short buffering process, the massive sulfate ingress allows a significant 

increasing of sulfate concentration in pore solution, therefore leading to more expansion and 

thus cracks propagating.   

All these observations suggest that the besides the penetration process, the strength is believed 

to plays an important role in the expansion behavior of slag blends exposed to sodium sulfate 

solution. The flexural strength against expansion “take-off” time of 70% slag mortars with 

different w/b is plotted in Figure 12. As can be seen, there is a proximate linear relationship 

between flexural strength and take-off time. A reduced w/b allows the improvement of 

strength to prevent the cracking induced by expansion forces. 

 
Figure 12 Plotting of flexural strength against expansion take-off time, for 70% slag mortars with 

different w/b in 10g/L and 30g/L Na2SO4-solution 

4. Conclusions 

Lowering w/c can effectively reduce the sulfate penetration due to the improvement of 

permeability, therefore mitigating the expansion and damage of PC mortars exposed to sulfate 

solution. And, it should not be ignored that a reduced w/c allows an increased mechanical 

property to prevent cracking induced by expansion force.   

The retardation of sulfate ingress due to the decrease of w/c leads to another phenomena that: 

PC mortar with lower w/c shows a similar sulfate penetration behavior as those with higher 



 

 

w/c when the same expansion value is reached. Considering the similarity in chemical 

components of hydration products, this provides the possibility of predicting the sulfate 

penetration and expansion behaviors of PC samples by simply measuring their diffusion 

coefficient.   

Expansion of slag blends follows a crack-driving process. Once the cracks generated from 

expansion start to be connected, the sulfate ions can entry freely into the sample. The massive 

sulfate ingress then leads to more expansion and thus cracks propagating and breaking of 

sample. Therefore, beside the advantage of controlling ions transportation, a reduced w/b can 

improve the strength to prevent the cracking induced by expansion forces. 
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Abstract 

 

In the years 1908-1909 a large reinforced concrete tank for drinking water was built in Poznań. The plan 

dimensions are 65.5×2.,5 m, and the height is 9.0 m above and 5.0 underground. Those were the times when the 

first bold constructions from the cement concrete were built in the world, very few of which have been preserved 

till the present day. In order to estimate the durability of the concrete, after several decades of influence of very 

high relative air humidity, it is very significant to check the changes in its microstructure, which influence its 

strength parameters. This year the authors of the project conducted a material and structural analysis of the 

technical condition of the over hundred year old tank structure, which proved that the compressive strength of 

the concrete is lowered, and there are numerous scratches of the walls and the ceiling, and also some 

accumulations of white lines and icicles outside. The SEM, EDS and XRD analyses proved that the phase 

composition of the concrete in the barrier thickness is variable. In the lower layers of the concrete a calcium 

hydroxide concentration is observed, which outside the barrier changes into the calcium carbonate. The 

migration of the Portlandite  in the direction of the inside of the tank with very high relative air humidity (>95%) 

results from the mass diffusion caused by different concentration of the porous liquid in the outer and inner 

layers of the barriers. Those are very slow processes, that last tens of years during the exploitation of the tank. 

They are beneficial in terms of the gradual alkalinity increase, which protects the steel against corrosion, but 

they can be harmful due to a local increase of the porosity and the decrease of the concrete strength. 

 

 

Originality 

 

The problem of the concrete durability counted in tens of years is not a frequent subject of research, despite the 

fact that the oldest structures made with the use of Portland cement are about 140 years old, and the large size 

engineered constructions (like dams,breakwaters, bridges, chambers, halls) are 110 years old. The considered 

tank belongs to the last group of objects. Systematic research on changes in the concrete properties in the long 

periods were implemented  at the first by Isamu Hiroi from Japan  and at the second G.W. Washa  from USA, 

who examined concrete samples made in 1910,1923 and 1937 stored in water or in the open space. The 

research concerned only the range of increase and decrease of the sample strength, but they do not cover the 

changes on the phase composition of the cement matrix and the reasons of the observed changes that result from 

the aging of the concrete during the passing years. The project notified on ICCC2014 fills this gap, since it 

analyses the long-term influence of the environment on the physicochemical processes taking place in the 

specific concrete structure subject to degradation. 
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1. Introduction 

The turn of the XIXth and XXth century was the time when large size concrete structures were built 

in the world, such as military forts, first motorways constructed in the USA from the cement concrete, 

or first high buildings, like Ingalls Building in Cincinnati, USA, constructed in 1902-1903 (Mir M. 

Ali, 2001). Cement in that period was quite a popular binder, and its estimative production equalled 

100 000 tons per year in Poland only, which resulted in production of 250 000 m3 of concrete per year. 

In 1857 the cement works Grodziec in Poland was built, which was then the 5th cement works in the 

world and 3rd in Europe.  This was an impulse to a development in concrete technology in Poland, 

which was initially related to making huge elements, such as drinking water tanks or tanks for sewage  

(famous Imhoff tanks), bridges, river canals, buildings of the Warsaw-Vienna Railway, and also 

sports arenas (concrete Centennial Hall built in 1911 in Wrocław). Many of these structures function 

nowadays, which makes the question of concrete durability and lifting capacity of those historic 

buildings quite relevant. 

 

 
 
 

 

Figure 1 Ingalls Building in Cincinnati;          

photo from 1906 [Mir M. Ali, 2001]. 

Figure 2 Centennial Hall; photo from 1920 [Budych L., 2013]. 

 

Literature on durability of 100 year old concretes is not very rich [Jackson Frank H.,1958, Gjørv E., 

1971], and the research held on the same structure for 100 years – unique. The Newsletter 04 JSCE 

described the Japan’s 100‐year‐Old Otaru Port Breakwater. Otaru is located about 30 km northwest of 

Sapporo on the Japan Sea. The port was constructed in two phases, the first from 1897 to 1908 and 

the second from 1908 to 1921. Concrete technology at that time was underdeveloped. Abramsʹ theory 

on the water‐cement ratio would not be published until 1918, and air‐entraining agents would not be 

introduced in Japan until 1948.  A durability test of concrete begun at the port of Otaru in 1897. This 

test continues until  today, making it the longest‐running test in the world.  Production of the mortar 

specimens started in 1896 - one year before construction of the north breakwater began and continued 



 

until 1937. These specimens were gourd‐shaped. A few 70 mm (2.8 in.) cubic specimens were also 

made; some were used for compressive tests, but most of them were used for tensile strength tests. 

The results of the tests were used to select concrete materials for the breakwaters. A decision in 1920 

to use volcanic ash was crucial. Based on the results of tensile strength tests on mortar specimens up 

to 22 years old, it was concluded in 1922 that the silica‐rich volcanic ash found in Otaru developed 

strength more effectively than volcanic ash found elsewhere. Moreover, it was stated that volcanic ash 

offered superior strength and durability when mixed with cement in the proper proportions. To 

evaluate the real durability of concrete, it is necessary to observe actual concrete structures over a 

long period. This is difficult to do; continuous evaluations are almost impossible. Evaluations with the 

use of specimens are relatively easy, but long‐term testing requires the efforts and patience of many 

people. Unfortunately, these results on the strength of concrete are not available in English literature. 

Several dozen years' research on concrete compressive strength on control specimens made in the 

years 1910, 1923 and 1937 were done by Washa W. G., Wendt F. K., (1975) and Washa W.G., 

Saemann C. J., Cramer M. St. (1989). The results are presented in Fig. 3. 

.  
Figure 3 Changes of concrete compressive strength [Washa W. G., Wendt F. K., 1975]. 

 

During the research the changes of concrete characteristics were measured for 50 years, with 

reference to the oldest, roughly milled cements with the relatively high content of C2S and it was 

stated that the concrete strength increased up to 50 years of exploitation. Cements that were produced 

later and of finer milling with less C2S, gained the best strength after 10 to 25 years. Later the strength 

decreased, which is presented in Fig.3. It was stated, that with proper water care the concrete shows 

periodic self-tightening and increased strength [Washa W.G., Saemann C. J., Cramer M. St., 1989]. 

Later, after tens of years, the strength decreases are related to the changes of the internal structure of 

the concrete, which is presented in the author's research of 80 year old concrete roads [Jasiczak J., 

Kucz M., 2013]. 



 

  
Figure 4 Growing erosion of crystalline form  contributing to progressive deacrese of compressive strength after 

56 years of highway expliotation [Jasiczak J., Kucz M., 2013]. 
 

The compressive strength of 80-year-old original concrete pavement decreased during last 15 years 

from 80MPa to 74.3MPa (7.1% loss  of strength), comparing  tendencies after 25-50 years 

exploitation  outdoor storage concrete samples are described by the authors of paper [Washa 1989, 

Jackson 1958].   

2. Building of drinking water filters in Poznań 

The analysed building was built in 1908-1909 in Poznań, with ground plan 65.5x21.5 m. It  is a mixed 

construction of superstructure about 9.0 m high and consisting of: 

- hall with water filters, brick-built with reinforced concrete roof beams and ceramic ceiling over them, 

- steel and reinforced concrete gallery for the service of the water filter tanks, 

- steel water filters of circular and rectangular plan, with mineral filter beds, 

and underground part – reinforced concrete chamber, 4.5 m deep, with beam and slab ceiling 

buttressed with reinforced concrete posts, for storage of treated drinking water. 

The general view of the building is presented in Fig 4, and the section in Fig.5. 

 

 

  
Figure 5 Brick part over ground. Figure 6 The cross section of building. 

 

Until 2009 the building was used for water filters and storage of drinking water for the city citizens. In 

2013 the technical condition of the chamber was checked. The examination discovered many 

scratches of the concrete peripheral walls, internal reinforced concrete posts and monolithic reinforced 



 

concrete ceiling over the water tank. All the scratches were filled with white substance, and in some 

places on the ceiling there were also white stalactites. All the poundings are presented in Fig. 7, 8, 9 

and 10. 

  
Figure 7 Reinforced concrete wall of tank from 

outside. 

Figure 8 Reinforced concrete wall of tank from inside. 

  

Figure 9 Crack of wall filled with white chemical 

compounds. 

Figure 10 Pillar supporting rib-and-slab floor. Visible 

scratching filled with white compounds. 

 

Tests of compressive strength of concrete on core specimens taken from the structures revealed a very 

low strength of the concrete at the moment - only 12.0-14.0 MPa, with the density of 2200 kg/m3 and 

water absorption by weight of 5.1 %. The concrete in the core specimen taken from the ceiling is very 

inhomogeneous, porous, with signs of leaching of the cement stone and clearly visible white internal 

deposits, as well as internal delamination (Fig.11, 12, 13, 14). 



 

  
Figure 11 Porous bottom part of core specimen ϕ100 

mm. 

Figure 12 White drop-stones in the structure of 

bottom part of core specimen. 

  
Figure 13 Carbonation test in the bottom part of core 

specimen. 

Figure 14  Not corroded reinforcement ϕ10 mm in the 

concrete layer with basic pH. 

 

This level of concrete strength could be observed in Poznań also in other massive structures built in 

1910. Protection from corrosion was ensured by external burning cement plasters. In the analyzed 

building low concrete strength is the main reason for the loss of lifting capacity of the construction, 

which results in cracking of its elements. Migration of the white chemical compounds from outside to 

inside of the water tank (thus from the low relative humidity environment to the space over the water 

surface with very high relative humidity – over 95%) demands a wider explanation, since those 

processes have definitely weakened the internal structure of the concrete. 

3.  Experimental process and Results  
The phenomenon of migration of calcium compounds into the inside of the water tank was analyzed 

with the use of XRD, SEM and EDS method in order to define the phase composition of the concrete 

and the cement applied, as well as the intensity of occurrence for particular compounds in different 

parts of the structure. 

3.1. XRD analysis of samples taken from the wall and floor 

Concrete samples taken from two areas, presented in Fig. 15 as A and B, underwent grinding 

according to current research procedure and their phase composition was defined. 



 

 
 
Figure 15 Samples:  A – taken from the wall (Fig.7),  B – taken from the upper part of core sample in the upper 

surface of floor. In the carbonation test phenolphthalein does not change the color to pink. Sample A – 

carbonated concrete, sample B -  concrete free of leached basic compounds. In the both cases there are 

conditions to rapid corrosion of steel reinforcement. 

 

PHILIPS X-ray machine with “Cu” lamp and high voltage generator PW 1140 and vertical 

goniometer PW 1050/70 were applied. Measurements were taken with the following settings: high 

voltage generator 35kV and 20mA. Goniometer: crack 1o-preparation – crack 0,1 mm- 

monochromator – proportional counter. Samples underwent XRD measurements within range 5 – 75 

2Θ with constant movement of the goniometer arm of 0.05 2 Θ and count time equal 3 seconds. The 

XRD test results of the separated concretes marked with “A” and “B” are presented in Fig. 16. Phase 

analysis of both concrete samples does not show significant differences. The analysed samples can be 

divided with regard to occurrence of two types of crystalline phases. Crystalline phases coming from 

the aggregate in the concrete, such as quartz and albite, as well as phases from cement and coming 

from its hydration, such as: ettringite, portlandite, carboaluminate, calcite and gypsum. 

Taking into consideration the working conditions and the same way of sample preparation the half-

quantitative occurrence of particular crystalline phases can be approximately defined. The counting 

sort analysis and the analysis of crystalline phase peak intensity show a definitely unambiguous 

tendency. In the “A” sample, in comparison with sample “B”, there are much more crystalline phases 

coming from ettringite and quartz. Much more plaster phase and carboaluminate is visible, but since it 

is the most intense reflex of both phases in the same angle range 2Θ, it is hard to define clearly which 

phase prevails. The amount of portlandite and albite phase in both tested samples is similar. The only 

difference in the analysis is calcite, which we find more in sample “B”. 

 

A) 

 

 



 

B) 

 

Symbols of concrete phases: A – albite , Q – quarc, C- calcite, E – ettrigite, G- gipsum , K- carboaluminate  , P 

– portlandite 

Figure 16 Phases formations during long time hydration of portland cement concrete. 

 

3.2. SEM and EDS analisys samples A and B 

With the use of scanning electron microscope S-3400 N microphotographs and analyses of the 

occurrence intensity of particular elements in samples A and B were made. The results of the research 

are presented in Fig. 17 to Fig. 21. 

 

  
 

Element C O Mg Al Si S K Ca Sc Fe P Total 

Line KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 - 

Wt,% 21,1 16,32 0,56 3,40 9,76 0,30 1,41 42,10 0,83 3,50 0,64 100,00 

At,% 39,28 22,81 0,51 2,82 7,77 0,21 0,80 23,49 0,41 1,44 0,46 100,00 

 
Figure 17 Analysis of the typical part of outdoor wall (sample A). X-ray photography, the analysis of elements 

occurence. 



 

 
 

 

Element C O Mg Al Si S K Ca Sc Fe P Total 

Line KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 - 

Wt,% 6,73 12,38 0,12 2,37 13,93 0,87 0,00 61,16 1,15 0,94 0,35 100,0 
At,% 15,87 21,92 0,14 2,49 14,05 0,77 0,00 43,24 0,72 0,48 0,32 100,0 

 
Figure 18  Analysis of typical part of floor (sample B) – upper part of floor. X-ray photography, the analysis of 

elements occurence. 

 

 



 

 
 

 

   
Area 2 

Element C O Mg Al Si S K Ca Sc Fe P Total 

Line KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 - 

Wt,% 9,45 22,15 0,00 6,05 2,80 13,45 0,00 45,86 0,00 0,00 0,23 100,0 

At,% 19,35 34,04 0,00 5,52 2,45 10,32 0,00 28,18 0,00 0,00 0,19 100,0 

Area 1 

Element C O Mg Al Si S K Ca Sc Fe P Total 

Line KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 - 

Wt,% 6,73 12,38 0,12 2,37 13,93 0,87 0,00 61,16 1,15 0,94 0,35 100,0 

At,% 15,87 21,92 0,14 2,49 14,05 0,77 0,00 43,24 0,72 0,48 0,32 100,0 

 

 

 



 

Area 4 

Element C O Mg Al Si S K Ca Sc Fe P Total 

Line KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 KA1 - 

Wt,% 3,44 7,78 0,13 1,55 11,95 0,98 0,00 71,72 0,00 2,21 0,23 100,0 

At,% 9,16 15,54 0,18 1,84 13,60 0,98 0,00 57,20 0,00 1,27 0,24 100,0 

 
Figure 19  Analysis of upper part of floor (sample B) riched in ettringite. X-ray photography, the analysis of 

elements occurence. 

 

 

             



 

    
Area 4 

Element O Al Si S Ca Total 

Line KA1 KA1 KA1 KA1 KA1 - 

Wt,% 16,60 3,22 0,74 7,90 71,54 100,00 

At,% 32,28 3,72 0,82 7,66 55,33 100,00 

Area 1 

Element O Al Si S Ca Total 

Line KA1 KA1 KA1 KA1 KA1 - 

Wt,% 32,31 2,20 9,61 2,58 53,30 100,00 

At,% 52,40 2,12 8,88 2,09 34,51 100,00 

Area 2 

Element O Al Si S Ca Total 

Line KA1 KA1 KA1 KA1 KA1 - 

Wt,% 31,33 0,52 10,37 0,11 57,67 100,00 

At,% 51,68 0,51 9,74 0,09 37,98 100,00 

 
Figure 20  Analysis of bottom part of floor (sample B) riched in ettringite. X-ray photography, the analysis of 

elements occurence. 

 



 

 
 

 
 

Area 1 

Element O Al Si S Ca Total 

Line KA1 KA1 KA1 KA1 KA1 - 

Wt,% 36,89 7,57 0,55 12,51 42,48 100,00 

At,% 56,84 6,92 0,48 9,62 26,13 100,00 
Figure 21  Analysis of bottom part of floor (sample B) – enlarged left-hand, upper part of photography in Fig. 

20 – riched in ettringite. X-ray photography, the analysis of elements occurence. 

 

 

 

 

 



 

3.3. SEM and EDS analysis of the white efflorescences on the walls and the dripstones on the 

bottom part of floor 

 

 
 

Element Ca O C Total 

Line KA1 KA1 KA1 - 

Wt, % 60,0 17,96 22,04 100,00 

At,% 33,60 25,20 41,20 100,00 

 
Figure 22  Analysis of wall and bottom part of floor - places with the white dripstones and stalactites. X-ray 

photography, the analysis of elements occurence. 

4. Analysis and conclusions 
4.1.Considering the concrete made and exploited since 1908 and the structural concrete from 2014, it 

can be assumed that the general oxide composition of both concretes is comparable, and the cement 

used for production belongs to the Portland cement group without mineral additions. Comparison of 

the amount of particular elements are presented in Table 1. Especially two problems are worth 

attention: 

- in the concrete from 1908 the presence of sodium and potassium oxides is not observed, which is a 

sign of dealkalisation of the cement matrix in the structure that has had contact with the environment 

for 100 years of exploitation; in these areas the concrete is carbonised and strong corrosion of 

reinforcement bars, as well as the loss of lifting capacity is observed, which is the reason for the 

scratches in the concrete; 

- the composition of the contemporary cements presents an increased amount of oxides MgO, Al2O3, 

SO3, Fe2O3, P2O3, at the cost of oxides CaO and SiO2, which is a result of enriching the clinker with 

additions coming from the processes of co-combustion of different natural materials which are 

contemporary energy carriers. It is however hard to say anything about the 100 year durability of 

those elements. 

 

 

 

 

 



 

Table 1. The comparison of cement compositions from years 1908 and 2014 

Element C O Mg Al Si S K Ca Sc Fe P Na 

1908             

Wt,% 6,73 12,38 0,12 2,37 13,93 0,87 0,00 61,16 1,15 0,94 0,35 0,0 

At,% 15,87 21,92 0,14 2,49 14,05 0,77 0,00 43,24 0,72 0,48 0,32 0,0 

2014             

Wt,% 22,4 23,01 2,50 5,23 10,15 5,14 0,55 26,92 0,00 2,09 1,64 0,55 

At,% 37,73 29,30 2,09 3,95 7,36 3,27 0,29 13,68 0,00 0,76 1,08 0,48 

 

4.2. During observations of the technical condition of the drinking water tank (Fig.7,8,11) the way the 

concrete was put in the structure was restored: the concrete components were dosed volumetrically 

and mixed manually, and the mixture was put in layers about 0,5 n thick, the concrete with high 

plastic consistency was applied. In Fig. 7 and 8 the delamination in the area of layer contact are 

visible, since each layer was put after the previous had hardened. Thus, an abruption occurred, as well 

as the difference in relative air humidity outside and inside the tank caused the migration of Ca2+ ions 

into the inside of the tank, which caused the formation of characteristic white deposits. Migration of 

calcium compounds caused the dealkalisation of the outer parts of the concrete and increased the 

vulnerability to corrosion of the reinforcement steel, as well as it increased the porosity of the cement 

matrix. Similar case of leaching of the cement matrix in buildings, that are over hundred years old and 

exploited in high relative air humidity, has not been described in any of the quoted bibliographical 

positions. 

4.3. Over hundred year old cement matrix presents numerous abruptions of the microstructure, which 

is a result of the mentioned primitive concrete processes. In that time concrete was concentrated by 

tamping, which by the high plastic consistency gives the above mentioned effect. In the abruptions the 

long fibre ettringite can be found, which caused the bridging of the microstructure. It is clearly visible 

in the microphotograph in Fig.19 and in EDS analysis – 2 which present the upper, carbonised part of 

B sample. Ettringite is not susceptible to leaching and migration caused by the difference in relative 

air humidity over and under the ceiling, which is confirmed in the analysis of the lower part of the 

ceiling presented in Fig. 20 and 21. The calcium cations are leached, whereas the ettringite “frame” is 

stable. Carbon dioxide reacting with calcium deposits in the linear or spot form, creates calcium 

carbonate, which is confirmed in Fig.22. The described process can be compared to the formation of 

stalactites in caves found in calcareous deposits of rocks. 

4.4. The analyses and observations of the hundred year old concrete in a reinforced concrete drinking 

water tank are significant guidelines for contemporary projects of closed water reservoirs (such as 

water treatment plants or swimming pools, etc.): it is crucial to design a tight concrete of class C35/45 

at least, from cements CEM I, for example the type SCC; and the protection against humidity 

penetration in the wall and ceiling structure should be made of special polymer-mineral protective 

layers. 
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Abstract 

When concrete is exposed to seawater, the composition of the outer most millimeters of the concrete will considerably 

alter compared to the composition of the bulk concrete. Seawater leads to a zoned attack: the outermost zone is 

generally enrichement in magnesium, followed by a sulfur enriched and finally a chlorine enriched zone. This paper 

focuses on the magnesium enriched zone which is relatively thin, in the order of 100 μm. The phase composition of this 

zone was examined using SEM-EDS on polished sections. The results from a selection of samples from marine 

structures in Norway and Denmark is presented. Magnesium seems to be present in an M-S-H like phase with a Mg/Si 

ratio ranging between 1.0 and 0.5 and an Al/Mg ratio of 0.05-0.3. The composition of the M-S-H phase observed in the 

field samples was compared to the M-S-H phase observed in cement paste submitted to an accelerated seawater 

exposure in a laboratory test. Their compositions were similar. 

 

Originality 

Enrichment in magnesium of the cement paste at the surface of marine exposed concrete has been observed before by 

other researchers. Often the magnesium-enrichment is attributed to precipitation of brucite (Mg(OH)2). Only a few 

records of M-S-H formation at the surface of marine exposed concrete were found by the authors, and even fewer on 

the composition of the phase. This is probably due to the limited size of this magnesium-enriched zone as well as its 

removal by abrasion. The simple test setup presented in the paper, allowed to examine this M-S-H phase as a bulk 

material, with e.g. TGA. This paper therefore presents a unique examination of M-S-H found in cement paste at the 

surface of marine exposed concrete and M-S-H produced by an accelerated laboratory test. 

 

Keywords: seawater, surface degradation; M-S-H; decalcified C-S-H; SEM-EDS. 
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1. Introduction 

Concrete exposed to seawater undergoes a zoned attack due to the presence of a range of ions in the 

seawater such as sodium, chloride, magnesium, sulfate, calcium and carbonate ions. Figure 1 shows 

elemental profiles from a marine exposed concrete. The chloride level near the exposed surface is low 

and the chlorine peak is preceded by a magnesium enriched zone followed by a sulfur enriched zone. 

This zoned attack for marine exposed concrete has been observed before (Marchand J. et al., 2003; 

Chabrelie A. et al., 2008; De Weerdt K. and Geiker M. R., 2012; De Weerdt K. et al., 2013; Jakobsen 

U. H., 2013; De Weerdt K. et al., 2014). It should be noted that besides the elemental changes in the 

magnesium, sulfur and chlorine content mentioned above also carbonation and leaching of e.g. 

portlandite in the outer layer of the concrete have been observed. 

A recent study comparing phase changes for a relatively large set of in situ submerged marine exposed 

concretes showed similar zoned attack independent of different exposure conditions or cement types 

used (Jakobsen U. H. et al., 2015).  
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Figure 1: Elemental profiles2 determined by EDS on a polished section of S2 concrete (Jakobsen U. H. et al., 2015). 

 

The current paper focuses on the magnesium enriched zone and its phase composition. From literature 

(Buenfeld N. R. and Newman J. B., 1986; Marchand J. et al., 2003; Chabrelie A. et al., 2008; De 

Weerdt K. et al., 2013; Jakobsen U. H., 2013; De Weerdt K. et al., 2014) it is known that magnesium 

present in the seawater can precipitate as brucite on the surface or in cracks when it meets the high pH 

of the cement paste according to the simplified equation (1): 

 Ca(OH)2 (s) + Mg2+  Mg(OH)2 (s) + Ca2+   (1) 

Besides the formation of brucite also M-S-H can form upon exposure to seawater. There are however 

only few records of observations of M-S-H in concrete exposed to seawater (Cole W. F., 1953; 

Marchand J. et al., 2003; Jakobsen U. H., 2013) and even fewer on the composition of the M-S-H 

formed due to seawater exposure. Cole (Cole W. F., 1953; Cole W. F. and Hueber H. V., 1957) 

observed a finely divided soft white deposit, M-S-H, on the surface of marine exposed concrete and 

suggested the following composition: 3Mg(OH)2·MgSiO3·5.5H2O. The reason for the limited records 

might be that this magnesium rich surface layer is very thin and weak; and erodes due to the inferior 

binding properties (Marchand J. et al., 2003). M-S-H is however more commonly observed in concrete 

exposed to MgSO4 (Bonen D., 1992; Bonen D. and Cohen M. D., 1992a; b; Gollop R. S. and Taylor H. 

F. W., 1992; Juel I., 2002) and MgCl2 solutions (Kurdowski W., 2004; Justnes H. and Østvik J. M., 

2008), and even for concrete exposed to saline ground water (Brown P. W. and Doerr A., 2000). In the 

case of magnesium sulfate attack a wide range of Mg/Si ratios for M-S-H has been reported: Mg/Si 

                                                 
2 The elemental composition is calculated based on the EDS analysis of an area of 780x580 µm. This area 

comprises both cement paste and aggregates. The calcium content is an indication of the amount of cement paste 

present as the aggregates in the concrete do not contain calcium. Thus, the elemental changes are plotted relative 

to the calcium content to take in account the variable presence of aggregates in the analyzed area. 



 

ratio from 1.1 to 2.6 (Bonen D., 1992; Bonen D. and Cohen M. D., 1992a; b; Gollop R. S. and Taylor 

H. F. W., 1992; Juel I., 2002).  

In this paper the composition of M-S-H found in field samples and in a laboratory sample exposed to 

excess seawater is compared. Further details on the field samples and the laboratory exposed sample 

can be found in (Jakobsen U. H. et al., 2015) and (De Weerdt K. and Justnes H., 2015), respectively. 

2. Experimental 

2.1. Materials 

Three field concretes were investigated: S2, Femern D and Farø. S2 is a concrete prepared with slag 

cement, CEM II/BS 52.5N, which has been exposed submerged in sea water, with approx the 

composition of the Atlantic, at the Solsvik bay at the west coast of Norway for 16 years. Femern D is 

prepared with a Portland cement, CEM I 42.5N, and exposed submerged in brackish water at Rødby 

Havn in Denmark for 2 years. The Farø concrete, prepared with Portland cement, CEM I 42.5 N, is 

taken from the submerged part of the 30 years-old Farø Bridge in the brackish waters of the east coast 

of Denmark. Further details regarding the composition and exposure conditions of the field concretes 

can be found in (Jakobsen U. H. et al., 2015). The cement paste used for the laboratory exposure was 

prepared with a Portland cement, CEM I 42.5 R. The sea water for exposure was taken from the 

Trondheim Fjord. Further information regarding the composition of the cement and the seawater is 

given in (De Weerdt K. and Justnes H., 2015). The cement types are denoted according to EN197. 

2.2 Methods of investigation  
The laboratory exposure to excess seawater was realized by dripping 100 L of seawater onto a 

coarsely ground hydrated cement paste packed in a thimble in a Soxhlet extractor during a period of 6 

weeks. The procedure is described in further detail in (De Weerdt K. and Justnes H., 2015). 

Polished sections were prepared of the laboratory exposed paste and the field exposed concretes 

according to (Jakobsen U. H. et al., 2000; Detwiler R. J. et al., 2001). Polished sections from the field 

samples were examined in a Quanta 400 ESEM from FEI equipped with a Thermo SNN EDS analysis 

unit operated at high vacuum mode at an accelerating voltage of 20 kV and a spot size of 5. The 

polished section of the laboratory exposed sample was examined using a JEOL JXA – 8500F Electron 

Probe Micro analyzer and a Hitachi S-3400N equipped with an Oxford EDS. All polished sections 

were carbon coated. 

3. Results and Discussion 

3.1. Decalcification and magnesium enrichment  

Figure 2 shows an elemental map of the ground laboratory exposed sample. The majority of the 

particles seem to be either rich in calcium or in magnesium. The random distribution of the 

magnesium and calcium rich particles caused by grinding of the laboratory exposed cement paste prior 

to the preparation of the polished section indicates that the sample was not homogenous after exposure.  

From Figure 3 it can be seen that the larger particles in the laboratory exposed sample resemble 

hydrated cement paste particles, comprising both relics of unhydrated cement grains and hydration 

phases. The magnesium rich particles appeared very similar to the calcium rich particles in the BSE 

images. In the magnesium rich particles magnesium appeared to have fully replaced the calcium. 

SEM-EDS revealed that they mainly consisted of M-S-H gel whereas the calcium rich particles 

consisted mainly of decalcified C-S-H. The morphological similarity indicates that M-S-H had formed 

through substitution of calcium by magnesium in decalcified C-S-H (equation (2)) and not through a 

reaction with hydrated silicates as has been stated elsewhere (Eglinton M., 1998). It has been observed 

by others (Bonen D., 1992; Gollop R. S. and Taylor H. F. W., 1992; Kurdowski W., 2004) that 

magnesium only was incorporated in the C-S-H after a prolonged process of decalcification which 

already decomposed the C-S-H to a large extend.  

 C-S-Hdecalc (s) + Mg2+  M-S-H (s) + Ca2+   (2) 

SEM-EDS analysis of the calcium rich particles reported in (De Weerdt K. and Justnes H., 2015) 

showed that the C-S-H in the calcium rich particles in the cement paste grains exposed to excess 

seawater was considerably decalcified as the Ca/Si ratio decreases from approx. 1.8 for the C-S-H in 

the original cement paste to values down to 1 or even lower in the exposed cement paste. 



 

It should be noted that the decrease in the calcium content of the cement paste when exposing it to 

excessive seawater by the formation of M-S-H, decalcification of C-S-H, and leaching of CH, as 

reported in (De Weerdt K. and Justnes H., 2015) and (De Weerdt K. et al., 2014), makes the calcium 

content a less suitable measure for the paste content in the concrete as suggested by amongst others 

(Tang L., 2003). The reduced calcium content of the cement paste near the exposed surface may lead 

to an over estimation of the elemental changes in the cement paste as depicted in Figure 1. Thus 

elemental changes relative to the calcium content should be interpreted with care. 
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Figure 2: Back-scattered image and elemental maps of cement paste grains exposed to excess seawater 

determined by SEM-EDS from (De Weerdt K. and Justnes H., 2015) 

 

 
Figure 3: BSE image of the laboratory sample after exposure to excess seawater. Calcium carbonate and gypsum 

particles are marked with C and G, respectively. The magnesium rich and Ca-rich particles are indicated. From 

(De Weerdt K. and Justnes H., 2015). 

C 

C 

G 

Mg-rich 

Ca-rich 

Ca-rich 



 

3.2. M-S-H phase  

Figure 4 shows the results of the SEM-EDS point analysis of the magnesium rich zone in a selection 

of field exposed samples and the magnesium rich particles in cement paste exposed to excess seawater 

in the laboratory.  

Figure 4 a) shows the Mg/Ca ratio as function of the Si/Ca ratio. If we would be analyzing M-S-H and 

assume it has a constant Mg/Si ratio and does not contain calcium, the point analysis results should 

gather along a line due to a varying extent of intermixing with Ca containing phases in the volume 

analyzed by SEM-EDS. The slope of the line would relate to the Mg/Si ratio of the M-S-H. Figure 4 a) 

two dotted lines are drawn indicating the lower limit of the Mg/Si ratio: for S2, Farø and the 

laboratory exposed sample the slope is approx. 1, whereas for the Femern D sample the slope or Mg/Si 

ratio is 0.5. The points which lay above the dotted lines, thus with a higher Mg/Si ratio, might indicate 

a fine intermixing of brucite with the M-S-H. The lower limit of the Mg/Si ratio or upper limit of the 

Si/Mg can also be read from Figure 4 c).  

 

     (a)                                                      (b)                                                           . 

Si/Ca

0 5 10 15 20 25

M
g
/C

a

0

5

10

15

20

25

S2
Femern D
Farø
laboratory

  Al/Ca

0 1 2 3 4 5

M
g
/C

a

0

5

10

15

20

25

S2
Femern D
Farø
laboratory

 
     (c)                                                     (d)                                                           . 

Si/Mg

0.0 0.5 1.0 1.5 2.0 2.5

A
l/
M

g

0.0

0.2

0.4

0.6

0.8

1.0

S2 
Femern D
Farø 
laboratory

 Si/(Ca+Mg)

0.0 0.5 1.0 1.5 2.0 2.5

A
l/
(C

a
+

M
g
)

0.0

0.2

0.4

0.6

0.8

1.0

S2
Femern D
Farø
laboratory

 
Figure 4: SEM-EDS point analysis of the M-S-H phase in the field exposed samples (S2, Femern D, 

Farø) and the cement paste exposed to excess seawater (laboratory) based on data from (Jakobsen U. H. et al., 

2015) and (De Weerdt K. and Justnes H., 2015), respectively. 

 

Figure 4 b) shows that the M-S-H also has a relatively high aluminum content. One plots generally the 

Mg/Ca ratio as a function of the Al/Ca ratio in order to identify hydrotalcite by checking whether 

points gather along a line with a slope of 2 (Gollop R. S. and Taylor H. F. W., 1996). In Figure 4 b) 

the EDS points do exhibit a slight trend, however the slope of the line is more in the order of 5 or 



 

higher. The aluminum content in the M-S-H is also visible in the Figure 4 c) and d). They indicate an 

Al/Mg level between 0.05 and 0.3. 

When comparing Figure 4 c) and d) one can see that the points for the Femern D sample move to the 

left when calcium is included in the denominator. This indicates that the M-S-H in the Femern D 

sample still contains some calcium which might explain the lower Mg/Si ratio observed in this sample. 

Thus, one can conclude that the M-S-H phases observed have an Al/Mg ratio ranging between 0.05 

and 0.3. The Si/Mg ratio is approx. 1, except for the Femern D sample which still seems to contain 

some calcium. The EDS points with higher Mg/Si ratios might indicate fine intermixing of M-S-H 

with brucite. 

The agreement between the M-S-H observed in the laboratory exposed cement paste and the field 

samples, indicates that the laboratory test can be used to produce bulk material of phases which in the 

field only prevail as a very thin band at the surface of the exposed concrete. Profile grinding of a zone 

with a thickness varying around 100 μm is difficult. The bulk material produced in the laboratory test 

allowed for example a TG analysis. The TG and DTG curves for the cement paste exposed to excess 

seawater (laboratory) are shown in Figure 5. They are compared to the TG curve of the sample prior to 

exposure (original). The major differences between the exposed and the original samples are that the 

distinct weight loss peak for Ca(OH)2 around 500°C disappears and that instead a peak around 400°C 

associated with Mg(OH)2 appeared, followed by a gradual weight loss until 750-800°C which might 

be attributed to the decomposition of M-S-H (Jin F. and Al-Tabbaa A., 2013) and carbonates.  
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Figure 5: TG (solid) and DTG (dotted) curves from 50 to 800°C of original paste sample and the paste sample 

exposed to excess seawater. From (De Weerdt K. and Justnes H., 2015). 

 

4. Conclusion 

The magnesium in seawater leads to the formation of a hydrated magnesium silicate phase (M-S-H) 

with Mg/Si ratio ≈ 0.5-1 and Al/Mg ratio ≈ 0.05-0.3. The M-S-H appears to have formed by ion 

exchange of calcium by magnesium in the decalcified C-S-H. This was both observed in field exposed 

concrete and cement paste exposed to excess seawater in the laboratory.  

The agreement between the findings from the field and laboratory illustrates the applicability of the 

accelerated test method presented in (De Weerdt K. and Justnes H., 2015) for investigation of phase 

changes in cement paste near the surface of a seawater exposed structure on bulk material, especially 

the formation of M-S-H.  
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Abstract 

Concrete is a brittle composite cementitious material that easily fractures under tensile loading. Microcracks 

can appear throughout the concrete prior to application of any load because of temperature-induced strain and 

autogenous and drying shrinkage. There is no doubt that these cracks provide preferential access for aggressive 

agents to penetrate into the concrete, probably causing corrosion of reinforcement steel and degradation of 

concrete. As a result, the service life of reinforced concrete structures is shortened. Fortunately, concrete has 

the ability to heal the crack itself without manual efforts when water is present in cracks. This ability is defined 

as autogenous self-healing. However, the effect of migration of water from cracks into the bulk paste on 

autogenous self-healing is not clear yet. 

The aim of this study is to investigate the effect of water migration from cracks into the bulk paste on 

autogenous self-healing. Nuclear magnetic resonance (NMR) technique was utilized to monitor water migration 

from cracks into the bulk paste during the process of autogenous self-healing. NMR results show that in the 

beginning of autogenous self-healing the water in the crack migrates into the bulk paste and the water content 

of the bulk paste increases significantly. However, after 5-hour autogenous self-healing period the amount of 

non-chemically bound water in the bulk paste (adjacent to the crack surfaces) determined by NMR decreases 

instead. It indicates that some of the water coming from the crack was used by additional hydration of 

unhydrated cement particles in the bulk paste during the process of autogenous self-healing. NMR results reflect 

that most of the reaction products of additional hydration are formed in the bulk paste adjacent to the crack 

surfaces, rather than in the crack. Because of the additional hydration caused by the water from the crack, the 

capillary porosity of the bulk paste adjacent to the crack surfaces decreases significantly.  

Before this work the filling of cracks is the main concern in term of autogenous self-healing. The densification 

of the cement paste adjacent to the crack surfaces, which was observed for the first time in this study, will also 

decrease the ingress of aggressive agents into the bulk concrete matrix and prolong the service life of concrete 

structures. This observation provides a new insight into autogenous self-healing in cement paste. 

 

Originality 

In this study, the effect of migration of water from cracks into the bulk paste on autogenous self-healing was 

investigated by means of NMR technique for the first time. NMR results show that some of the water coming 

from the crack was used by additional hydration of unhydrated cement particles in the bulk paste during the 

process of autogenous self-healing. The microstructure of the bulk paste adjacent to the crack surfaces, 

therefore, becomes much denser than in the paste where water from the cracks can not reach. Before this work 

the filling of cracks is the main concern in term of autogenous self-healing. The densification of the cement 

paste adjacent to the crack surfaces, which was observed for the first time in this study, will also decrease the 

ingress of aggressive agents into the bulk concrete matrix and prolong the service life of concrete structures. 

This observation provides a new insight into autogenous self-healing in cement paste. 

 

Keywords: autogenous self-healing, water migration, additional hydration, densification of microstructure, 

nuclear magnetic resonance (NMR) 
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1. Introduction 

Usually, concrete is designed to crack to make the steel reinforcement adequately carry tensile loads 

(van Breugel, 2012). Moreover, microcracks can appear throughout the concrete prior to application 

of any load because of temperature-induced strain and autogenous and drying shrinkage (van Breugel, 

2012). There is no doubt that these cracks provide preferential access for aggressive agents to 

penetrate into the concrete, probably causing corrosion of reinforcement steel and degradation of 

concrete. As a result, the service life of reinforced concrete structures is shortened. 

According to Hearn (1998), by the end of nineteenth century it had already been noticed that cracks in 

water retaining structures, culverts and pipes were gradually filled without any artificial efforts. The 

filling of cracks with reaction products decreases permeability of concrete (Clear, 1985) and the 

ingress of chloride ions (Fidjestol and Nilsen, 1980).The filling of cracks without any artificial efforts 

was defined as autogenous healing of concrete (Soroker and Denson, 1926). It has been recognized 

that water is essential for autogenous self-healing (Hearn, 1992). On the one hand water in cracks 

serves as a reactant and on the other hand as a medium in which ions can transport and reaction 

products can precipitate. It is conceivable that if cement paste is not saturated with water, in the 

healing process the water in the crack can migrate into the bulk paste. However, by now the effect of 

migration of water from cracks into the bulk paste on autogenous self-healing is still not clear yet. 

In this study, nuclear magnetic resonance (NMR) technique was utilized to investigate water 

migration from cracks into the bulk paste during the process of autogenous self-healing. The changes 

of water content and water distribution in the bulk paste adjacent to the crack surfaces were quantified 

by NMR. The effect of migration of water from cracks into the bulk paste on autogenous self-healing 

was analyzed.  

2. Material and specimen preparation 

2.1 Material 

The material used in this study was Portland cement paste made of CEM І 42.5N. The chemical 

composite of Portland cement CEM І 42.5N is shown in Table 1. The water to cement ratio (w/c) of 

the cement paste was 0.3.  

 
Table 1: Chemical composites of Portland cement (CEM І 42.5N) 

Compound CaO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 MgO Total 

Weight (%) 64.40 20.36 4.96 3.17 0.64 0.14 2.57 2.09 98.33 

 

2.2 Specimens prepared for NMR tests 

In this study, prism specimens with a dimension of 20 mm × 20 mm × 145 mm were cast. After 

casting, the specimen was cured under sealed conditions. A glass tube with an outside diameter of 4 

mm and a wall thickness of 0.7 mm was embedded inside the specimen for delivering extra water (i.e. 

the water supplied to the sample after cracking) to the crack for autogenous self-healing.  

At the age of 40 days, the specimen was split into two pieces (see Figure 1). The two pieces of the 

broken specimen were pressed together from both ends in axial direction and glued at the outside with 

a high viscosity epoxy. Moreover, the surfaces of the cracked specimens were sealed with the same 

epoxy except both end surfaces (see Figure 1). The viscosity of the epoxy was high enough to ensure 

that the epoxy did not penetrate into the crack (For the tests in this chapter, some specimens were cut 

and checked to make sure that no epoxy had penetrated into the crack). After the epoxy got hardened, 

the specimen was ready for the tests.  

At the age of 42 days, extra water was delivered to the crack via the glass tube. When the glass tube 

was filled with water, the water in the glass tube easily penetrated into the crack and induced 

autogenous self-healing. 

3. NMR experiment 

3.1 NMR setup 

In this study, a NMR setup was used which is especially designed for quantitative moisture 

measurements in building materials (see Figure 2). This NMR setup was operated at a main field of 

0.8 Tesla. A Faraday shield was placed between the radio frequency (RF) coil and the sample holder. 



 

 

 

The use of Faraday shield was to suppress the effects of the changes of the dielectric permittivity by 

variations of the water content, thereby making the NMR measurements quantitative (Kopinga and 

Pel, 1994, Pel, 1995). In order to measure a moisture profile the sample can be moved through the 

NMR with the help of a stepper motor. In this study we have used a step size of 2.5 mm. 
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Figure 1 A schematic diagram of the specimen for the NMR experiment. 
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Figure 2 A schematic diagram of NMR setup.  

 



 

 

 

 

3.2 Calibration 

In order to quantify the amount of non-chemically bound water in the sample, the NMR signal against 

the water content of the sample was calibrated. The initial weight of a specimen at the age of 42 days 

was measured first. The signal of the water profile of the specimen was measured by NMR as well. 

After that, the specimen was submersed in water. After absorbing water for a certain time, the sample 

was weighed again. The signal of water profile of the specimen was immediately measured as well. 

All the measurements of the water profile were carried out with the same settings of the NMR 

equipment. In this study, the calibration was done within a short period (i.e. less than 2 hours).  

It is known that the increase of the NMR signal must be linear to the amount of absorbed water 

(Valckenborg et al., 2001). As shown in Figure 3, in this experiment the increase of NMR signal of 

the specimen was linear to the amount of water absorbed by the specimen, indicating the NMR 

machine used in this study can quantify the amount of  non-chemically bound water accurately. 
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Figure 3 Relationship between NMR signal and the mass of water absorbed by the sample 

 

3.3 Test procedures 

After calibration, migration of extra water from the crack into the bulk cement paste during the 

process of autogenous self-healing can be monitored by NMR tests.  

As illustrated in Figure 4, at the start of the experiment the initial mass of the specimen was weighed. 

The specimen was then placed to the NMR equipment and its initial water profile was measured. Then 

the specimen was taken away from the NMR equipment and the glass tube of the specimen was filled 

with water by using a syringe. When the glass tube was filled, the specimen was weighed again. After 

that the specimen was placed back to the NMR equipment for measuring the water profile again. By 

repeating these procedures, i.e., filling the glass tube, weighing the specimen and measuring the water 

profile, the amount of water absorbed by the bulk cement paste as a function of time was determined. 

The change of the distribution of water within the specimen was monitored. 
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Figure 4 A flow diagram of the experimental procedure 

 

4 Experimental results and discussion 

4.1 Water migration from the crack into bulk paste 

Figure 5 shows the NMR signal profiles of the specimen at different period of autogenous self-healing 

(from 5.0 h to 22.0 h). From the signal profile for t=0 h (before the injection of water), it is found that 

water is distributed uniformly inside the specimen. As can be seen from the profile for t=0.7 h, after 

water was injected into the glass tube, a sharp peak occurred at the position of the crack about 66 mm 

from the bottom of the specimen (the position of 0 corresponds to the bottom of specimen). It 

indicates that the injected water has penetrated into the crack and has started to migrate into the bulk 

paste. With increase of time, the intensity of the peak increased and the sharp fronts of the peak 

moved toward both ends of the specimen. It demonstrates that water migrated into the bulk paste from 

the crack and the water content of the cement paste nearby the crack increased significantly. After the 

glass tube had been fully filled with water for 5.0 hours, the peak of the water profile measured in the 

region near the crack did not increase any more (compare the water profile at 5.0 h with that at 22.0 h 

in Figure 5). 

4.2 Autogenous self-healing – Densification of the bulk paste adjacent to the crack surfaces 

Figure 6 shows that the fronts of water profile hardly move after 22-hour exposure of the crack to 

water for autogenous self-healing. Moreover, the peak of the water profile decreases with increase of 

time, which is different from that before 22 hours (the peak of water profile increases before 22 hours, 

as shown in Figure 5). It should be mentioned that the glass tube remained filled with water during the 

test. It is not conceivable that there was a lack of water supply.  

Note that in this experiment cement paste with a low w/c ratio of 0.3 was used. The degree of 

hydration of cement prior to the start of the tests is about 70% at the age of 42 days according to the 

modeling by using HYMOSTRUC3D (van Breugel, 1991, Koenders, 1997, Ye, 2003). Hence, there 

was still unhydrated cement left in the bulk paste due to the lack of water (Powers, 1948). The extra 

water supplied via the tube promoted further hydration of the unhydrated cement particles in the bulk 

paste adjacent to the crack surfaces (as illustrated in Figure 7). 
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Figure 5 NMR signal profiles after the supply of extra water for autogenous self-healing for different time until 

22 hours. The cracked specimen is made of cement paste with w/c ratio of 0.3. The supply of water starts at the 

age of 42 days of the specimen. 
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              Figure 6 NMR signal profiles after the supply of extra water (from 22 hours to 216 hours) for 

autogenous self-healing. The specimen is made of cement paste with w/c ratio is 0.3. The supply of water starts 

at the age of 42 days of the specimen.  
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Figure 7 Scheme of further hydration of unhydrated cement (in the cement paste adjacent to the crack surfaces) 

promoted by extra water coming from the crack in the process of autogenous self-healing 

 

4.3 Quantification of the extra water used by additional hydration of unhydrated cement  

Figure 8 shows the amount of absorbed water measured with balances, compared with the extra water 

measured by NMR. In the beginning of the test (until t=5 hours), the amount of extra water in the 

specimen measured with balance was almost the same as that measured by NMR. However, after 5-

hour exposure of the crack to water for autogenous self-healing, the difference between these two 

groups of values became noticeable. As discussed in the previous section, further hydration of 

unhydrated cement particles in the bulk paste adjacent to the crack surfaces can be promoted by extra 

water coming from the crack. Therefore, a part of this extra water was used for further hydration of 

unhydrated cement particles in the bulk paste. Because the NMR equipment used in this test can only 

detect the non-chemically bound water inside the paste, the difference between the amount of 

absorbed water measured with balances and measured by NMR (see Figure 8) indicates the 

transformation of non-chemically bound water into chemically bound water as a result of additional 

hydration in the bulk paste nearby the crack surfaces. Because of additional hydration caused by the 

water coming from the crack, the capillary porosity of the bulk paste adjacent to the crack surfaces 

decreases significantly. The densification of the bulk paste adjacent to the crack surfaces can decrease 

the ingress of harmful ions into concrete matrix and slow down degradation of the concrete. 

4.4 Positions of additional hydration products – in the crack or in the capillary pores in the bulk 

paste? 

As demonstrated by Huang et al. (2013), in the process of autogenous self-healing, reaction products 

are formed in the crack. It is interesting to see how the filling of the crack with reaction products 

influences the NMR signal. As shown in Figure 9, some sections of the specimen tested by NMR 

(indicated as measured sections) were intersected by the crack. In the measured sections intersected 

by the crack, not only the water in bulk paste, but also the water in the crack was measured. As self-

healing of the crack proceeded, the space of the crack was filled with reaction products. This filling of 

the crack can also contributed to the decrease of NMR signal. However, as explained in Figure 9, in 

this test the distance between each measured section was 2.5 mm. Because the height difference 

between the highest position of the crack and the lowest position of the crack in the tested specimen 

was about 4 mm (see Figure 9), there were only one or two measured sections intersected by the crack. 

It means that the filling of the crack can only affect one or two NMR signal reading. The decrease of 

NMR signal (in Figure 6) measured in other sections is only due to the formation of hydration 

products in capillary pores, rather than in the crack.  
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Figure 8 Amount of absorbed water measured by a balance compared with the amount of non-chemically bound 

water measured by NMR. Time 0 refers to the beginning of the supply of extra water, which is from the age of 

42 days of the cement paste. 
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Figure 9 A schematic diagram on the positions of measurements by NMR and the measured sections intersected 

by the crack 

5. Conclusions 

Nuclear magnetic resonance (NMR) technique was utilized to investigate water migration from cracks 

into the bulk paste during the process of autogenous self-healing. The changes of water content and 

water distribution in the bulk paste adjacent to the crack surfaces were quantified by NMR. From the 

experimental study, it was noticed that additional hydration taking place in the cement paste adjacent 

to the crack surfaces during the process of autogenous self-healing. The following conclusions can be 

drawn: 

 

- When water penetrates into the cement paste (water to cement ratio of 0.3 at the age of 42 days) 

from a crack, NMR signal for all the pores in the paste adjacent to the crack increases first and 

then decreases.  

 



 

 

 

- In the beginning of the test, the amount of absorbed water in the specimen measured with 

balances was almost the same as that measured by NMR. However, after 5-hour exposure of the 

crack to water, the difference between these two groups of values became noticeable.  

 
- The difference between the amount of extra water measured with balances from that measured by 

NMR indicates that some of the extra water was used by additional hydration of unhydrated 

cement particles in the bulk paste.  

 
- NMR results show that the additional hydration products mainly form in the pores in the bulk 

paste adjacent to the crack surfaces, instead of the crack. 
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Abstract 

Returned concrete is the residual amount of fresh concrete that is not placed at the job site and returns to the ready-mix 

plant in the truck mixer. According to local conditions, returned concrete may range from 1 to 5 per cent of the overall 

concrete production, representing a serious burden for the ready-mix plant. Recently, a new sustainable technology, 

based on superabsorbent polymers and ettringite forming compounds to transform returned concrete into aggregates 

has been developed. The aggregates produced with the new technology consist of size-graded material, for the most 

part formed by a core of coarse original aggregates with a shell consisting of a finer composite of sand and hydrated 

cement. These aggregates can replace natural aggregates to produce new concrete for use in non-structural 

applications, such as pavements and slabs. In the present paper, the results of a long term investigation aimed to assess 

the risk of internal sulphate attack (ISA) in concrete made with the recycled aggregates are presented. Concrete 

specimens containing 100% of recycled aggregates were subjected to dry-wetting and freeze-thaw cycles, simulating 

climatic conditions experienced by concrete pavements, i.e. sunshine, day-night temperature variations, rain and frost, 

to verify possible deterioration induced by delayed ettringite formation (DEF). Physical tests included compressive 

strength, water absorption, ultrasonic pulse velocity and modulus of elasticity. X-Ray Powder Diffraction (XRPD) 

analysis was used to detect delayed ettringite formation and scanning electron microscope (SEM) analysis were also 

performed to verify the characteristics of the microstructure of cement paste during the aging process. Equivalent 

concrete, produced with only natural aggregates, was used as a reference. Results of long term durability tests of the 

present paper indicated that concrete produced with recycled aggregates behaved similarly to reference concrete made 

only with natural aggregates and no adverse effect due to the use of the new aggregates to produce new concrete was 

observed. 

 

Originality 

With the new technology to produce recycled aggregates from returned concrete, a double objective is accomplished: (a) 

preserving the natural resource by reducing the quarrying and use of natural aggregates and (b) eliminating the 

disposal of returned concrete to landfill. Beside environmental and social advantages, the new technology also reduces 

the costs of supplying of aggregates and of waste disposal. The proposed technology offers many advantages from 

environmental, social and economic point of view and represents a contribution in the field of concrete sustainability. 

 

Keywords: delayed ettringite formation, durability, internal sulphate attack, recycled aggregates, superabsorbent 

polymers. 
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1. Introduction 

With an estimated production of 25 billion tons per year, concrete is the most used construction 

material in the world. Its consumption is over twice the total consumption of all other building 

materials including wood, steel, plastic and aluminium (WBCSD, 2009). Versatility, strength, 

durability, thermal properties, affordability and abundance of raw materials are the main reasons for 

its success and represent, at the same time, positive perspectives of sustainability. However, concrete 

production has several negative impacts on the environment, such as CO2 emissions and the use of 

non-renewable natural resources, like natural stone and water, beside the production of waste. 

One of the most abundant waste in ready-mixed plants is returned concrete, the unset concrete that 

comes back to the plant in the concrete truck as excess material. This can be the small amount of 

concrete leftover at the bottom of the drum, or more significant quantities not used by the costumer at 

the construction site. Returned concrete at ready-mixed plant is about 5% of the overall production in 

the U.S. (Obla K. et al., 2007) and 2% in Japan (Sato Y. et al., 2013). In Europe official data are not 

available, but a rate of 2% is considered a reasonable estimate in Western Europe. No information is 

presently available for China and developing countries. In the conservative hypothesis of an average 

rate of returned concrete of 1%, it can be estimated that about 250 million tons are globally generated 

every year, confirming that returned concrete represents a heavy burden for the ready-mixed concrete 

industry. Current methods of disposing or processing returned concrete include: 

 discharging returned concrete at a location in the ready-mixed plant. The hardened discharged 

concrete is then removed and stored before dumping. Alternatively, it can be crushed for reuse as 

base for pavements or fill for other construction. 

 site paving at the ready-mixed production plant and production of concrete elements, such as 

blocks for breakwaters and counterweights. This possibility is limited by several factors, including 

the limited area in the plant that can be paved and the local market conditions and opportunities for 

the elements production. 

 reclamation systems to reuse or dispose the separated ingredients, including the process water with 

hydration stabilizing admixtures, as needed. The fines and cement materials are washed out of the 

mix and held as a slurry in suspension tanks. Sand and aggregates are also extracted and stockpiled. 

The recovered sand and aggregates, together with the slurry water, can be used in the manufacture 

of new concrete. Nevertheless, this method is generally limited to large volume plants in 

metropolitan areas and require significant capital investments, followed by careful attention to 

proper practice. 

So far, working complexity and capital investments of the current most advanced methods of 

processing returned concrete, have limited the possibility of achieving high level of recycling and in 

most countries land filling remains the most used option. 

 

2. Description of the new technology 

Recently, a new technology to transforms returned concrete into a granular material that can be fully 

reused as aggregates for new concrete, has been developed (Ferrari et al., 2014). The new technology 

permits the full recycling of returned concrete in a very short time, without waste production, and the 

preservation of natural resources. Furthermore, the new technology is very easy to apply and it is not 

based on toxic substances. Finally, it permits economic benefits through the saving of aggregates and 

the cut of the costs for waste disposal. 

The method is based on a two-component powder additive (Part A and B) which are added in 

sequence into the drum of the truck mixer containing returned concrete. Part A consists of a high 

molecular weight polymer, dosed in the range 0.4 to 0.6 kg/m3 of returned concrete, whose function is 

to physically absorb the free water. Most of the free mixing water is immobilized by the polymer and, 

after few minutes of mixing (2-4 mins), returned concrete is transformed into a granular material 

consisting of a core formed by the original aggregates covered by a composite material made by 

cement paste, sand and the polymer, as shown in Figure 1. Part B is an aluminium fast setting 

compound forming ettringite, dosed in the range from 1 to 7 kg/m3 of returned concrete. The quick 

formation of ettringite crystals further consumes free water and consolidates, through a sort of 



 

“chemical sintering”, the fresh granular material, giving enough strength to be further processed. Also 

the mixing time of Part B is very short, from 2 to 4 minutes. Both Part A and Part B are packed in 

water soluble plastic bags, which are easily added through the mouth of the drum and safe to handle. 

 

 

 

 

 

 

 

 

Figure 1. Fresh granular material after the addition of the high molecular weight polymer 

The new method consists of 4 steps: 

Step 1 – Addition of the first component into the drum of the truck mixer containing returned concrete 

and mixing at full speed for 2-3 minutes; 

Step 2 – Addition of the second component into the drum of the truck mixer containing returned 

concrete and mixing at medium speed for additional 2-3 minutes; 

Step 3 – Discharge the granular material to the ground and store in a stack, avoiding accumulation in 

tall piles to prevent excessive pressure over the bottom layers; 

Step 4 – Curing. The bulk granular material needs to be cured like any concrete material. The only 

precaution in this step is to handle the piles with a loader once or twice within the first 24 hours, in 

order to break the weak bonds of hydrated cement paste among the grains and to separate each other. 

Once the granular materials have been properly moved, there is no further risk of agglomeration and it 

can be stored as a normal aggregate. 

 

3. Characteristics of the recycled aggregates 

The aggregates obtained with the new technology consists of a graded material with size distribution 

similar to that of the original aggregates (gravel and sand fractions) of returned concrete, as shown in 

Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2. Typical size distribution of the aggregates from the new process (solid line) and the original ones 

(dotted line). 



 

The lower amount of fine particles characterizing the recycled aggregates compared to the original 

size distribution is due to the agglomerating effect of the finer sand fractions around the coarse 

aggregates caused by the polymer. The composite layer of mortar that surrounds the core of the grains 

of the new aggregates influences their physical/chemical characteristics. The recycled aggregates 

produced with the new technology consists of about 80% of the natural aggregates originally present 

in the returned concrete (gravel and sand) and about 20% hydrated cement paste. 

For this reason, the density of the new aggregates is lower than the density of the original ones and 

decreases with smaller size. For the same reason, water absorption is higher and increases with 

decreasing the size of new aggregates. In the matter of the chemical characteristics of the new 

aggregates, both sulphates and chlorides comply with the limits of European Technical Standard EN 

12620:2008 for recycled aggregates (limits of 0.8 and 0.04 per cent by mass, respectively). Typical 

value of the physical and chemical characteristics of the recycled aggregates produced with the new 

technology are shown in Table 1, in comparison with those of the original aggregates. 
Table 1. Characteristics of the new aggregates. 

Test u.m. Size of new recycled aggregates Original virgin aggregate 

< 4 mm > 4 mm > 4 mm 

Mass volume kg/m3 2,350 2,450   > 2,600 

Water absorption % 9.7 5.3 < 1 

Soluble sulphate % 0.38 0.44 < 0.05 

Soluble chlorides % 0.011 0.021 < 0.01 

Organic substances - clearer vs ref.soln clearer vs ref.soln clearer vs ref.soln 

 

4. Concrete with the new aggregates 

The new aggregates can be used as partial or total substitutes of natural aggregates for the production 

of concrete. For lower level of replacement (up to 5 % on the natural aggregates), they can be use to 

produce any kind of concrete, for higher levels of relplacement (up to 100%) they can be used to 

produce non structural concrete, such as basements, pavements and slabs. 

The sulphates present in the new aggregates essentially originate from the portland cement fraction of 

returned concrete. When the new aggregates are used to produce new concrete, sulphates can be 

mobilized and react with calcium aluminate hydrate or calcium monosulphoaluminate hydrate, 

producing ettringite through a mechanism of internal sulphate attack (ISA), according the following 

mechanism (Metha et al., 1992; Lawrence, 1990): 

 

                       4CaO·Al2O3·12H2O +3SO4
2- + 2Ca(OH)2 + 18H2O → C3A·3CaSO4·32H2O                  1) 

 

 

                 3CaO·Al2O3·CaSO4·12H2O + 2SO4
2- + 2Ca(OH)2 + 18H2O → C3A·3CaSO4·32H2O           2) 

 

 

Ettringite formation is associated with expansion and can produce cracking and spalling of concrete 

structures if it is formed in the hardened state after months or years (delayed ettringite formation, DEF) 

(Collepardi, 2003). In the present work, the occurrence of ISA and its effects on the characteristics of 

concrete made with the new aggregates were studied in comparison with equivalent concrete made 

only with natural aggregates. 

 

5. Experimental 

In this section, the characteristics of concrete and the test methodology to assess the durability of 

concrete with the new aggregates, are described. 
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5.1. Materials 

Concrete of nominal class C 16/20, according to EN 206-1 European standard, were produced in the 

laboratory, by using aggregates obtained with the new technology from a fresh returned concrete of 

nominal class C 20/25 (Mix 1). Cement used was a CEM IIA-LL limestone blended cement, according 

EN-197-1 European standard. Reference concrete with the same mix-design, but produced with 

natural aggregates, was used as control (Mix 2) and compared in all tests with the new concrete. In 

both the concretes, an air-entraining agent was introduced to have an air content of 4-5 per cent. The 

complete mix design and the characteristics of fresh mixtures of both the concretes are shown in Table 

2. 

 
Table 2: Composition and characteristics of fresh concrete made with the new aggregates (Mix 1) and reference 

concrete made with natural aggregates (Mix 2). 

Component/Parameter Mix 1 Mix 2 

Cement IIA-LL 42.5R (kg/m3) 271 271 

Water (kg/m3) 173 173 

W/C 0.64 0.64 

Superplasticizer (% bmc*) 0.4 0.8 

Air entraining agent (% bmc*) 0.075 0.075 

Natural sand S1 (kg/m3) 405 147 

Natural sand 0/8 mm (kg/m3) - 916 

Natural aggregates 10/20mm (kg/m3) - 308 

Natural aggregates 20/30 mm (kg/m3) - 477 

New aggregates 0/5 mm (kg/m3) 420 - 

New aggregates 5/30 mm (kg/m3) 825 - 

Air content % 4.6 4.6 

Density of fresh concrete (kg/m3) 2157 2294 

Slump (cm) 21 21 
*bmc = by mass of cement 

 

Natural sand S1 was necessary in Mix 1 in order to compensate the lack of fine material of the new 

aggregates (see Figure 2). It is also interesting to observe the lower density of the fresh concrete 

mixture produced with the new aggregates (about 6 per cent less than the reference concrete), due to 

the lower density of the new aggregates compared to the natural ones. 

Two prismatic specimens 100x100x400 mm for each concrete design (Mix 1 and Mix 2) were 

produced and cured for 20 days before the durability evaluation cycle described below. 

150x150x150 mm cubic specimens were produced for each concrete design (Mix 1 and Mix 2) and 

cured in normal conditions (20 °C, > 95 % RH) for compressive strength measurements, water 

permeability test and resistance to scaling. 

5.2. Methods 

Many tests to evaluate the mechanism of sulphate attack have been developed on the basis of 

extensive studies of factors that influence the test results or, more specifically, the rate of deterioration 

of concrete under controlled test conditions. In the present work, we followed the method developed 

by Stark and Bollmann (Stark and Bollmann, 1997). They carried out tests to simulate the climatic 

conditions experienced by concrete pavements e.g. sunshine, day-night temperature variations, rain 

and frost. A curing program involving multi-step drying-wetting and freeze-thaw cycles were used in 

sequence, for a total of 232 days: 

1) curing in standard conditions at 20 °C, > 95% RH;  

2) 2 weeks curing at 20 °C, 65% RH; 

3) 8 weeks water immersion at 20 °C; 

4) 2 weeks: curing for 24 hours at 20 °C, 65% RH followed by 24 hours at 60 °C 0% RH (7 

cycles); 

5) 8 weeks stored in water at 20 °C; 

6) 1 freeze-thaw cycle of 24 hours from +20 °C to -20 °C (in 3% calcium chloride solution); 



 

7) 2 weeks: curing for 24 hours at 20 °C, 65% RH followed by 24 hours at 60 °C 0% RH (7 

cycles); 

8) 8 weeks water immersion at 20 °C; 

9) 1 freeze-thaw cycle of 24 hours from +20 °C to -20 °C (in 3% calcium chloride solution). 

Dynamic elastic modulus (DEM) was measured on one prismatic specimen 100x100x400 mm for each 

design, after every cycle. At the same time, sliced sections of about 10 mm were carefully cut and 

collected from the other 100x100x400 mm specimens. Representative samples of cement paste were 

extracted from the bulk of each slide for X-Ray Powder Diffraction (XRPD) analysis in order to 

evaluate the changes in chemical composition after each cycle. From the same slices, surface thin 

sections samples were collected and analyzed by SEM to evaluate the deterioriation of the surface 

microstructure induced by the exposure to the aging process. 

5.2.1. Dynamic elastic modulus measurements (DEM) 

Dynamic elastic modulus was calculated by nondestructive direct ultrasonic pulse velocity. 

Measurements were performed according to EN 12504-4 standard test by Ultrasonic Tester E46 

instrument produced by Controls (Italy). 

5.2.2. X-Ray Powder Diffraction (XRPD) 

To determine the mineralogical profiles of the cement pastes, XRPD analyses were performed on the 

fractions under 63 μm of the samples, separated after dry disaggregation and sieving of the concrete 

portions. The materials were subjected to X-ray powder diffraction (XRPD) using a Bragg–Brentano θ 

-2θ diffractometer equipped with a real time multiple strip (RTMS) detector (PANalytical X’Pert PRO, 

Almelo, The Netherlands), employing CuKα radiation (0.15418 nm) and working at 40 kV and 40 mA. 

Data acquisition was performed by operating a continuous scan from 3.01° [2θ] to 79.99° [2θ], with a 

virtual step scan of 0.02° [2θ]. The diffraction patterns were analyzed by means of the X’Pert 

HighScore Plus 3.0 software (PANalytical), using data from the PDF-4 database (International Centre 

for Diffraction Data – ICDD, Newtown Square, PA , USA). Mineralogical quantitative phase analysis 

(QPA), based on the Rietveld method (Rietveld, 1969), was performed using the TOPAS software 

(Bruker AXS, Karlsruhe, Germany). The contents of crystalline and amorphous phases were 

determined using the combined Rietveld–RIR method (Gualtieri, 2000). 

5.2.3. Scanning Electron Microscope analysis (SEM) 

The microstructural and microchemical characteristics of the concretes prepared with both natural and 

recycled aggregates were assessed by means of scanning electron microscopy and energy dispersive 

X-ray microanalysis (SEM-EDS), using an instrument equipped with a LaB6 cathode, a four quadrant 

solid state BSE detector for imaging and a LEAP+ Si(Li) detector for microanalysis (CamScan 

MX2500, Waterbeach, UK; EDAX, Mahwah, NJ, USA). The analyses were performed on polished 

cross-cuts of representative concrete portions, prepared after stabilization of the materials by 

embedding in epoxy resin. The analytical conditions were: accelerating voltage: 20 kV; filament 

current: 1.80 A; emission current: 20 μA; aperture current: 300 nA; working distance: 20-30 mm. 

Qualitative interpretation of spectra and semiquantitative chemical analyses were performed through 

SEM Quant Phizaf software (EDAX, Mahwah, NJ, USA). 

5.2.4. Compressive strength 

Compressive strength of concrete mixtures produced with the new aggregates (Mix 1) and the 

reference concretes with natural aggregates (Mix 2) was measured after 1, 7 and 28 days of curing in 

plastic moulds in normal conditions (20 °C and >95 % RH) on 150x150x150 mm cubic specimens, 

according to the European standard UNI EN 12390/3. 

5.2.5. Permeability to water 

Water permeability measurements were accomplished according EN-12390-8 test method on 

150x150x150 mm concrete cubes cured for 28 days in normal conditions (20 °C and >95 % RH). The 

test consists in applying to the upper edge of each cube a water pressure of 500 kPa for 72 hours and 

then measuring the amount of water penetrated by observing the depth of the water profile in the 

specimens’ cross sections. Each test is run in duplicate and the result is expressed as the average of 2 

measurements. 

 



 

5.2.6. Resistance to scaling 

Measurements of freeze/thaw resistance was determined according EN-12390-9 test method. Cubic 

specimens 150x150x150 mm of both concrete produced with the new aggregates (Mix 1) and with 

natural aggregates (Mix 2) were cured for 28 days in normal conditions. Surface sections of each 

specimen (20500 mm2) were covered with a 3% CaCl2 solution and subjected to a 24 hours 

freeze/thaw cycle (+ 20 °C/-20 °C) for 56 days. The result of the test is represented by the cumulative 

amount of scaled dry material collected after 7, 14, 28, 42 and 56 days from the surface of the 

specimens and it is expressed as kg of scaled material/m2 of exposed concrete surface (Sn). 

 

6. Results and discussion 

In this section, the results of tests to verify the internal sulphate attack (ISA) and its effect on 

durability and performance of concrete produced with the new aggregates from returned concrete are 

presented. 

6.1. Internal sulphate attack ISA 

The occurrence of internal sulphate attack on the different slices of concrete mixes, after each step of 

aging, has been investigated by XRPD analyses. As the mechanism of ISA implies the reaction of 

hydrated aluminates phases with sulphates and portlandite to produce gypsum and ettringite according 

to the previously described reactions 1) and 2), it is possible to have indications about the occurrence 

of ISA by the variations of the relative intensity of the XRPD peaks of portlandite and gypsum during 

the aging process. The percent normalized ratio of the relative intensities of the peaks of portlandite 

and gypsum in cement paste of concrete specimens after each steps of aging is shown in Figure 3. 
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Figure 3. Variation of the ratio of relative intensities of the diffraction peaks of portlandite and gypsum in 

cement paste of concrete with recycled aggregates (Mix 1) and with natural aggregates (Mix 2) after each step of 

aging. 

From Figure 3 it is possible to observe that the most significant variations of the portlandite/gypsum 

ratio occurred after steps 3 and 5, corresponding to the immersion in water for 8 weeks. These results 

confirm that the presence of water is an essential factor for the development of ISA, as already pointed 

out by Collepardi (Collepardi, 2003). In fact, water is the medium to mobilize sulphates and favors its 

reaction with aluminate hydrated phases and portlandite causing delayed ettringite formation (DEF). 

Anyway, it is interesting to observe that, after the third cycle of wetting (step 8), no further change in 

the ratio portlandite/gypsum is observed. This seems to indicate that no further ettringite formed 

because no more sulphates were available. These results also indicated that, in the thermal conditions 

selected for the test (drying cycles to 60 °C, 0% RH), ettringite did not decompose to form new 



 

sulphates for further reactions. Furthermore, the variation of the portlandite/gypsum ratio along the 

different steps of the aging process is similar for the concrete produced with the new recycled 

aggregates (Mix 1) and with the natural ones (Mix 2). This indicates that the new recycled aggregates 

produced from returned concrete do not give any specific contribution to internal sulphate attack 

compared to natural ones. 

6.2. Dynamic elastic modulus measurements 

Dynamic elastic modulus values of the two concrete specimens produced with the new recycled 

aggregates (Mix 1) and the natural ones (Mix 2) after each step of aging, are shown in Figure 4. From 

this figure it can be recognized that dynamic elastic modulus of concrete with the new recycled 

aggregated is always lower (about 25% less) compared to the value of concrete produced with natural 

aggregates. The reason for the lower DEM of concrete Mix 1 is the higher content of hydrated cement 

paste characterizing new recycled aggregates, as shown in Figure 1. When a new concrete is produced 

with these aggregates, the total amount of hydrated paste also includes this fraction, with the 

consequence that this concrete is intrinsically less dense and, therefore, characterized by a lower 

modulus. Independently on the value of the elastic modulus, Figure 4 shows that no decrease of elastic 

modulus during the test for both the concretes was observed, confirming that no degradation of 

concrete was produced by the aging process. These results indicate that, in the conditions of the test, 

the formation of delayed ettringite did not produce any substantial degradation and damage to the 

concrete structure. 
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Figure 4. Variation of the dynamic elastic modulus of concrete with recycled aggregates (Mix 1) and with 

natural aggregates (Mix 2) after each step of aging. 

6.3. Compressive strength, water permeability and resistance to scaling. 

The results of compressive strength measurements and durability tests (water permeability and 

resistance to scaling) of concrete produced with the new aggregates (Mix 1) are summarized in Table 

3, in comparison with those of the reference concrete made with natural aggregates (Mix 2). 

 
Table 3: Performance of concrete made with the new aggregates (Mix 1) compared with reference concrete made 

with natural aggregates (Mix 2). 

Performance Unit Time Mix 1 Mix 2 

Compressive strength MPa 

1 day 6.9 8.0 

7 days 17.5 23.1 

28 days 21.7 27.6 

Water permeability mm of penetration - 93 72 

Resistance to scaling Sn (kg/m2) - 0.17 0.29 



 

 

These results indicate that the concrete made with the new aggregates produced from returned 

concrete (Mix 1) is characterized by good mechanical performance, even though it is less performing 

compared to the reference concrete made with natural aggregates (Mix 2), both in terms of 

compressive strength (at any time of curing) and permeability to water. Nevertheless, it is superior in 

terms of resistance to scaling in the freeze-thaw test. The reason for the lower strength and the higher 

permeability is the higher fraction of cement paste of Mix 1, as already discussed. Anyway, this factor 

does not affect the resistance to scaling, which is better for the concrete with recycled aggregates even 

though it contains more cement paste. These results suggest that the cement paste fraction of the new 

aggregates is more durable than that of the new concrete. This hypothesis is confirmed by comparing 

the SEM images of the polished surface sections collected from the different 100x100x400 mm 

specimens (Mix 1 and Mix 2) after different steps of aging. Particularly, the surface polished sections 

of Mix 1 (right) and Mix 2 (left) after steps 6, 8 and 9, are shown in Figures 5, 6 and 7, respectively. 

Figure 5 shows the surface section of concrete samples after the first freeze-thaw cycle (step 6). From 

this figure it is possible to recognize that the exposed surface of the concrete produced with natural 

aggregates is more deteriorated in comparison with the concrete produced with the new aggregates, as 

highlighted by the darker color of the surface cement paste, evidence of a more porous microstructure 

(left image of Figure 5). On the other hand, the surface cement paste of the concrete produced with the 

new recycled aggregate does not show any evidence of deterioration (right image of Figure 5). 

 

 

Figure 5. Surface polished sections of samples of Mix 1 (right) and Mix 2 (left) after the first freeze-thaw cycle 

(step 6). 

The deterioration of the cement paste in the sample of concrete produced with natural aggregates 

becomes more evident after the immersion in water for 8 weeks (Figure 6) and after the second freeze-

thaw cycle (Figure 7). Particularly, it is possible to observe that, after the second freeze-thaw cycle 

(Figure 7), the deterioration process involves not only the cement paste, but also the aggregates, as 

evidenced by the extended microcracks in the aggregate matrix. These results are in agreement with 

the findings of Stark and Bollmann who found that the freeze-thaw was the major factor in the 

deterioration of concrete (Stark and Bollmann, 1997). 

 



 

 

 

Figure 6. Surface polished sections of samples of Mix 1 (right) and Mix 2 (left) after the third immersion in 

water for 8 weeks (step 8). 

 

 

Figure 7. Surface polished sections of samples of Mix 1 (right) and Mix 2 (left) after the second freeze-thaw 

cycle (step 9). 

On the other hand, the samples of concrete produced with the new recycled aggregates do not present 

any deterioration, as shown by the right images of Figures 5, 6 and 7. As recently demonstrated 

(Ferrari et al., 2015), the cement paste fraction of the aggregates produced by the new technology is 

characterized by lower capillary porosity compared to cement pastes with equivalent water to cement 

ratio. It has been hypothesized that this result could be ascribed to the water absorbing polymer used to 

produce the new aggregates, which reduces the effective water to cement ratio of the hydrating cement 

paste around the new aggregates and release the absorbed water in a second time, as internal curing, 

when the hydrated cement paste microstructure has already been formed. 
 

7. Conclusions 
By using the recycled aggregates produced from returned concrete with the new technology, it is 

possible to produce concrete characterized by good performance and durability. Particularly, no 

adverse effect due internal sulphate attack (ISA) was recognized on concrete produced with these 

aggregates, after a long period aging process including drying/wetting and freeze-thaw cycles. 

Furthermore, concrete produced with the new recycled aggregates resulted more resistant to freeze-

thaw cycles compared to equivalent concrete produced with natural aggregates. This result seems to be 



 

ascribed to the water absorbing polymer used to produce the new aggregates, which reduces the 

effective w/c of the hydrating cement paste around the new aggregates and release the absorbed water 

in a second time, when the hydrated cement paste microstructure has already been formed. 
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Abstract 

The economic and environmental benefits of CO2 sequestration in geological formations are well 

established; however, the process has significant operational and maintenance challenges. 

Primarily, cement well plugs are vulnerable to deterioration in high temperature and high pressure 

underground storage settings, and the ability to accurately predict their service performance in 

these unfavorable conditions is necessary for successful implementations. In this work, a coupled 

reactive transport model is developed using the finite element method to investigate class H cement 

deterioration under CO2 exposure in wellbore conditions. The numerical model involves the 

solution of Nernst-Planck equations for transport of relevant aqueous species in cement and fluid 

flow in the presence of hydration and carbonation processes. Modeled carbonation process is 

presented for two cases simulating high pressure and high temperature exposure conditions.  

Originality 

The main originality of the present work is using a new interface that can model the reactive-

transport processes, using the finite element software, COMSOL Multi-physics (Comsol 2012), and 

thermodynamic modeling platform , GEMS PSI (GEMS 2014). This interface brings a versatile 

capability for analysis of many problems which need a reactive-transport analysis especially in 

cement chemistry.  

Keywords  

Cement well plugs, Class H cement, Carbon sequestration, Finite element modeling. 

1. Introduction 

The high concentration of atmospheric CO2 (up to 385 ppm in 2008) is the most important factor 

that causes the global warming (Hansen, Sato et al. 2008). In this regard, the geological storage of 

CO2 in the brine-bearing, permeable formation with an impermeable cap-rock can be a promising 

strategy of carbon mitigations. However, the potential of CO2 leakage can be one of the main 

concerns for the long-term large scale geologic storage. In other words, the leakage pathways from 

imperfect wellbore systems can affect the efficiency of sequestration process significantly. These 

pathway leakages include both wellbore cement and interfaces between wellbore cement, casing 

and formation. Figure 1 (Gasda, Bachu et al. 2004) illustrates a wellbore system and the possible 

leakage pathways through it. One of these most important pathways is the cement degradation when 

exposed to gaseous or aqueous CO2 (type c in Fig. 1). Many numerical works have studied the 

degradation of Class H cements that are used in these wellbore systems due to reactive transport 

processes that take place under CO2 exposure and downhole pressure and temperature conditions 

(Huet, Prevost et al. 2010, Xu, Zheng et al. 2011, Shen, Dangla et al. 2013). 
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Figure 1: Possible CO2 pathways in injection or production wells (Gasda, Bachu et al. 2004) 

Because of the limitations in laboratory and field testing, the reactive transport modeling is a 

necessary tool for the analysis of wellbore integrity and failure (Xu, Zheng et al. 2011). In general, 

the approaches for reactive-transport modeling range from fully coupled to uncoupled models. 

Fully coupled models incorporate thermodynamic modeling within the solution algorithms of 

transport processes (Steefel and Lasaga 1994, Shen, Dangla et al. 2013). On the other hand, 

uncoupled models simulate thermodynamic processes independently at small time intervals during 

the solution for transport (Xu, Sonnenthal et al. 2006, Huet, Prevost et al. 2010, Kolditz, Bauer et 

al. 2012). Both approaches can reach the accurate solutions with differences in computational 

expense, but the latter approach allows the modeling of highly complex systems with large number 

of phases and moving species such as the one imposed by cement-based materials.  

In this paper a reactive-transport finite element model is presented for the numerical investigation 

of the deterioration of Class H cement that is exposed to brines with different compositions and 

sequestration scenarios at borehole temperatures and pressures. The analysis cases in the paper are 

based on a parallel experimental plan for the project which include investigation of cement prism 

sample deteriorations in CO2 exposures with high pressure and high temperature autoclaves with 

simulated Mt. Simon brine from Illinois basin. The modeling study includes simulation of the 

hydration processes of cement phases, volumetric (porosity) changes, phase changes during 

processes (e.g. dissolution and precipitation reactions, carbonation and secondary mineral 

formation) and changes in brine composition. The developed modeling framework involves the 

integration of two main parts: (1) the transport and flow processes that are modeled using a 

commercial finite element modeling software, COMSOL Multi-physics (Comsol 2012), and (2) 

thermodynamic processes in cement and brine, which are modeled using a geochemical modeling 



3 

 

open source software, GEMS3K (GEMS 2014). The main outcomes of the model, including 

porosity, solid phase change, pH and C/S ratios, are compared with experimental results. These 

results show accurate alteration depths predictions in long term exposures.  

2. Reactive-transport modeling 

The modeling framework integrates the transport and flow with reaction processes in the cement 

and brine media through a Java interface, as shown in Fig. 2. The developed interface manages two 

processes at each time marching step of the analysis: (1) the required input are given to the 

geochemical modeling software to obtain the reaction products and phase changes; (2) the results 

from the reaction module (e.g. concentrations of aqueous species) are passed to the finite element 

modeling module to handle the transport processes. The change in boundary conditions due to 

temperature, pressure and brine composition change is also managed thorough the interface. 

 

Figure 2: General modeling framework 

(GEO) Chemical Modeling (GEMS)  

Geochemical modeling is performed using both GEMS PSI graphical interface and its 

computational engine, GEMS3K (Kulik 2002, Kulik, Wagner et al. 2013), which is a standalone 

solver of chemical equilibria for coupled chemical processes that take place in cement and brine. 

Therefore, a complex (geo)chemical system with many phases, solutions, variable temperature and 

pressure conditions can be solved using a Gibbs energy minimization algorithm (GEM) (Kulik, 

Wagner et al. 2013) with GEMS3K. The cement database CEMDATA (Lothenbach and Winnefeld 

2006, Matschei, Lothenbach et al. 2007, Lothenbach, Matschei et al. 2008, Moschner, Lothenbach 

et al. 2008) is used to work with built-in databases (Hummel, Berner et al. 2002) in GEMS input 

file to conduct cement-specific geochemical modeling. 

Mathematical Model 

The mathematical model involves the satisfaction of rules governing electro-neutrality, mass 

balance, chemical reactions and porosity change. A typical Class H cement includes different 

chemical phases, i.e. C2S, C3S, C3A and C4AF which can be quantified through chemical phase 

analysis test. Because there is np external electrical potential source, the electro-neutrality of the 

system should be always maintained. Consequently, the total electrical charge is enforced to zero 

at each step of the analysis. 

The mass balance equations include major atomic independent components in the medium that 

constitute the Class H cement and brine compositions. These equations for each independent 

species is written as: 

 
𝜕𝑐

𝜕𝑡
= −𝛻 𝐽𝑓𝑙𝑜𝑤 

(1) 
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where 𝑐 is the concentration of individual species in different liquid, solid and gas phases; J
flow

, is 

the flux vector that accounts for diffusion, electrical migration, chemical activity and advection, 

which can be obtained from Nernst-Planck equation for each aqueous species.  

The flow of species in the system requires the chemical activities for high ionic strength medium 

(cement), diffusion coefficients for all aqueous species and flow advection velocities. In this 

research the activities are obtained from the thermodynamic module, i.e. GEMS3K. Moreover, 

diffusion coefficients are calculated based on porosity and tortuosity of the porous medium. The 

porosity is a function of volumes of different solid phases that change based on the simultaneous 

hydration and carbonation. 

The chemical reactions in the system involve mainly the hydration of cement phases and 

carbonation of hydrated phases. The hydration of cements are assumed to take place via dissolution 

and precipitation processes (Parrot and Killoh 1984). The dissolution rate of the cement phases 

determines the amount of calcium, aluminum, iron, silicon and hydroxide released into the solution 

and consequently the rate of the precipitation of ettringite, monosulfate, C-A-H and C-S-H phases. 

To account for hydration, the dissolution rate of cement phases at each step of the analysis is 

obtained from the rates of nucleation, diffusion and shell formation (Lothenbach and Winnefeld 

2006, Lothenbach, Le Saout et al. 2008).  

Carbonation of hydrated phases due to the presence of CO2 is the second major reaction process 

which is modeled with thermodynamic software. For this purpose, the concentrations of dissolved 

solid phases (e.g. cement hydration products) are calculated using their kinetics. Generally, the rate 

law for a specific mineral is dependent on diffusion of reactants from the bulk fluid to the mineral 

surface, adsorption of the reactants onto reactive sites, desorption of reaction products, diffusion of 

products from the mineral surface to the bulk fluid, and possible chemical reactions which break 

or create the bonds. The current empirical parameters for rate laws have a number of 

approximations, and the dissolution rates can be different from precipitation rates. However, for 

simplicity, in this study the same rates are applied for both dissolution and precipitation processes.  

In this study, a general form of the kinetics equation for multiple reaction mechanisms is used 

(Lasaga 1980, Lasaga 1984, Palandri and Kharaka 2004): 

𝑑𝑚

𝑑𝑡
= −𝐴 ∑ 𝑘𝑖

𝑖

(1 − 𝛺𝑝𝑖)𝑞𝑖 
(3) 

where dm/dt is the dissolution or precipitation rates and ki are the dissolution constants; Ω is the 

saturation index for dissolution, which changes with concentrations. A is the specific surface 

exposed for dissolution and pi, qi are parameters specialized for each mineral which are also a 

source of uncertainty for dissolution. After applying the dissolution and precipitation rates at each 

step of the analysis, the available amounts of ready-to-react minerals are given to thermodynamic 

modeling software to be processed. Consequently, the results are taken by the transport part for the 

next step. 

3. Case studies 

Background 

The analyzed numerical cases use the presented modeling framework to demonstrate its capability 

in simulating the incremental and varying exposure conditions on class H cement alteration due to 

CO2 sequestration conditions. These cases follow a similar structure as the experimental part of the 
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research program on prismatic class H cement samples with 65.71% C3S, 11.33% C2S, 13.64% 

C4AF and 0.17% C3A. A similar preparation procedure for cement prisms before exposure to CO2 

sequestration conditions is used for all cases. Two different cases are numerically analyzed based 

on the parallel experimental study with main differences from case-specific exposure, temperature 

and pressure conditions: (1) high temperature (85oC) and atmospheric pressure (0.1 MPa) with CO2 

exposure conditions and (2) high temperature (85oC) and high pressure (28.9 MPa) with CO2 

exposure conditions. The initial and boundary conditions are modeled to simulate experimental 

conditions: (1) casting of class H cement prisms; (2) 24-hour curing in water at 23oC and 

atmospheric pressure; (3) 27 days curing in Mt. Simon brine at 85oC and 30 MPa pressure.  

Domain and discretization 

A one-dimensional domain, as shown in Fig. 3, is used for the model with the following 

assumptions: (a) analysis domain represents a cross section away from the ends of the prism; (b) 

line of analysis is far from the edges of the prisms and (c) line of analysis is normal to the sample 

surfaces. The total length of the domain is equal to half of the sample cross sectional length. The 

left and right nodes in the geometry show the sample center and exposed surface to the brine, 

respectively. Typically 50-100 three-noded Lagrangian finite elements are used to discretize the 

domain. 

 

Figure 3: Domain of the FEM model (noes are for illustration purposes only) 

Initial and boundary conditions 

The unhydrated fresh cement composition and initial brine composition at 23oC were used as initial 

conditions for the domain. A variable boundary condition is considered at the brine-cement 

interface depending on the brine composition, temperature and pressure. Changes in brine 

composition during the analysis are modeled through the thermodynamic module at each time step. 

The boundary conditions follow a general pattern as a no flux in the center node (left-most node in 

Figure 3) and Dirichlet boundary conditions for the surface node (right-most node in Figure 3). The 

hydration products from GEMS at 85oC are shown in Fig. 4 indicating the number of different 

phases from class H cement hydration. These figure shows how different cement phases increase 

in time while they will be put in sequestration conditions. 
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Figure 4: Hydration of Class H cement phases with time at 85°C 

Case 1 

In this case the solid phase pattern is obtained from the developed model in high temperature 

conditions (85oC) but at atmospheric pressure. The developed model considers simultaneous 

hydration with carbonation. Figure 5 shows the hydrated solid amounts in cement after 42 days of 

exposure to CO2-saturated Mt. Simon brine. The solubility of CO2 in 85oC is not much larger than 

the existing amounts in the Mt. Simon brine. The simulation results show that after 28 days of 

curing in the brine, the hydration rate becomes much slower than carbonation. The C/S ratio goes 

to zero when portlandite and C-S-H completely dissolve at the edge of the cement sample and just 

amorphous silica remains. The solution pH goes down to approximately 6.5 (not shown).  

 

Figure 5: Solid phases after 42 days of CO2 exposure (T = 85oC, P = 0.1 MPa) 
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Case 2 

This case investigates the effect of high temperature and high pressure conditions on the alteration 

of cement exposed to CO2-saturated Mt. Simon brine. Figure 6 shows the hydrated solid amounts 

in cement initially and after 42 days of exposure to CO2-aturated Mt. Simon brine at 85oC and 30 

MPa pressure. The high CO2 solubility at this pressure creates a larger gradient for carbon 

concentrations, leading to higher alteration depths than the case at atmospheric pressures. Generally 

model predictions for alteration depths are lightly larger than the experimental measurements. The 

main reason for this difference is the hypothesized to be the omission of the effects of supercritical 

CO2, experimental variability, as well as variability and uncertainty in the assumed porosity 

prediction model and simulation parameters such as diffusion coefficients.  

 

 

  

Figure 6: Solid phases at two ages of CO2 exposure (T = 85oC, P = 28.9 MPa); the approximate alteration 

depth is shown for each case. Initial exposure to CO2, the alteration depth is approximately 0.06 mm 

(left). This alteration is because of small carbon amounts in Mt. Simon brine. 42 days of CO2 exposure 

at 85 oC: the alteration depth is approximately 1.3 mm (right). 

 

4. Conclusions 

A reactive-transport finite element model is developed for the numerical investigation of the 

deterioration of Class H cement that was exposed to brines with different compositions and 

sequestration scenarios at wellbore temperatures and pressures. The modeling study also includes 

the simulation of the hydration processes of cement. The modeling framework involved the 

integration of reactive-transport processes with thermodynamic processes of species in cement and 

brine. Modeling predictions were mostly comparable to experimental data with respect to alteration 

depths. The differences were partially attributed to experimental variability, as well as variability 

and uncertainty in the assumed porosity prediction model and simulation parameters such as 

diffusion coefficients.  
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Abstract 

In this study we report on the durability of newly developed cement-reduced eco-friendly concretes with high limestone 

powder content and low water-powder ratios against sulfate attack. This study presents an update of Mittermayr, 

Rezvani et al. (2015) and includes new data. For the experiments 3 different cements were applied – namely OPC 

(CEM I 32.5R), Portland-slag cement (CEM II/A S 52.5N), and BFS cement (CEM III/B 42.5N). Mortar specimens with 

the same paste composition than eco-friendly concretes were stored in a 30 g l-1sodium sulfate solution and saturated 

Ca(OH)2 reference solution for 200 days at 8°C. After the immersion period the specimens exhibited different degrees 

of damage reaching from no visual damage to complete destruction. To decipher mechanisms responsible for the 

outcome of the sulfate test we used standard mechanical methods such as expansion rate and residual compressive 

strength measurements. In addition microstructural, mineralogical and chemical alteration were investigated by 

electron microprobe, X-ray diffraction with Rietveld refinement and phase quantification, mercury intrusion 

porosimetry, and elemental analyses such as total inorganic and organic carbon (TOC). 

Gypsum (Gp), bassanite (Bas) and ettringite (Ett) obviously caused the main damage. The occurrences of Gp and Bas 

in the absence of Ett correlated linearly to the expansions rates of the mortar specimens. In none of the specimens 

thaumasite was detected in spite of potentially favorable conditions. This is related to the composition of the 

experimental solution, kinetic effects, and the competing formation of CaCO3 polymorphs triggered by presence of 

organic molecules stemming from superplasticizer. Surprisingly no significant differences in terms of TOC were 

measured in the eco mortars - where PCE was used - compared to all other samples without PCE. This is believed to 

show that organic molecules from PCE where leached into the ponding solution and were affecting mineral formation 

and reaction kinetics in all specimens. 

Besides a deeper look into the complex reaction mechanisms of sulfate attack, this study has also shown that 

eco-friendly concretes with high limestone powder contents, low w/p ≈ 0.35 and cement clinker content are appropriate 

for application in environments with low sulfate concentrations (XA1), according to DIN 1045-2/EN 206-1. BFS-based 

limestone-rich mortars performed superior and are therefore suggested to withstand even severe sulfate conditions 

especially after proper curing conditions.  

 

 

Originality 

Even though tests were run under typical conditions for the formation of thaumasite (low temperature, high sulfate 

concentration and high limestone filler content) with a standard method for sulfate testing (SVA test commonly used in 

Germany), we received unexpected results: No thaumasite had formed after the immersion period but large amount of 

vaterite and calcite precipitated which we related to the presence of organics originating from leached superplasticizer 

(PCE). Thus our study gives a good example that suspected minor influences such as the presence of organics are 

capable of making a large impact on the outcome of sulfate tests and that little is known about the effects on durability 

caused by PCEs in general. In our opinion mechanisms involving sulfate attack are far from complete understanding 

and at present there is no ideal test which is mimicking actual sulfate attack as it occurs in the field. This study revealed 

some new important aspects towards a better understanding of the mechanisms and therefore contributes to the 

development of an improved testing method for the future.  

 

Keywords: Durability, sulfate attack, thaumasite, limestone, PCE, eco-concrete 
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1. Introduction 

1.1 Principles of eco-friendly concretes 

Recent cement production accounts for approximately 5 % of the global anthropogenic CO2 

emissions and thus is a driving force for global warming and ocean acidification (Humphreys and 

Mahasenan 2002). The majority of the produced cement is currently consumed by the concrete 

industry. Hence, the short- to medium-term decrease of the cement clinker content in concrete 

mixtures is suggested to be essential for the reduction of CO2 emissions connected to the concrete 

industry. Such alternative mixtures are referred to as eco-friendly concretes. Eco-friendly concretes 

are typically developed based on a promising concept which includes (i) the application of highly 

reactive cements, (ii) the reduction of the water volume and introduction of highly efficient 

superplasticizers as well as (iii) addition of inert additives and supplementary cementitious materials 

(SCM) such as limestone powder, fly ash, and ground granulated blast furnace slag (GGBFS) instead 

of cement clinker in the mixture (Proske, Hainer et al. 2013). Based on this approach a reduction of 

more than 30 % cement clinker content in comparison to conventional concrete can be achieved, 

while maintaining the required mechanical properties and durability of the concrete (Proske, Hainer 

et al. 2013). The positive effect of SCMs on concrete properties has been studied intensively in the 

last decades and their application in the concrete industry increased exceptionally (Lothenbach, 

Scrivener et al. 2011). However, the availability of e.g. reactive fly ash and GGBFS is limited in 

many countries and often cost-intensive (Hugot 2008; Müller 2012). The efficient application of 

reactive SCMs with high contribution to concrete performance is therefore required. Currently, 

limestone powder additives have received particular attention complying with both ecological and 

economic benefits and mechanical requirements (Moir and Kelham 1997; Graubner, Garrecht et al. 

2011).  

In previous studies eco-friendly concretes with a reduced cement content and low water-powder ratio 

were developed successfully and their resistance against carbonation and slight freeze-thaw attack 

was demonstrated (Graubner, Garrecht et al. 2011; Graubner, Garrecht et al. 2012; Proske, Hainer et 

al. 2013). It has been proved that these eco-friendly concretes exhibit similar mechanical properties 

than the conventional concretes as well as an acceptable durability against freeze-thaw attack and 

water penetration (Graubner, Garrecht et al. 2011; Graubner, Garrecht et al. 2012). Compared to the 

conventional concretes the global warming potential of eco-friendly concretes was reduced by more 

than 30 % (Proske, Hainer et al. 2013). However, the durability of these concretes against sulfate 

attack is still to question and therefore the aim of the present study.  

In order to evaluate the resistance of the two newly developed cement-reduced eco-friendly concretes 

with high limestone powder contents against sulfate attack, laboratory experiments were performed 

by immersion of respective mortar specimens in a sodium sulfate solution (30 g/l Na2SO4) at 8 °C.  

 

2. MIX DESIGN, EXPERIMENTAL METHODS AND PROCEDURE 

2.1. Materials and mix design approach 

The sulfate resistance of the cement-reduced eco-friendly concretes and conventional concretes was 

laboratory-proved by using mortar mixes with an equivalent paste composition (Graubner, Garrecht 

et al. 2011; Graubner, Garrecht et al. 2012; Proske, Hainer et al. 2013). In total, four cement-reduced 

mortars containing limestone powder and fly ash as well as three conventional reference mortars were 

tested. The mix design of the mortars is shown in Table 1. In order to investigate the effect of the 

cement type on sulfate resistance, three normative cements, namely (I) Portland cement 

(CEM I 32.5 R), (II) Portland-slag cement (CEM II/A-S 52.5 N), and (III) blast furnace slag cement 

(CEM III/B 42.5 N) were used. The applied limestone powder had a calcium carbonate content 



 

of > 98 wt. %, with an average grain size diameter of ~15 µm and a Blaine value of 330 m2/kg. The 

fly ash had a similar grain size, but a slightly lower Blaine value of 300 m2/kg. In all mixtures the 

CEN standard reference sand (EN 196-1) with a maximum grain size of 2.0 mm was used. Mixtures 

Ref I, Ref II and Ref III, made of the respective cement types (I), (II) and (III) represent conventional 

reference mortars with a water/cement-ratio (w/c) of 0.60. This is the maximum value according to 

the German standard (DIN EN 206-1/DIN 1045-2) for exposure class XA1 with sulfate concentration 

in groundwater of 200 < SO4
2- ≤ 600 mg/l. The cement content of these reference mortars was in 

accordance with EN 196-1. Mixtures Ref II* and Ref III* reflect semi-reference mortars with a 

water/powder ratio (w/p) of 0.60 and correspondingly higher w/c values of 1.07 and 0.76. The mix 

design of the cement-reduced eco-friendly mortars is characterized by high limestone powder 

contents and a low w/p-ratio of approximately 0.35 (Eco II and Eco III). The percentage of cement 

reduction in these eco-mortars was up to 35 % compared to the equivalent concretes (Proske, Hainer 

et al. 2013).  

 

Table 1: Mix design for the mortar samples, from (Mittermayr, Rezvani et al. 2015). 

Mix ID. Unit Ref I Ref II Ref III Ref II*  Eco II Ref III*

Water/cement (w/c) [-] 0.6 0.6 0.6 1.07 0.74 0.76

Water/powder (w/p) [-] 0.6 0.6 0.6 0.6 0.36 0.6

CEM I CEM II/A‑S CEM III/B  CEM III/B 

32.5 R 52.5 N 42.5N 42.5 N

Clinker [g] 450 405 139 262 293 102

Slag [g] - 45 347 28 32 252

Total [g] 450 450 486 290 325 354

Fly ash [g] 80 90 48

Limestone powder [g] 80 256 48

Water [g] 270 233 270

PCE Superplasticizer [g] - - - - 2.9 -

Standard sand 0-2 mm, 

according to DIN EN 196-1
[g]

 Eco III / Eco III-28d

0.61

0.35

Cement type [-]
CEM II/A‑S 

52.5 N 

270 241

1.6

1350

CEM III/B 

42.5 N

398

112

286

- 55

- 236

 

  

2.2. Casting, curing, and test procedure 

Mortar specimens - prisms (40×40×160 mm³) and thin prisms (10×40×160 mm³) - were fabricated according 

to EN 196-1. The mortar samples were demolded after 48 ± 2 hours and subsequently stored in a saturated 

Ca(OH)2 solution for 14 days at 20 °C. On the basis of the SVA-testing procedure for sulfate resistance used 

in Germany (Breitenbücher, Heinz et al. 2006), the specimens were pre-cured 14 days at 20 °C in saturated 

Ca(OH)2 solution and then divided into two aliquots and subsequently stored in 30 g/l Na2SO4 and saturated 

Ca(OH)2 reference solution, respectively, at 8 °C for 200 days. Distilled water was used for the preparation 

of the experimental solution which was renewed every four weeks. During the immersion period, the volume 

ratio of the sodium sulfate solution to the sample was 6:1. The specimens were placed on plastic spacers 

about 2.0 cm above the bottom of the tank. In order to study the effect of hydration, the pre-curing time of 

three specimens of Eco III type was extended to 28 days (named Eco III-28d), followed by immersion in 

Na2SO4 and Ca(OH)2 solutions at 8 °C as described above.  

The strain development of the thin prisms was measured in two weeks intervals by means of a strain gauge 

with an accuracy of 0.001 mm/m. The compressive strength of the mortar prisms was determined after 56 

days of storage, in accordance with EN 196-1. Visual inspection and subsequent mineralogical and 

microstructural investigations were conducted on the mortar prisms that were immersed for 200 days. 

 

2.3. MIP, mineralogical and chemical methods   

The samples were dried at 40°C and subsequently grounded in a McCrone micronizing mill for 8 min, 



 

together with 10 wt. % ZnO as internal standard. X-ray diffraction (XRD) patterns of randomly oriented 

preparations were recorded over the range of 3-90°2Ɵ with a step size of 0.008°2Ɵ and a count time of 40 

s/step, using a PANalytical X’Pert PRO diffractometer. The diffractometer was equipped with a Co-tube (40 

kV and 40 mA), a spinner stage, 0.5° divergence and antiscattering slits, and a Scientific X’Celerator detector. 

Mineral identification and quantification were carried out based on Rietveld refinement of powder XRD 

patterns using the PANalytical X’Pert HighScore software (version 2.2e) and pdf-2 database. Thin sections 

of the samples were produced for back scattered images (BSE) and element mapping, using a JEOL 

JXA-8200 Superprobe (EMPA). Total carbon content (TC) was determined in dried samples and total 

organic carbon (TOC) content was determined in dried and acidified samples using a Shimadzu 

TOC-VcPH+ASI-V Analyzer. Total inorganic carbon (TIC) was calculated from the difference of TC and 

TOC. The mercury intrusion porosimetry was conducted on three fracture samples of each mortar type with a 

Micrometrics Autopore IV 9500). 

 

3. Results and Discussion 

3.1. Visual inspection 

Typical appearances of mortar samples stored in 30 g/l Na2SO4 solution for 200 days are pictured in Figure 

1. In order to evaluate the visual deterioration level, the samples were divided into four categories reflecting 

no damage, minor damage, major damage and destroyed. The Ref II and Ref II* mortar mixes suffered 

severe damage due to intense sulfate attack and were completely destroyed, while Eco II and Ref I mixes 

developed a major degree of damage. Ref III and Ref III* showed only some, but rather less pervasive visual 

cracks on the surface and were therefore classified into the minor damage class. Eco III and Eco III 28d 

offered no visual damage, suggesting the highest sulfate resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Mortar prisms Ref I, Eco II and III after immersion in 30 g/l Na2SO4 solution for 200 days at 8 °C, modified 

after (Mittermayr, Rezvani et al. 2015). 



 

 

 

3.2 Compressive strength 

The compressive strength values of samples immersed in a reference Ca(OH)2 solution and sodium sulfate 

solution for 56 days at 8 °C are presented in Figure 2. After 14 days of pre-storage, the CEM II/A-S-based 

reference mortar (Ref II) exhibited a compressive strength of 39 N/ mm2 which is significantly higher than 

that of the CEM I and CEM III-based reference mortars (Ref I and Ref III) with approximately 30-33 N/mm2. 

Considering constant water contents, the reduction of the cement content resulted in decreasing compressive 

strength values. For instance, Ref II* and Ref III* mixes are characterized by lower compressive strength 

values of 28-30 N/mm2 compared to Ref II and Ref III. The low w/p-ratio of Eco III resulted in an increase 

in compressive strength up to 40 N/mm2 compared to Ref III, whereas Eco II and the corresponding mix Ref 

II offered the opposite behavior. Notably, prolonged curing of 28 days (Eco III-28d) strongly increased the 

compressive strength up to 49 N/mm². After 56 days of immersion in saturated Ca(OH)2 solution a 

significant increase in compressive strength was recognized for all mortar mixes (Figure 2). The eco-friendly 

mixes (Eco II, Eco III and Eco III-28d) exceeded the compressive strength value of their respective reference 

mortars. However, after 56 days of storage in Na2SO4 solution the compressive strength of the mortar mixes 

decreased up to 7 %, except for Ref I, Ref II and Ref II*, where the compressive strength was slightly 

improved (Figure 2). However, after 200 days of sulfate exposure the latter mortars developed the highest 

visual damage degrees (Figure 1) as well as the largest expansion rates.The increase of strength between 14 

days pre-storage and 56 days storage in Ca(OH)2 solution can be explained by the progressing formation of 

hydrated phases in the cementitious matrix. This process is distinctive for mortars with latent hydraulic and 

puzzolane additives like blast furnace slag and fly ash, respectively. After 56 days of sulfate exposure, slight 

improvements in compressive strength were recognized in some mortars, i.e. Ref I, Ref II and Ref II* (see 

Figure 2), which reflects the microstructural densification of these mortars due to the development of 

expansive products such as gypsum and bassanite (Stark and Wicht 2001). Our results reveal that specimens 

that showed increasing compressive strength values after sulfate exposure exhibited a higher expansion rate 

after 56 and 91 days, suggesting that initial improvements in strength went along with negative effects of 

excessive expansion of the alteration products. Consequently, the results of the strength measurements after 

Ca(OH)2 exposure can be used for the characterization of the mechanical mortar properties. However, the 

strength evolution during sulfate testing did not provide reliable information about the sulfate resistance. 

 

Figure 2: Compressive strength of mortars after pre-storage in Ca(OH)2 and after 56 days exposure in Na2SO4 

solution, modified after (Mittermayr, Rezvani et al. 2015) 



 

3.3. Strain 

The strain values were determined by subtracting the strain of mortars stored in saturated Ca(OH)2 solution 

(as control specimens) from those immersed in 30 g/l Na2SO4 solution. The mortar samples designed with 

CEM I 32.5 R and CEM II/A-S 52.5 N showed much higher expansions than the mortars made of 

CEM III/B 42.5 N. Accordingly, Ref I exhibited the largest expansion of 1.5 mm/m, followed by Ref II (1.0 

mm/m) and Ref III (0.55 mm/m). Ref II* displayed a drastic elongation of 4.78 mm/m. Surprisingly, Ref III* 

(0.31 mm/m) exhibited a lower strain than Ref III despite the higher w/c-ratio. The behaviour of Eco II was 

similar to that of Ref II, as seen in the comparable elongation of about 1.0 mm/m. The lowest strain 

development was recognized in the Eco III and Eco III-28d mortars, as indicated by the low strain values of 

0.1 and 0.05 mm/m, respectively. It is notable that all of the blast furnace slag cement-based mortars fulfilled 

the requirements of the SVA-test limit for sulfate resistant cement (< 0.5 mm/m), notwithstanding their 

higher w/c-ratio.  

Until 56 days of sulfate exposure, all mortar mixes had expansion rates below the guideline limit 

(Breitenbücher, Heinz et al. 2006) of 0.5 mm/m (see Figure 3). After 56 days a significant expansion was 

evident for Ref I, Ref II, Ref II* and Eco II typed mortars. On the other hand, the Ref III, Ref III*, Eco III, 

and Eco III-28d mixes showed no significant expansion until 91 days of exposure. These observations 

clearly indicate that Portland- and Portland slag cement based mortars are more susceptible to sulfate attack 

than blast furnace cement-based mortars. Reactive hydration products such as portlandite and calcium 

aluminate hydrate are considered to be less abundant in slag and fly ash based cementitious materials and 

thus their widely absence lower the risk of formation of expansive phases during sulfate attack like gypsum 

and ettringite (Bellmann and Stark 2008). 

 

 

Figure 3: Expansion rates of Ref I, Eco II and III during 90 days, modified after (Mittermayr, Rezvani et al. 2015). 



 

3.4. Mineralogical composition and microstructural evaluation 

Comparison of the results obtained from XRD analyses and strain development revealed a direct correlation 

between the expansion of the mortars and their corresponding total gains of sulfate mineral phases including 

gypsum, bassanite and ettringite. Severe damage and plenty of decomposition features such as intense 

cracking and leaching were evident in some mortars, as seen in the back-scattered electron (BSE) images 

shown in Figure 4. Since the interface transition zone (ITZ) contains the highest portlandite contents and a 

higher porosity than the rest of the cement paste (Scrivener, Crumbie et al. 2004), gypsum was mainly 

developed in the ITZ between aggregates and matrix. Rising sulfate content in the cement matrix can be seen 

in figure 5 in the elemental mappings. Surprisingly no significant differences in terms of TOC were 

measured in the eco mortars - where PCE was used - compared to all other samples. This is believed to show 

that organics from PCE where leached into the ponding solution and were affecting phase formations and 

dissolutions in all specimens (see tables 2 and 3). 

 

Figure 4: Back-scattered electron images of Ref I and Eco III obtained after 200 days of exposure in 30 g/l Na2SO4 

solution, modified after (Mittermayr, Rezvani et al. 2015) 

 

Figure 5: Sulfate elemental distributions. 
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Table 2: Total pore volume tetermined after immersion in the respecive solutions. 

Sample Ca(OH)2 Na2SO4

Ref I 17.4 26.1

Ref II 14.4 17.5

Ref III 14.4 17.3

Ref II* 18.0 20.0

Eco II 16.8 16.8

Ref III* 15.6 17.5

Eco III 17.6 17.4

Eco III-28d 15.2 16.9  

Table 3: Phase quantification by XRD Rietveld analysis after immersion in the respective solutions; values are given in 

wt. %; amph = amorphous phases (CSH); tot S = total sulfate minerals; tot C = total carbonate minerals; TC = total 

carbon; TIC = total inorganic carbon; TOC = total organic carbon; 

Sample Storage Qtz K-Fsp Alb Cal Port Ett Gp Bas Vat amph tot S tot C TC TIC TOC

Ref I Ca(OH)2 75.2 3.4 1.7 2.9 2.6 1.3 0.0 0.0 0.0 12.9 1.3 2.9 0.81 0.71 0.10

Ref I Na2SO4 70.8 3.2 0.9 3.9 0.0 0.0 4.8 1.1 2.9 12.4 5.9 6.8 1.40 1.43 -0.03

Ref II Ca(OH)2 75.3 2.8 1.7 3.1 2.3 0.9 0.0 0.0 0.8 13.1 0.9 3.9 0.64 0.60 0.04

Ref II Na2SO4 70.7 2.3 2.1 2.6 0.8 0.0 3.1 0.6 5.1 12.8 3.7 7.7 1.96 1.31 0.65

Ref II* Ca(OH)2 76.1 3.7 1.7 8.6 0.0 0.0 0.0 0.0 1.6 8.4 0.0 10.1 1.29 1.25 0.04

Ref II* Na2SO4 75.2 3.3 1.3 9.1 0.0 0.7 1.0 0.0 1.1 8.2 1.7 10.2 1.90 1.60 0.30

Ref III Ca(OH)2 80.4 3.2 2.9 3.6 0.0 0.0 0.0 0.0 1.1 8.8 0.0 4.7 0.60 0.58 0.02

Ref III Na2SO4 78.3 4.1 1.7 3.7 0.0 0.0 0.7 1.2 3.1 7.2 1.9 6.8 1.15 1.12 0.03

Ref III* Ca(OH)2 81.1 4.6 1.2 3.3 0.0 0.0 0.6 0.0 1.2 8.0 0.6 4.6 1.00 0.89 0.11

Ref III* Na2SO4 80.8 4.2 1.3 3.7 0.0 0.0 0.0 0.9 2.0 7.1 0.9 5.7 1.32 1.18 0.14

Eco II Ca(OH)2 75.3 3.2 1.0 11.4 0.3 0.0 0.0 0.0 0.4 8.2 0.0 11.9 1.84 1.84 0.00

Eco II Na2SO4 69.4 2.2 1.2 15.1 0.0 0.0 2.7 1.1 0.4 7.8 3.8 15.6 2.31 2.22 0.09

Eco III Ca(OH)2 73.9 1.8 2.8 10.7 0.0 0.7 0.9 0.0 0.6 8.8 1.6 11.2 1.68 1.54 0.14

Eco III Na2SO4 72.1 3.3 1.1 14.8 0.0 0.0 0.6 0.0 1.0 7.1 0.6 15.8 1.94 1.83 0.11

Eco III-28d Ca(OH)2 72.1 2.6 2.3 12.9 0.0 0.0 0.0 0.0 0.8 9.3 0.0 13.7 1.72 1.55 0.17

Eco III-28d Na2SO4 72.9 2.9 1.2 13.2 0.0 0.0 0.6 0.0 1.0 8.2 0.6 14.2 1.93 1.61 0.32  

3.5. Exposure classification and application 

The Portland - and Portland slag cement based mixtures Ref I, Ref II and Ref II* exhibited a generally low 

resistance against sulfate attack. Thus, the application of these mixtures in highly sulfate-loaded 

environments is not recommended. However, the application in low sulfate environments (XA1) with 

200 < SO4
2- ≤ 600 mg/l is acceptable, according to DIN 1045-2/EN 206-1. The cement-reduced Eco II mortar 

mix offered a slightly better sulfate resistance than the corresponding mortar Ref II. According to the 

equivalent performance concept for concrete properties, a mixture such as that of Eco II should be acceptable 

for environments under slight sulfate attack (XA1), notwithstanding the normative minimum w/c-value of 

0.60.  

In spite of a slightly higher w/c-ratio than required by the SVA-guideline (Breitenbücher, Heinz et al. 2006) 

(w/c = 0.50) Ref III*, Eco III and Eco III-28d have developed less than 0.5 mm/m expansion and thus passed 

the test. Consequently, concretes made of these mortars are suggested to be applicable against moderate 



 

sulfate attack (XA2) for 600 < SO4
2- ≤ 3000 mg/l, according to DIN 1045-2/EN 206-1. Since the measured 

expansion rates of Eco III and Eco III-28d were very low, concretes with such a paste composition are 

probably suitable for concrete structure exposed to severe sulfate attack (XA3) with 3000 < SO4
2-  ≤ 6000 

mg/l (Mittermayr, Rezvani et al. 2015). 

4. Conclusions 

Based on our findings the following conclusions can be drawn for the reference mixes and cement-reduced 

eco-friendly mortars (Eco II and Eco III): 

A good correlation between expansion rate and visual damage degrees was observed for all specimens, 

whereas assessing the damage levels by means of residual compressive strength measurements was not 

beneficial.  

The gain of sulfate phases was directly correlated with the expansion rate for samples that contained gypsum 

and bassanite. The appearance of both ettringite and gypsum resulted in a much higher expansion.  

Despite of potentially ideal conditions, no thaumasite was found in the mortar samples after 200 days of 

sulfate exposure. This is believed to be related mainly to the evolution of the experimental solutions. 

The cement-reduced mortars Eco II and Eco III showed less expansion after 91 days of exposure in 30 g/l 

sodium sulfate solution compared to their respective reference mortars. However, the expansion rates of blast 

furnace cement (CEM III/B)-based mortar mixes were significantly lower than Portland cement (CEM I) and 

Portland slag cement (CEM II/A-S)-based mortars. 

Eco-friendly concretes with low water and cement clinker content but high amounts of limestone powder are 

appropriate for application in environments with low sulfate concentration (XA1 according to 

DIN 1045-2/EN 206-1). The application of Eco III in moderate sulfate-loaded environments (XA2) is 

possible and a sufficient durability, even under severe conditions (XA3), is achievable with prolonged 

pre-curing.  
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Abstract 

In recent years, it is necessary to reduce carbon dioxide (CO2) emissions in terms of environmental impact reduction. 

Concrete is material which discharges many CO2 in concrete manufacturing fields. Especially, cement is material of the 

largest emitter of CO2 among component materials of concrete. An effective measure of reducing CO2 is considered to 

replace a part of portland cement with supplementary cementitious materials (SCMs) such as fly ash and ground 

granulated blast-furnace slag. However, the concrete of high replacing rate of SCMs is considered to decrease strength 

development of concrete at early ages and resistance to shrinkage cracking. Therefore, it is realistic for reducing CO2 

emissions to use versatile cement with relatively-low replacing rate of SCMs. 

Under these backgrounds, authors have conducted experiments to obtain optimum combinations of relative-low 

replacing ratio on concrete using SCMs such as fly ash and ground granulated blast-furnace slag. As a result, it was 

shown clearly that the performance of low carbon concrete using fly ash and ground granulated blast-furnace slag 20% 

respectively was excellent. In this study, experiments were conducted on four type of performance characteristics, i.e. 

strength development, resistance to cracking, durability and reduction of environmental impact, in order to get 

optimum low carbon concrete. The experiments on these performance were measured; 1) compressive strength, 2) 

adiabatic temperature rise and days until cracking occurrence, 3) relative dynamic modules of elasticity in freeze and 

thaw, carbonation  rate coefficient and effective diffusion coefficient of chloride ion, 4) CO2 emissions, respectively. 

These performance characteristics of low carbon concrete were in comparison to those of concrete using ordinary 

portland cement. 

It is concluded as following; 1) Strength development of low carbon concrete was almost equivalent to that of concrete 

using ordinary portland cement after 56 days, 2) Adiabatic temperature rise was able to reduce by using SCMs. Also, 

days until cracking occurrence of low carbon concrete was equivalent to that of concrete using ordinary portland 

cement, 3) Durability of low carbon concrete was superior to that of concrete using ordinary portland cement except 

for carbonation rate coefficient, 4) CO2 emissions of low carbon concrete was able to decrease in about 40% than that 

of concrete using ordinary portland cement. Therefore, it was shown that the performance of low carbon concrete was 

excelled concrete using ordinary portland cement in strength development at long period, resistance to cracking, 

environmental impact reduction and durability except for carbonation. 

 

Originality 

Many study on concrete using SCMs such as fly ash, blast-furnace slag and silica fume have been conducted in the 

world. The properties of concrete using SCMs change by replacement ratio of SCMs. For example, the concrete of high 

replacing rate of SCMs tend to exhibit lower strength development at an early age as well as lower resistance to 

cracking. In this paper, when using concrete with SCMs for versatile purposes, use of cement with a relatively low 

content of SCMs is realistic from a pragmatic point of view. Also, even if the past research is seen, there are almost no 

paper described systematically in strength development, resistance to cracking, durability and reduction of 

environmental impact.  

Therefore, this paper is two originalities. Firstly, the performance such as strength development, resistance to cracking, 

durability and reduction of low carbon concrete with 40% replacement ratios of cement by fly ash and ground 

granulated blast-furnace slag was systematically compared to that of concrete using ordinary portland cement. 

Secondary, it was shown that the low carbon concrete was excellent in performance of strength development, resistance 

to cracking, durability and reduction of environmental impact. 
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1. Introduction 

In recent years, Japan's various industrial sectors have been engaged in efforts to reduce CO2 

emissions, and the construction industry likewise faces the need to reduce its CO2 emissions to 

contribute to the realization of a sustainable low-carbon society. Within the construction industry, the 

concrete manufacturing industry emits large amounts of CO2 in the process of material production, 

thus having a significant impact on the environment. The production of cement in particular accounts 

for the highest CO2 emissions among the various construction materials. 

One means of reducing CO2 emissions during the production of concrete is to replace a portion of the 

cement with supplementary cementitious materials (SCMs) such as fly ash and ground granulated 

blast-furnace slag. Concrete that uses SCMs is attractive in that it has a smaller environmental impact 

through the effective use of industrial by-products, and thus it holds promise as an effective material 

for contributing to the creation of a low-carbon society. 

Many researches on blended cement containing binary or ternary cementitious materials using SCMs 

have been conducted. For example, the research in Japan were conducted on large body of findings 

ranging from basic properties (Osawa T. et al., 2010) to application to actual structures exists (Nasu S., 

1994). Also, the research in overseas were conducted on strength and porosity of concrete using 

ternary cement (Fernándes Á., 2013) and strength of cement with limestone filler and blast furnace 

slag (Carrasco M. T., 2005). These findings include the observation that concrete with large content of 

SCMs tend to exhibit lower strength development at an early age as well as lower resistance to 

cracking. Therefore, when using concrete with SCMs for versatile purposes, use of cement with a 

relatively low content of SCMs is realistic from a pragmatic point of view. 

Against these backgrounds, the authors conducted a study on concrete that uses ternary cement with a 

relatively low content of fly ash and ground granulated blast-furnace slag (low carbon concrete). The 

findings included the fact that low carbon concretes with a low replacement ratio of cement by fly ash 

and ground granulated blast-furnace slag of 20%, respectively, exhibits excellent strength 

development and resistance to cracking (Saito H. et al., 2011). 

In order to investigate the various performance characteristics of low carbon concretes with 20% 

replacement ratios of cement by fly ash and ground granulated blast-furnace slag, respectively, this 

study conducted tests on four performance characteristics, namely strength development, resistance to 

cracking, durability, and reduction of environmental impact. Specifically, the compressive strength of 

concrete, adiabatic temperature rise, days until cracking occurrence, relative dynamic modulus of 

elasticity through freezing and thawing test, carbonation rate coefficient, effective diffusion coefficient 

of chloride ion, and CO2 emissions, were measured. The various performance characteristics of the 

low carbon concretes obtained from the tests were then compared with those of concrete using 

ordinary portland cement. 

 

2. Experimental Procedure 

2.1. Materials and Mix Proportions of Concrete 

Table 1 lists the materials used for concrete, and Table 2 outlines the concretes used in this study. Six 

different concretes, featuring three types of cement, three types of cementitious materials, and three 

different unit content of expansive additive, were covered in this study. The types of cement were 

ordinary portland cement (OPC) (used for 4 concretes), high early strength portland cement (HPC) 

(used for 1 concrete), and low heat portland cement (used for 1 concrete). Compared with unblended 

ordinary Portland cement, the binder was characterized by replacement ratio of cement by fly ash and 

ground granulated blast-furnace slag of 20%, respectively. The expansive additive was used to 

improve the resistance to cracking of the low carbon concrete. 

Table 3 lists the mix proportions of the various concretes. The same water-cementitious materials ratio 

and fine aggregate percentage ratio of 0.55 and 0.43, respectively, were used for all the types of 

concrete. The target values for fresh concrete, i.e. slump of 12 ±2.5cm and air content of 4.5 ±1.5%, 

were achieved by adjusting the unit water content and chemical admixture dosage. As the unit content 

of expansive additive, which is replaced as a fine aggregate replacement and not as part of the binder, 

 



 

Table 1 Materials of Concrete 

Materials Symbol Characteristic 

Portland 

Cement 

Ordinary Portland Cement OP Density: 3.15g/cm3, Blain: 3350cm2/g 

High early strength Portland Cement HP Density: 3.13g/cm3, Blain: 4650cm2/g 

Low heat Portland Cement LP Density: 3.24g/cm3, Blain: 3800cm2/g 

Admixtures 
Fly ash FA JIS class II, Density: 2.39g/cm3, Blain: 4110cm2/g 

Ground granulated blast-furnace slag BFS Density: 2.89g/cm3, Blain: 4200cm2/g 

Expansive additive EX Density: 3.05g/cm3, Blain: 2860cm2/g 

Aggregate 
Fine aggregate S River sand, Density:2.62g/cm3, F.M. 2.42 

Coarse aggregate G Crushed stone, Density:2.72g/cm3, F.M. 7.07 

Chemical 

Admixture 
Water-reducing and air-entraing admixture AD Polycarboxylic acid-based 

 
Table 2 Outlines of Concrete used in this study 

Cement 

Type 

Binder (mass%) EX 

C FA BFS (kg/m3) 

N 

100 0 0 0 

60 0 40 0 

60 20 20 0 

60 20 20 15 

H 60 20 20 15 

L 60 20 20 12.5 

 

Table 3 Mix Proportions of Concrete 

No.* W/B s/a 

Unit Content (kg/m3) 
Properties of  

Fresh Concrete 

W 
B 

EX S G AD AE 
SL Air C.T. 

C FA BFS (cm) (%) (°C) 

OP-0-0-0 

0.55 0.43 

161 293 0 0 0 790 1086 3.81 0.023 12.5 4.5 21 

OP-0-40-0 157 171 0 114 0 793 1092 4.42 0.020 10.5 4.8 20 

OP-20-20-0 148 161 54 54 0 804 1106 4.30 0.040 11.5 5.4 20 

OP-20-20-15 148 161 54 54 15 791 1106 4.44 0.032 9.5 4.8 20 

HP-20-20-15 150 164 55 55 15 787 1110 4.52 0.034 9.5 4.0 21 

LP-20-20-12.5 143 156 52 52 12.5 804 1122 4.31 0.026 12.5 5.5 21 

(Note) * (Cement Type)-(Replacing Ratio of FA)-(Replacing Ratio of BFS)-(Expansive additive content) 

 
Table 4 Measured Items of Concrete 

Performance Measured Item Measured Method 

Strength Development 

(Compressive Strength) 

Standard Curing JIS A 1108 

Imitated Adiabatic Curing Refer to 2.2. 

Resistance to Cracking 
Adiabatic Temperaturerise Water Circulation System 

Days of shrinkage Cracking Occurance JCI Method 

Durability 

Coefficient to Relative Dynamic Modules of Elasticity JIS A 1148 (Method A) 

Accerated Carbonation Coefficient JIS A 1152, JIS A 1153 

Effective Diffusion Coefficient of Chorolide Ion JSCE-G571 

Environmental impact reduction CO2 Emissions JSCE Method 

 

15 kg/m3 for OPC and HPC, and 12.5 kg/m3 for LPC, were used (Saito H. et al., 2013). All the 

concretes were produced in a thermostatic chamber at the temperature of 20 ±2C.  

 

2.2. Measured Items of Concrete 

Table 4 lists the various concrete measurement items. Compressive strength was measured for strength 

development. The curing conditions were of two types, standard curing and imitated adiabatic curing. 

Imitated adiabatic curing was conducted to study strength as a function of the temperature history 

from the heat of hydration, assuming the curing of mass concrete. Imitated adiabatic curing was done 

by placing 16 specimens in a space enclosed between 200 mm thick Styrofoam panels and filling all 

the spaces between the specimens with foam beads. The test specimens were seal-cured in Styrofoam 

until the age of 14 days, and were then seal-cured in a thermostatic chamber at the temperature of 20 



 

±2C. The test specimens dimensions were φ100 × 200 mm for all the curing conditions, and tests 

were performed at the ages of 3, 7, 28, 56, and 91 days. 

Resistance to cracking was tested for both thermal cracking and drying shrinkage cracking. Resistance 

to thermal cracking was determined by measuring the ultimate value of adiabatic temperature rise, 

which a previous study (Suzuki Y. et al., 2010) found to have a major impact on the minimum thermal 

cracking index, which was determined from thermal stress analysis by 3D FEM. The adiabatic 

temperature rise was measured until the age of 14 days using a water circulation system. The 

resistance to drying shrinkage cracking was measured as the number of days until cracking occurrence 

by the JCI test method (JCI Report, 2010). Each test specimen, measuring 100 mm (W) x 100 mm (H) 

x 1100 mm (L), was restrained by setting a φ32 mm round steel bar, both ends of which were threaded, 

in the center section of the specimen. Strain gauges were attached on the center portion of the steel bar 

and a Teflon sheet was wrapped over this center portion so as to achieve the absence of any bond 

between the concrete and steel in that portion. The specimens were subjected to sealed curing in a 

mold at the temperature of 20 ±2C from casting until the age of 7 days, after which they were 

demolded and covered on two sides with aluminum tape. The specimens were then air cured under the 

temperature of 20 ±2C and relative humidity of 60 ±5% until the occurrence of cracks in the 

specimen. The uni-axial restrained stress of the concrete was calculated from the measured strain of 

the steel by Eq. (1). 
 

 σc= - εsEs (As/Ac) 

 

where      σc: Uni-axial restrained stress of concrete (N/mm2) 

    εs: Strain of steel (10-6) 

    Es: Young's modulus of steel (kN/mm2) 

    As: Cross-section area of steel (mm2) 

    Ac: Net sectional area of concrete (mm2) 
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Fig.1 Drying Shrinkage Cracking Test Specimen 

 

Durability was assessed by measuring the relative dynamic modulus of elasticity through freezing and 

thawing test, carbonation rate coefficient through accelerated carbonation test, and effective diffusion 

coefficient of chloride ion by electrophoretic migration. The test specimens for the freeze-thaw test 

and accelerated carbonation test measured 100  100  400 mm, and those for the electrophoretic 

migration test φ100  50 mm. The freeze-thaw test was conducted in accordance with JIS A 1143, by 

first performing standard curing until the age of 28 days, then subjecting the test specimens to freeze-

thaw cycles, with each cycle consisting of 5C → -18C → 5C temperature cycling, and measuring 

the primary resonant frequency every 30 cycles to obtain the relative dynamic modulus of elasticity. 

The accelerated carbonation test was conducted in accordance with JIS A 1152 and JIS A 1153, by first 

performing standard curing until the age of 28 days, then air curing at temperature of 20 ±2C and 

relative humidity of 60 ±5% until the age of 56 days. Then testing was done at the temperature of 20 

±2C, relative humidity of 60 ±5%, and CO2 concentration of 5 ±0.2%, measuring the carbonation 

depth. The electrophoretic migration test was done in accordance with JSCE-G571, performing 

measurements until the chloride ion concentration on the anode side reached the equilibrium state and 

calculating the effective diffusion coefficient. 

The environmental impact reduction effect was determined through measurement of CO2 emissions at 

the time of concrete manufacturing. The level of CO2 emissions was determined by multiplying the 

basic unit (JSCE Report, 2005) of CO2 emissions for the constituent materials of each concrete by the 

(1) 



 

basic unit per 1 m3 of concrete. It should be noted that the basic unit of CO2 emissions of expansive 

additive is assumed to be the same value as that of portland cement. 

 

3. Experimental Results and Discussion 

3.1. Strength Development 

Taking strength development as an example, Fig. 2 shows the changes over time of the compressive 

strength of concrete using OPC as cement. In the case of standard curing, the compressive strength of 

the low carbon concretes (OP-20-20-0, OP-20-20-15) was smaller than that of the OP-only concrete 

(OP-0-0-0) up to the age of 28 days, but from the age of 56 days onward, OP-only concrete had larger 

compressive strength. In the case of standard curing, using the compressive strength of the OP-only 

concrete at the age of 91 days as reference, the compressive strengths of OP-0-40-0, OP-20-20-0, and 

OP-20-20-15 at 91 days were 1.21, 1.07, and 1.19, respectively. On the other hand, in the case of 

imitated adiabatic curing, using the compressive strength of the OP-only concrete at the age of 91 days 

as reference, the compressive strengths of OP-0-40-0, OP-20-20-0, and OP-20-20-15 at 91 days were 

1.08, 1.04, and 1.04, respectively. 

Next, comparing differences in curing conditions, the compressive strength in the case of imitated 

adiabatic curing was higher for all mix proportions until the age of 7 days, but it then became lower 

from the age of 28 days onward. This is thought to be due to the fact that, in the case of imitated 

adiabatic curing, strength increases until the age of 14 days under the influence of the heat of 

hydration, but past that, no water being supplied from the outside, strength development plateaus. 
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Fig.2 Compressive Strength 

 

3.2. Resistance to Cracking 

Figure 3 shows the change over time of the adiabatic temperature rise. The ultimate value of adiabatic 

temperature rise and the parameter representing the rate of adiabatic temperature rise were obtained by 

Eq. (2). 

 
 Q(t)=Q∞[1-exp(-r (t-t0,Q))] 

 
where        t: Material age (days) 

    Q(t): Adiabatic temperature rise at age of t days (C) 

    Q∞: Ultimate value of adiabatic temperature rise (C) 

    r: Parameter representing the rate of adiabatic temperature rise 

    t0, Q: Age at start of temperature rise (days) 

 

Compared with OP-only concrete, the ultimate values of adiabatic temperature rise of the low carbon 

concretes were 4.2C for OP-20-20-0, 4.1C for OP-20-20-15, 2.2C for HP-20-20-15, and 15.2C for 

LP-20-20-12.5, indicating a reduction effect. Further, that reduction effect grew higher in the order of 

HP, OP, LP, a result that highlights the great differences in the heat of hydration of portland cements. 

Moreover, with regard to parameter representing the rate of adiabatic temperature rise, a tendency 

similar to that for the ultimate value of adiabatic temperature rise was observed. 

(2) 



 

Figure 4 shows the days until cracking occurrence. The value for days until cracking occurrence for 

the low carbon concretes, compared to the OP-only concrete, were 0.8-fold for OP-20-20-0, 1.2-fold 

for OP-20-20-15, 1.1-fold for HP-20-20-15, and 0.7-fold for LP-20-20-12.5. The addition of 

expansive additive to low carbon concrete resulted in a significant increase in the number of days until 

cracking occurrence for the OP and HP concretes compared with OP-only concrete. On the other hand, 

the greater decline in the number of days until cracking occurrence for LP concrete compared with the 

OP and HP concretes is attributed to the slower initial strength development of LP. Further, resistance 

to cracking greatly improved for all the low carbon concretes compared with the blast-furnace slag 

cement type B equivalent (OP-0-40-0). 
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Fig.3  Adiabatic Temperature Rise 
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Fig.4  Days until Cracking Occurrence 

 

3.3. Durability 

Figure 5 shows the freezing and thawing test results. The relative dynamic modulus of elasticity of the 

low carbon concrete was a value of 88% or higher, and thus no decrease in freeze‐thaw resistance was 

observed. Therefore, it is thought that as long as suitable air content of concrete is ensured, freeze-

thaw resistance is unlikely to be a problem. 

Figure 6 shows the accelerated carbonation rate coefficients. The accelerated carbonation rate 

coefficients of the low carbon concretes were greater than those of OP-only concrete and OP-0-40-0. 

A comparison by type of cement shows that the accelerated carbonation rate coefficients of the low 

carbon concretes grew higher in the order of HP, OP, LP. This is assumed to be the effect of 

differences in strength development and microstructure among the various types of cement, owing to 

the standard curing period of 28 days used for the accelerated carbonation test. 

Figure 7 shows the effective diffusion coefficients through electrophoretic migration. The effective 

diffusion coefficients of the low carbon concretes were slightly higher compared with OP-0-40-0, but 

significantly lower compared with OP-only, indicating excellent resistance to chloride ion ingress. 

Moreover, a comparison by type of cement shows that the effective diffusion coefficient of the low 

carbon concretes grew higher in the order of OP, LP, HP, thus exhibiting a trend differing from the 

accelerated carbonation test results. 
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Fig.5  Result of Freezing and Thawing Test 
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Fig.6  Accelerated Carbonation Rate Coefficient 
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Fig.7  Effective Diffusion Coefficient of Chloride Ion 
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Fig.8  CO2 Emissions 

 

3.4. Environmental Impact Reduction 

Figure 8 shows the CO2 emissions. The CO2 emissions of the low carbon concretes were reduced by 

about 40% compared with OP-only concrete, confirming their superiority in terms of environmental 

impact reduction. Further, no differences in CO2 emissions of low carbon concretes according to the 

type of cement were observed, with all the values being on the same order as that of OP-0-40-0. 

 

4. Conclusions 

In order to investigate the various performance characteristics of low carbon concretes with 

replacement ratios of cement by fly ash and ground granulated blast-furnace slag of 20%, respectively, 

this study conducted tests on four performance characteristics, namely strength development, 

resistance to cracking, durability, and reduction of environmental impact, and compared the results 

with those for OP-only concrete. The findings of this study are described below. 

(1) Strength development of the low carbon concrete was equal to or greater than that of concrete 

using ordinary cement from the age of 56 days. 

(2) The adiabatic temperature rise was reduced through the use of supplementary cementitious 

materials (SCMs) such as fly ash and ground granulated blast-furnace slag. Moreover, the number 

of days until cracking occurrence of the low carbon concretes were either equivalent to or better 

than for concrete using ordinary portland cement. 

(3) With the exception of the accelerated carbonation rate, the durability of the low carbon concretes 

was superior to that of concrete using ordinary portland cement. 

(4) The CO2 emissions of the low carbon concretes were 40% lower than those of concrete using 

ordinary portland cement, a truly excellent environmental impact reduction result. 
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1. Introduction 

The corrosion of reinforcement is one of the leading causes of premature deterioration in concrete 

structures in North America. The penetration of chloride ions in concrete typically arises from 

concrete located in a marine environment and/or exposed to road salts. Although concrete is 

currently designed to withstand this ingress, it is inevitable that chlorides will eventually reach the 

surface of the reinforcement. Increased resistance to chloride ingress can be achieved through the 

implementation of a low water-to-cementitious (w/cm) ratio, the addition of supplementary 

cementitious materials (SCMs), and the application of membranes and sealers, etc.  

Ettringite-based concretes are used in applications where construction time is limited in order to 

avoid the disruption of the travelling public. They are currently used to repair bridge decks, 

substructure elements on bridges (i.e. piers and columns), pavements, and components of 

buildings and pavements. Ettringite-based concretes are capable of achieving a very-high early 

strength (i.e. 20 MPa in 3 hours) and are also intended to last the remaining life of the structure. 

High-early strength is achieved by the rapid formation of ettringite (C3A∙3C$∙H32) in the first few 

hours of hydration by using a binder typically comprised of calcium sulfo-aluminate (C$A) 

cement or calcium aluminate cement (CAC) plus calcium sulfate (C$).  

Marine concrete structures are exposed to very harsh conditions. The constant exposure to 

seawater results in physical damage and strength loss as a result of corrosion (Thomas & 

Matthews, 1996). One of the harshest marine environments in the world is found at Treat Island, 

located off the coast of Eastport, Maine in the Passamaquoddy Bay which is part of the Bay of 

Fundy. A beach located on the western side of the island has been used as a materials research 

exposure site for more than 75 years. Approximately 100 freeze-thaw cycles occur every year 

making it one of the harshest concrete environments in the world. Reinforced concrete specimens 

placed at the high-tide level are where corrosion is at its maximum due to the wetting and drying 

as a result of the tides, which are world renown as the highest in the world reaching elevation 

changes greater than 6-m.  

The repair of concrete structures is a never-ending process. Approximately $1 billion is spent to 

repair marine piles in the United States alone (Fam et al., 2003). In tidal areas, rapid-repair 

concretes are required for repair applications where time is of the essence and the repair must be 

placed and cured between tides.  

This paper presents the corrosion performance of reinforced beams placed at the high-tide level of 

Treat Island for approximately two years. Corrosion measurements, chloride penetration profiles, 

x-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis were conducted on a 

number of repair materials.  

2. Experimental 

2.1. Materials  

Four, rapid-repair cements were studied together with an ordinary Portland cement (PC) as a 

control. The first repair system is a ternary system composed of ordinary Portland cement (PC), 

calcium aluminate cement (CAC) and a source of calcium sulfate (C$) and is designated as PC-

CAC-C$ throughout the paper. A ratio of 2.2 to 1 parts of CAC to C$ was used whereas Portland 

cement accounted for 70% of the total cementitious content. The second cement used was a 
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calcium-sulfoaluminate (C$A) cement with belite (C2S) and is designated as C$A1-C2S. The third 

system is comprised of a second C$A source blended with 70% OPC and is designated as PC-

C$A2 throughout the paper. The fourth and final repair cement is a Type High-early (HE) strength 

Portland cement and is designated as HEPC throughout the paper. The chemical composition of 

these cements is presented in Table 1. The chemical composition of PC-CAC-C$ and PC- C$A2 

was not conducted together although their composition is found separately. The ordinary Portland 

cement (PC) used as the control was the same Portland cement used in both the PC-CAC-C$ and 

PC-C$A2 systems. 

 

 

 
Tab. 1 Chemical composition of cementing materials 

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Na2Oe TiO2 LOI 

PC 19.2 4.84 2.97 61.83 2.91 3.73 0.18 0.76 0.82 -  2.38 

CAC-C$ 2.92 28.64 1.67 43.05 0.51 19.91 0.15 -  -  - - 

HEPC 20.8 5.4 2.0 63.5 1.5 4.6 - - 0.78 - 1.0 

C$A1-C2S 11.82 13.63 1.11 52.21 2.18 14.83 0.09 - - - - 

C$A2 10-12 24-26 3-4 42-45 0.5-1.0 16-18 0.2-0.3 0.2-0.3 - - - 

All mixes were prepared with a 19-mm graded crushed siliceous gravel and a natural siliceous 

sand. In order to achieve maximum workability without increasing the water content, a liquid 

polycarboxylate-ether base superplasticizer was used in all mixes except for the control (PC). In 

addition, citric acid (C6H8O7), a common natural preservative was used a retarder in the PC-CAC-

C$ system at a dosage of 0.38% of the total mass of CAC-C$ in the mix. All mixtures were air-

entrained with a neutralized vinsol resin to achieve an air content between 5-7% according to 

CSA A23.1. A summary of mixture proportions and properties is found in Table 2. Compressive 

strength results after 3 hours and 28 days are also shown. Rapid-strength cements are 

characterized according to ASTM 1600 in which a compressive strength of approximately 20MPa 

in three hours is required. PC-CAC-C$, C$A1-C2S and PC-C$A2 reached strengths of 33.5, 35.5 

and 22MPa respectively, after three hours. The HEPC concrete was proportioned using a high 

dosage of superplasticizer and non-chloride accelerator (calcium nitrite) and is based on a 

commercially-used concrete designed to achieve a flexural strength of 400psi (2.8MPa) in 4-

hours.  

Tab. 2 Mixture proportions/properties 

 

Mix 

Cement 

content  

(kg/m3) 

 

W/CM 

OPC  

(%) 

CAC-C$ 

(%) 

HEPC 

(%) 
C$A1-

C2S 

(%) 

C$A2 

(%) 

Strength 

(MPa) 

3-h     28-d 

PC-CAC-C$ 530 0.35 70 30 - - - 33.5 54.0 

C$A1-C2S 530 0.35 - - - 100 - 35.5 67.0 

OPC-C$A2 530 0.35 70 - - - 30 22.0 56.0 

HEPC 530 0.35 - - 100 - - 12.0 84.0 

PC 530 0.40 100 - - - - - 55.5  

2.2. Specimen Preparation  

Reinforced concrete prisms (150x150x530-mm) were produced with two (450-mm long) 10M 

rebars (nominally 11.3mm diameter); a standard “black” carbon steel bar was placed 50-mm from 

the top surface and a 316 stainless-steel bar was placed 50-mm from the bottom surface. After  

24-h of curing under wet burlap, the samples were demoulded and covered in wet burlap at 

standard room temperature for 28 days. The beams were then transferred to the exposure site and 

were retrieved after approximately 730 days. Specimens were placed on the beach at the high tide 

level in order to maximize the rate of corrosion.  

 

 



2.3. Testing 

Linear polarization (LPR) resistance measurements were carried out using a conventional three-

electrode cell, with a silver-silver chloride (Ag-AgCl) acting as a reference electrode (RE) at the 

surface, a  316-stainless steel rod cast in the sample as a counter electrode (CE) and the black 

steel bar acted as the working electrode (WE). LPR was conducted by initially measuring the 

potential (Ecorr) of the working electrode (i.e. reinforcement) relative to a reference electrode and 

then scanning a range of ± 20 mV about Ecorr at a rate of approximately 0.1 mV/sec. The shift in 

potential within this range (current vs. potential) is linear with units of resistance – hence the 

name linear polarization resistance. The corrosion current is determined form the Polarization 

Resistance plot where the relationship between Rp, the Tafel coefficients and the corrosion 

current is expressed as:  
Δ𝐸

Δi
= 𝑅𝑝 =

𝛽𝑎𝛽𝑐

2.3(𝑖𝑐𝑜𝑟𝑟)(𝛽𝑎+𝛽𝑐)
                                                  [1] 

where Rp is the slope of the linear region, βa is the anodic Tafel constant (mV/decade of current), 

βc is the cathodic Tafel constant (mV/decade of current), 2.3 is the natural log of 10 and icorr is the 

corrosion current (μA). In this study, Tafel coefficients of 120mV/decade were used which are 

commonly used values in a corrosive environment (Millard, 2000).  

Concrete cores extracted from each of the beams were profile ground in 1-mm increments and 

resulting powder samples were analyzed for chlorides relative to depth. The chloride content at 

each layer was determined by digesting powder samples gained from profile grinding in nitric 

acid and performing potentiometric titration with silver nitrate. Chlorides were determined for 

each layer until the concentration dropped below 0.05% by mass of cement.  

In addition, X-ray diffraction (XRD) was conducted using a Bruker D8 Advance spectrometer. 

The X-ray source was a sealed, 2.2 kW Cu X-ray tube, maintained at an operating current of 

40kV and 30mA. Fine powder samples were scanned in the range of 5-80o. A step size of 0.02o 

and a step time of 1.0 sec were used during the experiments.  

Polished sections were prepared from each of the cores and analyzed with a JEOL JSM-6400 

Scanning Electron Microscope equipped with an EDAX Genesis 4000 Energy Dispersive X-ray 

(EDS) analyzer. Samples were carbon coated using an Edwards 306A carbon coater before 

observation in the microscope.  EDS analysis was performed at an accelerating voltage of 15 kV 

and a beam current of 1.5 nA, with a working distance of 14 mm.  Collection time was 50 

seconds per analysis point. 

3. Results and Discussion  

3.1. Chloride Penetration  

The average chloride profiles of two cores from each of the four rapid-repair systems and control 

are presented in Figure 1. Profiles were established after two years of exposure for all systems. 

The spike in results in the first few millimeters is attributed to the washing out effect taking place 

in concrete exposed to a tidal environment. C$A1-C2S is found to have the lowest surface 

concentration of approximately 0.18% although a relatively constant concentration with depth is 

observed. A concentration of approximately 0.10% is found at the depth of reinforcement, which 

exceeds the commonly-used chloride threshold of 0.05% (by mass of concrete) for the initiation 

of corrosion. Although the other systems contain surface concentrations far greater than         

C$A1-C2S (0.5-0.7%), the threshold was reached at approximately 20-25mm.  

PC-C$A2 which contains 70% PC resulted in a surface concentration (0.6%) far greater that of 

C$A1-C2S, although the commonly-used threshold was passed at 20-mm compared to 50+ mm. 

The profile observed in the C$A1-C2S may be the result of minimal chloride binding occurring 

which will be discussed in more detail in section 3.3.  

Although PC-CAC-C$ results in a significant increase in surface concentration (up to 

approximately 1%), the corrosion threshold (0.05% chloride) only penetrates to a depth of 

approximately 18mm.  

 



        

 
Fig  1 - Chloride penetration 

3.2. Corrosion Activity  

Potential and current density measurements of all systems are found in Figures 2 and 3, 

respectively. Each reading represents the average of readings taken on three separate beams of the 

same mix. All samples were placed on Treat Island in August, 2012 at which point the initial 

measurements were conducted followed by two sets of readings in 2013 and once in both 2014 

and 2015. After conducted measurements in 2014, one beam from each mix was returned to the 

laboratory in order to conduct chloride penetration (previously discussed) and microstructural 

analysis.  Both potential and current density readings were conducted relative to a silver/silver-

chloride (Ag-AgCl) reference electrode.  

Other than C$A1-C2S, most of the systems result in a potential reading of approximately -150 to 

100mV. Broomfield (1997) found that potential readings greater than -106 mV result in a low 

(<10%) risk of corrosion whereas readings between -106 and -256mV result in an intermediate 

(≈50%) risk of corrosion. A relatively high degree of corrosion observed in the initial readings 

(August, 2012) may be the result of corrosion taking place in order to form the passive layer.  

 
Fig  2 - Potential (mV) measurements 
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From 2012 until 2015, all systems except C$A1-C2S decreased (more positive) in potential 

resulting in little to no signs of corrosion. Readings conducted on C$A1-C2S beams in May, 2013 

resulted in a potential reading of approximately -350 mV which according to Broomfield is 

within the limits of a high risk (>90%) of corrosion. Although the potential decreased over the 

years it still remained within the high risk of corrosion limits.  

A similar trend is observed in the current density readings in Figure 3. As was observed above, 

the high current density observed in 2012 is assumed to be related to the corrosion process 

occurring in order to form the passive layer.  

 

 
Fig  3 - Current density (μA/cm2) measurements 

3.3. Microstructural Analysis  

In order to study the effect of chloride binding, carbonation and overall performance, samples 

were studied under both SEM and XRD. Both PC-CAC-C$ and C$A1-C2S were selected due to 

the differences observed in the results for chloride ingress and corrosion performance shown in 

the previous sections. Although not discussed in this section, PC-C$A2 was shown to perform 

similarily to PC-CAC-C$ and will be discussed at the end of this section.  

The chloride resistance of PC-CAC-C$ is attributed to its ability to bind chlorides due to the 

formation of Friedel’s salt (C3A∙CaCl2∙H10) which is found throughout its matrix as shown in 

Figure 4b. The near-surface microstructure is also shown in Figure 4a. Justnes (1996) concluded 

the binding capacity of cementitious materials is attributed to the content of calcium aluminates 

and calcium aluminoferrites. Although the role of ettringite in chloride binding is under debate, 

AFm compounds are generally known to bind chlorides chemically whereas C-S-H is considered 

to bind chlorides physically. AFm-type compounds such as monosulfate (C3A∙CaSO4∙H14) result 

in chloride ions being substituted for available sulfate to form Friedel’s salt. The release of sulfate 

is then consumed through the formation of ettringite, if free calcium aluminates are still available 

in the system.   

Chloride binding is presented in Figure 4b. Area 2 is C-S-H which results in the physical binding 

of chlorides through the electrical double layer (EDL). The negatively charged surface results in 

the charges of the bridging silica tetahedra not always being compensated which explain the 

absorption of different ions onto its surface (Richardson, 1999). Friedel’s salt is found in Area 1 

of Figure 4b; the EDS spectrum for the Friedel’s salt is shown in Figure 5.  
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Fig 4 – PC-CAC-C$ near the surface (a) and the formation of Friedel’s salt (b) 

 
Fig 5 – Energy dispersive spectrum (EDS) of Friedel’s salt  

XRD patterns of PC-CAC-C$ at the surface (0-1-mm) and at depth of 48-50-mm where 

reinforcement is located are presented in Figure 6. After being exposed to a marine environment 

for two years, the peaks representing ettringite (E) and Friedel’s salt (FS) are observed near the 

surface. The absence of FS at depth is expected since chloride ions have only penetrated 

approximately 25-mm as observed in Figure 1. A decrease in ettringite content at the surface may 

be attributed to the formation of Friedel’s salt and ettringite converting into monosulfoaluminate 

as calcium sulfate becomes depleted (Bizzozero & Scrivener, 2014).  

a b 
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Fig 6- XRD pattern of PC-CAC-C$ relative to depth where (E)- ettringite, (FS)- Friedel’s salt  

 

A distinct layering effect is observed in the polished C$A1-C2S sample (Figure 7). The sample 

extracted from near the surface shows a number of distinct layers at its surface. A further change 

in microstructure is observed approximately 0.5-mm from the surface (Figure 8). Most of the 

cracking observed in ettringite-based systems when observed by SEM is an artifact of the high-

vacuum conditions present during sample preparation and examination; this results in a large 

amount of water loss and shrinkage of the ettringite (C3A∙3C$∙H32).   

 
      

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig  7 – SEM of CSA-C2S1 near surface 
The distinct change in microstructure near the bottom of Figure 8 is assumed to represent the 

carbonation front. Carbonation of ettringite results in the formation of calcite, gypsum and 

alumina gel as shown in equation 2 (Lamberet, 2005).  
C3A∙3C$∙H32 + 3CO2  3CaCO3 + 3C$H2 + AH3 + 23H2O   [2] 

As observed in Figure 8, two distinct layers are observed. Initial observation could conclude that 

this rim is similar to that of brucite observed in PC samples exposed to a marine environment.  

A higher magnification of Figure 8 is presented in Figure 9 and this shows a distinct change in 

microstructure. The cracking in the bottom left corner of Figure 9 represents the presence of 



ettringite whereas the absence of cracking in the top right hand corner is assumed to represent the 

carbonated region.  

 
     

 

 

 

 

 

 

         Fig  8– C$A1-C2S near surface                  Fig  9 – Carbonation front 

The results of XRD conducted on C$A1-C2S at the surface and at the depth of reinforcement are 

presented in Figure 10. Ettringite, which is abundant in this system, is found at both the surface 

(0-1mm) and at depth (48-50mm). Friedel’s salt in which was present in PC-CAC-C$ is not found 

in this system. Hirao et al. (2005) found that ettringite does not have the ability to bind chlorides 

from an external solution. The lack of binding is consistent with the observations for chloride 

ingress and corrosion for this system (see Figures 1 and 2).  

 
Fig 10 – XRD pattern of CSA relative to depth, where (E)- ettringite, (FS)- friedel’s salt and (C)-

calcite 

In a separate unpublished study, chloride binding experiments were conducted on these systems 

in order to determine the chloride binding capacities of these systems. The study looked at the 

binding capacity of PC-CAC-C$ and C$A1-C2S paste disks exposed to 0.1, 0.3, 0.5, 1.0 and 3.0M 

NaCl solution. Binding isotherms were determined based on the equilibrium method (Tang and 

Nilson, 1993; Zibara, 2001). Experimental results found that C$A1-C2S was only able to bind 



chlorides at very high concentrations (3M) whereas PC-CAC-C$ bound chlorides at all 

concentrations. The typical concentration of chloride in the Atlantic Ocean is approximately 

19,800 ppm, which corresponds to approximately 0.6-0.7 mol Cl-/l seawater (Florea & Brouwers, 

2012). The lower concentration may be the reason why binding was not observed in the C$A1-

C2S system.  

 

The performance of the other systems discussed above (PC-C$A2, PC and HEPC) was not 

discussed in this section. Both PC and HEPC showed no signs of corrosion (see Figures 2 and 3) 

after two years and PC-C$A2 is performing very similar to PC-CAC-C$. The presence of PC in 

all systems expect C$A1-C2S results in negligible carbonation and the ability to bind available 

chlorides. Since C$A1-C2S is predominately comprised of ettringite, it results in the absence of 

free calcium aluminates required to bind free chlorides. The presence of 70% PC in both PC-

CAC-C$ and PC-C$A2 resulted in accelerated strength formation as well as durability 

performance in terms of chloride ingress and corrosion.  

 

4. Conclusions 

(1) The formation of Friedel’s salt as a result of chloride binding was observed in all systems 

except C$A1-C2S.   

(2) C$A1-C2S showed significant corrosion after only one year of marine exposure. Chloride 

penetration results (Figure 1) showed that chloride levels were above the typical threshold value 

even at 50-mm where the steel was located which resulted in the onset of corrosion of the 

embedded steel.  

(3) The system with 70% PC and 30% C$A2 showed increased resistance to chloride-ion 

penetration compared with the C$A1-C2S system and much lower corrosion rates. 

(4) After approximately two years of marine exposure PC-CAC-C$, PC-C$A2 and HEPC are 

showing low corrosion rates (<10% risk of corrosion) when placed at the high tide level and are 

performing just as well as PC samples.  
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Abstract: This paper was analyzed the hydration properties of cement mixed with different 

amounts of high titanium slag, focuses on the hydration products, and sulphate attack. By the way 

of single-doped and composite-doped, it was studied the sulphate attack in the cases of different 

proportions of the cement, cured in sodium sulphate solution, and compared with curing 

conditions of water. The results show that high titanium slag will not adversely affect the types of 

hydration products in cement; the degressive peak value of C-H in hydration products changes 

with the increased amount of high titanium slag mixed, which would weaken the attack by sodium 

sulphate solutions are presented in this paper; the way of compositely mixing a certain amount of 

other admixtures (furnace slag, fly ash and limestone) not only does not reduce the mechanical 

properties of cement, but also improves its performance on sulphate attack, according to the 

intensity changes of cement, the decrease of total porosity, and the changing of pore structure.  

 

1. Introduction 

China's southwest area is rich in vanadium titanium mineral resources. With the rapid 

development of the metallurgical industry, the emissions of blast furnace slag are sharply 

increasing, which not only takes up a lot of land resources, but also pollutes the surrounding 

environment [1]. The blast furnace slags are mainly produced from titanomagnetite in Sichuan 

area. The mass fraction of TiO2 is 15%~20%. Because of TiO2 and CaO formed Perovskite, and 

the degree of polymerization of silicon-oxygen tetrahedron is very high in the vitreous of the slag, 

so the hydration activity of original blast furnace slag is very low [2].  

A lot of research work on comprehensive utilization of high titanium slag has been done 

since in the 1960 of the 20th century in China. It also has gotten many achievements in the past 

years and put forward some methods of comprehensive utilization of high titanium slag [2,3]. 

However, due to various reasons, these methods are very limited in industrial scale. The utilization 

ratio of high titanium slag resources is less than 10% [4].  

This paper analyzes the composition of high titanium slag, the hydration properties of high 

titanium slag. Focusing on the hydration products and sulphate attack, it was studied the effect of 

different amounts of high titanium slag with different admixtures mixed ratio on cement properties. 

Some articles from domestic and foreign were also reported the related researches on improving 

the sulphate resistance of cement-based materials by means of the incorporation of mineral 

admixtures [5,6]. The experimental study of the high titanium slag used as cement admixture will 

be the foundation and support in productive practice in the factory. The purpose is to make full use 

of high titanium slag resources with no pollution, and to promote sustainable development of the 

environment, also to increase economic and social benefit.    
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2. Experimental 

2.1. Raw Materials 

The high titanium slag and furnace slag used in this study were supplied by Cheng-Yu of 

vanadium and titanium smelting limited company. The clinker and fly ash were supplied by 

Sichuan Xingchuancheng cement Co. and Sichuan Wangyangjianbao cement Co. respectively. The 

limestone was supplied by Sichuan Tranvic Group Co. The chemical composition of the raw 

materials used was determined by X-ray fluorescence (XRF) and is shown in Table. 1. 

The main ingredient in the high titanium slag is CaO, SiO2, TiO2, Al2O3. CaO content is the 

highest, at around 30%, SiO2 content is above 20%, TiO2 content is about 15%. These oxides are 

mainly distributed in the Perovskite, Spinel, Diopside, Bayi stone, and is shown in Figure. 1. They 

are the strong crystalline and stable minerals, so the ability to hydrolysis and disintegrate is very 

weak [7,8].   

 

Table.1 Chemical composition of materials used in experiment /% 

Raw material CaO SiO2 TiO2 Al2O3 MgO Fe2O3 Cl K2O Loss 

High titanium slag 32.56 22.59 14.77 11.81 8.22 3.22 0.04 0.64 1.91 

Clinker 67.04 18.27 0.25 4.28 1.71 2.59 - 1.19 2.38 

Furnace slag 14.91 42.93 0.67 19.76 1.47 3.51 0.53 2.27 11.83 

Fly ash 1.10 50.14 0.89 26.97 1.07 4.17 0.04 2.29 12.13 

Limestone 49.93 5.45 0.05 1.87 1.02 0.79 0.01 0.31 40.21 

Gypsum 29.48 9.01 0.08 2.73 1.63 0.52 0.01 0.34 14.90 
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Fig.1 XRD patterns of high titanium slag 
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2.2. Mix proportions 

Table.2 Mass ratio of experimental cement 

Sample No. 
Mass ratio /% 

High titanium slag Furnace slag Fly ash Limestone Clinker Gypsum 

A0 0 - - - 95 5 

A1 10 - - - 85 5 

A2 20 - - - 75 5 

A3 30 - - - 65 5 

B0 25 - - - 70 5 

B1 15 2 6 2 70 5 

C0 40 - - - 55 5 

C1 30 6 2 2 55 5 

 

All the samples were prepared by mixing with high titanium slag and other admixtures 

(furnace slag, fly ash and limestone) in definite ratios as listed in Table. 2. The mutative amount of 

high titanium slag mixed into cement are shown from A0～A3. It was used to study the effects of 

influence on performance of cement by mixing high titanium slag. It also studied the sulphate 

attack of cement by mixing other admixtures (furnace slag, fly ash and limestone). B1 and C1 

are controlled to B0 and C0 separately. Then the five groups (A0, B0, B1, C0, C1) of specimens of 

each kind of mortar were immersed in 5% sodium sulphate solution and 5% diluted sulphuric acid, 

and these were marked as A0T, B0T, B1T, C0T, C1T separately. It explores a series performance 

of cement by the way of composite doped.      

2.3. Experimental Process 

In the same test conditions to obtain 400 m2/Kg of the specific surface area of high titanium 

slag, and then mixed it into cement. The powders used to prepare mortars consisted of a certain 

amount of (mass ratio, same bellow) high titanium slag, clinker, furnace slag, fly ash, limestone 

and gypsum. The water/cement ratio was 0.5. Powder/sand ratio 1/3 were prisms of 40×40×160 

mm, and 1350g ISO standard sand in each group. All the mortar specimens were firstly cured in 

standard environment with RH 95%±5% and 20℃±2℃ for one day, which were cured at room 

temperature all the time before immersion. After demolding, all the mortar specimens were cured 

in purified water at 20℃±2℃ for 28 days. Then five groups (A0, B0, B1, C0, C1) of specimens 

of each kind of mortar were immersed in 5% sodium sulphate solution and 5% diluted sulphuric 

acid for different days. All the specimens used to erosion test were put together in a plastic sink. 

The control groups of specimens of each kind of mortar were still immersed in purified water. The 

pH value of aggressive solution was adjusted by diluted sulphuric acid (5+1) every seven days 

during immersion. The indicator of titration is phenolphthalein. The pore size distribution and 

strength change were measured.   

In addition, in order to research on hydration and mechanism of high titanium slag composite 

cement, the cement static pulps were prepared prisms of 40×40×40 mm. The ratio of pulps is the 

same with mortars (A0, B0, B1, C0, C1). The X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) were analyzed.    

3. Results and Discussion 

3.1. Hydration properties of high titanium slag cement    
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Fig. 2 XRD patterns of cement pastes cured in 20℃ water for 28 days 

A: C-H; C: C3S; D: C2S; E: AFt; F: CaTiO3   

 

The XRD patterns of hydrated samples with different amounts of high titanium slag in 

cement were shown in Figure. 2. No matter how much high titanium slag mixed, the kinds of 

hydration products of cement unchanged basically. After curing 28 days, the main hydration 

products of the cement pastes were C-H, AFt and unhydrated C3S, C2S, and CaTiO3 which is no 

hydration activity in group A3. In figure. 2, it was obviously shown that the C-H peak decreases 

with the increase of high titanium slag mixed. In 28 days, the extrusive hydration products of A0 

(pure cement without high titanium slag) was C-H, and the diffraction peak intensity was the 

highest of all. At the same time, the diffraction peak of AFt was more prominent and obvious than 

other groups. While the ability to hydrolysis and disintegrate of high titanium slag was very weak, 

it kept a slow hydration rate in early ages, so the diffraction peak of C-H and AFt were very low in 

group A3 (mixing 30% of high titanium slag).    

  

Fig. 3 Typical microstructure of a fractured surface of pastes hydrated for 28 days: (a) A0 paste and (b) A3 paste. 

 

The typical microstructure of a fractured surface of pastes (A0, A3) hydrated for 28 days 

were shown in Figure. 3. It formed more aciculate AFt (3CaO·Al2O3·3CaSO4·32H2O) crystal in 

group A0, and was approximately 1～2 µm long. The ettringite grew firmly on the unhydrated and 

hydrated cement grains, and some parts of C–S–H gel were also present. On the other hand, the 

maximum amount of ettringite in the hydration products of A0 was higher than that of A3. The 

size of ettringite was small and little, and unhydrated particles were scattered around the hydration 



products in group A3. But the hydrated reaction of cement paste was continuing, and the 

ettringites were growing as well. Unhydrated particles were gradually wrapped in A3.  

From Figs.2 and 3, it can be seen that the hydrated degree of cement pastes decreased with 

more high titanium slag mixed. But the kinds of hydration products of cement unchanged basically, 

and no other kinds of hydration products generated. The results also indicated that hydrated 

reaction of high titanium slag was weak, and there was no effect on types of hydration products in 

the cement. In 28 days, the main components involved in the hydrated reaction was cement clinker 

and gypsum. After 28 days, the vitreous and amorphous materials of high titanium slag would 

have favourable effects on cement pastes from Figure 3 (b).  

3.2. Sulphate attack of high titanium slag composite cement 

3.2.1 Strength of cement mortars 
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Fig. 4 Strength change of cement mortars immersed in sodium sulphate solution in 180 days 

 

The compressive strength and flexural strength are two of the important parameters for 

solidified effect. The strength change of cement mortars immersed in sodium sulphate solution in 

180 days was observed as shown in Figure. 4. The fastest decline of compressive strength was 

B0T, but the fastest rising of compressive strength were B1T and C1T correspondingly, especially 

in the later period. A0T had a little range in compressive strength decrease after 60 days, while 

C0T had a little range in compressive strength increase during that time. The compressive strength 

of B1T was greater than A0T at the age of 180 days. In addition, the compressive strength of B1T 

and C1T were greater than B0T and C0T separately. On the other hand, flexural strength of all 

samples was increasing before 90 days, and sharply increased before 60 days. The flexural 

strength of these samples decreased except C1T which was the greastest in the later stages of 

between 90th and 180th days, and it was more pronounced decline than the compressive strength by 

immersing in sodium sulphate solution after 90 days. From Fig. 4, it always had some promotion 

both on compressive strength and flexural strength by the way of compositely doping a certain 

amount of other admixtures (furnace slag, fly ash and limestone). The results indicated that the 

mechanical properties of cement by singly mixing with more than 15% of high titanium slag 

would greatly reduce. However, the way of compositely doping admixtures not only didn’t reduce 

the strength of cement, but also improved the performance of cement on sulphate attack, 

especially reflected in the intensity changes of cement in Fig. 4.     

3.2.2 Pore size distribution of cement mortars  
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Fig. 5 Pore size distribution of cement mortars cured in 20℃ sodium sulphate solution for 60 days: A0T, 

B1T and C1T were cured in 20℃ sodium sulphate solution; A0, B1, C1 were cured in 20℃ water.        

 

Then we studied the pore structure of cement compositely mixed with admixtures, including 

high titanium slag, furnace slag, fly ash and limestone. The pore size distribution of cement cured 

in 20℃ sodium sulphate solution and 20℃ water for 60 days were shown in Figure. 5 separately. 

The division of pore size was measured by effects of different sizes of pore dehydration [9]: large 

capillary pore (>50nm), small capillary pore (10~50nm), gel pore (<10nm). At the age of 60 days, 

the most range of pore sizes was small capillary pore, and the percentage of large capillary pore 

was about the same in the six groups. Moreover, the percentages of small capillary pore which 

cured in 20℃ sodium sulphate solution were more than the samples cured in 20℃water. However, 

the percentages of gel pore which cured in 20℃ water were more than the samples cured in 20℃ 

sodium sulphate solution, and the percentage of gel pore in A0 was far more than any other group. 

By curing in 20℃ sodium sulphate solution, it not only did not increase the percentage of large 

capillary pore, but also there was a small increased change in the percentage of small capillary 

pore in B1T and C1T. In fact, the more percentages of small capillary pore there were, the more 

favorable for the cement it was. The smaller the pore size became, the more dense the cement 

paste was [10].  

          

Fig. 6 Total porosity of cement mortars cured in 20℃ sodium sulphate solution for 60 days /%: A0T, B1T and 

C1T were cured in 20℃ sodium sulphate solution; A0, B1, C1 were cured in 20℃ water. 

 

In Figure. 6, it can be seen that the total porosity reduced by curing in 20℃ sodium sulphate 

solution, but the amplitude was small relatively. In addition, the total porosity was ranged by size: 

A0T＜A0＜B1T＜B1＜C1T＜C1. Along with the increase of mixing amount of high titanium 

slag, the total porosity of cement mortar would increase simultaneously. The main reason was that 

javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_3','j_3')


the particle size of high titanium slag was generally larger than that of cement clinker. So it made 

up for the particle size distribution of cement by compositely mixing with the finer admixtures 

(furnace slag, fly ash and limestone). Usually, when high titanium slag composite cement and 

portland cement cured in sodium sulphate solution, the present of hydration products, including 

calcium hydroxide or calcium aluminate hydrate, necessarily resulted in the formation of gypsum 

and ettringite, which might exert expansion, for the reason that the total porosity decreased [11].  

3.2.3 Analysis of XRD and SEM 
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Fig. 7 XRD patterns of cement pastes for 180 days: A0T, B0T, B1T, C0T and C1T were cured in 20℃ 

sodium sulphate solution; A0 was cured in 20℃ water.  

A: C-H; C: C3S; D: C2S; E: AFt; F: CaTiO3; G: CaSO4﹒2H2O 

 

The XRD patterns of cement pastes cured in sodium sulphate solution or water were shown 

in Figure. 7. Results revealed that the most obvious change was C-H. All samples showed a broad 

band rather than sharp diffraction peaks around 30 degrees of 2theta, showing that gels had been 

formed in these samples. In addition, the peaks of CaTiO3 from inactivated raw material had been 

determined. Based on published results [12,13], noticeable amounts of crystalline was usually 

formed in the whole process of hydration, especially at the later age. In figure. 7, results show that 

the peak value of C-H between A0 and A0T was changed very little. While it can be seen that the 

characterisitic peaks of C-H in C1T and B1T all decreased at the age of 180 days, compared with 

the control groups (C0T, B0T).    

On the basis of previous achievements [14,15,16], the main mechanism of sulphate attack in 

cement is:  

Na2SO4·10H2O+Ca(OH)2=CaSO4·2H2O+2NaOH+8H2O 

4CaO∙Al2O3∙12H2O+3(CaSO4∙2H2O)+14H2O=3CaO∙Al2O3∙CaSO4∙31H2O+Ca(OH)2 

Therefore, the content of C-H which was the most key hydrated product, also determined the 

capacity of sulphate attack. This experimental results showed in XRD patterns all resulted in the 

decline of C-H peak, whether single-doped or composite-doped. For composite-doped, the peak 

value of C-H in hydration products depended on the mixed cement admixtures, which were 

different from A0 and A0T. According to G. De Schutter and Kumar S [17,18], the finer furnace 

slag mixed into Portland cement, could consume a large number of C-H, which made contribution 

to the decline of C-H. In addition, according to the related researches [19-21], owing to the 

secondary hydration reaction of fly ash, the C-H was reacted to form C-S-H and C3AH6, which 

javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showlj_0','lj_0')
javascript:showjdsw('showjd_2','j_2')
javascript:showjdsw('showjd_2','j_2')
http://fanyi.baidu.com/#en/zh/finer


not only marked down the peak value of C-H, but also led to density of cement pastes [22,23]. 

Thus, adding fly ash and finer furnace slag not only reduced the expansion caused by sulphate 

attack, but also reduced the permeability of cenment, which was beneficial to sulphate resistance 

[24]. Relevant reference was shown that [25], the cement mortar mixed with limestone, was cured 

in 20℃ sulphate solution, which reacted ettringite (AFt) and CaSO4·2H2O, led to the volume 

expansion [26,27]. But the total mixed amount of the furnace slag, fly ash, and limestone was no 

more than 10%, which was scarce compare with that of high titanium slag. So the mixed high 

titanium slag was the main reason of the decline of C-H, obtained from Figure. 2 and Figure. 7, as 

a result, which was also an active defence against sulphate attack.  

 

                      

                  

   Fig. 8 Typical microstructure of a fractured surface of pastes hydrated cured in 20℃ sodium sulphate solution 

for 180 days: (c) C0T paste, (d) C1T paste, (e) B0T paste and (f) B1T paste.    

 

The SEM micrographs of cement pastes cured in 20℃ sodium sulphate solution for 180 days 

were presented in Figure. 8. In the four pictures, they focused on comparing sulphate resistance of 

cement pastes through the experiments of single-doped and composite-doped admixtures. Some 

cracks were also exhibited in the mortars attacked by sodium sulphate in (c) and (e), but was 

infrequent in (d) and (f). The pores and cracks were the most common in (c) which was mixed 

with 40% of high titanium slag, and were obviously more than that in (e) which was mixed with 

25% of high titanium slag. It can be seen that the structures of cement pastes were denser in (d) 

and (f), comparing with (c) and (e). These results were consistent with the analysis of total 

porosity in Figure. 6. 

On the other hand, in (c) and (d), which mixed with the more incorporation of high titanium 

slag, the columnar ettringite and flocculent C-S-H were visible at the later stage of hydration, and 
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were more distinct in (d). However, the columnar ettringite and flocculent C-S-H were hard to find 

in (e) and (f), which mixed with the less incorporation of high titanium slag. Thus, the cement 

mortars compositely doped a certain amount of admixtures not only reduced the expansion caused 

by sulphate attack, but also reduced the permeability of cement, which was beneficial to sulphate 

resistance [28,29]. what’s more, the role of composite-doped (high titanium slag, furnace slag, fly 

ash and limestone) during this process was of significant practical interest. It guaranteed to 

improve the mechanical properties and sulphate attack resistance of the cement, which was 

compositely mixed with the low active high titanium slag.  

4. Conclusions  

The results of experiments mixing with different amounts of high titanium slag in cement 

indicated that hydrated reaction of high titanium slag was weak, and there was no effect on types 

of hydration products in the cement. Furthermore, the peak value of C-H in hydration products 

depended on the mixed cement admixtures, which changed with the amount of high titanium slag, 

which would weaken the attack by sodium sulphate solution was presented in this paper.   

In addition, meanwhile high titanium slag was mixed into cement, the way of compositely 

doping other admixtures (furnace slag, fly ash and limestone) not only didn’t reduce the 

mechanical properties of cement, but also improved the performance on sulphate attack. 

Especially, the performance reflected in the intensity changes of cement, the decrease of total 

porosity, and the increased percentage of small capillary pore. These studies are of great help to 

the utilization of low active high titanium slag in cement.    
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Abstract 

Chloride-induced corrosion is one of the main causes of reinforced-concrete structure degradation. Interactions 

between chlorides and cementitious matrix may have a possible effect since they delay chloride ingress. In this paper, 

these interactions have been investigated on various mixtures (cement pastes and concretes) with or without 

supplementary cementitious materials (SCMs) such as fly ash, slag (ground granulated blast furnace) or metakaolin 

(MK). Chloride binding isotherms (CBIs) were assessed by the equilibrium method after four times of water curing. The 

cement paste microstructure was characterized not only by usual techniques such as XRD or TGA-DTA, but also by 29Si 

and 27Al NMR spectroscopy. For example, both Friedel’s salt formation (chemical binding) and physical binding have 

been quantified by 27Al NMR spectroscopy and XRD on cement pastes. 

The results point out that aggregates are not inert and have a potential of binding. Hence, a method has been proposed, 

in order to build the CBI of a given concrete from those of the cement paste and the aggregates incorporated in the 

mixture. The relevance of this method has been demonstrated by comparing the CBIs deduced by using this method to 

experimental CBIs obtained on directly concretes by the equilibrium method. Moreover, differences according to the 

nature and the amount of the SCMs used were observed on the CBIs. For example, after contact with NaCl solutions, 

concretes or pastes with MK exhibit more Friedel’salt than CEM-I ones. Furthermore, the results show that Friedel’s 

salt is produced by shifting the chemical equilibrium of the aluminate phases. In case of low SCMs substitution (CEM I), 

it’s from AFt phases and in case of high SCMs substitution (CEM III/A with 62% of slag), it’s from aluminium 

substituted to silicium in C-S-H and aluminium in anhydrous phases. For high NaCl concentrations, and in case of the 

cement studied here, physical binding dominates with respect to chemical binding. In addition, physical binding 

increases with the SCM content of the cement paste. This is mainly due to the different types of C-S-H produced during 

hydration in CEM-I and SCM cement pastes. 

 

Originality 

Chloride binding is the subject of many researches. However, these studies are usually on cement pastes or pure phases 

and scarcely on concretes. The experiments described in this paper are performed on various binders, in order to 

compare the effect of supplementary cementitious materials. The originality of the study is to obtain, by the equilibrium 

method, CBIs on concretes, cement pastes, as well as aggregates. Since the results have shown that aggregates can 

bind chlorides in non-negligible proportions, in comparison to the cases of the cements pastes, a method has been 

proposed to assess "theoretical" CBIs of concretes. These CBIs are deduced by combining the experimental CBIs 

directly measured on the aggregates and the cement pastes incorporated in the mixture, as a function of their 

proportions. These "theoretical" CBIs were revealed as consistent with experimental CBIs directly measured on 

concretes. Chemical binding (Friedel’s salt) has been quantified on cement pastes by 27Al NMR spectroscopy and 

compared to the results obtained by XRD. In addition, physical binding was quantified by the difference between total 

chloride binding (obtained by CBIs) and the amount of chemically bound chlorides. The combination of different 

microstructural analyses was revealed as particularly useful to understand the differences recorded between CBIs of 

various cement pastes. 
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1. Introduction 

Corrosion of steel rebars is one of the main causes of reinforced-concrete degradation [1-4]. In marine 

environments or in the presence of deicing salts, such degradation is induced by chloride ions, which 

destroy the passive layer. In CO2-free environments, the hydrated Portland cement paste consists of 

hydrated phases in equilibrium with a pore solution whose pH is around 13.5. Chloride ions can 

penetrate through this pore solution up to the steel rebars. Neverless, the ingress can be delayed by 

interactions between chlorides and the cementitious matrix [5-14]. Thus, in saturated conditions, 

chloride ingress into concrete is governed by a coupled diffusion-binding process. Two types of 

chlorides can be distinguished: the free (i.e. the water-soluble in the pore solution) and the bound (onto 

the cementitious matrix) chlorides.  

The overall interactions are usually quantified at the macroscale and at equilibrium by the chloride 

binding isotherm (CBI), which relates the amount of bound chlorides in the material to the free 

chloride concentration (fcc) at given temperature and age. 

It is usually assumed that chloride binding can be separated into chemical and physical interactions. 

Chemical interactions lead to the formation of Friedel’s salt (FS) [5-8] often assumed as the result of 

instantaneous reaction (dissolution/precipitation mechanism) between Portlandite and residual 

aluminates phases [1] or interaction with sulfoaluminate phases (ionic exchange process between 

chlorides from the pore solution and sulfate ions from hydrated monosulfoaluminate) [11,13]. 

Furthermore, a given amount of free chlorides, which depends in particular on the pH of the pore 

solution, can be adsorbed on the surface of the C-S-H (physical binding) [9,10,12,13,15]. Such an 

adsorption is often explained by an exchange between the chloride ions present in the pore solution 

and the hydroxyl ions from the C–S–H [16]. This phenomenon takes place in the electrical double 

layer at the C–S–H/pore solution interface [17], or results from an insert in the C–S–H interlayer 

spaces. Such an exchange can require a prior adsorption of calcium ions onto the surface, owing to its 

negative charge density at high pH values [18]. 

Furthermore, CBIs are particularly dependent of the type of binder (with or without SCM) [7,19-23]. 

Concretes which contain ground granulated blast furnace slag (GGBS) for example are used in marine 

environment, since chloride diffusion in GGBS-mixtures is significantly reduced, mainly as a result of 

their lower porosity [23]. 

The aim of this research is to investigate chloride binding in various cementitious materials (cement 

pastes, aggregates and concretes. Another purpose is to obtain “theoretical” concrete CBIs and to 

compare them to experimental ones. The effect of the binder type and the age on chloride binding will 

also be investigated and chemical and physical binding will be quantified separately.  

An experimental campaign has been carried out with this purpose on various cementitious materials 

with or without SCM. SCMs are here GGBS, fly ash (FA) or metakaolin (MK). The microstructure is 

investigated by differential thermogravimetry (TGA-DTG), X-ray diffraction (XRD) and 29Si and 27Al 

NMR spectroscopy. Chloride and physical binding are assed by combination of these techniques. 

 

2. Experimental 

2.1. Raw Materials 

Various concretes were designed with the same clinker and granular squeleton using siliceous 

aggregates. The main constituents of the cement and SCMs are given in table 1. The binder content 

and the water-binder ratio (w/b) of the concretes are equal respectively to 300 kg/m3 and 0.53 for all 

the mixtures. The studied binders are CEM I (OPC with 97% clinker), CEM III/A (with 62% GGBS) 

denoted CEM III GGBS(62%), CEM III/C (with 82% GGBS) denoted CEM III GGBS(82%), CEM I 

+ 30% FA denoted CEM I FA(30%), CEM I + 10% MK denoted CEM I MK(10%) and CEM I + 25% 

MK denoted CEM I MK(25%). Cement pastes (w/=0.50) with the same binders were also prepared. 

Four water-curing times are chosen (7, 90 and 180 day, 1 year) in order to evaluate the time evolution 

of the microstructure.  
 

  



 

Table 1 : Chemical composition of the cement and SCMs tested (%) and Bogue calculation (with MK as 

metakaolin and FA as fly ash). 

 CaO  SiO2 Fe2O3 Al2O3 TiO2 MgO Na2O K2O MnO SO3 Cl 

CEM I 62.53 19.54 2.90 4.98 0.30 0.84 0.30 0.82 0.09 2.97 0.05 

CEM III/A 49.77 29.86 1.28 8.10 0.46 4.61 0.40 0.56 0.16 2.29 0.32 

CEM III/C 45.70 32.00 1.00 9.90 0.50 5.80 0.63 0.54 0.20 2.00 0.33 

MK  0.00 66.29 4.29 21.30 1.12 0.25 0.84 0.49 0.00 0.08 0.00 

FA 0.00 51.59 6.58 23.78 1.03 0.49 1.09 3.05 0.11 3.05 0.01 

 

 

 

 

2.2. Chloride binding isotherms (CBIs) obtained by the equilibrium method 

CBIs have been obtained by the equilibrium method. After four water-curing times (7, 90 and 180 

days, 1 year), slices of concretes or pastes are dried during 3 days at 60°C. Then they are crushed into 

pieces lower than 2.5 mm. The equilibrium method [10,24] consists in putting them in contact with 

NaCl + NaOH solutions during two months. Six contact solutions (0, 0.05, 0.25, 0.5, 1 and 1.5 M 

NaCl with 0.1 M NaOH for each solution) are tested. Equilibrium binding is assumed to be reached at 

the end of the test. The remaining amount of chlorides in the solutions (F) (equal to the quantity of free 

chlorides in the pore solution) is determined after two months of contact. The same measurement is 

realized in solutions without samples (T). The difference between T and F is considered as equal to the 

bound chloride quantity (B). CBIs represent equilibrium between chlorides bound to the cementitious 

matrix (B) and free chlorides in the pore solution (F); B= f(F) [12]. The originality of the present study 

is to assess CBIs for aggregates, cement pastes and concretes. 

 

2.3. Microstructural characterization 

FS amounts are obtained from 27Al NMR investigations (Magical Angle Spinning Nuclear Magnetic 

Resonnance spectroscopy) [25-26] and will be confirmed by XRD (X-Ray Diffraction). X-ray 

diffraction [5] is a technique used for identifying the crystallized phases (e.g. Portlandite, Ettringite, 

Friedel’s salt, …) and for estimating their proportions. 

The mass proportion which corresponds to the FS peak obtained by 27Al NMR is used to determine the 

FS quantities (%FS ) in cement paste using the following equation: 

%FS =
 %Al2O3b×

b

w+b

MAl2O3

× 100 × %FS,NMR × MFS        (1) 

Where %Al2O3b
= proportion by mass of alumina obtained by chemical analyses in anhydrous binder ; 

b

w+b
 = 

initial proportion by mass of anhydrous solid phases in paste (0.67) ; %FS,NMR = proportion of Friedel’s salt 

obtained by 27Al NMR ;  MAl2O3
 = molar mass of alumina and MFS = the molar mass of Friedel’s salt. 

Thus, chemical chloride binding is determined. Moreover, by substraction from whole amount of 

bound chloride (obtained by the equilibrium method), the amount of chloride ions adsorbed on C-S-H 

can also be assessed.  

 

3. Results and Discussion 

3.1. Building of chloride binding isotherms (CBIs) and adsorption on aggregates 

Preliminary tests (see figure 1a), obtained by the equilibrium method on the aggregates used here (not 

crushed) proved that aggregates can significantly bind chlorides in comparison to the case of CEM-I 

concretes. The CBIs are similar for all the aggregates. Depending on the various aggregate proportions 

in concrete, a CBI which is representative of the granular squeleton (see black lines in figure 1) noted 

𝐼𝑟𝑔𝑠 is built according to the following equation: 

𝐼𝑟𝑔𝑠 = %𝑠 × 𝐼𝑠 + %𝑔4 × 𝐼𝑔4 + %𝑔10 × 𝐼𝑔10        (2) 

Where %𝑠, %𝑔4 and %𝑔10 are respectively the mass proportion of sand, 4-10 mm gravel and 10-20 mm gravel 

and 𝐼𝑠, 𝐼𝑔4 and 𝐼𝑔10 are respectively the isotherms of sand, 4-10 mm gravel and 10-20 mm gravel. 

 C3S C2S C3A C4AF 

CEM I 51.23 28.32 9.90 8.81 



 

The equilibrium method was applied on other type of aggregates, such as limestone (see blue lines in 

figure 1a) and obviously, chloride can be bound too by these aggregates. Silver nitrate spraying after 

splitting aggregates (the bigger ones) showed no chloride ion inside. Furthermore, after a light 

washing with distilled water, the chloride concentration become negligible in these aggregates. It can 

thus be deduced that chloride ions are adsorbed onto the surface, probably as a result of electrostatic 

bonds (the pH of the contact solutions is close to 13 in the equilibrium method). As a matter of fact, in 

the tests with a different pH of contact solution, no chloride is bound to the aggregates (see grey and 

orange lines in figure 1a). A high pH of the contact solution is a necessary condition for the formation 

of electrostatic bonds between chlorides and aggregates surface. The pH effect is also particularly 

important for the interaction between chlorides and the cementitious matrix [9]. But, in the present 

study, the pH is kept to 13. Therefore, the pH effect on cementitious matrix will be neglected in the 

following discussion. 

 

  
 (a) Aggregate CBIs at various pH  (b) Experimental and “theoretical” CBIs of concrete          

Figure 1 : “Theoretical” and experimental CBIs obtained on aggregates and cement materials. Experimental 

CBIs are obtained by the equilibrium method on concretes and cement pastes after 90 days of water curing and 

aggregates. 

 

Concrete CBIs (noted Irc
1  and Irc

2 ) are built from cement paste CBIs (noted Ip) only (see orange dashed 

line in figure 1b) or from Ip and Irgs  (see green dashed line in figure 1b) taking into account the 

various proportions of aggregates (noted %gs) and cementitious matrix (noted %m) in concrete for 

each contact solution : 
Irc

1 = %m × Ip                     orange dashed CBIs  (see figure 1b)      (3) 

Irc
2 = %m × Ip + %gs × Irgs  green dashed CBIs (see figure 1b)      (4) 

The aim is to compare Irc
1   and Irc

2  with the experimental CBI of concrete (Iexp) (see blue lines in 

figure 1b) obtained by the equilibrium method. The two examples obtained for CEM I MK(10%) and 

CEM III GGBS(62%) shown in figure 1 are fully representative of the 24 reconstructions performed. 

In all the tests, Iexp are closer with Irc
2  than with Irc

1 . This proves that chlorides can be bound to the 

aggregates in concrete, in addition to interactions with the cementitious matrix. The major 

consequence of these results is that chlorides which are bound by the aggregate can be released into 

the pore solution when the pH decreases, as seen in figure 1a. These chlorides may therefore 

contribute to the depassivation and corrosion of rebars [1,2,3]. 

 

3.2. SCM and ageing effects on CBIs 

Pastes and concretes CBIs show the same trends (see figure 2). The increase of metakaolin content in 

the binder increases chloride binding. CEM I MK(25%) also has the highest amount of chlorides 

bound (25% higher than that of CEM-I materials). A part of the unreacted metakaolin may bind 

chlorides. As a matter of fact, the equilibrium method applied directly on metakaolin (the same used 

for concretes and cement pastes mixtures) showed chloride binding did take place. However, the use 

of NaOH solutions in contact with metakaolin leads to the formation of zeolite A [27] (identified by 

XRD and SEM), which is known for its ion binding capacity and its effect on durability [28,29]. 
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However, X-Ray Diffraction on samples of CEM I MK(25%) pastes did not show formation of zeolite 

(see the example in figure 4b).  

Less chlorides (respectively more chlorides) are bound by CEM III GGBS(82%) (respectively CEM 

III GGBS(62%))  pastes and concretes than by CEM I ones at the age considered for high 

concentrations of NaCl. Therefore, the increase in GGBS content does not seem to favor an increase in 

chloride binding. Results can be attributed to the higher content of chlorides of CEM III/C cement 

(incorporate in the CEM III GGBS(82%) materials compared to the CEM III/A used for the CEM III 

GGBS(62%) ones). Maybe, for lower slag content (between 0 and 62%), a relationship between the 

rate of GGBS and the bound chloride amount could be pointed out. 

More chlorides are bound by CEM I FA(30%) pastes than by CEM I pastes after 90 days of water 

curing. The same results are pointed out with the concretes. According to Jensen and Pratt [20], fly ash 

binders have a high chloride binding capacity due to the adsorption onto the surface of fly ash particles. 

In the present study, binding is slightly higher for the CEM I FA(30%) paste than for the CEM I one, 

but is lower than for the CEM I MK(25%) paste (for a close proportion of SCM). Therefore, chloride 

adsorption onto the surface of fly ash particles is not pointed out there. 

 

  
Figure 2 : Effect of SCMs on CBIs. CBIs are obtained by the equilibrium method after 90-days of water curing. 
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  (a) CEM III GGBS(62%)                       (b) CEM I MK(10%) 
Figure 3 : Examples of cement paste CBI evolution as a function of the water curing time. CBIs are obtained by 

the equilibrium method. 

 
The CBIs obtained by the equilibrium method present few variations as a function of the time of water 

curing, (see examples in figure 3). However, a change is observed on the shape of the isotherm. The 

curve evolves from a sigmoidal (curve which could have a saturation value) for 7-days water curing to 

a linear curve in the high-concentration range (free chlorides) for 1-year water curing. Such an 

evolution of the curve indicates a change in the chloride receptor during curing. This evolution takes 

place in the range which corresponds to adsorption on C-S-H (high concentrations of free chloride) 

[22]. Therefore, the change in the shape of the isotherm is probably due to a modification of the C-S-H 

(nature or amount). Since the C-S-H amount increases with the water curing time (see hydration rate 

in table 2), chloride binding is limited at early age. This leads to a saturation isotherm (sigmoidal 

shape) as shown for CEM I MK(10%) in figure 3b. However, in the longer term, the C-S-H amount 

increases and reaches its maximum. Therefore the 1.5 M contact solution is no longer able to 

"saturate" the C-S-H adsorption sites. 
 

Table 2 : Average length of C-S-H chains and hydration rate obtained by 29Si MAS NMR on paste specimens 

after 90-days and 1-year water curing. 
 Hydration rate (%) Average length of the C-S-H chains 

90 days 1 year 90 days 1 year 

CEM I 88 92 4.2 4.3 

CEM I MK(10%) 84 90 5.0 5.5 

CEM I MK(25%) 65 83 5.0 6.2 

CEM I FA(30%) 60 68 6.0 7.8 

CEM III GGBS(62%) 51 60 3.5 6.5 

CEM III GGBS(82%) 46 51 3.8 4.0 

 

3.3. Quantification of chloride binding 

3.3.1 Chemical binding 

When cement pastes are put in contact with NaCl solutions, as described in section 2.2, XRD results 

show that the proportion of FS (peak located at 7.90 Å) increases with the NaCl concentration 

whatever the SCMs amount in cement pastes (see example in figure 4a), as expected from [5,8]. 

Changes in the other aluminate phases, depending on the NaCl concentration of the contact solution, 

are shown in figures 5 and 6 obtained by 27Al NMR. The FS and the residual AFm (AFm – Friedel’s 

salt) proportions increase with the decrease of the AFt phases. In the case of FS formation by ionic 

substitution of sulfates by chlorides, the residual amount of AFm phases should decrease but here this 

amount increases. Such results can only be explained if mechanisms of dissolution/precipitation of 

aluminate phases take place. As a matter of fact, when AFt phases is dissolved in the pore solution, 

both aluminate species (necessary for FS formation) and sulfates are released. Three moles of sulfates 
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per mol of AFt (considering that AFt phases is Ettringite) are freed. These massive amounts of 

released sulfates in the interstitial solution compete with chlorides to react with the dissolved 

aluminates. A part of aluminates reacts with the chlorides to form FS and the other part forms 

monosulfoaluminate. This explains the two increasing curves observed. The following proposed 

mechanism can be proposed: 

Step 1: dissolution of ettringite 

𝐶6𝐴𝑆3̅𝐻32 → 6 𝐶𝑎2+ + 2 𝐴𝑙(𝑂𝐻)4
− +  3 𝑆𝑂4

2− + 26 𝐻2𝑂 + 4 𝑂𝐻−    (5) 

Step 2: co-precipitation of monosulfoaluminate (AFm) and monochloroaluminate (FS) 

4 𝐶𝑎2+ + 2 𝐴𝑙(𝑂𝐻)4
− + 𝑆𝑂4

2− +  4 𝑂𝐻− + 6 𝐻2𝑂 →  𝐶4𝐴𝑆̅𝐻13    (6) 

4 𝐶𝑎2+ + 2 𝐴𝑙(𝑂𝐻)4
− +  2 𝐶𝑙− + 4𝑂𝐻− → 𝐶4𝐴𝐶𝑙2𝐻10     (7) 

 

       
(a) Evolution as a function of  NaCl concentration (b) SCM effect in the case of 1.5 M NaCl + 0.1 M NaOH 

concentration 

Figure 4 : Partial XRD patterns of cement pastes after 90-day water curing and contact with NaCl solutions. 

Friedel’s salt (FS), ettringite (E) and portlandite (P).  

 

For CEM I MK(10%) and CEM I MK(25%), it seems a similar mechanism is observed. For CEM I 

FA(30%), CEM III GGBS(62%) and CEM III GGBS(82%), the AFm amount increases with a 

decrease of Al(IV) phases (Al present in anhydrous phases and Al substituted to Si in C-S-H) and the 

AFm/AFt ratio remains roughly constant. Therefore, the main mechanism of FS formation is different 

between CEM-I pastes with low SCMs amount and cement pastes with high SCMs.  

The FS amount, produced for the same NaCl concentration in the contact solution (1.5 M), differs 

according to the binder (see figure 4b). With the results of 27Al NMR (see figure 5 for the CEM I paste) 

and XRD (see figure 4b), it is possible to quantify the FS amount in each cement paste. The range for 

the various pastes is indicated in table 3 for a 1.5 M NaCl + 0.1 M NaOH contact solution. The very 

low value obtained for CEM III GGBS(62%) (0.5g of FS/100g of paste) can be explained by the fact 

that this binder has the lowest amount of portlandite (7% obtained by TGA, see table 3) before contact 

with NaCl solution. Therefore, the potential FS formation is limited. The CEM-I sample has a large 

portlandite content but relatively few aluminate phases amounts (in comparison with the other binders 

as deduced from table 1). This explains its second place after CEM I MK(25%). This last material has 

a large amount of available portlandite (10%) along with large amounts of aluminate phases brought 

by the incorporation of metakaolin. The CEM I FA(30%) has quantities of AFm phases and 

portlandite equivalent to CEM I MK(25%). The evolution of the aluminate phases (when the NaCl 

concentration increases) in CEM I FA(30%), which shows that the amount of AFt phases is smaller 
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and does not decrease (figure 6b) and according to the proposed mechanism (see equations 5,6 and 7), 

AFt phases are involved in the FS formation. But, the amount of FS is smaller in the CEM I FA(30%) 

compared to CEM I MK(25%). 

CEM I MK (25%) fixed the largest amount of chloride in FS. This is in accordance with the CBIs. 

However, according to the CBIs, the amount of bound chlorides in CEM I, CEM III GGBS(62%) and 

CEM I FA(30%) is relatively similar for 1.5 M NaCl but the FS amount are not the same. This finding 

can only be explained by the chlorides bound by adsorption on C-S-H. 

 

 
Figure 5 : Evolution of Al species in CEM-I paste obtained by 27Al NMR as a function of free chloride 

concentration after 90-day water curing and contact with NaCl solutions. Residual AFm= AFm–Friedel’s salt. 

 
  (a)    (b)    (c)  

Figure 6 : Evolution of Al species in pastes obtained by 27Al NMR  as a function of chloride concentration after 

90-day water curing and contact with NaCl solutions. Al(IV) is Al present in anhydrous phases and Al 

substituted to Si in C-S-H 

 

Table 3 : Portlandite amount obtained by TGA (before contact with NaCl solution) and FS amount obtained by 
27Al NMR and  XRD (after contact with 1.5M NaCl + 0.1 M NaOH  solution) . (-) not measured. 

 
Portlandite 

in %mass 

FS produced by paste with 1.5 M NaCl + 

0.1 M NaOH solution in g/100g of paste 

CEM I 21 1.6 

CEM I MK(10%) 16 - 

CEM I MK(25%) 10 2.2 

CEM I FA(30%) 9 0.9 

CEM III GGBS(62%) 7 0.5 

CEM III GGBS(82%) 3 - 
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3.3.2 Physical binding 

Physical binding of chlorides was quantified by combination of 27Al NMR, XRD and CBIs (see 

section 2.3) and presented in table 4 for the 1.5 M NaCl contact solution. For high NaCl 

concentrations (1.5 M), most of the bound chlorides are physically bound onto the cement matrix 

(more than 80%). This is in agreement with the idea that the CBI shape for high chloride 

concentrations is determined by the binding capacity of the C-S-H [9,13,19]. For contact solutions 

with a lower NaCl concentration (<0.5 M), the physically bound chloride proportion is 40%. The 

values are consistent with the fact that some authors assume that nearly 40% the amount of chloride 

physically bound [10-22]. 

The hydration rate of each cement paste is different (see hydration rate obtained by 29Si NMR in table 

2). Therefore the absorbed amount will be different. The C-S-H amount has been estimated by 29Si 

NMR for four cement pastes. Assuming that physical binding can only be explained by adsorption 

onto C-S-H (binding on anhydrous phases is neglected), the amount of chlorides physically bound for 

a same quantity of C-S-H has been calculated and is presented in figure 7. The results show that the 

chloride binding capacity of the C-S-H is higher for cements pastes with SCM. 

No correlation was found between physical binding and a parameter related to C-S-H such as average 

length of C-S-H chains, C/S or presence of alumina. Hence, higher binding capacity of SCM-materials 

may be attributed to chloride adsorption on anhydrous phases as reported [20] 
 

Table4 : Comparison between chemically bound chloride amounts (formation of FS) and physically bound 

chloride amounts (adsorption on C-S-H). These amounts, for 100 g of paste in contact with 1.5 M NaCl + 0.1 M 

NaOH solution, are obtained by combination of results from equilibrium method, 27Al MAS NMR and XRD (see 

section 2.3.3) after 90 days of water curing. 

Amount of bound chlorides (mmol) for 100 

g of paste (and proportion to the total 

amount of bound chloride in %) 

Chemically bound chlorides 

as FS 

Physically bound chlorides on 

C-S-H 

CEM I 6 (18%) 25 (82%) 

CEM I MK(25%) 8 (20%) 32 (80%) 

CEM I FA(30%) 3 (9%) 32 (91%) 

CEM III GGBS(62%) 2 (5%) 32 (95%) 

 

 
Figure 7 : Amounts of  chlorides physically bound on C-S-H. These amounts are obtained by combination of 

results from equilibrium method, 27Al MAS NMR and XRD (see section 2.3) on paste samples after 90 days of 

water curing. 
 

4. Conclusion 
Chloride binding isotherms (CBIs) were obtained by the equilibrium method on different pastes and 

concretes with/without supplementary cementitious materials (SCM). Combination of XRD, 

DTG/TGA and NMR techniques allowed to distinguish between physical binding and chemical 

binding (formation of Friedel’s salt). The effect of the nature and the content of SCM and age has been 
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observed on the CBIs and quantified. Chloride binding is proportional to the percentage of SCM in the 

case of metakaolin. 

The CBIs also show that aggregates can bind chlorides as a result of electrostatic strengths but release 

chlorides when the pH decreases. It is possible to deduce concrete CBIs from both paste and granular 

squeleton CBIs.  

Friedel’s salt (FS) was quantified for the various cement pastes. It appears that when pastes with a low 

SCM content are exposed to NaCl solutions, more FS is produced than in the other mix. The source of 

aluminum is mainly AFt phases for low SCM content and CEM I binders. For the other pastes, 

aluminum comes from Al(IV) phases (Al substituted to Si in C-S-H or Al in unhydrated phases). 

For high NaCl concentration of the contact solution, physical binding represents more than 80% of the 

whole bound chloride amount. Physical binding is higher for cement pastes with SCM than for CEM-I 

pastes. The parameters related to C-S-H (C/S, average length of C-S-H chains and proportion of Al2O3) 

were revealed not influent. 
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Abstract 

Calcium-Silicate-Hydrate (or C-S-H), the major binding phase in cement pastes and concretes, is a porous hydrated 

material that can be conceptualized as an assembly of nanoparticles of ~5 nm mean diameter. Interaction forces 

between these nanoparticles are at the origin of C-S-H chemical, physical, and mechanical properties at the meso- and 

macroscales. These particle interactions and resulting properties may be affected significantly by nanoparticle density 

and by environmental conditions such as temperature, relative humidity, or concentration of chemical species in the 

bulk solution. 

 

In this study, we combined grand canonical Monte Carlo simulations and an extension of the thermodynamic 

integration method to derive the pair potential of mean force, PMF, between C-S-H nanoparticles. This approach 

enables realistic simulation of the physical environment surrounding the C-S-H particles. We thus constructed the PMF 

for C-S-H nanoparticles of defined chemical stoichiometry at 10% relative humidity (RH), varying the relative 

crystallographic orientations at a constant particle density of ρpart ~ 2.21 mmol/L. We found that cohesion between 

nanoparticles is affected strongly by both the aspect ratio and crystallographic misorientation of interacting particles. 

 

This method and findings underscore the importance of accounting for relative dimensions and orientation among C-S-

H nanoparticles in descriptions of physical and simulated multiparticle aggregates or mesoscale systems. 

 

 

 

Originality 

This molecular simulation work describes and demonstrates a new way of extracting forces, or potentials of mean force, 

between calcium-silicate-hydrate particles by taking into account the physical environment surrounding the particles, 

the particle density, and particle orientations. 

 

 

 

Keywords: calcium-silicate-hydrate, water content, interparticle forces, potential of mean force, molecular simulation. 

 

 

 

 

 

 

 
 



 

1. Introduction 

Although one typically views concrete structures as massive, macroscale components of the built 

infrastructure, the key binding phase of this chemically complex, composite material is comprised of 

nanoscale particles (Van Vliet K. J. et al., 2012). As the production of this ubiquitous material also 

contributes 5-7% of CO2 global emissions (Tanaka N. et al., 2009), there exists high motivation to 

improve its chemical and mechanical durability, which depends strongly on the cohesion among such 

calcium-silicate-hydrate nanoparticles and other phases of such materials (Van Vliet K. J. et al., 2012). 

As calcium-silicate-hydrate (or C-S-H with C = CaO; S = SiO2; H = H2O) is the major hydrated 

cement phase (~60 vol% of the final product) and also the weakest (Manzano H. et al., 2009), this 

binding phase is critical to cohesion and thus to physical and mechanical properties at meso- and 

macroscales. 

 

C-S-H is produced during cement hydration when mixed with water (Taylor H. F. W., 1997; Gauffinet 

S. et al., 1998; Garrault S. et al., 2001); for the most widely used formulations, the ratio of Ca to Si is 

~1.7 (Richardson I. G., 1999). At the nanoscale, C-S-H layers have a phyllosilicate-type molecular 

structure. C-S-H layers aggregate to form nanoplatelet particles of 5-50 nm in apparent width, that are 

charged and geometrically anisotropic (Jennings H. M. et al., 2008; Jennings H. M., 2008). Strong 

cohesive forces between C-S-H nanoparticles (mainly electrostatic forces) facilitate nanoparticle 

aggregation, resulting in a mesoscale phase of apparent disorder (Gmira A. et al., 2004; Gatty L. et al. 

2001). As a consequence, hydrated cement pastes exhibit a multiscaled, porous network. Although 

complex and not completely understood, the mechanical and physical properties of cement and 

concrete depend directly on those of this C-S-H nanogranular phase. Thus, quantitative understanding 

of aggregation forces acting among C-S-H nanoparticles is of primary importance in the challenging 

quest to predict and improve properties of the hydrated material. 

 

Despite experimental techniques, like surface force apparatus (SFA) (Israelachvili J. N. et al., 1978; 

Horn R. G. et al., 1981; Israelachvili J. N. et al., 1986), atomic force microscopy (AFM)-based force 

spectroscopy (Plassard C. et al., 2005), or Small Angle Scattering (SAS) measurements of particle 

dispersions (Tardieu A. et al., 2001; Chen S. H., 1986; Taylor T. R. et al., 1969), theories like DLVO 

and its improved versions (Israelachvili J., 1991; Beresford-Smith B. et al., 1982; Agra A. et al., 2004), 

and mesoscale simulations in the frame of the primitive model (Gmira A. et al., 2004; Labbez C. et al., 

2011; Turesson M., et al., 2012), cohesion forces at short distances (<1 nm), where the molecular 

nature of the solvent is important, are barely understood. Only a few molecular simulation works 

tackle the problem of the effect of the molecular nature of water on interaction forces between 

particles (for neutral silica (Li T.-D. et al., 2007; Leroch S. et al., 2013) or clay (Cygan R. T. et al., 

2009; Ebrahimi D. et al., 2014) particles) and to our knowledge there is no such work for calcium-

silicate-hydrate nanoparticles. In other words, the cohesion forces at short distances (<1 nm, where the 

molecular nature of the solvent is important) are not yet known for cement despite its widespread use. 

 

On the basis of our previous work at the molecular scale on calcium-silicate-hydrate cohesion at 

ambient (Bonnaud P. A. et al., 2012) and high temperatures (Bonnaud P. A. et al., 2013), we employ 

in this paper computational modeling and molecular simulation to explore potentials and forces 

between calcium-silicate-hydrate nanoparticles mediated by aqueous solutions at a molecular level. 

We use this approach to consider effects of geometric and crystallographic anisotropy at room 

temperature (300 K), low relative humidity (10%RH), and particle density of ρpart ~ 2.21 mmol/L. We 

present the methods used to build our molecular models and to simulate our systems, and then extract 

Grand Potential energy profiles between calcium-silicate-hydrate particles at low humidities. These 

findings and approaches will also enable future construction of Grand Potential energy profiles for 

higher humidities, varying C-S-H chemical compositions, and other environmental conditions of 

interest. 

 

 



 

2. Methods 

2.1. Building molecular models for C-S-H particles. 

The molecular model we designed draws on the previously reported molecular structure of calcium-

silicate-hydrates as a basic unit (Pellenq R.J.-M. et al., 2009). This model has been used by some of us 

to simulate water content within individual calcium-silicate-hydrate nanoparticles (Ji Q. et al., 2012; 

Bonnaud P. A. et al., 2012) and also C-S-H nanoscale slit pores (Bonnaud P. A. et al., 2012; Bonnaud 

P. A. et al., 2013). Note that in the remainder of this paper we follow the notation in cement chemistry 

to denote CaO as C, SiO2 as S, and H2O as H, such that calcium-silicate-hydrate is termed simply C-S-

H. In this molecular model of C-S-H, two silicate-rich layers are explicitly described in the simulation 

box. The calcium-to-silicon ratio of this structure is C/S = 1.65, similar to the mean value found using 

energy dispersive X-ray analysis (Groves G. W. et al., 1986; Richardson I. G. et al., 1992) of hardened 

Portland cement pastes (C/S=1.70). Surface charge of this C-S-H molecular structure arises from 

ionized silanol groups in the silica chains; we used the PN-TrAZ force field published elsewhere 

(Bonnaud P. A. et al., 2012) to reflect this with σ ~ -0.73 C.m-2. The surface charge is compensated 

with calcium counterions to maintain system electroneutrality. The original molecular model is 

enclosed in a triclinic box of (a, b, c) = (1.33 nm, 2.95 nm, 2.37 nm) with the following angles (α, β, γ) 

= (92.02˚, 88.52˚, 123.58˚). 
 

A single particle was first built by duplicating this unit cell three times along the a direction (aligned 

with the cartesian axis x) and one time along the b direction (forming an angle of 33.58˚ with the 

cartesian axis y in the (O,x,y) plan, O being the axis origin). Such number of duplicate unit cells was 

chosen to construct a particle of ~5 nm in x and y directions, in agreement with previous experimental 

findings (Jennings H. M. et al., 2008). To form particles of finite dimensions, periodic boundary 

conditions were removed and thus some silicon bonds remain unsaturated; oxygen atoms were added 

to silica chains to resolve this. The resulting particle dimensions were apart ~ 5.32 nm, bpart ~ 5.9 nm, 

and cpart ~ 1.87 nm (for cpart, 0.5 nm were removed from the original molecular structure as this 

corresponds roughly to the intrinsic pore width of the latter structure). The volume of the particle was 

thus vpart ~ 49 nm3 and particle aspect ratios were bpart:apart ~ 1.1 and cpart:apart ~ 0.3. 

 

Three different configurations of particle pairs were considered (Fig. 1): A, B, and C. To build 

configuration A, the particle was duplicated, and the second particle was translated along the c-axis by 

a distance of ~6.36 nm between the centers of mass; this corresponded to ~4 nm between opposing 

free surfaces. To build configuration B or C, the second particle was first rotated by 123.58˚ or 88.52˚ 

around the z or x cartesian axes, respectively, and then translated along the c-axis by ~6.36 nm. Note 

that the resulting distance between opposing free surfaces in configuration C was ~2.23 nm, due to the 

cpart:apart particle aspect ratio of ~0.3. Furthermore, unfilled space was added around particles by 

increasing the length of the simulation box by 6.6 nm, 6 nm, and 4 nm along the a, b and c directions, 

respectively; that space was subsequently filled with explicit water molecules at the corresponding 

temperature and humidity (of corresponding fugacity in grand canonical Monte Carlo simulations). 

Finally, particle pairs were enclosed in a triclinic box of (a, b, c) = (11.92 nm, 11.90 nm, 12.74 nm) 

with angles (α, β, γ) = (92.02˚, 88.52˚, 123.58˚). Thus, the simulated system had a particle density of 

ρpart ~ 2.21 mmol/L with a resulting volume fraction of ϕ ~ 0.06. This particle density was low 

compared to that expected for hardened cement pastes (DeJong M. J. et al., 2007) described as low 

density (LD) and high density (HD) C-S-H with ϕLD ~ 0.64 and ϕHD ~ 0.74, respectively. However, it is 

a first step in the exploration of the effect of volume fraction on Grand Potential energy profiles (or 

PMF) at the molecular scale. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Cartoons showing the calcium-silicate-hydrate (C-S-H) particle pairs in configurations A, B, 
and C. {x1, y1, z1} and {x2, y2, z2} refer to surface normals for particle 1 (bottom) and particle 2 (top), 

respectively. 

2.2. Interatomic Potential and Grand Canonical Monte Carlo simulations. 

We used a classical potential combining dispersion-repulsion interactions (short-range interactions) 

with electrostatic interactions (long-range interactions), to describe interactions among atoms in the C-

S-H particles and between those atoms among explicit water molecules and calcium counterions. For 

dispersion-repulsion interactions, we used a potential developed using the PN-TrAZ method (Pellenq 

R. J.-M. et al., 1994). Full details of parameters can be found in refs. (Bonnaud P. A. et al., 2012; 

Bonnaud et al., 2015). For interactions between water molecules, we employed the rigid-SPC model 

(Berendsen H. J. C. et al. 1981; Ji Q. et al., 2012) in order to simulate a large number of water 

molecules (Nwater per simulation box >2600 molecules) in a reasonable amount of time. In the course 

of the simulation, dispersion-repulsion interactions were summed within a cutoff radius of Rcut ~ 15 Å. 

The Ewald summation technique was employed to account for the long-range component of the 

electrostatic interactions with parameters κ = 0.2 Å-1 and kmax = 5. 

 

In this work, we seek to characterize the potential between C-S-H particle pairs in a given 

environment defined by temperature (T) and relative humidity (RH). A suitable computational 

framework for such conditions is the grand canonical Monte Carlo (GCMC) simulation, where the 

volume V of the system is constant and is in equilibrium with an infinite reservoir of water molecules 

of defined chemical potential μwater and temperature T (Frenkel D. et al., 2002). The chemical potential 

is related to the fugacity (pressure of the gas if it were an ideal gas) by fwater = exp(βμwater) / ( β Λwater
3), 

where β = 1/kBT, Λwater = (β h2 / (2π mwater))1/2 is de Broglie thermal wavelength, h is Planck's constant, 

and mwater is mass of a water molecule. We consider here that C-S-H particles are in contact with a 

reservoir having a fugacity fwater = 0.1P0, where P0 is the saturating vapor pressure (the pressure at 

which for a given temperature we are at the bulk liquid-gas equilibrium). For the rigid-SPC water 

model, this pressure is P0
SPC(T0 = 300 K) = 4.4 kPa (Vorholz J. et al., 2000). At room temperature (T0 

= 300 K) and for the value of the fugacity that we consider, we can assume that the pressure of the gas 

reservoir is Pwater = fwater (ideal gas), meaning that the chosen fugacity corresponds to a relative 

humidity (RH) of 10%, where RH = Pwater/P0. Only the number of water molecules was allowed to 

fluctuate in the simulation box, as the other species are treated in the canonical ensemble: each ion or 

atom was allowed to move while the number of ions and atoms remained constant to maintain 

electroneutrality. Furthermore, silica chains within C-S-H particles were kept rigid in the course of 

simulations, meaning that atomic positions of silicon atoms and oxygen atoms (those bonded to silicon 

atoms in C-S-H particles) in silica chains remained fixed. Periodic boundary conditions were used 

along a, b, and c directions, resulting in a finite particle density of ρpart ~ 2.21 mmol/L. Finally, several 

GCMC runs of 400 million accepted steps were performed to reach equilibrium. Our criteria for 



 

equilibrium are stable system energy (standard deviation of energy data < 2 × 10-3% of the mean value) 

and stable exchange of water molecules (the difference between the number of inserted water 

molecules and the number of removed water molecules within 5%). In our approach, we considered 

that we reached equilibrium when the last GCMC equilibration run fulfills the latter criteria. At 

equilibrium, data were then recorded using a GCMC production run of 400 million accepted steps with 

a sampling of molecular configurations every 10,000 accepted steps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Schematic showing the two interacting calcium-silicate-hydrate particles (black solid line, 
and black dashed line rectangles). Particle 1 is the reference particle and the center of mass O1 is fixed 
in the system. Particle 2 is the particle that is moved for each simulation point in the computation of 

the Grand Potential energy profiles. Particle 2 follows the reaction path represented by a red arrow, to 
sample different interparticle distances. The location of particle 2 on the reaction path is defined by D 
describing the distance between the centers of mass of the two interacting particles (D = O1O2), and d 
is noted as the resulting distances between opposing free surfaces. Dmax ~ 6.36 nm is the maximum 
distance between the particles considered herein. 

 

2.3. Grand Potential energy profiles 

From grand canonical Monte Carlo simulations, we computed potential energy (U) and water content 

(Nwater) as a function of the distance between C-S-H particle pairs D (D being the distance between the 

centers of mass) for configurations A, B, and C. the maximum distance between particles is Dmax = 

6.36 nm. With those quantities, we computed grand potential energy profiles (or potential of mean 

force, PMF), with the following expression: 

DJ = UB -UA l
dl -mwater Nwater

B -Nwater
A

l
dl

0

1

ò
0

1

ò ,  (1) 

which constitutes the fundamental equation of thermodynamic integration to obtain Grand Potential 

energy profiles between two C-S-H particles. Here, each specific interparticle distance Dij between 

interacting C-S-H particles i and j corresponds to one complete GCMC simulation. Incremental 

distances ΔDij between simulated points varied to enable increased sampling near the energetic 

transitions that occurred at lower D, and are summarized in Table 1. We simulated up to 60 Dij along 

the c-axis for each of the particle configurations considered (A, B, and C). Figure 2 illustrates the 

distances between particle centers of mass D and particle opposing surfaces d over these trajectories. 

 

 

 

 



 

Table 1: Incremental distance (ΔDij) between interacting C-S-H particles i and j as a function of the 

interparticle distance (Dij), where Dij is defined as the distance between particle centers of mass. 

Configuration Interparticle distance D [nm] Incremental distance ΔDij [nm] 

A and B 

< 2.31 ~ 0.01 

2.31 < … < 3.32 ~ 0.05 

3.32 < … < 4.33 ~ 0.10 

4.33 < … < 6.36 ~ 0.25 

C 

< 3.65 ~ 0.01 

3.65 < … < 4.33 ~ 0.03 

4.33 < … < 5.00  ~ 0.07 

5.00 < … < 6.36 ~ 0.17 

 

The present approach to construct the Grand Potential energy profile necessitates the use of GCMC 

simulations. A key advantage of the present approach is that we accurately consider the effect of the 

environment, including exchange of water molecules and finite particle volume fractions, on the 

resulting energy profile.  

 

3. Results and discussion 

C-S-H particles are reportedly anisotropic in geometry and crystallography. Interaction forces among 

particles may vary with respect to relative particle orientation, and such variations could then affect 

mechanical properties of cement pastes. We accounted for this effect by considering three particle-pair 

configurations that widely varied the relative crystallographic misorientation (Fig. 1). While 

configuration A represents two interacting particles aligned in parallel such that the silica chains are 

oriented in the same direction, configuration B refers to a configuration where the two interacting 

particles maintain the same opposing surface, but particle 2 is rotated in plane by ~123.58˚ around the 

z-axis with respect to particle 1 (see Fig. 1) changing the relative orientation of silica chains in the two 

particles. In this way, configuration B explores the effect of silica chain misorientation, with the same 

surface-normal, on Grand Potential energy profiles. Configuration C refers to a configuration where 

particle 2 is rotated by ~88.52˚ around the x-axis with respect to particle 1 (see Fig. 1). In this 

configuration, the interacting surface of particle 2 is different, and the projected surface area of 

overlap is smaller than that in configurations A and B due to the particle aspect ratio of cpart:apart ~ 0.3. 

Configuration C thus also explores the effect of the nature of interacting free surfaces (surface 

chemistry and topography) on the Grand Potential energy profiles. 

 

3.3. Grand Potential energy profiles as PMFs 

We constructed Grand Potential energy profiles using eq. 1; these profiles are shown in Fig. 3 as 

simulated points calculated for discrete values of D, and are the basis of the PMFs. Although previous 

reports of atomistically simulated forces and energy profiles between opposing surfaces (e.g., silica 

nanoplatelets (Li T.-D. et al., 2007), graphitelike nanoplatelets (Choudhury N. et al., 2005), and 

carbon nanotubes (Uddin N. M. et al., 2011) or molecules (e.g., methane-methane association 

(Trzesniak D. et al., 2007) noted oscillations in the energy profile attributed to molecular-scale 

features of confined water, such oscillations are present but more obscured within the present profiles 

for C-S-H particle pairs. This dampening of oscillations at low D for C-S-H is reasonably attributed to 

a combination of the low relative humidity (10%RH), the irregularity of the particle geometry, and the 

atomic scale nonuniformity (in atomic species and position) of the particle surfaces, while still 

illustrating how interaction effects at this scale are complex due to effects of confined water. Grand 

Potential energy minima appear at Dmin
A ~ 2.3 nm for configurations A and Dmin

B ~ 2.6 nm for 

configurations B, while for configuration C the minimum appears at a larger interparticle distance 

(Dmin
C ~ 3.9 nm). Again, this is due to the cpart:apart particle aspect ratio that reduces the gap between 

particle pairs for the same distance D when particle 2 is rotated as in configuration C. We show in 



 

insets in Fig. 3a-c the results as a function of d, the distance between opposing free surfaces. Minima 

in Grand Potential energy profiles were at d ≤ 0.25 nm, with the shortest interparticle distance 

corresponding to configuration C. 

 

In order to state which configuration is the most prevalent and is most cohesive, we first considered 

the well-depths of Grand Potential energy profiles for configurations A (Jmin
A ~ -4379 kJ/mol), B 

(Jmin
B ~ -6083 kJ/mol) and C (Jmin

C ~ -4557 kJ/mol). We noted the existence of a remaining constant at 

long range cstlong range (relative vertical shift of the Grand Potential energy axis) that may affect 

cohesion ranking among the three configurations studied here. For example, the shift of the Grand 

Potential energy profile to higher energies at larger interparticle distances in configuration A, relative 

to the other two particle configurations, originates from the marked increase in the number of water 

molecules at the same distances. Here, we approximated this long range constant by the energy 

corresponding to the interparticle distance just shorter than Dmax, giving cstlong range
A ~ 2249 kJ/mol, 

cstlong range
B ~ -1771 kJ/mol, and cstlong range

C ~ 62 kJ/mol for configurations A, B, and C, respectively. 

Subtracting the latter values from those of directly measured well-depths, we obtained values of Grand 

Potential energy minima with Jmin, corr
A

 ~ -6628 kJ/mol, Jmin, corr
B ~ -4312 kJ/mol, and Jmin, corr

C ~ -4619 

kJ/mol for configurations A, B, and C, respectively. This comparison shows that configuration A 

exhibits the strongest interparticle cohesion, followed by configuration C and then configuration B; 

this relative cohesion is in agreement with what we found for potential energy (not shown), meaning 

that configuration A also is predicted more energetically favored (i.e., prevalent) than configurations B 

(Jmin, corr
B/Jmin, corr

A ~ 0.65) and C (Jmin, corr
C/Jmin, corr

A ~ 0.70). Furthermore, results for configurations A 

and B show that silica chain misorientation for same surface normal interacting surfaces affects 

cohesion between particles. Indeed, particles are more cohesive when aligned parallel (configuration 

A), since that it is essentially a continuation of the C-S-H unit (stacking of C-S-H layers). 

Configuration B includes a stacking fault that significantly reduces interparticle cohesion. These 

findings are in agreement with previous AFM results of Garrault et al. (Garrault S. et al., 2005) on C-

S-H growth on Alite surfaces (C3S in cement industry notation), where they found that small elements 

of 60 × 30 × 5 nm3 in size (C-S-H particles) have their most developed faces parallel to the surface. In 

the latter work, aggregation of particles took place in the directions parallel and perpendicular to the 

surface and C-S-H particles arranged side-by-side, in the same manner, and well aligned. This result is 

in fair agreement with our findings on silica chains misorientation. 

 

A critical aspect in the development of PMFs describing interactions between particles is their validity 

with experiments. Here, we chose the Young's modulus to validate our data. We extracted Young's 

moduli (E) from our simulation data using the harmonic oscillator approximation, assuming small 

variations of D around PMF minima, and using the second derivative of PMFs at the minimum inter-

particle distance: 

EX =
Dmin

X

Sint

X
×

¶2J

¶D2

æ

è
ç

ö

ø
÷
D=Dmin

X

; where X = A, B, or C.   (2) 

Sint
X = ( Sint

X, part. 1 + Sint
X, part. 2) / 2 is the mean interacting surface for configuration X. Here, we used the 

values Sint
A = Sint

B ~ 26.15 nm2 and Sint
C ~ 18.05 nm2. From the second derivative of the grand potential 

energy profile (27.7 kJ/m2, 0.76 kJ/m2, 3.54 kJ/m2, for configurations A, B, and C, respectively), we 

found Young's moduli of EA = 2436.9 GPa, EB = 75.4 GPa, EC = 769.5 GPa. While experiments gave 

Young's modulus in the range 19-28 GPa (Constantinides G., Ulm F.-J., 2004) for the C-S-H phase, 

previous simulation works gave Young's modulus in the range 55-74 GPa (Manzano H. et al., 2007; 

Manzano H. et al., 2009; Pellenq R.J.-M. et al., 2009; Manzano H. et al., 2012). Except for 

configuration B which is close to simulation values and on the same order of magnitude as 

experimental values, we found Young's moduli one to two orders of magnitude higher than previous 

experimental and simulation data due to large fluctuations around the grand potential well-depth and 

the relatively low RH (10%) used in our simulations compared to the real system (~60%). 

Nevertheless, ranking in Young's modulus values respects the trend observe on grand potential for 



 

cohesion properties, i.e., configurations A and C are the most cohesive while configuration B is the 

weakest one. Again, a finer sampling will refine the results in order to reduce significant fluctuations 

in data around the grand potential well-depth. 

 

To render these energy profile data computed from atomistic simulations as useful input for mesoscale 

simulations, we also fit our data with a generalized mathematical form. We utilized a Buckingham-

type potential that includes a repulsion term and a van der Waals term: 

Jij
FIT Dij( ) = Aij exp -bijDij( ) -

C6

Dij
6

+ cstlongrange
FIT

    (3) 

where Dij is the distance between centers of mass of particles i and j, Aij and bij are the repulsion 

parameters between particle i and particle j, C6 is the van der Waals parameter, and cstlong range
FIT is the 

long range constant. This constant can be neglected in mesoscale simulations, under the assumption 

that the Grand Potential energy profiles tend to zero at long range. Fitting parameters are summarized 

in Table 1 and the resulting curves of the form of Eq. (3) shown in green in Fig. 3. These data 

constitute the PMF. 

 

Table 2: Fitting parameters used to model our Grand Potential energy profiles obtained from 

thermodynamic integration. 

Configuration 
Repulsion van der Waals  

Aij [kJ.mol-1] bij [nm-1] C6 [kJ.mol-1.nm6] Cstlong range
FIT [kJ.mol-1] 

A 2.425 × 1024 21.353 1.00011 × 106 2915.51 

B 4.205 ×1047 44.127 0.77580 ×106 -1071.11 

C 4.793 × 1059 35.431 6.19565 × 106 1090.84 

 

Comparing configurations A and B, we found different repulsion parameters, but van der Waals 

parameters on the same order of magnitude. This similarity is consistent with the fact that the same 

kind of interacting surfaces are considered in these configurations, with relative in-plane 

misorientation of the particle surfaces. Not surprisingly, configuration C, which considers different 

opposing surfaces due to its out-of-plane rotation, exhibited a van der Waals parameter that was six- to 

eight-fold greater than the two other configurations, and the largest repulsion parameter. Grand 

Potential energy minima of our fitting curves for configurations A, B, and C, were located at ~2.31 nm, 

~2.35 nm, and ~3.75 nm, respectively (for configurations A, B, and C), which was within 10% of the 

simulated values.  

 

To check whether or not our fitted PMFs were able to reproduce the relative order of cohesion among 

these configurations as found in our simulation data, we substracted from the fitted curve well-depths 

(Jmin
FIT, A ~ -2752 kJ/mol, Jmin

FIT, B ~ -5299 kJ/mol, and Jmin
FIT, A ~ -1042 kJ/mol) the long range 

constants resulting from our fits (see Table 2) to obtain the corrected fitted curve well-depths: Jmin, 

corr
FIT, A ~ -5667 kJ/mol, Jmin, corr

FIT, B ~ -4228 kJ/mol, and Jmin, corr
FIT, C ~ -2133 kJ/mol. When expressed 

this way, configuration B is then relatively more cohesive than configuration C, and configuration A 

remains the most cohesive configuration. This can be attributed to the fact that long range constants 

are on the same order of magnitude between the simulations and the fitted curves for configurations A 

and B (within an error of 40% with respect to simulation data), while for configuration C the long 

range constant obtained from curve fitting was well above the estimated value from our simulation 

data (by two orders of magnitude). Furthermore, our fit of the simulation data did not succeed in 

reproducing the well-depth in configuration C, since it is well above simulation data (a difference of 

~54% with respect to simulation data). As a consequence, the cohesive properties were not well 

reproduced by the Buckingham-type model for the PMF, for one of the three configurations 

considered. Configuration C appeared relatively less cohesive in a fit PMF than was established by 

simulated discrete points along the energy profiles. This is mainly due to large fluctuations of the PMF 

in the well-depth region. A better sampling of the reaction path by adding more simulation points 



 

could help to reduce these fluctuations, but would increase significantly the computational cost to get 

the PMF. Nevertheless, configuration A exhibited the strongest cohesion among the three 

configurations, whether using discrete PMF data or the Buckingham-type potential fit. 

 

Finally, to use these fits of Grand Potential energy profiles as PMF inputs for mesoscale simulations, 

one should consider the local relative orientation of interacting particles. Considering local axes of 

particles as defined in Fig. 1, we suggest implementation of the PMFs derived here according to the 

following conditions: 

 

 JA(D), if |O1x1O2x2| > 31/2/2 and |O1z1O2z2| > 31/2/2; 

J(D) = JB(D), if |O1x1O2y2| > 31/2/2 and |O1z1O2z2| > 31/2/2;           (4) 

JC(D), if |O1y1O2z2| > 31/2/2 and |O1z1O2y2| > 31/2/2; 

 

where Onxn, Onyn, Onzn (n = 1, 2) refers to local Cartesian axes unit vectors of particle n. A deviation of 

30˚ with respect to the alignment of local axes of particles is allowed. When possible, use of the PMF 

as interpolation among discrete simulated points is preferable to more accurately capture the particle 

interactions due to poor fit of the Buckingham type model to J(D) for configuration C. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Grand potential energy profiles computed by thermodynamic integration for calcium-
silicate-hydrate particles, serving as potentials of mean force. Three configurations are investigated: (a) 
configuration A with black filled circles, (b) configuration B with red filled squares, and (c) 
configuration C with blue filled down triangles. Cartoons of these configurations are shown on the 
right side of the figure. {x1, y1, z1} and {x2, y2, z2} refer to surface normals for particle 1 (bottom) and 
particle 2 (top), respectively. Green solid lines stand for the pair potential energy curves obtained from 

the fitting of our simulation data with an exponential-6 mathematical form, where the repulsive part is 
treated with an exponential while the attractive part is the so-called van der Waals contribution. Insets 
show results as a function of d, the distance between opposing free surfaces. 

 

 

 

 

 

 



 

4. Conclusions 
 

In summary, we employed grand canonical Monte Carlo simulations and developed a modified 

thermodynamic integration method to investigate forces between calcium-silicate-hydrate 

nanoparticles for defined physical environments (temperature and humidity), particle compositions, 

particle orientations, and particle volume fractions. The resulting Grand Potential energy profiles are 

amenable for use in mesoscale simulations that describe cementitious materials at coarser length scales. 

These concepts are relevant to our ongoing efforts to predict computationally and improve the 

chemical, physical, and mechanical properties as well as the durability of cement.  

 

The original scope of this work was to provide atomic scale inputs that can be used to refine previous 

mesoscale simulations of cement pastes describing, for example, nucleation and growth of C-S-H 

nanoparticles (Gonzàles-teresa R. et al., 2013), the C-S-H phase formation (Ioannidou K. et al., 2014), 

and the effect of the volume fraction (or packing density) on mechanical properties (Masoero E. et al. 

2012; Masoero E. et al., 2014). In the work of Masoero et al. (Masoero E. et al. 2012; Masoero E. et 

al., 2014), C-S-H particles were idealized as isotropes (spheres), and interaction potentials between 

these C-S-H particles were assumed, simple functional forms that were independent of the volume 

fraction and the physical environment. An improvement to such interaction potentials was found in the 

work of Ioannidou et al. (Ioannidou K. et al., 2014) where interaction properties depend on the ionic 

strength of the surrounding solution, the pH and the temperature, i.e., the environment. Nevertheless, 

neither the particle density nor the particle size anisotropy or the molecular nature of water at short 

range were taken into account, even if they have an effect on interaction potentials. Here, we provide 

molecular-scale based Grand Potential energy profiles including the effect of particle density, particle 

size anisotropy, and the environment that could serve as PMFs among particles in such mesoscale 

simulations, for systems with a volume fraction of ϕ ~ 0.06 at room temperature (300 K) and at low 

relative humidity (10%RH). 

 

Under the physical conditions assumed to illustrate these methods, we found damped oscillations in 

Grand Potential energy profiles due to the low water content (low RH), irregularity of the particle 

geometry, and the atomic scale nonuniformity of particles. Furthermore, we found that cohesion 

between particles is affected strongly by both the particle dimensions and crystallographic 

misorientation of interacting nanoparticles. Finally, we fitted our data with a generalized mathematical 

form (a Buckingham-type potential) and provided criteria for using such descriptions of particle 

interactions at the mesoscale. 

 

Although the conditions considered herein were distinct from humidities and particle volume fractions 

relevant to many hardened cement pastes (300 K, 50-60%RH, 0.64<ϕ<0.74), the conceptual and 

computational approach described can be used now for a wider range of environments. The 

approximation of the Grand Potential energy profiles with compact mathematical forms for PMFs can 

also be adapted (e.g., via configurations that facilitate fitting to a Gay-Berne potential (Persson R. A. 

X., 2012). Overall, this approach provides a novel and tractable means to consider how aqueous 

solution chemistry (water, ions), particle composition, and particle volume fraction affect forces 

between calcium-silicate-hydrate nanoparticles (or surfaces) at the molecular scale and, thus to predict 

the overall chemomechanical properties of cement at the meso- and macroscales. 
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Abstract 

The diffusion of chloride ion in concrete determines the durability performance. Research on the 

diffusion mechanism of chloride ion in concrete under the combinations of applied mechanical stress 

and environmental actions load is closer to the real damage process and the actual diffusion behavior 

of concrete in service. Based on the literatures related to the durability of concrete under tensile load 

and chloride ion diffusion, the critical stress ratio gained by the scholars differs greatly from each 

other, the range is from 20% to 50%, and the extreme case is 90%. The eccentric tensile load and 

unstable diffusion of medium during the long term test are the reasons causing the wide variation in the 

critical stress ratio. A modified test rig and a new test method proposed by the RILEM 246-TDC 

through the comparative test were introduced in this paper. Eccentricity of tension was avoided; stable 

diffusion of chloride ion was realized. The change of the chloride ion diffusion coefficient of concrete 

with the stress ratio was obtained using the modified test rig. The diffusion coefficient of concrete 

under tension increases with stress ratio. When a 50% of maximum tensile load is applied, the chloride 

content of the layer with the same depth is higher than that without load. And when the stress ratio 

reaches to 80%, the chloride content significantly increase. The application of tensile load speeds up 

chloride diffusion in concrete.  

Originality 

In order to simulate the real damage process and ion transportation behavior in concrete in the service 

conditions, an innovative test rig and a new test method for concrete durability under the combined 

action of constant unaxial tension and corrosive medium diffusion simultaneously were provided in the 

study. 

It solved several problems which are easy to appear in high stress level and during long test duration, 

such as the eccentricity of tension, stress relaxation and unstable diffusion of chloride ion in concrete. 

The main units of the device include the stress control unit and the corrosive medium circulation unit. 

Through innovative design, sustained stable uniaxial tensile loading and chloride ion diffusion can be 

achieved. The test rig can be used for the study on the transportation performance and mechanism of 

corrosive gas or liquid in concrete under tension.  

The application of tensile load speeds up chloride diffusion in concrete. The diffusion coefficient of 

concrete under tension increases with stress ratio.  

 

Keywords: tensile load; chloride ion diffusion; durability  
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1. Introduction 

By now there exist several methods to predict service life of reinforced concrete structures. In 

most cases one dominant deteriorating process such as carbonation or chloride penetration is 

taken into consideration (Gruyaert et al., 2013; Papadakis 2000). Experimental results as well 

as observation in practice show, however, that this is not a realistic and certainly not a 

conservative approach. Therefore, a lot of attentions have been paid to the synergistic effect 

of multiple factors on concrete durability, and many studies and experimental were conducted 

(N Banthia et al., 2005; Castel et al., 1999; Desmettre et al., 2012; Picandet et al., 2001; 

Djerbi T. et al., 2013; Mu et al., 2002; L Wang et al., 2012). These studies clearly indicate 

that combination of mechanical and environmental loads may turn out to be much more 

severe than each single load alone. Obviously, synergetic effect of mechanical stress and 

environmental action has been neglected so far. In most cases service life of existing 

reinforced concrete structures is too short, and correspondingly caused staggering 

maintenance and repair expenses. This is a most serious problem in countries which develop 

quickly and have a construction boom nowadays. As soon as durability of concrete under 

combined loads can be quantified experimentally and take into consideration in durability 

design, this situation will change rapidly. 

Although plenty of studies have been conducted, more research is needed to obtain reliable 

and quantitative results. Among these studies, combination action between uniaxial tension 

and chloride penetration may be the most difficult to conduct. (Yuan et al., 2014; Yang 2006). 

Limited data suggested transport behavior of chloride ion in concrete under the uniaxial 

tension can be divided into two stages. In the first stage, the medium transport capacity 

increased slowly with the increase of tensile stress. In the second stage, the transport speed of 

the medium increased significantly with the increase of tensile stress. The turning point 

between the first stage and the second stage is called the critical stress level. If the externally 

applied stress exceeds the critical stress level, the deterioration process would accelerate. So it 

is very important to know the critical stress level.  

But from the existing literatures, the critical stress level is varied. It concentrated in the range 

of 20%~50%, but some scholars have obtained much higher critical stress level, even higher 

as 90%. The measured critical stress ratio range widely. This may be due to the concrete 

permeability is more difficult to control and operate under uniaxial tensile stress than under 

compressive stress (Yao YAN et al., 2012; Yuan et al., 2014).  

All test method unavoidably faces the following technical problems, the eccentricity of 

tension, stress relaxation and unstable diffusion of chloride ion. However, keeping the 

stability of externally applied stress is not so easy during long test duration and especially in 

high tensile stress ratio (Yuan et al., 2014). The difference in test device, loading history and 

solution concentration may results in different critical stress level and leads to the related 

results cannot be compared and analyzed (Hoseini et al., 2009).  

The major aim of RILEM Technical Committee 246-TDC is to develop test methods to study 

the behaviour of concrete under combined actions such as mechanical load and environment 

factors (Anon 2011). The expected RILEM recommendation for a test method will help 

testing laboratories to characterize different types of concrete with respect to their durability 

under combined mechanical and environmental loads.  



Based on the outcome of the annotated bibliography (Yao YAN et al., 2013), The TC prepared 

a detailed test method for the study on chloride ion diffusion in concrete under tensile load in 

2013(Anon 2013). A test rig was invented to be used in the test method. The validity of the 

recommended test methods was checked by comparative test series, which carried out in a 

number of selected laboratories in different countries.  

Preliminary conclusions and constructive modification of the test method have been gained. 

The obtained results will be a solid basis for the second comparative test series which will be 

conducted in 2015. The detailed test method and the preliminary test results of chloride 

diffusion tests of pre-saturated concrete specimens under tensile load from CBMA are 

introduced in this paper.   

2. Test rig 

The test rig is designed and prepared based on the outcome of the literature review and 

achievements developed by TC 246-TDC members. The test rig for chloride diffusion under 

tensile load consists of the following two parts. 

2.1 The tensile stress unit 

The tensile stress unit is shown in Figure 1. It has a base plate, a middle plate, an upper plate 

and 4 tension bars at each corner of rectangle. The screw nut at the highest point acts as the 

supplier of the tensile load through a trust bearing and 44 disc springs stacked together. A few 

creative ideas have been adopted in the design of the test rig to ensure the applied tensile 

stress on the specimen always along the vertical direction. 

     

 

Figure 1 Schematic diagram of the tensile stress unit of the test rig  

2.1.1 The two hinge units 

Hinge units are used at upper and lower in the test rig respectively. The upper hinge unit 

consists of a pop rivet, a hinge pin and an articulated pin. It is linked to the middle plate 

through the pop rivet and fixed on the upper pull head through the articulated pin, which 

makes the concrete specimen only turn in the xOz plane in space rectangular coordinates. The 

lower hinge unit also consists of a base, an articulated pin and a hinge pin. It is linked to the 

base plate through a screw and linked to the lower pull head through the articulated pin, 

making the specimen only turn in the yOz plane in space rectangular coordinates. The two 

1-base plate 

2-pull heads 

3-pin 

4-hinge unit 

5-tension bars 

6-hinge unit 

7-pull head 

8-middle plate 

9-disc spring 

10-upper plate 

11-thrust ball bearing 



hinge units are connected to the top and bottom ends of the concrete specimen by screwing 

threads. The two hinge units can eliminate the uniaxial eccentric which might take place by 

turning in the xOz plane and the yOz plane. 

While tightening the screw nuts at the highest point, the disc springs are compressed and the 

pop rivet is subject to the pulling-up force. The tensile load is passed onto the concrete 

specimen through the hinge units. Because of the previously stated design, the tensile load on 

the concrete specimen is mainly imposed along the z axial direction as expected. 

2.1.2 The square hole in the middle plate  

There is a square hole with side length 16.5 mm in the middle plate, which locks deadly with 

the square portion of the pop rivet to avoid the occurrence of torque to the specimen, in case 

that when the screw bolts are tightened the horizontal turning of the hinge unit on the top 

occurs. 

2.1.3 The strain gauges on the tension bars 

Each of the tension bars is equipped with two strain gauges in order to avoid excessive 

eccentricity and to control stress relaxation. The tension bars act as stress cells and are 

calibrated. The two strain gauges are pasted on opposite positions on the pull rod. The lead 

wire of the strain gauge is connected with the computer, which can real-time monitor the 

change of all stress values. If any stress value deviates from the set threshold, adjustment is 

needed to keep it constant. 

2.2 The solution circulation unit 

The solution circulation unit mainly comprises a salt water tank, a constant flow pump and a 

reservoir. The salt water tank is a transparent, organic glass box with one side opening. The 

inner dimension of the tank is 80x160x50 mm. It is fixed on the sealed surface of the concrete 

specimens with glue stick to cover the open window. The back of the tank is transparent in 

order to allow easy and continuous observation of the flux of the liquid.  

A constant flow pump is used to control and keep the circulation rate constant. Circulate the 3 

wt. % salt solution with a pre-defined speed 5±1 ml/s.  

The salt water tank is connected by tubes with the reservoir containing about 25 liters of 

aqueous salt solution (3 wt.% NaCl). The concentration of the solution was checked regularly 

at least once a week to keep the concentration of the solution in the reservoir remain constant. 

Calcium concentration was determined at the end of each test series. 

3. Experimental Procedures 

3.1 Preparation of concrete specimens 

3.1.1 Raw materials and concrete mix proportion 

The mix proportion of concrete is given in Table 1. Portland cement (CEM I 42.5), river sand 

with a maximum diameter of 5 mm, broken coarse aggregate with a maximum diameter of 

20mm and a superplasitcizer (polycarboxylate) were used.  

The tensile strength of the concrete specimens at 28 d is 3.3 MPa. 

Table 1 Composition of concrete /kg/m3 

Cement Water Fine aggregate Coarse aggregate Super-plasticizer 

368 165.5 840 1027.5 As needed for the slump equal to 15cm 

3.1.2 Casting 

33 dumbbell-like specimens were prepared for the following tests: 



- 3 specimens for determination of tensile strength; 

- 30 specimens for determination of chloride profiles under the influence of an applied tensile 

stress. 2 specimens for each stress level, namely 0, 50, and 80 % and determined after an 

exposure time of 2, 6, 10, 18 and 36 weeks. 

The steel form for the dumbbell-like specimens is shown in Figure 2. 

     

Figure 2 Schematic diagram of steel form for the dumbbell-like specimen 

The center zone of the concrete specimen is designed for the determination of chloride 

diffusion coefficient. The dimension of the center zone is (175*100*50) mm. Concrete 

specimen has 4 embedded screw bolts on either end which are sharply perpendicular to the 

top plane of the concrete specimen. 

Put a layer of Teflon thin sheet into the steel form before casting instead of using detachment 

agents. Cast the fresh concrete, compact on vibration table, and then cover the surface for 24 

hours with wet burlap before removal of the steel forms.  

3.1.3 Curing 

The specimens were cured in water until an age of 28 days. Vacuum saturation follows before 

the diffusion tests start. Leave the specimens immersed in water until the process of surface 

sealing starts. 

3.2 Seal with aluminum foil 

Take the water saturated specimens out and remove the free water on the surface with a towel, 

then seal the surface with two layers of self-adhesive aluminum foil immediately, just leave 

an open window (80 x 160 mm) on one moulded side surface, not the finished nor the bottom 

surface. Close the open window temporarily until the salt water tank is fixed. To avoid 

leakage, silicone was used for sealing the first layer, and an aluminum foil was pasted as the 

second layer. 

3.3 Exposure 

Put the concrete specimen into the test rig carefully. Adjust the tension load to the pre-defined 

stress level. Then circulate the 3 wt. % salt solution with a pre-defined speed 5±1 ml/s.  

3.4 Determination of Chloride Profiles 

Determine the water and acid soluble chloride profiles after 2, 6, 18 and 36 weeks of 

exposure.  

3.4.1 Grinding 

First get stepwise powder from the concrete, in which chloride could penetrate by milling 

layers of 1 to 2 mm thickness. The thickness of the layers was adjusted to get the expected 

chloride profile that a minimum of six points covers the profile between the exposed surface 
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2-base plate 

3-screw bolts 

4- embedded screw bolts 



and a depth where the chloride content is above the initial chloride content.  

3.4.2 Chemical analysis 

Determine the chloride content dissolved in water and the total chloride content by chemical 

analysis according to Recommendation TC 178-TMC and EN14629.  

4. Results and Discussion 

Figure 3 (a, b, c) shows the influence of different load level on concrete chloride penetration 

under the cases of same exposure duration of 2 weeks, 6 weeks and 10 weeks, respectively. 

(*The test is still in progress, the results of 18 weeks and 36 weeks do not come out yet.) In 

Figure 3, it can be observed that the chloride content decreases with the increase of depth, 

gradually reaching to the initial chloride content. When a 50% of maximum tensile load is 

applied, the chloride content of the layer with the same depth is higher than that without load. 

And when the stress ratio reaches to 80%, the chloride content significantly increase. The 

measured chloride profile can be modelled by Fick’s second law. Diffusion coefficients and 

other parameters determined by curve fitting according to EN12390-11: 2014 Annex F was 

shown in Table 2. 

  
Figure 3 (a) Chloride profiles determined 

after 2 weeks with 0, 50% and 80% tensile load 

Figure 3 (b) Chloride profiles determined after 6 

weeks with 0, 50% and 80% tensile load 

 
Figure 3 (c) Chloride profiles determined after 10 weeks with 0, 50% and 80% tensile load 

It can be seen that the diffusion coefficient of concrete under tension increases with the stress 

ratio in Table 2. The application of tensile load speeds up chloride diffusion in concrete. 

In the meanwhile, the chloride diffusion depth increases with the exposure time and the 



diffusion coefficient decreases with the exposure time, no matter the external tensile load is 

applied or not. 

Table 2 Diffusion coefficients determined by curve fitting 

No. Cs (%) Dnss (E-12m2/s) R2 

T-0.0-2W 0.21 8.99 0.986 

T-0.5-2W 0.31 28.32 0.992 

T-0.8-2W 0.33 36.15 0.992 

T-0.0-6W 0.17 6.80 0.967 

T-0.5-6W 0.34 7.69 0.982 

T-0.8-6W 0.40 9.52 0.937 

T-0.0-10W 0.40 2.60 0.958 

T-0.5-10W 0.34 4.82 0.994 

T-0.8-10W 0.37 7.26 0.917 

5. Conclusions 

(1) The test rig recommended by RILEM TC 246-TDC solves the problem of the eccentricity 

of tension, stress relaxation and unstable diffusion of chloride ion. It can be used to determine 

the durability of concrete when subjected to the combined actions of chloride penetration and 

tension simultaneously. 

(2) The chloride content decreases with the increase of depth, gradually reaching to the initial 

chloride content. The measured chloride profile can be modelled by Fick’s second law, and 

the diffusion coefficient can be determined by curve fitting.  

(3) Whether external load is applied or not, the chloride diffusion depth increase with the 

exposure time and the diffusion coefficient decreases with the exposure time. 

(4) The application of tensile load speeds up chloride diffusion in concrete. The diffusion 

coefficient of concrete under tension increases with stress ratio.  

(5) It is clear that the combined actions of mechanical and environmental loads often result in 

faster deterioration in concrete microstructure and quicker loss in mechanical properties than 

single action works alone. Deep work need to be done on this hot topic in the future, such as 

the capillary absorption tests of partially pre-dried concrete specimens, influence of w/c ratio 

or supplementary cementitious materials. 
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Abstract 

In this research, a feasibility study is performed on geopolymerization of iron mine tailings (IMT) so that they 

can be recycled and utilized as construction material. Granulated blast furnace slag (GBFS) is used to decrease 

the extremely high silicon to aluminum (Si/Al) ratio for the IMT, and improve early strength of the IMT-based 

geopolymer. Aqueous sodium silicate (SS) was used as the alkaline activator. This research investigated the 

joint effects of several parameters that could influence strength development of the geopolymer with curing time, 

such as mixture ratio of IMT and GBFS, SiO2/Na2O molar ratios of aqueous SS and its addition percentage as 

well as curing temperature, etc. Scanning electron microscopy (SEM) and the X-ray diffraction (XRD) were 

conducted to investigate the microstructure and phase composition of the IMT-based geopolymer specimens 

prepared at different conditions. The results show the compressive strength of specimen is increased with 

increasing the GBFS to IMT mass ratio. Addition of the NaOH solution to aqueous SS can lead to strength 

improvement, with the highest strength obtained at a SiO2/Na2O molar ratio of 1.5 and at a 10% SS percentage. 

The optimum curing temperature, i.e., the curing temperature at the maximum strength, is 50℃. As a result, the 

IMT-based geopolymers prepared with IMT/GBFS mixture ratios from 1:0 to 3:2 show compressive strength 

ranging from 12.3 to 82.3 MPa.  

 

Originality 

Comprehensive utilization of iron mine tailings has been paid great attentions to recent years. Nowadays, they 

are mostly used as admixtures of concretes. Improving the efficiency of the comprehensive utilization gets 

necessary.  

Iron mine tailings are generally understood as a kind of chemical inert material, and can hardly show its 

activity. However, iron mine tailings are rich in siliceous and aluminum minerals, which makes it a possible 

raw material for preparing geopolymers. Using some certain alkaline activator to stimulate the cementitious 

activity of iron mine tailings and then use them to prepare geopolymers helps to expand the scope of the 

comprehensive utilization of iron mine tailings. In fact, geopolymers have already successfully prepared with 

other raw materials such as slags, fly ash, etc. Iron mine tailings could be another cheap raw materials for this 

kind of new material.  

 

Key words: iron mine tailings; granulated blast furnace slag; geopolymer; compressive strength; 

microstructure 
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1. Introduction 

In China, there has been a rapid growth of the generation of IMT during last decades due to the 

growing demand of iron and steel of China in recent years. The annual generation of IMT increased from 

137 million tons in 2000 to 536 million tons in 2009, and the total accumulation of IMT from 2000 to 2009 

exceeded 2800 million tons, and the generation of IMT is 38.5% of the total tailings (Meng Y. et al., 2010). 

Increased focus has been placed on the comprehensive utilization of IMT recent years. 

The main mineral components of IMT are quarts, feldspars, pyroxenes, etc (Yi Z. L. et al., 2009). 

Most of these mineral components have very stable structures with little cementitious activity. The 

chemical composition are mainly SiO2、Al2O3、CaO、Fe2O3, etc. With the rapid development of 

mineral processing technology, the median diameter of IMT has decreased from 200μm to 40μm over 

the last decades (Cai X., 2000), which makes IMT no longer an ideal choice for concrete aggregates. 

In order to solve the problems of environmental pollution and resource waste caused by IMT, many 

new researches on stimulating its cementitious activity by taking appropriate measures and utilizing it 

as cement or concrete admixture have appeared. Using thermal activation methods could change the 

mineral composition and microstructure of IMT, leading to higher degrees of microstructure distortion 

and thus improve the chemical activity of IMT (Feng X. P. et al., 2007); IMT activated by mechanical 

grinding methods were used to prepare high-strength construction materials (Zheng Y. C. et al., 2010); 

Magnetic separation after magnetizing roasting is another method which has successfully stimulated 

the potential cementitious activity of IMT (Li C. et al., 2010); As for chemical activation methods, 

IMT-based geopolymer was prepared by adding appropriate alkaline activator to stimulate the 

cementitious activity of IMT and fly ash (Liyang Z. et al., 2011). 

Geopolymer was first prepared by Davidovits in 1970s (Davidovits J., 2002). It is generally understood 

as alkaline activated aluminosilicates or an inorganic 2-component system consisting of reactive solid 

component and an alkaline activation solution. The mostly used raw materials for preparing 

geopolymers are slags, metakaolins and fly ash, containing much active silica and alumina with 

relatively strong cementitious activity. Fly ash is a widely known raw material for preparing 

geopolymers, and the factors affects the properties of the geopolymer was also studied (Li L. et al., 

2013); NaOH was once used as alkaline activator and successfully prepared slag-based geopolymer 

(Wang F. et al., 2008); Using metakaolins as raw material and aqueous sodium silicate (SS) as alkaline 

activator has also successfully prepared geopolymers with good mechanical properties (Han D. et al., 

2014). These former studies on geopolymers are very suggestive.  

In this research, aqueous sodium silicate (SS) is used as alkaline activator to prepare granulated blast 

furnace slag (GBFS) modified IMT-based geopolymers. GBFS is used to decrease the extremely high 

silicon to aluminum ratio for the IMT, and improve early strength of the IMT-based geopolymers. 

2. Experimental and methods 

2.1 Materials 

The materials used in this investigation include iron mine tailings (IMT), granulated blast furnace slag 

(GBFS), aqueous sodium silicate (SS), chemically pure NaOH and de-ionized water. The modulus of 

aqueous SS is 3.3. Table 1 shows the chemical composition of IMT and GBFS. 

The XRD pattern of IMT and GBFS are shown in Figure 1, which shows that IMT mainly consists of 

crystalline minerals, in which quartz is the main component. The crystalline exists in feldspar 

minerals such as ablite and anorthite. Magnetite and mica are also detected with its crystalline peaks. 

IMT is generally understood as a kind of chemical inert material, and can hardly show its activity. In 

this research, certain alkaline activator is used to stimulate the potential cementitious activity of IMT, 

and furthermore, IMT is used to prepare geopolymer. The XRD pattern of GBFS shows that it mainly 

consists of amorphous minerals with relatively strong cementitious activity. 
Table 1 Chemical composition (wt.%) of IMT and GBFS 

Material SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 TiO2 LOSS 

IMT 62.42 12.78 3.75 7.76 4.65 2.65 2.58 0.20 0.47 2.19 

GBFS 33.54 13.40 39.00 0.65 7.86 0.50 0.30 2.24 0.87 1.07 
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Figure 1 XRD patterns of IMT (a) and GBFS (b) 
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Figure 2 SEM micrographs of IMT (a) and GBFS (b) 
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Figure 3 Size distribution of IMT and GBFS 

Figure 2 shows the SEM micrographs of the IMT and the GBFS. Both the IMT and the GBFS have 

irregular shapes. Figure 3 shows the particle size distribution curves of both IMT and GBFS. 
 

2.2 Methods 

To produce geopolymer paste, dry iron mine tailings (IMT) and dry granulated blast furnace slag 

(GBFS) were fully mixed at a selected GBFS content; NaOH was added to the aqueous sodium 



silicate (SS) to adjust the modulus of aqueous SS and it would be used as alkaline activator; a certain 

modulus of aqueous SS was then mixed with the IMT/GBFS mixture at a selected weight percentage; 

the resulted mixture was then stirred by a mixer to ensure sufficient dissolution of silica and alumina 

in the alkaline solution. The resulted geopolymeric paste was then poured in steel molds of 

40mm×40mm×40mm. To ensure consistent condition for all specimens and study the effect of only 

desired factors, a constant water to solid (both IMT and GBFS) ratio was used for all specimens. After 

the mold was filled with the geopolymeric paste, it was shaken for one minute to release the trapped 

air bubbles. The paste was then cured for 10h at a selected temperature in the steam curing box before 

it was de-molded. 

Totally, six GBFS to IMT (GBFS/IMT) rations (i.e. 0:1, 1:4, 2:3, 3:2, 4:1, 1:0) for the source material, 

five aqueous SS modulus (i.e. 1, 1.5, 2, 2.5, 3.3) and three SS contents (i.e. 5%, 10%, 15% by the 

weight of the dry IMT/GBFS mixture) for the alkaline activator, four curing temperature (i.e. 20℃, 

40℃, 50℃, 60℃) were used. The water to solid material (IMT and GBFS) ratio of 25% was used for 

all the specimens.  

Unconfined compression tests were performed on the cured samples. The tests were performed to 

measure the unconfined compression strength (UCS) of geopolymers produced at different conditions. 

For each condition, considering the relatively small variance of measurements, three specimens were 

tested and the average of the measured values was used . 

To investigate the microstructure and phase composition of the geopolymers, scanning electron 

microscope (SEM) imaging and XRD analysis were also performed. The SEM imaging of 

geopolymer specimens was performed with a JSM-5610LV microscope. Totally nine specimens 

including two IMT and GBFS powder specimens and 3geopolymer specimens with varying alkaline 

activator contents, 4 geopolymer specimens cured in different temperature were studied. 

The XRD analysis was performed to characterize the phase composition of the geopolomers. The 

XRD analysis was performed with a RU-200B diffractomer using Cu Kα radiation, at 8°/min 

ranging from 5 to 70°. 

Table 2 summarizes the combination of variables studied and the different types of tests conducted.  
Table 2 Combination of variables studied and different types of tests conducted 

Specimen 

label 

GBFS/IMT 

ration 

Modulus of 

SS 
SS content (%) 

Curing 

temperature (℃) 
UCS test XRD SEM 

1 0:1 1.5 10 50 √   

2 1:4 1.5 10 50 √   

3 2:3 1.5 10 50 √ √ √ 

4 3:2 1.5 10 50 √   

5 4:1 1.5 10 50 √   

6 1:0 1.5 10 50 √   

7 2:3 1 10 50 √ √  

8 2:3 2 10 50 √ √  

9 2:3 2.5 10 50 √ √  

10 2:3 3.3 10 50 √   

11 2:3 1.5 5 50 √ √ √ 

12 2:3 1.5 15 50 √ √ √ 

13 2:3 1 10 40 √  √ 

14 2:3 1 10 60 √  √ 

15 2:3 1 10 20 √  √ 

3. Results and discussion 

3.1 The effect of GBFS/IMT ration on the IMT-based geopolymer 

Figure 4(a) shows the unconfined compression test results of geopolymer samples prepared with 

different GBFS/IMT rations. GBFS/IMT ration has a significant effect on the UCS. Increased 

GBFS/IMT ration results in higher UCS. The addition of GBFS could not only decrease the extremely 



high silicon to aluminum (Si/Al) ratio for the IMT, but also could promote the depolymerization of 

the source materials because of the high Ca content in it according to the chemical analysis and 

therefore contribute to the UCS of the geopolymer. 

It is showed in Figure 4(a) that the UCS of the sample produced with GBFS/IMT ration of 2:3 

exceeds 70 MPa when cured for 3 days and 85 MPa for 28days. Considering both the UCS and the 

rate of IMT’s comprehensive utilization, 2:3 of GBFS/IMT ration is considered to be of the highest 

comprehensive benefit.  
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Figure 4 Unconfined compression strength (UCS) of geopolymers prepared in different conditons: 

(a)geopolymers prepared using raw materials of different GBFS/IMT rations; (b) geopolymers prepared 

with different aqueous SS modulus; (c) geopolymers prepared with different SS contents; (d) geopolymers 

cured at different temperatures. 

3.2 The effect of aqueous SS modulus on the IMT-based geopolymer 

3.2.1 UCS test 
Figure 4(b) shows the unconfined compression test results of geopolymer samples prepared with 

different aqueous SS modulus. Aqueous SS modulus affect the UCS of geopolymers significantly. 

Geopolymer sample prepared with the 1.5 modulus aqueous SS has the highest UCS. It is generally 

understood that higher aqueous SS modulus could result in higher UCS of geopolymers. However, 

higher aqueous SS modulus could also result in lower alkalinity of the solution. Under this 

circumstance, IMT and GBFS are activated to a lower degree, leading to a lower UCS. 

The XRD patterns of geopolymer samples prepared with different aqueous SS modulus are shown in 

Figure 5(a). The diffraction intensity of the peaks of crystalline minerals in the XRD pattern of the 

sample prepared with 1.5 modulus SS decreases the most, which means cementitious activity of IMT 

and GBFS in this sample have been stimulated to the highest degree.  
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                    (a)                                      (b) 
Figure 5 XRD pattern of geopolymers prepared in different conditions: (a) geopolymers prepared with different 

aqueous SS modulus; (b) geopolymers prepared with different aqueous SS contents. 

3.3 The effect of SS content on the IMT-based geopolymer 

3.3.1 UCS test 

Figure 4(c) shows the unconfined compression test results of geopolymer samples prepared with 

different SS content. The sample prepared with SS content of 10% has the highest UCS. As for the 

sample prepared with SS content of 5%, less than enough alkaline activator is used, resulting in 

insufficient chemical reaction of the source materials. If the SS content is more than the most 

appropriate amount, the excess SS would precipitate out and destroy the structure of geopolymer, and 

therefore decline the UCS. 

3.3.2 XRD analysis 

The XRD pattern of the samples prepared with different SS contents are shown in Figure 5(b). 

Samples produced with 10% and 15% of SS content are both detected great reduction of crystalline 

minerals peak intensity, which means the IMT in them have participated in the depolymerizing 

reaction.  

3.3.3 SEM imaging 

The SEM imaging of geopolymer samples prepared with different SS contents are shown in Figure 6 

and Figure 7. Increasing amount of SS results in the reduction of unreacted raw source materials and 

reaction products with denser structure. Some structure defects were spotted in the sample synthesized 

with 15% SS content because of the precipitation of the excess SS. 
 

   
(a)                            (b)                            (c) 

Figure 6 Low magnification SEM micrographs of geopolymers prepared with different content of SS: (a) 5%, (b) 

10%, (c) 15% 



   
(a)                             (b)                            (c) 

Figure 7 High magnification SEM micrographs of geopolymers synthesized with different content of SS: (a) 5%, 

(b) 10%, (c) 15% 

 

3.4 The effect of curing temperature on the IMT-based geopolymer 

3.4.1 UCS test 
Figure 4(d) shows the unconfined compression test results of geopolymer samples cured in different 

temperatures. The UCS of geopolyer samples raises with the rise of curing temperature. When the 

curing temperature reaches 50℃, the UCS could reach above 75 MPa after being cured for 3days and 

80 MPa after being cured for 28 days.  

3.4.2 SEM imaging 

The SEM imaging of the geopolymer samples cured in different temperatures are shown in Figure 8. 

As the curing temperature rises, less unreacted IMT and GBFS particles could be spotted, and the 

microstructure of the samples get denser. When the temperature rises above 50℃, geopolymer 

samples have the densest microstructure. 

    
(a)                                    (b) 

    
(b)                                     (d) 

Figure 8 SEM micrographs of geopolymers cured for 10h indifferent temperatures: (a) 20℃; (b) 40℃; (c) 50℃; 

(d) 60℃. 

4. Conclusions 

(1) Aqueous sodium silicate could stimulate the cementitious activity of IMT and use it to produce 

geopolymers; the addition of GBFS could significantly improve the mechanical properties of 



IMT-based geopolymers; geopolymer sample synthesized with 40% of the weight of the whole solid 

source materials shows its best superiority in the practicability and economic efficiency. 

(2) The SS modulus, SS content and curing temperature significantly affect IMT-based geopolymer’s 

mechanical properties and microstructures. Geopolymer samples produced in the condition of 10% of 

SS content, 1.5 of SS modulus, and 50℃ of curing temperature have the maximum UCS and the 

densest microstructure. 

Acknowledgements 

Authors gratefully acknowledge the supports from the National Natural Science Foundation of China 

(No. 51372185), and the National High Technology Research and Development Project (“863” 

program) of China (No. 2012AA062405). 

 

References 
- Cai X., 2000. Advance in applying iron tailings as building materials (in Chinese). Metal Mine, 29(10), 45-48. 

- Davidovits J., 2002. 30 years of successes and failures in geopolymer applications market trends and potential 

breakthroughs. Geopolym Conf, 29(10), 1-16. 

- Feng X. P. et al., 2007. Study of activity optimization mechanism of iron ore tailing (in Chinese). Journal of 

University Of Science And Technology Beijing, 32(4), 504-508. 

- Han D. et al., 2014. Synthesis and mechanical properties of metakaolinite-based geopolymer. Sichuan Cement, 

(5), 120-123. 

- Li C. et al., 2010. Innovative methodology for comprehensive utilization of iron ore tailings using (Part 1): The 

recovery of iron ore tailings using magnetic separation after magnetizing roasting. Journal of Hazardous 

Materials, 174(9), 71-77. 

- Li L. et al., 2013. A review of factors affecting the mechanical properties of fly ash-based geopolymer. Sichuan 

Building Science, 39(6), 224-231. 

- Liyang Z. et al., 2011. Synthesis and characterization of fly ash modified mine tailings-based geopolymers. 

Construction and Building Materials, (25), 3773-3781. 

- Meng Y. et al., 2010. Current state of ore tailings reusing and its future development in China. China Mine 

Engineering, 39(5), 4-9. 

- Yi Z. L. et al., 2009. Iron ore tailings used for the preparation of cementitious material by compound thermal 

activation. Minerals, Metallurgy and Materials, 16(3), 355-358. 

- Zheng Y. C. et al., 2010. Mechanochemical activation of iron ore tailings and preparation of high-strength 

construction materials (in Chinese). Journal of University Of Science And Technology Beijing, 32(4), 504-508. 



 

Properties of concrete containing inorganic waterproof additive 
 

Higuchi T, Shoji M, Ushiro M, Morioka M 
Cement and Special Cement Additives Research Department, Denki Kagaku Kogyo Kabushiki Kaisha 

(DENKA), Omi, Itoigawa, Niigata 949-0393, Japan 

 

Abstract 

The physical properties and hydration of concrete that contains an inorganic waterproof additive were 

evaluated. The inorganic waterproof additive consists mainly of CaO, Al2O3, SiO2, and SO3. The 

dosage of inorganic waterproof additive was varied from 0 to 8 kg/m3. The water/cement ratio of the 

control concrete was 0.6. The slumping, air content, and concrete temperature with inorganic 

waterproof additive were almost equal to that of the control. The concrete setting time was almost 

equivalent to the control concrete. Water permeability tests were conducted using standard ASTM C 

666 and commenced at day 28 at a water pressure of 0.5 MPa. The extent of water permeability was 

improved by the amount of inorganic waterproof additive added. Hydraulic conductivity was reduced 

by ~10 for an inorganic waterproof additive of 8 kg/m3. The concrete compressive strength was 

evaluated according to standard JIS A 1108 at days 7 and 28. The compressive strength was increased 

slightly according to the amount of inorganic waterproof additive added. Bleeding tests were conducted 

using standard JIS A 1123. The amount of bleeding before setting was controlled by the inorganic 

waterproof additive. Hydration analysis indicated that the inorganic waterproof additive generated 

ettringite, which combines large amounts of water compared with Portland cement, and contributed to 

the reduction in bleeding and the formation of a dense matrix. Bleeding resulted in the formation of 

water channels in the concrete after setting. We assume that the channels influence water permeability. 

The reduction in bleeding and the formation of a dense matrix by an inorganic waterproof additive 

improved the water permeability and concrete compressive strength. Improvements in water 

permeability by an inorganic waterproof additive will contribute to the sustainability of concrete 

structures. 

 

Originality 

We explain the mechanism of the reduction in hydraulic conductivity of concrete with an inorganic 

waterproof additive. This additive does not influence slumping, air content, and setting time of fresh 

concrete, but it reduces the amount of bleeding before setting and improves water permeability based 

on the dosage.  

 

Keywords: Waterproof; Hydraulic conductivity; Inorganic additive; Ettringite; Concrete 
 

                                                 
 Corresponding author: takayuki-higuchi@denka.co.jp, Tel +81-25-562-6306 

mailto:takayuki-higuchi@denka.co.jp


 

1. Introduction 

To reduce environmental loads, a prolonged life and high durability are required for 

concrete structures. However, the early deterioration of reinforced concrete structures has 

become problematic in recent years. Factors that may cause early concrete deterioration 

include alkaline aggregate reactions, freezing/thawing, salt damage, and eluviation. One item 

that is common to these factors is water movement. Water and chloride ion ingress into 

concrete accelerates steel corrosion and/or concrete deterioration, which elicits water leakage 

and decreases in strength associated with crack generation. In particular, problems with 

underground structures, such as those in subways, water supplies, and sewerage systems, 

affect the public directly, and often lead to repeated repair work. It is therefore important that 

concrete has an enhanced crack resistance and water tightness. One of the methods used to 

increase concrete water tightness has been the use of waterproof silicate-type materials (Kyoji 

T., et al., 1992). Coating this material on the concrete surface enables catalytic compound 

penetration and diffusion inside the concrete, and generates cement hydrates such as calcium 

silicate hydrate on the surfaces of capillary voids and minute cracks. This is an excellent 

technology to densify cement frames. However, it is difficult to coat the surfaces of some 

building structures after concrete placement. In recent years, the self-healing of concrete 

against water leakage has progressed (Ahn T. H. and Kishi T., 2010). In this study, we 

evaluate the physical properties of inorganic waterproofing materials to enhance and improve 

concrete water tightness by their addition during concrete mixing. 

2. Experimental 

2.1. Raw materials 

Table 1 shows the chemical composition and physical properties of the inorganic waterproof 

additive. It consists mainly of CaO, Al2O3, SiO2, and SO3. Ordinary Portland Cement (52.5), 

fine aggregate (density: 2.57 g/cm3), coarse aggregate (density: 2.61 g/cm3), super plasticizer 

(polycarboxy acid system), and tap water were used. 
Table 1 Chemical composition and physical properties of materials 

Material 

Chemical composition (%) 

Density 

(g/cm3) 

Blaine 

(cm2/g) CaO  Al2O3 SiO2 SO3 
Na2O 

eq. 

Loss 

on 

ignition 

Waterproof 

additive 
28.7 10.1 39.7 20.2 0.59 1.3 2.58 5,000 

2.2. Experimental procedure 

Table 2 shows the mixture proportions of concrete. Inorganic waterproof additives were 

replaced by fine aggregate with a dosage from 0 to 8 kg/m3. The water/cement ratio of the 

concrete was 0.6. Tests were conducted at 20°C. Specimens were demolded after 1 day and 

cured in water at 20°C. Concrete slump (based on JIS A 1101), concrete air content (based on 

JIS A 1128), bleeding tests (based on JIS A 1123), and setting time (based on JIS A 1147) 

were evaluated as fresh concrete properties. The compressive strength (based on JIS A 1108), 

change in length (based on JIS A 6202), and water permeability (based on ASTM C 666) 

were used to evaluate physical performance. Water permeability tests were started at 28 days 

after underwater curing. A pressure of 0.5 MPa was applied. At 72 h, the amount of water or 

permeable water depth was investigated. Specimens were observed using scanning electron 

microscopy (SU6600, Hitachi High-Technology Co. Ltd). 
Table 2 Concrete mix proportion 

No. 
W/C 

(%) 

s/a 

(%) 

Air 

(%) 

Unit amount (kg/m3) 

W C 

Water 

proof 

materials 

(Add) 

Fine 

aggregat

e 

Coarse 

aggregat

e 

Water-

reducing 

agent 

1 

60.0 47.0 5.0 180 300 

0 831 945 0.60 

2 3 830 943 0.61 

3 8 827 940 0.62 



 

3. Results and Discussion 

3.1. Tests of fresh concrete properties 

Table 3 shows the results from tests of the fresh concrete properties. The slump, amount of 

air, and temperature of the concrete to which inorganic waterproof additive had been added 

were almost equal to that of the control. The concrete setting time was also almost equivalent 

to the control. The amount of bleeding before setting was controlled using the inorganic 

waterproof additive.  
Table 3 Properties of fresh concrete 

No. 
Slump 

(cm) 

Air 

(%) 

Concrete 

temperature 

(°C) 

Bleeding 

ratio 

(%) 

Setting time (h:min) 

Initial Final 

1 11.5 4.5 21.5 9.5 4:35 6:50 

2 10.5 4.0 21.0 8.9 4:35 6:50 

3 10.0 4.2 21.5 8.2 4:45 6:50 

3.2. Water permeability tests 

Figure 1 shows the water permeability test results. The extent of water permeability 

improvement depends on the amount of inorganic waterproof additive added. Hydraulic 

conductivity was reduced by ~10 for an inorganic waterproof additive dosage of 8 kg/m3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Compressive strength 

Figure 2 shows the concrete compressive strength evaluated in accordance with JIS A 1108. 

Tests were conducted on days 7 and 28. The compressive strength increased slightly 

according to the amount of inorganic waterproof additive added. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Compressive strength of specimens for different curing ages 
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3.3. Backscattered electron images 
Figure 3 shows the backscattered electron images of the polished surfaces of the concrete 

with/without the inorganic waterproof additive hydrated for 28 days. Aggregates appear to be 

different with many voids present for the coarse aggregate in the specimen without inorganic 

waterproof additive. Hydration products (CH, C-S-H, and AFm, AFt phases) are visible as 

rims around the aggregate and/or the porosity is filled by the inorganic waterproof additive. 

Ettringite combines water compared with hydrates of Portland cement, and this contributes to 

a reduction in bleeding and the formation of a dense matrix. Bleeding generates voids that 

function as water channels in the concrete after setting. These channels influence water 

permeability. The reduction in bleeding and the formation of a dense matrix by inorganic 

waterproof additive addition improve the concrete water permeability. The improvement in 

water permeability by the inorganic waterproof additive contributes to the prevention of early 

deterioration and the sustainability of the concrete structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3 Backscattered electron images of concrete hydrated for 28 days 

          (a) Control and (b) with inorganic waterproof additive dosage of 8 kg/m3 

4. Conclusions 
The hydraulic conductivity was reduced by ~10 with an inorganic waterproof additive 

dosage of 8 kg/m3. The compressive strength was increased slightly according to the amount 

of inorganic waterproof additive added. Voids were visible under coarse aggregates in 

specimens without inorganic waterproof additives. Hydration products were visible as rims 

around the aggregate and/or fill the porosity with inorganic waterproof additives. The 

inorganic waterproof additive generated ettringite, which combined more water compared 

with Portland cement, reduced bleeding, and led to the formation of a dense matrix. 
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Abstract 

In order to evaluate resistance of salt scaling of concrete, the new evaluation test method with small amount of sample 

for short period was investigated in this study. Test method proposed was as follows: Mortar cured after 28 days was 

cut into cubes of less than 1cm. Various deicer solution of 40ml is poured into 100ml polypropylene vessels with three 

cubes of mortar (about 4g). Freeze and thaw cycles charged these vessels. After several cycles, these cubes were 

observed and sieved with 2.5mm. Each residue was weighed. The freeze-thaw resistance was evaluated by use of the 

residues of each sieve. The residue of each sample was also characterized by SEM and mercury porosimetry. Salt 

scaling resistance remarkably differs by the kind of deicers used. It was obtained that according to freeze-thaw cycles, 

crack proceeded from the surface to center of cubes through the transition zone between aggregate and cement paste by 

the deterioration of SEM image and pore structure of cubes residue.  

There are ASTM C672 and test method proposed previously using 2cm slice concrete from φ10cm cylinder to evaluate 

scaling resistance of concrete surfaces. The relationship among the new test method with small sized sample, ASTM and 

test method proposed previously using 2cm slice was studied using same mixing proportion of mortar and same 

concentration of deicing chemicals. The new test method with small sized sample has a good correlation between ASTM 

C672 and test method proposed previously using 2cm slice.  

Salt scaling resistance with magnesium chloride, magnesium acetate and magnesium nitrate is proved be quite smaller 

than those with other deicers, because magnesium hydroxide were precipitated on the surface of concrete with each 

magnesium salt solution and film of magnesium hydroxide have a role to protect concrete surface from salt scaling. 

 

 

Originality 

Originality 

New test method with small sized sample is possible to evaluate scaling resistance of concrete surfaces exposed to 

deicing chemicals for short period and small sized mortar sample with 8mm cubic. The new test method with small 
sized sample has a good correlation between ASTM C672 and test method proposed previously using 2cm slice. Salt 
scaling resistance with magnesium chloride, magnesium acetate and magnesium nitrate is proved be quite smaller than 
those with other deicers, because magnesium hydroxide were precipitated on the surface of concrete with each 
magnesium salt solution and film of magnesium hydroxide have a role to protect concrete surface from salt scaling. 
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1. Introduction 

Since the enactment of Japan's "Act on the Prevention of the Generation of Particulates from 

Studded Tires" was enacted in 1991, use of deicing agents has been increasing year by year to ensure 

safe road conditions, and the domestic rate of application has exceeded 60 million tons in recent years. 

In 2002, abolition of the state's salt monopoly and total liberalization of Japan's salt market led to 

inexpensive rock salt imports, with the result that sodium chloride now accounts for about 80% of 

deicing agents. 

Ever since it began, the application of chlorides has raised concern about the corrosion of steel, and 

has been the focus of numerous studies starting a long time ago. On the other hand, scaling 

deterioration in which mortar scales from the surface of concrete has arisen as a problem in recent 

years, and research on this matter is being carried out both in Japan and abroad(Valenza II J. J. et al 

2006)(Verbeck G. et al 1957)( Marchand  J. et al 1999). 

The present study thus far proposed a freeze-thaw test method using small-sized specimens, which 

is an accelerated test that uses 8 mm cubic small-sized specimens cut out from mortar, and reported 

that this method produces results consistent with those of the ASTM C 672 method and the RILEM 

CDF method(Oyamada T. et al 2011). The freeze-thaw test method using small-sized specimens 

allows early detection of scaling deterioration, and its use of small-sized specimens has the advantage 

of allowing direct observation of the microstructure of specimens. Further, the consistency of the 

proposed freeze-thaw test method using small-sized specimens with scaling test methods such as the 

surface ponding test method was investigated using mortar of the same mix proportions and deicing 

agents of the same concentration. 

This study, in addition to carrying out improvements of the freeze-thaw test method using small-

sized specimens, investigated the effect of various types of deicing agent and their concentration on 

scaling deterioration. As the experimental results showed that magnesium salt-based deicing agent has 

a strong inhibitory effect on scaling, that mechanism was also added to the scope of the study. 

 

2. Experimental Method 

2. 1. Samples and Test specimens 

 The materials used and the mix proportions are listed in Table 1. Ordinary Portland cement (density: 

3.15g/cm3) was used as the cement, and crushed sand from the Kurokawa in Morioka City, Japan (size 

under 2.5 mm, surface-dried condition) was used as the fine aggregate (fineness modulus: 2.89, 

density in saturated surface-dry condition: 2.80 g/cm3). The specimens were made of mortar without 

addition of AE agent. JIS mortar specimens measuring 4 × 4 × 16 cm were prepared, and after water 

curing to the age of 28 days, the specimens were cut into 8mm cubes with a diamond cutter for use as 

test specimens. The deicing chemicals used are showed in Table 2. 

 

Table 1  Materials and mixing proportion 

 
Table 2  Deicing chemicals 

 
 

 



 

 

2. 2.  Freeze-thaw test method using small-sized specimens 

The freeze-thaw test was performed by placing a set of three cubes of mortar (total weight of about 

4 g) in a 100 ml polypropylene container filled with deicer solution to the solution/specimen weight 

ratio of 10:1, and lidding the container. The eleven types of deicing agents are listed in the left column 

of Table 2. The deicing agent solution concentrations of 1, 3, and 6 mass% were used. The specimens 

placed in the container were subjected to 1, 3, 5, 7, 10, 15, and 20 freeze-thaw cycles each consisting 

in freezing for 12 hours in a -20C freezer, and thawing for 12 hours at the room temperature of 15C. 

After the set number of cycles, the samples were separated from the solution with filter paper (5B) and 

washed with pure water. After the separated samples were dried at 40C for 24 hours, they were 

classified using a 2.5 mm sieve. The scaling inhibition effect was evaluated using the residual mass 

ratio of the sample residue left in the sieve. For each measurement, the residual mass ratio of the pre-

test mass was obtained by using the median value of three sets of the above-described samples. 

The scaling durability index (SDI) was obtained from the residual mass ratio thus obtained using 

Equation [1], and this was used as a quantitative evaluation index. 

 

Case of residual mass ratio of 40% or higher 

 Residual mass ratio (%) when SDI = 10 cycles 

Case of residual mass ratio under 40% 

 

SDI = P×N / M (%)      [1] 

  

 P = 40 (%) 

 N: Number of cycles (times) when residual mass ratio reaches 40% 

 M: Number of cycles (times) at which test end is planned 

    (In the case of this test, M = 10)  

 

2.3. Scaling test method by surface ponding method  

 The scaling test method by surface ponding method (surface ponding test method) is a test method 

that conforms to the ASTM C 672 method. In accordance with a previous report(Oyamada T. et al 

2009), PVC pipes of 153 mm diameter were cut to a length of 120 mm for use as molds, and mortar 

was poured into them to the height of 100 mm to make the specimens. The specimens were water 

cured while still in their molds until the age of 28 days. Just before the start of the freeze-thaw test, the 

bottoms of the specimens were pushed up using a hydraulic jack so as to obtain 20 mm of free tube to 

form a dam in which deicing agent solution was poured to a height of 10 mm to subject the specimens 

to the freeze-thaw test. The reason for selecting the bottom placing surface as the test surface was to 

exclude the influence of weakening of the surface due to bleeding or drying during curing. The 

boundary between the edge of the specimen surface and the PVC pipe was covered with silicone resin 

to prevent scaling from the mortar edge or side. The freeze-thaw test was carried out by conducting 50 

times the freeze-thaw cycle under the same conditions used for the freeze-thaw test using small-sized 

specimens. The test results consisted in evaluation(Oyamada T. et al 2009) based on measurement of 

the amount of scaling (kg/m2), done every five cycles. 

 

2.4. Freeze-thaw test method using thin specimens (Sekiguchi C. et al 2013) 

 In accordance with JIS A 1132, mortar was poured into a mold 100 mm in diameter and 200 mm in 

height, and after water curing to the age of 28 days, 20 mm thick slices of the cured body were cut 

from the bottom base. These were used as the thin specimens. The thin specimens were placed in a 

zippered vinyl bag into which 200 ml of a deicing agent solution was poured so as to immerse them, 

all remaining air was expelled from the bag, which was then sealed and subjected to freeze-thaw 

cycles. Based on the freeze-thaw test method in water (Method A) described in JIS A 1148 Method of 

Test for Resistance of Concrete to Freezing and Thawing, the freeze-thaw test consisted in 300 freeze-

thaw cycles at the temperatures of -20C and 20C. The scaling inhibition effect was evaluated based 



 

on the residual mass ratio at 120 cycles, with measurements done every 30 cycles. Using Equation [2] 

and Equation [3], the thin specimen scaling durability index (DDI) was obtained and used as a 

quantitative evaluation index. 

 

Case of residual mass ratio of 40% or higher 

  DDI = residual mass ratio [2] 

Case of residual mass ratio under 40% 

  DDI = P×N / M [3] 

 

 P = 40 (%) 

b: Number of cycles (times) when residual mass ratio reaches 40% 

M = 120 (times) 

 

2. 5. Charateristics of hardened specimens 

Using the sample residue left over in the 2.5 mm sieve after residual mass ratio measurement as is, 

pore size distribution was measured by mercury porosimeter. Also, observation of the cured product 

was done by backscattered electron image (BEI) using a scanning electron microscope, and element 

distribution of magnesium was done by energy dispersive X-ray analysis (EDS). 

2. 6. Strain measurement of mortar and ice  

 In accordance with a previous report(Oyamada T. et al 2009), the mortar and ice strain during 

freezing was measured. A mold gauge was set at an adequate depth in the mold and fresh mortar was 

then poured to produce the mortar specimen for strain measurement. 

 

3. Experimental Results and Discussion 

3. 1. Improvement of test method using small-sized specimens 

 Improvement of the test method was achieved in this study through the use of sieved fine aggregate 

of 2.5 mm or smaller size. The results obtained by using fine aggregate of 5 mm or less as specified in 

a previous report(Oyamada T. et al 2011) and the improved fine aggregate of 2.5 mm or smaller of this 

study are shown in Fig.1. The results are for the case of a 3% NaCl solution. In the case of the 

aggregate of 5 mm or less, aggregate of 2.5 mm or larger that separated from the cement paste 

remained in the sieve, yielding a residual mass ratio higher than 0%. By contrast, in the case of fine 

aggregate of 2.5 mm or smaller, the residual mass ratio when aggregate separated fell to 0% as shown 

in the figure, and the aforementioned SDI also reached 0%. In Fig. 1, regardless of the type of 

aggregate that was used, the residual mass ratio sharply declined in three cycles, falling to 20% or 

lower in five cycles, indicating that the influence of aggregate size is small. Compared with the use of 

aggregate of 5 mm or smaller, the use of aggregate of 2.5 mm or smaller results in higher 

reproducibility. 

Based on the results obtained so far, scaling deterioration is reported to gradually progress toward the 

inside as cracks on the surface of the cured product extend through the aggregate-cement paste 

interface, ultimately leading to the process of aggregate and cement paste separation(Oyamada T. et al 

2011). 

In view of the above, it was decided to use aggregate of 2.5 mm or smaller size for the subsequent 

tests. Further, 20 freeze-thaw cycles were performed, but as seen in Fig. 1, evaluation at 10 cycles 

sufficed. 



 

 
Fig. 1 Residual mass ratio of specimens with each sand of 5.0mm and 2.5mm or smaller size 

 

3. 2. Influence of various deicing agents 

The residual mass ratio measurement results of cured mortar subjected to repeated freezing-thawing 

in pure water as well as 3% solutions of various other deicing agents are shown in Fig. 2. 

The residual mass ratio hardly declined in pure water. However, degradation was significant when 

using deicing agent, a result that matches actual phenomena. Further, the amount of scaling in the case 

of acetate-based deicing agent was important compared with chloride-based deicing agent. This is a 

similar result to that of past experiments4). Moreover, scaling is most pronounced for sodium and 

potassium, followed by calcium. CMA (calcium magnesium acetate), which is attracting attention as a 

non-chloride deicing agent, likewise showed a strong scaling inhibition effect. Magnesium salt-based 

deicing agents, including CMA, deserve notice for not producing observable change in specimen 

appearance nor reduction of residual mass ratio. Figure 3 shows photographs that represent the 

changes in residual mass ratio given in Fig. 2. 

 

 
Fig. 2 Residue mass ratio of specimens as the freeze-thaw test cycling  

progressed with each 3% deicing chemicals 
 

Scaling can be seen to occur as degradation that starts from the surfaces of a specimen and 

gradually reduces the size of the specimen. Further, the fallen off mortar portions too ultimately 

separated into aggregate and paste. The SDI measurement values obtained from the residual mass ratio 

at 10 cycles of the freeze-thaw test using 1%, 3%, and 6% solutions of various deicing agents are 

listed in Table 2. 

 

 

 



 

Table 2  Deicing chemicals used and SDI(Scaling resistance index) 

 
 

Looking at the results by concentration, scaling deterioration at 3% was most pronounced, followed 

by 1% and 6%. Looking at positive ions, like the trend observed for the 3% concentration, the degree 

of scaling deterioration was K = Na > C, and in the case of magnesium salt, the SDI values were all 

higher than 90, indicating the strongest scaling inhibition effect. On the other hand, for negative ions, 

scaling deterioration order was acetic acid > chloride. According to the results of a study by Verbeck 

et al. 1957 on calcium chloride, sodium chloride, uric acid, and ethyl alcohol, the extent of scaling is 

greatest at concentrations between 2% and 4%, and similar results to these were obtained. Compared 

with the results of the top surface ponding type scaling test method (ASTM C 672), SDI at 6% was a 

low value (meaning easy scaling). The depth of the influence of the solution at the concrete surface is 

thought to be a factor, and it is considered that in the case of small test specimens, the freezing 

extended all the way to the center of the specimens. According to a previous report(Oyamada T. et al 

2011), an SDI value of 40 or higher indicates a scaling inhibition effect. Magnesium-based deicing 

agents satisfy this condition regardless of the type of negative ion and the solution concentration, and 

they have a strong scaling inhibition effect 



 

 
Fig.3  Appearance of specimens as the freeze-thaw test cycling progressed  

with each 3% deicing chemicals. 



 

 

3. 3. Evaluation of agreement with various existing scaling test methods 

 The agreement of the freeze-thaw test method using small-sized specimens was quantitatively 

evaluated using a figure showing the SDI values obtained from the test results of the freeze-thaw test 

method using small-sized specimens as the horizontal axis, and the test results obtained by the other 

test methods as the vertical axis. In the case of the surface ponding test method and the freeze-thaw 

test method using thin specimens, the scaling amount at 50 cycles and the DDI figure at 120 cycles 

were used as the vertical axis. 

 The relationship between the freeze-thaw test method using small-sized specimens and surface 

ponding test method is shown in Fig. 4. In terms of scaling amount, scaling deterioration was 

pronounced in the case of sodium chloride, but in the case of the other deicing agents, including pure 

water, the scaling amount was just 0 kg/m2, and thus almost no difference in degradation as the result 

of the type of deicing agent could be seen. SDI-based evaluation showed a low value of about 20% for 

both sodium chloride and NCMA30, but the SDI value increased in the order of NCMC22.5, 

NCMC45, and NCMC52.5, and was almost 100% for the other deicing agents. The order of scaling 

deterioration is the same for both test methods and magnitude relationships can be evaluated. As can 

be seen in Fig. 4, evaluation based on SDI at 10 cycles for the freeze-thaw test method using small-

sized specimens yields a poorer result than the scaling amount at 50 cycles for the surface ponding test 

method. 

 
Fig. 4 Correlation of SDI at 10 cycle and ASTM C672  Fig.5 Correlation of SDI at 7 cycle and ASTM 

 

Based on this result, figures using the SDI at 7 cycles and 5 cycles for the freeze-thaw test are 

shown in Fig. 5 and Fig. 6, respectively. Figures 5 and 6 show a linear distribution of the results 

compared with evaluation at 10 cycles. SDI evaluation at a lower number of cycles than the freeze-

thaw test using small-sized specimens shows higher correlation with the scaling amount evaluation 

using the surface ponding test method. 

  
Fig. 6 Correlation of SDI at 5 cycle and ASTM C672     Fig. 7  Correlation of SDI and DDI 

The relationship between the freeze-thaw test method using small-sized specimens and the freeze-

thaw test method using thin specimens is shown in Fig. 7. The scaling deterioration order is almost the 



 

same for SDI and DDI. In the case of sodium chloride, SDI and DDI were on the order of 20%, and in 

the case of pure water and magnesium chloride, they were both 100%, with a linear distribution of y = 

ax (a: constant) except for magnesium acetate. In the case of magnesium acetate, the value of DDI is 

60% in the freeze-thaw test method using thin specimens. With regard to magnesium salt, the residual 

mass ratio is shown to be approximately 100%, whereas the residual mass ratio decreases at each 

additional freeze-thaw cycle. Therefore, the freeze-thaw test method using thin specimens is a stricter 

test for scaling evaluation than the freeze-thaw test using small-sized specimens. There is good 

agreement between the respective results of the freeze-thaw test method using the small-sized 

specimens and the freeze-thaw test method using thin specimens agree, and a high level of correlation 

is obtained. 

 Based on the above, the freeze-thaw test method using small-sized specimens was found to be 

consistent with the surface ponding test method and other scaling test methods. Even the freeze-thaw 

test using small-sized specimens may be regarded as a scaling evaluation test, like the surface ponding 

test method employing mortar of the same mix proportions. Although the present investigation was 

done on mortar, a similar investigation is currently being conducted on concrete, and the results 

indicate some degree of agreement. 

 

3. 4. Effect of Mg salt on scaling deterioration 

The pore size distributions associated with the freeze-thaw cycle of calcium acetate, magnesium 

acetate, and calcium magnesium acetate (CMA) are shown in Fig. 8. In the case of calcium acetate, 

which causes remarkable scaling deterioration, the number of pores in the size range of 50 nm to 1 μm 

decreases and the number of pores 1 μm or larger increases as the number of freeze-thaw cycles 

increases. Given that this phenomenon occurs even for a single freeze-thaw cycle, damage to the cured 

product is judged to appear from just one freeze-thaw cycle. On the other hand, in the case of 

magnesium acetate and CMA, even if five free-thaw cycles are applied, the number of pores between 

50 nm and 1 μm and pores 1 μm or larger remains almost unchanged compared with zero freeze-thaw 

cycles, so no damage to the cured product is considered to occur. Pores in the 50 nm to 1 μm size 

range are particularly numerous in the transition zone around the aggregate rather than in the paste 

matrix5), and it is thought that these pores are destroyed by freezing-thawing and change into larger 

pores. Further, with regard to pores of 50 nm and smaller size, variations in the number of such pores 

according to deicing agent type is minimal as shown in Fig. 8. A previous report(Oyamada T. et al 

2011) found through BEI observation that scaling starts at the specimen surface, with cracks 

developing perpendicular to the surface, and then progressing toward the inside along the aggregate, 

and the findings of the present study with regard to pore size distribution quantitatively support this. 

. 

       Fig. 8  Pore size distribution in specimens residue with 2.5mm sieve (3% of magnesium  

acetate,  calcium acetate and CMA: calcium magnesium acetate 

 



 

Figure 9 shows the BEI of the outer edge of a specimen after 7 freeze-thaw cycles using a 3% CMA 

solution. A thick layer of Mg can be seen on the outside of the mortar. This is low-solubility 

magnesium hydroxide (Mg(OH)2) precipitated on the surface of the cured body after dissolving of the 

CMA. Mg(OH)2, which has remarkably low solubility and consists of extremely small crystals, can be 

seen to have precipitated in gel form on the surface. 

 
Fig. 9  Back scatterd electron image (BEI) and Mg distribution image 

 

In previous studies, the authors of the present paper investigated the difference in strain amount 

caused by the thermal expansion coefficients of ice and concrete, and studied its relationship with the 

scaling amount. Figure 10 shows the strain values for various solutions of water and deicing agent at -

15C. The concentration value of 0% is that of pure water. These values are almost the same as the 

strain values obtained from the coefficient of thermal expansion of mortar6). The addition of deicing 

agent generally results in increased strain, with a value of 400-600 × 10-6 for a concentration of 1%. 

At 3% concentration, the strain reaches its highest value, and at 6% concentration, the strain is lower 

again. Even CMA, which caused little scaling, presented an amount of strain almost the same as that 

of chlorides and acetate, and based on this alone, it is not possible to explain why the scaling amount 

is lesser for magnesium salt. 

Figure 11 shows the strain at the surface of mortar in the horizontal direction of the mortar at -15C 

when using sodium chloride and CMA. In any case, at the depth of 50 mm, the solution exerts no 

effect and the strain is roughly equivalent to the coefficient of thermal expansion of mortar. The 

topmost point in the figure indicates the strain of the solution shown in Fig. 6, and there is no 

difference between these values. The differences that occur are at the depth of up to about 4 mm from 

the surface of the mortar, with important shrinkage and expansion in the case of sodium chloride, 

while for CMA, the amount of strain is comparable to that farther inside. The interpretation of the 

amount of strain will be the object of future studies based on the research findings on other deicing 

agents. For now, focusing on the single fact that CMA causes only a small amount of scaling, the 

reasons are considered to be that the strain of the ice does not extend into the mortar, and also that the 

Mg(OH)2 precipitated phase between the mortar surface and the ice reduces friction between the 

mortar surface and the ice by acting as a sliding layer. This is thought to mitigate the difference in 

strain between the mortar and the ice. Further, to test the effectiveness of magnesium salt, freeze-thaw 

tests were conducted using calcium acetate-magnesium acetate mixes and calcium chloride-

magnesium chloride mixes at several molar concentrations. The deicing agent mix solution 

concentration of 3% was used. The SDI results are listed in Table 3. As described earlier, SDI of 60% 

or higher is considered to indicate high scaling resistance. Commercially available CMA uses calcium 

acetate and magnesium acetate in a 3:7 ratio. In the case of deicing agent that consists of a mixture of 

calcium chloride and magnesium chloride or a mixture of calcium acetate and magnesium acetate, at 

the highest molar ratio of Ca of Ca:Mg = 9:1, SDI is 60% or lower, and at lesser molar ratios, it is 99% 

or higher. These results signify that scaling can be suppressed when the magnesium salt content is 

above a certain amount. 



 

  
Fig.10  Shrinkage of ice with deicing chemicals         Fig.11  Change of the shrinkage by the  

             on mortar surface at -15 degree C from zero               depth of mortar at -15 degree C 

 

Table 3   Mix proportions of 3% of CaCl2 / MgCl2 and Ca-acetate / Mg-acetate and their SDI 

 
 

Figure 12 shows the outer edges of specimens subjected to 7 cycles using CaCl2/MgCl2 and Ca-

A/Mg-A. In both cases, a layer rich in magnesium is visible on the outer side of the mortar, and is 

considered to be Mg(OH)2 as mentioned earlier. 

Based on the above, the fact that deicing agents that include magnesium salt have an inhibitory 

effect against salt scaling is thought to be due to the fact that magnesium salt precipitates as 

magnesium hydroxide on the surface of the mortar and acts as a protective layer against scaling. 

 



 

 
              Fig.12  Backscattered electron image (BEI) and Mg distribution image of  

polished surface of specimens after 7 freeze-thaw test cycle with  

CaCl2/MgCl2 and Ca-acetate/Mg-acetate 
 

4. Conclusions  

 This study investigated the influence of deicing agents on scaling deterioration using the freeze-

thaw test method using small-sized specimens, with the following findings. 

· Almost no scaling deterioration occurs with water. Scaling deterioration is greatest for the 

concentration of deicing agent of 3%, and declines at the concentrations of 1% and 6%, in this order. 

Scaling deterioration is most significant for sodium and potassium salt. Calcium salt produces slightly 

less scaling, but scaling deterioration is still important. The scaling inhibition effect differs depending 

on the type of deicing agent. Magnesium salt causes very little scaling deterioration, almost as little as 

pure water, regardless of deicing agent type. 

· In the case of CMA and magnesium acetate, the pore size distribution in small-sized specimens 

remains almost unchanged even when the specimens are subjected to freeze-thaw cycles, and no 

degradation of the microstructure occurs. 

· In the case of CMA, magnesium acetate, magnesium chloride, and magnesium nitrate, precipitation 

of a phase rich in magnesium on the surfaces of small-sized specimens subjected to free-thaw cycles 

was observed and identified as magnesium hydroxide. This magnesium hydroxide precipitated on the 

surface of the mortar acts as a protective layer against scaling. 

· The investigation of CaCl2/MgCl2 and Ca-A/Mg-A mixed phases found that as long as a certain 

amount of soluble magnesium salt is included, scaling deterioration is reduced by the precipitation of 

Mg(OH)2 on the mortar surface. 

· The freeze-thaw test method using small-sized specimens is as effective as the surface ponding test 

method, a proven scaling evaluation method, for the evaluation of resistance to salt scaling of concrete. 
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Abstract 

The study demonstrates a new method to quantitatively evaluate the complex pore system in cement pastes, via water 

sorption isotherms. The method is used to illuminate mechanisms that control drying shrinkage, and to compute the 

original water-to-cement (w/c) ratio; both important to engineering practice. We show that irreversible changes in the 

nanostructure during first drying are associated with changes in the pores that empty between 85-to-45% relative 

humidity (RH). Furthermore, water in the interlayer space (e.g., similar to clays) of the binding calcium-silicate-

hydrate (C-S-H) phase, does not empty until drying below 25% RH, but this water does not completely re-saturate the 

pore system even upon rewetting at 100% RH. With a new ability to identify the volume of pores associated with the C-

S-H gel, as opposed to the remaining capillary pores, a method for computing the original cement content is proposed. 

These examples support the validity of a new method of evaluating cement-based materials in terms of mixture 

formulation, and pore system characteristics. 

 

Originality 

This study provides a comprehensive understanding of the capillary, gel and interlayer pore system in cement pastes. 

Novel techniques for accurate quantification of the gel and capillary pores, calculation of gel-to-space ratio and 

determination of the original w/c from water vapor sorption isotherms are presented. Such techniques can be applied to 

cementitious systems for forensic analyses and prediction of volume changes associated with drying and wetting. This 

has significant implications on practice.  
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1. Introduction 

Water sorption isotherms, which probe the pore structure of cement paste at all scales where 

evaporable water resides, are a very powerful tool for evaluating microstructure. Research on this 

topic has been active for decades (Baroghel-Bouny, 2007; Brunauer et al., 1938; Brunauer et al., 1969; 

Brunauer et al., 1943; Bradley, 1936; Hagymassy et al., 1969; Powers, 1958; Odler et al., 1972), with 

special focus being given to: (1) determining the specific surface area of the C-S-H (Baroghel-Bouny, 

2007; De Belie et al., 2010; Thomas et al., 1999) and (2) establishing relationships between the 

hysteresis (i.e., path dependence) that separates the adsorption and desorption curves and pore 

structure (Bazant et al., 2011; Bazant et al., 2012; Young et al., 1967; Daian, 1988; Daian, 1989). The 

various interpretations have been summarized in several papers (Young et al. 1967; Feldman et al., 

1968), but only recently has progress been made to interpret the full desorption/adsorption isotherms. 

Recently, Pinson et al. have advanced a new model (Feldman et al., 1968) that explains the role of the 

network structure on sorption hysteresis in porous media (Pinson et al., 2014).  

Since the work of Powers, Feldman and Sereda, and Roper, the mechanisms of drying 

shrinkage, have been a subject of discussion (Jennings et al., 2013; Powers, 1949; Feldman et al., 

1964; Roper, 1966; Hwang et al., 1984; Helmuth et al., 1970). Helmuth and Roper provided evidence 

for assigning specific relative humidity ranges, as regions in which specific shrinkage mechanisms 

operate (Helmuth et al., 1970; Helmuth, 1961). However, in their work, the mechanisms responsible 

for irreversible shrinkage were not resolved. Furthermore, a consistent issue has been that the low-

pressure hysteresis (observed in sorption isotherms) is not similar to that observed in other porous 

materials, e.g., Vycor glass (Bentz et al., 1998), although this feature is similar to other materials such 

as clays (Ormerod et al., 1983). Explanations of this behavior have been varied and largely qualitative, 

and generally have not been translated into clear mathematical models useful for interpreting pore 

structure, moisture loss, drying and engineering properties. However, there has been less discussion on 

mechanisms of irreversible shrinkage (i.e., shrinkage that is not recovered upon resaturation), which, 

by general agreement, must involve some rearrangement or restructuring of the nano-scale C-S-H 

structure (Jennings et al., 2008). These volume changes, which yet remain unclear, are of central 

importance to formation of large and small cracks, associated issues with concrete durability and, in 

particular, irreversible shrinkage.  

It is clear that explicit understanding of the capillary, gel, and interlayer water (i.e., pore spaces) would 

improve our ability to characterize cement-based materials. Towards this end, we propose and 

demonstrate that water isotherms can be used to identify explicitly, the quantity of water contained 

within, and removed from the gel and capillary pores. Such information can be used to study 

relationships between microstructure and properties, which have been described in detail in (Jennings 

et al. 2015) 
2. Discussion of the Pore Systems in Cement Pastes 

A. Interlayer spaces, with width available to water ≤2 nm: The characterizing feature for this 

type of space is its capacity to maintain water in the confined state down to low RH, e.g., ≤ 25% RH. 

Recent findings from molecular simulations and 1H-NMR during estimate desorption from such 

nanopores to start between 20%-to-25% RH (Bonnaud et al., 2010; Muller et al., 2012). Traditionally 

the interlayer water is that defined as residing within and integral to the C-S-H layers (i.e., sheets), and 

includes water which exists in both tightly physisorbed, and chemisorbed states. We extend this 

definition to include contact regions where surfaces with different atomic orientations come into close 

proximity, and in certain cases, bond covalently. The removal of water from the interlayer spaces 

causes partial collapse of the solid, and therefore we prefer the term “space” over “pore” for this 

category.  

B. Gel pores, with widths between approximately ≈2 and ≈8 nm: These pores are defined as the 

minimum porosity that can be achieved in a cement paste, i.e., the residual porosity that remains when 

the capillary pores are filled-in; when reaction products just-fill the original water-filled space (Powers, 

1958; Powers, 1960). The lower limit of ≈2 nm for this size class of pores corresponds to the upper 

limit of the interlayer space described above. 



 

C. Capillary pores, with width between ≈8 nm and ≈10 um: These pores are systematically 

diminished to zero as the w/c of different samples approaches 0.36,, i.e., a system in which the volume 

of reaction products formed, plus cement particles equals the total volume. Here, it should be noted 

that diminishment of the capillary pores is contingent upon two conditions: (a) the paste has been 

cured in ambient conditions and (b) hydration is permitted to continue until it reaches its maximum 

achievable value, i.e., the ultimate degree of hydration for the given w/c. Observations that water in 

the C-S-H is not removed until the RH≤25 %, allows the broader pore structure to be separated from 

the interlayer water for the purpose of analysis (Pinson et al., 2014; Helmuth, 1961; Muller et al., 

2012).  

From the data that follows, we propose a composite sorption diagram, shown in Figure 1 that can be 

constructed to permit visualization of separate experiments, and sorption pathways. This diagram, and 

its experimental verifications are shown in the sections that follow. A few points, drawn from the 

literature, must be made in order to interpret this diagram. First, there are two reference states, 

saturation and dry, i.e., essentially devoid of evaporable water. Each of these states has experimental 

challenges, such as keeping the sample wet with the largest pores full prior to starting measurements, 

and defining a dry state reliably (Powers, 1958; Consolazio et al., 1998; Winslow et al., 1974). While 

analysis of the literature suggests, based on scanning isotherms (Feldman et al., 1968; Feldman et al., 

1970; Jennings, 2004), that an envelope for desorption and adsorption isotherms between 0-and-100 % 

RH exists, we will for the first time confirm this explicitly. It should be noted that a number of water 

sorption isotherms have been acquired, for one w/c, to construct Figure 1, which will be referred to 

throughout this paper.  

 
Figure 1: A composite sorption diagram for a mature cement paste of typical w/c as used in 

engineering practice. The diagram is illustrative only, and hence is not drawn to scale. 

As such, as the main objective, this paper will establish water sorption isotherms as a diagnostic tool 

to quantitatively evaluate the pore structure of cement based materials. We illustrate its use with two 

examples: (1) to evaluate changes that occur on first drying that can be correlated with volume change 

(e.g., drying shrinkage), and (2) to forensically extract the original w/c for a given cement paste (i.e., a 

mixture of cement, and water).  

3. Materials and Methods 
Sorption isotherms were acquired for well-hydrated pastes using a Type I/II OPC and alite (MIII-

Ca3SiO5; not shown (Kumar et al., 2014)), aged greater than 6 months. Pastes were prepared by hand-

mixing the powders with de-ionized water, at several water-to-solid ratios (by mass, w/s = 0.450, 



 

0.500 and 0.650). After mixing, the fresh pastes were sealed in airtight polyethylene containers 

(volume of around 20 cm3) at 23 ± 2°C. At the time of testing, the hardened pastes were ground and 

sieved through a 75 μm sieve after which the powder samples were used for: (a) dynamic water vapor 

sorption (DVS) isotherms and (b) thermogravimetric analysis to assess the degree of reaction of the 

cement pastes, and assess if carbonation may have occurred during the DVS experiment.  

The Type I/II OPC used had a composition of 59.2% Ca3SiO5, 16.7% Ca2SiO4, 3.2% Ca3Al2O6, 10.3% 

Ca4Al2Fe2O10, 2.2% MgO, 0.6% CaSO4, 2.6% CaSO4.0.5H2O, 1.0% CaSO4.2H2O, 3.4% CaCO3, 0.6% 

(Ca,Mg)(CO3)2 and 0.5% K2SO4 as determined using quantitative x-ray diffraction (QXRD). The 

specific surface area (SSA) of the OPC was 486 m2/kg as determined using its measured particle size 

distribution (using static light scattering) and assuming spherical particles. This assumption 

underestimates the specific surface area by a factor ranging between 1.0-to-1.8 (Garboczi et al., 2004) 

though this can magnify further depending on the roughness of solid surfaces.  

Dynamic water vapor sorption isotherms were acquired using a custom-built DVS-Advantage analyzer 

(Surface Measurement Systems, Allentown, PA, USA). In a typical experiment, a quantity of 

cementitious powder (between 50-100 mg) is placed in a sample pan and compacted by tamping. 

Further description of the exprimental procedure can be found here (Kumar et al., 2014). 

Thermogravimetric analysis was carried out on powdered paste samples using a simultaneous thermal 

analyzer manufactured by Perkin Elmer (Model: STA 6000).  

4. Results and Discussion 

4.1 Evaluation of Changes in Pore-Structure on First and Subsequent Drying 
An important point included in the above description is that no water leaves the interlayer space(s) 

during desorption until approximately RH ≤ 25% is achieved. Therefore, for RH ≥ 25%, the C-S-H 

phase (when separated from the capillary pores) can be considered as a “solid” of constant 

composition and properties. It is at this time clear that the primary reason for the high-pressure 

hysteresis in cementitious sorption isotherms is pore blocking (Pinson et al., 2014). This mechanism is 

operative for RH ≥ 25 %. Pore blocking is the consequence of a series of pores connected to the 

ambient, but having narrow necks, such that the larger pore interiors cannot empty until a RH where 

vapor-liquid interface can pass through the neck – i.e., the so-called ink-bottle effect. A pore network 

of this nature invokes regions of “solid” with near neighbor regions in contact, and while this picture 

might invoke a granular structure, the bonds between regions could be as strong as the bonds between 

layers of C-S-H (Beaudoin et al., 2009). A visual illustration of a cementitious microstructure is 

provided in Figure 3, and in Figure 6. 

 

    
(a) (b)  (c) (d) 

Figure 2: Multicycle sorption isotherms for a well-hydrated cement paste (w/c = 0.650, aged ≈ 18 

months) acquired across a range of relative humidities (RHs): (a) 99-to-90%, (b) 98-to-50%, (c) 98-to-

25% and (d) 98-to-0%. The dashed lines show the best fit to the measured adsorption or desorption 

response. It should be noted that these measurements were carried out on different samples cast from 

different batches and thus show expected levels of inter-sample variability across (a) to (d). It should 

be noted that: (i) the red vertical line shown in (a) represents water that is blocked from leaving the gel 

pores at 97% RH and (ii) After 1st desorption, in general, no further changes that are detected by the 

water sorption isotherm. 

This section explores the pore structure, and changes in pores between first and second drying, to each 

of four specific relative humidities and then resaturated. The data for these drying cycles are plotted in 



 

Figure 2. As is seen, all of the changes, if they occur, occur during the first drying cycle, with 

subsequent drying cycles imposing no detectible further changes. In spite of the drying process 

starting at (near) saturation (≈ 98%), we frame our discussion in terms that use the moisture content 

around 0% RH (i.e., ≈0.7% RH, to be precise) as the reference state, due to the different saturation 

moisture contents that can be achieved, e.g., as a function of w/c, of the time interval, and the 

procedures applied for ensuring moisture saturation.  

Capillary Pores (99% ≤ RH ≤ 85%): Figure 2(a) shows an isotherm of a sample dried to 91% RH, 

which is well within the estimated bounds for the capillary pores. These pores are connected to the 

ambient by passages down to about 50 nm in diameter. As shown for the first time, and will be 

discussed in detail, there is a significant hysteresis. At any RH the difference between the desorption 

and adsorption branches is the amount of water trapped behind smaller passages to the ambient (pores). 

The solid red line in Figure 2(a) represents this value for a RH = 97%, though it is noted that by RH = 

90%, the sorption-desorption curves begin to merge towards a common horizontal asymptote. 

Significantly, the shape of the desorption curve, approaching a horizontal slope with almost no 

hysteresis, suggests that pores or pores with entrances in the size range of about 20 nm in diameter are 

emptied of water by 90% RH. This horizontal asymptote achieved at high RH shows a clear means of 

discriminating capillary pores, from the remainder of the pore structure. In other words, since no pores 

are emptying over this range, i.e., around RH ≈ 90 %,  and we know that smaller pores will empty only 

at lower RH’s, there is a gap in pore sizes that serves as a means to quantitatively define capillary 

pores. While it may be so that no further pores empty down to 85% RH, a value identified by Roper 

(Roper, 1966), further work is needed to validate this point. Over the range of RHs considered, 99% ≤ 

RH ≤ 90%, all successive adsorption and desorption curves overlay each other. This suggests that no 

irreversible microstructural changes occur on drying to around 90% RH.  

Gel Pores (85 – 25 % RH): Gel pores have been defined as the minimum porosity intrinsic to the C-

S-H in cement paste. Here we assign gel pores as those that empty between 85% ≤ RH ≤ 25%. We 

divide this RH region into two pore categories: the large gel pores that empty when dried to ≈50% RH 

(≈4 nm diameter) and the small gel pores that empty on further drying until ≈25% RH (≈2 nm 

diameter). It should be noted that this assignment is based on an inflection point around the 50% RH 

range noted especially on 2nd and subsequent drying cycles (Roper, 1966; Jennings et al., 2008; 

Jennings, 2004). It has been previously noted that pores larger than ≈4 nm in diameter are a part of the 

LD (low density) C-S-H (Jennings, 2008). As shown in Figure 2(c), significant structural change, 

shown by comparing first and second drying, occurs up on first drying within the range 85-to-50 % 

RH; corroborating our previous reasoning for the division of gel pores into two categories. We note 

that though the resolution of these isotherms does not include the horizontal asymptote that appears 

around 90% RH this is the first time that capillary and gel pores of are explicitly identified in direct 

correlation with the irreversible microstructural changes that occur upon drying (discussed later).  

Large gel pores (LGP, 85% ≤ RH ≤ 50%): By comparing the desorption isotherms (i.e., the 1st to 

subsequent drying cycles, see Figures 1 and 2b-2d) above and below 85% RH, it is clear that when 

dried to 50% RH the total pore volume emptied above 85% RH increases substantially, while the pore 

volume emptied below 85% RH below decreases proportionally. The collapse of the LGP within this 

RH range must be associated with irreversible shrinkage, which typically shows a value around 3000 

µε in pure cement pastes (Helmuth et al., 1970). Careful examination of Figure 2(b) also shows nearly 

complete recovery of the pore volume upon adsorption at near saturation (i.e., ≈ 98% RH). Thus, 

desorption likely induces in rearrangements of the microstructure, e.g., see change in desorption path 

from Cycle # 1 to Cycle # 2 (Figure 2b and 2c). The overall porosity (but not the external bulk volume) 

remains constant. However, even near resaturation conditions do not fill all of the pores. Only pores 

smaller than about 100 nm in diameter are filled, leaving the micron size capillary pores empty. While 

this does clearly imply that the larger pores are not accessible by the sorption methodology used herein, 

the discussion fully supports the idea that the LGP are associated with the LD C-S-H structure 

(Jennings, 2004).  

Small gel pores (SGP, 50% ≤ RH ≤ 25%): When drying to 25% RH the changes in the desorption 

isotherm between first and second drying occur mostly for RH ≥ 45% (Figure 2c). This indicates that 



 

the SGP, or the pores associated with the HD C-S-H, experience little, if any change when emptied, 

i.e., they might be already compacted into the densest possible structure. Therefore, it appears as 

though the distinction between the smallest gel pores and the interlayer spaces is perhaps blurred?  

Interlayer space (RH ≤ 25%): Drying below 25% RH induces substantial changes that separate 1st 

from subsequent desorption cycles (see 98% values in Figure 2d and Figure 3). The hysteresis 

becomes more pronounced – which has been associated with the removal of interlayer water starting at 

25% RH, but which can re-enter this space over the entire RH range – depending on the time duration, 

and RH offered for re-entry (Beaudoin et al., 2009). Also we note that the total volume of pores filled 

during resaturation does not fully recover in this specific case; though it may be otherwise in the event 

vacuum saturation and water immersion were to be employed. This effect, which is repeatable and has 

been noted for decades across numerous samples, w/c etc., is associated with pore spaces that empty 

and do not refill within the interlayer space. Given the dimensions of the interlayer spaces and the 

chemical potential of water contained therein (as described by Kelvin’s equation (Fisher et al., 1981a; 

Fisher et al., 1981b)), these are estimated to be the intraglobular pores (IGP) described in (Muller et 

al., 2012), a subset of the interlayer space. Significantly, it has been noted that, when enough water is 

removed and two adjacent interlayer surfaces contact, solid-solid bonds form, which increases the 

degree of C-S-H polymerization, its density and which, in turn, reduces the porosity (Beaudoin et al., 

2009). This explains the nature of irreversible bulk volume changes that are observed upon drying to 

≈0% RH (≈0.7% RH in this case), and more specifically, for RHs ≤ 25%.  
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Figure 3: (a) A representative backscatter electron micrograph of a 28 day old C3S paste.  

4.2 The Influence of aging on Volume and Densification of Gel Pores 

Examination of Figures 4 and 5 below shows that the difference between the first and subsequent 

desorption cycles becomes less pronounced with age. As a detailed example, for w/c = 0.65, the 

volume of LD pores decreases with age up to 27 months. The gel, especially the LD C-S-H slowly 

compacts with age, an effect that is not accounted for by an increase of reaction, (i.e., increase in 

stiffness with age and reaction time), as  has been widely reported in the literature. This is direct 

evidence that the LD-pores, slowly collapse, with the passage of time – explaining as an example why 

the C-S-H bulk density (i.e., including the gel water) increases with time(Muller et al., 2012). This 

may explain the substantial increase in the degree of polymerization of the C-S-H phase that 

accompanies the pore collapse process (Beaudoin et al., 2009; Richardson, 1999).  

  
(a) (b) 

Figure 4: Multicycle sorption isotherms for well-hydrated cement pastes acquired across a range of 

relative humidities: (a) w/c = 0.45 (aged ≈ 9 months) and (b) w/c = 0.65 (aged ≈ 9 months). The 

dashed lines show the best fit to the adsorption or desorption response. 



 

It is interesting to note that the difference between 1st and 2nd desorption is vanishingly small when an 

older sample is dried to only 25% RH (see Figure 5b). However, when the sample is dried to 0.7% RH, 

there is a clear and measurable difference between the 1st and 2nd desorption in the region of RH 

associated with the gel pores (i.e., 85% ≤ RH ≤ 25%) – see Figure 5(c). This indicates that, in addition 

to aging, the removal of interlayer water, compacts the pore structure by pulling neighboring solid 

surfaces together.  

 

   
(a) (b) (c) 

Figure 5: Multicycle sorption isotherms for a well-hydrated cement paste (w/c = 0.65, aged ≈ 27 

months) acquired across a range of relative humidities (RHs): (a) 0-to-98%, (b) 25-to-98% and (c) 50-

98%. The dashed lines show the best fit to the adsorption or desorption response. Each of these 

measurements was carried out using the same cement paste sample (powder). In the case of 

desorption, the 2nd and subsequent cycles overlay each other, while in the case of adsorption, all 

cycles, for a given RH minimum, overlay each other. 

4.3 Practical Application: Determining the w/c of Cement Pastes using Adsorption Isotherms 

The water-to-cement ratio (w/c, by mass) is central to engineering practice because it controls 

mechanical properties such as strength, and, importantly, the durability of concrete. Evaluating the 

original w/c is important to quality control, design, and the evaluation of existing structures, including 

establishing compliance with specification. By definition, determination of w/c requires information 

about the volume of space occupied by cement, reaction products, and remaining capillary pores. 

While several methods such as chemical extraction (BS1881:124:1988 (Liu et al., 1999)) and 

fluorescence microscopy (Nordisk NT361-1999 (Jakobsen et al., 1999; Sahu et al., 2004)) have been 

applied to w/c determination, e.g., in forensic evaluations, these techniques, apply significant 

assumptions to compute the original w/c, especially when aggregates are present. While, recently 

Wong and Buenfeld have applied a novel backscatter electron imaging (BEI) method to estimate the 

original w/c, including the effects of aggregate, challenges with calibration and ease of use still remain 

a concern (Wong et al., 2009).   

To overcome the limitations of the methods noted above, we propose and describe a new approach, 

and present an algorithm that provides an improved method for determination of the original w/c. 

Using the pore space interpretations described above the gel/capillary pore volumes are taken directly 

from the sorption isotherm. These parameters can be used to compute Powers gel/space ratio (χ, 

unitless: Equation 1), which, when inverted, is a robust measure of original w/c; as it has been tested 

and validated over several decades, in relation to cement composition and age. Since the gel/space 

ratio is only sensitive to the extent of cement reacted, determination of the reacted cement fraction, 

quantifies the gel/space as a function of w/c. With this understanding, an algorithm can be formulated 

to quantify the gel and capillary pore volumes, and hence determine the w/c of a cement-based 

material. The following numerical values are needed to enable such w/c determinations:  

(i) Saturated value where all pores are full: This is the maximum value noted upon the first 

drying (desorption) of a cementitious material (see Point A in Figure 1). This is a difficult point to 

assess, because as noted above even a small extent of evaporation can easily empty large pores that 

penetrate the sample surface. We highlight that this point can be estimated (to the 1st order) by fitting 

high order polynomials to the 1st desorption isotherm, across the entire RH range, and then estimating 

the moisture content value at 100% RH.  



 

(ii) Point where gel pores are empty and interlayer space are saturated: This is the value 

achieved on first desorption when the gel pores are empty and the interlayer spaces are full at some 

RH ranging between 10-to-25 % RH (Point C in Figure 1).  

(iii) Point where the gel pores and interlayer spaces are saturated: Powers gel/space ratio, 

defines the separation between gel/capillary pores as noted above. This idea is maintained herein. As 

such, Point B in Figure 1, is defined as four times the value on the adsorption curve that represents 

monolayer coverage on the surface of the “globules” (see Point D in Figure 1) (Jennings, 2004). The 

monolayer from our data was determined at ≈22.5% RH for cement paste and ≈11% RH for alite paste. 

This difference in the RH values corresponding to monolayer coverage for alite and cement pastes (i.e., 

Point D) is justified by noting that low-pressure hysteresis is far more pronounced for cement pastes 

rather than for alite pastes (Kumar et al., 2014).  

Gel pores: The volume of gel pores (VGP) is obtained by subtracting (ii) from (iii), while the volume 

of capillary pores is obtained by subtracted (iii) from (i). Solution of the gel/space ratio equation 

requires quantities expressed as ratios, which can be determined from sorption isotherms. This 

uniquely renders air bubbles, aggregates and other fillers invisible to the determined value of the gel-

space ratio (χ, unit less: Equation 1). Knowing that the cement gel contains ≈26% porosity (Hall et al., 

2009; Taylor, 1997; Powers, 1958), the moisture content attributed to the gel pores can be used to 

estimate the quantity of gel including its porosity (i.e., hydration product, VG). Similarly, the capillary 

porosity can then be estimated from the adsorption isotherm as the moisture content between 85%-to-

100% RH (VCP) as discussed above. This data can be applied as shown in Equation (1) to estimate the 

(original) w/c as follows:  
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where: VG is the volume of gel (including gel pores) in the system (fraction), α is the degree of 

reaction of the cement (fraction) and w/c is the water-to-cement ratio (mass basis, unitless). In 

Equation (1), when the degree of OPC reaction is known (which ranges between 0.80 < α < 0.85 for 

the pastes considered here), and χ is computed, the only unknown that remains is the w/c of the cement 

(or the alite) paste. As noted in Table 1 below, there is excellent agreement between design and 

calculated values of w/c, though additional data would serve to further strengthen and further validate 

the approach proposed. Knowledge of the gel/space ratio, and in turn, the  w/c is useful as such data 

are related to the compressive strength of a variety of cement pastes, mortars and concretes cured 

across a range of conditions.  

Table 1: A comparison of the design and calculated w/c of pastes constituted using alite and ordinary 

portland cement (OPC), as reactants, and water. The uncertainty in the calculated degree of reaction is 

determined based on analysis of 3 replicate samples. 

Reactant w/c (design) Degree of Reaction (-) w/c (calculated) 

Alite 0.45 0.85 ± 0.03 0.44 

Alite 0.65 0.85 ± 0.03 0.63 

OPC 0.45 0.80 ± 0.03 0.48 

OPC 0.65 0.80 ± 0.03 0.67 

5. Conclusion 

The water isotherm contains significant information of the nano/microstructure of the C-S-H and 

cementitious materials in general. Proper capture of sorption isotherms, to differing RH minima can be 

used to quantitatively explain changes in the pore structure that occur during drying. For example, 

water that is either being removed or re-entering a sample at a particular RH can be linked 

quantitatively to a specific class of pores, i.e., the interlayer, gel or capillary spaces. It is noted that 

capillary pores do not alter up on drying and they likely have little, if any, effect on irreversible 



 

volume changes upon drying. On the other hand, gel pores exhibit significant changes up on drying, 

and aging, and the water isotherm is an ideal measure of these changes. These changes are expected to 

be related to irreversible volume changes on drying. The drying of water from the interlayer spaces 

also contributes to irreversible volume changes, especially so up on severe drying, when water 

previously removed cannot not re-enter the interlayer spaces up on resaturation. Because this water is 

essentially static, unless drying occurs for RH ≤ 25%, this water (i.e., contained in the interlayer) may 

be considered constant for many engineering purposes.  

A new technique is proposed for determining the original w/c of any cement-based material in general. 

The powerful concept of the gel/space ratio is invoked, which allows both capillary and gel volumes to 

be determined, in relation to the degree of cement reaction, which needs to be separately determined. 

The proposed method is superior to all existing methods, because there is no need for calibration. This 

allows use of the method to study concrete, when it deteriorated and for other diagnostic, design and 

forensic applications. Based on the collective observations, and insights gained herein, this work 

advances a unified view of C-S-H, and potential mechanisms of volume changes therein. It is 

proposed that gel and capillary pores broadly control properties of engineering relevance, with the 

inter-layer spaces assuming relevance, only under conditions of elevated temperature and pressure. 

The discussion provokes new pathways to model, and to better quantify the engineering responses of 

C-S-H, and cementitious materials, in general.  
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Abstract 

By Fukushima-Daiichi accident, wide area of Eastern Japan were contaminated by radio-Cs.  Some parts of radio-Cs 

are collected as combustible municipal solid wastes and incinerated to reduce the volume.  Radio-Cs is concentrated by 

20 to 30 times in fly ash in water soluble form.  It is important to control the leaching of this radio-Cs when MSW 

incineration fly ash is disposed in controlled type final disposal site.  For the purpose, cement consolidation is 

considered as useful.  In this study, three kinds of mix proportion was evaluated.  The first one is aimed to dispose MSW 

incineration fly ash efficiently but have lower strength.  The second one is aimed to reduce leaching by higher strength.  

The last one is aimed to reduce leaching by nickel ferrocyanide immobilizer for Cs.  In the paper, the leaching behavior 

in several months will be shown and the leaching estimation in a controlled type final disposal site will be explained. 

 

Originality 

The treatment condition of cement consolidation affects the immobilization efficiency of the radio-Cs in MSW fly ash.  

In this study, the specimens of the cement consolidation were prepared according to the actual treatment condition used 

in Japanese MSW incineration facility and waste containment facility.  The leaching behaviours of the specimens 

prepared with such general conditions were investigated by leaching tests.  The testing durations were 32 weeks, which 

was set as long as possible in order to assess the long-term environmental safety for landfill with the radio-Cs 

contaminated MSW incineration fly ash.  The effect of Cs immobilizer on the leaching behaviour was also investigated 

because the cement consolidation can reduce the leaching rate but it has been considered difficult to completely 

obstruct the leaching.  This paper shows the radio-Cs leaching behaviours of cement consolidations with different 

compressive strength and the Cs immobilizer during the leaching tests.  In addition, the paper explains the scale effect 

on the leaching amount to estimate the efficiency of the large-scale cement consolidation at actual sites, not the lab-

scale cement consolidation.  Even if the lab-scale cement consolidation had a large leaching amount, the large-scale 

cement consolidation used at the sites can reduce the leaching amount because the leaching behaviour in the cement 

consolidation dominates the diffusion and the leaching amount is decreased with the scale of the cement consolidation. 

 

Keywords: radio-Cs; MSW incineration fly ash; final disposal; long-term leaching behavior; compressive strength 
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1. Introduction 

The Great East Japan Earthquake and subsequent tsunami occurred on 11 March 2011.  The tunami 

attacked Fukushima Daiichi Nuclear Power Station located at east coast in Fukushima prefecture.  

Loss of an electrical power for a cooling system of reactors resulted in meltdowns of nuclear fuel rods 

and explosions of hydrogen gas in three reactors.  Radioactive substances, mainly radiocesium (radio-

Cs), were widely spread into the atmosphere and had moved along the wind directions. The radio-Cs 

which fell from the sky has contaminated not only surface soils, but all the things on the ground; for 

instance, trees, branches, pavement, concrete structure, sewage sludge, water treatment sludge, craps, 

and so on.  Incineration is mainly used as volume reduction treatment for municipal solid wastes 

(MSWs) in Japan.  When the MSWs contaminated with the radio-Cs were incinerated, the radio-Cs 

was condensed in the incineration bottom ash and fly ash.  In particular, the radio-Cs was concentrated 

in the fly ash because of the low boiling point of the radio-Cs.  In addition, the radio-Cs included in 

the fly ash had the high solubility to water.  Thus, it is necessary to immobilize the radio-Cs in the fly 

ash when they are landfilled in order to prevent their radio-Cs from leaching and diffusing by rainfall. 

     Cement consolidation is considered effective to immobilize the radio-Cs.  In this study, three kinds 

of mix proportion were evaluated. The first one was aimed to landfill the fly ash efficiently but have 

lower strength.  The second one was aimed to reduce leaching by higher strength.  The last one was 

aimed to reduce leaching by nickel ferrocyanide immobilizer for the radio-Cs.  This paper shows the 

long-term leaching behavior in several months and explains the leaching estimation in a controlled 

type landfill. 

 

2. Methods 

2.1. Testing Materials 

Table 1 shows the testing materials used in this study.  The first cement consolidation consisted of the 

10 kg cement, the 150 kg fly ash contaminated with the radio-Cs, and the 20 kg water.  After the 

mixture was formed in cube of 130 mm and then was cured for 18 minutes, the formed one was 

compressed at 20 tf.  This cement consolidation treatment condition has been used in a Japanese MSW 

incineration facility.  The compressive strength was 7.7 MPa.  In the following leaching tests, the 

cement consolidation was trimmed to cube of 125 mm.  The second one was made by equivalently 

mixing the radio-Cs contaminated fly ash and the cement.  This treatment condition has been also used 

in a Japanese waste containment facility.  The compressive strength was 29.3 MPa.  The testing 

specieis for the leaching tests had the 110 mm diameter and the 215 mm height.   The last one was 

obtained by mixing the cement to the radio-Cs fly ash, and adding the nickel ferrocyanide immobilizer 

of 2.6 g/kg.  The cement consolidation had the compressive strength of 14.5-18.8 MPa.  

 

Table 1   Properties of testing materials 

 
Low-compressive 

cement consolidation 

High-compressive 

cement consolidation 

Ferrocyanide 

cement consolidation 

Specimen 

   
Size 125 x 125 x 125 mm 110 x h215 mm 110 x h215 mm 

Bulk density 1,430 kg/m3 2,400 kg/m3 1,740 kg/m3 

Ratio of ash: cement: 

water in weight 
15,000: 1,000: 2,000 1,000: 1,000: 400 2,000: 1,000: 800: 2.61)

Radio-Cs137 4,450 Bq/kg 3,590 Bq/kg 8,110 Bq/kg 

Compressive strength 7.74 MPa 29.3 MPa 14.5-18.8 MPa 
1) adding the nickel ferrocyanide immobilizer of 2.6 g/kg 



 

2.2. Long-term Leaching Tests 

Serial batch leaching tests were conducted to evaluate the leaching amount of the radio-Cs from the 

cement consolidations.  One weight of the cement consolidation was mixed with ten weight of the 

pure water, namely liquid/solid ratio of 10, in a polyethylene container (see Figure 1).  They were 

stirred with the propeller of 200 rpm.  The water in the container was sampled on the 1st, 2nd, 4th, 8th, 

16th, 32th week after the stirring starts as shown in Figure 2.  The sampled water was analyzed in 

order to measure the concentrations of inorganic chemicals and radio-Cs leaching from the cement 

consolidation.  In this study, the initial volume of the pure water should be large as about 25-35 L in 

order to minimize the effects of the sampling on the change in the liquid/water ratio with time.  The 

radio-Cs leaching flux was calculated as 

i i 1
i

i i 1

c c V
j

t t A









 (1) 

where, ji = i-th radio-Cs leaching flux (Bq/m2/d), ci = i-th radio-Cs concentration in sampled water 

(Bq/m3), ti = i-th elapsed time (d), V = volume of water (m3), A = surface area of cement consolidation 

(m2), and i = index of the fraction. 
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Figure 1   Leaching test Figure 2   Sampling in long-term leaching test 

 

2.3. Estimating Radio-Cs Immobilization Effects 

The transport of the radio-Cs in the cement consolidations dominates the diffusion because of the 

extremely low permeability of them.  The magnitude of the radio-Cs immobilization is dependent on 

the scale of the cement consolidations.  Hence, it is necessary to estimate the magnitude of the radio-

Cs immobilization for the large-scale cement consolidations at actual sites, not the lab-scale cement 

consolidation specimens.  The effects of the scale of the cement consolidations on the magnitude of 

the radio-Cs immobilization were considered as follows.  As shown in Figure 3, the unknown radio-Cs 

leaching flux, jp, from the actual scale cement consolidation was estimated as 

p m

* *

in,p d,p in,m d,m

j j

c c


 
 (2) 

where, jp = the radio-Cs leaching flux from the large scale cement consolidation at an actual site 

(Bq/m2/d), jm = the radio-Cs leaching flux obtained from the leaching test for the lab-scale cement 

consolidation (Bq/m2/d), c*
in, p = the initial concentration of the radio-Cs contaminated fly ash used at 

the actual site (Bq/kg), c*
in, m = the initial concentration of the radio-Cs included in the fly ash used in 

the laboratory leaching test (Bq/kg), *
d, p = the bulk density of the fly ash in the large scale cement 

consolidation at the actual site (kg/m3), and *
d, m = the bulk density of the fly ash in the lab-scale 

cement consolidation (kg/m3).   Here, it is noted that the leaching flux due to the diffusion effect is 

dependent on only the initial radio-Cs concentration because the leaching flux from the cement 

consolidation is extremely low and the concentration gradient in direction of the center of the cement 

consolidation causing the diffusion around the surface of the cement consolidation are assumed 

equivalent regardless of the scale of the cement consolidation.  The radio-Cs leaching amount from the 

large scale cement consolidation at the actual site can be estimated from the leaching flux, jp, and the 
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Figure 3   Relationship between lab-scale and large-scale for cement consolidations 

 

surface are of the large scale cement consolidation as follows: 

3

p p p

0

J L j dt



   (3) 

where, Jp = radio-Cs leaching amount from the cement consolidation (Bq), and Lp = length of the large 

scale cement consolidation at the actual site.  In Japan, the shape of the cement consolidation at the 

actual site will be cube of 1,000 mm. 

 

3. Results and Discussion 

3.1. Leaching Behavior 

Figure 4 shows the changes of the radio-Cs137 leaching ratio for three cement consolidations with 

time in the leaching tests.  As a control, the results of the leaching test using the powedered low-

compressive cement consolidation were also shown in the figure.  The leaching ratio was defined by 

the ratio of the accumulated radio-Cs137 leaching amounts to the initial radio-Cs137 amounts 

included in the cement consolidation.  The leaching ratio for the low-compressive cement 

consolidation was 75% at the 4th week.  In contrast, the leaching ratio for the powered one reached 

100% approximately.  The cement consolidation with the large size can decrease the leaching rate of 

the radio-Cs137 from the contaminated fly ash in the cement consolidation.  But, the leaching amount 

was gradually increased with time as shown in the case of the low-compressive cement consolidation.  

The total radio-Cs in the fly ash may be finally leached out.  The cement consolidation with the higher 

compressive strength can decrease the leaching rate than that with the lower compressive strength.  

The cement consolidation with the compressive strength of 29.3 MPa had the extremely low leaching 

ratio of 6% at the 4th week. The cement consolidation with the Cs immobilizer of nickel ferrocyanide  
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Figure 4   Change of radio-Cs137 leaching ratio with time during long-term leaching test 
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Figure 5   Calculated radio-Cs leaching flux 

 

Figure 6 Estimated leaching ratio for larg-scale 

 cement consolidations with 1 m3 

 

also had the low leaching rate of 1% at the 4th week.  Enlarging the scale and improving the 

compressive strength of cement consolidations, and adding the nickel ferrocyanide immobilizer were 

effective to reduce the radio-Cs leaching amount from the radio-Cs contaminated fly ash.  From this 

experimental result, the radio-Cs137 leaching fluxes were calculated according to the equation (1).  

Figure 5 shows the change of the radio-Cs137 leaching fluxes with time.  The high-compressive 

cement consolidation and the ferrocyanide cement consolidation had 1/100 times leaching fluxes as 

low as the low-comppresive cement consolidation.  Figure 6 shows the estimated leaching ratio for the 

cement consolidations with cube of 1000 mm at an actual site.  Because the diffusion transport was 

significantly dependent on the scale of the cement consolidation, the radio-Cs leaching for the large-

scale cement consolidations can be reduced even if the leaching amount for the lab-scale cement 

consolidation was large like the low-compressive cement consolidation. 

 

4. Conclusions 
In order to investigate the efficiency for reducing the leaching amount from radio-Cs contaminated 

MSW fly ash by cement consolidations, the long-term leaching tests were conducted using three 

cement consolidation specimens with different compressive strength or Cs immobilizer.  The cement 

consolidations with the high compressive strength of 29.3 MPa or the nickel ferrocyanide immobilizer 

had 1/100 times radio-Cs leaching fluxes as low as that with the low compressive strength of 7.74 

MPa.  Although the radio-Cs leaching ratio for the low-compressive cement consolidation with cube 

of 125 mm reached 75% at the 4th week in the leaching test, the leaching ratio for the cement 

consolidation with cube of 1000 mm can be controlled to 11.3%, considering the scale of the cement 

consolidation at actual sites.  The efficiency of the radio-Cs immobilization by cement consolidation 

was dependent on the scale and the compressive strength of the cement consolidation.  This study 

explains the effects of the scale on the radio-Cs leaching amount in cement consolidations 

theoretically.  In next studies, the effects of the compressive strength on the radio-Cs leaching amount 

in cement consolidations will be quantitatively investigated. 
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Abstract：The diffusion properties of free chloride and total chloride in concrete with different 

water-binder ratio and different volume of fly ash were studied by natural diffusion method in our 

laboratory. The results show that, both the relationship between free chloride and total chloride 

content and the relationship between free chloride diffusion coefficient and total chloride diffusion 

coefficient are linear. The coefficient between free chloride and total chloride content decreases 

with the increase of water-binder ratio or with the increase of volume of fly ash when the volume 

of fly ash is not high than 30%. There is also a linear relationship between attenuation index of 

chloride diffusion coefficient and volume of fly ash.  

Keywords: concrete, chloride, diffusion, water-binder ratio, fly ash volume   

 

1 Introduction 

The corrosion of reinforcing bar induced by chloride is the main cause for the properties 

degradation of concrete structures under chloride erosion environment. As a result, the study on 

chloride diffusion properties in concrete is of great significance to the durability of concrete 

structures.  

When chloride ions from surrounding solutions penetrate into concrete, some of them 

react with C3A to form Friedel’s salt or reacts with C4AF to form a Friedel’s salt analogue, 

some of them are absorbed by the C–S–H surfaces, and the rest are free chloride [1]. Although 

the free chloride is generally believed to be responsible for the initiation of corrosion [2-3], 

bound chloride may also be responsible for the corrosion initiation due to the release of some 

bound chloride ions into the pore solution under certain conditions [2,4]. Therefore, total 

chloride is sometimes used to evaluate the risk of reinforcement corrosion in concrete instead 

of free chloride. Thus, with the existing accurate relationships between free and total chloride, 

we can predict more accurately the service life of concrete structures under chloride erosion 

environment. Some scholars have studied the relationships between free and total chloride [5-7], 

however, the studies didn’t take account of the influence of water-binder ratio and volume of 

fly ash. 

Based on above background, relationships between free chloride and total chloride in 

concrete with different water-binder ratio and different volume of fly ash have been 

investigated by natural diffusion method in this paper. 

2 Experimental procedures 

2.1 Materials and mix proportions 

Ordinary Portland cement P.O42.5 and Ⅱgrade fly ash were used; fine aggregate is river sand 

with fineness modulus of 2.62; the graduation of coarse aggregate is 5-20 mm. The mix 
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proportions and compressive strength of concrete are shown in Table 1. 

Tab.1 Mix proportions and compressive strength of concrete 

Specimen No. 
Mix proportion /(kg/m3) Compressive strength /MPa 

Cement Fly ash Sand Stone Water 28d 56d 90d 

W1 390 167 531 1128 195 50.38 60.15 64.18 

W2（FA3） 303 130 602 1170 195 38.88 47.98 55.33 

W3 248 107 663 1178 195 27.09 37.57 39.57 

FA1 433 0 602 1170 195 46.57 53.72 60.01 

FA2 390 43 602 1170 195 49.49 54.46 58.39 

FA4 217 217 602 1170 195 30.27 36.42 37.75 

2.2 Experimental methods 

（1）Specimens preparation 

After molding for 24 h, specimens were demoulded and kept curing for 27 days at 20 ℃ and 

95% RH, then the specimens were kept curing for 62 days in natural environment. After that, two 

square cross-sections and three rectangular cross-sections of the specimens sized 100 mm×100 

mm×300 mm were brushed with paraffin, just leaving one rectangular side as the penetration 

surface.  

（2）Specimens soaking 

The specimens were soaked in 3.5% sodium chloride solution for 28 d, 56 d, 84 d, 112 d and 

140 d respectively, and the sodium chloride solution was replaced every 28 d. 

（3）Sampling and determination 

The specimens were taken out of sodium chloride solution and cut into pieces at a prearranged 

time. Then the pieces in the middle 100 mm section of the specimens were selected and grinded 

into powder layer by layer along the penetration surface on concrete grinding machine. Take 

samples every 1mm when the depth ranges from 1 to 10 mm and take samples every 2 mm when 

the depth is more than 10mm. Next the power samples having been through the sieve of 0.63 mm 

were kept drying for 2 h at 105±5 ℃ in drying oven, and then put the power samples into dryer to 

be cooled. Lastly the free chloride content and the total chloride content of each power sample 

were determined by the methods in "Testing Code of Concrete for Port and Waterwog 

Engineering" (JTJ270-98)[8].   

3 Experimental results and analysis 

3.1 Chloride distribution with soaking time  

When concrete was exposed to sea water or sodium chloride solution, chloride ions will 

migrate into concrete though several mechanisms, such as diffusion, adsorption, and penetration 

etc. 

Figure1 shows that, after reaching to a value, both the free chloride content and the total 

chloride content in concrete began to decrease gradually and stabilized in the end. Both the free 

chloride content and the total chloride content at the same depth in concrete increase with the 

soaking time. 

The chloride in surface layer of concrete (the rising phase of the curve in Figure 1) migrate 

mainly in the form of adsorption, while the chloride within surface layer of concrete (the decline 

phase of curve in Figure 1) migrates mainly in the form of diffusion. The concrete can be divided 

into adsorption zone and diffusion zone from the outside to the inside according to the migration 



mechanism of chloride. 
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Fig.1. Distribution diagram of free chloride (A) and total chloride (B) content  

in concrete with different soaking time 

3.2 Chloride distribution with water-binder ratio  

The surface of specimens will form a layer of mortar in the course of concrete molding. The 

pore structure in concrete is closely related to the course of molding, so water-binder ratio has no 

significant influence on chloride content in adsorption zone, just the opposite for chloride content 

in diffusion zone. The contents of both free chloride and total chloride at the same depth increase 

with the water-binder ratio(Figure 2).  
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Fig.2. Distribution diagram of free chloride (A) and total chloride (B) content  

in concrete with different water-binder ratio 

3.3 Chloride distribution with volume of fly ash  

Figure 3 shows that, volume of fly ash also has no significant influence on chloride content in 

adsorption zone, just the opposite for chloride content in the initial section diffusion zone. The 

contents of both free chloride and total chloride at the same depth increase with the volume of fly 

ash, but the influence declines with the depth. 
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Fig.3. Distribution diagram of free chloride (A) and total chloride (B) content  

in concrete with different volume of fly ash 

3.4 Relation analysis between free chloride and total chloride content in concrete 

Figure 4 shows that, the content of total chloride in the concrete soaking for 140d in 3.5% 

sodium chloride solution increases with the increase of free chloride. The relationship between 

content of free chloride and total chloride can be expressed as: 

t fC kC                                （1） 

where Ct is the total chloride content in concrete; Cf is the free chloride content in concrete; k is 

the coefficient. There is also a multiple relationship between the content of free chloride and total 

chloride in the concrete with other soaking time, and the coefficient is in Table 2. Table 2 shows 

that, soaking time has no significant influence on coefficient k. 
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Fig.4. Relationships between total chloride and free chloride of concrete soaking for 140d  

in 3.5% sodium chloride solution 

Tab.2 coefficient k 

Soaking 

time 
W1 W2 W3 FA1 FA2 FA4 

28d 1.1192 1.1124 1.1086 1.1191 1.0860 1.0876 

56d 1.0676 1.0866 1.0413 1.0984 1.0781 1.0741 

84d 1.1170 1.1038 1.0856 1.1318 1.1273 1.0897 

112d 1.1139 1.0702 1.0766 1.1286 1.1188 1.1080 

140d 1.2291 1.0776 1.0500 1.1502 1.1134 1.0954 

Mean 

value 
1.1294 1.0901 1.0724 1.1256 1.1047 1.0910 

Because of the discreteness of experimental data, the average coefficient k of different 

soaking time was used to analyze the influence of water-binder ratio and volume of fly ash in 

Figure 5.   

Figure 5 shows that, coefficient k decreases with the increase of water-binder ratio and with 

the volume of fly ash when the volume of fly ash is not high than 30%. 
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Fig.5. Influence of water-binder ratio(A) and volume of fly ash(B) on coefficient k 

By subtracting the content of free chloride from the amount of total chloride, the content of 

bound chloride can be calculated by Equation (2). 

                                ( 1)b fC k C                                （2） 

where Cb is the binding chloride content in concrete. 

3.5 Calculation of chloride diffusion coefficient 

Chloride diffusion coefficient is a parameter to reflect the resistance of concrete against 



chloride erosion. It can be divided into free chloride diffusion coefficient and total chloride 

diffusion coefficient both playing an important role in durability assessment and service life 

prediction of concrete structures.  

According to Fick’s second law, Equation (3) can be obtained. 
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where Cx, t is the chloride concentration at time t and a depth x; C0 is the initial concentration; Cs is 

the surface concentration; D is chloride diffusion coefficient; x is the depth to the concrete surface; 

t is the time of chloride erosion; erf () is the error function. 

The chloride ions in surface layer of concrete migrate mainly in the form of adsorption. Free 

chloride diffusion coefficient and total chloride diffusion coefficient of the concrete with different 

soaking time were obtained by the regression of Equation (3) to the content of free chloride ions 

and total chloride ions at different depth within the surface layer of concrete, the results are shown 

in Table 3. 

Tab.3 Chloride diffusion coefficient (10-6mm2/s) 

Soaking 

time 

W1 W2(FA3) W3 FA1 FA2 FA4 

Df Dt Df Dt Df Dt Df Dt Df Dt Df Dt 

28d 1.37 1.36 1.89 1.87 2.54 2.56 2.16 2.37 2.42 2.78 4.80 4.87 

56d 1.04 1.12 1.18 1.19 2.30 2.33 1.97 2.06 2.35 2.55 2.68 2.98 

84d 0.88 1.02 0.95 0.97 2.07 2.24 1.92 2.12 1.57 1.70 1.90 1.96 

112d 0.78 0.78 0.84 0.92 1.29 1.50 1.81 1.99 1.18 1.24 1.71 1.83 

140d 0.54 0.58 1.07 1.09 1.89 1.91 1.78 1.81 1.14 1.13 1.29 1.33 

Note: Df is free chloride diffusion coefficient; Dt is total chloride diffusion coefficient 

3.6 Time dependency of chloride diffusion coefficient 

Hydration of concrete is a slow process. The pore structure of concrete gradually improves 

which induces decrease of chloride diffusion coefficient as the hydration went on. The decrease of 

chloride diffusion coefficient with the time can be shown by Equation (4). 

0
0 ( )m

t

t
D D

t
                            （4） 

where D0 is the chloride diffusion coefficient at time t0; m is the attenuation index.  

By calculating and regression analysis the data in Table 3, the attenuation index m can be 

obtained, which is shown in Table 4. 

Tab.4 Attenuation index m 

W1 W2 W3 FA1 FA2 FA4 

me ma me ma me ma me ma me ma me ma 

0.46 0.39 0.53 0.49 0.26 0.22 0.12 0.14 0.40 0.47 0.81 0.76 

Note: me is attenuation index of free chloride diffusion coefficient; ma is attenuation index of total 

chloride diffusion coefficient. 

Table 4 shows that, the attenuation index of free chloride diffusion coefficient is similar to 

that of total chloride diffusion coefficient. The influence of water-binder ratio on attenuation index 

is not apparent, and attenuation index increases with the volume of fly ash. 

The fitting of the relationship between attenuation index of free chloride diffusion coefficient 

and total chloride diffusion coefficient is shown in Figure 6.  
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Fig.6. Relationship between attenuation index of free chloride diffusion coefficient (A) and 

total chloride diffusion coefficient (B) and volume of fly ash 

The relationship between attenuation index and volume of fly ash can be expressed as: 

0.0126 0.182em f                          （4）  

0.0105 0.2278am f                           （5）  

where me is attenuation index of free chloride diffusion coefficient; ma is attenuation index of total 

chloride diffusion coefficient; f is volume of fly ash. 

3.7 Relationship between free chloride and total chloride diffusion coefficient 

Figure 7 shows that, there is a multiple relationship between free chloride diffusion 

coefficient and total chloride diffusion coefficient, and total chloride diffusion coefficient is 

slightly larger than free chloride diffusion coefficient. 
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Fig.7. Relationship between free chloride diffusion coefficient and  

total chloride diffusion coefficient 

4 Conclusions 

During the test period, there is a linear relationship between the content of free chloride and 

total chloride and between free chloride and total chloride diffusion coefficient. The coefficient 

between free chloride and total chloride content decreases with the water-binder ratio, and 

decreases with the volume of fly ash when the volume of fly ash is not high than 30%. There is 

also a linear relationship between attenuation index of chloride diffusion coefficient and volume of 

fly ash. This work provides theory basis for prediction of durability life of concrete structures in 

chloride induced corrosion environment.  
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Research on the relation between the pore structure and property   

of foamed cement  

ZHANG Leilei，WANG Wuxiang，WU Chunli，WANG Aijun，LIAO Liping 

China Building Materials Academy, State Key Laboratory of green building materials, Beijing 

100024，China 

Abstract 

Foamed cement is a kind of light and porous material prepared with cementitious material 

through chemical foaming process. The relation between the pore structure and property of foamed 

cement is researched in this paper. The results show that the pore structure of foamed cement can be 

controlled by changing the ratio of water, thickening agent and foam stabilizer content. With the 

increase of the average pore size, the compressive strength of the foamed cement shows the 

first increase and then decrease. When the average pore size is about 1200μm, the compressive 

strength of foamed cement is higher. The suitable mix proportion of foamed cement with 

high compressive strength and suitable pore structure is proposed. 

Keywords：foamed cement; pore structure; compressive strength;  
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1. Introduction 

Foamed cement is a kind of light and porous material. The preparation method is that 

the chemical foaming agent is added to the slurry consists of cementitious material, admixture 

and water etc., using hydrogen peroxide chemical reaction to generate bubbles to make 

slurry expansion. With unique structural properties, the foamed cement has excellent thermal 

performance, very suitable for exterior insulation,  fireproof isolation belt and filling concrete 

hollow block. Foamed cement has been produced and large-scale applicated nationwide. 

Application of the present stage of our country can only rely on experience, which is not 

conducive to the quality control and technical development of foamed cement. To realize 

the property optimization, the pore structure of foamed cement must be 

improved. Therefore, in this paper, the pore structure control technology of foamed cement is 

researched to reveal the relation between pore structure and mechanical properties, in order to 

determine the optimum pore size of foamed cement, and provide technical support for 

composition design and property optimization of foamed cement. 

2. Experimental 

2.1. Raw Materials 

Cement: strength grade 42.5R ordinary Portland cement produced by Tangshan Jidong 

Cement Factory, and strength grade 42.5 rapid hardening sulphoaluminate cement produced 

by Tangshan; Fly ash:  dry fly ash produced by Beijing Shijingshan power plant, grade III ; 

Thickening agent: the main ingredient is methyl cellulose; Accelerator: prepared by China 

Building Materials Academy, code named FP-2012; Foam stabilizer: industrial grade calcium 

stearate; Fiber: polypropylene fiber with 5mm length; Foaming agent: hydrogen peroxide 

with concentration of 50%. 

2.2. Experimental Process 

First, according to the  ratio measurement, the raw materials (cement, admixtures, 

fiber and water) except the foaming agent are weighed and stirred into a uniform slurry using 

high speed mixer (stirring speed 1500-2000r/min),and the stirring time is controlled in 

90s-180s. Then the foaming agent is added in the slurry, stirring for 5s-10s. And then the 

slurry is poured into a mold and the slurry begin to expand to fill the mold. At last,24h later, 

the test specimen is cured for 28 days in standard curing condition with humidity above 95% 

and temperature 20℃. 

The key to the preparation of foamed cement  is to achieve a dynamic equilibrium of 

the hardening rate of slurry and foaming rate of foaming agent [1]. 

The test method of 28d compressive strength and dry density of foamed cement are 

reference to GB/T 5486 - 2008 "  Test method of inorganic hard thermal insulation materials 

", the test specimen size is 100mm× 100mm× 50mm. 

This study adopts super depth 3D microscope system (KEYENCE VHX-600), shooting 

foamed cement section and then use image processing software to obtain pore structure 

parameters (porosity, pore area, pore size distribution, average pore size and roundness values, 

etc.). This method can be used to reflect the characteristics of pore structure, which is simple 

and intuitive. 

3. Results and Discussion 

3.1 Effect of water ratio on the pore structure of foamed cement 
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The basic ratio of foamed cement is that m (ordinary Portland cement): m (sulfur 

aluminate cement): m (fly ash):m(accelerator):m(thickening agent):m(foam 

stabilizer): m (fiber): m (hydrogenperoxide): m(PP fiber)=64:6:30:0.1:0.9:0.51:0.35:2.70. The 

water-binder ratio from 0.55 to 0.80 is designed to prepare the foamed cement with design dry 

density 250 kg/m3. The pore structure of foamed cement with different water-binder ratio is 

shown in figure 1. Water-binder ratio has obvious effect on pore size distribution, average 

pore size and morphology. 
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Figure 1 The pore structure of foamed cement with different water-binder ratio 

The relationship between water-binder ratio and the average pore size of foamed cement 

is shown in figure 2. It shows that with the increase of water-binder ratio, the average pore 

size reduces gradually. 

 

Figure 2  Relation between water-binder ratio and the average pore size 

The relationship between water-binder ratio and the compressive strength of foamed 

cement is shown in figure 3. It shows that with the increase of water-binder ratio, the 

compressive strength increases first and then reduces greatly. 

When the water-binder ratio is 0.60, the pore size distribution is uniform, pore size is 

appropriate, and the foamed cement has better appearance. At this point, foamed cement also 

has the maximum compressive strength. 
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Figure 3  Relation between water-binder ratio and the compressive strength 

3.2 Effect of thickening agent on the pore structure of foamed cement 

The suitable slurry consistency can make the air bubbles exist in the slurry 

steadily, thereby avoiding bubbles escaping or merging with each other. Therefore, thickening 

agent is added to increase slurry consistency.  

The basic ratio of foamed cement is that m (ordinary Portland cement): m (sulfur 

aluminate cement): m (fly ash):m(accelerator):m(foam stabilizer): m (fiber): m (hydrogen 

peroxide): m(PP fiber) : m(water)=64:6:30:0.1:0.51:0.35:2.70:60. The thickening 

agent content from 0 to 1.5% (by  total weight of dry powder) is designed to prepare the 

foamed cement with design dry density 250 kg/m3.  

The pore structure of foamed cement with different thickening agent content is shown in 

figure4. Obviously, thickening agent content has obvious effect on pore size distribution and 

average pore size. 
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Figure 4 The pore structure of foamed cement with different thickening agent content 

The relation between thickening agent content and pore size distribution of foamed cement 

is shown in figure 5. It shows that with the increase of thickening agent content, the ratio of 

small pore is more and more, the ratio of large pore is less and less. 
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Figure 5 Relation between thickening agent content and pore size distribution 

The relation between thickening agent content and the average pore size of foamed cement 

is shown in figure 6. It shows that with the increase of thickening agent, the average pore 

size reduces gradually. 

With the increase of thickening agent, the compressive strength increases first and then 

decreases (figure 7), namely with the decreasing of average pore size, the compressive 

strength increases first and then decreases.  

 

Figure 6  Relation between thickening agent and the average pore size 

 

   Figure 7  Relation between thickening agent content and the compressive strength 

When the thickening agent content is 0.9%, the pore size is appropriate, and the foamed 

cement has better appearance. At this point, foamed cement also has the 

maximum compressive strength. Therefore, the suitable content of thickening agent is 0.9%. 

3.3 Effect of foam stabilizer on the pore structure of foamed cement 

The basic ratio of foamed cement is that m (ordinary Portland cement): m (sulfur aluminate 

cement): m (fly ash):m(accelerator):m(thickening agent): m (fiber): m (hydrogen 
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peroxide): m(PP fiber) : m(water)=64:6:30:0.1:0.9:0.35:2.70:60. The foam stabilizer  from 

0.3% to 1.3%  (by  total weight of dry powder) is designed to prepare the foamed 

cement with design dry density 250 kg/m3.  

The relation between foam stabilizer content and pore size distribution is shown in figure 

8. It shows that with the increase of foam stabilizer content, the ratio of above2000μm pores 

is reduced greatly. It is obvious that the stability and the uniformity of the foam can be 

improved obviously. 

 

Figure8  Relation between foam stabilizer content and pore size distribution 

Foam stabilizer can also obviously improve the pore morphology of foamed cement (figure 

9).The roundness value can be used to characterize the pores morphology of foamed cement. 

The roundness value closer to 1, indicates that the pores are more round, and propitious to the 

strength of foamed cement[2]. On the contrary, the roundness value is far greater than 1, the 

pores are more irregular. 

 

Figure9  Roundness value of foamed cement after added foam stabilizer 

 

    Figure10  Relation between foam stabilizer and the compressive strength  
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With the increase of foam stabilizer, the average pore size reduces gradually too. When 

the foam stabilizer content increasing gradually from 0.30% to 0.90%, the pores morphology 

is improved,  the average pore size reduces gradually, which cause the compressive strength 

of foamed cement  gradually improve(figure 10). Considering the property of foamed 

cement and pore size, the suitable content of foam stabilizer is 0.90%. 

3.4 Effect of other factors on the pore structure of foamed cement 

In addition to the above factors, the influence of fly ash and accelerating agent on the pore 

structure of the foamed cement are also studied in this paper. The results show that after 

adding fly ash, the pore is more round, but the average pore size and pore size distribution has 

no obvious change, with 30% fly ash,  the compressive strength of foamed cement is not 

reduced.  

 Accelerating admixture with 0.1% content, can promote the foamed cement to be rapid 

setting and hardening, and has no significant effect on pore size distribution and shape of 

foamed cement. 

3.5 The relation between the pore size and the compressive strength of foamed cement 

The pore structure of foamed cement can be controlled by changing the water-binder 

ratio, thickening agent and foam stabilizer content.  

The relation between the pore size and the compressive strength of foamed cement is 

shown in figure11.It is shown that with the increase of the average pore diameter, the 

compressive strength of the foamed cement shows the first increase and then decrease. When 

the average pore diameter is about 1200μm, the compressive strength of foamed cement is 

higher. 

This is because that the wall of pore is the main source of compressive strength of foamed 

cement, with the gradual increase of the average pore size, the wall of pore gradually 

thickening, the compressive strength of foamed cement gradually increases. But when the 

average pore size is more than 1200μm, pores number in unit volume decreases, and the ratio 

of irregular pores or large pores increases, which leads to stress concentration, and decreases 

the compressive strength of foamed cement. 

  

(a) Dry Density 200kg/m3 

 

http://www.baidu.com/link?url=oZflipocvwknuuU3gPZ1nlHiQ1p7QKq9JpxcN3f-8eV7QFxY2V1Y7gl8otIFjC3YgzgNlJSdEXTQhQRixxoU__
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(b) Dry Density 250kg/m3 

 
(c) Dry Density 300kg/m3 

Figure 11  Relation between average pore size and the compressive strength  

Through the above research, the suitable mix proportion for foamed cement: ordinary 

Portland cement 64%, sulfur aluminate cement 6%, fly ash 30%, water-binder 

ratio 0.60, thickening agent0.90%, foam stabilizer 0.90%, accelerator 0.1%. Under this 

condition, the dry density of foamed cement is 229 kg/m3, the compressive strength of 28d 

can reaches 0.56MPa, the volumetric water absorption rate is below10%, and the thermal 

conductivity is 0.058 W(/m·K). The foamed cement has both appropriate pore structure and 

excellent physical and mechanical properties. 

4. Conclusions 

(1) The pore structure of foamed cement can be controlled by changing the water-binder 

ratio, thickening agent and foam stabilizer content.  

(2) With the increase of the average pore diameter, the compressive strength of the 

foamed cement shows the first increase and then decrease. When the average pore size is 

about 1200μm, the compressive strength of foamed cement is higher. 

(3)Suitable mix proportion for foamed cement: ordinary Portland cement 64%, sulfur 

aluminate cement 6%, fly ash 30%, water-binder ratio 0.60, thickening agent0.90%, foam 

stabilizer 0.90%, accelerator 0.1%. With this mix preparation, the foamed cement has both 

appropriate pore structure and excellent physical and mechanical properties. 
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Abstract 

The durability in terms of resistivity and transport properties of new eco-efficient mortars was 

investigated in this paper. The mortars were performed with eco-efficient blended cements that 

incorporate ashes from a fluidized bed forest biomass combustor as a partial substitute of Portland 

cement.  

 

The raw materials and mortars with partial substitution of Portland cement by biomass ash (BA) were 

analyzed by various techniques in previous works, which demonstrated its potential utilisation in 

cement-based materials. To complete the study on the viability to re-use this waste and reduce the 

consumption of Portland cement, properties as surface resistivity, permeability, diffusion and capillary 

absorption were studied in this paper. 

 

Mortar specimens with substitutions of 0, 10 and 20% of Portland cement by BA were employed with a 

water/binder and sand/binder ratio of 0.5 and 3, respectively. Compressive and flexural strengths were 

tested at 2, 7 and 28 days. Surface resistivity tests were performed by Wenner probe at different curing 

ages. Transport properties, such as the chloride diffusivity, oxygen permeability and capillary water 

absorption, were studied using mortar specimens after 28 days standard curing.  

 

The efficiency of new eco-efficient mortars was evaluated positively by the surface resistivity, chloride 

diffusion, oxygen permeability and capillary water absorption tests. The properties of new eco-efficient 

mortars have slight differences with the reference; substitution of 10% has the best performance. 

 

 

Originality 

The massive generation of ashes in several industrial sectors has lead to extensive researches on their 

addition in cement-based materials. This way the re-use of these wastes and also a decrease in the 

consumption of the Portland cement are achieved, thus reducing two environmental problems at one 

time. In fact, many works have been devoted to study the addition of coal ashes and this type of waste 

product is already contemplated in Standards, due to the good performance of the construction 

materials obtained. Nevertheless, biomass ashes are not contemplated in Standards, in spite of the 

growing trend of bioenergy or biomass energy in the world. 

 

In the present work, forest biomass ashes from a combustor powered principally by eucalyptus crust 

residue in a Spanish paper company are employed as an addition to Portland cement to develop new 

eco-efficient mortar. Although other works on these ashes have been presented previously by the 

authors, this is the first contribution evaluating durability aspects, like resistivity and transport aspects 

of the mortar specimens. These properties are related to the pore structure of the cement matrix and 

define its behaviour. 
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1. Introduction 

 

Extensive research has been conducted within the construction materials field on the addition of 

supplementary cementitious materials (SCM) (Aprianti E., 2015; Carrasco B., 2014; Guerrero A., 

1999; Rajamma R., 2009). SCM are added to cement to reduce the environmental impact of waste 

generation and the consumption of Portland cement, whose production has important negative 

environmental effects. Fly ash is one of the most common pozzolan used as SCM. In fact, such ashes 

originated from coal sources have been included in European standards EN 450 and 197-1.  

 

The progressive pollution in the form of greenhouse gases produced by the traditional energy sources, 

as those based on coal power, have promoted the development of alternative renewable energy 

sources. Within this context, bioenergy generated from wood, wood waste, organic waste or biomass 

waste may be highlighted as the fastest growing renewable energy. Actually, this energy represents 

6.8% of the total energy in Spain (AEBIOM, 2013). Consequently, biomass ashes are increasingly 

produced and a promising way for their valorisation is to be considered as SCM. In fact, the new 

European standard EN-450-1 of 2013 allows the incorporation of ashes obtained from co-fired coal 

and biomass sources into cementitious materials.   

 

Limited studies on cementitious materials that incorporate the recently emerging biomass ashes have 

been reported in the literature (Carrasco B., 2014; Vassilev S., 2013; Wang S., 2008). However, the 

effects of incorporating biomass ashes to cement matrix on its durability remain uncertain. Therefore, 

the present paper studies mechanical strength, resistivity and transport properties of cement mortar 

specimens containing biomass ash to assess their durability.  

 

 

2. Experimental 

2.1. Raw Material 

 

Biomass ash (BA) from a fluidized bed combustor powered principally with eucalyptus bark was used 

as raw material for the partial substitution of Portland cement. The BA studied was the inorganic 

fraction passing through a 500 μm sieve. Its chemical composition (Table 1) was determined in 

previous works as stated in European standard EN 196-2 (Guerrero A., 2014). BA shows high 

contents of SiO2, CaO and Al2O3, which make it suitable for the construction materials field. However, 

the presence of alkalis (>5%), Cl- (>0.1%) and the high loss on ignition (LOI>9%) do not comply 

with the criteria considered for the ashes from coal sources in EN 197-1 and EN 450. 

 
Table 1 Chemical compositions of BA. 

Compositions SiO2 CaO Al2O3 K2O MgO Fe2O3 SO3 Na2O SiO2(react.) LOI CaO(free) Cl- 

% of weight 41.1 19.8 8.2 5.1 2.9 2.9 1.6 1.2 25.2 11.8 4.3 1.7 

 

To assess the feasibility of BA as partial substitution of Portland cement, a CEM I 42.5 R was 

employed. Blends of this cement with three different percentages of BA were evaluated: 0% as a 

reference (BA-0), 10% (BA-10) and 20% (BA-20). Properties of cement pastes of these blends were 

studied and reported in previous works (Guerrero A., 2014; Jiménez I., 2013; Jiménez I., 2014). In 

this study aimed to evaluate properties of mortars with biomass ash, specimens were prepared with 

the mixing procedure specified by the EN 196-1 standard with a constant water/binder and 

sand/binder ratio of 0.5 and 3, respectively. The specimens were demoulded after 24 hours and cured 

in a water tank until testing at different ages.  

 

 

 

 



 

2.2. Experimental Methods 

2.2.1. Mechanical Strength 

 

Compressive and flexural strengths of standard mortar specimens of 40 × 40 × 160 mm were 

determined at different curing ages (2, 7 and 28 days) using a hydraulic press AUTOTEST 200/10-

SW from IBERTEST according with the European standard EN 196-1.  

 

 

2.2.2. Resistivity 

 

To determine resistivity properties, cylindrical mortar specimens of each blend with standard 

dimensions of Ø 100 × 200 mm were prepared. Resistivity measurements were made with RESIPOD 

equipment from PROCEQ at different curing ages (14, 21 and 28 days). The specimens were taken 

out of the water tank and the measurements were completed within 5 minutes. Four measurements 

longitudinally every 90 degrees, as seen in figure 1, were made each time. The equipment employed 

the Wenner arrangement with probe spacing of 50 mm.  

 

 
Figure 1 Longitudinal resistivity measurements. 

 

 

2.2.1. Transport Properties 

 

The coefficient of chloride migration was determined by the CTH rapid test (Ortega J. M., 2012; Zhu 

W., 2003). This is an accelerated method that uses an external electric field to force the chloride ions 

to migrate into the specimen, enabling to obtain a non-steady-state migration coefficient (Dnssm). The 

arrangement of the test is shown in figure 2.  

 

 
Figure 2 Arrangement of migration set-up (Standard NT Build 492). 

 

In this study the samples for the CTH test corresponding to each blend were taken from one of the 

cylindrical specimens after the resistivity test at 28 days. Two samples of Ø 100 × 50 mm were taken 

from the core of the specimen and were subsequently washed and preconditioned. The 



 

preconditioning consisted of drying the samples for 24 hours in oven at 40 ºC, placing the samples in 

vacuum with both end surfaces exposed and reducing the pressure to the range of 10 - 50 mbar for 3 

hours. Then, with the vacuum pump running, the container was filled with de-ionised water until the 

samples were covered and the vacuum condition was kept for one hour. The samples were kept 

immersed for 18 ± 2 hours and were then placed on the rubber sleeve with the test face in contact with 

a catholyte solution (10% NaCl) and the other one with an anolyte solution (0.3M NaOH). Through a 

cathode immersed in the anolyte solution an external voltage of 30 V was imposed across the sample 

during 24 hours to force the chloride ion migration. After this time, the samples were split axially and 

their interior was sprayed with a 0.1N AgNO3 solution. The coefficient of migration, Dnssm, was 

determined by measuring the average depth indicated by the sprayed solution and the simplified 

equation 1: 
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where T is the average temperature (ºC), U is the absolute value of the applied voltage (V), L is the 

thickness of the specimen (mm), xd is the average value of the penetration depths (mm) and t is the 

test duration (hour). 

 

Oxygen permeability was tested for each blend in three samples of Ø 100 × 50 mm obtained from the 

core of a standard specimen Ø 100 × 200 mm at 28 days. The test was performed following the 

method recommended by Cembureau (Kollek J. J., 1989) with a SO/2000/H of Martin Sommer 

equipment. The samples were conditioned in an oven at 80 ºC for 6 days before testing. The test was 

based on measurement of the flow rate of oxygen passing through the test specimen under a constant 

pressure. A set of three pressures were employed in the present study and the permeability coefficient, 

K, was calculated as follows: 
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where Q is the oxygen flow rate (m3/s), p0 is the pressure at which Q is determined (N/mm2), L is the 

sample thickness (m), A is the cross section (m2), p is the applied pressure (N/mm2), pa is the 

atmospheric pressure (N/mm2) and η is the oxygen viscosity (NSm-2). 

 

The capillary water absorption test was performed by the Fagerlund method described in the UNE 

83982 Spanish Standard. Three samples of each blend (Ø 100 × 50 mm) were obtained from the core 

of a standard specimen Ø 100 × 200 mm at 28 days. The samples were conditioned in an oven at 50 

ºC up to 4 days, until constant weight. The test setup is shown in figure 3: the samples were placed on 

a support inside a container with water to a height of 5 ± 1 mm. Weight measurements were 

performed at intervals of 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 1 d, 2 d, 3d, until 11 d.  

 

 
Figure 3 Setup of the capillary water absorption test. 

 



 

The results are represented by the typical curve of water absorption, relating the mass gain (Q) versus 

the square root of time (√t). Also the capillary water absorption coefficient (K) was determined by 

equation 3: 
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where a is the water density (1 g/cm3), εe is the concrete effective porosity (cm3/cm3), m is the water 

penetration resistance (min/cm2), Qn is the saturated specimen weight (g), Q0 is the initial/dry 

specimen weight, A is the specimen section (cm2) and h is the specimen thickness (cm). 

 

 

3. Results and Discussion 

3.1. Mechanical Strength  

 

Figure 4 shows the mechanical behaviour of the prismatic mortar specimens. All mortars have a 

mechanical strength which complies with the requirements of a CEM I 42.5 R cement in the European 

standard EN 196-1. The compressive strength slightly decreases with increasing content of BA in the 

blend. The differences related to reference mortar with the curing time are below 20% in all mortar 

blends containing biomass ash. At 28 days compressive strength of BA-10 and BA-20 is 7 and 12% 

lower than BA-0, respectively. Regarding the flexural strength, figure 4b shows a reduction of 

resistance upon the addition of BA. In comparison to the reference BA-0, the addition of 20% BA to 

the blend gives rise to a decrease of the flexural strength by 22% at 28 days, while the addition of 

10% BA results in a 7% reduction of the flexural strength.  

 

     
  (a) Compressive Strengths                                             (b) Flexural strengths 

Figure 4 Mechanical strengths of mortars containing BA. 

 

 

3.2. Resistivity and Transport Properties  

3.2.1 Surface Resistivity 

 

Resistivity is a volumetric property that indicates resistance to the flow of electric charges, the 

connectivity of the pore structure and the ionic strength of the pore solution. This property depends on 

the saturation degree, the hydration of the matrix, and the concentration of ions in the pore solution. 

Figure 5 shows resistivity values of mortar blends that incorporate BA at 3 curing ages. A higher 

percentage of BA lowers the resistivity values, as observed by BA-10 and BA-20. This behaviour 

may be due to the relatively high chlorine and high alkalis contents of BA that might enter in the pore 



 

solution of the mortar. Moreover, in previous studies on the normal consistency of cement pastes 

(Jiménez I., 2013) a higher water demand is observed in the presence of BA. For the mortar blends 

analysed in the present work, this may result in a lower hydration degree and a higher porosity within 

the matrix for the blends with increasing BA content. Also, possible modifications of the pore 

structure may contribute to the differences in resistivity observed in figure 5 for the mortar blends.  

 
 

        

                  (a) Surface resistivity values          (b) Relative resistivity (BA-0=100%) 

Figure 5 Surface resistivity of mortars containing BA. 

 

As expected, with increasing curing age, all mortar blends show an increase of resistivity values due 

to the development of hydrated phases in mortar that densify the microstructure. In fact, as may be 

observed in figure 5b, resistivity values of BA10 and BA-20 were lower at early ages, but gradually 

approached BA-0 with increasing curing age. This behaviour can be contributed to a slower hydration 

rate of BA blends, which is consistent with the slower development of compressive strength (figure 

4a). The results confirm the relationship between resistivity and compressive strength indicated in the 

literature (Andrade C., 2011) with higher resistivity for higher mechanical strengths.   

 

 

3.2.2 Chloride Migration 

 

The chloride migration was studied given the complexity of the mortar microstructure and the effects 

on the durability related to reinforcement corrosion. Table 2 shows the migration coefficient values of 

the different blends studied. The results indicate a higher chlorine ion penetration in BA-10 and BA-

20 than in reference BA-0.  

 
Table 2 Non-steady-state migration coefficient at 28 days. 

Blends Dnssm (×10-12 m²/s) ± STD 

BA-0 24.01 ± 1.00 

BA-10 28.17 ± 0.94 

BA-20 30.52 ± 1.48 

 

The Dnssm value for BA-10 and BA-20 is 17 and 27% higher, respectively, compared to that for BA-0. 

However, it is not clear how much the relative high Cl- content in the BA contributed to the chloride 

migration coefficient measured in the BA blends. From these results, it may need cautions when using 

BA blends, particularly at high BA contents, for structural applications due to the potential risk of 

reinforcement corrosion. Furthermore, extended curing or enhanced degree of hydration of the BA 

blends is expected to reduce the chloride migration coefficient to a level similar to or lower than that 

of the reference BA-0, as shown in the results of surface resistivity discussed above.    

 

 



 

3.2.3 Oxygen Permeability 

 

Table 3 shows the capacity of the oxygen to pass through the samples, represented by the average 

oxygen permeability coefficient and the standard deviation for three replicate specimens of each blend. 

All the three coefficient values correspond to normal quality cement (Romer M., 2005).  
 

Table 3 Oxygen permeability coefficient at 28 days. 

Blends K [×10-17 m²] ± STD 

BA-0 11.41 ± 0.99 

BA-10 10.26 ± 2.33 

BA-20 8.18 ± 1.46 

 

The results of table 3 indicate that the oxygen permeability coefficient obtained is 10 and 28% lower 

in the BA-10 and BA-20 respectively, compared to the reference BA-0. This suggests that BA blends 

used in mortars hinder the passage of oxygen flow through the samples, thus protecting the material 

from the ingress of aggressive environmental agents. At the higher BA substitution level, BA-20 

appeared to show the best performance for oxygen permeability, which probably is due to a densified 

matrix as suggested by a previous study (Jiménez I., 2013). 

 
 

3.2.4 Capillary absorption 

 

The results of the capillary water absorption test are shown in table 4. It is observed that the presence 

of BA in BA-10 and BA-20 decreases the water absorption coefficient, with respect to the reference 

BA-0, by 39 and 46%, respectively. 

 
Table 4 Capillary water absorption coefficient at 28 days. 

Blends K [×10-4 kg/m²min0.5] ± STD 

BA-0 8.00 ± 0.85 

BA-10 4.90 ± 0.49 

BA-20 4.32 ± 0.38 

 

In the average mass gain curves obtained for each blend, plotted in figure 8, BA-10 and BA-20 have a 

similar curve, but with a clearly slower and lower final values for mass gain, compared to the 

reference BA-0. In fact, the reference matrix achieves consistency in mass practically at 4 days, while 

BA-10 and BA-20 need almost 8 days. 

 

 
Figure 6 Mass gains of samples in the capillary water absorption test. 



 

 

The results of the capillary water absorption test suggest that the addition of BA resulted in a refined 

pore structure in the mortars, which is in good agreement with the findings of the oxygen permeability 

discussed above. Therefore, the mortars including biomass ash would likely offer a higher durability 

against the aggressive agents present in water environment.  

 

 

4. Conclusions 

 
- The mortars obtained by substituting up to a 20% of CEM I 42.5 R by forest biomass ashes (BA) 

comply with the mechanical strength requirements established for the reference mortar by the 

European standard EN 196-1. 

 

- Due to the presence of chlorine and alkalis in the biomass ash, surface resistivity and chloride 

migration coefficient were negatively affected by the addition of BA. The chlorine ion is of major 

concern for concrete structures since it may lead to reinforcement corrosion. Therefore, leaching 

studies are needed to confirm if the chlorine is fixed in the cementitious matrix upon further 

hydration.  

 

- The incorporation of BA appeared to lead to a refined, denser pore structure, as indicated by the 

lower permeability to oxygen and capillary water absorption in the blended mortars. This 

microstructural modification could be beneficial for the durability of mortars containing BA, 

protecting the material from aggressive environmental agents. 
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Abstract 

The formation and transformation characteristics of ettringite played an extremely important effect on the accelerated 

hardening and expabsion of concrete as well as its long term durability. The stability and its decomposition mechanism 

of ettringite in alkaline (NH4)2SO4 solution were investigated. Results show that the stability of ettringte is largely 

influenced by the concentration: ettringite decomposes when the concentration is more than 0.090mol/L and it partially 

decomposes when the concentration of (NH4)2SO4 is between 0.021-0.090mol/L; and it remains unchanged when the 

concentration of (NH4)2SO4 is less than 0.021mol/L. Which  shows that ettringite is not stabile in (NH4)2SO4 solution, 

and decompose and produce gypsum and Al(OH)3 as long as the concentration of (NH4)2SO4 reaches to a certain extent. 

Further experiment on the idenfication of reaction products formed in the surface area of the hardened cement mortar 

specimens respectively immersed in (NH4)2SO4 solution and Na2SO4 solution again showed that the ettringite detected 

in the former specimen was less than that of the latter.  

 

Originality 

Generally believed that ettringite in alkaline environment is stable. The reason why ettringite is unstable in ammonium 

environment is that ammonium can decrease the pH value of system by hydrolysis. However, In this paper, stability of 

ettringite in (NH4)2SO4 solution is discussed and the results show that in (NH4)2SO4 solutions ettringite is not stable 

even in alkaline environment and critical concentration of decomposition of ettringite is between 0.021-0.090mol/L. 

Method of quantum mechanics has been used to calculate the decomposition trend of Ca-H2O structure in ettringite. 

Based on these data, decomposition mechanism of ettringite has been proposed. 
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1. Introduction 

It is well known that ettringite existing in cement and concrete is extremely broad; it begins to form 

during cement hydration process (Santhanam M. et al., 2002). When cement concrete suffer from 

sulfate attack, it can also produce ettringite. Ettringite is also applied to shrinkage compensation and 

hardening accelerating and set accelerating of concrete (Sakai E. et al., 2004). However, formation of 

excess ettringite has negative effect on concrete durability. Therefore, to clarify the formation and 

transformation of ettringite in a variety of environment conditions play an important guiding 

significance for understanding its stability, mechanical properties and sulfate attack of concrete. 

Cement composition dissolve and produce Ca2+, SO4
2-, AlO2

- and OH- etc. after adding water; then a 

supersaturated solution of ettringite generate in pore solution and ettringite crystal precipitate (Jiahui P. 

et al., 2000), the formation condition relate to temperature and humidity etc.(Xu L. et al., 2012). 

H.F.W Taylor consider supersaturated OH- and SO4
2- in pore solution can increase stability of 

ettringite which it still exists even at 90 °C(Taylor H.F. et al., 2001); Mg2+ react with OH- and form 

precipitation which cause decomposition of ettringite (Lea F, 1971); Hill J (Hill J. et al., 2003)and 

Chang Z (Chang Z. et al., 2005) reduce the concentration of OH- by adding acidic solution and 

ettringite decompose in this system; Carmona-Quiroga P M et al. (Carmona-Quiroga P M. et al., 2013) 

reduce the SO4
2- concentration by adding BaCO3 and let SO4

2- transform into BaSO4 which lead to 

decompose to gypsum. 

(NH4)2SO4 commonly existing in sewage facilities and industrial areas (Bassuoni M T. et al., 2012) 

reduce service performance of concrete. Concrete admixtures sometimes can also generate ammonia. 

For example, melamine superplasticizer introduces a small amount of ammonia in the production 

process, while anti-freezing admixture such as urea produce a lot of ammonia. According to China 

standard GB 18588-2001 “Limit of ammonia emitted from the concrete admixtures”, limit of ammonia 

of concrete admixtures for indoor use can’t exceed 0.10%, but admixtures in bridge, road etc. are not 

limited. Therefore, concrete in service time may be threatened by ammonia. Schneider U et al. 

consider that disadvantage of ammonia due to change alkaline environment of the presence of 

ettringite (Schneider U. et al., 1998). But stability of ettringite in ammonium salt is not just the 

affected by change of alkaline environment. In this paper, stability of ettringite in (NH4)2SO4 solution 

is discussed from simulation experiment and chemical bond stability, and decomposition mechanism 

of ettringite thus is proposed and used to explain the reality of cement mortar immersed in ammonium 

sulfate. 

2. Experimental 

2.1. Raw Materials 
(1) Cement: Commercial PⅡ52.5Portland cement, its physical properties and chemical compositions 
were listed in table 1 and table 2. 

Table 1 Physical properties of cement 

Specific surface 

area/m2kg-1 

Standard consistency water 

consumption/% 

Setting 

time/min 

Flexural 

strength/MPa 

Compressive 

strength/MPa 

Initial Final 3d 28d 3d 28d 

397 27.6 139 187 5.9 8.6 33.1 57.2 

 

Table 2 Chemical compositions of cement/wt. % 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O TiO2 LOI Total 

64.68 18.36 4.33 2.95 0.79 2.60 0.73 0.19 3.70 98.33 

(2) Sand: China ISO standard sand. 

(3) Chemical reagents: Analytical reagent CaO, Al2(SO4)3∙18H2O, CaSO4, (NH4)2SO4, Na2SO4. 

2.2. Experimental Process 

(1) Mortar specimen preparation 

Cement mortar preparation was according to China standard GB17671-1990, under test condition of 

cement/sand ratio being 1/3, water to cement ratio 0.5, and mortar specimen size in 40mm× 

40mm×160mm. Mortar specimens were then cured under the condition of air temperature 20±2°C and 

RH not less than 90% in molds for 24 hours, then demoulded and followed by curing in water at 

20±1°C for 28 days. 



 

(2) Sulfate corrosion conditions 

Mortar specimens curing after 28 days were immersed in 5% Na2SO4 (0.35mol/L) and 5% (NH4)2SO4 

(0.38mol/L) respectively. After 180 days mortars immersed in different sulfate solutions were taken 

out and then the surface water were dried by cloth, and following dried for 24 hours at 60 °C. They 

were then layered sampled every 0.5 mm from exposed surface to centre by precision lathe, powder 

sample cutting down were collected respectively, then vacuum dried 24 hours at 60 °C and sealed to 

do the next experiment. 

(3) Synthesis of ettringite 

Ettringite was synthesized by the method of Struble et al. (Ciliberto. et al., 2008). Weighted 13.40g 

CaO and dissolved in 890 ml distilled water; weighted 26.55g Al2(SO4)3∙18H2O and dissolved in 40ml 

distilled water; mixed two solutions and stringed 2h, stood for one week and pumping filtered, 

synthesized ettringite were dried at 60 °C and collected in dryer to the next experiment. 

(4) Micro test methods 

X-ray diffraction analysis was carried out on ARL X’ TRA X-ray diffract-meter. Experimental 

parameters: 2.2kW Cu target; stepping was 0.02°, scanning speed was 10°/min; 

TG-DSC analysis was carried out on STA449C thermal gravimetric instrument, and was equipped 

with DSC 204 differential thermal analyser. Experiment parameters: temperature ranged from 40°C to 

900°C; weight sensitivity was 0.1µg; heating rate was 10K/min; nitrogen atmosphere. 

SEM-EDS were on JSM-5900 scanning electron microscope and equipped with NORAN VANTAGE 

DSI energy dispersive spectrometer. Experiment parameters: accelerating voltage was 15kV; 

resolution was 3nm; magnification was -18×-300000×; 

FTIR was on Nexus 670 Fourier transform infrared spectrometer. Experiment parameters: resolution 

was 0.1cm-1; signal to noise ratio was 33400:1; 

3. Results and Discussion 

3.1. Stability of ettringite in (NH4)2SO4 solution with high pH value 

Because of cement hydration, the pH of cement paste is about 12.5~13.5 which is equivalent as the 

saturated solution of Ca(OH)2. To discuss the stability of ettringite of cement paste in NH4
+ under the 

condition of high pH value, experiments are carried out at pH=13. Accurately weight ettringite 1.5g, 

added in 100ml 0.380mol/L (NH4)2SO4 solution, and drop 1mol/L NaOH solution to regulate pH to 13. 

After one week, pumping filtered solution and then dried at 60 °C, reaction products are following 

using XRD analysis, results are shown in fig.1. pH value is detected every day during experiment 

process to make sure reacted in alkaline environment. 

 
Fig.1 XRD of raw material and product 

It can be seen from XRD spectrum (Fig.1), characteristic peaks of ettringite of raw material disappear 

in 0.380mol/L (NH4)2SO4 after one week reaction and peaks of gypsum appear. It shows that ettringite 

in (NH4)2SO4 is unstable and decompose; one of reaction product is gypsum. 

To observe morphology of raw material of ettringite and product, SEM-EDS are carried out and the 

results are shown in fig.2 and fig.3. 



 

 
Fig.2 SEM-EDS of synthesized ettringite 

 

 
(a) Overall figure                               (b) Partial figure 

Fig.3 SEM-EDS of product 

From fig.2, ettringite in short bar has been formed, this crystal of short bar sharp contain Ca, S, Al by 

detecting of EDS and atom ratio Ca:S:Al=3.57:1.91:1 which close to calculated theoretical ettringite 

Ca:S:Al ratio(3:1.5:1). Its Ca/S ratio is slightly larger than that of ettringite, combined with XRD of 

ettringite, raw material is mainly ettringite, but still some gypsum residue in. It can be found from 

fig.3, the reaction products mainly compose with columnar-like and gel-like substance, spectroscopy 

data at point B show that columnar crystal is gypsum which elements contain Ca, S. gypsum sizes 

differ greatly and range from 5μm to 100μm. Substance around gypsum is colloid, Al content of the 

composition from EDS data is higher and Ca/S is at lower level and close to 1:1, based on XRD 

analysis, only peaks of gypsum exist and other substances don’t detected. Thus colloids which 

contained Al element is Al(OH)3 gel in combination of inorganic chemistry knowledge. 

Raw ettringite and reaction products were dried at 60 °C and TG-DSC are carried out. The result is 

shown in figure 4. 
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Fig.4 TG-DSC of ettringite and product 

As is shown in fig.4, ettringite has two endothermic peaks at 120°C and 253°C, the former peak due to 

ettringite dehydration into monosulfate at 120°C and weight loss is 33.42%; monosulfate continually 

dehydrate and decompose at 253°C, weight loss is 4.7%; the reaction product dehydration at 100°C 

due to the absorption water loss of Al(OH)3 colloids; gypsum decompose to hemihydrate gypsum at 

150°C, bound water of Al(OH)3 is all lost at 257°C(Hargis. et al., 2014) and transform to Al2O3; the 

peak at 372°C is exothermic peak which due to change from soluble α type and β type hemihydrate 

gypsum to insoluble type; there are some material decomposition at 700°C which is because the 

solution maintaining alkaline environment is easy to absorb external CO2 to CaCO3 and decompose at 

this temperature. 

Before 900°C, free water and bound water of ettringite, Al(OH)3 and gypsum all lost. Quality of all 

type water of ettringite account for 45.9%; Al(OH)3 lost water and transform to Al2O3 which quality 

account for 34.6%, gypsum lost water and transformed to CaSO4 which quality account for 20.9%. 

since reaction product Al(OH)3 and gypsum are decomposed by ettringite, and Al:Ca in ettringite is 

1:3, therefore the molar ratio of Al(OH)3 and gypsum is 1:3 which on this basis mass of water loss of 

two products is 23.7%. As can be seen from figure 4 before 900°C, weight loss of ettringite is 46.9% 

and reaction products are 24.2% which close to the theoretical calculation. Thus formula of the 

decomposition of the ettringite can be expressed as: 

2 3 4 2 4 2 4 4 2 3 3 2
3 3 32 3( ) 6 2 2 ( ) 6 20CaO Al O CaSO H O NH SO CaSO H O Al OH NH H O           

3.2. Stability of ettringite in (NH4)2SO4 solution with different pH value 

When cement mortar immersed in (NH4)2SO4 solution, SO4
2- ions and NH4

+ ions begin to migrate into 

inside respectively, SO4
2- ions react with Ca2+ and AlO2

- in cement mortar and form ettringite which 

generate expansion stress in mortar, when the stress reach a certain level, mortar may crack. When 

NH4
+ exists in this system, stability of ettringite which have formed in cement mortar decreased. To 

simulate stability of ettringite in different concentrations of (NH4)2SO4 solutions, following 

experiments are designed. 5% (NH4)2SO4 (0.38mol/L) and 0.01mol/L NaOH solution(pH=13) are 

prepared and mixed in accordance to table 1, then 1.5g ettringite is added in each solution, and pH 

values of solution are measured periodically to ensure finishing of reaction, the results are shown in 

table 1. 
Table 1 pH values of solutions of different (NH4)2SO4 added ettringite at different immersion time 

No. 

(NH4)2SO4/NaOH 

solution 

volume ratio 

NH4
+ 

concentration 

(mol/L) 

Immersion time 

0 h 24 h 48 h 72 h 96 h 120 h 

1 1.5 0.227 8.78 9.15 9.16 9.01 9.06 8.97 

2 1 0.189 8.90 9.22 9.37 9.20 9.25 9.15 

3 0.5 0.126 9.20 9.54 9.81 9.63 9.73 9.66 

4 0.25 0.076 9.81 9.94 10.16 10.02 10.06 10.02 

5 0.125 0.042 11.23 10.20 10.22 10.06 10.01 9.88 

6 0 0 13.05 12.85 12.74 12.76 12.76 12.71 

As is shown in table 1, when NH4
+ added into NaOH solution, as hydrolysis of NH4

+, pH values of 

solution decrease and tend to unchanged after one week. When NH4
+ concentration is less than 

0.042mol/L, i.e., (NH4)2SO4 concentration less than 0.021mol/L, pH value during the reaction 

decreased gradually and finally to a stable value; when NH4
+ concentration is more than 0.180mol/L, 

i.e., (NH4)2SO4 concentration more than 0.090mol/L, pH value during the reaction increase gradually 

and finally to a stable value. 

When ettringite immersed in different concentration (NH4)2SO4 after one week, solutions are pumping 

filtrated and dried at 60°C and XRD is carried out, the results are shown in figure 5. 



 

 
Fig.5 XRD of reaction product affected on different concentration (NH4)2SO4 

Fig.5 shows that only peaks of gypsum exist in 1-3 of fig.5 and peaks of gypsum and ettringite all 

exist in 4, while only ettringite exist in 5-6. It shows that ettringite in experiment 1-4 are 

decomposition, but in 5-6 ettringite still exist stability, and ettringite and gypsum all exist in 4. The 

results show that critical concentration of NH4
+ which affect stability of ettringite is between 

0.042mol/L-0.180mol/L, in other words, critical concentration of (NH4)2SO4 is 0.021mol/L-

0.090mol/L. When NH4
+ concentration is less than 0.042mol/L, i.e., (NH4)2SO4 concentration less 

than 0.021mol/L, ettringite is stable; when NH4
+ concentration is more than 0.180mol/L, i.e., 

(NH4)2SO4 concentration more than 0.090mol/L, ettringite is unstable and decomposition. 

Infrared analyses of reaction product at different concentrations (NH4)2SO4 solutions are shown in 

figure 6. 
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Fig.6 FTIR of reaction product affected on different concentration of (NH4)2SO4 

There are three types of vibration in the FTIR from fig.6 (Böke H, et al. 2003): 

(1) Vibration of O-H: Stretching vibration band of free OH- in ettringite(6 in fig.6) is at 3633cm-1, and 

stretching vibration and bending vibration bands of lattice water are at 3430cm-1 and 1640cm-1 

respectively. Vibration bands of water in gypsum and Al(OH)3 (1 in fig.6)are at 3430cm-1 and 

1640cm-1 respectively; 

(2) Vibration of S-O: S-O vibration bands of ettringite are mainly at 1120cm-1, 620cm-1 and 420cm-1, 

while asymmetric stretching vibration bands of gypsum are at 1118cm-1-1142cm-1 (v3), and bending 

vibration bands are at 669cm-1, 603cm-1 and 492 cm-1; 

(3) Vibration of Al-O: Vibration bands of Al-O in ettringite appear at 550cm-1 and 870cm-1 (Speziale 

S. et al. 2008). 



 

Three types of vibration bands are superimposed from fig.6, with increasing of concentration of 

(NH4)2SO4 solution feature bands of raw material (ettringite) start passivation, because of the content 

of ettringite gradually becoming less, in contrast, feature bands of gypsum gradually sharp. 

3.3 Stability of ettringite in cement mortar immersion in (NH4)2SO4 solution 

Service environment of cement-based material is generally more complex which may exist (NH4)2SO4, 

and thus its performance may be affected. Cement mortars that immersed in 5% Na2SO4 (0.35mol/L) 

and 5% (NH4)2SO4 (0.38mol/L) after 180 days respectively are sampled at different depths, XRD are 

following carried out to characterize the products. One of characteristic peek’s areas is selected to 

represent its material content, such as diffraction peak of Ca(OH)2 is at 18.04°, ettringite at 9.06° and 

gypsum at 11.66°, and the results are shown in figure 7. 
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Fig.7 Reaction products in cement mortar at different depth 

As is shown in fig.7, when cement mortars immerse in sulfate solutions, Ca(OH)2 gradually rise from 

surface to inside, in contrary, content of ettringite and gypsum reduce. When it suffer from Na2SO4 

attack, Ca(OH)2 gradually increase from the surface to the interior and close to self-concentration of 

mortar at 1.0mm; ettringite and gypsum also reduce and close to mortar self-concentration at 2.5mm. 

While suffer from (NH4)2SO4 attack, Ca(OH)2 gradually increase and close to concentration of mortar 

at 2.5mm; ettringite and gypsum also reduce and close to mortar self-concentration at 1.5mm and 

2.5mm respectively, this show that corrosion product is mainly ettringite when cement mortar 

immersion in Na2SO4 solution and is gypsum when in (NH4)2SO4 solution. Loss of Ca(OH)2 at surface 

region is not only the consumption of SO4
2- but also the dissolution to outside solution. Even existing 

this error, change of Ca(OH)2 of sample in (NH4)2SO4 solution is obviously. 

Sulfate content in the cement always experiences a change from low to high when sulfate diffuse from 

outside to inside. Since solubility product constant of ettringite is 2.8×10-45 (Damidot D. et al. 1993) 

and gypsum is 3.14×10-5 (Speight. et al. 2004), without considering the impact on the aluminum, it can 



 

be considered that ettringite is easier precipitation and formation than gypsum. Therefore, ettringite 

precipitate at low sulfate concentration and gypsum precipitate at high concentration. Generally 

believe that when SO4
2- <1000mg/L, corrosion product is mainly ettringite and SO4

2- >8000mg/L 

gypsum always generate; in the range of 1000~8000mg/L, gypsum and ettringite are all observed. In 

this experiment the molar concentration of SO4
2- in Na2SO4 and (NH4)2SO4 solutions are similar, 

sulfate concentration all undergo a change from low to high when sulfate ions diffuse from surface to 

inside. Thus, in both mortars when immerse in different sulfate solutions ettringite all can form firstly 

and until sulfate concentration exceed the lowest concentration of precipitation of gypsum, gypsum 

precipitates. From this law the result can be judged that ettringite content immersed in different sulfate 

solutions should be similar. However, seen from figure 7, in (NH4)2SO4 solution ettringite content of 

mortar is less than that of in Na2SO4, and most of SO4
2- form gypsum in mortar surface. This illustrate 

ettringite of mortar form at first when immersed in (NH4)2SO4 solution and then decompose and lead 

to decrease of ettringite which is consistent with the results of above study. Because ettringite in the 

surface is not completely decomposition, therefore, based on these studies NH4
+ concentration in the 

surface is range from 0.021mol/L to 0.090mol/L. 

Mortars immersed in (NH4)2SO4 solution after 180days are moved out and dried at 60°C, SEM-EDS 

are following carried out to observe morphology of corrosion products at surface layer. The results are 

shown in fig.8. 

 
Fig.8 SEM-EDS of cement mortar immersion in (NH4)2SO4 solution at 180 day 

Fig.8 shows that bar-like reaction products generate at surface area and near the cracks of mortar 

which immersed in (NH4)2SO4 solution after 180days, some products fill in the existing cracks. From 

EDS of A point, these bar-like corrosion product is gypsum (Mbessa M. et al. 2001). They form at 

corrosion areas and continue to accumulate. Sizes of gypsum are different, the largest reach to 5µm 

and smallest is smaller than 0.5µm. 

3.4 Decomposition mechanism of ettringite in the (NH4)2SO4 solution 

Structure of ettringite is determined by Toylor (Moore A E. et al. 1970) at first time and he have found 

that its crystal structure is hexagonal prism which the structure unit is (Ca3(Al(OH)6)∙12H2O)3+, crystal 

structure is composed of column and channel paralleling the C axis of column. Column is assembled 

by Al(OH)6
3- octahedral and three Ca polyhedron(Ca∙4H2O) and SO4

2- exist in channel. In the acidic 

environment Al(OH)6
3- in ettringite system is unstable. However, in the alkaline environment it is 

stable while Ca∙4H2O is not. Ca∙4H2O form by Ca-O which four conjugate hybrid orbitals due to sp3 

hybridization of Ca. As the second main group, coordination ability of Ca is poor; Ca-O bonding force 

mainly is from Coulomb force. NH3 has a strong electronegativity which is due to two lonely electron 

pairs and can form hydrogen bond with water in Ca-H2O. But [Ca-H2O-NH3]2+ system is not stable 

and decomposition in the water environment. In order to study the decomposition tendency of system, 

Method of quantum mechanics is used to calculate the charge distribution and bond length of Ca-H2O 

and Ca-H2O-NH3 respectively to presume the reaction process. Calculation method is based on density 

function theory methods and hybrid function is B3LYP. The results are shown in fig.9. 
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Fig.9 Charge distribution and bond length of Ca-H2Oand Ca-H2O-NH3 

As are shown in figure 9, in the case of existing of NH3, H atom of coordinated water in Ca-H2O 

become asymmetric, wherein one hydrogen atom is attracted by a nitrogen atom and their positive 

charge quantity become less, the corresponding O-H bond is elongated and bond length increase 

59.2%, and thus the distance of N atom in NH3 and H in Ca∙H2O approximate the original bond 

lengths, namely four H atoms around N atom close to equivalent and have tendency to form NH4
+; Ca-

O bond become short when added NH3, namely Ca-O bond energy become larger. It is considered that 

[Ca-H2O-NH3]2+ system decompose into [Ca-OH]+ and [NH4]+, i.e. in NH3 environment Ca-H2O 

polyhedron is unstable and dissociate. Chemical reaction can be expressed as: 

4 3 2 3 2
NH OH NH H O NH H O

 

    

   
2

2 3 4
Ca H O NH Ca OH NH

  

      

  2

Ca OH Ca OH
  

    

Among them, NH3 plays as a catalytic role in the reaction process. When Ca∙4H2O structure 

decompose and the remaining part Al(OH)6
3- change to Al(OH)3 in alkaline environment, and 

therefore, the entire chemical reaction of ettringite decomposition process can be expressed as: 

4 3 2 3 2
NH OH NH H O NH H O

 

    

2 3 4 2 4 2 4 4 2 3 3 2
3 3 32 3( ) 6 2 2 ( ) 6 20CaO Al O CaSO H O NH SO CaSO H O Al OH NH H O           

4. Conclusions 
(1) Ettringite behaves unstable and decompose to gypsum and Al(OH)3 in the presence of (NH4)2SO4 

even though in alkaline environment. 

(2) The stability of ettringite is largely influenced by the concentration of (NH4)2SO4 solution  

ettringite is unstable and transforms into gypsum when (NH4)2SO4 concentration is more than 

0.090mol/L ; it is stable when the concentration is less than 0.021mol/L, it transforms partially when 

the concentration is between 0.021mol/L to 0.090mol/L. 

(3) Cement Mortar specimens immersed in (NH4)2SO4 solution contains more gypsum and less 

ettringite as compared with that of Na2SO4 solution immersed spacimens.  
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Abstract 

The long-term durability of concrete structures is closely related to the physical and chemical properties of the 

structural concretes. This paper investigates the fundamental properties of durability for structural concretes. To this 

purpose, the gas permeability, chloride diffusivity, electrical resistivity and surface sorptivity are measured for several 

structural concretes with typical cementitious materials. The gas permeability is measured by CemBureau device, the 

chloride diffusivity is measured by NT Build 492 method, the electrical resistivity is measured by the alternative current 

method and the surface sorptivity by ASTM C1585 method. The relationships among these transport properties are 

explored through Archie’s law and Katz-Thompson equation, and the relevant parameters are determined. Moreover, 

with the pore structure characterized for these concretes, the relation between the pore structure and the measured 

transport properties is further explored. From the study, the gravimetry porosity is found to be the fundamental 

durability indicator, the electrical resistivity shows good stability of measurement, the formation factor from electrical 

resistivity shows good correlation with the porosity and the liquid intrinsic permeability predicted from Katz-Thompson 

equation is two orders of magnitude lower than the gas intrinsic  permeability. 

 

Originality 

The prescription of concrete durability through indicators of transport properties is important for the durability design 

process. This study attempts to establish such an indicator-system based on the gas permeability, chloride diffusivity, 

electrical resistivity and surface sorptivity. 
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1. Introduction 

The durability of concrete structures has been an active research area in recent years. The multiple 

durability processes relate to the transport of aggressive agents form the external environment into the 

internal pore structure of concrete materials, inducing the mass exchange and degradation of structural 

concretes (DuraCrete, 1998). The kinetics of these processes is usually determined by the relevant 

transport properties of material and the transport properties are often valued for the service life design 

of concrete structures. These transport properties refer to the diffusivity of ions, the permeability of 

gas and liquids, and the electrical resistance of concretes as well. Recently, the performance-based 

durability design prescribes the value ranges for these properties for given service life and given 

environmental actions (AFGC, 2007; Nganga G. et al., 2013). In these specifications, the ion 

diffusivity, the water permeability and gas permeability are regarded as the essential durability 

indicators. These transport properties are closely related to the pore structure of structural concretes 

and also sensitive to the cementitious materials. On the basis of the same pore structure, these 

properties can be inter-related for a same concrete material. However, the correlation among different 

transport properties remains unclear for different concrete materials. This paper attempts to investigate 

these transport properties for ordinary Portland cement concrete (OPC) and study the possible 

correlation among these properties. 

 

2. Experiments 

2.1. Materials and Specimens 

Four concretes were prepared with water to cement (w/c) ratios of 0.3, 0.4, 0.5 and 0.6.  The 

cementitious material is PO42.5 cement according to Chinese cement specification (CCS, 1999). The 

concrete proportioning is given in Table 1.  
Table 1. Mix proportioning for structural concretes 

Material 
w/c 

(-) 

Water 

(kg/m3) 

Cement 

(kg/m3) 

Sand 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Superplasticizer 

(kg/m3) 

Compressive 

strength 28d 

(MPa) 

Compressive 

strength 90d 

(MPa) 

C-1 0.3 169 563 689 1033 0.54 77.4 82.1 

C-2 0.4 194 485 689 1033 0.13 60.3 70.8 

C-3 0.5 213 426 689 1033 0.0 57.0 63.4 

C-4 0.6 228 380 689 1033 0.0 42.5 52.5 

The concrete was cast into moulds and cured in standard curing conditions to the ages of 28d and 90d. 

At 28d, the cube specimens were tested for the compressive strength. At 90d, the concrete specimens 

were tested for the compressive strength, the porosity, the electrical resistivity, the chloride diffusivity, 

the gas permeability and the surface absorption. The values of concrete compressive strength are also 

given in Table 1. The experimental procedures for these measurements are given in the following.  

 

2.2. Experimental Process 

2.2.1 Porosity 

The porosity of concrete was evaluated through two methods: the gravimetry method and the mercury 

intrusion porosimetry (MIP). For the gravimetry measurement, the cube specimens at age of 90d were 

sawed into slices of 5mm thickness, and 5-8 slices were retained for each concrete. These slices were 

first measured for their saturated density, and then oven-dried at 105oC to constant weight. The 

porosity of concrete was calculated by the mass loss of the slices and the saturated density. Due to the 

elevated drying temperature of 105oC, the porosity is believed to represent all the pores containing 

evaporable water (SIA, 2013). 

The MIP measurement was performed on the crushed samples from cube specimens at age of 90d. The 

cube specimens were crushed and particles of 3-5g were selected for MIP tests. These samples were 

oven dried under 60oC for 14d before the MIP tests, and the MIP tests were performed using the 

device Autopore IV 9510 with maximum and minimum applied pressures as 414MPa and 1.4kPa, 

corresponding to a minimum pore size of 3nm and maximum pore size of 800μm. Note that the MIP 



 

measurement has approximate nature for pore structure of concrete since the highly heterogeneous 

structure of the concrete samples with very limited size. 

 

2.2.2 Chloride diffusivity and surface absorption 

The chloride diffusivity was measured through the rapid chloride migration (RCM) method, 

equivalent to NT Build 492 method (NordTest, 1999). The principle of this method is to drive the 

migration of chloride ions into saturated concrete specimens under a constant electrical potential 

gradient, and measure the depth of chloride penetration depth at given experimental duration, i.e. 48-

96 hours. This method has been widely adopted in engineering applications (Li Q.W. et al., 2015) to 

characterize the chloride diffusivity of structural concretes. Note that RCM method gives apparent 

chloride diffusivity including the chloride sorption of chloride by cement hydrates, which is different 

from the effective chloride diffusivity referring to the chloride diffusivity in free pore solution (Tang 

L.P., 1999). The RCM measurements in this study were performed on disc specimens of 100mm 

diameter and 50mm thickness. To this purpose, the cylinder specimens of 100mm diameter and 

300mm high were cured to 90d, and then disc specimens of 50mm thickness were sawed out. To avoid 

the possible heterogeneity of concrete in the cylinder, the disc specimens from the middle part were 

retained for RCM tests. Before tests, all disc specimens were kept in water to attain a saturated state. 

The surface absorption was measured for disc specimens of concretes following the ASTM C1585 

method (ASTM, 2013). The principle is to immerse one surface of the concrete specimens in disc form 

of 50mm thickness into water (3-5mm depth), and measure the water absorption mass by the concrete 

with time. Then the absorption rate of concrete is noted by the ratio between the absorbed water 

volume and the square root of time. In this study, the same disc specimens as the RCM tests were used 

for absorption tests. For the tests, the disc specimens of 50mm thickness were sawed out from cylinder 

specimens of 100mm diameter at the age of 90d. Then these disc specimens were oven-dried under 

60oC to constant weight. Then, the dried disc was weighted for its initial mass, and then subject to 

absorption tests with the absorbed mass monitored for 222 hours. 

 

2.2.3 Gas permeability and electrical resistivity 

The gas permeability was measured through CemBureau method (RILEM TC 116-PCD, 1999). The 

principle of this method is to impose a constant pressure gradient on the concrete specimen, measure 

the steady gas flow through the concrete specimen, and calculate the intrinsic permeability of concrete 

considering the boundary slip effect (Klinkenberg L.J., 1941). The gas permeability is reported to be 

sensitive to the porosity of concrete materials and the pore water saturation (Romer M., 2005). 

Following the standard specimen drying procedure of RILEM recommendation, the specimens were 

pre-dried to 80% saturation and the gas permeability measured at this moisture content is used in this 

study. The concrete cylinders of 150mm diameter and 400mm high were cast and cured in standard 

conditions to age of 90d, and then disc specimens of 50mm thickness were sawed out from the 

cylinder and immersed in water to reach a saturated state. From the open porosity measured through 

the gravimetry method, the target mass loss for 80% saturation was calculated. Then the specimens 

were oven-dried at 60oC to get this target mass. Afterwards, the discs were encapsulated by aluminium 

paper and put into 60oC oven for 14d to homogenize the moisture distribution in the specimens. The 

operation procedure of CemBureau measurement was detailed in (RILEM TC 116-PCD, 1999). The 

infiltrating gas is nitrogen in this study and the intrinsic permeability is deduced from the gas 

permeability at different levels of pressure gradient. 

The electrical resistivity was measured under an alternative electrical device following the European 

standard (Chlortest, 2006). The measurement device is composed of two red copper electrodes 

imposed on the two exposed surfaces of each disc specimen through thin absorbent sponge. 

Alternative current with a frequency of 500HZ is used and the electrical resistance at current density 

of 40mA is recorded. The specimens of electrical resistivity measurement are the same as the 

specimens in gas permeability measurements. Actually, a same disc specimen, sawed from the 

concrete cylinder, underwent first the electrical resistivity measurement at saturated state, and then 

dried to expected moisture content for gas permeability measurements.  



 

3. Measurements of transport properties 

3.1. Porosity and strength 

The transport properties are closely related to the pore structure of the concretes. The gravimetry and 

MIP results for porosity are presented in Figure 1 in terms of w/c ratio of concretes. Also the 

compressive strength is also presented on the same figure. From MIP measurements, the average pore 

radii, evaluated from the total intruded pore volume and pore surface, are respectively 17.1nm, 25.7nm, 

23.6nm and 35.4nm for C-1, C-2, C-3 and C-4 concretes. It should be noted the approximate nature of 

characterizing the pore structure of concrete by MIP due to the randomness of aggregate incorporation 

of the crushed samples. From Figure 1(a), one can see that the porosity from gravimetry method is 

systematically 10-20% higher than MIP results. This is due to the minimum attainable pore size of 

MIP is about 3nm and it is showed in literature that 105oC drying can drive out evaporable water in 

smaller pores (Zeng Q. et al., 2013). Another observation is that the porosity evaluated from the 

gravimetry method is very stable, and the relative error of measurement is within 10%. In the 

following the gravimetry porosity is to be used as a basic variable, together with w/c, to compare and 

interpret the different measurement. 

 
(a) Porosity                                                       (b) Compressive strength 

Figure 1 Porosity and strength measurement for OPC specimens. 

 
(a) DRCM in terms of w/c                                          (b) DRCM in terms of porosity 

Figure 2 Chloride diffusivity measurement by RCM method for OPC specimens. 

 

3.2. Chloride diffusivity and electrical resistivity 

The chloride diffusivity evaluated from RCM method is presented in Figure 2 in terms of w/c ratio and 

porosity. The chloride diffusivity measured in this study is actually the non steady state migration 

(NSSM) coefficient for chloride (Tang L.P., 1999). The measurement error of chloride diffusivity in 

this study for OPC materials is within 20%. From Figure 2(a), a good correlation is observed between 

the chloride diffusivity and the w/c ratio. Also, the chloride diffusivity is correlated clearly with the 



 

material porosity from Figure 2(b). It indicates that both w/c ratio and porosity are dominant factors 

that control the chloride diffusivity. The electrical resistivity is presented in Figure 3 in terms of w/c 

ratio and material porosity. The electrical resistivity is regarded as a key parameter to control the 

electrochemical reaction kinetics and corrosion rate of steel bars (Yu B. et al., 2014), and concrete 

with resistivity greater than 200 m is regarded as very resistent to steel corrosion (Ghods P. et al., 

2008). The relative error of resistivity measurement in this study is within 10%, thus it can be regarded 

as a good indicator fro durability.  

 

 
(a) Resistivity in terms of w/c                              (b) Resistivity in terms of porosity 

Figure 3 Resistivity measurement by alternative current method for OPC specimens. 

 
(a) Gas permeability in terms of w/c                       (b) Gas permeability in terms of porosity 

Figure 4 Gas permeability measurement from CemBureau method for OPC specimens. 

 

3.3. Gas permeability and surface absorption 

The gas permeability measured in this study corresponds to a moisture content of 80% konwing that 

the gas permeability is rather sensitive to the pore saturation (Abbas A. et al., 1999). The relevant 

research showed that concretes with pores totally dried can have air permeability 1-2 magnitudes 

higher than the same concretes with 80% pore saturation (Luo M.Y. et al., 2014). The air permeability, 

noted in logarithm scale, is presented in Figure 4 in terms of w/c and porosity. The first observation is 

that the relative error is quite large for CemBureau measurement, i.e. the error is noted as high as 

300% for C-2 (w/c=0.4) specimens. This is firstly due to the moisture distribution, not yet really 

homogenized in the specimens after the treatment aforementioned. Indeed, a same 80% moisture 

content can correspond to multiple states for water-occupied space and gas-occuped state in concrete 

materials. Nevertheless, a good correlation is observed bwteen the gas permeability and the porosity.  

The surface absorption is presented in Figure 5. In Figure 5(a), the absorbed quantity I, absorbed water 

volume per unit surface area in mm, is noted in terms of the square root of absoption time. Note that 

the correlation shows clearly double linear pattern in which the absoption rate in the first phase is 



 

much higher than the second phase. According to Martys (1999), the first phase corresponds to the 

water flow by pore capillary in coarse pore networks, which is faster, while the second phase represnts 

a much slower water flow in very small pores with more important flow resistance. Thus, the 

absoption rate from the first linear phase can be considered to relate closely with the water flow 

process. This absoption rate, S1 in mm/s1/2 , is noted in terms of the gravimetry porosity in Figure 5(b). 

It can be seen that good correlation exists between the two quantities as expected. Further, the 

dispersion of S1 rate is about 10%. 

 

 

 
(a) Absorption rate regression                              (b) Absorption rate in terms of porosity 

Figure 5 Surface absorption from ASTM C1585 method for OPC specimens. 

 

4. Correlation analysis 

4.1. Archie’s law 

The Archie’s law was first proposed to represent the relation between the pore structure and the 

electrical conductivity of sandstones (Archie G.E., 1942). Recently this law is extended to describe the 

diffusivity of porous materials like concrete (Oh B.H. and Jang S.Y., 2004). The Archie’s law can be 

expressed as, 

1 Cl

0

0 Cl

D
F

D





     (1) 

where ,0 stand for respectively the electrical conductivity of saturated concrete and pore water 

(S/m), DCl, DCl
0 are respectively the chloride diffusivity of saturated concrete and the pore water (m2/s), 

and F is the formation factor in Archie’s law (-). The formation factor F is expressed in terms of the 

porosity through, 
mF a   (2) 

with a, m as the two model parameters. In this study, the formation factors from the chloride 

diffusivity, Fdiffusivity,  and the electrical resistivity, Fconductivity,  are calculated using Eq.(1) with the 

reference chloride diffusivity as 2.0310-9 m2/s (chloride diffusivity in water) and reference electrical 

conductivity as 8.0 S/m (conductivity of alkaline pore water with pH=13.4). The formation factor 

Fdiffusivity is in the range of 660-4000 while the formation factor Fconductivity is in the range of 1300-4000. 

So the two factors are roughly on the same order of magnitude but no clear correlation is found. In 

Figure 6(a), the formation factor Fconductivity is showed in terms of the concrete porosity, and the factor 

is regressed in terms of porosity through Eq.(2) in Figure 6(b). The regression results give, 

ln 5.547, 0.914a m   (3) 

From the above analysis, it can be seen that the Archie’s law applies better to electrical resistance 

conductivity than to chloride diffusivity. The difference between the two formation factors is probably 

due to the fact that the chloride diffusivity is a NSSD value, not pure chloride diffusivity, and the 

chloride adsorption by cement hydrates intervenes in the correlation. 



 

 

 
(a) Correlation between two factors                        (b) Formation factor in terms of porosity 

Figure 6 Formation factors from chloride diffusivity and electrical resistance for OPC specimens. 

 

4.2. Katz-Thompson equation 

Another relationship linking the pore structure of concrete with the transport is Katz-Thompson 

equation (Katz A.J. and Thompson A.H., 1986), expressed as, 
2

0

cd
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 (4) 

where K stands for the intrinsic permeability of concrete (m2), dc is a characteristic size of pore 

structure (m), and C the parameter related to pore structure with C=226 suggested in the original 

literature. This law links the intrinsic permeability with the characteristic pore size and the formation 

factor from electrical conductivity. Using the electrical resistivity results in Figure 3 and the average 

pore size from MIP measurements for C-1 to C-4 materials, the intrinsic permeability can be 

calculated through Eq.(4). Note that this intrinsic permeability is by nature related to the flow of 

electrical current, thus close to water flow processes in concrete. Due to the different flow mechanisms 

for gas and liquid in concrete pores, the intrinsic permeability has not the same value for gas and 

liquid (water) (Baroghel-Bouny, 2007). This point is well illustrated in Figure 7(a), and it is found that 

the water intrinsic permeability, evaluated from Eq.(4), is almost two magnitude orders lower than the 

gas intrinsic permeability measured by CemBureau method. In Figure 7(b), the intrinsic permeability 

of water is presented in terms of the surface absorption rate, and a correlation seems to exist between 

the two quantities. 

 
(a) Correlation between two permeabilities (b) Liquid permeability in terms of absorption rate 

Figure 7 Intrinsic permeability for gas and liquid flow for OPC specimens. 

 



 

5. Conclusions 
(1) The porosity of structural concretes can be well captured by the gravimetry method. The 

gravimetry porosity is systematically higher than MIP porosity and the relative experimental error is 

within 10%. Further, the gravimetry porosity shows strong correlation with other transport properties, 

thus it can be regarded as one fundamental durability indicator for structural concretes. 

(2) The chloride diffusivity shows clear correlation with the w/c ratio as well as the porosity of 

structural concretes, and the relative experimental error is about 20%. The electrical resistivity 

measured by alternative current method is also well correlated to the w/c ratio and the porosity of 

structural concretes, and the relative experimental error is within 10%. 

(3) The gas permeability measured by CemBureau method, at 80% pore saturation level, shows 

relatively large relative experimental error. The measured values show clear correlation with the 

concrete w/c and the porosity as well. The surface absorption process is divided clearly into two 

phases and the absorption rate of the first phase shows good correlation with material porosity. Further, 

the relative error of absorption rate is within 15% in this study. 

(4) The formation factors from Archie’s law are on the same order of magnitude for chloride 

diffusivity and electrical conductivity. The conductivity formation factor shows good correlation with 

the material porosity with the exponent in Archie’s law calibrated as 0.914. The liquid permeability is 

predicted from the Katz-Thompson equation, and this permeability shows a correlation with the 

absorption rate but is two orders of magnitude lower than the measured gas permeability. 
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Abstract 

Self-healing microcapsule technology based on bionics principle can realize the localization and 

instant repair of the micro damage in the cement-based materials microstructure, which is of great 

significance on improving the durability of cement-based materials and reducing maintenance cost. 

Urea formaldehyde/epoxy resin microcapsule prepared by in situ polymerization method has the 

characteristics of loose surface and the spherical or ellipsoidal shape. Cement specimens prepared 

with the content of microcapsules 0%, 1%, 2%, 3% and 5% were observed via Optical Microscope and 

Scanning Electron Microscopy (SEM), which can prove the self-repairing (self-healing) effect. Results 

show the content of microcapsules has a certain influence on the uniform and the compressive strength 

of cement-based materials, and when the dosage of microcapsules is 3% the application effect is the 

best. 

Originality 

Cracks in cement-based materials have negative influence on performance parameters especially on 

durability. Thus, study on intelligent self-repairing cement-based materials is of great significance to 

improve their working life and reduce the maintenance cost. In this study, microcapsules for 

self-repairing cement-based materials were prepared and buried in cement specimens with different 

content. Self-repairing effects also investigated by microscopy and compressive strength test. 

Keywords: cement-based materials, microcapsule, self-repairing, compressive strength 

 

 

 

 

1. Introduction 

Cement-based materials are applied in many fields with a large usage, but their structures are 

easy to generate micro damage (pores and cracks) (Jacobsen et al., 1996, Miu Q.J. et al., 

2004). Cracks in cement-based materials have negative influence on performance parameters 

especially on durability, such as permeability and rate of chloride ingress (Tian W. et al., 

2005, White et al., 2001, Cho et al., 2006, Blaiszik et al., 2009). Thus, study on intelligent 

self-repairing cement-based materials is of great significance to improve their working life 

and reduce the maintenance cost. The microcapsule technology based on bionics principle can 

make cement-based materials self-repairing come true. 

The four major methods currently used to implement the self-healing of cement-based 

materials are liquid core or hollow fiber technology, thermal reversible cross-linking reaction, 

stimulate responsive polymer and microcapsule technology. Microcapsule technology is easy 

to operate and conducive to industrialization, and this study chooses the self-healing 

microcapsule technology as the object. A microencapsulated healing agent is buried in 

cement-based materials with micro damage. The self-repairing mechanism( Zhang M., 2013, 

Xu Z.H., 2011, Zhao J.X., 2013) is the healing agent inside of microcapsules due to capillary 

siphoned into cracks when the materials crack by external force, that mean the microstructure 

of cement-based materials self-healed automatically and instantly(Rule et al., 2005). 
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2. Experiments 

2.1 Materials and Methods 

Urea, ammonium chloride, hydrochloric acid, acetone, triethanolamine, n-caprylic alcohol 

were purchased from Beijing Chemical Works. Formaldehyde was bought from Xilong 

Chemical Co., Ltd. Resorcinol was from Tianjin Fuchen Chemical Reagent Factory. E-51 

epoxy resin (solid content 99.6%) and sodium dodecyl benzene sulfonate (SDBS) were from 

Tianjin Loctite Chemical Co., Ltd. All products were used as received. 

Microcapsules with poly (urea-formaldehyde) (PUF) as shell materials and water-based 

epoxy as core materials were prepared by in-situ polymerization. The morphology of 

microcapsules was observed by Stereomicroscope (SZ61TR from OLYMPUS, Japan), optical 

microscope and scanning electron microscope (SEM, JSM-5800 from JEOL, Japan). The 

compressive strength was tested by EHDC 300-03. 

2.2 Preparation for Microcapsules 

(1) The performed urea-formaldehyde resin. Mix urea and formaldehyde (mass ratio of 1:2) 

into the conical flask, with triethanolamine to adjust pH to 8.5-9.5, and then use water bath 

heating temperature to 70°C. Cool down to the room temperature after keeping the reaction 

temperature for an hour. (2) The synthesis of microcapsule core. Epoxy resin mixed with 

thinner (volume ratio of 10:1) were added into deionized water with 60°C water bath at the 

rotate speed of 450 r/min. Sodium dodecyl benzene sulfonic acid (mass ratio of 0.75%) was 

used as emulsifier, and stabilizers are resorcin and ammonium chloride (mass ratio of 1:1). (3) 

Urea-formaldehyde resin pre-polymer cooled to room temperature and adjusted pH to 7.0 by 

dropping diluted hydrochloric acid would be mixed with the capsule core materials, adjusting 

pH to 3.5 with concentrated hydrochloric acid and defoaming by octyl alcohol. Keep the 

system balance for 2.5-3 hours. 

2.3 Cement-based Specimen 

Prepared for self-repairing cement mortar in the volume of 2*2*2mm3 and specified the 

dosage of microcapsules as variables. Numbers for A0, A1, A2, A3, A4, corresponding 

capsule quality and the quality of cement ratio is 0%, 1%, 2%, 3%, 5%. Defined the water 

cement ratio is 0.45. Specimens were observed after regular maintenance. 

3. Results and Discussion 

Microcapsules were prepared by in situ polymerization in an oil-in-water emulsion. In-situ 

polymerization has two steps. Two-step method in situ polymerization used sodium dodecyl 

benzene sulfonate (SDBS) as emulsifier to make the epoxy resin dispersed and emulsified. 

Emulsifier adsorbed on the surface forming a water-in-oil structure, and then easily to 

generate a rough and loose surface with the wall combined. Meanwhile, the surface 

morphology of the microcapsules was sensitive to the change in pH of the synthesis system. 

3.1 The Particle Size and Surface Morphology of Microcapsules 

Microcapsules used for self-repairing cement-based materials are white or light yellow with 

spherical or ellipsoidal shape, as shown in Figure 1a. The overall shape, the distribution of 

microcapsules and the particle size were observed by Optical Microscope (OM testing 

method). Optical micrographs of the microcapsules were sketched out by the mapping 

software (Figure 1b) and then derived the Excel data tables including respective particle size 

of the microcapsules. According to statistical results, the average particle size of 

microcapsules is 2.019 mm. 



 

 

Figure 1 Microcapsules particle size tested by the OM method (a) Microcapsules inspected by Stereo 

Microscope (b) Microcapsules graphics after processing 

Microcapsules have loose and rough surface observed by the Scanning Electron 

Microscopy (SEM) in Figure 2, which may be related to the way of synthesis of 

microcapsules. However, rough surface has not adversely affecting in the application of 

microcapsules. The contact area between the microcapsules and the substrate is increased 

when the microcapsules embedded in the composite matrix, thereby facilitating the interface 

bonding of the matrix and the microcapsules. In order to measure the thickness of 

microcapsules walls accurately, microcapsules crushed and the cross-section observed by 

SEM after rupture. Results indicate that the microcapsules with 2.1 mm average diameter 

have a wall thickness in the scope of 160μm to 190μm. 

 

Figure 2 Microcapsules morphology by Scanning Electron Microscopy (SEM)  

3.2 The Self-repairing Cement-based Materials Buried with Microcapsules 

To study and verify the improvement effect of microcapsules on micro cracks of concrete, the 

most straightforward method is to observe the microstructure via SEM. Microcapsules around 

the pores and cracks (see Figure 3a,3b) break after the cement specimen receiving the 

compression failure and leave some round pit (see Figure 3c). It is can inferred that 

microcapsules have burst their internal repair agent to fill these micro cracks. The 

combination of microcapsules and cement specimen can be found there is rarely gap between 

them and that is contact and bonding well.   

(a) (b) 

(a) (b) 



 

 

Figure 3 Microcapsules Buried in Specimen by Scanning Electron Microscopy (a) Microcapsules 

around the pores (b) Microcapsules nearby the cracks(c) Microcapsules break interior specimen 

3.3 The Dispersion of Microcapsules with Different Dosage of Microcapsules 

Different dosages of microcapsules buried in cement-based specimens have different 

dispersion and cross profile. Prepared for self-repairing cement specimens with the volume of 

2*2*2mm3 and specified the capsule quality and the quality of cement ratio is 0%, 1%, 2%, 

3%, 5%.With the content of microcapsules increase, the uniformity and density of 

cement-based materials change. It turned out that the dispersion is much better when the 

content of microcapsules is 3% (Figure 4). Figure 4a, 4b, 4c show the surface, flank and 

fracture morphology of cement specimens in different content of microcapsules. Figure 4d 

displays different depth section morphology of cement specimen with the microcapsules dosage 

3%. Uniformity of the microcapsules is diverse in the surface and cross section with the same 

dosage of the microcapsules. Speculates that the reason is the microcapsules belonging 

lightweight filler, which is easily to cause floating on the surface and uneven mixing 

phenomenon after mixing with cement. The colors of cement-based specimens with a period 

of time curing are also different and higher microcapsule dosage one is darker and yellow, 

which means the repair agent inside the capsule around the rupture microcapsules cause the 

darker color. 

 

Figure 4 Cement Specimens with Different Dosage of Microcapsules (a) surface morphology of cement 

(a) (b) (c) 



 

specimen (b) flank morphology of cement specimen (c) fracture morphology of cement specimen (d) 

different depth section morphology of cement specimen 

3.4 The Strength of Cement Specimen with Different Dosage of Microcapsules 

Different dosages of microcapsules buried in cement-based specimens have different Strength 

characteristics. With the increase of content of microcapsules, the volume fraction occupied 

by the microcapsule increased, the structure of concrete specimens became looser, and the 

compressive strength also decreases. Choose EHDC 300-03 pressure testing machine 

measured the cement strength of specimen that turns out as Table 1. 

Table 1 Compressive Strength of the Cement Specimen with Different Dosage of Microcapsules 

Number A0 A1 A2 A3 A4 

Dosage of microcapsules/% 0 1 2 3 5 

Compressive strength/MPa 22.2 24.2 22.7 22.4 19.7 

As shown in table 1, with the dosage of microcapsule increase, the strength of the 

cement specimen increase first and decrease later. The cement specimen intensity is relatively 

large when the dosage of microcapsule is 1%, and the strength almost the same before 3% and 

the strength decrease after 5%. Therefore, discussing the microcapsule self-repairing effect of 

cement-based materials must ensure that the compressive strength of the cement-based 

materials will not be effect. 

According this study, there are some problems need to be further study, such as the 

efficiency of repair and the repair cycles, the effect on the tensile strength, resistance to 

chloride ion permeability, freezing-thawing resisting of substrate material, and optimization 

of new self-healing system. 

4. Conclusions 

(1)Urea-formaldehyde resin microcapsules used for self-repairing cement-based materials 

always have the spherical or ellipsoidal shape with rough, loose surface. The average particle 

size of microcapsules is 2.019 mm and the wall thickness is in the scope of 160μm to 190μm.  

(2) The uniformity of cement specimen is different as the dosage of microcapsules change. 

And the results showed that specimen structure has a better uniformity when the dosage of 3% 

microcapsules. Microcapsules are lightweight filler that easily to cause floating on the surface 

and uneven mixing phenomenon after mixing with cement.  

(3) The compressive strength of cement specimen is different as the dosage of microcapsules 

change. It turns out that the strength of the cement specimen almost the same before 3% and 

the strength decrease after 5%. Meanwhile the much dosage of microcapsules, the higher 

volume fraction, and the structure of cement-based materials is looser. 
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Abstract 

This paper investigated the damage process of mortars that were immersed in solutions containing 3000 mg SO42-/l or 

33800 mg SO4
2-/l, which were used to simulate sulfate concentrations in the field and accelerated laboratory test 

solutions. The consequences of external sulfate attack were investigated by visual aspects, expansion, compressive 

strength and ultrasonic velocity. The mineral phases and microstructures were investigated using X-ray diffraction 

(XRD) and Scanning electron microscopy (SEM) after 90, 150, 300 and 600 days of immersion to analyze the process 

during sulfate attack. The kinetics and degradation mechanisms were both affected by the sulfate concentrations in the 

solutions. Gypsum was detected in the mortars that were immersed in the accelerated test sulfate solution while only 

ettringite was formed in the low sulfate concentration. The sulfate concentration is the key factor for gypsum formation 

at a given pH value. Fine ettringite result in expansion, which caused the formation of gaps between the sand and paste 

and the cracks. Gypsum and large ettringite crystal are just deposited in the cracks or gaps, which contributed to little 

or no expansion. In additional, gypsum formation was accompanied by the consumption of calcium hydroxyl, which 

resulted in the decrease the compressive strength. 

 

Originality 

Much research has been performed to investigate physical performances and microstructures of cement-based 

materials following damage, with little work carried out to investigate the evolution of corrosion products and 

microstructure throughout the sulfate attack-based degradation process. In this paper, besides the macro-performance, 

the process of corrosion products formed in different depth and the microstructures were investigated to analyze the 

degradation mechanism of mortars during sulfate attack. 
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1. Introduction 

The degradation of cement-based materials in sulfate-bearing environments has been of concern to 

concrete technologists since the early 19th century[1-2]. Due to its complicated mechanisms, research 

related to the effects of sulfate ions on the performance of concrete has remained in progress[3]. In 

most cases, the deterioration caused by sulfate attack are attributed to the formation of ettringite or 

gypsum. The precipitation of ettringite or gypsum is accompanied by spalling, cracking, softening, 

expansion [4-6]. Various other forms of damage caused by salt weathering were also investigated[7]. 

Generally, expansion that results from sulfate attack is attributed to the formation of ettringite[8-9]. In 

recent decades, much work has been performed to investigate the formation of second ettringite. In 

addition, several theories have been proposed regarding the expansion mechanisms of ettringite[10-12]. 

Due to decreasing C3A, sulfate-resisting Portland cement was developed to increase the resistance of 

concrete against sulfate attack by preventing the formation of secondary ettringite. However, because 

the study of gypsum formation is often not emphasized enough in traditional sulfate attack research, 

no clear documentation exists regarding the nature of disruption that is caused by gypsum[6]. It 

remains disputable whether the formation of gypsum leads to expansion because the formation of 

gypsum is accompanied by the formation of ettringite during sulfate attack[13]. In a study conducted 

by Tian and Cohen[14], the effects of gypsum formation during sulfate attack on the resulting 

expansion of C3S paste and mortar bars were investigated. These authors found that C3S mortars were 

highly susceptible to expansion and that gypsum was formed during the sulfate attack. Tian[14] 

thought that the formation of gypsum could lead to expansion. However, Mather[15] suggested that 

the gypsum was formed in the solution and was therefore non-expansive. Although the formation of 

gypsum has not been confirmed to cause expansion, the precipitation of gypsum can cause spalling 

and softening in concrete structures. Sulfate-resisting Portland cement cannot prevent the formation of 

gypsum during sulfate attack because Al-phases are not required for gypsum formation and because 

the formation of gypsum can result in the decalcification of C-S-H and strength loss in concrete. 

The above-mentioned studies clearly show that the formation of gypsum may strongly affect the 

mechanisms of degradation during sulfate attack. Generally, the performance of cement-based 

materials under sulfate attack can be investigated by field trials or by exposing test specimens to an 

aggressive sulfate solution in the laboratory. Because field studies have the disadvantage of lower 

sulfate concentrations and because multiple uncontrollable factors (e.g., temperature and humidity) 

influence the test results, laboratory-scaled investigations are widely used [16-18]. Generally, sulfate 

attack research has been conducted using cement mortars and the standard accelerated test method 

(such as ASTM C1012) in which the specimens are continuously exposed. The sulfate concentration 

in the test solutions is much higher than the sulfate concentrations that the concrete is exposed to 

under field conditions. However, the advantages of obtaining test results during a relatively short 

period are accompanied by questions regarding the changes that occur during the process of 

deterioration[19]. In addition, greater sulfate concentrations may alter the formation of the corrosion 

products, such as gypsum formation[20]. Therefore, investigation of the evolution of mortar products 

in solutions with low sulfate concentrations and test solutions may be beneficial for understanding the 

various mechanisms of sulfate attack in field trials and accelerated test solutions. In the meantime, a 

comparison of degradation mechanisms will be helpful for developing more reasonable and 

accelerated methods for investigating the performance of sulfate resistance. 

In this study, cement mortars that were prepared with Portland cement were immersed in sodium 

sulfate solutions (3000 mg SO4
2-/l, 33800 mg SO4

2-/l) to investigate the influences of the sulfate 

concentrations in accelerated test solution on the physical aspects, products and microstructures of 

mortars during sulfate attack. The microstructures of mortars that were immersed in the sodium sulfate 

solutions for different times were examined to investigate that whether the formation of gypsum leads 

to expansion. In addition, the prerequisite of sulfate ions for the formation of gypsum was discussed 

relative to the failure mechanisms in the exposed specimens. 

 

2. Experimental 

2.1. Raw Materials 



 

Portland cement that was manufactured by the China Cement Corporation was used to prepare the 

mortar specimens. The aggregate used for the mortar mixture consisted of quartz sand with a particle 

size of 0.5 mm-1 mm. The chemical composition of the cement is shown in Table 1. The analytical 

reagent anhydrous sodium sulfate was used to prepare the sulfate solutions. 

Table 1 Chemical composition of Portland cements /wt.% 

Material SO3 SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O L.O.I. 

Cement 2.78 21.98 3.33 4.62 63.18 0.81 0.94 0.19 1.34 

2.2. Experimental Process 

The mortar specimens were cast with a cement:sand ratio of 1:2.75 and a water:cement ratio of 0.65. 

All of the specimens were demolded after casting in the molds for 24 h and then cured for 28 days in 

limewater at 20±2C. Thereafter, the samples were immersed in the Na2SO4 solutions (3000 mg SO4
2-

/l and 33800 mg SO4
2-/l) for up to 600 days at 20°C. Changes in specimens’ length were recorded at 

regular intervals with the size of 25mm×25mm×280mm. The ultrasonic pulse velocity test was used 

to study the damage process of the samples with dimensions of 40 mm × 40 mm × 160 mm as well as 

compressive strength. The Measurements were conducted in the direction in the sample length. In 

addition, XRD was conducted on powder sample using an ARL X’ TRA diffractometer with Cu Kα 

radiation. Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS, 

JSM-5900, S-3400N ) was used to investigate the microstructure.  

3. Results and Discussion 

3.1. Visual aspects 
Fig. 1 shows the appearances of the mortars following immersion in the sodium sulfate solutions with 

different sulfate concentrations over 480 days. The reference sample that was immersed in the water 

showed no visible damages. The sample that was immersed in the 3000 mg SO4
2-/L solution showed 

slight damage with fine cracks at the corners following up to 480 days of exposure. Complete failure 

was observed on in the mortars that were immersed in the accelerated test solution with 33800 mg 

SO4
2-/L. In this case, the two ends of the samples blended and cracks extended from both ends to the 

middle. The widths of the cracks on the ends of the samples were approximately 5 mm and the cracks 

extended from the surface to the core.  

3.2. Expansion  

Fig. 2 shows the expansion of the mortars after immersion in the Na2SO4 solutions for different 

amounts of time. The length changes of the reference samples that were immersed in water showed no 

obvious changes. At the low sulfate concentration (3000 mg/l), the expansion curves of the mortars 

showed steady and slow expansion. The expansion of the samples was not so high, but was significant 

following two years of exposure. At high sulfate concentration (33800 mg/l), the accelerating 

expansion pattern of the mortars was observed following 210 days, and the lengths of the mortars 

could not be measured because the nail heads of all three samples were no longer present at 500 days. 

One characteristic of the expansion curve under high sulfate concentrations in solution is a period of 

steady and slow expansion followed by a sharply increasing rate of fast expansion. The sulfate 

concentration in the accelerated test solution reduced the steady slow expansion time and resulted in 

faster expansion. 

 

   
Fig. 1 Appearance of the mortars after immersion in the Na2SO4 solutions for 480 days 



 

0 100 200 300 400 500 600

0.0

0.4

0.8

1.2

1.6

2.0

E
x

p
a

n
si

o
n

 /
%

Time /d

 Reference

 3000 mg/l

 33800 mg/l

W/C=0.65

 

Fig. 2 Expansion of mortars immersed in the Na2SO4 solutions for different periods 

3.3 Compressive strength 

Fig. 3 shows the compressive strengths of the mortars after immersion in Na2SO4 solutions for 

different periods. The compressive strengths of the reference samples that were immersed in the 

limewater increased due to hydration. In the samples that were exposed to the Na2SO4 solutions, 

hydration and deterioration from sulfate ingress had competitive effects on the compressive strength. 

The samples that were immersed in solutions with low sulfate concentration (3000 mg/l) had slightly 

greater compressive strengths before 210 days, and then, a slight loss in compressive strength was 

observed. The samples that were immersed in the accelerated test solution (33800 mg SO4
2-/l) had a 

greater compressive strength at 90 days, and then, a slight loss of compressive was observed. After 

210 days of immersion in the test solution, a large decrease in the compressive strength was observed. 

These results indicated that the immersion of the samples in the accelerated test solution accelerated 

the destruction of the mortars due to sulfate attack. 
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Fig. 3 Compressive strengths of mortars immersed in the Na2SO4 solutions for different periods 

3.4 Velocity of the ultrasonic wave 

Fig. 4 shows the ultrasonic pulse velocity of the mortars after being immersed in the sulfate solutions 

for different times. The ultrasonic wave test can be used to detect the density of the concrete and to 

investigate the internal defects of the concrete. Higher ultrasonic velocities corresponded with higher 

concrete densities. Thus, continuous monitoring of the ultrasonic wave velocity represented the 

microscopic changes in the mortars during sulfate attack. The ultrasonic pulse velocities of the 

reference samples slightly increased due to their hydration in the water. The ultrasonic pulse velocity 

of the mortars decreased slowly when lower concentrations were used (3000 mg SO4
2-/l), which 

indicated that the bulk of mortars suffered a slight attack. When the sulfate concentration in the 

solution was up to 33800 mg/l, the ultrasonic pulse velocity of the mortar decreased after exposure for 

90 days and rapidly decreased after being immersed in the accelerated test solution for 210 days. In 

addition, slow destruction and accelerated destruction were observed in the mortars that were 

immersed in the accelerated test solution by this non-destructive test. The sulfate concentration in the 



 

test solution accelerated the damage according to ultrasonic wave velocity, which could be used as a 

non-destructive test for investigating the damage process of mortars during sulfate attack. 
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Fig. 4 Velocities of the ultrasonic waves in the mortars immersed in Na2SO4 solutions 

 

3.5 The products formed during sulfate attack 

The XRD patterns of the mortars that were immersed in solutions with low sulfate concentrations 

(3000 mg/l) for 90, 150, 300 and 600 days are shown in Fig. 5. In this diagram, quartz peaks were 

avoided by focusing on the patterns between 5o-20o 2 to show the changes in the compounds (i.e., 

ettringite, gypsum and portlandite) during sulfate attack. Low intensity peaks were observed for 

ettringite and a strong intensity peak was observed for portlandite in the mortars at 90 days of 

exposure. This finding indicated that a small amount of ettringite was formed in the mortars with the 

slight ingress of sulfate ions. When the paste was immersed in the solution for 150, 300 and 600 days, 

additional ettringite was formed in the mortars with the ingress of sulfate ions. However, no gypsum 

was detected in the mortars that were immersed in the solution for up to 600 days. These results 

indicated that additional sulfate ions diffused into the mortars and reacted with the Al-phase to form 

ettringite rather than reacting with the hydroxyl ions to form gypsum in the solutions with low sulfate 

concentrations.  
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Fig. 5 XRD patterns of the mortars after immersion in solutions containing 3000 mg SO4

2-/L 

for different periods (P: portlandite; E: ettringite) 

 

Fig. 6 showed the XRD patterns of the mortars after immersion in the test solution (33800 

mg/l) for 90, 150, 300 and 600 days. Ettringite was observed in the mortars after 90 days of 



 

immersion in the Na2SO4 solution. At 150 days of immersion in the solution, a low intensity 

gypsum peak and ettringite peaks were observed in the mortars. The result indicated that 

increasing sulfate concentrations in the solution were favorable for the formation of gypsum. 

Strong peaks of gypsum and ettringite were detected in the mortars after 600 days of 

immersion. In the meantime, a dramatic decrease in the portlandite peak was observed in the 

sample, which indicated that the formation of gypsum was accompanied by portlandite 

consumption. The results shown above indicate that no gypsum was formed when a sulfate 

concentration of 3000 mg/L was used in the aggressive solution for up to 600 days. However, 

at high concentrations (33800 mg/l), the formation of gypsum occurred more easily.  
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Fig. 6 XRD patterns of the mortars after immersion in solutions containing 33800 mg SO4

2-/l 

for different periods (P: portlandite; E: ettringite; G:gypsum) 

 

Microstructure of the mortars 

Fig. 7 shows the microstructures of the mortars after immersion in a 3000 mg SO4
2-/l solution 

for 360 days. After 360 days of immersion, bundles of needles, approximately 3-5μm long, 

were observed in the mortars. The long needles were identified as ettringite from the EDS 

analysis of point 1. The microstructure indicated that the formation of fine ettringite in the 

mortars resulted in the formation of cracks around the ettringite. The presence of cracks 



 

potentially accelerated the diffusion and deterioration because they provided direct pathways 

for the diffusion of sulfates ions into the mortar. Thus, the formation of fine ettringite was 

likely the main reason for the observed expansion and cracking (macro-behavior). In addition, 

gypsum was not detected in the microstructures of mortars that were exposed to the sulfate 

concentrations of 3000 mg/L for 600 days.  

 
Fig. 7 Microstructures of the mortars after immersion in solutions containing 3000 mg SO4

2-/l 

for 360 days 

Fig. 8 shows the microstructures of mortars after immersion in a conventional test solution 

(33800 mg SO4
2-/l) for 360 days. Moreover, the mortar that was immersed at a high sulfate 

concentration showed more serious damage than the mortar that was immersed at a lower 

sulfate concentration because more ettringite was formed in the mortars. The microstructures 

of the mortars at 360 days indicated the formation of cracks and a large amount of ettringite 

around the cement particles. These fine ettringite crystals were approximately 3-5 μm and 

destroyed the matrix microstructure, which resulted in expansion and cracking, when they 

grew towards the surrounding solids. Fig. 9 shows the microstructures of mortars after 

immersion in a conventional test solution (33800 mg SO4
2-/l) for 600 days. A large amount of 

large ettringite was formed in the pores. The fairly large ettringite formed at this stage filled 

the pores or cracks was believed to be non-expansive[21]. 



 

 
Fig. 8 Microstructures of the mortars after immersion in solutions containing 33800 mg SO4

2-

/l for 360 days 

 

Fig. 9 Microstructures of the mortars after immersion in solutions containing 33800 mg SO4
2-

/l for 600 days 

 

Fig. 10 shows the backscattered electron images of mortars that were immersed in the 

accelerated test solution for different periods. After 150 days of immersion, as shown in Fig. 

10(a), fine ettringite was formed in the paste, which resulted in expansion and caused fine 

gaps between the sand and paste. At 210 days of exposure, as shown in Fig. 10(b), more 

cracks were formed in the paste and the gaps between the sand and paste become wider as the 

result of the expansion in the paste originally from additional ettringite formation. With the 

ingress of sulfate ions, obvious formation of gypsum was observed in the mortars. As shown 

in Fig. 10(c), gypsum was formed in the cracks that were cause by the fine ettringite 

formation. When the mortars were immersed in the accelerated test solution for 600 days, as 

shown in Fig, 10(d), the formation of gypsum was observed obviously in the gaps between 



 

the sand and paste as veins in the microstructure. A clear gypsum vein with a thickness of 

approximately 10 μm was observed in the gaps. In this case, the gypsum was likely deposited 

in the cracks that originally formed due to the formation of ettringite.  

 
Fig. 10 Backscattered electron images of the mortars after immersion in solutions containing 

33800 mg SO4
2-/l for different periods (a) 150d (b) 210d (c) 360d (d) 600d 

 

Fig. 11 shows the microstructures of the mortars after immersion in the solution with a high 

sulfate concentration of 33800 mg SO4
2-/l for 600 days. The gypsum vein, which was 

approximately 15 μm thick, was observed between the paste and the sand. In addition, a large 

amount of gypsum was formed in the cracks and the microstructures of the matrix showed 

serious damage. Simultaneously, the calcium ions reacted with the hydroxyl radicals from 

portlandite to form gypsum and obvious losses of compressive strength can be generally 

attributed to the decomposition of calcium hydroxyls and may cause the decalcification of C-

S-H as gypsum forms in the paste. 



 

 
Fig. 11 Microstructure of the specimens after immersion in Na2SO4 solutions containing 

33800 mg SO4
2-/l for 600 days 

 

Discussion 

When the specimens are immersed in aggressive sodium sulfate solutions, the sulfate ions 

easily diffused into the mortar. The ingress sulfate will react with the Al-phases to form 

ettringite, which results in expansion[18]. The results of this study suggest that at low sulfate 

concentrations (up to 3000 mg/l), the formation of gypsum does not occur until immersion for 

600 days. Therefore, the destruction of the mortar can only result from the formation of 

ettringite arounding the cement particles. The sulfate ingress diffuses slowly into the mortars 

that are exposed to solutions with lower sulfate concentrations. Thus, the physical 

characteristics slowly decreased regarding their compressive and ultrasonic pulse velocities 

and their expansion slowly increased. The kinetics of degradation was obviously affected by 

the solution concentration. An increase in the sulfate concentration of the accelerated test 

solution (33800 mg/l) resulted in the accelerated formation of ettringite as bundles of long 

needles that lead to cracking[10]. The cracks that were formed accelerate the ingress of the 

sulfate ions and result in an accelerated expansion and obviously decrease in ultrasonic pulse 

velocities and compressive strength. The samples that were immersed in the accelerated test 



 

solution underwent a slow damage stage followed by a rapid accelerating damage stage. 

However, not only the kinetics of degradation but also the the mechanisms of degradation 

were dramatically affected by the solution concentration[22]. Gypsum was formed during 

sulfate attack in the accelerated test solutions with high sulfate concentration (33800 mg/l) 

and the formation of gypsum was from the precipitation of calcium ions (from portlandite) 

with sulfate ions (from the aggressive environment). Gypsum was mainly deposited in the 

cracks or gaps that originally formed due to the formation of ettringite in the paste. Thus, the 

gypsum that was formed in these gaps or cracks contributed to little or no expansion in the 

mortars. However, it is interest to note that the formation of gypsum in the damaging process 

resulted in obvious consumption of portlandite. In order to maintain the calcium balance in 

the system, the consumption of portlandite may cause the decalcification of C-S-H that is 

source of strength in mortars. Thus, obvious losses of compressive strength could be generally 

attributed to the formation of gypsum in the paste. 

According to the portlandite equilibrium (shown in Eqs. (1) and (2)) and the solubility 

product of portlandite, the calcium ion activity can be obtained for a chosen pH. The obtained 

calcium ion activities were used to calculate the sulfate activity needed to precipitate gypsum 

according to Eqs. (3) and (4).  

2

2(OH) 2Ca Ca OH                             (1) 

2 2{ } { }portlanditeK Ca OH                           (2) 

2 2

4 2 4 22 2CaSO H O Ca SO H O                      (3) 

2 2

4{ } { }gypsumK Ca SO                              (4) 

Finally, the activities of the sulfate ions were converted to concentrations by using the 

appropriate activity coefficient. If an absence of potassium and magnesium is assumed, the 



 

limited concentration of sulfate can be calculated for a given pH value. Overall, the sulfate 

concentration that for gypsum formation increased as the pH value increased. When the pH 

value was assumed to be 13.2, the sulfate concentration required for the formation of gypsum 

was approximately 4152 mg/l. The solubility product Kportlandite and Kgypsum were derived from 

thermophysical data[23] for a temperature of 25°C. These results indicate that the formation 

of gypsum only occurs when the sulfate concentration in solution is larger than the limited 

sulfate ion concentration for a given pH environment. In addition, the increase of sulfate 

concentration is favor to the formation of gypsum. Because the formation of gypsum is rare 

under most field conditions, the commonly applied laboratory tests may be not suitable for 

representing the damage that occurs under field conditions.  

 

Conclusions 

1) The kinetics was affected by the sulfate concentrations in the solutions. In the accelerated test 

solution, a rapidly accelerating damage stage occurred after the slow damage stage while only a 

slow damage stage was observed in mortars that were immersed at the low sulfate concentration 

(3000 mg/l).  

2) The degradation mechanism was also affected by the sulfate concentrations in the solutions. The 

limited sulfate concentration is the key factor for gypsum formation at a given pH value. Gypsum 

is hard to be formed if sulfate concentration is low in the solution under a given pH value.  

3) Fine ettringite crystals result in expansion, caused the cracks and gaps between the sand and paste. 

Large ettringite and gypsum deposited in the cracks or gaps that originally formed due to the fine 

ettringite formation. The formation of gypsum was accompanied by the consumption of calcium 

hydroxyls and obviously decreased the compressive strength.  
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Abstract 

According to ASTM C1293-08b, the concrete prism method was used to test the expansion. The 

inhibiting effect of Al(OH)3 and Al2O3 on ASR was studied, and the strength of concrete with Al(OH)3 

and Al2O3 was also tested. The results show that Al(OH)3 can suppress ASR expansion obviously, 

especially when mixing 30%, however, the suppressing action of Al2O3 is not obvious. The results also 

show that the addition of Al(OH)3 and Al2O3 causes the concrete strength decreased. 

 

Originality 

The siliceous materials were commonly used in the studies related with the effect of inhibiting ASR. 

Different from other researches, the suppressing effect of Al2O3 and Al(OH)3 on ASR has been studied 

in this paper. 

 
Keywords: alkali-silica reaction; concrete; Al(OH)3; Al2O3; strength 
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1. Introduction 

Alkali-Silica Reaction (ASR) is an expansive chemical reaction occurring between OH- 

in concrete pore solution and reactive SiO2 present in the aggregate (Bensted J. et al., 2002). 

The product of ASR is a kind of hydrated gel with a widely range of composition including 

SiO2, Na2O, K2O, CaO and H2O (Lombardi J. et al., 1997) and it can expand after absorbing 

water, which produces inner stress in concrete and causes the structure damaged. ASR is the 

main type of the Alkali-Aggregate Reaction (AAR) which takes place slowly and is affected 

by many factors, so it is difficult to predict ASR and to repair the damaged structure caused 

by ASR. Therefore, the study of suppressing ASR is one of the most important parts for 

concrete durability. 

The effect of Al3+, Ca2+, Mg2+, Li+, K+ and Na+ on ASR was studied by Prezzi and the 

results show that Al3+ is the best one to suppress ASR (Prezzi M. et al., 1997). The researches 

of Xiaoxin Feng prove that Al2O3 is of great benefit to inhibit ASR, probably because the 

products turn into zeolite minerals after introducing a large number of reactive Al2O3 in 

concrete (Feng Xiaoxin et al., 2005). Huizhong Xu also points out that Al2O3 has braking 

effect on ASR (Xu Huizhong, 2003). The adsorption of C-S-H gel to Na+ and K+ when Al3+ 

existed was studied by Sung-Yoon Hong and F. P. Glasser and the form of Al3+ was analyzed 

by microprobe (Hong S. Y. et al., 2002). The results show that Al3+ can replace Si4+ in C-S-H 

gel to form C-A-S-H gel when the substances containing Al3+ are added to paste, such as fly 

ash. S. Komarneni and D. M. Roy compounded a few kinds of tobermorite by mixing 

clinoptilolite and cement paste. They have strong capacity of cation exchange and selective 

absorption. The C-S-H gel has the similar structure as tobermorite, so it may also have cation 

exchange capacity to reduce the amount of Na+ and K+ (Komarnenis S. et al., 1982). 

The mortar bar method was used mainly in the above-mentioned researches of Xiaoxin 

Feng. In order to understand the effect of Al2O3 and Al(OH)3 on ASR better, the concrete 

prism method was used to test the expansion. The inhibiting effect of Al(OH)3 and Al2O3 on 

ASR in long term was studied, and the strength of concrete with Al(OH)3 and Al2O3 was 

tested. 

2. Experimental conditions 

2.1 Materials 

The cement used was ordinary Portland cement (P·O 42.5R) produced by Tangshan 

Jidong Cement Co., Ltd. The physical and mechanical properties of cement are presented in 

Table 1. The chemical composition of cement is given in Table 2. 

The reactive aggregates used were quartz glass. They were crushed into particles by a 

jaw crusher, and divided into a size fractions of 4.75~2.36mm in order to control the particle 

size distribution of the aggregates in concretes. The non-reactive aggregates used were iron 
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tailings sand and stone. The fineness modulus of sand in this experiment was 2.3. The coarse 

aggregate was iron tailings stone with equal mass quantities of size fractions 20~15, 15~10 

and 10~5mm. The NaOH was analytically pure. 

The particle size distribution and XRD pattern of Al2O3 and Al(OH)3 powder are shown 

in Fig.1 and Fig.2. Through the analysis, the average particle size of Al2O3 and Al(OH)3 

powder is 11μm and 93μm. The mineral composition is corundum and gibbsite respectively. 

Tab. 1 Physical and mechanical properties of the Portland cement 

Normal 

consistency 

/% 

Specific 

surface area 

/m2/kg 

Setting time 

/min 
Soundness 

Compressive 

strength 

/MPa 

Flexural 

strength 

/MPa 

Initial 

setting 

Final 

setting 
3d 28d 3d 28d 

28.0 390 167 215 Qualified 36.6 58.0 7.7 9.0 

Tab. 2 Chemical composition of the Portland cement /wt% 

Composition CaO SiO2 Al2O3 Fe2O3 Na2O K2O MgO SO3 H2O Cl- 

Content 60.44 18.24 4.97 3.21 0.12 1.24 2.57 2.95 6.22 0.03 
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Figure 1 Particle size distribution and XRD pattern of Al2O3 power 
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2.2 Method 

Based on the past experience, the expansion of mortar bar specimens was larger when 

the sand contained 10% reactive aggregate (Hu Chenguang, 2005). Therefore, for all 

specimens in this experiment, the sand was composed of 10% reactive quartz glasses and 90% 

non-reactive iron tailings sand.  

According to ASTM C1293-08b, the concrete prism method was used to test the 

expansion. To promote ASR, The NaOH solution with 10% concentration was added to the 

mixing water to increase the total alkali content to 1.25% of cement by mass. The prisms were 

stored in hermetic metal pails to provide the humidity conditions required for ASR 

development. The pails were stored in water at 38°C to accelerate the reaction. The expansion 

measurements were performed after the prisms had cooled to 20°C (~24 h) in the curing room. 

Each variation of length value was calculated as the mean of three values from three replicate 

specimens measured using the scale micrometer. The strength of concrete with Al(OH)3 and 

Al2O3 was also tested according to Chinese standard titled Test Method of Mechanical 

Properties on Ordinary Concrete (GB/T 50081-2002). 

The concrete mix was prepared with a W/C ratio of 0.45, and a ratio of coarse 

aggregate/fine aggregate/cement = 2.63:1.75:1 by mass (cement content: 420kg/m3). Table 3 

gives the mixture of experiment specimens.  

Tab. 3 Mixture of experiment specimens 

Serial number 
Al2O3 

/kg 

Al(OH)3 

/kg 

Cement  

/kg 

Water  

/mL 

Quartz glass 

/kg 

Sand  

/kg 

Stone 

/kg 

NaOH 

/g 

A0(0%) 0 0 7.20 3240 1.26 11.34 18.94 28.80 

A1(10% Al2O3) 0.72 0 6.48 3240 1.26 11.34 18.94 28.80 

A2(20% Al2O3) 1.44 0 5.76 3240 1.26 11.34 18.94 28.80 

A3(30% Al2O3) 2.16 0 5.04 3240 1.26 11.34 18.94 28.80 

B1(10%Al(OH)3) 0 0.72 6.48 3240 1.26 11.34 18.94 28.80 

B2(20%Al(OH)3) 0 1.44 5.76 3240 1.26 11.34 18.94 28.80 

B3(30%Al(OH)3) 0 2.16 5.04 3240 1.26 11.34 18.94 28.80 

3. Results and discussion 

3.1 The effect of content of Al2O3 and Al(OH)3 on ASR expansion 

The expansion of concrete prisms was used as a reference parameter to assess ASR 

development. Fig.3 shows the expansion of concrete specimens after curing 52 weeks. 

As shown in Fig.3, the expansion at 52 weeks of the control specimens (A0) is 0.667%. 

The expansion of specimens containing 10%(A1), 20%(A2) and 30%(A3) Al2O3 is 0.655%, 

0.618% and 0.572% respectively. The expansion of specimens containing 10%(B1), 20%(B2) 

and 30%(B3) Al(OH)3 is 0.547%, 0.329% and 0.180% respectively. The decrease of final 

expansion measured on specimens containing different inhibitor was proportional to Al2O3 
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and Al(OH)3 content. When the content of Al(OH)3 is 30%, the inhibiting effect is the most 

obvious. Moreover, the specimens containing Al2O3 had more cracks than those with Al(OH)3. 

This could have been due to the very low solubility of Al2O3, while Al(OH)3 can dissociate 

rapidly in alkaline environment and react with SiO2. Therefore, the effect of inhibiting ASR is 

better when the Al(OH)3 is mixed. 
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Figure 3 Expansion of concrete sample during fifty-two weeks 

When curing to the fourth week, a small amount of exudates appeared on the surface of 

all specimens. They are white spots or patches. When curing to the eighth week, the amount 

of exudates increased and the spots became bigger. But it decreased as the content of Al2O3 

and Al(OH)3 increased. 

When curing to the thirteenth week, several microcracks appeared on the surface of the 

control specimens(A0). Less amount of microcracks appeared on the surface of specimens 

containing 10% Al2O3. No microcrack was observed on the surface of specimens containing 

20%, 30% Al2O3 and Al(OH)3. For all specimens, no deformation was observed. 

When curing to the fifty-second week, a large number of exudates and microcracks 

appeared on the surface of the control specimens(A0). A few large cracks appeared close to 

the shrinkage bolts. It was also visible that lots of microcracks appeared on the specimens 

containing Al2O3 and a small amount of microcracks was observed on the specimens 

containing 10% Al(OH)3. However, there was no microcrack observed on the surface of 

specimens containing 20% and 30% Al(OH)3. For all specimens, no deformation was able to 

be observed with the naked eye. 

Compared with the control specimens, the expansion of concrete containing Al2O3 

decreases, but there is still obvious growth trend. The expansion of concretes containing 

Al(OH)3 increases very slowly with the age prolonging. When the content of Al(OH)3 is 

20%, the expansion is essentially unchanged after the twenty-sixth week. When the content 

of Al(OH)3 is 30%, the expansion is essentially unchanged after the thirteenth week. So, the 
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ASR expansion can be inhibited effectively when the concrete contains 30% Al(OH)3. 

The images of some specimens curing to 52 weeks are shown in Fig.4, and the 

corresponding partial enlargement of the specimens is on the right side.  

  

  

  

  
Figure 4 Images of specimens after curing 52 weeks 
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As shown in Fig.4, A0 is the control specimen, A3 containing 30%Al2O3, B2 containing 

20%Al(OH)3, and B3 containing 30%Al(OH)3. A large number of white exudates and 

microcracks present on the surface of A0. Several microcracks present on the surface of A3. 

No cracks appear on the surface of B2 and B3. 

There is something should be explained here. The final expansion measured on concretes 

containing 20% and 30%Al(OH)3 is 0.329% and 0.180% respectively, which is beyond 0.04% 

specified in ASTM C1293-08b. The reason why the result is different from the specification is 

that the content of quartz glass used in this experiment is large and the alkali activity is high. 

So, the method is mainly used to assess the inhibiting effect of substances containing 

aluminum on ASR rather than determine the alkali activity of sand and stone. Anyway, the 

experimental results can still explain that the ASR expansion is inhibited effectively by the 

use of Al(OH)3. 

3.2 The effect of Al2O3 and Al(OH)3 on concrete strength 

Fig.5 shows the compressive strength of concrete containing Al2O3 and Al(OH)3 at 3d, 

7d and 28d. The strength of the control specimens(A0) at 28d is 49.62MPa, while for 

specimens containing 10%(A1), 20%(A2) and 30%(A3) Al2O3 at 28d is 43.79MPa, 37.27MPa 

and 31.24MPa respectively, and for specimens containing 10%(B1), 20%(B2) and 30%(B3) 

Al(OH)3 at 28d is 40.94MPa, 34.72MPa and 29.45MPa respectively. 

As shown in Fig.5, the compressive strength is enhanced in varying degrees as the curing 

age increases. But the strength of concrete containing Al2O3 or Al(OH)3 in the same age 

reduces as the content increases. The reason is that the amount of cement is reduced due to the 

use of Al2O3 or Al(OH)3, which causes the reduction of concrete strength. The results show 

that as the content of substances containing aluminum increases, the ASR expansion is 

inhibited effectively but the compressive strength reduces. 
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Figure 5 Compressive strength of concrete 
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However, as mentioned in section 3.1, the control specimens appear cracks at 13 weeks, 

so it may be predicted that the compressive strength of the control specimens will reduce at 

that moment due to ASR expansion. For concretes containing Al(OH)3, the strength will be 

enhanced all the way because the cracks aren’t seen on them. 

4. Conclusions 

1) The expansion due to ASR can be inhibited obviously by Al(OH)3. Different content 

of Al(OH)3 has different effect. When 20% Al(OH)3 is added, the expansion of concrete 

specimens at 52 weeks is reduced by 50.7%. When 30% Al(OH)3 is added, the expansion of 

concrete specimens is reduced by 73.0%, and tends to be stable after 13 weeks. So, it has a 

long-term inhibiting effect on ASR expansion, and makes the concrete avoid cracking. We 

will continue our research with the aim of explaining the mechanism. 

2) The use of Al2O3 also has an inhibiting effect on ASR as its content increases. But the 

long-term effect is not shown obviously in this study. When 30% Al2O3 is added, the 

expansion of concrete specimens is only reduced by 14.2% at 52 weeks. 

3) The compressive strength of concrete reduces due to the addition of Al2O3 or Al(OH)3. 

The more Al2O3 or Al(OH)3 are added, the more obviously the strength reduces. 
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Abstract 

The degradation of sulphoaluminate cement (SAC) subjected to wet-dry cycles in sulfate solution was studied in 

this paper. The surface corrosion was recorded and the microstructures were examined by scanning electron 

microscopy (SEM). The results show that the surface spalling and microstructure degradation increase 

significantly with the increasing of wet-dry cycles and water to cement ratios (w/c) when the aggressive medium 

is 5% sodium sulfate solution. The degradation of SAC specimen caused by 5% sodium sulfate solution is 

significantly higher than that of specimen caused by 3% sodium sulfate solution. At the initial period of sulfate 

attack, magnesium sulfate and sodium chloride can reduce the degradation of SAC specimen when the sulfate 

ions concentration is a constant value. In addition, the degradation of SAC specimen seems to be slightly higher 

than that of OPC subjected to the wet-dry cycles in 3% sodium sulfate solution. 

 

Originality 

The degradation of sulphoaluminate cement (SAC) subjected to wet-dry cycles in sulfate solution was studied. 

The surface corrosion was recorded and the microstructures were examined by scanning electron microscopy 

(SEM). 

 

Keywords: Sulphoaluminate cement (SAC); Wet-dry cycles; Degradation; Sulfate solution 
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1. Introduction 

Sulphoaluminate cement (SAC) is widely used in concrete structures in the cold region of China 

because of its many engineering advantages such as higher strength at early ages, lower heat of 

hydration, anti-permeability, low alkalinity, and so on (Fu et al. 2003, Zhao et al. 2011). Zhu et 

al.(2013) used SAC and Silica Fume to design ultra-high early strength self-compacting mortar. Sahu 

et al. (1991), Fu et al.(2003), and He et al.(2014) studied the hydration mechanism of SAC.  

Some researchers have also tried to examine the durability of SAC concrete. Zhang et al. (2009) 

investigated that influences of water/cement ratio and admixtures on carbonation resistance of 

sulphoaluminate cement-based high performance concrete. Geng et al. (2014) found that carbonation 

depth of SAC concrete is smaller than that of PC concrete regardless of curing time. Zhao et al. (2011) 

concluded that SAC is an ideal cementitious material which can significantly improve the resistance to 

chloride ion erosion of the concrete．Duan et al. (2013) indicated that chloride ions migration 

coefficient of SAC concrete is distinctly smaller than that of Portland cement concrete, especially at 

early stage. Zhao et al. (2014) reported that SAC concrete had better chloride ion penetration 

resistance capacity than Portland cement concrete before and after the freeze–thaw cycle. However, 

the freeze–thaw cycle could affect the chloride ion penetration of SAC concrete more obviously. 

However, there is limited information on the resistance of SAC to sulfate attack. The objective of this 

study is to evaluate the surface change and the microstructure degradation of SAC subjected to 

wet-dry cycles in sulfate solution. 

2. Experimental  

2.1 Materials 

Sulphoaluminate cement (SAC), which is industrially produced in Tangshan six-nine Cement Industry 

CO.LTD and set by Chinese national standards GB20472-2006 (Sulphoaluminate Cement), was used. 

The chemical compositions of SAC and ordinary Portland cement (OPC) are listed in Table 1. Four 

sulfate solutions, namely 3% Na2SO4, 5% Na2SO4, 3% Na2SO4+ 1.80% MgSO4, 3% Na2SO4+ 1.80% 

MgSO4+ 3% NaCl, were used. The molar concentrations of ions in sulfate solutions are shown in 

Table 2. 

Table 1 Chemical compositions of cement (%) 

 CaO SiO2 Al2O3 Fe2O3 MgO SO3 R2O* Loss 

OPC 62.28 21.08 5.47 3.96 1.73 2.63 0.80 1.61 

SAC 44.17 11.79 28.74 1.98 2.61 8.71 - 0.16 

 

Table 2 Molar concentrations of ions in sulfate solutions 

Molar concentration(10-4mol/ml) SO4
2- Na+ Mg2+ Cl- 

3% Na2SO4 2.18 4.36 - - 

5% Na2SO4 3.71 7.42 - - 

3% Na2SO4+ 1.80% MgSO4 3.71 4.36 1.53 - 

3% Na2SO4+ 1.80% MgSO4+ 3% NaCl 3.71 9.65 1.53 5.29 

2.2 Specimens and tested program 

SAC pastes were prepared with tap water and the water to cement ratios (w/c) was 0.30, 0.40 and 0.50 



by mass of cement. Molded specimens size is made with 20 mm×20 mm×20 mm. After demoulding 

(24 h after casting), the specimens were cured at a constant temperature (20±2oC) and 90% relative 

humidity for 28 days.  

The wet-dry cycles were carried out by exposure to alternate conditions. SAC specimens were 

subjected to semi- immersion (two-third part of specimen in solution) in the sulfate solution at 20±

2 °C for 12 hours, and drying in laboratory air at 20±2 °C for 12 hours (as shown in Fig.1), during 

which no temperature effects are considered. This regime is used to simulate cyclic outdoor 

environments such as rainy days and unclouded days. The wet-dry regime of specimens is shown in 

Fig.1. The sulfate solution was replaced by the original solution each week in order to provide 

constant ions concentration. Spalling samples were taken out from the sulfate solutions and washed by 

the anhydrous ethanol and acetone to stop their hydration. The microstructure of the SAC samples was 

examined by scanning electron microscopy (SEM). 

 

Fig.1 the wet-dry regime of specimens 

3. Results and discussions 

3.1 Effect of wet-dry cycles 

Fig.2 shows the surface change of SAC 0.50 w/c specimen subjected to different wet-dry cycles in 5% 

Na2SO4. It is obvious that the degrees of surface spalling or damage increase rapidly with increasing of 

wet-dry cycles. Firstly, the sodium sulfate crystals and powder particles are observed on the surface 

after the specimen is subjected to 18 wet-dry cycles. Then the surface layer is stripped off from the 

specimen when the wet-dry cycle increases from 18 to 31. And the degrees of spalling increase rapidly 

with the increasing of the wet-dry cycles until the specimen is broken into two parts when the wet-dry 

cycle is 46. 

    

a) 18 cycles              b) 22 cycles               c) 25 cycles             d) 31 cycles 



    

e) 39 cycles               f) 41 cycles              g) 43 cycles             h) 46 cycles 

Fig.2 surface change of SAC 0.50 w/c specimen under wet-dry cycles in 5% Na2SO4 solution 

   

a') 18 cycles                   d') 31 cycles                    h') 46 cycles 

Fig.3 SEM images of SAC 0.50 w/c specimen under wet-dry cycles in 5% Na2SO4 solution 

SEM images of SAC 0.50 w/c specimen subjected to different wet-dry cycles in 5% Na2SO4 solution 

are given in Fig.3. Micro-crack is not observed from the SEM image of the specimen subjected to 18 

wet-dry cycles, although powder particles are found on the specimen surface. However, micro-cracks 

are observed when the wet-dry cycle is raised from 18 to 31, and the number and the connectivity of 

micro-cracks obviously increase when the wet-dry cycle is 46. The results indicate that the degrees of 

microstructures degradation increase with the increasing of wet-dry cycles.  

The degradation has been attributed to the reaction of sodium sulfate with calcium aluminate hydrate 

and calcium hydroxide, leading to the formation of ettringite (3CaOAl2O33CaSO432H2O) and 

gypsum (CaSO42H2O) (Lothenbach et al. 2010). In addition, the pressure of salt crystallization during 

the drying process is also another factor for the degradation, according to Eq.(1) and Eq.(2). The 

left-to-right reaction in Eq.(2) involves a large expansion(Hime and Mather 1999). 

(solid)SONa(aqueous)SO2Na 42

2

4 
                          (1) 

O10HSONaO10HSONa 242242                            (2) 

3.2 Effect of W/C 

Fig.4 shows surface change of SAC specimens with different w/c subjected to wet-dry cycles in 5% 

Na2SO4 solution. SAC specimen with 0.50 w/c is broken into two parts when the wet-dry cycle is 46. 

However, the specimen with 0.40 w/c shows a slight surface spalling at the same wet-dry cycle. Two 

spallings are observed at the corner of the specimen with 0.30 w/c until the wet-dry cycle increases 

from 46 to 119. It can be seen that the degrees of surface spalling or damage increase rapidly with 

increasing of w/c. 



      

a) 0.50 w/c, 46 cycles      b) 0.40 w/c, 46 cycles    c) 0.30 w/c, 46 cycles    d) 0.30 w/c, 119 cycles 

Fig.4 surface change of SAC specimens under wet-dry cycles in 5% Na2SO4 solution 

SEM images of SAC specimens with different w/c subjected to wet-dry cycles in 5% Na2SO4 are given 

in Fig.5. It is clear that the connected micro-cracks and a long micro-crack are observed from the SEM 

images of the specimen with 0.50 and 0.40 w/c under 46 wet-dry cycles, respectively. A large number 

of micro cracks are also observed when the specimen with 0.30 w/c under 119 wet-dry cycles. The 

results indicate that the microstructures of SAC specimens are damaged when they are subjected to a 

certain number of wet-dry cycles in 5% Na2SO4 solution, although the degrees of degradation decrease 

with the decreasing of w/c. 

    

a') 0.50 w/c, 46 cycles          b') 0.40 w/c, 46 cycles            d') 0.30 w/c, 119 cycles 

Fig.5 SEM images of SAC specimens under wet-dry cycles in 5% Na2SO4 solution 

It is well known that w/c is an important factor for mechanical properties and durability of cement 

paste and concrete. Higher w/c makes the porosity higher and the pore structure coarser, which will 

reduce the durability of cement paste (Cook and Hover 1999). SAC is no exception to this trend. 

3.3 Effect of ion concentration 

Fig.6 shows the surface change and SEM image of SAC 0.50 w/c specimen subjected to 46 wet-dry 

cycles in 3% Na2SO4 solution. It can be seen that Na2SO4 solution migrates to the surface of specimen 

during the wetting process and begins to precipitate Na2SO4 crystals during the drying process. 

Compared to specimen with the same w/c and wet-dry cycles in 5% Na2SO4 solution (see h) in Fig.2, 

h') in Fig.3), a slight surface spalling and a number of micro-cracks are observed when the specimen is 

subjected to wet-dry cycles in 3% Na2SO4 solution. However, the degree of damage decreases 

significantly.  

The chemical reactions in the pore solution can occur at any sulfate concentration and decrease the 

possibility of physical attack due to the consumption of sulfates. Moreover, a low concentration 

solution decreases the possibility of a chemical reaction (Liu et al. 2014). 



    

a) Surface change                        b) SEM image 

Fig.6 SAC 0.50 w/c specimen subjected to 46 wet-dry cycles in 3% Na2SO4 solution 

In Fig.7, The surface change and SEM image of SAC 0.50 w/c specimen subjected to 46 wet-dry 

cycles in 3% Na2SO4 +1.80% MgSO4 solution are presented. It is clear that the surface spalling is a 

very slight and several micro-cracks are found in the SEM image. The degrees of deterioration of 

SAC specimen under wet-dry cycles in 3% Na2SO4 +1.80% MgSO4 solution is lesser than that of 

specimen subjected to wet-dry cycles in 5% Na2SO4 solution. In addition, large number rodlike 

crystals are observed in the SEM image.  

  

a) Surface change              b) SEM image 

Fig.7 SAC 0.50 w/c specimen subjected to 46 wet-dry cycles in 3% Na2SO4 +1.80% MgSO4 solution 

Magnesium sulfate will also react with calcium hydroxide, forming gypsum and Magnesium 

hydroxide (See Eq.4), when magnesium sulfate solutions enter specimen. Further, the production of 

Magnesium hydroxide (brucite) occurs at the concrete surface and may “case harden” the structure and 

actually retard sulfate-attack damage (Hime and Mather 1999, Liang and Yuan 2007). 

  

a) Surface change              b) SEM image 

Fig.8 SAC 0.50 w/c specimen subjected to 46 wet-dry cycles in 3% Na2SO4 +1.80% MgSO4 +3% NaCl solution 

Fig.8 shows the surface change and microstructures of SAC 0.50 w/c specimen subjected to 46 

wet-dry cycles in 3% Na2SO4 +1.80% MgSO4 +3% NaCl solution. There is almost no change except a 



crack on the edge of the surface. It also can be seen that there is a very few micro-cracks in the SEM 

image of specimen. Chloride ions have a higher rate of diffusion than that of the sulfate ions, which 

allows the chloride ions to permeate through the specimen surface much faster than the sulfate ions 

and react with C3A in the process of chloride binding to form Friedel’s salt. As a result, the quantity of 

C3A available for the sulfate ions to react and form either gypsum or expansive ettringite is reduced 

(Al-Amoudi et al. 1994, Hossain 2008). However, this result may be different after a longer wet-dry 

cycle and this work will be carried out in the future. 

3.4 OPC and SAC 

    
Fig.9 OPC 0.40 w/c specimen subjected to 74 wet-dry cycles in 3% Na2SO4 solution 

    
Fig.10 SAC 0.40 w/c specimen subjected to 73 wet-dry cycles in 3% Na2SO4 solution 

The surface change of OPC and SAC specimens are given in Fig.9 and Fig.10, respectively. It is 

obvious that there is a significant difference in the surface change between OPC and SAC specimens. 

A serious spalling is observed on each side face and the spalling is mainly above the liquid level in 

wetting process. There is no significant spalling on the surface of OPC specimen, but netlike cracks 

are found on each side face. Fig.11 shows the microstructures of SAC and OPC specimen. An obvious 

stripping layer is observed from the SEM image of SAC specimen. However, there are no significant 

micro-cracks except a certain number of pores in the SEM image of OPC specimen. 

  

a) SAC                              b) OPC 

Fig.11 SEM images of SAC and OPC specimen 



This result can be explained as followed. There was a dense process of OPC specimen subjected to 

sulfate attack because sulfate ions transported into the pore and reacted with calcium hydroxide and 

calcium aluminate hydrate, to form ettringite and gypsum. The production could block the pore and 

micro-cracks at the initial period of sulfate attack (Gao et al. 2013). And the sodium sulfate solution 

penetrated into OPC specimen would be decreased. However, the chemical reaction may be very slow 

because the low alkalinity of SAC. Much sodium sulfate solution would penetrate into SAC specimen 

during the wetting process, which could rapidly generate a pressure of salt crystallization during the 

drying process, according to Eq.(1) and Eq.(2). Therefore, the sulfate attack resistance of SAC is not 

better than that of OPC during the wet-dry cycles. 

4. Conclusions 

From the results obtained in this work, the following conclusion can be drawn. 

The chemical reaction and the pressure of salt crystallization are the two main factors leading to the 

damage of SAC subjected to wet-dry cycles in sulfate solution. The surface spalling and 

microstructure degradation increase significantly with the increasing of wet-dry cycles and w/c.  

The degradation of SAC specimen under the same wet-dry cycles increases rapidly when the content 

of sulfate rises from 3% to 5%. At the initial period of sulfate attack, magnesium sulfate and sodium 

chloride can reduce the degradation of SAC specimen under the same wet-dry cycles when the sulfate 

ions concentration is a constant value. 

The degradation of SAC specimen seems to be slightly higher than that of OPC subjected to the 

wet-dry cycles in 3% sodium sulfate solution.  
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Abstract  

Surfaces of quartz tailings were modified in laboratory through calcining 850℃ for 1h with carbide 

slag. The mineral phase, chemical compositions and the microstructure of the modified quartz tailings 

were analyzed by X-ray diffraction (XRD), scanning electron microscopy(SEM) and backscattered 

electron microscopy(BSEM). Meanwhile, the chemically combined bonding water content of hydrated 

modified quartz tailings and the strength of blended cement pastes and mortars containing unmodified 

and modified quartz tailings were measured. The microstructures of fractured blended cement pastes 

were investigated. The results show that the modified quartz tailing particle consists of a -C2S layer 

and inert core. Hydration of -C2S can generate CSH gel which densified the interface zone and 

enhanced the bonding strength between particles of quartz tailings and cement paste. Consequently, the 

strength of cement pastes and mortars with modified quartz tailings are improved effectively. 

 

Originality 

A layer of hydraulic minerals forms on the quartz tailing particle surface, which principally consists of 

-C2S. The interfacial zone of -C2S layer and inert core is much denser. Hydration of -C2S can 

generate CSH gel, which fills the voids of the interface zone between particles of MD-QT and hydrated 

clinkers, then the bond strength of the interface zone between MD-FA and hydrated clinkers is 

enhanced. As a result, the strength of cement pastes and mortars can be improved effectively. 

 

Keywords: surface modification; quartz tailings; hydration; strength 

 

1. Introduction  

The production of Portland cement consumes a lot of resources and energy and emits CO2, 

SO2 and NOx, contribute to the common environmental impact that cement has making it 

non-friendly that is unsuitable for sustainable development (Meyer C., 2009). Several studies 

have focused on finding alternatives that can be used as replacement to cement, such as slag 

and high calcium fly ash which can create extra strength by pozzolanic reaction and improve 

the durability of the concrete (Kadri E H. et al, 2010; Poppe A M. et al, 2005; Aprianti E. et 

al., 2015; Duval R. et al., 1998). However, the amount of inert materials such as limestone 

and low calcium fly ash are limited to apply in concrete construction due to their low 

reactivity (Aydin S. et al., 2010; Hao C W. et al., 2011). To eliminate the problem, different 

approaches were used to improve the reactivity of inert materials (Lee C Y. et al., 2003; Yang 

M. et al., 2008; Sybert F. et al., 1991; Hao C W. et al., 2012). Yaniv et al. (Yaniv K. et al., 

2014) improved blended cement performances by increasing surface area of limestone. Li et 

al. (Li D X . et al., 2000) studied the active mechanism, hydrate and microstructure of fly ash 
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under the higher alkalinity. Shen et al. (Shen Y. et al., 1992) tried to create the ideal aggregate 

by calcining mixtures of corundum particles and CaCO3 powder. The ideal aggregate consists 

of two parts, hydraulic surface layer and inert core, both of them chemically combine with 

each other. 

Quartz tailings are produced as by-products from the glass factories，they remain in the 

environment for a longer duration since they are unused. From the reports, only in Fengyang 

county, Anhui, China, every year about 1 million tons of industrial waste quartz tailings are 

discharged, and only about a small quantity is utilized (Xu T Y., 2005).In order to improve the 

utilization efficiency of quartz tailings and resolve the impact of stockpiling of quartz tailings 

on environments. In this paper, the surface of quartz tailings was modified through calcining 

mixed with carbide slag. The modified effects of quartz tailings were evaluated by XRD and 

SEM-BSEM image analysis. The hydration of modified quartz tailings and the strength of 

blended cement mortars containing unmodified and modified quartz tailings were 

investigated. 

2 Materials and method 

2.1 Materials 

PII 42.5 Portland cement (according to Chinese national standard GB 175-2007) 

manufactured by the China Cement Corporation was used in these studies. Quartz tailings 

(QT) were provided by Fengyang glass factory. Carbide slag (CS), a kind of by-product 

produced during the manufacturing of PVC materials in Shenzhen Electro-chemical Plant, 

was used as the modification materials. The chemical compositions of the cement, quartz 

tailings and carbide slag are shown in Table 1. The Blaine specific surface areas of cement 

and quartz tailings were 337 m2/kg and 322 m2/kg. Figure 1 showed XRD patterns of quartz 

tailings and carbide slag. Mineralogical compositions of quartz tailings were mainly 

composed of quartz，clinochlore and muscovite. Mineralogical composition of carbide slag 

was portlandite.   

2.2 Experimental methods 

2.2.1 Surface modification and characterization of quartz tailings 

Quartz tailings were mixed with 20% carbide slag in a mixer to obtain well-distributed 

powders. The powders were mixed with 40% of water in the cement mixer, then calcined at 

850℃ in an electric furnace for on hour and thereafter cooled to room temperature in air. By 

such a high temperature treatment process, a layer of surface products forms on quartz tailing 

particles. The mineralogical composition of modified quartz tailings (MD-QT) was examined 

by an X-ray diffractometer (Rigaku Smartlab) with CuK radiation at a rate of 10º/min and a 

scanning electron microscopy (JSM-5900) equipped with an energy dispersive spectrometer. 

In addition, in order to analyze the interface between the layer of surface products and inert 

core, quartz tailing particles were impregnated in epoxy at low vacuum and then polished for 

examination by backscattered electron microscopy (JSM-6510). 

2.2.2 The hydration of modified quartz tailings 

The pastes of MD-QT were prepared using distilled water with water/solid ratio of 0.5 and 

were cast into tubes. The pastes were sealed in tubes to prevent the hydrates from atmospheric 

CO2 uptake, and then cured in constant 95% relative humidity chambers at 20℃ and 80℃ 

respectively for 28d. The hydration of the specimens were quenched by alcohol and dried at 

105℃ in a vacuum oven. The chemically combined bonding water content of specimens was 



considered as the percent of ignition loss of the dried samples (on the ignited weight basis). 

Approximately 1g of the predried sample was gradually ignited up to 950℃ for 1 h soaking 

time. Microstructures of hydrated modified quartz tailing particles were tested by SEM 

(JSM-5900). 

2.2.3 Measurement of strength    

Cement pastes in 20mm×20mm×20mm were cast with cements incorporated with 30% QT or 

30% MD-QT (by mass) respectively. The water to cement ratio was 0.28. Mortar specimens 

in 40mm×40mm×160mm were cast with cements incorporated with 30% QT or 30% MD-QT 

(by mass) respectively. The water to cement ratio was 0.5,and the cement to sand ratio was 

1:3 according to standard GB/T 17671.After casting, the moulds were stored in a curing room 

with >95% relative humidity at 20℃ for 24h and then the specimens were removed from the 

moulds and cured in water at 20℃. 

The microstructure of cement pastes mixed with QT and MD-QT was observed by SEM 

(JSM-5900). 

Tab. 1 Chemical compositions of raw materials /wt% 

 LOI Others SiO2 Fe2O3 Al2O3 CaO MgO 

Cement 3.82 3.73 19.61 3.90 5.38 61.74 1.82 

Quarz tailings 0.93 2.02 92.78 0.37 3.34 0.43 0.13 

Carbide slag 25.78 1.27 2.02 0.20 0.81 69.91 0.01 
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Figure 1 XRD patterns of raw materials 

3 Results and discussion 

3.1 The modified effects of quartz tailings 

Figure 2 shows the XRD patterns of modified quartz tailings. After surface modification, a 

certain amount of -C2S was formed via reaction between CaO from the decomposition of 

portlandite and SiO2 in quartz tailings. As a result, the diffraction peak of CaO is not obvious.  
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                   (a)                                     (b) 

Figure 2 XRD pattern of MD-QT 

Figure 3 shows the SEM images of QT and MD-QT. The surface of QT is smooth and mainly 

consists of Si and O according to the EDS analysis. However, the surface of MD-QT becomes 

rough and is covered with a newly-formed substance richened in Ca. Combined with XRD 

result, the newly-formed substance is -C2S. 

  

(a) QT                                      (b) EDS point of A 

  

(c) MD-QT                                (d) EDS point of B 

Figure 3 SEM images and EDS patterns of QT and MD-QT 

Backscattered electron image of a single modified quartz tailing particle is given in Figure 4. 

It can be seen that a single modified quartz tailing particle consists of two parts. The large 

AA  

BB  



amount of Ca exists in the outside region (bright areas) of quartz tailing particle according to 

the EDS analysis of point one. It indicated that the substance of the outside region is -C2S, 

the formation of -C2S through solid-solid reaction, the reaction is controlled by diffusions of 

Ca. The interfacial zone of -C2S layer and inert core becomes much denser due to the 

chemical bonding between these two parts of modified quartz tailing particle. Since -C2S 

have high hydraulic reactivity, therefore, that the reactivity of quartz tailings will be 

improved.    

 

Figure 4 Backscattered electron image of modified quartz tailing particle 

3.2 The hydration of modified quartz tailings 

The combined water contents of hydrated MD-QT as a function of curing time are listed in 

Table 2. The table shows that the combined water contents for all samples increase with 

curing time, this is due to the continuous hydration of -C2S layer. When curing for 28d at 

20℃, the combined water content of hydrated samples increased to 3.6%. It is clear also that 

the combined water content increases rapidly when curing temperature is 80℃. The combined 

water content has reached to 4.2% when curing for 1d. This is mainly attributed to the high 

rate of hydration of -C2S in comparison with curing at 20℃. Particles surface morphological 

features of hydrated MD-QT cured for 28d at 20℃ and cured for 3d at 80℃ are presented in 

Figure 5. It is clear that a large amount of finer products are formed in the surface of MD-QT. 

These products may be calcium silicate hydrate (CSH) gel due to the hydration of -C2S on 

the surface of quartz tailing particles. 

Tab. 2 The chemically bonding water content of hydrated MD-QT 

Curing temperature 

Amount of chemical bonding water   /wt% 

1d 3d 7d 28d 

20 ℃ 2.5 2.7 3.0 3.6 

80 ℃ 4.2 4.5 4.8 4.9 

 



  

(a) Cured for 28d at 20℃                           (b) Cured for 3d at 80℃ 

Figure 5 SEM images of hydrated MD-QT 

3.3 Strength 

The compressive strengths of cement pastes containing QT and MD-QT are shown in Figure 

6. As it showed when the content of QT or MD-QT is 30%, the compressive strengths of 

cement pastes are decreased. However, MD-QT cement pastes tend to improve the 

compressive strengths of blended cement pastes in comparison to QT cement pastes. Surface 

modification of QT increases compressive strengths of blended cement pastes by 7.6% at 3d, 

23.2% at 7d and 14.7% at 28d, respectively.  

Figure 7 shows the flexural and compressive strengths of mortars. With the addition of 30% 

QT, both of the flexural and compressive strengths have decreased by 25.9% and 32.7% at 3d, 

22.5% and 29.9% at 28d respectively in comparison to PII 42.5 Portland cement. However, 

through surface modification of QT, the flexural and compressive strengths of blended cement 

mortars are increased by 12.5% and 15.0% at 3d, 8.1% and 10.2% at 28d respectively in 

comparison to QT mortars. It indicated that surface modification of QT can improve the 

strength of blended cement pastes and mortars effectively. 
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Figure 6 Compressive strength of cement pastes 
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             (a) flexural strength                             (b) compressive strength 

Figure 7 Strengths of cement mortars 

3.4 Discussion 

Figure 8 shows the SEM images of fractured cement pastes with QT and MD-QT cured for 

28d. The microstructure was composed of a cement paste matrix in which QT is embedded. 

From Figure 8(a)，QT can be obviously observed and the interface between QT and cement 

paste is poor. What’s more, there are many large size of pores in the interface zones. As a 

result, a low strength is obtained. However, from Figure 8(b)，the microstructure of MD-QT 

cement paste is obviously much denser and QT closely embedded in the cement paste. This is 

because that MD-QT consists of two parts, -C2S layer and inert core, as shown in Figure 4. 

Hydration of -C2S can generate calcium silicate hydrate (CSH) gel, as shown in Figure 5. 

CSH gel can fill the voids between particles of MD-QT and hydrated clinkers, increase the 

formation of solid volume, which produced squeeze and thus compacted the surrounding area 

to restrict the Ca(OH)2 crystal growth and orientation (Shen Y., 1993). As a result, the bond 

strength of the interface zone between MD-QT and hydrated clinkers is enhanced. In addition, 

MD-QT is able to assure a structurally continuous transition from cement paste to inert core 

due to the chemical bonding between these two parts of MD-QT. Consequently, the strengths 

of blended cement pastes MD-QT can be improved through surface modification of QT, as a 

result of utilization of QT effectively. 

  

(a) QT                                       (b) MD-QT 

Figure 8 SEM images of fractured cement pastes with QT and MD-QT cured for 28d 

 



4 Conclusion 

Surfaces of quartz tailings were modified in laboratory by solid-phase reactions between quartz 

tailings and carbide slag at high temperature. A layer of hydraulic minerals forms on the quartz 

tailing particle surface, which principally consists of -C2S. The interfacial zone of -C2S layer 

and inert core is much denser. Hydration of -C2S can generate CSH gel, which fills the voids of 

the interface zone between particles of MD-QT and hydrated clinkers, then the bond strength of 

the interface zone between MD-FA and hydrated clinkers is enhanced, As a result, the strength of 

cement pastes and mortars can be improved effectively. 

Acknowledgements 

The authors express their sincere thanks to the Program for Changjiang Scholars and 

Innovative Research Team in University (PCSIRT, IRT1146) and the Priority Academic 

Program Development of Jiangsu Higher Education Institutions (PAPD) for financial support. 

References 

-Aprianti E., Shafigh P., Bahri S., et al., 2015. Supplementary cementitiou materials origin from 

agricultural wastes-A review. Construction and Building Materials, 74:176-187. 

-Aydin S., Karatay C., Baradan B., 2010. The effect of grinding process on mechanical properties and 

alkali-silica reaction resistance of fly ash incorporated cement mortars. Powder Technology, 

197:68-72. 

-Duval R., Kadri E. H., 1998. Influence of silica fume on the workability and the compressive strength 

of high-performance concretes. Cement and Concrete Research, 28: 533-547. 

-Hao C. W., Deng M., Mo L. W., et al., 2011. Effect of Pulverized Fuel Ashes on Autogenous 

Shrinkage and Compressive Strength of Cement Pastes (in Chinese). Journal of Building Materials, 

39:697-702. 

-Meyer C., 2009. The greening of the concrete industry. Cement and Concrete Composites, 

2009,31(8):601-605. 

-Kadri E. H., Aggoun S., Schutter D. G., et al., 2010.Combined effect of chemical nature and fineness 

of mineral powders on Portland cement hydration. Materials and Structures, 43:665-673. 

-Poppe A. M, Schutter D. G., et al., 2005. Cement hydration in the presence of high filler contents [J]. 

Cement and Concrete Research, 35:2290-2299. 

-Hao C. W., Deng M., Mo L. W., et al., 2012. Surface modification of fly ashes with carbide slag and 

its effect on compressive strength and autogenous shrinkage of blended cement pastes. Journal of 

Wuhan University of Technology, 27:1149-1153. 

-Lee C. Y., Lee H. K., Lee K. M., 2003. Strength and Microstructural Characteristics of Chemically 

Activated Fly Ash-Cement Systems. Cement and Concrete Research, 33: 425-431. 

-Li D. X., Chen Y. M., Shen J. L., et al., 2000. The influence of alkalinity on activation and 

microstructure of fly ash. Cement and Concrete Research, 30:881-886. 

-Sybert F., Wiens U., 1991. Effect of fly ash fineness on hydration characteristics and strength 

development. In: International conference on blended cement in construction, University of 

Sheffield,UK :152-65. 

-Yang M., Qian J., Pang Y., 2008. Activation of Fly Ash-Lime Systems using Calcined Phosphogypsum. 

Construction and Building Materials, 22:1004-1008. 

-Shen Y., Xu Z. Z., Xie P., 1992. A new method of enhancing cement-aggregate interfaces, I. ideal 

aggregate and its effects on interfacial microstructures. Cement and Concrete Research, 

22:612-620. 



-Shen Y., 1993. Ideal structure of interface between cement paste and aggregate (in Chinese). Nanjing: 

Nanjing University of technology.  

-Xu T Y., 2005. On the comprehensive utilization of quartz tail-sands (in Chinese). Multipurpose 

utilization of mineral resources, (6):33-35.  

-Yaniv K., Alva P., Ronen C., 2014. Influences of limestone particle size distributions and contents on 

blended cement properties. Construction and BuildingMaterials, 71:26-34. 



 

Temperature dependence of the physical properties and hydration of the 

cementitious material based on the ternary system 
 

Hirokatsu Mori1*, Daiki Atarashi2, Masahiro Miyauchi3, Etsuo Sakai3 

1. Technical Development Center, UBE Industries, Ltd., Yamaguchi 755-8633, Japan 

2. Interdisciplinary Graduate School of Science and Engineering, Shimane University, Shimane 690-8504, Japan 

3. Department of Ceramics Science, Tokyo Institute of Technology, Tokyo 152-8552, Japan 

 

 

 

Abstract 

The Ordinary Portland cement (OPC)-calcium aluminate cement (AC)–anhydrite (CS
―

) system is useful for various 

construction materials because it can provide optimal physical properties by adjusting the mix proportions. However, 

this system is very sensitive to temperature, mix proportions, the quality of raw material, etc. This study investigated the 

temperature dependence of compressive strength, length change and hydration in a cementitious material based on this 

system with several OPC/AC ratios at 5, 20, and 35
o
C.  

For an OPC/AC ratio of 3.00, the compressive strength decreased with decreasing temperature and the maximum 

expansion in the early curing period increased with decreasing temperature. In contrast, for OPC/AC ratios of 0.33 and 

1.00, the compressive strength cured at 5℃ was highest. In addition, the temperature dependence of cementitious 

material with an OPC/AC ratio of 0.33 or 1.00 was less than that with an OPC/AC ratio of 3.00, and the compressive 

strength was almost equal at 35℃ regardless of the OPC/AC ratio. For specimens with OPC/AC ratios of 0.33 and 1, 

length measurement did not show expansion regardless of the temperature. 

The phase compositions were calculated from the reaction ratio of main minerals based on some assumptions. These 

compositions varied with different OPC/AC ratios. The main hydrates were ettringite and C-S-H gel, and the minor 

hydrates were monosulfate, C-A-H gel, and CH for an OPC/AC ratio of 3.00. In contrast, monosulfate and C-A-H gel 

increased and Ettringite, C-S-H gel, and CH decreased for an OPC/AC ratio of 0.33 or 1.00. However, the gel space 

ratio, which was calculated from the phase composition, could not be correlated with the measured compressive 

strength. 

 

Originality 

The temperature dependence of some physical properties is a significant problem for the OPC-AC-CS
―

 system. However, 

little is known quantitatively about the temperature dependence of this system. In this study, the temperature 

dependence of compressive strength and length change was investigated for several OPC/AC ratios over a wide 

temperature range. It was revealed that the tendency of the temperature dependence of a given physical property 

differed for each OPC/AC ratio, and we guessed the reason for the difference of compressive strength based on  the 

amount of the main hydrate, the phase compositions, and the gel-space ratio. 

 

Keywords: Temperature dependence, Compressive strength, Length change, Portland cement, Calcium aluminate 

cement, Anhydrite 
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1. Introduction 

The Ordinary Portland cement (OPC)-calcium aluminate cement (CA)-anhydrite (CS
―

) system is used 

for various construction materials because it can provide optimal physical properties by adjusting the 

mix proportions. However, the physical properties and hydration of systems based on AC (OPC-AC, 

OPC-AC-CS
―

, etc.) are very sensitive to the temperature, mix proportions, and quality of raw materials 

(Mori et al., 2014; Mori et al., 2014). A previous study that examined the C3S-CA system 

demonstrated that the interaction between C3S, the main mineral of OPC, and CA, the main mineral of 

AC, differed depending on the mix proportion of these minerals (Domidot and Rettel, 2003). Further, 

the interaction between the reaction ratio of C3S and the reaction ratio of CA differed depending on 

the temperature and mix proportion in our previous report, which examined the OPC-AC-CS
―

-BFS 

system at 5℃ and 20℃ (Mori et al., 2014). In addition, the temperature dependence of the length 

change of the cementitious material with a high OPC/AC ratio exceeded that of the sample with a low 

OPC/AC ratio. 

However, the physical properties and the hydration mechanism of this system are still unclear. It is 

necessary to establish the control method of this complex system based on the hydration mechanism 

and the phase composition of the hardened body. 

Therefore, this study investigated the temperature dependence of the physical properties and hydration 

of cementitious material based on the OPC-AC-CS
―

 system with several OPC/AC ratios at 5℃, 20℃, 

and 35℃. 

 

2. Experimental 

2.1. Raw Materials 

The raw materials, chemical and mineral compositions are listed in Table 1 and Table 2. Mixtures of 

OPC, CAC, CS
―

 were used as binder materials. Superplasticizer was added to the mixtures at the fixed 

amount to obtain enough mortar flow more than 190mm was obtained (flow cone: 50mm of diameter, 

51mm of height).  

 
Table 1 Raw Materials. 

Symbol Materials 

OPC Ordinary portland cement, Blaine: 3,230cm2/g 

AC Calcium aluminate cement,、Blaine: 3,180cm2/g 

CS
－

 
Natural anhydrite, SO3 content: 57.1%, Blaine: 

3,610cm2/g 

S Silica Sand, maximum particle size: 1.0mm> 

Ad Polycarboxylate Superplasticizer 

 
Table 2 Chemical and Mineral Composition 

Materials 
Chemical composition 

(%) 
Mineral composition 

(%) 

OPC 

SiO2 20.58 C3S 58.1 

Al2O3 5.53 C2S 15.3 

Fe2O3 2.98 C3A 9.6 

CaO 64.18 C4AF 9.1 

MgO 1.36     

SO3 1.87     

AC 

SiO2 4.34 CA 52.1 

Al2O3 39.96 C12A7 6.4 

Fe2O3 14.47 C4AF 12.9 

CaO 38.10 C2S 11.8 

MgO 0.66 Others 16.8 

SO3 0.04     



 

 

 

2.2. Compressive Strength 

Mortar was prepared by mixing water and the compound for 1minute in a mixer at 650rpm. The water 

binder ratio was 0.50 by mass. The mortar was poured into a 40*40*160mm mold, and it demolded 

after 24h. Then, compressive strength was measured for six specimens at 7d and 28d curing period. 

Mixing and curing were conducted at 5, 20 or 35℃, 65% relative humidity. 

 

2.3. Length change 

Length change is monitored at 65% relative humidity using the piece of equipment described hereafter. 

The  moving distance of the piston at one end of the test piece was measured against the original mold 

length by a contact-free remote sensor (Figure 1)(Takahashi et al., 1996). A Teflon sheet was placed on 

the bottom of the mold to mitigate the friction between the mold and the test piece, allowing a nearly 

restraint-free condition. This apparatus enables to measure the expansion-shrinkage properties based 

on the molding point. 

 

 
Figure 1: Apparatus for length change measurement 

 

2.4. Hydration Analysis 

Pastes were prepared separately according to Table 3, without blending the silica sand and with the 

same water/binder ratio of 0.50. Hydration was stopped by soaking the pastes in acetone; they were 

then crushed and ground for the XRD and TG-DTA measurements. In addition, XRD the samples were 

ground with 10% by weight of MgO as an internal standard. The XRD measurement conditions were 

Cu-Kα, 40kV-30mA, 0.008 degrees/step, and 2.0 degrees/min, employing a Rigaku Smart Lab. The 

integral intensity of the diffraction peaks was estimated by curve fitting of the peak profile by means 

of the minimum-square-root method. A correction for the ignition loss was added in calculating the 

reaction ratio. The reaction ratio of the main minerals and the amount of hydrate (relative to MgO) 

were analyzed from XRD and TG-DTA. 

 

3. Results and Discussion 

3.1. Compressive Strength and Length Change  

Figure 2(a) plots the compressive strength of cementitious materials cured at 5℃, 20℃, and 35℃ for 

7 days. For an OPC/AC ratio of 3.00, the compressive strength decreased with decreasing curing 

temperature. In contrast, for OPC/AC ratios of 0.33 and 1.00, the compressive strength cured at 5℃ 

was the highest. In addition, the temperature dependence of cementitious material with OPC/AC ratios 

of 0.33 and 1.00 was less than with an OPC/AC ratio of 3.00, and the compressive strength was almost 

equal at 35℃ regardless of the OPC/AC ratio. Figure 2(b) plots the compressive strength after curing 

for 28 days. The sample with an OPC/AC ratio of 3.00 was cured at 5℃, and the 28-day compressive 

strength was almost the same as the 7-day compressive strength.  

 

Table 3 Mix proportions of mortars (pastes) 

OPC/AC 

Ratio 

Binder(%) S 

(%) 

Ad 

(%/Binder) 

Water/Binder 

ratio OPC AC CS
―

 Total 

3.00 30.0 (60) 10.0 (20) 

10(20) 
50.0 

(100) 

50.0 

(0) 
0.05-0.10 0.50 1.00 20.0 (40) 20.0 (40) 

0.33 10.0 (20) 30.0 (60) 
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(a) Curing Period 7d                                               (b) Curing Period 28d 

Figure 2 Relationship between compressive strength and curing temperature 
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(a) OPC/AC ratio 3.00                                      (b) OPC/AC ratio 0.33 and 1.00 

Figure 3 Relationship between maximum expansion and curing temperature 

 

Figure 3 plots the maximum expansion of cementitious materials cured at  5℃, 20℃, and 35℃. 

Additionally, the expansion started within 1 day and reached a maximum within 3.5 days in all 

samples. The cementitious materials with OPC/AC ratios of 0.33 and 1.00 hardly expanded regardless 

of the curing temperature. However, for an OPC/AC ratio of 3.00, it expanded greatly with decreasing 

temperature. These tendencies were similar to those in our previous study (Mori et al., 2014). 

Therefore, this paper focused on determining the cause of the difference in compressive strength. 

 

3.2. Hydration Analysis 

Figure 4 plots the peak area ratios of ettringite and monosulfate, calculated by dividing their peak 

areas by the peak area of MgO after 7-day curing period. At high temperature, it seemed that ettringite 

converted to monosulfate regardless of the OPC/AC ratio, with the conversion increasing with 

decreasing OPC/AC ratio. However, there was no correlation between these peak area ratios and the 

compressive strength. Therefore, we examined the reason for the difference in compressive strength 

based on the phase composition of the hardened samples.  

The reaction ratios of C3S, CA, and CS
―

 were measured for calculating the phase composition. Figure 5 

plots the reaction ratios of C3S, CA, and CS
―

. For OPC/AC ratios of 3.00 and 1.00, the reaction ratio of 

C3S decreased with increasing temperature. In contrast,  an opposite tendency was observed for an 

OPC/AC ratio of 0.33. The reaction ratio of CA depended greatly on temperature for an OPC/AC ratio 

of 3.00. It increased with increasing temperature, with the difference between 5℃ and 35℃ reaching 

almost 80%. The reaction ratio of CS
―

 increased with increasing temperature for an OPC/AC ratio of 

3.00, and it had the opposite tendency for OPC/AC ratios of 1.00 and 0.33. 
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(a) OPC/AC ratio 3.00           (b) OPC/AC ratio 1.00            (c) OPC/AC ratio 0.33 

Figure 4 Relationship between peak area ratio of hydrate and curing temperature 
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(a) OPC/AC ratio 3.00           (b) OPC/AC ratio 1.00            (c) OPC/AC ratio 0.33 

Figure 5 Relationship between reaction ratio of mein mineral and curing temperature 

 

The phase composition was calculated from the reaction ratio of C3S, CA, CS
―

, and some minor 

minerals on the following assumptions. 

 

(1) Only C3S, C3A, and CS
―

H2 are used for calculating OPC. Only CA is used for calculating AC. 

(2) Ettringite and monosulfate are produced by the reaction between CS
―

, CS
―

H2 and CA, C3A.  

S
―

 is distributed due to the reaction mol ratio of CA and C3A. 

(3) If CS
―

 and CS
―

H2 are insufficient, CA and C3A produce C-A-H gel. 

(4) The composition of the C-A-H gel is amorphous CAH10. 

(5) The C/S of C-S-H is 1.7. 

(6) The CH amount used is the result of TG-DTA. 

 

Figure 6 plots the result of a phase composition analysis using the above assumptions. The phase 

compositions differed by OPC/AC ratio. For an OPC/AC ratio of 3.00, the main hydrates were 

ettringite and C-S-H gel, and the minor hydrates were monosulfate, C-A-H gel, and CH. In contrast, 

for OPC/AC ratios of 0.33 and 1.00, monosulfate and C-A-H gel increased and Ettringite, C-S-H gel, 

and CH decreased. 

The gel space ratio of the hardened samples was calculated based on the phase composition. The 

calculation formulas for the gel space ratio and strength proposed by Powers (Powers, 1958) are given 

below. 
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Figure 6 Relationship between phase composition and temperature 
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[eq.2] 

where, X(t)：Gel space ratio 
Vhydrates(t)：Volume of hydrate 

Vspace(t)：Volume of space 
    S(t)：Strength 

S0：Constant 
 N ：Constant 

 
The gel space ratio can be expressed as the ratio of gel volume to the sum of gel volume and capillary 

space [eq. 1]. S0 indicates the strength at which the space is filled with hydrate. Therefore, S0 changes 

with the kind of cement and the phase composition [eq. 2]. Ordinarily, compressive strength increases 

with increases in the gel space ratio [eq. 2]. 

Figure 7 illustrates the relationship between gel space ratio and compressive strength. The 

compressive strength and gel space ratio did not correlate, so the difference in the compressive 

strength could not be explained by the gel space ratio. 

In this paper, we could not explain the reason for the difference in compressive strength based on the 

amount of hydrate, the reaction ratios of the main minerals, or the phase compositions. The following 

are possible reasons. 

Blank 
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Figure 7 Relationship between compressive strength and gel space ratio 

 

 

(1) The assumptions for calculating the phase composition differ. In particular, the composition of the 

amorphous hydrate must be measured. 

(2) The strength of the hydrate influences the compression strength. 

(3) Large expansion leads to micro-cracks that decrease compressive strength. 
 

 

4. Conclusions 

The temperature dependence of physical properties of cementitious material based on the OPC-AC-CS
―

 

system differed depending on the OPC/AC ratio. The reason for this difference in compressive 

strength could not be explained by the gel space ratio. We must examine the assumptions underlying 

the phase analysis, the differences in the strength of the hydrates, porosity and the influence of large 

expansion that causes micro-cracks in the future work. 
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Abstract  

The commercial aircraft deicing fluid has some destruction to the ordinary pavement cement concrete. But it is unknown 

that the destruction is coming forming freeze thawing or chemical corrosion.Immersed Ordinary Portland cement 

concrete(OPC) into concentrated (25%) commercial aircraft deicer ( LBR-A deicing fluid) to conduct corrosion 

immersion experiment over a period of 1522 days and freeze-thawed experiment for 200 cycles .The paper examineed the 

effects, in terms of the denudation of the unit surface area ,the relative dynamic modulus of the unit surface area, the 

surface visual deterioration.The corrosion resistance and freezing resistance in 25% CMA were compared. The results 

show that:high concentration of commercial deicing fluid (LBR - A) has freeze-thaw damage and corrosion damage to 

the OPC. OPC’s freeze-thawed damage is mainly caused by the internal micro cracks’ extended and the decline of the 

relative dynamic modulus .The surface denudation is not the cause. A high concentration of LBR - A solution (25%)can’t 

change the internal structure of OPC and can’t generate internal crack in the Corrosion immersion experiment. Its 

corrosion damage mainly embodies in the corner of cement mortar’s peeling off. The results also show that using 

450g/m2 as the denudation stand is more reasonable than 1500g/m2. 

 

Originality 

In this article verifed the destruction rule of common concrete.The results show that:high concentration of commercial 

deicing fluid (LBR - A) has freeze-thaw damage and corrosion damage to the OPC. Using 450g/m2 as the denudation 

stand is more reasonable than 1500g/m2.OPC’s freeze-thawed durability and corrosion durability are both poor.OPC is 

not suitable for using as airport pavement concrete.The article recommend other types of cement concrete as the f airport 

pavement concrete 

 

Key words: Ordinary Portland cement concrete; aircraft deicing fluid; freeze-thawed; chemical attack; dynamic modulus 

of elasticity; the denudation of the unit surface area 

1.Introduction  

The use of deicing and anti - icing products is widespread throughout countries enduring cold and snowy 

weather to ensure safe winter -driving conditions. The low-lying apron surface where the aircraft deicer are 

sprayed appears phenomenon about complete exposure of the aggregates and significant loss of material. 

Main composition of the commonly used airf ield pavement dicer is ethylene glycol or propylene glycol，and 

add marginally surfactant and corrosion inhibitors.Many Controversies arise whether the OPC’s destruction is 

coming forming freeze- thawed or chemical corrosion. Hong-duo Zhao etc. revealed that no new corrosion 

products such as oxalic acid salt were found when immersed OPC (strength grade from 20 to 40) into aircraft 

deicing fluid for 28days. So it is concluded that aircraft deicing fluid is non-corrosive to OPC.Wen-tao Cao ect. 

immersed high performance concrete (HPC) into concentrated (25%) commercial aircraft deicer ( LBR-A 
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deicing fluid) to conduct  

corrosion immersion experiment over a period of 180 days and freeze-thawed experiment for 400 cycles . The 

result indicate commercial aircraft deicer has freeze-thawed deterioration (not the surface corrosion  damage) 

to HPC.However the time of corrosion should be postponed to find whether the corrosion and damage 

phenomenon exists or  not.Previous research performed by the authors on this subject supplied 

credible fundamental data and results.This paper will systematically research the OPC’ destruction regularity 

of freeze-thaw damage and corrosion.  

2.Experimnet 

2.1 Raw material 

The cement used in the paper is P. II 52. 5 Port land cement , the chemical compositions and the physical and 

mechanical propert ies are given in Tables 1, 2, respectively.The mineral compositions of cement are: C3S:55. 

5% , C2S:19. 9% , C3A:6. 6%, C4AF:10. 2%.Fine aggregate used is natural river sand with fineness modulus 

of 2. 72. It’ s apparent density and bulk density are 2500 kg/m 3and 1615 kg/m3, respectively. The mud 

content is1.0% . Coarseagg regate is continuous grade crushed basalt aggregate with 5-10 mm. Its apparent 

density,bulk density and mud content are 2820 kg / m3, 1435 kg / m3 and 0. 3%, respectively . The ratio of flat 

and elongated particles is 11.4% and the crushing index is 6%.Freezen-thawed and corrosive medium is 

concentrated (25%)commercial aircraft deicer (LBR-A deicing fluid) which is a colorless, odorless liquid and 

density of 1.2 g/mm3 is producted by Shi Jia Zhuang Co.,Ltd. Its main composition is C,H,O and the freezing 

point is below-50℃ and do no corrosion damage to the aircraft body。Concentrated (25%) is volume 

concentration.  

Tab. 1 physical and mechanical properties of the cement 

 

 

 

 

 

Tab. 2 Chemical compositions of raw materials/% by mass 

cement  

kinds 
SiO2 Al2O3 CaO MgO SO3 Fe2O3 MnO Na2O K2O Loss 

P•Ⅱ52.5 21.53 4.60 64.09 0.96 2.09 3.37 0.12 — 0.62 1.84 

 

2.2 Mixture proportions 

According to the technical requirements of airfield pavement concrete, strength grade of OPC samples is C50. 

Cement content is 350kg/ m3. the mixproportion is 1:2. 10:3.42. Water- cementit ious materials ratio is 0.48. 

Measurements of the slump, the quantity of air were performed on the fresh concrete.The measured slump is 

15 mm.Aircontent is 5.2%.After 28d standard curing,the compressive strength and flexural strength are 56.7 

and7.90MPa, respectively . 

2.3 Preparation and cure of sample 

The cement,sand and coarseag gregate were mixed firstly for 1 min in a blender, then water was added and 

mix ed for another 2 min. Before casting,the slumpwas measured. Af terwards, concrete prisms w ith size of 

40 mm×40 mm×160 mm was prepared and cured under the sealed condition for 24 h. Then,they were 

demoulded and moved into a standard chamber with ( 20 ±3)℃ and 95% RH, and cured till 28d.  

4. Methods 

CDR-2 type freeze-thawed apparatus, electronic balance and NM- 4B typennon metallic ultrasonic detector 

 cement  

kinds 

specific surface 

area  /m2·kg-1 

Setting time 

/h:min 

Flexural 

strength/MPa          

Compressive 

strength/MPa 

Initial    Final 3d 28d 3d 28d 

P•Ⅱ52.5 395 2:11 3:05 6.4 9.1 34.7 60.3 
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was employed in testing OPC’s durability. The cycling rule of quick frost method obeys Chinese Standard 

GB/T 50082-2009 similar to ASTMC666.Corrosion test method of long-term immersion. Immersion in the 

solutions was continuous While the condition of continuous immersion in the solution is quite severe, it is 

intended to correspond to a much longer period of exposure of concrete structures to the aggression of deicers 

in the field. mass. According to GB/ T 50082- 2009, if its relative dynamic modulus drops to below 80%, or 

the denudation of the unit surface area exceeds 1500g/m2,the specimen is regarded as failure, and the 

determinat ion method of relat ive dynamic modulus and mass loss is explained in Refs. At the moment , the 

number of freeze- thawed cycles is regarded as max imum freeze- thaw cycles, or the end of its service life. 

The mass and the denudation of the unit surface area are determined by electronic balance and NM- 4B 

typennon metallic ultrasonic detector , respectively. 

3 .Results and discussion 

3.1 OPC’s freeze-thawed durability exposed to concentrated (25%) LBR-A deicing fluid 

Fig. 1 shows OPC’s durability of concrete subjected to freeze-thaw cycles in 25%LBR-A aircraft and water.  

Fig.2 gives OPC photographs subjected to freeze-thaw cycles in 25%LBR-A aircraft. The curves and pictures 

presented in the Fig.1, Fig.2 indicate：the surface of OPC occurs significant cracking phenomenon.The relative 

dynamic elastic in concentrated LBR-A solutions (25%) is similar to that in water before 100 freeze-thawed 

cycles , then the rlative dynamic modulus of 25%LBR-A falls more rapidly than that of water .So conclusions 

can be drawn that LBR-A solutions (25%) will accelerate the f reeze- thawed degradation. At the end of the 

testing period 100 freeze-thawed cycles,the relative dynamic elastic reaches a value 80%.The concrete is 

failure. By this time , mortar peeling phenomenon on surface and both ends doesn’t appear in Fig.2. 

Conclusions can be drawn that damage of those amples is resulted from the propagation of inner cracks not of 

surface deterioration.In Fig. 1,after undergo 125 freeze-thawedcycles,serious surface deteriorat ion is observed 

and the denudation gradually increases . when 150 cycles, the denudation of the unit surface area reaches 

value of 4207kg/m2. The attack presented in Fig. 2 manifests itself through deterioration of the cement matrix 

and exposure of the aggregates.Data analysis when undergo 130 freeze-thawed cycles ,the denudation of the 

unit surface area reaches value of 1500kg/m2.The cycles is 30 cycles more than the ultimate freeze- thawed . 

The failure of OPC is due to the decline of the rlative dynamic modulus but not the surface denudation. 

  
（a）relative dynamic modulus         （b）the denudation of the unit surface area  

Fig.1 OPC’s durability of concrete subjected to freeze-thaw cycles in 25%LBR-A aircraft and water 
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Fig.2 OPC photographs subjected to freeze-thaw cycles in 25%LBR-A aircraft 

3.2 OPC’s corrosion durability exposed to concentrated (25%) LBR-A deicing fluid 

Fig. 3shows OPC’s corrosion durability exposed to concentrated (25%) LBR-A deicing fluid.Fig.4 gives OPC 

photographs subjected to 25%LBR-A aircraft’s corrosion. The curve presented in the Fig.3 indicate:during the 

initial corrosion period from 0d to 200d, OPC’s relative dynamic modulus maintains an approximately 

constant value of 90 %.From 200d to 506d ,the value Consistent increases and the ultimate freez-thawed cycle 

is 135%. Soon afterwards the curve decrease first(from 506d to 1093d) and then go stabilized(from 1097 to 

1500d). Throughout the entire process,the value maintains above 95%. Conclusions can be drawn that high 

concentration (25%) LBR-A deicing fluid solution will not affect OPC’s internal structure and doesn’t 

produces inner cracks. Fig. 4shows surface scaling phenomenon constantly appears after 1000d and till 1500d 

the denudation of the unit surface area reaches 450g/m2.Though the1500ds’ value is much less than 1500 

g/m2,but denudation phenomenon of the surface in Fig.4 is seriously enough to concrete failures OPC’s failure. 

Therefore suggestion that using the value of 450 g/m2 as the criteria of concrete corrosion failure is more 

reasonable. 

Specific cause of corrosion mechanism of concrete exposed to concentrated (25%) LBR-A deicing is due to 

crystallization stress which coming from the inside hydration of cement and the chemical reaction between the 

leaching of the calcium hydroxide and aircraft deicer.These products and crystal fill the gaps of concrete more 

than enough so that resulte in the deterioration and surface denudation of concrete specimens 

 

          （a）relative dynamic modulus               （b）the denudation of the unit surface area 

Fig.3 OPC’s corrosion durability exposed to concentrated (25%) LBR-A deicing fluid  
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Fig.4 OPC photographs subjected to 25%LBR-A aircraft’s corrsion 

4.Conclusions 

(1)High concentration of commercial deicing fluid (LBR - A) has freeze-thaw damage and corrosion damage 

to the OPC. 

(2)OPC’s freeze-thawed damage is mainly caused by the internal micro cracks’ extended and the decline of 

the relative dynamic modulus .The surface denudation is not the cause.  

(3)A high concentration of LBR-A solution (25%)can’t change the internal structure of OPC and can’t 

generate internal crack in the Corrosion immersion experiment. Its corrosion damage mainly embodies in the 

corner of cement mortar’s peeling off. 

(4) In the Corrosion immersion experiment, the results also show that using 450g/m2 as the denudation stand 

is more reasonable than 1500g/m2. 
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The effect of carbonation on salt-scaling resistance of concrete 
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Abstract 

 
Scaling refers to a form of deterioration at the near surface of concrete, which experiences cycles of 

freezing and thawing in the presence of de-icing salt. The typical form of the damage involves mass 

loss as small ‘chips’ or flakes of mortar spall away from the concrete surface, consequently exposing 

the aggregate. The carbonation of concrete is a process by which the carbon dioxide (CO2) from the 

atmosphere penetrates into the concrete from the surface and reacts with the cement hydration 

products, mainly calcium hydroxide and calcium silicate hydrates (C-S-H), to form calcium carbonate 

(CaCO3). Previous research has indicated that carbonation affects the salt-scaling resistance of 

concrete differently depending on the binder systems. This study aims to evaluate the effect of 

carbonation on near-surface properties of concrete including deicer scaling resistance and surface 

strength. A number of binders were studied including 100% ordinary Portland cement (OPC) and OPC 

incorporating different types of supplementary cementing materials (SCM) at various replacement 

levels. Concrete samples were exposed to different CO2 environments for various lengths of time after 

being initially cured for 14 days. Salt-scaling resistance of these concrete mixes were determined 

according to a standard salt-scaling test method. Furthermore, near-surface properties of concrete 

samples were also evaluated using an abrasion test method.  

 
Originality 

Industrial by-products known as supplementary cementing materials, including fly ash, ground 

granulated blast-furnace slag, and silica fume, are widely used as partial or, in exceptional cases, 

complete replacement of Portland cement in concrete. Using SCM in concrete can reduce the 

permeability of the concrete and therefore slow the rate of ingress of deleterious chemicals. It is also 

well known that incorporating appropriate levels of SCM can prevent the expansion of concrete due to 

alkali-silica reaction. In addition to improved durability, SCM in concrete also reduces the cost of 

materials and the environmental impact. However, numerous research studies have indicated that SCM 

decreases the salt scaling resistance of blended-cement concrete as compared with straight Portland 

cement concrete. A few recently published studies have suggested that carbonation of the surface layer 

may explain the reduced resistance of SCM concrete to deicing salt scaling. This study aims to explore 

this hypothesis as there are limited data on the role of carbonation on scaling.      

 

Keywords: Ordinary Portland Cement, Supplementary Cementing Material, Fly Ash, Slag, 

Durability, Deicing Salt, Scaling, Freeze-Thaw, Carbonation 
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1. Introduction 

Since the late 1930s, deicing salts have been commonly used on bridges, roadways and 

sidewalks for ice removal during the winter season.  However, it is well known that 

deicing salts in combination with cyclic freezing and thawing can cause the surface of the 

concrete to suffer scaling. Scaling is near-surface damage that involves the progressive 

removal of small flakes or chips of mortar and, in severe cases, coarse aggregate from the 

concrete surface. Although the exact mechanism of deicing salt scaling is equivocal, it is 

proven (Verbeck and Klieger, 1957; Powers, 1975; Jacobson et al, 1997; Sun and Scherer, 

2010) that air entrainment in concrete provides beneficial effects on deicing salt scaling 

resistance.  

Carbonation affects the resistance of deicing salt scaling of concrete differently 

depending on the binder composition. Published data (Gunter et al, 1987, Matala, 1988, 

Bier, 1987; Utgenannt, 2004) suggest that carbonation improves the resistance of deicing 

salt scaling of straight OPC concrete whereas carbonation has the opposite effect on 

concrete incorporating supplementary cementitious materials (SCM) such as fly ash or 

slag, making those concrete more vulnerable to salt-scaling. Conclusions from these 

studies have attributed this diverse effect of carbonation to the change of pore size 

distribution as a result of carbonation. It was found that carbonation results in a finer pore 

structure in OPC systems whereas carbonation increases the portion of larger pore sizes 

of concrete containing SCM. In addition, Stark and Ludwig (1997) also claimed different 

carbonation products formed in concrete with and without slag which could explain the 

different salt-scaling performance. Stark and Ludwig found that in addition to calcite the 

presence of metastable calcium carbonates, aragonite and vaterite, in concrete with slag 

(>40%) could also be responsible for the poor salt-scaling resistance of carbonated slag-

incorporated concrete. Stark and Ludwig (1997) revealed that these poorly crystallized 

metastable calcium carbonates would completely dissolve under attack from freezing and 

deicing salt solution. However, contrasting results from Utgenannt (2004) indicated that, 

after 11 weeks exposure in air, there was no significant difference in the carbonated 

phases, these being mostly calcite with a small amount of aragonite and vaterite, in paste 

specimens made with and without slag. In fact, it was found that for paste specimens with 

slag exposed to 1%-CO2 for 11 weeks the carbonate phase is exclusively calcite. The X-

ray diffraction results indicate that the only noticeable difference for the carbonated 

specimens (either after 11 weeks or 2 years of conditioning in both air and 1% CO2) made 

with and without slag is that the carbonated OPC specimens still contain a small amount 

of calcium hydroxide. When CO2 penetrates into concrete, it tends to react with calcium 

hydroxide (CH or Ca(OH)2) first. If the calcium hydroxide is consumed or the level of 

CH is low, then the CO2 will react with the calcium silicate hydrates (C-S-H) and various 

aluminoferrite phases. The overall reactions for CH and C-S-H can be summarized by the 

following irreversible reactions (Sulapha et al, 2003): 

Ca(OH)2 + CO2  CaCO3 + H2O    (Vol. increase)  (1) 

3CaO•SiO2•3H2O + 3CO2  3CaCO3 + SiO2 (gel) + 3H2O (Vol. decrease)  (2) 

According to Copuroglu and coworkers (2006) the first reaction results in densification of 

the microstructure of cement pastes as CaCO3 occupies a larger volume than Ca(OH)2 

whereas the second equation causes coarsening of the microstructure of cement pastes as 

CaCO3 occupies less volume than calcium silicate hydrates and the silica gel (SiO2) is 

more porous than C-S-H gel. It is clear from the above equations, calcium hydroxide 

plays a vital role when evaluating the effect of carbonation on the microstructure of 

cement paste. Calcium hydroxide is one of the major hydration products in straight OPC 

concrete, and consequently carbonated OPC concrete has a more refined microstructure in 

comparison with uncarbonated OPC concrete as shown in Equation (1). For concrete 

containing fly ash or slag, especially at high levels of replacement, the CH content is 

significantly reduced compared to OPC concrete as fly ash and slag contain less calcium 

oxides than OPC, plus the CH is partially consumed by pozzolanic reaction in fly ash 

concrete. Therefore, the carbonation process in concrete containing fly ash and slag is 

governed by Equation (2), which results a coarser microstructure. It’s also reported 



(Gunter et al, 1987, Stark and Ludwig, 1997, Utgenannt, 2004) that, as result of 

carbonation, the open porosity and freezable water increases with increasing volume of 

coarser pores, and therefore, the deicing salt scaling resistance is reduced as the pores get 

filled with moisture (saturated) more readily in comparison with uncarbonated concrete.   

In order to evaluate the effect of carbonation on the resistance of salt scaling and surface 

strength, concrete specimens with and without SCMs were exposed to different 

environments with different levels of CO2 concentration. Specimens were then tested for 

salt scaling and abrasion resistance according to known standards. Compressive strength 

and carbonation depths were measured periodically.  

2. Experimental design 

2.1. Raw materials 

The cementitious materials used in this study consisted of one ASTM Type I (GU) 

Portland cement (S.G. = 3.13 g/cm3 and SSA = 3790 cm2/g), one ASTM C989 Grade 100 

ground granulated blast furnace slag (GGBS) (S.G. = 2.95 g/cm3 and SSA = 4420 cm2/g) 

and two types of ASTM Class F fly ash (FA) (A: S.G. = 2.45 g/cm3 and SSA = 3010 

cm2/g; B: S.G. 2.61 g/cm2, and SSA = 1874 cm2/g)). The chemical composition of these 

cementitious materials is presented in Table 1. Crushed siliceous gravel (5 to 19 mm) was 

used as coarse aggregate and a natural siliceous sand was used as fine aggregate. 
Table 1: Chemical composition. 

  
SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 

Total   

K2O 

Total 

Na2O 

LOI 

950°C 

OPC 19.7 4.84 2.97 61.83 2.91 3.71 0.31 0.76 0.18 2.38 

GGBS 34.1 9.42 0.33 40.1 11.56 2.68 0.48 0.43 0.37  - 

FA(A) 48.07 23.38 16.19 3.93 0.96 0.42 1.09 1.61 0.64 2.4 

FA(B) 53.94 16.61 20.53 0.31 1.14 0.65 0.78 1.94 0.42 3.34 

2.2. Concrete mixtures 

Five concrete mixtures were produced with proportions given in Table 2. A fatty-acid-

based air-entraining agent (AEA) and a carboxylic-acid-based high-range water reducer 

were used for all the concrete mixtures. The plastic air content of all mixes in this study 

ranged from 5 to 7%. 
Table 2: Concrete mixtures. 

Mix # 
Cementitious content   

W/CM 
Binder (%) 

(kg/m3) OPC FA GGBS 

PC40 530 0.40 100 - - 

PC45 360 0.45 100 - - 

FA (A) 360 0.45 50 50 - 

FA (B) 360 0.45 50 50 - 

SG 360 0.45 40 - 60 

Circular slabs (250 mm diameter × 75 mm) were cast for de-icer salt scaling tests and 

surface strength tests; cylinders (100 mm diameter × 200 mm) were cast for compressive 

strength. In addition, concrete discs (150 mm diameter × 50 mm) were cast for abrasion 

tests and concrete prisms (50 mm × 50 mm × 275 mm) were cast to measure carbonation 

depth. These specimens were stored under wet sacking and plastic at normal laboratory 

temperature for 24 hours and were then stripped and placed in a temperature (T= 20±2°C) 

controlled moist room with 100% relative humidity (R.H.) for further curing.  

2.3. Testing 

This study was carried out in two series. In the first series four concrete mixtures 

including PC45-1, FA(A)-1, FA(B)-1, SG-1 were produced and four concrete mixtures 

including PC40-2, PC45-2, FA(A)-2, and SG-2 were produced in Series 2. The test 

program is given in Table 3. Compressive strength tests were performed on cylinders at 

the age of 14 and 28 days.  Deicing salt scaling tests were conducted according to BNQ 

(BNQ, 2002) test method developed by the Bureau de Normalisation du Quebec, Canada. 

Circular slabs were stored in a moist room for 13 days (14 days total moist curing 

including the first day in the forms under wet sacking and plastic) before exposure to 



different environments (laboratory-air, 4%-CO2 and N2) for drying. The standard drying 

period is 14 days except two slabs from each mixture in Series 2 were dried in 4%-CO2 

for 91 days. At the end of the drying period, a 75-mm polyvinyl chloride (PVC) pipe was 

installed around each slab to form a 40-mm high dyke above the specimen surface. The 

interface between the PVC pipe and the specimen was filled with a frost-resistant silicone. 

The specimens were ponded with 5±1 mm of 3% sodium chloride solution for 7 days 

prior to being subjected to cyclic freezing and thawing. The 24-hour freeze-thaw cycle 

consists of an 8-hour freezing from 20°C to -20°C at a rate of -5°C/hr., followed by an 8-

hour holding period at -20°C; and then 5-hours of thawing at a rate of 8°C/hr. Finally, this 

was followed by a holding period at 20°C for 3 hours. After 5, 10, 15, 20, 25 and 50 

cycles, the scaled-off residue was collected, dried and weighed. Similar to de-icing salt-

scaling tests, concrete discs for abrasion testing were also moist-cured for 13 days before 

exposed to different CO2 environments for drying. Abrasion tests were performed at the 

end of drying period according to ASTM C944. Concrete prisms were cured and dried in 

the same manner as those concrete specimens for scaling tests.  Prisms were broken at the 

end of drying period and the fractured surface was sprayed with 0.5%-phenolphthalein 

solution to determine the depth of carbonation.  
Table 3: Test program 

 
2.4. Pre-conditioned environments 

As mentioned above, once the specimens were moist cured for 14 days, they were dried 

in three different environments including: laboratory air, CO2-rich (4%) environment 

(Figure 1) and a 100% nitrogen gas chamber (CO2-free). All three environments were 

temperature controlled at 20±2°C. Saturated calcium nitrate solutions were used to 

maintain the relative humidity at 60±5%. During Series 1 it was found that after the wet 

samples were placed into the chambers the R.H. in the CO2 chamber took 7 to 9 days to 

return to 60% (Figure 2) whereas the R.H. stayed around 75% for the entire drying period 

in the nitrogen gas chamber. Therefore, in Series 2, after removal from moist room, 

concrete specimens were dried in lab air for 24 hours prior to being placed into the 

various CO2 environments. It was found later that it only took 3 days for the R.H. in the 

CO2 chamber to stabilize after specimens were dried in lab air for 24 hours. R.H. in the 

N2 chamber remained at 70% even though the specimens were dried in lab air prior to 

being placed in the N2 chamber. This may be attributed to a number of reasons including 

the size of chamber and insufficient brine solution to control the R.H. in the chamber. 

Mix  
f'c Scaling Abrasion 

14D/28D Lab-air 14D 4%-CO2 14D 4%-CO2 91D N2 14D Lab-air 14D 4%-CO2 14D N2 14D 

PC45-1 Y Y Y - Y - - - 

FA(A)-1 Y Y Y - Y - - - 

FA(B)-1 Y Y Y - - - - - 

SG-1 Y Y Y - Y - - - 

PC45-2 Y Y - Y - Y Y Y 

PC40-2 Y Y - Y - Y Y - 

FA(A)-2 Y Y - Y - Y Y Y 

SG-2 Y Y - Y - Y Y Y 



 
Figure 1: Schematic design of the carbonation chamber 

 

  
Figure 2: Temperature and relative humidity of carbonation chamber 

3. Results and discussion 

3.1. Compressive strength and carbonation 

The compressive strength and carbonation measurements are shown in Table 4.  
Table 4: Compressive strength and carbonation depth 

 
The compressive strength of the same mixtures from Series 2 are slightly higher than that 

of Series 1. This may be attributed to the use of different batches of OPC (still from the 

same source) for the two series. Series 2 was cast approximately four months after Series 

1. The compressive strength of both fly ash mixtures are similar and are approximately 

only half of the compressive strength of straight OPC mixture. This is due to the 

combination of dilution of OPC and very low contribution to early strength of Class F fly 

ashes. However, the low 28-day strengths are not typical of fly ash concrete even at a 50% 

replacement and the reason for the poor performance is under investigation. Unlike fly 

ash mixtures, the results of compressive strength tests of slag mixtures in both series are 

only slightly lower than straight OPC mixtures. Except for mixture SG-1, the carbonation 
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Mix  
f'c (Mpa) Carbonation Depth (mm) 

14D 28D Lab-air 14D 4%-CO2 14D 4%-CO2 91D N2 14D 

PC45-1 51 55 0.6 2.0 - 0.0 

FA(A)-1 23 26 0.6 3.4 - 0.0 

FA(B)-1 22 27 0.8 4.0 - - 

SG-1 45 52 0~0.3 0~0.3 - 0.0 

PC45-2 54 59 0.5 - 3.8 - 

PC40-2 56 61 0.5 - 4.2 - 

FA(A)-2 26 30 0.6 - 23.0 - 

SG-2 49 56 0~0.3 - 4.9 - 



depths of SCM-incorporated concrete are greater than that of OPC mixtures under the 

same drying condition. In comparison with the carbonation depth of PC45-1, the 

carbonation depth of SG-1 specimens after 14 days of storage in 4%-CO2 chamber is 

almost negligible ranging from 0 to 0.3 mm. This result is contradictory to what has been 

generally reported in literature (Thomas, 2013) that, for a given w/cm, the rate of 

carbonation of concrete incorporated with SCM (high volume in this study) is generally 

greater than that of straight OPC concrete. There are two possible reasons responsible for 

the low carbonation depth of SG-1 specimens exposed to 4%-CO2: relatively high early 

compressive strength of slag concrete and relatively high R.H. in the accelerated CO2 

chamber during the first 9 days. The compressive strength of SG-1 at 14 days and 28 days 

is approximately 88% and 95% of the compressive strength of the OPC mix, respectively. 

Similar relation can be found in Series 2. In comparison with other study (Utgenannt, 

2010) the compressive strength of slag concrete (with 65% replacement and w/cm = 0.45) 

at 14 day and 31 day is only 60% and 68% of the compressive strength of the OPC 

concrete. As mentioned in Section 2.4 it was found that the R.H. in the 4%-CO2 chamber 

took about 9 days to return to 60% after wet specimens had been placed into the chamber 

directly after removal from wet curing room. At such a high R.H. (above 65%, see Figure 

2) the penetration of CO2 is hindered by water partially filling the pores in the concrete. 

However, after extended period of 91 days exposure to 4%-CO2 at R.H. of 60%, the 

carbonation depth of SG-2 specimens (see Figure 3a) is only slightly higher than the 

carbonation depth of OPC specimens with same exposure condition. This can be 

explained by the compressive strength at 28 day of SG-1 and SG-2 is similar when 

compared with straight OPC mixtures (PC45-1 and PC45-2). Data from other studies 

(Osborne, 1986) indicate that the rates of carbonation are similar for concretes, with or 

without SCM, when proportioned to achieve the same 28-day compressive strength. As 

presented in Figure 3b, the carbonation depth has good correlation to 28-day compressive 

strength regardless of the type and level of SCM replacement used in this study. 

 
Figure 3: a): Carbonation front of GGBS concrete; b): Correlation between carbonation depth 

and 28-day compressive strength. 

3.2. Salt-scaling 

The scaling results are shown in Table 5. The results of the control specimens produced 

with the same mixture proportions from the two series showed good repeatability 

according to the BNQ test method. In general concrete produced with 100% OPC at both 

w/cm = 0.40 and 0.45 performed well after 50 freeze-thaw cycles with mass loss less than 

0.40 kg/m2 regardless of the drying condition to which they had been exposed. Concrete 

containing high levels of SCM showed reduced resistance to salt scaling. Concrete 

containing 50% Class F fly ash from both sources failed the scaling test prematurely with 

mass loss exceeding the ‘typical’ failure criteria (1.0 kg/m2) widely used in North 

America after just 25 cycles for all exposure conditions. The control specimens from both 

series of mixture with 60% GGBS also failed to pass the test (mass loss >1.0 kg/m2) after 

50 cycles.  

The results from Series 1 suggest that the effect of carbonation on the deicing salt-scaling 

resistance of concrete is different based on the binder system. The results are consistent 

with findings in other studies (Stark and Ludwig, 1997; Utgenannt, 2004) that indicate the 
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carbonation improves the resistance of deicing salt scaling of concrete made with 100% 

OPC. The results of concrete from Series 2 (PC40-2 and PC45-2) after extended drying in 

4%-CO2 showed significant improvement in the deicing-salt-scaling resistance of OPC 

concrete with very small cumulative mass loss after 50 freeze-thaw cycles. 
Table 5: Salt-scaling results of all mixtures 

 
Although concrete with 50% Class F fly ash from both sources performed poorly under 

regular drying condition, results from specimens that dried in 4%-CO2 for 14 days 

showed that carbonation decreases the resistance of deicing salt scaling of fly ash 

concrete significantly.  Bier (1998) studied the effect of carbonation on the pore structure 

in paste specimens with and without high volume fly ash using mercury intrusion 

porosimetry technique. The results revealed that carbonation causes significant 

coarsening of the pore structure in paste specimens containing 50% fly ash. The 

explanation from Bier is that, due to low calcium hydroxide content, carbonation of fly 

ash paste results decomposition of C-S-H (Equation 2) much sooner and forms calcium 

carbonate and silica gel, and the later has a coarser pore structure than the original C-S-H 

gel. However, results from test Series 2 showed little difference in the performance of fly 

ash concrete samples stored in 4%-CO2 for 91 days compared with the same concrete 

stored in laboratory air, in spite of the very high carbonation depth (23 mm) measured 

after 91 day at 4%-CO2. In comparison with specimens dried in 4%-CO2 for only 14 days 

the cumulative mass loss of the specimens with extended drying in the same environment 

decreased significantly. The results suggested that the adverse effect of carbonation on 

concrete containing fly ash could be diminished providing the concrete is mature enough. 

Zhang et al (1998) have reported that the transition zone between the fly ash particles and 

the surrounding hydration products is usually very porous at early age. The transition 

zone would significantly densified and the surrounding microstructure becomes more 

unified after extend period of curing. When concrete containing fly ash is exposed to 

deicing salt at early age, the 9% volume increase due to the formation of ice may create 

significant hydraulic pressure which can seriously damage this transition zone and 

therefore leads to crack and scaling.  

The performance of slag-incorporated concrete in the BNQ test is somewhat surprising. 

Carbonation appeared to have a positive effect on the deicing salt scaling resistance of 

slag-incorporated concrete based on the results from Series 1. This result is in conflict 

with findings from literature (Stark and Ludwig, 1997, Utgenannt 2004) which suggested 

carbonation reduces the resistance of deicing-salt scaling of concrete containing high-

volume slag.  There are number of reasons that may cause the discrepancy: different test 

methods, different curing regimes, different sources of materials and different testing 

surfaces. In authors’ opinion, the relatively high reactivity of the slag is the main reason 

Condition # Cycle 
Cumulative mass loss (kg/m2) 

PC45-1 FA(A)-1 FA(B)-1 SG-1 PC45-2 PC40-2 FA(A)-2 SG-2 

Lab-air 

(Control) 

5 0.01 0.11 0.55 0.05 0.01 0.02 0.27 0.11 

15 0.04 0.98 1.59 0.47 0.05 0.12 0.94 0.43 

25 0.14 2.29 2.56 0.76 0.15 0.28 2.09 0.67 

50 0.39 4.71 3.29 1.02 0.37 0.39 4.54 1.21 

4%-CO2     

14 days 

5 0.01 0.19 0.68 0.04         

15 0.06 1.89 2.51 0.11     

25 0.10 3.77 4.59 0.20     

50 0.15 7.12 8.55 0.32         

N2 

5 0.00 0.01   0.11         

15 0.03 0.81 0.23     

25 0.10 1.72 0.72     

50 0.28 4.23   0.82         

4%-CO2     

91 days 

5         0.00 0.00 0.71 0.17 

15     0.01 0.01 1.95 0.41 

25     0.02 0.03 2.87 0.56 

50         0.08 0.05 4.33 1.33 



of the discrepancy regarding the effect of carbonation on slag-incorporated concrete. In 

comparison with concrete (with similar mixture proportions) from other studies (Malhotra 

1983; Utgenannt, 2004) the rapid strength development of the slag concrete in this study 

may be attributed to the higher CaO content of the slag used. As shown in Table 6 

although the fineness of the slag from the two studies is greater, the strength development 

has stronger correlation with the CaO content in the slag composition. The 28-day 

compressive strengths of the slag concretes from both Series in this study are about 95% 

of that of OPC mixture as opposed to 81% in the study (65% slag-replacement at w/cm = 

0.45) from Malhotra (1983). The compressive strength results after 31 days of curing in 

Utgenannt’s (2004) also indicate a slower strength development of slag concrete (65% 

replacement with w/cm = 0.45) which only have 68% of the compressive strength of the 

control OPC mixture. The comparison of three types of slag is tabulated in Table 6. Also 

the increase CaO content would result in increased amount CaCO3 after carbonation 

which limiting the negative impact of carbonation in the slag concrete.  
Table 6: Comparison of slag from different studies 

 
Another possible explanation of this contrasting result may attribute to the CH content in 

the slag concrete. As mentioned earlier, the calcium hydroxide content in concrete plays 

an important role with regard to the effect of carbonation. The calcium oxide content 

(40.1%) of the slag and alkali equivalent Na2Oe (0.68) in OPC used in this study is 

relatively high compared with that of the cementitious materials used in the study by 

Utgenannt (2004) (The calcium oxide content of slag in the study from Utgenannt (2004) 

is 31.2% and the alkali equivalent Na2Oe of OPC is 0.48%). Based on the chemical 

composition, it can be assumed that slag concrete in this study has a relatively high CH 

content. After cured for 14 days, it is possible that a small amount of calcium hydroxide is 

still available in the slag-incorporated concrete due to hydration from OPC. These 

specimens were then stored in 4%-CO2 chamber for 14 days with 9 of those days the R.H. 

stayed above 70%. It’s well known that concrete with high R.H. (>65%) the carbonation 

process will be hindered, as the moisture will act as a barrier preventing the penetration of 

CO2. Under these conditions (small amount of CH and insufficient carbonation), the 

carbonation would results a denser microstructure in the skin of the concrete (see 

Equation 1) instead of a coarser microstructure mentioned by others (Stark and Ludwig, 

1997; Utgenannt, 2004). This would explain the increasing resistance to deicing salt 

scaling of slag-incorporated concrete after exposing to elevated CO2 for 2 weeks. In 

addition the results of slag-incorporated concrete from Series 2 are not conflict with this 

theory. After the CH is completely consumed in the surface layer, as carbonation 

continues, C-S-H would start to decompose and form calcium carbonate and silica gel, 

which would lead to a coarser microstructure in the concrete surface layer. This change in 

microstructure would make the concrete more vulnerable to deicing salt scaling even after 

91 days of drying as indicated in Table 5 (the cumulative mass loss of SG-2 after 91 days 

in 4%-CO2 is greater than that of control specimens). The assumption is currently being 

tested. 

The results of concrete that had been exposed to 14-days N2 are somewhat conflicting. 

Concrete from both PC45-1 and SG-1 that had been exposed to N2 have increased mass 

loss compared with concrete exposed to 4% CO2, which indicates that the carbonation 

increased the resistance to salt scaling for concrete from these two mixtures. However, 

comparing with the results between control and N2-exposure from these two mixtures, 

exposed to N2 (no carbonation) improves, rather than decreases, the scaling resistance of 

Fineness 28 Day f'c

CaO SiO2 Al2O3 Fe2O3 SSA (cm
2
/g) % of PC mixture 

A 40.1 34.1 9.42 0.33 4420 60 95

B 37.8 37.3 8.23 1.28 4656 65 81

C 31.2 32.7 12.8 0.2 5060 65 67*

A: Slag used in this study C: Slag used in Utgenannt's study

B: Slag used in Malhotra's study *: Interpolated result

GGBS
Chemical Composition (%)

%Slag



these two mixtures. This may be due to the ‘high’ relative humidity in the N2 chamber 

during the drying period. Utgenannt (2004) found that during the drying period, concrete 

(with/without GGBS) have a higher salt scaling resistance if the relative humidity of its 

surrounding is 65% in comparison with 50%. As mentioned in section 2.4, the R.H. of the 

N2 chamber remained around 75% for the two weeks of drying period.  

3.3. Abrasion 

The effect of carbonation on the surface strength is determined by abrasion tests and the 

results are presented in Figure 4. The results show that the resistance to abrasion of OPC 

mixtures are not only higher but also less affected by carbonation compared with concrete 

containing SCMs. No clear relationship can be established between carbonation and mass 

loss due to abrasion from the results. The specimens stored in 4%-CO2 environment had 

less mass loss compared to the specimens just dried in lab-air, but had more mass loss 

compared to the specimens stored in N2 chamber (CO2-free). Moreover, based on the 

abrasion and scaling results, conclusions cannot be drawn between the scaling resistance 

and surface strength from the specimens tested.  

 
Figure 4: Abrasion results. 

 

 

4. Conclusions 

The following conclusion have been drawn based on the present study: 

 Carbonation affects the resistance of salt scaling differently depending on the 

binder systems: 

o Carbonation improves the resistance of salt scaling of concrete made with 

100% OPC after 14 and 91 days of exposure in CO2 elevated 

environment. 

o Carbonation reduces the resistance of salt scaling of concrete made with 

50% Class F fly ash after 14 and 91 days of exposure in CO2 elevated 

environment. 

o Carbonation improves the salt scaling resistance of GGBS concrete after 

14 days of exposure in CO2 evaluated environment.  

 No clear relationship can be established between abrasion resistance and salt 

scaling resistance, at least for the concrete mixtures investigated in this study 

 R.H. plays a significant role during the preconditioning period.  
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Abstract 

Sulfoaluminate-type Expansive Agent may increase the risk of DEF (Delayed Ettringite Formation) due to high content 

of ettringite formed during hydration. The effect of fly ash and silica fume on DEF in mortar with Expansive Agent 

treated at different temperature (20, 70, 80 and 90°C) are discussed in this paper. The research is based on 

deformation test and SEI. Results shows that fly ash can reduce the deformation but need a high replacemen level and 

silica fume affects slightly, as they  work in different mechanism. 

 

Originality 

This paper checks the risk of DEF of a certain mixture with UEA at different temperature.Based on SEI this paper 

discusses the effect of fly ash on the ettringite crystal morphology. 

 

Keywords: DEF; expansive agent; mineral admixture; SEI   
 

                                                 
1 Corresponding author: soulworld67@gmail.com, Tel +86-18646538167 

 



 

1. Introduction 

Expansive Agent is commonly used in China’s construction, especially in structures like foundation 

(Yan and Qin, 2001). The expanding effect origin from the agent may lead to shrinkage-compensating 

concrete or expansive concrete due to different proportion. Because the expansive resource of 

sulfoaluminate-type Expansive Agent is ettringite, when it is used in mass concrete, the mixtures may 

be susceptible to DEF (Delayed Ettringite Formation).  

DEF is a kind of internal sulfate attack leading to long term expansion of concrete. There are three 

requirements for DEF (Hime, 1996; Stark and Bollmann, 1999; Collepardi, 2003) as: late sulphate 

release, sufficient water and growing space for ettringite. High curing temperature is not necessary in 

some reported cases but often recognised as one important fact of DEF, as it is a common factor 

leading to late sulphate release. Other main parameters affecting this pathology are: cement 

characteristics, preliminary microcracking and mineral admixtures (Escadeillas, et al., 2007; Leklou, 

et al., 2013). The purpose of wetting-drying cycles in many papers is to introduce microcracking. The 

amount of sulphates and aluminates contained in cement is vital but mixtures with high content of 

ettringite is not discussed often. The use of mineral admixtures can lead to lower deformation in many 

researches, but the detailed mechanism has not been completely elucidated. 

This paper tries to find out the possibility of DEF in the case of concrete with UEA in different 

temperature as 20, 70, 80 and 90°C, and tries to study the way fly ash and silica fume act in the 

process of DEF by SEI.  

2. Experimental 

2.1. Raw Materials 

A 425# normal Portland cement and UEA (United Expansion Agent) were used in this experiment. 

Class I fly ash and silica fume were used. Table 1 sets up the chemical composition of raw materials. 

Sand was from local supplier. Mix proportion is shown in table 2. 

Table 1 Chemical composition of cement, fly ash and silica fume used in this study (wt.%) 

Type SiO2 Al2O3 CaO Fe2O3 MgO SO3 

Cement 22.79 3.75 66.16 4.82 1.16 — 

Fly ash  65.70 20.63 2.93 4.65 2.25 0.28 

UEA 8.10 18.72 32.80 1.92 1.82 33.36 

Table 2 Mix proportion (wt.%) 

Type Water Cement UEA FA SF Sand 

A 11.5 27 3 — — 58.5 

B 11.5 21 3 6 — 58.5 

D 11.5 21 3 4.5 1.5 58.5 

2.2. Experimental Process 

This experiment was with reference to the LCPC method for DEF (Pavoine, et al., 2006; Leklou, et al., 

2013), in which heat treatment and wetting-drying cycles were involved. 4 mortar bars, 25×25×280 

mm, were prepared for each mix proportion, 3 specimens with embedded length measurement studs 

for expansion measurement, and 1 without for SEM. One day after casting, specimens were 

demoulded then put into a stream curing box. Specimens were subjected to heating process shown in 

figure 1: the temperature were kept at 20°C for 1h then increased to 70, 80 or 90°C in three days. This 

high temperature were maintained for 3 days, after which the temperature was decreased to 20°C in 1 

day. In control group, specimens were put in tap water at 20°C for a week. 

After heat treatment the specimens went through two wetting-drying cycles, each cycle consists of 

drying for 7d at 38°C with a relative humidity of 30% and immersion in tap water for 7dat 20°C. Then 

specimens were immersed in tap water at 20°C.During this measuring period the immersion water was 

not changed and the longitudinal expansion of specimens was measured by vertical length comparator 

with accuracy of 0.001 mm. 

Specimens were hammer smashed to get cracked surface for microstructure analysis by SEM at 1 day, 

1, 10, 20, 50 and 100 weeks of measuring period. 
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Figure 1 Sketch map of heat treatment 

3. Results and Discussion 

3.1. Longitudinal expansion  

Figure 2 shows the longitudinal expansion of specimens at different heat treatment temperature. 

Except mortars A, cured at 80°C, the expansion of all the mortars do not exceed 0.04% which is the 

suggested threshold value of DEF in LCPC method. But still, some of these values are higher than 

researches on mixtures who are definitely not susceptible to DEF (<0.02%) (Adamopoulou, et al., 

2011; Bouzabata, et al., 2012; Pavoine, et al., 2012).  
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Figure 2 Longitudinal expansion of specimens at different early-age curing temperature 

Mortars cured at 20°C highly possible did not meet the problem of DEF in this case, cause no mortars 

suffered freeze-thaw, chlorine salt attack or other special conditions (Ekolu, et al., 2006). The 

expantion of mortars cured at 20°C may due to the lack of ettringite hydration water and then during 



 

immersion water absorbed triggered a further expansion. Still, in this study, the final expantion of 

mortar cured at 20°C is small (less than 0.02%).  

Even within mortars cured at 20°C, there is a clear difference between mortar A and mortar B/D. 

Mortars with fly ash and silica fume shows less expantion than those without. The difference between 

mortar B and mortar D is non-significant. That means fly ash mey work significatly on the process of 

the ettringite formation. 

It should be noted that there is a little peak before 20 weeks in every curve. This could be a united 

behavior, mear data fluctuation or measurement error.  

The curve in figure 3 b) is close to a) as 70°C is about the decomposition temperature of ettringite 

(Lawrence, 1995). During the heat treatment, ettringite may not or just partially decompose. But the 

differences between mortar B and mortar D become more obvious. This may due to higher activity of 

fly ash at 70°C. 

Results obtained from mortars cured at 80°C and 90°C shows greater differences. At that temperature, 

the ettringite is recognised decomposed. Data shows that fly ash is the mean factor which reduce the 

expansion. In this study, silica fume may work slightly, because it does not join the process of 

ettringite formation and the low replacement level. But as silica fume can improve the compactness of 

concrete, so it may delay the expansion (Ramlochan, et al., 2003). When the amount of fly ash added 

in mortars decrease from 20% of cement to 15%, the expansion raises a lot but still less than mortar 

without fly ash in this study, that means if wanted to control the expansion effectively, higher 

replacement level is needed. 

Higher temperature is expected to result in severer DEF, but in this study expansion of mortar cured at 

80°C is higher than at 90°C at 50 weeks. But expansion of mortars cured at 90°C kept growing after 

50 weeks. Increasing temperature leads to more absorption of SO4
-2 by C-S-H (FU, et al., 1995; Divet 

and Randriambololona, 1998) can be the explanation of this. Slower release rate of SO4
-2 delayed the 

expansion of mortars cured at 90°C, and faster release rate results in higher expansion of mortars 

cured at 80°C at 50 weeks. 

After all, even most of the mortars cured at 20, 70, 80 and 90 °C did not meet the problem of DEF 

referred to LCPC recommendation, temperature and fly ash affect the behaviour of ettringite 

formation dramatically. Longer monitor for mortars cured at 80 and 90°C is needed, as they shows a 

higher expansion and higher possibility for long term expansion. 

3.2.2 Microstructural investigations 

The influence of silica fume could not be clearly seen in this study from expansion data or SEI, but 

samples with or without fly ash behaves differently. Differ from other papers (Ramlochan, et al., 2004; 

Talero, 2011) who also focus on the microstructural investigations this study shows a more general 

and clearer result.  

In samples without fly ash, ettringite prefers to grow in cluster (figure 3 a)). Ettringite crystals grow 

separately on the surface of air voids or from pre-formed structures, shown in figure 3 b). These 

structures may be Al-rich or microcrystal of ettringite (Tosun and Baradan, 2010). In figure 3 a) and c) 

the ettringite is well crystallised, thick and with sharp edges and some time with hallow top (figure 3 

d)) which occurs more after 50 weeks. Ettringite crystals first grow in separate points. When the 

clusters grow bigger they join together the complete cover the pore surface. After a period of time, in 

small air voids or at longer age, clusters becomes dense and forms a shell around the pore or fully 

saturates the pore (figure 3 e), f)). The amount of pores which are fully filled is irregular but those 

pores occur more in mortars cured at 80 °C and 90 °C. Only in very rare circumstance a single cluster 

can grow into super big one and occupy the majority of a pore.  

At the same curing age but different cuing temperature, the length of crystals keeps in the same level 

somehow. Between 50 and 100 weeks, crystals grow slightly in length but more in quantity. Within 

100 weeks most of the crystals are shorter than 15μm. As the length of crystals is limited, a signal 

cluster would not be larger than 30μm and pores larger than 50μm cannot be fully filled in this study at 

100 weeks. The crack on the shell and ball means they are composed of several clusters.  



 

  
  

  

  

  
Figure 3 Cracked surface view of mortars without fly ash. 

In samples with fly ash, ettringite grows much more in length, typical crystals are shown in figure 4. 

Acicular ettringite is uniformly separated on the surface of the pore (figure 4 a), b)). The surface of 

crystal is smooth and the top is sharp (figure 4 c)). No clear pre-formed structure is found inside the 

pore, ettringite seems to grow directly under the surface then into the pore (figure 4 d)). In one cluster, 

the length of crystals are variable and contains less crystals than samples without fly ash. Only one or 

few could grow very long, and these crystals can be extremely long to about 200μm. Crystals are well 

orientated, and almost no ettringite grow paralleled to the pore surface. Since the crystal keeps grown 

in length, the interspace between crystals cannot be occupied. So in these samples, few saturated pores 

are found. 
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Figure 4 Cracked surface view of mortars with fly ash. 

The above clearly shows that fly ash can change the mechanism of ettringite crystallisation. As have 

been discussed by many papers (Flatt and Scherer, 2008; Talero, 2010), fly ash can reduce the 

ettringite-related expansion. The differences in ettringite morphology may be due to different ion 

content of pore solution. Ettringite seems to grow faster in mixtures with fly ash, yet not well 

crystallised. Though crystals grows inside pores should not be interpreted as the cause of the 

expansion, or just partially responsible after the pore are fulfilled, the differences in crystal 

morphology can reflect how ettringite grow inside the matrix, thus reduce decreases the expansion in 

this test. But the inner mechanism and how the reaction is changed needs further study.  

4. Conclusions 
1. UEA added in concrete does not necessarily lead to DEF. But at high early-age curing temperature 

like 80°C or 90°C, the final expansion is still notable. In this study, mixtures cured at 80°C expanse 

more than mixtures cured at 90°C, but the latter one shows potential to expand even at 100 weeks. 

2. The use of fly ash can reduce the expansion caused by delayed ettringite formation dramatically, but 

to get the ideal effect may need a high level replacement. The effect of silica fume is not obvious in 

this study. 

3. The use of fly ash can change the ettringite crystal morphology from short with sharp edges to long 

and with smooth surface.  
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Abstract 

The main objective of this study was to evaluate the effects of different types of deicers (CaCl2, MgCl2 

and NaCl) on pavement concrete containing coarse slag aggregate and exposed to freezing-thawing 

(FT) and wetting-drying (WD) conditions. The study involved evaluation of concretes with two types of 

binders: plain concrete (prepared using ASTM C 150 Type I portland cement (PC)) and concrete with 

binary binder system (Type I PC and Class C Fly Ash (FA) at 20% weight replacement). The effects of 

different deicers on the concrete were assessed by conducting experimental tests on concrete 

specimens both during and after the exposure period (347 FT and 286 WD cycles). The mechanical 

properties of hardened concretes were assessed by measuring their compressive strength. The 

durability of concrete was assessed by monitoring changes in the dynamic modulus of elasticity 

(DME). The physical appearance of test specimens was evaluated periodically to document the effects 

of deicers and exposure conditions on the concrete. At the end of exposure period, the average depth 

of chloride penetration was determined from the cross section of specimen sprayed with silver nitrate. 

The SEM samples were extracted from the corner of the test beams at the end of exposure period. The 

test results indicated that at concentration level of 5.5 molal of total ions (i.e. sum of anions and 

cations), the CaCl2 deicer was the most aggressive one with respect to degree of deterioration of 

concrete specimens exposed to FT cycles. Next, in the order of severity, were MgCl2 and NaCl deicers. 

As indicated by the average depth of penetration, the intrusion of NaCl was the highest while the 

penetration of MgCl2 was the lowest. This reduced depth of penetration of MgCl2 was due to the 

formation of dense layer of brucite (Mg(OH)2) on the surfaces of the test specimens. Irrespective of the 

exposure conditions (FT and WD), the use of Class C fly ash enhanced concrete’s strength (especially 

after 28 days) and improved its durability. The SEM analysis of concrete’s microstructure indicated 

the formation of magnesium silica hydrate (M-S-H) in plain concrete specimens exposed to MgCl2 but 

not in fly ash concrete specimens. The formation of brucite was observed in specimens exposed to 

MgCl2 under both FT and WD conditions. The study did not uncover chemical interactions of ACBFS 

aggregates with the deicers. 

 

Originality 

The originality of the present work comes from the fact that it systematically evaluates the effect of 

deicers on the pavement concrete containing ACBFS as coarse aggregate and thus provides 

information that will aid in decisions regarding application of this by-product material in concrete 

pavements.  In addition, the study was performed using realistic cycles of WD and FT, thus making the 

results useful to anyone concerned with the durability of concrete pavements containing ACBFS. 

 

Keywords: Air-cooled blast furnace slag (ACBFS), chloride-based deicers, concrete pavement, 

durability, dynamic modulus of elasticity (DME), scanning electron microscopy (SEM). 
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1. Introduction 

More than 70 percent of the roadways in the United States is affected by winter weather each year 

(Sumsion & Guthrie, 2013). In order to maintain the serviceability of the pavements during the winter 

season, applying deicing chemicals (a.k.a deicers) on the surface of the pavement is one of the most 

commonly used methods to prevent the formation of ice layers and to melt the snow. 

 

The focus of the research presented in this paper was to evaluate the effects of three types of chloride-

based deicers (NaCl, MgCl2 and CaCl2) on pavement concrete containing air-cooled blast furnace slag 

(ACBFS) as coarse aggregate. In addition to the deicers exposure, the concrete specimens were 

exposed to freezing-thawing (FT) and wetting-drying (WD) conditions. Two different concrete 

mixtures were produced and tested in the course of this study: the plain concrete mixture (with 100% 

portland cement as the binder) and the fly ash concrete mixture that contained 20% of the Class C fly 

ash as a weight replacement for portland cement (the weight ratio of cement to fly ash of 4:1).  Both 

types of concrete mixtures were designed in accordance with Indiana Department of Transportation 

(INDOT) standards and specifications for pavement concrete (INDOT, 2010). 

 

2. Experimental 

2.1. Materials and Mixture Proportions  

Type I portland cement (PC) and Class C fly ash (FA) meeting the requirement of, respectively, 

ASTM C 150 (ASTM, 2011) and ASTM C 618 (ASTM, 2008) were used as binders in the mixtures. 

The aggregates used were #23 sand (Dmax 3/8 in. (9.5 mm)) and #8 air-cooled blast furnace slag 

(ACBFS) coarse aggregates (Dmax = 1 inch (25 mm)). All aggregates met the requirements for 

pavement concrete application specified by Indiana Department of Transportation (INDOT)  (INDOT, 

2010). The concrete mixtures produced in this study were specifically designed to meet the 

requirements of Section 501 (QC/QA) of INDOT’s standard specification (INDOT, 2010) which are as 

follows: 

- minimum amount of cement 400 lb/yd3 (237 kg/m3) 

- maximum water to cementitious ratio (w/cm) 0.45, 

- minimum  portland cement/fly ash ratio 3.2 by weight (mass), 

- target air content 6.5% (individual sample limit 5.3%-9.8%), 

- minimum flexural strength at 7 days 570 psi (4000 kPa), 

- slump in a range from 1.25 to 3.00 inches (32-76 mm) – slip-formed concrete 

 

To achieve the target values of fresh properties (air-content and slump), commercial air entraining 

agent (Microair) and water reducer (Glenium 3030 NS) were added to the mixtures.  The amounts of 

admixtures added varied from mixture to mixture but they were always within the range specified by 

the manufacturers. 

 

The specific proportions of concrete mixtures used in this study are given in Table 1. 

 

2.2. Experimental Program 

The gradation, absorption and specific gravity of the aggregates were determined for batching and 

quality assurance purposes. The concrete was mixed in pan mixer with a nominal capacity of 3 cu ft. 

(85 L) following the AASHTO R 39 specification for making and curing concrete specimens in the 

laboratory (AASHTO, 2012a). The same specification was followed to prepare the test specimens 

which included 3×3×11 in. (76×76×275 mm) prisms; 6×6×21 in. (152×152×533 mm) beams and 4×8 

in. (100×200 mm) cylinders. After casting, all specimens were covered with plastic and cured in the 

molds for 24 hrs. at room temperature.  They were then demolded and placed in the moist room 

(temperature 23°C, 100% RH) where they remained until the test time.  

 

The fresh concrete properties measured included slump, air content and unit weight. The values of 

flexural strength were determined to check the compliance with INDOT’s requirements for pavement 



 

concrete. In addition, the compressive strength of specimens was also determined after 28 days of 

standard moist curing. 

 

 

Table 1 Concrete mixture proportions 

 
 

Three types of chloride-based deicers (NaCl, MgCl2 and CaCl2) were used as soak solutions during the 

FT and WD exposure tests.  The total number of ions for deicer solutions was kept constant by 

selecting two levels of molality.  These were: 5. 5 molal ion concentration for the solutions used in the 

FT test and 10.5 molal ion concentration for solutions used in the WD test. One cycle of FT consisted 

of 11 hours of freezing at -180C, 11 hours of thawing at 230C and an hour of ramping period (time to 

raise the temperature from -180C to 230C or to lower it from 23°C to -18°C).   

 

For the WD exposure, the specimens were submerged in the deicer solutions in plastic containers 

placed in 40C chamber for 15±1 hours. At the end of this soaking period, the specimens were removed 

from the solution and transferred to an environmental chamber maintained 230C and 50% RH. The 

specimens were dried in the chamber for a period of 9±1 hours.  The effect of the exposure conditions 

on the durability of concrete was assessed during both, the FT and WD cycles, by conducting periodic 

measurements of the dynamic modulus of elasticity (DME).   

 

The depth of chloride ion penetration into the specimens was determined after the completion of either 

347 of FT cycles or 286 WD cycles. This was accomplished by cutting the specimen in the transverse 

direction and spraying the resulting cross-section with the 0.1 mol/L solution of silver nitrate. The 

chemical reaction between chloride ions and the AgNO3 resulted in a color change of the area 

penetrated by chlorides. The microstructural effects of deicers on the concrete matrix were assessed 

through the SEM analysis of the specimens extracted from the corner of the beam specimen after the 

completion of the deicer exposure tests. 

 

3. Results and Discussion 

3.1. Aggregate Gradation, Specific Gravity and Absorption 

The gradations of aggregate used in this study and the corresponding INDOT’s gradation limits are 

presented in Figure 1. The sieve analysis test was conducted following the procedure described in 

AASHTO T 27 (AASHTO, 2011c). 
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Figure 1Gradation curves of aggregates. 

 

Figure 1 indicates that the particle size distributions for both coarse and fine aggregates used in this 

study satisfied INDOT’s requirement for aggregate gradation used in pavement concrete (INDOT, 

2010). The specific gravity (SSD) and absorption of the sand used in this study were determined by 

conducting the test in accordance with AASTHO T 84 (AASHTO, 2011d).  The producer (Edw. C. 

Levy Co) provided the values of absorption and specific gravity for the ACBFS coarse aggregate. The 

summary of aggregates absorption and specific gravity values is provided in Table 2.  Although the 

absorption value of ACBFS (3.4%) was found to be relatively higher to that of natural coarse 

aggregate (normally less than 2% (Verian et al. 2013)), it’s still below the maximum  allowable 

absorption limit (5%) required by INDOT. 

 
Table 2. Specific gravity and the absorption of the aggregates 

 
 

3.2. Slump, air content and unit weight 

The workability of the concrete was determined through the slump test in accordance with AASHTO T 

119 (AASHTO, 2011a).From the results presented in Figure 2 (a), the workability of the two concrete 

mixtures satisfied INDOT’s requirement for the slump (32-76 mm) for pavement concrete. The use of 

fly ash resulted in improved workability, as indicated by considerably higher (~44%) average slump 

values for mixture containing fly ash (M2) compared to the slump of the plain concrete mixture (M1).  

It should be noted that both mixtures had the same water-to-cementitious material ratio and both 

contained the same amount of the water reducer.  This is not surprising as the use of fly ash with clean, 

round particles often improves workability through the “ball-bearing effect” which results in more 

water being available for lubrication purposes (Erdoğdu, Arslantürk, & Kurbetci, 2011). 

 

The air contents and the unit weights of fresh concretes were determined following the procedure 

described in AASHTO T 196 (AASHTO, 2012b).  The average values of the air content and their 

corresponding unit weight are presented in Figure 2(b). The air content of both mixtures satisfied the 

requirements specified by INDOT for pavement concrete (target air content of 6.5% with the allowable 

range from 5.3% to 9.8%). Both concrete mixtures had comparable unit weight (2179 and 2172 kg/m3) 

which was about 150 kg/m3 lower than the typical unit weight of the pavement concrete with natural 

aggregate (2325-2330 kg/m3 (Verian, 2012)).  This is a direct consequence of the fact that the specific 
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gravity of ACBFS is lower than that of natural aggregate. 

 

 
Figure 2 Fresh concrete properties: (a) slump, (b) air content and unit weight. 

 

3.2. Compressive strength and flexural strength  

The compressive strength of each concrete was determined by averaging the compressive strength of 

three 4×8 inches (100×200 mm) cylinders. The test was conducted on 28 days old cylinders following 

the test procedure of AASHTO T 22 (AASHTO, 2011b).  The flexural strength test was conducted on 

6×6×21 inches (152×152×533 mm) following the procedure described in AASHTO T 97 (AASHTO, 

2011e). The reported value of the flexural strength represents an average of two measurements that did 

not differ by more than 7%.  The test results of the compressive and flexural strengths of concretes 

produced and tested in this study are presented in Figure 3. 

 
Figure 3Compressive and flexural strengths of two different concrete mixtures. 

 

Both plain (M1) and fly ash (M2) concrete mixtures with ACBFS as coarse aggregate met INDOT’s 

minimum requirement for 7-day flexural strength (570 psi (3.9 MPa)) for concrete pavement. At 7 

days, the flexural strength of plain concrete was~15% higher than that of fly ash concrete.  However, 

with the progress of the pozzolanic reaction the difference in the 56-day flexural strength was only 

~4%.  This indicates delayed contribution of the fly ash to the development of flexural strength. 

Similar phenomenon was also observed in the case of the 28-day compressive strength.  In this case, 

the compressive strength of fly ash concrete (M2) was ~3%higher than the compressive strength of the 

plain (M1) mixture.  
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3.2. Dynamic Modulus of Elasticity (DME) 

The dynamic modulus of elasticity (DME) was determined in accordance with ASTM E 1876 (ASTM 

2012). The measurements were taken periodically during the FT and WD exposure of the prismatic 

specimens (75×75×275 mm) to the deicer solutions. Figure 4 shows the results of the DME 

measurements for up to 350 cycles of  FT and 286 cycles of WD exposure. 

 

 
Notes:  1DST – distilled water, 2The control specimens were continuously cured in the moist room  

 

Figure 4 Changes in the dynamic modulus of elasticity (DME) of concretes exposed to different type of deicers 

while undergoing freezing-thawing (FT) and wetting-drying (WD) cycles. 

 

The results indicate that concrete specimens exposed to CaCl2 under FT condition (Figures 4(a), 4(b) 

and 4(c)) developed the lowest value of the DME. In case of the plain mixture (M1), the specimens 

exposed to CaCl2+FT failed after 111 FT cycles. However, after 347 FT cycles the value of the DME 

of specimens prepared from the fly ash concrete (M2) was only ~7% lower than their initial value, 

which was measured prior to the exposure. Many researchers have related concrete’s deterioration 

under CaCl2 exposure to the formation of calcium oxychloride (Chatterji1978; Peterson et al. 2013; 

Shi2001; Sutter et al. 2006) which is expected to occur faster at temperature just above freezing 

(Peterson et al. 2013; Sumsion & Guthrie 2013). The fact that, in the case of the plain concrete, only 

specimens exposed to CaCl2+FT failed (but not the specimens exposed to CaCl2+WD) indicates that 

FT exposure has more damaging effect on durability than the WD exposure.  This is despite the fact 

that FT exposure tests were conducted using lower (5.5 molal) concentration of deicers than the 

concentration used during the WD tests (10.5 molal). 

 

Among the three types of deicers used in this study, CaCl2 and MgCl2 have showed some degree of 

deteriorations in the form of cracks in the plain concrete (M1) specimens. However, fly ash concrete 

specimens (M2) specimens exposed to the same conditions remained practically intact. As indicated 

by the DME measurements, both M1 and M2 specimens exposed to NaCl exhibited no sign of 

deteriorations. These findings indicate that CaCl2 is the most aggressive deicer (with respect to the 

effects on the durability of concrete), followed by MgCl2. However, CaCl2 and MgCl2 are more 

effective in melting ice and snow than NaCl when the temperature is below -200C (Federal Highway 

Administration, 1996). 
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3.3. Physical changes 

The physical effects of the exposure conditions (deicers+FT and deicers+WD) on concrete were 

assessed by periodically documenting the external appearance of specimen’s surfaces.  The results of 

these documentation efforts for specimens soaked in different deicers while exposed to FT and WD 

cycles are presented in Figures 5 - 8. 

 

 

 
 

Figure 5. The appearance of plain concrete (M1) specimens with ACBFS as coarse aggregate after various 

number of freezing-thawing (FT) cycles while exposed to: (a) CaCl2, (b) MgCl2, (c) NaCl and (d) distilled water 

(DST). 

 

 
 

Figure 6. The appearance of plain concrete (M1) specimens with ACBFS as coarse aggregate after various 

number of wetting-drying (WD) cycles while exposed to: (a) CaCl2, (b) MgCl2, (c) NaCl and (d) distilled water 

(DST). 

 

Figure 5 (a) clearly shows the deterioration (in forms of cracks and significant scaling at the corners 

and along the edges of the specimen)which developed in plain concrete with ACBFS aggregate 

exposed to CaCl2for up to 102 FT cycles. As mentioned previously, this specimen failed after being 



 

exposed through 111 FT cycles. Similarly, as it is shown in Figure 6(a), significant deterioration was 

also found in plain concrete (M1) specimens exposed to CaCl2 under wetting-drying (WD) conditions. 

At the same time, the M1 specimens exposed to MgCl2 and WD cycles (Figure 6(b)) show only minor 

deterioration (in the form of small erosions of the corners after 281 cycles). In addition, there were no 

visible signs of cracking on any of the M1 specimens exposed to WD cycles. 

 

 
 

Figure 7. The appearance of fly ash concrete (M2) specimens with ACBFS as coarse aggregate after various 

number of freezing-thawing (FT) cycles while exposed to: (a) CaCl2, (b) MgCl2, (c) NaCl and (d) distilled water 

(DST). 

 

 

 
 

Figure 8. The appearance of fly ash concrete (M2) specimens with ACBFS as coarse aggregate after various 

number of wetting-drying (WD) cycles while exposed to: (a) CaCl2, (b) MgCl2, (c) NaCl and (d) distilled water 

(DST). 

 

The positive influence of fly ash with respect to protecting concrete against the damaging effect of 

deicers and FT or WD exposures is clearly visible in Figures 7 – 8 as manifested by the lack of any 

signs of deterioration on the surfaces of the specimens. 



 

 

3.4. Chloride penetration depth 

The summary of the chloride penetration depth measurements obtained from plain (M1) and fly ash 

(M2) concretes after exposure to deicers and either FT or WD cycles is presented in Figure 9 (a). Each 

value represents the average of several penetration depth measurements as indicated by red arrows as 

shown in Figure 9(b).  

 

 
(a)                                                                         (b) 

Figure 9. (a)Chloride penetration depth for concretes exposed to different deicers, (b) one of the cross sections of 

the beam exposed to MgCl2 347 FT cycles after it was sprayed with silver nitrate solution. 

 

A statistical analysis with a three-factor factorial design with 95% confidence level (α = 0.05) was 

used to analyze the results of chloride penetration depth. The analysis was conducted using statistical 

software, SAS version 9.4. Based on this analysis, the chloride penetration depth in plain specimens 

(M1) exposed to CaCl2 is significantly higher than the chloride penetration depth in concrete 

containing fly ash (M2) under similar exposure condition.  However, the differences in the results of 

chloride depth penetration between the plain and fly ash concretes are not statistically significant for 

the specimens exposed to other deicers (i.e. MgCl2 and NaCl). In terms of the type of deicer, the 

chloride penetration due to MgCl2 exposure was found to be statistically lower than that measured 

from specimens exposed to CaCl2 and NaCl. The depths of chloride ingresses in the specimens 

exposed to CaCl2 and NaCl were found to be comparable (at α = 0.05). In terms of the influence of 

temperature, the FT exposure was not found to be statistically different from the WD exposure.  

 

3.5. Scanning electron microscopy 

The chemical effects of chloride-based deicers with respect to causing the deterioration of the 

microstructure of hardened concrete involve reactions reaction of deicers with various components of 

the hydrated matrix (calcium hydroxide (CH) and calcium silicate hydrate (C-S-H)). The leaching of 

calcium hydroxide leads to the increase in concrete porosity, which reduces the strength and allows 

harmful chemicals to penetrate deeper into the concrete (Chatterji, 1978; Ftikos, C., Parissakis, 1985).  

The chemical reactions associated with the dissolution of CH due to the reactions with chloride based 

deicers are expressed in Equation 1 – 3 (Chatterji, 1978; Ftikos and Parissakis, 1985; Verian et al. 

2015; Peterson et al., 2013; Shi, 2001; Sumsion & Guthrie, 2013; Sutter et al., 2006). The calcium 

oxychloride, formed according to the reaction shown in equation 2, was found to be unstable as it 

yielded partially hydrated CaCl2.Ca(OH)2.2H2O phase with small amount of portlandite and calcite 

under heating and drying condition (Peterson et al., 2013).  The formation of this phase is also 

facilitated by CaCl2 produced as a byproduct of the decalcification of C-S-H to M-S-H by the 

magnesium ions (Equation 4) (Sumsion & Guthrie, 2013).  The conversion of C-S-H to M-S-H can 

result in debonding of aggregates from concrete matrix. Excessive amounts of brucite and Friedel’s 
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salt (the formations of which follow Equations 4 and 5, respectively) forming in the matrix can induce 

internal forces which will lead to the deterioration of the concrete.  

 

2NaCl + Ca(OH)2 2NaOH + CaCl2 Equation 1 

CaCl2 + 3Ca(OH)2 + 12H2O  3CaO*CaCl2*15H2O Equation 2 

  

MgCl2 + Ca(OH)2 Mg(OH)2 + CaCl2 Equation 3 

  

3CaO.2SiO2.3H2O +3MgCl23CaCl2 +3MgO.2SiO2.3H2O Equation 4 

  

 CaCl2 + C3A  Ca3A*CaCl2*10H2O  Equation 5 

  

 

The SEM investigation of a small (0.6×0.6×0.6 in. (15×15×15 mm)) specimens removed from the 

near-surface regions of the concrete prisms after the completion of either the FT or WD exposure 

revealed the presence of Friedel’s salt and calcium chloride deposits in all samples (Figure 10). In 

addition, Figure 11 presents deposits of brucite and M-S-H phase in the matrix of specimens exposed 

to MgCl2. The frequency of finding the aforementioned phases was far lower in concrete specimens 

with fly ash (M2) as compared to the plain concretes. This is attributed to the reduced amount of 

calcium hydroxide if fly ash concrete matrix and its overall lower permeability.  

 

  
(a) (b) 

Figure 10. (a) Chloride deposits in C-S-H of M1 specimens exposed to CaCl2+WD, (b) Deposit of Friedel’s salt 

in M1 specimens exposed to NaCl+FT. 
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(a) (b) 

Figure 11.(a) Deposit of brucite in M1 specimen exposed to MgCl2+FT, (b) deposit of M-S-H in M1 specimen 

after MgCl2+FT exposures. 

 

4. Summary and Conclusions 

Concrete specimens containing either plain Type I portland cement or a blend of portland cement and 

Class C fly ash (20% weight replacement) and air-cooled blast furnace slag (ACBFS) as a coarse 

aggregate were manufactured from mixtures designed to meet the Indiana Department of 

Transportation (INDOT) specifications for pavement usage.  These specimens were exposed to cycles 

of wetting and drying (WD) and freezing and thawing (FT) in three different types of deicers (NaCl, 

CaCl2 and MgCl2) and in distilled water for a period up to one year. The effects of deicers and the 

exposure conditions were evaluated by monitoring the changes in the dynamic modulus of elasticity, 

changes in the physical appearance of the specimens and changes in the microstructure of concrete. 

 

The test data, observations and analyses resulting from this study lead to the following conclusions: 

1. Although it improves concrete’s workability, fly ash does delay the strength development of 

hardened concrete at early age (<28 days). However, because of pozzolanic reaction, strength 

improvements are observed at later ages.  

2. Fly ash significantly improves resistance of concretes exposed to freezing and thawing as well 

as wetting and drying cycles and different deicers. This is especially evident in case of 

concretes exposed to calcium chloride and magnesium chloride deicing solutions.  When 

compared to plain concrete specimens, the fly ash concrete specimens had essentially 

negligible physical damage and did not show any decrease in the values of dynamic modulus 

of elasticity with the exception of small decline for specimens exposed to CaCl2 and MgCl2. 

3. Freezing-thawing exposure conditions have been found to be more severe with respect to the 

durability of concrete than the wetting-drying (WD) conditions used in this study. 

4. Among the type of deicers used in the study, calcium chloride has the most detrimental effect 

on concrete containing air-cooled blast furnace slag (ACBFS) as coarse aggregate. This was 

then followed by magnesium chloride.  

5. The formation of brucite in the area near concrete surfaces exposed to magnesium chloride 

creates denser layers of concrete matrix, which slows down the penetration of the deicer into 

the concrete.  

6. The chemical mechanisms responsible for deterioration of concrete in the presence of 

chloride-based deicers involve the formation of complex salt (eq. Friedel’s salt) and the 

reaction with hydration product (consumption of CH and decalcification of C-S-H) which 

increases concrete’s porosity, and results in losses to the bonding capacity of the matrix (i.e. 

formation of M-S-H). 
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Abstract 

In this study, the electrochemical injection (ECI) process of imidazoline quaternary ammonium salt (IQS) corrosion 

inhibitor into chloride-contaminated reinforced concrete and its influence on the material properties of concrete were 

investigated. The ECI treatments were conducted with an applied current density in the range of 1 - 5 A/m2 for periods 

of 7 - 28 d. Control experiments, in which the electrochemical chloride extraction (ECE) were also conducted for the 

similar experimental conditions with ECI, but in the absence of corrosion inhibitor. Before and after the ECI treatment, 

the concentration profiles of the IQS corrosion inhibitor, Cl-, Na+ and K+ in concrete were determined by X-ray 

photoelectron spectroscopy (XPS); the alterations of chemical composition, amount and morphology of the hydration 

products in concrete were assessed by X-ray diffraction (XRD), scanning electron microscope (SEM) and differential 

scanning calorimeter-thermogravimetric analysis (DSC-TG). The microstructure of the mortar derived from the 

concrete was evaluated by mercury intrusion porosimetry (MIP).  

The XPS results indicate: (I) the migration of IQS corrosion inhibitor was significantly accelerated by the 

electrochemical injection treatment, and larger current densities lead to bigger driving forces, resulting in a faster 

migration rate of the IQS in concrete; (II) the corrosion inhibitor was concentrated nearby the embedded reinforcement. 

The XRD, SEM and DSC-TG results revealed the hydration products presented insignificantly differences between the 

ECE the ECI treatments. The MIP results suggested, after the ECI treatment, the total porosity of concrete significantly 

reduced, but the most probable pore size increased, comparing to the ECE treatment. 

 

Originality 

In this study, the imidazoline quaternary ammonium salt (IQS) was synthesized and used as corrosion inhibitor in 

reinforced concrete. Considering the positively charged IQS molecules (specifically quaternary ammonium, e.g., R4N+), 

in order to accelerate its migration rate in concrete, an electrochemical injection (ECI) method was employed in this 

study. This method involves the application of controlled current densities between the external anode immersed in the 

IQS corrosion inhibitor solutions which is close to the concrete surface with controlled current densities and the steel 

bars embedded in concrete (acting as the cathodes). The efficient migration of IQS corrosion inhibitor by the applied 

current is very important for ECI treatment. Therefore, the objective of this study is to investigate the kinetics of ionic 

migration in concrete and alterations of the microstructure and material properties during the ECI treatment. 

 

Keywords: Electrochemical injection; Imidazoline quaternary ammonium salt; Chloride-containing reinforced concrete; 

Migration kinetics; Microstructure 
 



 

1. Introduction 

Corrosion of the reinforcing steel is one of the main causes of premature deterioration of reinforced 

concrete structures exposed to the chloride contaminated environment (M. Şahmaran et al., 2007). The 

accumulation of corrosion products (with a larger volume compared to the reinforcing steel (D. 

Breysse et al., 2010)) on the steel surface causes concrete cracking and steel diameter reduction, 

eventually leading to the loss of safety and a great economic loss for industry (P.B. Bamforth et al., 

2004). In order to protect or prevent the steel rebar from corrosion, many techniques and methods 

were developed, e.g., coatings (A.A. Almusallam, W. Morris et al., 2003, 2000), sealing (A. 

Sivasankar et al., 2011) and membranes (Q. Zhou et al., 2009) for reinforcement and concrete surface, 

electrochemical techniques (including cathodic protection (J. Aljourani et al., 2009), electrochemical 

realkalization (W. Yei et al., 2005), electrochemical chloride extraction (ECE) (G. Fajardo et al., 

2006)) and corrosion inhibitors (N. Etteyeb, P. Mehta et al., 2007, 1991). Among them, corrosion 

inhibitors are considered as one of the most practical methods for the corrosion control of reinforced 

concrete, due to the easy operation and low cost (L. Fedrizzi et al., 2005). 

In recent years, in order to improve the immigration ability of corrosion inhibitors, the electro-

migrating corrosion inhibitors were widely investigated because they can efficiently migrate in the 

concrete matrix via electro-migration, capillary suction and diffusion and reach the steel surface (J. 

Kubo et al., 2013). The electro-migrating corrosion inhibitors can be added as admixtures in concrete 

matrix or directly applied on the concrete surface, providing an effective and reliable protection for the 

embedded reinforcing steel, either for new concrete construction or for the rehabilitation of 

deteriorated concrete. The available electro-migrating corrosion inhibitors now normally contain an 

amine, aminoalcohol and a component forming a salt with the aminoalcohol. Elsener (B. Elsener et al., 

2000) revealed that although the corrosion inhibitor based on hydroxyalkylamine molecule presented a 

high mobility in cement paste, no reduction of the corrosion rate was achieved after applying it in 

reinforced mortar suffered from the chloride-induced pitting corrosion. Morris and Vázquez (W. 

Morris et al., 2002) suggested that the migrating corrosion inhibitors based on alkylaminoalcohol were 

not effective when the chloride content in concrete was higher than 0.43 wt. %; and the migration rate 

in concrete structures was also considered to be too slow for the practical application. Sawada et al. (S. 

Sawada et al., 2005) also reported that the electro-migration rate of both ethanolamine and guanidine 

were slower in the non-carbonated concrete than carbonated concrete. Therefore, it is very important 

to develop a tailored electro-migration corrosion inhibitor which can both quickly migrate into 

concrete matrix and efficiently provide an excellent corrosion inhibition effect for the reinforcement. 

The imidazoline quaternary ammonium salt (IQS) was reported as an effective organic corrosion 

inhibitor which was intensively applied in petroleum industry (T. Gu et al., 2013). The IQS is able to 

establish coordinative interactions between unshared electron pairs in the molecule with steel surface, 

therefore, it is also assumed to be a promising corrosion inhibitor which can be applied for the 

corrosion control for reinforced concrete. In our previous study (F.-l. Fei et al., 2014), a tailored 

cationic type of imidazoline quaternary ammonium salt was synthesized (its molecular structure is 

depicted in Fig. 1) and its influence on the corrosion performance of the reinforcement in the 

simulated concrete pore solutions was investigated. The results indicate that it exhibited a superior 

corrosion inhibition effect for the reinforcing steel in the simulated concrete pore solution containing 

3.5 wt. % NaCl. Considering the positively charged IQS molecules (specifically quaternary 

ammonium, e.g., R4N+), it can used as a potential electro-migrating corrosion inhibitor for reinforced 

concrete. In this paper, an electrochemical injection (ECI) method for IQS corrosion inhibitor was 

employed to accelerate its migration rate in concrete. This method involves the application of IQS 

corrosion inhibitor solutions onto the concrete surface with controlled current densities applied 

between the external anodes immersed in the inhibitor solutions and the embedded steel bars acting as 

cathodes in concrete (see Fig. 2 (J. Kubo et al., 2013)).  



 

 
Figure 1 The molecular structure of IQS 

Concrete

IQS + saturated Ca(OH)2

Titanium mesh

Steel bar

`
IQS adsorbed film

-
+

Current density

Power

Expoxy resin

IQS

Cl-OH-

Ca2+

SO4
2-

Na+K+

 
Figure 2 Schematic diagram of ECI of IQS in concrete 

The main objective of this study is to evaluate the migration kinetics of IQS corrosion inhibitor and 

other ions (Cl-, Na+ and K+) in the chloride-contaminated reinforced concrete under ECI treatment, 

and the influence of IQS migration on the composition, microstructure and material properties of 

concrete were also investigated. The concentration distribution of IQS, Cl-, Na+ and K+ in concrete 

matrix were determined by X-ray photoelectron spectroscopy (XPS) after the ECI treatment; the 

influence of the electro-migration treatment process on the composition, structure and material 

properties of reinforced concrete were conducted by X-ray diffraction (XRD), mercury intrusion 

porosimetry (MIP), surface analysis (scanning electronic microscopy (SEM) coupled with energy 

dispersive spectroscopy (EDS) and thermogravimetric&differential scanning calorimeter (TG-DSC)). 

2. Experimental 

2.1. Raw Materials 

2.1.1 Synthesis of IQS corrosion inhibitor 

The IQS corrosion inhibitor used in this study was synthesized by solvent method, which was 

completed by two steps: first, the imidazoline was synthesized by an acylation-cyclization reaction; in 

order to increase its stability and make it positively charged, the imidazoline was then converted to a 

cationic type of imidazoline quaternary ammonium salt by a cationized reaction. The yield of the final 

product was up to 95 % (the detail information was previously reported in (F.-l. Fei et al., 2014)). 

2.1.2 Concrete design and preparation 

Ordinary Portland cement P II 42.5 R (the chemical composition determined by XRF analysis is 

shown in Table 1) was used to prepare the reinforced concrete in this study. The mixture proportions 

of the concrete are shown in Table 2. For all specimens, NaCl solution was used as the mixing water 

to simulate the chloride-contaminated environment, in which sufficient chlorides existed on the steel 

surface to break down the passive layer. The final chloride content in the reinforced concrete was 1.71 

wt. % by dry cement weight. The concrete specimens with the dimensions of 100 mm × 100 mm × 

100 mm were cast with 3 pieces of Q 325 carbon steel reinforcements (d=10 mm; exposed length of 

80 mm, chemical composition: 0.18 % C, 0.28 % Si, 0.55 % Mn, 0.04 % S, 0.04 % P and the residual 

Fe), with a distance of 25 mm and a cover depths of 45 mm (as shown in Fig. 3(a)). The specimens 

were cured in water at 20 ℃ for 28 days before ECI treatment. 

 

 

 

 



 

Table 1 Chemical composition (by mass) of used PⅡ42.5 cement 
Composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO2 K2O Na2O SO3 LOI IR 

19.22 5.02 3.55 62.59 1.04 0.11 0.22 0.57 0.10 2.72 4.67 0.19 

 
Table 2 Mixure proportion of concrete 

w/c 
Water 

(kg/m3) 

Cement 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Sodium 

chloride 

(kg/m3) 

0.5 175 340 1050 780 6.8 
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Figure 3 Dimensions of concrete specimen 

2.2. Experimental Process 

2.2.1 Electrochemical injection of IQS into chloride-contaminated reinforced concrete specimens 

After curing for 28 days, the reinforced concrete specimens were immersed in saturated calcium 

hydroxide + 0.1 mol/L IQS corrosion inhibitor solution (the immersion depth was 2 mm) and based on 

the reported study (N. Etteyeb et al., 2007), the electrochemical injection set-up is presented in Fig. 4. 

Except for the bottom of the concrete cubes contacting with the IQS solution, other surfaces were all 

isolated with epoxy resin. In the ECI treatment, the steel reinforcement embedded in concrete acted as 

cathode, and the titanium mesh was used as the external anode. The ECI treatment of IQS corrosion 

inhibitor into reinforced concrete was conducted for 28 d with the current densities of 1 A/m2 

(specimen ECI-1), 3 A/m2 (specimen ECI-3) and 5 A/m2 (specimen ECI-5), respectively. The constant 

current densities were provided by an external PS 603D DC power supply (with an accuracy of 0.1 A). 

For the comparison reason, control specimen was also immersed in 0.1 mol/L IQS corrosion inhibitor 

solution for 28 d without the applied current; and the specimen with ECE treatment was immersed in 

saturated calcium hydroxide solution (without IQS corrosion inhibitor) with an applied current density 

of 3 A/m2 for 28 d (specimen ECE-3). The detail information of the electrochemical treatment in this 

study is presented in Table 3. 
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Figure 4 The ECI treatment arrangement 

 
Table 3 The detail information of the electrochemical treatments in this study 

Spcimens Treatment conditions 

Control 0.1 mol/L IQS corrosion inhibitor, without applied current 

ECE-3 Saturated calcium hydroxide solution, with current density of 3 A/m2 

ECI-1 0.1 mol/L IQS corrosion inhibitor, with current density of 1 A/m2 

ECI-3 0.1 mol/L IQS corrosion inhibitor, with current density of 3 A/m2 

ECI-5 0.1 mol/L IQS corrosion inhibitor, with current density of 5 A/m2 

2.2.2 The concentration profile of various ions in concrete 

After treatments, the cross sections with the dimensions of 100 mm × 100 mm × 10 mm were cut from 

the reinforced concrete specimens (the cross section containing the reinforcements was with the 

dimensions of 100 mm × 100 mm × 15 mm). Concrete specimens were cut parallel to the exposed 

surface into 5 slices for one specimen (as shown in Fig. 3(b)). After excluded coarse aggregate, each 

cross section was crushed until the particle size was smaller than 80 μm. The crushed concrete powers 

were then examined by XPS (Axis Ultra DLD, Kratos, UK), for investigating the concentration 

distribution of IQS corrosion inhibitor, Cl-, Na+, and K+ in concrete. 

2.2.3 Morphological observation and surface analysis 

The morphology and compositions of the product layers, formed on the reinforcement surface after the 

electrochemical injection treatment were examined by stereomicroscope (TS-100), SEM (ZEISS EVO 

18, coupled with EDS), XRD and XPS. SEM images were taken in the backscattered electron (BSE) 

contrast mode, using an accelerating voltage of 10-20 kV with a magnification of 200 ×. EDS analysis 

in the linear scanning mode was used as a qualitative and semi-quantitative analysis both on the steel 

surface and in the adjacent cement paste. The cement paste nearby the embedded steel surface was 

analyzed by XRD analysis, with a scan step of 0.0167 °, by using PANalytical X'pert PRO (Almelo, 

Netherlands). The energy source was Cu Ka and the tube settings were 40 kV and 40 mA.  

XPS measurements were carried out by using Axis Ultra DLD (Kratos, UK) with a base pressure of 

about 5 × 10−9 torr and CAE mode. The photoelectron spectra were obtained using monochromatized 

Al Kа (hv = 1486.6 eV, 10 mA × 15 KV) radiation. Passing through 6 mm slit (entrance/exit) of a 

hemispherical analyzer, the electrons with the energy of 40 eV were detected by a channeltron. The 

fitting of the recorded XPS spectra was performed, using a symmetrical Gauss-Lorentzian curve 

fitting after Shirley-type subtraction of the background. 

2.4.4 Mercury intrusion porosimetry 

MIP is a widely used technique for characterising the distribution of pore size in cement-based 

materials. With MIP, small mortar samples were collected from the different depths of concrete (the 

outer layer, middle layer, inner layer and the layer nearby reinforcement), and in order to empty the 



 

pores of any existing fluid, these mortars were dried at the temperature of 60 ℃ by using a furnace 

until reaching the stabilization of the sample’s weight. The equipment used for porosity measurements 

was a Poremaster-60 (Quantachrome, USA) with a contact angle of 140.7º and the maximum 

operating pressure is up to about 500 MPa. 

3. Results and Discussion 

3.1 Concentration distributions of various ions in concrete after the electrochemical injection 

treatment 

Fig. 5 presents the concentration distributions of IQS corrosion inhibitor at different depths in concrete 

specimens after the ECI treatment. The calculation of IQS concentration was based on N content 

derived from XPS analysis. Without the applied current, IQS corrosion inhibitor also penetrated into 

concrete when the specimen was immersed in 0.1 mol/L IQS solution. However, by using the 

electrochemical injection treatment, the maximum migrating depth was significantly increased: after 

immersed for 28 d, for the control specimens, the penetration depth of IQS corrosion inhibitor was less 

than 25 mm; for the specimens with the ECI treatment, IQS corrosion inhibitor penetrated through the 

concrete cover (45 mm) and was concentrated nearby the embedded reinforcement. Further, at the 

same depth in concrete, the concentration of IQS corrosion inhibitor increased with the increased 

current densities. For example, at the depth of 1.5 mm, the concentration of IQS corrosion inhibitor 

was 0.82 mg/g (per concrete weight, specimen ECI-1), 1.13 mg/g (specimen ECI-3) and 1.63 mg/g 

(specimen ECI-5), respectively, compared to the control specimen with a concentration of 0.20 mg/g. 

 
Figure 5 Concentration profiles of IQS corrosion inhibitor in concrete after the ECI treatment for 28 d 

Fig. 6 presents the concentration distributions of Cl- at different depths in concrete specimens after the 

ECI treatment. For the control specimen, Cl- concentration at different depths in concrete was 

maintained at the similar level as the original Cl- concentration (1.71 mg/g). For the specimens after 

ECE and ECI treatments, Cl- ions presented a clear concentration profile, with the concentrations 

decreasing from the surface of concrete to the concrete/reinforcement interface. The ECI treated 

specimen displayed the similar concentrations at different depths in concrete with the ECE treated 

specimen under the same current density of 3 A/m2, indicating there was no significant difference in 

the chloride extraction efficiency between ECI and ECE treatment. After 28 d of ECI treatment, the 

residual Cl- concentrations nearby the reinforcement surface was 0.08 mg/g (specimen ECI-5), 0.12 

mg/g (specimen ECI-3), and 0.19 mg/g (specimen ECI-1), respectively, which was significantly lower 

than the acceptable Cl- content in reinforced concrete in a dry environment (0.4 wt. % dry cement as 

reported in (O. Poupard et al., 2004)). By calculation, the chloride extraction efficiency was 95.3 % 

(specimen ECI-5), 93.0 % (specimen ECI-3) and 88.9 % (specimen ECI-1), respectively. The results 

confirm that the ECI treatment not only accelerates the migration rate of IQS corrosion inhibitor in 

concrete, but also effectively extracts Cl- ions out of concrete, which is beneficial for preventing 

corrosion initiation of the reinforcement. 



 

 

Figure 6 Concentration profiles of Cl- in concrete after the ECI treatment for 28 d 

Fig. 7 shows the concentration distributions of Na+ and K+ ions in concrete. In general, the contents of 

alkali metal ions reflected the alkalinity in concrete (L. Dhouibi et al., 2006). In the present study, for 

the control specimen, the Na+ and K+ concentrations were similar at different locations in concrete; 

however, the concentrations of Na+ and K+ increased from the surface of concrete to the 

concrete/reinforcement interface for the ECI and ECE treated specimens. Further, for specimen ECE-3, 

the Na+ and K+ concentrations at different depths in concrete were slightly higher than specimen ECI-

3 specimen. This is maybe due to the blocking effect of the IQS electro-migrating corrosion inhibitor 

on the concrete surface. The carboxylic anion in IQS inhibitor molecular is quickly converted to the 

insoluble calcium salt of the fatty acid, the created calcium salt of the fatty acid provide a hydrophobic 

coating within the pores on concrete surface, and result in a refined pore structure of concrete (O. 

Poupard et al., 2003). For the ECI treatment specimens, the Na+ and K+ concentrations at the same 

depth in concrete specimens were in the order of 5 A/m2 > 3 A/m2 > 1 A/m2. The results indicate that 

the electrochemical injection of IQS corrosion inhibitor increases the alkalinity in concrete, and a 

larger applied current density results in a higher alkalinity. 

 

Figure 7 Concentration profiles of Na+ and K+ in concrete after the ECI treatment for 28 d 
3.2 The changes of cement hydration products nearby reinforcement after the different treatment 

The XRD patterns for the cement hydration products nearby steel reinforcements in concrete after 

different treatements for 28 d are shown in Fig. 8. Quartz (SiO2) corresponding to the peaks of 21.9º, 

28.4º and 51.9º, calcium hydroxide (Ca(OH)2), corresponding to the peaks of 18.0º and 32.2º, 



 

ettringite (AFt), corresponding to the peaks of 9.0º and 9.9º, and calcium carbonate (CaCO3), 

corresponding to the peaks of 22.4º and 42.6º, were detected for all the specimens, revealing there 

were no obvious difference in the kinds of cement hydration products in concrete with different 

treatment. The control specimen presented the strongest characteristic peaks of AFt, while that for the 

other specimens were pretty lower, indicating the decomposition of AFt in concrete under the applied 

electric field, and the larger current densities usually resulted in a smaller amount of AFt in concrete. 

The intensity of characteristic peak of Ca(OH)2 for all specimens wre in the following order: ECI-5 > 

ECI-3 > ECI-1 > ECE-3 > control specimen, suggesting that the accumulation of Ca(OH)2 nearby 

steel reinforcement surface in concrete was promoted by the applied electric field, and the larger led to 

more amount of Ca(OH)2 generated nearby reinforcement surface. 

 
Fig. 8 The effect of different treatments on the kinds of cement hydration products 

3.3 The morphology of cement hydration products nearby reinforcement after the different 

treatment 

 Fig. 9 presents the SEM images of the morphology of cement hydration products nearby 

reinforcement surface after different treatment for 28 d. The control specimen presented a relatively 

loose and porous structure of cement hydration products, there were much amount of typical acicular 

look-like AFt and hexagonal plate-like Ca(OH)2 filled in concrete pores. The specimen ECE-3 

presented a denser structure of cement hydration products, and more amount of Ca(OH)2 nearby 

reinforcement surface, comparing to the control specimen. For the specimens with ECI treatment, the 

typical acicular look-like AFt was not observed, but the most amount of Ca(OH)2 was found, resulting 

in a much denser structure of cement hydration products, all the Ca(OH)2 stacked together and 

presented a directional arrangement. Another important consideration can be deduced from the 

observation of the graph: the density of cement hydration products for all specimens wre in the 

following order: ECI-5 > ECI-3 > ECI-1 > ECE-3 > control specimen, revealing that the electric field 

promoting the generation and accumulation of Ca(OH)2 on reinforcement surface, and the effect was 

more pronounced while larger current densities were applied. The SEM analysis results are consistent 

with the results derived from the XRD measurements. 
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Fig. 9 The morphology of cement hydration products of different treatments 

3.4 The amount of cement hydration products nearby reinforcement after the different treatment 

The TG-DSC patterns for the cement hydration products nearby steel reinforcements in concrete after 

different treatements for 28 d are shown in Fig. 10. The endothermal peak at about 85 °C is associated 

with the evaporation of free water and dehydration of hydration products, those at 428 °C and 664 °C 

correspond to decomposition of Ca(OH)2 and CaCO3, respectively. It can observed from these TG 

curves that the specimens with ECE and ECI treated presents a larger amount of Ca(OH)2 and CaCO3 

relative to the control specimen, e.g., the weight loss at the 375 - 460 °C were about 0.78 % (control 

specimen), 1.45 % (ECE-3), 1.13 % (ECI-1), 1.37 % (ECI-3) and 2.00 % (ECI-5). Especially for the 

specimen ECI-5, the content of Ca(OH)2 was reach up to 2.00 % in concrete, also indicating the larger 

current densities led to large amount of Ca(OH)2 generated and accumulated nearby the reinforcement 

surface. It is interesting to consider that the specimen ECE-3 and ECI-3 presented the similar amount 

of Ca(OH)2 nearby the reinforcement surface, revealing the magnitude of the applied current density is 

the main reason which affeced the generating amount of Ca(OH)2 in concrete with different treatments. 

 
Fig. 10 Changes in the amount of cement hydration products nearby reinforcement for all samples 

3.5 Microstructural analysis of concrete after the ECE and ECI treatments 

The purpose of this analysis is to evaluate the microstructural characteristics as  pore size distribution 

and total porosity for the different depths of concrete after ECE and ECI treatments, such as the out 

layer (the area beyond a distance of 30 mm away from the steel surface), middle layer (the area 



 

between the distance of 20 - 30 mm away from the steel surface), inner layer (the area between the 

distance of 10 - 20 mm away from the steel surface) and the layer nearby reinforcement (the area 

within a distance of 10 mm away from the steel surface); these parameters are further ‘‘translated’’ 

into more global properties as concrete matrix resistance or permeability. These in turn will provide 

information for the easiness of water and Cl- permittivity in the matrix, i.e., in general a denser matrix 

and reduced pore size would denote for reduced or delayed chloride induced corrosion initiation and 

propagation. The calculated pore size distribution and total porosity for the the different depths of 

concretes after the ECE and ECI treatment for 28 d are shown in Fig. 11. 

It also can be seen from the Fig. 11 (a), for the ECE-3 specimen, although the total porosity increased 

with the depths of concrete increasing, the difference is not very significant, the out layer of concrete 

showed a lower porosity of 13.1 %, the highest porosity of 15.1 % was observed for the layer nearby 

the reinforcement of the concrete. There were significant differences in both pore size distribution and 

total porosity for the the different depths of concretes after the ECI treatment (as showed in Fig. 11 

(b)). The total porosity was significantly increased from the out layer of concrete to the layer nearby 

reinforcement of concrete, for the out layer of concrete presented a total porosity of merely 4.8 % 

(greatly lower than that of ECE-3 specimen with treatment), while the total porosity for layer nearby 

reinforcement of concrete was 14.9 % (the same lever with that of ECE-3 specimen). 

 
a                                                                                  b 

Fig. 11 Pore structure of pastes of different depths within concrete after the different treatments for 28 d (a: 

ECE, b: ECI) 
The influence of different treatments on the concrete pore structure may be related to the effects as 

follows: first, the pore structure in the out-layer of concrete was altered by the ECE and ECI 

treatments. It was previously reported (X.-q. Li et al., 2006) that Ca2+ ions in the external anode 

electrolyte solution migrated into concrete under the applied electric field, and reacted with cement 

hydration products to form a white calcium-rich precipitate, the formed calcium precipitation adsorbed 

on the pore walls and blocked pores, resulting in the reduced porosity of the outer layer of concrete 

and further higher concrete matrix resistance, compared to the control specimen. Further, with ECI 

treatment, the IQS eletro-migrating corrosion inhibitor also presented a pore-blocking effect on the 

concrete surface. The carboxylic anion in IQS inhibitor molecular is quickly converted to the insoluble 

calcium salt of the fatty acid, the created calcium salt of the fatty acid provide a hydrophobic coating 

within the pores on concrete surface, and result in an initial corrosion resistance improvement. 

Therefore, with ECI treatment, the blocking effect of IQS corrosion inhibitor further greatly reduces 

the porosity of concrete, especially for the out layer of concrete, comparing to the ECE treatment, 

leading to a more significantly reduced porosity and water/Cl- permeability, thus effectively enhanced 

the corrosion inhibition performance of reinforcement in concrete. 

4. Conclusions 
A preliminary study on the electro-migration of IQS corrsion inhibitor in chloride-contaminated 

reinforced concrete was reported in this paper. The migration of IQS corrosion inhibitor was 

significantly accelerated by the electrochemical injection treatment, and larger current densities lead to 



 

bigger driving forces, resulting in a faster migration rate of the IQS in concrete, and the corrosion 

inhibitor was concentrated nearby the embedded reinforcement. The electro-migrated IQS corrosion 

inhibitor lead to the decomposition of some hydration products, e.g. C-S-H, AFt et al, and 

significantly increases of the amount of Ca(OH)2 in concrete. The MIP results revealed the concrete 

with ECI treatment presented a lower porosity than ECE treated concrete, especially for the out layer 

of concrete, which is beneficial for preventing the corrosion initiation of the reinforcement.  

Acknowledgements 

This work was funded by National Natural Science Foundation of China (No. 50972045, 51202070), 

National High Technology Research and Development Program (“863 Program”, SS2015AA030801), 

and State Key Laboratory of High Performance Civil Engineering Materials (No. 2012CEM003), their 

financial support is gratefully acknowledged. 

References 

- M. Şahmaran, 2007 Effect of flexure induced transverse crack and self-healing on chloride diffusivity of 

reinforced mortar, J. Mater. Sci., 42, 9131-9136. 

- D. Breysse,, 2010 3 - Deterioration processes in reinforced concrete: an overview, in: C. Maierhofer, H.-W. 

Reinhardt, G. Dobmann (Eds.) Non-Destructive Evaluation of Reinforced Concrete Structures, Woodhead 

Publishing, 28-56. 

- P.B. Bamforth, 2004, Enhancing reinforced concrete durability Guidance on selecting measures for minimising 

the risk of corrosion of reinforcement in concrete, CONCRETE SOCIETY TECHNICAL REPORT, 61. 

- A.A. Almusallam, F.M. Khan, S.U. Dulaijan, O.S.B. Al-Amoudi, 2003, Effectiveness of surface coatings in 

improving concrete durability, Cem. Concr. Compos., 25, 473-481. 

- W. Morris, M. Vázquez, S.R. De Sánchez, 2000, Efficiency of coatings applied on rebars in concrete, J. Mater. 

Sci., 35, 1885-1890. 

- Q. Zhou, Q. Xu, 2009, Experimental study of waterproof membranes on concrete deck: Interface adhesion 

under influences of critical factors, Mater. Design, 30, 1161-1168. 

- J. Aljourani, K. Raeissi, M.A. Golozar, 2009, Benzimidazole and its derivatives as corrosion inhibitors for mild 

steel in 1M HCl solution, Corros. Sci., 51, 1836-1843. 

- W. Yeih, J.J. Chang, 2005, A study on the efficiency of electrochemical realkalisation of carbonated concrete, 

Constr Build Mater., 19, 516-524. 

- G. Fajardo, G. Escadeillas, G. Arliguie, 2006, Electrochemical chloride extraction (ECE) from steel-reinforced 

concrete specimens contaminated by “artificial” sea-water, Corros. Sci., 48, 110-125. 

- N. Etteyeb, L. Dhouibi, M. Sanchez, C. Alonso, C. Andrade, E. Triki, 2007, Electrochemical study of corrosion 

inhibition of steel reinforcement in alkaline solutions containing phosphates based components, J. Mater. Sci., 42, 

4721-4730. 

- P. Mehta, 1991, Concrete durability-fifty years progress, in:  Proc. of 2nd inter. Conf. on Concrete Durability, 

ACI SP126-1, 1-31. 

- L. Fedrizzi, F. Azzolini, P.L. Bonora, 2005, The use of migrating corrosion inhibitors to repair motorways' 

concrete structures contaminated by chlorides, Cement Concrete Res., 35, 551-561. 

- J. Kubo, Y. Tanaka, C.L. Page, M.M. Page, 2013, Application of electrochemical organic corrosion inhibitor 

injection to a carbonated reinforced concrete railway viaduct, Constr Build Mater., 39, 2-8. 

- B. Elsener, M. Buchler, F. Stalder, H. Bohni, 2000, Migrating corrosion inhibitor blend for reinforced concrete: 

Part 2-Inhibitor as repair strategy, Corrosion, 56, 727-732. 

- W. Morris, M. Vázquez, 2002, A migrating corrosion inhibitor evaluated in concrete containing various 

contents of admixed chlorides, Cement Concrete Res., 32, 259-267. 

- S. Sawada, C.L. Page, M.M. Page, 2005, Electrochemical injection of organic corrosion inhibitors into concrete, 

Corros. Sci., 47, 2063-2078. 

- T. Gu, P. Su, X. Liu, J. Zou, X. Zhang, Y. Hu, 2013, A composite inhibitor used in oilfield: MA-AMPS and 

imidazoline, J. Petrol. Sci. Eng., 102, 41-46. 

- F.-l. Fei, J. Hu, J.-x. Wei, Q.-j. Yu, Z.-s. Chen, 2014, Corrosion performance of steel reinforcement in 

simulated concrete pore solutions in the presence of imidazoline quaternary ammonium salt corrosion inhibitor, 

Constr Build Mater., 70, 43-53. 

- R.D. Recommendation, P.D.R. DE LA RILEM, 1994, Draft recommendation for repair strategies for concrete 

structures damaged by reinforcement corrosion, Mater. Struct., 27, 415-436. 

- Q. Pu, L. Jiang, J. Xu, H. Chu, Y. Xu, Y. Zhang, 2012, Evolution of pH and chemical composition of pore 

solution in carbonated concrete, Constr Build Mater., 28, 519-524. 

- C.K. Nmai, 2004, Multi-functional organic corrosion inhibitor, Cem. Concr. Compos., 26, 199-207. 



 

- O. Poupard, A. Aı̈t-Mokhtar, P. Dumargue, 2004, Corrosion by chlorides in reinforced concrete: Determination 

of chloride concentration threshold by impedance spectroscopy, Cement Concrete Res., 34, 991-1000. 

- L. Dhouibi, P. Refait, E. Triki, J.-M. Génin, 2006, Interactions between nitrites and Fe (II)-containing phases 

during corrosion of iron in concrete-simulating electrolytes, J. Mater. Sci., 41, 4928-4936. 

- O. Poupard, A. Aït-Mokhtar, P. Dumargue, 2003, Impedance spectroscopy in reinforced concrete: Procedure 

for monitoring steel corrosion Part I Development of the experimental device, J. Mater. Sci., 38, 2845-2850. 

- J. Hu, D.A. Koleva, K. van Breugel, 2012, Corrosion performance of reinforced mortar in the presence of 

polymeric nano-aggregates: electrochemical behavior, surface analysis, and properties of the steel/cement paste 

interface, J. Mater. Sci., 142, 324. 

- D.A. Koleva, A.G. Denkova, N. Boshkov, K. van Breugel, 2013, Electrochemical performance of steel in 

cement extract and bulk matrix properties of cement paste in the presence of Pluronic 123 micelles, J. Mater. Sci., 

48, 2490-2503. 

- J.R. Scully, 2000, Polarization resistance method for determination of instantaneous corrosion rates, Corrosion, 

56, 199-218. 

- J. Hu, D.A. Koleva, Y. Ma, E. Schlangen, P. Petrov, K. van Breugel, 2011, Corrosion Performance of Carbon 

Steel in Simulated Pore Solution in the Presence of Micelles, J. Electrochem. Soc., 158, 76-87. 

- X.-q. Li, W.-x. Zhang, 2006, Iron Nanoparticles:  the Core−Shell Structure and Unique Properties for Ni(II) 

Sequestration, Langmuir, 22, 4638-4642. 

 

 



 

Corresponding author: wht1969@163.com, Tel+13658329526 

The factor of early autogenous shrinkage on Magnesium phosphate 

cement stone 

Hong-tao Wang1,2,※,Zhao-qing Qi1, Jian-hua Ding1,Shi-haoZhang1 

1.Dept. of Chemical & Material Engineering, Logistical Engineering University, 

Chongqing, 401331, China 

2. Dept. of Military Civil Engineering, Logistical Engineering University, 

Chongqing, 401331, China 

 

Abstract 

 The influence of magnesium to phosphate weight ratios (M/P ratio), water to cement ratio (W/C ratio), 

magnesium oxide specific surface area on magnesium phosphate cement stone of the early autogenous 

shrinkage is examined. The hydration products, microstructure of magnesium phosphate cement stone 

were tested using XRD and SEM methods. The testing show that magnesium phosphate cement stone of 

the early autogenous shrinkage decreased even expansion with an increase M/P ratio and W/C ratio. 

However, magnesium phosphate cement stone of the early autogenous shrinkage increased with an 

increase magnesium oxide specific surface area. With an increase M/P from 5/1 to 3/1, the diffraction 

peak intensity of MgO in the magnesium phosphate cement stone specimen become weaker,  the 

diffraction peak intensity of MKP become strongger, magnesium phosphate cement stone of the early 

autogenous shrinkage increase. The SEM demonstrate that the a poor crystal growth can be observed 

in the cement stone with low M/P ratios, magnesium phosphate cement stone of the early autogenous 

shrinkage is smaller. while a better crystal growth can be achieved in the cement stone with low M/P 

ratios, magnesium phosphate cement stone of the early autogenous shrinkage is bigger. 

Originality 

Magnesium phosphate cement is a new kind of binder materials, which usually sets very fast, high 

early strength, good durability. As the repair material, it is widely used at the airport runway, highway, 

etc. However, the disadvantage of magnesium phosphate cement stone has an bad volume stability. 

Shrinkage, especially, the early autogenous shrinkage lead to the bad volume stability. For the early 

autogenous shrinkage of magnesium phosphate cement has not been reported at academia. 

Keywords: Early autogenous shrinkage; Magnesium phosphate cement; water to cement ratio; 

magnesium oxide specific surface area 
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1. Introduction 

Based on alkali neutralization reaction and rapid hardening of Magnesium Phosphate Cement 

(Magnesium Phosphate Cement, MPC) is a new type of inorganic cementing material, which 

made up with the dead burned magnesia, Phosphate, retarder and mineral admixtures 

according to certain proportion. Compared with ordinary Portland Cement, which usually sets 

very fast, high early strength, good durability(Li J. S. et al 2014). As the repair material, it is 

widely used at the airport runway, highway, etc. 

The properties of magnesium phosphate cement stone were studied by many scholar(Li Y. et 

al, 2014; Fan S. J. et al, 2014 ; Ding Z. et al, 2012 ; Hall D. A. et al, 2001 ; C.K. 

Chau.,2011 ). But autogenous shrinkage cannot take more attention. Autogenous shrinkage is 

a kind of shrinkage behavior, which is all cement base material. what’s more, it’s holds a 

large proportion in the total shrinkage, magnesium phosphate cement is no exception. 

Magnesium phosphate cement stone material of autogenous shrinkage leads to repair cracks 

or mend due to volume shrinkage cracks under the erosion of the external environment made 

the structure of the performance degradation, effect on the durability of the structure. So, 

magnesium phosphate cement as the repair material autogenous shrinkage behavior must be 

highly valued.  

The influence of magnesium to phosphate weight ratios (M/P ratio), water to cement ratio 

(W/C ratio), magnesium oxide specific surface area on magnesium phosphate cement stone of 

the early autogenous shrinkage is studied. 

2. test materials and test methods  

2.1 test materials  

Magnesium oxide, market procurement, specific surface area is 2275 g/cm2, the chemicals is 

provided in table 1. Potassium dihydrogen phosphate, chemical formula as KH2PO4, 98% or 

higher purity, white crystal, was made by the city of shi fang; Borax, chemical formula for 

Na2B4O7 • 10 H2O, white crystal, the content of 95% or more, provided by the liao ning shou 

gang iron boron co., LTD., : the purity is 95%; Mixing water use Tap water.  
Table 1 chemical composition analysis 

Oxide MgO SiO2 CaO Fe2O3 Al2O3 SO3 P2O5 MnO TiO2 other 

content（%） 88.18 7.23 2.20 0.68 1.31 0.08 0.11 0.05 0.13 0.03 

2.2 test method  

The early autogenous shrinkage of magnesium phosphate cement stone were tested using 

length comparator. First magnesium phosphate cement was made and slurry blender with 

water after dry mixing 20 s, taking the water to the magnesium phosphate cement and then 

quickly stir 120 s, the final will be blended cement slurry into the net 25 mm * 25 mm * 280 

mm sanlian mould, demoulding after 1 h, 1 h of the measured value as initial length of 

magnesium phosphate cement stone, covered with plastic wrap,  then , the outside of 

magnesium phosphate cement stone are coated with a layer of foil paper, using paraffin wax 

seal on both ends, finally, moved to the ambient temperature of 25±5℃, relative humidity 65 

plus or minus 5% of environment conservation, 12 h every 2 h before the test time, 7 d before 

every 1 d test time, and then test the length of the 10 d.  

Magnesium phosphate cement early autogenous shrinkage calculation formula:  

St=Lo-Lt/ Lo-（C1+C2）.                                            （1）                                                     



 

 

St---Magnesium phosphate cement t age shrinkage rate; 

Lo---The initial measurement reading, mm; 

Lt---The t age measurement readings; 

C1、C2---The length of the nail head under two specimen, mm; 

The dry shrinkage rate of the sample was obtained by computer the average of the three body 

drying shrinkage rate, if there is a drying shrinkage rate of 15% above the median, taking the 

middle value as a result the dry shrinkage of the sample. When there are two test when the 

body is more than 15% of the median, test again. 

 X-ray diffractometer (XRD) and scanning electron microscope (SEM) were used  to 

determine the phase composition and sample observation the morphology of sample cross 

section.  

3 results and discussion  

3.1 The influence of M/P on the early autogenous shrinkage of magnesium phosphate 

cement. 

Figure 1 show the influence of M/P on magnesium phosphate cement of the early autogenous 

shrinkage, w/c ratio is 0.12, borax content of MgO is 8%, M/P respectively are 3:1, 4:1, 5:1. 
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Figure 1 the influence of M/P on magnesium phosphate cement of the early autogenous shrinkage 

From figure 1 shows: (1) the early autogenous shrinkage of the magnesium phosphate cement 

stone increase with the reduce the M/P ratio. (2) M/P ratio for a quarter of magnesium 

phosphate cement early autogenous shrinkage with the increase of age after the first increase 

the same. (3) when the M/P ratio was 5:1, the magnesium phosphate cement stone become 

inflation, and with the increase of age, the degree of inflation reduce. The reasons for the 

above phenomenon might be: on the one hand, because of the hydration temperature of 

magnesium phosphate cement and heat release rate ( Fei Q et al., 2012), on the other hand, the 

composition of hydration product. 

3.2 The influence of w/c ratio on the early autogenous shrinkage of magnesium phosphate 

cement.  

The influence of w/c ratio on magnesium phosphate cement of the early autogenous shrinkage 

is illustrated in Figure 2, borax content is 8% of MgO quality, M/P is 4:1, w/c ratio 

respectively are 0.10, 0.12, 0.14. 
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Figure2 The influence of w/c ratio on the early autogenous shrinkage of magnesium phosphate cement. 

From figure 1, (1) when the water to cement ratio of 0.10, magnesium phosphate cement is to 

expand after the contract first, and with the increase of age shrinkage is larger. (2) when the 

water cement ratio of 0.12 and 0.12, magnesium phosphate cement become inflation 

throughout the ages, with the increase of age, it’s shows the tendency of expansion decreases. 

(3) the water/cement ratio of 0.12, the degree of expansion of magnesium phosphate cement 

stone is smaller than the water to cement ratio of 0.14 throughout the ages. The main reasons 

for the above phenomenon can be explained by the follwes: with the increase of water to 

cement ratio, magnesium phosphate cement stone release heat rate slow and reduce heat (Fei 

Q et al., 2012). Water-binder ratio of 0.10, the release of heat is faster and concentration. 

When water to cement ratio increases to 0.14, magnesium phosphate cement heat release 

slowly and were mainly concentrated in the later period, so the expansion is late. At the same 

time, the drying shrinkage of magnesium phosphate cement decreased with the increase of 

water cement ratio, and the magnesium phosphate cement shrinkage is smaller than heat 

expansion value due to hydration reaction produce inflation.  

3.3 The influence of magnesium oxide specific surface area on the early autogenous 

shrinkage of magnesium phosphate cement. 
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Figure 3 The influence of magnesium oxide specific surface area on the early autogenous shrinkage of 

magnesium phosphate cement stone. 

Borax content is 8% of MgO quality, M/P is 4:1, water/cement ratio 0.12, respectively, 

specific surface area of the magnesia is1464 cm2 / g, 1637 cm2 / g, and 2183 g/cm2.  

The figure 2 shows that: (1) under the condition of the same specific surface area, as the 

growth of the age, magnesium phosphate cement early autogenous shrinkage is larger, this is 

mainly caused by water evaporation. (2) the bigger the specific surface area of magnesium 

oxide, the larger of early autogenous shrinkage. The reason why Magnesium oxide surface 

effect of magnesium phosphate cement stone early autogenous shrinkage is that on the one 

hand, the large particle magnesium oxide is reduced when the specific surface area of 

magnesium raw materials is bigger, it’s cause magnesium phosphate cement shrinkage 

resistance is abate, so it’s make the early autogenous shrinkage increases; on the other hand, 

the bigger the specific surface area, the faster the speed of the magnesia particles dissolve, the 

faster of the hydration speed lead to increase the hydration heat, which cause a lot of free 

water to evaporate, causing magnesium phosphate cement early autogenous shrinkage.  

3.4 hydration products of magnesium phosphate cement stone  
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Figure 4 the hydration product of magnesium phosphate cement stone at the age of 3 d.  

As can be seen from the above. Magnesium phosphate cement M/P ratio is different, but the 

diffraction peak of magnesium phosphate cement stone are basically identical. The different 

diffraction peak amplitude of magnesium phosphate cement stone. With the increase of M/P 

ratio, the diffraction peak of MgO enhancement, the hydration products of MgPO4 • 6 

H2O(MKP) diffraction peak is lower. The above phenomenon can well explain the 

autogenous shrinkage rule of magnesium phosphate cement stone.  

3.5 morphology of magnesium phosphate cement stone  

The cross section morphology of magnesium phosphate cement stone that at the age 

of 3d.  



 

 

   

(a)M/P (3:1)            (b) M/P (4:1)          (c) M/P (5:1)  

Figure 5 morphology of magnesium phosphate cement stone 

Figure 5 demonstrate the microstructure of magnesium phosphate cement stone, which is the 

different M/P. As can be seen from the above: with the decrease of the M/P ratio of 

magnesium phosphate cement hydration products, hydration products become sparse. Figure 

5 (a) represent a better crystallization product, hydration products formed a needle and piled 

up to each other. So the autogenous shrinkage of magnesium phosphate cement is bigger. 

Figure 5 (c) show the hydration products of magnesium phosphate cement is poorer, 

hydration products into smaller crystal plate and sparse structure, because of exothermic 

reaction appeared the phenomenon of expansion, the magnesium phosphate cement shrinkage 

even smaller. 

4. Conclusions 

(1) Magnesium phosphate cement stone of the early autogenous shrinkage decreased even 

expansion with an increase M/P ratio and W/C ratio. However, magnesium phosphate cement 

stone of the early autogenous shrinkage increased with an increase magnesium oxide specific 

surface area.  

(2) With an increase M/P from 5/1 to 3/1, the diffraction peak intensity of MgO in the 

magnesium phosphate cement stone specimen become weaker, the diffraction peak intensity 

of MKP become strongger, magnesium phosphate cement stone of the early autogenous 

shrinkage increase.  

(3) A poor crystal growth can be observed in the cement stone with low M/P ratios, 

magnesium phosphate cement stone of the early autogenous shrinkage is smaller. while a 

better crystal growth can be achieved in the cement stone with low M/P ratios, magnesium 

phosphate cement stone of the early autogenous shrinkage is bigger. 
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Abstract 

In this study, the influence of the micelles prepared by triblock copolymers on the properties of fresh and hardened 

cement paste was investigated. In fresh cement paste, the micelles adsorbed on cement particles and altered the zeta 

potential of partial cement particles, leading to a better workability. In hardened cement paste, the micelles retarded 

the hydration rate of C3S at the very early age but accelerated the hydration rate at the later age, resulting in a denser 

matrix and increased mechanical property. The most plausible mechanisms are related to the nucleation effect, 

molecular structure and adsorption performance of the micelles. 

 

Originality 

This study is in a framework of a research project on self-healing of corrosion damages in reinforced concrete, by using 

a tailored core-shell corrosion inhibitors, which is a combination of triblock polymeric micelles and corrosion 

inhibitors. For the design of the core-shell corrosion inhibitors, the influence of the micelles prepared by triblock 

copolymers on the properties of fresh and hardened cement paste is very important. This paper presents some initial 

results of this project; the purpose of this study is to investigate the influence of the micelles on the properties of fresh 

and hardened cement paste and clarify the related mechanisms. 
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1. Introduction 

Polymeric micelles formed by amphiphilic copolymers are normally in nano scale and able to 

encapsulate different chemical substances, acting as drug vehicles (Luo, Y.L. et al., 2014; Martin, A. 

et al., 2014). The micelles present a typical core-shell structure, with a hydrophobic core and a 

hydrophilic shell. The drugs can be reserved in the internal core, and the outer shell provides a stable 

interface between the hydrophobic core and the solution, avoiding the aggregation of the micelles and 

fast release of the drugs under certain environment (Fernandez-Carneado, J. et al., 2004; Qiu, L.Y. et 

al., 2007; Savic, R. et al., 2003). When the environment changes (e.g. ions concentrations, temperature, 

pH values etc.), the reserved drugs can be efficiently released from the internal core (Fernandez-

Carneado, J. et al., 2004; Qiu, L.Y. et al., 2007; Savic, R. et al., 2003). Due to the controlled release 

property of the micelles, they can be also potentially used as the self-healing agents in cement-based 

materials for the cracking and corrosion control.  

In our previous studies, the micelles prepared by polyethylene oxide-b-polystyrene (PEO-b-PS) 

diblock copolymers were admixed in cement-based materials and investigated for the corrosion 

control of reinforced concrete (Hu, J. et al., 2012a; Hu, J. et al., 2012b). The experiment results 

indicate that with a very low concentration (0.025 wt. % per dry cement weight), the admixed PEO-b-

PS micelles altered both the material properties of the hardened cement-based materials and corrosion 

performance of the reinforcing steel. Based on the previously derived results, it is believed that if 

proper agents are efficiently reserved in the micelles, PEO-b-PS micelles are promising self-healing 

materials for the corrosion control of reinforced concrete.  

It was reported that the micelles prepared by triblock copolymers presented better properties, 

compared to the micelles prepared by diblock copolymers (Bastakoti, B.P. et al., 2011a). For example, 

normally the micelles based on triblock copolymers present a core with a “frozen” nature (Bastakoti, 

B.P. et al., 2011a; Bastakoti, B.P. et al., 2011b), leading to the possibilities to introduce targeting 

substances, modify the drug release process and increase the drug loading capacity depending on the 

compositions  (Khanal, A. et al., 2005). The micelles prepared by triblock copolymers are also able to 

encapsulate both hydrophilic and hydrophobic drugs and the formed core-shell structure is denser (Lee, 

S. et al., 2002). Further, by choosing different functional groups, the micelles based on triblock 

copolymers can be prepared to response to different environment alterations (e.g. temperature, pH, ion 

concentration etc.) (Kubowicz, S. et al., 2005). Therefore, compared to the diblock copolymers, the 

triblock polymers may be more suitable for the preparation and application of the micelles as the self-

healing materials for the corrosion control of reinforced concrete.  

Because of the different structure and properties of the micelles prepared by triblock copolymers, the 

influence of these micelles on the properties of cement based materials is very important and should be 

clarified. To this end, the motivation of the present study is to investigate the influence of the micelles 

prepared by two different triblock copolymers (poly(polylactide methacrylate-co-tert-butyl 

methacrylate)-b-poly(poly(ethylene glycol) methyl ether methacrylate) (P(PLAMA-co-tBMA)-b-

PPEGMA) and poly (ethylene glycol) methyl ether-b-(poly lactic acid-co-poly (bamino esters)) 

(MPEG-b-(PLA-co-PAE)) copolymers respectively) on the material properties of both fresh and 

hardened cement paste, including the workability, hydration, microstructure and mechanical property. 

2. Experimental 

2.1. Raw Materials 

2.1.1 Micelles 

In this study, the triblock copolymers used for preparing the micelles were poly(polylactide 

methacrylate-co-tert-butyl methacrylate)-b-poly(poly(ethylene glycol) methyl ether methacrylate) 

(P(PLAMA-co-tBMA)-b-PPEGMA) and poly(ethylene glycol) methyl ether-b-(poly lactic acid-co-

poly (bamino esters)) (MPEG-b-(PLA-co-PAE)) copolymers respectively. The synthesis and detail 

information of the copolymers were previously reported in (Yang, Y.Q. et al., 2012; Zhang, C.Y. et al., 

2012). The micelles were prepared through the dialysis method as follows:  

40 mg copolymers were dissolved in 80 ml N, N-dimethylformamide (DMF, analytical reagent (AR) 

and used as received) and vigorous stirred for 4 h. The polymer solution was then dialyzed against 

deionized water for 24 h at room temperature using a cellulose membrane bag (MWCO 11300，



 

Aldrich). The deionized water was replaced every 2 h for the first 12 h and then every 6 h. After 

dialysis, an opalescent aqueous dispersion associated with the formation of core-shell micelles (with a 

hydrophobic PLAMA core and a hydrophilic PEGMA shell for P(PLAMA-co-tBMA)-b-PPEGMA 

micelles (m1) or a hydrophobic PLA core and a hydrophilic MPEG shell for MPEG-b-(PLA-co-PAE 

micelles (m2), respectively) was obtained. 

1 10 100 1000 10000

0

5

10

15

20

25

30

In
te

n
si

ty
 (

%
)

Size (nm)

 P(PLAMA-co-PtBMA)-b-PPEGMA micelles

 MPEG-b-(PLA-co-PAE) micelles

 
Fig.1 Hydrodynamic radius of the micelles derived by DLS measurement 

After dialysis, the concentration of both micelles solutions was adjusted to 0.25 g/l by deionized water. 

The micelles size was characterized by DLS measurement, as shown in Fig.1. The hydrodynamic 

radius of the micelles was about 180 nm for P (PLAMA-co-PtBMA)-b-PPEGMA micelles and 400 

nm for MPEG-b-(PLA-co-PAE) micelles, respectively (as shown in Fig.1). The zeta potential of the 

micelles determined by zeta potential analyzer was about -53.8 mV for micelles m1 and -36.7 mV for 

micelles m2, respectively. 

2.1.2 Cement paste specimens 

The cement paste used in this study was casted by ordinary Portland Cement OPC CEM I 42.5 R with 

the chemical composition listed in Table 1. Three water to cement (w/c) ratios (0.3, 0.4 and 0.5) were 

used to cast the cement paste samples. For the micelles-containing specimens, the prepared micelles 

solution (with a micelles concentration of 0.25 g/l) was used as the mixing water instead of tap water 

(for the micelles-free specimen). Finally, the micelles concentration was 7.50×10-3 wt. %, 1.00×10-2 

wt. %, and 1.25×10-2 wt. % by dry cement weight in cement paste with a w/c ratio of 0.3, 0.4 and 0.5 

respectively.  
Table 1 Chemical composition of OPC CEM I 42.5 R 

Oxide CaO SiO2 Al2O3 SO3 Fe2O3 MgO Na2O K2O LOI* Rest 

Weight(%) 63.28 20.07 4.98 2.75 3.65 1.10 - 0.44 0.35 2.89 
*LOI is the loss on ignition 

For fresh cement paste, the details about the sample preparation are described in Section 2.2. 

For hardened cement paste, the sample was tightly sealed after casting and cured in a standard 

curing box (20 °C, 98 % relative humility) before tests. At each curing age (1 day, 3 days and 

7 days), the hydration of the sample was stopped by submerging in liquid nitrogen and the 

specimens were then placed in a freeze-dryer at -28 °C. Additionally, the sample preparation 

for isothermal calorimetry tests are described in detail further below.The sample designation 

in this study is as follows: specimen “OPC” as the control specimens cast with tap water; 



 

specimen “OPCm1” as the specimens cast with P(PLAMA-co-PtBMA)-b-PPEGMA micelles; 

specimen “OPCm2” as the specimens cast with MPEG-b-(PLA-co-PAE) micelles. 
2.2. Experimental Process 

2.2.1 Adsorption evaluation 

All cement pastes were mixed for 2 min and diluted for 20 times with deionized water. The samples 

were centrifuged at 4200 rpm for 10 min to separate the liquid, and the collected clear solution was 

then filtered by a 0.8 µm filter. The concentration of the micelles remaining in the solution was 

measured by a total organic carbon analyzer (Liqui TOC). 

2.2.2 Zeta potential 

Cement pastes for the zeta potential measurements were prepared by the same procedure as the 

adsorption tests. The samples were diluted for 50 times with deionized water and then dispersed for 

about 30 s by an ultrasonic bath. The clear solution from the topside was taken for the measurements. 

The zeta potential of cement particles was measured within 3 min after mixing by Zeta potential 

analyzer (Nano ZS90). 

2.2.3 Mini slump tests of cement paste 

The fluidity of fresh cement paste was evaluated by mini-slump test. The sample preparation and 

measurement were conducted according to Chinese standard GB/T 8077-2000. The flow value was 

measured by using a mini-slump cone with a height of 60 mm, top diameter of 30 mm and bottom 

diameter of 60 mm. 

2.2.4 Hydration rate of cement paste 

Before the isothermal calorimetry tests, the materials (cement, tap water and micelles solutions) and 

mixing tools were kept at 20 °C for 24 h to avoid the influence of the environment temperature. The 

cement was mixed with the mixing water (tap water or micelles solutions) for 1 minute and about 10 g 

cement paste was added into glass ampoules and put into an eight-channel micro-calorimeter (TEM 

Air 314). The released heat was monitored up to 7 days and normalized per gram of cement.  

2.2.5 Mercury intrusion porosimetry (MIP) 

In this study, the microstructure alterations of cement paste in the presence of the admixed micelles 

were characterized by using a mercury porosimeter (Quantachrome Pore master GT33). The 

Washburn equation (Washburn, E.W. et al., 1921) (Equation 1) was used to calculate the diameter of 

pores intruded at each pressure step:  

D=−4γcosθ/P                                                                                                                      (1) 

Where D is the pore diameter, γ is the surface tension of mercury (485×10-3 N/m in this study), θ is the 

contact angle between mercury and the pore wall (140° in this study) and P is the applied pressure. In 

this study, the pore size range detected in this study is from 350 μm to 0.006 μm. 

2.2.6 Standard compressive strength 

At each curing age (3 days and 7 days), the compressive strength were measureed on 20×20×20 mm 

cement paste cubes. There were at least 3 replicates for each specimen. 

3. Results and Discussion 

3.1. Materials properties of fresh cement paste in the presence of the micelles 

3.1.1 Adsorption amount of the micelles on cement particles 

The adsorption amount of micelles m1 and m2 on the surface of cement particles are presented in Fig.2. 

The two types of micelles were both effectively adsorbed on the surface of cement particles with 

different w/c ratios; further, the adsorption amount was different for the two types of micelles. For 

example, in the fresh cement paste with a w/c ratio of 0.5, the adsorption amount was about 0.11 mg/g 

for micelles m1 and 0.05 mg/g for micelles m2, respectively. By calculation, the effectively adsorbed 

micelles were about 80 % for micelles m1 and 40 % for micelles m2.  
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Fig.2 Adsorption amount of the micelles on cement particles 

The difference in the adsorption amount of the two types of micelles may be related to the following 

factors: first, as mentioned in Section 2.1.1, the zeta potential of micelles m1 (-53.8 mV) was more 

negative, compared to micelles m2 (-36.7 mV), leading to a larger electrostatic adsorption force 

between the positively charged cement particles (the zeta potential of cement particles was about 5 mV 

in this study as shown in Table 2, and similar positive values were also reported in (Kong, X. et al., 

2014; Li, Y.W. et al., 2014)) and negatively charged micelles; second, the particle size of micelles m1 

(180 nm) was smaller than micelles m2 (400 nm), thus the larger specific surface and surface energy of 

micelles m1 made them easier to adsorb on the surface of cement particles. Therefore, the combination 

of the above effects resulted in a larger adsorption amount of micelles m1 on the surface of cement 

particles. 

3.1.2 Zeta potential of cement particles 

Table 2 presents the zeta potential values of cement particles in different specimens. During the early 

hydration period, due to the dissolution of Ca2+ and OH- ions, the Ca/Si ratio in the liquid phase is 

much higher than 3, leading to a Si-rich layer which is lack of calcium formed on tri-calcium silicate 

(C3S) surface; Ca2+ ions then adsorbs on the surface of the Si-rich layer to form an electric double layer, 

making it positively charged (McCarter, W. et al., 1988). After the micelles were admixed into cement 

paste, due to the low concentration (the concentration of the admixed micelles was 7.5×10-3 wt. %, 

1×10-2 wt. %, and 1.25×10-2 wt. % by dry cement weight in cement paste with w/c ratios of 0.3, 0.4 

and 0.5 respectively), the average zeta potential value of cement particles was not significantly 

changed as shown in Table 2; however, the admixed micelles altered the zeta potential distribution of 

cement particles as shown in Fig.3.  
Table 2 Average zeta potential of cement particles in different specimens 

w/c Zeta potential (mV) 

OPC OPCm1 OPCm2 

0.3 6.02 4.00 5.95 

0.4 5.51 5.35 6.35 

0.5 3.42 5.33 5.53 
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Fig.3 Influence of the admixed micelles on the zeta potential distribution 

 of cement particles 

It is observed in Fig.3 (a) that for the micelles-free specimen OPC, the cement particles had a 

monomodal zeta potential distribution (with a peak at about 5 mV) in cement paste with different w/c 

ratios. For the micelles-containing specimens OPCm1 and OPCm2 (as shown in Fig.3 (b) and Fig.3 (c) 

respectively), when the w/c ratio was 0.3, there was also only one main peak on the zeta potential 

distribution curves; however, when the w/c ratio increased (w/c=0.4, 0.5), except the main peak at 

about 5 mV, a new small peak at about -12 mV appeared and this peak is more obvious with a higher 

w/c ratio. It indicates that with the increase of the w/c ratio, the micelles concentration in cement paste 

gradually increases; they can absorb on cement particles and make partial cement particles negatively 

charged. 

3.1.3 Mini slump flow of cement paste 

The mini slump flow values of cement paste for specimens OPC, OPCm1 and OPCm2 are presented in 

Fig.4.  
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Fig.4 Influence of the admixed micelles on the mini-slump flow of cement paste 

The two types of micelles both slightly increased the fluidity of the fresh cement paste: when the w/c 

ratio was low (w/c=0.3), the mini slump flow was increased by 5 mm; when the w/c ratio increased 

(w/c=0.4, 0.5), the mini slump flow was increased by more than 10 mm. Further, because the 

adsorption amount of micelles m1 on the surface of cement particles was larger (Fig.2), its effect on the 

mini slump flow was more pronounced, compared to micelles m2.  

The above experiment results indicate that the admixed micelles can slightly improve the workability 

of fresh cement paste. The workability of fresh cement paste is closely related to the dispersion ability 

of cement particles, which is mainly determined by the electrostatic repulsive forces and Van der 

Waals forces among particles (Li, Y.W. et al., 2014; McCarter, W. et al., 1988; Mollah, M. et al., 2000). 

Polymers are widely reported to improve the workability of cement-based materials by increasing the 

electrostatic repulsive forces and steric hindrance between cement particles (Jansen, D. et al., 2012; 

Uchikawa, H. et al., 1997). In this study, the TOC results indicate that because of the large negative 

zeta potential and high specific surface area, two types of micelles both effectively adsorb on the 

surface of the positively charged cement particles (Fig.2). Although the adsorbed micelles don’t 

significantly alter the average zeta potential value of cement particles (Table 2), with a higher w/c ratio, 

partial cement particles present larger negative zeta potential values in the presence of the admixed 

micelles (Fig.3), thus the electrostatic repulsive force is increased. Further, the micelles are 

amphiphilic formations, presenting a hydrophobic core and a hydrophilic shell (Yang, Y.Q. et al., 2012; 

Zhang, C.Y. et al., 2012); the adsorption of the spherical micelles also provides a steric hindrance 

effect to improve the distribution of the cement particles. Therefore, in the presence of the micelles, 

the combination of the above effects leads to a better dispersion ability of cement particles and an 

increased fluidity of the fresh cement paste (Fig.4).  

3.2. Materials properties of hardened cement paste in the presence of the micelles 

3.2.1 Hydration process of cement paste 

The heat release rate and cumulative heat release amount of different specimens are presented in Fig.5.  
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Fig.5 (a), (c) and (e) Hydration rate and (b), (d) and (f) Cumulative heat evolution of the cement pastes with a 

w/c ratio of 0.3, 0.4 and 0.5 respectively 

The influence of the admixed micelles on the hydration process of cement paste was different during 

the first 15 h and later hydration ages (up to 7 days) respectively. During the very early hydration age 

(first 15 h), the admixed micelles slightly retarded the hydration rate of C3S (corresponding to the 

main peak in Fig.5 (a), (c) and (e)). For example, with a w/c ratio of 0.3, the hydration of C3S was 

retarded by about 30 min and 46 min in the presence of micelles m1 and m2 respectively. However, it 

is observed from the cumulative heat release amount curves (Fig.5 (b), (d) and (f)) that the total heat 

release amount of the cement paste (up to 7 days) was increased by the admixed micelles. For example, 

with a w/c ratio of 0.3, the cumulative heat release amount was increased by 12.55 W/g and 12.98 W/g 

in the presence of micelles m1 and m2 respectively. The heat release results indicate that in the 

presence of the admixed micelles, although the hydration rate of C3S is retarded during the first 15 h, 

the hydration degree of cement paste is increased at the hydration age of 7 days. 

3.2.2 Microstructure of cement paste 



 

Fig.6 shows the cumulative intruded volume curves and differential distribution curves for both the 

micelles-free and micelles-containing specimens (with different w/c ratios) derived from MIP at the 

hydration age of 7 days.  

The differential distribution curves (Fig.6 (b), (d) and (f)) show that at the hydration age of 7 days, the 

critical pore size of both the gel pores and capillary pores (defined as the peaks in the differential 

distribution curve, giving the rate of mercury intrusion per change in pressure (Conrado de Souza 

Rodrigues. et al., 2006; Ma, Y. et al., 2012) was similar both for the micelles-free and micelles-

containing specimens. However, the total porosity of cement paste was reduced in the presence of the 

admixed micelles as shown in the cumulative intruded volume curves (Fig.6 (a), (c) and (e)): for 

example, with a w/c ratio of 0.4, the total porosity was 0.107 ml/g for specimen OPC and reduced to 

0.093 ml/g for specimen OPCm1 and 0.100 ml/g for specimen OPCm2 respectively. The results 

indicate that due to the accelerated hydration rate, in the presence of the admixed micelles, cement 

paste presents a denser microstructure. 
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Fig.6 (a), (c) and (e) Hydration rate and (b), (d) and (f) Cumulative heat evolution of the cement pastes with a 

w/c ratio of 0.3, 0.4 and 0.5 respectively 



 

3.2.3 Compressive strength of cement paste 

Fig.7 shows the influence of the admixed micelles on the compressive strength of cement paste at the 

hydration ages of 3 days and 7 days respectively. The compressive strength results are consistent with 

the hydration process determined by the isothermal calorimetry tests. At each hydration age (3 d and 7 

d respectively), the admixed micelles slightly increased the compressive strength of cement paste. For 

example, at the hydration age of 7 days, with a w/c ratio of 0.4, the compressive strength was 40.66 

MPa for specimen OPC, 44.23 MPa for specimen OPCm1 and 42.24 MPa for specimen OPCm2 

respectively. 
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 Fig.7 Compressive strength of cement pastes with different w/c ratios:  

(a) 3 days and (b) 7 days 

It is obvious that the admixed micelles influence the hydration process, microstructure development 

and mechanical property of hardened cement paste. The influence of the admixed micelles on the 

hydration process of cement paste is different during the first 15 h and later hydration ages 

respectively. The most plausible reasons are as follows: during the first 15 h, because the micelles 

effectively adsorb on the surface of cement particles, the exchange of Ca2+ ions at the interface 

between cement particles and solution, which is reported to significantly influence the early hydration 

rate (Taylor, H.F.W., 1997), is hindered. This hindrance effect delays the hydration of C3S and 

impedes the formation of hydration products at the first 15 h (Fig.5 (a) (c) and (e)). At later hydration 

ages, the adsorbed micelles alter the surface properties of cement particles, leading to a better 

dispersion of cement particles and improved initial particle packing density. It was also reported that if 

the surface of the solid (in this case cement particles) matches well with the formed solid (in this case 

hydration products), the interfacial energy between the two solids is smaller than the interfacial energy 

between the formed solid and the solution, thus nucleation may take place at a lower saturation ratio 

on a solid surface than in pore solution (Stumm, W. et al., 1992). Therefore, when a small amount of 

the micelles is uniformly dispersed in cement paste, the hydration products can easily form on the 

micelles due to their great surface energy and form conglomeration containing the micelles as nucleus 

(Nicoleau, L. et al., 2010; Silva, D.A. et al., 2005). The micelles acting as nucleus can further 

accelerate cement hydration by reducing the energy barrier. Therefore, at later hydration age, the 

nucleation effect, together with the better dispersion of cement particles promote the hydration rate of 

cement paste (Fig.5 (b) (d) and (f)), which is beneficial for the formation of a denser and more 

homogeneous microstructure (Fig.6) and strength development (Fig.7).      

4. Conclusions 
In this study, in order to investigate the influence of the incorporated micelles based on triblock 

micelles on the material properties of both fresh and hardened cement paste, a very small amount 

(7.5×10-3 wt. %, 1×10-2 wt. %, and 1.25×10-2 wt. % by dry cement weight in cement paste with a w/c 

ratio of 0.3, 0.4 and 0.5 respectively) of two types of micelles (P(PLAMA-co-tBMA)-b-PPEGMA or 

MPEG-b-(PLA-co-PAE) micelles) was admixed in cement paste with different w/c ratios. Based on 

the experiment results, the main conclusions can be summarized as follows: 

(1) In fresh cement paste, two types of micelles were both efficiently adsorbed on the surface of 

cement particles. Because the micelles concentration was quite low, the average zeta potential of the 

cement particles was not significantly altered. However, with a higher w/c ratio (w/c/ratio =0.4 or 0.5), 



 

the adsorbed micelles made partial cement particles negatively charged, leading to a better dispersion 

of cement particles and improved workability of fresh cement paste. 

(2) In hardened cement paste, the hydration rate of C3S was slightly retarded by the admixed micelles 

at the very early hydration age (first 15 h); however, at later hydration age (up to 7 days), the 

hydration rate of cement paste was accelerated by the admixed micelles. Further, the cement paste 

presented a denser and more homogenous microstructure in the presence of the admixed micelles. The 

accelerated hydration rate and improved microstructure resulted in increased mechanical properties of 

cement paste in the presence of the admixed micelles. 

(3) The effect of the admixed micelles on the material properties of cement paste is mainly related to: 

(a) adsorbing on the surface of cement particles and increasing the electrostatic repulsive force and 

steric hindrance effect to improve the dispersion and particle packing density of cement particles; (b) 

acting as the nucleation sites for the formation of hydration products and leading to a more 

homogeneous microstructure and further accelerated hydration rate. 
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Abstract 

One common aggressive mechanism acting in reinforced concrete is chloride attack which induces steel corrosion. 

Although it has mostly been studied and analyzed separately it has been observed that loads acting on concrete may 

modify the deteriorating effect. 

In this research the effect that combined attack provokes on concretes made of ordinary Portland cement (OPC), high 

sulfate-resistance cement (SR) and blast furnace slag (BFS) cement is investigated. Five mixes were made with these 

materials, 2 of them using a type 52.5 N (OPC) cement, 2 replacing OPC by 50 and 70 % of BFS and 1 made of 52.5 N 

(SR) cement type. Cubic samples made with all binder types were exposed to a 3% by weight sodium chloride solution 

while applying a permanent splitting tensile load corresponding to 50 % of their breaking capacity. Prismatic samples 

(100 x 100 x 400 mm) made of OPC binder were exposed to a 3% by weight sodium chloride solution while maintaining 

a compressive load equal to 30 % of their maximum capacity. After the exposure time, ground layers were obtained 

from the samples to determine the chloride ingress into the concrete by means of potentiometric titration. To define 

chloride transport in concrete an error function solution was applied to Fick’s second law.  

In terms of their diffusion coefficient and chloride surface concentration in decreasing order of performance were 

found: the concrete with 70 % replacement by BFS, followed by the concrete with 50 % BFS substitution, then pure 

OPC concrete and finally the sulfate resistant cement concrete. 

Load levels of 30 % in compression and 50 % in splitting tensile testing, improved the resistance of concrete to chloride 

attack.      

 

 

Originality 

Heterogeneity of concrete is one of problems that makes it difficult to setup a representative experiment to reproduce in 

the laboratory the impact that a given applied load has on service life of reinforced concrete structures when subjected 

to a certain environmental condition. In the case of the combined chloride attack to concrete exposed to compressive 

loading the laboratory simulation is simple, thanks to the good capacity this material has under compression which 

makes any heterogeneity inside the material less perceptible. Considering this, laboratory simulation of salt attack on 

concrete structures under compression is easier than similar attack on concrete exposed to tensile loads, this mainly 

due to concrete’s low resistance to tensile loading which makes any material heterogeneity more noticeable. 

Application of conventional tensile tests such as concrete bending tests or direct axial tensile tests on prisms plus salt 

attack are difficult to design, the former are sensible to concrete’s heterogeneities in the part subjected to traction while 

the latter can face eccentricity problems leading to the occurrence of torque which makes it more difficult to setup the 

required test. 

In this study the indirect tensile stress caused by axially opposed compressive loads offer an easy alternative to study 

combinations of tensile loads and chloride attack to concrete. 

The simplicity of the test setup is the main originality of this study.   
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1. Introduction 

Hardened concrete made with cementitious binders is a porous material. Cement paste pores depend 

on cement-binder material characteristics such as chemical and physical nature, water/binder ratio, 

hydration time and  aggregate/paste ratio. Under normal conditions the voids within this solid are 

partially occupied by aqueous solutions. Aggressive salt bearing waters in contact with concrete can 

enter its pores by capillary absorption through a process denominated convection. The penetration rate 

and depth will depend on concrete characteristics such as pore size distribution and connectivity, 

cracks existence, degree of saturation. After deleterious salts have entered the pore system they can 

travel further inside via diffusion, the rate of salt ingress is called the diffusion coefficient, its 

magnitude depends as well on voids volume, size and degree of saturation, but also on the 

physicochemical nature of the cement gel and its interaction with the aggressive ions in solution. 

Migration of deleterious ions into concrete is also influenced by cycles of wetting and drying, pressure 

and temperature, factors that contribute to the complexity of the salt transport into the concrete. 

Concrete’s pore volume is never constant; it changes with time either due to continuing paste 

hydration or due to its deterioration and it also can be considerably modified by an applied load to the 

concrete. Therefore it is expected that migration of deleterious ions into concrete by means of 

convection and diffusion may be modified by the type and magnitude of the external load applied to it. 

Chloride migration through convection and  diffusion is diminished when a minor compressive load is 

applied to concrete but the opposite effect is noticed when the applied load overcomes a certain limit, 

usually 30 or 50 % (Fuxiang et al., 2012; Qiwei et al., 2008) of the concrete’s maximum compressive 

capacity. At this instant some micro-cracks are formed generating fresh pathways that increase the 

chloride intrusion. Under direct tensile load the rate of chloride penetration increases progressively as 

the load is increased (Donghun  et al., 2010) 

The main task in this research is to obtain a more realistic reflection on concrete’s durability when a 

combination of environmental and mechanical loads act simultaneously on this material. To 

accomplish this, concrete specimens made of ordinary Portland cement (OPC), high sulfate-resistant 

Portland cement (HSR) and concrete in which Portland cement was partly replaced by blast furnace 

slag (BFS) applying 2 different replacements levels, were exposed to a 3% sodium chloride solution 

while maintaining permanent compressive and splitting tensile loads. 

   
2. Experimental 

2.1. Raw Materials and sample preparation 

Two types of Portland cements were used, type I 52.5 N with no special durability properties and type 

52.5 N HSR (High Sulfate Resistant cement). Blast furnace slag was also used in two mixtures to 

replace 50 and 70 % by weight of the type I Portland cement. The chemical composition of the binders 

is presented in table 1. 
Tab. 1 Chemical composition of binders (%) 

  CaO SiO2 Al2 O3 Fe2O3 SO3 MgO K2O CO2 Na2O Cl- Sulp. Ins.  Res. LOI 

OPC  63.37 18.90 5.74 4.31 3.34 0.89 0.73 0.50 0.47 - - 0.41 1.51 

BFS  41.24 36.37 9.83 0.26 1.62 7.41 0.41 0.90 0.28 0.02 0.79 0.43 1.30 

 

Five concrete mixes were proposed for this research and they are presented in table 2. The aggregates 

were gravel and a natural sand where quartz is the predominant material . 

In order to improve the fresh concrete properties (slump between 160-210 mm) a superplasticizer 

(Polycarboxylate based) is used in amounts between 0. 2 – 0.4 % by weight of total binder. 

Concrete mixes S0, S50, S70 & SR, were prepared to obtain cubical samples (side=150mm) for splitting 

tests, and stored for 7 days at 20˚ C and RH > 95%. The samples were then demoulded and exposed to 



 

an additional curing time of 21 days at 20 + 2 ˚C and 60 + 5 % RH. Mix S0-b  was prepared to cast 

concrete prisms (100 x 100 mm2, h 400 mm) for compression tests, stored after demoulding for 28 

days at 20˚ C and RH > 95%  

                                                             Tab. 2 Mix proportions (kg/m3) 
  

  
  MATERIAL TYPE So S50 S70 SR S0-b 

 CEM I 52.5 N 345 173 102 0 369 

 CEM I 52.5 N HSR 0 0 0 347 0 

 BFS 0 173 238 0 0 

 WATER 156 156 154 157 166 

 SAND  0/4 771 771 759 774 840 

 GRAVEL  2/8 611 611 601 614 575 

 GRAVEL  8/16 474 473 466 476 450 

 
  

           

2.2. Experimental procedure 
For the splitting load operation, at 28 days after casting 3 cubes for each of the S0, S50, S70 & SR series 
were tested for splitting tensile strength and the average shown in table 3 was taken as a reference for 
the combined setup. For each sample two cubes were vacuum saturated, the non-exposed faces 
covered with black silicon and aluminum foil leaving two opposite open faces to put the solution 
reservoirs. The samples were subjected to 50% of the splitting tensile breaking load, in a hydraulic 
jack connected to a pressurized cylinder (nitrogen/oil mixture) then an exposed face was put in contact 
with a 640 cm3 capacity reservoir containing 3% chloride solution which was continuously recycled 
from a 8 liter stock solution tank at a flow rate of 23 l/h using an aquarium pump. Another reservoir of 
the same capacity as the chloride solution but filled with saturated CaOH2 solution was placed at its 
opposite face as shown in figure 1. 
 
 

 
 

Figure 1. Chloride and load combined attack setup (Splitting) 
For the compressive load operation, 2 prisms corresponding to the S0-b mix were tested after 28 days 
from casting for compressive strength and their average is shown in table 4, this value was taken as a 
reference for the combined setup. Two prisms were loaded coaxially to reach 30% of their 
compressive breaking load using a hydraulic jack connected to a pressurized cylinder (nitrogen/oil 
mixture). Then an exposed face was put in contact with a 80 x 160 x 50 mm3 capacity reservoir 
containing 3% chloride solution following the same procedure as for the splitting setup as shown in 
figure 2. 
 

 



 

Tab. 3 Average splitting loads for 3 cubes (150 mm side) 

Sample Av. load (100%) Var. coeff. Splitt. strength 50% of max. load 

# kN % MPa kN 

S0 145.5 1.9 4.12 72.8 

S50 142.5 4.9 4.04 71.3 

S70 124.0 1.8 3.51 62.0 

SR 168.7 1.8 4.78 84.3 

 
 

Tab. 4 Average compression loads for 2 prisms (100 x 100 mm2, h 400 mm) 

Sample Ave. load (100%) Var. coeff. Compr. strength 30% of max. load 

# kN % MPa kN 

S0-b-1 568.9 1.1 56.89 170.7 

 
 

 

 

 

 

 

 

 

 

                                                                 

 

 

 

 

 

 

 
 

Figure 2. Chloride and load combined attack setup (compression) 

 
After the exposure time, samples were ground into 1-2 or 3 mm depth layers to obtain at least a 
quantity of 10 layers. The obtained powdered concrete was treated by acid digestion with nitric acid to 
extract the total (acid soluble) chloride following the procedure described in EN 14629 
“Determination of chloride content in hardened concrete” by potentiometric titration with a 0.01 M 
silver nitrate solution. To define the obtained chloride’s diffusion profile in concrete an error function 
solution was applied to Fick’s second law, thus obtaining the diffusion coefficient and the modeled 
chloride surface concentration using the procedure suggested in ASTM C 1152 “Acid soluble chloride 
in mortar and Concrete”.  
 2.3. Obtained results and discussion 
2.3.1 Attack under splitting tensile load 
Cubic samples representing concrete mixes S0, S50, S70 & SR were exposed for 315 days to a 
combination of 3% sodium chloride solution plus 50 % of the maximum splitting tensile load, 2 cubes 
were used to represent each mix. Another set representing the same mixes was exposed without load 
to serve as reference samples. With the information extracted from the samples a modeled curve, 
diffusion coefficient, correlation coefficient and surface concentration were obtained and shown in 
figure 3 and table 5. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Chloride diffusion profiles after 315 days at 0 & 50% of failure splitting load and 3% NaCl solution 

 

Tab. 5  Diffusion coefficients m2/s, surface concentration % by weight of concrete and correlation coefficient 

Sample 

D x 

10 12 m2/s 

Reference 

Surf. Cl- (%) R 2 

D x 

10 12 m2/s 

50% Splitt. 

Surf. Cl- (%) R 2 

S0 4.0 0.45 0.973 3.9 0.36 0.963 

S50 0.9 0.95 0.996 0.8 0.65 0.973 

S70 1.1 0.44 0.998 1.1 0.33 0.941 

SR 7.5 0.35 0.988 5.1 0.34 0.944 

 
From figure 3 and table 5 we can observe some improvement in the chloride’s resistance behaviour 
when 50% of failure splitting load is applied to concrete. Firstly, there is a reduction tendency in 
chloride’s penetration which is principally visible by a decrease in the modeled surface concentration 
of salt found in samples S0, S50, S70  while for SR it is mainly perceived as a reduction on the diffusion 
coefficient. On the other hand the nature of the binder plays an additional role in controlling chloride’s 
ingress thus pure Portland cement concretes, either ordinary or high sulphate resistant, shown less 
resistance to chloride attack than concretes whose OPC content was replaced by 50 and 70 % slag. 
This is proven by the comparatively high diffusion coefficients ranges of (4-3.9) x 10-12 and (7.5-5.1) x 
10-12 m2/s found in the former materials, compared to the values of (0.9-0.8)x10-12 and (1.1)x10-12 m2/s 
found in the latter materials S50 and S70. Correspondingly, this is also understood directly from the 
steep shape of chloride penetration profiles for the slag concretes compared to the low slope profiles 
obtained from S0 and SR in figure 3. 
It was also noticed that concretes S0 and SR have almost the same behaviour towards chloride ingress, 
only that S0 shows a somewhat higher capacity for preventing chloride ingress, probably due to a 
higher content of C3A in its chemical composition compared to the lower amount present in SR which 
results in a higher chloride binding capacity for S0. 
For the slag containing concretes, a larger chloride’s surface concentration was noticed for S50, almost 
twice the concentration found in S70. More studies are needed to evaluate the chloride adsorption 
mechanism to the slag and the role of surface activators such as calcium ions and pH. Surface 
carbonation is another issue to be taken into account. 
2.3.2 Attack under compressive load 
Prismatic samples representing concrete mixes S0-b  were exposed during 8, 15, and 39 weeks to a 
combination of 3% sodium chloride solution plus 30 % of the maximum compressive load from which 
the modeled curve, diffusion coefficient, correlation coefficient and surface concentration are obtained 
as shown in figure 4 for the 15 week exposure time and table 6 for all the tests. 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Chloride diffusion profiles after 15 weeks at  0 &30 % compressive load and in 3% NaCl solution  

 
Tab. 6 Diffusion coefficients m2/s, surface concentration % by weight of concrete and correlation 

coefficient 

Time weeks 

D x 

10 12 m2/s  

0% Compr. 

Surf. Cl- (%) 

0% Compr. 
R 2 

D x 

10 12 m2/s 

30% Compr. 

Surf. Cl- (%) 

30% Compr. 
R 2 

8 4.2 0.501 0.986 4.6 0.498 0.995 

8 5.0 0.501 0.993 3.6 0.324 0.995 

15 3.8 0.569 0.981 3.9 0.444 0.987 

15 3.0 0.544 0.985 3.6 0.400 0.994 

39 3.9 0.539 0.971 2.2 0.502 0.984 

39 3.0 0.573 0.985 2.6 0.547 0.986 

 
From the data results shown in table 6 it was noticed that for this single type of concrete, the diffusion 
coefficient diminishes while the chloride surface concentration increases with time. Also can be 
noticed that application of 30% of the failure load on the concrete provokes a reduction in both surface 
chloride concentration and in the diffusion coefficient as shown in figure 5.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Diffusion & surface concentration trends for S0-b with time, 30 and 0 % compressive load  



 

 

3. Conclusions 

When concrete types with slag/binder ratio of 0.0, 0.5 and 0.7, denominated in this study as S0, S50, S70, 

and a concrete type made with sulfate resistant cement (and no slag), called SR, were exposed for 315 

days to 3% sodium chloride solution in combination with 50 % of the maximum splitting tensile load, 

the chloride ingress is attenuated, this is evidenced by the reduction in the diffusion coefficients as 

well as by the decrease of the values of sodium chloride’s surface concentration for the studied 

concretes. 

Concretes made of BFS + OPC combinations seem to adsorb more chloride ions at the surface than 

pure OPC ones and also control better the chloride ingress with low diffusion coefficients of 1x 10-12 

m2/s compared to levels of 4 and 7.5 x 10-12 m2/s found in OPC and sulfate resistant cement concretes. 

When a permanent compressive load (30% of maximum load) is applied to a sample made of OPC 

concrete, the chloride ingress by diffusion seems to be permanently hindered. The results showed that 

at 39 weeks of chloride exposure the samples loaded at 30% of the maximum load, had an average 

diffusion coefficient (2.38 x 10-12 m2/s) which represents 68% of the diffusion coefficient for an non-

loaded concrete at the same age. It was also noticed that chloride diffusion coefficients decreased with 

time and chloride surface concentrations increased with time. 
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Abstract 

It is proved by experiment that water in the nanoscopic gel-pores of hardened cement paste 
(hcp) deviates from normal bulk water. Reason is the strong surface interaction with the large 
internal surfaces of the gel matrix over. The density of gel-pore-water is higher – between 
1.15 g/cm³ and 1.25 g/cm³ - its heat of fusion is reduced by app. 30% both depending from the 
type of cement. This interaction leads to the prestructured gel-pore-water in contrast to bulk 
water. The interaction is well described by the theory of disjoining pressure. Data are found in 
the SLGS (solid-liquid-gel-system) model – see publication in this conference. The interaction 
hinders also the gel-pore water from freezing even at temperatures far below the triple-point – 
down to -45 °C. Its entropy is lowered as shown by the heat of fusion. Nevertheless, 
experiment proves that ice Ih is formed if pore water freezes –at first predominantly in larger 
pore space. To establish triple point condition between the phases - unfrozen water, ice and 
vapor - both a mechanical and chemical condition must be fulfilled leading primarily to high 
negative pressure in gel water. During cooling water flows from unfrozen gel water to ice and 
generates frost shrinkage. During heating the pressure is reduced again following the triple 
point condition and the system is swelling. The basis with the mechanical and chemical 
condition is described by the thermodynamic part of micro-ice-lens model. 
In contrast to the microscopic and submicroscopic condition a freeze-thaw attack in the 
macroscopic system of concrete is a highly transient phenomenon where equilibrium is 
reached only locally in a scale of some micrometers. Transport from water to ice during 
cooling is fast in the micrometer scale. However, melting of ice is slow and the water 
transport back is quenched. If there is external water available it is sucked in. Therefore, a 
freeze-thaw cycle is at first a very efficient artificial saturation. If due to this suction process a 
damaging degree of saturation is reached damage sets in and needs only some singular 
additional cycles. This highly transient, macroscopic part of the model is described by 
numerical modelling (theory of porous media). 
It is proved by experiment that even small amounts of ions dissolved in the external water 
increase the scaling damage at the concrete surface significantly. Already a small 
concentration as found in tap- or surface-water increases the effect significantly – e.g. at 
molar concentrations of 0.025 mol/leq by a factor between 2.5 and 34 depending on cement 
and w/c. It becomes extreme at concentrations as found in de-icing salt solutions – 
factor >100. The reason is that the sucked in ions change the electrostatic term of the 
disjoining pressure leading to high pressure changes and gradients during a freeze thaw 
attack. 
In laboratory tests the macroscopic effects are simulated in RILEM CDF/CIF test in good 
agreement with the practical performance of concrete. However, there are considerations to 
improve the methods. 
Originality 

The theory of the frost-damage is by the author; the measurements were done during the research work 

at IBPM of University Duisburg-Essen together with PhD-students supervised by the author. The 
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1 Introduction 

Two principal questions concerning durability of concrete against freeze thaw attack are in 

the focus of this article. (1) Why concrete survives many freeze-thaw cycles even if it is 

saturated by isothermal capillary suction? (e.g. in ASTM C 666 it are 300 cycles, in Swedish 

test and CIF-test 56) In comparison a completely water filled steel container with much higher 

strength is destroyed during the first frost attack. (2) Why even small amounts of dissolved 

ions as found in surface water or tap water increase the scaling of concrete dramatically and 

this in a strength which cannot be explained by microscopic physics or chemistry (e.g. by 

depression of freezing point of chemical attack)? 

The first question can be answered by a semi-macroscopic explanation. Starting point is that 

there exists a remarkable amount of unfrozen gel pore water even far below bulk freezing 

point. This aspect has already been pointed out by Powers (Powers 1945). He and Helmuth 

(Helmuth 1972) used the hydraulic pressures and transport for the explanation. Fagerlund 

(Fagerlund 1975) claimed that if a critical degree of saturation is surpassed damage sets in. 

Already in (Setzer 1977) the author calculated the pressures and mass transport arising from 

surface tension of sub-microscopic ice crystals of different size in the gel structure which are 

trapped in submicroscopic pores and separated from the solid surface by an unfrozen 

molecular water-layer. Later the author (Setzer 2001) (Setzer 2001a) used semi-macroscopic 

thermodynamics to calculate the temperature dependent negative frost-pressure in unfrozen 

gel-pore-water necessary to maintain the triple phase condition. Scherer (Scherer 1993) and 

Penttala (Penttala 1998) adopted similar pressures for the water ice interfaces. Scherer used it 

especially for his percolation model. The frost pressure generates frost shrinkage and a 

transport from unfrozen pore water to ice. Frost shrinkage is in many aspects comparable to 

isothermal hygric shrinkage. In (Setzer this conference) it is shown that for hygric shrinkage 

very high internal pressures are important. These pressures of the SLGS model superimpose 

to the values calculated semi-macroscopically in the micro-ice-lens model. As shown in 

(Setzer 2001a) the pressures varying with temperature generate macroscopically during a 

freeze-thaw cycle a frost-suction. It will be shown below that frost suction is by far more 

efficient than any other transport like isothermal capillary suction and of course than diffusion. 

For frost resistance is must be kept in mind that due to self-desiccation during the hydration of 

cement empty pore room is generated which is sufficiently large to balance the expansion of 

ice.  

However, experiments proof that the macroscopic values for the properties of water deliver 

wrong values for the generated pressures. It is apparent from the experimental results that gel 

pore water deviates significantly from macroscopic bulk water. The heat of fusion and the 

density of gel-pore-water vary with the type of cement. Additionally, microscopic physical 

and chemical laws do not cover the influence of dissolved ions. To explain the impact of 

dissolved ions the disjoining pressure has to be introduced - a phenomenon which is only 

effective in the nanoscopic region i.e. far below 1 µm. Especially the electrostatic part of the 

disjoining pressure is essentially changed by the concentration of dissolved ions and herewith 

important for the explanation of scaling.   

At this point we should also keep in mind that we have to distinguish different sources of 

internal pressure. The micro-ice lens model and the negative pressure in the unfrozen gel pore 

water due to triple point conditions are strictly related to the pore water and its equilibrium 

with ice. A dry system will not show the effect. In contrast to this the disjoining pressure is 

primarily an interaction between the walls of the gel pore. It would be acting even in a dry 

system. However, it is significantly changed by the pore water and its dissolved ions.  

Finally it must be taken into account that the frost phenomena act on different geometric 

scales. While disjoining pressure and all surface scientific aspects are most relevant around 1 

nm and decay fast becoming insignificant around 100 nm=0.1 µm. The transport from gel 

pore water to the micro ice lenses takes place in the region around 0.1 µm to 100 µm. Here 

both thermal and thermodynamic equilibrium is reached much faster than any external change 

takes place. In the real structures above this we have as a rule transient thermal and hygral 

changes become more and more decisive i.e. no equilibrium is reached during normal cooling 

or heating process.  



 

1. Micro-ice-lens model 

1.1 Microscopic part and semi-macroscopic theory 

 

Figure 1.  The micro-ice-lens model. Comparison of microscopic / sub-microscopic scale 

(right) and transient macroscopic scale (left).  

The micro-ice-lens model – figure 1- describes the pumping effect leading to frost suction. It 

has three levels linked to scales – submicroscopic or nanoscopic, microscopic and 

macroscopic. In (Setzer 2001) (Setzer 2001a) the author deduced the criteria for a 

thermodynamic equilibrium on the basis of the classical thermodynamics. Two criteria were 

derived: (1) a chemical stability criterion and (2) a mechanical stability criterion. Below bulk 

freezing point and after ice has formed in larger pores (above ≈0.1 µm) due to heterogeneous 

nucleation the macroscopic triple point condition is violated i.e. any unfrozen water has the 

tendency to migrate to the ice. The triple point criterion can only be fulfilled in porous media 

if a high negative pressure can be generated in the unfrozen water. This is the chemical 

stability criterion. It bases on the equality of chemical potential of water. For unfrozen, liquid 

pore water (index L) and ice (index S) the equilibrium is established by equal chemical 

potential given by: 
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with the temperature T, the molar entropies s, the molar volumes v and the pressures p. In our 

context the second term is negligibly small giving 
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As a rule the entropy changes with temperature and pressure  -see (Setzer 2001). However, 

the correction terms are small. The macroscopic properties and values of water are not 

applicable for gel pore water as found from detailed experimental results (Setzer Liebrecht 

(2007). Its entropy and molar volume (density) is given in table 1.  

The equation (2) can be simplified to a numerical relation between the pressure difference and 

the temperature  in Celsius scale with the coefficient  dependent from the type of cement. 
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Since <0 and >0 the pressure in the liquid is negative. In table 1 data for bulk water and 

pore water are compiled. The value of pressure difference increases with falling temperature! 

To this pressure generated within the water the change of disjoining pressure must be added. 

This pressure acts between the inner surfaces of the nanoscopic gel. A change of water 

content changes this disjoining pressure additionally. For isothermal hygric shrinkage and 

swelling a model is given in (Setzer – SLGS this conference). The disjoining pressure futher 

changed if the concentration of pore solution varies. All these pressure effects must be added 

to the above mentioned pressure of (3).  
Tab. 1.  Data for prestructured gel pore water - from (Setzer, Liebrecht 2007)  

 Heat of fusion Density     

bulk 333 J/g 1000 kg/m³ 1,22 MPa/K 27 nm*K 

CEM I 186 J/g 1206 kg/m³ 0,82 MPa/K 40 nm*K 

CEM III A 238 J/g 1085 kg/m³ 0,95 MPa/K 35 nm*K 

CEM III B 226 J/g 1209 kg/m³ 1,00 MPa/K 33 nm*K 

The mechanical stability criterion defines until which temperature gel pore water remains 

unfrozen. For details see (Setzer 2001), (Setzer 2001a). Here it is shown in a reduced way and 

combined with equation (3): 
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  is the mean value of interfacial energy between ice and pore water. The value of the 

interfacial energy is quite uncertain in literature even under macroscopic aspects. Values are 

found between 20 and 44 mJ/m². The value of Hobbs 333 mJ/m² is based on more direct 

experiments with interfaces and is used in table 1. In any case the given value gives only an 

approximation – however, a valuable guess for the magnitude and region. 

HR  is the hydraulic radius of the changing ice front. It is different during freezing and melting 

and depends from the pore geometry. During freezing it defines the progress or percolation of 

the ice into a pore; during melting the collapse of a pore-ice particle. In good approximation it 

is ( ) ( ) 2 4 / 2H HR percolation R melting d D    where d is the diameter of a cylindrical pore 

and D the distance between the surfaces of a slit-pore. 

At this point it is worth to note that the most relevant gel pore maximum in hardened cement 

paste is near to d=2 nm. Even if we consider the worst-case of bulk water in the table 1 and 

use as minimum temperature - 20° C as in most test procedures and especially in the RILEM 

recommendations than this gel pore water will not freeze. 

In figure 2 the pure frost deformation is shown for very small specimens. Due to the size they 

are nearly in thermal equilibrium during the test. The disadvantage is that a distinct 

supercooling effect is observed which is not typical in real constructions with much larger 

size and therefore reduced supercooling effect. They had a different degree of saturation due 

to the method of isothermal pre-storage and therefore behave differently. 

1. The specimen (III) which was pre-stored under concentrated calciumhydroxid solution (in 

figure 2 denoted by “water”) and which was therefore completely water saturated shows a 

distinct ice expansion. In the real structures such a situation is only found near the surface 

or after the frost suction process has increased saturation as will be outlined below. 

2. The specimen which was pre-stored in sealed condition (in figure 2 denoted by “sealed”) 

shows a very high frost shrinkage after the first micro-ice lenses in larger pores were 

formed. This is the most probable situation within the real structures. There is sufficient 

room for ice expansion due to autogenius shrinkage during hydration. 

3. The specimen which was pre-stored not in a sealed condition but in a wet climate (in 

figure 2 denoted by “91% r.h.”) apparently lost all macroscopically freezable water and 

shows frost contraction only at very low temperatures when ice in the larger gel pores 

starts freezing (approximately at -20° C). 



 

 

Figure 2. Pure frost deformation of small hcp specimens (5x5x25 mm in Netsch 402 C 

dilatometer) pre-stored during hydration under different conditions: I.: “Sealed”: no water 

exchange i.e. with self-desiccation; II.: “91%”: constant 91% r.h. humidity condition; 

III.: “water”: under concentrated calciumhydroxid solution; due to the ice formation which is 

observed in III the plot is related to the scale at the right which is enlarged by a factor of 5. 

(Data by Liebrecht (Liebrecht 2005), (Setzer, Liebrecht 2007), plot by the author). To gain the 

pure frost deformation the normal thermal deformation has been subtracted which was 

calculated from the data between 0° C and 20° C.  

1.2 Definition of size range – transition to macroscopic part and transient phenomena 

The macroscopic range starts where the time of the externally generated temperature change 

faster than the necessary time to reach the thermal equilibrium this macroscopic volume of 

characteristic dimension length L. Following (Özisik 1980) the temperature within a slab of 

thickness L can be calculated by:  
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where a is the thermal diffusivity of the material defined by the thermal conductivity , the 

density  and the heat capacity c. In equation (5) the exponential term is the dominant factor. 

It becomes less than 1% if the exponent falls below a value of –5. If we now consider a region 

of Le then equilibrium is reached if it is: 
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where te is called equilibrium time.  

For wet concrete good approximations are  = 2 W/(m*K),  = 2400 kg/m³ and c = 1 

kJ/(kg*K) and with that a= 0.83 mm²/s. Freezing is a phase transition; the situation is a 

moving boundary condition (Stefan problem) and equation (5) is not strictly correct. However, 

for our task to find an estimate for the region where quasi-equilibrium conditions change to a 

transient situation we can smear the heat of fusion over a temperature range where freezing 

takes place. 0.1 K is certainly a reasonable value. The heat of fusion in 1 kg of concrete we 
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need the relative amount of freezable water in it which is until  -10° C the bulk water. For a 

well hydrated concrete (degree of hydration app. 0.9) and a w/c of 0.5 we find approximately 

40 liters of freezable water in one cubic-meter or 0.017 kg(water)/kg(concrete). With an heat 

of fusion of 333 kJ/kg this gives 5.5 kJ/kg(concrete). This smeared over 0.1 K the new cfrost is 

56.6 kJ/(kg*K) and afrost= 0.0145 mm²/s. If we take as characteristic length Le = 120 µm then 

the equilibrium time is te = 0.17 s and at Le = 300 µm te = 1.05 s. These equilibrium times are 

sufficiently below the values of a transient frost impact (typical 10 K/h) and the length 

sufficiently above gel particle and pore size (<<1 µm). At Le= 4 mm the equilibrium time is 

already a app. 3 min. This is critical even if external temperature changes are mostly slower 

than 1 hour. Therefore, we can now safely distinguish several regions: 

1. (>4 mm) In the macroscopic scale we have transient conditions where a frost-front is 

penetrating the object during freezing and a melting-front during heating.  

2. (<4 mm and >120 µm) A transition scale where transient effects are still important. It is 

equivalent with the region of macro-capillaries. Here macroscopic transport of water etc. 

takes place.  

3. (< 120 µm and > 4 µm) In the microscopic scale local thermal equilibrium can be 

assumed. The mass transfer caused either by pressure or temperature gradients or by 

pressure differences between water and ice have time constants which are larger than the 

time constants of temperature waves without freezing. However, they are still significantly 

smaller than the macroscopic time constant. Therefore, in the submicroscopic scale we can 

assume a thermal equilibrium as well as a thermodynamic equilibrium. 

4. (<4 µm and >0.120 µm=120 nm) Submicroscopic scale. Only local transport is 

significant. Region of micro-ice lenses, meso-capillaries and empty pores due to self -

desiccation.   

5. (< 120 nm and > 4 nm) The scale of gel where the freezing point of pore-water is 

decreased by the surface interaction with the solid. It starts at meso-gel level (typical 

dimension d< 0.12 µm=120 nm) the upper diameter of meso-capillaries – hydraulic radius 

RH = d/4 = 30 nm - as given in (Setzer 1999) 

6. (<4 nm) The nanoscopic scale where the natural law of surface physics and chemistry 

dominate over macroscopic bulk laws. The disjoining pressure as discussed below is 

dominant. Region of gel pores. 

1.3 Macroscopic part of micro-ice-lens model 

As pointed out above and can be seen in figure 1 gel pore water is transported during cooling 

to the micro ice particles until a sufficiently high negative pressure is generated in the 

unfrozen gel pore water following the equation (3); this transport is increasing with falling 

temperature. The phenomenon is called frost shrinkage. During heating the inverse effects 

takes place i.e. the value of the negative pressure in the unfrozen gel pore water is falling with 

temperature. However, ice remains unfrozen. A distinct hysteresis is observed between 

freezing and melting. Therefore, if external water is available it will be sucked in. The effect 

is called frost suction. This is by far the most efficient suction process. (See figure 1 for the 

description and in figure 5 for experimental results.) This macroscopic transient problem is 

proved by some thousand test results in CDF/CIF test (Setzer et.al. 1996), (Setzer et.al. 2004) 

and numerically modelled by Kruschwitz (Kruschwitz 2008), (Kruschwitz Setzer 2008). 

2 Simulation of real conditions during a frost attack in laboratory by the RILEM CIF 

test – frost suction and internal damage 

It is clear that this transient process of frost suction highly depends on the boundary 

conditions. Since any test procedure should simulate the real conditions as good as possible 

the boundary conditions of the real concrete structure shall be analyzed first – see 错误!未找

到引用源。. In real structures the heat and moisture transport takes place predominantly over 

one outer surface which can be called “surface of attack”. As long as they are laterally 

“infinitely” extended the heat and moisture flux are vertical to this surface. The horizontal 

heat transport is negligible as well as the water transport. A test specimen can be treated like a 

small cut out of such a structure. However, now additional surfaces lateral are generated. Any 



 

transport of both liquid and heat over these new surfaces would generate a deviation from the 

transient process in the real structures. Experimental data showed that in this case the effect of 

the micro-ice lens pump would be shortcut. Frost suction and herewith the result of the test 

and the durability prediction would deviate essentially from real situations. It is worth to keep 

in mind that 1 mm of liquid water on top of the surface of attack consumes as much heat 

during freezing as 10 mm of concrete. Therefore, a transport over any other surface of the 

specimen must be suppressed. This substantial requirement has been violated in nearly all test 

procedures (ASTM, ÖNORM, and even Swedish slab test) known to the author. CDF (Setzer 

et.al 1996), CIF (Setzer et.al 2004) test as proposed in the RILEM recommendations solve 

this problem - for a better understanding see 错误!未找到引用源。 and figure 4. Since in the 

test procedures the relevant boundary conditions are adequately fixed the tests have a high 

precision as proved by several international round robin tests and evaluated following ISO 

5725 (details see Auberg (Auberg 1998). It is not reached by any other freeze-thaw tests taken 

into account.  

 

Figure 3. Comparison real structure and laboratory test 

 

Figure 4. Test set-up during RILEM CDF / CIF test procedure. 

In the CIF/CDF test (figure 4) each specimen is in an individual container immersed in a 

liquid temperature controlled bath which allows both precise control of the freeze thaw cycle 

(<0.5 K) and an efficient heat transport. Lateral heat exchange by convection is suppressed 

due to the small distance between specimen and container wall and exchange by radiation by 

the use of metal surfaces. 

In a frost test the degree of saturation is increased by frost suction until a critically and 

damaging degree is reached. Therefore, it is important to start the freeze thaw test is a well-

defined degree of saturation. In CDF/CIF test the specimens are saturated by capillary 
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isothermal suction during 7 days. Two freeze-thaw cycles are passed per day. Results are 

reached after 28 cycles or 14 days. For further detail it is referred to the RILEM 

recommendation.  

2.1 Experimental results of CIF test 

 

Figure 5. CIF Test results. Water uptake and rel. dyn. E-modulus as function of time / freeze 

thaw cycle ftc. Negative values relate to capillary suction. 

 

Figure 6. Length change measured during CIF test. Abscissa has been cut to collect the data 

during contraction (1st cycle - negative!) and during expansion (28th cycle) in one graph. Data 

by Setzer, Kasparek 

In figure 5 both internal damage characterized by the reduction of the relative dynamic 

elastic-modulus, and water uptake are plotted. It is seen: (1) The saturation by frost suction 

(positive values) is substantially larger than the saturation by the isothermal capillary suction. 

(2) The CIF test is able to distinguish even relatively small changes in concrete quality (here 

between w/c 0.55 and 0.61). The acceptance criterion RDM=80 % is transgressed with wc= 

0.55 at the 29th freeze-thaw cycles (14.5 days) and for wc=0.61 at the 24th ftc (12 days). Since 

German regulations for waterways demand a minimum of 28 cycles before the RDM=80% is 

transgressed the wc=0.55 meets the test even if scarcely and 0.61 fails it. (3) Damage sets in 

after nearly the same amount of suction is reached in both cases as marked by arrows.  

The thermal expansion during CIF test figure 6 reflects the length change measurement in 

figure 2: (1) At start of test – 1st cycle – frost shrinkage (negative values) dominates since 

apparently there is sufficient space due to autogenius shrinkage that ice expansion is not 

relevant here. The result also shows that even isothermal capillary suction cannot saturate the 
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specimen sufficiently. However, due to frost suction ice expansion dominates at the end (28th 

cycle) where the critical degree of saturation is reached.  

For durability of frost resistance the speed of frost suction is the decisive parameter. It should 

be noted that following our data entrained air is protective since it inhibits the suction process 

comparable to air in mechanical a hydraulic pump. This must be kept in mind when designing 

air content especially for high performance concrete with a dense matrix. 

3 Scaling and the influence of dissolved ions 

3.1 Scaling experiments with changing concentration of solution including simulation of 

surface water 

 

Figure 7. Change of scaling dependent from concentration of de-icing salt (NaCl) concentration 

– 28 ftc. 1% NaCl = 0.171 mol/leq. 

 

Figure 8. Influence of minor concentrations of dissolved ions (eq. surface water) on scaling 

after 28 freeze-thaw-cycles – ftc – with concrete. 
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It is well known that deicing chemicals increase the frost damage dramatically. In the RILEM 

technical committee TC 117 FDC recommendation the CDF test - has been proposed (Setzer 

et.al. 1996); its precision has been assessed in several international round Robin tests and 

evaluated by ISO 5725. In a big additional research program (Hartmann 1992 ) we found an 

acceptance level of 1500 g/m² after 28 freeze thaw cycles (ftc) for durability against frost and 

de-icing salt attack (In European Standard concrete class XF3). In this project more than 400 

different types of concrete have been tested covering good and bad concretes. The selection of 

the mix design was advised by industrial representatives.  

In another program we checked how a change of the concentration of deicing chemicals 

influences the scaling - figure 7. The 3% concentration as demanded in CDF test has been 

used as reference. It is clearly seen that at 3% - the CDF-value - the maximum damage is 

reached. From the macroscopic point of view this is astonishing since at this concentration 

neither the depression of freezing point nor a chemical attack are sufficiently strong to explain 

this maximum.  

Even more astonishing was an experience during a round Robin test of RILEM TC 176 for 

the recommendation of CIF test (Setzer et.al. 2004) of frost resistance of concrete with pure 

water: It was found that already the different type of tap water in the different laboratories 

caused significantly different results. Auberg (Auberg 1988) reproduced the composition of 

the test-water in laboratory and could explain the differences in scaling by the influence of 

dissolved ions. However, since the precise causes were not understood sufficiently well to 

give clear recommendations RILEM TC 176 used demineralized water as test liquid in the 

RILEM recommendation for CIF test (Setzer et.al. 2004). We were aware that for scaling 

these are minimum conditions. 

Therefore, Bevanda studied the effect of dissolved ions systematically (Bevanda, Setzer 2009) 

(Bevanda 2011). She proved as well that the laboratory test results with well-defined ion 

concentrations can exactly be related to scaling under outdoor conditions with surface water. 

In figure 8 it is clearly seen that small concentrations dramatically change scaling. The “non-

linear” progress of scaling can be attributed to the difference between carbonated and non-

carbonated zone. The concentrations of test liquid are far below the well-known maximum 

condition for de-icing chemicals. Surface or tap water has a concentration of some milimol-

equivalent/liter and is in the lower part of figure 8. This effect definitely cannot be explained 

by a microscopic physics or chemistry. 

3.2 Explanation by the electrostatic part of disjoining pressure 

 

Figure 9. Disjoining pressure  – electrostatic and molecular part - as function of the ionic 

strength (I.S.) and the pore diameter. 



 

 

Figure 10. Disjoining pressure  – electrostatic and molecular part - as function of the ionic 

strength (I.S.) – for a pore diameter of 2 nm. 

A fair explanation of the rather high impact of even highly diluted dissolved ions on the 

surface scaling of concrete during a freeze thaw attack can be given by nanoscopic surface 

science. For this one must keep in mind (1) that hardened cement paste has a nanoscopic gel 

structure and (2) that in this structure special surface scientific laws become dominant. They 

are described best by the disjoining pressure Π which was published first by Derjaguin (1936) 

and which describes the interaction between two internal surfaces in the distance of a few 

nanometers. The disjoining pressure is characterized thermodynamically by the distance h of 

the two solid interphases. 
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It becomes relevant when the surface forces between the interfaces overlap. A precise 

description would go beyond the scope of this article. The background is found in the 

excellent text books by Israelachvili (Israelachvili 1991), by Derjaguin, Churaev and Muller 

(Derjaguin et.al. 1987) and by Churaev (Churaev 2000). An application of these 

considerations for isothermal shrinkage and a model for hardened cement past (SLGS) is 

given in (Setzer this conference).  

Three different types of disjoining pressure must be distinguished: the dispersive or molecular 

term (index m) which is attractive in our case and compared to the other two relatively small, 

the electrostatic term (index e) which is the most interesting here and the structural term 

(index s) which is rather important and large in pre-structured and structured gel-pore water 

(Setzer 2011) but will not be treated here. 

m e s      

The structural term is relevant if water is transported out of the pores either by evaporation or 

by ice-suction. It impact is found in the SLGS model. 

The molecular term decays with the distance by a power of six and ranges to the largest 

distance under the disjoining pressure terms i.e. until approximately 100 nm. The electrostatic 

term decays with distance d exponentially -  exp * d  where 1/ is the Debye radius. It 

highly depends on the type of electrolyte and the electrolyte concentration. 
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The electrostatic and molecular part of the disjoining pressure following by DVLO theory and 

taking into account pore solution and distances as found in hardened cement paste has been 

calculated and is plotted in figure 9 and figure 10. In the plot the concentration is given by the 



 

ionic strength as defined by 1:
2 i i

i

IS z c   where z is the valence and c the concentration of 

the ion type i. It must be emphasized here that the electrostatic part of disjoining pressure is 

repellent and dominant with respect to the molecular term at small distances. From squeezed 

out pore solution – Xu (Xu 1995) - we can state that the ionic strength of the pore solution is 

near to 0.1 mol/l. The figure 9 and figure 10 show that this is near to a maximum of the 

electrostatic disjoining pressure. During freezing the concentration in the unfrozen pore water 

is increased since ice does not solve ions. The disjoining pressure is diminished. 

This drop-down of disjoining pressure is added to the pressure discussed above in the micro-

ice lens model. In contrast to the micro ice lens pressure which acts in the unfrozen water and 

is related to this water the change of disjoining pressure is related to the interaction of the 

solid gel particles even if this interaction is highly affected by the medium between the 

particles especially by the dissolved ions. 

If by frost suction water with dissolved ions is sucked in the effect of electrostatic part of 

disjoining pressure is enhanced. For concentrations as found in deicing solutions this effect 

becomes detrimental as known from practical experience. However, the recent findings show 

as well that even small amounts of dissolved ions cannot be neglected. 

Conclusions 

1. Frost suction: During the first freeze-thaw cycles a saturation process of concrete is 

observed which is caused by frost action and which significantly exceeds the usual 

saturation for instance by an isothermal capillary suction. The frost suction process is 

generated by the micro-ice-lens pump. 

(1) Microscopically it bases on water in nanoscopic gel pores which is hindered from 

freezing by surface forces and which deviates from properties of bulk water 

(prestructured, density, heat of fusion). Below freezing point it is in equilibrium with 

ice due to negative pressure. This generates frost shrinkage during cooling and frost 

swelling during melting.  

(2) Ice expansion is not observed during the first cycles since sufficient pore space has 

been generated due to autogenius shrinkage during hydration. 

(3) Macroscopically there is a transient process. During cooling water is transported from 

gel to ice. During heating it remains trapped. The frost swelling sucks in external 

water if available.  

(4) The degree of saturation increases with every freeze thaw cycle. 

2. Internal damage: Only after a damaging degree of saturation is reached destruction by ice 

expansion and hydraulic pressures sets in as it is explained by the existing models of frost 

damage. The pure ice expansion effect is restricted to the inner part of concrete i.e. internal 

damage. 

3. Surface scaling is highly dependent from dissolved ions in the pore solution. The 

electrostatic term of disjoining pressure is changed due to this especially during ice 

formation. Dissolved ions in the sucked in water increase the effect. Even small amounts 

are relevant as found in surface water. Concentrations like in de-icing solutions are 

detrimental. 
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Abstract 

The corrosion-resistance of a new kind of alloyed corrosion-resistant steel (10%Cr steel) was studied. 

The corrosion resistance of the passive film of 10%Cr steel naturally formed in simulated concrete 

pore solutions (pH=13.3) was evaluated by electrochemical impedance spectroscopy (EIS) and 

capacitance measurements (Mott–Schottky curves). Stainless steel and low-carbon steel were also 

employed for comparative purpose. Meanwhile, the features of the passive film for 10% Cr steel were 

studied by X-ray photoelectron spectroscopy (XPS). The results indicated that 10%Cr steel exhibited 

superior passive film to low-carbon steel, and its passivity resembled stainless steel due to the high 

charge transfer resistance and passive film resistance. In addition, the growth trend of the passive film 

of 10%Cr steel was analogous to that of SS steel, which was formed rapidly within the first day of 

immersion and slower during the following immersion time. Moreover, M-S curves and XPS results 

indicated that the composition and structure of the passive film for 10%Cr steel was similar to that of 

stainless steel.  

 

Originality 

During the last years, the use of stainless steel reinforcements is becoming more frequent under severe 

conditions. However, the high cost of stainless steel is the most highlighted weakness. Therefore, the 

study of the corrosion resistance of the new alloyed steel rebar with relatively low cost is meaningful 

and this is the first originality. 

The second originality is combining electrochemical methods (EIS and M-S) and surface analysis 

methods (XPS) to not only assess the corrosion resistance of passive film formed in simulated concrete 

pore solution but also the probable mechanics of the different protective ability between 10%Cr steel 

and the other steels.  

 

Keywords: corrosion-resistant steel rebar; corrosion; passive films; XPS 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1. Introduction 

In severe environment such as marine environment, reinforced concrete structure is 

vulnerable to suffer corrosion. Carbon dioxide and chloride ions are most aggressive, causing 

pitting corrosion and impairing the mechanical property of steel rebar. Moreover, the 

corrosion products possibly cause the cracking of the covering concrete, leading to structural 

damage (Freire L.et al. 2010). Therefore, the corrosion resistance of steel rebar is significant.  

Duplex stainless steel is gradually applied to some construction projects under severe 

conditions (Gedge G.2008). The application of duplex stainless steel is limited due to the high 

cost of alloy elements added to the stainless steel. Researchers are actively seeking for 

excellent alternative which meets the demanding mechanical and corrosion-resistant requests. 

Up to now, the most promising steel is 12%~15%Cr steel with low Ni. Also, due to the high 

performance/cost ratio, the research of 2.5%~10%Cr steel is meaningful (Presuel-Moreno F. 

et al. 2010).  

The passive film formed on the steel surface prevents the attack of corrosion ions such as 

chloride. The passive film of stainless steel is generally a dual-layer semiconductor structure, 

which is of poor conductivity and thus high protective ability (Freire L. et al. 2010). The 

electrochemical behavior of passive film could be measured by open circuit potential (OCP) 

and electrochemical impedance spectrum (EIS) methods etc. and surface analysis by X-ray 

photoelectron spectroscopy (XPS) etc. 

This paper is aimed to study the passivation and corrosion resistance of a new kind of alloyed 

steel rebar. The electrochemical and surface analysis methods are carried out to assess the 

corrosion-resistant ability and investigate the corrosion-resistant mechanics of this new 

alloyed steel.  

2. Experimental 

2.1. Materials 

New alloyed steel rebar (10%Cr): (10.36% Cr, 0%Ni), duplex stainless steel rebar (SS): 

(23.31%Cr, 4.35%Ni) and low-carbon steel rebar (LC). The specimens were fabricated as 

10mm x φ20mm cylinders. The metallic surface was polished with wet SiC paper from grade 

240 to 2000 to eliminate the heterogeneities of the steel surface. 

The simulated concrete pore solution was a 0.6 M KOH + 0.2 M NaOH + Sat.Ca(OH)2 (pH 

13.3) solution. 

2.2. Electrochemical measurements 

The electrochemical experiments were performed at room temperature and in a classical 

electrochemical cell with three electrodes, where the working electrode was the steels, the 

reference electrode was a saturated calomel electrode (SCE) and counter electrode was 

platinum.  

The measurement of EIS and Mott-Schottky of the steel specimens was monitorized by 

Princeton Parstat P4000 electrochemical system during a 10-day immersion period in the 

solutions. The frequency of EIS ranged from 100 kHz to 0.01 Hz and the amplitude was 10 

mV. The Mott–Schottky plot measured at 1000 Hz in the potential range from 0.5 V to -1.0 V. 

The fitting of EIS has been done by ZSimpWin software. All the potentials in this paper were 

versus SCE. 

2.3. Surface analysis 



 

 

X-ray photoelectron spectroscopy (XPS) measurements of steel specimens after 10-day 

immersion were carried out by PHI 5000 VersaProbe spectrometer, using a monochromatized 

Al Kα X-ray source. The analyzed area had a diameter of about 3 μm. The curve fitting was 

performed using the commercial software package XPSPEAK version 4.1, which contains the 

Shirley background subtraction and Gaussian-Lorentzian tail function, to achieve better 

spectra fitting. 

3. Results and Discussion 

3.1. Electrochemical impedance spectroscopy (EIS) 

EIS is performed to assess the electrochemical behaviour of the three kinds of steel specimens 

and accordingly compare the electrochemical corrosion resistance of the three steel specimens. 

The EIS measurements are carried out after immersing for 1 hour, 1 day and 10 days.  
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Fig.1. Comparison of the Nyquist and Bode plots obtained for 10%Cr steel at different immersion time 

in simulated concrete pore solution.(a) Nyquist plots, (b) Bode plots. 

Fig. 1shows the evolution of the impedance response at different immersion times in solution 

for 10%Cr steel. The results show that the overall impedance increases as the immersion time 

increases suggesting the growth of the surface film and the enhancement of the corrosion 

resistance of 10%Cr steel, as reported in previous literature (Freire L.et al. 2010). Identical 

trend was observed for the other two steel specimens. 

 

 

 

 

 

 

 

 

Fig.2. Equivalent circuit proposed to fit the experimental EIS data. 

The relaxation time constant of passive film would be similar to the time constant of 

electrochemical reaction. The corresponding phase angle peaks are overlapped into a broad 

phase angle peak appearing obviously in phase angle plots (Fig.1b). Therefore, the two time 

constant equivalent circuit as shown in Fig.2 is a rational choice to simulate the EIS results. 

There are several interpretations for the physical meaning of equivalent elements (Abreu C. et 

al. 2006; Freire L. et al. 2011). For the present work, the following interpretation is proposed: 

The high frequency time constant (Rt, Qdl) is represented by the charge transfer resistance (Rt) 

Rs 

Rt 
Rf 

Qf 

Qdl 



 

 

and the admittance associated with the double layer capacitance (Qdl). The low frequency time 

constant (Rf, Qf) is represented by the passive layer resistance (Rf) and the passive film 

admittance (Qf). Due to the heterogeneity of the interface, Qdl and Qf are constant phase 

element (CPE), of which the impedance is defined by Eq. 1 ( Freire L. et al. 2011). 

𝑍𝐶𝑃𝐸 = 1 𝑄(𝑗𝜔)𝛼⁄                                                               (1) 

Where ZCPE means the impedance of the constant phase element, Q defines as CPE and the 

interpretation of this element depends on α value. 
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Fig.3. Comparison of the fitting parameters obtained for LC, 10%Cr and SS steel rebar in solution at 

different immersion times. 

Fig. 3 presents the fitting results of LC, 10%Cr and SS steel rebar in solution at different immersion 

times. The charge transfer resistance Rt reflects the very slow corrosion process that occurs in 

passive steels, that is, oxidation of the different elements in the base metal, or, the passivation 

process. The Rt value is related to the protective abilities of the films formed on the steels 

(Bautista A. et al. 2009).  

Fig. 3a shows the increase of Rt value of three steel specimens as the immersion time increases. 

In addition, Rt value grows faster during the first day of immersion than during the following 

time of immersion. The probable reason is that during the first day of immersion, Fe and Cr 

that formed the steel substrate on the surface reacts dramatically into oxide and hydroxide, 

covering the steel surface and forming the passive film gradually. Due to the thickening and 

composition change of passive film, the reaction between steel and solution becomes difficult, 

thus the Rt value increases slower (Sánchez M. et al. 2007). Meanwhile, it could be noted that 

the Rt value of LC steel is much lower than 10%Cr and SS steel while the Rt value of 10%Cr 

steel is slightly lower than SS steel during the whole passivation period. This indicates that 

the protective ability of passive film of 10%Cr steel is far more higher than LC steel and 

slightly poorer than SS steel. 



 

 

The trend of Rf resembles that of Rt, as depicted in Fig. 3b. In fact, after drastic reaction during 

the initial passivation period, reaction as Eq. 2 shows occurs in the passive film. Fe3O4 is an 

inverse spine structure, which is beneficial to the protective ability of the passive film 

(Bautista A. et al. 2009). Therefore, it is expected that the more Fe2+ is in the passive film, the 

more protective the film probably is. Also, it can be noted that the Rf values of 10%Cr and SS 

steel both increase to 103 kΩ·cm2 order of magnitude after 10-day immersion, which is typical 

of semiconductor, while the value of LC steel is at 102 kΩ·cm2 order of magnitude. This 

means that charge is difficult to transfer through the passive film of SS and 10%Cr steel and 

thus the passive film is more corrosion-resistant.  

4𝐹𝑒2𝑂3 + 𝐹𝑒2+ + 2𝑒− → 3𝐹𝑒3𝑂4                                         (2) 

It could be observed from Fig.3c and Fig.3d that all the Qdl values, which are from are 

20μF/cm2 to 60μF/cm2, are in the range of double layer capacitance (Ge H. et al. 2003). 

Certainly, the Qdl values of the three steel specimens are all larger than Qf which is 

approximate to semiconductor. This verifies the validity of equivalent circuit.  

3.2. Mott-Schottky analysis 

Mott-Schottky (M-S) curve is carried out to measure the semiconductor property of passive 

film which is associated with the corrosion-resistant ability of steels. Fig. 4 depicts the M-S 

curves of three steel specimens at different immersion times. The carrier concentration Nq 

could be calculated from Mott-Schottky equation, as Eq. 3and Eq. 4 shows. 

1

𝐶2
=

2

𝜀𝜀0𝑞𝑁𝑞
(𝐸 − 𝐸𝑓𝑏 −

𝑘𝑇

𝑞
)                                               (3) 

𝑁𝑞=
2

𝜀𝜀0𝑞𝑆
                                                              (4) 

where Nq is the carrier concentration (donor or acceptor), ε the dielectric constant of the 

passive film, the relative dielectric constant of chromium oxides and iron oxides to be 12 

(Hakiki N. E. et al. 2003), ε0 is the vacuum permittivity, q the elementary charge (-e for 

electrons and +e for holes), k the Boltzmann constant, T the temperature and Ufb the flat band 

potential, S the slope of M-S curve. 

According to different slopes in a M-S curve, the M-S curves are divided into three stages, as 

Fig. 4b shows. N1 represents p-type semiconductor of which the slope is negative; N2 

represents n-type semiconductor of which the slope is positive; and N3 represents the 

ionization of the deep donor in the passive film semiconductor. The shallow (N2) and deep 

(N3) levels were associated with the presence of Fe (II) ions in tetrahedral and octahedral 

positions, respectively. (Carmezim M. J. et al. 2003). 
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Fig.4. Mott-Schottky plots of capacitance behavior measured in solution at different immersion times. 

Table 1 presents the carrier concentration in the film formed on three steel specimens in 

solution at different immersion times. After 1 hour immersion, there is no N1 stage in all 

steels, that is, no p-type semiconductor forms. This could be explained by the presumption 

that Fe dissolves preferentially at the beginning of passivation and forms into n-type oxide 

and hydroxide. N1 stage never comes out in the M-S curves of LC steel, which suggests that 

the passive film of LC steel is n-type semiconductor structure. Instead, after 1 day immersion, 

N1 and N2 stage both appears in the M-S curves of 10%Cr and SS steel. This indicates that 

the passive film of SS and 10%Cr steel is probably a dual layer structure, in which the space 

charge layer forms. The space charge layer conducts charge unilaterally and the electron is 

hard to cross this layer and thus Rt and Rf increase. Obviously, SS and 10%Cr steel are much 

more corrosion-resistant than LC steel.  

Meanwhile, the carrier concentration Na of 10%Cr is about twice the Na of SS steel. The 

lower the Na value is, the poorer the conductivity is and thus the better the 

corrosion-resistance is. Consequently, this explains the EIS result that 10%Cr steel is a little 

less corrosion-resistant than SS and much more corrosion-resistant than LC steel. 

Table1 the carrier concentration Nq on the film formed on three steel specimens in solution at different 

immersion times. (1020 x cm-3) 

 Time N1 N2 N3 

LC 

1h - 2.1 3.1 

1D - 2.9 3.6 

10D - 3.5 3.5 

10%Cr 

1h - 1.9 3.3 

1D 4.8 1.9 4.3 

10D 3.6 1.8 5.8 

SS 

1h - 1.6 - 

1D 2.4 1.6 - 

10D 2.3 1.5 - 

3.3. X photoelectron spectroscopy 

XPS measurement is performed to detect the composition of the passive film which is very 

thin. Fig. 5 shows the XPS results of three steel specimens. The results suggest that the 

passive film on the steels is mainly composed of O, Fe and Cr. The Fe 2p3 ionisation was 

deconvoluted in four different contributions. These contributions are assigned to the presence 

of Fe2+ (Eb=709.4 eV), Fe3+ (Eb=711.0 eV) in oxide and Fe3+ (Eb=712.4 eV) in hydroxide and 

(Eb=714.4 eV) in Fe3O4. The Cr ionisation is characterised by the presence of Cr3+ oxide 



 

 

(Eb=576.5 eV). The small shoulder observed at low binding energies results from the 

contribution of the metallic chromium (Eb=574.2 eV), and Cr6+ in CrO3 (Eb=579.5 eV). O is 

also detected including O2- ( Eb=530.3 eV) and OH-( Eb=534.2 eV).  
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Fig.5. XPS peaks and their reconstruction of the passive films of three steel specimens. 

The relatively large FWHM of Fe3+ and Cr3+ of 10%Cr and SS steel (more than 3 eV) 

and the appearance of OH- peak demonstrate that Fe3+ and Cr3+ not only exist in oxides, but 

also hydroxides. It could be noted from Fig. 6 that the composition of the passive film of 

10%Cr is similar to that of SS steel and both the contents of Cr and Fe2+ are approximately 

half of those of SS steel, which agrees to the result of M-S curve that Na of 10%Cr steel is 

about half of that of SS steel. This suggests that the Na value associates with the Cr and Fe2+ 

contents to some extent. The M-S curves have demonstrated that the passive film of 10%Cr is 

possible to have similar structure to SS steel. Many researchers point out that the passive film 

of SS steel is a dual layer structure composed of an outer n-type layer of Fe and Cr hydroxide 

and an inner p-type layer of Cr-Fe oxide. This Cr-Fe oxide is probably a spine structure and 

should therefore be enriched in Cr, with the octahedral sites preferentially occupied by Cr (III) 

and Fe (II) (Freire L. et al. 2010). Therefore, the higher the contents of Fe2+ and Cr3+ in the 

passive film, the more compact and orderly the film is, the lower Na is and thus the higher the 

corrosion resistance of passive film is. 
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Fig.6. Ratio of different cations or elements in the passive layer formed in the three studied steels in 

solution obtained from quantitative XPS analysis. 

4. Conclusions 

10%Cr steel is a new kind of corrosion-resistant steel rebar. The results above allowed 

concluding that the corrosion resistance of 10%Cr steel was much higher than LC steel and 

slightly lower than SS steel according to the high charge transfer resistance and passive film 



 

 

resistance of 10%Cr steel. 

The growth trend of 10%Cr steel was similar to that of SS steel. The passive film dramatically 

grew during the first immersion day and slower during the next immersion days. This may be 

explained by the thickening and composition change of passive film. 

M-S and XPS results explained the reason for the relatively high corrosion resistance of 

10%Cr steel. The passive film of 10%Cr was possible to have similar structure of SS steel, 

that is, a dual layer structure composed of probably an outer n-type Fe and Cr hydroxide layer 

and an inner p-type Cr-Fe oxide layer, of which the conductivity was much poorer than n-type 

structure of the passive film of LC steel. Both the Fe and Cr contents of the passive film of 

10%Cr steel are about half of those of the SS steel, possibly leading to the higher acceptor 

concentration Na and relatively poorer corrosion resistance. 

In general, 10%Cr steel is promising to be a moderate alternative for corrosion-resistant steel 

rebar applied under certain corrosion conditions. Although the corrosion resistance of 10Cr% 

steel was lower than SS steel, 10%Cr steel was able to bear certain corrosion conditions. 

Moreover, the performance/price ratio of 10%Cr was relatively high. 
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Abstract 

 

The low tensile strength and poor fracture toughness of cement-based materials are serious 

shortcomings that not only impose constraints in structural designs, but also affect the long-term 

durability of structures. In this regard, the benefits of fiber reinforcement in improving the fracture 

toughness of cement and concrete are well known. A critical parameter, which has a major effect on the 

mechanical performance of fiber reinforced cementitious composite, is the interfacial property between 

the fibers and the cementitious matrix. 

 

In this paper, three types of steel fibers and three types of polypropylene fibers have been incorporated 

into cementitious pastes to investigate the effect on interfacial properties and fracture toughness, the 

relation between fiber/matrix interfacial properties and fracture toughness of fiber reinforced 

cementitious composite was studied then. The fiber/matrix interfacial properties were explored by 

single fiber pull-out test, mercury intrusion porosimetry, thermogravimetric-differential scanning 

calorimeter analysis, X-ray diffraction, scanning electron microscopy and micro-hardness test. The 

fracture toughness of fiber reinforced cementitious composites was measured by the three-point 

bending method suggested by RILEM. Results indicated that the fracture toughness of fiber reinforced 

composite increased with the improving of fiber/cementitious matrix interfacial properties.  

 

Originality 

The relation between fiber/cementitious matrix interfacial properties and fracture toughness of fiber 

reinforced cementitious composite was studied. 

 

Keywords: fiber reinforced cementitious composite; adhesion; interfacial property; fracture toughness; 
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1. Introduction 

Ever since cement and concrete was applied in engineering construction, it has occupied an 

important position in modern architecture, and played an irreplaceable role in civil 

construction industry. And for a long period of time in future, cementitious materials will still 

be the most widely and biggest amount consumable building materials. Cementitious 

materials are typically characterized as quasi-brittle materials with low tensile strength and 

low toughness, which lead to cracking and failing in concrete structures（Rescher OJ et al., 

1990）.  

Fibers, used as reinforcement in cement based composite, can improve the toughness of 

cementitious matrix by effectively preventing or controlling the initiation, propagation or 

coalescence of cracks （B. Mobasher et al., 1991; P. Soroushian et al., 1992）.At the 

micro-level, fibers inhibit the initiation and growth of cracks, and after the micro-cracks 

coalesce into macro-cracks, fibers provide mechanisms that abate their unstable propagation, 

provide effective bridging, and impart sources of strength gain, toughness and ductility (A. 

Bentur et al., 1990; P.N. Balaguru et al., 1992). 

Fiber/cementitious matrix interfacial property has a major effect on the mechanical 

performance of fiber reinforced cementitious composite. When the composite was under load, 

matrix would transfer load through the interface to fibers, as a result, fibers absorbed lots of 

energy and composite exhibited perfect mechanical properties (Naaman AE et al., 1991; Peled 

A et al., 2003). 

In the present paper, three types of steel fibers and three types of polypropylene fibers have 

been incorporated into cementitous pastes to investigate the effect on interfacial properties 

and fracture toughness, the relation between fiber/cementitious matrix interfacial properties 

and fracture toughness of fiber reinforced cementitious composite was studied then.  

2. Experimental 

2.1. Raw Materials 

Ordinary Portland cement of Guangzhou Zhujiang Cement Co. Ltd., granulated blast furnace 

slag of Shaoguan Iron & Steel Co. Ltd. and silica fume of Elkem International Trading Co. 

Ltd. with chemical composition shown in table 1 were used in the work. The steel fibers and 

polypropylene fibers were sourced by Guangzhou Jingye Construction Materials Co. Ltd., the 

properties of fibers used in the experiments are shown in table 2. The superplasticizer of Sika 

Company was chosen for the preparation of composite. 

Tab. 1 Chemical composition of raw materials (% mass) 

 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 

Cement 21.86 4.45 2.35 63.51 1.67 0.55 0.26 2.91 0.11 

Slag 32.56 18.18 0.95 35.70 9.52 / / 0.08 0.55 

Silica fume 92.0 0.3 0.8 0.4 0.3 0.9 0.2 / / 

 

 

 

 

 

 

 



Tab. 2 Properties of fibers 

Fiber code SF1 SF2 SF3 PP1 PP2 PP3 

Type Snipped, 

impressed steel 

fiber 

Cut, smooth and 

hooked-end steel 

fiber 

Cut, smooth steel 

fiber 

Long 

polypropylene 

fiber 

Middle 

polypropylene 

fiber 

Short 

polypropylene 

fiber 

Lenth, mm 30 30 15 22 14 6 

Equivalent 

diameter, mm 

0.70 0.70 0.20 0.03 0.03 0.03 

Density, g/cm3 7.8 7.8 7.8 0.9 0.9 0.9 

Tensile strength, 

MPa 

>600 >1600 >2600 >500 >500 >500 

Elastic module, 

Gpa 

>210 >210 >210 >4 >4 >4 

2.2. Experimental Process 

Table 3 presents the control cementitious matrix mix proportions used in the testing program. 

The cementitious materials or fibers were dry-mixed for 30 s. This was followed by the 

addition of water and the superplasticizer, with a mixing time of at least 5 min. After that, the 

slurry was cast into oiled molds. The slurry within the mold was compacted, vibrated, bubbles 

reduced and surface smoothed. All specimens were demolded after about 24 h and cured in 

water at room temperature.  

Tab. 3 Cementitious matrix mix proportions 

Test series 

 

mw/mc Percentage of cementitious materials 

Cement Slag Silica fume 

0.30C 0.30 100% 0 0 

0.30 0.30 70% 20% 10% 

0.25 0.25 70% 20% 10% 

0.16 0.16 70% 20% 10% 

Fiber/cementitious matrix interfacial properties were test first. Single fiber pull-out tests were 

conducted to measure the interfacial shear strength of fiber/matrix interface. Slurry without 

fibers was prepared first, then the fiber was held in the middle of cementitious pastes. The 

cured specimens were air-dried for 24 h before testing. The size of specimens was 40×40×

160 mm, embedded length studied in this work were 10.0 mm and 15.0 mm. The final 

dimension of a pull-out sample is shown in figure 1. Pull-out tests were conducted of 

specimens manufactured on a universal material testing machine at a speed of 0.1 mm/min. 

Three samples were conducted to obtain average maximum load. Pastes adjoin to the fibers 

were cut and picked for mercury intrusion porosimetry, thermogravimetric-differential 

scanning calorimeter analysis, X-ray diffraction, scanning electron microscopy and 

micro-hardness test. The average shear strength of the fiber/matrix interface was computed by 

dividing the average maximum load by the bonding area cross section: 

τ = 
ds

F
 

Here, τ is the shear strength of the fiber/cementitious matrix interface; F is the maximum load; 

d is the diameter of fiber; s is the embedded length of fiber. 

 



                                   F 

fiber 

 

cementitious matrix 

Figure 1 Single fiber pull-out test 

Fiber reinforced cementitious composite containing various fibers 0.5% by volume and plain 

cementitious paste were prepared for fracture test later. The cured specimens were cut of a 

half-depth slot at mid-span and air-dried for 24 hours before testing. The fracture toughness of 

composites was measured by the three-point bending method suggested by RILEM (universal 

material testing machine; 0.05 mm/min control speed). The size of specimens was 40×40×

160 mm. Three specimens for each concentration were cast to obtain average fracture 

toughness. The fracture energy and the fracture toughness of the composites can be easily 

obtained according to the following equation: 

GF = 
)( aht

Wmg
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Here, GF is the fracture energy of the composite; KIC is the fracture toughness of the 

composite; W is the area under the load–displacement curve; m = m1+ m2, where m1 is the 

mass of the beam between supports, and m2 is the mass of the part of the loading fixture not 

attached to the machine that follows the beam during failure; g is the acceleration due to 

gravity;  is the displacement at final failure of the beam; t is the width of the specimen; h is 

the height of the specimen; a is the depth of the slot; S is the span of the beam; Pmax is the 

peak load (Guinea G et al., 1992). 

3. Results and Discussion 

3.1 Influence of cementitious matrix property  

The effect of interface results from the interaction of fibers and cementitious matrix, the 

property of cementitious materials directly impacts the enhancement of fiber. The single fiber 

pull-out test and fracture toughness test results of SF2 in different composites are summarized 

in table 4 and 5. It is apparent that, under certain conditions, a practically linear increment of 

the interfacial shear strength of fiber/matrix interface and fracture toughness of composites 

take place with the increase of curing time or decrease of water to cementitious material ratio, 

this is due to the rise of density and strength of matrix, which lead to better interfacial 

adhesion of fibers to cementitious matrix, a similar effect can get from the appropriate 

addition of mineral admixtures. 

 

 

 

 

 

 



Tab. 4 Test results of different periods 

Test series mw/mc Curing 

time (d) 

Maximum 

load (N) 

Interfacial 

shear 

strength 

(MPa) 

Fracture 

energy 

(N/m) 

Fracture 

toughness 

(Mpa/m1/2) 

 

0.30C-SF2 

 

0.30 

3 381.04 11.56 1288.9 0.448 

28 510.09 15.47 1856.4 0.722 

56 582.61 17.67 1899.1 0.812 

Tab. 5 Test results of different water to cement ratio 

Test series mw/mc Curing 

time (d) 

Maximum 

load (N) 

Interfacial 

shear strength 

(MPa) 

Fracture 

energy 

(N/m) 

Fracture 

toughness 

(Mpa/m1/2) 

0.30C-SF2 0.30  

28 

 

510.09 15.47 1856.5 0.722 

0.30-SF2 0.30 594.16 18.02 2114.6 0.788 

0.25-SF2 0.25 640.33 19.42 2145.2 0.798 

0.16-SF2 0.16 893.82 27.11 2729.1 1.076 

3.2 Influence of fiber property 

Characteristic of fiber has a greatly effect on composite. Interfacial adhesion of fiber and 

cementitious materials include cohesion force, friction force and mechanical bite force. 

Adhesion force and friction force are decided by surface condition of fiber, mechanical bite 

force is mainly decided by deformation of fiber.  

The single fiber pull-out test and fracture toughness test results of different fibers are 

presented in table 6. It is apparent that, under the same experimental condition, steel fibers 

have much better interfacial adhesion with cementitious materials than polypropylene fibers. 

Pull-out test indicated that the interfacial shear strength of SF1/matrix and SF2/matrix were 

about 2.1 times bigger and 1.7 times bigger than that of SF3/matrix. These increases are due 

to the deformation resistance of the abnormity of steel fiber, in addition to cohesion force and 

friction force between fibers and cementitious matrix. 

Table 6 also indicated that steel fibers and polypropylene fibers both improved fracture 

energy of cementitious materials greatly, this is because in fiber reinforced cementitious 

composite, after the emerge of micro-cracks, deformation energy will at first be used to 

detach fibers from matrix instead of growth of cracks. And similar to the results of interfacial 

shear strength test, at the same volume fraction, steel fibers are more effective than 

polypropylene fibers, deformed steel fibers are more effective than plain steel fibers.  

Since the low tensile strength and high adhesion to matrix of SF1, the phenomenon of SF1 

fiber broken instead of pull-out appeared more in low water to cementitious material ratio, 

which led to reduce of enhancement of SF1, as can be seen from table 6, interfacial shear 

strength and fracture toughness of SF1 and SF1 reinforced cementitious composite are higher 

than SF2 and SF2 reinforced cementitious composite in water to cementitious material ratio 

of 0.30, but lower in water to cementitious material ratio of 0.16. 

It is likely that the increase of fracture toughness results from superior interfacial adhesion 

between fibers and cementitious matrix.  

 



Tab. 6 Test results of different fibers 

Test series mw/mc Curing 

time (d) 

Maximum 

load (N) 

Interfacial 

shear strength 

(MPa) 

Fracture 

energy 

(N/m) 

Fracture 

toughness 

(Mpa/m1/2) 

0.30C  

 

 

0.30 

 

 

 

 

28 

/ / 144.7 0.513 

0.30C-SF1 626.27 18.99 2097.0 0.777 

0.30C-SF2 510.09 15.47 1856.5 0.722 

0.30C-SF3 57.34 9.13 1565.2 0.701 

0.30C-PP1  

1.67 

 

1.56 

1229.2 0.453 

0.30C-PP2 1124.6 0.480 

0.30C-PP3 996.1 0.419 

0.16-SF1 0.16 801.33 24.30 2378.3 0.962 

0.16-SF2 894.08 27.11 2729.1 1.076 

3.3 MIP, TG-DSC, XRD, SEM and micro-hardness test 

The structure and property of fiber/matrix interface directly affects macroscopic properties of 

composite. In the hydration process of fiber reinforced cementitious composite, large quantity 

of oriented calcium hydroxide crystals（CH）were found near to fiber, the declining rate of 

porosity around fiber was much less than in cementitious matrix, higher build-up of CH and 

higher porosity brought weak interface between fiber and cementitious matrix (Aaron Richard 

Sakulich et al., 2011; Shuguang Hu, 2009; Siaw Foon Lee et al., 2011). 

The results of the porosity test for interfacial zone of SF2/matrix and PP1/matrix by using 

MIP after 28 days of curing are shown in table 7. Total porosity and average diameter of 

PP1/matrix interfacial zone are 13.91% and 20.3 nm, while the total porosity and average 

diameter of SF2/matrix interfacial zone measured are 13.51% and 15.3 nm, about 2.9% and 

24.6% lower than that of PP1/matrix. 

Tab. 7 Porosity 

Test series Total pore area 

(m2/g) 

Total intruded 

volume (ml/g) 

Total porosity (%) Average diameter 

(nm) 

0.30C-SF2 16.463 0.0628 13.5173 15.3 

0.30C-PP1 12.580 0.0638 13.9107 20.3 

The micro-hardness test of SF2/matrix interfacial zone and PP1/matrix interfacial zone after 

28 days of curing are presented in figure 2, as can be seen from the diagram, interfacial zone 

of SF2/matrix has bigger value and smaller range than that of PP1/matrix, addition of mineral 

admixtures or decrease of water to cement ratio can increase the hardness evidently.  

 



 

Figure 2 Micro-hardness test 

Figure 3 and 4 show TG-DSC, XRD and SEM analysis of 0.30C-SF2 interfacial zone and 

0.30C-PP1 interfacial zone after 28 days of curing, according to the mass change of TG-DSC 

and the ratio of diffraction peak of XRD, content and orientation coefficient of CH of 

interfacial zone can be broadly calculated as shown in table 8. It can be observed and 

measured that interfacial zone of SF2/matrix is denser and contains about 11% less calcium 

hydroxide crystals. 

    

        

Figure 3 TG-DSC, XRD and SEM of SF2/matrix interfacial zone 



   

   

Figure 4 TG-DSC, XRD and SEM of PP1/matrix interfacial zone 

Tab. 8 Content and orientation of CH 

Test series Content of CH Orientation coefficient of CH 

0.30C-SF2 9.38% 1.7318 

0.30C-PP1 20.49% 1.6724 

MIP, TG-DSC, XRD, SEM and micro-hardness test suggest that, because of interfacial zone 

of SF2/cementitious matrix is smaller in range and more compact in structure, which 

contribute to better interfacial adhesion of fibers to cementitious matrix and lead to better 

fracture toughness of fiber reinforced cementitious composite. 

4 Conclusions  

In this paper, the interfacial properties of fiber/cementitious matrix and fracture toughness of 

fiber reinforced cementitious composite have been investigated. The results showed that steel 

fiber reinforced cementitious composites had superior interfacial properties and fracture 

toughness, and the fracture toughness of fiber reinforced cementitious composite increased 

with the improving of fiber/cementitious matrix interfacial properties. 

References 

- Aaron Richard Sakulich, Victor C. Li, 2011. Nanoscale characterization of engineered cementitious 

composites (ECC). Cement and Concrete Research, 41(2), 169-175. 

- A. Bentur, S. Mindess, 1990. Fiber reinforced cementitious composites. Elsevier Applied Science, 

London. 

- B. Mobasher, C. Ouyang, S.P. Shah, 1991. Modeling of fiber toughness in cementitious materials 

using an R-curve approach. International Journal of Fracture, 50, 199 – 219. 

- Guinea G, Planas J, Elices M, 1992. Measurement of the fracture energy using three-point bend tests: 

Part 1—influence of experimental procedures. Materials and Structures, 25(4), 212–8. 



- Naaman AE, Najm H, 1991. Bond–slip mechanisms of steel fibers in concrete. ACI Materials Journal, 

88, 135–45. 

- P. Soroushian, A. Khan, J.W. Hsu, 1992. Mechanical properties of concrete materials reinforced with 

polypropylene or polyethylene fibers. ACI Materials Journal, 89(2), 535 – 540. 

- P.N. Balaguru, S.P. Shah, 1992. Fiber-reinforced cement composites. McGraw-Hill Education, New 

York. 

- Peled A, Bentur A, 2003. Quantitative description of the pull-out behavior of crimped yarns from 

cement matrix. Journal of Materials in Civil Engineering, 15, 537–44. 

- Rescher OJ, 1990. Importance of cracking in concrete dam. Engineering Fracture Mechanics, 35(1), 

23–9. 

- Shuguang Hu, 2009. Advanced cement-based composite materials. Science Press. Beijing. 

- Siaw Foon Lee, Stefan Jacobsen, 2011. Study of interfacial microstructure, fracture energy, 

compressive energy and debonding load of steel fiber-reinforced mortar. Materials and Structures, 44, 

1451-1465. 



The study on carbon dioxide captured and mineralized 

by cement-based materials loaded with bacteria 

 

Ji Dongshuo, Wang Ruixing*1 

1. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China 

 

Abstract 

Capturing and fixing CO2 is a significant method to solve the problem of globe greenhouse effect. 

Inspired by the cure of concrete with CO2, cement-based materials are types of mediums to fix and 

consume CO2 effectively. Taking advantage of buildings existing extensively, loaded with bacteria 

which can secrete carbonic anhydrase on the surface of cement-based materials. In this way, captured 

CO2 from the air and mineralized it into calcium carbonate. Meanwhile, compactness of cement-based 

materials surface could be improved. Thus, the anti-erosion ability of cementitious matrix and 

durability of buildings were enhanced. This research mainly delves the protective effect of mineral film 

induced by biomineralization mechanism in different interventional modes of CO2. The results 

demonstrate that high concentration of CO2 contributes to dense, continuous and flat calcite film 

forming rapidly on the surface of cement-based material. The coefficient of capillary suction of 

specimen surface decreases more than 80% after filming. 

 

Originality 

Biologic immobilized technology of CO2 is a method to solve the excessive discharge of CO2. In 

generally, transform CO2 into organic matter and fix it as new energy resource. Unfortunately, low 

conversion efficiency and low reaction rate have been regarded as its defects. This paper utilizes 

enzymolysis and biomineralization mechanisms. By means of apparently accelerating carbon dioxide 

hydration reaction under ambient temperature and pressure, produce stable carbonate mineral. 

Therefore, the conversion is efficient and the reaction condition is mild. 

Interventional modes of CO2 have crucial influences on the process of biomineralization. The thickness, 

morphology and protective effect of mineral film is determined by the concentration and dosage of CO2. 

Other studies mainly obtained CO3
2- ions by urea decomposing induced by bacteria. However, with 

urea decomposing, NH4
+ ions were released into atmosphere, which would be deleterious to 

environmental quality. This paper alters conventional interventional modes of CO2, focusing on filmed 

effects on the surface of cement-based materials in other interventional modes of CO2. 

 

Keywords: bacteria; calcium carbonate; cement-based materials; carbon dioxide; interventional 

mode. 

1. Introduction 

Concrete, like stone, is also a characteristically porous material. It is inherent in the nature of 

concrete construction that whatever improvements are made either to concrete itself or to the 

control of its quality, per se, they are not likely to completely prevent the ingress of 
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potentially harmful agents into the material. Micro-cracks and micro-pores will always exist 

on the outer surfaces of concrete, and so long as these localized pockets of surface defects 

harbor as well as provide a transportation route to aggressive agents, it is only a matter of 

time before atmospheric gases and chloride ions penetrate the concrete, reducing the 

durability of concrete (Swamy R. N., et al, 1993). 

Calcite film formed by biomineralization mechanism has been regarded as an 

environmental-friendly and economic material which had a promising potential for protecting 

the surface of coating material. Researchers have conducted a lot of studies and applications 

(Dick J., el al, 2006) (Muynck W. D., el al, 2007) (Wang J. Y., el al, 2009). However, these 

studies mainly obtained CO3
2- ions by urea decomposing induced by bacteria. Then, CO3

2- 

ions combined with free Ca2+ ions in the environment, forming calcite film by 

biomineralization mechanism. With urea decomposing, NH4
+ ions were released into 

atmosphere in the process of coating, which would be deleterious to environmental quality. 

Carbonic anhydrase (CA) is a kind of zinc metalloenzyme which distributes widely in cells of 

animals and plants as well as certain microorganism. It has an extraordinary catalytic effect in 

the known biocatalyst, apparently accelerating carbon dioxide hydration reaction under 

ambient temperature and pressure. Every molecule carbonic anhydrase is able to catalyze and 

produce 1.4×106 H2CO3 molecules combined by CO2 and H2O in a second. Simple hydration 

reaction without biocatalyst is a relatively sluggish procedure. First-order reaction rate 

constant is merely 5×10-2s-1, but with carbonic anhydrase catalyzing, rate constant can be 

promoted to 1.6×106s-1. Obviously, the hydration reaction is accelerated efficiently by means 

of carbonic anhydrase. 

Taking advantage of buildings existing extensively, loaded with bacteria which can secrete 

carbonic anhydrase on the surface of cement-based materials. In this way, captured CO2 from 

the air and mineralized it into calcium carbonate. Meanwhile, compactness of cement-based 

materials surface could be improved. Thus, the anti-erosion ability of cementitious matrix and 

durability of buildings were enhanced. This research mainly explores the protective effect of 

mineral film induced by biomineralization mechanism in different interventional modes of 

CO2. 

2. Materials 

2.1 Cement specimens 

The materials used for testing were cement paste with Portland cement and w/c ratio of 0.45. 

The specimens were casted into 40mm cube and cured for 24 hours at 25±2°C, a relative 

humidity (R.H.) of 90±10%. The cubes were demolded after 24 hours and cured at the same 

condition for 28 days prior to the drilling of the specimens for the tests. Afterwards the 

specimens were stored at 75±10% R.H. and 25±2°C until application of the surface treatment 

at the age of 3 months (Muynck W.D., et al, 2008). 

2.2 Bacteria 

Bacillus mucilaginous was chosen to provide carbonic anhydrase, cultured by medium with 

nitrogen (Zhou X. Y., et al, 2010). The following is detailed information. 

Strain: Bacillus mucilaginous, purchased from industrial microbial culture collection center of 

China. 

Bacillus mucilaginous powder: 10 billion active cells/g. 

Medium with nitrogen: Sucrose 10.0, Na2HPO4·12H2O 2.507, MgSO4 0.5122, CaCO31.0, 



KCl0.1, (NH4)2SO4 0.5, Yeast Extract 0.2, pH 7.0. (All units are g/L.) Distributed the medium 

into erlenmeyer flasks respectively. Sterilized the erlenmeyer flasks for 30 minutes at 121°C. 

Dried in the oven at 70°C. After the medium had been cooled, injected 2ml Bacillus 

mucilaginous bacterial liquid into 100ml medium by pipette. Put the erlenmeyer flasks into 

shaking table with the temperature of 30 °C, rotating speed of 170 r/min. 

Bacterial liquid preparation: After the bacterial liquid culturing for 24 hours, centrifuged it for 

5 minutes at 0~4°C, rotating speed of 6000r/min. Flushed bacterial cells out by medium. By 

means of spectrophotometer testing the optical density (OD) of the bacterial liquid, adjusted 

its concentration into 1×108 cell/ml. 

Bacterial powder resuscitation: Dissolved the bacterial powder (1×1011cell/g) by medium, so 

as to prepare solution of bacterial powder with concentration of 1×108cell/ml. 

3. Methods 

3.1 Biomineralization testing in different interventional modes of CO2 

Compared to natural carbonation of concrete, biomineralization is a relatively quick process. 

Natural carbonation occurs from the dissolution of atmospheric CO2 in the pore solution and 

formation of CaCO3 from C-S-H gel or Ca(OH)2. In the biomineralization treatment, however, 

calcium ions were provided by an externally added calcium source, in order to accelerate the 

reaction. 

There were three types of interventional modes of CO2: Air, Concrete Carbonation Chamber, 

aerate pure CO2 directly. In each interventional mode, set bacterial liquid group, bacterial 

powder group and blank group respectively. Unless otherwise stated, all experiments were 

performed in triplicate. The calculated average values were regarded as results. The 

equipment used in the test is shown in figure 1. The testing methods are listed in table 1. 

Took the specimens out after arranged time running out. Gently flushed the residual reactant 

attached to the specimens surface by deionized water. Specimens were wiped with a paper 

towel to remove excess water from the surface. Left to dry at room temperature for 3 days. 

 

Figure 1 Specimens immerged in reaction solution 

  



Table 1 Testing methods and experimental conditions 

Interventional modes 

of CO2 

Volume fraction 

of CO2 
Time Blank group 

Bacterial liquid 

group 

Bacterial powder 

group 

Air 0.03% 1 d 

50ml medium 

50ml Bacterial 

liquid 

(1×108cell/ml) 

50ml solution of 

bacterial powder 

(1×108cell/ml) 

Concrete Carbonation 

Chamber 
20% 1 d 

Aerate pure CO2 

directly 
100% 2 h 

Temperature: 25℃±2℃, R.H.:75%±10%. 

3.2 Test of coefficient of capillary suction 

In this paper, coefficient of capillary suction k was used to characterize the repairing and 

protective effect of calcite film attached to cement-based material surface. 

Put the specimens in oven to dry at the temperature of 70°C until the mass loss rate was lower 

than 0.1% during 24 hours. Coated at four sides adjacent to filmed side with paraffin in order 

to insure the specimens absorbed water in one-dimension. Measured their mass respectively. 

Set a support on the bottom of a flat vessel. Turned the filmed side down and put it on the 

support. Slowly poured water into the vessel until water level overed the base of the specimen 

about 10±1 mm. The equipment is shown in figure 2. At regular time intervals (5 min, 10 min, 

20 min, 30 min, 40 min, 50 min, 70 min, 90 min), the specimens were removed from the 

water and weighed, after drying the surface with a wet towel. Immediately after the 

measurement the test, specimens were submerged again. The amount of water absorbed per 

unit area could be calculated by the following formula. Therefore, coefficient of capillary 

suction k could be calculated from the slope of the linear relation between the other 

parameters. 

tk
A

Q


 

Where Q is the amount of water absorbed [g]; A is the cross section of the specimen that was 

in contact with water [m2]; t is the time [s], Q/A was plotted against the square root of time, 

then k [g/(m2·s1/2)]was calculated from the slope of the linear relation between the former 

(Muynck W.D., et al, 2008). 

 

      Figure 2 Sketch map of testing coefficient of capillary suction 

3.3 SEM analysis 

Biomineralization of calcium carbonate mainly occurs at the outer surface of the specimens 

due to the limited penetration of the bacterial cells in the cementitious matrix. Observed and 

analyzed mineral film by Scanning Electron Microscope (SEM). Contrasted the morphology 

10±1m

m 



and compactness of the film attached to the specimen surface in different interventional 

modes of CO2. The morphology and compactness of calcium carbonate was able to 

characterize protective effect of the film. 

4. Results and Discussion 

4.1 Composition of mineral film analysis 

Analyze the depositive white film attached to the specimen surface by X-Ray Diffraction 

(XRD). The diffraction peak is acquired in figure 3. Contrast by phase analysis and learn that 

the diffraction peak of white film nearly overlaps with the diffraction peak of calcite. Hence, 

the white film is basically defined as calcite. 
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Figure 3 X-ray diffraction patterns of deposited layer on specimen surface 

4.2 Various protective effect of film induced by different interventional modes of CO2 

Coefficient of capillary suction k is able to characterize protective effect of film in different 

interventional modes of CO2. The smaller coefficient of capillary suction is, the better 

hydrophobicity of the film is, which can efficiently block harmful ions entering the 

cementitious matrix and protect cement-based materials better. 

 

Figure 4 Coefficient of capillary suction of cement specimens in different interventional modes of CO2 



Table 2 Coefficient of capillary suction of cement specimens in different interventional modes of CO2 

On the whole, all specimens of three groups in different interventional modes of CO2 follow a 

common trend. That is coefficient of capillary suction decreases along with the increase of the 

concentration of CO2. It is indicates that calcite film gets thicker and denser, which can 

protect the cement-based materials better, when the concentration of CO2 is increased. 

Compared with the blank group, coefficient of capillary suction of the bacterial liquid group 

and coefficient of capillary suction of the bacterial powder group both decrease greatly. The 

relative decreased rate up to 84%. It explains that the rate of biomineralization reaction on the 

specimen surface increases apparently, with carbonic anhydrase catalyzing. 

Compared with the bacterial powder group, coefficient of capillary suction of the bacterial 

liquid group is even smaller. In spite of the fact that the amounts of bacterial cells are almost 

equal, Bacillus mucilaginous in the bacterial liquid is more active and dynamic, which can 

secrete more carbonic anhydrase. Moreover, bacterial powder (spores) is the bacteria cell in 

metabolically inert state, hence, it needs a period of time to resuscitate and germinate (Wang J. 

Y., et al, 2014). As the consequence, the quantity of carbonic anhydrase in the bacterial 

powder group is less and the protective effect of the calcite film is a bit worse. 

Since the bacterial liquid group has the best protective effect of film, the following SEM 

analysis will just regard this group as analytical object. 

4.3 Various morphology of film induced by different interventional modes of CO2 

The SEM micrographs of the specimen surface immersed into the bacterial liquid in different 

interventional modes of CO2 are shown in figure 5. Figure 5 (a) was tested in the air. The 

concentration of CO2 is only 0.03% in the air. Biomineralization develops slowly in this 

condition, so the calcium carbonate crystal stacks loosely and presents a state of 

discontinuous particle. The size of the calcium carbonate crystal is large. Its shape is irregular 

and has obvious angularity, which goes against compactness of calcite film. 

Figure 5 (b) was tested in the concrete carbonation chamber. Since the concentration of CO2 

in the chamber is about 20%, the protective effect of film improves slightly. Calcite film 

presents in a schistose state. It has a rudiment of film. 

Figure 5 (c) was tested by aerating pure CO2 directly. The calcite film is continuous and dense 

in this condition. The calcium carbonate crystal formed by biomineralization stacks compactly. 

The morphology of the calcium carbonate crystal is tinier and smoother. 

Interventional modes 

of CO2 

Blank group Bacterial liquid group  Bacterial powder group 

k 

/g/(m2·s1/2) 

k 

/g/(m2·s1/2) 

Relative 

decreased 

rate/% 

 
k 

/g/(m2·s1/2) 

Relative 

decreased 

rate/% 

Air 125.66 65.28 48.05  74.66 40.57 

Concrete carbonation 

chamber 
99.60 46.48 53.33  57.12 42.65 

aerate pure CO2 

directly 
57.08 9.19 83.89  24.84 56.57 



   

         (a) Air                      (b) Concrete Carbonation Chamber 

 

(c) Aerate CO2 

Figure 5 SEM micrographs of the specimen surface immersed into the bacterial liquid in different 

interventional modes of CO2 

Therefore, aerating pure CO2 directly into the bacterial liquid has the best experimental effect, 

acquiring denser calcite film. In the meantime, its coefficient of capillary suction low to 

9.19g/(m2·s1/2) and the relative decreased rate up to 84%, which can protect the cement-based 

materials effectively. 

4.4 Analysis of morphology of the specimen surface with aerating pure CO2 directly 

The SEM micrographs of the specimen surface immersed into the bacterial liquid with 

aerating pure CO2 directly are shown in figure 6. Figure 6 (a) is the profile of the film. As is 

shown in the micrographs, calcite film is about 200μm thick and is fairly dense. Figure 6 (b) 

and Figure 6 (c) are SEM micrographs of morphology of the calcite film in larger 

magnifications. The calcium carbonate crystal presents a state of cluster and laps together, 

filling in the interspace of cement-based materials. Hence, the calcite film is flat, dense and 

compact. 

As is shown in the 100,000 times magnified SEM micrographs (Figure 6 (d)), the size of 

calcium carbonate crystal is pretty tiny and its diameter is lower than 100 nm. The shape of 

calcium carbonate crystal is regular spheroid. In the high concentration of CO2 condition, 

supersaturation of calcium carbonate and nucleation rate of calcium carbonate crystal are 

increased greatly during the initial reaction stage of biomineralization. With carbonic 

anhydrase catalyzing, the reaction time can be shorten substantially, leading to the growing 

time of calcium carbonate crystal decreasing greatly. Hence, there is no enough time for 

calcium carbonate crystal to grow up before it precipitates on the surface of specimens. This 



interventional mode of CO2 provides sufficient CO2 for crystallization process of calcium 

carbonate. In this condition, more complicated morphology and highly ordered nano-scaled 

calcium carbonate can be acquired (Chen Y. X., et al, 2009). 

Calcium carbonate crystal stacks compactly. Even in 100,000 times magnified SEM 

micrographs, no obviously cracks can be seen yet. Continuous, dense and flat calcite film 

indicates the film has a good protective capability, preventing harmful ions penetrating into 

the cementitious matrix. 

   

(a) The profile of the film                          (b) 1,000 times 

   

(c) 20,000 times                             (d) 100,000 times 

Figure 6 SEM micrographs of the specimen surface immersed into the bacterial liquid with aerating 

pure CO2 

5. Conclusions 

Different interventional modes of CO2 have various influences on the protective effect of 

calcite film, which depends on the concentration and dosage of CO2. High concentration of 

CO2 benefits to form calcite film rapidly. The film is continuous, dense and flat, and the 

relative decreased rate of coefficient of capillary suction is large. Nevertheless, low 

concentration of CO2, such as the air condition, the film stacks loosely and the morphology is 

uneven. Its relative decreased rate of coefficient of capillary suction is quite small. 

Calcium carbonate crystal formed in the low concentration of CO2 presents a state of 

discontinuous particle. The size of the calcium carbonate crystal is large. Its shape is irregular 

and has obvious angularity, which goes against compactness of calcite film. Oppositely, 

calcium carbonate crystal formed in the high concentration of CO2 is tinier and smoother, 

which is beneficial to compactness of calcite film. 

Biomineralization mechanism has a vital enlightening role in capturing and fixing CO2, 



offering an innovative method to solve the problem of globe greenhouse effect. Using 

cement-based materials loading with bacteria captures CO2, achieving dual goals of fixing 

carbon and improving anti-erosion ability of cementitious matrix. 
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Abstract 

The presence and penetration of water and chemical compounds dissolved in water into reinforced 

concrete play a crucial role in deterioration of material and, hence, for the durability and service life 

of structures. The problem will be more acute once cracking has occurred which is usually inevitable 

in real structures due to mechanical, physical or chemical actions. The objective of the project is to 

study the behavior of water penetration into cracked reinforced concrete with fine cracks induced by 

mechanical load. Two types of reinforced concrete were tested: M1 with W/C ratio of 0.6 and grade of 

C30, and another mortar M2 with W/C ratio of 0.4 and grade C50. Cracks with average widths 

ranging from 20 μm to 130 μm induced by three-point bending were selected to perform water 

penetration test. The process of water penetration into these cracked reinforced concrete were followed 

visually by means of the technique of neutron radiography. The spatial water distributions in cracked 

concrete have been calculated quantitatively. It turned out that even very fine micro-cracks are 

immediately water filled whenever the surface comes in contact with liquid water. It was closely 

followed by further ingress of water front gradually into the fracture process zone behind the crack. In 

the meantime water migrated horizontally into the adjacent area surrounding the cracks. When crack 

width is below approx. 50 µm in concrete M1, no water ingress can be found in the interfaces between 

steel bars and cement matrix. In concrete M2 this crack width is approx. 130 µm. Fine cracks also 

provide preferential paths for water penetration into reinforced concrete, and thus may result in 

accelerated deterioration and reduced service life of structures. This is a concern for durability of 

reinforced concrete structures in aggressive environments and should be addressed.  

 

Originality 

In this contribution, load-induced cracks have been generated in two types of steel reinforced concrete 

via three points bending test. The average widths of cracks were measured after unloading using 

digital photos taken by a microscopic device. The time-dependent process of water penetration into 

selected cracked reinforced concrete samples, which crack widths range from 20 μm to 130 μm after 

unloading, have been investigated with the application of neutron radiography. Results from neutron 

imaging will be presented and discussed. The behavior of water capillary absorption of cracked 

reinforced concrete via fine cracks will be characterized. It can be concluded that micro-cracks have 

also to be taken into consideration in any realistic service life design. The present research provides 

insight into better understanding the deterioration mechanisms of reinforced concrete and into 

improving design criteria for more durable reinforced concrete structures taking into account the 

effects of cracks induced by the applied loads. So, both the visualization and quantification of water 

penetration into the micro-cracked steel reinforced concrete by means of neutron radiography is the 

originality of the contribution.  

 

Keywords: Neutron radiography; Fine cracks; Reinforced concrete; Water capillary absorption 
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1. Introduction 

One of the major factors affecting the durability and thereby the integrity of reinforced 

concrete structures is the penetration of water and chemical compounds dissolved in water 

into the porous material as it is at the origin of various damage mechanisms. Furthermore, 

cracking of reinforced concrete, which could be induced by structural loading, thermal 

deformation, etc., is practically inevitable and often anticipated in restrained conditions. 

These crack opening, however, provide preferential paths for ingress of water or aqueous 

solutions containing aggressive substances into cracked structural elements; and thus result in 

accelerated deterioration and decreased service life of structures.  

In recent years, the effect of cracking on water penetration into reinforced concrete has been 

the subject of numerous investigations (Aldea C. M. et al., 1999; Desmettre C. et al., 2011; 

Hoseini M. et al., 2009; Park S. S. et al., 2012; Wang K. J. et al., 1997; Yi S. T. et al., 

2011).Traditionally it is assumed that cracks with a visible width on the surface of less than a 

critical value of for instance 0.2 mm or 0.3 mm can be neglected. One step to deal with the 

role of cracks in a more realistic way is to relate the crack width to the thickness of the 

concrete cover. Some papers also reported that there exists a threshold value for crack width 

associated with water permeability. This critical value varies from 50 µm to 200 µm in 

different papers mentioned above. In strain-hardening cement-based cementitious composites 

(SHCC) it is also usually assumed that micro cracks with a width smaller than 50 µm or 

sometimes even 100 µm will not influence the transport processes, which may reduce service 

life. In the meantime measurements have clearly shown, that even without crack formation, a 

modest applied tensile stress increases the rate of chloride penetration significantly (Jiang F. 

et al., 2011; Zhang P. et al., 2009). Then one may question, do very fine cracks in concrete 

really have no influence on chloride penetration and on service life of reinforced concrete 

structures. If they have an influence on chloride penetration and rate of carbonation this must 

be considered in realistic service life design. 

In this contribution, load-induced cracks have been generated in two types of steel reinforced 

mortar via three points bending test. Very fine cracks with a crack width at the surface 

between 20 µm and 130 µm have been created. Then the surface with induced cracks was put 

in contact with water. The time-dependent process of water penetration into selected cracked 

reinforced concrete samples have been investigated with the application of neutron 

radiography. Results from neutron imaging will be presented and discussed. The behaviour of 

water capillary absorption of cracked reinforced concrete via fine cracks will be characterized. 

 

2. Experimental 

2.1. Materials and preparation of the specimens  

Reinforced concrete elements were prepared with two types of mortar M1 and M2. The 

composition and the compressive strength (fc) at an age of 28 days are given in Table 1. 

Ordinary Portland cement CEM I 32.5 R and natural river sand with a maximum grain size of 

2 mm were used for the production of mortar. In order to obtain the necessary workability of 

the fresh mix 1.2 % super plasticizer was added. 

Table 1 Composition of three types of mixes and compressive strength at 28 days (kg/m3) 

Compositions W/C Cement Sand Water SP [%, C] fc [MPa] 

M1 0.6 450 1650 270 - 42.5 

M2 0.4 500 1650 200 - 63.6 

Mortar prisms with the following dimensions have been cast in steel forms: 100 mm × 100 

mm × 310 mm. They were covered with plastic sheets and cured in the laboratory for 24 

hours. Then they were further cured under water at 20 ± 2 °C until an age of 28 days. The 

dimensions of the prisms and the position of the steel reinforcement with a diameter of 8 mm 

are shown in Figure 1. At an age of 28 days the prisms were cut with a diamond saw to obtain 

three identical reinforced prisms with the following dimensions: 30 mm × 100 mm × 310 mm. 

Then the specimens were loaded under three-point bending. In this way one crack could be 

formed in the centre of the sample under well controlled conditions. 



 

 
Figure 1 Geometry of reinforced mortar prisms. All prisms were cut into three identical slices along the 

dashed lines.  

Photos were taken of the cracks with a high resolution digital camera. From the photos the 

crack width could be determined. The crack width on the bottom surface was measured 

successively every 3 mm as shown in Figure 2. Then an average value has been determined 

from ten individual readings. At the same time the visible crack length was measured on both 

sides of the reinforced beams. Finally the different crack widths, which were obtained in thie 

project, are given in Table 2. Before measuring water penetration by neutron radiography all 

samples were dried at 60 °C for seven days unitl constant weight was achieved. 

 
Figure 2 Example of two cracks’ photoes and the principle of measuring the average crack width. 

Table 2 Width of cracks induced in reinforced mortars M1and M2 in this project 

 Crack width, µm 

M1 38, 42, 51, and 82  

M2 20, 43, 55, 105 and 130  

 

2.2. Neutron radiography  

The pre-dried specimens were placed in the neutron beam at Paul Scherrer Institute (PSI) in 

Switzerland. All details of the neutron facilities and the technique can be referred from the 

literature (Lehmann E. H. et al., 2001; Pleinert H. et al., 1998; Vontobel P. et al., 2006; 

Zhang P. et al., 2009; Zhang P. et al., 2010). The vertical square faces (100 mm x 100 mm) 

and two opposite side surfaces (30 mm x 100 mm) were covered with self-adhesive aluminum 

foil in order to impose unidirectional water migration after contact between water and the 

bottom surface. First an image was taken in the dry state, which later served as reference. 

Then the aluminum container was filled with water. The water level was kept constant at 

about 3 mm above the lower surface of the specimens. Then neutron images were taken 

serially by a CCD camera to follow the process of water penetration into the cracked samples.  
 

3. Results and Discussion 

The penetration of water into mortar M1 and M2 in the first ten minutes after contact with 

water is shown in Figures 3 and 4. It can be seen that cracks in mortar M1with a crack width 

measured on the surface of 38 and up to 82 µm are filled by water within a few seconds. The 

height of capillary absorbed water in the cracks and in the neighbouring cementitious material 

can be seen by means of the length scale at the left side of the neutron images taken at 20 

seconds. On the length scale the length of the crack as it can be observed on the two opposite 

vertical side surfaces is also indicated. As soon as the crack is water filled, the water migrates 

by capillary action vertically and out of the water filled crack also horizontally into the 

neighbouring porous mortar matrix. From fracture mechanics studies we know that ahead of 

the crack tip a fracture process zone is created. In this zone the imposed strain overcomes the 

tensile strength and the tensile strain capacity of the material. The strength decreases due to 



 

by micro crack formation in the fracture process zone. As expected water absorption into this 

damaged zone, the fictitious crack, in the mortar is quicker than water absorption into the 

undamaged material along the crack surface. The wider the crack, the further developed is the 

fracture process zone as can be seen in the case of the crack with a width of 82 µm as 

compared to the crack with a width of 38 µm. The length of the fracture process zone also 

increases with the crack width. 

 

Figure 3 Visualization of water penetration into micro-cracks in mortar M1 with different crack widths. 

The apparent branching of the cracks, which can be observed in particular on the images 

taken on the two cracks with a width of 42 and 51 µm can be explained by the fact that the 

crack front is not exactly parallel to the bottom surface and the crack front is not exactly 

normal to the vertical square surfaces. It is of special interest to see that the interface between 

the steel and the mortar remains nearly undamaged if the crack width remains below 42 µm. 

If the crack width has reached values of 51 and 82 µm, however, the interface obviously is 

damaged. In the case of the crack width of 82 µm the interface is also water filled within a 

few seconds.  

The water penetration into micro cracks in mortar M2 is shown in Figure 4. It can be seen that 

micro cracks with a width as small as 20 µm are also water filled immediately if the surface 

of mortar get in contact with water. Then the water is absorbed from the water filled crack 

horizontally by capillary action. It seems that in this mortar with a significantly higher 

strength the fracture process zone runs deeper into the material. This is an indication that 

mortar M2 is more brittle than mortar M1. The interface between the mortar and the steel 

reinforcement is damaged only at a crack width of 130 µm in mortar M2. The interface 

between mortar and steel obviously becomes stronger with decreasing water-cement ratio.  

In order to better see how the moisture was distributed in the cracked reinforced concrete 

sample, the spatial gradient maps of moisture contents in the material has been analized on the 

whole sample. The selected results at 30 minutes of water penetration on four specimens, 

which are M1 with cracks of 38µm, 82µm and M2 with cracks of 43 µm and 88µm, are shown 

in Figure 8. These results clearly indicate that when the cracks were water filled, they became 

liking water reservor to provide water to further penetrated into the adjacent porous matrix 

around the cracks.   

 



 

 

Figure 4 Visualization of penetration into micro cracks in mortar M2 with different crack widths. 

 
Figure 5 Gradient maps of water distributions in M1 and M2 with cracks approx. 40 µm and 85 µm at 

30 minutes of water penetration.  

From Figures 3 and 4 the rate of capillary penetration can be determined in the vertical 

direction and in the horizontal direction. As a first approximation and by neglecting the 

influence of gravity the penetration depth as function of time can be described by the 

following equation: 

   x = B﹒t1/2                                                                                                                          (1) 

Where, x stands for the penetration depth. x can be split in the penetration depth in horizontal 

direction and in vertical direction, t is the time and B the coefficient of capillary penetration, 

which is usually indicated as m/h1/2 or mm/s1/2. The horizontal movement of capillary 



 

absorbed water out of the water filled cracks is plotted in Figure 6 for specimens M1 and M2. 

These figures indicate the horizontal progression of water with time.  

 

Figure 6 Water profiles observed in M1 (left) and M2 (right) in the horizontal direction at the mid-

height of the cracks. 

In Figure 7 the observed water penetration in horizontal and vertical direction is plotted as 

function of the square root of time. It can be seen that capillary penetration in the vertical and 

in the horizontal direction can be described well by applying Eq. (1). If we neglect the high 

initial values of the coefficient of capillary penetration we obtain a nearly constant value after 

a penetration time of about 10 minutes. All values obtained are compiled in Table 3. Capillary 

penetration in the vertical direction is significantly smaller than in the horizontal direction. 

Most probably this is due to the influence of gravity. 

 
Figure 7 Water penetration depth in specimens M1 and M2 a as function of square root of time. 

Table 3 Coefficient of capillary penetration as determined for mortar M1 and M2 in vertical and 

horizontal direction, m/h1/2 

Direction Mortar M1 Mortar M2 

Vertical, Bv 1.44 × 10-4 0.30 × 10-4 

Horizontal, Bh  1.84 × 10-4  0.61 × 10-4 

 

4. Conclusions 
- The process of water penetration into cracked reinforced concrete with fine cracks induced 

by mechanical load can be visualized by means of neutron radiography. The time-dependent 

water distributions inside the cracked concrete can be calculated and presented quantitatively.  

- The fine cracks induced by mechanical load ranging from 20 µm to 130 µm are quickly 

filled with water by capillary suction once the cracked surface is put in contact with water, 

followed by further ingress of water into the fracture process zone behind the crack tips. In 

the meanwhile, water starts migrating horizontally into the adjacent area surrounding the 

cracks.  

- Even finest micro-cracks have to be taken into consideration in realistic service life 

prediction and design. Further investigations need to focus on under which conditions and to 

which degree fine micro-cracks can be closed again by self-healing. 

 

Acknowledgements 

The authors gratefully acknowledge substantial support of ongoing projects by National 

Natural Science Foundation of China (51278260, 51420105015), by National Basic Research 



 

Program (2015CB655100) and by Cooperative Innovation Centre of Engineering 

Construction and Safety in Shandong Blue Economic Zone. The authors would like to thank 

Mr. J. Hovind, who is in Neutron Imaging & Activation Group, PSI, Switzerland, for the help 

for operating neutron radiography.  

 

References 
- Aldea C. M., Shah S. P., Karr A., 1999. Permeability of cracked concrete. Materials and Structures, 

32, 370-376.  

- Desmettre C., Charron J. P., 2011. Novel water permeability device for reinforced concrete under 

load. Materials and Structures, 44, 1713-1723.  

- Hoseini M., Bindiganavile V., Banthia N., 2009. The effect of mechanical stress on permeability of 

concrete: A review. Cement and Concrete Composites, 31, 213-220.  

- Jiang F., Wittmann F. H., Zhao T., 2011. Influence of mechanically induced damage on durability and 

service life of reinforced concrete structures. Restoration of Buildings and Monuments, 17, 103-110. 

- Lehmann E. H., Vontobel P., Wiezel L., 2001. Properties of the radiography facility NEUTRA at 

SINQ and its potential for use as European reference facility. Nondestructive Testing and 

Evaluation,16, 191-202. 

- Park S. S., Kwon S. J., Jung S. H., Lee S. W., 2012. Modelling of water permeability in early aged 

concrete with cracks based on micro pore structure, Construction and Building Materials, 27, 597-604. 

- Pleinert H., Sadouki H., Wittmann F. H., 1998. Determination of moisture distributions in porous 

building materials by neutron transmission analysis. Materials and Structures, 31, 218-224. 

- Vontobel P., Lehmann E. H., Hassanein R., Frei G., 2006. Neutron tomography: method and 

applications. Physica B, 385/386, 475-480. 

-  Wang K. J., Jansen D. C., Shah S. P., Karr A. F., 1997. Permeability study of cracked concrete. 

Cement and Concrete Research, 27, 381-393. 

- Yi S. T., Hyun T. Y., Kim J. K., 2011. The effects of hydraulic pressure and crack width on water 

permeability of penetration crack-induced concrete. Construction and Building Materials, 25, 2576-

2583.  

- Zhang P., Wittmann F. H., Zhao T., Lehmann E., Vontobel P., Hartmann S., 2009. Observation of 

water penetration into water repellent and cracked cement-based materials by means of neutron 

radiography. Restoration of Buildings and Monuments, 15, 91-100.  

- Zhang P., Wittmann F., Zhao T., Lehmann E., 2010. Neutron imaging of water penetration into 

cracked steel reinforced concrete. Physica B: Condensed Matter, 405, 1866-1871.  

 



 

Water-Soluble alkalis release characteristics in cement pastes 

incorporated with fly ash 

 

Lu Guosen1*, Deng Min1,2, Mo Liwu1 

1. College of Materials and Engineering, Nanjing Tech University, Jiangsu 210009, P.R. China 

2. State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing, Jiangsu 210009, P.R. 

China 

 

 

Abstract 

Cement pastes incorporated with 0%, 15%, 25% and 35% of fly ash by weight were prepared. After 

90d of curing, the cement pastes were crushed and ground into powders with a particle size less than 

0.080mm, and then the powders were soaked in de-ionized water. The concentrations of Na+ and K+ 

ions in the water were measured. Results show that the K+ and Na+ ions in cement pastes enter rapidly 

into the de-ionized water during the first 120 minutes, and then were released at a relatively slow rate. 

A steady-state alkali partition was reached at about 720min. Available alkali contents were 65.5%, 

66.0%, 64.3% and 63.8% for cement pastes contained 0%, 15%, 25% and 35% of fly ash and cured for 

90 days. No significant effect of fly ash on the retaining of available alkalis on solids of cement pastes 

was observed. These releasable alkali ions may exist in bulk pore solutions or be physically absorbed 

by solids of cement pastes. 

 

Originality 

Previous studies on the mechanism of expansion inhibition have focused mostly on investigating the 

relationship between the amount of expansion and the material composition or alkali concentration in 

pore solution, the binding mechanisms and the location of alkali ions in the C-S-H gel have not been 

clearly understood. In this paper, the binding forms of K+ and Na+ ions in cement pastes contained fly 

ash were investigated. It is expected that the obtained results may be helpful to understand the 

long-term effect of fly ash on preventing alkali-silica reaction. 

 

Keywords: Water-soluble alkalis; Cement pastes; Fly ash 

1  Introduction 

Since the alkali-silica reaction (ASR) in concrete was first proposed by Stanton, a great deal 

of effort has been directed to understand the mechanism of this deterioration process and to 

develop appropriate preventive measures (T.E. Stanton, 1940). Research has shown that 

incorporation of adequate level of fly ash in concrete can effectively inhibit the deleterious 

expansion due to ASR, when fly ash was added into concrete, the active SiO2 in fly ash can 

consume OH- in the pore solution and react with Ca(OH)2 to generate C-S-H gel with low 

Ca/Si ratio. It has been claimed that the C-S-H gel with low Ca/Si ratio can bind more alkali 

ions(K+ and Na+) than that with high Ca/Si ratio and hence reduce the availability of alkali 

ions in the pore solution(Michael DA et al., 2007; Duchesne J et al., 2001; Thomas M, 2011; 

K. Scrivener et al., 2012). However, studies on the mechanism of expansion inhibition have 

focused mostly on investigating the relationship between the amount of expansion and the 
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material composition or alkali concentration in pore solution, the binding mechanisms and the 

location of alkali ions in the C-S-H gel have not been clearly understood. As the cementing 

system approaches full hydration, most of the alkalis will be released (except those in 

non-reactive crystalline phases) and will be partitioned between the solid (hydrates) and 

liquid (pore solution) phases of the concrete. If K+ and Na+ ions are chemically absorbed by 

C-S-H gels, they will not cause further alkali-silica reaction. Physically adsorbed K+ and Na+ 

ions may be released into the pore solution when concentrations of K+ and Na+ ions in the 

pore solution are lower than the certain value. Some workers have shown that if the alkali 

concentration of the pore solution drops, then alkalis will be released from the hydrates to 

maintain equilibrium between the liquid and solid phases and the amount of alkali released is 

a function of the hydrate composition (Ca/Si) and alkali concentration of the solution(M.S.Y. 

Bhatty, 1985 ; Shehata, 2006). These released K+ and Na+ ions can continue to take part in 

alkali-silica reaction. Therefore, the long term effectiveness of fly ash on controlling ASR is 

uncertain.  

In this paper, release of K+ and Na+ ions in cement pastes contained fly ash were investigated. 

It is expected that the obtained results may be helpful to understand the long-term effect of fly 

ash on preventing alkali-silica reaction. 

2 Materials and Methods 

2.1 Materials  

Portland cement from Jiangnan-Onado Cement Limited Company in Nanjing, China was used. 

Class F fly ash was supplied by Huaneng Power Station in Nanjing, China. Their chemical 

compositions are listed in Table 1. Alkali content of cement and fly ash are 0.58% and 1.68% 

Na2Oeq, respectively.  
 

Table. 1 Chemical compositions of cement and fly ash /% 

Materials Loss SiO2  Fe2O3  Al2O3 CaO MgO K2O Na2O SO3 Total 

Cement 3.55 18.83 3.30 4.62 65.29 0.86 0.63 0.17 1.71 98.96 

Fly ash 1.80 48.43 16.40 19.89 6.29 1.27 1.76 0.52 2.56 98.92 

 

2.2 Methods 

Cement pastes incorporated 0%, 15%, 25% and 35% fly ash were cast at a W/B ratio of 0.30. 

Cement pastes were sealed by film after casting and cured at 20±2℃.  

The content of free water in cement pastes was determined by drying at 105℃. The pore 

solutions in cement pastes were squeezed out by a high-pressure device at 900MPa. FP650 

flame photometer was used to measure the concentrations of K+ and Na+ ions in the pore 

solutions.  

Cement pastes were crushed and ground into powders with a particle size less than 0.080mm 

after cured for 90 days. After that, the powders were dried at 105℃, and then 2.00g of dry 

powders of cement pastes were immersed in 10mL de-ionized water at 20℃ for 3 days. The 

contents of Na+ and K+ ions in the de-ionized water were measured with FP650 flame 

photometer.  

3. Results and Discussion 

3.1 Effect of fly ash on concentrations of K+ and Na+ ions in pore solutions 

Concentrations of K+ and Na+ ions in pore solutions of cement pastes are shown in figure 1. 

Concentration of K+ ions increased during first 1-14 days, then decreased gradually and 

tended to be constant after 28 days. Incorporation of fly ash can decrease the concentrations 

of K+ and Na+ ions in pore solutions of cement pastes. At 90 days, the concentrations of K+ 

and Na+ ions for Portland cement pastes were 656.9 mmol/L and 167.7 mmol/L, respectively, 

while they were 205.2 mmol/L and 64.5 mmol/L respectively for the cement pastes with 35% 



 

fly ash. Accordingly, the content of K+ and Na+ ions in pore solutions in the cement paste 

incorporated 35% fly ash decreased by 68.8% and 61.5%, respectively. 
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            (a) K+ ion                                 (b) Na+ ion 

Fig 1 Effect of fly ash on the concentrations of K+ and Na+ ions in the pore solutions of cement pastes 

3.2 Release of K+ and Na+ ions in cement pastes in de-ionized water 

Figure 2 shows the concentrations of K+ and Na+ ions in de-ionized water released by the dry 

powder samples of cement pastes cured at 20oC for 90 days. K+ and Na+ ions in cement pastes 

enter rapidly into de-ionized water during the first 120 minutes, and then they were released 

at a relatively slow rate.  

A steady-state alkali partition was reached at about 720min.The concentrations of K+ ions in 

equilibrium were 19.4, 17.9, 17.5 and 15.4 mmol/L and that of Na+ ions in equilibrium were 

5.5, 5.8, 6.1 and 7.4 mmol/L in the water soaked powder samples of cement pastes containing 

0%, 15% , 25%and 35% of fly ash, respectively. According to the concentrations of K+ and 

Na+ ions as shown in Figure 2 and the volume of the de-ionized water, the contents of K+ and 

Na+ ions released by cement pastes could be calculated and were shown in figure 3. 
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(a) K+ ion                                  (b) Na+ ion 

Fig 2 Concentrations of K+ and Na+ ions in de-ionized water soaked with dry powders of cement pastes 

cured at 20oC for 90 days (ratio of powder to water was 1:5) 
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(a) K+                                    (b) Na+ 

Fig 3 Contents of K+ and Na+ ions in de-ionized water soaked with dry powders of cement pastes cured 

at 20oC for 90 days (ratio of powder to water was 1:5) 

 

With increasing incorporation of fly ash in cement pastes, the content of K+ ions released by 

cement pastes soaked in de-ionized water decreased, whereas the content of Na+ ions released 

increased. This may be attributed to larger content of Na+ in fly ash was released into 

de-ionized water and Ca(OH)2-saturated solution, as shown in figure 4. 
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Fig 4 Contents of K+ and Na+ ions released by fly ash soaked in de-ionized water and 

Ca(OH)2-saturated solution 

 

The evaporable water contents in the cement pastes incorporated 0%, 15%, 25% and 35% fly 

ash and cured for 90 days are shown in Table 2. Based on the evaporable water contents and 

the concentrations of K+ and Na+ ions in the pore solutions of cement pastes (Figure 1), the 

contents of K+ and Na+ ions released by the pore solutions of cement pastes could be 

calculated. The results are shown in figure 5. The total contents of K+ ions and Na+ ions 

released by drying powders of cement pastes in de-ionized water were higher than that from 

the pore solutions. This implies that some K+ and Na+ ions in cement pastes may not be 

squeezed out. The difference between the contents of K+, Na+ ions released in de-ionized 

water and these in the pore solutions are shown in figure 6. The difference reflects the ability 

of the cementing system to retain alkalis in its hydration products and the ability to reduce 

expansion due to ASR. As shown in figure 6, the contents of K+ and Na+ ions released from 

the original bound alkali ions increase as the content of fly ash increase. This implies that fly 

ash can not improve the capacity of hydration products to retain “bound” alkalis. 
 

Table. 2 The evaporable water contents of cement pastes cured for 90d/% 

 

Fly ash/% 0 15 25 35 

Evaporable water /% 12.2 13.1 13.6 14.2 
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Fig 5 Contents of K+ and Na+ ions released by      Fig 6 Contents of K+ and Na+ released    

dry powder and obtained from the pore solutions    from the original bound alkali ions  

of cement pastes cured for 90 days and soaked in 

20oC de-ionized water for 3 days 

 

Table 3 summarizes the acid-soluble and available alkali content in the mixtures of Portland 

cement and fly ash, content of available alkali in powders of the cement pastes after 90 days 

immersion in 20℃ de-ionized water. As 100% and 15% of the acid-soluble alkali in Portland 

cement and fly ash respectively were considered to be available (Hobbs D W, 1988), the 

available alkalis in the mixtures of Portland cement and fly ashes could be calculated. 

Released alkali contents based on available alkalis are 65.5%, 66.0%, 64.3% and 63.8% for 

cement pastes at 90 days contained with 0%, 15%, 25% and 35% of fly ash, respectively. No 

significant effect of fly ash on retaining of available alkalis in solids of cement pastes was 

observed.  
 

Table. 3 Alkali contents in the mixtures of Portland cement and fly ash and cement pastes 

 

Materials 
Content of 

acid-soluble 

alkalis /% 

Content of 

available alkalis 

/% 

Released alkalis by 

cement pastes 

(90d)/% 

Released 

alkalis/available 

alkalis % 

0%PFA 0.58 0.58 0.38 65.5 

15%PFA 0.75 0.53 0.35 66.0 

25%PFA 0.86 0.49 0.32 64.3 

35%PFA 0.97 0.47 0.30 63.8 

 

Leaching test show that 65.5%, 66.0%, 64.3% and 63.8%of available alkalis in cement pastes 

contained with 0%, 15%, 25% and 35% fly ash by weight at age 90 were released into 

de-ionized water. There is no significant effect of the amount of fly ash on proportion of 

released available alkalis in cement pastes. These released K+ or Na+ ions in de-ionized water 

were not chemically adsorbed or bonded. They may either exist in bulk pore solutions or be 

physically adsorbed by hydrates. Therefore, majority of available alkalis existed in bulk pore 

solutions or adsorbed physically by hydrates in cement pastes may take part in 

alkali-aggregate reaction regardless incorporated fly ash.  

4. Conclusions 

(1) K+ and Na+ ions in cement pastes entered rapidly into de-ionized water during the 

first 120 minutes, and then they were released at a relatively slow rate. A steady-state alkali 

partition was reached in less than 24h. 

(2) The total contents of K+ ions and Na+ ions released by cement pastes in de-ionized 

water were higher than that from the pore solutions, which indicated that some K+ and Na+ 

ions in cement pastes were probably not squeezed out by 900MPa pressure. 



 

(3) Water-Soluble alkali contents were 65.5%, 66.0%, 64.3% and 63.8% for cement 

pastes contained 0%, 15%, 25% and 35% of fly ash at 90 days. No significant effect of fly ash 

on retaining available alkalis bound by cement pastes. These releasable alkali ions may exist 

in the pore solution or be physically adsorbed by cement pastes. 
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Abstract 
This work presents a comparative study of the hydration and carbonation reactions of three calcium 
silicate phases. Triclinic tricalcium silicate and γ-dicalcium silicate were synthesized in laboratory 
from stoichiometric mixtures of CaO and fumed silica (SiO2). The reactivity of the synthesized calcium 
silicate systems were then monitored during both carbonation and hydration reactions. Along with the 
synthesized calcium silicates, the reactivity of natural wollastonite was also investigated in this work. 
For carbonation reaction, calcium silicate samples were first mixed with deionized water and then 
exposed to CO2. After 24 hours of reaction the samples were analyzed using Fourier Transform 
Infrared (FTIR) Spectroscopy, thermo gravimetric analysis (TGA) and scanning electron microscopy 
(SEM) techniques. The presence of Ca(OH)2, CaCO3 and calcium silicate hydrates (C-S-H) was 
identified in case of both hydrated and carbonated tricalcium silicate and dicalcium silicate specimens. 
For wollastonite specimen, polymerized silica and CaCO3 were identified as the main reaction 
products.  
In order to compare the reactivity of the calcium silicate systems, the relative amounts of reaction 
products were also determined using TGA and FTIR test methods. The relative amounts of reaction 
products determined using these two methods were found to be in very good agreement with each 
other. Using both of these test methods, higher amount of reaction products were found in case of 
carbonation reaction than in the case of hydration reaction. 
 
Originality 
Many publications can be found in the literature that compare mechanical properties of the 
conventional cement system while subjected to carbonation and hydration reactions. The originality of 
this work lies in the fact is that it presents a comparative study on the reactivity of calcium silicate 
samples during the hydration and carbonation reactions in terms of reaction products. The originality 
of the work also lies in the fact that it studied the hydration and carbonations reactions of individual 
calcium silicate systems such as tricalcium silicate (or dicalcium silicate) instead of the conventional 
cement binders which is composed of both tri- and di – calcium silicates. Such experimental work 
involving single calcium silicate system also allowed calculating the relative fractions of reaction 
products using simple stoichiometric equations for both hydration and carbonation reactions.  
 
Keywords: Hydration, Carbonation, Calcium Silicates, Reactivity, FTIR, TGA, SEM.  
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1. Introduction 
Conventional portland cements contains around 75% of calcium silicates, namely – tricalcium silicate 
(Ca3SiO5(or C3S in cement chemist notation) and dicalcium silicate (Ca2SiO4(or C2S)) and thus both, 
the strength development and the microstructure of hardened cement paste,are strongly linked to the 
reactivity of these phases. Depending on the type and the duration of the curing process and the 
exposure conditions, these calcium silicates will undergo both hydration and/or carbonation reactions. 
Hydration reactions of calcium silicates has been thoroughly investigated over the last century and 
most details of the reaction mechanisms are considered to be well understood. Contradictory to this, 
carbonation reaction (or CO2 curing of calcium silicate) is a relatively new concept, which has only 
been investigated during the last few decades (Shtepenko et al., 2006; Young et al. 1974). Recently, 
the carbonation process of calcium silicates have gained renewed interest in connection with research 
on alternative mechanisms of CO2 storage (Galan et al. 2010; Kashef-haghighi and Ghoshal 2010; 
Pade and Guimaraes 2007) and also due to its potential for producing rapid strength gain materials 
(Klemm and Berger 1972; Shao et al. 2014).  
 
During the hydration reaction, both C3S and C2S react with water to form calcium silicate hydrate 
(C-S-H) gel, which is the main source of strength in hardened cement paste. The hydration reaction of 
C3S is faster than that of C2S and thus C3S is more desirable component of cement with respect to the 
early strength development. On the other hand, other calcium silicates (e.g. α-monocalcium silicate 
(wollastonite, CS)) may not exhibit any hydraulic properties at room temperature. The exact reasons 
behind the differences in hydraulic reactivities of various calcium silicate phases are still not well 
understood (Durgun et al. 2014). 
 
The hydration reactions of C3S and C2S are illustrated, respectively, by equations 1 and 2 
 

2Ca3SiO5 +  6H2O →  3CaO · 2SiO2 · 3H2O +  3Ca(OH)2 … … … … … … . . eq. 1 
2 Ca2SiO4 +  4 H2O →  3 CaO ·  2 SiO2 ·  3 H2O +  Ca(OH)2 … … … . . . … eq. 2 

 
Both C3S and C2S were also found to produce C-S-H during the carbonation reaction as shown in 
equations 3 and 4 (Young et al. 1974). The carbonation reaction of wollastonite forms polymerized 
silica gel and calcium carbonate as shown in equation 5: 
 

Ca3SiO5 +  (3 − x)CO2 + y. H2O →  xCaO · SiO2 · yH2O + (3 − x)CaCO3 … … . eq. 3 
Ca2SiO4 + (2 − x)CO2 + y. H2O →  xCaO · SiO2 · yH2O + (2 − x)CaCO3. … eq. 4 

CaSiO3 + CO2 + y. H2O → SiO2 · yH2O + CaCO3 … … … . … eq. 5 

 
Although the carbonation of calcium silicate materials has gained recent interests, the relative 
reactivity of these phases during the carbonation process is yet to be investigated. Thus, the objective 
of this paper is to present a comparative study of the hydration and carbonation reactions of C3S, C2S 
and CS phases. In addition, a brief comparison of the reaction products forming during the carbonation 
and hydration reactions of these calcium silicates materials is also presented in this paper. 
 
2. Experimental Setup 
2.1 Synthesis of Calcium Silicates 
Several methods for synthesizing pure calcium silicates phases can be found in literature (Goto et al. 
1995,Berliner et al. 1997, andShtepenko et al. 2006) most of which involve sintering the 
stoichiometric mixture of reactive lime and silica. As mentioned earlier, three types of calcium 
silicates were utilized in this study.  These included phase with high hydraulic reactivity (synthetic 
C3S) phase with low hydraulic reactivity (synthetic γ-C2S phase) and non-hydraulic CS phase (natural 
mineral (wollastonite)).  The synthetic calcium silicate phases were prepared by sintering the 
stoichiometric mixture of CaO and amorphous (fumed) silica (SiO2). The CaO used in the sintering 
process was obtained by decomposing the reagent grade (99.9% pure) calcium carbonate (CaCO3) by 



 

exposing it to a temperature of 1000 ºC for 3 to 4 hours.  The C3S was prepared by exposing the 
mixture of CaO and fumed silica (at 3:1 molar ratio) to a temperature of 1500 ºC for 4 hours and then 
leaving the melt in the furnace until it cooled down to a room temperature. The resulting materials was 
ground, sieved using # 200 (74 µm) sieve and refried (three times in total) to maximize the chemical 
reaction of available lime and silica. After each grinding, small amount of the powdered sample was 
examined using X-ray diffraction (XRD) method to check for the presence of any free lime. The 
process of preparation of γ-C2S was the same as that used to prepare C3S except in this case the molar 
ratio of CaO and fumed silica was 2:1 and the sintering temperature was 1400 ºC. The natural 
wollastonite (CS) used in this study was supplied by Solidia Technologies LLC. 
 
The XRD patterns of both of the synthesized calcium silicate phases as well that of the wollastonite  
are given in Figure 1. These patterns match reasonably well the published XRD patterns for, 
respectively, The C3S, γ-C2S and wollastonite (Goto et. al. 1995, HRB 1972). 

 
Figure 1 XRD patterns of the unreacted calcium silicate phases 

2.2. Preparation of Test Specimens 
The powdered calcium silicate materials were mixed with small amount of water (water to solid ratio = 
0.40) and compacted into small discs (0.75 inch in diameter and 0.25 inch in height). For carbonation 
reaction, these small discs were then placed in an enclosed chamber which was kept on the laboratory 
bench and which was continuously purged with 99.9% pure CO2(Figure 2). To prevent the drying-up 
of the specimens, additional water source was placed inside the chamber. For hydration reaction, the 
discs were placed in a small enclosed box, which was placed on the laboratory bench. After 24 hours 
of reaction, both types of specimens (i.e. the carbonated and the hydrated ones) were ground (using a 
mortar and pestle)and used to perform the characterization tests described in the next section (section 
2.3). 
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Figure 2: Schematic showing the setup used for carbonation of the specimens. 

2.3 Test Methods 
The thermogravimetric analysis (TGA)was performed using the commercially available instrument 
(TA model: Q50). The powdered sample was first kept under isothermal conditions for 10 minutes and 
then the temperature was raised at the rate of 10 °C per minute up to 1000 °C. Approximately 35 to 50 
mg of powder was tested for each specimen. Nitrogen (N2) was used as purge gas during the TGA tests. 
The experimental data from TGA were used to calculate the weight fraction of calcium carbonate in 
the sample.  
 
The Fourier transform infrared (FTIR) spectroscopy data presented in this paper were obtained using 
the Thermo Nicolet Nexus 470 spectrophotometer, which was fitted with an attenuated total 
reflectance (ATR) accessory. The frequency range was 4000 to 800 cm−1 at a resolution of 4 cm−1. 
Each spectrum presented in this paper is an average of 36 scans.  
 
The secondary electron (SE) SEM images were collected using a FEI NOVA nanoSEM FESEM. Prior 
to SEM investigation, the samples were coated with platinum. 
 
3. Results and Discussion 
3.1 Thermogravimetric Analysis 
The TGA curves for hydrated and carbonated calcium silicates are given in Figure 3-5. Both, in the 
case of C3S and γC2S test specimens (shown, respectively, in Figures3 and 4), the major mass losses 
were observed to occur during three distinctive temperature ranges. The first mass loss occurred in the 
temperature range from about 450 ºC to 500 ºC and it can be attributed to the dehydration of Ca(OH)2 

(as illustrated by equation 6). The second mass loss was observed in the temperature range from 
about600ºC to 700 ºC and the third mass loss was observed in the range from 700 ºC to 850 ºC. Both, 
the second and third peaks in the TGA graphs can be attributed to the decomposition of calcium 
carbonate(see equation7).  
 

𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2 → 𝐶𝐶𝐶𝐶𝑂𝑂 + 𝑂𝑂2𝑂𝑂 ↑ ⋯… … … … … … . . 𝑒𝑒𝑒𝑒. 6 
𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 → 𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶𝑂𝑂2 ↑ ⋯… … … … … … … . 𝑒𝑒𝑒𝑒. 7 

 
The presence of two stages of mass loss in the temperature range from 600 ºC to 850 ºC indicates the 
formation of two different forms of calcium carbonate during the carbonation process of C3S and 
γ-C2S (Goto, Suenaga, and Kado 1995). 
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From Figure 5, it can be observed that the CS sample experienced only one major mass loss(in the 
temperature range from around 600 to 800 ºC), which is due to the decomposition of CaCO3. The 
Presence of CaCO3is expected in case of the carbonated samples as this compound is one of the major 
reaction products (see equations 3 - 5). The hydrated samples were also found to contain small amount 
of CaCO3, which most likely formed by atmospheric carbonation of the calcium hydroxide present in 
hydrated test specimens. 
 

 
Figure 3: TGA test results for hydrated and carbonated C3S. 

 

 
Figure 4: TGA test results for hydrated and carbonated C2S. 



 

 

Figure 5: TGA test results for hydrated and carbonated CS 

Additional powdered samples were heated from 105 ºC to 1100 ºC to obtain the total mass loss (%). 
The amount of water that is chemically bound in the calcium silica gel was then obtained by 
subtracting the mass losses due to Ca(OH)2 and CaCO3 from the total mass loss. The amounts of 
Ca(OH)2 and CaCO3 were calculated using, respectively, equations 6 and 7 and the TGA determined 
mass loss values (i.e. the amount of the emitted CO2). However, since the exact nature of the 
calcium-silica gels formed during the carbonation process is still unknown, the amount bound water 
was reported instead. 
 
The relative mass fractions of Ca(OH)2, CaCO3 and chemically bound water produced during the 
hydration and carbonation reactions of the calcium silicates are given in Figure 6. The Ca(OH)2 was 
found to be absent in both, the hydrated and carbonated CS specimens, indicating the non-hydraulic 
property of the wollastonite. For both C3S and C2S systems, the amount of Ca(OH)2 in carbonated 
samples was found to be higher than that found in the hydrated samples. The presence of substantial 
amount of Ca(OH)2, even in the carbonated samples, has also been reported by other researchers 
(Short et al. 2001).  One additional interesting observation from Figure 5 is that the mass fractions of 
the reaction products for all calcium silicates are higher in case of carbonation reaction than in the case 
of hydration reaction. This finding suggests that, when compared over the same length of reaction 
period (24 hours), higher amounts of calcium silicates (even the highly hydraulic ones) undergo 
carbonation than hydration.  
 
3.2 ATR-FTIR Test Results 
3.2.1 Tricalcium silicate 
Figure 7shows the FTIR spectra of, respectively, the unreacted, carbonated and hydrated C3S 
specimens. To emphasize the changes in the spectra caused by the reactions, the spectrum of unreacted 
C3S was subtracted from the spectra for hydrated and carbonated C3S specimens and the spectra 
resulting from these subtractions are presented in Figure 8.  
 
 



 

 
Figure 6: Relative mass fractions of chemical phases formed during the carbonation and hydration reactions of 

pure calcium silicates. 
 

 
Figure 7: FTIR spectra for hydrated, carbonated unreactedC3Sspecimens. 

 
As seen in Figure 7, the primary band for the unreacted C3S is located at around 829 cm-1. After 24 
hours of carbonation of C3S, the major bands are observed at around 3640 cm-1, 1300 ~ 1500 cm-1, 
1050 cm-1, 967 cm-1and 875 cm-1 (see Figures 7 and 8). The band at 3640 cm-1 is caused by the 
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stretching vibration of the hydroxyl ion present in the Ca(OH)2(Hughes et al. 1995, Arnold et al. 2006, 
Chollet and Horgnies 2011, Fernández-Carrasco et al. 2012, and Yu et al. 1999). The band located in 
the range of 1300 cm-1 to 1500 cm-1 is due to the asymmetric stretching (ν3) of C-O bond present in 
CaCO3 and the band located at around 875 cm-1 corresponds to the out of plane bending vibration (ν2) 
of the same C-O bond (Yu et al. 1999).  
 

 
Figure 8: FTIR spectra for hydrated and carbonatedC3Sspecimens after subtracting the spectra of unreacted C3S. 

The bands located in the range of 950 to 1100 cm-1 are associated with the calcium silicate phases that 
formed during the hydration and carbonation reactions of C3S. For carbonated C3S sample, the major 
bands are located in the range from 950 cm-1to 970 cm-1 and from 1050 cm-1to 1060 cm-1, both of 
which are due to the asymmetric stretching of Si-O bonds present in the C-S-H. The exact positions of 
these bands are dependent on the calcium to silica (Ca/Si) atomic ratio in the C-S-H phase, which also 
indicates differences in the degree of polymerization of the C-S-H (Yu et al. 1999). It can be also 
observed from Figure 8 that, in comparison to the hydrated C3S sample, the carbonated C3S sample 
has have higher proportion of the band located around 1050 cm-1 compared to the band located at 
around 967 cm-1.  The ratio of integral area under the band at 1050 cm-1 to that of the band at 967 
cm-1 was found to be 9.60 and 2.86 for carbonated C3S and hydrated C3S samples, respectively. This 
finding indicates that the C-S-H formed during the carbonation process of C3S may have lower Ca/Si 
atomic ratio and higher degree of polymerization compared to the C-S-H formed during the hydration 
of C3S. 
 
3.2.2 Dicalcium silicate (γ-C2S) 
The FTIR spectra for unreacted γ-C2S, hydrated γ-C2S and carbonated γ-C2S are shown in Figure 9. 
The spectra obtained for hydrated γ-C2S and carbonated γ-C2S after subtracting the spectrum of 
unreacted γ-C2S are given in Figure 10. For the unreacted γ-C2S, two major bands are observed, one 
at 846 cm-1 and at 929 cm-1. The FTIR spectra of hydrated γ-C2S sample (Figure 9 and Figure 10) 
showed only minor differences compared to the spectrum from unreacted γ-C2S specimen, indicating 
that the overall degree of reaction was low. In contrast, the FTIR spectrum for carbonated γ-C2S 
specimen was significantly different from that observed for unreacted specimen.  Specifically, the 
FTIR spectra of carbonated γ-C2S specimen reveal the presence of CaCO3, Ca(OH)2 and C-S-H as 
evident from the presence of the bands located at 1418 cm-1, 872 cm-1, 3641 cm-1 and 1068 cm-1. The 
C-S-H formed in the carbonated C2S sample showed only one broad band at 1068 cm-1and the band 
one would normally expect for C-S-H (i.e. one located at around 950 cm-1to 970 cm-1) was completely 
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absent. This change in the band position indicates that the C-S-H formed during the carbonation of 
γ-C2S has a lower Ca/Si atomic ratio and higher degree of polymerization compared with the C-S-H 
formed in the carbonated C3S sample. 
 

 
Figure 9: FTIR spectra for unreacted, hydrated and carbonated γ-C2S. 

 
 

 
Figure 10: FTIR spectra for hydrated and carbonated γ-C2S samples after subtracting the spectra of unreacted 
γ-C2S. 
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3.2.3 Wollastonite (CS) 
The FTIR spectra for unreacted, hydrated and carbonated wollastonite (CS) specimens are shown in 
Figure 11. The major bands for the unreacted CS samples are located at 896 cm-1, 1010 cm-1 and at 
1060 cm-1. Due to the inosilicate structure of wollastonite, the presence of bands at higher calcium 
silica region (1100 cm-1) is expected for unreacted CS samples due to the presence of higher amount of 
the bridging tetrahedra (Hansen et al. 2003). FTIR spectra for both carbonated and hydrated CS 
samples showed only minor changes compared to the spectrum of the unreacted CS.  The most 
significant change involved the formation of the band at around 1432 cm-1 and the increase of the 
height of the peak at 1060cm-1. Nonetheless, the changes in the carbonated CS system were more 
prominent than that of hydrated CS system indicating higher reactivity of CS system in case of 
carbonation reaction than in the case of hydration reaction. 
 

 
Figure 11: FTIR spectra for unreacted, hydrated and carbonated CS. 

 
3.2.4 Comparison of the reactivity based on the FTIR spectra 
As mentioned previously, the spectra of the original (unreacted) specimens were subtracted from the 
spectra of the hydrated/ carbonated samples to improve the ease of comparison of changes in the FTIR 
spectra resulting from the reaction. In general, additional bands were found to form in the region of 
1300 cm-1 to 1500 cm-1 and at 950 cm-1 to 1200 cm-1 in FTIR spectra obtained after subtraction, 
irrespective of the type of calcium silicate minerals used.  The integrated areas under the bands ‘1300 
cm-1 to 1500 cm-1’ and ‘950 cm-1 to 1200 cm-1’ were considered to be representative of the amounts of 
CaCO3 and calcium silica gel, respectively, formed during the carbonation and hydration reactions of 
the calcium silicates. These integrated peak areas are presented in Figure 11 for all reacted calcium 
silicate samples. The variation of different phases appears to be similar to that of obtained from TGA 
test (Figure 6). For all calcium silicate minerals, the amount of reaction products was found to be 
higher in case of carbonation reaction than in the case of hydration reaction.  This observation then 
also supports the results of TGA tests. Additionally, similar to what was seen in the TGA results, the 
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carbonated γ-C2S specimens are shown to contain higher amount of reaction product than the 
carbonated C3S specimens.  
 
 

 
Figure 12: Integral peak areas of FTIR spectra for hydrated and carbonated calcium silicates. 

 
3.3 The Microstructure of the Carbonated and Hydrated Calcium Silicates 
Secondary electron images showing the microstructure of the carbonated and hydrated calcium silicate 
specimens are shown in Figure 13. After 24 hours of hydration, a large amount of reaction products 
(Ca(OH)2 and C-S-H) were identified in C3S specimen, (Figure 13(a)). The carbonated C3S sample 
was found to contain spherical reaction products (Figure 13 (b)) which appear to be amorphous 
calcium carbonates.  
 
The microstructure of hydrated γ-C2S sample (Figure 13 (c)) was similar to that of completely 
unreacted γ-C2S sample (not shown) and did not contain any significant amounts of reaction products. 
However, in case of carbonated γ-C2S samples, there appears to be some reaction products (in the form 
of distinctive small, (“fuzzy”), round particles (Figure 13 (d)). Additionally, while investigating the 
microstructure of carbonated γ-C2S samples, some areas containing large amount Ca(OH)2 and C-S-H 
were also observed which were not present in case of hydrated γ-C2S samples.  
 
After 24 hours of hydration, the discs samples prepared from natural wollastonite (CS) did not 
hardened and hence the SE-SEM images were collected from the hydrated powdered wollastonite. 
Some laths-like phases were found around the wollastonite grains, but considering the morphology and 
appearance of these products, it is suspected that they represent a silica phase that leached out from the 
original grains. A high magnification image of the carbonated wollastonite grain is given in Figure 12 
(e). The surface of the carbonated wollastonite grain appears to be different from that of hydrated 
wollastonite grain, indicating higher amount of ionic activity on the surface. The same image also 
shows a formation of a distinctive layer on the wollastonite grains, which, based on the other research 
(Daval et al. 2009 (a),  Daval et al. 2009(b)) is likely a silica rich phase. 
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Figure 13: Secondary images of: (a) hydrated C3S, (b) carbonated C3S, (c) hydrated γ-C2S, (d) carbonated γ-C2S, 
(e) hydrated wollastonite and (f) carbonated wollastonite after 24 hours of corresponding reactions. 
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4. Summary and Conclusions 
The synthetic C3S, γ-C2S and natural CS samples were subjected to carbonation and hydration 
reactions at room temperature for 24 hours. The reaction products were then analyzed using the TGA, 
ATR-FTIR and SEM test methods. The major findings from this work are summarized below: 
 
(i). In case of C3S and γ-C2S specimens, the main reaction products were identified as Ca(OH)2, 

CaCO3 and C-S-H for both hydration and carbonation reactions. For the CS specimens, the 
main reaction products were CaCO3 and polymerized silica rich phase. 

(ii). The relative amounts and types of reaction products determined from TGA tests results were 
found to be a close match to those determined from FTIR spectra. This suggests that 
ATR-FTIR test technique can be a very useful tool to investigate the chemical changes in 
cement - based materials. 

(iii). Using both TGA and FTIR methods, the amount of reaction products formed during the 
carbonation reaction of all calcium silicate phases investigated in this study was found to be 
higher than that generated during the hydration reaction. This finding suggests that, in the case 
of reactions lasting 24 hours and taking place at room temperatures the carbonation process 
was more effective than the hydration process, even for nominally highly hydraulic material. 

(iv). From FTIR analysis, it was observed that the C-S-H formed during the carbonation of C3S had 
a higher degree of polymerization than the C-S-H formed during the hydration reaction.  

(v). As observed from the analysis of the FTIR spectra, the C-S-H formed due to the carbonation 
of γ-C2S had higher degree of silica polymerization than the C-S-H formed during the 
carbonation of C3S samples. Again, the silica polymerization of the carbonated wollastonite 
sample (band position >1100 cm-1) was found to be the highest among all specimens tested 
during this study. These observations suggest that the degree of silica polymerization is a 
function of initial Ca/Si ratio. Similar conclusion was reported by other researchers 
(Shtepenko et al. 2006). 

 
Finally, it is important to note that the concluding points mentioned here are based only on the test 
results from systems reacting for only 24 hours. However, the ongoing tests, which focus on materials 
undergoing reactions for up to 72 hours, show very similar trends. In addition, the results obtained 
from different test methods also show very consistent trends, thus increasing the level of confidence in 
the findings reported in this paper. 
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Abstract 
In the last years a remarkable number of radical approaches towards low CO2-cements was introduced to the cement 
research community. These raised attention in both industry and politics, due to the promised reductions regarding the 
CO2 output and their technological novelty. Prominent examples are Novacem (M-S-H-/Brucite-/Hydromagnesite-
system), Calera (metastable CaCO3- system), and Celitement (calcium hydrosilicate-system). Although accompanied by 
media campaigns and equipped with numerous awards, up until now no in-depth estimation of technological feasibility 
and comprehensible process chain analysis were provided. 
We aim to fill this gap with a comparative technology assessment (TA) of these inventions. Research focuses on 
resource availability, the conditions of technical realization, and energy- and CO2-balances. Novacem and Calera are 
dealing with mineral sequestration. We demonstrate that the entitlement to produce carbon-negative binders, whose 
production absorbs more CO2 than released during the production process, seems to be unrealistic. Technically, 
Novacem and Calera are facing serious challenges since very complex process chains have to be supposed. As for 
Novacem, the paradigm shift from air-hardening (carbonatization) towards hydration (M-S-H-gel formation) 
principally allows to extend the range of possible applications, compared to common magnesia-based binders. But in 
comparison to C-S-H, the strength-values of M-S-H can be assumed to be poor: abundant minerals consisting of M-S-
H-gel show low strength values. Vaterite/aragonite as the outcome of the Calera process (CaCO3) is also not an 
alternative for Portland cement clinker. Both technologies can, if at all, only be realized in special applications and 
selected regions and, therefore, will have no global impact.  
The production of calcium hydrosilicates of the Celitement-technology rests on the same resource infrastructure as that 
of conventional cement. The process steps are mostly common within the cement and aerated concrete industry. A big 
challenge is the technical realization of the tribomechanical activation of the autoclave product. In spite of the low 
calcium content of calcium hydrosilicates, the calcination of limestone still dominates the energy balances, followed by 
the tribomechanical process. On the whole the energy and CO2-balances indicate that the Celitement-technology has 
the potential to emit CO2-emissions half of those of the Portland cement technology. 
Particularly the examples of Novacem and Calera demonstrate the difficulty to realize radical innovations with regard 
to announced performance issues of the binder, as well as the technical scaling-up, and the promised sustainability 
features. Within the assessed range of more radical inventions, the Celitement-technology currently seems to be the 
most advanced and promising approach. Besides an innovative approach, the integration of accompanying technology 
assessment whose aim is to identify risks in advance and to extract integrative options for action, is probably one 
reason for the successful progress of the project.  
 
Originality 
For the first time, the results of a holistic comparative technology assessment (systems analysis) of three radical inno-
vations towards low CO2-cements are presented. Cements hardened as M-S-H-gel/Brucite/Hydromagnesite, hardened 
as aragonite (CaCO3), and calcium hydrosilicate cements hardened as pure C-S-H-gel are investigated. We show, that 
some of these radical inventions which are recently praised as solutions for the CO2 problem of cement production 
provide no potential for large-technical realization. The resource availability, the conditions of technical realization, 
the energy and CO2-balances are analyzed for each invention and comparatively assessed. 
 
Keywords: M-S-H-gel, CaCO3-cement, Celitement, technology assessment, CO2-balances 
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1. Introduction 
When producing ordinary Portland cement (OPC), the formation of corresponding clinker phases is 
associated with large carbon dioxide (CO2) emissions. Since cement is globally one of the most used 
materials (CJSI, 2014; WBCSD, 2007), the cement industry is the largest industrial source of CO2 
globally. Recently, cement production accounts for approximately 8% of global man-made CO2 
emissions (Achternbosch M. et al., 2011), which, in turn, enhances the pressure to reduce these 
emissions. A prominent strategy is to lower the clinker content in cement. Substitutes are used, such as 
ground blast furnace slag, limestone, or coal fly ash (CFA), just to mention the most important ones. 
But the availability of these alternatives and the impact on cement properties set restrictions to 
approach the CO2 problem adequately. This is also appreciated by the German Cement Works’ 
Association (VDZ) (VDZ, 2012). Other adopted measures of the cement industry to reduce the CO2 
emissions as increased use of alternative fuels and the substitution of obsolete equipment by best 
available technique (BAT) are also not suitable to stabilize or even lower future CO2 emissions in 
view of further rising cement consumption. There is relatively broad agreement, that the possibilities 
of the traditional clinker paradigm are seriously limited. Therefore additional technical innovations are 
clearly required (Barcelo L. et al., 2014; Scrivener K., 2014). Within these framing conditions, in the 
last years more attention was dedicated towards low CO2-cements within the cement community. 
Some selected prominent examples are shown in figure 1.  

 
Figure 1 Selected inventions of low CO2-cements 

Most of them utilize or advance concepts which have been partly discussed for decades. Up until now 
they did not proceed to alternatives of OPC. Recently the cement community is confronted with some 
radical developments coming from outside of the traditional community, based on completely 
different technology approaches compared to conventional cement production. These raised 
remarkable attention in both industry and politics. Prominent examples are inventions based on (a) 
special MgO-systems, introduced by the Imperial College London (Gartner E. et al., 2011) and 
became known as Novacem, (b) Calera cementitious materials developed by Calera Corporation in 
Los Gatos, California, originating from Stanford University (Constantz B., 2010), and (c) Celitement, 
a development of the Karlsruhe Institute for Technology (Stemmermann P. et al., 2010).  
Calera and Novacem are dealing with CO2 mineralization (Doucet F., 2011), sequestrating 
anthropogenic CO2 into minerals. Both approaches are labeled carbon negative by the inventors, trying 
to sequestrate more CO2 than is being emitted during manufacturing. Novacem was developing a 
binder system based mainly on magnesium silicate hydrates (M-S-H) when hardened (Achternbosch 
M. et al., 2012a, 2012b). Calera has the vision to produce a binder based on bio-mineralization 
equivalent to the formation of corals and sea shells. Their binder consists of vaterite—a calcium 



 

carbonate (CaCO3) polymorph. Celitement consists of a new family of calcium hydrosilicates (h-CSH) 
of low calcium content2.  
All these inventions are praised as the ultimate solution. This attracted investors, and startup enter-
prises were founded—in the case of Novacem and Celitement supported by established cement 
companies 3. This indicates that the cement industry takes these inventions seriously. Calera is a 
privately owned company backed by Kosha Ventures. A pilot plant in Moss Landing and a large 
research group were funded between 2007 and 2011. Despite these efforts and considerable amounts 
invested it became remarkably quiet in recent years with regard to CaCO3-cements. But initial founder 
Brent Constantz still proposes the vision of those cements or aggregates (Constantz B., et al., 2015). 
As a result, expectations are raised in politics and the cement industry faces increasing political 
pressure to deal with these alternatives, but without scrutinizing whether these inventions really have 
the potential for substituting conventional cement in considerable quantities. 
Although accompanied by intensive media campaigns and equipped with numerous awards, no in-
depth estimation of technological feasibility and comprehensible process chain analysis were provided. 
We aim to fill this gap with a technology assessment (TA) of these inventions. Detailed results of 
systems analytical investigations on Novacem and Calera were recently performed by the authors 
(2012a; 2012b; 2013a; 2013b; 2014). Meanwhile, we have performed a first analysis with regard to 
Celitement. In this paper we present a comparative overview and analysis of these radical inventions. 
Since it is the first time we present system analytical results concerning Celitement, this technology is 
addressed in more detail, whereas Novacem and Calera are only introduced to a limited extent. 
Research focuses on resource availability, the conditions of technical realization, and energy-
balancing. 
 
2. Methodology 
To evaluate and classify the methodological approach and the aim of this investigation correctly, it is 
important to emphasize that our research is based on Technology Assessment (TA) and systems 
analysis. The authors are members of a system group involved in investigations in the field of cement 
research since more than 15 years (e.g. Achternbosch M. et al, 2003, 2005). Advisory tasks for the 
research community, for political institutions, and industry have been performed. Technology 
Assessment emerged in the 1970s as a research-based policy-advising activity. In its first period, when 
technology was regarded to follow its own dynamics independently from public policy or societal 
concerns, the main task of TA was seen in the identification of risks and chances associated with new 
technologies (Grunwald A. and Achternbosch M., 2013). The approach of Constructive Technology 
Assessment (CTA) was developed to early engage at the laboratory level, with the invention process 
as the subject of interest, reflection, and intervention. Nowadays the TA portfolio covers the whole 
spectrum from advising policy and parliaments up to involvement in R&D programs and research 
projects. The combination of both, involvement in single research projects and the comprehensive 
evaluation of broader framing conditions relevant for a new technology, is labelled Accompanying 
Systems Analysis (ASA). From a holistic and neutral viewpoint the question of ecological, economic 
and societal consequences of new technologies have to be explored.  
In the context of cement, we aim at a pre-assessment of new binder systems. A deeper look into 
cement chemistry and mechanical properties are not focus of these investigations. Instead, when first 
reliable data are available, a first TA becomes feasible assessing the technology from cradle to grave. 
An important issue is to assess the availability and quality of the material resources needed, and to 
evaluate the potentials for large-scale technical realization taking into consideration all stages of the 
life-cycle. This is an iterative approach with frequent interaction for on-going improvement which 
allows the reflection especially at the early stages of a technology.  
                                                 
2 Even within the well-known C-S-H-system, substantial new insights with “incredible potential”* for new 
cement chemistry can be derived. By this, this legitimates to speak of a radical approach. *: Interview with H. 
Ludwig, H.-M., 2010. Hydraulic binder through changing times, ZKG International (3). 
 
3 It must be noted that Novacem became insolvent in the year 2012. Meanwhile Calix has bought the rights. 



 

For obvious reasons, to preserve confidentiality and to promote their approach for investors only, the 
technical processes of new technologies will not be revealed by the inventors and developers in detail, 
especially if these are supposed to be radical innovations. Regarding the three radical innovations 
evaluated in this paper, only one article with more detailed information has been published in peer-
reviewed scientific journals to date, related to the Celitement technology (Stemmermann P. et al., 
2010). The inventions are rarely presented to the scientific community at conferences: As for the 
above mentioned three approaches, the cement industry invited the inventors to a conference of the 
European Cement Research Association (ECRA) at Barcelona in 2010 to present their developments. 
No detailed information was given. 
The low accessibility of information makes a conventional assessment nearly impossible, but 
additional information can be derived by applying long-term expertise, and gaps can be closed by 
plausibility assumptions. To get a coherent picture that allows us to analyze the conditions for a large-
scale technical realization, special TA methods are used such as process chain analysis, material flow 
analysis, and energy balancing based on thermodynamic and chemical methods, including realistic 
efficiency estimations. Further, for the analysis of resource use and availability, geochemical, 
chemical, and mineralogical aspects also have to be considered. 
The next three chapters present a brief characterization of the binder principle, the basic conditions for 
calculating the balances including coherent process chains of the technologies, and the resulting 
balances for energy and CO2 for each of the inventions. The last chapter deals with a comparative 
overview and analysis of the technologies. 
 
3. The M-S-H-/Brucite-/Hydromagnesite-system - Novacem 
The binder consists of a mixture of caustic MgO, (hydro)-magnesite, and amorphous silica. 
Technologically, Novacem is based on principles of mineral sequestration, an approach of artificial 
weathering of predominantly magnesium silicate containing rocks, under discussion since 1990 and on 
which huge expectations rest in connection with CCS and geo engineering. Important raw materials 
are serpentine (Mg,Fe,Ni)6Si4O10(OH)8 and olivine (Mg,Fe)2SiO4. There are indications that the supply 
of these raw materials might be more challenging than expected (Achternbosch M. et al, 2012a). To 
fix carbon dioxide, magnesium silicates are converted to magnesium (hydro-) carbonates within an 
autoclave using supercritical CO2. Extensive research and development work on this approach is done 
in several institutions and laboratories since decades. A recent review of this technology is given by 
Sanna A. et al. (2014). Up to now no large-scale implementation based on an acceptable economic 
concept is known to us. The crux of the matter, amongst other things, is the large kinetic inhibition of 
carbonization, which so far requires a very energy-consuming activation of the raw materials to 
achieve acceptable reaction rates. This is a serious crux for the Novacem technology. 
Within the Novacem technology, caustic MgO reacts with in situ produced highly porous silica to (M-
S-H)-gel when mixed with water. Novacem formulations would have a molar Mg/Si ratio from 1.4 to 
1.5 if all silica would be available. According to Brew D. et al. (2005), (M-S-H)-gel with a Mg/Si ratio 
larger than 1 are not formed. Therefore, it is likely that hardened Novacem cements are mixtures of 
(M-S-H)-gel and (unconverted) brucite. At the Future Cement 2011 conference Novacem presented 
different cement formulations, but the compositions were not declared in detail (FCC, 2011). We have 
balanced a supposed “standard Novacem” formulation. There are indications, that this formulation 
consists of 40 mass-% of MgO, 10 mass-% of (hydro)-magnesites, and 50 mass-% of silica. This 
modelled cement is labeled (M-S-H)-cement. Based on information of Novacem, we established a 
coherent process chain for the production of (M-S-H)-cement assuming an annual production capacity 
of 15,000 tons (see figure 2).  



 

 
Figure 2 Modelled process-flow for the manufacturing of (M-S-H-)-cement 

The process flow starts with extracting and enrichment steps of magnesium silicates. Next, the fine 
grinded materials are thermally activated as a precondition for carbonization. The hydrothermal 
processing is performed using aqueous slurry of the magnesium silicates, operating the autoclave with 
CO2 at a pressure of 150 bar and a temperature of 180 °C. The autoclave products are separated, dried, 
and calcined at temperatures of about 700 °C. Within the Novacem technology, it is planned to cycle 
CO2 as much as possible. Therefore fractional separation and compression of CO2 are taken into 
account. CO2 is needed both for the autoclave process and for the preparation of (hydro-)magnesites. 
Finally, the composition of the binder is mixed. 
The analysis of the process chain indicates that the manufacturing process seems to be more complex 
than implied from information presented by the inventors. This is confirmed by the compiled energy 
and CO2 balances, which show a relatively high thermal and electrical energy demand (see table 1). 
Using energy carriers like natural gas for thermal energy and common energy mix scenarios for power 
supply, the manufacturing process releases more CO2 than being absorbed within the process. In their 
own assessments, Novacem considers scenarios that only use biomass as the resource for both thermal 
and electrical energy supply. Only this enables the inventors to label their cements“carbon negative”.  
 

Tab. 1 Energy requirements and CO2 emissions to produce one ton of (M-S-H)-cement, whose formulation 
largely corresponds to that of Novacem. All values per ton of (M-S-H)-cement. 

Process (M-S-H) cement 
Preparation 23 kWh 13.8 kg CO2 
Transport 3 kWh * 1.8 kg CO2 
Thermal energy 3900-5200** MJ 193 – 259 kg CO2 
Electrical energy 45-287 kWh †: 28.5 – 173 kg CO2 
CO2-absorption  -36 kg CO2 
Netto-CO2 balance  201 – 411 kg CO2 

*: not counted as electrical energy (1kWh = 3.6 MJ); 
**: margin results considering drying processes and energy demand, depending on the water and crystal water 

content of the MgCO3 ∙ xH2O, x = 0 – 3. 
†: calculated as 1 kWh = 8.77 MJ primary energy (for Germany, in the year 2008) 

To sum up the results of our own assessment the aim to produce “carbon negative” cements by using 
non-carbonate raw materials to avoid feedstock CO2-emissions within the manufacturing process is 
hardly to realize. However, the netto-CO2 balance indicates that relatively low CO2-emissions can be 
achieved. But these are in the same order as the energetic CO2-emissions of the OPC production. The 
investigations indicate that the proposed technology based on high-pressure carbonization with 
subsequent decarbonization is very complex and difficult to realize under economic constraints. 



 

According to our calculations, under feasible conditions the primary energy demand for the 
manufacturing of M-S-H-cements may be up to twice as that for the production of OPC. An important 
issue for the discussion of the Novacem technology is that the strength values of M-S-H might be 
relatively poor. Many natural magnesium silicate hydrates show low strength values. 
 
4. The CaCO3-system – Calera 
The aim of the Calera technology is to produce a binder consisting of CaCO3 polymorph vaterite. At 
the ECRA conference in Barcelona in 2010, the inventors presented their products as partial cement 
substitute (PCS) for Portland clinker or as a “self-cement” consisting of self-cementing aragonite with 
vaterite as its main constituent (Carter T. et al., 2011). The principle of this technology is the 
sequestration of anthropogenic CO2 into calcium-containing minerals. Calcium is mainly supplied as 
calcium chloride (CaCl2), which stems from natural sources, such as brines and seawater, or from 
waste streams of chemical processes. A special focus is set on produced water of oil and gas 
production. The portfolio of Calera also includes the manufacturing of synthetic aggregates, consisting 
of mixtures of CaCO3 and MgCO3, which are precipitated simultaneously from suitable resources. 
CO2 is the anhydrous form of carbonic acid: 
CO2    + 2H2O ⇔ HCO3

− + H3O+ 

HCO3
−  + H2O ⇔ CO3

2− + H3O+ 
Neutralizing this acid with alkali or alkaline earth compounds yields carbonates and bicarbonates. In 
the presence of calcium ions, CaCO3 precipitates, driven by the pH value, which has to remain high, 
but should not exceed 9.5 to precipitate vaterite (Faatz M., 2005). If the pH value is too low, the 
carbonate will dissolve again. Therefore, a base must steadily be fed. For the mass production of 
vaterite, very large amounts of a base are needed, what is a big challenge for the technology. The 
conventional manufacturing process of caustic soda (NaOH) is energy intensive and relatively 
expensive (IPPC 2001). Therefore, the strategy of Calera is to use alkaline waste like CFA. But this 
strategy fails, as has been demonstrated in Achternbosch M. et al. (2015). Calera is developing an 
alternative electrochemical process named ABLE (alkalinity based on low energy) with the intention 
to deliver caustic soda with only one third or even one fifth of the energy traditionally used in a 
chloralkali process (Gorer S. et al., 2010). The potentials and pitfalls of this option are discussed by 
Achternbosch M. et al. (2013b). As second main product HCl is produced. Implementing the ABLE 
technology for mass application - like cement as a construction material – would raise a significant 
HCl-problem: HCl would be produced in such large quantities, that no realistic demand could cope 
with it. 
Using specifications of Calera and own plausible assumptions, we have modelled a coherent process 
chain, which allows the production of 100,000 tons of vaterite as a large-scale technical realization 
(Figure 3). Exhaust gas of a power plant is passed through an absorber unit in which CO2 is captured 
by an alkaline absorbent. Soluble carbonates are formed. The carbonatic solution is next mixed with 
suitable brines (e.g. produced water). Within this process, the pH value is adjusted in the range of 9.5. 
Fast precipitation with the admixture of additives favors the formation of vaterite (CaCO3 polymorph). 
After settling, the precipitate is mechanically dewatered and fed to a drying process, which delivers 
the final product.  
The CO2 sequestration capability can be demonstrated linking the model plant to a small 200 MW coal 
power plant for CO2 supply. This is rather an uncommon scenario. Only 4 percent of the total CO2 
emissions could be captured, what is not really attractive for the operators of the power plant. 
Furthermore, suitable brines with sufficient high calcium concentrations (> 20 g/l) are not available 
everywhere. Therefore, adequate conditions exist, if at all, only at very specific locations. As shown in 
Achternbosch M. et al. (2013b), energy and CO2 balances depend on the calcium and alkaline sources 
used within the technology. Table 2 shows results based on the use of produced water from oil and gas 
production and NaOH, hypothetical produced by the ABLE-technology. Even if NaOH is 
manufactured within a low energy technology, the energy balance is determined by the electro-
chemical process: very high electrical demands can be estimated for the technology. A partial 
allocation of the energy to the second main product HCl is not acceptable, because there will hardly be 



 

any economic market. It can be demonstrated using data of Table 2, that the total energy demand of 
the vaterite production would double the energy demand if compared to OPC. According to our 
calculations, “carbon negative cements” are hardly to realize for pure CaCO3-cements but due to the 
large CO2-absorption capability of the binder, very low CO2-emissions can be achieved. 
 

 
Figure 3 Modelled process chain for the manufacturing of a vaterite-based CaCO3-cement 

Tab. 2 Energy requirements and CO2 emissions to produce one ton of vaterite using produced water resulting 
from oil and gas production (20 g Ca/l) 

process-group per ton of vaterite Thermal Energy Power emissions 
CO2 absorption Process step MJ kWh kg CO2 

Flue gas supply (-1098*) 657 -54** 
CO2 absorption 
ABLE technology 

Calcium supply Purification  98 58 
Brine supply 

Vaterite precipitation Precipitation/Separation 1370 6 99 
Pre-drying 
Drying* 

Netto CO2 balance    103 
*: not usable due to the compensation of the large amounts of water for generating saturated solutions of Na2CO3 
(T = 40°C); **CO2 emissions: 386 kg, CO2-absorption from exhaust gas: -440 kg; power mix USA: 0.587 kg 
CO2/kWh; natural gas: 0.2 kg CO2/kWh  
The investigations indicate that the production of a binder based on CaCO3 which absorbs more CO2 
than being emitted during the manufacturing process face serious challenges. Although large amounts 
of CO2 (-440 kg/ton) are sequestrated, the emissions are practically of the same order. The technology 
to produce pure metastable vaterite is hard to handle against the background that large amounts of 
brines have to be processed. Under economic perspectives the realization seems to be difficult. Since 
suitable calcium resources with high calcium chloride concentrations are rare, the calcium carbonate 
technology can, if at all, only be realized locally and will have no global impact. There are also 
indications that the strength values of CaCO3-cements might be relatively poor (Combes C. et al., 
2006), the question of whether it would be worth the effort under these conditions remains.  
 
5. The calcium hydrosilicate-system - Celitement 
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Celitement is a development of the Karlsruhe Institute for Technology (KIT). Aim of this research is 
the development of an effective hydraulic binder solely based on calcium silicates which reacts to C-
S-H during hydration. There have been indications in advance that the hydration of calcium silicates 
like Alite and Belite leads to the initial formation of an intermediate C-S-H phase with a quite small 
CaO/SiO2 ratio (Bellmann F. et al., 2010). It was possible to develop a technology to stabilize these 
interim species h-CSH (calcium hydrosilicates) and to use them as binders (Stemmermann P. et al., 
2010). Structural elements of the proposed h-CSH are known to exist in several phases in the system 
CaO-SiO2-H2O under ambient and hydrothermal conditions. In the KIT laboratories two synthesis 
routes have been established using (α-C2SH) or a nearly amorphous C-S-H phase with the idealized 
formula (C1,25-S-H). Both materials can be synthesized from Ca(OH)2 and quartz by grinding them 
finely and processing them for 6h at 200°C (α-C2SH) or 190°C (C1,25-S-H) respectively in an autoclave. 
The product consisted of up to 90 mass % α-C2SH or C1,25-S-H respectively. A strong system of 
hydrogen bonds in the structure is responsible that this species show no hydraulic reactivity. Structural 
disorder is necessary to transform α-C2SH and C1,25-S-H into a reactive state. A promising way to 
introduce structural disorder is mechanical milling (tribomechanical activation). The product family 
has the idealized formula C1,25[HSiO4]y[H2Si2O7]z. 
The assessment of the technical feasibility and the estimation of energy and CO2-balances are based on 
considerations related to a model plant with an annual production capacity 15,000 tons of the 
autoclave product. Within this paper we only assess the C1,25-S-H route. Theoretically, C1,25-S-H can 
be mechanically activated to h-CSH solely within a mill or with quartz as grinding aid. The presented 
balances do not take quartz as grinding aid into consideration. All balances are calculated assuming 
[1,25 Ca(OH)2 · SiO2 · 0,9 H2O] as autoclave phase. A coherent process chain was established using 
data of the pilot plant with a focus on a possible technical realization (figure 4). Although the 
Celitement technology is currently using slaked lime and quartz as starting materials, our balances 
include the winning of these materials as preliminary chains. Besides these pre-steps, the total process 
route involves 4 main stages: The delivery and calcination of limestone (1), the slaking of lime (2), the 
hydrothermal synthesizing of (C-S-H)-phases (3), and the tribomechanical activation (4). 
  

 
 
Figure 4 Modelled process-flow for the manufacturing of hydraulic calcium hydrosilicates with C/S =1.25. 
 
The relatively small production capacity of the model plant suggests the integration of this plant into 
an existing cement or lime producing facility. This allows sharing of preliminary steps (e.g. quarry, 
limestone crushing) and infrastructure (e.g. limestone transport), taking into account corresponding 
allocations within balancing. The process chain starts with the winning of the raw materials from the 
quarry and gravel plant. Limestone is calcined using modern technology (e.g. Maerz kiln) for 
producing lime which is slaked in a next step. It is planned that quartz is delivered by truck from an 
external gravel plant and finely grinded at the Celitement production facility. Slaked lime and quartz 
powder are mixed with water in a granulator. The granules are hydrothermally treated with steam 



 

within the autoclave at operation conditions mentioned above. For calculating this balances it is 
assumed that three autoclaves are correspondingly clocked which allows a quasi-continuous operation. 
Due to the low operation temperatures we preferably suggest the use of thermal oil for the autoclave’s 
heating which allows higher energy efficiencies. Further energetic improvements can be obtained by 
recycling parts of the off-gas of the natural gas burner. Finally, a two-stage ball mill was taken as a 
basis for modelling of the mechanical activation. Table 3 presents results of the balancing, disclosing 
the thermal and electrical energy demand and CO2 emissions summarized for relevant process steps.  
 
The presented balances give a snapshot within the ongoing optimizing process of the Celitement 
technology, not claiming to represent a final result. Nevertheless, some aspects can already be 
accentuated. First, the analysis of the process chain shows that this technology is feasible. The used 
resources are identical to those for conventional cement. A huge advantage of this technology is that 
the hardened binder consists of (C-S-H)-gels, of which a large knowledge stock already exists. The 
thermal energy demand is estimated to reach only 60% of that needed for the production of OPC. 
Although the calcination of limestone is still dominating the thermal energy demand, the quantity of 
CaO needed is significantly lower. The process steps including hydrothermal synthesis and 
mechanical activation (grouped to “Celitement” in Table 3) account for the main contribution to the 
total energy demand. Approximately 90% of the electrical energy demand is caused by the mills. In 
future, the electrical energy demand must be lowered. Up to now, no tribomechanical activation is 
realized at industrial scale. The total CO2-emissions are remarkably lower than those of OPC. This can 
be achieved without including alternative energy carriers and renewable raw materials with “zero”-
emissions within the balances. It should be noted that at several points along the process chain a 
considerable amount of residual heat is available, which currently is not taken into account but can 
further lower the overall energy demand. 

 
Tab. 3 Assumed thermal and electrical energy demand and CO2 emissions of the modelled process chain for the 

production of one ton of Celitement (calcium hydrosilicates with C/S = 1.25). 
process-group  Thermal Energy Power emissions 
lime hydrate Process-step MJ kWh kg CO2 

drilling/blasting 1200 
 

10 440* 
wheel loader/caterpillars 2 km 
Crashing 
transport belt 3 km 
calcination 
limestone „grounding“ 
lime slaking 

quartz quartz wet winning 20 30 19 
quartz transport 25 km 
quartz tailoring 

Celitement granulation 580** - 980 100 - 150 90 - 140 
hydrothermal synthesizing 
reusing of residual energy flue gas 

 homogenizing mill 
 mechanical activation mill 
*: CO2-emissionen: from 440 kg are 325 kg based on raw materials. 
**: exothermic heat tones are taken into account. 
 
6. Conclusions 
For the first time, the results of a comparative technology assessment (systems analysis) of three 
radical approaches towards low CO2-cements which recently gain attention within the cement 
community are presented. Novacem (Mg(OH)2/(M-S-H)-gel) and Calera (CaCO3) are dealing with 
binder principles for which only little knowledge exist. Both process routes are far away from the 
traditional cement technology. Especially for Novacem, decisive process steps are not established as 



 

technology for mass production. Analyzing the binder principle, the resource availability, the 
conditions of technical realization, and the energy and CO2-balances of plausible and coherent process 
chains, the results indicate that Novacem and Calera are dealing with very complex technologies 
difficult to realize under economic perspectives. Technically, Novacem and Calera are facing serious 
challenges especially for mass production. We demonstrate that the claim to produce carbon-negative 
binders, whose production absorbs more CO2 than released during the production process, seems to be 
not accomplishable. As for Novacem, the paradigm shift from air-hardening (MgCO3 formation) 
towards hydration (M-S-H-gel formation) principally allows the extension of the range of possible 
applications, compared to common magnesia-based binders. But in comparison to C-S-H, the strength-
values of M-S-H can be assumed to be poor: natural magnesium silicate hydrates show relatively low 
strength values. Metastable vaterite/aragonite (CaCO3 polymorphs) as the outcome of the Calera 
process seems also not to be a serious alternative for Portland cement clinker: the strength values of 
CaCO3-cements are assessed to be relatively poor. Both technologies can, if at all, only be realized in 
special applications and selected regions and, therefore, will not gain the intended global impact.  
The production of h-CSH of the Celitement-technology rests on the same resource infrastructure as 
conventional cement. The process steps are mostly common within the cement and aerated concrete 
industry. A big challenge is the technical realization on a larger scale and the energy consumption of 
the mechanical activation of the autoclave product. But the Celitement GmbH has realized a pilot plant 
which allows production rates of more than 100 kg/d and the conditions for further R&D in the mid-
term are excellent. All in all, the Celitement technology is currently one of the most promising and 
also the most advanced innovation for low CO2 Cements. On the whole the energy and CO2-balances 
indicate that the Celitement-technology has the potential to emit CO2-emissions half of those of the 
Portland cement technology. Besides the innovative approach, the integration of an accompanying 
technology assessment whose aim is to identify risks in advance and to extract integrative options for 
action, is probably one reason for the successful progress of the project.  
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Abstract 
Calcium aluminate cement (CAC) is a specialty cement with distinct advantages over ordinary 
portland cement (OPC). It has been successfully used in many fields for more than 100 years. However, 
one primary challenge in CAC concrete is to predict the “conversion” process during hydration when 
metastable hydrates convert to stable hydrates. In traditional OPC concrete maturity theory, it is 
assumed that the weights of different curing temperature are the same. This is not true for CAC due to 
higher temperature results in much faster conversion process and different microstructures. By 
assigning different weights to different curing temperature, a CAC concrete maturity theory was 
proposed in this paper. The key step was to determine conversion time under different isothermal 
temperatures. Previous research has shown that due to the hydration features of CAC, reaction rate 
changes reflected in chemical shrinkage test (ASTM C1608) can be used to identify conversion process 
of CAC at elevated temperatures (>30 °C). This conversion process was confirmed by x-ray diffraction 
(XRD) and scanning electron microscopy (SEM) analysis. After an extrapolation of conversion time 
under isothermal temperatures ranging from 10 °C to 80 °C was determined from the experimental 
data, a mathematical expression was given to estimate the degree of conversion given the temperature 
history. To verify the proposed maturity theory, CAC paste cubes was cast and cured under five 
conditions: 1) 10°C water bath, 2) ambient condition (20 °C to 23 °C), 3) 38 °C water bath, 4) 50 °C 
water bath, and 5) semi-adiabatic condition (heavily insulated box). The initial compressive strength 
results indicated the proposed CAC maturity theory could provide a simple and effective way to predict 
conversion in CAC paste system. More work needs to be done for CAC mortar or concrete system.  
 
 
Originality 
The “minimum converted strength” is important in CAC concrete design. However, in order to 
measure this stable strength, concrete samples are submerged in 38°C or 50°C water bath for 3 to 7 
days (depending on temperature) with continual compressive strength testing to evaluate converted 
strength. However, there is no simple way to estimate degree of conversion in field concrete in which 
the temperature cannot be controlled. The CAC maturity theory proposed in this study could lead to a 
pragmatic tool to effectively predict degree of conversion in field concrete, using only temperature 
history. 
 
Keywords: calcium aluminate cement, conversion, concrete maturity, temperature history, prediction 
model 
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1. INTRODUCTION 

Calcium aluminate cement (CAC) is a specialty cement with high aluminate content (more 
than 30%). CAC has many distinct advantages over ordinary portland cement (OPC) 
including rapid strength gain, high abrasion resistance, high resistance to variety of chemical 
attacks, temperature tolerance, Due to these unique characteristics, calcium aluminate cement 
(CAC) has been successfully used for more than 100 years in many fields: emergency 
rehabilitation, hydraulic dam spillways, sewage network, industrial floors, refractory, and cold 
weather casting. Although CAC does compete with OPC in everyday cement applications, 
more extensive use is limited by two primary challenges: “conversion” in pure CAC and 
blended system with high CAC content, and limited raw material sources (high quality 
bauxite) (Juenger et al. 2011).   

In this paper, a short discussion on identification and modeling of conversion of calcium 
aluminate cement (CAC) is presented. Due to the hydration feature of CAC, reaction rate 
changes reflected in chemical shrinkage were used to identify conversion process of CAC at 
elevated temperatures. X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
confirmed conversion of metastable to stable hydrate phases. A proposed model captures the 
conversion process was also presented using “concrete maturity concept”.  

2. COVERSION OF CALCIUM ALUMINATE CEMENT 

Unlike calcium silicates (C3S and C2S) in ordinary portland cement (OPC) system, the major 
reactive phase in CAC is monocalciumaluminate (CA). In addition, the hydration products are 
completely different in these two cement systems. For OPC, at all reasonable temperatures 
(between freezing and 70 ºC), the major hydration products are calcium silicate hydrate 
(C-S-H) and calcium hydroxide (CH).  However, for CAC system, different hydration 
products will form at different temperature. At lower temperature (less than 15 ºC), the major 
hydration product is CAH10. When temperature increased over 30 ºC, C2AH8 becomes the 
major hydration product. Among these three phases, CAH10 and C2AH8 are metastable, and 
will convert to the stable phases, C3AH6 and AH3 over time. This change is an inevitable 
thermodynamic transformation, which means all metastable phases will eventually transform 
to the stable phases regardless of temperature of surrounding environment. However, the rate 
of the change from metastable to stable hydrates is dependent on temperature history. This 
process is referred as conversion. Conversion is a concern only in pure CAC system or 
blended systems with high CAC content. A more detailed description of CAC and its 
conversion feature can be found in literatures (Scrivener et al. 1999, Gosselin 2009, Fryda et 
al. 2001, Concrete Society Technical Report, 1997). 

The density of all three different hydration products is different. The metastable phases are 
more space filling, which will results in higher initial strength. When the metastable phases 
change into denser stable phase, increased porosity in the microstructure will be left behind, 
resulting in a strength reduction. A schematic strength development for CAC concrete cured 
under ambient and elevated temperatures can be found in literature (Scrivener et al. 1999). 
For CAC concrete cured under ambient temperature, the initial high strength corresponds to 
the formation of CAH10 and C2AH8, which is space filling. Along with conversion process 
over time, this “transient high short term strength” (Scrivener et al. 1999) is slowly 



 

decreasing to minimum strength which corresponds to the completion of conversion process. 
It should be noted that once conversion has completed, further nucleation of hydrates will 
result in the formation of stable C3AH6 and AH3 directly from CA. Due to continuation of 
hydration reaction, more and more unreacted CA grain in CAC concrete start to hydrate and 
yield an increase in strength in the later age. For CAC concrete cured under elevated 
temperature, the conversion could happen so quickly that results a continuous increasing 
strength develops.  

In order to achieve acceptable converted strengths in CAC concrete, many years of field and 
laboratory practice have suggested that maximum w/cm of 0.40 and minimum 400 kg/m3 
cement concrete should be used to ensure proper converted strength and long-term durability 
(Scrivener et al. 1999). It is important to understand and characterize conversion in CAC, so a 
proper strength value can be used in structural design. 

3. CHEMICAL SHRINAKGE AND MICROSCOPY STUDY 

Chemical shrinkage and microscopy study of calcium aluminate cement was investigated 
parallel with the research project in literatures (Fu 2011, Adams et al. 2014). Chemical 
shrinkage is defined as the reduction in volume during cement hydration. A standard 
dilatometry testing method (ASTM C1608) was used. A summary of chemical shrinkage test 
results is given in Figure 1. CAC systems cured at room temperature (20 ºC) and elevated 
temperature (38 ºC), along with a typical OPC system, are shown in the figure.  

 

Figure 1 Chemical shrinkage development curve 

From Figure 1, it can be seen that the CAC system reacted much faster than the OPC system, 
since the majority of chemical shrinkage occurred during the first 24 hours. The CAC system 
also resulted in as much as twice chemical shrinkage than the OPC system at lower 
temperature. This also relates to the rapid strength gain in the CAC system. At the elevated 
temperature, the CAC systems resulted in a much higher chemical shrinkage (almost as twice) 

OPC  0.37 w/cm  20 ◦C 

CAC 0.35 w/cm  20 ◦C 

CAC 0.40 w/cm, 38◦C 



 

than lower temperature, this is believed to be due to conversion.   

Given a closer look at the chemical shrinkage curve of CAC cured at 38 ºC isothermal 
condition, a slope change happens between day 4 and day 5. This is believed to directly relate 
to reaction rate change in the cement paste. According to literature (Concrete Society 
Technical Report 1997, Fryda et al. 2001), CAC paste cured at 38 ºC typically reaches 
minimum strength (indicating majority hydrates formed are stable phases) within 5 days. 
Taking the special feature of CAC hydration into account, a hypothesis is proposed that the 
slope change in chemical shrinkage curve indicates conversion at different states.  

To test this hypothesis, XRD and SEM analysis were done on CAC samples from different 
ages (10 hour, 24 hour, 3 day, 5 day, and 10 day). For the reason of brevity, the entire XRD 
pattern, which can be found in literature (Fu 2011), is not presented here. Figure 2 shows a 
XRD analysis at the 2θ range between 16.5º and 19.5º. Since the sample was immediately put 
in 38 ºC water bath after mixing, and stored the entire time. No CAH10 phase should be 
present in the paste, and this was confirmed in XRD pattern that no peak which represents 
CAH10 was found.  

 

Figure 2  XRD analysis on GCX sample, 0.40 w/cm at 38 ºC isothermal, details on C2AH8 and C3AH6 
(Power Diffraction File) (Fu 2011) 

It shows that the CA was quickly depleted after 24 hours, which corresponds to the sharp 
increase in the chemical shrinkage curve. At 10.5 hours, C2AH8 dominated the hydration 
products with a minimum in C3AH6. After 24 hours, C2AH8 starts to decrease as it converts to 
C3AH6. A significant increase in C3AH6 can be seen in between 4 day age and 5 day age. 
Similar findings could also be found in literature (Gosselin 2009). 

To confirm this phase transformation, CAC paste samples cured at 38 ºC were taken at 
different ages and hydration was stopped by submerging them in acetone for 48 hours.  
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Fracture surface samples were also prepared for scanning electron microscopy observation (as 
shown in Figure 3). 

 

Figure 3 SEM images on fracture surface of CAC paste sample at different ages 

At 10.5 hours as shown in Figure 3a), well-formed C2AH8 (plates in morphology) could be 
observed clearly across the fracture surface. Starting from 3 days, spheres or granular 
particles form between layers, indicating the ongoing conversion process. At 10 days as 
shown in Figure 3 e), well-formed spherical C3AH6 can be clearly identified.  

With the XRD and SEM evidence, it is proposed that the slope change in the chemical 
shrinkage curve correspond to conversion process. The depletion of C2AH8 happened during 4 
and 5 days corresponding to the slope change in chemical shrinkage development curve 
shown in Figure 1. Previous research (Ideker 2008) showed a similar slope change in 
chemical shrinkage at elevated temperature for CAC systems. It showed that at even higher 
temperature (45°C and 55º C), the slope change happened earlier which likely related to an 
earlier conversion process. Therefore, the chemical shrinkage test may provide a reasonable 
basis for prediction for CAC systems.  

4. MODELING BASED ON MATURITY METHOD 

The concrete maturity concept states that the strength of OPC concrete could be expressed as 
a function of the curing temperature history. The purpose of the maturity concept is to predict 
concrete strength using temperature history. This is to say that concrete will same maturity 
should show similar strength regardless of the temperature history. Among many maturity 
functions proposed over the year, the Nurse-Saul expression (Mindess et al. 2003) shows a 
particular good correlation between strength development and maturity. The “maturity” is 
defined as accumulative products of time and temperature. The mathematical expression is 
given as follows: 

a)  b) c) 

d) e) 



 

      (1) 

Where: 

• M(t) is the maturity at age t; 

• Δt is the time internal where the concrete stayed at certain temperature in hours;  

• Ta is the average temperature of the time interval Δt, and; 

• T0 is the datum temperature, below which the concrete will not gain maturity over 
time. Different value was claimed for the datum temperature. Generally, values of 
0 °C or -10 °C are used for datum temperature.  

This is one approach to express maturity. More details about the maturity concept and other 
approaches could be found in literature (Mindess et al. 2003). Inspired by the concrete 
maturity concept for OPC concrete, a “conversion degree” concept is proposed herein for 
pure CAC systems.  

In OPC concrete maturity theory, it is assumed that the weights of time spent at different 
legitimate temperatures (datum temperature to about 70 °C) are the same. For instant, a 
maturity of 20 hours at 30 °C would be the same to that of 12 hours at 50 °C. The theoretic 
basis is that under a wide range of temperature (0 °C to 70 °C), the hydration product of OPC 
are the same. However, this is not true for a CAC system, as discussed previously. 
Nevertheless, there is much evidence to show that higher temperature would result in faster 
conversion. So for CAC concrete, 20 hours at 30 °C would result in much less conversion 
degree than 12 hours at 50 °C. Similar to the datum temperature for OPC concrete, there is a 
temperature for CAC concrete to take extremely long time to fully convert.  

To further develop this conversion concept, a relationship between temperature and time of 
conversion needs to be established. For any cement system, it is almost impossible to acheive 
100% hydration degree. This also holds true for CAC system. Therefore, time of “completion 
of conversion” is defined as when the minimum strength. As previously discussed, the 
chemical shrinkage test could be used to predict conversion process. Specifically, the 
secondary slope change in chemical shrinkage test indicates the majority of conversion is 
completed. In an early study by Ideker (Ideker 2008), the secondary slope change of chemical 
shrinkage at 45 °C and 55 °C were found happened at 40 hours and 10 hours, respectively. In 
this study, this time was determined to be 120 hours. As mentioned above, for conversion to 
progress under low temperature, an extremely long time is needed. Fryda and co-workers has 
identified unconverted CAC structure after 70 years exposure under aggressive marine 
environment in Halifax, Canada (Fryda et al. 2008). Therefore, conversion time at 10 °C is set 
to 1,000,000 hours (about 114 years) arbitrarily. According to conversion time information, a 
relationship is presented in Figure 4. And the mathematical expression of this relationship is 
given as follows: 

      (2) 

Where t(T) is conversion time (hours) at temperature T (isothermal condition).   



 

Figure 4 and Table 1 show that when lower the curing temperature below 40 ºC, the 
conversion time is exponentially increased; while increasing the curing temperature over 
60 °C, the conversion is exponentially decreased. 

 

Figure 4 Conversion time versus temperature (isothermal conditions) 

Table.1  Extrapolated conversion time at different temperature (isothermal condition) 

Temperature 
(ºC) 

15 20 25 30 35 38 40 45 50 55 60 70 

Conversion 
Time (hours) 

61682 8771 1932 561 197 113.0 79.8 35.9 17.6 9.21 5.10 1.79 

 

With the relationship between conversion time and curing temperature, the conversion degree 
could be defined as a fraction of time spent at certain curing temperature to conversion time at 
the same temperature. For instance, 1 hour at 40 ºC would yield a 1.25% (1/79.8) conversion 
degree, and 5 hours at 60 ºC would yield 98% (5/5.10). The mathematical expression of 
accumulative conversion degree is given in Eq. (3): 

      (3) 

Where: 

• C(t) is the conversion degree (%) at age t (hours); 

• T(t) is a temperature-time function, representing the temperature history from 
measurement, and; 

• t(T) is conversion time at temperature T, as defined in Eq.(2). 

With a measured temperature history (temperature versus time), the conversion degree over 
time or conversion progress could be quantified using Eq. (3). If Δt is selected as the interval 
between measurements, Eq. (3) could be rewritten as follow:  



 

    (4) 

Now, the temperature history is divided into n time intervals (Δt), and T(ti) is the temperature 
at time interval ti. It is important due to the temperature sensitivity of Eq. (2) showed in Table 
1. Improper Δt might result in significant inaccuracy. The authors suggest an interval of 30s or 
less to achieve accurate conversion degree calculation. 

5. MODEL VERIFICATION WITH EXPERIMENTS 

To verify the CAC maturity theory, CAC paste cubes were casted, then cured under different 
conditions. Compressive strength was tested at varies ages. For all cubes (51mm ×51 mm ×51 
mm), cement to water ratio (w/c) was kept at 0.40, without any admixtures. ASTM C305 was 
followed to prepare the paste. After casting, paste samples were sealed and left in a 23 °C 
environmental chamber for 12 hours. All samples were demolded at 12 hour age. Then 
samples were cured under 5 difference conditions: 1) 10 °C water bath; 2) ambient 
environment (23±2 °C); 3) 38 °C water bath; 4) 50 °C water bath; and 5) semi-adiabatic box 
(heavily insulated). For condition 5, samples were placed in the box right after casting, were 
then demolded at 12 hour, and then moved to an ambient condition after 24 hours. 
Compressive strength was tested on the cube samples at 12 hour, 1 day, 3 day and 7 day. 
During the first 3 days, temperature profiles were recorded every 2s by a thermal couple 
probe cast in the center of a cube sample. The temperature profile was used to calculate 
conversion degree using Eq. (4)   

Figure 5 shows a summary of the compressive strength test results. Considering the high 
variability inherited in CAC systems, five samples were prepared and tested for each 
compressive strength test. Figure 6 show the temperature profile for each curing condition 
and corresponding calculated conversation degree. A tabulated result is also shown in Table 2.  

 

 Figure 5 Compressive Strength  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Temperature profile with calculated conversion degree, a) 10 °C, b) Ambient, c) 38 °C, d) 50 °C, e) semi-adiabatic (ADB) cure 

a) c) 

d) e) 

b) 



 

Table 2 Summary of compressive strength and calculated conversion degree 

Curing 
Condition 

Peak Temperature 
During First 12 

Hour Curing (°C) 

Compressive Strength 
(Mpa) 

Calculated Conversion 
Degree 

24 Hour 7 Day 24 Hour 7 Day 

10C 50.0 36.7 43.0 4.28% 4.30% 

Ambient 39.8 36.6 45.9 2.34% 4.70% 

38C 41.0 36.6 33.2 12.5% 100% 

50C 44.7 28.4 25.8 73.80% 100% 

ADB 93.3 29.7 26.9 100% 100% 

 

As it shows in Figure 5, in general, higher curing temperature reduced compressive strength 
due to conversion. From Figure 6, and Table 2, it can be seen that calculated conversion 
degrees can be significantly different due to different temperature profiles. At 24 hour, 
calculated conversion degrees of 10C, Ambient, and 38C are relatively low (less than 15%) 
comparing to 50C and ADB which are all over 70%. This is also reflected by compressive 
strength. At 24 hour, the strength for 10C, Ambient, and 38C are almost identical. For 50C 
and ABD, lower strength was observed due to higher conversion degree.  

At 7 day, compressive strength for 10C and Ambient increased from 24 hour, and could be 
considered as unconverted strength. This is mostly due to the hydration degree increased 
along with time, at a low conversion degree. For 50 C and ADB, the 7 day strength was low 
and could be considered converted strength. For 38C, the 7 days strength was between 
converted and unconverted strength. However, if the variation is considered (error bar 
showing in Figure 5), the difference is not significant. And a clear strength degree was 
observed for 38C samples between 3 day and 7 day.  

For ADB samples, 100% conversion degree was reached quickly after being put in the 
emi-adiabatic box. Therefore, the compressive strengths were stable for all ages tested (see 
Figure 5). It is noted that at 7 day, Ambient ended up with a lower conversion degree than 
10C. This is due to a noticeable difference (50 °C versus 39.8 °C) in peak temperature reached 
during the first 12 hours when all samples were cured in an ambient condition (20C – 23C). A 
short period time stayed at higher temperature will results in much higher conversion degree.  

Overall, the prediction model was satisfactory in estimating the conversion degree. The 
compressive strength data supported the hypothesis that temperature profile could be used to 
estimate conversion degree using Eq. (3).     
 

6. CONCLUDING REMARKS 

In this paper, the possibility of using chemical shrinkage test or the temperature history of a 
sample to prediction conversion was discussed.  XRD and SEM evidence showed that the 
secondary slope change in chemical shrinkage curve of CAC system corresponds to the time 
that majority of conversion process has completed. Based on this finding, the OPC concrete 



 

maturity concept was introduced and a conversion degree concept was proposed. Given the 
temperature history, conversion time could be estimated. This provides a simple and practical 
way to look how to predict conversion in CAC systems.    

However, the study at this stage is still rather preliminary. Future work should include the 
following: 

• More isothermal chemical shrinkage at different elevated temperatures, to acquire 
more accurate relationship between conversion time and temperature; 

• More isothermal temperature curing for paste samples to remove any variance caused 
by self-heating (might require vigorous active temperature control).  

• Attempt to relate the conversion degree to compressive strength,  

• Testing on CAC mortar systems, and concrete system, and; 

• Testing on different CAC system to test robustness of the conversion degree concept 
and understand how different factors ( e.g. w/cm, accelerators, blended systems).    

7. REFERENCES 

Concrete Society Technical Report, "Calcium Aluminate Cements in Construction:  A 
Reassessment," ed: Concrete Society, 1997, p. 63. 

T. Fu, "Autogenous Deformation and Chemical Shrinkage of High Performance Cementitious 
Systems," School of Civil and Construction Engineering, Oregon State University, Corvallis, 
OR, 2011. 

J. H. Ideker, "Early-Age Behavior of Calcium Aluminate Cement Systems," Thesis(PhD), 
University of Texas, Austin, 2008. 

K. L. Scrivener, J.-L. Cabiron, and R. Letourneux, "High-Performance Concretes from 
Calcium Aluminate Cements," Cement and Concrete Research, vol. 29, pp. 1215-1223, 1999. 

C. Gosselin, "Microstructural Development of Calcium Aluminate Cement Based Systems 
with and without Supplementary Cementitious Materials," Ph.D. Thesis No. 4443, Labratoire 
des Materiaux de Construction, Ecole Polytechnique Federale de Lausanne 2009. 

S. Mindess, J. F. Young, and D. Darwin, Concrete, 2nd ed. Upper Saddle River: Pearson 
Education, Inc., 2003. 

Adams, M.P. and J.H. Ideker, “Volume Stability of Calcium Aluminate Cement and Calcium 
Sulfoaluminate Cement Systems”, Calcium Aluminate Cements: Proceedings of the Centenary 
Conference, Avignon, France, May 2014 

Fryda, S. Lamberet, “Calcium Aluminate Cement Concrete in An Old Marine Structure”, 
Calcium Aluminate Cements: Proceedings of the Centenary Conference, Avignon, France, 
June 2008 

Fryda H, Scrivener KL, Chanvillard G, Feron C. Relevance of Laboratory Tests to Field 
Applications of Calcium Aluminate Cement Concretes. International Conference on Calcium 
Aluminate Cements (CAC). Heriot-Watt University, Edinburgh, Scotland, UK: IOM 
Communications; 2001. p. 215-47. 



 

Acidic resistance of calcium sulfoaluminate cement based concretes                
assessed by dynamic leaching tests at pH 5 and pH 3 

 
Schmitt E.1,2,*, Amiri O.3, Barnes-Davin L.2, Aït-Mokhtar A.1 

 

1. LaSIE, UMR CNRS 7356, Université de La Rochelle, 17000 La Rochelle, France 
2. VICAT, 38080 L’Isle d’Abeau, France 

3. GeM, UMR CNRS 6183, IUT de Saint-Nazaire, Université de Nantes, 44600 Saint-Nazaire, France 
 
 
 
Abstract 
Calcium sulfoaluminate (CSA) cements can be a solution to reduce the environmental impact of concrete, thanks to the 
lower energy consumption and CO2 emission during their production. Their expansive, fast setting and rapid hardening 
properties contribute to the growing interest of engineers for concrete construction and prefabrication. However, the 
durability of sulfoaluminate concretes is not clearly assessed yet, especially in acidic environments, i.e. encountered in 
sewer networks. 
 
A dynamic leaching test is used to study the resistance of concretes made of CSA cements, and to compare their 
behavior to those of ordinary Portland and GGBS cements based concretes. The test consists in the exposition of the 
concretes to a controlled environment, with pH (set to 3 and 5 with HNO3) and temperature (20°C) regulation. Distilled 
water recirculation allows the concentration of leachates aside from the exposition reactor, where a poorly ionized 
medium is thus maintained. 
 
Major elements (Ca, Al, S, Si, Fe, Na, K) leaching is regularly quantified by ICP-AES during the test. At the end of the 
test, leached depth is measured and characterized using SEM-EDX and XRD. Measured leaching speeds (in mmol.dm-

2.j-1/2 and µm.j-1/2) show a better acidic resistance of CSA concretes than the reference ones manufactured with 
conventional cements, especially at pH 3. Thus, despite the sensibility of its main hydrate (ettringite), CSA cements are 
interesting binders for cement-based materials exposed to acidic environments. 
 
Originality 
Only a very few studies were carried out on acidic resistance of CSA cement based concretes, and tend to conclude on a 
better behavior of concretes made with conventional cements. This study is, in contrary, proving their high potential 
against acidic attacks. It relies on a fine measurement of the leached depth by elemental mapping, and grants credit to 
the use of the dynamic leaching test to assess acidic resistance of concretes within a relatively short testing time (3 
weeks). 
 
Keywords: Calcium sulfoaluminate cement; acidic resistance; dynamic leaching test; ettringite    
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1. Introduction 

Calcium sulfoaluminate (CSA) cements can be a solution to reduce the environmental impact of 
concrete, thanks to the lower energy consumption and CO2 emission during their production. Their 
expansive, fast setting and rapid hardening properties contribute to the growing interest of engineers 
for concrete construction and prefabrication. 

However, the durability of sulfoaluminate concretes is not clearly assessed yet, especially in acidic 
environments, for which the few available studies are not in agreement. Zivica et al. (Zivica, 1997) 
observed the low persistence of ettringite in HCl 0.3% solution (pH≃1) at 20°C, in contrary to AH3 
which remains after this acidic attack. The same observations were done by Berger et al. (Berger, 2013) 
who studied the leaching at pH 7 (20°C) of hydrated CSA cement and clinker. Kuryatnyk et al. 
(Kuryatnyk, 2010) exposed mortars based on mixes of plaster and CSA clinker to deionized water at 
90-100°C in a soxhlet extractor. After 5 days of exposure, ettringite was found in greater amount than 
that at the beginning of the test, and considered to have a good resistance to leaching. However, these 
results are surprising, knowing the instability of ettringite at pH < 10 (Damidot, 1992, Perkins, 1999). 

No study compared the acidic resistance of CSA to conventional cements, when exposed to media of 
pH 3 and 5, corresponding to sewer networks and natural CO2-acidified waters. This is the topic of the 
present paper. 

2. Experimental 

2.1. Materials 

2.1.1. Cements 

Three different cements are compared in this study: 

- CEM I 52,5 N SR3 

- CEM III/B 42,5 N SR 

- CSA cement 

The CSA cement is a laboratory-made cement, prepared by mixing grinded CSA clinker to pure 
commercial gypsum (Merck). Its chemical and mineralogical compositions are given in Tab. 1 and 
Tab. 2. Its 28 days hydration mainly gives ettringite (C3A.3C�.32H) and amorphous aluminum 
hydroxide (AH3).  
 

Tab. 1 Chemical composition of the CSA cement 

 SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO SO3 Mn2O3 TiO2 P2O5 Cl LOI 
CSA 10.6 18.6 8.9 44.4 0.0 0.1 0,3 12.1 0.0 1.0 0.1 0.0 3.2 

Tab. 2 Mineralogical composition of the CSA cement 

 Ye'elimite Belite β Belite α'H Ferrite 
C3FT 

Anhydrite Gehlenite Gypsum 
Others  C4A3� β-C2S α'H-C2S C6AF2 C� C2AS C�H2 

CSA 39.2 22.7 6.7 9.2 5.2 0.5 1.8 13.8 1.0 

 

2.1.2. Concretes 

The three cements are mixed with extra-siliceous aggregates (Palvadeau, France) and water to produce 
3 concretes of similar skeleton (Tab. 3). The cement content is fitted regarding the density of each 
cement. Thus, the comparison of the 3 cements is made on 3 similar concretes (same aggregates 



 

skeleton and same paste volume). Concrete cylinders (diameter 16cm, height 32cm) are prepared , and 
moist cured (>95%RH, 20°C) during 28 days. A testing sample (diameter 7cm, height 10cm) is then 
extracted by coring and sawing the concrete cylinder.  

Tab. 3 Composition of the tested concretes 

Cement type CEM I CEM III/B CSA1 
Cement content (kg/m3) 347 338 338 

Aggregates                    
(kg/m3) 

0.315-1 362 362 362 
1-4 441 441 441 
4-8 294 294 294 

12.5-20 735 735 735 
Total water content (kg/m3) 183 179 179 

Weff/C ratio 0.50 0.50 0.50 
 

2.2. Dynamic leaching test 

The dynamic leaching test (Figure 1) has been designed for the assessment of trace metals released 
from hydraulic binders (Moudilou, 2002). The test consists in the exposition of the concretes to a 
controlled environment, with pH (set to 3 and 5 with HNO3) and temperature (20°C) regulation. 
Distilled water recirculation allows the concentration of leachates aside from the exposition reactor, 
where a poorly ionized medium is thus maintained.  

 
Figure 1 Experimental set up of the dynamic leaching test 

2.3. Measurement of the leaching rate 

The leaching rate can be assessed by regular analyses of the concentrated leachates in the heated round 
bottom flask, or by measuring the leached depth at the end of the test. 

2.3.1. Leachates analysis 

Twice a week, a sample of the boiling reactor content is analyzed by ICP-AES (HORIBA Jobin Yvon) 
in order to determine the leached amount of the major elements: calcium, aluminum, iron, sulfur, silica, 
sodium and potassium. The hydroxide amount is determined by charge equilibrium. The total leached 



 

amount follows a linear regression when plotted versus the square root of time, characteristic of the 
diffusion phenomenon. The slope represents a leaching rate in mmol.dm-2.d-1/2. 

2.3.2. Leached depth 

After a consequent exposure time, an elemental mapping is done on a concrete section, previously 
embedded in resin and polished to produce a flat surface. The multi-field mapping is performed on a 
FEI Quanta 200 scanning electron microscope equipped with an EDS  micro-probe (EDAX). It allows 
us to clearly observe and measure the leached depth and, when reported to the exposure time, to 
calculate a leaching rate in µm.d-1/2. 

3. Results and Discussion 

3.1. Dynamic leaching at pH 5 

3.1.1. Leachates analysis 

The left hand side of the Figure 2 shows the total leached amount of major elements, measured during 
6 weeks on CSA, CEM I and CEM III/B concretes. The right hand side represents the amount of each 
major element, leached after 6 weeks (1000 hours). 

The CSA concrete shows a leaching rate (Tab. 4) similar to CEM III/B, and significantly lower than 
CEM I. In every case, the most leached species are Ca2+ and OH-, mostly due to portlandite in CEM I 
concrete and C-S-H decalcification in CEM III/B concrete. Leached sulfates in CSA concrete come 
from the dissolution of ettringite (unstable in acidic media), as well as calcium. The amount of calcium 
does not stoichiometrically correspond to sulfates, which indicates that calcium comes from the 
dissolution of other hydrates or unreacted anhydrous such as C-S-H and belite, explaining the presence 
of silica. Although aluminum is present in ettringite, it is slightly leached, probably due to the 
precipitation of AH3 after ettringite destabilization. Despite its relative high content of iron, CSA does 
not release iron ions, also probably due to the precipitation of ferric oxides or hydroxides. This will be 
discussed further, with the SEM observation of the altered zone.  

 
Figure 2 Analysis of the leachates at pH 5 
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Tab. 4 Leaching rates at pH 5 determined by leachates analysis 

Ntot,leach(t) = a.t½ + b CEM I CEM III/B CSA 
a mmol.dm-2.d-½ 5.6 2.7 2.6 
b mmol.dm-2 -1.9 -1.0 -1.0 
R2 % 99.7 100.0 99.8 

 

3.1.2. Leached depth 

Leaching and acidic attacks in concrete are dangerous for concrete as they alter its mechanical strength, 
porosity and transfer properties, enabling coupled degradations to occur. The concrete acidification 
can also be deleterious for steel reinforcements. Thus, the leached depth is probably the key factor to 
be monitored in order to avoid concrete deterioration. The SEM observation gives interesting 
information about average leached depth, leached elements and phases, and morphological altering of 
the leached zone. 

The Figure 3Figure 4 shows the elemental mapping (S, Ca, Al and Fe) of the concrete surface after 8 
weeks of exposure at pH 5. Despite the irregularity of the surface, a leached zone is clearly visible on 
the first 3 mappings. It corresponds to the leaching of calcium and sulfates, observed by leachates 
analysis, and to the lower density after ettringite dissolution. The same mappings are done on the CEM 
I and CEM III/B concretes, allowing the comparison of leaching rates in the 3 concretes (Tab. 5). The 
CSA cement seems to be the most resistant to leaching at pH 5 among the 3 tested cements, as far as 
leaching depth is concerned. However, the irregular surface makes it difficult to accurately determine 
the leached depth. Thus, the same study is done on cement pastes in order to avoid irregularities due to 
aggregates. 

 

 
Figure 3 Elemental mapping of the CSA concrete leached surface (pH 5)  

BSE = Backscattered electrons 



 

 
Figure 4 Zoom on the sulfur mapping of the CSA concrete leached surface (pH 5) 

 

Cement pastes are prepared with W/C=0.50, and poured into hermetically closed plastic cylinders 
(Ø40 mm, h80 mm). After 28 days, pastes are demoulded and sawn into 8 mm thick slices and put 
together in the leaching reactor at pH 5 for 6 weeks. At the end of the test, samples are sawn, 
embedded into resin and polished for SEM observation. 

Elemental mapping of the leached CSA pastes (Figure 5) shows more regular leaching depths, 
enabling us to average the measured depth, and to give a more representative result. It appears that 
leaching rates measured on cement paste are consistent with the ones measured on concrete by leached 
depth observation and leachates analysis: CSA is more resistant to acidic media at pH 5 than CEM I 
and even CEM III/B, which is the reference cement for this type of environment. 
 

 
Figure 5 Elemental mapping of the CSA paste leached surface 

Tab. 5 Leaching rates of the CEM I, CEM III/B and CSA concretes and pastes 

 Leaching rates (µm.j-½) 
 Concrete Paste 

CEM I  128 ± 8 92 ± 6 
CEM III/B  74 ± 7 71 ± 4 

CSA 55 ± 4 40 ± 2 
 

Xlix = 410 ± 30 µm 



 

XRD analysis of the leached CSA cement paste (Figure 6) at different depths (by successive steps of 
polishing and XRD analysis) helps the interpretation of SEM observations (Figure 7). It can be 
observed that: 

- Ettringite has been dissolved in leached areas (distinguishable by its characteristic vacuum-
generated cracks), lowering the density (darkening in BSE) 

- Belite also disappeared, explaining the presence of silica in leachates 

- Aluminum from ettringite precipitates into AH3 gel, stable at pH 5. AH3 coming from C4A3� 
hydration also remains, and maintains the surface cohesion 

- C3FT remains in the leached zone (white dots) 

- Iron is not leached, and its oxides and hydroxides redden the CSA concrete surface 

These observations are in accordance with the observations done at pH 7 (Berger, 2013). 

 

 
Figure 6 XRD patterns of the CSA paste (W/C=0.50) at different depths (E: ettringite; B: belite) 

 

As it is shown trough this study, measurements of leaching rates by leachates analysis and leached 
depth observation are consistent: CSA is at least as resistant as the reference cement for acidic media 
at pH 5 (CEM III/B), and significantly more resistant than CEM I. 

Microscopic and mineralogical analyses show the whole destabilization of ettringite, releasing sulfates 
and calcium, and precipitating AH3 gel. However, despite the consequent increase of porosity, 
leaching rate remains relatively weak during the testing period. 

The leachates analysis method is easy to use and provides significant results after short testing 
duration (i.e.e.g. 3 weeks). This method will be used for the study of the acidic resistance at pH 3, as 
surface destruction may happen and perturb the leached depth measurements. 



 

 
Figure 7 BSE imaging of the leached and sound areas of the CSA paste (W/C=0.50) 



 

3.2. Dynamic leaching at pH 3 

CSA and CEM III/B concretes have then been exposed to a higher acidic environment (pH 3, 20°C). 
CEM I concrete was not tested because of its very weak resistance to low pH media. Figure 8 
represents the leachates analysis during 6 weeks, and shows a better performance of the CSA concrete 
(Tab. 6). 

Calcium and sulfates remain highly released, characterizing ettringite destabilization, as well as silica 
coming from belite dissolution. This time, a significant amount of aluminum is leached, betraying AH3 
dissolution, unstable at pH 3. But only a few iron is detected in the leachates, and should precipitate in 
a stable form at pH 3, such as FH3, poorly soluble at pH > 2. As both ettringite and AH3 are dissolved, 
the concrete surface has been eroded in both cases. Nevertheless, the CSA concrete presents a lower 
eroded depth, visible thanks to unaltered siliceous aggregates. This erosion depth has yet not been 
measured. 

In conclusion, the tested CSA cement shows a very good behavior in acidic media controlled at pH 3, 
better than conventional cements regarding the total leached amount and the eroded depth. 

 

 
Figure 8 Analysis of the leachates at pH 3 

 

Tab. 6 Leaching rates at pH 3 determined by leachates analysis 

Ntot,leach(t) = a.t½ + b CEM III/B CSA 
a mmol.dm-2.d-½ 10.6 7.2 
b mmol.dm-2 -1.7 -2.2 
R2 % 96.4 100.0 
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5.4. Conclusion 

The tested calcium sulfoaluminate cement based concrete present a better resistance to acidic media at 
pH 3 and 5 than conventional cements, even CEM III/B which is considered as the reference cement 
for concrete exposed to acidic environments. 

This conclusion relies on a fine measurement of leached elements amounts (using ICP-AES) and 
leached depths (using SEM-EDS). It has been shown that, despite the destabilization of ettringite and 
the porosity increase in the leached zone, the CSA concrete has lower leaching rates (in terms of 
leached elements as well as leached depth). However, these rates have been measured after a relatively 
short exposure time, and would need to be confirmed by a longer exposure in a real acidic 
environment, such as a sewer network. These results would also confirm the use of the method 
described in this paper as a quick way to assess leaching resistance of concretes (within 3 weeks of 
exposure). 
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Abstract  
In this study, three granulated blast furnace slags with different chemical compositions were activated with 
sodium carbonate and sodium sulfate solutions, and the reaction kinetics were studied by isothermal calorimetry. 
The reaction products forming in the hardened pastes were determined after 28 days of curing using X-ray 
diffraction and scanning electron microscopy. The results showed that the counter-ion in the alkali activator 
plays a significant role in defining the nature of the main reaction products forming. In the case of sodium 
carbonate activated slags, the formation of a carboaluminate type phase, along with an Al substituted calcium 
silicate hydrate (C-A-S-H) type phase, was identified. In sodium sulfate activated binders the formation of 
ettringite was observed instead. Resolved X-ray diffraction reflections of a layered double hydroxide with a 
hydrotalcite type structure were observed in sodium carbonate activated binders as the content of MgO in the 
slag increased; conversely, hydrotalcite is not identified as a reaction product in the sodium sulfate activated 
slag cements. This elucidates that there is a systematic dependence of the reaction mechanism and the content of 
magnesium in the slag, which prevails for both sodium carbonate and sodium sulfate activate binders. This 
demonstrates that the effectiveness of these near neutral activators is strongly dependent on the slag chemistry, 
and so any generalised assumptions that all slags activated with near-neutral salts will react in similar ways is 
misleading. Thus, desirable setting time and strength evolution can be achieved if the activator is selected and 
tailored to match the slag chemistry. 
 
Originality 
There is a growing interest in utilising near neutral salts as activators to produce alkali-activated slag cements, 
as this offers several advantages including reduced alkalinity of the systems and better workability of the fresh 
paste compared with that of sodium silicate activated binders. These salts can be mined or exploited from 
different industrial activities, which can reduce the cost of production of these materials. Despite these evident 
advantages, there is little existing knowledge regarding the effect of slag chemistry when using near-neutral 
activators, and which factors control their kinetics of reaction and phase development. In particular, the 
chemical composition of the slag used varies from source to source, and therefore there is an imminent need to 
develop more holistic studies to understand how different slags react when using these activators. This study 
further advances the state of the art in this area, contributing to the development of a good understanding of 
these systems. This type of knowledge will enable the development of recommendations and standards for the 
design of alkali-activated slag cements according to the characteristics of the slag available, or to provide 
guidelines for how to manipulate the chemistry of the system to suit the commercial needs around the production 
of these materials. 
 
Keywords: Alkali-activated slag, sodium carbonate, sodium sulfate, calorimetry, microstructure. 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

1. Introduction 
 

Alkali-activated slag cements are produced via the chemical reaction between blast furnace slag, 
derived from the iron making industry, and an alkaline solution, referred to as an alkali activator. 
These materials have been subject of study for more than a century, and in the past decades one of the 
main drivers for their development has been the environmental benefits associated with their 
production, compared with Portland cement (van Deventer et al. 2012; Provis et al. 2014). These 
materials can develop advantageous technical performance such as resistance to high temperatures, as 
well as to acid and sulfate attacks (Bernal and Provis 2014), which make them desirable for 
applications where such properties are required. It is well known that alkali-activation of slags is 
achievable using mild alkaline solutions based on sodium carbonate or sodium sulfate (Bai et al. 2011; 
Provis and Bernal 2014). These alkaline salts can be mined or obtained as by-products from different 
industrial activities, which make them an attractive alternative to the commonly used sodium 
hydroxides or sodium silicates for the production of alkali-activated slag binders, from an 
environmental and economic point of view (Provis et al. 2014).  
 
The alkali-activation of slags using near neutral salts has received little attention in the past decades, 
as the binders produced usually take longer time to harden, than commercially required, and present a 
delayed compressive strength development for applications other than pre-casting with high-
temperature curing (Bernal et al. 2014a). Some of these challenges have been overcome by 
incorporating minor fractions of clinker or Ca(OH)2 (Douglas and Brandstetr 1990) or limestone  
(Sakulich et al. 2010), or utilising blended activating solutions of sodium carbonate or sulfate with 
sodium hydroxide or silicate solutions (Collins and Sanjayan 1998; Xu et al. 2008; Bernal et al. 
2015b), and curing the specimens at high temperatures (Provis et al. 2014). All of these different 
approaches can make the material harden; however, results from different studies are not directly 
comparable as a consequence of the differences in the mix designs, meaning that it is difficult to 
identify a clear trend regarding effectiveness of near-neutral activators, and how their utilisation could 
be widespread when using slags from different sources.  
 
It has been identified (Ben Haha et al. 2012; Bernal et al. 2014b; Winnefeld et al. 2014) that the 
chemical composition of the slag plays a significant role in the kinetics of reaction and the phase 
assemblage evolution of activated slag binders, when sodium hydroxide or sodium silicates are used as 
sole activators. Slag chemistry particularly influences the formation of secondary reaction phases such 
as layered double hydroxides and/or zeolites (Provis and Bernal 2014), consequently affecting the 
performance and durability of alkali-activated slag cements. In the case of sodium carbonate activated 
slag cements, it has been identified (Bernal et al. 2015a) that the functional group present in the 
activator strongly affects the mechanism of reaction, as the CO3

2- from the activator favours formation 
of carbonates at early age, but once this is exhausted, the reaction progresses similarly to the 
mechanism identified for sodium hydroxide activated slag binders and the pH increases. A similar 
effect is expected when using sodium sulfate as activator, where formation of sulfate-rich phases 
including ettringite has been observed (Rashad et al. 2012); however, studies evaluating the influence 
of the slag chemistry in the reaction of sodium sulfate or sodium carbonates have not previously been 
reported. 
 
In this study, three granulated blast furnace slags with different chemical compositions were activated 
with sodium carbonate and sodium sulfate solutions, and the reaction kinetics were studied by 
isothermal calorimetry. The reaction products forming in the hardened pastes were determined, after 
28 days of curing, via X-ray diffraction and scanning electron microscopy. 
 
 
 
 



 

 
 

2. Experimental methodology 
 

2.1. Materials and sample preparation 
 
As primary raw materials three granulated blast furnace slags (GBFS) from different sources were 
used, with oxide compositions as shown in Table 1. Their specific surface area (BET), Blaine fineness 
and average particle size, determined using laser diffraction, are reported in Table 2. Slag IDs are 
assigned according to the MgO content of each of the materials 

 
Table 1. Chemical composition of anhydrous slags, determined by X-ray fluorescence (XRF). LOI corresponds 

to the loss on ignition at 1000°C. All elements are represented on an oxide basis regardless of their oxidation 
state in the original slag. 

Slag 
ID 

CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 MnO K2O Others LOI 

M1 42.86 31.62 14.65 1.17 2.01 1.07 0.44 0.29 0.31 0.19 2.02 
M6 41.83 35.96 11.33 6.48 0.66 0.28 0.46 0.33 0.38 0.34 1.95 

M14 33.92 37.4 8.95 14.32 0.74 0.4 0.38 0.99 0.54 0.43 1.93 
 
 

Table 2. Physical properties of the anhydrous blast furnace slags 
Slag ID BET surface area (m2/g)+ d50 (µm) ++ 

M1 0.839 10.5 
M6 0.994 11.2 
M14 0.622 10.5 

+ Determined by N2 sorption, testing 1g of slag after outgassing for 600 min at 45°C. 
++Determined by laser diffraction using a dry dispersion unit. 

 
As alkali activators a reagent grade sodium carbonate and sodium sulfate (Sigma-Aldrich) were 
separately dissolved in distilled water until complete dissolution was reached. Paste specimens were 
formulated with a water/binder ratio of 0.40 and an activator content of 8 g (anhydrous activator) per 
100 g of slag. The activating solutions were manually mixed with the anhydrous slag until a 
homogenous paste was obtained. All paste specimens were cured in sealed centrifuge tubes at 23°C 
until testing.  
 
2.2. Tests conducted 

 
Isothermal calorimetry experiments were conducted using a TAM Air isothermal calorimeter at a 
temperature of 25  ± 0.02°C. Fresh paste was mixed externally, weighed into an ampoule, and 
immediately placed in the calorimeter to record heat flow for the first 350 h of reaction. All values of 
heat release rate are normalised by total mass of paste. 
 
Samples with 28 days of curing were crushed and immediately treated with acetone to arrest reaction. 
The powdered specimens were dried in a desiccator for 2 h to remove any remnant solvent, and then 
analysed by X-ray diffraction (XRD), using a Bruker D2 Phaser instrument with Cu Kα radiation and a 
nickel filter. Data were collected with a step size of 0.020º, over a 2θ range of 5º to 70º. 
 
Solid samples were cut, polished and then analysed by environmental scanning electron microscopy 
(ESEM), using a benchtop Hitachi TM3030 microscope, with a 15 kV accelerating voltage, a Bruker 
energy dispersive X-ray (EDX) detector, and a working distance of 10 mm. Polished, uncoated 
samples were evaluated in low vacuum mode, using a backscatter detector for imaging. 

 
 
 



 

 
 

3. Results and discussion 
 

3.1. Isothermal calorimetry 
 
The heat release curves of sodium sulfate activated slag binders (Fig 1A and 1B) clearly show that the 
kinetics of reaction of these binders are strongly influenced by the slag chemistry. The M14 activated 
slag, which has the highest content of MgO, exhibited (Fig 1A) a heat release peak after 3 h of 
reaction, associated with the initial precipitation of reaction products, followed by an induction period 
of 4 h and a high intensity asymmetric acceleration-deceleration period initiating after 15 h of reaction. 
This stage of the reaction process is associated with the nucleation, growth and precipitation of 
reaction products forming in the system. Conversely, in the M6 slag a lower intensity first heat release 
peak is observed compared with that obtained when using M14 slag, followed by a dormant period 
lasting for 48 h. After 50 h of reaction, a high intensity acceleration-deceleration peak is observed. 
Binders produced with M1 slag, which has the lowest content of MgO of the slags tested, do not seem 
to react during the first 30 h of testing. Afterwards, a gradually increasing acceleration-deceleration 
peak is identifiable for over 300 h.  
 
The cumulative heat of reaction curves of sodium sulfate activated slag binders (Fig 1B) show that 
effectively the slag M14 reacts faster than slag M6 and M1 during the first 24 h; however, as reaction 
proceeds, the slag M6 reaches comparable heats of reaction to the slag M14. Despite the delayed 
reaction identified when using M1 slag, after 350 h of testing, the heats of reaction of M1 and M14 
slags are also comparable, and M1 actually passes M6 in terms of cumulative heat output after 250 h. 
This indicates that even though the reaction kinetics of these slags are very different, similar degrees 
of reaction of these slags are achievable at extended curing times. It is noted that the M14 and M6 
sulfate activated slag binders seem to react much faster than the slags used in the study of Rashad et al. 
(Rashad et al. 2012). 

 

 



 

 
 

 
Figure 1. Isothermal calorimetry curves of (A, B) sodium sulfate activated, and (C, D) sodium carbonate 

activated slag pastes, as function of the slag used  
 

In this case of using sodium carbonate solution as the alkali activator (Figure 1C), reduced heats of 
reaction are identified after 350 h of testing compared with sodium sulfate activated binders, 
independent of the slag composition. It has been generally claimed that sodium carbonate is a more 
effective activator than sodium sulfate, as it makes the slag react faster than sodium sulfate solutions, 
and therefore the activated binders can develop higher mechanical strength (Provis et al. 2014). The 
calorimetry results reported here suggest that higher degrees of slag reaction are achievable after few 
weeks after mixing, when using a sodium sulfate activator instead of sodium carbonate, despite the 
lower pH obtained in sodium sulfate solutions. Therefore, the performance of these binders is more 
likely to be influenced by the nature of the phase assemblage developed when using sodium sulfate 
solutions as activator, rather than to pure reaction kinetic effects, as has previously been assumed. 
 
Similarly to the case of sulfate activated binders, faster reaction kinetics of reaction are observed when 
activating M14 slag with sodium carbonate (Fig 1C and 1D), compared with the rates identified in 
sodium carbonate activation of slags M6 and M1 (Fig 1C). The onset times of the acceleration peaks 
of M14 and M6 carbonate activated slags are identified after 10 h and 34 h of reaction respectively. 
This is significantly faster than what has been identified in alkali activated slag binders activated with 
sodium carbonate solutions in previous studies (Bernal et al. 2015a), where the initiation of the 
acceleration period was detected after 110 h of testing. In carbonate activated M1 slag, a low heat of 
reaction is observed during the first week, indicating that a limited degree of reaction of slag is taking 
place. An acceleration-deceleration peak for this binder is observed between 7 and 13 days of reaction. 
At extended times of reaction (350 h), a more notable difference in the heat of reaction when using 
slags with different chemistries is observed. After 350 h, the carbonate activated M14 slag reports a 
50% higher reaction heat than binders produced with the M1 slag. 
 
These results elucidate that, similarly to when alkali activating slags with solutions of sodium 
hydroxide and sodium silicate (Ben Haha et al. 2011; Winnefeld et al. 2014), the slag composition 
controls the kinetics of reaction of alkali-activated slag binders when using near neutral salts as alkali 
activators.  

 
3.2. X-ray diffraction  
 
Consistent with the notable differences in kinetics of reaction of different slags activated with sodium 
sulfate solutions, different crystalline phases are forming in these binders after 28 days of curing. The 



 

 
 

X-ray diffractogram of sulfate activated M1 slag (Fig 2) shows the crystalline phases calcite and 
quartz, present in the unreacted slag. Two distinctive monosulfoalminate, SO4-AFm, type phases 
Ca4Al2(SO4)(OH)12·6H2O (powder diffraction file, PDF #83-1289) and Ca4Al2SO10·16H2O (PDF #04-
0602), along with ettringite (Ca6Al2(SO4)3(OH)12·26H2O) (PDF #41-1551) and gypsum (CaSO4·2H2O) 
are identified as the main sulfate-rich phases forming in this binder. Reflections assigned to a calcium 
silicate hydrate (C-S-H) with an 11Å tobermorite type structure (PDF#45-1480) were also observed. 
This phase assemblage completely differs from what has been reported when activing a slag with 
comparable composition with sodium silicate (Bernal et al. 2011; 2014b), where crystalline AFm 
phases were not identified as reaction products, and instead formation of the zeolite gismondine was 
favoured.  
 

 
Figure 2. X-ray diffractograms of 28-day cured sodium sulfate-activated slag binders 

 
In sulfate-activated M6 slag, formation of ettringite and C-S-H is also identified. Conversely, in the 
M14 sulfate activated binder, a poorly crystalline structure is observed and formation of distinctive 
SO4-rich phases is not identified. In slags with high MgO content (MgO > 5 wt.%), Mg-Al layered 
double hydroxides with a hydrotalcite type structure have been identified as the main secondary 
reaction product when sodium silicate is used as alkali activator (Ben Haha et al. 2011; Bernal et al. 
2014b). This does not seems to be the case when sodium sulfate solutions are used as alkali activators, 
which might be associated with the Al availability in the system and its preferential reaction with 
either Mg2+ or SO4

2- leading towards formation of layered double hydroxides or AFm/AFt type phases, 
depending on the slag chemistry and activation concentration. 
 
In sodium carbonate activated slag binders produced with the M1 slag,  the main crystalline reaction 
products identified (Fig 3) are the carbonate rich phases hemicarboaluminate 
(Ca4Al2(CO3)0.5(OH)13·5.5H2O) (PDF #036-0129), and gaylussite (Na2Ca(CO3)2·5H2O) (PDF #021-
0343). In the carbonate activated M6 and M14 slag, traces of hemicarbonate and gaylussite are also 
identified, along with the formation of two layered double hydroxide type phases manasseite 
(Mg6Al2CO3(OH)16·4H2O) (PDF #014-0525) and Mg6Al2(OH)18·5H2O (PDF #035-0965). In sodium 
carbonate activated M14 slag the intensity of the reflections assigned to the layered double hydroxides 
is higher than observed in the M6 slag, consistent with the larger content of MgO present in the M14 
slag. In all the samples formation of a calcium silicate hydrate (C-S-H) phase is also observed. These 
results are somehow consistent with what has been identified in sodium silicate activated slags, where 
formation of layered double hydroxide type phases is favoured when slags with increased MgO 
contents are used (Bernal et al. 2014b).  



 

 
 

 

Figure 3. X-ray diffractograms of 28-day cured sodium carbonate-activated slag binders 
 

3.3. Scanning electron microscopy 
 
Backscattered electron (BSE) images of the sodium sulfate activated M1 and M14 slag pastes are 
shown in Figure 4 and Figure 5 respectively. In both micrographs light grey angular particles are 
identified, corresponding to remnant unreacted slag grains. When activating M1 slag (Fig 4), 
formation of SO4-rich phases embedded in the grey homogeneous matrix is identified, consistent with 
the XRD results (Fig 2) where ettringite and monosulfoaluminates were observed.  
 
In the activated M14 slag binders a highly homogeneous and dense structure is identified (Fig 5). 
Although formation of hydrotalcite or AFt phases was not identified by X-ray diffraction in this 
system (Fig 2), the chemical composition of the binding phase (grey continuous region) shows that 
there is a high intermixing of Al substituted C-S-H type phases, Mg-rich phases and sulfur-rich phases, 
and further analysis of these pastes utilising additional analytical techniques to those used in this study 
is required in order to unveil the phase assemblage forming. 
 

 
Figure 4. Backscattered electron image of 28 day-cured sodium sulfate activated M1 slag paste 



 

 
 

 
 

 
 

Figure 5. Backscattered electron image of 28 day-cured sodium sulfate activated M14 slag paste 
 
4. Conclusions 
 
In both sodium carbonate and sodium sulfate activated slags, faster nucleation, growth and 
precipitation of reaction products was identified as the content of MgO in the slags increased. 
Initiation of the acceleration-deceleration periods of reaction was identified within 24 h for some of 
the slags tested, without use of additives or high temperature curing. This indicates that it is possible to 
produce alkali-activated slag cements based on near-neutral salts with hardening times comparable to 
those typically identified when using sodium hydroxide or silicate activators, but with a significantly 
reduced alkalinity, and potentially also reduced cost.  
 
In sodium carbonate activated slags, formation of AFm and calcium-sodium carbonate double salts is 
favoured when the slag used has a low MgO content. When MgO in the slag is higher, formation of 
layered double hydroxides with a hydrotalcite type structure takes place instead. When using sodium 
sulfate as activator for slags with low MgO content, formation of ettringite along with 
monosulfoaluminate was favoured. As MgO content in the slag increased, X-ray reflections assigned 
to AFt and SO4-AFm phases decreased in intensity, and the structure of the pastes became poorly 
crystalline.  
This study has demonstrated that there is an important interrelationship between the functional group 
present in near neutral alkali activators, and chemical composition of the slag. Therefore, it is feasible 
to produce sodium carbonate or sodium sulfate activated slag cements that harden within 24h after 
mixing, when the activator is selected to match the chemistry of the slag used.  
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Abstract 
The modern nanotechnology receptions allow receiving advanced composites of silicate matrix of 
thermal-moisture hardening the low-power technology today. The aerated complex activated 
composites on the silicate matrix are made by casting technology. A distinctive feature of aerated 
composites is that their properties according to the basic physical and mechanical parameters exceed 
of the properties of the silicate matrix. 
The technological features of obtaining effective aerated composites on silica matrix of thermal-
moisture hardening set out. Comparative analysis of changes in the properties of isoparametric lime-
silica composites of thermal-moisture hardening with pore-forming additives and without them was 
carried. Hardening mechanism activated composites was proposed. It is established that joint 
introduction in a lime-silica composites of thermal hardening the alkali-containing additives can 
improve crack resistance, reduce the density and heat conductivity composites of the same strength 
characteristics. 
 
Originality 
The mechanism of formation of structure and properties of complex activated lime-silica mixture, 
modified by the filler in the form of tripoli on the quicklime was proposed. 
It is shown that the particles of the tripoli contribute the structure of silicate matrix and the formation 
of discontinuous structure of capillaries, including its own microporosity. Furthermore, due to the high 
sorption capacity the tripoli pores may be the matrix for forming hydrosilicates of ultrafine sizes, the 
properties differ from the properties of the calcium hydrosilicates formed in the headspace of the 
mixture. It contributes to obtaining the aerated composites with high physical and mechanical 
properties. 
It was established that the complex activation of the lime-silica mixtures and their structural 
modification, due to the calcium lime, alkali admixtures and mineral additives of the fixed dispersion, 
provide the production of the aerated composites of the thermal-moisture hardening and the effective 
wall's articles on their basis according to the energy-saving casting technology. 
According to the results of optimization are recommended a contents which allow to get a aerated 
composites on silicate matrix given grades of strength, heat conductivity and frost resistance: 
compressive strength Rb – 10 MPa, 12.5 MPa, density ρ=1300÷1400 kg/m3, frost resistance F25, heat 
conductivity λ=0.30÷0.40 Wt/m·K, critical coefficient of stress intensity kIc≥1 MPa·m-0.5, coefficient of 
softening ks≥0.9. 
 
Keywords: silicate matrix; casting technology; complex activation; aerated composites; experimental-
statistical models 
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1. Introduction 
 
Traditionally the silicate materials are produced by energy-intensive autoclave technology. The basis 
of this technology is Michaelis W. development by patent # 14195 05.10.1880 (Michaelis W., 1911). 
The modern nanotechnology processes allow today to receive progressive composites on the silicate 
matrix of thermal-moisture hardening according to the low-power technology. Aerated complex 
activated composites on the silicate matrix are made by casting technology. A distinctive feature of 
aerated composites is that their properties according to the basic physical and mechanical parameters 
exceed the properties of the silicate matrix. 
At the autoclaves conditions there is activation of crystalline quartz, associated with increased silica 
solubility. The tendency of minimizing the dissolved lime component in the binder is observed 
simultaneously. These processes are determined by the peculiarities of chemical thermodynamics of 
lime and quartz. With higher temperature the solubility of lime decreases, although the rate of 
dissolution increases and the solubility of crystalline quartz increase (Babushkin V.I., Matveev G.M., 
Mchedlov-Petrosyan O.P., 1986). In this case, one of the tasks was to minimize the lime in the 
composition to reduce the destructive processes. The consequence of these processes was the need to 
minimize the lime content to its complete binding hydrous calcium to reduce the destructive 
phenomena. 
A large number of research works were devoted to the creation of the desired phase composition of 
hydrosilicates calcium (GSK). These research works were carried out mainly towards the synthesis of 
tobermorite, which is formed by minimizing the lime content up to its full bonding. However, the 
presence of some types of highly basic GSK type hillebrandite, foshagite in the material determines 
its high frost, air and carbonation resistance under operating conditions (Babushkin V.I., Matveev 
G.M., Mchedlov-Petrosyan O.P., 1986). 
The critical problem of the modern material science is the development and implementation of 
alternative energy-saving composite binders on nanotechnology and description of the mechanisms of 
hydration processes at different levels, including nanolevel. The first attempts, to link the mechanical 
properties of materials with their crystal structure, were made by Griffiths (Rebinder P.A., Uriev N.B., 
1979). 
Many results of works in recent years have shown that for the activated lime-silica composites the 
presence or absence of any mineral is not exclusive prerequisite for certain physical and mechanical 
properties (Shinkevich E., Lutskin E., 2006). More important factor may be the sizes of the particles 
of raw mix neoplastic morphology and character of the connection between them. The reactivity 
mixture, changing of temperature of polymorphic transformations, solubility and kinetics of the 
displacement in the chemical balance in one direction or another are also connected with the particle 
size (Le Chatelier). It was found that the properties of ultrafine particles differ in particulate chemical 
content properties.  
The modern nanotechnology receptions allow realizing the effects of the impact of the ultrafine 
fraction particles. The complex multi-step activation of multicomponent mixtures is used in the 
research work. 
Sufficiently extensive researches of the activation of dispersed particles show the positive effects to 
the properties of various types of defects, dislocations, etc. It is thermodynamically unstable contacts 
which can have high strength. 
 
2. Nanotechnology receptions of producing the complex activated composites on silicate matrix 
 
Developed by the authors the complex activation includes the continuous loop of the different types 
and methods of activation: mechanical, chemical and thermal (Shinkevich E., 2004, 2008). 
Each type of activation is accompanied by effects which create the conditions for the possibility of 
subsequent type of activation. 
The result of the complex activation is the formation of linear defects, dislocations and point positions 
and substitutions. Furthermore, there may be angle change between the bonds and the appearance of 



 

dangling bonds, which leads to the formation of free radicals in the crystals with covalent bonds and 
the amorphization for molecular crystals. 
Each type of activation will be caused by the prevalence of any type of deformations of the solid 
phase structure. The differences will be responsible for the nature and kind of dislocations with 
allowance for the extent and duration of external and internal influences. 
2.1. Mechanical activation. 
Mechanical effects in the dispersion medium speed mixer activator provide mechanochemical 
activation of crystalline quartz surface. The term "mechanochemical reaction" was introduced by 
W.Ostwald in 1891. 
Mechanochemical activation is carried out to the special properties of the newly formed surfaces, 
especially changing the local chemical and phase content of solids, as well as their aggregate state of 
under the influence of mechanical effects of high intensity (Butt Y.M, Sychev M.M., Timashev V.V., 
1980). 
As nanotechnology reception the mechanochemical activation reduces the viscosity of 3 or more 
dispersed system containing lime (Shinkevich E., Lutskin E. 2004, 2007, 2008). This effect of 
viscosity reducing was used to compensate the increased water demand of the mixture introducing the 
composite porous opal-cristobalite rocks and using the activation of the binder together with the fine 
aggregate. 
2.2. Thermal activation. 
Using as a binder quick lime promotes the "inner activation" of dispersed system under an elevated 
temperature T= 40÷60°C, the formation of multiple point contacts in the dislocation fields are 
appeared and the conditions for the hydration hardening unrelated in hydrous calcium lime are created.  
External thermal activation occurs in conditions of thermal-moisture treatment. In such conditions at 
T=85°C contradiction is canceled, which is connected with the increasing the quartz solubility and 
decreasing lime solubility with increasing its dissolution (Babushkin V.I., Matveev G.M., Mchedlov-
Petrosyan O.P., 1986; Shtark J., Viht B., 2004). In addition, the increase of pH system causes to create 
favorable conditions for longevity growths GSK during the operational phase when 11.5≤pH≤12.5. 
2.3. Chemical activation. 
According to E. Avvakumov’s works (Avvakumov E.G., 2001) with the presence of water in the 
inorganic solid-phase system "method of soft mechanochemical synthesis" is happened. To obtain 
composite oxides from the simple oxide hydroxides are used as the starting components one of which 
is characterized by acidic, the other one is characterized by basic properties. By means of the 
neutralization reaction the intensification of the processes takes place. In addition, in such system the 
conditions for the hydrothermal processes are created. 
The acid activation occurs by introducing the amorphous-crystalline silica, alkaline activation – the 
introduction of increased amounts of lime; it raises pH. The replacement of ground quartz sand in the 
binder by opal-cristobalite rocks enhances to increase frost and water resistance of the silicate matrix 
while reducing its density matrix to 20-25%. 
Moreover, the presence of opal-cristobalite rock in the dispersion causes formation of nanoscale in the 
GSK pores of these rocks; in this case they are "nanoreactor"; which walls restrict the growth of 
neoplasm (Polle C., Owens F., 2005). Also, the presence of particles of porous rocks with different 
dispersion binder allows adjusting the speed and reaction kinetics of hydration (Shinkevich E., 2011, 
Lutskin E., 2011). 
The use of quick lime determines the possibility of using high modulus liquid glass as one of the 
alkali addition, so the temperature rise on the forming stage allows regulating rapid setting of such 
mixture. 
Alkali and alkali-containing additives increase the thermodynamic instability of systems by shifting 
the equilibrium caused by the formation of additional defects on the surface of silica-containing 
components. Alkali-containing additives are capable to aeration of mixtures under the certain 
conditions (Gluhovskij V.D., Runova R.F., 1991; Kryvenko, P.V. Pushkareva, E.K., 1993). 
In this work, the low-temperature aeration of concrete during introduction of the activation to the 
mixture for the silicate matrix by liquid glass additives Na2O·nSiO2+mH2O and sodium hydroxide 



 

NaOH was provided.  
 
3. Experimental 
In this study, one of the objectives is to identify local laws of formation of structure and properties of 
the aerated complex activated composites on the silicate matrix of thermal-moisture hardening in 
order to establish and use in practice the most effective and cost-effective methods of nanotechnology 
in the production process. 
The forming of informative base for the optimization of technological decisions is provided by the use 
of the methods of the experimentally-statistical modeling. The multifactor experiment was carried out 
with the use of the mathematical theory of planning of the experiment (Voznesenskiy V., Lyashenko 
T., 1989, 1998). Two comparable complexes of six factor experimentally-statistical models are 
calculated. ES-models by type (1) describe the dependence "mixture-properties" and "mixture-
structure". It allows to study the dependence "content-structure-properties". 
To analyze the possibilities of the regulation of the structure and properties of the aerated composites 
on the silicate matrix six factorial field experiments according to the 24-point plan, such as "triangles 
on the cube" by type "mixture-technology-quality" was carried out (Voznesenskiy V., Lyashenko T., 
1989, 1998). In the plan three mixed factors and three independent ones of the content vary 
simultaneously. As three mixed factors the surface area of tripoli as the component of lime-silica 
binder at levels was fixed: υ1 – Ssp1=400 m2/kg, υ2 – Ssp2=500 m2/kg, υ3 – Ssp3=600 m2/kg. As three 
independent factors in the experiments the content of alkali-containing additives were varied: x4 – 
NaOH – (0.5÷1) %, x5 –Na2O·nSiO2+mH2O – (1÷5)% and gypsum additives x6 – CaSO4·2H2O–
(2÷4)%. 
The data on the properties and characteristics of the structure of full-scale experiments carried out in 
each of the 24 points of the plan were the basis for ES models calculations. 
According to the experiment results ES model is calculated, which allowed to estimate the effect of 
alkali-containing additives and the specific surface area of tripoli on the properties and characteristics 
of the structure of aerated composites on silicate matrix. 
The computation experiment has showed that the factor which has the greatest influence to the properties 
is the specific surface area of tripoli. Due to the synergistic action of alkali additives and liquid glass, 
taken in optimal ratios for each property and given Ssp of tripoli, the aeration of the mixture is achieved, 
which lowers the density and high values of the properties: compressive strength Rb [MPa], bending 
strength Rbtb [MPa], water resistance (coefficient of softening) ks, crack resistance (critical coefficient of 
stress intensity) kIc [MPa·m-0.5], heat conductivity (coefficient of heat conductivity) λ [Wt/m·К], frost 
resistance F [cycles]. The introduction of additives of alkali and liquid glass increases the volume of the 
mixture to 1.2÷1.4 times. The density of the composite varies from 1300 to 1500 kg/m3, which is 
17÷23% lower than the density of the matrix material and 25÷30% lower than the density of autoclaved 
silicate brick. 
 
4. Results and Discussion 
According to the experimental results the experimental-statistical (ES) models were calculated. By ES 
models of optimal values of quality criteria and compositions of mixtures have been installed. 
Compressive strength Rb varies from 12 to 18.5 MPa, i.e. 1.5 times, and it is in the range of changing 
of the matrix material strength. Maximum strength is greater than 18 MPa, it is obtained for 
compositions which are contain 5% of liquid glass, 0.5% alkali, and 4% gypsum, Ssp=400 m2/kg of 
tripoli, the same strength of the silicate matrix is obtained on tripoli with Ssp = 500 m2/kg. 
According to the ES model (1) the coefficient of heat conductivity λ of aerated composites under the 
influence of all six factors varies, 1.9 times, from 0.28 to 0.54 Wt/m·K. The minimum value of the t 
heat conductivity coefficient λ = 0.28 Wt/m·K is obtained on the contents which contain 0.5% NaOH 
and 1% liquid glass, a mixture of tripoli particles with a specific surface Ssp=400 and Ssp=600 m2/kg in 
equal ratio and gypsum additive 4% (Figure 1a). 
Softening coefficient is varied by ks 0.81÷1. The softening factor has another impact of additives. The 
values kp≥0.95 were obtained with the content 0.75% NaOH and 5% liquid glass on specific surface 



 

of tripoli Ssp=400 m2/kg and the gypsum additive content of 4% (Figure 1b). 
Frost resistance of aerated materials is 25-30 cycles that is lay within the changes frost resistance of 
matrix material – F25-50. The maximum value of the frost resistance of aerated composites were 
obtained on Ssp=400 m2/kg, and the content of additives gypsum is 4%. The similar values of frost 
resistance of silicate matrix were obtained in the mixture of tripoli particles Ssp=400 and Ssp=600 
m2/kg in equal proportions and gypsum content 2.5%. 
 
 
a) 

 

b) 

 
 

Figure 1 The influence of additives NaOH and liquid glass on coefficient of heat conductivity λ (a) and 
softening coefficient ks (b) an for a fixed value additive of gypsum 4% 

 
The critical coefficient of stress intensity kIc under the influence of all factors varies by 1.8 times, from 
0.91 to 1.64 MPa·m-0.5 (Figure 2a, b). Ssp tripoli acts on kIc. According to the ES models, taking into 
account the quantities of Ssp tripoli, which provide maximum and minimum values kIc, the ratio δkIc = 
kIc

max/kIc
min=1.1÷1.47 time was calculated (Figure 2c). 

 
a) 

 

c) 

 

b) 

 
 

Figure 2 The changing the maximum (a) and minimum (b) values kIc under the influence of content’s and 
technological factors, taking into account the values of Ssp of tripoli determining the maximum and minimum 

values kIc respectively. Relative change ratio δkIc = kIc
max/kIc

min (c) due to changes of Ssp of tripoli. 
 



 

The maximum values of the critical stress intensity factor kIc=1.64 MPa·m-0.5 of aerated composites 
are equal to kIc of matrix material and the minimum value kIc = 0.91 MPa·m-0.5 of aerated composites 
are twice as kIc of the matrix material (Shinkevich E., Zaytsev Yu., 2012). In this case, the maximum 
and minimum values kIc for porous composite and the matrix material were obtained at the different 
values of tripoli Ssp. Thus, maximum kIc for aerated composites was obtained on Ssp=600 m2/kg, and 
for the matrix material – on the mixture Ssp=400 and Ssp=600 m2/kg with an equal ratio, that may be 
associated with different particles density in the volume and cramped conditions of aerated. 
The visualization of ranges of property changes under the influence alkali-containing additives and 
the specific surface area of tripoli is shown in Figure 3. 
Thus, changed conditions of structure formation by introducing alkali-containing additives promoting 
aerated, predetermine the introduction of tripoli with a specific surface area, which may be connected, 
in this case, with the formation of the matrix structure in "straitened circumstances" of interporous 
partitions. For obtaining optimal compositions of porous composites, introducing alkali-containing 
additives they condition the necessitate of changes Ssp of tripoli and adjustment of the content of 
gypsum additives compared with the optimal composition of the silicate matrix at constant 
quantitative content of other components for the mixture and the conditions of their hardening. 
This change of the properties is associated with the change of structural parameters of porous 
composites under the influence of alkali-containing additives and Ssp of tripoli. 
 

 
 

Figure 3 The relative influence of the studied factors and their interactions on the change of properties 
 
To analyze the impact of the structure characteristics on the properties the ES models of change of 
total, open and closed porosity and parameters of capillary porosity: dk and αk were calculated. The 
content of closed pores can be increased by reducing the content of open pores 1.7 times. 
The total porosity can be increased to 30%. The average size of the capillaries dk is changed in 4.3 
times, the coefficient of distribution uniformity according to their size αk – in 2.3 times. 
In the next phase of research using the computational experiments (Lutskin E., 2011) according to ES 
models, the comparative analysis of property changes and the structure characteristics of the silicate 



 

matrix and aerated composites based on the isoparametric conditions at the constant total porosity 
Ptot=const=40% was carried out. 
 

a) 

 
b) 

 
 

Figure 4 The comparative analysis of the changes in the properties and characteristics of the structure of the 
silicate matrix and of aerated composites on based it under isoparametric conditions:  

Ptot=const=40% (a) and Rb=const=15.0 MPa (b). 
 
It was found that at the constant total porosity Ptot=const=40% the aerated composites are 



 

characterized by kIc=1.2÷1.35 MPa·m-0.5, that 1.5÷1.7 times higher and the coefficient of heat 
conductivity is 1.8÷2.8 times lower than at the matrix material, the softening coefficient is ks≥0.95 
(Figure 4a). 
This improvement is connected with change of the structure parameters. Thus, at the aerated 
composites comparing with the silicate matrix the ratio of the open and closed pores is reduced 3.5 
times, the average size of the capillaries relative dk from 1.2 to 0.35 is reduced more than 3 times. 
A similar comparative analysis of property changes and structure characteristics of the silicate matrix 
and aerated composites based on isoparametric conditions was carried out at Rb=const =15.0 MPa.  
Under these conditions, the levels of the properties and their variation intervals vary: λ is decreased 1.5÷2 
times, ks=1.0, kIc=1.1÷1.45 MPa·m-0.5, it confirms the ambiguous influence Рtot on Rb; Rb is determined 
not only by the total porosity, but also a variety of other characteristics of the structure. 
The optimization problem was to obtain the aerated composites on the silicate matrix, which physic-
mechanical properties were above the properties of the silicate matrix. 
The isoparametric analysis while retaining Rb=const=15 MPa and Ptot=const=40% showed that the 
ranges of other properties and structure parameters are significantly reduced: δλ=20%, δRbtb=18%, 
δks=6%, δkIc=7%, δРtot – 10%, δαk – 5% with aerated composites simultaneously with two properties 
of specified level (Rb и Рtot) (Table 1). 
 

Table 1. The changing of the properties and structure parameters of aerated composites  
in isoparametric conditions Ptot=const=40% and Rb=const=15.0 MPa 

 

 Main properties and structure parameters  
of aerated composites 

Specific surface area  
of tripoli Ssp [m2/kg] 

Ssp=400 Ssp=500 Ssp=600  
1 Compressive strength Rb [MPa] constant 15 MPa 
2 Total porosity Рtot [%] constant 40 % 
3 Bending strength Rbtb [MPa] 2.45 2.75 2.98 
4 Coefficient of softening ks  1.00 0.94 0.94 
5 Critical coefficient of stress intensity kIc [MPa·m-0.5] 1.31 1.28 1.37 
6 Coefficient of heat conductivity λ [Wt/m·К] 0.42 0.43 0.43 
7 Frost resistance F [cycles] 28 27 29 
8 Ration open and closed porosity Рopen/Рclose 1.47 1.24 1.48 
9 Average size of the capillaries αk 0.55 0.53 0.56 

10 Coefficient of uniformity of distribution of capillaries size dk 0.58 0.72 0.60 
 
Changes of δλ, δRbtb, δks, δkIc associated with the presence of a mixture of different specific surface of 
tripoli, which confirms its significant influence on the formation of the structure as a silicate matrix as 
aerated composites based on it. It allows regulating the properties and structure characteristics of the 
materials at the constant compressive strength and porosity by varying the specific surface of tripoli. 
 
5. Conclusions 
The mechanism of formation structure and properties of complex activated lime-silica mixture, 
modified by the filler in the form of tripoli on quick lime was proposed. 
It is shown that the particles of tripoli contribute to seal structure of silicate matrix and the formation 
of discontinuous structure of capillaries, including its own microporosity. Furthermore, due to the 
high sorption capacity the tripoli pores can be the matrix from ultrafine size hydrosilicates, which 
properties differ from the properties of the calcium hydrosilicates formed in the mixture free space. It 
contributes to obtain the aerated composites with high physical and mechanical properties. 
Thus, the structure modification of the silicate matrix by using quicklime, alkali-containing additives, 
and tripoli predetermined specific surface area, allows adjusting the levels of the properties and 
structure parameters of the aerated composites on silicate matrix in a wide range. 
According to the results of optimization the contents are recommended which allow to get aerated 
composites on the silicate matrix given grades of strength, heat conductivity and frost resistance: 



 

compressive strength Rb – 10 MPa, 12.5 MPa, density ρ=1300÷1400 kg/m3, frost resistance F25, heat 
conductivity λ=0.30÷0.40 Wt/m·K, critical coefficient of stress intensity kIc≥1 MPa·m-0.5, coefficient of softening 
ks≥0.9. 
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Abstract 
Formation of polymeric cementitious binders via alkaline activation of aluminosilicates has gained significant attention 
within the manufacturing and building sectors in recent years.  Given the diversity of aluminosilicate source materials 
employed in these systems, such as fly ash, blast furnace slag, calcined kaolinite, etc, the chemistry of raw materials 
play a crucial role in both kinetics and stability of solid phase evolution which govern chemical and physical properties 
of resultant products.  This paper analyses the effects on elemental composition of raw materials on the overall alkaline 
activation process; from dissolution to end-product  properties.  A range of analytical techniques including X-ray 
synchrotron analysis has been used to characterise amorphous and zeolitic domains from a range of raw materials.   In 
particular, the tendency of aluminosilicate source materials with defined amorphous SiO2/Al2O3 ratios to nucleate 
sodium aluminosilicate zeolitic phases originating from Na2O-Al2O3-SiO2-H2O gel assemblages is investigated, 
alongside the dominant influence of Ca ions and residual cationic species based on identifiable compositional domains 
within ternary phase diagrams. Stable phase assemblages and optimal compositional ranges for different systems are 
discussed with respect to phase development, microstructural changes and their relationship to long term strength 
development and chemical resistance.  
 
Originality 
The need to gain clearer understanding of key factors governing fundamental reaction chemistry of Geopolymer 
systems alongside the inter-play between feedstock materials and basic engineering parameters such as binder setting 
characteristic continues to pose significant challenges to the development of practical and useable protocols for 
geopolymer concrete mix design. Accordingly, the present study investigates relative dependencies of  type, chemical 
composition and reactivity of raw materials and how these factors alters the chemistry of the resulting geopolymers 
and, hence, end-product properties and durability. The range of anlytical tools employed in the present study including 
high resolution Synchrotron XRD patterns, in agreement conventional XRD technique, disclose presence  of nano-
crystalline particles embedded in the amorphous matrix with possible long-term durability implications. The study 
further demonstrates that decreasing of SiO2/Al2O3 ratio (or increasing Al2O3) favour higher strengths reaching a 
maximum ratio of SiO2/Al2O3 ~3.50 and remains constant thereafter. There also exists optimum SiO2/Al2O3 ratio (3.20-
3.70) which yields mixes with longer setting time and higher strengths. 
  
 
Keywords: geopolymer; X-ray synchrotron, alumino-silicates,  fly ash, metakaolin, zeolites,   
 



 

1. Introduction 
Alkali activated binder systems comprise of a group of inorganic polymers obtained by low-
temperature alkali activation of alumina (Al2O3) and silica (SiO2) containing materials. The binding 
mechanism involves the dissolution of Al and Si in the alkali medium, transportation (orientation) of 
dissolved species, followed by a polycondensation process, forming a polymeric network of silico-
aluminate structures (Davidovits, J, 1994). Dissolution, hydrolysis and condensation reactions of 
metakaolin in alkaline conditions (with high and low Si/Al ratios) have been discussed in detail by 
number of authors (Swaddle, T.W. 2002; Weng, L et al, 2001). Depending on the Si/Al ratio (degree 
of polymerisation), the chemical and physical properties of the geopolymers can be varied. A low 
Si:Al ratio (e.g.1, 2 or 3) initiates a 3D-Network which is very rigid.  However, the polymeric 
character of geopolymers increases with increasing Si/Al ratio. The type, chemical composition and 
reactivity of the raw materials and the curing conditions play a major part in controlling the chemistry 
of the resulting geopolymers, and hence the properties.  
 
Condensation can occur between aluminate and silicate species or silicate species themselves, 
depending on the concentration of Si in the system. With mixtures with low Si/Al ratios (= 1), 
condensation predominantly occurs between aluminate and silicate species, resulting in mainly 
poly(sialate) polymer structures. The presence of [SiO2(OH)2]

2– ions is preferred to [SiO(OH)3]
– in 

very high alkaline conditions. Likewise, when the Si/Al ratio increases (>1), the silicate species 
formed as a result of the hydrolysis of SiO2, tend to condense among themselves to form oligomeric 
silicates (refer: Equations 1 and 2). These oligomeric silicates in turn condense with Al(OH)44–, 
forming a rigid 3D network of polymer structures [poly(sialate-siloxo) and poly(sialate-disiloxo)]. 
 
Dissolution of SiO2 and Al2O3: 

SiO2 + Al2O3        →     SiO2(OH)2
2- or SiO(OH)3

-1+ Al(OH)4
-   (1) 

 
Orientation and Polycondensation of aluminate and silicate species: 

M+ + SiO2(OH)2
2- or SiO(OH)3

-1+ Al(OH)4
-  →   (NASH) Sodium Aluminate Silicate Hydrate gel 

(M+ - alkali metal ion)         (2) 
 
 
Apart from some differences in synthetic conditions, the basic process of geopolymer formation has 
many similarities to that of zeolites, another group of silico-aluminates. As the starting materials for 
the synthesis are more or less similar, some classes of geopolymers are often regarded as similar to 
zeolites in chemical composition (Fernandez–Jimenez, A. Palomo, A., 2005). The key difference 
between zeolites and geopolymers is notionally linked to their respective relative levels of matrix 
phase crystallinity. The geopolymer phase is typically “X-ray amorphous” in contrast to the well-
developed crystalline structures of zeolites. From thermodynamic viewpoint, geopolymer phases are 
considered as metastable with respect to zeolites. This makes the synthesis of geopolymers quite 
challenging and, a thorough understanding of the underlying chemistry of these systems is a 
necessity.Defining the extent of crystallinity or the amorphous nature of the geopolymer phase is 
rather challenging as sometimes the crystalline morphologies can be present as nano-crystalline 
particles embedded in the amorphous matrix. Conventional XRD is a popular technique used to 
analyse well developed crystalline materials, but, it has some limitations in detecting initial crystal 
growths/nano-crystalline particles. One of the advanced techniques that can be considered in 
geopolymer phase analysis & identification is the Synchrotron. High intense radiation of Synchrotron 
light is found to have many useful properties and is currently used in a wide range of non-destructive, 
high-resolution, rapid, in-situ, real-time imaging and analysis techniques.  
 
More broadly, the mechanism of geopolymerisation and the properties of resulting products are 
controlled by several factors. One of these is the nature and composition of the source materials. The 
variations of the alkaline activators are usually limited as they are derived from sodium/potassium 



 

silicates and/or hydroxides. However, the chemical and physical characteristics of aluminosilicate 
source material can vary widely because of source origin (geological history), thermal processing, 
particle size, total SiO2 and Al2O3 content and reactive (amorphous) phase content. In addition, the 
presence of  other elemental oxides (oxides of calcium, magnesium and iron etc) as minor phases in 
the raw material also can play a vital role as they can provide network modifying cations to the 
geopolymerisation process (Diaz E. I.  et al,. 2010; Duxson P et al., 2008). Current common sources 
of aluminosilicate materials investigated in geopolymer synthesis are metakaloin (calcined kaolinite), 
fly ash (a by-product of coal combustion process) and blast-furnace slag (a by-product of iron 
manufacturing process (Steveson, M. et al 2005; Palomo et al 1999, Jaarsveld, J.G.S.,  et al 2002; 
Van Jaarsveld. J.G.S., et al., 2003; Chindaprasirt, P. et al.,  2011). Metakaolin is considered a pure 
aluminosilicate source material that can be nearly 100% reactive in the alkaline medium resulting pure 
M2O-Al2O3-SiO2-H2O geopolymer phase. Conversely, the composition of fly ashes is generally 
variable depending on the composition of original coal. In general Class F fly ash also contains mainly 
alumina and silica phases, most of which are reactive in alkaline medium, and generally produce M2O-
Al 2O3-SiO2-H2O geopolymers. However, Class C fly ash (derived from lignite coal sources) and blast 
furnace slag contain, in addition to alumina and silica phases, considerable amounts CaO.  Calcium 
oxide gives fly ash and slag pozzolanic properties and the presence of calcium in a cement system can 
change its setting characteristics. Therefore, when calcium is present in a M2O-SiO2-Al 2O3-H2O 
system, some changes in the chemistry, especially with respect to setting and hardening processes, are 
to be expected (Chindaprasirt, P. et al., 2012).  This paper investigates the effects on elemental 
composition of raw materials on the overall alkaline activation process including dissolution and the 
formation of initial stage gel and final product. Several techniques such as conventional XRD, 
Synchrotron XRD, EDAX were used to characterise microstructural development of phases. Stable 
phase assemblages and optimal compositional ranges for different systems are investigated and 
discussed with respect to phase development, microstructural changes and their relationship to long 
term strength development. 
2. Experimental 
2.1. Raw Materials 
A variety of materials such as metakaolin, obtained by calcining kaolin (Commercial Minerals, 
Australia, 47.3 wt% SiO2, 35.7 wt% Al2O3, 3.1 wt% other minerals) and class C fly ash (Mae Moh 
Power Station, Thailand) have been used as the main aluminosilicate sources. N-grade sodium silicate 
(8.9 wt% Na2O, 28.7 wt% SiO2, 62.5 wt% H2O – from PQ Australia) and laboratory grade NaOH were 
used as the alkali sources. Rice husk ash (RHA), nano Silica and nano alumina were also used as 
additional silica and alumina sources to obtain required elemental oxide ratios in the calcium based 
systems. 
2.2. Experimental Process 
2.2.1  Paste sample preparation for Non-Ca systems: Characterisation of amorphous and zeolitic 
domains  
Seven mix formulations (numbered as 1-7), as shown in Table 1, with changing SiO2, Al2O3 and Na2O 
molar ratios have been used in this study. Relatively low water contents representative of geopolymer 
synthesis were adopted. The water content in each system included the total water content derived 
from NaOH, sodium silicate and extra added water. A low temperature (40oC) continuous curing was 
adopted. At low temperatures, the reactions occur at a lower rate hence the development of new 
phases. Slow rate phase development would help gaining more information about the pattern of 
reactions. The domain of the mix formulations and compositions of Na-zeolites that are known to 
be stable at low temperature (up to 100oC) shown in the Na2O-Al2O3-SiO2-H2O phase 
compositional diagram in Fig 1. 
 
 
 
 
 



 

Table 1: Mix Formulations 
  

Sample              Initial composition SiO2 
(moles) 

Al 2O3 
(moles) 

Na2O 
(moles) 

SiO2/Al 2O3

(molar 
ratio) 

1 1.0Na2O.1.0Al2O3.3.8SiO2.13.6H2O 3.81 1.0 1.0 3.81 

p 1.0Na2O.1.0Al2O3.3.4SiO2.13.6H2O 3.40 1.0 1.0 3.40 

2 1.0Na2O.1.0Al2O3.3.0SiO2.13.6H2O 3.00 1.0 1.0 3.00 

3 1.0Na2O.1.0Al2O3.2.5SiO2.13.6H2O 2.50  1.0 1.0 2.50 

4 1.0Na2O.0.6Al2O3.3.0SiO2.13.6H2O 3.00 0.6 1.0 5.01 

q 1.0Na2O.0.7Al2O3.3.0SiO2.13.6H2O 3.00 0.7 1.0 4.28 

r 1.0Na2O.0.8Al2O3.3.0SiO2.13.6H2O 3.00 0.8 1.0 3.76 

5 1.0Na2O.1.2Al2O3.3.0SiO2.13.6H2O 3.00 1.2 1.0 2.50 

6 0.7Na2O.1.0Al2O3.3.0SiO2.16.3H2O 3.00 1.0 0.7 3.00 

7 1.4Na2O.1.0Al2O3.3.0SiO2.13.6H2O 3.00 1.0 1.4 3.00 

   

 
  
 Fig. 1 Na2O-SiO2-Al 2O3-H2O compositional diagram showing mix formulations 
In preparing the mixtures, solid NaOH was first dissolved in sodium silicate solution, followed by the 
addition of water if necessary. The solution was cooled to room temperature before mixing with 
metakaolin. Mixtures were cast in 30 mm diameter by 50 mm high cylindrical containers that were 
sealed to prevent moisture loss. Specimens were subsequently cured at 40°C and 95% RH. Care was 
taken to minimize the time between sample preparation and curing for all mixtures. Specimens were 
removed from the moulds after 24 hrs and placed in sealed polythene bags and continued to cure at 
40oC and 95% RH.Samples were tested for compressive strength, at different curing times up to 210 
days. The average value of three measurements was considered as the reported strength of the compact. 
Portions of these samples were used in solid phase analysis. The development of microstructure and 
geopolymer phases was observed by scanning electron microscopy (SEM) and conventional X-ray 
diffractometry (XRD). Ground, powder samples were used in XRD analysis. Fracture samples, (dried 
under vaccum) coated with gold was used in the SEM study, and compositional analysis of phases was 
carried out using energy dispersive X-ray analysis (EDAX).  A separate set of mixtures of the all mix 
formulations shown in Table 1, including p, q, r formulations, were prepared for setting time 
measurements. Setting time trials were also performed at 40oC, using standard Vicat needle apparatus. 
The details of the procedures are available in (De Silva, P. et al., 2007; De Silva, P. et al., 2008) 
2.2.2. X-ray synchrotron analysis 
A set of samples with the same compositions as in Table 1 were prepared and cured at 80oC for 24hrs. 
Ground portions of these samples were analysed using Synchrotron XRD technique.  
 

 
 
 
1-7 mix formulations 



 

2.3 Sample preparation for Ca based systems 
A mix formulation of Na2O.1.17Al2O3.4.80 SiO2.11.45H2O with SiO2/Al2O3 ratio ~ 4 was used as the 
control mix. Series of mixes with changing SiO2/Al 2O3 ratios, as shown in Table 2,  were prepared 
using eithernano-silica, nano-alumina or RHA. Samples were prepared as indicated in section 2.2.2 
and cured at 60oC for 24 hrs. Analysis of samples was also carried out as indicated in section 2.2.2. 
The detailed procedures are available in (Chindaprasirt, P.  et al., 2012)A separate set of mixtures of 
the same mix formulation were prepared for setting time measurements. Setting time trials were 
performed at room temperature, i.e., 22°C, using standard Vicat needle apparatus. 
Table 2: Mix formulations of Ca based systems 

Mix 
Designation  

Added SiO2 or Al2O3 
amount (moles) 

Molar composition SiO2/Al 2O3 

1 Control mix Na2O.1.17Al2O3.4.80 SiO2.11.45H2O 4.00 
2 0.14SiO2 (nano-SiO2) Na2O.1.17Al2O3.4.94 SiO2.11.45H2O 4.22 
3 0.18SiO2 (nano-SiO2) Na2O.1.17Al2O3.4.98 SiO2.11.45H2O 4.26 
4 0.25SiO2 (nano-SiO2) Na2O.1.17Al2O3.5.05 SiO2.11.45H2O 4.32 
5 0.14SiO2 (RHA) Na2O.1.17Al2O3.4.94 SiO2.11.45H2O 4.22 
6 0.18SiO2 (RHA) Na2O.1.17Al2O3.4.98 SiO2.11.45H2O 4.26 
7 0.25SiO2  (RHA) Na2O.1.17Al2O3.5.05 SiO2.11.45H2O 4.32 
8 0.50 SiO2 (RHA) Na2O.1.17Al2O3.5.30 SiO2.11.45H2O 4.53 
9 0.80 SiO2 (RHA) Na2O.1.17Al2O3.5.60 SiO2.11.45H2O 4.79 
10 0.20 Al2O3 Na2O.1.37Al2O3.4.80 SiO2.11.45H2O 3.50 
11 0.30 Al2O3 Na2O.1.47Al2O3.4.80 SiO2.11.45H2O 3.27 
12 0.33 Al2O3 Na2O.1.50Al2O3.4.80 SiO2.11.45H2O 3.20 
13 0.50 Al2O3 Na2O.1.67Al2O3.4.80 SiO2.11.45H2O 2.87 
14 0.70 Al2O3 Na2O.1.87Al2O3.4.80 SiO2.11.45H2O 2.57 

3. Results and Discussion 
3.1  Amorphous and Zeolitic domains in Non Calcium Na2O-Al2O3-SiO2-H2O Geopolymer Systems  
XRD results obtained in this study for the metakaolin based samples (mix 1 & 3) cured continuously 
at 40oC for different curing times are shown in Fig 2.  (Mix 1 and 3 had same Na2O, H2O content but 
different SiO2 and Al2O3 contents with SiO2/Al 2O3 ratios of 3.8 and 2.5 respectively). At 3 days, the 
XRD patterns of these samples look alike with both showing the presence of a broad peak around 28° 
2-theta corresponding to the Na2O-Al2O3-SiO2-H2O gel (geopolymer) phase. The XRD pattern seemed 
to be stable throughout the cure duration for the mix 1. In contrast there is a considerable change of the 
phase development with time in mix 1. Crystalline phases start to appear in mix 3 with the curing time 
and, at 210 days, the microstructure is dominated by the presence of zeolitic phases such as zeolite A, 
zeolite P and faujasite. From these results it is apparent that low SiO2/Al 2O3 ratios (=2.5) tend to 
develop zeolitic phases in these systems. The amorphous phase seems to be stable throughout curing 
for higher SiO2/Al 2O3 ratios (≈4).  
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Figure 2: Phase development with curing, by conventional XRD techniques, of alkali activated 
metakaolin mixtures (a) SiO2/Al2O3 ratio = 3.8, mix 1 (b) SiO2/Al2O3 ratio = 2.5, mix 3 (after Ref 13) 
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 The presence of nanocrystalline particles, which have been identified as zeolitic structures, embedded 
in the geopolymer gel has been reported (Provis, J.L. et al., 2005; Palomo, A. et al., 1999; Fletcher, 
R.A. et al., 2005) Considering the similarities in chemistry and synthesis routes of geopolymers and 
zeolites, these findings are not totally surprising. However, for a geopolymer product, the 
establishment of synthesis conditions that can lead to crystal formation is important for assessing the 
potential impact on the final properties (both chemical and physical). In hydrated CaO-Al2O3-SiO2 
systems (Portland and pozzolanic cements), for example, the formation of zeolitic phases from 
corresponding gel phases has been shown to have significantly altered the immobilization potential of 
these cements towards various waste metals (De Silva, P.S. et al., 1993; Atkins, M. et al., 1995). 
Similar changes may also be expected to occur in hydrated Na2O-Al2O3-SiO2 systems. 
It has been postulated that the degree of crystallization in geopolymer systems is largely related to the 
system formulation and conditions of synthesis (Provis, J.L. et al., 2005). In geopolymer or zeolite 
formation, a number of factors seem to control the chemistry and nature of the final product. For 
instance, higher temperatures (≥100°C) and pressures are generally considered prerequisites of zeolite 
formation. Nevertheless, some zeolite types can be synthesized at lower temperatures, or even under 
ambient conditions (D.W. et al.,1974; Atkins, M. et al.,1995; Breck,; Valtchev, V.P. et al.,2004]. 
The concentration and type of alkaline activators, water content, and SiO2 and Al2O3 contents of the 
source materials, and exposure environments, are also reported to have an influence on the formation 
of crystalline zeolitic phases in hydrated Na2O-Al2O3-SiO2 systems (J.L et al., 1992; Murayama, N. et 
al., 2002; LaRosa, Kriven, W.M. et al., 2004; Fernandez–Jimenez, A. et al., 2005; Inada, M. et al., 
2005). The role of SiO2/Al2O3 content on zeolitic phase development, especially the type and form of 
zeolitic phase, in geopolymer systems is reported elsewhere (De Silva, P.S. et al., 2008; 
Hajimohammadi,  A. et al., 2010). 
3.2 Synchrotron X-Ray Analysis 
Figure 3 shows the Synchrotron XRD patterns for mixes 1, 2 and 3. The pattern of mix 3 is in 
agreement with that of obtained using conventional XRD and shows a number of crystalline phase 
developments. However, the pattern of mix 1 does not depict a total amorphous look as was shown 
with conventional XRD. Instead mix 3 pattern contains some crystalline peaks, perhaps the nano-
cryatlline phases embedded in the gel, which were not detectable by conventional XRD.  This is an 
important finding as it  demonstrates that commonly used  geopolymer composition with SiO2/Al 2O3 = 
4 are may not likely be entirely  100% amorphous. This in turn begs the question about long term 
stability of such geopolymer phases and its subsequent structural implications.  A detailed analysis of 
synchrotron XRD results of the samples investigated in this paper will be available in a separate 
publication.  
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Synchrotron XRD analysis of alkali activated metakaolin mixtures: Mix 1, Mix 2 and Mix 3 
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3.3 Strength and Microstructure Development: Non-calcium Na2O-Al2O3-SiO2-H2O Systems: 
Fig 4 shows the typical pattern of obsetved somewhat linear relationship between SiO2/Al 2O3 ratio and 
setting time for investigated alkali activated metakaolin systems. The influence of several factors, 
especially SiO2/Al 2O3 ratio, on the setting and hardening characteristics of ordinary geopolymer 
systems (systems without calcium) has been well reported (Steveson M. et al, 2005; De Silva, P. et 
al., 2007; De Silva, P. et al., 2008). The changes in setting characteristics have been explained in 
terms of available SiO2 and Al2O3 content in the original compositions. Setting is typically associated 
with the sodium aluminate silicate hydrate gel (NASH) formation. When the system is high in SiO2 
more silicate species are available for condensation and reaction between silicate species, resulting 
oligomeric silicates, becomes dominant. And further condensation between oligomeric silicates and 
aluminates result in a rigid 3D net works. The rate of condensation between silicate species is slow 
and, this normally leads to longer setting times. Correspondingly, when the system has excess Al2O3, 
increased aluminate (Al(OH)4

-) species become available for the reaction leading to a faster rate of 
condensation between Al(OH)4

- and silicate species and  shorter setting times (De Silva, P. et al., 
2007). 
Increasing SiO2/Al 2O3 ratio also increases the strength but only up to about SiO2/Al 2O3 = 4 and 
strength decreases thereafter. SiO2/Al 2O3 ratios around 3.50 - 4.00 has been accepted as the most 
suitable for optimal strength characteristics for calcium free geopolymer systems. Strength decrease, 
especially for the systems with SiO2/Al 2O3 ratio < 3, has been attributed to the development of 
crystalline zeolitic phases in high Al2O3 systems. Figure 5 shows the scanning electron micrographs of 
mix 1 and 3. The system of SiO2/Al 2O3 ratio ~ 4 (mix 1- Fig 4a) is characterised by a dense 
homogeneous phase which accounted for its high strengths.  Compared to this, the system with lower 
SiO2/Al 2O3 ratio, 2.5 (mix 3, Fig 4b) seemed to have porous microstructures, which possibly explains 
the observed low strengths in these samples. By EDAX analysis it has been confirmed the crystalline 
grains present are as partially developed chabazite-like crystals (De Silva, P. et al., 2008).  

 
Figure 4: Final setting times and compressive strength with respect to SiO2/Al2O3 ratio of alkali 
activated metakaolin system (after De Silva, P. et al., 2007 ) 
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Figure 5: SEMs of fracture surfaces of alkali activated metakaolin systems (a) SiO2/Al2O3 ratio 3.8 (b) 
SiO/Al2O3 ratio = 2.5 (after De Silva, P. et al., 2008) 



 

3.4. Solid phase evolution: Calcium based (CaO)Na2O-Al2O3-SiO2-H2O Geopolymer Systems:  
The role of SiO2/Al 2O3 ratio on the setting and hardening properties of geopolymers, of the mix 
compositions provided in Table 2, made with high calcium fly ash has been previously published 
(Chindaprasirt, P.  et al., 2012). It has been found that the two systems, with and without calcium, 
appear to act differently in many ways. Combined final setting times and compressive strength with 
respect to SiO2/Al 2O3 molar ratio of alkali activated high calcium fly ash based systems are shown in 
Fig. 6.  It is evident that setting time characteristics and strength development do not follow the same 
trend. Decreasing of the SiO2/Al 2O3 ratio (or increasing Al2O3) favours higher strengths reaching a 
maximum at around SiO2/Al 2O3 ratio 3.50 and remains constant thereafter. There is an optimum 
SiO2/Al 2O3 ratio (3.20-3.70) which leads to products with longest setting time with reasonably high 
strengths. 
The main concern with calcium containing system is its rapid setting property and hence low 
workability. Calcium sources are generally used to accelerate the setting of low calcium fly ash-based 
geopolymers (Temuujin J, et al., 2009) and metakaolin based geopolymer systems [Yip C.K. et al., 
2005, Yip C.K  et al., 2008). The setting is believed to be due to the formation of CSH phase. The 
coexistence of CSH phase with the geopolymeric gel has been shown to improve the mechanical 
properties of the final product (Temuujin J, et al., 2009). The role of calcium sources such as Ground 
granulated blast furnace slag (GGBFS), cement, wollastonite (CaSiO3) and Ca(OH)2 on mechanical 
properties of metakaolin geopolymer is reported elsewhere (Yip C.K et al., 2008). Specifically, the 
effects of different calcium silicate sources on geopolymerisation seems to be highly dependent on the 
crystallinity and thermal history of the calcium silicate sources, as well as the alkalinity of the alkaline 
activator. 

 
Figure 6: Final setting times and compressive strength with respect to SiO2/Al2O3 ratio of alkali 
activated high calcium fly ash system (after (Chindaprasirt, P.  et al., 2012) 
The key difference in high calcium based systems is the availability of Ca+2 ions arising from 
dissolution of CaSO4 and CaO phases. Hence, during the setting process, and considering the Na2O-
SiO2-Al 2O3-CaO-H2O system as a whole, the dissolution-precipitation reactions and hence the stable 
equilibrium phase assemblages involving these oxides have been shown to mainly depend on the pH 
of the medium and oxide concentration (Garcia-Lodeiro I, et al., 2011). The initial reaction pathway is 
typically governed by the CSH, CASH or NASH gel formation process. It has been shown that at high 
pH (>12) and with certain amount of CaO, Al2O3 and SiO2, the presence of calcium degrades NASH 
in favour of CASH or (NC)ASH formation.  
Fast dissolution of highly active Al2O3 and SiO2 sources in high pH medium provides high initial 
concentrations of silicate (SiO2(OH)2

2- or SiO(OH)3
-1) and aluminate (Al(OH)4

-1) to react with Ca+2 
forming CASH phase resulting shorter setting times. Therefore, increase in both SiO2 and Al2O3 tend 
to decrease the setting time giving an optimum SiO2/Al 2O3 ratio for the longest setting time.  The 
reaction between Ca+2 and aluminate, silicate species continues until all the available Ca+2 ions are 
exhausted and,  with time, concentration of Ca+2 becomes the limiting factor for this reaction. The pH 



 

of the system also decreases with time, due to the consumption of OH- during hydrolysis to further 
form silicate and aluminate species. The low pH and limited Ca+2 environment facilitate the 
polymerization reaction between silicate and aluminate species producing NASH gel.   

Possible dissolution-precipitation reactions occurring during setting and hardening processes 
of high calcium based systems are proposed as follows; 

i. Dissolution of SiO2, Al2O3 and calcium sources (CaSO4 & CaO). 
 

SiO2 + Al2O3              SiO2(OH)2
2- or SiO(OH)3

-1+ Al(OH)4
- 

  
CaSO4 , CaO    Ca+2 + SO4

-2 + OH- 
 

ii. Precipitation reactions 
 

Ca+2 + SiO2(OH)2
2- or SiO(OH)3

-1+ Al(OH)4
-   CASH gel  (1) 

 
Na+ + SiO2(OH)2

2- or SiO(OH)3
-1+ Al(OH)4

-   NASH gel  (2) 
 
As CASH gel is stable at high pH (>12) environments and reaction 1 is dominant in the setting 

process whereas reaction 2 becomes feasible at lower pH (9-12) where NASH is stable. Therefore 
reaction 2 becomes secondary in these systems with mainly responsible for strength development. 
4. Conclusions 

1. XRD traces reveal initiation of crystalline phases at 210 days with the microstructure 
dominated by the presence of zeolitic phases such as zeolite A, zeolite P and faujasite. It is 
apparent that low SiO2/Al 2O3 ratios (=2.5) tend to develop zeolitic phases 

2. Synchrotron XRD patterns, in agreement conventional XRD, reveal a number of crystalline 
phase developments. Most importantly, Synchrtron XRD analysis was able to detect nano-
crstalline phases embedded in the gel that were not dectable by conventional XRD analysis.  

3. In calcium based systems, at high pH (>12) and with limited amounts of CaO, Al2O3 and SiO2, 
the presence of calcium degrades NASH in favour of CASH or (NC)ASH formation. The 
reaction is characterised by  dissolution of highly active Al2O3 and SiO2 sources providing 
high initial concentrations of silicate (SiO2(OH)2

2- or SiO(OH)3
-1) and aluminate (Al(OH)4

-1) to 
react with Ca+2 forming CASH phase resulting shorter setting times. Therefore, increase in 
both SiO2 and Al2O3 tend to decrease the setting time giving an optimum SiO2/Al 2O3 ratio for 
the longest setting time.   

4. In both, non – calcium and calcium based, systems the strength development is linked to the 
formation of NASH phase. 

5. For non-calcium systems, decreasing of the SiO2/Al 2O3 ratio (or increasing Al2O3) favours 
higher strengths reaching a maximum at around SiO2/Al 2O3 ratio 3.50 and remains constant 
thereafter. There is an optimum SiO2/Al 2O3 ratio (3.20-3.70) which leads to products with 
longest setting time with reasonably high strengths. A similar SiO2/Al 2O3 appears to be giving 
best performanced systems for calcium based systems.  

6. The general acceptance of the amorphous nature, hence the long term stability, of the 
geopolymer phases associated with optimum SiO2/Al 2O3 ratios, needs further investigation. 
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Abstract 
This paper revealed a viable way to deal with municipal solid waste incineration fly ash (IFA). The IFA was 
incorporated into an alkali-activated ground granulated blast-furnace slag (GGBS) matrix to be used as building 
material. Material characterization, mechanical strength and heavy metal leaching were presented for the resulted 
products. It showed that though IFA could interfere the alkali-activated process of GGBS to some extent and the 
compressive strength of GGBS-IFA matrix decreased with the increase of IFA replacement, the compressive strength of 
60% IFA replacement GGBS matrix could still reach 16.6 MPa. The heavy metal leaching test showed that alkali-
activated GGBS incorporating IFA could be an effective way to immobilize heavy metals in IFA and it is safe to use 
alkali-activated GGBS-IFA matrix as building material. 
 
Originality 
An alkali-activated GGBS incorporating IFA mortar has been successfully prepared, and the compressive strength of 
60% IFA replacement GGBS matrix could reach 16.6 MPa, which showed its potential to be used as building material. 
So the first originality of this paper is to reveal a new way to deal with IFA and re-use it for civil application.  
As is known, heavy metal leaching is a big issue for IFA, and heavy metal immobilization is necessary when IFA is 
disposed. In this paper, alkali-activated GGBS incorporation IFA is considered as a way to immobilize heavy metal. So 
the research on evaluation of heavy metal leaching performance of alkali-activated GGBS incorporation IFA is the 
second originality.  
 
Keywords: ground granulated blast-furnace slag (GGBS); alkali-activated; incineration fly ash (IFA); compressive 
strength; heavy metal leaching 
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1. Introduction 
As is known, the production of Ordinary Portland Cement (OPC) is not an environmental friendly 
process. OPC production consumes a huge amount of energy and it is reported that the heat required to 
produce OPC clinker in practice is around 3100-3600 kJ/kg (Popescu C. D. et al., 2003). It is also 
reported that the production of one ton of cement liberates about one ton of greenhouse gas (carbon 
dioxide) to the atmosphere (Hardjito D., 2005), and the annual worldwide production of OPC 
generates about 1.35 billion tons of greenhouse gas, which is equivalent to about 7% of the total global 
greenhouse gas generation (Malhotra V. M., 2002). In light of these problems, in recent years, there 
has been a growing interest in scientific community to develop cementless binders (Popescu C. D. et 
al., 2003; Yang K. H. et al., 2008; Yang K. H. et al., 2009) to replace OPC for construction industry.    
Ground granulated blast-furnace slag (GGBS) is a by-product of iron manufacture industry. Alkali-
activated GGBS has been extensively studied to work as an alternative binder material (Song S. et al., 
2000; Douglas E. et al., 1990; Douglas E. et al., 1991; Wang S. D. et al., 1994; Wang S. D. et al., 
1995) to replace OPC. Wang (Wang S. D. et al., 1995) summarized that alkali-activated GGBS has 
advantages over OPC such as rapid and high strength, good durability and high resistance to chemical 
attack. In addition, another benefit has been found recently, i.e. the incorporation of other waste 
material into alkaline-activated GGBS matrix could be a possible way to deal with waste material. 
Yusuf (Yusuf M. O. et al., 2014) blended GGBS with another solid waste, ultrafine palm oil fuel ash, 
developed a new binder system which achieve a better compressive strength than OPC-based products. 
Rashad (Rashad A. M. et al., 2013) used alkali-activated GGBS to deal with silica fume, which is a 
by-product waste of the production of metallic silicon or ferrosilicon alloys, and normally treated by 
landfill.  The experimental results showed the replacement of GGBS with silica fume up to 15% can 
even improve the compressive strength. Cho (Cho H. N. et al., 2015) incorporated dredged sediment 
waste into alkali-activated GGBS and demonstrated its successful application to be used as concrete. 
Unused coal fly ash, which is usually disposed into landfill, can also be dealt with by incorporation 
into alkali-activated GGBS (Chithiraputhiran S. R., 2012), and some researchers have made detailed 
investigations about the mechanical strength, hydration products and microstructure of alkali-activated 
GGBS/coal fly ash blends (Puertas F. et al., 2000; Shi C. et al., 1999; Puertas F. et al., 2003). Not only 
concrete property requirement can be achieved when waste material is incorporated into alkali-
activated GGBS, it is also found alkali-activated GGBS has superior heavy metal immobilization 
capability (Puertas F. et al., 2003; Deja J., 2002; Shi C. et al., 2006; Malolepszy J. et al., 1994), which 
is of great benefit to the environment.  
With economic development and population increase, municipal solid waste (MSW) has increased 
tremendously over the years. Incineration significantly reduces the volume of MSW by 90% 
(Ontiveros J. L. et al., 1989). However, the residual ash waste still needs to be disposed, normally by 
landfill. In some cities with scarcity of land, like Singapore, there is not enough landfill resource. 
Therefore, to utilize incineration ash, which can reduce the amount of waste and prolong the lifespan 
of landfill, is encouraged. There are two types of incineration ash, i.e. incineration fly ash (IFA) and 
incineration bottom ash (IBA). Unlike IBA, which can be regarded as average quality aggregate (Pera 
J. et al., 1997) and used as road base aggregate (Forteza R. et al., 2004; Izquierdo M. et al., 2001), 
IFA has less possibilities to be utilized in reality. Furthermore, IFA has more leachable heavy metal 
than IBA, and the heavy metal immobilization in IFA is of great concern to the environment.  
To our knowledge, there is no previous study on alkali-activated GGBS incorporating IFA. However, 
given the aforementioned facts, the study of alkali-activated GGBS incorporating can contribute a lot 
of fields such as development of cementless construction material, possible methods of dealing with 
IFA, heavy metal immobilization in IFA, lifespan extension of landfill and land capacity preservation. 
This paper conducted experimental studies on the combined use of GGBS and IFA as raw materials to 
synthesize alkali activated GGBS-IFA mortars. Physical properties and chemical composition of raw 
ingredients as well as resulted products, the mechanical properties of GGBS-IFA mortars, and the 
heavy metal leaching behaviours were evaluated and reported in this paper. 
2. Experimental 
2.1. Raw Materials 



 

Fine GGBS (P8000) with a Blaine fineness of 870 m2/kg was used in this study. The specific gravity 
and the bulk density of said GGBS are 2.9 and 1 mt/m3, respectively. IFA was collected from Keppel 
Seghers Tuas Waste-to-Energy Plant. It is Singapore's fifth incineration plant and is able to treat 800 
tons of solid waste daily to generate about 22MW of green energy.  The particle size distribution of 
GGBS and IFA determined by the laser particle size analyzer is shown in Fig. 1. As can be seen, 50% 
of the IFA particles are smaller than 40 µm and 90% of the IFA particles are smaller than 200 µm. 
However, compared with IFA, the GGBS particles are much smaller, in which 50% are smaller than 
13 µm and 90% are less than 40 µm. 

   
(a) IFA particle size distribution          (b) GGBS particle size distribution  

Figure 1: Particle size distribution of IFA (a) and GGBS (b) 
The chemical composition of the major elements in GGBS and IFA was determined by X-Ray 
Fluorescence Spectroscopy (XRF) and the results are shown in Table 1. As can be seen, the GGBS has 
high amount of SiO2 and Al2O3 and the IFA used in this study has very low alumina and silica content. 
Both IFA and GGBS consist of high amount of CaO. 

Tab. 1 Chemical compositions of GGBS and IFA 
Oxides CaO SiO2 Al2O3 MgO SO3 TiO2 K2O Fe2O3 Na2O MnO ZnO P2O5 Cl 

GGBS (%) 39.43 31.19 13.41 9.32 4.25 0.66 0.53 0.38 0.33 0.29 - - - 
IFA (%) 47.37 2.24 1.03 1.64 5.29 0.75 6.69 0.81 4.89 0.06 2.49 0.72 25.03 
2.2. Mix Design and Processing 
Mix proportions of alkaline activated GGBS-IFA were summarized in Table 2. The alkaline solution 
was a mixture of 20g sodium hydroxide, 40g sodium silicate with the molar ratio of SiO2 to Na2O of 
2.9 to 3.2, and 90g water. The mixing, casting, and curing procedure follows, a) GGBS and IFA are 
dry-mixed for 3 minutes in a table top mixer, b) the alkaline solution is slowly added into the mix and 
mixes for another three minutes until a homogenous and consistent paste is achieved, c) the fresh paste 
is poured into 50 mm cubic moulds and vibrated for 30 seconds, d) the surface of moulds is covered 
by plastic sheet to prevent water evaporation, and e) the specimens are cured in the oven at a 
temperature of 75oC for 3 days before testing. 

Tab. 2 Mix proportion of alkali-activated GGBS-IFA binder 

Mix No. 
GGBS IFA NaOH Sodium Water Binder 

(GGBS 
+ k 

IFA)* 

Water-
to-

binder 
ratio 

(g) (g) (g) silicate 
(g) (g) 

1 100 0 20 40 90 100 0.9 
2 97 3 20 40 90 97.4 0.92 
3 95 5 20 40 90 95.6 0.94 
4 90 10 20 40 90 91.3 0.99 
5 80 20 20 40 90 82.6 1.09 
6 60 40 20 40 90 65.2 1.38 
7 40 60 20 40 90 47.8 1.89 



 

8 20 80 20 40 90 30.4 2.96 
9 0 100 20 40 90 12.9 6.98 

2.3. Tests 
Compressive test was conducted to reveal the compressive strength of alkaline activated GGBS-IFA 
binder. Three samples of each mix were tested and the average was reported as the nominal 
compressive strength.  Fourier transform infrared spectroscopy (FTIR), XRD and FTIR were used to 
quantify the physical properties and chemical composition of GGBS, IFA and alkaline activated 
GGBS-IFA binder.  
To evaluate the potential release of heavy metals from IFA, leaching tests of pulverized material 
according to standard EN 12457-2 were carried out. The leaching test was performed at a liquid to 
solid ratio of 10 L/kg and deionized water was used as leachant. The eluate from the leaching tests was 
filtered through a 0.45 µm polypropylene filtration membrane. The concentration of different trace 
metals in eluate was determined by means of inductive coupled plasma optical emission spectroscopy 
(ICP-OES). The as-obtained concentration of heavy metal in elute multiplies the volume of elute to 
get the total mass of heavy metal in elute, and then it is divided by the mass of IFA used for the 
leaching test to get the final leaching result of IFA, with the unit of mg/kg. 
The leaching test of alkaline activated GGBS-IFA binder followed the EA NEN 7375 which is the 
standard for the leaching test of monolithic material. In this test, the moulded specimen of defined 
geometry (50 mm cube) was immersed in a predetermined container filled with deionized water. The 
volume of water should be approximately 5 times that of the specimen and the thickness of water 
surrounding the surfaces of the specimen should be at least 20 mm. Leaching solutions were 
exchanged with fresh deionised water at predetermined cumulative time intervals of 0.25, 1, 2.25, 4, 9, 
16,  36 and 64 days. The eluate from both leaching tests was filtered through a 0.45 µm polypropylene 
filtration membrane. The concentration of different trace metals in eluate was determined by means of 
ICP-OES. The results are used to calculate measured leaching of a component per fraction and 
measured cumulative leaching based on the formulas from EA NEN 7375 as follows. 
Measured leaching of a component per fraction 
                                               𝐸𝐸𝑖𝑖∗ = 𝐶𝐶𝑖𝑖×𝑉𝑉

𝑓𝑓×𝐴𝐴
                                                       (1) 

where 𝐸𝐸𝑖𝑖∗ is the measured leaching of a component in fraction i, in mg/m2;  
𝐶𝐶𝑖𝑖 is the concentration of the component in fraction i in  g/l; 
𝑉𝑉 is the volume of the eluate in l; 
𝐴𝐴 is the surface area of the test piece in m2; 
𝑓𝑓 is a conversion factor: 1000 µg/mg. 

Measured cumulative leaching 
                                         𝜀𝜀𝑛𝑛∗ = ∑ 𝐸𝐸𝑖𝑖∗𝑛𝑛

𝑖𝑖=1                       𝑓𝑓𝑓𝑓𝑓𝑓 𝑛𝑛 = 1 𝑡𝑡𝑓𝑓 𝑁𝑁                                  (2) 
where 𝜀𝜀𝑛𝑛∗  is the measured cumulative leaching of a component for period n comprising fraction i=1 

to n, in mg/m2; 
𝐸𝐸𝑖𝑖∗ is the measured leaching of the component in fraction i in mg/m2; 
𝑁𝑁 is the number of periods equal to the number of specified replenishment times (N = 8). 

3. Results and Discussion 
3.1. Compressive Strength of Alkali-activated GGBS-IFA Binder  
Fig. 2 shows compressive strength of alkaline activated GGBS-IFA binder. As can be seen, the 
compressive strength reduces with increasing IFA content. This suggests IFA is less reactive than 
GGBS subject to alkaline activation. XRD spectra reveal the crystal structure of GGBS and IFA as 
shown in Fig. 4 and Fig. 5. As can be seen, very few crystal phases and a broad hump between (2θ) 
25o and 35o were observed in the GGBS spectrum which suggests GGBS mainly consists of 
amorphous calcium aluminum silicate and is in metastable state. IFA, on the other hand, contains 
much more crystalline phases including metal chloride, calcium carbonate and calcium sulphate. This 
makes IFA a potentially low reactivity material and is unfavourable for the alkaline activation as 



 

compared to GGBS. However, IFA should not be considered as inner filler since a 5MPa compressive 
strength was recorded when 100% GGBS was replaced by IFA. 

 
Figure 2: Effect of IFA dosage on the compressive strength of alkaline activated GGBS-IFA 

An efficiency factor (k = 0.13) for IFA to replace GGBS in producing alkaline activated GGBS-IFA 
binder, i.e. 1kg of IFA is equivalent to 0.13kg of GGBS, can be calculated based on the measured 
compressive strength. Table 2 summarizes the binder (GGBS + k IFA) and the water-to-binder ratio 
and Fig. 3 plots the compressive strength of the alkaline activated GGBS-IFA binder as a function of 
the water-to-binder ratio. As can be seen, the compressive strength is inversely proportional to the 
water-to-binder ratio similar to the Abrams’ law for cement paste. This may suggest the microstructure 
of the alkaline activated GGBS-IFA binder is similar to C-S-H or modified C-S-H such as C-(N, A)-S-
H. 

 
Figure 3: Compressive strength of alkaline activated GGBS-IFA as a function of water-to-binder ratio 

3.2. XRD analysis 
Fig. 4 compares the XRD spectra of GGBS powder and alkaline activated pure GGBS binder (Mix 1). 
As can be seen, GGBS consists of a broad hump of amorphous calcium aluminum silicate with few 
crystal aluminum oxide and calcium aluminum silicate peaks. After alkaline activation, the aluminum 
oxide peaks disappeared and new C-S-H peaks were identified in alkaline activated pure GGBS binder. 
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Figure 4: XRD spectra of GGBS and alkaline activated GGBS binder 

Fig. 5 compares the XRD spectra of IFA powder and alkaline activated pure IFA binder (Mix 9). As 
can be seen, IFA contains much more crystalline phases including metal chloride, calcium carbonate 
and calcium sulphate. After alkaline activation, the calcium sulphate disappeared and new C-S-H 
peaks were identified in alkali-activated pure IFA binder due to the reaction of the soluble calcium 
ions from IFA and the silicate ions from the alkaline solution as shown below: 
                                               6Ca2+ + 6SiO3

2− +  H2O →  Ca6Si6O17(OH)2           (3) 
                                               6Ca2+ + 6SiO3

2− +  H2O →  Ca6(SiO3)6 ∙ H2𝑂𝑂                    (4) 

 
Figure 5: XRD spectra of IFA and alkaline activated IFA binder 

Fig. 6 shows the XRD spectra of alkali-activated GGBS binder with different IFA replacement ratio 
(Mix 5, 7, and 8). As can be see, the main phases in alkaline activated GGBS-IFA binder are sodium 
chloride, calcium carbonate and C-S-H. The general trend shows that the calcium silicate hydrate 
peaks reduces while the calcium carbonate and sodium chloride peaks increases with the increasing 
amount of IFA dosage into the system. This suggests the inclusion of IFA undermines the alkaline 
activated hydration reaction of GGBS and brings in more crystal calcium carbonate. 



 

 
Figure 6: XRD spectra of alkali-activated GGBS binder with 20%, 60% and 80% IFA replacement 

3.3. FTIR analysis 
Fig. 7 shows the FTIR spectra of GGBS powder and alkali-activated GGBS binders (Mix 1) with 3-
day curing and 7-day curing. In GGBS powder, broad peak around 960 cm–1 represents the 
asymmetric stretching band of Si-O-Si and Al-O-Si (Lee W. K. W. et al., 2002), and band around 510 
cm–1 is the bending vibration of O–Si–O bonds (Handke M., 1986). Both indicate the presence of 
sorosilicate units (Mozgawa W. et al., 2009). Band at around 680 cm–1 is the symmetric stretching 
vibration of sorodilicate unites (Mozgawa W. et al., 2009). Significant change in FTIR spectrum is 
observed after alkali-activation as shown in Fig. 7. The band around 960 cm–1  shifts to a higher wave 
number of 991 cm–1 with a sharp peak and reduced full width at half maximum (FWHM). In addition, 
the bending of O–Si–O bond shifts to a lower wave number. This observation implies more Si and Al 
tetrahedrons had been incorporated into the binder system and chain lengths had increased, since 
bands larger than 950 are normally considered as bridging vibrations while bands lower than 950 are 
non-bridging or terminal vibrations (Criado M. et al., 2007) and with Si tetrahedron substituted by Al 
tetrahedron wavenumber shifts downward. The shape and the intensity of the 7-day FTIR spectrum 
remain similar to that of the 3-day results. Unlike ordinary Portland cement in which hydration takes 
months to years to be fully developed, reaction of alkali-activation is very fast. This observation gives 
the basis for testing the 3-day compressive strength of the alkali-activated specimens.  

 
Figure 7: FTIR spectra of GGBS powder and its hardened alkali-activated paste 

Fig. 8 shows the FTIR spectra of IFA powder and alkali-activated IFA sample. From XRD and XRF 
analysis, due to lack of Si and Al, IFA is not suitable for alkali-activated reaction. In the FTIR spectra 
of IFA powder, there are no apparent characteristic peaks of alkali-activated gel. However, in FTIR 
spectra of alkali-activated IFA sample, there are peaks of asymmetric stretching of Si-O-Si(Al) at 960 
cm–1 and bending vibration of O–Si–O bonds at 457 cm–1 which shows the same phenomenon as 
alkali-activated GGBS sample. The peak at 674 cm–1 in FTIR spectra of IFA was probably due to the 
S-O bending of sulphates (Smidt E. et al., 2011). All of the observation indicates some new Si–O–
Si(Al) bonds are formed, which are similar to alkali-activated GGBS to some extent even if they are 



 

not complete alkali-activation. The peak at 874 cm–1, which is enhanced from IFA to alkali-activated 
transformation, belongs to out plane bending of carbonates (Lecomte I. et al., 2006). 

 
Figure 8: FTIR spectra of IFA powder and alkali-activated IFA sample 

Fig. 9 shows the FTIR spectra of alkali-activated GGBS-20%IFA sample. To get better understanding, 
the FTIR spectra of IFA powder, GGBS powder and alkali-activated GGBS are also put in for 
comparison. Compared with GGBS powder sample, the FTIR spectra of alkali-activated GGBS-
20%IFA sample has similar phenomenon with alkali-activated GGBS sample in which all asymmetric 
stretching of Si-O-Si bonds, bending vibration of O–Si–O bonds and the symmetric stretching 
vibrations of the Si–O–Si(Al) bridges move to high wave number. However, compared with alkali-
activated GGBS sample, the peaks at 991 cm–1, 666 cm–1 and 457 cm–1 all move to lower wave 
numbers for alkali-activated GGBS-20%IFA sample, which are 984 cm–1, 664 cm–1 and 444 cm–1 
respectively. All of this information implies the alkali-activation of GGBS-20%IFA could also happen, 
but it is disturbed by 20% IFA dosage to some extent. The peak at 867 cm–1 is possibly terminal 
vibration of Si-O-(Al) bonds (Criado M. et al., 2007). 

 
Figure 9: FTIR spectra of IFA powder, GGBS powder, alkali-activated GGBS and alkali-activated GGBS-

20%IFA 
3.4. Leaching analysis 
Heavy metal leaching of IFA powder according to EN 12457-2 for pulverized material and 
corresponding limits established by European Union Landfill Directive (EULFD) for the acceptance 
of waste landfills are given in Table 3. As can be see, the IFA used in this study cannot be landfilled 
directly as few trace elements including As, Pb and Zn have exceeded the limiting value of non-
hazardous landfill. The concentration in leachates for Pb in particular is much higher than the EULFD 



 

limits for hazardous landfill. This suggests IFA needs to be treated for heavy metal immobilization 
before it can be landfilled. 

Table 3: Heavy metal leaching of IFA according to EN 12457-2 and EULFD limits for pulverized material 
(mg/kg dry mass) 

Elements Concentrations 
 in leachates 

EULFD limits 

Inert Non-hazardous Hazardous 
As 3.2 0.5 2 25 
Cd 0.01 0.04 1 5 
Cr 2.41 0.5 10 70 
Cu 6.84 2 50 100 
Ni 0.09 0.4 10 40 
Pb 779.8 0.5 10 50 
Zn 128.3 4 50 200 

The 64-day cumulative leaching of heavy metals for alkaline activated GGBS-IFA binder according to 
EA NEN 7375 tank leaching for monolithic material and corresponding limits established by Decree 
on Soil Quality (DSQ, the successor of the Dutch Building Material Decree) for the acceptance of 
materials (primary, secondary and waste) used in construction (Decree on Soil Quality, 2007; Leiva C. 
et al., 2010; Tiruta-Barna L. et al., 2007) are given in Table 4. As can be seen, the leaching quantities 
of heavy metals increase as the dosage of IFA increases. However, even for the sample in which 60% 
GGBS is replaced by IFA, the heavy metal leaching quantities are still much lower below DSQ limits 
for moulded building materials, which implies that it is safe to use alkali-activated GGBS 
incorporating IFA as building material. 

Table 4: 64-day cumulative leaching of heavy metals for alkaline activated GGBS-IFA binder according to 
EA NEN 7375 tank leaching for monolithic material (mg/m2) 

Element 

Concentrations in leachates DSQ limits for 
moulded building 

materials 
GGBS:IFA 

8:02 6:04 4:06 

As 19.04 36.21 52.87 260 
Cd 0.93 1.49 2.43 3.8 
Cr 0.28 0.93 1.73 120 
Cu 4.11 4.57 4.06 98 
Ni 0.05 0.05 0.09 81 
Pb 7.89 19.04 22.21 400 
Zn 32.67 66.03 121.47 800 

Fig. 10 shows the accumulative concentration of the major heavy metal As, Cd, Pb and Zn leaching 
from the 20%, 40% and 60% IFA replacement alkali-activated GGBS samples. For each sample, the 
general trend shows that the increasing rate of the accumulative concentration curve reduces with time 
for all four heavy metals. With this observation, it is plausible the heavy metal leaching of alkali-
activated GGBS-IFA sample may seize and never exceed the limiting value or it takes considerable 
time, more than the service life of infrastructure, to reach the limiting value. In either case, it suggests 
alkali-activated GGBS incorporating IFA can be an effective way to immobilize heavy metals in IFA. 



 

 

 
Figure 10: Accumulative concentration of the major heavy metal As, Cd, Pb and Zn leaching from the 20%, 

40% and 60% IFA replacement alkali-activated GGBS samples 
4. Conclusions 
This paper evaluates the incorporation of incineration fly ash (IFA) into alkali-activated ground 
granulated blast-furnace slag (GGBS) binder matrix. XRD and FTIR tests are used to reveal the 
mechanism of the reaction process. And for the resulted products, compressive strength and heavy 
metal leaching are tested. From the XRD analysis, the inclusion of IFA undermines the alkaline 
activated hydration reaction of GGBS and brings in more crystal calcium carbonate. FTIR tests show 
that in alkali-activated GGBS process, Si and Al tetrahedrons are incorporated into the binder system 
and chain lengths increase. However, the dosage of IFA could disturb such process. Therefore, the 
compressive strength of alkali-activated GGBS-IFA matrix reduces with increase of IFA replacement. 
However, the compressive strength of 60% IFA replacement GGBS matrix can still reach 16.6 MPa 
which shows its potential to be used as building material. The heavy metal leaching results of GGBS-
IFA show that alkali-activated GGBS incorporating IFA can be an effective way to immobilize heavy 
metals in IFA and it is safe to use alkali-activated GGBS-IFA matrix as building material. In summary, 
this paper reveals a viable way to deal with incineration fly ash and produce building material. 
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Abstract 
Alkaline cements (alkali-activated materials, AAMs) or geopolymers are materials with a highly promising future as 
alternatives to Portland cement and hence elements able to sustainable development. AAMs are characterized by high 
strength and durability. The rheology of these systems has been insufficiently studied, however, given the many factors 
or activating conditions that may be involved, including the nature of the starting aluminosilicate, type and 
concentration of the alkaline activator and curing temperature.  
 
The present study explored the effect of activating conditions on alkali-activated slag and fly ash (AAS and AAFA, 
respectively) rheology. In the AAS systems, the conditions analyzed were activator type (NaOH, NaOH/Na2CO3 or 
waterglass, Wg), concentration (4 or 5 % Na2O) and the silica modulus in the Wg (SiO2/Na2O = 0.8-1.5). In AAFA, the 
effect of activator concentration (8 or 10-M NaOH), the partial replacement of the activator with Wg (at 15 or 25 %) 
and the activating temperature (25 or 85 °C) were studied. The pastes prepared were placed in a rotational viscometer 
and exposed to two sets of conditions. The first consisted of applying constant shear (100 s-1) for 30 minutes to 
determine the shear strength of the pastes, and the second of ramping the shear rate up and down 5 times to establish 
their yield stress and plastic viscosity. 
 
The findings showed that, liked OPC pastes, the NaOH- and NaOH/Na2CO3-activated AAS pastes behaved like 
Bingham fluids, whereas the Wg-activated pastes fit the Herschel-Bulkley model. Moreover, the formation and intensity 
of a primary C-S-H gel observed in the latter (that disappeared under sustained shear) were found to depend on the 
activator concentration and silica modulus. The generation of that primary C-S-H gel conditioned AAS-Wg paste 
rheology. 
 
The AAFA pastes activated at 25 °C displayed pseudo-Newtonian behaviors irrespective of the activator used, which 
differed clearly from the behavior observed in the pastes activated at 85 °C. In the latter, the percentage of silicates in 
the activator determined the rheological model followed by the pastes: at high (25 %) Wg replacement, their behavior 
was closer to the Bingham pattern, whereas at 15 % Wg, it fit the Herschel-Bulkley model.  
 
Originality 
The originality of this study lies primarily in the systematic study of the effect of activation conditions (activator type 
and concentration, temperature) on the rheology of alkali-activated slag and fly ash pastes. The rheological models 
followed by the pastes were also determined for each starting aluminosilicate and set of activation conditions. This 
research makes a substantial contribution to the scant existing knowledge on AAM rheology and constitutes a 
promising starting point for the study of these materials from a rheological perspective. 
 
Keywords: Rheology, alkali-activated materials, geopolymers, slag, fly ash 
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1. Introduction 
 
Rheology is the study of the fluidity and deformation of matter. An understanding of the rheological 
properties of cement pastes, mortars and concretes is requisite to ascertaining their consistency and 
workability and consequently their ease of casting or placement (Tattersall G.H. and Banfill P.F.G., 
1983). Cement system rheology also affects the microstructure and with it the mechanical behaviour 
and durability of the material (Aguirre A.M. and Mejia de Gutierrez R., 2013). 
 
Rheological testing on Portland cement pastes, normally conducted with viscometers, consists of 
subjecting the pastes to shear at a given rate to break down the flocks formed mainly due to the 
hydration of cement grains. The shear rate (rotor speed) is then gradually lowered. As a rule, the down 
ramp on the shear rate vs shear stress (τ) curve is a straight line that fits the Bingham model (Equation 
1): i.e., where the slope is the plastic viscosity (µ) and the y-intercept the yield stress (τo). Plastic 
viscosity is related to the number and size of the flocks, while the yield stress is a measure of the 
strength and number of inter-flock interrelations that are broken down when shear is applied (Banfill 
P.F.G., 2003).  
 
       Equation 1 
 
The literature (Tattersall G.H. and Banfill P.F.G., 1983) nonetheless describes other models for 
cement paste rheological behaviour, such as the Ostwald de Waele and Herschel-Bulkley models 
(Equations 2 and 3, respectively).  
 

• Ostwald de Waele model: 
nKγτ =                                           Equation 2 

• Herschel-Bulkley model: 

n

o K
.
γττ +=    Equation 3 

 
where k is the consistency coefficient (Pa·sn) and n is the dimensionless fluidity index.  
 
Very few studies have been conducted on alkaline activated cement paste, mortar or concrete rheology, 
however. Alkali-activated slag and fly ash cements are among the most widely known for their 
availability and high performance. Due to the differences in the chemical composition of the starting 
material (vitreous blast furnace slag and alumino-siliceous fly ash, respectively), the reaction products 
and microstructures of these cements vary considerably. These features determine the properties of the 
resulting cements and concretes, which have been shown to exhibit suitable strength development and 
good durability (Fernández-Jiménez A. et al., 1999, Atis C.D. et al., 2009, Shi C. et al., 2011). Those 
properties, along with drying shrinkage, have likewise been proven to depend heavily on the nature of 
the activating solution (Puertas F. et al., 2006, Palacios M. and Puertas F., 2007). 
 
For blast furnace slag, the activating solutions traditionally used include alkaline or alkaline-earth 
compounds such as hydroxides and siliceous salts. Of these, NaOH, Na2CO3 and sodium silicate 
(Na2SiO3·nH2O) (waterglass) are the most effective alkaline activators from the standpoint of 
mechanical and other properties (Puertas F., 1995). Further to the literature (Wang S.D. et al., 1994, 
Fernández-Jiménez A. and Puertas F., 1997), for the best mechanical results, the optimal activator 
concentration ranged from 3.0 to 5.5 % Na2O (referred to slag mass), and, for waterglass, a SiO2/Na2O 
ratio of 1.0-1.5.  
 
Moreover, fly ash dissolves at much more alkaline pH values (pH >13) than slag and requires 
temperatures of 60 to 200 °C not only to dissolve but to form stable reaction products. The alkaline 
activators used were alkaline hydroxides, alkaline silicates or combinations of the two (García Lodeiro 

γµττ += 0
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I. et al., 2015). Duxson P. et al., (2005) found that the optimal silica modulus values for 
aluminosilicate alkaline activation were 0.5 < SiO2/Na2O < 1.0. 
 
Very few studies have been conducted on alkaline cement rheology. Palacios M. et al., (2006, 2008) 
studied the rheology of AAS pastes and mortars activated with waterglass and NaOH (4 % Na2O). 
Their results showed that paste rheology depended on the nature of the activator used: in waterglass-
activated slag pastes and mortars, the extensive structural breakdown under shear made the Herschel-
Bulkley model a better fit to the down ramp of the flow curve, while NaOH-activated pastes and 
mortars, like Portland cement pastes and mortars, behaved like Bingham fluids. They noted that the 
problem of undesirably short setting times for waterglass-activated slag mortars and concretes could 
be overcome by lengthening the mixing time up to 30 minutes. Lastly, longer mixing times were not 
observed to modify the chemical or mineralogical composition of the reaction products (Palacios M. 
and Puertas F., 2011).  
 
According to the scant rheological studies conducted on AAFA pastes, their behaviour conforms to the 
Bingham model (Palomo A. et al., 2005). The same sources suggest that the solids and more 
specifically the Fe2O3 content is the most influential parameter and that paste viscosity rises with 
temperature. Romagnoli M. et al., (2014) recently studied the effect of temperature (20 and 35 °C), 
solids content and plasticiser concentration on waterglass-activated fly ash paste rheology. They 
reported that paste behaviour could be likened to the Herschel-Bulkley model, in which solids content 
was the most influential factor and apparent viscosity fit the Arrhenius equation.  
 
Vance K. et al., (2014) explored the effect of activator type and concentration. They observed that at 
ambient temperature paste viscosity varied with the viscosity of the activating solution. With 
waterglass-containing solutions, low silica moduli induced Newtonian behaviour in the pastes studied, 
possibly due to the de-polymerisation of colloidal silica species. 
 
The factors involved in alkali-activated system rheology and workability have yet to be ranked by 
importance. The present study aimed to ascertain the effect of factors such as the nature and 
concentration of the alkaline activator on the rheological behaviour of alkali-activated materials 
(AAMs) pastes. 
 
2. Experimental 
 
2.1. Materials 
 
The materials used in this study were: a commercial Portland cement, CEM I 52.5R (OPC), used as a 
reference, a vitreous blast furnace slag (BFS), and a fly ash (FA). The chemical composition and 
Blaine fineness (as per European standard EN 196-6) for the materials are given in Table 1. 
 

Tab. 1 Chemical composition and Blaine fineness 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 MnO L.O.I. Blaine 
m2/Kg 

OPC 18.0 4.2 2.2 64.0 3.2 4.5 0.5 1.0 0.2 0.1 <0.1 1.8 470.5 
BFS 32.5 12.0 0.3 43.2 7.6 1.8 0.2 0.3 0.6 -- 0.4 1.0 325.0 
FA 54.4 27.5 6.4 2.7 1.5 -- 0.5 3.1 1.3 0.3 <0.1 2.1 202.0 

 
The alkaline solutions used to activate the BFS and the FA were prepared with a commercial sodium 
silicate (Merck waterglass: SiO2/Na2O molar ratio = 3.37; density = 1.36 g/mL), NaOH pellets 
(Panreac, 98 % pure) and Na2CO3 (Panreac, 99.5 % pure). 
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Vitreous slag (BFS) was activated with three solutions: NaOH (N), 50/50 (wt %), NaOH/Na2CO3 (NC) 
and waterglass (Na2SiO3•nH2O + NaOH) (Wg). In BFS samples the effect of activator concentration 
(4 and 5 % Na2O by slag mass) on paste rheology was determined for all of them. 

Three SiO2/Na2O ratios were also used: 0.8, 1.2 and 1.5 (Table 2). Fly ash (FA) was activated with 8- 
and 10-M NaOH solutions, to which waterglass was added at replacement ratios of 15 or 25 % 
(Table 3).   

Tables 2 and 3 lists the physical and chemical characteristics of the solutions used, along with the 
sample labels. The OH- ion concentration was found by HCl titration (Ruiz-Santaquiteria C. et al., 
2013). Densities were measured on a densimeter.  
 

Tab. 2 Physical and chemical characteristics of the solutions used in BFS activation 
Activator SiO2/Na2O % Na2O Density (g/cm3) [OH-] (M) Sample 

NaOH (N) -- 4% 
5% 

1.00 
1.00 

0.45 
0.48 

AAS-N-4 
AAS-N-5 

NaOH/Na2CO3 
(NC) -- 4% 

5% 
1.00 
1.00 

0.51 
0.54 

AAS-NC-4 
AAS-NC-5 

Waterglass 
(Wg) 

0.8 
1.2 
1.5 

4% 
1.15 
1.17 
1.19 

0.53 
0.51 
0.52 

AAS-Wg 0.8-4 
AAS-Wg 1.2-4 
AAS-Wg 1.5-4 

Waterglass 
(Wg) 

0.8 
1.2 
1.5 

5% 
1.19 
1.20 
1.20 

0.55 
0.54 
0.54 

AAS-Wg 0.8-5 
AAS-Wg 1.2-5 
AAS-Wg 1.5-5 

 
Tab. 3 Physical and chemical characteristics of the solutions used in FA activation 

Activator % Wg SiO2/Na2O Density (g/cm3) [OH-] (M) Sample 

NaOH 8M 
0 

15 
25 

--- 
0.16 
0.27 

1.27 
1.29 
1.31 

6.6 
5.2 
4.5 

FAN8 
FAN8Wg15 
FAN8Wg25 

NaOH 10M 
0 

15 
25 

-- 
0.13 
0.23 

1.35 
1.35 
1.35 

9.5 
8.8 
6.7 

FAN10 
FAN10Wg15 
FAN10Wg25 

 
2.2. Experimental Process 
 
2.2.1. Variations in shear stress in AAS and AAFA pastes at a constant shear rate 
 
The OPC pastes were prepared by mechanically stirring a mix of 80 g of cement with water at a 
liquid/solid ratio of 0.50 for 3 min. The same procedure was used for the AAS and AAFA pastes, 
although here the liquid/solid ratio used was 0.55 and 0.40, respectively, to compensate for the density 
of the solutions (see Table 2). All the pastes were tested for 30 minutes on a Haake Rheowin Pro RV1 
rotational rheometer fitted with a serrated cylindrical rotor and operating at a constant shear rate of 
100 s-1.  
 
2.2.2 Determination of rheological parameters (yield stress) 

Paste rheological behaviour was characterised by determining yield stress, using the aforementioned 
rotational rheometer. The procedure consisted of pre-shearing at 100 s-1 for 2 minutes, followed by 
ramping up from 0 to 10 s-1 in 1 minute and from 10 to 100 s-1 in 1 minute and then ramping down 
from 100 to 50 s-1 in 1 minute and from 50 to 0 s-1 in 1 minute. This cycle was repeated six times, with 
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5-minute pauses in between cycles. In AAFA pastes the pre-shearing was reduced to 30 seconds and 
the cycles were repeated eigth times (see Figure 1). 

The yield stress values used in the calculations were the means of at least three trials conducted on 
pastes activated with the same solution.  

 

 

 
 
 
 
 
 
 
 
 
 

Figure 1 Dynamic rheological testing  
 
3. Results and Discussion 
 
3.1. Rheological behaviour of AAS pastes 
 
3.1.1. Variations in shear stress in AAS pastes at a constant shear rate 
 
3.1.1.1. Effect of the nature of the activator 
 
Figure 2 shows the variations in shear stress at a constant shear rate in pastes OPC, AAS-NC-4, AAS-
N-4 and AAS-Wg 1.2-4.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Shear stress versus time in AAS pastes tested at a constant shear rate of 100 s-1: effect of the nature of 
the activator at constant concentration (4 % Na2O by slag mass) 

 
Pastes AAS-N-4 and AAS-NC-4 exhibited behaviour reminiscent of the OPC paste pattern, with initial 
breakdown of the early-age flocks and practically constant shear stress through the end of the trial. 
The curve for paste AAS-Wg 1.2-4 differed, with a peak that started at around 6 min, reached its 
maximum at around 9 min and flattened after around 15 min. That peak is indicative of the formation 
and subsequent breakdown of a primary C-S-H gel generated by the interaction of the silicate ions in 
the activator and the Ca2+ ions released during partial dissolution of the slag (Palacios M. et al., 2008).  
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The breakdown of the primary gel can be attributed to shearing at a constant rate. Its formation in 
waterglass-activated pastes, mortars and concretes governs the early setting times and the workability 
in these materials (Fernández-Jiménez A. and Puertas F. 2003). The same effect was reported by 
Palacios M. et al., (2008, 2011), who also found that setting times in waterglass-activated AAS pastes 
could be controlled by lengthening the mixing times.  
 
An analysis of the present findings showed that the nature of the activator affected AAS paste 
rheology, for behaviour differed depending on whether the activator was NaOH alone of combined 
with Na2CO3 or waterglass. 
 
3.1.2. Effect of activator concentration 
 
Figures 3 depict the effect of the activator concentration on the variation in shear stress at a constant 
shear rate in OPC, AAS-N and AAS-NC pastes. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Shear stress versus time in AAS pastes tested at a constant shear rate of 100 s-1. Effect of the activator 
concentration (4 and 5 % Na2O by slag mass) 

 
Shear stress was consistently lower in the AAS-N and AAS-NC pastes than in OPC pastes at all 
activator concentrations. In the AAS pastes, raising the activator concentration raised the absolute 
value of the shear stress. Those values rose to 70 and 60 Pa, respectively, when the concentration was 
4 % Na2O, and to 100 and 75 Pa, respectively, when the concentration was 5 % Na2O. The reasons for 
the higher initial shear differ depending on the nature of the activator. In NaOH solutions, it is due to 
the increase in the concentration of hydroxyl ions [OH-] (see Table 2), which favours slag dissolution 
and generates larger quantities of stable reaction products (Fernández-Jiménez A. and Puertas F. 2003). 
When NaOH/Na2CO3 is the activating solution, in addition to the rise in [OH-], the CO3

2- ions present 
in the medium tend to form AFm (calcium aluminate monosulfate) and sodium-calcium carbonate 
compounds, which may induce higher shear stress in these AAS-NC pastes (Fernández-Jiménez A. et 
al., 1999, Wang S.D. et al., 1994, Matschei T. et al., 2006). 
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3.1.3. Waterglass activator: effect of concentration and the SiO2/Na2O ratio  
 
Figure 4 shows the variation in shear stress in waterglass-activated slag pastes at different SiO2/Na2O 
ratios and activator concentrations. 
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Shear stress versus time in AAS pastes tested at a constant shear rate of 100 s-1: effect of the activator 
concentration and SiO2/Na2O ratio (4 and 5 % Na2O by slag mass) 

 
The initial shear stress rose with activator concentration, and the higher the silica ratio, the greater was 
this rise. The explanation may lie not only in initial flock formation, but also in the increase in 
activator density (see Table 2). At low ratio values (SiO2/Na2O=0.8), the pastes behaved in much the 
same way as described for systems AAS-N and AAS-N/C, regardless of the proportion of Na2O used. 
At that ratio, the silicate concentration was not high enough to contribute to primary C-S-H gel 
formation. Primary C-S-H gel formation was observed in this study to take place at different ratio 
values and reaction times depending on activator concentration. When the activator concentration used 
was 4 % Na2O (Figure 4A), the gel was observed to form at SiO2/Na2O ratio values 1.2 and 1.5 and 
shorter times (peaking at around 8-10 minutes). Here also, continued shearing destroyed the flocks, 
with a concomitant rise in paste fluidity. Lastly, when the waterglass concentration was 5 % Na2O 
(Figure 4B), at SiO2/Na2O > 1.2, the pastes hardened because the equipment used was unable to 
induce fluidity in the large amounts of stiff gel formed.  
 
These findings confirmed that the formation of a primary C-S-H gel conditions the rheology of 
waterglass-activated AAS pastes. Gel formation, in turn, was observed to be closely related to the 
activator concentration and SiO2/Na2O ratio, such that when the activator concentration was raised, the 
amount gel formed at lower ratio values.  
 
3.1.4. Determination of rheological models in AAS 
 
Figure 5 shows the shear stress versus shear rate curves for pastes AAS-N-4 and AAS-Wg 1.2-4. Note 
that in the AAS-N-4 systems (Figure 5A), the down ramp on the curve is a straight line that fits the 
Bingham model. The same behaviour was observed in the AAS-NC-4 pastes. In the AAS-Wg 1.2-4 
pastes (Figure 5B), by contrast, the downward arm did not form a straight line, but rather fit a 
Herschel-Bulkley model. Palacios M. et al., (2008) also described this differential behaviour in Wg-
activated AAS pastes.  
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Figure 5 Paste hysteresis cycles: A) AAS-N and B) AAS-Wg 1.2 

 
In AAS-N and AAS-NC pastes, therefore, the yield stress values were determined with Equation 1, 
while for pastes AAS-Wg these values were calculated, using Equation 3. Figure 6 shows the yield 
stress found for pastes OPC, AAS-N and AAS-NC at the end of each of the six cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Yield stress in pastes AAS-N and AAS-NC with 4 and 5 % Na2O 
 

The OPC pastes showed the highest yield stress values at the end of each cycle, which rose slightly 
with the number of cycles. That may have been due to the OPC hydration reactions taking place and 
the formation of increasingly more intense interactions between flocks (Tattersall G.H. and Banfill 
P.F.G., 1983). The AAS-N and AAS-NC pastes exhibited similar yield stress values, around 52-57 % 
lower (after six cycles) than found in the OPC paste. As a rule, the values of that rheological parameter 
in the AAS-NC pastes were slightly higher than in the AAS-N series at all activator concentrations.  
 
The effect of waterglass concentration and SiO2/Na2O ratio on yield stress (at the end of each of the 
six cycles) in AAS-Wg pastes is illustrated in Figure 7.   
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Figure 7 Effect of activator concentration and SiO2/Na2O ratio on yield stress in AAS-Wg pastes 
 

At the end of the first (7-minute) cycle, rising activator concentration had no significant effect on yield 
stress in these AAS-Wg pastes at any ratio value. All the stress values observed were similar and 
lower than in OPC. Different concentrations and SiO2/Na2O ratios did, however, induce variations in 
the yield stress values in the subsequent cycles. With low activator concentration (4 % Na2O) and low 
SiO2/Na2O ratio (0.8), the rheological behaviour in AAS-Wg pastes was similar to the pattern 
described above for pastes AAS-N and AAS-NC. At higher ratios, however, (>0.8), primary C-S-H 
gel formed.  
 
The rise in paste yield stress between 7 and 19 minutes (from late in the first to the fourth cycle) was 
indicative of gel formation, and the recovery of paste fluidity of its subsequent breakdown. The 
SiO2/Na2O ratio ranges in which primary C-S-H gel was able to form varied depending on the 
concentration of the alkaline activator. More specifically, the ratios needed for gel to form in such 
dynamic conditions declined as the activating solution concentration rose (see Table 4). 
 
Tab. 4 Minimum waterglass activator Na2O concentration and SiO2/Na2O ratios required for primary C-S-H gel 

formation 
Na2O concentration (%) SiO2/Na2O ratio 

4 1.2 
5 0.8 

 
With high activator concentration (5% Na2O) and when the SiO2/Na2O ratio was higher than 0.8, the 
gel exhibited such intense inter-flock interaction that the instruments used in these trials were unable 
to break it down. Fluidity was consequently not recovered and the paste hardened. 
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3.2. Rheological behaviour of AAFA pastes 
 
3.2.1. Variations in shear stress in AAFA pastes at a constant shear rate 
 
3.2.1.1. Effect of activator concentration and temperature 
 
Figure 8 shows the effect of the activator concentration on the variation in shear stress at a constant 
shear rate in OPC, AAFAN8 and AAFAN10 pastes. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 Shear stress versus time in AAFA pastes tested at a constant shear rate of 100 s-1: effect of the activator 

concentration (NaOH 8M and NaOH 10M) 
 
The behaviour observed in the AAFA pastes tested at 25 °C (Figure 4A) resembled the pattern 
exhibited by OPC paste, with an essentially constant shear stress throughout. The shear stress values 
for these activated pastes were higher than in OPC pastes when 10-M NaOH was the activator, but 
lower or similar when the concentration was 8 M. At ambient temperature shear stress was directly 
related to sample viscosity, which in turn depended on the viscosity of the activating solution 
(Table 3), for the fly ash was not alkali-activated at 25 °C. These findings concur with the results 
reported by Vance K. et al., (2014), who concluded that the rheology of NaOH- or KOH-activated 
AAFA pastes was primarily affected by changes in activator viscosity and the charge on the fly ash 
particle surfaces. 
 
The fly ash dissolved more readily at 85 °C, raising the amount of reaction product formed and 
thereby inducing a rise in shear stress values. The curves for the pastes prepared at 85 °C exhibited a 
peak that began to rise at around 6 min and flattened at around 10 min in NaOHN8 and 12 min in 
NaOHN10. That peak may denote the formation of a primary high-Al phase, whose formation would 
be the result of the interaction between the silicate monomers and aluminates released during partial 
dissolution of the fly ash (Fernández-Jiménez A. et al., 2006; Criado M. et al., 2009). In contrast to the 
behaviour observed in AAS pastes (Figure 2), sustained stirring failed to separate the primary gel 
flocculi in AAFA materials, possibly because of the intense alkaline activation taking place at 85 °C in 
the latter. 
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3.2.1.2. Effect of adding waterglass to the activating solution at different temperatures  
 
Figure 9 shows the variation in shear stress in waterglass-activated fly ash pastes at different (wt %) 
substitution.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Shear stress versus time in AAFA pastes tested at a constant shear rate of 100 s-1: effect of the 
waterglass substitution  

 
In the fly ash activated at 25 °C, irrespective of the activator concentration (8- or 10-M NaOH), the 
higher the waterglass replacement ratio, the greater was paste shear stress. The rise in shear was due, 
here also, to the viscosity of the alkaline solution itself (Table 3) which, as noted earlier, induced no 
activation at ambient temperature. Moreover, stress remained nearly constant throughout the test, 
again as a result of the non-activation of the fly ash.  
 
In the pastes activated at 85 °C, the Wg replacement ratio could not be directly related to the increase 
in paste shear stress due to the intensity of the alkaline activation taking place at that temperature. 
 
Here, another very important factor came into play: the concentration of the OH- groups in the alkaline 
activators. The decline in concentration attendant upon the addition of the Wg (Table 4.3) translated 
into the dissolution of smaller amounts of fly ash, retarding gel formation. At the higher activator 
concentration, the decline in the number of OH- groups due to the addition of Wg was steep and hence 
the shear stress values were higher.  
 
3.2.2. Determination of rheological models in AAFA 
 
In light of the differences observed in alkali-activated fly ash paste rheological behaviour with 
activation temperature, the rheological models were determined separately for pastes prepared at 25 
and 85 °C. 
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3.2.2.1. Test temperature: 25 ºC 
 
Figure 11 shows the upward and downward shear stress curves for AAFA pastes with and without 
waterglass for one of the test cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Paste hysteresis cycles: A) AAFAN8 and AAFAN10 and B) AAFA with waterglass (15 and 25%) 
 
At 25 °C, irrespective of activator concentration and the presence or otherwise of waterglass in the 
activating solution, the hysteresis loops nearly overlapped. As observed in the constant shear rate trials, 
the higher the activator concentration, the greater was the shear stress. The addition of waterglass to 
the mixes also raised stress. 
 
In all cases, the y-intercept, which represents the yield stress, tended toward zero, an observation more 
reminiscent of Newtonian behaviour than of the Bingham rheological model to which cement pastes 
are usually fitted. This concurred with findings reported by Vance K. et al., (2014), according to 
which NaOH- and KOH-activated AAFA pastes displayed pseudo-Newtonian behaviour, especially 
when waterglass was added to the solution.  
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3.2.2.2. Test temperature: 85 °C 
 
  By way of example, the upward and downward shear-rate curves for one of the 85 °C AAFA pastes 
are reproduced in Figure 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 12 Paste hysteresis cycles: A) AAFAN8 and AAFAN10, B) AAFA with waterglass (15%), C) AAFA 
with waterglass (25%) 

 
Unlike what was observed in the AAFA pastes hydrated at 25 °C, the y-intercept on the upward and 
downward curves for the 85 °C material did not tend toward zero, i.e., these pastes did not exhibit 
Newtonian behaviour. The 8- and 10-M NaOH-activated fly ash pastes, and especially the latter, were 
characterised by very obvious hysteresis loops. The curves for the pastes containing 15 % waterglass 
(Figure 12 B)) also exhibited hysteresis loops, but they were much less intense. As a rule, the area of 
the loop was related to structural changes consisting of the formation or destruction of structures, 
physical bonds or inter-molecular cross-links, or simply of changes in molecular orientation in the 
liquid (Moreno Botella R., 2005; Schramm G., 1994). These data confirmed the intensity of the 
alkaline activation reaction that took place at 85 °C. 
 
Neither the downward shear rate curve for 8-M or the curve for 10-M NaOH AAFA pastes containing 
15 % Wg fit a straight line. Rather, both were curved, in keeping with the Herschel-Bulkley 
rheological model: 
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In the pastes with 25 % waterglass (Figure 12C)), the upward and downward shear rate curves were 
linear, and even overlapped (paste AAFAN8Wg25).  The downward curves fit a straight line, further 
to Bingham-type rheological behaviour. 

 
 
The explanation lies, again, in the lower OH- group concentration in the activating solution induced by 
the addition of large proportions of waterglass. As fly ash dissolved less readily under these conditions, 
initial gel formation was delayed. At higher activator concentrations, the decline in OH- groups was 
less intense. Consequently, the addition of Wg to pastes prepared with 10-M NaOH led to upward and 
downward shear rate curves which, while linear, exhibited some hysteresis.  
 
Figure 13 shows the yield stress values for these pastes at the end of each cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 Yield stress in AAFA pastes  
 
The pastes activated with 8- and 10-M NaOH exhibited the highest yield stress values and, as in the 
constant shear tests, a steep rise in yield stress between the third and seventh cycles in AAFAN8 and 
between the third and fifth in AAFAN10. In contrast to the behaviour observed in AAS, here the yield 
stress continued to climb throughout the test due to paste hardening as a result of fly ash alkaline 
activation. 
 
The addition of waterglass affected yield stress differently depending on the paste. The value was 
lowest in the pastes activated with 8-M NaOH and remained nearly constant throughout. On the 
contrary, in the 10-M NaOH-activated pastes, the addition of 15 % waterglass induced a rise in stress 
after the third cycle and after paste hardening. When the replacement ratio was 25 %, yield stress rose 
gradually until the sixth cycle, when the paste hardened.  
 
3.3. Comparison of AAS and AAFA paste rheology 
 
At ambient temperature, AAS and AAFA paste rheological behaviour differed considerably. Shear 
stress in the former depended on the nature and concentration of the alkaline activator, while in AAFA 
pastes it depended essentially on the viscosity of the activating solution.  
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When waterglass was used as an alkaline activator in AAS pastes, a primary C-S-H gel was observed 
to form, inducing a rise in shear stress. Depending on the silica modulus and mixing time, that gel 
could be broken down, restoring mix fluidity. The only change in AAFA paste rheology observed with 
the addition of waterglass was a rise in shear stress due to the higher viscosity of the activator, as 
discussed earlier. 
 
The rheology of the AAS pastes varied with the type of activator used. Pastes activated with NaOH or 
with NaOH/Na2CO3 displayed Bingham-type behaviour, while the pastes activated with waterglass fit 
a Herschel-Bulkley-type model. AAFA pastes, regardless of the activator used, exhibited pseudo-
Newtonian behaviour.  
 
Since these differences in rheology were based essentially on the fact that at 25 °C slag was alkali-
activated while fly ash was not, studies were conducted on fly ash at 85 °C to observe how these 
variables affected paste rheology during activation. 
 
As in waterglass-activated slag pastes, the shear stress curve for 85 °C AAFA exhibited a shoulder 
attributable in this study to the initial formation of an aluminosilicate gel. The main difference 
between the two systems lay in that in AAS, as the gel was broken down by continuous stirring, the 
pastes recovered their fluidity, whereas in the 85 °C AAFA systems, activation was so intense that 
while the shoulder disappeared with stirring, the pastes failed to regain their fluidity. Rather, shear 
stress continued to rise until the paste hardened.  
 
The rheological model to which these 85 °C AAFA pastes fit was not Newtonian, but varied between 
the Bingham and Herschel-Bulkley models, depending on the intensity of the alkaline activation. That, 
in turn, depended on the waterglass or silicon content in the activator. When the reaction was very 
intense (NaOH and 15 % waterglass), large amounts of reaction product precipitated, generating 
increases in the area of the hysteresis loops and non-linear downward shear rate curves that fit the 
Herschel-Bulkley model. Conversely, when greater percentages of waterglass (25 %) were used, the 
alkaline activation reaction was retarded due to the lower dissolution rate in the initial fly ash induced 
by the decline in OH- concentration. Since smaller amounts of reaction product formed under these 
conditions, the area of the hysteresis loop was much smaller or non-existent. The downward shear rate 
curve therefore fit a straight line and the Bingham model.  
 
A similar development was observed in the AAS pastes, as discussed earlier. When the activator was a 
NaOH or NaOH/Na2CO3 solution, the activation reaction was less intense than when waterglass was 
used (Figures 5 and 6), yielding small or nil hysteresis loop areas, i.e., patterns that fit the Bingham 
model. When waterglass was used as an activator, greater amounts of reaction product were formed 
and with them large hysteresis loop areas, in which the downward shear rate curve fit the Herschel-
Bulkley model. 
 
4. Conclusions 
 
The conclusions that can be drawn from the present study on AAS and AAFA paste rheology are 
listed below. 
 
At ambient temperature, AAS and AAFA paste rheological behaviour differed considerably. Shear 
stress in the former depended on the nature and concentration of the alkaline activator, while in AAFA 
pastes it depended essentially on the viscosity of the activating solution 
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The nature of the activator affected AAS paste rheology, for behaviour differed depending on whether 
the activator was NaOH alone or combined with Na2CO3 or waterglass. A rise in alkaline activator 
concentration from 4 to 5 % Na2O raised the shear stress in AAS systems, regardless of the alkaline 
activator used. 
 
The rheological behaviour in AAS-N and AAS-NC pastes, as in OPC pastes fits a Bingham model. 
AAS-Wg paste rheology proved to be related to the SiO2/Na2O ratio and Na2O concentration. These 
pastes fit the Herschel-Bulkley model. A primary C-S-H gel formed due to the interaction between the 
silicate ions in the waterglass used as the activator and the Ca2+ ions in the slag, and the gel may have 
been broken down when the pastes were subjected to shearing at a constant rate.  
 
In the AAFA pastes prepared at 25 °C, a rise in activator concentration or in the waterglass 
replacement ratio induced higher shear stress. That increase in the shear stress was due to the viscosity 
of the alkaline solution itself because activation did not take place at this temperature. In all cases, 
these pastes exhibited pseudo-Newtonian behaviour. 
 
In AAFA pastes at 85 °C increased shear stress due to the alkali activation reaction is observed, as 
higher temperature promotes the dissolution of fly ash, which leads to increased formation of the 
reaction products. At 85 °C there is no direct relationship between the waterglass substitution and the 
increase in shear stress due to strong alkaline activation reaction occurs at this temperature.  
 
The curves for pastes at 85 °C activated at 8- and 10-M NaOH were observed to peak. That peak may 
denote the formation of a primary high-Al phase, whose formation would be the result of the 
interaction between the silicate monomers and aluminates released during partial dissolution of the fly 
ash. 
 
None of the pastes activated with 8- or 10-M NaOH or which contained 15 % waterglass exhibited 
downward shear rate curves that fit a straight line. Rather, they were curved, in keeping with the 
Herschel-Bulkley rheological model. In the pastes with 25 % waterglass these curves were linear and 
even overlapped and the downward curve fit a straight line, conforming to Bingham-type rheological 
behaviour. 
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Abstract 
Alkali activated slag foamed concrete (AASFC) is considered as an environmentally friendly lightweight cementitious 
material alternatives to similar materials based on Portland cement. However, due to the lack of understanding of 
important properties, the use of this type of materials is still very limited. The purpose of the study is to design alkali-
activated slag foam concretes with bulk densities in the range of 300- 1100 kg m-3 and thermal conductivities ranging 
from 0.1 to 0.35 W m-1 K-1. Properties, such as consistency, mechanical strength, drying shrinkage and thermal 
conductivity, were investigated. In addition, two types of lightweight glass aggregates were used for improving the 
properties and to reduce the amount of paste in the material.  
The results shows that the wet bulk density of the AASFC is consistent with the designed value if prepared with suitable 
volume of foam and water/slag ratio. For these materials, the compressive strength is between 0.1 and 7 MPa and the 
thermal conductivity ranges from 0.09 to 0.35 W m-1K-1. However, the foam concretes display quite huge drying 
shrinkage. Furthermore, it is shown that the use of lightweight glass aggregates (LGA) in AASFC can reduce the 
amount of paste by 50% (by volume) without any negative influence on mechanical properties, although the concretes 
showed poorer flowability. The aggregates are also beneficial to lower the thermal conductivity and to improve the 
resistance of drying shrinkage. The expanded LGA showed better effect on both the consistency and the hardened 
properties of the material than the simply foamed LGA.  
 
Originality 
It is an original work about properties of alkali-activated slag foam concrete with different bulk densities. In addition, 
the use of lightweight glass aggregates which were prepared from waste glass can improve the properties of foam 
concrete makes it more sustainable. As suggested in this study, suitable amounts of lightweight glass can help to not 
only reduce the volume of paste, but also reduce the drying shrinkage of the foam concrete. On the other hand, 
lightweight glass aggregates are beneficial to thermal conductivity. According to the mix design, thermal conductivity 
can be controlled in the AASFC concretes. The contribution of this study is to utilize the wastes to improve properties of 
foam concrete.  
 
Keywords: Foamed concrete; alkali-activated; slag; lightweight glass aggregate; flowability; thermal conductivity 
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1. Introduction 
Foamed concrete is a type of lightweight concrete with a wide range of densities (300 to 1800 kgm-3), 
that is prepared by introducing air voids into cementitious pastes using a foam agent (Ramamurthy K. 
et al., 2009). Generally, the cementitious binders in the foam concrete are Portland cement, rapid 
hardening cement, high alumina cement and calcium sulfoaluminate cement. However,  These types 
of cement greatly contributes to the global emissions of CO2 (Zhang Z. et al., 2014), and therefore, it 
is necessary to find other types of cementitious materials with a lower carbon footprint to replace it. 
Alkali-activated slag is considered as an alternative binder to Portland cement both for its good 
properties regarding thermal properties and for its lower environmental impact (Shi C. et al., 2006, 
Palacios M. et al., 2007, Rakhimova N.R. et al., 2014). It has been reported that alkali-activated slag 
foamed concrete (AASFC) can reduce 85-93% for global warming potential compared to Portland 
cement (Yang K.-H. et al., 2014).  
However, the manufacturing of AASFC based on slag is not yet fully solved. The critical problems 
that has to be considered when using strong alkali solutions to produce stable mixtures are for example 
the stability of air bubbles and the extremely fast setting time (Abdullah M.M.A.B. et al., 2012, Yang 
K.-H. et al. 2014).  Besides, drying shrinkage is another key property that has to be taken into account 
since foam concrete usually exhibits huge drying shrinkage, about 5 to 10 times higher than the 
conventional mortar/concrete due to its high porosity (Zhang Z. et al. 2014). By use of aggregates in 
the foamed concrete it would be possible to improve properties, such as volume stability.  
At present, lightweight aggregates, and then especially recycled aggregates, are widely used in the 
foamed concrete to modify or improve the properties. The research from Concrete Technology Unit 
showed that a range of recycled aggregates can be utilized in foam concrete with excellent increase in 
performance (WRAP 2007). Liu et al. (Liu M.Y.J. et al., 2014) used oil palm shell as lightweight 
coarse aggregate in a geopolymer foam concrete to produce a lightweight concrete with high 
mechanical strength and low thermal conductivity. Recycled lightweight blocks were also used as 
aggregates to produce a lightweight geopolymer concrete with satisfactory density and strength 
properties (Posi P. et al., 2013). In fact, lightweight glass aggregates (LGA) , manufactured from 
recycled waste glass, with low bulk densities and thermal conductivities, are commonly used in road 
and airfield pavements (Aabøe R. et al., 2005) and should also have a great potential in lightweight 
concrete applications (Limbachiya M. et al., 2012).  
The aim of this study is to investigate the possibility of manufacturing AASFC with thermal 
conductivities (λ value) ranging from 0.10 to 0.35 W m-1K-1. Two types of LGA were implemented to 
reduce the amount of binder. The influence of LGA on properties such as consistency, flowability, 
mechanical strength, thermal conductivity and drying shrinkage of foam concrete, with and without 
aggregates, were investigated.  
2. Experimental 
2.1. Raw Materials 
The ground granulated blast-furnace slag (GGBS) used in this study was supplied by Merox AB 
(Sweden) with the specific surface area by Blain permeability of 5000 cm2 g-1. The chemical 
composition is shown in Tab. 1. As can be observed, the main components are SiO2, MgO, Al2O3 and 
CaO (95 wt% in total). The alkali solution used for activating the slag was sodium silicate solutions 
(generally called water glass) of moduli n= 1.20 and 1.69 (SiO2/Na2O, molar ratio). The solutions 
were prepared by mixing commercial water glass (Sibleco Nordic, n = 3.34) with previously dissolved 
sodium hydroxide (NaOH) supplied by Scharlab S.L. the product Aercell A-7 (Betongkemi Nordic 
AB) was used as the foaming agent. 
Two types of lightweight glass aggregates were used. The HASOPOR foam glass aggregate 
(HASOPOR Hammar AB, Sweden) is produced by recycled waste glass as the main raw material. 
According to the information given by the producer, this product has a loosely packed dry density of 
around 400 kg m-3 and a thermal conductivity coefficient (λ) of 0.12 W m-1 K-1. The aggregates have 
an original size larger than 10 mm and a moisture absorption of 25% (attributed to the high amount of 
connect pores). Before use in the sample preparation, the material was crushed into smaller size, 2- 4 
mm and 4- 8 mm, with packing densities of 350 kg m-3 and 370 kg m-3, respectively. The other 



 

aggregate type was the Liaver lightweight expanded glass granules (product name Super-K) produced 
from recycled waste glass and supplied by Norwegian Well Service Company. Two sizes were 
adopted which were 2-4 mm and 4-8 mm, with packing densities of 310 kg m-3 and 300 kg m-3, 
respectively. The declared insulation (λ) value is 0.07 W m-1 K-1. 

Tab. 1 Main chemical composition of the GGBS used in this study 
SiO2 (wt%) MgO (wt%) Al2O3 (wt%) CaO(wt%) Glass content (%) 
34 17 13 31 99 
2.2 Mix design 
For the preparation of the AASFC, the target wet bulk density was calculated by use of the following 
equation (Brady K.C. et al., 2001): 

     (1) 

where S is the content of slag in kg m-3, and A is the content of the alkali solution in kg m-3 which is 
obtained from the known water to slag ratio (w/s= 0.33) and the Na2O/ slag ratio (6.75%).  
The foam volume was then calculated by: 

    (2) 

where  and  are the densities of the slag and the alkali solution, which are 2800 kg m-3 and 1500 
kg m-3, respectively.  
The calculation of the target thermal conductivity (0.10- 0.35 W m-1K-1) of the foam concretes and the 
amounts of aggregates were obtained by use of the Hashin-Shtrikman model (Brovelli A. et al., 2010):  

    (3) 

In this equation:  
 λ- Final thermal conductivity of the composite material, W m-1K-1; 
 λc- Thermal conductivity with a continuous phase, W m-1K-1; 
 λd- Thermal conductivity with a discontinuous phase, W m-1K-1; 
 vc- Volumetric fraction of a continuous phase; 
 vd- Volumetric fraction of a discontinuous phase; 
In principle, the continuous phase of AASFC is the alkali activated slag paste that has a thermal 
conductivity of around 0.8 Wm-1K-1 at w/s of 0.33. For the foamed concrete with lightweight aggregate 
system (AASFC-LGA), AASFC is considered as the continuous phase. It should be noted that air has 
a thermal conductivity of 0.026 W m-1K-1.  
2.3 Method for foamed concrete preparation 
For all samples, the prefoaming method was used to introduce the air bubbles into the material (Brady 
K.C. et al. 2001). 1.35 ml of the foaming agent was diluted into 50 ml of water, which gave 1000 ml 
of foam. The foam was produced according to ASTM Standard C 796.  

Tab. 2 Mix proportions of alkali activated slag foam concrete (AASFC) 
Samples Designed 

thermal 
conductivity  
(Wm-1K-1) 
Eq.(3) 

Designed wet 
bulk density 
(kgm-3)Eq.(1) 

Materials Foam 
volume 
fraction 

Paste 
volume 
fraction  

Paste/ Foam 
(volume 
ratio) Slag 

(kg m-3)  
Alkali 
solution 
(kgm-3) 

FC1100 0.346 1100 725 375 0.49 0.51 1.04 
FC900 0.281 900 593 307 0.58 0.42 0.72 
FC700 0.220 700 461 239 0.67 0.33 0.49 
FC500 0.156 500 330 170 0.77 0.23 0.30 
FC400 0.126 400 271 129 0.82 0.18 0.22 
FC300 0.103 300 198 102 0.86 0.14 0.16 

 
 



 

Tab. 3 Mix proportions of alkali activated slag foam concrete with aggregates (AASFC-LGA) 
Samples Types of 

aggregate  
Designed 
thermal 
conductivity 
(W m-1 K-1) 
Eq.(3) 

Designed wet 
bulk density 
(kg m-3) Eq.(2) 

Volume 
fraction 
of paste  

Volume 
fraction 
of foam  

Volume 
fraction of 
aggregate  

Paste/Foam 
(volume 
ratio) 

FCH-1 HASOPOR 0.242 696 0.24 0.22 0.54 1.09 
FCH-2 0.123 400 0.09 0.41 0.50 0.22 
FCS-1 Super-K 0.190 660 0.24 0.22 0.54 1.09 
FCS-2 0.127 404 0.15 0.35 0.50 0.43 
The AASFC was prepared in a step by step procedure. First, the slag and the alkali solution, with the 
Na2O/ slag ratio of 6.75% and w/s=0.33, was mixed for a certain time to obtain a homogeneous paste. 
Thereafter, a certain volume of the foam was mixed with the paste at a low speed for about 1 min. 
Finally, a suitable (calculated) amount of the LGA was introduced to the paste. It should be noted that 
the latter step reduces the use of binder material, as described above in the mix design. 
The mix proportions for materials, without and with LGA, are shown in Tab. 2 and Tab. 3, 
respectively. The weight ratio of the two sizes of aggregates (i.e. 2-4 and 4-8 mm, as described above) 
was for all compositions 1:1. As calculated in the mix design, the volume fractions of the aggregates 
for all mixtures were around 0.5.  
2.4 Properties measurement 
The consistency, which is important for the fresh properties of foam concretes, was measured 
according to the method from (WRAP 2007). The flowability, another important characteristic for the 
fresh state of foam concrete was measured by the mini-slump method (ASTM C 230). The average 
flow (spreadability) was measured (without any shock) on a ASTM flow table after 10 s. The 
compressive strength, and the dry bulk density were tested according to C 1386-07 after 28 days 
moisture curing (>95% RH) at 20 ±2 °C.  
Drying shrinkage was done also according to ASTM C 1386-07. The form and size of the specimens 
for these measurements were prisms with the dimension 40× 40× 160 mm. During the drying they 
were stored in a climate room with the temperature of 20 ±2 °C and a relative humidity of around 50%. 
The measurements in the length change along the longitudinal axis of the sample were performed 
during 56 days of drying. The relative changes in length was calculated as following: 

                                         (4) 
In this equation, L0 is the initial length of the specimen (mm), and Lf is the final length of the specimen.  
Thermal conductivity was measured by the Transient Plane Source (TPS) technique (Hot Disk AB, 
Sweden).  Before the measurement, the foamed concrete samples were dried at 50 °C and then kept at 
room temperature for at least 24 hours to avoid temperature variations. Thereafter, both the material 
and the sensor were equilibrated at room temperature (22 °C). For the measurements, the sensor was 
placed between two samples (of the same material composition) with 40 mm thickness of each in 
order to keep the plane throughout the transient recording. Each measurement was carried out at the 
power of 25 mW with a transient time of 20 seconds. The calibration was done on a stainless steel 
sample and a lightweight foam concrete, both with known thermal conductivities. All the 
measurements were done three times to ensure repeatability. The results were also compared with a 
Swedish commercial foam concrete (Aercrete) based on Portland cement.  
3. Results and Discussion 
3.1. Fresh properties  
The consistency can to some extent reflect the stability of fresh concretes. If the value of the measured 
fresh bulk density is equal, or very similar, to the designed density, i.e. the so-called design ratio is 
close to one, the mix is considered as stable. However, if the design ratio is higher or lower than one, 
the material is either too fluid or too stiff compared to the designed material composition (Kunhananda 
E.K. et al., 2008). In Figure 1, the design ratios for the investigated mixtures are shown. Obviously, 
the fresh foamed concrete, without any aggregate, shows good consistency for all bulk densities (300 -



 

1100 kg m-3), as all ratios are close to unity (seen by the solid consistency line in the figure). Thus, 
both the applied water/slag ratio and the rheology of the designed pastes are expected to maintain the 
stability of the foam.  
However, as can be seen from the figure, incorporation of different types of the lightweight aggregates 
into the paste seems to have different effects on the consistency of the material. When incorporating 
Super-K aggregates, the foamed concrete appears to be stable for all investigated bulk densities. This 
is in contrast to when the HASOPOR aggregates are used. In this case the measured bulk densities are 
22- 45% higher than the designed densities, which give a higher density ratio. The effect is more 
pronounced for the higher bulk density. The reason for these very different behaviours is most likely 
the different pore structures of the two materials. The HASOPOR aggregates are crushed particles 
with coarse surface containing a significant amount of large and connected pores, whereas the Super-
K aggregates are relatively round particles with sintered fine surface containing smaller pores on its 
surface.  The connected pores of the HASOPOR would absorb a large amount of paste and/or water, 
which reduces the volume of the mixture. On the other hand, the crushed coarse surface of HASOPOR 
might lead to a certain collapse of air bubbles under mixing. Both facts increased the density. 
Moreover, the porous surfaces and irregular shape of the HASOPOR aggregate increases the adhesion 
between the air bubbles/pastes and the aggregates as well as increased stiffness of the mixture, 
resulting in the air bubbles broken (Kunhananda E.K. et al. 2008).  In contrast, the Super-K aggregate 
is a type of granule expanded lightweight aggregate with a smooth and less porous surface. Thus, less 
paste and/or water could be absorbed, and the air bubbles becomes more stable in the mixture. As a 
result, the mixture shows better consistency.   

 
Figure 1 Consistency of alkali activated foam concrete and foam concrete reinforced by different types of 

lightweight glass aggregates: AASFC, AASFC- HASOPOR and AASFC- Super-K are alkali activated slag 
foamed concrete, the foamed concrete with aggregates of HASOPOR and Super-K, respectively 

The results for the flowability of the fresh concretes are shown in Figure 2. As can be observed, for 
AASFC there is a linear relationship between the spreadability and the wet bulk density (Figure 2a). 
Although the slope is not very steep, the tendency is that the higher the wet bulk density is, the higher 
is also the flowability and the sample therefore display a better flowability. A decreasing bulk density 
(i.e. increasing foam volume) results in a decreased spreadability, which indicates that the foam 
volume, and thereby the total porosity, has a negative influence on the flowability of the foam 
concrete. By the addition of lightweight glass aggregates to the mix (AASFC- HASPOR and AASFC- 
Super-K), the porosity is further increased and the flowability is substantially reduced. As expected, 
the effect is especially pronounced for the low bulk densities, whereas the difference is less distinct for 
higher bulk densities, which contains a smaller amount of air bubbles. Moreover, the addition of 
Super-K granules has a greater effect on the flowability than the HASOPOR aggregates, although 
similar volumes of the two materials are used in the preparation (Figure 2b). The reason for this is 
most likely that the aggregate of HASOPOR increased the designed density by possible absorption of 
paste and reduction of air bubbles in the system which relatively increased the spreadability.  



 

 
Figure 2 Flowability of alkli activated foam concrete and foam concrete with different types of aggregates at (a) 

different measured wet bulk density; (b) different paste volume fraction 
3.2. Hardened Properties 
3.2.1 Dry bulk density 
The dry bulk densities of the foam concretes are shown in Figure 3. Obviously, there is an increase in 
the measured dry bulk densities for materials with a larger fraction of paste (by volume) and, 
consequently a lower fraction of foam. The values of AASFC range from 280 kg m-3 to 1200 kg m-3, 
which should be compared to the corresponding values of the wet bulk density 300 kg m-3 and 1100 kg 
m-3. As shown by the reference curve (Aercrete)(Aercrete 2014), the measured dry bulk density is in 
general lower than the wet bulk density for relatively light weight materials, below approximately 700 
kg m-3. On the other hand, the dry bulk densities are higher than the wet bulk densities for materials > 
700 kg m-3. A reasonable explanation is that the shrinkage is different for lighter and heavier materials. 
For heavier materials the shrinkage during the drying process is expected to be more extensive due to 
the relative high paste volume fraction. According to Table 2, the paste volume fraction is better to be 
lower than 0.33 in AASFC for better stability. For the higher bulk density of foam concrete, therefore, 
it is beneficial to use aggregate to make the concrete more stable in volume (less shrinkage). In terms 
of the foam concrete with LGA, a paste volume fraction of between 0.09 and 0.29 was applied, so that 
the dry bulk density was between 390 kg m-3 and 900 kg m-3, lower than the wet bulk density (425- 
1009 kg m-3),which is comparable with the results of Aercrete (Aercrete 2014).  

 
Figure 3 Dry bulk density of AASFC,  AASFC  with lightweight glass aggregates and Aercrete  (Aercrete 2014) 
3.2.2 Mechanical strength 



 

The results obtained for the compressive and the flexural strength of the foam concrete are shown in 
Figure 4 together with the results for the Aercrete (shown as a solid black line). As seen, both the 
compressive and the flexural strengths of alkali activated slag foam concrete increase with increasing 
dry bulk density, which is due to the increased paste volume. The compressive strength increases from 
0.5 MPa to 7.1 MPa with increased dry bulk density from 300 to 1000 kg m-3, which is similar to the 
values of Aercrete. The flexural strength varies between 0.04 and 1.52 MPa. It can be noted that the 
compressive strength is somewhat decreased when the dry bulk density is above 1000 kg m-3, which 
probably is due to micro-cracks caused by the shrinkage (Lee N.K. et al., 2013) when the volume 
fraction of paste is high. The results is also in agreement with the previous results that show that the 
strength of hardened paste samples decreased with curing time for this specific 
composition(Monasterio M. et al., 2015).  
Regarding to the foam concretes with LGA, the strength behaves differently from that of the material 
without aggregates. For instance, the values of the compressive strength of AASFC- HASOPOR is 
lower compared with AASFC, whereas the flexural strength show similar values independent on the 
dry bulk density. However, when Super-K is used as aggregates, both the compressive strength and 
the flexural strength were significantly improved compared to the AASFC and Aercrete. In this case, 
the compressive strength is about 75% higher than that of AASFC and Aercrete, and the flexural 
strength is 2 to 6 times higher than AASFC at similar dry bulk densities. It is known that the 
interfacial transition zone (ITZ), i.e. the zone between the aggregates and the surrounding bulk 
material, is a critical factor for the strength of conventional concrete (Ollivier J.P. et al., 1995). 
However, for the foamed concrete with aggregates, the structural properties of lightweight aggregate 
play a dominant role. The Super-K aggregate has a round shape with sintered surface, which can 
provide a stronger aggregating structure in the system, contributing to a significantly higher strength 
of the lightweight concrete. On the other hand, the absorption of paste by HASOPOR increased the 
designed densities of AASFC with HASOPOR, as shown in figure 1. This absorbed paste volume 
might not  contribute to the strength but, in opposite, increased the inhomogeneity of the system and 
possibly lead to a phase separation, resulting in a decreased strength (Kunhananda E.K. et al. 2008).  
The strength of the foam concrete with LGA seems to be also determined by the matrix of the concrete. 
As shown in Figure 5 when the paste/ foam volume ratios are similar, the compressive strength is 
close to that of AASFC.  
 

 
   

Figure 4 28-day compressive strength (a) and flexural strength (b) of AASFC, AASFC with lightweight glass 
aggregates and commercial foam concrete (Aercrete 2014) 



 

 
Figure 5 Compressive strength of foam concretes at different paste to foam ratio (by volume) 

3.2.3Thermal Conductivity 
The thermal conductivity is of significant importance for lightweight foam concretes and therefore this 
property was taken into account in the mix design by use of the Hashin-Shtrikman equation (equation 
3). In Figure 6, it can be seen that the measured thermal conductivity ranging from 0.10 and 0.35 W m-

1 K-1, which are close to the designed target values both for the AASFC (FC300- FC100) and the 
concrete with HASOPOR aggregate (FCH-1 and FCH-2). However, in case of the Super-K aggregates, 
the measured values were much lower (30%-40%) compared to the designed ones. One reason for this 
can be that the Hashin- Shtrikman equation is not valid for system with high porosity, as previously 
suggested (Smith D.S. et al., 2013). Another and maybe a more likely reason is that the foamed 
materials (HASOPOR and AASFC etc.) and expanded materials (e.g. Super-K) are two different 
characteristic groups with different fractal dimension, thereby resulting in different effective thermal 
conductivity. (Matiasovsky P. et al., ).  

 
Figure 6 Thermal conductivity with designed values and measured values of foam concrete without and with 

lightweight glass aggregate  
Figure 7 shows that the thermal conductivity increased with increasing dry bulk density of the 
specimen. It can also be noted that the thermal conductivity of the foam concrete without aggregates 
were higher than the reference sample Aercrete. This is because the alkali activate slag paste with 
water/ slag of 0.33 has a considerable higher thermal conductivity than cement paste based on 
Portland cement, 0.8 W m-1 K-1 compared with 0.6  W m-1 K-1 (Hagentoft C.-E. 2012). The addition of 
LGA reduced the thermal conductivity of the foam concrete, their λ values were 0.12 and 0.07 W m-1 



 

K-1, lower than the most of the alkali activated slag foamed concrete (FC400- FC 1100) as shown in 
table 2. The AASFC with Super-K has the thermal conductivity as low as 0.087 and 0.11 W m-1 K-1 at 
the bulk density of 380 and 560 kg m-3, which is consistent to the results for Arecrete. Thus, it seems 
that Super-K is more beneficial to reduce the thermal conductivity.  

 

 
Figure 7  Thermal conductivity of AASFC, AASFC with lightweight glass aggregates and commercial foam 

concrete (Aercrete 2014) 
3.2.4 Drying shrinkage 
It is believed that alkali activated slag exhibits large drying shrinkage (Collins F. et al., 2000, Shi C. et 
al. 2006, Palacios M. et al. 2007). On the other hand, researchers pointed out that foamed concrete 
with low bulk density also has considerable visible drying shrinkage because of its high porosity, but it 
can be reduced by reasonable autoclave curing or applying lightweight aggregates (Ramamurthy K. et 
al. 2009). The results of drying shrinkage of the foam concretes from this study are shown in Figure 8.  
AASFC (FC300 - FC500) specimens with wet bulk density between 300 and 500 kg m-3 display a 
large drying shrinkage, up to 3%. Most of the shrinkage occurred during the first week as a result of 
moisture loss, followed by a relative stable value. These specimens were seriously cracked and some 
of them were even broken after exposed in a climate room (20°C and 50% RH) for two days. The 
reason for this is probably the high porosity, which should lead to a lower stiffness with an increased 
shrinkage (Kearsley E.P. 1999). However interestingly, self-healing of cracks took place after 10 days 
of drying. The reason for this recovery is most likely that the capillary tension would decline when the 
pores were not filled with water (Domone P. 2009). As also can be observed from figure 8, the 
incorporation of lightweight glass aggregate is obviously an effective way to reduce the drying 
shrinkage, even though some visible cracks appeared on the surface of the specimen and particularly 
around the aggregates after drying for two days. The shrinkage value decreased dramatically by a 
factor of ten to less than 0.3%, compared with the values of AASFC. In addition, it can be noted that 
Super-K, was more beneficial for the resistance of drying shrinkage than HASOPOR. For AASFC- 
Super-K samples, the maximum value was around 0.15%, and then half of the values of the concrete 
with HASOPOR aggregate, even though it has a higher amount of paste (FCH-2 and FCS-2 in Figure 
9). This is probably owing to the smaller size and less connectivity of pores in Super-K than in 
HASOPOR.  



 

 
Figure 8 56-day drying shrinkage of AASFC (FC500, FC400 and FC300), AASFC- HASOPOR (FCH-1, FCH-

2), and AASFC- Super-K (FCS-1, FCS-2)  

 
Figure 9 the paste volume fraction and maximum drying shrinkage of the foam concrete of AASFC: FC500, 

FC400 and FC300; AASFC- HASOPOR: FCH-1, FCH-2; and AASFC- Super-K: FCS-1, FCS-2 
4. Conclusions  
Alkali  activated slag foamed concrete with wet bulk density ranging from 300 kg m-3 to 1200 kg m-3 
was designed based on the Hashin-Shtrikman equation with target thermal conductivity ranging from 
0.10 W m-1K-1 to 0.35 W m-1K-1. The foam was stable in the fresh paste. The compressive strength was 



 

found to be similar to that obtained for a foam concrete based on Portland cement, i.e. between 0.1 and 
7.1 MPa for different mixtures. The results also show that it is more beneficial for the strength with a 
paste volume fraction less than 0.33.  However, the drying shrinkage was quite large which was up to 
3% at 56 days of drying. 
Two types of lightweight glass aggregates with bulk densities around 300 kg m-3, the foamed glass 
aggregate (HASOPOR) and the expanded glass aggregate (Super-K) were used in the foamed concrete. 
About 50% of the mixture (by volume) was replaced by the aggregates so that the paste volume 
fraction was reduced to the values of 0.09-0.24 (the foam fractions 0.22-0.41). The aggregates have a 
negative influence on the flowability of the fresh concrete. Besides, HASOPOR has a negative effect 
on the density of the concrete due to its high amount of open and connected pores and rough surface, 
which cause absorption of paste and broken of foamed air bubbles. However, the aggregates were 
shown to lower the thermal conductivity substantial without any reduction of the strength. The values 
of the compressive strength and thermal conductivity was 0.5-5.7 MPa and 0.087-0.224 W m-1 K-1 for 
dry bulk densities between 400 and 900 kg m-3.  
The foamed concrete with aggregates exhibits superior hardened properties compared to the 
commercial foamed concrete. The aggregates also improve the resistance of drying shrinkage of the 
concretes with the values decreasing to 0.13%-0.3%. In terms of these two aggregates, Super-K is 
better for the improvement of consistency of fresh concrete, mechanical strength, thermal conductivity 
and resistance of drying shrinkage.  
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Abstract  
A basic salt (BS) hydrate is a salt that contains a certain amount of both hydroxides and acid radical 
anions. its molecular formula are Mq(OH)pXr⋅nH2O or [(M1)q1(M2)q2…](OH)p(Xi)ri⋅nH2O in which Mi is 
metal ion, Xi is acid radical anion. Such BS hydrates as AFt and AFm phases, Friedel's and Kuzel's 
salts, etc. play an important role in cement based materials. Even, the main hydration products of 
several cements with low energy and high performance are BS hydrates, for instance, calcium 
sulfoaluminate (CŜA) cement, magnesium oxychloride (MOC) cement and magnesium oxysulfate 
(o-MOŜ) cement, etc.   
In this paper, the composition, crystal structure, synthesizing methods, stability and special features of 
main BS hydrates involving in cementitious materials are reviewed. Meanwhile, the definition of BS 
cement is first proposed. The formation mechanism of BS hydrates and performance of the BS cements 
are discussed. The d-MOŜ cement with high strength and excellent durability is introduced. Finally, the 
principles to develop new BS cements from some multicomponent systems are supposed.  
 
 
Originality 
Such minerals as Aft, Afm, Friedel's or Kuzel's salts, etc. has been the subject of numerous studies in 
the cement chemistry, but the review on the common characteristics of some BS hydrates occurring in 
cementitious materials and the discussion on the relation between the characteristics and their element 
composition are seldom reported. Zinc oxychloride cement, magnesium oxysulfate cement and 
magnesium oxychloride cement were named as acid-base cement by Wilson A. D. et al. 
In this work, it is considered that all hydrates of these cements are basic salt hydrates and the 
formation of these BS hydrates is simply not due to acid-base reactions but closely related to the 
formation mechanism of BS hydrates. So, new concept “basic salt cement” and their definition are 
firstly proposed. And according to the hydrolysis theory of metal aqua ions in salt solutions, the 
thermodynamic requirements that the BS cements need to satisfy and the mechanism that BS hydrates 
are formed in cement pastes are discussed, as well as, the principles and approaches to modify the 
existing BS cement and develop new BS cement are supposed. The strength of o-MOŜ cement 
discovered by Olmer and Delyon in 1934 is very low and has no application; however, the strength of 
new d-MOŜ cement developed based on above principles becomes time of increase. Since 1998, d-MOŜ 
cement has commercially been used for ten years. We hope that reader could be inspired by it. 
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1. Introduction 
Tri-sulfoaluminates (tri-phases) and monosulfoaluminates (mono-phases) and their analogues, 
such as Aft phase (the general formula [Ca3(Al,Fe)(OH)6⋅12 H2O]2⋅X3⋅mH2O where X 
represents a doubly charged anion or two singly charged anions.), Afm phase (general formula 
[Ca2(Al,Fe)(OH)6)]⋅X⋅mH2O, where X represents a singly charged anion or 'half' a doubly 
charged anion) and layered double hydroxides ([M1−x

2+Mx
3+(OH)2]x+(Xn−)x/n⋅mH2O, where X 

is the interlayer anion of valence n), have long been the subjects of many researches 
[Constantiner, D. et al. 1999, MatscheiT., et al,2007, Nalawade, P. et al 2009].There are many 
reasons for this issue as follows.  
1.1 Important minerals in cement technology 
Ettringite and calcium monosulfoaluminates are very important minerals in cement 
technology. Firstly, it is well known that gypsum plays a very important role in controlling the 
rate of setting and hardening of Portland cement just by the formation of early hydration 
products (ettringite) of C3A in presence of CaSO42H2O. At some time, the ettringite formation 
was responsible for the gelation that was considered to be related to the incompatibility of 
superplastizer with some Portland cements that can lead to the slump loss of concrete mixes 
[Chun, et al, 2011]. 
Secondly, by suitable mix design, the controlling growth of expansive ettringite to establish 
internal stresses can also enhance the tensile mechanical properties and toughness of the 
cement based materials as well as the compressive strength and impermeability [Chandlera, 
H.W. et al. 2000, Apiha, T. et al.2001]. 
Also, the proper quantities of ettringite formed at right time may cause expansion of the 
hardened pastes due to topochemically and exhibiting oriented growth, hence some expansive 
agents to form mainly expansive ettringite in hydration have been used to produce expansive 
cements, “shrinkage-compensating concrete or mortar” and “chemical prestressing concrete” 
[Wczelik, W. N. et al.2011, Nagataki, S. et al.1998, Ribeiro M. S. S 1998, Evju, C., et al. 2001, 
Yan, P. Y. et al.2003, Odler, I. et al 1999, Konik, Z.et al.2007].  
Thirdly, ettringite [Erlin B. et al. 1999] is sometimes a host of destruction of cement-based 
materials of concrete structures due to delayed ettringite formation in heat-treated (>80°C) 
concrete [Kelham. S. 1996], or secondary ettringite formation in concrete suffering from 
sulfate attack[Robert L. D. 1992, Tixier, R., et al.2003, H. Lee, et al.2005], because the 
transformation of primary reactant such as C3A, Afm to ettringite results in the volumetric 
increases shown in Table 1. 

Table 1 Increase of volume of different primary reactant[Robert L. D 1992] 

Primary reactant Product Volumetric change (∆Vp/Vp) 
3CaO·Al2O3 

3CaO·Al2O3·3CaSO4·31-32H2O 
1.26 

4CaO·Al2O3·SO3·12H2O 0.51 
4CaO·Al2O3·13H2O 0.48 

The ettringite-induced failure could occur even in the concretes produced with 
sulfate-resisting cements [Brown P. et al 2002], the stabilized clayey soils [Vahid R. et al.2003] 

and the repair plaster [Bokea, H. et. al, 2003] during the external sulfate attack. 
On the other hand, the transformation of Afm or C3A to Fridel’s salt  (a chloride- containing 
Afm phase, C3A⋅CaCl2⋅10H2O) can increase the chloride-binding capability of the 
cement-based materials [Luoa, R. et al 2001, Csizmadiaa, J. et al 2001], thus the durability of 



concrete structures in the environment bearing Cl− ions can be improved.  
Hence, whether the role of Aft and Afm phases in cement technology is good or bad is 
dependent on their formation time.  
1.2 The crucial agents in S/S techniques 
Chemical transformation from a toxic substance to a compound that reduces the potential 
hazard to tolerable levels for the human health and the environment is generally referred to as 
stabilization. While, reduction of the potential hazard metal mobility through physical 
encapsulation in low-permeability materials is called as the solidification process. 
Stabilization and solidification techniques are commonly referred to as S/S techniques that 
need the addition of binding agents. Among which ettringite, Aft, Afm and the cementitious 
materials to form Aft and Afm as major phases are a crucial agent of 
stabilization/solidification toxic compounds, since they have environmental and financial 
superiority. Gougar et al (1996) and Chrysochoou et al.(2006) reviewed this problem 
respectively. Application of layered double hydroxides for removal of oxyanions was 
reviewed by Kok-Hui Goh, et al (2008). 
Ettringite, calcium monosulfoaluminate or layered double hydroxides has been directly 
applied as a viable immobilization mechanism to remove metallic pollutants and radioactive 
waste ions from solution by the ion substitutions and chemical intercalation in these minerals 
and synthetics as well as microencapsulation. It has been reported by many authors [Berardi, 
R. et al 1997, Waldemar A., et al 2002, Khulood A., et al 2013; Luz C.A, et al. 2007; Peysson, 
S., et al.2005; Montagnaroa, F. et al 2003; Coumes,C.C. et al.2009; Peysson S. et al 2005; 
Palmer. C. 2000; Qian, G.R. et al 2008; Zhang, M. et al. 2003; Baur, I. et al. 2003; Bonhoure, 
I. et al. 2006; Luz, C.A. et al. 2006, 2009; Miguel A.G., et al. 2010; Damtoft, J.S.et al. 2008; 
Gartner, E. 2004, Chatterjee A.K. 1996]. Table 2 gives reported Waste Ion Substitutions in 
Minerals and Synthetics. But, the following ions have not apparently been reported as 
specifically immobilized by one of these phases: Ag, Am, Np, Pu, Ra, Tc, Th and Sn.  

Table 2 Reported Waste Ion Substitutions in Minerals and Synthetics 

Ettringite C3A·3CS̄·32H 
(Ca2+)Ⅷ site Sr2+, Ba2+, Cu2+, Cd2+, Fe2+, Pb2+ Ga2+, Ni2+, Mn2+, Co2+ and Zn2+ 
(Al3+)Ⅵ site Cr3+, Fe3+, Mn3+, Ni3+, Co3+, Ti3+, Si4+,  

(SO4
2−) site 

B(OH)4
−, CrO4

2−, AsO4
2−, SeO4

2−, MoO4
2−, VO4

3−, SO3
2−, CO3

2−, BrO3
−, NO3

− , 
CIO3

−, IO3
−, Cl−, I− 

Calcium monosulfoaluminate hydrate C3A·CS̄·12H 
Al3+ site Cr3+, Fe3+, Ga3+ 

SO4
2− site 

HBO3
2−, CO3

2−, Cl−, OH−, Br−, I−, NO3
−, ClO3

−, IO3
−,ClO4

−, MnO4
−, CrO4

2−, 
Fe(CN)6

3−, S2O3
2−, WO4

2− 
layered double hydroxides 

Oxyanion site 
AsO2

−, AsO4
2−, BO3

3−, BrO−, CrO4
2−, CIO3

−, IO3
−, NO3

− , SeO4
2−, VO4

3−, SeO3
2−, 

ReO4
−, TcO4

−, MoO4
2−,…etc. 

1.3 Development of eco-cements  
Due to the ever-increasing awareness of the need for environmental protection, research 
involving “low CO2 and energy” cements and eco-friendly building materials has been the 
subject of increasing interest recently. During the manufacture of Portland cement, the 
combined decarbonation of calcite (CaCO3), thermal and electrical-power CO2 emissions may 



total as much as 0.97 tons of CO2 per average ton of Portland Cement (OPC) produced. Thus, 
the cement industry contributes around 6% of all CO2 anthropogenic emissions [Chatterjee 
A.K. 1996; Torre, A.G et al. 2005; Martín-Sedeño, M. C. et al. 2010; Álvarez-Pinazo, G. et al. 
2013; Glasser F P, et al. 2001]. Some cement whose major hydrates are Aft or Afm phases and 
their analogues are just interesting approaches. For examples, belite-sulfoaluminate (BSA) 
cements to form ettringite as main hydrate are promising eco-friendly building materials, as 
their production may deplete CO2 emissions up to 35% (compared to OPC)[ Torre, A.G et al. 
2005; Luz C.A., et al. 2009]. Its similar analogous includes calcium sulfoaluminate–belite–
ferrite cements of the type developed in China under the generic name “Third Cement Series’’ 
(TCS) [ Álvarez-Pinazo, G. et al. 2013] [50], aluminum-rich belite sulfoaluminate cements[Luz 
C.A., et al. 2009 ][53], iron-rich sulfobelite cements[Sorel S. 1867]. Industrial sulfoaluminate 
cements have essentially been developed in China from natural resources (calcium carbonate, 
gypsum, and bauxite), since 1975. In the future, it is one potential capacity for industrial 
wastes such as desulfurization residue [Deng D.H. 2005] and galvanic sludge [Wilson A.D. et 
al. 1993] ubstituting for natural resources to be used to produce these cements.  
Magnesia cements (magnesium oxychloride cement MOC and magnesium oxysulfate cement 
MSC), discovered by S.T. Sorel in 1867[Sorel S. 1867], are eco-cements too. Compared to 
OPC, the CO2 emissions and energy consumption during formation of magnesia cements are 
lower. The major reaction products of magnesia cement pastes are some Afm’s analogous, 
such as [Mg3(OH)5]Cl⋅4H2O (5 phase); [Mg2(OH)3]Cl⋅4H2O (3 phase) ; 
[Mg3(OH)5]0.5SO41.5H2O; [Mg3(OH)5]0.5SO44H2O;…etc [Urwongse, L. et al. 1980] Their 
similar analogous include zinc oxychloride cement[Wilson A.D. et al. 1993]. 
Furthermore, Layered double hydroxides (LDHs) have technological importance in catalysis, 
separation technology, medical science and nanocomposite material engineering, because 
many negatively charged biomolecules, organic radicals, acid radicals, etc. can be 
incorporated between LDHs[Juan J. et al.2004]. Hydrotalcite-like compounds have an 
important industrial application as catalyst precursors too [Maurizio B. et al.1996]. 
These minerals mentioned above are also a series of very especial crystal compounds and 
exhibit interesting common features and properties [Juan J. et al.2004]. According to chemical 
definition, all of them is basic salt hydrates represented by the general formula 
[(M1)q1(M2)q2…](OH)pXr⋅nH2O, where M1 is generally metal ions with two positive valence, 
q1 is its moles; M2 is usually metal ion with three positive valence, its moles q2 can be zero; 
X can be oxyanions with two negative valence or anion with mono negative valence, 
generally called acid radical, r is their moles; n is number of water molecules. They exhibit 
similar crystal structures which are composed of two constituents [Juan J. et al.2004]. One is 
the column or layer comprised of metal ions, M1

a1+, M2
a2+, OH−, H2O; other is acid radical and 

water molecules lied between columns or layers. Then, their structure formula can be 
represented by [(M1)q1(M2)q2(OH)p(H2O)m](a1q1+a2q2)-p Xr

−br⋅nH2O, where a1, a2 and b is the 
chemical valence of M1, M2 and X respectively. They are acicular crystals (for Aft, MOC and 
MSC phases) or hexagonal sheet crystals (for Afm and LDH phases) in microstructure, as 
shown in Figure 1. They can be synthetized by various methods from many multicomponent 
systems [MatscheiT., et al.2007; Juan J. et al.2004]. The dehydration and decomposition of 
them occur due to the change of temperature or humidity [Constantiner, D. et al. 1999]. 
Congruent dissolution or incongruous dissolution of them can take place in aqueous solution, 



which is relevant to pH and ion concentration.  

a b c d 

Figure1. SEM images of Cr6+-containing Afm phases and Aft phases [37] 

(a) Ca4Al2O6CrO4·12H2O; (b) Ca4Fe2O6(CO3,CrO4)·12H2O.  
Cr6+-containing Aft phases (c) Ca6Al2O6(SO4,CrO4)3·32H2O; (d) Ca6Fe2O6(SO4,CrO4)3·32H2O. 

On the other hand, the cements with basic salt hydrates as the major hydrates can be named as 
Basic Salt Cement (BSC) [Deng D.H. 2005]. Basic salt cements exhibit some interesting 
common features and properties, such as rapid setting, high strength, dense microstructure, 
good corrosion-resistant, etc.  
Although research involving these basic salt hydrates and BSCs has been continuously 
reported, some knowledge needs thoroughly to find out, some science principles needs more 
exploratory development. Only so can a number of new basic salt cements and new 
approaches to produce basic salt cements be invented. 
In this paper, the composition, crystal structure, stability and characteristic of main basic salt 
hydrates occurring in cementitious materials are reviewed. Meanwhile, the basic salt cement 
is first defined. The ternary systems or multicomponent systems being able to form BS 
cements are thermodynamically analyzed. The mechanism of hydrolysis-olation reaction of 
metal aqua ions in salt solutions for the formation of BS hydrates in the cement pastes is 
developed. The principles to modify the existing BS cement and develop new BS cement are 
discussed. Finally, the composition and properties of modified magnesium oxysulfate cement 
with high strength, excellent durability and low-carbon are introduced.   
2. Composition and structure of BS hydrates 
BS hydrates are a broad class of inorganic compounds with interesting characteristics, which 
depends on their composition and structure.  
2.1 Compositions of BS hydrates 
As stated above, BS hydrates, which have unique compositions, have the general formula 
[(M1)q1(M2)q2…](OH)pXr⋅nH2O, where M1 and M2 are divalent or trivalent metal ions, X could 
be monovalent or divalent acid radical. More importantly, they have several hydroxyl groups. 
There are many variables in the general formula of BS hydrates, and it opens doors to the 
possibility of formation of a large number of new BS hydrates, thus, new BS cement. 
2.1.1 Metal ions in BS hydrates 
As shown in table 2, a large number of metal ions can form BS hydrates. To define the 
boundaries that indicate which metal ions can form LDHs has long been the subject of 
researchers. According to the type of metal ions, Deng (2005) classified BS hydrates into two 
classes. Class 1 is homo-BS hydrates, in which M1 and M2 are the same metal ions; whereas 
class 2 is heter-BS hydrates, in which M1 and M2 are different metal ions. Table 3 lists part of 



BS cement and their hydrates. 
Table 3 Part of BS cement and their hydrates [Deng, 2005] 

Type Cement Cementitious system BS hydrates 

Homo-BS 
Cement 

Magneisum 
oxychloride 

cement 
MgO－MgCl2－H2O 

Mg3(OH)5Cl⋅4H2O 
Mg2(OH)3Cl⋅4H2O 

Mg5(OH)9Cl⋅(5/2)H2O 
Mg1.5(OH)2Cl⋅2H2O 

Magnesium 
oxysulfate  

cement 
MgO－MgSO4－H2O 

Mg4(OH)6SO4⋅4H2O 
Mg6(OH)10SO4⋅3H2O 
Mg2(OH)2SO4⋅5H2O 
Mg4(OH)6SO4⋅2H2O 

Zinc oxychloride 
cement ZnO－ZnCl－H2O 

Zn2.5(OH)4Cl⋅(2.5)H2O 
Zn(OH)Cl⋅H2O 

Hetro-BS 
Cement 

Calcium 
Sulfoaluminate 

cement 
CaO－Al2O3－CaSO4 –H2O 

Ca4Al2(OH)12SO4⋅6H2O 

Ca6Al2(OH)12(SO4)3⋅26H2O 
Calcium 

Chloaluminate 
cement # 

CaO－Al2O3－CaCl2–H2O 
Ca2Al(OH)6Cl⋅(2.5)H2O 

Ca3Al(OH)6Cl3⋅(12.5)H2O 
Calcium 

Carboaluminate 
cement# 

CaO－Al2O3－CaCO3–H2O 
Ca2Al(OH)5CO3⋅(2.5)H2O 

Ca6Al2(OH)12(CO)3⋅25H2O 
NOTE:  # not commercially available. 

Only four types of metal ions, i.e. Ca, Mg, Zn, Al, presents in table 3. Actually, much more 
metal ions could be constituent of hydrotalcite-like compounds, as shown in table 2. Juan et al. 
2004 reviewed all the published or patent on the metals in LDHs compounds, as shown in the 
periodic table of Figure 2.  

 
Figure2. Metals in LDH layers.    Reported in journals,    claimed in patents,     deviation from 

Shannon ionic radius of Mg2+>50%,     deviation from Shannon ionic radius of Mg2+<50%. Some 
elements have ionic radius deviations from Mg2+> and <50% because they may exist in different 

oxidation states [Juan et al. 2004] 

It could be observed in Figure 2 that some monovalent metal ions, tetravalent metal ions and 



new divalent or trivalent lanthanoid and actinoid elements were used in the synthesis of LDHs. 
Juan et al. [2004] believed that there are still lots of possibilities to design novel LDH 
compounds with almost any metal in the periodic table and whose properties have not been 
yet fully investigated. Whether a combination of metals could form hydrotalcite-like 
compounds could be preliminary judged by the difference between Mg2+ and their ionic 
radius. If the difference in ionic radius of metals and Mg2+ is greater than 50%, the two metals 
would be difficult to form LDH; whereas if the difference in ionic radius of metals and Mg2+ 
is lower than 50%, there would be high chance for these two metals to form LDH. It is well 
known that the ionic radius is not a fixed property of a given ion, but varies with coordination 
number, valence, spin state and other parameters. Ionic radiuses of main ions presented in 
table 2 are listed in table 3. It can be observed that the ionic radiuses of metal ions exist in BS 
hydrates are very comparable.  

Table 4 . Ionic radiuses of some ions [Shanon R. D. 1976] 

Ionic Valence Coordination number and spin 
sate Ionic radius(Å) Crystal Radius (Å) 

Mg +2 6 0.72 0.86 
Ca +2 6 1.00 1.14 
Zn +2 6 0.74 0.88 
Cu +2 6 0.73 0.87 
Fe +2 6 (high spin) 0.78 0.92 
Cd +2 6 0.95 1.09 
Mn +2 6 (high spin) 0.83 0.97 
Be +2 6 0.45 0.59 
Ni +2 6 0.69 0.83 
Al +3 6 0.535 0.675 
Fe +3 6 (low spin) 0.55 0.69 
Cr +3 6 0.615 0.755 
Co +3 6 (high spin) 0.61 0.75 
Ti +3 6 0.67 0.81 
Ga +3 6 0.62 0.76 
Ni +3 6 0.6 0.74 
Mn +3 6 (high spin) 0.645 0.785 
Si +4 6 0.4 0.54 

Of course, not all LDHs are suitable to be the hydration products of BS cements, because 
most LDHs need harsh reaction conditions. However, cement needs to hydrate under normal 
conditions and develop a strong solid network within an appropriate time.  
The ratio (defined as x) of M1 to M2 is also an important parameter for LDHs. It may affect 
the crystal structure and interlayered anions. It is often believed [Khan et al. 2002] that pure 
LDH phases can only be formed for stoichiometries in the range 0.20 < x < 0.33, i.e. M1/ M2 
ratios in the range 2–4. However, some publications claimed that LDHs can be formed with 
stoichiometries outside the range 0.20 < x< 0.33 [Alberti et al. 1996]. 
In addition, BS hydrates with different metals may exist in solid solution. For example, 
Al-Ettringite (AFt) may co-exist with Fe-Ettringite to form ettringtie. Möschner G. et al. 
[2009] studied the solubilities of the solid phases of Ca6[Al1−xFex(OH)6]2(SO4)3·26H2O, and 
found that there exist a miscibility gap for the solid solution series between XAl,total = 0.3 and 
0.6. Thaumasite (Ca6[Si(OH)6]2 (CO3)2 (SO4)2·24H2O ), which contains Si(OH)6, is also well 



known as a product of sulfate and carbonate attack on concrete. It can form solid solution 
with ettringite [Macphee et al., 2004]. Other metal ions, e.g. Cr3+ can co-exist with Al in 
ettringite. It can be speculated that metal ions with similar ionic radius can form solid solution 
with each other.  
2.1.2 Acid radicals  
As shown in table 2, various anions or oxyanions (organic or inorganic) could be the acid 
radicals of BS hydrates. The existence of acid radicals is to compensate the excess charge in 
the layered or columned structure. Therefore, the compositions of the acid radicals are not 
strictly required. The number and type of acid radicals are variable. BS hydrates, including 
LDHs and AFt, are famous for their anion exchange property. That is to say, acid radicals in 
BS hydrates can be easily exchanged with other anions without significantly changing its 
crystal structure.  
Also, the BS hydrates with different acid radicals may exist in solid solution. For example, 
Carbonate ettringite can accommodate limited sulfate in solid solution 
Ca6[Al(OH)6]2(SO4)3-X(CO3)X·26H2O [Bloari et al. 2009]. AFm-SO4 (i.e. 
Ca4[Al(OH)6]2(SO4)·12H2O), AFm-Cl2(i.e. Ca4[Al(OH)6]2(Cl)2·12H2O), AFm-CO3(i.e. 
Ca4[Al(OH)6]2·CO3·12H2O), and AFm-I2(i.e. Ca4[Al(OH)6]2·I2·12H2O) can form solid 
solution [Aimoz L. et al. 2012].  
2.1.3 Hydroxyl groups 
A great number of hydroxyl groups presents in the molecular of BS hydrates. This highlights 
the basic property of this type of salt. The function of hydroxyl groups is to form hexagon or 
octahedron with metal ions. Thus, the number of hydroxyl groups depends on the valence and 
coordination number of metal ions.  
2.1.4 Water 
Apart from hydroxyl groups, there exists some amount of water in the BS hydrates. Part of the 
water exists in the layers or columns, and anohter part of the water exists in the interlayers or 
intercolumns. The number of water is variable. It partly depends on environmental conditions. 
Take Ettringite ( [Ca3Al(OH)6⋅12 H2O]2⋅(SO4)3⋅2H2O) for example, Zhou et al. (2004) placed 
ettringite in a controlled environment (temperature and water vapour pressure), and obtained 
ettringite with low water content ([Ca3Al(OH)6⋅12 H2O]2⋅(SO4)3). Pöllmann (2007) described 
an ettringite with 36 H2O at 100% relative humidity. 
2.2 Crystal structures of BS hydrates 
BS hydrates have two distinct crystal structures, i.e. layered structure and columned structure.  
2.2.1 Layered structure 
The divalent metal hydroxide octahedrons are aligned along 2-dimensional lattice by sharing 
edges and the isomorphic substitution of divalent metal with trivalent one resulted in positive 
layer charge. Anions presented between interlays compensate the excessive charge of layer 
structure.  
The interlamellar domains also contain water molecules. There is a complex network of 
hydrogen bonds between layer hydroxyl groups, anions and water molecules. The interlayers 
are substantially disordered and hydrogen bonds are in a continuous state of flux so that the 
precise nature of the interlayer is extremely complex [Khan A. I et al. 2002]. Due to the 
difference in size, charge and layout of these interlamellar species, the basal spacing of the 
layers is dramatically modified, which gives a selection of inorganic and organic species. 



Different effective diameters of anions determine different thickness of the interlayers. The 
combined thickness of the brucite-like layer and the neighboring interlayer is another 
important structural feature of LDHs. 
In LDHs, the octahedral environment of metallic cations is far from being a regular 
polyhedron. The octahedra are strongly flattened along the stacking direction. If the radius of 
one of the metallic cations is too large (e.g. Ca2+ and Cd2+), the octahedral coordination is lost 
by opening of one side of the octahedron on the interlamellar domain leading to additional 
coordination with one interlamellar water molecule. The symmetry around the metal is 
lowered. 
LDHs tend to crystallize as platy hexagonal shaped crystals, whose typical morphology and 
crystal structure are shown in Figure 3. The crystal data of various layered BS of Cements are 
given in Table 5. 

  
a） SEM picture [Leisinger S. M. et al, 2012] and schematic diagram [Moore A. W., et al. 1970] of AFm 

 
b) Schematic diagram of AFm crystal structure [Duan P. et al. 2013] 

Figure 3 Diagram and picture of AFm 

2.2.2 Columned structure 
Column crystal structure is composed of columns of divalent and (or) trivalent metal cations, 
with acid radical and water molecules in the inter-column channels joining the whole structure 
together by a network of hydrogen bonds [Hartam et al. 2008; Clark et al. 2008; Baur et al. 
2004; Barnett et al. 2000; Manzano et al. 2012; Gougar et al. 1996, Taylor, 1997]. These salts 
are also referred to as AFt, and tend to crystallize as needle-like crystals. Their typical 
morphology and crystal structure are shown in Figure 4.  
Ettringite (CaO•Al2O3•3CaSO4•32H2O) is a typical AFt in cement hydrates. Its structure is 
based on columns of Al(OH)6

3- ocatahedra linked together by calcium cation, of which the 



coordination of polyhedral are completed by water molecules. Each Al(OH)6
3- is linked to 

each other by three calcium cations, which is eightfold coordinated by four water molecules 
and four hydroxyls. The hydroxyls are hydrogen bond to water molecules located on the 
calcium coordination polyhedron on the opposite side of a shared aluminum coordination 
polyhedron. The hydrogen bonds formed by the hydroxyls contribute to the formation of 
calcium and aluminum coordination polyhedra. Water molecules on the calcium coordination 
polyhedra form hydrogen bonds with other calcium coordination polyhedra as well as with 
the columns of sulfate tetrahedra and water molecules. The hydrogen bond network plays a 
very important role in stabilizing the ettringite structure and provides a connective framework 
for the columnar structure [Hartman et al., 2008]. It is worth noting that the aluminium can be 
replaced by trivalent metal ions that can give suitable octahedra without destroying the 
ettringite structure, such as Cr(III), Fe(III), Mn(III) and Ti(III). These metal ions have 
comparable ionic radii and third ionization potentials. The crystal data of various AFt of 
Cement hydrates are given in Table 5. 

  
a）SEM picture [Coday A.M., et al. 2004] and schematic diagram [Kindness A. et al. 1994] of AFt 

 

b) Crystal structure of ettringite projected on to the (0001) plane. Ca6[Al2(OH)12 ·24H2O]6+ columns lie parallel to 

the c-axis with sulfate and water molecules in the inter-column channels. Ca atoms are displayed as blue circles, 

oxygen atoms in red, aluminum atoms in light blue, sulfate tetrahedral in yellow and hydrogen atoms in 

grey.[Clark et al. 2008] 

Figure 4 Diagram and picture of AFt  

The densities of AFm and AFt respond differently to the change in interlayer or intercolumn. 
The layer spacings in AFm are easily changed to allow variable water contents, and variable 
acid radical, as a result of which the density decreases as the water content increases, and 
lattice parameter of AFm changes. AFt, which is a three dimensional structure, is not easy to 
expand or contract its framework by changing the water content residing interchannels 
spacing between columns of AFt [Balonis et al. 2009]. 

20 μm 



Table 5 crystal parameters of some basic salt hydrates 

Group Name Chemical formula Mineral formula 
Formula 
weight 
(g/mol) 

Metal cations Acid 
radical 

Number of water 
in interlayer or 
intercolumns 

Crystal data 
Ref. 

a(Å) c(Å) Z ρ Space 
group 

AFt 

Ettringite [Ca3Al(OH)6]2(SO4)3·(
24+2)H2O CaO·Al2O3·3CaSO4·32H2O 1255 Ca2+, Al3+ SO4

2- 2 

11.23 21.50 2 1775 

P31c 

[Struble, 1986] 

11.23 21.44 2 1780 [Swanson, 1959] 

11.22 21.48 2 1780 [Polloman, 2007] 

11.23 21.52 2 1775 [Polloman, 1993] 

11.23 21.49 2 1776 [Balonis, 2009] 
Ettringite- 
low water 

[Ca3Al(OH)6]2(SO4)3·2
4H2O CaO·Al2O3·3CaSO4·30H2O 1219 Ca2+, Al3+ SO4

2- 0 11.14 21.30 2 1768 P31c [Polloman, 2007] 

Ettringite- 
high water 

[Ca3Al(OH)6]2(SO4)3·(
24+6)H2O CaO·Al2O3·3CaSO4·36H2O 1327 Ca2+, Al3+ SO4

2- 6 
11.26 21.56 2 1861 P31c [Polloman, 2007] 

11.26 21.54 2 1865 P31c [Balonis, 2009] 

Carbonate 
Ettringite 

[Ca3Al(OH)6]2(CO3)3·(
24+2)H2O CaO·Al2O3·3CaCO3·32H2O 1147 Ca2+, Al3+ CO3

2- 2 
10.83 21.25 2 1763 P31c [Struble, 1986] 

10.85 21.26 2 1757 P31c [Balonis, 2009] 

Iron Ettringite [Ca3Fe(OH)6]2(CO3)3·(
24+2)H2O CaO·Fe2O3·3CaCO3·32H2O 1313 Ca2+, Fe3+ CO3

2- 2 
11.18 22.01 2 1830 

P31c 
[Struble, 1986] 

11.18 22.01 2 1830 [McMurdie, 1987] 

Thaumasite Ca6[Si(OH)6]2 (CO3)2 

(SO4)2·24H2O CaO·SiO2·CaCO3·CaSO4·15H2O 623 Ca2+, Si4+ CO3
2- 

SO4
2- 0 11.05 10.41 2 1876 P63 [Jacobson, 2003] 

AFm 

Tetracalcium 
aluminate-13-hy

drate 
hydroxy AFm 

[Ca2Al(OH)6]2(OH)2·6
H2O 4CaO·Al2O3·13H2O 560 Ca2+, Al3+ OH- 3 

5.75 95.27 6 2046 R-- [Ficher, 1982] 

5.76 95.23 6 2042 R-- [Balonis, 2009] 

α1-Tetracalcium 
aluminate-19-hy

drate 

[Ca2Al(OH)6]2(OH)2·1
2H2O 4CaO·Al2O3·19H2O 668 Ca2+, Al3+ OH- 6 5.77 64.08 3 1804 R3c or R3c [Aruja, 1961] 

α2- Tetracalcium 
aluminate-19-hy

drate 

[Ca2Al(OH)6]2(OH)2·1
2H2O 4CaO·Al2O3·19H2O 668 Ca2+, Al3+ OH- 6 5.77 21.37 1 1802 P63/m or 

P6322 [Aruja, 1961] 

Tetracalcium 
aluminate 

monosulfate-12-
hydrate, 

monosulfoalumin
ate 

[Ca2Al(OH)6]2SO4·6H
2O 3CaO·Al2O3·CaSO4·12H2O 623 Ca2+, Al3+ OH- 3 

5.76 53.66 3 2014 R3 [Polloman, 2007] 

5.76 53.66 3 2014 R3 [Balonis, 2009] 

Monosulfoalumi
nate with high 
water content 

[Ca2Al(OH)6]2SO4·8H
2O 3CaO·Al2O3·CaSO4·14H2O 659 Ca2+, Al3+ SO4

2- 4 5.75 28.69 3/2 1998 R3 [Polloman, 2007] 

Monosulfoalumi
nate with high 
water content 

[Ca2Al(OH)6]2SO4·10
H2O 3CaO·Al2O3·CaSO4·16H2O 695 Ca2+, Al3+ SO4

2- 5 5.73 30.67 3/2 1983 R3 [Polloman, 2007] 

Tetracalcium 
aluminate 

carbonate-11-hyd

[Ca2Al(OH)6]2CO3·5H
2O 3CaO·Al2O3·CaCO3·11H2O 568 Ca2+, Al3+ CO3

2- 2.5 
a = 5.781 Å, b = 5.744 Å, 
c = 7.855 Å, α = 92.61°, 
β = 101.96°, γ = 120.09° 

1/2 2170 P1or p1 [Fischer, 1982] 



rate, 
monocarboalumi

nate 

a = 5.742 Å, b = 5.744 Å, 
c = 15.09 Å, α = 92.29°, 
β = 87.45°, γ = 119.54° 

1 2182  [Renaudin, 1999] 

a= 5.768 Å, b = 5.742 Å, 
c = 7.862 Å, α = 92.68°, 
β = 101.89°, γ = 120.01° 

1/2 2174  [Balonis, 2009] 

Tetracalcium 
aluminate 

hemicarbonate-1
2-hydrate,hemica

rboaluminate 

[Ca2Al(OH)6]2(CO3)0.5

(OH)·5.5H2O 
3CaO·Al2O3·0.5CaCO3·0.5 

Ca(OH)212H2O 564 Ca2+, Al3+ CO3
2-, 

OH- 2.75 

5.77 49.
16 3 1984 R3c or R3c [Fischer, 1982] 

5.76 49.
25 3 1986  [Balonis, 2009] 

αFriedel’s salt 
[Ca2Al(OH)6]2Cl2·4H2

O 3CaO·Al2O3·CaCl2·10H2O 561 Ca2+, Al3+ Cl- 2 

a = 9.960 Å, b = 5.744 Å, 
c = 16.268 Å, 
β=104.471° 

2 2068 C2/c or Cc [Rapin, 2002] 

a = 9.955 Å, b = 5.748 Å, 
c = 16.754 Å, β = 

110.02° 
2 2070  [Balonis, 2009] 

βFriedel’s salt 5.75 46.
89 3 2083 R3c or R3c [Rapin, 2002] 

Kuzel’s salt [Ca2Al(OH)6]2Cl0.5S
O4·6H2O 

3CaO·Al2O3·0.5CaCl20.5CaSO4·
12H2O 610 Ca2+, Al3+ SO4

2-, Cl- 3 5.75 100
.6 6 2110 R3c or R3c [Kuzel, 1968] 

binitroaluminate [Ca2Al(OH)6]2(NO3)2·
4H2O 3CaO·Al2O3·Ca(NO3)2·10H2O 650 Ca2+, Al3+ SO4

2-, 
NO3

- 2 5.74 17.
24   P3c1 [Renaudin G., 

Francois M, 1999] 

 [Ca2Al(OH)6]2(C6H5S
O3)2·6H2O 

3CaO·Al2O3·Ca(C6H5SO3)2·12H2

O 858 Ca2+, Al3+ C6H5SO3
- 3 0.58 1.5

8    [Stober, 1999] 

 

 

 

 

 

 

 

 



3. Formation of basic salt hydrates 
Ettringite may be a natural basic salt mineral, while most of other BS hydrates are not. From 
their composition, basic salt hydrates are certainly reaction products of multi compounds. In 
the previous literatures, the various methods have been used to synthetize and prepare basic 
salt hydrates from many multicomponent systems. Thus, the formation of basic salt hydrates 
is also an interesting topic. If a multicomponent system is different, the method used can be 
different or identical. But there is a little difference among basic salt hydrates synthetized by 
different methods or from different systems, even a basic salt hydrate synthesized from 
different systems can completely be same mineral phase [Bilinski. H., et al 1984]. 
3.1 Reaction systems and methods 
3.1.1 Metallic hydroxide-metallic salt- water system 
There are two cases in metallic hydroxide-salt-water system, such as MgCl2-NaOH-H2O 
system, Al2(SO4)3-CaSO4-CaOH-H2O. 
(1) Case 1, the system is the homogeneous solution consisted of soluble salts, soluble 
hydroxides and water. Thus, basic salt hydrates are synthesized by crystallizing substances or 
coprecipitation from aqueous solutions. The method commonly used is the coprecipitation 
(CP) method. In chemistry, coprecipitation or co-precipitation is the carrying down by a 
precipitate of substances normally soluble under the conditions employed.  
In this system, soluble hydroxides are generally alkaline metal hydroxide such as NaOH, 
KOH for controlling pH, and soluble salts include CaCl2⋅2H2O, AlCl3⋅nH2O, Al2(SO4)3⋅nH2O, 
Na2SO4⋅10H2O, Mg(NO3)2⋅6H2O, etc. In order to avoid contamination or incorporation by 
CO3

2− ion and atmospheric CO2, water used need to be deionized and decarbonated or 
ultrapure water; the reaction mixture is required to be under inert nitrogen atmosphere. It can 
be considered that the formation mechanism of basic salt hydrates by the coprecipitation 
method should involve hydrolysis of metal ions in aqueous solution. Thus, the controlling pH 
value of reaction mixture is very important to the formation of BSHs. Owing to the solubility 
of some metallic hydroxides in water is very small, the formation of metallic hydroxides can 
occur in the reaction systems in advance. If so, the long time is required for the equilibrium of 
the reaction systems to be reached [Renaudin, G. et al, 2007]. At this time, higher reaction 
temperature can be used to shorten the time [Vieille, L. et al. 2003a]. 
For examples, erttringite and calcium monosulfoaluminate were prepared by the 
coprecipitation method at controlled pH(11.5±0.1) and room temperature from the 
CaCl2-AlCl3-Na2SO4-NaOH-H2O system [Renaudin, G. et al, 2007]; Friedel’s salt was 
prepared by the coprecipitation method at a controlled pH and 65°C from the 
CaCl2-AlCl3-NaOH-H2O system[Vieille, L. et al 2003]; Polymer Derivatives incorporated by 
organic styrene-4-sulfonate [Ca0.67Al0.33(OH)2(C8H7SO3)0.32⋅nH2O] and poly(styrene sulfonate) 
[Ca0.67Al0.33(OH)2 -(C8H7SO3)0.32⋅nH2O] were synthesized by the same method and condition 
as that for Friedel’s salt from the above system with organics[Vieille, L. et al. 2003b]; 
magnesium oxychloride hydrates were formed in MgCl2-NaOH-H2O system. Especially, basic 
salt hydrates such as layered double hydroxides [Jiang Q. 2007, Juan J. et al 2004] expressed 
by the general formula [Mg1-xAlx(OH)2]x+⋅[Xn.mH2O]x−, hydrotalcite-like compounds [Miyata 
S. 1975, Miyata, S.1977] of the formula [Mx

2+My
3+(OH)2x+3y−nz](Xn−)z⋅ -mH2O were mostly 

prepared by the coprecipitation method from these systems such as 
Mg(NO3

)
2-Al(NO3)-NaOH-H2O, Mg(ClO4)2-Al(ClO4)3-NaOH-H2O, NiCl2-AlCl3-NaOH-H2O, 



and MgCl2-AlCl3-NaOH-Na2CrO4-H2O, etc. By this token, all basic salt hydrates containing 
NO3

−, Cl−, ClO4
− anions can be synthesized by the coprecipitation (CP) method, because all 

nitrates, perchlorates and most chlorides are soluble. 
(2) Case 2, the system is generally a paste consisted of metallic salts, hydroxides and water in 
which one of metal salts or hydroxides may be slightly soluble or insoluble. In spite of 
ettringite crystals synthesized directly from aqueous Ca(OH)2-suspension (cCaO=68 mmol/l) 
and solution of Al2(SO4)3 nH2O (cAl2(SO4)3=11.4 mmol/l) [Odler, I.;et al 1984] 
[Goetz-Neunhoeffer, F. et al 2006] at pH 12.5 or Al2(SO4)3 nH2O and 4[Hashem, F. S. et al 
2014,] were reported, the hydrothermal method is generally used to synthesized and prepare 
basic salt hydrates from this system. When slightly soluble Ca(OH)2, Al(OH)3, and insoluble 
CaCO3 were used as the starting powder for the preparation of the Ca4Al2(OH)12CO3⋅5H2O 
single crystals, the capsule loaded with the mother-mix (solid plus water) was placed for 1 
month in an autoclave at 2 Kbar isotropic pressure and 100°C[Renaudin, G. et al 1999]. 
Ca2Al(OH)6(NO3)·2H2O [Renaudin, G. et al 2000] and Friedel’s salt Ca2Al(OH)6Cl⋅ 
2H2O[Rapin, J.-P. et al 2002]  were prepared by hydrothermal synthesis in the same manner 
from Ca(OH)2−Al(OH)3−Ca(NO3)2−H2O and Ca(OH)2−Al(OH)3−CaCl2−H2O respectively. 
The hydrothermal synthesis of ettringite from the Ca(OH)2−Al2(SO4)3−NaOH−H2O was 
reported by Perkins and Palmer[Perkins, R.et al 1999], in which the reactant solutions 
consisted of Al2(SO4)3⋅18H2O, Ca(OH)2 and ultrapure water was sealed in a 500 ml high 
density polyethylene (HDPE) bottle, placed on a 60°C hot plate. By increasing the solubility 
of minerals in hot water under high pressure, the method is also particularly suitable for the 
synthesis of single crystals and the growth of large good-quality crystals while maintaining 
good control over their composition. Thus, some basic salt hydrate whiskers was usually 
prepared by the hydrothermal synthesis [Liu, Z. P. 2002, Xiang, L. et al 2004]. It is worth to 
mention that ettringite was formed from aqueous suspension containing Ca(OH)2, Al(OH)3 
and gypsum CaSO4⋅2H2O powders by ultrasound irradiation under atmospheric pressure and 
the sonochemical synthesis reaction reaches the equilibrium by about 120 min, while without 
irradiation of ultrasound, the heating the same aqueous suspension at about 80°C for 480 min 
produce calcium monosulfoaluminate[Zhang, Q. W. et al 2000].  
3.1.2 Metallic oxide-metallic salts-water systems 
According to the composition of metallic oxides, the metallic oxide-metallic salts-water 
system for the formation of basic salt hydrates can be classified as the mono-metallic 
oxide-salt-water system and di-metallic oxide-salt-water system, MgO-MgCl2-H2O system, 
Ca3Al2O6-CaSO4-H2O system and CaO-AlCl3-H2O system are the typical case of this system.  
(1) Mono-metallic oxide-salt-water systems 
For mono-metallic oxide-salt-water systems, basic salt hydrates can be synthesized via two 
methods: the direct-synthesis and saccharate method.  
Especially, the basic salt hydrates such as Mgx(OH)2x-1Cl⋅nH2O, Mgx(OH)2x-2SO4 ⋅nH2O can 
be easily and directly formed from the MgO-MgCl2-H2O[Rogic V. et al 1972, Urwongse  L. 
et al 1980] and MgO-MgSO4-H2O systems respectively under normal temperature and 
pressure[Demediuk, et al. 1957, Urwongse  L. et al 1980]. And it should be worth to note 
that two systems form two basic salt cements — magnesium oxychloride cement and 
magnesium oxysulfate cement. 
Compare with two series of basic salt hydrates mentioned above, the direct-synthesis of 



Al-ettringite ,Fe-ettringite and their solid solution series from CaO-Fe2(SO4)3- 
Al2(SO4)3-KOH-H2O systems is less easy [Möschner G. et al 2009, Möschner, G. et al 2008]. 
Firstly, CaO used needs to be freshly prepared or is special grade[Khulood A. et al. 2013]; 
secondly, KOH-solution with certain concentration is used as reaction solution for controlling 
pH to which CaO, Fe2(SO4)3⋅5.3H2O and/or Al2(SO4)3⋅16.2H2O are added; thirdly, the time 
that the system equilibrium is reached need a couple of months. Owing to the solubility of 
Ca(OH)2 in water is increased with decrease of temperature, the direct synthesis of BSH can 
carried out at 4°C. Similarly, some trivalent cation-substituted Aft and Afm may be directly 
synthesized from the suspension of CaO, relevant metallic salts and water 
[Wieczorek-Ciurowa, K. et al 2001].  
In addition, ettringite can be synthesized by the hydrothermal reactions of fly ash and 
Ca(OH)2, CaSO4⋅2H2O[Ma, W. P.et al 1997]. That and other report [Puertas, F. et al. 1999] 
show that the reactions of reactive alumina Al2O3 in solid industrial wastes with Ca(OH)2 in 
the presence of metallic salts can form basic salt hydrates.  
Despite all this, when CaO is used as metallic oxide in the synthesis of Aft, Afm and their 
analogues, saccharate or Struble method is mostly adopted, [Hartman,M.R. et al. 2006], 
[Hashem, F. S. et al 2014] due to the higher solubility of Ca(OH)2 in sucrose solution and 
inhibiting precipitation of Ca(OH)2[Elmer T. et al. 1960]. When CaO is dissolved in sucrose 
solution, it will form a lime–sucrose complex. This lime–sucrose complex solution is easily 
broken into ions and is easily attacked by ionic reagent, which leads to the tendency to form 
BSH be rapidly increased. Thus, the BSH’s synthesis is generally conducted by saccharate 
method. [Grier, D.G. et al 2002, Satish C. B. et al 1998]. 
It is evidenced that this method is suitable for synthesis of the oxyanion-substituted Aft and 
Afm, even sulfite-Aft could only be synthesized using the saccharate method [Grier, D.G. et 
al 2002]. It is also demonstrated that the synthesis methods with and without sucrose have no 
influence on lattice parameter of ettringite and on chemical composition of ettringite and 
sucrose may only be adsorbed at the crystal surfaces of the ettringite structure 
[Goetz-Neunhoeffer, F. et al 2006].  
(2) Double oxides-salt-water system 
Some amphoteric metal oxides can react with CaO or alkaline-earth metal oxides at high 
temperature to form double oxides, e. g. calcium aluminate, calcium chromate, calcium 
arsenate, etc. These oxides are usually more hydraulic minerals. Their hydration can easily 
occur at normal pressure and temperature to produce hydrates. In the presence of anions 
and/or oxyanions, their hydration just forms corresponding basic salt hydrates. For examples, 
the hydration reaction of 3CaO⋅Al2O3 in the solution containing Ca(OH)2, H3BO3, resulted in 
the formation of phase pure 6CaO⋅Al2O3⋅2B2O3⋅39H2O by later consume of  
4CaO⋅Al2O3⋅0.5B2O3⋅12H2O and CaO⋅B2O3⋅6H2O initially formed after 3 months of 
equilibration[James V.et al. 1998]. To avoid the dissolution inhibition of tricalcium aluminate 
by borate anions, CaO⋅B2O3⋅6H2O was first formed by the reaction of boric acid and calcium 
oxide in water [Champenois, J.-B. et al 2012], then 3CaO⋅Al2O3 was then added, and the 
mixture was stored under stirring conditions at 20±1°C. B-AFm 
3CaO·Al2O3·CaHBO3·12H2O and B-Aft 6CaO·Al2O3·2B2O3·33H2O were formed after 
several days. [Ca4Al2(OH)12]CO3 ⋅5H2O was prepared by mixing C3A and CaCO3 (or calcium 
hydroxide, and sodium carbonate) [Elmer T. et al 1960] in a 1:1 molar ratio with previously 



degassed ultra-pure water at 25°C [Renaudin, G. et al, 2007, Matschei, T.et al, 2007 Trezze, 
M. A. et al 2001]. A 1:1 molar mixture of C3A and CaSO4 was suspended in initially boiling 
ultrapure water and thereafter kept at 85°C for 7 days to synthesize phase pure [Ca4Al2 
(OH)12]SO4⋅6H2O[Matschei, T.et al, 2007]. Solid solution series [Ca2Al(OH)6]⋅[Cl1−x⋅(SO4)0.5x 

⋅(2+0.5x)H2O] with x=0.25, 0.50 and 0.75 were synthesized by the hydration of Ca3Al2O6 in 
aqueous solution involving CaCl2∙2H2O and CaSO4·2H2O with a water/solid mass ratio of 50 
at 25°C or 85°C [Mesbah, A. et al 2011a]. [Ca6Al2(OH)12](CrO4)3⋅26H2O [Robert B.et al 
2000], [Ca4Al2(OH)12]CrO4⋅6H2O[Hongye HE, et al. 2002],and Friedel’s salt[Glasser, F.P. et 
al 1999, Goni, S. et al. 2003, James V. et al. 2004] were prepared by a similar procedure from 
Ca3Al2O6−CaCrO4−H2O and Ca3Al2O6−CaCl2−H2O respectively. Pure Fe-Mc (3CaO⋅Fe2O3⋅ 
-CaCO3⋅12H2O), Fe-Hc (3.5CaO⋅Fe2O3⋅0.5CaCO3⋅10H2O) and Al/Fe-monocarbonates were 
synthesized by the addition of appropriate amounts of C3A, C2F, CaCO3, and CaO to 0.1 M 
KOH solution (50 ml) at liquid/solid ratio ~20. In the hydration of calcium aluminum oxide–
gypsum mixtures, i.e., Ca3Al2O6, Ca12Al14O33 and CaSO4⋅2H2O, the reaction products can be 
ettringite, monosulfate or the calcium aluminum oxide hydrate, Ca4Al2O7⋅19H2O, which 
depends on the amount of CaSO4⋅2H2O in the system [Ma J. Y Z.et al. 2010]. Some solid 
solutions can be synthesized by the reaction of Ca3Al2O6 in aqueous solutions containing two 
types of anion or oxyanion, e. g SO4

2−, CrO4
2− [Sabine M. et al. 2010,].  

Exclusive of Ca3Al2O6, Other aluminates, ferrates and aluminoferrites like CaO⋅Al2O3 (CA) 
[zhang, M.et al 2003], 4CaO⋅Al2O3⋅Fe2O3 (C4AF), C6AF2 and C6A2F. [Csizmadia, J. et al. 
2001] Organic-BSHs may be formed by following reaction [Stöber, S. et al 1999]: 

CA +2CaO+3Ca(C6H5SO3)2⋅H2O+nH2O→ 
C3A⋅Ca (C6H5SO3)2⋅nH2O+2Ca(OH)2+ C6H5SO3

− (1) 
3.1.3 Anhydrous basic salt- salt-water system 
Anhydrous basic salts are the minerals whose composition involving metallic oxide and salts. 
An anhydrous basic salt most commonly encountered is Ye'elimite or calcium sulfoaluminate, 
Ca4(AlO2)6SO4 (C4A3Ŝ) with hydraulic activity that is a main constituent of sulfoaluminate 
cements and is manufactured by heating the appropriate quantities of finely-ground alumina, 
calcium carbonate and calcium sulfate to around 1000-1100°C, preferably in the presence of 
small quantities of fluxing materials. So far, except for calcium sulfoaluminate, its analogues 
with latent hydraulic properties reported include calcium chroaluminate Ca5Al6O13CrO4[Palou, 
M. et al 2003], calcium barium sulfoaluminate[Huang, Y. et al 2014], Ca2.75Ba1.25(AlO2)6SO4 
(C2.75B1.25A3Ŝ), strontium calcium sulfoaluminate[Lu, L. C. et al. 2012]. The hydration of 
these anhydrous basic salts in the presence or absence of metallic salts can produce relevant 
basic slta hydrates. For examples, it is well known that C4A3Ŝ hydrates in the presence of 
gypsum and calcium hydroxide to form full ettringite[Havlica J. et al 1992]:  

C4A3Ŝ + 2CŜH2 + 34H→C6AŜ3H32 + 2AH3                                   (2) 
C4A3Ŝ + 8CŜH2 + 6CH+74H→ C6AŜ3H32                                    (3) 

In addition to Ca5Al6O13SO4-CaSO4-H2O system, the systems studied involve 
Ca5Al6O13SO4-Na2CrO4-H2O and Ca5Al6O13SO4-Ca(NO3)2-H2O systems [Luz, C.A.et al  
2007] and Ca5Al6O13SO4-Ca5Al6O13CrO4-H2O system[Palou, M. et al 2003], etc. 
   For instance, the hydration products of C4A3S–C4A3Cr–H2O system could be expected as 
a mixture of chromate and sulfate ettringite in the proportion depending, before all on the 
CrO4

2– content [Palou, M. et al 2003]: 



4C4A3Ŝ +80H2O→C6 AŜ3H32+C4ASH12+2C3AH6+8AH3                         (4) 
4C4A3Cr+80H→C6ACr3H32+C4ACrH12+2C3AH6+8AH3                         (5) 
4C4A3Ŝ+4C4A3Cr+80H→C6 A(Ŝ,Cr)3H32 +C6A(Ŝ,Cr)3H12+2C3 AH6 +8AH3         (6) 

3.2 Salt treatment 
As shown in Table 2, anion SO4

2− in crystal structure of ettringite and monosulfoaluminate 
could easily be displaced by other monovalent anions or divalent oxyanion which results in 
the formation of substituted Aft or Afm occurs under strictly controlled conditions 
[Chrysochoou, M. et al 2006]. Thus, some basic salt hydrates can just be produced by salt 
treating methods under suitable conditions. For instance, [Ca2Al(OH)6]Cl⋅2H2O AFm-Cl 
powder synthesized by hydrothermal method was placed in a KI solution (2 M) under 
magnetic stirring during 15 days, the formation of Afm-I phase [Ca2Al(OH)6]I⋅2H2O taken 
place by anion exchange [Renaudin, G. et al 2004]. After salt treatment of 10% NaCl solution, 
monosulfate Afm-SO4 formed in the hardened C4AF + gypsum paste is transformed into 
Friedel's salt or Kuzel's salt due to anion change. And JolaÂn Csizmadia’s experimental 
results showed that less Cl− was bound in steam-cured ferrite phases (Fe-Afm) than in similar, 
but non-steam-cured samples [Ma, W. P.et al 1997]. 
Hence, when Aft or Afm powders is put in the aqueous solution contaminated by the potential 
hazard, some anions can be removed due to the formation of substituted basic salt 
hydrates[Chrysochoou, M. et al 2006, Hashem, F. S. et al2014]. As a result, basic salt hydrate 
takes important part in the stabilization and solidification techniques 
On the other hand, by means of the salt treating, Aft phases may also be transformed to Afm 
phases. So, When hydration of the mixture of Afm-SO4  (3CaO⋅Al2O3⋅CaSO4⋅ 12H2O) 
powder and gypsum powder at a molar ratio of 1:2.5 was carried out at constant temperatures 
from 30° to 80°C using deionized water, ettringite was found to be the dominant crystalline 
phase over the entire temperature range[Boyd A. et al. 1999]. 
In conclusion, a basic salt hydrate can be synthesized via the various methods from different 
multicomponent systems, in that way, its formation mechanism is or not different due to the 
fact that the methods or/and systems is different? 
3.3 Formation mechanism of basic salt hydrates 
There are various explanations for the formation mechanism of basic salt hydrates. Two main 
mechanisms as formation through-solution reaction and formation through topochemical 
reaction have been proposed [Cohen. M.D. 1983]. Topochemical reaction is a chemical 
reaction that occurs at the boundary of solid phases and characterized by two specific features. 
First, they begin at individual active sites of a solid, rather than throughout the entire solid. 
Second, having arisen at an active site, the reaction continues in neighboring regions of the 
solid (autocatalysis) [Marchand, J. et al 2002]. Thus, the formation of secondary ettringite is 
able to proceed by topochemical reaction [Marchand, J. et al 2002, Xiao Jia,et al. 2006].  
But, for the formation of Basic salt hydrates from the systems mentioned above, there is a 
common view that their formation is mainly ascribed to dissolution-precipitation 
crystallization mechanism, i.e, through-solution reaction [Havlica. J. 1992, Clark B. A. et al 
1999, Peng J. H, et al. 2006]. However, the chemical mechanisms or processes involving 
during the formation of BS hydrates by through -solution reaction was a little referred to in 
the literature published[Peng J. H, et al. 2006, Deng D. H.,et al 1999, Deng D. H, 2005 ].  
As far as the multicomponent systems are mentioned above, a great many test results have 



proven that the formation of basic salt hydrates is dependent on the pH value, anion and 
cation concentrations as well as OH−/Xz− ratio in a reaction system [Schwiete, H.E. et al 1966]. 
These anions and cations can be derived from anhydrous basic salt, oxides, hydroxides and 
salt. Thus, the formation mechanism of BS hydrates also lies on constitutes of a system and 
reaction conditions. Therefore, it is favorable that the mechanism for the formation of BS 
hydrates would be discussed in following way.  
3.3.1 Reaction in salt solution initiated by addition of OH−  
For a homogenous solution system, the Basic Salt hydrates are usually formed by 
co-precipitation. In chemistry, coprecipitation or co-precipitation is the carrying down by a 
precipitate of substances normally soluble under the conditions employed. Typically, in 
synthesis of Aft-SO4 and Afm-SO4 by co-precipitation method from the homogenous solution 
system [Renaudin, G. et al, 2007, 10mL of a mixed solution of CaCl2 0.66M and AlCl3 0.33M 
was added dropwise to a reactor filled with 250mL of 0.08M Na2SO4 solution; the pH was 
kept constant at 11.5±0.1 by the simultaneous addition of 0.2M NaOH solution. 
NaOH-NaSO4-AlCl3-CaCl2-H2O system is formed by these compounds. The solution reaction 
occurred in the system can be described by following: 

6Ca2+ +2Al3+ +3SO4
2− +12OH− +26H2O → [Ca6Al2(OH)12]6+(SO4

2−)3⋅26H2O        (7) 
4Ca2+ +2Al2+ +SO4

2− +12OH− +6H2O → [Ca4Al2(OH)12]6+(SO4
2−)⋅6H2O            (8) 

Actually, in the mixed aqueous solution of CaCl2 0.66M and AlCl3 0.33M, Ca2+ and Al3+ 
cations form the calcium aqua ion [Ca(H2O)6]2+ and the aluminium aqua ion [Al(H2O)6]3+ 
respectively. When 0.2M NaOH solution is added into the mixed solution of CaCl2, AlCl3 and 
NaSO4, whose pH is enhanced and kept constant at 11.5±0.1. Then, hydrolysis reactions of 
metal aqua ions to yield hydroxo-metal complexes that contain both water molecules and 
hydroxide ions occurs in the solution system.  

p[Al(H2O)6]3+ + qOH− = [Alp(OH)q(H2O)r]3p−q(aq) + qH2O                      (9) 
m[Ca(H2O)6]2+ + nOH− = [Cam(OH)n(H2O)i]2m−n(aq) + nH2O                    (10) 
x[Ca(H2O)6]2+ + y[Al(H2O)6]3+ + zOH− =[CaxAly(OH)z(H2O)i]2x+3y−z(aq) + zH2O    (11) 

Hence, it can be completely possible that the hydrolysis reactions of metal aqua ions and 
formation of hydroxo-metal complex initiated by addition of OH− take place prior to the 
precipitation of BS hydrates from reaction solution. Deng Dehua, et al [1999] proposed that 
the formation of basic salt hydrates (5 and 3 phases etc.) probably occurred through the 
polynuclear complexes [Mgx(OH)y(H2O)z]2x−y and Cl−, OH− ions in NaOH-MgCl2-H2O 
system.  
By means of thermodynamic calculations, J. Juan, et al pointed out that there were many 
possible combinations of metal salts and anions being able to be used in the co-precipitation 
method to synthesize LDHs. In all cases, higher negative Gibbs free energies of 
co-precipitation reaction are obtained when metal chlorides are used as precursors [Juan J.et 
al. 2004]. It is regarded as a principal cause that influence of Cl− ions on the hydrolysis of 
metal ion in solution systems is less than that of other anions.  
When Ca(OH)2 substitute for NaOH or KOH to form the metal hydroxides-salts-H2O systems, 
BS hydrate synthesis is generally conducted by saccharate method[Hashem, F. S. et al 2014]. 
In this case, sucrose powder was added to solution system only to promote Ca(OH)2 
dissolution but not to change the formation mechanism of BS hydrates from these solution 
system. According to this mechanism, co-precipitation method and saccharate method are 



greatly suitable for the synthesis and preparation of some of the substituted Aft or Afm phases 
and their solid solution [Barnett1, S.J. et al 2001]. This is also a theoretic base to the major 
function of BS hydrates in the stabilization/solidification of potentially toxic compounds. 
3.3.2 Reaction in salt solution induced by the hydration of active oxides 
In a lot of literatures reported, metal oxides-salt-water systems have been widely applied for 
the synthesis or preparation of BS hydrate sample. These oxides used include divalent metal 
oxides such as CaO, MgO, ZnO, Al2O3, etc.; calcium aluminates,i. e. CaO⋅Al2O3(CA), 
3CaO⋅Al2O3(C3A), calcium aluminoferrite C4AF etc.; as well as calcium aluminate cement 
(CAC); and so on. All of the metal oxides are generally more reactive and their hydration 
reaction with water is able to yield correspond hydroxides or double hydroxides. However, 
there is a great of test results have fully proofed that in aqueous solution of a salt or salts, their 
hydration reaction could just produce corresponding BS hydrates. For instance, it was 
confirmed that the main products of the reaction of CaO and Al2(SO4)3 suspensions was the 
etringite[khulood A. et al , 2013], after 6 hours of mixing 0.01mol/L solution as Al2(SO4)3 
with 100 ml water containing 0.04 mol/L CaO. In the suspension hydration of C3A with 
gypsum (in the molar ratio of 1:3), the only hydration product formed in the presence and 
absence of the superplasticizer was also ettringite[Eisa E.et al 1999].  

6CaO + Al2(SO4)3 + 32H2O → 3CaO⋅Al2O3⋅3CaSO4⋅32H2O                    (12) 
3CaO⋅Al2O3 + 3(CaSO4⋅2H2O) +26H2O→ 3CaO⋅Al2O3⋅3CaSO4⋅32H2O           (13) 

Although the starting materials in two systams are different, they are suspensions consisting 
of solids and liquids. Thus, it is possible that the formation of ettringite occurs either by 
through-solution reaction or by topochemical reaction, and by above all. It is worth 
mentioning that same chemical reaction may or may not proceed topochemically, depending 
on the reactivity of the starting materials [Marchand, J. et al 2002]. The reaction (6) proceeds 
topochemically if the starting CaO had been produced by a decomposition of CaCO3 at a high 
temperature, and proceeds in a through-solution reaction if the decomposition temperature 
was lower. This different behavior is due to difference in the dissolution rate of the two CaO 
materials, while Al2(SO4)3 is soluble. In generally, the reactivity of calcium aluminate 
minerals or cement is higher and the rate of their hydration is faster. Therefore, it is well 
assessed that in many cases, the formation mechanism of BS hydrates is through-solution 
reaction.  
It can be seen that the CaO-Al2(SO4)-H2O system resembles MgO-MgCl2-H2O system, both 
belongs the metal oxide-salt-water system. Thus, it is reasonably inferred that the formation 
mechanism of basic salt hydrates (5 and 3 phases etc.) in later system proposed by Deng 
Dehua, et al [1999] is also suitable to former system. In other words, it can be concluded that 
the chemical mechanisms involved in the stoichiometric formula (6) could include the 
dissolution of oxides, the formation of polynuclear hydroxo-metal species via the 
hydrolysis-olation of metal aqua ions, and the precipitation-crystallization of the complxes, 
acid radicals and water molecules. 
Particularly, when CaO powder is added to Al2(SO4)3 aqueous solution in which there is metal 
aqua ion [Al(OH)6]3+, the dissolution of CaO occurs in the liquid to give Ca2+ and OH− ions 
and lead to the increase of pH value.  

( )[ ]( )
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622                                        
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Because aluminium hydroxide is amphoteric, the stepwise hydrolysis reactions of aqua ion 
[Al(OH)6]3+ tends to proceed as OH− ion concentration in a liquid increases, leading to the 
formation of various hydroxo-metal species. This is summarized in the flowing scheme:  
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While, calcium hydroxide is basic, the hydrolysis reactions of aqua ion [Ca(H2O)6]2+ are 
ended up to giving solid Ca(OH)2. 
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However, because the hydrolysis of hydrated aluminium [Al(OH)6]3+ takes place under the 
presence of hydrated calcium [Ca(OH)6]2+ at higher pH, thus, the hydrolysis and the 
polymerisation of the hydrolysis products could simultaneously proceed via the 
hydrolysis-olation reactions between both hydrated cations, resulting in the production of 
diversified polynuclear hydroxo-metal complxes with different size 
[CanAlm(OH)x(H2O)y]2n+3m−y. 
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Finally, when the concentration of polynuclear species [CanAlm(OH)x(H2O)y]2n+3m−y and 
anions SO4

2− in liquid phase reach a certain value, the combination of polynuclear species, 
anions, and H2O tends to precipitate the crystallization of ettringite. 
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Be different from the reactions the homogenous solution system, the reactions in an 
inhomogenous suspension system contained solids and liquids is induced by the dissolution or 
hydration of oxides in liquid phase. In like manner, if ettringite are formed by 
through-solution reaction in the suspension hydration of C3A with gypsum, it can be 
considered that its formation could proceed by the analogous chemical reaction mechanism. 
Actually, when C3A and CaSO4⋅H2O mineral powders are added into H2O form a slurry, the 
dissolution of minerals immediately occurs to release various ions such as Ca2+, Al3+, OH−, 
SO4

2− into the liquid of the slurry. Subsequently, same the reactions as Eq.(9)~(12) tends to 
carried out in the liquid phase. So, Peng Jiahui, et al., had proposed [Peng J. H,et al. 2006, 
Peng J H et al. 2000]that ettringite formation proceeds by three steps including the formation 
of [Al(OH)6]3− octahedral, formation of Ca−Al polyhedra prism in which Ca and Al polyhedra 
arranged alternately, as well as entrance of SO4

2− into the channel of polyhedra. [Al(OH)6]3− 
formation, which was the slowest reaction, controlled ettringite formation. The reaction 
mechanism consisted of three steps were expressed as following [Peng J. H,et al. 2006, Peng J 
H et al. 2000]: 

AlO2
− +2OH− +2H2O = [ Al(OH)6]3−                                       (19) 

2[ Al(OH)6]3− + 6Ca2+ +24H2O = {Ca6[ Al(OH)6]2(H2O)24}6+                    (20) 
{Ca6[ Al(OH)6]2⋅24H2O}6+ +3SO4

2− +2H2O={Ca6[ Al(OH)6]2(H2O)24}[3SO4
2−⋅2H2O] (21) 

It can be seen that the reaction mechanism shown in Eq.(13)~(15) is very similar to the 
reaction mechanism described above and suggested by Deng et al for formation of 



magnesium oxychloride hydrates[Deng D. H.,et al 1999, Deng D. H. 2005]. In spite of the 
existence of polynuclear hydroxo-metal complxes {Ca6[Al(OH)6]2⋅(H2O)24}6+ in their studied 
systems were not proved by test method, it is well assessed that the reaction mechanism 
proposed by them is reasonable.  
In the suspension hydration of C3A with gypsum, the dissolution of C3A phase not only 
releases metal aqua Ca2+, Al3+ cations but also is responsible for the increase of pH in the 
liquid phase. This principle is also appropriate to the formation of BS hydrates in the slurry 
consisted of other calcium aluminates besides C3A, or tetracalcium aluminoferrite C4AF, and 
the aqueous solution of soluble or slightly soluble salts, etc. 
Considering the formation mechanism mentioned above, the hydrolysis-olation process of 
metal aqua ions to yield polynuclear hydroxo-metal complxes is a key step of reaction 
controlled BS hydrate formation, and is sensitive to many factors, such as the pH value; the 
type and concentration of metal aqua cations; molar ratio between hydroxide ion and acid 
anion OH−/Xn−; the presence of impure cations and anions in the bulk solution, temperature, 
etc. Due to the dissolution or hydration of oxide minerals is responsible for the increase of pH 
value and the concentration of metal aqua cations in the liquid phase, the rate of dissolution of 
oxide minerals will greatly influence the rate of increase of pH value and the concentration of 
metal aqua cations, which influences the rate of formation of BS hydrates. It has been proved 
that many factors could impact the rate of dissolution of oxide minerals, including the types 
and reactivity of minerals, the absorption on the surface of mineral particles and temperature, 
etc. Numerous studies have been conducted to illustrate quantitatively or qualitatively the 
influence of all the parameters aforesaid on the formation rate and mechanism of BS hydrates 
in various multicomponent systems, such as those by Hélène Minard et al.[2007]; A. P. 
Kirchheim et al. [2011]; Doaa A. A et al [2011]; Nikos A et al. [2001]; Hartman M.R.et 
al[2005]; Bishop M.[2006]; Maha R. Mohammed and Doaa A. et al[2011]; Rafael 
Talero[1996]; Tishmack J. K. et al [1999]. According to the analysis above, it is possible to 
say that the mechanism for these factors to influence the formation rate of BS hydrates should 
be related to the influencing the formation of polynuclear hydroxo-metal complxes. 
For instance, it has been demonstrated that increasing the concentration of NaCl solution 
could enhance the rate of formation of both the ettringite phase and Friedel's salt in 
C3A+CaSO4+Ca(OH)2+H2O system[Doaa A. A. 2011]. It is likely that the presence of Cl− 
anion is more favorable for the hydrolysis-olation of hydrated aluminium than that of SO4

2− 
oxyanion. In a chloride environment the speciation of the hydrolysis of [Al(OH)6]3+ was rich 
and diversified, while, with sulfate the speciation was limited to solid-like compounds, and 
the variation of single-sized species was almost lacking[Sarpola, Arja]. The result obtained by 
Kirchheim, A. P. et al [2011] has shown that Na-doped orthorhombic C3A reacts in the 
presence of sulfates more rapidly than pure cubic C3A in forming ettringite as a consequence 
of the rate of release of aluminate species into the solution phase is accelerated by Na doping.  
Despite these studies and analysis, however, the direct test evidence for the exixtence of 
polynuclear hydroxo-metal complxes during the formation process of Aft or Afm and their 
analogous phases has not been obtained, which needs to be supplemented by further 
investigations. 
3.3.3 Reaction in salt solution induced by the hydration of anhydrous BS 
An anhydrous basic salt is a mineral with hydraulicity being composed of metal cations, 



oxonium ion O2− and acid radicals, as calcium oxide sulfoaluminates or ye'elimite 
3CaO⋅3Al2O3CaSO4,(C4A3Ŝ) [Kudryavtsev, A.B. et al 1997] Sr-bearing sulphoaluminates 
3CaO⋅3Al2O3SrSO4, Ba-bearing sulphoaluminates 3CaO⋅3Al2O3⋅BaSO4 [Yan. P.Y. 1993]. 
They are obtained by either the calcination [Benarchid, My.Y.et al. 2005] at high temperature 
or the decomposition of BS hydrates at lower temperature. The hydration products of them are 
predominantly ettringite and cacium monosulfoaluminates, as shown in Eq (15~(17):  

C4A3Ŝ + 18H→C3A⋅CŜ⋅12H + 2AH3                                      (22) 
C4A3Ŝ+ 2CŜH2 + 34H→C3A⋅3CŜ⋅32H+2AH3                               (23) 
C4A3Ŝ+ 5CŜH2 + 3CH + 51H→2C3A⋅3CŜ⋅32H                              (24) 

whose chemical reaction mechanism should be same as that for metal oxides-salt-water 
system. But, in the anhydrous basic salts-salt-water system, the hydration or dissolution of 
anhydrous BSs releases not only metal cations and OH− ions, but also acid radicals into liquid 
phase. Because the molar ratio of both CaO/Al2O3 and SO4

2− inC4A3S are small, the 
pre-aggregation of monomeric [Al(OH)4]− with increasing Al3+ and OH− concentrations could 
lead to the formation of bayerite [α-Al(OH)3] crystallites in the alkaline solution at the first 
stage of hydration. At the later stage of hydration of C4A3Ŝ ettringite was formed with 
increasing Ca2+ and SO4

2− concentrations[Kudryavtsev, A.B. et al. 1990, Kudryavtsev, A.B. et 
al 1997]. Hence, increasing portlandite[Winnefeld, F. et al 2010] and gypsum content in the 
hydration system of C4A3Ŝ could bring about more ettringite or cacium monosulfoaluminates 
to be formed, the latter being progressively replaced by the former with increasing gypsum 
content[Wu, K. et al. 2014]. The effects of heavy metals on the hydration of C4A3S depend on 
the types of heavy metals and the addition of gypsum[Wu, K. et al. 2014], which may be 
related to the hydrolysis behavior of heavy metal aqua cations.  
3.3.4 Ion-exchange mechanism 
One of the features of BS hydrates is that both the cations and anions in its crystal structure 
are exchangeable. Thus, a BS hydrate can be changed into another BS hydrate by 
cation-exchange [Carld. P 2000] or anion-exchange mechanism [Suryavanshi A K. et al. 
1996a, Jones, M.R.et al. 2003, Mesbah, A.et al 2012]. For instance, in Cr(VI)-contaminated 
concrete, following anion-exchange reactions would take place: 

2Ca(OH)2(s) + 3H2CrO4(aq) + 4CaO⋅Al2O3⋅13H2O(s) +14H2O ↔ 
3CaO⋅Al2O3⋅3CaCrO4⋅32H2O(s)                 (25) 

3CaO⋅Al2O3⋅3CaSO4⋅32H2O(s) + XCrO4
2− ↔ 

3CaO⋅Al2O3⋅3Ca(Ŝ1-XCrX)O4⋅32H2O(s) + XŜO4
2−   (26) 

In addition, BS hydrates can be yielded by the recrystallization or phase transformation, e.g., 
the formation of secondary ettringite[Batic, O. R. et al. 2000].  

From the above, all kinds of BS hydrates have been synthesized of produced from a variety of 
multicomponent systems comprising soluble salt or slight-soluble salt. The formation 
reactions of these BS hydrates already occur in the aqueous solution of corresponding metal 
salt with a certain concentration, in which a series of hydrolysis reaction of aqueous metal 
ions may be initiated by rising pH value. Therefore, it may be confirmed that the formation 
mechanism of BS hydrates could involve the hydrolysis of aqueous metal ions. However, it is 
not yet clear how the hydrolysis of ions influence the formation of BS hydrates. There are still 
some problems worth deeply study in this aspect.  
4. Stability of Basic Salt Hydrates 



4.1 Thermal stability of basic salt hydrates 
At elevated temperature, the thermal stability of basic salt hydrates can be characterized as 
following: (i) dehydration accompanying with release of water molecules at relative low 
temperature, (ii) decomposition performed as dehydroxylation, decarbonation, and anion 
decomposition at relative high temperature, (iii) crystal structure transition, (iv) reconstitution 
in water vapour , solution and water or lowering temperature.  
4.1.1 Tri-phases (columned structure) 
Ettringite is one of typical tri-phases. Based on the analysis of ettringite crystal structure 
[Moore, A.E., et al., 1968, 1970; Hartman, M.R., et al., 2006a.], three types of water can be 
individuated as following [Gastaldi, D., et al., 2009]: inter-channel water (three molecules per 
formula unit), Ca-coordinated water (four molecules for each calciumatom), and 
Al-coordinated OH groups (shared with calciumatoms OH group). The water withdrawal 
from crystal will be controlled by the arrangement, functions and strength of water bonding in 
crystal structure [Skoblinskaya, N.N., et al., 1975a, 1975b.]. The water withdrawal during 
dehydration of ettringite includes inter-channel water and partial Ca-coordinated water 
according to the analysis of Shimada,Y., et al., 2001. The further process of Ca-coordinated 
water removal and Al-coordinated OH groups will cause the decomposition of ettringite.  
Table 6 shows an overview of ettringite dehydration and decomposition. Different researches 
show different dehydration temperatures due to the effect of vapor pressure. A weak trend 
may be deduced that higher pressure causes higher dehydration temperature fluctuating about 
from 100~130°C in a wide vapor pressure range (relative humidity). The dehydration results 
in the amorphous monosulfate formation. With the increase of temperature, 
3CaO•Al2O3•6H2O, 4CaO•3Al2O3•3H2O, Ca(OH)2 and 12CaO7Al2O3 are the decomposition 
products. 

Table 6 Overview of ettringite dehydration and decomposition 
Condition Dehydration Products Ref T°C Water pressure 

93°C Dry condition for 1 hour Part ettringite dehydration [Metha, 
1969] 149°C Autoclave* for 1hour 3CaO•Al2O3•CaSO4•12H2O 

232°C Autoclave for 1 hour 3CaO•Al2O3• 6H2O 
110°C Autoclave for 8 hours 3CaO•Al2O3•3CaSO4•32H2O 

[Satava 
1975] 

112°C Autoclave for 5 hours 3CaO•Al2O3•CaSO4•12H2O, 
CaSO4•0.5H2O, H2O 

240°C Autoclave 3CaO•Al2O3• 6H2O, CaSO4, H2O 
350°C Autoclave 4CaO•3Al2O3•3H2O, Ca(OH)2, H2O 
130°C In deionized water at 689.5 KPa 3CaO•Al2O3•CaSO4•12H2O, 

CaSO4•0.5H2O  [Ogawa 
1981] 

 

145~150°C  at 2758KPa 

150°C at 2758 ~ 4137 KPa 3CaO•Al2O3•CaSO4•12H2O, 
CaSO4•0.5H2O, CaSO4 

95~105°C In 20% NaCl solution at 1379 
~4137 KPa Gypsum, Friedel’s salt 

107~110°C In saturated water at 150KPa 3CaO•Al2O3•CaSO4•12H2O, 
CaSO4 

[Nerád1994] 

100°C In water for 14 day, pH value from 
11.2 to 8.9 Monosulfate, gypsum [Ghorab 

1985] 

114oC  In saturated water at vapor 
pressure of 163 KPa 3CaO•A12O3•CaSO•14H2O  [Hall 1996] 

117.5 ± 2.5 

oC 186KPa meta-ettringite (10 to 13H2O) [Zhou 2004] 

Autoclave*: Sample in water under saturated steam 



Shimada,Y., et al., 2001. provided that the short-range order of crystal structure can be 
maintained and structure will become X-ray-amorphous until the number of water reaches 12; 
the further process of water number from 12 to 6 are overlapped by the water withdrawal of 
Ca-coordinated water and the partial removal of bridging OH group, and the short-range of 
structure is disturbed and the octahedral coordination of Al is disrupted; as the rest of the 
water molecules in the columns and the OH group are removed, the framework of the 
columns is destroyed and the coordination number of alumimn changes from 6 to 4. Hartman, 
M. R., et al., 2006b indicated that the threshold for transition to an amorphous state, occurs at 
a loss of ~30 wt%, corresponding to the loss of 19.6 water units. The dehydration process 
results in a 0.2% increase in the a-axis lattice parameter with a simultaneous 0.4% contraction 
of the c-axis.  
Ettringite reformation can be tested by amorphous monosulfate on successive isobars and 
isotherms until weight gain commenced, eventually achieving full rehydration. Figure 5 
[Glasser,F. P. 2002.] shows two isobars meaning that reversibility could be achieved at 1724 
and 2758 KPa water vapour pressure lowering the temperature. Figure 6 shows the several 
isotherms at 20 oC by increasing the relative humidity for different products formed at 
different temperature [Kika,K., et al., 1981.]. 

 
Figure 5 Ettringite dehydration and rehydration at PH2O= 1724KPa (left) and 2758KPa (right) [Glasser,F. 

P. 2002.] 

 
Figure 6 Ettringite rehydration isotherms at 20 oC [Kika,K., et al., 1981.] 

4.1.2 Mono-phases (Layered structure) 
It may be more familiar than mono-phases is termed as hydrotalcite-like compounds (HTlcs) 
or layered double hydroxides (LDHs). These compounds consist of positively charged 
hydroxide sheets with intercalated anions and water molecules. There is a big family 
including AFm, Fredels salts and Mg/Al-CO3 LDHs and so on. 
A typical structure model of mono-phase is shown in Figure 7 of 
[Zn0.65Al0.35(OH)2]Cl0.35yH2O [Lombardo,G. , et al., 2008.]. At evaluated temperature, the 



dehydration can be attributed to the release of interparticle pore water represented as blue 
causing an amorphous phase formation. The decomposition can be attributed to 
dehydroxylation represented as red and decarbonation as gray resulting in the spinel and 
oxide phase generation. Corresponding to the TGA and DSC results [Grishchenko, R. O., et 
al., 2013 shown in Figure 8], there are three temperature ranges in TGA curse corresponding 
dehydration (the first range) and decomposition (the second and third ranges), and two main 
sharp transitions in DSC curse related to the release of water molecules present in the 
interlayer (T1) (for some samples, these releases occur as several steps) and to the process of 
dihydroxylation (T2) of the hydroxide layers. The other transitions (shoulder peaks) at higher 
temperature correspond to the disintegration or collapse of the hydrotalcite structure (T3) and 
the final oxide phase [Vieira, A. C., et al., 2009.].  

  
Figure 7 structure models of [Zn0.65Al0.35(OH)2]Cl0.35yH2O [Lombardo,G. , et al., 2008.] 

 
Figure 8 Typical TGA and DSC curses of Friedel’s Salt [Grishchenko,R. O. , et al., 2013.] 

The main sharp transitions in DSC curse of several typical mono-phases are exhibited in 
Table 7. The effects of different chemical exchange of M2+, M3+ and Xn- are focused. It can be 
found that: (1) the chemical change of M2+ leads to the largely varied transition temperatures, 
(2) the replacement of M3+ shows weak effect on the thermal stability, (3) the transition 
temperatures are largely varied due to the part intercalation of Xn-, (4) the M2+/M3+ ratio 
change influences the first transition temperature related to the release of water molecules 
present in the interlayer. 

 

 



Table 7 Main transition temperatures of typical mono-phases 
 

Mono-ph
ase 

[Ca2Al(OH)6]Cl0.90(CO3)0.05
2H2O 

[Ca2Al(OH)6]Cl0.52(CO3)0.242.33H
2O 

[Ca2Al(OH)6]Cl2H2
O 

T1(°C) 167 170 - 
T2(°C) 337 350 400 
T3(°C) 627 650 700 

Ref [Grishchenko 2013] [Mesbah 2011b] [Vieille 2003] 
Mono-p

hase 
Mg6Al2(OH)

16Cl2·4H2O 
Ni6Al2(OH
)16Cl2·4H2O 

Zn6Al2(OH
)16Cl2 ·4H2O 

Co6Al2(OH)16
Cl2 ·4H2O 

Mn6Al2(OH)1

6Cl2 ·4H2O 
Ca6Al2(OH)1

6Cl2·2H2O 
T1(°C) 110 106 127 106 94 129 
T2(°C) 410 331 365 219 219 257 
T3(°C) - - 500 400 800 700 

Ref [Vieira 2009] 

Mono-phase Mg0.75Al0.25(OH)2(CO3)0.125·0.70H2O,Mg/Al=3 Mg0.78Ga0.22(OH)2(CO3)0.120·0.62H2O, 
g/Ga=3.6 

T1(°C) - - 
T2(°C) 273 273 
T3(°C) 527 527 

Ref [Aramendía 1999] 

Mono-p
hase 

Mg0.65Al0.35(OH)2.00(CO3
)0.17·0.42H2O, 

Mg/Al=1.9 

Mg0.72Al0.28(OH)1.98(CO3)0.15·0.48
H2O,Mg/Al=2.6 

Mg0.76Al0.24(OH)1.91(CO3)0.1

70.42H2O, Mg/Al=3.2 

T1(°C) 200 180 160 
T2(°C) 380 380 380 
T3(°C) - - - 

Ref [Kanezaki 1998] 

Mono-p
hase 

Mg6Al2(OH)16CO3
4H2O, Mg/Al=3 

Mg6Al2(OH)16CO34
H2O – NO3, 

Mg/Al=3 

Mg6Al2(OH)16CO34
H2O – SO4, Mg/Al=3 

Mg6Al2(OH)16CO34
H2O – Cl, Mg/Al=3 

T1(°C) 200 100 125 120 
T2(°C) 400 220 400 340 
T3(°C) 450 400 515 435 

Ref [López, 1997] 

The structure change of mono-phase during the process of dehydration and decomposition can 
be typically represented by the Mg/Al-CO3 LDHs shown in Figure 9 [Bellotto,M. , et al., 
1996.]. 

    
       (a)                         (b)                         (c) 

Figure 9 Structural models for (a) the starting HTlc, (b) the dehydrated intermediate, and (c) the 
decomposed material  

The structure change can be described at elevated temperature as following [Bellotto, M., et 
al., 1996.]: (1) during the dehydration process, the product still retaining a layered structure. 
A significant rearrangement of the octahedral brucite-type layer occurs with migration of the 
M3+ cations out of the layer to tetrahedral sites in the interlayer resulting in an amorphous 



phase formation, (2) after complete dihydroxylation, a 3-D structure forms which is 
constituted by a regular oxygen cubic close packed network with a disordered cation 
distribution in the interstices, (3) the decomposed material shows a reduced cation diffusivity 
in the 3-D oxygen network, compared to the one exhibited in the starting HTlc of layered 
structure. 
Compared to the traditional ion exchange in aqueous solution to intercalate the various anions 
into the interlayers of LDH, the reconstruction of calcined is also widely studied and used 
[Newman, S. P., et al., 1998.]. Several experimental results are listed in Table 8 [Vieille, L., et 
al., 2003., Béres,A. I. , et al., 1997., Puttaswamy, N. S., et al., 1997., Rocha, J., et al., 1999., 
Rajamathi, M. , et al., 2000., Hibino, T. , et al., 1998, 2000. ]. Generally, the thermal behavior 
of mono-phases is either partially or completely reversible. Besides, several evidences may be 
concluded as following: (1) the calcination temperature range is always from 300 to 500oC 
[Rocha, J., et al., 1999.] corresponding to the dehydration temperature and an amorphous or 
an unstable defect rocksalt phase formation [Rajamathi, M. , et al., 2000.], (2) the unstable 
defect rocksalt phase is source for reconstitution[Hibino,T. , et al., 2000.], however, the spinel 
phase formed during the calcination is irreversible and causes partial reconstitution 
[Puttaswamy, N. S. , et al., 1997.], (3) therefore, the factors hindering the spinel formation can 
enhance the reconstitution of calcinated mono-phases, such as a low calcination 
temperature[Hibino, T. , et al., 2000.], grinding the calcination [Hibino, T., et al., 1998.] and 
the high[Hibino, T. , et al., 2000.] or low[Hibino, T., et al., 1998.] M2+/M3+ ratio for different 
mono-phases, (3)the simple dissolution - reprecipitation is the reconstitution mechanism of 
calcinated mono-phases [Rajamathi, M., et al., 2000.].   

Table 8 Calcination and reconstitution of mono-phase 

Mono-phases Calcination 
T (℃) 

Reconstitution 
condition 

Reconstitution  
behavior Ref 

Mg, Zn/Al-CO3 (Mg, 
Zn/Al = 3) 450 Water vapour for 24 

hours PR* [Béres 
1997] 

Mg/Al, Fe,Cr-CO3 
(Mg/Al, Fe, Cr = 3) 450/750 Cool CR* of dehydration 

and decomposition 

[Puttas 
wamy. 
1997] 

Ni/Al, Fe -CO3 (Ni, Fe/Al 
= 3) 300/500 Cool CR of dehydration, IR 

of  decomposition 
Ni/Cr-CO3 (Ni/Cr = 3) -- Cool IR 

Ca/Al-CO3 (Ca/ Al = 3) 300/800 Cool PR of dehydration, 
IR of decomposition 

Zn/Al, Cr-CO3 (Zn/Al, Cr = 3) -- Cool IR* 
Co/Al -CO3 (Co/Al = 3) 

Mg/Al – CO3 (Mg/Al = 3) 

550 Water vapour for 24 
h CR 

[Rocha 
1999] 750 Water vapour for 3 

days Cr 

1000 Water vapour PR 

Mg /Al-CO3 (Mg/Al = 4) 

450 Air for 3 day 
CR [Rajamathi 

2000] 450 Na2CO3 solution for 
5 h 

1100 Na2CO3 solution IR 
Mg/Fe-CO3 (Mg/Fe=2, 3, 

4) 400/450/500 Na2CO3 solution for 
12h at 150℃ PR [Hibino 

2000] 
Mg /Al-CO3 (Mg/Al =2) 400 Na2CO3 solution for 18 h PR (Calcination and 

reconstruction for 
several times) 

[Hibino 
1998] Mg /Al-CO3 (Mg/Al =0.5, 

1, 2,3,4) 400 Distilled water 



[Ca2Al(OH)6]Cl·2H2O 400 KCl solution PR amorphous 
phases 

[Vieille 
2003] 

*PR- Partial reconstitution, CR - Complete reconstitution, IR - Irreversible reconstitution 
4.2 Chemical Stability of Basic Salt Hydrates 
4.2.1 Tri-phases (column structure) 
In the paper [Glasser, F. P., 2002.], author reviews the stability of ettringite in the 
CaO-Al2O3-SO3-H2O system and other components of alkalis, NaCl, Mg2+ and CO2(CO3

2-) on 
the chemical performance of ettringite.  
In the CaO-Al2O3-SO3-H2O system, the stability of ettringite means the incongruent 
dissolution [Glasser,F. P., 2002.] under different conditions with the combined effect of pH 
value and temperature. Generally, at 25°C and pH value between 10.5~13.0, a clear decrease 
in the total Ca, Al, and SO4 concentrations with increasing pH can be found. At the 
temperature range of 5~57°C, a general increase in the concentrations of Ca, Al,and SO4 with 
increasing temperature can be found [Perkins, R. B., et al., 1999.]. The same trend is also 
shown in the case of Cr-ettringite at 25°C and pH value between 10.5~12.5 [Perkins, R. B., et 
al., 2000.]. In table 9, the stable phases in the CaO-Al2O3-SO3-H2O system at different pH 
value and temperature are exhibited. 

Table 9. Stable phases in CaO-Al2O3-SO3-H2O system at different pH value and temperature 
T (oC) pH value  Stable phases  Ref. 

25 

11.6 ~ 
12.5 

3CaO·Al2O3·3CaSO4·32H2O, 3CaO·Al2O3·CaSO4·12H2O, 
3CaO·A12O3·6H2O [Damidot 1992]  

[Gabrisovd,1991] 10.4/10.7 
~ 11.6 3CaO·Al2O3·3CaSO4·32H2O , 3CaO·A12O3·6H2O 

10 ~ 10.7 3CaO·A12O3·6H2O, CaSO4·2H2O 

10 3CaO·A12O3·6H2O , CaSO4·2H2O, 
3CaO·Al2O3·3CaSO4·32H2O 

[Myneni 1998] 
9.4 3CaO·A12O3·6H2O , CaSO4·2H2O, 

3CaO·Al2O3·3CaSO4·32H2O 
8.5 3CaO·A12O3·6H2O , CaSO4·2H2O 
8.0 3CaO·A12O3·6H2O , CaSO4·2H2O 
4.9 ~ 7.7 Al4(OH)10SO4, 3CaO·A12O3·6H2O , CaSO4·2H2O 
3.8 ~ 4.2 Al4(OH)10SO4, CaSO4·2H2O，Al(OH)SO4 

50 

10.52 ~ 
12.41 

3CaO·Al2O3·3CaSO4·32H2O, 3CaO·A12O3·6H2O, 
CaSO4·2H2O 

[Damidot, 1992] 

11.95 ~ 
12.41 

3CaO·Al2O3·3CaSO4·32H2O, 3CaO·Al2O3·CaSO4·12H2O, 
3CaO·A12O3·6H2O, CaSO4·2H2O, 

80 

10.87 ~ 
12.25 

3CaO·Al2O3·3CaSO4·32H2O, 3CaO·A12O3·6H2O, 
CaSO4·2H2O 

11.80 
~12.25 

3CaO·Al2O3·3CaSO4·32H2O, 3CaO·Al2O3·CaSO4·12H2O, 
3CaO·A12O3·6H2O, CaSO4·2H2O, 

Carbon dioxide affects ettringite stability in two ways; directly, from the atmosphere under 
the dry-condition or indirectly, perhaps dissolved in water or furnished by solid carbonates 
under wet-condition [Glasser,F. P., 2002.]. Under the dry-condition, gypsum and calcium 
carbonate are identified and ettringite diminishes, under wet-conditions, decomposition of 
ettringite to gypsum, calcium carbonate and Al-gel are evidently observed [Nishikawa,T. , et 
al.,1992, Chen,X. et al., 1994.]. In the solution containing CO3

2-, besides the insoluble 
products, the substitution of CO3

2- for SO4
2- can form a stable and hydrotalcite-like phase for 

example of Ca4Al2(CO3)(OH)12⋅5H2O [Carmona-Quiroga,P.M. , et al., 2013.]. Concerning the 
role of Mg2+, the formation of stable phases and substitution are also attributed to the 
decomposition of ettringite [1]. However, the ettringite decomposition caused by Mg2+ and 



CO2 (CO3
2-) may be attributed to the pH value decreasing below 10.4. At the presence of Mg2+, 

the pH value will decrease below 10.4 in a short time range [Pajares, I., et al., 2003.].  
The impact of alkali of K2O or Na2O on the ettringite decomposition may also be attributed to 
the effect pH value. The solubility of sulfate will be enhanced in the in the higher pH value 
solution caused by increased alkali concentrations. This corresponding relationship is shown 
in table 10 of the case of K, and the same behavior can also observed [Glasser,F. P., 2002.]. 

Table 10 Impact of Alkali (KOH) on 25ºC Solubilities 
Species 

Ca2+ Al3+ SO4
2- KOH pH 

2.19·10-2 7.59·10-6 7.60·10-6 0 12.52 
2.64·10-3 35·10-6 325·10-6 0.178 13.11 
1.04·10-3 73·10-6 2223·10-6 0.205 13.42 
0.85·10-3 87.10-6 3550.10-6 0.250 13.50 

The combined effect of temperature and NaCl content on the ettringite stability is shown in 
Figure 10 [Glasser,F. P., 2002.], it can be found that ettringite is partially or wholly converted 
to one or more AFm phases with sulfate and chloride, the chloride phase being either Friedel’s 
salt or a mixed Cl - SO4 AFm phase. The mechanism for this transition is also attributed to the 
sulfate solubilities increasing due to the combined effect of temperature and NaCl content, the 
pH value of solution seems to be ignored. However, as to NaCl, the Friedel’s salt formation 
by the anion-exchange mechanism involves the release of OH- ions from the AFm hydrates 
into the pore solution, thereby increasing the pH of the pore solution [Suryavanshi, A.K., et 
al., 1996a]. It therefore is that the impact of NaCl on the ettringite stability can also be 
attributed to the combined effect of pH value and temparture. 

 

Figure 10 Stability of ettringite as a function of NaCl concentration and temperature. Values in ( ) are 
calcium solubilities (mM). 

It therefore seems that the pH value plays a key role in understanding the ettringite stability.  
4.2.2 Mono-phases (layered structure) 
As we known that the replacement of M(II) ions by M(III) ions results in net positive charge 
on the octahedral layers, which is balanced by exchangeable interlayer anions. It therefore is 
that the impact of different components (such as Cl-, SO4

2-, and CO3
2-) on the mono-phases 

stability always performs as ion replacement to form another stable phase. For example, the 
OH- of AFm phase may be replaced by Cl- , SO4

2− and CO3
2− [Matschei, T., et al., 2007. 

Glasser, F.P., et al., 1999.], forming more stable phase. The carbonation resistance capacity of 
sulphoaluminate cement concrete can be obviously enhanced by mono-phases due to the 
exchange and immobilization of carbonate ions [Duan, P., et al. 2013].  



In the paper [Boclair , J. W., et al.,1999.], the solution containing di- and trivalent metal 
chlorides [M(II) ) Mg2+, Zn2+, Co2+, Ni2+, Mn2+; M(III) ) Al3+, Fe3+] were titrated with NaOH 
to yield [[M(II)]1-x[M(III)]x(OH)2][Cl]x·yH2O, by way of M(III) hydroxide/hydrous oxide 
intermediates. Analysis of the resultant titration curves yields nominal solubility constants for 
the LDH. The corresponding LDH stabilities are in the order Mg < Mn < Co ≈ Ni < Zn for 
M(II) and Al < Fe for M(III). 
In the synthetic process, the pH value has an important effect on the formation of LDHS. The 
effect pH value on the formation of zinc aluminum carbonate hydrotalcites [Kloprogge, J. T., 
et al., 2004], Ni/Al LDHs [Kumadab,K., et al., 2010] and Mg/Al LDHs [Seron A., et al., 
2008.] were carried out respectively. The results indicate that there is wide range of pH value 
for different LDHs formation. On the contrary, the stability of mono-phases affected by pH 
value can only be found in the case of Friedel’s salt: the solubilization of Friedel’s salt is 
observed after due to the decrease in pH of the pore fluid to a value lower than 12.0 
[Suryavanshi, A.K., et al., 1996b, Goñi, S., et al., 2003, Saikia,N., et al., 2007]. 
5. Basic Salt Cements 
In this section, several basic salt cements existed will be reviewed on the base of the 
interesting features of BS hydrates. It will try to carry out some exploratory analysis on the 
formation conditions of BS cement. 
5.1 Definition  
Cement is a binder, a substance that sets and hardens and can bind other materials together. 
Cement can be characterized as providing plasticity, cohesive, and adhesive properties when it 
is mixed with water—properties that are necessary for its placement and setting-hardening 
into a rigid mass. The cohesive and adhesive properties of cements are their natural instincts 
which are mostly derived from the hydrates formed by their hydration reactions. These 
hydrates include calcium silicates hydrated 3CaO⋅2SiO2⋅3H2O(C-S-H gel); calcium 
aluminates hydrated CAH10, C2AH8, C3AH6, etc.; calcium sulfoaluminates hydrated, e. g. 
ettringite, Afm-SO4; magnesium oxychlorides hydrated, 5Mg(OH)2⋅MgCl2⋅8H2O (5⋅1⋅8 
phase), 3Mg(OH)2⋅MgCl2⋅8H2O (3⋅1⋅8 phase); and so on. Thus, in the light of the types or 
composition of main hydrates formed by their hydration, cements used commonly in 
construction whose dominant hydrates is C-S-H gel are defined as calcium silicate cements 
(alternative name: Portland cements). In a similar way, other cements are named as calcium 
aluminate cement (another name: high aluminia cement), calcium sulfoaluminate cement 
(CŜA cement), magnesium oxychloride cement (Sorel’s cement), etc. Being different from the 
C-S-H gel and CAH10, C2AH8, C3AH6, such hydrates as ettringite, Afm-SO4, 5⋅1⋅8 and 3⋅1⋅8 
phases are basic salt hydrates. As previously mentioned, basic salt hydrates exhibit much 
common features in many respects such as composition, formation mechanism, crystal 
structure and properties, etc. Hence, these cements based on basic salt hydrates also show 
much analogical performances and engineering properties.  
Although the several principles of Cement Classification have been present [W. Kurdowski, 
2014], it is regarded that the classification based on the composition of their hydration 
products is most meaningful. Therefore, we supposed that cement whose hydration products 
are predominantly basic salt hydrates and whose performances and properties depend 
completely upon the basic salt hydrates formed is defined as basic salt cement (BS cement). 
Thus, calcium sulfoaluminate cements, Sorel’s cements (magnesium oxychloride cement, zinc 



oxychloride cement) and magnesium oxysulfate cement just are the category of BS cements. 
Firstly, the hydration products of these cements are predominantly BS hydrates. Secondly, the 
setting and hardening of these cement pastes is due to the numerous formations of their BS 
hydrates. Thirdly, their performances are closely related to the individualities of their BS 
hydrates. 
It can thus be found that BS cements have much more common characteristics differing from 
Portland cement. Hardened cement paste (HCP) is assumed [Taylor H.F.W. 1990] generally to 
comprise three components from the volumetric standpoint, via. (a) unreacted cement, (b) 
hydration products and (c) capillary pores. For a mature BS cement paste, the hydration 
products are predominantly crystals of BS hydrates and metal hydroxides; unreacted 
components include minerals and salts.  
Hence, it is crystal clear that the development of microstructure of hardened BS cement paste 
is just as a result of BS hydrate formation. BS hydrates and sometimes hydroxides comprise a 
dense matrix which envelops partially reacted residual mineral grains into a rigid paste. The 
microstructure of the matrix can be characterized by the network skeleton composed of the 
prismatic or needle-like BS hydrate crystals and interior pores. The crystal phases and 
porosity of the matrix depends to a great extent on the original proportionality of various 
components. Due to the much higher chemical water involved in BS hydrates, BS cements 
require a higher w/c ratio than Portland cement to achieve complete hydration. Hence, the 
microstructure of hardened BS cement paste is greatly characterized by a dense matrix 
composed of crystalline hydrates. 
Better performance of BS cements can be characterized by rapid setting, high early 
compression strength, high chemical resistance, high frost resistance, low impermeability, 
particularly low CO2 emission and low energy dissipation, and so on. But, BS cements exhibit 
some unfavorable properties too, which mainly includes high hydration heat, phase transform 
of BS hydrates, etc. All of the properties are related to the type and content of BS hydrates 
formed, which are dependent upon the original composition in BS cements.  
So far, among these BS cements, calcium sulfoaluminate (CŜA) cement, magnesium 
oxychloride (MOC) cement and the modified magnesium oxysulfate (d-MOŜ) cement[Deng 
D. H. 2005] whose main BS hydrate is 5Mg(OH)2MgSO47H2O have commercially been 
manufactured and widely used, especially in China. These three BS cements involve two main 
systems such as anhydrous BS mineral-salt-water system and metal oxide-salt-water system. 
It can be seen that an active mineral and a metal salt are two essential components of BS 
cements. 
Predictably, there are still some of the mulcomponent systems that have the great potential to 
develop new commercial BS cements through using a different chemistry and a new lower 
temperature manufacturing process. On the other hand, it is possible that the unfavorable 
engineering properties are improved by means of a different chemistry and new technological 
ways.  
Unfortunately, insufficient knowledge of the essential attributes and formation conditions of 
BS cements restricts these possibilities. It can be absolutely receivable that the focus to make 
out the natures of BS cements should be BS hydrates. Therefore, it needs to make further 
research and development based theoretically on the abundant knowledge about BS hydrates.  
5.2 MOC cements 



MOC cement was discovered by S.T. Sorel in 1867[Sorel. S.T. 1867]. For many years, the 
various investigations about MOC cement have been reported. Since 1985, it has been 
investigated and commercially used in China for 30 years. These researches involve the 
composition, the formation mechanism of reaction products, the microstructure, the 
engineering properties, the applied technology, a variety of products and so on. And yet for all 
that, its undesired performance has curtailed its use as a construction material except for 
non-structural interior application.  
5.2.1 Components and preparation of MOC cement 
MOC cement is referred to the mixtures prepared in-site by mixing MgO powder, 
MgCl2⋅nH2O with H2O. MgO can be light-burned magnesia obtained by calcined magnesite 
(MgCO3) at 500~700°C and also the MgO produced by dehydration of brucite Mg(OH)2 at 
450~500°C[Ball, M. C. et al 1961] or by burning magnesium carbonate at 300~1000°C[Ball, 
M. C. et al 1961, CN87100032A, 1987]. But, the light-burned magnesia is usually used as 
MgO powder. MgCl2⋅nH2O is generally by-products (MgCl2⋅6H2O) in the extraction of either 
KCl from natural carnallite with formula KMgCl3·6(H2O) or NaCl from seawater. Some 
soluble metal chlorides could be used too [CN87100032A, 1987].  MOC cement also could 
be prepared by mixing the products formed by partly decomposed MgCl2⋅6H2O and water 
[Wen J.M. et al 2014, Wen J., 2013]. Hence, the preparation of MOC cement is most simple 
and its energy consumption is the lowest. When the molar ratios of MgO/MgCl2/H2O in the 
mixtures consisted of light-burned magnesia, MgCl2⋅6H2O and water are the range of 
8/1/15~10/1/17, MOC cements have the optimum properties.  
5.2.2 Phase compositions of hardened MOC cement pastes 
At room temperature, fresh MOC pastes are mainly set and hardened by the following 
reactions [Deng D.H.et al 1999]: 

5MgO + MgCl2 + 13H2O → 2[Mg3(OH)5(H2O)3]Cl⋅H2O    (5 phase)          (27) 
3MgO + MgCl2 + 11H2O → 2[Mg2(OH)3(H2O)3]Cl⋅H2O    (3 phase)          (28) 
MgO + H2O → Mg(OH)2                                              (29) 

Thus, the phase assemblage of hardened MOC cement pastes is 5⋅1⋅8 phase-3⋅1⋅8 
phase-Mg(OH)2, the former two phases are BS hydrates. The relationship between the phase 
assemblage and initial molar ratio of MgO/MgCl2/H2O in MOC pastes could be described by 
the isothermal phase diagram of MgO-MgCl2-H2O system established by Urwongsee L, et al 
[Urwongse L. et al 1980] and Matkovic B, et al[Matkovic B, et la 1977]. According to the 
isothermal phase diagram of MgO-MgCl2-H2O system (Figure 11), when the of molar ratio of 
MgO/MgCl2 is equal to or more than the stoichiometry of the 5⋅1⋅8 phase, 3⋅1⋅8 phase is not 
present; if the molar ratio is less than 5.0, Mg(OH)2 could not be formed; while when the 
molar ratio is equal to or less than 3.0, 5⋅1⋅8 phase is firstly appeared and then come to 
disappear. On the other hand, irrespective of molar ratio of MgO/MgCl2, Mg(OH)2 is the 
dominant reaction products and a few 3⋅1⋅8 phase is  latterly produced in the MOC cement 
pastes with H2O/MgCl2 molar ratio being more than 23. Contrary to the typical phase diagram, 
at low temperature [Vincenzo M.et al 2011] or in presence of a certain amount of calcium 
aluminate minerals[Deng D. H. et al1996,], 3⋅1⋅8 phase is yielded in place of 5⋅1⋅8 phase.  
Because the reactions shown in Eq.(1) and (2) are not able to proceed to 100% 
completion[Terry A. et al], a certain amount of MgO remains non-reacted and soluble 
chlorides are always there, as shown in Figure 12. Hence, the phases in MOC cements 



commercially used include 5⋅1⋅8 phase or 3⋅1⋅8 phase as the predominant reaction products, 
Mg(OH)2, residual MgO and soluble chlorides. The latter two everpresent phases are minor, 
but they would greatly affect the fundamental properties and application of MOC cement 
[Deng D. H. 2005]. 

 

Figure 11 Isothermal section in the range of 20–26°C of the system MgO–MgCl2–H2O[Matkovic B, et 
la 1977]; P5 and P3 represent 5⋅1⋅8 and 3⋅1⋅8 phase respectively 

 
Figure 12 The XRD diagram of Hardened MOC paste with 9.67:1:13 of MgO:MgCl2:H2O [Deng D. H. 

2005] 
5.2.3 Microstructure of hardened MOC cement paste 
Tooper B. and Cartz L. [Tooper B.et al. 1966] examined a micrograph of a fractured surface 
of MOC consisting of a mass of needle-like crystals of 5⋅1⋅8 phases by SEM, seeing Figure  
13. The transmission electron micrographs showed that the needles were scroll-tubular 
whisker crystals. Matkovic B et al [1973] observed the microstructure development of the 
MOC cement paste with molar ratio MgO/MgCl2=5.68 and the theoretical amount of water 
required for hydration. SEM micrographs revealed that the microstructure of hardened MOC 
cement paste was a rather fined-grained and dense structure formed by seeing as short, stubby 
prismatic 5⋅1⋅8 phase crystals due to continued crystal intergrowth. 

5    10   15   20   25   30    35   40   45   50     
2θ/° 

5 
 



 

Figure 13 A micrograph of fractured surface of magnesium oxychloride cement taken on a scanning 
electron microscope. 
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Figure 14 Three forms of the microstructure of hardened MOC cement pastes [Deng D. H. 2005] 
Deng’ works [2005] indicated that the microstructure of hardened MOC cement pastes could 
exhibit three different features due to different original molar ratios of MgO/MgCl2/H2O. As 
shown in Figure 14, the microstructure of hardened MOC paste can be characterized by three 
forms: i) A form, a continuous structure consists of Mg(OH)2 hexagonal crystal grains in 
which a certain amount of the thicker and longer 5⋅1⋅8 phase crystals is dispersed; ii) B form, 
the dense the network skeleton structure formed by needle-like 5⋅1⋅8 phase crystals as 
predominant constituents in which a certain amount of Mg(OH)2 crystals is dispersed; iii) C 
form, the microstructure, similar to the rather fined-grained structure observed by Matkovic B 
and Young J.F, is formed completely by the prismatic or needle-like 5 phase or 3 phase or 
both crystals, respectively. The investigation of Chau C. K.et al [2008] also showed that Sorel 
cements with different mixture designs can have the various phase assemblages and the 
distinct microstructures. 
5.2.4 Performance of MOC cement 
As previously mentioned, the phase composition in hardened MOC cement pastes, which 
include BS hydrates, hydroxides as well as residual oxide and soluble salt, is completely 
determined by the original oxide/salt/water ratio. Among these phases, BS hydrates are key 
phases being responsible for excellent cementing characteristics of MOC cement, while the 
residual oxide and soluble salt would make some disagreeable engineering behavior take 



place too. Hence, from a lot of test results, it can be concluded that a crucial factor controlling 
the properties of MOC cement is the original oxide/salt/water ratio but not water/solid ratio. 
Hence, the engineering properties of MOC cement, such as setting rates, mechanical strength, 
moisture resistance, soundness and aggressive action on metal materials, etc. are varied with 
the change in the quantities of the starting materials in the system MgO-MgCl2-H2O [Yadav, 
R. N.et al. 2012, Zongjin Li, et al 2007, Yadav, R N et al 2014].  
(1) Setting of MOC cement 
Because a lot of water is required for the 5⋅1⋅8 or 3⋅1⋅8 phases, fresh MOC cement mixtures 
have generally good rheological properties with excellent workability and placing 
characteristics[Misra, A K et al 2007, Deng D. H. 2005]. A decrease of either MgO/MgCl2 sol 
or MgCl2/H2O weight ratio could provide an increase in the workability and the placing 
facility of fresh MOC cement mixtures. 
According to the formation mechanism of 5⋅1⋅8 or 3⋅1⋅8 phases[Deng D.H.et al 1999], the 
conclusion may be drawn that initial setting of MOC cement is due to the development of an 
essentially amorphous gelled phases formed by the hydrolysis of Mg2+ in MgCl2 solution. 
Gelation of MOC cement occurs within a significantly shorter time. The higher activity of 
MgO powder is, and the larger either MgCl2/H2O or MgO/MgCl2 molar ratios is, the shorter 
the gelation time of MOC cement is [Yadav, R. N.et al. 2012, Urwongse L. et al 1980, Deng 
D. H. 2005]. Some acid additives can greatly retard the setting process of MOC cement, while 
basic compounds could accelerate the setting process[Deng D. H. 2005, Chandrawat, M P S et 
al 2000, Tan, Y. N. et al. 2014m, Wen J.et al 2014, Wen J.,et al 2013]. Furthermore, initial and 
final setting time of MOC cement is decreased with increasing temperature of gauging 
solution [Yadav, R. N.et al. 2012].  
The reaction heat of MOC cement is closely related to the amount of 5⋅1⋅8 or 3⋅1⋅8 phases 
formed, because the formation reactions of these two BS hydrates are exothermic. Thus, if 
H2O/MgCl2 molar ratio is more than or equal to 11, the larger MgO/MgCl2 sol ratio, the lower 
the reaction heat of MOC cement and vice versa [Deng D. H. 2005]. On the other hand, the 
faster the setting rate, the quicker the releasing rate. 
After setting of MOC cement mixtures, it does not require water curing due to the moisture 
absorption of its liquid phase. 
(2) Mechanical properties of MOC cement 
It is well-known that MOC cement has high compressive strength associated with high 
flexural strength, as shown in Table 11. Besides, MOC cement concrete has very high elastic 
modulus as compared to Portland cement concrete of same compressive strength [Misra, A K 
et al 2007]. This essential nature is contributed to the dense network skeleton composed of the 
needle-like 5⋅1⋅8 phase or 3⋅1⋅8 phase crystals and strong interaction forces between these 
crystals[Deng D. H. 2005, Karimi, Y. et al 2011 Yadav, R N et al. 2013]. Thus, the mechanical 
properties of MOC cement are closely linked with the original proportion of the three 
component materials and temperature[Cui K. H. et al, 1988 Yadav, R N et al 2014, Karimi, Y. 
et al 2011, Zhang C. M. et al 1994, 1996, Zongjin Li, et al 2007, Yadav, R N et al. 2013]. 
When H2O/MgCl2 molar ratio equals 13, both compressive and bending strength of MOC are 
firstly enhanced and then followed by their reduction with the increase of MgO/MgCl2 molar 
ratio. On the other hand, the strength of MOC cement is reduced with molar ratio of 
H2O/MgCl2 at a constant molar ratio of MgO/MgCl2 [Deng, 2005]. So what brought this on? 



It may be illustrated that the appropriate amount of Mg(OH)2 and radical MgO would be 
beneficial to enhance the strength of MOC, but a bit of the soluble chlorides would obviously 
reduce the strength of MOC[Deng,2005]. A lot of test results have proved that when the ratio 
of MgO/MgCl2/H2O in the mixtures consisted of light-burned magnesia, magnesium chloride 
and water is the range of 8/1/15~10/1/17, the strengths of MOC cements are the highest 
[Zongjin Li, et al 2007, Zhang C. M. et al 1994, 1996]. 

Table 11 the development of strength of MOC with 10/1/13 of MgO/MgCl2/H2O molar retio[Deng 
2005] 

Curing age 3.5h 10 h 1 d 3 d 7 d 15 d 28 d 

Bending strength (MPa) 4.30 13.9 14.4 20.1 23.3 24.8 24.2 

Compressive strength(MPa) 11.6 60.0 76.8 113.2 126.4 136.0 144.0 

As a cementitious material, MOC cement has great cementing capacity for many powder or 
particle materials such as limestone, dolomite, granite, fly ash, sand, sawdust, etc. Thus, when 
a certain amount of various mineral powders as fillers is added, the compressive and flexural 
strength of MOC cement may be increased[5.34] [Deng, 2005, Wang X.et al. 2005, Zhang C. 
M, et al. 1994].  
So, MOC cement mortar or concrete of desired strengths can be prepared by using various dry 
compositions and concentrations of gauging solution. 
(3) Water resistance of MOC cement 
Even though MOC has many good engineering properties, it has the poor water resistance, i.e., 
the strengths of hardened MOC pastes in water are sharply decreased [Deng, 2005, Wen J.,et 
al 2013, Chandrawat, M P S et al 2000, Zhang C. M, et al. 1994], which makes it be limited in 
engineering applications[Deng D. H. 2003, Matkovic B.et al. 1973,]. Hence, the water and 
moisture resistance of MOC cement has been a hot area of research for several years [Zhang 
C. M, et al. 1994, Zhang C. M, et al. 1994, 1995, Li Ying, et al 2014]. It is generally 
considered that high water solubility of 5⋅1⋅8 or 3⋅1⋅8 phase lead to the water resistance of 
MOC cement be much worse, because the amount decrease of these main phases continues in 
water. Actually, the amount of these main phases is decreased by not dissolution but 
hydrolysis process [Deng, 2005, Zhang C. M, et al. 1994]. So, the poor water resistance 
should be attributed to the stability of these main crystalline phases in water. Now, it has fully 
indicated that the water resistance of MOC cement can be greatly improved by various 
additives [Zhang C. M, et al. 1995]. Among these additives, a variety of phosphates 
[Chandrawat, M P S et al 2000, Tan, Y. N. et al. 2014], particularly soluble phosphates and  
phosphoric acids are the most efficient admixtures for the improvement of the water 
resistance[Deng, 2005, Deng D. H. 2002]. Furthermore, citric Acid has same effectiveness as 
phosphoric acid [Deng, 2005, Wen J.et al 2014,]. Now it is able to be said that the water 
resistance of MOC cement improved is as good as its mechanical properties.  
In spite of this, there still is some undesirable properties such as dimensional instability[Wang 
L.1995, Guan H.et al 2009, Castellar, M.D. et al1996], moisture susceptibility[Maravelaki- 
Kalaitzakia, P.et al 1999], dehalogenation and efflorescence[Li Y, et al. 2010], etc. which 
enables MOC is restricted to non-structural interior application and the stabilization/ 
solidification of wastes and sewage sludge[Ma J. L et al. 201], such as fireproof 
materials[Montle J F, et al 1974], thermal insulation materials[Ji Y. 2001], floor materials[Li 



G Z,et al 2003], interior wall panel, and others. Basic reason why these bad behaviors happen 
occasionally during use of MOC cement products is the existence of the residual MgO and 
some soluble chlorides. The reaction between the residual MgO in MOC cement products and 
moisture in air may produce an expansive Mg(OH)2 which causes the cracking and buckling 
deformation occur[Deng, 2005, Wang L. 1995]. And in moisture air the soluble chlorides 
could easily be released from MOC cement products which will certainly lead to the 
dehalogenation and efflorescence take place [Li Y, et al. 2010, Maravelaki-Kalaitzakia, P.et al 
1999]. Thus, the absence of the residual MgO and the soluble chlorides may eliminate some 
of these undesirable properties. 
Therefore, to make MOC cements be suitable for structural materials, it is key problem 
needed to be investigated in the future how to remove the residual MgO and the soluble 
chlorides from hardened MOC cement pastes. 
5.3 CŜA cements 
5.3.1 Components and manufacture of CŜA Cements 
Calcium sulfoaluminate (CŜA) cements[Odler, I. 2000 Wang, Y.M.et al1999] [also is named 
as either sulfoaluminate cements[GB 20472, 2006] or calcium sulfoaluminate-belite (CŜAB) 
cements[Irvin A, et al  2011]] generally refers to those hydraulic binders which may be 
manufactured from the CŜA clinkers containing more than 50% of anhydrous tetracalcium 
trialuminate sulfate (Ye'elimite) Ca4Al6O12SO4 (C4A3Ŝ). Because most of natural and waste 
materials being suitable for CŜA clinker manufacturing contains a certain amount of silicon 
and iron, dicalcium silicate or belite 2CaO⋅SiO2 (C2S), tetracalcium aluminoferrite or 
brownmillerite 4CaO⋅(Al,Fe)2O3 (C4AF) and anhydrite CaSO4 (CŜ) are also present in CŜA 
clinkers. In addition, minor phases such as tricalcium aluminate 3CaO⋅Al2O3 (C3A), 
dodecalcium heptaaluminate or mayenite 12CaO⋅7Al2O3 (C12A7), perovskite 
3CaO⋅Fe2O3⋅TiO2 (C3FT) dicalcium aluminum silicate or gehlenite 2CaO⋅Al2O3⋅SiO2 (C2AS), 
anhydrite CaSO4 (CŜ) and so on can also be present[Zhang, L. M.et al, 1999] in CŜA 
clinkers.  
CŜA cements are just produced by intergrounding CŜA clinker with gypsum CaSO4⋅2H2O 
(CŜH2), limestone [Laure P,-C.,et al 2012]. The addition of gypsum has to be dosed to reach 
the optimum setting time, strength development and volume stability by controlling the 
formation of ettringite Aft-SO4 and monosulfoaluminate Afm-SO4. Thus, CŜA cements 
present a wide range of phase assemblages, but all of them contain over 50 wt% C4A3Ŝ, 
jointly with belite, ferrite, other minor components[Keith Q. 2001] and calcium sulfates (CŜ 
and CŜH2), in which the types of the minor components may vary significantly[Irvin A,et al 
2011]. Among the main phases, both C4A3Ŝ and calcium sulfates are the indispensable 
components of CŜA cements. C4A3Ŝ is an anhydrous basic salt mineral Ca4Al6O12SO4, hence, 
CŜA cements are BS cements based on the anhydrous basic salt-metal salt-water system.  
C4A3Ŝ -bearing cement was first developed by Alexander Klein in the 1960s, in which C4A3Ŝ 
was used as an additive to form expansive cements, [Bye, G.C. 1999, Klein, A. 1963] rather 
than CŜA cements. The country where CŜA cements have commercially been manufactured 
and used in a large scale is China in the 1970s. In China, CŜA cements are known as the 
“third cement series” after following Portlamd cement and aluminate cements by their 
inventors [Wang, Y.M.et al1999, Irvin A, et al 2011. Dia J. Q.et al 2006], which include 
ordinary sulfoaluminate cements (ŜAC) and ferro-sulfoaluminate cements (FAC) which are 



developed by based on two types of CŜA clinkers which are defined as sulfoaluminate belite 
(O) clinker and ferrialuminate (F)clinker [Dia J. Q.et al 2006, Zhang, L. M.et al, 1999]. The 
mineralogical composition of commercial several CŜA clinks is shown in Table 12.  

Table 12 Composition of commercial CŜA clinks 
Main 

phases 
ŜAC 

Clinker(1) 
FAC 

Clinker(1) 
Italian 

(2) 
Switzerland 

(3) 
Belitex 
(4,5,6) 

Buzzi Unicem 
S.p.A(7) 

C4A3Ŝ 55~75 33~63 52.1 62.8 53.5~68.5 49.5 

C2S 8~37 14~37 23.8 -- 15.9~21.2 21.3 

C4AF 3~10 15~35 4.7 -- 16.3 3.9 
Minor 
phases -- -- 17.1 18.3 6.0~18.5 14.6 

(1) Wang, Y.M.et al 1999; (2) Telesca, A. et al 2014(3); Laure P,-C.,et al 2012; (4) Céline C. D. et al 2009;(5) Vladim´ır Zˇivica. 

2000; (6) Marta G-M, et al. 2012; (7) Irico, S. 2013 

For instance, the mineralogical composition CŜA clinker (CS10) industrially produced in 
China was determined by Rietveld methodology[Marta G-M, et al. 2012]: 72.3 wt.% of 
C4A3Ŝ, 14.5wt.% of β-C2S, 6.8wt.% of CT, 2.5wt.% of C4AF, 1.6wt.% of M, 1.4wt.% of 
C2MS2 and 0.9(1) wt.% of CS. 
One critical thing in the preparation of CŜA cements is how to obtain CŜA cement clinkers 
with high anhydrous basic salt mineral Ca4Al6O12SO4. C4A3Ŝ is a stable phase, which is 
formed in the system CaO–Al2O3–SO3 at temperature range 1,250~1,300°C and is 
decomposed at 1,350°C. CŜA clinkers are commercially manufactured by burning limestone, 
bauxite and gypsum in a conventional rotary kiln at 1,200~1,350°C[Wang, Y.M.et al1999, 
Glasser, F.P. et al 2001], whose mineral phases assemblage mostly depends on the 
composition and proportioning of the raw materials used and is determined by the Bogue 
method[Wang, Y.M.et al1999]: 

%C4A3Ŝ = 1.995(%Al2O3) −1.273(%Fe2O)                                  (30) 
%C4AF = 3.043(%Fe2O3)                                                (31) 
%C2S = 2.867(%SiO2)                                                   (32) 
%CŜ = 1.700(%SO3) − 0. 445(%Al2O3) + 0:284(%Fe2O)                       (33) 
%C=1.000(%CaO)−1.867(%SiO2)−1.054(%Fe2O3)−0.550(%Al2O3)−0.700(%SO3)   (34) 

Owing to natural bauxite is more expensive and uneasily available, many efforts have been 
devoted to the introduction of various industrial by-products or waste materials such as fly ash 
[Arjunan, P. et al, 1999], coal combustion residuals[Chen, I.A.et al 2012],  red mud[Pace, M. 
L. et al. 2011], blast furnace slag [Ukrainczyk, N. et al 2013], desulfurization residue[Wang, 
W. L. et al  2010] etc. using as the partial or whole source of alumina. 
On the other hand, there were various method and technologies to synthesize CŜA clinker. 
Alberto Viani and Alessandro F. Gualtieri reported the formation of CŜA clinker obtained 
using the inertization product of cement-asbestos [Viani, A. et al 2013], whose formulations 
have been defined by the relationship reported by álvarez-Pinazo et al [Alvarez-Pinazo, G. et 
al 2012]. Maria Lucia Pace, et al [Pace, M. L. et al. 2011] investigated the synthesis process 
of CŜA clinker obtained from raw mixtures heated in a laboratory electric oven, also 
containing alumina powder or anodization mud as partial or total substitute for bauxite. Zhang, 
X. et al (2012) tried to prepare self-pulverizing calcium sulfoaluminte cement (SPCŜA) 
through controlling the transition of β-C2S to γ-C2S. Its aim is to save considerable energy in 



the grinding process through pulverizing cement clinker by its inner stress caused by the 
polymorphic transition of β-C2S to γ-C2S. The optimum mineral compositions of SPCSA 
were obtained as shown in the grey area of the ternary diagram (Figure 15).The compressive 
strength loss of SPCŜA caused by the transformation from β-C2S to γ-C2S was no more than 5% 
during the first 7 days and about 8% at 28 days, but the grinding energy saving was up to 
60~75%. Song, J-T et al. [2002] chemically synthesized calcium aluminosulfate (C4A3Ŝ) at 
temperatures as low as 1100°C using the poly (vinyl alcohol) (PVA) process. The only 
intermediate compound detected during calcining is CA2, which is impurity at 1100°C and 
traces of CA2 persist at 1300°C. Shizong Longa and et al [Long, S. Z, et al. 2002] used 
combination of electric heating and microwave processing to accelerate clinkering reaction of 
decrease f-CaO to zero. 

 
Figure 15 The area of mineral compositions design for SPCSA [Zhang, X. et al 2012] 

So, it can be seen that the composition and preparation of BS cements based on the metal 
oxide-salt-water systems is the simpler. Then, can or can't CŜA cement is prepared or formed 
from the metal oxide-salt-water systems? 
5.3.2 Phase compositions of hardened CŜA cement pastes 
Hydration of CŜA cement has been extensively studied in the past[Wang, Y.M.et al1999 
Beretka, J. et al 1996, Winnefeld, F.et al. 2000, Fu, X. et al 2003, Trauchessec, R. et al 2015]. 
Due to the commercial CŜA cements are consisted of CŜA clinker bearing C4A3Ŝ and C2S, 
CaSO4, calcite, etc. the phase compositions of hardened CŜA pastes are based on the 
C4A3Ŝ-CaSO4-CaCO3-Ca(OH)2 system. Thus, a series of hydration reactions may occur in the 
setting and hardening process of CŜA cement pastes. Now, it is known very well that these 
hydration reactions essentially results in the numerous formation of such BS hydrates as 
ettringite Aft-SO4, Afm-SO4 and potential Afm-CO3 phases at room temperature. 
In absence of CaSO4, reaction of C4A3Ŝ and H2O gives a Afm-SO4 and aluminum hydroxide 
Al(OH)3: 

3CaO⋅3Al2O3⋅CaSO4 +(16~20)H2O →3CaO⋅Al2O3⋅CaSO4⋅12H2O + 2Al(OH)3     (35) 
In presence of CaSO4, C4A3Ŝ hydrates to form Aft-SO4 and aluminum hydroxide: 

3CaO⋅3Al2O3⋅CaSO4 + 2CaSO4Hx + (38−2x)H2O 
→3CaO⋅Al2O3⋅3CaSO4⋅32H2O+2Al(OH) 3           (36) 

In presence of both CaSO4 and Ca(OH)2, Ca(OH)2 accelerates the hydration of C4A3Ŝ [Hargis, 

C4A3Ŝ 



C.W.et al , 2013] and produces a Afm-SO4 phase at early ages and Aft-SO4 at later ages:  
3CaO⋅3Al2O3⋅CaSO4 + 8CaSO4Hx +6Ca(OH)2+ (90−8x)H2O 

→3[3CaO⋅Al2O3⋅3CaSO4⋅32H2O]         (38 
Ca(OH)2 can be provided by the hydration of C2S:  

2CaO⋅SiO2 + H2O → 1.7CaO⋅SiO2⋅4H2O (C-S-H) +0.3Ca(OH)2                 (39) 
The following reaction of C4AF would take place[Marta G. M. et al, 2015]: 

4CaO⋅Al2O3⋅Fe2O3 + 16H2O →2CaO(0.5Al2O3,0.5 Fe2O3)8H2O                 (40) 
If limestone and vaterite (CaCO3) powders as additions [Laure P,-C.,et al 2012, Craig W.et al. 
2014] were added into CŜA cements, a Afm-CO3 phase and Aft-SO4 would be formed at later 
ages of their hydration. 

3[3CaO⋅Al2O3⋅CaSO4⋅12H2O] + 2CaCO3 + 18H2O 
→2[3CaO⋅Al2O3⋅CaCO3⋅12H2O] + 3CaO⋅Al2O3⋅3CaSO4⋅32H2O (41) 

Besides, due to consume plenty of gypsum by Eq.(10), the possible transformation reaction to 
form Afm-SO4 may occur as[Tang, S.W. et al 2015]:  

3CaO⋅Al2O3⋅3CaSO4⋅32H2O →3CaO⋅Al2O3⋅CaSO4⋅12H2O+2CaSO4+16 H2O         (42) 
but in the presence of limestone, this reaction can hardly take place because of  reaction (14) 
[Craig W.et al. 2014]. 
It can be seen that the hydration reactions of CŜA cements predominantly yield such BS 
hydrates as Aft-SO4, Afm-SO4 or Afm-CO3 phase. But, the formation of ettringite Aft-SO4 
takes leading role in the hydration of CŜA cements, Afm phases are formed after the calcium 
sulfate is consumed at around 1–2 days of hydration [Winnefeld, F.et al 2010]. As shown in 
Figure 16 and 17 [Morin V, et al], only ye’elimite (C4A3Ŝ) hydrates rapidly for the first 3 
hours to form ettringite. By 3 hours, the amount of ettringite formed is about 30 % of the 
initial mass of cement. While unreacted belite and ferrite persist up to 7 days.  

 

Figure 16 Hydration degree of anhydrous phases as a function of time [Morin V, et al]. 



 
Figure 17 Ettringite formation and ye’elimite hydration degree as a function of time [Morin V, et al]. 

The content of Aft-SO4 and Afm-SO4 depends mainly upon the C4A3Ŝ/calcium sulfate molar 
ratio in CŜA cements [Telesca, A. et al 2014]. As shown in Figure 18, the content of ettringite 
is increased with the amount of gypsum with respect to the CŜA clinker, while the content of 
AFm-SO4 phases is decreased with the amount. If the amount is about 34% and over, i.e the 
C4A3Ŝ/calcium sulfate molar ratio is close to stoichiometric ratio [Telesca, A. et al 2014], 
AFm-SO4 phases are disappeared and the content of ettringite reaches the maximum, and a 
certain amount of gypsum may remain non-reacted.   

 

Figure 18 Hydrates proportion depend of the amount of gypsum mixed with the clinker  
On the other hand, temperature and curing regime have a crucial effect on the mineralogy of 
CŜA cement pastes due to the potential for conversion at higher temperature [Zhang, L. 
2000].  
Therefore, it can be concluded that the phases in hardened CŜA cement pastes mainly include 
dominated Aft-SO4, amorphous Al(OH)3, C-S-H gel and probably minor Afm-SO4, which are 
closely related to the molar ratio of C4A3Ŝ/calcium sulfate in CŜA cement and curing 
temperature. This is also one of the essential attributes of BS cements.  
5.3.3 Microstructure of hardened CŜA cement pastes 
As same as MOC cements, the microstructure of hardened CŜA pastes also comprise BS 
hydrates, unreacted cement and (c) capillary pores. CŜA cement pastes harden   through the 
formation of an initial ettringite skeleton and subsequently, a dense and   rather featureless 
ettringite network [Zhang, L. 2000]. Hence, even if belite and ferrite do not react[Morin V, et 
al], the well-defined microstructure of hardened CŜA pastes may still develop quickly which 



is quite dense even after 16h of hydration[Winnefeld, F.et al. 2000, Tang, S.W. et al 2015] due 
to the rapid growth of Aft-SO4 crystals [Irico, S. 2013]. As shown in Figure 19 [5.63 ], the 
SEM image for a hydrated CŜA cement paste with 17% natural gypsum at 6 and 24 h of 
curing exhibites the featureless net skeleton established by quite large prismatic ettringite 
crystals (0.6–1.0µm wide, up to about 10µm long) with a hexagonal cross section. And the 
results by MIP analysis revealed that typical ranges of critical pore radii were 6~8 nm and 
20~50 nm in the bimodal distribution of pore size for hydrated CŜA 17 at 90 days of curing.  

 
Figure 19 SEM images of CSA 17 cement pastes cured at 6 h (a) and 24 h (b) CSA: clinker grain; G: 

gypsum; E: ettringite[Telesca, A. et al 2014]. 
Sara Irico et al [Irico, S. 2013] and Graziella Bernardo et al [2006] also observed the 
microstructure of CŜA pastes with a bimodal distribution of interior pore size around 10 nm 
and 100 nm. However, a wide distribution of pore entry size between 10 and 100 nm was 
detected in the hydrated Portland cement paste. Chinese inventers [Wang, Y.M.et al1999] of 
CŜA cements pointed out early that regardless of gypsum amount, pores existed in the 
microstructure of CŜA cement pastes fully developed at 6h of hydration were mostly the 
pores smaller than 30nm. So, CŜA cements could show porosimetric characteristics 
completely differing from those of a Portland cement [Bernardo, G.et al 2006]. However, the 
porosity of a hardened CŜA cement paste is also related to W/C ratio [Zhang, L. et al 2005]. 

 

Figure 20 Scanning electron micrographs (backscattered electron images of polished sections) of 
hydrated CSA cement [ye'elimite (54%), belite (19%) and anhydrite (21%)]hydrated for a) 16 h and b) 

28 d, C = CSA clinker, G = gypsum, E = ettringite, Gel = AH3 and S = C2ASH8 [Winnefeld, F.et al 
2010]. 



Hence, the microstructure of a mature CSA cement paste can be modeled as a rigid paste into 
which a dense matrix comprising of the predominant hydration products such as ettringite, 
gel-like Al(OH)3 (AH3) envelops partially remained grains, as shown in Figure 20 [Winnefeld, 
F.et al 2010]. The microstructure of the matrix can be characterized by the network skeleton 
composed of the prismatic or needle-like ettringite crystals and a bimodal distribution of 
interior pore size (Figure 21). This feature in the microstructure is contributed to both the 
numerous formation and crystal morphology of ettringite. Hence, the microstructure of the 
matrix in hardened CŜA cement pastes depends to a great extent on the original 
ye’elimite/calcium sulfates ratio and W/C ratios.  

 

Figure 21 SEM micrographs of a CŜA paste containing 20% gypsum [Ambroise, J. et al 2009]. 

 
Figure 22 The boundaries between rapid hardening/high strength, expansive and self-stressing CŜA 

cement based on the calculated thermodynamic stable hydrate assemblages of the system ye’elimite–
calcium sulfate–water at 20°C and at a water/solid ratio of 2[Arjunan, P. et al, 1999].  

5.3.4 Performance of CŜA cement 
The main properties of CŜA cements are short setting times, high early strengths and rapid 
strength gain, excellent durability and low alkalinity which are ascribed to the formation of 
the BS hydrates such as Aft and Afm crystalline phases. Thus, performance of CŜA cement is 
mainly governed by ettringite, which is mainly regulated by the C4A3Ŝ/calcium sulfates molar 
ratios and reactivity of the added calcium sulfate[Wang, Y.M.et al1999] . As shown in Figure 
22 [Winnefeld, F.et al 2010], when the calcium sulfates/C4A3Ŝ molar ratio M is up to 1.5, 
CŜA cements with rapid hardening/high strength can are made; if M is the range of 1.5~2.5, 



the expansive CŜA cements may be produced; in case of M is more than 2.5, the self-stress 
CŜA cements will be yielded. So, CŜA cement made in China with 16–25% gypsum is 
“high-performance cement” with rapid hardening and high strength but without expansion 
[Arjunan, P. et al, 1999].  
(1) Properties of fresh CŜA cement paste 
In general, CŜA cement pastes exhibit a shear thinning behavior and high viscosity 
values[Marta G-M. et al . 2012], which is significantly influenced by such major factors as 
sulfate sources (gypsum, bassanite and anhydrite), W/C ratio and the addition of 
superplasticizer, as shown in Figure 23.  
CŜA cement pastes themselves set and harden very rapidly [Eng. B.et al 2014], which is 
contributed to the very fast hydration rate of C4A3Ŝ to yield numerous BS hydrates and 
consume the mix water in a short time. Most of the hydration heat is released during the first 
12–24 h of hydration [Glasser, F.P. et al 2001, Winnefeld, F. et al 2010]. The early hydration 
evolution of the CŜA cement paste can be characterized by five hydration stages named 
respectively as dissolution, transformation, self-desiccation, dynamic balance and acceleration 
stages, as shown in Figure 23. The dissolution stage is corresponding to the formation of the 
initial loosed skeleton of Aft-SO4 phase as major reaction product, which is detectable using 
TGA at hydration age 15min. The paste has final set by this time whose initial and final times 
are 10.92 min and 11.78 min respectively [Tang, S.W. et al 2015]. So, the setting time of CŜA 
cement would be significantly influenced by W/C ratio[Tang, S.W. et al 2015] and not by the 
C4A3Ŝ/calcium sulfates molar ratios [Laure P,-C.,et al 2012].   

   
Figure 23 Hydration stages of the CŜA paste with w/c ratio 0.7 (left: modulus and temperature curves; 

right: heat evolution and total heat curves) [Tang, S.W. et al 2015] 
Moreover, the setting time could be even accelerated by the addition of ground granulated 
blast furnace slag and fly ash in comparision to the plain CŜA cement [Eng. B.et al 2014].  
(2) Mechanical properties of CŜA cement 
Early strength development for CŜA cement compositions (paste, mortar and concrete) is 
faster (relative to 28-day strength) than that of Portland cement compositions [Keith Q. 
2001,].  
Ettringite content is the chief parameter to explain the strength development in CŜA cements 
[Marta G. M. et al, 2015], however, monosulfate formation contributes little to strength 
development [Telesca, A. et al 2014]. Thus, it is well assessed that the peculiar strength 
development of rapid-hardening CŜA cements is related to the C4A3Ŝ hydration which is very 
rapid at early ages and then quickly decreases due to the lack of water [Winnefeld, F. et al 



2009]. However, CŜA / gypsum ratio does not significantly influence final strength of CŜA 
cement [Laure P,-C.,et al 2012]. 
On the other hand, except for W/C ratio, sulfate source has a dramatic effect onto the 
strengths of CŜA cements. As shown in Figure 24 [Marta G. M. et al, 2015], the results point 
out the mortar prepared from gypsum pastes has the highest early compressive strength; while 
the mortar prepared with anhydrite pastes has the highest later compressive strength; the 
mechanical strength values of the pastes and mortars prepared with bassanite is the lowest due 
to the very quick dissolution of bassanite. So, bassanite is not suitable for the sulfate source to 
be used in CŜA cement.  

 

Figure 24 Compressive strength values of mortars prepared from all pastes at different hydration times 
(A: Anhydrite pastes; B: Bassanite pastes; G: Gypsum pastes) [Marta G. M. et al, 2015] 

On the long-term, the limestone addition significantly increases the later strength of the 
mortars [Laure P,-C.,et al 2012].  
(3) Durability of CŜA cement 
Zhang L. [2000] reported microstructure and chloride penetration profile of a self-stressing 
CŜA cement pipe immersed in seawater for 16 years. It has been shown that the pipe has 
excellent resistance to seawater attack. It has also been demonstrated that the carbonation rate 
of a normal strength CŜA cement concrete crane column exposed to open air for 16 years 
averages ~0.5 mm/year and ettringite persists even in very near surface layers of the crane 
column [Zhang, L. et al 2005]. After rapid hardening CŜA cement concrete is frozen-thawed 
for 270 cycles, its compressive strength remains 97.0%, while ordinary Portland cement 
concrete has been destroyed[Wang, Y.M.et al1999]. Besides, there is test result illustrated that 
concretes made using CŜA cements exhibit excellent sulfate resistance [Keith Q. 2001]. 
Although CŜA cement has low alkalinity in comparison to Portland cement, in continuous 
exposure in tap water, CŜA cement can provide adequate corrosion resistance for steel 
reinforced mortar [Kalogridisa, D.et al 2000]. All of these results fully show that CŜA cement 
has excellent durability, which is attributed to the dense microstructure and the stability of 
phase assemble assemblages of CŜA cement paste in service condition.  
In conclusion, all knowledge of ettringite well-known as the major BS hydrate is a crucial 
adjective to understanding the hydration evolution, microstructure development, better 
performance and engineering application of CŜA cements.  
5.4 d-MOŜ cements 
Magnesium oxysulfate cements were discovered by Olmer and Delyon in 1934[TecEco, web], 



which are also BS cements based on “metal oxide-salt-water (MgO-MgSO4-H2O)” system. It 
is usually prepared in site by mixing light-burning magnesia, sulfate and water during its use, 
here, this cement being labeled as “o-MOŜ cement”. Among three components, sulfate is 
mostly Epsom salt with formula MgSO4·7H2O which can be generated by neutralizing 
magnesium carbonate MgCO3 or magnesium oxide MgO with sulfuric acid H2SO4, but it is 
usually obtained directly from natural sources, also the monohydrate, MgSO4·H2O or the 
anhydrous form MgSO4, etc. It can be seen that o-MOŜ cement is very similar to MOC 
cement. Compared to MOC cement, o-MOŜ cement was considered to have no practical 
importance because of the lower mechanical strength [Deng DH, 2005b] and poor durability 
[Kurdowski, W.,et al 1983]. Hence, although the use o-MOŜ cement as a binder had been 
recognized since the earliest report of it by Sorel in 1867[Sorel. S.T. 1867], the research and 
application of it have been little reported until 2005 year.  
Actually, the low performance of o-MOŜ cement should be attributed to the complicated 
phase assemblage of hardened o-MOŜ cement pastes. In past, it was reported that a series of 
reactions occurring in MgO-MgSO4-H2O system can generate a variety of magnesium 
oxysulfate hydrates, including 5Mg(OH)2MgSO4⋅3H2O(5⋅1⋅3-s phase), 5Mg(OH)2MgSO4⋅ 
-2H2O(5⋅1⋅2-s phase), 3Mg(OH)2⋅MgSO4⋅8H2O(3⋅1⋅8-s phase), Mg(OH)2⋅MgSO4⋅5H2O 
(1⋅1⋅5-s phase), and Mg(OH)2⋅2MgSO4⋅3H2O (1⋅2⋅3-s phase) [Demediuk, Tet al . 1957] as 
well as 3Mg(OH)2⋅MgSO4⋅5H2O (3⋅1⋅5-s phase) [Adomaviciute, B. B. et al 1961] , 
2Mg(OH)23MgSO4⋅5H2O (2⋅3⋅5-s phase) [5.104], and so on. At same time, it was found that 
the formation and stability of these oxysulfates are very susceptible to the concentrations of 
MgSO4 solutions and temperature. Thus, the stable phases at room temperature may be 
different [Demediuk, T et al. 1957, Urwongse Let al. 1980b, Dinnebier, R.E et al. 2013]. What 
is more, o-MOŜ cements have not been allowed to equilibrated, and as a result their 
composition may be uncertain. In general, several magnesium oxysulfates, which one are 
uncertain, are co-existed with unreacted MgO, Mg(OH)2, amorphous phases, hydrated 
magnesium sulfates and even liquid in hardened o-MOŜ cements prepared by industrial 
materials, as shown in Figure 25.  

 
 

Figure 25 The XRD pattern of hardened o-MOŜ paste with 6:1:12.3 of MgO:MgSO4:H2O molar ratio 
[Luo J. Qet al 1998] 

Mechanical properties of o-MOŜ cements were reviewed [Wilson, A. Det al 1993], it’s 
weaken strength was considered to be caused by compaction. And it was pointed out that 
pressing o-MOŜ cements was capable of producing specimens of adequate strength for use in 
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architectural application. Actually, the o-MOŜ cements cured under pressure have not 
favorable mechanical properties [Beaudoin, J.J.et al]. The development of strength in the 
o-MOŜ cement prepared by mixing light-burning magnesia, MgSO4·7H2O and tap water is 
given in Figure 26. It can be found that not only the compressive strength of o-MOŜ cement is 
very low, being 17.4 MPa, at 28 days; but also its later strength is reduced, being 15.8 MPa, at 
180 days. After 2005, the similar studies on o-MOŜ cement come to the same conclusions 
[Zheng Z, et al. 2013, Wang H. Q. et al 2013, Ruan J. Z, et al 2009, Mathur, R. et al 2008]. 

Figure 26 The development of strength in the o-MOŜ cement and d-MOŜ cement [Deng D.H 2005b] 
In 1996, a new method being capable of changing the phase composition in magnesium 
oxysulfate cement was discovered. Since then, a new magnesium oxysulfate cement named as 
d-MOŜ cement has been invented [Deng D. 2005]. In 1998, the lightweight panels 
manufactured with d-MOŜ cement were used in construction of the building in which the 
Macau handover ceremony from Portugal to China was performed December 20th, 1999. The 
building under construction and finished are given in Figure 27. 

  

Fig 27 Interior site photos of the building constructed with the d-MOŜ cement lightweight panels 
[Deng D.H 2005]. 
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Figure 28 The XRD pattern of hardened d-MOŜ cement with 6:1:14 of MgO:MgSO4:H2O cured for 30 

days at air and room temperature[Deng D. 2005b] 
The invention of d-MOŜ cement is achieved through adding a certain amount of phosphoric 
acids, soluble phosphates or citric acid as admixtures into the mixtures consisting of 
light-burning magnesia, magnesium sulfate and water. The test results have indicated that the 
phase composition in d-MOŜ cement differs perfectly from that in o-MOŜ cement, as shown 
in Figure 28. Compared to the Fig 15, it can be found that crystalline phase formed in d-MOŜ 
cement with similar molar ratio of MgO : MgSO4:H2O is a new magnesium oxysulfate 
hydrate. And apart from a new magnesium oxysulfate hydrate, only a few of Mg(OH)2 and 
MgO is existed, without soluble salts in hardened d-MOŜ cement paste. Recently, this new 
magnesium oxysulfate hydrate was structurally characterized [Runčevski, T. et al 2013], and 
its mineral formula is 5Mg(OH)2⋅MgSO4⋅7H2O, however, probably 5Mg(OH)2⋅MgSO4⋅8H2O 
(5⋅1⋅8-s phase). The SEM and XRD have demonstrated that the micrograph of 5⋅1⋅8-s phase is 
need-like crystal same as 5⋅1⋅8-c phase in MOC and its main peak line are 4.993Å, 2.406 Å, 
4.616Å, 9.441 Å, etc. respectively [Deng D. 2005b]. 
A lot of test results have proved that d-MOŜ cements have high mechanical strengths which 
are several times higher than that of o-MOŜ cements, seeing Figure 26. Recent studies also 
have demonstrated that d-MOŜ cements have both high strength and excellent durability 
[Zheng Z, et al. 2013, Wang H. Q. et al 2013, Mathur, R. et al 2008, Ruan J. Z, et al 2009], 
which obviously benefit from the numerous formation of such BS hydrate as 5⋅1⋅8-s phase. 
Likewise, it has been demonstrated that the properties of d-MOŜ cements are varied by the 
molar ratios of MgO/MgSO2 and H2O/MgSO4, other than modifying admixtures [Deng D. 
2005b]. 
Since 1998, d-MOŜ cements have been commercially used in architectural application for ten 
years in China. As a result, d-MOŜ cement can be considered to be high performance BS 
cement being comparable to CŜA cement. But, the former has the lower CO2 emission and 
energy consumption than the latter. 
6. Conclusions 
Through these reviews above, it should be found the Basic Salt (BS) hydrates are a variety of 

10          20          30           40          50           60    2θ/° 

X：new phase 
A：Mg(OH)2 
B：MgO 



very interesting compounds, having much more magical performance. BS cements based 
major reaction products on BS hydrates not only have many superior properties compared to 
Portland cement, but also are eco-cement with low CO2-emission and energy consumption, 
which are worthy of striving to develop. Thus, how to form BS cements from other 
multicomponent systems comprising salt or salts is just an issue needing to be more deeply 
explored. For a multicomponent system including soluble salt or slight-soluble salt to be 
capable of forming BS cement with performance, some principles should be followed. Firstly, 
predominant BS hydrates have to be very stable in service condition. Secondly, the amount of 
stable BS hydrates produced in the system should be enough to construct dense 
microstructure. Thirdly, the hydration reactions taking place in the system must be able to 
proceed to completion at room temperature, without the existence of residual salts and 
amorphous gelled phase with high solubility. The d-MOŜ cement is just developed by 
adjusting the reaction process of major BS hydrates, with these principles.  
7. References 
Books 
- Alberti G et al. (1996) In: Alberti G, Bein T (eds) Solid State Supramolecular Chemistry: Two- and 

Three-Dimensional Inorganic Networks. Comprehensive Supramolecular Chemistry, vol 7, Chapter 
1. Pergamon and Elsevier Science, Oxford, UK. 

- Bye, G.C. 1999 Portland Cement, 2nd Ed Thomas Telford, London, UK. 
- Dia J. Q.et al 2006. Preparation and application of calcium sulfoaluninate cements. China building 

industrial press, Beijing, China. 
- Erlin B. et al.. 1999: Ettringite—the sometimes host of destruction. American Concrete Institute, 

SP-177. ISBN-10: 9990266247 
- Kurdowski, W. 2014, Cement and concrete chemistry. XII, pp617-620. Springer Dordrecht 

Heidelberg New York London 
- Marchand, J. et al 2002 Sulfate Attack on Concrete. First published 2002 by Spon Press, Taylor & 

Francis Group, London and New Youk. 
- Odler, I. 2000, Special Inorganic Cements (Modern Concrete Technology), Taylor and Francis 

Publisher, CRC press. GB 
- Robert L. D. 1992. The Effect of Secondary Ettringite Formation on the Durability of Concrete: A 

Literature Analysis. ISBN 0-89312-1 69-X 42Portland Cement Association. 
- Taylor HFW. 1990. Cement chemistry. New York: Academic Press. 
- Taylor H.F.W. 1997, Cement Chemistry, 2nd edn, Thomas Telford, London. 
- Wang, Y. M.et al1999 Sulphoaluminate Cement, Beijing University of Technology Press, Beijing, 

China. 
- Wilson, A. D. et al 1993 Acid-base Cements, Their biomedical and industrial applications. 

Cambridge University Press. UK 
Journals 
- Adomaviciute, B. B. et al 1961. A study of the system MgO-MgSO4-H2O, Lietvos TSR Mokslu 

Akad. Darbai, Serija B, 2(25):219−25 (in Russian) 
- Adomavichiute, O. B., et al., 1962. On the hardening of magnesium cement. Zhurnal Priklandnoi 

Khimii. 35 2552–2554 (abstract). 
- Álvarez-Pinazo, G. et al. 2013, Hydration Reactions and Mechanical Strength Developments of 

Iron-Rich Sulfobelite Eco-cements. Ind. Eng. Chem. Res. 52(47):16606−16614. 
- Ambroise, J. et al 2009,  Influence of polyether polyol on the hydration and engineering properties 

of calcium sulfoaluminate cement. Cem. Concr. Compo. 31(3):474–482. 
- Apiha, T.  et al. 2001,  Proton spin-lattice relaxation study of the hydration of self-stressed 

expansive cement. Cem. Concr. Res. 31 (1):263−269. 
- Aramendía, M. A., et al., 1999. Thermal decomposition of Mg/Al and Mg/Ga layered-double 

hydroxides: a spectroscopic study, J. Mater. Chem., 9:1603–1607. 
- Aruja E. 1961, Acta Crystallographica , Vol. 14, 1213-1216. 
- Arjunan, P. et al, 1999, Sulfoaluminate-belite cement from low-calcium fly ash and sulphur-rich and 

other industrial byproducts, Cem. Concr. Res. 29: 1305–1311. 



- Balonis M., et al., 2009, The Density of Cement Phases. Cem. Conc. Res., 39, 733–739. 
- Barnett S. J. et al. 2000. Solid solutions between ettringite, Ca6Al2(SO4)3(OH)1226H2O, and 

thaumasite, Ca3SiSO4CO3(OH)6.12H2O, J. Mater. Sci., 35, 4109 – 4114. 
- Barnett1, S.J. et al 2001 An XRPD profile fitting investigation of the solid solution between 

ettringite, Ca6Al2(SO4)3(OH)12⋅26H2O, and carbonate ettringite, Ca6Al2(CO3)3(OH)12⋅26H2O. Cem. 
Concr. Res. 31 (1): 13−17. 

- Batic, O. R. et al. 2000, Secondary ettringite formation in concrete subjected to different curing 
conditions. Cem. Concr. Res. 30 (9) 1407−1412. 

- Baur, I. et al. 2003, Sorption of selenite and selenate to cement minerals, Environ. Sci. Technol. 37 
(15) :3442– 3447. 

- Baur I. et al., 2003. The solubility of selenate-AFt (3CaO_Al2O3_3CaSeO4_37.5H2O) and 
selenate-AFm (3CaO_Al2O3_CaSeO4_xH2O). Cem. Conc. Res., 33, 1741–1748. 

- Baur I.,et al.2004. Dissolution-precipitation behaviour of ettringite, monosulfate, Cem. Conc.Res., 
34, 341–348. 

- Beaudoin, J.J.et al Strength development in magnesium oxysulfate cement. Cem. Conc. Res. 1978, 
8(1):103–112. 

- Bellotto,M. , et al., 1996. Hydrotalcite decomposition mechanism: a clue to the structure and 
reactivity of spinel-like mixed oxides, J. Phys. Chem., 100: 8535-8542. 

- Benarchid, My.Y.et al. 2005, Formation and hydraulic behavior of chromium–phosphorus doped 
calcium sulfoaluminate cement. Thermochimica Acta 433 (2):183–186. 

- Béres,A. I. , et al., 1997. Dehydration-rehydration behaviour of layered double hydroxides: a study 
by X-ray diffractometry and MAS NMR spectroscopy, J Mol. Struct., (410-411): 13-16. 

- Bernardo, G.et al 2006, A porosimetric study of calcium sulfoaluminate cement pastes cured at 
early ages. Cem. Concr. Res., 36(6):1042–1047. 

- Bilinski H., et al. 1984, The formation of magnesium oxychloride phases in the system 
MgO−MgCl2−H2O and NaOH−MgCl2−H2O.  J. Am. Ceram. Soc. 67(4): 266~269. 

- Berardi, R. et al. 1997, Matrix stability and leaching behavior in ettringite-based stabilization 
systems doped with heavy metals. Waste Management, 17(8):535−540. 

- Bishop, M. et al 2006, Cement Hydration Inhibition with Sucrose, Tartaric Acid, and 
Lignosulfonate: Analytical and Spectroscopic Study. Ind. Eng. Chem. Res. 45(21):7042-7049. 

- Boclair , J. W., et al.,1999. Layered double hydroxide stability. 1. relative stabilities of layered 
double hydroxides and their simple counterparts, Chem. Mater. 9, 11:98-302. 

- Bokea, H. et. al. 2003, Ettringite formation in historic bath brick–lime plasters. Cem. Concr. Res. 33 
(9):1457–1464. 

- Bonhoure, I. et al. 2006, Uptake of Se(IV/VI) oxyanions by hardened cement paste and cement 
minerals: An X-ray absorption spectroscopy study. Cem. Concr. Res. 36(1):91–98. 

- Boyd A. et al. 1999, Formation of Ettringite from Monosubstituted Calcium Sulfoaluminate 
Hydrate and Gypsum. J. Am. Ceram. Soc., 82(10):2900–2905. 

- Brown P. et al. 2002, Ettringite and thaumasite formation in laboratory concretes prepared using 
sulfate-resisting cements. Cem. Concr. Compo. 24(3): 361–370. 

- Carmona-Quiroga, P.M. et al 2013, Ettringite decomposition in the presence of barium carbonate. 
Cem. Concr. Res. 52 (1):140–148-105. 

- Carld. P 2000, Precipitates in a Cr(VI)-Contaminated Concrete. Environ. Sci. Technol. 34(23): 
4185-4192. 

- Castellar, M.D. et al1996 Cracks in Sorel’s cement polishing bricks as result of magnesium 
oxychloride carbonation. Cem. Concr. Res. 26(8):1199–1202. 

- Céline C. D. et al 2009, Calcium sulfoaluminate cement blended with OPC: A potential binder to 
encapsulate low-level radioactive slurries of complex chemistry. Cem. Concr. Res. 39 (5):740–747. 

- Clark S.M, et al. 2008. Effect of pressure on the crystal structure of ettringite. Cem. Concr. Res., 38, 
19–26. 

- Champenois, J.-B. et al 2012, Crystal structures of Boro-AFm and sBoro-AFt phases. Cem. Concr. 
Res. 42 (9): 1362–1370. 

- Chandrawat, M P S et al 2000 Effect of aluminium phosphate as admixture on oxychloride cement. 
Bull. Mater. Sci., 23(1):69–72. 

- Chandlera, H.W. et al. 2000, Merchant. Enhancing the mechanical behaviour of cement based 
materials. J. European Ceramic Society. 20 (6) 1129−1133. 

- Chau C.K., et. Al., 2009Chan J, Li ZJ. Influences of fly ash on magnesium oxychloride mortar. Cem 
Concr Compos, 31(4):250–4. 



- Chatterjee A.K. 1996, High belite cements. Present status and future technological options: Part I 
and Part II, Cem. Concr. Res. 26 (8):1213–1237. 

- Chen, I.A.et al 2012 Incorporation of coal combustion residuals into calcium sulfoaluminate-belite 
cement clinkers, Cem. Concr. Compos. 34 (8):893–902. 

- Chrysochoou, M. et al 2006, Evaluation of ettringite and hydrocalumite formation for heavy metal 
immobilization: Literature review and experimental study. J.Hazardous Materials 136 (1): 20–33. 

- Chun T. C., et al. 2011, Struble. Cement–Dispersant Incompatibility due to Ettringite Bridging. J. 
Am. Ceram. Soc., 94(1)200–208. 

- Chau, C. K .et al 2008, Microstructures of magnesium oxychloride Sorel cement. Advances in 
Cement Research, 20(2):85 –92. 

- Chen,X. et al., 1994. Kinetic study of ettringite carbonation reaction, Cem. Concr. Res. 1994, 24(7): 
1383-1389. 

- Clark B A,et al 1999 Formation of Calcium Sulfoaluminate Hydrate Compounds .Cem. Concr. Res., 
29(6):943–1948. 

- Codya A.M., et al. 2004.  The effects of chemical environment on the nucleation, growth, and 
stability of ettringite C a6Al2(SO4)3(OH)1226H2O, Cement and Concrete Research ,34, 869–881. 

- Cohen. M.D. 1983 Theories of expansion in sulfoaluminate - type expansive cements: Schools of 
thought. Cem. Concr. Res. 13(6): 809–818. 

- Constantiner, D. et al. 1999, Review of the Thermodynamic Stability of Ettringite. Cem. Concr. 
Aggrega.. 21(1): 39-42. 

- Coumes, et al. 2009, Calcium sulfoaluminate cement blended with OPC: A potential binder to 
encapsulate low-level radioactive slurries of complex chemistry. Cem. Concr. Res. 39 (5):740–747. 

- Craig W.et al. 2014, Calcium sulfoaluminate (Ye'elimite) hydration in the presence of gypsum, 
calcite, and vaterite. Cem. Concr. Res. 65 (1):15–20. 

- Csizmadiaa, J. et al. 2001, Chloride ion binding capacity of aluminoferrites. Cem. Concr. Res. 
31(3):577−588 

- Cui K. H. et al, 1988, Hydration phases in magnesium oxychloride cement paste and their influence 
on the strength index. J. Wuhan Univer. Techno. (2): 55–78. 

- Damidot, D., et al., 1992. Thermodynamic investigation of the CaO-Al2O3-CaSO4-H2O system at 
50°C and 85°C, Cem. Concr. Res., 22:1179-1191. 

- Damtoft, J.S.et al. 2008, Sustainable development and climate change initiatives, Cem. Concr. Res. 
38 (2):115–127. 

- Demediuk, et al. 1957. A study of magnesium oxysulphates. Australian Journal of Chemistry, 10(2): 
287~294. 

- Deng D. H. et al 1996, The effect of aluminate minerals on the phases in magnesium oxychloride 
cement. Cem. Concr. Res., 26(8):1203–1211. 

- Deng D. H.,et al 1999, The formation mechanism of the hydrate phases in magnesium oxychloride 
cement. Cem. Concr. Res. 29 (9):1365–1371. 

- Deng D. H. 2002, Effect of the Phosphate Anion on the Stabilization of Hydrate in Magnesium 
Oxychloride Cement. J. Building Materials. 5(1):9–12 (in Chinese). 

- Deng D. H. 2003.The mechanism for soluble phosphates to improve the water resistance of 
magnesium oxychloride cement. Cem. Concr. Res. 33 (9):1311 –1317. 

- Demediuk, Tet al 1957, A study on magnesium oxysulfates, Australian J. Chern. 10, 287−294. 
- Dilnesa, B.Z.et al. 2011, Iron in carbonate containing AFm phases. Cem. Concr. Res. 41 (3):311–32. 
- Dinnebier, R.E et al. 2013, 3Mg(OH)2MgSO4·8H2O: A Metastable Phase in the System 

Mg(OH)2-MgSO4-H2O. Zeitschrift für anorganische und allgemeine Chemie. 639(10)1827–
1833Doaa A. A. 2011, Influence of chloride ion on the hydration reaction of C3A in presence of 
gypsum and lime. Adv Cem Res  23(6):309–316(abstract). 

- Doaa A. et al 2011 Mohammed. Influence of chloride ion on the hydration reaction of C3A in 
presence of gypsum and lime. Adv Cem Res., 23(6):309–316. 

- Duan P. et al., 2013. Influence of layered double hydroxides on microstructure and carbonation 
resistance of sulphoaluminate cement concrete. Constr. Build. Mater.,48: 601–609.. 

- Eisa E.et al 1999, Effect of sodium salt of naphthalene-formaldehyde polycondensate on ettringite 
formation. Cem. Concr. Res. 29 (10) 1535–1540. 

- Elmer T. et al 1960, Some Observations on the Calcium Aluminate Carbonate Hydrates. Journal of 
Research of the National Bureau of Standards- A. Physics and Chemistry 64A(4):333-341. 

- Eng. B.et al 2014 Investigation of fresh and hardend properties of Calcium sulfoaluminate (CSA) 
cement blends. Magazine of Civil Engineering, (3):63–72. 



- Evju, C., et al. 2001, Expansive properties of ettringite in a mixture of calcium aluminate cement, 
Portland cement and β-calcium sulfate hemihydrate. Cem. Concr. Res. 31(2): 257−261. 

- Fischer R. et al. 1982. Reinvestigation of the system C4A.nH2O, C4A.CO2.nH2O. Cem. Concr. Res., 
12(3):517-526. 

- Gabrisovd, A., et al., 1991. Stability of calcium sulphoaluminate hydrates in water solution with 
different pH values, Cem. Concr. Res. 21: 1023-1027. 

- Gartner, E. 2004, Industrially interesting approaches to “low CO2” cements, Cem. Concr. Res. 34 
(9):14891498. 

- Gastaldi, D., et al., 2009. Ettringite and calcium sulfoaluminate cement: investigation of water 
content by near-infrared spectroscopy, J Mater Sci, 44:5788–5794. 

- Ghorab, H.Y., et al., 1985. Studies on the stability of the calcium sulfoaluminate hydrates Part 1: 
effect of the temperature on the stability of ettingite in pure water, Cem Concr Res, 15:93-99.  

- Glasser, F.P. et al 1999, Stability and solubility relationships in AFm phases Part I. Chloride, sulfate 
and hydroxide. Cem. Concr. Res. 29 (6) :861–866. 

- Glasser F P, et al. 2001; High-performance cement matrices based on calcium sulfoaluminate–belite 
composition. Cem. Concr. Res. 31(12):1881–1886. 

- Goetz-Neunhoeffer, F. et al 2006. Mineralogical characteristics of Ettringites synthesized from 
solutions and suspensions. Cem. Concr. Res. 36 (1):65–70. 

- Goñi, S., et al., 2003. Accelerated carbonation of Friedel’s salt in calcium aluminate cement paste, 
Cem. Concr. Res., 33:21–26. 

- Gougar, M. L. D. et al. 1996, Ettringite and C-S-H Portland cement pastes for waste ion 
immobilization: A review. Waste Management, 16(4):295-303. 

- Grier, D.G. et al 2002, Rietveld structure refinement of carbonate and sulfite ettringite. 
JCPDS-International Centre for Diffraction Data Advances in X-ray Analysis, Vol. 45:194−199. 

- Grishchenko,R. O. , et al., 2013. Thermodynamic properties and thermal behavior of Friedel’s salt, 
Thermochim. Acta, 570: 74–79. 

- Guan H.et al 2009 Research on Mechanism of Desiccation and Shrinkage for Material Based on 
Magnesium Oxychloride Cement. J. Wuhan University of Technology. 31(2): 55–58(in Chinese). 

- Hall,C., et al., 1996. Thermal decomposition of ettringite Ca6[Al(OH)6]2(SO4)3·26H20, J. Chem. 
Soc., 92(12), 2125-2129.  

- Hargis, C.W. et al. 2013. Early age hydration of calcium sulfoaluminate (synthetic Ye'elimite, 
C4A3S) in the presence of gypsum and varying amounts of calcium hydroxide, Cem. Concr. Res. 48 
(1) 105–115. 

- Hartman, M.R.et al 2005 In situ neutron powder diffraction investigation of the hydration of 
tricalcium aluminate in the presence of gypsum. J. Solid State Chemistry. 178 (11) 3265–3273. 

- Hartman M.R., et al., 2008. Investigation of the structure of ettringite by time-of-flight neutron 
powder diffraction techniques. Cem. Concr. Res., 38, 19–26. 

- Hartman,M.R. et al. 2006a, Investigation of the structure of ettringite by time-of-flight neutron 
powder diffraction techniques. Ceme. Concr. Res. 36 (3):364 – 370. 

- Hartman, M. R., et al., 2006b. The evolution of structural changes in ettringite during thermal 
decomposition, J Solid State Chem, 179:1259–1272. 

- Hashem, F. S. et al 2014, Kinetic and thermal studies of removal of CrO42− ions by ettringite. J 
Therm Anal Calorim 116(2):835–844. 

- Havlica J. et al 1992, Mechanism of ettringite and monosulphate formation. Cem. Concr. Res., 22 (4) 
671−677. 

- Hélène Minard, Sandrine Garrault, Laure Regnaud, André Nonat. Mechanisms and parameters 
controlling the tricalcium aluminate reactivity in the presence of gypsum. Cem. Concr. Res. 2007, 
37 (0) 1418–1426. 

- Hibino, T., et al., 1998. Characterization of repeatedly reconstructed Mg-Al hydrotalcite-like 
compounds: gradual segregation of aluminum from the structure, Chem. Mater., 10:4055-4061. 

- Hibino,T. , et al., 2000. Calcination and rehydration behavior of Mg-Fe-CO3 hydrotalcite-like 
compounds, J. Mater. Sci. Lett.,19: 1403 – 1405. 

- Hongye H et al. 2002. Immobilization of Hexavalent Chromium in Aqueous Solution through the 
Formation of 3CaO⋅(Al,Fe)2O3·Ca(OH)2·xH2O Phase, Ettringite and C–S–H Gel. ISIJ 
International, 42(2):139–145. 

- Huang, Y. et al 2014, Mechanisms and kinetics of the decomposition of calcium barium 
sulfoaluminate. J Therm Anal Calorim. 118(3):1731–1737. 

- Irico, S. 2013 Investigation of the microstructural evolution of calcium sulfoaluminate cements by 

http://www.sciencedirect.com/science/article/pii/0008884682900667


thermoporometry. Cem. Concr. Res. 53 (1):239–247. 
- Irvin A,et al 2011,Synthesis and hydration of calcium sulfoaluminate-belite cements with varied 

phase compositions. J. Mater. Sci. 46 (8):2568–2577. 
- Jacobsen S.D. et al. 2003. Thermal expansion of hydrated six-coordinate silicon in thaumasite, 

Ca3Si(OH6(CO3)(SO4 )·12H2O. Physics and Chemistry of Minerals, V 30, 321-329. 
- James V.et al. 1998, Phase formation in the system CaO–Al2O3–B2O3–H2O at 23±1°C. Journal of 

Hazardous Materials B: 63(2):199–210. 
- James V. et al. 2004, PhreeqC modeling of Friedel’s salt equilibria at 23±1°C. Cem. Concr. Res. 34 

(6):1057–1063. 
- Jiang Q. 2007. Laboratory Study of Boron Removal by Mg/Al Double-Layered Hydroxides. Ind. 

Eng. Chem. Res. 46(13): 4577-4583. 
- Ji Y. 2001; Study of the new type of light magnesium cement foamed material. Mater Lett 50(1):28–

31. 
- Jones, M.R.et al. 2003, Studies using 27Al MAS NMR of AFm and AFt phases and the formation of 

Friedel’s salt. Cem. Concr. Res. 33 (2):177–182. 
- Juan J. et al. 2004, Review of the synthesisi of layered double hydroxides: A thermodynamic 

approach. Quim. Nova, 27(4) 601−614. 
- Kalogridisa, D.et al 2000 A quantitative study of the influence of non-expansive sulfoaluminate 

cement on the corrosion of steel reinforcement. Cem. Concr. Res.30 (11):1731–1740. 
- Kanezaki, E., 1998. Direct observation of a metastable solid phase of Mg/Al/CO3-Layered Double 

Hydroxide by means of high temperature in situ powder XRD and DTA/TG, Inorg. Chem., 
37:2588-2590. 

- Karimi, Y. et al 2011, Effect of magnesium chloride concentrations on the properties of magnesium 
oxychloride cement for nano SiC composite purposes. Ceramics International. 37 (12) 2405–2410. 

- Kelham. S. 1996, The Effect of Cement Composition and Fineness on Expansion Associated with 
Delayed Ettringite Formation. Cem. Concr. Compos. 18(1):171−179. 

- Keith Q. 2001,. Performance of belite–sulfoaluminate cements. Cem. Concr. Res. 31 (9):1341–1349. 
- Khan A.I et al. 2002. Intercalation Chemistry of Layered Double Hydroxides: Recent Developments 

and Applications, J. Mater. Chem., 12:3191-3198. 
- Khulood A., et al. 2013, Behavior of Chromate ions in CaO-Al2 (SO4)3 Suspensio J Am Sci  

9(3):28−33 
- Kika,K., et al., 1981. Murata, Dehydration and Rehydration of Ettringite, Gypsum & Lime, 170:7-13. 
- Kindness, A. et al. 1994. Immobilisation and fixation of molybdenum (VI) by Portland cement, 

Waste Manage. 14, 97–102. 
- Kirchheim, A. P. et al 2011, Real-Time High-Resolution X-ray Imaging and Nuclear Magnetic 

Resonance Study of the Hydration of Pure and Na-Doped C3A in the Presence of Sulfates. Inorg. 
Chem. 50(8):1203–1212. 

- Kishar E.A.et al. 2010, Hydration reactions of the C3A-CaSO4.2H2O system (1:1 mole ratio) at 30 
and 50°C. Part I – effect of calcium lignosulfonate. Adv Cem Res 22(3):123–126. 

- Kloprogge, J. T., et al., 2004. The effects of synthesis pH and hydrothermal treatment on the 
formation of zinc aluminum hydrotalcites, J. Solid State Chem. 4, 177: 4047-4057. 

- Kok-Hui Goh, et al. 2008, Application of layered double hydroxides for removal of oxyanions: A 
review. Water Research 42 (6-7):1343 – 1368. 

- Konik, Z.et al. 2007, Production of expansive additive to portland cement. J.European Ceramic 
Society. 27 (3):605–609.  

- Kudryavtsev, A.B. et al. 1990, Proton relaxation and high resolution solid state Al 27 NMR study of 
hydration of calcium oxide sulfoaluminate. Cem. Concr. Res., 20(3):407-418. 

- Kudryavtsev, A.B. et al 1997. Hydration kinetics of modified calcium sulfoaluminate oxides studied 
by aluminium-27NMR spectroscopy and proton magnetic relaxation: experimental data. Cem. 
Concr. Res., 27(2): 303-310. 

- Kumadab,K., et al., 2010. The pH effects on the formation of Ni/Al nitrate form layered double 
hydroxides (LDHs) by chemical precipitation and hydrothermal method, Mater. Chem. Phys., 
121:223–229.  

- Kurdowski, W.,et al 1983 Structure and Performance of Cements, p. 471. In: Barnes, P. (ed.) Appl. 
Science Publishers, London. 

- Kuzel H.J. 1968, Zement-Kalk-Gips , Vol.21, 463-469. 
- Laure P,-C.,et al 2012, Beneficial use of limestone filler with calcium sulphoaluminate cement. 

Constr. Buil. Mater. 26 (4):619–627. 



- Lee, H. et al. 2005. The formation and role of ettringite in Iowa highway concrete deterioration. 
Cem. Concr. Res. 35(2) 332–343. 

- Leisinger S. M., et al. 2012. Thermodynamic modeling of solid solutions between monosulfate and 
monochromate 3CaO • Al2O3 • Ca[(CrO4)x(SO4)1-x] • nH2O. Cem. Concre. Res., 42, 158–165. 

- Li G Z,et al 2003. Experimental study on urban refuse/magnesium oxychloride cement compound 
floor tile. Cem. Concr. Res. 33(10):1663–1668. 

- Li Y, et al. 2010. Research Progress in Deliquescence Dehalogenation and Efflorescence of 
Magnesium Oxychloride Cement. Bulletn of the Chinese Ceramic Society. 29(4):858–865(in 
Chinese). 

- Li Ying, et al 2014. Rapid assessment method for water resistance of magnesium oxychloride 
cement based measurement of high-temperature erosion thickness. J. Chinese Ceram. Soc. 42(8): 
1047–1054. 

- Li, Y. et al 2013. Compressive strength of fly ash magnesium oxychloride cement containing granite 
wastes. Constr. Build. Mater. 38: 1–7. 

- Li, Z. J.et al 2007. Influence of molar ratios on properties of magnesium oxychloride cement. Cem. 
Concr. Res. 37 (6):866–870. 

- Liu, Z. P. 2002. Hydrothermal synthesis of sector-like hydrous magnesium nickel oxysulfate 
whisker. J. Mater. Sci. Let.  21, 65– 66. 

- Long S. Z.,et al 1995, Investigation on the formation of ettringite in the presence of BaO. Cem. 
Concr. Res., 25(7):1417-1422. 

- López,T., et al., 1997. DTA-TG and FTIR spectroscopies of sol-gel hydrotalcites: aluminum source 
effect on physicochemical properties, Mater. Lett., 31:11-316. 

- Lombardo,G. , et al., 2008. Thermal effects on mixed metal (Zn/Al) layered double hydroxides: 
direct modeling of the X-Ray powder diffraction line shape through molecular dynamics 
simulations, Chem. Mater., 20: 5585–5592. 

- Lu, L. C. et al. 2012, Study on synthesis and performance of alite-strontium calcium sulfoaluminate 
cement. Advances in Cement Research, 24(4):187 –192. 

- Luoa, R. et al. 2003, Study of chloride binding and diffusion in GGBS concrete. Cem. Concr.Res.33 
(1) 1–7. 

- Luo J. Qet al 1998. Stusy on kinatica of hydration of MgO-MgSO4-H2O Cementitious system. J. 
Chinese Ceram Soc. 26(2): 157–163 (In Chinese). 

- Luz C.A, et al.  2007, Behaviour of calcium sulfoaluminate cement in presence of high 
concentrations of chromium salts. Cem. Concr. Res., 37 (4) 624–629. 

- Luz, C.A. et al. 2006, Use of sulfoaluminate cement and bottom ash in the solidification/ 
stabilization of galvanic sludge. J. Hazardous Materials B136 (5) 837–845. 

- Luz C.A., et al. 2009, Valorization of galvanic sludge in sulfoaluminate cement. Constru. Build. 
Materi, 23 (2) 595–601. 

- Ma, W. P.et al 1997. Hydrothermal reaction of fly ash with Ca(OH)2 and CaSO42H2O. Cem. Concr. 
Res., 27(8):1237-1248. 

- Ma, J. Y et al 2010. Chemical Equilibrium Modeling and Experimental Measurement of Solubility 
for Friedel’s Salt in the Na-OH-Cl-NO3-H2O Systems up to 200°C. Ind. Eng. Chem. Res. 
49(19):8949–8958. 

- Ma J. L et al. 2010, Effect of magnesium oxychloride cement on stabilization/solidification of 
sewage sludge. Constru, Build, Mater, 24 (1):79–83. 

- Macphee D. E. 2004. Solution properties of solids in the ettringite—thaumasite solid solution series 
Cem. Concr. Res., 34(9): 1591-1598. 

- Maha R.et al. 2011, Influence of some heavy metal nitrates on the hydration of C3A. Adv Cem Res 
23(5):215–220. 

- Matkovic B, et al 1977. Reaction Products in Magnesium Oxychloride Cement Pastes. System 
MgO-MgCl2-H2O J. Am Ceram Soc, 60(11–12):504–507. 

- Maria Chrysochoou,et al 2006, Evaluation of ettringite and hydrocalumite formation for heavy 
metal immobilization: Literature review and experimental study. J.Hazardous Materials 136 (1):20–
33. 

- Martín-Sedeño, M. C. et al. 2010. Aluminum-rich belite sulfoaluminate cements: Clinkering and 
early age hydration. Cem. Concr. Res. 40 (3):359–369. 

- McMurdie et.al, 1987. Standard X-Ray Diffraction Powder Patterns. The JCPDS Research 
Associateship. Powder Diffraction, 2 (1), 41- 52. 

- Manzano, H. et al. 2012. Ettringite Strengthening at High Pressures Induced by the Densification of 

http://www.sciencedirect.com/science/article/pii/S0008884604001073


the Hydrogen Bond Network. J. Phys. Chem. 116, 16138−16143. 
- Marta G. M. et al, 2015. Effect of calcium sulfate source on the hydration of calcium sulfoaluminate 

eco-cement. Cem. Concr. Compos. 55:53–61. 
- Marta G-M. et al. 2012 Rheological and hydration characterization of calcium sulfoaluminate 

cement pastes. Cem. Concr. Compo.s 34:684–691. 
- Maravelaki-Kalaitzakia, P.et al 1999 Sorel’s cement mortars Decay susceptibility and effect on 

Pentelic marble. Cem.Concr. Res. 29 (12):1929–1935. 
- MatscheiT., et al. 2007, The AFm phase in Portland cement. Cem. Concr. Res. 37 (1):118–130. 
- Matschei, T.et al, 2007. Thermodynamic properties of Portland cement hydrates in the system 

CaO-Al2O3-SiO2-CaSO4-CaCO3-H2O. Cem. Concr. Res., 37(10): 1379-1410. 
- Matkovic B.et al. 1973, Microstructure of magnesium oxychloride cement. Nature (London), 

Physical Science. 246: 79–80. 
- Maurizio B. et al. 1996. A Reexamination of Hydrotalcite Crystal Chemistry. J. Phys. Chem. 

100(20): 8527−8534. 
- Mathur, R. et al 2008, Magnesiu oxysulfate cement: Change in properties on admixing sodium 

bicarbonate as an additive. Rasayan J. Chem. 1(3):620−630. 
- Mesbah, A. et al 2011a, Crystal structure of Kuzel's salt 3CaO·Al2O3·1/2CaSO4·1/2CaCl2·11H2O 

determined by synchrotron powder diffraction. Cem. Concr. Res. 41(3): 504–509. 
- Mesbah,A., et al., 2011b. Crystal Structures and Phase Transition of Cementitious Bi-Anionic 

AFm-(Cl-, CO3
2-) Compounds, J. Am. Ceram. Soc., 94 (1) 261–268.  

- Mesbah, A.et al 2012 Uptake of chloride and carbonate ions by calcium monosulfoaluminate 
hydrate. Cem. Concr. Res. 42 (7) 1157–1165. 

- Metha,P. K., 1969. Stability of ettringite on heating, J Am Ceram Soc, 52 (9):521-522. 
- Miyata S. 1975, The synthesis of hydrotalcite-like compoumds and their structures and 

physic-chemical properties I: The systems Mg2+-Al3+-NO3
−, Mg2+-Al3+-Cl− , Mg2+-Al3+-ClO4

−, 
Ni2+-Al3+-Cl− and Zn2+-Al3+-Cl−. Clays and Clay Minerals, 23(2):369−375. 

- Miyata, S.1977, Synthesis of hydrotalite-like compounds and their structures and physic-chemical 
properties—The systems Mg2+-AI3+-SO4

2− and Mg2+-AI3+-CrO4
2−. Clays and Clay Minerals, 

25(1):14−18 
- Miguel A.G., et al. 2010, Active Iron-Rich Belite Sulfoaluminate Cements: Clinkering and 

Hydration. Environ. Sci. Technol. 44:6855–6862. 
- Minard, Hélèneet al 2007 Mechanisms and parameters controlling the tricalcium aluminate 

reactivity in the presence of gypsum. Cem. Concr. Res. 37 (0) 1418–1426. 
- Misra, A K et al 2007, Magnesium oxychloride cement concrete. Bull. Mater. Sci. 30(3):239–246. 
- Montagnaroa, F. et al. 2003. Assessment of ettringite from hydrated FBC residues as a sorbent for 

fluidized bed desulphurization. Fuel 82 (17):2299–2307. 
- Montle J F, et al 1974. The role of magnesium oxychloride as a fire-resistive material. Fire Technol 

10(3):201–210. 
- Moore, A.E., et al., 1968. Crystal structure of ettringite, Nature, 218: 1048–1049. 
- Moore A.W. et al. 1970. Crystal structure of ettringite, Acta Crystallogr. B26, 386– 393. 
- Möschnera, G., et al. Solid solution between Al-ettringite and Fe-ettringite 

(Ca6[Al1 − xFex(OH)6]2(SO4)3·26H2O). Cem. Concr. Rese., 39(6):482–489. 
- Möschner, G. et al 2008, Solubility of Fe-ettringite (Ca6[Fe(OH)6]2(SO4)3·26H2O), Geochim. 

Cosmochim. Acta 72 (1):1–18. 
- Morin V, et al. 2011. Hydration of a Belite-Calcium Sulfoaluminate-Ferrite cement : AetherTM. 13th 

International Congress on the Chemistry of Cement, At Madrid, Spain. 
- Myneni, S. C.B., et al., 1998. Ettringite solubility and geochemistry of the Ca(OH)2-Al2(SO4)3–

H2O system at 1 atm pressure and 298 K, Chem. Geol. 148:1–19. 
- Nalawade, P. et al. 2009.Layered double hydroxides: A review. J. Scientific & Industrial Research. 

68(4):267−272.  
- Nagataki, S. et al. 1998. Expansive admixtures (mainly ettringite). Cem. Concr. Compos. 20 

(1):163−170. 
- Nerád,I., et al., 1994. The CaO - Al2O3 - CaSO4 - H2O system equilibrium states, Cem Concr Res, 

24(2): 259-266. 
- Newman, S. P., et al., 1998. Synthesis, characterization and applications of layered double 

hydroxides containing organic guests, New J. Chem., 22:105-115. 
- Nikos A. et al 2001 Identification of Composite Cement Hydration Products by Means of X-Ray 

Diffraction. Mikrochim. Acta136(2):181–183. 

http://www.sciencedirect.com/science/article/pii/S0008884609000490
http://www.sciencedirect.com/science/article/pii/S0008884609000490


- Nishikawa,T., et al.,1992. Decomposition of synthesized ettringite by carbonation, Cem. Concr. Res., 
22(1): 6-14. 

- Odler, I.;et al 1984. Possibilities of quantitative determination of the AFt-(ettringite) and 
AFm-(monosulphate) phases in hydrated cement pastes. Cem. Concr. Res. 14, 133-141. 

- Odler, I. et al. 1999. Investigations on cement expansion associated with ettringite formation. Cem. 
Concr. Res. 29 (5):731–735. 

- Ogawa,K, et al., 1981. C4A3Ŝ hydration ettringite, and its expansion mechanism: I. Expansion; 
ettringite stability, Cem. Concr. Res., 11:741– 750. 

- Qian, G.R. et al. 2008, Properties of MSW fly ash–calcium sulfoaluminate cement matrix and 
stabilization/ solidification on heavy metals. J. Hazardous Materials, 152 (2) 196–203. 

- Pace, M. L. et al. 2011, Use of industrial byproducts as alumina sources for the synthesis of calcium 
sulfoaluminate cements. Environ. Sci. Technol., 45(23):6124-6128. 

- Pajares, I., et al., 2003. Evolution of ettringite in presence of carbonate, and silicate ions, 
Cem.Concr. Compos. 2003, 25: 861–865. 

- Palmer. C. 2000, Precipitates in a Cr(VI)-Contaminated Concrete. Environ. Sci. Technol. 34(22): 
4185-4192. 

- Palou, M. et al 2003, Hydraulic activity of C4A3Cr in presence of C4A3S. J. Thermal Analysis and 
Calorimetry, 71 (3):367–373. 

- Peng J H et al. 2000. A Study on Mechanism of Ettringite Formation. J. Chinese Ceramic Society, 
28 :511-515 

- Peng J. H, et al. 2006. The mechanism of the formation and transformation of ettringite. J. Wuhan 
University of Technology-Mater. Sci. Ed. 21(3):158−161. 

- Perkins, R.et al 1999. Solubility of ettringite [Ca6Al2(OH)12](SO4)3⋅26H2O) at 5-75°C. Geochimica 
et Cosmochimica Acta, 63(13-14):1969-1980. 

- Perkins, R. B., et al., 2000. Solubility of ettringite (Ca6[Al(OH)6]2(Cr4)3·26H2O), the chromate 
analog of ettringite; at 5–75°C, Appl. Geochem. 15:1203-1218.  

- Peysson, S., et al. 2005, Chabannet, Immobilization of heavy metals by calcium sulfoaluminate 
cement, Cem.Concr. Res., 35 (12):2261–2270. 

- Pöllmann H., 1993. Solid solution of ettringites: Part II: Incorporation of B(OH)4− and CrO42− in 
3CaO·Al2 O3·3CaSO4·32H2O. Cem.Con. Res., V 23, 422 – 430. 

- Puertas, F. et al. 1999, Behaviour of cement mortars containing an industrial waste from aluminium 
refining Stability in Ca(OH)2 solutions. Cem. Concr. Res. 29 (11) :1673–1680. 

- Puttaswamy,N. S. , et al., 1997. Reversible thermal behaviour of layered double hydroxides: a 
thermogravim-etric study, J. Mater. Chem., 7(9):1941–1945. 

- Rachel L. et al. 2013, Synthesis and structural characterisation of new ettringite and thaumasite type 
phases: Ca6[Ga(OH)6⋅12H2O]2 (SO4)3⋅2H2O and Ca6[M(OH)6⋅12H2O]2(SO4)2(CO3)2, M=Mn, Sn. 
Solid State Sciences, 25 (1) :110−117. 

- Rafael Talero. 1996, Comparative XRD analysis ettringite originating from Pozzolan and from 
Portland cement. Cem. Concr. Res., 26(8):1277-1283. 

- Rajamathi,M. , et al., 2000. Reversible thermal behavior of the layered double hydroxide of Mg 
with Al: mechanistic studies, J. Mater. Chem., 10:2754-2757. 

- Rapin J.-P., et al. 2002. Structural transition of Friedel's salt 3CaO·Al2O3·CaCl2·10H2O studied by 
synchrotron powder diffraction. Cem. Concr. Res., 32(4):513-519. 

- Ribeiro M. S. S. 1998, Expansive cement blend for use in shrinkage-compensating mortars. Materi. 
Struct.. 31(6):400−404. 

- Rocha, J., et al., 1999. Reconstruction of layered double hydroxides from calcined precursors: a 
powder XRD and 27Al MAS NMR study, J. Mater. Chem., 9:2499-2503. 

- Renaudin G., et al. 1999. Order and disorder in the lamellar hydrated tetracalcium 
monocarboaluminate compound, Cem. Concr. Res. 29(1):63–69. 

- Renaudin G., et al. 1999. The lamellar double-hydroxide (LDH) compound with composition 
3CaO·Al2O3·Ca(NO3)2·10H2O,  Acta Crystallogr. C55. 835– 838. 

- Renaudin, G. et al 2000, Thermal behavior of the nitrated AFm phase Ca4Al2(OH)12(NO3)2⋅4H2O 
and structure determination of the intermediate hydrate Ca4Al2(OH)12(NO3)2⋅2H2O. Cem. Concr. 
Res. 30 (2):307–314. 

- Renaudin, G. et al 2004, Polytypes and polymorphs in the related Friedel’s salt 
[Ca2Al(OH)6]+[Cl1-xBrx⋅2O]− halide series. Cem. Concr. Res. 34 (11) 1845–1852. 

- Renaudin, G. et al, 2007, A Raman study of the sulfated cement hydrates: Ettringite and 
monosulfoaluminate. J. Advancd Concrete Tachnology. 5(3):299-312. 

http://www.sciencedirect.com/science/article/pii/000888469390107K
http://www.sciencedirect.com/science/article/pii/000888469390107K
http://www.sciencedirect.com/science/article/pii/S0008884601007165
http://www.sciencedirect.com/science/article/pii/S0008884601007165


- Renaudin, G. et al 2010, A comparative structural study of wet and dried ettringite. Cem. Concr. Res. 
40 (3):370–375. 

- Rogic V. et al 1972. Phase in magnesium oxychloride cement.  Cement (Zagreb) 16(2): 61~69. 
- Robert B.et al 2000, Solubility of Ca6[Al(OH)6]2(CrO4)3⋅26H2O, the chromate analog of ettringite; 

5−75°C. Applied Geochemistry, 15 (9):1203−1218. 
- Runčevski, T. et al 2013,Structural Characterization of a New Magnesium Oxysulfate Hydrate 

Cement Phase and Its Surface Reactions with Atmospheric Carbon Dioxide. J. Am. Ceram. Soc., 
96(11)3609–3616. 

- Ruan J. Z, et al 2009, Experimental Study of New Magnesia Cement Material. J. Jilin Institute of 
Architecture & Civil Engineering. 26(4):17–20(in Chinese). 

- Satish C.B.et al 1998, Ettringite solubility and geochemistry of the Ca(OH)–Al(SO4)–H2O system at 
1 atm pressure and 298 K. Chemical Geology, 148(1):1–19. 

- Satish C. B. et al 1998, Vibrational spectroscopy of functional group chemistry and arsenate 
coordination in ettringite. Geochimica et Cosmochimica Acta, 62(21/22): 3499–3514. 

- Sabine M. et al. 2010, Solid Solutions between CrO4- and SO4-Ettringite Ca6(Al(OH)6)2- 
[(CrO4)x(SO4)1-x]3·26 H2O. Environ. Sci. Technol. 44(22):8983–8988. 

- Saikia,N., et al., 2007. Thermogravimetric investigation on the chloride binding behaviour of MK–
lime paste, Solid State Sciences, 9: 279-286. 

- Satava,V., et al., 1975. Thermal decomposition of ettringite under hydrothermal conditions, J. Am. 
Ceram. Soc., 58 (7– 8):357–359. 

- Seron A., et al., 2008. Synthesis of layered double hydroxides (LDHs) with varying pH: A valuable 
contribution to the study of Mg/Al LDH formation mechanism, J. Phys. Chem. Solids., 69(5–6): 
1088–1090. 

- Shannon R. D. 1976. Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances 
in Halides and Chalcogenides, Acta Crystallographica. A32, 751-767. 

- Shimada,Y., et al., 2001. Structure changes during thermal dehydration of ettringite, Adv Cem Res, 
13(2): 77-81. 

- Skoblinskaya, N.N., et al., 1975a. Changes in crystal structure of ettringite on dehydration, 1, Cem. 
Concr. Res., 5 (4):381–394. 

- Skobinskaya,N.N., et al., 1975b. Changes in crystal structure of ettringite on dehydration, 2, Cem. 
Concr. Res., 5 (5):419–432.  

- Song, J-T et al. 2002, Direct Synthesis and Hydration of Calcium Aluminosulfate (Ca4Al6O16Ŝ). J. 
Am. Ceram. Soc., 85(3): 535–39. 

- Sorel S. 1867。 On a new magnesium cement.  Compt. Rend, 65: 102~104. 
- Stöber S., et al. 1999. Synthesis of a lamellar calcium aluminate hydrate (AFm phase) containing 

benzenesulfonic acid ions. Cem. Concr. Res., 29(12):1841–1845. 
- Suryavanshi A.K. et al. 1996a, Mechanism of Friedel’s salt formation in cement rich in tri-calcium 

aluminate. Cem. Concr. Res., 26(5):717-727. 
- Suryavanshi, A.K., et al., 1996b. Stability of Friedel’s salt in carbonated concrete structural 

elements, Cem. Concr. Res., 26 (5):729–741. 
- Swanson H.E. et al.1959. National Bureau of Standards Circular 539, Vol. 8. 
- Tanakaa,, Het al 2007, Synthesis and characterization of layered zinc hydroxychlorides. J. Solid 

State Chemistry, 180 (7): 2061–2066. 
- Tan, Y. N. et al. 2014, Effect of phosphoric acid on the properties of magnesium oxychloride cement 

as a biomaterial. Cem. Concr. Res. 56 (1):69–74. 
- Telesca, A. et al 2014. A hydration study of various calcium sulfoaluminate cements. Cem. Concr. 

Compo. 53 (1) :224–232. 
- The State Standard of the People's Republic of China, 2006. Sulphoaluminate Cement, GB 20472. 
- Tishmack, J. K. et al. 1999, Diamond. Characterization of High-Calcium Fly Ashes and Their 

Potential Influence on Ettringite Formation in Cementitious Systems. Cem. Concr. Aggre. 21(1): 
82-92. 

- Tixier, R., et al. 2003, Modeling of damage in cement-based materials subjected to external sulfate 
attack. I: formulation. J. Mater. Civil Eng. 15(4), 305–313. 

- Torre, A.G et al. 2005, Synthesis and mineralogical analysis, Bol. Soc. Esp. Ceram. 44 (3):185–191. 
- Tooper B.et al. 1966, Structure and formation of magnesium oxychloride Sorel cements. Nature. 

211, 64–66. 
- Trezze, M. A. et al 2001, Analysis of the system 3CaOAl2O3-CaSO42H2O-CaCO3-H2O by FT-IR 

spectroscopy. Cem. Concr. Res. 31(6):869-872. 



- Trauchessec, R. et al 2015. Hydration of ordinary Portland cement and calcium sulfoaluminate 
cement blends. Cem. Concr. Compo. 56:106-114. 

- Ukrainczyk, N. et al 2013, Calcium Sulfoaluminate Eco-Cement from Industrial Waste. Chem. 
Biochem. Eng. Q. 27 (1):83–93. 

- Urwongse, L. et al. 1980, Phase relationships in magnesium oxysulfate cements. J. A. Ceram. Soc. 
63(3): 523~526. 

- Urwongse L. et al 1980a. The system MgO-MgCl2－H2O at 23 C. J. Am. Ceram. Soc. 63(9~10): 
501~504. 

- Urwongse Let al. 1980b. Phase Relations in Magnesium Oxysulfate Cements. J. Am. Ceram. Soc., 
63(9~10): 523~526(abstract). 

- Vahid R. et al. 2008, Ettringite formation and behaviour in clayey soils. Applied Clay Science 
42(1-2):258–265. 

- Vieille, L.  et al 2003a, Hydrocalumite and Its Polymer Derivatives. 1. Reversible Thermal 
Behavior of Friedel’s Salt: A Direct Observation by Means of High-Temperature in Situ Powder 
X-ray Diffraction. Chem. Mater. 15(22): 4361-4368. 

- Viani, A. et la 2013a, Recycling the product of thermal transformation of cement-asbestos for the 
preparation of calcium sulfoaluminate clinker. J. Hazardous Materials, (260): 813-818. 

- Vieille, L. et al. 2003b, Hydrocalumite and Its Polymer Derivatives. 2. Polymer Incorporation 
versus in Situ Polymerization of Styrene-4-sulfonate. Chem. Mater. 15(23):4369-4376. 

- Vieira, A. C., et al., 2009. Raman scattering and fourier transform infrared spectroscopy of 
Me6Al2(OH)16Cl2·4H2O (Me ) Mg, Ni, Zn, Co, and Mn) and Ca2Al(OH)6Cl·2H2O Hydrotalcites, J. 
Phys. Chem. C, 113:3358–13368. 

- Vladim´ır Zˇivica. 2000, Properties of blended sulfoaluminate belite cement. Construct. Build. 
Mater. 14: 433-437. 

- Vincenzo M.et al 2011, Influence of curing temperature on the evolution of magnesium oxychloride 
cement. J. Mater Sci. 46:6726–6733. 

- Wang X.et al. 2005, Study on the flexural properties of the sand reinforced magnesium oxychloride 
gelation composites. Acta Scientiarum Naturalium Universiatis Sunyatsen. 44(4): 55–58 (in 
Chinese). 

- Wang H. Q. aipet al 2013 Influence of Modifiers on Magnesium Oxysulfate Cement. J. Salt Lake 
Research. 21(1):44–49 (in chinese). 

- Wang, W. L. et al  2010 Calculation for Mineral Phases in the Calcination of Desulfurization 
Residue to Produce Sulfoaluminate Cement. Ind. Eng. Chem. Res., 49(24): 9504–9510. 

- Wang L. 1995 Study on fracturing mechanism in expansion of the hardened magnesium oxychloride 
cement. J. Chinese Ceramic Soc. 23(4): 471–476 (in Chinese). 

- Wczelik, W. N. et al. 2011, Blended systems with calcium aluminate and calcium sulphate 
expansive additives. Constr. Buil. Mater. 25 (6) 939–943. 

- Wen J.,et al 2013, Effects of H3PO4 and Ca(H2PO4)2 on mechanical properties and water 
resistance of thermally decomposed magnesium oxychloride cement. J. Cent. South Univ. 20: 
3729−3735. 

- Wen J. et al 2014, Effects of Citric Acid on Hydration Process and Mechanical Properties of 
Thermal Decomposed Magnesium Oxychloride Cement. J. Wuhan University of Technology-Mater. 
Sci. Ed. 29(1):114−118. 

- Wenlong Wang, et al. 2010, Calculation for Mineral Phases in the Calcination of Desulfurization 
Residue to Produce Sulfoaluminate Cement. Ind. Eng. Chem. Res. 49(19):9504–9510. 

- Wieczorek-Ciurowa, K. et al 2001. Chromium(III)-ettringite formation and its thermal stability. J. 
Thermal Analysis and Calorimetry, 65(4):655−660. 

- Winnefeld, F. et al 2009. Influence of calcium sulfate and calcium hydroxide on the hydration of 
calcium sulfoaluminate clinker, ZKG Int. 12 (1) 42–53. 

- Winnefeld, F. et al 2010, Hydration of calcium sulfoaluminate cements — Experimental findings 
and thermodynamic modeling. Cem. Concr. Res. 40 (8) 1239–1247. 

- Wu, K. et al. 2014, Influence of heavy metals on the early hydration of calcium sulfoaluminate. J 
Therm Anal Calorim. 115(2):1153–1162. 

- Xiao Jia, et al. 2006, On the Ettringite Form of Sulfate Attack: Part 1. The Formation Mechanism of 
Secondary Ettringite in Concrete due to Sulfate Attack. J. Wuhan University of Technology-Mater. 
Sci. Ed. Dec.:58−63. 

- Xiang, L. et al 2004. Hydrothermal formation and characterization of magnesium oxysulfate 
whiskers. Materials Chemistry and Physics, 87(3):424–429. 



- Yadav, R. N.et al. 2012, Investigation of the Effect of Gauging Solution Density on Setting 
Characteristics and Soundness of Magnesium Oxychloride Cement (MOC). J. Chem. Bio. Phy. Sci. 
Sec. D, 2(3):1287–1294. 

- Yadav, R. N.et al. 2012, Chandrawat, Navin Dagar, Rajdeep Yadav. Effect of temperature of 
Gauging Solution on Setting Charactistics and Moisture Ingress of Magnesium oxychloride 
Cement– An Eco-Friendly Cement. J. Curr. Chem. Pharm. Sc. 2(3): 149–156. 

- Yadav, R N et al. 2013. The Effect of MgCl2 Solution Density on the Phases in Magnesia Cement 
Paste. Indian Journal of Applied Research. 3(8): 1–4. 

- Yadav, R N et al 2014, Effect of MgCl2 Solution (gauging solution) Densities and Temperatures on 
Compressive Strength of Magnesium Oxychloride Cement (MOC). Indian Journal of Applied 
Research. 4(1): 203−206. 

- Yan. P. 1993, Hydration of Sr- and Ba-bearing sulphoaluminates in the presence of sulphates. Adv. 
Cem. Res., 5(18): 65 –69. 

- Yan, P. Y. et al. 2003, Hydration of shrinkage-compensation binders with different compositions and 
water-binder ratios. J. Thermal Analysis and Calorimetry, 74(1) 201–209. 

- Zhang C. M. et al 1994. The relation between the strength and composition of magnesium 
oxychloride cement. J. South China Construction University(west campus).2(1):16–22 (in Chinese). 

- Zhang C. M, et al. 1994. The research on the water-resistance of MOC. II: The loss of the strength 
of magnesium oxychloride cement stone in water. J. Hunan University. 21(4): 121–128(in Chinese). 

- Zhang C. M, et al. 1994, Research on the water-resistance of magnesium oxychloride cement. I: the 
stability of the reaction products of magneaium oxychloride cement in water. J. Wuhan Univer. 
Techno. 9(3):51–919. 

- Zhang C. M, et al. 1995 Research on the water resistance of magnesium oxychloride cement and its 
improvement. J. Chinese Ceramic Soc. 23(6): 673–679. (in Chinese). 

- Zhang C. M. et al. 1996. The relation between the fracture toughness and the composition of 
magnesium oxychloride cement. J. South China Construction University(west campus). 4(1):19–24 
(in Chinese). 

- Zhang, M. et al. 2003. Removal of B, Cr, Mo, and Se from Wastewater by Incorporation into 
Hydrocalumite and Ettringite. Environ. Sci. Technol. 37(13):2947−2952. 

- Zhang, L. M.et al, 1999, Development of the use of sulfo- and ferroaluminate cements in China, Adv. 
Cem. Res. 11 (1) 15–21. 

- Zhang, Q. W. et al 2000. Sonochemical synthesis of ettringite from a powder mixture suspended 
in water. Powder Technology, 107(1):43–47. 

- Zhang, L. et al 2005, Investigation of the microstructure and carbonation of CSA-based concretes 
removed from service. Cem. Concr. Res. 35 (12): 2252– 2260. 

- Zhang, X. et al 2012, Preparation and properties of self-pulverizing calcium sulfoaluminate cement. 
Construct. Build. Mater. 34:107-113. 

- Zheng Z, et al. 2013. Research on modification effects of citric acid on magnesium oxysulfate 
cement. J. Hefei University of Technology (Sci Edition). 36(4):461−469 (in Chinese). 

- Zhou Q. et al, 2004. Metaettringite, a decomposition product of ettringite. Cem. Concr. Res., 34(4): 
703-710. 

Conference papers 
- Glasser,F. P., 2002. The stability of ettringite, International RILEM TC 186-ISA Workshop on 

Internal Sulfate Attack and Delayed Ettringite Formation, 43-64. 
- Pöllmann H., 2007. Characterization of Different Water Contents of Ettringite and Kuzelite’, proc. 

XII International Congress on the Chemistry of Cement, Montreal, Canada. 
- Struble L.J., 1986. 8th International Congress on the Chemistry of Cement, Vol. 6, 582-588. 
Theses 
- Balonis. M. 2010. The Influence of Inorganic Chemical Accelerators and Corrosion Inhibitors on 

the Mineralogy of Hydrated Portland Cement Systems. Thesis (PhD). University of Aberdeen. 
Aberdeen, UK, June pp39. 

- Deng D.H. 2005. A Study on the Theories and Techniques for Improving the Properties of 
MgO-Based Basic Salt Cements and Their Articles. Thesis (PhD), Central South University, P. R. 
China, Changsha (in Chinese).  

- Zhang, L. 2000. Microstructure and performance of calcium sulfoaluminate cements. Thesis (PhD). 
University of Aberdeen. 

Web pages 
- Ball, M. C. et al 1961. The dehydration of brucite [on line]. On: http://rruff.info/doclib/MinMag/ 

http://www.sciencedirect.com/science/article/pii/S0008884603003788
http://rruff.info/doclib/MinMag/%20Volume_32


Volume_32 /32-253-754.pdf. 
- Balonis M., 2009 et al. The Density of Cement Phases [on line]. On: http://www.nanocem.org/ 

fileadmin/nanocem_files/documents/MC-RTN/Projects/Project_1/The_densitiy_of_cement_phases
_worksheets.pdf. 

- Sarpola, Arja, The hydrolysis of aluminium, a mass spectrometric study. ISSN 1796-2226 [on line, 
On: http://herkules.oulu.fi/issn03553213/. Pp70. 

- Terry A. et al Cement Reactions and their Kinetics. [on line]. On: http://www.che.utah.edu/~ring/ 
Papers/Sorel%20Cement%20Paper-3.pdf. 

- TecEco - History Magnesium Cements. [on line]. On: http://www.tececo.com/history. 
magnesium_cements.php 

- Waldemar A., et al. 2002 Fixation of Heavy Metals as Oxyanion-Substituted Ettringites. PCA R&D 
Serial No. 2431a. Portland Cement Association. 

Parents 
- Austec Technic Co.,Ltd. Magnesia Cement. CN87100032A, 1987. 
- Klein, A. 1963 Calcium aluminosulfate and expansive cements containing same, US Patent No. 3, 

155, 526, 4. 
 
 

http://rruff.info/doclib/MinMag/%20Volume_32
http://www.nanocem.org/%20fileadmin/nanocem_files/
http://www.nanocem.org/%20fileadmin/nanocem_files/
http://herkules.oulu.fi/issn03553213/
http://www.che.utah.edu/%7Ering/
http://www.tececo.com/history


 

Bio-calcite cement and its potential uses 
 

Chunxiang Qian 1, 2*, Xin Wang1, 2, Xiaoniu Yu1, 2 
1. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China 

2. Research Institute of Green Construction Materials, Southeast University, Nanjing 211189, China 
 

 
 
Abstract 
Due to high emissions, energy consumption and pollution of the traditional Portland cement, a novel cementitious 
material — bio-calcite cement，was necessary to be developed. The calcite crystals, induced by ureolytic bacteria, 
could form bridges between loose particles and cemented them together. In this paper, a series of sand-cemented 
experiments were conducted to confirm the cemented properties and the evolution law of microstructure was revealed 
by X-ray computed tomography (X-CT) technique. To further analyze the bio-grout process and predict the 
performance of the microbe cementitious material, a numerical model based on the concentration of bacteria is 
established. Moreover, special attention was paid to explore the essence of cementation mechanism, and the results that 
the C-O bond of calcite, Si-O bond and Si atomic binding energy analysis showed that microbial induced calcite under 
the action of organic matrix secreted by microorganisms interacted with surface of loose particles to form the 
intermolecular hydrogen bond. Some potential applications of the bio-cement for treatment of sandy soil foundation, 
suppress dust emission and remediation of heavy metals in contaminated soil etc. are discussed. 
 
Originality 
1. In our work, the evolution law of microstructure was revealed by X-ray computed tomography (X-CT) technique. 
2. A numerical model used to analyze the bio-grout process was established and it coude made a prediction for the 

performance of the microbe cementitious. 
3. Special attention was paid to explore the essence of cementation mechanism, which made bio-calcite cement more 

understandable. 
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1. Introduction 
Biological mineralization as a common phenomenon in nature is a process of solid phases of various 
materials with special advanced structures assembled in biological systems. With the participation of 
the microbe, calcium carbonate precipitation can occur, and this process is generally considered to be 
biologically induced mineralization.  
As early as 1992, this microbiologically induced mineral precipitation has been put foward to reduce 
the porosity of highly permeable structures, and the US patent was released by Ferris et al (Ferris FG. 
et al., 1992). Since then, the Microbially induced calcium carbonate precipitation (MICP) has been 
widely expored and researched (Ferris FG. et al., 1997; Stocks-Fischer S. et al., 1999; Nemati M. et al., 
2003) In 2004, Whiffin (Whiffin V S., 2004) completed the first ever PhD on “Microbial CaCO3 
precipitation for the production of biocement”. In China, Qian et al started to carried out the relative 
research of bio-cement in 2004, and got the patent in 2005 (C. Qian et al.,2004). In recent years, bio-
calcite has been developed to apply in cementation field by several research groups, of which the main 
institutes are Murdoch University (Australia) (Whiffin V S., 2004; Al-Thawadi S., 2008), Delft 
university of technology (Netherlands) (Van Paassen L A. et al.,2009; Van Wijngaarden W K. et 
al,2011), Southeast University (China) (R. Wang., 2005; Hui Rong et al., 2012), University of 
California (USA) (DeJong J T.et al., 2006;  Montoya B M. et al., 2013) etc.  
In this paper, the essence of cementation mechanism, evolution law of microstructure and property of 
bio-sandstone as well as the potential application will be discussed as follows according to the 
research in China in recent years. 
2. Bio-calcite cement 
Bio-calcite is generally precipitated via urea hydrolysis by ureolytic bacteria, which is most straight 
forward and most easily controlled mechanism of MICP. Driven by bacteria, urea decomposes and 
releases carbonate ions as formula (1). At the meantime, calcium ions in the solution are attracted to 
the bacteria cell wall due to the presence of several negatively charged groups, favoring heterogenous 
nucleation. The precipitation of calcium carbonate on the cell surface is shown as formula (2) and (3). 

( ) 2
2 2 3 42

2 2BacteriaCO NH H O CO NH− ++ → +                                                 (1) 
2 2Ca Cell Cell Ca+ ++ → −                                                                 (2) 
2 2

3 3Cell Ca CO Cell CaCO+ −− + → − ↓                                                     (3) 
2.1. Sand-cemented experiments 
The bio-calcite cement is consist of bacteria and Urea-CaCl2 cementation solution, which successively 
are grouted into the loose particles and eventually made them  to be a whole. The 50 mL plastic 
syringes (internal diameter 3.0 cm, length 11.0 cm) were used for the preparation of the bio-stone 
sample. At the bottom and top of the sand column, gauze layer (approximately 1.0 cm) was necessary 
to be palced. After the column was closed and positioned vertically, the cementation solution was 
successively injected into the sand column from bottom to top. All experiments were performed at 
ambient temperature of 30±2°C. After mold unloading, the cylindrical specimens (30 mm diameter × 
60 mm long) were cast for testing.  
Figure 1 shows the results of the porosity, calcium carbonate content and compressive strength of the 
bio-sandstones dealt with bio-grouting treatment. The average porosity of bio-sandstones effectively 
reduces from 39.2% (of 6 times) to 30.3% (of 14 times) with different degree of reduction, such as 
3.1%, 2.3%, 1.9% and 1.3% respectively. Likewise the rate of increase of compressive strength and 
calcite content both decrease with increased times of the bio-grouting treatment, which caused by the 
denser sand column.  
The relationship between porosity and compressive strength of bio-sandstone shown in figure 2 
indicates that there is a significant increase in compressive strength with a decrease in porosity. For 
bio-sandstone porosity of 37.3% and 29.9%, the compressive strength is 2.73 MPa and 6.31 MPa, 
respectively. 
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Figure 1 Effect of number of bio-grouting treatment on porosity (a), calcium carbonate content (b) and 
compressive strength (c) 
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Figure 2 Relationship between porosity and compressive strength 

The evolution of the microstructure of bio-sandstone was investigated by X-ray computed tomography 
(X-CT) to further explore the cementation of bio-calcite in the sand column. The bio-sandstone sample 
was tested and the microstructure evolution law of crosssection at 17 mm in bio-sandstone is shown in 
figure 3. It could be obvious found that the number of defects at the cross-section of 17 mm decrease 
with the times of bio-grouting treatment, indicating that the microstructure of the cross-section at 17 
mm becomes dense. This is due to the more and more microbial induced precipitation calcium 
carbonate in the sand column, which gradually filled the the pore and the defect volume is also 
reduced.  



 

The microstructure evolution law of cross section at 37 mm is similar to that of 17mm, namely the 
number and size of the defects gradually decreased with the times of treatment, and the sandstone 
became dense. However, there is also a little difference worth noticing that gray value of cross section 
at 37mm is lower than that of 17mm, indicating that the structure of bottom zone (near the injection 
port) is superior to that of top zone (away from the injection port).  

   
(a)                                       (b)                                        (c) 

   
(c)                                            (d)                                           (e) 

Figure 3 2D cross section at 17 mm of distance from the injection port of the bio-calcite: (a) the location of cross 
section, (b) 0 time of bio-grouting treatment, (c) 2 times of bio-grouting treatment, (d) 6 times of bio-grouting 

treatment, (e) 10 times of bio-grouting treatment, (f) 14 times of bio-grouting treatment 

          
 (a) 0.5-meter-long sand column                    (b) 0.5×0.5×0.5 m3 sand pile 

Figure 4 The strength change of mortar specimens after 28 days immersion in sulphate solution. 
To optimize the inhomogeneity of the bio-sandstone, and further expand the application of the bio-
cement, upscaling of the bio-grouting treatment was conducted in this paper. 0.5-meter-long sand 
column and 0.5×0.5×0.5 m3 sand pile was cemented by the microbial induced calcium carbonate 
precipitation, and the schematic process is shown in figure4. Two kinds of grouting mode (syntropy 
and reverse) were applied in the cementation progress of 0.5-meter-long sand column as figure 4a. 

Bacteria 

Urea-CaCl2 

Urea-CaCl2 

Bacteria 

Syntropy mode Reverse mode 



 

After cemented successfully, the bio-sandstone was cut into five short sandstones (0.1 meter long) for 
analyzing the cementation performance including the calcite content, permeability coefficient, 
compressive strength and ultrasonic wave velocity of sandstone distance from the injection port at 
different positions as shown in figure 5. 
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Figure 5 The calcite content (a), compressive strength (b), permeability coefficient (c) and ultrasonic wave 
velocity (d) of bio-sandstone under different positions 

From figure 5a and 5b, it could be found that the calcite content and compressive strength of bio-
sandstone at different positions are all gradually decreased away with the injection port. That is 
because that the microbe concentrations at the nearest positions distance from the injection port is the 
highest and the consumption of urea is the most. Therefore, the carbonate ions at the position could be 
produced the most, so the calcite content is the most as well as compressive strength. By comparing 
the results of the syntropy mode and reverse mode, the calcite content in the sandstone by syntropy 
mode was higher than that of reverse mode, which was caused by the less microbe concentration for 
the filtration of the sand column and flushing out of the microbial solution. 
Here, the ultrasonic velocity was used to characterize the compactness of the bio-sandstone as a non-
destructive technique. As shown in Figure 5c, the velocity of ultrasonic wave decreased away with the 
injection port both for syntropy and reverse mode, which means that the further away from the bio-
grouting port, the less compact the sandstone was. In addition, the lower degree of variability in the 
ultrasonic velocity occurred in reverse mode, exhibiting superior homogeneity than that of syntropy 
mode. The permeability coefficient of bio-sandstone at different positions is shown in Figure 5d. 
Likewise, the changing trend of the permeability coefficient was the same in essentials while differing 
in minor points. Given all that, the higher strength can be acquired near the bio-grouting port by 
syntropy mode, while the distribution of strength is relatively homogeneous using reverse mode. 
To evaluate the effectiveness of cementation in the sand pile, penetration strength tester was used to 
analysis the surface hardness of the cemented sand pile as Figure 6. Three surfaces (Y=50 mm; Y=0 
mm; X=50 mm) were selected to go through testing and the results are shown in Table 1. It is shown 
that penetration depth increased with the distance away from the bio-grouting port for all three tested 



 

surfaces, indicating the surface hardness gradually decreases away from the bio-grouting port. The 
reason for the above phenomenon is that the microbial solution was firstly injected into the bottom of 
sand pile, resulting more calcite precipitated near the bottom, and eventually the bottom is slightly 
above the top surface hardness. 

      
(a) The cemented sand pile by bio-cement    (b) The surface of the sand pile after tested 

Figure 6 The test of surface of the cemented sand pile 
Tab.1 Penetration depth of different testing surface distance from different injection ports 

Position distance from 

injection ports /cm 

Penetration depth of 

testing surface (Y=50 

cm) /mm 

Penetration depth of 

testing surface (Y=0 

m) /mm 

Penetration depth of 

testing surface (X=50 

cm) /mm 

10 9.04 8.86 8.62 

20 9.34 9.37 9.52 

30 10.02 9.54 10.14 

40 10.31 10.14 10.54 
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(a) The cuboid shaped cutting samples (5×5×10 cm3)   (b) The compressive strength of samples 

Figure 7 The compressive strength of the cutting samples from the sand pile 
The cuboid shaped samples were cut from the sand pile for more detailed analysis and the compressive 
strength test showed that the obvious gradient of strength occurred in the vertical direction (z axis) but 
horizontal direction (x-y plane). The average values of the compressive strength at different position 
were shown in Figure 7b. It could be found that the compressive strength also decreased with the 
distance away from the bio-grouting port.  
2.2. Numerical model and its prediction 
To analyze the cementation process of microbe cement, a model was created that describes the process. 
The overall reaction equation of microbe cement can be described follows: 

2
2 2 2 4 3( ) ( ) ( ) 2 ( ) 2 ( ) ( )bacteriaCO NH aq Ca aq H O l NH aq CaCO s+ ++ + → +                   (4) 



 

With the five basic assumptions (Van Wijngaarden W K. et al, 2011), the differential equations for the 
aqueous species are derived by the advection–dispersion–reaction equation: 
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where R is the retardation factor, C is the dissolved concentration, θ is the porosity, D is the dispersion 
coefficient, q is the flow rate of liquid, qs is the volumetric flow rate, Rk is the production rate of 
CaCO3. 
Due to the cementation process of loose sand grains by bio-cement, the retardation factor R is 
generally defined as 1and qs is equal to 0. Subsequently, the differential equations for urea, calcium 
ions and ammonium ions are given as following formulas: 
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The differential equations for the calcite content, porosity and pressure equation are illustrated by the 
reference (Van Wijngaarden W K. et al, 2011) as formula (10-12): 
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where mCaCO3 is the molar mass of calcium carbonate, p is the pressure, k is the intrinsic 
permeability in the various coordinate directions, μ is the viscosity and ρ is the density of the solution.  
And these above differential equations all contain the reaction rate r of the biochemical reaction. This 
reactive rate associates with the concentration of microbe and substrate. So, the reaction rate r 
equation was adopted by the modified the Monod kinetics, as described follows: 
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where υmax is the initial activity, Km is the saturation constant, OD is the concentration of microbe, α is 
the fitting parameter, and tmax is the time from υmax to zero. 



 

The equation of compressive strength was determined by the experimental results of compressive 
strength and calcite content of 0.5 m height sandstone. The results are described as follows: 

calcite0.0091x0.2786bio sandstoneY e− = ×                                                          (14) 

where Ybio-sandstone is the compressive strength, and xcalcite is the calcite content. 
The boundary conditions of one dimensional (0.5-meter-long sand column) and three dimensional 
(0.5×0.5×0.5 m3 sand pile) models are shown in table 2 and table 3. The numerical calculation results 
of calcite and compressive strength for sandstone were given using matlab language as Figure 8 and 
Figure 9. It could be found that the calcite content and compressive strength at different positions in 
sandstone are improved with the increase of bio-grouting times. Meanwhile, the calcite contents and 
compressive strengths distance from injection port near site are the highest. 

Tab.2  Boundary conditions of one dimensional model 
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Tab.3 Boundary conditions of three dimensional model 
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The Distribution cloud image of sand pile after 10 times bio-grouting treatment (as figure 10) was 
consistent with the previous experiment results that the obvious gradient of strength and calcite 
content occurred in the vertical direction (z axis) but horizontal direction (x-y plane). The above 
results confirmed the availability of the model presented in this paper. 

       

(a) Calcite content                              (b) Compressive strength 
Figure 8 The numerical calculation results of 0.5-meter-long sand column 



 

      
(a) Calcite content                           (b) Compressive strength 

Figure 9 The numerical calculation results of 0.5×0.5×0.5 m3 sand pile 
 

 
(a) Calcite content                        (b) Compressive strength 

Figure 10 The Distribution cloud image of sand pile 

3. Interface of bio-cement and particles 
In the previous research, more attention has been paid to the cementation results of bio-calcite than the 
essence of it, which should have been valued. To further clarify the cementation of bio-calcite, 
comparative experiment was necessary to be done that two same loose sand columns were dealt with 
bio- and chem- calcite (chem-calcite means the calcite precipitation obtained via chemical method) 
respectively. The sand experiment result shows that loose sand grains could be cemented to a whole 
by bio-calcite but chem-calcite, despite the almost same content of calcite precipitated in sand column.  
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Figure 11 Thermal analysis of bio- and chem- calcite   Figure 12 IR analysis of sand particles cast 

The thermal analysis suggests that the decomposition temperature and activation energy of the bio-
calcite are respectively 683℃ and 47.5kJ/mol, both higher than chem-calcite as shown in figure 11, 



 

which means that there is another special bound need to be destroyed besides the chemical bonds 
calcite itself when it is decomposed. Then, infrared spectroscopy, X-ray photoelectron spectroscopy 
and nuclear magnetic resonance were conducted to investigate the special bound and the results are 
shown as figure12, figure 13, and figure 14.  
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Figure 13 Si(2p)Photoelectron spectra of three different conditions  Figure 14 29Si NMR spectra 

With comparison of the three IR spectra, it is not hard to find that there is vibrational frequency of 
organic polypeptide (1508 cm-1) besides the anti- and symmetric stretching vibrational frequency of C-
O bond as shown in figure 12. And IR results indicated that the frequency of Si-O and C-O took up the 
extent of the red shifts when sand column was dealt with bio-calcite, while no change occurred in the 
chemical one. The relatively reasonable reason to explain this phenomenon can be that the hydroxyl 
group (-OH) of organic polypeptide in the bio-calcite interacted with oxygen atom of Si-O bond in the 
quartz sand, forming strong intermolecular hydrogen bond (OH---O) and reducing the energy of the 
system.  
The electron binding energy spectra of Si (2p) in pure quartz sand under different conditions is given 
in figure 13. The electron binding energy spectra of Si (2p) under microbial environment (102.50 eV) 
is higher than other conditions indicates (102.10 eV), which further confirmed the IR results that bio-
calcite contained organic interacted with oxygen atom of Si-O bond in the quartz sand to form 
hydrogen bond which changed the surrounding environment of Si atom in quartz sand.  
As shown in figure 14, the chemical shift of 29Si under the microbial induced precipitation of calcite 
environment is bigger than that under the chemical produced precipitation of calcite, indicating that 
the shielding effect of extranuclear electron of 29Si decreases, which means that electron density of Si 
atoms reduced under microbial environment. 
Hence, it is the interaction among the organic matrix secretion, quartz sand and bio-calcite to form the 
hydrogen bond that makes bio-calcite capable of cementing loose particles together. 
4. Other potential uses 
The use of the microbial induced mineral precipitation can not only apply to the improvement of sandy 
soil foundation by cementation, but also have potential applications in the suppress dust emission, and 
removal of heavy metals etc. Unlike conventional ways, the microbial method has many advantages 
such as the reasonable cost for large-scale treatment and non-toxicity to environment. 
The heavy metal ions such as cadmium, zinc, lead, and cupric etc. can be consolidated into 
corresponding carbonated minerals induced by ureolytic bacteria.  
The removal rate of cadmium, zinc, lead, and cupric was respectively 71%, 76%, 72% and 50%, when 
the addition mount of microbial agents was 9.28 gram per 0.1 moles of heavy metal ions. And the 
removal rate increased with the addition of the microbial agents. When the addition mount increased 
by 20%, the removal rate of zinc ions increased to 95%. When the mount of microbial agents for 
treating cadmium, lead, and cupric increased by respectively 30%, 30% and 100%, the removal rates 
of all three increased over 90%. 
5. Conclusions 



 

1) The essence of cementation mechanism was explored, and it is the interaction among the organic 
matrix secretion, quartz sand and bio-calcite to form the hydrogen bond that makes bio-calcite capable 
of cementing loose particles together. 
2) The numerical model based on the concentration of bacteria was established to predict the 
performance of the bio-sandstone, and the calculated results were consistent with the sand experiments. 
3) In addition to improvement to the sandy soil foundation, the microbial agents could be used to 
remediation of the heavy metals effectively. 
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Abstract 

Biomass can act as a source for functional clinker minerals as well as an energy source during biomass 
conversion. The main objective of this research is to obtain a material comprised of hydraulic minerals 
from the ashes produced in the combustion of sustainable biomasses and waste-products (or a blend 
thereof) and to adapt the raw materials and the sintering process so that the combustion is conducted in 
a way that also generates energy. After thermal conversion there will be two products; the primary 
product being energy and the secondary product being ashes which contain functional cement minerals 
(or BioCement).  

This paper explores the extent to which biomass derived ashes can currently replace ordinary Portland 
cement. The ultimate goal is that these ashes will be capable of replacing a substantial part of ordinary 
Portland cement in cement-based products such as concrete. An available biomass derived ash stream 
is characterized and evaluated. The ashes are used as secondary cementing materials and assessed 
through compressive strength. Furthermore, processing techniques to improve reactivity and reach 
100% replacement are explored and evaluated. The necessary steps serve as a guide to the adaptation 
of the energy production process in order to produce two products of value. 

The BioCement will be superior to traditional Portland cement from an environmental viewpoint, with 
negligible CO2 emissions during production. The net emission of CO2 can be drastically reduced when 
renewable biomass is used as raw materials do to its role in the short term carbon cycle. By 
eliminating the use of limestone the CO2 emissions are already cut in half and reductions in the firing 
temperature and duration reduce the CO2 emissions even further.   
 
Originality 
This work is original in that it explores the use of biomass derived ash as a potential raw material for 
cement production to ultimately create a binder with negligible CO2 emissions.  
 
Keywords: Alternative binders, Sustainability, Biomass, CO2-Neutral  
 



 

1. Introduction 
1.1. The CO2 Problem  

Lowering greenhouse gas emissions is a task facing all communities. The EU, in particular, 
has taken steps to fight climate change and reinforce energy security with a series of targets to 
be met by 2020. The Climate Change and Energy Sustainability target of the Europe 2020 
programme aims to reduce greenhouse gas emissions to 20% lower than the levels in 1990, 
obtain 20% of energy from renewable resources, and increase energy efficiency by 20% 
(Commission, 2010). With these policies the EU attempts to transform itself into a highly 
energy-efficient and low carbon economy (Pardo et al., 2011). However, in order to achieve 
these sustainability goals there must be an investment in and commitment to green 
technologies.  

Lowering greenhouse gas emissions is also task facing all industries and the cement industry 
is no exception. The building materials sector is the third largest CO2 emitting industrial 
sector in the world and it is dominated by CO2 stemming from cement production (Szabó et 
al., 2006). For this reason, the cement industry is often flagged as a sector where a large 
impact can be made (Worrell et al., 2001) (Hendriks et al., 1998). When discussing the 
overall CO2 production associated with cement there are two factors to consider; one, the high 
quantity demand and two, the high energy demand.  

Concrete is the most extensively used construction material and its consumption continues to 
grow especially in developing counties like China. Global cement production grew from 594 
Mt in 1970 to 2770 Mt in 2007 and as of 2005 China was responsible for 47% (Taylor, Tam 
et al. 2006) (Taylor et al., 2006) (Oss 2009). 

Energy cost dominates the production cost of cement accounting for up to 40% (Pardo et al., 
2011). On the whole, cement production accounts for about 2% of the global primary energy 
consumption, or up to 5% of the total global industrial energy consumption (Worrell, Price et 
al. 2001). The majority of the energy is invested in fuel to reach the sintering temperatures 
and electricity for grinding the raw materials as well as the clinker. (Taylor et al., 2006) 

The combination of large production quantities and massive energy consumption results in 
significant amounts of CO2 being released into the atmosphere. As of 2004, Gartner 
calculated that the world cement production was enough to produce roughly 6 km3 of concrete. 
Since one cubic meter of concrete has an average CO2 emission of 0,2 tons this equates to 1,2 
billion tons of CO2 per year. (Gartner, 2004). There are two discrete sources of CO2 stemming 
from the cement industry, one being “energy-use” CO2 and the other “process” CO2 (Barcelo 
et al., 2014). While the combustion of fossil fuels necessary to reach the sintering 
temperatures is mostly responsible for the energy-use CO2, mining, grinding/homogenising 
the raw materials and grinding/homogenising the clinker still comprise a portion of these 
emissions (Pardo et al., 2011). Process CO2 denotes the chemically produced CO2 from the 
decomposition of limestone. The CO2 emissions resulting from the conversion of limestone 
into calcium oxide are relatively constant and equate to approximately 540 kg CO2 per tonne 
of clinker produced. However, since multiple factors are involved (such as the thermal 
efficiency of the kilns), the CO2 emissions resulting from the combustion of fossil fuels 
fluctuate. In 2006 the global average gross CO2 emissions per tonne of clinker was 866 kg 



 

(Initiative 2009). This value accounts for 5-8% of total anthropogenic atmospheric CO2 
emissions (Scrivener and Kirkpatrick 2008). 

1.2. Solutions in Practice    

In recent decades many steps have been taken to combat CO2 emissions in the cement 
industry including improving energy efficiency of the kilns, replacing fossil fuel with 
renewable energy sources, and substituting part of Portland cement with other cementitious 
materials (Initiative 2009). While these actions have made significant strides towards the goal 
of reducing CO2 emissions they still do not provide a completely sustainable solution. 

Theoretically 1750 kJ of heat are needed to produce 1 kg of clinker from standard raw 
materials however some of this heat is retained in the clinker or lost to kiln dust, exit gases, 
radiation or convection; in practice more heat is needed (Taylor, 1997). Over the years 
improvements have been made to the production process, or more specifically to kiln 
efficiency, making it more effectual and thus lowering cost. This has had the added benefit of 
lowering CO2 emissions. There is little room for improvement concerning modern thermal 
efficiency and attention must be turned elsewhere. More recently additional measures have 
been taken to cut costs and CO2 emissions, namely the replacement of cement with 
supplementary cementing materials (SCMs) such as fly ash, silica fume, micro silica, and 
blast furnace slag. But still more needs to be done to further lower emissions.  

1.3. Potential Solutions Examined in This Work 

This work explores the use of biomass derived ash to replace raw materials in cement and 
concrete production and potentially lower CO2 emissions. If biomass derived ash were to 
replace cement up to a theoretical replacement of 100% the use of raw materials could be 
eliminated and the heat investment could be drastically diminishing. These two factors have 
in turn the advantage of decreasing the CO2 emissions associated with cement production.  

The combustion of biomass for the purpose of energy production is currently happening all 
over the world and at various scales, as indicated by the EU’s goal to obtain 20% of their 
energy needs from renewable sources by 2020 (Girón et al., 2013). Coupling low operational 
costs with a continuously renewable fuel, biomass fuelled power plants have proven 
themselves to be a promising renewable energy alternative (Cheah and Ramli, 2011). These 
two realities suggest that biomass combustion will take on an ever-increasing role in energy 
production.  

The conversion of biomass into energy also results in the production of ash. Currently there 
are few available applications for biomass derived ashes. However, coal based fly ash has 
been a valued additive to concrete production for decades. When used to partially replace 
cement, fly ash has the advantage of conserving energy, resources and cost while improving 
durability of the resulting concrete (Mehta and Monteiro, 2006). While the substitution of 
coal with biomass in energy production has positive environmental impacts there are a few 
challenges that must be addressed, namely the disposal of the biomass derived ashes and the 
impact of the reduction in coal based fly ashes on the construction sector. Therefore it is 
crucial to explore the potential of biomass derived ashes as supplementary cementing 
materials. 



 

Examination of the chemical and mineralogical composition of biomass derived ash shows 
that it also has potential to replace raw materials in the production of cement. Biomass ashes 
with sufficient quantities of CaO and SiO2 can either be found or blended together to obtain 
the desired chemical composition for clinker. This completely removes the process CO2 since 
no limestone will be decomposed. The burning of biomass and the resulting decomposition of 
CaCO3 into CaO does not contribute new CO2 into the atmosphere, unlike the decomposition 
of limestone which release carbon that has been stored for millions of years. By replanting 
harvested biomass the emitted CO2 will be absorbed and returned for a new growth cycle. 
This cyclical process ensures that no “new” CO2 will be released into the atmosphere 
(McKendry, 2002).  

The objective of this investigation is to evaluate the possibilities of biomass derived ash in the 
production of concrete. One particular ash will be examined for its ability to replace cement 
as a SMC as wells as replace raw materials in cement production.  

2. Materials and Methods 
The functionality of an ash as a cement replacement depends on the chemical composition 
and characteristics. A few factors have a profound influence on this namely: biomass 
feedstock, conversion technology (i.e. furnace/boiler type) and thermal conversion parameters 
(residency time, temperature) (Giron et al., 2012) . Thermochemical conversion technologies 
for biomass are either direct-fired or gasification systems and can range in scale from open 
field burning to fluidized bed gasifiers. The conversion technology used dictates biomass 
selection (or conversely available biomass will dictate the conversion technology). In the case 
of large scale installations, it is common to see the utilization of specifically grow energy 
crops, which have been pelletized and shipped long distances. Open field burning is generally 
used to dispose of local agricultural waste and provided heat or power for agricultural 
processes. Between these two extremes, there are various levels of biomass preparation and 
conversion technology complexity. The conversion parameters are dependent upon both the 
biomass type and conversion technology.  

1.1. Materials  

In this review, the investigated ash was provided by the Energy council the Netherlands 
(ECN). The ash originated from the Swedish incineration plant, Hylte Stora Enso. Using 
virgin wood and recycled paper the plant produces pulp which is used to make the paper for 
newspaper production.  

Hylte Stora Enso is comprised of 4 thermal installations for heat recovery and energy 
production. The fly ash was sampled from the bubbling fluidized bed incinerator that is fed by 
fuel consisting of a mixture of recovered paper sludge and recovered waste wood. The 
cleaning system of the flue gas which is generated during the biomass incineration process 
includes an electrostatic filter, a textile bag filter and a scrubber intended to remove dust, 
dioxins, and other pollutants. The investigated ash is composed of fly ash collected from the 
electrostatic filter (90% by mass) and the textile bag filter (10% by mass). 

While this review focuses on one particular biomass type and conversion technology, the 
methodology can be applied in other regions to any biomass or conversation technology 
available. Importance must be given to the consistency of ash streams. Material quantity and 



 

consistency are important factors when replacing building materials and these criteria can 
eliminate many biomass and waste products. 

To gather initial information on the ash and assess its usability it was were subjected to 
chemical and mineralogical analysis. X-ray fluorescence (XRF) was used to determine the 
elemental composition using a Panalytical Epsilon 3XL XRF. The elemental composition of 
the ash is listed in Tab. 1. for the major compounds (i.e. elements exceeding 0.15% of the 
sample). The corresponding oxide composition, calculated using the cement oxide method 
with a loss on ignition of 3.99%, can be found in Tab. 2. It should be noted that the ash had a 
chloride content of 0.30 M.-% which exceeds the limit of 0.10 M.-% set by EN 197-1 
however there are exceptions in this standard including CEM III (EN-197-1, 2011). By 
replacing a fraction of the Portland cement with blast furnace slag the binder is also more 
sustainable by presents an increase in chloride induced corrosion risks. While the biomass 
also contains an elevated chloride concentration its potential should be explored before ruling 
it out as a raw material.  

Tab. 1: Elemental composition of biomass derived fly ash 

Compound Ca Si Al Fe Ti Mg Zn K S Cl sum 

Concentration [M.-%] 40,25 8,68 4,54 0,90 0,22 1,77 0,26 0,77 0,59 0,30 58,28 

Tab. 2: Oxide composition of biomass derived ash as determined using the cement oxide method 

There is a lot of diversity in the composition of woody biomasses. Not only are the wood 
species and tree part (roots, bark, leaves, branches, limbs, trunks and vines) influencing 
factors but also the growing conditions and the application of the material prior to utilization 
as an energy source (Olanders and Steenari, 1995).  In addition to pulp and paper mills and 
demolition wood, woody biomass can stem from numerous sources including logging 
residues, forestry thinnings, sawmill residues, urban waste wood, trimmings from parks and 
road maintenance, and trees grown specifically as energy crops.  

Typically calcium, silicon, aluminium, potassium and magnesium dominate wood ash 
composition (Olanders and Steenari, 1995) (Etiégni and Campbell, 1991). As expected, 
elevated concentrations of CaO were found in the ash but higher than expected. This is most 
likely due to the lime used in the deinking process of the paper. Due to this the ash is quite 
desirable for a cement raw material replacement since CaO can be difficult to find in high 
concentrations in biomass. In this ash SiO2 is also present as well as Al2O3 and Fe2O3. 
Additionally MgO, K2O and Cl all fall under less than 1% and present no apparent danger to 
the ash as a raw feed replacement.  

X-ray diffraction (XRD) was performed to obtain a qualitative mineralogical analysis of the 
crystalline phases using a Philips PW 3020 X’Pert Diffractometer. As can be seen in Figure 1 
the ash consists mainly of CaO (lime) and SiO2 (Quartz). A mineral called pavlovskytie, with 
the chemical formula Ca8(SiO4)2(Si3O10), was also detected in the sample. The occurrence of 
these three minerals which consist of calcium silica and oxygen corresponds well to the XRF 
results.  

Compound CaO SiO2 Al2O3 Fe2O3 SO3 TiO2 MgO K2O ZnO LOI 950 °C 

Concentration [M.-%] 56,35 18,56 8,60 1,29 1,19 0,37 2,93 0,93 0,49 3,99 



 

 

Figure 1: XRD of the ash 

Furthermore the ash was analysed under an Environmental Scanning Electron Microscope 
(ESEM) to get an idea of the particle shape and structure. In Figure 2 the ashes can be seen at 
a magnification of 100X, 250x, 1000X and 2500X. For the most part the particles are 
irregular but still have a rounded nature to them with no jagged edges. The irregular shapes 
make the particles relatively large giving them a higher specific surface area. Spherical orbs 
can been seen in the higher magnifications with diameters ranging from 2 to 5 µm. These are 
silica and are similar to what is seen in coal-derived fly ash.  

  

  

Figure 2: ESEM of the ash at 100x, 250x, 1000x and 2500x magnification 



 

The fly ash was subjected to digital scanning calorimetry and thermogravic analysis using a 
STA449F3A-0111-M under an Argon atmosphere and heated at a rate of 10°C/min from 
room temperature (20°C) to 1400°C. Depending on the raw materials, cement minerals will 
form at different temperatures. (Ramachandran and Beaudoin, 2001) so it is interesting to 
note the changes in weight and heat flow for a particular ash. As seen Figure 3 the ash 
undergoes a weight loss coupled with and endothermic peak around 450°C and 700°C. This is 
related to the loss of water and CO2 respectively. A gradual but minor weight loss up to about 
400°C can also be seen, this is associated to the loss of absorbed water the found its way into 
the sample due to storage conditions. The total mass loss when the fly ash is heated form 
room temperature to 1400°C is roughly 6%.  

 

Figure 3: DSC/TGA of the fly ash  

It is around 1100°C when we see a shift in the DSC curve from being exothermic to 
endothermic. Between 1238°C and 1418°C the rate of Mw/mg/temperature increases sharply 
and this is coupled with a small but distinct weight loss. This information can be used to 
establish the burnability of the ash and help determine the temperature at which clinker forms.  

1.2. Methods 

The information gained on the fly ash was used to determine its application. Based on its 
traits it was determined that the ash could act as a secondary cementing material or as a 
precursor to a hydraulic binder. First the ash was tested to see the maximum replacement rate 
at which it was capable of acting as a supplementary cementing material without any adverse 
effects to the concrete properties. Secondly the ash was tested to see its ability to act as a 



 

hydraulic binder capable of replacing ordinary Portland cement (OPC) after being subjected 
to thermal treatments.  

In order to test the ash as a SCM it was taken as is and used to replace 0, 20, 40, 60, and 80 
M.-% OPC in a standard mortar mixture based on EN 196-1. The concrete mixture 
proportions are given in Table 3. In order to achieve a functional workability, super 
plasticizer was required for the 60 and 80% replacements. For this reason two controls of 
100% OPC were made, one with super plasticizer and one without. OPC-1,0 denotes the 
control concrete mixed with pure Portland cement and OPC-1,0SP denotes the pure Portland 
cement control with super plasticizer. OPC-0,8 and OPC-0,6 denote 20% and 40% 
replacement respectively. Whereas OPC-0,4SP and OPC-0,2SP denote 60% and 80% 
replacement with the use of super plasticizer. The flexural and compressive strengths were 
tested after 3, 7, 28 and 90days.    

 

Table 3: Mixture proportions of ash blended cement mortars [grams] 

 Ash CEM I  Ash Sand  Water Super 
Plasticizer 

OPC-1,0 0% 1800 0 5400 900 - 

OPC-1,0SP 0% 1800 0 5400 900 22,5 

OPC-0,8 20% 1440 360 5400 900 - 

OPC-0,6 40% 1080 720 5400 900 - 

OPC-0,4 60% 720 1080 5400 900 22,5 

OPC-0,2 80% 360 1440 54000 900 22,5 

Water to binder ratio (OPC + Ash) 0.50; Binder to sand ratio 1:3 

To test the fly ash’s ability to completely replace OPC as a hydraulic binder it was thermally 
treated in a Carbolite furnace to from BioCement. The BioCement was then again subjected 
to XRD to analyse the mineral formation. 

3. Results 
1.3. Secondary Cementitious Materials  

The main objective of testing the biomass derived fly ash as a secondary cementing material 
was to see the extent to which it could replace OPC and still achieve an acceptable 
compressive strength. It is common practice in the construction industry to use coal derived 
fly ashes to dilute the cement fraction of the concrete thereby lowering the environmental 
damage and improving the cement quality. The concrete made from cement coal fly ash 
blends is often of a superior quality than that from just OPC. This is due mainly to the 
pozzolanic reaction incited by the fly ash. The consumption of Ca(OH)2 for the production of 
CSH produces a denser matrix that is less susceptible to the ingress of chlorides (Taylor, 
1997). However the use of biomass derived fly ash is not practiced and little researched. One 
can find large variability in the composition of coal based fly ash and an even larger range for 
biomass derived fly ash. In the case of biomass fly ash there is not always a pozzolanic 
reaction, since often there is not enough SiO2 present, as is the case in this experiment. The 



 

ash under examination has a higher CaO concentration.  In this scenario we are relying on 
reactive lime and any C2S present in the ash. Additionally there is an improvement to the 
packing density which can increase strength (Hewlett, 2004).  

The pure OPC samples gained the highest strengths and as can be seen in Figure 4 strengths 
decreased with increasing replacement rates. It is interesting to note that the 100% OPC 
mixture had a higher compressive strength than 100% OPC with super plasticizer. This is due 
to the large superplasticizer dosage necessary to accommodate the mixture of 20% OPC and 
80% fly ash. The large surface area and the porous structure of the fly ash particles demanded 
a high water content to achieve a functional workability. The superplasticizer dosage was 
based on the water content (since the cement value varied and was low) and was kept at 2,5 
M.-%. For the mixture containing 40% OPC this provided a good workability. However the 
dosage was not ideal for the 20% or 100% OPC. The 20% OPC was stiff with 2,5% super 
plasticizer but was able to be compacted into the form with no extra vibration. The 100% 
OPC mixture bleed when poured into the mould, indicating too high of a super plasticizer 
dosage. Despite these undesirable characteristic the super plasticizer dosage was still kept 
constant in order to achieve results that can be compared.  

  

Figure 4: Compressive strengths after 7, 28 and 
90 days for mixes with 20, 40, 60, 80 and 100% 

OPC. The 20%, 40% and one of the 100% 
mixtures contained super plasticizer.  

Figure 5: 90 day compressive strength values of 
20, 40, 60 and 80% OPC relative to the two 

controls (100% OPC  and 100% OPC with super 
plasticizer). 

A closer examination of the 90 day compressive strengths can be found in Figure 5. The 
100% OPC samples had an average compressive strength of 57,14 MPa whereas the 100% 
OPC + SP sample had a compressive strength of 50,99 MPa; these two values serve as the 
controls. The 80% OPC reached 53.57 MPa which is 93.8% of the control sample. The 60% 
OPC sample reached 40,07 MPa which is 70,1% of the control. The 20% OPC and 40% OPC 
samples are compared to the 100% OPC+SP samples since they also contain super plasticizer. 
After 90 days the 20% reached 11,31 MPa and the 40% reached 31,01 MPa which are 22.2% 
and 60.8% of the control respectively.   

If we were to assume that the fly ash is inert and has no effect on the compressive strength 
then a sample with 80% OPC should have 80% the strength of the control, 60% OPC would 
have 60% the strength, 40% would have 40% the strength and so on. Since the 20% OPC 
sample only reached 22.2% of the control it can be assumed that there is little to no binding 



 

effect of the fly ash. The 2.2% is within the margin of error and a slight increase would be 
understandable due to an improved packing density. Relative to the control the 40% OPC 
performed the best exceeding its replacement rate by 20,8%. This could be the result of the 
added superplasticizer. Both 60% and 80% OPC exceeded the expected compressive strength 
of an inert filler by 10,1% and 13.8% respectively.   

A look at the strength development over time (as in Figure 6) can also give valuable 
information. After 28 days typically only 30% of C2S will have reacted whereas 70% of the 
C3S will have reacted. However by 1 year 90% of the C2S will have hydrated (Taylor, 1997). 
Since the development of compressive strengths runs parallel to the chemical reactions, an 
increase or decrease in the rate of hydration could indicate which minerals are present. 
Replacing a fraction of the cement with fly ash means a dilution of cement minerals (C3S, C2S, 
C3A and C4AF) with the minerals present in the ash. From the XRD (see Figure 1) it is known 
that the fly ash is composed of lime, quartz, and pavlovskytie. Pavlovskyite is a calcium 
silicate but its reactivity (if any) is unknown, it could contribute to the strength development 
or it could be inert. Quartz is also present in the ash but it is not known how reactive this form 
of SiO2 will be. In terms of the pozzolanic reaction a more amorphous SiO2 will display 
higher reactivity, thus the crystalline form of quartz may provide little strength development.   
For these reasons it is interesting to look at the rate of strength development (Figure 6 & 
Table 4).  

 

Figure 6: The development of compressive 
strength between 7 and 90 days for all mixtures. 

Table 4: Rate strength development for mixtures 
from 7-28 days and 28-90 days [MPa/day] 

 7-28 days 28-90 days 

20% OPC 0,39 -0,03 

40% OPC 0,51 0,05 

60% OPC 0,44 0,11 

80% OPC 0,57 0,13 

100% OPC 0,50 0,14 

100%OPC+SP 0,70 0,10 
 

When looking at the slopes there are two segments which immediately stand out; the first 
being the 100% OPC + SP mixture between 7 and 28 days. Here we see a slightly higher rate 
of hydration. The second most apparent segment is the loss in strength for 20% OPC between 
28 and 90 days. While it is possible for a deterioration of strength to transpire between 28 and 
90 days, this reduction is most likely the result of the overall low hydraulic activity of the 
mixture and the fact that the 28 and 90 day strengths fall within each other’s margin of error. 
Aside from these two occurrences the rates of strength development are fairly similar with a 
slight tendency for a faster rate for lower replacement rates (i.e. more OPC).   

It is interesting to note that the 80% OPC mixture had a higher rate of hydration that the 
100% OPC control in between 7 and 28 days only to fall to approximately the same rate 
between 28 and 90 days. This indicates that there is something in the fly ash which reacts 
earlier as opposed to later. However for the 60% OPC sample there is a reduction in the rate 



 

of strength development for the first time segment. This is potentially the result of too high of 
a dilution of the cement minerals despite the early reactivity of the fly ash.  

In the first segment the 40% OPC performs at the same rate as the 100% OPC however since 
the 40% mixture contains super plasticizer we can attribute this high rate of development to 
the super plasticizer. This is confirmed by the fact that the 100% OPC+SP mixture had a 
significantly higher rate in the early stage which fell drastically after 28 days.  

Based on these observations it can be determined that this particular biomass derived fly ash 
is capable of replacing 20% of OPC and still achieve a desirable compressive strength after 28 
and 90 days hydration. Higher replacement rates are possible while still achieving functional 
compressive strength but they do not reach the target 42,5 MPa after 28 days. This however 
does not mean that they do not have valuable applications. Higher strengths could possibly be 
achieved at these higher replacement rates if there were additional treatment to the ash, such 
as grinding. This however would require additional energy and thus CO2 emissions would 
need to be quantified.   

4. BioCement 
Since the intent of this research is to replace as much OPC as possible with biomass derived 
ash, possible methods of forming hydraulic minerals from biomass derived ash were explored. 
Various methods of refiring were investigated, particularly involving pre-treatment, post 
treatment, and the creation of a firing regime. Success was analysed through creation of alite 
and belite as determined by XRD. The goal was to form the highest concentration of 
cementing minerals with the least amount of process and energy (heat) invested.   

1.1. Determining the best production methods 

Production methods were divided into three main categories: creation of a firing regime, 
pre-treatment, and post treatment. The creation of a firing regime examined the ideal firing 
temperature, the rate at which the oven heated up (ramp rate), and the thermal treatment 
duration. Pre-treatment explored the particle size and the feed shape. Post-treatment analysed 
several methods of quenching.  
Based on the DSC (see Figure 3) performed on the ash, various target temperatures were 
identified where significant phase changes likely take place. These temperatures can be seen 
in Table 5. The samples were placed in the oven which was then heated at a rate of 10°C/min 
to the target temperatures and then held there for 2 hours. Prior to firing, the ash was ground 
with acetone (at an acetone: ash rate of  1:3) in an electric mill and subsequently compressed 
into nodules approximately 2 centimetres in diameter (see Figure 7) .  



 

Table 5: Target temperatures for fly ash as determined by significant 
changes in the DSC curve 

 I II III IV V VI 

Target 

Temp 
1100°C 1238°C 1266°C 1287°C 1342°C 1418°C 

 

 
Figure 7: Nodule prior to 

heat treatment 

After firing to 1100°C the nodule had not change in appearance much. The colour was light 
and even, like the ash, and it crumbled easily. By 1238°C there was some indication of a 
reaction having taken place; the nodule had become harder and more porous looking (Figure 
8). Moreover the colour became uneven and speckled with dark spots. The nodules fired to 
1266°C and 1287°C looked very similar to that at 1238°C albeit harder (Figure 9). After 
1342°C the colour had become significantly darker and it remained that way at 1418°C 
(Figure 10, Figure 11).  

 

 
Figure 8: ECN_D1 ( 1238°C) 

 
Figure 9: ECN_D1 ( 1266°C) 

 

Figure 10: ECN_D1 ( 1342°C) 
 

Figure 11: ECN_D1 ( 1418°C) 

The XRD scans show a gradual shift in phases with increasing temperature. As can be seen 
from Figure 12 many of the phases in the raw ash are still present after firing to 1100°C. Most 
notably, there is still free lime present, as can be seen from the peaks at 37,3 2θ and 53,8 2θ 
(Figure 13). A reduction in peak intensity indicates that there is less free lime present but it is 
still the most abundant phase. For this reason, 1100°C can be considered too low of a firing 
temperature to obtain hydraulic minerals. However by 1238°C all the free lime has 
disappeared as indicated by the disappearance of the two previously noted peaks and the 
slight shift of the peak at 32,2 2θ to the left. A small fraction of quartz is still present at 
1100°C but all of it is gone by 1238°C (see Figure 14). The three most intense quartz peaks 
are at 26,6 2θ, 39,5 2θ and 20,8 2θ. We can still see some presence of quartz in the sample 
heated up to 1100°C through a minute presence of the 1st 2nd and 3rd quartz peaks. The second 
peak lines up with all subsequent thermal treatments but the disappearance (and the minor 
shift at higher temperatures) of the 1st peak and the utter disappearance of the third peak 



 

indicated that quartz is no longer present. The continued alignment at 39,5° 2θ is related to 
another mineral phase.    

 
Figure 12: XRD of the raw ash and after firing to each target temperature. 

 

 

 

Figure 13: Alignment of lime with the 1238°C 
(top) 1100°C (middle) and raw nodules (bottom) 

 

Figure 14: Alignment of quartz with the 1238°C 
(top) 1100°C (middle) and raw nodules (bottom) 

The curves become very similar at 1238°C and beyond with mostly the same peaks. There is a 
gradual swaping of the first and second most intense peaks as the peak at 32,0 2θ  gradually 
decrease and the one at 32,6 2θ increses. This is presumed to be shifting amoungst different 
C2S polymorphs. It is difficult to differientate C2S polymorphs using XRD and limited 
research has been conducted on the topic. In Figure 15 we see from the aligmnent of belite 
with the nodules that were fired to 1238°C and 1418°C that is not a significant difference. 
While the higher temperature sample has sharper peaks, the phases present are nontheless the 
same. For this reason 1238°C was chosen as the ideal firing temperature. It achieved the same 
phases as higher temperatures but at a significantly lower energy investment.  



 

 
Figure 15: Alignment of C2S in the form a larnite with the nodule 

from 1418°C (top) and 1238°C (bottom) 

  

1.2. Pre treatment 

It is postulated that intimate contact between the ash particles facilitate interaction between 
the various atoms and expidite the formation of new phases. This could be achieved with 
various pre-treatment methods. Ideally hydraulic minerals would form with no  intervention 
thus reducing the energy investment, however minor pre-treatments could reduce the firing 
time and max temperature and thus still be an energy save. To increase particle interaction 
experiments were done with particle size as well as feed form.  

The pre-treatments experiments concerning  particle size evaluated to particle sizes. Ash was 
ground in a Retsch mill with acetone at 30 oscillations per second for 2 minutes. After milling 
the wet paste was compressed into nodules. These samples were compared to nodules formed 
from a unground ash and acetone paste. Various feed preparations were also explored. The 
ash was mechanically compressed into tablets, compressed into nodules by hand, compacted 
directly into a platinum crucible, and left lose in a platinum crucible. All of these samples 
were fired to the previously determined ideal temperature of 1238°C and held there for 2 
hours.  

 



 

 

Figure 16: Comparison of particle size: ground vs. 
unground 

 

Figure 17: Comparison of feed form: lose , 
compacted, tablet and nodule 

 

 

Figure 18: Comparison of grinding and tabletting 

As seen in Figure 16 grinding has a big impact on peak sharpness and intensity which 
correlates to crystallinity. For C2S and C3S it is ideal to have good crystallinity and thus sharp 
peaks. For this reason grinding is an advantage. As seen in Figure 17 the tablets produced the 
sharpest peaks, which happen to correspond to C2S. In contrast the lose ash produced the least 
intense peaks with the most broad peaks indicating mixed crystals and more amorphous 
content. The nodule and the compacted samples produced very similar curves, both in 
intensity and sharpness. They seem to provide decent particle interaction but not as sufficient 
as the tablet. An ideal pre-treatment includes grinding and/or tablet formation (Figure 18). 
However tablet formation is more labour intensive and difficult to achieve. The fly ash 
particles jam the tablet machine and make it impossible to produce the feed efficiently. For 
this reason future experiments contained grinding and hand compression into nodules as a 
pre-treatment.  

1.3. Firing program 

The methods of firing were also investigate to verify the best approach to the formation of 
hydraulic minerals. Investigations included the dwelling time at the maximum temperature, 
the rate at which the ash was heated and staged heating. Up to this point a dwell time at the 
target temperature of 2 hours has always been employed. Dwelling for 1 hour was 



 

investigated to see if the energy investment could be lowered and dwelling for 4 and 6 hours 
were investigate to confirm that 2 hours was sufficient. In Figure 19 it is apparent that a 1 
hour dwell time is not sufficient. The broad peaks of low intensity indicate that there was not 
enough time for the minerals to crystalize fully. The longer dwelling times showed more 
similarity in their curves, however at both 4 and 6 hours the second most intense peak 
increases in intensity and almost approaches the most intense peak. This could be associated 
with the beginning of C3S to be formed from C2S which could indicate that a loner dwell time 
could be advantageous. To further boost the interaction a sample which was first ground and 
then fired for 4 hours was also prepared (Figure 20). Additional modifications are noticeable, 
for example the intensity of all the peaks has increased, there are a new peaks at 18,0 and 23.6 
2θ, and the peak at 31,3 2θ is gone.  

 

Figure 19: Comparison of dwelling times: 1, 2, 4 
and 6 hours  

 

Figure 20: Comparison of particle size at a 4 hour 
dwell time 

 

Figure 21: Comparison of ramping rate: 5°C/min 
and 10°C/min 

 

Figure 22: Comparison of stage heating vs. 
continual increase in temperature 

 
The rate at which the oven was heated up was examined to see the effect on mineral 
formation. This has bearing particularly concerning energy investment. The faster the sample 
reaches the maximum temperature the less time it takes and the less energy is spent. To see if 
the standard 10°C/min was to fast a nodule was fired at 5°C/min as well. According to Figure 



 

21 there is no advantage to a slow ramping rate since the peaks are smaller and more 
ambiguous.  

Stage heating was also tested to guarantee that the ash had enough time to remove all bound 
H2O and CO2 before moving on to higher temperature reactions. In traditional cement 
production the calcination zone is significant since it governs the subsequent reactions in the 
burning zone. If the ash enters the burning zone before all the CO2 has been removed then it 
becomes difficult for sintering to take place (Peray and Waddell, 1986). For this reason the an 
ash nodule was heated up at a rate of 25°C/min to 450°C where it was held for 1 hour then the 
temperature was increased to 850°C where it was held another hour and finally the nodule 
was heated up to 1238°C and held at that temperature for 2 hours. Figure 22 it is apparent that 
the staged heating created sharper peaks with a higher intensity, particularly in the C2S range. 
This indicates that there is some advantage to holding the samples at lower temperatures 
before increasing to the sintering temperatures.  

 

1.4. Post-treatment  

Clinker formation is not complete when the material reaches its maximum temperature since 
the cooling method greatly affects its quality. During cooling polymorphic transitions of the 
C3S and C2S occur (Taylor, 1997) whereby the minerals invert to their lower temperature 
forms. Reactivity of the minerals is highly dependent upon the polymorph. In the case of C2S 
there are 5 different polymorphs (Figure 23). The β polymorph is considerably more reactive 
with water than γ-C2S, so care must be taken upon cooling to not revert to the γ form. In the 
case of C3S there are 6 different polymorphs where the lower temperature polymorphs can be 
considered distortions of the rhombohedral phase (R). The triclinic (t) and monoclinic (M) 
forms are similar to the rhombohedral despite their different crystallographic symmetry 
(Hewlett, 2004). In clinker production C3S crystals grow as C2S incorporates free lime. 
However C3S can be unstable and under certain cooling conditions can revert back to C2S and 
free lime. Slow cooling can induce the lime to be extracted from the C3S surface leaving a 
C2S layer (Peray and Waddell, 1986). 

 

 
Figure 23: Transformation sequence of C2S 

polymorphs (Hewlett, 2004) 

 

 

Figure 24: Transformation sequence of C3S 
polymorphs (Hewlett, 2004)  

   

To determine the best method to rapidly cool the samples in order to retain C3S and avoid 
γ-C2S various quenching methods were explored. These methods included cooling the 
nodules by submerging the crucible in water bath, allowing the nodule to cool in the ambient 
environment, directly spraying the nodule with water, and spraying the nodule with 
compressed air All samples were directly removed from the oven at the target temperature 



 

and subjected to the quenching methods. The different cooling methods showed remarkably 
similar XRD patterns. Again all of the samples corresponded to being composed of 
predominately C2S. There is some deviance in peak broadness for the samples cooled in the 
water bath and in the ambient. The spraying with water and compressed air showed slightly 
sharper peak bases however the water bath and the ambient cooling showed the highest 
intensity for the dominant peak at 32,0 2θ. For this reason submerging the crucible in a water 
bath was chosen as the ideal method of quenching the samples.  

 

Figure 25: Quenching methods to rapidly cool the 
samples 

 

Figure 26: Combination of the ideal 
pre-treatment, firing regime and post-treatment  

In summation the ideal treatment is grinding the ash with acetone, compressing the sample 
into a nodule, firing with a ramp rate of 25°C/minute to the heating stages with an ultimate 
target temperature of 1238°C, dwelling at the max temperature for 4 hours, and finally 
quenching the crucible in a water bath. A sample was prepared following these guidelines and 
then characterized by XRD (see Figure 26). The combination of results provided a clear 
crystalline sample that corresponded very well to C2S. While C2S is important to obtain it 
would be preferred if C3S were also contained in the sample. There are two possible 
explanations for this absence: either there was not enough CaO present in the raw feed or the 
firing temperature is too low to achieve the reaction. With this in mind experiment to the ash 
continued with the intention of forming C3S.  

5. BioCement Production  
Since alite or C3S is the most important clinker component which controls strength 
development, particularly at an early age, it is vital to have this mineral present in BioCement 
if it is to completely replace Portland cement. In order to produce C3S in the thermal 
treatment, the ash was dope with CaO. Samples with doping rates of 0, 5, 10, and 15M-% 
(relative to ash mass) were prepared by grinding in the mill for 2 minutes with acetone, 
subesquently they were prepared and fired according to the ideal practice determined in the 
previous section. 



 

 

Figure 27: CaO doping at 0, 1, 5 10, and 15M.-%  

 

Figure 28: Comparison of the XRD patterns for 
C2S and C3S 

The XRDs of the samples are shown in Figure 27. At first glance the scans appear quite 
similar but a discerning eye notices the gradual emergence of a peak at 29,4 2θ as well as 33,2 
2θ. A close up of these two peaks can be found in Figure 29 and Figure 30 were we see an 
increase in intensity for the 10% and 15% doping. Furthermore the second most intense peak 
at 32,5 2θ gradually increases intensity to almost catch up to the most intense peak at 32,1 2θ. 
There are a few other small changes that progress over increasing doping rate such as the 
peak at 31,1 2θ reducing in intensity with doping rate. When looking at the reflections for C2S 
and C3S (Figure 28) it becomes apparent that with the doping we are witnessing the gradual 
appearance of C3S at the cost of C2S. It can be difficult to differentiate between C2S and C3S 
in XRD (or even the polymorphs thereof) due to an overlapping of peaks and similar patterns 
however there are some distinct differences with can be referred to. For example, the peak at 
29,4 2θ is the most intense in C3S; this is the peak that begins to emerge with an increasing 
doping rate. Though even at 15 M.-% doping is still does not become the most intense peak 
which indicates that C2S is still the dominant phase in the sample. Additionally the reduction 
of intensity for the most intense peak as the second catches up matches well with a shifting 
from C2S to C3S.  The minor changes in the scans also correspond to a shift from C2S to C2S 
mixed C3S but these signals are less pronounced.  

 



 

 

Figure 29: Increase in the peak at 29,4 2θ with 
increasing CaO doping 

 

Figure 30: Increase in the peak at 33,2 2θ with 
CaO doping 

 

 

Figure 31 Reduction in the peak at 31,1 2θ with 
increasing CaO doping 

Despite the emergence of C3S in the doped samples we still do not detect any free lime. This 
indicates that there is possibly not enough CaO in the raw feed to completely convert all the 
C2S to C3S. 

6. Planned Experiments  
Experiments to obtain and optimize a bio-based binder capable of replacing OPC will 
continue in a few different directions. Testing on samples with a higher CaO doping rate will 
be done to try and achieve a BioCement with a higher quantity of C3S relative to C2S. 
Additionally the reactivity of these BioCements will be tested using isothermal calorimetry. 
BioCement will also be mixed with biomass-derived ash as a secondary cementing material to 
further reduce the energy investment. This mixture will be cast and the compressive strength 
will be tested as an indication of quality. Finally a life cycle analysis will be performed on the 
optimum end product comparing the CO2 emissions relative to OPC. 



 

7. Conclusion  
Biomass derived ashes have the ability to replace ordinary Portland cement in products such 
as concrete as both a supplementary  cementing material and a hydraulic binder. The 
BioCement and bio-based SCMs are environmentally superior to traditional Portland since 
they have negligible CO2 emissions during production. The net emission of CO2 is drastically 
reduced when renewable biomass is used as raw materials do to its role in the short term 
carbon cycle. By eliminating the use of limestone the CO2 emissions are cut in half and 
reductions in the firing temperature, duration and requirements further reduce CO2 emissions.   

The particular biomass derived ash in this experiment can be used as supplementary  
cementing material and replace up to 20% OPC with no deterioration to compressive strength. 
Higher replacement rates can be used at the expense of strength development and workability. 
Nevertheless, these mixes still have value since they lower the overall energy investment. 

Processing techniques to improve the reactivity of the ash were also explored in an attempt to 
reach 100% replacement. It was determined that if the ashes were ground with acetone, 
compressed into a nodule, fired with a ramp rate of 25°C/minute to the heating stages and an 
ultimate target temperature of 1238°C, held there for 4 hours, and finally quenched in a water 
bath than C2S could be formed. Furthermore, doping the samples with CaO facilitated the 
formation of C3S.  

The step in producing a hydraulic binder from bio-based products could serve as a guide to 
the adaptation of the energy production process. When changes are made to the raw feed and 
processing two products of high value can be produced.   

8. References  
-Barcelo, L., Kline, J., Walenta, G., Gartner, E., 2014. Cement and carbon emissions. Materials and 
structures, 47(6): 1055-1065. 
-Cheah, C.B., Ramli, M., 2011. The implementation of wood waste ash as a partial cement replacement 
material in the production of structural grade concrete and mortar: An overview. Resources, 
Conservation and Recycling, 55(7): 669-685. 
-Commission, E., 2010. Energy 2020-A strategy for competitive, sustainable and secure energy. COM 
(2010), 639. 
-EN-197-1, 2011. Cement - Part 1: Composition, specifications and conformity criteria for common 
cements pp. 1-39. 
-Gartner, E., 2004. Industrially interesting approaches to “low-CO2” cements. Cement and Concrete 
Research, 34(9): 1489-1498. 
-Girón, R.P., Ruiz, B., Fuente, E., Gil, R.R., Suárez-Ruiz, I., 2013. Properties of fly ash from forest 
biomass combustion. Fuel, 114(0): 71-77. 
-Giron, R.P., Suarez-Ruiz, I., Ruiz, B., Fuente, E., Gil, R.R., 2012. Fly Ash from the Combustion of 
Forest Biomass (Eucalyptus globulus Bark): Composition and Physicochemical Properties. Energy & 
Fuels, 26(3): 1540-1556. 
-Hendriks, C.A., Worrell, E., De Jager, D., Blok, K., Riemer, P., 1998. Emission reduction of 
greenhouse gases from the cement industry, Proceedings of the Fourth International Conference on 
Greenhouse Gas Control Technologies, pp. 939-944. 
-Hewlett, P.C., 2004. Lea's chemistry of cement and concrete. A Butterworth-Heinemann Title. 



 

-McKendry, P., 2002. Energy production from biomass (part 1): overview of biomass. Bioresource 
Technology, 83(1): 37-46. 
-Mehta, P.K., Monteiro, P.J.M., 2006. Concrete: microstructure, properties and materials. 
McGraw-Hill. 
-Pardo, N., Moya, J.A., Mercier, A., 2011. Prospective on the energy efficiency and CO 2 emissions in 
the EU cement industry. Energy, 36(5): 3244-3254. 
-Peray, K.E., Waddell, J.J., 1986. The rotary cement kiln. Edward Arnold. 
-Ramachandran, V.S., Beaudoin, J.J., 2001. Handbook of analytical techniques in concrete science and 
technology. Norwich, NY. 
-Szabó, L., Hidalgo, I., Ciscar, J.C., Soria, A., 2006. CO 2 emission trading within the European Union 
and Annex B countries: the cement industry case. Energy Policy, 34(1): 72-87. 
-Taylor, H.F.W., 1997. Cement chemistry. Thomas Telford Services Ltd. 
-Taylor, M., Tam, C., Gielen, D., 2006. Energy efficiency and CO2 emissions from the global cement 
industry. Korea, 50(2.2): 61.7. 
-Worrell, E., Price, L., Martin, N., Hendriks, C., Meida, L.O., 2001. Carbon dioxide emissions from the 
global cement industry. Annu. Rev. Energ. Environ., 26: 303-329. 

 

 



 

Bio-phosphate cement and it's cementing mechanism 
 

Xiaoniu Yu1, 2, Chunxiang Qian 1, 2*, Xin Wang1, 2 

1. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China 
2. Research Institute of Green Construction Materials, Southeast University, Nanjing 211189, China 

 
 
 
Abstract 
Bio-calcite cement and portland cement can release ammonia and carbon dioxide respectively, and these gases have a 
negative impact on the environment. In response to these aspects, a new binder should be selected to cement loose 
particles, and bio-phosphate cement (microbial induced deposition phosphate) was taken into our consideration due to 
the presence of phosphate minerals in the nature. In this research, phosphate-mineralization microbe was selected as 
the suitable microorganism, and which could produce alkaline phosphatase (EC 3.1.3.1) that constantly hydrolyzed 
phosphate monoester in bacterial solution, then PO4

3- /HPO4
2- is obtained. MHPO4, MPO4, M3(PO4)2, etc. were 

prepared when phosphate reacted with metal cations. It is showed that the strength of bio-sandstone cemented by the 
biological barium phosphate is better than biological phosphate calcium and magnesium when mechanical properties 
of bio-sandstone are compared through different bio-phosphate cement cementing. This paper confirms the feasibility of 
bio-phosphate cement binding loose sand particles and presents results from laboratory researches on the influence of 
standing time and content of biological barium phosphate on the mechanical properties of bio-sandstone. Cemented 
mechanism of bio-phosphate cement was systematically studied through Fourier transform infrared spectroscopy 
(FTIR), X-ray photoelectron spectroscopy (XPS) and thermogravimetric-differential scanning calorimetry (TG-DSC). 
Based on cementation characteristic of bio-phosphate cement, this method can significantly improve the mechanical 
properties of bio-sandstone and has various potential applications such as soil improvement, removal of heavy metals 
and so on. 
 
Originality 
1. Bio-phosphate cement (microbial induced deposition phosphate) was firstly adopted to cement loose sand particles 

into bio-sandstone, and the cement as a new gel could be a replacement of bio-carbonate. 
2. Cemented essence of bio-phosphate cement has been further explored which contribute to explain interaction 

between bio-phosphate and quartz sand. 
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1. Introduction 
Biomineralization is one of most commonly phenomenon in nature, which exited in animals of all 
types, plants and bacteria.  It is rare for ureolytic bacteria to excrete urease. In most cases, urease is 
transported into the cell and hydrolyzed. H. pylori is an exception. Calcium carbonate is obtained 
when the carbonate reacts with calcium in the process of microbial induced calcium carbonate 
precipitation (MICP) (Benini S., et al., 2004; Ariyanti D., et al., 2012). And the bio-calcium carbonate 
is a type of biocement, which can cement loose particles into a bio-sandstone (Whiffin V. S., 2004; 
DeJong J. T., et al., 2006; Qian C., et al., 2012). Based on cementation characteristic of bio-calcium 
carbonate, this method can significantly improve the mechanical properties of bio-sandstone and has 
been used in soil improvement, anti-liquefaction, bluff, slope, removal of heavy metals, etc. (DeJong J. 
T., et al., 2010; Burbank M. B., et al., 2011; Qian C., et al., 2010). 
The process will release ammonia and ammonium (NH3/NH4

+), and the gas has a negative impact on 
our human health and the environment when the concentration of NH3/NH4

+ is higher than safety 
threshold. Therefore, we proposed cementitious materials of bio-phosphate to bind loose particles into 
a bio-sandstone which have certain mechanical properties. Meanwhile, the essence of cementation 
mechanism of bio-sandstone will be discussed in this paper. 
2. Bio-phosphate cement 
Taking biological mineralization into consideration, phosphate precipitation is likely to be prepared 
via microbial activity and microorganisms (Qian C., et al., 2014), just like MICP. In this research, 
Phosphate-mineralization microbe was selected as the suitable microorganism, and which could 
produce alkaline phosphatase (EC 3.1.3.1) that constantly hydrolyzed phosphate monoester in 
bacterial solution, and PO4

3-/HPO4
2- was obtained as formula (1). With the presence of metal ions, the 

respective phosphate precipitation can form then, like magnesium phosphate (Mg3(PO4)2·5H2O), 
hydroxyapatite (Ca10(PO4)6(OH)2), Vivianite (Fe3(PO4)2·8H2O), cerous phosphate (CePO4), barium 
hydrogen phosphate (BaHPO4), etc.  

3 2
2 4 4/BacteriaSubstrate H O PO HPO− −+ →                                                   (1) 

The morphologies of kinds of phosphate precipitations via bacterial activities are shown as Figure 1. 
As the SEM images show, there are some obvious differences among these bio-phosphate minerals. 
Except for the considerable sphere particles of BaHPO4, other phosphate products are nano-
agglomerates. 



 

 

  

 
Figure 1. The SEM image of phosphate precipitation induced by bacteria. 

3. Influence of molding process on mechanical properties of sandstone cemented by bio-
phosphate cement 

Pumping molding and mixing molding were adopted to bind loose sand particles under equal initial 
porosity (Qian C., et al., 2012). The results show that  loose sand particles can not well be cemented 
by pumping molding (Tab.1). Therefore, another molding process, which is mixing molding, was 
seleted to cement. Loose sand particles can well be cemented  into sandstone by mixing molding (Tab. 
2). It is showed that the compressive strength of bio-sandstone cemented by the bio-BaHPO4, which is 
1.3MPa, is higher than biological hydroxyapatite (0.3MPa) and magnesium phosphate (0.9MPa) when 
the quality of precipitated slurry accounted for 40% of the total mass of quartz sand. The sand 
cementation experiment shows that these phosphate minerals also can be functioned as binder to 
cement loose sand grains to sandstone by mixing molding, as shown in Figure 2. Most of the microbial 
induced barium hydrogen phosphate crystals seen in Figure 3a have precipitated at the surfaces of 

CePO4 

Ca10(PO4)6(OH)2 

BaHPO4 

Mg3(PO4)2·5H2O 

Fe3(PO4)2·8H2O 



 

loose sand particles and between the sand grains. The use of the microbial induced mineral 
precipitation can not only apply to the improvement of sandy soil foundation by cementation, but also 
have potential applications in the suppress dust emission, removal of heavy metals, etc. Unlike 
conventional ways, the microbial method has many advantages such as the reasonable cost for large-
scale treatment and non-toxicity to environment. 

Tab. 1 Influence of pumping molding on mechanical properties of sandstone 
Compositions  Mg3(PO4)2·5H2O  Ca10(PO4)6(OH)2  BaHPO4   
Strength(MPa)  0  0  0.1   

 
Tab. 2 Influence of mixing molding on mechanical properties of sandstone 

Compositions  Mg3(PO4)2·5H2O  Ca10(PO4)6(OH)2  BaHPO4   
Strength(MPa)  0.9  0.3  1.3   

 

 
Figure 2. Sandstones cemented by bio-phosphate cement. 

   
(a)                                                                                  (b) 

Figure 3. SEM image (a) and XRD pattern (b) of bio-sandstone. 

4. Influence of standing time of precipitated slurry (microbial induced barium hydrogen 
phosphate precipitation) on compressive strength of bio-sandstone 
Figure 4 indicates the influence on compressive strength of bio-sandstone when the standing time of 
the precipitated slurry is 0, 12, 24, 36h respectively with 20% (a) and 40% (b) of the slurry. By 
analyzing the graph 5a and 5b, finding that the compressive strength of sand columns is increased 
gradually at the period of 0-24h, and it then declined when the time reaches 36h. The above results 
implied that the best standing time of the precipitated slurry is 24h.   

 



 

 

Figure 4. Effect of standing time of precipitated slurry on strength of bio-sandstone under the 20% (a) and 40% 
(b) content of precipitated slurry. 

5. Influence of the dosage of precipitated slurry on compressive strength and porosity of bio-
sandstone 
The effects of the content of precipitated slurry on compressive strength are presented in Figure 5. By 
analyzing graph 5, finding that the compressive strength of bio-sandstones is increasing with the 
increases in BaHPO4 concentrations. The maximum compressive strength of bio-sandstone is 2.1MPa 
corresponds to 50% of the content value. And the slurry content in the sandstone is larger as well as 
the reducing value of porosity, as shown in Figure 6. The porosity of bio-sandstones with 10, 20, 30, 
40 and 50% of the dosage is effectively reduced from 39.8%, 40.1%, 39.8%, 40.2% and 40.1% down 
to 38.9%, 35.5%, 28.7%, 27.8% and 25.5%, respectively. Five different content processes resulted 
successively in 0.9%, 4.6%, 11.1%, 12.4% and 14.6% of the initial porosity being filled with 
precipitated slurry. 

 

Figure 5. Effect of content of precipitated slurry on strength of bio-sandstone under standing time for 24h. 

 



 

 

Figure 6. Effect of content of the slurry on porosity of bio-sandstone under standing time for 24h. 
 
6. Cementing mechanism of bio-phosphate cement 
The FTIR spectra of quartz sand, sandstones cemented by barium hydrogen phosphate of chemical 
deposition and microbiological precipitation, as shown in the Figure 7. The stretching vibration 
frequency of anti-symmetric and symmetric of Si-O bond in pure quartz sand environment is 
1094.81cm-1 and 794.20 cm-1, which is similar with literature reported (Qian C., et al., 2014). The 
vibrational absorptions at 1070.46cm-1 and 798.75cm-1 are corresponding to stretching vibration 
frequency of anti-symmetric and symmetric of Si-O bond in sandstone cemented by barium hydrogen 
phosphate of chemical precipitation. However, the bands at 1075.70cm-1 and 778.60cm-1 correspond to 
stretching vibration of Si-O bond in sandstone cemented by barium hydrogen phosphate of 
microbiological deposition, which are different from chemical method and pure quartz sand, and they 
are inconsistent with pure quartz sand. The above results show stretching vibration frequency of Si-O 
bond is difference in three samples which may be also caused by bonding effects.  
The electron binding energy spectra of Si(2p) in pure quartz sand and sandstones cemented by 
chemical method and microbiological method are 101.875eV, 102.125eV and 102.000eV respectively 
(Figure 8). The results imply that barium hydrogen phosphate of chemical deposition and microbial 
precipitation in sandstones can make the electron binding energy of Si(2p) of quartz sand change. 
Therefore, FTIR and XPS difference of quartz sand in three different conditions can be explained due 
to the formation of van der Waals bond between quartz sand and barium hydrogen phosphate. The 
speculation will be verified by decomposition or melting points. From the above-mentioned 
speculation we can infer that the electron binding energy of Si(2p) and decomposition or melting 
points of the materials can be raised by van der Waals bond. 

 
Figure 7. IR analysis of sand particles cast.   Figure 8. Si(2p)Photoelectron spectra of three different conditions. 

 
The TG-DSC curves of barium hydrogen phosphate by chemical deposition and microbiological 
precipitation, sandstones cemented by chemical method and microbiological method from room 



 

temperature to 700°C (Figure 9). DSC curves show endothermic peaks at 444.7°C and 444.2°C 
correspond to barium hydrogen phosphate by chemical deposition and microbiological precipitation 
respectively are shown in Figure 6a and b. And they are lower than barium hydrogen phosphate in 
sandstones cemented by chemical method (462.4°C, 575.2°C) and microbiological method (574.7°C), 
the result shows decomposition or melting points of barium hydrogen phosphate in sandstones have 
been raised by bonding effects between quartz sand and barium hydrogen phosphate (Figure 6c and d). 
Decomposition or melting points of the materials can be raised by van der Waals bond between solid 
particles, so the above-mentioned speculation is right. 

 

 
Figure 9. TG-DSC curves of barium hydrogen phosphate of chemical precipitation (a) microbial deposition (b) 

and sandstones cemented by chemical method (c), microbial method (d). 

From Figure 10a, it can be seen that the barium hydrogen phosphate via chemical deposition in 
sandstone with good dispersion and particles morphology like hexagonal and quadrilateral block. 
However, the morphology of barium hydrogen phosphate of microbiological precipitation likes a 
sphere and forms the large agglomerates with each other in sandstone are shown in Figure 10b. The 
average compressive strength of sandstone cemented by microbial and chemical methods is 
respectively 1.3Mpa and 0Mpa when the content of the precipitates is 40%. The results imply that 
loose sand particles are not bind via barium hydrogen phosphate of chemical deposition because the 
surface adhensive force is weak between loose barium hydrogen phosphate particles. Therefore, the 
sandstone cemented by microbial method shows favorable mechanical properties.  



 

 
(a)                                                               (b) 

Figure 10. SEM images of sandstones cemented by barium hydrogen phosphate of chemical precipitation (a) 
and microbial deposition (b). 

FTIR, XPS and DSC display barium hydrogen phosphate of chemical precipitation and microbial 
deposition can interact with quartz sand to generate van der Waals bond, which can raise the electron 
binding energy of Si(2p) and decomposition or melting points of barium hydrogen phosphate in the 
sandstones. And the bonding effects of quartz sand with barium hydrogen phosphate by chemical 
precipitation are bigger than microbial deposition. The strength of sandstones indicates that barium 
hydrogen phosphate of microbial precipitation can bind loose sand particles to sandstone well, but the 
chemical produced barium hydrogen phosphate is not cement. Because barium hydrogen phosphate 
particles of chemical deposition in sandstone are loose with each other, and which lead to weak the 
surface adhensive force. Above results display that the cementing mechanism of bio-phosphate cement 
is that barium hydrogen phosphate particles of microbial precipitation can form the large agglomerates 
with each other and interact with quartz sand to produce van der Waals bond in sandstone, which play 
an important role in cementing mechanism. 
7. Conclusions 
1) The novel cementious material, bio-phosphate cement, has been developed and promising with 
potential in the treatment of sandy soil foundation and remediation of heavy metals in contaminated 
soil etc. 
2) Loose sand particles could well be cemented by bio-phosphate cement under mixing molding. 
3) The essence of cementation mechanism was explored, and it is bio-phosphate particles form the 
large agglomerates with each other and interact with quartz sand to produce van der Waals bond in 
sandstone. 
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Abstract 
Calcium sulfoaluminate cements (CSA) are a potential low CO2 alternative to Ordinary Portland cement. To further 
reduce the CO2 emissions related to CSA, they can be blended with supplementary cementitious materials such as fly 
ash to reduce the amount of clinker in the cement and also to save costs. 
In this study, a CSA clinker mixed with anhydrite at a molar anhydrite to ye’elemite ratio of 0.8 was blended with 
different amounts of a siliceous fly ash. The hydration kinetics of the formulations was examined by means of 
isothermal calorimetry, X-ray powder diffraction (XRD) and thermogravimetric analysis (TGA) at a water/binder ratio 
of 0.75. Selected samples were investigated by scanning electron microscopy (SEM). The hydrate assemblage was 
calculated by thermodynamic modelling using the geochemical speciation code GEMS-PSI assuming a reaction degree 
of 20% of the amorphous part of the fly ash. Compressive strength of mortars was measured up to 28 day of hydration 
with water contents normalized to CSA clinker + anhydrite. 
The results from isothermal calorimetry show that the hydration kinetics of CSA is accelerated in the presence of the fly 
ash, which is related to the filler effect, i.e. the presence of additional nucleation sites and the higher effective 
water/CSA cement ratio. 
The modelled results compare well with the experimental results from stopped pastes. Ettringite, amorphous aluminum 
hydroxide and monosulfate can be identified by XRD and TGA in all binder formulations as main hydration products. 
Strätlingite can be observed from 28 days onwards indicating some reaction of the fly ash and/or of belite from the CSA 
clinker. Also the SEM data confirmed that some fly ash particles show dissolution patterns. Thermodynamic modelling 
predicts the formation of ettringite, monosulfate, amorphous aluminum hydroxide, hydrotalcite as well as strätlingite. 
The formation of strätlingite is related both to the reaction of the belite, present in the CSA, and of the fly ash. C-S-H is 
predicted in case of ≥ 30mass-% fly ash addition; however its presence could not be approved due to multiple overlaps 
in the TGA analysis and its X-ray amorphous character. 
Compressive strength of mortars was measured up to 90 days of hydration with water/binder ratios normalized to CSA 
cement. The highest compressive strength was measured for the formulation with 7.5 mass-% fly ash addition, whereas 
at an addition level of 15 mass-% fly ash the compressive strength is equal to the one of the CSA cement without fly ash 
addition. Only at a replacement level of 30 mass-% or higher, compressive strength is decreasing, indicating that up to 
15 mass-% fly ash can be added to the CSA cement without loss of compressive strength. 
 
Originality 
Up to now only a few studies examined blends of calcium sulfoaluminate cement (CSA) with fly ash. In this study, we 
investigated the hydration kinetics of CSA blended with fly ash and performed detailed hydration experiments. 
Thermodynamic modeling of CSA blended with fly ash in combination with experimental techniques was applied in 
order to provide a better understanding of the effect of fly ash on the hydrate assemblage. Results imply that a low 
amount of fly ash can participate in the hydration reaction, which has not been shown up to now. An important finding 
is that at low fly ash addition levels of up to 15 mass-% compressive strength can be maintained or even improved 
compared to plain CSA cement. 
 
Keywords: calcium sulfoaluminate cement; fly ash; hydration; thermodynamic modelling 
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1. Introduction 
Calcium sulfoaluminate cements (CSA) are a potential low CO2 alternative to ordinary Portland ce-
ments (Juenger M.C.G. et al., 2011). Typically they contain in the order of 30-70 mass-% ye’elimite 
as a clinker constituent, together with other phases such as belite and calcium aluminates. In order to 
reduce costs and CO2 emissions they can be blended with supplementary cementitious materials such 
as limestone powder, slag or fly ash (Zivica V., 2000; Garcia-Mate M. et al., 2013; Ioannou S. et al., 
2014; Ma B. et al., 2014; Hargis G.W. et al., 2014; Martin L.H.J. et al., 2015). The addition of fly ash 
to ordinary Portland cement (OPC) has been intensively studied in the past, as reviewed e.g. by 
(Lothenbach B. et al., 2011). Fly ash can promote the hydration of Portland cement by the so-called 
“filler effect” and participate as well in the hydration processes (pozzolanic reaction). The pozzolanic 
reaction requires a high pH (13 and above) and the presence of portlandite, and starts significantly 
after hydration times between 7 and 28 days. 
Only few studies investigated CSA cements blended with fly ash (Zivica V., 2000; Garcia-Mate M. et 
al., 2013; Ioannou S. et al., 2014; Ma B. et al., 2014). The authors found mainly that fly ash shows 
only a minor contribution to strength development at low replacement levels, and that strength is 
strongly decreasing at replacement levels beyond 5-15%. In a CSA system a different chemical 
environment is present compared to OPC, which is characterized by a lower pH and the absence of 
portlandite (Winnefeld F. and Lothenbach B., 2010). The aim of this study is to investigate if fly ash 
can participate in the hydration reactions under such conditions. 
Various formulations at a fixed anhydrite/ye’elimite ratio (M-value) of 0.8 without and with the 
addition of different amounts of fly ash were investigated by isothermal calorimetry, 
thermogravimetric analyses (TGA), X-ray powder diffraction (XRD), scanning electron microscopy 
SEM) and mortar compressive strength. The experimental data is compared to thermodynamic 
modelling using the geochemical speciation code GEMS-PSI. 
 
2. Experimental 
2.1. Raw materials 
The materials used are a commercial CSA clinker, a thermal anhydrite and a siliceous fly ash. Their 
chemical composition is presented in Tab. 1. The phase compositions were determined by quantitative 
X-ray diffraction analyses (QXRD). The CSA clinker (Blaine value 5080 cm2/g) contains 65.2 mass-
% ye’elimite and 17.3 mass-% belite as main phases. To obtain the CSA cement, the CSA clinker was 
blended with anhydrite (Blaine value 3390 cm2/g) using a ratio of 91.21:8.79 by mass, which refers to 
a molar ratio of anhydrite/ye’elimite (M-value) of 0.8. 
The fly ash (Blaine value 3040 cm2/g) has an amorphous content of 76.5 mass-% and contains mullite 
and quartz as main crystalline phases. The CSA cement was blended with fly ash using four different 
replacement levels of fly ash, 7.5, 15, 30 and 45 mass-%. A water/binder ratio of 0.75 was used in all 
experiments. It has to be noted that at a fixed water/binder ratio, the water/CSA cement ratio increases 
with increasing fly ash replacement. Thus, some experiments (calorimetry and compressive strength) 
were done also at a constant water/CSA cement ratio of 0.75. In this case, the water/binder ratio 
decreases with increasing fly ash replacement. While the hydration experiments were carried out on 
pastes, compressive strength was performed on mortars using a quartz aggregate with a grain size 
between 0.1-0.25 mm. 
 

Tab. 1 Chemical compositions of the used raw materials / mass-% (L.O.I. = loss on ignition) 
Parameter CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O TiO2 SO3 CO2 L.O.I. 

CSA 42.9 8.4 31.9 1.2 3.9 0.5 0.7 0.4 8.0 0.4 1.0 
Anhydrite 42.8 0.8 0.3 0.2 0.1 <0.04 0.1 0.02 54.8 0.7 0.8 

Fly ash 3.4 55.9 23.0 8.1 1.6 1.0 1.9 1.1 0.3 0.3 * 1.9 
* Refers to carbonate present in calcite and other carbonates. Unburnt (elemental) carbon was determined 
separately by combustion analysis (1.09 mass-% C). 



 

2.2. Methods 
Isothermal calorimetry was performed using a Thermometric TAM Air at 20 °C equipped with admix 
ampoules, enabling internal mixing (Wadsö L., 2005). For the hydration experiments, pastes were 
mixed by hand, filled into polyethylene vials and stored sealed at 20°C and 95 % RH. Hydration was 
stopped after different times using isopropanol and diethyl ether. 
The phase assemblage of the samples was analyzed by XRD using a Panalytical XPert Pro with CoKα 
radiation and an X’Celerator detector. TGA was performed using a Mettler Toledo TGA/SDTA 851e 
under nitrogen atmosphere between 30 and 980° C with a heating rate of 20 K/min. Chemically bound 
water was determined from the weight losses between 40-500°C. Polished sections of selected samples, 
impregnated with epoxy resin and carbon coated, were investigated by SEM (FEI XL30) using a 
backscattered electron detector (BSE). For compressive strength testing, mortar prisms consisting of 
30 % binder and 70 % sand were prepared and cured in accordance to European standard SN EN 196-
1. 
The hydrate assemblage with varying fly ash contents up to 50 mass-% was modeled with the GEMS-
PSI software (Wagner T. et al., 2012; Kulik D. et al., 2013) using the Nagra/PSI thermodynamic 
database (Hummel W. et al., 2002) and the cement specific database CEMDATA 07.2 (Matschei T. et 
al., 2007; Lothenbach B. et al., 2008) updated with recent data on calcium aluminate hydrates 
(Lothenbach B. et al., 2012). Ye’elimite, mayenite and anhydrite in the CSA cement were allowed to 
fully hydrate, and for belite a hydration degree of 35% was assumed (see also Winnefeld F. and 
Lothenbach B., 2010). Other phases such as perovskite and gehlenite were treated to be inert. For the 
fly ash, only the amorphous phase was assumed to be reactive (reaction degree 20%). 
 
3. Results and Discussion 
3.1. Isothermal calorimetry 
Figure 1 shows the hydration heat flow normalized to the mass of CSA cement at constant 
water/binder ratio of 0.75. Four maxima in the heat flow curves can be distinguished: an initial peak 
and three subsequent maxima after about 2, 4-5 and 8-12 hours. With increasing amount of fly ash, all 
maxima gain intensity and are shifted to slightly earlier hydration times (with the exception of the 4th 
maximum of the sample with 7.5 mass-% fly ash). The increase in heat flow and the slight 
acceleration can be attributed to the filler effect, as (i) the fly ash provides additional surfaces for the 
precipitation of hydrates and (ii) the water/CSA cement ratio increases with increasing fly ash content, 
which makes more water and more space available, thus promoting hydration (Lothenbach et al., 
2011). This “filler” effect of fly ash can also be seen in the cumulative heat development of the 
samples with constant water/binder ratio (Figure 2a). Figure 2b shows the development of cumulative 
heat for the same binders, but with constant water/CSA cement ratio. In this case no significant 
increase of cumulative heat with increasing content of fly ash can be recognized, indicating that the 
increased cumulative heat in figure 2a is due to the higher water/CSA cement ratio, and that there is no 
significant contribution of fly ash to the cumulative heat up to 7 days of hydration. 
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Figure 1 Hydration heat flow normalized to CSA cement at constant water/binder ratio of 0.75. 
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Figure 2 Cumulative normalized to CSA cement at a) constant water/binder ratio of 0.75 and b) constant 

water/CSA cement ratio of 0.75. 
 
 
3.2. Hydration experiments 
Figure 3 shows the XRD patterns of the investigated pastes with water/binder ratio of 0.75 after 300 
days of hydration. The samples without and with 15 mass-% fly ash still contain traces of ye’elimite. 
At higher fly ash replacement levels ye’elimite cannot be identified, which is probably due the higher 
amount of water available causing a higher degree of hydration of the CSA cement. In all pastes, 
ettringite, strätlingite and traces of monosulfate can be identified as crystalline hydration products. 
Ettringite content decreases with increasing fly ash replacement level due to the dilution of the CSA 
cement. The amount of strätlingite, however, increases with increasing fly ash replacement level, 
which indicates a higher reaction degree of belite and/or a long-term contribution of fly ash to the 
hydration reactions. 
Figure 4a displays the TGA data of the same pastes after 300 d of hydration, revealing the presence of 
ettringite, strätlingite and aluminum hydroxide. Monosulfate cannot clearly be identified by TGA due 
to overlap of the weight losses of the different phases (see Figure 3). 
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Figure 3 XRD data after 300 days of hydration using a water/binder ratio of 0.75. E = ettringite, M = 

monosulfate, S = strätlingite, Y = ye’elimite. 
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Figure 4 a) TGA data after 300 days of hydration using a water/binder ratio of 0.75, b) Bound water normalized 

to CSA cement depending on hydration time. 
 
 

 
Figure 5 Scanning electron microscopy of a sample with 15 mass-% fly ash replacement hydrated for 90 days 

using a water/binder ratio of 0.75. 
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From the TGA data, the amount of bound water normalized to CSA cement is calculated (Figure 4b). 
With increasing fly ash replacement a slight increase of the bound water per g CSA occurs, which 
indicates a higher reaction degree of the CSA cement and/or a contribution of fly ash to the hydration 
reaction. 
In order to check if the fly ash has reacted, SEM investigations on polished sections were performed. 
Figure 5 shows an SEM image of a fly ash particle embedded in a matrix of hydration products. The 
particle clearly shows a hydration rim, which proves that fly ash may react in CSA-based systems. 
 
3.3. Thermodynamic modeling 
The hydrate volumes of the CSA cement at different fly ash replacement levels up to 50 mass-% was 
modeled assuming a reaction degree of the amorphous part of the fly ash of 20% (Figure 5). Without 
fly ash, ettringite, strätlingite, monosulfate, aluminum hydroxide, hydrotalcite and traces of 
monocarbonate are predicted as stable hydrate phases. With increasing fly ash replacement, the 
amounts of monosulfate and aluminum hydroxide decrease, and the amount of strätlingite increases up 
to ≈33% fly ash addition, as the fly ash provides additional SiO2. Above ≈30 mass-% fly ash addition, 
monosulfate is predicted to be absent. Beyond ≈33% fly ash replacement strätlingite content decreases, 
and C-S-H is predicted to form. However, the presence of C-S-H could neither be confirmed by XRD 
due to its X-ray amorphous character nor by TGA due to its overlap with other hydrates. 
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Figure 6 Thermodynamic modeling of the hydrate assemblage as a function of the amount of fly ash added 

(assuming a reaction degree of 20% for the amorphous fraction of the fly ash) using a water/binder ratio of 0.75. 
 
 
3.4. Compressive strength 
Compressive strength evolution was measured on mortars using two different water contents: In the 
first series, water is referred to the total binder including the fly ash (water/binder ratio = 0.75, 
increasing water/CSA ratio cement with increasing amount of fly ash) and in the second series, water 
contents were referred to the CSA cement without taking into account the fly ash (water/ CSA cement 
ratio = 0.75, decreasing water/binder ratio with increasing amount of fly ash). Figure 6 shows the 
results after 28 days.  
At constant water/binder ratio compressive strength is decreasing with increasing fly ash contents. 
This can be explained by the fact that the fly ash reactivity is very low and that the effective 
water/CSA cement ratio increases from 0.75 to 1.36 for 45 mass-% fly ash addition. 
At constant water/CSA cement ratio the highest strength is obtained in the system with 7.5 mass-% fly 
ash, and the sample with 15 mass-% fly ash reaches the same strength as the reference. At ≥30 mass-% 
fly ash compressive strength is decreasing strongly, which is mainly due to an undersupply of water in 



 

the mortars as considerable amounts of water are consumed to wet the fly ash. Also the poor 
compaction of the mortar specimens caused by the low water/binder ratio plays a role especially in the 
case of 45 mass-% fly ash replacement. 
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Figure 7 Compressive strength after 28 days depending on the amount of fly ash. The mortars were prepared 

using a) constant water/binder ratio and b) constant water/CSA cement ratio. Note, that the mortar with fly ash 
replacement of 45 mass-% and water/CSA cement = 0.75 was difficult to compact and thus shows a very low 

compressive strength. 
 
 
4. Conclusions 
The results from isothermal calorimetry show that the hydration kinetics of CSA cement is accelerated 
in the presence of the fly ash, which is related to the filler effect. The calorimetric measurements did 
not show any significant contribution of fly ash to the hydration reactions during the first 7 days. 
Ettringite, amorphous aluminum hydroxide, strätlingite and traces of monosulfate can be identified by 
XRD and TGA in all binder formulations as main hydration products, which is also confirmed by 
thermodynamic modeling. The presence of fly ash increases the hydration degree of ye’elimite. It can 
be assumed that low amounts of the fly ash have reacted, as strätlingite content increases with 
increasing fly ash replacement and SEM investigations revealed that some fly ash particles show 
dissolution rims. 
At low fly ash addition levels of up to 15 mass-% mortar compressive strength can be maintained or 
even improved compared to plain CSA cement in case the water demand is kept constant referring to 
the water/CSA cement ratio. 
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Abstract 
While trying to find a material that could potentially replace Ordinary Portland Cement (OPC) using 
wastes from several industries and at the same time reduce CO2 emissions from the production of OPC, 
scientists around the world have been researching alkali activated cements, also known as 
geopolymers. During the past decades, alkali-activated and blended cements have attracted strong 
interest worldwide due to their advantages of low energy cost, high strength and good durability. 
Another major incentive for further development of such cements is generated by the great quantity of 
annual generation of wastes, which cause a need to find new uses for them. The main raw materials 
used for this propose are fly ash, ground granulated blast furnace slag and metakaolin, in which 
activators like water glass and sodium hydroxide are used. Nevertheless, the future of these materials 
could be influenced by a number of relevant concerns, such as, high drying shrinkage, compositional 
uniformity of the raw materials, quality control of the products, and long-term durability. The use of 
these materials in the construction industry is an exercise that the cement industry can implement and 
benefit nearly immediately. The solubility studies could offer the preferred means of studying phase 
equilibria in the geopolymer systems. Some studies have determined the effect of alkali and alkali plus 
aluminum and calcium additions on C–S–H and N–A–S–H gels. Nevertheless the solubility constants 
at different temperatures obtained experimentally for these materials have not been widely studied yet. 
Following from this, the opportunities in this field include: build on current thermodynamic modeling 
capability by interacting new solubility data in the existing data bases, extend the characterization of 
the systems geopolymer reaction products, to enable predictions of phase relations in more lime 
deficient and alumina rich regions, and to understand the implications of the initial chemical 
composition, and the effect of the temperature used to produce geopolymers and compare the results 
with those obtained at room temperature. A series of synthetic C-(N)-S-H and N-A-S-H gels were 
produced with C/S ratios of 1.2, 1 and 0.8 and S/A of 1 and 2. The gels were characterized by means 
of thermal analysis, scanning electron microscopy and X-ray diffraction. The solubility products were 
calculated after three months, showing good correlation with the data reported for C-S-H and other 
thermodynamic simulations. 
 
Originality. 
The intellectual merits of this research will substantially expand our understanding of “cement free” 
geopolymer systems. Given that the work thus far on these materials has mainly been empirical in 
nature, there is little understanding of what specific properties of the precursor material control 
reaction evolution and end-use properties. This is critical information necessary to advance the 
commercial deployment of these materials. Further, the objective of developing thermodynamic 
properties will extend the applicability and versatility of thermodynamic simulations to geopolymers. 
This is a key activity necessary to enable the design and optimization of the best performing 
geopolymers, and to identify problematic issues, which may arise with these materials. On an 
environmental note, by advancing a proposed replacement of Portland cement, geopolymers will offer 
the wider concrete construction industry a new solution to CO2 concerns that are prevalent today.  
Keywords: geopolymers, characterization, solubility products, N-A-S-H, C-S-H, C-(N)-S-H 
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1. Introduction  
Alkali-activation of aluminosilicate minerals and industrial by-products had been the object of 
intensive study over the twenty years (Provis, et.al. 2014a, Provis, et. al 2014b). These materials are 
produced by means of a chemical reaction between a precursor and an alkaline activator, forming a 
hardened solid. The alkali-activated cements (AAC), with engineering properties similar to Portland 
cement systems, have a drastically lower carbon footprint, i.e., around 80% lower than cement (Van 
Deventer, et. al. 2007). When properly formulated and cured, alkali-activated binders or geopolymers 
can develop advantageous properties such as high mechanical strength, low permeability, and high 
resistance to aggressive environments (Shi et. al 2011, and Bernal et. al. 2014). However, it has been 
identified that these properties vary significantly from study to study, which could be associated with 
the chemistry differences between raw materials from different sources, dose and type of the alkaline 
activator, curing conditions, among other factors, that can significantly affect the reactivity of the 
precursors and the phase assemblage of the hardened materials (Provis 2014c). The future of these 
materials could be influenced by a number of relevant concerns, such as, high drying shrinkage 
(mainly associated with slag-based cements, but it could be found also in fly ash based geopolymers), 
compositional uniformity of the raw materials, quality control of the products, and long-term 
durability. Most studies in this area have been focused on the optimization of the activation conditions 
for a specific precursor, and selection of an alkaline activator, in order to obtain the best possible 
outcomes in terms of strength and durability. Thus, a good balance between activating solution, 
precursor content and processing conditions needs to be found in order to favor high early strength, 
good mechanical strength and reduced permeability, by controlling the microstructural features of the 
binders produced.  
Main products of reaction AAC systems are, depending on the raw materials used and the type and 
characteristics of the activator, CSH gel with Ca/Si ratio close to 1 (Shi et. al. 2006), and/or N-A-S-H 
gel. Both products are in most of the cases amorphous and responsible of the physical, chemical and 
mechanical properties of these systems. For the case of blended cements with supplementary 
cementitious materials (SCMs), the product formed is mainly C-S-H gel with significantly low Ca 
content (Ca/Si ≤ 1.5) (Lothenbach et. al. 2011, Richardson et. al. 1992 and Myers et. al 2014). 
Although many articles have been published on synthesis of C–S–H gel in different media (Saito et. al. 
1997, Matsuyama et. al. 2000, Goto et. al. 1992, Nelson et. al. 1977, Blakeman et. al. 1974 and Hong 
et. al. 1999), the characteristics of synthetic N–A–S–H gels have been less studied (Fernandez-
Jimenez et. al. 2006, Barbosa et. al. 2003, Garcia-Lodeiro et. al. 2008). Those types of gels are mainly 
silicates but their structures and characteristics could present some variations. Richardson, reviewed in 
detail structural models that describe the C-S-H gel [Richardson 2008, and Richardson and Groves 
1992), showing that it mainly consists of linked silicate tetrahedra linear chains, where two silicon 
tetrahedra share two oxygen atoms with the CaO, a third shares oxygen atoms with the paired 
tetrahedra (Dreierketten structure). On the other side, N–A–S–H gels present a three-dimensional 
structure with random distributed aluminum tetrahedra; the charge imbalance generated by the 
replacement of Si4+ 

with Al3+, is compensated with alkaline cations (as Na) bound to gel (Garcia-
Lodeiro et. al. 2010). 
Unlike what happens with the C-S-H gel, the effect of raw materials, activators and processing in the 
composition and microstructure of gel N-A-S-H is an area yet to be explored. The study of such gels is 
relatively recent compared to the gel produced in traditional Portland cement systems. The majority of 
the studies are related with N-A-S-H gels derived from the alkali activation of fly ash or metakaolin. 
Although many of the macroscopic characteristics of inorganic polymers prepared from different 
sources appear similar the aluminosilicates, its microstructure and its physical, chemical, mechanical 
and thermal properties in fact depend largely on the raw material used, the conditions of curing and the 
nature and concentration of the alkali activator (Garcia-Lodeiro 2010). 
The solubility studies could offer the preferred means of studying phase equilibrium in the geopolymer 
systems. Some studies have determined the effect of alkali and alkali plus aluminum and calcium 
additions on C–S–H gels and N–A–S–H gels. Nevertheless the solubility constants for these materials 
have not been widely studied yet. For the case of the C-S-H, Kulik and Kersten (2001) described a 



 

thermodynamic model to predict pore solution compositions and hydrated Portland cement solid phase 
arrangement as a function of the chemistry of the cement. It is worth noting that the ability to account 
for the Al incorporation into these models is important because it would improve the confidence in 
predictions of the solid phases formed in the geopolymers systems.  
Myers et. al.(2014) presented a thermodynamic model for the C-(N-)A-S-H gel in AAC, which 
accounts explicitly for the structurally-incorporated Al and Na species in this phase. This model 
represents C-(N-)A-S-H gel as an ideal solid solution of tobermorite-like end-members with 
independent substitution of tetrahedral Al and Na species allowed in its formulation. A good fit was 
found, indicating that the model is suitable for thermodynamic modeling of these materials.  
Regarding to the temperature effect, it has been observed that higher temperatures favor (Hou  et. al. 
2005 and Belitsky 1993) the polymerization of C-S-H gel formed. The heating of the C-S-H gel 
removes water molecules and OH- groups of the space between layers, promoting the formation of 
more polymerized and disordered structures with lower basal spacing. In a regular process of 
hydration of Portland cement, C-S-H gel interacts with other components of cement, such as alkali 
cement itself. Indeed the literature indicates that some inorganic mixtures containing sodium oxide and 
aluminum play a significant role in the reaction mechanisms and kinetics of hydration of Portland 
cement (Richardson et. al. 1993). Nevertheless, Grangeon et. al.(2013) indicated that synthesis 
temperature (up to 110ºC) has no significant influence on the three-dimensional structure of the gel 
found by XRD. 

2. Experimentation 
2.1. Synthesis 
2.1.1. C-(N)-S-H.  
Synthetic C-(N)-S-H samples with Ca/Si ratio 1.2, 1 and 0.8 were prepared using double 
decomposition of calcium nitrate with sodium silicate, as described by Chen et.al. (2004) and García-
Lodeiro et. al (2010). 0.1M solution of Na2SiO3

.5H2O (Sigma-Aldrich) and 0.12, 0.1, and 0.08M 
solution of Ca(NO3)2 (Fisher), both reagent grade, were prepared using ultra pure milli-Q water; in 
order to have the appropriate pH, a 10M NaOH (Fisher) solution was utilized as buffer. Using a glove 
box with a continuous stream of ultra pure nitrogen, 100ml of the calcium nitrate solution were added 
dropwise to 100ml of sodium silicate and 10 ml of sodium hydroxide solutions. Stirring was continued 
for seven days in tightly sealed plastic containers.  
2.1.2. N-A-S-H.  
Gels with Si/Al ratios of 1 and 2 were prepared using a similar procedure. Under a continuously 
nitrogen flux inside of the glove box, 50 and 100ml of 0.1M solution of Al(NO3)2 (Fisher) were added 
drop by drop to 100 ml of 0.1M sodium silicate and 10 ml of 10M sodium hydroxide solutions, using 
an ice bath during the mixing (Garcia-Lodeiro et. al. 2010). The samples were stirred for seven days in 
tightly sealed plastic containers. Both syntheses were conducted from under-saturation approach. 
2.1.3. Gels treatment.  
The C-(N)-S-H and N-A-S-H gels precipitated were then washed with 2 L of milli-Q water and 
vacuum filtered under a continuous stream of nitrogen. After filtration, samples were vacuum dried at 
room temperature, for fifteen days using calcium chloride as a desiccator agent. Once dried, the 
samples were hand grinded inside of the glove box and characterized by means of X-ray diffraction 
(XRD), thermogravimetric analysis (TGA), and Scanning electron microscopy – Energy-dispersive X-
ray spectroscopy (SEM-EDS),  
 
2.2. Characterization.  
TGA analyses were carried out in open vessel with nitrogen flux using 20 mg of powdered gels at 
10ºC/min; samples were dried at 40ºC during 30 min; water lost was estimated between 105 and 
950°C using an average of three analyses.  
X-ray diffraction (XRD) patterns of the gels materials were collected using a Bruker D8 Advance 
powder diffractometer operating in Bragg-Brentano geometry with Cu-Kα (40 kV and 30 mA) and 
secondary monochromation. Data collection was carried out in the 2θ range of 5-70°, with a step size 



 

of 0.02°, a divergent slit of 1.0°, and a dwell time of 1 second. Phase identification was performed by 
searching the ICDD powder diffraction file database, with the help of JCPDS files for inorganic 
compounds.  
The morphology of the solid phases and their composition were examined in a scanning electron 
microscopy (SEM) Nova Nano 230 (FEI), specimens were prepared by dispersion of dried synthetic 
powders onto aluminum stubs using double-sided adhesive carbon discs and sputter coated with gold 
to reduce static charging.  
The chemical composition of the gels was estimated from the average of 50 quantitative analyses 
using SEM-EDS. In order to avoid inconsistences in the results (Famy et. al. 2003), the same 
operational parameters were used; as working distance, probe current, beam current, beam diameter, 
accelerating voltage, dead time between 15-25 and dwell time of 1.5 min. 
 
2.3. Solubility measurements.  
The analytical concentrations of Ca, Si, Na and Al in equilibrium with the gels were determined for all 
the samples; six repetitions were carried out in order to evaluate the accuracy of the measurements. 1 g 
of each sample was equilibrated in 30 mL of milli-Q water, and then stored in PTFE bottles. Samples 
were continuously stirred in a shaking incubator at 30ºC, and daily hand shook at 60ºC, during three 
months. The solutions were filtered at 25 and 50ºC, acidified with nitric acid and analyzed using ICP-
MS. In order to avoid the carbonation of the samples, the entire process was carried out inside of the 
glove box with continuous N2 flux.  
 
3. Results and Discussion 
 
3.1. Gels characterization. 
A SEM-EDS study was carried out to provide information about the particle morphology and the 
chemical composition of the synthetic gels. Figures 1 and 2 show the SEM images together with their 
microanalyses. Secondary electron images illustrate the globular morphology of both C-(N)-S-H and 
N-A-S-H gels, similar as previously reported elsewhere (García-Lodeiro 2010). There is no significant 
difference between the two types of gels at the different compositions. No evidence of calcium or 
sodium carbonates (plate-like morphology) was found.  
In order to avoid errors, special care was taken when analyzed the Na content in the EDS results, as 
mentioned above. For the C-(N)-S-H gels, the EDS results showed in the Ca/Si vs Na/Si histogram 
and in the ternary diagram from the figure 1, indicated a chemical composition mainly based in Ca and 
Si, together with small amounts of Na. Systematic lower Ca/Si ratios compared to the predicted ones 
(see table 1) were observed. It has been reported that the calcium silicate hydrate formation and 
properties are affected by the presence of alkalis. The addition of NaOH to C-S-H could diminish the 
Ca/Si ratio (Hong  et. al. 1999); a weak alkali-gel bonds were found by means of the analysis of cation 
adsorption and desorption  on the gel (Hong  et. al. 2002). The acceleration of the precipitation of the 
C-S-H gel in presence of alkalis was also reported, showing a poor crystallization (Nocún-Wczelick 
1999)  . In the case of alkali activated slags, sodium could go into a solid solution (Belitsky 1993, 
Malolepszy 1993), partially occupying positions of calcium in the C-S-H gel (C-(N)-S-H gels), 
nevertheless, for the case of a cement paste, those alkalis may be free in the pore solution (located 
between C-S-H layers), if the cation:Ca in the C-S-H ratio is lower that 0.01, according with Taylor 
(Taylor 1993). Garcia-Lodeiro suggested the formation of a new gel that incorporates sodium in its 
composition (Garcia-Lodeiro 2010).  
For the case of the N-A-S-H gels, the Si/Al ratio obtained was a little above than the proposed one, 
with an average of 1.1 (%RSD 2.9) and 2.14 (%RSD 3.4). The formation of the N-A-S-H gel is a 
heterogeneous process, which includes the formation of two types of gels during the alkali activation; 
Gel 1, initially rich in aluminum, and Gel 2 rich in silicon. During the early stages of the process 
(between the first minutes of reaction and first 4-5 hours) the content of Al3+ is greater since this 
element dissolves faster than silicon because the Al-O bonds are weaker than the Si-O. As the reaction 
advances, more Si-O is dissolved, increasing the concentration of silicon and therefore producing a 



 

silicon-rich gel. The results indicated a similar composition of the N-A-S-H gels type 1 and 2 as 
described in the literature (Fernández-Jiménez et. al. 2006, Garcia-Lodeiro 2010). According with 
Criado et. al. (2007), the amount of soluble silica used in the activation process, helps to form 
polymerized structures to finally precipitate N-A-S-H gel when the saturation is reached. The degree 
of polymerization of the silica greatly influenced the reaction kinetics; with the increase of SiO2/Na2O 
ratio the reaction rate tends to decrease, affecting the kinetics of gelation and in some cases 
precipitating zeolites, but over time the system evolves to the thermodynamically more stable product.  
Table 1 presents the results of the composition of the gels estimated using simultaneously EDS-SEM 
and TGA results. The molecular content of water was calculated using the following equation:  
 

 
 

Where: 
%NEW = Non evaporable water estimated in the range of 105 to 950°C, corrected according to 
(Gomez-Zamorano et. al. 2010). 
Na2Oave, CaOave, SiO2ave, and Al2O3ave = Oxide calculation from the average of 50 quantitative EDS 
elemental analyses 
MW = Molecular weight 
 

Table 1. Chemical formulae of the gels synthesized obtained by EDS-SEM and TGA. 
Ratio Identification Chemical formula 

Ca/Si 
0.8 C-(N)-S-H 0.8  (Na2O)0.078 . (CaO)0.74 . (SiO2)1 

. (H2O)1.77 
1 C-(N)-S-H 1  (Na2O)0.122 . (CaO)0.973 . (SiO2)1 

. (H2O)1.95 
1.2 C-(N)-S-H 1.2  (Na2O)0.173 . (CaO)1.158 . (SiO2)1 

. (H2O)2.045 

Na/Si 1 N-A-S-H 1 (Na2O)0.45 . (CaO)0.45 . (SiO2)1 
. (H2O)2.48 

2 N-A-S-H 2 (Na2O)0.26 . (CaO)0.24 . (SiO2)1 
. (H2O)1.86 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 1. EDS analyses of the C-S-H gels and SEM-SEI of the synthetized C-(N)-S-H gels 
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Figure 2. EDS analyses of the C-S-H gels and SEM-SEI of the synthetized N-A-S-H gels 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. XRD patterns of the N-A-S-H and C-(N)-S-H gels 

N-A-S-H 1 

N-A-S-H 2 



 

Fig. 3 shows the powder XRD patterns from the N-A-S-H and C-S-H gels. The TGA and XRD results 
showed the consistent absence of carbonation in all the gels evaluated. For the case of the N-A-S-H 
gels, both of the XRD patterns exhibit a broad halo between 20-35 2θ, indicating an amorphous phase 
similar to that observed in the alkali activated fly ashes (Criado et. al. 2007). There is no evidence of 
the presence of zeolitic-nature phases or other crystalline phases. No significant differences between 
both N-A-S-H gels were observed.  
For the C-(N)-S-H gels, the XRD results (Fig. 3) indicate a low degree of order in the three different 
compositions of the gels, showing the same number of diffraction maxima, which similar positions 
and relative intensities; the only sharp peaks are those at 0.31, 0.28 and 0.19 nm, similar to those 
reported by Chen et. al (2004). Since, the reported crystalline C-S-H presents peaks in these regions, 
its difficult to determine the similarity with 1.4-nm tobermorite. Neverthess, when comparing the 
patterns with those reported for 11 Å tobermorite (Grangeon et. al. 2013), is possible to observe that 
all diffraction maxima in synthetic C-(N)-S-H gels have a position equivalent in the tobermorite 
pattern, and correspond to 11 Å tobermorite basal or hk0 reflections. A weak peak at 0.17 nm, and the 
presence of silica gel (marked by a broad band at 22-23º 2θ), were also observed. The significant peak 
broadening, compared to tobermorite XRD patterns published, suggests nanometer-sized domains in 
the gels and/or amorphous nature. There is not significant change in the XRD patterns with Ca/Si ratio.  
 
3.2. C-(N)-S-H and N-A-S-H solubility results 
While compiling the set of thermodynamic constants describing the equilibrium state of aqueous and 
mineral reactions over a defined range of temperature, pressure and ionic strength, is important to 
make a distinction between activity and concentration of solute species for non-ideal solutions. The 
theory of Debye and Huckel (Merkel et al. 2005) includes the fundamental theoretical framework for 
the derivation of activity corrections. The original Debye–Huckel theory is valid for moderate 
concentrations (up to 0.1 mol/kg). Several extensions and approximations based on the Debye–Huckel 
theory have been presented in literature in order to extend it, as presented in eq. 2: 

 
Where: 
γi is the activity coefficient of ion i 
A and B are Debye–Huckel parameters dependent on the temperature and dielectric constant of water 
zi is the ionic charge 
αi is a parameter dependent on the size of ion (i)  
b is a semi-empirical parameter 
I is the effective ionic strength  
Reliable data are available for a large number of minerals and aqueous reactions over a very large 
range of temperatures in the range of validity of extended Debye-Huckel formulations. In particular, 
the Lawrence Livermore database (LLNL, Johnson et al. 1992; Wolery 1992), provided with the 
standard code of the PHREEQC software (Parkhurst et. al. 2001), is valid in the range 0–300 °C and is 
adopted by several of modellers and applications (De Lucia et. al.). The experimental data (ion 
activities and speciation) obtained for the solubility of C-(N-)-S-H and N-A-S-H phases at 25°C and at 
50°C, were calculated using the LLNL of the PHREEQC software. The experimental data from works 
already published were processed in the same database, in order to have more accurate results. The 
thermodynamic properties of many aqueous complexes have been previously collected and selected 
for this work. The basis species for writing equilibria reactions were OH-, AlO2

-, Ca2+, Na+, SiO4
-, 

using the equation 3 for C-(N)-S-H and equation 4 for N-A-S-H:  

         eq. 3 
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Fig. 4 Composition of the solutions at equilibrium with C-(N)-S-H gels equilibrated at 25 and 50ºC. 
Lines from (Chen et. al. 2004) 

Fig. 4 shows the Ca vs. Si concentrations for the synthetized C-(N)-S-H gels equilibrated at 25 and 
50ºC for 3 months. The figure includes the curves published by Chen et. al. (2004) and proposed by 
Jennings et. al. (1986). Curve A (lower Si concentrations), was considered to be the metastable 
solubility curve for C-S-H(I), obtained from synthetic preparations using CaO and SiO2 or a double 
decomposition process, as prepared in this study. Curve B (higher Si concentrations), was obtained 
from experiments conducted during the first hours of C3S hydration, which could involve the presence 
of a superficially hydroxylated surface on C3S. Curve C, displays the effect of the insertion of Ca–OH 
groups into C-S-H, Chen et. al. suggested that these changes in solubility could be related with a 
changing from a purely tobermorite-like structure, to structures that include jennite-like characteristics.  
Since the main goal in this study was to investigate the solubility in low Ca/Si ratios, similar to those 
observed in geopolymers (Bernal et.al., 2014), the results obtained do not reach curve C. In general is 
possible to observe that there is consistency in the equilibria of C-(N)-S-H with solubility results, 



 

following exclusively curve A, which implies that they do not contain Ca–OH and thus have structures 
based on 1.4-nm tobermorite, as was observed in the XRD results (Fig. 3); at CH saturation, these 
structures have a Ca/Si ratio of 1.5. The conditions under which the synthetic structures form is not 
well understood yet; however, it has been reported that the Ca/Si ratio in C-S-H made by double 
decomposition at room temperature, is limited to around 1.5; therefore synthetic C-S-H preparations 
thus tend to form tobermorite-like phases and equilibrate near curve A (Chen et. al. 2004). 
Nevertheless, they also discussed that the most significant variations in solubility of C-S-H phases 
occur at Ca/Si ratios above of 1, mainly due to the high Ca – OH content; this behavior was not 
observed in the results from the Figure 4. It is worth noting that the solubility of Ca and Na is in 
aqueous phase is thermodynamically related with the structure of the C-(N)-S-H gel.  
Brown (1990) found that for the sodium-substituted form of C-S-H, small content of Na2O in the C3S 
greatly increased the concentrations of OH- and decreased those of Ca+2. Following from that, is 
possible to observe that Fig. 4 exhibits a small deviation from curve A, caused by a lower Ca 
concentration than the predicted, together with an increase in the Si concentration. Unusually high 
aqueous Si and low Ca concentrations above certain of the precipitated products of the N-C-S-H 
system have been observed by Macphee et. al (1989); they established these precipitates were silica-
rich, with respect to the bulk of the compositions encountered, and were tentatively considered to 
correspond to a stability field other than that of C-S-H, perhaps closer to sodium silicates, although the 
still significant CaO contents of the solids suggested an intermediate composition. According with 
Blanc et. al (2010) the synthesis based on sodium metasilicate, which enables a quick C–S–H 
dissolution, produces solutions located along the S curve, together with an uncertainty for the location 
of minimum solubility curves when sodium impurities are present, producing an uncertainty for the 
location of minimum solubility curves that interfere on the solubility models for C-S-H not fully 
characterized. The metastable equilibrium states mentioned by Chen et al. (2004) and Blanc et. al. 
(2010) also modified the behavior of the Ca/Si ratios of the gels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Composition of the solutions at equilibrium with N-A-S-H gels equilibrated at 25 and 50ºC 
 
One of the aims of this study was to investigate the temperature dependency of the thermodynamic 
functions associated with the synthetic gels, mainly due to the fact that most of the geopolymers are 
produced at temperatures above 50ºC. Figure 4 displays the solubility results of all the gels 
equilibrated at two temperatures as a function of the Ca/Si ratio. The results followed the expected 
trend, nevertheless, Glasser et.al. (1998) reported a diminution in the Ca concentration with the 
temperature, possible due to the crystallization of the gels, when maintained at temperatures around 



 

55ºC during long periods. In gels containing alkalis, the pH conditions could stabilize crystalline 
phases for C-S-H with low Ca/Si ratios as well as silica gels, and thus modify the ionic equilibrium of 
the aqueous phase and the solid, as observed in Fig. 4.  
In figure 5, the results of the Si vs. Al concentrations for the synthetized N-A-S-H gels equilibrated at 
25 and 50ºC for 3 months are shown. It has been reported (Sefcik et. al. 1997) that in dilute sodium 
aluminosilicate solutions near saturation with respect to zeolite A (with a Al/Si ratio ≈ 1), reactions 
among a host of silicate and aluminosilicate anions are fast. On a timescale of minutes each species 
may be considered in equilibrium with others. Hence, the solids and aqueous phase analyzed in this 
study are considered to be in equilibrium, which indicates that the Al/Si ratio in both phases is the 
same, as observed in Fig. 5, therefore, concentrations of particular solution species are tied with the 
overall solution composition by a set of equilibrium relations and mass balances, following Eq. 3. To 
ensure charge balance in reactions, the stoichiometric cation proportion, has been set equal to the 
stoichiometric proportion of Al. 
In order to predict the silicon or aluminum concentration with respect of the saturation concentrations 
Sefcik et. al. 1997 analyzed the available experimental data for zeolite A at temperatures between 353 
and 363 K, and compared the data with those obtained at room temperature. Their results present a 
wide range of concentrations for Al, Si and Na, since they were prepared from both under and 
oversaturation, but most of them follow the trend described above. There is not clear effect and/or 
trend of the temperature with the concentration of the ions in the aqueous phase. It is worth noting that 
there solubility concentrations will be affected with the amorphous content in a zeolite, thus a direct 
comparison between both results is not possible. Nevertheless, Fig. 6 presents the results of the Ksp 
values calculated with the results of Fig. 5 using Eq. 3 while comparing the results with those reported 
by Sefcik et. al, showing a good correlation between both of the results at similar Al/Si ratio. 
A large amount of solubility data is already available for C-S-H gels, as discussed above (Chen et. al. 
2004) and it was established that there is generally good agreement between solubilities of gels 
prepared in a given way, although there is a slight variance between solubilities of hydration products 
from tricalcium silicates and precipitated gels. Nevertheless, the precipitated solids from the double 
decomposition synthesis (Glasser et. al. 1987), which give the lower solubilities at any given Ca/Si 
ratio, could represent a more steady-state quasi-equilibrium conditions.  Fig. 6 presents the application 
of eq. 2 and 3 to calculate de Ksp values from an average of the C-(N)-S-H and N-A-S-H gels obtained 
in this study, a comparison of the data published by others authors and processed in the same way, 
using PHREEQC software and Eq. 2, is also showed in Fig. 6. The values of Ksp determined here 
decrease with increasing (Ca/Si) solid ratio, trend previously reported by several authors. Nevertheless, 
significant variations on the final values could be related from the mole definitions, here the gel is 
defined as containing only one silica unit per mole. However, appropriate conversion fails to bring sets 
of Ksp values for C-S-H to reasonable agreement when comparing data, since the initial chemical 
reaction must be set as the same, as presented in Figure 6. This figure shows the same tendency of all 
the data analyzed here, indicating that the chemical interaction proposed could be applied for a large 
range of Ca/Si and/or Al/Si compositions.  
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 Comparison of the 25°C equilibrium constants of synthetic C-(N)-S-H and N-A-S-H gels and 
using data from: (1) Blanc et. al. 2010, (2) Nonat et. al. 2015, (3) Chen et. al. 2004, (4) Matschei et. al. 

2007 and (5) Sefcik et. al. 1997.  

4. Conclusions 
A series of synthetic C-(N)-S-H and N-A-S-H gels were produced using double decomposition in 
order to analyze their composition and solubility products. The XRD patterns of the N-A-S-H showed 
a broad halo previously reported for amorphous aluminosilicates, no evidence of zeolite-like phases 
was found. For the C-(N)-S-H gels, the XRD results indicated a low degree of order in the three 
different compositions of the gels, showing peaks similar to those reported for crystalline C-S-H. The 
molar ratios of the gels were calculated by SEM-EDS and the water content was estimated using TGA 
results; following from this, the stoichiometry of the gels was proposed and used in the chemical 
formulae to calculate the solubility products. The concentrations of Ca and Si in the aqueous phase 
equilibrated with the solid gels, followed the pattern proposed for this type of synthetic gels, with a 
slightly higher Si content due to the effect of the Na content in the gel, no presence of Ca-OH bonds 
was found. For the N-A-S-H case, the solids and aqueous phase analyzed in this study was considered 
to be in equilibrium, showing the same Al/Si ratio in both phases. The solubility increased with the 
temperature for both types of gels. The Ksp results indicated that the chemical interaction proposed 
here could be applied for a large range of Ca/Si and/or Al/Si compositions.  
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Abstract 
A very important area in energy efficient construction is thermal insulation. Insulation has always been a demanding 
requirement when buildings are constructed, particularly in places where extreme climates are a common way of life. 
In order to achieve the highest possible thermal insulation resistance, new insulation materials and solutions with low 
thermal conductivity values are being developed, where the current practice is to utilize insulation materials in ever 
increasing thicknesses in the building envelopes. Noteworthy, very thick building envelopes are not desirable due to 
several reasons, e.g. considering space issues with respect to both economy, floor area, transport volumes, 
refurbishment issues, architectural restrictions and other limitations, material usage and existing building techniques. 
To address and overcome this challenge, this investigation advances the development of thermally insulating materials 
by the fusion of current composite materials with upcoming technologies in an effort to produce a slimmer insulating 
wall, but yet maintaining its structural strength and thermally insulating property. The current state-of-the-art in this 
field focuses mainly on producing composite materials based on incorporation of insulating materials into cement 
based materials. This results in a decrease in their thermal conductivities, but often at the expense of the corresponding 
mechanical properties, such as strengths etc. Commonly, light-weight aggregates and expanded polystyrene (EPS) are 
insulating materials which works on a macroscopic level, but often give rise to the production of concretes possessing 
low mass densities. 
In our study, aerogel particles which work based on the Knudsen effect at nano level was employed as the main 
insulating material. More importantly, instead of simple loading aerogels into the mortar system to vary the thermal 
conductivity, the conducting OPC binder was also optimized to further improve the correlation between thermal 
conductivity and strength of the concretes. Calcined clay was chosen as the replacement binder for OPC in the 
production of these insulating structural concretes. In general, two different calcined clays were investigated, namely 
the kaolin and smectite enriched clays. Loading of areogel was performed from 40 to 80 vol% replacement, 
approaching the ideal system of low thermal conductivity. It was found that regardless of the amount of aerogel loading, 
the thermal conductivity of the prisms were always lower when calcined clays was present relative to that of the pure 
ordinary portland cement (OPC) system. At the same strength level, the replacement of cement binder with calcined 
clay showed a decrease in thermal conductivity by up to 2.5 times compared to the system containing only pure OPC as 
binder, signifying the high potential of applying calcined clay as an alternative binder replacement for OPC. This 
improvement can be attributed to the lower inert thermal conductivity of calcined clay relative to OPC. Additionally, 
strength differences in prisms prepared with different clay binders were insignificant, attributing to the better cohesion 
between clay and aerogel particles, resulting in the increased packing density of the system. 
 
Originality 
The originality of our work presented here is two-fold. Firstly, in the current available technology, low thermal 
conductivities are usually attained by sacrificing the strength of materials and further top up in strength are achieved 
by sandwich panels. Here, this work has been performed with a highly ambitious aim of achieving low thermal 
conductivity, while maintaining the structural strength of the concrete. The second and more important highlight of our 
investigation lies in the fact that substitution of binders can aid in achieving this goal. In most mainstream research on 
insulating composite materials, the focus was always on incorporating insulating materials with an aim to decrease the 
overall thermal conductivity. In our work, we assume that binder is the main contributing factor to a high thermal 
conductivity of the material. Here, we show that under proper proportioning and replacement of binder with the less 
conducting calcined clay, lower thermal conductivity could be attained while maintaining strength of the concrete. In 
such a way, less add-ons of insulating materials such as aerogels are also needed to achieve the desired low thermal 
conductivity. 
 
Keywords: Thermal insulation; mechanical strength; calcined clay; aerogel; thermal conductivity. 
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1. Introduction  
An increasing interest and demand for energy savings, reduced strain on material resources and 
lowered pollution is the current trend in society at large (McKinsey, 2009). In the construction sector, 
thermal insulation plays an important role in improving the energy efficiency of buildings. Due to its 
significance, new insulation materials and solutions with low thermal conductivity values are being 
developed, in addition to utilizing the current traditional insulation materials in ever increasing 
amounts and thicknesses in the building envelopes (Jelle et al, 2010; Jelle, 2011). Existing thermally 
insulating composites in constructions are commonly based on macro-scale structures and often 
possess low thermal conductivities ~0.4 to 0.7 W/(mK) at the expense of strengths ~3 to 5 MPa after 
28 days of curing. One such material involved in achieving such composites is aerogel. Aerogel is 
commonly used for insulation in e.g. translucent window panes, but also explored in insulating 
concretes. The construction of insulating concrete employing aerogel as the main insulating material 
often comes at the expense of strength due to its brittleness and low load-bearing capability. When low 
thermal conductivity is achieved by incorporation of high amount of aerogel, the compressive strength 
of the system is usually very low and can be rendered negligible at times (Gao et al., 2014). As a 
result, alteration to the formulation is desired to enable higher strength structures. Looking at the basic 
recipe of an aerogel concrete, it can be observed that the volume of material present in descending 
quantity is as follows: Aerogel (at high loading), cement binder, silica fume, water and finally 
superplasticizers that are added to improve the workability of the mortar (Ng et al., 2015a). Different 
investigations, both chemical modification of the surfaces and mechanical adjustments such as varying 
the particle sizes of the aerogel, have been conducted to alter the functionality of the aerogel in 
concrete to improve the compressive strengths, but so far with no substantial improvements. 
The purpose of this investigation was thus to improve the aerogel concrete from another angle. 
Replacement of cement as a binder was chosen due to its bulk content. Among the many 
supplementary cementitious materials (SCMs), one of the upcoming materials which has gained much 
attention in the construction world nowadays is calcined clay. Clay can be found in great abundance 
all around the world and it has been found that upon calcination, these materials becomes pozzolanic 
in nature and may act as effective replacements of cement in the industry. The most well-known is 
metakaolin. However, due to its high cost, pure metakaolin is not desired to be a mainstream cement 
replacement material. Within the same group, calcined marl is a derivative of a contaminated clay 
product. Marl by itself is often known as 'bad clay' and is rendered unsuitable for production of burnt 
clay products such as bricks and lightweight aggregate due to the high content of calcium carbonate it 
possesses. Due to its low applicability in conventional usages, marl is often considered a waste 
product which can be obtained at low cost in large quantities. However, upon calcination, this material 
becomes an effective pozzolan containing both calcined clay and calcium containing compounds 
(Justnes et al, 2011; Danner et al, 2012). For this reason, calcined marl can be a large source of 
unexploited SCMs which can be used effectively in replacing OPC clinkers, but potentially also the 
existing SCMs which are already available in the market that may become scarce as the demand is 
increasing. 
The focus of this investigation is therefore to produce a composite 'concrete-like' material based on 
partial replacement of cement by calcined clay. Two different calcined clays were selected, based on 
their mineralogy. The final aim is thus to produce mortar prisms with sufficient strength for structural 
support while maintaining insulating properties. Ideally, the target thermal conductivity value should 
be in the range of 0.1 W/(mK) or below. This can then reduce the bulk volume of the multilayer 
concrete-insulation materials model. Improved insulation properties can be achieved by incorporation 
of thermal insulation materials, whereby higher the loading, the better the insulating properties. The 
challenge here is thus to obtain a structural material with aerogel incorporated for low thermal 
conductivity, but still possess a compressive strength which is sufficient for structural properties. 
2. Experimental 
2.1. Materials 
A cement with trade name Anlegg (Norcem AS, Brevik/Norway), hydrophobic aerogel (Cabot Aerogel, 
Frankfurt am Main/Germany), silica fume (SF, Grade 940U from Elkem Microsilica, 



 

Kristiansand/Norway) and two calcined clays (Saint-Gobain Weber from Oslo, Norway) were 
employed as per obtained. The cement possessed ≈ 7 % tricalcium aluminate (C3A), an average blaine 
value of 360 m2/kg and an average density of 3140 kg/m3. The hydrophobic aerogel with trade name 
P100 possesses a particle size range between 0.01 to 4 mm, average pore diameter of ≈ 20 nm, an 
average mass density of ≈ 0.1 g/cm3 and an average thermal conductivity of ≈ 0.021 W/(mK) at 
normal room temperature (25°C). Silica fume utilized here was undensified and was added to avoid 
any potential alkaline silica reaction between the aerogel and its environment by reducing the reaction 
of aerogel in water. The two calcined clays were based on kaolinite and smectite. The first clay, 
denoted CK is prepared by calcining at 800°C and it contains mainly kaolinite (~47 %), 34 % K-
feldspar, 17 % quartz and minor amount of illite. The second clay denoted CS is calcined at 850°C and 
contains mainly smectite (> 50 %) and calcite (~25 %). Minor amounts of kaolinite (~8 %), quartz 
(~4 %), siderite (~3 %) and pyrite (~1 %) are also present. The specific surface areas of the two 
calcined clays as measured by Brunauer, Emmett and Teller (BET) are 19.0 m2/g and 15.1 m2/g, 
whereas the average particle sizes are 10.8 µm and 7 µm, respectively. The chemical compositions and 
loss on ignition (LOI) of all dry powders are given in Table 1. As observed, the resulting samples will 
thus possess a very high content of SiO2, particularly with the replacement of cement by calcined clay. 

Table 1 Chemical compositions of Anlegg cement, silica fume, aerogel and two calcined clays (wt.%). 
 CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2Oeq LOI 

Anlegg cement 63.2 20.4 4.58 3.56 2.26 3.84 0.71 2.14 
Silica fume - > 90 - - - - - < 3.0 

Aerogel - > 97* - - - - - - 
Calc. clay (CK) 0.1 61.7 30.5 3.5 0.4 - 3.3 -** 
Calc. clay (CS) 9.3 49.6 15.9 8.1 3.2 - 4.2 -** 
*Silica [(trimethylsilyl)oxy]-modified. 
**Loss on ignition (LOI) not measured here. 

NRG-700 (Mapei AS, Sagstua/Norway) was selected as the dispersing polymer due to its ability to 
maintain high initial flow of the cement pastes. It has a solid content of about 30 wt%. 
2.2. Recipe formulation and mortar casting 
Aerogel-incorporated mortars (AIM) were prepared according to the formulation and casting method 
reported previously (Ng et al., 2015a). For mortar without calcined clay, the w/c employed was 0.6. 
When the cement was replaced by 35 wt.% and 65 wt.% calcined clay, the w/c was increased to 0.9 
and 1.7, respectively, keeping in check that the total water to binder ratio is ~0.6. The flowability of 
the mortar was maintained by the amount of superplasticizer added. A summary of the preparation 
method: In a 2 liter Hobart mixer, all the dry powders of cement (with calcined clay when needed), 
silica fume and norm sand were first mixed together at low speed for 15 s. Required amount of 
superplasticizer was dissolved in water prior to that and the resulting solution was then added to the 
mix, marking the start of hydration. About ≈ 20 g of the superplasticizer solution was kept and added 
to the mix 5 min after initial wetting of the sample. Low shear mixing was continued till a total of 
≈ 8 min where the mortar appeared to flow well before being subjected to high shear mixing for 1 min. 
Depending on the flowability of the paste, additional superplasticizers were added to ensure a flowable 
mortar. The aerogel was subsequently folded and homogenized into the mortar mix manually to 
prevent excessive crushing. When well homogenized, the mortar was cast into the standard 
10 x 10 x 160 mm metal moulds, vibrated and stored at 100 % RH (relative humidity) for 24 h before 
demoulding and curing in water for 28 days before further analysis and characterization. Samples with 
calcined clay were cured in 100 % RH to prevent dissolution of clay in water during curing. 
Replacement of cement by calcined clay was performed at 2 different amounts; 35 wt.% and 65 wt.%. 
These values were selected as they symbolize cement substitution levels where similar strengths (35 % 
replacement) and deterioration in the mechanical property (65 % replacement) of the prisms were 
observed, respectively (Justnes et al., 2011). The cement and calcined clay were manually mixed to 
form the 'binder' before adding to the mix for mortar casting. 
 
 



 

2.3. Characterization of mortar prisms 
Cured AIM samples were analysed for their thermal conductivities, flexural and compression 
strengths. Mechanical strength properties of cured AIM samples were measured according to 
DIN EN 196-1 standard (Buratti et al., 2012). The flexural strengths of the AIM prisms were recorded 
by a three-point bend test method with a span of 100 mm and a load speed of (50 ± 10) N/s. The final 
reported flexural strength is given as the arithmetic mean of 3 individual results. After the bend test, 
the obtained two AIM sample fragments were subjected to compressive strength test with a contact 
surface of 40 mm x 40 mm. The mechanical load for the compressive strength test was applied 
vertically to the sample at a rate of (2400 ± 200) N/s. The final reported compressive strength is given 
as the arithmetic mean of 3 individual results. 
Three halves of the AIM prisms were employed in measuring the thermal conductivity of the samples. 
The thermal conductivity of cured concrete samples was determined by employing a Hotdisk Thermal 
Constants Analyzer of the type TPS 2500S. A transient plane source technique was applied 
(Gustafsson, 1991; Bentz, 2007) and the AIMs were measured using either the Kapton sensor with 
radius of 9.868 mm (#8563) or another smaller sensor possessing a radius of 3.189 mm (#5465). The 
plastic-film-covered sensor is sandwiched in between two concrete samples and acts both as a heat 
source in addition to register the temperature increase in the samples. The temperature increase over 
time is recorded and used to calculate the thermal conductivity of the AIM samples. The heating 
power and heating time can be varied independently to obtain the most appropriate testing conditions 
for each sample. The conductivity measurements were performed with a heating power ranging from 
0.1 to 0.7 W and a heating time ranging between 10 to 320 s. All AIM samples were measured 
immediately after curing forwithin 24 h after storage for 28 days to minimize the effect of change in 
the hydration or moisture content on the thermal conductivity. Different measurement configurations 
were employed and the final reported data are given as the arithmetic mean of 3 to 5 individual results, 
depending on the repeatability of the measurements. 

3. Results and discussion 
3.1. Effect of aerogel incorporation on cement based mortar prisms 

The neat cement based mortar prism (without aerogel) prepared at a w/c of 0.6 registered a 
compressive strength of 55.3 MPa and thermal conductivity of 0.97 W/(mK) at after curing for 
28 days (curing) measurement, displaying the inert strength of the hydrated clinker phases, particularly 
CSH. When aerogel was incorporated into the mortar, both the thermal conductivity and compressive 
strength decreased with increased content of aerogel. The decrease in thermal conductivity of the 
prisms can be attributed to the network of nanostructure pores in the aerogel, which is defined by the 
high nano-porosity in the scale of 5–10 nm amidst the expanded solid silicate backbone (Fig. 1, left). 
In such nano-pores, the gas (air) molecules present inside were located within the small nano-sized 
space, resulting in the mean free path of the gas molecules being larger than the pore diameter 
(Knudsen effect) and. hence Hence a substantially reduced thermal gas conductivity of the material 
occur (Jelle et al., 2010; Jelle, 2011). However, due to the highly porous nature of aerogel, a degree of 
brittleness was introduced to the prism, causing the compressive strength to decrease. Additionally, 
due to the hydrophobic nature of aerogel particles, the inter-transition zone between aerogel and 
cement matrix is highly weakened as a result of insufficient adhesion between the surfaces of the two 
materials, contributing to the increased brittleness of the composite material (Fig 1, right). Here, the 
lowest thermal conductivity attained was 0.18 W/(mK) at an aerogel loading of 80 vol% where 
compressive strength was negligible. At 70 vol% loading of aerogel, the thermal conductivity of the 
mortar prism increased by almost 40 % to 0.25 W/(mK) and a low compressive strength of 1.7 MPa 
was registered (Fig. 1 and 4 - reference). Reference refers to the control sample without any calcined 
clay. 



 

 
Fig. 1. (left) Schematical arrangement manner of silica nanoparticle (Gao et al., 2014); (right) SEM image of 

aerogel particle in cement matrix showing weakened ITZ due to low adhesion (80% aerogel loading) 

3.2. Replacement with calcined clay – Impact on thermal conductivity 
Replacement of cement with 35 % and 65 % of CK and CS was performed next and the impact on 
thermal conductivity was first studied. Fig. 1 2 displays the thermal conductivity of the mortar prisms 
with different types of binder compositions as a function of aerogel content from 40 vol% to 80 vol%. 
This range of aerogel incorporation was selected as previous studies showed that mortar prisms with 
lower amount of aerogels (< 40 %) displayed thermal conductivity values much higher than our 
targeted value of 0.1 W/(mK) (Ng et al., 2015b). The sum of cement and calcined clay makes up the 
total amount of binder in the system. As observed in Fig. 12, at an aerogel loading of 40 vol%, the 
thermal conductivity of the mortar prism is 0.47 W/(mK) which is ~5 times that of the targeted thermal 
conductivity of 0.1 W/(mK) for structural concrete as mentioned earlier. Upon replacing cement with 
calcined clay in mortar prisms at an aerogel loading of 40 vol%, a decrease in the thermal conductivity 
of the mortar prisms by about 20 % to ~0.4 W/(mK) was observed. This decrease in thermal 
conductivity was consistent regardless of the type or amount of calcined clay added. 

 
Fig. 12. Thermal conductivity values of mortar prisms with and without calcined clay as a function of aerogel 

content. 
Further increment of aerogel contents, up to 80 vol% in the mortar prism displayed similar trend in 
thermal conductivity between prisms made of pure cement or those blended with calcined clay. 
Regardless of aerogel content, mortar prisms prepared with calcined clay displayed thermal 
conductivity values lower than those prepared with pure cement as the binder phase. Interestingly, at 
very high aerogel content, some influence of clay type was detected. When aerogel was added at 
70 vol%, replacement of cement (mortar prism registered a thermal conductivity of 0.25 W/(mK)) by 
CS appeared to show a lower thermal conductivity than with CK (decrease in thermal conductivity by 
40 % versus 24 %, respectively). On the other hand, when the amount of aerogel was increased to 
80 vol%, a lower thermal conductivity was registered with CK (0.07 W/(mK)) than with CS 



 

(0.12 W/(mK)), both showing lower thermal conductivity than mortar prisms without any calcined 
clay added (0.18 W/(mK)). Once again, the amount of calcined clay does not appear to play a role, 
whereby only the type of calcined clay added affected the performance of the prisms. This variation 
appears to be arbitrary and no specific explanation is present currently. However, it may arise as a 
result of the difference in the mineralogical structures of the clays; expanding or non-expanding 
resulting in different interactions with the cement matrix/aerogel particles or their abiity to retain water. 
More importantly, the results displayed here indicated that the desired thermal conductivity of 
0.1 W/(mK) for structural concrete can be attained when calcined clay was present.  
The question now is thusof focus is however, how calcined clay aids in lowering the thermal 
conductivity of the mortar prisms. The answer could be found by taking a closer look at the inherent 
thermal conductivity of the individual binder. As shown in Fig. 23, the thermal conductivity of Anlegg 
cement is 0.13 W/(mK), whereas that for CK and CS are 0.08 W/(mK) and 0.10 W/(mK), respectively.  
This difference of ~30 % thermal conductivity values between the binder materials (calcined clay 
versus cement) can thus account for the increased insulating nature of calcined clay. The higher 
thermal conductivity of CS as compared to CK can be attributed to their tendencies to retain thermal 
conducting water, even in their dry state. In CS, the bulk clay minerals are made up of expanding 
layered clays such as smectite and illite, thus a high tendency to retain water is present. On the other 
hand in CS, the main constitution is calcined kaolin, which is a 1:1 non-expanding clay. Due to this 
difference, the variation in thermal conductivity could be accounted for. 

 
Fig. 23. Thermal conductivity of the dry calcined clays CS and CK, and Anlegg cement powders. 

It should be noted at this point that in theory, when the thermal insulation of prisms is a matter of 
simple arithmetic between the content of individual binders, the thermal conductivity of the prisms 
should decrease when increased amount of calcined clay is present, i.e. 65 % replacement should 
display lower thermal conductivity than those with 35 % calcined clay. However, this was not the case 
here. A potential explanation could arise due to the incomplete hydration of calcined clay when high 
amount of this pozzolanic material is present, resulting in the availability of 'free water' which can 
contribute to the overall thermal conductivity of the mortar prisms. More elaboration will be given in 
the next section. 
3.3. Replacement with calcined clay – Impact on mechanical strengths 
The impact of calcined clay replacement on the flexural and compressive strengths of the mortar 
prisms was investigated next. When the cement was replaced by calcined clay at 40 vol% aerogel 
loading, the flexural strengths of all prisms decreased by ~40 %, indicating a correlation between the 
flexural strength and cement content. Further increase in the amount of aerogel displayed a narrowing 
of in the deviation in of flexural strengths (Fig. 34), whereby by 80 vol% aerogel loading; only mortar 
prisms containing calcined clays registered a low but existing flexural strength. Pure cement based 
aerogel mortars failed to be measureable for their flexural strength. This change in the mechanical 
resistance of mortar prisms to deformation may be a function of the difference in the lattice structures 
of the hydrated cement particles and calcined clay. Mechanically, Wwhen low amount of aerogel is 
present (40 vol%), the binder is the dominant phase in the prism. Therefore, flexural strength is 



 

dependent on the structural performance of this binder material. A pure cement based system generates 
a homogeneous matrix, whereas that with clay is more inhomogeneous. Therefore, dDuring flexural 
stress measurement, the stress induced can be distributed easier through the cement based mortar 
prism than the those with calcined clay present, giving rise to a higher flexural strength in the former. 
With increased amount of aerogel, the structural performance depends more on the strength of the 
aerogel. However, presence of calcined clay may aid to improve the distribution of stress due to their 
layered structure which can allow limited distribution of stress during measurements and 'improving' 
the flexural strength of the prisms. On the other hand, crystallized cement hydrates such as bulk CSH 
tends to grow radially to form bouquets of needle-like structures, thus increasing the brittleness of 
such materials to flexural stress.  
 

 
Fig. 43. Flexural strengths of mortar prisms with and without calcined clay as a function of aerogel content. 

In the case of compressive strength measurement, mortar prisms with 35 % calcined clay displayed 
very similar compressive strength as that of the cement based mortar prisms (Fig. 45). This was 
consistent regardless of aerogel loading and can be attributed to the synergetic hydration of calcined 
clay with cement on top of the conventional pathway cement hydration occurs. It was found that 
during the hydration of cement/calcined clay system, carboaluminate hydrates (equation 1) were form 
in large amounts on top of the usage calcium silicates and calcium aluminate hydrates (Justnes et al., 
2011). The additional formation of the carboaluminates thus results in maintenance of the compressive 
strength of the prisms relative to that of a pure cement based prism.  
Reaction of aluminosilicate from calcined clay with portlandite: 
CH + AS + H → CSH + C2ASH8 + C3AH6        (Equation 1) 
where CH = portlandite; AS = aluminosilicate; CSH = calcium silicate hydrates; C2ASH8 = gehlenite 
and C3AH6 = katoite.  
When 65 % calcined clay replacement was employed, a much lower compressive strength was 
registered. At 40 vol% aerogel loading, the compressive strengths of 65 % calcined clay mortar prisms 
were almost 50 % lower than that of cement based mortar prisms. This can be attributed to the slow 
lower hydrating nature of calcined clay as compared to cement. When calcined clay exist as the 
dominating binder, little pozzolanic reaction can occur due to lowered alkalinity and amount of 
Ca(OH)2, thus leading to a slower hydration process of the binder and reduction in strength (Østnor et 
al., 2013). This in turn leads to more available 'free water' especially since mortar prisms were cured in 
100 % RH instead of submerged in water, which thus explains the observation in section 3.2. on 
thermal conductivity.  
When aerogel content in the mortar prism increased, the difference in compressive strength between 
prisms prepared from pure cement or blended with calcined clay narrowed. This can be attributed to 
the fact that hydration of binder is no longer the main influencing factor on the strength of the prisms, 
but instead the amount of available binder and the binder to overall volume (wetting ratio) start 
playing a bigger role here (Ng et al., 2015b). It is however, interesting to note that mortar prisms 
prepared with CK displayed a lower compressive strength than that prepared with CS. Generally, CK 



 

contained a higher amount of calcined kaolinite, thus it is expected to be a stronger material than CS, 
which is mainly consisting of calcined smectite. Therefore, the difference in strength of the prisms 
must be due to other factors than the inherent strength of the materials. 

 
Fig. 45. Compressive strengths of mortar prisms with and without calcined clay as a function of aerogel content. 

3.4. Correlation between thermal conductivity and compressive strength 
From above discussions, it can be seen that partial replacement of cement by calcined clay leads to an 
improvement in thermal conductivity of the mortar prism by ~20 %. Additionally, when a maximum of 
35 % cement was replaced by calcined clay, the decrease in thermal conductivity is not accompanied 
by a corresponding decrease in compressive strength. This improvement is indeed significant in our 
field of enhancing structural and thermally insulating concrete, where a material with low thermal 
conductivity but high mechanical strength is desired. The next step is to investigate and determine 
which calcined clay type is better for the application here. For this purpose, the correlations between 
thermal conductivity and compressive strength of the mortar prisms under different conditions are 
plotted in Fig. 56. As observed, mortar prisms with 35 % calcined clays displayed lower thermal 
conductivity values than the pure cement based mortar prisms at the same compressive strengths. 
When 65 % calcined clay is present, this improvement in performance diminish at a compressive 
strength of 3 MPa for samples prepared with CK, while ~6 MPa was detected for those with 65 % CS. 
This confirmed the results discussed so far that higher replacement level of cement with calcined clay 
(65 %) is not ideal. 

 
Fig. 56. Correlation between thermal conductivity and compressive strength of mortar prisms prepared with 
and without calcined clay replacements. 

For better comparison purposes, the trend of each curve was fitted with a linear regression and the 
coordinates were determined as shown in Table 2 and Fig. 67. As observed, when compressive 
strength of the prisms were zero, mortar prisms containing 35 % CK were the most thermally 
insulating, with 65 % CK following closely behind with a thermal conductivity value of 0.094 W/(mK) 



 

(Fig. 5). However, it is more interesting to look at the correlation between the gradient (showing the 
tendency) and the amount of calcined clay present (Fig. 67). It can be deduced that up to 30 % 
calcined clay replacement; the type of clay added does not affect the mechanical performance of 
mortar prisms. At replacement of cement with higher amount of calcined clay, a deviation can be 
observed. Utilization of CK instead of CS displayed that for the same compressive strength, a higher 
thermal conductivity of the mortar prism is expected. Therefore, CS is the better calcined clay for our 
purpose. 

 

Table 2 Values obtained from linear regression of respective 
curves from Fig. 5. 

Sample Gradient y-intercept R2 
reference 0.0243 0.187 0.967 
35 % CK 0.0293 0.092 0.979 
65 % CK 0.0488 0.124 0.900 
35 % CS 0.0283 0.113 0.998 
65 % CS 0.0403 0.094 0.940 

 
Fig. 67. Variation in the value of gradient from linear 
regression (Fig. 5) as a function of calcined clay content. 

 
4. Conclusions 
Thermal insulation mortar with calcined clay was utilized to optimize the structural properties of 
insulation composite materials based on aerogel incorporation. It was observed that while aerogel is te 
main insulating component of the composite material, replacement of cement with calcined clay can 
further enhance the insulating property of such composite. Replacement of cement with calcined clay 
improved the thermally insulating properties of the mortar prisms, regardless of the amount of 
calcined clay added. When only 35 % cement was replaced by calcined clay, no significant impact on 
the compressive strength was observed due to the enrichment of hydrate phases by the formation of 
carboaluminates, which makes making such the replacement of cement as binder ideal for further 
usage. Additionally, smectite rich calcined clays may prove to be a better substitution material than 
those rich in metakaolin at higher replacement levels. 
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Abstract 
In the drymix mortar industry, calcium aluminates cement (CAC) is often used as a compound of  formulated binders 
also combining Portland cement and calcium sulfate. These formulations lead to the formation of ettringite as a main 
hydrate at early age, allowing special properties like rapid setting and hardening, rapid drying or shrinkage 
compensation. Thanks to this technology, special construction mortars have been successfully developed over the years, 
for example self-leveling compounds with time to service as rapid as a few hours. In this context CAC is as key 
precursor for the reaction leading to ettringite. The composition of the binder in the ternary diagram CAC-OPC-C$  is 
a first order parameter on the hydration reaction and the delivered properties. This paper gives an overview of the 
compressive strength level that can be obtained depending on the binder composition and make the link with the binder 
hydration in order to propose a guide of formulation. 
 
Originality 
The originality of this work is that it gives an overview of the different ways to use ettringite formation as a lever for 
advanced properties, with a special focus to explain links between hydration at the microscopic level and properties at 
a macroscopic level. 
 
Keywords: calcium aluminates cements, ettringite, hydration 
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1. Introduction 
 
Since its invention in 1908, calcium aluminate cement (CAC) has been used as a full binder to 
formulate materials in a wide range of niches applications like monolithic refractories, rapid concrete, 
corrosion resistance lining etc....Since the 80’s, applications have been developed using CAC not as a 
full binder but as a compound of formulated binders combining CAC, Ordinary Portland Cement 
(OPC) and Calcium Sulfate (C$Hx) leading to the formation of ettringite. But the domain of 
formulation in the ternary diagram CAC-OPC-C$ is vast.  Figure 1 proposes four different zones in 
the ternary diagram segmenting different levels of performances associated with specific conditions of 
hydration and ettringite formation (Bertrand 2013).  
 

 
Figure 1 : zones of binder formulation in the ternary diagram CAC-OPC-C$. 

 
Zone 1 is characterised by a binary system composed of OPC and CAC, leading to quick setting which 
can be interesting for small fixing works. Its moderate strength and the absence of shrinkage 
compensation reduce its usage to the less demanding applications. Zone 2 is characterised by a ternary 
system composed of OPC, C$ and CAC, the major binder being OPC. Such system allows high early 
strength (20 MPa at 3h/20°C for example) suitable with more demanding application like repair 
mortars. The evolution from zone 2 to zone 3 corresponds to an increase of [CAC+C$] and a reduction 
of OPC content. In zone 4 there is no more OPC, this zone is suitable for CAC based on C12A7 instead 
of CA. Zones 3 and 4 is selected for high demanding applications requiring high early strength, rapid 
internal drying and shrinkage compensation with good robustness to temperature or raw materials. A 
typical example is self-levelling compound for flooring application. This paper compares properties 
and phase of examples in the three different zones showing the relation between performances and 
hydration. 

2. Experimental 
 
2.1 Binder and mortars compositions  
The compositions of the binders were different in each zone, their positions on the ternary diagram 
CAC-OPC-C$ can be seen in figure 1. Binders were tested in mortars with formulations shown in 
table 1. Binders represented by squares in figure 1 are all in zone 1 and have been tested in mortar 

CAC OPC 

C$ 



 

with water to binder ratio (w/b) of 0.50. Circles are all in zone 2 and have been tested in mortar with 
w/b=0.40. Triangles are in zone 2, 3 or 4 and have been tested in self levelling mortars with w/b=0.80. 
In zone 1 and 2 the w/b is rather low (0.4 / 0.5) as these zones correspond generally to repair mortars 
with no specific rheological behaviour. High w/b (0.80) has been used to exemplify self-levelling 
mortars, typical of zone 3 or 4. 
 

Table 1 Mortar compositions of the different examples 
w/b Example for the zone Binder Sand Admixtures  
0.50 Zone 1 75% 25% No  
0.40 Zone 2 25 % 75 % Citric acid Na2CO3  
0.80 

 
Zone 2, 3 and 4 

self-levelling mortar 
30% 70% Citric acid, Li2SO4 

PCE, Cellulose, Latex resin 
 

 
2.2. Raw materials 
The raw materials composing the binders are presented in tables 2 to 4.  
 

Table 2 Mineral composition and fineness of the three CAC 
 CA C12A7  Silicates C4AF Spinel C3FT cm2/g 

CAC1 55 2 15 10 10 6 3000 
CAC2 55 2 15 10 10 6 4000 
CAC3 1 60 13 21 0 4 3000 

 
Table 3 Mineral composition and fineness of the two OPC 

 C3S C2S  C3A C4AF C$Hx Others cm2/g 
OPC1 64 16 7 5 6 2 4500 
OPC2 59 17 10 8 5 1 3500 

 
Table 4 Mineral composition and fineness of the two C$ 

 CaSO4 CaSO4.0.5 H2O CaSO4.2 H2O Others  
C$1 94  2 4  
C$2  98  2  

 
2.3. Experimental Process 
Setting time was measured using Vicat apparatus with a 300g needle. Compressive or flexural 
strengths were measured on 4x4x16cm3 samples stored at 23°C 50% RH with a 3R type RP300-10 
ELC device. Micro calorimetry was performed on about 5g of sample poured in a plastic vial 4min 
after mixing and loaded in a microcalorimeter TAM Air from AB operating at 23°C. Hydration was 
analysed on sealed mortar samples (no external drying) at 23°C. XRD analyses were performed using 
a D8 advance with LynxEye from Brucker (Cu kα 1.54 Å 40kV 45mA 5°/min). Sample preparation 
and phase quantification was different depending on the examples given. For examples from zone 1, 
insitu XRD was directly performed on the sealed sample and phase quantification was done by using 
the G-factor method by analysing the Rietveld scale factor (Jansen D, 2011). For the other examples 
from zone 2 and 3, the hydrated samples were crushed, washed with acetone and dried at ambient 
temperature to stop hydration reaction. Then, they were milled using a Retsch Mortar Grinder RM 200 
and sieved to achieve a particle size less than 100µm. Phase quantification was done by Rietveld 
analysis on Topas software (Bruker). Heat of hydration and phase proportions were both expressed by 
total mass of binder including anhydrous, hydrates and free water in order to compare hydration of the 
different mortars containing different binder amount. 
 
 
 



 

3. Results and Discussion 
 
Zone 1 
Behavior of zone 1 is illustrated by binary mixes between OPC1 and CAC1. Figure 2 shows the 
setting time evolution : limited effect up to 5% of CAC, then a sharp decrease is observed from 222 
minutes at 5% down to 26 minutes at 8 %, and 7 minutes at 15 % of CAC1. Although this type of 
behavior is typical of zone 1, it has to be noted that efficient CAC dosage to get a given setting time 
depends on the OPC and can vary by a factor of 2 depending on the OPC charatceristics, mainly its 
calcium sulfates type and quantity (Amathieu, 2001). But this quick setting time does not correspond 
to a real strength development, as shown in figure 3 for the mix containing 15 wt% of CAC1. Despite 
a setting time of 7 minutes, compressive strength is less than 2 MPa up to 1 day. Figure 4 shows the 
impact of CAC addition on the cumulative heat of hydration. The addition of 15% CAC clearly leads 
to a higher heat of hydration during the first hours. However, the cumulative heat plateau remains 
below 100 j/g during almost two days before the hydration starts again, whereas it starts at around 3 
hours for the pure OPC sample. XRD analysis shows that there is almost no reaction of C3S and C3A 
during this plateau. The only crystalline hydrates detected during the first 24h are ettringite (Aft) 
already observed at 1h, monosulfo and monocarbo aluminates (Afm) observed from 3h, as shown in 
Figure 5.  
 

 
Figure 2  : impact of  CAC% on setting time  zone 1. 

 
Figure 3 : strength development of the mix [85% 

OPC1 + 15% CAC1] from zone 1   
  

 
Figure 4 : microcalorimetry from zone 1   

Figure 5 : Hydrate formation (wt% of binder) of 
the mix [85% OPC1 + 15% CAC1] from zone 1 

 
Early ettringite is probably responsible for the quick setting. In this case ettringite is formed by the 
reaction of the CA phase from CAC1 and the C$ phases from OPC1. Despite this quick ettringite 
formation, the structuration of the material is still limited with less than 2 MPa in compression. The 
limited amount of hydrates formed in the binder is probably inefficient to significantly fill the porosity. 
The formation of Afm phase between 1h and 24h suggests an increase of aluminates ions 



 

concentration. This might be the cause of the strong retardation of OPC hydration as already observed 
(Damidot D. 2003). This retardation is another reason of the low structuration during the first 24h. 
Zone 2 
Behaviour in zone 2 is illustrated by 7 mixes between CAC2, OPC2 and C$1 whose compositions and 
strength are given in table 4. A mix [CAC+C$] is added to OPC, ranging from 10% (#2) to 35% (#1), 
with a CAC/C$ ratio between 1 and 6. The position of these mixes in the ternary diagram can be 
visualised by the circles in figure 1. Strength is much higher than in zone 1. For example, formulation 
#2 develops 8.5 MPa at 3h and 37 MPa at 24h for 10% of (CAC+C$) added to OPC. As a comparison 
the addition of 15% of CAC in zone 1 leads to a plateau below 2 MPa for more than 24h. There is 
proportional relation between the  percentage of (CAC+C$) and early strength in the series #2, #9 and 
#7 in which the 3h strength increased from 8.5 MPa up to 22 MPa. Ettringite is the only hydrate 
detected by XRD during the first 24h. Figure 6 shows a fairly good correlation between strength and 
ettringite content of the binder. Figure 7 superposes the cumulative heat of hydration with strength 
evolution for formulation #7. Hydration continuously increases during the first 24h with no plateau as 
in zone 1.  

 
Table 4 Binder composition and strength at 3h and 24h 

 
Formulation N° #1 #2 #4 #6 #7 #8 #9 

CAC2 30,0 5,0 17,5 17,5 13,3 21,7 9,2 
OPC2 65,0 90,0 77,5 65,0 73,3 69,2 81,7 
C$1 5,0 5,0 5,0 17,5 13,3 9,2 9,2 

% (CAC+C$) 35 10 23 35 27 31 18 

CAC/C$ 6,0 1,0 3,5 1,0 1,0 2,4 1,0 
CS 3h 4,3 8,5 7,9 21,2 22,3 8,2 13,5 

CS 24h 13,5 37,3 20,8 42,2 38,3 29,3 25,6 
 
 

 
Figure 6: relation between wt % of ettringite of the 
binder and compressive strength of the mortar for 
the #7 and #8 from zone 2, data from 3h to 24h. 

 
Figure 7: evolution of compressive strength of 
the mortar and cumulative heat by g of binder 
for mix #7 from zone 2.  
 

Two main reasons can be proposed to explain the higher structuration of formulation from zone 2 
compared to zone 1: the higher quantity of ettringite formed (figure 8) and the continuous hydration 
process without blockage (figure 7). In zone 2, the added C$ also feed ettringite precipitation with two 
consequences compared to zone 1 (i) more ettringite can be formed and (ii) the concentration of 
aluminates ions stay balanced by sulfates ions from added C$ which probably prevents a blockage of 
OPC hydration.  Analysis of the degree of hydration of composition from zone 2 has shown that OPC 
does hydrate in these systems and is not blocked (Bizzozero J 2014). 



 

 
Figure 8 : hydrate formation of the mix #7 from zone 2 in wt% of the binder 

 
Zone 3 and 4 
Figure 9 compares the compressive strength delivered by self-levelling mortars at high w/b ratio (0.80) 
with two binders from zone 3 and 4 and as a comparison to one binder from zone 2 (triangle in figure 
1). The evolution from zone 2 to zone 3 and 4 requires to switch from anhydrite type calcium sulfate 
(C$1) to a more rapid calcium sulfate, in the present case hemi-hydrate (C$2) (Berger 2014, Stabler 
2014). The strengths from the binders of zone 3 are clearly higher than the binders from zone 2. The 
other key performances of self-levelling mortar like shrinkage compensation or drying (not shown in 
this paper) are also superior with binder from zone 3 and 4. The binders from zone 3 are contain 
CAC2 (CA based) and OPC2, the binder from 4 contains CAC3 (C12A7 based) without OPC. The extra 
performance delivered by the latter is due to the higher C/A and the quickest dissolution rate of C12A7 
more favourable to ettringite formation (Fryda H 2013, Touzo B 2014, Touzo B 2015).  
 

 
Figure 9: compressive strength delivered at 6h by self-levelling mortars at w/b of 0.80 with binder from zone 2 

and zone 3 (triangles of figure 1). 

Figure 10 show the heat of hydration and strentgh evolution of the binder from zone 4 using CAC3. 
As in zone 2, hydration and strentgh continuously increase during the first 24h with no blockage, but 
the cumulative heat of hydration at 24h is much higher : 380 j/g at 24h (figure 10) vs 245 j/g for zone 
2 (figure 7).  As in zone 2 the main crystalline hydrate is ettringite. However the quantity formed is 
much higher than in zone 2 : 61 % of the binder at 24h (figure 11)  to be compared with 33% for zone 
2 (figure 8). The binder of zone 4 contains 100% of ettringite precursor (CAC3+C$2) whereas the 
binder from zone 2 exemplified in figure 8 contains only 27% of etttringite precursor (CAC2+C$1). 
The high quantity of ettringite formed in the binder from zone 4 led to a good structuration of the 
mortar reaching 28 Mpa at 24h despite the high w/b ratio of this mortar at 0.80.  Hydration and 
performances of binder from zone 3 are intermediate between zone 2 and zone 4, but closer to zone 4.  



 

 
Figure 10 : cumulative heat and compressive 
strentgh of the self-leveling mortar with binder 
composition =  66% CAC3 + 34% C$2 (zone 3) 
 

 
Figure 11 : hydrate formation of the binder 

composition =  66% CAC3 + 34% C$2 (zone 3) 
 

Phase analysis of the different binders (figures 5, 8, 11) has been used to calculate the volume 
repartition after 24h : table 5. The calculated porosity highlight the relation between the quantity of 
hydrates, mainly ettringite, formed and the strength of the mortars. For binder from zone 1 porosity is 
still very high at 50% which explains the low strentgh at less than 2Mpa. For zone 2, the final binder 
porosity is much lower at 30%, resulting in a strength of 38 Mpa. In this case it is probable that OPC 
hydration also contributes to the strentgh at 24h with CSH which is not taken into account in this 
calculation. In zone 3 the final binder porosity is at 32% despite a very high initial water content. This 
is possible by the high amount of ettringite formed in this binder. The final free water is even lower 
than in zone 2 : 26 % vs 30%. Ettringite crystals containing 46 wt% of bounded water allow this 
internal drying. 
 

Table 5 : calculation of volume repartition in the binders from zone 1, 2 and 3 
Initial porosity = vol initial free H20 / total volume        % porosity after 24h  = % free H2O + % air 

free H2O = initial H20 – (bounded H2O in Aft and Afm)           % air = total volume – Σ (vol solid) – vol free H2O 
Hypothesys for calculation : total vol = constante        wt% is measured from XRD – Rietveld    

vol% = wt % / density          anhydre density = 3, Aft d = 1.73, Afm d = 1.95 
 Initial After 24h 

 porosity porosity wt% Aft wt% Afm vol % hydrates vol % anhydrous vol % free H2O vol % air 

Zone 1 / w/b=0.50 
85% OPC1+15% CAC1 

60% 51% 7% 9% 15% 34% 49% 2% 

Zone 2 / w/b=0.40 
73.3% 

OPC2+13.3%CAC2+13.3%C$1 

55% 29% 33%  36% 34% 25% 4% 

Zone 4 / w/b=0.80 
66% CAC3+34%C$2 

71% 32% 61%  56% 11% 26% 6% 

 
Conclusions 
This paper gives an overview of the strentgh and hydration accessible with binder composed of mixes 
CAC-OPC-C$. Three zones have been distinguished in the corresponding ternary diagram. In every 
zone ettringite is the first hydrate detected by XRD, leading to early structuration of the mortar. 
However, hydration degree and strength vary significantly depending on the zone.  
 
In zone 1, composed of binary mixes CAC-OPC dominated by OPC, CA from CAC reacts with 
C$ from OPC to form ettringite leading to quick setting. But early strength remains poor (< 2 MPa) 
due to low quantity of ettringite (<10% of the binder), which is limited by C$ available from OPC, and 
due to retardation of OPC hydration.  
 



 

In zone 2, where CAC+C$ are added to OPC dominated system, the C$ added also feeds ettringite 
formation leading to a higher amount of ettringite than in zone 1 (30% of the binder), and there is no 
blockage of hydration. Consequently early strentgh is significantly higher and can be adjusted by the 
quantity of CAC+C$ added, up to more than 20 MPa at 3h for mortar with w/b=0.40 in the present 
examples. However the performance delivered by these binders is limited in self-levelling mortars 
with high w/b (0.80).  
 
In zone 3 CA based CAC and C$ are dominating the system, OPC being the minor component of the 
binder, whereas in zone 4, using with C12A7 based CAC, there is no OPC. In these zone the quantity of 
ettringite can be very high (> 60 % of the binder) allowing the formulation of self-levelling mortar 
with high early performances (strentgh, shrinkage compensation, drying) despite a high w/b ratio. 
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Abstract 
The use of calcium aluminate cements to efficiently encapsulate hazardous wastes was reported. Specifically, 
the quick formation of a matrix of low porosity and high stability was intended. The reaction between phosphate 
groups and calcium aluminate cement was extremely important in this case. This work presents an acid-base 
reaction between phosphates present in the sludges from the automotive industry and calcium aluminate cement 
that yielded very inert and stable monolithic blocks of amorphous calcium phosphate (ACP). Two industrial 
sludges of different compositions were characterized and loaded in different ratios (from 10 to 50 wt.%). Setting 
times and compressive strengths were recorded to establish the feasibility of this method to achieve a good 
handling and a safe landfilling of these samples. Short solidification periods were found and leaching tests 
showed an excellent retention for toxic metals such as Zn, Ni, Cu, Cr and Mn and also for organic matter. 
Retentions over 99.9% for Zn and Mn were observed even for loadings as high as 50 wt.% of the wastes. The 
formation of ACP phase of low porosity and high stability accounted for the effective immobilization of the 
hazardous components of the wastes, as confirmed by X-ray diffraction and SEM-EDAX studies. Comparison 
with the performance of pure sodium hexametaphosphate-CAC mortars bearing toxic metals solutions was 
sometimes reported. 
 
Originality 
The rationale is that polyphosphate-CAC matrices have shown interesting potential to solidify/stabilize heavy 
metals, owing to the aforementioned acid-base reaction that yields a compact and low porous matrix mainly 
composed of ACP - amorphous calcium phosphate -, which can be able to retain hazardous compounds. We 
aimed to take advantage of the reactivity of one of the sludge components: the sludges with relatively large 
concentrations of phosphate are expected to act themselves as reactants that, interacting with the CAC, could 
result in a very effective retaining system of the sludge constituents. Sludge samples from two locations have 
been incorporated in high proportion within the mix. We discussed the effects of the sludge on the CAC mortar 
and a possible interaction mechanism is provided. 
 
Keywords: 
sludge; calcium aluminate cement; leaching; solidification/stabilization; landfilling 
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1. Introduction 
Phosphate coating sludge (PS) originated by the automotive industry is considered a highly 
problematic waste due to the possible leaching of the heavy and/or transition metals which contains 
(Dogan and Karpuzcu, 2010; Ucaroglu and Talinli, 2012). Heavy metal bearing waste normally needs 
solidification/stabilization (S/S) processes to reduce contaminant leaching prior to landfill disposal 
and cement is the most adaptable binder currently available for this immobilization. 
Most of the published studies regarding S/S treatment of PS has been focused on ordinary Portland 
cement (OPC) as binder (Dogan and Karpuzcu, 2010; Ucaroglu and Talinli, 2012; Pinarli et al., 2005). 
Compounds present in polluted sludges can have any influence in the hydration and setting processes 
of the OPC. It has been reported the capacity of phosphate groups to act as inhibitors of the setting 
process (Pinarli et al., 2005), making difficult the encapsulation of the hazardous materials and 
promoting a reduction of the compressive strength of the material, which leads to a decrease of the 
benefits of it. Calcium aluminate cement (CAC) offers particularly interesting properties such as 
resistance to chemical attack and to abrasion, high early strength, and refractory properties 
(Ukrainczyk et al., 2012). CACs have been reported to show potential advantages when used to 
encapsulate certain toxic and radioactive wastes (Hidalgo et al., 2007; Navarro-Blasco et al., 2013). 
The relatively low pH of this kind of cement matrix (10.5-11.5), in comparison with the OPC system, 
has been highlighted as a favourable property for high and intermediate level waste repositories 
because of its acidic chemical attack resistance (García-Calvo et al., 2013; Swift et al., 2013). A 
variant of a CAC matrix is phosphate-bonded calcium aluminate cement, which can be obtained by 
acid-base reaction between acidic phosphate solutions (for example, polyphosphate) and calcium 
aluminate cement as the base reactant (Sugama and Carciello, 1995; Swift et al., 2013; Fernández et 
al., 2014). Polyphosphate-CAC matrices can turn out to be optimal candidates to solidify/stabilize 
heavy metals, owing to the aforementioned acid-base reaction that yields a low porous matrix mainly 
composed of amorphous calcium phosphate (ACP), which can retain hazardous compounds. Thus, we 
expect the sludges with relatively large concentrations of phosphate act themselves as reactants, 
resulting – through their interaction with the CAC - in a very effective retaining system of the sludge 
constituents. This work is dealt with the encapsulation of two different automotive phosphate coating 
sludges in CAC-based mortars  
2. Materials and methods 
2.1. Raw materials and mortar preparation 
10 different batches of specimens were prepared by mixing a calcium aluminate cement (Electroland®, 
Ciments Molins, Spain) with two different PS (a paler one, white sludge, WS, and a darker one, 
brown sludge, BS) coming from the automotive industry. One normalized siliceous sand was 
incorporated as aggregate, with a CAC/sand ratio of 1/1.5 by weight. A control group with sodium 
hexametaphosphate (SHMP, (NaPO3)6), as a pure acidic phosphate reactant, was also prepared for 
comparison purposes. Table 1 collects the sludge waste amounts used and the required mixing water 
to achieve the consistency of the control sample. 

Table 1 Composition of the mortar samples assayed 
Raw material Controla WS1 WS2 WS3 WS4 WS5 BS1 BS2 BS3 BS4 BS5 

Sludge (g) -a 39 78 117 156 195 39 78 117 156 195 
Water (wt %) 10.50 15.00 18.20 21.50 22.50 23.50 14.43 18.00 19.50 19.50 20.50 

a Control sample was prepared by mixing 78 g of pure sodium hexametaphosphate (SHMP) as a source of pure 
phosphate 

Raw materials were blended for 5 min in a mixer. Fresh mixtures were decanted into cylindrical PVC 
molds (5 x 3.5 cm) and subjected to a curing regime of 20 ºC and 95% RH for 7 and 28 days. To 
guarantee the statistical significance, three specimens of each one of the samples for each curing age 
were prepared. 
2.2. Experimental procedures 
Usual procedures of the chemical analysis were used to characterize the automotive sludge wastes. 
Samples were placed into a high-pressure Teflon bomb, digested by a 3:1 mix of HNO3 (69 wt.%) and 



 

HCl (32 wt.%) and treated in a closed microwave system. Components of the sludge were determined 
by atomic absorption spectrometry (AAS, Perkin-Elmer AAnalyst-800). 
Conductivity and pH values (Thermo-Orion) were measured in an aqueous suspension of the sludges 
(1:5 weight ratio). The automotive sludges were characterized by several methodologies: thermal 
studies from 25 to 1000º C (TG-DTA Mettler-851) in an alumina crucible, using N2 as purge gas (20 
mL min-1); X-ray diffraction studies from 2° to 80° (2θ) with a Cu Kα1 radiation (Bruker-D8 Advance) 
with a step size of 0.02° and a step time of 1 s; and SEM-EDAX examinations onto gold-coated 
samples (Hitachi S-4800 scanning electron microscope with an EDS detector coupled). Organic 
matter contents were calculated by the weight loss in the TG curve and further confirmed by 
calcination according to a norm (TMECC Method, 2001). 
The flow table test allowed us to assess the consistency of the freshly prepared mortars (EN-1015-3, 
2000). Setting time was recorded according to the norm (EN-1015-9, 2000). In hardened mortars, 
unconfined compressive strengths (rate loading of 50Ns-1) were measured (Fernández et al., 2014).  
The leachability of the raw sludge wastes by water was studied by using EN 12457-4 extraction test 
method (EN-12457-4, 2002). The leaching performance of the monolithic specimens was determined 
by means of the semi-dynamic Tank Test (EA NEN 7375, 2004), as described elsewhere (Lasheras-
Zubiate et al., 2012). The concentration levels of the elements were measured by AAS and the organic 
matter by the analysis of total organic carbon content in filtrates using a LiquiTOCII Analyzer 
(Elementar). 
3. Results and discussion 
3.1. Characterization of the automotive sludges 
The chemical analysis of the two tested sludges was collected in Table 2. The pH values of the 
aqueous suspensions (1:5 sludge/water ratio) are 5.47 for the white sludge (WS) and 5.46 for the 
brown one (BS); the conductivities of the supernatants are 2740 (WS) and 1500 (BS) μScm-1. The 
results showed that organic matter contents were significant in the two sludges (29.7% for BS and 
21.6% for WS sample).  
Relevant amounts of phosphate were found in the polluted sludges: almost 50% in WS but only a 20% 
in BS. Owing to the slightly acidic pH of the samples, these phosphate groups were expected to be 
present as hydrogenphosphate salts. Another outstanding difference was the presence of 10 wt.% of 
carbonates in the composition of BS, whereas the amount of this anion was negligible for WS. DTG 
curves show for the BS sample an endothermic weight loss at ca. 750ºC, assigned to the carbonate 
decomposition, not observed in WS (Fig. 1). 

  
Figure 1. DTG curves for WS and BS samples. 

The presence of calcium carbonate as the main carbonated phase in BS samples seems to be inferred 
from their large percentage of calcium (Table 2) and the decomposition temperature (Fig. 1). This fact 
was also ascertained by XRD analysis, indicating the presence of calcite (CaCO3) by its main 
diffraction peak. 
As for the presence of hazardous components, Table 2 displays the presence of Cu, Mn, Ni, Cr and 
specially Zn, as zinc phosphates coming from decanter baths of phosphate, in agreement with 
previous works (Dogan and Karpuzcu, 2010; Ucaroglu and Talinli, 2012; Caponero and Tenório, 
2000; Pinarli et al., 2005). Due to their reactive and toxic characteristics according to the regulations, 



 

WS and BS can be classified as hazardous wastes, and cannot be landfilled without a previous S/S 
process (Ucaroglu and Talinli, 2012). However, the chemical composition of WS indicates a larger 
amount of metallic phosphates as compared with the BS, in accordance with the higher conductivity 
of the supernatant fraction. All these results point to WS as a more hazardous waste, with a higher 
leaching potential. Microstructural examinations of both sludges were carried out by SEM (Fig. 2a 
and 2b), showing the larger degree of densification of the BS. EDAX analyses confirmed the chemical 
composition (Fig. 2c and 2d).  
 

Table 2 Chemical analysis (in wt %) of the automotive sludges 
Sample Org. matter PO4

3- Fe Ca CO3
2- 

WS 21.6 ± 0.1 49.0 ± 2.5 21.6 ± 1.0 0.31 ± 0.02 < LOD 
BS 29.7 ± 0.1 20.0 ± 0.4 12.7 ± 0.8 14.25 ± 0.08 10.17 ± 0.01 

 
Sample Mn Ni Zn Cra 

WS 0.86 ± 0.05 0.51 ± 0.03 4.5 ± 0.2 382 ± 21 
BS 0.75 ± 0.01 0.64 ± 0.01 2.0 ± 0.2 143 ± 6 

a Cr is expressed in mg kg-1 

  
Figure 2. Textural examination by SEM of the sludges: a) WS and b) BS. Chemical composition by energy 

dispersive X-ray spectroscopy (EDAX) of c) WS and d) BS 
3.2. Assessment of the properties of the sludge-bearing mortars 
Control mortar (prepared by mixing CAC and sodium hexametaphosphate in 20 wt.% with respect to 
cement weight) showed 138 mm as the slump value obtained after performing the flow table test, as it 
can be seen in Fig. 3. The incorporation of the sludges increased the water demand in order to achieve 
this slump, considered as the targeted consistency. Table 1 shows the larger the percentage of sludge, 
the higher the required mixing water. This is in relation with the small particle size of the sludge 
compounds, the sludge particles adsorb the mixing water onto the surface reducing the workability of 
the sample, and hindering the lubricant role of the free water. 



 

  
Figure 3. Consistency of the fresh mortars (slump values obtained in the flow table test) and setting time. 

The setting time is a parameter related to the handling of the cement-based S/S systems, as a result of 
the interference of toxic metals and sludges in the cement hydration, delaying or even preventing the 
setting of the fresh mixture. The control mortar showed a very short setting time (6 min), in agreement 
with the values reported for the phosphate-bonded calcium aluminate cements (Sugama and Carciello, 
1995). The presence of the automotive sludges under study here induced a delay in the setting time 
(Fig. 3), associated to the toxic metals presence in the sludges (Cu and Zn, specially), which inhibit 
the setting process (Navarro-Blasco et al., 2013). The longer delays observed for BS samples could be 
ascribed to their higher amount of organic matter. However, in the majority of the samples the 
hardening of the mortars always took place below 60 min., a reasonable value if it is compared with 
Portland cement matrix, with setting times above 400 min for samples with just 10 wt.% of sludges 
(Pinarli et al., 2005) or solidification periods higher than 28 days (Ucaroglu and Talinli, 2012).  
Compressive strength of the samples was measured after 7 and 28 curing days and the collected 
values can be observed in Table 3. A reduction of the compressive strength takes place when either 
WS or BS was added to the mortar as compared with the control sample. In this case, pure sodium 
hexametaphosphate (acidic compound) quickly reacted with the CAC (basic compound) yielding a 
strong and low porosity matrix (Swift at al., 2013; Fernández et al., 2014). Compressive values of 
SHMP-CAC mortars upon the addition of toxic metals solutions can be seen in Fig. 4. The large 
mechanical strengths of SHMP-CAC mortars (higher than 30 MPa after 28 curing days) point to the 
stability and low porosity of the binding matrix, confirmed by SEM analysis (Fig. 5). 

Table 3 Compressive strengths (CS) in MPa for PS-CAC mortars at 7 and 28 curing days 
Raw material Control WS1 WS2 WS3 WS4 WS5 BS1 BS2 BS3 BS4 BS5 

CS 7 days 25 18 10 7 7 6 12 6 4 6 5 
CS 28 days 43 22 13 10 9 8 11 7 3 6 6 

  
Figure 4. Compressive strengths (MPa) for SHMP-calcium aluminate cement mortars vs. curing time. Some of 
the samples were loaded with toxic metal solutions of Pb, Cu or Zn. 



 

 
Figure 5. SEM micrograph of a SHMP-CAC mortar after 28 curing days. 

The strength reduction with incorporation of sludges was an expected result since sludges are 
composed of lower percentages of phosphates and present heavy metals and organic matter, and it is 
in accordance with previous works on S/S processes of phosphate sludges into cement matrices 
(Dogan and Karpuzcu, 2010; Ucaroglu and Talinli, 2012; Pinarli et al., 2005). The stronger reduction 
induced by BS is connected with the more intense interference with the setting process observed for 
these samples. The better strength performance exhibited by WS can be related to its higher amount of 
phosphate and its lower content of organic matter (Table 2). In all the cases, mortars showed 
compressive strength values above the threshold value for landfilling solid wastes, 1 MPa 
(Environment Agency, 2010).  
The XRD studies (Fig. 6) showed that in the control mortar only diffraction reflections of CAH10 
(25.00º 2θ), quartz (from the sand) (26.67 and 20.86º 2θ), aluminum phosphate (27.65º 2θ) and 
anhydrous CA (30.08 and 30.15º 2θ), were identified. As other authors report (Swift et al., 2013; 
Fernández et al., 2014), the presence of polyphosphates leads to the formation of an amorphous 
calcium phosphate (ACP) phase. Fig. 7 depicts the XRD patterns of SHMP-CAC samples vs. different 
curing periods, showing the amorphous pattern and the formation of aluminum phosphate. 

  
Figure 6 XRD patterns of the samples after 28 curing days 
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Figure 7. SHMP-CAC XRD patterns vs. curing times. 

In sludge-bearing mortars, XRD patterns confirm a similar pattern, with the absence of significant 
diffraction peaks of hydrated calcium aluminates (phosphates are supposed to interfere the hydration 
of calcium aluminate-based phases). This amorphous calcium phosphate phase would be responsible 
for the fast setting and the large strength of this mortar. 
The incorporation of the WS also promoted the formation of ACP, the presence of phosphates 
inhibited the hydration of CAC and no reflections of hydrated calcium aluminates were distinguished 
in the XRD patterns (Fig. 6). Only slight amounts of anhydrous CA could be identified (main 
diffraction peaks at 30.08 and 30.15º 2θ). Moreover, a phosphate-based compound (aluminum 
phosphate, ICDD 01-076-0233 with main diffraction peak at 27.65º 2θ) also appeared ratifying the 
acid-base reaction between phosphates of the sludges and the CAC (Fernández et al., 2014). Similarly, 
amorphous XRD patterns were observed with the incorporation of BS (Fig. 6). Calcium carbonate as 
calcite can be appreciated (diffraction peak at 29.42º 2θ) at higher ratios sludge/CAC. The aluminum 
phosphate diffraction reflection was also identified at 27.65º (2θ).  
A homogeneous microstructure when WS was added at low percentages (10 wt. %) can be observed 
by SEM (Fig. 8a), with some fissures caused by shrinkage during hydration. Different microstructures 
can be distinguished: a binding matrix interconnected by a fibrous network (Fig. 8c) or flaky, 
honeycomb-shaped morphologies (Fig. 8d). The appearance of this matrix can be reasonably 
associated to the ACP phase, in accordance with the XRD results (Julien et al., 2007) and with the 
textural aspect of a plain SHMP-CAC mortar (see Fig. 9). 
At the same time, the heterogeneity and the porosity increased when a higher WS percentage was 
added (50 wt.%), in agreement with compressive strength results (Fig. 8b). This fact was confirmed 
by EDAX analysis of the particular regions of the two morphological structures that showed the 
simultaneous presence of P and Ca (Fig. 8e and 8f); Toxic metals of the WS such as Zn, Mn and Ni 
are detected too (Fig. 8e and 8f). 
The incorporation of BS generated a matrix with larger pores (Fig. 10a and 10b). At higher 
magnification micrographs showed CAH10 hexagonal plate-like crystals into the matrix (Fig. 10c) as 
well as the fibrous network (Fig. 10d) in a lesser extent than in WS samples. 
 



 

  
Figure 8 SEM images showing the textural aspect of several samples: a) WS1 sample; b) WS5 sample; c) a 
higher magnification micrograph of WS1, with a fibrous network of ACP; d) different area of WS1; e) and f) 
EDAX profiles of the (c) and (d) micrographs, respectively. 
 

 
Figure 9. Plain SHMP-CAC mortar. 



 

  
Figure 10 SEM analysis showing the textural appearance of BS samples: a) BS1 sample; b) BS5 sample; c) BS1 
sample with small hexagonal platelets of CAH10; d) BS5 with fibrous ACP. 
3.3. Leaching 
Extractions by water of the raw sludges following the extraction test method (EN 12457-4, 2002) 
were carried out (Table 4). Organic matter and relevant amounts of toxic metals (Cr, Cu Ni, Zn,…) 
were released. Table 4 also shows that the organic matter release was extremely high for BS, beyond 
the leaching limit values for landfilling of hazardous wastes (2003/33/EC, 1991), in accordance with 
the larger organic matter amounts determined for this sludge (Table 2).  

Table 4 Evaluation of leaching of organic matter (total organic carbon, TOC) and heavy metals of sludges 
(extraction test method EN 12457-4 under aqueos and acidic solution) and leaching limit values (LLV) for 

landfilling of hazardous waste (2003/33/EC) 

Element LLV WS 
H2O 

WS 
HCl 0.1M 

BS 
H2O 

BS 
HCl 0.1M 

TOC (mg L-1) 320 47.4±0.1 - 427.7±0.1 - 
Cr (mg L-1) 15 0.03±0.01 0.32±0.03 0.004±0.001 0.03±0.01 
Cu (mg L-1) 60 0.49±0.02 0.61±0.07 0.29±0.01 0.29±0.01 
Mn (mg L-1) - 79±6 333±10 0.33±0.03 13.9±0.7 
Ni (mg L-1) 12 82±4 217±9 2.14±0.01 18±1 
Zn (mg L-1) 60 243.7±0.7 1341±7 0.40±0.06 0.78±0.02 

Concerning the heavy metals, the tolerable levels of Ni and Zn -according to the the acceptance limits 
approved by European Council, 2003/33/EC, 1991- were largely surpassed for WS. Moreover, the 
release of toxic metals was even larger when extraction with acidic media (HCl 0.1M) was carried out. 
By contrast, leaching results of the sludges after reaction with the CAC showed a quasi-complete 
retention of the same metals (Table 5) and a strong reduction of the organic matter concentrations in 
the leachates (Table 6) in comparison with the data collected in Table 4, a performance followed by 
both WS and BS. Retention percentages were higher than 99.9% for Zn and Mn, even for high 
dosages of sludges (50%). This behaviour is different from that reported for solidification in ordinary 
Portland cement (Ucaroglu and Talinli, 2012), in which a PS content of just 10 wt. % resulted in 
98.74% retention of Zn. Likewise, Pinarli et al. (2005) reported a retention of 97.1% for Zn for only a 
5 wt.% of sludge load in Portlant cements. But in this work, reaction between phosphate in the sludge 
and CAC provided a favorable binding matrix to solidify/stabilize the toxic metals as well as the 
organic matter of the PS in a very effective way, even for high loadings. The insoluble metallic 
phosphates, specially for high dosages of sludges, would be trapped within the ACP matrix. 



 

Table 5 Retention percentages (% R) and total cumulative leaching (TCL), expressed in mg of analysed 
elements per unit of specimen surface area, m2, of the heavy metals and phosphates in the sludges after 

performing the semi-dynamic tank test in monolithic specimens 
Element WS1 WS5 BS1 BS5 

Cr 100.0 97.68 96.19 99.86 
Cu 99.59 99.92 98.13 97.03 
Mn 100.0 100.0 100.0 100.0 
Ni 99.42 99.86 99.85 99.97 
Zn 99.97 99.99 99.97 99.99 

PO4
3- 99.82 99.97 99.95 99.94 

Table 6 Total organic carbon (TOC) values (mg L-1) found in leachates after performing the semi-dynamic tank 
test in monolithic specimens 

 WS1 WS5 BS1 BS5 
TOC 4.8 ± 0.1 2.0 ± 0.1 3.3 ±0.1 5.7 ± 0.1 

In hardened specimens, the stability of the binding matrix could also be checked by the improved 
retention of phosphate anions when compared with the control group prepared with SHMP. This 
retention was practically 100% even at high sludge dosages (Table 5). CAC is able to interact by acid-
base reaction with the large number of phosphate groups and thus completely retaining them in the 
cementitious blocks. The experimental results support the high stability and low solubility of the ACP 
matrix that guarantees an efficient retention of Zn, as the most representative toxic metal in these 
sludges. Hence, the monolithic specimens obtained as a result of the S/S method proposed in this 
paper can be safely managed and landfilled according to the norms.  
4. Conclusions 
A quick and safe decontamination of two industrial PS wastes with calcium aluminate cement was 
developed and tested. The reaction between the phosphates of the wastes and calcium aluminate 
cement was used as the main solidifying process in a short time, yielding a stable and low-porosity 
matrix mainly composed of amorphous calcium phosphate. They can be safely disposed of to landfill 
since they showed compressive strengths above the limit value allowed by regulation. 
Leaching tests indicated that, for the two sludge wastes toxic metals such as Zn, Ni, Cr, Cu and Mn 
were nearly fully retained within the binding matrix together with the largest fraction of the organic 
matter. The matrix has been proved to be efficient to successfully solidify/stabilize these hazardous 
wastes. 
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Abstract 
CSA (calcium sulfoaluminate) cement has been developed mainly from three types of compounds: 
calcium oxide, aluminum oxide and sulfur oxide. Some typical raw materials used for this kind of 
cement are calcium carbonate, bauxite, and gypsum. This low-energy cement represents an eco-
friendly alternative to ordinary Portland cement production with lower levels of CO2. It requires fewer 
raw materials with high limestone content resulting, therefore, in a reduction in CO2 coming from the 
decarbonation process. Furthermore, its production process requires less fuel consumption due to 
lower sintering temperatures, thus reducing the CO2 emissions even more. Its main crystalline 
compound is ye’elimite, which is produced at lower temperatures compared to alite (C3S), the main 
crystalline compound in Portland cement. This work illustrates the production of CSA cement scaling-
up from laboratory to industrial scale using natural raw materials. Different oxide ratios have been 
established, which are defined as a complementary guide to control them in the CSA cement production 
process. The first step was an experimental design that was conducted using a static furnace at 
laboratory scale. There, the main variables for the CSA process were selected and the right values for 
such variables were established in order to make possible to control the production process of CSA 
cement. Then, as a second step, a pilot scale test was done; two of the best formulations found from 
laboratory scale were manufactured on a small semi-dry kiln. Nonetheless, the results were better than 
those obtained in the laboratory in terms of setting time and early strength development. Consequently, 
an industrial scale test was developed using the best formulation from the pilot test in order to 
reproduce the main CSA cement crystal phase, ye’elimite. The industrial test allows to validate the 
correlation between the oxide ratios and strength development regarding the established process 
conditions. The CSA cement produced at industrial scale contains similar crystalline compounds, 
compared to the cement from the pilot and laboratory scale tests, but in different quantities. This is due 
to both, the bigger differences on the control systems and oxide ratios control. Particularly, due to the 
process conditions at industrial scale, the presence of the crystalline compound called gehlenite and its 
effects have been confirmed, which have a high influence over the strength development of CSA 
cements, since it is hydraulically inactive. Therefore, in spite of the differences on raw materials dosed 
and the different clinkering conditions, there are clear similarities in the produced crystalline 
compounds and the strength development trends at different scale tests. Finally, it was determined that 
the industrial process used for Portland cement can be adapted to CSA cement production using 
natural raw materials by controlling some specific oxide ratios and the process variables. It was 
achieved the CSA benefits of lower CO2 emission and higher mechanical strength at early ages. 
 
Originality 
This work shows various relevant aspects: the effects of the different oxide ratios over the CSA clinker. 
Oxide ratios with low variability are necessary for quality control of CSA production during the 
scaling process; this is one of the most important guides for CSA clinker manufacture. Also, the 
relevant effects of aluminum-iron ratios and aluminum-silica ratios on the CSA crystal compound 
formation were determined. This work shows the comparative results in terms of strength development 
from different percentages of calcium sulfoaluminate (ye’elimite) in CSA cement coming out from 
industrial kiln test. Furthermore, from the crystal formation standpoint, it was confirmed at the 
industrial scale how the presence of gehlenite affects the initial strength development of CSA cement. 
The effect of iron on the sintering process inside an industrial kiln designed for Portland cement was 
also noticed during the CSA clinker formation at the industrial level. Each formula used to produce 
CSA cement requires specific operational parameters for a particular kiln operation system. It was 
found that during the industrial test different variables were controlled, but the thermal profile is one 
of the key aspects which must be controlled in order to obtain the desired CSA cement quality. 
 
Keywords: CSA cement, CSA scaling process, ye’elimite, gehlenite, CSA early strength, rotatory kiln. 
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1. Introduction 
CSA cements have been widely studied by scientists and industrial producers (Gartner 2004; Glasser 
1970; Zhang and Glasser 2005) since the 1970s. During the last decade in particular, the studies have 
become increasingly specialized due to the benefits and advantages associated with the lower CO2 
emissions of CSA (~35%) compared to Portland cement (Martín-Sedeño et al. 2010).  
CSA cement manufacture from natural materials has been produced industrially in different countries, 
i.e. China, Italy (Luz et al. 2009), but the operational conditions required to obtain a specific CSA 
cement with a particular mineralogical composition has not been reported by producers or previous 
researchers. This work seeks to identify the main oxides ratios and the main process variables on an 
industrial kiln in order to produce a CSA clinker with certain crystal composition. Nowadays, the CSA 
worldwide output offers an opportunity for scientists and cement producers to advance towards 
obtaining environmental benefits and product benefits in a short period of time by using this 
alternative cement. 
 
On the other hand, it is important to highlight how many scientists have strongly focused their 
research on the mineralogical composition of CSA cements and their hydration process effects 
(Bizzozero et al. 2014; Hargis et al. 2013). Furthermore, some other authors have studied how the 
crystal compound yeʹelimite, as the main phase of CSA cement, presents interesting differences 
regarding Portland cement crystals compounds and shows some remarkable advantages on its 
performance which include the high early strength reached and faster setting time (Álvarez-Pinazo et 
al. 2012, 2014; A. Cuesta et al. 2014; Cuesta et al. 2013). These features encourage researchers to 
investigate and understand the CSA cement usage and also attract the concrete end-users toward new 
product performance. Due to these potential uses, the relevance of the scaling production process of 
CSA from laboratory to industrial, adapting and using the same Portland cement installations, 
becomes even more interesting. This work highlight the importance to look after not just to balance 
the chemical formulation but also to carefully control the kiln thermal profile (the reactor), the resident 
time, the sulfate incorporation inside CSA clinker and clinker quality control as a fundamental 
operational condition for its production process. 
 
2. Experimental 
2.1. Raw Materials 
For the industrial test, three raw materials were used, all of them coming from nature: bauxite, gypsum 
and limestone. All of these raw materials are available enough in industrial process. By using a typical 
cement laboratory and its facilities, the materials were characterized chemically by X-Ray 
Fluorescence (XRF), as seen in Table 1, using PANlalytical AXIOS with rhodium radiation and the 
WROXI application. Furthermore, mineralogical examination was also analyzed by XRD to identify 
crystal composition on each material on EMPYREAN PANalytical diffractometer with θ-θ 
configuration and CuKα radiation (1.54Å), scan range (°): 5 - 90 and step size (°): 0.0170. As a result, 
it was identified from the mineralogical analysis of bauxite that the gibbsite represents the highest 
content, 78.1%, quartz 8.9%, kaolinite 9.5%, and other compounds are present in smaller amounts 
(Figure 1). For gypsum, 97.2% of gypsum and 2.8% of calcite were found (Figure 2); and for 
limestone, 96.7% calcite and 3.3% was quartz (Figure 3). The CSA raw mix formulation for feeding 
the industrial mill and later the industrial kiln was determined based on these raw materials. A high 
water content from bauxite is one aspect to look out for depending on the available process equipment 
used for CSA production. The raw mix was ground to a fineness of 17% residue on a 70 microns sieve. 
 

Table 1. Chemical compositions (%, mass ratio) of raw materials 
Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Cr2O3 MnO LOSS 
Bauxite 13.258 54.414 1.383 0.135 0.201 0.00 0.013 0.011 0.06 0.005 2.732 
Gypsum 0.789 0.267 0.0948 33.293 0.20 0.00 0.04 44.00 0.00 0.00 0.00 

Limestone 3.418 1.096 0.417 51.055 0.495 0.045 0.105 0.172 0.00 0.00 0.038 
 



 

Ordinary Portland cement was used as a baseline for product performance comparison; mainly 
strength development and setting time. This ordinary Portland cement was produced using the same 
facilities used for CSA production, it was a dry process. This way it was possible the comparison 
between Portland cement process production and CSA cement process production. A drying treatment 
was made on bauxite as a raw material before introducing it into the raw mix in the continuous 
production line. In this manner, the raw mix was prepared from the three different raw materials and 
the process quality control was made by checking out the oxides percentages, according to the limits 
established previously in the formulation.  In addition, during the industrial trial process, monitoring 
the ratio of the different major oxides were monitored to look for the quality control of the specific 
crystal composition required. Three different relationships based on mayor oxides (i.e. C/A, A/S, A/ Ṥ, 
and A/F) on CSA material were followed. No dopants were used for sintering process. The cement 
chemist notation for oxide denomination (C=CaO, A= Al2O3, S= SiO2, Ṥ= SO3, F= Al2O3) is used in 
this paper. 

 
Figure 1. XDR pattern for bauxite. 

 

 
Figure 2. XDR pattern for gypsum. 

 



 

 
Figure 3. XDR pattern for limestone. 

 
2.2. Experimental Process 
By using local raw material, available for typical Portland cement production, different formulations 
were created at the laboratory scale in order to produce several calcium sulfoaluminate (CSA) cements. 
Those cements were classified according to their mechanical strength and setting times. These 
parameters were evaluated under ASTM C349, C109 and C191 (for compressive strength and setting 
time). Furthermore, other aspects were evaluated in order to determine the chemical (XRF), physical 
(45 microns residue, particle size distribution) and mineralogical composition (XRD). Thermo 
gravimetric analysis and calorimetric analysis to evaluate hydration process of the different samples 
were conducted. The CO2 emissions were estimated based on stoichiometric calculations. Based on 
those results, two formulations from laboratory tests were chosen for production on a pilot kiln. A 
semidry kiln was used for this pilot test, which is approximately 10 times smaller than an industrial 
kiln and it was used to process two CSA clinker formulations. It was manufactured by IBU-tec 
Company in Germany. Both formulations were reproduced successfully. Again, the criteria for 
evaluating the CSA cement were based on mechanical strength and setting time. Other features were 
evaluated in the cement in order to confirm the CSA cement reproduction and performance, similar to 
laboratory scale evaluation. Therefore, a fundamental base resulted from this prior experimental trials 
in order to acquire the basic knowledge to scale up the best CSA cement to industrial level. The CSA 
cement formula produced at the pilot test with the highest mechanical strength (checked at 1, 3, 7 and 
28 days), was reproduced in an industrial process; which comprises a complete Portland cement 
production facility, from raw grinding, homogenization, sintering and up to cement grinding and 
packaging.  
 
Thus, the raw mix formula for the industrial CSA cement production was calculated using the 
previously established oxides target (Table 2). A continuous ball mill was used to grind raw materials 
to a 16% residue on a 75 microns sieve.  
 

Table 2. Chemical composition formula expected (%, mass ratio) for industrial raw mix. 
Compound SiO2 Al2O3 Fe2O3 CaO SO3 Cr2O3 MnO TiO2 LOSS 
CSA Raw mix 6.96 24.05 0.78 25.40 9.62 0.00 0.00 0.00 33.19 

 
After grinding the raw material, the next step was the homogenization process in a continuous flow 
silo, looking for a lower variability of main oxides in the kiln feed. The variation of the main oxides 
was maintained closely to 1 standard deviation value regarding SiO2, Al2O3, Fe2O3 and CaO oxides. 
After that, the kiln was fed continuously, the chemical reaction occurs and the material transforms in 
order to produce the main crystal compounds of CSA clinker.  
 



 

The kiln needs to be prepared in advance. A different thermal profile is necessary before receiving the 
CSA raw mix due to the high sulfate content in the raw mix and the characteristic reactions 
mechanisms inside the kiln, which are not completely known. After the clinkering process, the CSA 
clinker is cooled in a rotary cooler to finally produce the clinker material to be transported and stored 
until cement milling.  
 
The XRD automatic technique was used to characterize the CSA clinker every hour in order to control 
the quality of the material leaving the kiln. The high quantity of samples were analyzed by cluster 
analysis, available on the HighScore Plus from PANalytical software; various percentages of 
ye’elimite inside the CSA clinker were produced using the process control by XRD technique moving 
towards different kinds of CSA cement. A ball mill was used for the CSA cement grinding, 3800 
cm2/g of Blaine and 10% residue on a 45 micron sieve were controlled. The cement formulation was 
made according to the ye’elimite content of the clinker which, as is known, depends both gypsum 
content and water/solid ratio (Beretka et al. 1996; Clark and Brown 2000; Winnefeld and Lothenbach 
2009). After processing the CSA cement, other characterization tests were performed on it, confirming 
the desired quality of the cement. All of the CSA cement was packed and stored in a dry and enclosed 
place. 
 
3. Results and Discussion 
3.1. Chemical relationships on CSA cements 
From laboratory to industrial tests, the chemical composition for all cement samples were evaluated 
through XRF analysis in order to control the process whether it was laboratory, pilot or industrial scale 
test. The differences between the cements of each scale and the evolution of some specific oxides 
ratios explain the performance of every sample. Taking into account that natural raw materials are the 
main sources of each sample, main oxides ratios are shown from Figure 4 to Figure 6.  
 
It is possible to establish ranges for the main oxides ratios, which represent more than 95% of the 
weight of the total cement composition, in order to reach the minimal quantities required for the 
quality desired for each cement sample, which actually means the stoichiometry balance oxides, to 
control the CSA production phases. This is one of the most important parameters to control the CSA 
cement process production. In addition to the process characteristics and process variables control, 
these oxide ratios are essential in order to move forward, towards the scaling process production of 
CSA cement. 
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Figure 4. Oxide ratios for laboratory test cement.        Figure 5. Oxide ratios for pilot test cement. 
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Figure 6. Oxides ratios for industrial test cement. 

 
The C/A, A/S, A/Ṥ and A/F ratios were checked on every type of cement. At laboratory level (Figure 
4), four formulations were synthetized under the same conditions in a static furnace and they are 
named CSA L1, CSA L2, CSA L3, CSA L4 and OPC LGU (as reference for laboratory tests). Here 
the C/A ratio is almost the same on all CSA cements, as required from a stoichiometric standpoint, but 
higher as was expected in the Portland cement used as reference (OPC LGU).  
 
The A/S ratio has similar values, around 3.2, on CSA L1, CSA L2 and CSA L3 samples, lower in 
OPC but the highest was reached on CSA L4, around 5. At this point it is necessary to stand out that 
the S (SiO2) is lower on all CSA samples compared to the referenced OPC. From the experimental 
analysis it has been determined that its content affects the formation of ye’elimite phase on CSA 
cement sintering process. The A/Ṥ ratio is higher on CSA L1 and CSA L2, around 2.5, rather than 
CSA L3 and CSA L4, around 1.3, but during the experimental process the Ṥ (SO3) has been 
recognized as a critical compound on CSA clinker processes due to the volatilization of sulfates at up 
to 1250 °C temperature, this should be treated as the limit reactant. For the referenced OPC sample 
this ratio is relatively lower. The A/F ratio shows different values during the test, lower ratios on CSA 
L1 and CSA L2 and higher ratios on CSA L3 and CSA L4 were obtained, the latter resulting in the 
higher ratio value, around 28, which means a lower content of F (Fe2O3). The higher contents of iron 
affect the CSA formation (around 8 wt.%)(Ana Cuesta et al. 2014). Iron oxide and sulfate facilitate the 
formation of a liquid phase, but, the solubility of sulfate in this liquid phase is very low and liquid 
formation tends to lead to the volatilization of sulfate in unsealed samples (Touzo, Scrivener, and 
Glasser 2013). The criteria for determining the oxide ratios levels of variation are obtained from: the 
minimal stoichiometric oxides values required for ye’elimite formation (C/A and A/Ṥ); the 
competitive reactions checked during the processing (A/S for ye’elimite and gehlenite reactions); 
various technical referents and papers (A/F); and the experimental results reported here by this 
experimental process. Therefore, combined relation oxides resulted in different ye’elimite content on 
CSA cement compositions. For instance, it was observed that the effect of low A/F ratios coupled with 
high A/S ratios produce a CSA clinker low in ye’elimite.  
 
From the best results of mechanical strength obtained at laboratory scale, 4 formulations were selected 
as is shown in Figure 7. As it was mentioned before, 2 of those formulations proved at laboratory level 
were selected for the pilot tests. A scaled rotatory kiln on a continuous process was used. The results 
of oxides ratios are shown in Figure 5. The samples were named CSA P1, CSA P2 and OPC P (“P” as 
a reference for pilot tests). The main and greater differences are shown in A/S and A/Ṥ ratios, which 
are lower in CSA P2 and A/F ratio that is higher in CSA P2. OPC P has a very different C/A, A/S and 
A/F ratios; the first oxide ratio is the highest of all cements and the other two lower, as was expected, 
but A/Ṥ is similar on all samples.  



 

 

OPC LGU CSA L1 CSA L2 CSA L3 CSA L4
% of 28 strength 100% 63% 67% 78% 110%
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Figure 7. 28 days strength change of CSA cement regarding OPC LGU. 

 
In accordance with the results from the pilot test, one formulation of CSA cement was chosen to be 
reproduced in an industrial test. A dry industrial process was used for this process. The resulting 
oxides ratios are shown in Figure 6.  The samples were named CSA I1, CSA I2, CSA I3 and OPC IGU. 
Although only one formulation was intended to be reproduced, three different cements were produced 
and evaluated using the same raw mix formulation but different process control variables were used in 
the same industrial kiln process. All CSA cements have similar C/A, A/S ratios; small differences are 
evidenced in A/Ṥ and A/F ratios, which are related to the sulfate and iron content in the samples. In 
order to reach a specific content of ye’elimite phase on CSA cement, the burning process in the 
industrial kiln started looking for a steady and stable operational conditions. After that, the aim 
changes towards obtaining different qualities of CSA clinker and finally, the production process of 
three (3) CSA cements were finished. 
 
According to the main oxides existing on CSA cements and the values of different oxide ratios 
evaluated during the three stages (laboratory, pilot and industrial), those CSA cement ratios should be 
balanced and limited to certain ranges in order to maintain the quality control of CSA cement. The 
C/A ratios in the raw mix around 1.38 should be guaranteed to have enough combinable Ca for 
ye’elimite production. This ratio was not an issue during the experimental process. Nevertheless, the 
A/S ratio must be closely controlled around 3.95 or more, SiO2 can be combined in belite compound 
but more easily in gehlenite compound (favored by the high iron oxide content and the kiln thermal 
profile), which reacts easily and quickly inside the kiln under undesirable conditions. On the other 
hand, the A/Ṥ ratio is an indicator of enough sulfates in the clinker to combine with Ca and Al oxides 
to produce ye’elimite, ratios should be around 1.2. Finally, the A/F is an important ratio to control the 
CSA formation, higher Fe content and liquid phase promotes the sulfates volatilizations due to their 
low solubility, avoiding ye’elimite production. It is preferable to have A/F ratios higher than 20. 
 
3.2 Strength development of CSA cements at 28 days 
 
Mortars were made under the standards ASTM C349 and ASTMC109 (laboratory and industrial test) 
during each stage and they were compare to one OPC cement used as reference, which was made 
under the same conditions in each stage in order to compare the cement under same conditions. This 
means 3 different OPC references were made using the same chemical formulation for raw mix. It 
means that the 28 days strength of the OPC plotted from Figure 8 to Figure 10 will always have a 
“0%” value of strength change.  From the laboratory, the CSA L4 cement represents the mayor change 
regarding OPC LGU used as reference, CSA L1 and CSA L2 had 20% and 15% of strength change 
respectively, but CSA L3 had only 2% difference as seen in Figure 8. However, the pilot scale test 
results show one of the cements, CSA P2, with a highly different 28 days strength to the Portland GU 
cement that was used as reference (Figure 9), which increased by more than 70%. On the other hand, 
CSA P1 showed a strength reduction of 20% regarding OPC PGU. 
 



 

One formulation was made at the industrial level; the aim of this test was not just CSA cement 
production but also to evaluate the production process regarding the control process variables. 
Therefore, the results in Figure 10 show the evolution of the CSA cement strength by using a unique 
formulation of raw materials and changing the process variables. The differences between CSA I1, 
CSA I2 and OPC IGU were -40% and -20%, less strength development respectively; but CSA I3 
exceeds the OPC IGU reference by 10% approximately.  
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Figure 8. Strength change for CSA mortar at 28 days     Figure 9. Strength change for CSA for laboratory 
for laboratory test cements.       mortar at 28 days for pilot test cement. 
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Figure 10. Strength change for CSA mortar at 28 days 

for industrial test cement. 
 
By checking the strength changes of all CSA cement samples compared to OPC GU, it is possible to 
correlate the CSA cement performance regarding the different oxide ratios. The best CSA cements in 
terms of strength change (higher strength development) were obtained under higher values of A/F 
ratios like 26 (lower content of iron oxide) and also higher values of A/S ratios like 3.95 (lower 
content of silicate); C/A and A/Ṥ ratios are relatively constant and close to 1.3 and 1.2, respectively, 
ensuring that there is sufficient sulfate, calcium and aluminum for ye’elimite formation. By contrast, 
lower strength changes of CSA cement (lower strength development) were obtained from lower values 
of A/F and A/S ratios, less than 12 and 3 respectively; maintaining C/A around 1.4 and a little higher 
A/Ṥ ratios, around 2.7, again, enough sulfate, calcium and aluminum for ye’elimite formation, but with 
the presence of other components competing with different kinetic reactions. 
 
3.3 Mineralogical main compound, ye’elimite. 
 
The results of ye’elimite content for each CSA clinker prepared from laboratory to industrial scale 
were compared against the percentage of 28 day strength, increasing or decreasing, of CSA cement 



 

regarding one OPC GU used as a reference for each scale (which appears as 100% of strength). Figure 
11 shows the qualitative correlation between ye’elimite content and the percentage of OPC GU 
strength: 

 

OPC CSA L1 CSA L2 CSA L3 CSA L4 CSA P1 CSA P2 CAS I1 CAS I2 CAS I3
% Yeelimita 0.0 25.85 28.66 20.2 43.52 56.1 84.1 24.5 30.6 37.5
% of 28 strength 100% 63% 67% 78% 110% 92% 173% 60% 80% 108%
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Figure 11. Percentage of 28 days strength development for CSA cements formulated vs. ye’elimite content. 

 
There is a proportional relationship between ye’elimite percentages and the CSA percentage strength 
of OPC GU on all of the cement samples tested, as it was expected. It is important to note that the 
CSA I3 percentage of mechanical strength result, coming from the industrial test, is better than CSA 
P1 and almost the same as CSA L4 (from laboratory), notwithstanding the fact that CSA I3 has less 
ye’elimite content. This could be explained by the differences in the transfer of mass and energy of 
each particular process and the controlled variables, which cause a different reactivity of the 
crystalline compounds, even though those differences were not measured during the evaluation 
process. 
 
During the industrial test one of the main goals was to analyze the ye’elimite quantity increasing 
inside the CSA clinker. In order to measure the clinker ye’elimite content the XRD RoboRiet or 
Automatic Rietveld Refinement technique was used to operate the XRD Empyrean equipment. This 
way the ye’elimite content was continuously reported in order to control the process towards 
increasing the ye’elimite phase among the other phases, which were also measured. From Figure 11 it 
is clear that higher ye’elimite contents showed higher strength changes (higher strength development) 
but, as was explained above, its contribution to the hydration process and the strength development 
depends on the way in which it was synthesized. This leads us to think about the effect of the different 
sizes and shapes of crystals on the strength development of CSA cement. 
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Figure 12. Ye’elimite vs Gehlenite content on industrial CSA clinker’s production process. 

 
As shown in Figure 12, during the industrial test gehlenite was formed in a greater proportion as a 
competitive phase on CSA clinker, while the control of operational variables took place (variables 
checked during the industrial test are shown on Table 4), the kiln thermal profile was changed and 



 

ye’elimite content was adjusted progressively. At the end of this first test the ye’elimite content was 
increased up to the same gehlenite percentage (around 40%). This way CSA I1, CSA I2 and CSA I3 
were produced, using local raw materials by checking the effect of different ye’elimite concentrations 
on CSA cement regarding mechanical strength at 28 days. Therefore, it is possible to control the 
operational variables in order to look for higher contents of characteristic phases of CSA clinker at 
industrial scale or, alternatively, it is possible to use the process control variables not to boost the 
formation of non-reactive compounds such as gehlenite. 
 
3.4 Process variables  
 
For a laboratory level, the material, as was mentioned before, was prepared following the same 
procedure for all samples.  The control of the process was ensured for a controlled process in a static 
furnace, the main variables followed were heating rate (15 °C/min until 800 °C and 3 °C/min until 
1300 °C), maximum temperature (1300 °C) and residence time (20 and 45 min at 800 and 1300 °C, 
respectively). The curve established for the sintering process was made using the available equipment 
for the experimental process, which is a BLF 1700 static furnace. Those conditions are shown in 
Figure 13: 
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Figure 13. Temperature, heating rate, residence time. Process variables controlled at laboratory level. 

 
For the Pilot process in a continuous rotatory kiln, there was an established operational procedure, as 
well as variables and conditions to reach the steady condition for the process. Once achieved, the 
typical quality control, including XDR, was performed in CSA cement. The information about this 
experimental scaling process is being protected by the company so that data will not be disclose in this 
report. The conditions controlled during the process are summarized on the next Table 3: 
 

Table 3. Pilot semi-dry rotatory kiln variables considered. 
Variables Rotatory kiln 

Burning conditions  √ 
Flame temperature √ 
Material temperature √ 
Energy consumption √ 

Residence time √ 
rpm √ 
tph of feed √ 

Raw material temperature profile √ 
Inner zone kiln identification √ 

Exit gases  √ 
O2 √ 
CO, NOx, CO2, SOx  √ 

Cooling control √ 
Air for cooling √ 
Cooling speed √ 

Quality control (XRF-XRD) √ 
Residue 90 microns √ 



 

 
In addition to those variables listed for pilot kiln process control, some additional variables had been 
considered for the industrial process. They are listed in a similar manner in Table 4. All of those 
variables are typical in industrial kilns but the adjustments according to the desired quality of CSA 
clinker is the key to CSA cement production, and also to reaching the energy savings and 
environmental benefits of this product. 
 

Table 4. Industrial dry process variables considered. 
Variables Rotatory kiln 

Temperature: riser √ 
Temperature: lower stage √ 
Temperature: upper stage twins √ 
Temperature: middle stage 1 √ 
Temperature: middle stage 2 √ 
Temperature: secondary air √ 
Kiln motor torque √ 
Kiln motor speed-rpm √ 
Feed flux √ 
Coal flux √ 
Draft fan speed  √ 
Filter fan speed √ 
Burning conditions  √ 

Flame temperature √ 
Material temperature √ 
Energy consumption √ 

Residence time √ 
Raw material temperature profile √ 

Inner zones kiln identification √ 
Exit gases  √ 

O2 √ 
CO, NOx, CO2, SOx  √ 

Cooling control √ 
Air for cooling √ 
Cooling speed √ 

Quality control (XRF-XRD) √ 
Residue 90 microns √ 

 
4. Conclusions 
CSA cements with different ye’elimite contents and synthetized from natural raw materials can be 
produced at different scales (laboratory, pilot and industrial) by considering specific oxide ratios 
together rather than the oxides alone. Those are: C/A ratios around 1.38, A/S ratios higher than 3.95, 
A/Ṥ ratios around 1.2 and A/F ratios higher than 26 result in higher contents of ye’elimite in CSA 
cement. On the other hand C/A ratios around 1.38, A/S ratios lower than 3.21, A/Ṥ ratios around 2.8 
and A/F ratios lower than 10 result in lower contents of ye’elimite in CSA cement. It was confirmed 
that higher A/S ratios and lower A/F ratios affect the ye’elimite formation in CSA cement. 
 
CSA P2 cement, pilot scaled CSA cement, results in the highest differential strength development 
compared to OPC GU and to all cement used during the experimental process. It has a direct 
relationship with one of the highest A/F ratio and the lowest A/S ratio, which produces the highest 
ye’elimite content. The main process variables listed and used for controlled production are the base 
for achieving its reproducibility. 
 
Apart from the presence of many differential physical and chemical variables, which are not present at 
laboratory level, and assuming there is not any other great difference between the process (raw meal 
preparation, particle size distribution, raw mix, homogenization), for CSA cement industrial 
processing there is a specific range of temperatures inside a kiln where many competitive reactions 



 

take place. One example is gehlenite compound which can reduce the ye’elimite formation in the 
presence of SiO2 and due to the absence of SO3

2- in the CSA clinkering process due to an inadequate 
thermal profile control. 
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Abstract 
The use of near-neutral salts such as sodium carbonate as activators for blast furnace slag is attracting the 
attention of academia and industry, as an alternative method to achieve a comparable pH to that identified in 
fresh Portland cements, while being more cost-effective, user-friendly and environmentally friendly than the 
sodium hydroxide/silicate activators which are widely used for production of activated slag cements. However, 
when using a sodium carbonate activator, a prolonged induction period (which can take up to 5 days in some 
systems) is often observed. One reason for this long acceleration period is the delayed formation of strength-
giving phases such as calcium silicate hydrates (C-S-H). This is due to the preferential reaction of the CO3

2- 
from the activator with the Ca2+ released by the dissolving slag, which favours the formation of calcite and 
mixed sodium-calcium carbonates. Therefore, the initial stage of reaction in Na2CO3-activated slag binders is in 
some way comparable to in-situ carbonation of the paste, although the pH tends to increase as CO3

2- is 
exhausted from the pore solution. To modify the hydration kinetics of slags activated by sodium carbonate, and 
accelerate the strength development of the materials, the CO3

2- consumption process could be promoted in the 
early stages of the reaction by introducing species that are more prone than Ca2+ to react with the CO3

2- 
supplied by the sodium carbonate activator.   
 
In this study, Na2CO3-activated slag cements, produced from three commercial slags with different chemical 
compositions, were blended with a carbonate binding agent, calcined layered double hydroxide (CLDH) derived 
from thermally treated hydrotalcite. The effects of the slag composition and the CLDH addition on the kinetics of 
reaction of these binders were studied via isothermal calorimetry. The inclusion of CLDH effectively accelerates 
the kinetics of reaction, and promotes hardening of the cements within 12 h. The effectiveness of the CLDH 
cannot be exclusively associated with the removal of CO3

2- from the pore solution, as its chemical reaction with 
Na2CO3 also leads to a significant rise in the pH. 
 
Originality 
Currently, various strategies are being assessed to reduce the hardening times of sodium carbonate activated 
slag binders including the use of high temperature curing, addition of Portland clinker to the mix, and usage of 
blended alkali-activators including sodium hydroxide or sodium silicate, among others. However, the 
manipulation of the mechanism of reaction of these binders via addition of CLDH has not previously been 
demonstrated. This study reports the first ever results for this methodology, showing that the CO3

2- supplied by 
the activator is the main factor delaying the setting time in sodium carbonate activated slag binders; however, 
its effect is strongly dependent on the slag composition. This study elucidated that similar factors to those which 
control carbonation of alkali-activated slag cements, also control the early reaction of sodium carbonate 
activated slag, and therefore the effectiveness of this activator can be readily manipulated. 
 
Keywords: Alkali-activated slag, sodium carbonate, calorimetry, CLDH. 
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1. Introduction 
 
Alkali-activated slag binders are one of the most promising environmentally friendly low-carbon 
alternatives to Portland cement (PC). The in-service performance of alkali-activated slag is influenced 
by its microstructure and transport properties, which can be affected by several factors such as the 
source, chemical composition, mineralogy and thermal history of the slag used, the type and 
concentration of the alkali activator, the mixing time, and the curing conditions, among others 
(Juenger, et al., 2011, Provis, et al., 2014). The most studied alkali-activated slags are prepared using 
either sodium hydroxide or sodium silicate activators. These pastes harden within the first 24 hours 
after mixing, and produce matrices with comparable compressive strengths to that of PC. Despite the 
effectiveness of these activators, the use of near-neutral salts such as sodium carbonate as activators 
for blast furnace slag is attracting the attention of academia and industry as an alternative method to 
achieve a comparable pore solution pH to that identified in fresh PC, with the added benefit that it can 
be more cost-effective and user-friendly than the typically used sodium hydroxide/silicate activators 
(Bernal, et al., 2014, Bernal, et al., 2015).  
 
In sodium carbonate activated slags, a prolonged induction period, which can take up to 5 days in 
some systems, is often observed. These have been associated with both the effect of the functional 
group present in the activator (CO3

2-), promoting formation of calcite and mixed sodium-calcium 
carbonates prior to C-(A)-S-H (Bernal, et al., 2014); and also the reduced pH achieved when using this 
activator, slowing down the initial dissolution of the slag (Shi, et al., 1995, Fernández-Jiménez, et al., 
2001). Similar results have been identified in synthetic calcium aluminosilicate glasses with 
compositions comparable to that of slag, where a limited dissolution rate was observed at moderate pH 
(<11) (Snellings, 2015). After the CO3

2- ions in the liquid phase are consumed through formation of 
carbonate salts, the alkalinity of the solution increases, and the dissolution process is expedited, so that 
reaction proceeds similarly to NaOH-activation of the slag (Bernal, et al., 2014). Understanding the 
mechanism of reaction of these binders has enabled identification of strategies for controlling and 
modifying the hydration kinetics of slags activated by sodium carbonate, and accelerating the strength 
development of these materials. One of the potential alternatives is to promote the reaction mechanism 
that consumes the CO3

2- from the activator at the early stages.  
 
Layered double hydroxides (LDHs) have positively charged brucite-like layered structures, which 
allow the incorporation/ion-exchange of anionic species between the positive layers (Miyata, 1975). 
Thermally treated hydrotalcite, which is normally described as calcined layered double hydroxide 
(CLDH), is the dehydration, dehydroxylation and decarbonation product of LDHs (Hibino, et al., 
1995). It has been widely used in the past three decades as an adsorbent for water purification, as it has 
a high capacity for absorbing negative ions from the solution through ion-exchange (Lv, et al., 2006). 
CLDHs can also react with CO3

2- ions, prior to other ions, to form hydrotalcite-like phases 
corresponding to those that are commonly identified as a secondary phase in alkali-activated slag 
systems, when the MgO content in the raw material is higher than 5 wt.% (Morimoto, et al., 2012, 
Provis, et al., 2014). Therefore, CLDH could be a promising candidate to perform as a carbon binding 
agent for expediting the reaction kinetics of sodium carbonate activated slags without introducing 
foreign components into the binder system. 
 
In this study, sodium carbonate activated slag cements, produced from three commercial slags with 
different chemical compositions, were blended with 10 wt.% of CLDH derived from the thermally 
treated synthetic hydrotalcite. The effects of the slag composition and the amount of CLDH addition 
on the kinetics of reaction of sodium carbonate-activated slags were studied via isothermal calorimetry. 
The mineralogy and microstructure of the pastes with and without CLDH modification were analysed 
by X-ray diffraction (XRD), and environmental scanning electron microscopy (ESEM), coupled with 
energy dispersive X-ray spectroscopy (EDX).  
 



2. Experimental 
2.1. Materials and Sample Preparation 
 
Three commercial slags with different chemical compositions have been used as primary raw 
materials in this study. The chemical compositions of the slags are listed in Table 1. The M01 slag has 
an average particle size determined by laser diffraction (d50) of 15 μm, the M06 has a d50 of 11.8 μm, 
and the M14 slag has a d50 of 10.5 μm.  
 
Table. 1 Chemical composition of anhydrous slags, determined by X-ray fluorescence (XRF). LOI corresponds 

to the loss on ignition at 1000°C 
 CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 MnO K2O Others LOI 

M01 42.86 31.62 14.65 1.17 2.01 1.07 0.44 0.29 0.31 0.19 2.02 
M06 41.83 35.96 11.33 6.48 0.66 0.28 0.46 0.33 0.38 0.34 1.95 
M14 33.92 37.4 8.95 14.32 0.74 0.4 0.38 0.99 0.54 0.43 1.93 

 
The activator used in this study was prepared by pre-dissolving commercial sodium carbonate powder 
into distilled water. The sodium carbonate powder is from Sigma Aldrich with Na2CO3 ≥ 99.5%. All 
the pastes were formulated with a water to binder (anhydrous slag + anhydrous activator) ratio of 0.40, 
and 8 g of Na2CO3 per 100 g of slag. 
 
The CLDH used was produced by thermally treating a synthetic hydrotalcite (Sigma Aldrich) at 500°C 
for 3h at a heating rate of 5°C/min. The material was allowed to cool down naturally in the furnace to 
105°C before it was moved into a sealed centrifuge tube and kept in a vacuumed desiccator, to prevent 
the contamination of CLDH by water and CO2 from the atmosphere. The MgO and Al2O3 contents of 
the hydrotalcite prior to the thermal treatment were determined by XRF, and the C and H contents 
were determined using a CHNS Analyser (Perkin Elmer 2400), which yielded a chemical composition: 
Mg0.7Al0.3(OH)2(CO3)0.15∙0.63H2O. The thermal treatment conditions adopted in this study were 
selected based on the experimental results discussed previously by Hibino et al. (1995). The CLDH 
produced in this study has a chemical composition of Mg0.7Al0.3O1.15.  
 
The CLDH modified pastes were prepared by adding an additional 10 wt.% of CLDH (by mass of 
anhydrous slag) to the anhydrous slags. The same water to binder (anhydrous slag + anhydrous 
activator) ratio of 0.40 was applied in the CLDH modified paste mixes. 
 
For fresh pastes, isothermal calorimetry experiments were conducted using a TAM Air isothermal 
calorimeter at a base temperature of 25±0.02°C. The fresh paste was prepared by external hand-
mixing for 3 minutes, weighed into an ampoule, and immediately placed in the calorimeter to record 
heat flow for the first 300 h of reaction. All the results presented in this paper were normalised by the 
total mass of paste. 
 
2.2. Testing Methods Applied to Hardened Samples 
 
Samples with 28 days of curing were crushed and immediately treated with acetone to arrest reaction. 
The powdered specimens were then dried in a desiccator for 24 h to remove any remnant solvent, and 
then analysed by: 
• X-ray diffraction (XRD), using a Bruker D2 Phaser instrument with Cu-Kα radiation and a nickel 
filter. The tests were conducted with a step size of 0.02° and a counting time of 3 s/step. The results 
presented here are in terms of d-spacing (Å).  
• Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX), using a 
Hitachi benchtop SEM TM3030 coupled with Bruker X-ray microanalysis Quantax 70. An 
acceleration voltage of 15 kV and a working distance of 1 mm were applied. Polished but uncoated 
samples were used for both backscattered electron imaging and EDX analysis. 



3. Results and Discussion 
 

3.1. Isothermal Calorimetry  
Figure 1 shows the heat release rate of three different slag paste mixes with and without 10 wt.% of 
CLDH chemical addition. The reaction kinetics of slags activated by sodium carbonate (original mixes) 
appeared to have prolonged induction periods and more diffuse acceleration/deceleration periods with 
lower heat release rates, comparing with reaction kinetics of slags activated with a similar dose of 
sodium silicate or hydroxide activators (correlated by Na2O/slag wt.%) (Shi, et al., 1995). More 
notable changes in kinetic effects were observed in slag pastes produced with the material with low 
natural MgO content. The onset of the acceleration period, which  is related to the nucleation, growth 
and precipitation of the main reaction product C-(A)-S-H (Shi, et al., 1995), in slag M01 (with the 
lowest MgO content), did not take place until 171 h after initial mixing. However, when using slags 
M06 and M14, with higher MgO contents of 6.43 wt.% and 14.32 wt.% before addition of the CLDH, 
the onset of the acceleration period was identified after 40 h and 13 h after mixing, respectively.  
 
When the raw slag contains a higher content of MgO, in addition to the sodium-calcium carbonates 
that formed at early age, mixed LDH phases with less contribution from Ca-Al LDH phases (e.g. AFm 
structures) were formed, but with a higher percentage of Mg-Al hydrotalcite-like phase. The formation 
of LDH phases, especially the hydrotalcite-like phase, would exhaust the CO3

2- in the pore solution, 
increase the concentration of dissolved Ca2+ in the liquid phase, shorten the time required for reaching 
the saturation conditions for C-(A)-S-H phase to precipitate, and consequently reduce the induction 
period (Ke, et al., 2015). These results demonstrate that choosing slags with higher MgO content 
might be beneficial for obtaining suitable working times of the sodium carbonate pastes.   
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Figure 1. Heat release rate of three different slags activated with 8 wt.% of sodium carbonate, with 10 wt.% 
CLDH and without any addition (original, marked as ‘Ori’ in legends). 10 wt.% CLDH as chemical addition 

 
When 10 wt.% CLDH was added to the activated cements, the reaction kinetics changed dramatically, 
as the induction periods were effectively shortened and the acceleration periods were significantly 
expedited. The onset time of acceleration periods of slag M01 were shortened by 84% (from 171 h to 



28h), slag M06 by 75% (from 40h to 10h), and slag M14 by 54% (from 13h to 6h), with the addition 
of CLDH. This demonstrate that adding CLDH into the binder system has a similar effect on the 
kinetics of reaction as increasing the natural MgO content of raw slag; however ther is not a direct 
equivalence between the two processes.  
 
The CLDH is the dehydroxylation and decarbonation product of hydrotalcite, which mainly consists 
of mixed metal oxides of MgO and Al2O3 with trace of carbonate-containing LDH structure locally. 
Adding 10 wt.% of CLDH into the original mix would modify both the MgO and Al2O3 contents of 
the bulk chemical composition of the system, and the increased Al2O3 content can also promote 
dissolution of amorphous silicate, thus inducing the expedited kinetics of reaction in alkali-activated 
slags (Iler, 1973). Also, the CLDH produced in this study is highly reactive with liquid solutions that 
have high ionic concentrations, tending to restore the original LDH structure, so that ions available in 
the solution will be intercalated between the LDH layers to form carbonate-containing hydrotalcite-
like phases (Morimoto, et al., 2012). This reaction will contribute to exhausting the CO3

2- 
concentration present in the pore solution, and consequently speeding up the reaction of the system. 
Additionally to these reactions, it has been reported (Tamura, et al., 2001) that the rehydration of 
CLDH would increase the pH of the liquid phase. Therefore, the combined effect of all these 
processes is leading to promote the reaction kinetics of the CLDH-modified alkali-activated slags. 

 
3.2. X-ray Diffraction 
Figure 2 shows the X-ray diffraction patterns of slag pastes activated with sodium carbonate solutions 
in the region where the basal reflections of LDH phases are identifiable. In the original mixes, only a 
Ca-Al LDH phase (hemicarboaluminate) was identified in slag M01 where the MgO content is 1.17 
wt.%. In slag M06 where the MgO content is 6.48 wt.%, the same Ca-Al LDH phase was identified 
but with much lower intensity; another LDH phase, the Mg-Al hydrotalcite-like phase, was also 
observed. When the MgO content in the slag was increased to 14.32 wt.% (slag M14), no reflections 
related to the formation of hemicarboaluminate were identified. Instead, a wide peak centred at 7.76 Å 
was observed with slightly higher intensity compared to the hydrotalcite peak identified in slag M06 
(centred at 7.67 Å). In the CLDH modified slag pastes, the reflection peak assigned to Ca-Al LDH was 
only identified in CLDH modified slag M01, with lower intensity compared to the original M01 slag 
paste at the same age of curing. Mg-Al hydrotalcite-like phases were identified in all slag pastes with 
different original MgO contents, of which the basal reflections fall in between 7.61 Å to 7.74 Å. 
Similar to the original slag pastes (without CLDH addition), with high total MgO content in the paste, 
the reflection peaks assigned to Mg-Al hydrotalcite peaks increased in intensity, grew broader and 
shifted towards larger d-spacing values.  
 

The results for the original pastes suggest that the LDH phases formed in sodium carbonate activated 
slag paste are a combination of Ca-Al-LDH and Mg-Al-LDH phases, whose compositions depend on 
the availability of MgO from the starting material. Lower MgO contents in the system resulted in a 
larger portion of Ca-Al-LDH. The incorporation of CLDH into the binder system as chemical addition 
effectively modified the phase assemblage by forming more of Mg-Al hydrotalcite-like phase, and at 
the same time hindering the formation of Ca-Al LDH phase. This also proved that the incorporated 
CLDH is reacting with the activator solution, promoting the formation of similar Mg-Al hydrotalcite-
like phases to those identified in the pastes without CLDH addition.  
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Figure 2 X-ray diffraction pattern (d-spacing between 9Å and 6Å, taken under Cu-Kα radiation) of slag pastes 

activated by 8% of Na2CO3 with/without 10% CLDH addition after being cured for 28 days, where Hc is 
assigned to hemicarboaluminate (PDF #00-036-0129), HT is assigned to hydrotalcite (PDF #00-014-0525, 00-

035-0965), and Ga is assigned to gaylussite (PDF #00-021-0343). 
 

The hydrotalcite-like phases formed by the reaction of the added CLDH showed similar structures to 
the hydrotalcite-like phases formed in the original slag pastes with MgO content higher than 6.48%; 
however, the reflection peaks of the hydrotalcite-like phase in CLDH modified pastes shifted towards 
7.61 Å when comparing with the same slag paste but without CLDH modification. The changes in the 
basal reflections are related to the Mg/Al ratio of the hydrotalcite-like phase, which decreases from 
7.87 Å to 7.60 Å when the Mg/Al ratio decreased from 4 to 2 (Gastuche, et al., 1967). This suggests 
that the incorporated CLDH is responsible for driving the binder system to form hydrotalcite with 
lower Mg/Al ratio, which would potentially result in the formation of a C-(A)-S-H phase with lower 
Al/Si ratio as a larger portion of Al goes to the hydrotalcite-like phase. It is also worthwhile to note 
that slag M14 has the lowest Al2O3 content but the highest MgO content among these three slags. The 
formation of hydrotalcite with higher Mg/Al ratio might be due to the limited availability of Al in the 
binder system as well.   

In all three original activated slag pastes, gaylussite (sodium-calcium carbonate), with comparable 
intensity in the XRD patterns, was identified independent of their MgO contents; while in the CLDH 
modified slag pastes, a trace of gaylussite was only identified in slag M14. It appears that in CLDH 
modified slag pastes, the CLDH dominated the exhaustion of CO3

2-, leaving less available for 
gaylussite to form, or driving the decomposition of any initially-formed gaylussite at earlier stages. It 
has been suggested that the formation of gaylussite is partially responsible for the prolonged induction 
period identified in sodium carbonate activated slag binders, by consuming dissolved Ca2+ that 
otherwise will be available to participate in the formation and precipitation of C-(A)-S-H type gels 
(the start of acceleration period). This suggests that the expedited consumption of this double 
carbonate salt would lead to an early start to the acceleration period (Fernández-Jiménez, et al., 2001, 
Bernal, et al., 2014). These results explain the significantly accelerated kinetics of reaction in CLDH 
modified slag pastes as observed in Figure 1.    
 
3.3. SEM-EDX  
Figure 3 shows the backscattered electron (BSE) image of sodium carbonate activated slag M06 and 
10 wt.% CLDH modified paste after 28 days of curing. Several features with different grey scale 
intensities were identified, which were possibly caused by the differences in either microporosities 



and/or chemical compositions of the phases present in each system (Famy, et al., 2002). 
 

  
The light grey particles in both images are identified as the unreacted slag grains present in the 
samples, while the homogeneous grey regions between the remnant slag grains correspond to the 
alkali-activated slag matrix consisting mainly of C-(A)-S-H gel and secondary hydration phases, such 
as hemicarboaluminate and hydrotalcite, according to the EDX analysis which will be discussed in 
detail below. In Figure 3 (a), irregular dark grey areas are identified in between the slag grains. The 
scattered small rounded dark spots at the upper right of Figure 3 (a) are most likely to be the large 
pores, while the large dark areas surrounding the slag grains are most likely to be sodium-calcium 
carbonate phases (gaylussite), as similar features were observed in sodium carbonate/silicate activated 
slag, with a chemical composition comparable to that double salt (Bernal, et al., 2015). Similar dark 
areas to those identified in Figure 3 (a) were not observed in Figure 3 (b), suggesting that the CLDH 
modified sodium carbonate activated slag paste has a more densified and homogeneous gel matrix 
comparing with the original mix, and consistent with the absence of gaylussite from the XRD data for 
that paste. 

 

  
Figure 3. BSE images of (a) M06_Ori and (b) M06_10%CLDH after 28 days of curing 

  
Figure 4. Atomic ratio (A) Mg/Si vs Al/Si, (B) Ca/Si vs Al/Si and (C) corrected correlation Ca/Si vs (Al-

0.483Mg)/Si of the hydrated matrix in both M06_Ori and M06_10%CLDH after 28 days of curing.  



In Figure 4 (A), the original mix of M06 slag shows a rather strong correlation of Mg/Si with Al/Si 
(R2=0.88) while the 10 wt.% CLDH modified mix shows an even stronger relationship (R2=0.95). The 
Mg/Si and Al/Si ratios of the CLDH modified sample are much higher than those of the original paste. 
This is attributed to the incorporation of additional CLDH, which suggests that the rehydrated 
hydrotalcite intermixed closely with other hydration phases in between the remnant slag grains. The 
calculated Mg/Al ratio in the original mix is about 1.53, lower than the minimum Mg/Al ratio that 
could be achieved in Mg-Al layered double structures, indicating the coexistence of other Al-
containing secondary phases, as has been suggested in other studies (Gastuche, et al., 1967, 
Richardson, 2013). This is consistent with the XRD results as in the original mix of M06 slag, another 
Al-containing LDH phase (hemicarboaluminate) was identified. The Mg/Al ratio in the CLDH 
modified paste is 2.03, approaching the results reported previously in sodium silicate activated slags 
(Ben Haha, et al., 2011), and also consistent with the d-spacing values identified using XRD. 
 
As shown in Figure 4 (B), both the original paste and the CLDH modified paste have similar Ca/Si 
ratios that lie between 1.0 to 1.6, with an average Ca/Si ratio of around 1.3. The Ca/Si ratio in sodium 
carbonate activated slag is higher than the general Ca/Si ratio in slag pastes activated by sodium 
silicate/hydroxide activators, which is normally between 0.8 to 1.2 (Escalante-García, et al., 2003, 
Bernal, et al., 2014). The grey area of the original paste consists of other secondary Ca-containing 
phases such as gaylussite and hemicarboaluminate apart from C-(A)-S-H. None of these phases are 
typically identified in sodium silicate/hydroxide activated slag pastes, which might explain the higher 
Ca/Si ratio identified in the original paste. As for the CLDH modified paste, similar Ca/Si ratios to 
those identified in unmodified samples were obtained, though the two Ca-containing secondary phases 
found only in sodium carbonate activated slag pastes were no longer identified. This suggests that the 
Ca/Si ratio in the C-(A)-S-H phase of the CLDH modified paste is higher than that of the original 
paste. Further analysis using 29Si and 27Al solid state NMR will be required to fully understand the 
effects of CLDH in modifying the C-(A)-S-H phase. 
 
4. Conclusions 

 
Can we make sodium carbonate-activated slags react faster? Based on the results of this study, the 
answer is positive. Adding 10 wt.% CLDH as a chemical addition into the sodium carbonate activated 
slag system effectively accelerated the kinetics of reaction, and achieved a higher degree of reaction. 
More significant effects were observed in slags with lower MgO content. The incorporated CLDH 
reacted with CO3

2- ions effectively at early age to form a stabilised secondary phase hydrotalcite, 
which was intimately intermixed with other reaction products derived from the original raw slag. This 
not only resulted in an increased content of hydrotalcite-like phase in the paste, but also a potentially 
modified C-(A)-S-H phase.  
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Abstract 

Large amounts of concrete wastes such as cement slurry waste (CSW) from concrete batching plants 
and fine recycled concrete aggregates (FRCA) from concrete crushing processing are now discarded 
to landfills. The potential of effectively recycling them merits detailed investigation. It is known that 
carbonation of cement based materials may improve the mechanical properties and microstructure of 
cement based materials with CO2 sequestration. Carbonation treatment of cement and concrete wastes 
would be an attractive and innovative means to fabricate value-added commercial and eco-friendly 
construction products.  

In this study, the potential CO2 uptake achievable by CSW, FRCA and their mixtures as well as the 
structural properties of their mixture were examined through a series of laboratory studies. XRF, TGA 
and SEM techniques were employed to investigate the physicochemical changes before and after 
carbonation. The experimental results showed that it was possible to uptake 110 g of CO2/kg dry CSW 
at ambient conditions. Meanwhile, the compacted mixture prepared with CSW and FRCA may obtain 
high strength and low drying shrinkage after just 3 hours of carbonation. This study herein provides 
another feasibility of applying carbonation technique to reuse more concrete wastes as renewable 
resources whilst reducing CO2 greenhouse gas emissions.  

 
Originality 
This study puts forward an attractive and innovative means to efficiently reuse cement and concrete 
wastes as renewable resources by adopting an accelerated carbonation technology. Herein fresh 
cement slurry waste can be considered as a partial cementitious binder in new cementitious products. 
Due to its rich calcium components available for carbonation, it may sequestrate a large amount of 
CO2. Moreover, the significant improvement in physical and mechanical properties as a result of 
carbonation may further facilitate it to be reused in a variety of construction purposes. 

 
Keywords: CO2 uptake; cement and concrete waste; cement slurry waste; greenhouse gas 
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1. Introduction  

Concrete is nowadays the most widely used construction material in the world. Such vast 
quantities of concrete used in construction would certainly cause the generation of a 
corresponding large amount of waste related to concrete production and demolition (Meyer C., 
2009).  

Cement slurry waste (CSW) is one of the main by-products generated from concrete 
production at concrete batching plants. It is collected from the sedimentation tank of the fresh 
concrete reclaiming system, where over-ordered/unrequired fresh concrete is washed to 
retrieve the aggregates and concrete mixer trucks are cleaned as shown in Figure 1. In Europe 
the loss of fresh concrete, because of over ordering, transportation, poor workmanship and 
change of mix design, is in the range of 1.0–4.0 wt% of the total processed concrete (Correia 
S.L. et al., 2009). In Hong Kong, the average fresh concrete waste level due to purely over-
order is about 1.5 wt% of the total concrete quantities (Tam V.W.Y. and Tam C.M., 2007). 
After the filtration or dewatering processes, CSW normally has a free moisture content around 
50 wt%. After the recovery of the aggregates, the quantity of CSW produced in Hong Kong is 
estimated at about 0.8 wt% of the total produced concrete. Because the CSW has high water 
content and very low strength, there have been only a few studies trying to reuse the hardened 
CSW as the aggregate replacement for non-structural products (Correia S.L. et al., 2009; Kou 
S.C. et al., 2012). So far, the most common management practice is discarding it at landfills. 

 

 
Figure 1 On-site concrete reclaiming system in a ready-mix concrete plant 

Meanwhile, a building constructed by concrete will eventually come to the end of its life and 
be demolished. A potentially rich and considerable aggregate resource may be from 
construction and demolition waste that is crushed to produce recycled aggregates. There have 
been successful cases to use coarse recycled concrete aggregates (CRCAs) as a replacement 
of natural aggregates for new construction products (Meyer C., 2009). Fine recycled concrete 
aggregates (FRCAs) with the maximum size of 5 mm as an accompanying product from 
crushing concrete waste accounts for 40% to 70% of recycled concrete rubbles depending on 
the recycling processing plants used (Marco Q. et al.,  2014). The potential application of 
FRCA as fine aggregates of dry-mixed concrete blocks or new concrete has been researched 
(Evangelista L. and de Brito J., 2007; Poon C.S. et al., 2002). However, because of its inferior 
quality compared to natural fine aggregates, particularly in relation to its high water 
absorption values, its replacement amount should be limited in order to control the quality of 
the products.  

Considering that more and more concrete waste has to be discarded at landfills, the potential 
of its recycling and reuse merits detailed investigation. It is known that carbonation of cement 
based materials is the reaction of carbon dioxide with cement components to form CaCO3 and 
its precipitation in the pore space (Fernández B.M. et al., 2004). This leads to a reduction in 
porosity, which then results in a dense material microstructure and an increase of strength. 
This is to some extent helpful for improving the physical and mechanical properties of cement 
based materials. Such considerations have been applied for carbonation treatment of recycled 
concrete aggregates and the mechanical enhancement of concrete products using a CO2 curing 
regime (Shi C.J. and Wu Y.Z., 2008; Zhan B.J. et al., 2013). Taking advantages of CO2 
uptake and the improvement of the material microstructure, carbonation treatment of cement 
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and concrete waste would be an attractive and innovative means to produce value-added 
commercial and eco-friendly construction products. 

In order to utilize cement and concrete waste as renewable construction resources, this study 
aimed to produce eco-friendly construction blocks with CSW and FRCA by employing an 
accelerated carbonation method. 

2. Materials and Experimental program 

2.1 Materials and mixture design  

Fresh CSW from a concrete batching plant in Hong Kong, FRCA from a construction waste 
recycling factory in Hong Kong and ASTM Type I cement were used in this study. Their 
elemental compositions examined by X-ray fluorescence spectroscopy (Element analyzer, 
JEOL JSX-3201Z) are given in Table 1. FRCA with the maximum size of 5 mm had a 
specific density of 2661kg/m3, particle density of 2075kg/m3 and water absorption of 10.6%. 
The fresh CSW with the maximum size of 0.15 mm was collected and stored at room 
temperature in airtight bags. The water content in the fresh CSW was 49%. Due to the rich 
water content in the CSW, the designed mixture using CSW and FRCA for the preparation of 
partition blocks did not need to add extra water to achieve good workability.  

Table1 Elemental compositions of CSW, FRCA and Cement and estimated mass fractions of 
initial calcium carbonate and theoretical capacity of CO2  uptake  

Oxide Cement CSW FRCA 
MgO 1.48 1.88 0.59 
Al2O3 3.81 8.21 9.64 
SiO2 19.57 32.84 57.37 
SO3 5.43 2.81 1.53 
K2O 0.69 1.60 3.41 
CaO 64.51 36.92 17.90 
TiO2 0.27 0.54 0.29 
Fe2O3 3.12 6.72 3.27 
LOI 1.08 8.58 5.61 

% InCO2 0.94 3.38 3.85 
%ThCO2 49.92 31.05 18.1 

Note: LOI is the loss of weight after 1050℃; % InCO2 means initial CO2 in CaCO3 

(determined by mass loss between 550°C and 850°C); %ThCO2 means maximum 
theoretical CO2 uptake by the calculation of (0.785CaO-0.440CaCO3-
0.550SO3+1.091MgO+1.420Na2O+0.935K2O)(Kashef-Haghighi S. and Ghoshal S., 2013).  

The mixture proportions of the partition block specimens prepared with FCW, FRCA and 
cement are listed in Table 2. After homogenously mixing all the constitutes, the mixtures 
were firstly filled into the molds (ø53.5×50 mm steel cylindrical molds and 25×25×285 mm 
steel prism molds) and manually pre-compacted using a hammer in three layers. Then a 
pressure of 30 MPa using a hydraulic compression machine was applied and held for 30 s on 
the specimens. Once the specimen fabrication was finished, all the specimens were demolded  
from the molds immediately. 

Table 2 Mixture proportions of partition blocks 

CSW 
FRCA Cement content 

by mass of CSW 
 
 

Cement content by 
total material (%) Dry CSW Water content 

1 0.96 4 0.15  2.45 
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2.2 Carbonation procedure 

Representative samples of CSW and FRCA as well as the partition block specimens prepared 
above were taken for use in the carbonation experiment. Five-hundred-gram samples of 
original CSW and FRCA were spread in steel trays with a thickness of less than10 mm and 
then pre-dried in an environmental chamber with 50±5% relative humidity (RH) and 23±3℃ 
for six hours. These samples and the partition block specimens were together put in an airtight 
stainless steel vessel with a volume of about 33L. Before the CO2 gas was injected in the 
vessel, it was vacuumed to below -0.6 bar. A commercially sourced CO2 gas (>99.5% purity) 
was injected in the vessel and its pressure was controlled by a gas regulator at 0.1 bar. After 
the specified carbonation times of 1, 3, 24, 48, 96 and 144 hours, the samples were removed 
from the vessel and sealed in plastic bags for further measurements. 

2.3 Testing methods 

The cylindrical block specimens with a size of ø53.5×50 mm were prepared for the 
compressive strength testing. The compressive strength of the partition blocks prepared with 
and without undergoing carbonation was tested by a hydraulic compression machine with a 
loading rate of 0.6 KN/s. For each batch, three specimens were used to obtain the average and 
deviation. 

The prism specimens with a size of 25×25×285 mm were used for the drying shrinkage 
measurement. All the specimens were firstly placed into a water tank at room temperature for 
7 days. The specimens were then moved to a drying environmental chamber at a temperature 
of 23 ±3°C with a relative humidity of 50±5%. The length measurements were conducted at 1, 
3, 7, 14 and 28 days after the initial measurement according to BS 6073. 

The thermal characteristics and microstructure of CSW, FRCA and the partition block 
mixture before and after carbonation were examined with a thermogravimetric analyser 
(TGA/DSC, Netzch STA 449C, Jupiter) and scanning scanning electron microscopy with 
energy dispersive X-ray spectroscopy (SEM-EDX, JEOL Model JSM-6490). The samples for 
TGA/DSC were heated continuously in the temperature range from 25°C to 1050°C at a 
heating rate of 10°C/min in an inert atmosphere with a nitrogen flow rate of 50ml/min. SEM-
EDX was employed to observe the microstructure development of the mixture before and 
after carbonation.  

3.1 Results and discussion 

3.1 CO2 uptake of FCW, FRCA and their mixture  

The oxide compositions of CSW, FRCA and cement used in this research are listed in Table 1. 
The cement, CSW and FRCA had calcium oxide contents of 64.51%, 36.92% and 17.90%, 
respectively.  

On basis of the calculation of the theoretical carbonation extent shown in Table 1, cement has 
the greatest potential for CO2 sequestration, followed by the CSW. The lowest theoretical 
carbonation extent is FRCA. This should be attributed to its natural carbonation for several 
years since the concrete waste was crushed for recycling. 

Figure 2 shows the TGA curves of the mixture with CSW and FRCA before and after 
carbonation. There were four main mass loss processes during the course of heating.  The first 
one was the free water loss (<105°C). The second one was in the range of 425°C and 550°C 
related to the decomposition of Ca(OH)2. Note that this process only happened for the non-
carbonated mixture while it did not appear for the carbonated samples. This indicates that no 
free Ca(OH)2 was present in the carbonated mixtures. The largest mass loss occurred between 
550°C and 850°C, and this is mainly due to the decomposition of calcium carbonate.  Calcium 
carbonate should be sourced from two parts: aggregates in FRCA and carbonated components 
(Morandeau A. et al, 2014).  In addition, there was a peak around 570°C in Figure 2(b). This 
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might be due to the conversion of β-quartz to α-quartz in the fine aggregates, especially sand 
(Shui Z.H. et al., 2008).   

 

        
 
 

Figure 2 Mass spectrometry of mixture before and after carbonation 

It is known that the mass loss (ΔMCO2) that occurred in the range between 550°C and 850°C is 
mainly caused by the release of CO2. Therefore, for the carbonated samples, the CO2-captured 
percentage was calculated by:  

 

%100%
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2

2
×

∆
=

°CM
M

W CO
CO                                                  (1) 

 
Where, CM °105

is the dry mass of the specimen; 

2COM∆ is the mass loss between 550 °C and 850°C; 

2
% COW is the percentage of  CO2 uptake. 

 

Figure 3 shows the CO2 uptake of CSW, FRCA and their mixture as a function of carbonation 
time. The results showed that the CO2 uptake increased with the carbonation time, with 
greater than 75% of the carbonation occurred in less than 3 hours and a more gradual 
carbonate conversion as the reactions progressed. After 144 hours of carbonation, it was 
possible to sequestrate 110 g of CO2 /kg of dry CSW, 52 g of CO2/ kg of dry mixture and 20 g 
of CO2/kg FRCA. Herein, the carbonation reaction seemed to follow a model of a fast 
kinetically controlled process followed by a slow diffusion-controlled process. The latter 
process should be mainly due to the gradual formation of a CaCO3 coating and pore blockages 
in the carbonated material.  

82

84

86

88

90

92

94

96

98

100

50 150 250 350 450 550 650 750 850 950

Re
si

du
al

 m
as

s  
(%

)

Temperature (℃)

Mixture 0 hour
Mixture 24 hours
Mixture 144 hours

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

50 150 250 350 450 550 650 750 850 950

De
riv

at
iv

e 
of

 re
si

du
al

 m
as

s 
(%

/℃
)

Temperature (℃)

Mixture 0 hour
Mixture 24 hours
Mixture 144 hours

      (a) Residual mass   (b) Derivative of mass curve 

5 
 



 
Figure 3 CO2 uptake by CSW, FRCA and their mixture as a function of carbonation time 

3.2 Compressive strength of the mixture with CSW and FRCA 
In order to assess the influence of the carbonation reaction on the mechanical and durability 
properties of the partition block material, the prepared specimens were tested to obtain the 
development of their compressive strengths and drying shrinkage experienced to different 
carbonation times. The relationship between compressive strength and carbonation time or 
CO2 uptake of the compacted samples is shown in Figure 4. It can be observed that the 
compressive strength of the mixture increased as a logarithmic function of carbonation times. 
The compressive strength of the mixture after 24 hours of carbonation was about 80% of 
those carbonated for 144 hours. As shown in Figure 4(b), with the gradual CO2 uptake in the 
mixture, its compressive strength exponentially increased.  

 
(a) Carbonation time                                           (b) CO2 uptake  

Figure 4 Compressive strength of mixture after carbonation 

The microstructure development of the mixture before and after carbonation is shown in 
Figure 5. The microstructure became denser after carbonation as shown in Figure 5 (b). This 
is because of the formation and precipitation of CaCO3 in the pore system of the mixture that 
led to a reduction in porosity. It therefore resulted in a dense material microstructure and an 
increase of strength as shown in Figure 4. Previous researchers using image analysis found 
that there was a decrease of up to 26% in the observable pore volume for a given carbonated 
cementitious material (Nath R.K. et al., 2012). 
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                             (a) Non-carbonated                                              (b) Carbonated 

Figure 5 Microstructure development of the mixture before and after carbonation 

3.3 Shrinkage of the mixture with CSW and FRCA 

The drying shrinkage of the mixture measured at 14 days is shown in Figure 6. An obvious 
decrease in drying shrinkage values of the carbonated mixture can be observed, even for the 
3-hour carbonated sample. Compared to the non-carbonated sample, the shrinkage value can 
be reduced by 50%. However, extending the carbonation period to >3 hr could not further 
reduce the shrinkage. This implies that when using only the normal water curing method, 
reusing FRCA in concrete products would cause high shrinkage and its application will 
certainly be limited. But by using the accelerated carbonation treatment, FRCA may be 
valorised in the products with low shrinkage.  

In previous researches, carbonation of hydrated Portland cement has been found to induce 
rapid permanent carbonation shrinkage (Berger R.L., 1972; Nath R.K. et al., 2012)., The 
formation of calcium carbonate and its precipitation in the pore system of the microstructure 
is also helpful to the improvement of its post-wetting and drying shrinkage behaviour.  

 
Figure 6 Drying shrinkage of the mixture before and after carbonation 

4. Conclusion 

The potential CO2 uptake achievable by CSW, FRCA and their mixtures as well as the 
mechanical properties of their mixtures as partition wall blocks were presented in this study. 
The major findings are summarized below: 

1) Higher than 75% CO2 uptake by CSW, FRCA and their mixture occurred in < 3 hours 
of carbonation. After 144 hours of carbonation, it is possible to sequestrate 110 g of 
CO2 /kg of dry CSW, 52 g of CO2/ kg of dry mixture and 20 g of CO2/kg FRCA. 

2) The compressive strength of the mixture prepared with CSW and FRCA as partition 
wall blocks exponentially increased with the CO2 uptake extent. After carbonation, 
the microstructure of the mixture became denser. 

3) There was an obvious decrease of dry shrinkage of the carbonated mixture. Compared 
to the non-carbonated sample, shrinkage can be reduced by 50% while extension of 
the carbonation period could not further reduce the shrinkage. 
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Abstract 
The solidification of nitrate solutions with alkali-activated slag (AASC) and slag-metakaolin cements (AASMC) and the 
resulting setting times, compressive strengths, hydration products, microstructures, and macroporous network struc-
tures were evaluated. The influences of the alkali activator concentration, mineral composition of metakaolin, ratio of 
slag to slag+metakaolin, and concentration of NaNO3 on the cement performance were all evaluated in detail. The 
compressive strength of cemented nitrate solutions with AASC and AASMC aged for 28 days was from 13.4 to 42 MPa 
depending on the NaNO3 concentration. X-ray diffractometer, differential thermal analyser, and electron microscope 
analyses suggested that NaNO3 crystallizes in cementitious matrices without reacting with the hydration products of 
AASC and AASMC. X-ray microtomography showed that the solidified NaNO3 solution with a salt concentration of 700 
g/l and AASC had a denser microstructure without shrinkage microcracks, a smaller macropore volume, and smaller 
macropore sizes than hardened AASC-based paste mixed with water.   
 
Originality 
Many studies have shown the effectiveness of immobilization of radioactive and toxic wastes by alkali-activated cements. 
This study is original in its statement of the superiority of alkali-activated slag and slag-metakaolin cements over Port-
land cement for the solidification of liquid nitrate wastes, as simulated by NaNO3 solutions with salt concentrations of 
100-700 g/l. The alkali-activated slag and slag-metakaolin cements exhibit high compressive strengths of 13.4–20 MPa 
when mixed with 700 g/l NaNO3 solution, along with relatively dense and uniform microstructures of the solidified ma-
trix without microcracks.  
 
Keywords: alkali-activated slag, metakaolin, solidification, compressive strength, pore structure  
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1. Introduction 
There is a wide variety of alternative or non-traditional cements that significantly differ from ordinary Port-
land cement (PC) and from each other in terms of their composition and type of the raw materials, the nature 
of their hardened products, and their mechanism of hardened cement paste formation. Accordingly, each al-
ternative cement has a different history of research, adoption, and application, and such variety provides 
many opportunities for specific applications. For example, many studies summarized in (Abdel Rahman R.O. 
et al. (2015); Cau-dit-Coumes C. (2013); Glasser F. (2011); Shi C. et al. (2006); Vance E.R. et al. (2009)  
have examined the effectiveness of different cements for the immobilization of toxic or radioactive waste. In 
particular, the lower solubility and slower ion exchange, different pH, faster hardening, and lower permeabil-
ity of the hardened pastes of certain alternative cements, among their other properties, have allowed alterna-
tive binders ‘to push the envelope’ of cementation technology beyond ordinary PC for toxic and radioactive 
waste handling. Such binders in some cases exhibit higher efficiency for both physical isolation and chemi-
cal binding of heavy metals and radionuclides and have widened the range of wastes that can be immobilised 
by cementation. Furthermore, they have allowed waste cementation technology to be optimized for certain 
problematic waste components through faster curing of the cementitious waste forms or elimination of the 
need for pretreatment of the waste. Finally, alternative binders could also act as adsorbents and chemical ad-
ditives, as well as immobilization agents. 
However, the corrosion resistance and durability of materials based on alternative cements requires further 
improvement before they can be widely used for the immobilization of toxic waste. For this purpose, the in-
troduction of chemical and mineral admixtures is a promising approach. 
Alkali-activated slag-cement (AASC), which is obtained through alkali activation of ground-granulated blast 
furnace slag (GGBFS), is one alternative binder that has the potential to be applied as a matrix for stabiliza-
tion/solidification  of hazardous and radioactive wastes (Deja J. et al. (2002); Shen X. et al. (1994); Shi C. et 
al. (2006).  
Metakaolin (MK) is one multipurpose mineral that has been admixed in both PC and AASC (Chen S. et al. 
(2010); Qian G. et al. (2002); Yunsheng Z. et al. (2007) for the cementation of toxic and radioactive wastes. 
The effect of MK on the strength characteristics of hardened pastes depends on the nature and concentration 
of the alkali activator. Burciaga-Díaz et al. (2013) found that hardened AASC paste exhibited the highest 
compressive strength when 5% Na2O was added, whilst unblended MK and GGBFS/MK (20/80) pastes re-
quired 15% Na2O to reach the highest compressive strength. The influence of the GGBFS/MK ratio on the 
strength of the mixed cements has mostly been examined for pastes consisting of a combination of sodium 
silicate and NaOH solutions. Yip C.K. et al. (2005), Bernal S.A. et al. (2011), and Yunsheng Z. et al. (2007) 
have reported the strength improvement of hardened pastes at concentrations of 20–40% MK. Bernal et al. 
(2012) also reported that increasing the MK content to 20% and raising the activator concentration led, in 
most cases, to reductions in water absorption and water sorptivity and decreases in chloride permeability. 
Qian G. et al. (2002) studied the effect of MK on the immobilization behaviour of an AASC-based matrix 
for simulated radioactive Sr or Cs. The addition of MK provided AASC-based matrix with excellent selec-
tive Sr and Cs adsorption properties. Compared to the PC matrix and AASC-based matrix, the matrix based 
on AASC with 10% MK and 20% clay adsorbents exhibited the highest distribution ratio Kd (ratio of the 
amount of ions adsorbed by a unit mass of solid adsorbent to the equilibrium concentration of the ion in the 
aqueous phase) and the lowest leaching rates of both Sr and Cs ions. The addition of MK favours the for-
mation of (Al+Na)-substituted CSH and a self-generated zeolitic precursor in the AASC-based matrix. These 
hydration products exhibited better selective adsorption and cation exchange capacity for Sr and Cs ions. It 
was also found that the MK-doped AASC-based matrix and unblended AASC-based matrix possessed simi-
lar pore structures. Their pore size distributions were concentrated around small pores (<10 nm), which rep-
resented over 80% of the porosity. The quantities of medium (9.2–36.6 nm) and large pores (>73.2 nm) in 
the matrix based on AASC with MK were slightly larger than those in the reference AASC-based matrix.  
One widespread type of liquid waste from atomic power plants is liquid nitrate salt waste. A PC-based ma-
trix is known to be effective for the solidification of NaNO3 solutions with concentrations up to 150 g/l, but 
higher salt contents drastically deteriorate the strength of the obtained waste forms. Furthermore, solidifica-
tion of nitrate solutions with concentrations of 200–500 g/l increase the volume of the disposed wastes up to 
2–7 times (Sobolev E.A. et al. (1983). For this reason, alternative cementitious matrices that can solidify 
more highly concentrated salt solutions would be useful. 
This work focuses on the solidification of simulated radioactive liquid nitrate wastes with AASC and AASC 
incorporated with MK (AASMC), the properties of the fresh paste, and the hydration products, porous struc-
ture, and other properties of the hardened matrices. The dependence of these properties on the factors listed 
in Fig. 1 is examined in detail. 



 
 

 

 
 

Fig.1. Variable influencing factors of AASC- and AASMC-waste form mixtures 
 

2. Experimental 
2.1. Materials 
PC, AASC, and AASMC were used as cementitious materials for the waste forms. The PC (CEMI 42,5 N) 
was from ‘Ul'yanovskcement’ and had the following mineral composition: 57.2% C3S, 17.5% C2S, 6.9% 
C3A, and 13.3% C4AF. Commercially available GGBFS from the Chelyabinsky factory (Russian Federa-
tion), Metakaolin 1 (MK1) from České Lupkové Závody (Czech Republic), and Metakaolin 2 (MK2) from 
PlastRifey (Russian Federation) were used. The GBFS was ground in the laboratory planetary mill to an Ssp 
value of 300 m2/kg (Blaine). The characteristics of the GGBFS and two types of MK are shown in Tables1 
and 2 and Fig. 1. 

Table 1. Chemical compositions of starting materials 
Starting 
material 

Component (mass % as oxide) 
SiO2 CaO Al2O3 MgO MnO Fe2O3 TiO2 Na2O K2O P2O5 SO3 

GGBFS  37.49 36.22 11.58 8.61 0.50 0.16 1.80 0.64 0.95 0.01 2.00 
MK1 55.67 <0.01 42.46 0.07 <0.01 0.92 0.68 <0.01 0.19 0.01 <0.05 
MK2 51.64 0.04 41.39 0.14 0.01 0.94 1.64 0.04 0.48 0.02 0.17 

 
Table 2. Characteristics of metakaolins 

Starting material Mean particle size, µm Specific surface area, m2/kg (Blaine) 
MK1 1.34 1741.4 
MK2 1.13 2068.6 

 
Fig. 2 shows the XRD patterns of the MK and GGBFS. The materials are clearly mainly amorphous, with 
traces of crystalline phases as quartz, anatase, and muscovite in both MK1 and MK2 along with kaolin, goe-
thite, and smectite in MK2. It should also be noted that the kaolin of MK2 is not fully converted to MK, un-
like that in MK1. This relict kaolin is clearly observed (d~7.2 Å). The alkaline activation of the AASC ce-
ments was carried out using commercial NaOH. As a simulated radioactive liquid nitrate waste, an aqueous 
solution of NaNO3 was used.  
2.2. Preparation of the cementitious waste forms 
GGBFS, MK, and NaOH pellets were dry mixed for 4 min in mechanical mixture. The NaNO3 which previ-
ously dissolved in deionized water was then added and mixed with the source materials for 5 min period fol-
lowed by 2 min resting. Further 5 min mixing was continued before casting. A liquid/solid ratio of 0.5 pro-
vided a workable and appropriate consistency.  
The compressive strength of hardened AASC and AASMC pastes was tested after different setting times. 
Vicat tests were carried out according to EN 196-3. The AASC paste samples were prepared in cubic moulds 
(2 × 2 × 2 cm). The compressive strength of the AASBC was measured after 3 and 28 days of storage at 
room temperature and 98% relative humidity (RH). The average compressive strengths of six cubes were 
measured for each mixture after the two different storage periods. 
 



 
 

 
Fig. 2. XRD patterns of the MK and GBFS 

 
2.3. Hydration products, microstructure, and porosity  
Hardened AASC and AASMC paste specimens aged for 28 days were employed for hydration product anal-
yses using a D8 ADVANCE X-ray diffractometer (XRD) with CuKα radiation operating at 40 kV and 30 
mA and a TGA/DSC1 thermoanalyser (DTA-TG) (up to a temperature of 11000С). The microstructure was 
measured using a ‘Phenom G2 Pure’ electron microscope (EM), and the porosity was analysed using a Phoe-
nix VtomeX S 240 X-ray microtomograph and VG Studio MAX 2.1 and Avizo Fire 7.1 software. 
3. Results and discussion 
3.1. Properties of fresh and hardened AASC and AASMC pastes 
Fig. 3 shows the influence of the concentration of the NaNO3 solution on the compressive strength of hard-
ened PC and AASC pastes activated by 2.5% and 5.0% Na2O after 3 and 28 days of aging.  
 

 
Fig. 3. Compressive strength of hardened PC and AASC pastes prepared with different  

Na2O and NaNO3 concentrations 
 
The strength of the hardened PC paste is similar to that of AASC activated by 2.5% Na2O. However, activa-
tion of AASC by 5% Na2O provides higher strength, even for high concentrations of the NaNO3 solution. In 
particular, the compressive strength of the hardened AASC paste is 1.6–12 MPa after 3 days of aging and 
13.4–31 MPa after 28 days of hardening, depending on the NaNO3 concentration. 
The higher strength of AASC compared with that of PC is caused by differences in the structure and its for-
mation mechanism. Presumably, in the case of PC with NaNO3 concentrations of more than 150–200 g/l, the 
large nitrate anion concentration reduces the CaO concentration in the liquid phase and thus hampers the hy-
dration of the Portland clinker minerals. In the case of AASC, (i) the alkali activator NaOH and salt NaNO3 
have similar cationic natures, and (ii) the high nitrate anion concentration only slightly hinders the first stage 



 
 

of the structure formation process, the rupture of Si-O-Si bonds of the GGBFS. Thus, the products of this re-
action sufficiently harden the AASC paste for use as a waste form. 
Fig. 4 demonstrates the influence of the percentage and type of MK on the compressive strength of hardened 
AASMC pastes activated by 5%Na2O and mixed with a 700 g/l NaNO3 solution. The incorporation of 3–5% 
MK1 increases the compressive strength by up to 50%, while the introduction of MK2 increases the strength 
by up to 19.4%. Further increasing the MK content did not substantially improve the strength. The higher 
compressive strength obtained for MK1 is explained by its higher fraction of the amorphous phase (Fig. 2). 
A further improvement in strength might be achieved by increasing both the MK content and the alkali acti-
vator concentration.  

                                   
Fig. 4. Compressive strength of hardened AASMC pastes activated by 5% Na2O  

and mixed with 700 g/l NaNO3 solution for different percentages and types of MK 
 
The optimal composition of AASMC activated by 5% Na2O and incorporating 5% MK1 for solidifying 
NaNO3 solutions with concentrations from 100 to 700 g/l was examined in comparison with the reference 
AASC composition.  
Fig. 5 shows the dependence of the compressive strength of hardened AASC and AASMC pastes on the 
NaNO3 concentration. MK clearly has a strengthening effect when AASC is mixed with NaNO3 solution. 
 
 

 
Fig. 5. Dependence of the compressive strength of AASC and AASMC on NaNO3 concentration 

 
The compressive strength of  the hardened AASMC paste is from 1.7 to 4.3 times higher than that of the ref-
erence cement after 3 days of aging and 1.2 to 1.5 times higher after 28 days of aging. When AASMC is 
mixed with 500-700 g/l NaNO3 solutions, the compressive strength of the hardened paste is 7–9 MPa after 3 
days of aging and 20–21.5 MPa after 28 days of aging. 
Moreover, the introduction of MK shortens the setting time of fresh AASMC paste. Table 3 shows the set-
ting times of the fresh AASC and AASMC pastes. 

 
 
 
 
 



 
 
Table 3. Setting times of fresh AASC and AASMC pastes containing 5% MK1 activated by 5% Na2O  

Cement NaNO3 concen-
tration, g/l 

Setting time, hours:minutes 
initial  final  

AASC 0 6:00 10:20 
AASMC 0 3:50 8:10 
AASC 100 10:40 15:30 

AASMC 100 8:30 11:50 
AASC 700 13:20 22:20 

AASMC 700 7:50 18:00 
 
3.2. Hydration products  
Fig. 6 presents the XRD patterns of hardened pastes with the cement formulations listed in Table 4. The 
DTA and EM results are shown in Figs. 7 and 8, respectively. 
 

Table 4. Experimental compositions of AASC and AASMC  
Abbreviation MK1 content, % Na2O concentration, % NaNO3 concentration, g/l Liquid/solid 

AASC1 - 5 0 0.5 
AASC2 - 5 700 0.5 

AASMC1 5 5 0 0.5 
AASMC2 5 5 700 0.5 

 
The amorphous phase observed in the XRD results is presumably C-A-S-H, the main hydration product of 
the samples (Fig. 6). The main X-ray reflections from crystalline cementitious phases in all researched sam-
ples correspond to small amounts of calcium silicate hydrate, hydrotalcite, quartz, calcite, and pyroaurite. 
The endothermic peaks at 155–157°C and broad the exothermic peak at about 800–900°C in DTA curves 
(Fig. 7 a-d) are identified as CSH decomposition, as well. These results are in accordance with studies of al-
kali-activated slag-MK blends by Buchwald et al. (2007) and Qian G. et al. (2002). AASC2 and AASMC2 
(Fig. 7c,d) are also characterized by endothermic peaks at 669 and 693°C, which correspond to calcite de-
composition. According to Qian G. et al. (2002), the slightly endothermic peak at about 750°C and small 
weight loss are similar with those of phillipsite zeolite, which suggests that MK addition favours the for-
mation of a self-generated zeolite.  

 
Fig. 6. XRD patterns of the hardened AASC and AASMC pastes (aged 28 days) 



 
 

 
                                      a)                                                                          b) 

         
                                    c)                                                                             d) 

Fig. 7. Results of thermal analysis for a) AASC1, b) AASMC1, c) AASC2, and d) AASMC2 
 

The influence of MK on the composition of the amorphous phase requires further investigation.  
According to the presented results, NaNO3 solidified without noticeably reacting with the cement matrix in 
all pastes, but interaction of NaNO3 with hardened pastes also requires further testing with application of var-
ious investigative techniques. 
3.3. Microstructure and macropore network structure 
Fig. 8 a-d shows electron micrographs of the waste form samples, and Fig. 9 a-d shows 3D visualizations of 
the macropore networks of cemented NaNO3. The minimum pore size determined by X-ray tomography was 
59.2 µm, given the specimen size and domain diameter rotation surveyed in this experiment. Tables 5 and 6 
list the characteristics of the macropore structure and macropore size distribution of the cemented salt solu-
tions. 
 

    
                    a)                                  b)                                    c)                                     d)                    
Fig. 8. Electron micrographs depicting the microstructure fragments of (a) AASC1 and (b-d) AASC2 
 



 
 

    
                       a)                                    b)                                     c)                                   d) 

Fig. 9. 3D visualizations of macroporous structures of hardened pastes of 
a) AASC1, b) AASMC1, c) AASC2, and d) AASMC2 

 
Table 5. Characteristics of pore structures of hardened pastes 

 Type of cement 
Characteristic AASC1 AASMC1 AASC2 AASMC2 

Number of pores in specimen 12571 13221 
 

30934 65177 

Macroporosity calculated as a ratio of 
pore volume to total volume of sam-
ple, % 

2.29 1.67 1.37 1.83 

Minimum pore size, µm 59.2  59.2 59.2 59.2 
Maximum pore size, µm 3239.1 4722.4 1868.5 3384.5 
 

Table 6. Pore size distribution of hardened pastes, % 
Type of cement Pore size range, µm 

100–199 200–299 300–399 400–499 500–599 600–699 >700 
AASC1 75.3 13.9 4.9 2.4 1.5 0.8 1.2 

AASMC1 85 10.8 1.9 1.1 0.5 0.3 0.4 
AASC2 92.8 3.97 1.5 0.62 0.43 0.5 0.18 

AASMC2 95.6 2.5 1 0.4 0.27 0.13 0.1 
 
As can be seen from Figs. 8a and 9a, the hardened paste based on AASC has shrinkage microcracks, which 
are inherent to AASC systems. In contrast, the AASC2-based paste in Figs. 8b and 9c has a more homogene-
ous microstructure without shrinkage microcracks. Figs. 8c and 8d showing the sample based on AASC2 
demonstrate that NaNO3 crystallized in the pores and cracks of the hardened pastes. In terms of the pore 
structures of AASC1- and AASC2-based samples, the mixing of AASС with NaNO3 solutions instead of wa-
ter leads to (1) a 40.2% decrease in macroporosity from 2.29% to 1.37%, (2) a decrease in the maximum 
pore size from 3239.1 to 1868.5 µm, (3) an increase in the fraction of pores with sizes less than 199 µm from 
75.3% to 92.8%, and (4) a decrease in the fraction of pores with sizes greater than 200 µm. 
These results can be explained by the crystallization of the highly concentrated salt solution in the pores, 
which decreases the pore volume and size. Moreover, crystallized NaNO3 salts compensate internal stresses 
during hardening and eliminate drying shrinkage. According to Oberholster, 1986, macropores with sizes of 
1000–15 μm affect the strength and permeability of cement paste. Thus, the solidification of liquid nitrate 
waste in AASC decreases the permeability of the cement compounds and thus decreases the leachability and 
durability of the waste form. In other words, the crystallized NaNO3 salt weakens the hardened waste form 
by acting as a filler, without conspicuously reacting with the reaction products of the AASC paste. However, 
it improves the macropore structure, decreases the macropore size, and prevents drying shrinkage of the so-
lidified matrix.    
As for MK, its introduction into the AASC1-based paste reduced the macroporosity by up to 27% (AASMC1) 
and increased the fraction of pores with sizes of 100–199 µm from 75.3% to 85%. This change in the pore 
structure could be one reason for the higher strength of AASMC1 pastes compared with AASC1 pastes. The 
incorporation of MK into AASC2 also slightly reduces the fraction of pores with sizes less than 199 µm. 
However, it should be noted that the AASMC-2 paste exhibits microcracks. Thus, the admixture of MK is ef-
fective for improving the strength of NaNO3 waste forms based on AASC, but it leads to shrinkage and mi-
crocracks, which increase the permeability of the resulting solidified waste form.  
4. Conclusion 
In this paper, the feasibility of solidification of nitrate solutions with concentrations of 100–700 g/l with al- 



 
 

kali-activated slag and slag-MK cements was considered, and the properties, hydration products, microstruc-
ture, and macroporous network structure of the solidified waste forms were studied. The following conclu-
sions were reached. 
1. AASC and AASMC are more effective cementitious materials for solidification of nitrate solutions with 
concentrations of 100-700 g/l than PC. The compressive strengths of the hardened AASC and AASMC 
pastes were 1.6–20 and 7–25 MPa after 3 days of aging and 13.4–38 and 20–42 MPa after 28 days of aging, 
respectively, depending on the NaNO3 concentration. 
2. The X-ray amorphous phase is the main hydration product of the solidified matrices. The crystalline phas-
es for all researched samples corresponded to small amounts of calcium silicate hydrate, hydrotalcite, quartz, 
calcite, and pyroaurite.  
3. The introduction of 5% MK in AASC mixed with water shortened the setting times from 6:00–10:20 to 
3:50–8:10, increased the compressive strength of the hardened pastes by up to 50%, decreased the 
macroporosity of the hardened pastes by up to 27%, and increased the fraction of pores with sizes less than 
199 µm by up to 12.9%. The MK increases the strength to a varying degree depending on the amount of MK 
added, and its effect is stronger for higher amounts of the MK amorphous phase in the mineral admixture. 
4. AASC paste solidified with 700 g/l NaNO3 solution instead of water has (1) a denser microstructure with-
out shrinkage microcracks and (2) up to 40.2% less macroporosity and an up to 23.2% smaller fraction of 
pores with sizes less than 199 µm. 
5. The introduction of 5% MK into AASC paste mixed with 700 g/l NaNO3 solution (1) shortens the setting 
times of fresh paste from 13:20–22:20 to 7:50–18:00, (2) increases the compressive strength of the solidified 
matrix by up to 49.2%, (3) decreases the fraction of pores with sizes less than 199 µm by up to 3%, and (4) 
causes shrinkage microcracks to form.    
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Abstract 
The alkaline activation of the aluminosilicates (geopolymer production) in industrial by-products such as fly ash or 
blast furnace slag is a consolidated methodology that has driven the development of binders with features equalling or 
improving on the characteristics of ordinary portland cement. The nature of the main reaction products, i.e., gels with 
varying composition and properties (C-A-S-H, N-A-S-H or (N,C)-A-S-H), depends on a number of factors, including the 
chemical composition of the raw material used, especially its CaO content. A model for alkaline activation has recently 
been designed to develop new cementitious systems known as hybrid alkaline cements. These multi-component systems 
contain a high percentage of mineral additions (fly ash, metakaolin, slag), low proportions (<30 %) of portland clinker 
and moderately alkaline solid activators. 
 
The present study explored the mechanical performance of two sodium carbonate-activated hybrid cements, labelled 
mix CEM-MK (20 % clinker + 40 % blast furnace slag + 40 % metakaolin) and mix CEM-BT (20 % clinker + 40 % 
blast furnace slag + 40 % bentonite). The reaction kinetics of the two systems were analysed by isothermal conduction 
calorimetry. The hydrated matrices were characterised with XRD, SEM/EDX and 29Si and 27Al NMR. Both systems 
developed high post-hydration mechanical strength, for both generated a mix of (N,C)-A-S-H and C-A-S-H gels. The 
proportions of the gels precipitating were observed to vary with system composition and initial reactivity, however. 
 
Originality 
The alkaline binder developed in the course of the present study, characterised by low clinker content and the presence 
of moderately alkaline solid activators, exhibited high mechanical strength after hardening at ambient temperature.  
 
Keywords: geopolymer; alkaline activation; hybrid cement; mechanical strength; NMR 
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1. Introduction 
Recent research has shown that in the presence of small amounts of reactive calcium (in the form of 
portland clinker) in the starting mix, materials such as metakaolin and fly ash harden at ambient 
temperature with no need for initial thermal activation. Alkali-activated cements that contain less than 
30 % portland cement clinker are known as “hybrid cements” (Palomo et al. 2004; Garcia-Lodeiro et 
al. 2013a, 2013b). The significantly smaller clinker content in these than in blended cements entails 
not only lower costs but a decline in CO2 emissions. In light of those benefits and of the enormous 
versatility of these binders in terms of the raw materials involved (they accommodate large amounts of 
industrial by-products such as fly ash, slag, metakaolin or bentonite), considerable scientific and 
technological attention has been focused on hybrid cements. 

The cementitious products that precipitate during hybrid cement hydration, mixes of cementitious gels 
such as C-A-S-H (whose composition also includes sodium) and (N,C)-A-S-H (N-A-S-H-like gels with a 
high calcium content, Garcia-Lodeiro et al., 2010a, 2010b), are presently being studied. The compatibility 
between these two gels has also been researched (Garcia-Lodeiro et al., 2011, 2013a). To date, the 
analysis of different mixes appears to show that in multi-component systems (clinker + source of alkaline 
aluminosilicate (MK, FA...) + source of calcium aluminosilicate (BFS)), both are generated regardless of 
the type of activator used, in proportions that depend on the composition of the raw materials. 

The present study explored the hydration kinetics and mechanical strength of two multi-component hybrid 
cements hydrated in the presence of a moderately alkaline solid activator, along with the reaction products 
precipitating in the two systems.  

2. Experimental 
2.1. Raw materials 
The raw materials used in this study included a commercial clinker (CK), along with granulated blast 
furnace slag (BFS), bentonite (BT) and metakaolin (MK), all three sourced from northern Africa. The 
chemical composition of the materials determined by XRF on a PHILIPS PW-1004 X-ray 
spectrometer is given in Table 1. 
Table 1. Chemical composition of the materials (XRF, wt% of oxides) 
 

 SiO2 Al2O3 CaO Fe2O3 MgO MnO Na2O SO3 K2O TiO2 P2O5 LoI* 
Clinker (CK) 22.40 7.56 60.07 3.92 3.26 0.03 0.89 1.42 1.18 0.19 0.24 0.84 

Bentonite (BT) 49.65 18.31 0.89 1.94 3.98 0.05 1.08 0.24 0.70 0.08 0.02 7.69 
Slag (BFS) 36.63 7.25 38.09 0.46 8.51 0.60 0.53 2.13 0.62 0.27 0.06 4.88 
Metakaolin 

(MK) 
55.03 37.69 0.04 2.89 0.44 0.02 0.02 0.02 3.20 0.26 0.24 -- 

CEM MK 41.41 19.48 27.30 2.12 4.23 0.25 0.40 1.15 1.76 1.16 0.17 2.12 
CEM BT 47.21 12.32 27.63 1.79 5.76 0.26 0.85 1.23 0.79 0.19 0.08 1.81 

* Loss on ignition at 1 000 °C for 1 hour 
 

Both the kaolin and the bentonite were dehydroxylated (for 2 hours at 750 °C) to stimulate clay 
reactivity: the post-firing loss of OH groups induced the structural collapse of the material with the 
concomitant formation of an amorphous product that could be readily alkali-activated (see Equation 1) 
(Ruiz-Santaquiteria et al., 2013; Garcia-Lodeiro et al., 2015a). 29Si and 27Al analysis of the treated 
materials confirmed their transformation (Figure 1). 
 
                                                                       ∆∼550 ºC 
 

2Al2Si2O5(OH)4                                   2Al2Si2O7 + 4 H2O               (Eq.1)           
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           (a) Kaolin/ metakaolin (MK)     (b) Bentonite (BT) / dehydroxylated bentonite  
Figure 1. 27Al and 29Si spectra for kaolin and bentonite before and after dehydroxylation 

 
The 27Al spectra for kaolin and bentonite prior to heating exhibited an intense, narrow signal at around 
+3 ppm, associated with octahedral aluminium (AlO), as well as a weak signal at around +60/+62 ppm, 
attributed to tetrahedral aluminium (AlT) (Engelhardt, 1997). The 27Al spectra changed substantially 
after dehydroxylation. The octahedral aluminium signal practically disappeared on both, while a new, 
very intense signal attributed to tetrahedral aluminium appeared. The spectrum for metakaolin also had 
a shoulder at +30 ppm, attributed to pentahedral aluminium (AlP) (Engelhardt, 1997).  The 
transformation of octahedral to tetrahedral aluminium induced greater clay reactivity during alkaline 
activation, for the tetrahedral form of Al (AlT) participates in the formation of N-A-S-H gel, the main 
product of alkaline activation in aluminosilicates (Garcia-Lodeiro et al., 2015a, 2015b).  
The post-treatment 29Si spectra also varied considerably from the pre-treatment results. The narrow 
signal (indicative of a crystalline structure) at around -92/-94 ppm widened and became more 
asymmetric (denoting a loss of crystallinity and a higher degree of amorphism), shifting to more 
negative values, -102/-110 ppm, which are associated with highly polymerised environments (Q4(nAl) 
units) (Engelhardt, 1997). 
The mineralogy of the materials used to prepare the hybrid cements is shown on the XRD patterns in 
Figure 2. The diffractogram for the clinker exhibited a series of reflections associated with the 
anhydrous mineralogical phases normally present in OPC clinkers: alite (C3S), belite (C2S), tricalcium 
aluminate (C3A) and a ferrite (C4AF). The diffraction pattern for the slag was typical of a vitreous 
material, with a large halo located at 25-35° 2Θ. Lower intensity diffraction lines were attributed to 
magnetite and gehlenite. The XRD pattern for metakaolin, likewise indicative of the presence of an 
amorphous component (typical halo located at 20-35° 2Θ), contained a series of reflections associated 
with other minority phases, namely kaolinite and quartz. Finally, in addition to a halo ranging from 20 
to 40° 2Θ, the spectrum for dehydroxylated bentonite had diffraction lines denoting crystalline phases 
such as illite, quartz and anorthite (Figure 2).  
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Figure 2. XRD patterns for raw materials: slag; MK (metakaolin); BT-D (dehydroxylated bentonite) and 
clinker (legend: A: alite; B: belite; C4AF: ferrite; C3A: tricalcium aluminate; i: illite (K, Na,H3O 

Al2Si3AlO10(OH)2; q: quartz (SiO2); ant: anorthoclase (Na0.75K0.25) (AlSi3O8); k: kaolinite (Al2Si2O5(OH)4); g: 
gehlenite (CaAl(AlASi)O7) 

 
Two hybrid cements were prepared with the above raw materials: one, a blend containing clinker (CK) 
+ slag (BFS) + metakaolin (CEM MK) and the other with clinker (CK) + slag (BFS) + bentonite 
(BT-D) (CEM BT). The proportions are listed in Table 2. The two cements had similar CaO/SiO2 
ratios but very different SiO2/Al2O3 ratios. The chemical composition of the resulting blends is given 
in Table 1. Both cements contained a small percentage of a moderately alkaline solid activator 
(Na2CO3, 5 %)  
 
Table 2. Hybrid cement composition (wt%) 
 

 
2.2. Experimental 
The reaction kinetics of the two cementitious systems were analysed with isothermal conduction 
calorimetry. The conditions for the isothermal conduction calorimetry trials were as follows: analyser, 
Thermometric Tam Air; temperature, constant at 25 ºC. Five grams of solid were hydrated in each trial, 
with a liquid/solid ratio of 0.3 for the bentonite cement (CEM BT) and 0.5 for the metakaolin cement 
(CEM MK). The greater fineness of the latter required more water to reach the desired workability. 
The paste was mixed for 3 minutes before placement in the calorimeter. Kinetic studies should begin 
as soon as the solid comes into contact with the hydrating liquid. As samples must be appropriately 
prepared in advance, however, the loss of information on this brief initial period is inevitable. All the 
samples were removed from the calorimeter 100 hours after mixing.  

Two-day samples of both hybrid cements were tested for mechanical strength. To that end, the water-
hydrated pastes were moulded into six 1x1x6-cm3 prismatic specimens and cured in a chamber for 

Label BT BFS MK CK Na2CO3 CaO/SiO2 SiO2/Al2O3 
CEM BT 38 % 38 % -- 19 % 5 % 0.58 3.84 
CEM MK -- 38 % 38 % 19 % 5 % 0.66 2.12 
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24 hours at 22 °C and 99 % relative humidity. They were subsequently removed from the moulds and 
stored in the chamber until they reached the test age (2 days). The L/S ratios used were the same as for 
the calorimetric trials (0.3 and 0.5 for cements CEM BT and CEM MK, respectively).  

The specimens were tested to failure on an Ibertest (Autotest–200/10-SW) frame. Both hybrid cements 
were characterised with XRD, SEM/EDX and 29Si and 27Al NMR . The XRD data were acquired with 
a Bruker AXS D8 Advance diffractometer with a 4-kW high voltage generator and a Cu anode X-ray 
tube, typically operating at 40 kV and 50 mA. A Jeol 5400 electron microscope fitted with an Oxford 
ISIS X-ray analyser was used for the SEM analyses. The NMR spectra were recorded on a Bruker 
Avance-400 spectrometer (27Al: 104.3 MHz; spinning rate, 10 kHz; 200 acquisitions; reference, 
Al(H2O)6

3+; 29Si: 79.5 MHz; spinning rate, 10 kHz; 1 000 acquisitions; reference, TMS).   

3. Results and Discussion 
3.1. Hydration kinetics 
The heat flow (in J/g·h) and total heat released (J/g) diagrams for the water-hydrated hybrid cements 
are reproduced in Figures 3(a) and 3(b), respectively. Both diagrams were similar for the two systems, 
with practically the same induction period preceding the precipitation peak (normally associated with 
the mass precipitation of reaction products (Figure 3(a)). Signal intensity, however, was much greater 
in the bentonite (CEM BT) than in the metakaolin (CEM MK) system. The total heat curves were 
nearly identical for the two materials, although slightly more heat was released by CEM BT 
(Figure 3(b)). As expected given the test conditions, the initial peak associated with species 
dissolution was detected in neither case.  The apparent delay in the precipitation peak for the 
metakaolin system may be explained by the higher L/S ratio used, for a higher water content may 
retard hydration/activation.  
 
 
 
 

 
 
 
 

 
 
 
 

 
                  (a) Heat flow (J/g.h)        (b) Total heat released (J/g) 
         Figure 3. Calorimetric curves for CEM BT (L/S=0.3) and CEM MK (L/S=0.5) cement hydration 
 
The hydration kinetics differed significantly in these cements depending on whether they contained 
metakaolin or bentonite, due not only to the conditions in which the sample was prepared (the higher 
water demand in the finer MK blend), but also to the differences in their chemical compositions. The 
data on their composition (Table 1) and C/S and S/A ratios (Table 2) revealed significant differences 
between the two materials. While their CaO and SiO2 contents were similar (the latter slightly higher 
in bentonite), their potentially reactive Al2O3 contents differed widely (19.48 for CEM MK and 12.32 
for CEM BT). Intuitively, these findings could be expected to have a direct impact on the type of gel 
or gels precipitating in the two systems. 
3.2. Mechanical strength in hydrated pastes and characterisation of the reaction products 
Figure 4 shows the 2-day compressive strength values for the two cements. Performance was good in 
both (upward of 15 MPa) but higher in CEM BT, for which a value of 32 MPa was recorded at the test 
age. 



 

6 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4. Two-day compressive strength in cements CEM MK and CEM BT 
 
 
The lower strength in CEM MK could be due to the L/S ratio used, which would affect system 
porosity. The impact of the type and proportion of cementitious gels on strength development could 
not be ruled out, however.  
Consequently, the hydration products generated were analysed with XRD, SEM/EDX and NMR to 
determine the reasons underlying the differences in hydration kinetics and mechanical strength in the 
two systems. The diffraction patterns for the 2-day hydrated cements are reproduced in Figure 5. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 5. XRD patterns for 2-day hydrated CEM MK and CEM BT Legend: q=quartz; I=illite; c=calcite; 
ant: anorthite; v=vaterite; *=3CaO·Al2O3·CaCO3·11H2O) 

 
In both cases the reflections for the anhydrous clinker phases (alite, belite and C4AF) disappeared, a 
clear sign that the clinker was hydrating normally. A series of diffraction lines associated with the inert 
mineral phases present in bentonite and metakaolin, such as illite, quartz and anorthite, were observed. 
Reflections associated with carboaluminate (*) formation, not present in the patterns for the anhydrous 
material, were likewise detected, along with signals for calcium carbonate polymorphs such as calcite 
(c) and vaterite (v). Portlandite, the typical secondary product in OPC hydration, was not observed to 
precipitate in either cement. 
According to the literature (Garcia-Lodeiro et al., 2013a; Fernández-Jimenez et al., 2013; Garcia-
Lodeiro et al., 2015b), the halo at 25-40° 2Θ observed in both systems might be attribuTable to gel 
precipitation. Both the gel generated during normal portland cement hydration (C-S-H gel) (Taylor, 
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1997) and the materials precipitating during the alkaline activation of calcium aluminosilicates such as 
slag (C-A-S-H gel) (Shi et al., 2006) or the activation of alkaline aluminosilicates (N-A-S-H gel) 
(Palomo et al., 1999) are X-ray amorphous. Given the starting and activating compositions, the main 
hydration product in hybrid cements might also presumably be an amorphous gel or mix of gels. 
The hydrated samples were analysed with SEM/EDX to ascertain the type of gel or gels formed in the 
two cement systems. The 2-day micrographs of cement CEM BT and CEM MK matrices are 
respectively shown in Figures 6(a) and 6(b). The micrograph for cement CEM BT exhibited a compact 
matrix with mass precipitation of one or several cementitious gels. The analysis of its composition at 
different points revealed the presence of two types of morphologically indistinguishable but 
compositionally different gels, obviously the products of different reactive systems. One was a high 
silica and calcium gel with aluminium in its composition (a C-A-S-H gel) and the other a gel with 
greater proportions of silicon and aluminium and smaller amounts of calcium (an (N,C)-A-S-H gel) 
(see EDX microanalysis, Figure 6(a)). 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                         (a) 2-day CEM BT       (b) 2-day CEM MK 
                                Figure 6. SEM micrographs and EDX analyses of 2-day hybrid cements  
 
 
The matrix was visibly less compact in cement CEM MK (Figure 6(b)) than in CEM BT (Figure 6(a)). 
The higher w/c ratio in the former clearly generated a more porous system, which would explain its 
lower strength relative to CEM BT. Analysis of the precipitate also revealed the presence of two gels 
whose composition, as in the CEM BT system, differed: one was a C-A-S-H gel, although with a 
lower calcium content than the gel in CEM BT, and the other an (N,C)-A-S-H gel. 
More exhaustive (over 30) EDX analyses conducted to determine the composition of the gel phases 
only in the two cements yielded the Al2O3/SiO2 and CaO/SiO2 ratios, which are plotted in Figure 7. 
The composition ranges which, further to the literature (Pardal et al., 2009; Garcia-Lodeiro et al., 
2011), characterise the main types of cementitious gels (C-S-H, C-(A)-S-H, C-A-S-H, N-A-S-H and  
(N, C)-A-S-H) are also marked on the figure.  
As the graph in Figure 7(a) shows, hydrated cement CEM BT exhibited a number of compositional 
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clusters. While most of the points were positioned in the C-A-S-H and C-(A)-S-H gel ranges, a certain 
(much smaller) number of points were located in the (N,C)-A-S-H gel zone. The situation differed 
somewhat in the hydrated cement containing metakaolin, CEM MK (Figure 7b)). Here the points 
clustered primarily in the ranges characteristic of high aluminium (N,C)-A-S-H and C-A-S-H gels, as 
would be expected given the higher initial Al2O3 content in the original cement (Table 1). A smaller 
cluster was also observed to lie within the C-S-H gel (portland clinker hydration product) range.  

 
 
 
 
 
 
 
 
                                       (a) Cement BT   (b) Cement MK          
 

 
 
 
 
 
 
 
 
 
 

Figure 7. Al2O3/SiO2 vs CaO/SiO2 ratios for gels precipitating in hybrid cements (based on EDX findings) 
 
The findings confirmed that in this type of multi-component systems the main reaction product was a 
mix of gels: C-S-H (from portland clinker hydration) and C-A-S-H as well as (N,C)-A-S-H (from the 
activation of alkaline aluminosilicates such as BT and MK). The precipitates were not pure gels, but 
rather products containing other post-dissolution ionic species. The C-S-H gel from OPC clinker 
hydration contained Al (generating C-(A)-S-H gels, Garcia-Lodeiro, 2010a),while in the N-A-S-H-like 
gel much of the original sodium was replaced by calcium as a result of well-known ionic exchange 
mechanisms (Garcia-Lodeiro 2010b, 2011).   
The 29Si and 27Al NMR-determined nanostructure of the gels generated in CEM BT are shown 
respectively in Figures 8(a) and 8(b), while the findings for cement CEM MK are reproduced in 
Figures 8(c) and 8(d). All the Figures include the spectra for the respective anhydrous material. 
The 29Si spectra for the raw materials (Figures 8(a) and 8(c)) exhibited very different signals, whose 
attributions are summarised in Table 3. The spectrum for the OPC clinker contained an intense signal 
centred on -71.5 ppm, associated with the Q0 environments (monomeric silica tetrahedra) 
characteristic of the calcium silicates in that material (Andersen, 2003). The spectrum for slag had a 
signal at -76 ppm, which according to the literature can be attributed to Q1 units (silica dimers or end-
of-chain tetrahedra) (Fernández-Jiménez  et al., 2003). The dehydroxylated bentonite and metakaolin 
spectra exhibited a wide and asymmetric signal at -101/-108 ppm, denoting the presence of more 
polymerised silica units Q3(nAl) or Q4(nAl) units) (Engelhardt, 1997). The 27Al spectra (Figures 8(b) 
and 8(d)) also furnished useful information. A signal detected in all cases in the +57/+80 ppm range 
was attributed to tetrahedral aluminium (AlT) (Engelhardt, 1997; Buchwald et al., 2007). The spectrum 
for metakaolin also exhibited two smaller signals located at around +30 and +10 ppm, associated 
respectively with pentahedral and octahedral aluminium (Engelhardt, 1997; Buchwald et al., 2007) 
(Figure 8(c)). 
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                                              (a) 29Si spectra      (b) 27Al spectra 
 
Figure 8.  29Si and 27Al spectra for cements CEM BT and CEM MK and their constituent materials: clinker (CK), 

slag (BFS), metakaolin (MK) and dehydroxylated bentonite (BT-D) 
 
The spectra for the hydrated cements and for their anhydrous components differed substantially. The 
29Si spectrum for cement CEM BT (Figure 8(a)) contained a series of signals located in 
the  -71.3/-108 ppm range.  The first of these signals, at -71.3 ppm, attributed to the Q0 units in clinker, 
was an indication that hydration was incomplete in the 2-day material. No reflections attribuTable to 
clinker were observed on the diffractogram, however, perhaps because the clinker was not only 
hydrated, but diluted, accounting as it did for just 20 % of the total blend.  
In addition, two very intense signals (not present on the spectra for the anhydrous components) at -82 
and -85 ppm were attributed to the Q1 and Q2 environments present in C-S-H/C-A-S-H gels (Cong et 
al., 1996; Richardson  et al., 1997; Sun  et al., 2006; Shao–Dong et al., 2003). Their presence was 
confirmed with SEM/EDX. The interpretation of the group of signals in the -93 to -108 ppm range 
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entailed greater difficulty, although their position would denote more polymerised environments such 
as in the Q3(nAL) or Q4(nAl) units typical of gels such as N-A-S-H or (N,C)-A-S-H. Given the width 
of the bands, however, overlapping between the components of the reaction products (gels) and the 
residual unreacted raw materials (slag and bentonite) could not be ruled out.  
The 27Al spectrum for cement CEM BT shed some light on the aforementioned findings. An intense 
signal at +58 ppm was attributed to AlT (which is present in the reaction product, a mix of C-A-S-H 
and (N,C)-A-S-H gels), along with another at +7 ppm, which according to the literature is associated 
with the AlO in carboaluminates (AFm phases detected with XRD) (Fernández Jimenez et al., 2013). 
Similarly, the shift in the tetrahedral aluminium signal with respect to the signal on the spectrum for 
the anhydrous material has been associated with gel formation (Fernández-Jiménez et al., 2006). 
The 27Al spectrum for the CEM MK also exhibited two groups of signals: one at +58 ppm associated 
with both C-A-S-H and (N,C)-A-S-H gels and a second located at lower chemical shift positions, 
attributed to AlO and comprising two signals. Located at around +3/+4 ppm and +7/+8 ppm, these were 
attributed to carboaluminate formation (observed with XRD) and residual anhydrous metakaolin, 
respectively, further to the literature. (The anhydrous metakaolin exhibited three 27Al signals, located 
at +55.3 ppm, associated with AlT, at 30 ppm, with AlP, both of which practically disappeared after 
activation, and the third at +3 ppm, attributed to AlO, an aluminium not involved in N-A-S-H-like gel 
formation (Garcia-Lodeiro et al., 2015b).)  
The 29Si spectrum generated by the CEM MK cement differed from the above. The presence of 
residual clinker (signal at -71.3 ppm) and C-A-S-H/C-S-H gel Q2 units (signal at -85 ppm) was also 
detected, while the signal at -82 ppm denoting Q1 units practically disappeared. The signals attributed 
to C-A-S-H gel were much less significant in this cement. Here also, the interpretation of the signals in 
the -85 to -106-ppm chemical shift range was complex due to component overlapping (metakaolin also 
generates a wide, asymmetric band at around -108 ppm: Fernández-Jimenez et al., 2013), while the 
AlT signal located at +58 ppm likewise suggested the presence of Q4(nAl) units associated with the 
presence of a gel.  
Table 3 lists the possible attribution of the chemical shifts on the 29Si spectra to the anhydrous 
components and reaction products in the two hydrated cements. The deduction drawn from the 
proportions of the various gels generated in cement CEM BT (Figure 7) and the chemical shifts 
associated with its components (29Si spectra) was that most of the gels generated were high in calcium, 
i.e., C-S-H and C-A-S-H gels, whose nanostructure comprises primarily Q1, Q2 and (in C-A-S-H) 
Q3(nAl) units. In cement CEM MK, in contrast, the presence of a higher aluminium content favoured 
the precipitation of more polymerised gels (Q4(nAl) and Q3(nAl) environments), i.e., (N,C)-A-S-H and 
C-A-S-H gels. 
Table 3. Attribution of chemical shift (δ) values (ppm) on 29Si spectra shift to Qn(nAl) environments  
 

 CHEMICAL SHIFT, δ (ppm) on 29Si spectra 
-71.6 -76 -81/-82 -85/-86 -92/-93 -97/-98 -101 -108 

Clinker Q0        
Slag  Q1       

Metakaolin       Q4(nAl)  
Bentonite        Q4(nAl) 

C-S-H   Q1(0Al) Q2(0Al)     
C-A-S-H   Q1(0Al) Q2(0Al)/

Q3(3Al) 
Q3(2Al) Q1(3Al) Q3(0Al)  

N-A-S-H 
/( N,C)-A-S-H 

   Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) 

 
The conclusion that may be drawn is that the chemical composition of the starting system largely 
conditioned the type of cementitious gels that precipitated. The high calcium and silicon, low Al 
contents in CEM BT favoured the rapid precipitation of C-S-H-/C-A-S-H gels (Figure 7(a)). Rather 
than reacting with the silica and alkalis to form N-A-S-H-like gels, the reactive aluminium was taken 
up more readily into C-A-S-H gel structures. In the cement containing MK, where the potentially 
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reactive aluminium content was higher, (N,C)-A-S-H gels (from metakaolin activation) formed, in 
addition to C-S-H (primarily from clinker hydration) and C-A-S-H (from activated slag) gels.   
The greater strength observed in CEM BT than in CEM MK could be explained by the more compact, 
less porous matrix generated in the former. A direct effect of the amount and type of gels precipitating 
on early age mechanical strength cannot be ruled out, however. Further research would be required to 
clarify these issues.  
4. Conclusions 
Moderately alkaline solid activators can be used to develop hybrid cements with a low (20 %) clinker 
content and high proportions of supplementary cementitious materials. The physical characteristics of 
the raw materials used, which have a direct impact on the water demand, condition both hydration 
kinetics and strength development in these systems. The reaction products generated and especially the 
type of gel that precipitates depend heavily on the raw materials used and the chemical composition of 
the system. The main reaction product is a mix of gels on whose type and composition the chemical 
composition of the resulting cements depend. C-S-H and C-A-S-H gels prevail in high calcium and 
silicon systems, whereas in silicon- and aluminium-rich systems (N,C)-A-S-H and C-A-S-H gels 
predominate in the mix. The structure of the gels generated is determined as well by their C/S and S/A 
ratios. While both C-S-H and C-(A)-S-H gels exhibit Q1 and Q2 environments and C-(A)-S-H gels Q3 
environments, the gels with higher aluminium contents are characterised by more polymerised 
environments (Q4(nAl)). 
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Abstract: The purpose of this study is to study the influence of temperature on the 

chemical shrinkage and hydration characteristics of Portland cement pastes and 

calcium sulphoaluminate cement pastes with different contents of fly ash. Pastes were 

prepared using a water to cement (w/c) ratio of 0.4. Chemical shrinkage at various 

temperatures of 20 ℃, 30 ℃ and 40 ℃ were measured by dilatometry according to 

ASTM C1608-12 during 72 h, respectively. Furthermore, the heat evolution during 72 

h was tested by isothermal calorimetric method. The relationship between chemical 

shrinkage and heat of hydration was investigated. The results show that the 

relationship between chemical shrinkage and heat of hydration appears to be roughly 

linear. It has been found that the degree of hydration of calcium sulphoaluminate 

cement was largely irrelevant to the content of fly ash during 72 h, but it was not the 

case for the Portland cement.  

 
Originality: 

(1) The influence of temperature on the chemical shrinkage of Portland cement pastes 

and calcium sulphoaluminate cement pastes with different contents of fly ash was 

useful information for the analysis of cement hydration kinetics. 

(2) The evolution of chemical shrinkage of calcium sulphoaluminate cement pastes 

with or without fly ash was studied to investigate the hydration characteristics of 
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calcium sulphoaluminate cement and to determine the influence of fly ash. 

 

Keywords: Portland cement; Calcium sulphoaluminate cement; Chemical shrinkage; 

Heat evolution; Pozzolanicity. 

1 Introduction 

   As cement hydrates, the effect that the total volume of cement paste decreases 

when the water is excessive and available is called chemical shrinkage [1]. The 

chemical shrinkage is occurred due to the difference of density between the hydration 

products and the initial reacting materials (cement and water). The hydration products 

occupy less volume than the cement and water. 

The chemical shrinkage of cement is depended on the hydration of cement [2]. As 

the progress of hydration, the chemical shrinkage increases gradually. At the early 

period of hydration, the reaction between cement and water occurred immediately 

after mixing. As a result, the evolution of chemical shrinkage increases sharply. As 

hydration goes on, the cement reacts with water and forms gel solid. The hydration of 

cement proceeds with a slow speed. For the Portland cement and the calcium 

sulphoaluminate cement, the hydration speed was significantly different. Thus, the 

evolution of chemical shrinkage can be used to monitor the hydration process. 

At present, the three main methods of chemical shrinkage measurement are 

dilatometry, gravimetry and pycnometry, respectively [3,4]. Among these methods, the 

dilatometry which based on the method developed by Geiker is the most widely used 

method and is accepted by ASTM Standard C1608-12 [5-7]. The principle of this 

method is to measure the water amount which is absorbed from its immediate 

surroundings by the hydrating cement paste. The chemical shrinkage can be 

calculated by the water amount because the sorption is in direct proportion to the 

amount of hydration that has occurred [8].  

According to the previous study, chemical shrinkage, heat release, electrical 

resistivity or electrical conductivity are also controlled by the hydration of cement and 
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are also capable of providing information on the hydration characteristics of cement 
[1,9-11]. Therefore, it is necessary to investigate the correlations among these properties. 

Bouasker et al [3] found that there is a quasi-linear relation between the chemical 

shrinkage and the degree of hydration for cement pastes and mortars. Lura et al [12] 

measured the heat of hydration and chemical shrinkage of cement pastes 

simultaneously. The results showed that the relationship between the two parameters 

appears to be roughly linear. Furthermore, Liao et al [13] found that the relationship 

between the chemical shrinkage and the electrical resistivity of Portland cement 

pastes with different water to cement (w/c) ratios seem linear after 12 h. The purpose 

of this paper is to investigate the influence of temperature on the chemical shrinkage 

and hydration characteristics of Portland cement pastes and calcium sulphoaluminate 

cement pastes with different contents of fly ash. 

2 Experimental 

2.1 Materials  

The cement used was a Portland cement (PC) with the grade of 52.5 and a calcium 

sulphoaluminate cement (CSA) with the grade of 42.5. The fly ash (FA) used was a 

by-product with the grade of Ⅰ according to GB/T 1596-2005 [14]. Table 1 listed the 

chemical compositions of the cement and fly ash. The cement paste with w/c ratio of 

0.4 was used in this study. All the pastes were mixed with distilled water. 

Table 1. Chemical composition of binder (w/ %) 

Compositions SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI 

PC 22.10 5.65 3.06 60.15 1.85 0.72 0.16 2.34 3.15 

CSA 7.10 17.81 3.99 44.06 1.12 0.14 0.15 17.85 6.18 

FA 52.28 32.60 3.82 3.69 0.45 0.91 0.32 1.09 2.12 

2.2 Methods  

2.2.1. Chemical shrinkage 

In this study, chemical shrinkage measurements are carried out by dilatometry. 
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The test procedure was according to Procedure A described in ASTM Standard 

C1608-12. About 10 g of freshly mixed cement paste were inserted in the small glass 

vials. The height of the paste in the vial was less than 10 mm. Consolidating the paste 

in the vial by tapping the vial and then adding de-aerated water carefully by syringe to 

fill the glass vial to the top. After that, the vial was closed with a rubber stopper, 

through which inserted a graduated glass pipette with graduations of 0.01 mL and a 

capacity of 1 mL (see Fig.1). A drop of paraffin oil was placed in the top of pipette to 

avoid water evaporation during the testing period. The vial was immersed in a water 

bath at 20 ºC, 30 ºC and 40 ºC, respectively. The water level in the graduated pipette 

was recorded periodically during 72 h. The measurements were performed on three 

replicate specimens. The experimental results were reported as the chemical shrinkage 

per unit mass of binder (mL/g binder) and the chemical shrinkage per unit mass of 

cement (mL/g cement), respectively. 

 
Figure 1. The experimental setup for measuring chemical shrinkage 

2.2.2 Heat of Hydration 

The exothermic rate and accumulative hydration heat of binder with w/c ratio of 0.40 

was measured by an isothermal calorimeter (SETARAM, France) at the temperature 

of 30 ºC.  

3 Results and discussion 

3.1 Chemical shrinkage of Portland cement 

The chemical shrinkage of the Portland cement pastes under different 

temperatures is plotted versus the hydration time in Fig.2 to Fig.4. It can be seen that 
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the chemical shrinkage increases sharply at early age of hydration and then increases 

slowly. The experimental results show that the chemical shrinkage per unit mass of 

binder decreased with the increase of fly ash at a certain hydration time. While, the 

chemical shrinkage per unit mass of cement changed not like this. Except for 

40 ℃,It seemed that the evolution of the chemical shrinkage per unit mass of 

cement was irrelevant to the content of fly ash. But the experiment result seems to 

have much of discreteness in the case of 40 ℃. It is noted that the chemical 

shrinkage versus time curve for the paste at 40 ℃ declined slightly at first, and then 

increased gradually. This may be caused by the thermal expansion of the water and 

the paste in the glass vial when the whole setup was put into a water bath to keep the 

temperature constant, because they undergo a temperature rise due to the higher 

curing temperature. 

In current study, the binder was composed of cement and fly ash. Due to the inert 

reactivity of fly ash at the early age, the chemical shrinkage of paste was mainly 

produced by the hydration of cement. Therefore, the chemical shrinkage per unit 

mass of binder would be decreased with the increase of content of fly ash. This was 

proved by the experimental results as shown in Fig.2 (a), Fig.3 (a) and Fig.4 (a). On 

the other hand, the experimental results as shown in Fig.2 (b), Fig.3 (b) and Fig.4 (b) 

indicate that the evolution of chemical shrinkage per unit mass of cement was 

similar for the three pastes with different contents of fly ash. This may indicate that 

the hydration degree of cement during the three pastes was nearly equal to each other. 

But it is necessary to note that the change of evolution of chemical shrinkage per 

unit mass of cement didn’t show some obvious trends with the increase of fly ash. 

This may be due to the chemical inertly of fly ash during 72 h since the 

pozzolanicity of fly ash must be activated at long term. Considering this, the testing 

age of chemical shrinkage of cement blended with fly ash should be lengthened to 

monitor the reaction between fly ash and calcium dioxide. 
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(a) 

 

(b) 

Figure 2. The chemical shrinkage of Portland cement pastes at 20 ℃ 

 
(a) 
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(b) 

Figure 3. The chemical shrinkage of Portland cement pastes at 30 ℃

 
(a) 

 
(b) 

Figure 4. The chemical shrinkage of Portland cement pastes at 40 ℃ 

3.2 Chemical shrinkage of calcium sulphoaluminate cement 

The chemical shrinkage of the calcium sulphoaluminate cement pastes under 

different temperatures is plotted versus the hydration time in Fig.5 to Fig.7. It can be 

seen that the chemical shrinkage increases sharply at early age of hydration and then 
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increases slowly. The experimental results show that the chemical shrinkage per unit 

mass of binder decreased with the increase of fly ash at later ages. In addition to this, 

the chemical shrinkage per unit mass of cement versus time is nearly fully coincided 

with each other. This indicates that the hydration rate of calcium sulphoaluminate 

cement was similar. That is to say, the hydration degree of cement was about same at 

a certain hydration time. Thus, the evolution of the chemical shrinkage per unit mass 

of cement was irrelevant to the content of fly ash.  

As explained in the previous section, the chemical shrinkage of paste was mainly 

produced by the hydration of cement due to the inert reactivity of fly ash at the early 

age. Therefore, the chemical shrinkage per unit mass of binder would be decreased 

with the increase of fly ash content as shown in Fig.5 (a), Fig.6 (a) and Fig.7 (a). In 

addition, the experimental results as shown in Fig.5 (b), Fig.6 (b) and Fig.7 (b) may 

indicate that the hydration degree of cement during the three pastes was nearly equal 

to each other. Furthermore, the chemical shrinkage per unit mass of cement can be 

employed to monitoring the hydration degree of cement. 
 

 
(a) 



9 
 

 
(b) 

Figure 5. The chemical shrinkage of calcium sulphoaluminate cement pastes at 20 ℃ 

 
(a) 

 
(b) 

Figure 6. The chemical shrinkage of calcium sulphoaluminate cement pastes at 30 ℃ 
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(a) 

 
(b) 

Figure 7. The chemical shrinkage of calcium sulphoaluminate cement pastes at 40 ℃ 

3.3 Comparison of chemical shrinkage evolutions of Portland cement and 

calcium sulphoaluminate cement 

As shown in Fig.8, the evolution of chemical shrinkage of the Portland cement 

paste at 30 ℃ was compared with that of the calcium sulphoaluminate cement paste. 

The two pastes did not contain fly ash. It can be seen that some obvious differences 

were existed in the evolution of chemical shrinkage for the two pastes. Firstly, the 

chemical shrinkage of the Portland cement paste increased quickly at early age of 

hydration and then changed slowly during 72 h. However, the chemical shrinkage of 

the calcium sulphoaluminate cement paste increased sharply at early age of hydration 

and then kept nearly constant until 72 h. The time for the transition was about 12 h. 

Secondly, the chemical shrinkage of the calcium sulphoaluminate cement paste was 

larger than that of the Portland cement paste at the same hydration time. For example, 
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the chemical shrinkage of the two pastes at 72 h was 0.115 mL/g cement and 0.088 

mL/g cement, respectively. These two differences were also observed by Lura et al [12]. 

The reason is mainly due to the hydration of ye’elimite in the calcium 

sulphoaluminate cement clinker proceeds rapidly [15][16]. Obviously, the evolution of 

chemical shrinkage is a useful indicator to monitor the hydration characteristics of 

different cements. A further study have been conducted to get more information that 

may be useful for interpreting the hydration process according to chemical shrinkage 

and some other indicators. 

 

 

Figure 8. The chemical shrinkage of Portland cement paste and calcium 
sulphoaluminate cement paste (w/c=0.4) at 30 ℃ 

 

3.4 Relationship between chemical shrinkage and heat of hydration 

The heat of hydration development up to 72 h for the Portland cement pastes 

with W/C=0.4 are shown in Fig. 9. It can be seen that the hydration heat development 

with time is similar for the different contents of fly ash; however, the values of 

hydration heat at 72 h are significantly different, i.e. 248 J/g, 225 J/g and 193 J/g, 

respectively.  

For the Portland cement pastes with the content of fly ash of 0, 20% and 40%, the 

chemical shrinkage per unit mass of cement was 0.088 mL/g binder, 0.072 mL/g 

binder and 0.055 mL/g binder, respectively. Chemical shrinkage as a function of 

cumulative heat for cement pastes with different contents of fly ash is shown In 

Fig.10. It is noticed that the relationship between cumulative heat and chemical 

http://www.sciencedirect.com/science/article/pii/S0950061810004897%23f0010
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shrinkage appears to be roughly linear for the three cement pastes. According to this 

result, we can infer the chemical shrinkage of cement pastes from the cumulative heat. 

 
Figure 9. The evolution of heat release of Portland cement pastes during 72 h 

 
Figure 10. Chemical shrinkage as a function of cumulative heat for Portland 

cement pastes with different content of fly ash 

4 Conclusions 

a) With the increase of fly ash, the chemical shrinkage per unit mass of binder 

decreased, but the chemical shrinkage per unit mass of cement changed not like this. 

As cement hydrates, the evolution of chemical shrinkage per unit mass of cement can 

reflect the hydration process of cement.  

b) The degree of hydration of calcium sulphoaluminate cement was largely 

irrelevant to the content of fly ash during 72 h, but it was not the case for the Portland 

cement. This may supply evidence that the pozzolanicity of fly ash didn’t take place 

in calcium sulphoaluminate cement at early age.  
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c) The relationship between cumulative heat and chemical shrinkage appears to be 

linear for the Portland cement pastes with different contents of fly ash.  
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Abstract 
Future cements will require new constituents in order to become a more sustainable construction product. Therefore, 
the durability of the cements made with them must be checked. In this respect, coal bottom ash is proposed as a new 
Portland cement constituent and thus chemical durability as well as mechanical strength have been tested in mortar 
and concrete to evaluate its capability to be an adequate cement constituent. 
Coal bottom ash is tested in mortars made of mixes of coal combustion bottom and fly ashes. The results are compared 
to those performed in mortars made of CEM I 42.5 N (EN 197-1:2011). These bottom ash-fly ash mixes are 
incorporated in the common Portland cement in the needed proportions to produce CEM II/A-V, CEM II/B-V and CEM 
IV/A (V) cements according to the European standard EN 197-1:2011. 
Natural carbonation is the only durable property considered in the present work. Blended cements perform well with 
regard to the chloride diffusion. On the contrary, the higher amount of ashes, the deeper carbonation fronts regardless 
of the type of ash, bottom ash, fly ash or mixes of them. This effect could be explained because the bottom ash has a 
content of Fe2O3, TiO2, P2O5, SrO2 and so on, quite similar to that of the fly ash. The presence of such oxides might 
have a significant effect on pore solution concentration and then it is expected that they will play a significant role in 
the cement properties related to mortar and concrete durability. 
Summing up, it is possible to say that the utilization of bottom ash, in comparison to fly ash, does not modify the 
compressive strength, carbonation resistance and pozzolanicity characteristics of the mortars studied in the present 
work.  
The final result invites to propose the use of this new cement constituent for some applications in the appropriate 
cement standard. 
 
Originality 
Currently, coal bottom ashes are used as aggregates in some countries, but in most European countries they are 
considered as wastes and used as landfill.  
Studies of this waste as a potential main constituent of common Portland cement are scarce. Thus, it is important to 
improve the general knowledge of this material with regard to its characterization, hydration and performance in terms 
of mechanical strength and durability. In particular, this paper deals with the carbonation resistance and pozzolanicity 
characteristics of mortars made of coal fly ash. 
The chief contributions of this paper lie in the results obtained with regard to carbonation resistance, in particular that 
complete replacement of fly ash by bottom ash in CEM II/A-V, CEM II/B-V and CEM IV/A (V) cements do not have any 
significant effect.  
 
Keywords: coal bottom ash; cement constituent; carbonation; pozzolanicity; durability 
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1. Introduction 
The use of additions in cements produced according to EN 197-1:2011 is increasing in Europe due to 
sustainable concerns (Sanjuán M.A. et al., 2012). Limestone (L or LL), siliceous fly ash (V), natural 
pozzolans (P) and ground granulated blast-furnace slag (S) are the most frequently used additions in 
Europe and their positive effects on concrete are well known (Taylor H.F.W., 1997). Such effects are a 
direct consequence of the pozzolanic reaction of some cement constituents (fly ash,  natural pozzolans 
and silica fume among others) where the silicon dioxide, SiO2, reacts with the portlandite, Ca(OH)2, 
which is produced from the calcium silicates (C3S and C2S) hydration. Ground bottom ash presents 
also a pozzolanic performance (Argiz C. et al., 2013), but it is usually either used as an aggregate 
(Churcill V.E. et al., 1999) without grinding or dumped in disposal areas. Bottom ash landfilling can 
be attributed to technical, regulatory, contractual and economical barriers, among others. 
Both bottom and fly ashes could also refill the pores of the cement paste and the aggregate-paste and 
reinforcement-paste interfaces, at least partially. This fact would contribute to enhance the concrete 
durability and compressive strength at latter ages in well-cured cementitious products (Sánchez de 
Rojas M.I. et al., 1996). In this way, it is clear that mortars and concretes made of fly ash exhibit a 
good durable performance in aggressive environments evidenced by a low water permeability (Frías 
M. et al., 2003) and chloride diffusion (Dhir R.K. et al., 1999) as well as by a good frost-thaw 
resistance (Byfors K. et al., 1986), among other good performances. 
Bottom ash is generated together with fly ash in the boiler of coal fired power plants. Therefore, it 
could be expected similar chemical composition in both ashes. This observation has been reported in 
the few scientific papers published on ground coal bottom ash performance as cement constituent 
(Cheriaf M. et al., 1999; Argiz C. et al., 2013). Coal bottom ash from a fluidized-bed power plant 
mixed with silica fume (Mullick A.K. et al., 2011) and mixes of coal bottom ash and fly ash also from 
a fluidized-bed power plant (González-Fonteboa B. et al., 2011) have been tested. However, coal 
bottom ash is normally used as aggregate in road bases (Churcill V.E. et al., 1999). 
This paper compares the compressive strength and carbonation resistance of standard mortars made of 
coal bottom ash or coal fly ash added in different proportions. Also, pozzolanicity tests were 
performed to evaluate differences between fly ash and bottom ash. Finally, this paper proposes that 
ground bottom ash could be used as a new common Portland cement constituent in the near future. 
2. Experimental 
2.1. Raw Materials 
A CEM I 42.5 N cement according to the European standard EN 197-1:2011 (Sanjuán M.A. et al., 
2012) was used as reference material and also as raw material to prepare in the laboratory blended 
cements made of fly ash and bottom ash. Testing mortars were prepared with German standard sand 
(NORMSAND) and distilled water. 
Fly ash and bottom ash were provided by ENDESA-Carboneras that uses hard coal from South Africa 
(90%) and Colombia (10%). Bottom ash was ground to fineness similar to that of the Portland cement 
(5-8% residue on 45 µm sieve), whereas fly ash was employed without any particular treatment. 
2.2 Chemical composition and physical characteristics 
The chemical composition of the fly ash, bottom ash and cement is shown in table 1 and Portland 
cement CEM I 42.5 N (EN 197-1:2011) physical characteristics are shown in table 2. Chemical 
analyses of SiO2, Al2O3, Fe2O3, CaO, MgO, SO3, K2O, Ti2O5, P2O5 were performed by XRF with a 
Bruker S8 Tigger 4kW model. The loss on ignition (LOI), insoluble residue (IR) and chloride content 
were determined according to EN 196-2:2005. The initial and final setting times and the expansion 
were determined according to EN 196-3:2005+A1:2008, equivalent to ISO 9597:2008; while density 
and specific surface (Blaine) were determined according to EN 196-6:2010. 

Tab. 1 Chemical compositions of raw materials: bottom ash (BA), fly ash (FA) and cement /% 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Ti2O5 P2O5 LOI IR* Cl- 

Cement 20.9 4.3 3.5 62.7 1.9 3.4 0.9 0.25 0.10 3.7 1.04 0.023 
FA 50.5 28.9 4.7 5.0 1.8 0.21 0.8 1.56 0.76 3.6 71.3 0.000 
BA 52.2 27.5 6.0 5.9 1.7 0.13 0.6 1.53 0.74 1.8 75.7 0.001 

*Insoluble residue determined by the Na2CO3 method (European standard EN 196-2:2005). 



 

Tab. 2 Physical properties of CEM I 42.5 N /% 
Characteristic Specific gravity 

(kg/m3) 
Initial setting 

time (min) 
Final setting 
time (min) 

Volume 
expansion (mm) 

Specific surface 
Blaine (m2/kg) 

Value 3.10 205 325 0.70 4050 

ab
 

d

 
   (a) Bottom ash collector           (b) Bottom ash            (c) Fly ash electro-filter                 (d) Fly ash     

Figure 1 Bottom ash and fly ash collection and shape 
2.3. Blended cement design 
Fly ash and bottom ash mortars were coded as β and Ω, respectively (Table 3); whereas cement was 
coded as α (CEM I 42.5 N). Cement was partially replaced by fly ash or bottom ash in order to prepare 
laboratory blended cements with similar compositions to the CEM II/A-V, CEM II/B-V and CEM 
IV/A (V) standardized cements (Sanjuán M.A. et al., 2012). Their properties were compared to those 
of CEM I 42.5 N. Table 3 summarizes the composition of the three cement types elaborated with fly 
ash (β) or bottom ash (Ω) and the reference cement (α). 

Tab. 3 Mixtures of the bottom ash (BA) with fly ash (FA) and cement (CEM I 42.5 N) 

Elaborated cement  Raw material Fly ash and bottom ash mortars codification 
α β Ω 

CEM I 
Fly ash 0%   

Bottom ash 0%   
Cement 100%   

CEM II/A-V 
Fly ash  10% 0% 

Bottom ash  0% 10% 
Cement  90% 90% 

CEM II/B-V 
Fly ash  25% 0% 

Bottom ash  0% 25% 
Cement  75% 75% 

CEM IV/A (V) 
Fly ash  35% 0% 

Bottom ash  0% 35% 
Cement  65% 65% 

2.4. Experimental Process 
The mortars were prepared with distilled water and German standardized sand (Normasand) according 
to ISO 679:2009 equivalent to EN 196-1:2005. The cement/sand ratio was 1/3 and water/cement ratio 
0.50. After 24h with RH 95.5%, mortars were demolded, and then, they were cured under water. 
Thereafter, standardized mortars were tested for compressive strength, pozzolanic activity and natural 
carbonation resistance. 
2.4.1 Compressive strength 
Compressive strength tests were performed on mortars at 28 and 90 days according to the European 
standard EN 196-1:2005. An IBERTEST-AUTOTEST 200-10-5 wc model was used to perform the 
test. The procedure was defined elsewhere (Argiz C. et al., 2014). 
2.4.2 Pozzolanic activity 
Evaluation of the pozzolanic activity of bottom ash and fly ash has been assessed by chemical testing. 
The chemical evaluation has been done following the method described in the European standard EN 
196-5:2011, where CaO and OH- concentrations are determined at 7, 28 and 90 days.  
2.4.3 Natural carbonation 
Two alternative methods are allowed in the technical specification CEN/TS 12390-10 “Testing 
hardened concrete. Part 10: Determination of the relative carbonation resistance of concrete". In the 
first one, the mortar is exposed to the natural exterior environment under shelter from rain conditions; 



 

whereas in the second one, it is held in a climatic chamber by maintaining a controlled CO2 
concentration of 0.035±0.005%, a temperature of 20±2℃ and a relative humidity of 65±5 %. In the 
present work, the first procedure has been chosen as shown in figure 2. The CEN/TS 12390-10 
indicates a measurement at 18 months after exposure although in this experimental program two 
periods were used around 180 and 360 days of exposure. 

 
Figure 2 Schematic of typical IETcc test chamber and test site for natural exposure 

3. Results and Discussion 
The main bottom ash characteristics are the chemical composition and the fineness. With regard to the 
chemical composition, the value of SiO2+Al2O3+Fe2O3 is a specified parameter in many standards and 
for the bottom ash is 85.6 % and 84.4% for fly ash. Both data are very similar each other and higher 
than ≥70.0%. Therefore, it is a Type F fly ash according to ASTM C 618-12a (S+A+F≥70.0%). 
Another characteristic of Type F fly ash is the low amount of calcium content (5.0% for FA and 5.9% 
for BA). The loss on ignition (LOI), of 1.80% for bottom ash and 3.6% for fly ash, gives an idea about 
the unburned carbon remaining in the ash. Summing up, both ashes fulfil the requirements of EN 450-
1:2012. 
With regard to the fineness, the bottom ash was ground to a finesse leading a residue about 5-7% on 
45 µm sieve which is quite usual in many commercial common Portland cements. Such grinding 
process increases the specific area, and then, improves the bottom ash pozzolanic activity and its pore 
refilling effect. Finally, the specific surfaces Blaine of the bottom ash (BA), fly ash (FA) and cement 
used in the present study are 3463 m2/kg, 3976 m2/kg and 4050 m2/kg, respectively.  
3.1. Compressive strength 
Compressive strength is the main characteristic of concrete because it is necessary to know about it in 
structural design. The effect of bottom ash on the mortar compressive strength is compared to the fly 
ash mortar compressive. In figure 3, compressive strength at 28 and 90 days of tested mortars made of 
fly ash or bottom ash is shown. Laboratory-made blended cements CEM II/A-V, CEM II/B-V and 
CEM IV/A (V) are compared to CEM I 42.5 N without addition. As expected, mortar compressive 
strength at 90 days is higher than 28 days, particularly in blended mortars as a consequence of the 
slower rate of the pozzolanic reaction than the Portland cement hydration. A compressive strength of 
mortar higher than 50 N/mm2 is obtained in CEM I 42.5 N and CEM II/A-V. A remarkable reduction 
of strength at 90 days is observed when the ash content is increase as shown in figure 3, which is more 
significant in the case of bottom ash. This fact is attributed to its lower specific surface of 3463 m2/kg, 
when for fly ash is 3976 m2/kg. However, such differences between fly ash and bottom ash could be 
neglected. 
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Figure 3 Compressive strength at 28 and 90 days of mortars made of fly ash or bottom ash. From left to right, 

laboratory-made blended cements CEM II/A-V, CEM II/B-V and CEM IV/A(V) in comparison to CEM I 42.5 N 



 

3.2. Pozzolanicity 
Pozzolanicity at 7, 28 and 90 days is shown in figure 4. It can be observed that at 7 days cements CEM 
II/B-V and CEM IV/A (V) are pozzolanic cements. CEM II/A-V goes below the saturation curve at 28 
days, but CEM I always remain above the saturation curve, and then, as expected, it is not a 
pozzolanic cement. 
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Figure 4 Pozzolanicity at 7, 28 and 90 days 
3.3. Natural carbonation resistance 
A good durability performance in chloride environments of coal fly ash has been reported (Dhir R.K. 
et al., 1999). On the contrary, carbonation resistance of blended mortars is lower than mortar without 
ashes. Thus, carbonation testing was used to check the durability performance of mortars made of 



 

bottom ash or fly ash and the natural carbonation tests were performed for 180 and 360 days at 20 to 
25ºC and 50 to 60% RH sheltered from rain (Environment B according to CEN/TS 12390-10:200724). 
Carbonation can be defined as the formation of calcium carbonate (CaCO3) by a chemical reaction of 
carbon dioxide (CO2), calcium phases (Ca), and water (H2O) in the concrete. First, carbon dioxide 
(CO2) and water (H2O) react to form carbonic acid (H2CO3) according to equation (1). 

CO2 + H2O → H2CO3     (1) 
After, the carbonic acid reacts with the calcium phases as shown in equation (2). 

H2CO3 + Ca(OH)2 → CaCO3 + 2H2O    (2) 
Figure 5 shows the depth of carbonation at 180 and 360 days of the mortars with bottom ash (BA) and 
fly ash (FA) in comparison to CEM I. No significant differences with regard to CEM I and CEM II/A-
V, were found, in agreement with the findings of other researchers who have observed that 
replacement levels below 30% do not affect the carbonation resistance significantly, and at levels 
below 10%, there is no difference to CEM I (Khunthongkeaw J. et al., 2006; Collepardi et al., 2004).  
High fly ash replacements of 35% CEM IV/A (V) lead to a higher carbonation than control mortar 
without additions independently of the type of ash used (bottom or fly ash) as shown in figure 5.  
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Figure 5 Depth of carbonation at 180 and 360 days 
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Figure 6 Depth of carbonation at 360 days 
Carbonation results have been modeled according to equation (3), where A is the carbonation 
coefficient and b is the influence coefficient. Both parameters A and b depend on the mortar quality 
and environmental factors. Normally, b is taken as 0.5. 

x = Atb       (3) 
Figure 7 presents the carbonation coefficient, A (mm/yr0.5) calculated from equation (3) considering 
b=0.5. The carbonation coefficient calculated at 28-days can be divided into two groups, the first 
group is formed by CEM I and CEM II/A-V and the second one is formed by CEM II/B-V and CEM 
IV/A (V). Nevertheless, the carbonation coefficient calculated at 90-days increases from CEM I to 



 

CEM IV/A (V). In general, it can be said that with regard to carbonation no differences were found 
between fly ash and bottom ash. 
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Figure 7 Carbonation coefficients at 180 and 360 days 

4. Conclusion 
Coal bottom ash mortars showed compressive strength, carbonation resistance and pozzolanic activity 
similar to that of fly ash mortars. Therefore, coal bottom ash alone or mixed with fly ash is suitable to 
be used in cement production. Summing up, it can be concluded that there are not differences between 
fly ash and bottom ash either with relation to the mechanical or durable performance. Finally, the data 
presented here support the incorporation of bottom ash as a main constituent in the Portland cement 
standards. 
Acknowledgements 
The financial support of the IECA (Research Contract ‘Durable physico-chemical characterization of 
cement-based materials with industrial by-products’ - AU 23-10 Contract) is gratefully acknowledged. 
References 
- Argiz C., Menéndez E., Sanjuán M.A., 2013. Effect of mixes made of coal bottom ash and fly ash on the 
mechanical strength and porosity of Portland cement. Mater. Construcc., 309, 49-64. 
- Argiz C., Menéndez E., Moragues A., Sanjuán M.A., 2014. Recent advances in coal bottom ash use as a new 
common Portland cement constituent. Structural Engineering International, 4/2014, 503-508. 
- Collepardi M., Collepardi S., Ogoumah Olagot J.J., Simonelli E., 2004. The influence of slag and fly ash on the 
carbonation of concrete. ACI Spec. Pub., 221, 483–494. 
- Byfors K., 1986. Chloride Binding in Cement Paste. Nordic Concrete Research, 5, 27-38. 
- Cheriaf, M., Rocha, J. C., Pera, J., 1999. Pozzolanic properties of pulverized coal combustion bottom ash. 
Cement and Concrete Research, 29, 1387-1391. 
- Churcill V.E., Amirkhanian S.N., 1999. Coal ash utilization in asphalt concrete mixtures. Journal of Materials 
in Civil Engineering, 11, 295-297. 
- Dhir R.K., Jones M.R., 1999. Development of chloride-resisting using fly ash. Fuel, 78, 137-142. 
- Frías M, Sánchez de Rojas M.I., 2003. The effect of high curing temperature on the reaction kinetics in 
MK/lime and MK/cement matrices at 60ºC. Cement and Concrete Research, 33, 643–649. 
- González-Fonteboa B., Carro-López D., Gutiérrez S., Sánchez M., 2011. Characterization of fly and bottom 
ash from a fluidized-bed power plant as an addition to cement”, nº 678, 7 pp. Cementing a sustainable future, 
XIII ICCC International congress on the chemistry of cement - Abstracts and Proceedings. Madrid, 3-8 July, 
2011. Editors: Ángel Palomo, Aniceto Zaragoza, Juan Carlos López Agüí. Published by Instituto de Ciencias de 
la Construcción “Eduardo Torroja”, CSIC. 
- Khunthongkeaw J., Tangtermsirikul S., Leelawat T., 2006. A study on carbonation depth prediction for fly ash 
concrete. Constr. Build. Mater., 20, 744–753. 
- Mullick A. K., Justnes H., Fidjestøl P., Harsh S., 2011. Ternary Cement blends for improved sustainability, nº 
016, 7 pp. Cementing a sustainable future, XIII ICCC International congress on the chemistry of cement - 
Abstracts and Proceedings. Madrid, 3-8 July, 2011. Editors: Ángel Palomo, Aniceto Zaragoza, Juan Carlos 
López Agüí. Published by Instituto de Ciencias de la Construcción “Eduardo Torroja”, CSIC. 
- Sánchez de Rojas M.I., Frías M., 1996. The pozzolanic activity of different materials, its influence on the 
hydration heat in mortars. Cement and Concrete Research, 26, 203–213. 
- Sanjuán M. A., Argiz C., 2012. The new European standard on common cements specifications EN 197-1:2011. 
Mater. Construcc., 62, 425-430.  
- Taylor H. F. W., 1997. Cement Chemistry. 2nd ed. London: Thomas Telford Publishing.  



 

Comparative case study on the CO2 emissions of concrete blocks made with 

traditional cement materials and CO2-cured carbonate-bearing binders  
 

Liwu Mo1*, DK Panesar2, Abir Al-Tabbaa3 
1. College of materials science and engineering, Nanjing Tech University, Nanjing, 210009, China 

2. Department of civil engineering, University of Toronto, Toronto, M5S1A4, Canada  
3. Department of civil engineering, University of Cambridge, Cambridge, CB21PZ, UK 

 
 
 
 
Abstract 
The cement industry is facing a huge challenge to cut its CO2 emissions as it contributes up to 7% of 
anthropogenic carbon emissions. Accordingly, the development of novel low carbon manufacturing techniques 
or alternative cement formulations is of increasing interest and significance. In recent years, concentrated CO2 
has been used for curing conventional cement materials instead of traditional moist curing, which led to rapid 
strength development as well as CO2 sequestration. In particular, novel Ca- or Mg-bearing carbonate-based 
binders were produced via the accelerated carbonation of reactive MgO cements, which were considered as 
low-carbon binders. However, limited work has been performed on analyzing the CO2 footprints of these 
carbonate-bearing binders from a cradle-to-grave point of view. In this study, the CO2 emissions of the 
carbonate-bearing binders used in concrete blocks, which were produced by carbonating a series of cement 
blends consisting of Portland cement, MgO, fly ash, and cement kiln dust, were estimated based on the life cycle 
assessment. For comparison, the CO2 emissions of the hydrated traditional cement materials were also analyzed. 
Results showed that, for the similar range of mechanical strength, the concrete blocks made with the 
carbonate-bearing binders via the accelerated CO2 curing emitted less CO2 than those made with traditional 
Portland cement and with steam curing. This is attributed to the decreased use of Portland cement as well as the 
CO2 sequestration during the carbonation process. The magnitude of the CO2 reduction of the carbonate binder 
is dependent on several factors, such as the accelerated curing conditions, mix proportions of raw materials, 
and so on. The life cycle assessment performed in this study not only provides a basis for better understanding of 
the design of low-carbon construction materials, but also facilitates to spread the application of the accelerated 
carbonation technology.  
    
 
Originality 
As an alternative cement material, Ca/Mg-bearing carbonate binders have been reported in only a number of 
studies, although the quantitative CO2 footprint of such binders has not been comprehensively studied. Therefore 
this study aims to analyze the CO2 emissions of the Ca/Mg carbonate-bearing binders and that of the traditional 
cement materials comparatively, via using a life cycle assessment methodology. A life cycle assessment model is 
established for estimating the CO2 emissions and the study will facilitate a better understanding of the CO2 
footprint of these alternative carbonate binders, and will thereby offer some new insights on the manufacturing 
of the carbonate binder.  
 
 
 
Keywords: CO2 emissions; life cycle assessment; carbonation; cement materials; carbonate binders 
 
 
 
 
1. Introduction 
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The cement industry is facing a huge challenge to cut its CO2 emissions as it contributes to up to 7% 
of anthropogenic carbon emissions. Many strategies have been undertaken to reduce the CO2 
emissions either during the manufacturing or during the utilization process, such as updating the kiln 
technology, increasing the replacement of cement with supplementary cementitious materials, 
improving durability, employing new curing approach, to name a few. In recent years, CO2 has been 
employed in curing precast concrete products, which provides some benefits due to the formation of 
Ca-bearing carbonates. These include direct CO2 sequestration, rapid strength development and lower 
energy consumption compared to conventional steam curing ( Shi C. et al, 2009; Shao Y., 2011; 
Morshed A., et al., 2013). In addition, Ca- or Mg-bearing carbonate binders were recently prepared via 
carbonation of reactive MgO and the blends consisted of reactive MgO, Portland cement, fly ash, slag, 
etc. (Al-Tabbaa A. 2013; Mo L., et al., 2012, 2013; Panesar D.K., et al., 2013; Unluer, 2012; Unluer C. 
and Al-Tabbaa A. 2014). It is claimed that the carbonate binder is low carbon due to the replacements 
of Portland cement with industrial wastes and the direct sequestration of CO2. However, limited work 
has been performed on analyzing the CO2 footprints of these carbonate-bearing binders from a 
cradle-to-grave point of view. In this study, the CO2 emissions of the carbonate-bearing binders used 
in concrete blocks, which were produced by carbonating a series of cement blends consisting of 
Portland cement, MgO, fly ash, and cement kiln dust, were estimated based on the life cycle 
assessment taking account of the CO2 emitted during raw materials obtaining, manufacturing, service, 
and end of life. 
 
 
2. Methodology 
2.1 System boundary 
Concrete block plants usually produce a wide range of units for different special applications. In this 
study, the typical concrete blocks used in Alberta as well in Canada with nominal dimensions of 
200mm×200mm×400mm (width × height × length) is used as the calculation, with the physical 
properties shown in Table 1. Concrete blocks were produced by placing relatively dry and no-slump 
concrete in molds and after remolding, the blocks were subjected to accelerated curing. As a general 
practice, for the traditional manufacture process, the blocks are usually steam-cured at elevated 
temperature (e.g. 50℃) for several hours. The blocks were subjected to CO2 curing instead of steam 
curing. 
 
The functional unit, the basis for comparison, was based on a per product basis and the system 
boundary is shown in Figure 1. It includes the CO2 emitted of the upstream raw materials of cement, 
MgO, aggregates during their manufacturing process. Concrete unit production mainly consists of two 
parts, namely mixing and casting process, and the curing process. As the mixing and casting process of 
the new product developed in this project was similar to that of the traditional blocks, it was not 
included in this calculation. The utilization of product which includes the transport of products to the 
construction site is not taken into account. The transport of raw materials of cement, reactive MgO, 
aggregates, and water to the manufacturing site, the transportation in the manufacturing process, 
transport of products to packer, construction site, and transport of dismantled products for recycling or 
disposal were not considered since this is similar to the traditional products.  
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Figure 1 Concrete block unit system boundary for life-cycle assessment based on CO2 emissions 
 
 
2.2 Assumptions 

The following assumptions were made for the CO2 emissions calculations: 
i.   Functional unit: one concrete block 
ii. The typical concrete block used in Alberta as well in Canada with nominal dimension size of 

200mm×200mm×400mm (width × height × length) is the basis for the calculations. 
iii. Aggregates were assumed to consist of 60% crushed stone, and 40% sand and gravel. 
iv. Upstream profiles for the fly ash, and cement kiln dust were not included as they are industrial 

wastes. 
v. The natural carbonation of materials during the service life was not considered as in the natural 

environment, the carbonation is extremely slowly. 
vi.  The transport of raw materials to the plant, transportation in the manufacturing process in the plant, 

concrete blocks from the plant to construction sites were not included.  
vii. The mixing and casting of the concrete blocks was not taken into account as it was the same with 

the normal process of traditional concrete blocks. 
viii. The CO2 emission due to the demolition of concrete blocks was not taken into account as it was 

similar to the traditional concrete blocks. 
ix. The CO2 emission conversion factor of energy was based on Canadian Bituminous in Alberta from 

coal combustion. 
x. The concrete block plant was assumed to be located in the coal fired power plant or cement plant, in 

which the transportation of captured CO2 was not included. 
 

2.3 Mix design 
Three typical categories of concrete blocks, namely hollow, 75% solid, and solid, which are shown in 
Table 1. The mix design of the three types of concrete block is shown in Table 2, Table 3 and Table 4 
respectively.  
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Table 1 Physical properties of standard metric size block (Type “A” concrete) 

Actual dimension (Width × Length × Height: 
190mm×390mm×190mm) 

Standard configuration 

Properties Hollow 75% solid 100% solid 
Gross area (Net area) (×104 mm2) 7.41(4.15) 7.41(5.78) 7.41(7.41) 
Gross vol. (Net vol.) (×106 mm3) 14.08(7.88) 14.08(10.97) 14.08(14.08) 
Percent solid (Net volume/Gross volume, %) 56% 78% 100% 
Typical unit mass (kg) 16.5 23.0 29.6 
Typical wall mass (kg/m3) (with mortar) 223 311 399 
Minimum compressive strength (MPa, based on net 
area) 

15.0 15.0 15.0 

 
Table 2 Mix design and properties (Hollow Blocks, Type A Concrete) 

 
Case 1-1 Case 1-2 Case 1-3 Case 1-4 

Mix design description MIX 1-1 (Traditional) MIX 1-2 MIX 1-3 MIX 1-4 
28d compressive strength /MPa 15.0 15.0 15.0 15.0 

Typical unit mass /kg 16.5 16.5 16.5 16.5 
Cement /% 12.0 6.0 4.0 4.0 
Fly ash / % 0.0 5.0 2.0 4.5 

Cement kiln dust/% 0.0 0.0 5.0 3.0 
Reactive MgO /% 0.0 1.0 1.0 0.5 

 
Table 3 Mix design and properties (75% Solid Blocks, Type A Concrete) 

  Case 2-1 Case 2-2 Case 2-3 Case 2-4 
Mix design description MIX 2-1 (Traditional) MIX 2-2 MIX 2-3 MIX 2-4 
28d compressive strength /MPa 15.0 15.0 15.0 15.0 
Typical unit mass /kg 23.0 23.0 23.0 23.0 
Cement /% 12.0 6.0 4.0 4.0 
Fly ash / %  0.0 5.0 2.0 4.5 
Cement kiln dust/% 0.0 0.0 5.0 3.0 
Reactive MgO /% 0.0 1.0 1.0 0.5 

 
Table 4 Mix design and properties (Solid Blocks, Type A Concrete) 

  Case 3-1 Case 3-2 Case 3-3 Case 3-4 
Mix design description MIX 3-1 (Traditional) MIX 3-2 MIX 3-3 MIX 3-4 
28d compressive strength /MPa 15.0 15.0 15.0 15.0 
Typical unit mass /kg 29.6 29.6 29.6 29.6 
Cement /% 12.0 6.0 4.0 4.0 
Fly ash / %  0.0 5.0 2.0 5.0 
Cement kiln dust/% 0.0 0.0 5.0 2.0 
Reactive MgO /% 0.0 1.0 1.0 1.0 
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3. Results and discussion 
Table 5 shows the inventory of the CO2 sequestered in the concrete blocks. Accordingly, with CO2 

curing, a range from 0.424kg to 0.989kg net CO2 can be sequestered per concrete blocks due to the 
carbonation of the raw materials. Compared with cement, reactive MgO and cement kiln dust, the fly 
ash contributed less to the CO2 sequestration, because the fly ash contained less CaO content for 
carbonation. However, taking account of the cement savings owing to the incorporation of industrial 
wastes as a replacement of cement, the CO2 emissions for manufacturing these cements could be 
avoided. Therefore, besides the net sequestered CO2, the CO2 emissions avoided due to the reduction 
in cement use, also contributes to the CO2 cut benefits of the new concrete blocks. As shown in Table 
5, 1.269 kg to 2.883kg of net CO2 sequestered and reduced for per concrete blocks.  Table 6 shows 
the inventory of CO2 emitted during the life cycle of one concrete block. Clearly, compared to the 
traditional concrete blocks, the carbon-based concrete blocks have much lower life cycle CO2 
emissions.  For a typical concrete block plant with a manufacturing capacity of around 3,000,000 
blocks per year in Canada, the amount of CO2 sequestered and reduced in this plant can be calculated, 
which is shown in Figure 2. Accordingly, in comparison to traditional concrete blocks made with 
Portland cement and with steam curing, the concrete blocks made with carbonate binder via CO2 
curing contributed to a significant reduction of CO2 emission. Solid concrete blocks gained more CO2 
cut than the hollow or 75% solid concrete blocks. 

 

 
Figure 2 Net CO2 sequestered and reduced in concrete blocks produce in 1 year in a medium size 
manufacturer. 
 
4. Conclusions 
The carbon emissions of concrete blocks produced with traditional steam curing and CO2 curing were 
calculated via a life-cycle assessment. In comparison to concrete blocks manufactured with traditional 
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hydraulic cement and steam curing, the concrete blocks prepared with Ca- and Mg-bearing carbonate 
binder via carbonation of reactive MgO blends containing Portland cement, fly ash or cement dust kiln, 
exhibited lower CO2 emissions. This is attributed to the direct sequestration of CO2 during the 
carbonation reactions as well as the replacements of Portland cement with fly ash or cement kiln dust.  
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Table 5 The amount of CO2 sequestered into per concrete block 

 
Notes: Note 1*: Theoretically 50% of cement can be carbonated. The carbonation degree is assumed to be 50%. (Cement industry energy and CO2 performance“Getting 
the Numbers Right”, 2013.). Note 2*: CaO content in Fly ash assumed to be 9.3%. Carbonation efficiency is taken as 86.4%. (Pan S.Y., et al., 2012.) Reference 2. Note 3*: 
According to Reference (Pan S.Y., et al., 2012.), the carbonation degree of cement kiln dust could be 76%. Here the carbonation efficiency of 70% is used for the 
calculation, and the CaO content in the cement kiln dust is taken as 34%. Note 4*: Theoretically the MgO could be completely carbonated, here the carbonation efficiency 
is taken as 90%. Note 5*: The CO2 emission intensity of cement manufacturing is 0.707t CO2/t cement in Canada. (Environmental performance report. Cement 
Association of Canada. 2012.) 
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Table 6 Inventory of CO2 emitted during the life-cycle of the product on per concrete block 

 
Notes: Note 1*: The CO2 emission of ordinary Portland cement manufacturing in Canada is 0.707t CO2/t cement. ( Environmental performance report. Cement Association of Canada, 2012.); Note 2*: The 
CO2 emission intensity of cement manufacturing is 1.4t CO2/t MgO (with natural gas as the fuel). ( Cement, lime and magnesium oxide manufacturing industries, 2010.); Note 3*:(i). Energy required to 
produce crushed stone is 81000 kJ/metric ton. (Nisbet M.A., et al., 2002). (ii) The CO2 emissions factor is 2.212kg CO2/kg Canadian Bituminous in Alberta from coal combustion. (Canadian default factors for 
calculating CO2 emissions from combustion of coal, 2013.). Accordingly, the CO2 emissions is 0.00008698kg /kJ; Note 4*:(i). Energy required to produce sand and gravel is 47000 kJ/metric ton (Nisbet M.A., 
et al., 2002). (ii). The CO2 emissions factor is 2.212kg CO2/kg Canadian Bituminous in Alberta from coal combustion. (Canadian default factors for calculating CO2 emissions from combustion of coal, 2013.); 
Note 5*: Continuous curing, 3 blocks per pallet, temperature, insulated, summer, energy consumption per block is 490 kJ. (Nisbet M.A., et al., 2002). CO2 emission factor is 2.212kg CO2/kg Canadian 
Bituminous in Alberta from coal combustion. ( Canadian default factors for calculating CO2 emissions from combustion of coal, 2013.); Note 6*: Capture energy is 0.88496 GJ/ t CO2. ( Canadian default 
factors for calculating CO2 emissions from combustion of coal, 2013; Koornneef J., et al., 2008. ); Note 7*: Compression energy is 111 kWh/ tCO2. (Canadian default factors for calculating CO2 emissions 
from combustion of coal, 2013; Koornneef J., et al., 2008); Note 8*: The demolished concrete blocks can be crushed and reused as aggregated, According to BEES 4.0 (Lippiatt, B., 2007), the energy used in 
the production of crushed aggregate is 82 kJ/kg. (Lippiatt, B. 2007).  
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Abstract 
This paper reports on the microstructure observations of certain calcium aluminate cement (CAC) based binder systems 
in concrete mixtures that were subjected to microbially-induced (biogenic) sulphuric acid (H2SO4) attack in a ‘live’ 
outfall sewer environment in South Africa. The CAC binder systems under investigation include those with 
supplementary cementitious materials (SCM) such as fly ash, silica fume and ground granulated blast-furnace slag 
(GGBS). Both acid-soluble and acid-insoluble aggregates were used in the concrete mixtures. The study was intended 
to understand the mechanism of biogenic H2SO4 attack in CAC based mixtures through the microstructure development 
of the binder paste. CAC is used in a variety of applications due to its advanced properties such as resistance to a wide 
range of chemically aggressive conditions similar to those found in sewers. Under certain conditions such as warm 
climates (daily temperatures up to 35 °C in summer, occasionally up to 27 °C in winter) with flat grades, sewage that is 
conveyed through outfall sewers becomes septic and hydrogen sulphide gas (H2S) is generated. Where changes in grade 
or direction result in turbulent flow, the H2S is released into the sewer headspace and is eventually absorbed onto the 
non-submerged moist walls of the sewer where it is microbially and through auto-oxidation converted to H2SO4 and 
attacks the acid-soluble components of concrete mixtures causing them to deteriorate. These conditions are ideally 
represented in the so-called Virginia Experimental Sewer (VES) in Free State Province South Africa, where sewer pipe 
materials have been studied continuously for over 25 years. 
This experimental section in the VES is 880 mm in internal diameter and 65 m long, was commissioned in 1989. During 
2003, three badly corroded pipes were removed and manholes were built in these gaps. 300 mm long pipes sections of 
different binder systems and aggregates were then placed in these manholes. The top 120° of these pipe sections was 
cut to form ‘lid’ samples of appropriate size for handling during scheduled observations and specimen recovery for 
laboratory analyses. The CAC based samples in the current study consists of six ‘lid’ samples (in triplicate) that were 
installed in November 2004. These concrete samples consist of two components defined by their functionality in South 
Africa; the host pipe made from Portland cement (PC) is intended to provide structural strength and the concrete lining 
made from CAC is intended to provide resistance against biogenic H2SO4 attack. Samples for laboratory analyses were 
recovered from the surfaces (linings) of the ‘lid’ samples after 119 months of exposure. Microstructural 
characterisation was done using semi-quantitative X-Ray diffraction (XRD) and backscattered electron (BSE) 
microscopy fitted with an energy dispersive X-Ray analyser (EDXA). Semi-quantitative XRD was performed based on 
the Rietveld analysis technique using Match!® Software. 
The mineralogical characterisation of plain CAC based binder systems by semi-quantitative XRD showed typical 
phases of gypsum (CŜH2), silica (S), hydrogarnet (C3AH6), gibbsite (AH3), alumina (A), and calcite (Ĉ). In addition to 
these, stratlingite (C2ASH8) is formed in the blended CAC-SCMs based binder system. The morphology of these phases 
was also identified on the micrographs presented. Similarly, the EDXA analysis also showed the presence (normalised 
elements) of C, O, Al, Si, S and Ca.. These microstructural characteristics show that during biogenic H2SO4 attack on 
CAC based systems, the hydrated alumina dissolves and precipitates as alumina gel (AH3) which is thought to have a 
bacteriostatic effect on sulphide-oxidising bacteria. It is hypothesised that this suppresses surface colonisation by 
acidophilic bacteria thereby limiting generation of H2SO4 that attacks the concrete matrix. 
 
Originality 
This work is part of Moses Kiliswa’s PhD research focusing on deterioration mechanisms in sewer environments. 
Facilities at the Virginia Experimental Sewer have been used mainly for profiling mass changes of the samples exposed 
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1. Introduction 
The microstructure of a material is the fundamental link between the process that form the material 
and its properties (Scrivener K. et al., 2004). These properties are important in determining suitable 
applications of the materials. Calcium aluminate cements (CACs) are among the most important types 
of non-Portland cements used in certain infrastructures such as outfall sewers. CACs are made from 
limestone or lime with bauxite or other aluminous material that is low in silica (SiO2). Their properties 
include rapid strength development, and good resistance to sulphate and other forms of chemical 
attack such as microbially-induced (biogenic) sulphuric acid (H2SO4) that is generated in outfall 
sewers. 
Fresh sewage entering an outfall sewer contains organic sulphur (S) compounds that are capable of 
being oxidised to sulphate (SO2-

4). Initially, aerobic organisms flourish in the sewage but as oxygen 
used for catabolising organic waste becomes depleted, anaerobic organisms occur. It is these anaerobic 
organisms, namely, sulphate-reducing bacteria (SRB) and sulphide-oxidising bacteria (SOB) that are 
involved in the biogenic concrete corrosion in sewers. In the absence or depletion of dissolved oxygen 
(DO) in the sewage, SRB in the sewer’s biofilm reduces the SO2-

4 to sulphide as an alternative source 
of oxygen (Alexander M. et al., 2008). Sulphide exists in the stale sewage as sulphide ions (S2-), 
hydrogen sulphide ions (HS-), and hydrogen sulphide molecules (H2S) both in aqueous and gaseous 
states, depending primarily on pH. At pH less than 7, H2S predominates in aqueous solutions and is 
readily released into the sewer headspace especially under turbulent flow conditions in outfall sewers 
(Goyns A. et al., 2008). The available H2S in the sewer’s headspace (i) spontaneously reacts with O2 
(on the moist concrete sewer pipe walls above the flowing sewage) in an aqueous solution to form 
(weak) H2SO4, through a process called auto-oxidation, and (ii) is oxidised by SOB (to generate 
energy for assimilation of carbon for synthesis of cell materials) that also thrive on the moist concrete 
sewer pipe walls above the flowing sewage to form H2SO4, through a microbial (biogenic) process. 
Due to their ‘resistance’ to certain forms of chemical attack, CAC binder systems are used in the 
manufacture of concrete sewer pipes, particularly as linings which come in contact with the H2SO4. 
The choice to use CAC in outfall sewers to slow down the rate of attack by H2SO4 is due to the fact 
that the formation of the stable alumina hydrates (C3AH6 and AH3) and the dissolution of the calcium 
component of the other metastable hydrates (CAH10 and C2AH8) in the CAC lead to the creation of 
additional quantities of the alumina phase (Equations 1 and 2). This provides the neutralisation 
capacity of CAC, which slows down the rate of attack.  

C3AH6 + 6H+ → 3Ca2+ + 2AH3 + 6H        (1) 
AH3 + 6H+ → 2Al3+ + 6H          (2) 

The alumina hydrates in CAC binder systems react with acid to form an alumina gel (AH3) whose pH 
stabilises between 3 and 4 (Herisson J. et al., 2014). It is hypothesised that this pH range supresses the 
succession activities of SOB, thus preventing the most aggressive low-pH environments (< 2) that are 
favourable for the generation of biogenic H2SO4. Thus, there seem to be two primary schools of 
thought that characterise the influence of CAC based binder systems when they are subjected to 
biogenic H2SO4; (i) the influence of the neutralisation capacity and (ii) the ability to stifle succession 
of SOB.  
2. Chemistry of CACs 
2.1. Mineralogy 
CACs contain oxides of calcium, silicon, aluminium and iron. Figure 1 shows the approximate zone of 
composition of CAC within the CaO-SiO2-Al2O3 system, in comparison to other common binders. 
 
 
 
 
 
 
 
Figure 1 The composition range of CAC compared to other common binders (Scrivener K., 2003) 
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In general, CACs are produced with a wide range of alumina (Al2O3 (A)) contents from around 40% to 
80%. This study considers a CAC with lower A content (approximately 40%). For this low-A content 
CACs, the mineralogy of the unreacted cement can be fairly complex, but the common feature of these, 
and all other CACs, is the presence of monocalcium aluminate (CaAl2O4 (CA)). This is the principal 
reactive phase during early hydration and it is responsible for the properties of the material, typically 
making up to between 40% and 60% of the cement content. The other reactive phase at early stages is 
C12A7 (Scrivener K., 2003). The other phases that react much later include C2S, C2AS, and ferrite solid 
solution. They contain silicon and/or iron and other minor elements in addition to calcium and 
aluminium (Touzo B. et al., 2001). All these phases play distinctively different roles during the 
various stages of the CAC hydration process, and also influence the behaviour of CAC based binder 
systems. 
2.2. Basics of Hydration and Conversion 
When plain CAC (or monocalcium aluminate (CA)) comes into contact with water, calcium ions (Ca2+) 
and aluminate ions (Al(OH)-

4) dissolve to give a solution. This solution can combine as several 
different types of hydrate phases that include AFm (Al2O3–Fe2O–mono) (mainly C2AH8), hydrogarnet 
(CAH10, also C2AH8, and C3AH6) and gibbsite (AH3) plus poorly crystallized gel-like phases (Gosselin 
C., 2009; Scrivener K., 2003). From notions of thermodynamics, when different phases are mixed 
together, they tend to react and recombine to give a new mixture of phases that have the lowest energy. 
These are the stable phase assemblages. However, sometimes it is difficult for the stable phases to 
form immediately due to the rearrangement of ions that needs to occur, a process called nucleation. In 
this case, it often happens that different phases form temporarily, which are metastable. At all 
temperatures, the stable hydrates of CA are C3AH6 (the only stable ternary phase) and AH3 (Scrivener 
K., 2003; Taylor H., 1997). 
The metastable phases that initially form transform or convert to the stable phases due to the effect of 
time and high temperature (> 50°C) (Equations 3 and 4) (Gosselin C., 2009). During conversion (i) 
there is a reduction in the solid volume of the hydrates that leads to an increase in porosity and 
reduction in strength at an equivalent degree of hydration, and (ii) water is released which is available 
to hydrate any remaining anhydrous phases (Scrivener K., 2003). 

2CAH10 → C2AH8 + AH3 + 9H         (3) 
3C2AH8 → 2C3AH6 + AH3 + 9H        (4) 

2.3. CACs with Supplementary Cementitious Materials (SCMs) 
SCMs such as fly ash (FA), silica fume (SF) and ground granulated blast-furnace slag (GGBS) 
generally have poorer hydraulic properties, but all make a significant contribution to the hydration 
process when blended with CACs. Most importantly, the source of silica in SCMs may modify the 
nature of the hydration products commonly formed in plain CAC by formation of stable hydrates such 
as stratlingite (C2ASH8) (Equation 5). 

C2AH8 + S → C2ASH8          (5) 
C2ASH8 is an AFm structure closely related to that of C2AH8 and it is stable relative to C3AH6 at 
ambient temperatures. The metastable phases CAH10 and C2AH8 are considered as preferential sites of 
C2ASH8 formation. The effect of C2ASH8 is remarkable in the case of conversion of CAH10 and 
C2AH8 into C3AH6. For example, on one hand, the decrease of the solid volume of the hydrates due to 
the conversion of C2AH8  into C3AH6 is in the order of 34%. On the other hand, the reaction between 
soluble silica and C2AH8 (Equation 5) leads to an increase in the solid volume of the hydrates by about 
1.4% (Ding J. et al., 1995; Bhaskara R. et al., 1980; Midgley H. et al., 1978). Therefore the effect of 
hydrate conversion on the increase of porosity and the loss of strength is reduced in the presence of 
reactive silica found in SCMs. Also, at certain replacement levels of CAC by SCMs, there is improved 
performance in CAC based binder systems with regard to some properties such as compressive and 
tensile strengths, oxygen permeability, water sorptivity and acid insolubility (Ntseuoa M., 2013). 
These properties, together with the stable hydrates, play a significant role in the positive performance 
of blended CAC mixtures when subjected to biogenic H2SO4. 
The mineralogical complexity of CAC and its positive influence on suppressing biogenic concrete 
corrosion when it is used in the manufacture of concrete sewer pipe linings prompted this study. The 



 

microstructure characteristics reported in this paper presents an opportunity to better understand the 
impact of the different alumina hydrates towards biogenic H2SO4 in outfall sewers. 
3. Experimental 
3.1. Study Site 
The present study utilises samples installed in the so-called Virginia Experimental Sewer (VES) in 
Free State Province South Africa, which is effectively a ‘live’ (outfall) laboratory for studying the 
performance of concrete pipes in aggressive H2SO4 environments. VES is part of the Virginia sewer 
that became operational in 1988, and has since been monitored (Kelly M. et al., 1996). The 
experimental line (with a bypass line), is 880 mm internal diameter and 65 m long and is located 600 
m downstream of a rising main. This includes three manholes in which 300 mm long pipe sections 
made from different binder systems and aggregates have been placed. Sewage that is released from the 
rising main into the gravity section enters the experimental section (or bypass line) via an inlet 
manhole (IM) (Figure 2).  
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Figure 2 Schematic of sewer at Virginia showing gravity sewer feeding into the experimental section 600 m 

downstream of the rising main (Alexander M. et al., 2010). 
Figure 3 shows H2S levels measured in the inlet manhole (IM) and (downstream) experimental line 
(D/S) at Virginia. Samples in the present study are installed in the experimental line where the average 
daytime H2S concentration recorded was up to 50 ppm in summer and 10 ppm in winter. 
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Figure 3 Typical H2S profiles in the IM and in the (D/S) experimental section at different climatic seasons at 
VES (mean values recorded between October 2013 and November 2014) 

The daily temperatures in the experimental line are in the order of 26 °C in summer and occasionally 
up to 21 °C in winter. These conditions result in a corrosive H2SO4 environment. A sewer containing 



 

an H2S concentration of between 2 ppm to 6 ppm results in the formation of biogenic H2SO4 of 6% v/v 
(pH <1) on the sewer’s moist walls when the headspace temperature is in the order of 18 °C 
(Schremmer H., 1972). This acid concentration is typical of that found on the corroded non-submerged 
surfaces of concrete pipes in sewers (Kelly M. et al., 1996). 
3.2. Samples and Raw Materials 
The CAC based concrete samples in the experimental line consist of both ‘lids’ and cores. The ‘lid’ 
samples were created by cutting the top 120° off the 300 mm long pipes, so that they are removable. 
This enables scheduled observations and sample recovery to be undertaken on specimens that are part 
of an actual conveyance conduit which is subjected to the impact of real-time biogenic corrosion 
mechanisms in the outfall sewer. These ‘lids’ also act as windows through which core samples (80 
mm diameter by 45 mm long) were placed in plastic baskets that are hung at certain sections in the 
sewer headspace, so that they can be accessed for monitoring (Figure 4). The present study focusses 
on the characteristics of the ‘lid’ samples only. 

  
(a) Pipe sections of different concrete mixtures    (b) Typical ‘lid’ sample, removed for inspection 

Figure 4 Typical samples installed in VES 
These concrete samples consist of two components defined by their functionality in South Africa; the 
host pipe made from Portland cement (PC) is intended to provide structural strength and the concrete 
lining made from CAC is intended to provide resistance against biogenic H2SO4 attack (Goyns A. et 
al., 2008). There are six CAC based ‘lid’ samples (linings) (in triplicate) that were installed in 
November 2004, constituting of both plain and blended binder systems. The mixtures consist of (i) 
calcium aluminate cement (23%) and siliceous aggregate (CAC/SIL 23), (ii) calcium aluminate 
cement (16%, 18%, and 23%) and dolomitic aggregate (CAC/DOL 16, CAC/DOL 18, and CAC/DOL 
23 respectively), (iii) a blend of calcium aluminate cement, fly ash and silica fume (17%) and 
dolomitic aggregate (CAC/FA/SF), and (iv) calcium aluminate cement (20%) and artificial calcium 
aluminate aggregates (CAC/alagTM). These samples were manufactured by commercial precast 
concrete products suppliers in South Africa using the roller suspension technique, which uses an outer 
steel form that is rotated in a (suspended) horizontal position during the pipe manufacturing process. 
The chemical composition of the binders (CAC and SCMs) used in these samples is given in Table 1. 

Tab. 1 Chemical compositions of binders /% 
Binder type Chemical composition 

CaO MgO SiO2 Al2O3 Fe2O3 Mn2O3 TiO2 SO3 Na2O P2O5 K2O LOI 
CAC 37.6 0.7 4.4 39.5 15.1 0.2 1.8 0.2 0.1 0.1 0.2 0.2 
FA 4.1 1.0 54.9 31.3 3.7 0.06 1.67 0.19 0.36 0.49 0.71 0.78 
SF 0.68 0.2 96.0 < 0.1 < 0.1 - - 0.25 0.18 - 0.45 1.8 

GGBS 36.4 8.1 37.1 12.8 0.72 0.98 0.59 2.24 0.5 - 1.07 - 

The CAC was sourced from Kerneos®, FA from Ash Resources, SF from Silicon Smelters and GGBS 
from Afrisam, all in South Africa. 



 

The mix proportions of the concrete samples are given in Table 2. The crushed aggregates consisting 
of the (dolomitic) Olifantsfontein dolomite (DOL) and (siliceous) reef quartzite (SIL) were sourced 
from Gauteng, South Africa while the artificial calcium aluminate aggregate (alagTM) was supplied by 
Kerneos South Africa. 
These mix proportions are typical of the roller suspension manufacturing process where the water 
binder ratio of less than 0.33 is used. Compaction is achieved by the kneading action and centrifugal 
force during casting. 

Tab. 2 Mix proportions of the concrete samples 
Sample ref Binder type and content in mix Total 

binder 
in mix# 

(%) 

9 – 13 mm agg. Sand (50/50) 
Cement SCM 

Type  % Type  % Type  % Type  % 

CAC/SIL 23 CFL* 23 - - 23 SIL 44 SIL 33 
CAC/DOL 16 CFL* 16 - - 16 DOL 48 DOL/SIL 36 
CAC/DOL 18 CFL* 18 - - 18 DOL 47 DOL/SIL 35 
CAC/DOL 23 CFL* 23 - - 23 DOL 44 DOL/SIL 33 
CAC/FA/SF/DOL CFL* 11 Fly ash 4.5 17 DOL 47 DOL/SIL 36 

Silica fume 1.5 
CAC/alagTM CFL* 20 - - 20 alagTM 50 alagTM 30 
*CFL is a brand name for low-alumina CAC 
#Water/binder (w/b) ratio = 0.33 
3.3. Field sampling 
All the test specimens (products of biogenic concrete corrosion) for microstructural analysis were 
recovered by gentle scraping and brushing from the internal faces of the ‘lid’ samples, which had been 
exposed to biogenic H2SO4 for 119 months. Each scraping was then placed in a clean 50 ml air-tight 
plastic bottle, leaving a space of about 10 mm from the bottle top. These bottles were then stored in an 
insulated ‘Cooler Box’ and transported from the field to the laboratory within 36 hours after sampling. 
3.3. Sample preparation and testing 
Microstructural analysis was undertaken using semi-quantitative XRD and backscattered electron 
(BSE) microscopy. Prior to undertaking the test regime, about 30 ml (30 g) of each of the samples was 
transferred from the 50 ml bottles used for sampling (from the field) to a new set of similar clean 
bottles and thereafter subjected to drying. The solvent-exchange sample drying method in isopropanol 
was used. Isopropanol was added to the bottles to fully immerse the samples. After 5 days of ‘soaking’, 
the samples were removed from the 50 ml bottles and vacuum-dried (at 20±2 °C) for 3 minutes prior 
to testing. 
For semi-quantitative XRD analysis, 20 g of the dried sample was gently ‘ground’ using a pestle and 
mortar to obtain a powder. This powder was sieved through a 63 µm sieve to obtain the final test 
specimen. About 2.5 g of this powder was tested using a Philips PW 1390 X-ray diffractometer with 
copper radiation, Cu Kα (wavelength, K = 1.5418 Á), operated at 40 kV and 20 mA over an angular 
rotation (2θ) from 0° to 70°. Semi-quantitative XRD was performed based on the Rietveld analysis 
technique using Match!® Software. 
For BSE analysis, a powder fraction obtained from the remainder 10 g of the sample that was not 
ground (for XRD) was ‘sprinkled’ on a carbon-coated holder and left undisturbed for 24 hours. After 
the 24 hours, the holder was mounted in a Nova NanoSEM 230 Scanning Electron Microscope for 
backscattered imaging and (EDXA) analysis. 
4. Results and Discussion 
Figures 5 to 10 show results obtained from both XRD and BSE/EDXA analysis undertaken on the 
products of biogenic corrosion sampled from CAC based concrete mixtures at VES. From the XRD 
patterns, the main phases of the plain CAC based mixtures (CAC/DOL 16, CAC/DOL 18, CAC/DOL 
23 and CAC/SIL 23) when they are subjected to biogenic H2SO4 are gypsum (CŜH2), silica (S), 
hydrogarnet (C3AH6), gibbsite (AH3), alumina (A), and calcite (Ĉ). The morphology and elemental 
composition of these phases can also be identified on the BSE micrographs with EDXA (Figures 5 to 
8). CŜH2 is characterised by elongated and generally prismatic crystals; S is characterised by trigonal-



 

hexagonal crystals; C3AH6 is characterised by cubic crystals; AH3 and A are characterised by stacked 
sheets of linked octahedrons; Ĉ is characterised by granular trigonal-hexagonal crystals.  
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Figure 5 XRD pattern, BSE micrograph and EDXA of CAC/DOL 16 
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Figure 6 XRD pattern, BSE micrograph and EDXA of CAC/DOL 18 
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Figure 7 XRD pattern, BSE micrograph and EDXA of CAC/DOL 23 
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Figure 8 XRD pattern, BSE micrograph and EDXA of CAC/SIL 23 

A comparison of semi-quantitative XRD analysis results in Figures 5 to 7 indicates that as the 
percentage of plain CAC was increased from 16% to 23% in the concrete mixtures, there was a 
general increase in the phase composition of C3AH6, AH3 and Ĉ, and a decrease in the phase 
composition of CŜH2 regardless of whether the aggregate used was dolomitic or siliceous. The change 
in the phase composition of A and S did not vary by more than 0.2% when the plain CAC binder 
content was increased by 7% (16% to 23%). These changes however, do not show a direct 
proportional relationship. It should be noted that the phase composition values presented in Figures 5 
to 10 are not absolute since the quantities of the amorphous parts have not been determined at this 
stage. 
The XRD pattern of the sample taken from the blended CAC mixture (CAC/FA/SF) when subjected to 
biogenic H2SO4 shows the main phases as CŜH2, S, C3AH6, AH3, A, Ĉ, and stratlingite (C2ASH8) 
(Figure 9). 
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Figure 9 XRD pattern, BSE micrograph and EDXA of CAC/FA/SF 

From the semi-quantitative XRD results of the CAC/FA/SF based binder system, it is shown that the 
phase composition of C2ASH8 (18.4%) is higher than that of C3AH6 (13.2%). It is hypothesised that 
within a very short time after CAC comes in contact with water, the resultant solution is 
supersaturated with CAH10, C2AH8, AH3 and C3AH6. The metastable phases CAH10 and C2AH8 are 
considered as preferential sites of C2ASH8 formation in the presence of SCMs (FA and SF) (Taylor H., 
1997). 



 

Two FA particles (spherical in shape, < 10 µm in diameter) that show no sign of reaction can be seen 
on the micrograph in Figure 9. This implies that FA is a slow reactive material, and probably 
contributes to the formation of C2ASH8 over extended periods of time. 
Figure 10 shows the XRD pattern, BSE micrograph and EDXA analysis of CAC/alagTM concrete 
mixtures subjected to biogenic H2SO4. From the XRD pattern, it is shown that the main phases that 
form are CŜH2, S, C3AH6, AH3, A, Ĉ, and (unreacted) C12A7. 
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Figure 10 XRD pattern, BSE micrograph and EDXA of CAC/alagTM 

From the presented microstructural observations, it was not possible to determine the correlation 
between the semi-quantitative phase compositions of the alumina based phases and those of CŜH2 and 
Ĉ. Nevertheless, this paper is part of ongoing studies that seek to relate the (quantified) phase 
compositions presented and the rate of deterioration of the respective binder systems when subjected 
to biogenic H2SO4. 
5. Conclusions 
The microstructure of CAC based binder systems, both plain and blended with SCMs (FA and SF) 
was observed. These binder systems were subjected to biogenic H2SO4 for 119 months. In all the 
binder systems presented in this paper, it can be seen that the main microstructure phases consist of 
gypsum (CŜH2), silica (S), hydrogarnet (C3AH6), gibbsite (AH3), alumina (A), and calcite (Ĉ). In 
addition to these, stratlingite (C2ASH8) is formed in the blended CAC-SCMs based binder system. As 
the CAC content was increased in plain binder systems, there was a general increase in the phase 
composition of C3AH6, AH3 and Ĉ, and a decrease in the phase composition of CŜH2 regardless of 
whether the aggregate used was dolomitic or siliceous. Therefore the presence of these alumina-based 
hydrates influence the neutralisation capacity of the biogenic H2SO4 and also have the ability to stifle 
succession of SOB, and can thus be considered among the rate-controlling factors when used in the 
manufacture of certain components such as linings in concrete sewer pipes. 
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Abstract 
The influence of a hybrid mineral additive which includes anthropogenic products – claydite dust and 
granulated blast-furnace slag in quantities of 20 and 30% of building gypsum mass – on the 
composition, structure and basic physical and mechanical properties of artificial stone on the basis of 
composite gypsum binder has been investigated. The incorporation of the hybrid mineral additive in 
combination with additives of lime and superplasticizer into the composition of building gypsum makes 
it possible to produce the artificial stone with more dense and fine-grained structure comparing with 
an initial binder without additives. The appearance of low-basic calcium hydro-silicates which fill the 
porous space, compact the stone structure, create additional contacts in the basic matrix, protect 
splices of gypsum crystals against dissolution is observed. The part of closed pores in the porous 
structure of stone on the basis of composite gypsum binder increases. Due to the incorporation of 
hybrid mineral additive the artificial stone on the basis of composite gypsum binder after 28 days of 
hardening under normal conditions has the compression strength of 30.5 MPa, and softening index of 
0.92. 
 
Originality 
The results of the research are as follows: water-proof non clinker composite gypsum bindings are 
performed, increased rates of physical and technical properties of which are provided by the 
reinforced artificial stone structure, the introduction of a complex hydraulic additives that includes 
ground granulated blast-furnace slag, expanded claydite dust, lime, super plasticizer. As a result of the 
work done using the methods of X-ray diffraction and differential - thermal analysis it is proved that a 
more compact, durable and waterproof structure of artificial stone, the main contribution to the 
formation of which in the early stages of hardening bring gypsum  and sulfoaluminate of calcium 
during the long-term hardening is provided by the formation of low based hydro silicate calcium-type 
CSH (B) due to reactions between the components of the complex hydraulic additives, as well as calcite 
formed during carbonation of lime. Through the optimally matched composition of the complex 
hydraulic additives ettringit formation occurs in the initial stages of hardening, and at during long 
term hardening decrease in its content happens, which ensures the stability properties of the hardening 
artificial stone. 
 
Keywords: claydite dust, blast-furnace slag, hybrid mineral additive, composite gypsum binder, 
artificial gypsum stone. 
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1. Introduction 
As pozzolanic additives for gypsum-lime, lime and cement binder is currently used wide 
range of materials of natural, man-made and artificial origin. In recent years, a number of 
countries has increased interest in the use of  baked clays with a limited content of kaolinite in 
cement as pozzolanic additives (Habert G. et al., 2011; Fernandez R. et al., 2011; Tirony A et 
al., 2012), which adds to the liming materials to enhance their strength and water resistance 
(Vitruvij M., 1938). This is due to the availability of pervasive clay and economic 
considerations. 
One variety of baked clay is the byproduct of expanded clay gravel production – gravels dust. 
Known the  effectiveness of expanded claydite dust as individual pozzolanic additives in 
gypsum-lime and cementitious binders (Gorin V.M. et al., 2003). In the middle of the last 
century, by professor Volzhensky and other researchers had identified the effectiveness of the 
introduction of gypsum binder together with 2-5% lime, hybrid mineral supplements, 
including ground blast-furnace slag and tripoli. By the same way it is founded effectiveness of 
introduction of hibryd mineral additives in portlandcement, such as microsilica and fly ash 
(Batrakov V.G., 1998); microsilica and limestone (Antoni M. et al., 2012); blast-furnace slag, 
fly ash and microsilica (Gomez-Zamorano L. et al., 2011). 
The authors of this paper conducted a systematic study of the influence of the content and 
specific surface area of expanded claydite dust separately and together with granulated blast-
furnace slag on the properties of the stone based on gypsum (Rakhimov R.Z. et al., 2012). 
2. Experimental 
2.1. Raw Materials 
For discussed in this paper composite gypsum binder with the addition of lime, 
superplasticizer, expanded claydite dust and granulated blast-furnace slag binder composition 
of gypsum and slag lime ceramsite (CGLSСB) following materials were used: 
- gypsum binder G-6BII by "Arakchinsky gyps" (Kazan) in accordance with GOST 125; 
- gravels dust from the cyclone dedusting plant of expanded clay gravel LLC 
"Kamenergostroyprom" (Nizhnekamsk); 
- granulated blast-furnace slag from Cherepovets Steel Mill, which has the following 
chemical composition (in weight%): SiO2 – 39.30; CaO – 48.40; Al2O3 – 4.30; MgO – 3.40; 
FeO – 0.50; MnO – 0.40; SO3 – 0.60. 
- second grade building lime produced by "Kazan plant of silicate wall materials" according 
to GOST 9179; 
-superplasticizer Polyplast SP-1VP based on naphthalene formaldehyde produced by 
"Polyplast Novomoskovsk" TU 5870-005-58042865-05. 
Gravels dust has the following chemical composition (in weight%): SiO2 – 59.12; Al2O3 – 
17.85; Fe2O3 – 9.7; MgO – 3.01; CaO – 1.74; K2O – 2.26; SO3 – 0.93; TiO2; Na2O – 0.81; 
P2O5 – 0.22; MnO – 0.2; loss on ignition – 3.11. In the mineralogical composition of 
expanded claydite dust (% by weight) are: nonhydrated and dehydrated clay minerals – 53; 
quartz - 15; feldspars – 5; anhydrite – 3; X-ray amorphous phase – 27. By method of swelling 
in accordance with GOST 8735 founded that the dust gravels contains 9.5% nonhydrated clay. 
Pozzolanic activity by uptake of the CaO for original sample of expanded claydite dust was 
130 mg/g, for those ground 500 m2/kg – 462 mg/g. 
2.2. Experimental Process 
Porosity of artificial stone, resulting in the hardening of studied gypsum binders, determined 
in accordance with GOST 12730.0 – GOST 12730.4. Applied the methods of X-ray analysis 
using a diffractometer D8 ADVANCE brand corporation «Bruker»; integrated differential 
thermal analysis using simultaneous thermal analyzer STA 409 PC company "NETZSCH"; 
electron microscopy on the electron microscope REMMA-202M on "Electron". 
3. Results and Discussion 
In Figure 1 it was revealed that the stone based on composite gypsum binder with 20% 
expanded claydite dust witch have a specific surface area of 500 m² / kg, increase  a 
compressive strength to 52% and a softening ratio to 2.86 times compare with original 
gypsum binder without additives. In the second stage, it was found that the stone based on 
hybrid composite binding with mineral additive which consist  20% expanded claydite dust 



and 30% granulated blast-furnace slag has a compressive strength of 74.6% and a softening 
ratio 3 times higher than those without mineral additives. 

 
(a) 28 days 

 
(b) 1 year 

Figure 1 Radiographs of the samples of the artificial stone based on CGLSСB during prolonged storage 
in normal conditions 

Below presented results of studies of the composition and structure of the gypsum binder 
composite with hybrid mineral supplement consisting of expanded claydite dust ground to 
500 m² / kg and granulated blast-furnace slag. 
It was studied properties of artificial stone which curing 28 days and 1 year in normal 
conditions. It was found that the compressive strength was 30.5 and 35.7 MPa, coefficient 
softening – 0.92 and 0.96 in 28 days and 1 year of curing respectively. 
Figure 1 shows the X-ray diffraction patterns of artificial stone based CGLSСB, which curing 
in normal conditions for 28 days and 1 year, whose analysis shows: 



The main mineral in studied samples is gypsum, the presence of which is fixed by the 
presence of characteristic reflexes with the values of interplanar distances d = 7.65; 4.29; 3.06; 
2.87; 2.68 Å. 
The characteristic reflections in the composition of the samples diagnosed ettringite (d = 9.73; 
5.61 Å), the presence of quartz (d = 4.26, 3.34 Å), calcite (d = 3.05; 2.44; 2.18; 1.89; 1.87 Ǻ), 
anhydrite (d = 3,50; 2.45 Å), bassanite (d = 6.00; 3.01 Å), relict polymineral (mainly 
hydromica) clay (d = 4.49 Å). 
Analysis of the X-ray shows the presence in the sample of the newly formed amorphous 
phase, which is appeared in the form of broad diffraction maxima in the interplanar distances 
d = 2,8-3.3 Å and corresponds uncrystallized lowbasic calcium. 
Characteristic  reflexes of  lowbasic) hydrosilicates calcium type CSH (B) (d = 3,04; 2,80; 
1,82 Ǻ) are not detected because their reflexes overlap prevailing in these systems gypsum. 
The intensity of the x-ray lines of ettringite in samples curing 1 year is reduced in comparison 
with the samples at the age of 28 days, so at long hardening of artificial stone, there is some 
reduction of ettringite formed in the early stages of hardening. 
The results of studies of artificial stone samples, based on composite gypsum binder at the age 
of 28 days and 1 year by comprehensive method of differential thermal analysis (Figure 2) 
show the following. 

 
(a) 28 days 

 
(b) 1 year 

Figure 2 Thermograms of samples of artificial stone based on CGLSСB during prolonged storage  
in normal conditions 



For samples in 28 days of age. and aged 1 year in the low temperature region (30-250 ℃) of 
heating observed endoeffects  associated with removing crystal water. The weight loss within 
this range are, respectively, 15.11% and 13.25%. 
Endoeffect with a maximum at 138.5 ℃ and 124.9 ℃ corresponds to the removal of crystal 
water from the ettringite. 
Double endoeffect with maxima at temperatures of 161.4 ℃, 176.1 ℃ and 156.2 ℃, 175.1 ℃ 
on the differential scanning calorimetry (DSC) curve, duplicate effects on the differential 
thermogravimetric (DTG) curve, characterize the process of removing the crystal water in the 
gypsum. 
In the temperature interval 250-660 ℃ in all samples a gradual loss of weight is registered 
within of 3.25-3.87%, without the express maxima thermal conversion. Exoeffects with a 
maximum at 301.8 ℃ and 346.3 ℃ correspond to the restructuring of the crystal lattice during 
the transition of soluble to insoluble anhydrite. Endoeffects with a maximum at 581.4 ℃ and 
577.3 ℃ are linked with the conversion of alpha in quartz-modification beta Modification. 
In the high temperature region on the DSC curves is observed successive thermal effects of 
polymorphic transformations processes and structure, including those associated with relict 
minerals of blast-furnace slag. 
With increasing temperature in the range of 660-825 ℃ in all samples endoeffect is fixed with 
maximum at 853.9 ℃ and 857.5 ℃ corresponding dissociation of calcite with weight loss. 
In the temperature range 650-850 ℃ on curves thermal effects are observed associated with 
hydrosilicate of calcium such as CSH (B): endoeffect at temperatures of 752.9 ℃ and 
756.4 ℃ with mass loss during dehydration and exoeffect at 885.0 ℃ and 886.3 ℃ during 
crystallization of wollastonite (CS). 
The following table 1 shows a comparison researches of porosity values of the stone building 
binder without additives, composite gypsum binder with lime, expanded claydite dust, 
superplasticizer (CGLСB) (Rakhimov R.Z. et al., 2012) and CGLSСB. 
Analysis of the data presented in the table 1 shows that the total porosity of artificial stone 
CGLSСB lower than the stone based gypsum binder and CGLСB respectively 42.7% and 
21.1%, and the proportion of closed pores in total pore volume, respectively higher on 
19.84% and 6.38%, dominating in the structure of the artificial stone. Also average pore size 
are decreases. Such a change of structure of the pore space in a result of formation of high 
volume water resistant neoplasms in the process of hardening of the stone based binder with a 
hybrid mineral additive explains its increased strength and water resistance. 

Table 1 Porosity artificial stone based on gypsum binder, CGLСB, CGLSСB 

The name of indicators 
The artificial stone based on 

gypsum 
binder CGLСB CGLSСB 

The average density in dry condition, kg/m3 1360 1460 1564 
Water absorption by weight, % 27 14.1 9.0 
The total pore volume, % 50.37 40.38 31.88 
The volume of open capillary pores, % 35.14 20.58 14.01 
The volume of open non capillary pores, % 0.86 0.79 0.69 
The volume of a conditionally closed pores, % 14.37 19.1 17.11 
The indicator of microporosity 0.197 0.290 0.376 
The indicator of the average size of open capillary pores 0.68 0.35 0.15 
The indicator of the uniformity of size open pores 0.5 0.65 0.4 

Analysis of the research results of artificial stone samples based on gypsum binder by electron 
microscopy shows (Figure 3 a) that compose it are quite large gypsum crystals with flat and 
prismatic shape and with a small number of fusion contacts. The artificial stone has a loose 
structure with a significant number of capillary pores. 
Investigation of the samples microstructure based on CGLSСB shows (Figure 3 b, c) that the 
introduction of hybrid mineral additive leads to the formation of synthetic stone with low 
porosity of the structure, the appearance of significant quantities of insoluble compounds such 
as on pictures, observed of spherical formations low base calcium hydrosilicates which fill 



pore space, sealing the stone structure, creating additional contacts into the main matrix 
protecting splices gypsum crystals from dissolution.  

   
(a) on the basis of gypsum 
binder at the age of 1 year 

(b) on the basis of CGLSСB  
at the age of 28 days 

(c) on the basis of CGLSСB  
at the age of 1 year 

Figure 3 Electron micrographs of samples of the artificial stone (with increasing h350) 
The structure of the artificial stone based on CGLSСB is mainly composed of fine crystalline 
prismatic gypsum crystals with clear form. More of them fused with low base of 
hydrosilicates calcium neoplasm accumulations. In the micrographs can also be seen the 
elongated prismatic crystals of ettringite, individual grains of calcite, quartz, relict minerals 
components of the composite binder.   
A comparison of micrographs of the artificial stone samples based on CGLSСB aged 28 days 
and 1 year of curing in normal conditions demonstrate that arising in the course of a long 
curing neoplasms uniformly fill the pores over the entire volume. The artificial stone, 
increasing the number of contacts, providing more formation of continuous microstructure 
and lead to raising the physical and mechanical properties of the stone. 
4. Conclusions 
Therefore, the introduction of a hybrid mineral additive including claydite dust and milled 
granulated blast-furnace slag jointly with lime and superplasticizer additive ensures the 
formation of a dense, fine-grained structure and conjoint stone composite gypsum binder with 
a high content of insoluble hydration products. At the same time the stone based on the 
composite gypsum binder with mineral additive hybrid has a compressive strength of 74.6% 
and a softening ratio of about 3 times higher than that of the original stone based gypsum 
binder without additives. 
The developed composite gypsum binders with the addition of a hybrid additive have not only 
improved physical and technical properties compared to the gypsum binder, but also contain 
in its composition till 50% technogenic raw materials. 
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Abstract 

Calcium sulfoaluminate (CSA) cements that require less energy and that produce less CO2 than Portland cement 
during their manufacture are receiving increasing attention in the context of sustainable development. Moreover, by 
increasing their gypsum content, a wide series of materials can be designed, ranging from rapid-hardening to 
shrinkage compensating, and eventually to self-stressing. CSA cements have been used in China in a wide range of 
general construction. Besides, due to the structural flexibility and sorption properties of some of the hydrates 
precipitated during their hydration, CSA cements are of interest to stabilize hazardous wastes. Their setting time 
depends on their ye’elimite content, the kind and content of minor phases, and the amount and reactivity of the added 
calcium sulfate. In addition, admixtures may be useful to control the rate of hydration and fulfill the application 
requirements. This presentation is focused on the chemistry underlying the acceleration effect of lithium ions and the 
retardation effect of borate ions. 

A panel of techniques was used to investigate the early age hydration of a belite CSA cement with a high 
ye’elimite content as a function of the lithium and borate concentrations in the mixing solution. The evolution of 
electrical conductivity and heat flow of the cement pastes were monitored with ongoing hydration. The pore solution 
was also extracted and analyzed by ICP-AES. In addition, the phase assemblage was characterized after fixed periods 
of time by X-ray diffraction, thermogravimetry and MAS-NMR (11B, 27Al). 

Lithium salts (LiOH, LiNO3) were shown to accelerate CSA hydration by decreasing the duration of the period 
of low thermal activity. This acceleration was even noticed with very small additions of lithium (2.5 µmol Li/g of 
cement). It increased with the lithium concentration up to 20 µmol Li/g of cement, and then reached a plateau. As for 
calcium aluminate cements, the postulated mechanism was a faster precipitation of aluminum hydroxide containing 
lithium ions, which accelerated the whole hydration process. 

On the contrary, borate ions caused the precipitation of poorly crystallized ulexite at early age. As long as 
ulexite was present, dissolution of ye’elimite was strongly slowed down. The duration of the period of low thermal 
activity increased with the amount of ulexite precipitated, and the acceleration of cement hydration occurred only when 
this phase was destabilized.  

When borate and lithium ions were simultaneously introduced in the mixing solution, these two mechanisms 
were superimposed. 
 
Originality 
Calcium sulfoaluminate cements (CSA) are regarded as a possible low-CO2 alternative to Portland cements (PC). 
However, the mechanism of CSA hydration is complex and not as well understood as for PC. This work brings new 
insights into the influence of two admixtures (a retarder and an accelerator) on the hydration rate of a belite CSA 
cement. Thanks to a robust methodology combining experimental characterizations of the solid and liquid phases using 
a large panel of techniques, some mechanisms are proposed for the first time to explain the retardation caused by 
borate ions, which can be counterbalanced by the acceleration effect of lithium ions. 
 
Keywords: calcium sulfoaluminate cement; hydration rate; retardation; acceleration; mineralogy 
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1. Introduction 
Due to the release of carbon dioxide from the raw materials and the large quantities of fuel used 

during manufacture, cement clinker production contributes to about 4% of the global CO2 emissions 
from fuel use and industrial activities. Low energy cements producing less CO2 than Portland cement 
during their manufacture are thus receiving increasing attention nowadays (Gartner, E. 2004; Chen, 
I.A. and C.G. Juenger, M. 2011). In this context, calcium sulfoaluminate (CSA) cements offer several 
advantages (Sharp, J.H. et al. 1999). (i) The lower lime content of the raw meal reduces the energy 
demand for limestone decarbonation (Popescu, C.D. et al. 2003), as well as the CO2 emissions (Sharp, 
J.H. et al. 1999; Feraille, A. et al. 2007). (ii) The firing temperature of the clinker being 100 to 200°C 
lower than that required for Portland cement, the energy consumption of the kiln is reduced (Popescu, 
C.D. et al. 2003) and the emissions of NOx gases are limited (Quilin, K. 2001; Takuma, Y. et al. 
1994). (iii) The clinker is relatively easy to grind, giving a further saving in energy consumption 
(Janotka, I. et al. 1999). Finally, substitution of some natural raw materials by suitable industrial by-
products or waste materials also leads to reduce the energy demand, as well as the cost of the raw meal 
(Sahu , S. et al. 1993; Majling, J. et al. 1999; Sherman , N. et al. 1995; Beretka, J. et al. 1993; Arjunan, 
P. et al. 1999).  

CSA cements can have highly variable compositions, but all of them contain ye’elimite, also 
called Klein’s compound C4A3Š2, in their clinker (Klein, A. et al. 1958; Mehta, P.K. et al. 1965). In 
this article, we will consider only a sulfoaluminate belite cement in which ye’elimite predominates 
over belite (C2S) (Andac, O. et al. 1995). A wide range of gypsum or anhydrite contents (typically 
from 10 to 25% for gypsum) can be ground with CSA clinker to produce different CSA cements, 
ranging from rapid-hardening (at low gypsum content) to shrinkage-compensating, and eventually to 
self-stressing (at high gypsum content) (Glasser, F.P. et al. 2001). 

Hydration of CSA cements strongly depends on the amount and reactivity of the added calcium 
sulphate. The main crystallized hydrates are calcium monosulfoaluminate hydrate and ettringite, the 
former being progressively replaced by the latter with increasing gypsum content (Glasser, F.P. et al. 
2001; Winnefeld, F. et al. 2010). Both of them are precipitated together with amorphous aluminum 
hydroxide. Depending on the composition of the minor phases, other hydration products may also be 
observed, such as C-S-H (Glasser, F.P. et al. 2001; Zhang, L. and Glasser, F.P. 2002), strätlingite 
(Takuma, Y. et al. 1994; Andac, M. and Glasser, F.P. 1999), siliceous hydrogarnet (Takuma, Y. et al. 
1994) and / or calcium hemi- or monocarboaluminate hydrate (Zhang, L. and Glasser, F.P. 2005). The 
hydration progress of CSA cement pastes occurs by the initial precipitation of ettringite and aluminum 
hydroxide, followed by the precipitation of calcium monosulfoaluminate hydrate once calcium 
sulphate has been depleted  (Zhang, L. and Glasser, F.P. 2002, Sherman, N. et al. 1995). Belite has a 
slower hydration rate (Kasselouri, V. et al. 1995). 

Accelerators and retarders may be useful to adjust the rate of hydration of CSA cements, depending 
on the intended application. Lithium salts (Li2CO3, LiCl) are known as powerful accelerators (Pera J. 
and Ambroise J., 2004). On the contrary, borate ions are strong retarders (Champenois, J.B. et al. 
2013). This article aims at giving new insight in the processes involved in both cases. It also 
investigates the combined effect of borate and lithium ions on CSA cement hydration. 

 
2. Experimental 
2.1. Materials and preparation of the specimens 

The CSA cement was prepared by mixing a ground industrial clinker (d50 = 15.1 µm, specific 
surface area = 4.8 m2/g – measured by adsorption of N2 using BET isotherm) with analytical grade 
gypsum (10% by weight of cement, d50 = 18.7 µm, specific surface area ~ 0.5 m2/g) for 15 min using a 
Turbula mixer. The composition of the CSA clinker is reported in Table 1. In the clinker, ye’elimite 
(C4A3Š) predominated over belite (C2S) and mayenite (C12A7). The other minor constituents, mainly 
phases containing titanium and iron, could be regarded as hydraulically inactive.  

                                                      
2 Shorthand cement notations are used : C= CaO, S = SiO2, A= Al2O3, F = Fe2O3, H = H2O, Š = SO3  



 

Cement pastes were prepared using a water-to-cement (w/c) weight ratio of 0.6. Three kinds of 
mixing solutions were investigated: (i) a lithium hydroxide solution (0 to 0.1 mmol Li/g of cement), 
(ii) a 1.0 mol/L sodium borate solution prepared by titrating a solution of boric acid with sodium 
hydroxide up to pH 11.0, and (iii) a solution containing borate and lithium ions ([B]tot= 1 mol/L – B 
introduced as B(OH)3, variable lithium concentration – Li introduced as LiOH) at pH 11.0 adjusted 
with sodium hydroxide. 

Mixing was performed for 5 min using a laboratory mixer equipped with a U-shaped stirrer blade 
rotating at 100 rpm. Cement pastes were cast into airtight polypropylene boxes (20 mL of paste per 
box) and cured at 25°C.  

Experiments were also performed on cement suspensions (w/c ratio = 10) to study the hydration 
kinetics of rapidly-reacting systems. The mixing solutions were either pure water (reference) or 
solutions of lithium hydroxide, lithium nitrate or sodium hydroxide with concentrations ranging from 
1 to 10 mmol/L. 

 
Table 1 Mineralogical composition of the CSA clinker (KTS 100 provided by Belitex) 

 
 

2.2. Characterization methods 
Hydration of cement pastes was followed using a highly sensitive Setaram C80-type 

microcalorimeter under isothermal conditions at 25.0 ± 0.5°C. The evolution of the heat flow of the 
fresh cement pastes was compared to the heat flow recorded for a sample aged of 6 months minimum 
with a stable temperature of 25°C.  

Hydration of cement suspensions (w/c = 10) was investigated using a Multicad CDM 210 
conductimeter. Experiments were performed in a thermo-regulated vessel (25°C) under magnetic 
stirring. The vessel was tightly closed to avoid carbonatation. The conductivity cell was calibrated 
with a standard KCl solution (12.8 mS/cm) before every trial. At constant temperature, the electrical 
conductivity of the suspension depends on the concentration and type of ions in solution. Variations in 
the conductivity thus indicated changes in the chemical composition of the aqueous phase.  

Cement hydration was stopped after fixed periods of time, depending on the samples, by 
successively immersing the crushed pastes into isopropanol and drying them in a controlled humidity 
chamber (with 20% relative humidity at 23 ± 2 °C). Crystallized phases were identified by X-ray 
diffraction (PANalytical X’Pert PRO MPD - copper anode λKα1 = 1.54056 Å generated at 45 mA and 
40 kV) on pastes ground to a particle size of less than 100 µm. Before analysis, silicon was added to 
the samples (10% by mass of sample, correction to take into account the amount of bound water 
increasing with ongoing hydration) and carefully mixed by grinding in a mortar to be used as an 
internal standard. Thermogravimetric analyses were carried out using a TGA/DSC Netzsch STA 409 
PC instrument at 10°C/min up to 1000°C.  

Some cement pastes samples were characterized using 11B and 27Al-MAS NMR. The spectra were 
recorded at a Larmor frequency of 256.7 MHz using a Bruker Avance III 800 MHz (18.8 T) 
spectrometer. The samples were spun at 20 kHz in a 2.5 mm probe. The 11B spectra were made up of 
64 free induction decays with a pulse length of 1µs (π/10) and a relaxation delay of 5s. The 27Al 
spectra were made up of 2048 free induction decays with a pulse length of 1µs (π/10) and a relaxation 
delay of 1s to ensure quantitative reliability of the intensities observed for the 27Al central transition 
for sites experiencing different quadrupole coupling. The chemical shifts were referenced to NaBH4 
and Al(NO3)3 respectively. Spectral decomposition was performed using DMFit software (Massiot D. 
et al., 2002).  



 

During the early age hydration (up to 60 hours), the pore solution of the cement pastes was also 
extracted by pressing (~5 kN) using a specific device. The pH of the recovered liquid was immediately 
measured with a high-alkalinity electrode (Mettler Toledo InLab Expert Pt1000 pH 0-14 T 0-100°C) 
calibrated using two IUPAC pH buffers at 10.012 ± 0.010 (25°C) and 12.45 ± 0.05 (25°C). Therefore 
the chemical composition was determined using ICP-AES (Vista Pro Varian). The analytical error was 
± 5%.  

 
2.3. Synthesis of aluminum and lithium hydroxides  

Aluminum hydroxide precipitating in CSA cement at early age is poorly crystalized. To investigate 
the influence of lithium on its precipitation, synthetic amorphous Al(OH)3 was prepared by mixing 
aluminum nitrate and lithium nitrate in demineralized water at a Li/Al molar ratio comprised between 
0 and 0.5. The pH was then set to 5.5 with a 30 wt % ammonia solution. A white gel-like compound 
precipitated instantaneously. The suspension was filtered and the compound washed several times 
with demineralized water, then with isopropanol. The solid was dried at 50°C.  

A well-crystallized hydrated lithium aluminate, LiAl2(OH)7.2H2O, is known to precipitate when 
high contents of lithium are added to an aluminate solution (Matusinovic, T. et al. 1994). Such phase 
was synthesized by slowly neutralizing a 1 mol/L nitrate aluminum solution with a 30 wt % ammonia 
solution . Then, the pH was raised to 12 by adding a 1 mol/L lithium hydroxide solution. The 
suspension was left at room temperature for 12 hours. It was then filtered and the solid was 
successively washed several times with demineralized water and isopropanol. The precipitate was then 
dried under slight vacuum at room temperature. Drying at higher temperature was avoided because the 
loosely bound water was easily lost near 100°C. 
The solids were characterized using X-ray diffraction and 27Al-MAS NMR according to the protocols 
described in Section 2.2. The filtrates were analyzed using ICP-AES. The lithium and aluminum 
contents in the solid were assessed from the composition of the liquid phase by mass balance. 
 
2.4. Ulexite synthesis 

Ulexite is a mixed borate mineral containing sodium and calcium (NC2B5H16) (Kemp, P.H. et al. 
1956). This phase was synthesized as a reference by mixing calcium hydroxide and boric acid in 
demineralized water with a B/Ca molar ratio of 9 (Casabonne Masonnave J.M., 1987). The pH was 
then set to 10.5 by addition of sodium and/or lithium hydroxide with Na/Li ratios from 1 to 100. A 
white gel-like compound precipitated instantaneously. The solution was filtered and the solid was 
washed several times with isopropanol and dried at room temperature under vacuum since it was very 
sensitive to dehydration.  
The solids were analyzed by using X-ray diffraction according to the protocol described in Section 2.2 
and the filtrates were analyzed using ICP-AES to get information on the sodium and lithium contents 
in the solid. 
  
3. Results and Discussion 
 
3.1. Influence of lithium salts on the hydration rate of calcium sulfoaluminate cement 
 
3.1.1 Experiments on cement suspensions 

Lithium strongly accelerated the hydration of CSA cement. To enable the investigation of the early 
stages of hydration, the system was slowed down by increasing the water-to-cement (w/c) ratio. 
Sampling to analyze the composition of the aqueous phase was also easier. Figure 1 reports the 
evolution of the electrical conductivity of a cement suspension (w/c ratio of 10) when the solution 
contained lithium hydroxide (1 mmol/L). 

As for calcium aluminate cements (Damidot, D. et al. 1996), four stages could be defined: 
I – Dissolution period: some ions were released in solution due to the dissolution of anhydrous 

cement phases, and the electrical conductivity increased rapidly. 



 

II – Induction period: the electrical conductivity reached a plateau, meaning that the composition of 
the aqueous phase remained almost constant. Dissolution and precipitation rates were low and similar, 
leading to a pseudo-stationary state. This period, also characterized by a low thermal activity, mainly 
corresponded to hydrate germination. 

III – Massive precipitation period: the electrical conductivity decreased rapidly due to the massive 
precipitation of hydrates which consumed ions from the solution. To counterbalance this depletion of 
ions, the dissolution of anhydrous phases was accelerated, leading to a second increase in the electrical 
conductivity. 

IV – Deceleration period: during the last period, dissolution and precipitation reactions continued 
to compete, but with a decreasing rate. The remaining quantity of anhydrous phases decreased and the 
surface of cement grains was progressively coated by hydrates which acted as a diffusion barrier for 
water. The electrical conductivity showed little variations.  

Under the same experimental conditions, suspensions were filtered at selected times corresponding 
to characteristic points of the  electrical conductivity curve. The solutions were analyzed by ICP-AES 
and the solids by X-ray diffraction and thermogravimetry. It was noticed that the electrical 
conductivity reached its minimum when sulfates were exhausted from the solution. 
As long as sulfates were detected in solution, the main precipitated hydrates were ettringite and 
aluminum hydroxide according to mass balance equation (1). Once sulfate was exhausted, formation 
of calcium monosulfoaluminate hydrate occurred (equation (2)). 

C4A3Š + 2 CŠH2 + 34 H → C3A.3CŠ.32H + 2 AH3                                          (1) 
C4A3Š + 18 H → C3A.CŠ.12H + 2 AH3                                                         (2) 

 

To investigate the influence of different mixing solutions on the hydration rate of CSA cement, the 
starting time of the massive precipitation period was determined for various lithium salts at a 
concentration of 1 or 10 mmol/L (Figure 2).  

Massive precipitation occurred much more rapidly with the lithium hydroxide solution than with 
water. This acceleration could be attributed to lithium ions rather than to hydroxide ions. Indeed, it 
was still observed with lithium nitrate, whereas sodium hydroxide did not cause any significant change 
as compared with water. 

This accelerating effect of lithium ions was also studied (Figure 3) as a function of the lithium 
concentration in the mixing solution, varying from 0 to 10 mmol/L, which corresponded to molar 
quantities of lithium per gram of cement (Li/C ratio) between 0 and 0.1 mmol/g. The accelerating 
effect of lithium increased with the Li/C ratio within the range 0 – 0.02 mmol/g and, for higher ratios, 
the magnitude of the acceleration remained constant (plateau effect). 

 

Figure 1 Evolution of the electrical conductivity during hydration of CSA cement by a 1 mmol/L lithium 
hydroxide solution (w/c = 10, T = 25°C) 



 

 

 
 

 

 
3.1.2 Experiments on cement pastes 

Complementary experiments were performed on a cement paste (w/c = 0.6) hydrated by a lithium 
hydroxide solution. The lithium-to-cement (Li/C) ratio was set to 0.03 mmol/g (initial lithium 
concentration of 50 mmol/L), such concentration corresponding to the beginning of the plateau effect 
pointed out in Figure 3. The evolution of the phase assemblage was characterized by X-ray diffraction 
and thermogravimetry, whereas the interstitial solution was expressed using pressure and analyzed 
after increasing periods of hydration (Figure 4). 

Gypsum was fully consumed 30 minutes after mixing. Up to 3 hours, the precipitated hydrates 
were ettringite, traces of calcium monosulfoaluminate hydrate and poorly crystallized aluminum 
hydroxide. This latter was already detected by thermogravimetry analysis (weight loss at 250°C) 5 
minutes after mixing. The lithium concentration in the interstitial solution was below the detection 
limit (0.1 mg/L) from the first characterization time (15 min). This result showed that lithium was 
totally incorporated in a solid phase during the first stages of hydration. 

 

Figure 2 Time of occurrence of the massive precipitation period when CSA cement is hydrated by different 
mixing solution (salt added at a concentration of 1 or 10 mmol/L, w/c = 10, T = 25°C) 

Figure 3 Time of occurrence of the massive precipitation period when CSA cement  
is hydrated by lithium hydroxide solutions of increasing concentration (w/c = 10, T = 25°C) 



 

 
              (a) 

 

 
        (b) 

 
   (c) 

Figure 4 Hydration of CSA cement with 10% gypsum in the presence of a lithium hydroxide solution (Li/C = 0.03 
mmol/g of cement, w/c = 0.6, T = 20°C) at early age : (a) X-ray diffraction patterns (E = ettringite, G  = gypsum, M 
= monosulfate, Y = ye’elimite, Si = silicon); (b) TGA analysis of a 5 minute-old sample (E = ettringite, G  = 
gypsum, M = monosulfate, A = aluminum hydroxide); (c) Evolution of pH and composition of the pore solution 



 

3.1.3 Discussion: possible mode of action of lithium 
Lithium strongly accelerates hydration of CSA cement. It is readily precipitated at an early age. A 

leveling in the acceleration occurs however at high concentration. A similar influence has already been 
described for calcium aluminate cement (Damidot, D. et al. 1996). Two mechanisms would be 
involved (Rodger, S.A. and Double, D.D. 1984; Backe, K.R. et al. 2001; Matusinovic, T. et al. 1994):  

- at low concentration of lithium, precipitation of Li-substituted aluminum hydroxide with 
accelerated nucleation rate as compared with pure aluminum hydroxide; 

- at higher concentration of lithium, precipitation of lithium aluminate hydrate 
LiAl2(OH)7.2H2O which serves as nucleation site for aluminum hydroxide precipitation. 

In both cases, precipitation of aluminum hydroxide occurs more readily, which accelerates the whole 
hydration process. 

In this study, precipitation of well crystallized LiAl2(OH)7.2H2O was never observed. However, 
poorly crystallized aluminum hydroxide was detected by TGA from the first characterization time, 5 
minutes after mixing. Coprecipitation of a mixed hydroxide, comprising aluminum and but also small 
amounts of lithium, seems likely. 

To check the feasibility to incorporate lithium in Al(OH)3, some syntheses of amorphous aluminum 
hydroxide were performed in the presence of lithium: the Li/Al ratio was progressively increased from 
0 to 0.5. The product, which formed almost instantaneously, was characterized by 27Al MAS-NMR 
(Figure 5). In agreement with literature, aluminum in Al(OH)3 was mainly in octahedral coordination 
(AlO6), but tetrahedral (AlO4) and pentahedral coordinations (AlO5) were also noticed. Isobe (Isobe, T. 
et al. 2003) showed that amorphous aluminum hydroxide comprises subunits of AlO4, AlO5 and AlO6 
which are bound through hydrogen bonds with a wide distribution of bonding strengths. The 
pentahedral coordination was not observed anymore when lithium was present. The chemical shift of 
the main peak corresponding to octahedral aluminum showed no variation, but its full width at half 
maximum decreased progressively when the Li/Al ratio increased. This indicated a better definition of 
the crystallographic site. At a Li/Al ratio of 0.5, the compound was not amorphous anymore: it 
exhibited well resolved X-ray diffraction lines characteristic of crystalline LiAl2(OH)7.2H2O. 

These results thus confirmed the possibility to incoporate lithium into aluminum hydroxyde with 
only slight modification of the crystallographic structure. 

 

 

 
3.2. Influence of sodium borate on the hydration rate of CSA cement 
 
3.2.1 Rate of hydration 
The heat flux released during CSA cement hydration by demineralized water or by a sodium borate 

solution ([B] = 1 mol/L, pH = 11) was investigated using isothermal microcalorimetry (T = 25°C) 

Figure 5 27Al-MAS NMR spectra of aluminum hydroxide (synthesized in the absence and in the presence of 
lithium) and of hydrated lithium aluminate LiAl2(OH)7.2H2O 



 

(Figure 6).  Sodium borate delayed  hydration by increasing the duration of the period of low thermal 
activity. For a boron concentration of 1 mol/L and a pH adjusted to 11.0, the heat flux reached its 
maximum after 80 hours. In comparison, the maximum heat flow of the reference sample prepared 
with water was recorded after about 3 hours. 

 

 
 
3.2.2 Phase assemblage and composition of the pore solution 

The mineralogy and pore solution composition of a paste specimen prepared with CSA cement and 
a sodium borate solution ([B]tot = 1 mol/L, pH = 11) was carefully investigated (Figure 7).  
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Figure 7 Hydration of a CSA cement by a sodium borate solution ([B]tot = 1 mol/L, pH = 11, w/c = 0.6, T = 

20°C). (a) Mineralogical evolution inferred from XRD analysis. (b) Shift of the {100} reflection of the 
precipitated AFt-type phase compared to ettringite and B-AFt. (c) Evolution of the position of the {100} 

reflection of the (B, S)-AFt phase during hydration. (d) TGA analysis of a 24h-old sample. (e) Evolution of pH 
and boron concentration of the pore solution during hydration. 

 
The XRD patterns recorded up to 95 h showed that very few amounts of ye’elimite dissolved until 

the depletion of gypsum (Figure 7-a). Note that the heat flow peak accompanying the acceleration of 

Figure 6 Heat flow produced during the hydration of CSA cement by water or by a sodium  borate solution 
([B]tot= 1 mol/L, pH = 11, w/c = 0.6, T = 25°C) 



 

hydration was recorded about 10 h earlier in the calorimetric experiment (Figure 6). However, the 
samples for the mineralogical investigation were cured at 20°C, instead of 25°C for the calorimetric 
study. This temperature difference could explain the slightly different rates of hydration in the two 
experiments since it is well known that CSA cement hydration is highly thermo-sensitive (Berger S., 
et al. 2011). 

The slow dissolution of ye’elimite was accompanied by the precipitation of an AFt-type phase. 
Its {100} reflection exhibited a small deviation towards higher angles as compared with pure ettringite 
(Figure 7-b). This could be explained by the partial substitution of sulfate anions by borate anions in 
the structure of ettringite. Wenda and Kuzel (Wenda, R. and Kuzel, H.J. 1983) showed indeed that 
borate can completely substitute for sulfate in AFt phases. Poellmann (Poellmann, H. et al. 1993) 
additionally demonstrated that a large range of solid solutions exists between ettringite and the AFt 
phase containing boron. When the hydration degree increased, the amount of AFt-type phase increased, 
and the angular position of its {100} reflection approached that of pure ettringite (Figure 7-c), which 
could be explained by the progressive release of sulfates by dissolution of the anhydrous phases. When 
gypsum was exhausted, massive dissolution of ye’elimite occurred, accompanied by massive 
precipitation of the AFt-type phase. Small amounts of U-phase were also evidenced by XRD. It is an 
AFm-type phase, similar to calcium monosulfoaluminate hydrate, where some calcium cations are 
substituted by sodium cations. Its precipitation could be expected given the very high concentration of 
sodium in the mixing solution due to the pH set to 11 with sodium hydroxide. No other AFm-type 
phases could be detected. 

Thermogravimetry analysis performed on a 1d-old paste confirmed the presence of residual 
gypsum and of small amounts of an AFt-type phase (Figure 7-d). An additional important weight loss 
was also recorded at 80°C, corresponding to a compound not detected by XRD, and thus amorphous or 
poorly crystallized. Complementary experiments were performed in order to identify this compound. 
The pore solution was extracted by pressing the cement paste and characterized for its pH and 
chemical composition (Figure 7-e). After an abrupt decrease from 11.6 to 11.0 at the very beginning of 
hydration, the pH showed little variation as long as gypsum was present, slightly decreasing from 11.0 
to 10.75. About nine tenths of the borate ions were rapidly depleted. The solution also comprised high 
contents of sulfates (between 300 and 400 mmol/L), resulting from the progressive dissolution of 
gypsum, but calcium concentration remained very low (close to 20 mmol/L). The precipitation of an 
amorphous or poorly crystallized borate mineral containing calcium may be assumed from these 
results. It could explain the rapid stiffening of the cement paste observed experimentally shortly after 
mixing.  

Formation of a calcium borate with possible C2B3H8 stoichiometry has already been postulated to 
explain the strong retarding effect of borate ions on PC hydration (Roux C., 1989). However, the 
cement paste investigated in this study also comprised high sodium contents and thermodynamic 
calculations of the most stable phase assemblage rather predicted the precipitation of ulexite, a mixed 
borate mineral containing sodium and calcium (NaCa[B5O6(OH)6](H2O)5) (Champenois, J.B. et al. 
2015). 

Ulexite was synthetized according to Casabonne’s protocol (Casabonne Masonnave, J.M. 1987) 
and was analyzed by 11B MAS-NMR (Figure 8). Its spectrum showed two main peaks for chemical 
shifts within the range [18.5; 14] ppm and [3.5; -1.5] ppm, corresponding to tricoordinated and 
tetracoordinated boron atoms respectively. 11B-MAS NMR analysis was also performed on cement 
paste samples aged of 6 and 24 h. As for ulexite, the spectra exhibited two peaks at [4; -1.5] ppm and 
[19; 13] ppm, showing the presence of boron both in tetrahedral and trigonal coordinations 
respectively. The ratio between the tetrahedral and trigonal sites was however much higher than in 
ulexite. This could be explained by assuming the precipitation of two boron-containing phases: ulexite, 
but also the mixed AFt-type phase containing borate and sulphate anions, as previously evidenced by 
X-ray diffraction and thermogravimetry analysis. Indeed, Champenois et al. (Champenois, J.B. et al. 
2012) have shown that boron is tetrahedrally four-fold coordinated by oxygen in the crystal structure 
of the AFt phase. In comparison, the spectrum of a one-year old sample only exhibited one sharp peak 
characteristic of boron in tetrahedral coordination in the AFt phase. This spectroscopic analysis thus 



 

supported previously reported thermodynamic calculations predicting the transient precipitation of 
ulexite at an early age in the cement paste hydrated by the sodium borate solution. 

 

 

 
3.2.3 Discussion: possible mode of action of sodium borate 
A thermodynamic study has shown that ulexite is stable when pH is comprised between 10.5 and 

12 (Champenois, J.B. et al. 2015). In the investigated system, the pH remained close to 11, within the 
stability domain of ulexite, as long as gypsum was present. The exhaustion of gypsum was 
accompanied by a pH increase up to 13. Ulexite was then destabilized and cement hydration strongly 
accelerated. 

The transient precipitation of ulexite thus seemed to play a key role in the control of the cement 
reactivity at an early age: as long as this phase was present, ye’elimite dissolved very slowly. 

 
3.3. Simultaneous influence of lithium and sodium borate on the hydration rate of CSA cement 
 
3.3.1 Rate of hydration 

The combined influence of borate and lithium ions on CSA cement hydration was investigated 
using isothermal calorimetry on paste samples prepared by mixing CSA cement with a 1 mol/L boron 
solution and a pH adjusted to 11.0 by addition of lithium and sodium hydroxides.  

Figure 9 plots the time at which the heat flow reached its maximum versus the initial Li/C ratio in 
the cement paste. Adding lithium ions accelerated the hydration, as in absence of borate ions, by 
reducing the duration of the period of low thermal activity. A leveling effect in the acceleration was 
also noticed for Li/C ratios inferior to 0.05 mmol/g of cement, and a plateau effect was remarked for 
higher ratios.  

 

Figure 8 11B-MAS NMR spectra of ulexite and of cement paste samples hydrated by a sodium borate solution 
after 6 h, 24 h and 1 year. ([B]tot = 1 mol/L, pH = 11, w/c = 0.6, T = 20°C) 



 

 

 
 
3.3.2 Phase assemblage and composition of the pore solution 
Hydration stops were carried out on paste samples between one and sixty hours of hydration 

(Figure 10). The mixing solution exhibited a total boron concentration of 1 mol/L, a lithium 
hydroxyde concentration corresponding to a Li/C ratio of 0.03 mmol/g, and a pH of 11.0, adjusted 
with NaOH.  

 

 
             (a) 

 

 
     (b) 

Figure 9  Heat flow recorded under isothermal conditions: influence of the initial LiOH concentration in the 
mixing solution on the hydration of a CSA cement hydrated by a sodium borate solution ([B]tot = 1 mol/L, 

pH = 11, w/c = 0.6, T = 25°C) 

Figure 10 Hydration of CSA cement by a lithium/sodium borated solution ([B]tot = 1 mol/L, Li/C = 0.03 mmol/g, 
pH = 11, w/c = 0.6, T = 20°C) at an early age : (a) X-ray diffraction patterns (A = AFt phase, G = gypsum, Y = 

ye’elimite, Si = silicon); (b) TGA analyses (A = AFt phase, G = gypsum, AH3 = aluminum hydroxide) 



 

Until 35 h, gypsum and ye’elimite were slowly consumed. However, the samples submitted to 
thermogravimetry analysis exhibited a significant weight loss at 80°C, which indicated the 
precipitation of an amorphous or poorly crystallized hydrated compound with loosely bound water. 
Dehydration occurred in the same range of temperature than ulexite observed for the {CSA + sodium 
borate} system. 

After 40 h, hydration accelerated: gypsum and ye’elimite were consumed more rapidly, and 
precipitation of an AFt-phase and aluminum hydroxide occurred. The thermograms also showed the 
massive precipitation of aluminum hydroxide. No lithium borate hydrate was detected. 

Figure 11 shows the evolution of the pore solution composition with ongoing hydration. During the 
first hour of hydration, about two thirds of the borate ions were depleted from the solution. A drop in 
the sodium concentration was also noticed. On the contrary, the lithium concentration remained almost 
constant. The pH was close to 11.7. The sulfate concentration was quite high, close to 300 mmol/L, 
whereas that of calcium was about ten times lower. These results were consistent with the precipitation 
of a sodium borate compound possibly comprising calcium, such as ulexite. 

 

 
Figure 11 Hydration of CSA cement by a lithium/sodium borated solution ([B]tot = 1 mol/L, Li/C = 0.03, pH = 

11, w/c = 0.6, T = 20°C) at an early age: evolution of pH and composition of the pore solution during hydration 



 

The lithium concentration began to decrease after 30 h and fell below the detection limit after 50 h. 
It should be noted that hydration accelerated during this period, leading to massive precipitation of 
aluminum hydroxide which could incorporate lithium. 

In order to confirm the formation of ulexite, cement pastes aged from 30 minutes to 60 hours were 
analyzed by 11B-MAS NMR (Figure 12). At 30 min, 1 h30 min, 6 h and 24 h, boron seemed to be 
precipitated only as ulexite. The fractions of tricoordinated and tetracoordinated boron were almost 
equal to those of synthetic ulexite. At 60 h, a decrease in the fraction of tricoordinated boron was 
observed, as well as a refinement of the peak corresponding to tetrahedral boron. This could be 
explained by the additional precipitation of a mixed AFt phase containing borates and sulfates. This 
phase, which was actually observed by X-ray diffraction, is characterized by a sharp peak at a 
chemical shift of 0.9 ppm, corresponding to boron tetrahedrally four-fold coordinated by oxygen.  

 

 

 
3.3.3 Discussion: possible mode of action of sodium and lithium borate 
When sodium borate and lithium hydroxide were introduced simultaneously in the mixing solution, 

the mechanisms identified for each species seemed to be simply superimposed without mutual 
interactions. 

Precipitation of poorly crystallized ulexite occurred in the first minutes after mixing, slowing down 
the dissolution of ye’elimite. However, lithium enabled to limit the retardation due to sodium borate 
by shortening the period of low thermal activity. Precipitation of Li-substituted aluminum hydroxide 
with accelerated nucleation rate as compared with pure aluminum hydroxide likely speeded up the 
whole hydration process. It can be noted that the stage of accelerated hydration began whereas ulexite 
and gypsum were still present. In the absence of lithium, hydration accelerated only when gypsum was 
exhausted, which resulted in a pH increase causing the destabilization of ulexite. This destabilization 
of ulexite was not necessary anymore in the presence of gypsum. 

 
4. Conclusion 

When borate and lithium ions were introduced separately in the mixing solution, lithium was 
shown to accelerate the hydration of CSA cement with 10% gypsum whereas borate ions retarded it. 

- As for calcium aluminate cement, lithium could accelerate the precipitation of aluminum 
hydroxide, which is known to be a key factor controlling the duration of the period of low 
thermal activity. Studies on simplified systems, consisting in synthesizing aluminum 

Figure 12 Comparison of the 11B-MAS NMR spectra of synthetic well-crystallized ulexite and of cement 
pastes hydrated by a sodium and lithium borated solution ([B]tot = 1 mol/L, Li/C = 0.03 mmol/g, pH = 11, 

w/c = 0.6, T = 20°C) 



 

hydroxide in presence of lithium, confirmed that lithium can be incorporated into aluminum 
hydroxide with only slight structural changes.  

- On the contrary, borate ions caused the precipitation of poorly cristallized ulexite at an early 
age. As long as ulexite was present, dissolution of ye’elimite was strongly slowed down. The 
duration of the period of low thermal activity increased with the amount of ulexite precipitated, 
and the acceleration of cement hydration occurred only when this phase was destabilized.  

These two mechanisms seemed to be superimposed without interaction when borate and lithium 
ions were simultaneously introduced in the mixing solution. 

- The acceleration effect of lithium resulting from a shortening of the period of low thermal 
activity was still observed, as well as the levelling off at high lithium concentration. 

- Transient precipitation of ulexite seemed likely, as shown 11B-MAS NMR characterization of 
cement pastes at an early age. 

This work offers new prospects for the conditioning of borate-rich waste, which may be 
encountered in the nuclear industry, using a calcium sulfo-aluminate cement: the retardation effect of 
borate ions can be simply counteracted by adding small amounts of lithium to the mixing solution. 
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Abstract 
Calcium sulphoaluminate cement (CSA) has become in recent years a popular and environmental-
friendly alternative to ordinary Portland cement (OPC). A great deal of knowledge has been gained on 
the microstructure, hydration mechanism, and environmental performance of this innovative binder but 
there is still lack of knowledge on durability issues related to the use of CSA-concrete. Taking into 
account that the pore solution of concrete with sulphoaluminate cement has a different alkalinity than 
that obtained using ordinary portland cement, the protection capacity of such concrete in relation to 
the corrosion of embedded steel reinforcement needs to be studied. This paper describes the results of 
an experimental study aimed at investigating the carbonation-induced corrosion of carbon steel 
reinforcing bars in contact with a CSA-based concrete. Concrete produced using a commercial calcium 
sulphoaluminate cement and, for comparison, with a reference Portland-limestone cement was 
characterized in terms of compressive strength, electrical resistivity and carbonation rate tests. 
Furthermore, electrochemical tests were carried out to measure the corrosion potential and the 
corrosion rate of steel. Results showed that the pore solution of sulphoaluminate-based concrete is 
alkaline and induces passivation on embedded carbon steel. Even when the concrete was carbonated, 
negligible values of corrosion rate were measured on embedded steel exposed up to 95% relative 
humidity at 20°C. Corrosion rate of steel in carbonated CSA-concrete reached high values when 
concrete specimens were saturated by water. 
 
 
Originality 
Portland cement is a well-known and performing material that has been successfully and safely used 
since long time. The search for an environmental friendly alternative to OPC should be analysed in the 
full cycle of the life of construction products and cannot be limited to aspects related the production 
process and the raw materials. This research, promoted from the collaboration between a university 
department and a cement industry, was aimed at acquiring deep technological knowledge on the 
durability issues of concrete prepared with commercial CSA cement, enabling the understanding of the 
mechanism behind the passivation of steel embedded in a CSA concrete matrix. The results of this study 
are a fundamental step towards understanding the potential use of CSA cement as a sustainable 
alternative to Portland cement.      
 
Keywords: CSA cement, CSA concrete, steel passivation, durability issues, steel corrosion. 
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1. Introduction 
Because of the need to implement new strategies in the context of sustainable construction 
materials (Andac M. and Glasser F. P., 1999), the interest in innovative binders based on 
calcium sulphoaluminate cement (CSA), which are alternative to portland cement clinker, has 
recently increased (Gartner E., 2004, Chatterjee A.K., 2002, Buzzi L., et al, 2010). The 
performances of CSA cements are strongly dependents on the mineralogical composition 
(Gartner E., 2004, Chatterjee A.K., 2002, Buzzi L., et al, 2010, European Technical approvals 
2013, Andac M. and Glasser F. P., 1999, Janotka I., Krajci L., 1999, Quilling K., 2001, 
Kalogridis D., et al, 2000, Zhang L. and Glasser F. P., 2005), mainly constituted by calcium 
sulphoaluminates, calcium silicates, calcium sulphate and ferric phases. Unlike Portland 
cement clinker, CSA clinker does not contain tricalcium silicate. 
Firstly CSA cements were used around the end of the 1950s as expansive additives, whilst 
their use as binders for structural applications started in the 1980s in China (where most of the 
experience in relation to the production and use CSA cements was achieved) (Chatterjee A.K., 
2002). 
Raw materials such as bauxite, limestone and gypsum are used for the production of CSA 
clinkers, and they are burnt in a rotary kiln at a temperature of only about 1300°C. Calcium 
sulphoaluminate cements are in the last years considered as more sustainable binders due to 
the fact that they require lower amount of limestone in the raw meal and lower burning 
temperature compared to OPC They represent one of the possible solution to reduce pollution 
and, particularly, CO2 emission (Gartner E., 2004, Chatterjee A.K., 2002, Buzzi L., et al, 
2010). Moreover, concrete made with CSA, compared to that based on Portland cement, 
exhibit, high early strength development, a reduced drying shrinkage high resistance to 
sulphate attack (Chatterjee A.K., 2002) and a rapid setting that can be adjusted using retarding 
admixtures. 
In spite of these interesting behaviour, the use of calcium sulphoaluminate cements, is still 
relegated to niche application in Europe mostly for special mortars application (plaster, self-
levelling floor screed, flash set mortars, rapid hardening mortars). Recently, some binders 
based on calcium sulphoaluminate have obtained CE label in Europe, paving the way for their 
use within structural applications (European Technical Approvals 2013). Nevertheless, the 
performance of these binders in relation to the durability of reinforced concrete structures is 
still not clear. In particular, various studies have highlighted the low alkalinity of CSA 
concrete (Andac M. and Glasser F. P., 1999, Janotka I., Krajci L., 1999, Quilling K., 2001, 
Kalogridis D., et al, 2000, Zhang L. and Glasser F. P., 2005), which could have adverse 
effects on the protection offered to the reinforcing steel bars against carbonation or chloride-
induced corrosion. Given this lack of knowledge about the real long-term behaviour and 
taking into account the limited number of publications on this subject, there is a need to 
investigate the actual behaviour of steel embedded in CSA-based concrete (Bertolini L., et al, 
2013). This paper describes a study carried out in order to assess the role of CSA in relation to 
the protection of reinforcing bars. Concretes with water/cement ratio 0.55, was cast using 
both a CSA and a Portland-limestone cement (chosen as a reference for conventional 
Portland-clinker-based cement, as it is characterized by a reduced content of clinker and thus 
low emission of CO2). The concrete was characterized in the fresh and hardened state. 
Furthermore, the resistance to the penetration of carbonation and the corrosion behaviour of 
embedded steel in different environmental conditions were studied. 
 
2. Materials and methods 
A calcium sulphoaluminate cement (CSA) and a reference Portland-limestone cement (CEM 
II/B-LL 32.5R according to EN 197-1 standard) with the chemical compositions shown in 
Table 1 were considered. The CSA binder is constituted by 78% CSA clinker, 22% anhydrite 
Mains mineralogical phases present in the CSA clinker are the calcium sulphoaluminate -
C4A3  and Belite C2S, determined according to XRD-Rietveld method respectively at 52% 
and 20% ; minor phases such as Anhydrite (3%), perovskite (2%) were also found.  
  



Table 1. Chemical composition of cements. 
 

Cement CaO SiO2 SO3 Al2O3 MgO Fe2O3 TiO2 Na2O K2O M.E.
(*) 

L.o.i. 
(^) 

CSA 43.9 7.6 17.5 21.7 2.59 2.07 0.92 0.32 0.23 0.18 2.97 
CEM II/B-LL 32.5R 59.9 14.6 2.67 3.35 1.94 2.31 0.14 0.23 0.67 0.22 14.0 

(*) minor elements; (^) Loss on ignition. 
 
Concrete was mixed with 327 kg/m3 of CSA cement produced by Buzzi Unicem and w/c ratio 
equal to 0.55. Dynamon SX admixture was used as superplasticizer for the reference concrete, 
and Compactcrete 39 NX (Addiment Italia) was used for the CSA-concrete in order to 
achieve a slump of 160-200 mm The compressive strength was measured on 100 mm cube 
specimens at different ages of curing at 20°C and relative humidity above 95%. The 
resistance to carbonation was evaluated on 100 mm cubes cured for 7 days, which were 
exposed to accelerated carbonation (4% CO2 and relative humidity of 65%) and natural 
carbonation (indoor exposure). The carbonation depth was measured, after different times of 
exposure, on fracture surfaces of the specimens by using both phenolphthalein and a 
commercial pH indicator. To investigate the composition of the pores solution, tests were 
carried out on the aqueous solutions extracted from powder samples, by mixing 10 grams of 
freshly ground concrete with 10 mL of distilled water and stirring for 5 minutes. The pH of 
the suspension was measured using a glass electrode. 
To monitor the electrical resistivity of concrete under conditions of self-drying (i.e. in the 
absence of both evaporation and water supply) specimens embedding a probe made of two 
parallel wires of mixed metal oxide activated titanium (MMO-Ti) were cast in a sealed plastic 
container. The conductance between the two wires was monitored with a conductivity-meter 
during setting and hardening. The resistivity of concrete was calculated using a cell constant 
K determined by calibration tests in solutions of known conductivity. 
Reinforced cylindrical specimens (with diameter of 70 mm and height of 110 mm) were 
prepared to study the corrosion behaviour of carbon steel rebar embedded in the concrete. 
Each specimen had a carbon steel bar (diameter 16 mm), an internal reference electrode made 
of a wire of activated titanium and a counter electrode made of a mesh of the same material. 
The specimens were wet-cured for 7 days and subsequently exposed to the testing 
environments. Exposure cycles at 20 or 40°C and relative humidity of 80% or 95% were 
carried out, followed by water immersion. A series of specimens was exposed to the exposure 
cycles after being subjected to accelerated carbonation. The corrosion behaviour of steel was 
evaluated by measuring the corrosion potential and the corrosion rate (using the method of 
polarization resistance (Andrade C., Gonzales J.A., 1978). The potential of the internal 
MMO-Ti electrode was calibrated using a saturated calomel electrode (SCE) placed on the 
concrete surface through a wet sponge. 
 
3. Results and discussion 
 
3.1 Strength and resistivity 
Fig. 1 shows evolution in time of the compressive strength of concrete. The CSA concrete 
showed a compressive strength of 38-40 MPa already 5 hours after casting; such values were 
obtained on the reference concrete with Portland-limestone cement only after about one week 
of curing. After 28 and 90 days of curing, the CSA concrete reached strength values of 75 and 
81 MPa respectively, almost twice than those of the reference concrete. 
Electrical resistivity of water-saturated (immersed) specimens was monitored in order to 
compare the microstructural changes during hydration of the two concretes. Fig. 2a shows the 
electrical conductance as a function of time after mixing. An initial peak is observed in both 
concretes due to the initial increase in the conductance as a result of the release of ions from 
the binder to the solution. This is followed by a decrease due to the formation of the hydration 
products during setting and the subsequent development of a porous structure. 



  
Figure 1 - Compressive strength (mean value and variation range) measured after different curing on 

CSA and reference concrete. 
 
The reference concrete shows a peak in conductance after 3.5 hours, while the CSA concrete 
shows the peak already one hour after mixing, confirming the faster kinetics of hydration of 
the CSA binder. The reference concrete, however, shows a higher value of conductance in 
correspondence of its peak (4000-5000 mS), suggesting a higher concentration of ions in 
solution before the formation of hydration products begins. 
After the first 24 hours of curing both concretes show very low values of electrical 
conductance; hence, to analyse the long-term differences between the different concretes the 
electrical resistivity was calculated and it is shown in Fig. 2b. CSA-concrete shows the 
highest values of electrical resistivity (of the order of 100 Ω⋅m) in the early days of curing, 
but then resistivity decreases. The initial increase is attributed to the hydration reactions and 
the development of the porous microstructure of the hydrated cement paste, while the 
subsequent decrease is likely due to other reasons, such as changes in temperature 
(presumably the heat of hydration resulted in an increase of temperature in the specimens, 
which unfortunately could not be detect), but also in the moisture content (due to the 
conditions of self-desiccation of these specimens). 

  
 (a) Conductance (b) Resistivity 

 
Figure 2 - Trend in time of electrical conductance and resistivity measured on replicate specimens of 

CSA and reference concrete. 
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The reference concrete showed much lower values of electrical resistivity (below 50 Ω⋅m); 
these reflect in part the presence of a higher porosity of hydrated cement paste of the 
Portland-limestone cement concrete (also in agreement with the lower compressive strength 
previously observed), but may also be attributed to differences in the composition of the pore 
solution. 
 
3.2 Alkalinity of the pore solution 
The alkalinity of the concrete pore solution was studied since it is an essential prerequisite to 
ensure the passivity of the steel reinforcement and, therefore, its protection. In fact, the 
stability of the passive film increases as the pH of the pore solution increases. A first approach 
for the estimation of the pH of pore solution consisted in spraying pH indicators on fresh 
fracture surfaces of the concrete, as shown for example in Fig. 3. With the phenolphthalein 
both concretes showed a pink colour in the central part of the specimens, demonstrating a pH 
of the pore solution higher than 9. The CSA concrete, however, showed a paler colour than 
that of the reference concrete. This is in agreement with other studies on CSA concrete, which 
suggested that the phenolphthalein test is not completely effective in the case of concretes 
with calcium sulphoaluminate binders, since it often does not take the typical intense pink 
colour and furthermore tends to dissolve over time (Zhang L., Glasser F. P., 2005). Therefore, 
other methodologies were used. By spraying a commercial pH indicator on the fracture 
surfaces, pH values of approximately 10-11 and 13 could be detected in the central portion of 
respectively CSA and reference concrete. This pH indicator therefore showed significant 
differences in the pH of the pore solution of the two concretes.  
In order to better investigate on the actual pH of the pores solution, pH measurements were 
carried out on the aqueous concrete extract. Fig. 4 shows that an average pH value of 10.6 
was measured on the CSA concrete, while for the reference concrete it exceeded 12. It should 
be noted that the aqueous extract was obtained by mixing in 1:1 proportion the freshly 
concrete powder with water (and then in a mixture with 50% by mass of water); the pore 
solution, therefore, was diluted with respect to the expected concentration in the pores of the 
concrete. Taking into account that the water absorption of the studied concretes was of the 
order of 5-7% by mass, it can be assumed that the real concentration of OH- ions is higher; 
broadly pH values greater than 13 can be assumed for the reference concrete, while for the 
CSA concrete values around 11.5 can be estimated. Thus, the alkaline nature of CSA concrete 
is confirmed, but the pH value, and thus the hydroxyl ions availability in the pore solution, is 
significantly lower than that of the Portland-cement-based reference concrete. 
 

 
 

Figure 3 - Evaluation of the alkalinity of the pore solution by means of phenolphthalein test and 
spraying of a commercial pH indicator on the fresh fracture surface of concrete. 



 

 
 

Figure 4 - pH of the aqueous extract of alkaline and carbonated CSA and reference concrete. 
 
3.3 Steel passivity 
The corrosion behaviour of embedded steel bars was studied, in order to investigate whether 
steel can actually passivate in the CSA concrete similarly to the ordinary concrete. For this 
purpose, the corrosion conditions of steel bars embedded in the concrete were monitored 
during the exposure in different conditions of relative humidity (RH) and temperature, by 
measuring the corrosion potential and the corrosion rate (Fig. 5). In order to further check the 
alkalinity of the concrete pore solution near the surface of the steel bars the potential of the 
mixed metal oxide activated titanium electrode (MMO-Ti) embedded near the steel surface 
was also monitored (Fig. 5c). The potential of this electrode is known to be pH-dependent 
(Bertolini L., et al, 2013). In spite of a certain variability (which should be attributed to the 
sensitivity of the electrode also to changes temperature and oxygen concentration), Fig. 5c 
shows for both CSA and reference concrete average potential values of MMO-Ti in the range 
-50/+20 mV SCE, which is typical of alkaline conditions, throughout the exposure period.  
The corrosion potential of steel embedded in the reference concrete progressively increased 
during the initial exposure of the specimens in the laboratory and then in a climatic chamber 
at 20°C and 80% RH, reaching values of about -150 mV vs SCE after 60 days of testing. 
These values were maintained during the following exposure at 95% RH and 20°C even when 
the temperature was raised to 40°C. The corrosion rate (Fig. 5b), after the first week of 
curing, had values lower than 1 mA/m2 (corresponding to about 1 µm/year), showing a 
decreasing trend to values of about 0.5 mA/m2 which were maintained even at 95% RH and 
40°C, confirming the passivity of the steel reinforcement. Specimens of the CSA concrete in 
the early days after casting had corrosion potential values of -300/-250 mV SCE; during the 
exposure in the laboratory and at 80% RH, the potential increased to stable values of about -
160 mV vs SCE. After exposure to 95% RH a decrease towards -220 mV vs SCE was 
observed. Only a slight increase in the potential to about -165 mV vs SCE took place when 
temperature rose to 40°C. The corrosion rate (Fig. 5b) showed a progressive decrease during 
the exposure to dry environments (lab and 80% RH) approaching values lower than 0.3 
mA/m2. By increasing the relative humidity and temperature, a slight increase in the corrosion 
rate was observed but values similar to those measured on the reference concrete were 
obtained. Such low corrosion rates in a wet (95% RH) and hot environment (40°C) show that 
the steel was passive even in the specimen of the CSA concrete. 
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(a) Corrosion potential 

 
 

(b) Corrosion rate 

 
 

(c) Potential of MMO-Ti electrode 
 

Figure 5 - Monitoring of the corrosion potential and corrosion rate of steel and the potential of the 
internal MMO-Ti electrode of replicate specimens of the CSA-concrete and the reference concrete, 

during exposure cycles at different humidity and temperature. 
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3.4 Effect of carbonation 
Results described in the previous sections, showed that the CSA concrete is able to provide 
enough alkaline conditions to promote passivation of embedded steel, despite the measured 
pH is slightly less alkaline compared to that of a Portland-cement based concrete. 
Nevertheless, in relation to the service life of reinforced structures, it is necessary to study the 
behaviour of embedded steel when concrete is exposed to the environment and may be 
subject to carbonation. On the one hand, the concrete resistance to the penetration of 
carbonation should be assessed and, on the other hand, the corrosion condition of the 
reinforcement after the concrete is carbonated should be investigated.  
Fig. 6 shows the carbonation depth of concrete measured in time for specimens exposed to 
accelerated carbonation (4% CO2, 65% RH, Fig. 6a) and in the indoor exposure (Fig. 6b). The 
CSA concrete, both in accelerated tests and in indoor exposure (natural condition) showed 
higher carbonation depths than the reference concrete; for instance the carbonation after about 
one year of indoor exposure was respectively 12 mm and 7 mm. By fitting the measurements 
of carbonation depth (x) in time (t) with the relationship: 

 (1) 
the carbonation coefficients K shown in Fig. 6 were obtained. Under accelerated condition, 
the carbonation coefficient Kacc was 37.9 mm/year1/2 for CSA concrete and 25.9 mm/year1/2 
for the reference concrete (made with Portland-limestone cement). In form indoor exposure in 
the dry atmosphere of the lab, Knat values of respectively 11.5 and 5.5 mm/year1/2 were 
obtained. 
The pH of the pore solution was estimated also after carbonation, as shown in in Fig. 4, and it 
could be observed that the pH of the carbonated pore solution is approximately between 8.3 
and 8.7, without substantial differences between CSA and reference concrete. 
To study the corrosion behaviour of the steel of reinforcement in contact with carbonated 
concrete, reinforced concrete specimens were exposed for six months in the accelerated 
carbonation chamber and then they were exposed to the same humidity and temperature 
cycles of the non-carbonated specimens shown in Fig. 5; test of immersion in water for 48 
hours at 20°C were also carried out on alkaline and carbonated specimens, in order to assess 
the corrosion rate in wet conditions. Fig. 7 compares the mean values of corrosion rate 
measured on alkaline and carbonated concrete specimens in the different test environments. In 
the alkaline concrete (Fig. 7a) the steel shows corrosion values lower than 1 mA/m2, typical 
of the conditions of passivity. Indeed, the corrosion rate was negligible in all the exposure 
conditions for bars in CSA and reference concrete, even in the most critical condition of 95% 
RH and 40°C and immersion (wetting of 48 hours). 
 

  
 (a) Accelerated carbonation (b) Indoor exposure 

Figure 6 - Penetration of carbonation in time for the CSA-concrete and the reference concrete, under 
accelerated tests (empty symbols) and indoor exposure (filled symbols). 
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 (a) Alkaline concrete (b) Carbonated concrete 
Figure 7 - Comparison of the average corrosion rate of alkaline and carbonated specimens of the CSA-

concrete and the reference concrete, under different exposure conditions. 
 
Conversely, once the cover thickness is carbonated and thus corrosion has initiated on the 
steel, the corrosion rate can vary according to the exposure conditions, as shown in Fig. 7b. In 
particular, it can be observed that the carbonated CSA concrete may ensure negligible 
corrosion rate of the steel in the environments with 80% RH and 95% RH at 20°C. In fact, in 
these exposure conditions the corrosion rate was lower than 1 mA/m2. A different behaviour 
was observed on the bars embedded in the reference concrete. In this case, a corrosion rate 
close to 1 mA/m2 was observed even at 80% RH and 20°C in the carbonated specimens. 
Furthermore, even in more humid conditions higher corrosion rates were measured compared 
to bars embedded in the CSA concrete (Fig. 7b). These results show that the CSA concrete, 
although it was more susceptible to the penetration of carbonation compared to the reference 
concrete, may be able to guarantee a lower corrosion rate of steel and thus a longer period of 
the propagation phase, even in moist environments. This behaviour is likely due to the higher 
electrical resistivity of this concrete (Fig. 2b). It should, however, be observed that in wet 
environments, in particular in the presence of direct wetting, the corrosion rate of the 
reinforcement reached high values also for the CSA specimens. After 48 hours of immersion 
in water, an average corrosion rate of about 30 mA/m2 was measured, which was comparable 
to that obtained with the reference concrete made of Portland-limestone cement (35 mA/m2). 
So, it may be argued that the corrosion of steel embedded in the CSA concrete may be critical 
especially under the exposure to alternating wet and dry cycles, as the concrete is subjected to 
a rapid penetration of carbonation (favoured in dry periods) and the corrosion of steel may 
propagate after carbonation (favoured in wet periods).  
 
4. Conclusions 
Tests on concrete made with calcium sulphoaluminate cement (CSA) confirmed the 
possibility of obtaining high compressive strength with this type of binder, both at short and 
long curing. CSA concrete showed to be alkaline, even though a pH of the pore solution lower 
than that of a reference concrete made with Portland-limestone cement was observed. With 
colorimetric tests, a pH value above 10 was observed, while on the extract of the pore 
solution, a value of the order of 11.5 could be estimated. This pH was shown to be sufficient 
to guarantee the passivation of embedded steel. Corrosion potential and corrosion rate showed 
typical values of steel in passive conditions, even in wet concrete (exposed to an environment 
with 95% relative humidity and immersed in water) and high temperature (40°C). 
The CSA concrete showed a lower resistance to the penetration of carbonation compared to 
the reference concrete, both in accelerated and indoor exposure. Following carbonation, the 
pH of the pore solution of the CSA concrete was similar to that of the Portland-limestone 
concrete. 
Corrosion tests showed that the carbonated CSA concrete may guarantee negligible corrosion 
rate of steel in environments up to 95% relative humidity at 20°C. In the absence of direct 
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contact with water, the carbonated CSA concrete was observed to be less aggressive towards 
the embedded steel than the carbonated reference concrete. This result is probably due to the 
dense microstructure of this concrete, which promotes high values of electrical resistivity. 
Conversely, immersion tests showed that the direct wetting of the concrete induced a high 
corrosion rate on the embedded steel, approaching that measured in the same conditions on 
the steel bars embedded in the reference concrete made of Portland-limestone cement. 
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Abstract 
Recent studies showed that accelerated carbonation of steel slag was a potential technology which couldnot only reuse 
the industrial wastes, but also provided the possibility to capture and store carbon dioxide. This paper discussed the 
coupling effects between carbonation and hydration on the strength of carbonized steel slag. In this paper, the curing of 
the samples was carried out in two stages successively: being carbonized for different hours in a carbonation reactor 
(keeping the carbon dioxide partial pressure at 0.3MPa, temperature at 70oC, and humidity at 50% RH), and being 
cured in  a humidity of 95% ± 5% and temperature of 20±2oC to hydrate for different days. Composition, 
microstructure and mechanical properties of cured samples were measured by XRD, SEM and strength analysis.  
Results show that accelerated carbonation process seemed to be a "catalyst" of the hydration process, carbonation can 
significantly promote the hydration of steel slag. The hydration process provides a certain contribution to the 
compressive strength of the samples, the efficiency, however, is lower than carbonation. The calcium carbonate crystal 
formed during process of carbonation works as barriers, the carbonation degree of samples are higher, the hydration is 
weaker. After coupled curing of carbonation and hydration, the  28d maximum strength of samples can reach up to 
90MPa. 
 
Originality 
Carbonized BOF slag bricks can be used as a kind of potential environment-friendly building materials. a large number 
of calcite generated and made carbonized sample become denser during the process of carbonation, the compressive 
strength of samples increased significantly. After being cured in a humidity for appropriate time, the hydration rate 
became faster, early strength of carbonized samples became higher. A certain amount of hydrated products were 
observed in XRD and SEM. 
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1. Introduction 
The average concentration of carbon dioxide in the global atmosphere rose from 280 L/L (volume 
fraction) before the industrial revolution to 280 μL/L (volume fraction) in 2010, which was far beyond 
the natural changes in the past hundreds of years. Carbon dioxide released by burning fossil fuels was 
major factor of the sharply increase of greenhouse-gas concentrations in the atmosphere (Canadell J. 
G., et al, 2007). Chinese coal consumption reached to 3.425 billion tonnes in 2011, representing a 
proportion of total energy consumption to 70%, which was in a situation where be far higher than the 
world average. China's energy structure focusing on coal consumption leads to the impossibility of 
reducing the carbon dioxide emissions at source in a short time.  
Meanwhile, as solid waste discharged from process of steelworks industry, steel slag occupied a 
relatively high proportion of steel production. For each tons of steel produced, approximately 0.12 
tons steel slag was discharged. According to statistics, the annual crude steel production of China was 
0.78 billion tons, while the output of steel slag was 93 million in 2013. The comprehensive use ratio of 
steel slag in china was less than 30%, which was currently lower than that in other countries. 
CO2 capture and storage technologies (CCS) showed wide application prospect to reduce atmospheric 
concentration CCS referring to methods to compress, transport and store CO2 in the geological 
structure , the ocean, and carbonate mineral resources.  
The principle of mineral carbonation(Seifritz W., 1990. Lackner K. S., 2003) was similar to process of 
natural carbon dioxide mineral absorption, CO2 reacted with alkaline materials with high content in Ca 
to generate permanent, stable carbonate, but natural carbonation occured very slowly, process of 
mineral carbonation was strengthen to ensure efficient carbon dioxide capture. Industrial solid wastes 
were used to form stable solid carbonates by capturing CO2. Some researchers investigated the well-
known waste solids such as steel making slag, waste ashes and waste gypsum for mineral carbonation 
(Polettini A., et al., 2004. Huijgen W. J., et al., 2005; Arickx S., et al., 2006). The solution method 
was used in most of these studies, it meant that Ca2+ and Mg2+ were leached from the reaction of 
wastes ang solution, the reaction of Ca2+ and Mg2+ then took place in the solution(Chang, E. E., et al., 
2012). 
However, the slag produced by the solution method became slushy and showed lower activity than the 
initial steel slag, which meant the remaining slag was more difficult to use, the problems of steel slag 
utilization had not been solved completely. 
Serious resource consumption and carbon emissions caused by the production of sintered bricks lead 
to the rise of new building bricks, such as the cement and concrete blocks, the waste non-fired bricks. 
But these new building bricks had high shrinkage and water absorption rate and therefore the 
generalization and application of new building bricks were restrained to a certain extent. Therefore, 
production of carbonized steel slag bricks should ease vast resource depletion and environment 
pollution. The comprehensive utilization of CO2 and steel slag had bright prospect and this technology 
could produce considerable social benefits and economic benefits. 
2. Experimental 
2.1. Steel slag feedstock 
The steel slag used in this study is a by-product of a steel making plant employing the Basic Oxygen 
Furnace (BOF) process. The BOF slag was supplied by Jinan Iron and Steel Works Company 
(Shandong, China). The slag was rapid air-cooled slag formed in the BOF process. After grinding for 
40 minutes in ball mill, the samples were milled to pass the 600μm sieve and D50 was 278.1μm.  
2.2. Preparation of brick samples 
In the process of molding , the water was added in the powder with a ratio of 13wt.%, the mixtures 
was mixed in a mortar mixer for 2 min. Then the mixtures (about 110 g) were put into a mold to be 
pressed into bricks with 90×40×10 mm in size with a pressure of 8 MPa, holding time was 30 s to 
maximum effect of molding. 
2.3. Experimental steps 
The curing of the samples was carried out in two stages successively as shown in Table 1. 

 
 



 

Tab. 1 Curing scheme of slag bricks. 
Batch Initial curing Subsequent curing Air curing time 
1 1h CO2 curing  

 
 
Air curing 

1h 
2h 
3h 
4h  
18h, 1d, 3d, 7d, 28d 

2 2h CO2 curing 
3 3h CO2 curing 
4 4h CO2 curing 
5 5h CO2 curing 
6  

 
 
Air curing 

1h CO2 curing 2h 
4h 
6h 
8h, 18h, 1d, 3d, 7d, 28d 

7 2h CO2 curing 
8 3h CO2 curing 
9 4h CO2 curing 
10 5h CO2 curing 

 
In the initial curing, a 2L high-pressure and high-temperature autoclave reactor was used for the 
carbonation experiments. A temperature regulator was used to measure and control the interior 
temperature of the reactor, the humidity was maintaining constant. CO2 gas was provided by a CO2 
cylinder with a stainless steel tubing connecting the reactor. 
During the carbonation experiment, the compacted slag bricks was placed in the autoclave when the 
reactor was heated to preset temperature. Then the autoclave was sealed and vacuumized until the 
interior pressure fell to -0.02MPa by a vacuum pump. The autoclave was replenished with CO2 to 
reach the specified pressure after vacuumized. The operating pressure of autoclave reactor was 3 bar, 
and temperature was 70oC, RH% was about 50%, respectively.  
The hydration curing was carried in a standard environment with RH 95%±5% and 20oC±2oC. 
Carbonated bricks were cured for different ages. 
Characterization of uncarboned slag was performed by the determination of the chemical composition 
which was determined by X-ray fluorescence (XRF) .Raw and treated samples were analyzed 
qualitatively by scanning electron microscope with Energy Dispersive Spectrometer (SEM-EDS) and 
X-ray diffraction (XRD, the data were collected on a diffractometer with Cu Ka radiation (k = 1.54 Å) 
operating at 45 kV and 35 mA. The samples were scanned over a range of 10-60o 2θ).  
3. Results and Discussion 
3.1. Slag characterisation 
 It is important to characterize the raw slag in some detail since the main chemical and mineral 
composition influence the process of carbonation and hydration of steel slag directly. 
The chemical composition of the BOF slag is listed in Table 2. Carbonation is most associated with 
the content of CaO and MgO. In the tested samples, CaO(related with the addition of lime in the 
steelmaking process) displays significantly higher concentrations (46.73%) than MgO(6.27%, relating 
with dolomite and the refractory lining of the furnace). Other components (Fe2O3, SiO2, MnO2, V2O5 
and etc.) are also measured in the BOF slags because of the steelmaking process and adding of 
correction material. 

Table 2 Chemical compositions of steel slag /% 
Compositions CaO Fe2O3 SiO2 MgO MnO Al2O3 TiO2 P2O5 

Content 46.73 18.42 14.77 6.27 2.76 5.52 1.18 1.67 
Compositions V2O5 SO3 Cr2O3 Na2O F K2O SrO Cl 

Content 0.90 0.58 0.09 0.09 0.95 0.02 0.02 0.03 
 
XRD results in Figure 1 show messy peaks for the composition of the tested uncarbonated slag, which 
include larnite (Ca2SiO4)in the ϒ-form, srebrodolskite (Ca2Fe2O5), hydrated products of slag -calcium 
hydroxide (Ca(OH)2), and periclase (MgO, diffraction peak shifts as a result of solution).  
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Figure 1 XRD spectra of fresh BOF slag  

 
3.2 Compressive strength  
Compressive strength is an important property which is related to other mechanical and physical 
properties and even the range of application. Compressive strength may reflect the inner composition 
of material to some extent. Figure 2-5 shows the strength development of bricks set in different 
conditions including carbonation curing, air curing and carbonation curing + air curing respectively. 

 Figure 2 Compressive strength of                          Figure 3 Compressive strength of 
      carbonated briks for different hours                     uncarbonated bricks for different ages 

Although the steel slag powder has been activated physically by grinding, the hydration activity of 
slag bricks is still poor. Therefore, the strength development of compacted slag brick is very slow, 3d 
strength is 6 MPa while 28d strength is only 15MPa. The accelerated carbonation experiment 
significantly improves the compressive strength of slag brick.    
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Figure 4 Compressive strength of                                   Figure 5 Compressive strength of 
carbonation curing+air curing                                             carbonation curing+air curing 

The compressive strength of slag brick has exceeded 65MPa when carbonated for 1h. It is caused by 
the produced CaCO3 which filles the inner pore of the bricks, the compressive strength increases 
accordingly.  
During the carbonation process, the compressive strength increases with time. Especially in the first 3h, 
the growth of compressive strength is fast, the 3h strength increases about 27% than 1h strength, and 
the strength growth slows after that. The strength development of bricks under two coupling ways is 
different. The strength development of batch 1-5 (initial curing was carbonation curing, subsequent 
curing was air curing) are shown in Figure 4. The compressive strength of carbonated bricks increases 
about 20 MPa when the carbonation time changes from 1h to 4h generally. Compared with the air 
curing bricks (Figure 3), the hydration speed of carbonated bricks has been accelerated clearly. 
To compare the 7d strength with 1d strength of each batch shown in Figure 4, a general increase from 
5-10MPa is found which can not be achieved by hydration alone. However, the later strength 
development of carbonated bricks is slower, which is related with the limited mineral which can be 
hydrated in steel slag. In addition, the higher degree of carbonaton is, the weaker the hydration of 
bricks is, which is confirmed by the comparison of strength development curve of C1 (1h carbonation), 
C2 (2h carbonation) and C3-C5. Above it, the best curing relative technique is C3H28 (Carbonation 
time is 3h, subsequent air curing time is 28d). 
The strength development of batch 6-10 (initial curing is air curing, subsequent curing is carbonation 
curing) are shown in Figure 5. With extending of hydration time, the strength increases at first and 
then decreases, reaches to the highest point when the initial air curing time reaches 6 hour. The 
hydration of bricks can certainly improve the strength, but the effect is not obvious, what’s more, the 
hydration reaction has a downside to the carbonation curing of bricks. Obviously, after being hydrated 
for 1 days to 7 days, the slag surface is attached to both the hydration products and water, resulting in 
the obstacle to carbonation. So the hydration curing before the carbonation curing of bricks is not 
applicable to the preparation of slag bricks. 
 
3.3 SEM 
Different from loose internal structure of the brick after hydration, internal structure of carbonated 
bricks is compacted, calcite (CaCO3) crystal formes in high temperature and high pressure arranges 
closely, relative crystallinity is better, crystalline size is greater,which contributed high strength.  



 

EDS showes that calcium carboaluminate (C3A·CaCO3·11H2O) has formed during the hydration of 
carbonated slag bricks, it may contributes to the increase of the compressive strength in later ages. 

   
 

a                                                                                     b 

c 
 
 
 
 
 
 
 
 
 
 
 
 
 

d                                                                                      e 
Figure 6 The SEM image of hydrated slag brick(a),carbonated slag brick(b),28d hydration of carbonated slag 

brick(c) and EDS image of point 1 and 2(d and e). 
4. Conclusions 
The hydration activity of steel slag is very poor, the coupling of hydration and accelerate carbonation 
of steel slag bricks is an effective way to increase the compressive strength. The best coupling curing 
condition is C3H28(the initial curing is carbonation, keeping the carbon dioxide partial pressure at 
0.3MPa, temperature at 70 ℃, and humidity at 50%  RH for 3 hours; Subsequent curing is air curing, 
RH 95%±5% and 20 ℃±2℃, 28d). D         
is formed. 
Acknowledgements 
This research work has been made possible thanks to financing from National Natural Science 
Foundation of China (No.51172098) and Shandong Province Science and Technology Development 
Plan (2014GSF117017). It could not have gone ahead without the materials supplied by Zonghui Zhou. 



 

References 
- Canadell J. G., et al., 2007. Contributions to accelerating atmospheric CO2 growth from economic activity, 
carbon intensity, and efficiency of natural sinks. Proceedings of the national academy of sciences, 104(47), 
18866-18870. 
- Seifritz W, 1990. CO2 disposal by means of silicates. Nature, 345, 486. 
- Lackner K. S., 2003. A guide to CO2 sequestration. Science, 300(5626), 1677-1678. 
- Polettini A., et al., 2004. The leaching behavior of incinerator bottom ash as affected by accelerated ageing. 
Journal of Hazardous Materials, 113(1), 209-215. 
- Huijgen W. J., et al., 2005. Mineral CO2 sequestration by steel slag carbonation. Environmental science & 
technology, 39(24), 9676-9682. 
- Arickx S.,et al., 2006. Accelerated carbonation for treatment of MSWI bottom ash. Journal of hazardous 
materials, 137(1), 235-243. 
- Chang E. E.,et al., 2012. Accelerated carbonation of steelmaking slags in a high-gravity rotating packed bed. 
Journal of hazardous materials, 227, 97-106. 
 



 

C-S-H precipitation used as an anti-plasticizer for innovative Self-
Compacting Clay concrete 

 

Gnanli Landrou1, Coralie Brumaud1*, Robert J. Flatt2, Guillaume Habert1 

 

1. Chair of Sustainable Construction, ETH Zürich, 8093, Switzerland 
2. Chair of Physical Chemistry of Building Materials, ETH Zürich, 8093, Switzerland 

 
 
Abstract 
Without transport needs and with infinite recycling possibilities, earth is one of the building materials with the 
lowest environmental impact. However, its development is hindered by the time and the manpower required in 
conventional earthen construction techniques such as rammed earth or adobe. The purpose of this research is to 
develop an earth-based material that would be as easy and as cheap to use as current concrete products. 
To do so, we focused on the modification of clay properties with inorganic additives in order to be able to 
deflocculate and flocculate it during the casting process. As the rheological behaviour of clays is controlled by 
their surface charge, introducing potential determining ions by selected inorganic additives deflocculates the clay 
particles and considerably reduces the yield stress of the earth material. In this study, we characterize the 
efficiency of different inorganic additives on the deflocculation by using Zeta potential measurements and Vane 
rheological tests. Less than 1 wt% of dispersant compared to fine particles is necessary to achieve a good 
workability. 
A second step is the flocculation of the clay particles once the material has been cast in the formwork. We 
achieve this by using natural minerals that slowly dissolve in the interstitial liquid and ultimately precipitate C-S-
H which annihilate the plasticizing effect by precipitating the inorganic dispersants. This delayed precipitation of 
C-S-H has been evidenced by chemical composition measurement of the solution and SEM observation of the 
precipitates. The consequence of this delayed precipitation has also been followed by oscillatory rheometric 
measurements. 
In conclusion, we developed a process allowing to cast a clay based concrete as easily as a cement bound 
concrete which is a very promising technology for affordable and low carbon dwellings. This process, which 
allows a reduction of manpower and time compared to traditional earthen construction techniques, is possible 
through a knowledge transfer from cement science. However, in this process, C-S-H precipitation is not used as 
a binding vector but as an anti-plasticizer that removes the inorganic dispersant additives.  
 
Originality 
The innovation behind this project is to promote and to inform people that earth construction is a replacement 
option to concrete. Building only with capillary forces means to expand the concept of sand castle that we made 
as children on the beach, to the houses that we will live in. However, we do not have the pretention to replace 
everywhere cement based concrete by clay concrete. Rather, we state that in some cases (familial dwellings, 
small buildings and affordable houses) earth could be a better choice. Moreover, we are exploring a knowledge 
gap that if resolved can help many people in developing countries to improve their way of life.  
The originality comes from the fact that we are not improving a conventional technique to make it easier or 
cheaper nor we are improving a traditional technique to make it faster; but we transfer concrete technology to an 
old material which brings us to a new way of conceiving this material and the associated construction process.  
 
 
Keywords clay, C-S-H, rheology, zeta potential, environmentally friendly materials 
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1. Introduction 
Traces of earthen architecture date back to 10’000 years ago and earth is still used as a building 
material in most climates and societies (Anger et al., 2009). Without transport and with infinite 
recycling possibilities, earth is one of the building materials with the lowest environmental impact 
(Morel et al., 2007; Shukla et al., 2009). Additionally, it provides a very efficient temperature and 
moisture regulation of indoor living spaces (Parra-Saldivar et al., 2006). We can currently observe a 
strong development of earth construction, probably due to environmental concern. However, this 
development is limited as the conventional earth construction technique is very time and cost intensive. 
On the other hand, we have cement, which is an incredibly easy to use material but that has a 
significant environmental impact (Schneider et al., 2011). In the latter material, a lot of engineering 
and science has been invested in order to improve the understanding and the processing of cement 
based concrete, whilst in the case of earth no or very little engineering improvements have been made.  
 
The objective of this study is therefore to transform earthen architecture by providing a material that is 
as easy and as cheap to use as current concrete products, thanks to novel technologies borrowed to 
science and technology of cement and concrete. This technology transfer can be done as cement and 
clays have a lot of analogies in terms of colloidal interactions and adhesion forces, even if the 
cohesion forces between particles are much weaker for clay particles (Pellenq et al., 2008), due to the 
difference of constitute binder (no hydraulic reaction occurs).  
To improve the material workability, a careful control of the rheology of the clays requires a better 
understanding of colloidal interactions between particles and knowledge transfer from the fundamental 
physics of grain and colloidal interactions to the civil engineering (Kovler et al., 2011; Yammine et al., 
2008).  
As unique binder in earth, clay, an inorganic negatively charged particle, can have its surface 
interaction changed with the help of organic dispersants coming from cement and ceramic industries. 
Among dispersants commonly used in ceramic processing, sodium silicate is known to guarantee an 
efficient dispersion of natural clay materials (Andreola et al., 2006, 2007; Rossington et al., 1998). On 
the contrary clay flocculation can be achieved through the introduction of Ca2+ ions coming from the 
dissolution of natural minerals containing calcium. These ions interact both with the surface of clay 
particles and with the deflocculant anions (Andreola et al., 2006; Grim, 1968; Tarasevich et al., 1999, 
2001; Mpofu et al., 2003; Adebowale et al., 2005).  

In this paper, we focus on the modification of clay properties with inorganic additives in order to 
deflocculate and flocculate the clays during the casting process. We highlight the ability of sodium 
silicate to deflocculate clay particles and thus to fluidify the earth material by reducing the yield stress. 
Moreover, the ability of calcium to reflocculate clay particles is highlighted, through the formation of 
soluble products annihilating the effect of the dispersant.  
 
 
2. Experimental 
2.1. Materials 
A commercially available earth for plastering of specific density 2.72 and of specific surface area 
SBET =46.9m2/g is used in this study (Stroba®). The Particle Size Distribution (PSD) was measured 
using a laser particle size analyser (LA-95, Partica Retsch Technology). The studied earth contains 
95% of fine particles (< 63 µm) (Fig. 1), including clays (36.6wt% by mass) and silt (57.9wt%). Its 
chemical composition obtained by X-ray fluorescence spectrometry (XRF) is given in Table 1. The X-
ray powder diffraction technique revealed that the main mineralogical components are smectite 
(24wt%), quartz (41wt%) and a lower amount of kaolinite (7.5wt%). When prepared as a suspension, 
earth develops a pH of the order of 9. 
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Figure 1:  Earth particle size distribution 

Table 1. Chemical composition of the earth studied here. 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Cr2O3 Ignition 
loss 

65.80% 1.19% 14.91% 7.43% 0.11% 1.08% 1.13% 0.52% 2.38% 0.28% 0.02% 5.02% 
 
The dispersant investigated in this study is an inorganic deflocculant taking from ceramic industry: 
sodium silicate (noted here NaSil) solution from Sigma Aldrich with a composition of 10.6% Na2O 
and 26.5% SiO2. Calcium hydroxide (CaOH2) from Fulka was used as additive.  

 2.2. Experimental Process 
2.2.1. Rheology measurements 
Rheology measurements were carried out on earth pastes in order to study the effect of dispersants on 
the rheological properties of the suspension such as the yield stress. In order to compare the results 
obtained from different measurements, the Water to Earth ratio (W/E) for earth pastes was kept 
constant (0.5). Only the dosage of the dispersant was varied from one sample to another. In this paper, 
all dosages are expressed as a percentage of the mass of solids in the system and water is deionized. 
The tested earth pastes were prepared using the following mixing procedure: the dispersant is added to 
the required amount of mixing water in order to ensure its dissolution before introduction into the solid 
phase. Water (with or without dispersant) is mixed with earth during 3min at 365rpm with a 
mechanical stirrer. The rheology measurements were carried out using a MCR501 Anton Paar® stress 
controlled rheometer equipped with a Vane geometry (Nguyen et al., 1983). Twenty minutes after the 
first contact of constituents (including the mixing phase), the cup of the rheometer was filled, covered 
to limit evaporation and the sequence was started. After a one minute pre shearing phase, a constant 
shear rate of 0.01 s-1 is applied to the sample for 10 min. At this low shear rate, viscosity effects are 
negligible and yield stress can be computed from the measured torque peak value at flow onset.  
Viscoelastic properties were determined from oscillatory tests by applying a sinusoidal input stress 
and recording the subsequent sinusoidal shear stress. The elastic modulus  and the critical shear 
strain  of the pastes were determined as functions of applied stress (from 0.1 to 3000 Pa) at an 
oscillation frequency of 1Hz. The critical strain was defined as the strain at the end at the linear elastic 
regime (Nachbaur et al. 2001), where elastic modulus falls to 90% of the plateau value.  
 
2.2.2. Zeta potential measurements 
The ζ-potential, which is the electrokinetic potential in colloidal systems and thus the key indicator of 
the stability of dispersions, of the concentrated suspensions of earth was measured with the ZetaProbe 
(Colloidal Dynamics®) (Zingg et al., 2008). The ζ-potential experiments were carried out on 



 

suspensions of solid volume fractions around 6 wt% to avoid sedimentation issues and measurement 
artefact. Dispersant dosages were kept the same as those used in the rheology measurement.  
 
2.2.3. Mineral characterization   
The mineralogical composition of the formed reaction products was determined on randomly oriented 
powder specimens using X-ray diffraction (XRD) and subsequent Rietveld analysis. The sample was 
milled in ethanol to a grain size below 20 μm then dried at 65°C and homogenized. XRD 
measurements were made using Bragg–Brentano geometry (Bruker AXS D8 advance, CuKα 
radiation). The powder samples were step-scanned at room temperature from 2 to 80° 2Θ (step width 
0.02° 2Θ, counting time 4 s). The quantitative composition was then calculated by means of Rietveld 
analysis of the XRD pattern (Friedel et al., 1998, Bergmann et al., 1997; Bish et al., 2011). 
 

3. Results and Discussion 
3.1. Effect of dispersants on earth product 
We plot in Fig. 2 the yield stress as a function of dispersant dosage for earth paste prepared with NaSil. 
As expected, when the dispersant is added, the yield stress of the earth paste is strongly reduced. As 
the rheological behavior of clay suspensions is controlled by their surface charge, this can be attributed 
to the deflocculating action of the dispersant that modifies the clay surface (Andreola et al., 2006, 
2007). We observe in Fig. 2 that the yield stress becomes constant from 0.3% of NaSil. We can thus 
estimate that the saturation dosage is reached for this dispersant. Above it, all the particle surface is 
expected to be covered and the dispersant is no longer efficient. With these results, we determine the 
required dosage of NaSil to deflocculate the clay past as much as needed, while still displaying a 
sufficient yield stress (estimated of the order of 10Pa) to ensure stability and homogeneity.  
 

 
Figure.2. Effect of NaSil on the yield stress of earth paste 

 
The ζ-potential gives an indication of the surface charge of the clay particles in suspension. It is often 
used as a measure of the strength of the repulsive interactions between similarly charged particles in 
suspensions. The same approach has been applied to evaluate electrostatic forces between our clay 
particles. The ζ-potential values measured for the reference paste and the one prepared with 0.3% of 
NaSil are gathered in Tab. 2. In deionized water, the ζ-potential of the earth sample is negative due to 
its negative surface charge. The addition of 0.3% of NaSil increases its magnitude by a factor close to 
two. This result supports the interpretation that this inorganic dispersant deflocculates clay particles by 
increasing repulsive forces between particles. However, important other aspects as the ionic strength 
of the medium and possible steric effects would have to be check in order to confirm this.  
 

Table 2. ζ-potential values for the reference earth and the one prepared with 0.3% of NaSil  

 Reference 0.3% NaSil 
Average ζ [mV] -4.6 -9.7 
SD [mV] ±0.1 ±0.2 

3.2. Effect of calcium on earth product  

http://www.sciencedirect.com/science/article/pii/S0169131714003901%23bb0025
http://www.sciencedirect.com/science/article/pii/S0169131714003901%23bb0030
http://www.sciencedirect.com/science/article/pii/S0169131714003901%23bb0035


 

Calcium hydroxide Ca(OH)2 was introduced into the mix earth/dispersant in order to study its effect 
on the rheology of the material, and its potential ability to flocculate particles.   
Other sources of calcium were compared such as CaCl2 and CaSO4 both supplied from Sigma Aldrich. 
For this, their dosage was calculated so as to introduce the same amount of calcium in the system 
(regardless of solubility). The ratio Ca/Si was fixed at 1.3. The calcium containing compound was 
introduced in powder form after the mixing of water with earth.  
We follow the elastic modulus of the earth paste containing dispersant and Ca(OH)2 as a function of 
time. As a general observation, the elastic modulus increases with time. This first observation shows 
that the used of calcium modifies the internal structure and cohesion of the material. Adding calcium 
flocculates the system. Andreola et al. (Andreola et al. 2006) reports that dissolved Ca2+ ions have 
deleterious effects on dispersing clay materials by: (i) adsorbing onto the clay surface, reducing the 
thickness of the electrical double layer; (ii) decreasing the amount of silicate anions available to be 
adsorbed on clay edges through soluble complex formation. By complexation with calcium ions Ca2+, 
a network of interaction is created between particles and gives rise to cohesion forces within the 
system.  
In Fig. 3, we plot the elastic modulus as a function of strain for the reference earth paste, the one 
prepared with 0.3% of NaSil and the same earth paste containing Ca(OH)2. The critical strain   for 
the earth paste prepared with 0.3% of NaSil is of the order of 15% whereas the critical strain  for the 
two others earth pastes is of the order of 1%. When the critical strain is reached, the initial structure of 
the material has been sufficiently modified to produce the rupture of the network of particle 
interactions (Roussel et al. 2010; Maloney et al. 2006; Zukoski et al., 1995). The order of magnitude 
of the critical strain highlights the ability of the structural network to be deformed under stress and 
defines the nature of interactions. While a low critical strain had to be associated with short-range 
links between the particles, a large critical strain involves non-contact interactions between the 
particles: it implies rather large movement of two neighboring particles (Roussel et al. 2012). In 
cement suspensions, it has been shown that the large critical strain (on the order of a few 10− 2 in the 
case of cement particles) can be associated to the breakage of the network of colloidal interactions (i.e. 
van der Waals attractive forces) between particles. It is thus possible to suggest that strong but short 
ranged colloidal interactions are at the origin of the cohesion of the earth paste. When 0.3% of NaSil is 
added to the earth material, the critical strain increases, and the material is able to be more deformed 
under stress than the reference paste, indicating that the interaction network between particles is long 
ranged. This observation suggests that NaSil modifies the van der Waals attractive force network at 
the origin of this critical strain.  
We can therefore suggest that the adsorbed NaSil is at the origin of steric repulsive forces between 
particles, leading to a strong dispersion of the particles into the suspension (Flatt, 2004). By steric 
hindrance effect, the surface-surface separating distance between particles increases and direct particle 
contacts are replaced by soft distant contacts. A network of soft interactions gets them in contact to 
create a stable and cohesive medium, leading to, at macroscopic scale, a significant critical strain. 
Given that the initial state is recovered, the internal structure and the type of interactions of the 
material are not modified: after deflocculating the particles with the use of dispersant, they 
reflocculate to their initial form under the effect of calcium. The fact that we observe an equivalent 
critical strain suggests that calcium addition annihilates the plasticizing effect of the dispersant by 
removing it from the clay surface or modifying its dispersing ability on those surfaces. The amount of 
calcium introduced into the mixture corresponds to Ca/Si ratios frequently used for producing 
synthetic C-S-H. It is therefore most probable that the dispersant has been consumed by the 
precipitation of C-S-H products into the interstitial solution. It may either be removed for the surface 
or present there as C-S-H, contributing to cohesion rather than dispersion.  
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Elastic modulus as a function of strain for the reference earth paste, the earth paste prepared with 0.3% 

of NaSil and the same earth paste containing Ca(OH)2 after setting. 
 

3.3. Precipitation products 
The peak identification of XRD patterns shows the precipitation of two phases: formation of 
plombierite, a gel like structure member of calcium silicate hydrate (C-S-H) family, and sodium 
carbonate (Fig. 4). 
Plombierite named Tobermorite 14Å with a chemical composition Ca5Si6O16(OH)2.8H2O is the most 
hydrated phase of C-S-H group (Nonat, 2004; Bonaccorsi et al., 2004). At 3 minutes, Ca(OH)2 peaks 
can still be identified, but after 3hrs of mixing, Ca(OH)2 peaks have disappeared and C-S-H peaks are 
more dominant (Fig. 4). The SEM images show large plates of Calcium hydroxides crystals after 3 
minutes (Fig. 5a) and typical needles network of C-S-H after 3 hours (Fig. 5b). This result confirms 
the previous hypothesis concerning the mechanism of coagulation of the soil by addition of a calcium-
containing mineral: the formation of C-S-H as an anti-plasticizers. Moreover, the process involves a 
coupling of portlandite dissolution and C-S-H precipitation, which delays the coagulation process 
giving open time for processing the earth pastes in fluid state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: X-ray diffraction patterns of sodium silicate solution and calcium hydroxide at different mix dried at 

60°C and 50mbar 



 

  
 

Figure 5: SEM images of NaSil and Ca(OH)2 precipitation products dried at 60°C and 50mbar after 3min (a) and 
3hrs (b) of mixing. 

 
 

4. Conclusions 
Strategies that have been tested are promising and allow developing a process to cast a clay based 
concrete as easily as a cement bound concrete. Through a modification of clay properties with 
inorganic additives and a calcium containing mineral, it is possible to deflocculate and flocculate clays 
during the casting process.  
The use of sodium silicate as dispersant leads to a strong deflocculation of clay particles by creating 
repulsive forces between particles. The yield stress of the earth material is then considerably reduced 
and a good workability is obtained as required to pour the material in the formwork.  
Furthermore, we showed that the addition of calcium hydroxide can reflocculate clay particles, 
through a slow dissolution that releases calcium ions into the interstitial solution, which 
macroscopically brings the earth material back to its initial behaviour. The released calcium ions lead 
to C-S-H precipitating with the silicate dispersant, which cancels the plasticizing effect. In this process, 
C-S-H precipitation is not used as a binding agent but as an anti-plasticizer that removes the inorganic 
dispersant additives.  
However, further work for the development of a performant self-compacting clay concrete must still 
be done. Indeed, this process allows to preserve the same initial material but not to improve its internal 
cohesion and resistance. As a consequence, an additional removal of the water will be needed in order 
to achieve higher strength. 
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Abstract 
 Calcium silicate hydrate (C-S-H), calcium aluminosilicate hydrate (C-A-S-H) and sodium 
aluminosilicate hydrate (N-A-S-H) are a main alkali-activated hydration products of calcium alumino-
silicate glasses. The C-S-H, C-A-S-H and N-A-S-H phases have a very different chemical composition 
and very different structures. These phases are materials which have ability to toxic ions immobiliza-
tion. Immobilization mechanisms for calcium silicate hydrate, calcium aluminosilicate hydrate and 
sodium aluminosilicate hydrate include sorption, phase mixing, substitution and precipitation of insol-
uble compounds.  
 The objective of this work is to create a binding and immobilizing matrices for heavy metals 
ions. The phase composition and microstructure of these amorphous phases indicate that they can play 
an essential role in the stabilization of heavy metals. This study presents the C-S-H, C-S-S-H and N-A-
S-H (prepared C/S ratio 1.0 and A/S ratio 1.0) phases as absorbent for Pb2+, Cd2+, Zn2+, Cr3+ and 
CrO4

2- ions immobilization. The effect of added of heavy metals cations and anions on the hydration 
phenomena was studied by means X-ray diffraction analysis also FTIR and NMR spectra were meas-
ured. The properties of C-S-H, C-A-S-H and N-A-S-H in the presence of Pb, Cd, Zn and Cr ions were 
studied. The leaching ML Maximum Leaching Test was used to evaluate the immobilization level of 
heavy metals ions in C-S-H, C-A-S-H and N-A-S-H. This results show that analyzed heavy metals ions 
can be effectively immobilized into the alkali-activated matrices of calcium aluminosilicate glasses. It 
was found that the degree of for Pb2+, Cd2+, Zn2+ and Cr3+ ions immobilization was very high (exceed-
ing 99.9% for C-S-H, 93.1% for C-A-S-H and 99.9% for N-A-S-H). The level of immobilization of 
CrO4

2- anions in C-S-H is more than 91.8%, in C-A-S-H is higher than 89.5% and in N-A-S-H is great-
er than 98.8%. 
 
Originality 
 Presented studies have shown the effect of the addition of the heavy metals ions such as Pb2+, 
Cd2+, Zn2+, Cr3+ and CrO4

2- ions as well as a method for heavy metals immobilization on C-S-H, C-A-
S-H and N-A-S-H matrices which are the hydration products of aluminosilicate glasses. The addition 
of heavy metal ions affects the degree of immobilization heavy metals and polymerization of silicate 
and aluminosilicate phases formed during pastes maturation. The correlation between structural 
changes and immobilization properties of the resulting materials was shown. A positive effect of the 
heavy metals addition on the properties of the materials has been established. 
 
 
Keywords: calcium silicate hydrate (C-S-H), calcium aluminosilicate hydrate (C-A-S-H), sodium alu-
minosilicate hydrate (N-A-S-H), heavy metals immobilization, leaching 
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1. Introduction 
 

It has long been know that, in the right concentrations, many metals are essential to life 
and ecosystems (Wang L. K., et al,  2009; Ho Y. S., El-Khaiary M. I., 2009). Chronic low 
exposures to metals can lead to severe environmental and health effects. Similarly, in excess, 
these some metals can be poisonous. The main metal treats are associated with heavy metals 
such as lead, arsenic, cadmium and mercury. Metals can be transported from one environment 
compartment to another, with complicates the containment and treatment problem (Ghinwa 
M., et al, 2009; Salomons W., et al, 1995).  

Heavy metals are closely connected with environmental deterioration and the quality of 
human life, and thus have aroused concern all over the word. With the increasing contamina-
tion of natural environment, the problem of heavy metals stabilization becomes more and 
more significant. Mechanism of the processes occurring on immobilization, as well as the 
assessment of the effectiveness of solidification has been widely studied in many reports (Roy 
D. M., et al, 1992; Cho J. W., et al, 1998; Astrup H. A., et al, 2006; Jaarsveld J.G.S., et al, 
1999) large body of research that deals with the treatment of metal pollution by different 
methods such as adsorption, activated sludge (Deja J., 2002), phytoextraction, electrokinetic 
methods, electroosmosis and ion exchange (Wang L. K., et al, 2009; Stephan D., et al, 2005; 
Giergiczny Z., Król A., 2008) has also been published.  

Due to the high toxicity degree of heavy metals, they should be carefully neutralized in 
the relevant matrix. Matrices made of calcium silicate hydrate (C-S-H gel), calcium alumino-
silicate hydrate (C-A-S-H gel) and sodium aluminosilicate hydrate (N-A-S-H gel), present in 
the products of hydration of building materials such as cement, slag - alkaline binders or alu-
minosilicate glasses can play important role in immobilization processes (Małolepszy J., Deja 
J., 1994; Xu J. Z., et al, 2006; Valls S., Vazquez E., 2000).  

The immobilization mechanism of heavy metals within C-S-H1, C-A-S-H2 and N-A-S-
H3 matrices are proposed to include a physical absorption and chemical encapsulation such as 
sorption, phase mixing and substitution (Lodoiro G., et al, 2010; Girao A. V., et al, 2007). 
Absorbability, low permeability preventing the migration of liquids and the presence of small 
gel pores (micropores) are among the decisive factors affecting high immobilization potential 
of C-S-H, C-A-S-H and N-A-S-H (Glasser F. P., 1994).  

C-S-H, C-A-S-H and N-A-S-H gels have a very different chemical composition and 
very different structures. Calcium silicate hydrate (C-S-H) (Henderson E., Bailey J. E., 1993; 
Chang W., et al, 2000; Nonat A., 2004) is the principal hydration product and primary bind-
ing phase in Portland cement (Taylor H.F.W., 1950; Garcia-Lodeiro I., et al, 2012; Richard-
son I. R., 2004). Although modern Portland cement has been in use for over 150 years and C-
S-H has been studied extensively for a half century, there are many aspects of C-S-H structure 
that remain poorly understood. C-S-H is an essentially amorphous material, which makes its 
characterization rather difficult. A wide variety of structural probes, including X-ray diffrac-
tion (XRD), NMR spectroscopy, X-ray absorption spectroscopy (XAS), Raman spectroscopy, 
TEM, and SEM, provide strong evidence that the average structure of C-S-H is generally 
similar to those of tobermorite and/or jennite (Sun G. K., et al, 2006; Żak R., Deja J., 2015; 
Żak R., 2014). C-S-H is also the main hydration product in hardened alkali-activated slags 
(AAS) pastes (Chen W., Brouwers, H. J. H., 2007). Alkali activation is the process of expos-
ing these glassy materials to a high pH environment, to promote the congruent dissolution of 
alumino-silicates. These dissolved products can then react with water and the available alkali 
and calcium ions to form calcium silicate hydrate (C-S-H) and calcium-aluminum-silicate 
hydrate (C-A-S-H) gels that provide the binder phase in concrete (Cartwright C., et al, 2013).  

1 C-S-H: C = CaO, S = SiO2, H = H2O, 
2 C-A-S-H: C = CaO, A = Al2O3, S = SiO2, H = H2O, 
3 N-A-S-H: N = Na2O, A =Al2O3, S = SiO2, H = H2O,  
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The main structure of C-S-H phase is the cationic 
sublattice forming a layer composed of octahedra CaO6 to 
which are linked from both sides SiO4 tetrahedra [see Fig-
ure 1] (Garcia-Lodeiro I., et al, 2012; Richardson I.R., et 
al, 1997). It is a layer structure and octahedral in each 
layer have all oxygen common with coordinating tetrahe-
dral, forming chains. This structure is identical with 1.4 
tobermorite, but with disordered anionic sublattice, also 
known as dreirketten chains (Richardson I. R., 2004). 

 
 

 
 
For the gel forming during the alkali activation of CaO-rich materials (i.e. blast furnace 

slag), in turn, (Schilling P. J., et al, 1994), proposed a new model in which the Al is taken up 
into the structure of the material, replacing an Si tetrahedron in the bridging tetrahedron posi-
tion. This model, based on 29Si and 27Al MAS NMR studies, was later ratified by Fernández-
Jiménez A., et al, 2003a, who showed that the presence of Al gives rise to longer linear chains 
as well as to the possibility of occasional inter-chain bonds “cross-linked” across Si-O-Si 
bonds to form plane-like structures (Q3 nAl units). In this C-”A”-S-H – type gels would form 
(see Figure 2a). 

By contrast, the structure of the gels forming during the alkali activation of silicoalu-
minous materials - with low Ca content varies substantially from the foregoing. This gel, 
knows as N-A-S-H gel is characterized by a three – dimensional structure (see Figure 2b). In 
this structure, the Si is found in a variety of environments, with a predominance of Q4(3Al) 
and Q4(2Al) units (Fernández-Jiménez A., et al, 2006). The Si4+ and Al3+ cations are tetrahe-
drally coordinated and joined by oxygen bonds. This is in contrast to the two-dimensional C-
S-H gel (Garcia-Lodeiro I., et al, 2012; Fernández-Jiménez A., et al, 2009). 

This papers provides a researches of the “fundamental knowledge”. Furthermore, the 
structure and properties of C-S-H, C-A-S-H and N-A-S-H as matrices for heavy metals ions 
stabilization were discussed and effect of heavy metals on the phase composition, microstruc-
ture of calcium silicate hydrates, calcium aluminosilicate hydrates and sodium aluminosiicate 
hydrates were investigated. 

 

  
 

Figure 2. The structure of gel: (a) C-A-S-H – two dimentional, (b) N-A-S-H – three dimentional (Gar-
cia-Lodeiro I., et al, 2012; Fernández-Jiménez A., et al, 2009) 

 

Figure 1. The structure of C-S-H gel (Garcia-Lodeiro I., et al, 2012) 

(a) (b) 
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2. Experimental 

2.1. Materials 
2.1.1. Initial reagents 

The following working materials were used: laboratory grade calcium nitrate, alumini-
um nitrate and sodium silicate supplied by POCH.S.A. A 2 M NaOH solution prepared from 
NaOH pellets and deionized, decarbonated water as a buffer was used. 

 
2.1.2. C-S-H, C-A-S-H and N-A-S-H gels synthesis 

The C-S-H gel with target C/S ratios of 1.0 was prepared. This ratio was chosen to be 
typical of C/S in alkali–activated slag binders hydration products. Reagent grade 
Ca(NO3)2·4H2O and Na2Si3O7 were used for C–S–H gel synthesis. 2 M NaOH solution (alkali 
activator) was added to the 1M Ca(NO3)2·4H2O and 1M Na2Si3O7. The ratio of salts to alkali 
solution was 1:2. Deionized and decarbonated water was used throughout. The solution was 
stirred constantly using magnetic stirrer during synthesis at a room temperature 20±2°C in a 
tightly closed flask. The mix was stirred for 7 days. 

 At the end of the process two phases were obtained: a solid precipitant (the gel) and a 
supernatant liquor. After measuring the pH of the liquor, the gel was vacuum filtered and 
washed with deionized and decarbonated water. Next, a sample was vacuum – dried in a des-
iccators prior to analyses.  

The procedure followed to synthesize the C-A-S-H and N-A-S-H gels was the same as 
for the C-S-H gel. The Al2O3/SiO2 molar ratio equal 1.0. The materials in the form of 
Ca(NO3)2·4H2O, Na2Si3O7 and Al(NO3)3·9H2O as a source of sodium, silicon and aluminium 
were chosen to obtain the C-A-S-H gel, respectively. The reagent grade: Na2Si3O7 and 

Al(NO3)3·9H2O as the source of sodium, silicon and aluminium to obtain the N-A-S-H gel, 
were chosen.  

 

2.1.3. C-S-H, C-A-S-H and N-A-S-H gels synthesis with heavy metals ions 

The effect on C-S-H, C-A-S-H and N-A-S-H of the simultaneous addition of heavy 
metals ions in this part of research were studied. The following heavy metals ions, in the form 
of soluble salts, were added into C-S-H, C-A-S-H and N-A-S-H matrices: Pb+2 as Pb(NO3)2, 
Zn+2 as Zn(NO3)2, Cd+2 as Cd(NO3)2, Cr+3 as Cr(NO3)3 and CrO4

2- as Na2CrO4, each at a con-
centration of 10 mM/dm3. Calcium silicate hydrate, calcium aluminosilicate hydrate and sodi-
um aluminosilicate hydrate with a solution of heavy metals salts at a mass ratio equal 1:5 
were mixed. Samples were mixed for 48 hours. With magnetic stirrer. Then this time, C-S-H, 
C-A-S-H and N-A-S-H gels with heavy metals ions were subjected to washing with distilled 
and decarbonated water. Furthermore, the samples were dried, ground to per 63 μm sieve and 
homogenized. Degree of immobilization of heavy metals was carried out by ML (determina-
tion of maximum degree of leaching) test – leaching test.  

 

2.2. Methods 
 

The C-S-H, C-A-S-H and N-A-S-H gels were examined by XRD and SEM/EDS meth-
ods. The XRD studies were done on powdered samples using Philips X’Pert Diffractometer. 
The microstructure of hardened samples was observed under the scanning electron micro-
scope FEI Nova Nano SEM 200 with energy dispersive microanalyzer. The Fourier transform 
infrared spectroscopy (FT-IR) studies were carried out on the Digilab FTS 60v spectrometers 
in mid ranges: 400 – 4000 cm-1. The transmission technique was applied and the samples 
were prepared as standard KBr pallets. KBr was used as the beam splitter. Spectra analysis 
was performed at a resolution of 4 cm-1. A Bruker Avance-400 NMR spectrometer was used 
for NMR studies with TMS (tetramethylsilane) and Al(H2O)6

3+ as references for 29Si and 27Al 
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respectively. The 29Si resonance frequency was 79.5 MHz and the spinning rate was 10 KHz. 
Spectra were obtained after irradiation of samples with a π/2 pulse - 5μs. The 27Al resonance 
frequency was 103.5 MHz and the spinning rate 10KHz. The leached solutions (ML test) was 
diluted and analyzed using mass spectrometry with plasma inductively excited (ICP-AES) on 
Philips PU 9100X spectrometer.  

 
 
3. Results and Discussion  
 
3.1. XRD analysis 

 
Phase composition of the samples was determined by XRD tests. Characterization of 

the C-S-H, C-A-S-H and N-A-S-H was carried out in the range 5-60° using a continuous scan 
rate of 2°/min. Background correction was performed on the XRD patterns. C-S-H, C-A-S-H 
and N-A-S-H phases as a matrices for the immobilization of heavy metals have a different 
kinds of immobilization mechanism, such as: sorption, substitution an interlayer structure and 
admixing of other phases.  

Figure 3 shows diffractograms for C-S-H gel synthesized without (reference sample) 
and with heavy metals addition. The X-ray patterns indicated the presence of the primary 
peaks previously reported for C-S-H. X-ray diffraction from samples (“0”) – (“4”) (Figure 3) 
identified a series of peaks (at 29.34, 32.11, 36.10 and 54.15°2Ө) in addition to peaks charac-
teristic of C-S-H gel, which were also observed from the reference sample (“0”). Furthermore, 
beyond the main peaks designated as CSH: 29.34 and 32.11°2Ө, it can be seen (Figure 3) the 
other characteristic series of C–S–H peaks – designated as: C – 36.10, 49.95°2Ө and 
54.15°2Ө. The reference sample is highly amorphous C–S–H phase (determined by XRD and 
DTA/TG tests). On the diffractograms changes caused by the addition of heavy metal ions as 
compared to the reference sample were observed. 

 

 
 

CSH – C-S-H, C- calcium silicate hydrate, Zn - sodium zinc hydrate NaZn(OH)3(H2O)3,  
S - Ca[Zn(OH)3H2O]2,  J – junitoite CaZn2Si2O7·H2O, Cd - calcium cadmium hydroxide CaCd(OH)2, 

Pb- calcium lead hydroxide Ca[Pb(OH)3]2, Cr - calcium chromium hydroxide Ca2Cr(OH)7·3H2O 
 

Figure 3. X-ray diffraction patterns of (“0” sample) - calcium silicate hydrate and with addition of 
heavy metals: (“1)-(4”) 
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For example, Zn(II) ions (in an environment of high pH), they have an amphoteric 
character and they form complex anions, such as: Zn(OH)3

- - NaZn(OH)3(H2O)3.  In the pres-
ence of calcium ions an insoluble Ca[Zn(OH)3H2O]2 and CaZn2Si2O7·H2O are precipitated 
(see Figure 3(1)). Furthermore, in addition to Zn2+ and Pb2+, layered double hydroxides of 
calcium and chromium, zinc or lead, such as Ca2Cr(OH)7·3H2O, CaZn2Si2O7·H2O were de-
tected by XRD. The presence of these compounds as amorphous structures in the correspond-
ing hydrated products was confirmed via the comparison of DTA/TG analysis results. Heavy 
metal compounds could be occluded (physically encapsulated) by C–S–H. 

The study of geopolymers using X-ray diffraction is more difficult by the fact that a 
large part of the structure is amorphous to X-rays. 

Figure 4 and Figure 5 shows example X-ray diffraction for C-A-S-H and N-A-S-H gels 
(reference sample and samples with the addition of heavy metals ions), respectively. 

On the diffractograms (Figure 3 to Figure 5) a changes in the peaks positions and 
shapes were observed for all the C-S-H, C-A-S-H and N-A-S-H matrices as a result of C-S-H, 
C-A-S-H and N-A-S-H interactions with the addition of heavy metal ions. Phase composition 
showed that the degree of crystallization is slightly greater for the samples with the heavy 
metals addition in comparison to reference sample, especially for C-S-H and N-A-S-H gels.  
In the precipitation of hydration products of aluminosilicate glasses, heavy metals ions may 
be adsorbed on their surfaces and then enter the lattice to form a solid solution, altering their 
structures (crystallinity, particle size) and solubility. After immobilization of heavy metals 
ions on C-A-S-H and N-A-S-H, we can observe the presence of zeolite phases, such as zeolit 
A-Zn: Zn6Al12Si12O48(H2O)29  or sodium zinc hydrogen silicate hydrate - Na4Zn2Si2O7·5H2O4 
or sodium aluminium silicate hydrate - zeolite LTA.  

 

 
 

 

 

 
 

3.2. FTIR analysis 
 

C-S-H, C-A-S-H and N-A-S-H were characterized with Fourier transform IR spectros-
copy (MIR spectra). The vibration bands for calcium silicate hydrate, calcium aluminosilicate 
hydrate and sodium aluminosilicate hydrate (called “0” samples) are shown in Figure 6. The 
bands found for these gels are consistent with spectra characteristic of C-S-H, C-A-S-H and 
N-A-S-H gel as reported in the literature (Garcia-Lodeiro I., et al, 2009; Taylor H. F. W., 
1993; Pardal X., et al, 2009; Lodeiro G., et al, 2010; Palomo A., et al, 2004; Mozgawa W., 
2000). Figure 5 also shows the FTIR spectra for C-S-H, C-A-S-H and N-A-S-H with zinc ions.  

 
 

NA - N-A-S-H, G - gaultite Na4Zn2Si2O7·5H2O4, Z - zeolite LTA  
 

CASH – C-A-S-H, CA- C-A-S-H, Z - zeolite A-Zn 
(Zn6Al12Si12O48(H2O)29) 

Figure 4. X-ray diffraction patterns of C-A-S-H  
(“0” sample) and with addition of Zn 

 

Figure 5. X-ray diffraction patterns of N-A-S-H  
(“0” sample) and with addition of Zn 
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Figure 6. FTIR spectra for (a) C-S-H, (b) C-A-S-H and (c) N-A-S-H samples (“0” samples) and with 

addition of Zn2+ (“1” samples) 
 

IR spectra results for C-S-H samples show that bands due to Si–O stretching, Si–O–Si 
bending, and SiO4 tetrahedral deformation are all quite similar, demonstrating that all the 
samples have a silicate chain structure.  

The Mid-IR spectra for control samples of hydration products of aluminosilicate glass-
es and these samples with heavy metals addition are all quite similar, but they have a signifi-
cant differences, mainly in the range 400–1200 cm-1. They have a very similar arrangement of 
short-range structure of hydrated calcium silicates, hydrated calcium aluminosilicates and 
hydrated sodium aluminosilicates with different chemical compositions. Mileage bands indi-
cates the formation of a bond Si-O-Si. These bonds bear witness to the advancement of the 
condensation process of silica-oxide anion. The spectrum for control samples shown a band at 
around 970 cm-1. The band can be assigned to Si–O stretching vibrations of the Q2 tetrahedra. 
The addition of heavy metals to C-S-H sample results in shift the position of the main band of 
971 cm-1 (reference sample) to a position about 970 cm-1 (see Figure 6a). These changes can 
be explained by the process of breaking bands of Si–O–Si and the formation of new bands of 
Si–O-. We can see (Figure 6) that the C-S-H, C-A-S-H and N-A-S-H containing Zn2+ are 
characterized a greater degree of depolymerization structure. There is a process of organizing 
the structure of hydrated calcium silicates, hydrated calcium aluminosilicates and hydrated 
sodium aluminosilicates.  

All analyzed samples have a complex group of bands in the range of 800–1200 cm−1, 
corresponding to the asymmetric and symmetric stretching vibrations of Si–O bonds, a band 
at ~660 cm−1 due to Si–O–Si bending vibrations, and a group of bands in the range of 400–
500 cm−1 due to deformation of SiO4 tetrahedra. The series of bands observed in the 650-450 
cm-1 range are typical of δ Si–O–Si (Criado M., et al, 2007) deformation vibrations (see Fig-
ure 6). The broadening indicates an increased range of this angle with decreasing silicate 
polymerization, as also shown by literature data of 29Si NMR (Beaudoin J. J., et al, 2009). 

The MIR spectra for N–A–S–H gel (reference sample) obtained in this study is similar 
to the spectra generated by gels prepared by alkali activating fly ash and metakaolin (Fernán-
dez-Jiménez A., Palomo A., 2005; Rees C. A., et al, 2007). The main band at 1082 cm−1 (see 
Figure 6c ) is attributed to the asymmetric stretching vibrations generated by R–O–R bonds 
(where R is Si or Al). The rest of the bands characteristic of N–A–S–H gel are also present: 
the 560-cm−1 band attributed to tetrahedral aluminium stretching bands, and bands in the 730–
460 cm−1 interval attributed to the bending vibrations generated by Si–O–Si/Si–O–Al bonds. 
The band at 1380 cm-1 is associated with N–O bending vibrations. 
 
 
3.3. NMR analysis 

Results of a 29Si MAS NMR and 27Al MAS NMR study of C-S-H, C-A-S-H and N-A-
S-H phases modified by interaction with zinc cations are reported.  

NMR studies such as 29Si NMR MAS have revealed the existence of variable chain 
lengths of silicates, where a silicon site Q1 represents of variable an end group of a chain, Q2 – 

(a) (b) (c) 
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a middle group, Q3 – a branching sites and Q4 a fully cross linked group (Beaudoin J. J., et al, 
2009).  

The NMR spectra for the control C-S-H specimens and the corresponding spectra for 
C-S-H with 1% addition of Zn2+ are shown in Figure 7. In Figure 8(a) and (b), the 29Si and 
27Al NMR spectra for C-A-S-H reference and with addition of heavy metals ion gels are 
shown.  
 

 
 

Figure 7. (a) 29Si MAS NMR spectrum for control sample C-S-H and (b) sample C-S-H with addition 
of 1% Zn2+ 

 
The peaks at – 87.55 ppm on the 29Si spectrum of the control (Figure 7a) and with the 

addition of zinc cations are assigned to tetrahedral mid chain Q2 silicates. A single sharp Q2 
peak indicating the presence of relatively long silicate chains (a higher degree of polymeriza-
tion). The smaller signals at – 99.80 ppm are assigned to Q3 silicate – assumed to be from 
disequilibrium in the gel products.  

A tiny Q3 peaks are present for the C-S-H (Figure 7) and C-A-S-H (Figure 8a) indica-
tion a small degree of crosslinking. The peaks on the shoulder of Q2 peak for these samples 
are attributed to the difference to the local environment of Q2 sites as in the bridging positions 
and paired groups. The chemical shift of bridging sites may also vary depending on the chem-
ical attachments such as OH- or Ca2+.  

A chemical shift for the silicon atom will be occur in the following cases: -O-Si-O-H; -
O-Si-O-Na; -O-Si-O-Si-; -O-Si-O-[heavy metals ion] (Miitchell L. D., et al, 2007). The 
chemical shift of Si in the vicinity of the heavy metals immobilization can be similar to that 
obtained with a Si-O-Si bond and mimic the latter which is called Q2. NMR MAS analyses of 
alkali-activated matrices of hydration products of aluminosilicate glasses suggested that sodi-
um is incorporated in the silicate chains at sites of missing silica tetrahedral bonding to oxy-
gen in the chain –O-Si-O-Na. Increased silicate polymerization appears to be operative inde-
pendent of whether the these matrices are performed prior to interaction with Na or the inter-
action occurs during in situ of these formations.  
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Figure 8. (a) 29Si NMR MAS spectra of C-A-S-H (control sample) and with addition of Zn2+, (b) 27Al 
NMR MAS spectra of C-A-S-H (control sample) and with addition of Zn2+ 

 
Figure 9. 27Al NMR MAS spectra of N-A-S-H (control sample) and with addition of Zn2+ 

 

The corresponding 27Al NMR MAS spectra for C-A-S-H (Figure 8b) and N-A-S-H  
(Figure 9) show peaks at around 57 ppm and 54 ppm assigned to Al[4] and 11 ppm 6-7 ppm 
assigned to Al[6], respectively. These phase contains aluminium in tetrahedral and octahedral 
coordination. The addition of heavy metals cations to these phases causes an increase in the 
share of aluminum in the octahedral position.  

 
 
3.3. SEM/EDS analysis 
 

The microstructure of the all samples was analyzed by SEM/EDS method. In Figure 10, 
the scanning electron microscopy observations for control samples C-S-H, C-A-S-H, N-A-S-
H and for samples containing heavy metals are shown. The morphology of the all reference 
samples such as calcium silicate hydrate, calcium aluminosilicate  hydrate and sodium alumi-
nosilicate hydrate are very amorphous. Gels-like C-S-H, C-A-S-H and N-A-S-H phases as a 
main hydration products of aluminosilicate glasses occurring in one form: Type II of phases, 
following Diamond’s classification (Diamond S., 1976). This structure corresponds to a form-
ing a three-dimensional structure of the plates, so-called honeycomb (see Figure 10).  

 

 
Figure 10. SEM. The morphology of the (a) C-S-H, (b) C-A-S-H and (c) N-A-S-H (mol. ratio C/S = 1.0 

and A/S = 1.0) 

 
The significant differences between the samples doped with heavy metals and reference 

samples were not observed. Analyses calcium silicate hydrates, calcium aluminosilicate hy-
drates and sodium aluminosilicate hydrates with a addition of zinc, cadmium, lead and chro-
mium ions have a structure, which consist with isometric poorly developed formations. They 
constitute a fairly uniform and spongiform mass. Fracture images show a similar microstruc-
ture of samples of C-S-H, C-A-S-H and N-A-S-H gels with heavy metal ions for obtained 
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materials. Examples of typical microstructure of the samples with heavy metals ions are pre-
sented in Figure 11-13.  

 

  

 
Figure 11. SEM/EDS. The morphology of the C-S-H samples (mol. ratio C/S = 1.0) with addition of Zn 

cations 
 

 
Figure 12. SEM/EDS. The morphology of the C-A-S-H samples (mol. ratio A/S = 1.0) with addition of 

Pb (a) and Cd (b) cations 
 

 
Figure 13. SEM/EDS. The morphology of the N-A-S-H samples (mol. ratio A/S = 1.0) with addition of 

Pb (a) and Cr (b) ions 
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3.4. Leaching analysis 

One of the methods allowing to determine the effectiveness of solidification of waste in 
matrixes based on composite binders is the evaluation of the immobilization level of heavy 
metals. 

All the samples submitted to leaching test were shredded into particles smaller than 
0.125 mm. The leaching test was conducted using the ML test - specifies the maximum de-
gree of leaching of heavy metals from matrices (Kopia B., Małolepszy J., 1994). The sol-
id/liquid ratio was kept at 1:50. The concentrations of all metals after 28- and 90-days hydra-
tion extracts were determined using ICP-AES test (mass spectrometry with plasma inductive-
ly excited) (Houk R. S., 1986). 

Leaching test is a very powerful tool to determine an immobilizing ability of different 
heavy metals in any complex system. Table 1 shows a degree of heavy metals immobilization 
in the C-S-H, C-A-S-H and N-A-S-H matrices. 

 
Table 1. Results of leaching tests 

Sample  Immobilization degree [%] Immobilization degree [%] 
Notation 7 days 90 days 

C-S-H C-A-S-H N-A-S-H C-S-H C-A-S-H N-A-S-H 
1% Pb(II) 99.99 99.07 >99.99 99.99 98.96 >99.99 

1% Cd(II) 99.98 98.89 99.99 99.97 98.89 99.98 

1% Zn(II) 99.99 98.85 >99.99 99.97 98.84 99.99 

1% Cr(III) 99.98 93.08 99.99 99.98 93.08 99.98 

1% Cr(VI) 96.57 89.64 98.82 91.88 89.54 98.77 
 
Immobilization level of particular heavy metal ions depends strongly on the heavy met-

als kind and the hydration time. It becomes higher within time or attains early high values and 
does not show any further change. Degree of the immobilization of the heavy metals ions: 
Zn(II), Cd(II), Pb(II), Cr(III) in the C-S-H phase remains at the level exceeding 99.9%, in the 
C-A-S-H - exceeding 93.1% and in the matrices of N-A-S-H is higher than 99.9%. The level 
of immobilization of CrO4

2- anions in C-S-H is more than 91.9%, in C-A-S-H is higher than 
89.5% and in N-A-S-H is higher than 98.8%. Metals which present the highest immobiliza-
tion level are lead, cadmium and zinc. 
 
4. Conclusions 

The influence of the addition of Pb2+, Zn2+, Cd2+, Cr3+ and CrO4
2- ions on the phase com-

posite and microstructure of alkali-activated C-S-H, C-A-S-H and N-A-S-H matrices as well 
as the immobilization of heavy metals were investigated. Very important aspect of this paper 
was ML leaching test of heavy metals from the C-S-H, C-A-S-H and N-A-S-H matrices. 
Heavy metals ions in C-S-H, C-A-S-H and N-A-S-H have significant impact on the structure. 
It means that Zn(II), Cd(II) Pb(II) and Cr(III) and Cr(VI) ions inhibit the process of organiz-
ing the structure of the C-S-H, C-A-S-H and N-A-S-H phases.  

The factors governing the formation and structure of C-S-H, C-A-S-H and N-A-S-H and 
the mechanism of stabilization are still poorly understood, although the chemical properties 
suggest that these matrices are well suited for the immobilization of specifically toxic metals 
such us heavy metals. 

X-ray diffraction and FT-IR spectroscopy are a useful and convenient method to study the 
hydration products of aluminosilicate glasses. This technique of characterization benefits cer-
tain advantages such as a small amount of sampling material, a short time of interpretation 
and a simplified sampling process compared to other usual methods of characterization. The 
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dominant structural mechanism is depolymerization due to substitution of interlayer calcium 
and aluminium for bridging tetrahedra and associated Si–OH and Al-OH groups.  

29Si and 27Al NMR MAS spectroscopy can provide useful structural information about the 
nature of heavy metals-C-S-H/C-A-S-H/N-A-S-H interactions.  

The degree of Pb2+, Zn2+, Cd2+, Cr3+ was very high, exceeding 99.9% for C-S-H and N-A-
S-H and 93.1% for C-A-S-H. Only the values for CrO4

2- were lower (below 98.8%) in these 
matrices.  

The results thus presented prove that alkali-activated hydration products of aluminosili-
cate glasses such as C-S-H, C-A-S-H and N-A-S-H can be successfully used as the heavy 
metals immobilizing agent and can play an important role in waste management.  

Understanding the exact mechanisms of immobilization of these ions in C-S-H, C-A-S-H 
and N-A-S-H matrices will serve to improve its usefulness. It is, therefore, suggested as an 
area for further study. 
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Unluer, C.1*, Al-Tabbaa, A.1 

1. Department of Engineering, University of Cambridge, Trumpington Street, Cambridge, CB2 1PZ, UK 
 
 
Abstract 
Magnesium oxide (MgO) based binders have the ability to provide more sustainable mixes when compared to 
traditional cement based formulations. Reactive MgO hydrates to form brucite (Mg(OH)2, magnesium hydroxide), 
which can then react with CO2 and additional water to form a range of strength providing hydrated magnesium 
carbonates (HMCs), such as nesquehonite (MgCO3·3H2O), hydromagnesite (4MgCO3·Mg(OH)2·4H2O), and dypingite 
(4MgCO3·Mg(OH)2·5H2O) in porous concrete mixes. The rate and degree of carbonation govern the microstructure 
and the overall mechanical performance of mixes involving MgO cements as the main binder. Aggregate grading has a 
significant influence on the carbonation process due to the different particle arrangements that determine the porosity 
and permeability of the resulting formulations. The work presented in this paper investigates the effect of aggregate 
particle size distribution on the carbonation of blocks containing reactive MgO. This is performed by density, 
permeability, porosity and compressive strength measurements of samples containing four different aggregate profiles 
subjected to accelerated carbonation at 20% CO2 concentration for up to 28 days. While the influence of gap grading 
on strength development was not very pronounced, mixes with the lowest initial porosity indicated the greatest increase 
in density at the end of 28 days. This also translated into the highest strength results obtained due to the formation of 
hydrated magnesium carbonates, reaching 10 MPa only after 1 day of carbonation. The porosity values measured 
before carbonation were inversely correlated with the corresponding densities and final strengths of each mix. An 
inverse correlation between porosity and permeability values before carbonation led to the conclusion that the 
connectivity of pores rather than the total pore volume controls the carbonation reaction. Mixes with higher initial 
permeabilities achieved the highest strengths, proving that the extent of CO2 diffusivity is mainly dependent on pore 
connectivity. 
 
 
Originality 
Our survival depends on the development of robust and long-term strategies, combining growth in a world where 
resources are becoming continuously scarce. The proposed research contributes to sustainability in terms of the 
reduced CO2 emissions offered by the resulting cement formulations. Although the CO2 sequestration potential of MgO 
is known, the significant properties of the solid hydrated magnesium carbonates produced as a result of the carbonation 
process in building materials have not been fully discovered until very recently. The ability of reactive MgO to 
permanently sequester CO2 in several applications, thereby reducing its overall environmental impact is a new area 
with many different controlling variables that remain to be explored.  
 
The rate and degree of carbonation, the formation of carbonates, and the associated strength development depend on 
several factors including the properties of MgO, mix design, aggregate profile, use of additives, and curing conditions 
(humidity, temperature, transport and partial pressure of CO2). Only a small number of these variables have been 
considered in previous work. The main originality of this work is the connection it establishes between the initial 
density, porosity, and permeability of mixes with varying compositions and particle arrangements and the resulting 
mechanical performance. 
 
 
Keywords: Reactive MgO; aggregate particle size distribution; carbonation; permeability; compressive strength 
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1. Introduction 
 
Portland cement (PC) production is responsible for the emissions of 900 kg of CO2 for every ton of 
PC manufactured (Hasanbeigi et al., 2010), corresponding to 5-7% of global anthropogenic CO2 
emissions (Chen et al., 2010, Gartner, 2004). The main reason behind these emissions is directly 
attributed to the decomposition of limestone as shown in Equation 1, which is responsible for around 
60% of the total production emissions (Strazza et al., 2011). The CO2 generated due to the 
decomposition process is inevitably blended with the combustion waste gases, posing a long-term 
environmental threat (Schneider et al., 2011). Therefore, it is of utmost importance that certain actions 
are taken to reduce the impact of PC production on the environment and its contribution to climate 
change (Benhelal et al., 2013). 
  
CaCO3 → CaO + CO2 ↑                    (1) 
 
The cement industry has responded to this sustainability challenge by proposing certain solutions to 
efficiently minimize and curb CO2 emissions on a global scale, while maintaining the mechanical 
performance of concrete. Some of the alternative methodologies put forward in cutting down the 
amount of CO2 in cement production involve the: (i) utilization of alternative fuels with lower CO2 
discharge during the calcination of limestone; (ii) capture of CO2 within the built environment; (iii) 
improvement of the grinding and clinker production efficiencies; (iv) incorporation of high contents 
of supplementary cementitious materials (SCMs), such as ground granulated blast-furnace slag, fly 
ash, and silica fume within cement blends, presenting an economical solution (Gartner, 2004); and (v) 
development of a range of alternative low carbon binders. The aimed target will involve certain 
investments in process adjustment and integration, plant improvement, equipment care, insulation, 
and energy retrieval (Benhelal et al., 2013, Bernardo et al., 2007, Fairbairn et al., 2010). A summary 
of the main emission reduction methodologies is presented in Figure 1. 
 

 
Figure 1 Different approaches adopted for the reduction of CO2 emissions within the cement industry. 
 
The large amounts of energy and CO2 emissions associated with PC production have driven the need 
for the development of alternative binding materials with lower environmental impacts. The 
development of new binder alternatives, ranging from PC with replacements to aluminosilicates 
without any lime, originates from the availability of some of the fundamental raw materials containing 
calcium (CaO), silicon (SiO2), aluminum (Al2O3), iron (Fe2O3) and magnesia (MgO). Most of these 
binders incorporate a range of SCMs instead of the relatively energy and CO2 intensive cementitious 
phases. Some of the most well-known new binders currently being researched include calcium 



 

aluminate cements, calcium sulfoaluminate cements, alkali activated cements, supersulfated cements, 
and MgO-based cements.  
 
The most common ways of obtaining MgO include the calcination of magnesium carbonate (Unluer 
and Al-Tabbaa, 2013, Unluer and Al-Tabbaa, 2014, Shand, 2006) and its derivation from magnesium 
silicates such as serpentine and talc (Wesołowski, 1984). MgO can be classified under three main 
categories depending on the calcination temperature used during its production. Reactive MgO is 
produced at around 700-1000°C, resulting in a very high reactivity and surface area; whereas hard- 
and dead-burned MgOs are associated with increasingly lower reactivities and surface areas due to 
their higher calcination temperatures of 1000-1400°C and 1400-2000°C, respectively (Shand, 2006). 
Hard-burned MgO can be used to compensate shrinkage in PC mixes through expansion (Mo et al., 
2010), thereby effectively preventing cracking of mass concrete and reducing energy and costs 
associated with the expense of temperature control equipment (Gao et al., 2008). The main 
applications of MgO within the construction industry include: (i) magnesium oxychloride (MOC) 
cements which are particularly used in fiber reinforced fire resistant boards (Urwongse and Sorrell, 
1980, Sorrel and Armstrong, 1976), (ii) magnesium oxysulfate (MOS) cements used in lightweight 
insulation panels (Beaudoin and Feldman, 1977, Beaudoin and Ramachandran, 1978), (iii) 
magnesium phosphate (MAP) cements used in fire protection and rapid repairs (Mestres and Ginebra, 
2011, Ribeiro and Morelli, 2009, Viani and Gualtieri, 2014), and (iv) magnesium expansive additives 
(MEA) that are used to compensate concrete shrinkage in dam construction (Gao et al., 2008, Mo et 
al., 2010, Gao et al., 2013, Zheng et al., 1991, Mo et al., 2014). Some of the most frequently studied 
trial applications use reactive MgO as a binder that gains strength by carbonation (Vandeperre et al., 
2008a, Yi et al., 2012, Liska and Al-Tabbaa, 2009a) and MgO derived from magnesium silicates used 
in combination with hydrated magnesium carbonates (HMCs) (Flatt et al., 2012). 
 
MgO cements have received significant attention both from the industry and academia due to their 
high potential to be produced from waste materials such as brine and their ability to sequester CO2 
while gaining strength in various applications. The scientific community has shown interest in MgO 
related research dating back to 1950s. A study of the scientific databases signifies the pursuit of 
understanding the properties and potential uses of these materials in order to develop new 
technologies and applications featuring MgO cements. The obvious increase in the number of 
publications in the last 60 years can be clearly seen in Figure 2, indicating the rising interest in the use 
of MgO as a cement binder. The main subject areas of journals hosting papers on MgO cements and 
magnesium silicate hydrate (M-S-H) are indicated in Figure 3. While the majority (~50-60%) of these 
papers is published in materials science and engineering journals, the remaining is distributed 
amongst chemistry, earth and planetary sciences, and physics and astronomy journals.  
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Figure 2 Publications on MgO cement and M-S-H in the last (a) 60 and (b) 30 years (Source: Scopus). 
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Figure 3 Main subject areas of journals in which papers are published in the last 60 years, featuring (a) 
MgO cements (total number of papers: 715), and (b) M-S-H (total number of papers: 130) (Source: 

Scopus). 
 
The fundamental properties of reactive MgO and its use in cement formulations have been investiaged 
in previous research focusing on the hydration behaviour (Vandeperre et al., 2006, Vandeperre et al., 
2008c, Vandeperre et al., 2008b, Liska et al., 2006), microstructure (Vandeperre et al., 2008c), and 
carbonation performance (Vandeperre et al., 2007, Liska et al., 2008, Liska and Al-Tabbaa, 2009b, 
Liska et al., 2013a, Liska et al., 2013b). The use of MgO alone was observed to have special 
advantages in terms of mechanical and durability performance and carbonation potential over the PC-
MgO blends, depending on the application (Liska et al., 2008, Liska and Al-Tabbaa, 2009b, Liska, 
2009, Liska and Al-Tabbaa, 2008), leading to sucessful commercial scale-up trials (Liska et al., 2013a, 
Liska et al., 2013b). This work showed that porous blocks containing 10% MgO for their cement 
component achieved compressive strengths more than twice of the corresponding PC blocks under 
elevated CO2 curing, where the strength development was directly related to the degree of carbonation.  
 
In the case of unreinforced porous block applications where reactive MgO is used as the cement 
component, MgO hydrates to form brucite (Mg(OH)2, magnesium hydroxide), which reacts with CO2 
and additional water to form a range of strength providing hydrated magnesium carbonates (HMCs) 
when subjected to the right curing conditions. All the compounds observed in the MgO-CO2-H2O 
system are listed in Table 1. The rate and degree of carbonation, the formation of HMCs, and the 
associated strength development depend on several contributing factors including the composition and 
characteristics of MgO, mix design, aggregate profile, use of additives, and curing conditions (i.e. 
relative humidity (RH), temperature, transport and partial pressure of CO2) (Davies and Bubela, 1973, 
Königsberger et al., 1999, Harrison, 2005, Marini, 2007, Xiong and Lord, 2008). Only a small number 
of these variables have been considered in previous work (Unluer and Al-Tabbaa, 2014, Unluer and 
Al-Tabbaa, 2013, Unluer and Al-Tabbaa, 2011), which introduced the direct influence of the w/c ratio, 
RH and CO2 concentration on the carbonation process of MgO cements.  
 

Table 1 Compounds forming in the MgO-CO2-H2O system 

Group 
No. of 
MgO 
moles 

No. of H2O 
moles 

No. of 
CO2 

moles 
Compound Chemical formula 

  1 - Brucite Mg(OH)2 



 

- 1 Magnesite MgCO3 

I 1 
2 1 Barringtonite MgCO3·2H2O 
3 1 Nesquehonite MgCO3·3H2O 
5 1 Lansfordite MgCO3·5H2O 

II 2 
1.5 1 Pokrovskite Mg2(CO3)(OH)2·0.5H2O 
4 1 Artinite Mg2(CO3)(OH)2·3H2O 

III 5 
5 4 Hydromagnesite Mg5(CO3)4(OH)2·4H2O 
6 4 Dypingite Mg5(CO3)4(OH)2·5H2O 

6-7 4 Giorgiosite Mg5(CO3)4(OH)2·5-6H2O 
IV 7 25 5 Shelkovite Mg7(CO3)5(OH)4·24H2O 

 
As shown in Figure 4, enhancement of the carbonation conditions necessiates the investigation of a 
wide range of variables such as curing conditions (i.e. different durations under elevated CO2 
concentrations, natural carbonation under ambient conditions, varying RH and temperature); block 
composition (e.g. aggregate grading, particle packing, minimising MgO content, effect of w/c ratio); 
and the inclusion of additives and admixtures (e.g. accelerators and carbon-based materials). The aim 
of the work presented in this paper is to investigate the potential enhancement of the carbonation of 
MgO in porous blocks in terms of aggregate grading by varying the particle size distribution (PSD) of 
aggregates and including gap grading. This is assessed using density, permeability, porosity and 
compressive strength measurements of samples subjected to accelerated curing conditions. The results 
presented address the effect of aggregate particle size distribution and inclusion of gap grading and 
investigate the degree to which this facilitates improved air flow through the system due to increased 
porosity.  
 
The objectives of this study are to investigate: 
(a) The changes in density, porosity, and permeability before and after carbonation. 
(b) The development of unconfined compressive strength (UCS) and elastic modulus over time. 
(c) The effect of different aggregate particle size distributions and gap grading on the overall 
performance of blocks. 
 



 

 
 

Figure 4 Parameters considered in the enhancement of carbonation within MgO cement formulations. 
 
 
2. Materials and Methods 
 
The reactive magnesia cement formulations used for this study included reactive MgO from Richard 
Baker Harrison, UK, sand types A and D from David Ball Group plc, which present varying particle 
size distributions than the sharp sand used in previous studies for comparison purposes (Unluer and 
Al-Tabbaa, 2011, Unluer and Al-Tabbaa, 2014), along with gravel from Ridgeons, Cambridge. The 
chemical composition of MgO included >94% MgO, 2% CaO, and 1% SiO2. The specific gravity of 
MgO was 3, its mean diameter was 45 μm, and its specific surface area was 16.3 m2/g. The citric acid 
reactivity of the MgO was 1.5 minutes. Sand types A and D, and gravel shown in Figure 5 formed the 
aggregate profile at different proportions. All the different mix compositions prepared and tested are 
listed in Table 2. 
 

          
  (a)   (b)   (c)   (d) 

Figure 5 Aggregates used in the sample preparation: (a) Sharp sand, (b) Sand A, (c) Sand D, and (d) 
Gravel. 



 

 
The MgO content and w/c ratio were kept constant at 10% and 0.5, respectively. Three different 
aggregate profiles made use of sands A and D, and gravel at 3 different compositions: (i) 3:2:1, (ii) 
1:2:1, and (iii) 1:1:1. The particle size distribution of these aggregates and mixes, together with the 
standard aggregate profile used previously (i.e. sharp sand and gravel at a ratio of 10:7) are shown in 
Figure 6(a) for comparison. Gap grading was introduced between 0.3-1.2mm and 2.4-4mm with all 
three combinations as shown in Figure 6(b). 
 

Table 2 The compositions by percentage weight of the proposed mixes 

Mix Aggregate Profile 
Composition (%) 

MgO Sharp 
Sand Sand A Sand D Gravel 

Control Sharp sand: Gravel (10:7) 

10 

53 - - 37 

1 Sand A: Sand D: Gravel (3:2:1) - 45 30 15 

2 Sand A: Sand D: Gravel (1:2:1) - 22.5 45 22.5 

3 Sand A: Sand D: Gravel (1:1:1) - 30 30 30 
 

The dry components were initially mixed in a bench-scale food mixer, after which water was added 
and the mixtures were placed in equal quantities in cylindrical moulds with 50mm diameter. Mixes 
inside the moulds were then pressed with a uniaxial press by applying a force of 5 kN. This produced 
samples 65-75mm high, which were then immediately de-moulded and placed in the relevant curing 
environments. All samples were exposed to accelerated carbonation at 20% CO2 concentration for 1, 3, 
7, 14, and 28 days. 
 
The unconfined compressive strength and elastic modulus were measured on a Control Advantest 9 
apparatus, by uni-axial loading of the samples at a rate of 300 N/s. For the calculation of porosity, p 
(%), the weights of the saturated samples along with those dried at 70°C to a constant mass were 
measured. The equation involved p = [(Msat – Mdry)/V]x100, where Mdry is weight of the sample dried 
at 70°C to constant mass, Msat is weight of the sample saturated with water, and V is volume of the 
sample. Permeability, which can be linked to porosity and provides an indication of the degree of 
carbonation within the samples, was measured by placing the cylindrical samples in a triaxial cell, and 
applying a constant flow rate using a peristaltic pump following ASTM D5084-03 test. During the 
experiment, pore pressure transducers were used to measure the pore pressure at the inflow position 
caused by the water flow, meanwhile recorded by a data logger. Measurements were taken at certain 
intervals to record the volume of water permeated through the sample at a given time period. When 
enough data was collected, permeability was calculated by using Darcy’s law by k = (Q·γw·L)/A·p, 
where k is permeability, Q is quantity of water discharged per unit time, γw is unit weight of water, A 
is cross-sectional area of the sample, L is length of the sample, and p is pore water pressure at the 
inflow position. 
 



 

 
(a) 

 
(b) 

Figure 6 Particle size distributions of (a) aggregates used and (b) combined aggregate profiles. 
 
 
3. Results and Discussion 
 
3.1. Density 
Figure 7(a) shows the change in density values of all mixes subjected to 28 days of accelerated 
carbonation. The control mix demonstrated higher densities than all other mixes. Mixes containing 
sand A, sand D and gravel at ratios of 3:2:1 (mix #1) and 1:1:1 (mix #3) indicated similar density 
developments during the entire carbonation cycle, linked with their similar PSDs. The greatest 
increase in density from 0 to 28 days was indicated by mix #3, whose density increased by 4.3%, 
whereas those of mixes #2 and #1 were 2% and 1%, respectively. Figure 7(b) indicates the before vs. 
after density values of each sample with four different aggregate combinations, highlighting the 
difference between the density distributions across combinations. Mixes #2 (1:2:1) had lower 
densities (1.99-2.03 g/cm3) than the other combinations (2.07-2.16 g/cm3) at all durations of 
carbonation. This was an interesting outcome since the aggregate combination of mix #2 indicated a 

Gap-grading 

Gap-
grading 0.3 mm 1.2 mm 

2.4 mm 
4 mm 



 

finer PSD profile when compared to the other two combinations due to the high percentage (45%) of 
sand D present. This trend was also consistent with the porosity results discussed in Section 3.4, 
where mix #2 (1:2:1) led to higher porosities than others, which could be linked with the particle 
packing of solids included in the mix and the water content. 
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Figure 7 Density development of all mixes (a) from 1 to 28 days, (b) comparing before and after 28 
days of carbonation. 

 
3.2. Unconfined Compressive Strength 
The strength values, shown in Figure 8(a), generally indicated a consistent increase from 1 to 28 days 
of carbonation. Minor reductions occasionally observed at ~7 and 14 days were linked with the drying 
out of samples, which can reduce the formation of HMCs due to the lack of necessary water content 



 

for the continuation of carbonation at longer curing periods. Although the control mix outperformed 
the three other mixes at 7 and 14 days, mix #3 (1:1:1) achieved the same strength as the control mix at 
the end of 28 days. All three mixes with gap grading had a similar strength development for the first 
14 days of carbonation. Strengths as high as 10 MPa were reached only after 1 day by mix #3, which 
also indicated the highest increase in density after 28 days of carbonation, resulting in the strongest 
samples with a strength of ~18 MPa. The relationship between mass gained during carbonation and 
strength development is indicated in Figure 8(b), where the linear correlation between the two are 
indicated by R2 values. The highest correlation with an R2 value of 0.88 was indicated by mix #3 
(1:1:1). This can be attributed to the maintenance of the necessary water content required for the 
unhindered continuation of the carbonation reaction due to the relatively fine PSD provided, resulting 
in high strength values. 
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Figure 8 Compressive strength development of all mixes (a) from 1 to 28 days, (b) comparing strength 
vs. mass gain. 



 

 
3.3. Elastic Modulus (E50) 
The change in the E50 values of all mixes during the 28 days of carbonation is indicated in Figure 9. 
The highest increase in stiffness values from 1 to 28 days was indicated by mixes #2 (1:2:1) and #1 
(3:2:1) whose stiffness increased by 270% and 232%, respectively. Similar to the UCS values, mix #3 
(1:1:1) indicated the highest stiffness of ~5300MPa at the end of 28 days. The control mix had a 
comparable stiffness development with mix #3, achieving a similar stiffness at the end of 28 days. 
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Figure 9 Stiffness development of all mixes over 28 days of carbonation. 

 
3.4. Porosity and Permeability 
Porosity and permeability of mixes #1-3 were measured before and after 7 days of carbonation to 
indicate the influence of aggregate PSD on the overall pore size content and distribution, and the rate 
and amount of CO2 diffusion, which determines with the final strength results. Four different porosity 
values are indicated in Figure 10(a): Porosity before and after carbonation, each with/without 
permeability testing. 
 
The porosity values measured before the carbonation of all mixes were inversely correlated with the 
densities and the final strengths of each mix. Mix #3 (1:1:1) with the highest strength values indicated 
the lowest porosities at all times. When the porosities before carbonation were compared, mix #2 
(1:2:1) with the lowest strength results had the highest porosity amongst all mixes (19.5%), followed 
by mix #1 (3:2:1) at 18.7% and mix #3 (1:1:1) at 16.2%. A decrease in porosity of 7% and 7.6% was 
observed in the case of mixes #1 (3:2:1) and #2 (1:2:1), whereas mix #3 (1:1:1) indicated an increase 
of 5.5% in porosity values after carbonation. This increase in porosity was unexpected since the 
formation of HMCs leads to an increase in density and hence a decrease in porosity values. However, 
as shown previously, the same mix indicated a decrease in density and strength values after 7 days of 
carbonation, which was linked with the drying out of samples. Therefore the increase in porosity, 
although unexpected, follows the same trend as density and strength values, which confirms the 
existence of an abnormality at 7 days of carbonation for mix #3 (1:1:1). 
 
The effect of permeability testing on porosity values after carbonation of mixes #1 (3:2:1) and #2 
(1:2:1) was clearly seen where an increase of ~1% was observed in the porosity of both mixes that 
were subjected to permeability testing before their porosity values were measured. This increase in 



 

porosity is mainly due to the washing away of some of the particles and possibly changes in the 
microstructure of the carbonates during permeability testing. However, when the same experiment 
was performed on the before carbonation samples, it was seen that permeability testing led to a 
decrease of ~1% and ~3% in the porosity values of mixes #1 (3:2:1) and #2 (1:2:1), respectively. This 
is a similar effect to carbonation, during which the formation of HMCs fills in the available pores and 
therefore reduces the overall porosity. Considering the confined setting of the permeability 
experiment which eliminates any possibility of carbonation taking place, one explanation for this 
decrease in porosity is the volume expansion of 117% caused by the formation of brucite from the 
increased hydration of MgO due to the wet nature of the experiment. 
 
Figure 10(b) indicates the permeability values of all the mixes before and after carbonation. The 
highest decrease in permeability after carbonation was achieved by mixes #2 (1:2:1) by 55%, 
followed by mixes #3 (1:1:1) and #1 (3:2:1) whose permeability values dropped by 41% and 20%, 
respectively. Unlike porosity, the permeability values before carbonation indicate mix #3 (1:1:1) as 
the most permeable (15.9x10-7 and 9.4x10-7 m/s before and after carbonation), followed by mixes #1 
(3:2:1) and #2 (1:2:1).  
 
Although porosity and permeability are usually correlated, permeability refers to the connectivity of 
the pores rather than the total pore volume. Therefore, the high permeability of mix #3 (1:1:1) has 
certainly benefited the carbonation process, resulting in the strongest samples, whereas less permeable 
mixes whose porosities where higher than mix #3 indicated lower strength results. Therefore, 
permeability plays a much more important factor than porosity when assessing the extent of 
carbonation and hence the mechanical performance of blocks after carbonation. 
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Figure 10 Before and after carbonation values of (a) porosity and (b) permeability. 
 
 

4. Conclusions 
 
The rate and degree of carbonation govern the microstructure and the overall mechanical performance 
of mixes involving MgO cements as the main binder. Bearing in mind that aggregate grading has a 
significant influence on the carbonation process due to the different particle arrangements that 
determine the porosity and permeability of the resulting formulations, this paper aims to investigate 
the effect of aggregate particle size distribution on the carbonation of blocks containing reactive MgO. 
This is performed by density, permeability, porosity and compressive strength measurements of 
samples containing four different aggregate profiles subjected to accelerated curing conditions.  
 
The results presented address the effect of aggregate particle size distribution and inclusion of gap 
grading within carbonated MgO cement formulations. While the influence of gap grading on strength 
development was not very pronounced when compared to the control mix without gap grading, mixes 
with the lowest initial porosity (16%) indicated the greatest increase in density (4.3%) at the end of 28 
days. This also translated into the highest strength results obtained due to the formation of hydrated 
magnesium carbonates, reaching 10 MPa only after 1 day of carbonation.  
 
An increase in the after carbonation porosity values of samples subjected to permeability testing was 
attributed to the washing away of some of the particles and possibly changes in the microstructure of 
the carbonates during permeability testing. The porosity values measured before carbonation were 
inversely correlated with the corresponding densities and final strengths of each mix. An inverse 
correlation between porosity and permeability values before carbonation led to the conclusion that the 
connectivity of pores rather than the total pore volume controls the carbonation reaction. Mixes with 
higher initial permeabilities achieved the highest strengths, proving that the extent of CO2 diffusivity 
is dependent on pore connectivity. 
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Abstract 
This paper presents a novel technique to immobilize the hazardous radioactive elements in nuclear waste water such as 
134Cs, 137Cs and 90Sr with a new kind of geopolymer prepared from paper sludge ash. The main application is a 
solidification of the radioactive water flowed out through damaged nuclear reactors in addition to the radioactive 
waste water discharged from safely operating nuclear reactors.  
Three kinds of paper sludge ash, labelled OTo2, OTs1 and OT44 were used as active fillers of geopolymer. Two kinds 
of alkaline activator solutions called geopolymer liquors were prepared on the basis of JIS No. 1 water glass having 
nearly Na2O·2SiO2·aq composition. The so-called #0 liquor contains caustic soda, NaOH other than the water glass 
and the concentration of this liquor corresponds to 23% metasilicate, Na2O·SiO2, composition.  The #1 liquor is solely 
the water glass and the concentration of this liquor corresponds to 24% disilicate, Na2O·2SiO2, composition. Non-
radioactive CsNO3 and Sr(NO3)2 were mixed as surrogates independently or simultaneously into the active fillers by a 
mass ratio of 1% of each surrogate as nitrates, then the geopolymer pastes were mixed and cast into prismatic molds of 
20 x 20 x 80 mm dimension. The geopolymer liquor/filler ratios were 1.20 for OTo2 and OT44, and 1.05 for OTs1, 
respectively. After 28d humid air curing at ambient temperature under 100%R.H. condition, the flexural strength was 
primarily measured with 3-point method, then further air-dried the cracked test-pieces at ambient temperature for 14d. 
Finally, using crushed samples of 4 mm under, the laboratory scale leaching test was performed to evaluate the 
dissolution ratios of Cs+ and Sr2+ in an acidic condition of pH 4.01, simulating strong acidic rain circumstances.  
SEM-EDS observation revealed that the paper sludge ash has a peculiar porous structure preferable to accommodate 
much water. The flexural strength showed 0.67 to 1.78 MPa depending on mixtures. Some negative effect of NO3

- anion 
species on the strength was encountered. The leachates analyzed by ICP-AES resulted that the dissolution of Cs+ and 
Sr2+ from the hardened geopolymer samples were very small in amounts. The determined dissolution ratios were as 
follows:  

Cs+: #0 liquor; 4.29, 6.74 and 10.63%, in the order of OTo2, OTs1 and OT44. 
        #1           ; 4.60, 2.96 and 8.50% ,                do. 
Sr2+:  #0 liquor; 0.004, 0.003 and 0.330%,             do. 

            #1           ; 0.543, 3.242 and 4.325% ,               do. 
For the immobilization of cesium, the difference was small between the two kinds of liquor. To the contrary, the #0 
liquor showed a very high fixation capability for strontium. Among the three kinds of ash, OT44 showed considerably 
high dissolutions in each run.  
Other than what mentioned above, characterizations of the paper sludge ash as well as geopolymer products were 
carried out by using XRF and XRD-EDS techniques. 
It is concluded that paper sludge ash-based geopolymer has a high potential of application to the immobilization of 
hazardous nuclides included in radioactive water. Note that no matter how the dissolution may be, technically 100% of 
radioactive elements can be immobilized into the present geopolymer, if keeping the hardened geopolymer in dry 
condition to avoid rain fall and underground water in the early stage of storage. Then, spontaneous evaporation of free 
water trapped in the geopolymer bodies takes place together with the advance of polycondensation, eventually leaving 
contaminated radioactive elements in the solidified bodies. Subsequent stage is to reduce the volume of the dried bodies 
by means of the slag conversion technique for ultimate shallow burials, which is out of scope of this study for the 
moment.  
 
Originality                   
There have been so many papers so far, concerning immobilization of hazardous elements dissolved in waste water 
from mines as well as from nuclear power plants. However, little has been published how to solidify the tremendous 
amount of water consisting of nearly entire part of the waste water. It is well-known that the geopolymer technique is 
effective to immobilize the hazardous elements including radioactive ones, but the alkaline solution/filler ratio 
corresponding to the water/cement ratio of Portland cement paste is usually around 0.40. In present paper, this ratio 
was successfully increased to 1.05 to 1.20. Therefore, conventional process of evaporation and condensation of the 
waste water is unnecessary. Furthermore, solidification can be performed at ambient temperature.  
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1. Introduction 
Paper industries have been suffering from waste issues for long time, since paper mills produce much 
amount of byproduct wastes such as lignin and paper sludge. The lignin is a waste extracted from pulp 
woods in the pretreatment process and has been applied not only to well-known retarding agents of 
cementitious materials but also to the binders so called “lignin polymers”. Problem is the disposal of 
paper sludge that is a waste discharged in the final process of paper making. The paper sludge consists 
of very fine fibers that passed through the fine mesh of paper forming. Much water contents are the 
other peculiar character of the paper sludge, which make it difficult to do recycling. As shown in 
Figure 1 this kind of waste is generally burnt together with other used paper collected mainly from 
households to mitigate the water contents. Finally much amount of ash (hereafter called PS-ash in 
short) remains and is disposed to land fill. However, in view of environmental conservations, the land 
fill is now disagreeable and zero emissions of the waste are strongly desired. Incidentally, the annual 
discharge of the PS-ash in recent year Japan is estimated to be 3.1-3.8 million tons as dry-base 
(Material-1, 2010; Material-2, 2014). 
There have been some studies so far on the recycling of PS-ash (Material-1, 2010; Material-2, 2014; 
Egusa K. et al., 2010, Kido Y. et al., 2005; Asada M. et al., 2004). Above all, development of 
cementitious mixtures for bottom sediment solidification in polluted bays is striking and has been 
accepted for many years to revitalize pearl culture industries in Iseshima areas of central Japan (Egusa 
K. et al., 2010) . The other is a large scale application of PS-ash as geomaterials to stabilize soft earth 
(Kido Y. et al., 2005; Asada M., et al., 2004). For radioactive waste solidifications, a patent was 
submitted to apply to mining waste solidifications including uranium wastes, but was not in touch with 
contaminated nuclear wastes as well as PS-ash in this patent (Davidovits J., 1988). Furthermore, there 
are some studies on geopolymers to stabilize cesium and/or strontium in geopolymer binders, but these 
studies based not on PS-ash but on metakaolin and coal fly ash as represented by the literatures (Provis 
J. L., et al., 2008; Fernandez-Jimenez A., et al., 2005) .  
On the other hand, geologic burials of nuclear wastes, specifically burials of low and intermediate 
level wastes are one of the urgent environmental issues at the moment in Japan as well as in the world. 
Above all, early settlement of the nuclear power plant disaster of Fukushima Daiichi is strongly 
requested. A very violent jolt hit northwest Japan in March 11, 2011 accompanied with a giant 
tsunami and four out of six nuclear reactors were heavily damaged in this nuclear power area. Even 
worse is the invasion of underground water through the cracks generated in underground concrete 
constructions. Since then, they have been struggling to coop with tremendous amount of contaminated 
water discharged from the damaged nuclear reactors. 
In this paper, we will study how to use PS-ash as active filler of geopolymer to make sponge-effect 
ceramics that are able to absorb much amount of water, aiming to develop an easy technology to 
solidify low and intermediate level nuclear wastes of extra high water contents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic illustration of an incineration boiler plant of paper sludge. 
Rotary kiln types are also working. 

 



 

 2. Experimental 
2.1. Raw Materials 
We collected 3 kinds of PS-ash of which chemical compositions are represented in Table 1 together 
with their physical characteristics. Procedures of analysis are as follows. First, pressed powder disk 
samples were prepared and then, chemical compositions were carried out by the fluorescent X-ray 
technique, XRF, employing Fillips MagixPro. The obtained data were finally processed by the FP 
technique. Physical characteristics of apparent density and fineness were measured by a specific 
gravity bottle and a Blaine apparatus.  
Two kinds of geopolymer liquor, GP liquor, were prepared from a commercial water glass liquor of 
JIS No. 1 grade nearly corresponding to aqueous disilicate composition, Na2O·2SiO2·aq and caustic 
soda pellets of JIS 1st grade NaOH. The water glass was diluted with deionized water to obtain1.27 
specific gravity, S.G., solution. The caustic soda pellets were also dissolved with deionized water to 
10M solution, corresponding to 1.33 S.G. The GP liquor called #0 was prepared by mixing these two 
kinds of solutions in a ratio of 3 : 1 by volume to obtain a solution of 1.31 S.G. , corresponding to 23% 
solution as metasilicate, Na2O·SiO2. The GP liquor called #1 is solely the diluted water glass without 
mixing the caustic soda solution, corresponding to 24% solution as disilicate, Na2O·2SiO2. 
 

Table 1. XRF chemical compositions of the air-dry PF-ash used in this study. 

 SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O K2O P2O5 SO3 Others* Total % 

OTo2 12.04 0.90 33.62  1.55 0.03 37.52  1.42  0.24 0.84  4.73 6.15  0.96 100 

OTs1 21.22  1.38 28.92  2.18 0.03 31.88  2.93  0.54 1.01  2.34 6.06  1.51 100 

OT44 23.60  0.72 14.31  2.65 0.34 33.12 10.13  0.78  0.80  3.76 8.93  0.86 100 

 Apparent density, g/cm3 Specific surface area, cm2/g, Blaine 

OTo2        2.46          4340 

OTs1        2.29          4660 

OT44        2.19          4880 
*Other minor elements:  ZnO, CuO, BaO, SrO, NiO, PbO, ZrO2, CeO2, Cr2O3, Bi2O3,Cl etc.  
 Chlorine contents: 0.75, 1.01and 0.38% as Cl for OTo2, OTs1 and OT44, respectively. 
SrO contents: 0.028, 0.039 and 0.069 % for OTo2, OTs1 and OT44, respectively.  Cs2O was not detected in detection limits. 
Ignition loss at 1000℃: OTo2 19.92(4.15)%,  OTs1 19.80(5.06)%,  OT44 19.53(6.66)%, respectively. In parentheses are 

indicated H2O(-) values determined at 105℃. 

 
2.2. Experimental Procedure 
Mineralogical identifications were carried out by X-ray diffractometry, XRD, employing Rigaku 
RINT-2550. Scanning electron microscopy, SEM-EDS was also conducted to clarify the textures and 
mineral compositions of the raw PS-ash as well as solidified bodies, employing Jeol JSM-7600F.  
Mixing proportions of geopolymer in paste are represented in Table 2. GP liquor/filler mass ratio, L/F 
corresponding to W/C of Portland cement system, was 1.20 both for OTo2 and OT44, whereas 1.05 
for OTs1. After flooding and hand-mixing in a 500mL plastic beaker, the charge was cast into 20 x 20 
x 80 mm prismatic molds of 3-cell type. Standing for 1h, the molds were transferred to a curing 
chamber of 20±3℃and 100%RH. After curing overnight, the specimens were demolded and further 
cured in the same chamber up to 28d age. Thus, two series of monolith were obtained, #0 series and #1 
series prepared from #0 and #1 liquors, respectively. Then, flexural strength tests were performed by 
employing 3-point bending test apparatus, Orientic Tensiron RTC-1250A, under 50 mm span and 0.2 
mm/min cross-head speed conditions. Obtained fracture loads were recalculated into flexural strength 
by the well-known formula: 

S = (3L/2bd2) ·P = kP 
where S, P and L are objective flexural strength, fracture load and span length, respectively, and b and 
d are width and height of a cross section of test-piece, respectively. The constant  k  becomes 
9.375x10-3 in present case. Thus, flexural strength was obtained as a mean value of 3 test-pieces. Bulk 



 

densities of solidified specimens were immediately determined from specimen weight and mold 
volume just after finishing 28d curing. Water absorption and porosity were calculated according to JIS 
Table 2. Mixing proportions and physical test results of the solidified body. 

Filler   Run GP Liquor Surrogate  Flex. strength Bulk density 
(g/cm3) %Filler 

PS-ash No. # (L/F) (1% to filler)* (MPa) 28d body Air-dry Air-dry 
OTo2 1 0 (1.20) Plain 0.91  1.46  0.97  68.5  
  2  SN 1.00  1.47  0.95  70.4  
  3  CN 0.85  1.46  1.07  62.1  
  4 1 (1.20) Plain 1.83  1.58  1.11  64.8  
  5  SN 1.72  1.58  1.09  66.0  
  6  CN 1.78  1.61  1.22  60.0  
OTs1 7 0 (1.05) Plain 1.23  1.49  1.08  67.3  
  8  SN, CN 0.91  1.50  1.14  64.2  
  9 1 (1.05) Plain 0.92  1.59  1.11  69.9  
  10  SN, CN 0.67  1.62  1.12  70.6  
OT44 11 0 (1.20) Plain 1.14  1.55  1.05  67.2  
  12  SN, CN 1.10  1.54  1.03  68.0  
  13 1 (1.20) Plain 0.90  1.55  1.00  70.5  
  14   SN, CN 0.74  1.54  1.00  70.1  
*Each surrogate was added as much as 1% to the filler as nitrate.  
The %Filler was obtained for air dry samples on the basis of water-binder-filler proportions in 
Figure 5.  SN: Sr(NO3)2, CN:CsNO3 

 
R1250, drying at 105℃ for 24h and then, water immersion at ambient temperature for 24h. SEM-EDS 
observations were also conducted as mentioned, using the fractured pieces. 
For dissolution tests of radionuclides, nonradioactive surrogates, Sr(NO3)2 and CsNO3 of powder were 
used by dosage of 1% as nitrates to the filler weight. The above two surrogates were added separately 
to OTo2 and simultaneously added to OTs1 and OT44 to begin with. Specimen preparation are the 
same as to plain specimens as mentioned. The surrogates are regarded as a part of contaminated water 
and excluded form L/F terms. Cracked bodies after the flexural strength test were air-dried at ambient 
temperature for 14d, and then crushed into 4mm under in size after measuring the bulk density. Thus, 
dissolution tests were performed, using pH4.01 fluid as leachant and12.5g solid with fluid/solid mass 
ratio 10. Incidentally, this fluid is commercially available as pH standard fluid prepared from phthalic 
acid. The test sample was transferred into a plastic bottle and rotated for 6h at a rate of 60 rpm. Finally, 
the leachates were collected by percolating with class C filter paper that is ultrafine. Dissolution 
amounts were determined by employing an induction coupled plasma spectrometer, ICP-AES, Perkin 
Elmer, Optima 8300. 
3. Results and Discussion 
3.1 PS-ash Filler 
3.11 PS-ash Filler Characteristics 
As shown in Table 1, present filler samples of PS-ash are characterized by CaO-Al2O3-SiO2 as major 
components as seen in a ternary diagram of Figure 2. Both of OTo2 and OTs1 are plotted in silica-
poor portion, just extra and intra the area of aluminous cements, whereas OT44 very close to the area 
of blast furnace slags. Other peculiar points are relatively high phosphorus and sulfur contents. In 
addition, OT44 contains relatively high magnesia component. Generally wood ashes are composed of 
CaO-SiO2-K2O-MgO-P2O5-SO3-Na2O components (Davidovits J, 2008). Accordingly, detected 
alumina components are extrinsic origin, presumably from kaolin so often mixed to paper as filler 
materials to raise the quality. 
3.12 XRD and SEM of PS-ash Filler 



 

According to XRD diagrams shown in Figure 3, mineralogical first main constituent is calcite 
throughout all samples, which would form as secondary minerals of quick lime derived from the feeds 
of paper sludge and waste paper. Primarily, slaked lime forms, since most of plants apply water 
treatment to prevent the PS-ash from 
scattering. Then, the calcite would gradually 
form at ambient  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
temperature in stock bins to absorb carbon dioxide included in air in small amounts.  It is reported that 
portlandite directly decomposes so easily into calcite in hot air around 300-500℃ (Ikeda K., et al., 1977). 
Therefore, some of the calcite would form during the cooling stage of the PS-ash. Relicts of 
portlandite are encountered particularly in OTs2. Vaterite is found only in OTs1. Quartz is present as 
second main constituent. The third main constituent is anhydrite associated with other sulfates, 
gypsum and hemihydrate presumably due to the difference of temperature during the water treatment 
stage. Ettringite is identified throughout all samples, which would form due to the water treatment as 
well. Minerals containing alumina components other than ettringite are not clearly identified, but 
might be present in two varieties,  hydrocalumite comprising chlorine, often called Friedel’s salt, and a 
compound, Ca8Al4O14CO2·24H2O comprising carbon dioxide, often called Ca-hemicarboaluminate, 
respectively. Both belong to AFm phases. It should be noted that talc as well as forsterite present in 
OT44 in which abundant MgO-component was detected as shown in Table 1. The reason is that waste 
plastic fuel so-called RPF, recycled plastic fuel, is so often burnt together with ordinary fuels, heavy 
oil sometimes coal. Talc is frequently included in plastics as filler materials and is highly thermo-
resistant generally up to 800 ℃ of dehydroxylation temperature. According to literatures, talc 
decomposes into enstatite and amorphous silica after this dihydroxylation (Ewell R. H., et al., 1933; 
Santos H., et al., 1988). It is probable that forsterite, Mg2SiO4 formed instead of enstatite, MgSiO3 due 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Ternary diagram plots of present PS-ash fillers (●) in comparison with other 
active fillers and cements. Lines 1 and 2 indicate the 1st and 2nd hydraulic lines, respectively. 
 



 

 
 
 
 
 
 
 
to excess MgO-component originated to the paper sludge itself. Traces of talc and forsterite are also  
noted in OTs1. Copresence of talc and forsterite suggests inhomogenous incineration temperature in 
the boiler. 
Some SEM images of the PS-ash are represented in Figure 4 by contrasting high and low power. 
Porous textures can be seen irrespective of the samples of PS-ash. Generally speaking, the PS-ash 
more or less contains small nodules, say 3 mm under in size. Above all, the nodules are prevailed in 
OTs1. XRD reveals that the nodules are composed of ordinary ash minerals, but quartz peaks are 
higher, which would play a role of cores of nodule formation during the water treatment. The mineral 
species identified by XRD are not clearly observed under SEM at the moment, but some ettringite is 
seen in OTs1 in elongated shapes, also confirmed by EDS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. XRD diagrams of the raw PS-ash filler.  CC: Calcite, V: Vaterite, P: Portlandite, Q: Quartz, 
An: Anhydrite, Hh: Hemihydrate, G: Gypsum, Et: Ettringite, Hc: Hydrocalumite, Ca2Al(OH)6Cl·2H2O, H24: 
Ca8Al4O14CO2·24H2O. Tc: Talc, Mg3Si4O10(OH)2, Fo: Forsterite, Mg2SiO4, Tc-Fo, Tc-Fo combination. 
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3.2 Monolithic Solidified Body 
3.2.1 Physical Properties of Solidified Body 
Obtained values of flexural strength are shown in Table 2 together with the bulk density. Generally 
more or less 1 MPa was attained that is as high as cellular concretes. Exceptionally, OTo2 bodies 
prepared from the #1 liquor exhibited highest strength, showing nearly 1.8 MPa. Despite the lower L/F, 
OTs1 exhibited not so high strength presumably due to comprising more nodules which would be less 
active due to dense texture and also comprising much quartz that is a typical inactive filler. Presence 
of nodules would be undesirable for absorbing more water that is so-called “sponge effects” in this 
study. Bulk densities are around 1.5 g/cm3 throughout sample bodies just after taking out from the 
curing chamber. After air dry for 14 d, they become around 1 g/cm3 to lose free water with the gradual 
advance of polycondensation. This density was somewhat higher for OTo2 added with cesium 
probably due to slow evaporation to dry. When compared with plain specimens, presence of cesium 
hampers in strength slightly in many cases. Same phenomenon is encountered in a literature 
(Fernandez-Jimenez A. et al., 2005), stating that decreasing pH values caused by NO3

- anions result in 
less dissolution of metallic ions from fillers. This phenomenon becomes more vivid in this study, 
when the two kinds of surrogate, CsNO3 and Sr(NO3)2 are simultaneously added. That is, the dosage 
becomes 2% in combination. However, the difference of total dosage amounts, 1% for OTo2 and 2% 
for OTs1 and OT44 seems to give rise no marked influence on the dissolution as to be mentioned later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Water absorption as well as porosity is represented in Table 3. The water absorption is ranging nearly 
38-51%, reflecting the high liquor/filler (L/F) ratios of present specimens. OT44 of the #0 liquor 

Table 3. Resultant water absorption and porosity. 
 Filler Surrogate 

/Liquor # 
Water absorption (%) Porosity (vol. %) 

PS-ash 0 1 0 1 
OTo2 Plain 44.42 45.43 39.28 45.69 
  SN 51.55 47.48 44.72 47.09 
  CN 43.91 46.80 39.41 47.50 
OTs1 Plain 46.13 46.14 40.75 45.59 
  SN, CN 47.79 45.35 42.81 44.97 
OT44 Plain 39.96           - 38.19        - 
  SN, CN 38.71 48.84 36.09 45.44 
                 - : Collapsed into piece during immersion in water. 

Figure  4. SEM images of the raw PS-ash filler in low and high power. 
 

Figure 5. Graphic representations of ingredient proportions of the solidified body with 
variable L/F.  Surrogates added to the filler are neglected in this figure. L/F: 1.05 for OTs1, and 
1.20 for OTo2 and OT44, respectively. Note that the standard L/F is 0.40 for ordinary fillers.  



 

shows relatively low values. The reason is unclear at the moment, but the different chemical 
compositions would be one of the reasons as shown in the ternary diagram of Figure 2. 
Mixing proportions are graphically represented in Figure 5 in respect of ingredients. The L/F is 1.05 
and 1.20 according to filler characters in present specimens, which correspond to 40% mixing water 
and 47% filler contents, respectively, as simply expressed by the averaged values of the two kinds of 
L/F, 1.05 and 1.20. Dehydration values, H2O(-)  determined at105℃ were nearly 5% in average for the 
PS-ash fillers as shown in Table 1. The net contribution of H2O(-) becomes nearly 2% against the 47% 
filler, being not so large. Therefore, the water absorption over the 40% is considered from the 
contribution of extra pore space other than the pore space of the 40% water, which might be a 
contribution from trapped air, for instance. 
The counterpart porosity that is ranging nearly 36-47 vol.% seems to reflect well the water absorption 
results. 
3.2.2 XRD and SEM of Solidified Body 
XRD diagrams are represented in Figure 6 for the #0 and #1 series, respectively, focusing on plain 
samples corresponding to run Nos. 1, 4, 7, 9, 11 and 13 in Table 2,. The first and second dominant 
minerals of the source filler that are calcite and quartz still remain, while the third dominant minerals 
of sulphates as well as vaterite disappeared completely due to the reaction of applied GP liquors. 
Instead, other minerals formed secondary.  
Talking about the #0 series, pirssonite and thenardite are clearly identified irrespective of samples. 
Presence of carbonate ettringite and presumably yavapaiite is estimated for the sample labelled OT44-
0P from the long d-spacing reflections located around 10 degrees 2θ. Furthermore, talc disappeared    

 
 
 
 
 
 
 
 
compleately and burkeite formed for this specimen. 
Pirssonite , a double carbonate, Na2O·CaO·2CO2 , naturally occurring in sediments of saline lake is 
often found in the scale precipitated from the fluid of paper making process (Zakir T., et al., 2013) so 
that it is insoluble as well as carbonate ettringite. On the contrary, thenardite, Na2SO4 and yavapaiite, 
KFe(SO4)2 as well as burkeite, Na6(CO3)(SO4)2 are soluble. The yavapaiite thus identified would have 
a possibility of AFm phases, judging from not so abundant Fe-components in the filler indicated in 
Table 1. It is certain that the CO2 and the Ca-components were supplied from the vaterite as well as 
the calcite in the source PS-ash filler. Some of the CO2 came from the air. As a consequence, all the 
Al-bearing minerals of the source filler could not identified in the solidified body any more. Most of 

Figure 6. XRD diagrams of solidified plain samples for #0 and #1 series, respectively.  
 

CC: Calcite, CaCO3, Q: Quartz , SiO2, Fo: Forsterite, Mg2SiO4, 
Ps: Pirssonite, Na2Ca(CO3)2·2H2O, Tn: Thenardite, Na2SO4, Pg: Paragonite, NaAl2(Al, 
Si)4O10(OH)2, EC: Carbonate ettringite, Ca6Al2(OH)12(CO3)3·26H2O, Fj: Faujasite, (Na2, Ca, 
Mg)3.5(Al7Si17O48)・32H2O, Gb: Gobbinsite: (Na, Ca0.5)6(Al6Si10)O32・12H2O, Yp: Yavapaiite, 
KFe(SO4)2, Bk: Burkeite, Na6(CO3)(SO4)2, Ha: Hydrobasaluminite, Al4SO4(OH)10·7H2O 



 

the Al3+ would be incorporated into geopolymer binders as tetrahedral frameworks (Ramesh V., et al., 
2006). Incidentally, geopolymer binders are believed to be amorphous at ambient temperature. 
Talking about the #1 series, calcite and quartz as well as vaterite and talc are the same as to those of 
the #0 series. However, secondary derived minerals are partially different from those of the #0 series. 
Thenardite is clearly identified, but pirssonaite is lacking in whole samples. It is reported that 
formation of pirssonite is very sensitive to NaOH/Na2CO3 ratio (Zakir T., et al., 2013) and this 
condition would be different between the two kinds of liquor, #0 and #1. That is, the #0 liquor is 
enriched with caustic soda. It should be stressed that formation of zeolite group minerals, faujasite and 
gobbinsite are estimated from the long d-spacing reflections for the sample labelled OTs1-1P. 
Although these zeolite minerals are lacking to other plain samples both for the #0 and #1 series, they 
might present as amorphous zeolite embryos in consisting geopolymer binders. In addition, formation  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of paragonite of mica group is estimated for OTs1-1P. Carbonate ettringite peak is not found in OTo2-
1P. A yavapaiite peak found in OT44-0P of #0 series is also found in OT44-1P of the #1 series. 
Ultimately, all the Al-bearing minerals of the source PS-ash filler could not identified in the solidified 
body any more. It is noted that formation of soluble hydrobasaluminate, Al4SO4(OH)10·7H2O was 
encountered only for OTs-1P, which means liberated presence of Al3+ and SO4

2- due to excess 
amounts. That is, they are the remainder not to incorporate into amorphous geopolymer binders as 
tetrahedral framework ion species as discussed in a literature (Yamaguchi N., et al., 2010). 

Figure 7. SEM images of solidified plain samples for #0 and #1 series put on the left and right hand 
side, respectively. Bar 10㎛. 
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Exemplified SEM images are represented in Figure 7. Generally speaking, sponge-like porous textures 
can be seen throughout whole samples, which are typical to amorphous gel materials that are 
geopolymer binders in present study. It is worthy to note that crystalline materials of hexagonal plate 
can be seen in OTs1-0P. On the other hand, materials of swell out features can be seen in OTs1-1P. 
The EDS analysis showed that both materials consists of predominant amounts of sodium and sulfur 
as well as oxygen so that the both minerals are thenardite, Na2SO4, as clearly identified by XRD. The 
swell out features might be caused by somewhat hygroscopic conditions supposed to the solidified 
body, giving rise to not idiomorphic features but partially dissolved features. Euhedral thenardite 
crystals also can be seen in other samples, for instance, OTo-1P and OT44-1P. 
3.2.3 Dissolution of surrogates 
As summarized in Tables 4 and 5, the dissolution of strontium is very low, whereas that of cesium is  
considerably high. Immobilization or fixation ratios against doped surrogates would be convenient for 
easy understanding, which reached 95.675 to 99.996% for strontium as Sr2+ and 89.37 to 97.04% for 
cesium as Cs+, respectively, depending on liquors and fillers. Although there is no so high difference 
between the two liquors for cesium immobilization, the #0 liquor has a very strong capability for 
strontium immobilization.  OT44 shows lowest fixation among the three fillers. Needless to say, these 
surrogate elements are fixed in geopolymer binders as pointed out elsewhere. That is, zeolite-like 
embrios might form in amorphous binders to capture hazardous ions. Zeolites form generally at higher 
temperature than 70℃. However, they found in OTs1-1P sample at ambient temperature in present 
study as already mentioned in XRD section. The zeolite species are faujasite and gobbinsite, which   
can also absorb cesium and strontium of the surrogates in their crystal structures. What mentioned 
above might proceed in the surrogate doped samples as well. Actually, OTs1 doped with the two 
surrogates showed highest immobilization ratio of 97.04% among all samples investigated in this  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Resultant dissolution and immobilization ratios of surrogates.  
Solidified sample GP liquor Surrogate Dissolution*  (ppb) Immobilization ratio (%)** 
Filler No. Liquor #  (1% to filler) Sr2+ Cs+ Sr2+ Cs+ 
OTo2 2 0 SN 12  99.996  

 3 0 CN  18170   95.71 
 5 1 SN 1486  99.457  
 6 1 CN  18810  95.40 

OTs1 8 0 SN, CN 8 29560 99.997 93.26 
 10 1 SN, CN 9494 14270 96.758 97.04 

OT44 12 0 SN, CN 930 49310 99.670 89.37 
 14 1 SN, CN 12560 40620 95.675 91.50 

* Measured to 12.5 g air-dry body. 
** Determined according to Table 2 and Figure 5. Refer to Table 5 as well. 

Table 5. Guides to calculating the immobilization ratio. 
Sample Liquor Filler content Surrogate dissolved 
No. Filler # (L/F) air-dry for 12.5g (A) In 12.5g air-dry sample  (B) In 125g leachate  
  

 (%) (g)   Sr2+(mg) Cs+(mg) Sr2+(mg) Cs+(mg) 
1 OTo2  0 (1.20) 68.5  8.56    0 0   
2  

 70.4  8.80     36.4    0.00150  
3  

 62.1  7.76      52.9   2.27125 
4   1 (1.20) 64.8  8.10    0 0   
5  

 66.0  8.25    34.2    0.18575  
6  

 60.0  7.50       51.1   2.35125 
7 OTs1  0 (1.05) 67.3  8.41    0 0   
8    64.2  8.03     33.2  54.8  0.00100 3.69500 



 

study, presumably due to the effect of real zeolite formation. It is noteworthy to refer to soluble 
minerals identified XRD as well as SEM-EDX. These minerals are in genuine chemical compositions 
so that they would be nothing to do with the surrogate fixation. 
As listed in appendix, it is significant to refer to leaching tests widely accepted in environmental 
discipline. The most popular method is Toxicity Characterization Leaching Procedure, TCLP 1311 
testing method released from the US Environmental Protection Agency, USEPA, working at pH 2.88 
of diluted glacial acetic acid (Pariatamby A., et al., 2006). In Japan most of the leaching test is 
performed, following the standard method, JLT-13, released from the Ministry of Environment of 
Japan, MEJ, working at pH 6.3 of diluted hydrochloric acid and caustic soda. In present study, a 
laboratory scale method was carried out, using a fluid working at pH 4.01 of diluted phthalic acid. 
This fluid is commercially available so that it is very convenient to use. This pH 4.01 comes between 
pH 2.88 and pH 6.3 as mentioned. Taking the exposure effect of acidic rain fall into account, present 
method might be sufficient enough. Incidentally, the rain showing less than pH 5.6 is called “acidic 
rain”. 
3.2.4 Application Scenario 
No matter how contaminated or uncontaminated the water may be, present sponge-effect ceramics 
have a high capability of absorbing much quantity of water as shown in Figure 5. From nuclear power 
plants high and low level wastes are discharged. Conventional process of high level wastes is a fusion. 
Then, the melt is cast into canisters to obtain borosilicate glass for geologic deep burials. On the other 
hand, conventional process of low level wastes is encapsulation to drams solidified with asphalt or 
cement for shallow burials. Problem is a case of Fukushima Daiichi where tremendous amount of 
contaminated water is coming out due to the invasion of underground water to damaged reactors. The 
discharge of this nuclear contaminated water is amounting to 400 tons in a day. They are trying to stop 
the underground water, but it is unsuccessful at the moment.  
To coop with this tremendous amount of polluted water, equipments called SARRY and ALPS were 
introduced. The SARRY is the first stage treatment and works with zeolite to catch hazardous cesium 
isotopes, 137Cs and 134Cs. The initial contaminated water is estimated to be ≈109 Bq/L and treated water 
≈108 Bq/L after concentration process. The ALPS is the second stage treatment and works with 
titanium oxide and other associated absorbing materials to catch 62 kinds of hazardous nuclide 
including most abundant 90Sr of radioactive. It is said that the finally processed water is purified as 
low as 0.1 Bq/L levels and is safe to discard it to open seas. However, it should be noted that the 
purified water contains radioactive tritium, 3H that is regarded no harmful and safe, because tritium 
does not remain in human bodies as well as living creatures, only passing through as water. 
Incidentally, tritium is included as much as 1Bq/L in natural rain falls. Despite this, fishermen are 
against the releasing, fearing bad rumors that discarding the purified water may contaminate sea water 
as well as marine products including fish. Accordingly, this release plan is now suspended so that the 
storage tanks are rapidly increasing in number. Recent report says that the tank stock reached more 
than 400 thousand tons.  
Primarily, present method captures all the contaminated water in the monolithic geopolymer bodies 
without escape of even one droplet. In other words all radioactive nuclides as well as dissolved other 
elements can be immobilized completely. The bodies are wet at young age, but they are getting dry 
with the advance of polycondensation of geopolymerization. Ultimately, the nearly dry bodies show 
around 1 g/cm3 in density as shown in Table 2, roughly the same of mixed water in volume mixed to 
the geopolymeric monolith prepared in this study. Accordingly, the empty storage tanks can be used 

9   1 (1.05) 69.9  8.74    0     
10  

 70.6  8.83     36.6  60.2  1.18675 1.78375 
11 OT44  0 (1.20) 67.2  8.40    0     
12  

 68.0  8.50     35.2  58.0  0.11625 6.16375 
13   1 (1.20) 70.5  8.81    0     
14  

 70.1  8.76    36.3  59.7  1.57000 5.07750 

Immobilization ratio of Table 4 is obtained by (1-A/B) x100 for Cs+ and Sr2+ species, respectively. 



 

for temporary stocks. Incidentally, the leakage of currently used tanks is another issue of trouble, 
which is caused by the seal-panel structure of huge tanks, 1000 m3 in capacity. (Recent report says this 
weak point is gradually being improved to replace them to new tanks of welding panel type.) 
Subsequently, the trapped water inside the solidified bodies evaporates spontaneously with relatively 
high speed due to the action of widened surface areas as well as capillary effects of the monolithic 
sponge. Furthermore, if desired, tritium can be separated by the gas-chromatography with low cost, 
which will be installed at a vent on the top ceiling. Although leakage of water can be avoided by the 
present solidification technique, the solid stock will also increase in amount day by day, unchanged as 
ever. Therefore, conversion to slag is recommended to reduce the volume, say one fifteenth to one 
thirtieth, for ultimate shallow burials. 
In addition, solidification of radioactive water coming out of the SARRY is one of the options, 
because the subsequent stage of the ALPS becomes so often out of order probably due to complex 
sequence of treatment line. Accordingly, the treatment stops on this second stage so often, suspending 
huge amount of polluted water in extra tanks for temporary evacuation. That is, present method can be 
applied to as bypass of ALPS. Furthermore, it is noteworthy that adsorption media of expired lifetime 
discharged both from the SARRY and ALPS can be also solidified by present technique. Thereby, 
supposed hydrogen explosion can be avoided, which takes place by the heat generated due to the 
effect of adsorbed radioactivity, because present monolithic bodies are porous to help easy escape of 
the hydrogen. One of the examples of above-mentioned scenario is illustrated in Figure 8. 
Finally, the idea of absorbing nuclear contaminated water by way of inorganic sponge was once 
studied by Russian researchers for high level water solidification, using cenospheres that is hollow 
coal fly ash (Vasal’eva N. G., et al., 2005). In this case, dehydration was conducted by elevating 
temperature around 850-950℃, not spontaneous. After dehydration, crystallization was carried out to 
obtain synroc ceramic materials for deep burials. Radioactive isotopes of cesium and strontium were 
immobilized together with sodium in crystalline lattices of nepheline and Sr-plagioclase as well as 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Sr-metasilicate and Sr-orthosilicate according to treatment temperature that was as high as 700-900℃. 
Therefore, present technique may have also a potential to apply not only to low level wastes but also 
to high level wastes. In addition, surrogate compositions corresponding to real high level contaminated 
water is proposed in a literature and this compositional design is strongly helpful to further 
investigations of present study (Cozzi A. D., et al., 2011). 
4. Conclusion 
Following items can be drawn as conclusion: 
(1) Using PS-ash as an active filler of geopolymer, monolithic porous geopolymer materials can be 
prepared at ambient temperature. The material is light weight and the strength is as high as that of 
cellular concrete. Simultaneously, much water is absorbed due to the sponge effect of the porous PS-
ash, amounting to nearly 40% absorption depending on mix proportions. 

Figure 8. An exemplified illustration of a temporary storage tank for the obtained  
monolithic geopolymer bodies. Air blows in and blows out spontaneously to dry the bodies for 
the next step slag conversion and final burials. 

To slag conversion 

and final burial steps. 

 

 

            

 
 
 
   

 

 

 

 
 

 

 



 

(2) The PS-ash is composed of three predominant minerals that are calcite, quartz and anhydrite 
sometimes associated with vaterite, gypsum, hemihydrate and portlandite. Ettringite, hydrocalmite and 
a compound of Ca8Al4O14CO2·24H2O are identified in minor. In addition, minor talc and forsterite are 
found as Mg-bearing minerals.  
(3) The monolithic geopolymer materials consist of a presumable amorphous binders and crystalline 
materials in combination. Most of calcite, quartz and forsterite present in the source PS-ash remain, 
but vaterite, anhydrite including related sulfates and talc diminish completely. Instead, secondary 
formation of minerals is noted, depending both on geopolymer liquor and filler species. That is, 
pirssonite, carbonate ettringite and paragonite as insoluble minerals, and thenardite, yavapaiite, 
burkeite and hydrobasaluminite as soluble minerals. Furthermore, formation of zeolite minerals, 
faujasite and gobbinsite are encountered in a sample, probably due to a partial crystallization of the 
amorphous geopolymer. 
(4) Present geopolymer materials can be directly applied to nuclear contaminated water solidifications 
irrespective of high and low levels. Specifically, solidifications of tremendous amount of radioactive 
water discharged from the damaged nuclear reactors exemplified by the Fukushima Daiichi disaster 
might be very effective. It should be stressed that the solidified body can capture one hundred percent 
contaminated water together with dissolved radioactive nuclides. The water component will evaporate 
spontaneously with relatively high speed due to the effect of enlarged surface areas and capillary 
effects of pores. In this process, if desired, radioactive tritium will be able to remove from the 
evaporating water in low cost by way of the gas-chromatography, for instance. Subsequently, the 
spontaneously dried body can be converted into slag in order to reduce the volume for geologic burials, 
both of shallow and deep. The resource of PS-ash is sufficient enough in amounts to meet the demand 
of solidification of the tremendous amount of water. 
(5) During temporary storage of the solidified body, dissolution of radioactive isotope is suspected due 
to invasion of acidic rain fall, for instance. Laboratory test using surrogates of cesium and strontium 
revealed that the immobilization ratio is ranging 89.37-97.04% as Ce+ and 95.67-99.99% as Sr2+, 
respectively.  
 
It should be added that our recent further investigations suggest increasing immobilization ratios with 
the advance of the age of solidified body, showing to reach close to 100% immobilization both for 
cesium and strontium surrogates irrespective of the PS-ash species. The results will be published in a 
separate paper. In addition, the present achievement has recently been certificated as a patent (Zhugou 
L., et al., 2015).  
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Appendix 
Although present method stands on the basis of environment tests, TCLP 1311 and JLT-13, as mentioned in the 
text, cesium and strontium is out of objectives of hazardous element in the environment discipline. It should be 
bear in mind that radioactive elements are the category of nuclear discipline. Therefore, strictly saying, the 
method called ANSI/ANS 16.1 released from the American Nuclear Society should be followed. However, this 
method determines not cumulative dissolution but leaching rate, using deionized water. Moreover, it takes so 
long time, say up to 2160 h (90 d). Another method called AES J-SC-F003 is also released from Japan Atomic 
Energy Agency, JAEA. Accordingly, TCLP 1311 and JLT-13 as well as present method are convenient to give 
rise to useful information of leaching and are helpful to use as a conventional method not only to environment 
studies but also to nuclear studies in order to grasp the measure of hazardous degrees in short period of time. 
 

 Comparison of leaching test methods for environmental discipline. 
Organization USEPA, USA MEJ, Japan YU, Present method 
Method (year) TCLP 1311(1992) JLT-13, JIS K 0058 (2005) Lab. Scale (2014) 
Solid sample size 9.5mm under 2mm under 4mm under 
Sample weight 100 g 50 g over 12.5g 
Leachate/solid 20 by mass 10 by mass 10 by mass 
Filtration Glass fibre filter 0.6-0.8㎛ Membrane filter 0.45㎛ Filter paper C 
Duration 18±2 h 6 h 6 h 
Temperature 23±2℃ ～20℃ 20±3℃ 
Leachant Glacial acetic acid Hydrochloric acid Phthalic acid 



 

      + Caustic soda   
pH 2.88±0.05(Fluid #2) 6.3 4.01 
Extraction vessel Borosilicate glass Polyethylene Polyethylene 
Rotation rate 30±2 rpm Shaker with 200 turns/min 60 rpm 
    with 40-50mm stroke   

 



 

Doped anhydrous and hydrous C2S phases, a possible feedstock for hydraulic 
calcium hydrosilicates 

 

Katharina Pöhler1*, Pöllmann H1, Stemmermann P.², Garbev K.2 

1. Mineralogy/Geochemistry, Martin-Luther-University Halle Wittenberg, Halle/Saale 06120 Germany  
2. Institute of Technical Chemistry, Karlsruhe Institute of Technology, Karlsruhe 76344, Germany  

 
 
Abstract 
This study comprises the synthesis, characterization and hydration behavior of pure and doped C2S (Ca2SiO4; C=CaO 
S=SiO2.) under standard and hydrothermal conditions. The samples were synthesized via the Pechini method at 800°C 
for 2h. Products were analyzed and characterized with X-ray powder diffraction, BET - and density measurements. The 
hydration behavior at standard conditions (23°C, 1bar) was investigated with heat flow calorimetry. Reactivity under 
hydrothermal conditions (200°C, 16bar) was tested using laboratory autoclaves. In situ hydration studies under 
hydrothermal conditions were also performed with time and temperature resolved XRD in transmission mode at the 
SUL-X beamline of the ANKA Synchrotron radiation facility (Karlsruhe) in a specially designed reaction cell. 
Due to the incorporation of foreign ions (Al, K,) into the structure of C2S, different modifications of dicalcium silicate 
can be stabilized outside their respective stability field conditions in the pure systems. Depending on the type and 
amount of additional elements in the structure, dicalcium silicate possesses different hydraulic properties. 
The hydration of pure and doped C2S samples under hydrothermal conditions results in α-C2SH as the major hydration 
product. Intermediate phases like hydrogrossular and hemi carbonate appear during the hydration of C2S doped with 
aluminum. Hemi carbonate disappears quickly, whereas hydrogrossular remains stable throughout the experiments. 
The presence of hydrogrossular indicates that the incorporation of aluminum in α-C2SH is probably restricted. 
Hydrogrossular changes its lattice parameter, getting enriched in silicon at the expense of (OH4)4- during the hydration. 
Incorporation of potassium leads to an enlargement of the unit cell of α-C2SH. The increased c lattice parameter of the 
α-C2SH implies a preferential incorporation of potassium in c direction. Higher concentrations of foreign ions lead to 
the formation of new phases. 
 
Originality 
This work is a joint project by the Department of Mineralogy/Geochemistry of the University in Halle/Saale and the 
Institute of Technical Chemistry at the Karlsruhe Institute of Technology (KIT), where a new type of sustainable 
hydraulic binder, Celitement based on hydraulic calcium hydrosilicates was developed. In order to identify technically 
useful raw materials for the Celitement process, C2S samples were synthesized with foreign elements (Al, K) and treated 
under hydrothermal conditions to achieve the hydrate phase α-C2SH, which is an intermediate product. The focus was 
on the potential incorporation of foreign ions into the structures of C2S and α-C2SH. Depending on the stabilized 
modification of C2S (e.g. α’H-C2S) and the amount of foreign ions, different dissolution rates of the initial C2S phases as 
well as formation rates of α-C2SH could be expected. 
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1. Introduction 
The cement industry contributes with a share of about 8% to the global CO2 emissions (Olivier J. G. J. 
et al., 2012). Therefore, there is an increased demand for research on new binding materials as well as 
on clinker substitute products in order to lower the CO2 footprint of the cement production. A newly 
developed binding material based on hydraulic calcium hydrosilicates is Celitement (Stemmermann P. 
et al., 2010). The binder is produced in a two-step process. First a silanol-containing calcium silicate 
such as α-Ca2(HSiO4)OH, (α-C2SH) is synthesized in an autoclave. In a second step, this product 
(precursor) is mechanically activated in a formulation with an additional SiO2-containing raw material. 
The fabrication of an α-C2SH phase takes place under hydrothermal conditions at 200 °C and 
saturated steam pressure (16 bar) (Stemmermann P. et al., 2010; Stemmermann P. et al., 2007). With 
respect to the used raw materials, two fundamental approaches can be distinguished: (1) use of a 
mixture of CaO or Ca(OH)2 and SiO2 in the molar ratio 2:1 and (2) use of C2S modifications.  
The aim of this work is to synthesize pure dicalcium silicate and dicalcium silicate doped with foreign 
elements in order to investigate their influence on the hydration behavior of C2S under standard and 
hydrothermal conditions. Stabilization of high temperature modifications of C2S outside of their 
respective stability conditions in the pure system is believed to be beneficial in terms of enhanced 
hydraulic reactivity (e.g. Kim Y. M. & Hong S. H., 2004). Depending on the synthesis method and the 
starting material, as well as on the synthesis conditions, the results of stabilization differ in literature. 
In order to investigate these discrepancies, the influence of the foreign ions Al3+ and K+ on the 
stabilization of dicalcium silicate was examined in detail. Additionally, the effects of aluminum and 
potassium on the hydration under standard and hydrothermal conditions were investigated, to 
establish possible differences in the dissolution rates of the C2S phases and the formation rates of C-S-
H phases and α-C2SH, respectively. A possible incorporation of the foreign elements into the lattice of 
α-C2SH was also investigated. 
2. Experimental 
2.1. Materials and Methods 
The synthesis of doped and pure C2S was performed by the Pechini Method (Pechini A. M. P., 1967). 
A precise description of this synthesis method has been reported by Hong S.-H. & Young J. F. (1999). 
As starting materials for pure C2S the following chemicals were used: Ca(NO3)2•4H2O (AppliChem), 
ammonium stabilized silica sol SiO2•xH2O (Grace), citric acid C6H8O7 (AppliChem) and ethylene 
glycol C2H6O2 (AppliChem). For the preparation of Ca2SiO4 doped with the foreign ions Al3+ and K+ 
the corresponding nitrates aluminum nitrate hydrate (Al(NO3)3*9H2O, Sigma Aldrich) and potassium 
nitrate (KNO3, Merck) were used. The chemicals were tested for purity and the targeted chemical 
compositions of  samples were calculated following the rule: (Ca2++K+)/(Si4++Al3+)=2 i.e. an 
exchange of CaO ↔ ½ K2O and SiO4 ↔ ½ Al2O3 was supposed (Table 1). After a drying process at 
120°C the resulting polymer foam was heated up to 800 °C for 2 h in order to eliminate water, nitrates 
and organic components. Due to the thermal decomposition of the polymer the desired powders were 
obtained. The chemical composition of the synthesis products was determined with a SRS 3000 X-ray 
fluorescence (XRF) instrument (Siemens). The targeted chemical compositions and sample 
abbreviations are listed in Table 1. 

Table 1 Calculated chemical composition of pure and doped C2S samples. 
Stabilizing 

ion 
Oxide 

concentration 
[wt.%] 

Idealized composition Abbreviation 

 Al2O3 K2O   
None 0 0 Ca2SiO4 C2S 
Al3+ 1 0 (Ca)2(Si0.9662Al0.0338)1O3.98□0.02 1Al 
Al3+ 3 0 (Ca)2(Si0.8992Al0.1008)1O3.95□0.05 3Al 
Al3+ 5 0 (Ca)2(Si0.8326Al0.1674)1O3.92□0.08 5Al 
Al3+ 7 0 (Ca)2(Si0.7664Al0.2336)1O3.88□0.12 7Al 
Al3+ 10 0 (Ca)2(Si0.668Al0.332)1O3.83□0.17 10Al 
K+ 0 1 (Ca0.98175K0.01825)2(Si)1O3.98□0.02 1K 



 

K+ 0 3 (Ca0.94545K0.05455)2(Si)1O3.95□0.05 3K 
K+ 0 5 (Ca0.9094K0.0906)2(Si)1O3.91□0.09 5K 
K+ 0 7 (Ca0.8737K0.1263)2(Si)1O3.87□0.13 7K 
K+ 0 10 (Ca0.82055K0.17945)2(Si)1O3.82□0.18 10K 

Al3+, K+ 1 1 (Ca0.98175K0.01825)2(Si0.9663Al0.0337)1O3.96□

0.04 
1AlK 

Al3+, K+ 3 3 (Ca0.94575K0.05425)2(Si0.8997Al0.1003)1O3.90□

0.1 
3AlK 

Al3+, K+ 5 5 (Ca0.91005K0.08995)2(Si0.834Al0.166)1O3.83□0.17 5AlK 
Al3+, K+ 7 7 (Ca0.87525K0.12475)2(Si0.7664Al0.2336)1O3.76□

0.24 
7AlK 

Al3+, K+ 10 10 (Ca0.82365K0.17635)2(Si0.674Al0.326)1O3.66□0.34 10AlK 
The synthesis products were analysed with X-ray powder diffractometry (X`Pert Pro MPD, 
PANalytical) with a X‘Celerator detector in a Bragg-Brentano geometry (CuKα λ=1.5418 Å, operated 
at = 45 kV / 40 mA (1800 W), angular range = 5-90 °2θ, step = 0.017 °2θ and time per step = 20 sec.) 
and evaluated with the program HighScore Plus 3.0 (PANalytical). The quantitative analyses 
(including amorphous content) as well as the determination of lattice parameters and sizes of the 
coherent scattering domains were performed with the software TOPAS 3.0 (Bruker). The amorphous 
content was determined by spiking with 50% α-Al2O3 (Westphal T., 2009). The densities of the 
synthesis products were measured with a pycnometer MVP-D160-E (Quantachrome). The specific 
surface areas of the synthesis products were obtained by BET measurements with Flowsorb II 2300 
(Micromeritics). The samples were dried at 50 °C and degassed before the experiment. During the 
experiment with nitrogen at about -196 °C values for adsorption and desorption were detected.  
2.4. Hydration studies 
The heat evolution during hydration of the samples (0.5 g) under standard conditions (23 °C, 1 bar) 
was followed with heat flow calorimetry after the operating mode from Kuzel H.-J. (1984) and 
Pöllmann H. et al. (1991). The instrument is equipped with three measurement cells and one reference 
cell. The water/solid ratio (w/s) was chosen to be 3 (higher than the water demand), after some 
preliminary tests, to guarantee that enough water was available for a complete hydration with respect 
to the high specific surface area. The injection method (Götz-Neunhoeffer F., 2006) was used for the 
addition of water through a hole in the top of the copper crucible.  
In situ hydration under hydrothermal conditions was investigated with time resolved XRD 
measurements in transmission mode performed on the X-ray beamline SUL-X of the ANKA 
Synchrotron radiation facility in Karlsruhe (Germany) in a specially designed reaction cell, 
constructed at KIT (Ullrich et al., 2013). The energy of the radiation source (wiggler) was tuned at 
16keV with a double crystal monochromator Si (111). The X-rays were focused in a spot of 150 x 
300µm with a double concave mirror system. The detection of the transmitted diffracted radiation was 
performed with a CCD detector in the angular range 4-30°2θ. The sample preparation for the 
hydrothermal hydration studies was performed under N2 atmosphere to avoid carbonatization. In order 
to maximize the α-C2SH yield it was necessary to add 1% α-C2SH seed crystals to the starting 
materials. The sample was pressed into a pellet with a total weight of ~2.5 µg. After adding H2O (w/s 
= 2), the reaction cell was immediately closed and mounted on the experimental station. 
Hydrothermally hydrated samples were investigated with a scanning electron microscope (SEM) to 
identify and characterize the reaction products. The scanning electron micrographs were acquired with 
a JEOL JSM 6300 with a Quantax XFlash 5010 EDX-detector (Bruker) and the evaluation software 
Quantax 200. The samples were coated with gold prior to investigations. 
3. Results and Discussion 
3.1. Phase composition of the synthesis products  
Sintering at 800°C for 2 h of pure starting materials with target C/S ratio of 2 (sample C2S, Table 1) 
resulted in ~94 wt.% β-C2S as the major phase with a minor proportion of ~6 wt.% α’H-C2S. 



 

Coupled substitution of aluminum and potassium for silicon and calcium increases the share of the 
α’H-C2S modification similar to the single substitution processes with potassium or aluminum. The 
charge balance was not taken into account, so that electro neutral conditions are maintained by 
oxygen vacancies. Thus, Ca2Si1-2xAl2xO4-x□x represents the single substitution of silicon with 
aluminum (Cuesta A. et al., 2014), Ca2-2xK2xSi1O4-x□x the single substitution of calcium with 
potassium and (Ca2-xKx)(Si1-xAlx)O4-x□x  the combined substitution (Belyako A. V., 1999). 
The examination of the products after sintering showed that both investigated single substitution 
series (calcium with potassium or silicon with aluminum) were limited to low concentrations. Further 
substitution led to the formation of side products (C3A, K2Ca2Si2O7 and K2CO3). The exchange of 
aluminum for silicon at low concentrations of Al2O3 seems to be conducive to the formation of α’H-
C2S. However, the latter shows much lower peak intensities pointing to a low degree of crystallinity. 
At higher concentrations (7Al) the formation of tricalcium aluminate (C3A) is observed (Figure 1). 
Taking into account the possible sample compositions resulting from the mass proportions of the 
ingredients, the end member in this substitution should be “C4A” (SiO2  ½ Al2O3). Considering 
the charge balance it is comprehensible that C3A would form during substitution.  
The sintering products of the materials with targeted coupled substitution show minor amounts (~1 
wt.%) of K2CO3 at 5 wt.% and C3A at 7 wt.% foreign oxides, respectively. Therefore, the limit of the 
incorporation of aluminum oxide into the lattice of C2S is between 5 wt.% and 7 wt.% foreign oxides. 
Comparing the three substitution processes, the coupled substitution with aluminum and potassium is 
most beneficial with regard to the content of the high temperature modification α’H-C2S (Figure 2). At 
the same time it yields the lowest concentration of intermediate phases thus being the most effective 
in terms of  stabilization of α’H-C2S under these synthesis conditions. 



 

 
Figure 1 Quantitative analyses of the substitution series in wt% (e.s.d.): aluminum and potassium (I), aluminum 

(II) and potassium (III). 



 

 
Figure 2 Comparison between the content of C2S modifications and the content of foreign oxides. 

The results of BET and density measurements indicate that the substitution of calcium and silicon by 
foreign ions leads to a decrease in the density of the powders and their specific surface area (Figure 3). 
The determined densities of the synthesis products differ from the theoretical values of Mumme W. et 
al., (1995, 1996). An explanation could be a possible existence of crystal defects in the fine powder 
induced by the polymer synthesis method or the presence of X-ray amorphous K2CO3 with a density 
of 2.43 g/cm³. The decrease of the density could be also attributed to the amount of the amorphous 
phase, which varies significantly between the samples. 
Taking into account the quantitative results (7.8% β-C2S, and 91.4% α’H-C2S and 0.9% K2CO3) and 
the theoretical chemical composition of the C2S ((Ca0.91K0.09)2(Si0.834Al0.166)1O3.83) with a molar mass 
of 169.16 g/mol), it is possible to calculate the density via the volumes of the unit cells from β-C2S and 
α’H-C2S. For example, the volume of the unit cell of α’H-C2S in sample 5AlK was determined to be 
349.6 Å³ resulting in a density of 3.21 g/cm³. The same could be performed for β-C2S with a density of 
3.19 g/cm³ and K2CO3 with a density of 2.43 g/cm³. Considering the phase contents in the mixture, the 
calculated average density of the sample must be 3.21 g/cm³.  

                          
Figure 3 Results of the measured and calculated densities (blue) and of the measured specific surface area (black) 

of the samples C2S, 1AlK, 3AlK, 5AlK, 7AlK and 10AlK; red stars: crystallographic densities of the 
modifications of C2S according to Mumme W. et al., (1995, 1996). 

3.2. Hydration studies 
3.2.2 Standard conditions 



 

The initial heat flows upon hydration of pure C2S and C2S doped with different concentrations of 
aluminum and potassium rise with increasing contents of foreign ions, except the samples of C2S 
doped with potassium (Figure 4). The highest value of initial heat flow with a maximum of 2.4 W/g is 
observed in the sample 10Al, which is due to the fact that C3A is present in higher quantities (9.42%).  
After 100 hours of hydration at 23 °C, the samples were measured with XRD in order to determine 
the phase content of the hydrated samples. In all samples C-S-H gel is present (Ca1.5SiO3.5•xH2O) with 
a characteristic peak at 3.04 Å (Figure 5) and two other peaks at 2.8 Å and 1.82 Å, which are not 
labelled because of their strong overlapping with peaks of other phases. The content of C-S-H gel 
increases in the samples C2S with Al2O3 and C2S with K2O continuously with the increasing content 
of foreign ions (Figure 5 I). In the coupled substitution series as well as the single substitution series 
with aluminum, hemi carbonate (3CaO•Al2O3•0.5Ca(OH)2•0.5CaCO3•11.5H2O) and portlandite are 
clearly identified by their 0 0 6 and 0 0 1 peaks, respectively (Figure 5 I and III). In all samples 
reflections of unreacted C2S were detected, indicating an incomplete hydration reaction within the 
first 100 hours of hydration. In order to assign a value for the content of C-S-H gel the peak areas of 
the peak at the position 3.04 Å were compared. The highest content of C-S-H gel is present in the 
sample C2S followed by 10K, which is probably due to the fact that C2S shows the largest specific 
surface area. The peak areas of the samples 1AlK, 5AlK and 10AlK decrease with the increasing 
content of foreign ions, which is also related to the decreasing specific surface areas of the samples. In 
the samples 1Al, 5Al and 10Al the peak area remains almost constant, whereas in the samples 1K, 5K 
and 10K the opposite effect could be observed. The formation of portlandite in the samples 5Al and 
10Al was expected, due to the fact, that the theoretical chemical composition of the samples provides 
“C4A” instead of C3A. 

   

 
Figure 4 Measured heat flow during hydration of C2S doped with aluminum, potassium and coupled substitution 

of aluminum and potassium; w/s = 3; temperature = 23 °C. 



 

 
Figure 5 XRD powder studies of the hydrated samples; w/s = 3, temperature = 23 °C; I: coupled substitution of 
Al2O3 and K2O, II: substitution with K2O and III: substitution with Al2O3; squares: hemi carbonate; circles: C-S-
H gel; star: portlandite; a: pure C2S; b: 1 wt.% foreign oxides; c= 5 wt.% foreign oxides and d: 10 wt.% foreign 

oxides. 
In Figure 6 the XRD patterns of the starting C2S material, the hydration products after 100 hours and 
the hydration products after 100 days are illustrated. Pure C2S is completely transformed into C-S-H 
gel and portlandite after 100 days (Figure 6 A). Nearly all hemi carbonate changed into mono 
carbonate (Ca4Al2O6CO3•11H2O) in the sample 5AlK (Figure 6 B). Additionally, C-S-H gel and 
portlandite are present. The presence of mono and hemi carbonate indicates that aluminum is not 
completely incorporated into the C-S-H gel. The high intensity of the 0 0 1 portlandite peak is due to 
an increased preferred orientation as a result of the sample preparation.  

 
Figure 6 XRD powder studies of the hydrated samples (w/s = 3, temperature = 23 °C); pure C2S (A) and 

respectively 5AlK (B); down: initial powder; middle: after 100 h of hydration; top: after 100 days of hydration. 
3.2.2 Hydrothermal conditions 
Pure C2S converts without formation of an intermediate phase into α-C2SH during the hydration 
process. Formation of the α-C2SH phase is observed immediately after reaching 200°C. The quantity 
of the anhydrous phases α’H-C2S and β-C2S decreases continuously until they are completely 

A B 



 

consumed, leading to an increased formation of α-C2SH at the same time. The hydrothermal treatment 
of the samples 1AlK and 5AlK also leads to formation of α-C2SH, but some intermediate phases like 
hemi carbonate and hydrogrossular appear. Hemi carbonate forms in early stages, but disappears 
quickly after heating up the sample to 200°C, whereas hydrogrossular remains present until the end of 
the treatment. Refinement of the experimental data shows that the hydrogrossular changed its lattice 
parameter during the hydration from 12.5399(28)Å to 12.2907(21)Å, independently of the thermal 
expansion of about 0.03 Å between room temperature and 200°C (Figure 7). According to the 
relationship between the content of SiO4

4- and the lattice parameter a (Göske J. et al., 1995; Pöllmann 
H., 2010), it could be concluded that during the hydrothermal reaction the hydrogrossular enriches in 
silicon and, at the same time, becomes poorer in (OH)4

4-. Hence, the dissolved silica is incorporated 
increasingly into the hydrogrossular and is not available for formation of additional α-C2SH. In 
addition, the mixture enriches in Ca(OH)2. Therefore, it is not unexpected that we observe an 
increased content of Ca(OH)2 in the samples rich in aluminum and potassium. Additionally, the 
presence of hydrogrossular, shows that aluminum, previously incorporated in the C2S phase, is not 
entering the structure of the α-C2SH phase. Differences in the dissolution rate of the starting materials 
were also observed. The β-modification of C2S only remains stable within the first 30 minutes, 
whereas α’H-C2S persists until 1 h after starting the experiment (Figure 8). This implies that the α’H-
modification must have a stronger chemical bonding resulting in higher resistance against dissolution 
in water under hydrothermal conditions compared to pure C2S. 

 
Figure 7 Left: development of the lattice parameter of hydrogrossular in dependence of the duration of 

hydrothermal treatment of the sample 5AlK; beginning of the experiment (001) and at the end of the experiment 
(089); Right: relationship between the content of SiO4

4- and (OH)4
4- and the influence on the lattice parameter a 

in solid solution series of grossular – katoite; data from literature (Göske J. et al., 1995; Pöllmann H., 2010). 
 



 

  
Figure 8 Isoline view of the in situ XRD patterns in dependency of the hydration time; A: C2S; B: 1AlK und C: 

5AlK. 
A comparison of the unit cell volumes of α-C2SH during the hydrothermal reaction, showed that the 
unit cell volume of α-C2SH, formed from sample 5AlK is the largest. This is probably due to an 
incorporation of potassium in the structure. Additionally, no crystalline phases with potassium were 
detected during the hydration process.  
Electron microphotographs of the hydrothermally hydrated samples show, that the pure C2S and the 
C2S with foreign ions are transformed into α-C2SH (Figure 9 A-D). Additionally, crystals with a 
typical garnet shape are present (hydrogrossular; distorted rhombic dodecahedron) in the 
hydrothermally hydrated C2S samples doped with aluminum (Figure 9 D). In the interspaces between 
α-C2SH crystals some crypto-crystalline phase is observed. EDX analysis of this area indicates 
enrichment in aluminum, calcium, silicon and potassium. The difference to EDX spectra of α-C2SH 
crystals is the higher content of aluminum, which once again implies that aluminum is not 
incorporated in the α-C2SH phase.  
 
 



 

Figure 9 SEM images of unhydrated C2S (A), hydrothermal hydrated C2S (B) and hydrothermal hydrated 5AlK 
(C and D); formation of α-C2SH is seen in all samples (flat rectangular platelets); formation of hydrogrossular is 

seen in the sample 5AlK, with the characteristic garnet shape (white arrow) in between α-C2SH crystals (D). 
4. Conclusions 
This investigation shows, that it is possible to stabilize the high temperature modification α’H-C2S by 
single and coupled substitution of silicon and calcium with aluminum and potassium. The coupled 
substitution turned out to be the most efficient way to synthesize and stabilize α’H-C2S. A limit of 
incorporation of Al2O3 could be established at concentrations between 5 wt.% and 7 wt.% through the 
formation of the by-product C3A. This is consistent with the existing literature (e.g. Kim Y. M. & 
Hong S. H., 2004). It is interesting to note, that during the single substitution of calcium with 
potassium, K2Ca2Si2O7 is formed, whereas this phase is not appearing during the combined 
substitution with potassium and aluminum. The presence of the phase K2Ca2Si2O7 indicates that an 
incorporation of potassium into the structure of C2S is restricted. However, simultaneous presence of 
potassium and aluminum facilitates the stabilization of α’H-C2S. XRF measurements of the synthesis 
products prove that there is no evaporation of potassium during the sintering process at 800 °C for 2 
hours. The specific surface area of the synthesis products C2S, 1AlK, 3AlK, 5AlK, 7AlK and 10AlK, 
decreases with the increasing content of foreign ions which implies a lower hydraulic reactivity. At 
the same time, the content of the more hydraulic reactive phase α’H-C2S increases (until 5 wt.%), 
which should promote the hydration reaction.  
The hydration behavior under standard conditions of the sintered products shows a clear dependence 
of increasing C-S-H formation only upon increased surface area, regardless of the initial phase 
composition. In this case the presence of α’H-C2S has minor influence on the hydration behavior 
compared to the physical property specific surface area. Therefore, the current opinion and definition 



 

about the hydraulic reactivity of the high temperature modification α’H-C2S should be reconsidered. 
The hydration of the pure and doped C2S samples under hydrothermal conditions (200°C; 16bar) 
provides α-C2SH as the major hydration product. Hydrogrossular and hemi carbonate occur in the 
samples doped with aluminum and potassium. Hemi carbonate seems to be stable only in the early 
stages of treatment at temperatures well below 200°C, whereas hydrogrossular forms and persists 
throughout the experiment. The decreasing lattice parameter of hydrogrossular in the course of the 
hydrothermal treatment, points to a continuous enrichment in silicon at cost of (OH)4

4-. The presence 
of hydrogrossular indicates also that the incorporation of aluminum in α-C2SH is probably restricted. 
An incorporation of potassium in the structure of α-C2SH formed from C2S doped with aluminum and 
potassium has been proven by the substantial enlargement of the unit cell.  
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Abstract 

Cracks were observed when the magnesium silicate hydrate gel cement (prepared by  
40% MgO/ 60% silica fume) was dried. This drying cracking is believed to be caused when unbound 
water evaporates from the binder. The shrinkage upon forced drying to 200 °C of mortars made up 
from a reactive magnesium oxide, silica fume and sand was measured using dilatometry. The 
magnitude of the drying shrinkage was found to decrease when more sand or less water was added to 
the mortars and can be as low as 0.16% for a mortar containing 60 wt% sand and a water to cement 
ratio of 0.5, which is of a similar order of magnitude as observed in Portland cement based mortars 
and concretes. A simple geometrical interpretation based on packing of the particles in the mortar can 
explain the observed drying shrinkages and based on this analysis the drying shrinkage of the 
hydration products at zero added solid is estimated to be 7.3% after 7 days of curing. 
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1.Introduction  

Previous work had shown that blends of a reactive magnesium oxide (MgO) and silica fume 
react to form a magnesium silicate hydrate gel (M-S-H) and that in contrast to claims made in 
the cement literature, this leads to mortar strengths not dissimilar to what can be achieved 
with Portland cement. Since the pH of these cements, pH~9-10, is markedly lower than that 
observed in blends based on Portland cement, this cement could find applications where a 
lower alkalinity is desirable such as in immobilisation of heavy metals for waste treatment. 
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Very little is known about the properties of M-S-H gel based cements and the successful 
application of new cements requires that judgements can be made about the durability of the 
products. One possible durability issue is the dimensional stability upon drying and wetting. 
Indeed, in early experiments it was observed that drying lead to substantial cracking. Trial 
experiments to overcome the cracking problem showed that adding fine sand reduced the 
dimensional changes upon drying sufficiently to suppress the cracking. The aim of the work 
reported here was therefore to characterise the drying shrinkage and to investigate how 
addition of fine sand modifies the dimensional stability. 
 

2.Experimental methods 

Blends of a commercially available MgO (MgO, MagChem 30, M.A.F. Magnesite B.V., The 
Netherlands) silica fume (SF, Elkem Materials Ltd) and a milled sand were prepared. The 
characteristics of the raw materials are reported in Table 1.  

Table 1 Characteristics of the raw materials 
 MgO Silica fume 
Composition   
SiO2 (wt%) 0.35 >97.5 
Al2O3 (wt%) 0.1 <0.7 
Fe2O3 (wt%) 0.15 <0.3 
CaO (wt%) 0.8 <0.3 
P2O5 (wt%) (n/a) <0.1 
MgO (wt%) 98.2 <0.5 
K2O (wt%) (n/a) <0.6 
Na2O (wt%) (n/a) <0.3 
SO3 (wt%) 0.05 <0.4 
Specific gravity (g cm-3

) 3.23 1.94 
Mean particle size (µm) 5 21.3 
BET surface area (m2 g-1) 25 21.4 

 
Previous work had shown that blends of 40 wt% MgO and 60 wt% silica fume react fully to 
produce pure M-S-H gel with an average formula of  

  ( ) ( )12282088 OHOHOSiMg ⋅  (1) 

Therefore this blend was selected for further study and a range of mortars with different sand 
contents and water to cement ratios (w/c) were prepared as detailed in Table 2. In all cases 
1wt% sodium hexametaphosphate was added as a dispersant to improve the rheology of the 
pastes. Samples were cast in steel moulds (10 mm × 10 mm × 60 mm), removed from the 
moulds after 1 or 2 days, and then allowed to cure further in a closed box with excess water at 
the bottom to minimize drying of the samples. 
 



Drying shrinkage was determined after 1 or 2 days depending on the solidity of the sample 
and then at 7, 14 and 28 days of curing by heating the samples rapidly (20 °C min-1) to 200 °C 
in a dilatometer so that the length of the samples could be monitored continuously during the 
heating. The maximum temperature was chosen to coincide with a distinct kink in a 
previously obtained thermogravimetric analysis of M-S-H gel, see Figure 1, which indicates 
that for such a high heating rate, loosely bound water only leaves the structure if the heating is 
continued to 200 °C. 
 

Table 2: Mortar formulations (w/c : water to cement ratio, SF: silica fume). 
No. Cement 

MgO/SF 
wt% 

Sand 
 

wt% 

w/c  
MgO 

g 

 
SF 
g 

 
sand 

g 

 
water 

g 
1 100 0 0.5 40 60 0 50 
2 80 20 0.5 40 60 25 50 
3 60 40 0.5 40 60 67 50 
4 40 60 0.5 40 60 150 50 
5 100 0 0.8 40 60 0 80 
6 80 20 0.8 40 60 25 80 
7 60 40 0.8 40 60 67 80 
9 40 60 0.8 40 60 150 80 

 
The weight loss observed indicates that 9 of the 12 waters in eq.1 are lost more readily than 
the remaining 3. A similar difference in water bonding is known to occur in crystalline 
hydrated sepiolite: 
 

  ( ) ( )122430128 OHOHOSiMg ⋅  (2) 

which during drying forms an intermediate structure containing 4 waters.  
 
 



 

Figure 1 Thermogravimetric analysis of a cement sample with no sand addition and a w/c ratio of 0.8 
after 285 days of curing and 24 h of drying at 105 °C. X-ray diffraction shows only the presence of M-
S-H gel in such samples. 

3. Results 

Figure 2 illustrates how the length of the samples changes during heating. Although the 
temperature was programmed to rise to 200 °C only, a small overshoot occurred leading to 
temperatures of 230 °C being reached. It is clear that the samples start shrinking around 85 °C 
and that the shrinkage appears to occur in 2 steps: a first one largely complete by 165 °C and 
a clear further one above 200 °C. 
 
 

 

Figure 2 Examples of the changes in length observed during heating for a mortar with 40 wt% sand and 
a water to cement ratio of 0.8 after 1 day of curing. 
 
The total shrinkage after 7 days of curing is plotted in Figure 3 as a function of the volume 
fraction sand added to the mortars. In line with work on other mortars and concretes, adding 
sand, which itself will not shrink when the mortar is dried, reduces the drying shrinkage, and 



mortars with more water shrink more than mortars with less water for the same volume 
fraction of sand. The drying shrinkage of mortars without sand is very high, but a drying 
shrinkage of 0.16% as observed for the mortar with 60 wt% sand and a water to cement ratio 
of 0.5, is of the same order of magnitude as what is observed for cement mortars and 
concretes[1-3]. 
 

 

Figure 3 Step shrinkage observed during drying by heating to 200 °C as a function of the volume 
fraction sand in mortars with a water to cement ratio (w/c) of 0.5 and 0.8 after 7 days of curing. 

4. Discussion 

The first shrinkage step can be attributed to the loss of water between the particles, whereas 
the second step is probably due to the M-S-H gel loosing water from within its structure. This 
can be deduced from the TGA on M-S-H gel, which shows that the water is lost in three steps: 
 

100 – 200 °C  ( ) ( ) ( ) ( )328208812282088 OHOHOSiMgOHOHOSiMg ⋅→⋅  (3) 

200 – 450 °C  ( ) ( ) ( )820883282088 OHOSiMgOHOHOSiMg →⋅  (4) 

450 – 800 °C  ( ) 248882088 OSiMgOHOSiMg →  (5) 

 
The higher shrinkage for mortars with a higher water to cement ratio is in agreement with 
what is normally observed for cements and concretes[4] even though some authors believe the 
w/c ratio to be less important than often stated[5]. The observation that adding more sand 
reduces the shrinkage can be easily understood since the sand is not involved in the hydration 
reactions and will not shrink upon drying.  
 
In terms of quantifying the shrinkage, much of the work in the literature focuses on predicting 
the long term drying shrinkage from early measurements, see e.g.[6, 7]. However, there are 
also microstructural models. The Hansen model[8] considers aggregates in concrete to act as 
a constraining factor to a shrinking matrix. As similar approach was used by Grassl, Wong 
and Buenfeld[9] in their model for the effect of aggregate size and volume fraction on 



shrinkage cracking. However, in such models the shrinkage only approaches zero when the 
volume fraction aggregate tends to 1. This does not agree with the results obtained here as the 
drying shrinkage tends to zero when less than half of the volume is sand. Hence, the much 
smaller size of the sand particles relative to the aggregates in concretes, modifies the way in 
which it interacts with the cement matrix. 
 
Furthermore, plotting the shrinkage as a function of the volume fraction of all solids, vs, rather 
than the volume fraction of sand, see Figure 4, causes the results for both water contents to 
reduce to a single trend, which shows that this is the correct normalising factor. Extrapolation 
of the results now shows that the shrinkage will reduce to zero when the volume fraction of 
solids in the paste is about 0.68. 
 
 

 

Figure 4 Comparison of the experimentally observed drying shrinkage with the predictions of 
a simple geometrical model assuming the drying shrinkage of the hydration products is 7.3%. 
 
In terms of particle packing, a volume fraction of 0.68 is high, leading to the conclusion that 
the shrinkage tends to zero when the solid particles in the paste are touching. It follows that 
the magnitude of the shrinkage will scale with a characteristic distance between the solid 
particles in the paste. To investigate this assumption, an idealised description of the paste 
structure was considered by modelling the paste as a regular packing of equal size particles. 
While such a description is highly idealized, it has been used before to successfully explain 
variations in the setting time[10] and drying shrinkage[11] of cement pastes and the 
mechanical properties of porous ceramics[12]. Noting that the strain tends to zero for a 
volume fraction of solids of 0.68, which is equal to the packing fraction obtained when 
particles of equal size are in contact in a body cubic centred lattice (bcc), this type of packing 
was used. It is assumed further that when the volume fraction of solids decreases, the particles 
will retain the same average arrangement, i.e only the inter-particle distances become larger. 
This can be achieved through increasing the size of the unit cell, a, to give a volume fraction 
of solid equal to the volume fraction of solids in the paste. As shown in Figure 5 each bcc unit 



cell contains just 2 particles and hence the relationship between solid volume fraction, vs, 
particle radius, r, and unit cell parameter, a, for bcc crystals is: 

 3

3

3
42

a

r
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π
⋅

=  (6) 

Rearrangeing this expression yields a characteristic ratio of particle radius, r, and unit cell 
parameter, a, as a function of the volume fraction of solids in the paste: 
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As illustrated in Figure 5 which shows scaled drawings of the packing in some of the mortars, 
the particles are not touching but are close to touching in the mortar with 60% sand and a 
water to cement ratio of 0.5, which showed only 0.16% shrinkage upon drying. 
During curing the pastes retain the shape of the mould and showed no bleeding. Therefore, 
solidification of the pastes during set occurs because the hydration products form solid 
bridges between the particles, which themselves remain largely at the same positions they had 
in the unset mortar. In Figure 5, only the linkages which cover the shortest distances between 
solid particles are shown. In a bcc arrangement, these are along the body diagonal of the cube. 
The total length of the body diagonal is a3  and a distance 4.r of this length consists of solid 
particles. Hence, the length bridged by hydration products is  ra 43 − . It is assumed further 
that during drying the solid particles will not shrink, and that the hydration products shrink by 
a fixed amount per unit length, shε . Since the linkages along the body diagonal contain the 

lowest amount of hydration product per unit length, they will limit the overall shrinkage of 
the structure, which is therefore given by: 
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a
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l
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3
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=
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Eliminating r / a from this expression using eq.(7) yields the following relationship between 
volume fraction solids and drying shrinkage: 
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Figure 5 A geometrical model for the spacing between the solid particles in the paste and the linkages 
that form during curing based on a body centred cubic crystal structure (left). A scaled view on the 
(110) type planes in the structure is shown for different sand and water contents. The shortest distance 
between solid particles is along the diagonal in this plane and it can be thought to consist of solid 
particles over a length 4r and hydration product linkages over a length ra 43 − . 

 
Figure 4 compares the prediction of this simple geometric interpretation with the 
experimentally observed shrinkages assuming the shrinkage of the hydration products on 
drying amounts to 7.3%. Clearly the trend of the experimental results is reproduced quite 
accurately. Note that for low volume fractions of solids, settling and bleeding might occur, 
which would increase the effective volume fraction of solids in the mortar. Hence, it can be 
expected that there will be a maximum value for the shrinkage determined by the minimum 
volume fraction of solids, which does not show settling. 
 
To some extent this good agreement is surprising as the cement particles will react to create 
the hydration products and hence slowly vanish from the solid particle network. However, 
when Portland cement hydrates, a distinction is often made between lower and higher density 
regions in the hydration products, with the early gel formation being lower density than the 
product forming later on[13]. Garci Juenger and Jennings[11] also attribute the shrinkage to 
water removal from the capillary pores and from the lower density hydrated phase, whereas 
the high density phases forming on the unhydrated cement particles and the unhydrated 
cement particles themselves do not shrink during drying. Hence, the continued scaling of the 
shrinkage with initial packing density observed here suggest that the brucite and M-S-H gel 
forming early on between the solid particles also create a low density network, whereas the 
product formed during later hydration is much denser and does not contribute much to the 
drying shrinkage so that the correlation with initial volume fraction of solids is retained. 

5.Conclusions 

The drying shrinkage of mortars made by blending MgO, silica fume, sand and water was 
higher when the water content was higher and/or the sand content lower, which is entirely 
consistent with observations for mortars based on Portland cement. Adding 60 wt% sand to a 



mortar with a water to cement ratio of 0.5, reduced the drying shrinkage to 0.16%, which is 
similar to Portland cement. 
 
It was shown that the magnitude of the drying shrinkage depends on a characteristic minimum 
inter-particle distance in the paste and that therefore the shrinkage is governed by the volume 
fraction of solids in the paste. Moreover, the overall drying shrinkage of aged samples is 
limited to the shrinkage of the hydration products between the original particles. For the 
magnesium silicate hydrate studied here, extrapolating the results to zero solids in the paste 
suggests that the drying shrinkage of the hydration products amounts to 7.3% at 7 days of 
curing. 
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Abstract: The effect of activators, such as NaOH and Na2SiO3,on the strength of phosphorous slag was studied. 
The results show that Na2SiO3  had much better excitation effect than NaOH. When phosphorous slag is mixed 
with a certain amount of ordinary portland cement P.O52.5, the early strength can be significantly improved. The 
mechanical properties of phosphorus slag-based cementitious materials is best when the dosage of cement is 10% , 
graphite tailings powder is 15% ,and the alkali content is 5%. The 12-hour flexural strength and compressive 
strength of the phosphorus slag-based cementitious materials reach 3.3MPa and 18.6MPa, respectively, and the 
28-day compressive strength is 75.4MPa. The phosphorus slag-based cementitious materials can be achieved 
rapidly solidified and early strength. The hydration and harden process and microstructure of  phosphorous 
slag-based cementitious materials was studied by microscopic testing methods, such as X-ray diffraction, scanning 
electron microscope, and integrated thermal analysis. At the same time, the characteristics of hydration products 
were discussed. 
 
Key words: phosphor slag; alkali activated; strength; hydration; microstructure 
 

Phosphorus slag is a industrial waste emission of yellow phosphorus in the refining process 
for high temperature furnace. Electric furnace for yellow phosphorus is used phosphate rock as 
raw materials, coke as the reductant of phosphorus and silica as slag forming agent. After the 
molten slag discharged, and its quenching treatment for the high pressure water, the granular 
phosphorus slag is formed, which mainly exists in the form of vitreous body. If granular 
phosphorus slag was grinded, it could became phosphorus slag powder which has certain potential 
activity[1]. One t yellow phosphorus results 8 ~ 10 t phosphorus slag on industrial production. At 
present, China's annual emissions of the phosphorus slag is about 15 million t and its utilization 
rate is not high, which has piled up the amount of 80 million t. A large number of phosphorus slag 
gathered in the yard not only take up land and waste of resources, but also increase the enterprise 
cost. At the same time, the composition of infiltration underground such as soluble fluoride and 
phosphorus in the phosphorus slag can cause pollution, and be harmful to ecology, water resources 
etc, restricting the sustainable development of local economy and society [2]. 

There are a variety of utilization ways of phosphorus slag, but its utilization in cement and 
concrete industry is not allowed to ignore[3]. Phosphorus slag not only can be used as raw material 
for cement production, but also can be used as cement mixing materials and concrete admixtures. 
Used as mixed material and the admixture, due to the low content of Al2O3 in phosphorus slag and 
containing phosphorus, fluorine and so on, its activity is not high and is easy to cause slurry 
retarding and early strength development of concrete is slow, which seriously affects the user's 
enthusiasm[4]. Many researches and practices show that the key to solve the series of the problem 
is to use appropriate methods to stimulate the activity of phosphorus slag. In this paper, by 
adopting different alkaline activators and mineral admixtures on phosphorus slag chemical 
excitation, the performances of alkaline activators and mineral admixtures were studied on the 
effect of phosphorus slag cementing material. 

1 Experiment 



1.1 Materials 
Phosphorus slag powder(PS): Phosphorus slag, hubei chemical co.LTD, was grained in SM - 

50 type test refined for 80 mins. Graphite ore tail: Graphite tailing is mainly composed of quartz, 
Muscovite and microcline, containing a small amount of calcite, hematite, amphibole, chlorite. 
Graphite tailing was grained in SM - 50 type test refined for 80 mins. Cement(C): Huaxin cement 
production PO52.5 cement (yidu) co., LTD, 3d flexural strength and compressive strength values 
were 4.5 MPa and 25.7 MPa, the 28d strength of flexural strength were 7.8 MPa and 53.5 MPa, 
respectively. The compositions of phosphorus slag powder, graphite ore tail powder and cement 
are shown in table 1. 

The compositions of phosphorus slag powder, Graphite ore tail powder and cement are 
shown in table 1. 
  table 1                                                               （%） 

The name 
of the 

material 

SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 P2O5 Loss 

phosphorus 
slag 

powder 

38.09 3.85 0.33 43.64 1.98 3.05 1.27 4.21 0.52 

graphite ore 
tail powder 

62.74 15.02 4.44 1.94 1.72 3.20 2.66 0.22 6.83 

cement 27.44 12.98 3.13 40.52 1.55 0.98 3.51 0.14 8.19 
Instant sodium silicate, modulus of 1.0, west long chemical co., LTD. NaOH, chemical pure, 

west long chemical co., LTD. 
                                   

1.2 Test methods and performance testing 
The mortar strength was tested according to GB/T17671–1999. There are used XRD, SEM, 

microscopic test means such as comprehensive thermal analysis. 

2   Results and discussion  
2.1 Strength test 

Under the experimental condition of water/cement ratio 0.25, through different alkaline 
activators dosages (1%, 3%, 5%, 7%) on phosphorus slag cementing material the influences of 
slurry setting time and early mechanical properties were discussed and the phosphorus slag 
cementing material ratio of each component were determined. The test results are shown in table2.    
table 2                                                                          

PS 
(%) 

activators dosages  w/c Flexural strength 
 (Mpa) 

The compressive strength  
(Mpa) 

 NaOH 
(%)called 

A 

Na2SiO3     
(%)called 

B 

  12h 3d 7d 12h 3d 7d 
A B A B A B A B A B A B 

H1 1 1 0.25 0.1 0.1 2.6 1.2 4.9 4.3 3.5 4.5 8.3 12.0 16.5 30.1 
H2 3 3 0.25 0.1 0.2 3.8 2.8 5.6 5.6 7.3 7.6 16.0 39.1 38.9 55.0 
H3 5 5 0.25 0.2 0.5 4.0 3.9 7.5 6.8 7.7 8.9 24.5 40.9 50.7 87.2 
H4 7 7 0.25 0.1 0.4 3.9 3.2 7.0 7.2 7.5 8.5 22.3 34.5 48.4 89.2 



In the process of experiment, the higher the content of NaOH, the higher pH value of slurry[5] 
(When content was 5%, pH value for more than 14). The dissolution rate of phosphorous slag is 
very fast, the setting time is short. Literature indicates that: as the dissolved phosphorus slag too 
fast, formation of natural gas hydrates will much concentrate on the surface of phosphor slag 
particles, instead, stopping the hydration reaction. 

Comparing Na2SiO3 and NaOH preparation of phosphorus slag cementing material, under the 
condition of the same dosage of alkali activators, early strength value of alkali phosphorous slag 
cement materials used Na2SiO3 is more than NaOH. Thus Na2SiO3 is more suitable for the 
preparation of alkaline phosphate slag cementing material than NaOH. This is because the value of 
C-S-H which was generated during the hydrolysis reaction of Na2SiO3 generating silicate root 
combined with Ca2+ which was generated from phosphorus slag depolymerization is more than 
which generated by NaOH. At the same time silicate root coming from Na2SiO3 plays a 
fundamental body in hydration products frame and the structure of the hardened cement paste was 
beneficial to formate. 

When ordinary Portland cement (0%, 10%, 20%) equal instead of phosphorous slag and the 
dosage of Na2SiO3 is 5%, phosphorus slag cementing material test result is as follows in figure 1,2 

 

figure 1                              figure 2 
Conclusion from figure 1,2 is that early (12h) mechanical properties of phosphorus slag 

cementing material was improved when mixed with ordinary Portland cement. With the increase 
of cement content, mechanical strength of the specimen have increased before the downward trend, 
and there is a the best dosage of cement. Phosphorus slag cementing material early mechanical 
strength(12h) can be improved after mixed with ordinary Portland cement, the reason is that the 
ordinary Portland cement contains a lot of C2S. C2S crystal structure is made up of [SiO4]4+ 
tetrahedron and Ca2+[6], in the case of right alkalinity, [SiO4]4+ tetrahedron has great role in 
promoting the hydration process of phosphorous slag cement materials [7]. Sodium silicate also has 
a promoting effect on hydration of C2S. With the increase of cement content, content of 
phosphorus slag hydration product decreases in base reaction products, and the cement hydration 
products increased. The early mechanical strength of Cement hydration products is more than that 
of high alkali phosphorous slag cement materials. The 12h flexural strength of specimen which 
mixed ordinary Portland cement is much higher than intensity of the specimen containing no 
ordinary Portland cement, but the compressive strength is slightly lower. Because late mechanical 
strength of the cement hydration products is lower than that of three-dimensional network product 
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generated by alkali phosphorous slag. By 10% of ordinary Portland cement content and 5% of 
sodium silicate, 28d flexural strength of phosphorus slag and gelling material is 7.9 MPa and 
compressive strength is 89.8 MPa. 

After mixed with graphite ore tail powder as this cheap siliceous material, the experimental 
results are as follows in table 3 
Table 3 
Specimen 
number 

Ordinary 
Portland 
cement  

sodium 
silicate  

graphite 
ore tail 
powder  

Flexural strength 
 (Mpa) 

The compressive 
strength  
(Mpa) 

    12h 3d 28d 12h 3d 28d 
S0 10% 5% 10% 3.1 3.3 8.5 16.5 40.2 73.4 
S1 10% 5% 15% 3.3 5.1 9.6 18.6 30.1 75.4 
S2 10% 5% 20% 2.0 3.1 7.2 12.6 29.1 50.5 
S3 10% 5% 0% 3.7 7.0 7.7 24.1 36.5 89.8 

 
The table 3 shows that compared with no graphite ore tail powder, phosphorus slag 

cementing material mixed with 15% , its 3d age of strength is slightly lower, instead, the flexural 
strength of 28d increases. Method that the phosphorus slag cementing material is added with an 
appropriate amount of graphite ore tail powder can reduce its crushing ratio, and is beneficial to its 
road performance, at the same time it can control the cost. 
2.2 Microscopic test and analysis 
2.2.1 In order to further study hydration process and hydration products of phosphorus slag 
cementing material, different ages of hydration products of phosphorus slag cementing material 
were tested through XRD. 
 

  

 
 
 

figure 3                         figure 4 
 
By the above figure 3and figure 4,  compared with different ages of hydration products of 

phosphorus slag cementing material mixing graphite ore tail powder before and late, it can be seen 
most of the hydration products of gel and few quantity of crystal product. There exists analcime in 
the hydration at 12h(figure 3).During 28d age of hydration , the main diffraction peaks of 
analcime was strengthened. Analcime generated contributes to later strength of phosphorus slag 

C:Ca(OH)2      S:SiO2 
A: Analcime    CA:C3AH6  
 

The phosphorus slag pulp which 
Na2SiO3 is 5% and PO is 10% 

The phosphorus slag pulp which Na2SiO3 is 5% 
and PO is 10% and graphite tail mineral powder is 
15% 
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cementing material growth[8]. Doped graphite ore tail powder, SiO2 crystal contained the hydration 
products not fully participate in the reaction. 
2.2.2 Composite thermal analysis of hydration products at different age of phosphorus 
slag cementing material  

 
 A(age :12h)                                    B(age :3d) 
 

 
  C(age :12h)                                 D(age :3d) 
 
  
 

Seen from figure A and C, as the decomposition temperature of Ca(OH)2 crystal at about 400 
0C[9], content of Ca(OH)2 in the hydration products of cement decreases after the doped graphite 
ore tail powder. As can be seen from the figure B and D, with the increase of age, graph 
decomposition peaks become less and less, which shows the decrease in the number of crystal 
products. 
2.2.3 SEM of different ages of hydration products of phosphorus slag cementing 
material  

 
 E (12h)                    F(3d)                     G(28d) 
                                                           
 

The phosphorus slag pulp which Na2SiO3 is 5% and PO is 10% and graphite tail 
mineral powder is 15% 

The phosphorus slag pulp which Na2SiO3 is 5% and PO is 10% 

The phosphorus slag pulp which Na2SiO3 is 5% and PO is 10% 



 
 H(12h)                  I(3d)                       J(28d) 
 
 
 

Compared figure a and d, mixed with the right amount of graphite ore tail powder, the 
content of Ca(OH)2 in the hydration products of cement will reduce at 12h age, which is 
advantageous to the durability of the phosphorus slag cementing material. As the growth of the age, 
the hardening body become more dense. 

3.conclusion 
（1）The excitation effect of Na2SiO3 is better than that of NaOH.The early flexural strength 

can be improved when mixed cement(below 20%). When the dosage of cement is 10%, the dosage 
of graphite ore tail powder is 15%, the dosage of Na2SiO3 was 5%, mechanics performance of 
phosphorus slag cementing material is best, of which 12h flexural strength and compressive 
strength is 3.3 MPa and 18.6 MPa, 28d compressive strength is 75.4 MPa, which can realize the 
quick setting and early strength.  

（2）By the test of XRD, SEM, comprehensive thermal analysis, it shows that there are 
mostly gel product and a small amount of crystal in hydration products of the phosphorous slag 
cementing material. Doped graphite ore tail powder, there exists a large number of gel product in 
the hardening body and it is difficult to observe crystal products and becomes dense 
microstructure.  
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Abstract 
Most studies on chloride transport in alkali activated slag (AAS) in the past were carried out by using 
electrically accelerated test methods (such as ASTM C 1202 based on the total charge passed through 
the sample). Such test methods are known to be influenced significantly by the pore solution chemistry 
of concretes. As the chemistry of the pore solution of AAS is different from that of Portland cement 
(PC), electrically accelerated chloride transport test methods and their classification criterion 
developed for the PC systems may not be suitable to evaluate the chloride penetration resistance of the 
AAS systems. Instead, natural diffusion test might be more appropriate and scientifically sound. 
Although steady state natural diffusion test is usually preferred, it suffers from long test duration and, 
hence, is not practically acceptable. Instead, non-steady state chloride diffusion test has the 
advantages of its similarities to the real exposure environment, as well as much shorter test duration 
compared to the steady state chloride diffusion test.  
 
In the current study, the non-steady state chloride diffusion test was used to evaluate chloride 
resistance of AAS concretes. Sodium silicate solution (water glass, WG) was used to activate the slag. 
Twelve AAS concrete mixes were formulated with alkali concentrations (in terms of Na2O% by the 
mass of slag) of 4%, 6% and 8% and silica moduli (Ms) of WG of 0.75, 1, 1.5 and 2. Such selection can 
cover the typical range of these two variables commonly employed in the manufacture of AAS. 
Influence of Na2O% and Ms on the non-steady state chloride diffusion in AAS concretes was 
investigated and compared with the PC reference concrete. The non-steady state chloride diffusivity 
(Dnssd) and the chloride concentration at the surface (Cs) of the concretes were determined from the test. 
The pore structure and the pore solution of the concretes were characterized in an attempt to 
understand the Dnssd and the Cs results. It was found that (i) at a given Ms the Dnssd of the AAS 
concretes decreased with the increase of Na2O%, and Ms of 1.50 gave the lowest Dnssd, which were in 
agreement with the effect of Na2O% and Ms on hydration and strength development of AAS; (ii) the 
Dnssd of the AAS concretes was lower than that of the PC reference concrete (denser pore structure of 
the AAS concretes were found to be the reason for this); (iii) the Cs of the AAS concretes was higher 
than that of the PC reference concrete (a stronger exchange of anions between Cl- and OH- and the 
possible higher chloride binding capacity in the AAS concretes were considered to be responsible for 
this).  
 
Originality 
The originality of this paper can be gauged from the following aspects: (i) this is the first reported 
study in the literature on using non-steady state chloride diffusion test to assess the chloride transport 
in AAS concretes; (ii) this is a comprehensive study that assessed the effect of Na2O% and Ms on the 
transport of chlorides in AAS concretes and such systematic information is not readily available in the 
literature. 
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1. Introduction 
Slag, which is a by-product from steel industry, can be activated by alkali activator to produce 
AAS. Compared with PC, AAS has higher strength and superior durability. Besides, it is an 
environmentally friendly cementitious material with much lower carbon footprint (Rodriguez 
E., et al., 2008). AAS has shown much potential to compete with PC and, consequently, 
research in this area has been paid more and more attentions in recent years.  
Chloride induced corrosion of steel in reinforced concrete is a major cause of deterioration for 
structures (Broomfield J. P., 2007). In addition to pore structure, pore solution chemistry of 
concrete also has significant influence on the transport of chloride ions and thus, the selection 
of appropriate test methods is important (Tang L. P., et al., 2012).  
Most studies on chloride transport in AAS in the past were carried out by using electrically 
accelerated test methods (such as ASTM C 1202 based on the total charge passed through the 
sample). Such test methods are known to be influenced by the pore solution chemistry of 
concretes (Andrade C., 1993).Due to the different raw materials used, the chemistry of the 
pore solution of AAS is different from that of PC. Therefore, electrically accelerated chloride 
transport test methods and their classification criterion developed for the PC systems may not 
be suitable for neither evaluating the chloride transport nor carrying out mix design of the 
AAS systems under chloride attack. Instead, natural diffusion test which does not involve the 
interaction between electric charge and the ions in the pore solution might be more 
appropriate. Although steady state natural diffusion test is usually preferred, the test duration 
is too long and, hence, is not practically acceptable. Instead, the non-steady state chloride 
diffusion test has the advantages of its similarities to the real exposure environment, as well 
as much shorter test duration compared with the steady state chloride diffusion test. 
Water binder ratio (w/b) has been found to be the key factor affecting the mechanical and 
durability properties of PC based concretes. However, unlike PC, it has been found that Na2O% 
and Ms play a more important role than w/b on mechanical properties of AAS when sodium 
silicate solution is used as activator (Wang S. D., et al., 1994). Therefore, it is expected that 
Na2O% and Ms would also influence durability, such as resistance to chloride attack, of AAS 
significantly. In this paper, an experimental programme was, thus, developed to study the 
effect of Na2O% and Ms on chloride diffusion in AAS using non-steady state chloride 
diffusion tests in an attempt to provide useful information for mix design of AAS under 
chloride attack. 
 
2. Experimental programme 
 
2.1 Materials 
WG, which is available as ‘Crystal 0503’ from Tennants Distribution Ltd., UK was used as 
the activator to activate Ground Granulated Blastfurnace Slag (GGBS). Industrial grade 
sodium hydroxide powder with a purity of 99% was used to modulate the silica modulus of 
the WG. The GGBS was supplied by Civil and Marine Ltd., UK. ‘YP-1’ retarder (Yang C. 
and Pu X., 1993) was used to retard the setting of the AAS concretes. Portland cement (CEM 
I) used to formulate PC control mix was supplied by QUINN Cement. Superplasticiser (3rd 
generation) used in the PC mix was CHEMCRETE HP3 provided by Larsen. The chemical 



 

composition and physical properties of the GGBS, sodium silicate solution and Portland 
cement are reported in Table1.Crushed basalt with specific gravity of 2.75 and size fractions 
of 20mm and 10mm combined in a ratio of 1:1 was used as coarse aggregate. Natural sand 
with specific gravity of 2.73 and fineness modulus of 3.68 was used as fine aggregate. Mixing 
water was from the mains water supply. 

 
Table 1 Chemical composition and physical properties of the raw materials 

 GGBS PC(CEM I) WG ‘Crystal 0503’ 
CaO% 39.4 61.3 Ms 2.58 
SiO2% 34.3 23 Na2O% 12.45 
Al2O3% 15 6.15 SiO2% 31.1 
MgO% 8 1.8 Water content% 56.45 

Sulfide% 0.8 2.5 Viscosity (20℃) 400 poises 
Na2O% 0.45 0.22 Specific gravity 1.5 
Fe2O3% 0.4 2.95   
K2O% 0.38 0.68   
LOI% 0.7 2.78   

Specific surface 
area (m2/kg) 

527 386   

Specific gravity 2.89 3.13   
 
2.2 Mix proportion 
Twelve AAS mixes with different Na2O% of 4%, 6% and 8% and different Ms of 0.75, 1.00, 
1.50and 2.00 were studied. One PC mix designed by following BRE method was studied as a 
reference. For AAS concretes, the total binder content (defined as the sum of the GGBS and 
the solid component in the activator) and the w/b were kept the same at 400kg/m3 and 0.47, 
respectively for all the mixes. The water in the WG was also considered in the total free water. 
This particular w/b was determined through trials in order to meet the minimum requirement 
for slump class S2 as specified in BS EN 206-1. The retarder was added at 0.3% by mass of 
the GGBS for all AAS mixes. For PC mix, the binder (i.e. CEM I) content was also kept the 
same at 400kg/m3 whilst a w/b of 0.42 was used. This binder content and w/b is considered to 
be able to meet the requirement of maximum w/b and minimum compressive strength under 
the exposure classes of XS3 and XD3 as specified in BS EN 206-1. The superplasticizer was 
added at 0.5% by the mass of Portland cement in the PC mix in order to achieve a workability 
that meets the minimum requirement for S2 slump class. The water content (40%) in the 
superplasticiser was also considered in the calculation of w/b for the PC mix. A ratio of 36% 
between fine aggregate and total aggregates was used for both the AAS and the PC mixes. 
The mix proportions of all the concretes investigated are given in Table 2. 
 
2.3 Casting, curing test specimens 
Three 250×250×110mm slabs and nine 100×100×100mm cubes were cast for each mix for 
the tests to be detailed in section 2.4. After casting, the specimens were covered with thin 
polythene sheets to minimise the evaporation of water from the surface of concrete. 
Approximately 1 hour after the concrete surface became stiff, the moulds were covered with 



 

wet hessian and then wrapped with polythene sheets. The specimens were stored in this 
condition for three days. The moisture condition of the hessian was checked every six hours 
to ensure sufficient moisture was supplied. After demoulding, the concrete specimens were 
also covered with wet hessian and then sealed in plastic bags. These were stored in a constant 
temperature room at 20±1°C until being tested. The moisture condition of the hessian was 
again regularly. 
 

Table 2 Concrete mix proportions (kg/m3) 

Mix S C WG NaOH CA FA Water SP R 
4%-0.75 371 - 34.6 13.6 1163 654 199 - 1.1 
4%-1.00 368 - 45.8 11.6 1164 655 192 - 1.1 
4%-1.50 362 - 67.7 7.8 1167 656 180 - 1.1 
4%-2.00 357 - 88.9 4.2 1170 658 168 - 1.1 
6%-0.75 358 - 50.2 19.7 1163 654 190 - 1.1 
6%-1.00 354 - 66.2 16.8 1165 655 181 - 1.1 
6%-1.50 346 - 97.0 11.2 1169 658 170 - 1.0 
6%-2.00 339 - 127 5.9 1173 660 153 - 1.0 
8%-0.75 346 - 64.7 25.4 1163 654 188 - 1.0 
8%-1.00 341 - 85.0 21.6 1166 656 176 - 1.0 
8%-1.50 332 - 124 14.3 1171 658 154 - 1.0 
8%-2.00 322 - 161 7.5 1175 661 134 - 1.0 

PC - 400 - - 1220 686 168 1.6 - 
Note: S—slag, C—CEM I, CA—coarse aggregate, FA—fine aggregate, SP—superplasticiser, 
R—retarder 
 
2.4 Test methods 
2.4.1 Tests for slump and compressive strength 
Slump test as specified in BS EN 12350-2 was carried out on fresh concretes. The 
compressive strength test according to BS EN 12390-3 was carried out on 100mm cubes at 
the age of 3, 28 and 91 days and the average of three values was reported as the compressive 
strength. 
2.4.2 Test for chloride diffusion 
The non-steady state chloride diffusion test was carried out by following the procedure given 
in NT BUILD 443 on concrete samples at the age of 91 days. The testing specimens were 
three Ф100×60mm cores taken from three 250×250×110mm slabs for each concrete mix. The 
vacuum saturation regime similar to that of NT BUILD 492 was used to precondition the 
cores. In NT BUILD 492 after the application of the vacuum, saturated Ca(OH)2 solution is 
introduced into the container. However this is likely to lead to leaching of ions from the 
samples. In order to prevent Ca(OH)2 solution used for saturation affecting the pore solution 
chemistry of the concrete samples. Therefore, in this research, after the application of the 
vacuum, the vacuum was released. The concrete samples were wrapped in wet hessian which 
was previously soaked with deionised water and then returned to the container. The vacuum 
was restored. The mould finished face of the specimens was exposed to the salt solution. The 
duration of immersion was 3 months. After the immersion, the cores were ground in layers to 



 

obtain sufficient concrete dust from surface at different depths, i.e., at an increment of 3mm 
and up to a depth of 30mm. RILEM TC 178-TMC recommendations was followed to dissolve 
the dust in acid and water, respectively, to obtain the chloride containing solutions. A 
pre-calibrated potentiometric titration was carried out on the acid dissolved samples to 
determine the total chloride content in the solution. A non-linear regression analysis based on 
Fick’s second law was performed to determine the Dnssd and the Cs of the concrete cores once 
the chloride profile was obtained. The Dnssd and the Cs reported in this paper are an average of 
three values. On the other hand, the pH of the water dissolved solution was measured in order 
to monitor the change of alkalinity in concretes due to the chloride transport. 
2.4.3 Test for characterizing the pore structure 
Before the chloride diffusion test, bulk electrical resistivity of the concrete cores was 
measured according to the literature (Tang L., 2005) in order to characterize the pore structure 
of the concretes. In order to eliminate the effect of pore solution on the bulk electrical 
resistivity measurement, the conductivity of the concrete pore solution was also measured 
(details reported in the next section) and the pore solution resistivity which is the reciprocal of 
the pore solution conductivity is then reported with the bulk electrical resistivity of concrete. 
2.4.4 Test for pore solution extracted from concrete 
Pore solution was extracted from concrete cores with a size of Ф60×100mm taken from the 
250×250×110mm slabs at the age of 91 days. The procedure of sample preparation was 
similar to that of the chloride diffusion test. A specialized pore fluid extraction device which 
can compress the specimen up to a pressure of 1000MPa was employed. pH and conductivity 
of the pore solution were measured immediately after the extraction by using a pH meter and 
a conductivity meter, respectively. Concentrations of Na+, Ca2+, Mg2+, Al3+, Si4+ and S2- in the 
pore solution were measured subsequently by using Inductively Coupled Plasma-Optical (ICP) 
Emission Spectrometer technique. 
 
3.Results and discussion 
 
3.1 Slump 
The slump results of the fresh concretes are shown in Figure 1. It should be noted that for all 
the concrete mixes (including both AAS and PC mixes) investigated in this paper, the 
water-to-binder ratio was established through trials in order to meet the minimum slump 
requirement for their use in chloride environments, such as S2 in marine environments as 
specified in BS 8500-1. This has led to a fixed w/b of 0.47 for all the AAS mixes and a w/b of 
0.42 for PC control mix. It can be seen from Figure 1, the slump results of all 13 mixes met 
the minimum requirement of S2 which is 50mm. Furthermore, it can be noticed from Figure 1 
that, at a fixed w/b, the slump of the AAS concretes increased with the increase Na2O% which 
could be attributed to the plasticizing effect by Na2O component in the activator (Allahverdi 
A., et al., 2010). 



 

 
Figure 1 Slump results of the concrete mixes. 

 
3.2 Compressive strength 
Figure 2 presents the compressive strength of the concretes at the ages of 3d, 28d and 91d. 

 
Figure 2 Compressive strength of the concrete mixes. 

Due to the application of retarder in the AAS concretes, some of them showed an 
unfavourable compressive strength at the age of 3d. The PC reference concrete was designed 
to meet the requirement for XS3 and XD3 exposure class as specified in BS 8500-1. Based on 
the 28-day compressive strength results, it can be seen that whilst PC mix indeed met the XS3 
and XD3 requirement, not all the AAS concretes reached the required strength (58MPa) for 
these two exposure classes. Nonetheless, all of the AAS concretes, except 4%-0.75 and 
4%-2.00, reached a 28-day compressive strength above 50 MPa, which can satisfy the 
strength requirement for the exposure classes XS1, XD1 and XD2. It should be noted that the 
w/b used for the AAS concretes (0.47) was higher than that for the PC concrete (0.42) (the 
reason for the different w/b used in these two systems has been explained in section 2.2). 
Therefore, an improved compressive strength could be expected if a lower w/b was used for 

 All exposures XS2, XS3 and XD3 only 



 

the AAS concretes. An AAS superplasticiser may be required. 
The effects of Na2O% and Ms on the compressive strength of the AAS concretes are 
presented in Figures 3 and 4, respectively. 

 
(a) 28d                                   (b) 91d 

Figure 3 Effect of Na2O% on the compressive strength of the AAS concretes. 
As presented in Figure 3, the increase of Na2O% from 4% to 6% generally increased the 
compressive strength of AAS concretes, which is in agreement with the literatures 
(Fernandez-Jimenez A., et al., 1999; Bakharev T., et al., 1999; Al-Otaibi S., 2008; Karahan O. 
and Yakupoglu A., 2011; Chi M., 2012). The hydration degree of slag and the amount of 
C-S-H generated increase with the increase of Na2O% (Hong, S. Y., et al., 1993; Zhou H., et 
al., 1993; Melo Neto A. A., et al., 2008). This may be responsible for the increased 
compressive strength. However, when Na2O% increased further to 8%, the compressive 
strength of AAS concretes increased slightly or even decreased. The reason for this needs to 
be studied further. 

 
(a) 28d                               (b) 91d 

Figure 4 Effect of Ms on compressive strength of AAS concretes. 
The AAS concretes with Ms of 1.50 generally reached the highest compressive strength (see 
Figure 4), which can also be corroborated by the literature (Wang S. D., et al., 1994; 
Bakharev T., et al., 1999; Krizan D. and Zivanovic B., 2002; Duran-Atis C., et al., 2009; 



 

Bernal S. A., et al., 2011; Law D. W., et al., 2012). It has been reported that AAS with Ms of 
1.50 can usually obtain the best hydration (Krizan D. and Zivanovic B., 2002; Bernal S. A., et 
al., 2011) which could have resulted in the highest compressive strength for the AAS 
concrete. 
 
3.3 Dnssd 
Figure 5 presents the Dnssd of the concretes. It can be seen that the Dnssd of the AAS concretes 
was much lower than that of the PC concrete despite a higher w/b was used in the AAS 
concretes. 

 
Figure 5 Dnssd of the concrete mixes. 

Bulk electrical resistivity of the concretes was measured with an attempt to indicate pore 
structure of the concretes and the results are plotted in Figure 6. To study the effect of pore 
solution conductivity on the bulk electrical resistivity measurement (Basheer P. A. M., et al., 
2002), pore solution conductivity of the concretes was also measured and its reciprocal (pore 
solution resistivity) was also plotted in Figure along with bulk electrical resistivity for 
comparison purpose. 

 
Figure 6 Bulk electrical resistivity and pore solution resistivity of the concretes. 



 

As shown in Figure 6, the AAS concretes had lower pore solution resistivity than the PC 
concrete owing to its highly ionic nature. Therefore, according to the model proposed by 
Whittington et al. (1981), the reason for the higher bulk electrical resistivity of the AAS 
concretes could be attributed to their denser pore structure and/or lower conductivity of the 
binder itself. When the pore solution is highly ionic and conductive, the conductivity of 
binder matrix will be insignificant (under normal circumstances) which indicates that the 
binder will play insignificant role in the overall electrical resistivity. Consequently, it could be 
argued that the higher bulk electrical resistivity shown in Figure 6 and the lower chloride 
diffusivity shown in Figure 5 are a result of the denser pore structure of AAS concretes. 
The hydration products of AAS, such as C-S-H(I), C-A-S-H and hydrotalcite (Wang S. D. 
and Scrivener K. L., 1995) have a better capacity in binding alkali cations (Hong S.-Y. and 
Glasser F. P., 1999). During the transport of chloride ions, the binding of the accompany 
cations could retard the further ingress of chloride anions (Tang L.-P., et al., 2012). At the 
beginning of the mixing, large amount of sodium cations was introduced in the AAS 
concretes. For example, as reported by Puertas et al. (2004), in an AAS with Na2O% of 4%, 
concentration of sodium ions of 60000ppm was identified in AAS at the age of 3 hours. 
However, after three months of curing, a dramatic reduction in the concentration of sodium 
ions was observed in the AAS concretes as reported in Table 3 below. This suggests that the 
AAS matrix is capable of binding sodium ions in high proportion. Assuming this sodium 
binding phenomenon would also exist during the chloride ingress stage it could lead to a 
retardation effect on the movement of it accompanying ion, chloride ions, and, hence, reduce 
the overall chloride diffusivity of AAS concrete. 
Chloride binding may be enhanced when the concrete is less alkaline (Tritthart J., 1989). As 
reported in Table 3, the AAS concretes had a lower alkalinity than the PC concrete at later 
stage. Therefore, it is anticipated that more chlorides might have been bound by the hydration 
products of the AAS concretes to further densify the pores in the concretes to delay further 
ingress of chlorides. This may also explain the lower Dnssd obtained for the AAS concretes. 
 

Table 3 Pore solution composition of the concretes at the age of 91 days 

Mix  pH Na+(ppm) Mix  pH Na+(ppm) 
4%-0.75 11.7 2154 6%-2.00 9.9 18.20 
4%-1.00 11.9 4740 8%-0.75 12.4 202.0 
4%-1.50 10.5 58.96 8%-1.00 12.2 244.0 
4%-2.00 9.9 121.2 8%-1.50 10.8 185.3 
6%-0.75 11.9 96.26 8%-2.00 11.9 64.34 
6%-1.00 11.9 69.19 PC 12.5 1234 
6%-1.50 11.4 42.81    

 
Effects of Na2O% and Ms on the Dnssd of the AAS concretes are presented in Figures 7 and 8, 
respectively. 



 

 
Figure 7 Effect of Na2O% on the Dnssd of the AAS concretes. 

From Figure 7 it can be seen that the Dnssd of the AAS concretes decreased with the increase 
of Na2O% from 4% to 8%. As reported in literature (Karahan O. and Yakupoglu A., 2011), 
porosity of AAS is reduced with the increase of Na2O%. This could be one of the primary 
reasons for the reduction in Dnssd with the increase of Na2O% for the AAS concretes in Figure 
7. 
Besides, the hydration degree of slag increases with the increase of Na2O% (Hong, S. Y., et 
al., 1993). As a result, more hydration products such as C-S-H(I), C-A-S-H and hydrotalcite 
would be formed in the AAS with a higher Na2O%. Such hydration products show potential 
to bind either/both chlorides or/and their accompanying sodium cations during their transport 
in AAS. Therefore, further ingress of chlorides would be delayed with the increase of Na2O% 
as discussed in previous section. This could be also responsible for the reduced Dnssd of the 
AAS concretes with the increase of Na2O% in Figure 7. 

 
Figure 8 Effect of Ms on the Dnssd of the AAS concretes. 

The silica modulus (Ms) at around 1.50 is generally believed to be the optimum level for the 
hydration of AAS (Krizan D. and Zivanovic B., 2002; Bernal S. A., et al., 2011). Therefore, 
as a result of the possibly reduced porosity and improved chloride and/or accompanying 
cations binding, the AAS concretes with Ms of 1.50 gave the lowest Dnssd as shown in Figure 



 

8. 
 
3.4 Cs 
Figure 9 shows the estimated total Cs of the concretes by using the curve fitting based on 
Fick’s second law. It can be seen that the Cs of the AAS concretes was higher than that 
obtained from the PC concrete. 

 
Figure 9 Cs of the concrete mixes. 

As stated in literature (Buenfeld N. R. and Okundi E., 1998), to maintain the electron 
neutrality, the transport of chloride anions in concrete is always accompanied by an outward 
transport of other anions (such as hydroxyl anions) from the concrete. 
Figure 10 presents the pH profiles of concretes after chloride immersion test. It can be seen 
clearly that, compared to PC, the pH values drop dramatically in the near surface zone of 
AAS concretes. 

 



 

 
Figure 10 Apparent pH profiles of the concretes after the chloride immersion test. 

When the outward diffusion of hydroxyl ions occurs in PC concrete, Ca(OH)2 would dissolve 
in the pore solution to buffer its alkalinity (Page C. L., 1975). This may have explained the 
constant pH values in the PC concrete with depth as shown in Figure 10. However, Ca(OH)2 

is not one of the hydration products of AAS (Wang S. D. and Scrivener K. L., 1995). Without 
the buffering effect, the loss of alkalinity would be more severe in the case of the AAS 
concretes as shown in Figure 10. This is particularly significant in the near surface zone. 
As a result of the outward diffusion of hydroxyl ions, chloride ions of the same charge 
penetrated into the concretes to take the sites originally occupied by hydroxyl ions (Buenfeld 
N. R. and Okundi E., 1998). The AAS concretes lose hydroxyl ions from the near surface 
zone and there no further hydroxides generated by the binder, more chlorides from outside 
will migrate and occupy the sites. This may explain the higher chloride content observed at 
the surface of the AAS concretes as presented in Figure 9. The reduction of alkalinity in such 
concretes will enhance the binding capacity as discussed earlier. This could also be a 
contributing factor for the increase in Cs as shown in Figure 9. 
 
4.Conclusion 
• Cs for the AAS concretes was found to be higher than that of the PC concrete. Severe 

loss of hydroxyl ions and subsequent improvement in chloride binding could explain the 
increased Cs values. 

• Chloride diffusivity, Dnssd of the AAS concretes was lower than that of the PC concrete. 
Based on the analysis and interpretation, the AAS concretes were found to have denser 
pore structure. Besides, it is reasonably assumed that the AAS concretes also had (1) 
higher binding capacity of alkali cations and (2) possibly improved chloride binding 
capacity. All of the above factors individually or collectively help to explain the lower 
Dnssd observed for AAS concrete. 

• The Dnssd of the AAS concretes decreased with the increase of Na2O% from 4 to 8, and 
the AAS concretes with Ms of 1.50 had the lowest Dnssd. These are consistent with the 
effect of Na2O% and Ms on the hydration of AAS as reported in the previous studies. 
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Abstract 
The effects of various parameters on the strength development of alkali-activated binders produced using 
pulverised fuel ash (pfa) have been investigated. Combinations of sodium hydroxide and sodium silicate gave 
the highest compressive strengths.  The proportions of these two alkalis and their concentrations were defined 
through two parameters: the alkali dosage, which is a proxy for the concentration of the alkali activator 
solution and was varied from 7.5% to 13.5%, and the alkali modulus, which is a proxy for the amount of added 
silica in the activator solution and was varied from 0.5 (corresponding to all sodium silicate) to ∞ (all sodium 
hydroxide). The water/solids ratio, i.e. the ratio between the total mass of water and the total mass of pfa and 
alkali solids, value was kept constant at 0.37. The total mass of water included the water content of the sodium 
silicate solution. The sand/pfa ratio was fixed at 2.75. It was found that an increase in the alkali dosage resulted 
in an increase in strength but only up to the value of 12.5%. Beyond this value the strength decreased, which 
has been attributed to a saturation of the gel with alkali ions, such that less free water is available for 
speciation of silica and alumina oligomers from the dissolution of pfa. This shows that there is an ideal range 
for the alkali modulus, above and below which strengths drop. Alkali modulus between 0.75 and 1.00 gave the 
best strengths across the alkali dosages studied. The decrease in strength with increasing modulus is likely to be 
a result of the reduced amount of available silica that needs to be involved in the ‘reorganization-gelation-
polymerization’ for the geopolymer formation, ultimately leading to a denser and more complete and long 
polymer chain. The ‘sweet spot’ of the optimum alkali dosage (≈ 12.5 %) and modulus (≈ 0.90) resulted in 
strengths of around 70 N/mm2. Advanced microstructural techniques were used to study the reaction products. 
These indicate that there is a change in the reaction products which affects strength, i.e. it is not only the 
percentage of pfa that has reacted. 
 
Originality:  
Advanced microstructural techniques were used to study the reaction products of alkali activated binders with 
various alkali dosages and moduli. These indicate that there is a change in the reaction products which affects 
strength, i.e. it is not only the amount/percentage of reacted precursor material. 
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1. Introduction 
Building sector consumes annually 43109 t of cement worldwide, with Asian countries accounting for 
almost 80% of the world production (CEMBUREAU, 2014). Future demand is expected to rise, 
driven by population and economic growth, having serious environmental impacts in terms of carbon 
dioxide (CO2) emissions. Manufacturing of Portland cement is an energy intensive process and huge 
amounts of carbon dioxide are released to the atmosphere from the calcination process of limestone 
and from combustion of fuels in the kiln. Recent technological developments and utilization of 
alternative fuels led to a slight reduction of the CO2 emissions, but these remain in the range from 800 
– 1000 kg CO2/t cement produced. Current cement production is estimated to contribute around 8% of 
the global CO2 emissions (Olivier J. et al., 2012). Alkali activated “cementless” (AAC) binders have 
recently emerged as a novel eco-friendly construction material with a promising potential to replace 
Portland cement (PC). These binders consist of a class of inorganic polymer formed by the reaction 
between an alkaline solution and an aluminosilicate source, accompanied in some cases by calcium 
hydration. Precursor materials for this reaction can be found in waste streams from different industrial 
sectors. Even if these materials have a clear potential in reduced CO2 emissions, outcomes of studies 
on the actual environmental footprint of AAC are controversial. Jiang M. et al. (2014) reported a 73% 
reduction of greenhouse gas emissions, 43% reduction of energy consumption, and 22–94% lower 
effects for all environmental toxicity categories except an 72% higher ecotoxicity effect when 
comparing 35 MPa concretes (AAC vs. PC). Other studies (Harbert J. B. et al., 2011) suggested that, 
in a wider environmental analysis perspective, impacts from AAC are even higher than of PC. In 
general, however, it is agreed that the main environmental burden as well as economical viability 
associated with the use of AAC is related to the use/need of chemical activators, i.e. alkali solutions 
such as sodium hydroxide and sodium silicate (Provis J., 2014b). For this reason, a full understanding 
of the effect of alkali dosages on AAC is fundamental for developing suitable binder systems. 
The objective of this research was therefore to understand the effect of activator dosages on 
mechanical and micro-structural features of AAC pastes and mortars for identifying the optimum 
dosage. The proportions of the alkalis and their concentrations were defined as follows: (a) alkali 
dosage (M+) as the mass ratio of total sodium oxide (Na2O) in the activating solution to pfa; and (b) 
alkali modulus (AM) as the mass ratio of sodium oxide to silica (Na2O/SiO2) in the activating solution. 
A systematic investigation on 53 different combinations of M+ and AM pfa-based mortars was 
carried out for the assessment of dosage effects on mechanical parameters, whereas microstructural 
investigations using X-Ray Diffraction (XRD), Fourier Transformed Infra Red (FTIR) spectroscopy, 
Thermo-Gravimetric Analysis (TGA and differential TGA), and Scanning Electron Microscopy (SEM) 
coupled with Energy Dispersive X-ray Analysis (EDX) were carried out on three samples with 
different dosages to determine their effect on the reaction products, in qualitatively and quantitatively 
terms.     
2. Materials and methods 
2.1. Materials 
2.1.1 Pulverized fuel ash 
Pulverized fuel ash (pfa) is a by-product generated by the combustion of pulverized fuel (typically 
coal) in power plants. Its chemical composition varies according to the nature of the fuel and its grade; 
main components in terms of oxides are silicates, alumina and calcium oxide, resulting from coal-
bearing rock strata. The availability of pfa in the United Kingdom is high: more than 603106 t of 
suitable material is estimated to have been already stockpiled, whilst 33106 t is landfilled annually 
from a production of around 63106 t (Heat A. et al., 2013). The pfa used in this research was obtained 
from Power Minerals Ltd. – former Hargreaves Company, Drax Power Station, North Yorkshire, UK. 
The oxide composition determined by X-Ray Fluorescence analysis (XRF) is shown in Table 1. 

Table 1 Oxides composition (in percentage) of pfa 
Material CaO SiO2 Al2O3 Fe2O3 Na2O K2O SO3 MgO TiO2 MnO 

PFA 2.24 46.78 22.52 9.15 0.89 4.09 0.90 1.33 1.05 0.05 



Grain size distribution was carried out using a laser diffraction technique, see figure 1. The obtained 
mean grain size (D50) was around 16 µm. According to Barnett S. et al. (2013), mean grain size less 
than 20 µm indicates suitability for use as the precursor material for high strength geopolymer mortar 
production.  

 
Figure 1 Grain size distribution curve for pfa. 

 
SEM images of pfa, see figure 2(a), show the spherical nature of its particles. EDX spectra, see figure 
2(b), confirmed the chemical composition obtained with XRF analysis, i.e. a predominance of Al and 
Si species.  

  
 (a) SEM image (b) EDX results  

Figure 2 SEM and EDX results for pfa. 
 
XRD spectrum showed the presence of some crystalline compounds, whereas a broad hump centered 
at around 25° identified the amorphous nature of the material. A quantitative estimation of the 
amorphous and crystalline fractions was carried out by applying the Rietveld method, adding and 
blending 20% in weight of corundum (Al2O3) as internal standard. This quantification confirmed the 
presence of quartz (4.6%), Mullite (8.1%), Hematite (0.5%), Magnetite (0.8%) and a large majority of 
amorphous phases (86%). 
FTIR analysis allowed the identification of silicate (Si-O) and aluminosilicate (Si-O-Al) materials, 
providing information about the structure of the amorphous phases. The main (Si, Al-O) band is found 
at a wave number around 1000 cm-1. Other strong vibrations are found between 1250 and 950 cm-1, 
being assigned to internal vibrations of Si-O-Si and mainly Si-O-Al. In unreacted pfa the Si-O-(Si or 
Al) band was centered around 1057 cm-1. 
TGA analysis on raw pfa showed a mass loss of about 4.4%, which appears to be due to the loss on 
ignition of carbon compounds (l.o.i. from XRF analysis was about 3.6%). Gas emission analysis 
obtained with the mass spectrometer coupled with the TGA apparatus (see figure 3) confirmed this 



hypothesis, since emissions recorded started from 600 °C – i.e. at the same time of the mass reduction 
– are attributed to CO2 gas (mass number 44).  

 
Figure 3 TGA and gas emission results for pfa. 

2.1.2 Alkali activators 
In this research, the alkali dosage (M+) and the alkali modulus (AM) were adopted. Wide variability 
for these parameters can be found in the scientific literature related to the activation of pfa systems, 
with M+ varying in the range of 2 – 16 and AM varying in the range of 0.3 – ∞ (i.e. no SiO2) 
(Bakharev T., 2005; Fernández-Jiménez A. and Palomo A., 2005; Yang K. H. et al., 2008; Adam A., 
2009; Sisol M. et al., 2010). 
Commercial products were used as activators, namely solid NaOH at commercial grade (99% purity) 
and sodium silicate solution with SiO2 : Na2O ratio = 2:1 (Na2O 12.8%, SiO2 25.5%, water 61.7%). 
NaOH solution was prepared at 30% w/w. 
2.2. Experimental procedures 
Mortar cubes of 50 mm dimension were cast with 500 g of pfa and a ratio of sand:binder equal to 2.75. 
M+ was varied from 7.5% to 13.5%, whereas AM was varied from 0.5 to ∞. Water/solids ratio was 
defined as the ratio between the total water mass and the mass of solid components (binder + alkalis) 
and was initially fixed at 0.37. However, for high dosage mixes, the ratio was slightly increased in 
order to overcome difficulties in mixing and casting. Compressive strength was determined from 3 
samples at 1, 7 and 28 days of curing in an oven set at 70°C. Loading rate was set at 1.5 kN/s. 
Microstructural characterization was carried out on pastes with the same mix proportion but without 
sand. XRD was carried out using pure copper-K-Alpha 1 radiation with wavelength 1.54 Å. The X-
ray generator was set to 40 kV and 40 mA, the recorded angular range was 5 to 70° (2θ) with a step 
close to 0.017°. FTIR was carried out in the range 3960 – 650 cm-1. Thermogravimetric analysis 
(TGA) was carried out using a thermobalance Netzsch TG 209 F1 Libra. Powder was obtained from 
the samples with the use of a mortar and pestle. The powder was placed in an alumina crucible and 
then heated from 25° to 1000°C at 20°C/min in an inert environment. The thermobalance was coupled 
with a Pfeiffer mass spectrometer Vacuum Thermostat for the analysis of gases emitted during the 
heating process. SEM pictures and EDX results were obtained from paste specimens, which had been 
immersed in isopropanol. 
3. Results and discussion 
3.1. Effect of dosage on compressive strength  
53 combinations of M+ and AM were investigated. Compressive strengths obtained at 28 days are 
shown in Table 2 (standard deviation is shown in brackets). It was not possible for all the 
combinations to be cast, as high dosages caused flash setting. 
 
 

Table 2. Compressive strengths at 28 days (standard deviation shown in brackets).  



M+/AM 0.50 0.75 0.85 0.95 1.05 1.15 1.25 1.35 1.50 5.00 30.00 ∞ 

7.5 25.3 
(1.8) 

42.6 
(3.3) 

42.8 
(4.7) 

34.3 
(6.0) 

37.0 
(4.6) 

29.9 
(1.0) 

28.3 
(2.5) 

18.7 
(3.5) 

19.6 
(6.2) 

2.3 
(0.0) 

6.0 
(2.0) 

8.2 
(3.3) 

8.5 25.5 
(1.5) 

52.4 
(2.2) 

60.1 
(13.2) 

47.1 
(5.0) 

43.3 
(4.4) 

38.2 
(3.5) 

27.0 
(3.2) 

26.0 
(0.3) 

18.7 
(2.8) 

6.6 
(1.7) 

8.4 
(3.3) 

17.7 
(3.2) 

9.5 22.1 
(1.2) 

57.0 
(4.5) 

55.9 
(6.3) 

49.4 
(9.1) 

52.1 
(0.7) 

36.3 
(13.2) 

26.4 
(9.9)   

5.3 
(1.0) 

17.3 
(5.2) 

10.0 
(3.9) 

10.5 18.7 
(0.9) 

49.5 
(5.0) 

59.5 
(0.9) 

60.8 
(8.1) 

44.5 
(21.7)     

7.1 
(1.0) 

22.1 
(5.0) 

12.6 
(2.7) 

11.5  
61.6 
(5.6) 

53.5 
(16.8) 

35.1 
(1.3) 

43.9 
(10.2)        

12.5  
65.0 
(2.7) 

63.6 
(7.1) 

64.2 
(8.6) 

56.5 
(8.4)        

13.5  
51.0 

(13.8) 
57.9 
(6.0) 

54.5 
(0.8)         

 
A trend can be identified, i.e. strength increases with the increase of the AM until a value of about 
0.85 – 0.95 but it then decreases. The beneficial effect on the compressive strength of the M+ increase 
is less evident, see figure 4 which shows the strength results for M+ values from 7.5 to 10.5. Beyond 
M+ 12.5 the strength decreases, and this has been attributed to a saturation of the gel with alkali ions, 
i.e. less free water is available for speciation of silica and alumina oligomers from the dissolution of 
pfa. The maximum strength was obtained for the dosage M+ 12.5 and AM 0.95, as can be seen in the 
3D plot in figure 5.  
 

 
 (a) Compressive strength trend, M+ 7.5 and 8.5. (b) Compressive strength trend, M+ 9.5 and 10.5. 

Figure 4 Strength development vs dosages. 



 
Figure 5 Strength development vs dosages. 

 
The drop-off in strength with increasing modulus is likely to be a result of the reduced amount of 
available silica that needs to be involved in the ‘reorganization-gelation-polymerization’ steps of the 
geopolymer formation, ultimately leading to a denser and more complete and long polymer chain. 
3.2. Effect of dosages on geopolymer microstructure  
Microstructural analysis was carried out on 3 sample pastes, with the aim of observing the difference 
in reaction products and morphology when different dosages were used. The three samples were 
produced as follows: P1{M+ 7.5; AM 1.25}; P2{M+ 7.5; AM 0.85}; P3{M+ 11.5; AM 0.85}. 
3.2.1. XRD  
The crystalline phases observed, see figure 6, were the same phases identified in the unreacted (raw) 
pfa, namely Mullite, Quartz and traces of Hematite. No crystalline reaction products were identified in 
the reacted samples, due to the amorphous nature of the typical reaction product in pure PFA mixes i.e. 
Alumino-Silicate Hydrate gel rich in sodium (N-A-S-H). 

 
Figure 6 XRD spectra for pfa samples. 



 
Crystalline phases peak intensity is noticeably reduced compared with the unreacted material due to 
the amorphous gel formation. Spectra of reacted samples did not show significant differences, 
therefore the investigation of the amorphous structure via FTIR was subsequently carried out. 
3.2.2. FTIR 
The amorphous structure of the reacted material was studied using FTIR spectroscopy analysis. The 
shifting towards a lower wavenumber for detected peaks is attributed to the change of microstructure 
and the formation of the amorphous reaction products, with the partial replacements of SiO4 units by 
tetrahedral AlO4 units (Asadi M. et al., 2013). In unreacted pfa the Si-O-(Si or Al) band was centered 
around 1057 cm-1, whereas in all the reacted samples a shift towards 1004, 995 and 995 cm-1 
respectively was observed. This indicates the reaction development in the three samples, giving P2 
and P3 the same output, whereas P1 showing a lesser extent of reaction. The peak observed at the 
wave number 1650 cm-1 is attributed to the –OH bending vibration of chemically bound water, and it 
is present in all the three samples, which confirms the presence of reaction product. In the range 3200-
3600 cm-1 a hump that is due to the stretching vibration modes of H-OH groups has been identified for 
the reacted materials. This increased or broadened with the increase in the activator dosage, 
presumably due to the increase in the volume of reaction products. This corresponds well with 
improvement in mechanical properties of the samples. 

 
Figure 7 FTIR spectra for pfa samples. 

 
The infrared spectroscopy highlighted differences among the three samples, showing that P1 (lower 
dosage) underwent a lesser extent of reaction, and thus resulted in lower strength. 
3.2.3. TGA 
Pfa pastes showed moderate mass losses. In these materials the hydration products are mainly related 
to the N-A-S-H (sodium – aluminum – silicate – hydrate) systems. The mass loss at 300°C (when 
water from the aluminosilicate type-gel is removed) was between 7.25% and 9.31%, see figure 8(a). 
The amount of hydrated products in the paste is an indicator of the degree of reaction. P1 on one hand 
and P2 and P3 on the other show different amounts of hydrated compounds according to the intensity 
of differential curve peaks centered at around 150°C, see figure 8(b). Such increased intensity has 
been attributed to a higher amount of aluminosilicate gel formation (Rodriguez E. D. et al., 2013) and 
consequently to a higher compressive strength. It can therefore be assumed that P1 reacted to a lesser 
extent compared with P2 and P3, and this is in agreement with the lower strengths obtained from 
mortars. In addition, P1 showed a mass loss at high temperature (associated with CO2 emission at 600 
– 800°C) which was similar to that of the unreacted pfa, figure 8(a). This phenomenon can be related 
to the unreacted pfa in P1.  



 

 
 

 (a) TGA curves (b) Differential TGA curves 
Figure 8 TGA and differential TGA curves for pfa samples. 

 
TGA analysis enabled the quantification of the relative amounts of unreacted pfa in P1compared to P2 
and P3. It also confirmed that there were similarities between P2 and P3 in terms of microstructure as 
it was observed with FTIR analysis. 
3.2.4. SEM and EDX 
Literature investigations on fly ash-based geopolymer using SEM revealed that the main content of 
the geopolymer mortar was amorphous aluminosilicate gel. Unreacted spheres, as well as some 
deposits of crystalline materials were observed, along with groups of bright particles which were 
believed to be zeolite crystals. Some ash spheres partially covered with reaction product were also 
identified (Fernández-Jiménez A. and Palomo A., 2005). 
The different morphology of the three samples can be seen in figure 9. The magnification 30003(30 
µm) allowed to observe many unreacted (or partially reacted) cenospheres which was very high for P1. 
Dense structures were observed in P2 and P3.  
 

      
 (a) Sample P1 (b) Sample P2 (c) Sample P3 

Figure 9 30003magnification of pfa samples. 
 
EDX analysis allowed to detect the presence of elements in the global image, as well as concentrating 
on specific points for the chemical determination of reaction products. Si was present both in the raw 
material and in the activating solution, whereas Al and Ca were only present in the raw material and 
Na was only added in solution. Tracking the presence of these elements gave some indication about 
the extent of dissolution of precursor solids as well as the composition of the binding gel.  
It is generally accepted that the Al-O-Al bonds are thermodynamically disadvantaged in tetrahedral 
structures, therefore Si-O-Al bonds are preferred when enough Si is available (i.e. Si/Al higher than 1) 
(Provis J., 2014a; Duxson P. et al., 2007). Since Al cannot balance the global charge, alkali cations 
are incorporated in the gel structures. Figure 10 (a – d) shows SEM EDX images for P1. The presence 



of Al (b) is much localized where cenospheres are. Consequently, Na (c) is scarcely present. Si (d) 
was detected both in the unreacted solids and in the binding gel. It appears that Al did not fully 
participate in the formation of the gel structure and it is still left unreacted. Therefore Na has few 
places for getting included in the structure. Figure 10 (e – h) represents sample P2: although the 
dosage of Na in the solution was the same as P1, it appears more abundant in the section (g), as well 
as the Al (f). This implies that more Al has been dissolved and it is localized in the gel matrix, 
capturing more Na in the geopolymeric structure. Si (h) is widely available because of the increased 
dosage in the activating solution. The higher dissolution of Al with higher Si availability in the matrix 
is in agreement with findings from Hajimohammadi A. et al. (2011). They observed that, due to 
multiple aluminosilicate nucleation point opportunities with high Si availability, Al contributed more 
in the geopolymer gel formation. However, from the images it is still possible to correlate high 
concentration of Al or Si with unreacted particles (e). Figure 10 (i – l) shows images from P3: the 
distribution of Al (j), Na (k) and Si (l) is homogeneous in the section, and the dissolution of solid 
aluminosilicates is nearly complete. 

 
  Figure 10. SEM EDX images of pfa samples. (a – d) Sample P1. (e – h) Sample P2. (i – l) Sample P3. 
 
The SEM and EDX analysis confirmed that P1 did not react fully, whereas P2 and P3 showed higher 
levels of aluminosilicate gel structure formation. This analysis confirmed that it is not only the 
quantity of reacted particles that led to poor mechanical properties, but also the different reaction 
products. The participation of Al in the N-A-S-H gel was enhanced with higher amounts of free Si. Na 
cations were able to bond more easily and this reduced the efflorescence phenomena in P2 and P3 
samples. The higher strength of P3 appears to be due to the more developed and cross-linked Si 
tetrahedral structures when higher Si content was available.  
4. Conclusions 
AAC may be an alternative to PC for the construction industry. The chemical activator dosage 
represents a significant cost for the production of these new binders and contributes considerably to 
their environmental footprint. This research investigated the effects of dosage parameters on the 



strength development of mortars as well as on the microstructure of pastes. The main conclusions 
were: 
− Compressive strength increases with the increase of the AM until a value of about 0.85 – 0.95 but 

it then decreases. The beneficial effect on the compressive strength of the M+ increase is less 
evident. Beyond M+ 12.5 the strength decreases, and this has been attributed to a saturation of 
the gel with alkali ions. The maximum strength was obtained for the dosage M+ 12.5 and AM 
0.95 and it was about 65 MPa. 

− Advanced microstructural techniques successfully identified the transformation of the precursor 
into a more amorphous material. XRD did not successfully quantify the effect of different 
dosages, whereas FTIR gave a qualitative indication about the extent of the reaction in different 
samples. TGA allowed a quantitative estimation of reacted volumes, but still could not 
differentiate samples with a good reactivity. SEM and EDX techniques indicated that higher 
strength was achieved because a higher amount of Al was available when the solution had high 
quantity of reactive Si. The structure of the gel incorporated more Al in the Si-O- chain, and 
consequently also more alkali cations were bound in the gel structure. 

Research is continuing in order to investigate the reaction products and the microstructure of AAC 
with ground granulated blast furnace slag (ggbs).  
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Abstract 
The effect of sodium hydroxide solution concentration on the performance of alkali-activated slag tunnel fireproof 
coatings (AAS-TFC), such as bonding strength, fire resistance, dry density and drying time, etc. was studied. The test 
results reveal that, when the by weight concentration of sodium hydroxide solution is less than 10%, the bonding 
strength before and after freezing-thawing cycles and the drying time increase with the increase of the solution 
concentration, and the drying time decreases with the increase of solution concentration. When the concentration of 
sodium hydroxide solution is more than 10%, the influence of the solution concentration on the bonding strength, fire 
resistance, dry density and drying time of AAS-TFC is not obvious. The change of the concentration of sodium 
hydroxide solution on the fire resistance of AAS-TFC is not obvious. When sodium hydroxide solution concentration 
was 3%, the performance-to-price ratio of AAS-TFC is the highest. 
 
Originality 
Alkali-activated slag tunnel fireproof coatings are seldom studied, and the effect of alkali-activated solution 
concentration on the performance of alkali-activated slag tunnel fireproof coatings, especially for the bonding strength 
before and after freezing-thawing cycles, is still not explored by any author wold-wide. Therefore the originality of this 
paper is obvious. 
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1.Introduction 
With the rapid development of tunnel fireproof coatings (TFC), the highway tunnel of China has become the 
longest all over the world. As of early 2011, the total number of the highway tunnel reached 7384, and the 
cumulative length of the highway tunnel had become more than 5000km. As the tunnel is often used as 
transportation channels of power cables, fiber optic cables, aqueducts, pipelines, and so on, when a tunnel 
fire accidents happens, the harm it causes is very serious, which can lead to the long time of traffic jam, 
extremely difficult rescue, large economic losses and other serious consequences, and even may lead to a 
series of social problems (China highway society., 2012; Berhahl P., 1995; Wu Y., 2008). 
The application of alkali-activated slag cement in TFC has obvious advantages: (1) Simplifying formula and 
reducing the cost. Because the alkali-activated cement has good high temperature performance, its 
application in TFC can reduce or get rid of some components of traditional TFC with relatively high prices. 
For example, due to protect the health of construction workers, we got rid of the ammonium polyphosphate 
of TFC that can produce odor gas. (2) Improving the freezing-thawing resisting cycle performance of TFC. 
The freezing-thawing resisting cyclic performance of TFC has gotten more and more attention nowadays. 
The standard of “Fire retardant coating of concrete structures” (GA 28375-2012) (The national standard of 
the People's Republic of China, 2012), which was published in 2012, has specially joined the bonding 
strength index after freezing and thawing cycle. (3) Green environmental protection. Replacing ordinary 
Portland cement with alkali-activated slag cement in TFC, the carbon dioxide, sulphur dioxide and dust, 
which is produced in the production process of Portland cement, can be reduced. It is beneficial for 
environmental protection. 
Studies have shown that the changing of the activator solution concentration has influence on the strength 
and setting time of the alkali-activated slag cement (Zhang Y. Q., 2009). However, the research about the 
effect of the activator solution concentration on alkali-activated slag tunnel fireproof coatings (AAS-TFC) 
performances was still not available. In this paper, the activator solution concentration of TFC was changed, 
and the effect of the activator solution concentration on the bonding strength, fire resistance, dry density and 
drying time etc. of AAS-TFC has been studied. 
2.Raw materials and mix proportion 
TFC is usually composed of bonding materials, refractory and heat insulation materials, foam materials and 
additives (Wang X. G., 2006; Wang G. J., 2006). The foam materials (such as ammonium polyphosphate, 
melamine and pentaerythritol, etc) of TFC is excluded, and alkali-activated slag cement, as the main bonding 
material of TFC, was used to instead Portland cement. 
2.1Bonding materials 
Bonding materials is constituted by the alkali-activated slag cement, redispersible powder and PVA. The 
alkali-activated slag cement is constituted by sodium hydroxide and slag. Sodium hydroxide is produced by 
Kangpu-huiwei company in Beijing. Slag is produced by Taining concrete plant in Fuzhou. Polyvinyl 
alcohol (PVA) is produced by Sifang-huagong company in Fuzhou. PVA is the type of 1788-125, which is 
white powder, odorless, tasteless, and smaller than 160 mesh. 
2.2Refractory 
Expanded perlite is produced by Youchen company in Fuzhou. Its particle size is about 3 mm, and its 
packing density is 83 kg/m3. Expanded perlite is qualitative light, adiabatic, non-toxic, sound absorption, 
tasteless, non-combustible, etc, and it can resist to the high temperature of 1300 ℃. Expanded vermiculite is 
also produced by Youchen company in Fuzhou. Its particle size is less than 2 mm, and it is maroon, and its 
packing density of 530 kg/m3. Sepiolite is produced by Leibao company in Nanyang. Its packing density is 
651.8 kg/m3, and it can resist the high temperature of 1700 ℃. Hollow drift beads are produced by Tianti 
company in Henan. Its particle size is less than 0.9 mm, and its packing density is 338.5 kg/m3. The normal 



temperature coefficient of thermal conductivity of hollow drift beads is 0.035 W/(m, K), and it can resist the 
high temperature of 1360 ℃. 
2.3Heat insulation materials 
Aluminium hydroxide and magnesium hydroxide are both produced by Fuchen company in Tianjing. 
2.4 Mix proportion 
Based on self-made AAS-TFC that we have invented, the concentration of the sodium hydroxide solution 
was changed to study the effect of the activator solution concentration on the main properties of AAS-TFC. 
When the concentration of sodium hydroxide solution is over 10%, its economical efficiency is not 
reasonable. However, in order to study the influence law, the concentration larger than 10% was used. Mix 
proportion of AAS-TFC is shown in Table 1, and each component of AAS-TFC is by mass percentage (%). 
Sodium hydroxide solution concentration is the mass percentage concentration, and the dosage of sodium 
hydroxide is the mass ratio (%) of sodium hydroxide and other solid components (as shown in Table.1)(not 
include sodium hydroxide). Water content is the 70% of the solid components that does not contain sodium 
hydroxide.  
First, we stirred the other solid component that did not contain sodium hydroxide, and then we made the 
sodium hydroxide solution by dissolving sodium hydroxide in water. At last, the sodium hydroxide solution 
was poured into the other solid component. 

Table.1 Mix proportion of solid components of AAS-TFC 

No. 

Concent
ration of 
NaOH 

solution
（%） 

Dosage 
of 

NaOH 
Slag PVA 

Redisper
sible 

powder 

Expande
d perlite 

Expande
d 

vermicul
ite 

Sepiolit
e 

Hollow 
drift 

beads 

Alumin
ium 

hydroxi
de 

Magnes
ium 

hydroxi
de 

1 1 0.7 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
2 2 1.4 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
3 3 2.2 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
4 4 2.9 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
5 5 3.6 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
6 6 4.5 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
7 7 5.3 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
8 8 6.1 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
9 9 6.9 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 

10 10 7.8 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
11 12 9.5 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 
12 15 12.4 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 

13 20 17.5 42.8 1.3 2.1 16.1 13.5 8 2.6 3.3 10.3 

3 Test methods 
3.1 Fire resistance  
Based on the fire resistance performance test method of “Fire retardant coating of concrete structures” (GA 
28375-2012) (The national standard of the People's Republic of China, 2012), a small slab method was used 
based on our investigation. The strength grade of small slab concrete met the requirements of C30. The size 
of small slab was 300mm×300mm×100mm. A Φ12 reinforcement bar was placed at 25 mm distance 
from the bottom of the small slab. The Φ12 reinforcement bar was placed in the horizontal plane geometry 
center of small slab. Thermocouple wires were placed at the bottom of the slab and steel surface, respectively. 
The positions of the steel and the thermocouple wire are showed in Figure 1. 

 



  
(a) Front view (b) B - B section 

Figure 1 Sketch of small slab method 

1- concrete slab, 3- coating, 4- thermocouple, 5- Φ12 reinforcement bar, 6- fire gun, 7- fire region sprayed by fire gun. 

A fire gun was used to heat the center of one side of concrete slab that coated with TFC. The fire gun was 
produced by Yuanhun-Shukong company, its model was TKT-9607. The fire gun generated heat by burning 
butane gas. The thermocouple measured the temperature changes of the bottom of concrete slab and the 
surface of steel bar (namely 4 as shown in Figure 1), respectively, which was connected to the static strain 
collection box. The type of the static strain collection box is D3618. The measured time was at interval of 
two hours. 
3.2 Bonding strength 
The bonding strength test method refers to “Sand textured building coatings with synthetic resin emulsion” 
(JG/T24-2000) (The construction industry standard of the People's Republic of China, 2000). 
The bonding strength is calculated according to the following formula: 

                                 
= P

Aσ
                                (1)  

Where, σ  is the bond strength, Pa; P is tensile load, N; A is the bonding area, m2. 
3.3 Freeze-thaw cycle 
The freeze-thaw cycle test method refers to “Fire retardant coating of concrete structures” (GA 28375-2012). 
3.4 Drying time 
The drying time test method is the finger contact method according to GB/T (1728-1979) (The national 
standard of the People's Republic of China, 2012). Use your fingers to touch coating surface. If you feel a 
little sticky, and meanwhile no coatings glue to your fingers, which shows that the surface of TFC is drying. 
The drying time of AAS-TFC is relatively short, so we tested it at interval of 3 min. 
4 Test results and analysis 
4.1 Bonding strength 
With the increasing of sodium hydroxide solution concentration, the change law of bonding strength before 
and after freezing and thawing cycle of AAS-TFC is shown in Figure 2. 
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Figure 2 Relation between sodium hydroxide solution concentration and bond strength 

Figure 2 shows that the change law of bonding strength before freezing and thawing cycle of AAS-TFC 
is similar to that after freezing and thawing cycle, where B is before freezing and thawing cycle, and A is 
after freezing and thawing cycle. When the by weight concentration of sodium hydroxide solution as an 
activator increases from 1% to 10%, the bonding strength improves, especially at the early stage. When the 
by weight concentration of sodium hydroxide solution as an activator is more than 10%, the changes of the 
bonding strength is not obvious. When sodium hydroxide solution concentration is low, with the increasing 
of concentration of sodium hydroxide solution, the activation of slag increases, and the hydration degree of 
alkali-activated slag cement increases, which leads to higher bonding strength of AAS-TFC. According to 
"Fire retardant coating of concrete structures" (GA 28375-2012), the bonding strength after freeze-thaw 
cycles should be larger than 0.15 MPa, so the concentration of the sodium hydroxide solution should be not 
less than 3%. 
4.2 Fire resistance performance 
With the increasing of sodium hydroxide solution concentration, the change law of the fire resistance 
performance before and after freezing and thawing cycle of AAS-TFC is shown in Figure 3. 
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(a) Concrete surface temperatures (b) Steel surface temperatures 
Figure 3 Relation between sodium hydroxide solution concentration and fire resistance performance  

Figure 3 shows that the concentration of sodium hydroxide has little influence on the fire resistance, so 
the concentration of sodium hydroxide is not a critical factor affecting the fire resistance of AAS-TFC. 
Because concrete surface temperatures are less than 380 ℃ and steel surface temperatures are less than 
250 ℃, the fire resistance performance of AAS-TFC meets the requirements of specification. 
4.3 Dry density 



With the increasing of sodium hydroxide solution concentration, the change law of the dry density 
performance before and after freezing and thawing cycle of AAS-TFC is shown in Figure 4. 
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Figure 4 Relation between sodium hydroxide solution concentration and dry density 
By contrasting Figure 4 and Figure 2, the change law of dry density is similar to that of the bonding strength 
of AAS-TFC. When the concentration of sodium hydroxide solution is less than 10%, the activation of slag 
increases, and the hydration degree of alkali-activated slag cement increases, and more free water is 
converted into chemical combined water, which lead to the dry density increasing. Therefore the change law 
of dry density is associated with the hydration degree of alkali-activated slag cement. Due to the limitation of 
slag amount, when the concentration of sodium hydroxide solution is higher than 10%, the effect of sodium 
hydroxide solution concentration on the dry density of AAS-TFC is not obvious. Specification [4] requires 
the dry density should be less than 700 kg/m3. Therefore, the dry density of each group meets the 
requirements of the specification. 
4.4 Drying time 
The drying time directly affects the construction period of AAS-TFC, so it is a very important indicator. The 
change law of the drying time of AAS-TFC with the increasing hydroxide solution concentration of sodium 
is shown in Figure 5. 
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Figure 5 Relation between sodium hydroxide solution concentration and drying time 
Figure 5 shows that with the increasing of the sodium hydroxide solution concentration, the drying time 

becomes short, especially at the early stage. With the increasing of sodium hydroxide solution concentration, 
the activation of slag increases, and the setting speed of alkali-activated cement becomes faster. Due to the 
limitation of slag amount, when the concentration of sodium hydroxide solution further increases, the setting 



speed of alkali-activated cement becomes slower. 
5 Optimal mix proportion 
According to the test results above, increasing the sodium hydroxide dosage would increase the cost of 
AAS-TFC, the mix proportion of AAS-TFC is best when the concentration of sodium hydroxide solution is 
3%, because the performance-to-price ratio of the AAS-TFC is the highest. Therefore the optimal mix 
proportion of AAS-TFC is No. 3 as shown in Table 1. 
6 Conclusions 
With sodium hydroxide solution concentration variation, the bonding strength of alkali-activated slag tunnel 
fireproof coatings (AAS-TFC) before freeze-thaw cycle is similar to that after freeze-thaw cycle. When the 
by weight concentration of sodium hydroxide solution increases from 1% to 10%, the bonding strength 
improves, especially at the early stage. When the concentration of sodium hydroxide solution is more than 
10%, the changes of the bonding strength is not obvious. 
The concentration of sodium hydroxide solution has little influence on the fire resistance of AAS-TFC. 
When the by weight concentration of sodium hydroxide solution increases from 1% to 10%, the dry density 
improves, especially at the early stage. When the concentration of sodium hydroxide solution is more than 
10%, the changes of the dry density is not obvious. 
The drying time becomes short with the increasing of the sodium hydroxide solution concentration, 
especially at the early stage. 
When sodium hydroxide solution concentration was 3%, the performance-to-price ratio of AAS-TFC is the 
highest. 
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Abstract 
The cement industry is aware of environmental problems due to large CO2 emission. Using less Portland cement can 
reduce the carbon footprint of the building industry. This can be achieved by using blended cement in which part of 
Portland cement is replaced by inert additives, such as micronized sand and limestone powder that are cheaper and 
environmentally friendly. However, because of its potential negative impact on the mechanical properties of cement 
paste, the addition of inert additives is limited. The purpose of this study is to clarify the influence of inert additives on 
the mechanical properties of cement paste.  
The development of the mechanical properties of cement paste is the result of the microstructural evolution due to 
cement hydration, and the connectivity of the solid phases in the microstructure plays a key role in the development of 
the mechanical properties of cement paste. It is believed that the quality, quantity and distribution of interparticle 
bonds of solid phases are three key factors that dominate the mechanical properties of cement paste. In this paper, the 
effect of inert additives on the distribution of interparticle bonds of solid phases in cement paste is a concern. Cement 
pastes were prepared with different micronized sand content (0%, 30% and 50%) and different water to binder ratios 
(0.5, 0.4 and 0.3). The compressive strengths of these pastes were tested at ages of 1, 3, 7, 14, 28 and 96d. Parallel with 
the experiments, numerical simulations are performed by using HYMOSTRUC3D for generating the microstructure of 
cement paste. Correlations were established between the connectivity of different types of solid phase simulated by the 
model and the development of compressive strength. With this correlations, the effect of inert additives on the 
distribution of interparticle bonds of solid phases in cement paste could be quantified. The results show that the 
addition of inert additives reduced the distribution uniformity of interparticle bonds of solid phases in cement past, 
which results in a negative impact of inert powders on the mechanical properties of cement paste. 
 
Originality 
Correlations were established between the connectivity numerically simulated of different types of solid phase and the 
development of compressive strength. The simulated contact area of the cement paste with different inert additives 
content is linearly related to the compressive strength of the cement pastes. This relationship is valid at different ages 
(1d up to 96 d). So the development of the linear relationship between the connectivity of solid phase simulated by the 
model and compressive strength in blended cement paste is first originality. 
With this correlations, the effect of inert additives on the distribution of interparticle bonds of solid phases in cement 
paste was investigated. Bases on the results from numerical analysis of distribution of interparticle bonds,  it is believed 
that the addition of inert additives reduces the homogeneity of interparticle bonds of solid phases in cement past, which 
results in a negative impact of inert powders on the mechanical properties of cement paste. So the study of effect of 
inert additives on the mechanical properties of cement paste by using the relationship between the connectivity of solid 
phase and compressive strength in blended cement paste is second originality. 
 
Keywords: inert additives, compressive strength, interparticle bonds, cement paste, HYMOSTRUC3D. 
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1. Introduction 
Portland cement is a basic component of concrete with a high environmental impact with regard to 
CO2 emission and energy consumption. As the cement industry is being adapted to more stringent 
environmental regulations, utilization of industrial by-products such as supplementary cementitious 
materials in blended cement manufacture has been noted for engineering, ecological and economic 
benefits(Malhotra and Mehta, 1996). A large number of studies have shown that industrial by-products 
have been widely used as a substitute for Portland cement in many applications because of their 
advantageous properties(Courard et al., 2014, Pelletier-Chaignat et al., 2012, He et al., 2012, 
Mounanga et al., 2011, Grzeszczyk and Podkowa, 2010, Irassar, 2009, Lee et al., 2008, Bonavetti et 
al., 2003). These include cost reduction, reduction in heat evolution, decreased permeability and 
increased chemical resistance. However, the studies are often associated with shortcomings, such as a 
reduction of strength  at early ages and up to 28 days(Ghrici et al., 2007). 
This paper deals with the use of inert additives. Inert additives are defined here as quasi-inert mineral 
powders with an average grains size similar to that of Portland cement particles. Such additives are 
used as a replacement for Portland cement to make concrete cheaper and environmentally friendly, or 
to obtain concrete with specific properties (Bonavetti et al., 2003, Nehdi et al., 1996, Justnes et al., 
2007). Additions of limestone or quartz powder have a small chemical effect on cement hydration 
(Lothenbach et al., 2008, Bentz, 2006). The main quasi-chemical effect of added limestone and quartz 
powder is that they accelerate cement hydration by facilitating nucleation of hydrates at their surfaces 
(Bonavetti et al., 2003, Bentz, 2006). Finer quartz in cement paste can result in improvements in 
strength because of a denser packing. The ‘packing’ effect of a filler on concrete properties comes 
from the improvement of the pore structure and a denser packing structure(Moosberg-Bustnes et al., 
2004). However, the use of inert additives results in dilution of Portland cement particles in the paste. 
Above a critical amount of additives, this ‘dilution’ effect will lead to an increased porosity, and thus a 
lower strength of the hardened paste or concrete(Bonavetti et al., 2003, Lawrence et al., 2003). 
Because of the potential negative impact on the mechanical properties of cement paste or concrete, the 
addition of additives is limited. The critical amount ranges between 5 to 20%, depending on the grain 
size distributions of both the cement and additives, and the water-binder ratio of the mixture 
(Bonavetti et al., 2003, Bentz, 2006).  
Improvement of the performance of inert additives in cementitious materials is a big issue today and 
also a challenge. For investigating the effect of inert additives on the mechanical properties of cement 
paste, experiments were carried out. The effect of the partial replacement of Portland cement with 
micronized sand in proportions of 30% and 50% on the mechanical properties of cement pastes with 
various water/binder ratios, binder contents and curing times was assessed. In particular, the 
compressive strength was evaluated. Parallel with the experiments, numerical simulations were 
performed to simulate the formation of microstructure with the simulation model, called  
HYMOSTRUC3D. This model was developed in 1991 and has been further extended since 
then(Breugel, 1991, Koenders, 1997, Ye et al., 2003, Ye, 2003). The connectivity of the solid phase is 
a key factor that dominates the development of the mechanical properties of cement-based materials at 
early age(Sun et al., 2005). Correlations between the development of connectivity of different types of 
solid phase simulated by the model and the development of compressive strength were established. 
With these correlations, the effect of inert additives on the distribution of interparticle bonds of solid 
phases in cement paste was quantified. 
2. Experimental 
2.1. Raw Materials 
Micronized sand (M300) and Portland cement CEM I 42.5N (OPC) are used for the production of 
cement paste cubes of 40×40×40 mm. The chemical compositions of the cement and filler are listed in 
Table 1. The mineral composition of OPC is reported in Table 2. The mix proportion of the pastes is 
given in Table 3. From previous study, the linear relationship between the interparticle bonds of solid 
phases in Portland cement paste and compressive strength is independent of the w/c, and to garner  
comparable compressive strength of cement pastes, different water to binder ratios are chosen.  

Tab. 1 Chemical composition and physical properties of cement CEM I 42.5N and Micronized sand (M300*) 



 

Components  OPC M300 
Chemical properties, % by weight    

CaO 64.40 0.02 
SiO2 20.36 99.5 
Al2O3 4.96 0.20 
Fe2O3 3.17 0.03 
K2O 0.64 0.05 
Na2O 0.14 - 
SO3 2.57 - 

MgO 2.09 - 
Total 98.33 99.80 

Physical properties   
Blaine surface (cm2/g) 4500 4000 

Density (g/cm3) 3.15 2.65 
D50(µm) 13.7 17 

* Date provided by Sibelco company.  
Tab. 2 Mineral composition of cement CEM I 42.5N, % by weight 

Mineral composition C3S C2S C3A C4AF  
Percentage by weight 62 10.5 7.3 10.2  

Tab. 3 Mix proportion of the cement pastes 
Nr Series OPC*(%) M300*(%) Water/binder**  
1) OPC 100 0 0.5 
2) OPC 100 0 0.4 
3) 30% M300 70 30 0.4 
4) 50% M300 50 50 0.3 

* Percentage of the total mass of binder; 
** From previous study, the linear relationship between the inter particle bonds of solid phases in Portland 

cement paste and compressive strength is independent of the w/c, and to garner  comparable compressive 
strength of cement pastes, different water to binder ratios are chosen. 
2.2. Experimental Process 
After mixing, the cement pastes were cast into 40×40×40mm cube moulds, and covered with a plastic 
sheet and stored in a laboratory at 20 ℃. After 24 h, the specimens were demoulded and cured at 20 ℃ 
and 95% relative humidity.The compressive strength tests will be carried out after 1, 3, 7,14, 28, 96 
days of curing. At least three specimens were tested for each measurement. 
The degree of hydration of the cement is obtained by determining the non-evaporable water content, 
Wn/c. Wn/c is defined as the mass loss per gram of original cement, measured after heating the sample 
from 105 ℃ up to 1000 ℃. The degree of hydration was then determined as the ratio of the measured 
non-evaporable water content per gram of cement to the amount at full hydration(Fagerlund, 2009). 
3. Numerical simulation 
3.1. HYMOSTRUC3D model 
In this study, the HYMOSTRUC3D model was used to simulate the development of the 
microstructure in cement pastes. In this model, the evolution of the degree of hydration is modelled as 
a function of the particle size distribution, the phase composition of cement, the water-cement ratio, 
and the reaction temperature. The cement particles are modelled as spheres randomly distributed in a 
three-dimensional body and the hydrating cement grains are simulated as growing spheres. Particles of 
the same size are considered to hydrate at the same rate. At first, hydration reactions are assumed to be 
phase-boundary reactions. At later stages, when the shells of reaction products around the particles 
have reached a certain predefined thickness, the reactions become diffusion-controlled. The simulation 
starts from a random distribution of cement particles in a cubic cell. During hydration, the cement 
particles gradually dissolve, and a porous shell of hydration products is formed around each particle. 
Neighbouring particles grow together and smaller particles may become embedded in the outer shells 
of larger ones to form a “cluster”. The process in which smaller particles become embedded in the 
outer shells of larger ones is quantified in a mathematical series in which the particle size distribution, 



 

the water-cement ratio, and the temperature are the dominating parameters. As hydration proceeds, the 
growing particles become more and more connected, and an increasingly rigid porous structure forms 
as shown in Fig. 1.  

   
Step 1. The cement particles and M300 are modeled as spheres randomly distributed. 

   
Step 2. At 25h, the cement particles are hydrating. The hydration products around the cement  grains firstly cause 
the formation of small isolated clusters. 

   
Step 3. At 28d, neighbouring Particles grow together, and smaller particles become embedded in the outer shells 
of larger ones to form a “cluster”. The growing particles become more and more strongly connected, and an 
increasingly rigid porous structure is formed. 
Fig. 1. Simulated cement paste microstructures at 0 hour, 25 hours and 28 days (Starting from left to right: OPC, 
cement paste with 30% M300, cement paste with 50% M300. The mixture design of these pastes are shown in 
Table 3. White layer around cement grains is outer product, dark  layer around cement grains is inner product,  
light gray is M300 and cement particles are dark gray).  
3.2. Connectivity of the solid phases 
The connectivity of the constituent phases is an important characteristic of a cementitious 
microstructure. It is believed that the connectivity of the solid phase of the microstructure is an 
essential factor that determines the load bearing capacity of cementitious materials(Sun et al., 2005). 
This connectivity can be quantified by describing the extent of interparticle bonding. The “contact 
volume” and “contact area” are two parameters to indicate this extent. In this study, the cement 
particles and inert particles are modelled as spheres. The contact volume is defined as the volume of 
the overlap of two spheres, and the contact area is defined as the area of the circle at the intersection of 
two spherical surfaces.With progress of hydration, the volume of cement particles grows, and the 
hydration products will come into contact with each other. The contact volume and contact area 
between two or more particles increase with the degree of hydration. The Effective Contact Area(ECA) 
is defined as the contact area in the direction normal to the direction of the applied load, and Specific 
Effective Contact Area (SECA) is defined as the ECA per unit volume of cement paste at a given age. 
A more detailed description of the contact area can be found in (Sun et al., 2005) as well. 
3.3. Two types of interparticle bonds and distribution of interparticle bonds 



 

Besides the SECA, the mechanical properties of interparticle bonds also play an important role in the 
compressive strength of cement paste. There are two types of  interparticle bonds of the solid phase: 
(1)C-A interparticle bond (the bonds between hydrated cement particles and inert particles). In this 
study, C-A interparticle bond is the interparticle bond between hydrated cement particles and 
micronized sand particles. From a chemical point of view, inert additives used here do not have 
pozzolanic properties and no chemical reaction. This leads to less hydration products precipitating at 
the surface of the micronized sand particle(Ying, 2013); (2)C-C interparticle bond (the bonds between 
hydrated cement particles). According to Plassard et al.(Plassard et al., 2005),  the adhesion force 
between CSH particle and CSH particle is about 60.0 nN, and the adhesion force between silica 
(quartz) and CSH is 39.5 nN. So,  compared to the bonds between inert particles and hydrated cement 
particles, the bonds between hydrated cement particles are stronger.  
To describe the distribution of interparticle bonds, the variance is used as a parameter. In probability 
theory and statistics, the variance measures how far a set of numbers is spread out. A variance of zero 
indicates that all the values are identical. A small variance indicates that the data points tend to be very 
close to the mean (expected value) and hence to each other. A high variance indicates that the data 
points are much spread out around the mean and from each other. The variance is calculated by eq. (1): 
    Variance(X) = 1

n
� (xi − µ)2n

i=1   (1) 
where: µ is the expected value, it can written as: 
    µ = 1

n
∑ xin
i=1 (2) 

where: n = the number of layers; 
            x = the number red voxels in each layer. 
Fig. 2 shows the simulated microstructures of cement paste with 30% M300 and w/b =0.4 at the 
degree hydration 0.853. The contact volume between hydrated cement particles are extracted and 
identified as shown in Fig. 3. The contact volume between cement particles at x, y and z axis direction 
can be quantified by the number of red voxels. An example of quantification of the contact volume 
between cement particles is illustrated in Fig. 3. This cubic(100µm×100µm×100µm) is divided into 
100 layers along x axis direction. The contact volume between cement particles at each layer can be 
obtained by calculating the number red voxels. Based on the above results, the variance of contact area 
between hydrated cement particles at x axis direction can be obtained by the formula (1) and (2). 

                             
Fig. 2 Simulated microstructure of cement paste with 30% M300 and w/b =0.4 at the degree hydration 0.853. 
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Fig. 3 Calculation of the contact volume between cement particles at n=50 in cement paste with 30% M300 and 

w/b =0.4 at the degree hydration 0.853.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
4. Results and Discussion 
4.1. Compressive strength and connectivity of solid phase 
The correlation between compressive strength and the specific effective contact area (SECA) is shown 
in Fig. 4. It can be seen that there is a single linear relationship between compressive strength and 
SECA that applies to all three cement pastes of table 3, and this linear relationship in Portland cement 
paste is independent of water to cement ratio. The linear strength-specific effective contact area 
relationship from the three cement pastes suggests that the compressive strength of Portland cement 
paste or blended cement paste can be directly related to the degree of interparticle bonds of the solid 
phase in the microstructure of cementitious materials. Fig. 4 also shows that the compressive strength 
of OPC increases more rapidly as function of SECA, compared to the cement paste with 30% or 50% 
M300 micronized. Similarly, the compressive strength of the cement paste with 30% M300 
micronized sand is higher than that with 50% at the same SECA. As the C-C inter particle bonds are 
stronger than the C-A inter particle bonds, OPC in which there are only C-C inter particle bonds has 
higher strength compared to the blended cement pastes with both C-C and C-A inter particle bonds at 
the same SECA. It appears that the compressive strength not only depends on SECA but also depends 
on the mechanical properties of interparticle bonds of the solid phase. 

 
Fig. 4. Left: correlation between SECA and compressive strength in cement pastes; Right: compressive 

strength of cement pastes in different ages. 
4.2. Interparticle bonds between solid phases 
As mentioned previously, there are two types of interparticle bonds of the solid phase: (1)C-A 
interparticle bond: the bonds between hydrated cement particles and inert particles, and (2)C-C 
interparticle bond: the bonds between hydrated cement particles. The total contact area could be 
divided into the contact area between cement particles(C-C) and the contact area between cement 
particles and inert additives(C-A). In Portland cement paste, there is only C-C contact area. In blended 
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cement paste, beside C-C contact area, there is C-A contact area. The proportion of C-A contact area 
increases with an increasing replacement percentage of inert additives. From Fig. 5, it can be seen that 
compressive strength of cement paste has a single linear relationship with C-C and total specific 
effective contact area(SECA) respectively. Fig. 5 also shows that the linear relationship between the 
compressive strength and the C-C SECA in both blended cement paste with 30%M300 and 50%M300 
coincides with the relationship between compressive strength and C-C SECA in Portland cement paste. 
It seems that the strength of cement pastes is determined by C-C contact area and C-A effective 
contact area in blended cement paste does not contribute to the strength of cement paste. However, 
accordingly, C-A interparticle bond is strong enough to make a change in the strength of blended 
cement paste, even though it is not as strong as C-C inter particle bond. The rate of increase of 
compressive strength as function of C-C SECA, which reflected the mechanical properties of 
interparticle bonds, is the same in all three cement pastes, and it does effected by the proportion of C-
A SECA. Based on these observations, it appears that there are other factors that influence the 
mechanical properties of cement paste, besides the quantity and the mechanical properties of 
interparticle bonds of the solid phase.  

 
Fig. 5. Correlation between contact area and compressive strength in Portland cement paste and cement paste 
with 30% M300(C-C: the specific effective contact area between hydrated cement particles; Total: total specific 
effective contact area).  
4.3. Distribution of interparticle bonds  
The results of the variances of contact area between hydrated cement particles are shown in Table 4.  
It can be seen clearly that the variance of interparticle bonds between hydrated cement particles 
significantly increases with an increase in the content of inter additives. Fig. 6 shows that the C-C 
interparticle bonds is not so homogenous in the blended cement paste with a large amount of inert 
additives compared to the Portland cement paste. This will result in the concentration of stress in 
cement paste which speeds up the expansion of crack and reduces the compressive strength of cement 
paste.  
As mentioned previously, the strength of cement paste exhibits a linear relationship with the C-C 
effective contact in all three cement pastes. Table 4 also shows that with the same C-C effective 
contact area, the cement paste has the same compressive strength, even though there have C-A contact 
areas in blended cement pastes and there is not in Portland cement paste. However, It does not mean 
C-A interparticle bonds are not strong enough to offer strength to cement paste as mentioned before. It 
is believe that this is because the addition of inert additives reduces the homogeneity of interparticle 
bonds of solid phase in cement pastes, but, at the same time, the increase of the strength contributed by 
C-A interparticle bonds counteracts the loss of the strength due to low homogeneity of C-C 
interparticle bonds in cement pastes. 

Tab. 4 Distribution of interparticle bonds between hydrated cement particles 
Nr Series Strength*  

(MPa) 
w/b Degree of 

hydration  
Var  C-C 

(µm2/µm3) 
C-A 
(µm2/µm3) 

Total 
(µm2/µm3) 

1) OPC 36.06 0.5 0.777 2892.7 0.702 0.00 0.702 
2) 30% M300 34.54 0.4 0.853 7897.6 0.708 0.194 0.902 
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3) 50% M300 36.17 0.3 0.845 9239.8 0.703 0.487 1.190 
*Calculated by the linear relationship between the compressive strength and the contact area; Var: average 
variance of x, y and z axis direction; w/b: water to binder ratio; C-C: the specific effective contact area between 
hydrated cement particles; C-A: the specific effective contact area between inert additive and hydrated cement 
particle; Total: total specific effective contact area. 

 
(a)OPC                                     (b)30%M300                         (c)50%M300 

Fig. 6. Simulated distribution of C-C interparticle bonds in cement paste at the same compressive strength and 
the same amount of C-C specific effective contact area as shown in Table 4. 

5. Conclusions 
Correlations were established between the numerically simulated connectivity of different types of 
solid phase and the development of compressive strength. The contact area of the cement paste with 
different content of inert additives is linearly related to the compressive strength of cement pastes. 
This relationship is valid at different ages (1d up to 96 d). Based on these results from the analysis of 
the connectivity of solid phases, it appears that the mechanical properties, homogeneity and quantity 
of interparticle bonds of the solid phase play key roles in the mechanical properties of cement paste. 
The addition of inert additives reduces the homogeneity of interparticle bonds of the solid phase in 
cement paste. With the increase of the content of inert additives, the reduction in the homogeneity of 
interparticle bonds in blended cement paste becomes more obvious, which has a negative impact on 
the mechanical properties of cement paste. However, the loss of strength due to reduction in 
homogeneity of interparticle bonds in blended cement pastes can be counteracted by the increase of 
the strength offered by more C-A interparticle bonds. The numerical model HYMOSTRUC3D could 
be successfully calibrated to experimental results and thereby used as a tool to provide reliable 
information about the strength  development of cement paste with different content of inert additives 
during hydration.  
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Abstract 
This study assesses the impact of variations of the raw mix design, with respect to the type and proportions of 
calcium sulphate, and the effect of the clinkering process on mineral formation in calcium sulphoaluminate 
clinker. Moreover, the reactivity of the clinker products has been investigated using a multi-method approach. 
Industrial by-products were used as main raw materials for clinker production. It was possible to replace 
traditional raw materials, i.e.: bauxite and limestone to high extents or even fully by industrial by-products. One 
limiting parameter, for the substitution of these materials by industrial by-products, is the required ratio of 𝑆𝑆𝑆𝑆𝑆𝑆2 
over 𝐴𝐴𝐴𝐴2𝑆𝑆3 in the raw meal and the targeted 𝐶𝐶2𝑆𝑆 and 𝐶𝐶4𝐴𝐴3𝑆𝑆̅ content of the clinker 
Under clinkering given conditions, burning processes lead to variable clinker reactivity and sometimes to an 
uncontrollable early hydration. However, if only the raw mix proportions are changed, using the same raw 
materials, a comparable hydration development was observed. Clinkers characterized by ye’elimite contents 
above 40% seem to be less influenced by the used raw materials. Additionally, after 24 hours of hydration a 
relatively uniform hydration development as well as a clear correlation between the cumulative heat of 
hydration and the consumption of the reactive cement phases is observed. The rapid early age hydration seems 
to result from a simultaneous incorporation of iron in ye'elimite, which stabilizes its cubic polymorph at the 
expense of the orthorhombic one. In accordance to other studies, ye'elimite has demonstrated a high capacity to 
substitute aluminium with iron. 
Finally, the formation of ternesite was observed which is somehow linked, due to the applied sintering procedure 
(low cooling rate) and the increased 𝑆𝑆𝑆𝑆3/(𝐴𝐴𝐴𝐴2𝑆𝑆3 + 𝐹𝐹𝐹𝐹2𝑆𝑆3) ratio. Ternesite, which is usually assumed to be 
inert, has shown reactivity potential when it is a part of calcium sulphoaluminate clinker. This study proves the 
possibility to adjust the performance of calcium sulphoaluminate clinker by applying specific clinkering and 
cooling processes, and by optimizing the raw mix design accordingly.  
 
Originality 
The present work focused on evaluating and correlating the effect of different clinkering processes with the 
composition of the raw meals for calcium sulphoaluminate clinkers. The suitability of various by-products is 
verified. It was demonstrated that despite changing the raw mix proportions, using the same raw materials, a 
comparable hydration development was observed 
Various sulphate contents were considered in the composition of the raw meals. Under given conditions and 
clinker burning processes, ternesite is formed. Various studies discussed previously the low reactivity of 
ternesite or even its inert nature and in the enhancement of the reactivity by its autoclaving. However, the actual 
study reveals that ternesite reacts, despite the presence of another sulphate source (e.g. anhydrite). Its reaction 
seems to be enhanced in the presence of reactive alumina. 
 
Keywords: Ye'elimite polymorphism, Ternesite, Mixture proportioning, Cement manufacture, hydration kinetics   
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1. Introduction 
Concrete is the most used building material worldwide. On a unit basis, the associated CO2 emissions 
are lower than for other building materials e.g. steel or even wood (Gartner, 2004). However, due to 
the huge volumes, cement production accounts for about 5-8 % of the manmade CO2 emissions as the 
manufacturing of 1t of cement clinker generates / releases about 800 kg of CO2. Since there is no 
satisfactory alternative to ordinary Portland cement (OPC), major improvements in sustainability of 
these materials must be made. Thus, there is an increasing driving force for research and development 
in the field of more environmental friendly binders like non-Portland cements. Therefore, to lower the 
CO2 emissions, it will be necessary in the future to use an increasingly wide range of cementitious 
materials optimized according to locally available materials. In the previous research paper (Zhang, et 
al., 1999), advances in the development of a new class of cements in China and its uses, mainly for 
rapid-setting applications, were reported, namely calcium sulfoaluminate cements (CSA).  
Calcium sulphoaluminate type cements (CSA), which contain ye’elimite (Ca4Al6O12SO4 or C4A3S�; 
cement notation used throughout the document, see Table 1) as one of the major constituent, are 
regarded as a promising low CO2 alternative to Portland cements (Zhang, et al., 1999) (Gartner, 2004). 
This is due to several reasons as (i) pure (synthetic) ye’elimite releases during its synthesis only about 
38 % of the CO2 (0.22 gCO2/gphase) compared to alite (Ca3SiO5 or C3S (0.58 gCO2/gphase), (ii) the 
firing temperature is about 200 °C lower than for OPC clinker (Popescu, et al., 2003) (Mehta, 1980), 
(iii) various industrial by-products can be used as correctives or even major components of the raw 
mix design (Beretka, et al., 1993) (Belz, et al., 1995) (Adolfsson, et al., 2007) (Soner, 2009) 
(Makhmudova, et al., 2011) (Bullerjahn, et al., 2014b) and (iv) CSA clinker is easy to grind (Gartner, 
2004) (Popescu, et al., 2003). Other major phases, typically present in CSA clinkers, are dicalcium 
silicates (belite, Ca2SiO4 or C2S (0.51 gCO2/gphase)) and ferrites (brownmillerite, Ca4(Al, Fe)2O10 or 
C4AF (0.27 gCO2/gphase)). Many different minor (reactive and inert) phases could be present as well, 
depending on various parameters like for example the raw mix design (amounts, types and 
composition of materials), targeted clinker compositions or process conditions (Bullerjahn, et al., 
2014b). 

Table 1 Cement notation 
Oxides 𝐴𝐴𝐴𝐴2𝑆𝑆3 𝐶𝐶𝐶𝐶𝑆𝑆 𝐹𝐹𝐹𝐹2𝑆𝑆3 𝐻𝐻2𝑆𝑆 𝐾𝐾2𝑆𝑆 MgO 𝑆𝑆𝑆𝑆𝑆𝑆2 𝑇𝑇𝑆𝑆𝑆𝑆2 𝑆𝑆𝑆𝑆3 

Symbol A C F H K M S T 𝑆𝑆̅ 

Ternesite, C5S2S� , is a calcium sulfosilicate, known also as sulfospurrite (within this paper, for 
simplification purposes further referred to as ternesite). When ternesite is formed or stabilised at 
temperatures above 1200 °C, the use of a mineralizer such as phosphates or fluorides is required 
(Pliego-Cuervo & Glasser, 1978). Another possibility to form ternesite is a methodology developed by 
the authors which is based upon a two-step clinkering procedure. In a first step, the clinker is sintered 
at a temperature of at least 1250 °C. In a second step, a slow cooling or so called "second clinkering" 
is applied by decreasing the temperature from 1200 to 800 °C. Apart from the advantage brought by 
lowering the energy consumption, this procedure is necessary when low quality raw materials are used 
for the clinker production. These materials contain high quantities of crystalline phases, e.g. 
components from the melilite- or mullite-group. Generally, these phases are stable around 1200 °C. A 
temperature rise to 1250 and even up to 1350 °C is required to decompose them.  
Many parameters and factors influencing the performance of (belite) calcium sulfoaluminate based 
cements. Several authors, like (Adolfsson, et al., 2007) (Belz, et al., 1995) (Beretka, et al., 1993) 
(Bullerjahn, et al., 2014b) (Jünger & Chen, 2011) (Marroccoli, et al., 2010) (Marroccoli, et al., 2010) 
(Roy, et al., 1999) (Soner, 2009), investigated the formation and the performance of various (belite) 
calcium sulfoaluminate clinkers using a wide range of raw materials, raw mix designs, clinkering 
processes, cement compositions and different cement quality. Therefore, the resulting performance 
data of such clinkers and cements are difficult to compare and interpret.  
Several research groups investigated the effect of iron on the formation of pure ye'elimite and of 
ye’elimite in (belite) calcium sulfoaluminate clinkers (Jünger & Chen, 2011) (Barnes-Davin, et al., 
2011) (Chen, et al., 1993) (Huang, et al., 2007) (Idrissi, et al., 2010) (Idrissi, et al., 2012) (Li, et al., 
2007) (Makhmudova, et al., 2011) (Osokin, et al., 1992) (Šipušic, et al., 2011) (Strigác, et al., 1999) 
(Teoreanu, et al., 1986) (Zupančič, et al., 1994). Unfortunately, the available data is inconsistent and 
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the results are often contradictory. Previous investigations (Makhmudova, et al., 2011) (Osokin, et al., 
1992) even reported the formation of C4F3S�  (Ca4Fe6O12[SO4]) in a narrow temperature range of 
1100 to 1150 °C and 950 to 1205 °C, respectively. On the contrary, other groups never observed the 
phase C4F3S� and reported a maximum isomorphic substitution within a solid solution of C4A3−xFxS� 
of A by F of 2 up to 10 % (Strigác, et al., 1999) (Šipušic, et al., 2011) (Zupančič, et al., 1994) (x 
between 0.08 and 0.40) or even up to 25 % (Chen, et al., 1993) (Idrissi, et al., 2010) (x ~ 1.05). 
Similarly, the effect on the reactivity, by means of kinetics of reactions, of iron-doped and iron-rich 
ye'elimite is contradictory (Idrissi, et al., 2010) (Osokin, et al., 1992). Andac and Glasser (Andac & 
Glasser, 1994) investigated the polymorphism of ye'elimite and its solid solutions in presence of Na+ 
and Fe3+. They initially assumed a linkage between the polymorphism and the hydraulic reactivity. 
Finally, several studies reported that Fe2O3 promotes the formation of ye'elimite (Idrissi, et al., 2010) 
(Li, et al., 2007).  
A recent study (Álvarez-Pinazo, et al., 2012) coupled the X-ray diffraction and Rietveld approach to 
investigate calcium sulfoaluminate (belite) cement compositions. Besides a complex mineralogical 
composition of the industrially available clinkers and cements, two different polymorphs forms of 
ye'elimite (cubic and orthorhombic) were observed to occur. In most of the samples, a significant 
amount of orthorhombic variety forms. However, all commercial calcium sulfoaluminate clinkers 
contain the cubic form as well. Some researchers (Álvarez-Pinazo, et al., 2012) (Andac & Glasser, 
1994) speculate that the simultaneous presence of Na+, Fe3+ and Si4+ leads to the stabilisation of the 
cubic variety.  
Finally, ternesite is frequently reported as a component in (belite) calcium sulfoaluminate clinkers 
(Belz, et al., 1995) (Beretka, et al., 1993) (Bullerjahn, et al., 2014b) (Marroccoli, et al., 2010) 
(Sherman, et al., 1995) (Strigác, et al., 1999)]. Various research groups reported that this phase is only 
slightly reactive at later ages of hydration or even inert (Belz, et al., 1995) (Beretka, et al., 1993) (Roy, 
et al., 1999) (Makhmudova, et al., 2011) (Marroccoli, et al., 2010) (Sherman, et al., 1995) (Tadzhiev, 
et al., 1973). In contrast, we have shown already in other studies (Bullerjahn, et al., 2014a) (Bullerjahn, 
et al., 2014b) that ternesite is a hydraulic reactive phase when reactive alumina is present (e.g. 
liberated by the reaction of ye’elimite or calcium alumnitaes) 
The purpose of the actual investigations is to determine the parameters which influence the formation 
of calcium sulfoaluminate type clinkers and with that the composition and reactivity of ye'elimite. 
Additionally, a lab scale clinker burning procedure was developed to enhance the formation of 
ternesite as well as of ye'elimite and to facilitate the use of industrial by-products as raw materials. 
Therefore, the effect of (i) the substitution of aluminium by iron, (ii) the SO3 to (Al2O3+Fe2O3) ratio 
(R$/(A+F)) and (iii) the clinkering process in correlation with (i) and (ii) were investigated in detail.  
 

2. Materials and Methods 
The materials used in this study are: high-purity calcite powder (Cc) and high-purity gibbsite powder 
(AH3) delivered by Merck, a class F siliceous fly ash (FA) and a natural anhydrite (CS�). The chemical 
compositions determined by XRF and the physical properties of the investigated raw materials are 
given in Table 2. The respective mineralogical compositions, determined by coupled X-ray diffraction 
and Rietveld analysis, are given in Table 3. In order to prepare a big batch of the basic raw mix, all 
raw materials were used as received and homogenized in a first step for 60 minutes in a multi-axle 
rotating mixer. The batch has been split to obtain smaller samples of approximately 50 g each. These 
were either used directly in the subsequent experimental program or further homogenized with 
additions of anhydrite. In a second step, the final mixes were homogenized manually using a ceramic 
mortar, a pestle and ethanol as dispersive media to improve the sample homogeneity. The raw meal 
samples were further dried for 24 hours at 60 °C in the oven and ground to powder in a ceramic disk 
mill.  
The intended mineralogical clinker composition of the basic mix was 60 % C2S (belite), 25 % C4A3S� 
(ye'elimite), 10 % C4AF (ferrite) and 5 % CS� (anhydrite). The raw mix design was chosen according to 
a reverse Bogue calculation (Adolfsson, et al., 2007) (Soner, 2009) and is presented in Table 4. Three 
raw mix designs and two clinker burning and cooling procedures were investigated to evaluate the 
effects of (i) the clinkering procedure, (ii) the sulphate and (iii) the iron content on the mineral clinker 
formation. For clinkering, the raw mixes were compacted in a corundum crucible. The clinkering 
procedures were as follows: 
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i) Clinkering for 1 h at 1250 °C and rapid cooling in air. 
ii) Clinkering for 1 h at 1250 °C, cooling within the furnace to 1100 °C (30 min), second 

clinkering for 1 h at 1100 °C followed by rapid cooling in air.  
According to the literature mentioned already before and to our own investigations C5S2S� (ternesite) 
does not form but rather decompose above 1200 °C and in special cases, e.g. when mineralizers are 
used, above 1250 °C. As a result, the two mixes with higher amounts of sulphate would contain high 
quantities of dead-burned anhydrite. To avoid side effects, arising from the presence and the delayed 
reaction of dead-burned CS� e.g. during the calorimetric measurements, only the sulphate-rich mixes, 
which were submitted the second clinkering step, were investigated in detail. The nomenclature of the 
six samples is given in Table 5 together with the specific applied clinkering procedure. 

Table 2 Chemical raw materials composition 
 Cc FA CS� 

GV 1050 °C 

 g/100g 

43.97 0.10 4.64 

SiO2 -- 45.60 4.17 

Al2O3 -- 20.60 1.36 

TiO2 -- 0.68 0.04 

MnO -- 0.05 -- 

Fe2O3 -- 8.17 0.37 

CaO 56.03 19.30 37.40 

MgO -- 2.17 1.82 

K2O -- 1.63 0.28 

Na2O -- 0.30 0.06 

SO3 -- 1.13 49.80 

P2O5 -- 0.22 -- 

Density g/cm³ -- 2.66 2.86 

Blaine cm²/g -- 3350 4380 

 

Table 3 Mineralogical raw materials composition determined by Rietveld analysis 
  Cc FA CS� 

Amorphous 

g/100g 

-- 88.0 -- 

Calcite 100.0 -- 3.2 

Dolomite -- -- 7.1 

Quartz -- 1.3 3.5 

Mullite -- 1.9 -- 

Free lime -- 2.8 -- 

Anhydrite -- 1.3 84.1 

Gypsum -- -- 2.1 

Gehlenite -- 1.0 -- 

β-C2S -- 1.4 -- 

Σ Belite -- 1.4 -- 

Ferrite -- 0.7 -- 
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Table 4 Raw mix design 
  

Basic mix (Mix 1 & 2) 
Basic mix + additional 

sulphate (Mix 3) 

Basic mix + high 

sulphate (Mix4) 

Cc 

g/100g 

52.6 50.2 43.8 

FA 32.6 31.2 27.2 

CS;¯  6.7 10.8 22.2 

AH3 8.1 7.8 6.8 

 

Table 5 Clinkering procedures 
  Trial 1 Repetition   

Procedure 

I) Clinkering for 1 h at 
1250 °C and rapid cooling in 
air 

Cli-Mix1 Cli-Mix1a -- -- 

II) Clinkering for 1 h at 
1250 °C, cooling within the 
oven to 1100 °C (30 min), 
second clinkering for 1 h at 
1100 °C and rapid cooling in 
air 

Cli-Mix2 Cli-Mix2b Cli-Mix3 Cli-Mix4 

 

The synthesized clinkers were ground using a vibration disc mill to a Blaine fineness of 5000 
(± 100) cm²/g. After blending of 90 % clinker with 10 % CS� , the resulting cement powders were 
homogenized for 60 minutes in a multi-axle rotating mixer. The quantitative X-ray diffraction (QXRD) 
investigations of clinkers and cements were performed using X-ray diffraction (XRD) analysis 
coupled with the Rietveld refinement method. A detailed description of the experimental set-up can be 
found in (Bullerjahn, et al., 2014a).  
The hydraulic reactivity of the clinkers was investigated by isothermal calorimetric measurements 
using an eight channel TAM AIR calorimeter. Pastes were prepared with a w/c ratio of 0.6 and the 
heat flow was recorded for 7 days at 20 °C. All samples submitted to calorimetric measurements 
consisted of 90 % of the ground clinker and 10 % anhydrite, except of Cli-Mix4, which was measured 
both with and without anhydrite addition. The calorimetric curves were normalized to the amount of 
anhydrous clinker. 
Additional paste samples with w/c ratio of 0.6 were prepared for the thermogravimetric analyses 
(TGA) and the quantitative X-ray diffraction (QXRD) measurements. The pastes were stored in sealed 
plastic vessels. The paste composition was checked after 28 days of hydration. The w/c ratio was 
chosen to enable the full hydration of the system. A slowly soluble sulphate source (anhydrite) was 
used to potentially demonstrate distinct reactivity of the ye'elimite polymorphs of the synthesized 
clinkers. The hydration was stopped by the solvent exchange method prior to thermogravimetric 
analysis (TGA) and XRD measurements. The hydrated samples were crushed and ground to a 
maximum particle size of 63 μm, then immersed in isopropyl alcohol for 15 min, flushed with ether 
and dried for 15 minutes at 40 °C on a pre-heated glass plate.  
TGA was performed using approximately 50 mg of the resulting powder. Its weight was monitored 
from 30 to 1050 ºC with a heating rate of 20 ºC/min by a Netzsch STA 409 device, while continuously 
purging with N2. The amount of bound water (H), the nature of hydrates as well as semi-quantitative 
information on crystalline and amorphous hydrates phases were collected by TGA analysis. 
Temperature ranges, where specific reactions occur, were obtained from the derivative curve (DTG) 
by differential thermal analysis (DTA).  
3. Results 
3.1. Mineralogy: Effect of the clinkering procedure  
Table 6 and Figure 1 show the mineralogical composition of the synthesized clinkers. Applying the 
first clinkering procedure, all clinkers display a composition close to the intended one. As a trend, β-
C2S is the main dicalcium silicate polymorph formed, whereas C4A3S� is present in orthorhombic and 
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cubic form. For Cli-Mix1 and Cli-Mix1a, the amount of C2S and C4AF is lower as initially calculated, 
while the amount of C4A3S�  as well as of the minors are slightly increased. Applying the second 
clinkering process results in the formation of C5S2S� according to formula (I), as belite and anhydrite 
are present at 1250 °C.  
(I)  2 C2S + CS�  C5S2S�  
As a result, Mix4, which initially displays the highest SO3 content, exhibits the largest C5S2S� amount 
after clinkering.  

Table 6 Mineralogical clinker composition determined by Rietveld analysis 
  Cli-Mix1  Cli-Mix1a  Cli-Mix2  Cli-Mix2a  Cli-Mix3  Cli-Mix4 

calc. det. calc. det. calc. det. calc. det. calc. det. calc. det. 

g/100g 

C4A3S�-o  12.8  12.6  10.3  10.5  9.2  2.4 

C4A3S�-c  13.8  13.8  15.7  16.5  20.1  21.4 

∑ Ye'elimite 25 26.5 25 26.4 25 26.0 25 27.0 24.0 29.3 20 23.8 

α-C2S  0.8  1.0  1.6  2.1  1.9  1.3 

β-C2S  54.2  51.5  50.2  50.6  53.2  15.8 

γ-C2S  3.8  5.8  5.1  5.0  --  -- 

Σ Belite 60 58.8 60 58.2 60 56.8 60 57.6 57.0 55.2 20 17.1 

Ternesite  --  --  0.8  0.8 5.0 5.2 45 49.7 

Ferrite 10 7.2 10 6.7 10 6.7 10 6.6 9.5 2.7 8.0 1.3 

Magnetite  0.8  0.8  0.4  0.3  1.1  1.0 

Periclase  0,9  1.0  0.9  0.8  1.1  1.0 

Anhydrite 5 -- 5 -- 5 -- 5 0.1 4.5 0.2 7 0.7 

Arcanite  1.6  1.5  1.6  1.3  0.8  0.9 

Gehlenite  3.9  4.7  6.3  5.3  3.6  4.0 

Perovskite  0.4  0.6  0.4  0.2  0.9  0.6 

𝑨𝑨𝑨𝑨𝟐𝟐𝑶𝑶𝟑𝟑/𝑭𝑭𝑭𝑭𝟐𝟐𝑶𝑶𝟑𝟑 4.51 4.50 4.47 

𝑺𝑺𝑶𝑶𝟑𝟑/(𝑨𝑨𝑨𝑨𝟐𝟐𝑶𝑶𝟑𝟑 + 𝑭𝑭𝑭𝑭𝟐𝟐𝑶𝑶𝟑𝟑) = R$/(A+F) 0.25 0.40 0.90 

 

Ca2Al2SiO7 (gehlenite), K2SO4 (arcanite), MgO (periclase), CaTiO3  (perovskite) and traces of Fe3O4 
(magnetite) are mainly formed as minor phases. Burned CaSO4 only appears in Cli-Mix4. Free lime 
was never detected. It is important to note that a reproducible correlation between the C4A3S� and the 
C4AF content is observed. Information on the interaction between C4A3S� and C4AF are given in the 
following paragraphs. 
Figure 2 shows the results of Rietveld analysis for ferrite and for ye'elimite in all six clinker samples. 
Using the first clinkering procedure, the achieved clinker composition with regards to the amount of 
C4A3S� and C4AF is nearly similar to the intended one. On the contrary, when the second clinkering 
procedure is applied, the amount of C4AF and of orthorhombic C4A3S� significantly decreases whiles 
the cubic C4A3S� content substantially increases. This is illustrated by the samples Cli-Mix3 and Cli-
Mix4.  
The total amount of C4A3S� measured in the samples Cli-Mix3 and Cli-Mix4 is higher compared to the 
calculated one. Despite the slight dilution effect brought by the addition of sulphate, the C4A3S� 
content in Cli-Mix3 reaches approximately 30 % of the total clinker mass. In the case of Cli-Mix4, the 
dilution effect brought by sulphate addition is more pronounced. However, the amount of C4A3S� 
formed is approximately 24 % of the total mass of clinker.  
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Figure 1 Mineralogical composition of the produced clinkers 

 

Figure 2 Quantities of 𝐂𝐂𝟒𝟒𝐀𝐀𝟑𝟑𝐒𝐒� (of each polymorph and of the sum) and 𝐂𝐂𝟒𝟒𝐀𝐀𝐀𝐀 of the produced clinkers 

 

3.2. Effects of clinkering procedure on the sulfo-aluminates formation 
Figure 3 shows the position and shape of the main X-ray reflection of C4A3S� at 23.73° 2Theta (Cu 
radiation). It could be seen that the applied clinkering procedures (Mix1 & Mix1a versus Mix2 & 
Mix2a) influence the position of this main reflection. A clear shift to lower 2θ angles is observed. 
Samples with a higher adjusted R$/(A+F) consistently exhibit a greater shifts of the main reflection(s) 
to lower 2θ angles. Additionally, the shape and the intensities are changed. In the clinkers Cli-Mix3 
and Cli-Mix4 a shoulder appears at 23.70° 2Theta. A zoomed section for the clinker samples Mix1, 
Mix2 and Mix 4 is presented in Figure 4. 
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Figure 3 Position of the main X-ray reflection of both 𝐂𝐂𝟒𝟒𝐀𝐀𝟑𝟑𝐒𝐒� polymorphs 

 

 

 

Figure 4 Section of the XRD patterns for clinkers corresponding to Mix1, Mix 2 and Mix4; + = C5S2S�, o = 𝑪𝑪𝟒𝟒𝑨𝑨𝑭𝑭, # = 
C4𝐀𝐀𝟑𝟑S�, γ = 𝜸𝜸 − 𝑪𝑪𝟐𝟐𝑺𝑺, β = 𝜷𝜷 − 𝑪𝑪𝟐𝟐𝑺𝑺 

3.2. Hydraulic reactivity of the synthesized clinkers 
The hydraulic reactivity of the synthesized clinkers was checked by means of differential scanning 
calorimeter measurements (see Figure 5). All clinkers possess a high to very high reactivity with 
respect to the cumulative heat release after two days of hydration. Additionally, the cements (90 % 
clinker + 10 % anhydrite = Cem-Mix …) show a complex heat release development during the first 
24 hours of hydration, whereas after this period the heat release levels off (see Figure 6).  
No clear induction or dormant period, comparable to the one observed for OPC based systems, could 
be detected. A slight drop in the rate of heat release is noticed between 0.5 to 1 hours for certain 
samples. During this period the heat flow decreases to 2 mW/g for Cem-Mix1 and to 4 mW/g 
Cem-Mix2, respectively, whereas the other samples maintain a high rate of heat flow of about 9 mW/g.  
A high initial heat release is detectable for all the cements directly after mixing with values ranging 
from 10 mW/g (Cem-Mix1 and Cem-Mix2) to 40 mW/g (Cem-Mix3, Cem-Mix 4 and Cli-Mix4). The 
main heat peak release of Cem-Mix1 and Cem-Mix2 occurs at 8 and 12 hours, respectively. The 
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cements Cem-Mix3 and Cem-Mix4 show two strong maxima at 1.5 and 3.5 hours, whereas Cli-Mix4 
exhibits only a single sharp and intense maximum at 3 hours.  
Sample Cem-Mix2 shows an intense rate of heat flow at around 2 hours and a right shift of the main 
heat peak release of four hours compared to Cem-Mix1. The cements Cem-Mix3 and Cem-Mix4 
display a significant left shift of the main heat peak release to 2 and to 4 hours, respectively. Also the 
peaks become sharper and increase in intensity compared to Cem-Mix1 and Cem-Mix2.  
Samples Cem-Mix3 and Cem-Mix4 show the highest initial cumulative heat flow up to 48 hours. 
After this period of time, Cem-Mix1 and Cem-Mix2 display the highest values of total heat output. 
The values are nearly identical and remain the highest throughout the entire measuring range. 
Cumulative heat flow values for pure ground clinker (Cli-Mix4) are the lowest. 
 

 

 

Figure 5 Heat flow of the cement pastes, w/c 0.6 (a) and of clinker (b) 
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Figure 6 Cumulative heat flow of the cement and clinker pastes, w/c 0.6 

Figure 7 shows a comparison of the actual measurements to the results from one of our studies. 
Assuming that during the first 24 hour almost entirely the clinker phases contributes to the measured 
heat flow, we achieved a degree of hydration of around 34 % (minimum) to 43 % (maximum) for Cli-
Mix and Cem-Mix3, respectively. 

 
Figure 7 Consumption of Y+A+F, versus the cumulative heat after 48 hours of hydration, Y = ye’elimite, A = 
aluminates, F = ferrites and C$ = anhydrite; black squares from (Bullerjahn, et al., 2014b); ret dots = proposed 
consumption of Y+A+F from the actual study  

3.4. Hydrates assemblage at 28 days of hydration and clinker phases reactivity 
The hydrates assemblage of the cement pastes has only been investigated at 28 days of hydration 
because of the limited amount of material available. All applied techniques and measurements showed 
a good correlation. QXRD analyses of the hydrated cement pastes reveal the impact of the chosen 
clinkering process and of the raw mix design on the reactivity of the silicate phases and the resulting 
hydrate assemblages. The weight loss ranging from 650 °C to approximately 700 °C is related to the 
decomposition of dolomite and Cc in the added natural anhydrite, both are present there as minor 
constituents. The formation of gypsum was never observed, neither by TGA nor by QXRD. After 
28 days of hydration, C4A3S� , C4AF and CS�  are almost fully consumed in all samples, whereas the 
degree of reaction for C2S and C5S2S� is significantly lower. The degree of consumption for almost all 
reactive clinker phases is given in Table 7 (alkali sulphates are excluded). 
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Table 7 Quantitative phase compositions (main reactive clinker phases and hydrates formed), of the investigated 
cements (normalized to 100 % paste) and of the hydrated samples after 28d of hydration determined by QXRD and 
TGA analysis 
 Cem-Mix1 Cem-Mix2 Cem-Mix3 Cem-Mix4 Cli-Mix4 

 Degree of consumption (%) 

∑ C4A3S� 100 100 94 98 98 

∑C2S 22 28 17 0 0 

C4AF 100 100 100 100 100 

CS;¯  85 80 90 82 ~100 

C5S2S� x x x 18 30 

 Hydrates assemblage (%) 

AFt 14 15 21 21 8 

Ms-AFm -- -- -- -- 1 

C2ASH8 7 10 3 -- 3 

CH < 0.5 1 -- -- -- 

Amorphous 33 33 28 24 29 

 

Ettringite is the major crystalline constituent in all cement pastes, as quantified by QXRD. The data is 
in accordance with the TGA results. An amorphous X-ray phase was also observed in all samples. 
Minor quantities of poorly crystalline strätlingite are also detectable by XRD. AFm phases, such as 
monosulphate or monocarbonate, are not observed by XRD. After 28 days of hydration, traces of CH 
are detectable in the pastes of Cem-Mix1 and Cem-Mix2 by XRD and TGA. This is reflected by the 
specific loss of bound water between 400 to 450°C (see Figure 8) and further indicates the higher rate 
of reaction of belite compared to the mixes with Cli-Mix3 and Cli-Mix4. 
Additionally, all pastes exhibit a continuous weight loss ranging in between 150 to 550 °C, whereas 
Cem-Mix3 and Cem-Mix4 display two clearly separated weight loss peaks at 150 °C and 250 °C. The 
overall weight loss of the cements containing anhydrite is on average similar, being approximately 
23%. In contrast, the weight loss of the clinker sample (~19 %) is lower compared to the cement 
samples.  
a) 

 

b) 
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Figure 8 Comparison of the TGA measurements of the pastes after 28d of hydration; a) TG and b) DTG 

The clinker compositions are close to that of the range LH in another study conducted by us 
(Bullerjahn, et al., 2014b). Comparing these results (see Table 7 and Figure 9), a good correlation, for 
the archived degree of hydration, could be found. Ettringite is the major crystalline hydrate and the 
presence of traces of portlandite indicates that C-(A)-S-H should start progressively replace strätlingite.  

 
Figure 9 Hydrates predicted by thermodynamic modelling as a function of 𝐂𝐂𝟐𝟐𝐒𝐒 and 𝐂𝐂𝟒𝟒𝐀𝐀𝟑𝟑𝐒𝐒� content. Full hydration of 
cement assumed. Et – ettringite, AFm - monosulphate, Ht – hydrotalcite, Goe – goethite; from (Bullerjahn, et al., 
2014b) 

4. Discussions 
4.1. Mineralogical composition of the clinkers  
All raw mix designs allow the formation of highly reactive calcium sulfoaluminate type clinkers, with 
the main phases C4A3−xFxS�  (orthorhombic and cubic form), β − C2S , and C4AF . Additionally, in 
some cases, C5S2S� forms. The dominating dicalcium silicate polymorph is β − C2S with an average 
content of 52 %. It is interesting to note that CS� was not detected or was found only in traces, while 
Bogue calculations predicted at least 5% of CS� for Cli-Mix1. It is not clear whether SO3 is lost by SO2 
emissions or it is fully incorporated within the clinker phases C2S and C4AF. Unfortunately, this was 
not verified by XRF analysis or SEM-EDX measurements after burning. 
The increase of the SO3 content in the raw meal leads to the replacement of large amounts of belite by 
ternesite, which is stable in the temperature range between 900 to 1200°C (Sherman, et al., 1995) 
(Tadzhiev, et al., 1973) (Pliego-Cuervo & Glasser, 1978). Finally, the absence of γ − C2S is a result of 
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the stabilisation of C2S in its beta form (Andrade, et al., 2011) (Ziemer & Altrichter, 1984) caused by 
the incorporation of sulphate and or by its consumption due to the formation of ternesite. 
4.2. Incorporation of iron into the polymorphs of ye'elimite  
The total content of ye'elimite is nearly constant for the samples, except Cli-Mix4, but the ratio 
between the orthorhombic and the cubic form varies. The cubic polymorph increases at the expense of 
the orthorhombic one. This effect is more pronounced for the samples Cli-Mix3 and Cli-Mix4. 
Additionally, in Cli-Mix3 and Cli-Mix4, the amount of detectable C4AF  decreases significantly, 
whereas the overall content of ye'elimite increases up to 30 % for Cli-Mix3 and up to 24 % for Cli-
Mix4, respectively. A comparable reverse correlation between the amount of C4A3S� and C4AF was 
found by others (Jünger & Chen, 2011), but unfortunately no detailed information about the treatment 
of the material with respect to the cooling rates after clinkering is given in the above mentioned paper. 
This reverse correlation indicates the incorporation of iron into the crystal lattice of C4A3S�.  
Comparing the mineralogical composition of all formed clinkers it is clear that this ratio (R$/(A+F)) 
determines the potential iron incorporation into ye'elimite. Higher R$/(A+F) values allow increased 
incorporation of Fe2O3  and promote the formation of the cubic ye'elimite. Additionally, the 
availability of an excess of CS� is mandatory for the formation of C4A3−xFxS�, which is accompanied by 
increasing amounts of iron-rich solid-solutions of ye’elimite.  
4.3. Hydraulic reactivity of synthesized clinkers  
The heat release by the dissolution of clinker phases and the formation of hydrates revealed a high 
reactivity for all synthesized clinkers. The recorded calorimetric curves are of a complex nature, 
ranging from observations of (i) single peaks, (ii) peak doublets and (iii) peak triplets. A clear 
distinction and interpretation of the observed peaks is not possible, as any supplementary 
measurements such as in-situ QXRD, TG-DTA or SEM-EDX of the clinker and hydrate phases 
evolution were conducted. 
The heat release during the initial period, ranging from 0 to 0.5 hours and in some cases up to 2 hours, 
is mainly assigned to the dissolution of readily soluble alkalis (e.g. KS� ), partial dissolution of 
anhydrite and ye’elimite, the initial precipitation of hydrates (AFt and/or AFm, AH3) as well as to the 
wetting of the system (Winnefeld & Lothenbach, 2010) (Winnefeld & Barlag, 2009) (Winnefeld & 
Barlag, 2009) (Zhang & Glasser, 2002). Most probably, the differences in the intensity of the initial 
heat release peak could be attributed to the formation of higher quantities of C4A3−xFxS�. 
The acceleration period ranges from approximately 1 to 4 hours for Cem-Mix3, Cem-Mix4 and Cli-
Mix4, from 1 to 8 for Cem-Mix1 and from 1 to 12 hours for Cem-Mix2, respectively. The heat flow 
during this period is mainly related to the rapid dissolution of C4A3−xFxS�, C4AF, C5S2S�, and C2S and 
the precipitation of AFt, AH3, AFm phases and C-(A)-S-H (Bullard, et al., 2011) (Dovál, et al., 2005) 
(Álvarez-Pinazo, et al., 2012) (Winnefeld & Lothenbach, 2010) (Winnefeld & Barlag, 2009) 
(Winnefeld & Barlag, 2009) (Zhang & Glasser, 2002). 
The results indicate the correlation between the heat release (i.e. higher reactivity) at early ages and 
the formation of the cubic ye'elimite form at expense of the orthorhombic one. It is important to note 
that no setting control agent was added to the cement. Our investigations show that the accelerating 
effect may be enhanced by increasing the content of the cubic ye’elimite at expense of the 
orthorhombic one. The results of previous studies (Cuesta, et al., 2014) (Jünger & Chen, 2011) (Zhang 
& Glasser, 2002) are in agreement to our observations. Calcium sulfoaluminate type clinkers enriched 
in Fe2O3 (> 1%) are in general more reactive compared to those with low iron content (< 1%). 
However, the chosen raw materials, the raw mix homogenization, the clinkering procedure 
(temperature profile, maximum temperature, kiln residing time, cooling time and cooling rates, etc.), 
the cement fineness and many other parameters significantly influence the reactivity and performances 
of calcium sulphoaluminate based cements. Therefore, direct comparisons of results are to not possible.  
4.4. Hydrates assemblage at 28 days of hydration and clinker phases reactivity 
The major anhydrous phases that contribute to the performance of calcium sulfoaluminate based 
binders are: C4A3−xFxS� , C4AF , C5S2S� , and C2S . The series listing their contribution in terms of 
reactivity is: C4A3−xFxS� >> C4AF & C5S2S� > β − C2S  
The determined weight loss and the degree of C2S consumption are the highest for Cem-Mix2. Its 
clinker was submitted to an additional clinkering step. However, this should enhance the crystal 
growth of C2S and thus decrease the reactivity. A higher incorporation of foreign ions into the crystal 
lattice could be the reason for the observed enhanced reactivity of this phase. The incorporation of 
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foreign ions such as Mg2+, K+, Na+, Ti4+, Fe2+ etc. leads to major defects in the structure. As a 
result the reactivity probably increases.  
The amount of AFt formed during the first 28 days of hydration in Cem-Mix2 is similar to that in 
Cem-Mix1. The additional weight loss observed by TGA in Cem-Mix2 correlates well with the higher 
consumption of C2S and with the higher amounts of strätlingite, portlandite and potentially C-(A)-S-H 
formed. By means of thermal analysis, the cements with R$/(A+F) of 0.25 exhibit a distinct shoulder 
next to the AFt peak, ranging from approximately 170 to 210 °C. This is related to the dehydration and 
to the decomposition of AFm phases such as monosulphate, monocarbonate, hemi-carbonate and 
strätlingite (Ben Haha, et al., 2012). The cements, with a ratio greater than 0.40, did not show this 
characteristic.  
The overall weight loss from 50 to 550°C is mainly related to the dehydration, dehydroxylation and 
decomposition of hydrate phases. Semi-quantitatively these can be arranged in the following series: 
AFt >> strätlingite > other AFm phases, hydrotalcite, C-(A)-S-H and CH. Secondary gypsum was not 
detected. 
As mentioned already, previous studies reported ternesite being inert or showing low reactivity (Belz, 
et al., 1995) (Beretka, et al., 1993) (Roy, et al., 1999) (Makhmudova, et al., 2011) (Marroccoli, et al., 
2010) (Sherman, et al., 1995) (Tadzhiev, et al., 1973). Contrary to these findings, our results indicated 
that C5S2S� present in CSA is more reactive than C2S. The main difference between this finding and 
the previous results is that the former investigations were conducted on synthetic ternesite in pure 
water. These studies conclude on the low reactivity of ternesite based on the chemical bound water 
and the low quantities of hydrates formed, which were present in trace amounts only. 
The aluminium, liberated during of the hydration of ye’elimite significantly influences the reactivity 
of ternesite. The dissolution rate of C5S2S� seems to depend on the: 

i. Oversaturation and availability of Al(OH)4 − in the pore solution: In the presence of "reactive" 
aluminium sources, the pore solution is undersaturated with respect to Ca, S and Si ions. AFt, 
AFm and C-A-S-H may form. The undersaturation promotes the dissolution of C5S2S�.  

ii. Presence of easily soluble sulphate sources, CS� or CS�H2: The availability of other sulphate 
sources hinders the dissolution of ternesite as the pore solution is already saturated with 
respect to sulphate. 

iii. Particle size distribution and fineness of C5S2S� (internal studies, results not presented here). 
Furthermore, the results indicate that the presence of C5S2S� prevents or reduces the reaction of C2S. 
Most likely, the explanation for this behaviour lays in the composition of the pore solution. During the 
dissolution of C5S2S� , the pore solution gets rapidly oversaturated with respect to Si. As a result, 
𝐶𝐶2𝐴𝐴𝑆𝑆𝐻𝐻8 and C-(A)-S-H precipitates. The oversaturation probably inhibits the dissolution of C2S until 
the above mentioned hydrates are formed.  
5. Conclusions 
The present work focussed on evaluating and correlating the effect of different clinkering processes 
with the composition of the raw meals for calcium sulfoaluminate clinkers. Various sulphate contents 
were considered in the composition of the raw meals. The study aimed also to characterize the clinker 
reactivity, following the hydration development by means of heat development measurements, QXRD 
and TG.  
The formation of ternesite was observed to be linked to the clinkering process applied and to the 
greater R$/(A+F). Equally, it appears to be accompanied by a simultaneous incorporation of iron in 
ye’elimite and to the stabilisation of its cubic polymorph at the expense of the orthorhombic one. The 
highest depletion of ferrite phases occurs at R$/(A+F) values above 0.25 and at clinkering 
temperatures of below 1250 °C. Additionally, the formation of an iron-rich solid-solution of ye'elimite 
was observed. It was clearly demonstrated that it is possible to vary the hydration kinetics of calcium 
sulfoaluminate ferrite based clinkers by applying specific clinkering and cooling processes and by 
changing the raw mix design accordingly. 
The data indicated that for clinkers produced under the current chosen testing conditions, increased 
amounts in cubic ye’elimite result in extremely hard to control early hydration processes. Since many 
commercial calcium sulfoaluminate clinkers are used as accelerators for OPC based binder systems, 
increasing the cubic ye’elimite content in clinkers could improve the accelerating effect.  
Last but not least, it was shown that ternesite, which previously reported as inert, is a reactive phase 
when part of belite calcium sulfoaluminate ferrite clinker. 

 - 14 - 



References 
− Adolfsson, D., Menad, N., Viggh, E. & Björkman, B., 2007. Steelmaking Slags as Raw Material for 

Sulphoaluminate Belite Cement. Advances in Cement Research, Band 19 (4), pp. 147-156. 
− Álvarez-Pinazo, G. et al., 2012. Rietveld quantitative phase analysis of Ye’elimite-containing cements. 

Cement and Concrete Research, Band 42, pp. 960-971. 
− Andac, O. & Glasser, F. P., 1994. Polymorphism of calcium sulphoaluminate (Ca4Al6O16·SO3) and its 

solid solutions. Advances in Cement Research (ACR), 6(22), pp. 57-60. 
− Andrade, F. R. D. et al., 2011. Effect of sulfur on the polymorphism and reactivity of dicalcium silicate of 

Portland clinker. Cerâmica, Band 57, p. 129–135. 
− Barnes-Davin, L., Pasquier, M., Bosmet, J. & Vial, V., 2011. Chemistry of the different phases contained in 

a sulfo-belitic clinker by means of energy dispersive X-ray analysis. Madrid, Spain, 13th International 
Congress on the Chemistry of Cement (ICCC). 

− Belz, G. et al., 1995. Use of fly ash, blast furnace slag and chemical gypsum for the synthesis of calcium 
sulphoaluminate-based cements. Special Publication, ACI, Band 153, pp. 513-530. 

− Ben Haha, M., Lothenbach, B., Le Saout, G. & Winnefeld, F., 2012. Influence of slag chemistry on the 
hydration of alkali-activated blast-furnace slag — part II: effect of Al2O3. Cement and Concrete Research 
(CCR), 42(1), pp. 74-83. 

− Beretka, J. et al., 1993. Utilisation of industrial wastes and by-products for the synthesis of special cements. 
Resources, Conservation and Recycling, Band 9, pp. 179-190. 

− Bullard, J. W. et al., 2011. Mechanisms of cement hydration. Cement and Concrete Reesearch, 41(12), pp. 
1208-1223. 

− Bullerjahn, F., Schmitt, D. & Ben Haha, M., 2014a. Effect of raw mix design and of clinkering process on 
the formation and mineralogical composition of (ternesite) belite calcium sulphoaluminate ferrite clinker. 
Cement and Concrete Research, Band 59, pp. 87-95. 

− Bullerjahn, F., Zajac, M. & Ben Haha, M., 2014b. CSA raw mix design: Effect on clinker formation and 
reactivity. Materials and Structures, Issue 10.1617/s11527-014-0451-z. 

− Chen, D., Feng, X. & Long, S., 1993. The influence of ferric oxide on the properties of 
3CaO•3Al2O3•CaSO4. Thermochimica Acta, Band 215, pp. 157-169. 

− Cuesta, A. et al., 2014. Hydration mechanisms of two polymorphs of synthetic ye’elimite. Cement and 
Concrete Research, Band 63, pp. 127-136. 

− Dovál, M., Palou, M. & Kovár, V., 2005. HEAT EVOLUTION AND MECHANISM OF HYDRATION IN 
CaO-Al2O3-SO3 SYSTEM. Ceramics - Silikáty, 49(2), pp. 104-108. 

− Gartner, E., 2004. Industrially interesting approaches to “low-CO2” cements. Cement and Concrete 
Research , Issue Vol. 34, pp. 1489-1498. 

− Huang, Y. et al., 2007. Effect of Fe2O3 on the formation of calcium sulphoaluminate mineral. Journal of the 
Chinese Ceramic Society, 34(4), pp. 485-488. 

− Idrissi, M. et al., 2010. Characterisation of iron inclusion during the formation of calcium sulfoaluminate 
phase. Cement and Concrete Research , Band 40, pp. 1314-1319. 

− Idrissi, M. et al., 2012. Hydration behaviour of iron doped caclium sulfoaluminate phase at room 
temperature. MATEC Web of COnferences 2, p. 7. 

− Jünger, M. & Chen, I., 2011. Composition-property relationships in calcium sulphoaluminate cements. 
Madrid, Spain, Proceedings of the 13th International Congress on the Chemistry of Cement (13th ICCC). 

− Li, Y., Liu, X., Niu, X. & Song, L., 2007. Influence of minor oxides on formation and decomposition of 
mineral calcium sulfoaluminate (3CaO·3Al2O3·CaSO4 ). Materials Research Innovations, 11(2), pp. 92-94. 

− Makhmudova, V. et al., 2011. Synthesis and properties of sulphoferrite calcium clinkers and low 
temperature cements on their basis. Journal of the Uni. Chem. Techn. and Metallurgy, Band 46 (2), pp. 151-
154. 

− Marroccoli, M. et al., 2010. Synthesis of calcium sulfoaluminate cements from blends of coal combustion 
ashes with flue gas desulfurization gypsum. Ischia, Italy, PTSE. 

− Mehta, P. K., 1980. Investigations on energy-saving cements.. World Cement Technology, 11(4), pp. 166-
177. 

− Osokin, A. P., Krivoborodov, Y. R. & Dyukova, N. F., 1992. Sulfoferrite cements. 9th ICCC New Dehli, 
s.n., pp. 256-261. 

− Pliego-Cuervo, Y. B. & Glasser, F. P., 1978. Role of sulphates in cement clinkering: the calcium 
silicosulphate phase. Cement and Concrete Research (CCR), Band 8, p. 455–460. 

− Popescu, C. D., Muntean, M. & Sharp, J. H., 2003. Industrial trial production of low energy belite cement. 
Cement & Concrete Composites, Band 25, pp. 689-693. 

− Roy, D. M., Silsbee, M. R. & Zhaohui, X., 1999. Influence of surplus SO3 in fbc ash on formation of belite-
rich sulfoaluminate clinker. Lexington, USA, 3rd IAUS. 

 - 15 - 



− Sherman, N., Beretka, J., Santoro, L. & Valenti, G. L., 1995. Long-term behaviour of hydraulic binders 
based on calcium sulfoaluminate and calcium sulfosilicate. Cement and Concrete Research (CCR), Band 25, 
pp. 113-126. 

− Šipušic, J., Ukrainczyk, N. & Dopar, M., 2011. Iron-aluminium solid solution in Klein’s compound. Zagreb, 
s.n., pp. 334-339. 

− Soner, I., 2009. Utilization of fluidized bed combustion ashes as a raw material in the production of a special 
cement. PhD. Thesis, Middle East Technical University , p. 93. 

− Strigác, J., Palou, M. T., Krištin, J. & Majling, J., 1999. Morphology and chemical composition of minerals 
inside the phase assemblage C – C2S – C4A3s - C4AF – Cs relevant to sulphoaluminate belite cements. 
Ceramics – Silikáty, Band 44 (1), pp. 26-34. 

− Tadzhiev, T. K., Atakuziev, T. A. & Tadzhiev, F. K., 1973. Hardening of anhydrous calcium sulfoaluminate 
and sulfosilicate. UDC, 691(54), p. 1434–1437. 

− Teoreanu, I., Muntean, M. & Dragnea, I., 1986. Type 3(CaO•Al2O3) •Mx(SO4)y compounds and 
compatibility relations in CaO - CaO•Al2O3 – Mx(SO4)y systems. il cemento , Band 1, pp. 39-46. 

− Winnefeld, F. & Lothenbach, B., 2010. Hydration of calcium sulfoaluminate cements – Experimental 
findings and thermodynamic modelling. Cement and Concrete Research, Band 40, pp. 1239-1247. 

− Winnefeld, F. & Barlag, S., 2009. Calorimetric and thermogravimetric study on the influence of calcium 
sulfate on the hydration of ye'elimite. Journal Thermal Analysis and Calorimetry, 101(3), pp. 949-957. 

− Winnefeld, F. & Barlag, S., 2009. Influence of calcium sulfate and calcium hydroxideon the hydration of 
calcium sulfoaluminate clinker. Zement Kalk Gips International, Band 12, pp. 42-53. 

− Zhang, L. & Glasser, F. P., 2002. Hydration of calcium sulfoaluminate cement at less than 24 h. Advances 
in Cement Research (ACR), 14(4), pp. 141-155. 

− Zhang, L., Su, M. & Wang, Y., 1999. Development of the use of sulfo- and ferroaluminate cements in China. 
Advances in Cement Research, 11(1), pp. 15-21. 

− Ziemer, B. & Altrichter, B., 1984. Effect of SO3 on formation and hydraulic reactivity of belite. Cement and 
Concrete Research (CCR), Band 14, p. 686–692. 

− Zupančič, N., Kolar, D., Sušnik, D. & Samardžija, Z., 1994. Role of Fe2O3 on formation kinetics and 
microstructure of calcium sulphoaluminoferrite C4(A,F)3s. British Ceramic Transactions , 93(6), pp. 219-
223. 

 
 

 - 16 - 



 

Effects of poly-aluminum chlorides on the mechanical property and 

microstructure of phosphogypsum slag cement paste 
 

Chen, Wei1*, Li Bo2, Qin Jiefa2, Jin Lang2, Hu Wenbin3 

 
1. State Key Laboratory of Silicate Material for Architectures, Wuhan University of Technology, 

430070, China 
2. School of Materials Science and Engineering, Wuhan University of Technology, 430070, China  

3. State Engineering Laboratory of Optical Fiber Sensing Technology, Wuhan University of 
Technology, 430070, China 

 
 
Abstract: Effect of a new chemical additive on the hydration and strength development of 
phosphogypsum slag cement is studied. Compressive strength, porosity, and the hydration products are 
identified. The results showed that the use of polyaluminium chloride can improve greatly the 
compressive strength of phosphogypsum slag cement at both early and late ages. It reduces porosity 
and densifies the microstructure. 
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1. Introduction 
Phosphogypsum slag cement (PSC), as member of the super-sulphated cement (SSC), is 
consisted of ground granulated blastfurnace slag (GGBFS), phosphogypsum and alkaline 
activator (Gruskovnjak, A. et al., 2008). The main hydration products of PSC are ettringite and 
C–S–H(Bijen, J. et al., 1981). The development of PSC has attracted great interests in the past 
years due to the environment benefits and superior performances to the Portland cement such 
as resistance to sulphate attack and lower hydration heat(Gruskovnjak, A. et al., 2008). 
Phosphogypsum is a by-product of manufacturing phosphate acid in the wet process, of which 
the main constitution is CaSO4·2H2O (more than 90% in weight). The annual production of 
phosphogypsum in China is about 40 million tons at present and only 10% is utilized. Over 
400 million tons of phosphogypsum has thus been accumulated as wastes in China (Huang, Y. 
et al., 2010). Phosphogypsum contains normally minor amount of phosphate, fluoride, residual 
acid and organic substances, which retards greatly the setting time and reduces the early age 
strength of PSC. Potgieter et al. studied the effects of physical and chemical treatments of 
phosphogypsum on the setting time and strength development of PSC(Potgieter, J.H. et al., 
2003). Wet milling phosphogypsum with lime slurry in a ball mill was recommended for 
processing the PG before use in cementitious materials. Smadi et al. investigated the 
feasibility of using PS in concrete as a substitution to Portland cement and proposed to purify 
the phosphogypsum by calcination at 160, 750, 850 or 950℃(Smadi, M.M. et al., 1999). Singh, 
M. found that treating the phosphogypsum with aqueous citric acid solution can improve the 
performances in cement and gypsum plaster(Singh, M. et al., 1993). Although various methods 
have been proposed to eliminate the impact of the PG on the setting time and early age 
strength of cement, they all include pretreatment of the PG prior to its use in cement and 
would thus greatly increase the costs, making its environmental benefits much less 
competitive.  
Poly-aluminum chloride (PAC) is a synthetic chemical widely used for water treatment(Zhao, 
Y.X., et al., 2011). The aqueous speciation of Al with its tendency to form stable complexes 
with an assortment of inorganic and organic ligands brings its high efficiency for removing 
the unwanted ions from drinking water. Aluminum is classified as an ‘A-type’ or ‘hard-sphere’ 
metal, and thus has considerable affinity for oxygen-containing ligands (including carboxyl 
groups on organic molecules) and fluoride (F-).  
The aim of present research is to investigate the effects of PAC on the PSC. The compressive 
strength of PSC pastes containing various dosages of PAC is tested and the microstructure of 
the cement paste is analyzed.  
2. Materials and test methods 
2.1. Materials 
The chemical and physical properties of GGBFS, phosphogypsum, PAC and the Portland 
cement (PC, used as activator in PSC) are listed in Table 1, obtained with an X-ray 
fluorescence (XRF) using a Axios advanced instrument. 

Table 1 Oxide composition and properties of materials used in the experiments 

Contents GGBFS PAC Phosphogypsum PC 

Na2O 0.33 0.053 / 0.21 

MgO 7.34 0.15 0.08 1.48 

Al2O3 14.31 22.40 0.35 5.54 

 



 

SiO2 34.22 2.92 2.13 21.35 

P2O5 0.04 0.062 0.38 0.077 

SO3 2.40 0.20 43.54 2.09 

K2O 0.57 0.24 0.19 0.79 

CaO 38.59 11.99 31.92 61.32 

Fe2O3 0.66 4.66 0.27 3.16 

Cl / 26.51 / 0.023 

LOI -0.77 30.32 20.76 3.09 

Density (g/cm3) 2.9 2.11 2.48 3.1 

SSA (Blain) cm2/g 420 180 180 380 

The XRD patterns of the PAC are shown in Fig. 1, indicating the PAC is mainly in the 
amorphous state with minor amount of CaCl2.  
The chemical bonds of the PAC examined by Fourier transform-infrared spectroscopy (FTIR) 
with a Lambda 750 S are shown in Fig. 2. The bonds appearing at 3637 cm-1 and 3425 cm-1 
are associated with the –OH stretching vibration of hydroxyls. And the bond at 1632 cm-1 is 
associated with the bending vibration of Al polycations. the bond at 977 cm-1 are associated 
to the bending vibration of Al-OH-Al-plane bending vibration. the bond at 601 cm-1 are 
associated to the Al-OH bending vibration absorption. Both of these are the –Al and –OH 
absorption characteristics of the structure 

 
Mortar and paste samples are prepared for experiments. The mass ratio of sand to binder (all 
powders) is 3.0 in mortar. The water to binder ratio of mortar and pastes are 0.5. All samples 
are cured at 30±2℃ until 3, 7 and 28 days and the hydration is stopped by freeze drying for 1 
day. 
2.2. Test methods 
Compressive strength of mortar samples is tested according to the Chinese standard GB/T 
17671-1999. All samples (4×4×16 cm3) are cured at 30±2 ℃ at 3，7 and 28 days.  
Paste specimens (2×2×2 cm) for porosity measurement are prepared and tested with the 
methanol substitution method. The mass of the freeze-dried sample is measured and labeled 
as w1. The specimen is then immersed in a methanol solution for 3~5 days and the mass of 
sample saturated with anhydrous methanol is labeled w2. The sample is placed in a vacuum 

Fig 2. FTIR spectra of PAC Fig 1. XRD pattern of PAC 

 



 

desiccator to remove methanol and its mass is measured every hour, until a constant mass is 
measured, labeled as w3. The porosity of the paste is calculated as: 

𝑃𝑃 =  𝑤𝑤2−𝑤𝑤3
𝑤𝑤2−𝑤𝑤1

                                   (1) 

The powder X-ray diffraction (XRD) is performed on a D8 Advance X-ray diffractometer at 
45 kV and 35 mA with a graphite secondary monochromator. The diagrams are recorded with 
Cu K   radiation at ambient temperature within a 2θ-range from 5° to 75°. 
The microstructure of cement paste is imaged with a JSM-5610LV scanning electronic 
microscopy (SEM).  
3. Results and discussion 
3.1. Strength development and porosity 
The 3d, 7d and 28d compressive strength of the mortar with 5% PC, 1% PAC and 
different proportion of the phosphogypsum are shown in Fig. 5. The compressive strength 
of mortar with 10~20 wt% phosphogypsum in the binder is the highest at all ages.  
The compressive strength and porosity of cement paste with and without 1% PAC are listed in 
Table 2. The results show that adding 1% PAC in the PSC can greatly increase its 
compressive strength at both early and late ages. The 28d compressive strength is increased 
by 19.4%. The strength increment agrees with the decline of the porosity measured with paste 
samples with PAC.  

Table 2 Compressive strength and porosity of PSC at 28d with and without 1% PAC 

Age (days) 
Compressive strength (MPa) Porosity (%) 

Plain With PAC Plain With PAC 

3  18.6 23.1 13.8 10.4 

7  30.7 36.1 9.7 7.3 

28  41.6 49.7 6.7 5.6 

3.2. Heat evolution 
The calorimetric measurements of cement pastes with plain PSC or PSC with PAC at 100h 
are shown in Fig.3 and Fig.4. The heat flow rate show that the PSC-REF is characterized by a 
relatively long dormant period and an intense main hydration peak with a maximum at 65h. 
The intense main hydration peak in samples with PAC is significantly shorter than that of the 
reference plain PSC with a maximum at 35h. Another phenomenon, the early hydration 
reaction rate of PSC with PAC is higher than plain PSC. 
Fig.4 shows the heat of hydration about cement pastes with plain PSC or PSC with PAC. The 
heat of hydration in samples with PAC is significantly higher than that of the reference plain 
PSC at 100h. Adding PAC into PSC paste can greatly increase its early hydration reaction rate, 
so the hydration heat of adding PAC into PSC cement paste is also higher than plain PSC. 

 



 

 
Fig.3 Heat flow rate of PSC-REF and PSC-PAC 

 
Fig.4 Heat of hydration of PSC-REF and PSC-PAC 

 
 

3.3. Hydration products 
The XRD patterns of cement pastes with plain PSC or PSC with PAC at 3d and 28d are 
shown in Fig.5. The main hydration products in hardened pastes are ettringite and unhydrated 
gypsum. The ettringite diffraction peak intensities are remarkably promoted from 3d to 
28d. The peak intensity of ettringite in samples with PAC is significantly higher than that of 
the reference plain PSC at 3d and 28d, related to the enhanced reaction of GGBFS activated 
by gypsum and the PAC in the binder.  

 
3.5. SEM images 
The SEM images of the reference PSC and with PAC at 3d are shown in Fig.6 (a, b). It can be 
seen that the products of mixtures consisted of large amount of ettringite, some C-S-H and 
unhydrated phosphogypsum. The hydration products are obviously more abundant in the PAC 

Fig.5 XRD patterns of reference PSC and with PAC at 3d, 28d. 

 



 

modified PSC paste than the reference PSC paste and the microstructure is also denser. 
The SEM images of specimens at 28d are shown in Fig.6 (c, d). As a result of the continuous 
hydration of GGBFS, both specimens form large amount of hydration products, C-S-H gel 
and ettringite mixed together to fill the porous space, resulting in a dense structure. The 
unhydrated phosphogypsum is surrounded by hydration products. Unhydrated 
phosphogypsum in both the plain and PAC modified paste is observed in the SEM image, in 
agreement with the XRD patterns. The most prominent difference between the reference paste 
and the PAC modified paste is the presence of flake like products in the latter, which is not 
identified in the XRD patterns. This products is mostlikely Al(OH)3 which is principally 
amorphous in XRD pattern, but provides binding capacities in the mortar.  

 
 

4. Conclusions 
The effects of PAC on the compressive strength and microstructure of PSC are investigated in this 
study. Based on results of the experiments, the following conclusions are drawn. 
1. Adding PAC into PSC paste can greatly increase its compressive strength at both early and late 

ages.  
2. The addition of PAC reduces the porosity of PSC paste. 
3. The PAC is able to form flake like hydration products that fills the pores between unhydrated slag 

and phosphorous gypsum. 
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Abstract: Calcium silicate slag is an industrial waste of alumina extracting process from 
high-alumina fly ash. In order to take full advantage of this resource, alkali-activated calcium 
silicate slag-ground granulated blast furnace slag cementitious material was prepared, and the 
effects of sodium silicate dosage on reaction products and microstructure were investigated. The 
results showed that the sodium silicate dosage had little influence on the formation of reaction 
products (amorphous C-S-H gel). Nevertheless, the increase of sodium silicate dosage favored the 
hydration process that was reflected on the increase of larnite consuming from CSS and C-S-H gel 
production. As the sodium silicate dosage exceeded the optimum value of 25 %, the viscosity 
increase of sodium silicate solution prevented the air exclusion during mixing, consequently 
resulting in the decreases of matrix density. 
Keywords: calcium silicate slag; reaction products; microstructure; sodium silicate dosage; 
alkali-activation 
 
1. Introduction 
The fly ash produced in Inner Mongolia province of China has high content of Al2O3( up to 
50 %)[1-2]. In order to exploit this resourceful aluminum source, alkali lime sintering process has 
been widely applied. Calcium silicate slag (CSS), as an industrial waste, originates from the 
alumina extracting process of high-alumina fly ash. Owing to technical reasons, CSS contains 
3 %～8 % alkalis, which greatly restricts the wide resource utilization of this waste[2].  
In light of foregone studies, approximately 2.5 tons of CSS are generated per ton alumina 
extracted from high-alumina fly ash by alkali lime sintering process. However, the CSS in China 
mostly remains unexplored due to the high alkali content, conducing to serious environmental 
problems, such as soil contamination and groundwater pollution. Thus, the resource utilization of 
CSS has an enormous impact on the local environment, as well as the further development of 
alumina extracting process from high-alumina fly ash.  
The alkali-activated cementitious materials have attracted strong interests all over the world due to 
their advantages of low energy cost, high strength, good durability and utilization of by-product 
materials during manufacture. It is believed that any pozzolanic compound or source of silica and 
alumina which is readily dissolved in alkaline solution will suffice as a source of alkali-activated 
materials[3]. Although most of researches were conducted on alkali-activated ground granulated 
blast furnace slag (GGBFS)/fly ash/metakaolin cement over the past 20 years, the great potential 
of other industrial wastes in preparing alkali-activated materials is still foreseeable. Z. H. Pan et al. 
made an attempt to prepare alkali-activated slag-red mud cementitious material[4-6]. It is reported 
that the 28d mortar compressive strength of alkali-activated slag-red mud cementitious material 
with slag to red mud ratio 70:30 and alkali activator consisted of low modulus solid sodium 
silicate and sodium aluminate clinker reached 56.0 MPa. In the work by L. Reig et al., red clay 
brick waste was activated using NaOH and sodium silicate solution[7]. Albeit compressive 
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strengths up to 50 MPa were achieved, further research was required to understand the effect of 
activator parameters on the microstructure of the binder synthesized. 
According to previous researches, dicalcium silicate (C2S) is the dominant mineral phase of CSS, 
which indicates the high potential of CSS to prepare alkali-activated cementitious materials[2]. 
Therefore, the aim of this research is to understand the influences of the concentration of alkali 
activator used on the reaction products and microstructure of the materials synthesized.  
 
2. Materials and methods 
2.1 Materials 
2.1.1 Calcium silicate slag(CSS) and GGBFS 
The original calcium silicate slag (CSS) used in this study, with a density of 2.83 g/cm3, was 
supplied from Inner Mongolia Datang International Recycling Resource Development Co., Ltd. 
The original CSS was dried at 105 ºC, and then ground in a laboratory ball mill. The GGBFS with 
a density of 2.85 g/cm3 was obtained from ShouGang Group, China. The chemical composition of 
CSS and GGBFS are documented in table 1. It is easily found that CSS and GGBFS have a high 
content of SiO2 and CaO, which are essential for alkali-activation. The XRD pattern of CSS in Fig. 
1 shows that larnite (β-C2S) is the major crystalline phase, indicative of the higher potential 
activity of CSS than that of GGBFS constituted mainly with glass phase. Besides, calcite (CaCO3) 
and katolite (C3ASH4) are also present as minor constituents. The particle size distribution of raw 
materials is shown in Fig. 2, in which CSS has a center content of particles sizing less than 10 μm. 
This respectively indicates the d50 (50 % of volume less than this size) value of 11.493 μm of CSS 
and that of 15.534 μm of GGBFS. 
Table 1 Chemical composition of CSS and GGBFS (%) 

Oxide/Item SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 TiO2 MnO LOSS 

CSS 27.07 9.66 44.33 2.94 2.69 0.27 3.94 - - - 8.48 

GGBFS 33.54 14.83 40.06 1.20 8.43 - - 0.12 0.60 0.43 0.79 
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Fig. 1 XRD pattern of CSS Fig. 2 Particle size distribution of raw materials 

2.1.2 Alkali-activator 
Technical grade sodium silicate solution with Ms (molar ratio of SiO2 to Na2O) of 2.40 was 
supplied from Beijing red star metal chemical building materials Co., Ltd, China. Solid sodium 
hydroxide (96.0 % purity) was purchased from Sinopharm Chemical Reagent Co., Ltd, China. By 
adding the latter into the former, the sodium silicate solution with Ms of 1.60 and solid sodium 
silicate content of 48.97 % (by mass) was prepared as the alkali-activator. 
2.2 Methods 
The blend was premixed with CSS and GGBFS at a mass ratio of 7:3, then a series dosage of 
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alkali activator were added into the blend at a constant water-to-blend ratio (w/b) of 0.40 
(described in Table 2). After 180 s’ mechanically mixing, the slurry was immediately cast into 
cubic steel molds measuring 40 × 40 × 40 mm. The molds were transferred into a curing cabinet at 
20 ± 1 ºC, RH > 95 % for 24 h. Then the specimens were demolded and cured in freshwater at 20 
± 1 ºC. The hydration of specimen was stopped by drenching in alcohol at the prescribed curing 
ages. Mechanical strengths were determined by automatic compression testing machine (three 
samples per test were tested), which was followed by chemical composition studies with X-ray 
diffraction (XRD), fourier transform infrared spectroscopy (FTIR), comprehensive thermal 
analysis (TG-DSC) and ESEM/EDS analysis. 
The X-ray diffraction patterns of the powdered samples were recorded on Bruker AXS D8 
automated diffractometer using Cu-Kα radiation. The tests were run in a 2θ range of 15～50 º at a 
scanning rate of 8 º/min, with a deliverance slit of 1º and a receiving slit of 0.3 mm. The FTIR 
spectra were recorded from 400 to 4000 cm-1 on Bruker Tensor 27 at a resolution of 1 cm-1. The 
comprehensive thermal analysis (TG-DSC) was conducted on NETZSCH STA 449C at a heating 
rate of 10 K/min in nitrogen, from 30 to 1000 ºC. A FEI Quanta 250 FEG Environmental Scanning 
Electron Microscope (ESEM) coupled with an Oxford INCA X-MAX50 Energy Dispersive 
Spectrometry (EDS) was used for morphology and chemical analyses of paste specimens. 
Table 2 Mix proportion of ACSC specimens (%) 

No. CSS GGBFS 
Alkali activator water/blend ratio 

Sodium silicate (Ms=1.60)* Na2O 

0.40 

A10 70 30 10 3.9 

A15 70 30 15 5.9 

A20 70 30 20 7.9 

A25 70 30 25 9.8 

A30 70 30 30 11.8 

A35 70 30 35 13.7 

* Sodium silicate dosage was measured in the base of solid sodium silicate of blend. 

 
3. Results 
3.1 XRD 
The diffractograms of CSS-GGBFS blend and specimens cured at 28d are presented in Fig. 4. 
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Fig. 3 XRD patterns of CSS-GGBFS blend and specimens cured at 28d 

All the diffractograms have a small halo in the 2θ =20 - 35 º region, characteristic of amorphous or 
vitreous compounds. In the CSS-GGBFS blend case, the presence of this halo is attributed to the 
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vitreous phase in GGBFS. The crystalline phases (such as larnite, calcite and katolite) are derived 
from CSS (which were also detected after activation). In the alkaline activation cases, no other 
signals for crystalline phases were detected except the existed ones in CSS. Furthermore, the 
intensity of the larnite signals visibly decreased with sodium silicate dosage from 10 % ~ 35 %, 
evidencing the alkali-activation of larnite and sodium silicate, as well as the better activating 
effectiveness of higher sodium silicate dosage. One important conclusion may be drawn from this 
phenomenon is that the larnite from CSS participated in the alkaline activation and yielded 
amorphous products, which contributed, at least in part, to the presence of halo in diffractograms. 
The intensity of signals corresponding to calcite increased after alkali-activation, indicative of the 
presence of carbonation during curing process. The diffractograms of specimens activated with 
25 % sodium silicate (A25) gave the lowest intensity of characteristic peaks of calcite. In other 
words, the smallest amount of calcite was generated in A25 during curing process, indicative of 
the denser matrix of A25 than other specimens. 
3.2 FTIR spectroscopy 
The infrared spectra of CSS-GGBFS blend and specimens cured at 28d are presented in Fig. 4.  
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Fig. 4 FTIR spectra of CSS-GGBFS blend and specimens cured at 28d 

In the IR spectrum of CSS-GGBFS blend, the peaks at around 3450 cm-1 and 1634 cm-1 are 
respectively associated with the asymmetric stretching vibrations and internal deformation 
vibrations of H2O molecules. The peak at around 1454 cm-1, which generally corresponds to the 
asymmetric stretching vibrations of CO3

2-, is attributed to the calcite in CSS. It might also be 
noted that the presence of characteristic band of -OH (at around 3500 cm-1) implies the partial 
hydration of β-C2S in CSS during storage. Besides, the IR spectrum of CSS-GGBFS blend 
contains two main wide and intense bands characteristic of the internal vibrations in TO4 
tetrahedra (T=Al, Si). One, which centred at 520 cm-1, corresponds to T-O bond external 
deformation vibrations while the other, peaks at around 1000 cm-1, is associated with T-O bond 
asymmetric stretching vibrations. According to previous researches, the larnite gives rise in the IR 
spectrum to a series of bands located at 992, 922, 888, 845, 521 and 436 cm-1[8]. The presence of 
GGBFS, in turn, is responsible for a series of bands at around 958 and 500 cm-1. As these data 
show, the bands generated by larnite and the vitreous phase of GGBFS overlap in the area between 
1075 and 855 cm-1, where the T-O bond asymmetric stretching vibration appears, generating the 
wide and intense band described above. 
When the CSS-GGBFS blend was activated with various dosage of sodium silicate, although the 
band associated with the T-O bond asymmetric stretching vibrations nearly changed due to overlap, 
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the band attributed to the T-O bond internal deformation vibrations appeared at around 460 cm-1. 
Moreover, the band associated with the T-O bond external deformation vibrations shifted to lower 
frequencies at round 512 cm-1.With sodium silicate dosage rising from 10 % to 35 %, the band 
appearing at 460 cm-1 vibrations barely moves because its intensity is independent of the degree of 
crystallinity, while that at around 512 cm-1 declined, providing evidences for the alkali-activation 
extent. Besides, it might be noted that the band assigned to the asymmetric stretching vibrations of 
CO3

2- divided into two bands at around 1476 cm-1 and 1424 cm-1 respectively, indicating the 
occurrence of carbonation during curing process. This is consistent with the XRD results obtained. 
3.3 Comprehensive thermal analysis 
Generally, the exothermic peak with no weight loss was usually attributed to the crystalline or 
crystalline transformation process. The endothermic peak with weight loss at around 100 ºC was 
attributed to the evaporation of f-H2O in specimen. Calcite decomposes into CaO and CO2 at 
800～900 ºC. However, due to influences of reaction environment and crystal development, the 
endothermic peak with weight loss at around 540～800 ºC was supposed to be the decomposition 
of calcite likewise[9]. 
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Fig. 5 DSC curves of CSS-GGBFS blend and specimens cured at 28d 

The DSC curves of CSS-GGBFS blend and specimens cured at 28d are reproduced in Fig. 5. 
Besides the characteristic peaks of H2O evaporation and calcite decomposition detected in all 
cases, an exothermic peak along with no weight loss was detected at around 900 ºC in the 
CSS-GGBFS case. Taking into consideration the phase composition of CSS-GGBFS blend, this 
peak was assigned to the crystallization of vitreous phase in GGBFS.  
When the CSS-GGBFS blend was activated with sodium silicate, the peak standing for the 
crystallization of vitreous phase in GGBFS disappeared. Nevertheless, a distinct exothermic peak 
appeared at around 850 ºC, which is attributed to the decomposition and crystalline transformation 
of the amorphous product.  
As sodium silicate dosage increased from 10 % to 35 %, distinct differences were detected in the 
intensity of peaks characterizing the crystalline transformation of the amorphous product. To be 
precise, the peak intensity increases along with the dosage rising of sodium silicate. In other words, 
the higher dosage of sodium silicate is added, more intense the peak detected is. This serves as 
further confirmation that the higher dosage of sodium silicate had better activating effectiveness. 
3.4 Morphology 
The SEM micrographs of specimens activated with different dosage of sodium silicate were 
respectively presented in Fig. 6.  
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As shown in Fig. 6, when the specimen was activated with 10 % sodium silicate (A10), particle 
products with size of 0.5～1.0 μm were observed, ramifying and lapping over each other and 
hence forming a 3-D cellular structure. By comparison, when the specimen was activated with 
25 % sodium silicate (A25), more products were generated, resulting in a denser matrix. When 
activated with 35 % sodium silicate (A35), despite the matrix showed the densest structure due to 
the amounts of products generated, the existence of pores with a diameter of about 10 μm 
remarkably reduced the overall matrix density. 
Nevertheless, among the specimens activated with various dosage of sodium silicate, the 
specimens activated with 25 % sodium silicate (Fig. 6 (b)) represent the most compacted structure 
at 28d. 
 
4. Discussion 
4.1 Reaction products 
It is commonly acknowledged that the reaction products of alkali-activated materials are 
controlled by the composition of the raw materials, the type of activator and pH environment, as 
well as the curing conditions (such as temperature, relative humidity and curing time). As shown 
in table 1, both of the two raw materials, CSS and GGBFS, are mainly chemically composed of 
SiO2 and CaO. Hence the alkali-activated CSS-GGBFS cementitious materials can be classified 
into the typical (Si + Ca) system of alkaline cements[10]. It has been confirmed that regardless of 
the activator used, the main hydration product of this kind of alkaline cements is calcium silicate 
hydrate (C-S-H) with low Ca/Si ratio and varying degrees of crystallinity[10]. Additionally, 
according to previous findings by Van Jaarsveld and Deventer, the crystalline C-S-H is not formed 
in a high pH (> 14) environment[11]. And in this study, due to the present of alkali (Na+), even in 
small amount, the pH value of the solution could be more than 13.0[12-13]. Therefore, after 
synthetical consideration of the XRD, FTIR and comprehensive thermal analysis results described 
above, C-S-H gel was considered as the main reaction product of sodium silicate-activated 
CSS-GGBFS cementitious materials[14]. Giving the fact that GGBFS has a center content of Al 
and the Al-O bond is much weaker than Si-O bond, it is reasonable to believe that a center amount 
of C-A-S-H gel is also produced during the alkali-activation[15-17]. 
When the CSS-GGBFS blend was activated with various dosage of sodium silicate, the 
concentration of Na and soluble Si derived from sodium silicate varied in the different 
alkali-activated systems. It is widely reported with the Na2O concentration increase in the sodium 
silicate-/sodium hydroxide-/sodium carbonate-activated slag cement its acceleration effect on the 
hydration is expressed[18]. Besides, the soluble Si is one of the most significant factors influencing 

   
(a) A10 (b) A25 (c) A35 

Fig. 6 SEM micrographs of specimens at 28d 
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the formation process of the C-S-H gels. Thus the concentration increase of soluble Si in alkaline 
solution can be considered as another factor accelerating the formation of C-S-H gels during the 
activation. This accelerating process conduces to the increases of larnite consuming and C-S-H gel 
production, which is reflected on the decline of characteristic signals of larnite in XRD and FTIR, 
as well as the increase of C-S-H gel signals in comprehensive thermal analysis. 
Through the above discussions, one conclusion can be drawn is that the main reaction products of 
sodium silicate-activated CSS-GGBFS cementitious materials are C-S-H gels, and the quantity 
increases with sodium silicate dosage. 
4.2 Microstructure 
When the CSS-GGBFS blend was activated with various dosage of sodium silicate, in spite of the 
hydration acceleration discussed above, the continual density increase was not detected as sodium 
silicate dosage increased. Instead, an optimum dosage of sodium silicate for matrix density was 
observed. This is well proved by the previous researches[13]. As shown in Fig. 6, in the high 
sodium silicate dosage cases, the matrix density decline might be primarily attributed to the 
porosity increase derived from the air introduced during paste mixing. This can be explained by 
the viscosity change of alkaline solution as sodium silicate dosage varies from 10 %～35 %. As it 
is reported that the hydration acceleration owing to the activator concentration increase is reflected 
on the setting acceleration and workability decrease of alkali activated cements[12]. For the sodium 
silicate-activated CSS-GGBFS cement, this is supposed to be one of the reasons for the viscosity 
increase of mixtures. Furthermore, the viscosity of alkali silicate solutions changes very little 
regardless of the ratio when Na2O concentration is smaller than about 7 %, but increase drastically 
with ratio if the Na2O concentration is higher than about 7 %. Especially for a given modulus, 
there is a “threshold” concentration, above which the viscosity of the solution starts to increase 
drastically[19]. In this study, when the dosage of sodium silicate with a modulus of 1.60 increases 
from 10 %～35 %, the Na2O content varies from 4.0 %～14.0 % (as shown in table 2). Prominent 
viscosity increases of sodium silicate solution were observed as the Na2O content was higher than 
8 % (25 % sodium silicate), consistent with the previous findings. Accordingly, the viscosity 
increase prevents the air exclusion during mixing process, giving rise to the decrease of matrix 
density. 
 
5. Conclusions 
1. The main reaction product of sodium silicate-activated CSS-GGBFS cementitious material is 
amorphous C-S-H gel, which ramifies and laps over each other, giving rise to a 3-D cellular 
structure. 
2. The sodium silicate dosage increase favors the hydration process and the C-S-H gel production 
of alkali-activated CSS-GGBFS cementitious material,. 
3. However, as the sodium silicate dosage exceeds the optimum value of 25 %, the viscosity 
increase of sodium silicate solution prevents the air exclusion during mixing, consequently 
resulting in the decreases of matrix density. 
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Abstract 
Alkali-activated aluminosilicate materials, known as “geopolymer”, have been extensively investigated in the 
past 40 years and have been developed from laboratory mock ups to real structural usage in construction in the 
last decade. While numerous life cycle analysis and carbon accounting studies show the “green potential” of this 
material compared to Portland cement, some authors state that the high alkali concentration in geopolymer is a 
potentially unstable factor which may lead to, for example, efflorescence. This paper presents a review of literature 
and some new experimental work regarding the possibility of efflorescence in geopolymer products. Subjects of 
the discussion include: (1) the role of alkalis in geopolymers, (2) the effect of alkali concentration on efflorescence, 
(3) the effect of solid precursor selection on efflorescence, (4) the effect of curing scheme and chemical additives 
on efflorescence, and (5) the impacts of efflorescence on the microstructural properties of geopolymers. Particular 
attention is given to the relationship between pore structure and efflorescence behavior, and consequently the 
mechanical properties of geopolymers suffering from either efflorescence or alkali loss (by leaching). The changes 
in sodium aluminosilicate hydrate (N-A-S-H) gels due to efflorescence or alkali loss are critical to the durability 
of geopolymers. This paper highlights that the nature of the solid precursor and the pore structure of the resulting 
geopolymers are the two most important factors that control efflorescence rate. However, considering the alkaline 
nature of geopolymer, it seems difficult or impossible to avoid this issue, although kinetically controlled diffusion 
of alkalis using phase transformation techniques may help to mitigate efflorescence. Efflorescence in geopolymer 
is a “skin issue” that needs to be carefully treated. It is recognized to be different from the visually similar, but 
chemically distinct, efflorescence that occurs in Portland cement based materials. 
 
Originality 
This paper is focused on the issue of efflorescence in geopolymers, an area which has attracted worldwide concern, 
but limited scientific analysis to date. Combining the literature reports and our own experimental work carried 
out recently using varying fly ashes and activators, here we give a comprehensive overview of this topic. This 
gives useful information for the design, manufacturing and application of geopolymer products. 
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1. Introduction 
Geopolymer technology has shown the potential of converting solid industrial wastes into greener 
cement. The environmental benefit of applying geopolymer technology mainly lies on the reduction of 
the CO2 emissions and energy consumption, which are widely concerned issues for the sustainable 
development of cement and concrete industries (Damtoft J.S. et al., 2008). McLellan B.C. et al. (2011) 
pointed out that the unit emissions of greenhouse gas of making geopolymer binder depend on the 
source location, the energy source and the mode of transport. The counting of the four mixtures using 
typical Australian fly ashes indicated potential for a 44–64% reduction in greenhouse gas emissions. 
More recently, Heath A. et al. (2014) showed that geopolymer manufacture can reduce CO2 emissions 
by about 40% when clay minerals are used to replace the widely used fly ash and slag. These have been 
the current main forces driving the research and development of geopolymer.  
The use of geopolymer to fabricate concretes is still rare in industry compared to normal Portland 
cement concretes. Apart from the challenges in supplying consistent raw materials and the cost issues, 
there are still a variety of technical problems remaining unclear or un-solved (van Deventer J.S.J. et al., 
2012). Efflorescence is one such problem which has been raised as a concern in some geopolymer 
formulations and this has been discussed briefly by Bernal S.A. et al. (2014), and recently systematically 
investigated by Zhang Z. et al. (2014).  
Looking back to efflorescence occurring on Portland cement based masonry and concrete, the most 
common efflorescence is formation of calcium carbonate, which involves six basic and coupled 
processes: dissolving of CO2(g) in H2O at air-water interface on the surface of products, conversion of 
CO2 to aqueous species, release of alkali(s), dissolution of Ca(OH)2, diffusion of reactants through 
solution and precipitation of calcium carbonate (Dow C. et al., 2003). The products are whitish, 
structurally harmless but aesthetically undesirable. To avoid and mitigate efflorescence, the first 
principle is to reduce the alkali concentration of cements so as to reduce the solubility and absorption 
rate of CO2 from the ambient environment (Dow C. et al., 2003). However, in geopolymer systems, the 
concentrations of Na and K usually contain much higher soluble alkali metal concentrations than 
conventional cement. Burciaga-Díaz O. et al. (2010) mentioned that alkali-activated slag based 
materials showing significant efflorescence and some have shown negative impacts on the mechanical 
properties of the binders. It must be noted that alkali-activated slag containing higher concentration of 
calcium than alkali-activated metakaolin and fly ash systems and this may lead to certain differences to 
the specific effects of efflorescence. Škvára F. et al. (2012) reviewed 25 fly ash-based mixes and 
reported that the total alkali content required in fly ash based geopolymer binders to meet reasonable 
workability and mild curing (>50°C) for strength development mainly ranges from 30 to150 g/kg 
(expressed as Na2O to total mass of paste), which is 8.4 to 42 times higher than in Portland cement paste 
(assuming 0.5% Na2O in cement and w/c = 0.4 for paste). This raises particular attention for the 
efflorescence issue for the application of geopolymer.  
In literature and our previous investigation, observations of many geopolymer mixes did find 
efflorescence that rapidly occurred on drying surface when samples were in contact with water and 
under highly humid atmosphere conditions. A number of factors have been reported to affect the extent 
of efflorescence in geopolymers: alkali metal type (Škvára F. et al. 2009; Škvára F. et al., 2012), raw 
materials (Temuujin J. et al., 2009; Najafi Kani E. et al., 2012) and reaction conditions (Burciaga-Díaz 
O. et al.,2010; Najafi Kani E. et al., 2012; Zhang Z. et al., 2014).  
The aim of this paper is to briefly discuss the results found in literature and our current experiments 
(not yet published). The role of alkalis in geopolymers (low calcium systems) and the effect of alkali 
concentration on efflorescence are discussed. Particular interests are given to the different efflorescence 
behaviors of geopolymers that prepared with fly ashes sourced from different power stations. The 
suggestions are made based on the understanding of the effect of curing scheme and chemical additives 
on efflorescence. The importance of this issue is highlighted by the observations of the microstructural 
properties of geopolymers which subjected to efflorescence.  
2. Factors affecting efflorescence  
2.1 Roles and states of alkalis in geopolymers 
A geopolymer is usually formed by the reaction between the two parts of materials: an alkali activator 
and a reactive aluminosilicate precursor, which are usually metakaolin and fly ash or their blends. There 
have been plenty research into the molecular structure of geopolymer gels, a three-dimensional 
alumino-silicate network configurated of SiO4 and AlO4 tetrahedrons by oxygen bridges, with positive 



ions (Na+, K+) present to compensate the negative charge of Al that is present in the coordination 4. 
This role is widely accepted and generally agreed in most literature. However, there are some arguments 
regarding the state of alkali metals.  
According to Duxson P. et al. (2005), sodium has two states with one presents with aluminium inside 
the gel structure and the other presents in pore solutions, neutralizing the charge of Al(OH)4

- group. 
That is sodium can partially form Na-O-Al(Si) in gel structure, in which the Na-O bond is relatively 
intense, and partially form Na(H2O)n

+, in which Na is weakly associated with water molecular. This is 
in agreement with the leaching result and deconvolution of 23Na MAS NMR spectra for alkali activated 
fly ash (Fernández-Jiménez A. et al., 2009). If it is assumed that the Na-O in gel structure is relatively 
stable in hydration conditions (contact with water molecules), similar to the Na-O in dehydrated zeolite, 
the soluble sodium must be limited, i.e. a certain fraction of sodium ions are not readily to be leached. 
Najafi Kani E. et al. (2012) ground geopolymer pastes (could be very fine) and used the stable leaching 
method at a water to solid ratio of 20:1 and reported that after 24 h the leached alkali is 1-7%, depending 
on the Si/Na and Na/Al ratios. Zhang Z. et al. (2014) crushed alkali activated fly ash pastes into 1.25-
1.5 mm particles, used the stable leaching method at water/solid ratio of 25:1 and found that after 24 h 
the leached sodium is 12-16%, depending on the activator type, curing temperature and slag 
replacement. These results are in agreement with the above hypothesis.  
Škvára F. et al. (2012) crushed geopolymer pastes into particles under the size of 0.5 mm and used the 
dynamic leaching method (regularly change leaching solution with fresh water) and found that the 
alkalis can be almost completely leached from the binder after 150 days. In comparison with zeolite 
leaching behavior (usually extremely slow in water), they concluded that the alkalis (Na and K) were 
only weakly bonded in the form of Na(H2O)n

+. This might not be true. Lloyd R.R. et al. (2010) measured 
the alkali concentration in the extracted pore solutions of typical alkali activated binders with 7% Na2O 
provided from activator. If we assume that all of the sodium presents in the form of Na(H2O)n

+ in pore 
solution, and furthermore we assume in 100 g binder, the pore water (free water) is 10 g and the 
structural water is 5 g, the sodium concentration is estimated to be higher than 20000 mM, which is far 
from the measured values by Lloyd R.R. et al. (2010), 600 to 1600 mM for the alkali activated fly ash 
systems. In fact, it is well known that the alkalis bound in zeolite frame structure may have different 
states, and each state have own ion exchange capacity. Therefore, here we prefer to this hypothesis: the 
alkalis in geopolymer have different states (more than the two discussed above), and each state has own 
leaching rate.  
Nevertheless, a large amount of the alkalis are highly moveable, either due to the excessive utilization 
of activator or the inherent neutralization of  Al(OH)4

- in pore solution or both, the efflorescence can be 
potentially intense for geopolymers. 
2.2 Effect of alkali concentration on efflorescence 
The results by Najafi Kani E. et al. (2012) showed that the extent of leaching alkalis increased with 
Na/Al increasing from 0.61 to 1.23, and the severity of efflorescence of dry samples after immersion 
also increased. Fig.1 shows our current experiments of examining efflorescence rate on the two fly ash-
based geopolymers GP(L) and GP(H), which were prepared by the activation of sodium silicate solution 
at different dosages: GP(L) contained 3.9% Na2O (expressed as Na2O to fly ash mass ratio, excluding 
the Na2O originating from fly ash) while GP(H) contained 4.6% Na2O. In GP(L) mixing a small amount 
of additional water was used to achieve similar workability as GP(H). The samples were cured in sealed 
moulds for initial 24 hours at RH = 90 ± 10%, 25 ± 1°C, followed by 12 hours curing at 75 ± 1°C and 
naturally cooled down to 25 ± 1°C and allowed further 7 days of ageing. Specimens were removed from 
moulds and put in ambient air with the bottom immersed in water at a depth of 0.5-1 mm. The 
efflorescence occurs on the surface of GP(L) more rapidly: tiny white products are observable after 1.5 
hours (not shown), and after only 2 hours, evident efflorescence products can be seen on its surface 
above the wet line. In comparison, GP(H) starts to exhibit visible efflorescence after 2 hours. The 
leaching analysis of the crushed samples, as a quantitative method of assessing efflorescence potential 
(Zhang Z. et al., 2014), shows that the two geopolymers have very close sodium releasing rate and 
fraction (not shown). It means that GP(H) has higher efflorescence potential as the absolute amount of 
leached alkali is higher. This result indicates that lowering the alkali concentration in a geopolymer by 
reducing the amount of sodium silicate activator may not be a good practical method to mitigate 
efflorescence. In fact, other factors, such as gel composition (as a result of varied reaction extent of fly 
ash due to the change of activation conditions) and the pore features (size and volume), can also 



influence the efflorescence rate.  
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Figure 1 Efflorescence of hardened geopolymer pastes in contact with water 
2.3 Effect of raw solid materials and curing scheme 
Fly ashes collected from different power stations vary substantially in their chemistry and physical 
nature, and the slow reaction of some fly ash sources leads to a temptation to add excessive alkali to the 
mix to accelerate hardening, which can then lead to efflorescence. Figure 2 shows the efflorescence 
behaviour of geopolymers GPG and GPM, which were prepared by 12 M NaOH solution activation of 
fly ashes obtained from Gladstone and Millmerran power stations (Queensland, Australia), respectively. 
The curing conditions were the same as described above. GPG shows much slower efflorescence rate 
compared to GPM.   

      
(a) GPG                                              (b) GPM 

Figure 2 Efflorescence of hardened geopolymer pastes in contact with water for 24 hours 
The addition of slag into fly ash-based geopolymers has been shown to significantly reduce the 
efflorescence rate; however, it does not alter the efflorescence potential (Zhang Z. et al., 2014). In fact 
it increases the total amount of leached alkali. Similar results were reported for the natural pozzolan-
based geopolymer (Najafi Kani E. et al., 2012). The addition of 6-8% slag increased the extent of alkali 
leaching. Therefore, the blending of slag is most likely to provide beneficial reductions in permeability 
rather than changing the binding nature of alkalis. Najafi Kani E. et al. (2012) suggested using alumina-
rich admixtures, such as calcium aluminate cement, to reduce the efflorescence. This is probably 
because of the high reactivity of these additives and the high concentration of Al in the deriving gels, 
which may require increased amount of alkali ions for charge balance. This mechanism is supported by 
the previous work by Temuujin J. et al. (2009). They reported that the efflorescence was more intensive 
in geopolymers that prepared by preliminarily heated (500°C and 800°C) fly ashes, in which the 
quantities of amorphous phases were slightly reduced.   
Curing scheme is one of the most critical factors that affect efflorescence of geopolymers. Najafi Kani 
E. et al. (2012) has shown that the curing at ≥65°C provided a significant effect in efflorescence 



reduction. It was verified in the previous investigation (Zhang Z. et al., 2014). This is because 
hydrothermal curing can change the local structure and improves the crystallinity of geopolymeric gels. 
The transition of amorphous geopolymeric gels into more ordered or crystallized zeolite seems to reduce 
the alkali release rate and extent (Fernández-Jiménez A. et al., 2009). From this point of view, the use 
of some fine crystalline particles in raw materials as seeds to induce crystallization may help to reduce 
the efflorescence.  
3. Impact of efflorescence  
3.1 The microstructure evolution 
The effect of efflorescence on the microstructure of geopolymers GP(L) and GP(H) is shown in Figure 
3. The observed areas are the surface parts of each sample after 28 days of ambient ageing (in the air) 
and accelerating efflorescence (with bottom immersed in water as described above). The crushed 
particles near surface were solidified using resin, polished and washed in in acetone using an ultrasonic 
washer to remove lose particles.  

  
 

  
 
 
 
 

Figure 3. Scanning electron micrograph of geopolymers after 28 days of ageing under ambient air and 
accelerating efflorescence conditions 

After the accelerating efflorescence procedure, GP(L) become more porous when compared to their 
corresponding samples after ageing in ambient air. Given that the same polishing and washing 
procedures were used for all of the samples, the porous microstructure in cross-section implies the 
binder may be softer or less strong after efflorescence. The loss of alkalis due to the intensive 
efflorescence in these two binders is likely to be harmful for the strength development. The cross-
section of GP(H) after the accelerating efflorescence program shows the same microstructural feature. 
3.2 The compressive strength development 
To date, there is very limited information about the effect of efflorescence on the mechanical properties 
of geopolymers. Burciaga-Díaz O. et al. (2010) has shown the degradation of alkali-activated slag 
binders due to the efflorescence (mainly carbonation of excessive Na2O) after 360 days of curing. 
Škvára F. et al. (2012) proposed that the leaching of alkalis from well matured geopolymers does not 
affect the strength significantly; they attributed the observed slight strength loss to the ‘lower cohesion 
forces between the gel particles’ when samples were immersed. We made direct comparison by 
measuring the specimens after demoulding, air-aging and accelerating efflorescence recently. Figure 4 
shows the compressive strengths of GP(L) and GP(H). After 28 days of ageing, the compressive 
strengths of the pastes in air all increase by 20 to 35% of their demoulding strengths, while the 

GP(L)-air GP(L)-efflorescence 

GP(H)-air GP(H)-efflorescence 



efflorescence samples show much less increase in strength compared to their strength at demoulding.  
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Figure 4 Compressive strengths of well matured geopolymers (see 2.2) after demoulding, air-aging and 

accelerating efflorescence for 28 days 
It is evident that the efflorescence has negative influence on the strength development. When a 
geopolymer paste is placed in the simulated efflorescence conditions, water can be drawn into the pores 
of the solid matrix by capillary suction, and evaporate from the sample surface. The internal alkalis are 
able to diffuse towards the surface, providing Na+ for the precipitation of sodium carbonates, until an 
equilibrium (saturation) condition between the pore solution and the crystals is reached. The reduced 
alkali concentration in the matrix due to diffusion will affect or suppress the later activation of residual 
precursors. In addition, the crystallization pressure due to the precipitation of sodium carbonates in the 
pores of binder may also introduce inner stress, and affect the mechanical properties of geopolymer. 
Further investigation is required to make comparison on fully matured specimens (strength keeps 
constant in air) and specimens subjected to efflorescence to reveal the exact mechanical impact of 
efflorescence.  
4. Conclusions 
In this brief review paper we discussed the efflorescence occurring in fly ash-based geopolymers. This 
phenomenon is distinct from that which occurs in Portland cement based materials. The high 
concentration and high mobility of alkalis in normal geopolymer systems endow the efflorescence an 
inborn process. Some progress has been made to understand these efflorescence mechanisms and the 
factors that influence them. It must be highlighted that the addition of Al-rich additives and the adoption 
of hydrothermal curing have been confirmed to be effective methods to reduce efflorescence rate. Other 
aspects, such as how efflorescence will affect the microstructure and properties, remain to be established.   
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Abstract 
Geopolymer specimens were prepared by combination of fly ash and metakaolin activated by sodium silicate (Na2SiO3) 
and sodium hydroxide (NaOH) solutions. High temperature exposure properties for geopolymer and ordinary Portland 
cement (OPC) were assessed. Compressive strength, mass lose and thermal stability of geopolymer and OPC were 
compared. Microstructure formation and development was characterized in terms of pore structure by Mercury 
intrusion porosimetry (MIP). The experimental results reveal that at elevated temperatures, geopolymer is found to be 
far superior to that of OPC. Compressive strength development shows a dramatic drop of nearly 100% in OPC paste 
specimen while fly ash and metakaolin based geopolymer has a strength gain of about 3% after 400 °C and a final 
strength of 46 MPa is recorded after the 1000 °C temperature exposure. The geopolymer shows similar mass loss 
curves with OPC but with relatively lower mass loss. High temperature durability is proved by pore structure formation 
and development indicated by MIP. 
 
Originality 
A novel geopolymer composite material has been proposed in this work for various applications due to their excellent 
durability and zero CO2 emission. It broadens application of low aluminum fly ash and metakaolin in cement or 
concrete. So the utilization of low aluminum fly ash as starting materials for geopolymers is first originality. 
Geopolymer specimens were activated by combination of chemical and physical methods in microwave radiation 
environment. Geopolymer synthesized in this work presents good workability and high compressive strength. Results 
indicated good resistances to high temperatureand microstructure for geopolymer when compared with ordinary 
Portland cement. Good durability and workability makes geopolymer a strong candidate for the applications of 
building materials in severe conditions. So the research on durability of geopolymers synthesized from low aluminum 
fly ash under high temperature condition is second originality. 
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1. Introduction 
Cement production is associated with the emission of considerable amount of greenhouse gases. Therefore, 
development of alternative binders utilising industrial by-products is considered vital to help reduce the 
carbon footprint of concrete production. Having more outstanding mechanical properties and environmental 
friendliness, geopolmers, are considered to be a new cementing materials with widely potential application 
value in construction (Temuujin J. et al., 2001; Zhang J. Y. et al., 2012). With the aim of reducing 
consumption of non-renewable raw materials whilst increasing the use of industrial by-products (residue), 
research has recently focused on the alkali activation of metakaolin and fly ash. However, literatures on 
comparation between Portland cement and geopolymer exposed to high temperature at about 1000°C are 
scant (Temuujin J. et al., 2001; Zhang J. Y. et al., 2012; Rickard W. D. A. et al., 2012; Autef A. et al., 2013). 
In this paper, geopolymer specimens were prepared by combination of fly ash and metakaolin activated by 
sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) solutions. High temperature exposure for 
geopolymer and ordinary Portland cement (OPC) were assessed and compared. Compressive strength, mass 
lose and thermal stability of geopolymer and OPC were compared. Microstructure formation and 
development was characterized in terms of pore structure by Mercury intrusion porosimetry (MIP). 
2. Experimental 
2.1. Raw Materials 
Fluidized bed fly ash was provided by Shenhua Junggar Energy Corporation in Junggar, Inner Mongolia, 
China. Metakaolin was obtained from Yunlan, China. The chemical analysis of those raw materials 
mentioned above is listed in table 1 and their micrographs are shown in figures 1 and 2, respectively. Alkali 
activator is combination of sodium silicate and sodium hydroxide (99.2% NaOH) in analytical reagent 
degree. The liquid portions in the mixture are 10 M sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) 
with 14.51% Na2O, 33.39% SiO2, and 48.53% H2O. 
Portland cement (CEM O 42.5) (relative density 3100 kg/m3, specific surface area 369.6 m2/kg) was used as 
binder and was compared with geopolymer in the work. The properties of cement are shown in table 2. 

Table 1 Chemical compositions of raw materials by XRF analysis (mass, %) 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 LOI 
Cement 21.35 7.67 3.31 3.08 62.60 0.35 0.39 0.05 0.25 0.95 
Fly ash 49.47 21.72 8.25 3.15 6.21 0.05 0.35 0.03 1.83 8.58 
Metakaolin 53.32 42.09 2.33 0.21 0.09 0.49 0.64 0.02 0.63 0.08 

Table 2 The properties of cement 

Compressive strength (MPa) Flexural strength (MPa) Initial setting 

time (min) 

Final setting time 

(min) 3 days 28 days 3 days 28 days 

27.3 47.5 6.3 8.7 132 187 
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Figure 1The micrographs (SEM) of fluidized bed fly ash. 

 
Figure 2 The micrographs (SEM) of metakaolin. 

2.2. Experimental Process 
Geopolymer samples were synthesized by alkaline-activation of combination of fly ash and metakaolin with 
mass ratios of 1:1 with four silicate solutions(MR=1.6, MR means modulus of water glass).The 
liquid/solid(L/S) mass ratios were kept in the range of 0.5, which depends on an acceptable workability for 
each paste sample. Fresh geopolymer pastes and cement paste were cast in triplet steel molds of 20-mm 
cubes and vibrated to remove entrained air bubbles. The molds were then sealed with polyethylene film and 
set into a standard curing box. After initial curing at 40 °C for 1d, the samples were demolded and subjected 
to further curing at 40 °C for acquired ages. 
Compressive strength test was performed on cubes by universal testing machine. All samples were calcined 
to 1000 °C in an electric furnace with a heating rate of 2 °C/min and then allowed to oven cool to room 
temperature. Sample characterization was conducted on geopolymer and OPC samples to evaluate the effect 
of the elevated temperature exposure. The porosity and pore size distribution were measured using MIP with 
a maximum pressure of 207 MPa. The contact angle was 140°and the measurable pore size ranged from 
about 6 nm to 360 μm. The samples were immerged in ethanol to avoid rehydration immediately after being 
crushed and dried at about 105˚C for 24 h to ensure removal of moisture before MIP test. 
3. Results and Discussion 
3.1. Compressive Strength 
The compressive strength of OPC and geopolymer paste specimens at 28 days were tested and compared 
before and after elevated temperature exposures and the results are summarized in figure 3. The results 
provided in figure 3 reveal that the OPC suffered strength loss after high temperature exposure. However, the 
fly ash and metakaolin based geopolymer gained strength after the same high temperature exposure. 
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Compressive strength development shows a dramatic drop of nearly 100% in OPC paste specimen while fly 
ash and metakaolin based geopolymer has a strength increase of about 3% after 400 °C, attaining a peak 
strength of 72 MPa at 400 °C. Subsequently, this strength was observed to deteriorate gradually. However, a 
final strength of 46 MPa was recorded after the 1000 °C temperature exposure, which was about a 25% 
decrease over the strength of the reference specimen at ambient temperature. The compressive strength of 
OPC specimens dropped considerably between temperatures of 400 °C and 600 °C. This strength 
deterioration of OPC is attributed to the Ca(OH)2 decomposition that occurs at about 400 °C. In geopolymers, 
aluminosilicate gel is the major binding phase that provides interparticle bonding, which in turn enhances the 
macroscopic strength (Palomo A. et al., 1999; Rahier H. et al., 1996; Duxson P. et al., 2007) and takes over 
the strength gain behavior of geopolymer paste. 

 
Figure 3 Compressive strength of geopolymer and OPC pastes at various temperatures. 

3.2 Thermal Stability 
Thermal stability of the selected geopolymers was also investigated in terms of dimension evolution after 
exposure to elevated temperature (1000°C) for 2h. Figure 4 presents the photographs of geopolymers before 
and after the thermal exposures. It is observed that these geopolymers get a certain degree of volume 
shrinkage after the thermal exposures. Actually, OPC has been shown to exhibit a higher rate of shrinkage 
compared with geopolymer (Douglas E. et al., 1992; Wang S.D. et al., 1995; Collins F. et al., 2001), which 
can cause severe defects when it is practically applied. 

     
Figure 4 Photographs of geopolymers before and after the thermal exposures. 

Thermal shrinkage results for the OPC and geopolymer samples in this work are presented in figure 5. All 
samples were tested after pre-drying at 105 °C for 24h to remove free water to avoid excessive shrinkage in 
the initial stage of the measurement. This step ensured that contact between the sample and the pushrod of 
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the dilatometer was maintained. 
All samples exhibited shrinkage up to 1000 °C due to dehydroxylation of chemically bound water. The 
shrinkage is particularly evident for cement sample where dehydration of the C-A-S-H phase and C-S-H 
phase are believed to dominate the dilatometry profile resulting in loss of contact with the pushrod at about 
1000 °C. The shrinkage for geopolymer is likely due to sintering and further geopolymerization at elevated 
temperature above 600 °C. 
Polynomial trend lines were used to show the trend of shrinkage evolution in geopolymer specimens with 
increasing temperature. A linear relationship was found between shrinkage evolution and the elevated 
temperature for cement specimens. Obviously, cement exhibited evident and higher shrinkage values when 
compared with geopolymer pastes. 

 
Figure 5Thermal shrinkage of Portland cement and geopolymer paste with elevated temperature. 

3.3 Mass Loss 
The mass losses of the OPC and geopolymer samples due to fire exposure were determined from the masses 
change before and after the fire exposure. The average values of mass loss after exposure to different 
temperature are plotted in figure 6. An increasing trend of the mass loss in the OPC up to 600 °C can be 
observed in figure 6. However, the exact values of the mass loss in the OPC could not be determined for 
exposures to fires after 600 °C because of spalling of the specimens. The geopolymer shows similar mass 
loss curves before 500 °C as OPC, with relatively lower mass loss in the geopolymer specimen. It can be 
seen from figure 6 that most of the mass loss occurs at around 500 °C. The rate of mass loss reduces and be 
stable in geopolymer after this temperature while that of the OPC continues at a similar rate until 600 °C. 
The mass loss of the geopolymer specimens at 1000 °C was 3.39%. The geopolymer microstructures became 
denser with the increase of fire temperature up to 400 °C. This change has occurred in the microstructure 
because of sintering and further geopolymerisation of fly ash and metakaolin with the increase of 
temperature. Thus, the geopolymer microstructure remained stable after exposure to high temperature fires 
and presents less mass lose. 
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Figure 6 Change in mass loss of geopolymer and OPC pastes with fire temperature. 

3.4 Pore Structure 
As pointed out by Diamond (Diamond S., 2000), MIP is the only available procedure that purports to cover 
nearly the whole range of sizes that must be tallied. The pore size distribution measurements performed by 
MIP of metakaolin and fly ash geopolymer samples and OPC paste are shown in figure 7. The results at 28 
days are plotted to identify how pore size distribution changed with age.  

    
Figure 7 The pore size distribution of metakaolin and fly ash geopolymer and OPC samples.  

The comparison among metakaolin geopolymer, fly ash geopolymer and OPC paste shows that the total 
porosity (cumulative intrusion volume) is decreasing for geopolymer pastes, and fly ash geopolymer shows a 
significant change. The differential curves of pore size distribution are almost identical between different 
samples. The critical pore diameters, defined as the peaks in the differential curves, giving the rate of 
mercury intrusion per change in pressure (differential curves) (Akkaya Y. et al., 2002), did not show a 
significant change. However, as expected, the total pore volume in traditional OPC is higher than in 
geopolymer. It is evident that exposure of cement to high temperature shifts the pore size peak to a higher 
value and also leads to the development of a macropore system (with pore sizes exceeding 100 nm). 
The total porosities of the OPC samples are significantly higher than the porosities of the fly ash and 
metakaolin based geopolymers. This is expected since the metakaolin-fly ash geopolymers contain much less 
liquids than OPC. The pore system left behind by liquid in the system tends to be larger than the pores 
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created by partially dissolved hollow fly ash particles. 
4. Conclusions 
(1) OPC suffered strength loss after high temperature exposure. However, the fly ash and metakaolin based 

geopolymer gained strength after the same high temperature exposure. The compressive strength of OPC 
specimens dropped considerably between temperatures of 400 °C and 600 °C. This strength deterioration 
of OPC is attributed to the Ca(OH)2 decomposition that occurs at about 400 °C.  

(2) The geopolymer microstructures became denser with the increase of fire temperature up to 400 °C. This 
change has occurred in the microstructure because of sintering and further geopolymerisation of fly ash 
and metakaolin with the increase of temperature.  

(3) The total porosities of the OPC samples are significantly higher than that of the fly ash and metakaolin 
based geopolymers. This is expected since the metakaolin-fly ash geopolymers contain much less liquids 
than OPC. The pore system left behind by liquid in the system tends to be larger than the pores created 
by partially dissolved hollow fly ash particles.  
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Abstract 
Reduced CO2 emission, increased energy saving and potential use of several industrial by-products as raw mix 
components are well-recognized features associated with the calcium sulfoaluminate (CSA) clinker manufacture which, 
compared with that of Portland clinker, requires less limestone in the kiln feed as well as lower burning temperature, 
fuel consumption and grinding energy in the cement mill. The above-mentioned environmentally friendly characteristics 
can be further improved through a total replacement of limestone, on which both the CO2 emission and kiln thermal 
input are strongly dependent, with a poorly carbonated source of lime. 
In this work, a CaO-rich spent sorbent, generated during a calcium looping (CaL) process and purged after 60 
calcination/carbonation cycles from a 200 kWth dual fluidized bed pilot facility, was tested as a raw material together 
with other industrial by-products. These were (1) flue gas desulfurization (FGD) gypsum, as a source of CaSO4, (2) 
anodization mud (AM), as a source of Al2O3 and additional sulfate, (3) fluidized bed combustion (FBC) fly ash and (4) 
FBC bottom ash or both of them, as a source of CaSO4 plus additional alumina and uncarbonated lime. 
Eight CSA clinker-generating raw mixes were heated in a laboratory electric oven at temperatures ranging from 1200° 
to 1350°C: one included only natural materials (40.4% bauxite, 30.4% limestone, 29.2% gypsum) and was taken as a 
reference term; the others contained CaL spent sorbent in a measure comprised between 20.0 and 28.3% by mass, 
bauxite (42.6–47.3%) or AM (53.6–65.6%), natural (15.3–30.7%) or FGD (11.6–24.4%) gypsum, FBC fly- (26.4%) or 
bottom- (17.6%) ash or a mixture of them (13.2 and 8.8%, respectively). 
Basically, the X-ray diffraction (XRD) analysis on the burning products showed high conversion of reactants and good 
selectivity toward the main cement component (C4A3$), especially at 1250° or 1300°C. CSA cements based on different 
synthetic clinkers, investigated by means of both XRD and differential thermal–thermogravimetric (DTA–TG) analyses, 
generally displayed a similar hydration behavior. 
 
Originality 
The authors have accumulated a wide research experience in the field of utilization of industrial wastes. The 
methodological approach adopted in this investigation on CaL spent sorbent is similar to that followed for other 
residues proposed in the past as raw materials for making ordinary or special cements. The originality of this work lies 
in the choice of a by-product generated in a process still under investigation. The definitive success of the CaL 
technology will depend on many factors, among which the utilization degree of the spent sorbent will certainly play an 
important role. Indeed, it has to be taken into account that the disposal of this waste is made complicated by the 
presence of lime and sulfates which can interact in landfill with moisture and give rise to expansive phenomena, loss of 
stability and subsoil alteration. 
 
Keywords: calcium sulfoaluminate cements; alternative raw materials; calcium looping spent sorbent; reduced CO2 
emission; sustainable development. 
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1. Introduction 
The amount of carbon dioxide originated by the cement manufacture accounts for about 6% of the 
global anthropogenic CO2 emissions (Habert G., 2013). Basically, low-CO2 cements (Gartner E.M., 
2004), namely hydraulic binders whose production process is associated with a reduced CO2 
generation, can be obtained following three different approaches. 
The first approach is based on the use of a non-carbonated CaO source instead of limestone as a 
constituent of the Portland clinker-generating raw mix. Both the limestone calcination and fossil fuel 
combustion are responsible for the CO2 emission from the cement kiln; the amount of carbon dioxide 
produced by the former process is generally about 1.5 larger than that generated by the latter 
(Schneider M. et al., 2011). It is interesting to observe that replacing limestone results also in a 
remarkable energy saving, because most of the kiln thermal input is required by the CaCO3 
decomposition (Mehta P.K., 1980; Damtoft J.S. et al., 2008). As substitutes for limestone, important 
industrial by-products like blast-furnace and steel slags as well as high-calcium coal combustion ashes 
could be used (Perkins D. et al., 2003; Bernardo G. et al., 2007). 
The second approach is oriented to an increased production of blended cements, obtained by mixing 
Portland clinker with significant amounts of supplementary cementitious materials such as natural 
pozzolans, coal fly- and rice husk-ashes, condensed silica fumes, granulated blast-furnace slag and so 
on (Sivasundaram V. et al., 1992; Mehta P.K. et al., 1995; Wolsiefer J. et al., 1995; Bilodeau A. et al., 
2000). Originally conceived for particular applications requiring high chemical resistance or low heat 
of hydration, the blended cements are worthy of consideration also because the clinker dilution 
implies a decreased emission of CO2 and pollutants as well as an increased energy saving per unit 
mass of cement. 
The third approach is concerned with a larger use of special cements, namely hydraulic binders 
obtained from non-Portland clinkers. A considerable attention has been recently paid by researchers 
and engineers toward calcium sulfoaluminate (CSA) cements: their peculiar composition, noticeably 
different from that of ordinary Portland and blended cements, can be exploited not only for achieving 
valuable technical properties such as rapid hardening, shrinkage compensation and chemical 
resistance (Su M. et al., 1997; Glasser F.P. et al., 2001; Pelletier-Chaignat L. et al., 2011; Gartner E.M. 
et al., 2011; Juenger M.C.G. et al., 2011; Valenti G.L. et al., 2012; Chen I.A. et al., 2012; Telesca A. et 
al., 2013a; Alvarez-Pinazo G. et al., 2013; Telesca A. et al., 2014a; Ioannou S. et al., 2014; Bizzozero 
J. et al., 2014), but also for giving a more pronounced environmentally friendly feature to their 
manufacturing process (Marroccoli M. et al., 2010a and b; Wu K. et al., 2011; Pace M.L. et al., 2011; 
Shen Y. et al., 2014). Compared to the Portland cements, the CSA cements are characterized by: 1) a 
reduced (about 60% less) limestone concentration in the clinker-generating raw mix; 2) a 200°–250°C 
lower synthesis temperature; 3) lower grinding energy required by the cement milling; 4) greater 
utilization of industrial wastes and by-products as kiln feed components. Limestone, bauxite and 
gypsum or anhydrite are the natural raw materials involved in the manufacture of CSA cements, 
whose main component is C4A3$. Various Al2O3-rich by-products and chemical gypsums (Pace M.L. 
et al., 2011; Telesca A. et al., 2013b; Shen Y. et al., 2014) have been successfully experienced as 
substitutes for bauxite and natural gypsum or anhydrite, respectively. 
In this work, with a view to replace limestone on which both the CO2 emission and kiln thermal input 
are strongly dependent, a poorly carbonated CaO-rich spent sorbent, generated during a calcium 



 

looping (CaL) process carried out in a dual fluidized bed pilot facility, was tested. The CaL cycle 
(Bosoaga A. et al., 2009; Blamey J. et al., 2010; Dean C.C. et al., 2011; Lisbona P. et al., 2013; 
Coppola A. et al., 2013; Coppola A. et al., 2014; Antiohos S.K. et al., 2014; Boot-Handford M.E. et al., 
2014; Dieter H. et al., 2014) is one of the most promising post-combustion methods for the CO2 
removal from flue gases emitted by power plants and other industries (including cement factories). 
The process involves the use of two interconnected fluidized bed reactors: 1) the carbonator, where the 
CO2 present in an industrial flue gas is captured by CaO particles at about 650°C; 2) the calciner, 
where (i) CaCO3 produced in the carbonator is heated up at about 900°C through oxyfuel combustion, 
and decomposed to CaO for the next carbonation stage, and (ii) a CO2-rich gaseous stream, ready for 
further processing and final storage, is generated. Following repeated cycles of calcination and 
carbonation, the sorbent particles undergo thermal sintering/deactivation and must be purged and 
replaced with fresh limestone. 
The economics of the process could be improved using, as a raw material for making cement 
(Antiohos S.K. et al., 2014; Telesca A. et al., 2014b), the spent sorbent whose disposal is made 
complicated by the presence of lime and sulfates which (i) can interact in landfill with moisture and (ii) 
give rise to expansive phenomena, loss of stability and subsoil alteration. Unfortunately, in the 
manufacture of ordinary Portland clinker, a considerable limitation to the replacement of limestone 
with a CaL spent sorbent is imposed by its SO3 content (derived from either the flue gas treated in the 
carbonator or the oxyfuel combustion in the calciner) which, even if relatively low, can be able to (i) 
determine operational problems during the burning process (e.g. material accretion and plugging) and 
(ii) depreciate the clinker quality (Blamey J. et al., 2010; Antiohos S.K. et al., 2014). These problems 
are not encountered in the production of CSA clinker for which a total replacement of limestone could 
be planned. 
Seven CSA clinker-generating raw mixes containing CaL spent sorbent were investigated in this work. 
They also included bauxite or anodization mud (AM, a by-product of the anodized aluminium 
manufacture), natural or flue gas desulfurization (FGD) gypsum or fluidized bed combustion (FBC) 
fly- or bottom-ash or both of them. Another generating raw mix based only on limestone, bauxite and 
gypsum was investigated as a reference term. The X-ray diffraction (XRD) analysis was used with a 
view to study the reactivity of several raw mixes, heated for two hours in a laboratory electric oven at 
temperatures ranging from 1200° to 1350°C. It was also employed, together with the differential 
thermal–thermogravimetric (DTA–TG) analysis, in order to explore the hydration behavior of CSA 
cements based on different synthetic clinkers. 
 
2. Experimental 
The table 1 shows the chemical composition of the natural materials (limestone, bauxite, gypsum) and 
industrial by-products (CaL spent sorbent, AM, FGD gypsum, FBC fly and bottom ashes) utilized in 
this investigation. 
It was evaluated by means of X-ray fluorescence analysis, using a BRUKER Explorer S4 apparatus. 
The limestone and gypsum samples were typical raw materials for Portland cement manufacture. 
Bauxite, FGD gypsum and FBC ashes samples were given by the ENEL Research Centre of Tuturano 
(Brindisi, Italy). The AM sample came from an anodized aluminium factory operating at Tito Scalo 
(Potenza, Italy). The CaL spent sorbent was purged from a 200 kWth dual fluidized bed pilot facility 



 

installed at Institute of Combustion and Power Plant Technology, University of Stuttgart, Germany. 
 

Table 1 Chemical composition of natural materials and industrial by-products /mass % 

 limestone bauxite gypsum CaL spent 
sorbent AM FGD 

gypsum 
FBC 

fly ash 
FBC 

bottom ash 
CaO 55.2 – 30.1 76.5 15.4 39.0 39.6 47.8 
MgO – –  3.7  0.8  1.2 -  1.8  0.8 
SiO2 –  7.2  3.0  9.7  2.6  0.4 16.0 12.0 
Al2O3 – 56.3  0.9  0.5 41.4  0.2  6.9  3.3 
Fe2O3 –  6.3  0.3  0.7  0.7  0.1  9.2  1.9 
TiO2 –  2.2 –  0.1 – -  0.4  0.2 
SO3 – – 36.2  1.7 12.7 50.6 18.2 31.2 
l.o.i.* 43.4 27.5 24.6  9.9 25.7 8.6  5.7  1.8 
total 98.6 99.5 98.8 99.9 99.7 98.9 97.8 99.0 

*loss on ignition at 950°C, according to EN 196-2 Standard for cements. 
 
This facility consists of two interconnected circulating FB reactors (a carbonator and a calciner, both 
10 m high with an inner diameter of 23 and 21 cm, respectively). The parent sorbent is a reactive 
high-calcium German limestone, provided by the EnBW electrical company. It is entrained from the 
top of the circulating FB reactor cyclones and feeds the standpipes of two loop seals with cone valves 
able to split the sorbent flow between the reactors and the internal circulation loops. The material 
utilized for the experiments was generated under stable operating conditions, at a carbonator 
temperature of 650°C (±10°C), and a calciner temperature of 900°C (±10°C). The carbonator was fed 
with a fluidizing stream having the following volume composition: 67% N2, 15% CO2, 15% water 
vapour, 3% O2. The purged solid sorbent particles underwent approximately 60 
carbonation/calcination cycles at oxygen-enriched air firing conditions, and were extracted as bottom 
bed drain materials. The auxiliary fuel used in the calciner (where a full sorbent calcination was 
achieved) was the high quality El Cerrejon coal (80.3 mass % in C and 0.6 mass % in S – dry, ash free 
basis; 9.6 mass % in ash – dry basis; LHV=26.0 MJ/kg). Any further detail on the apparatus can be 
found in (Dieter H. et al., 2014). 
AM (table 1), in addition to Al2O3, contains a significant amount of SO3. FGD gypsum is almost pure 
calcium sulfate dihydrate. The CaL spent sorbent is mostly composed by CaO; SiO2 and SO3 are 
originated from the coal used as supplementary fuel in the calciner. In the FBC ashes, a noticeable 
amount of sulfur (actually in the form of CaSO4) is observed. It comes from the “in situ” 
desulfurization process, operated in the FBC reactor through the use of a SO2 limestone-based sorbent, 
and is remarkably larger in the bottom ash than in the fly ash, due to the lower sulfation degree of the 
elutriated sorbent material related to its shorter mean residence time into the reactor. Moreover, both 
the FBC ashes are characterized by significant amounts of free lime and coal inorganic fraction, 
mainly expressed in terms of silicon, aluminium and iron oxides. In table 2, the composition of eight 
CSA clinker-generating raw mixes (A–H) is indicated. 
The mixture A contained only natural materials (reference mix); compared to A, B had CaL spent 
sorbent instead of limestone; C, D and E were ternary mixtures including, together with CaL spent 
sorbent, FGD gypsum (plus bauxite) or AM (plus natural gypsum) or both of them, respectively. F, G 



 

and H incorporated, together with the CaL spent sorbent and AM, FBC fly-ash or FBC bottom-ash or 
both of them, respectively. H contained fly- and bottom-ashes in a 60:40 mass ratio (the usual 
generation proportions of the two streams leaving the FBC reactor). 

 
Table 2 Composition of raw mixes /mass % 

 A B C D E F G H 
limestone 30.4 - - - - - - - 
bauxite 40.4 42.6 47.3 - - - - - 
gypsum 29.2 30.7 - 15.3 - - - - 

CaL spent sorbent - 26.7 28.3 23.0 22.8 20.0 20.9 20.5 
anodization mud - - - 61.7 65.6 53.6 61.5 57.5 

FGD gypsum - - 24.4 - 11.6 - - - 
FBC fly ash - - - - - 26.4 - 13.2 

FBC bottom ash - - - - - - 17.6  8.8 

 
For the proportioning of each raw mix, it was assumed that (i) Al2O3 reacted to give only C4A3$, (ii) 
CaO was also enough to convert the available silica into dicalcium silicate (C2S, another useful 
binding phase) and (iii) solid solution effects were absent. Moreover, the SO3 content of the raw mixes 
was twice the stoichiometric amount required by the C4A3$ formation, in order to hinder the thermal 
decomposition of this compound during the synthesis process. The residual calcium sulfate (C$), 
together with that given by the gypsum addition to each CSA clinker during the preparation of the 
related CSA cement to be submitted to the hydration test, can be involved in the generation of 
ettringite (C6A$3H32, the main hydration product regulating the technical behavior) and aluminium 
hydroxide (AH3), according to the following reaction: 

332634 2AHA$HC38H2C$$AC +⇒++     (1) 

On the basis of the above-mentioned assumptions, the potential concentration values of C4A3$, C2S 
and C$ in the burning products of the mixes A–H were calculated and reported in table 3. 
 

Table 3 Potential concentration of C4A3$, C2S and C$ in CSA synthetic clinkers /mass % 
 
 
 
 
 
The CSA clinker-generating raw mixes were heated for two hours in a laboratory electric oven at 
1200°, 1250°, 1300°, 1350°C, and then submitted to XRD analysis carried out by means of a 
BRUKER D2 Phaser diffractometer (Cu kα radiation, 0.02°2θ s–1 scanning rate), operating between 
5° and 60°2θ. 
The CSA cements were prepared by grinding the corresponding clinkers with 20% by mass of natural 
gypsum in a laboratory mill. They were paste hydrated with a water/cement mass ratio equal to 0.5. 
The paste samples were placed in polyethylene bags inside a thermostatic bath held at 20°C. At the 
end of each aging period, the specimens were treated with acetone (to stop hydration) and diethyl 

 A B C D E F G H 
C4A3$ 58.8 54.4 60.3 65.3 67.8 53.5 62.0 57.7 
C2S 15.9 19.4 18.1 14.4 13.4 25.0 19.5 22.3 
C$ 13.1 12.1 13.5 14.6 15.1 11.9 13.8 12.9 



 

ether (to remove water), then stored in a desiccator over silica gel–soda lime (to ensure protection 
against H2O and CO2) and finally submitted to XRD and simultaneous DTA–TG analyses 
(NETZSCH-Tasc 414/3 apparatus operating between room temperature and 600°C, heating rate 5°C 
min–1). The TG analysis was also used for quantitative purposes, in order to determine the ettringite 
concentration in the hydrated systems; to this end, it was assumed that 24 water moles are lost by 
heating 1 mole of ettringite in the narrow temperature range corresponding to its strong endothermal 
effect (Taylor H.F.W., 1997). 
 
3. Results and discussion 
The intensity of the main XRD peak of C4A3$ was taken as a conversion index of the CSA 
clinker-generating raw mixes toward this product. It is plotted in figures 1a and 1b against the 
synthesis temperature for A, B, C, D and E, F, G, H, respectively. 
 

(a) (b) 

  
Figure 1 XRD intensity (counts per second, cps) of the C4A3$ main peak for the burning products of mixes A–D 

(a) and E–H (b) as a function of synthesis temperature 
 
The curves display similar trends generally consisting in steep rises and drops separated by maximum 
points occurring at about 1250°C (A, B, F) or 1300°C (C, D, E, G, H). Except for B and G, the highest 
conversion indexes for the waste-based generating mixes were larger than that of the reference mix: 
their sequence was D>C>F>E>H>G>B. At 1200°C, the mixture A (together with C) showed the worst 
conversion toward C4A3$. These results highlight the active role played by the sources of lime, 
alumina and sulfate given by the industrial by-products here investigated, which were more reactive 
than the corresponding natural materials. It is particularly interesting to observe the good behavior of 
the calcium oxide contained in the CaL spent sorbent, in spite of the remarkable sintering phenomena 
undergone by its particles. It is also important to recall that, compared to fresh limestone, a larger 
reactivity was shown by CaL spent sorbent in recent investigations carried out by the authors (Telesca 
A. et al., 2014b; Antiohos S.K. et al., 2014) and aimed at obtaining synthetic Portland clinkers. On the 
other hand, with the increase of the heating temperature above that of maximum conversion, 
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C4A3$ decomposition phenomena took place: compared to those occurring in the case of the reference 
mix, they were more significant for the waste-based mixes, with the exception of D and E. 
The XRD patterns for the eight mixes heated at their best synthesis temperatures are illustrated in 
figure 2. In all the cases, anhydrite (C$) peaks were observed together with those of C4A3$. For the 
CSA clinkers generated by A and B, the only secondary constituents were gehlenite (C2AS) and 
mayenite (C12A7). 
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Figure 2 XRD patterns for A–H heated at the best synthesis temperature (Y=C4A3$, A=anhydrite, G=gehlenite, 

T=ternesite, 3=tricalcium aluminate, L=larnite, M=mayenite) 
 
For the burning product of F, several CSA clinker secondary components were found: gehlenite, 
larnite (C2S), mayenite, tricalcium aluminate (C3A), ternesite (C5S2$). These phases also occurred for 
the burning products of C (except for larnite), D, E, G (except for mayenite) and H (except for 
mayenite and ternesite). 
The eight CSA cements obtained from the synthetic clinkers generated by the mixes comprised 
between A and H were denoted with the symbols ranging from CEM-A to CEM-H, respectively. The 
DTA–TG thermograms of all the cement pastes, cured for 8 hours, 1 day and 28 days showed a strong 
qualitative similarity. With the increase of temperature, three endothermal effects were observed and 



 

attributed, on the basis of scientific literature data (Taylor H.F.W., 1997), to the following compounds, 
in the order: ettringite, gypsum and aluminium hydroxide. The gypsum (C$H2) signal was actually 
composed by two consecutive endothermal effects associated with the gradual losses of 1.5 and 0.5 
water molecules; it was due to the still unconverted calcium sulfate fraction of the cementitious 
systems and was present, for the hydrated CSA cements, only at the shortest aging time. Among the 
DTA–TG thermograms, the only difference concerned the first appearance of the aluminium 
hydroxide peak which in some cases was observed later than 8 hours of curing. As an example, the 
DTA–TG thermograms for CEM-A, CEM-E and CEM-H are shown in figure 3. 
 

(a) (b) (c) 

   

   

   

Figure 3 DTA–TG thermograms for CEM-A (a), CEM-E (b) and CEM-H (c) pastes cured for 8 hours, 1 and 28 
days (E=ettringite, G=gypsum, AH3=aluminum hydroxide) 

 

The hydration process was also investigated by means of XRD analysis which allowed to detect the 
consumption of reactants, the presence of inert phases and the development of ettringite and another 
hydration product, monosulfate (C4A$H12). The absence of aluminium hydroxide among the phases 
detected through the XRD analysis was ascribed to its amorphous nature (Marroccoli M. et al., 2008). 
As for the DTA–TG thermograms, a great similarity was observed among the XRD patterns of the 
hydrated CSA cements; as an example, those related to CEM-A cured for 8 hours, 1 and 28 days are 
illustrated in figure 4. 
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Figure 4 XRD patterns for CEM-A cured for 8 hours, 1 and 28 days (E=ettringite, O=monosulfate, G=gypsum, 

M=mayenite, Y=ye’elimite, A=anhydrite, H=gehlenite) 
 
In figure 5 the ettringite concentration in the CEM-A, CEM-B and CEM-D pastes is reported as a 
function of the curing time. 
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Figure 5 Ettringite concentration in CEM-A, CEM-B and CEM-D pastes vs. curing time 

 
It can be noted that almost steady values of ettringite concentration, not very different from each other, 
were reached by the various cementitious pastes at three days of curing. 
 
4. Conclusions 
The CaO-rich spent sorbent, coming from the fluidized bed calcium looping (CaL) process, is a 
suitable substitute for the limestone as a main lime source in calcium sulfoaluminate (CSA) 
clinker-generating raw mixes. Also other natural materials like bauxite and gypsum, generally used as 
components of these mixes, can be totally replaced with industrial by-products such as anodization 



 

mud (as a source of Al2O3 and additional sulfate), flue gas desulfurization gypsum (as a source of 
CaSO4), fluidized bed combustion (FBC) fly- and bottom-ash or both of them (as a source of CaSO4 
plus additional alumina and uncarbonated lime). So, the well-recognized environmentally friendly 
character of the CSA cement manufacture can be further improved not only by using industrial wastes 
and by-products instead of natural materials, but also by virtue of the reduced CO2 emission and 
increased energy saving associated with the limestone substitution with poorly carbonated sources of 
lime, such as CaL spent sorbent and FBC ashes. 
It has been found that the waste-based mixes, heated at 1250° or 1300°C, being able to give high 
conversion of reactants and good selectivity toward the main CSA cement component, C4A3$, were 
generally better than the reference mix containing only natural materials. Moreover, a similar 
hydration behavior was shown by CSA cements based on different synthetic clinkers. 
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Abstract 
Spreader Stoker thermal power plants located in Reunion Island burn bagasse during the sugarcane harvest and coal 
the rest of the season. Coal fly ashes released from this process are currently sent to landfill since they do not respect 
European Standard EN 450-1 and French Ministerial Decree of 28 October 2010. In fact, they cannot be used in civil 
engineering applications due to unburned carbon content higher than the one recommended in the European Standard 
EN 450-1 and cannot be considered as inert waste because of leachate concentrations, which do not meet regulatory 
guidelines recommended in the French Ministerial Decree of 28 October 2010. From economical and environmental 
points of view, the landfill of these ashes is a serious concern and an alternative solution consisting in reusing them 
appears to be essential. For example, these fly ashes could be incorporated in hydraulic binders for the manufacturing 
of nonstructural blocks. A previous study reported encouraging mechanical and leaching results for fly ash/cement and 
fly ash/cement/slag systems. The use of cement and/or slag decreased the release of dangerous elements (oxyanionic 
and metal species) but some leachate concentrations were still too high. These mixtures do not represent the best 
stabilization solution and more research work is needed to find other alternative solutions, which could neutralize all 
potentially dangerous elements. The overall object of this study is thus to assess the stabilization of Spreader Stoker 
coal fly ashes by using alternative binders (e.g. slag, hydrated lime, clinker, cement) and/or chemical activators (e.g. 
calcium sulfate, sodium sulfate, water glass) in small amounts, which could turn out to be more interesting to activate 
these fly ashes and reduce the leachability of trace elements. To evaluate their potential risk for the environment, the 
mixtures are subjected after 28 days of hardening to standard EN 12457-2 leaching test, which is the procedure 
recommended in the French Ministerial Decree of 28 October 2010. The compressive strength at 28 days is also 
measured. Results show that some alternative binders and chemical activators can increase the reactivity of Spreader 
Stoker coal fly ashes and the early strength of fly ashes-based mixtures. Moreover, when mixed with hydraulic binders 
and chemical activators, the leachability of some elements can be reduced. However, caution should be taken 
regardless of the element because in some case a significant increase of the release in water can be observed (e.g. 
barium). Heavy metals and trace elements could be trapped in newly formed mineral phases resulting in an attenuation 
of their leachability; or more soluble compounds could be formed resulting in an increase of their release in water. 
Some of the fly ashes-based systems suggested here could provide efficient, cost-effective and environmentally friendly 
alternative solutions to landfill by reducing the release of elements of potential concern. Supplementary analyses should 
be done to understand the factors underlying the leachability of heavy metals and trace elements. 
 
Originality 
Coal-fired power plants produce large amount of fly ashes worldwide. Pulverized coal fly ashes have been recognized 
as being valuable industrial by-products and many research studies have been published on their characteristics, 
properties and utilization. However, coal fly ashes resulting from Spreader Stoker process cannot be valorized properly 
due to a lack of research work. Reunion Island is currently facing environmental and economical issues due to the 
landfill of these ashes, which cannot be considered as inert waste and cannot valorized as pulverized coal fly ashes. 
Reuse of Spreader Stoker coal fly ashes produced locally could mean real progress for the sustainable development of 
Reunion Island. The aim of this paper is thus to assess the efficiency of binders and chemical activators to stabilize 
Spreader Stoker coal fly ashes and show that a valorization of theses fly ashes seems possible. 
 
Keywords: Spreader Stoker coal fly ashes, stabilization, leaching, trace elements 
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1. Introduction 
Spreader Stoker thermal power plants located in Reunion Island burn bagasse during the sugarcane 
harvest and bituminous coal the rest of the season. Fly ashes resulting from this process show 
interesting pozzolanic properties but few studies deal with their valorization. Preliminary work (Sow M. 
et al., 2014) showed indeed that Spreader Stoker Coal Fly Ashes (SSCFA) had specific characteristics 
approaching those of Pulverized Coal Fly Ashes (PCFA). However, they cannot be used in civil 
engineering applications due to unburned carbon content (EN 197-1, 2012; Misz M. et al., 2002) higher 
than the one recommended in the European Standard EN 450-1 (EN 450-1, 2012) and leachate 
concentrations, which do not meet regulatory values recommended in the French Ministerial Decree of 
28 October 2010 (Min. Dec., 2010). 
Because of a large SSCFA production (100 000 tons/year) and a limited space (2 512 km2), Reunion 
Island is currently facing SSCFA storage problem. From economical and environmental points of view, 
the landfill of these ashes is thus a serious concern and an alternative solution consisting in reusing 
them appears to be essential. For example, SSCFA could be incorporated in hydraulic binders for the 
manufacturing of nonstructural blocks, as other fly ashes (Kupwade-Patil K. et al., 2014). 
A previous study reported encouraging mechanical and leaching results for SSCFA-CEM II/A (cement 
available in Reunion Island) and SSCFA-CEM II/A-slag systems (Sow M. et al., 2014). The use of 
CEM II/A and/or slag decreased the release of elements (major and trace elements such as heavy 
metals, oxyanionic species) but the leachate concentrations of barium and molybdenum were still too 
high and might contribute to environmental contamination. These systems do not represent the best 
stabilization solution and more research work is needed to find other alternative solutions, which could 
neutralize all potentially dangerous elements. 
With the development of technically advanced fly ash-products and the tightening of environmental 
regulations, the mobilization of toxic elements contained in coal fly ashes is becoming a growing 
concern. In fact, some elements are likely to be released when ash is in contact with water leading to 
soil pollution and consequent groundwater contamination (Bhattacharyya S. et al., 2009; Flues M. et al., 
2013; Izquierdo M. et al., 2012; Sear L. K. A. et al., 2003; Van der Sloot H. A. et al., 2012). The 
characterization and prediction of metal mobility has thus attracted a considerable attention and 
various studies dealing with the leaching of elements contained in coal fly ashes have been undertaken. 
However, most studies focus on the release of elements of major environmental concern such as 
barium, chromium, lead, arsenic and selenium. Most of the major elements are in the stable core but 
trace elements on the surface can be readily leached (Iyer R., 2002). The aim of this paper is thus to 
develop and characterize in terms of leaching behaviour and compressive strength a hydraulic binder 
with a high incorporation of SSCFA (75%) to be used in the manufacturing of nonstructural blocks. 
The stabilization of SSCFA is assessed by using alternative binders and chemical activators (lime, slag, 
CaSO4, Na2SO4…) and solutions to reduce the leachability of heavy metals and trace elements are 
suggested. The leaching behaviours of various systems are compared with regulatory guidelines being 
those of a French Ministerial Decree (Min. Dec., 2010). Some of the SSCFA-based systems suggested 
here could provide cost-effective and environmentally friendly alternative solutions to landfill by 
reducing the release of elements of potential concern. 
2. Experimental 
2.1. Materials 
SSCFA used in this paper were wetted (water content around 28%) during transportation from 
Reunion Island to the mainland to limit their dispersion in the atmosphere. Particle Size Distribution 
(PSD), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray (EDX) and X-Ray 
Diffraction (XRD) analyses were performed on SSCFA. They were also characterized through Loss 
On Ignition (LOI) at 1 000°C (EN 196-2, 2013), microprobe, specific gravity and Blaine specific 
surface area (EN 196-6, 2012) tests. They can be considered as alkaline fly ashes (pH=9.31) and as it 
will be seen in the following they contain elements of environmental concern. 
Various binders and chemical activators were used for the stabilization process: blast furnace slag 
from Asia (available in Reunion Island) crushed in laboratory (Blaine specific surface around 4 800 
cm2/g); clinker from Asia crushed in laboratory (Blaine specific surface around 4 000 cm2/g); Portland 



 

cement CEM I 52.5R; laboratory grade portlandite (Ca(OH)2) without calcium carbonate, as verified 
by XRD; dry water glass (WG modulus of 1, i.e. SiO2/Na2O=1); calcium sulphate (CaSO4) and 
sodium sulphate (Na2SO4). They were chosen for their ability to increase the pozzolanic reactivity of 
fly ashes and the early strength of fly ashes-based mixtures. The effects of Ca(OH)2, CaSO4 and 
Na2SO4 on coal fly ashes activation are well documented in the literature (Aimin X. et al., 1991; Poon C. 
S. et al., 2001; Qian J. et al., 2001; Shi C. et al., 1993; Shi C., 1996; Shi C. et al., 2001). Portland cement 
CEM I 52.5R (clinker being the main constituent) is widely known to be an effective hydraulic binder 
with excellent mechanical properties. Moreover, XRD analysis performed on the grinded slag used in 
this study showed a representative curve of an amorphous phase, thus confirming that this slag is 
potentially reactive and can be used as a hydraulic binder for stabilization. 
Tested mixtures to stabilize SSCFA are summarized in table 1. Percentages are expressed by weight. 
SSCFA content was kept at 75% for all mixtures in order to maintain a high incorporation rate of by-
product to be stabilized. Binders and chemical activators presented above were mixed with 75% of 
SSCFA. Two water-to-binder (W/B) ratio values were used (0.70 and 0.80). The water brought by 
humidified SSCFA (water content around 28%) was taken into account in the total amount of water 
added to the SSCFA-based systems. 
The activating system was composed of at least one alkaline compound (Ca(OH)2, slag, clinker, 
cement) used to increase the alkalinity and pH of the pore solution. It is known that the amorphous 
phase of fly ashes needs to be attacked at high pH (e.g. > 12) to produce binding hydrates. The 
complementary compounds (CaSO4, Na2SO4…) are known as activators of cement-based binders. 
It has to be noted that around thirty SSCFA-based systems have been preliminarily tested and that the 
ones presented in table 1 have been chosen for their compressive strength results and leaching 
behaviour. From study (Sow M. et al., 2014) and preliminary experimental work, binary systems turned 
out to be less efficient to improve compressive strength and stabilize SSCFA. Moreover, a parameter 
strongly influenced the choice of systems mix-design: the cost. An effort was made to choose common 
and not too expensive binders and chemical activators in low proportions as SSCFA stabilization has 
to be efficient from economical and environmental points of view. 

Tab. 1 Mix-design of tested mixtures 
Mix-design W/B 

A75P20CS5: 75%SSCFA+20%Ca(OH)2+5%CaSO4 0.70 
A75P20SS5: 75%SSCFA+20%Ca(OH)2+5%Na2SO4 0.70 
A75P15Cl10: 75%SSCFA+15%Ca(OH)2+10%Clinker 0.70 
A75S15C10: 75%SSCFA+15%Slag+10%CEM I 0.80 
A75S15C10WG: 75%SSCFA+15%Slag+10%CEM I+WG(5%)* 0.80 

*Water glass used in addition of the SSCFA-slag-CEM I system. 
2.2. Experimental Process 
Mixing and specimen preparation were carried out at ambient temperature and relative humidity of 
55%. Samples were mechanically mixed (normalized mixing according to NF EN 196-1 (EN 196-1, 
2006)) during 3.5 minutes and then cast in polystyrene molds (4*4*16 cm) with the aid of a vibrating 
table. They were kept covered in a room at constant temperature and humidity. They were finally 
demolded after 48 hours or more depending on the hardening kinetics and kept in sealed plastic bags 
at 20°C before testing. 
Compressive strength at 28 days was determined using a 50 kN-press. Leaching behaviour was 
evaluated according to European standard EN 12457-2 test (EN 12457-2, 2002) consisting in a crushing 
step (maximum size of 4 mm) followed by a 24-hour leaching cycle in ultra-pure water (water-to-solid 
ratio of 10 L/kg). Leachate solutions were collected after filtration, acidified with HNO3 and then 
stored at 5°C before ICP-MS (Inductively Coupled Plasma-Mass Spectrometry) analyses. ICP-MS 
combines a high-temperature ICP source with a mass spectrometer. The ICP source converts the atoms 
of the elements in the sample to ions. These ions are then separated by their mass-to-charge ratio and 
detected by the mass spectrometer. Quantitative determination is thus possible following calibration 
with standard and reagent blank solutions as there is a linear relation between ion signal intensity and 



 

element concentration. PH of leachate solutions was measured just after filtration with a pH-meter 
(∼20-21°C). 
3. Results and Discussion 
3.1. Chemical Composition 
SSCFA chemical composition is shown in table 2 along with the one of typical PCFA. More results on 
the characterization study of SSCFA can be found elsewhere (Sow M. et al., 2014). SSCFA have a 
silico-aluminous composition as PCFA with 93 wt.% of SiO2+Al2O3+Fe2O3. The presence of an 
amorphous phase mainly composed of silica and alumina guarantees a certain reactivity of SSCFA 
with calcium hydroxide. The carbon content (around 29%) is however far above the one recommended 
for PCFA (< 9%) (EN 450-1, 2012). SSCFA have a high specific surface (~5 400 cm2/g), which proves 
to be an interesting propertie as the finer the pozzolans, the higher the activity and strength of lime-
pozzolans systems (Qian J. et al., 2001; Shi C. et al., 2001). However, one has to keep in mind that the 
unburned carbon particles could increase the specific surface value of SSCFA. 

Tab. 2 Chemical composition (wt.%) by microprobe analysis of SSCFA and PCFA 
Oxide wt.% SiO2 Al2O3 Fe2O3 CaO TiO2 MgO PO3 K2O NaO2 Mn2O3 SO3 

SSCFA 58.1 30.3 4.6 3.1 1.6 0.89 0.74 0.41 0.13 0.07 0.03 
PCFA ~55 ~25 ~4 ~10 ~0.6 ~1.2 ~0.4 ~0.5 ~2 ~0.5 ~0.2 

3.2. Compressive Strength 
Compressive strength values are reported in table 3. Basic calculations performed with COMSOL 
Multiphysics showed that a minimal strength of 2.5 MPa was required for a 1 m3 block to support its 
own weight and thus to be moved. The 28d-strength values of the tested mixtures were quite low but 
above or equal to 2.5 MPa. 

Tab. 3 Compressive strength values at 28 days 
Mixture 28d-compressive strength (MPa) 

A75P20CS5 2.5 
A75P20SS5 6.9 
A75P15Cl10 3.0 
A75S15C10 3.0 

A75S15C10WG 2.8 
From table 3, it can be seen that Na2SO4 was more effective in increasing compressive strength than 
CaSO4 and clinker. Water glass appeared not to be effective to increase the compressive strength of 
SSCFA-slag-cement system. It has to be kept in mind that the water-to-binder ratio was higher for the 
two last mixtures A75S15C10 and A75S15C10WG (W/B=0.80), which could explain in part the lower 
compressive strength values. Although it is difficult to conclude on the effect of slag and cement, 
previous results showed that these binders could activate SSCFA (Sow M. et al., 2014). Moreover, it 
can be noted that compressive strength is not the most relevant criterion as the proposed mixtures 
could be used for the manufacturing of nonstructural bocks. Mixtures should not be chosen according 
to compressive strength results only as they could prove to be interesting in trapping dangerous 
elements. 
3.3. Leaching Behaviour 
3.3.1 Leaching of Raw Materials 
PH values of leachates and leachate concentrations of raw materials SSCFA, Ca(OH)2 and grinded 
slag are given in table 4 (values reported here are the mean of two results). As these materials are in 
powder, they were not crushed before contact with ultra-pure water. Bold values are those exceeding 
the thresholds of the French Ministerial Decree of 28 October 2010 (Min. Dec., 2010). For some 
elements (Ni, Pb, As, Sb, Cd, Se), zero value means that their concentrations were inferior to the one 
of the reagent blank solution or under the limit of quantification of ICP-MS. Moreover, caution should 
be taken to properly assess the release of selenium as this element was not measured accurately by the 
standard solution, which was not adapted for this element. Particular focus is put here on heavy metals 
and trace elements. A graphical representation is also proposed in figure 1 where the ratio between 
leachate concentrations of raw materials and thresholds is plotted for all tested elements. A 



 

logarithmic scale is used (0 values in table 4 become 0.001 in figure 1) and the dotted line is 
associated to the value of 1, above which thresholds are not respected anymore. 

Tab. 4 PH values and leachate concentrations of SSCFA, Ca(OH)2 and grinded slag expressed as µg/kg of dry 
mass compared to French Ministerial Decree’s thresholds (bold values=concentrations exceeding the thresholds; 
zero values=concentrations inferior to the one of the reagent blank solution or under the limit of quantification of 

ICP-MS) 
Chemical 
elements Thresholds SSCFA Ca(OH)2 Slag 

Ba (Barium) 20 000 2 220 2 432 7 222 
Cu (Copper) 2 000 28 82 34 

Mo (Molybdenum) 500 2 920 13 0 
Ni (Nickel) 400 6 9 3 
Pb (Lead) 500 1 7 4 

As (Arsenic) 500 224 0 0 
Sb (Antimony) 60 133 0 0 
Cd (Cadmium) 40 4 0 0 
Se (Selenium) 100 176 0 0 

Zn (Zinc) 4 000 54 95 63 
Cr (Chromium) 500 292 95 24 
pH (∼20-21°C)  9.31 12.57 11.90 

 

   
Figure 1 Ratio between leachate concentrations of raw materials and thresholds for all tested elements. A 

logarithmic scale is used (0 values in table 4 become 0.001). The dotted line is associated to the value of 1, 
above which thresholds are not respected 

Results reported in table 4 and figure 1 show that SSCFA released elements to values higher than the 
thresholds. It can be seen that molybdenum concentration released in leachate solution after SSCFA-
ultra-pure water interaction was 6 times higher than the French Ministerial Decree’s threshold (Min. 
Dec., 2010). For antimony and selenium concentrations, a factor 2 was observed. According to these 
results, particular attention should be paid to molybdenum, antimony and selenium (and, to a lesser 
extent, to arsenic and chromium). Concerning the leaching behaviour of studied elements from 
Ca(OH)2 and slag, concentrations were below the French Ministerial Decree’s thresholds (Min. Dec., 
2010). 
3.3.2 Leaching of Stabilized Mixtures 
PH values of leachates and leachate concentrations of tested mixtures A75P20CS5, A75P20SS5, 
A75P15Cl10, A75S15C10 and A75S15C10WG are given in table 5. As above, bold values are those 
exceeding regulatory thresholds (Min. Dec., 2010). 
 
 
 
 
 
 



 

Tab. 5 PH values and leachate concentrations of tested mixtures expressed as µg/kg of dry mass (bold 
values=concentrations exceeding the thresholds; zero values=concentrations inferior to the one of the reagent 

blank solution or under the limit of quantification of ICP-MS) 
Chemical 
elements Thresholds A75P20CS5 A75P20SS5 A75P15Cl10 A75S15C10 A75S15C10WG 

Ba 20 000 149 745 2 079 115 142 16 484 4 310 
Cu 2 000 45 37 79 21 66 
Mo 500 222 2 199 502 1 388 2 275 
Ni 400 5 0 3 8 12 
Pb 500 7 0 10 14 11 
As 500 0 3 1 0 12 
Sb 60 0 1 2 2 4 
Cd 40 0 1 1 4 5 
Se 100 31 49 13 15 46 
Zn 4 000 136 123 160 196 254 
Cr 500 21 143 313 146 198 

pH (∼20-21°C)  12.55 12.74 12.58 12.24 12.20 
From table 5, it can be seen that the leaching behaviour of the mixtures depends on the binders and 
chemical activators used. Arsenic, antimony and selenium concentrations were well below the ones for 
SSCFA reported in table 4 and thus under the French Ministerial Decree’s thresholds. Copper, nickel, 
lead and cadmium concentrations in leachates from the tested mixtures were of the same order of the 
values reported in table 4 for raw materials SSCFA, Ca(OH)2 and slag. Concerning zinc and chromium 
concentrations, potential higher variability can be observed between the mixtures but reported values 
were still under the French Ministerial Decree’s thresholds. In the case of zinc, stabilization seems not 
to be effective as values were higher than the ones for SSCFA. Special attention should be paid on the 
leaching behaviour of barium and molybdenum. What it is surprising here is the significant increase in 
barium concentration for A75P20CS5 and A75P15Cl10 mixtures with values far above the ones shown in 
table 4 for SSCFA and Ca(OH)2. One explanation could be the formation of more soluble barium-
based compounds increasing the release of this element. In the case of A75P15Cl10 mixture, a part of the 
barium may come from the clinker. However, replacing calcium sulphate by sodium sulphate leads to 
an important decrease in barium concentration. A75P20SS5 mixture had barium concentration of the 
same order (even a bit lower) than the one shown in table 4 for SSCFA and Ca(OH)2. Sodium sulphate 
seems to play a role in the formation of insoluble barium compounds or phases trapping barium. The 
same is true for water glass. A decrease in barium concentration can be observed when water glass 
was added to the A75S15C10 mixture. Concerning molybdenum concentration, replacing 25% of 
SSCFA by Ca(OH)2 with calcium sulphate, Ca(OH)2 with clinker and, to a lesser extent, slag with 
CEM I 52.5R seem to have a positive impact by decreasing the release of this element. Molybdenum 
concentration in leachate from A75P20CS5 was even two times less than the threshold. Although CaSO4 
was not effective in increasing compressive strength value (cf. table 3), it seems to play a role in the 
trapping of molybdenum by forming specific mineral phases. 
3.3.3 Leaching Procedure 
It has to be kept in mind that evaluate the environmental effect of materials through standard leaching 
test and compare the leachate concentrations with threshold limits is a tricky task. Leachate 
concentrations are subjected to a high degree of uncertainty (Coutand M. et al., 2011; Zandi M. et al., 
2007) and heterogeneity of materials could be responsible for a large dispersion in the leaching results. 
In the case of fly ashes, element concentrations can even show a high variability depending on the 
collected sample (Flues M. et al.; 2013). Moreover, EN 12457-2 standard test (EN 12457-2, 2002) is 
recommended by the French Ministerial Decree of 28 October 2010 (Min. Dec., 2010) but could under-
estimate the stability of the tested mixture, especially when the ash is stabilized in hydrated cement in 
monolith form (Cyr M. et al., 2006; Cyr M. et al., 2012). In fact, the sample is crushed to get particles 
with maximum size of 4 mm and so the final scenario (i.e. nonstructural blocks) is not assessed by this 
test. The use of NF XP X31-211 standard (XP X31-211, 2000) for evaluating the leaching behaviour of 
monolithic samples would be more adapted, as it could approach the behaviour of stabilized materials 



 

during working life. In addition, as it is a single extraction batch test with a fixed water-to-solid ratio 
(W/S=10 L/Kg), it does not allow for evaluation of leaching over the potential range of leaching pH 
conditions anticipated during the lifecycle of material use. Furthermore, contamination through 
leaching procedure may occur during the sample preparation, for example during crushing and 
filtration steps. 
3.4 Mechanisms of Stabilization 
Generally speaking, it can be remarked that depending on the binder and chemical activator, one can 
decrease the release of molybdenum (or barium) but enhance the leachability of barium (or 
molybdenum). From the analyses performed up to now, the mechanisms underlying the leachability of 
studied elements, particularly barium and molybdenum, cannot be clearly identified. As reported in 
literature, the amounts and rate of trace elements released from fly ash into solution depend on several 
factors: the pH, the total concentration of elements in the solid phases, the distribution of elements in 
the fly ash particles and the incorporation of the elements into secondary solids (De Groot G. J. et al., 
1989; Iyer R., 2002; Izquierdo M. et al., 2012; Jankowski J. et al., 2006). The former factor, i.e. the pH, 
plays an important role on the mobility of some elements. Alkalinity contributes to attenuate the 
leachability of a large number of heavy metals but it also enhances the mobility of a few oxyanionic 
species, such as As, Cr, Mo, Sb, Se (De Groot G. J. et al., 1989; Izquierdo M. et al., 2012). The leachability 
of barium in coal fly ash tends to be controlled by the formation of more or less soluble compound 
rather than pH (Izquierdo M. et al., 2012). The same is not true for molybdenum, which shows a 
significant reduction in solubility below pH 5 and thus should be less problematic under acid 
conditions (Izquierdo M. et al., 2012; Ward C. R. et al., 2009). PH measurements performed on leachate 
solutions (cf. table 5) show no significant differences between the various mixtures. However, an 
increase in pH can be observed between the leachates of raw material SSCFA and SSCFA-based 
mixtures, which is due to the large amounts of Ca and alkalis in the leachates of SSCFA-based 
systems. As pH values are quite similar for each mixture, it seems that something else happen in the 
tested systems leading to unexpected different leachate concentrations for barium and molybdenum. 
The latter factor, i.e. the incorporation of the elements into secondary solids, could be a reasonable 
explanation. In the case of A75P20SS5 mixture, barium may be encapsulated within the stabilized 
matrix as barium sulfate (or other compounds for A75S15C10WG mixture) and, in the case of A75P20CS5 
and A75P15Cl10 mixtures, molybdenum could be uptake in or adsorb onto some new mineral phases 
(Fuessle R. W. et al., 2000; Izquierdo M. et al., 2012). However, the very small amounts of barium and 
molybdenum in the systems make difficult the detection of the new-formed compounds with 
techniques analyzing the overall material (e.g. X-ray diffraction, Infrared spectrometry…). Local 
techniques such as XANES/EXAFS (X-Ray Absorption Edge Structure/Extended X-Ray Absorption 
Fine Structure) should help to identify the speciation of minor elements. On the contrary, association 
of some elements with soluble phases could cause them to be leached at much higher rates, as it can be 
observed for barium with the leachate concentration of SSCFA-based systems being higher than the 
one of raw material SSCFA (except for A75P20SS5). This remark points out the need to evaluate the 
concentration of elements in the solid phases (for raw materials and SSCFA-based systems) in order to 
bring some light on the origin of the high leachate concentration of barium for some mixtures. 
4. Conclusions 
The environmental study presented here shows that SSCFA cannot be considered as an inert waste. 
Leachate concentrations do not comply with thresholds recommended in the French Ministerial 
Decree of 28 October 2010. 
In this paper, stabilization of SSCFA-based systems was studied. Tested mixtures were prepared with 
a high percentage of SSCFA and alternative binders and chemical activators. Compressive strength 
results showed that pozzolanic reactivity could be improved. Moreover, when mixed with hydraulic 
binders and activators, the leachability of some elements could be reduced. However, caution should 
be taken regardless of the element (e.g. barium) because a significant increase of the release in water 
could be observed. Heavy metals and trace elements could be trapped in newly formed mineral phases 
resulting in an attenuation of their leachability; or more soluble compounds could be formed resulting 



 

in an increase of their release in water. Supplementary analyses should be done to understand the 
factors underlying the leachability of heavy metals and trace elements.  
This paper clearly shows that the stabilization of SSCFA is a tricky task. It seems difficult to reduce 
both barium and molybdenum leachate concentrations as when one is decreased, the other is increased. 
The results are however encouraging and some mixtures suggested here could be effective and 
environmentally friendly alternative solutions to landfill provided that some regulatory values are 
adapted by prefectural decision and that the leaching test is adjusted to the scenario of using. 
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Abstract 
Portland cement has been the most commonly used binder material for concrete making. However, the 
production of Portland cement generates large amounts of CO2 from decarbonation of limestone. From the point 
of view of sustainable development, only systems where the supplementary cementing materials (fly ash, slag, 
metakaolin, etc) becomes the main binder will be able to meet the anticipated growth of concrete volumes. The 
alkali activation of waste materials can produce a binder with similar properties as Portland cement but with 
fewer drawbacks linked to greenhouse gas emissions. 
The geopolymer material possesses a plastic state as Portland cement concrete and thus can incorporate an 
aggregate skeleton and a reinforcing system. The material solidifies and hardens to form a rigid structure. The 
workability of geopolymer concrete is an important factor to be evaluated because the material should be mixed, 
placed, molded and finished with ease. 
The purpose of this study is to evaluate the effect of water, superplasticiser and activator on the workability of 
geopolymer mortars made using blast furnace slag or coal fly ash as precursor and sodium hydroxide and 
sodium silicate solution as alkaline activators.  
The flow of the freshly mixed mortar was determined on a flow table that undergoes a succession of drops; the 
diameter of the pat was measured to determine consistency. The flow is re-evaluated at intervals of 4 minutes in 
order to assess the time period during which blends retain their workability as some geopolymer mortars tend to 
harden very quickly. To be used in practice, it is important that mixtures can keep their workability for the time 
needed to set up but this should not be at the expense of the compressive strength tested here in accordance with 
ASTM C109. 
The results showed that the workability of mortars made with fly ash is much higher and is remain much longer 
than with slag. In all cases, the use of naphthalene based superplasticiser has a limited effect on the workability 
of the mortar. The addition of sodium silicate as activator tends to reduce workability. Increasing the water 
content of the mixtures allows substantial gain of the workability but has a direct effect on the decrease of the 
compressive strength. The results provided insight to better understand the factors affecting the workability of 
geopolymer mortars.  
 
Originality 
With political and environmental pressures, it is urgent to react and find alternative binders to Portland cement 
(OPC) which generates significant amounts of greenhouse gas emissions. Geopolymers are interesting 
alternatives to OPC because they are based on aluminosilicate material, composition of several common 
industrial wastes. Research on geopolymer is growing and significant advances have been made in terms of the 
chemical reactivity. However, a scale-up problem is observed from a civil engineering point of view. 
Investigation optimized on geopolymer pastes cannot be directly applicable on geopolymer mortar or concrete. 
It is very difficult to obtain mixtures that have both good workability and compressive strength. The time period 
during which the mixture remains plastic is important for utilization in civil engineering projects. This study to 
better assess the effect of the type of activator, use of superplasticiser and water content on mixture workability 
is crucial because it is important to obtain samples with a good consistency before undertaking more complex 
experiments to assess the durability of geopolymer concretes. After trying hundreds of geopolymer concrete mix 
designs without reaching a suitable workability we returned to the base and have undertaken this study. The 
purpose of publishing these results is to prevent other researchers to do the same steps. 
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1. Introduction 
Portland cement has been the most commonly used binder material for concrete making. In fact, the 
World cement production was estimated to 4 billion tonnes in 2013 (USGS 2014). The production of 
Portland cement generates large amounts of CO2 from decarbonation of limestone, well-known for its 
global warming effect. It is estimated that the cement industry generates approximately between 5% 
(Damtoft J.S., et al., 2008) to 7% (Aïtcin P.C. and Mindess S., 2013) of global manmade CO2 
emissions. 
From the point of view of sustainable development, only systems where the clinker contents in 
cement is reduced or completely replaced will be able to meet the anticipated growth of concrete 
volumes. The alkaline activation of waste materials can produce a binder with similar properties as 
Portland cement but with fewer drawbacks linked to greenhouse gas emissions. According to 
McLellan B.C., et al., (2011), geopolymer could lead to a reduction in greenhouse gas emissions up to 
64% compared to Portland cement in an Australian context. In Europe, reduction potentials of 25 to 
45% (Stengel T., et al., 2009) and 70% (Weil M., et al., 2009) have been reported. 
The alkali activation of waste materials has become an important area of research due to its potential 
to synthesize, at low temperature conditions, a binder with similar properties as Portland cement but 
without the drawback linked to greenhouse gas emissions (Duxson P., et al., (2007); Hardjito D., et al., 
(2004); Kovalchuk G.Y., et al., (2007); Palomo A., et al., (1999)). The material possesses a plastic 
state as Portland cement concrete and thus can incorporate an aggregate skeleton and a reinforcing 
system. The material solidifies and hardens to form a rigid structure (Fernandez-Jimenez A., et al., 
(2005); Duxson P., et al., (2007); Bakharev T., (2005)). However, the poor workability of geopolymer 
materials is often reported, slowing the development of practical applications. In fact, the behavior of 
admixtures on geopolymer matrix is not clear. As example, according to the study of Bakharev T., et 
al., (2000), only an air-entraining agent was able to improve the workability and had no negative 
effect on compressive strength of alkali-activated slag concrete. Puertas F., et al., (2003) reported the 
effect of the latest generation of superplasticiser admixtures on alkali-activated slag and fly ash. These 
authors found no effect (strength or fluidity) on fly-ash based materials. For alkali-activated slag, 
neither admixture had an effect on the fluidity but the admixture based on vinyl copolymers had a 
negative effect on strength development. 
The aim of this study is to obtain a material equivalent to Portland cement based on the compressive 
strength but also on the workability because the material should be mixed, placed, molded and 
finished with ease as in the case for conventional mortar based on Portland cement. The effect of the 
proportion of water, the type and concentration of the activators, the addition of superplasticiser are 
studied on the workability and compressive strength of fly ash or slag based geopolymer mortars. 
2. Materials 
2.1 Aluminosilicate materials (precursor) 
The class F fly ash (FA) used in this study was from the Sundance plant, Alberta, Canada. The ground 
granulated blast furnace slag (GBFS - grade 80) was from Hamilton, Ontario, Canada. Table 1 
presents the chemical composition of these materials. Major oxides were measured after lithium 
borate fusion by ICP while total sulfur and carbon were measured by Leco. 

Tab. 1 Chemical compositions of the aluminosilicate materials 
Composition 

(%) SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O K2O 

FA 56.72 3.14 24.07 9.29 1.05 0.65 2.50 0.64 
GBFS 37.74 0.50 10.75 36.20 12.62 0.91 0.41 0.49 

Composition 
(%) P2O5 MnO Cr2O3 LOI Sum TOT/C TOT/S  

FA 0.09 0.04 0.004 1.2 99.94 0.41 0.07  
GBFS <0.01 0.75 0.003 -0.8 99.79 0.15 1.29  

 
 



 

2.2 Alkaline activators 
Alkali activators allow the dissolution of the aluminosilicate source and the formation of a low 
solubility gel. The activator solutions generally used are hydroxides or alkali metal salts. Sodium 
hydroxide (NaOH) solutions were used as activator at concentration of 2, 4, 6, and 8 M prepared from 
solid pellets reagent. Sodium silicate (Na2SiO3) composed of 9.04% Na2O, 28.7% SiO2 and 62.3% 
H2O was also used in combination with the sodium hydroxide solution at mass ratio (Na2SiO3/NaOH) 
of 0, 1, and 1.5. 
2.3 Fine aggregates 
The fine aggregate used for the mortar making is granitic sand with particle size lower than 5 mm. 
The sand has a specific gravity of 2.73, water absorption of 0.5% and a fineness modulus of 2.48. 
2.4 Superplasticiser 
The superplasticiser admixture used to produce flowing mortar and aiding in mortar placement was 
naphthalene sulfonate based high range water-reducing admixture. 
3. Experimental procedure 
3.1 Mortar preparation 
Geopolymer mortars were made using blast furnace slag or coal fly ash as precursor and sodium 
hydroxide and sodium silicate solution as alkaline activators and granitic standard sand was used as 
fine aggregate. For all mortar samples, the amount of activator used was equivalent to 35% by mass of 
the binder materials. The concentration of the alkaline activator used was 2, 4, 6, and 8 M for the 
sodium hydroxide solution with a sodium silicate to sodium hydroxide mass ratio of 0, 1.0, and 1.5. 
The water and superplasticiser were used at different dosages depending on the type of precursor. 
Indeed, for the blast furnace slag mortars, dosages of 4 and 6% of the mass of binder were used for 
the superplasticiser with 6 and 12% additional water addition. In the case of fly ash, the dosages of 
superplasticiser were 0, 2 and 4% of the mass of the fly ash with 0 to 6% water addition. 
The mortar mixing sequence is done by placing the liquid (water + superplasticiser + activator) in the 
bowl and adding the precursor (fly ash or slag). The materials are mixed at a slow speed for 30s. The 
sand is slowly added over a 30s period and the mortars are mixed for an extra 30s at a medium speed 
and let stand for 90s. The mortars are mixed at a medium speed for another minute. Fresh mix is used 
for the flow measurement or molded for compressive strength measurements. 
3.2 Mortar flow measurement 
The flow of the freshly mixed mortar was determined on a flow table (slump cone test). Mortar was 
poured into the conical brass mold (height: 5 cm diameter: 10 cm) in 2 layers and tamped 25 times for 
each layer. The top surface was leveled and the mold was slowly removed. The flow table underwent 
a succession of 10 drops; the diameter of the mortar pat was measured along 4 directions to determine 
consistency. The flow is re-evaluated at intervals of 4 minutes in order to assess the time period during 
which mortars retain their workability as some geopolymer mortars tend to harden very quickly. 
Before the revaluation of the flow, the mortar is remixed at a medium speed. The flow is measured 
every 4 minutes until the measured difference between two successive measurements was less than 1 
mm. 
3.3 Compressive strength measurement 
Cubic mortar samples (50x50x50 mm) were made according to ASTM C192/C192M procedure. 
Mortar samples were poured in metallic brass molds and then placed in hermetic containers for a 24 
hours curing period at 80˚C followed by an extra 48 hours curing period at room temperature (Figure 
1). Mortar cubes are demolded and the compressive strengths were measured on 6 specimens per 
mixture. 



 

 
Figure 1 Compressive strength measurement a) mortar cube sample b) Mould in hermetic container for high 

temperature curing c) compressive strength testing. 
4. Results and discussion 
Figure 2 (left) shows the effect of the amount of water (6 or 12%) and superplasticiser (2 or 4%) 
added to the GBFS-based mortar actiated by only NaOH 8M. Mortars made with 12% water have a 
higher slump than those who contains 6% and this slump persists much longer. This same trend can 
be applied for the superplasticiser dosage. Figure 2 (right) presents the effect of adding sodium 
silicate to the NaOH solution used as activator on the slump of GBFS mortars (other parameters are 
kept constant). After only 8 minutes, most of the mortars made with sodium silicate addition had 
significantly lost their workability and were difficult to put in place. 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Effect of the addition of sodium silicate on the variation of the slump as a function of time for mortars 

made of blast furnace slag. 
Figure 3 shows the effect of sodium silicate addition on fly ash based mortars. The addition of sodium 
silicate has an effect quite contrary to that observed with slag mortars with an increase in workability 
with an addition of sodium silicate. These results show that the activators have very different effects 
depending on the precursors used for the production of mortars. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3 Effect of the addition of sodium silicate on the variation of the slump as a function of time for mortars 
made of fly ash. 

Figures 4 and 5 clearly show the effect of the NaOH concentration on slump. NaOH increases the 
viscosity of the mortars and this effect appeared early during the mixing procedure. However, the 
compressive strength of mortars decreases as the concentration of NaOH is reduced for fly ash-based 
mortars. GBFS-based mortars activated with 8M NaOH have a compressive strength of 43 MPa at 3 
days while values of 27 MPa and 12 MPa were measured with 4 and 2M NaOH respectively. This 



 

result is contrary to that reported by Escalante Garcia, J.I., et al., (2006); ie highest strength obtained 
at moderate alkalinity for slag-based pastes. 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Effect of the sodium hydroxide concentration used as activator on the variation of the slump as a 
function of time for mortars made of blast furnace slag. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5 Effect of the sodium hydroxide concentration used as activator on the variation of the slump as a 
function of time for mortars made of fly ash. 

The compressive strength of the fly-ash based mortars was 39 MPa for samples activated with 8M 
NaOH solution and only 13 MPa for the 4 M solution. The effect of the amount of water added to the 
mixtures can be seen in figures 6 to 8. Fly-ash based samples with 6% water addition show a slump 
between 130 and 160 mm (NaOH 8M), which is stable for at least 30 minutes. The sample without 
water addition or superplasticiser shows a slump between 90 and 120 mm. The addition of 
superplasticiser has little effect on fly-ash based mortars and for most mortars, samples with 4% 
superplasticiser show slump lower than those with only 2%. GBFS mortars present the same behavior 
against the addition of water. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 Effect of the quantity of water added and the use of superplasticiser on the variation of the slump as a 

function of time for mortars made of fly ash. 



 

 
 
 
 
 
 
 
 
 
 
 

Figure 7 Effect of the quantity of water added on the variation of the slump as a function of time for mortars 
made of blast furnace slag. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 Effect of the quantity of water added on the variation of the slump as a function of time for mortars 

made of fly ash. 
In Figure 9, the green and purple curves represent mortars with addition of 2% superplasticiser while 
the red and blue curves represent those with 4%. For mortars containing slag, increasing the dosage of 
superplasticiser has a small positive effect. The slump increased slightly and allows only an additional 
measure (or 4 minutes). Figure 10 shows that the superplasticiser has no effect on fly ash based 
mortars. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Effect of the quantity of superplasticiser added on the variation of the slump as a function of time for 
mortars made of blast furnace slag. 

  



 

 
 
 
 
 
 
 
 
 
 
Figure 10 Effect of the quantity of superplasticiser added on the variation of the slump as a function of time for 

mortars made of fly ash. 
5. Conclusions 
In this study the effects of the type of activator (NaOH alone or mixed with Na2SiO3), use of 
superplasticiser and water content on mixture workability and strength properties of geopolymer 
mortars has been evaluated. Based on our results we can draw the following conclusions: 
- Either with slag or fly ash, the decrease of the NaOH concentration decreases the compressive 
strength of the mortars but increases their workability. 
- The addition of water in the mixture increases the mortar workability and permits to maintain the 
workability for a longer period of time. 
- The addition of sodium silicate to the sodium hydroxide solution has a negative effect on the 
workability of the slag-based mortars. However, this addition is sometimes positive for fly ash 
mortars. 
- The addition of superplasticiser increases the workability of the mortar made with slag activated by 
NaOH only; there is no increase of the workability when sodium silicate is presented as activator. 
Superplasticiser showed no effect on the workability of fly ash mortars. 
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Abstract 
This paper reports on the usage of excavated sedimentary rocks from Jurong Rock Caverns in Singapore as a precursor 
to produce geopolymers. The rocks were transformed to powder form in a sequence of steps including the use of 
hammer, jaw crusher and ball miller. The rock powder was characterized using X-ray diffractometry (XRD), scanning 
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and particle size analyzer. XRD results 
indicate that the rock powder is highly crystalline while the elemental composition found from EDX shows high 
amounts of silicon and aluminum in the rock powder. The extent of dissolution of silicon and aluminum ions originating 
from the rock powder in alkaline solution was measured using inductively coupled plasma optical emission 
spectrometry (ICP-OES) and was found out to be very small. This indicates that if the rock powder is not used in 
combination with an active geopolymer precursor such as metakaolin, it would be a very weak geopolymeric precursor.  
Further, a number of geopolymer test specimens were prepared by addition of different amounts of rock powder to 
metakaolin and mixing them together with the sodium silicate solution. The compressive strengths of the hardened 
specimens were tested. Experimental results indicate that though the rock by itself cannot participate much in the 
geopolymerization reaction but it can very well act as a filler and high compressive strengths can be attained by 
keeping the Si/Al ratio of the geopolymer mix close to 2.0.  
 
Originality 
Singapore is trying to develop the Jurong rock caverns (JRC) for commercial purposes and as a result a huge amount 
of rocks have been excavated. These sedimentary rocks have an enormous potential to be utilized as a building material 
and in particular for synthesis of geopolymers. These rocks are rich in silicon and aluminum elements and they can 
either serve as a precursor to part in geopolymerization or as filler material in geopolymers. Indeed, geopolymers 
could be synthesized using these rocks. Even the geopolymers with rock content as high as 67% and metakaolin 33% 
could gain strength as high 79MPa. Thus, the utility of these sedimentary rocks from the JRC as an ingredient for 
geopolymer synthesis is the first originality of this research. 
Second originality is related to the ability of these JRC rocks to participate in geopolymerization. In fact, it was found 
using inductively coupled plasma optical emission spectrometry (ICP-OES) that the extent of dissolution of the 
powdered rocks in alkaline solution is very small. Thus, if the rock powder is used alone as a geopolymer precursor, it 
cannot harden to form geopolymer. But if used in conjunction with a potent geopolymeric precursor like metakaolin, it 
can indeed serve as a well-fitting filler material.      
 
 
Keywords: geopolymer; precursor; filler; dissolution; amorphous 
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1. Introduction 
Geopolymer is term coined by Joseph Davidovits in 1978 for a class of inorganic, amorphous to semi-
crystalline, three-dimensional silico-aluminate materials (Davidovits J. et al., 1991). Geopolymers 
possess excellent mechanical properties and fire resistance. There has been a wide variety of 
applications of geopolymers as heat resistant materials, cements and concretes, thermal insulation, 
refractory material, high tech composites, for medicinal applications and so on (Davidovits J., 2008). 
Geopolymer cement or binder is a promising alternative to ordinary Portland cement (OPC). Portland 
cement production is one of the principal causes of greenhouse gas emission whereas geopolymer 
when used as binder can utilize even industrial by-products as a raw material. In this manner it can 
serve as a green construction material with immense potential for sustainable development.  
Geopolymerization involves a chemical reaction between various alumino-silicate oxides with silicates 
under highly alkaline conditions, yielding polymeric Si–O–Al–O bonds (Xu H. et al., 2000). The most 
commonly used alumino-silicate oxide sources are metakaolin, fly ash and blast furnace slag and their 
dissolution in alkaline medium leads to formation of individual alumina and silicate species which 
then co-polymerize to form geopolymers. An alkali metal salt and hydroxide is required for 
dissolution of silica and alumina to proceed, as well as for the catalysis of the condensation reaction 
(Xu H. et al., 2000). 
Previous researches indicate that any Si-Al materials might become sources of geopolymerization. 
(Van Jaarsveld J.G.S., et al., 1997; Xu H. et al., 2000). Some previous researches study the utility of 
rock forming minerals as a geopolymer precursor. Xu and van Deventer (Xu H. et al., 2000) 
investigated the geopolymerization of several Al-Si minerals. The rate of dissolution of Al from the 
natural alumino-silicates is often small. It is insufficient to produce a geopolymeric precursor of 
desired composition (Davidovits J., 2008). Xu and van Deventer thus added kaolinite to the rock 
forming minerals to synthesize geopolymers. 
The aim of this paper is to investigate whether the excavated sedimentary rocks from the Jurong Rock 
Caverns (JRC) in Singapore can serve as a precursor to form geopolymers. In this research, powdered 
rock sample and metakaolin were mixed together in different proportions to form the geopolymeric 
precursor and the performance was studied. 
2. Experimental Investigation 
2.1. Material 
Sedimentary rocks were procured from Jurong Rock Cavern and classified into four types based on the 
simple classification as described in section 2.2. The rocks were broken into smaller pieces using a 
hammer and one kilogram of each rock was collected. The collected rock pieces were crushed using a 
Jaw Crusher and milled using a Ball Milling Machine to achieve rock in powder form. The rock 
powders were then sieved. The particle size distribution of rock sample three is shown in figure 2.  
Metakaolin was purchased from BASF with brand name Metamax with chemical composition as 
described in table 1. 

Table 1 Chemical composition of metakaolin 
Chemical composition SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 SO3 LOI 

Percent 53.0 43.8 0.23 0.19 1.70 0.43 0.02 0.03 0.03 0.03 0.46 
The NaOH pellets were 99% pure and purchased from Schedelco Pte. Ltd. The fumed silica used in 
this research was amorphous silica (Cabosil M5 99.8% SiO2) 
2.2. Classification of Rock Samples 
Table 2 shows a simple method to classify rock based on the grain size and color. The rock samples 
from JRC were classified based on this method. The classification is shown in table 3.   

Table 2 Classification of rocks based on the grain size and color. 
Macro color Grain size range 

(mm) 
Rock classification Standard sample 

ID 
Black 0.005~0.02 Fine siltstone I 
Black 0.005~0.04 

Dark grey to black 0.01~0.08 Coarse siltstone II 
Dark grey to black 0.01~0.08 



 

Dark grey to black 0.02~0.08 
Grey to dark grey 0.04~0.15 Course siltstone or fine 

sandstone 
III 

Grey to dark grey 0.06~0.2 
Grey to light grey 0.1~0.3 Fine to medium sandstone 

1 
IV 

Grey to light grey 0.1~0.4 sandstone V 
Grey to light grey 0.07~0.5 Fine to medium sandstone 

2 
V1 

 

 
Figure 1 Classification of rocks based on the grain size and color 

 
Table 3 Classification of the JRC rocks 

Rock sample no. Standard sample ID Rock classification 
1 I Fine siltstone 
2 II Course siltstone 
3 III Course siltstone or 

Fine sandstone 
4 V Sandstone 

 

 
Figure 2 Particle size distribution of rock three 

2.3. ICP-OES 
The extent of dissolution of rock samples was determined by mixing 0.5g of each sample with 20ml of 
alkaline solution (2, 5 and 10N of NaOH) at room temperature for 5 hours using a magnetic stirrer. 
After centrifugation and filtration the solution part was diluted to 0.2N alkaline concentration and 
neutralized by 36%HCl. PerkinElmer Optima 8300 was used to analyze the filtered solutions.  
2.4. XRD 
X-ray Diffraction (XRD) data was obtained using Bruker D8 Powder XRD for each rock sample. 
2.5. EDX 
Energy - Dispersive X-ray spectroscopy (EDX) was done by using Scanning Electron Microscopy 
JEOL JSM 6360A to identify the elemental composition of each rock sample. 
2.6. SEM 
Scanning electron microscopy (SEM) was conducted using a thermal FE-SEM (JSM-7600F) at 
magnification levels 50k and 25k. The samples were oven dried, mounted on stub and coated with 
platinum layer prior to SEM imaging. 
2.7. Particle size distribution 

I II III IV 

V VI 



 

Particle size distribution of rock was analyzed by using Malvern Mastersizer 2000. 5g of rock powder 
was suspended in 20ml of distilled water as a part of the procedure. 
2.8. Geopolymer synthesis 
In the current research only rock sample number three was used to synthesize geopolymers. The solid 
ingredients (rock powder and metakaolin) were mixed in different proportions before mixing it with 
the sodium silicate solution. Sodium silicate solution was prepared by mixing fume silica into NaOH 
solution to obtain a Na2O/SiO2 mole ratio of 0.25. Different volume of Sodium silicate solution was 
added to 15g of solid ingredients. They were mixed together using a spoon and the resulting mix was 
then transferred to molds measuring 20 x 20 x 20 mm and the mold was vibrated. The molds were then 
covered with plastic sheet and placed in environmental chamber at 60 degrees and 98% relative 
humidity for 24 hours, followed by further curing at room temperature for 96 hours. The hardened 
geopolymer samples are shown in figure 3. 

 
Figure 3 Hardened geopolymer samples 

2.9. Compressive strength 
The compressive strength of 20 mm cubes was measured using compression testing machine. The 
loading rate was 60KN/min. The values of compressive strength indicated in this research are an 
average of three test results.  A geopolymer sample after the compression test is shown in figure 4. 

 
Figure 4 Geopolymer sample after the compression test. 

3. Characterization of rock sample 
The powdered rock sample was characterized using XRD, SEM, EDX and particle size analyzer. The 
XRD analysis for all rock samples shows that they are primarily crystalline as shown in Figure 5.  
SEM results show that all the 4 types of rock samples have similar microstructure and microstructure 
of sample three is shown in Figure 7. EDX analysis, figure 6, demonstrates that silicon and aluminum 
are the main elements in the rock, but the amorphous silicon and aluminum content cannot be 
determining by EDX. Thus, the extent of dissolution of powdered rock samples in alkaline medium 
was measured to quantify the amorphous silicon and aluminum.  

 



 

 
Figure 5 XRD pattern for sample three 

 
Figure 6 EDX evaluation of sample three 

 

     
  (a)Magnification 25k                          (b) Magnification 50k 

Figure 7 SEM images of rock sample three. 
4. Extent of dissolution of rock sample in alkaline medium 
The process of geopolymerization starts with the dissolution of Al and Si from Al-Si materials in 
alkaline solution. Thus, an understanding of the extent of the dissolution of natural Al-Si minerals is 
imperative for an understanding of geopolymerization reactions (Xu H. et al., 2000). The extent of 
dissolution of samples performed in this research is based on previous work by Xu and Van Deventer 
in year 2000. 
Table 4 shows the extent of dissolution based on the ICP-OES test for 0.5g of all four kinds of rock 
samples in terms of weight% of Al or Si dissolved in 20 ml of solution after 5 hour contact with the 
solution. The alkaline solutions contained NaOH at concentration of 2, 5 and 10N. From table 4, it can 
be observed that the rock powders undergo higher extent of dissolution with increasing concentrations 



 

of alkaline solution. The weight % of Si are higher than the corresponding Al. Xu and van Deventer 
suggest that this could be partly caused by the higher content of Si than Al in the rock powder and also 
by the higher intrinsic extent of dissolution of Si than Al (Xu H. et al., 2000). It is assumed in this 
work that only the amorphous or reactive portion of rock powder gets dissolved in the NaOH solutions 
whereas crystalline part doesn’t. Hence, it can be observed from table 4 that the amorphous content in 
the rock samples is very insignificant. 

Table 4 The extent of dissolution of Si and Al from rock sample in NaOH solutions 

Rock sample 
no. 

2N NaOH 5N NaOH 10N NaOH 
Si (wt% dissolved 
from rock sample) 

Al Si Al Si Al 

1 0.37 0.01 0.48 0.04 1.16 0.21 
2 0.26 0.01 0.51 0.03 0.46 0.13 
3 0.03 0.02 0.38 0.04 0.38 0.23 
4 0.23 0.02 0.21 0.06 0.53 0.48 

5. Compressive strength of geopolymers 
A number of geopolymer samples were prepared using different proportions of rock powder and 
metakaolin and different quantities of sodium silicate solution was added to them. The corresponding 
mix design parameters (Si/Al, Al/Na, and w/solids) and the compressive strength (fc’) are indicated in 
Table 5. The H2O/Na2O ratio was kept constant at 11.30.  
The % of rock refers to the ratio of mass of rock to the mass of total solid ingredients. The total solid 
ingredients weigh 15g in each mix. 
The w/solids refers to the water to reactive solids ratio. The reactive solids include metakaolin (as it is 
almost 100% amorphous), the amorphous portion from rock samples (as found out from extent of 
dissolution test) and the solids from the sodium silicate solution. The water is the water from the 
sodium silicate solution. Only the amorphous silicon and aluminum are considered to calculate the 
Si/Al and Al/Na ratios.  

Table 5 Mix design parameters and the corresponding compressive strengths for all the geopolymer mixes 

% of 
rock  Si/Al Al/Na w/solids fc' (MPa) 

100% 46.05 0.02 0.91 0.00 
90% 3.47 0.42 0.63 21.10 
90% 3.95 0.35 0.67 12.04 
90% 4.42 0.30 0.69 3.58 
90% 6.34 0.19 0.76 0.00 
80% 2.55 0.66 0.53 33.44 
80% 2.80 0.57 0.56 43.57 
80% 3.80 0.36 0.66 32.26 
67% 2.11 0.93 0.45 62.54 
67% 2.26 0.82 0.48 78.96 
67% 2.72 0.59 0.55 47.60 
50% 1.85 1.21 0.39 69.81 
50% 2.16 0.88 0.46 75.53 
33% 1.69 1.51 0.34 67.35 
33% 1.88 1.17 0.39 77.56 
0% 1.59 1.75 0.31 50.81 



 

 
Figure 8 Compressive strength as a function of Si/Al 

 
Figure 8 Compressive strength as a function of Si/Al 

Figure 8 shows the variation of compressive strength with the Si/Al ratio. A particular trend can be 
observed. The compressive strength reaches maxima at Si/Al close to 2. At lower or higher Si/Al 
ratios the compressive strength is found to reduce. Previous research based on pure metakaolin based 
geopolymers has found maxima in compressive strength close to Si/Al 1.90 (Duxson P. et al., 2005). 
The addition of rock to metakaolin also helps to achieve a range of Si/Al ratios for the geopolymer 
mix but the higher Si/Al ratio mixes (say Si/Al>2.5) show reduced compressive strengths.  
Also, the rock powder seems to simply act as a filler material. 

 
Figure 9 Compressive strength as a function of w/solids 

Figure 9 shows a maximum in compressive strength at w/solids close to 0.4-0.45. Further reducing the 
w/solids doesn’t result in increase in compressive strength.  
6. Conclusions 
The rocks from JRC were investigated whether they can be used as a geopolymer precursor. The rocks 
were found to have a high crystalline content. The extent of dissolution was found out using ICP-OES 
test. The test indicated that only a little amount of silicon and aluminum present in the rock powder 
could be dissolved in the alkaline solution. Hence the amorphous content in rock is very meagre. 
A number of geopolymer samples were prepared using different proportions of rock powder and 
metakaolin with addition of different quantities of sodium silicate solution. The compressive strength 
results indicate that high compressive strengths can be achieved if the initial Si/Al ratio of the 
geopolymer mix is close to 2.0. 
Further, the results indicate that though the JRC rocks cannot participate in geopolymerization much 
but they can very well act as fillers when added to metakaolin precursor and high compressive 
strengths can be attained by keeping the Si/Al ratio of the geopolymer mix close to 2.0. 
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Abstract 
Natural diatomite contains a large amount of amorphous silica, which as siliceous material can be 
used for silicate products. The specimens of humidity controlling material based on diatomite were 
made by some critical process measures, such as pouring slurry into mould, pressure dewatering and 
atmospheric steam curing. The effects of the ratios of raw materials and the pressure of dewatering on 
bending strength, the performances of moisture absorption and desorption were studied, the 
microtopography of specimens were analyzed by scanning electron microscope. The results of single 
factor experiments showed that the specimen had the maximum bending strength with 2: 6 of CaO/SiO2 
mole ratio, the bending strength of the specimen showed a rising trend with the increase of the cement 
content and the dewatering pressure; A slight increase in bending strength could be found while rising 
desulfurization gypsum content; For the absorption and desorption performances, the CaO/SiO2 mole 
ratio were significantly influence, and the effect of the content of cement and desulfurization gypsum 
content,dewatering pressure could be ignored. The SEM photos showed that diatomite hydration 
products in internal holes increased with CaO/SiO2 mole ratio, which was related to the performances 
of moisture absorption and desorption.  
Originality 
In this paper we took full advantage of the microporosity of natural diatomaceous earth to make a kind 
of humidity controlling material that can keep stable indoor moisture, and the high content of 
amorphous silica in diatomaceous earth is the key to get the enough bending strength. We made the 
humidity controlling material based on diatomaceous earth by simulating the process of calcium 
silicate board, and tested the bending strength and moisture absorption and desorption. SEM and XRD 
were helpful to understand some experiment phenomenas. 
The proposed content are original and not involving plagiarism with copyright infringement issues. I 
hereby declare and guarantee those are true, I claimed. 
Keywords: diatomite; moisture absorption and desorption; hydrothermal synthesis;   
bending strength 
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1. Introduction 
Diatomite is a kind of amorphous non-metallic mineral, which come from the diatomeae 
wreckage depositing in water and being transformed by natural environment, the main 
chemical composition is amorphous SiO2, and the mineral composition contain the opal and 
its varients[1~4]. As a result of the biological origin, diatomite has the unique porous nature 
structure and greatly specific surface area, which result in the formidable adsorption 
performance[5]. Because of the higher SiO2 content, diatomite can be used as siliceous 
materials to make silicate products. Liang Rongxing et al[6] mixed diatomite and cement in 
different proportion to prepare calcium silicate board, which is up to the national standards, 
and the board owned low specific gravity and thermal conductivity. Xia Huifeng et al[7] 

studied the fiber reinforced calcium silicate board with the diatomite replacing quartz sand, 
and carried out the pilot production. From the standpoint of technology, diatomite as silicon 
nature material can be used for producing calcium silicate board, but from the standpoint of 
cost including winning, processing and transportation, the diatomite has no superiority 
compared with quartz sand or flyash. If we can take full advantage of the lightweight and high 
adsorptivity of diatomite to developing functionalization diatomite products, it will be 
significant for promoting the high value-added application of diatomite. In this paper, the 
diatomite-based platy specimens were prepared with atmospheric pressure hydrothermal 
synthesis technology, the effects of molding process and material composition on bending 
strength and humidity controlling performance were analyzed. 
2.Experiment 
2.1 Experimental materials 
The diatomite used for the study comes from Jilin Province, the grade is 2 or 3, the color is 
light grey, and the specific surface area is 19-65m2/g. The chemical composition is listed in 
table 1. 

Tab.1 Chemical compositions of raw diatomite 

Component SiO2 Al2O3 Fe2O3 CaO MgO R2O LOI Other Total 
Content/% 71.25 12.82 3.44 0.87 0.64 3.23 6.53 1.22 100.00 

The quicklime contains 70% of CaO, 0.27% MgO and 0.24% of Fe2O3. The Cement is 
P.O.42.5. The gypsum is desulphurization gypsum, grayish white, chemical composition in 
table 2. 

Tab.2 Chemical compositions of desulfurization gypsum 

Component SO3 CaO MgO SiO2 Al2O3 Fe2O3 Others Total 
content/% 44.15 31.5 0.24 1.65 0.09 0.38 21.99 100.00 

The short alkali-resistant glass fiber, the wood fiber and wollastonite powder are also used as 
reinforced fibers in the study. 
2.2 Experiment program 
The fiber materials often were added into silicate products for improving the volume stability 
in drying and curing stage, reducing cracks, and improving the bending strength. In the 
experiment the glass fibers, the wood fibers and the wollastonite powders were mixed 
respectively with constant dosage in all specimens, the dewatering pressure, the dosage of the 
cement, the CaO/SiO2 mole ratio and the dosage of desulphurization gypsum were changed to 



study the change law on bending strength, moisture absorption and desorption. The 
hydrothermal synthesis reaction was carried out at atmospheric pressure. 
(1) Preparation of specimens 
The raw materials and water were adequately mixed up into slurry, and then the slurry was 
poured into the mold (300mm×300mm×50mm), after dewatering by pressure, the slurry 
became the slab. The slabs after drying into 50~60% of moisture, moved into the 
steam-curing box for hydrothermal synthesis for 8 hours, the curing temperature was 
95~100 ℃, and the relative humidity was greater than 90%. 
(2) Measurement method 
1) Bending strength. The specimen for bending strength size was 100mm×300mm×10mm, 
and the bending strength was measured by three point bending method. 
2) Test of humidity controlling performance. The specimen drying for 6 hours at 105 ℃ was 
put into a sealed container to absorb moisture for 24 hours, in which the temperature was 
25 ℃ and the relative humidity was 70%, after that the specimen with saturated moisture was 
put into another sealed container to desorb moisture for 24 hours, in which the relative 
humidity became into 33%. The moisture absorption and desorption rates can be calculated 
according to Formula 1 and 2: 

moisture absorption rate = (mt -m0)/m0×100%                  Formula1 
moisture desorption rate = (mt-md)/mt×100%                  Formula2 

where m0 was the weight of the drying specimen, mt was the weight of moisture absorption 
specimen, and md was the weight of the moisture desorption specimen. 
3. Results and Discussion 
3.1 Effect of dewatering pressure on performances 
The dewatering pressures were set at 100kN, 150kN, 200kN and 250kN, respectively. After 
hydrothermal synthesis, the specimens were tested. The bending strengths are shown in figure 
1, and the humidity controlling performances are shown in figure 2. 
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Fig. 1 Effect of dewatering pressure on      Fig. 2 Effect of dewatering pressure on properties  

            bending strength                       of moisture absorption and desorption  

Figure 1 shows that the blending strength increases with dewatering pressure. It is due 
to more fully dewatering, more compact structure and more strong adhesion stress 
between fibrous materials and the matrix material with increasing dewatering pressure. 
In Figure 2, the moisture absorption and desorption performance have little change, 
and are hardly relevant to dewatering pressure. It is because the material moisture 
absorption and desorption performance are related only to certain pore structure, 



which does not change along with dewatering pressure. So, Moisture absorption and 
desorption performance of specimen depend on the quantity of the diatomite with 
specific pore structure. 
3.2 Effect of raw materials on the performances 
In the silicate product, the siliceous material is difficult to disperse in the liquid phase, and 
reaction degree is lower than the calcareous material. Within limits, hydrothermal synthesis 
products increase CaO/SiO2 mole ratio, which will have an effect on the strength. But the 
moisture absorption/desorption performance depend on the pore structure of diatomite after 
hydrothermal synthesis. The increase of hydrothermal synthesis products is likely to damage 
the pore structure of diatomite. With the changes of CaO/SiO2 mole ratio, the changes of 
bending strength and moisture absorption/desorption performance are shown in Figures 3 and 
4. 
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       Fig. 3 Effects of calcium silicon ratio       Fig. 4 Effects of calcium silicon ratio on moisture 

              on bending strength                       absorption /desorption performance  

Figure 3 shows that the bending strength creates fluctuation with the changes of CaO/SiO2 
mole ratio, and the bending strength gets the maximum when CaO/SiO2 mole ratio is 2:6. It 
could be due to that the excess CaO react with water to form Ca(OH)2, the crystal stress will 
come out with Ca(OH)2 crystallization, the crystal stress will lead to micro cracks, and then 
the bending strength will decrease. 
As shown in Figure 4, with the increase of CaO/SiO2 mole ratio, the moisture absorption and 
desorption rate declines. It may be due to that the quantity of hydrothermal synthesis products 
increases with CaO/SiO2 mole ratio, the products are filled into the hole of diatomite, which 
changes the original pore structure of diatomite. Figure5 and 6 represent that the pore of 
diatomite are filled more fully in 2:6 specimen than in 1:6 specimen. The new pore structure 
is disadvantage to the moisture absorption and desorption.  

     



 Fig. 5 SEM photos of CaO/SiO2 mole ratio 1:6      Fig. 6 SEM photos of CaO/SiO2 mole ratio 2:6 

The increase of cement is advantageous to the mechanics performance of silicate product, in 
particular for formation stage, it can keep effectively the product from distortion and the 
dehiscence[8].  
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    Fig. 7 Effect of cement content            Fig. 8 Effect of cement content on performances 

          on bending strength                      of moisture absorption and desorption 

It can be seen from Figure 7 that the bending strength increases with the increase of cement 
content. It is because the cement hydration provides the early structure strength, and inhibit 
structure failure by thermal expansion deformation in temperature rising phase of thermal 
curing.As shown in Figure 8, the moisture absorption and desorption rate has a little of 
fluctuations, but not significantly.The influence of the cement content can be ignore.  
Gypsum used as activator of silicate products, can improve the strength and reduce shrinkage, 
regulate digestion rate of lime and inhibit cracking[9~11]. There are many varieties of gypsum, 
In this paper, we used the desulfurization gypsum of coal power plant, whose compositions 
are similar to dihydrate gypsum. 
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Fig. 9 Effect of desulfurization gypsum      Fig. 10 Effect of desulfurization gypsum content on  

  content on bending strength          performances of moisture absorption and desorption 

It can be seen from Figure 9, the bending strength increases with the desulfurization gypsum 
content, but the content from 3% to 5%, the bending strength increases slowly and there is no 
significant change. We can see from Figure 10 that, the moisture absorption and desorption 
rate show a downward trend with gypsum content from 0 to 3%, and a upward trend from 
3%~5%. Influence of gypsum on performance of moisture absorption and desorption, also 
depends on the pore structure changed by gypsum excitation. The relationship between pore 
structure and humidity controlling performance is not involved in this paper, and it is worthy 



to study further.  
4. Conclusion 
The conclusions obtained from the test results are summarized as follows: 
(1) Increase the pressure of dewatering can improve the bending strength of specimens, but 
has no obvious influence on humidity controlling performance.  
(2) The specimen can obtain the maximum bending strength in 2:6 of CaO/SiO2 mole ratio. 
With the increase of CaO/SiO2 mole ratio, the moisture absorption rate decreases, and the 
moisture desorption rate increases slightly. When CaO/SiO2 mole ratio increases, we can find 
the hydration products in pore of the diatomite and the pore structure is changed. 
(3) The bending strength of specimens increases with the cement content. The moisture 
absorption and desorption rate is highest when the cement content is 5%, and with the 
increase of the cement content, the moisture desorptionand desorption rate decreases slightly. 
(4) The increase of the desulfurization Gypsum content can improve the bending strength of 
specimens, and the rates of moisture absorption and desorption all are lowest when the 
desulfurization gypsum content was 3%. 
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Abstract 
The potential of Municipal Solid Waste Incinerator Bottom Ash (IBA) as the sole precursor to synthesize geopolymer 
was investigated. Ground IBA powder was mixed with water glass and sodium hydroxide solution. After curing, the 
hardened samples were characterized by FTIR and NMR together with Salicylic acid/methanol extraction (SAM) to 
identify chemical composition of hardened binder. It was found that the IBA binder consists of one third of alkali-
modified C-S-(A)-H and some geopolymeric gel with zeolite-like structures. 
 
Originality 
Incinerator bottom ash (IBA) from incineration of municipal solid waste is considered as waste and is land-filled in 
Singapore where land space is limited with high value. Preliminary study on IBA shows that it contains some 
amorphous silica and alumina; it has the potential to be geopolymer precursor. To use IBA as sole precursor, without 
any other solids, to make geopolymer is the first originality. 
The fact that IBA also contains some portion of metallic aluminum makes it possible to be an aerating agent. In this 
study, light-weight alkali-activated binder with cellular microstructure was simultaneously obtained, with density of 1 
g/cm3 and compressive strength around 3 MPa. Using IBA to make aerated geopolymer is the second originality. 
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1. Introduction 
Geopolymer is a synthetic alkali-aluminosilicate binder formed through the reaction of solid 
aluminosilicate in highly concentrated aqueous alkali hydroxide or silicate solution (P. Duxson, 2007). 
It comprises of tetrahedral silicate and aluminate units linked in three-dimensional structure by 
covalent bonds, with negative charges associated with tetrahedral Al (III) charge-balanced by alkali 
cations. Starting materials essential for the formation of geopolymer consists of two main parts, the 
reactive solid aluminsoilicate, and the alkali activator solution. Reactive solid aluminsoilicate is 
typically derived from industrial by-product such as fly ash and alkali activator solution is commonly 
alkali metal hydroxide or silicate solution (Provis, 2014). Davidovits was the first to introduce the 
term ‘geopolymer’ in 1970s (Davidovits, 1979) but the technology of alkali-activation was credited to 
Kuhl way back in 1908 (Kuehl, 1908). A major research was subsequently led by Glukovsky in 1950s 
(Glukhovsky, 1959), whereby he ventures into the commercial-scale production of geopolymer. From 
there onwards, geopolymer has gathered many interests from the academic world to conduct studies 
and research on the feasibility of producing a synthetic alkali aluminosilicate material for various 
types of applications. 
Incinerator Bottom Ash (IBA) is the by-product generated from incineration of municipal solid waste 
(MSW). Incineration of MSW has become global trend in waste management system especially in 
land scarce cities as it mitigates the amount of landfill needed for the waste. As waste disposal by 
incineration increases, there is need to develop innovative application for the reuse IBA that provides 
environmental and economic benefits. IBA accounts for 80% to 90% by weight of the total ash and is 
much less toxic. Typical compositions of bottom ash are silica, calcium, ferrous metal, iron oxide and 
aluminium oxide (Environmental Protection Agency, 2014). 
Currently, IBA is utilized as filler for road base construction (Santagata, et al, 2014), raw material for 
cement production (Li, et al, 2012), cement or aggregates substitute for concrete production (Kuo, et al, 
2013), material for zeolites (Penilla, et al, 2003) and tobermorite synthesis (Jing, et al, 2007), and 
adsorbent for heavy metal removal (Zhang, et al, 2011). These approaches generally require complex 
and/or costly pre-treatments before it can be used for usually low value added applications. In this 
paper, the potential of IBA as the sole precursor to synthesize geopolymer was investigated. Ground 
IBA powder was mixed with water glass and sodium hydroxide solution. After curing, the hardened 
samples were characterized by FTIR and NMR to identify chemical composition of hardened binder 
2. Experimental 
2.1. Raw Materials 
The IBA used in this research was collected from Keppel Seghers Tuas Waste to Energy Plant. After 
incineration, IBA was splashed with water to prevent dust flying. After collecting the ash, IBA was 
first oven-dried at 105 ºC for 3 days and ground into fine particles with a rotating ball mill for 30 mins. 
Ground IBA was sieved and particles larger than 150 μm were rejected. The chemical composition of 
the aforementioned IBA powder was determined by X-ray fluorescence (XRF), as summarized in Tab. 
1. Similar to metakaolin, IBA contains high percentage of silicon and some aluminum, but it also has 
high calcium content, which may influence the reaction route as stated in (Provis, 2014). 

Tab. 1 Chemical compositions of Ground IBA /% 
Compositions SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2Oeq. P2O5 

Content 37.75 11.08 8.67 25.66 2.15 0.88 5.20 6.12 
Sodium silicate solution (water glass) was supplied by International Scientific Pte Ltd with chemical 
composition: Na2O 9.65%, SiO2 29.16%. Sodium hydroxide (NaOH) pellets were provided by 
Schedelco Pte Ltd and has a purity of 99+%. 
2.2. Experimental Process 
A bench top planetary mixer was used to mix ground IBA powder with alkaline activator: sodium 
hydroxide solution (8M) and sodium silicate solution. The sodium hydroxide solution and the sodium 
silicate solution were mixed at a ratio of 1:2 by mass. The liquid to solid ratio of the resulting IBA 
paste was kept at 1.0. After mixing for 5 minutes, the fresh paste reached good consistency before it 
was cast into 50 mm cube moulds without vibration. The moulds were then sealed in plastic bags and 
cured in oven at temperature of 75 °C for three days. Samples were de-moulded after three days. 



 

Chemical extraction, FTIR and NMR were used to study chemical composition of hardened binder. 
For the chemical extraction, salicylic acid dissolved in methanol (SAM) was used to remove calcium 
compounds including calcium silicates, calcium silicate hydrates, calcium hydroxides and calcium 
oxides (Gutteridge, 1979, Stutzman, 1996). For each 5g of hardened IBA binder, 30g salicylic acid 
and 200mL methanol were used for extraction. 
Fourier transform infrared (FTIR) spectroscopy was used to characterize samples before and after 
SAM extraction. FTIR spectra of hardened IBA binder before SAM extraction (IBA binder), the 
residual of hardened IBA binder after SAM extraction (IBA binder SAM residual) and the soluble of 
hardened IBA binder after SAM extraction (IBA binder SAM soluble). Chemical bonds absorb 
particular wavelengths of infrared which can be identified in the Fourier transformed spectra. 
Therefore, absorption at various wavenumbers (a concept similar to frequency) corresponds to specific 
chemical bonds. 
NMR is a powerful characterization technique to identify chemical structure of amorphous gel and has 
been used to analyse cement and geopolymer nano-structures. In this research, nuclei of 29Si and 27Al 
in IBA samples were tested by the Bruker Avance 400 (DRX400). 
3. Results and Discussion 
3.1. Resistance to Sulphate  
The average strength of the samples after curing for three days is 2.8±0.3 MPa with a density of 
1.0±0.1 g/cm3 as shown in Figure 1. 

     
Figure 1 Hardened IBA binder cubes. 

Results of chemical extraction are summarized in Tab 2. As can be seen, about 30% of calcium 
compounds were removed from the hardened IBA binder by SAM extraction. 

Tab. 2 SAM extraction on hardened IBA binder 
Before SAM After SAM Retaining (%) 

5g 3.644g 72.9% 
FTIR-transmittance spectra of hardened IBA binder, residual of IBA binder after SAM and the soluble 
of IBA in SAM are show in Figure 2. The spectrum of IBA binder SAM soluble (dot dash line) was 
obtained by subtracting spectrum of IBA binder SAM residual (dash line) from spectrum of IBA 
binder (solid line), according to SAM results. It should be noted that because errors could arise during 
sample preparation for FTIR pellets and solids salvage for SAM extraction, spectrum obtained from 
subtraction would not be precisely correct and therefore should be considered semi-quantitative. 
FTIR-transmittance spectra of hardened IBA binder, residual of IBA binder after SAM and the soluble 
of IBA in SAM are show in Figure 2. The spectrum of IBA binder SAM soluble (dot dash line) was 
obtained by subtracting spectrum of IBA binder SAM residual (dash line) from spectrum of IBA 
binder (solid line), according to SAM results. It should be noted that because errors could arise during 
sample preparation for FTIR pellets and solids salvage for SAM extraction, spectrum obtained from 
subtraction would not be precisely correct and therefore should be considered semi-quantitative. 



 

5001000150020002500300035004000
-5

0

5

10

15

20

25

30

35

Wavenumber(/cm)

T
ra

ns
m

itt
an

ce
(%

)

 

 

IBA binder
IBA binder SAM residual
IBA binder SAM soluble

 
Figure 2 Full FTIR spectra of IBA binder, IBA binder SAM residual and IBA binder SAM soluble. 

According to libraries from literature, wavenumbers between 850 and 1200 are associated to chemical 
structures of Si tetrahedral units. Figure 3 shows the FTIR spectra of IBA binder, IBA binder SAM 
residual and IBA binder SAM soluble in the wavenumber between 800 and 1,300. 
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Figure 3 FTIR spectra of IBA binder, IBA binder SAM residual and IBA binder SAM soluble in the 

wavenumber between 800 and 1,300 
As can be seen, the spectrum of the IBA binder SAM soluble (dot dash line) is different from the 
spectra of IBA binder (solid line) and IBA binder SAM residual (dash line). FTIR spectrum 
decomposition was carried out to identify hidden peaks due to spectrum overlapping. To decompose a 
spectrum, the FTIR signal was first taken second derivative to identify potential peaks. An arbitrary 
Gaussian function was then assigned to each peak. Superposition of all decomposed curves should be 
identical to the original spectrum. An iteration process was used to vary the amplitude and bandwidth 
of Gaussian function assigned to each peak until the accumulative curve fits well to the original 
spectrum. The decomposition of the IBA binder SAM soluble spectrum between 800 and 1200 is 
shown in Figure 4. 



 

 
Figure 4 Decomposition of FTIR spectra of the SAM Soluble 

Most decomposed components can be associated with Si-O-(Al) vibrations according to FTIR library 
from literature (Hanna, et al, 1995, Mollah, et al, 1998, Clayden, et al, 1999, Yu, et al, 1999), as 
denoted in Figure 5. Comparing with research results in literature ( García-Lodeiro, et al, 2009) which 
dealt with effects of alkali on fresh C-S-H gel (N denotes Na/Si ratio, high N value indicates high 
alkalinity), the decomposition components here are very similar to that of C-S-H gel under high 
alkalinity, especially the one of N4. As can be seen from Figure 5, with alkali increase, in N2 and N4, 
a new peak around 1030 appeared, and the peak centered 815 migrated to 840, which indicates C-S-H 
gel was modified by the alkali, leading to silicate polymerization (Lodeiro, et al, 2009). All the peaks 
in spectrum of N4 are also identified in spectrum of IBA binder SAM soluble, except for the peak of 
1104 which was caused by S-O vibration, as IBA contains sulphates. The peak around 1150 is due to 
Si-O vibration of Q4 with relative area percentage of 12.4%. The fact that small amount of Q4 existed 
in SAM soluble suggests the insoluble residual after SAM was probably more than its true quantity 
and part of insoluble residual was accounted into the soluble; therefore, SAM extraction should be 
performed more carefully to improve data quality. Hence, it can be concluded that about 30% of IBA 
binder were probably alkali modified C-(A)-S-H gel. 



 

        
Figure 5 FTIR spectra of the SAM Soluble (left) and the literature results (right) 

To reveal chemical composition and structure of the remaining gel, FTIR decomposition of ground 
IBA powder, alkaline activator solution, and IBA binder SAM residual were carried out. As can be 
seen from the three spectra, three new peaks were found in the spectrum of IBA binder SAM residual 
which were not visible in spectrum of ground IBA powder and alkaline activator solution, as shown in 
Figure 6 and summarized in Tab. 3. 

 
Figure 6 FTIR decomposition results of ground IBA powder, alkaline activator solution, and IBA 

binder SAM residual 
Tab. 3 Peaks of FTIR spectra decomposition results of ground IBA powder, alkaline activator solution, 

and IBA binder SAM residual. 

 
 
 



 

The three new peaks found in IBA binder SAM residual are characteristic of Si-O-Si bridging bonds 
which are not identified in the precursor (ground IBA powder) and alkaline activator solution. This 
indicates the formation of zeolite-like chemical bonds due to reaction between IBA powder and 
alkaline activator. In summary, hardened IBA binder consists of a mixture of alkaline modified C-(A)-
S-H gel as well as zeolite-like Si-O-Si(Al) geopolymer gel. 
Because FTIR analysis results are usually considered semi-quantitative, NMR was carried out to 
further clarify quantitatively the degree of Al incorporation into the Si-O structure. The NMR spectra 
of ground IBA powder and hardened IBA binder are plotted in Figure 7. 
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Figure 7 29Si NMR spectra of ground IBA powder and hardened IBA binder. 

Broad peaks due to peaks overlapping were observed in Figure 7. NMR spectrum decomposition was 
carried out in a similar way to that of FTIR spectrum. Figure 8 shows decomposition results of 29Si 
NMR spectra of ground IBA powder and hardened IBA binder. 

 
Figure 8 Decomposition of 29Si NMR spectra of ground IBA powder and hardened IBA binder 

As can be seen from Figure 8, most peaks in IBA spectrum are also present in the spectrum of 
hardened IBA binder with some changes in amplitude and area. This implies chemical bonds 
(chemical contents) had undergone some transformation, i.e parts of one group of chemical bonds 
reduced and another group of chemical bonds increased after thermal curing. To understand the 
participation of Al in hardened IBA binder, 27Al NMR tests were conducted and the spectra are 
shown in Figure 9. 
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Figure 9 27Al NMR spectra of ground IBA powder and hardened IBA binder. 

According to library from literature (Buchwald, et al, 2007), peaks around 60 ppm denote tetrahedral 
coordination of Al, while peaks around 0 ppm suggest that Al is in the octahedral coordination. As can 
be seen in Figure 9, significant increase in the tetrahedral Al coordination (around 60 PPM) was found 
in hardened IBA binder. This suggests most of available aluminium had been incorporated into the Si-
O-Si chain network. Hence, the percentage of Q(mAl) must have increased after the chemical reaction 
between ground IBA powder and alkaline activator. As a result, some peaks with relative area changed 
should be associated with Q(mAl), together with reference from peak assignments in comparative 
literature (Criado, Fernández-Jiménez et al. 2008), decomposition results of 29Si NMR spectra are 
assigned with Q units in Tab. 4. 

Tab. 4 Assignment of NMR decomposition results 

 
As can be seen from Tab. 4, numbers in the parenthesis are individual peak area percentages of the 
sum of all peak areas after decomposition, generally, Q2(1Al), Q4(4Al), Q4(3Al) increased greatly, 
while Q4(0Al), Q4(1Al) and Q4(2Al) sharply dropped, which are results of Q4 breakup and 
aluminium incorporation into Si-O chain network. Therefore, conclusions from NMR results are: (1) 
after thermal curing, most of aluminium available had become tetrahedral coordination form and been 
incorporated into Si-O chain network; (2) silicon-rich structural units (Q4(2Al),  Q4(1Al) and Q4(0Al)) 
decreased,  aluminium-rich structural units (Q4(4Al) and Q4(3Al)) increased, in other words, 
geopolymerization happened, as the essence of geopolymerization is the formation of Si-O-Al bonds 
and the increasing of Q4(4Al) and Q4(3Al); therefore, more 3-D silicon units connected with each 
other thanks to the bridging Al, since tetrahedral Al unites can only bridge rather than terminate a 
chain; (3) number of chain free ends also increased (increased Q1). 
4. Conclusions 
In this study, cellular alkali-activated binders were successfully obtained by using IBA as precursor. 
After SAM extraction, FTIR and NMR characterization of hardened IBA binder, it was found that the 
IBA binder contains one third of alkali-modified C-S-(A)-H and some geopolymeric gel with zeolite-
like structures. 
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Abstract 
Reactive magnesia (MgO) has become an essential alternative to cement family due to the lower calcination 
temperature which significantly reduces the energy consumption. The main production of MgO comes from calcining 
magnesium carbonates ores. Brine is a concentrated by-product obtained from treating brackish water or seawater in 
desalination plants. Due to high concentration of Mg2+, brine becomes a highly potential candidate for MgO recovery. 
Mg(OH)2 is synthesized from waste brine collected from the Tuaspring desalination plant in Singapore by adding 
aqueous ammonia. An optimized amount of aqueous ammonia to brine is studied where 6:1 gives a highly pure 
Mg(OH)2 with high reaction rate. XRD results on Mg(OH)2 show a highly crystallized structure and FESEM images 
show a plate-like shape. MgO is obtained after calcining Mg(OH)2 at 700 °C for 48h. XRD and TGA results show a 
highly pure and crystallized structure is formed. FESEM images demonstrate fine spherical particles with homogenous 
distribution. FESEM images also conform a nano-sized MgO is synthesized.  

 
Originality 
A successful method to recover MgO from waste brine collected from the Tuaspring desalination plant in Singapore is 
proposed. Instead of adding lime milk (CaO solution) to brine to precipitate Mg2+ in the form of Mg(OH)2, aqueous 
ammonia (NH3·H2O(aq)) is used. Brine shows a low kinetics in its reaction with CaO, which greatly limits its industrial 
use on a large scale. NH3·H2O(aq) is a weak base and once conjugated with its acid ion, a buffer solution can be formed 
which enables the pH of the solution at certain range. Furthermore, NH3·H2O(aq) is preferred because it does not 
introduce impurity ions like Ca2+ and enables a closed-system in which the NH3·H2O(aq) can be reutilized, thereby fully 
eliminating the generation of waste. MgO is obtained after calcining Mg(OH)2 at 700 °C for 48h. XRD and TGA results 
show a highly pure and crystallized structure is formed. FESEM images demonstrate fine spherical particles with 
homogenous distribution. FESEM images also conform a nano-sized MgO is synthesized.  
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1. Introduction 
Portland cement (PC) production contributes to 5-7% of anthropogenic CO2 emission 
worldwide(WBCSD 2002a), mainly due to the high calcination temperature (~1450 °C) and energy 
required for power generation, significantly contributing to global warning(USGS 2013). As the 
environmental impacts of construction materials are becoming a serious concern, the development of 
novel alternatives with lower energy requirements and associated CO2 emissions is more crucial than 
ever. As a result, one of the sustainability initiatives in the cement industry is to develop sustainable 
cements alternatives. Reactive magnesia (MgO) cements recently have attracted great attentions due to 
significantly lower calcination temperature (~700 °C) greatly reducing the energy usage and CO2 
emissions(Unluer and Al-Tabbaa 2013, Unluer and Al-Tabbaa 2014). The main production of MgO 
comes from calcining magnesium carbonates ores while synthetic MgO contributes to around 14% of 
the world MgO production from seawater or brine (Kramer). 

Brine is a concentrated by-product obtained from treating brackish water or seawater in desalination 
plants. This desalination method converts seawater into potable water and produces brine waste which 
is considered as an industrial waste. The chemical concentration of brine varies depending on the 
surrounding environment, consisting of much higher salt concentrations than seawater(Tran, Van 
Luong et al. 2013). The abundant concentration of Mg2+ provides additional source to recover MgO. 

The most common way of disposing brine involves its discharge back into the sea. Like other 
industrial wastes, brine has severe impacts on the environment due to the high concentration of salt it 
contains, which damages the local natural fauna, flora and fishing industry(Ahmed, Arakel et al. 2003). 
Several strategies have been proposed to deal with the brine problem instead of its direct disposal into 
the sea.  

Friedrich and Robinson firstly patented a simple process to precipitate magnesium as brucite from 
seawater using lime solution at pH 10.5 in 1943(E, A et al. 1946). In 1996, V. Martinac et al. 
(Martinac, Labor et al. 1996) utilized dolomite (CaO 57.6% and MgO 42.3%) to precipitate brucite 
from seawater which was then calcined  at 950 °C to produce MgO. R. H. Dave and P. K. Ghosh 
(Dave and Ghosh 2005) used hydrated lime [Ca(OH)22H2O] to precipitate brucite from seawater in 
the range of 7.0 to 7.5. The above three examples all introduced Ca2+ into the seawater/brine, in which 
case, gypsium (CaSO4.2H2O) was usually formed along with precipitants in the end due to the 
presence of sulphate. Gypsium can cause serious contamination to the final product so normally 
desulfatation is applied by adding CaCl2 into the seawater/brine. 

One method to repurpose waste brine involves the production of magnesium hydroxide from the 
existing composition. This is realized by adding lime milk (CaO solution) to brine, thereby 
precipitating Mg2+ in the form of Mg(OH)2. The precipitated Mg(OH)2 can be used as a flame 
retardant, precursor of MgO as well as heavy matter leaching precipitant with lots of industry 
applications(Mironyuk, Gun’ko et al. 2006, Guo, Pei et al. 2015) or, further calcined to produce MgO. 
Brine shows a low kinetics in its reaction with CaO, which greatly limits its industrial use on a large 
scale.  
Aqueous ammonia (NH3·H2O(aq)) is a weak base and once conjugated with its acid ion, a buffer 
solution can be formed which enables the pH of the solution at certain range. Furthermore, NH3·H2O(aq) 
is preferred because it does not introduce impurity ion like Ca2+ and enables a closed-system in which 
the NH3·H2O(aq) can be reutilized, thereby fully eliminating the generation of waste. And a much purer 
MgO can be synthesized in a late stage.   

This research focuses on the feasibility study of synthesizing MgO from the local brine. A 
comprehensive analysis on the reaction, physical and chemical properties of brucite (Mg(OH)2) and 
MgO is explored. X-ray diffraction was used to study the crystal structures of precipitates and conform 
the presence of bucite and MgO. Field emission scanning electron microscopy was used to analyse the 
morphologies of precipitates and thermogravimetric analysis was used to study the thermos-
transformation of precipitates. Thus, the objective of this research aims at synthesizing pure MgO 
from local waste brine.  



 

2. Experimental 
2.1. Raw Materials 
The main materials used in this research were: brine and ammonia hydroxide solution (NH3·H2O(aq)) 
NH3·H2O(aq) was supplied by Sigma-Aldrich with ACS reagent grade (25.0% NH3 Basis). The 
chemical and physical properties of these above materials were obtained from the suppliers and 
analysed where necessarily.  

Brine was collected from the Tuaspring desalination plant in Singapore. The chemical composition of 
the brine was tested by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).  

Table 2-1The chemical composition of the brine 

Elements Na Mg K Ca Sr B Si Li P Al 
Concentration 
(PPM mg/kg) 16124.33 1679.04 808.46 563.59 5.34 4.45 0.48 0.4 0.2 0.1 

Concentration (%) 1.6% 0.17% 0.081% 0.056% / / / / / / 

2.2 Equipment 
The pH and temperature were measured with a Mettler Toledo pH/Ion meter S220 calibrated each 
time before measurements with standard solution with pH 4.01, 7.00 and 10.21. ICP-OES 
(PerkinElmer Optima DV2000) in this research was mainly used to test the ion concentrations in the 
brine and the remaining Mg2+ and Ca2+ concentrations in the solution at regular intervals to study the 
kinetics of the chemical reactions. XRD was utilized to provide the qualitative and quantitative crystal 
phase information present within the precipitates. Measurements were analysed using a powder 
diffractometer Bruker D8 Advance XRD with a Cu Kα source under the operation conditions at 40 Kv 
and 40 mA, emitting radiation with a wavelength of 1.5405 Ǻ; scan rate: 0.02º /step; 2θ : 5~70º. The 
microstructure of precipitates was studied by imaging fracture surfaces under thermal Field Emission 
Scanning Electron Microscopy (JSM-7600F). Thermogravimetry/differential thermal analysis 
(TG/DTA) using PyrisDiamond TGA 4000 was used to analyse the weight change and thermos-
transformation against the temperature with a heating/ cooling rate of 10 °C/min under air atmosphere. 

2.3 Experimental Process 

The feasibility study of synthesizing MgO from brine is divided into two parts. The first part 
comprehensively investigates the influence of the amount of NH3·H2O(aq) added into brine on the 
physical and chemical properties of the brucite properties. While the second part illustrates physical 
and chemical properties of MgO calcined from brucite obtained from 6.36ml NH3·H2O(aq). 
The synthesis process steps are listed as follows: (a) 200ml brine was stirred with a magnetic stirrer in 
a 250ml beaker at room temperature; (b) A pH/thermometer probe was inserted into the brine to 
continuously record the temperature (room temperature to 30°C) and pH (7-11); (c) The stirring speed 
was adjusted at an optimum revolutions per minute (RPM) according to the experiment design; (d) A 
pre-determined amount of aqueous ammonia (NH3·H2O(aq)) was introduced into the brine as an 
alkaline source; (e) Precipitates were collected through a centrifuge by separating the solids from the 
solution and washing the remaining precipitate; (f) Precipitates were fully dried at 105 °C in the oven 
until constant mass; (g) Precipitates were calcined at a pre-determined temperature and duration in the 
furnace to produce MgO with desirable properties. 
The abundant Mg2+  and Ca2+ within the brine react with OH- provided by NH3·H2O(aq) and therefore 
brucite (Mg(OH)2) is formed. Meanwhile the HCO3

- existing in the brine releases CO3
2- with the 

addition of NH3·H2O(aq). The available CO3
2- then reacts with Ca2+ to precipitate calcite (CaCO3), as 

illustrated in Equations 1-4 (Shand 2006). 
                                             NH3·H2O(aq) ↔ NH4

-  + OH-                                                                       (1) 
                                             Mg2+ + 2OH- → Mg(OH)2                                                                          (2) 
                              NH3·H2O(aq) + HCO3

-  ↔ CO3
2-  +NH4

+ + H2O                                                         (3)  



 

                                               Ca2+ + CO3
2- → CaCO3                                                                            (4) 

Theoretically 1 mol Mg2+ needs 2 mol OH- to be fully precipitated which means 2.12ml NH3·H2O(aq) is 
needed to consume up all Mg2+ in 200ml brine. However, since NH3·H2O(aq) is a weak base which 
cannot give off all the OH- when dissolved in the water, an over-stoichiometric NH3·H2O(aq) is needed.  
Therefore in the first stage, the influence of the amount of NH3·H2O(aq) on the property of the 
precipitates was investigated to achieve an optimized ratio between NH3·H2O(aq) and brine.  
In the second part when brucite undergoes calcination to produce MgO, the reaction is described as 
Equation 5. 
                                             Mg(OH)2 → MgO +  H2O                                                                          (5) 
3. Results and Discussion 
 
3.1 Kinetics 
 

 
 
Figure 3-1 pH dependence on time during reaction with different amount of NH3·H2O(aq) added into 200ml brine. 

Figure 3-1 shows the change in pH over time during each reaction, which reflects the kinetics of the 
reactions. When NH3·H2O(aq) was added, pH was recorded at regular interval of every minute. In one 
minute, the pH reaches the highest level and remains steadily at this level before gradually decreasing 
until reaching equilibrium. The reaction time gradually decreases from 150 minutes with 2.12 
NH3·H2O(aq) added to 25 minutes with 19.08ml NH3·H2O(aq) added, after which the reaction reaches 
equilibrium as pH curves reaches a plateau. As more NH3·H2O(aq) added increases the pH which 
provides more OH- participating in the reaction, reaction rate therefore increases accordingly. While 
above 12.72ml NH3·H2O(aq) added, the highest pH point and reaction time remain approximately 
similar since NH3·H2O(aq) is already fully saturated. Since NH3·H2O(aq) is a weak base, combined with 
its conjugate acid like SO4

2- and Cl-, a pH buffer solution is therefore formed which retains the 
capacity to prevent the change of pH. As the amount of NH3·H2O(aq) added is increased, the pH 
buffering capacity is enhanced. As can be seen in the figure, when only 2.12ml ammonia solution is 
added, the fluctuation of pH is significant high compared with 19.08ml ammonia solution. After 
reaching a plateau, the pH of solution slightly decreased since Mg2+ keeps consuming the OH- which 
decrease the pH.   
 
 



 

3.2 Yield of Mg(OH)2 

 
 
Figure 3-2  Recovery percentage of sequestrated ion against added amount of aqueous ammonia. 

Figure 3-2 illustrates the sequestrated percentage of Mg2+ and Ca2+ by applying different amount of 
NH3·H2O(aq). The recovery percentage of Mg2+ and Ca2+ sequestrated from brine is calculated by 
testing the percentage of Mg2+ and Ca2+ left in the solution after reaction.  
As more ammonia added, more Mg2+ and Ca2+ are precipitated from the solution. Since ammonia is 
weak base, over-stoichiometric precipitation is required and the optimized amount of ammonia 
requested is 6.36ml or 6:1 (NH3·H2O(aq) : Mg2+) mole ratio. At this ratio, 70% Mg2+ can be 
sequestrated while only 5% Ca2+   will be precipitated in the final product. The chemical reactions are 
illustrated in Equation 1-4. Mg2+ tends to be firstly precipitated because solubility product constant of 
Mg(OH)2 (1.8×10-11) is much smaller than CaCO3 (8.7×10-9)(Sillén, Martell et al. 1964), which 
provides higher potential for OH- to attack Mg2+ to form Mg(OH)2. Therefore, much more Mg2+ is 
precipitated than Ca2+ when lower amount (2.12ml and 4.24ml) of NH3·H2O(aq) is applied. As more 
NH3·H2O(aq) added above 6.36ml, OH- in the solution is enough to attack both Mg2+ and Ca2+ to form 
precipitates so that calcite gradually increases. In later stage when 16.96ml and 19.08ml NH3·H2O(aq) 
added, the recovery percentage of Mg2+ and Ca2+ reaches a plateau as heterogeneous equilibrium is 
achieved in the supernatant liquid.  

3.3 X-ray diffraction (XRD)on Mg(OH)2 

 
Figure 3.3 shows the XRD diffractograms of brucite precipitates obtained under different conditions.  
Precipitates were washed and then fully dried at 105 °C until constant weight before testing. By 
comparing the peaks positions with references, brucite is the main component in the final precipitant 
while calcite is also spotted despite small quantity. The reason how brucite and calcite are formed is 
illustrated in Equation 1-4. No significant difference of diffractograms among precipitants with 
different ammonia applied can be seen, which illustrates that the amount of ammonia applied does not 
have influence on the chemical compositions of final precipitates.  

 



 

 

Figure 3.3 XRD diffractograms of precipitates under different conditions with reference curve at the bottom. 

 
3.4 Field emission scanning electron microscopy (FESEM) on Mg(OH)2   
 
 

       

      (a)        (b)           (c)          (d) 

       
      (e)        (f)           (g)          (h) 

Figure 3.4 FESEM images of brucite precipitates obtained under different conditions: (a) 4.24 NH3·H2O(aq), (b) 
6.36ml NH3·H2O(aq), (c) 8.48ml NH3·H2O(aq), (d) 10.6ml NH3·H2O(aq), (e) 12.72ml NH3·H2O(aq), (f) 14.84ml 
NH3·H2O(aq), (g) 16.96ml NH3·H2O(aq), (h) 19.08ml NH3·H2O(aq). 
The morphology of brucite obtained under different conditions is investigated through FESEM 
analysis. The sizes of aggregates are around 10-15 micros. No significant difference on the 
morphologies of brucite obtained with different amount of NH3·H2O(aq)  added can be seen. Flake-like 
shape is dominating in all cases which also has been reported elsewhere(Behij, Hammi et al. 2013).   



 

3.5 Thermogravimetric analysis on Mg(OH)2 

 
 

Figure 3.5 TGA profiles of brucite precipitates obtained from a) adding different amount of NH3·H2O(aq); b) 
adding 6.36ml NH3·H2O(aq). 

The thermo-transformation of brucite precipitates was subjected to TGA analysis with typical curves 
shown in Figure 3.5.  Precipitates obtained from different amount of NH3·H2O(aq) show a similar trend 
featured with two-stage decomposition of brucite and calcite respectively. One example of brucite 
precipitate obtained from adding 6.36ml NH3·H2O(aq) is carefully analysed as shown in Figure 3.5b.  
The first weight loss starts from 343.5 °C in accordance with decomposition of brucite releasing water 
to become MgO (theoretical loss is 31.0% if 100% brucite). However the weight loss due to 
decomposition of brucite obtained from 6.36 NH3·H2O(aq) added is 25.5% as shown in Figure 3.5b. If 
combining yield results of brucite and calcite where 70% Mg2+ and 5% Ca2+ are recovered, the weight 
loss due to decomposition of brucite is then calculated to be 24.8% which is very close to TGA result. 
The second weight loss (2.5%) is measured from 649.5 °C contributed by the decomposition of calcite 
releasing CO2. The same calculation goes to calcite where 8.7% weight loss is calculated, slightly 
higher than measured which could be due to other amorphous impurities contained in the precipitates 
rather than only brucite and calcite exist.  
3.6 X-ray diffraction on MgO 

 
Figure 3.6 XRD diffractograms of a) brucite precipitate with 6.36ml NH3·H2O(aq) added into brine with reference 
curve at the bottom; b) MgO after calcining at 700 °C for 48 hours. 



 

MgO was obtained from calcining brucite precipitate obtained from adding 6.36ml NH3·H2O(aq) at 
700 °C for 48 hours. A comparison of XRD diffractograms between MgO and mother precursor 
brucite is illustrated in Figure 3.6. The peak position shown in Figure 3.6b well matches the reference 
of MgO. After calcination, the peaks of brucite and calcite are all gone as expected since the 
decomposition temperature of brucite and calcite is below calcining temperature 700 °C.  

3.7 Field emission scanning electron microscopy (FESEM) on MgO 

 
Figure 3.7 FESEM images of MgO after calcining at 700 °C for 48 hours at a) 15,000 times b) 30,000 times 
magnification. 

The morphology of MgO powder is investigated through FESEM analysis. After cooling from 
calcination at 700 °C for 48 hours, the FESEM examination shows the presence of fine spherical 
particles. The size of each spherical particle is around 300nm with homogeneous distribution as shown 
in Figure 3.7. 

3.8 Thermogravimetric analysis on MgO 
 

 
Figure 3.8 TGA profile of MgO precipitate after calcining at 700 °C for 48 hours. 

The thermo-transformation of MgO precipitate under TGA analysis was carried out to check if brucite 
precipitate was fully calcined to decompose to MgO. As shown in Figure 3.8, the weight barely 
changes which conforms the fully decomposition of brucite precipitate. Combing the XRD result on 
MgO, TGA result demonstrates a highly pure nano-sized MgO is synthesized. 
 



 

4. Conclusions 
The results of this study demonstrate that waste brine is A highly potential candidate for Mg2+ 
recovery to synthesize pure MgO. The amount of NH3·H2O(aq) does not have significant influence on 
the physical and chemical properties of brucite precipitate. However, the reaction rate and time along 
with final yield highly depends on the ratio between NH3·H2O(aq) and brine. The optimized ratio 
suggests 6:1 since 70% Mg2+ and only 5% Ca2+ are recovered and therefore a highly pure brucite and 
MgO are synthesized. After calcining at 700 °C for 48 hours, MgO presents spherical shape with 
homogenous distribution with size of each particle around 300nm.  A highly pure nano-sized MgO is 
therefore synthesized from waste brine.  
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Abstract 
The fluidification of alkali activated binders is challenging and in particular when the activating solution contains large 
amount of silicate ions. First, the presence of silicate ions reduces strongly the activity of calcium cations in pore solution. 
Secondly, the presence of huge quantity of monovalent cations compared to calcium does not favor the adsorption of 
calcium onto the mineral surface (Nicoleau L., et al, 2015). As a result the calcium-mediated adsorption of classical OPC 
plasticizer like polycarboxylate ethers is not favorable under such conditions (Turesson M., et al, 2011). 
Facing this issue, positively charged polymers able to adsorb on negatively charged particles surfaces can be proposed 
as an alternative (Xie F., et al, 2013). Yet, it is clearly shown that, at high pH, the adsorption of cationic polymer is only 
possible when silicate ions are involved. Furthermore, the adsorption of silicate ions regardless of pH on a model 
substrate (TiO2) is demonstrated, possibly because of hydrogen bonds. In addition, silicate ions form complexes with 
polymer and thus can ensure the mediation of the cationic polymer adsorption on mineral surfaces. 
Also, the successful adsorption of cationic polymer enables the reduction of the interaction forces between particles and 
the yield stress of suspensions accordingly decreases. This opens new possibilities in the field of alkali-silicate activated 
binders since the rheological properties of such materials are currently a hurdle for their expansion into the market of 
construction materials. However, at very high silicate concentrations the rheological properties are also driven by the 
viscosity of the silicate solution instead of the yield stress (Favier A., et al, 2014). As a negative factor, the non-adsorbed 
polymer part further increases this viscosity. These limitations are highlighted in the present paper. 
 
 
 
Originality 
Geopolymer systems became readily attractive for many applications for a decade due to some of their specific properties 
compared to concrete materials. Yet it has to be recognized that geopolymers are still only a little used in the construction 
field because of some inherent drawbacks as their early rheology. In particular, the alkali-silicate activated systems remain 
quite challenging to this regard. The factors influencing the use of cationic polymers as plasticizers for this type of system 
are figured out for the first time in this paper. The mediating effect of silicate ions in the adsorption mechanism of polymers 
was never reported so far. Also, the successful adsorption of cationic polymer enables to reduce the interaction forces 
between particles and the yield stress accordingly decreases yielding an improvement of the suspension rheology. This new 
feature opens new possibilities in the field of alkali-silicate activated binders and further applications may be envisaged. 
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1. Introduction 
Geopolymers or alkali activated aluminosilicates have stimulated increasing interest of scientific and 
industrial communities during last decades. Appropriately formulated they show benefits as lower CO2 
footprint or better chemical resistance compared to portland cement-based binders. Despite these good 
properties, alkali activated aluminosilicates find still niche applications in construction materials 
mainly because of their poor rheological characteristics due to a lack of effective plasticizers (Provis 
J., et al, 2009).  
Regular concrete plasticizers like polycarboxylate ethers do not work anymore under the typical 
alkaline conditions of geopolymers. They fail because of the presence of high concentration of 
monovalent cations compared to calcium which expel calcium ions from the mineral surface (Nicoleau 
L., et al, 2015) and thus hinder the calcium-mediated adsorption of the regular anionic plasticizers 
(Turesson M., et al, 2011). Secondly, the precipitation of calcium silicate hydrate and/or the formation 
of calcium silicate ion pairs and/or the adsorption of calcium on N-A-S-H gel strongly reduce the 
activity of Ca2+ in solution which in turn further lowers the adsorption of calcium. 
Because of the failure of the Ca-mediated adsorption of negatively charged plasticizers, highly charged 
cationic polymers, which outperform the regular anionic plasticizers especially in concentrated alkali 
silicate solutions, have been developed. The adsorption of cationic polymers straight onto the 
negatively charged mineral surface, i.e. without any mediating ion, appeared to be a reasonable 
hypothesis (Xie F., et al, 2013). However, to the best of our knowledge no experimental data about 
the adsorption of cationic polymers under high alkaline and high ionic strength conditions have been 
reported yet. The target of this article is to investigate the adsorption of cationic copolymer in such 
conditions and to correlate it with the flow properties of alkali-silicate activated geopolymers. In order 
to study the adsorption of polymers on representative and inert surface in the presence of activating 
solutions, titanium dioxide (TiO2) has been chosen as model substrate. For the better understanding of 
polymer adsorption mechanism, the interactions of silicate ions with TiO2 surface as well as with 
cationic copolymers are reported. The interactions are also linked with the rheology of geopolymer 
and model systems. 
2. Materials and Methods 
2.1 Materials 
A cationic copolymer coming from the co-polymerization of polyethylene glycol methyl ether 
methacrylate macromonomer and quaternized N-vinylimidazole monomer (called here Cationic 
Polymer for GeoPolymers or CPGP) was used in this study. The cationic charges present in the 
backbone are due to imidazolium cations and are supposed to be the anchoring groups bound to the 
negative charges of the mineral surface. The positive charge density borne by these groups measured 
by titration is 0.0025 e-/g. A commercial “Polycarboxylate Ether” provided by BASF (MasterGlenium 
51®) was used as typical reference of the superplasticizer chemistry used in regular concrete. 
For the adsorption and rheological studies, anatase-rich (90% anatase-10% rutile) TiO2 powder P25 
(Evonik Industries AG) showing a BET surface area of 60.2 m²/g, was used as unreactive model 
substrate. The reasons for using TiO2 (Nicoleau L., et al, 2015) are the low solubility of TiO2 at high 
pH, the absence of relevant impurities (Na, Ca, K, Al, Si) and a surface charging similar to alumino-
silicate materials. At high pH values, the surface of TiO2 is negatively charged. The negative charges 
result from the deprotonation of Ti-OH surface groups present at lower pH values and these hydroxyl 
can be titrated with NaOH. The, a priori, maximum charge density value of 2.1 e-/nm² is reached in 
the presence of Ca2+ ions (Nicoleau L., et al, 2015). 
2.2 Methods 
2.2.1 Adsorption study 
Aqueous suspensions containing 5 g/L of TiO2 and different amounts of adsorptive species were 
prepared. The samples were stirred for 24 hours at 23°C in order to achieve the adsorption equilibrium. 
After this equilibrium time, the suspensions were ultra-centrifuged, filtered and the supernatant 
analyzed. Ion concentrations are obtained by ICP OES (Ciros Vision, SPECTRO Analytical 
Instruments GmbH). In the case of polymer adsorption, TOC analysis cannot be used because of the 
presence of silicate ions which precipitate during the acidification step required for such an analysis. 



The polymer content in solution was alternatively measured by ICP OES of carbon. For this purpose 
the calibration carbon curve is obtained with known concentrations of polymer solutions in order to 
minimize the matrix effect. Even if ICP spectrometry of carbon is not as accurate as the TOC method, 
it allows a fairly accurate quantification of the polymer adsorption (Nicoleau L., et a,. 2015). 
2.2.2 Rheological study 
Three different rheological characterizations were performed.  
a) Mortar spread measurements 
First, mortar spread measurements under relevant application conditions were carried out using the 
mixing and measurement procedures of the Norm DIN EN 1015-3. Two types of raw materials that 
are a ground granulated blast furnace slag (GGBFS) mixed at water/slag ratio of 0.5 and a class F fly 
ash mixed at water/fly ash ratio of 0.3 were used. Each raw material was activated either by 7 wt.-% 
KOH solution or by 7 wt.-% Na2SiO3 solution. Polymer dosage was 1 % by weight of binder for both 
polymers. 
b) Flow properties of pastes 
In the second investigation, the effect of plasticizer dosage and silicate concentration was characterized 
by rotational rheometry for slag and fly ash suspensions using a Brookfield DV3T Rheometer 
(Brookfield Engineering Laboratories Inc.) and the vane tool. Suspensions were prepared by mixing 
slag or fly ash powders with the silicate solution and polymer. After 5 minutes mixing time, the 
suspensions were placed into the rheometer cup and the shear stress was recorded over the shear rate 
which has been increased from 0 s-1 to 50 s-1and then decreased back to 0 s-1. The dynamic yield stress 
and the viscosity were calculated using the Bingham’s law fitted on the experimental data obtained 
during the decrease of the shear rate, according to equation 1: 
𝜎𝜎(�̇�𝛾) = 𝜎𝜎𝑑𝑑 + 𝜂𝜂�̇�𝛾 (1) 
where: 𝜎𝜎𝑑𝑑 = dynamic yield stress, 𝜂𝜂 = viscosity and �̇�𝛾 = shear rate. 
c) Dynamic rheology on model suspensions 
Finally, TiO2 suspensions in relevant alkaline solutions were characterized by oscillatory dynamic 
rheometry on a MCR52 rheometer (Anton Paar GmbH) using a plate/plate tool, in order to evaluate the 
particles interactions. Aqueous suspensions containing 10 vol.-% of TiO2 were prepared at different pH 
values. The pH value was adjusted either by addition of NaOH, Ca(OH)2 or Na2SiO3. The stress values 
were recorded in shear oscillation mode carried out at a frequency of 1 Hz. The storage and loss modulus 
were calculated and plotted as a function of the shear deformation. A typical curve obtained in the case 
of the 100 mM NaOH solution is shown in Figure 1.  

Figure 1 Evolution of G’ the storage modulus, G’’ the loss modulus and σ the stress as a function of the shear. 
In such a plot, a linear visco-elastic domain is revealed which ends up at a given shear deformation 



pointed by the (1) arrow also characterized by a first critical stress noted σc in the following. Above 
this stress value, some contacts between TiO2 particles are broken and the viscoelastic network of 
particles starts re-organizing. This value represents the smallest critical stress (Roussel N., et a,l 2012) 
which depends on the interaction forces between the particles forming a network. Close after the end 
of the linear visco-elactic range, the stress reaches a maximum which is symbolized by the (2) arrow 
and noted σmax in the following. Above σmax, the paste flows and this stress can be compared to a yield 
stress. The existence of such a yield stress, which is the minimum stress needed for the system to begin 
flowing, can be considered indicative for a structure which is the consequence of the predominance of 
particle-particle interactions above thermal diffusion. After an even higher value of shear, coinciding 
with the moduli cross-over ((3) arrow), the stress increases again because of the colloidal interactions. 
σc, the critical stress necessary to start breaking a network of particles is proportional to the attractive 
forces between particles. The evolution of σc with the composition of solution therefore indicates the 
variation of the particle interactions with the parameters characterizing the solution (Johnson S. B., et 
a., 2000; Russel W. B., 1980). 
The particle-particle interactions can be also characterized by a slightly different manner. σmax the 
second particular stress can be identified with the maximum force per unit area that the structure can 
withstand before flowing and can be estimated as the maximum force between particles multiplied by 
the number of bonds per unit area (Russel W.B., 1989): 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 3𝜙𝜙2

2𝜋𝜋2𝑚𝑚2 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�𝑚𝑚𝑚𝑚𝑚𝑚

          (2) 

where φ is the solid volume fraction, R the distance between particles, a the particle size and V the 
potential energy of interaction. (∂V/∂R)max is therefore the maximum force between particles. 
Suspensions of TiO2 with different volume fractions and in different alkaline solutions were realized 
and the rheological properties measured as explained above. As equation 2 indicates, a plot of the 
evolution of σmax over φ² yields a straight-line characterized by a slope proportional to the force 
between particles. 
2.2.3 Complexation of silicate by polymer 
The investigations on the complexation of silicate ions by polymers are challenging because of the 
technical difficulty to quantitatively analyze the concentration of free silicate ions. A dedicated set-up 
has been used in which a dialyze tube containing 20 mL of pure water is placed into 180 mL of solution 
containing 1g of polymer and 1 mmol of silicate at different pH values and different ionic strengths. 
The pore size of the tube is 8 kDa, this way only ions and water can diffuse. As polymer is absent 
inside the tube, water molecules diffuse out the tube in order to equilibrate the chemical potential of 
water. In addition, ions and in particular silicate ions diffuse into the tube. After one day the 
equilibrium is achieved and there is almost no solution in the tube anymore but still enough to be 
collected and analyzed by ICP spectrometry. [Si]free, the concentration of free silicate ions can be 
estimated since they have diffused. The amount of ions complexed by polymer can be calculated from 
the original composition of the polymer solution. The complexation reactions between polymer and 
silicate ions are not know and can be multiple. Indeed, one or many polymer molecules may complex 
one silicate species as H3SiO4

-, H2SiO4
2- or even small silicate oligomers. Due to the lack of 

experimental data on such reactions and for the sake of simplicity, a single reaction between an 
ammonium group –N+ in polymer and a silicate monomer has been chosen as representative of the 
complexation of silicate ions by polymer: 
−𝑁𝑁+ +  𝐻𝐻4−𝑛𝑛𝑆𝑆𝑆𝑆𝑂𝑂4−𝑛𝑛   

𝐾𝐾
↔  − 𝑁𝑁𝐻𝐻4−𝑛𝑛𝑆𝑆𝑆𝑆𝑂𝑂41−𝑛𝑛       (3) 

K, the reaction constant is given by: 
𝐾𝐾 = �−𝑁𝑁𝐻𝐻4−𝑛𝑛𝑆𝑆𝑆𝑆𝑂𝑂41−𝑛𝑛�

(−𝑁𝑁+).(𝐻𝐻4−𝑛𝑛𝑆𝑆𝑆𝑆𝑂𝑂4−𝑛𝑛) =
[𝑆𝑆𝑆𝑆]𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−[𝑆𝑆𝑆𝑆]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�[−𝑁𝑁]𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−�[𝑆𝑆𝑆𝑆]𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−[𝑆𝑆𝑆𝑆]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓��.�[𝑆𝑆𝑆𝑆]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
     (4) 

where [-N]total and [Si]total are the total concentrations of polymer complexing groups and silicate 
species. The Gibbs energy associated to the reaction is: 
∆𝐺𝐺 = −𝜕𝜕𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾           (5) 
where R is the gas constant and T the absolute temperature. 



3. Results and discussion 
3.1 Rheology of geopolymer suspensions 
3.1.1 Mortar rheology 
The rheological properties of geopolymer mortars are presented as mortar spread values. Two types of 
raw materials were used: a ground granulated blast furnace slag (GGBFS) (Table 1a) and a fly-ash 
(Table 2b), activated either with KOH solution or with Na2SiO3 solution. The plasticizing efficiency of 
the cationic polymer is higher than that of the regular polycarboxylate ether and depends on raw 
materials and composition of the activating solution. Indeed, the efficiency of cationic polymer 
increases with the class F fly-ash and decreases when alkali hydroxide is used instead of alkali-silicate 
solutions.  
Table 1a - Mortar spread values according to the norm DIN EN 1015-3 on GGBFS mortar activated with KOH or 
Na2SiO3 solutions. 1 % of polymer is added to the mixture. Dosages of activator/polymer are expressed in weight 
of activator/dried polymer by weight of binder. The water to binder ratio is 0.5. 

Admixture 7 % KOH 7 % Na2SiO3 
None 19 cm 15 cm  
Polycarboxylate Ether 20 cm 15 cm  
CPGP 20 cm  21 cm 

 
Table 1b - Mortar spread measured on low calcium fly ash-based mortars (class F in European classification). 
Same proportions are used as in Tab. 1a. 

Admixture 7 % KOH  7 % Na2SiO3  
None 19 cm  17 cm  
Polycarboxylate Ether 19 cm  17 cm  
CPGP 20 cm  26 cm  

 
3.1.2 Paste rheology 
The effect of cationic plasticizer on rheology of geopolymer pastes is shown in Figure 2. The mode of 
action is the same at low polymer dosage as for classical dispersants used in cementitious systems, 
namely the reduction of yield stress. As it will be shown in the next section, the adsorption of polymer 
is low. It means that there is a large amount of non-adsorbed polymer remaining in pore solution which 
increases the viscosity of the solution. High amount of polymer can even lead to an increase of the yield 
stress what it is not normally observed in cementitious system. As a consequence, the flow properties 
of the suspension can be even worse than the reference in case of high dosages in polymer.  

 
Figure 2 (a) shear stress vs. shear rate (at decreasing shear rate) and (b) viscosity and dynamic yield stress values 
as function of polymer dosage of slag suspension in 0.6 M sodium silicate solution  (water/slag ratio of 0.4). 
It has been reported that the flow properties of metakaolin-based geopolymer systems are driven by the 
viscosity of the surrounding solution and to a lower extend by the yield stress of the suspension (Favier 
A., et al, 2014). In Figure 3 the effect of sodium silicate concentration on the viscosity and yield stress 
of fly ash suspensions is shown. The viscosity increases and the yield stress decreases hand in hand 
with the silicate concentration. As previously emphasized, the benefit of cationic plasticizers is to 
reduce the yield stress but at high silicate concentrations, the yield stress becomes insignificant and the 
polymer is useless. Since it also increases the viscosity at high silicate concentrations, the addition of 



polymer can be even counterproductive for the fluidity of geopolymer pastes. 

 
Figure 3 Variation of viscosity and dynamic yield stress of fly ash suspensions as a function of silicate 
concentration (water/fly ash ratio of 0.3). 
3.1.3 Rheology of model TiO2 suspensions 
As it was shown in (Nicoleau L., et al, 2015), the TiO2 surface is negatively charged at pH > 6 and the 
lowest zeta potential is achieved at pH values between 10 and 12. The absolute zeta potential values 
decreases with further pH increase due to the ion screening effect or because of the adsorption of cations. 
The evolution of the critical stress measured on TiO2 suspensions according to pH is shown in Figure 4. 
In this series of experiment, pH has been varied with additions of Ca(OH)2, NaOH and Na2SiO3. In the 
presence of calcium ions, the critical stress is high which is characteristic of a strong solid network 
between particles. This situation is representative for the particle-particle interaction forces existing 
between C-S-H particles present in cementitious systems (Roussel N., et al, 2012). Indeed, calcium 
divalent cations lead to ion-ion correlation forces and thus to high attractive forces between particles like 
C-S-H or TiO2 as in the present case (Jönsson B., et al, 2004). Without divalent cation, the critical stress 
is significantly lower at high pH values: roughly one order of magnitude when Ca(OH)2 and NaOH series 
are compared. In case of silicate ions, the critical stress is even further reduced at very high pH values. 
At pH = 14, the critical stress is one order of magnitude lower in the presence of silicate ions than without. 
This observation supports the fact that the yield stress of geopolymer suspensions tends to vanish when 
alkali-silicate activating solutions are used. In particular, geopolymer suspensions with low Ca content 
in raw materials (like metakaolin of class F fly ash) will have weaker particle-particle interaction forces 
than suspensions with higher Ca content (like GGBFS).The factors determining the rheology of 
geopolymer suspensions are quite different to those of cement suspensions. 
The suspensions have been further characterized over the volume fraction of TiO2 (Figure 5). Indeed, 
in the previous part, the flow properties have been measured at constant volume fraction. As the change 
of solution can induce internal re-organization of TiO2 aggregate structures and as the aggregate 
structure also depends on the volume fraction, it is worthwhile looking at the variation of the critical 
stress for different volume fractions. The results highlighted above are basically confirmed by Figure 5. 
The highest particle-particle forces are obtained in calcium rich suspensions, the forces are reduced at 
higher pH values and the presence of silicate ions yield a significant decrease of the particle-particle 
forces. 
 



 
Figure 4 Evolution of the critical stress against pH measured by oscillatory shear sweep tests on TiO2 
suspensions. The variation of pH is obtained with additions of NaOH, Na2SiO3 or Ca(OH)2 solutions. 
 

 
Figure 5 Evolution of the stress σmax needed for the suspensions of TiO2 in different solutions to begin flowing, 
plotted as a function of the volume fraction in TiO2 particles. The inset shows the slope of the corresponding 
straight-lines which are proportional of the maximum particle-particle interaction forces as described by equation 
(2). 
3.2 Adsorption of polymer on TiO2 
Adsorption isotherms of CPGP are reported in this section. A cross-hatched zone is drawn and 
represents the required adsorption level of the molecule fludify a paste. This zone is estimated from 
the adsorption value of regular polycarboxylate ethers on cementitious systems and after comparison 
of the respective surface areas of TiO2 and cement. In addition, a dotted straight-line is given and 
represents the degree of adsorption of 50%. The adsorption results of CPGP under different alkaline 
conditions are presented in Figure 6. In 500 mM NaOH (pH=13.46), the CPGP does not adsorb at all 
but in 250 or 375 mM of sodium metasilicate (pH=12.821 and 12.936 respectively) it does adsorb. It 
cannot be attributed to an insufficient pH value in case of the sole NaOH since pH values are lower in 
both silicate systems. The silicate ions contribute to the adsorption as it might be expected from the 
mortar spread measurements.  



 
Figure 6 Adsorption isotherm of CPGP onto TiO2 in presence of silicate anions. 
3.3 Adsorption of silicates on TiO2 
After the demonstration that silicate anions play a key role in the adsorption of cationic polymers, the 
reason of such a contribution to the polymer adsorption is still to be identified. For that purpose, the 
adsorption of silicate species onto TiO2 at different pH values was studied and the results are shown in 
Figure 7. The silicate anions are present as H3SiO4

- and H2SiO4
2- monomers at high pH values and low 

silicate concentration and as oligomers at high silicate concentrations. For the sake of simplicity it is 
expressed as monomers adsorption. As it appears in Figure 7, silicate anions adsorb onto TiO2 
althoughthe negative surface charge in this pH range. A hypothesis for the adsorption could be that 
silicate anions adsorb next to the layer of sodium cations condensed onto the negative TiO2 surface. Yet, 
the adsorption only marginally depends on pH values and because of the high ionic strength in 500 mM 
NaOH the adsorption is unlikely to be driven only by electrostatic interactions. An alternative might be 
an adsorption driven by hydrogen bonds since the silicate species can have a H-donor character and the 
Ti-O2 surface a H-acceptor character. 
 

Figure 7 Adsorption isotherms of silicate anions onto TiO2 at different pH values. 
 



3.4 Complexation of silicates by polymer 
In the previous sections, it has been demonstrated (1) that silicate ions adsorb onto TiO2 surface at high 
pH values and (2) that cationic polymer adsorbs onto TiO2 only in the presence of silicate ions. It can 
be deduced that polymer adsorbs via silicate mediating interactions. In order to assess the validity of 
this hypothesis, which also assumes in turn the existence of interactions between polymer molecules 
and silicate ions, the complexation of silicate by polymer at equilibrium has been investigated using the 
method presented. From the complexation experiments, the complexation constant and the related 
Gibbs energy are calculated according to equations 4 and 5. The results are shown in Table 2. 
 
Table 2 - Reaction constant K and the related Gibbs energy corresponding to the complexation of silicate ions by 
polymer under different solution conditions. 

 
pH = 11.8 pH = 13.5 pH = 11.8 

+10 mM NaCl 
pH = 11.8 
+100 mM NaCl 

pH = 11.8 
+500 mM NaCl 

K 52 5,4 25,6 5,2 2,5 
∆G [kG/mol] -9,8 -4,2 -8 -4,1 -2,3 

 
The effect of pH on the complexation of silicates by polymer has been first investigated. At pH=11.8, 
H3SiO4

- is the main silicate species (94%) and at pH=13.5, there is about 16% of H3SiO4
- and 84% of 

H2SiO4
2- in solution. The complexation is significantly reduced at pH=13.5 whereas silicate anions are 

in average more negatively charged and should therefore have more affinity for the cationic charges of 
polymer. In order to fairly compare the complexation values, the effect of ionic strength has been further 
considered. For this purpose, the determination of the complexation constants have been determined at 
pH=11.8 under different ionic strength conditions. The ionic strength has been increased with additions 
of NaCl. A significant decrease of the complexation constant is observed with the ionic strength. With 
the addition of 500 mM of NaCl, the ionic strength is then similar to the solution at pH=13.5 but the 
complexation is lower in 500mM NaCl. It means that, at same ionic strength, the affinity between 
silicate ions and polymer is lower at lower pH values. Also, the complexation is stronger between 
polymer and H2SiO4

2- than with H3SiO4
- due to the lower electrostatic attraction when the silicate anion 

charge is decreased. 
To conclude, this complexation study supports the strong interactions between silicate ions and polymer 
and thus the Si-mediating polymer adsorption onto TiO2 and by analogy on raw materials used in 
geopolymers. 
4. Conclusions 
For the first time the flow behavior of alkali-silicate activated geopolymers modified by cationic 
plasticizers has been studied and linked to the physico-chemical phenomena taking place in solution 
and at the particle/solution interface.  
The flow of geopolymer systems depend strongly on the activating solution type (concentrated alkali 
silicate or alkali hydroxide solutions) and the presence of Ca cations (e.g. dissolved from raw 
materials into the pore solution). As it was demonstrated on model TiO2 suspensions, the particle-
particle forces are lower in the case of geopolymer suspensions than in cementitious slurries due to 
the low concentration in Ca, the high concentration in alkalis and the high concentrations of silicate 
ions. This explains the effect observed at high concentration in silicate where the viscosity becomes 
the main determining-flow parameter. All these factors challenge the plasticizing of geopolymer 
systems. 
It was however demonstrated that cationic copolymers can effectively fluidify alkali-silicate activated 
geopolymers by lowering the yield stress. Adsorption experiments give a clue about the mode of 
action of cationic plasticizers. At high pH, the adsorption of cationic copolymer is only possible when 
silicate ions are present. We also emphasized the interactions of silicate ions with both cationic 
polymer and the particle surface, which in turn could explain a Si-mediating adsorption of polymer 
onto the mineral surface. The adsorption of silicate anions, is likely to be driven by hydrogen bonding. 
The overall polymer adsorption is low and the non-adsorbed part increases the viscosity of solution 
which can result in a worsening of the flow behavior of the geopolymer suspension. All these effects 



have to be considered when polymer additives are designed to improve the rheology of suspension 
where powder material is dispersed in such concentrated ionic solutions. 
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Abstract  
At present, the cement industry produces about 5% of the global anthropogenic CO2 emissions. Thus a decrease in the 
CaO content of cement provides an important opportunity to reduce CO2 emissions. Lower amounts of CaO in cement 
can be achieved by using belite cements. Belite cements are produced by using lower firing temperatures as well as 
lower CaO contents. The early strength of these cements is reduced in comparison with ordinary Portland cement. To 
increase early hydration and provide sufficient early strength, cements are usually produced with additional 
hydraulically active materials, e.g. calcium sulfoaluminates.  
The aim of the present investigation is to design a suitable raw meal which when burnt yields a belite-rich clinker with 
calcium sulfoaluminates. The raw meal contains pulverized limestone, anhydrite and hard coal fly ash (instead of 
bauxite). Since the alkali content of different fly ashes can vary widely, an equivalent raw meal was produced using 
different carbonates and oxides instead of the original fly ash. In order to investigate the effect of alkalis on the clinker 
formation and the hydration process of belite calcium sulfoaluminate cement, the content of alkalis in the raw meal was 
varied. Results are presented for heat flow calorimetry, X-ray diffraction and simultaneous thermal analysis. 
 
Originality  
The use of fly ash as a substitute of bauxite in the preparation of belite calcium sulfoaluminate cements is discussed in 
many scientific papers. However, using different fly ashes with different mineralogical and chemical compositions in 
the raw meal affects the composition of the clinker. This study aims to investigate the effect of different alkali contents 
in a model system based on a raw meal with fly ash on clinker composition and the hydration behaviour. Thus, the 
effect of using different fly ashes in the raw meal can be estimated in advance.  
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1. Introduction 
Currently about 2.8 billion tonnes of cement are produced every year worldwide. An increase of the 
production up to 4 billion tonnes can be assumed in the year 2050 (IEA & WBCSD, 2009; Schneider 
M., 2012). The highest increase is likely to take place in China and India, but also in regions such as 
the Middle East and North Africa.  
In this time of CO2 economies and ecological certification for buildings, Portland cement represents a 
building material with high consumption of raw materials and high CO2 emission. For specific 
applications, e.g. self-levelling floor screed, Portland cement can be replaced by low-energy cements 
such as belite calcium sulfoaluminate cement (BCSA cement) which has a high early strength. This 
kind of cement mainly consists of the phases belite (40 – 50 wt.%) and yeelimite (20 – 30 wt.%) 
(Álvarez-Pinazo G. et al., 2012) and can be produced at lower firing temperatures and with less 
limestone than Portland cement. 
Normally, limestone and gypsum as well as bauxite are used for the preparation of BCSA cements. 
However, bauxite mining, aluminium production and transport have an enormous environmental 
impact. The positive ecological and economical aspects of BCSA cements are therefore reduced by the 
use of bauxite. Thus, in the last decades other secondary raw materials, industrial by-products and 
wastes were also considered for the production of BCSA cements (Glasser F.P. et al., 2001; Beretka J. 
et al., 1996). Replacement of bauxite by fly ash as an aluminium source was evaluated positively 
(Bullerjahn F. et al., 2013; Dienemann W. et al., 2013). However, the effect of different fly ash 
compositions especially the effect of the alkali content of fly ash, which can vary widely (Wesche K., 
1991), on clinker composition and hydration development as well as hydration products has not been 
investigated previously. 
The accelerating effect of alkalis on the early hydration of Portland cement is well known (Jawed I. et 
al. 1978; Locher F.W., 2005; Richartz W., 1986; Taylor H.F.W., 1990). Increasing contents of K2O in 
the clinker lead to an acceleration of ettringite and monosulphate formation (Wonnemann R., 1982). In 
case of high contents of K2O, syngenite forms (Locher F.W., 2005, Richartz W., 1986). However, the 
subsequent hydration is slower in Portland cements with higher alkali contents (Richartz W., 1986; 
Jawed I. et al., 1978) 
The use of fly ash with higher alkali contents increases the alkalinity of the pore solution in the 
hardened paste thus affecting durability of concrete, e.g. passivation of reinforcement or, in contrast, 
the alkali silica reaction. 
This paper investigates the properties of a BCSA cement produced in the laboratory using fly ash as an 
aluminous raw material. The cement was manufactured by burning all constituents together, i.e. not by 
mixing belite with calcium sulfoaluminate cement (CSA). In order to evaluate the effect of different 
alkali contents on the hydration of the BCSA cement, clinkers were also produced by using pure 
materials and different alkali contents. 
 
2. Experimental 
2.1. Raw Materials 
For burning the reference BCSA clinker with (secondary) raw materials a hard coal fly ash with a high 
alkali content of 5.13 wt.% was used. The composition of the materials fly ash, limestone and 
anhydrite are listed in Tab. 1 
 

Tab. 1 Compositions of (secondary) raw materials, in wt.% 
 LOI* SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 K2O Na2O 

Fly ash 3.80 50.30 28.00 4.69 2.57 1.87 1.23 0.22 4.04 1.09 
Limestone 42.48 2.13 0.59 0.32 52.67 0.83 0.02 0.10 0.12 0.02 
Anhydrite 0.34 0.62 0.16 0.21 39.30 0.06 0.01 58.25 0.04 0.01 
* LOI: loss on ignition 
 
The raw meal composition was calculated for the theoretical formation of belite (C2S), yeelimite 
(C4A3S̅) and brownmillerite (C4AF) during the burning process. The calculated anhydrite content was 



 

increased by 60 % owing to its thermal decomposition at temperatures of ≥ 700°C. Thus, taking into 
account all of these factors, the calculated raw meal consisted of 29 wt.% fly ash, 63 wt.% limestone 
and 8 wt.% anhydrite. The total alkali content (Na2O+K2O) of this reference raw meal was 2.24 wt.% 
(Na2Oeq = 1.63 wt.%). The calculated oxide composition of the raw material with fly ash is shown in 
Tab. 2 (reference mixture, F_2.24). 
To evaluate the effect of different alkali contents, four raw meals (Tab. 2) consisting of pure materials 
were mixed. As pure material SiO2, Al(OH)3, Fe2O3, CaCO3, (MgCO3)4·Mg(OH)2·5H2O, TiO2, 
CaSO4·2H2O, K2CO3 and Na2CO3 were used. The amount of each material was calculated using their 
particular molar mass. 
Mixture P_2.24 corresponds to the reference mixture with fly ash (F_2.24). Starting from this 
reference composition the alkali content was halved (P_1.12) and doubled (P_4.48). A fourth mixture 
was made without any alkalis (P_0.00). 
 

Tab. 2 Calculated raw meal compositions, in wt.%  
 0.00% alkalis 1.12% alkalis 2.24% alkalis 4.48% alkalis 
 P_0.00 P_1.12 P_2.24 ≙ F_2.24* P_4.48 
 wt.% % wt.% % wt.% % wt.% % 

SiO2 23.14 

100.00 

22.88 

98.88 

22.62 

97.76 

22.11 

95.52 

Al2O3 12.32 12.19 12.05 11.77 
Fe2O3 2.29 2.26 2.23 2.18 
CaO 53.19 52.60 52.00 50.81 
MgO 1.54 1.52 1.51 1.47 
TiO2 0.54 0.53 0.52 0.51 
SO3 6.98 6.90 6.82 6.67 
K2O 0.00 0.00 0.89 1.12 1.77 2.24 3.54 4.48 Na2O 0.00 0.23 0.47 0.93 

* reference containing (secondary) raw materials – fly ash, limestone and anhydrite 
 
2.2. Experimental Process 
To ensure a homogenous contribution of all constituents and a similar fineness, the raw meals were 
ground for ten seconds in a disc mill and then mixed for five hours in a tumble mixer (Turbula®). 
Afterwards the raw meals were compacted (Fig. 1, left) and placed on a Mg-Spinel plate in a furnace. 
The heating rate was 10 K/min. After keeping the temperature at 1250 °C for one hour, the clinker 
cylinders were immediately removed from the furnace and broken to promote rapid cooling for the 
stabilization of β-C2S (Fig. 1, right). 
 

  
Fig. 1 Compacted raw meals on a Mg-Spinel plate (left) and breaking of clinker after burning (right) 

 
After cooling at room temperature, the clinkers were ground to achieve a specific surface of 3500 – 
4000 cm2/g according to Blaine. In order to investigate the optimal quantity of sulphate for the cement 



 

the amount of gypsum required for the complete reaction of yeelimite to ettringite without remaining 
gypsum was calculated. The gypsum was mixed with the clinker and the hydration of the paste 
followed with in situ XRD. Since residual gypsum was observed - presumably due to additional 
sulphate provided by the alkali sulphates - the amount of gypsum was halved, i.e. 5.39 wt.% was 
added to the ground clinker in all cases. Cement pastes (w/c ratio of 0.50) were made and stored at 
20 °C in sealed glass flasks. Hydration was stopped after 15 and 30 min, 1 and 3 hours as well as 1, 7 
and 28 days by grinding the hydrated cement pastes for 5 minutes in isopropyl alcohol in a laboratory 
ball mill and then drying at 40 °C. 
 
2.3. Methods for Assessment and Analysis 
For XRD quantitative phase analysis using CuKα radiation and the Rietveld refinement, the cement 
samples were mixed with 10 wt% ZnO as an internal standard. This permitted the estimation of the 
amount of non-crystalline phases by the Rietveld fitting procedure. The XRD measurements were 
performed with a XRD 3003 TT diffractometer of GE Sensing & Inspection Technologies GmbH with 
θ-θ configuration und CuKα radiation (λ=1.54 Å). The angular range was from 5 to 70 ° 2 Theta with 
a step width of 0.02 ° and a measuring time of 6 sec/step. 
Calorimetric measurements were made using a TAM AIR III heat flow calorimeter. Glass ampoules 
(20 ml) each containing 3 g BCSA cement were placed in the calorimeter and the injection units for 
each ampoule filled with 1.5 g of water (w/c ratio of 0.50). After a constant temperature of 20 °C had 
been reached, the water was injected into the ampoules and mixed inside the calorimeter with the dry 
material. The heat evolution rate was then measured three times for each sample type over a period of 
40 h.  
Measurements by simultaneous thermal analysis (STA), a combined method using thermogravimetric 
analyis and differential scanning calorimetry, were carried out with a STA 449 F3 Jupiter (Netzsch). 
For this purpose, the samples were weight in a corundum pan and heated (10 K/min). The hydrated 
samples were analysed in a temperature range up to 1000 °C. 
 
3. Results and Discussion 
3.1. Clinker Composition  
First of all the residual alkali contents of BCSA clinkers after burning were analysed by ICP-OES. 
Tab. 3 shows the Na2O, K2O and total alkali content (Na2O + K2O) of the clinkers. The small amount 
of Na2O in the alkali-free clinker P_0.00 may be due to some impurities in the basic materials. 
Furthermore, with increasing addition of alkalis the residual alkali content of the clinkers changes 
more during burning. Clinker P_1.12 contains almost the same alkali content as the raw meal. In 
contrast, the clinker P_4.48 with a high initial alkali content loses ~ 10 %. This is due to a partially 
evaporation of the alkalis at high temperatures (Hewlett P.C., 1998). 
It is obvious that clinker F_2.24 made with fly ash loses more alkalis (~ 19 %) compared to the clinker 
from the corresponding pure materials (P_2.24). This may be explained by a different kinetics for the 
evaporation of the alkalis in the glassy phase of the fly ash. 
 

Tab. 3 Alkali content of clinkers before2 / after burning by ICP-OES, in wt.%  
 P_0.00 P_1.12 F_2.241 P_2.24 P_4.48 

K2O 0.00 / 0.00 0.89 / 0.88 1.77 / 1.41 1.77 / 1.67 3.54 / 3.11 
Na2O 0.00 / 0.08 0.23 / 0.28 0.47 / 0.41 0.47 / 0.49 0.93 / 0.90 

K2O + Na2O 0.00 / 0.08 1.12 / 1.16 2.24 / 1.82 2.24 / 2.16 4.48 / 4.01 
1 reference containing (secondary) raw materials – fly ash, limestone and anhydrite 
2 according to Tab. 2 

 
In the following discussion, the clinkers are sorted in the order of their remaining alkali content after 
burning.  
The mineralogical phase composition of the clinkers was analysed quantitatively by XRD (Tab. 4). To 
evaluate the composition and content of aluminous phases more exactly, the residue after extraction 



 

with salicylic acid was also analysed. This removes the high scattering intensity from C2S which 
overlaps the peaks of aluminates and other minor components in the XRD spectrum. 
 

Tab. 4 Mineralogical compositions of clinkers, in wt.%  
 P_0.00 P_1.12 F_2.241 P_2.24 P_4.48 

β-C2S 51.2 59.5 63.4 67.4 50.0 
γ-C2S not detected not detected not detected not detected 13.5 
C4A3S̅ 23.5 23.3 19.1 20.6 18.2 
C4AF 1.4 not detected not detected not detected 4.0 

C3A (cubic) 3.1 2.4 1.8 3.1 2.0 
C5S2S̅ 11.9 not detected not detected not detected not detected 

other phases2 8.9 12.6 11.3 5.0 3.6 
alkaline phases3 0.0 2.2 4.4 3.9 8.7 

total 100.0 100.0 100.0 100.0 100.0 
1 reference containing (secondary) raw materials – fly ash, limestone and anhydrite 
2 e.g. Gehlenite (C2AS), Periclas (MgO), Bredigite (Ca14Mg2(SiO2)8), etc. 
3 i.e. Aphthitalite ((Na,K)2SO4), Ca-Langbeinite (K2Ca2(SO4)3), Arcanite (K2SO4), Na(Mg0,5Si0,5)(Si2O6) 

 
Comparing the clinkers made with pure materials, a clear correlation is apparent between alkali 
content and phase composition (Fig. 2, left). The reference clinker F_2.24 with fly ash fits into this 
general trend.  
In general, the content of the yeelimite (C4A3S̅) decreases with increasing alkali content. This is 
expected to reduce the amount of ettringite formed during hydration and thus the development of early 
strength too. 
In contrast, C2S content increased up to an alkali content of 2.24 which should enhance the late 
strength of the hydrated cement. In clinker P_4.48 C2S content decreases again. According to 
(Wonnemann R., 1982), a higher alkali content contributes to the stabilization of α´-C2S. However, in 
this investigation α´-C2S was not identified, but in the clinker P_4.48 with the highest alkali content γ-
C2S in addition to β-C2S was detected. This disagrees with previous experience. However, a 
stabilization of γ-C2S due to a low cooling rate after burning (Locher F.W., 2005; Wonnemann R., 
1982) could be excluded by repeating the experiment under strict observation of the cooling conditions. 
γ-C2S hydrates very slowly and slows down the late strength development (Locher F.W., 2005). 
Another silicious phase Na(Mg0,5Si0,5)(Si2O6) forms in clinker P_4.48. This may cause the pronounced 
reduction of C2S content of clinker P_4.48 due to silicon consumption of ~ 8% (Fig. 2, left).  
As expected, the content of alkaline phases increases with the alkali content of the raw meal (Fig. 2, 
left). In Fig. 2 (right) the distribution of the different alkaline phases is shown. At moderate alkali 
contents Ca-Langbeinite (K2Ca2(SO4)3) is present. An increase in the content of alkalis promotes 
Aphithalite ((Na,K)2SO4) formation. The clinker P_0.00 (without alkalis) contains Ternesite (C5S2S̅) as 
a sulphate containing phase. Ternesite (= sulphospurrite) forms at temperatures from 900 – 1150 °C. 
According to (Sylla H.-M., 1977), ternesite occurs at low alkali contents of 0.9 wt.% in atmospheres 
with SO2 (4 wt.%).  
The amounts of C3A and C4AF show no clear dependence on alkali content. Some iron may be bound 
in a Fe-yeelimite or in the interlayers of the other clinker phases.  
 



 

  
Fig. 2 Mineralogical phase content of clinkers (left) and composition of alkaline phases (right) 

 
3.2. Hydration  
3.2.1 Hydration Process 
After the addition of gypsum to the clinkers, the hydration of the BCSA cements was followed by 
isothermal calorimetry (Fig. 3). The dormant period after the initial peak shortens with increasing 
alkali content of the cement (Fig. 3, left) and the main peak occurs earlier (P_4.48 after ~2.5 h, P_ 2.24 
after ~3 h, P_1.12 after ~5 h, P_0.00 after ~7 h). Differing from the others, the BCSA cement without 
alkalis exhibits a second peak after roughly 12 h of hydration. According to (Winnefeld F. et al., 2010) 
this may be attributed to the formation of monosulphate. The cumulative hydration heat after 30 h (Fig. 
3, right) shows a slight dependence on the alkali content of the cement (P_0.00 = 170 J/g, P_1.12 = 
177 J/g, P_ 2.24 = 154 J/g, P_4.48 = 149 J/g). Despite of a significant lower hydration of P_1.12 and 
P_0.00 at the beginning, after 30 h the total amounts of heat released from these cements is higher than 
from the cements with higher alkali contents.  
 

  
Fig. 3 Calorimetric measurements of the BCSA cements: heat flow (left) and total hydration heat (right) 

 



 

3.2.2 Hydration Products 
The formation of hydration products and changes in phase composition during hydration was observed 
by XRD and STA. The chemically bound water was calculated from the weight loss at 550 °C and is 
included in the calculation of the phase content (Fig. 4 and Fig.5). 
During the hydration of BCSA cement P_0.00 ettringite (3CaO·Al2O3·3CaSO4·32H2O), monosulphate 
(3CaO·Al2O3·CaSO4·12H2O), strätlingite (2CaO·Al2O3·SiO2·8H2O), Al(OH)3 and C-S-H phases were 
formed. Following the addition of water yeelimite and gypsum dissolve to form ettringite (Fig. 4, left). 
The reaction proceeds very slow in the first three hours of hydration, i.e. in the dormant period (Fig. 3, 
left). Between 3 h and 1 day, the reaction terminates, yeelimite and gypsum depleted and the 
maximum amount of ettringite reached. During this period, monosulphate starts to form. Furthermore, 
after 3 h ~ 18 % of the C2S has reacted.  
 

P_0.00 P_1.12 

  
Fig. 4 Phase composition during hydration: cement P_0.00 (left) and cement P_1.12 (right) 

 
As observed by other authors (Jewell R.B. et al., 2007; Marroccoli M. et al., 2010) Ternesite, which 
was formed in the clinker without any alkalis, shows less reactivity under this conditions. 
According to the results of the STA analysis (without figure) Al(OH)3 and C-S-H phases form after 1 
day hydration. The content of C-S-H increases during the next 7 days of hydration and levels off at an 
age of 28 days, as can be seen by the hydration of β-C2S (Fig. 4, left).  
Comparing the BCSA cement P_1.12 with P_0.00, the same hydration phases are formed during the 
first 3 hours and the hydration process is similar (Fig. 4, right). Differing from P_0.00, ~ 25 % of the 
C2S reacts within the first 3 hours. Total depletion of yeelimite and gypsum also occurred between 3 
hours and 1 day. However, ettringite formation was firstly observed by XRD after 1 hour. STA 
measurements detected a slight change in mass (25 – 150 °C) of the cement P_1.12 after 15 minutes 
which is attributed to dehydration of ettringite (Winnefeld F. et al., 2010). Probably, this is 
microcrystalline ettringite at the beginning of hydration which cannot be detected by XRD. 
Monosulphate formed between 3 hours and 1 day from the reaction of ettringite in agreement with the 
consumption of gypsum. According to STA measurements C-S-H phases form after 1 day hydration.  
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Fig. 5 Phase composition during hydration: cement P_2.24 (left) and cement P_4.48 (right) 

 
As expected for the BCSA cements with higher alkali contents, syngenite (K2Ca(SO4)2·H2O) occurs in 
the first hour of hydration (Fig. 5, left). Ettringite, monosulphate, Al(OH)3 and C-S-H phases also 
form. In the presence of syngenite, monosulphate forms earlier after 3 hours. 
Differing from sample P_0.00 and P_1.12, C-S-H formation was detected after 3 hours by STA 
measurements. This is probably due to the higher hydration rate of β-C2S. After 3 hours ~ 32 % of C2S 
has reacted. 
The most syngenite is present in the BCSA cement P_4.48 with the highest alkali content. The high 
alkali content leads to complete consumption of gypsum after 3 hours (Fig. 5, right). In the cement 
samples with higher alkali contents (P_2.24, P_4.48) syngenite participates in ettringite and 
monosulfate formation. Moreover, yeelimite dissolution is promoted and thus the early formation of 
ettringite and monosulphate.  
 
The degrees of hydration of yeelemite and β-C2S were calculated from the XRD data to show their 
hydration rates (Fig. 6). Increasing alkali contents in the BCSA clinker increase syngenite formation 
and the rate of formation of ettringite and monosulphate is accelerated (without figure). Thus, early 
strength is increased (Wonnemann R., 1982), but the setting time is significantly shortened which 
worsens workability. Additionally, with increasing alkali content of clinker yeelimite (Fig. 6, left) and 
β-C2S (Fig. 6, right) hydration increases within the first 3 hours. Yeelimite dissolution is enhanced 
from 26 % (without alkalis) up to 78 % (high alkali content) after 3 hours, β-C2S from 18 % to 32 %, 
respectively. 
At an age of 7 days, the degree of hydration of yeelimite is similar irrespective of alkali content. The 
present results are similar to Portland cement hydration (Jawed I. et al. 1978; Locher F.W., 2005; 
Richartz W., 1986; Taylor H.F.W., 1990) with regard to the alkali content of clinker. Early hydration 
is accelerated and late hydration is decelerated with increasing alkali content. 
 
 
 
 
 
 
 



 

Yeelimite β-C2S 

  
Fig. 6 Degree of yeelimite (left) and β-C2S consumption (right) 

 
4. Conclusions 
This paper investigates the effects of different alkali contents of BCSA cements produced in the 
laboratory on clinker composition, hydration process and phase formation. The raw meal composition 
for the model clinker was based on a reference clinker made with fly ash as aluminium source.  
As the alkali content of the clinker increases less yeelimite and up to a certain alkali level (2.24 w.%) 
more C2S are present. Thus, if different fly ashes are used for preparing BCSA cements, the alkali 
content had to be considered in order to obtain a specified phase composition of the clinker and 
hydration process of the cement.  
With increasing alkali content more α´-C2S formation was expected, but γ-C2S was detected in the 
clinker with the highest alkali content. Nevertheless, the results confirm the accelerating effect of high 
alkali content on the early hydration of yeelemite and β-C2S. At later ages, slower rates of ettringite 
and monosulphate formation as well as β-C2S hydration were observed. It may be assumed that the 
early strength of BCSA cement is increased by alkalis and the late strength is reduced.  
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Abstract 
Geopolymerization is a complicated process. Even in a simple system consisting of an alkaline activator, such as water 
glass, and a silicate-aluminate material, such as fly ash, setting time and mechanical strength development of 
geopolymerized product strongly depend on water glass modulus and solid content, fly ash’s fundamental properties, 
and their weight ratio (liquid to solid ratio, L/S ratio). This paper presented the effects of solid content and modulus of 
water glass and its ratio to a given fly ash on setting time and mechanical strength of fly ash-based geopolymer. With 
given water glass and its L/S ratio, the effects of fundamental properties of fly ash, such as particle size (D50) and 
chemical compositions ( Si/Al ratio and %CaO), were studied. With given water glass and fly ash, the effects of key 
parameters to foam geopoloymer using hydrogen peroxide were also studied. Finally, fly ash-based geopolymer foam 
panels were developed for thermal insulation and fire protection applications. Our foamed product ( 0.057 W/m/K, 201 
kg/m3, 1.27 MPa) as a new “green” environmental friendly material class met the key requirements of the China 
Industry standard JC/T 2200-2013  foam Type II requirements and exceeded the existing foamed cement performance 
(0.065 W/m/K, 220 kg/m3, <0.5 MPa) for external wall thermal insulation applications, and gypsum foam for fire 
protection applications. 
 
Originality 
The research is to understand the effects of key materials parameters on setting time and mechanical strength for fly 
ash based geopolymers made by a class of given fly ash under certain controlled conditions. Then we apply the learning 
and use of foaming agent to develop geopolymer foam product, having both dry density and thermal conductivity lower 
enough and strength higher enough for fire protection thermal insulation applications. The future paper will include the 
effect of mineral compositions of fly ash to make geopolymer foams for fire protection thermal insulation applications. 
 
Keywords: Fly Ash, Geopolymer, Geopolymer Foam, Fire Protection, Thermal Insulation. 
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1. Introduction 
The origin meaning of geopolymer is a class of polymerized material synthesized by the geochemical 
action to form a three-dimensional structure with aluminosilicate mineral (Davidovits J., 1987).  
Research on geopolymer or alkaline activation of aluminosilicate materials started in 1930 by Kuhl in 
German for dissolving slag in KOH to obtain gel materials (Shi C. et al., 2006). In 1957, Glukhovsky 
in Russia synthesized gel from aluminosilicate materials. However, the actual term “geopolymer” was 
first proposed by Joseph Davidovits, a French scientist, in 1970s using kaolinite and metakaolin 
(Davidovits J., 1987). In the years of 1980, Mahler prepared similar aluminosilicate mineral with 
solution of alkali alumina and silicic acid instead of solid aluminosilicate as raw material (Mahler, W., 
1980). Palomo, etc. used metakaolin as raw material and silica sand as a reinforce material to make 
geopolymer with high compressive strength up to 83.4 MPa and long setting time of 24 hours (Palomo, 
A. et al., 1991). In the late 1990s, van Deventer etc. prepared geopolymer using solid industrial wastes, 
such as fly ash, to immobilize toxic metal ions (Van Jaarsveld J. G. S. et al., 1997, Van Jaarsveld J. G. 
S. et al., 2000). It is generally believed that fly ash alone to make geopomyer at room temperature will 
have long setting times and low 28-day compressive strength, such as below 10 MPa. In recent years, 
geopolymer using 100% fly ash cured at high temperature, such as 1 day at room temperature 
followed by 2 days at 80°C achieved the 3-days compressive strength up to 58.6 MPa with water glass 
modulus of 1.2 and solid content of 32% (Hou Y. et al., 2007a, Hou Y. et al., 2007b) .  For 
geopolymer made of fly ash and water glass, the first reaction step is to dissolve fly ash in water glass 
solution by breaking chemical Al-O and Si-O bonds to produce aluminate and silicate monomers, 
respectively. The monomer concentrations depend on the (water glass) liquid to (fly ash) solid (L/S) 
ratio, diffusivity of water glass to reach un-reacted glassy surface of fly ash, fly ash particle size 
(surface area), chemical compositions (SiO2, Al2O3, CaO, Fe2O3, SO3, etc.), and mineral compositions 
(glassy content), local pH value related to water glass solid content, and initial silicate concentration 
related to water glass modulus. These monomers can form the geopolymer precursors to produce gel 
or interact with each other to form dimers, trimmers, tetramers, etc, to delay gel formation.  However, 
the effects of water glass moduli and solid contents on setting time and compressive strength of fly 
ash-based geopolymer cured at room temperature and the effects of various fly ash material 
parameters, such as different SiO2/Al2O3 (Si/Al) ratio, CaO, average particle size (D50), and glassy 
content, on compressive strength within the suitable setting time under given water glass and liquid to 
solid ratio are rarely studied. 
In addition, geopolymer foam materials, duo to their good performance such as thermal conductivity, 
light weight, and so on, also have been considered as a new type of thermal insulation materials. 
Geopolymer foams can be synthesized by using geopolymer paste in which large volumes of air are 
entrapped either by the pre-foaming method or the mixed-foaming method (Henon J., et al., 2012, 
Prud’Homme E. , et al., 2010).The research of geopolymer foam has received broad attention due to 
its wide raw material sources, green environment-friendly preparation process, and unique thermal 
insulating performance. However, geopolymer foams always get low porosity, high dry density and 
thermal conductivity by using the pre-foaming method (Bourret J., et al., 2012, Al Bakri Abdullah M. 
M., et al., 2012 a). Only a few researchers have explored geopolymer foam synthesis by using the 
mixed-foaming method (Al Bakri Abdullah M. M., et al., 2012 b). On one hand, the mixed-foaming 
method preparation process they used is too complex. On the other hand, the porosity and the thermal 
insulating performance of geopolymer foam prepared are not better than those of traditional porous 
materials such as foam glass or autoclaved aerated concrete. Those issues limit the applications of 
geopolymer foam as a new type of thermal insulation materials. 
Therefore, this paper presents the effects of solid content and modulus of water glass and its ratio to a 
given fly ash on setting time and mechanical strength of fly ash-based geopolymer. With given water 
glass and its L/S ratio for suitable setting times, the effects of fly ash fundamental properties, particle 
size and its distribution and chemical composition (particularly Si/Al ratio and %CaO) were studied. 
With given water glass and fly ash under certain controlled conditions using hydrogen peroxide as the 
foam agent, fly ash-based geopolymer foam panels were developed for fire protection thermal 
insulation applications. The foamed product can meet the Chinese Industry standard JC/T 2200-2013 
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foam Type II requirements and exceed the existing cement foam performance (0.065 W/m/K, 220 
kg/m3, <0.5 MPa). This green environmental friendless inorganic foam is a new material class for 
thermal insulation and fire protection applications. 
2. Experimental 
2.1. Raw Materials 
Fly ash samples were obtained from 6 power plants from Guohua Power Company, Beijing (FA-BJ), 
Sanhe (FA-SH), Suizhong (FA-SZ), Candong (FA-CD), Jinjie (FA-JJ), and Zunger (FA-ZGR), and 2 
non-Guohua power plants, Yangzi (YZ) and Ningxia (NX). FA-BJ samples have 4 different samples 
and another 4 separated samples with different particle sizes produced from the NICE separation 
process (Dong Y., et al., 2013). Each FA-CD and FA-SZ has two samples with different particle size 
distributions. The industrial grade water glass solutions were purchased from Beijing Hongxing 
Guangsha chemical building materials co., LTD., with moduli of 1.5, 1.8, and 2.4 and Baume degree 
of 51° (equal to solid content of 46%). A chemical grade sodium hydroxide NaOH, Hydrogen 
peroxide was purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. Water is tap water at 
NICE. 
2.2. Experimental Process 
2.2.1 Preparation of fly ash based geopolymer 
2.2.1.1 Preparation of desired water glass modulus and solid content  
The original water glass solution was diluted to prepare the pre-determined solid content lower than 
46% using water. To prepare water glass with modulus lower than 2.4, the required weight of NaOH 
was added into the water glass solution with the designed solid content, and mixed to obtain the 
homogeneous solution. Be aware that the maximum solid content cannot exceed 34.6% at ambient 
temperature due to solubility of NaOH in water. Various water glass solutions with moduli of 0.6, 1.2, 
and 1.8 and solid contents of 11.5% to 42% were prepared for this study. 
2.2.1.2 Determination of water glass to fly ash ratio by consistence of the paste 
The water glass (liquid) to fly ash (solid) ratio to mix fly ash with each water glass with given 
modulus and solid content was determined according to the consistence of the paste. 500 g of fly ash 
was put into to the mixer first. Then the above prepared water glass solution was poured into the mixer. 
The mixer was started for mixing at a manual and low speed. The mixing time was 2 min to obtain a 
homogeneous paste. The homogeneous paste was poured into the mold placed on the glass panel 
immediately after mixing. The paste exceeded the upper edge of the mold. A straight spatula was 
inserted at a depth of 25 mm into the paste for 5 times in order to remove the entrained air. The extra 
paste was scraped out with a spatula to make a smooth finishing top surface. The mold filled with the 
paste on the glass panel was placed onto the Vicat tester immediately after finishing at the center right 
under the slide bar. The bar was lowered until it exactly touched the surface of geopolymer paste. The 
bolt was tightened, and the needle was suddenly released within 1s to 2s after tightening. The slide bar 
was dropped into the paste freely and vertically. The distance between the bar and bottom was 
recorded when the bar was stopped or 30s after release. The bar was wiped clean immediately after it 
was raised up. The whole operations should be finished within 1.5 min. The normal consistency in 
paste was obtained when a distance of (6 ±1) mm between the bar and bottom was reached. Volume of 
water glass for such paste was the liquid (water glass) required to mix fly ash to achieve the normal 
consistency. This was used to calculate the ratio of water glass to fly ash by weight as the liquid to 
solid ratio. 
2.2.1.3 Sample preparation and setting time and compressive strength tests 
A certain amount of fly ash was added into the mixing bowl. The specified volume of water glass 
solution determined by the above procedure was weighted and added to achieve the same paste 
consistency at a given liquid to solid ratio.  The mixer was set at a manual and low speed. Started the 
mixer and added water glass into the mixing bowl. Recorded the time when all of water glass has been 
added into the bowl. The mixing time was 2 min to obtain a homogeneous paste.   
After completely mixing, the paste was immediately poured into the ring mold for the Vicat needle 
setting time test. Then conduct the setting time test according to GB/T 1346-2011.  



 

The paste was also poured into the strength testing mold immediately after mixing was completed. 
Molding process was conducted at room temperature. The samples were cured inside a standard curing 
box set at the temperature of 20±1°C and relative humidity of at least 90%. The curing times were 1 
day or 28 days. After the completion of cure, compressive strength of each cured sample was 
measured according to GB/T 17671-1999. 
2.2.3 Preparation of fly ash based geopolymer foam 
The steps to prepare geopolymer foam, including modified slurry synthesis, foaming, curing, cutting 
for characterization, are described below. The water glass (liquid) to fly ash (solid) ratio to mix fly ash 
with each water glass with given modulus and solid content was determined according to the 
consistence of the paste. 500 g of fly ash was put into to the mixer first. Then the above prepared 
water glass solution was poured into the mixer. The mixer was started for mixing at a manual and low 
speed. The mixing time was 2 min to obtain a homogeneous paste. And then, the foaming agent was 
added with a foaming agent–to–aluminosilicate ratio of 0.5-2 wt% and mixed for 30s at a high speed. 
Finally, the homogeneous paste was poured into the mold immediately.  
The dry density and compressive strength tests of all samples after 28 days with a dimension of 
40mm×40mm×40mm were evaluated according to GB/T5486-2008. The thermal conductivity was 
measured according to GB/T10295-2008 by IMDRY3001-X thermal conductivity machine, for the 
geometry samples of 300mm×300mm×30mm. The morphology of porous fine aggregates and 
geopolymer foam was determined using Digital Microview.  
3. Results and Discussion 
3.1. The effects of solid content and modulus of water glass to a given fly ash on setting time and 
mechanical strength of fly ash-based geopolymer  
Fly ash (FA-BJ-0#) was obtained from Beijing thermal power plant from Guohua Power Company, a 
subsidiary of Shenhua Group, with key chemical compositions listed in Table 1. 

Table.1 Key chemical compositions of fly ash from Beijing thermal power plant 
Composition SiO2 Al2O3 CaO Fe2O3 SO3 MgO K2O Na2O 

Content (%) 41.25 35.58 10.14 5.94 1.73 0.68 1.25 0.84 
The effects of water glass moduli from 0.6 to 2.4 and solid contents from 11.5% to 46% on initial 
setting time and 1-day compressive strength are listed in Table 2.  

Table 2 Effect of moduli and solid content on setting time and 1-day compressive strength 

Moduli Solid 
content 

Water glass / Fly 
Ash (by wt.) 

1-day strength（MPa） Initial setting 
time (min.) Value Std. Dev. 

2.4 

46% 0.56 4.81 0.18 ＞20 
34.5% 0.44 8.34 0.52 10~20 
23% 0.39 1.89 ▲ 5~10 

11.5% 0.36 2.84 0.19 ＜3 

1.8 

46% — — — — 
34.5% 0.41 5.47 0.34 10~20 
23% 0.38 1.14 0.16 5~10 

11.5% 0.37 2.57 0.55 ＜3 

1.2 

46% — — — — 
34.5% 0.40 6.12 0.34 10~20 
23% 0.38 1.92 0.17 5~10 

11.5% 0.35 2.40 0.08 5~10 

0.6 

46% — — — — 
34.5% 0.42 2.12 0.28 ＞20 
23% 0.40 0.74 0.08 10~20 

11.5% 0.37 2.47 0.10 10~20 
▲——one testing specimen because other two have obvious defects. 



 

The contour plots for these results are shown in Figure 1. The contour plots show two peaks for initial 
setting times and 1-day compressive strength in these studied ranges at different locations (different 
moduli and solid contents). The peak locations are found at moduli of 2.4 and 0.6 and solid contents of 
46% and 34.5% for setting times, but at moduli of 2.4 and 1.2 and solid content of 34.5%, respectively, 
for 1-day compressive strength.  
Initial setting time should not be too short or too longer to prepare geopolymer samples. Based on 
practical sample preparation experience, the setting time needed for our applications should be within 
10 to 20 minutes, preferable, 10 – 15 minutes.  Two preferred water glass conditions are moduli of 2.4 
and 1.2 at solid content of 34.5% to achieve suitable initial setting times of 10 to 20 minutes and 
higher 1-day compressive strength in the studied range. The former has higher strength than the latter.  
The best water glass condition seems to be at modulus of 2.4 and solid content of 34.5%.  
      

    
Figure1a. Contour plot for initial setting times    Figure 1b. Contour plot for 1-day strength 

For a given wáter glass with the modulus of 2.4, the effect of its solid contents from 27% to 46% on 
setting times and 1-day and 28-d compressive strength are listed in Table 3. The 1-day compressive 
strength results are consistent with the data reported in Table 2. The máximum 1-d strength is 9.87 
MPa with initial setting time of 12 minutes located at the solid content of 38%, while the máximum 
28-day compressive strength is up to 32 MPa at the solid content of 46%. 

Table 3 Effect of water glass solid content on strength and setting times at 2.4 moduli 

Water glass Water glass 
/ Fly Ash  
(by wt.) 

Compressive strength（MPa） Setting time 

Moduli Solid 
content 1-day 28-day Initial 

(min.) 
Final 
(min.) 

2.4 

46% 0.56 4.81±0.18 32.03±2.70 ＞20 ＞35 

42% 0.47 8.40±0.20 27.83±0.38 18 34 

38% 0.44 9.87±0.12 20.37±0.78 12 18 

34.5% 0.44 8.00±0.17 14.80±2.16 10 12 

31% 0.41 7.23±0.06 11.90±1.49 ＜5 8 

27% 0.39 3.05±0.14 10.33±0.72 ＜3 5 
3.2. Effects of liquid to solid ratios and water glass moduli on compressive strength 
Figure 2 shows compressive strengths of geopolymers made of fly ash (FA-BJ-0#) and water glass 
cured after 1 day at 80°C at different L/S ratios of 0.45, 0.55, 0.65, and 0.75 with two water glass 
moduli of 1.5 and 1.8 at same solid content of 46 wt.%.  



 

 
  
Figure 2 Compressive strengths after 1 day at 80°C at various liquid-to-solid ratios for moduli of 1.5 and 1.8 and 

solid content of 46 wt% 
The results shown in Figure 2 indicate that compressive strength decreases with increasing the L/S 
ratio at modulus of 1.5, but, at a higher modulus of 1.8, strength has no significant change with the L/S 
ratio from 0.45 to 0.65, and is then significantly reduced at the L/S ratio of 0.75. Apparently, 
compressive strength depends on L/S ratio and water glass modulus and solid content. No simple rule 
was found. Of course, too low L/S ratio will have too high viscosity for processing and too high L/S 
ratio will have dilute solution and lower strength. The suitable L/S ratio is in the range of 0.45 to 0.65. 
At a higher L/S ratio, higher modulus gives higher strength, but at a lower L/S ratio, lower modulus 
gives higher strength.  
3.3 The effects of fly ash fundamental properties, particle size and its distribution, chemical 
composition on mechanical strength of fly ash-based geopolymer  
Three fundamental material properties of fly ash critical to geopolymerization are chemical 
compositions, such as SiO2, Al2O3, CaO, SO3, Fe2O3, particle size and its distribution, such as average 
particle size D50, and mineral compositions, such as glassy content. The effects of fly ash D50, CaO, 
and Si/Al on compressive strength were studied in this section.  
3.3.1 Effect of average particle size 
Four fly ashes with different average particle sizes from FA-BJ-0# were produced by the NICE 
separation system (Dong Y., et al., 2013) listed in Table 4. Figure 3 shows the effect of average 
particle sizes on compressive strength of geopolymer cured at room temperature for 1, 7, and 28 days. 
As expected, finer particle size due to higher surface area has higher compressive strength. Again, all 
follow the first order kinetics. 

Table 4 Five fly ash samples with different average particle sizes and ranges 
FA-BJ  Sample ID D50 (µm) Range (µm) ≤ 2 µm (%) ≤45 µm (%) 

FA-BJ-0# 10.5 0.25 – 252 26% 81% 
FA-BJ-0#A 1.3 0.30 - 8.0 68% 100% 
FA-BJ-0#B 14.5 0.25- 140 17% 100% 
FA-BJ-0#C 23.5 0.25 – 200 11% 75% 
FA-BJ-0#D 65.0 2.5 – 225 0% 30% 



 

 
Figure 3 Effect of particle sizes on compressive strength 

3.3.2 Effect of CaO 
Two fly ash samples with similar chemical compositions and average particle sizes, FA-BJ-1# and 
FA-NX fly ash with different CaO contents of 9.92% and 1.90%, respectively, are listed in Table 5. 
Geopolymers were prepared using water glass modulus of 2.4 and solid content of 34.5% at the L/S 
ratio of 0.65. The samples were cured at 20°C and RH > 90% for 1, 7, and 28 days. FA-BJ-1# has 
higher compressive strength than FA-NX as shown in Figure 4.  FA-NX has very long setting time and 
low compressive strengths of 0, 1.2, and 6.7 MPa, while FA-BJ-1# has compressive strengths of 4.8, 
14, and 15.2 MPa at 1, 7, and 28 days, respectively. Obviously, geopolymer made of higher CaO fly 
ash can achieve higher compressive strength. Strength of FA-BJ-1# can be contributed from two 
different reactions, geopolymerization for N-A-S-H gel and cement hydration for C-S-H gel due to its 
high CaO. The resulting strength development also seems to follow the first order kinetic model.  

Table 5 Key chemical compositions and D50 for FA-NX and FA-BJ-1# fly ashes 
Fly Ash SiO2 Al2O3 Si/Al CaO Fe2O3 K2O Na2O MgO D50 (µm) 

FA-NX 45.22 35.97 1.07 1.90 3.66 0.93 0.41 1.72 19.8 

FA-BJ-1# 44.85 31.91 1.19 9.92 4.79 1.12 0.72 1.43 21.4 

 
Figure 4 Effects of CaO content on compressive strength 

3.3.3 Modeling and Effect of SiO2/Al2O3 on compressive strength 
It is almost impossible to have two fly ash samples with the same CaO and D50 but different 
SiO2/Al2O3 (Si/Al) to study its effect on compressive strength. Therefore, a strength model was 



 

developed by using 11 fly ash samples with the wide ranges of Si/Al from 0.68 to 2.38, CaO from 1.90 
to 13.66%, and D50 from 4.5 to 122.7µm to study the Si/Al effect. Water glass with modulus of 2.4 
and solid content of 46 wt% was used. The L/S ratio was 0.65. Compressive strengths of these samples 
after 1 day at 80°C were measured and shown in Figure 5.  

 
Figure 5 Compressive strengths after 1 day at 80°C for various fly ash samples 

A linear empirical equation containing each factor and their interactions was used to fit these data. The 
equation below has a very good fit using the JUMP program with R2 of 0.904 and F<0.05for 
compressive strength, CS, as functions of Si/Al, CaO, and D50. 
CS=51.71*Si/Al+10.528*CaO+6.49*D50-6.57*Si/Al* CaO- 4.92* Si/Al*D50- 0.72 *CaO*D50+ 
0.53*Si/Al*CaO*D50-61.694 

Table 6 lists Si/Al, CaO, D50, and measured and predicted strengths of these samples. Table 7 lists 
FA-JJ and FA-ZGR and simulated results on different Si/Al. 

Table 6 Si/Al Ratio, CaO, D50, measured and predicted compressive strength 
Fly ash sample ID Si/Al  CaO (wt%) D50 (µm) Measured S. (MPa) Predicted S. (MPa) 
FA-BJ-2#（Fine） 1.05 9.41 5.3 26.6±1.3  25.6 
FA-CD-2# 1.53 7.89 4.5 24.1 19.7 
FA-JJ 2.38 13.66 14.9 22.8±3.7 23.8 
FA-BJ-3#（mix） 1.11 8.82 25.8 19.9±0.8 20.6 
FA-NX 1.07 1.90 19.8 17.2 18.8 
FA-SH 1.42 7.98 21.8 11.9±0.1 16.0 
FA-YZ 1.37 3.03 22.3 10.5±0.2 8.6 
FA-SZ-1# 1.53 6.95 19.2 9.5±2.1 12.8 
FA-ZGR 0.68 4.55 4.9 8.3±0.1 8.4 
FA-SZ-2# 1.31 6.21 95.2 7.7±0.1 6.7 
FA-CD-1# 1.54 9.87 122.7 4.5±0.5 4.3 
          Table 7 Measured and predicted compressive strength of FA-JJ and ZGR at different Si/Al 
Fly ash sample ID Si/Al CaO D50  Measured S. (MPa) Predicted S. (MPa) 
FA-ZGR 0.68 4.55 4.9 8.3±0.07 8.4 
Case 1 for FA-ZGR 2.38 4.55 4.9 N/A 24.6 
FA-JJ 2.38 13.66 14.9 22.8±3.68 23.8 
Case 2 for FA-JJ 0.68 13.66 14.9 N/A 29.7 



 

It is generally believed that higher Si/Al gives higher strength. For example, FA-JJ has higher Si/Al 
(2.38 vs. 0.68) and strength (22.8 vs. 8.3 MPa) than FA-ZGR. But FA-JJ also has higher CaO (13.99 
vs. 4.55%) and D50 (14.9 vs. 4.9 µm) than FA-ZGR.  It is hard to tell higher strength due to higher 
Si/Al or CaO in this case. Based on the simulated results on different Si/Al from our empirical model 
listed in Table 7, higher Si/Al does not necessarily have higher strength, depending on the values of 
Si/Al, CaO and D50. For low Si/Al, CaO and D50 values, such as FA-ZGR, increasing Si/Al indeed 
increases strength. But for high Si/Al and CaO at typical D50 values, such as FA-JJ, reducing Si/Al 
increases strength. 
3.4 The effects of key parameters to foam geopoloymer using hydrogen peroxide 
The research of geopolymer foam has received broad attention for its wide raw material sources, green 
environment-friendly preparation process and thermal insulating performance. Geopolymer foams can 
be synthesized by using geopolymer paste in which large volumes of air are entrapped either by the 
chemical foaming method (such as hydrogen peroxide and aluminium powder as foam agents) or the 
mixed-foaming method. In an alkaline environment, hydrogen peroxide is decomposed rapidly into 
water and oxygen, leading to a porous structure. In addition, geopolymerization process usually 
includes 3 stages: (a) destruction–coagulation, (b) coagulation–condensation, and (c) condensation–
crystallization. Therefore, it is very important to know how to control the dissolution rate to produce 
aliminate and silicate monomers and gel-setting rate to form a three-dimensional framework structure 
in order to match the decomposition rate of hydrogen peroxide.  
3.4.1 Effect of solid content of water glass on initial and final setting time 
Fly ash (FA-BJ-0#) was used obtained with key chemical compositions listed in Table 1.  It can be 
seen from Figure 6, with increasing solid content of water glass from 27wt% to 42wt%, initial and 
final setting time of geopolymerization process also increase from 3 and 5 min to 17 and 35min. In 
order to obtain good performance of geopolymer foam, such as uniform pore structure, good thermal 
conductivity and mechanical property, Initial setting time should not be too short or too longer to 
prepare geopolymer samples during the decomposition process of hydrogen peroxide. Therefore, 
based on practical sample preparation experience, the initial and final setting time needed for matching 
the decomposition rate of hydrogen peroxide should be within 10 to 20 minutes, preferable, 10 – 15 
minutes in the solid content range from 32% to 40%, preferably 34.5%. 

 
Figure 6 Effect of solid content of water glass on initial and final setting time 

3.4.2 Effect of H2O2 content on fly ash based geopolymer foam structure 
Based on above discussion on initial and final setting time of geopolymerization process, the effect of 
H2O2 content on fly ash based geopolymer foam structure was further studied. When the H2O2 content 
was added to 0.5wt%, the average pore diameter was 0.38mm and geopolymer bulk had a uniform 
pore distribution except the thicker pore wall, indicating more foam agent needed as shown in Figure 



 

7a. With increasing the foam agent to 1wt%, the average pore size also increasing to 1.76mm, the pore 
distribution is more uniform and the pore’s wall is thinner as shown in Figures 7b and 7c. In addition, 
with increasing the foam agent to 2wt% as shown in Figure 7d, the average pore size is only 1.7 mm, 
but it is observed that there are a lot of uneven large pores and through-pore structures in the 
geopolymer matrix and the pore size is more than 0.5cm, which means that excessive foam agent 
content releases too much oxygen gas, resulting in uneven and larger pore size distributions. At the 
same time, the geopolymer paste cannot resist pressure to stabilize oxygen bubbles, so excessive 
oxygen gas runs over from the surface of geopolymer paste, and then forms bigger pore and through-
pore structure. Therefore, it is very important to form uniform pore structure at suitable foam agent 
content under given initial and final setting times of the geopolymerization process.       

 
（a）H2O2=0.5wt%                  （b）H2O2=1wt% 

 
（c）H2O2=1.5wt%                  （d）H2O2=2wt% 

Figure 7 Effect of H2O2 content on fly ash based geopolymer foam structure 
3.5 Fly ash based geopolymer foam for thermal insulation and fire protection applications 
The current building insulation materials are mainly dominated by organic insulation materials, such 
as polystyrene foam plastic (EPS, XPS), rigid polyurethane foam (PU) etc. The advantage is light 
weight, good heat preservation performance; the disadvantage is easy to aging, poor fire safety 
performance, leading to fire accident. Especially, when EPS is burned, there are “flashover" 
phenomena to release smoke and toxic substance. Therefore, fly ash based geopolymer foam as the 
new inorganic foam is developed for thermal insulation and fire protection applications to replace 
traditional organic or inorganic materials.  
3.5.1 Thermal insulation applications 
According to the Chinese industry standard, JC/T2200-2013 as listed in Table 8, dry density, 
compressive strength and thermal conductivity are very important properties used for product 
classification for thermal insulation applications.  



 

 
Table 8. JC/T 2200-2013 Foam product property requirements 

Properties/Classification 
Requirements 

Type I Type II 

Dry Density (kg/m3) ≤180 ≤250 

Compressive Strength (MPa) ≥0.30 ≥0.40 

Thermal conductivity [average 
temperature25±2℃]/ (W/m.K) ≤0.055 ≤0.065 

Vertical tensile strength (kPa) ≥80 ≥100 

Dry shrinkage（after 24 hours in water）
mm/m ≤3.5 

Combustion rating A1 Class 

Softening coefficient ≥0.70 
Volume wáter absorption (%) ≤10 

Carbonization coefficient ≥0.70 
Radiation Internal and external indices IRa≤1.0; Iγ≤1.0 

By adjusting the foam agent concentration, molar ratio and solid content of water glass, solid/liquid 
ratio and other additives, such as PP fiber, stabilizer, reinforcing agent, etc., we have developed fly ash 
based geopolymer foam materials having dry density, compressive strength and thermal conductivity 
in the range of 180-250 kg/m3, 0.1-1.5MPa, 0.055-0.065 W/m.K, respectively. Table 9 lists the five 
key performance requirements in JC/T2200-2013 Type II foam, dry density, thermal conductivity, 
compressive strength, water absorption, and drying shrinkage, and compares the performance of one 
of our fly ash-based geopolymer foams with cement foam for thermal insulation applications. 
Obviously, our fly ash-based geopolymer foam met the Type II requirements and exceeded 
commercial foam cement sheet. 

Table 9 JC/T2200-2013 Type II key requirements and geopolymer and cement foam performance  

Products/Properties 
Dry 

Density 
(kg/m3) 

Compressive 
Strength 
(MPa) 

Thermal 
Conductivity 

(W/m•K) 

Water 
absorption 

(v/v%) 

Drying 
shrinkage  

mm/m 
JC/T2200-2013 Type II ≤250 ≥0.40 ≤0.065 ≤10 ≤3.5 

Geopolymer foam 201 1.27 0.057 7.48 1.68 
Foam cement 220 <0.5 0.065 21.69 - 

3.5.2 Fire protection application 
Fly ash based geopolymer foam can be used for fire protection applications due to its excellent fire 
resistance property, better than traditional cement-based materials. The key property comparison 
between fly ash based geopolymer foam (NICE-1#) and the reference sample (0#), gypsum foam, is 
listed in Table 10. A lab-scale fire test to simulate the Chinese test standard, GB/T 16810-2006, has 
the flame touching the sample surface with the flame temperature of 800 oC and the distance of 30 mm 
between fire gun and sample’s surface, and in-situ surface temperature of sample’s back measured by 
infrared thermometer and recorded. Figure 8 shows that the back-surface temperature of the fly ash 
based geopolymer foam sample (NICE-1#) is no higher than 52 °C, and lower than that of the 
commercial gypsum foam sheet (0#-CSD). Obviously, our fly ash-based geopolymer foam has lighter 
weight, lower thermal conductivity, and higher strength than commercial gypsum foam. 



 

 
Table 10 Performance of fly ash based geopolymer foam for fire protection application 

        Sample Thickness Density Thermal conductivity Compressive strength 

（mm） （kg/m3） （W/m. k） (Mpa)  
0#-CSD 40 500 0.15 - 
NICE-1# 40 370 0.084 1.17 

 
Figure 8 Performance of fly ash based geopolymer foam for fire protection application 

4. Conclusions 
Key material factors to strengths of fly ash-based geopolymers include water glass with various 
moduli and solid contents, fundamental properties of fly ash (such as particle size, chemical 
compositions, and mineral compositions), and the liquid (water glass) to solid (fly ash) ratio. This 
study clearly demonstrates that geopolymer made of fly ash only using water glass modulus of 2.4 and 
solid content of 46% at the liquid to solid ratio of 0.56 cured at room temperature can achieve 28-day 
compressive strength up to 32 MPa, but it has initial setting time longer than 20 minutes. To obtain 
suitable initial setting times within 10 to 20 minutes, the suggested solid contents range is 34.5% - 
42% at modulus of 2.4 or moduli of 1.2 – 2.4 at solid content of 34.5% to achieve compressive 
strength around 24 to 28 MPa. The suitable L/S ratio was found to be in the range of 0.45 to 0.65. For 
given water glass and L/S ratio, geopolymer made of fly ash with higher CaO or lower D50 has higher 
compressive strength. Eleven fly ash samples with various SiO2/Al2O3 (0.68 to 2.38), CaO (1.90 to 
13.66%), and D50 (4.5 to 122.7 µm) were used to study their effects on compressive strength and 
develop the first empirical strength model. The model suggests that higher Si/Al does not necessarily 
have higher strength, depending on the Si/Al, CaO and D50 values. 
Based on the above geopolymer technology using hydrogen peroxide as the foam agent, suitable fly 
ash under controlled conditions was used to develop fly ash-based geopolymer foam materials for fire 
protection thermal insulation applications. This fly ash-based geopolymer foam product as a new 
green environmental friendly material class can meet the Chinese Industry standard JC/T 2200-2013 
foam Type II requirements and exceed the existing foamed cement for external wall thermal insulation 
applications, and also perform better than commercial gypsum product for fire protection applications. 
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Abstract 
Calcium sulfoaluminate (C4A3Š) is the main constituent of a promising low-CO2 alternative to ordinary Portland 
cement. C4A3Š hydrolyzes very quickly generating various hydration products, such as ettringite (AFt), 
monosulfate (AFm), amorphous aluminum hydroxide (AH3) and so on. In this paper, the phase compositions and 
microstructure of C4A3Š pastes were investigated using an X-ray diffraction (XRD) instrument and a scanning 
electron microscope (SEM) when the water/solid ratio was 0.5 and 2.0 and the curing temperature was 20 °C 
and 60 °C. Needle-like AFt with different sizes was easily detected only at t 20 °C. AFm was originally 
flower-like and then grew into a plate-like morphology. In particular, with different water/solid ratios, compact 
and sparse filamentous AH3 was observed in the early stages and then the filamentous AH3 gathered and grew 
forming smooth and villous spherical AH3. The spherical AH3 usually continued to gather, forming dense or 
villous agglomerates in the later stages. 
 
Originality 
AH3 is the main amorphous hydration product of ye'elimite-containing cement and has been detected by 
backscattered electron images and complementary methods. However, the microstructure and formation process 
of AH3 were not investigated in detail. In this paper, AH3 was investigated via scanning electron microscopy and 
energy dispersive X-ray spectroscopy (EDS) at different conditions. In particular, the mechanism of AH3 
formation was established. 
 
Key words: calcium sulfoaluminate; hydration; aluminum hydroxide; ettringite; monosulfate 
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1. Introduction 
Calcium sulfoaluminate (C4A3Š), also known as Kelin component or ye'elimite, is the main constituent 
of low-energy cements (Calos N. J. et al., 1995; Halstead P. E. et al., 1962; Hargis C. W. et al., 2014). 
The crystal structure of C4A3Š has been reported to be cubic, tetreagonal, and orthorhombic at 
different conditions (Cuesta A. et al., 2014; Hargis C. W. et al., 2014). Joint Rietveld refinements 
using neutron and X-ray powder diffraction data coupled with chemical soft-constraints indicate that 
C4A3Š has an orthorhombic structure at room temperature (Cuesta A. et al., 2013). In the absence of 
additional sulfate sources, orthorhombic C4A3Š reacts more slowly than cubic C4A3Š (Cuesta A. et al., 
2014). 
C4A3Š is the main mineralogical phase of a promising low-CO2 alternative to ordinary Portland 
cement and C4A3Š containing cements have received significant attention for their excellent 
performance. For example, calcium sulfoaluminate cement (CSA) manufactured by sintering mixtures 
of limestone, bauxite and gypsum at a temperature of approximately 1250 °C has good performance of 
rapid hardening, high strength, low alkali and so on (Álvarez-Pinazo G. et al., 2012; Quillin K., 2000). In 
addition, manufacturing CSA can fully utilize industrial by-products, such as fly ash, steelmaking slag 
and scrubber sludge (Adolfsson D. et al., 2007; Arjunan P., 1999; García-Maté M. et al., 2012; Gartner E., 
2004; Li H. X. et al., 2001). Note that CSA has many advantages because of the high active mineral 
C4A3Š (Winnefeld F. et al., 2010; Hargis C. W. et al., 2013; Liao Y. et al., 2011; Michel M. et al., 2011). 
High active C4A3Š hydrolyzes very quickly generating various hydration products (Sánchez-Herrero M. 
J. et al., 2013; Dovál M. et al., 2004). The main hydration products for C4A3Š are ettringite (C6AŠ3·H32, 
AFt), monosulfate with variable water content (C4AŠ·H12, AFm12; C4AŠ·H14, AFm14), amorphous 
aluminum hydroxide (AH3), etc. (Chen I. A. et al., 2012; Juenger M. C. G. et al., 2011). Anions of AFm 
can be replaced by hydroxy, sulfate, carbonate and so on (Matschei T. et al., 2007; Glasser F.P. et al., 
1999). Therefore, calcium hemicarboaluminate hydrate (C4AČ0.5H12, AFm0.5Č) can form when the 
calcite (CČ) is of low quantity or is absent in cement pastes (Pelletier L. et al., 2010; Berger S. et al., 
2011). AFt and AFm usually have rod-like and plate-like morphologies, respectively (Stark J. et al., 
2000). AH3 has been detected by many researchers, but data on the microstructure of AH3 in pastes is 
scarce (Pelletier-Chaignat L. et al., 2012; Song F. et al., 2014). Recently, song studied the 
microstructure of AH3 in belite calcium sulfoaluminate cement pastes and found that AH3 had villous 
and smooth spherical morphology (Song F. et al., 2015). 
The microstructure and formation process of C4A3Š hydrates, particularly regarding AH3 have not 
been examined in detail. Temperature and water/solid ratio have a significant impact on the hydration 
of C4A3Š (Dovál M. et al., 2004; Berger S. et al., 2011). Therefore, at different temperatures and 
water/solid ratios, this paper intensively examines the microstructure and formation process of C4A3Š 
hydrates. 
2. Experimental 
2.1. Synthesis of C4A3Š 
C4A3Š was synthesized via the solid state reaction according to the literature (Song J. T. et al., 2002). 
C4A3Š was prepared using stoichiometric amounts of analytical reagent calcium carbonate, alumina 
and calcium sulfate as the starting materials. The starting materials were ball-milled for 2 h at 250 rpm 
using agate balls and then pressed into a circular plate at the pressure of 15 MPa. The circular plate 
was heated at 1320 °C and held for 2 h (heating rate of approximately 10 °C/min). Next, the samples 
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were quenched in air. Finally, a portion of the samples was ball-milled for 2 h at 250 rpm using agate 
balls. The particle size distribution of C4A3Š was measured using a laser particle size analyzer. The 
volume-mean particle size (d50) of C4A3Š was 9.8 μm as shown in Fig. 1. The powder was used for the 
preparation of pastes and X-ray diffraction (XRD) analysis. Another portion was broken for scanning 
electron microscope (SEM) analysis. 

 
Fig 1 Particle size distributions of C4A3Š 

2.2. Preparation of pastes 
The pastes of C4A3Š were prepared using water/solid ratios of 0.5 and 2.0. The C4A3Š samples were 
properly blended with deionized water and then were cast into sealed bottles and stored in a curing 
chamber at temperatures of 20 °C and 60 °C. After curing for 1 min (beginning of hydration), 5 min, 
30 min, 3 h, 12 h and 1 d (end of main hydration), the hydration of each of the pastes was stopped by 
submergeing in an excess of ethanol for 1 d (the samples sometimes required filtering) and then dried 
in a vacuum dessicator. Finally, a portion of each of the samples was ground to pass a 75 μm (#200) 
mesh sieve for XRD analysis, and another portion was broken for SEM analysis. 
2.3. Characterization 
The XRD patterns for the C4A3Š and pastes were obtained using an X-ray diffractometer 
(Smartlab-3kw, Rigaku Ltd, Japan) using Cu Ka radiation (λ = 0.15405 nm) operated in a reflection 
geometry (θ/θ) at room temperature. A scanning speed of 5° min-1 with a step size of 0.02° was used to 
examine the samples. The acquisition for the C4A3Š was over a range of 2θ of 5° to 45°. The 
acquisition for the pastes was over ranges of 2θ of 8° to 12°, 20° to 21° and 23 to 24.5°. The X-ray 
tube was operated at 40 kV and 30 mA. 
The scanning electron microscope (JSM-6510, JEOL Ltd, Japan) was used to observe the sample 
microstructure. The SEM was equipped with a W-filament and operated under an accelerating voltage 
of 15 kV. The spot size of the electron beam was set to 30. The samples were coated with a very thin 
layer of gold to increase the surface conductivity. The elemental compositions of the characteristic 
morphologies were acquired using an energy dispersive X-ray spectroscopy (EDS, NORAN System 7, 
Thermo Fisher Scientific Co., America). 
3. Results and discussion 
3.1. Phase compositions and microstructure of the synthetic C4A3Š 
The XRD pattern for the synthetic C4A3Š is shown in Fig. 2. The XRD pattern revealed that C4A3Š 
possessed orthorhombic structure and good crystallinity. In addition, traces of anhydrite were detected 
in C4A3Š. The secondary electron image of C4A3Š (the inset in Fig. 2) indicated that the grain size of 
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C4A3Š was small. 

 
Fig 2 XRD pattern for the synthetic C4A3Š (A: O-C4A3Š, B: CŠ) 

3.2. Phase compositions and microstructure of the pastes at 20 °C 
The selected small range of XRD patterns for the pastes at different curing ages are shown in Fig. 3 for 
a water/solid ratio of 0.5 and a temperature of 20 °C. Fig. 3a indicated that only small amounts of AFt 
were generated after curing for 1 min, 5 min, 30 min and 3 h. Large amounts of AFt, AFm14 and 
AFm12 were formed after curing age for 12 h. However, after curing for 1 d, the quantity of AFt and 
AFm14 decreased and a large amount of AFm0.5Č was generated. The reason for this behavior may be 
that there is a small amount of carbon dioxide in the deionized water and air. The ideal AFm0.5Č 
contains only 3.9 wt.% carbon dioxide; therefore, a small amount of carbon dioxide can meet the 
requirements of a carbonation reaction (Matschei T. et al., 2007). Figs. 3b shows a broad band between 
20° and 20.5°, which is characteristic of AH3 (Winnefeld F. et al., 2010). With the generation of 
amorphous AH3, the peak of C4A3Š around the broad band of AH3 gradually widened with the curing 
age increasing from 3 h to 1 d. Fig. 3c shows the strongest peak of C4A3Š at different curing ages. The 
dormant period of C4A3Š is approximately several hours (Sánchez-Herrero MJ. et al., 2013; Dovál M. et 
al., 2004). Therefore, the hydration of C4A3Š was not obvious until the curing age of 12 h. After a 
curing age of 1 d, the quantities of C4A3Š did not reduce obviously, and a portion of C4A3Š still 
remained in the pastes. The hydration reaction almost stopped in the later stages because the reaction 
was lacking water (Glasser F. et al., 2000). 

 
                (a) 8.0°-12.0°      (b) 20.0°-21.0°      (c) 23.0°-24.5° 
Fig. 3. Selected small range of XRD patterns for the pastes at different curing ages for a water/solid ratio of 0.5 
and a temperature of 20 °C (A: O-C4A3Š, C: AH3, D: AFt, E: AFm14, F: AFm12, G: AFm0.5Č) 
Secondary electron images of the pastes at different curing ages are shown in Fig. 4 for a water/solid 
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ratio of 0.5 and a temperature of 20 °C. After curing for 1 min, a small amount of needle-like AFt was 
generated on the surface of C4A3Š (Fig. 4a). C4A3Š has excellent performance due to its rapid 
hydration rate (Zhang L. et al., 2002). The needle-like AFt increased and gathered after curing ages of 5 
min and 30 min (Figs. 4b and 4c). In particular, after a curing age of 3 h, many smooth spherical AH3 
(confirmed by EDS, inset in Fig. 4d) and needle-like AFt were observed (Fig. 4d). After curing for 12 
h, dense agglomerates of AH3 were detected and confirmed by EDS, as shown in Fig. 4e and the left 
inset. According to the right inset in Fig. 4e, the dense agglomerates consisted of smooth spherical 
AH3. The formation process of dense agglomerates could be the grouping of smooth spherical AH3 
generated in the early stages to form dense agglomerates during the hydration reaction process. Small 
plate-like AFm was generated intensively after curing for 1 d (Fig. 4f). The structure of the pastes was 
compact, and various products were tightly gathered for a low water/solid ratio. 

  
(a) 1 min (b) 5 min 

  
(c) 30 min (d) 3 h 

  
(e) 12 h (f) 1 d 

Fig 4 Secondary electron images of the pastes at different curing ages for a water/solid ratio of 0.5 
and a temperature of 20 °C 

·P1 
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The selected small range of XRD patterns for the pastes at different curing ages are shown in Fig. 5 for 
a water/solid ratio is 2.0 and a temperature of 20 °C. Fig. 5a indicated that hydrates possessing good 
crystallinity were not detected after curing ages of 1 min, 5 min and 30 min. A small amount of AFt 
and AFm12 was generated after curing for 3 h. AFt increased gradually while AFm12 increased 
significantly after curing for 12 h. After curing for 1 d, the quantity of AFm12 decreased while a large 
amount of AFm14 was formed. In addition, AFm0.5Č was not detected in the XRD patterns. Fig. 5b 
showed that the peak of C4A3Š around the broad band of AH3 began to widen after curing for 3 h, 
indicating that some AH3 was generated. The broad band of AH3 was clearly observed after curing for 
12 h and 1 d. A large amount of AH3 was formed in the later stages. From Fig. 5c, C4A3Š was 
consumed slowly until the curing age of 3 h. After curing for 12 h and 1 d, the amount of C4A3Š 
decreased significantly, and C4A3Š was almost completely hydrated. A high water/solid ratio elevates 
the hydration degree significantly. 

 
(a) 8.0°-12.0°            (b) 20.0°-21.0°            (c) 23.0°-24.5° 

Fig 5 Selected small range of XRD patterns for the pastes at different curing ages for a water/solid ratio of 2.0 
and a temperature of 20 °C:. (A: O-C4A3Š, C: AH3, D: AFt, E: AFm14, F: AFm12) 
Secondary electron images of the pastes at different curing ages are shown in Fig. 6 for a water/solid 
ratio of 2.0 and a temperature of 20 °C. After curing for 1 min, 5 min and 30 min, traces of small 
needle-like AFt and flower-like AFm were found (Figs. 6a - 6c). AFt became smaller compared to that 
with a water/solid ratio of 0.5 because the rate of crystal nucleation is much greater than that of crystal 
growth. The crystallinity of AFm was poor, and the grain size of AFt was extremely small (X-ray 
amorphous), so they could not be detected by XRD patterns (Fig. 5a). Sparse filamentous gel was 
observed on the C4A3Š surface after curing age for 3 h (Fig. 6d). Sparse filamentous gel should be AH3 
considering the result of the XRD analysis that indicated some AH3 was generated after curing for 3 h. 
Villous spherical AH3 (confirmed by EDS, inset in Fig. 6e) and long needle-like AFt above the larger 
plate-like AFm were found after curing for 12 h (Fig. 6e). The crystallinity of AFt and AFm was good, 
enabling them to be detected in the XRD patterns (Fig. 5a). The villous spherical AH3 increased and 
gathered together intensively to form villous agglomerates (confirmed by EDS, inset in Fig. 6f) after 
curing for 1 d, as show in Fig. 6f. The villous AH3 obviously consisted of filamentous AH3. The 
formation process of villous agglomerates could be initiated by the gathering of sparse filamentous 
AH3 generated in the early stages to form villous spherical structure during the reaction along with the 
subsequent grouping of the villous spherical AH3 to form villous agglomerates in the later stages. A 
High water/solid ratio benefited the formation of AFm. The AFm was originally flower-like and 
subsequently grew into larger plate-like morphology. With a water/solid ratio of 2.0, the pastes have 
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sufficient space for the growth of various products, and the various hydrates usually have a larger size. 

  
(a) 1 min (b) 5 min 

  
(c) 30 min (d) 3 h 

  
(e) 12 h (f) 1 d 

Fig 6 Secondary electron images of the pastes at different curing ages for a water/solid ratio of 2.0 
and a temperature of 20 °C 

3.3. Phase compositions and microstructure of the pastes at 60 °C 
The selected small range of XRD patterns for the pastes at different curing ages are shown in Fig. 7 for 
a water/solid ratio of 0.5 and a temperature of 60 °C. Fig. 7a indicated that hydrates of good 
crystallinity were not detected in pastes until the curing age of 30 min. After the curing age increased 
from 30 min to 1 d, large amounts of AFm12 and AFm0.5Č were generated continuously. The hydration 
rate was found to be faster than that at 20 °C. AFm12 and AFm0.5Č are the main hydration products at 
60 °C; therefore, the increase of temperature benefits the formation of AFm. Fig. 7b indicated that AH3 

·P3 
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increased after a curing age of 3 h, and the broad band of AH3 did not change noticeably from 3h to 1 
d. Note that the growth of AH3 was faster compared to that at a temperature of 20 °C. From Fig. 7c, 
the hydration rate of C4A3Š was slow until the curing age of 30 min. After 3 h of hydration, the 
quantities of C4A3Š decreased significantly. However, the quantity of C4A3Š was unchanged until the 
curing age of 1d because the reaction was lacking of water. Increased temperature not only accelerates 
the rate of hydration but also influences the type of hydrates. 

 

(a) 8.0°-12.0°     (b) 20.0°-21.0°         (c) 23.0°-24.5° 
Fig 7 Selected small range of XRD patterns for the pastes at different curing ages for a water/solid ratio of 0.5 

and a temperature of 60 °C (A: O-C4A3Š, C: AH3, F: AFm12, G: AFm0.5Č) 
Secondary electron images of the pastes at different curing ages are shown in Fig. 8 for a water/solid 
ratio of 0.5 and a temperature of 60 °C. After curing ages for 1 min and 5 min, small amounts of 
hydration products were generated in the pastes (Figs. 8a and 8b). Compact filamentous gel around the 
plate-like AFm, which should be AH3, was found after curing for 30 min (Fig. 8c and the inset). In 
particular, dense agglomerates of AH3 (confirmed by EDS, inset in Fig. 8d) around plate-like AFm 
were observed again after curing for 3 h (Fig. 8d). The dense agglomerates (the frame in Fig. 8d) also 
consisted of smooth spherical AH3. The time for the generation of AH3 was earlier and the size of AH3 
was smaller compared to those at a temperature of 20 °C. The entire process of dense agglomerates 
formation can be initiated by the grouping of compact filamentous AH3 generated in the early stages to 
form smooth spherical AH3 particles that are subsequently gathered to form dense agglomerates. Large 
amounts of plate-like AFm and other hydrates formed a compact structure after hydration of 12 h and 
1 d (Figs. 8e and 8f). Therefore, AH3 was difficult to be observed in the later stages. 
 
 
 
 
 
 
 



 9 

  
(a) 1 min (b) 5 min 

  

(c) 30 min (d) 3 h 

  
(e) 12 h (f) 1 d 

Fig 8 Secondary electron images of the pastes at different curing ages for a water/solid ratio of 
0.5 and a temperature of 60 °C 

The selected small range of XRD patterns for the pastes at different curing ages are shown in Fig. 9 for 
a water/solid ratio of 2.0 and a temperature of 60 °C. Fig. 9a indicated that hydrates possessing good 
crystallinity were not detected after curing for 1 min and 5 min. Large amounts of AFm12 were 
continuously generated while curing from 30 min to 1 d. AFm0.5Č was generated after curing for 30 
min and 3 h, but AFm0.5Č disappeared after curing age for 12 h. High temperature benefits the 
formation of AFm with different water/solid ratios. Fig. 9b indicated that AH3 was generated after 
curing for 30 min. This result proved again that at a high temperature, the time for the generation of 
AH3 was earlier. After curing for 3 h, 12 h and 1 d, all of the pastes contained large amounts of AH3. 

·P5 
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From Fig. 9c, the quantity of C4A3Š decreased significantly after curing for 30 min, and only a small 
amount of C4A3Š remained after curing for 3 h and 12 h. In particular, C4A3Š was completely hydrated 
after curing for 1 d. A high water/solid ratio and a high temperature further elevated the hydration 
degree and rate. 

 

(a) 8.0°-12.0°        (b) 20.0°-21.0°     (c) 23.0°-24.5° 
Fig 9 Selected small range of XRD patterns for the pastes at different curing ages for a water/solid ratio of 2.0 

and a temperature of 60 °C:. (A: O-C4A3Š, C: AH3, F: AFm12, G: AFm0.5Č) 
Secondary electron images of the pastes at different curing ages are shown in Fig. 10 for a water/solid 
ratio of 2.0 and a temperature of 60 °C. After curing for 1 min and 5 min, many flower-like AFm 
(X-ray amorphous) particles were found (Figs. 10a and 10b). From Fig. 10c and the inset, small 
villous spherical AH3 particles covering the plate-like AFm were found after curing for 30 min. At 
high temperatures, the time for the generation of villous spherical AH3 was earlier and the size of the 
villous spherical AH3 became much smaller compared to those at a temperature of 20 °C. This result 
indicated that high temperature accelerated the formation of AH3 significantly. After curing for 3 h, 
size of villous spherical AH3 particles increased slightly (confirmed by EDS, inset in Fig. 10d) but 
they did not aggregate in the later stages. Therefore, these particles were clearly observed around the 
large plate-like AFm for curing periods of 3 h to 1 d (Figs. 10d - 10f). 
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(a) 1 min (b) 5 min 

  
(c) 30 min (d) 3 h 

  
(e) 12 h (f) 1 d 

Fig 10 Secondary electron images of the pastes at different curing ages for a water/solid ratio of 2.0 and 
a temperature of 60 °C 

4. Conclusions 
Temperature not only influences the hydration rate but also changes the hydrates forms. Needle-like 
AFt of different sizes are easily detected only at low temperature. AFm is originally flower-like and 
then grows into a plate-like morphology. High temperature or a high water/solid ratio benefits the 
formation of AFm. In this case, AFm will grow into larger plates. 
With a low water/solid ratio, compact filamentous AH3 is formed in the early stages. Subsequently, 
AH3 gathers and grows to form smooth spherical AH3. Finally, the smooth spherical AH3 gather to 
form dense agglomerates. Moreover, AH3 size at high temperature is smaller than that at low 
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temperature.  
With a high water/solid ratio, sparse filamentous AH3 is formed in the early stage, which subsequently 
gathers to form villous spherical AH3 particles. At low temperature, the villous spherical AH3 particles 
also gather to form villous agglomerates in the later stages. However, at high temperature, the villous 
AH3 particles are much smaller and do not aggregate in the later stages. 
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Abstract 
The chemistry of the precursors used for producing alkali-activated cements plays a significant role in phase 
assemblage and evolution, and consequently the structure and durability of these materials. It has been 
identified that the MgO content of granulated blast furnace slag modifies the reaction kinetics and phase 
assemblage in alkali silicate-activated materials.  The inability to control key compositional parameters due to 
the varying composition and mineralogy of commercial slags has made it difficult to determine the governing 
factors controlling the reaction kinetics and phase assemblages from a more holistic perspective. 
The extent to which the Mg content of the precursor material modifies the chemistry and microstructure of C-
(A)-S-H/N-A-S-H reaction products, and controls the formation of secondary reaction phases, remains unknown, 
even though it will significantly impact the overall durability of alkali-activated slag cements. Isolation of the 
role of Mg can only be achieved by strict stoichiometric control of the precursors and binders. In this study, 
stoichiometrically controlled alkali-activated materials within the system CaO-MgO-Al2O3-SiO2, with varying 
Mg content, are produced by chemical reaction with a sodium silicate solution. These synthetic precursors were 
synthesised via a novel solution-polymerisation method utilizing polyethylene glycol to sterically inhibit 
movement of precursor cations. The effects of the content of Mg, Ca, Si and Al on the chemical composition, 
reaction kinetics and microstructure of alkali-activated binders are assessed using X-ray diffraction, scanning 
electron microscopy, and solid state nuclear magnetic resonance spectroscopy. The main reaction product 
formed in these binders is an aluminium- and sodium-substituted calcium silicate hydrate (C-(N)-(A)-S-H) gel. 
The formation of the secondary reaction products hydrotalcite, C4AH13 and silica-substituted AFm, is controlled 
by the amount of magnesium and aluminium available to participate in reaction, and highlights the importance 
of consideration of the amount of freely available network-modifying cations as opposed to bulk chemistry. 
 
Originality 
It has recently been identified that the MgO content of slag modifies the reaction kinetics and phase assemblage 
in alkali-activated slag binders. Despite the relatively high MgO content of some alkali-activated slags, the 
effect of Mg on the chemistry and microstructural development of the main binding phases C-(A)-S-H/N-A-S-H 
during alkali-activation of slag remains unknown. The present work takes an original approach in investigating 
the relationship between MgO content of slag, its role in the chemical changes of the main binding phases, and 
the formation of secondary reaction products, such as layered double hydroxides (LDH) with a hydrotalcite type 
structure.  LDH are likely to play a significant role in the durability performance of these binders. The synthetic 
precursors are produced using a novel synthesis method, which has never been used to produce 
stoichiometrically controlled slags, and simulates more closely what is likely to happen upon activation of 
commercial precursors, than can be achieved by adopting other precursor synthesis methods, such as the sol-
gel method. 
Therefore, the originality of this work lies in the fact that these stoichiometrically controlled alkali-activated 
cements constitute a chemically simplified model system which enables strict control of key compositional 
parameters, and consequently allows the study of the governing thermodynamic relationships and factors 
controlling reaction kinetics and phase assemblages during alkali-activation of slag from a more holistic 
perspective. 
Keywords: Geopolymer, alkali activated binders, layered double hydroxides, aluminosilicate powder synthesis 
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1. Introduction 

Alkali-activated binders offer a viable low-CO2 alternative to Portland cement and exhibit desirable 
technical properties, as well as a potential reduction in CO2 emissions by over 80% (Davidovits 1991, 
Duxson, Provis et al. 2007, Juenger, Winnefeld et al. 2011). The main reaction product of alkali-
activated slag is an aluminium- and sodium-substituted calcium silicate hydrate gel (C-(N)-(A)-S-H), 
and the study of the microstructure and phase assemblage of this phase within alkali-activated slags 
has received significant attention in recent years (Richardson, Brough et al. 1994, Fernández-Jiménez 
and Puertas 2003, Ben Haha, Lothenbach et al. 2011, Bernal, de Gutierrez et al. 2011, Le Saoût, Ben 
Haha et al. 2011, Ben Haha, Lothenbach et al. 2012, Bernal, Provis et al. 2013, Myers, Bernal et al. 
2013, Bernal, San Nicolas et al. 2014). Microstructural development of C-(N)-(A)-S-H is strongly 
dependent on the chemistry of the precursor slag, and most studies have focused on investigating 
reaction products within the quaternary CaO-Al2O3-SiO2-Na2O system.  Magnesium plays a 
significant role in formation and evolution of layered double hydroxides, which have been identified 
as the main secondary reaction products in these binders, when a sufficient content of MgO is present 
in the slag used. Its formation modifies the phase assemblage of alkali-activated slags and 
consequently its performance (Bernal 2013). The content of magnesium varies significantly between 
commercial slags, and despite the vast number of studies investigating the chemistry of alkali-
activated slags few have investigated the role of magnesium in microstructural development in these 
materials (Ben Haha, Lothenbach et al. 2011, Bernal 2013, Bernal, San Nicolas et al. 2014). Further to 
this, the literature is often conflicting and the experimental analysis involves a large number of 
unrestrained parameters. It is necessary to develop a method to study alkali-activated binders which 
enables strict control of the stoichiometry in these systems, to gain a more complete understanding of 
the relationships between thermodynamics, reaction kinetics and the initial compositions of the 
precursors used to produce these materials. The sol-gel procedure (Iler 1979) has been used to 
synthesise and investigate the effect of composition on C-(A)-S-H and N-A-S-H phase assemblages 
(García-Lodeiro, Fernández-Jiménez et al. 2008, Zheng, Cui et al. 2009, Cui, Liu et al. 2010, García-
Lodeiro, Fernández-Jiménez et al. 2010, Garcia-Lodeiro, Palomo et al. 2011), as well as compatibility 
studies of C-S-H and N-A-S-H gels (García-Lodeiro, Fernández-Jiménez et al. 2008, Garcia-Lodeiro, 
Palomo et al. 2011), however these studies mostly investigate the effect of addition of alkali cations, 
alkaline earth cations or aluminium on C-S-H or N-A-S-H gels after formation of the gel. In order to 
accurately represent the physical and chemical interactions occurring during alkali-activation, all of 
the ionic species of interest must be present in a precursor powder prior to alkali-activation. This 
study examines the effect of the content of Mg Ca, Si and Al on the chemistry, microstructure and 
phase assemblage of C-(N)-(A)-S-H by synthesising mixed oxide powders within the quaternary 
CaO-Al2O3-SiO2-MgO system via an organic polymeric steric entrapment solution-polymerisation 
route (Gulgun, Nguyen et al. 1999). This method utilises polyethylene glycol (PEG) to sterically 
inhibit the movement of the metal cations during solution-polymerisation, forming a homogeneous 
mixed oxide powder upon drying. The stoichiometrically controlled reactive precursor powders are 
subsequently activated with an alkaline solution to form an alkali-activated binder. 
 
2. Experimental 

2.1. Precursor powder synthesis 

A 5 wt.% polyethylene glycol (PEG) solution was produced by adding polyethylene glycol powder 
(Sigma Aldrich, MW=20,000 g/mol) to distilled water and stirring at 60ºC. Aluminium nitrate 
nonahydrate, Al(NO3)3∙9H2O (Sigma Aldrich, 98.5 wt.%), calcium nitrate tetrahydrate, 
Ca(NO3)2∙4H2O (BDH Prolabo, VRW International, 99.0 wt.%), and magnesium nitrate hexahydrate, 
Mg(NO3)2∙6H2O (Sigma Aldrich, 98.0 wt.%) were added to distilled water to produce 40 wt.% 
solutions of each, which were then added to the 5 wt. % solution of polyethylene glycol and stirred at 
60ºC. Colloidal silica, SiO2 (Sigma Aldrich, 40 wt.% in water), was added to the 5 wt.% solution of 
polyethylene glycol containing aqueous aluminium nitrate, calcium nitrate and magnesium nitrate, 
and water was evaporated by stirring over heat at 80ºC to form a viscous aerated gel. The 
stoichiometry of the metal cation-polyethylene glycol solution was designed so that the ratio of 
positive valences from the metal cations to negative valences from the polymer was 2. The viscous 



aerated gel was then placed in a drying oven at 100ºC overnight. The dry polymer matrix was then 
calcined at 900ºC to produce a fine white powder which was subsequently ground by hand using a 
mortar and pestle in preparation for characterisation and alkali-activated binder synthesis. 
 
2.2 Alkali-activated binder synthesis 

The activating solution was prepared by dissolution of sodium hydroxide powder (AnalaR, 99 wt.%) 
in sodium silicate solution (N grade, 37.5 wt.%, PQ Australia) and distilled water. The reaction 
mixtures had an activating solution modulus of SiO2/Na2O = 1, a water/solids ratio of 0.75, and cation 
ratios as outlined in Table 1. The activating solution was mixed with the precursor powder to form a 
homogeneous paste, which was subsequently cast in sealed containers and cured at ambient 
temperature for 3 days. 

Table 1. Molar ratios of the reaction mix for each sample. 
 

Sample Mg/(Al+Si) Ca/(Al+Si) Al/Si Na/Al 
A 0.05 0.67 0.15 0.5 
B 0.15 0.67 0.15 0.5 
C 0.25 0.67 0.15 0.5 

 
2.3 Characterisation 

X-ray diffraction (XRD) data were collected using a Bruker D8 Advance instrument with Cu Kα 
radiation, a nickel filter, a step size of 0.020º, and 3 s/step. Environmental scanning electron 
microscopy (ESEM) was conducted using an FEI Quanta instrument with a 15 kV accelerating 
voltage, a working distance of 10.0 mm and a Link-Isis (Oxford) X-ray energy dispersive (EDX) 
detector. 29Si MAS NMR spectra were collected at 119.141 MHz on an Agilent (Varian) VNMRS-600 
(14.1 T) with a spinning speed of 10.0 kHz, a pulse width of 8 µs, a relaxation delay of 60 s and 1536 
scans. 27Al MAS NMR spectra were acquired on the same instrument at 156.261 MHz, with a 
spinning speed of 12.0 kHz, a pulse width of 3.75 µs, a relaxation delay of 1 s and 1024 scans. 29Si 
and 27Al chemical shifts were referenced to external samples of tetramethylsilane (TMS) and 
aluminium chloride hexahydrate (AlCl3.6H2O) respectively, each at 0 ppm. 
 
3. Results and Discussion 

3.1 X-Ray diffraction 

X-ray diffractograms of the calcined precursor powder and alkali-activated binders are presented in 
Fig. 1. The X-ray diffractograms of the precursor powders for each sample display a broad hump 
centred ~29º 2θ, indicating a predominantly amorphous material as observed in granulated blast 
furnace slag (GBFS) (Bernal, Provis et al. 2013, Bernal, San Nicolas et al. 2014). Small amounts of 
C3A (Ca3Al2O6) (PDF # 33-0251), calcium oxide (PDF # 48-1467), gehlenite (Ca2Al(AlSiO7)) (PDF # 
35-0755), åkermanite (Ca2Mg(Si2O7)) (PDF # 98-000-0030), C8S5 (Ca8Si5O18) (PDF # 29-0368) and 
two polymorphs of C2S (Ca2SiO4) (PDF # 33-0302 and 36-0642) are identified in all the precursor 
powders produced. Trace amounts of wollastonite (CaSiO3) (PDF # 27-0088) are also found in sample 
C. Calcination of the precursor powder to 900ºC is necessary to remove any calcium carbonate 
present in the sample (converting it to free lime), however it is evident from the X-ray diffractograms 
in Fig. 1 that the calcination process has caused some devitrification of the amorphous material, and 
the subsequent formation of a small amount of crystalline phases.  
 
Alkali-activation of the synthetic precursors promoted the formation of a broad amorphous hump 
centred at approximately 29º 2θ, characteristic of alkali- activated slag cements (Bernal, Provis et al. 
2013, Bernal, San Nicolas et al. 2014). In samples A and B the crystalline phases present in the 
calcined precursor powder, with the exception of gehlenite and åkermanite, appear to be completely 
consumed upon alkali activation, leading to the formation of a poorly crystalline aluminium-
substituted calcium silicate hydrate (C-(A)-S-H) phase with structural similarity to aluminium-
containing tobermorite (PDF # 19-0052) as the main reaction product. Secondary reaction products  
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Figure 1. X-ray diffractograms of the calcined precursor powder and alkali-activated binder cured for 
3 days for samples A, B and C. 
 
crystalline C4AH13 (PDF # 02-0077) and hydrotalcite (Mg6Al2CO3(OH)16∙4(H2O)) (PDF # 41-1428) 
are also formed. Gehlenite and åkermanite do not appear to participate in the reaction, as the intensity  
of the reflection assigned to these phases remains unchanged upon activation. The diffractogram of 
the alkali-activated sample A also shows the formation of a partially silicate-substituted AFm phase 
type phase ([Ca2(Al)(OH)6]∙X∙xH2O where X is a doubly charged carbonate or aluminosilicate anion), 
indicated by the reflection at 10.7º 2θ (Matschei, Lothenbach et al. 2007, Lothenbach, Le Saout et al. 
2008). In sample C the crystalline phases present in the calcined precursor powder, including 
gehlenite and åkermanite, appear to be only partially consumed upon alkali activation, and 
consequently small amounts of these phases are present in the alkali-activated sample C. The main 
reaction product in sample C appears to be a poorly crystalline aluminium-substituted calcium silicate 
hydrate (C-(A)-S-H phase, as indicated by the broad amorphous hump centred at approximately 29º 
2θ, and a small amount of crystalline C4AH13. 
 
The diffractograms for the alkali-activated samples A and B display a reflection attributed to poorly 
ordered C-(A)-S-H. The peak assigned to hydrotalcite (present at approximately 11.5 2θ), identified in 
the diffractogram for the alkali-activated binder of sample A, has significantly greater intensity than in 
sample B, while the peak assigned to gehlenite and åkermanite (present at approximately 30.7 2θ) in 
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the alkali-activated binder for sample A has significantly less intensity than in sample B.  Hydrotalcite 
is a common reaction product in alkali-activated slag where magnesium is present in the precursor, 
and as such is expected to be forming in the binders synthesised here (Escalante-García, Fuentes et al. 
2003, Fernández-Jiménez and Puertas 2003, Ben Haha, Le Saout et al. 2011, Bernal, Provis et al. 
2013, Bernal, San Nicolas et al. 2014). The difference in intensity of the hydrotalcite peak in samples 
A and B suggests that, when the calcium and aluminium content in the precursor powder are held 
constant, a lower content of magnesium in the precursor powder (Mg/(Al+Si) = 0.05) promotes 
greater formation of hydrotalcite during alkali-activation, while a higher content of magnesium in the 
precursor powder (Mg/(Al+Si) = 0.15) results in reduced formation of hydrotalcite. Increasing the 
magnesium content further to Mg/(Al+Si) = 0.25 results in no formation of hydrotalcite. This is 
contrary to what is observed during alkali-activation of ground granulated blast furnace slag (GGBFS), 
where increased magnesium content promotes formation of increased amounts of hydrotalcite (Bernal, 
San Nicolas et al. 2014). In the samples here, increased magnesium content has resulted in increased 
formation of gehlenite and åkermanite during synthesis and calcination of the precursor powder. 
Consequently the amount of aluminium and magnesium available to participate in the reactions during 
alkali-activation at early age is significantly reduced, causing a reduction in the amount of 
hydrotalcite observed. Differences in the crystallinity of the hydrotalcite phases between samples may 
also be significant here. 
 
3.2 Scanning electron microscopy 

The chemistry of samples A, B and C as determined by ESEM – EDX is reported in Fig. 2. Alkali-
activated sample A binder exhibits a range of Ca/(Al+Si) ratios which lie along an imaginary line 
drawn between the Ca/(Al+Si) ratios of an aluminium- and sodium-substituted calcium silicate 
hydrate (C-(N)-(A)-S-H) phase and a partially silicate-substituted AFm phase (Fig. 2a).  This is 
consistent with the XRD results of this sample (Fig. 1a). The main binding phase forming in the 
alkali-activated samples B and C exhibits a range of Ca/(Al+Si) ratios which lie within the region 
typically observed for C-(N)-(A)-S-H gels and C-S-H gels (Fig. 2a). This is consistent with that 
identified in the X-ray diffractograms where traces of a silicate-substituted AFm phase were observed 
in sample B, while this phase is not identified in sample C.  The Ca/(Al+Si) ratios exhibited by the 
alkali-activated sample B are higher (more calcium rich) than those of the alkali-activated sample C, 
suggesting that the binder forming upon activation of sample B has a composition closer to that of C-
S-H gel than in alkali-activated sample C, while the binder forming in the alkali-activated sample C 
exhibits a composition closer to a C-(N)-(A)-S-H type gel than sample B. Given that the bulk calcium, 
silicon, aluminium and sodium content of the precursors were the same for each sample, it is clear that 
the magnesium content of the precursor plays a significant role in determining phase development. 
Increased magnesium content in the precursor powder appears to promote formation of C-(N)-(A)-S-
H and less formation of C-S-H and silicate-substituted AFm phases. This is consistent with the 
relative intensities of the peaks assigned to C-S-H and silicate-substituted AFm in the X-ray 
diffractograms. 
 
The alkali-activated samples A, B and C exhibit Mg/(Al+Si) ratios similar to that of the precursor 
powders (0.06 and 0.18, respectively), however the Al/Si ratios of the alkali-activated binders for 
samples A and B differ significantly from that of the precursor powders. Sample A exhibits an Al/Si 
ratio of approximately 0.35 and sample B exhibits an Al/Si ratio of between 0.16 to 0.40, with an 
average of approximately 0.22 (Fig. 2c). The higher Al/Si ratio in sample A is consistent with the 
observation by XRD of greater amounts of hydrotalcite compared to sample B. The increased content 
of magnesium in the precursor powder for sample B appears to have promoted the formation of 
greater amounts of åkermanite during the precursor synthesis and calcination, consequently 
decreasing the amount of freely available magnesium and hence decreasing the formation of 
hydrotalcite upon alkali-activation.  This results in a greater amount of freely available Al, and 
subsequently greater substitution of Al into the calcium silicate hydrate (C-S-H) phase. This is in 
contrast to observations for alkali-activated commercial slags (Ben Haha, Lothenbach et al. 2011, 
Bernal, San Nicolas et al. 2014) and highlights the importance of consideration of freely available  
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Figure 2. Projection of alkali-activated binder chemistry onto the a) ternary CaO – Al2O3 – SiO2 
system, b) ternary Na2O – Al2O3 – SiO2 system and c) ternary MgO – Al2O3 – SiO2 system showing 
elemental composition of alkali-activated binders cured for 3 days for samples A, B and C as 
determined by ESEM-EDX analysis. Approximate compositional regions in C-(N)-(A)-S-H, C-(A)-S-
H and C-S-H have been determined from (van Deventer, San Nicolas et al. 2015) and (Myers, Bernal 
et al. 2013). 
 
magnesium content rather than bulk magnesium content within the precursor. The binder forming in 
the alkali-activated sample C exhibits an Al/Si ratio which is similar to that of the precursor powder 
(approximately 0.16) but significantly less than that seen for samples A and B. This is consistent with 
the absence of any peak attributed to hydrotalcite in the X-ray diffractogram for this sample. The 
greater magnesium content of the precursor powder for sample C has again promoted greater amounts 
of åkermanite during precursor synthesis, resulting in less freely available magnesium available for 
reaction. Consequently no hydrotalcite is formed upon alkali-activation. The greater amount of freely 
available aluminium then allows greater aluminium substitution in to the C-S-H phase (inducing 
sodium cations to participate in charge balancing) and promotes the formation of a C-(N)-(A)-S-H gel. 
This is consistent with the chemistry of the binders in Fig. 2a which shows alkali-activated sample C 
exhibits chemistry within the region C-(N)-(A)-S-H phases are observed. 
 
The alkali-activated binders for samples A, B and C all display a range of values for the ratios Ca/Si, 
Mg/Si and Al/Si which are very similar to those observed for alkali silicate--activated GGBFS slags 
where the precursor slag contained 1.17, 5.21 wt % and 7.44 wt % MgO, respectively (Bernal, San 
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Nicolas et al. 2014). This suggests that the chemistry of these binders produced from synthetic slags is 
representative of that of alkali silicate-activated commercial slags with varying magnesium content. 
 
3.3 Nuclear magnetic resonance spectroscopy 
27Al MAS NMR spectra for the calcined precursor powders and alkali-activated binders are presented 
in Fig. 3. The spectra of the three calcined precursor powders are very similar, with the spectra of the 
calcined precursor powder for samples A and B displaying a broad tetrahedral Al resonance between 
40 and 80 ppm centred at approximately 60 ppm and the calcined precursor powder for sample C 
displaying a broad tetrahedral Al resonance between 40 and 80 ppm centred at approximately 65 ppm. 
The breadth of these resonances indicates that there is a distribution of Al environments rather than a 
single well defined site. This distribution appears to be very similar in samples A and B, but is 
significantly different for sample C. These resonances are attributed to the glassy phase responsible 
for the broad amorphous hump in the X-ray diffractograms of the uncalcined precursor powders. The 
asymmetry of the tetrahedral resonance centred at 65 ppm in the spectra of the calcined precursor 
powder for sample C is likely due to the presence of gehlenite (Ca2Al2SiO7) (the presence of which 
was observed by XRD) (Florian, Veron et al. 2012). The spectra of the calcined precursor powders 
also display a low intensity sharp resonance centred at approximately 11.5 ppm corresponding to 
octahedral Al. This band is more intense in the spectrum of the sample C precursor, and is less intense 
in the sample A precursor. This band is assigned to anhydrous C3A (Pena, Rivas Mercury et al. 2008), 
previously identified by XRD in the calcined precursor powders. A small sharp resonance at 
approximately -3 ppm can also be seen in the spectra of the calcined precursor powder for sample C. 
 
The 27Al MAS NMR spectra of the alkali-activated binders display a low intensity broad resonance 
between 40 ppm and 80 ppm centred at approximately 60 ppm. This is assigned to Al in a 
significantly distorted tetrahedral environment in the reaction products, and the unreacted remaining 
precursor. A sharp low intensity resonance at approximately 75 ppm, is also observed in all the 
binders, and it is assigned to Al in a well defined tetrahedral coordination. A high intensity narrow 
resonance at approximately 11.5 ppm is assigned to Al in a well defined octahedral coordination.  
Crystalline C-(A)-S-H type phases have been identified in the alkali-activated binders for both 
samples by XRD (Fig. 1a and 1b) which contain Al substituted for Si in a tetrahedrally coordinated 
environment, leading to the well defined resonance observed at 75 ppm. Conversely, poorly 
crystalline C-(N)-(A)-S-H will contain Al in significantly disordered tetrahedral environments, 
leading to the broad resonance observed between 40 ppm to 80 ppm and centred at approximately 60 
ppm. The high intensity sharp peak at 11.5 ppm, observed in the spectra of the binders for samples A 
and B, is assigned to the secondary reaction products C4AH13 and hydrotalcite, while the small 
shoulder at approximately 4 ppm is also assigned to hydrotalcite in these binders (MacKenzie, 
Meinhold et al. 1993, Le Saoût, Ben Haha et al. 2011, Sideris, Blanc et al. 2012, Bernal, Provis et al. 
2013, Bernal, San Nicolas et al. 2014). The large intensity sharp peak at 11.5 ppm is not observed in 
the spectra of the binder for sample C, suggesting that hydrotalcite is not forming in significant 
quantities in these samples, consistent with the XRD results (Fig. 1c). The low intensity band 
observed at approximately 11.5 ppm in the spectrum of the activated sample C is then assigned to the 
small amount of C4AH13 which was identified by XRD (Fig. 1c). 
 
29Si MAS NMR spectra for the calcined precursor powders and alkali-activated binders are presented 
in Fig. 4. For each of sample A, B and C, the spectra of the calcined aluminosilicate powders display a 
broad resonance centred at approximately -83 ppm, although the intensity of this is much greater in 
samples A and B than C. Due to its broad nature it is likely this resonance contains contributions from 
each of the Qn(mAl) environments (where n = 1-4 and m = 0-5) (Bernal, Provis et al. 2013). A low 
intensity broad resonance is observed at approximately -110 ppm in the spectrum of each calcined 
precursor powder, indicative of a poorly ordered distribution of Q4(0Al) environments and consistent 
with SiO4

4- tetrahedra (charge balanced by Ca2+) in calcium aluminosilicate phases. Three sharp low 
intensity resonances are observed at -72 ppm, -73.5 ppm and -84.5 ppm in the spectra of the calcined 
precursor powders for samples B. These resonances, at much greater intensity, are also identified in 



150 100 50 0 -50 -100

Chemical Shift (ppm)
-60 -70 -80 -90 -100 -110 -120 -130

Chemical Shift (ppm)

 
Figure 3. 27Al MAS NMR spectra of (A) 
sample A, (B) sample B and (C) sample C. 
Spinning side bands are indicated by *.  

Figure 4. 29Si MAS NMR spectra of (A) 
sample A, (B) sample B and (C) sample C.  
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the spectra of the calcined precursor powders for sample C, and are assigned to the silicon 
environments within gehlenite and åkermanite (-72 ppm and -73.5 ppm) 
(Merwin, Sebald et al. 1989, Florian, Veron et al. 2012) and wollastonite (-84.5 ppm) (Hansen, 
Jakobsen et al. 2003). The intensities of these resonances are consistent with those of the reflections 
attributed to these phases in the X-ray diffractograms for these samples. The 29Si MAS NMR spectra 
for the calcined precursor powders are consistent with a heterogeneous mixture of a depolymerised 
calcium silicate region and a highly polymerised aluminosilicate region associated with calcium in a 
charge balancing role (Moesgaard, Keding et al. 2010). 
 
Three sharp resonances at approximately -78.7 ppm, -82.5 ppm and -84.7 ppm are observed in the 29Si 
MAS NMR spectra for the alkali-activated binder for samples A and B, and are assigned to Q1, 
Q2(1Al), and Q2 environments respectively (Bernal, Provis et al. 2013). Q1 sites are present as chain 
end groups within calcium silicate hydrate (C-S-H) gels forming as the main reaction in alkali-
activated slag systems, while Q2(1Al) and Q2 sites are also observed in alkali-activated slag and are 
consistent with the formation of an aluminium substituted C-S-H (C-(A)-S-H) gel (Bernal, Provis et al. 
2013). This is consistent with the presence of the broad peak at 60 ppm in the 27Al MAS NMR spectra 
for these samples. These peaks are also observed in the 29Si MAS NMR spectra of the alkali-activated 
binder for sample C but are somewhat obscured by the large intensity peak at -84.7 ppm attributed to 
silicon sites in wollastonite (originally present in the calcined precursor powder). The resonances at -
72 ppm, -73.5 ppm and -84.7 ppm attributed to silicon sites in gehlenite, åkermanite and wollastonite 
in the spectra of the calcined precursor powders are also observed in the spectra of the alkali-activated 
binders for all samples, although with slightly reduced intensity. This suggests that these crystalline 
phases have not participated significantly in any reactions during alkali-activation. The low intensity 
broad resonance originally observed at approximately -110 ppm in the spectra of each calcined 
precursor powder remains mostly unaltered in the spectra of the alkali-activated binders for each of 
the precursors produced, which suggests that these calcium aluminosilicate phases do not participate 
significantly in any reactions reaction during alkali-activation. 
 
The 27Al and 29Si MAS NMR results are consistent with the XRD and ESEM-EDX observations 
discussed above and suggest that the local environments in which silicon and aluminium exist are 
representative of those observed for alkali-activated slags with varying magnesium content (Bernal, 
San Nicolas et al. 2014). 
 
4. Conclusions 

Stoichiometrically controlled alkali-activated materials within the system CaO-MgO-Al2O3-SiO2, 
with varying Mg content, were synthesised via alkali-activation of precursor powders which were in 
turn synthesised from aqueous precursor solutions via an organic steric entrapment solution-
polymerisation route. The main reaction product in all samples was a C-(N)-A-S-H gel, and the 
secondary reaction products hydrotalcite, crystalline C4AH13 and a partially silicate-substituted AFm 
phase were also formed. Lower Mg content within the precursor (Mg/(Al+Si) ≤ 0.15) appears to 
promote less formation of gehlenite and åkermanite during the precursor synthesis. More magnesium 
is then freely available during alkali-activation, and subsequently alkali-activation promotes reduced 
formation of C-(N)-(A)-S-H and greater formation of hydrotalcite. Increased Mg content (Mg/(Al+Si) 
= 0.25) promotes greater formation of gehlenite and åkermanite during the precursor synthesis. Less 
magnesium is then available to participate in the reaction, and subsequent alkali-activation promotes 
greater formation of C-(N)-(A)-S-H and less formation of hydrotalcite. This highlights the importance 
of considering freely available magnesium content rather than bulk chemistry when investigating the 
effect of network modifying cations on phase assemblage. The stoichiometrically controlled alkali-
activated binders constitute a chemically simplified model system which can be used to study the 
extent to which Mg content of the precursor material modifies the chemistry and microstructure of C-
(A)-S-H/N-A-S-H reaction products, and controls the formation of secondary reaction phases. 
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Abstract 

Steel slags contain high calcium and silica content and are reactive with carbon dioxide. This characteristics can be 
utilized to develop strength. On the other hand, production of ordinary Portland cement (OPC) is an energy-intensive 
and CO2-emitting process. If steel slag can be activated to serve as a cementing binder to replace OPC, its building 
products will show significantly reduced embodied energy and process emission. This paper examines the potential 
of using carbon dioxide activated steel slags to produce high strength low-emission cementing binder. Steel slag from 
KOBM (Klockner Oxygen Blown Maxhutte) process was examined. It was found that de-ironized KOBM slag was 
more carbon-reactive than the traditional slag with higher iron. Two-hour carbonation can promote carbon uptake 
to 12% based on dry slag mass. Two-hour carbonation strength was comparable to that of OPC. It was 80 MPa in 
carbonated KOBM slag versus 88 MPa in carbonated OPC. However the early hydration strength was very low in 
hydrated slag. The one-day hydration strength was 1 MPa in ground slag against 48 MPa in OPC. Nevertheless the 
slag could gain significant hydration in subsequent hydration after 2h carbonation. The combined strength at 28 days 
was 109 MPa in ground slag versus 94 MPa in OPC. The slag could develop more strength than OPC in subsequent 
hydration. Quantitative XRD showed that de-ironized KOBM slag comprised of 66% C2S, of which 46% was γ-C2S 
and 20% β-C2S. QXRD also indicated that carbonation consumed most of γ-C2S, leaving β-C2S for subsequent 
hydration. The excellent performance of carbonated steel slag was attributed to the deironization of the slag. 
Carbonation of slag is a CO2 uptake process. Carbon-activated steel slag binder reduces the embodied energy, 
reduces carbon footprint, preserves natural resources and possibly leads to a carbon-negative clinker-free concrete 
product.   

 

Originality 

The paper explores an innovative approach of using ground steel slag as a cementing binder with the help of carbon 
dioxide activation. The activated steel slag binder is expected to replace OPC in making carbonate-bond building 
products. Carbon dioxide activation converts both hydraulic and non-hydraulic calcium silicates into a hybrid of 
calcium silicate hydrates and calcium carbonates, a special cementing matrix known to increase the strength and 
durability of concrete. The high reactivity of the carbon-activated slag is attributed to low iron content. The process 
of removing iron is beneficial for both iron recovery and slag utilization. Slag-bond building products will be carbon-
negative, clinker-free and will gain economical, technical and environmental benefits. 
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1. Introduction  

The global production of steel is currently rated at 1.3 billion tons per year, which also amounts to the 
generation of approximately 400 million tons of iron slag and steel slag by-products (World Steel 
Association, 2010). Iron slag has well established uses in construction, however, steel slag bears limited 
recyclability. The latter originates from the downstream refinement of steel. Its limited reuse is partly owing 
to its lack of hydraulic calcium-silicate phases. However, the main reason lies in its high free-lime (CaO) 
and magnesium oxide (MgO) contents, which associate deleterious expansive effects and volume instability 
(Stolaroff, et al 2005). In Ontario, Canada, steel slag is banned from use in asphalt concrete and as a road-
base filler. Even with more stringent waste management efforts, and newly inspired potential applications, 
35% of this slag is still disposed of in landfills (Frias et al 2004).  

One interesting trait of steel slag is its high specific reactivity to carbon dioxide. Many studies have explored 
this phenomenon for emission abatement purposes. Huijgen et al. (2005) demonstrated steel slag’s 
suitability as feedstock for mineral sequestration, adding that the residue’s alkalinity and chemical 
instability make it more reactive than virgin minerals.  

Mainly comprised of calcium-silicates, particularly di-calcium (C2S) and tri-calcium (C3S) silicates, steel 
slag rapidly reacts with CO2 to form calcium-silicate-hydrate (C-S-H) and CaCO3, as generically depicted 
by Eq. 1. C-S-H is a phase found abundantly in hardened concrete and formed during the hydration of 
cement (Bukoswski and Berger, 1978). It contributes to strength and other physico-mechanical 
developments within concrete, and is largely responsible for the binding effect of cement. The generation 
of C-S-H from steel slag via carbonation therefore presents promising valorizing options.  

   Ca2SiO4 + (2 - x) CO2 + y H2O  xCaO.SiO2.yH2O + (2 - x) CaCO3 (1)  
Carbonation reduces expansive behavior of slag (Fernandez et al 2004). It also promotes the slag’s dynamic 
strength through C-S-H formation and carbonate precipitation, qualifying the slag for previously restricted 
applications. Heavy metal mobility can be hindered by carbonation’s pH neutralizing effect, with one study 
reporting reductions of up to 80% in heavy metal leaching (Gunning et al 2010). A thorough understanding 
of the mechanism of carbonation can therefore be exploited to impart various improvements in steel slag. 
Considering the abundance of waste slag, the lack of its complete reuse leaves considerable room for 
improvement.   

This paper presents a study on the development of high strength steel slag binder by carbonation activation. 
Steel slag originating from the KOBM (Klockner Oxygen Blown Maxhutte) process of a local mill was 
investigated. The slag fines collected were sieved to remove metallic iron solids. The de-ironized slag was 
then ground, molded into cylindrical compacts, and assessed for its carbonation and hydration behavior. 
Reaction products within the carbon-activated slag binder were analyzed using quantitative X-ray 
diffraction (QXRD). The ultimate goal of the devised processing route aims to valorize slag in a manner 
that optimizes the binding strength and CO2 sequestration capacity 

2. Materials and Methods 

2.1 Steel Slag 

The steel slag used in this study was obtained from the RioTinto Iron & Titanium (RTFT) operation located 
in Sorel-Tracy, Quebec, Canada. It originates from the plant’s Klockner Oxygen Blown Maxhutte (KOBM) 
process, a technically improved variant of the more conventional Basic Oxygen Furnace (BOF). The as-



 
 

received slag was passed through a 212 μm sieve to remove large metallic fragments and other impurities 
and ensure homogeneity. Its chemical composition, obtained from X-Ray Fluorescence (XRF) and 
Carbon/Sulfur (C/S) Analyzer, is presented in Table 1.  

Table 1: Chemical composition of KOBM steel slag 

Composition wt% (DL = 0.01%) 

Oxide Weight % Oxide Weight % 
SiO2 24.92 ± 1.34 Na2O < DL 
TiO2 0.50 ± 0.03 K2O < DL 
Al2O3 1.83 ± 0.21 P2O5 0.04 ± 0.01 
Fe2O3 3.04 ± 1.19 Cr2O3 0.05 ± 0.01 
MnO 0.32 ± 0.03 V2O5 0.03 ± 0.01 
MgO 4.89 ± 0.61 Total-C 0.14 ± 0.01 
CaO 61.21 ± 0.40 Total-S 0.53 ± 0.04 
LOI < DL   

 

2.2 Sample Preparation 

The KOBM slag was further pulverized using a Ring and Puck mill for a duration of 60 seconds (in batches 
of 500g each). Blaine fineness of the resulting powder was measured using an air-permeability apparatus, 
in accordance with ASTM C-204, and found to be 316 ± 41 m2/kg. The slag powder was then mechanically 
mixed with partial additions of water using a stand mixer for 2 minutes. A water-to-slag ratio (w/s) of 0.15 
was maintained. The moistened powder was then compacted into individual 15 mm diameter cylindrical 
specimens using a stainless steel mold and a uniaxial load of 16 MPa. The produced compacts respected a 
height-to-diameter aspect ratio of almost 2:1, and each weighed approximately 8 g.  

2.3 Carbonation  

The apparatus used for carbonation is illustrated in Figure 1. Immediately after de-molding, the compacts 
were placed inside the air-tight vessel and pressurized by flowing CO2 gas to 1.5 bar. High purity CO2 
(99.5%) was used. The regulator helped maintain interior pressure by replenishing the chamber with gas 
when a drop ensued from the reaction. Carbonation trials with different durations were completed (2, 4, 12, 
and 24 hours). The tangible weight increase recorded was used to calculate the amount of CO2 taken up by 
the compacts following: 

𝐶𝐶𝐶𝐶2 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 (%) =
𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 +  𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −  𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐

𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑠𝑠𝑐𝑐𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐
              (2) 

The collected water represents water lost by the compacts during carbonation, which was factored in by 
collecting with absorbent paper.  

2.4 Hydration 

Hydraulic strength development of the KOBM slag was monitored for incremental durations of 2 hours, 1, 
7, and 28 days, respectively. Hydration was achieved by sealing the freshly prepared compact batches in 



 
 

air-tight plastic enclosures immediately after de-molding. For reference, Lafarge General Use (GU) cement 
was identically processed to compare its hydraulic behavior with that of the KOBM slag.  

 

Figure 1: Carbonation activation setup 

2.5 Combined Curing 

The effect of curing sequence was studied in combined curing by two scenarios: (1) Carbonation of 2-hour 
followed by hydration with different duration and (2) Hydration first at varied duration followed by 2-hour 
carbonation.   

2.6 Compacts Compressive Strength 

Strength development of the compacts undergoing different curing regimens were assessed via uniaxial 
compressive strength measurements in accordance with ASTM C39 using an MTS-SINTECH 30/G 
Compressive Tester equipped with a 150 kN load cell. Results reported for each processing condition 
represent the average of 5 compacts specimens.   

2.7 X-ray Diffraction (XRD) 

Quantitative XRD (QXRD) analysis was carried out on the raw and carbonated KOBM slag. The powdered 
samples were mixed with 10 wt % corundum and mounted in standard holders. Corundum is used as an 
internal standard to determine the amount of X-ray amorphous material. The X-ray diffraction analysis was 
performed on a Panalytical X’Pert Pro diffractometer, equipped with a Cu X-ray source and an X’celerator 
detector, operating at 40 kV, 40 mA, 2θ range 5-80°, step size 0.017°, and 50 sec per step, with divergence 
slit: fixed, angle 0.5°. Mineral identification via X’Pert HighScore Plus software and PDF-4 Minerals 2013 
ICDD database. The quantities of the crystalline minerals were determined using the Rietveld method.  

3. Results 

3.1 Carbonation and hydration behavior of steel slag compacts 

The strengths of carbonated KOBM slag compacts as well as CO2 uptakes are summarized in Figure 2. The 
KOBM slag was found to be highly reactive to CO2, experiencing a significant strength activation after 
only 2 hours of carbonation. Figure 2 shows an average compressive strength of 81.1 MPa for the compacts 
with an average carbon uptake of 14%.  Extended carbonation incurred only marginal increases in average 



 
 

strength. A similar trend holds for CO2 uptake (Figure 2). Evidently strength and uptake are linked 
proportionally. The rate of the reaction seemed highest during the first 2 hours, beyond which point it 
receded considerably to reach an apparent plateau after extended periods of reaction. Based on these 
observations, carbonation duration of compacts was limited to only 2 hours.  

 

Figure 2: Strength and CO2 uptake for carbonated slag compacts 

To explore the hydraulic behavior of KOBM slag, Figure 3 displays the strength of compacts for a duration 
of 2 hours, 1 day, 7 days and 28 days. The curve reveals latent strength development for KOBM slag, with 
tangible gain only observed after 7 days, and an incremental strength increase to 31.6 MPa after 28 days. 
The 28-day strength recorded in steel slag compacts was almost 43% of that achieved by the GU cement 
OPC compacts. This latent behavior was indicative of the presence of slow hydraulic mineral phases within 
the KOBM slag. In comparison to Figure 2, it is seen that the 2-hour strength of carbonated steel slag 
compacts has exceeded 28-day strength of OPC compacts.      

 

Figure 3: Strength of steel slag and OPC compacts subject to hydration curing 



 
 

Realizing the effects of carbonation and hydration, hybrid curing regimens were carried out to maximize 
the strength. Hydration was varied between 2 hours and 28 days, and implemented both before and after a 
2-hour fixed carbonation. Respective results for strength and CO2 uptake are shown in Figure 4. The graph 
is divided along the center, the left of which is proceeded with hydration first followed by 2h carbonation 
and the right of which 2h carbonation first followed by hydration.  Compacts pre-hydrated for longer 
periods showed a lower degree of carbonation, as clearly depicted by the CO2 uptake curve. The reduced 
reactivity to CO2, starkly evident beyond 7 days, was believed to be the result of the gradual consumption 
of mix-water by the hydraulic reaction. To that effect, the compacts’ optimum w/s for effective carbonation 
was altered. Strength plots could not reflect this effect vividly since the latent hydraulic activation interferes 
with strength readings beyond 7 days.  

 

Fig. 4: Strength and CO2 uptake for KOBM slag compacts subject to combined curing  

 On the contrary, immediate carbonation followed by hydration was found complementary, lending a 
gradual strength increase for prolonged durations. An ultimate average strength of 109.3 MPa was recorded 
for compacts post-hydrated for 28 days. The observed trend clearly relates a sort of compounded effect, 
such that considerable strength was obtained early from carbonation (~ 80 MPa) and further amplified by 
subsequent hydration. This combined curing regimen lent the most promising results, and was one 
implemented for compacts undergoing further experimentation.   

Graphs thus far reveal an evident correlation between uptake and strength. Simple mathematical deductions 
reveal a logarithmic relationship when plotting compressive strength against CO2 uptake, as illustrated in 
Figure 5. The graph is a plot of columns (3) and (4) from the adjoined table. The y-axis represents uptake-
related strength, obtained by subtracting “hydration-only” strength (Figure 5) from “hydrated + carbonated” 
strength. The x-axis represents the respective “hydrated + carbonated” uptakes. The two parameters vary 
proportionally during the first segment of the plot, however, the second segment reveals a plateau in strength. 
It thus seems that under the adopted processing conditions, the upper threshold for rapid strength gain via 
carbonation is around an uptake of 10 wt. %, beyond which, further uptake only accounted for minimal 
increases in strength, at an impractical kinetic rate.     



 
 

 

Figure 5: Correlation between CO2 uptake and strength gain  

3.2 Mineral phase analysis 

X-ray diffraction spectra of the raw and 2-hour carbonated KOBM slag are shown in Figure 6. The raw slag 
was almost entirely comprised of di-calcium silicates (C2S), with minor unidentifiable mineral peaks and 
an x-ray insensitive amorphous fraction. Both γ and β polymorphs of C2S were identified, with γ-C2S being 
predominant. From Rietveld analysis, the normalized weight percentages of the major phases are presented 
in the legend of the figure. While β-C2S is known to exhibit hydraulic behavior, albeit slowly, γ-C2S in 
inherently non-hydraulic. The latent strength recorded after the prolonged hydration of compacts was 
therefore attributed to the β-C2S component of the slag.   

The primary distinction between the presented spectra was the relative depletion of the C2S peaks and the 
reciprocal evolution of calcium-carbonate as a result of carbonation. While γ-C2S experienced a heavy 
drop in content, β-C2S consumption was only fractional. These findings further linked strength arising 
from carbonation to γ-C2S, and that of subsequent strength development from the hydraulic engagement 
of β-C2S. The calcium-carbonate content, inexistent in the raw sample, reported a total amount of 50.2 
wt% in the carbonated sample. The CaCO3 product was identified as calcite, with the most intense peak at 
29.3°, slightly overlapping the γ-C2S peak at 29.6°. 

 

Fig 6: XRD spectra and Rietveld analysis for the raw and 2-hour carbonated KOBM slag 

 



 
 

4. Conclusions  

KOBM steel slag can be processed to display a compositional similarity to OPC. Low iron content is key 
to promoting high carbonation reactivity for high strength. KOBM steel slag fines were found to exhibit 
latent hydraulic behavior, where the 28-day hydration strength of compacts was 31.6 MPa compared to 
74.1 MPa for control OPC compacts. Carbonation reactivity of the de-ironized slag was found comparable 
to OPC, recording a CO2 uptake of around 13% and an average compressive strength of 80 MPa after only 
2 hours of carbonation. The γ-C2S component of the slag displayed higher reactivity to CO2 than β-C2S. 
High early age strength achieved by carbonation was mostly attributed to the engagement of γ-C2S, while 
late age strength was due to the latent hydraulic reaction of β-C2S. Latent strength development resulted 
from the hydraulic engagement of the β-C2S fraction during subsequent hydration, and yielded a final 
compact strength of almost 110 MPa, displaying a compounded high strength gain effect.  Early carbonation 
did not hinder subsequent hydration.  

Slag-bond products present a carbon-negative processing scenario, hence its sequestration potential. Almost 
all energy consumed for the proposed use is due to grinding. If only slag fines are considered, the scale-up 
energy consumption on a per tonnage basis is about 17 kWh/ton slag. In Canada, carbon emissions due to 
electrical energy use is equivalent to 220 g CO2/kWh. Therefore, processing one ton of steel slag in the 
manner prescribed will emit 3.74 kg of CO2. Considering that the CO2 uptake demonstrated in this study 
was 13 % by mass, then one ton of slag will potentially sequester up to 120 kg of CO2, roughly 32 times 
the amount of carbon emitted during processing. The environmentally-friendly slag-bonded products 
present the benefits of conserving natural resources, reducing carbon emissions, and serving as a potential 
carbon sink for the steel industry.  
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Abstract 
Calcium sulfoaluminate (CSA) cements have been shown to have lower carbon footprint than 
that of Portland cement. In addition, the expansive nature of CSA-based cement can be 
utilized to enhance the resistance against shrinkage cracking by inducing compressive stress 
in concrete. The current paper reports the hydration and early-age volume changes of three 
OPC-CSA binary cement systems with varying CSA content. The CSA cement utilized in this 
study had a phase composition of 19% C4A3Ŝ, 40.5% CŜ, 34.8% C2S and 2.1% C4AF. 
Hydration and phase development was monitored through calorimetry and quantitative X-ray 
diffraction. Expansion characteristics of cement pastes prepared at a water-to-cement ratio of 
0.44 were monitored in saturated lime water. The effect of various CSA dosages on expansion 
characteristics was determined. A geochemical modeling program (GEMS-PSI) was used to 
estimate the saturation index (SI) with respect to ettringite which had strong correlation with 
1 day- expansion. The volume fraction of ettringite in a given pore volume was found to have 
a stronger correlation with expansion of OPC-CSA blends than the ettringite content. 
Furthermore, a poromechanical model was used for predicting the tensile stress in OPC-CSA 
blends due to crystallization.  
 
Originality 
Early-age volume change studies of OPC-CSA blend are very limited in open literature. In 
order to tailor the expansion for beneficial usage in shrinkage-compensating concrete, a 
better understanding of physico-chemical factors is required. Earlier studies have shown that 
there is no direct correlation between expansion and ettringite content. This study shows that 
expansion can be correlated well with ettringite content if the later is normalized with respect 
to the total pore volume. Additionally, a poromechanical model has been shown to provide 
reasonable prediction of macroscopic tensile stress in CSA cement system due to 
crystallization.  
 
Keywords: Calcium sulfoaluminate; Early-age expansion; Thermodynamic modeling; 
Crystallization 
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Introduction 
Calcium sulfoaluminate (CSA) cements were developed to compensate for drying shrinkage 
of concrete [Klein and Troxell, 1958]. Early-age expansion due to the formation for ettringite 
can be utilized to induce compressive stress which can counteract the tensile stress developed 
due to drying shrinkage. In addition to their shrinkage-compensating property, CSA cements 
have also been promoted as low energy cements [Mehta, 1980; Glasser and Zhang, 2001; 
Gartner, 2004; Juenger et al., 2011]. Lower demand of limestone, porous nature of the clinker 
and lower kiln temperature requirement to manufacture the clinker contribute significantly in 
reducing the CO2 foot print and energy demand. The main constituents of CSA cements are 
ye’elimite (C4A3Ŝ), belite (C2S), calcium sulfate (CŜ), and aluminoferrite (C4AF). The main 
hydration product responsible for expansion of CSA cement is ettringite. Crystallization stress 
theory [Ping and Beaudoin, 1992; Scherer, 2004; Flatt and Scherer, 2008] has been suggested 
as the main mechanism of expansion in CSA cements although a few studies emphasized on 
the swelling behavior of microcrystalline ettringite causing the expansion [Mehta, 1973; 
Mehta and Hu, 1978]. 
Early-age expansion of CSA cement is influenced by many factors of both physical and 
chemical nature. Among physical factors are pore size distribute, porosity, material stiffness 
etc, and among chemical factors are volume fraction of ettringite, gypsum/ye’elimite ratio, 
saturation index of ettringite and hydration kinetics of ye’elimite. Significant research has 
been carried out to understand the early-age expansion, drying shrinkage, strength 
development, and creep characteristics on CSA cement-based concrete [Polivka and Willson, 
1973; Russell, 1980]. In recent years, there have been efforts to examine the hydration 
kinetics, early-age expansion and evolution of phase assemblage [Winnefeld and Lothenbach, 
2010; Pelletier et al., 2010; Chen and Juenger, 2012; Le Saout et al., 2013; Bizzozero and 
Scrivener, 2014; Chaunsali and Mondal, 2015a]. With the evolution of thermodynamic 
modeling in recent years, it has been possible to predict the stable phase assemblage along 
with the estimation of saturation level of various phases.  
In spite of significant research on the hydration, phase evolution and property development of 
CSA cements, there have been very few studies on estimating the crystallization stress in CSA 
cement system [Bizzozero and Scrivener, 2014; Chaunsali and Mondal, 2015b]. The 
estimation of macroscopic tensile stress becomes important as it enables the prediction of 
tensile failure of CSA cement systems with potential for excessive expansion. Current study 
aims at understanding the early-age hydration and expansion behavior of OPC-CSA blends. 
The physico-chemical factors such as porosity, saturation index, and ettringite fraction were 
monitored. Eventually, macroscopic tensile stress due to crystallization of ettringite was 
calculated using a poromechanical model and compared against tensile strength for failure 
prediction. 
Materials, Mixture Proportions and Methods 
A Type I Portland cement and a CSA cement were used in this study. Portland cement had 
phase composition of 62.2% C3S, 14.1% C2S, 9.9% C3A, and 5.4% C4AF as determined by 
Rietveld X-ray analysis. Calcium sulfoaluminate cement used in this study was a commercial 
product sold as Komponent by CTS Co. The CSA cement had 19% ye’elimite (C4A3Ŝ), 15% 
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gypsum (CŜH2), 9.4% hemihydrate (CŜH0.5), 16.1% anhydrite (CŜ), 34.8% belite (C2S) and 
2.1% ferrite (C4AF) as determined by Rietveld analysis. Three different batches of OPC-CSA 
blends were prepared by using 0%, 7%, 15% and 30% (replacement by weight of total 
cementitious material) CSA cement at w/cm - 0.44.  
Isothermal conduction calorimetry was used to monitor the heat evolution during hydration in 
OPC-CSA blends. Paste samples (0%, 15% and 30% CSA blends) were mixed manually in 
glass ampoules for a period of 2 minutes before inserting them in the respective channels in 
the calorimeter. It is noted that the data for the first 45 minutes was not considered for 
analysis in order to avoid the heat associated with mixing and placing the externally prepared 
samples and to allow the samples to stabilize at the set temperature of 22°C.  
Scanning Electron Microscopy (SEM) imaging was performed using a JEOL JSM-6060LV 
Low Vacuum Scanning Electron Microscope, operating in secondary electron mode. The 
electron gun was equipped with tungsten filament for generating electron beam. The 
accelerating voltage and working distance were 15 keV and 10 mm, respectively. 
Early-age length changes were monitored by corrugated tube test method (ASTM C1698) 
which allows the measurement of length change within 24 hours. For the measurements 
beyond 24 hours, three prismatic samples of size 25 mm × 25 mm × 285 mm were cast which 
were sealed cured for first 24 hours followed by saturated lime water curing at 22±2°C. The 
total length change was calculated by adding corrugated tube measurement to the length 
change of prismatic samples.   
The evolution of hydrated phases was monitored using quantitative X-ray diffraction (QXRD). 
Samples of 2-3 mm thickness were immersed in isopropyl alcohol for 24 hours in order to 
stop the hydration process. Subsequently, the samples were ground, and washed in isopropyl 
alcohol for 3 times before drying in a vacuum desiccator for 24 hours.  Later on, the samples 
were further ground (fineness less than 40µm) for XRD. Qualitative XRD was performed by 
using MDI Jade (2009) in order to identify the phases, and later, HighScore Plus was used for  
QXRD using Rietveld analysis.  15% Rutile (TiO2) was ground with dried samples to serve as 
an internal standard for determining the amorphous content. 
Pore solution extraction was performed by compressing cement paste samples of size 50 mm 
(diameter) × 75 mm (height) up to 400 MPa [Barneyback and Diamond, 1981].  The pore 
solution was extracted after 1, 3 and 7 days of curing. Immediately, the pore solution was 
filtered using 0.2 µm filter for chemical analysis. One part of the extracted pore solution was 
treated with 6.3% HNO3 to prevent carbonation, and was later used for the determination of 
Ca, Al, Si, S, Na and K ion concentration using Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES). The remainder of the pore solution was used for pH measurement. 
The pH meter was calibrated against known KOH solutions for determining hydroxyl ion 
concentration.  
Tensile strength of cylindrical paste samples (diameter: 50 mm; height: 100 mm) was 
determined according to ASTM C496. The loading rate was maintained within a range 
between 11 to 15 Kg/sec. Three samples were tested for each batch. 
Capillary porosity of the cement paste samples was determined by solvent exchange method 
[Day and Marsh, 1988]. Cylindrical samples of size 25 mm (diameter) × 1-2 mm (thickness) 
were cut and immersed in isopropyl alcohol for 24 hours. The volume of samples was 
determined by buoyancy method performed in isopropyl alcohol medium. Afterward, the 
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samples were dried in vacuum dessicator for 24 hours. The difference in the mass of the 
sample before and after solvent exchange was used to calculate the volume of capillary water. 
Capillary porosity was determined as the volumetric ratio of capillary water and saturated 
sample (before solvent exchange). 
Results and Discussions 
Hydration Kinetics 
Figure 1 shows the rate of heat evolution for OPC-CSA blends with various dosages of CSA 
cement. It is evident that the addition of CSA cement reduced the height of the main peak 
corresponding to alite hydration due to the dilution effect [Nocun-Wczelik et al., 2012]. 
During the hydration of OPC cement, a small shoulder after the main C3S peak and a peak 
around 24 hours correspond to the renewed hydration of C3A  and the conversion of AFt to 
AFm, respectively [Bullard et al., 2010]. The AFt to AFm conversion peak was not observed 
in samples with CSA cement due to the presence of surplus gypsum.  
 
 

 
Figure 1. Effect of CSA dosage on the rate of heat evolution of OPC-CSA cement system  

 
Microstructure of OPC-CSA Blend 
Figure 2 shows the SEM micrographs of the OPC-CSA blend with 15% CSA cement after 7 
days. Ettringite was observed to have a needle-like structure. Ettringite crystals of length up 
to 5 µm were observed throughout the microstructure. All OPC-CSA blends had portlandite 
present at all ages that formed due to the hydration of OPC. Small crystals of ettringite in 
lime-rich system, as reported by Mehta (1973), were not observed in this study. 
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Figure 2. SEM micrographs of OPC-CSA blend with 15% CSA cement after 7 days  at two 
different magnification (E – ettringite) 

Unrestrained Length Change 
Figure 3 shows the expansion characteristics of OPC-CSA blends up to 7 day. The OPC 
samples exhibited some expansion due to osmotic swelling of calcium silicate hydrate 
[Brunauer et al., 1958]. An increase in CSA cement content also increased the expansion.  It is 
evident that the expansion of OPC-CSA blends was complete within 7 days. The 15% CSA 
cement samples had an order magnitude higher expansion than 0% and 7% CSA samples. 
When the CSA cement dosage was increased to 30%, the samples cracked due to excessive 
expansion.   

 

 
Figure 3. Unrestrained length change of OPC and OPC-CSA blends  

 
 
Ettringite Content and Saturation Index 
The evolution of ettringite content was monitored using Rietveld analysis which provides the 
weight fraction of different phases in the cementitious matrix.  Figure 4 (a) compares 
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expansion of OPC-CSA blends against ettringite content, and it shows a weak correlation. 
When the same expansion is plotted against the ettringite volume fraction in total pore 
volume (defined as Sc), the correlation improves significantly as shown in Figure 4 (b). Sc can 
be expressed as VAFt/( VAFt + CP) where VAFt  is the volume fraction of ettringite and CP is the 
capillary porosity. Densities of various phases, adopted from a compiled database by Balonis 
and Glasser (2009), were considered to estimate the volume fraction of ettringite.The 
parameter Sc was later used to estimate the crystallization stress in OPC-CSA blends.  
Using the aqueous phase composition of the cement pore solution, the hydration process can 
be monitored by estimating the saturation index of the solids in contact with the aqueous 
phase. Saturation index (SI) can be expressed as [Rothstein et al., 2003]: 

                                                              










=

spK
KSI ln                                                      Eq. (1) 

where K is the ion activity product and Ksp is the solubility product of a given phase. GEMS-
PSI (http://gems.web.psi.ch/GEMS3/) software was used to calculate saturation index w.r.t. 
ettringite in CSA cement pore solution. Figure 4 (c) compares the 1 day-expansion of OPC-
CSA blends against SI at 1 day.  A strong correlation between expansion and SI indicates that 
the supersaturation is the precursor for expansion in CSA cements [Ping and Beaudoin, 1992; 
Bizzozero et al., 2014].   
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                                                                   c)  
 
Figure 4 a) Expansion vs. ettringite content, b) Expansion vs. Sc, and c) Expansion at 1 day vs, 

saturation index at 1 day  
Crystallization Stress 
Crystallization stress (σc) which is derived from supersaturation can be calculated using 
Correns’ formula [Correns, 1949]:   

                                                             










=

sp
C K

KRT ln
ν

σ                                                Eq. (2) 

where K is the ion activity product and Ksp is the solubility product of ettringite. In order to 
estimate the macroscopic tensile stress due to crystallization, a poromechanical model was 
used. According to Coussy [2005], at saturation and constant temperature, local crystallization 
pressure, σc, can be related to macroscopic stress, σ, using following expression:                           

                                                               C CbSσ σ=                                                         Eq. (3) 

where b is the Biot coefficient and Sc is the volume fraction of crystals in total pore volume. 
Previously, the model based on poromechanics (Eq. 3) has been applied to investigate the salt 
damage in stone [Espinoza et al., 2011; Flatt et al., 2014]. In the absence of pore size 
distribution for given mixtures, the upper bound of crystallization stress was estimated 
considering the total volume fraction of ettringite. Biot coefficient was assumed as 0.6 for 
cement paste [Ghabezloo et al., 2008]. 
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a)                                                                         b)                                          
 

 
   
                                  c)                                                                       d)  
Figure 5. Comparison between macroscopic tensile stress and tensile strength for: a) 0% CSA, 

b) 7% CSA, c) 15% CSA, and 30% CSA cement samples  
 

Figure 5 shows the macroscopic tensile strength in OPC-CSA blends due to crystallization of 
ettringite. The poromechanical model enabled the prediction of significantly higher 
crystallization stress in OPC-CSA blend than in OPC which explains the observed difference 
in expansion behavior (Figure 3). At 1 day, the model predicted higher crystallization stress in 
15% and 30% CSA blends than their tensile strength. Of course, the tensile creep is expected 
to be high as the cement paste is relatively less stiff at 1 day, and therefore, will result in some 
stress relaxation. Furthermore, the crystallization stress was found to be lower or similar than 
the tensile strength for blends containing 0%, 7% and 15% CSA cement at 3 days. The 
prediction suggests that the blends containing CSA cement up to 15% are unlikely to crack. 
However, the stress increased significantly as the CSA cement content increased to 30%, 
causing cracking. Therefore, the poromechanical model enabled a reasonable prediction of 
failure due to crystallization of ettringite in OPC-CSA blends. 
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Conclusions 
The main conclusions of this study can be summarized as below: 

• Supersaturation w.r.t. ettringite was found to be the precursor for expansion in OPC-
CSA blends.  

• The volume fraction of ettringite in a given pore volume (Sc) was found to be a more 
relevant quantity than ettringite content in terms of interpreting the expansion 
behavior of OPC-CSA blends. 

• The poromechanical model used in this study enabled the prediction of failure in 30% 
CSA blend. 
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Abstract 
This paper describes a study of the hydration of belite-ye’elimite ferrite (BYF) cements, made from 
clinkers comprising principally belite (C2S), with ye’elimite (C4A3$) and ferrite (C4AF) as the two main 
secondary phases, and inter-ground with calcium sulfates. The clinkers used in this study also 
contained some boron in order to stabilize alpha’-C2S at room temperature. The main hydration 
products of these cements at early ages are the same as the products of ye’elimite hydration in 
presence of calcium sulfate: ettringite, calcium monosulfoaluminate, and aluminum hydroxide. At later 
ages, this initial product assemblage is modified by the hydration of the belite and ferrite phases, 
producing straetlingite, siliceous hydrogarnet and C-S-H, while aluminum hydroxide is consumed.  
The changes in the phase assemblage during hydration were calculated by thermodynamic modeling 
based on the cement database CEMDATA07 updated with recent data on siliceous hydrogarnets. 
Thermodynamic calculations were carried out using the GEMS approach for BYF cements with high 
and low ye’elimite content and compared to the experimental data obtained by XRD and TGA. The 
equilibrium predictions matched well with the experimental results at longer reaction times. However, 
at early reaction times the phase assemblage obtained is strongly influenced by kinetics.  
 
Originality 
Modeling of hydration process of belite-ye’elimite-ferrite cements has not been published up to now 
(only modeling of typical calcium sulfoaluminate cement).  
Use of updated thermodynamic database for cements. 
Comparison with experimental data for clinkers with varying compositions.  
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Thermodynamic calculations; Hydration; Belite-Ye’elimite-Ferrite cements; siliceous hydrogarnets.  
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1. Introduction  
Concrete is the most widely used man-made material. Portland Cement clinker (PCC) is the 
most important active ingredient in almost all construction concretes, its hydration providing 
strength and durability. However, PCC production is associated with a high CO2 release 
(typically about 0.9 tons of CO2 per ton of PCC, of which about 60% is “fossil” CO2 resulting 
from decarbonation of limestone in the raw materials). One approach to reducing CO2 
emissions is to reduce the proportion of limestone in the raw materials, giving clinker 
composition lower in calcium, such as, for example, belite rich clinkers.  In order to 
compensate for the lower reactivity of belite relative to alite, and further reduce the calcium 
content, it is also advantageous to replace the tri-calcium aluminate phase (C3A) with 
ye’elimite (C4A3$), thus obtaining a Belite-Ye’elimite-Ferrite (BYF) clinker. (Gartner E.M., 
2011). These clinkers can be used to make cements in the usual way, by intergrinding with a 
source of calcium sulfate, and Supplementary Cementing Materials (SCMs) such as slag or 
fly ash can also be added. The resulting cements are generally outside the range of the 
Chinese CSA (Third Cement Series) cements, as the ye’elimite content is less than 35%.  
The feasibility of industrial-scale production of BYF cements has been demonstrated at two 
cement plants (Gartner E.M., et al, 2014). In-situ measurements confirmed CO2 savings 
between 25 and 30%. These cements have been used to make different types of concrete for 
testing (Quillin K., et al., 2014). The results of mechanical and durability tests showed that 
the usage properties of these new cements are very close to those of OPC.  
However, the hydration path of BYF cements is different from that of OPC, as detailed in a 
number of previous studies (Li G., et al., 2007; Wang J., et al., 2010; Morin V., et al., 2011). 
The goal of the present study is to determine how closely the observed hydrated phase 
assemblage at any given degree of hydration follows the composition predicted by 
thermodynamic equilibrium (ignoring the anhydrous phases).  
 
2. Materials and Methods 
Neat paste samples were prepared from different BYF cements, and analyzed quantitatively to 
follow changes in their phase assemblage from one day to one year of hydration at 20°C. 
Thermodynamic calculations were run using GEMS software with an updated database, and 
the calculated results are compared to the experimental results.  
The materials and methods are described in detail in the article of Morin V., et al.¸ 2015 of 
this ICCC edition. The main aspects are briefly summarized in the subsequent sections.  
2.1. Cements 
Two cements are investigated in this study, designated as “Cement A” and “Cement B”. 
Cement A is relatively rich in ye’elimite, while B shows higher content of belite and ferrite, 
and a relatively low content of ye’elimite (see table 1).  
 

Table 1 Cements A and B – Rietveld quantitative phase analysis results  
Weight % Ye’elimite Belite Ferrite Anhydrite Hemi-hydrate Other 

phases 
Cement A 31 36 13 8 2 10 
Cement B 14 53 21 10 0 2 
The ferrite composition corresponds to C4A0.67F1.33. Belite includes two types of C2S, beta-
C2S and alpha’-C2S. The alpha’ form of C2S is stabilized due to the presence of boron (1.38% 



 

B2O3 in both clinkers). In addition, some minor phases were present, which were considered 
as inert.  Other characteristics of the cements are given in table 2. The specific Blaine surface 
was measured according to the European standard EN 196-6. The flexural and compressive 
strengths were measured with 4 x 4 x 16 cm prism mortar specimen with a cement/sand/water 
ratio of 1:3:0.5, and cured at 20°C, 95 +/-5%, according to the standard EN 196-1.  
 

Table 2 Cements A and B - Physical and mechanical properties 
 Specific surface (m²/kg) Flexural strength (MPa) Compressive strength (MPa) 
  1d 28d 1d 28d 
Cement A 420 4.5 7.2 25 56 
Cement B 400 2.7 5.5 11.7 39 
2.2. Preparation of paste specimens 
Paste specimens were mixed at a water/cement mass ratio (w/c) of 0.67 for the cement A and 
0.50 for the cement B (a higher w/c was chosen for cement A to avoid a lack of water during 
hydration of this cement which contains more ye’elimite). Specimens were cured at 20°C. 
Hydration was stopped after different hydration times (from one day to one year) by crushing 
the hydrated paste and remove the free water by washing with acetone and diethyl ether.  
2.3. Analysis of neat paste specimens 
Thermogravimetric analyses (TGA) were carried out to get the amount of the structurally 
bound water, i.e. the mass loss between 50 and 550°C (%weightloss [50-550°C]). The 
analyses were carried out in a N2 atmosphere on about 100 mg of sample at a heating rate of 
10°C/minute until 1000°C. The apparatus is a SETARAM TG-DTA 92-16.  
X-ray powder diffraction (XRD) measurements were carried out using CuKα radiation on a 
PANalytical X’Pert Pro diffractometer in a θ-2θ configuration with an angular scan 5°-65° 
(2θ) and an X’Celerator detector. The amount of phases was quantified using a dedicated 
Rietveld calculation file as detailed in Morin V., et al., 2015.  
The combination of TGA and XRD data leads to the determination of the amount of residual 
anhydrous phases and the precipitated hydrated phases. The amount per mass of sample is 
evaluated using Rietveld calculations (%X/100g of sample) expressed as a function of the initial 
dry cement using the relationship: %X/100g dry cement = %X/100g of sample x 100 / (100 - (%weightloss 
[50-550°C]) 
3. Modeling 
Thermodynamic modeling was carried out using the geochemical software GEMS (Gibbs 
Energy Minimization Software for Thermodynamic Modeling; Kulik D.A. et al., 2013). This 
software has been used successfully to simulate the hydration of Portland cement pastes 
(Lothenbach B., Winnefeld F., 2006) (Lothenbach B., Wieland E., 2006), Chinese calcium 
sulfoaluminate cements (Winnefeld F., Lothenbach B., 2010), and mixes of PC and CSA 
cements (Pelletier L., et al., 2010, 2011).  
For this study, the PSI-Nagra thermodynamic database (Hummel W., et al, 2002; Thoenen T., 
et al, 2003) was coupled with a cement-specific database CEMDATA07 (Lothenbach B., et 
al., 2008, Matschei T., et al., 2007), updated with recent thermodynamic data for katoite 
(Lothenbach B., et al., 2012), iron containing hydrates (Dilnesa B.Z., et al., 2011, 2012, 
2014a, 2014b) and C-S-H (Kulik D.A., 2011). To account for the presence of borate, the 
thermodynamic data for aqueous boron species and for B-AFm and B-AFt from Champenois 
J.-P., et al. (2015) were also implemented, as summarized in Table 7.  



 

All calculations were done for systems at 20°C under oxidizing conditions (air). As input 
data, the measured amounts of the initial cement phases reacted (ye’elimite, belite, ferrite, the 
different forms of initial calcium sulfate) after different reaction times were used. The amount 
of borate reacted was related to the reaction of belite as previous experiments (Wang J., 2010) 
showed that approximately 95% of boron is associated with belite. The formation of 
crystalline iron and aluminum (hydr-)oxides (hematite, magnetite,  gibbsite and C3AS0.41H5.18) 
was suppressed during the calculations as these phases do not precipitate readily at room 
temperature (Dilnesa B.Z., et al., 2014a). The Al/Fe ratio in C3(A,F)S0.84H4.32 was limited to 
≤1, based on the Al/Fe ratio observed in Portland cements hydrated for 2 years or longer 
(Dilnesa B.Z., et al., 2014b).  
4. Results 
4.1. Experimental results for cement A  
The amounts of residual anhydrous phases and precipitated hydrates phases are given in the 
table below. No hemihydrate was detected after 1 day, but there was some residual anhydrite.  
The term “Ms” corresponds to calcium monosulfoaluminate and “Si-Hg” the sum of the low- 
and high siliceous hydrogarnets analyzed by XRD as detailed in Morin et al., 2015.  

Table 3 Phases quantification for hydrated neat paste made with cement A and w/c=0.67; 
Experimental results (g/100g of dry cement). 

Wt% Ye’elimite Belite Ferrite Anhydrite Ettringite Ms Al(OH)3 Straetlingite Si-Hg C-S-H 
1d 0 34 11 2.5 51 5.1 22 0 0 0 
7d 0 25 7.2 2.5 47 7.2 5.8 36 0.9 0 

14d 0 14 4.3 0.8 53 9.7 0 49 9.1 0 
28d 0 11 0 0 57 9.4 0 54 9.7 0 
91d 0 6 0 0 56 14 0 48 17 2.7 
180d 0 4 0 0 58 16 0 39 21 6 
365d 0 4 0 0 63 11 0 31 29 7 
The main hydration products of BYF cements at early ages are the same as the products of 
ye’elimite hydration in presence of calcium sulfate: ettringite, calcium monosulfoaluminate, 
and aluminum hydroxide. At later ages, this initial product assemblage is modified by the 
hydration of the belite and ferrite phases, resulting in the formation of straetlingite, siliceous 
hydrogarnets and C-S-H, while aluminum hydroxide is consumed. 
The fractions of reacted ye’elimite, belite, ferrite and anhydrite for cement A are plotted in 
figure 1.  

 
Figure 1 Hydration degree of the main cement phases (cement A, w/c=0.67) 

0 1d 7d 14d 28d 91d 180d 365d
Ye’elimite 0 1 1 1 1 1 1 1
Belite 0 0.05 0.32 0.62 0.69 0.86 0.88 0.88
Ferrite 0 0.15 0.44 0.67 1 1 1 1
Anhydrite 0 0.71 0.71 0.92 1 1 1 1
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Ye’elimite reacts very fast and is consumed within 1 day of hydration. The reaction of the 
calcium sulfate is slightly slower, as often observed for natural anhydrite. The significant 
mechanical strengths measured at early age (one day) are thus due to the hydration of 
ye’elimite and calcium sulfate. Ferrite and belite started to react significantly between one 
and seven days of hydration contributing to the late strength. After ninety-one days, ferrite has 
completely reacted while the hydration degree of belite reaches a maximum value of 88%. 
The global hydration degree of the cement well above 90% can be considered as very 
satisfying after three months of hydration at 20°C.  
4.2. Thermodynamic calculations for cement A  
As mentioned above, as input for the calculations the amount of clinker that had reacted at 
each time step was used. The composition of the phase assemblages calculated with GEMS 
for the different times is given in the table 4 below.  

Table 4 Phases quantification for hydrated neat paste made with cement A and w/c=0.67; GEMS 
results (g/100g of dry cement).  

Wt% Ettringite Boro-AFt Ms Al(OH)3 Straetlingite C-S-H C3(A0.5F0.5)S0.84H4.32 
1d 47 1.2 6.5 15 0 0 6 
7d 60 4 0 0 20.3 0 12 

14d 60 5.4 0 0 33 0 19 
28d 60 9 0 0 36 2.7 24 
91d 60 12 0 0 35 7.4 27 
180d 60 12 0 0 35 8.3 27 
365d 60 12 0 0 35 8.3 27 

For a better visualization for the changes during hydration, the amounts of phases are 
converted in volumes using the molar volume of each phase (see values in Appendix). The 
volumes are expressed in cm3 per 100 grams of initial dry cement in figure 2b and the 
calculations are compared with the volumes obtained experimentally (figure 2a). Note that 
“Ettringite” and “B-AFt” are put together in figure 2b, as these are very difficult to distinguish 
experimentally. 
Similar to the experimental observations, the calculations predict initially the formation of 
ettringite, aluminum hydroxide and some monosulfate. Aluminum hydroxide dissolves and 
straetlingite is formed as the reaction of belite supplies CaO and SiO2: 
Al2(OH)6 + 2CaO∙SiO2 +5 H2O → Ca2Al2SiO2(OH)10∙3H2O 
As ferrite reacts, it leads to the formation of siliceous hydrogarnet. In the calculations 
monosulfate AFm converts completely to ettringite and siliceous hydrogarnet after 1 week 
according to: 
3Ca4Al2SO4(OH)12∙6H2O + 6(2CaO∙SiO2) + 8Al(OH)3 + 2H2O →Ca6Al2(SO4)3(OH)12∙26H2O 
+ 6(Ca3Al2SiO8∙4H2O)  
while in the experiments this transformation seems kinetically hindered and monosulfate 
persists up to 1 year. This kinetic hindrance of hydrogarnet formation is experimentally 
observed in Portland cements (e.g. Dilnesa B., et al., 2014a) and seems to occur also in CSA 
containing systems. 



 

 (a) 

 (b) 
 

Figure 2 Evolution of the mineralogical composition of neat paste  
(cement A, w/c=0.67, experiments (a) and modeling (b)) 

4.3. Experimental results for cement B  
The same modeling approach was applied for cement B, resulting in the hydrate compositions 
given in Table 5.  

Table 5 Phases quantification for hydrated neat paste made with cement B and w/c=0.50; 
Experimental results (g/100g of dry cement). 

wt% Ye’elimite Belite Ferrite Anhydrite Ettringite Ms Al(OH)3 Straetlingite Si-Hg C-S-H 
1d 0 50 13 0 46 0 13 0 0 0 
7d 0 35 3.4 0 50 0 0 24 14 0 

14d 0 35 3.4 0 49 0 0 24 16 3 
28d 0 26 3.4 0 52 0 0 14 19 15 
56d 0 16 2.4 0 43 11 0 3.3 20 37 
91d 0 14 2.4 0 44 15 0 1.1 23 35 
180d 0 9.5 2.4 0 41 15 0 0 8.9 42 
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365d 0 6 2.4 0 45 13 0 0 10 42 
Again, the main hydration products at early ages are ettringite and aluminum hydroxide. After 
one week and longer, this initial product assemblage is modified due to the hydration of the 
belite and ferrite phases, and straetlingite, siliceous hydrogarnet and C-S-H are formed, while 
aluminum hydroxide is consumed. The main difference to cement A is the presence of less 
straetlingite and the higher siliceous hydrogarnet content, which is related to the higher ferrite 
content of cement B. After two weeks, the straetlingite content is diminished, and it 
completely disappears after three months, while the amounts of siliceous-hydrogarnet and C-
S-H increases. After one year of hydration, the main hydration products are ettringite, C-S-H, 
siliceous hydrogarnet and monosulfate.   
The degree of reaction of the clinker phases vs. time is plotted in figure 3.  

 

Figure 3 Hydration degree of the main cement phases (cement B, w/c=0.50) 
As for cement A, ye’elimite and anhydrite react very fast: both have completely reacted by 
one day. The reaction of ferrite is somewhat faster than what was observed for cement A, a 
hydration degree of 80% being reached after 14 days. Belite started to react between one and 
seven days to reach a reaction degree of 51% after 28 days and 89% after one year of 
hydration.  
4.4. Thermodynamic calculations for cement B  
Again, the amount of reacted clinker was used as input for the calculations. The composition 
of the phase assemblages calculated with GEMS at each time is given in the table 6 and 
compared with the experimental findings in figure 4.  

Table 6 Phases quantification for hydrated neat paste made with cement B and w/c=0.50;  
GEMS results (g/100g of dry cement). 

Wt% Ettringite B-AFt Ms Al(OH)3 Straetlingite C-S-H C3(A0.5F0.5)S0.84H4.32 
1d 40 0.1 0 6.6 0 0 9.4 
7d 40 0.1 0 1.4 7.2 0 30 
14d 40 3.6 0 0 8 5 35  
28d 37 5.8 3.7 0 5.1 15 37  
56d 35 7.1 8.6 0 2.1 23 38  
91d 33 8 11 0 0.4 28 39  

180d 33 9 11 0 0 34 39  
365d 34 9.7 11 0  0 38 40  

As for cement A, generally a good agreement between calculated and experimental values is 

0 1d 7d 14d 28d 56d 91d 180d 365d
Ye’elimite 0 1 1 1 1 1 1 1 1
Belite 0 0.05 0.33 0.34 0.51 0.69 0.74 0.82 0.89
Ferrite 0 0.36 0.55 0.8 0.8 0.89 0.89 0.89 0.89
Anhydrite 0 1 1 1 1 1 1 1 1
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observed.  

 (a) 

 (b) 
Figure 4 Evolution of the mineralogical composition of neat paste made with cement B and 

w/c=0.50 (experiments (a) and modeling (b)) 
5. Discussion 
For both BYF cements studied there is a very good agreement between the experimentally 
determined and modeled compositions of the hydrated pastes. This agreement was improved 
by limiting the amount of aluminum in the siliceous hydrogarnet C3(A,F)S0.84H4.34. This 
assumption was inspired from the recent work of Dilnesa et al. on the characteristics of 
siliceous hydrogarnet in hydrated PC paste. Nevertheless, there are still some small 
differences between experiments and modeling: straetlingite content is under-estimated and 

0

10

20

30

40

50

60

70

80

0 1 7 14 28 56 90 180 365

Ph
as

es
 v

ol
um

e 
(c

m
3/

10
0 

g 
ce

m
en

t)

Hydration time (day)

Exp

Ettringite

Straelingite

C-S-H

Si-Hg

AH3

Residual cement

Ms

0

10

20

30

40

50

60

70

80

0 1 7 14 28 56 90 180 365

Ph
as

es
 v

ol
um

e 
(c

m
3/

10
0 

g 
ce

m
en

t)

Hydration time (day)

C-S-H

C3(A0.5F0.5)S0.84H4.32

Straetlingite

Ettringite + B-AFt

Residual cement

AH3

Ms

Model



 

therefore siliceous hydrogarnet over-estimated. This may be due to the fact that siliceous 
hydrogarnet will form only slowly at room temperature. Researchers working on these phases 
usually carried out their experiment around 95 or 105°C under atmospheric atmosphere to 
obtain siliceous hydrogarnet in reasonable time (e.g. Dilnesa B., et al., 2014a; Matschei T., et 
al., 2007; Jappy T.G., Glasser F.P., 1991).  
A comparison of the solid hydrated volume observed and calculated after 1 year shows a 
significantly higher total volume for the ye’elimite rich cement A (about 72cm3/100g) than for 
cement B (62cm3/100g). The higher hydrated volume for cement A compared to cement B 
presumably explains the higher compressive strength obtained for cement A, (see table 2).   
6. Conclusions  
Modeling of the hydration pathway of Belite-Ye’elimite-Ferrite cements was successfully 
carried out with GEMS: the hydrated phase assemblages predicted matched well with the 
experimental results obtained with two different cements hydrated for over one year at 20°C. 
This agreement was possible thanks to the recent determination of thermodynamic data for 
siliceous hydrogarnet and the boron containing phases B-AFt and B-AFm. However, we had 
to restrict the aluminum content of siliceous hydrogarnet to what has previously been 
observed for hydrated PC pastes. Thermodynamic calculations nevertheless underestimated 
straetlingite content and consequently siliceous hydrogarnet content. This relatively small 
discrepancy can be attributed to kinetic hindrance of siliceous hydrogarnet formation at room 
temperature. The results here suggest that the thermodynamic approach should also be helpful 
for further modeling of both mechanical and durability-related properties.  
7. Appendix 
Table 7 Thermodynamic data for hydrogarnet, AH3, FH3, AFm and AFt phases at 25°C and 1 
atm. 

 log KS0 volume References 
  [cm3/mol] 

Katoite: Ca3Al2(OH)12  3Ca2+ + 2Al(OH)4
- + 4OH- 

 -20.50 150  (Lothenbach B., et al., 2012) 
 Ca3Al2(SiO4)0.84(OH)8.64   3Ca2+ + 2Al(OH)4

- + 0.84 SiO(OH)3
-+ 3.16OH- - 2.52H2O 

 -26.70  142 (Dilnesa B., et al., 2014) 
Ca3Fe2(OH)12  3Ca2+ + 2Fe(OH)4

- + 4OH-
  

 -26.30  155  (Dilnesa B., et al., 2014) 
Ca3Fe2(SiO4)0.84 (OH)8.64  3Ca2+ +2Fe(OH)4

- +0.84 SiO(OH)3
-+3.16OH- - 2.52H2O 

 -32.50 149 (Dilnesa B., et al., 2014) 
Ca3Fe2(SiO4)1.34 (OH)6.64  3Ca2+ +2Fe(OH)4

- + 1.34SiO(OH)3
-+2.66OH- -4.02H2O  

 -34.20 145 (Dilnesa B., et al., 2014) 
Ettringite: Ca6Al2(SO4)3(OH)12·26H2O  6Ca2+ +2Al(OH)4

- +3SO4
2- +4OH- +26H2O 

 -44.9 707 (Lothenbach B., et al., 2008) 
Fe-ettringite: Ca6Fe2(SO4)3(OH)12·26H2O  6Ca2+ +2Fe(OH)4

- +3SO4
2- +4OH- +26H2O 

 -44.0  717 (Lothenbach B., et al., 2008) 
B-AFt: Ca6Al2(BO2)4(OH)14·26H2O  6Ca2+ +2Al(OH)4

- +4B(OH)4
- +6OH- +18H2O 

 -42.92  679 (Champenois J.-B., et al., 2015) 
Monosulfate: Ca4Al2(SO4)(OH)12·6H2O  4Ca2+ + 2Al(OH)4

- + SO4
2- + 4OH- + 6H2O 

 -29.26 309 (Matschei T., et al., 2008) 



 

Fe-monosulfate: Ca4Fe2(SO4)(OH)12·6H2O  4Ca2+ + 2Fe(OH)4
- + SO4

2- + 4OH- + 6H2O 
 -31.57  321 (Dilnesa B., et al., 2012) 
B-AFm: Ca4Al2(BO2)(OH)13·6.28H2O  4Ca2+ + 2Al(OH)4

- + B(OH)4
- + 5OH- + 6.28H2O 

 -29.17 287 (Champenois J.-B., et al., 2015) 
Straetlingite: Ca2Al2 SiO2 (OH)10·3H2O  2Ca2+ + 2Al(OH)4

- + SiO(OH)3
- + 2OH- + 3H2O 

 -19.70 216 (Matschei T., et al., 2008) 
Al(OH)3,mic + H2O  Al(OH)4

- - OH-  
 -0.67  32  (Lothenbach B., et al., 2012) 
Fe(OH)3,am + H2O  Fe(OH)4

- - OH-  
 -4.6  34  (Lothenbach B., et al., 2008) 
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Abstract 
Cement paste samples were prepared with a commercial calcium sulfoaluminate (C ̅SA) cement at w/c = 0.44 and 
cured at 25, 55 and 85°C for 1 day and 2 years. The hydration products were detected by XRD. Microstructure 
development was also investigated by EPMA measurements. Curing regimes have a crucial effect on the mineralogy of 
hydration products in C S̅A cement pastes. AFt and AH3 persist at 85°C but conversion occurs at >55°C as hydrogarnet 
forms. The reactivity of C2S and ferrite increase at elevated temperatures. A “shrinking sphere” model is proposed to 
describe changes to the outer and inner products of C S̅A cement pastes in different curing regimes at the late stages 
(28 days - 2 years or more). This model predicts or helps predict the rate at which clinker components become 
available for bonding. 
 
Originality 
It is well-known that at ~20°C, hydration products of Portland cement consist mainly of Ca(OH)2, C-S-H and minor 
calcium aluminate and calcium ferroaluminate hydrates including sulfated phases. On the other hand mature calcium 
sulfoaluminate cement paste,consists mainly of ettringite, C-S-H, AH3 and FH3 and, probably calcium monosulfate 
hydrate. The hydration properties and durability of calcium sulfoaluminate cements are less well established than those 
of traditional cements and they have often been regarded as “special cements”. But their associated low emissions of 
CO2 in the course of production suggest more widespred use is feasible. We report the influence of curing regimes on 
the evolution of the hydration products at different times and temperatures. A “shrinking sphere” model is developed to 
describe changes of outer and inner products of calcium sulfoaluminate cement pastes in different curing regimes to 
predict the rate at which clinker components become available for hydration. 
 
Keywords: calcium sulfoaluminate cement; hydration product; AFt; curing regime; microstructure 
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1. Introduction 
From the 1970′s, research on the coexistence of calcium sulfoaluminate (C4A3 S ) with other solid 
phases resulted in the discovery of its potential practical value in cement formulations. Calcium 
sulfoaluminate cement is used as a generic name for these cements, because their common 
characteristics are (i) the most reactive clinker phase is calcium sulfoaluminate, 3CaO·Al2O3·CaSO4, 
shorthand as C S A, and (ii) significant contents of this phase differentiate them from Portland cement 
on the one hand and from high alumina cement on the other.          
It is well-known that hydration products of Portland cements consist mainly of Ca(OH)2, C-S-H and 
minor calcium aluminate and calcium ferroaluminate hydrates including sulfated phases. These are 
rather different from those in mature C S A cement paste, which consists mainly of ettringite, C-S-H, 
AH3 and FH3 and, probably calcium monosulfate hydrate but which lack portlandite. The hydration 
properties and durability of C S A cements are less well established than those of Portland cements and 
their use is often but incorrectly regarded as confined to special cement formulations. The hydration of 
lime-C4A3 S  formulations has been much studied by cement researchers and several theories, mostly 
connected with enhanced ettringite formation, have been developed to explain expansive mechanisms 
(Mehta et al, 1967 and 1973; Ogawa et al, 1981; Liao et al, 2011; Telesca et al, 2014). However, it is less 
widely appreciated that, in the absence of free CaO or Ca(OH)2, hydration of C4A3 S  compositions is 
typically non-expansive (Wang et al, 1996).  
Ettringite is one of the major hydration products in C4A3 S  based system. The formation of ettringite, 
even at low concentrations, is responsible for a range of phenomena including retardation of fresh 
Portland cements, high early strength of supersulfated cements and development of prestress in 
restrained concretes made with expansive cements. Its formation subsequent to hydration has been 
linked to expansion, the so-called sulfate attack sometimes experienced by Portland cement. In C S A 
cement, ettringite is a major hydration product but brings different performance attributes compared 
with Portland cement, such as high-early strength, good corrosion resistance, low alkalinity etc. 
However, two possible problems of relying on ettringite as the matrix former are (i) its limited thermal 
stability, due to its instability at or above ~100°C: possibly at lower temperatures in low-humidity 
environments, and (ii) harmful expansion due to delayed ettringite formation. Study of the hydration 
products and microstructure of C S A cement pastes and the impact of temperature on phase 
development is helpful to understand the performance of C S A cement concrete.  
In this paper, X-ray Diffraction (XRD) and Electron Probe Microanalysis (EPMA) were performed 
with the aim of monitoring the hydration products and microstructure of C S A pastes. The pastes 
cured at 25°C, 55°C and 85°C for up to 2 years were investigated. 
2. Experimental 
2.1. Raw Materials 
A commercial C S A cement clinker was obtained by mixing 83 wt% of a normal industrially-
produced calcium sulfoaluminate clinker and 17 wt% gypsum in a small mill at the Tangshan special 
cement plant. The chemical composition of the clinker is shown in Table 1 and the XRD analysis of 
the cement is shown in Fig. 1. 

Table 1 Chemical compositions of the cement /% 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 LOSS 

Content 8.08 24.56 3.62 41.1 2.86 14.5 1.50 3.15 
2.2. Sample Preparation 
The pastes were mixed at water to cement ratio = 0.44 and cast in plastic tubes 10 mm in diameter. 
The tubes were sealed and cured in tanks at three temperatures, 25°, 55° and 85°C, for between 28 
days and 2 years. Finally hydration was stopped by washing samples with acetone before preparation. 
The samples were ground for XRD analysis or broken into small pieces for EPMA. All specimens 
used for XRD and EPMA were taken from the middle of paste bars.  
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Figure 1 XRD powder diagram of the C S A cement 

G-gypsum; A-anhydrite; S-sulfoaluminate; D-dicalcium silicate; F-ferrite phase; L-gehlenite (C2AS). 
 

2.3 Experimental Process 
A Philips PW 1050 diffractometer with Cu Kα radiation, graphite monochromator and PW 1711 
proportional counter was used for identification of crystalline phases. Powdered samples were 
compacted into a plastic holder using a side-packing technique to reduce the risk of preferred 
orientation of phases (with a platy or needle-like morphology) that would otherwise affect the 
observed intensities in the diffraction pattern. The diffractometer was controlled by an Atari computer 
which enabled diffracted intensities to be recorded as a function of the 2θ step size. The diffraction 
patterns were plotted on a microcomputer and Bragg’s law was used to calculate the corresponding 
interplanar d-spacings at diffraction maxima. Crystalline phases were identified by comparing their 
diffraction patterns with the diffraction data of known crystalline materials, recorded in the JCPDS 
Powder Diffraction File. 
The following scheme, shown in Table 2, was used for semi-quantitative measurements by X-ray 
diffraction of pastes. It reads as follows: 5000CPS (counts per second) corresponds to the cut-off level 
which, from experience, is the maximum encountered in practical observations. Correction was made 
for local background when intensities of different phases were determined.  

Table 2 The scheme of X-ray diffraction for semi-qualitative measurements 
CPS Intensities Designation 
10-0 trace tr 

20-10 weak w 
50-20 very weak vw 
100-50 medium weak mw 

200-100 medium m 
500-200 medium strong ms 

1000-500 strong s 
2000-1000 very strong vs 
5000-2000 very very strong vvs 

Specimens for backscattered electron (BSE) image observation and EPMA were prepared by 
embedding the sample in epoxy resin blocks. The blocks were ground down on progressively finer 
grade abrasive papers and then polished to a surface roughness of < 1 µm (using 6 µm diamond paste 



 

followed by ¼ µm alumina paste as the polishing medium). The samples were coated with a thin layer 
of conductive carbon.  
A Cameca SX51 electron microprobe equipped with four wavelength-dispersive spectrometers was 
simultaneously used to get BSE images and analyse element distributions. The EPMA measurements 
were performed in qualitative measurements. The measurements were performed as qualitative area or 
line scans, typically 1000 analyzed points. The results from the qualitative measurements and given as 
X-ray "counts" of chlorine. The X-ray counting time is typically 1 second per point. A beam scan was 
used for mapping 64µm by 64µm regions to obtain element distribution maps which rastered the beam 
across the specimen surface. This method gave better resolution than a stage scan, because the beam 
covered the entire specimen surface, rather than selected points. 
3. Results and Discussion 
3.1. Characteristics of Hydration Products in Different Curing Regimes  
The cement phases and hydration products of the cement with different w/c ratios cured in different 
curing regimes are summarised in Table 3 by applying the scheme in Table 2 to the experimental XRD 
results. 

Table 3 Data of X-ray diffraction of the reaction of the cement† (C S A clinker - gypsum - H2O) 
   Curing 

temperature Age 
Cement phase Hydration product Appearance of 

sealed bar C4A3 S  Gypsum C2S Ferrite AFt AFm S.H.* 

25°C 

1d s w m ms s mw - No visible 
volumen change 

at 2 y 
28d s - m ms s mw - 
2y ms - mw m s mw - 

55°C 1d ms mw m ms s w - 
Visible bending 

at 2 y 
28d ms - mw m s mw - 
2y m - w m s mw mw 

85°C 1d mw vw m ms s ms - 

Unsure  28d w - mw m s m ms 
2y tr vw vw w s w s 

† XRD data of the unhydrated cement: C4A3 S -vvs., gypsum-s., C2S-ms., ferrite-ms.. - means not revealed by X-
ray diffraction; * S.H. - Siliceous hydrogarnet 
 
The experimental results show that the maxima of C4A3 S , C2S and ferrite phase decrease faster in 
the course of hydration at elevated temperatures. In mature C S A cement pastes ettringite is the 
dominant crystalline hydration product at all temperatures. Sulfate AFm also exists at all temperatures 
but tends to decrease at 85°C with prolonged curing regimes. Silicious hydrogarnet appears in the 
pastes cured at relatively higher temperatures. At 85°C, substantial hydrogarnet phase is formed 
after 28 days. The C-S-H and some of the AH3 product in C S A cement pastes are probably 
amorphous, especially when cure temperatures do not exceed 25°C, so XRD patterns are not reliable 
for quantitative characterisation of the amounts present. Broad bands due to semi-crystalline C-S-H 
phase can sometimes be observed in XRD patterns. Thus, from XRD patterns, we can identify 
formation of C-S-H and AH3.  
At ordinary temperatures, monosulfate is thermodynamically unstable relative to the combination of 
ettringite and hydrogarnet (Damidot et al., 1993). Taylor (Talor, 1990) summarized the relevant 
literature and concluded that the disappearance of monosulfate and other hydrated aluminate phases 
may be due to a combination of substitution of Al in the C-S-H, sorption of sulfate by the C-S-H and 
dispersion of fragments of hydrated aluminate phases in the gel. By analogy therefore, at 25°C, the 
diminution of maxima of AFm might be due to the conversion of metastable to stable hydrates 
according to the following reaction: 
         3CaO⋅Al2O3⋅CaSO4⋅12H2O → 3CaO⋅Al2O3⋅ 6H2O + CaSO4 + 6H2O          (1) 



 

with CaSO4 being sorbed into C-S-H and/or reacting with slowly-hydrating ferrite and C4A3 S , etc. 
There are, however, problems in accepting the sorption theory: not much C-S-H is available, relative 
to OPC and finally, the potential host phase to sorb sulfate, C-S-H, is likely to be sulfate-saturated, or 
nearly so, as it forms and hence unlikely to be able to accommodate more sulfate at longer ages. An 
alternative hypothesis, in better accord with the experimental evidence, is that the amount of AFm 
diminishes by a combination of mechanisms: formation of hydrogarnet is only partly represented by 
the above reaction because the sulfate liberated does not appear as either free CaSO4 or its hydrates but 
instead reacts with AFm: 
3CaO⋅Al2O3⋅CaSO4⋅12H2O(AFm) + 2CaSO4 + 20H2O → 3CaO⋅Al2O3⋅3CaSO4⋅32H2O(ettringite)    (2) 
Combining the two equations: 
3(3CaO⋅Al2O3⋅CaSO4⋅12H2O)(AFm) + 8H2O → 2(3CaO⋅Al2O3⋅6H2O) (Hydrogarnet) 
                                                                                   + 3CaO⋅Al2O3⋅3CaSO4⋅32H2O (Ettringite)         (3) 
The  diminution of AFm probably relates to the formation hydrogarnet phase, through the reaction 
with C-S-H, as stated in equation (3). 

3.2 Macroscopic observations with BSE and EPMA 
Much residual clinker remains in the paste cured in a sealed plastic tube at 25°C for 2 y. Figure 2 
shows a BSE image and the element distribution maps of S, Al, Si, Ca and Fe in and near the area of a 
partially hydrated clinker grain. A white line has been added to the BSE image showing the estimated 
position of the rim of the clinker grain at the start of hydration. Except for unhydrated C4A3 S  and 
minor anhydrite in the grain, much S is distributed outside of this line. In contrast, much Si is 
distributed inside of this line. Al and Ca are relatively well distributed both inside and outside of the 
marginal line, except in areas occupied by some unhydrated C4A3 S  and C2S. Most Fe remains in its 
original position; comparison of BSE image and Fe distribution map suggests that much of the iron 
remains as unhydrated ferrite.  
These 25°C element distributions are explained as follows. The mix of clinker and gypsum had higher 
average sulfur content than clinker alone. Since gypsum is consumed relatively early in the course of 
hydration, the outer product achieves a higher than average sulfur content and forms preferentially in 
spaces between clinker grians, Hence much of the AFt occurs in this region. Inner product, on the 
other hand, tends to form slowly and its formation occurs after gypsum is exhausted. It therefore 
contains more AFm and less AFt relative to outer hydrate. This mineralogical differentiation between 
inner and outer products persists even after 2 years. Other element distributions have similar 
explanations: for example, much silicon is still present, either as belite in the cores of grains, or as 
silicon-rich hydration products, probably C-S-H, resulting from in-situ hydration of belite. 
After curing at 55°C for 2 y (w/c=0.44), almost all clinker had hydrated; only a little ferrite and/or 
perovskite remained, as shown in Table 3. Figure 3 shows the BSE image and element distribution 
maps of S, Al, Si, Ca and Fe in and around a residual unhydrated clinker core in the paste. In this case, 
not only Al and Ca, but also S and Si are relatively well distributed around this core. From the 
distribution of Fe, ferrite phases outside the core have also reacted. At 55°C, chemical and 
mineralogical differentiation between early formed outer hydrate and later formed inner hydrate are 
largely absent.  
For the paste cured at 85°C for 2 y, Table 3, it is very obvious that all clinker grains have completely 
reacted. Figure 4 also gives the BSE image and element distribution maps of S, Al, Si, Ca and Fe in 
and around a residual unhydrated clinker core in the paste. Prismatic ettringite crystals are clearly the 
major outer products surrounding the large residual clinker grain. But inside the residual grain, a very 
dense inner product formed: it has a different appearance from outer product in the BSE images. 
Obviously, Ca, Al and S are relatively well distributed around the residual grain. 
From the above results, curing regimes are shown to have also a crucial effect on hydration products 
and the development of microstructure of hardened C S A cement paste. One concern about C S A 
cements is that, like CAC cements, they undergo conversion reactions with loss of strength. In classic  
 



 

    

   

   
 

Figure 2 Element distribution maps of S, Al, Si, Ti and Fe in and near the area of a partially hydrated 
clinker grain, w/c=0.44, cured in a sealed plastic tube at 25°C for 2 years. (The color scale at the righht 

hand edge of these and subsequent images shows the relation between color and concentration) 
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Figure 3 Element distribution maps of S, Al, Si, Ti and Fe in and near the area of a partially hydrated 
clinker grain, w/c=0.44, cured in a sealed plastic tube at 55°C for 2 years. 
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Figure 4 Element distribution maps of S, Al, Si, Ti and Fe in and around a residual clinker grain, 
w/c=0.44, cured in a sealed plastic tube at 85°C for 2 years. 
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“conversion” as defined for CAC cements, AFm is destabilised in warm, moist conditions and 
converts to a stoichiometric mixture of hydrogarnet, nominally C3AH6, and AH3. Strength 
development of C S A cements and curing regimes are related to the mineralogical nature of the 
hydration products, to pore structures and the paste microstructures.  
Obviously, the appearance of siliceous hydrogarnet associates with the phase conversion: probably 
from reaction of AFm and C-S-H to form siliceous hydrogarnet, since the quantity of AFt does not 
decrease significantly and, moreover, AFt and hydrogarnet are probably stable phases. The speed of 
this conversion depends significantly on temperature. Even at 55°C, only minor hydrogarnet phase 
was detected in the paste cured for 2 years.        
We conclude from this and other evidence that the kinetics of conversion of C S A cements are 
generally more sluggish than those for CAC types. Probably for this reason, warm or hot curing, 
normally of brief duration, does not degrade the strength, as evidenced from practical experience of 
the use of C S A cements in China, where warm or hot curing is commonly used to accelerate initial 
strength gain. Another important difference between C S A and CAC cements concerns the potential 
amounts of hydrogarnet which can form. This is essentially limited by the amount of AFm in the 
unconverted paste. In CAC, AFm is a major constituent of paste while in C S A cement, depending on 
the amount of SO3 in clinker and added gypsum, the AFm content is much reduced in a matured paste, 
relative to a typical CAC cement. Hence the potential for conversion is limited in C S A pastes. The 
above argument is semi-quantitative. To make it quantitative the composition of the hydrogarnet and 
C-S-H phases have to be determined more accurately. Other papers  by Glasser and colleagues,  to be 
presented at this Congress will add to kmowlege concernig hydrogarnet composition and stability, 
showing how siliceous hydrogarnet is stable even in the presene of sulfate-rich phases. 
From investigation of the microstructure of the remaining residual clinker grains in different curing 
regimes, a “shrinking sphere” model is proposed to describe clinker hydration of C S A cement. From 
the distribution of elements by EPMA, the formation of outer and inner products is also very different 
in the pastes after 2 year curing in sealed tubes at different temperatures. At 25°C, outer products are 
mainly composed of ettringite, together with some AH3 and AFm. Inner products contain mainly C-S-
H, AFm and minor AFt. Sulfate-enrichment occurs along the outer rims of former clinker grains. 
These rims are, it is envisaged, formed during the early stages of hydration when high aqueous sulfate 
concentrations are maintained by gypsum dissolution, as shown in Figure 2. The formation of 
hydration products due to late hydration of C4A3 S  and C2S is obviously advantageous to densify 
hardened cement paste further, See Table 3 and Figure 2. Ferrite phases seem to remain largely 
unhydrated at 25°C, either in water or in sealed tubes. If we contrast hydration at 25°C with hydration 
at 55°C, the distribution of S is similar between inner and outer products (Figure 3). That means AFt, 
and probably also AFm, may persist in both outer and inner products. That means at 55°C, inner 
products undergo a different change relative to 25°C: substantial AFt formed rather than AFm. Except 
residual gypsum, another source of sulfate may be AFm itself, as discussed in 3.1. AFm may further 
react with C-S-H to form hydrogarnet. The distribution of Si is not concentrated just within inner 
products at 55°C, but in both inner and outer products: C2S is more active at 55°C relative to 25°C. 
Outer products still have higher Al content than inner products: probably more fine-grained AH3 forms 
in the former. In the paste cured for 2 y at 55°C, ferrite has obviously hydrated in part: the distribution 
of unreacted ferrite around the residual core is sparse compared with the ferrite in the clinker core, see 
Figure 3. Results of the distribution of different elements around and inside a residual clinker grain in 
the paste cured for 2 y in a sealed tube at 85°C show that outer products are mainly composed of S, Al 
and Ca, while inner products are mainly composed of Ca, Si, Al, Fe and minor S. Associated with 
XRD results, the substantial amounts of siliceous hydrogarnet formed at 55°C, and especially at 85°C, 
are probably localised in inner products while ettringite concentrates in the outer, sulfate-rich products.  
According to the above analysises, we proposed three processes, shown in Figure 5,  to explain the late 
hydration of C S A cement at 25°, 55° and 85°C. Obviously, dimensional stability relates to the 
changes of inner products of C S A cement paste. An important conclusion from these is that 



 

unhydrated clinker is not necessarily a threat to dimensional stability. However, care needs to be taken 
for potential delayed expansion if clinker is high in anhydrite and much clinker remains for late 
hydration at higher temperature, > ~50°C.  

 
(a) “Shrinking sphere” model for late hydration at 25°C 

 
(b) “Shrinking sphere” model for late hydration at 55°C 

 
(a) “Shrinking sphere” model for late hydration at 85°C 

Figure 5 10-100 micro-scale model of late (~0.1 to 2 year) hydration micron-scale models of C S A 
cement at different temperatures. 
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Conclusions 
Curing regimes have a crucial effect on mineralogy of hydration products in CSA cement pastes. AFt 
and AH3 persist at ≤85°C; Hydrogarnet forms at >55°C: “conversión” occurs; diminution of AFm at 
55° and 85°C probably relates to the reaction between AFm and C-S-H with formation of hydrogarnet. 
A “shrinking sphere” model is proposed to describe changes of outer and inner products of CSA 
cement pastes in different curing regimes at the late stages (28 days - 2 years or more). This model 
predicts or helps predict the rate at which clinker components become available for hydration. 

• At 25°C,  
 Outer  products: AFt + AH3, no change in the hydration products 
 Inner products: AFm + C-S-H, no change in the hydration products 

• At 55°C, 
 Outer products: AFt + AH3 → AFt + AH3 + C-S-H 
 Inner products: AFm + C-S-H → AFt + hydrogarnet  (reaction slow) 

• At 85°C, 
 Outer products: AFt + AH3 → AFt + AH3 + C-S-H 
 Inner products: AFm + C-S-H → hydrogarnet 

The consequences of these changes are: 
• At 25°C: paste is densified; porosity decreases with age; compressive strength increases 

with age. 
• At 55°C: harmful dimensional instability may occur. 
• At 85°C: larger pores develop and may cause deterioration of mechanical performances. 
• The products of higher temerature cure may be suaceptible to delayed ettringite formation: 

(DEF); on cooling to amnbient, hydrogarnet may react with other phases re-froming 
ettringite which is likely to be expansive. 
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Abstract 
“BYF” clinker, mainly composed of belite, ye’elimite and calcium alumino-ferrite, is a low-CO2 alternative to Portland 
cement clinker. Simple BYF cements are made by adding calcium sulfate to BYF clinker, typically in  amounts larger 
than normally used in Portland cements. In this work the hydration kinetics of BYF cement pastes made with three 
different clinkers and three different calcium sulfate contents are studied. A dedicated Rietveld refinement file was 
developed in order to quantify the phase assemblage formed during hydration. Results show that increasing the 
ye’elimite/belite ratio in the clinker at constant added calcium sulfate results in greater formation of strätlingite at the 
expense of C-S-H. Increasing the level of calcium sulfate addition at constant clinker composition results in the 
formation of more ettringite at very early ages, and thus gives higher early strengths, but this tends to block the onset of 
belite hydration which can lead to slow strength development at layer ages. It is hypothesized that the blockage of belite 
hydration occurs due to the limited access of water resulting from the deposition of ettringite around belite grains. 
 
Originality 
 
Development of a dedicated Rietveld control file and better understanding of belite hydration in Belite-Ye’elimite-
Ferrite cements. 
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1. Introduction 
 
BYF cements, based on clinkers comprising mainly belite, ye’elimite and calcium aluminoferrite, have 
a significant potential to reduce CO2 emissions per unit of concrete relative to Portland cements (Li et 
al., 2007). They represent a class of cements intermediate between belite-rich Portland cements and 
calcium sulfoaluminate (CSA) cements of the type developed in China over 30 years ago (Wang and 
Su, 1993).  BYF clinkers generally require less alumina in their raw materials (e.g. in the form of 
bauxite) than CSA clinkers, which helps reduce raw materials costs; and, like CSA clinkers, BYF 
clinkers can be produced in conventional rotary kilns. The low CO2 emissions arise mainly from the 
smaller amount of limestone that must be decarbonated per unit of clinker, which also results in a 
reduced enthalpy of clinker formation (Mehta, 1980; Lea, 1998; Sharp et al., 1999; Gartner, 2004). 
The reduced clinkering temperature (150-200°C lower than for Portland clinker production) reduces 
kiln heat losses and typically also results in BYF clinkers that require less energy to grind than 
Portland clinkers. Finally, calcium sulfates can be added to the cement in greater amounts than in 
Portland cements, further diluting the clinker with a lower-embodied-CO2 raw material. 
 
The successful development of BYF cements and their ultimate acceptance for a range of concrete 
applications requires a deep understanding of their hydration mechanisms, which in turn requires the 
development of improved analytical techniques. Since many of the hydrates formed are crystalline, 
quantitative X-Ray diffraction methods are useful. Thus, we have developed dedicated Rietveld 
control files for quantification of both the clinker phases and the hydrated phases. This paper discusses 
some specific issues encountered in the development of these Rietveld control files and explains how 
the Rietveld method has been used to understand the impact of the amount of added calcium sulfate on 
the rate of hydration of BYF clinkers, and especially of the belite phase in such clinkers. 
 
2. Experimental 
 
2.1. Raw materials 
 
BYF clinkers were made from mixtures of limestone, clay, bauxite, iron ore and anhydrite, ground 
together in the desired proportions, pelletized and burned in a rotary kiln or an electric lab furnace at a 
maximum temperature of around 1300°C. Boron, in the form of colemanite, a natural calcium borate 
mineral, was added so as to give 1.38% B2O3 on a clinker basis in order to stabilize α’-C2S, which is a 
more hydraulically reactive phase than the β-C2S typically present in Portland cement clinker (Chae 
W.H., et al. 1996, Jelenic I., 1978). This high temperature polymorph can also be stabilized by alkali 
metals (Gies A., et al. 1986) or a mixture of alkali metals and iron (Suzuki K., 1980). For cement 
preparation, the clinkers were ground alone to the required fineness and ground calcium sulfate was 
blended with the ground clinker in the desired proportions. Five different cements were studied, based 
on three different clinkers (A, B and C) with significantly different phase proportions. Three cements 
(C1, C2 and C3) were made from clinker C with different levels of calcium sulfate addition.  
 
Cement A was based on a high-ye’elimite BYF clinker produced during an industrial trial in France 
(Burgundy), to which 8% anhydrite and 2% hemihydrate was added. Its Blaine fineness was 420 
m²/kg.  Its estimated mineralogical composition is given in table 1: 
  

Table 1: Cement A composition 
Composition % Ye’elimite Belite Ferrite Gehlenite Anhydrite Hemi-

hydrate 
Other 
phases 

Cement A 31 36 13 1.5 8 2 8.5 
 
Cement B was based on a low ye’elimite laboratory-made BYF clinker to which 10% anhydrite was 
added.  Its Blaine fineness was 400 m²/g.  Its estimated mineralogical composition is given in table 2: 



 

 
Table 2: Cement B composition 

Composition % Ye’elimite Belite Ferrite Gehlenite Anhydrite Hemi-
hydrate 

Other 
phases 

Cement B 14 53 21 0 10 0 2 
 
The last three cements were based on a third clinker (C) produced in pilot plant in Poland (RCBM), 
with three different levels of anhydrite addition. The measured cements composition are given in table 
3: 
 

Table 3: Cement C compositions 
Composition % Ye’elimite Belite Ferrite Gehlenite Anhydrite Hemi-

hydrate 
Other 
phases 

Cement C1 28 50 19.6 0 2.4 0 0 
Cement C2 27 48 18.8 0 6.2 0 0 
Cement C3 24.7 44 17.3 0 14 0 0 
 
The Blaine fineness of cement C1 , C2 and C3 is 400 m²/g. 
 
2.2. Experimental Process 
 
2.2.1 X-Ray powder diffraction measurement 
 
X-ray powder diffraction (XRD) measurements were carried out using CuKα radiation on a 
PANalytical X’Pert Pro diffractometer in a θ-2θ configuration with an angular scan 5°-65° (2θ) and an 
X’Celerator detector. 
 
2.2.2 Sample preparation for hydration studies of cement paste 
 
The cement is mixed with water at a water/cement ratio of 0.50 and at 20±1°C. The paste is poured 
into 40ml plastic containers which are then sealed and stored at 20±1°C. At each chosen age a new 
plastic container is opened and the paste inside is ground to completely pass a 100µm sieve, after 
which the powder is dried rapidly to stop further hydration, using the acetone-ether method (Wang J., 
et al, 2010). 
 
2.2.3 Clinker phase quantification by the Rietveld refinement method 
 
Conventional ICSD patterns, as shown in Table 4, were used in the Rietveld control file. The 
brownmillerite type ferrite phase composition is closer to C6AF2 than C4AF in BYF cement (Wang J., 
2010). Two polymorphs of ye’elimite (cubic and orthorhombic) can co-exist in BYF cement and these 
phases were already studied by X-Ray powder diffraction (Cuesta, et al, 2014). 
 

Table 4 ICSD pattern of main anhydrous cement phases 
Cement phases Common formula ICSD reference 
Ye’elimite ortho. C4A3$ 80361 
Ye’elimite cubic C4A3$ 9560 
Belite (alpha’) C2S 81097 
Belite (beta) C2S 963 
Belite (gamma) C2S 9095 
Brownmillerite (ferrite) C6AF2 (Ca2 (Al0.663, Fe1.337) O5) 98832 
 
 



 

2.2.4 Hydrate quantification by the Rietveld refinement method 
 
The main hydrated phases detected in BYF cement pastes are ettringite, strätlingite, calcium 
monosulfoaluminate (with 12 and 14 H2O), bayerite and gibbsite (aluminum hydroxide), siliceous 
hydrogarnets and C-S-H (Morin V., et al, 2011). The specific ICSD patterns that were in the Rietveld 
control file for this study are listed in Table 5: 
 

Table 5 ICSD pattern of main hydrated phases  
Cement phases Common formula ICSD pattern 
Ettringite C3A.3C$.32H 16045 
Monosulfoaluminate 12H C3A.C$.12H 100138 
Gibbsite AH3 6162 
Bayerite AH3 26830 
Strätlingite C2ASH8 69413 
C-S-H (Tobermorite) C5S6H5 87689 
 
Several remarks about our construction of the Rietveld control file for hydrated phases quantification:  
 

1. A calcium monosulfoaluminate AFm phase with 14 H2O is often detected during hydration of 
BYF cements. For its quantification in our Rietveld control file, we use the ICSD pattern of 
calcium monosulfoaluminate with 12 H2O with a modification of the lattice parameter “c” to 
fit the basal spacing peaks. 

 
2. We used the external standard method with rutile. The XRD intensity profile of cement paste 

was mathematically mixed with the XRD intensity profile of rutile with fraction by mass 50: 
50 percent.  Two main poorly-crystallized or amorphous phases can be formed during BYF 
hydration: aluminium hydroxide (AH3 “gel”) and C-S-H. For the former, a specific method of 
quantification was developed for this study (hkl fitting method) as detailed under “Results and 
Discussion.” The later was calculated indirectly thanks to the external standard: rutile. 
 

3. Siliceous hydrogarnets with the general formula Ca3(Al,Fe)2(SiO4)3-y(OH)4y (with y=3-0) are 
known to form during BYF cement hydration (Wang et al., 2010). Special Rietveld control 
files were made for this study to improve the accuracy of the quantification and the estimation 
of the composition of siliceous hydrogarnets, as detailed under “Results and Discussion.” 

 
4. When using the XRD-Rietveld analysis to quantify the phases in hydrated cement pastes, the 

calculation is done relative to the acetone-ether-dried paste. In order to normalize the phases 
relative to the initial mass of anhydrous cement, we measure the mass loss at 550°C for each 
paste sample by TGA, and calculate the phase composition relative to initial cement using the 
following equation, which assumes that all hydrates are decomposed at 550°C and that the 
initial cement does not contain significant amounts of hydrated phases: 
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3. Results and Discussion 
 
3.1. Advances in Rietveld control file construction  
 
3.1.1  Quantification of hydrated alumina phases  
 
During BYF hydration, belite reacts initially with hydrated alumina, generically referred to here as 
“AH3,” to give strätlingite (Wang at al., 2010): 
 
C2S  + AH3 + 5H  C2ASH8         (2) 
 
The AH3 itself results from the rapid initial reaction of ye’elimite with calcium sulfate and water, 
which produces ettringite if excess C$ is present: 
 
C4A3$ + 2C$ + 38H  C3A.3C$.32H + 2AH3       (3) 
 
and produces monosulfoaluminate once all of the free C$ has been consumed: 
 
C4A3$ + 18 H  C3A.C$.12H + 2AH3        (4) 
 
The resulting hydrated alumina phases can be identified to some extent in the X-ray diffraction scan 
via broad peaks around 18.2° and 20.5° corresponding to peaks position of gibbsite and bayerite.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 1: AH3 peak positions and quantification method 

 
 
 
However, if we simply use the ICSD patterns of gibbsite and bayerite in the Rietveld control file, we 
get poor quantification of the hydrated alumina. In order to improve our quantification of this AH3, we 
created two AH3 phases in our control file with hkl fitting method: the first phase was focused on the 
so called “halo N°1” at around 18.2° and the second phase at “halo N°2” at around 20.5°. These two 
broad peaks were obtained by choosing adequate crystallographic length a, b and c and adjusted with 
the w parameter (peak width) in order to fit the experimental halo. Finally, the pseudo mass factors 
corresponding to these two broad peaks were adjusted so that the total amount of gibbsite and bayerite 
calculated corresponded to the values predicted by equation 3 and 4. 
 



 

3.1.2 Siliceous Hydrogarnet quantification 
 
3.1.2.1 Low-Silicon Hydrogarnet (L-Si-Hg) 
 
When belite hydration starts, strätlingite forms following eq. (2) until AH3 is exhausted, after which 
further belite and ferrite hydration produce lime which reacts for instance with strätlingite to give 
siliceous hydrogarnets of general composition (Ca3(Al,Fe)2(SiO4)3-y(OH)4y) with y=0-3 (Wang et al, 
2010). In our XRD scans and at early age, we observe this as a shift of peaks at around 17.5° and 
20.2° that initially correspond to C3AH6 (ICSD 94631) but shift toward higher angles with hydration 
time. This shift appears mainly to be due to silicon incorporation into the hydrogarnet, in which one 
Si4+ replaces 4H+; it is consistent with the literature (Dilnesa B.K., 2011) which implies that a 
continuous solid solution is found at low Si/H ratios. We used the hydrogarnet pattern ICSD 94631 
with a suitable w parameter (peak width) in order to follow the peak shift and get the best possible 
quantification of this continuous solid solution phase, which we named “Low Silicon Hydrogarnet” 
(L-Si-Hg). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: hydrogarnet peak positions and peaks shift as a function of hydration time 

 
 
3.1.2.2 High-Silicon Hydrogarnet (H-Si-Hg) 
 
At later ages (see Fig. 3) we observe the formation of peaks at 39.8°, 45.2°, 53.5° and 55.7° that 
appear more consistent with a high-silicon hydrogarnet (H-Si-Hg) phase, such as that of ICSD pattern 
83715, [Ca3(Al0.13,Fe0.87)2(SiO4)1.65(OH)5.4] and this hydrated phase formation is concomitant with a 
decrease of strätlingite amount. This ICSD pattern allows us to roughly quantify this phase, but it 
seems unlikely that it actually has such a high iron content, despite the fact that a considerable amount 
of iron is available from ferrite phase hydration. The peak positions of the ICSD pattern 83715 fit well 
with XRD scan but the peak intensity at 55.7° is too high, probably due to a lower iron content. The 
substitution of A for F in C3FSH6 shifts these two peaks to higher angles and decreases their intensities 
(Dilnesa, et al, 2011), while a decrease in the Si/H ratio leads to a shift towards lower angles that can 
compensate. In Fig. 4. we compare ICSD 83715 (Pattern N°1) with ICSD 31250 (Pattern N°2) of 
Ca3Al2Si1.53O12H5.88 . All the peaks are shifted to higher angles but the peak intensities at around 28.9 
and 55.7° of Pattern N°2 seem to match better with the experimental scan. So, based on these two 
ICSD patterns, a better or more “real” composition for our H-Si-Hg phase can be extrapolated: it 
should contain more iron and less silicon that the phase of in Pattern N°2. Both of these modifications 



 

will shift the peaks towards lower angles and will lead to better matches with the experimental scan in 
term of intensity and peaks positions. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 High siliceous-hydrogarnet formation at long hydration times 
 

 
 
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 peak positions of two different high siliceous hydrogarnets.  
 

It is worth noting that experimentally these low and high siliceous hydrogarnets  can co-exist at long 
term in BYF cement. Dilnesa, et al. 2011 showed that continuous change of siliceous iron hydrogarnet 
composition is possible from approximately C3FS0.25H5.5 to C3FS0.95H4.1. Then this range is followed 
by a miscibility gap up to composition  with higher content in silicon at around C3FS1.52H2.26.  

 
3.1.3 Determination of the full hydrated phase assemblage  

 
The refined Rietveld control file was used to follow the evolution of the phase assemblage during the 
hydration of two BYF cements, A and B, giving the results shown in Figs 5 and 6. Cement B had a 



 

lower ye’elimite and higher belite content than cement A, which led to more C-S-H formation at the 
expense of strätlingite. Cement A produces more strätlingite, which fixes a lot of water and so gives a 
significantly higher volume of solid phases (and thus a lower porosity) than cement B. For cement A, 
after hydration for one year, the volume of solids is around 2,2 times the reacted cement volume, 
which is similar than the ratio for a typical Portland cement.  On the other hand, the ratio for cement B 
is only about 2,1.  The difference is not only due to the consumption of strätlingite in cement B, 
however, it seems also at least partly due to a lower degree of belite hydration. Finally we may note 
that enough water is still available at 365 days for both cement A and B (roughly 70% of initial water 
consumed at 365 days for cement B).  
 
 
 
  
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Phase assemblage (by volume) of cement A as a function of hydration time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Phase assemblage (by volume) of cement B as a function of hydration time 
 
 

3.2. Influence of calcium sulfate additions on the kinetics of belite hydration 
 
Three different BYF cements were obtained by mixing 2.5% , 6.5% and 15.5% of ground anhydrite 
with ground clinker C, representing N values (the molar ratio of calcium sulfate over ye’elimite) of 0.4, 
1, and 2.5, respectively. Table 6 gives the Rietveld-estimated relative masses of hydrated aluminate 



 

phases for these cements hydrated at a water/cement ratio of 0.5 for 1 day. Note that at this hydration 
time the ye’elimite phase is fully hydrated in all three cements. 

 
Table 6: Hydrated phase assemblages at 1 day (mass g / 100 g of initial cement) 

 Hydrated phases 
 Ettringite Calcium mono-sulfo-aluminate 

(sum of phases with 12 or 14H) 
Aluminium hydroxide 

(AH3) 
Cement C1 20 4 16 
Cement C2 32 2 14 
Cement C3 52 0 14 

 
 
With increasing amounts of added anhydrite, the amount of ettringite increases and the amount of 
calcium mono-sulfo-aluminate decreases, in good agreement with the predictions of equations 3 and 4. 
The amount of aluminium hydroxide decreases only slightly, simply due to dilution of ye’elimite in 
the cements by added anhydrite. Interestingly, after 1 day, when the ye’elimite phase is fully hydrated, 
belite normally should start to hydrate but we can see in Fig. 7. that the onset of belite hydration is in 
fact increasingly delayed by increasing additions of calcium sulfate. Ongoing from 2.5% to 15.5% 
anhydrite addition, the onset of belite hydration is shifted from under 1 day to over 50 days. 

 
 
 
 
           
                         
 
 
 
 
 
 
 
 
 

Figure 7 Hydration degree of belite vs. time for different anhydrite addition levels (with clinker C) 
 
This delayed hydration of belite can have serious consequences on the rate of strength development, 
with the formation a “strength plateau” in which the strengths remains nearly constant for a significant 
time after the end of ye’elimite hydration (by about 1 day) until the onset of rapid belite hydration. To 
explain this phenomenon, our hypothesis is that ettringite precipitated at very early age forms a shell 
around cement grains that blocks water accessibility to belite surfaces (Zhang L. et al. 2002). Thus, the 
more ettringite formed initially, the more belite hydration will be delayed. Fig. 8 shows that the 
volume ratio between ettringite and cement paste at 1 day is about three times higher for cement C3 
(with 15.5% anhydrite) than for cement C1 (with 2.5% anhydrite). Moreover, table 7 shows that at 1 
day, the water consumption is about 50% for the cement with high amount of anhydrite (cement C3) 
compare to 35% for the cement with low level of anhydrite (cement C1).  
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Volume ratio between ettringite and cement paste for different amount of calcium sulfate  
 

Table 7 Water consumption and compressive strength at 1 day for cements with different anhydrite addition 
levels (with clinker C) 

 
 Water consumption (% of 

initial water) 
Compressive strength on standard mortar 

(MPa) 
 At 1 day At 1 day 

Cement C1 35 16 
Cement C2 38 19 
Cement C3 50 23 

 
 
Fig. 9. shows the microstructure of the cement paste with 6.5% of anhydrite (cement C2) at 1 day. We 
observe large areas of hydrates around clinker grains and especially belite grains. This layer of 
hydrates will limit water accessibility to cement surface and this mechanism will be amplified by the 
decreasing amount of the free water consumed during ettringite formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 BYF cement paste microstructure at one day 
 



 

So it appears that the control of ettringite formation by adjusting the added calcium sulfate level is a 
key lever for optimizing belite hydration and long-term strength development: by reducing the level of 
added calcium sulfate, it is possible to avoid the formation of the “plateau” in strength development 
that occurs between the end of ettringite formation and the onset of belite hydration. However, this 
optimum level of calcium sulfate for belite hydration may be modified with the water to cement ratio 
because a higher water content will give higher porosity and so better water accessibility to cement 
grains.  
 
4. Conclusions 
 
We have developed a Rietveld control file that allows us to estimate the volume proportions of most of 
anhydrous and hydrated phases present in hydrated BYF cement pastes at all ages. This approach has 
allowed us to better understand the belite hydration kinetics, which is one of the more critical issues in 
dictating the performance of BYF cements. We have shown that belite hydration is delayed by 
excessive calcium sulfate additions, apparently because the high volume of ettringite formed at early 
ages blocks access to the surfaces of the un-hydrated belite crystals. Reducing the level of calcium 
sulfate addition leads to earlier belite hydration but at the same time reduces the 1 day strength. So we 
are faced with two opposing effects: on one hand we must add enough calcium sulfate to maximize 
ettringite formation from ye’elimite hydration) and on the other hand, the formation of ettringite will 
delayed further cement hydration if its formation blocks belite surface. So in our opinion the control of 
ettringite formation is a key lever to optimize belite hydration and its resulting strength development.  
Progress in this area requires more research on the ideal clinker mineralogy for specific applications 
(optimal proportions of ye’elimite, belite and ferrite) and total binder compositions but also on 
chemical admixtures than can modify ettringite microstructure at early age. 
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Abstract 
The development of ettringite-based systems with low heat of hydration can be useful for industrial applications 
such as solidification of waste sludge with high water contents. Calcium aluminate cement (CAC) is often used 
as a precursor when mixed with calcium sulfates sources (anhydrite, hemihydrate or gypsum) to obtain 
ettringite. As calcium aluminate cements are known for providing large heat flow at early age due to their 
kinetics of hydration, additions like blast furnace slags can be combined to the CAC systems to lower 
temperature effects. However, low alkalinity of these systems can limit the reactivity of SCMs and different 
strategies are investigated to: i) activate slags using different nature and contents of calcium sulfates as well as 
low pH activators ii) study the corresponding hydration processes (hydrate features, kinetics, …) and final 
properties of the mixtures (mechanical strength, …). In particular, degree of reactions of slags and morphology 
of hydrates are investigated using SEM methods coupled with isothermal calorimetry methods and image 
analysis methods. 
 
Originality 
The originality of this project lies in many points. First, the work presented in this paper relates to the 
solidification of waste sludge. These wastes are characterized by a large water content. Thus, use of ettringite-
based systems appears as a promising approach to solidify sludges, due to their high water binding capacity 
combined with rapid setting time. Subsequently, the ettringite-based systems obtained from CAC are known, but 
there are few data available in the literature on the influence of slag additions in these systems and the way to 
increase their reactivity. Original methods are applied to study the hydration mechanisms. 
 
Keywords: Calcium Aluminate Cement, ettringite, Ground Granulated Blast Furnace Slag, hydration. 
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1. Introduction 
Currently, many studies have focused on ettringite-rich compounds (for instance ternary systems for 
self-levelling products, energy storage, solidification of waste…) (Fernández-Carrasco L. et al., 2009; 
Evju C. et al., 2001; Fryda H. et al., 2008; Cau-dit-Coumes C., 2013; Bizzozero J., 2014). In 
particular, they allow delivery of specified properties such as rapid hardening or shrinkage 
compensation. The potential of CACs for solidification of waste sludge results from the possibility of 
forming significant amounts of ettringite phases, which have a high chemical water demand combined 
with a low pore solution pH. In fact CAC is often used as a precursor when mixed with calcium 
sulfate sources (anhydrite, hemihydrate or gypsum) to obtain ettringite (C3A.C$H32). This reaction is 
mainly controlled by the hydration of the CA phase and can be written as followed: 

( ) 3323x 2AHA.3C$HCH3x383C$H3CA +→−++  (1) 
The mineralogy as well as particle size features of both CA and C$ greatly influence the quantity and 
size of ettringite crystals, due especially to changes in dissolution kinetics of anhydrous materials 
(Evju C., 2002; Lamberet S., 2005). Moreover C$ should be present in a sufficient amount to reduce 
the formation of other hydrates such as AFm (monosulfoaluminate…). 
CAC hydration is often associated with significant heat of hydration and the addition of 
complementary materials appears as an interesting approach to reduce this factor. 
This paper details preliminary investigations carried out on CAC systems combined with calcium 
sulfate source (hemihydrate) alone and with both C$ and GGBS (Ground Granulated Blast furnace 
Slag). In the study of ternary systems two calcium sulfate sources (hemihydrate and anhydrite) are 
used. After studying briefly the effect of C$ content on ettringite formation and on pore solution 
parameters in binary CAC-C$H0.5 systems, kinetics, compressive strengths and hydrates features are 
characterized in ternary blends. Theoretical studies present the effects of the use of different nature 
and contents of calcium sulfates on the slag activation. All preliminary results obtained are discussed 
and commented. 
2. Materials and methods  
In this study, calcium aluminate cement (SECAR51) was supplied by Kerneos and ground granulated 
blast furnace slag was provided by Ecocem. Two calcium sulfate sources (hemihydrate and anhydrite) 
were provided by St-Gobain. Hemihydrate was chosen due to its high kinetics of dissolution, in order 
to avoid the limitation of sulfate ions to be dissolved in the pore solution. In contrast, anhydrite was 
chosen due to its low kinetic of dissolution to ensure sufficient sulfate content at long term. The inert 
quartz was mainly composed of silica. Main anhydrous granulometry are presented in Table 1 .Main 
chemical characteristics of CAC and GGBS are presented in Tab. 2. Phase composition of CAC was 
obtained by X-ray diffraction (Rietveld method) and is presented in Tab. 3.  
Samples were prepared using 100g mixes blended at 2000 rpm during 2 minutes with a water-solid 
ratio (w/s) of 0.6. The paste were then put into glass ampoules for isothermal calorimetry experiments 
or kept in saturated humidity conditions, to avoid drying, for other experiments (X-ray diffraction, 
scanning electron microscopy (SEM)). The hydration was stopped at the ages of interest (which were 
typically 7, 28 and 91 days) by using the solvent exchange method (isopropanol) during 5 days. The 
compressive strengths were realised on pastes kept in saturated humidity conditions. Different mixes 
based on binary (CAC-C$H0.5) and ternary components (CAC-C$H0.5-C$-GGBS) were prepared and 
are summarized in Tab. 4. Sulfate contents correspond to "under", "equal" or "above" stoichiometric 
conditions of the CAC/C$H0.5 ratio (noted as 30, 40 and 50 at the beginning of the blend name), 
considering CA as the only phase reacting with calcium sulfate. Finally, inert filler, mainly composed 
of quartz was added to the ternary systems to study the reactivity of slag in the CACs systems. 
Samples were analysed by X-ray diffraction (XRD) using a Siemens D5000 diffractometer with 
CoKα radiation (λ=1.789Å). Heat flows were measured by isothermal calorimetry using TAM Air 
calorimeter set at 20°C. The extraction of the pore solution was carried out by a high-pressure device 
(Cyr M. et al., 2008). The pH of extracted pore solution was measured with a LPH430T pH-Meter. 
Mechanical properties were measured by compressive tests following the European norm EN 196-1 
with a Universal Press 100KN IGM. 
 

 



Table 1: Main anhydrous granulometry 
Raw materials CAC HH GGBS Q 
D10 (µm) 1.56 2.40 2.07 2.29 
D50 (µm) 12.42 15.29 11.34 10.37 
D90 (µm) 44.76 48.64 29.45 23.51 
Tab. 2 : Main chemical characteristics of the raw materials 
Raw materials Al2O3 (wt.%) SiO2 (wt.%) CaO (wt.%) Fe2O3 (wt.%) 
CAC 51.7 5.1 36.1 1.96 
GGBFS 10.7 36.1 44.0 0.41 
Tab. 3 : Mineralogical characterization of the CAC used (QXRD)  

Phases CA C2AS CT C2S C3FT 
wt.% 70 20 2 2 3 

Tab. 4 : Paste formulations 
Name of blend wt.% CAC wt.% C$H0.5 wt.%C$ wt.%GGBFS wt.%Q 
30HH-70C 71 29 0 0 0 
40HH-60C 61 39 0 0 0 
50HH-50C 51 49 0 0 0 
15Sl-50HH-C-0.6 43 42 0 15 0 
30Sl-50HH-C-0.6 36 34 0 30 0 
15Sl-50(HH80/A20)-C-0.6 43 34 8 15 0 
15Sl-50(HH50/A50)-C-0.6 43 21 21 15 0 
15Sl-50(HH20/A80)-C-0.6 43 8 34 15 0 
15Q-50HH-C-0.6 43 42 0 0 15 
30Q-50HH-C-0.6 36 34 0 0 30 
15Q-50(HH80/A20)-C-0.6 43 34 8 0 15 
15Q-50(HH50/A50)-C-0.6 43 21 21 0 15 
15Q-50(HH20/A80)-C-0.6 43 8 34 0 15 
3. Results and discussion 
3.1 Binary systems 
The onset of the main hydration reaction of plain CAC occurs after 8h (Fryda H. et al., 2008; 
Evju C., 2002). Addition of calcium sulfate to CAC leads to a change in hydration kinetics. In fact, 
increasing sulfate contents lead to retardation of main peaks obtained by isothermal calorimetry 
(Figure. 1). 
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Figure. 1 : Heat flow evolution during the first 24 h of hydration at 20°C with w/s = 0.6 of CAC in 
presence of hemihydrate 
The main peak (I) is located between 1 and 2h. It may correspond to the rapid hemihydrate dissolution 
associated with a gypsum precipitation. The second peak (II) may be a consequence to the dissolution 
of gypsum and CA followed by ettringite precipitation. The third peak (III) may correspond to 
monosulfate precipitation. The presence of the third peak depends of the amounts of hemihydrate in 
the system. This result is in accordance with previous results which can be found in the literature 

 



(Bizzozero J., 2014; Evju C., 2002; Lamberet S., 2005; Stabler C. et al., 2013; Gosselin C., 2009; 
Evju C. et al., 2005). 
The solid phase assemblage was followed by XRD as a function of hydration time (Figure. 2). 
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Figure. 2 : Diffraction patterns of binary systems at 7 and 28d 
The CA phase is consumed after 7 days in the different systems. The main hydration product is 
ettringite. Some broad peaks of AH3 are also detected. When the amount of sulfate is insufficient 
(30HH-70C), reactions are similar but the hydrated products include some AFm (hemi-AFm) and 
strätlingite after 7 days (Bayoux J-P. et al., 1990; Le Saoût G. et al., 2013). The reactions of these 
hydrates can be illustrated by reactions (2), (3) and (4). 

3123323 4AHA.C$.H3C16H6CAA.3C$HC +→++  (2) 

382 0.5AHASH0.5C5.5H0.5SCA +→++  (3) 

8232 ASHC5HAHSC →++  (4) 

PH measurements were carried out on mixtures at 7 days (Tab. 5). The pH of the pore solution of a 
plain CAC is around 12.5 (Macias A. et al., 1996). The increase of sulfate content reduces the pH. 
Tab. 5 : pH measurements at 7 days of hydration 

Name of the blend pH 
30HH-70C-0.6 12.6 
40HH-60C-0.6 12.0  
50HH-50C-0.6 10.5 

The objective is to develop low-pH cementitious materials. To respect this condition, the next studies 
were realized with high sulfate content (50HH). On another hand, work with high sulphate content 
permit to obtain an excess of sulfate in pore solution required for the slag reaction at long term. 
3.2 Ternary systems 
In order to reduce the heat during hydration of CACs systems and reduce the manufacturing costs of 
mixtures, GGBS was added to CAC-C$H0.5 systems at different replacement levels. The heat flow 
investigation by gram of binder (CAC-C$H0.5-GGBS) of the ternary mixtures is shown in Figure. 3. 



The addition of GGBS in the binary system influences the kinetics of hydration. In fact, in presence of 
slag the onset of the main reactions is shifted to earlier time (Figure. 3 (a)). Then, the presence of slag 
reduces significantly the total heat of hydration (Figure. 3 (b)). 
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Figure. 3 : Heat flow (a) and cumulative heat (b) evolution of the high sulfate system with and without 
slag substitution at 20°C with w/s = 0.6 
Substitution with inert quartz (Q) is tested on these ternary systems. In this study slag is replaced by 
inert quartz which has equivalent particle size distribution. The objective is to study the effect of the 
amounts of calcium sulfate on the reaction of slag at first days of hydration. 
Figure. 4 show the heat flow (a and b) and cumulative heat (c and d) measurement by gram of CAC-
C$Hx mix for high sulfate systems blended with slag and inert quartz. For the systems with high slag 
content (Figure. 4 (b)) the hydration kinetics are comparable for slag and inert quartz during the first 
24 h of hydration indicating that slag acts as filler. The cumulative heat of hydration (Figure. 4 (d)) is 
also similar for slag and inert quartz. For the systems with low slag content (Figure. 4 (a)) the 
hydration kinetics and the cumulative heat are different for slag and inert quartz during the first hours 
of hydration (Figure. 4 (c)). From these figures it can be assumed that slag reactivity is relatively low 
up to 7 days of hydration. 
The compressive strength tests of the high sulfate systems blended without substitution, with different 
rate of slag and quartz substitution are presented in Figure. 5. The compressive strength of all the 
systems increases with time. For 30% slag substitution, quartz and slag systems show similar 
compressive strength with higher values compared with the system without substitution due to the so 
called filler effect (Berodier et al., 2014). On the contrary, in 15% slag substitution, the slag systems 
present higher mechanical properties than the system with inert filler. This result is in accordance with 
higher heat flow obtained by isothermal calorimetry and demonstrates the reaction of slag within the 
first 7 days. 
On a long term period (91 days), the rate of strength increase is much higher for the 30% slag system 
than the 15% slag one. Even if dilution effect (space available for extra nucleation due to non reactive 

 



material) is still present, the large difference of strength gain rate compared to systems with quartz 
and without substitution is typical of a higher slag degree of reaction compared to the system with 
15% slag. Then, the increase of compressive strength in 15% could be limited by either a lack of 
space available for products formation (higher kinetics lead to rapid growth of non densified hydrates) 
or a large consumption of GGBS. It can be noticed that dissolution of large quantity of slag (Ca, 
Al, …) may have some retardation effect on kinetics of product formation (Snelling et al., 2014). 
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Figure. 4 : Heat flow (a and b) and cumulative heat (c and f) measurements of the high sulfate systems 
blended with slag 
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Figure. 5 : Compressive strength of low substitution content (a) and high substitution content (b) 
3.3 Ternary systems with mixtures of sulfate 
To permit the slag activation at early age, different nature and contents of calcium sulfates were used. 
The objective is rather to regulate the availability of sulfates in time to avoid too rapid formation of 
porous products at early age and also to allow sulfate activation of GGBS in slag (by forming 
ettringite). Figure. 6 show the heat flow (a, b, and e) and cumulative heat (c, d and f) evolution of 
different nature and contents of calcium sulfate systems blended with slag and inert quartz. For both 
systems the hydration kinetics are comparable for slag and inert quartz (Figure. 6 (a), (b) and (e)) 



during the first 24 h of hydration indicating that slag acts as a filler. The cumulative heat of hydration 
is also similar for slag and inert quartz during the first 7 days of hydration, as shown in Figure. 6 (c), 
(d) and (f). However, the decrease in hemihydrate content lead to a change in hydration kinetics 
(Figure. 6 (e)). 
The compressive strength of the mixtures sulfates systems blended with slag are presented on the 
Figure. 7. The mineralogical composition is followed as a function of hydration time by XRD 
(Figure. 8). 
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Figure. 6 : Heat flow (a, b and e) and cumulative heat (c, d and f) measurements of the mixtures sulfate 
systems blended with slag 
The compressive strengths of all the systems increase with time except for the system with 100 wt. % 
of hemihydrate. Indeed, the compressive strengths change slightly over time. This is explained by a 
rapid sulfate and CA phase consumption, which leads to massive ettringite formation according to the 
equation (1). The lack of reactive phases leads to the stabilization of the quantity of ettringite and 
provokes a blockage of the compressive strengths. The addition of anhydrite leads to the increase in 
compressive strengths at 28 days and 91 days of hydration. This is due to hydrates formation 
(ettringite) on long term (Figure. 8). 
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Figure. 7 : Compressive strength of the mixtures sulfate systems blended with slag 
In all mixtures, ettringite appears as the major hydrate even at 91 days of hydration (Figure. 8 (c)). 
When the amount of anhydrite is important reactions are similar but the hydrated products include 
some AFm (hemi-AFm) as a sign of S-deficit during hydration which disappears at 91 days of 
hydration. 
The higher solubility of hemihydrate compared to anhydrite is then responsible for rapid 
strengthening at 7 days. But due to lack of space availability (including access to sulphur species for 
CA and more especially GGBS reaction) and features of ettringite (morphology, crystallography,…), 
compressive strength reach a plateau at early age. Systems with high anhydrite content avoid “false 
set” phenomenon with continuous sulphur depletion with time and then larger strength evolution rate. 
Between both systems, addition of a moderate quantity of anhydrite as a replacement of hemihydrate 
leads to similar strength at 7 days than 100% HH system with a rate of strength increase relatively 
similar to mixes with high content of anhydrite. 
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Figure. 8 : Diffraction patterns of ternary systems with mixtures of sulfate at 7 (a), 28d (b) and 91d (c) 
Figure 9 shows preliminary studies on the morphology of hydrates at seven days. For all systems 
ettringite appears in massive form. The additions of anhydrite in the systems make the matrix less 
dense with what appears to be larger ettringite crystals. These different microscopy observations 
permits to confirm the presence of a hydrated matrix composed mainly of ettringite and AH3 (Martin I. 
et al., 2014). 
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Figure 9: Morphology of hydrate for 15Sl-50HH-C (a), 15Sl-50(HH80/A20)-C (b), 15Sl-50(HH50/A50)-C (c) 
and 15Sl-50(HH20/A820)-C (d) at 7 days with w/s = 0.6 
4. Conclusion 
The study carried out on binary mixtures has confirmed that the increase in sulfate content facilitates 
the formation of ettringite and reduces the pH of pore solutions. Therefore working with sulfate 
content above stoichiometric conditions of CAC/C$H0.5 ratio can ensure a sufficient intake of sulfate 
in the system. 
The addition of GGBS in the CAC/C$ system reduced the heat generated during hydration. 
Preliminary results show slag activation on long term hydration. Different nature and contents of 
calcium sulfate have been used to permit slag activation at early age hydration. For both systems 
calorimetric curves show that slag act as filler. It is necessary to conduct further investigations to 
quantify the reaction progress by SEM coupled with analysis (BSE-IA). 
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Abstract 
Calcium sulphoaluminate cements (CSA) can represents a potential valid substitution for OPC in the global challenge 
of CO2-emissions reduction and an opportunity for waste recycling. However the renewed interest toward CSA cement 
in view of its extensive use in cement-building applications imposes a complete comprehension of mechanisms that 
regulate the hydration process as well as the effect of environmental conditions (T, P, pH) that can impact the stability 
of its main hydrated phases. 
The main component of CSA cement is ye’elimite (C4A3$) that reacts with water and a calcium sulphate source to 
produce ettringite and gibbsite. After calcium sulphate consumption, generally within 1-2 days, monosulphate is formed. 
In presence of belite other minor phases (i.e. strätlingite, and CSH gel) can form during hydration process. The 
ettringite phase is the main responsible of the properties of sulphoaluminate cement that is normally used alone as 
rapid setting binder or mixed with OPC as shrinkage compensating cement.    
This study aimed to investigate the ettringite phase stability of selected laboratory calcium sulphoaluminate cements 
(CSA), composed by CSA clinker and anhydrite, subjected to high temperature water curing conditions (up to 80°C) in 
the first hours of hydration (6h). The anhydrite content has been varied from 20% to 40% by weight in order to increase 
the C$/C4A3$ molar ratio and consider the impact of thermal curing in presence of stoichiometric and over-
stoichiometric ettringite amounts. The hydrated pastes have been characterized by means of XRD, DTG, SEM and N2 
absorption/desorption analyses. In a parallel way a thermodynamic hydration model based on thermodynamic 
equilibria of geochemical species has been developed as a function of CSA cements compositions. At macro-scale level 
physical mechanical tests on pastes hydrated in the first 6 hours have been carried out to compare micro-structure 
changes with strength evolution at hardened state.  
As predicted by means of thermodynamic modelling, the high water curing temperature accelerates CSA kinetic of 
hydration promoting the hydrated phases formation (i.e. ettringite, monosulphate and gibbsite) as a function of sulphate 
ions availability. However, the ettringite phase stability resulted compromised with curing temperature over than 80°C. 
In details, at high curing temperature, cement pastes resulted characterized by a less compacted hydrated matrix with 
less-crystalline ettringite. The presence of a wide pore size distribution confirmed the potential ettringite phase 
degradation. In addition, stability changes of hydrated phases have been verified in the first curing times at temperature 
of 40°C, confirming thermodynamic modelling assumptions and DTG analyses.    
 
 
Originality 
This work contributes to the comprehension of the mechanisms that affect stability of CSA cement hydrated phases, 
mainly ettringite, in the optic of a more extensive use of calcium sulphoaluminate cement in constructions field as in all 
that applications where fast thermal curing is necessary. The study verified the fast kinetic of ettringite formation in the 
first hours after mixing (6h), inside a wide range of water thermal curing temperature, finding 80°C as critical for 
hydrated phases stability. In addition, ettringite crystals modifications have been identified at curing temperature of 
40°C. Considering different compositional mixes it has been possible correlate the impact of water thermal curing as 
function of C$/C4A3$ ratio opening the possibility to a future product optimization with customized technical 
specifications.  
 
 
Keywords: calcium sulphoaluminate cement; calcium sulphate; ettringite; hydration products.    
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1. Introduction 
Calcium Sulphoaluminate cements (CSA) have been known from 1970s (Burdnikov P.B. et al., 1968) 
but only in this last decades they have been reconsidered as a promising low-CO2 alternative to more 
traditional Ordinary Portland Cement (OPC) (Gartner E.M., 2004). CSA clinker production requires 
lower clinkerization temperature than OPC (200°C less) and industrial by products can be used as raw 
materials (Metha P.K., 1980). Unlike OPC, the main hydraulic phase of CSA clinker is ye’elimite 
(C4A3$); other minor phases such as calcium silicate (C2S), ferrite (C4AF) and tricalcium aluminate 
(C3A) can also be present as function of raw materials used (cement notation is used in the text with 
A=Al2O3, C=CaO, F=Fe2O3, H=H2O, S=SiO2, $=SO3). Usually 15-25 wt.% of calcium sulphate is co-
grinded with CSA clinker to optimize strength development and volume changes (Lan W. et al, 1996). 
In presence of water ye’elimite reacts with calcium sulphate to generate ettringite (C6A$3H32, AFt) and 
aluminium hydroxide (AH3) according to reaction (1) (Winnefeld F. et al, 2010): 

C4A3$ + 2C$ + 38H → C6A$3H32 + 2AH3      (1) 
In absence of sulphate ion source monosulphate phase (C4A$H12-18, AFm) can be formed as follow: 

C4A3$ + 18H→C4A$H12 + 2 AH3               (2) 
Monosulphate formation does not cause expansion and gives a little contribution to strength 
development, therefore ettringite can be considered the main responsible of the properties of CSA 
based systems that nowadays are normally used alone as rapid setting binder or mixed with OPC as 
shrinkage compensating cements (Pelletier et al, 2010). The increasing interest to extend the use of 
Calcium Sulphoaluminate (CSA) binders in the precasting industry required to enlarge the knowledge 
about the stability of ettringite and other main CSA hydrated phases (i.e. monosulphate and aluminium 
hydroxide) also at non ambient conditions (e.g. accelerated water/steam thermal treatments etc.). Few 
studies have been carried out during last years with the aim to define the limits of ettringite phase 
stability as function of curing conditions (T and R.H.%) (Zhou Q. et al, 2001; Zhou Q. et al., 2004; 
Pourchez J. et al., 2006) or more in general to study CSA durability aspects both in terms of potential 
performance decrease and in terms of impact that specific aggressive ions such as sulphate, chloride 
and carbonate ions can have on hydrated phases morphology (Zhang L. et al., 2005; Martìnez-Ramìrez 
S. et al., 2012).  
In this paper the hydrated phases evolution of blended systems composed by calcium sulphoaluminate 
clinker and anhydrite has been investigated after curing for 6 hours in water bath at high temperature 
(i.e. 40°C, 60°C and 80°C). For mixes preparation anhydrite content has been varied from 20% to 40% 
by weight in order to increase the C$/C4A3$ molar ratio from stoichiometric to over-stoichiometric 
condition and consider the impact of thermal curing on mixes characterized by different ettringite 
content. The early strength evolution of cementitious pastes has been correlated to stability of phases 
such as ettringite, monosulphate and aluminium hydroxide using different analytical techniques, i.e.  
X-ray diffraction, nitrogen adsorption/desorption, differential thermal analysis (DTG) and SEM 
observations. Thermodynamic modelling based on GEMS software completed the experimental data 
interpretation.  
 
2. Experimental 
2.1. Raw Materials 
The composition of CSA clinker and anhydrite (C$) used for mix preparation is reported in tab. 1. 

Table 1 Composition of raw materials 
 CSA 

[%] 
C$ 
[%] 

Ye’elimite (C4A3$) 60.5  
Belite (C2S)  23.3  
Periclase (MgO) 4.5  
Mayenite (C12A7) 3.7  
Anhydrite (C$) 2.4 94.7 
Other 5.6  

 



 

A total number of n.3 blended systems have been prepared mixing CSA clinker and C$ by means of 
laboratory mixer (Eirich) up to complete homogenization (about 30min). The anhydrite additions has 
been carried out considering the reaction (1) and increasing the C$/C4A3$ ratio from 1.9 to 5. Both the 
stoichiometric condition with mix 80/20 and over-stoichiometric condition with mix 70/30 have been 
taken into account. The impact on CSA hydration mechanism due to the presence of great sulphate 
ions excess has been investigated with mix 60/40.  The mass proportion of all prepared samples is 
reported in tab.2. 

Table 2 Mixes composition 
MIX 60/40 70/30 80/20 
C$/C4A3$ molar ratio 5.0 3.2 1.9 
CSA [wt.%] 60 70 80 
C$ [wt.%] 40 30 20 

 
2.2. Materials and methods  
Pastes have been prepared with a w/binder ratio of 0.5 by a laboratory mixer mixing for 45sec at 140 
rpm and then 45sec at 285 rpm. After casting, cubes specimens (50x50mm) were directly submerged 
in water curing bath at temperature respectively of 40°C, 60°C and 80°C.  
After 6 hours of curing, cubes have been demoulded and compressive strength tests on pastes have 
been performed with a loading rate of 1200 N/sec.    
The hydration process of pastes was stopped submerging crushed sample bricks (2-3 mm) firstly in 
EtOH solvent (5min) and then in acetone solvent (5min). Finally they were dried in an oven at 40°C 
for 4 hours (Khoshnazar R. et al., 2013). 
The XRD diffractograms were collected with a conventional Bragg-Brentano Bruker D8 Advance 
diffractometer equipped with LinxEye detector. The instrumental set-up was set with Cu Kα radiation 
(λ=1.54059 Å), divergence slit of 0.5°, detector slit of 8 mm, Soller slit of (2.5°+2.5°) and the data 
were collected at 5-70° 2θ, step/size 0.009° and t/step 38.4 s.  
Nitrogen adsorption and desorption curves were carried out using a Quantachrome IQ sorptometer. 
The pore size distributions were calculated by the Barrett, Joyner, Hallenda (BJH) (Barret E.P. et al., 
1951) method using data from desorption isotherm (relative pressure range 0.99 – 0.38). Total pore 
volume values derived from the amount of vapor adsorbed at a relative pressure close to unity, by 
assuming that the pores are then filled with liquid adsorbate. 
The TGA analyses were performed using a Mettler Toledo TGA/SDTA851e, where about 50 mg of 
sample was placed in an aluminium crucible under nitrogen atmosphere with a flux of 200 ml/min, 
and investigated at heating rate of 5°C/min up to 600°C (Ramachandran V.S. et al., 2002). 
Crystals morphology of gold coated cement pastes has been observed by Scanning Electron 
Microscopy (SEM) Zeiss EVO MA15 equipped with a thermoionic source (LaB6).  
Thermodynamic simulations were performed using geochemical GEMS software (Thoenen T. et al., 
2003) with thermodynamic data for aqueous species and other solids from GEMS-PSI thermodynamic 
database (Hummel W. et al., 2002), coupled with CEMDATA 07 database, specific for solubility 
products of cementitious phases (Lothenbach B. et al., 2008). Thermodynamic equilibria of hydrated 
phases were calculated starting from CSA clinker and C$ compositions determined by XRD analyses 
in the same CSA/C$ mass proportions of studied mixes (i.e. 60/40, 70/30 and 80/20). Modelling 
calculations have been developed considering a total mass (solid + water) of 200 g and a water to 
binder ratio of 1. 
 
3. Results and Discussion 
Fig. 1 shows compressive strength evolution of pastes after 6 hours of water curing at temperature 
higher than standard 20°C here considered as reference. Curing temperature of 40°C seemed 
advantageous for strength evolution only for 80/20 mix with a stoichiometric C$/C4A3$ ratio. Pastes 
cured at high temperature curing (60°C and 80°C) showed better early strength evolution in 
comparison with the reference. Nevertheless, all the mixes presented a performance decrease passing 



 

from 60°C to 80°C. Mix 80/20 showed a more significant decrease in comparison to mixes 70/30 and 
60/40 characterised by the higher sulphate content.   

  
Figure 1 Compressive strength tests on pastes after 6h of curing at different temperature 

Accelerated curing temperature had an impact both on hydrated phase evolution and on pore size 
distribution of cementitious matrix as shown in fig. 2-4. By means of nitrogen adsorption/desorption 
analyses it has been possible to correlate the pastes strength evolution with their pores distribution. For 
all the mixes treated at standard curing condition (20°C) the cementitious matrix were characterized 
by a bimodal pore size distribution with a predominance of pores diameter close to 20 nm and a 
reduced amount of smaller pores (diameter about 4 nm). Higher content of small pores in mix 60/40 at 
20°C is probably ascribable to a higher degree of hydration, as detected by XRD analysis (fig.5-7), 
justifying the higher strengths. The increasing of the curing temperature to 40°C led to obtain a less 
compacted cement matrix characterized by an increase of total pore volume and the presence of pores 
with a higher diameter (about 40 nm). This effect is more pronounced passing from 80/20 mix through 
70/30 mix to 60/40 mixes.  This observation could justify the performance decrease observed passing 
from 20 to 40°C for the latters. The curing at higher temperature (60°C and 80°C) led to obtain a more 
compacted cementitious matrix with low total porosity characterised by small pores (diameter close to 
4 nm). This is certainly related to the higher degree of hydration, as confirmed by XRD data (fig. 5-7). 
Passing from 60°C to 80°C of curing any significant modifications of total pore volume and pore 
distribution was observed. This led to consider the strength decrease observed at 80°C mainly due to 
changes in the hydrated phase assemblage, as shown by DTG data (fig. 8-10). 

 
Figure 2 Pore size distribution of 60/40mix cured for 6h at different temperatures 



 

 
Figure 3 Pore size distribution of 70/30mix cured for 6h at different temperatures 

 
Figure 4 Pore size distribution of 80/20mix cured for 6h at different temperatures 

The increase of curing temperature from 20°C to 40°C seems to not accelerate the kinetic of hydration 
of mixes maintaining a quite constant ye’elimite and anhydrite consumption (fig. 5-7). For this reason 
the changes in the paste strength can be ascribable to both a different morphology of the hydration 
products, characterized by smaller crystals and a different microstructure of  hardened matrix with less 
interconnected crystals and more voids as arised by SEM observations (fig. 11a and 11b), confirming 
the nitrogen adsorption/desorption analysis (fig. 2-4).  
Passing from 60°C to 80°C, in correspondence of total ye’elimite consumption, an increasing of 
unreacted anhydrite was observed (fig. 5-7). This is related to the well-known reduced anhydrite 
solubility caused by the temperature increasing (Taylor H.F.W., 1997). Therefore, ye’elemite 
hydration happens in lack of sulphate, favouring the reaction 2 rather than the reaction 1, causing the 
reduction of ettringite content and the increasing of monosulphate (fig. 8-10). The presence of plate-
like crystals of monosulphate and unreacted anhydrite has been also observed by SEM analysis (fig. 
11c). 
 
 
 
 
 



 

  
Figure 5 XRD diffractogram of 60/40 mix after 6h of curing 

 

  
Figure 6 XRD diffractogram of 70/30 mix after 6h of curing 

 

  
Figure 7 XRD diffractogram of 80/20 mix after 6h of curing  

 
 
 



 

 
Figure 8 TGA of 60/40mix cured for 6h at different temperatures 

 
Figure 9 TGA of 70/30mix cured for 6h at different temperatures 

 
Figure 10 TGA of 80/20mix cured for 6h at different temperaturas 

 
 
 
 
 
 
 
 



 

60/40 70/30 80/20 

   
a) 20°C 

   
b) 40° 

   
c) 80° 

Figure 11 SEM images of mixes cured 6 hours at a) 20°, b) 40°, and c) 80°C. 
 
Thermodynamic modelling on mixes with same composition of studied systems confirmed some of 
the experimental observations (fig. 12-14).  In particular, a drop of the ettringite content is expected 
around 30°C for the mix with high sulphate content (60/40 mix), confirming the DTG observations 
(fig. 8). Any change in the phase assemblage should occur in the temperature range of 60-80°C. This 
indirectly confirmed the experimental observations where the different phase assemblage could be 
ascribable only to different sulphate ion availability for the ye’elimite reaction, rather than to ettringite 
thermal decomposition.     
 
 
 



 

 
Figure 12 Thermodynamic modelling of 60/40 mix vs Temperature 

 
Figure 13 Thermodynamic modelling of 70/30 mix vs Temperature 

 
Figure 14 Thermodynamic modelling of 80/20 mix vs Temperature 

 
4. Conclusions 
In this paper the reactivity of CSA phases and hydrated phases formation, at early age (6h), at different 
curing temperature (40°C, 60°C and 80°C), have been investigated in mixes composed by CSA clinker 
and anhydrite in different proportion. The relationship among hydrate phase assemblage and 
microstructure with the strength evolution has been also evaluated.  
The curing at 40°C seems to not have any positive effect on the hydration kinetic, but in some cases a 
negative effect on the microstructure causing a reduction of strengths. 
The curing at higher temperature (60°C and 80°C) promotes an increasing of the early age strength at 
6h for all the tested mixes due to the higher rate of hydration. Nevertheless a drop in the strength has 
been observed passing from 60°C to 80°C curing, related to a change in the phase assemblage caused 
by the lower anhydrite dissolution.  
The C$/C4A3$ ratio plays a role on the sensitivity to the curing temperature, in particular: 

- The higher the sulphate content, the lower is the strength increase promoted by the higher 
curing temperature;  



 

- The higher the sulphate content, the lower is the drop in the strength observed passing from 
60°C to 80°C. 
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Abstract 
The present study focus on the effect of curing temperature on the hydration of calcium aluminate 
cement (CAC) dominated ternary binders at 0, 10, 20 and 40℃. Tw o varieties of calcium  sulfate are 

employed, including α-hemihydrate and natural anhydrite. The effects of temperature on the phase 
development, together with microstructure change of pastes within 3 days were systematically 
determined by X-ray diffraction (XRD), backscattered electron imaging (BEI) and mercury intrusion 
porosimeter (MIP). Results show that higher temperature accelerates the 1-day strength prominently, 
while it has no obvious contribution to the later age strength. Furthermore, though the main hydration 
products are relating to calcium (sulpho)aluminate related phases, raising temperature leads to a 
rapider conversion from ettringite to plate-like monosulfate, and higher amount of coarser pores for 
pastes with anhydrite after 3 days, but finer pores for those pastes with α-hemihydrate. Additionally, 
stratlingite (C2ASH8) and aluminium hydroxide also form at 40 ℃ in those pastes w   

compared with binders containing α-hemihydrate.  
 
Originality 
Rapid setting and hardening blends, which based on calcium aluminate cement (CAC), Portland 
cement and calcium sulfate is more and more widely applied in the functional mortars at different 
conditions, certainly cured at different curing temperatures. However, all the previous investigations 
only focus on the hydration at 20 ℃. In this present pa         

cured at different temperature (0, 10, 20 and 40 ℃) w ere system atically   -ray 
diffraction (XRD), backscattered electron imaging (BEI) and mercury intrusion porosimeter (MIP). So 
this is the first originality.  
It was revealed that both calcium sulfate sources and CAC/calcium sulfate ratio had prominent 
impacts on the whole hydration for ternary binders at 20 ℃, additionally the dissolution characters of 
calcium sulfate had firm connections with curing temperature, consequently the effect of calcium 
sulfate variety was also taken into consideration in this paper. Both anhydrite and α-hemihydrate were 
applied and compared for a more general conclusion. So the application of both anhydrite and 
α-hemihydrate in such ternary binders cured at different temperatures is the second originality. 
 
 
 
Keywords: Calcium aluminate cement, calcium sulfate, temperature, hydration, ettringite, 
microstructure 
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1 Introduction 
It is well accepted that the strength development of mortars based either on Portland cement 
(PC) or calcium aluminate cement (CAC) is easily managed at 20°C (Ambroise et al., 2009). 
However, when temperature falls below 5°C, it is not easy for PC to achieve higher strength, 
especially at early ages. Fortunately, PC-CAC blends provide a good alternative solution (Gu 
et al., 1997). But in most cases, the later compressive strength of PC-CAC decreases 
significantly with the addition of CAC (Gu et al., 1997; Gu, Beaudoin et al. 1997; Xu et al., 
2014), which results from a large amout of pellet-like cacium aluminate hydrates. For a 
modification of phase assemblages, calcium sulfate (anhydrite, hemihydrate or gypsum) was 
further added.  
Due to the rapid formation of ettringite in the matrix, ternary binders containing calcium 
(sulpho) aluminate cement, Portland cement and calcium sulfate exhibit a good performance 
such as rapid setting and hardening, shrinkage compensation. The ternary system has attracted 
lots of researcher’s attention (Scrivener., 2003; Chang. et al., 2008; Seifert., et al., 2009; 
Onishi. et al., 2010), and now are widely used for those non-structural finishing operations in 
buildings, such as rapid-hardening repair mortars, self-leveling mortar, tile adhesives or fixing 
mortars (Scrivener., 2003). Among various formulations in the ternary system, CAC 
dominated formulations could develop more homogeneous enrichments than PC dominated  
formulations (De Gasparo. et al., 2009), thus are extraordinary widely used in self-leveling 
mortars.  
Previous investigations confirmed that curing temperature plays critical role on the phase 
assemblages and distributions of hydration products both in PC and in CAC. As curing 
temperature increases, a denser C-S-H gel forms with a more heterogeneous distribution of 
hydrates for PC, which leads to a coarser porosity and lower later compressive strengths 
(Escalante-Garcia. et al., 1998; Escalante-Garcia. et al., 1999; Escalante-Garcia. et al., 2001; 
Lothenbach. et al., 2007; Lothenbach et al., 2008). Meanwhile, the formed pellet-like calcium 
aluminate hydrates (CAH10, C2AH8 and C4AH13) easily converted to C3AH6 at higher 
temperature for pure CAC, which would result in a higher porosity and decreased 
compressive strengths. But as discussed and confirmed in the literature (De Gasparo, 
Herwegh. et al., 2009; Seifert et al., 2009; Onishi et al., 2010; Xu et al., 2012), ettringite 
dominates the early hydration for ternary systems, which shows diverse difference from the 
aforementioned pure PC or CAC. Especially, the formed ettringite may partly converts to 
monosulphate (AFm) once the temperature exceeds 50°C (Taylor. 1997; Lothenbach et al., 
2007). Furthermore, the dissolution characters of calcium sulfate also change a lot with curing 
temperature (Meifei. et al., 1982), which also exerts a strong impact on the thermodynamic of 
the hydration.  
Besides of the impacts from weather conditions, the hydration heat released at very early age 
also leads to a temperature increment within pastes or concrete themselves (Zou. et al., 2013). 
For instance, even for 1.7 liters of calcium sulfoaluminate cement paste, the inner temperature 
increases about 5℃ within 1 day (Tang. et al., 2015). In this way, for the similarly sensitive 
ternary systems containing large amount of ettringite, the development of such thermal effect 
during early age for CAC dominated formulations is much more critical for the mechanical 
properties and durability. Consequently, this present investigation was systematically 
performed at 0, 10, 20 and 40℃, and separately blended with two varieties of calcium sulfate 



(different dissolution characteristics). It works as part of a comprehensive study on the 
influence of curing temperature on the microstructure development of CAC based ternary 
systems, which is helpful to enhance understanding of the hydration of functional mortar 
applied in special conditions at different temperatures. 
2 Experimental 
2.1 Raw materials 
The Calcium aluminte cement (CAC) and Portland cement (CEM I 42.5) used in this study were 
obtained from Kerneos Aluminate Technology Co and Xinfa cement Co., respectively. 
Hemihydrate (H) and natural anhydrite (A) were provided as the main sources of calcium 
sulfate. The chemical compositions of the raw materials used were determined by X-ray 
fluorescence (XRF), as listed in Table 1.  
Since both calcium sulfate sources (Xu. et al., 2012; Xu. et al., 2014) and CAC/calcium 
sulfate ratio (Lamberet., 2004) have prominent impacts on the whole hydration process for 
ternary binders, the PC: CAC: anhydrite mass ratio was fixed at 22.5: 51.7: 25.8, while water 
to binder ratio was 0.5 by mass. According to the variety of calcium sulfate used, as well as 
the curing temperature (0, 10, 20 and 40 ℃), the sam ples w e       

A20 and A40; H0, H10, H20 and H40. 

Tab. 1 Chemical composition of raw materials (wt. / %) 

 SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O Na2O TiO2 

CAC 0.34 31.20 67.10 0.10 - 0.06 - 0.34 - 

PC 21.50 64.20 4.14 2.40 2.57 2.89 0.84 0.67 0.32 

A 1.72 39.44 0.35 0.16 1.80 51.96 - - 0.02 

H 1.03 38.50 0.17 0.04 0.10 53.40 0.14 - 0.01 

2.2 Curing and Testing 
Water, cements, and sands were stored at the respective temperatures for 2 days before mixing. 
All the specimens were cured at 0, 10, 20 and 40℃ with a variation of ±1℃ respectively and 
the relative humidity was 60±10%. 
Mortar samples (40 mm × 40 mm × 160 mm) for compressive strengths tests were prepared 
and measured according to ISO 679: 1989. These samples were demoulded after 24 hours of 
curing and randomly selected for mechanical testing after periods of 1, 3, 28 days.  
X-ray diffraction (XRD) was employed for the phase determination in cement pastes. The 
scanning was performed between 5° and 75° with a 2θ increment 2° per min, and a Cu Kα 
radiation (λ=1.541 Å). XRD data were recorded with Rigaku-D/max2550VB3+. In addition, 
an accelerating voltage of 40 kV and a current of 100 mA were selected. Before the testing, 
all the samples were ground to a fineness of about 400 m2/kg Blaine surface areas at the end 
of each aging period, treated with acetone and diethyl-ether to stop hydration and stored in 
desiccators to ensure protection against water and carbon dioxide.  
Additionally, the polished samples for backscattered electron imaging test were prepared by 
impregnating epoxy resin, polishing and coating carbon. All grinding and polishing steps 
were operated on a variable speed grinder-polisher. The microstructure of polished surface 
was analysis on the base of different grey levels under high vacuum mode (at 1E-5 Torr H2O) 
with SEM (HITACHI S-2700), with a voltage of 15 kV.  
Furthermore, an automatic mercury instruction porosimeter (Thermal Scientific PASCAL 
140/440 series) was used and the mercury intrusion and extrusion were performed with a 



minimum intruding pressure of 1.4 kPa and a maximum intruding pressure of 240 MPa. 
According to the Washburn-Laplace equation, the corresponding detectable pore radius ranges 
from 3.0 nm to 800 μm.  
3 Results and discussion 
3.1 Compressive strengths 
The behavior of the investigated mixes incorporating two different kinds of calcium sulfate 
under different temperature is evaluated quantitatively by measuring the compressive 
strengths. As shown in figure 1, whatever types of calcium sulfate is applied, higher 
temperature generally leads to higher early strength, especially for the 1 day strength. For the 
mortar with anhydrite (figure 1(a)), it obtains 30 MPa distinctly when cured at 40 ℃ for 1 day, 

approximately 3~4 times higher than that of mortars cured at 0 ℃ or 10℃. However, after 28 
days, there are slight variations among different samples: the lowest values were those cured 
at 40°C; and the highest, are for those cured at 20°C. Additionally, the increase rate in the 
compressive strength of mortars hydrated at 0°C suggests that if the experiment had been 
continued for longer time, it might exhibit the highest strength. 
However, for the mortar with hemihydrate (figure 1(b)), the most pronounced improvement in 
strength is for those mortars cured at higher temperature. Take 1-day strength for example, it 
achieves 51 MPa after curing at 40℃, which is almost 10 times higher than that at 0℃, 
additionally 20 MPa higher than mortars with anhydrite. And similarly to the mortars with 
anhydrite, the 28-days strength is also highly dependent on the curing temperature. Those 
mortars cured at 0℃ and 40℃ have about 10 MPa higher than others. Additionally, it is found 
that there are a decrease in compressive strength for those samples cured at 20℃ and 40℃. 
This is mainly due to the lack of sulfate in pore solution, which brings out the changes in 
microstructure.  
Comparing figure 1(a) and figure 1(b), it can be generally concluded that mortars with 
anhydrite can achieve higher strength at lower temperatures, while those with hemihydrate 
obtain higher strength at higher temperatures (though at the expanse of small amount of later 
strength). 

 
    (a) Mortars with anhydrite                    (b) Mortars with hemihydrate 

Figure 1 Compressive strength of mortars hydrated at different temperature for 1 d, 3 d and 28 d  
3.2 Phase assemblages 
The XRD patterns of the mixes with anhydrite and hemihydrate cured at different 
temperatures for 3 days are shown in figure 2 and figure 3, respectively. For the pastes 
containing anhydrite (figure 2), due to the slow dissolution and reaction rate at lower 
temperatures, the unreacted monocalcium aluminate (CA), grossite (CA2), calcium silicate 



(C3S and/or C2S) and anhydrite are partly left in the matrix after 3 days. Only ettringite 
appeared as predominant hydrates at 0℃ and 10℃. While for the pastes cured at 20℃ and 
40℃, CA is completely consumed after 3 days. However, a new peak corresponding to 
gibbsite (AH3) is observed in this pattern, which was accompanied with the formation of 
calcium aluminate hydrates. Additionally, as can be expected, ettringite converted to 
monosulfate when sulfate is not available in the pore solution. It is easily found that the paste 
cured at 40℃ contains the highest amount of monosulfate (AFm), even without any ettringite 
left. Meanwhile, anhydrite is partly left in the paste. It generally confirms the unmatched 
dissolution rate of sulfate and aluminate in the pore solution. Furthermore, another prominent 
difference from those pastes cured at lower temperature is the presence of stratlingite 
(C2ASH8). This phenomenon might indicate an evolution from C-S-H gel. At the beginning of 
the reaction, the predominant phase was the C-S-H gel, and then the formed C-S-H gel reacts 
with aluminate containing phases (such as calcium aluminate hydrates from the hydration of 
CAC) to generate C2ASH8 at higher temperature. However, this finding is different from the 
formation of pure calcium aluminosilicate hydrate (C-A-S-H phase) at 7, 20, 50, 80℃ 
(Myers. et al., 2015). It was concluded that C2ASH8 and gibbsite tended to form at lower 
temperature. However, both of those results generally demonstrate the strong impact of curing 
temperature on the phase assemblages of hydrates. 
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Figure 2 XRD pattern of pastes with anhydrite cured at different temperatures for 3 days 

(E: Ettringite; M: Monosulfate; S: Stratlingite, C2ASH8; G: Grossite, CA2; B: monocalcium aluminate, 
CA; A: Anhydrite; D: Gibbsite, AH3; C: calcium silicate, C3S or C2S) 

While in case of blends incorporating hemihydrate (figure 3), the early hydration also starts 
with the depletion of CA phase, and continues with the formation of ettringite. But even after 
cured at 0 °C for 3 days, there appears to be a small amount of conversion from ettringite to 
monosulfate. Additionally, compared with figure 2, the peak of ettringite formed in this paste 
is much higher. This results from a rapider dissolution of hemihydrate than anhydrite. 
However, either cured at 0°C or 40°C for 3 days, the appearance of CA indicates a slower 
reaction rate of CAC than pastes with anhydrite. 



10 20 30 40 50 60

C
CC

B
B

B

40℃

20℃

10℃

0℃

Two-theta (degree)

E E E
E

E
E

E
E
E

MM M M

EG
G

G

B

 
Figure 3 XRD pattern of pastes with hemihydrate cured at different temperatures for 3 days 

(E: Ettringite; M: Monosulfate; G: Grossite, CA2; B: monocalcium aluminate, CA; C: calcium silicate, 
C3S or C2S) 

3.3 Microstructure 
Backscatted electron imaging (BEI) of blended cement pastes hydrated at 10℃, 20℃ and 
40℃ for 3 days, are shown respectively in figure 4. As shown in figure 4(a), 4(c) and 4(e), 
when anhydrite was applied in the blends, it is clearly shown that lots of plate-like phases can 
be found especially at higher temperature. As confirmed in XRD result (figure 2), this can be 
attribute to the formation of monosulfate. Meanwhile, more apparent pores (the blackest 
zones in those BEI images) generates at higher temperature, but with less unhydrated clinkers 
left. This gives an explanation for the later lower strength. And similar observations were 
reported for pure Portland cement paste (Escalante-Garcia. et al.,2000) and blended cement 
paste (Escalante-Garcia. et al., 2001).  
Due to high water content in the molecular composition of ettringite, samples with large 
amount of ettringite are very easily to crack. Compared with pastes containing anhydrite 
(figure 4(a) and 4(e)), pastes with hemihydrate show much higher porosity once cured at 10℃
for 3 days (figure 4(b)), but significantly lower porosity when cured at 40℃(figure 4(f)). This 
explains the higher compressive strength for mortars with hemihydrate (shown in figure 1). 
Additionally, instead of monosulfate, large amount of ettringite left in the paste cured at 40℃, 

which leads to more cracks during sample preparation. 

  

(a) A10                     (b) H10 



  
(c) A20                     (d) H20 

  
(e) A40                        (f) H40 

Figure 4 BSE images of pastes with anhydrite or hemihydrate cured at different temperatures for 3 days 
(AFt: ettringite; Ms:monosulfate) 

Since the pore-structure has a firm connection with both mechanical properties and also 
durability, the pore size distribution for pastes with anhydrite and hemihydrate hydrated for 3 
days are presented in figure 5. As illustrated in figure 5(a), with increasing curing temperature, 
pores tend to be coarser size for pastes with anhydrite. The pore size primarily ranges from 10 
nm to 200 nm for the pastes cured at 20℃; while that ranges from 100 nm to 1000 nm when 
cured at 40℃. Additionally, the distribution of pore sizes changes from bimodal (one locates 
in the smaller pore size regions with a broader range) to almost unimodal. In contrast, for 
those pastes with hemihydrate (figure 5(b)), they have a diverse distribution of pores than 
those with anhydrite. And it is interesting to note that, higher curing temperature brings to 
much lower porosity in this case, which has a good consistence with the results of BEI (figure 
4) and development of compressive strength (shown in figure 1).  
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 (a) Pastes with anhydrite                      (b) Pastes with hemihydrate 
Figure 5 Particle size distribution for the pastes cured at different temperatures for 3 days  

4. Conclusions 
The following conclusions could be made as regarding optimizing the benefits specific to 
each type of calcium sulfate and their employment way at different curing temperature: 
1) Main hydration products in those two varieties of ternary binders are mainly relating to 

calcium (sulpho)aluminate related phases, but higher temperature leads to a rapider 
conversion from ettringite to plate-like monosulfate. Stratlingite (C2ASH8) and aluminum 
hydroxide also extraordinary forms in the paste with anhydrite at 40℃. 

2) Higher temperature leads to coarser pores distributions for the pastes with anhydrite, 
while resulting in prominently finer pores for those pastes with hemihydrate after 3 days.  

3) Mortars with anhydrite can achieve higher compressive strength at lower curing 
temperature; hemihydrate is more suitable to be applied in higher temperature. In terms of 
both strength development and pore structure, the use of hemihydrate was shown to be 
favorable than the anhydrite-based formulations. 
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Abstract 

Calcium-Silicate-Hydrates (C-S-H phases, C=CaO, S=SiO2, H=H2O) are the essential product of the cement 

hydration responsible for the performance of the resulting concrete. Hydrothermally synthesized phases in the 

system CaO-SiO2-H2O (CSH), the main constituents of aerated concrete and borehole cementing products, are also 

increasingly used as precursors for development of novel cementitious materials. Especially the compound -

Ca2[HSiO4](OH) -C2SH) possesses a great potential for production of sustainable building materials like cements 

based on hydraulic calcium hydrosilicates (h-CHS, “Celitement”). The hydrothermal synthesis of -C2SH is a rather 

complicated process, dominated by nucleation, extreme disequilibria and strong dependence upon starting materials 

and water/solid-ratio (w/s). There are no data available about in situ observation of the formation of -C2SH nor is 

its stability field established in spite of the existence of numerous ex situ data. A reaction cell for in situ experiments 

at the synchrotron facility ANKA (Karlsruhe, Germany), working at 200°C, 16 bar saturated steam pressure and 

pH~13) was developed and constructed at KIT. This manuscript focuses on the comparative investigations of the 

kinetics of formation of -C2SH using two different SiO2 sources: quartz sand and highly disperse SiO2 (Aerosil). In 

both cases Ca(OH)2 was used as a source for CaO. The reaction cell was filled in a glove box under N2 flux. The 

starting materials mixed in ratio CaO/SiO2=2 were pressed as pellets. H2O was added at a w/s = 2. The experiments 

were conducted at 200°C for 480 min. XRD measurements were performed on the SUL-X beamline at ANKA in 

transmission at E=16 keV and recorded by CCD at a rate of 2min. A special routine for simultaneous refinement of 

multiple datasets with the Rietveld software package TOPAS4.2 was developed. Quantitative data for calculation of 

the -C2SH yield, unit cell parameters, crystal size, net area and FWHM of certain reflections were considered. In 

addition, similar in situ experiments were performed with IR and Raman micro-spectroscopy which prove to provide 

valuable information about structural features of the phases lacking long range order such as C-S-H. This approach 

allowed the recognition and elucidation of two completely different mechanisms of formation of -C2SH depending 

upon the SiO2 source which in turn are related to the different dissolution rates and corresponding availability of 

quartz and highly disperse SiO2. In both cases nanocrystalline C-S-H phase is formed as an intermediate product 

though with significant differences in its growth rate. In the case of Aerosil, a very quick formation of C-S-H is 

observed due to the higher dissolution rate of SiO2. At later stages, the C-S-H dissolves continuously serving as a 

source for formation of -C2SH which takes place at a constant rate during the experiment. Usage of quartz leads to 

a more complicated multistage process. Differences in the dissolution rate of Ca(OH)2 and SiO2 (quartz) lead to 

local disequilibrium and to delayed formation of nanocrystalline C-S-H phase. In both experiments -C2SH was 

formed in a similar yield, but its crystals show significant differences in morphology and size due to different growth 

kinetics. 

 

Originality 

The in situ experiments of the formation of -C2SH from Ca(OH)2 and SiO2 (quartz and Aerosil) provide essential 

details about the dissolution-precipitation behavior of the components in the system CaO-SiO2-H2O as a function of 

time and temperature under hydrothermal conditions. This study uses cutting edge in situ techniques only possible 

applying synchrotron radiation and is a result of the development of a new generation of reaction cells allowing 

combined use of XRD and spectroscopic methods. Therefore, this study is not only of importance to every one 

dealing with cementitious materials formed under hydrothermal conditions like aerated concrete, borehole cements 

etc., but also has a methodical value. 
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1. Introduction 
The manufacture of ordinary Portland cement (OPC) contributes with more than 8% to the worldwide 

CO2-emissions. Cement is not only the technical material produced in the largest quantities by mankind, 

but also its demand is steadily increasing leading to a current growth rate of the cement production of 3% 

annually. Because of the enormous impact on the society there is a great effort to reduce the atmospheric 

greenhouse gases in relation with the production of hydraulically reactive materials in recent years.  

A new type of cementitious material called Celitement has been developed at Karlsruhe Institute of 

Technology (KIT) (Beuchle et al. 2008, Stemmermann et al. 2010). Celitement is characterized not only 

by the lower energy and CO2 emissions needed for its production, but also by its outstanding material 

properties, which can be varied over a wide range.  

Celitement consists of hydraulic calcium-hydrosilicates (h-CHS; C = CaO, S = SiO2, H = H2O) as main 

component. Just like ordinary OPC, h-CHS harden upon reaction with H2O while forming amorphous 

calcium-silicate-hydrates (C-S-H phases). The h-CHS are produced in two stages. First a precursor mainly 

consisting of phases with stoichiometry mCaO.SiO2.nH2O with [1<m<3] is synthesized during a 

hydrothermal process. In a further step the precursor is transformed into hydraulically reactive binding 

agents by means of a tribochemical activation. A quintessential point of this new technology is the 

hydrothermal process. The large family of phases with stoichiometry mCaO.SiO2.nH2O, which includes 

more than 40 compounds is summarized as CSH in the following, The CSH-family has been object of 

broad investigations at KIT. Most members  preferentially form under hydrothermal conditions in a very 

complicated process, which is dominated by nucleation and extreme disequilibrium. On the other hand it 

is possible to control this process by purposeful seeding.  

In the literature there are only scarce data on in situ observation of the formation of certain crystalline 

members of the CSH-family. Most phases are of interest for the aerated concrete chemistry (11Å 

tobermorite: Ca4.5[Si6O16](OH).5H2O, xonotlite: Ca6[Si6O16](OH)2, gyrolite: Ca16Si24O60 (OH)8
.14(H2O)) 

(Bernstein and Fehr, 2012, Kikuma et al. 2010, 2011, Matsui et al. 2011).  

On the other hand there are no data available for kinetics and mechanisms of formation of compounds 

like -Ca2[HSiO4](OH) (-C2SH) or C-S-H(I), which are precursors for h-CHS–based novel 

energetically and CO2 efficient cements. One of the key issues to further develop these materials is to 

increase the range of starting materials suitable for their production. In addition to limestone and clay the 

formation of h-CHS-based binders (“Celitement”) needs compounds with lower C/S ratio. One material 

meeting these requirements is quartz sand. Therefore this study focuses on the investigation of the 

kinetics and mechanisms of formation of -C2SH during the hydrothermal process with starting materials 

quartz sand and Ca(OH)2 by means of in situ XRD and IR spectroscopy. On the other hand one of the 

parameters influencing the reaction kinetics is the solubility of SiO2. Therefore, additional experiments 

with highly disperse silica (Aerosil) were also performed. 

The aim of this study is to make a contribution to the elucidation of the mechanisms and of the kinetics of 

the formation of the crystalline members of the CSH-family during the hydrothermal process. 

2. Experimental 

2.1.  Hydrothermal cell for multipurpose in situ investigations 

The hydrothermal reaction was followed in a innovative reaction cell developed at Karlsruhe Institute of 

Technology. It can be used for XRD investigations as well as for studies with vibrational spectroscopy. 

The cell has a typical reaction volume of 30 L confined between two sapphire windows and a sapphire 

spacer. The volume can be additionally adjusted by use of spacers with different thickness. The path 

length is 1mm (+ 2 x 0.4 mm windows). Sapphire windows (400m, Korth Kristalle GmbH) are used for 

XRD studies in transmission and reflection geometry. Diamond windows (400m, Diamond Materials) 

are used for IR studies in transmission geometry. The heating is realised by four heating cartridges 

controlled by four thermocouples connected to a Eurotherm controller 3508. An exploded view of the cell 

is shown in Fig. 1.  

 



 
Figure 1: Exploded view of the hydrothermal cell.                        

2.2. XRD Measurements 

The XRD measurements were performed on the SUL-X beamline of the ANKA synchrotron radiation 

facility of KIT (Karlsruhe) in transmission at E = 16 keV with a spot size of 300µm x 150m. The spot 

size was determined by a mirror system. The detection was carried out by a CCD detector positioned at a 

distance of 136 mm from the cell. A picture of the reaction cell in working position and a schematic view 

of the beamline are shown in Fig. 2(A) and 2(B), respectively. The 2theta range covered by the CCD 

detector was 3-30° 2theta which corresponds to d = 14 Å - 1.5 Å at 0.77621 Å wavelength. The exact 

determinations of the wavelengths of the single experiments were performed by measuring LaB6 in a 

capillary positioned in the plane of the reaction cell. 

2.2.1.  Sample preparation and temperature regime 

The cell was filled in a glovebox under N2 flux in order to avoid carbonation. The starting materials 

Ca(OH)2 (produced by heating CaCO3 p.a. at 1000°C for 4 hours and quenching in deionised boiled water) 

and two different sources of SiO2: 1) quartz sand (94% SiO2, Friedrich GmbH Quarzsandwerke, BET = 

0.7m2/g) and 2) highly disperse SiO2 (Aerosil) (BET = 150m2/g) were mixed in ratio CaO/SiO2 (C/S) = 2 

and pressed as pellet (4 mm diameter).  
After determination of the pellet weight, it was placed on the bottom window and inserted in the O-ring 

together with the sapphire spacer. A mixture of H2O and 1M NaOH was added (water/solid ratio (W/S) = 2) 

and after the top window was placed, the closing ring and upper part of the hydrothermal cell were 

engaged and slowly screwed in order to seal the reactor. After transfer to the beamline the cell position 

was determined. The temperature program included: 1) heating from room temperature to 200°C within 

15min.; 2) an iso-temperature step at 200°C for typical times between 420-600min.; 3) Cooling to 60°C 

(60min.) with an iso-temperature step at 60°C for additional 30min.; 4) Cooling to room temperature. 

During all steps XRD measurements were performed at a rate of 3min.  

2.2.2.  Evaluation of the XRD data. 

The 2D diffraction patterns taken with the CCD were transferred in xy data via FIT2d software after 

calibration with LaB6. The intensity of the powder patterns was additionally corrected by comparison 

against the monitor signal of the primary beam in order to account for the decay of the synchrotron beam 

between refillings of the storage ring. Data evaluation of the corrected data was performed with TOPAS 

v4.2 (Bruker AXS). In order to obtain quantitative results from 200-300 diffractograms per measurement 

simultaneously a dedicated macro was written which allows for the following output: quantitative phase 



composition, evolution of the crystal size of certain phases, evolution of the unit cell parameters, FWHM 

and areas of certain reflections for both, crystalline compounds and nanocrystalline C-S-H phase. 

After synthesis the pellets were investigated with SEM. The electron microphotographs were taken on 

gold-coated samples (Quorum Technologies) with a Supra 55VP Carl Zeiss NTS with Eberhart-Thornley-

SE-Detector at 5 kV and working distance of 12mm.  

2.3. Infrared Measurements 

The reaction cell has been also designed for use with an IRscope II microscope (Bruker Optics, Ettlingen, 

Germany) in transmission at the IR2 beamline of the ANKA synchrotron facility, Karlsruhe, Germany. 

For this purpose it has been equipped with a thermal shield, cooled by a N
2
-stream, to protect the objective 

lens of the mircoscope from overheating (Fig 2C). Spectra in the range 650–7000 cm-1 (spectral resolution 

4 cm-1) were acquired with an IFS 66v/S spectrometer coupled to an IRscope II microscope. The 

measurements were performed in transmitted-light mode using Schwarzschild objectives (15X, 0.4 N.A.) 

and MCT detector.  

 

 

 
Figure 2: Experimental setups: A) reaction cell mounted on the SUL-X beamline (B). C) Reaction cell mounted on 

the IRscope II at the IR2 beamline (D).  

 

 

 

 

 



3. Results 

3.1. In situ XRD 

There are several approaches to evaluate the XRD data from a hydrothermal synthesis run. In the 

following a thorough investigation of the kinetics of the hydrothermal synthesis using quartz sand will be 

presented. For this purpose particular reflections of the participating phases (starting materials and 

products) will be considered. The development of their characteristic features including intensity, area and 

FWHM as a function of time at 200°C and saturated steam pressure is presented in Fig. 3. 

Formation of -C2SH is first observed by appearing of reflections (122) and (002) after 20min. At the 

same time formation of new C-S-H phase (recognizable at its (110) reflection, not shown in Fig. 3) 

(Garbev et al. 2008) also takes place but at a very slow rate. Very quick dissolution of both Ca(OH)2 and 

quartz is observed. Figure 3A presents the development of the FWHM, net area and intensity of reflection 

(001) for Ca(OH)2 (CH). Upon raising the T° to 200°C ordering along [001] takes place shown by the 

decrease of the FWHM. The strong decrease of the area and intensity in the following 20 min. shows rapid 

dissolution followed by moderate dissolution in the range 30 min. – 240 min. The FWHM does not show 

significant change. The region between 240-280 min. shows once again very rapid dissolution, which 

decelerates in the range 280-420 min. The latter is accompanied by an increase of the FWHM. Lowering 

of the T° from 200°C to 60°C leads to further decrease of the area and intensity of the (001) reflection and 

increase of the FWHM. The reflection (101) of quartz (Fig 3C) shows complex behavior with increasing 

its area and intensity upon heating to 200°C (probably due to crystal enlargement and recrystalization of 

amorphization caused by quartz milling) followed by rapid decrease in the range 20-60 min. A moderate 

dissolution follows (60-200min.) with subsequent increased dissolution rate (200-240 min.). After 4 hours 

no quartz reflections are detectable. Figures 3B and 3D show the development of reflections (122) and 

(223) of -C2SH during the experiment. A rapid formation is observed within 20-30 min. after beginning 

(Fig. 3D) followed by a slow increase of the peak area in the range 30-70min. Quick further formation of 

-C2SH takes place between 70-200 min. followed by an even more accelerated area and intensity 

increase in the range 200-270 min. Between 270-420 min. a plateau regarding peak area, intensity and 

FWHM of the -C2SH reflections is observed. In the same range a maximum of formation of additional 

nanocrystalline C-S-H phase is reached (Fig. 3D). The presence of C-S-H phase is due to the higher 

dissolution rate of quartz compared to that of Ca(OH)2 which leads to enrichment of SiO2. Upon cooling 

from 200° to 60°C, an increase of area and intensity and decrease of the FWHM of the -C2SH reflections 

is seen. One explanation for this behavior is possibly the increased stability of -C2SH at temperatures 

lower than 200°C under hydrothermal conditions. In this case the role of the Debye-Waller factor must be 

also taken upon consideration.  

Figure 4 shows a comparison of the powder patterns obtained during syntheses with quartz sand and 

Aerosil, respectively on the one hand and the development of the quantitative phase composition of the 

samples on the other hand. In addition, the development of the area of the broad reflections typical for 

nanocrystalline C-S-H (110 and 020, Imm2 subcell according to Garbev et all. 2008) is also shown. 

Whereas the results for the sample with quartz sand are very similar to those just described, the synthesis 

with Aerosil shows a completely different behavior. In this case a very quick formation of C-S-H phase in 

early stages is observed. It could be assumed that this takes place also at room temperature after the 

contact with H2O during the sample preparation and closing of the reaction cell. A maximum of the 

formation of C-S-H is reached after 150-200 min at 200°C. 

 



 
Figure 3: Development of the reflection characteristics (FWHM, net area and intensity) of (001) of Ca(OH)2 

(CH)(A); (122) of -C2SH (B); (101) of quartz (C) as function of the reaction time and temperature. The net areas of 

the reflections (223)-C2SH, (101) Ca(OH)2 and (101) quartz are compared in (D). The temperature profile of the 

experiment is shown in (D). Dashed line in D indicates the maximum formation of C-S-H (not scaled) 

This is followed by continuous diminishing of the area of the 110 peak of C-S-H which points to uniform 

dissolution. After about 60 min. -C2SH starts to be detectable by XRD. Up to 200 min. it crystalizes 

rapidly. After this point the crystallization becomes a bit slower but remains steady linear up to the end of 

the experiment. Calcium hydroxide dissolves with increased rate up to 200 min. which gets slightly lower 

but continuous beyond this reaction time. Portlandite was not depleted until the end of the experiment.  In 

both experiments there is a clear inverse relationship between portlandite and -C2SH. In addition, it can 

be concluded that the formation of the -C2SH is inhibited by formation of C-S-H at later stages. In the 

case of Aerosil the dissolution of C-S-H and Ca(OH)2 works like nutrient for further crystallization of -

C2SH. The increasing formation of calcite shows that carbonation was not prevented. Using Aerosil it is 

impossible to observe any trends in the dissolution of SiO2 directly by XRD. The rapid C-S-H formation 

though gives some indirect indications for the higher dissolution rate of Aerosil with respect to quartz. On 

cooling from 200° to 60°C both experiments show some opposite trends. Whereas in the case of quartz 

there is increased formation of -C2SH accompanied by dissolution of Ca(OH)2 and C-S-H phase, in the 

case of Aerosil some increased formation of C-S-H and portlandite is observed.   



 

Figure 4: In situ XRD patterns of the hydrothermal reaction (200°C, 16 bar) of the starting materials Ca(OH)2 and 

SiO2 (quartz sand) (A) and Ca(OH)2 and SiO2  (Aerosil) (B) as a function of reaction time and temperature. On the 

right hand side the corresponding development of the phase compositions and the peak areas for the C-S-H phase is 

shown. Red line: temperature profile. 

Figure 5 shows the development of the unit cell parameters of the resulting -C2SH as a function of 

reaction time at 200°C (sample quartz). In early stages of the relatively slow formation (first 100 min.) the 

c unit cell parameter seems to be considerably larger than on latter stages. It results an increased cell 

volume. After reaching steady values between 100 and 200 min., there is no further change in the unit cell 

parameters until subsequent cooling to 60°C and further to room temperature.  As expected, upon cooling 

the unit cell shrinks to its “normal” values due to the linear thermal expansion (Garbev et al. 2014). 

The unusual behavior of the c-unit cell parameter gives some clues about the crystal growth of -C2SH. 

Taking additionally into account 1) the modular structural arrangement of most crystalline CSH phases 

and 2) the fact that the growth of -C2SH is promoted by seeding to a very large extent the following 

mechanism could be proposed. Hydrolysis of SiO2 resulting in Si(OH)4 and simultaneous reaction with 

Ca(OH)2 leads to formation of Ca[H2SiO4].nH2O. Within these fragments a strong H-bonding holds the 

isolated silicate tetrahedra together forming monolayers in the ab plane of the future -C2SH (Fig 6A-6B). 

Upon further reaction the monolayers are stacked together in the c direction by additional Ca(OH)2 layers: 

Ca[H2SiO4].nH2O + Ca(OH)2  Ca2[HSiO4](OH) + (n+1)H2O (Fig. 6C-6D). The monolayers in the early 

stage seem to be more corrugated than in the structure of -C2SH, especially in the b direction (due to 

strong H-bonds) thus resulting in a greater thickness in c direction.      



 

Figure 5: Development of the unit cell parameters of -C2SH in the course of the hydrothermal experiment with 

quartz. Red line: temperature profile.

 

Figure 6:  Mechanism of formation and growth of -C2SH: A) Formation of corrugated Ca[H2SiO4].nH2O 

monolayers in the ab plane. The H-bond system runs along the b direction. B) View along b direction. C and D) 

Stacking of the monolayers with additional Ca(OH)2 along the c-direction. 



 

Figure 7 shows electron microphotographs of the products of the hydrothermal syntheses in the reaction 

cell with starting materials Aerosil (Fig 7 A, B) and quartz sand (Fig 7 C, D). Whereas the synthesis with 

Aerosil results in platy -C2SH crystals with almost uniform morphology the product synthesized with 

quartz shows 2 generations of -C2SH. The slower, but constant growth with Aerosil produces bigger, 

well-formed crystals.  

 

Figure 7: Morphology of the -C2SH resulting from synthesis with Aerosil (A and B) and quartz (C and D). 

3.2. In situ IR Spectroscopy 

3.2.1- Quartz as SiO2 source 

The in situ IR spectroscopy of a hydrothermal process in transmission is a very challenging task. 

At room temperature, spectra are saturated due to increased IR absorption of liquid water and the limiting 

factor of the thickness of the pellet which must be well below 100 m. The spectra are dominated by the 

bending and stretching modes of H2O (Fig. 8). As soon as steam is formed in the course of the increasing 

of temperature, the absorption becomes lower and the bands typical for Ca(OH)2 are discernible (1OH at 

3645 cm-1). -C2SH is recognizable by its (1OH at 3535 cm-1 and (OH,Si) at 1270 cm-1. It must be 

taken into account that due to thermal expansion the most of the bands (mainly OH) are shifted toward 

lower frequencies by 5-15 cm-1. 

Figure 9 shows the IR spectra obtained as a function of time at two different positions (Pos. 4 and Pos. 10) 

of the sample pellet. The two positions show completely different development of the phase composition 

in the course of the hydrothermal treatment. The spectra recorded on Pos. 4 show an intensity decrease of 

bands in the range 1030-1100 cm-1 (related to the asymmetric stretching mode of the Si-O-Si), which can 

be interpreted as dissolution of quartz. In the course of the synthesis experiment, two new bands appear at 

925 and 973 cm-1 which could be assigned to the asymmetric stretching vibrations of Si-O-Si bonds <Q2> 



in silicate chains, related to the growth of C-S-H. No formation of -C2SH until the end of the experiment 

is observed. The spectra recorded at position 10 show in contrast formation of -C2SH only after 35 

minutes at 200°C.  

 
Figure 8: General look of an IR in situ hydrothermal experiment and assignment of the bands. 

 

 

Figure 9: In situ IR of hydrothermal experiment with quartz. Left: microscopic picture of the pellet with 

measurement points. Right: Spectra recorded at Pos. 4 and Pos. 10. 



 

The growth of α-C2SH could be followed by the bands at 1270 and 2435 cm-1 (respectively 

assigned to δ-OH-(Si) and the OH stretching of hydroxyl involved in strong H-bonding). An interesting 

observation is the splitting of the band at 1270 cm-1 in several peaks (1257 to 1285 cm-1) after 2.5 hours at 

200°C. This phenomenon is not observed at room temperature and points to different strength of the H-

bonding system and possible ordering accompanied by symmetry reduction under hydrothermal 

conditions. In this case, the band intensities of α-C2SH increase constantly until the end of the experiment. 

The band at 1645 cm-1 corresponding to the H2O bending remains stable throughout the whole duration of 

the experiment pointing to the availability of liquid water along steam inside the hydrothermal cell. Some 

carbonation process can be also observed by the appearance of the band at ~1450 cm-1. 

3.2.2- Aerosil as SiO2 source 

Figure 10 shows the IR spectra obtained at two positions (Pos. 0 and Pos. 7) of the pellet during 

synthesis experiment with highly disperse SiO2 (Aerosil) used as a SiO2 source. In this case, there is no 

formation of α-C2SH. On the other hand, the formation of nanocrystalline C-S-H is clearly manifested by 

the appearance of new bands at 905 and 1030 cm-1. The band at 1145 cm-1 corresponding to highly 

disperse silica in contrast disappears in the course of the hydrothermal treatment at Pos. 0. Once again the 

band related to the H2O bending, appearing at 1640 cm-1 decreases after reaching 200°C. On the other 

hand, a new band at 1790 cm-1 characteristic for the vapor phase of water appears at 200°C. Position 7 in 

contrast does not show complete dissolution of Aerosil (band at 1145 cm-1 still available) and the newly 

formed C-S-H phase seems to be different from the point of view of silicate polymerization. 

 

Figure 10: In situ IR of hydrothermal experiment with Aerosil. Left: microscopic picture of the pellet with 

measurement points. Right: Spectra recorded at Pos. 0 and Pos. 7. 

Conclusions 

The in situ experiments provide essential details about the dissolution-precipitation behaviour of the 

components in the system CaO-SiO2-H2O as a function of time and temperature under hydrothermal 

conditions. The SiO2 source influences strongly the reaction kinetics. Quartz favors a rapid nucleation of 

-C2SH followed by partial dissolution and subsequent recrystallization. Two generations of -C2SH 

crystals could be observed. Differences in the dissolution rate of Ca(OH)2 and quartz lead to local 

disequilibrium and to formation of nanocrystalline C-S-H phase at later stages. Highly disperse SiO2 leads 



to initial formation of C-S-H. The C-S-H acts as a diffusion barrier which leads to a slower -C2SH 

growth rate, resulting in uniform larger crystals. 

A model for the formation of -C2SH under hydrothermal conditions is proposed on the basis of the 

development of the unit cell parameters. 

IR in situ experiments allow monitoring of the dissolution of the X-ray amorphous highly disperse silica. 

Further, the IR spectra of -C2SH show splitting of the bands related to the strong H-bonds which 

suggests ordering of the hydrogen positions under hydrothermal conditions. Therefore, an existence of a 

polymorphic modification of -C2SH with symmetry lower than orthorhombic could be presumed. 
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Abstract 

Magnesium phosphate cements (MPCs) are receiving increasing attention because of their outstanding 
properties of fast setting and hardening, good volume stability and excellent bonding to old concrete structures. 
Their main area of application is thus rapid repair works, but they may also offer prospects for the stabilization / 
solidification of deleterious waste.  

The main constituents of MPCs are magnesium oxide (calcined, or “hardburnt”, magnesia) and a water-
soluble acid phosphate, such as potassium dihydrogen phosphate (KH2PO4). The main precipitated hydrate is 
then K-struvite (MgKPO4.6H2O). This paper aims at giving new insight into the processes involved in its 
formation. The second objective of this work is to understand how boric acid, a common admixture, retards the 
precipitation of K-struvite. 

MPC was prepared by mixing hard-burnt magnesia and KH2PO4 in equimolar amounts. Cement pastes 
comprised MPC, low-CaO fly ash used as a filler, and water (water-to-cement weight ratio of 0.56). Additional 
experiments were performed on cement suspensions (water-to-cement ratios equal to 10 and 100). A panel of 
techniques was used to investigate the early age hydration of MPC.  

A multi-stage process was evidenced, depending on the w/c ratio: precipitation of K-struvite could be 
preceded by the successive formation of newberyite (MgHPO4.3H2O) and Mg2KH(PO4)2.15H2O. In some cases; 
Mg3(PO4)2.22H2O precipitated in addition to K-struvite. Experiments on cement suspensions showed that boric 
acid did not slow down the initial dissolution of magnesium oxide, but rather retarded the precipitation of the 
products.  
 
Originality 

Most studies devoted to MPC investigate binders with MgO-to-KH2PO4 molar ratio higher than 1. 
Increasing this ratio is a way to improve the strength development of MPC-based materials, which may be an 
advantage for rapid repair applications. However, in the field of waste conditioning, the presence of residual 
magnesium oxide should be avoided since, in the long term, hydration of MgO into Mg(OH)2 may produce 
deleterious expansion of the material. One originality of this work is thus to focus on the hydration process of a 
binder with equimolar amounts of MgO and KH2PO4.  

A robust methodology combining experimental characterizations of the solid and liquid phases with a 
large panel of techniques is used to investigate the retarding effect of boric acid. Our results contradict the 
mechanism postulated in the literature according to which dissolution of MgO would be slowed down by the 
precipitation of a coating layer of lünebergite (Mg3B2(PO4)2(OH)6.6H2)O at the surface of the grains or by 
adsorption of boric acid at the surface of the MgO grains. 
 
Keywords: magnesium phosphate cement; hydration rate; retardation; mineralogy 
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1. Introduction 

Magnesium phosphate cements (MPCs) are now well-known for rapid repair works due to their 
outstanding properties of fast setting and hardening, good volume stability and excellent bonding to 
old concrete structures (Bensted J., 1994; Yang J., et al, 2000 ; Qiao F., et al, 2010). Moreover, they 
may also offer prospects for the stabilization / solidification of deleterious wastes which must be 
conditioned in a stable, monolithic and confined form prior to disposal (Wagh A. S., et al, 1997; 
Langton C., et al, 2011; Covill A., et al, 2011; Cau Dit Coumes C., et al, 2014).  

Magnesium phosphate cement includes magnesium oxide calcined at high temperature (hard-
burnt or dead-burnt) and acidic water-soluble phosphate salt, generally diammonium hydrogen 
phosphate. When an ammonium salt is used, the main product responsible for setting and hardening is 
struvite, NH4MgPO4.6H2O and byproducts may precipitate under some conditions (Soudée E., 1999). 
However, the reaction of magnesium oxide with diammonium hydrogen phosphate has the 
disadvantage of producing ammonia. To avoid the release of noxious gaseous ammonia during the 
hardening process, ammonium phosphate can be advantageously replaced by potassium dihydrogen 
phosphate (KH2PO4). The main precipitated hydrate is then K-struvite (MgKPO4.6H2O) (Singh D., et 
al, 1998).  

MgO + KH2PO4 + 5H2O  MgKPO4.6H2O     (Eq. 1)  

Such a material known as Ceramicrete has been developed in the United States at the Argonne 
National Laboratory to stabilize hazardous waste (Wagh A. S., 1997). Magnesium phosphate cement 
prepared from MgO and KH2PO4 in the proportions defined by (Eq.1) has a chemical water demand 
corresponding to a water/cement ratio of 0.51 (cement: MgO + KH2PO4). The initial pH of the 
KH2PO4 solution, near 4, increases and stabilizes around 8 after adding MgO (Wagh A. S. et al, 1997). 
The reaction is highly exothermic. When large volumes of material are prepared, an autocatalytic 
phenomenon is observed: the heat output increases the temperature of the paste, which further 
accelerates reaction, so that nearly instantaneous setting can be observed. A retarder such as boric acid 
(H3BO3) or citric acid (typically 2wt% of the binder) must be added to control setting and limit the 
temperature rise. 

Several studies focused on the processes involved in the setting and hardening of magnesium 
potassium phosphate cement (MPC). For Mg/P ratios comprised between 4 and 12, C. K. Chau (Chau 
C. K., et al, 2012) et al. showed that precipitation of K-struvite (MgKPO4.6H2O) was preceded by that 
of MgHPO4.7H2O, and then of Mg2KH(PO4).15H2O. The precipitation sequence depended on pH: 
MgHPO4.7H2O predominated in acidic solution (pH ~ 4), K-struvite formed at pH above 7, and 
Mg2KH(PO4).15H2O was observed at intermediate pH values (6 < pH < 8). By monitoring the 
electrical conductivity of cement suspensions at lower Mg/P ratio (equal to 1), Le Rouzic (Le Rouzic 
M., 2013) reported only a two-step mechanism, involving the initial precipitation of newberyite (5 ≤ 
pH ≤ 8), and the subsequent formation of K-struvite (6 ≤ pH ≤ 9). 

Given the high reactivity of MPCs, boric acid is extensively used to delay cement hydration 
(Hall D. A., et al, 2001 ; Yang J., et al, 2010). The process involved in retardation is however 
controversial. Several assumptions have been postulated: (i) precipitation of a coating layer 
lünebergite (Mg3B2(PO4)2(OH)6.6H2O) at the surface of the cement grains, which would slow down 
their dissolution  (Wagh A. S., 1995 ; Soudée E., 1999), (ii) adsorption of B(OH)3 at the surface of the 
MgO grains, which would also slow down their dissolution (Soudée E., 1999), or (iii) stabilization of 
aqueous magnesium by formation of a magnesium borate complex in solution (Soudée E. 1999, Hall 
D. A., et al, 2001). 
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The objective of this study was thus twofold: 

- give new insight into the processes leading to precipitation of K-struvite; 
- explain the retardation effect of boric acid. 

The focus was placed on a binder comprising equimolar amounts of MgO and KH2PO4. Excess 
of MgO was avoided to discard the risk of deleterious expansion of the material in the long term due 
to slow hydration of residual MgO into Mg(OH)2. Experiments were performed on cement pastes, but 
also on diluted suspension for an easier analysis of the solution. 

 

2. Experimental 
 

2.1 Materials 

Magnesium phosphate cement comprised equimolar amounts of magnesium oxide MgO 
(MAGCHEM 10 CR from M.A.F. Magnesite BV, hardburnt grade, d10 = 4.8 µm, d50 = 18.9 µm, d90 = 
45.6 µm, specific surface area ~ 0.9 m2/g) and of potassium dihydrogen phosphate KH2PO4 (VWR, 
purity > 98%, d10 = 175 µm, d50 = 365 µm, d90 = 594 µm).  

Cement pastes were prepared with a water-to-cement ratio (w/c) of 0.56 (where c stands for the 
total mass of MgO and KH2PO4). Low-CaO fly ash (composition given in Table 1, d10 = 3.0 µm, d50 = 
24.2 µm, d90 = 136.1 µm, specific surface area = 2.2 m2/g) was used as a filler at a fly ash-to-cement 
ratio of 1. Fly ash had two beneficial effects: it decreased the temperature rise of the paste during 
hydration by diluting the cement, and it improved the flowability of the fresh mix. Boric acid was 
introduced as a retarder in one of the paste specimens. Its dosage (2.54% with respect to the mass of 
cement – corresponding to 0.73 mol/L in the mixing solution) was slightly below the solubility of 
boric acid in water at 20°C (0.75 mol/L – Blasdale W.C., et al, 1939). 

MgO, KH2PO4 and fly ash were mixed in a Turbula blender for 30 minutes. Cement paste 
volumes of about 100 mL were prepared with an anchor stirrer according to the following protocol: (i) 
start with demineralized water, (ii) add premixed powders while stirring at low speed (≈100 rpm), and 
(iii) mix for 2 minutes at high speed (≈200 rpm). When boric acid was used as a retarder, it was 
previously dissolved in the demineralized water. 

Complementary experiments were performed on cement suspensions. The Mg/P ratio was kept 
to 1. Two water-to-cement ratios (10, and 100) were investigated. In the more diluted systems, boric 
acid was added at a concentration of 4.17 mmol/L, which corresponded to the same boric acid - to - 
cement ratio (2.54%) as in the cement paste. Cement suspensions (250 mL) were prepared according 
to the following protocol: (i) dissolve KH2PO4, and possibly H3BO3, in demineralized water under 
magnetic stirring (≈200 rpm), (ii) add MgO and maintain stirring until the end of the experiment. 

                  Table 1: Chemical composition of fly ash 

 

2.2 Characterization techniques 

Raw material                           Mass fraction of the sample (%)
MgO Al2O3 SiO2 Fe2O3 CaO TiO2 MnO P2O5 Cr2O3 SrO Na2O K2O SO3

Fly ash 2.15 25.75 50.3 5.92 6.58 1.36 0.08 0.67 0.02 0.27 0.78 1.53 0.80
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A panel of techniques was used to investigate the early age hydration of MPC. The evolution of 
the shear modulus, electrical conductivity and heat flow of the cement pastes were monitored with 
ongoing hydration. In addition, the phase assemblage was characterized after fixed periods of time by 
X-ray diffraction and thermogravimetry. Complementary experiments on suspensions allowed the 
evolution of the solution composition to be determined with time. 

 

2.2.1 Conductimetry and pH monitoring 

Hydration of cement suspensions was investigated using a Multicad CDM 210 conductimeter. 
Experiments were performed in a 250 mL thermo-regulated vessel (25°C) under mechanical stirring. 
The vessel was tightly closed to avoid carbonation and evaporation. The cell was calibrated with a 
standard KCl solution (12.888 mS/cm at 25°C) before every trial. At constant temperature, the 
electrical conductivity of the suspension depends on the number and type of ions in solution. 
Variations in the conductivity thus indicated changes in the chemical composition of the aqueous 
phase. 

Electrical conductivity was also measured on cement pastes. The cell, mainly made of 
Plexiglass (PMMA), was cylindrically shaped with two annular stainless steel electrodes, an inner 
radius of 15 mm and a total volume of 70 mL. Temperature was regulated to 25°C by circulation of 
cooling water in a double envelope. It was connected to the EC channel of an electrochemistry meter 
(Consort C 861) with a BNC cable. A specific data acquisition software (Consort Dis Data) was used 
to collect conductivity measurements. The conductivity cell was calibrated using a 12.888 mS/cm 
standardized KCl solution at 25°C. In paste, a conductivity decrease could be due to a consumption of 
ions from the pore solution, but also to a decrease in their mobility due to progressive structuring of 
the material. 

The pH of the cement suspensions was measured every 5 minutes with a high-alkalinity 
electrode (Mettler Toledo Inlab Expert Pt1000 pH 0-14 T 0-100°C) calibrated using standard buffers 
between 4.1 and 9.2. 

 

2.2.2 Isothermal conduction microcalorimetry 

Hydration of cement pastes was followed using a highly sensitive Setaram C80-type 
microcalorimeter under isothermal conditions at 25.0 ± 0.5°C. Measurements were produced by 
comparing the heat flow from an experimental chamber containing the hydrating material to that from 
an inert control chamber with the same total heat capacity. 

 

2.2.3 Rheological measurements 

Evolution of the viscoelastic properties of the pastes were followed by dynamic mode 
rheometry using a strain-driven controlled stress rheometer (AR-G2 TA Instrument, USA). A 
sinusoidal shear strain γ was applied to the cement paste at constant frequency ω. The resulting stress 
(τ) was measured by the intermediary of the torque and was also sinusoidal with a δ phase lag with 
respect to the applied strain.  

γ = γ0eiωt  (Eq. 2) 
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τ = τ0eiωt + δ  (Eq. 3) 

Within the linear viscoelasticity range, the ratio between the stress and the shear strain is equal 
to the complex shear modulus (G*) and is defined by: 

G* = G’ + iG’’  (Eq. 4) 

with G’ the shear storage modulus, and G’’ the shear loss modulus.  

For the investigated samples, the critical strain (γc) was found to be close to 0.05%. In order to 
stay in the linear viscoelasticity domain of the materials, and thus to avoid destructive measurements, 
experiments were performed using a 10-4 shear strain and a 1 rad/s frequency. A specific vane 
geometry (stainless steel) was used to perform all the experiments. This geometry was selected for two 
reasons: 

- the same tool could be used to perform measurements in the dynamic mode, but also 
to mix the sample to get a better homogeneity just before the rheometric 
characterization, 

- it was much less sensitive to segregation than the classic parallel plate geometry. 

The vane geometry was calibrated with standard oil (S600, 2.089 Pa.s, PSL), as well as with a 
non-Newtonian fluid (water + 0.5% Xanthan). 

 

2.2.4 Vicat setting time 

The Vicat setting time was measured according to standard European procedure EN 196-3. The 
needle was on a 300 g moveable rod and had a diameter of 1 mm ± 0.05 mm. A sample of fresh 
cement paste was cast in a frustum 40 mm in height. Initial setting time was considered as the time 
when the needle penetration was 39 mm ± 0.5 mm. The final setting time corresponded to less than 0.5 
mm penetration. 

 

2.2.5 Mineralogical characterizations 

Cement hydration was stopped after fixed periods of time. The paste samples were crushed, 
immersed into isopropanol and dried in a controlled humidity chamber (with 20% relative humidity at 
22 ± 2°C). Cement suspensions were filtered on a Buchner funnel. The solid phases were rinsed with 
isopropanol, and dried at 22 ± 2°C and 20% relative humidity. Crystallized phases were identified by 
X-ray diffraction with the Bragg Brentano geometry (PanAlytical X’pert Pro, copper anode, 
λKα1=1.54056 Ǻ, 40 mA and 40 kV, scanning from 2θ = 5° to 60° in 0.017° steps, 50 s measurement 
time per step) on pastes ground by hand to a particle size less than 100 µm. Thermogravimetric 
analyses were carried out under N2 atmosphere on 50 ± 2 mg of sample using a TGA/DSC Netzsch 
STA 409 PC instrument at 10°C / min up to 1000°C.  

 

 

2.2.6 Analysis of solutions 



6 
 

The composition of the aqueous phase of cement suspensions was determined after increasing 
periods of hydration. 1mL aliquots of the solution were sampled using a syringe, filtered at 0.45 µm 
and diluted before analysis by ICP-AES. The analytical error was ± 5%.  

 

3. Results and discussion 
 

3.1 Hydration of MPC in the absence of boric acid 
 
3.1.1 Cement paste 

Figure 1 shows the evolution with time of the electrical conductivity, heat flow and shear 
storage modulus of a cement paste comprising MgO, KH2PO4, fly ash and water. 

 

Figure 1 : Evolution of the electrical conductivity, heat flow and shear storage modulus of a MPC paste during 
hydration (MgO + KH2PO4 + fly ash, w/c = 0.56). 

 

The shear storage modulus began to increase after 30 minutes, indicating a precipitation of 
hydrates which was thus responsible for the first drop in the electrical conductivity. The modulus 
growth was very rapid from 30 minutes to 1 hour (which also corresponded to the beginning of setting 
determined using the Vicat needle), and then slower from 1 h to 3 h 30 min (end of setting). The 
decrease observed after 4 h might be an artefact due to difficult measurements in the hardened material. 

After a rapid increase resulting from a start of dissolution of the anhydrous cement phases, the 
electrical conductivity decreased in two stages. This decrease could result from two factors: (i) a 
variation in the composition of the interstitial solution resulting from the precipitation of hydrates, as 
evidenced by the simultaneous increase in the shear storage modulus, and also, especially for the 
second drop, (ii) a decrease in the mobility of the ionic species due to the progressive depercolation of 
the porous network caused by the precipitation of large amounts of hydrates. 

During the first 30 minutes after mixing, the calorimetric signal was biased by extra undesirable 
heat caused by frictions when the calorimetric cell was introduced in the calorimetric chamber, and 
thus could not be interpreted. Then, from 30 min to 50 min, an endothermic process predominated. 
This indicated a strong dissolution of KH2PO4 (KH2PO4 → K+ + H2PO4

- , ∆Hr = 26.2 kJ/mol). After 50 
min, hydration became exothermic. The heat production could result from several reactions such as 
dissolution of MgO (MgO + H2O → Mg2+ + 2 OH-, ∆Hr = -39.5 kJ/mol) and precipitation of K-
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struvite (Mg2+ + K+ + H2PO4
- + 5 H2O → MgKPO4.6H2O; ∆Hr = -283.9 kJ/mol). The heat flow 

reached its maximum after 1 h 45 min, and then decreased less and less rapidly. 

To correlate these evolutions with mineralogical changes, hydration was stopped at 
characteristic times of the electrical conductivity curve (15 min, 30 min, 1 h, 1 h 40 min, 3 h 45 min, 5 
h 30 min, 27 h, 7 d and 26 d), and the phase assemblage was characterized using X-ray diffraction 
(Figure 3) and thermogravimetry (Figure 4). 

Quartz and mullite, two non-reactive phases from fly ash, were detected whatever the 
characterization time. Potassium dihydrogen phosphate rapidly dissolved during the first hours of 
hydration: only traces were observed after 5 h 30 min, and this mineral was not detected anymore after 
24 h. Magnesium oxide dissolved more slowly, and was still present in small amounts after 26 d. K-
struvite was detected from the first characterization time, as traces up to 30 min, and in much higher 
amount from 1 h, once hydration accelerated. From 3 h 45 min, other minerals were detected, possibly 
MgHPO4.7H2O, AlPO4.xH2O, Mg3Si2O5(OH)4 (lizardite), Ca6Si2O7(OH)6 (jaffeite). However, given the 
weak intensity and overlapping of their diffraction peaks, they could not be identified with certainty. 
The precipitation of aluminate and silicate hydrates would indicate a partial reaction of fly ash. 
Newberyite and Mg2KH(PO4)2(H2O)15, mentioned as transient products in the literature, could not be 
evidenced by X-ray diffraction. However, the thermograms recorded from the first characterization 
time (15 min) showed a weight loss at about 80°C. It could not be attributed to K-struvite, the sole 
crystallized hydrate detected at an early age, since this mineral begins to dehydrate at 136 °C (Le 
Rouzic M., et al, 2014). It was thus concluded from thermogravimetry analysis that an amorphous or 
poorly crystallized hydrate formed in the early stages of hydration. Its precipitation could explain why 
the increase in the shear storage modulus and the decrease in the electrical conductivity started as soon 
as 30 min, despite the small amount of K-struvite formed at that time. 

 

Figure 2: X-ray diffraction patterns of MPC paste aged from 15 min to 26 d (MgO + KH2PO4 + fly ash, w/c = 
0.56) 
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Figure 3: Thermograms of MPC paste aged from 15 min to 26 d (MgO + KH2PO4 + fly ash, w/c = 0.56) 

 

3.1.2 Diluted suspension (w/c =10) 

Since hydration of MPC was very rapid as a paste, it was slowed down by increasing the w/c 
ratio to 10. Figure 4 shows the evolution of the pH and electrical conductivity of the cement 
suspension with ongoing hydration. 

The electrical conductivity increased rapidly during the first hour, reached a maximum, and then 
decreased in two steps. The pH increased from 4.3 to 10.2 over the duration of the experiment, but in a 
non-monotonous way: three transient drops occurred at 1 h, 1 h 30 min and 3 h 30 min. The 
mineralogical evolution of the solid fraction was characterized by X-ray diffraction (Figure 5). 

- At 30 min, significant amounts of newberyite MgHPO4.3H2O were detected, as well as 
traces of the more hydrated MgHPO4.7H2O phase (phosphorroesslerite). It should be 
noted that this phase is very unstable and easily transforms into newberyite (Khiel S.J., 
et al, 1933). Thus, it cannot be excluded that MgHPO4.7H2O precipitated instead of 
newberyite in the cement paste, but was later converted into newberyite when the paste 
samples were dried prior to mineralogical characterization.  

- At 1 h, newberyite was converted into Mg2KH(PO4)2.15H2O; 
- At 1 h 30 min, Mg2KH(PO4)2.15H2O was destabilized in favor of K-struvite whereas 

newberyite was detected again; 
- At 2 h, newberyite was almost fully depleted, and Mg2KH(PO4)2.15H2O precipitated 

again; 
- At 3 h 30 min, only traces of Mg2KH(PO4)2.15H2O were detected and the amount of K-

struvite increased sharply; 
- At 7 h, hydration was complete; MgO was fully consumed, and K-struvite was the sole 

crystallized hydrate detected by X-ray diffraction. 

Balance equation (Eq. 5), describing the formation of newberyite from MgO and H2PO4
-, 

consumed some protons and could thus explain the initial pH increase. 

MgO + H2PO4
- + H+ + 2 H 2O → MgHPO4.3H2O (Eq. 5) 

By contrast, conversion of newberyite into Mg2KH(PO4)2.15H2O (Eq. 6) released some protons, 
resulting in the first pH drop at 1 h. 



9 
 

2 MgHPO4.3H2O + K+ + 9 H2O → Mg2KH(PO4)2.15H2O + H+  (Eq.6) 

In the same way, conversion of Mg2KH(PO4)2.15H2O into K-struvite (Eq. 7) also yielded some 
protons, which could explain the two other pH drops at1 h 30 min and 3 h 30 min. 

Mg2KH(PO4)2.15H2O + K+ → 2 MgKPO4.6H2O + 3 H2O + H+  (Eq. 7) 

 

 

 

 

 

 

Therefore, hydration of MPC involved three steps: precipitation of newberyite, conversion into 
Mg2KH (PO4)2.15H2O, which subsequently formed K-struvite. Since dissolution of MgO was not 
instantaneous, newberyite still precipitated while Mg2KH(PO4)2(H2O)15 was transformed into K-

Figure 4: Evolution of pH and electrical conductivity of the MPC suspension with ongoing hydration 
(MgO + KH2PO4 + H2O, w/c = 10) 

Figure 5: X-ray diffraction patterns of the solid fraction of MPC suspension from 30 min to 30 h (MgO + 
KH2PO4 + H2O; w/c =10) 
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struvite. The pH at the end of the reaction was unexpectedly high. Formation of K-struvite according 
to balance equation (Eq. 1) should not lead to any pH change. The equilibrium pH of K-struvite is 
reported to be close to 7-8 (Wagh A. S., et al, 1997). The measured pH of 10.2 may indicate the 
presence of other minerals (e.g. Mg3(PO4)2.xH2O), present in too small amount to be detected by X-ray 
diffraction, but which would contribute to control the pH. 

Thermogravimetry analysis (Figure 6) confirmed the precipitation of transient products, in 
addition to K-struvite. Three thermal events were indeed observed for temperatures close to 80°C, 
130°C and 150°C. According to literature (Le Rouzic M., et al, 2014), the weight losses at 130°C and 
150°C could be attributed to dehydration of K-struvite (MgKPO4.6H2O → MgKPO4 + 6 H2O) and 
newberyite (MgHPO4.3H2O → MgHPO4 + 3 H2O) respectively. The weight loss at 80°C likely 
corresponded to dehydration of Mg2KH(PO4)2.15H2O. It was maximal at 1 h, time at which the X-ray 
diffraction peaks of Mg2KH(PO4)2.15H2O showed the strongest intenisty.The total weight loss 
measured at the end of the experiment (39.8%) was in good agreement with that calculated according 
to (Eq. 1) assuming full conversion of MgO into K-struvite (40.1%). 

It should be pointed out that, at an early age, the cement paste also exhibited a weight loss at a 
temperature close to 80°C. Although Mg2KH(PO4)2.15H2O was not detected by X-ray diffraction in 
this material, assuming its precipitation as a poorly crystallized product could not be excluded. 

 

Figure 6: Thermograms of MPC suspension from 1 h to 30 h (MgO + KH2PO4 + H2O, w/c =10) 

3.2 Influence of boric acid on MPC hydration  
 
3.2.1 Cement pastes 

Figure 7 shows the influence of H3BO3 on the hydration rate of a MPC paste. The electrical 
conductivity of the cement paste exhibited the same evolution (rapid increase, followed by a two-stage 
decrease) as the reference free from boric acid, but on a much longer period of time. In agreement with 
previously reported results, boric acid strongly retarded cement hydration. 
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3.2.1 Diluted suspensions (w/c =100) 

As previously, complementary investigations were performed on cement suspensions in order 
to better characterize the different stages of hydration. The w/c ratio was raised to 100, which allowed 
the number of aliquots sampled for ICP-AES analysis to be increased. 

Figure 8 compares the electrical conductivity and pH of suspensions with (4.17 mmol/L) and 
without boric acid. During the first hour, both systems exhibited very similar evolutions. Retardation 
in the system containing boric acid was noticeable afterwards, when the pH exceeded 7. The non-
monotonous variations of conductivity and pH with time showed again a multi-stage process. 

 

Figure 8: pH and electrical conductivity evolution over time for two diluted MPC suspensions, one system 
including MgO, KH2PO4 and H2O, the other MgO, KH2PO4, H3BO3 and H2O (w/c =100). 

The phase assemblage evolution of both systems was characterized by X-ray diffraction 
(Figure 9, Figure 10) and thermogravimetry (Figure 11, Figure 12). Regardless the boric acid 
concentration, Mg2KH(PO4)2.15H2O precipitated first and was subsequently converted into K-struvite 
and Mg3(PO4).22H2O. It should be pointed out that the suspension with boric acid did not contain any 
crystallized boron-containing mineral, such as the lünebergite phase (Mg3B2(PO4)2(OH)6.6H2O) 
mentioned in the literature. Mg3(PO4).22H2O seemed to dehydrate below 100°C, in the same range of 
temperatures as Mg2KH(PO4)2.15H2O. The distinction between these two phases was thus difficult by 

Figure 7: Influence of boric acid (2.54% with respect to cement) on the electrical conductivity 
of a MPC paste (w/c = 0.56). 
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thermogravimetry analysis. The solid fraction of the suspension with boric acid exhibited a higher 
total weight loss after 30 h than that of the reference free from boric acid. This could be explained by 
higher amounts of Mg3(PO4).22H2O , a phase containing more bound water than K-struvite.  

Increasing the w/c ratio from 10 (section 3.1.2) to 100 (this section) influenced the first stage 
of hydration: newberyite did not precipitate anymore. It also promoted the formation of 
Mg3(PO4)2.22H2O at later age. This phase was clearly identified by X-ray diffraction in the most 
diluted suspension, whereas its presence was only postulated due to the high pH in the less diluted 
suspension. 

  

Figure 9: X-ray diffraction patterns of MPC suspension from 15 min to 30 h (MgO + KH2PO4 + H2O, w/c =100) 

 

Figure 10: X-ray diffraction patterns of MPC suspension with boric acid from 15 min to 30 h (MgO + KH2PO4 + 
H3BO3 + H2O, w/c =100) 
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Figure 11: Thermograms of MPC suspension from 15 min to 30 h (MgO + KH2PO4 + H2O, w/c =100) 

 

  

Figure 12: Thermograms of MPC suspension with boric acid from 15 min to 30 h (MgO + KH2PO4 + H3BO3 + 
H2O, w/c =100) 

Solid phase characterization of the cement suspensions was supplemented by analyses of the 
liquid phase by ICP-AES. Figure 13 shows the evolution over time of the B, Mg, K and P 
concentrations in solution for the system with boric acid ([B]tot = 4.17 mmol/L). 

 

Figure 13: Composition of the aqueous fraction of MPC suspension with ongoing hydration (MgO + KH2PO4 + 
H3BO3 + H2O, w/c =100) 
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The boron concentration remained constant during the whole experiment, equal to its initial 
value. Mechanisms assuming precipitation of boron or adsorption onto MgO to explain its retarding 
effect could thus be discarded.  

From 0 to 15 minutes, the K and P concentrations remained constant, equal to their initial values 
(taking into account the measurement uncertainties), whereas the Mg concentration increased sharply. 
This first stage thus corresponded to dissolution of MgO. Then, from 15 min to about 5 h, a 
simultaneous decrease in the concentrations of Mg, P and K was observed. The ratio between the 
slopes of the regression lines fitting the K and P concentration curves was close to 0.5 (calculated 
value of 0.53), which was consistent with the precipitation of Mg2KH(PO4)2.15H2O. From 5 h to 7 h, 
the Mg, K and P concentrations exhibited a transient increase, indicating the dissolution of 
Mg2KH(PO4)2.15H2O which released Mg2+, K+ and HPO4

2- ions in solution. After 7 h, the 
concentrations decreased again. The slope ratio between the regression lines fitting the K and P 
concentration curves between 10 and 30 h was slightly lower than unity (calculated value of 0.92), 
showing that a potassium-free phase could precipitate in addition to MgKPO4.6H2O. This phase was 
identified as Mg3(PO4)2.22H2O by X-ray diffraction. 

Figure 14 compares the evolution of the Mg, K and P concentrations in the two systems with 
and without boric acid. 

The initial dissolution of MgO was not influenced by the presence of boric acid (Figure 16-a): 
during the first 30 minutes, both systems exhibited the same Mg concentration in solution. Thus, 
retardation of MPC by boric acid could not be explained by a slower initial dissolution of the reactant. 
However, differences were noticed from 1 to 2 h. The decrease in the Mg concentration was slower in 
the presence of boric acid. This decrease resulted from a competition between MgO dissolution (which 
released Mg2+ ions in solution) and precipitation of Mg2KH(PO4)2.15H2O (which consumed Mg2+ ions 
from the solution). Since dissolution of MgO did not seem to depend on the boric acid concentration, 
it was rather the precipitation of Mg2KH(PO4)2.15H2O which was affected. Thermograms at 50 min 
and 1 h 30 min (Figures 11 and 12) confirmed that the amount of precipitated hydrate was much 
smaller in the sample with boric acid than in the reference. Boric acid might thus retard the formation 
of this product, either directly or indirectly by stabilizing Mg in solution as a MgB(OH)4

+ complex as 
postulated by Soudée (Soudée E., 1999). During this period, the aqueous concentrations of phosphate 
and potassium were also higher in the system containing boric acid than in the reference. 

Destabilization of Mg2KH(PO4)2.15H2O, releasing Mg2+, HPO4
2- and K+ in solution, was not 

significantly delayed by boric acid. However, the second decrease in the Mg2+, K+ and HPO4
2- 

concentrations due to precipitation of K-struvite and Mg3(PO4)2.22H2O seemed to be slightly slower. 
Thus, boric acid seemed to slow down the formation of products rather than the dissolution of MgO. 

After 20 h, the residual aqueous concentration of potassium was significantly higher in the 
system with boric acid. This could be simply explained by electrical balance. At pH ~10, boric acid 
was partly ionized, mainly as B(OH)4

-. These additional negative charges needed to be compensated 
by cations. A thermodynamic calculation using the Chess software (Van der Lee J., 1998) and its 
database completed with borate and polyborate species (Champenois J. B., et al, 2015) showed that, 
for a pH of 9.6 and total P, Mg and B concentrations of 9.04 mmol/L, 0.43 mmol/L and 4.2 mmol/L 
respectively (values measured experimentally at 24 h), a total K concentration of 21.1 mmol/L was 
needed to keep electroneutrality. This calculated value was in fairly good agreement with that 
measured experimentally (21.6 mmol/L). The increased solubility of potassium in the presence of 
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boric acid could explain why precipitation of Mg3(PO4).22H2O seemed to be favored against that of 
MgKPO4.6H2O under such conditions.  

 

  

 

 

Figure 14: Influence of boric acid on the evolution of Mg, P and K concentrations in the aqueous phase of MPC 
suspensions (w/c = 100) 

 

4. Conclusion 

This work, focused on the hydration of magnesium phosphate cement and on its retardation by 
boric acid, led to the following conclusions.  

1. Hydration of MPC is a multi-step process. The sequence of phase precipitation depends on the w/c 
ratio. At w/c = 0.56 (cement paste), precipitation of K-struvite is preceded by that of an amorphous or 
poorly crystallized product dehydrating in the same range of temperatures as Mg2KH(PO4)2.15H2O. At 
w/c = 10 (cement suspension), newberyite, and/or its more hydrated analogous MgHPO4.7H2O, first 
precipitate. These phases are then destabilized to form Mg2KH(PO4)2.15H2O which is finally 
converted into K-struvite. At w/c = 100 (diluted cement suspension), Mg2KH(PO4)2.15H2O forms 
initially, and then yields K-struvite and Mg3(PO4)2.22H2O. 

2. Low-CaO fly ash used as a filler in MPC pastes, is partly reactive, leading to the precipitation of 
aluminate and silicate hydrates. 

a) b) 

c) 



16 
 

3. Boric acid retards MPC hydration. Under the conditions of the study (diluted cement suspension) 
boron is not precipitated within the cement hydrates, nor adsorbed at the surface of the MgO grains, 
but rather remains in solution. Boric acid does not slow down the initial dissolution of MgO, but 
seems to retard the precipitation of the products. The MgB(OH)4

+ complex, stabilizing Mg in solution, 
might be involved in the retardation process. Moreover, in basic medium, boric acid is dissociated into 
anionic forms (B(OH)4

-, and polyborates at high boron concentration). These negative charges are 
compensated by an increase in the aqueous concentration of potassium, which in turn tends to favor 
the formation of Mg3(PO4)2.22H2O against that of K-struvite. 

Future work will be focused on the influence of the w/c ratio on the mechanism by which boric acid 
retards MPC hydration. 
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Abstract 
One of the promising opportunities for a more environmentally friendly cement manufacture is the production of a 
clinker based on calcium sulfoaluminate (CSA). Although CSA clinkers may have quite variable compositions, their 
main component is ye’elimite. Like ordinary Portland cements, CSA cements, which are obtained by intergrinding CSA 
clinkers with calcium sulfate, may be blended with supplementary cementitious materials such as slag, fly ash or 
microsilica in order to modify their properties and to further improve their CO2 balance. 
In this paper the influence of microsilica on both the hydration kinetics and hydrate assemblage of synthetic ye’elimite 
is presented. Blends of ye’elimite and microsilica with and without addition of gypsum were examined. The hydration 
experiments were carried out using water or 0.1 molar KOH solution at a water/solid ratio of 2. KOH solution was 
chosen in order to stimulate the dissolution of microsilica. 
Conduction calorimetry, thermogravimetric and X-ray diffraction analyses were employed in order to follow hydration 
kinetics and to assess the hydration products. Thermodynamic modeling using the geochemical speciation code GEMS-
PSI was carried out to calculate the stable hydrate assemblages and to compare those results with the experimental 
data. 
It was found that microsilica accelerates early hydration kinetics of ye’elimite probably due to the filler effect. This is 
especially the case for the systems without gypsum which exhibit much slower hydration kinetics than the systems with 
gypsum. Besides the effect on hydration kinetics, microsilica influences the hydration reaction of ye’elimite. Plain 
ye’elimite hydrates to monosulfate and aluminum hydroxide. When increasing amounts of microsilica are added, higher 
amounts of ettringite can additionally be observed. Besides, strätlingite occurs as further crystalline hydration product. 
As a result ye’elimite is able to hydrate in the presence of silica to form ettringite, strätlingite and aluminum hydroxide. 
This reaction path agrees well with stable phase assemblages calculated by thermodynamic modeling. 
KOH solution was found to accelerate early kinetics compared to the samples hydrated with water; furthermore, it 
promotes the dissolution of microsilica, inasmuch a higher amount of strätlingite is present after 28 days of hydration 
compared to reaction in pure water. 
 
Originality 
The hydration of ye’elimite blended with microsilica was studied as a model system for calcium sulfoaluminate cement 
blended with a siliceous supplementary cementitious material. The hydration of ye’elimite in the presence of microsilica 
has not yet been published before in open literature. The experimental results show that microsilica can react in such a 
system, especially when calcium sulfate is absent or present only in low amounts. Strätlingite could be identified as 
hydrate phase in the examined systems. The calculated phase assemblage using thermodynamic modeling reveals that 
silica can contribute to the reactions especially in case of no or only low additions of gypsum. The results of this study 
are of high relevance regarding the development of environmentally friendly, low-CO2 binders. 
 
Keywords: calcium sulfoaluminate cement; ye’elimite; microsilica; hydration; thermodynamic modeling 
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1. Introduction 
Calcium sulfoaluminate cements (CSA), consisting of ye’elimite (C4A3 S ) and other secondary 
constituents (e.g. various calcium silicates and aluminates), are one of the opportunities for a more 
environmentally friendly cement production (Juenger M.C.G. et al., 2011). CSA clinker is usually 
blended with calcium sulfate, and the ratio between calcium sulfate and ye’elimite determines the ratio 
between the main hydration products ettringite and monosulfate (Kapralik and Hanic, 1989; Hanic et 
al., 1989; Palou and Majling, 1996a; Winnefeld and Barlag, 2010; Winnefeld and Lothenbach; 2010, 
Hargis et al., 2014; Telesca et al., 2014). Without the addition of calcium sulfate, ye’elimite hydrates 
to monosulfate and aluminum hydroxide according to (equ. 1). The latter is generally poorly 
crystalline (Marrocoli et al., 2007; Lothenbach et al., 2012). With increasing additions of calcium 
sulfate, e.g. gypsum, ettringite forms on the expenses of monosulfate. If the molar ratio of calcium 
sulfate to ye’elimite is higher than 2, only ettringite formation will occur, and a surplus of gypsum will 
be present in the hydrate assemblage. 
 
(equ. 1) C4A3 S   +  18 H  →  C3A∙CS ∙12H  +  2 AH3 
 
(equ. 2) C4A3 S   +  2 CS H2  +  34 H  →  C3A∙3CS ∙32H  +  2 AH3 
 
Portland cements are frequently blended with supplementary cementitious materials (SCM) such as 
blastfurnace slag, fly ash or silica fume (Lothenbach et al., 2011). They can accelerate the hydration 
kinetics through the “filler effect” and participate in the hydration processes. In the case of mainly 
siliceous-based materials (e.g. low calcium fly ash or microsilica) a pH above 13 and the presence of 
portlandite are required for the pozzolanic reaction, which starts significantly after hydration times 
between 7 and 28 days. Also CSA can be blended with SCM. The influence of pozzolanic additions on 
the hydration of CSA cements was studied in the case of fly ash (Zivica V., 2000; Garcia-Mate M. et 
al., 2013; Ioannou S. et al., 2014; Ma B. et al., 2014; Martin L.H.J. et al., 2015) and microsilica (Lobo 
and Cohen, 1992; Lobo and Cohen, 1993; He et al., 2013; Zhu et al., 2013; Chaunsali and Mondal, 
2015). The authors report an acceleration of ye’elimite hydration kinetics as well as some contribution 
to the hydration reactions. In the latter case, generally no portlandite is available for the pozzolanic 
reaction. However the hydration of ye’elimite in the presence of silica could lead to the formation of 
strätlingite (equ. 3) and/or C-S-H (equ. 4, for reason of simplicity a C/S ratio of the C-S-H of 1 was 
assumed). Also the formation of siliceous hydrogarnet might be possible; however its formation 
kinetics at ambient temperature is slow in the case of Portland cements (Paul and Glasser, 2000). Both 
in the cases of strätlingite and C-S-H formation, ettringite should form even though no calcium sulfate 
is present. According to the equations, also OH-AFm (C4AH13) could be present, however also a solid 
solution with SO4-AFm (monosulfate) may form (Pöllmann, 1987; Matschei et al., 2007). 
 
(equ. 3) 4 C4A3 S   +  S  +  89 H 

→  C2ASH8  +  C3A∙3CS ∙32H  +  C3A∙CS ∙12H  +  C3A∙CH∙12H  +  8 AH3 
 
(equ. 4) 4 C4A3 S   +  2 S  +  83+x H 

→  CSHx  +  C3A∙3CS ∙32H  +  C3A∙CS ∙12H  +  C3A∙CH∙12H  +  8 AH3 
 
In order to investigate the hydration of CSA cements in the presence of a high-siliceous SCM, 
synthetic ye’elimite was blended with various amounts of microsilica without and with the addition of 
gypsum. Hydration experiments were carried out in water or in 0.1 molar KOH solution; the latter in 
order to stimulate the dissolution of silica at a higher pH value. The experimental results were 
compared to the stable phase assemblages calculated by thermodynamic modelling. 
 



 

2. Experimental 
2.1. Raw materials 
Ye’elimite was synthesized from a stoichiometric mixture of calcite, aluminum oxide and calcium 
sulfate. The analytical grade materials (Fluka) were first homogenized and then pelletized with water. 
Afterwards the pellets were fired in a laboratory kiln at 1300°C for 4 h. Prior to the use the powder 
was ground using an automatic agate mortar grinder mill (Retsch RM 1000) and sieved to a particle 
size of below 63 μm. Quantitative X-ray diffraction analysis showed that the sample contains 97.2 
mass-% ye’elimite and 2.8 mass-% calcium monoaluminate. The final product exhibited a bulk 
density of 2.62 g/cm3 and a specific surface of 4840 cm2/g according to European standard EN 196-6 
(Blaine method). Commercial microsilica with a SiO2 content of 97.6 mass-% and a specific surface of 
20 m2/g (N2 adsorption, BET method) was used in this investigation. Analytical grade calcium sulfate 
dihydrate and potassium hydroxide (Fluka) were also used. The latter was dissolved in demineralized 
water to obtain a 0.1 molar solution. 
Ye’elimite, gypsum and silica were mixed in different molar ratios (Tab. 1); the solids were hydrated 
either in demineralized water or in 0.1 molar KOH. 
 

Tab. 1 Investigated molar ratios of ye’elimite, gypsum and silica 
ye’elimite 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
gypsum - - - - - - 0.50 0.50 0.50 0.50 0.50 0.50 

silica - 0.25 0.65 1.35 3.00 4.00 - 0.25 0.65 1.35 3.00 4.00 
 
 
2.2. Methods 
All experiments were carried out at 20°C at a liquid to solid ratio of 2. 
A conduction calorimeter (Thermometric TAM) was used to determine the hydration heat flow. 1 g of 
solid was weighted into an admix ampoule (Wadsö L., 2005), and 2 ml of liquid were filled into two 
syringes. The ampoule was then inserted into the calorimeter. The arrangement of the syringes allows 
the sample and the liquid to be separately thermostated in the calorimeter thermostat before the 
measurement was started. After equilibration, the liquid was injected into the ampoule, and the mixing 
was done by a small stirrer for 1 minute. The hydration heat flow was recorded for 72 h. 
Similar pastes were prepared by blending solid and liquid in a plastic container using a spatula for 1 
min. After 28 days the hydration was stopped by submersing the crushed paste in isopropanol, filtering 
and washing the residue first again with isopropanol and then with diethyl ether. Afterwards, the 
samples were gently ground by hand. Thermogravimetric (TGA) and X-ray diffraction analyses (XRD) 
were used to determine the mineralogical composition of the solid phase. TGA was carried out in N2 
atmosphere on about 50 mg of sample using a Mettler-Toledo TGA/SDTA 851 instrument at 20 
K/min up to 980 °C. XRD patterns were measured with a Panalytical X’Pert Pro powder 
diffractometer equipped with an X’Celerator detector in a 2θ range of 5-90° using CoKα radiation with 
a fixed divergence slit of 0.5° and a rotating sample stage. 
The hydrate assemblage with varying silica contents up to 50 mass-% was modeled with the GEMS-
PSI software (Wagner T. et al., 2012; Kulik D. et al., 2013) using the Nagra/PSI thermodynamic 
database (Hummel W. et al., 2002) and the cement specific database CEMDATA 07.2 (Matschei T. et 
al., 2007; Lothenbach B. et al., 2008) updated with recent data on calcium aluminate hydrates 
(Lothenbach B. et al., 2012). 100% hydration of the anhydrous phases was assumed in the calculations. 
The formation of siliceous hydrogarnet was suppressed in the calculations due to its slow formation 
kinetics (Glasser and Paul, 2000). 
 
3. Results and Discussion 
3.1. Thermodynamic modelling 
Figure 1a shows the calculated phase assemblages for the mixtures of ye’elimite with silica. Pure 
ye’elimite hydrates to monosulfate and Al(OH)3. With the increase of silica, strätlingite and ettringite 
are predicted to form on the expenses of monosulfate. When about 9 mass-% of silica is added, 



 

monosulfate is no more present, C-S-H starts to form on the expenses of strätlingite and the volume of 
hydrate phases reaches its maximum. In the modeling, no incorporation of Al in C-S-H, which would 
reduce the amount of microcrystalline AH3, was considered. Above 21 mass-% of silica, strätlingite is 
no more stable, and gypsum occurs in the hydrate assemblage. Beyond an addition of 30 mass-% of 
silica, no more ettringite, but surplus amorphous silica is present. 
Figure 1b shows the phase assemblages for the mixtures of ye’elimite with silica in the presence of 
gypsum (molar ratio gypsum/ye’elimite = 0.5). Without silica, ettringite is present besides 
monosulfate and Al(OH)3. With increasing silica addition, similar phase assemblages are calculated 
compared to the system without gypsum. The amounts of silica, where the phase assemblages change, 
are shifted to lower amounts of silica. Thus there is less potential for the silica to react in the system 
with gypsum than in the system without, as surplus silica occurs at lower added amounts. 
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Figure 1 Thermodynamic calculations of hydrate phase volumes of (a) ye’elimite and (b) ye’elimite + gypsum 
(molar ratio 1:0.5) with increasing additions of silica at a water/solid ratio of 2 assuming 100% hydration. The 
mixtures investigated in this study are marked by dashed lines. Monosulfate (ss) = solid solution between SO4- 

and OH-AFm. 
 
 
3.2. Isothermal calorimetry 
Figure 2a shows the mixtures of ye’elimite with silica hydrated in pure water. The addition of silica 
significantly accelerates the early hydration, which agrees with other studies (Lobo and Cohen, 1992; 
Lobo and Cohen, 1993; He et al., 2013; Zhu et al., 2013; Chaunsali and Mondal, 2015). When 
gypsum is added (Figure 2b), all systems are accelerated compared to the systems without gypsum as 
reported by (Kapralik and Hanic, 1989; Hanic et al., 1989; Palou and Maijling, 1996a; Winnefeld and 
Barlag, 2010; Hargis et al., 2014). Also in this case, silica accelerates early hydration. 
The systems with ye’elimite and silica hydrated in 0.1 molar KOH solution are accelerated with 
respect to the same systems hydrated in pure water (Figure 2c). This agrees with previous studies 
reporting the acceleration of ye’elimite hydration by alkali hydroxides and sulfates (Ogawa and Roy, 
1982; Palou and Majling, 1996b; Winnefeld and Barlag, 2010; Sánchez-Herrero et al., 2013). The 
same applies also to the systems with ye’elimite and gypsum hydrated with 0.1 molar KOH (Figure 
2d). Also in both systems with KOH, silica accelerates early hydration kinetics. 
Figure 3a shows the time of the maximum heat flow of the main hydration peak for all the investigated 
systems. The accelerating effects of gypsum, KOH and silica regarding the hydration of ye’elimite are 
clearly visible. In figure 3b the cumulative heat after 72 h hours of hydration, normalized to ye’elimite 
+ gypsum, is displayed. In all the four investigated systems the heat of hydration increases with 
increasing silica addition, indicating a positive contribution of silica to the hydration reactions. This 



 

can be due to either the filler effect, which enhances enhancing the dissolution of ye’elimite, or to a 
chemical participation of silica in the hydration reactions according to equ. 3 and 4. 
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Figure 2 Hydration heat flow normalized to ye’elimite + gypsum of a) ye’elimite hydrated with water in the 

presence of silica, b) ye’elimite hydrated with 0.1 molar KOH in the presence of silica, c) ye’elimite hydrated 
with water in the presence of gypsum and silica, d) ye’elimite hydrated with 0.1 molar KOH in the presence of 

gypsum and silica. Please note the different scales of the y-axes. 
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Figure 3 Influence of silica to ye’elimite molar ratio on a) the time of the maximum heat flow and b) the 

cumulative heat after 72 h normalized to the content of ye’elimite + gypsum 



 

3.3. Hydration experiments 
The amount of bound water after 28 days as determined by TGA (weight loss at 550°C) and 
normalized to the content of ye’elimite + gypsum is shown in Figure 4. As a general trend, a slight 
increase of the amount of bound water with increasing silica content can be observed, indicating the 
contribution of silica to the hydration reactions. 
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Figure 4 Influence of silica to ye’elimite molar ratio on the amount of bound water normalized to the content of 

ye’elimite + gypsum. The bound water of the added gypsum is not considered. 
 
 
Figure 5a shows the XRD patterns of ye’elimite hydrated with water in the presence of silica. Plain 
ye’elimite hydrates to monosulfate, Al(OH)3 and traces of ettringite in agreement with previous 
studies, e.g. (Winnefeld and Barlag, 2010), and the thermodynamic modelling (Figure 1a). Also a 
solid solution of OH- and SO4-AFm occurs. With increasing amount of silica, the content of 
monosulfate decreases and the amount of ettringite increases. This indicates that silica may have 
reacted according to equ. 3 and/or 4. When the highest amount of silica is added, traces of strätlingite 
can be observed. There is no evidence of C-S-H, inasmuch it is generally X-ray amorphous. Hemi- 
and/or monocarbonate are present in some of the samples due to carbonation (this refers also to 
Figures 5b-d). 
In Figure 5b the XRD patterns of ye’elimite and gypsum hydrated with water in the presence of silica 
are shown. With increasing amount of silica the ettringite to monosulfate ratio increases, indicating a 
reaction of silica, however strätlingite can hardly be identified (and no C-S-H) by XRD, probably due 
to low quantity and/or its poor crystallinity. 
When ye’elimite is hydrated with KOH in the presence of silica (Figure 5c), similar but more evident 
changes in the phase assemblages occur as in the case of water. The intensities of the monosulfate and 
ettringite reflections are much lower than in the presence of water, which may be on the one hand 
related to a destabilization of ettringite and monosulfate at high pH (Sánchez-Herrero et al., 2013). On 
the other hand, a higher reaction degree of silica due to the alkaline conditions would lead to lower 
monosulfate contents or even to its absence. Also with KOH, traces of strätlingite can be observed. 
In the presence of gypsum and silica, and when hydrated with KOH (Figure 5d), the ettringite to 
monosulfate ratio increases strongly and at higher silica additions, strätlingite can be identified, which 
again indicates a dissolution of silica. 
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c) ye’elimite + silica hydrated in KOH 
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d) ye’elimite + gypsum + silica hydrated in water 
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Figure 5 XRD patterns after 28 days of hydration of ye’elimite in the presence of silica a) with water, b) with 

water in the presence of gypsum, c) with 0.1 molar KOH, d) with 0.1 molar KOH in the presence of gypsum. A 
= Al(OH)3, E = ettringite, Hc = monocarbonate, M = monosulfate, Mc = monocarbonate, Mss = solid solution of 

OH- and SO4-AFm, S = Strätlingite, Y = ye’elimite. 
 
4. Conclusions 
Microsilica accelerates the early hydration kinetics of ye’elimite probably due to its filler effect, 
especially in the case of the systems without gypsum, which exhibit much slower hydration kinetics 
than the systems with gypsum. The KOH solution accelerates early kinetics compared to the samples 
hydrated with water as a faster dissolution of the solids is provided. 
Microsilica also takes part in the hydration reactions, even though portlandite is absent. While plain 
ye’elimite hydrates mainly to monosulfate and aluminum hydroxide, with increasing amounts of 
microsilica increasing amounts of ettringite can be additionally observed. Moreover, strätlingite can be 
identified as further crystalline hydration product in the samples with the highest silica additions. No 
evidence of C-S-H was found by means of XRD and TGA due to its amorphous nature and 
overlapping weight losses, respectively. Further investigations (e.g. scanning electron microscopy or 
vibrational spectroscopy) are needed to assess the potential presence of C-S-H. A higher pH, as 
provided by the used KOH solution, promotes the dissolution of microsilica, as in the systems with 
silica a higher amount of strätlingite is present after 28 days of hydration compared to reaction in pure 
water. 



 

Therefore, microsilica is able to hydrate in ye’elimite-based systems (i.e. CSA cements) to form 
ettringite, strätlingite (maybe also C-S-H) and aluminum hydroxide. This reaction path well agrees 
with stable phase assemblages calculated by means of thermodynamic modelling. 
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Abstract  

Alkali-activated concrete (AAC) is a potential sustainable alternative to traditional portland cement 
concrete. However, many AAC formulations exhibit poor workability, and slow strength development 
unless cured at elevated temperatures, which tends to limit the applicability of activated concrete. 
Nanoparticles, including nanosilica and nanoalumina have been used to modify setting times, rheology, 
and mechanical strength of portland cement-based binder systems. The present study evaluates the role of 
nanosilica and kaolinite clay on the setting time, workability, and mechanical strength of AAC, and to 
identify the mechanisms of enhancement or degradation. Activated fly ash (FAC) and ground granulated 
blast-furnace slag (slag) mortar with 1-2% dosages of nanosilica (NS) and kaolinite clay (KC) were 
evaluated here. The effect of activator concentration is also discussed in this paper. Significant 
improvement in compressive strength of alkali-activated slag mortar was observed when modified by either 
nanosilica or kaolinite. The use of kaolinite is preferred since it is a natural material with lower 
environmental impact than commercially-processed nanosilica. A slight improvement in mechanical 
strength of activated class-C fly ash was observed when modified with nanosilica, while a reduction in 
strength accompanied modification with kaolinite. 

Originality 

Modification of cementitious systems with nanoparticles has the potential to increase mechanical strength, 
reduce porosity, and diminish cement consumption in portland cement binder systems. Numerous studies 
have presented evidence of these improvements in portland cement-based systems, but there is 
comparatively little information regarding the same in alkali-activated binders. This study evaluates 
potential improvements in the setting time, rheology, and mechanical strength development of alkali-
activated binders through modification with nanoparticles.  

 

Keywords: Alkali-activated binder system; nanoparticles; compressive strength; setting time; activator 
concentration
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1. Introduction 
Ordinary portland cement (OPC) is the main binding component of concrete, which is the most widely 
used construction material in the world. However, the manufacturing process of OPC is highly energy-
intensive and involves the emission of greenhouse gases at every step of the process. These steps 
including mining, grinding, blending of raw materials, clinkering in a rotary kiln above 1450 ℃, milling, 
packing, and transportation of the final products. It has been found that to produce and transport one ton 
of OPC, approximately 3.2-5.8 GJ energy is consumed and over 0.95 ton of  CO2 is emitted; this process 
is responsible for 7% of global CO2 emission (Worrell.et al, 2001; Van Oss, 2011; Mehta, 2011).. Thus, 
these environmental issues associated with the production of cement motivate scientists and scholars in 
this field to develop alternative binding materials that have less severe environmental effects while 
maintaining comparable performance to OPC. 
 
Alkali-Activated Concrete (AAC) is being developed to address the issue of  CO2 emissions of ordinary 
portland cement. The fresh and hardened mechanical properties, hydration process, and durability 
performances have been studied extensively in recent decades (Collins., et al, 1999; Cong., et al, 2000; 
Bakharev., et al., 2003; Fernande-Jimenez, 2007; Donatello and Palomo, 2013). Besides the lower  CO2 
emission and lower energy consumption, AAC can achieve higher strength, better resistance to fire and 
alkali-aggregate reaction, lower shrinkage, and better durability (Douglas, 1991; Caijun Shi, 2006; 
Byfors .,et al, 1989; Gebregziabiher.,et al, 2015). However, many formulations exhibit short setting times, 
poor workability, and slow strength development unless cured at elevated temperatures, which tends to 
limit the applicability of alkali-activated concrete (Thomas., et al, 2014).  

In recent years, numerous papers show that both early age and 28 day strength of concrete can be 
increased by adding small amounts of nanoparticles in portland cement binder systems (Schoepfer., et al, 
2009, Shaikh., et al, 2014, Said., et al, 2012).  A potential explanation for the higher strength is that 
adding nanoparticles to portland cement binder systems can accelerate cement hydration, reduce porosity 
and improve the bond strength of interfacial transition zone. Similar benefits can be observed for OPC 
concrete with high volumes of fly ash or ground granulated blast-furnace slag (Li, 2004; Zhang, 2012). 
However, comparatively little information is available on whether nanoparticles can be used to improve 
the setting time, workability, and mechanical strength development in alkali-activated concrete. 

This paper discusses the role of nanoparticle on early age properties such as heat of hydration, workability, 
setting time, and strength development. Two type of nanoparticles, nano-silica and kaolinite clay, were 
investigated in this study. The effect of nanoparticle dosages and sodium content in activator solution 
(Na2O wt% by the mass of binder) are also discussed in this study. 

2. Materials and Experimental Method 

2.1 Materials  

The starting materials used in this experiment were Class C Fly Ash (FAC) and grade 100 ground 
granulated blast-furnace slag (Slag). Chemical compositions of the binder materials used are listed in 
Table 1. 
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Table 1. Chemical Oxide Composition of starting materials 

Oxide % by mass Slag FAC 
CaO 39.8 23.4 
SiO2 36.0 37.7 

Al2O3 10.5 20.0 
MgO 7.9 4.3 
SO3 2.1 2.4 

Na2O 0.3 1.7 
K2O 0.2 0.6 

Fe2O3 0.7 5.6 
 

The activator solution used was a mixture of sodium silicate solution, sodium hydroxide and water. The 
premixed sodium silicate is a reagent-grade solution which contains 26.5% Si2O and 10.6% Na2O. The 
sodium hydroxide used was a high quality food grade pearl (99% purity). Silica modulus (MS), the ratio 
between SiO2 and Na2O, and sodium oxide percentage (Na2O%) were specified as two factors, which can 
control the concentration of the activator. The activator solution was prepared and stored for at least 4 
hours to reach ambient air temperatures before use.  
 
Two types of nanoparticles evaluated were nanosilica (NS) and kaolinite clay (KC); and the two different 
dosages were 1% and 2% by mass of binder. The nanosilica used was synthetic amorphous silica that had 
an average primary particle size of 7 nm with a BET surface area of 380±30 m2/g. The nanosilica was 
purchased from AEROSIL Ltd.; the Kaolin clay was sourced from Laguna Clay Company with an 
average particle size of 300 nm and the type was Edgar Plastic Kaolin nanoclay. 

2.2 Mixture proportions 

2.2.1 Effect of nanoparticles  

NS and KC with the dosages of 1% and 2% by mass of binder were used to modify activated slag (AA-S) 
and FAC (AA-FAC) mortars. The activator concentrations for all mixtures are shown in Table 2. The 
activator concentrations and solution to binder ratio (s/b) were selected in such a way that all the control 
activated binder mixtures have similar compressive strength (30±5MPa) after heat curing at 50 ±1 °C for 
48 hours. 

Table 2. Mixture proportions used 

Mixture ID Activator  parameters Nanoparticle 
dosage 

Control mixture 
strength (MPa) 

AA-S MS=1.5, Na2O%=2.5%, s/b=0.4  
1% and 2% 

35  
AA-FAC MS=1.5, Na2O%=5%,   s/b=0.5 29  

*Sand to binder ratio used was 2.75  
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2.2.2 Effect of sodium content (𝑁𝑁𝑁𝑁2𝑂𝑂%) in the activator  

Activated slag and FAC mortars were prepared using solutions with a range of sodium oxide contents 
(4%, 5%, 6% by mass of the binder) with MS=1.5 and solution to binder ratio=0.4 and sand to binder 
ratio 2.75. The influence of  Na2O% contents on setting time and strength of Activated Slag and FAC 
mortars were studied.  

2.3 Methods and procedures  

2.3.1 Sample Preparation 
The mixing procedure for alkali-activated mortars differs from that of OPC-based mortar because of its 
more rapid setting time and poor workability. To adjust for this, all of the starting materials and saturated 
surface dry sand were thoroughly mixed for one minute before premade solution was added. After 
solution was added the mixture was again mixed quickly for two more minutes to provide uniformity. The 
setting time mold was filled in one layer, not vibrated, and into the 2x4 inch cylinder molds in two layers, 
vibrated after each layer was placed. The nanoparticles were dispersed in part of the mixing water using 
ultra-sonication for 5 minutes before combining with the starting materials. 
 
To test setting time, a slightly modified version of ASTM C 807-99 Vicat needle test was used. Alkali 
activated mortar systems had a very short setting time, anywhere from over an hour to less than ten 
minutes. This rapid setting time is the reason for the modification of the ASTM setting time test. The 
modifications had to do with how often the Vicat needle was dropped, and this depended on the particular 
binder material used. After the binder and fine aggregate were thoroughly mixed, the timer was started 
when the alkali solution was added. Slag had the shortest setting times and required the Vicat needle to be 
released every minute until needle penetration was less than 10 mm. FAC had slightly longer setting time 
and the needle was dropped every 5 minutes until needle penetration was less than 10 mm.  
 
2.3.3 Compressive Strength test 
For determination of compressive strength, 2x4 inch cylinders were cast in accordance with ASTM C39. 
Molds were filled in two layers and vibrated after each layer. Excess mortar was scraped from the top to 
level the surface. Plastic wrap was then laid over the tops of the molds, ensuring that no air bubbles were 
trapped. Three cylinders were made for each mortar mixture. These samples were heat cured in an oven at 
50±1°C for 48 hours. 

2.3.4 Heat of hydration by isothermal calorimeter  
The effect of nanoparticles on the hydration kinetics of different starting materials was evaluated 
according to ASTM C 1679 using isothermal calorimeter at 50℃. Approximately 5g of hand mixed alkali 
activated slag or FAC paste was used for the test. The cumulative heat evolved was recorded for up to 100 
hours. 
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3. Results and discussion 

3.1 Effect of Nanoparticle on Compressive Strength  

Figure 1 shows the compressive strength of heat cured AA-S mortar modified with NS and KC at dosages 
of 1% and 2% by the mass of slag. It is obvious that the compressive strength of activated slag mortar is 
improved significantly in presence of NS and KC at both the dosages. With 1% and 2% NS, the 
compressive strength is increased by 74% and 61%, respectively. It should be noted that the strength of 
AA-S mortar did not change significantly when nanosilica dosage was increased from 1% to 2%. (just 4% 
gain). It appears that 1% dosage is good enough if properly dispersed for enhancing the strength. 
 
 

 
Figure 1. Effect of NS and KC (1% and 2% by the mass of slag) on compressive strength (50±1℃ curing for 48 

hours) of AA-S mortar. 
 
Similar compressive strength increase was seen with the addition of KC. Strength increased by 5% with 
1% addition and by 26% with 2% addition. This revealed that beyond the dosage of 1%, adding of KC 
could significant increase the AA-S mortar strength.   
 



 

 

6 

 
 Figure 2. Effect of NS and KC (1% and 2% by the mass of FAC) on compressive strength (50±1℃ curing for 48 

hours) of AA-FAC mortar. 
 
There are several potential reasons for strength improvement of NS and KC modified AA-S mortar. 
Physically, the extremely fine particle size of NS and KC can increase the number of nucleation sites for 
the growth of new reaction products during the activation process. In addition, when NS or KC is added 
to AA-S mortar system, they can fill the small pores and lower the porosity resulting in a denser structure 
mortar. This can contribute to the strength improvement of NS AA-S mortar. In an OPC system, it is 
reported that adding too much NS would decrease the alkalinity of the pore solution and reduce the 
reactivity of slag grains (Diamond, 1983; Zhang, 2012).  A similar mechanism could be in effect in the 
AA-S system as well. High alkalinity is needed for the dissolution of the slag particles and abundance of 
silica may reduce the alkalinity and hence the dissolution of the slag and the subsequent nucleation of 
new products.  
 
In AA-FAC systems, Figure 2, it appears that 1% dosage of NS or KC is not adequate for the enhanced 
hydration and pore filling effect. However, when modified with 2% NS, the compressive strength was 
increased by 16%. Only marginal increase in strength was observed when 2% KC was added to AA-FAC. 
The coarser particle size compared to NS and the difference in the chemical makeup of KC (Al2O3 + 
SiO2.) could be the potential reason for the underperformance of KC compared to NS. 
 
3.2 Effect of Nanoparticle on Setting Time 
 
Figure 3 depicts the effect of NS and KC on the setting time of AA-S mortar. The setting time decreased 
by 35 and 50 minutes, when AA-S mortar was modified with 1% and 2% NS, respectively. Similarly, 
when KC was added, the setting time was decreased to 35 and 40 minutes with the dosage of 1% and 2%, 
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respectively. This is not a surprising result, as nanoparticles normally fill the finer pores, the resistance to 
penetration could be much higher. Also, the addition of nanoparticles can enhance reaction kinetics as 
described in Section 3.  
 
The addition of NS or KC did not influence the setting time of AA-FAC mortar. The setting time of all 
the mixtures was around 12 minutes as shown in Figure 4. 

 
 

Figure 3. Effect of NS and KC on the setting time of AA-S mortar 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Effect of NS and KC on the setting time of AA-FAC mortar 
 
3.3 Effect of nanoparticles on heat of hydration 
 
The effect of NS and KC on the cumulative heat of hydration is demonstrated in Figure 5. In general, the 
total heat of hydration values was much higher in AA-S paste samples compared to AA-FAC paste 
samples. There are several reasons for this. (1) In the present study, the authors mixed the solution and the 
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binder ex-situ and in the authors’ previously published works, the heat of hydration was measured in-situ 
(Deir et al, 2014 and Gebregziabiher et al, 2015). In previous studies, it was found that most of the heat is 
liberated during the first one hour of reaction after adding the solution in FAC based activated binders. 
Part of the heat of hydration in this study is lost. However, the total heat of hydration curves in Figure 5 
can well support and supplement the findings in section 3.1. The heat of hydration in NS containing 
mixtures was higher in AA-S paste. It appears that up until to about 20 hours of reaction, the 
nanoparticles did not have an influence on the heat of hydration (Figure 5(a)). Beyond 20 hours, the 
mixtures containing NS gave off more heat compared to KC containing slag. This also matches the 
compressive strength results presented in Figure 1. For 1% and 2% KC modified mixtures, the cumulative 
normalized heat is slightly lower compared to the control AA-S mixture. However, the corresponding 
compressive strength of KC modified mixtures was higher than the control mixture. This could be due to 
the fact that the pore filling effect of the KC is more pronounced than accelerating the reaction kinetics. 
These physical changes may decrease the porosity of mortars, and this may improve the compressive 
strength without changing the cumulative heat evolved during the hydration process. 

 
Figure 5. Effect of NS and KC on the cumulative heat of hydration (a) slag and (b) FAC 

 
 
In AA-FAC paste, the effect of nanoparticle addition was not pronounced during the early hydration 
period. Among all the nanoparticles, 2% NS containing FAC paste released the most amount of heat, 
which was consistent with the compressive strength performance of this particular mixture. All the 
modified mixtures generated lower cumulative heat compared to the control mixture. 
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3.4 Effect of sodium oxide content on compressive strength and setting time                  

 

Figure 6 Effect of Na2O% content on (a) strength and (b) setting time 

Figures 6 (a) and (b) show the influence of Na2O concentration on the compressive strength and setting 
time of alkali-activated mortars. As observed by other researchers (Deir et al, 2014), irrespective of the 
type of starting material the strength increased with the Na2O concentration. This may be due to the 
change in hydration kinetics; especially with an increase in alkalinity, the dissolution and the acceleration 
process are intensified (Gebregziabiher., et al, 2015). However, any increase in the Na2O content 
drastically reduces the setting time of the mortar as seen in Fig 6(b) if the starting material used is either 
slag or FAC. It appears that a compromise is needed between strength and setting time for choosing the 
activator concentration. It also appears that calcium has a significant role in setting as well as the strength 
development.  These results also show that AA-FAC mortars require higher Na2O dosage than AA-S 
mortars. AA-FAC mortar requires 6% of Na2O for formulating a cement free concrete with compressive 
strength 30 MPa while still maintaining acceptable setting time.  For AA-S, only 2.5% Na2O resulted in 
compressive strengths of 25 MPa with a reasonably good setting time. These results indicated that AA-
FAC concrete is a good candidate for the precast concrete industry since heat curing is necessary for 
development of adequate compressive strength. Besides, AA-S and AA-FAC with 4% to 6% Na2O may 
be used in structural and pavement repair works since these binders have relatively high strength with a 
very rapid setting time. 

4. Conclusions 

The following conclusions were reached in this study: 

• In alkali-activated slag mortar, low-dosage nanosilica modification (1% and 2%) can significantly 
improve the compressive strength (50 ℃  curing for 48 hours). A naturally occurring clay 
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nanoparticle can increase the strength by around 26% with 2% addition. Clay is more desirable of 
the two nanoparticle additives since it is a natural material with lower environmental impact than 
commercially-processed nanosilica. 

• Other than 2% nanosilica, none of the other nanomaterials had a positive influence on the 
compressive strength of the alkali-activated class C fly ash mixtures. 

• With respect to improving the compressive strength, nanosilica performed better in alkali-
activated slag and fly ash mortars. 

• Higher dosage of Na2O yielded a better strength irrespective of the type of starting material. 
• The setting time drastically decreased as the dosage of Na2O increased. In AA-slag nano 

modification decreased the setting time further, whereas in class C fly ash no significant influence 
was noted. 

• Alkali-activated slag and class C fly ash with higher Na2O% content may be used in structural 
and road repair works since the strength with a very rapid setting time are desirable 
characteristics for such work.  

 

5. Acknowledgement 

The authors gratefully acknowledge the financial support from the National Science Foundation (NSF), 
USA, under CMMI Award no.1055641. Any opinions, findings, and conclusions or recommendations 
expressed in this article are those of the authors and do not necessarily reflect the views of the NSF 
 
 
6. References 

Byfors, K., G et al, 1989. Durability of concrete made with alkali activated slag. ACI Special Publication, Vol.114.  

Bakharev, T., et al, 2003. Resistance of alkali-activated slag concrete to acid attack. Cement and Concrete Research, 
Vol. 33, No. 10, pp. 1607 – 1611. 

Collins,F., et al. 1999. Workability and mechanical properties of alkali activated slag concrete. Cement and concrete 
research, Vol.29, No.3, 1999, PP. 455-458  

Donatello, S. et al., 2013.Durability of very high volume fly ash cement pastes and mortars in aggressive solutions. 
Cement and Concrete Composites,  

Douglas,E., et al., 1991. Alkali activated ground granulated blast-furnace slag concrete: preliminary investigation. 
Cement and concrete research, vol.21, No.1, 1991, pp. 101-108  
 
Diamond S., 1983. Effects of microsilica (silica fume) on pore-solution chemistry of cement pastes. Journal of the 
American Ceramic Society 66(5): C-82–4. 
 
Deir.E et al., 2014. Influence of starting material on the early age hydration kinetics, microstructure and composition 
of binding gel in alkali activated binder systems. Cement and Concrete Composites, Volume 48, Pages 108-117 
 
Fernández-Jiménez., et al, Durability of alkali-activated fly ash cementitious materials. Journal of Materials Science, 
Vol. 42, No. 9, 2007, pp. 3055–3065. 

 

http://www.sciencedirect.com/science/article/pii/S0958946513001959
http://www.sciencedirect.com/science/article/pii/S0958946513001959


 

 

11 

Gong, C.et al., 2000. Effect of phosphate on the hydration of alkali-activated red mud–slag cementitious material. 
Cement and Concrete Research, Vol. 30, No. 7, 2000, pp. 1013–1016.  
Gebregziabiher.S.B .,et al, 2015. Very early-age reaction kinetics and microstructural development in alkali-
activated slag. Cement and Concrete Composites, Volume 55, Pages 91-102 
 
Li G., 2004. Properties of high-volume fly ash concrete incorporating nano-SiO2. Cement Concrete 
Research;34(6):1043–9. 
 
Metha.P.K., 2011. Reducing the environment impact of concrete. Concrete International,  
 

Ravikumar, D., et al, 2013. Electrically induced chloride ion transport in alkali activated slag concrete and the 
influence of microstructure. Cement and Concrete Research, Vol. 47, pp.31-32 

Shi,C, et al.,2006. Alkali-Activated Cements and Concretes, CRC Press  
 
Schoepfer J., et al, 2009.An investigation into the effect of silicon dioxide particle size on the strength of concrete. 
ACI Special Publication vol. 267(5), p.45–58. 

Shaikh.F., et al, 2014. A study on the effect of nano silica on compressive strength of high volume fly ash 
mortars and concretes.  Materials & Design, Volume 60, Pages 433-442 

Said.A ., et al, 2012. Properties of concrete incorporating nano-silica. Construction and Building 
Materials, Volume 36, Pages 838-844 

Thomas. R., et al, 2014. Alkali–Activated Cement Free Concrete: Development of Practical Mixtures for 
Construction, The Transportation Research Board (TRB) 93nd Annual Meeting, Washington D.C, January 12-16, 
2014 

 Van Oss, H.G., 2011. United States Geological Survey (USGS) mineral yearbook. 

Worrell.E., et al, 2001. Carbon dioxide emission from the global cement industry. Annual Review of Energy and the 
Environment, 26: 303-329 
 
Zhang.M.H,. Use of nano-silica to increase early strength and reduce setting time of concretes with high volumes of 
slag. Cement and Concrete Composition, vol. 34 p. 650-662 
 

 
 
 
 
 
 

http://www.sciencedirect.com/science/article/pii/S0958946514001553
http://www.sciencedirect.com/science/article/pii/S0958946514001553
http://www.google.com/search?hl=zh-CN&tbo=p&tbm=bks&q=inauthor:%22Caijun+Shi%22
http://www.sciencedirect.com/science/article/pii/S0261306914002933
http://www.sciencedirect.com/science/article/pii/S0261306914002933
http://www.sciencedirect.com/science/article/pii/S0950061812004369
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=8uAoE5MAAAAJ&citation_for_view=8uAoE5MAAAAJ:5nxA0vEk-isC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=8uAoE5MAAAAJ&citation_for_view=8uAoE5MAAAAJ:5nxA0vEk-isC


 

Influence of Preparing Methods on the Properties of Anhydrite from 
Phosphogypsum 

 

Huang Tao1,2*, Peng Xiaoqin1, Wang Shuping1, Zhuang Ruiwen2, Qiu Feng2 
1.College of Material Science and Engineering, Chongqing University, Chongqing 400045, China 
2.Sichuan Research Institute of Building Materials technology, Chengdu, Sichuan 610081, China 

 
 
Abstract 
To reduce the negative influence of organic substance and P2O5 on crystal lattice, phosphogypsum was calcined into 
anhydrite at high temperature. The properties of anhydrite which were influenced by preparing methods, including 
calcining conditions and preparing procedure, were studied. The calcining conditions were consisted of calcining 
temperature (500~900℃), reacting time (0~4 h) and calcining methods. The latter one adopted in this study mainly 
included calcining from room temperature to the target temperature and calcining at the target temperature directly. 
Different preparing procedures, calcining before grinding (CG) and grinding before calcining (GC) were involved. The 
properties of anhydrite were expressed by flowability and specific surface area. The microstructure of the anhydrite 
were discussed by XRD, SEM and IR. Finally, the dissolution rate and hydration process of anhydrite, as well as 
physical performance of hardened plasters were also investigated. Results showed that direct calcining at 900℃ and 
reacting for 40 min were the optimum calcining condition as considering perfect flowability and practicability. And the 
specific surface areas of anhydrite-CG3 (prepared by calcining before 3 min grinding) and anhydrite-G30C (prepared 
by 30 min grinding before calcining) were similar. Whether under the action of chemical activators or not, the 
dissolution rate of anhydrite-CG3 was faster than the one of anhydrite-G30C. With chemical activators of alum 3.1 wt% 
and potassium sulfate 0.7 wt%, the initial setting time was appeared after the minimum resistivity of anhydrite-CG3 
plaster but opposite for anhydrite-G30C plaster. Although dry compressive strengths of the hardened plasters were 
both higher than 30 MPa, 1 day compressive strength of anhydrite-CG3 hardened plaster was almost two times of the 
one of anhydrite-G30C hardened plaster, due to more amount of crystal nuclei providing by faster dissolution rate in 
hydration process. The different kinds of anhydrite could be used in different purposes. 
 
Originality 
There was very seldom research on comparing the properties of anhydrite from phosphogypsum of different calcining 
temperatures, reacting time and the preparing methods. Especially the influence of the preparing methods, including 
calcining from the room temperature to the target temerature and calcining at the target temperature directly and the 
sequence of calcining and grinding, have almost never been discussed before. And the influence of the chemical 
activators to the anhydrites from different preparing methods might explain the hydration mechanism of anhydrite and 
could guide the production of anhydrite binder. 
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1. Introduction 
The phosphogypsum was the by-product from wet-process phosphoric acid technology and the 

amount was equivalent to also most five times of phosphoric acid (Chen Y., et al, 2012),. As with the 
development of economy, the production of phosphogypsum increased. 70 million ton 
phosphogypsum were generated in 2013 (Ye X. D., 2014) in China and the amount would be more 
than 75 million ton in 2015. Although the phosphogypsum was used as the retarder of cement (I˙. 
Akın Altun, et al, 2004)  and to produce gypsum products (Zhou J., et al, 2012), the utilization was 
still far than enough. There was a big difference between the utilization amount and the amount of 
production. It had been reported that in 2013, the utilization rate was almost 27% in China (The 
National Development and Reform Commission, 2014). The impurities as phosphate (Peng J. H., et al, 
2000), calcium fluoride, organic substance had the negative influence on the strength and setting time 
of gypsum products (Xu A. Y., et al, 2009). Most of the phosphogypsum was put to landfilling 
without any reuse which was not only a cost problem for the enterprise but also a big environment 
problem for the society (Jia X. W., et al, 2013; Qian W. M., et al, 2015) Therefor, how to 
environmentally and safely utilize the phosphogypsum was taking into account in China. 

In the previous research, when calcined at high temperature the phosphogypsum could been 
transformed to anhydrite-II (Yang L., et al, 2004) which could be used to produce Keen’s cement 
(Manjit S., Mridul G., 2005), without any negative influence of organic substance and P2O5 on crystal 
lattice (Peng J. H., et al, 2003).  However, the crystal transformation of phosphogypsum into anhydrite 
affected by the calcining conditions was still unclear. Then this study focused on the influence of the 
properties of anhydrite. And different calcining conditions and preparing procedures were used. The 
optimum condition was obtained based on the parallel study of specific surface area and flowability of 
anhydrite slurry. Additionally, the influence of chemical activators was also discussed. 
2. Experimental 
2.1. Raw Materials 

Phosphogypsum: the dihydrate gypsum from Sichuan province, was analysed for their chemical 
composition (Table 1). The phosphogypsum used to prepare anhydrite was sifted from 0.2mm screen 
mesh. 

                                        Table 1 Chemical composition of phosphogypsum                                   (%) 
CaO SO3 SiO2 Al2O3 Fe2O3 MgO Na2O K2O Loss 
33.45 41.41 4.17 1.08 0.50 0.13 0.05 0.10 18.22 

Melment F15G used for reducing water of the plasters was supplied by BASF (China) Co. Ltd. 
Alum and potassium sulphate used as chemical activators were supplied by Xilong Chemical Co., Ltd, 
China. 
2.2. Experimental Process 
2.2.1 Preparation of anhydrite 

The water requirement and the specific surface area of anhydrite was influenced by its calcining 
temperature, reacting time and calcining methods. To study optimum calcining conditions, the 
following methods were used to prepare anhydrite respectively: 

• The phosphogypsum was heated from room temperature to a target temperature in a furnace, 
and was calcined for 4 h before cooled down to room temperature. The target temperatures 
were 500 ℃, 600 ℃, 700 ℃, 800 ℃, 850 ℃ and 900 ℃. In this case     
temperature was obtained. 

• Heating the phosphogypsum from room temperature to a fixed calcining temperature, 
followed by calining it for 0, 1, 2 and 4 h, respectively. The calcined sample was taken out 
from furnace directly to be cooled down at room temperature. Thus, the calcined time was 
determined.  

• The sample was calcined directly at a fixed calcining temperature without heating period. 
Different calcining time was applied in this method. The cooling of samples was also done at 
room temperature. Then the optimum calcining conditions were obtained. 



 

In addition, ways to prepare anhydrite could either be calcining before grinding (CG) or grinding 
before calcining (GC), which may also influence the properties of anhydrite. Both processes were 
investigated for better understanding on the preparation of anhydrite.  
2.2.2 Properties characteristics 

The flowability of anhydrite samples was determined by the spreadability of slurry according to 
the standard method in JC/T1023-2007. But the water requirement was fixed at 0.7 by weight. And the 
specific surface area was obtained from the Blaine permeability method. 

The dissolution of anhydrite was determined by the concentration of SO4
2- in deionized water. 

The anhydrite and water with a ratio of 0.003 (0.15g anhydrite to 50ml water) was kept in a sealed 
container and the containers were kept in the a room with the temperature of 20±2℃ with ＞95% RH 
for 1 d to 7 d before filtered. BaCl2 solution (100g/L) was added in the filtered solution by drops to 
create BaSO4 sediments. The concentration of SO4

2- in deionized water and the dissolution of 
anhydrite would be calculated by the weight of BaSO4 sediments. The filtered residues were oven-
dried at the temperature of 45±2℃ to constant weight and then were put into the oven with the 
temperature of 230±5℃ for 40 min. The lost weight indicated that there was precipitated gypsum in 
the residue. And its weight was 4.78 times of the lost weight.  

The hydration processes of the anhydrite plasters were determined by CCR-II electrodeless 
resistivity instrument produced by BCTECH at ambient temperature of 20±2℃ and 65±5% RH. To 
avoid bleeding, the slurries were added with 0.5wt% F15G and the water requirement of the anhydrite 
slurries was 0.35. The contents of chemical activators, alum and potassium sulfate were 3.1 wt% and 
0.7 wt% of anhydrite, respectively. The content of dihydrate of the hydration product was tested by the 
lost weight obtained from putting the product into the oven with the temperature of 230±5℃. Before 
test, the hydration product, battered into small grains, was put into the anhydrous ethanol for 
terminating hydration and then oven-dried at the temperature of 45±2℃. 

X-ray diffraction (XRD) was conducted to compare the crystal structure of anhydrite by D/max-
RB produced by RIGAKU. Scanning electron microscopy (SEM) used was a Hitachi TM-1000 model. 
The highest magnification allowed is 1×105 (1 mm=1nm). Infrared Radiation (IR) was conducted to 
analysis the hydration of  anhydrite by SHIMADZU IRAffinity-1s with the minimum resolution of 0.5 
cm-1. 

The physical performances of the hardened anhydrite plasters with chemical activator was tested 
according to the standard method in JC/T1023-2007. And the setting time of the plaster was tested 
according to the standard method in GB/T17669.4-1999. 
3. Results and Discussion 
3.1. The influence of calcining system  
3.2.1 Calcining temperature  

The relation of calcining temperature and the specific surface area of anhydrite and flowability of 
slurry were listed in Fig 1.  

Results showed that when the calcining temperature was below 600℃, the specific surface area 
of anhydrite became larger as the calcining temperature increased. At the calcining temperature higher 
than 600℃, however, the specific surface area of anhydrite decreased with increasing calcining 
temperature. When the calcining temperature increased from 500℃ to 600℃, the specific surface area 
of anhydrite was increased by 72.4% to a largest value of 1034 m2/kg. The minimum value was 380 
m2/kg at 900℃, only 36.1% of the value of phosphogypsum calcined at 600℃. The increase of 
specific surface area at relative low calcining temperature was probably due to the crystal defects that 
the crystal lattice greatly distorted at 600℃. The followed decreasing value was resulted from the 
better crystallized structures with fewer defects of the anhydrites.  

There was little change of the flowability of anhydrite slurry below 850℃ and it was always 
between 115 mm and 130 mm. However, when calcined at 900℃, the flowability dramatically 
increased to 175 mm. This was attributed to the reduction of specific surface area as less water was 
required to form water layers on the anhydrite particles to promise enough fluidity. This in turn 
showed higher flowability when same amount of water was used in all the samples. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 The relation of calcining temperature and the specific surface area of anhydrite  
and the flowability of slurry 

The SEM and XRD analyses of anhydrite calcined at 700℃ and 900℃ were shown in Fig 2 and 
Fig 3, respectively. 

The SEM data showed that the particle of anhydrite became bigger as the calcining temperature 
increased. XRD data showed that the main components were anhydrite and quartz and the crystallinity 
of the anhydrite calcined at 900℃ was higher than the one calcined at 700℃ because the peak 
intensity of anhydrite was stronger in the former sample. Thus, the increase of temperature at above 
600℃, could accelerate the growth of anhydrite crystal. This would result in the reduction of specific 
surface area and improvement of flowability, conforming to the measurement results.  

 
 
 
 
 
 
 
 
 
 
 
 
 
                     
 
a) The SEM image of anhydrite calcined at 700 ℃      b) The SEM image of anhydrite calcined at 900 ℃ 

(×2000)                                                                          (×2000) 
Fig.2 The SEM of anhydrite calcined at different temperatures 
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a)The XRD trace of anhydrite calcined at 700 ℃ 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

b)The XRD trace of anhydrite calcined at 900 ℃ 
Fig.3 The XRD traces of anhydrite calcined at different temperatures 

3.1.2 Reacting time 
The relation of reacting time at 900℃ and the specific surface area of anhydrite and flowability 

of slurry was listed in Fig 4. The data showed that as the reacting time became longer the flowability 
of anhydrite soared up to 202 mm for 1 h reacting and then reduced gradually. But it was interesting 
that the curve of specific surface area was fluctuated. In the first stage (at short reacting time), the 
crystal might be broken into small particles as the influence of unstably thermodynamic so that the 
specific surface area increased to 437 m2/kg. Then, it jumped to 271 m2/kg for reacting 2 h due to parts 
of crystal might be melted together. The specific surface area soared up to 415 m2/kg again reacting 
for 4 h, as the appearance of pore by releasing SO3 from anhydrite decomposition. The result showed 
that for the phosphogypsum calcined from room temperature to 900℃ for 1 h, the specific surface area 
of anhydrite and the flowability of slurry both reached to the maximum values of 437 m2/kg and 202 
mm respectively.  

 
 

 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 The relation of reacting time at 900 ℃ to the specific surface area of anhydrite and the flowability of slurry 
3.1.3 Direct calcining 

As mentioned, three calcining methods were used in this study, including calcining from room 
temperature to the target temperature and calcining at the target temperature directly. The influence of 
the former one with two cooling methods was shown above. In this section, the phosphogypsum was 
directly calcined at 900℃ without heating period and cooled at room temperature. The influence of 
reacting time on specific surface area of anhydrite and the flowability of slurry was present in Fig 5. It 
can be seen that the specific surface area of anhydrite decreased first and then increased as the reacting 
time became longer, which was opposite to the results in Fig 4. The minimum value of specific surface 
area was 249 m2/kg when calcined for 40 min. On the contrary, the flowability of slurry was increased 
first and then decreased and the maximum value was 182 mm for the same calcining time of 40 min.  

The maximum flowability of slurry in the section was a little lower than the one from anhydrite 
calcined from room temperature to 900 ℃ for 1 h, but        
was no heating period. So the following sections would adopt the method of direct calcining at 900 ℃ 
for 40 min and then cooling at room temperature.  

 

 

 

 

 

 

 

 

 

 

 
Fig.5 The relations between reacting time at 900 ℃ cooled at room temperature 

and specific surface area of anhydrite and the flowability of slurry 
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3.2 The influence of preparing procedure 
3.2.1 The properties of anhydrite influenced by preparing procedure 

The relation between the specific surface area of anhydrite and the grinding time was listed in 
Fig 6. The anhydrite was prepared by two kinds of procedures, calcining before grinding (CG) and 
grinding before calcining (GC). The results indicated that the specific surface area increased with 
increasing grinding time for both preparing procedures. Obviously, the specific surface area of 
anhydrite-CG (prepared by CG procedure) was larger than the one of anhydrite-GC (prepared by GC 
procedure) for the same grinding time. The former procedure (CG) contributed to a faster growth rate 
of specific surface area than the later procedure. It was noted that similar specific surface areas of the 
anhydrites were formed between anhydrite-CG3 (prepared by calcining before 3 min grinding) and 
anhydrite-G30C (prepared by 30 min grinding before calcining). The values were 248 m2/kg and 236 
m2/kg with flowability of 395 mm and 378 mm, respectively. As a result, CG procedure is beneficial 
to save the grinding time.  

 
 
 
 
 

 

 

 
 
 
 
 

 
 
 
 

Fig.6 The relation of the specific surface area of anhydrite and the grinding time 
3.2.2 The dissolution of anhydrite influenced by preparing procedure 

The above two kinds of anhydrate samples, included anhydrite-CG3 and anhydrite-G30C, were 
used to measure their dissolution. The concentration of SO42- in deionized water with the time was 
list in Fig 7.  

The results in Fig 7 indicated that the concentration of SO4
2- in deionized water was increased 

with time. As the concentration of SO4
2- in deionized water was correlated with the dissolution of 

anhydrite, the dissolution of the anhydrite-CG3 was higher than the one of anhydrite-G30C in the 
eralier 4 days, but in the following 3 days they were similar. It was reported that the theoretical 
saturated solubility of anhydrite was 2.05 g/L in deionized water (Yang X. Y., et al, 2000), so the 
calculated saturated concentrations of SO4

2- was 1.21 g/L. The concentrations of SO4
2- in water for 1 

day was almost 0.9 g/L, showing the fast dissolution ratio of the anhydrite which was nearly 74% of 
the saturated solution. On the fifth day, there were two similar inflection points on the curves of the 
concentration of SO4

2- in deionized water with the time for the two anhydrite samples. At this time, the 
concentrations of SO4

2- in the slurries were 1.18 g/L and 1.15 g/L with precipitated gypsum of 3.40 wt% 
and 1.11 wt%, respectively. After five days, the concentration of SO4

2- in deionized water increased 
again, which might indicate that the solubility of Ca2+ and SO4

2- was not consistence. This would be 
studied in the future. The anhydrite-CG3 owned a faster dissolution rate might due to the grinding 
procedure creating more activated point on the surface of the anhydrite. 
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Fig.7 The concentration of SO4
2- in water with the time 

3.2.3 The hydration process influenced by preparing procedure 
The hydration processes of the two anhydrite plasters, with chemical activator or not, were 

studied by the resistivity with the time. The relation of resistivity with time of the anhydrite-CG3 was 
shown in Fig 8. Obviously, the minimum resistivity appeared at 768 min after the anhydrite contacted 
with water. Before 768 min the resistivity was reduced with increasing hydration time which indicated 
the dissolving process of anhydrite. The followed rise of resistivity was attributed to the water 
evaporation. At about 4300 min, the resistivity soared up to 4.05 from 3.97. The value was stable until 
at 5300 min that the resistivity jumped directly to nearly 3.92. After that the resistivity was grandually 
increased with the time. The cycle consistent to the results of concentration of SO4

2- varied with time 
in deionized water. It can be assumed that the resistivity soared up as the gypsum precipitated and the 
followed fall of resisitivity was attributed to the increased concentration of SO4

2- in deionized water. 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 

Fig.8 The relation of resistivity with time of the anhydrite-CG3 
The relations of resistivity with the time of the two anhydrite (anhydrite-CG3 and anhydrite-

G30C) slurries with addition of chemical activator were listed in Fig 9. The curves of the resistivity 
were obviously different from the one without chemical activator. The latter one had a higher 
resistivity value in the whole hydration period. And the results showed that the minimum resistivity 
values of the two anhydrite plasters activated by chemical activators were appeared at 11 min and 315 
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min after the anhydrite contacted with water, respectively. The phenomenon was attributed to the 
dissolution of chemical activators and the anhydrite. The followed rise of resistivity was attributed to 
the emergence of dihydrate and the water evaporation. The setting times of the anhydrite plasters were 
tested by Vicat apparatus. The initial and final setting times of the plaster, mixed with the anhydrite-
CG3 and chemical activators, were 31 min and 53 min, respectively. And the setting times of the other 
plaster were 74 min and 132 min, respectively. Obviously, the initial setting time of the plasters was 
different with the time of their minimum resistivity. For the plaster used the anhydrite-CG3, the initial 
setting time was appeared later than the time of minimum resistivity and in other word, the dissolution 
process of the anhydrite was finished before its initial set. However, it was opposite to the other plaster. 
It could be inferred that the plaster, used the anhydrite-CG3, owned more small crystal nuclei before 
its initial setting and more points of contacting each crystal of dihydrate after its final setting. There 
might be a connection between the final resistivity of the anhydrite plaster and the amount of the point 
contacting each crystal of dihydrate turned from anhydrite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) The relation of resistivity of the different anhydrite slurries before 4000 min 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) The relation of resistivity of the different anhydrite slurries before 500 min 
Fig.9 The relation of resistivity with time of the different anhydrite slurries 
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The hydration products were analysed by IR that was sensitive to the organic groups. The IR 
analyses of the anhydrites activated by chemical activators or not were shown in Fig 10. The results 
showed that there was no obvious difference between the anhydrites prepared by the two preparing 
procedures. The new frequences, 1620~1690 cm-1, 2130~2230 cm-1 and 3200~3600 cm-1, were 
appeared in both the curves of the harden plasters, which represented the infrared vibration of H2O. It 
indicated that there were dihydrate in the products hydrated from anhydrite. The band of 1620~1690 
cm-1 was split in the curve of the hydration product of anhydrite-CG3. It could be inferred that the 
amount of the dihydrate in the hydration product of anhydrite-CG3 was more than the other one as the 
faster dissolution of anhydrite improved the generation of small dihydrate crystal nuclei instead of the 
growing up of dihydrate. It was verified by the contents of dihydrate in the hydration products. The 
content of dihydrate on 1 day and 14 days of the hydration product of anhydrite-CG3, were 78.36% 
and 85.91% respectively but of the other one were 67.89% and 82.94%. 

 
a)The IR analyses of the anhydrites 

the upper one was anhydrite-G30C and the nether one was anhydrite-CG3 
and the nether one was anhydrite-G30C 

 
b)The IR analyses of the hydration product of anhydrite 

the upper one was the hydration product of anhydrite-CG3  
and the nether one was the hydration product of anhydrite-G30C 

Fig.10 The IR analyses of the anhydrites 
3.2.4 The physical performance influenced by preparing procedure 

The physical performance on 1 day and the dry performance of the hardened anhydrite plasters 
with chemical activator were listed in Table 2. The results indicated that either the 1 day physical 
performance or the dry physical performance, the hardened anhydrite-CG3 plaster were higher than 
the other one, because the former one owned a better solubility in the early hydration period. The XRD 
and SEM analyses of anhydrite-CG3 activated by chemical activator in Fig 11 and Fig 12 showed the 
product was gypsum with the shape of stumpy. So it owned a better physics performance. Especially, 
the 1 day compressive strength of hardened anhydrite-CG3 plaster, activated by chemical activators, 
was more 20 MPa which was more than two times of the other one. 

Table.2 The physical performances of the hardened anhydrite plasters with chemical activator 
Anhydrite-CG3 Anhydrite-G30C  

1 day dry 1 day dry 
Rf/MPa Rc/MPa Rf/MPa Rc/MPa Rf/MPa Rc/MPa Rf/MPa Rc/MPa 

4.7 22.3 9.2 38.7 3.5 10.5 8.8 33.6 
 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.11 The XRD trace of hardened anhydrite-CG3 plaster activated by chemical activator  

 
 
 
 
 
 
 
 
 
 
 
 

Fig.12 The SEM image of hardened anhydrite-CG3 plaster activated by chemical activator 
4. Conclusions 

The optimum calcining conditions of preparing anhydrite from phosphogypsum were direct 
calcining at 900℃ and 40 min reacting. The specific surface areas of the two anhydrite samples, 
prepared by calcining before 3 min grinding and 30 min grinding before calcining, were similar. But 
the dissolution rate of the anhydrite, prepared by the former procedure, was greater than the other. This 
anhydrite also had a shorter setting time and higher physical performance as it had a larger amount of 
crystal nuclei promoted by the greater dissolution rate. Results also showed that the dry compressive 
strengths of the hardened anhydrite plasters were both more than 30 MPa. It could be inferred that the 
plasters with different setting time could be used in different purposes. 
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Abstract 
The recycled gypsum sample with sodium polyphosphate (STPP) was prepared under the condition of 
laboratory simulation. Then the sample was calcined to hemihydrate and carried out the tests of its 
mechanical properties. By using modern testing instrument, such as SEM, Zeta potential analyzer, the 
effect of STPP on the performances of recycled gypsum and its change mechanism were analyzed. The 
results showed that the setting time and water-plaster weight ratio for standard consistency (W/P) of 
plaster of paris (POSP) with STPP were increased, which impaired the strength, while on the contrary, 
the setting time and W/P, strength of its recycled plaster (R-SP) were reduced and increased, 
respectively, compared with the recycled plaster (R-P) without STPP. And the strength was decreased to 
R-P and increased to R-SP, respectively, compared with POP and POSP. The analysis indicates STPP is 
selectively chemisorbed on the (111) face of gypsum crystal, it inhibits the growth in c axis direction, 
resulting in the transformation of morphology, thus making the hardened POSP crystals coarsened. 
When calcined, R-SP has rode-like crystals of low length-radius, also, -PO3Ca existing in the surface 
of R-SP increases the repulsive force between R-SP particles and improves their dispersion, which 
makes the W/P low, leading to the complete development of crystals and their close overlapping, thus 
reinforcing its hardened gypsum. 
 
Originality 
Large quantities of waste gypsum (WG) are produced every year from slip casting moulds in ceramic 
factories, construction and demolition waste. These materials has, therefore, been treated as waste and 
discarded at landfill site, leading to dual problems of disposal and health hazards. Efforts have been 
made in several countries to recycle WG. As we know, gypsum dihydrate can be converted to 
β-hemihydrate in an electric oven at 180℃. Yang Xinya et al. reported the macro-performance and 
studied the development laws, and on this basis doing research on improving the performances of R-P 
with the superplasticizer. Paulo Sérgio Bardella et al. described the physical strength of R-P. Gladis 
Camarini et al. presented the thermal properties of R-P. Li Zhixin et al described the phase 
composition, pyrolysis characteristics and microstructure. However, recycled gypsum is always 
different from natural gypsum in that additives are frequently added for many commercial application 
in order to control the workability of POP pastes. In particular, STPP is commonly incorporated in 
order to delay the setting time of gypsum-based materials. So the influence of sodium polyphosphate on 
properties of recycled gypsum are investigated in this research. 
 

* Corresponding author: pengjh@cqu.edu.cn, Tel +86-23-86268284, Fax +86-23-86268284 
 

                                                             



Keywords: recycled gypsum; sodium polyphosphate; properties; declining laws; mechanism

1. Introduction 

Large quantities of waste gypsum(WG) are produced every year from slip casting moulds in 
ceramic factories, construction and demolition waste(Stephen, E. M. et al., 2008; Luciana, H. 
A. et al., 2011; Pimluck, K. et al., 2013). The WG utilization, however, has not been well 
accepted as the natural gypsum is still available in large quantity at affordable cost. These 
materials has, therefore, been treated as waste and discarded at landfill site, leading to dual 
problems of disposal and health hazards(Henrik, 2010; Zhang, L.Z. et al., 2011; Ana, L. et al., 
2014; Ove, et al., 2014).  
Nowadays, Efforts have been made in several countries to use WG in making cement(Xu, 
B.S., 1998; Zhu, X.L., 2001; Chandara, C. et al., 2009), in soft clay(Sun, J.Y., 2006; Ahmed, 
A., et al., 2011a; Ahmed, A., et al., 2011b; Kamei, T., et al., 2012; Kamei, T., et al., 2013; 
Zhang, Y. Q., 2013) and ceramic products(Godinho-Castro, A.P., et al., 2012). However, the 
utilization of WG is limited due to the utilization of WG is only partially as auxiliary material. 
It's a great loss of resources. Large plate gypsum is also prepared from WG via a wet 
process(Yoshiyuki, K., et al., 2006), which is too complicated to use on a large scale. In order 
to recycle greater quantities of WG, R-P manufactured from WG utilizing the reversible 
reaction between gypsum dihydrate and gypsum hemihydrate was studied. Chen Biyu et al. 
(Chen, B. Y., et al., 1996) studied the main factors affecting the synthesis of α-hemihydrate 
and Xie Enliang et al. (Xie, E. L., et al., 2008) reported a process of preparing hemihydrate 
from waste model gypsum via autoclave technology, which causes a large consumption of 
energy. As we know, gypsum dihydrate can be converted to β-hemihydrate in an electric oven 
at 180℃(Yoshiyuki, K., et al., 2006). Yang Xinya et al. (Yang, X. Y., et al., 2000; Yang, 
X. Y., et al., 2004) reported the macro-performance(mechanical strength, setting time, water 
absorption, et al.) and studied the development laws, on this basis doing research on 
improving the performances of R-P with the superplasticizer. Paulo Sérgio Bardella et al. 
(Paulo, S. B., et al., 2012) described the physical strength of R-P from WG, such as particle 
size distribution, fineness modulus, specific gravity and bulk unit weight. Gladis Camarini et 
al. (Gladis, C., et al., 2013) presented the thermal properties of R-P. Li Zhixin et al.(Li. Z. X., 
et al., 2014) described the phase composition, pyrolysis characteristics and microstructure. 
However, recycled gypsum is always different from natural gypsum in that additives are 
frequently added for many commercial application in order to control the workability of POP 
pastes and the physical-mechanical properties of the gypsum plaster (Felix, B., et al., 2001). 
In particular, retarders are incorporated in order to delay the setting time of gypsum-based 
materials. And one of the most commonly used additives in gypsum is sodium 
polyphosphate(STPP). In the presence of STPP, a considerable retardation of the overall time 
and reduction of strength can be observed. It may affects the performances of recycled 
gypsum. So the influence of sodium polyphosphate on properties of recycled gypsum and its 
mechanism are discussed in this article, aiming at providing a certain guidance for the 
preparation of R-P and offering an alternative production pathway for gypsum manufacturers. 
2. Materials and methods 
2.1. Materials 
All experiments were carried out using virgin gypsum(VG), at room temperature. Its 



composition is shown in table 1. The chemical composition of VG was determined by X-ray 
fluorescence (XRF). And the STPP used was the commercial products. 

Table 1 Chemical Composition of VG used /% 

VG SO3 CaO SiO2 Al2O3 Fe2O3 K2O SrO 

Chemical Composition 47.5708 38.7294 1.1489 0.4232 0.1258 0.0744 0.0364 

2.2. Methods 
2.2.1. Preparations of recycled plaster 
The flowchart of preparing R-P with STPP(R-SP) and its hardened RSG were showed in Fig 
1. In detail, the procedures were as follows: VG was grinded with a laboratory steel ball mill 
for 2 min, and then calcined at 180℃ for 3h in an electric oven and aged in air for 2 d. POP 
was gained and added into STPP, then mixed with water according to the standard consistency, 
it was converted into gypsum dihydrate with STPP, which was called recycled gypsum(RSG) 
or hardened VSG. Then RSG was dried at 45-50℃ till mass stabilization and then did as the 
same process above. To the end, R-SP and hardened RSG were produced. 

VG Calcined POP Mixing with 
water RG(RSG)

Calcined R-P (R-SP) Mixing with 
water

Hardened 
RSG

STPP

 
Figure 1 The flowchart of preparing R-P(R-SP) and its hardened RG 

2.2.2. Methods of STPP added 
First, add 0.3 wt. % STPP into stirrer with water, and stir evenly; then pour the measured 
gypsum powder quickly. 
2.2.3. Temperature measurement 
Temperature measurement were carried out with a homemade vacuum flask and a 
thermometer was inserted into the paste though a small hole at the top of the isulating flask to 
monitor the hydration reaction of gypsum, the readings of the temperature were taken at every 
1 min during the hydration reaction (an methodology used by Peng Jiahui).   
2.2.4. Observation of gypsum crystal shape appearance 

Use the TESCAN VEGA Ⅲ LMH scanning electron microscope (SEM) to observe the 

crystal shape appearance of the hardened gypsum body. 
2.2.5. ζ-potential measurement 
A certain amount of gypsum powder was added to the water (Water-Plaster ratio was 50:1). 
After mixing with water for 2 min, then the supernatant was added into electrophoresis pool 
and analyzed by ζ-potential analyzer (Nano-ZS90).  
2.2.6. Performance testing 
Test the performances of R-P and POP according to GB 9776-2008 (China national standard 
for POP). 
3. Results and discussion 
The addition of STPP results in significant changes in the properties of POP under the 
conditions tested. On the other hand, very little changes and opposite results are observed in 
setting time and strength of R-P with the addition of 0.3 wt. % STPP in POP, respectively. Fig. 
2-3 and Tab. 2-5 shows the results of properties of POP and R-P in the absence and presence 



of STPP. 
3.1. Hemihydrate hydration 
In order to compare the hydraulic activity of POP and R-P in the absence and presence of 
STPP, setting time and temperature evolution rate curves are measured due to their allowing 
following the progress of hydration. The setting time of POP increases drastically with the 
addition of 0.3 wt.% STPP, the initial setting time is from 8min to 281min and the final time 
from 13min to 480min, while a little decrease in setting time can be seen in R-SP in 
comparision to R-P (Fig. 2). 
Previous studies state that the end of the hydration reaction occurs when the curves reaches 
maximum temperature (Leila, M. B., et al., 2013). The temperature changes of gypsum 
plasters during the hydration reaction are shown in Fig. 3. In the absence of STPP, the main 
peak of temperature in POP is found after approximately 1 h (see in Fig. 2). The maximum of 
temperature is shifted to 7.5h, if 0.3 wt.% STPP is added (POSP), and the peak broadens, 
indicating that the addition of STPP strongly retards the hydration of the used POP. Without 
STPP in R-P, the main peak of temperature occurrs after 80min, whereas the main peak of 
R-SP only occurrs after almost 70min, and the peak observed is similar to R-P, pointing that 
the STPP plays out in the hydration of R-SP. 
The retardant effect of STPP in POP is attributed to the presense of phosphate group, which 
reacts with calcium from hemihydrate dissolution and dihydrate crystallization, resulting in 
the formation of calcium phosphate (-PO3Ca) existing in the surface of recycled dihydrate. 
This reduces the available of calcium in the medium and slow down the crystallization step, 
extending the setting time, which is consistent with V. Nilles (V. Nilles, et al., 2012). Whereas 
STPP is found in the form of calcium phosphate (-PO3Ca) in R-SP after the hydration and 
calcination of POP, it cannot react with calcium from hemihydrate dissolution and dihydrate 
crystallization, thus losing the retardant effect. And the low W/P might cause the rise of 
oversaturation of R-SP, consequently leading to the little reduction of setting time compared 
with R-P. 

         

Figure 2 Setting time of gypsum plasters         Figure 3 Temperature evolution rate curves of                 
                                                      gypsum plasters as hydration 
3.2. Water-Plaster ratio and Mechanical strength of the hardened gypsum plaster 
The effect of the addition of 0.3 wt.% STPP on the hardened gypsum strength and 
Water-Plaster ratio for standard consistency (W/P) are shown in Table 2-5. As can be seen, an 
increase in W/P and a slight decrease in strength are found in POSP, and the decreasing rate 
in strength is 15-30% in comparision to POP. On the contrary, significant improvement in 



strength and a substantial decrease in W/P are observed in R-SP compared with R-P, the rate 
are above 80% and 26.83%, respectively. Table 4 and 5 shows that in the absence of STPP, 
the W/P and strength of R-P is improved and decreased relative to POP, respectively, and the 
increasing rate and decreasing rate are 34.43% and above 40%, respectively. R-SP, however, 
is increased in strength and reduced in W/P in comparision to POSP, the rate are above 15% 
and 4.76%. 
It can be concluded that the addition of 0.3 wt. % STPP in POP results in significant 
improvement of setting time and W/P, which in turn reduces the strength. On the contrary, 
very little decrease in setting time and significant improvement in strength can be seen in 
R-SP. 

Table 2 Properties of Plaster of Paris 

Gypsum        W/P 
1d strength Dry strength 

Bending 
strength 

Compressive 
strength 

Bending 
strength 

Compressive 
strength 

POP 0.61 2.20 4.66 3.78 7.87 
POSP 0.63 1.84 4.02 3.21 6.53 

Rate(%) 3.28 16.36 13.73 15.08 17.03 

 
Table 3 Properties of Recycled Plaster 

Gypsum        W/P 
1d strength Dry strength 

Bending 
strength 

Compressive 
strength 

Bending 
strength 

Compressive 
strength 

R-P 0.82 1.24 2.61 2.11 4.15 
R-SP 0.60 2.28 4.76 3.87 8.97 

Rate(%) 26.83 83.87 82.38 83.41 116.14 

 
Table 4 Change laws of R-P compared with POP in the absence of STPP 

Gypsum        W/P 
1d strength Dry strength 

Bending 
strength 

Compressive 
strength 

Bending 
strength 

Compressive 
strength 

POP 0.61 2.20 4.66 3.78 7.87 
R-P 0.82 1.24 2.61 2.11 4.15 

Rate(%) 34.43% 43.64 43.99 44.18 47.27 

 
Table 5 Change laws of R-SP compared with POP in the presence of STPP 

Gypsum        W/P 
1d strength Dry strength 

Bending 
strength 

Compressive 
strength 

Bending 
strength 

Compressive 
strength 

POSP 0.63 1.84 4.02 3.21 6.53 
R-SP 0.60 2.28 4.76 3.87 8.97 

Rate(%) 4.76 23.91 15.55 20.56 37.37 

3.3. Mechanism 
3.3.1 POP 



Morphological studies have shown that the strength developments in the hydrating 
hemihydrate paste are related to the interlocking structure, size, shape and macro defects of 
gypsum crystals (N.B. Singh, et al., 2007). Fig. 4 compares the morphology of hardened POP 
and POSP in the absence and presence of 0.3 wt. % STPP. Hardened POP seems to be denser, 
consisting of interlocking crystals in the form of needles, then producing a gypsum with 
considerably high strength. In the presence of 0.3 wt. % STPP, the crystal morphology is 
changed. The interlocking needles for hardened POSP becomes thinner and shorter. This 
change in microstructure gives a substantial reduction in intercrystalline bonding which 
results in decreased strength. 

                    
(a)POP                                              (b)POSP 

Figure 4 Microstructure of hardened POP and POSP 
3.3.2 R-P 
The morphology comparision of R-P and R-SP is shown in Fig. 5, R-P consists of small 
crystals with acicular crystals whereas R-SP consists of rode-like crystals with a low aspect 
ratio due to the inhibition of the crystal growth along axis c and turning the crystal into short 
club in RSG (see in Fig. 4b). Hence R-P requires more water than R-SP does in order to 
obtain a paste of standard consistency. Therefore, theoretically R-P needs to work in a high 
W/P that induces weak mechanical strength. 

                    
(a)R-P                                              (b)R-SP 

Figure 5 Microstructure of R-P and R-SP 
Fig. 6 shows the Zeta potential of R-SP particle surface with the addition of 0.3 wt. % STPP. 
In the absence of STPP, the ζ-potential of R-P particles is only -0.246mv. After adding STPP 
in POP, the ζ-potential of R-SP is -3.620mv. STPP changes into anionic surfactants (-PO3Ca). 
Their existence changes the ζ-potential of R-SP surface. But the higher absolute value brings 



about an increase of repulsive force between R-SP particles and improvement of dispersion, 
leading to the low W/P. 

 
Figure 6 The ζ-potential of R-P and R-SP surface 

The microstructure of hardened R-P and R-SP is shown in Fig. 7. As we can see, Hardened 
R-P and R-SP differ in the size and arrangement of crystals. The crystals in hardened R-P 
arranges in parallel, has coarsened crystals and reduces intercrystalline bonding, which impair 
the mechanical strength of the specimen, whereas hardened R-SP crystals with a high degree 
interlocking can be seen although a low aspect can also be seen, consequently the set R-SP 
paste has an improved mechanical strength. 

                    

(a)R-P                                               (b)R-SP 
Figure 7 Microstructure of hardened R-P and R-SP 

 
4 .Conclusions 
Sodium polyphosphate (STPP) acting as an effective retarder is used to delay the setting time 
of POP. At the dosage of 0.3 wt. %, the time period in which POP paste remains fluid and 
possesses sufficient workability is significantly extended, the initial time increases from 8min 
to 281min and the final time from 13min to 480min. Whereas a little decrease can be seen in 
R-SP due to the low W/P in comparision to R-P. 
The strength in hardened POSP is slightly reduced by phosphate, and the decreasing rate is 
above 10% compared with POP without STPP. On the contrary, in the presence of 0.3 wt.% 
STPP, an increase in strength is obtained in R-SP, the rate is above 80%. And the strength is 
decreased to R-P and increased to R-SP, compared with POP and POSP, respectively. 
The change mechanism relies on the reaction of phosphate with calcium from hemihydrate 
dissolution and dihydrate crystallization in POP, resulting in the formation of calcium 
phosphate (-PO3Ca) existing in the surface of recycled dihydrate, leading to the change of 



morphology and generation of repulsive force between R-SP particles and improvement of 
dispersion, which brings about the loss of retardant effect, also low W/P induces strong 
mechanical strength.  
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Abstract 
Sometimes, planting eco-concrete in engineering was prepared by using sulfoaluminate cement. But the planting eco- 
concrete was prepared by using sulfoaluminate cement  remains two problems that the alkalinity is too high and the 
water absorption performance  is too bad. Zeolite is a porous material and has adsorption performance for ions. The 
main ingredient of zeolite is SiO2 and Al2O3, so zeolite don’t contain alkali. This paper was investigated the influence of 
zeolite on the performance of sulfoaluminate cement used in planting eco-concrete. This paper aimed to reduce the 
alkalinity and increase the slow-release performance of the planting eco- concrete by using zeolite . X-ray diffraction 
analysis, search engine marketing and mercury porosimetry were used to determine the mineralogical compositions, 
micropattern and porosity of sulfoaluminate cement hydration products. The results showed that zeolite  increased the 
water requirement of cement normal consistency and reduced the alkalinity of hardened sulfoaluminate cement pastes. 
When the dosage of zeolite reaches 30%, the alkalinity of 3d hardened sulfoaluminate cement pastes reduced 20% 
compared with the pure hardened sulfoaluminate cement pastes ,which due to with the increasing dosage of zeolite, 
calcium hydroxide produced by hardened sulfoaluminate cement would be reduced. The relative density of hardened 
sulfoaluminate cement pastes decreases with the dosage of zeolite increasing, which improves the water absorption 
performance of hydrated cement pastes and the environment of plant growth. 
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1. Introduction 
Planting eco-concret  is  made  of  single-sized  coarse  aggregate、cementitious material、 mineral 
admixtures、  chemical admixtures、  water et al (Liu Xiaokang, 2 006).   It should be properly 
mixed before cast in mould.  Because  of  its  large-pore  structure,  planting eco-concret  have  much  
ecological  and  environmental value.   It can be widely used in river side、  highway side、  water 
purification、  pavement、 voice absorption、  organism adaptable structure, and so on (Yan Xiaobo, 
2 013). Sometimes, planting eco-concrete in engineering was prepared by using sulfoalumin- 
ate cement (Li Qinggang, 2 007). But the planting eco-concrete was prepared by using sulf- 
oaluminate cement remains two problems that the alkalinity is too high and the slow-release 
performance of fertilizer is too bad. Zeolite is a porous material and has adsorption performance for 
ions (R.A van Santen, et al., 1 991). The main ingredient of zeolite is SiO2 and Al2O3, so zeolite 
doesn’t contain alkali. And zeolite powder is good adaptable to Portland cement and has been used as 
cement admixtures (Noemi Baldino, et al., 2 014)for recent years. Many countries including China are 
rich in zeolite resources (She Zhenbao, 2 013) and zeolite powder can be conveniently processed and 
easily obtained .This paper was investigated the influence of zeolite on the performance of 
sulfoaluminate cement used in planting eco-concrete and aimed to reduce the alkalinity and increase 
the slow-release performance of the planting eco- concrete by using zeolite. 
2. Experimental 
2.1. Raw Materials 
Rapid-hardening sulphoaluminate cement (cement grade can reach the levels of 42.5) was used as a 
cementitious material in the cement past, whose initial setting time and final setting time were 9 min 
and 26 min, respectively. The zeolite powder was determined by using X-ray fluorescence spectromet- 
er,and the experimental date were analyzed using the SPECTRA plus V2 .Obtained results are shown 
in Tab. 1. Particle size distribution of cement and zeolite was determined by using a LS13320 (Beckm- 
an, USA),and the experimental date are shown in Figure 1. 

Tab. 1 Chemical compositions of tailings /% 
Composition(%w/w) SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O TiO SO3 

Cement 9.6 45.16 21.64 2.45 1.28 1.38 0.17 1.03 10.73 
Zeolite 74.46 1.95 13.68 1.48 0.42 4.40 2.98 0.14 0.07 
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Figure 1 Particle size distribution for adopted cement and zeolite. 

2.2. Experimental Process 
Based on previous research, the water-binder ratio was chosen as 0.30.Firstly, zeolite powder was 
mixed with sulphoaluminate cement by Y type mixer, the weight ratio of zeolite powder to 
sulphoaluminate cement were 0:10,1:9,2:8 and 3:7,respectively, and then materials above were stirred 
by cement paste mixer. After that ,the mixture was put into 20﹡20﹡20 mm3 moulds. It was cured at 
20±1℃ for 24 hours , and its relative humidity was 95±2%. At last , hydrated sulfoaluminate cement 
pastes were demoulded and cure in water at 20±1℃ till the curing time was up to the specific age. 
The compressive strength of hydrated sulfoaluminate cement pastes is tested on a machine of 
100 KN capacities. Its loading rate is 0.2 KN/S. After the surface water of hydrated sulfoalu-



 

minate cement pastes cured for 3 days is wiped off with a damp cloth, its compressive stren -
gth is performed on testing machine. 
In the experiment of alkalinity of pore fluid test of hydrated sulfoaluminate cement pastes, the 
methods of extracting liquid could be classify three forms: extracting method of high press (Berry, et 
al., 1 990), ex-situ leaching ( Lianfang Li, et al., 2 005) and in-situ leaching （Duchesne J, et al., 1 
994）each meth- od has advantages and disadvantages. In the work ex-situ leaching was adopted to 
prepare liquid , mai- nly including: 3d hydrated sulfoaluminate cement pastes were break, grind and 
sift it through the sieve of 74um;dissolve 10g samples in 100g distilled water, vibrate it every 
5mine,after 2h liquid was filter-ed, the PH have been test by using a PH Meter of PHS-3E. 
The water absorption performance of sulfoaluminate cement pastes is tested at 16.5±0.5℃, and its 
relative humidity was 30±2%. The test method of hydrated products of sulfoaluminate cement pastes 
is XRD and the test method of porosity of hydrated sulfoaluminate cement pastes is mercury intrusion 
porosimetry (MIP). 
3. Results and Discussion 
3.1. Compressive strength of hydrated cement pastes 
The experimental date of compressive strength test of hydrated sulfoaluminate cement pastes are 
shown in Figure 2. As shown in Fig.2, 1d compressive strength of hydrated sulfoaluminate cement 
pastes are 38.4MPa ,40.5MPa ,39.6MPa and 37.0MPa , respectively .It has been shown that there is 
neglected effect of 10%，20% and 30% by weight of zeolite powder content on 1d compressive 
strength of hydrated sulfoaluminate cement pastes. The 3d compressive strength of hydrated 
sulfoaluminate cement pastes are 55.0MPa, 3.0MPa, 51.7MPa and 48.5MPa, respectively.  
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Figure 2 Effect of zeolite powder content on the compressive strength of hydrated cement pastes 

Compared with pure sulfoaluminate cement, the compressive strength of hydrated sulfoaluminate 
cement paste increased 8MPa (the growth rate up to 14.5%) when sulfoaluminate cement contains 
10% (by weight) of zeolite powder, so zeolite powder could accelerate the early hydration of 
sulfoaluminate cement. Sulfoaluminate cement contains 20% (by weight) of zeolite powder, its 
compressive strength of 3d hardened sulfoaluminate cement paste has decreased 3.3MPa compared to 
pure sulfoaluminate cement, but the degree of decrease no more than 6%. When the content of zeolite 
powder more than 20% （ such as 30% by weight ） , compressive strength of 3d hydrated 
sulfoaluminate cement paste was decreased further. Therefore use just enough (such as 10% by weight) 
zeolite powder is benefit for the compressive strength of hydrated sulfoaluminate cement pastes, but 
excessive (such as 30% by weight) zeolite powder can decrease the compressive strength of hydrated 
sulfoaluminate cement pastes. 
3.2. Alkalinity of pore fluid of hydrated cement pastes 
Figure 3 shows the test result of alkalinity of pore fluid of hydrated sulfoaluminate cement pastes. 
According to extensive literature, as for the same admixture content, there is neglected effect of water-



 

binder ratio on the alkalinity of pore fluid of hydrated cement pastes, so only one water-binder ratio of 
0.30 was researched in this paper. When the sulfoaluminate cement don’t contain zeolite powder, the 
alkalinity of pore fluid of hydrated sulfoaluminate cement paste up to 11.29. If use this kind of 
sulfoaluminate cement to prepare planting eco-concrete, directly. Because of the high alkalinity has 
negative effect on the normal growth of plants, plants don’t grow naturally. when sulfoaluminate 
cement contains 10% (by weight) of zeolite powder , the alkalinity of pore fluid of hydrated 
sulfoaluminate cement paste was reduced to 10.47, so zeolite powder could reduce the alkalinity of 
pore fluid of hydrated sulfoaluminate cement paste.  
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Figure 3 Effect of zeolite powder content on the alkalinity of hydrated cement pastes 

And along with zeolite powder content increased, alkalinity of pore fluid of hydrated sulfoaluminate 
cement pastes always decrease gradually. But the alkalinity decreased slowly as the zeilite powder 
contant increased. So, can find out, zeolite powder can consume alkali from hydration of 
sulfoaluminate cement .When the dosage of zeolite reaches 30%(by weight), the alkalinity of 3d 
hardened sulfoaluminate cement pastes reduced about 20% (up to 9.24)compared with the pure 
hardened sulfoaluminate cement pastes. This can meet alkalinity requirement for plant growth. 
3.3 Water absorption and loss performance of hydrated cement pastes 
Figure 4 shows the effect of zeolite powder content on the water absorption performance of hydrated 
cement pastes. The results show that the water absorption amount of hydrated cement pastes changed 
great within the initial 0.5h. Three curves of none zeolite powder, 10% zeolite powder and 20% zeolite 
powder are similar basically, 7.8g, 7,9g and 8.3g water has been finally absorbed into 100g sample, re- 
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Figure 4 Effect of zeolite powder content on water absorption performance of hydrated cement pastes 

spectively. It shows that there is neglected effect of 10% (by weight) zeolite powder content and 20% 
(by weight) zeolite powder content on the water absorption performance of hydrated cement pastes,but 



 

the water absorption capacity has an upward trend. The water absorption capacity increased 
significantly while sulfoaluminate cement contains 30% (by weight) zeolite powder compared with 
others. It shows that a large amount of zeolite powder can increase water absorption capacity of 
hydrated sulfoaluminate cement paste. 
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Figure 5 Effect of zeolite powder content on the dehydrating performance of hydrated cement pastes 

Figure 5 shows the effect of zeolite powder content on the water loss performance of hydrated cement 
pastes. Water absorption saturated samples under natural environment that the temperature was 16.5 ± 
0.5℃, and its relative humidity was 30±2%. Because of approximate treat and numeric analysis for w- 
ater loss amount of hydrated sulfoaluminate cement pastes. The curve of none zeolite powder has two 
points with the same date of ordinate, the time is 20h and 25h. Based on the Figure 4 and Figure 5，
the effect of zeolite powder content on the water loss performance of hydrated cement pastes different 
with the effect of zeolite powder content on the water loss performance of hydrated cement pastes. 
There is significant effect of zeolite powder content on the water loss performance of hydrated cement 
pastes. As the zeolite power content increased, water loss amount and dehydrating rate obviously 
increased. Furthermore, samples were exposed to natural environment after 60h, the water loss amount 
only about half of the water absorption amount, which indicates the water loss of hydrated 
sulfoaluminate cement (contains zeolite power or not) pastes is a long process. 
3.4 Hydration products of cement and zeolite powder 
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Figure 6 Effect of zeolite powder content on the hydration products of cement 
The result of XRD spectrum (Figure 6) of hydrated products shows that there is no obvious difference 
between the hydrated products of sulfoaluminate cement adding with zeolite powder and the pure 
sulfoaluminate cement. Because of zeolite powder was adopted in this work is high silicon zeolite, the 
hydrated products of sulfoaluminate cement and zeolite powder contains some SiO2. And the amount 
of SiO2 increased gradually as the zeilite powder content increased. Hydrated products shown in the 
XRD characteristic spectrum mainly refer to ettringite (AFt). During the period of hydration, the peak 



 

value of ettringite and SiO2 is relatively high, which shows that the hydration process of 
sulfoaluminate cement paste with zeolite powder is much quicker and those SiO2 were principally 
brought in by zeolite. There is some unhydrated Yeelimite ( C4A3$)still exists in 3d hydrated 
sulfoaluminate cement pastes, it shows that sulfoaluminate cement don’t hydrated completely for 3d. 
No matter sulfoaluminate cement contains zeolite powder or not, some CaCO3 exists in 3d hydrated 
sulfoaluminate cement pastes, it shows that CaCO3 is an additive for sulfoaluminate cement. There is a 
noticeable problem that the amount of CaCO3 hasn’t any reduce as the zeilite powder contant 
increased. It is probably zeolite contains some CaCO3.There is no more studies in this paper. 
3.5 Porosity of hydrated cement pastes 
The total pore volume indicated by mercury intrusion porosimetry (MIP) increased with the amount of 
added zeolite powder (Fig.7) which agreed with the water absorption performance of hydrated cement 
pastes (Fig.4). The increase of pore volume was mainly due to fine pores of diameter below 0.1um 
(Fig.8). Although incorporation of pozzolanic admixtures themselves into the binder system often 
causes refinement of the pore structure, in this particular case the most probable reason was the 
preservation of microcrystalline structure of zeolite in the hardened mixes. As it was reported by 
Ghourchian et al. （Ghourchian S et al., 2013）, MIP specific pore volume of pure clinoptilolite is 
about 0.10 cm3g-1and dominantly pores smaller than 0.1 um are present. Thus, a presence of unreacted 
zeolite in the mix should be accompanied by an increase of pore volume just in the range below 0.1 
um as it was observed in Figure 8. The measured pore size distribution presents then an important 
indicator of the effectiveness of zeolite as a part of the blended binder. Figure8 shows only a moderate 
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Fig.7 Effect of zeolite powder content on the cumulative pore volume of hydrated cement pastes 
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Fig.8 Effect of zeolite powder content on the pore size distribution of hydrated cement pastes 



 

increase of pore volume in the 0.01–0.1 um range for the mixes containing up to 20% natural zeolite. 
However, for concretes with 30% zeolite content in the binder the increase of pore volume in that 
rangewas rather fast. This indicated that an only up to 20% replacement of sulfoaluminate cement by 
natural zeolite might be an effective solution, as for the incorporation of zeolite into the hydration 
process. 
The pore distribution in the 0.1–10 um range differed significantly from the corresponding 
concretes studied in (Vejmelková E et al., 2013)where the mix with 20% zeolite content 
exhibited a distinct peak at approximately 700 nm and the concrete with 40% of natural 
zeolite as sulfoaluminate cement replacement had a relatively high volume of capillary pores 
within the range of 1–10um. These differences confirmed the positive effect of the new mix 
design which was supposed to be reflected in the improvement of other engineering properties. 
4. Conclusions 
Using just enough (such as 10% by weight) zeolite powder is benefit for the compressive strength of 
hydrated sulfoaluminate cement pastes, but excessive (such as 30% by weight) zeolite powder can 
decrease the compressive strength of hydrated sulfoaluminate cement pastes. 
With the increasing amount of zeolite the alkalinity of pore fluid of hydrated sulfoaluminate cement 
pastes decreased. When the dosage of zeolite reaches 30% (by weight), the alkalinity of 3d hardened 
sulfoaluminate cement pastes reduced about 20% (up to 9.24)compared with the pure hardened 
sulfoaluminate cement pastes. 
The water absorption amount of hydrated cement pastes changed great within the initial 0.5h. There is 
neglected effect of 10% (by weight) zeolite powder content and 20% (by weight) zeolite powder 
content on the water absorption performance of hydrated cement pastes. A large amount of zeolite 
powder can increase water absorption capacity of hydrated sulfoaluminate cement paste. There is 
significant effect of zeolite powder content on the water loss performance of hydrated cement pastes. 
As the zeolite power content increased, water loss amount and dehydrating rate obviously increased. 
The hydrated products of sulfoaluminate cement are Aft, CaCO3 and Yeelimite. The hydrated products 
of sulfoaluminate cement and zeolite powder contains some SiO2. And the amount of SiO2 increased 
gradually as the zeilite powder content increased. 
The pore size distribution was identified as an important indicator of the effectiveness of zeolite as a 
part of the blended binder. While only a moderate increase of pore volume in the 0.01-0.1 um range, 
which is characteristic for zeolite in general, was observed for up to 20% replacement level. 
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Abstract  
The identification of eco-compatible cement is a relevant issue in the field of building materials research. Cement 
formulations based on reactive periclase (MgO) constitute one of the most promising emerging technologies for the 
reduction of CO2 emissions involved in traditional CaO-based cement production. In the present study, pastes were 
prepared by mixing Portland cement and MgO/SiO2 blend. The aim was to investigate the effect of mixing CaO- and MgO-
based binders on the hydration reaction and on the microstructure development of the pastes. The kinetics of hydration of 
these pastes were monitored by Differential Scanning Calorimetry, while the formation of hydrated phases were determined 
by Thermogravimetric Analysis and X-ray Diffraction. The structural properties of all samples were investigated by solid 
state 29Si-NMR. Finally, the morphology of the pastes has been studied by means of Scanning Electron Microscopy. The 
results showed that in the mixed sample the formation of portlandite is completely inhibited while little amounts of brucite 
are present. The experimental evidences showed that both calcium silicate hydrate and magnesium silicate hydrate gel 
phase formed. Interestingly, the kinetics of hydration in the mixed sample is dominated by the MgO/SiO2 hydration in the 
first period, while the diffusional stage is regulated by the presence of Portland cement.  
 
Originality  
This paper reports an investigation on the hydration kinetics, the structure and the morphology of Portland-MgO/SiO2 
mixed formulations, to define the relationship among composition, structure and properties. As a matter of fact, even if 
MgO based cement is one of the most promising environmentally sustainable cement formulations, such a systematic study 
is still lacking. In particular, controlling the kinetics of the hydration reaction (mainly time and rate of the nucleation and 
growth process) is a technologically important target.. This understanding is fundamental to give the industry the 
opportunity for real applications. Furthermore, the structural description of these formulations as a function of the 
composition and of the hydration time remains a fundamental task, as these data will be crucial to control the properties of 
the final product and to modulate the performances to specific requirements.  
The possibility of obtaining magnesium silicate hydrate (M-S-H) binder phase in the presence of Portland cement is 
explored. In particular a highly reactive nanometric SiO2 was chosen to improve the M-S-H formation and to investigate 
the possible simultaneous coexistence of C-S-H and M-S-H binders in “real” pastes. 
 
Keywords: MgO-based cement, eco-sustainable binder, hydration kinetics, structural study. 
 
1. Introduction 
Reactive magnesia cements are based on the hydration of highly reactive periclase (MgO) that, in the presence of 
a silica source, forms a binder phase, M-S-H (magnesium silicate hydrate), which is analogous to C-S-H 
(calcium silicate hydrate), present in Portland cement (PC). These formulations constitute one of the most 
promising emerging technologies for the reduction of CO2 emissions in the cement manufacture field 
(Vandeperre L.J. et al, 2007.), as their production process avoids the use of carbonate sources and occurs at 
lower temperature, thus requiring less fuel (Vlasopoulos N., et al., 2009). The composition and the properties of 
M-S-H depend on the relative amounts of the reagents (MgO, SiO2, H2O) and on the reactivity of the solid 
phases (Vandeperre L. J., et al., 2008a, 2008b; Zhang T., et al. 2011; Jin F., et al., 2013; Szczerba, J., et al., 2013; 
Jin F., et al., 2014; Li Z., et al., 2014). 
In this study we investigated the effect of mixing PC to a mixture of reactive MgO and amorphous silica on the 
hydration reaction and on the structural and morphological characteristics of the hydration products. The results 
were compared with those obtained for a sample of pure PC and a sample of pure MgO/SiO2 paste, all hydrated 



at the same water/solid (w/s) ratio. A nanometric silica source was chosen to maximize the reactivity, producing 
the highest amount of M-S-H. We believe that this study can be useful to verify the compatibility of CaO-based 
and MgO-based binders, in view of obtaining mixed pastes able to combine the optimal mechanical properties 
due to C-S-H and the “ecological” feature of M-S-H. 
 
2. Experimental 
2.1. Raw Materials 
Portland cement was obtained from CTG-Italcementi (Bergamo, Italy). Commercially available reactive 
magnesium oxide (MgO, Sigma-Aldrich) and silica fume (SF, Aldrich) were used. The physical properties and 
chemical composition of raw materials are reported in Table 1. 
 

Table 1. Physical properties and chemical composition of Portland cement, MgO and silica fume. 
Label MgO Silica fume Portland cement 
Chemical composition (%)    

SiO2  ≥99 16 
Al2O3   3.87 
Fe2O3   2.02 
CaO   60.4 
MgO ≥99  2.52 
SO3   4.33 

Na2O   0.64 
K2O   0.87 
SrO   0.11 

Mn2O3   0.06 
P2O5   0.09 
TiO2   0.2 

BET surface area (m2/g) 121±5 395±25 1.4±0.1 
    
Mean particle size 44 μm 0.007 μm 20 μm 
    
Reactivity (s) 60a   

a Magnesium oxide reactivity has been measured with the test proposed by van der Merwe et al.(Van der Merwe E.M., et al., 
2004). 
 
The compositions of the three samples investigated in this study are listed in Table 2, together with an 
abbreviated notation that will be used throughout the paper. Magnesium oxide and silica fume were always 
mixed at 1:1 molar ratio.  
 

Table 2. Composition of the samples. 
Reference MgO (wt%) SF (wt%) PC (wt%) w/s  

MS100 40 60 0 2 
MS50C50 20 30 50 2 

C100 0 0 100 2 
 
The pastes were prepared by manually mixing typically 4 g of solids with water (purified by a Millipore 
Organex System; R≥18 Mw cm). To ensure a homogeneous distribution of the different solids, they were dry 
mixed before adding water. The water to solid ratio (w/s) was fixed at 2 for all the compositions to well compare 
the hydration kinetics. The pastes were stored at 20 ºC in polyethylene bags. Apart from the case of DSC 



measurements, after 1, 3, 7 and 28 days from the preparation roughly 1 g of paste was withdrawn and 
lyophilized, to stop the hydration reaction.  
 
2.2. Methods 
Differential Scanning Calorimetry (DSC) measurements were performed using a DSC Q2000 from TA 
Instruments (Philadelphia, USA). Immediately after the preparation roughly 40 mg of each paste was placed in a 
steel pan and sealed with a cover equipped with a neoprene O-ring to avoid any water loss. Each sample was 
maintained in a thermostatic bath at constant temperature (20 ºC) and periodically analyzed with the following 
temperature program: equilibrate to -60 ºC, isothermal for 4 minutes, ramp from -60 ºC to +30 ºC at 5 ºC/min.  
Thermogravimetry (TGA) was conducted on a STD Q600 (TA Instruments, Philadelphia, USA), operating from 
room temperature to 1000°C at 10°C/min, in nitrogen flux. 
X-ray diffraction (XRD) spectra were recorded with a XRD Bruker New D8 Da Vinci instrument operating at 40 
kV and 40 mA, with a Cu source (emitting radiation at a wavelength of 1.54 Å). The scanning regions were 
between 2θ values from 5° and 40°, at 0.05°/step. 
Scanning Electron Microscopy (SEM) images were collected on uncoated fracture surfaces with a field-emission 
ΣIGMA (Carl Zeiss) microscope, with an accelerating potential of 2 kV. 
Surface area measurements were performed by means of a Coulter SA 3100 analyzer. 
Solid State NMR (SSNMR) spectra were recorded on a Varian InfinityPlus 400 spectrometer, working at 1H and 
29Si Larmor frequencies of 400.3 and 79.5 MHz, respectively, using a 7.5 mm probehead with 1H and 29Si 90° 
pulse durations of 6.75 and 6 µs, respectively. 29Si DE-MAS spectra were recorded using a Direct Excitation 
experiment, under high-power decoupling from 1H nuclei, with a Magic Angle Spinning frequency of 5.5 kHz. 
For C100 and MS50C50 a recycle delay of 10 s was used and 8000 transients were accumulated, while in the 
case of MS100 the recycle delay was 20 s and 4000 transients were recorded. 29Si chemical shifts were referred 
to TMS as primary reference. All spectra were recorded at room temperature, using air as spinning gas. 
  
2.3. Hydration kinetics 
From the enthalpy variation of the water melting, we calculated the Free Water Index (FWI) according to the 
procedure reported in previous works (Damasceni A., et al., 2002; Ridi F., et al., 2003). The hydrating paste was 
periodically frozen at -60 ºC and melt at constant heating rate. The melting peak of the unreacted water present 
inside a paste decreases over time as the water is consumed by the hydration reaction. This melting peak is 
measured and integrated periodically during the hydration process to extract the fusion enthalpy, ∆Hexp. The FWI 
parameter is then calculated for each measurement by knowing the original weight fraction of water in the paste, 
φw and the theoretical value of melting enthalpy of water, ∆Htheor (333.4 J/g) (Damasceni A., et al., 2002):  
 

     (1) 

This indirect method to monitor the hydration kinetics of cementitious pastes has been proved to be in full 
agreement with the standard isothermal calorimetry method that directly measures the heat evolved by the 
hydration of the anhydrous phases (Ridi F., et al., 2011a). Furthermore, being the DSC method based on a 
discrete number of measurements rather than continuously monitoring the reaction, DSC is not limited by the 
evolved heat, thus enabling the acquisition of data also for the diffusional stage, until completeness of the 
hydration. 
 
2.4. Boundary Nucleation and Growth Model (BNGM) 
The kinetic data have been analyzed by means of the Boundary Nucleation and Growth Model (BNGM). It was 
firstly developed for metal phases transformations and in more recent years it has been successfully applied to 
the description of cement hydration reaction by Thomas (Thomas J.J., 2007). Very recently, also the hydration 



reaction of periclase (MgO) forming brucite (Mg(OH)2) has been modeled with BNGM (Thomas J.J., et al., 
2014). 
The mathematical treatment behind this model and its generalized form have been described extensively, and the 
reader is invited to refer to the previous literature to go into further details (Thomas J.J., et al., 2009; Peterson 
V.K., et al., 2009; Ridi F., et al., 2011b; Ridi F., et al., 2012). According to the generalized BNGM, the volume 
fraction of transformed phase can be expressed as a function of two independent rate constants, named kB and kG. 
kB is defined as the rate at which the surface of the anhydrous particles is covered of hydration products, while kG 
is the rate at which the pore space between the particles fills in with products. The relative values of kB and kG 
determine the overall shape of the hydration curve. If the boundary area per unit of volume (on which nucleation 
can occur) is known, the model allows the calculation of the linear growth rate (named G) and the nucleation 
rate (IB) of the whole process. Such a calculation is easily performed when the stoichiometry of the reaction is 
defined (as for example in the hydration of tricalcium silicate or in the formation of brucite from MgO), but it is 
more complicated in heterogeneous systems, where multiple hydration reactions occur simultaneously and not 
independently. In these cases the estimation of the final volume of hydration products (necessary for the 
evaluation of the boundary area per unit volume) is not trivial.  
The final part of the DSC curves has been fitted by means of a diffusional model, taking into account that, after 
the initial formation of the hydration products, the rate-determining step of the reaction is the diffusion of the 
water through them to reach the anhydrous phases. The transition time from BNGM to diffusional model is 
indicated as tD. A combined BNGM-diffusional model has been already used in the literature to describe 
cementitious samples (Ridi F., et al., 2012; Ridi F., et al., 2013). 
 
 
3. Results and Discussion 
3.1. DSC results  
According to the literature, the hydration of MgO in the presence of SiO2 occurs by hydration of MgO to form 
brucite and by almost immediate reaction of these newly formed nucleation centers of Mg(OH)2 with silicate 
ions, derived from the partial dissolution of SiO2 (Jin F., et al., 2013) (Szczerba J., et al., 2013). The formation 
of Mg(OH)2 directly depends on the MgO/water ratio and is mostly influenced in the early three days 
(Jiangxiong W., et al., 2006). It is reported that in the first 24 hours of hydration the most part of Mg(OH)2 
formation occurs, together with a small amount of M-S-H; during the following three days the rate of Mg(OH)2 
formation decreases, while the M-S-H precipitation increases; in the final part of the kinetics the dominant 
process is the formation of M-S-H (Li Z., et al., 2014). 
The hydration kinetics of the samples analyzed in this work are reported in Figure 1. It is evident that the 
addition of MgO/SiO2 (MS) to Portland cement significantly changes the profile of the curves. In particular, in 
the samples containing MS, the water consumption starts earlier and occurs consuming more water than in the 
case of PC sample. It is significant that the kinetics of the MS100 and MS50C50 samples are almost identical in 
the first part, differing only in the diffusional stage. When looking at the values obtained for the kinetic 
parameters from the BNGM-diffusional fitting (Table 3), the previous evidences are further confirmed: in 
particular the kB value in the samples containing MS are 5-times higher than the value in the Portland cement, 
meaning that the initial formation of hydration products on the boundary of the anhydrous phases is significantly 
faster. The same considerations can be made for the kG value, which is 10-times higher in MS-containing 
samples than in Portland cement. This means that the rate at which the voids fill in is lower for the Portland 
cement paste, comparing samples with the same w/s ratio. The shape of the curves of MS100 and MS50C50 
samples are almost coincident in the first part and differ from the C100 case. This is an indication that, when 
periclase and silica are present, the rate-determining process is probably the formation of highly reactive 
Mg(OH)2 nuclei, which in presence of SiO2 almost immediately are converted in M-S-H (Li Z., et al., 2014) The 
amount of water consumed during the acceleration period in MS100 and MS50C50 samples is much more than 



in C100 case, as evidenced by the FWId values (see Table 3), which are the FWI reached at td, i.e. the time when 
the diffusional period starts. After this time, the hydration is controlled by the diffusion of the water through the 
hydrated phases, to reach the anhydrous grains: the fitting provides the estimation of the diffusion coefficient, D. 
MS100 results in the highest diffusion coefficient, while the other two samples have similar D values, indicating 
that the presence of PC has the largest influence on this parameter. 
 

 
Figure 1. Hydration kinetics of the three investigated samples. The BNGM-diffusional fitting curves are reported on the 

experimental data as black lines. 
 

Table 3 Kinetic parameters obtained from the BNGM-diffusional fitting 
Sample kB (h-1) kG (h-1) FWId td (h) D (m2h-1) 
C100 0.10±0.05 0.003±0.001 0.91±0.04 35±3 9±3 e-17 
MS50C50 0.52±0.10 0.028±0.004 0.75±0.01 32±3 7±2 e-17 
MS100 0.50±0.10 0.030±0.005 0.75±0.01 36±3 3.4±0.4 e-16 

 
3.2. Characterization of the phases 
All the pastes cured after 1, 3, 7 and 28 days were first frozen by immersion in liquid nitrogen for a few minutes 
and then freeze-dried. TGA, XRD, SSNMR and SEM were performed on the dried samples to characterize the 
hydration products. 
 
3.2.1. Thermogravimetry 
Table 4 shows the weight losses as registered by TGA. Three main weight losses can be identified in the C100 
sample: from room temperature to 200 ºC most of the decomposition of C-S-H occurs, together with those of 
gypsum and ettringite, portlandite decomposes between 400 and 460 ºC, while calcium carbonate decomposes in 
the 500-700 ºC range. In this sample we observed that the amount of C-S-H and Ca(OH)2 increases with time, 
confirming the occurrence of the hydration reaction. 
According to the literature (Zhang T. et al., 2014), the decomposition of M-S-H occurs in two main stages: from 
room temperature to 200 ºC (due to molecular water) and from 200 to 600 ºC, giving rise to a large peak,  
attributed to strongly bonded water. The decomposition of brucite occurs at about 350 ºC (Jin F., et al., 2013) (Li 
Z., et al., 2014). The weight losses measured on the thermograms registered on MS100 after 1, 3, 7, 28 days 
show an evident decrease of Mg(OH)2 and the simultaneous increase of M-S-H amount with time.  
In the MS50C50 sample two weight losses are visible: from room temperature to 200 ºC, and from 250 to 500 ºC, 
attributable to the decomposition of hydrated silicates and of the hydroxides, respectively. In particular the 



decomposition of the latter phases is centered at 380 ºC, which is compatible with its identification as brucite, 
rather than portlandite, even if the peak is very large, so that the presence of a mixed hydroxide (Ca/Mg) cannot 
be excluded (Vandeperre L.J., et al., 2008a). The amount of hydroxide present in this sample slightly increases 
during hydration. The amount of hydrated silicates in the MS50C50 sample remains almost constant throughout 
the hydration. 
 

Table 4 Measured mass losses due to the phase decompositions in the three samples.  
Sample Time Mass loss from TG% curves 
  RT-200 ºCa (%) 310-460 ºCb (%) 520-680 ºCc (%) 

C100 1 day 6.3 3.5 0.7 
 3 days 8.8 4.4 0.8 
 7 days 9.3 5.0 0.6 
 28days 9.2 5.1 0.7 
MS100 1 day 12.3 7.0 - 
 3 days 14.8 5.5 - 
 7 days 17.9 4.0 - 
 28days 15.3 3.2 - 
MS50C50 1 day 13.4 3.7 - 
 3 days 12.5 5.1 - 
 7 days 13.9 5.3 - 
 28days 13.1 5.6  

a In the temperature range between room temperature and 200 °C most of the C-S-H and M-S-H decomposition occurs. 
b In C100 the weight loss of Ca(OH)2 was measured in the 400-460 °C range. In MS100 the weight loss of Mg(OH)2 was 
measured in the 310 – 400 °C range. In MS50C50 the weight loss of Mg(OH)2 was measured in the 310 – 460 °C range. 
c CaCO3 weight loss is in the 520-680 °C temperature range. 
 
3.2.2 pH measurements 
Figure 4 reports the pH value development in the three samples over the first 28 days of hydration. The C100 
sample shows an almost constant pH=12.7, compatible with the equilibrium pH of a Ca(OH)2 saturated solution. 
The pH of the MS100 sample decreases from 10.9, immediately after mixing, to a constant value of ∼ 9 from 3 
to 28 days, buffered from the presence of Mg(OH)2. The MS50C50 sample shows a pH of 12.5 after mixing, due 
to the solubilization of Ca2+ and OH-. In the following days the pH stabilizes around a value of ∼ 11.8, due to the 
precipitation of brucite that lowers the pH and inhibits the formation of portlandite.  
According to the literature, the pH of the pastes significantly affects the formation of M-S-H. On one hand, a 
high pH would favor the dissolution of silica: in particular at pH>9 the hydrated surface of SiO2 is ionized and 
leads to a steep increase of solubility (Jin F., et al., 2013; Jin F., et al., 2014), resulting in an acceleration of the 
M-S-H formation. On the other hand, Mg2+ solubility decreases when the pH is too high (i.e. exceeds 10.5), 
reducing the precipitation of M-S-H (Li Z., et al., 2014). Therefore the optimal pH range to promote M-S-H gel 
formation would be between 9 and 10.5. Being the pH of the MS50C50 paste higher than that produced by 
brucite alone, the conditions for the formation of M-S-H are not optimal and this is why, after a rapid initial 
formation of M-S-H, the process of hydration seems to be determined by the Portland component, and the XRD 
profile at 28 days shows a high amount of residual unreacted MgO (see the following paragraph). 



 
Figure 4. pH vs time trends in the three investigated samples. 

 
3.2.3 XRD 
The XRD profiles of the three samples cured for 1 and 28 days are shown in Figure 5. In the spectrum of the 
C100 sample (Figure 5A) after 1 day of hydration the characteristic peaks of portlandite, alite (C3S) and other 
phases, present in minor quantity, can be easily identified. In the profile registered after 28 days the 
advancement of the hydration reaction is evident from the increase of the intensity of the diffraction peaks of 
portlandite and the decrease of the alite diffraction pattern. Despite the amorphous character of C-S-H, the bump 
at low angles in the spectra is characteristic of the presence of this phase in the samples.  
XRD curves of MS100 after 1 and 28 days are shown in Figure 5B. Brucite is the main crystalline phase. The 
broad amorphous peaks at roughly 22º and 35º and the steep raise at low angles are consistent with the XRD 
pattern of M-S-H gel reported in the literature by Brew and Glasser (Brew D.R.M., et al., 2005). The 
consumption of brucite because of its reaction with silica fume is revealed by the decrease of the characteristic 
peaks. 
Figure 5C shows the XRD spectra of the MS50C50 sample. The most intense peaks are those corresponding to 
the crystal patterns of unreacted periclase, brucite and alite. The intensity of the diffraction peaks for brucite is 
much lower than in the MS100 sample and slightly decreases with time. The shape of the curves at low angles is 
somewhat intermediate between that of the C100 and MS100 samples, suggesting that both the C-S-H and M-S-
H phases are present. In particular the raise at low angle in the profile at 1 day closely resemble the shape of the 
curve of the MS100 sample, further confirming the DSC data suggesting that during the first 24 hours the main 
process is the formation of Mg(OH)2 and M-S-H. After 28 days a bump at low angles is present, suggesting the 
prevalent formation of C-S-H. No evidence of Ca(OH)2 is present in these profiles patterns. This is in 
accordance to the pH measurements of the paste (see figure 4) that is not high enough to enable the precipitation 
of portlandite (pH ~12.5 is necessary at 25 ºC) (Zhang T., et al., 2011). Hence, the presence of Mg(OH)2 
prevents the precipitation of portlandite. In the spectrum registered after 28 days the presence of the diffraction 
pattern of MgO is still clearly visible, indicating that the formation of M-S-H has not occurred completely. 
 



 
Figure 5. XRD patterns of the three samples after 1 and 28 days curing: A) C100 (P: portlandite. A: alite, Ms: 

monosulfoaluminate, Hc: hemicarboaluminate). B) MS100 (B: brucite). C) MS50C50 (B: brucite A: alite, Pc: periclase). 
Curves have been offset for the sake of clarity.  

 
 
3.2.4. SSNMR  
Figure 6 shows the 29Si-MAS spectra of C100, MS50C50 and MS100, freeze-dried after 1 (a) and 28 (b) days of 
curing. The spectrum of C100 after 1 day exhibits characteristic peaks at about -73, -80, -83 and -85 ppm 
ascribable to Q0 sites of unreacted dicalcium silicate (C2S) and tricalcium (C3S) silicates and to Q1, Q2(1Al)  and 
Q2 silicon sites of C-S-H, respectively (Rawal A., et al. 2010; Pardal X., et al. 2012). It can be observed that 
after 28 days the relative intensity of Q0 signals with respect to Q1, Q2(1Al) and Q2 strongly decreases, in 
agreement with the advancement of the reaction. Moreover, the relative intensities of both Q2 and Q2(1Al) with 
respect to Q1 increase, indicating an increased condensation of C-S-H. 
The spectrum of MS100 after 1 day curing appears quite different. Intense signals resonating between -120 and -
95 ppm can be ascribed to Q4, Q3 and Q2 silicon nuclei of unreacted silica, the amorphous character of which is 
responsible for the large broadness of the peaks. Narrower signals are observed at about -93.5, -86.5 and -80 
ppm. Even if a certain contribution from signals of poorly condensed silica silicon sites cannot be excluded, 
based on the results reported by Brew and Glasser (Brew D.R.M., et al. 2005) on M-S-H obtained by 
precipitation from sodium metasilicate and magnesium nitrate, these peaks can be tentatively attributed to Q3 
(Si(OMg)(OSi)3), Q2 (Si(OMg)(OSi)2OH) and Q1 (Si(OMg)(OSi)(OH)2) silicon nuclei of M-S-H. After 28 days 
of hydration silica almost completely disappears, consumed by the reaction, and M-S-H appears more condensed 
(increased Q3/ Q2 ratio). 



 

 
Figure 6. 29Si SSNMR DE-MAS spectra of C100, MS50C50, MS100 freeze-dried after a) 1 day, b) 28 days curing. 

 
The spectrum of MS50C50 after 1 day of hydration shows weak signals ascribable to Q0 of C2S and C3S and 
silica, a quite small peak due to Q3 of M-S-H and more intense Q2 and Q1 signals that can arise from both M-S-H 
and C-S-H. After 28 days the weak signals due to silica and C2S and C3S almost completely disappear and the 
Q1/Q2 and Q3/Q2 ratios slightly increase. These results suggest that both M-S-H and C-S-H phases could form in 
MS50C50, in agreement with DSC and XRD results, but probably with different degree of condensation with 
respect to the pure systems. Quantitative experiments and spectral analyses are currently in progress.  
 
3.2.5. Morphologies of the blends 
The microstructure of C100 (a), MS100 (b) and MS50C50 (c) cured for 28 days are shown in Figure 6. SEM 
investigation evidences a multiscale porosity in all the samples. C100 shows a complex morphology typical of a 
Portland cement, with to the presence of many different phases (amorphous and crystalline) well intermixed one 
to each other. C-S-H phase in cement paste typically exhibits a leafy or sheet shape, arranged in dense laminar 
patterns. In MS100 there are polydisperse globular particles interconnected and densely packed. Its morphology 
is much more homogeneous, and it is similar to that previously reported in literature for M-S-H synthesized both 
from solution and pastes (Chiang. W.-S., et al., 2014). In MS50C50 sample the morphology is quite complex, 
due to the presence of Portland cement. However, it is possible to identify some regions where the morphologies 
of C-S-H and M-S-H can be recognized.  
 



 
Figure 6 SEM images of (a) C100, (b) MS100, (c) MS50C50 at magnification 50kX. Scale bar is 200nm. 

 
4. Conclusions 
In this work we studied the hydration kinetics of samples composed by Portland cement and a mixture of 
reactive MgO and silica fume. The results showed that the first part of the hydration kinetics of the mixed 
sample is governed by the Mg(OH)2 and M-S-H formation, while the diffusional part depends on the Portland 
component. The composition, the structure and the morphology of their hydrated phases were investigated by 
means of TGA, XRD, SSNMR and SEM. The data indicate that in the mixed sample both M-S-H and C-S-H 
form, probably with a different degree of condensation with respect to the pure systems. A small amount of 
brucite is present in the mixed sample, while no evidence of precipitation of portlandite was found in the first 28 
days of hydration. Further investigations are in progress, to better elucidate the relative amount and the structure 
of the M-S-H and C-S-H phases present in the mixed sample. 
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Abstract 
The setting process of the Alkali Activated Cement (AAC) generally is too rapid to be handled at the building site; to 
prolong the setting time of this type of cement is a key issue of its application. This paper reports a new invented 
approach to regulate alkali activated slag-fly ash activated (AASFA). A special mineral admixture was prepared and its 
parameters are optimized. Results indicate that this admixture has strong effect to prolong the setting time, it prolongs 
the initial setting time from 50 to 320 min and retards the final setting time from 180 to 500 minutes, the adding of this 
special admixture also enhances the strength of the AAS very significantly, the hydration products and the early 
hydration process of this new type of cement is investigated, the gel Ettringite (AFt) in this cement delay the rapid 
hydration of ASSFA and nearly no crystal hydration product is found in the hardened paste of this cement, after 
significant retardation of setting time the peaks of exothermal curve of the hydration did delay but appeared earlier. 
This type of agent can service as a retarder of AAC not only as gypsum in Portland cement and but also chemical 
retarding agents in the Portland cement and concrete. 
 
Originality 
The rapid setting time of ASS is one of the key drawback which impedes it being widely utilized, to economically 
regulate the setting time of AAS to a reasonable range is very significant to the engineering utilization of this typical 
low carbon cement, whereas, the ordinary agents used to adjust the setting time of ACC are not so effective, in this 
paper a special admixture to retard the hydration process of AAC is prepared, it has very strong retarding effect to 
control the setting process of AAC, at the same time, some of the performances of this cement are improved, this paper, 
a economic and powerful retarder for AAC is found 
 
Keywords: AAS, Setting time, admixture, AFt, gel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

1. Introduction 
Global cement production remains a very rapid increasing rate for several decades and it reached 4.18 billion 
tons in 2014. The emissions of CO2 closely related to global warming emerge inevitably in the cement 
production process (Puertas F. et al., 2014). And the CO2 induced by cement production was one of the 
largest emitters, which was around 6 to 7% of the planet's total CO2 emissions (Shi C. J. et al., 2011). Since 
limestone, raw materials needed for the production of cement, is non-renewable resource, reducing energy 
consumption is highly demanded (Phair J., 2006). In light of the foregoing facts, there would appear to be 
little doubt that alternative binders, less aggressive to the environment, must (at least partially) replace 
ordinary Portland cement (OPC) (Muhammad T. 2014; Juenger M. C. G. et al., 2011).Alkali-activated 
materials constitute a possible alternative to Portland cement, as the main raw materials for them, e.g. 
granulated blast furnace slag, fly ash, metakaolin, et al, are industrial by products with potential volcanic 
activity (Susan A. B. et al., 2014; Chang J. J., 2003). Compared to the OPC, alkali-activated cement (AAC) 
concrete has excellent performance like high frost, and high corrosion resistance (Ravikumar D. et al., 2013; 
Huang H. L. et al., 2014). Furthermore, this cement production process is simple and energy-saving, which 
will become key factors for reducing CO2 emissions (Gartner E. et al., 2004).  
Although the alkali-activated cement has excellent durability (Gong C., Yang N., 2000), there are a lot of 
drawbacks of AAC, one of the most significant is it’s rapid setting time. The hydration characteristics of 
AAC determine its rapid setting time, not easy to reach standards prescribed for Portland cement. 
Condensation process of paste depends on the composition of raw materials and curing conditions (Matija G. 
et al., 2013; Zheng J. J. et al., 2012), and initial setting time AASC is between 25 min and 3d. Water glass 
(M = 1.5, pH = 13.0), NaOH (pH = 13.6), Na2CO3 (pH = 11.3) respectively were used to activate slag, under 
the same conditions, when water glass was activator, the setting time is especially short (FernaÂndez J. A. et 
al., 2001). The research of Chang drew similar conclusion (Chang J. J. et al., 2005). Lee N. K.(Lee N. K. et 
al., 2013) used different modulus of sodium silicate activating slag - fly ash, also he changed the slag/ fly ash 
ratio and added H3PO4, to study its setting time as well as mechanical properties at room temperature, the 
result was not satisfactory, and with the alkalinity increasing, setting time got shorter. Wang used water glass 
(SiO2/Na2O = 1/1.5) to activate granulated blast-furnace slag, finding that condensation occurs at 15 min 
(WANG S. D. et al., 1995). Retarders proper to OPC has few effects on AAC, and often prolonged 5~30 min 
setting time led to a sharp decline in compressive strength. Gel substance containing amorphous alkali 
alumino silicate is found in alkali-activated fly ash (Palomo A. et al., 1999). The primary hydration product 
of alkali-activated cement was the amorphous C- (A) -S-H with low calcium silicon ratio, and the minor 
product changed with the type of activator, distinguished from OPC (Shi C. J. et al., 2006). The rapid setting 
of AASF results from the quick forming of the C-S-H gel at high alkalinity ambience (Chang J. J., 2003). 
The active magnesia is used to prolong the setting time and the reduction of the shrinkage of AAC (Shen W. 
G. et al., 2011). To find an approach to effectively retard the setting time of AASFA, an economic agent is 
prepared and its composition is optimized, and the properties and hydration product is studied.  
2. Experimental 
2.1. Raw materials 
The chemical composition and mineral compositions of the ground blast furnace slag and fly ash used are 
tabulated in table 1 and Figure 1, respectively. The HM of slag is 1.920 according to table 1, which exceed 
1.4 to ensure sound hydration property. Slag was from Wuhan Iron and Steel Company Limited, and its 
specific surface area was controlled as 380m2/kg trough grinding by ø500mm x 500mm mill. And fly ash is 
Class F obtained from Qingshan Thermal Power Plant, Wuhan, its density is 2340kg/m3. 

Tab. 1 Chemical composition of MgO and silica/% 
 Al2O3 CaO MgO K2O Fe2O3 MnO SiO2 SO3 TiO2 

Slag 15.50 38.14 9.14 0.43 1.70 0.31 32.69 1.73 0.70 
Fly ash 33.01 3.71 0.61 - 4.14 0.01 47.22 1.44 1.61 

The quality index of PG is shown in table 2 and mineral compositions in figure 1. 
 

 

 

 

 

 

 

 



 

(a) slag                                                                  (b) fly ash 
 
 
 

 
 
 

 
 
 

 
 

(c) PG                                                                   (d) SAC 
■= Gehlenite, △= Mullite,▽= Quartz，□= Gypsum，○= Hemihydrate Gypsum, 

●=sulfate calcium, ▲=sulphate aluminium calcium 
Figure 1 XRD spectra of raw materials 

XRD patterns in figure 1 showed that there was a obvious characteristic peak, all the minerals represented an 
amorphous form with high chemical activity. The main mineral in slag is gehlenite, whereas the main 
minerals in fly ash were quartz and mullite, in PG were gypsum and hemihydrate gypsum, in SAC were 
sulfate calcium and sulphate aluminum calcium. The index of PG is showed in table 2. 

Tab. 2 Quality index of PG 
Test item Results 
SO3 (%) 40±2 

Crystal water(%) 16±2 
pH 7 

Free water(%) 14±2 
Impurity(%) Little and harmless to the properties of cement 

Particle size (5-20mm) (%) ≥ 90 
Particle strength 8-10N 

The strength grade of SAC and OPC used is P·O42.5 and 42.5R, respectively. The Chemical analyses of 
them are listed in table 3. 

Tab. 3 Chemical analyses of SAC and OPC/% 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss 

OPC 23.44 7.19 2.96 55.01 2.24 2.87 2.86 
SAC 9.80 22.00 2.20 48.00 3.00 13.00 0.55 

Water glass was used as alkaline activator, having a modulus (Ms) of 1, in this experimental, the ratio of 
water glass was 6% (Na2SiO4), permanently.  
2.2. Experimental Mixing Proportion 
The experimental proportion is listed in table 4, all the W/B ratios were according to the water requirement 
of normal consistency. 
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Tab. 4 Mix proportion of raw materials (mass ratio %) 
Sample S+Fa(S:FA=6:4) SAC+PG   SAC:PG WG W/B 

N38 91.18 2.82 92:8 6 27.89 
N316 91.18 2.82 84:16 6 28.49 
N324 91.18 2.82 76:24 6 27.29 
N48 90.24 3.76 92:8 6 27.89 

N416 90.24 3.76 84:16 6 28.09 
N424 90.24 3.76 76:24 6 27.09 
N58 89.30 4.70 92:8 6 27.72 

N516 89.30 4.70 84:16 6 27.41 
N524 89.30 4.70 76:24 6 27.08 
N68 88.36 5.64 92:8 6 27.29 

N616 88.36 5.64 84:16 6 27.49 
N624 88.36 5.64 76:24 6 27.59 
N78 87.42 6.58 92:8 6 27.19 

N716 87.42 6.58 84:16 6 26.89 
N724 87.42 6.58 76:24 6 27.49 

Note: S=slag, FA=fly ash, SAC=sulphate aluminium cement, PG=phosphogypsum, WG= water glass 
2.3. Experimental Process 
Test of normal consistency and setting time was performed using a vicat apparatus according to GB/T 1346-
2011, China. Room temperature maintained at 20±2℃, and relative humidity at 50 ± 5%. Then during the 
test, the moulds were stored under the moisture curing box of 20±1℃, as the room temperature greatly 
affects the settingtime and workability of the alkali-activated fly ash/slag cement, and relative humidity of 
90%. 
After mixing (add powders to WG solution), the mix was filled into the cubic (40×40×40mm) moulds in 
twice and vibrated for 60 seconds to eliminate the voids. The samples were then covered with cling film to 
avoid moisture loss. The conditions in room were the same as 2.2.1. After 24 h, samples were demoulded 
carefully and the cubes were transferred into the water tank maintained at 21 ± 2℃.The compressive strength 
ofthe cubic samples, in triplicate, was determined at the curing age of 3, 7 and 28 days. 
For XRD, hydrated samples were ground in an agate mortar to a fine powder. A D8 Advance diffractometer, 
German AXS, was used with the following conditions: 3KW, the radius of goniometer≥ 200mm, angle 
ruggedness = 0.001°, from -10°~168° in 2θ. 
For SEM, inner block of the samples was polished to a size of 2 x 2cm. A JSM-5610LV Scanning Electron 
Microscope, JEOL, with a magnification times of 18 x ~ 300,000 x.  
In isothermal conduction calorimetry, the heat of hydration of cement is directly measured by monitoring the 
heat flow from the specimen when both the specimen and the surrounding environment are maintained at 
approximately isothermal conditions. A C80 Calorimeter, SETARAM, France, was used to detect the heat 
evolution, and the w/b was 1. Each reactant was allowed to equilibrate separately to 20℃. The rates of heat 
evolution, dQ/dt in mW/g, were measured and recorded using a computer data acquisition system, as well as 
the total heats evolved. 
3. Results and discussion 
3.1. Setting Time 
The content of slag, fly ash and retarder was 94%, and content of retarder agent varied from 3% to 7% in 
table 4. All percentages involved in figures were mass ratio. 
 
 
 
 
 
 
 
 
 

 
 
 

(a) the initial time of AASF                 (b) the final time of AASF 
Figure 2 Effect of SAC and PG on the setting time of AASF 
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As can be seen in figure 2, in the 5% retarder agent, both the initial and the final times were the longest. Yet 
the 24% PG showed a slight deviation. When the ratio of PG was 16%, the initial time which was 311 min, 
as well as the final time which was 554 min, was longer compared to when it was 8% and 16%. The setting 
time tended to be similar when the ratio of retarder was above 5%. On this condition, the influence of PG 
was not remarkable. According to Damidot’s AFt solubility product theory (Damidot D. et al., 1993), on the 
condition of high alkalinity, the Ksp of Aft is greater, like formula (5):  

Ksp= [Ca2+]6·[Al(OH)4-]2·[SO42-]3·[OH-]4                        (5) 
The reaction of C4A3 S in 3%Y accelerated, as showed in formula (6) (Hargis C. W. et al., 2013), however 
the hydration product ettringite was gelatinous and imperfect crystalline state, not easy to separate out, 
resulting that there was not adequate Aft to adhere to the surface of the cement particles for preventing the 
continuation of hydration.  

C4A3 S + 8CS  + 6CH2 =3 C3A·3CS ·H32                     (6) 

When the dosage of Y increased to 5%, the reaction product of C4A3 S Aft could overlap the cement particles 
to form a protective film for delaying the hydration process, as a consequence, the setting time was 
prolonged.  
Soluble phosphate (H3PO4, H2PO4-, HPO4

2-) and soluble fluoride (HF, NaF) in PG played a significant role in 
retarding the setting time of AASF, and the former took hold. When the PG was added into the AASF, 
insoluble calcium phosphate and calcium fluoride generated, which came from soluble phosphorus and 
fluorine, and adsorbed on electric double layer formed on the surface of cement particles. The hydration 
process was hindered. Ettringite which came from the hydration of PG also attached to the surface of paste, 
resulting in the elongation of setting time.  
3.2. Compressive Strength 
Figure 3 shows the compressive strength development of the blends pastes, P/Y is8%,16% and 24%. As 
shown in figure 3(a), with the Y content from 3% to 5%, the Strength at 3day increased from 6.8 MPa to 
42.9 MPa, and from 5% to 7%, the strength decreased to 41.96% of the peak intensity. After 28day, the 5% 
Y provided the highest strength, which is 65.8MPa. The Y content shifted from 5% to 7%, resulting in the 
difference between strength overlooked, less than 1%. In figure 3(b), the strength of each stage of 5% Y 
were higher than others, after 3 day, the strength was 45 MPa, then 28 days later, the strength reached 72.8 
MPa, 10.64% higher than that of 8% Y. However, as to figure 3(c), the strength at 28 day just presented a 
small fluctuation from 71.6 MPa ~ 63.4 MPa, it can be seen that the retarding AASFA cements with suitable 
proportions have much higher strength than the control group. 
 
 
 
 
 
 
 

 
 
 
 

(a) 8% PG                                                              (b) 16%PG 
 
 
 
 
 
 
 
 
 
 
 

(c) 24%PG 
Figure 3 Effect of PG on the Compressive strength of AASF 
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3.3. XRD    
XRD curves of the N516 blends are shown in figure 4 as well as OPC and AASF cured for 3 day for 
molding.The results of XRD analysis of theproducts indicated that quartz and mullitewerethe chief 
crystalline phases (Zhang Z. H. et al., 2014) (which were also found inthe raw material fly ash and 
apparently remained unaltered afteractivation). The broad and diffuse peak from the original slag around 25-
35° 2θ reflects the short range order of the glass structure. At later ages the peak shifts to a slightly smaller 
value of 2θ due to the formation of C-S-H gel. No other crystalline phases containing Ca2+ ion like Aft could 

be identified in the XRD.  
Figure 4 XRD spectra of N5, OPC and AASF for 3 days  Figure 5 the heat evolution of different cement 

3.4. Heat evolution 
As known the heat of hydration may be defined as the amount of heat evolved during setting and hardening. 
Heat evolution tests were performed over water glass alkali-activated blends listed in figure 5, having 
identified several phase peaks. To the AASFA, the first peak due to the dissolution of slag and fly ash, 
followed by an induction period with a low heat release and, finally, a second exothermic peak related to the 
final structure formation and influenced by the concentration of the alkaline activator. Comparing with 
Portland cement, the first peaks of AAC is much higher and earlier. But the retarding AAC has much earlier 
peak than the rapid setting AAC, this mainly because the SAC hydrates very fast and yields gel AFt, which 
retards the setting of AAC. The cement hydration process was traditionally studied using the calorimetric 
method. The hydration stages were identified by heat liberation measurement and the hydration mechanism 
was explained based on heat evolution, while the setting process related directly with the contacting of solid 
phase especially the contacting among hydration products, the setting process of AAC need to be explored 
with new methods and theories. 
4. Conclusions 
AAC is an alternative binder for the future, but its rapid setting process is one of the main ethnic bottle necks 
for its engineering application. In this work, a new retarder agent for AAC is invented, this admixture has 
strong effect to prolong the setting time, it can adjust the initial setting time from 50 to 320 min and the final 
setting time from 180 to 500 minutes, the adding of this special admixture also can enhance the strength of 
the AAS very significantly, the hydration products and the early hydration process of this new type of 
cement is investigated, the gel Ettringite (AFt) in this cement delay the rapid hydration of ASSFA and nearly 
no crystal hydration product is found in the hardened paste of this cement, after significant retardation of 
setting time the peaks of exothermal curve of the hydration did delay but appeared earlier. This type of agent 
can service as a retarder of AAC not only as gypsum in Portland cement and but also chemical retarding 
agents in the Portland cement and concrete. 
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Abstract 
Ye’elimite is one of the major constituents of Calcium SulphoAluminate type cements (CSA) and almost entirely 
responsible for the hydraulic reactivity at early age. It is well known that ye’elimite can form a broad range of solid 
solutions but the impact on the hydraulic reactivity is not well understood yet. Iron is one of the main elements that are 
incorporated into the crystal lattice to substitute for alumina. In this study we tried to synthesize C4A3-xFx$ with x 
ranging from 0.0 (0% wt.-% Fe2O3) to 0.8 (≈19.5% wt.-% Fe2O3). The physical, chemical and mineralogical properties 
of the synthesized clinkers were characterized using specific surface area and particle size distribution measurements, 
X-ray diffraction, scanning electron microscopy coupled with an energy-dispersive X-ray spectroscopy. Furthermore, 
the hydraulic reactivity is assessed by a multi method approach including isothermal conduction calorimetry, 
thermogravimetry and X-ray diffraction for the pure clinker and in combination with different calcium sulphate sources. 
The maximum substitution level of x was equal to 0.32 (≈8.1 wt.-% Fe2O3) and seems to depend on the Fe2O3/Al2O3-
ratio of the raw mix. A modification of the structure of ye’elimite was observed. The targeted mineral formation, for 
some of the clinkers, was not achieved as anhydrite, monocalcium aluminate and ferritic phases were present as minor 
X-ray detectable phases in most of these clinkers. The calorimetry measurements showed that the iron solid solutions 
have different hydration kinetics, in comparison to the neat ye’elimite clinker. The addition of calcium sulphate, either 
anhydrite or gypsum, accelerates the reaction depending on x and on the calcium sulphate type used. Cements based on 
anhydrite display clearly a shortening of the dormant period but only a slight change of the shape of the peaks, 
compared to neat clinker. In contrast, the use of gypsum does not only accelerate the reaction but modifies the shape of 
the measured heat flow. 
 
Originality 
Within this study we try to characterise how the formation of solid solutions of ye’elimite alter its hydraulic reactivity. 
Another part of the study focussed on the impact of the calcium sulphate type (i.e. anhydrite and gypsum) and especially 
the complex interactions with the different solid solutions. Knowledge about such interactions is decisive for the 
understanding and development of CSA based products. 
 
Keywords: Ye’elimite, solid solutions, iron, polymorphism, hydraulic reactivity 
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1. Introduction 

Concrete is the most used building material worldwide. On a unit basis, the associated CO2 emissions 
are lower than any other building materials e.g. steel or even wood (Gartner, 2004). However, due to 
the huge volumes, cement production accounts for about 5-8% of the manmade CO2 emissions. Major 
improvements in sustainability of cementitious materials must be made leading to an increasing 
driving force for research and development in the field of more environmental friendly binders. 
Therefore, to lower the CO2 emissions, it will be necessary in the future to use an increasingly wide 
range of cementitious materials optimized according to locally available materials.  

In the previous research paper (Zhang, et al., 1999), advances in the development of a new class of 
cements in China and its uses, mainly for rapid-setting applications, were reported, namely calcium 
sulfoaluminate cements (CSA). CSA, which contain ye’elimite (Ca4Al6O12SO4 or C4A3$) as one of the 
major cement phases, are regarded as a promising low CO2 alternative to Portland cements (Gartner, 
2004) (Zhang, et al., 1999). This is due to several reasons as (i) pure (synthetic) ye’elimite releases 
during its synthesis only about 38% of the CO2 (0.22 g CO2/g phase) compared to alite (Ca3SiO5 or 
C3S (0.58 g CO2/g phase), (ii) the firing temperature is about 200 °C lower than for OPC clinker  
(Popescu, et al., 2003) (Mehta, 1980), (iii) various industrial by-products can be used as correctives or 
even major components of the raw mix design  (Adolfsson, et al., 2007) (Belz, et al., 1995) (Beretka, 
et al., 1993)  (Bullerjahn, et al., 2014a) (Bullerjahn, et al., 2014b) (Makhmudova, et al., 2011)  (Soner, 
2009) and (iv) CSA clinker is easy to grind (Gartner, 2004) (Popescu, et al., 2003). Other major 
phases, typically present in CSA clinkers, are dicalcium silicates (belite, Ca2SiO4 or C2S (0.51 g 
CO2/g phase) and ferrites (brownmillerite, Ca4(Al,Fe)2O10 or C4AF (0.27 gCO2/g phase). Many 
different minor (reactive and inert) phases could be present as well, depending on various parameters 
like for example the raw mix design (amounts, types and composition of materials), targeted clinker 
compositions or process conditions (Bullerjahn, et al., 2014b). 

The performance, like open time and strength development, of CSA cements during the very first 
minutes up to hours of hydration depends mainly on the mineral ye’elimite during the very first 
minutes up to hours of hydration (Adolfsson, et al., 2007) (Winnefeld & Barlag, 2009) (Zhang, et al., 
1999). In prior studies it was shown that once the hydration reaction starts, the same sequence of 
events follows but the kinetics vary widely from one cement to another (Bullerjahn, et al., 2014a) 
(Bullerjahn, et al., 2014b) (Winnefeld & Barlag, 2009) (Winnefeld & Lothenbach, 2010). The reasons 
for the different hydration kinetics are unknown. It is needed to develop robust cements, with e.g. 
uniform behaviour. This study focuses on its reactivity and especially on the impact of the formation 
of iron-rich solid solutions on its reactivity. Furthermore, the impact of the calcium sulphate type on 
the hydration reactions is addressed. 

In prior studies, it was demonstrated that aluminium can be substituted by iron in the ye’elimite 
structure. However, the extent of solid solution and the temperature range(s) of stability remain 
unclear. Similarly, the effect of iron substitution on the reactivity of ye'elimite is unclear or 
contradictory. In a former study the addition of iron reduced the reactivity of ye’elimite (Idrissi, et al., 
2010), whereas the opposite was reported recently (Bullerjahn, et al., 2014a) (Cuesta, et al., 2014).  

The main purpose of this study is to investigate the impact of substituting aluminium by Iron in a 
simplified solid solution of ye’elimite C4A3-xFx$, on the crystal structure and the resulting hydraulic 
reactivity. The composition (mineralogical and elemental) and reactivity of the obtained phases / 
clinkers were assessed by quantitative X-ray diffraction coupled with the Rietveld refinement method 



 

(QXRD), scanning electron microscopy and coupled energy dispersive X-ray analysis (SEM-EDX), 
mass balance calculations, particle size distribution by laser granulometry (PSD) and isothermal 
conduction calorimetry (ICC). 

 

2. Experimental 

2.1. Materials 

Different batches of synthetic ye’elimite and iron rich solid solutions (C4A3-xFx$, with x = 0.00, 0.05, 
0.08, 0.20, 0.40 and 0.80; i.e. a content of Fe2O3 in ye’elimite of around 0%, 1.3%, 2.1%, 5.1%, 10.1% 
and 19.5%) were prepared based on reagent grade materials. The targeted clinker composition was 
approximately 95% ye’elimite and 5% anhydrite. A slight excess of sulphate was added to compensate 
for the potential volatilization of sulphur during the firing procedure. The raw mixes were 
homogenized by dispersion of the materials in isopropanol and homogenized for 4 hours in a roller 
mixer filled with ceramic balls, as described in (Soner, 2009). The roller mixer was cleaned with a part 
of the raw meal prior to the real homogenization step. The homogenized sample was dried at 60 °C for 
24 hours and wet ground in a vibration disc mill for 60 seconds and again dried for 24 hours at 60 °C. 
Finally, the material was placed and compacted in a corundum crucible and covered with a lid. The 
sample was heated up slowly to 900 °C (heating rate 5 °C/min, started at 50 °C) and kept for 1 hour. 
Afterwards the samples were heated up to the final temperature of 1300°C (heating rate was set to 
10°C/min) and sintered for one hour. If the ye’elimite content was lower than 90%, the sintering step 
was repeated (maximum 3 times) after an intermediate grinding step. The clinkers were rapidly cooled 
at air. 

The chemical composition of the used raw materials is given in Table 1. 

Table 1 Chemical composition of the raw materials in g/100g; L.O.I = loss of ignition at 1050 °C 
 CaCO3 Al2O3 Fe2O3 CaSO42H2O 
L.O.I. 43.56 0.05 1.90 20.54 
SiO2 0.38 0.03 0.25 0.03 
Al2O3 0.10 101.35 0.05 0.00 
TiO2 0.01 0.00 0.00 0.00 
MnO 0.01 0.00 0.15 0.00 
Fe2O3 0.06 0.00 101.46 0.00 
CaO 56.11 0.00 0.00 33.54 
MgO 0.32 0.01 0.00 0.01 
K2O 0.03 0.00 0.00 0.00 
Na2O 0.01 0.08 0.03 0.00 
SO3 0.04 0.00 0.00 47.26 
P2O5 0.07 0.00 0.02 0.00 
 

2.2 Characterisation of the anhydrous materials 

2.2.1 Quantitative X-ray diffraction (QXRD) 

The quantitative phase composition of the clinkers was examined using the X-ray diffraction (XRD) 
analysis coupled with the Rietveld refinement method. The XRD patterns were obtained at room 
temperature (24 ±2 °C) using a Bruker D-8 Advance in a θ-2θ configuration with a monochromatic 
CuKα radiation (λ = 1.54059Å) and equipped with the LYNXEYE (1-d) detector. The generator 



 

settings were 40 kV and 40 mA. The measurement range was 5 ° to 70 °2θ with a step-size of 
approximately 0.02 °. A continuous rotation was applied during the data acquisition. DIFFRACplus 
EVA search/match graphic software was used for the qualitative spectra evaluations together with the 
PDF-2 database (release 2010). The Topas 4.2 software package was used for quantitative analysis. 
The crystallographic structures used during the refinement of the clinkers are given in Table 2.  

Table 2 Phases used for Rietveld refinements 
 Ref.   Ref. 
C4A3$-o (Cuesta, et al., 2013)  MA  
C4A3$ -c (Cuesta, et al., 2014)  MF  

CA (Hörkner & Müller-Buschbaum, 1976)  C$ (Kirfel & Will, 1980) 
C2F (Grier & McCarthy, 1993)    

 

2.2.2 Scanning electron microscopy (SEM) 

The microstructure of the produced ye’elimite solid solutions and their elemental composition were 
determined using an ESEM FEI Quanta 200 equipped with a tungsten filament. All samples of 
anhydrous clinkers were epoxy resin impregnated and polished down to 1 µm, using diamond sprays 
and petrol as a lubricant.. The polished sections were stored under vacuum in a desiccator for at least 
24 hours. The samples were, prior to the experiment, sputter coated with a ≈ 30 nm carbon film. The 
chemical composition of the clinker phases was assessed by energy dispersive X-ray spectroscopy 
(SEM-EDX) under high vacuum conditions (≈ 5×10-5 Pa) and an accelerating voltage of 15 kVto 
ensure a good compromise between spatial resolution and adequate excitation of the FeKα peak. 
Backscattered electron images (BSE) were used for the allocation of the measurements points. The 
spot size was adjusted between 5.2 and 5.5. For each phase at least 100 and typically 300 to 600 points 
were measured. The smallest analysed particle size was around 10 micron. A detailed description of 
the SEM-EDX device and the experimental set-up (i.e. calibration, etc.) can be found in (Rossen, 
2014). 

To exclude other phases, than ye’elimite, from to analyses a set of elemental filters were created to 
remove all outliers. This step was obligatory to account for the intermixing with traces of raw 
materials and “intermediated” unwanted phases like CA (monocalcium aluminate), MA (spinel) or MF 
(magnesioferrite). The applied ratios are given in Table 3. Finally, the average oxide contents of the 
synthesized ye’elimite and its solid solutions are recalculated into atoms per formula unit (apfu) 
fulfilling the requirement of 16 atoms of oxygen. Furthermore, the elemental composition of the minor 
phases was assessed and average values implemented for the mass balance calculations. 

Table 3 Boundary values for the elemental ratios of the SEM-EDX point analyses 
 Al S 
 > < > < 

C4A3$ 20 23.5 3.1 4 

 

2.2.3 Isothermal conduction calorimetry (ICC) 

The hydration kinetics of ground clinkers and cements, containing either of anhydrite or gypsum, were 
investigated by isothermal conduction calorimetry measurements using a TAM AIR calorimeter. For 
this purpose, all materials (clinker, cement and water) were stored for at least 24 hours at 20 °C ±1 °C. 
Cement pastes were prepared (~4g anhydrous plus additional water) by external mixing at a w/c ratio 



 

of 2.0 to enable full hydration. The heat flow was collected over 48 hours at 20 °C. The cements were 
prepared by blending the clinker with the calcium sulphate in the ratio of 1 mole ye’elimite (assuming 
= anhydrous clinker) to 2 mole of calcium sulphate (i.e. either anhydrite or gypsum). The amount of 
anhydrite and minor phases in the anhydrous clinker was not taken into consideration. Anhydrite was 
prepared by tempering gypsum for two hours at 750 °C. 

3. Results and discussion 

3.1. Clinker microstructure and elemental phase composition 

Figure 1 shows some general features of all synthesized clinkers as observed by backscattered 
scanning electron microscopy (BSE). The samples, produced according to the described procedure, are 
very porous but homogeneous. The particles are very small and almost no grain or crystallite 
boundaries can be observed. The clinkers are formed probably mainly by solid state reactions 
(Muzhen, et al., 1992) and as a result the crystals or better the majority of particles are smaller than 20 
micron. Furthermore, a clear distinction between calcium aluminates and ye’elimite was not 
applicable. As a result the SEM-EDX point measurements needed to be filtered, according to the given 
limits given in Table 3, to assess the elemental composition of ye’elimite and to reduce or exclude 
artefacts in the calculation of the elemental composition of ye’elimite. The hydraulic reactivity of the 
solid solution with a targeted value of x = 0.80 was not further investigated since its ye’elimite content 
was too low (around 83%) and the heterogeneity, with respect to the clinker microstructure and 
elemental phase composition, was quite high. 

  
Figure 1 Microstructure of two chosen ye’elimite clinkers; Left: Cli_0.00 intermixed with CA (*); Right: Cli_0.20 intermixed 
with C2F-MF (+) 

Figure 2Figure 1 shows the achieved composition (by SEM-EDX) versus targeted value of x in C4A3-

xFx$. Only the solid solution ye’elimite with x = 0.20 reached the targeted clinker composition 
according to QXRD analyses. However, only for values of x ≤ 0.10 an almost full incorporation of 
iron into the crystal lattice ye’elimite was achieved. The excess or remaining iron is usually bound into 
phases of heterogeneous elemental composition: ferritic phase (C2(A,F)) and a magnesium ferrite 
(MF). Impurities of MgO, Na2O and SiO2 are either the result of the contaminations (e.g. the device 
was also used for the synthesis of sodium-rich glasses) or abrasion during the homogenization in the 
ceramic roller mixer. 

The ferritic phase can be close to the composition of C6A2F but tends in general towards C6AF2 or 
even C2F, CF and CF2. This is consistent to the findings by other researchers (Touzo, et al., 2013) 
(Strigác, et al., 1999) (Zupančič, et al., 1994). The magnesium ferrite contains some calcium and 

* 

+ 



 

higher quantities of aluminium. The formation of spinel-type phases, e.g. MA, MF and various 
heterogeneous solid solutions, was already described for CSA type clinkers (Gallardo, et al., 2014) 
(Sokol, et al., 2014).  

Figure 3 shows a plot of the achieved Al2O3/Fe2O3 ratio in C4A3-xFx$. All raw mix designs were 
prepared with an excess of anhydrite present in the raw mix from the beginning. All points fall almost 
perfectly on the theoretical trend line for the Al2O3/Fe2O3 ratio, assuming stoichiometric compositions 
of ye’elimite. A maximum substitution levels of Al2O3 by Fe2O3 of about 7.6% (x ≈ 0.30) could be 
realized for synthetic ye’elimite, which is close to reported results of around 7.6% at 1100 °C or 8.1% 
(x ≈ 0.32)  at 1300 °C (Zupančič, et al., 1994) and 8.8% (x ≈ 0.35) (Touzo, et al., 2013).  
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Average oxide contents of the synthesized ye’elimite and its solid solutions are given in Table 4. The 
determined compositions are close to the theoretical values (4 for Ca, 6 for ∑(Al+Fe) and 1 for S) and 
in (very) good agreement to the results from complementary XRD evaluations (see 3.2 below) and 
other studies (Idrissi, et al., 2010) (Sokol, et al., 2014) (Strigác, et al., 1999) (Touzo, et al., 2013). The 
calculated charge balance (= ∑cations zici - ∑anion |zjcj|) is for all samples around 0.04. This further 
indicates the correctness of the SEM-EDX measurements and the data filtering.   

Table 4 Calculated atomic composition of the synthesized ye’elimite and normalized according to 16 oxygen atoms 
 Ca  Mg  Na  Al  Fe  Si  S  O 
 Ø ±2σ Ø ±2σ Ø ±2σ Ø ±2σ Ø ±2σ Ø ±2σ Ø ±2σ Ø 

Cli_0.00 3.84 0.10 0.16 0.02 0.05 0.01 5.99 0.08 0.01 0.00 0.11 0.02 0.92 0.02 16 
Cli_0.05 3.91 0.08 0.15 0.01 0.04 0.01 5.90 0.08 0.09 0.01 0.06 0.01 0.93 0.02 16 
Cli_0.08 3.87 0.06 0.16 0.01 0.05 0.01 5.85 0.05 0.15 0.01 0.08 0.01 0.92 0.01 16 
Cli_0.20 3.85 0.08 0.15 0.01 0.05 0.01 5.69 0.07 0.29 0.02 0.10 0.01 0.92 0.01 16 
Cli_0.40 4.15 0.05 0.11 0.01 0.03 0.01 5.36 0.05 0.47 0.02 0.04 0.00 0.96 0.01 16 

3.2. Clinker mineralogy and mass balance calculations 



 

To further verify the findings from the SEM-EDX investigations we perform mass balance 
calculations based on the derived elemental composition of the individual minerals and the Rietveld 
analyses of the clinkers. The achieved mineralogy, according to the Rietveld refinements, is given in 
Table 5 and the measured XRD profiles in Figure 4. All produced clinkers contain at least one minor 
phase like CA, C$, MA, or MF and C2(F,(A)). The presence of MA and MF was firstly derived from 
SEM-EDX analysis and confirmed by QXRD.  

Table 5 Quantitative mineralogy composition of the received clinkers; Cli_0.xx-y with y = amount of sintering repetitions 
with intermediate clinker grinding 

 Cli_0.00-3 Cli_0.05-3 Cli_0.08-3 Cli_0.20-1 Cli_0.40-1 
[%] 

C4A3$ 93.7 90.4 93.4 93.8 90.4 
CA 3.3 2.5 1.1   
C2F     2.7 
MA 0.8 0.8 0.4   
MF    0.9 1.7 
C$ 2.2 6.3 5.1 5.3 5.2 
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Figure 4 XRD plot of the synthesised ye’elimite and its solid solutions 

Mass balance calculations based on combinations of QXRD and SEM-EDX measurements (see Table 
6), fits well to the calculated targets according to the raw mix design and the chemical composition of 
the raw material components.  

Table 6 Mass balance calculations based on QXRD and SEM-EDX analysis. Average elemental compositions of the minor 
phases are included for the calculations 

 Target (calculated)  Achieved (mass balance) 
 Cli_0.00 Cli_0.05 Cli_0.08 Cli_0.20 Cli_0.40  Cli_0.00 Cli_0.05 Cli_0.08 Cli_0.20 Cli_0.40 

CaO 36.7 36.6 36.5 36.1 35.4  35.3 35.8 35.5 35.0 35.8 
MgO 0.2 0.2 0.2 0.2 0.2  1.2 1.1 1.1 1.1 1.0 
Na2O 0.0 0.0 0.0 0.0 0.0  0.4 0.4 0.4 0.5 0.3 
Al2O3 47.1 46.1 45.5 43.2 39.4  49.5 46.4 45.5 44.1 41.0 
Fe2O3 0.0 1.3 2.0 4.9 9.5  0.1 1.2 1.9 4.2 7.8 
SiO2 0.2 0.2 0.2 0.2 0.2  0.9 0.5 0.7 0.9 0.4 
SO3 15.7 15.7 15.6 15.5 15.2  12.6 14.7 14.2 14.3 15.3 

 



 

3.3. Hydraulic reactivity of stoichiometric ye’elimite and solid solutions 

The reactivity of synthesized clinkers was characterised by isothermal conduction calorimetry (ICC). 
Their powder characteristics, determined by laser diffraction (LD), are presented in Table 7 and Figure 
5 below. The nomenclature is Cli_0.xx, whereby 0.xx stands for the specific solid solution of iron. As 
mentioned already in section 3.1 the achieved values of x differ, mainly for x ≥ 0.20, from the targeted 
values. However, for reason of simplicity we further refer to targeted values. The achieved PSD is 
almost identical for all clinkers except for Cli_0.40, which contain higher quantities of a coarse, 
probably iron-rich fraction. The results from SEM-EDX studies indicate that an iron-rich liquid phase 
was formed, leading to a densification of the matrix, the formation of a ferritic phase (with a quite 
variable Al to Fe ratio) and as a result to a harder to grind material. 

Table 7 Parameters of received clinkers and cements determined by laser diffraction (LD); Fraunhofer model, propanol-2-ol 
(dispersant); Malvern MasterSizer 2000 
 Clinker 
 0.00 0.05 0.08 0.20 0.40 
Span 2.92 4.07 3.81 3.74 3.72 
Rosin Rammler slope n 1.28 1.08 1.13 1.16 1.17 
d4,3 4.82 6.24 6.27 5.86 5.99 
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Figure 5 Particle size distribution (PSD) of the received clinkers determined by LD 

Figure 6 shows the results of the isothermal conduction calorimetry measurements of the synthesized 
ye’elimite and chosen solid solutions. The neat clinker shows a very long dormant period of about 4 to 
even 20 hours depending on x. The dormant period is typically followed by a strong increase of the 
heat release, quickly reaching a maximum. Afterwards the released heat decreases rapidly and 
normally, no second main peak or maximum is observed. The formation of iron-bearing solid 
solutions alters the hydration kinetics of ye’elimite. For low substitution rates like 0.05 and 0.08 a 
strong retardations up to approximately 12 hours were observed. In contrast, for values of x ≥ 0.20 a 
strong acceleration, even reaching around 20 hours, was found compared to stoichiometric ye’elimite. 
The strongest acceleration was found for Cli_0.40, even so that this ground clinker is coarser than all 
other samples. The origin of the observed differences is still unknown.  



 

All the solid solutions reach the same cumulative heat (~550J/g +/-5%). In all samples around 4 
separated events or peaks could be resolved. The first peak is found uniformly at around 15 to 30 
minutes. The second event is located, depending on the composition of the clinker, at around 2 to 5 
hours of hydration. A third local heat flow maxima is typically found as a “shoulder” in front of the 
main or global heat flow maxima, whereas the position of this maxima is strongly depended on the 
type of solid solution. The mineralogy of the investigated clinkers was almost the same. This indicates 
that minor phases like anhydrite or monocalcium aluminate does not impact or only to the same extent 
the investigated samples. 
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Figure 6 Specific (left) and cumulative (right) heat of clinkers at w/c of 2.0 

The results are consistent to the findings of Cuesta et al.  (Cuesta, et al., 2014) but in strong contrast to 
the observations of Chen et al. (Chen, et al., 1993), who showed that iron-rich ye’elimite is less 
reactive and reaches only a significant lower cumulative heat compared to neat ye’elimite. The origin 
of these discrepancies is not clear to us. 

 
3.4. Hydraulic reactivity of cements with anhydrite or gypsum 

The ground clinkers were blended with anhydrite or gypsum, both of almost similar fineness, in the 
ratio of 1 mole of ye’elimite to 2 mole of calcium sulphate. The nomenclature is Cem, either A or G 
for anhydrite or gypsum and 0.xx for the specific solid solution of iron. The name of the sample would 
be e.g. Cem-G_0.20 (i.e. cement based on gypsum and the clinker with x = 0.20). The powder 
characteristics determined by laser diffraction are presented in Table 8 and Figure 7. The anhydrite 
was prepared by tempering the gypsum for 2 hours at 750 °C.  

Table 8 Parameters of the cements determined by laser diffraction (LD); Fraunhofer model, propanol-2-ol (dispersant); 
Malvern MasterSizer 2000 
 Cem-A Cem-G 

 0.00 0.08 0.20 0.40 0.00 0.08 0.20 0.40 

Span 3.98 4.59 4.84 7.76 5.99 8.14 3.81 3.36 
Rosin Rammler slope n 1.16 1.05 1.04 0.94 1.00 0.89 1.02 1.16 

d4,3 10.55 10.92 9.86 11.36 8.24 10.28 22.32 23.84 
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Figure 7 Particle size distribution (PSD) of the cements determined by LD 

Figure 8 shows the results of the isothermal conduction calorimetry measurements cements containing 
anhydrite or gypsum as sulphate source. The addition of both calcium sulphate sources shortens the 
dormant period by up to 30 hours as e.g. in the case of Cli_0.08. Furthermore, a relatively uniform 
hydration development is achieved when compared to neat clinkers. A second peak or maximum is 
observed in all cements based on anhydrite. The higher fineness of the anhydrite based cements leads 
to a slightly faster reaction when compared to gypsum. 
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Figure 8 Specific heat of cements containing anhydrite (left) or gypsum (right) at w/c of 2.0 

An almost uniform hydration development could be achieved as shown in Figure 8 and the maximum 
heat flow is reached around 3 (Cem-A_0.00) to 9 hours (others). The formation of a second (heat flow) 
peak or maximum in all cements based on anhydrite indicates that either the amount or activity of the 
anhydrite is not sufficient for the given amount or reactivity of ye’elimite (Majling, et al., 1985) 
(Winnefeld & Barlag, 2009). Moreover, stoichiometric ye’elimite reacts slightly faster compared to 
the solid solutions in the presence of gypsum. However, it is still not clear yet what causes the 
observed differences between stoichiometric ye’elimite and it solid solutions.  

Finally, Figure 9 shows a comparison of all three binders (i.e. ground clinker and cements with 
anhydrite or gypsum) based on Cli_0.00. As it could be seen, the addition of anhydrite lead to a strong 



 

shortening of the dormant period, compared to the neat clinker, but only to a slight change of the shape 
of the peak. In contrast, the use of gypsum leads in addition to a clear modification of the shape of the 
peak. The origin of these differences is still unclear and under investigation.  
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Figure 9 Comparison of specific (left) and cumulative (right) heat of stoichiometric ye’elimite and its cements at w/c of 2.0 

4. Conclusions 

The study focused on synthesized clinkers with more than 90% ye’elimite with a rather similar 
mineralogy with identical fineness. As a result, the observed differences of the hydraulic reactivity 
could be linked to the amount of added iron oxide and to the formation of iron-rich solid solutions of 
ye’elimite.  

The maximum substitution level of Fe2O3 is about 7.6% (x ≈ 0.30 in C4A3-xFx$), which is consistent to 
earlier studies. However, the optimum range for a potentially full incorporation of added iron seems to 
be below 0.10 (x). The formation of iron-bearing solid solutions alters significantly the hydraulic 
reactivity of ye’elimite depending on the substitution level (i.e. x). For low substitution rates like 0.05 
and 0.08 a prolongation of the dormant period, up to approximately 12 hours, was observed. In 
contrast, for values of x ≥ 0.20 a strong acceleration, even reaching around 20 hours, was found 
compared to stoichiometric ye’elimite. As mentioned already before, it is not yet clear what causes the 
changes by means of hydraulic reactivity.  

In general, the addition of calcium leads to a more uniform hydration behaviour when compared to 
neat clinker. Calorimetry measurements reveal substantial differences in shape, depending on the 
calcium sulphate type. Cements based on anhydrite display only the shortening of the dormant period 
but only a slight change of the shape of the peak, compared to neat clinker. In contrast, the use of 
gypsum does not only accelerate the reaction but also modifies the shape of the peak.  

Finally, the origin of the observed differences in terms of reactivity is still unclear. Changes of the 
hydration kinetics could be attributed to the modification of the crystal structure or to other parameters 
like a mineralizing and fluxing effect (i.e. modification of the clinker microstructure and or crystal size 
of ye’elimite), the thermal stability of iron-rich solid solutions or the presence of minor phases. 
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Abstract  

Degradation of portland cement concrete under exposure to acids is well documented. Calcium hydroxide, 
calcium silicate hydrate and other calcium based hydration products are vulnerable to acid exposure and 
leaching. In this paper, the degradation of alkali activated binders, which have received much attention in 
recent literature as sustainable alternatives to portland cement-based binders, in low-pH environment is 
discussed. Several series of alkali activated fly ash and ground granulated blast-furnace slag (Slag) pastes 
were exposed to 0.5%, 1.0% and 2.0% sulfuric acidic solutions for a period of 56 days. Portland cement-
based control mixtures were exposed in the same manner in order to compare the performances. The 
leachates were analyzed at various soaking periods using inductively coupled plasma mass spectrometry 
(ICP-MS) to determine the concentration of the leached Ca, Si, Al, Na, S and other related ions. 
Additionally, reductions in mass and compressive strength were measured after various soaking periods in 
order to quantify the degree of degradation caused by acid exposure. A microstructural investigation of the 
degradation was also performed using scanning electron microscopy (SEM) in order to identify the 
occurrence of microscale damage after acid exposure. The results of these experiments indicate improved 
resistance to mechanical damage from acid attack in alkali activated binders in comparison with 
traditional portland cement-based binders.  
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Originality 

Information regarding the behavior of alkali activated binders in low-pH solutions and their resistance to 
acid attack is sparse in the available literature. This study presents a comprehensive evaluation of several 
alkali activated binders in a variety of low-pH solutions. The leaching mechanisms of alkali activated 
binders in different acidic media are also discussed 
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1. Introduction 

Corrosion of concrete has an enormous economic impact, being a severe problem in many infrastructural, 
industrial and utility service structures which are exposed to extreme chemical environments. Portland 
cement concrete degrades upon exposure to acidic (low-pH) environments as the microstructure 
deteriorates, leading to structural and functional failure. The impact of concrete corrosion is substantial 
in many industrial sectors, particularly in the chemical and petrochemical industries. This vulnerability to 
acid attack gives rise to serious design and operating limitations for concrete vessels employed in 
chemical handling in the chemical, petrochemical, and mining refining industries. Conventional ordinary 
portland cement (OPC) does not possess high resistance to acid attack because of its high calcium 
content (Harrison, 1987). Thus, there is a need to develop an alternative binder system that exhibits 
greater durability in aggressive acid environments.  

Alkali activated binder systems have been studied extensively in recent decades, being reported to have 
lower associated CO2 emissions, higher early age strength, lower permeability, and better performance in 
aggressive environments due to its chemical composition and microstructural differences from OPC 
(Byfors, et al., 1989; Douglas,  et al., 1991;Bakharev, 2003; Shi, 2006; Van Oss, et al., 2011; Mehta, et 
al.,2011; Ravikumar,  et al.,2013; John , et al.,2013; Didamony, et al., 2012; Chindaprasirt, et al.,2014; 
Bakharev,   2005). They are expected to have higher resistance to acid attack when compared to the OPC 
system due to the lower calcium content in their binding components. In OPC systems, the typical 
deterioration mechanisms are the reaction between acid and calcium-containing components (calcium 
hydroxide, calcium silicate hydrate, and other calcium-containing hydration products) and subsequent 
formation of soluble calcium salts. However, very few papers focused on evaluation of the performance 
and durability of alkali activated binder systems in sulfuric acid environment. 
 
In this paper, OPC, alkali activated slag paste (AAS) and alkali activated class F fly ash paste (AAFAF) 
were exposed to three different concentrations of sulfuric acid (0.5%, 1.0% and 2.0% by mass of the total 
solution) with performance evaluated during the exposure period for up to 56 days. The mechanism of 
deterioration was investigated by two separate methods; scanning electron microscopy (SEM) was used to 
examine the microstructure while ICP was utilized to analyze the ionic composition of the leachate. 
 
2. Experimental methods 

2.1. Materials and mixture proportions 

Type I Portland cement (OPC), ground granulated blast-furnace slag (Slag) and class F fly ash (FAF) 
were used as the binder materials. The chemical compositions of all starting materials used in this 
experiment are listed in Table 1. 

 
The activator solution used in this experiment was a combination of premixed sodium silicate solution, 
sodium hydroxide and water. The premixed sodium silicate was a reagent-grade solution containing 
26.5% SiO2 and 10.6% Na2O. The sodium hydroxide used in this study was a high-quality food grade 
pearl with 99% purity. Silica modulus (MS) (the ratio of SiO2 and Na2O) and sodium oxide percentage 



were the two factors used to control the concentration of the activator. All of the activator solutions were 
mixed 24 hours before binder preparation to ensure that the solutions reached ambient temperature prior 
to mixing; sodium hydroxide undergoes exothermic dissolution in water, and the associated increase in 
temperature would accelerate the binder hydration rate. 

 
Table 1 Chemical oxide composition of starting materials used in this investigation 

Oxide Composition 
 
   

(% by mass) OPC     Slag FAF 
CaO 65.0 39.1 3.50 
SiO2 21.1 37.8 48.30 

Al2O3 6.2 7.91 27.5 
MgO 1.6 10.3 0.91 
Na2O 0.09 0.30 0.88 
Fe2O3 2.9 0.43 10.9 

SO3 2.0 2.60 1.76 
K2O 0.3 0.47 2.12 

 
A 98 % solution of sulfuric acid was diluted with deionized water (DI) to prepare the dilute acid solutions 
of the required concentrations. Three different concentrations of sulfuric acid solution (0.5%, 1.0% and 
2.0 % by mass of the total solution) were used as the soaking solution, their respective pH values being 
listed in Table 2. These solutions are more aggressive than those that would be found in natural 
environments, facilitating assessment of the paste performance within a shorter period of time.  
 
All samples (2 inch by 4 inch cylinders) were moist cured in ambient temperature conditions (23±2℃) 
for 28 days after mixing, then exposed to sulfuric acid solution with different concentrations. The mixture 
proportions used for the study are listed in Table 3. 
 

Table 2 Solution concentration (%.wt. by mass of total weight) and pH values of three exposure solution 
 

Sulfuric acid solution 
Concentration (by wt.% of total 

solution) 

pH value 

0.5% 1.01±0.1 
1.0% 0.64±0.1 
2.0% 0.33±0.1 

 
 

 

 

 



Table 3. Mix proportions for OPC mixture, AA-Slag and AA-FAF 

Mixture ID Activator  parameters, w/c or s/b Original Compressive strength 
(at 28 days,  MPa) 

OPC w/c=0.50 38  
AA-Slag MS=1.5, Na2O%=5%,   s/b=0.45 37  
AA-FAF MS=1.5, Na2O%=6%,   s/b=0.4 19  

 
2.2. Test procedures 
The 0.5%, 1.0% and 2.0% sulfuric acid solutions were prepared in three acid-resistant tanks; 
corresponding samples for both strength and mass change measurement were soaked in the same 
tank for each of the concentrations. The ratio of sulfuric acid solution volume to sample surface 
area was kept at eight to ensure enough acid was available to react with the specimens. Solution pH 
was monitored throughout the entire soaking period, the pH being adjusted every seven days as 
needed. 

 
2.2.1 Compressive strength  
Compressive strength was determined using 2x4 inch cylinders as per ASTM C39 after 28 days of 
curing and after 28- and 56-day exposures to sulfuric acid solution. The relative strength change 
was determined using the 28 day strength before exposure as a baseline.  For each data point, 
three cylinders were tested and their strengths averaged. The percent change in compressive 
strength values were plotted and compared. 
 
2.2.2 Sample mass change   
Sample masses were monitored every 7 days for up to 56 days during the exposure period. Three 
2x4 inch cylinders were used to monitor mass change for each mixture. 
 
2.2.3 SEM and EDS 
Microstructure of 28-day acid exposed samples were studied using a scanning electron 
microscope (SEM) equipped with an EDS analyzer.  An Oxford instruments INCA system was 
employed for energy-dispersive X-ray spectroscopy (EDS). Following the aforementioned 
soaking period, the samples were cut into small cubes, freeze-dried using liquid nitrogen, then 
vacuum desiccated until ready for examination. Prior to examination under the secondary mode of 
SEM, the small cubes were snapped to expose a free fractured surface and sputter coated. 

  
2.2.4 Ions analysis using inductively coupled plasma mass spectrometry (ICP-MS) 
In order to study leaching resistance of different binders exposed to sulfuric acid solution, 
solutions (leachates) were collected from 1% sulfuric acid soaking solutions at the 28- and 56-day 
points. Concentrations of leached Ca, Si, Al, Na, and S were analyzed through ICP-MS analysis of 
the leachates.  
 
 
 



3.  Results and discussion 

3.1 Average mass and compressive strength change during the exposure period   

3.1.1 0.5% of sulfuric acid exposure 

Figure 1 - (a) compares the average mass change of alkali activated slag (AAS) and alkali-activated class 
F fly ash (AAFAF) to that of OPC paste, all given 0.5% sulfuric acid solution for up to 56 days. Despite 
the expectation that samples would lose mass upon exposure to acid, the mass of all samples showed 
slight increases of 1-3%. There are several potential contributors to this small mass increase. Physically, 
the penetration of acid solution can contribute to mass increase, happening more significantly early in the 
exposure period. This likely has a greater impact on samples with higher permeability and porosity. 
Chemically, calcium-based hydration products, namely CH and C-H-S, can form calcium salt upon 
reaction with sulfuric acid. Calcium salt solubility is typically low given low-concentration acid solutions, 

so it attaches to the sample surface early in the 
exposure period, potentially increasing the average mass of the samples. 

 

Figure 1 Average (a) mass and (b) strength change of OPC, alkali activated slag (AAS) and fly ash binders (AAFAF) 
exposed to 0.5% sulfuric acid 

Figure 1-(b) shows the residual compressive strength of AAS, AAFAF and OPC binders following 28 and 
56 days of soaking in the 0.5% sulfuric acid solution. The compressive strength of the OPC binder 
samples exhibited large strength decreases of 19% and 55% after 28 and 56 day exposures, respectively.  
The compressive strengths of AAS and AAFAF were similarly stable after 28-day exposures, with both 
showing less than 5% strength loss. However, while the relative strength of AAS samples remained stable 
after 56 days of acid exposure, a relative increase of approximately 40% was observed in the compressive 
strength of AAFAF samples.  



The observed strength changes are primarily due to the higher calcium content of OPC hydration products 
(calcium hydroxide, C-S-H gel); they make OPC more vulnerable to sulfuric acid attack and subsequent 
calcium salt formation. Calcium salt can readily absorb water, causing the sample to swell. OPC can also 
soften in acidic solutions as significant degradation of the structure established by hydration products 
(particularly C-S-H), occurring decreasing strength. AAS and AAFAF, due to their significantly lower 
calcium content, do not experience significant strength degradation when exposed to 0.5% sulfuric acid 
solution. 

3.1.2 1.0% Sulfuric acid solution exposure 

Figure 2-(a) shows, as a percentage, the average relative mass change of AAS, AAFAF and OPC binders 
exposed to 1.0% sulfuric acid solution for up to 56 days. As with the 0.5% acid solution exposure results, 
a small mass increase of approximately 4% was observed for each of the binders. After 56 days of 
exposure, AAS exhibited a mass increase of approximately 4.2%, AAFAF an increase of 4.0%, and OPC 
an increase of 3.8%. 

                     

Figure 2 Average (a) mass and (b) strength change of OPC, AAS and AAFAF binders exposed to 1% sulfuric acid 

The average compressive strength change following exposure to 1.0% sulfuric acid solution for 28 and 56 
days is shown as a percentage for each binder in Figure 2-(b). Significant strength degradation was 
observed in OPC binder, with compressive strength declining by 25% and 63% after 28 and 56 days, 
respectively, this loss being greater than that observed for the 0.5% solution. Compressive strength was 
much more stable for AAS and AAFAF binders. After 28 days of acid exposure, the compressive strength 
of AAS and AAFAF decreased by 13% and 5%, respectively. At 56 days, the relative strength 
degradation was 9% and 24% for AAS and AAFAF compared to their control mixture. In general, AAS 
and AAFAF binders were more stable than OPC binder for all of the exposure periods as measured by the 
compressive strength of samples soaked in 1.0% of sulfuric acid solution. 



3.1.3 2.0% Sulfuric acid solution exposures 

Figure 3-(a) compares the average relative mass change of AAS, AAFAF, and OPC mixtures exposed to 
2.0% sulfuric acid solution for up to 56 days.  The average mass of AAS and AAFAF binder samples 
steadily increased throughout the exposure period, exhibiting 13% and 7% increases after 56-day 
exposures to 2.0% sulfuric acid solution. The average mass for OPC binder samples increased through 
day 35 by 4%, then it declined through day 56, exhibiting a net mass loss of 6%. This rise and decline is 
due to the formation of greater quantities of calcium salt in the 2.0% sulfuric acid solution than in the 0.5% 
or 1.0% cases and the dissolution of calcium being accelerated by the more strongly acidic conditions. 
Thus, OPC mixtures demonstrated less stability, as measured through relative mass change, given 
exposure to stronger sulfuric acid solution and as exposure duration increased. 

 

 

Figure 3 Average (a) mass and (b) strength change of OPC, AAS and AAFAF binders exposed to 2% sulfuric acid 

The average relative compressive strength change values for AAS, AAFAF and OPC binders exposed to a 
2.0% sulfuric acid solution for 28 and 56 days are shown in Figure 3-(b). Results indicate that AAS is the 
most stable mixture in 2.0% sulfuric acid solution on the basis of relative change in compressive strength, 
its strength declining by only 5% after 56 days. AAFAF exhibited a relative strength decrease of 11% and 
58% after 28 and 56 days, respectively. The OPC mixture was the most vulnerable binder, showing 
respective 58% and 64% decreases in compressive strength given 28 and 56 days of exposure to the 2.0% 
sulfuric acid solution.  

Results from this mass and strength change data indicate that AAS and AAFAF are relatively stable in 
sulfuric acid solution for up to 56 days. The better performance of the alkali activated binders may be 
attributed to its lower calcium C-S-H structure (with Ca/Si<1.0) than OPC paste (Bakharev, 2003; 
Gebregziabiher., et al, 2015; Deir., et al, 2015). OPC paste has a higher calcium content due to the 



presence of residual C3S and C2S in addition to CH and C-S-H gel, having Ca/Si=1.7 (Jawed .,et al,1983).  
These calcium-based components in OPC paste react with sulfuric acid solution, forming a white gel 
cover mostly composed of calcium sulfate. This calcium sulfate-based cover swells upon absorbing water, 
and dissolves into acid solution as a function of its concentration. Consequently, the surfaces of OPC 
samples became soft and separate from the specimen, exposing new faces to sulfuric acid attack.  

 

 

 

 

 

 

 

 

Figure 4 Visual appearance of OPC (left), AAS (middle) and AAFAF (right) after 56 days of soaking in  2.0 % 
sulfuric acid solution  

The photograph in Figure 4 shows the visual appearance of samples using the different binders after 56 
days of exposure to 2.0% sulfuric acid solution. The OPC specimen clearly exhibits a soft, white cover 
(calcium sulfate) over the cylinder’s surface, and its volume decreased significantly. Very little white 
cover was formed on the surface of AAS specimen, while the AAFAF surface exhibited only minor 
surface cracks with no discoloration. This visual evidence provides support for the degradation 
mechanism discussed in the previous section. 

3.2 Microstructural and composition analysis 

SEM images taken from near the surface and interior regions of OPC and AAS samples after 28 days of 
exposure to 2.0% sulfuric acid solution are presented in Figure 5. Only the best- and worst-performing 
binders after exposure to the most severe conditions (2.0% acid solution) were selected for this 
examination. Comparison of image (a) to image (b) indicates that smaller quantities of crystalline reaction 
products were present in AAS samples than OPC samples. The crystals found in OPC are predominantly 
gypsum, whereas gypsum was nearly absent in AAS. In addition, a more porous structure was found in 
the OPC binder, which may be attributed to CH and C-S-H being leached from the system. Some of the 
calcium ions reacted with sulfuric acid to form soluble calcium salt (gypsum in this case), destroying the 
paste microstructure. For the interior region of the OPC binder presented in image (c), the structure 
appears significantly denser than the surface region shown in image (a).This indicates that the sulfuric 
acid solution was unable to effectively penetrate the interior regions of the OPC, whereas the deterioration 
was severe near the surface. However, many needle-shaped phases can be identified in this image, most 

OPC AAS 
AAFAF 



likely being ettringite. The microstructure of AAS near the surface (b) and in the interior (d) of the sample 
was effectively identical. Neither gypsum nor ettringite were present in either region. This indicates that 
the diffusion of acid into the AAS sample was limited or that conditions in the AAS system were not 
sufficiently favorable for gypsum crystals to readily form. 

Figure 5 SEM examination of surface and interior regions of OPC and AAS binders after exposure to 2.0% sulfuric 
acid solution for 28 days; (a) surface region of OPC mixture, (b) surface region of AAS mixture, (c) interior region 
(4mm from surface) of OPC binder, (d) interior  region (4mm from surface) of AAS 

The EDS analysis corresponding to the above SEM images is presented in Figure 6. The composition of 
the surface region (deteriorated region) and the interior region (undamaged region) for OPC are presented 
in (a) and (b), while those for AAS are presented in (c) to (d). The EDS spectrum in Figure 6(a) shows 
that the abundant crystals found in the deteriorated zone of OPC binder (Figure 5(a)) are gypsum while 
only traces of Si were left in the system after the decalcification of CH and C-S-H. At the same time, in 
the surface region of the AAS sample (EDS spectrum c), evidence of diffused sulfuric acid, early stages 
of gypsum formation, and presence of Si and Ca are still apparent. This likely supports the previously 
proposed deterioration mechanism. In OPC, the calcium-based components (C-S-H and CH) react with 
sulfuric acid, the calcium in C-S-H being replaced by calcium sulfate, a soluble salt, leading to softening 

(b) 

(c)  

(a) 

(d)  



and strength loss. Additionally, the higher calcium content of OPC paste (approximately 39% by mass) 
compared to that of AAS (approximately 23% by mass) results in a larger, more consistent supply of Ca 
in the formation of gypsum. Due to the lower calcium content of its hydration products, AAS paste 
exhibits a slower rate of deterioration than OPC paste. The chemical composition of interior regions of 
OPC and AAS (spectrum (b) and spectrum (d), respectively) indicate that the original chemical 
composition of the hydration products in both systems is well-maintained. Note that the Ca/Si ratio is 
approximately 2 in the OPC system and approximately 1 in the AAS system.  

 

Figure. 6 EDS spectra of OPC and AACS paste exposed to the sulfuric acid solution (2.0%) after 28 days; (a) OPC 
(surface region), (b) OPC (interior region) (c) AAS (surface region) (d) AAS (interior region) 

3.3 Ion analysis using ICP-MS 

The concentration of Ca, Si, S, Na, and Al in the OPC, AAS, and AAFAF acid soak solutions was 
evaluated after 28- and 56-day exposures using an ICP-MS.  In general, results indicate significant 

(a)   

(c)
  

(d)
  

(b) 



leaching of all ions after 28 days of acid exposure with little change in ion concentrations between the 28- 
and 56-day results. This is consistent with the mechanism previously proposed; OPC had the greatest 
quantity of calcium components react with sulfuric acid and dissolve, being followed in turn by AAS and 
AAFAF. 

The leaching of silica was proportional to the chemical composition of the starting material, specifically 
its SiO2 content. The concentration of Si was highest in AAS leachate, being followed by AAFAF and 
OPC. This corresponds to the higher silicon content of FAF and Slag compared to OPC, their respective 
SiO2 contents being 48%, 38%, and 21.1%.          

Among the ions found in the leachate, sulfur was a large contributor because the leachate solution 
featured sulfuric acid and thus, sulfate ions. The sulfur ion concentration was about 30% higher in the 
AAFAF leachate than that of AAS or OPC, while AAS and OPC had similar sulfur concentrations after 
28 days. The lower sulfur ion concentration in the OPC leachate is likely due to the abundance of gypsum 
found in these samples (Fig. 5(a)). Sulfur concentrations slightly increased in the AAFAF and AAS 
leachates at 56 days while a 13% reduction was observed in the OPC leachate. In general, OPC samples 
had the lowest sulfur concentration after 56 days. This reduction might also be due to the consumption of 
sulfate ions during the formation of calcium salt, most notably gypsum. It should be noted that some 
calcium salts may have precipitated in the solution and so indistinguishable through ICP testing alone. 

The AAFAF leachate exhibited significantly higher Na concentrations than those of AAS and OPC. 
Generally, activated binders have higher alkali content from the activator solution. AAFAF binder had the 
highest sodium content (6%) in its activator compared to AAS (5%) and no activator for OPC. Although 
the dosage of Na2O in the activating solutions in both the alkali activated binders was similar, being 6% 
for AAFAF and 5% for AAS, a larger quantity of Na ions were leached from the AAFAF system. As such, 
it appears that the binding component in AAS (N-C-S-H, or N-A-S-H)) possesses greater resistance to 
leaching than that of AAFAF. Another possible contributor to the Na leaching occurring with AAFAF is 
that the samples were prepared using normal, ambient temperature curing. As indicated in table 3, the 28-
day compressive strength of the AAFAF was the lowest among the three binders. The AAFAF 
microstructure might not have developed fully in the 28-day period, potentially impairing its resistance to 
leaching. A similar trend was observed in Al ions as well, with the greatest quantity of Al leaching from 
the AAFAF (Fig 7. (e)). 



Figure 7 OPC, AACS and AAFAF leachate concentration 
after 28- and 56-day exposures to 1.0% sulfuric acid (a) Ca, 
(b) Si, (c) S, (d) Na and (e) Al concentration 

 

 



4. Conclusion  

This paper evaluated the performance of alkali activated slag and class F fly ash binders in an acidic 
environment in comparison with that of a traditional OPC binder. The following conclusions can be 
drawn from this study: 

• Alkali activated slag paste (AAS) binder exhibited superior performance in comparison to OPC 
binder (similar compressive strength after 28 days moisture cured) exposed to sulfuric acid 
solution irrespective of the soaking solution pH or concentration  (0.5%, 1.0% and 2.0%). 

• Alkali activated class F fly ash (AAFAF) also exhibited superior performance compared to OPC 
binder in sulfuric acid environments at all pH levels. However, the deterioration rate significantly 
increased after 28 days of 2.0% sulfuric acid solution exposure  

• The better performance of AAS can be attributed to its smaller quantity of calcium-containing 
hydration products, limiting formation of gypsum or ettringite minerals as a product of AAS and 
diffused sulfuric acid reaction.  

• The poor resistance of AAFAF compared to AAS may be attributed to the low compressive 
strength achieved after 28 days of ambient temperature curing. A heat cured, higher strength 
AAFAF binder might perform better than AAS system. 
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Abstract 
The preparation of cement based on hydrated magnesium carbonate is described. During the 
precipitation stage, a solution containing HCO3

- and/or CO3
2- and a solution containing Mg2+ are 

mixed to form nesquehonite, MgCO3·3H2O, which is preferentially obtained at ~ 25 °C and 1 atm. 
Nesquehonite is not self-cementing but its thermal activation leads to the formation of a precursor 
which, upon rehydration, reforms nesquehonite and exhibits cementitious properties; the morphology 
of nesquehonite, as prismatic needles, is mostly preserved during the thermal activation. Shapes like 
cubes, blocks or panels can be prepared by casting or pressing. The cementitious materials formed 
contain a variable amount of water and ~ 32 wt% CO2; they are non-toxic, non-flammable and could 
be recycled. The properties of the materials depend on the processing conditions but the bulk density is 
typically in the range 600-900 kg.m-3 and the compressive strength can reach up to 10 MPa. In an 
industrial process, the source of CO2 could be any fixed-source combustion exhaust (e.g. cement plant 
stack gas); it is not necessary to separate CO2 from the other gases present as this occurs 
spontaneously in the course of dissolution of CO2 into alkaline solution. The source of Mg could be any 
Mg-rich solution (e.g. reject water from seawater desalination process). The nesquehonite product, 
which is precipitated from solutions containing also NaCl, can be washed to obtain a virtually 
chloride-free product. The use of industrial wastes in the precipitation process and of renewable 
energy sources in the production of alkalis (used for the precipitation of nesquehonite) could help to 
make this type of material a low carbon cement. 
 
 
Originality 
Instead of sequestrating CO2 in a solid or liquid form with a view of underground disposal, this project 
aims at converting gaseous carbon dioxide into useful solids. The route followed is not new but the 
focus on products which contain about 32 wt% CO2 and have cementitious properties is a key feature. 
The product could be made almost entirely from industrial wastes. Processing is mild and does not 
require high capital investment. If the process is operated in conjunction with a cement kiln, it has the 
potential to drastically lower CO2 emissions to the atmosphere. The finished product could for example 
be used as an alternative to conventional insulation materials, thereby delivering additional 
operational energy use and carbon emission savings. 
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CO2 sequestration; low carbon cement; nesquehonite; thermal activation. 
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1. Introduction 
Much research has recently focused on the capture and sequestration of CO2 in order to 
reduce the amount of CO2 released into the atmosphere. Several methods have been 
considered: one way to proceed is to carbonate Mg-rich minerals, like olivine or serpentine, 
into Mg-carbonate hydrates (Haywood et al., 2001; Mazzoti et al., 2005). Another possible 
way is to dissolve gaseous CO2 into an alkaline solution then react the CO2-rich solution with 
a solution containing cations, like Ca or Mg, to precipitate carbonates (Lackner, 2002). The 
source of cations could be a natural resource (e.g. seawater or water from lakes with a high 
cation content) or an industrial waste (e.g. a brine from a seawater desalination process). As 
the amount of CO2 dissolved in an aqueous solution increases with its pH (Stumm, Morgan, 
1996), a source of alkalinity allows this route to be more technically feasible by improving the 
recovery of CO2 but also the precipitation of the carbonates. 
Several phases in the MgO-CO2-H2O system (which will be referred to as Magnesium 
Hydroxy-Carbonate Hydrate, or MHCH, phases) have been identified in nature and some of 
them have been successfully synthesized under many different experimental conditions (Case 
et al., 2011; De Vito et al., 2012; Ferrini et al., 2009; Hänchen et al., 2008; Kloprogge et al., 
2003; Ma, Yoon, 2013). According to the literature, the most commonly synthesized MHCH 
phases are nesquehonite, MgCO3·3H2O, hydromagnesite, Mg5(CO3)4(OH)2·4H2O, and 
dypingite, Mg5(CO3)4(OH)2·5H2O, nesquehonite usually being the phase formed at room 
temperature and ambient pressure; each of these phases contains at least 30 mass% CO2. It is 
interesting to note that some of the MHCH phases are related; for example, nesquehonite is 
reported to convert (more or less rapidly depending on the experimental conditions of 
temperature, humidity…) into hydromagnesite or dypingite (Ballirano et al., 2013; Case et al., 
2011; Davies, Bubela, 1973; Hänchen et al., 2008). 
Industrial applications have already been reported for some MHCH phases, for example as a 
fire retardant in the case of hydromagnesite or as building materials (Camire et al., 2012; 
Constanz et al., 2009). The use of MHCH phases as building materials usually imply mixing 
them with other materials and do not seem to involve their thermal activation; however, our 
work has shown that MHCH phases are not intrinsically cementitious but that nesquehonite 
could be activated by thermal treatment and then achieve cementitious properties in the 
course of rehydration (Morrison et al., 2014). This paper presents the results obtained so far 
on nesquehonite-based products, focusing on bulk density and compressive strength. 
 
 
2. Materials and methods 
The syntheses of nesquehonite were done using commercial-grade and/or lab-grade powder 
reagents (NaHCO3, Na2CO3 and MgCl2·6H2O). 
The mineralogical composition of the samples was determined by XRD using a Panalytical 
X’Pert Powder diffractometer (radiation: Cu-Kα1-α2, operating parameters: 45 mA and 40 kV, 
step size: 0.013 ˚2θ, atmosphere: static air). 
The morphology of the samples was observed with a Hitachi S-520 Scanning Electron 
Microscope. The acceleration voltage was 20 kV and the samples were gold coated under 
flowing Ar. 
The compressive strength of the cubes was measured on a Hounsfield Universal press using a 



 

loading speed of 1 mm.min-1 and a 10 kN sensor. 
 
 
3. Experimental procedures 
Nesquehonite was synthesized by mixing a solution of MgCl2·6H2O and a solution containing 
NaHCO3 and/or Na2CO3 at room temperature (i.e. around 20-25 °C) and atmospheric pressure 
with a constant stirring in the range 200-500 rpm; the concentration of both solutions was in 
the range 0.1-0.2 mol.L-1 and the Mg:CO2 ratio was always equal to 1. 
After 4 h, the slurry was filtered and the filtration cake was washed with water then dried at 
room temperature for at least 24 h. The wash stage was required to remove the Na and Cl ions 
present in the mother liquor and so to prevent the precipitation of NaCl during drying. The 
solid was sometimes disaggregated into smaller grains to facilitate drying. The dry solid was 
then ground manually into a powder and stored for subsequent use. 
The nature and morphology of the samples was determined by XRD and SEM respectively. 
 
The thermal activation of the nesquehonite powder samples was performed by heating the dry 
powders in ovens in the range 100-250 °C for 24 h. After cooling down to room temperature, 
the samples were stored again for subsequent use. 
 
Cubes were prepared by mixing the activated powder samples with water using a water/solid 
ratio in the range 1.0-1.5 then by casting (or pressing depending on the stiffness of the mix) 
the mixes into 2x2x2 cm or 3x3x3 cm moulds. The cubes were cured for 1 day in a humid 
atmosphere at room temperature then demoulded and allowed to dry at room temperature; the 
compressive strength was then measured. The mass of some of the cubes was also measured 
and their density calculated before compressive strength measurement. 
The results were used to investigate the influence of the activation temperature of the 
nesquehonite and of the water/solid ratio used on the compressive strength of the cubes. 
 



 

 
4. Results and discussion 
In most cases, the product was found by XRD to be pure nesquehonite, without any other 
phase detected. At the moment, kg-size batches have been produced but further scale-up tests 
(including a continuous process) are under study. 
Nesquehonite typically forms as prismatic needles of different sizes as shown in figure 1. 

 
Figure 1 Typical SEM photo of nesquehonite (synthesis conditions: 4 mol of Na2CO3, 4 mol of MgCl2, 

22 L total volume, 300 rpm stirring speed, 4 h reaction at ~ 25 °C, drying in static air at ~ 25 °C) 
 
The thermal decomposition of nesquehonite leads first to the loss of water then to the loss of 
CO2 so the temperature used for thermal activation has to be chosen in such a way that CO2 is 
not significantly lost during the activation step. The complexity of the thermal decomposition 
of nesquehonite has been presented in the literature (Ballirano et al., 2013; Dell, Weller, 1959; 
Jauffret et al., 2015). 
The morphology of the crystals is overall preserved during thermal activation although, at 
high magnification, needles are often seen to develop cracks running mainly parallel to the 
needle axis (Jauffret et al., 2015; Morrison et al., 2014). 
 



 

 
When the thermally activated powder is mixed at around 25 °C with water in excess, 
nesquehonite reforms and exhibits cementitious properties upon rehydration (Morrison et al., 
2014), the rehydration step being exothermic. 
Figures 2 and 3 show the evolution of the bulk density and of the compressive strength 
respectively as functions of activation temperature and water/solid ratio; the large standard 
deviations observed in some cases can be explained by the fact that the data presented are an 
average of results obtained for samples prepared under different conditions (activation 
temperature, water/solid ratio, cube size…). Deconvolution of the influence of these factors 
on the properties of the cubes is still ongoing. 

(a)  

(b)  
Figure 2 Evolution of the bulk density of cubes with (a) activation temperature (sample size n = 80) and 

(b) water/solid ratio (sample size n = 65) 
 
 



 

(a)  

(b)  

Figure 3 Evolution of the compressive strength of cubes with (a) activation temperature (sample size n 
= 178) and (b) water/solid ratio (sample size n = 165) 

 
In general, the bulk density of the cubes and their compressive strength seem to reach a 
maximum for an activation temperature between 150 and 200 °C (figures 2a and 3a) whereas 
the bulk density and the compressive strength of the cubes tend to increase with decreasing 
water/solid ratio (figures 2b and 3b). The bulk density lies in the range 600-900 kg.m-3 while 
the compressive strength is ≤ 10 MPa; it must be noted that both properties could be improved 
by optimizing preparation parameters (e.g. activation temperature or water/solid ratio). 
 
 
Solutions of NaHCO3 and/or Na2CO3 were prepared and used directly instead of dissolving 
CO2 in alkaline solutions but the results are not expected to differ significantly as the 
controlled dissolution of gaseous CO2 in a NaOH solution will give the same concentration of 
total CO2 as an equivalent mix of NaHCO3 and Na2CO3 solutions. The dissolution of CO2 
takes place according to the following reaction (x and y being between 0 and 1): 
 

(x+y)*CO2 + (2x+y)*NaOH => x*Na2CO3 + y*NaHCO3 + x*H2O     (1) 
 
A great advantage of this reaction is that, in the case of an input gas mixture containing N2, O2 
and CO2, the latter (being much more soluble) is automatically separated from the other 
(much less soluble) gases. 
In the same way, the Mg-rich solution was prepared from chemical MgCl2·6H2O in order to 
simplify the study but a few tests (not reported here) carried out with other ionic species 



 

present in real desalination brines, like Ca, showed that the process could work (subject to 
some adjustments). 
So, in a full-scale process, the sources of both Mg and CO2 could be industrial wastes like gas 
emissions from a cement kiln and desalination reject brines. 
 
 
5. Conclusions 
 

• Nesquehonite, MgCO3·3H2O, can be synthesized either from pure chemicals or from 
industrial wastes (e.g. using a combustion exhaust from a cement plant and a brine 
from a seawater desalination plant) and can be activated by thermal treatment to 
exhibit cementitious properties upon rehydration. 

• The cementitious products thus obtained contain ~ 32 % CO2 by mass and a variable 
amount of water; when washed properly, the products are virtually chloride-free, 
which allows their use in construction without danger of accelerating steel corrosion. 

• The average bulk density and compressive strength of cubes prepared from activated 
nesquehonite (coupled with simplicity of formation and fabrication as well as with 
forecast low capital investment for production) appear promising for 
construction-related applications. The use of industrial wastes at different stages in 
the process would help to classify these products as low carbon materials. 

• More work is required on the optimization (e.g. regarding the consumption of alkalis 
during the precipitation stage or the factors influencing the properties of the products) 
and on the durability of nesquehonite-based products but progress is being made as 
research is ongoing. 
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Abstract 
The production of highly reactive low temperature belite binder is one promising concept to reduce the energy 
demand and CO2 emissions in cement production. 
Belite has several well-known advantages in comparison to alite, the main constituent of Ordinary Portland 
Cement clinker. If belite and alite reach the same degree of hydration, belite will form more C-S-H and less 
Ca(OH)2 than alite which can result in a denser and more resistant matrix. Additionally, the specific heat of 
hydration of belite is lower. Therefore belite exhibits the capability for an efficient binder with excellent 
durability. 
Nevertheless, belite produced by a high temperature process usually exhibits slow rates of hydration and is 
hardly to grind. 
The production of low temperature belite binder by thermal activation of hydrothermal C-S-H allows to 
overcome these disadvantages. Binders made of thermally activated alpha-dicalcium silicate hydrate (α-C2SH) 
at temperatures below 500 °C are able to achieve degrees of hydration of approximately 90 % during the first 
three days of reaction. Resulting belite is already very fine, so grinding energy is minimal. The low annealing 
temperature during production process results in a reduction of thermal energy demand and consequently CO2 
emissions due to fuel combustion. 
The characteristics of the hydration process were analyzed by thermal calorimetry, X-ray diffraction, and 
electron microscopy. The interaction with several cementitious materials during hydration was investigated. The 
addition of OPC or bassanite could slightly extend the dormant period. The presence of other cementitous 
phases does not affect the performance of highly reactive belite binder. 
 
Originality 
There is currently only little information regarding production and hydration of highly reactive belite. This 
article presents new results in the fields of production, hydration and interaction of these binders with 
cementitious materials. 
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1. Introduction 
The advantages of belite binders are well known. The enthalpy of formation is about 25 % lower than 
for C3S (Kurdowski, et al., 1997). C2S is more effective in forming C-S-H than C3S. The matrix of 
hydrated belite is denser than matrix of hydrated alite, resulting in a good durability (Chatterjee, 1996, 
Chatterjee, 1996). The specific heat evolution during hydration is lower than of C3S (Kurdowski, et 
al., 1997), resulting in lower thermal exposure during hardening.  
However, these advantages are not utilized if belite is produced by high temperature process. Such 
binders are slow in reaction and therefore their application is limited (Chatterjee, 1996). 
Low temperature synthesis of belite binders could overcome the lack in reactivity. A very promising 
production process for highly reactive belite binder is the thermal activation of alpha dicalcium 
silicate hydrate (α-C2SH) (Ishida, et al., 1993, Link, et al., 2015). Until now, the stage of development 
of such binders only reaches laboratory scale.  
From previous studies (Link, et al., 2015) it is known, that reactivity can be controlled by annealing 
temperature. Annealing at 420 °C leads to highest reactivity. Increasing annealing temperatures reduce 
reactivity. Degrees of hydration of approx. 90 % after 3 days were obtained for a highly reactive 
binder prepared at 420 °C. Main constituents of such belite binders are an X-ray amorphous 
component and x-C2S.  
The reason for the extraordinary high reactivity of such binders is not fully understood. The high 
specific surface area and the platy shape of binder particles are surely reasons for the reactivity but 
there are also other parameter affecting the reactivity. It was shown that binders with the same BET 
surface and particle morphology, but annealed at different temperatures lead to different reactivities. A 
binder produced at 800 °C released about 200 J/g less heat of hydration after 3 days than a binder 
produced at 420 °C (Link, et al., 2015).  
In this study it was investigated if the extraordinary high reactivity can be altered or even restrained 
by replacing portions of the highly reactive belite binder by other cementitious materials. Because 
only small amounts of highly reactive binder could be produced, experimental techniques which 
require small material amounts were applied. It should be investigated if the kinetic of hydration is 
altered and if the products of hydration change. For the investigations C3A, bassanite, Ca(OH)2, 
highly dispersive SiO2, limestone powder (lsp), and ordinary portland cement (OPC) were used as 
admixtures.  
2. Materials and Methods 
Αlpha-dicalcium silicate hydrate (named “B4” during this study) was synthesised from Ca(OH)2 (p. a., 
Roth, Germany), nano-SiO2 (highly dispersive SiO2, 250 m²/g, Merck, Germany), 5 % α-C2SH seeds 
and de-ionised water. The molar ratio was Ca(OH)2/SiO2 = 2. All solids were carefully homogenised 
and subsequently mixed with water (water/solid=2) in order to form a smooth paste. The mixture was 
placed in a in a stainless steel pot and covered by a stainless steel sheet. The pot was placed in a static 
autoclave (high pressure autoclave 25 bar, Testing Blum & Feuerherdt GmbH, Germany). 
Hydrothermal treatment was conducted for 20 h at 15 bar. The resulting α-C2SH was filtered and dried 
at 80 °C.  
In order to reach maximal reactivity, the binder was annealed at 420 °C. Thermal treatment was 
conducted in a muffle furnace (Linn, Germany) in air for 1 h.  
For the investigation of interaction, portions of the binder were subsequently blended with the 



 

cementitious materials. Details of the sample compositions are given in Table 1. Homogenisation of 
the components was carried out in a tumbling mixer. To prevent agglomeration, the mixtures were 
subsequently treated by mortar and pestle. 

Table 1 Investigated mixtures of highly reactive belite and cementitious materials 
Admixture Addition content [mass%] 

limestone powder 20 
OPC 5, 20, 80, 100 

nano-SiO2 10 
Ca(OH)2 20 

C3A 3 
bassanite 2 

The chemical and phase composition (calculated by bogue method) of OPC (CEM I 42,5 R) is 
provided in Table 2. Blaine surfaces were determined to 4770 cm²/g for OPC and 5380 cm²/g for lsp. 
Portlandite was contaminated with 13 % calcite (determined by TGA). Nano-SiO2 was the same as 
used for α-C2SH synthesis. 

Table 2 Chemical and phase composition of and OPC 
component [mass %] phase [mass %] 

SiO2 21.6 C3S 47.2 
Al2O3 4.6 C2S 26.3 
Fe2O3 2.3 C3A 8.3 
CaO 63.4 C4AF 7.0  
MgO 1.5   
TiO2 0.17   
MnO 0.03   
K2O 1.32   
Na2O 0.29   
SO3 3.1   

CaO free 0.9   
In order to determine the phase composition of α-C2SH, the produced binders as well as the hydrated 
samples were investigated by means of powder X-ray diffraction (XRD). XRD experiments were 
carried out with a Siemens D5000 diffractometer (Bragg-Brentano geometry, energy-dispersive Sol-X 
detector) operating with copper radiation at 40 kV and 40 mA. The scanning was performed at a step 
width of 0.02° 2θ over an angular range from 12 to 90° 2θ with 6 s counting time per step. For the 
quantification of the phase composition including X-ray-amorphous contents of α-C2SH and highly 
reactive belite, the external standard method (Jansen, et al., 2010, O'Connor, et al., 1988) was used. 
For details see (Link, et al., 2015). 
α-C2SH and hydrated samples were investigated by simultaneous TGA/DSC, deploying an SDT Q600 
manufactured by TA Instruments, New Castle, DE, USA. The measurement was performed in the 
temperature range of 25-1000 °C with a heating rate of 10 °C/min under N2 flux (100 ml/min). 
Portlandite content was calculated from characteristic mass loss around 450 °C. 
Synthesized α-C2SH and selected hydrated samples were investigated by high-resolution Scanning 
Electron Microscope Nova NanoSEM 230 (Philips/FEI, Eindhoven, Netherlands) under high vacuum. 



 

Acceleration voltage was set to 2 KV. 
BET specific surface area of α-C2SH and binder was determined by N2 adsorption (SA 3100, 
Beckmann Coulter, Brea, USA). 
In order to characterise the hydration process, the heat flow evolution of pure belite and of the 
investigated mixtures were monitored by means of isothermal heat conduction calorimetry at 25 °C 
(ToniCal Trio, Toni Technik, Berlin, Germany). The water/solid-ratio used was 1.4 due to the high 
fineness of materials. Only the pure OPC and the blend 80 % OPC + 20 % belite were prepared with a 
w/s-value of 0.6. The w/s values were adjusted in order to enable easy mixing and to prevent 
segregation. Measurements were carried out over 72 h. Accuracy of the measurement of heat of 
hydration after 3 days is about ± 10 J/g. 
3. Results 
3.1 Synthesis of highly reactive belite binder 
The hydrothermal process results in highly pure α-C2SH. The phase composition was determined by 
XRD to 97 % α-C2SH (ICSD 75277), 2 % X-ray amorphous material and 1 % calcite. α-C2SH 
particles are platy and often agglomerated or intergrown (see Figure 1). 
The synthesized α-C2SH powder is very fine with a BET surface area of 5.2 m²/g.  
TGA/DSC analysis is presented in Figure 3. The Loss of ignition (loi) from 25- 1000 °C was 
determined to be 10.8 % which is slightly higher than stoichiometric water content of 9.5 %. Calcite 
could not be detected because no endothermic heat flow effect associated with decarbonation was 
observed. 
After annealing at 420 °C, α-C2SH was nearly fully decomposed. XRD pattern from 12- 40 °θ is 
presented in Figure 4. Phase composition of the binder was determined to 51 % X-ray amorphous, 
41 % x-C2S (ICSD 280955), 5 % γ-C2S (ICSD 81095) and 3 % α-C2SH. Calcite is difficult to identify 
because main peak (104) at 29.5° 2θ is superposed with the x-C2S peak (130) and the γ-C2S peak 
(301). Because of the small quantity of calcite in α-C2SH and the missing endothermic peak in DSC 
signal, calcite was not included in rietveld refinement.  
Electron microscopy shows no alteration of morphology in comparison to untreated α-C2SH (see 
Figure 2). The BET surface slightly increased to 6.1m²/g. The particle size distribution is presented in 
Figure 5 gives a d50 value of 5.2 μm. 



 

  
Figure 1 Morphology of α-C2SH Figure 2 Morphology of belite “B4 420” 

 

 
Figure 3 TGA/DSC of α-C2SH “B4”  

 

 
Figure 4 XRD of highly reactive belite “B4 420”. Peak 

identifications: x= x-C2S, γ= γ-C2S 
Figure 5 Particle size distribution of belite “B4 420”  

 
3.2 Hydration kinetics 
The synthesized belite binder is highly reactive (see Figure 6). Heat flow calorimetry gives a total heat 
of hydration of 246 J/g after 3 d. A very high degree of hydration of approx. 90 % is concluded from 
comparison with the specific heat of hydration of β-C2S (262 J/g (Taylor, 2003)). The main peak in 
heat evolution is observed between 3 and 14 h. This heat effect is mainly attributed to the reaction of 



 

X-ray amorphous content (Link, et al., 2015). An additional hump is observed after 14 h which is 
associated to the reaction of x-C2S. The heat evolution is completed after 40 h. Because these 
processes are at least partly superposed, a detailed separation is not possible. A schematic model for 
the reaction sequence of the X-ray amorphous and x-C2S was already suggested (Link, et al., 2015).  

 
Figure 6 Heat evolution rates of blends with OPC. The total heat after 3 days is given in parentheses after 

labeling 
Pure belite binder reacts even faster than pure OPC (Figure 6). The acceleration period of OPC starts 
later and intensities during first 12 h are lower. 
Depending on level of replacement, the investigated OPC affects the kinetics of belite hydration 
(Figure 6).  
The addition of 5 and 20 % OPC shifts the acceleration period to about 4 h later. The main hydration 
peaks are lower than suggested by a superposition of pure OPC and highly reactive belite. The slopes 
of heat release during acceleration period are slightly lowered for the mixture with 5 % OPC and 
considerably lowered for the mixture with 20 % OPC. The altered slopes indicate a modified mode of 
growth of C-S-H.  
Heat flow of the mixture with 80 % OPC is dominated by OPC hydration. Heat flow in the first 12 h 
is nearly the same as for pure OPC. Between 12 and 20 h heat evolution curve of 80 % OPC mixture 
is above pure OPC curve. This indicates a slight retardation of belite hydration during first day also 
for this mixture.  
Despite the identified retardation effect in the early period of hydration, the overall reactivity during 
three days is not reduced. This becomes evident by the comparison of the measured total heats of 
hydration after 3 d with the sum of heat of their components (see Table 3). The sum of heat was 
calculated according to equation (1). Calculated heats of mixtures with 5 and 20 % OPC correspond to 
the measured total heat. For the mixture with 80 % OPC measured heat is even about 40 J/g higher 
than the calculated value. Hence, OPC is actually activated by belite.  



 

 f(x)= x⋅(heat of hydration belite) + (1-x)⋅(heat of hydration of pure OPC) (1) 

x= content of belite in the mixtures (0.2, 0.8, 0.95) 
Table 3 Total heats of hydration after 3 d for mixtures with OPC. Calculated heats are computed from the 

contents of their compounds.  
belite OPC total heat evolution after 3 d 

content 
calculated total 
heat evolution  

content 
calculated total 
heat evolution  

calculated measured 

[mass %] [J/g] [mass %] [J/g] [J/g] [J/g] 
100 

 
0 

  
246 

95 234 5 16 249 249 
80 197 20 62 259 265 
20 49 80 250 299 340 
0 0 100 

  
312 

The addition of limestone powder does not affect the kinetics of belite hydration. Figure 7 shows that 
the limestone used in this study only act as filler and reduce the heat release rates due to a dilution of 
the belite binder.  
The influence of nano-SiO2 and Ca(OH)2 addition on hydration kinetics is also given in Figure 7. SiO2 
strongly accelerates the hydration process. The Initial maximum of heat evolution is strongly 
increased. The subsequent period of slow reaction commonly called dormant or induction period 
disappeared. The minimum in heat flux rate during this early period of hydration is only slightly lower 
than the maximum of the pure belite. This indicates formation of considerable C-S-H amounts directly 
after mixing with water. The main heat evolution peak is increased and located approx. 4 h before 
pure belite. In contrast to pure belite, the reaction extends over at least 72 h. This is possibly due to a 
reaction of remaining silica with portlandite. 
For OPC and C3S the accelerating effect of nano-silica is already known (Land, et al., 2012, Singh, et 
al., 2013, Senff, et al., 2009, Singh, et al., 2015). Predominantly, it is attributed to the formation of 
nucleation sites on silica surface which accelerates the hydration (Singh, et al., 2013, Singh, et al., 
2015). Furthermore, the consumption of Ca+2 from the solution improves dissolution process.  
Portlandite shows only a minor influence on belite hydration. The acceleration starts little earlier and 
reaction extends slightly longer than for pure belite. The total heat of hydration accords to the value of 
the reference sample with 20 % lsp.  



 

 
Figure 7 Heat evolution rates of mixtures with lsp, nano-SiO2 and Ca(OH)2. Total heat after 3 days is given in 

parenthesis after labeling 
Figure 8 shows the kinetics of hydration of samples containing C3A and bassanite. 
C3A only inconsiderably affects hydration kinetics.  
The addition of 3 % bassanite delays the acceleration period of highly reactive belite by about 3 h. 
The maximum of heat flux curve associated to x-C2S hydration is higher. Total heat released during 
three days is not altered considerably for both mixtures. 
The extension of induction period observed corresponds to findings from (Quennoz, et al., 2013) who 
report a small delay in acceleration period due to 2, 5, and 10 % addition of gypsum to C3S. In 
contrary to that (Valentini, et al., 2015) found no influence on induction period of C3S due to the 
addition of 10 % gypsum while the rate of reaction was decreased. 



 

 
Figure 8 Heat evolution rates of mixtures with C3A and bassanite. Total heat after 3 days is given in parenthesis 

after labeling 
It can be summarized from the aforementioned data that the kinetics of belite hydration is only 
slightly affected by the interaction with tested cementitious materials. OPC and bassanite slightly 
retard the early period of hydration. The acceleration period is shifted about 2-4 h to later ages. 
However, total heats of hydration after 3 days are not reduced, or even increased as in the case of 
80 % OPC addition. That indicates that the degree of hydration is not reduced after 3 days. It can be 
concluded that there is no detrimental effect of C3A, SiO2, Ca(OH)2, OPC, lsp and bassanite on the 
reactivity of belite. 
The addition of bassanite or OPC could be even beneficial in order to regulate the setting and thus 
optimize practical applications. 
3.3 Hydration products 
An overview of XRD and TGA analysis of selected hydrated samples are given in Table 4. 
Products of hydration of pure belite binder are C-S-H and portlandite. SEM (see Figure 9) shows that 
C-S-H is needle like or fibrillar. Often, couples of “needles” are oriented in the same direction and 
form kinds of bundles. Unreacted particles or portlandite crystals were not observed. Portlandite is 
probably covered by C-S-H. Nevertheless, portandite is certainly detected by XRD and TGA. Its 
content is quantified by TGA to 8.2 % (see Table 4). XRD shows that x-C2S is totally consumed 
whereas γ-C2S as well as α-C2SH still persist after 7 d of hydration. It is supposed that α-C2SH is inert 
and does not contribute to hydration and hardening. 



 

  
Figure 9 C-S-H phases formed by 7d hydration of pure 

highly reactive belite “B4 420” 
Figure 10 Products of hydration of highly reactive 

belite and 20 % OPC 
Table 4 Composition of hydrated samples determined by TGA and XRD  

Sample Loi.(20-1000 °C) Portlandite Calcite Crystal phases  
by XRD 

 [mass%] [mass%] [mass%] qualitative 
B4 420 25.1 8.2 - γ, α, P 
+ 20 % OPC 29.9 13.3 2 γ, α, P, E 
+10 % SiO2 29.2 - - α 
+20 % CH 25.0 18.9 5 γ, α, P, C 
+2 % bassanite 26.7 5.6 - γ, α, P 
+3 % C3A 26.1 11.8  γ, α, P 
XRD results: γ = γ-C2S, α = α-C2SH, P = portlandite, E = ettringite, C = calcite 

Hydration products of the blend with 20 % OPC are shown in Figure 10. The morphology of C-S-H is 
less pronounced due to an intimately mix with hydration products of OPC. Nevertheless, no evidence 
for a considerable change of morphology of C-S-H in comparison to pure binder was found. As an 
additional product of hydration, ettringite is detected by XRD. TGA shows that portlandite content is 
increased due to the reaction of OPC.  
The addition of 10 % SiO2 considerably alters the morphology of C-S-H from fibrillar to foil like. 
XRD and TGA show that no portlandite is formed. Both facts indicate a pozzolanic reaction of SiO2 
and a lowered Ca/Si ratio of C-S-H. The matrix is considerably densified.  
The total consumption of γ-C2S confirmed by XRD indicates that nano-SiO2 could activate γ-C2S.  



 

  
Figure 11 Products of hydration of highly reactive 

belite and 10% nano-SiO2.  
Figure 12 Products of hydration of highly reactive 

belite and 20% portlandite.  
SEM investigation of samples with 20 % portlandite addition also shows needles like C-S-H. In 
comparison to pure belite, C-S-H is more separated. No bundles consisting of oriented C-S-H needles 
were found. Portlandite crystals are mostly covered by C-S-H. A distinction between initially present 
and newly formed portlandite was not possible. 
The addition of 2 % bassanite does not alter the morphology of C-S-H. No gypsum was identified by 
XRD or TGA. Possibly sulphate is incorporated or adsorbed on C-S-H. The lowered portlandite 
content identified by TGA indicates a slightly increased Ca/Si ratio of C-S-H. This is consistent with 
findings from (Bentur, 1976) and (Zajac, et al., 2014) who investigated C3S respectively OPC 
hydration. 

  
Figure 13 Products of hydration of highly reactive 

belite and 2 % bassanite. 
Figure 14 Products of hydration of highly reactive 

belite and 3 % C3A.  
The addition of 3 % C3A did not modify the morphology of C-S-H either (Figure 14). Additionally, 
hexagonal, platy crystals interspersed in C-S-H were identified by SEM. 



 

EDX analyses give high aluminium concentrations of regions containing such crystals. Therefore, 
these crystals seem to be CxAHy phases resulting from C3A reaction. From XRD and TGA/DSC no 
additional phases due to C3A addition were identified. However, their presence in the amorphous part 
or as extremely fine intermixed crystal cannot be discarded using these techniques.  
Summarising all results given above, all mixtures form C-S-H during hydration process. The 
morphology of C-S-H is always fibrillar with an exception for the blend with SiO2 resulting in foil 
like C-S-H. Beside the SiO2- sample, all binder mixtures produce portlandite, which is required for 
applications in reinforced concrete.  
From the composition and morphology of hydration products no hindrances for the combined use of 
highly reactive belite with C3A, bassanite, Ca(OH)2, and OPC are found.  
4. Discussion  
The main hydration product of highly reactive belite binder is C-S-H. Ca/Si ratio of 1.7 ± 0.1 was 
calculated from mass balance calculation. This is comparable to the ordinary mean value of 1.75 for 
C-S-H in OPC pastes (Richardson, 1999). A mole based reaction equation is given by equation (2). 

 C2S + 3.8 H2OC1.7-S-H3.5 +0.3 Ca(OH)2 (2) 

The tested cementitios materials do not significantly change the Ca/Si value of resulting C-S-H. As an 
exception the addition of 10 % SiO2 considerably lowers the Ca/Si value to 1.5 ± 0.2. A reaction 
equation is given by equation (3). 

 0.8⋅C2S + 0.2⋅SiO2 + 3.5 H2O  C1.5-S-H3.5 (3) 

The mechanism leading to the retardation in early ages due to the addition of OPC or bassanite is 
difficult to identify. One possible explanation is the adsorption of sulphate a on the initially formed 
hydrates. It is known from Gunay (Gunay, et al., 2011) that sulphate adsorbs on the C-S-H surfaces 
and could thereby modify the growth process of C-S-H. The OPC used in this study also contains 3.1 
mass % SO3 and the retarding effect could possibly due to the adsorption of sulphate.  
The aluminium content of OPC seems not to be responsible for the retarding effect because 3 % C3A 
addition does not considerably affect the early hydration of highly reactive belite.  
 
5. Conclusions 

• Highly reactive belite binder reacts very fast. Resulting C-S-H is fibrillar and has a Ca/Si 
value of 1.7 ± 0.1. Approx. 0.3 mole portlandite are formed per mole C2S.  

• OPC and bassanite retard the early period of hydration without lowering the overall degree of 
hydration after 3 days. Both components seems appropriate materials for set regulation  

• Nano-SiO2 strongly increases the rate of reaction. An induction period is not observed. C-S-H 
morphology is altered to foil-like. Portlandite is not formed or consumed by puzzolanic 
reaction. The Ca/Si ratio of C-S-H is lowered to 1.5 ±0.2. 
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Abstract 
A new type of cement, based on hydraulic calcium hydrosilicates (h-CHS, “Celitement”) has been proposed as 
sustainable alternative to OPC with up to 50% reduced energy demand and CO2 emissions in manufacturing. It is 
processed in two steps: the first step comprises the hydrothermal reaction of raw materials in an autoclave. Calcium 
silicate hydrates e.g. α-dicalcium silicate hydrate (α-C2SH) are formed. In a second step the calcium silicate hydrate is 
transformed to h-CHS under the influence of mechanical stress in a mill with or without the addition of other siliceous 
materials. Currently about 100 kg of the new material is produced per day in a pilot plant. To achieve a high and 
uniform quality, slaked lime and finely ground silica sand are used as feedstock for the autoclave step. Both materials 
contain a rather high embodied energy. The use of calcium silicates, e.g. belite as feedstock could reduce the embodied 
energy, as some of the grinding energy and the energy loss accompanied with slaking of lime could be omitted. 
However, industrially viable processes for the production of belite are not optimized on the use of belite as feed for an 
autoclave. In this paper a proprietary low temperature process for the production of calcium silicates, mainly belite, 
from natural sand and limestone, suitable as feedstock for the autoclaving step in the production of h-CHS is described. 
It comprises mixing of milled limestone and silicate in a CaO/SiO2 molar ratio of roughly 2 with 1 to 5 percent by 
weight of alkali compounds predominantly carbonates or fluorides. The mixture is processed in a rotary kiln at 
approximately 1000oC in a CO2-rich atmosphere for 0.5 to 1 hour. An alkali calcium carbonate melt is formed locally, 
which allows for sintering and calcination thus forming belite and other minerals. The CO2 rich atmosphere stabilizes 
the alkali calcium carbonate melt and shifts its decomposition to higher temperatures. The increased melt temperature 
greatly accelerates the reaction kinetics and improves the yield of belite. A variety of different limestones and siliceous 
raw materials has been tested. The process yields up to 80 wt% C2S and varying amounts of amorphous calcium 
silicates as main phases (XRD). In addition minor quantities of calcium silicates, e.g. spurrite and wollastonite may be 
present. High aluminate contents of the raw materials lead to the formation of gehlenite, mayenite and some C3A. If 
Na2CO3 is used as mineralizer, some sodium is incorporated in the newly formed phase combeite (Na2Ca2Si3O9). In 
contrast to ordinary clinker production, the autoclaving step of the h-CHS production is not sensitive to soluble alkalis 
from the raw materials, as long as the alkalis are eluated during the hydrothermal step to a certain extent. Alkaline 
solutions can be recirculated to the process. With Na2CO3 as mineralizer, soluble sodium salts are almost completely 
released in the solution as sodium hydroxide. Combeite remains almost stable during autoclaving. The Na2O content of 
the final product is below 2 wt%. Hydrothermal treatment for 6 hours at 200oC resulted in up to 80% calcium silicate 
hydrates suitable for activation to h-CHS. Aluminates mainly form katoite, a hydrogarnet. 
 
Originality 
A new proprietary energy efficient technology for the synthesis of dicalcium silicate from natural resources has been 
investigated. The process provides an additional homogeneous feedstock for the first hydrothermal process step in the 
production of h-CHS based binders (“Celitement”). Currently mixtures of slaked lime and finely ground quartz are 
used. The proposed low temperature route for the synthesis of belite facilitates the rapid production of reactive C2S in 
high yield using a mineralizer and a CO2-rich atmosphere. The mineralizer can be recycled during the subsequent 
production of h-CHS. The technology opens up a wide range of raw materials for the manufacture of the new cement 
type. In particular, it decomposes constituents of natural raw materials such as clays or micas, which hardly react 
under hydrothermal conditions. In combination with oxyfuel combustion the process is ideally suited for the separation 
of pure CO2 for subsequent use or storage. Thus the carbon footprint of h-CHS binders can be further reduced. 
 
Keywords: belite, hydraulic calcium hydrosilicate, autoclaving, CO2 
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1. Introduction 
A new type of cement, based on hydraulic calcium hydrosilicates (h-CHS, “Celitement”) has been 
proposed as sustainable alternative to OPC with a reduction in energy consumption and CO2 emissions 
of up to 50% (Stemmermann et al. 2010, 2011). It is processed in two steps (figure 1): the first step 
comprises the hydrothermal reaction of raw materials to form calcium silicate hydrates e.g. α-C2SH 
for approximately 6h in an autoclave. In a second step the calcium silicate hydrate is transformed to 
h-CHS under the influence of mechanical stress in a mill with or without the addition of other 
siliceous materials. Thus raw materials can be fed into both process steps independently. Materials 
which contain major proportions of sheet silicates e.g. clays are not suitable for the process due to the 
structural stability of sheet silicates under hydrothermal conditions and their difficult grinding 
properties. A pilot autoclave system with a daily throughput of 100 kg has been put into operation 
2011. A corresponding activation system was completed in 2013. The first industrial plant with an 
annual production capacity of 50.000 t is scheduled to be commissioned in 2018. 

 
Figure 1: Material flows during preparation of Celitement-binders from Ca(OH)2 and SiO2 as feedstock of the 

autoclave. 
Although the amount of limestone that is calcinated during the proposed production process is reduced 
by at least two-thirds as compared to the manufacture of Portland cement, the energy balance of 
Celitement is still dominated by the thermal energy needed for calcination. In the pilot and probably 
also in the first commercial production plant, hydrated lime, Ca(OH)2 and silica sand are used as raw 
materials in the autoclave. This feedstock is traditionally used for the production of aerated concrete 
and sand lime bricks. Thus the handling of these materials in the production of construction materials 
is an established technology and widely uncomplicated. 
Although commonly used, Ca(OH)2 and silica sand present some disadvantages when used in 
hydrothermal production processes. The reaction of Ca(OH)2 with water is very fast, whilst silica sand 
or other siliceous raw materials react more slowly. Thus an energy intensive milling of silica sand to 
powder (D50~30µm) is required to increase the reactivity. Production of slaked lime on the other hand 
is an energy intensive process too and demands limestone of high quality. In order to extend the range 
of possible feedstock materials for the hydrothermal synthesis of calcium silicate hydrates and to 
reduce the feedstock´s embodied energy, the thermal processing of natural and secondary raw 
materials to calcium silicates, e.g. Ca2SiO4 (C2S) is of potential interest. Given an industrially viable 
process for the preparation of these calcium silicates, some of the grinding energy and the energy loss 



 

accompanied with slaking of lime could be omitted. Suitable calcium silicates have to meet two major 
conditions: (i) their CaO/SiO2 ratio must resemble the targeted product of the subsequent 
hydrothermal step and (i) their reaction under hydrothermal conditions must be fast and homogeneous. 
In this paper the formation of suitable calcium silicates from various natural and secondary raw 
materials is investigated and optimized. Homogeneous mixtures of finely dispersed natural limestone 
(CaCO3), and silica sand (SiO2) or other siliceous raw materials and mineralizing agents were heated 
in a gas-tight furnace and converted to belite and CO2. Belite in this paper includes all hydraulic 
polymorphs of C2S. The advantages of this approach would be an efficient use of the enthalpy of 
crystallization of the calcium silicate (eq. 1, 2), an excellent homogenization of the raw materials and a 
uniform reactivity. 

(1) 2CaCO3 + SiO2  Ca2SiO4 + 2CO2    ∆H1=115kJ/mol Ca  
(2) CaCO3  CaO +CO2    ∆H2=178kJ/mol Ca  

 
In addition, siliceous raw materials which contain e.g. clay minerals could be used. Calcination in a 
gas-tight reactor allows for the removal of CO2 released from limestone in a concentrated form and 
thus opens up the options of CCS (Carbon Capture and Storage) or CCU (Carbon Capture and Use). 
2. Experimental 
2.1. Experiments in the laboratory and modeling 
Extensive experimental studies on the formation of belite (C2S) by calcination and sintering of 
limestone and silica(-tes) showed that the conversion can be significantly improved by adding selected 
alkali and alkaline earth chlorides, fluorides and carbonates as mineralizer. The respective literature 
about “effect of mineralizers in cement production” is reviewed by Engelsen, 2007. Our investigations 
confirmed that particularly MgCl2, KF, K2CO3 and Na2CO3 and mixtures of these compounds are 
effective mineralizers for C2S production. Limestone and mineralizers form eutectic melts at high 
temperatures. C2S grows in the contact zone of the calcium-rich melt and silica(-te) surfaces. The 
investigations showed that the gas atmosphere has a significant influence on the reaction kinetics and 
the C2S-production yield. With increasing CO2 partial pressure calcium carbonate decomposition is 
shifted towards higher temperatures. Consequently the melt is stabilized at a higher temperature range 
and thereby promotes the kinetics and efficiency of the silicate formation. The theoretical energy 
consumption is up to 35% lower compared to the calcination of pure limestone. 
Using finely dispersed natural limestone from Bernburg, Sachsen-Anhalt, Germany (D50≈4µm, 
chemical composition figure 5) and quartz sand powder (D50≈  15 microns, Friedrich GmbH, 
Eggenstein, Germany, chemical composition figure 4) and the aforementioned mineralizers, extensive 
optimization experiments were carried out. The reaction products were chemically analysed by ICP-
OES, the phase content was identified using XRD and Raman spectroscopy and quantified with the 
Rietveld method. The main experimental parameters varied were temperature, residence time, partial 
pressure of CO2, Ca/Si ratio of the feedstock and the amount of mineralizers. At a molar ratio of Ca / 
Si = 2 almost complete conversion can be achieved for all test mixtures in the temperature range 900-
1000 °C with a residence time in the range of minutes, a CO2 partial pressure of about 0,1 MPa and a 
share of mineralizers of 1-5 wt.%. The process yields up to 80 wt% C2S and varying amounts of 
amorphous calcium silicates as main phases (XRD). In addition, minor quantities of calcium silicates, 
e.g. spurrite and wollastonite may be present. With KF as mineralizer the highest yields of C2S were 
achieved even at low additions. However, a significant loss of fluorine was detected by chemical 
analysis of the produced C2S. Measurements performed in the exhaust gas of the furnace by FTIR 
spectroscopy showed no evidence for emission of gaseous fluorine compounds (SiF4). The suspected 
discharge of fluoride-containing fine particles together with the released CO2 could be controlled by 
exhaust gas filtration and recycling the separated dust back in the process. From an environmental and 
economic point of view, the addition of alkali carbonates such as Na2CO3 as a mineralizer is most 
promising. Using Na2CO3, results in the formation of combeite (Na2Ca2Si3O9), a phase with significant 
alkali content. 
Figure 2 shows an example of the influence of the CO2 partial pressure on the C2S quality with the 



 

addition of 5 wt. % Na2CO3 as mineralizer. Rietveld analysis determined the amorphous fraction to 
about 26%. The yield of α- and β-C2S in the crystalline phase is > 90% at pCO2> 0.05MPa. CaO and 
SiO2 were almost completely consumed. The Ca / Si ratio of the amorphous and the crystalline phase 
at pCO2>0.05 Mpa was found to be approximately equal. When changing the Ca/Si ratio to values <2 
or >2, the yield of C2S drops dramatically (figure 3). 

 
Figure 2: Phase composition after calcination of a mixture of limestone from Bernburg / quartz powder 

(Friedrich GmbH) with C/S = 2 at different partial pressures of CO2 (5% Na2CO3, T = 1000 °C) 

 
Figure 3: Phase composition after calcination of a mixture of limestone from Bernburg / quartz powder 

(Friedrich GmbH) with different C/S ratios in pCO2 = 0,1 MPa (5% Na2CO3, T = 1000 °C) 
 



 

A homogeneous mixture of finely dispersed limestone and quartz powder as feedstock is essential for 
the C2S yield. Size reduction and homogenization by brief co-grinding (about 1min in a laboratory ball 
mill) resulted in excellent C2S conversion rates, whereas even several hours of mixing in a tumbling 
mixer were unsatisfactory. Studies using various size fractions of quartz as the starting material 
showed incomplete reaction of quartz for particle sizes exceeding 90 microns. 
2.2. Concept for a laboratory scale continuous plant 
In order to determine the reaction kinetics of the process initial experiments were performed in a thick 
stationary bed of solids. It turned out that the heat transfer to the fixed bed and the heat conduction 
within a fixed bed are the crucial parameters for the technical application. In packed beds a sharp 
reaction front passes through. The high amount of energy needed for the calcination reaction has to be 
supplied by thermal conduction (  ~ λ * dR

-1) into the bed counter currently to the released CO2 flow. 
Thus the reaction rate decreases with increasing layer thickness dR of the C2S reaction product formed. 
The heat transfer and thus the kinetics of the reaction can be significantly improved by mechanical 
mixing of the bulk or by passing a hot fluid through it. Therefore, technical calcination processes are 
usually carried out in shaft or rotary kilns. In particular rotary kilns appear very promising for finely 
dispersed bulks made of CaCO3 / SiO2 mixtures. 
First indicative short term experiments using an available externally heated metal laboratory rotary 
tube reactor proved that the mixing of the material transport in a rotary kiln is very beneficial for the 
heat transfer and the reaction rate. For further detailed investigations, a corundum rotary kiln was built 
as a small flexible pilot with external electrical heating. 
The laboratory pilot (total length: 120cm, heated length: 80cm, inner diameter: 52mm) consists of a 
small externally heated corundum rotary tube. The system allows defined temperature adjustment up 
to 1100 °C, detection of possible interactions of the calcination material and the construction material 
of the furnace and characterization of the material transport. A speed controlled screw feeder was 
applied for the continuous addition of mixtures of finely dispersed silica flour and ground limestone 
during hot operation. A defined gas atmosphere in the reactor can be adjusted by supply of several 
gases. For visual inspection of the particle bed movement during hot operation a quartz window is 
installed at the reactor outlet. 
The previously identified most promising material mixtures, especially those using Na2CO3 as 
mineralizer were tested in the laboratory rotating tube reactor. 
For the trial mixes technical raw materials (CaCO3 from Bernburg, Saxony-Anhalt and natural quartz 
sand powder of Friedrich, Eggenstein) were used. In the experiments the following parameters were 
varied: temperature (950-1050 °C), rotation speed (3-6 rpm), feed rate (3-6g / min starting mixture), 
inclination of the furnace (1.2-4.3 °) and the atmosphere (CO2 partial pressure). The highest degree of 
filling of the rotary tube visually observed along the longitudinal axis of the tube amounted to 25-30% 
in the range of the main reaction zone. 
Standard runs at constant experimental conditions lasted for each experiment over a duration of 
several hours. A mean residence time of the test material in the rotary reactor of about 30 minutes at a 
given temperature and CO2 partial pressure was found to be fully sufficient to reproduce the C2S 
quality of the basic studies in laboratory crucibles. Throughout the laboratory rotary kiln operation no 
negative interactions between material mixtures and the construction material (Al2O3) were observed. 
Using the C2S product quality, the geometrical dimensions of the reactor and the reactor operating data 
the product throughput per heated reactor volume was estimated to 80-150kg / h / m3. 
When using an externally heated reactor the released highly concentrated CO2 can directly be recycled 
or disposed analogous to the CCS concept. As an alternative to external heating an internal oxyfuel 
combustion process can be used alternatively or in combination while maintaining the goal of a highly 
concentrated CO2 recovery. 
Research on the quality of the synthesized calcium silicate products (C2S) was extended to low-cost 
natural mineral raw materials. In figure 4 and 5, the compositions with respect to the main elements of 
tested siliceous and calcareous materials are given together with the relevant reference material used in 
the prior investigations. 



 

 
Figure 4: RFA / ICP-OES analyses of quartz powder (quartz powder of Friedrich = reference), sand samples 

from 2 local pits and other interesting Si-rich raw materials. 
 

 
Figure 5: RFA / ICP-OES analyses of limestones from different deposits (limestone from Weingarten = 

reference used in 2)  



 

As expected, increased concentrations of contaminants in the limestone and SiO2-rich raw and waste 
materials have a significant impact on the mineral phases formed during the calcination process. The 
use of materials with increased concentrations of iron, magnesium and alumina requires a higher Ca/Si 
ratio. If the raw materials are contaminated by alumina, gehlenite, mayenite and some C3A are the 
main species formed at the calcination process. 
For high-quality C2S the use of the cleanest possible starting materials or the separation of impurities 
is recommended. For example the quality of natural river sand can be improved simply by separating 
the fine fraction (<0.106mm, figure 6) e.g. by sieving. Thus the selectivity of the C2S formation is 
increased. Higher contaminated raw materials like granite fines from crushing or fly ash and 
metallurgical slag need special process modifications. Such advanced process concepts can combine 
mineral waste utilisation, selective recovery of valuable material and CO2 as well as the production of 
high quality cementitious binders. 

 
Figure 6: Distribution of impurities in grain size fractions of sand from Weingarten and Leimen. 

 
Each run of the pilot plant yielded C2S production on a kilogram scale which was hydrothermally 
processed in several experiments e.g. to α-C2SH, one preferred intermediate product of the first step of 
the Celitement process (figure 7). Hydrothermal treatment for 6 hours at 200oC resulted in up to 80% 
calcium silicate hydrates suitable for activation to h-CHS. If the C2S samples contained aluminates 
(gehlenite, mayenite, C3A) from low grade raw materials, these minerals are mainly converted to 
hydrogarnets (katoite, hibschite). Combeite remains almost unaffected during autoclaving while other 
alkali compounds are solved and transferred to the liquid phase as hydroxides.. The total Na2O content 
of the solid product is <2 wt%. This excellent conversion rates were even achieved with significantly 
reduced reaction time (1h, 3h, see figure 7), compared to Ca(OH)2 and SiO2 mixtures, which are 
usually processed for 6h. 



 

 
Figure 7: Phase composition after hydrothermal processing of two calcinated samples (C2S) with variabel liquid 

to solid ratio (L/S) and variabel processing time (saturated steam 200oC). 
The economy of the calcination process is significantly improved by using a method for nearly 
quantitative recovery of the alkaline mineralizer from the liquid after carbonation with CO2 (alkali 
carbonate). The alkali recovery process can be integrated most beneficially in the hydrothermal 
process stage. Studies on the effectiveness of the recovered mineralizers resulted in virtually identical 
C2S qualities. A German patent has been granted (Beuchle et al. 2012). 
3. Conclusion 
The paper describes an energy efficient technology for the synthesis of dicalcium silicate which can be 
used advantageously as feedstock for the hydrothermal production of h-CHS based binders. The entire 
process offers additionally a good opportunity for extension of the feedstock to other resources like 
residues fom combustion and metallurgy. First experimental tests aiming on high quality C2S and 
selective separation of valuable impurities are promising and will be continued. 
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Abstract 
 
The present study aimed primarily to determine the effect of particle size distribution and the 
chemical and mineralogical composition of different types of Chinese fly ash on the nature of 
the reaction products resulting from the alkaline activation of those materials and on 
mechanical strength development in the hardened pastes. Three type F (ASTM C618) fly ash 
materials were studied, with SiO2/Al2O3 ratios ranging from 2.4 to 3.8. The activator used in all 
cases was an 8-M NaOH solution. Selective chemical attacks were applied to determine 
potential ash reactivity. Paste mechanical strength was determined on 1x1x6-cm prismatic 
specimens. Both the starting ash and the reaction products were characterised with XRD and 
29Si and 27Al MAS-NMR. 
 
The findings showed that the vitreous phase content, reactive silica/alumina ratio and particle 
size distribution play an important role in both mechanical strength development and the 
composition and microstructure of the reaction products. 
 
Originality 
 
The originality of this study lies in the establishment of the correlation between the particle size 
distribution and chemical and mineralogical composition of the original fly ash and the 
mechanical properties and microstructure of the reaction products formed when the ash is 
alkali-activated.  
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1. Introduction  
 
Fly ash is a by-product of coal-fired steam power plants. With the growing demand for energy, 
more and more ash is being generated (over 1300 to 1400 billion tonnes worldwide in 2013). As 
only 50-60 % is used at present the rest must be disposed of, with the concomitant 
environmental problems: blighted landscapes and the risks of air pollution and leaching with 
the ensuing pollution of inland and marine water. The use of this by-product in the construction 
industry has been and continues to be the subject of much research (Lothenbach et al. 2011; 
Duran-Herrera et al. 2011). Significant progress is being made in the pursuit of new ways to 
recycle fly ash, including the development of new types of binders and the manufacture of 
products such as brick and aggregate. 
 
The alkali activation of aluminosilicate fly ashes is a chemical process that partially or totally 
transforms amorphous, vitreous or metastable structures into compact cementitious skeletons 
(Palomo et al. 1999; Palomo et al 2014). In the reaction between fly ash and alkalis under 
moderate thermal conditions (60-90 ºC) in the presence of a high OH- concentration, the main 
reaction product is an alkaline aluminosilicate gel (N-A-S-H) (Fernández-Jiménez et al. 2005) 
which may be regarded as a zeolite precursor. In light of the short-range structural order of this 
gel (to which the hardened paste owes its mechanical properties), it can be regarded to be a 
nano-crystalline material. On occasion, certain types of zeolites (such as hydroxysodalite, 
Na-chabazite or zeolite Y) are also found as secondary reaction products (Duxson et al. 2007; 
Criado et al 2007). Prior studies have shown that the following factors play a major role in 
alkali-activated fly ash cement strength development and N-A-S-H gel composition and 
structure: nature and concentration of the alkaline activator; curing conditions (time and 
temperature); and ash chemical and mineralogical composition (reactive SiO2/Al2O3 
(Fernández-Jiménez et al. 2003, 2006(a), 2007, Duxson et al 2005, 2007, Sagoe-Crentsil et al 
2006, Weng et al 2007,). Nonetheless, certain unknowns persist in connection with fly ash 
reactivity in highly alkaline media. The present study explored the effect of particle size on 
the potential reactivity of fly ash, the mechanical properties of the alkaline cements prepared 
with that ash and the mineralogical and microstructural composition of the reaction products.  
 
2. Experimental  
 
2.1. Starting materials  
The study addressed three types of fly ash whose origin (three Chinese steam plants), chemical 
and mineralogical composition differed. The chemical composition in oxides of the materials, 
as found on a PHILIPS PW 2400 X-ray fluorescence spectrometer fitted with a PW 250 VTC 
sample changer, is given in Table 1.  
 
Table 1. Chemical composition (wt %)  
 SiO2 Al2O3 CaO Fe2O3 MgO Na2O SO3 K2O TiO2 Otros LoI 
F1 58.02 18.7 9.81 4.10 1.36 1.59 0.50 3.10 0.80 1.23 0.79 
F3 45.18 33.59 9.36 4.54 0.83 1.07 0.74 1.13 1.26 0.58 1.72 
F5  42.68 49.36 2.21 1.46 --- --- 0.12 0.320 1.67 0.32 1.86 
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The original fly ash was ground in a ball grinder 
such as the one shown in Figure 1. Particle size 
(before and after grinding) was determined on a 
COULTER LS 130 laser sizer with a measuring 
range of 0.1-900 µm. The findings are shown in 
Figure 2. 
 
 

Figure 1. Ball grinder 
 
The acid attack method was used to quantify the potentially reactive material in both the 
original ash (F1, F3 and F5) and the ground materials (MF1, MF3 and MF5) 
(Fernández-Jiménez et al. 2006(b), Ruiz-Santaquiteria et al. 2013): one gram of ash was stirred 
continuously for 5 hours in 100 millilitres 1-% HF solution. The resulting solution was then 
filtered, the residue was rinsed with distilled water to a neutral pH and the amount of dissolved 
(=potentially reactive) silica and alumina in the leachate was quantified by ICP. These findings 
were used to calculate the (SiO2/Al2O3)reactive for each ash. The ICP analyses were conducted on 
a Varian 725-ES ICP atomic emission spectrometer with the following characteristics: power, 
1.40 kW; plasma gas flow, 15.00 L/min; nebuliser gas flow, 0.85 L/min; read time, 5 s. 
 
2.2 Procedure 

Prismatic paste specimens measuring 1x1x6 cm were made to determine the suitability of these 
materials for alkali activation and their ability to generate products with satisfactory 
mechanical strength. The activator used throughout was an 8-M NaOH solution. The alkaline 
solution/ash ratio varied depending on the ash (0.35 for F1 and F3 and 0.4 for F5), but was the 
same for the ground and unground versions of each. The samples were cured for 20 hours in a 
kiln at 85 ºC and a relative humidity of ≥ 90 %. The 1-day specimens were tested to failure on 
an Ibertest (Autotest-200(10-SW) test frame and subsequently characterised mineralogically 
with XRD and NMR.  
 
The XRD analyses were performed on a Bruker AXS D8 Advance diffractometer with a 
4-kW high voltage generator and a Cu anode X-ray tube, typically operating at 40 kV and 50 
mA. The NMR spectra were recorded on a Bruker Avance-400 spectrometer (27Al: 104.3 
MHz; spinning rate, 10 kHz; 200 acquisitions; reference, Al(H2O)6

3+; 29Si: 79.5 MHz; 
spinning rate, 10 kHz; 1 000 acquisitions; reference, TMS).   
 
2. Results and discussion  
 
Figure 2 shows the particle size distribution of the fly ash before and after grinding. Original 
materials F3 and F5 had larger particle sizes than ash F1. These differences were largely 
attenuated after grinding, with all three exhibiting a similar distribution: 90 % of the particles 
were under 32 microns and 95 % under 45 microns. The ash was ground instead of working 
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directly with the fraction under 45 microns (a procedure preferred by other authors) to avoid 
modifying the chemical composition of the starting material. Sieving risks eliminating 
non-reactive phases such as quartz or iron in the form of hematite present primarily in the 
coarser phases of the ash.  
 
 
 
 
 
 
 
 
 
 
Figure 2. Particle size distribution and cumulative volume: (a and b) of the original ash (F1, F3 
and F5); and (c and d) of the ground ash (MF1, MF3 and MF5)  
 
The potential reactivity of the fly ash before and after grinding is listed in Table 2. Further to 
these data, both the pre- and post-grinding potential, measured as reactive silica and especially 
as reactive alumina, varied among ash types. Hence the importance of characterising these 
materials conscientiously when preparing alkaline cements.  
 

Table 2. Per cent (wt) of silica and alumina dissolved after acid attack 

Soluble phase 
(ICP analysis) 

Sample 
F1 MF1 F3 MF3 F5 MF5 

SiO2 42.29 45.43 35.30 35.81 32.52 38.49 
Al2O3 17.53 18.06 14.13 14.81 9.43 10.25 

SiO2 + Al2O3 59.82 63.49 49.43 50.62 41.95 48.74 
SiO2/Al2O3 Reactive 2.41 2.51 2.49 2.41 3.45 3.75 

 

Comparing the potentially reactive (FH-soluble) silica and alumina to the values in the original 
ash (Tables 1 and 2, and the graph in Figure 3) revealed that mechanical activation (grinding) 
raised the reactive silica and alumina contents only slightly. The major differences observed 
were attributable to the nature of each ash: in other words, particle size did not appear to have 
any significant impact on the reactive potential of each material. Substantial differences were 
detected, however, between ash types F3 and F5 before and after grinding, especially as regards 
the original aluminium content (over 30 %). The potentially reactive aluminium content was 
much lower, however, dropping to under 10 % in F5.  
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Figure 3. (a) Total silicon content (black bars) and reactive silica in unground (red bars) and 
ground (blue bars) fly ash; (b) Total aluminium content (black bars) and reactive alumina in 
unground (red bars) and ground (blue bars) fly ash 

 
 
The compressive strength values for the pastes 
graphed in Figure 4 reflect the important role 
played by particle size in the mechanical 
development of the material. All the ground ash 
pastes exhibited higher strength values than their 
unground counterparts. The effect of particle 
size was more visible in ash types F3 and F5, 
where the original particle size was the greatest.  
 

 
Figure 4. Mechanical strength of alkali-activated, ground and unground fly ash paste cured at 
85 °C for 20 h.   
 
The XRD patterns for the original fly ash and the activated pastes made with both ground and 
unground ash are reproduced in Figure 5. The diffractograms for the original ash contained a 
halo at 2Ө values of 20 to 35° associated with the vitreous content of the ash. This halo was 
larger for ash types F1 and F3 than for F5, a finding that is consistent with the potentially active 
phase data shown in Table 2. The minority crystalline phases identified were quartz, mullite, 
hematite, corundum and traces of CaO. Note the high corundum and mullite contents in ash 
types F3 and F5. As these phases are scantly reactive, their presence would explain the lower 
reactive aluminium contents in these materials (Table 2), despite the high aluminium content 
(Table 1, Figure 3(b)) observed in their chemical composition.  
 
The same crystalline phases as described for the original materials were identified on the XRD 
patterns for both the ground and unground alkali-activated ash, confirming the low reactivity of 
those phases. The shift observed in the halo to higher 2Ө values (25 to 40°) might be associated 
with the formation of a N-A-S-H gel. The diffractograms for the (unground) 8-M 
NaOH-activated fly ash pastes (F1Na, F3Na and F5Na) exhibited new signals, attributed to 
several types of zeolites: herschelite, hydroxysodalite and zeolite Y (Figure 5). In contrast, the 
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patterns for the ground activated pastes (MF1Na, MF3Na and MF5Na), which were the pastes 
with the highest mechanical strength values (Figure 4), showed no zeolites.  
 
 
 
 
 
 
 
 
 

 

Figure 5. Diffractograms generated by the starting materials (black patterns), activated original 
ash (blue patterns) and activated ground ash (red patterns): (a) F1; (b) F3; (c) F5. Legend: 
Q:quartz-SiO2; M: mullite-Al6Si2O13; Fe: hematite-Fe2O3; Ca: calcium oxide-CaO; C: CaCO3; 
A: corundum-Al2O3; H: herschelite (19-1178)-NaAlSi2O6 3H2O; S: Hydroxysodalite 
(11-0401)-Na4Al3Si3O12(OH); Y: zeolite Y (76-0108)-Na3.325H3.675Al7Si17O48     
 
The ash F3, was chosen for a more exhaustive (NMR) study of the possible effect of grinding 
on ash micro- and nano-structure and consequently on the reaction products formed. The 27Al 
and 29Si MAS NMR spectra for the original (F3) and ground (MF3) ash and their respective 
activated pastes (F3Na and MF3Na) are reproduced in Figure 6.  
 
The 27Al spectra for the original unground and ground ash had two wide, very intense signals: 
one centred over +53.86 ppm, associated with the presence of tetrahedral aluminium (AlT) and 
the other at around +12 ppm with a shoulder at around +5 ppm, respectively associated with the 
octahedral Al (AlO) present in corundum and its overlap with the AlO in mullite (Palomo et al. 
2004, Hongping He et al. 2004, Malaki et al 2014). Grinding or mechanical activation of the 
ash did not appear to have any significant impact on the degree of aluminium coordination, 
inasmuch as the spectra for F3 and MF3 (Figure 6(a)) were nearly identical. In the spectra for 
the activated pastes, however, substantial differences were observed between the use of ground 
or unground ash (MF3Na and F3Na). Both contained the AlO signal at 12 ppm (confirming that 
corundum and mullite barely reacted). The width, position and intensity of the AlT signal 
differed, however. Paste F3Na had a signal centred over +57 ppm, whereas in MF3Na the 
signal was more intense and narrower and centred over +59 ppm. Both were associated with the 
formation of AlQ4 (4Si)-type units. Paste MF3Na was apparently more highly reactive, for the 
signal obtained was much narrower.  
 
Similar behaviour was observed in the silicon spectra. The spectra for the anhydrous ash 
(ground, MF3 and unground, F3) were similar, while the 29Si spectra for the pastes (F3Na and 
MF3Na) exhibited certain differences. The anhydrous ash had a wide signal attributed to the 
presence of tetrahedrally coordinated silica, denoting non-uniformity of the matrix in terms of 
the distribution of Si atoms and possible band overlapping. The signal at around -87/-88 ppm 
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was attributed to Q3(3Al) Si crystalline mullite, while the signals at values of -108 ppm or 
higher were attributed to crystalline quartz. The peaks in the area between -85 and -108 ppm 
were associated primarily with the vitreous component of the ash (Fernández-Jiménez 
2003,2006(a)(b)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 6.  (a) 27Al and (b) 29Si NMR-MAS spectra 
 
The changes detected in the ash spectra after activation with NaOH denote the chemical and 
microstructural variations taking place during ash alkaline activation. The spectra for pastes 
F3Na and MF3Na exhibited an intense signal at around -87/-88 ppm, as well as signals at 
around -91/-92, -95/-96, -98/-99 and -104 ppm, all attributed to the formation of a 
high-aluminium tectosilicate with Q4(nAl) (n=4,3, 2,1,0) environments (Palomo 2004). The 
signals appearing at values of over -108 ppm, in turn, were associated with Q4(0Al) units, 
which may be attributed to the silica polymorphs (Fernández-Jiménez 2003,2006(a)(b)) such 
as quartz (-108) present in the initial ash and unaffected by its alkaline activation. 
 
The signals on the 29Si spectra for pastes F3Na and MF3Na were similarly positioned, although 
the peaks were more sharply defined on the latter. The signals in the -100/-120 range on the 
MF3Na spectrum were also less intense than on the F3Na spectrum, suggesting a higher degree 
of reaction in the ground ash. 
 
These findings infer that while grinding ash may induce a slight change in the structure and 
composition of the reaction products formed, its effect is related essentially to process kinetics. 
Smaller sized ash particles favour the rate of Al and Si dissolution in the medium as well as the 
precipitation of a N-A-S-H-like gel. The quicker pace of the process would leave no time for 
zeolite formation/crystallisation. All these factors would contribute to substantially higher early 
age strength in these materials. 
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Conclusions 
The chief conclusions drawn in this study are listed below.  
 
-Mechanical activation has a slight effect on potential fly ash reactivity. In other words, the 
amount of potentially reactive SiO2 and Al2O3 depends more on the mineralogical phases in 
the ash than on the particle size. 
 
-Mechanical activation has a visibly favourable effect on early mechanical strength 
development in fly ash. This is due to reaction kinetics: more ash reacts in less time.  
 
-The mechanical activation of ash affects the nature of the reaction products. Due to the faster 
pace of the reaction, more N-A-S-H gel and less secondary products (zeolites) are formed. A 
higher gel content also contributes to higher mechanical strength.  
 
Acknowledgements 
Funding for this research was provided by the the Spanish Ministry of the Economy and 
Competitiveness under project BIA2013-43293-R 
 
REFERENCES 
Criado M., Fernández-Jimenez A., Palomo A., Sobrados I., Sanz J.,  (2007), “Effect of the 
SiO2/Na2O ratio on the alkali activation of fly ash. Part II: 29Si MAS NMR Survey” Microporous 
and Mesop. Mat. 109, 525-534 
Duran-Herrera A, Juarez CA, Valdez P, Bentz DP. (2011), Evaluation of sustainable 
high-volume fly ash concretes. Cem Concr Comp, 33(1):39-45. 
Duxson P, Fernandez-Jimenez A, Provis JL, Lukey GC, Palomo A, van Deventer JSJ. (2007), 
Geopolymer technology: the current state of the art. J Mater Sci; 42:2917-33. 
Duxson P., Lukey G.C, Separovic F., van Deventer J.S.J , (2005), “ Effect of alkali cations on 
aluminium incorporation in geopolymeric gels” Ind. Eng. Chem. Res. 44, 832-839 
Férnandez-Jiménez A.,. Palomo A.,  (2003), “Characterization of fly ashes. Potencial reactivity 
as alkaline cements”, FUEL, 82 (18), pp 2259-2265. 
Fernández-Jiménez A., Palomo A., (2005), Composition and microstructure of alkali activated 
fly ash binder. Effect of activator” Cement and Concrete Research 35, 1985-1992 
Fernández-Jiménez A., Palomo A., Sobrados I. and Sanz J., (2006),  “The role played by the 
reactive alumina content in the alkaline activation of fly ashes” Microporous and Mesoporous 
materials  91, pp.111-119. 
Fernández-Jiménez A., de la Torre A. G., Palomo A., López-Olmo G., Alonso M. M. and 
Aranda M.A.G.  (2006) “Quantitative determination of phases in the alkali activation of fly 
ash. Part I Potential ash reactivity” FUEL , 85,  625-634 
Fernández-Jiménez A., Palomo A., (2007)” Factors affecting early compressive strength of 
alkali activated fly ash (OPC-free) concrete” Mater Construc., Vol 57, 287, 7-22   
Hongping He, Jiugao Guo, Jianxi Zhu, Peng Yuan, Cheng Hu, (2004)  29Si and 27Al MAS 
NMR spectra of mullites from different kaolinites, Spectrochimica Acta Part A, 60, 
1061–1064 
Lothenbach B, Scrivener K, Hooton RD. (2011) Supplementary Cementitious Materials. Cem 
Concr Res,41(12):1244-56. 

8 
 



 

Malki A., Mekhalif Z., Detriche S., G.Fonder G., A.Boumaza A., Djelloul A., (2014) 
Calcination products of gibbsite studied by X-ray diffraction, XPS andsolid-state NMR, 
Journal of Solid State Chemistry  215, (2014) 8–15.  
Palomo A, Grutzeck MW, Blanco MT., (1999), Alkali-activated fly ashes. A cement for the 
future. Cem Concr Res, 29:1323-29. 
Palomo A., Alonso S., Fernández-Jiménez A., Sobrados I.and Sanz. J. (2004), “Alkaline 
activation of fly ashes. A NMR study of the reaction products”. J. Am. Ceramic. Soc. 87, (6), 
pp.1141-1145. 
Palomo A., Krivenko P, Garcia-Lodeiro I, Kavalerova E., Maltseva O., Fernández-Jiménez A. 
(2014) Areview on alkaline activation: new analytical perspectives; Materiales de 
Construcción, 64,  315, e022, Http://dx.doi.org/10.3989/mc.2014.00314 
Ruiz-Santaquiteria C. , Fernández-Jiménez A., Skibsted J., Palomo A, (2013) Clay reactivity: 
Production of alkali activated cements, Applied Clay Science 73 (2013) 11–16 
Sagoe-Crentsil K. and Brown T., (2006) Int. Conf. On Pozzolan, Concrete and Geopolymer, 
Khon Kaen, Thailand, 55-62 
Weng L, Sagoe-Crenstil K. (2007), “Dissolution processes, hydrolysis and condensation reaction 
during geopolymer synthesis: Part I-Low Si/Al ratio systems”. J. Material Science, 42, 2997-3006 
 
 
 

9 
 



 

Mechanical Performance of Eco-efficient Matrices Based on Biomass Ash in 
Aggressive Environments 

 

Ivelisse Jiménez1*, Gloria Pérez1, Ana Guerrero1 

1. Institute of Construction Science Eduardo Torroja, Spanish National Research Council (CSIC), Madrid 28033, Spain 
 
 
Abstract 
The mechanical performance in three aggressive environments was considered to assess eco-efficient cement-based 
matrices that incorporate biomass ash (BA) from a fluidized bed forest combustor as a partial substitute of Portland 
cement. The matrices behaviour in each environment and the synergies between them were discussed in this paper. 
 
The study was carried out by Koch & Steinegger methodology where the eco-efficient BA matrices were subjected to 
three aggressive environments: artificial sea water by ASTM D114, sodium sulphate (0.5 M) and sodium chloride (0.5 
M). Also specimens immersed in water were included as reference. Paste matrices with substitutions of 0, 10 and 20% 
of Portland cement by BA were employed with a water/binder ratio of 0.5. To establish the development of the strength 
and the Koch & Steinegger corrosion index (IKS), compressive and flexural strength were determined during 56 days in 
the environments, after a previous curing time of 21 days. The reaction mechanisms of sulphate, chloride or the 
possible synergies between them were evaluated with a complete microstructural study by different techniques, like X-
ray diffraction (XRD), specific surface area and the pores size distribution. 
 
Eco-efficient BA matrices were stable against the aggressive environments showing a good mechanical performance. 
The addition of BA to a cement matrix gives better compressive performance than a matrix 100% Portland cement (BA-
0) in chloride environment. The addition of 10 and 20% of BA increases the compressive strengths by 76 and 83% than 
BA-0, respectively, after 56 days in chloride solution. Furthermore, the values of IKS index in all eco-efficient BA 
matrices remained above 0.7, which is the established value to consider the cement paste as resistant to the 
environments. 
 
 
Originality 
Nowadays, the employment of blended cement-based composites is usual due to the environmental advantages and the 
improvement of the cement properties. The incorporation of other composites to the cement modifies the cement-based 
structure as stated in researches. Some waste products, as coal ashes, are contemplated in Standards due to the positive 
results obtained in the extensive research conducted. Research on other potentially useful and less studied composites is 
necessary to avoid an unpredicted behaviour.  
 
The present work is part of an extensive research in the re-use of a residue not considered in the standards, forest 
biomass ashes from a combustor powered principally by eucalyptus crust residue. The mechanical performance of 
cement paste incorporating BA in different aggressive environments is analyzed. Being of interest their higher 
compressive strengths in chloride environment than the reference, 100% Portland cement pastes. The study of these 
performances is important in construction materials, as it indicates their ability to resist real environmental actions.  
 
Keywords: Biomass Ash, Cement Paste, Aggressive Environment, Koch & Steinegger Index. 
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1. Introduction 
 
Bioenergy is the fastest growing renewable energy nowadays. This emerging energy generated from 
biomass and biomass waste is widely accepted to be considered as CO2 neutral fuel source and 
environmentally friendly.  Actually, biomass energy represents 6.8% of the total energy in Spain and 
8.4% of the total final energy consumption in Europe (AEBIOM, 2013). The ashes derived from this 
energy leads to environmental problems as occurs in the case of coal fly ashes, most common 
pozzolan employed as supplementary cementitious material (SCM). Therefore a possible way for the 
valorisation of biomass ashes is to be considered as SCM.  
 
Extensive research has been conducted in the characterization of different kind of biomass ashes 
showing variable compositions, in some cases deferring from the typical composition of coal fly ashes 
(Girón R., 2013; Guerrero A., 2014; Vassilev S., 2013a; Vassilev S., 2013b). Consequently, not 
always biomass ashes comply with the requirements for SCM due to a high content of alkalis and 
chlorides that may limit their re-utilization in Portland cement due to possible durability problems. 
Therefore, careful research has to be carried out to study the behaviour of cementitious materials 
incorporating biomass ashes (Carrasco B., 2014; Jiménez I., 2013; Wang S., 2008).  
 
In this paper, a biomass ash (BA) from a fluidized bed forest combustor was employed as SCM. The 
durability was assessed by the mechanical performance of blended cement pastes containing BA in 
different aggressive environments.  
 
 
 
2. Experimental 
2.1. Raw Material 
 
A Portland cement CEM I 42.5 R and biomass ash (BA) from a fluidized bed combustor powered 
principally with eucalyptus bark were employed as raw materials. Table 1 shows their principal 
oxides composition (>2% of mass) determined by X-ray fluorescence. BA shows contents of SiO2 and 
Al2O3 similar to CEM I and also a high content of CaO is observed in both materials. The main 
differences between CEM I and BA is a higher loss of ignition (LOI) and the presence of K2O, Fe2O3, 
MgO and Cl- in higher percentages in the waste composition. Regarding the specific surface area, a 
higher value of 4.9 m2/g is obtained for BA than for the CEM I (1.5 m2/g) indicating a finer structure 
for the ashes. 
 

Table 1 Chemical compositions of BA in % of mass. 
Compositions CaO SiO2 K2O Al2O3 Fe2O3 MgO SO3 Cl- LOI 

BA 39.9 18.0 6.2 6.0 4.5 3.4 3.2 2.8 11.7 
CEM I 42.5R 63.7 18.8 1.0 5.4 2.6 0.75 3.4 0.0 2.3 

 
 
2.2. Experimental Process 
2.2.1. Specimens 
 
In order to evaluate eco-efficient cement paste with the incorporation of BA, prismatic specimens of 
10 × 10 × 60 mm were prepared with the mixing procedure specified by the European standard EN 
196-3. The mix proportions were 0, 10 and 20% (table 2). The water/blend proportion in all cement 
pastes was 50%. The specimens were demoulded after 24 hours and cured in water tank for 21 days, 
then immersed in their respective environment. 
 



 

Table 2 Matrices composition (%). 
Matrices CEM I 42.5 R BA Water/Blend 

BA-0 (Reference) 100 0 50 
BA-10 90 10 50 
BA-20 80 20 50 

 
 
2.2.2. Aggressive Environments 
 
To analyse the mechanical performance in different aggressive environments the Koch and Steinegger 
methodology (Köch A., 1960) was employed. The methodology evaluates the degradation of the 
cement pastes in a certain aggressive environment by its loss of mechanical strengths, taking into 
account the flexural strength which is the most affected parameter.  
 
The specimens were cured for a period of 21 days in tap water tank, and then were hanged in different 
environment tanks to expose the largest surface area to each environment (figure 1) at room 
temperature of 21±2ºC. The environments considered were deionised water (W) as reference, artificial 
sea water (SW) according ASTM D114 standard, sodium sulphate 0.5 M (Na2SO4) (S) and sodium 
chloride 0.5 M (NaCl) (Cl). The mechanical performances were evaluated at 28 and 56 days of being 
exposed to the environment. 
 

 
Figure 1 Specimens exposure system to different environments. 

 
The Koch and Steinegger corrosion indices (IKS) (Köch A., 1960) were determined by the flexural 
strengths at 56 days immersed in an aggressive solution, as defined by:  
 
IKS=Rfw/Rfae                     (1) 
 
where Rfw is the flexural strength after a certain time in deionised water and Rfae is the flexural 
strength after the same time exposed to the aggressive environment. 
 
The relative flexural strength of aggressive exposed samples to water exposed samples (equation 1) 
must be higher than 0.7 for the matrix to be considered as resistant to the aggressive environment.   
 
 
2.2.3. Mechanical Properties 
 
To establish the development of strength, three specimens of each blend were tested to compressive 
and flexural strength at different curing time: 21, 21+28 and 21+56 days. The compressive strengths 
were tested by a hydraulic press AUTOTEST 200/10-SW from IBERTEST, equipped with an 
adequate holder for 10 × 10 × 60 mm specimens. Flexural strengths were tested with NETZSCH 
equipment. 
 



 

 
2.2.4. Micro-structural Study 
 
The micro-structural studies were performed for cement pastes after 21 days of hydration and 56 days 
of exposure to the considered medium (21+56 d). The crystalline composition was determined by X-
ray diffraction (XRD), performed with Philips PW 1730 equipment with a graphite monochromator 
and Cu Kα1 radiation. The specific surface area and the pores size distribution were determined by 
the BET method (Brunauer S., 1938) from adsorption-desorption isotherms measured by an 
Micrometrics ASAP 2010 analyzer, using N2-77K gas.  
 
 
 
3. Results and Discussion 
3.1. Compressive Performance  
 
Figure 2 shows the compressive strength of blended cement pastes exposed to different environments: 
water (W), artificial sea water (SW), sulphates (S) and chlorides (Cl). The initial strengths were tested 
at 21 days in water tank, then after 28 and 56 days immersed in the respective environment.  

 

 
Figure 2 Compressive strengths of blended cement pastes exposed to different environments.  

 
The specimens immersed in deionised water environment were used as reference to study the 
mechanical behaviour of samples. Cement paste specimens with 10 and 20% of substitution had 4 and 
20% lower compressive strengths, respectively, than BA-0 at 21 days as show in figure 2. BA affects 
the mechanical performance of cement pastes when used as partial substitution of Portland cement as 
were concluded in previous studies (Jiménez I., 2013) with a similar decrease of compressive 
strengths at 28 days. 
 
As it can be seen in figure 2, the three blends have a slight increase of compressive strength 
resistances (Rc) with the curing age in reference environment. With the hydration time, blended 
matrices containing BA maintain lower Rc values than BA-0.  



 

 
The mechanical performance was affected by the aggressive environments achieving in most cases 
lower compressive strengths at 21+56 days than in water. Regarding the sea water solution a decrease 
around 23% of Rc values after 21+56 days is obtained for all cement-based matrices.    
 
The specimens immersed in sulphate solution develop higher strengths than in other aggressive 
environments. In fact, BA-0 and BA-20 maintain similar compressive strength than in water up to 
21+56 days. On the contrary, sulphates have higher impact in the blend with 10% of biomass ash, 
which does not show the increase of compressive strengths with the curing age, observed when kept 
in water. Consequently, its strength at 21+56 days is 12% lower than the corresponding value in the 
reference environment. 
 
Chloride solution was the most aggressive environment for the cement paste with no addition of 
biomass ash as seen by the striking decrease of compressive strength with time observed in figure 2 
for BA-0. With the incorporation of biomass ashes in cementitious material, the strength of specimens 
subjected to chlorides significantly improves and Rc remains similar to the samples cured in water.  
The addition of 10 and 20% of BA gives compressive strengths a 76 and 83% higher than BA-0 at 56 
days in chloride environment. This suggests that the addition of BA to the paste has a positive effect 
being more resistant to chlorides than a 100% Portland cement matrix. 
 
 
3.2. Durability Performance by Koch and Steinegger Methodology 
 
Flexural strengths resistance (Rf) of blended cement matrices appear in figure 3. The initial flexural 
strengths of BA-0, BA-10 and BA-20 after 21 days in water tank were 9.0, 8.7 and 7.3 MPa, 
respectively. These values confirm the results obtained by previous works at 28 days for 0, 10 and 
20% of substitution of Portland cement by biomass ash (Jiménez I., 2013).  

 

 
Figure 3 Relative flexural strengths of blended cement pastes exposed to different environments.  

 



 

Flexural strengths of BA-0 in deionised water environment remain approximately constant with time 
while BA-10 and BA-20 show a decrease in Rf upon exposure to this environment. The development 
of Rf may be affected by the change to deionised water after 21 days of hydration in tap water as the 
dionised water had a pH of 6.5 that may lead to the ion migration of hydrated products.  
 
For the specimens immerse in SW, an increase of Rf with time is observed in figure 3 and the three 
cement pastes studied have higher flexural strengths as compared to water. In fact, matrices 
containing biomass ashes BA-10 and BA-20 reach Rf values at 21+56 days of 10.4 and 9.8 MPa, 
respectively.  
 
As seen in compressive strengths, BA-0 develops higher strengths values in sulphate solutions 
reaching Rf values of 22.1 MPa after 56 days in this environment. Although such an increase of 
strength is not observed in BA-10 and BA-20, the Rf at 21+56 days is 7.3 and 8.4 MPa, respectively, 
similar to the initial values. 
 
Furthermore, lowest flexural strength values are obtained for the specimens immersed in chloride 
solution in which a decrease for BA-0, BA-10 and BA-20 compared to water of 31, 13 and 24% is 
obtained, respectively. The strengths of cement blends with BA after 56 days in Cl were lower than 
that of BA-0. Nevertheless, Rf of BA-20 at 21+56 days (6.9 MPa) is comparable to the initial value, 
while for BA-10 a slight decrease is observed from 8.8 MPa at 21 days to a final value of 6.4 MPa.  

 
To assess the durability of the blended matrices the Koch and Steinegger Indices (IKS) were 
determined by the flexural strengths (Figure 4) as determined in section 2. Blended cement pastes 
containing biomass ashes have higher IKS values at 21+56 days than matrices 100% Portland cement 
(BA-0) when exposed to sea water and chloride solutions. However, lower IKS values were obtained 
in BA-10 and BA-20, than in BA-0 specimens immerse in sulphate environment.  

 

 
Figure 4 Koch and Steinegger Index of blended cement pastes exposed to aggressive environments.  

 
According to figure 4, all the specimens show values of the Koch and Steinegger corrosion index (IKS) 
above 0.7. These results indicate that all studied matrices can be classified as resistant to the three 
aggressive environments during 21+56 days and at room temperature (21±2ºC). 
 
 



 

3.3. Crystalline Microstructure 
 
The increment of flexural strengths in the aggressive solutions related to water environment could be 
related to changes in microstructure due to the diffusion of ions as detected by other authors (Frias M., 
2013). In order to study crystalline structure formed by the hydration products in the blended cement 
pastes, XRD data are shown in Figure 5. The main differences in the crystalline structure of 
specimens subjected to different environments compared to reference (water) were the peaks intensity, 
the disappearance of hydrotalcite ((Mg4Al2)(OH)12CO3(H2O)3)0.5) and the appearance of Friedel’s salt 
(α−Ca4Al2H0.34O6.34Cl1.67).  

 

 
Figure 5 XRD of blended cement pastes after 56 days exposed to different environments. 

 
Sea water and chloride environments promote the formation of Friedel’s salt in the matrices due to the 
diffusion of Cl- into the specimen and the disappearance of hydrotalcite phase. Blended cement 
matrices containing biomass ash have higher intensity at the principal peak corresponding to Friedel’s 
salt (2θ = 11.19º). As the formation of this phase is affected by the porosity of the cementitious paste, 
a study of porosity and pore-size distribution by Mercury Intrusion Porosimetry (MIP) and electron 
microscopy (SEM) are being carried out to analyze these results.     
 
Changes in the peaks of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) were also observed, with specimens 
cured in sea water having higher peak intensity of this phase than in chlorides due to the presence of 
SO4

2- ions in the solution.  
 
Moreover, blended matrices containing BA have higher peak intensity of ettringite than BA-0 which 
can be attributed to the pozzolanic reaction of BA, promoting higher Cl- combination and lower 
portlandite intensity as seen by other authors (Frias M., 2013).  
 
 



 

3.4. Specific Surface Area and Pore Size Distribution 
 
Figure 6 shows the specific surface area of the blended cement pastes after 56 days exposed to 
deionised water, sea water, sulphate and chloride environments. Matrices containing biomass ash 
have higher surface area values than BA-0 in water, sulphates and chlorides. The specimens cured in 
water increase their surface area with the increasing BA content, indicating a microstructural 
refinement provided by BA. However, the aggressive environments modify the microstructure 
approaching surface area values of matrices with 10 and 20% BA.  
 

 
Figure 6 BET-N2 specific surface area of blended cement pastes after 56 days exposed to different 

environments. 
 
The pore size distribution of blended cement matrices cured in different environments can be 
observed by the figure 7. In general, the pore size distributions in all samples are in the 0.5-200 nm 
pore diameter range. The pore size distribution of BA-0, BA-10 and BA-20 has similar behaviour 
than the surface area in each cured condition, the higher the pore volume the higher the specific 
surface are of the samples.  
 

 
Figure 7 dV/dD pore volume of blended cement pastes after 56 days exposed to different environments. 

 
The specimens cured in water show similar pore size (2.5 nm) but with a higher pore volume for the 
higher substitution percentage. In fact this behaviour can be related to the decrease in compressive 
strength in the same environment with the incorporation of BA as presented in figure 2.  



 

Sea water, sulphates and chloride environments provide microstructural changes in pore size diameter 
and pore volume of cement pastes matrices. As seen in the compressive strengths, figure 2, the 
principal differences are observed in the specimens exposed to chlorides. BA-0 keeps a main 
contribution of pores with diameter of 2.5 nm, but with a lower pore volume than the same matrix 
cured in water. Moreover, a shoulder in 12.4 nm may be seen in the pore size distribution that can be 
the cause of the decrease of compressive strengths in the sample. Blended matrices containing BA in 
chlorides have greater microstructure refinement due to a contribution of 0.6 nm pores as observed in 
figure 7. The refinement of the matrices containing BA in chloride environment is coherent with the 
higher compressive strengths as compared to BA-0. This microstructurals changes induced by the 
presence of BA might be related to the Friedel’s salt crystallinity, as seen in section 3.3. 
 
 
4. Conclusions 
 
- Blended cement matrices containing biomass ashes (BA) have good mechanical performance when 

cured in the aggressive environments considered. 
- BA-10 and BA-20 blends in chloride environment show higher compressive strength than a 

cementitious matrix 100% Portland cement. 
- All cement matrices can be considered as resistant to sea water, sulphate and chloride 

environments as evaluated by the Koch and Steinberger index which is in all cases above 0.7. 
- Matrices containing biomass ash are microstructurally similar to those that are 100% Portland 

cement. 
- Chloride environment promote microstructural changes in BA-10 and BA-20 that improve the 

compressive strengths 76 and 83 %, respectively, compared to BA-0.  
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Abstract 
A micro-reactor approach to study the hydration of cementitious materials has been developed in our laboratory. The 
method involves milling gaps that are a few microns in dimension in grains using a Focused Ion Beam. These gaps are 
then filled with solution, leading to dissolution, nucleation, and growth in the gaps. Hydration is stopped at selected 
time intervals, and a Scanning Electron Microscope is used to image the gaps. Information is obtained about 
dissolution-growth kinetics and hydrate morphology. Using this technique, we were able to obtain significant insights 
into the factors influencing early age hydration of tricalcium silicate and alite, and the effect of selected chemical 
admixtures on the same.  
 
In this study, we present the use of micro-reactors to study the alkaline activation of slag. The effects of solution pH and 
of the nature of the alkaline solution on the alkaline activation are discussed. Additionally, the dissolution of slag is 
studied, and we show that it is strongly affected by the presence of calcium and aluminum in solution. Results are 
compared and contrasted with those obtained with tricalcium silicate and alite.    
 
Originality 
The micro-reactor approach is probably the only method that offers the possibility of obtaining information about both 
dissolution and growth processes. We present ways in which factors affecting dissolution and growth may be 
understood, something that is very difficult or impossible using other techniques. Applying the micro-reactor technique 
to alkaline activation offers a way to better understand the reaction and the factors influencing it. Additionally, 
although we only present results with slag here, this technique may be used to study geopolymerization of several 
precursors with various solution compositions.   
 
Dissolution of cementitious materials is a topic on which significant research is currently being carried out. However, 
as far as we are aware, there have been almost no studies focusing on the dissolution of slag, although some work has 
been carried out on glasses of similar composition. This is the first study that shows the inhibiting effect of calcium and 
aluminum in solution on slag dissolution.     
 
 
Keywords: micro-reactor; dissolution; alkaline activation; slag 
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1. Introduction 
There has been a tremendous amount of research in the past few years in the topic of alkali activated 
binders, as these materials present the potential for new cementitious materials with lower emissions 
as compared to traditional Portland cement (Duxson P. et al., 2007; Komnitsas K. and Zaharaki D., 
2007). Alkali activated binders are formed by the reaction of aluminosilicate precursors (for example 
metakaolin, slag, and fly ash) with alkaline solutions, typically alkali hydroxides and alkali silicates. 
 
The reaction mechanism, kinetics, reaction products, and properties of the alkali activated binders 
depend on the nature of the starting aluminosilicate precursor as well as the nature of activator 
solution (Duxson P. et al., 2007). Specifically, when metakaolin or fly ash are used as precursors, the 
final product is a geopolymer gel (usually referred to as N-A-S-H or K-A-S-H gels) (Palomo A. et al., 
1999; Alonso S. and Palomo A. 2001; Palomo et al., 2004). On the other hand, when slag is used as a 
precursor, the final hardened product is more likely to be a calcium-alumino-silicate hydrate (usually 
referred to as C-A-S-H) (Duxson P. et al., 2007; Puertas F. et al., 2011). There is some evidence that 
at high pH, in systems rich in both calcium and aluminum, these two reaction products may co-exist 
(Yip C. K. et al., 2005; Puligilla S. and Mondal P., 2013). The reaction mechanisms are too complex 
to discuss here in detail, but can be thought of to start with the dissolution of aluminosilicates at high 
pH, leading to supersaturations in solution, thereby enabling product precipitation. The kinetics of this 
reaction depend to a very large extent on the nature of the precursor and the solution composition 
(Duxson P. et al., 2007).  
 
The process of dissolution is very important in the reaction of cementitious materials, however; only 
little work has been done on the same. Recent studies show that the dissolution is in fact rate 
controlling in the early stages of alite hydration and that the dissolution rate of alite decreases strongly 
as the calcium concentration in solution increases (Juilland P. et al., 2010). Other studies support this 
evidence (Nicoleau L. et al., 2013), and additionally show that the presence of aluminum in solution 
may strongly inhibit the dissolution of alite under certain conditions (Nicoleau L. et al., 2014). A large 
body of work exists on the dissolution of aluminosilicates (Oelkers E. H. et al., 1994; Zhang L. and 
Lüttge A., 2008); however, research specifically concerning the dissolution of geopolymer precursors 
does not seem to be extensive (Snellings R., 2013). 
 
A micro-reactor approach to study the hydration of cementitious materials has been developed in our 
laboratory (Suraneni P. and Flatt R. J., 2013; Suraneni P., 2015). Micron-sized gaps are milled in 
grains using a focused ion beam (FIB); these gaps are subsequently filled with solution. Hydration 
comprising of dissolution, nucleation and growth processes occurs in the gaps, and is stopped at 
selected time intervals. Then, the gaps are imaged using a scanning electron microscope (SEM). Using 
this technique, we were able to show strong support for solution undersaturation controlled dissolution 
of alite (the dissolution reduces with increasing calcium concentration in solution) and that selected 
superplasticizers and retarders may reduce the extent of dissolution (Suraneni P. and Flatt R. J., 2015a). 
Further studies carried out on the dissolution of tricalcium silicate showed a strong pH-dependent 
inhibition of the dissolution by aluminum in solution (Suraneni P., and Flatt R. J., 2015b). 
 
In this study, the micro-reactor concept is used on slag (Suraneni P., and Flatt R. J., 2015c). The 
alkaline activation of slag is a complex process, resulting in the formation of C-A-S-H (Wang S.-D. 
and Scrivener K. L., 1995), however additional products such as hydrotalcite and calcite may be 
formed (Puertas F. et al., 2004). The objective of this work is to understand the alkaline activation of 
slag and the factors affecting it. Additionally, the dissolution of slag and the effect of calcium and 
aluminum in solution on the same is studied using the micro-reactor approach.  
 
2. Materials and Methods 
The ground granulated blast furnace slag was supplied by Holcim (Holcim Ltd, Jona, Switzerland). 
The chemical characterization of the slag is currently being carried out.   



 

The micro-reactor and solution preparation is only summarized here, more details are presented 
elsewhere (Suraneni P. and Flatt R. J., 2015a). To prepare solutions, the following were used: DI 
water (ultrapure Millipore water with resistivity >18 MΩ cm at 25 °C (Milli-Q; Millipore, Billerica, 
MA)), potassium hydroxide (> 95 % pure; Riedel-de Haen GmbH, Seelze, Germany), sodium 
hydroxide (> 99 % pure; Merck, Whitehouse Station, NJ), calcium hydroxide (> 96 % pure; with less 
than 2 % of calcium carbonate; Merck, Whitehouse Station, NJ), sodium aluminate (> 95 % pure; 
VWR International, Radnor, PA). The calcium hydroxide and sodium aluminate were used to 
introduce calcium and aluminum in solution, respectively. Solutions were prepared on a mass basis 
and used after 1 day of preparation and after all the heat from the dissolution had dissipated.  
 
A small amount of slag was placed on a flat rubber surface and a drop of liquid epoxy (EPO-TEK 301, 
Epoxy Technology, Inc., Billerica, MA) was placed on the slag and left to harden overnight. After the 
slag was firmly embedded in the epoxy, the side of the sample closer to the slag was polished and 
subsequently gold coated (MED010; Oerlikon Balzers, Balzers, Liechtenstein). It was then placed in a 
SEM-FIB (Quanta 200 3D; FEI CO, Eindhoven, Netherlands) and gaps 5 * 1 * 1 µm were milled in 
the slag grains (which were around 20 – 40 µm in size) with the Ga-FIB using a current of 50 pA and 
a voltage of 30 kV.  
 
After milling, the samples were taken out of the microscope, and immersed in solutions, and a slight 
low vacuum (150 mbar) was applied for about a minute to better enable access of the solution into the 
gap. The reacting gaps in solution are what we term micro-reactors. The samples were then stored, 
fully submerged, sealed and allowed to react for the required reaction time. When the reaction had to 
be stopped, the samples were immersed in reagent grade isopropanol (> 99 % pure; Scharlab SL, 
Barcelona, Spain) for two hours at - 18 °C, and then dried at 60 °C for two hours. Finally, the gaps 
were imaged using a high-resolution SEM using a secondary electron detector (Leo 1530 Gemini; Carl 
Zeiss AG, Oberkochen, Germany). For results from every gap presented here, at least three gaps were 
imaged, and usually the gaps were qualitatively similar in terms of their reactions. 
 
3. Results and Discussion 
 
3.1. Effect of pH on alkaline activation  
Before immersion in solutions, the base and walls of the gaps are completely smooth under the 
microscope (Suraneni P. and Flatt R. J., 2015a). Figure 1 shows a gap after 2 days in DI water. The 
walls of the gap are smooth and appear to be undissolved. The base of the gap on the other hand does 
not appear to be very smooth, however, it is unclear if this is due to dissolution or to damage caused 
under the electron beam. At any rate, the extent of dissolution must be very low. There does not seem 
to be any reaction product formed in the gap, consistent with reports in literature that the reaction of 
slag either does not take place or is very slow at pH 7 (Song S. and Jennings H. M., 1999). 
 
As the solution pH increases, the reactivity is expected to increase (Song S. and Jennings H. M., 1999). 
Dissolution and growth in the gap is clearly seen using a solution concentration of 0.01 M KOH (pH ≈ 
12), though the reaction extent is rather low. Figure 2 shows a gap after 2 days in a solution of 0.1 M 
KOH (pH ≈ 12.9). Clear growth of reaction products is seen in the gap. The morphology appears to be 
a globular network, with globules ranging from 20 – 100 nm in size.  
 



 

 
Figure 1 Micro-reactor after 2 days in DI water. Dissolution extent appears to be low and there does not seem 

to be clear growth of reaction products in the gap.  
 

 
Figure 2 Micro-reactor after 2 days in 0.1 M KOH solution. Clear growth of reaction products (globules) is 

seen in the gap. 
 
Figure 3 shows a gap after 2 days in a solution of 5 M KOH (pH ≈ 14). Clear growth of reaction 
products is seen in the gap. There are two different kinds of products in the gap: large, crystalline 
platelets about 1 µm long and about 20 nm thick; and a globular network (similar to the globular 



 

network at lower pH) with globules ranging from 20 – 100 nm in size. It is not possible to perform 
chemical analysis in an accurate manner in the gap; therefore conclusive identification of products is 
not possible. Additionally, it must be remembered that the harsh sample preparation and exposure to 
the electron beam may lead to irreversible changes in the product morphology. 
 
Although we are not able to identify the reaction products, it seems to be fair to assume that the 
globules are C-A-S-H, consistent with the proposal that slag forms C-A-S-H (Wang S.-D. and 
Scrivener K. L., 1995; Li C. et al., 2010). Additionally, this morphology is similar to C-S-H 
morphology we have observed in micro-reactors with alite (Suraneni P. and Flatt R. J., 2015a). Based 
on their morphology, the large crystalline platelets are likely to be hydrotalcite, which has been 
identified in slag-based systems earlier (Puertas F. et al., 2004). Similar morphologies have been 
reported for hydrotalcite in slag-based systems earlier (Roy D. M. et al., 1985). Apart from these 
morphologies, in some cases (with 1 M KOH, pH ≈ 13.8), we observe thin flakes around 50 – 100 nm 
in size, which maybe C-A-S-H of a different morphology, similar to C-S-H seen in some cases with 
alite (Suraneni P. and Flatt R. J., 2015a). 
 

 
Figure 3 Micro-reactor after 2 days in 5 M KOH solution. Clear growth of reaction products (globules and 

platelets) is seen in the gap. 
 
3.2. Effect of alkaline activator 
The effect of alkaline activator was studied by comparing micro-reactors with KOH and NaOH at 
concentrations of 0.01 M, 0.1 M, and 1 M. Figure 4 shows a gap after 2 days in 0.1 M NaOH solution. 
The resultant product morphology is thin flakes, about 50 – 100 nm in size, similar to the flakes seen 
in some cases with KOH. At other tested concentrations, globules, similar to those described before, 
are also seen in the gaps. In some gaps, mixes of both flakes and globules are seen. These may be C-
A-S-H morphologies with different chemical compositions, but there is no way of confirming that in 
the micro-reactors. In general, with KOH, at the tested pH values, globules seem to be dominant, with 
NaOH, flakes are dominant, but globules also occur. There seems to be more variation with the gaps at 
a single pH when NaOH is used; additionally some samples with NaOH show very heavy carbonation.  
 
 



 

3.3. Effect of calcium on slag dissolution 
The effect of calcium in solution on the slag dissolution was tested by adding calcium hydroxide at 
two dosages, 2 mM and 20 mM, at 0.01 M, 0.1 M, and 1 M concentrations of KOH. At 2 mM calcium 
hydroxide, no effect on the reaction was noted; however at 20 mM calcium hydroxide, an inhibiting 
effect on the reaction was noted. Due to the common ion effect, at 0.1 M and 1 M concentrations of 
KOH, the actual concentrations of calcium in solution are much lower than 20 mM. Figure 5 shows 
the effect of 20 mM of calcium at 0.1 M KOH. The extent of dissolution in the gap is massively 
reduced, the walls of the gap are smooth, and only a small extent of reaction product (globules) is seen 
in the gap. Results at 0.01 M KOH are similar, showing reduced extents of reaction. The extent of 
reaction is also reduced at 1 M KOH, though in this case, clear growth of products is seen in the gap. 
It is unlikely that the calcium inhibits the nucleation, since nuclei are clearly seen at the base of the 
gap in several cases (also seen in Figure 5). It is possible that the calcium affects the hydrate growth, 
though it is difficult to imagine why the dissolution extents would be so low if only the hydrate growth 
was being affected. Therefore, the hypothesis for the observed effect is that calcium directly inhibits 
the dissolution of slag at concentrations of 0.01 M to 1 M KOH (pH ≈ 12 – 14).  
 
This is an important result, which shows that slag likely dissolves by a similar calcium undersaturation 
controlled dissolution mechanism as proposed for alite (Juilland P. et al., 2010). As far as the authors 
are aware, this is the first time that an inhibiting effect of calcium in solution on slag dissolution has 
been propounded. These results are consistent with results from literature showing that calcium in 
solution has an inhibiting effect on calcium-alumino-silicate glass dissolution (Chave T. et al., 2011; 
Snellings R., 2013). These results have important implications in practice and offer potential insights 
into ways to control the reaction of slag.      
 
It is interesting to note that the effect of calcium on metakaolin geopolymerization is drastically 
different: calcium has been noted to accelerate the reaction (Granizo M. L. et al., 2004; Suraneni P. et 
al., 2014). This difference presumably arises, as the metakaolin does not have calcium, and therefore 
the dissolution is not slowed down by calcium in solution; calcium may actually help in the formation 
of C-A-S-H, in addition to geopolymer gel. This analysis is somewhat limited as the calcium 
hydroxide in the aforementioned studies was added alongside the metakaolin in powder form and may 
not have dissolved significantly.  
 



 

 
Figure 4 Micro-reactor after 2 days in 0.1 M NaOH solution. Clear growth of reaction products (flakes) is seen 

in the gap. The massive growth seen on the side of the gap appears to be sodium carbonate.  
 

 
Figure 5 Micro-reactor after 2 days in 0.1 M KOH + 20 mM Ca(OH)2 solution. The extent of dissolution is 

much lower in the presence of calcium and only a small extent of products are seen in the gap. The massive 
growth seen on the side of the gap appears to be calcium carbonate.  

 
 
 



 

3.4. Effect of aluminum on slag dissolution 
The effect of aluminum in solution on the slag dissolution was tested by adding sodium aluminate at 
two dosages, 3 mM and 60 mM, at 0.01 M, 0. 1 M, and 1 M concentrations of KOH. At 3 mM 
aluminum, no effect on the reaction was noted; however at 60 mM aluminum, an inhibiting effect on 
the reaction was noted. Figure 7 shows the effect of 60 mM of aluminum at 0.1 M KOH. The extent of 
dissolution in the gap is massively reduced, the walls of the gap are smooth, and there does not seem 
to be much product formed in the gap. In fact, the gaps look similar to the case with pure water. 
Results at 0.01 M KOH are similar, showing reduced extents of reaction. The extent of reaction is also 
reduced at 1 M KOH, though in this case, clear growth of products is seen in the gap. Arguing in a 
similar manner as with calcium (nucleation is seen in the gap in some cases; if the aluminum affected 
the hydrate growth only, the dissolution extents would not be so low), we hypothesize that aluminum 
directly inhibits the dissolution of slag at concentrations of 0.01 M to 1 M KOH (pH ≈ 12 – 14).  

 
This is an important result, as the inhibiting effect of aluminum in solution on the slag dissolution has 
not been proposed earlier. However, as with calcium, these results are consistent with evidence 
showing that aluminum in solution inhibits the dissolution of calcium-alumino-silicate glasses 
(Oelkers E. H. et al., 2005). However, they contradict evidence that aluminum does not significantly 
affect the dissolution of “blast-furnace slag type glasses” (Snellings R., 2013), though the maximum 
aluminum concentration used in that study was only  5 mM. Recent studies have shown that aluminum 
has a strong inhibiting effect on the dissolution of alite, tricalcium silicate, and amorphous silica 
(Chappex T. and Scrivener K. L., 2012; Nicoleau L. et al., 2014; Suraneni P., and Flatt R. J., 2015b). 
This effect has been proposed to be due to the formation of covalent bonds between aluminum and 
hydroxylated silicate surfaces (Nicoleau L. et al., 2014) and it is conceivable that similar effects 
operate with slag. As with calcium, these results have important implications in practice and offer 
potential insights into ways of controlling the reaction of slag.   
 

 
Figure 6 Micro-reactor after 2 days in 0.1 M KOH + 60 mM NaAlO2 solution. The extent of dissolution is 
much lower in the presence of aluminum and there does not seem to be any reaction product in the gap.  

 
 



 

3.5. Limitations of the method and further outlook 
The results presented here are somewhat preliminary, and further work is ongoing. Specifically, we 
focus on the following issues: 
 
The experiments described above have been performed at extremely high dilutions, and there is some 
evidence that glass dissolution behavior depends on the dilution (Mercado-Depierre S. et al., 2013). 
As described earlier (Suraneni P. and Flatt R. J., 2015), efforts are ongoing to develop the micro-
reactors in a way such that only the volume of the gap is filled with solution. By comparing results 
from these two approaches, it may be possible to draw interesting conclusions about slag dissolution 
and hydrate growth.  
 
By using FIB, it is possible to mill through the gaps after their modification by alkaline media. By 
observing the cross-section of the gaps, a much better picture of the dissolution and growth process 
should be obtained. Chemical analysis of material in the gap with a conventional SEM is not directly 
feasible, and alternative methods of obtaining chemical information are also being looked into.  
 
4. Conclusions 
The micro-reactor approach, developed earlier to study the alite and tricalcium silicate hydration has 
been applied to study the alkaline activation and dissolution of slag. Reaction proceeds when the 
concentration is above 0.01 M (pH ≈ 12). With KOH at 2 days, at concentrations lower than 1M, the 
reaction product seems to be predominantly globular. At higher concentrations at 2 days, the reaction 
product is a mix of globules and platelets. With NaOH, at 0.01 – 1 M concentrations, at 2 days, the 
reaction product is a mix of globules and flakes. Although not certain, it is very likely that the globules 
and flakes are C-A-S-H and the platelets are hydrotalcite.  
 
Calcium in solution has a strong inhibiting effect on the slag dissolution at a concentration of 20 mM. 
This provides support for the theory that slag dissolves depending on the solution undersaturation (in a 
manner similar to alite). Aluminum in solution has a strong inhibiting effect on the slag dissolution at 
a concentration of 60 mM. This may be due to the formation of surface covalent bonds with the 
aluminum and the hydroxylated silicate surface, in a manner similar to other silicate minerals.  
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Abstract：For the purpose to explore the curing age and water-binder ratio(W/B) influence of coral concrete cube compressive 

strength(fcu). In this paper, 7 groups different W/B of all coral concrete were designed, and the coral concrete and ordinary concrete 

relationship between the compressive strength was explored. The results showed that: As curing age prolongation, coral concrete 

fcu increased significantly at the beginning of the curing. When the curing time extended to 7d further, the growth speed of fcu 

slowed down gradually. At last it tended to stabilization gradually. Coral concrete 3d fcu and 7d fcu can reach the 28d fcu 

respectively of 60% and 70%. At the beginning of maintenance, compared with ordinary concrete, fcu grew faster. But at the last of 

maintenance, due to the important influence of concrete strength by aggregate strength, compared with ordinary concrete, fcu grew 

slowly at 28d. W/B influence on early strength of coral concrete is bigger than late strength of coral concrete. When W/B increased,  

coral concrete fcu decreased，there were linear relationship between fcu and W/B. 

Key words: coral concrete; mixture proportion; water-binder ratio (W/B); ordinary concrete; cube compressive 

strength 

 

1 Introduction 

In the South China Sea islands has rich resources of coral, coral reef belongs to a special type of rock, including CaCO3 content in 

more than 96%.These reefs for developing island provides a kind of new building materials-coral aggregate [1-3]. Coral concrete 

used coral as the coarse aggregate, coral sand as fine aggregate, and mixed by water and cement [4-6]. So with little damage to the 

coral reef and the local ecological environment, the coral reef sand dug up from construction of docks and dredging waterway, as 

well as by the waves washed accumulation of coral and coral  sand replace sand resources which was in short. Preparation of coral 

concrete, for construction and repair of island engineering has important theoretical significance and practical value [7]. 

In 1991, the American scholar Rick A E[8] personally inspect the Pacific bikini 3 coral concrete buildings, think:“The coral 

concrete strength can meet the requirements of the design of engineering structure. ”In 1996, the Indian scholar Arumugam R A, 

etc. [9] for a lot of research on the coral concrete, also confirmed:“The early strength of coral concrete increases faster, the late 

strength increasing slowly.”In 1989, CHEN Zhaolin[10-11] using ordinary portland cement made up coral sea water concrete C15 (C 

= 500~532 kg/m3,Total W/B=0.63~0.66, Sand percentage Sp=75%~80%), C20 (C = 420~470 kg/m3, Total W/B = 0.55~0.67, Sp = 

85%~90%) and C25 (C = 540~580 kg/m3,  Total W/B = 0.50~0.54, Sp = 85%~90%). In 2011,ZHAO Yanlin[12] used coral debris as 

coarse aggregate, river sand as fine aggregate and ordinary portland cement, when net W/B = 0.30~0.35 parts made of coral 

concrete 28 d fcu achieve C30. 

Based on the status of coral concrete research at home and abroad and the high performance lightweight aggregate concrete mix 

design method, design the net W/B was 0.25~0.40 of 4 groups coral concrete, the coral concrete cube compressive strength (fcu) 

influenced by the curing age and W/B were studied.   

 

2 Experimental Procedures 

2.1 Raw Materials 

The South China Sea island coral (Fig.1(a)~(b)), unwashed (contain chlorine salt), was broken into the largest diameter of 20 mm of 
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irregular particles. After screening, the island coral was made 5~20 mm continuous gradation (Fig.2), the apparent density of 2300 

kg/m3, the packing density of 1000 kg/m3  and the cylinder compressive strength of 3.8 MPa. The South China Sea island coral sands  

(Fig.1(c)),  unwashed (contain chlorine salt) and the content of mud was 0.5% was used. The physical properties of coral sands  were 

2500 kg/m3 of apparent density, 1115 kg/m3 of packing density, and 3.5 of fineness modulus (Fig.2). The cement used P•II 52.5 

Portland Cement, the chemical compositions are given in Tab.1, and the physical properties are given in Tab. 2. The FA is from 

Zhenjiang, the Chemical Compositions are also given in Tab.1. The high range water reducer is naphthalene type super plasticizer 

powder which water-reducing percent is above 20%, in which the Cl- is below 0.01% and Na2SO4 content is below 2%. 

 

   

(a) Coral (b) Coral broken (c) Coral sand 

Fig.1 Coral and coral sand in the China island 
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(a) Fine aggregate (b) Coarse aggregate 

Fig.2 The coral aggregate grading curve 

 

Tab.1 Chemical compositions of main cementitious materials                   % 

Material SiO2 Al2O3 MgO CaO Na2O Fe2O3 SO3 MnO2 TiO2 I.L K2O 

P•II 21.53 4.60 0.96 64.09 0.12 3.37 2.09 — — 1.84 0.62 

FA 52.37 32.13 2.16 0.47 0.33 4.13 0.25 — — 0.61 1.30 

 

Tab.2 Basic physical properties of Portland cement 

Cement a/m2·kg-1 b/% c/% 
Setting time/h: min 

Compressive 

strength/ MPa 

Flexural 

strength/MPa 

Initial Final 3d 28d 3d 28d 

                a:Specific surface area; b: Residue on 80μm sieve; c: Water requirement for normal consistence 

 

2.2 Mixture Proportions 

Control total cementitious material, FA, SG, design of total water-binder ratio (W/B) was 0.25~0.76 of coral concrete (Tab.3), 3d 

cube compressive strength (fcu), 7d fcu and 28d fcu were system studied of coral concrete. According to the Chinese Standard JGJ 

51-2002 Technical specification for lightweight aggregate concrete[13] use volume rate of sand, while the properties of porous coral 

aggregate, make coral sand easy access into the coral, so when design of mixture proportions, quality sand rate effect better than 

the volume sand rate. 
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Tab.3 Mixture proportions of coral concretes（water mixed, water cured） 

No. 

Material content/kg·m-3 
 Net 

W/B 

Total 

W/B 

Slump 

/mm 

Apparent 

density 

/kg·m-3 

Total cementitious 

material 
Cement SG FA Coral  

Coral 

sand 
JM-B Water  

1 550 429 82.5 38.5 680 1020 11 137.5 0.25 0.40   

2 550 429 82.5 38.5 680 1020 8.25 165 0.30 0.45 - - 

3 550 429 82.5 38.5 680 1020 5.5 192.5 0.35 0.50 - - 

4 550 429 82.5 38.5 680 1020 0 220 0.40 0.55 - - 

5 500 275 150 75 582 873 7.5 296 0.30 0.59 120 2094 

6 550 302.5 165 82.5 667 667 5 365 0.30 0.66 235 2122 

7 500 275 150 75 411 959 5 381 0.35 0.76 200 2111 

 

2.3 Experimental Methods 

2.3.1 Specimen Preparation 

The cement, coral,  coral sand, FA, SG and JM-B were mixed first for 1min in a blender, then water was added and mixing was  

continued for another 3min. Concrete prisms with dimensions of 100 mm×100 mm×100 mm were cast and cured in a sealed 

condition for 1 day. They were demoulded and moved into a saturated limewater with (20±3)℃.The curing age was 3d,7d and 28 d. 

 
2.3.2 Test Process 

After picking up sample of different standard curing ages, different curing age coral concrete fcu were determined according to the 

Chinese Standard GB/T 50081-2002 Standard of test method of mechanical properties on ordinary concrete[14]. Pressure testing 

machine is strain control 3000 kN universal testing machine. 

 
3 Results and Discussions 
3.1 Coral Concrete Cube Compressive strength and Cube Compressive strength development rule 

Tab.4 is cube compressive strength of coral concrete. Fig.3 is coral concrete cube compressive strength and the relationship with 

different standard curing age. The results showed that : As curing age prolongation, coral concrete fcu increased significantly at the 

beginning of the curing. When the curing time extended to 7d further, the growth speed of fcu slowed down gradually. At last it 

tended to stabilization gradually. Coral concrete 3d fcu and 7d fcu can reach the 28d fcu of 60% and 70%, respectively. Explain this 

is mainly from the following several aspects: first, the coral aggregate in seawater immersion, chlorine salt and other inorganic salt 

precipitation in the aggregate pore, chloride ions content of coral aggregate is higher than chloride ions content of ordinary 

aggregate, This is equivalent added to inorganic salt to the concrete, have obvious early strength effect, make its early strength 

increased. Second, coral aggregate pore has water absorption effect, make the coral aggregate and cement slurry interface is in a 

state of low W/B, reduce the water in the enrichment of coral aggregate and cement interface, avoided lamination due to the lower 

part of the aggregate to form a "bubble", calcium hydroxide crystal cannot enrichment and directional arrangement in the interface 

transition zone. Hydration continues, the water in aggregate to release, can play the role of the maintenance. Finally, the coral 

aggregate surface roughness and friction between the cement stone is bigger; At the same time, the part of the cement paste into 

the coral aggregate inside the pore, make the coral aggregate and cement "nested" into a whole structure, enlarging cohesive force 

between coral aggregate and cement. When total W/B was 0.66~0.76 coral concrete 28d fcu reach C25; Total W/B was 0.59 coral 

concrete 28d fcu reach C30; Total W/B was 0.50~0.55 coral concrete 28d fcu reach C40; Total W/B was 0.4~0.45 28d fcu reach C45. 

Tab.4 Cube compressive strength of coral concrete（water mixed, water cured） 

Total W/B 
fcu /MPa 

Grade 
3d 7d 28d 

0.40 32.2 43.5 49.1 C45 

0.45 33.7 43.2 48.1 C45 

0.50 28.0 33.9 44.3 C40 

0.55 26.6 34.0 45.9 C40 

0.59 20.1 26.9 32.2 C30 

0.66 22.0 23.2 27.4 C25 

0.76 13.6 19.0 26.3 C25 
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       Fig.3 Coral concrete cube compressive strength and the relationship with different standard curing age 

 

3.2 Relationship between Coral Concrete Cube Compressive Strength and Ordinary Concrete Cube 

Compressive Strength 

Tab.5 is coral concrete cube compressive strength (fcu) and ordinary concrete fcu in different standard curing age, Fig.4 is coral 

concrete comparatively fcu and ordinary concrete comparatively  fcu in different standard curing age, ordinary concrete fcu used YANG 

Liming [15] and YUAN Xiaowei [15] dissertation data(W/B = 0.25: P•II 42.5R Portland Cement is 354 kg/m3, FA is 136 kg/m3, S95 SG 

is 54 kg/m3, river sand is 752 kg/m3, stone is 957 kg/m3. W/B = 0.30: P•II 52.5R Portland Cement is 270 kg/m3, FA is 240 kg/m3, S95 

SG is 60 kg/m3, river sand is 669 kg/m3, stone is 1104 kg/m3). The results showed that: At the beginning of maintenance, coral 

concrete compared with ordinary concrete, fcu grew faster, but at the last of maintenance, due to the important influence of concrete 

strength by aggregate strength, compared with ordinary concrete, fcu grew slowly at 28d. 

Tab.5 Coral concrete cube compressive strength (fcu) and ordinary concrete fcu in different W/B  

Net W/B 
Category of 

concrete 
fcu 

Curing age/d 

3d 7d 28d 

0.25 

Coral 

concrete 

fcu/MPa 32.2 43.5 49.1 

fcu/fcu28d 0.66 0.89 1.00 

Ordinary 

concrete 

fcu/MPa 29.0 39.6 74.6 

fcu/fcu28d 0.39 0.53 1.00 

0.3 

Coral 

concrete 

fcu/MPa 33.7 43.2 48.1 

fcu/fcu28d 0.70 0.90 1.00 

Ordinary 

concrete 

fcu/MPa  30.0 41.9 61.9 

fcu/fcu28d 0.48 0.68 1.00 

 

0

0.2

0.4

0.6

0.8

1

0 10 20 30
Curing age/d

f c
u

 /
f c

u
2

8
d

Coral Concrete
Ordinary Concrete

0

0.2

0.4

0.6

0.8

1

0 10 20 30
Curing age/d

f c
u

 /
f c

u
2

8
d

Coral Concrete
Ordinary Concrete

 

        (a) Net W/B=0.25                              (b) Net W/B=0.30 

Fig.4 Coral concrete comparatively fcu and ordinary concrete comparatively  fcu 

 

3.3 Coral Concrete Cube Compressive Strength relationship with W/B  

Fig.5 is Coral concrete cube compressive strength (fcu) relationship with W/B. The results showed that When W/B increased, coral 

concrete fcu decreased，there were linear relationship between fcu and W/B. The law is different from ordinary concrete, ordinary 

concrete fcu is linear with the reciprocal of W/B. At the same time, W/B influence on early strength of coral concrete is bigger  than 

late strength of coral concrete 
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Fig.5 Coral concrete cube compressive strength (fcu) relationship with W/B 

 

Tab.6 is coral concrete cube compressive strength ( fcu) relationship with W/B in different standard curing age. The table showed that 

for different W/B of coral concrete, its fcu and W/B are in accordance with the linear relation: 

        fcu=A·W/B+C                (1) 

Where fcu is cube compressive strength of coral concrete (MPa), W/B is water-binder ratio of coral concrete, A, C is the fitting 

parameters. Ordinary concrete regression coefficient A and C is determined according to the variety of coarse aggregate, mainly is 

divided into two kinds of gravel and pebbles, coral stone can be viewed as the third kind of coarse aggregate. 
Tab. 6 Coral concrete fcu relationship with W/B in different standard curing age 

Curing 

age /d 

Relationship between 

fcu and total W/B 
r 

3d fcu=-45W/B+44.75 0.862 

7d fcu=-75.6W/B+63.22 0.899 

28d fcu=-26.8W/B+55.56 0.800 

 
4 Conclusions 
(1) Coral concrete 3d fcu and 7d fcu can reach the 28d fcu of 60% and 70%, respectively. When total W/B was 0.66~0.76 coral 

concrete 28d fcu reach C25; Total W/B was 0.59 coral concrete 28d fcu reach C30; Total W/B was 0.50~0.55 coral concrete 28d fcu 

reach C40; Total W/B was 0.4~0.45 28d fcu reach C45. 

 (2) At the beginning of maintenance, compared with ordinary concrete, fcu grew faster. But at the last of maintenance, due to the 

important influence of concrete strength by aggregate strength, compared with ordinary concrete, fcu grew slowly at 28d. 

 (3) When W/B increased, coral concrete fcu decreased. There was linear relationship between fcu and W/B. The law is different 

from ordinary concrete. W/B influence on early strength of coral concrete is bigger than late strength of coral concrete 
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Abstract 
The purpose of this research is to get the  romancement with properties exceeding the properties of the known 
analogies. 
Romancment’s compositions modified by chemical and mineral additives have been developed and proposed. 
The mode of calcinations of carbonate and clay raw material with high MgO has been optimized. As a result, the 
durability of romancement from 15 to 22 MPa has been received. Mineral additives like slag, zeolite breed and 
clay dust were chosen and used that rose the durability from 22 to 28 MPa. Plasticizers and hardening 
accelerators were chosen and used that allowed to rise the durability up to 35 MPa relatively. A combination of 
complex additives have been proposed. 
To optimize the mode of calcinations and to define a combination of complex additives a method of mathematical 
planning was used. The dependence of binder’s strength from the temperature,durability of calcinations, 
saturation rate, type and consistence of modified additives has been acquired. 
Modified romancement has the advantages if compared with known analogies and has the following 
features:strength 35MPa, normal consistency 30%, setting time is not earlier than 35 minutes, the end is not late 
than 420 minutes, softening rate is 0.98. 
Modified romancement can be successfully used to produce dry building mixtures (mortar’s strength 5,10, 15 
MPA), low strength mortars (strength 5,7.5 MPa) and concret (strength 10, 15, 20, 25 MPa) and other building 
materials.  
Sstructure of carbonate raw material and clay for the production of  romancement is recommended. 
 
Originality 
 For the first time romancement modified by the chemical and mineral additives is received. Romancement based 
on carbonate and clay raw material with hign concentration of MgO has been received. Methods to liquidate 
negative influence of MgO on hardening of romancement have been recommended. 
The possibility to reduce energy to 20% owing to temperature decrease and the duration of high temperature 
treatment of raw material in comparison with traditional technologies has been shown. 
 
Keywords: dolomites, romancement, chemical and mineral additive, calcinations 
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1.Introduction 
Since carbonate raw materials containing large amount of MgO are not used to produce hydraulic 
binders it is worth producing romancement. Thanks to low calcinations temperature of romancement, 
MgO will be active. To improve technical characteristics and enlarge the field of romancement’s 
production it is necessary to optimize the conditions of calcinations of raw material and the following 
modification of the binder by using individual and complex chemical and mineral additives. The 
optimization of the condition of the calcinations makes it possible to increase the amount of hydraulic 
active minerals and neutralization of the negative influence of MgO, and the introduction of chemical 
and mineral additions improves the strengthening as well as other technical characteristics. 
The use of hydraulic binders from local magnesia carbonate and clay raw material will help not only 
to lower for the purpose of construction the cost of building sites at the expense of low expenditures 
for transportation of construction materials but also makes it possible to use local raw material for 
complex purposes. 
2. Experimental procedures. 
2.1 Raw Materials 
Dolomite, Matyushensky field in Tatarstan and clay, Koshyakovsky field (table 1 and 2) were chosen 
to produce romancement as a result of the analyses of the deposits and the structure of the local 
material  
To modify romancement some organic and active mineral additives were  chosen. For speedy 
hardening calcium formiate was chosen. To provide plasticizing  effect superplasticizer of “Melflux” 
policarboxylates  group was chosen. Three superplasticizers, namely, Melment F10, C-3 and Pantarhit 
PC 160 PLV were used to achieve comparative characteristics. 

Tab. 1  Chemical composition of dolomites, Matyushensky field. 
Quantity, % 

MgO CaO SO3 SiO2 Al2O3 Fe2O3 FeO CO2 п.п.п. 
20,48 29,38 0,06 3,25 0,84 0,2 0,16 43,52 45,25 

 
Table 2 – Chemical composition of clay, Koshyakovsky field 

Quantity, % 
MgO CaO SO3 SiO2 Al2O3 Fe2O3 FeO K2O п.п.п. 
1,91 1,65 0,06 68,47 13,17 5,76 0,41 1,67 5,51 

Six types of natural and by products with specific surface area of 250-700 m2/kg as active mineral 
additives were used. Among them are natural raw material such as zeolite containing  rocks (ZCR), 
diatomite; by products – microsilica, metacaolinit, metallurgical slug, ceramic dust. 
2.2 Calculation of the structure of the raw mix  
Calculation of the structure of the raw mix is carried out by the method developed to calculate the 
structure of cement. 
Taking into consideration that the raw material in producing the romancement is not calcinated till 
clinkering and solid-phase reactions between silica and calcium oxide bring to the formation of low-
basic silicate (mostly 2CaO SiO2), coefficient of saturation is: 

)1(
1,86SiO

)0,7SOO0,35FeO(1,65AlCaOКS
2

33232 ++−
=

 

For two component raw material blend the relation between materials was calculated basing on the 
chemical structure of these materials using the formula: 

)2(
F0,35A1,65KHS1,86C
CF0,35A1,65KSS1,86

X
1111

2222

⋅−⋅−⋅⋅−
−⋅+⋅+⋅⋅
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where, X – quantity of mass portion of carbonate raw material to one mass portion of clay; CaO -C; 
SiO2 -S; Al2O3 - A; Fe2O3 - F. 
3. Results and Discussion 
3.1 The influence of the temperature and the duration of calcinations on the quality of the binder. 
Method of planning the experiment. 



Determining of optimal parameters of calcinations to produce romancement was carried out with the 
following mixtures (Table 3). 
The structures are designed on CS (coefficient of saturation) and represent a torment with a specific 
surface Ss = 250 m2/kg. 
On optimizing the parameters of calcinations the method of mathematical planning of experiment was 
used. 
Х1 - coefficient of saturation, CS; Х2 - temperature of calcinations, 0С; Х3 - duration of calcinations, 
hour are used as the variable coefficients. 

Tab. 3 Structures to obtain low-calsinating hydraulic binders 
№ 

structure 
CS 

 
Proportion, 

dolomite:clay 
 

Quantity, % Hydraulic 
module carbonate raw 

material (dolomite) 
clay 

1 0,70 2,5 71,6 28,4 1,30 
2 0,80 2,8 73,9 26,1 1,42 
3 0,90 3,1 75,9 24,1 1,54 
4 1,0 3,6 78,2 21,8 1,70 
5 1,3 4,6 82,2 17,8 2,03 
6 1,5 5,8 85,3 14,7 2,38 
7 1,7 6,4 86,6 13,4 2,55 

The limit of strength when binders’ compression is 28 day, МPа is taken as the parameter of 
optimization У (response function). 
As the result of the experiment and mathematical processing the equations of regression for 
romancement (3) were obtained. The equations are shown as the polynomial of the second degree: 

Y = –504,47 В0 + 409,46В1Х1 + 0,742В2Х2 + 0,178В3Х3 -0,018 В12Х1Х2 
+0,01 В13Х1Х3  – 240.98 В11Х1

2– 0,0004В22Х2
2 – 0,0003 В33Х3

2                (3) 
In fig.1 one of the main graphic pictures of the results of the experiments and calculations is shown as 
two-parameter relation of strength of binders to the temperature of calcinations and the structure of the 
mixture characterized by a coefficient of saturation, CS. 

 
Figure 1 Relation of the strength of romancement to the temperature and coefficient of 

saturation. Duration of calcinations is 240 min. 
The relation of the strength of romancement is shown as a convex surface with a biaxial inflection in 
the field of temperatures 850-9500С and CS = 0,8; the point of a maximum of strength with value 22 
МPа has coordinates with temperature 9000С, CS = 0,82.  
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3.2 Modification of romancement 
As a result of the research the romancement with the following characteristics was obtained, Table 4. 
the binder received was used in further research. 

Tab. 4 Technical characteristics of romancement. 
№ Parameters Size of parameters  
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Strength, МPа 
Dispersity, % 
Standart consistency, % 
Initial setting time, min. 
final setting time, min. 
Storage age, day. 
Soundness 
Coefficient of water-resistance 

20 
15 

49-54 
45 

419 
45 

satisfactory 
0,9 

 
3.2.1 The influence of hardening accelerator on the speed of hardening of romancement 
The acceleration of binders’ hardening with application of calcium formiate is mainly a result of  
calcium formiate changing the solubility of silicate part of romancement and forms double and basic 
salts with a product of its hydration Ca(OH)2. The decrease in concentration of alkali promotes the 
hydration of new portions hydraulically active minerals and the process repeats.  

 
Figure 2 Influence of the hardening accelerator, calcium formiate, on the speed of strength 

growth for romancement: 
1 (■) – without additive; 2 (▲) – 1% additive; 3 (♦) – 3% additive; 4 (●) - 5% additive; 

By character of a curve of strength growth (fig. 2) greatest growth rates of strength are observed in 
initial period. During the first 3 day 43 % from standard strength of romancement is achieved and for 
optimum process of setting and hardening 3 % calcium formiate for 100 % romancement is necessary. 
3.2.2. The influence of plasticizer on the strength of romancement 
The efficiency of superplasticizers depends on the structure, availability and the kind of  functionally 
active groups, their arrangement in molecules, length and shape of circuits, molecular mass. 
The Influence of plastificizers on strengthening characteristics of romancement is shown in a 
histogram in fig. 3. The greatest effect is obtained for plasticizer Melflux 2641 (strength 25 МPа, 
increase of strength 25 %) 
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Figure 3 Dependence of the strength of romancement on the type of plasticiziing additive 
 
3.2.3 The influence of mineral additives on romancement 

The influence of 6 types of the mineral components (Zeolite, slag, ceramic dust, microsilica, 
metacaolinite and diatomite) on properties of romancement is determined. All mineral components in 
certain quantitative limits promote increase of strength. The maximum strength is shown by the binder 
with ceolit additive of 15-16 %, value of strength - 29,36 МPа, that makes the strength of 
romancement increase up to 50%. The efficiency of zeolite is explained by the increase of a degree of 
hydration of minerals, and also the increase of volume of hydraulic new formations, at the expense of 
chemical interaction of aluminium silicа phases of zeolite with Са(OH)2. 
High strength parameters are also achieved by adding of 10% microsilica. The strength of 
romancement thus is 29,6 MPa. 
3.2.4 Selection of the structure of the complex additive 
The optimum structure of complex additive to obtain the modified romancement is determined as a 
result of the research where hardening  accelerator is calcium formiate; plasticizer is Melflux; mineral 
additive is zeolite; 
Complex attiditive content test was carried out on the binder shown in Table4. In research the method 
of mathematical planning was used.  
The following parameters are taken as variable factors: 
X1 – amount of additive to plasticizer, %  
X2 -  amount of additive to hardening accelerator, % 
X3 – amount of mineral additive, % 
Ultimate comprehensive strength of binders at the age of 28 days, MPa is taken  as optimizing 
parameter Y (response function) 
The test and mathematical analysis of the results made it possible to derive the regression equation for 
romancement (4). The equations are presented as a second degree polynomial. 

 Y = -26,578 В0 + 32,017В1Х1 +7,777 В2Х2 +4,145 В3Х3 -0,119 В12Х1Х2  -0,238В13Х1Х3 
-0,155 В23Х2Х3 -12,133 В11Х1

2-0,716 В22Х2
2 -0,115 В33Х3

2       (4) 
Figure 4 presents elements of response surface (strength) of romancement. 
The highest strength of romancement up to 35,4 MPa was reached on introducing 13% ceolit, 1,17% 
plasticizer and 5% hardening accelerator. Since in regression equation (4) all significant factors are 
positive thus other combinations of additives that raise the strength are possible. Fig. 5 presents 
thermograms with two types of cement stones during the hydration of romancement: a) – without 
additives, b) modified by complex additive of optimal composition. Thermogram shows endothermic 
effects and mass loss curve. Endothermic effect at t 412,50C corresponds to decomposition of 
hydrosilicates of 2CaO SiO2 H2O types at t=4530C to decomposition of Mg(OH)2,  at t=735 – 7500C 
corresponds to decomposition of hydrosilicates of  2СаО·3SiO2·2H2O.  

0

5

10

15

20

25

0 0.5 1 1.5

St
re

ng
th

,M
Pa

Quantity of plastificator, %

Melflux164
1
С3

MelmentF1
0
Pantarhit

Melment F10

C3

Melflux 2641

Pantarhit



 
Figure 4 Dependence of strength of romancement on the degree of filling and amount of plasticizer. 

Hardening accelerator is 5%. 
a) 
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Figure 5 Thermograms of romancement: a) without additives, b) with modified complex 

additive of optimal composition. 
 

A conclusion is made after thermograms has been compared that modified romancement is hydrated, 
in larger amount that is proven by large quantity of endothermic effects for all phases (by 14% on 
phase 2СаО·SiO2·H2O and by 31% on phase  2СаО·3SiO2·2H2O). It proves that complex additive 
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intensifies the processes of hydration and hardening of hydraulically active romancement.  A mass 
loss curve shows the increased amount of hydraulic new formations on strengthening  of modified 
romancement.  

 
Conclusions 
Results of scientific work are: 
1. main regularities of influence of parameters of calcination of the raw material on the properties of 
romancement; 
2. Regularities of the influence of hardening accelerator - calcium formiate  on the properties of 
romancement. It contributes on: 
-increasing of strength up to 16%; 
-reducing the water requirement from 50 to 39; 
-accelerating the hardening in the initial period; 
3. Regularities of the influence of organic (plasticizers) and mineral additives on the properties of 
romancement. 
The influence of four types of plasticizers was investigated. Plasticizers help to reduce water demand, 
increase water resistance and durability up to 25%. The most effective plasticizer for romancement  is 
Pantarhit RS 160 PLV; 
The influence  of six types of mineral additives on the properties of romancement was determined . All 
mineral additives  in certain quantitative limits increase  the strength. the romancement containing the 
mineral additive of zeolite in dosages of 15-16% shows the maximum strength. 
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Abstract 

Geopolymers belong to a new class of materials with features similar to ceramics. Compared to ceramics, the 

production process of geopolymers is however more energy efficient since it requires consolidation at moderate 

temperatures (20-100°C). In the cement industry geopolymers, or more in general alkali activated materials, are 

particularly attractive as a potential sustainable alternative to ordinary Portland cement (OPC). Although alkaline 

solutions are required for the activation process, waste with suitable chemical composition can be exploited as starting 

materials. Waste materials such as slag or carbon fly ash can be properly activated at room temperature due to their 

chemical composition and amorphous structure.  

 

As innovative potential system for construction, geopolymers need to be fully characterized in order to establish their 

suitability to be safely used for the production of geopolymer mortar and concrete. Porosity, both in terms of total pore 

volume and of pore size distribution, is surely one of the most important features that characterizes a new construction 

material since it relates to its mechanical strength and durability. This paper presents a contribution for a better 

understanding of the nano- and micro-porosity distribution in geopolymer mortars activated at room temperature and 

prepared by varying soda/silica molar ratio in the feed. The pore structure of geopolymers has been compared to a 

traditional OPC mortar using a mercury intrusion porosimeter to access micro-porosity. A dynamic vapor desorption 

analyzer was also used to quantify the nano-porosity and vacuum saturation to access the total pore volume. The 

results show that geopolymer mortars contain a lower amount of nano-pores and a higher volume of macro-porosity 

compared to OPC samples. The nano-porosity results to be only slightly influenced by the concentration of the 

activating solutions while the macro-porosity and the total pore volume increase when increasing the soda/silica ratio. 

The lower amount of porosity associated to gel products (nano-porosity) seen in carbon fly ash geopolymers allows to 

conclude that these materials exhibit a microstructure quite different from the usual microstructure of OPC based 

products. 

 

Originality 

The originality of the present work is based on (i) the use of two different techniques (mercury intrusion porosimetry 

and dynamic vapor sorption) to characterize geopolymers that have never been applied previously to these materials; 

(ii) the investigation of the entire range pores (nano-, micro- and macro-pores) of carbon fly-ash geopolymers activated 

at room temperature; (iii) the evaluation of the effects of soda/silica ratio in the range of 0.12-0.16 on the porosity. 

 

Keywords: geopolymer; fly ash; porosity; pore size distribution 
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1. Introduction 

The development of sustainable construction and building materials with reduced environmental foot- 

print in both manufacturing and operational phases of the material lifecycle, is attracting increased 

interest in the housing and construction industry worldwide. Recent innovations have led to the 

development of geopolymers, or more in general alkali activated materials, which belong to a new 

class of materials with features similar to ceramics. However, compared to ceramics, the production 

process of geopolymers is more energy efficient since it requires consolidation at moderate 

temperatures (20-100°C) (Bignozzi M. C. et al., 2013; Zhang Z. et al., 2014). In the cement industry, 

geopolymers are particularly attractive as a potential sustainable alternative to ordinary Portland 

cement (OPC) (Bignozzi M. C. et al., 2014; Duxson P. et al., 2007a; Duxson P. et al 2007b; Natali A. 

et al., 2011). The worldwide production of OPC is approximately 3.6 billion metric tons per year for 

an estimated contribution of approximately 8% of total CO2 emissions caused by human activity. The 

production of 1 ton of cement corresponds to the emission of 1 ton of CO2 in the atmosphere due to 

chemical reactions and raw materials transformation (50%), fuel consumption and high temperatures 

process (i.e., 1450 °C) (40%) and use of electricity and transport procedures (10%). The replacement 

of OPC with alkali activated binders can lead to a 80% reduction in CO2 emission in atmosphere 

(Imbabi M. S. et al., 2012; Natali M. E. et al., 2014; Provis J. et al., 2014; Suhendro B., 2014; van 

Deventer J. S. J. et al., 2012). Although alkaline solutions are required for the geopolymer activation 

process, waste with suitable chemical composition can be exploited as starting materials. Waste 

materials such as slag or carbon fly ash can be properly activated at room temperature due to their 

chemical composition and amorphous structure (Bignozzi M. C. et al., 2014; Komnitsas K. A., 2011; 

Natali M. E. et al., 2014; Part W. K. et al., 2015). 

To bring a better understanding of the properties and potential large-scale benefits associated with the 

use of these materials as innovative potential system for construction, they need to be fully 

characterized in order to establish their suitability to be safely used for the production of geopolymer 

mortar and concrete. Porosity, both in terms of total pore volume and pore size distribution, is surely 

one of the most important features for a construction material since it relates to its mechanical strength 

and durability.  

This paper presents a contribution for a better understanding of the nano- and micro-porosity 

distribution in geopolymer mortars activated at room temperature and prepared by varying soda/silica 

molar ratio in the feed. The pore structure of geopolymers has been compared to a traditional OPC 

mortar using a mercury intrusion porosimeter to access micro-porosity. A dynamic vapor desorption 

analyzer was also used to quantify the nano-porosity and vacuum saturation to access the total pore 

volume. 

2. Experimental 

2.1. Materials 

Class F fly ash used as raw material for the geopolymer matrices was sourced from Enel Produzione 

S.p.A., Torrevaldaliga Nord power station (Civitavecchia, Rome, Italy), and supplied by General 

Admixtures S.p.A. (Ponzano Veneto, Treviso, Italy). It complied with EN 450-1 standard (EN 450-1) 

for use in the cement and concrete industry and exhibited a d50=22 µm, while its mineralogical 

composition was found to have 65±0.8 wt% amorphous phase and crystalline phases of quartz, mullite 

and maghemite. The main oxides composition of FA is reported in Tab. 1. Detailed particle size 

distribution and mineralogical phase analysis are reported elsewhere (Bignozzi M. C. et al., 2014). 

Sodium silicate (SiO2/Na2O=1.99, density at 20 °C=1.5±0.2 g/cm3, Ingessil, Verona, Italy) and 8 M 

NaOH solutions were used as activating solutions. 

Reference OPC mortar was prepared using CEM II/A-LL 42.5 R, compliant with the standard EN 

197-1 (EN 197-1) and provided by Italcementi (Bergamo, Italy). 

For both geopolymer and cement-based mortars, natural calcareous sand (dmax=4 mm) supplied by 

Consorzio Concave (Bologna, Italy) was used as fine aggregate. 

 

 

 



 

Tab. 1 Chemical compositions of fly ash 

Compositions SiO2 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

Content [%] 49.37 2.71 6.63 1.05 0.33 <0.05 0.60 3.28 

 

2.2. Samples preparation 

Three carbon fly ash geopolymer mortars and a reference cement-based one were prepared. All 

geopolymers were prepared with the same FA (23.7 wt%) and sand (64.0 wt%) amounts and were 

activated by adjusting the relative amount of 8 M NaOH and sodium silicate solutions in order to 

achieve Na2O/SiO2 molar ratios of 0.12, 0.14 and 0.16, respectively. A certain amount of water (1.6 

wt%) was added in all the geopolymer mixes to obtain a good workability. The total amount of the 

two activating solutions was maintained constant at 10.7 wt%, as well as the liquid/binder weight ratio 

(L/B=0.52). Their acronyms (FA 12, FA 14 and FA 16) refer to the precursor name (FA) and the 

Na2O/SiO2 molar ratio multiplied by 100 (e.g., FA12 indicates the FA-based mortar with a Na2O/SiO2 

molar ratio of 0.12). The reference mortar (named OPC Mortar) was prepared with the same 

proportions (i.e., 23.7 wt % cement and 64.0 wt % sand) and L/B ratio (0.52) like the geopolymer 

mortars. 

Mortar samples were prepared using a Hobart mixer according to EN 196-1 (EN 196-1), as reported 

elsewhere (Bignozzi M. C. et al., 2014). The mixes were poured in metal moulds, according to EN 

196-1 (EN 196-1) and vibrated on a shaker. After 1 day of curing at T=25 °C and R.H.=35%, 

prismatic samples (40 x 40 x 160 mm) were de-moulded and cured under laboratory conditions (room 

temperature and R.H.=35%) for 6 months till testing. 

2.3. Characterization 

Consistency at the fresh state was determined by flow-table test, according to UNI 7044 (UNI 7044). 

Air content of the fresh slurry was determined with an air entrainment meter with a capacity of 1dm3 

(106 mm3), according to EN 1015-7 (EN 1015-7). 

Three different tests were performed and compared to determine the total accessible porosity of the 

materials. 

The first test was performed by means of water absorption (WA) measurements at room temperature 

and the total open porosity was determined by hydrostatic weight on samples of 40 x 40 x 50 mm 

accurately cut from the original prismatic mortar samples. 

The second test was performed by mercury intrusion porosimeter (MIP) (Carlo Erba 2000) equipped 

by a macropore unit (Model 120, Fison Instruments). A mercury surface tension of 0.48 N/m and a 

contact angle of 141.3° were assumed. Mortar samples of about 1 cm3 were cut by a diamond saw, 

dried under vacuum and kept under a P2O5 dried atmosphere in a vacuum dry box until testing. 

The third test was a modified version of ASTM C642-06 (ASTM C642-06) where the boiling method 

was replaced with vacuum saturation in lime water. Samples of 40 x 40 x 20 mm accurately cut from 

the original prismatic mortar samples were initially oven dry and their mass was recorded at 

equilibrium (mass change lower than 0.5%/24 hours). Each sample was subsequently vacuum 

saturated at 7 ± 2 torr (ASTM C1202-12) and its mass was recorded in saturated-surface dry 

conditions in air and in water. The total volumetric porosity was then evaluated according to ASTM 

C642-06 (ASTM C642-06). 

To access micro-porosity and study the pore size distribution in the larger pore size range, mercury 

intrusion porosimeter was performed. Moreover, to quantify the nano-porosity, the pore size 

distribution was characterized using a dynamic vapor sorption analyzer (TA Q5000; TA Instruments, 

New Castle, DE) and monitoring the desorption behavior of the mortars. Mortar samples were cut in 

thin slices (0.8 ± 0.05 mm) using a water-cooled diamond-tipped wafer-cut saw and a 50–70 mg piece 

of sample was selected for the test, placed in a tarred quartz pan and stored in a temperature and 

humidity controlled chamber. During the test, the humidity was reduced or increased in controlled 

relative humidity steps, while the mass was recorded as a function of time, while the temperature was 

kept constant (Pour-Ghaz M. et al., 2010; Villani C. et al., 2013, Villani C. et al., 2014). The balance 

had an accuracy of ± 0.1% over a dynamic range of 100 mg. The test started equilibrating the sample 

at 0% RH for either 96 h or until the sample had achieved a stable mass (less than 0.001% mass 



 

change over 15 min). The relative humidity was then increased in 10% RH steps up to 90% RH and 

finally up to 97.5% RH. During desorption the sample was dried from 97.5% RH to 90% RH and then 

to 0% RH decreasing the relative humidity in 10% RH steps. The sample was allowed to equilibrate 

for 12 h or 0.001% (of initial mass of the sample) change in mass over 15 min at each humidity. 

 

3. Results and Discussion 

At the fresh state, geopolymer mortars show values of consistency and air content in the range of 60-

65% and 5-6.5%, respectively, while OPC Mortar shows values of consistency and air content of 85% 

and 8.7%, respectively. 

Table 2 shows the total volumetric accessible porosity for mortars samples obtained by means of three 

different techniques: water absorption, MIP and vacuum saturation (ASTM C642-01) tests, 

respectively. It can be observed that the vacuum saturation technique gives the highest values of open 

porosity, while the water absorption test provides with the lowest value. The vacuum saturation result 

is likely closer to the true material porosity since this technique allows to reach air voids that are likely 

remain unsaturated when using the other techniques (Bu Y. et al., 2014 ). By both WA and MIP tests, 

an increase in open porosity is registered with the increase of the soda/silica ratio; moreover OPC 

mortar shows the highest value of total porosity among the investigated samples. The vacuum 

saturation test shows a different trend. Both FA 12 and FA 14 have the same value of total open 

porosity (i.e., 23 %) as well as FA 16 and OPC Mortar (i.e., 25), and in general, all the open porosity 

values are not so different. 

 
Tab. 2 Total open porosity for mortar samples (% by volume) 

 
FA 12 FA 14 FA 16 

OPC 

Mortar 

By WA 12 13 15 21 

By MIP 16 18 20 23 

By vacuum saturation 23 23 25 25 

 

Figure 1 shows two perpendicular cross sections (40 x 40 cm) for each of the investigated mortar 

samples. Geopolymers are darker in color than the OPC Mortar, due to the carbon fly ash. 

 

  
(a) FA 12 (b) FA 14 

  

  
(c) FA 16 (d) OPC Mortar 

Figure 1 Perpendicular cross sections (40 x 40mm) of the investigated mortar samples 



 

Geopolymers, regardless their mix design, appear at first sight richer of large pores compared to OPC 

Mortar. However, according to the results of Table 2, FA geopolymers probably contain more close 

pores and less interconnected pores than OPC Mortar. Although the geopolymer air content is lower 

than OPC Mortar one, it cannot come out because of poor workability and it forms large pores, as can 

be observed in Figure 1. Microscopy investigations are in progress. 

While there is a few studies focusing on the geopolymer pore size distribution in terms of micro-

porosity (Bignozzi M. C. et al., 2014; Zhu H. et al., 2014), the geopolymer nano-porosity has never 

been investigated with the approach reported in this contribute. Figure 2 shows the pore size 

distribution in the micro-macro pore size range obtained by MIP. It can be noticed that OPC Mortar 

has greater volume of pores than FA12 and FA14 on size range under 0.1 m. This trend is due to the 

fact that the OPC Mortar was cured in air only and not in humid conditions, thus delaying or blocking 

the completion of the clinker reaction, and leaving more pores.  

 

 
Figure 2 Pore size distributions for mortar samples determined by MIP 

 

 

Figure 3 shows the nano-porosity obtained by manipulation of desorption data (Villani C. et al., 2013, 

Villani C. et al., 2014), plotted as cumulative pore volume versus pore size of the carbon fly ash 

geopolymers compared to a traditional cement mortar. The influence of hydration can be assumed 

negligible since mortar samples were tested after 6 months from the casting date. The results show that 

carbon fly ash geopolymer mortars contain a lower amount of nano-pores and a higher volume of 

macro-porosity, compared to OPC samples. The nano-porosity results are only slightly influenced by 

the concentration of the activating solutions, while the macro-porosity and the total pore volume 

increase when increasing the soda/silica ratio. The lower amount of porosity associated to gel products 

(nano-porosity) seen in the geopolymers allows to conclude that these materials exhibit a 

microstructure quite different from the usual microstructure of OPC based products. 
 

4. Conclusions 

In this work two different techniques (mercury intrusion porosimetry and dynamic vapor sorption) 

have been used and the entire range pores (nano-, micro- and macro-pores) of the carbon fly ash 

geopolymers activated at room temperature has been successfully investigated. 

Compared to OPC samples, geopolymer mortars contain a lower amount of nano-pores (gel products) 

and a higher volume of macro-porosity, thus exhibiting a microstructure quite different from the 

traditional OPC based products. It must be highlighted that OPC Mortar was cured under laboratory 

conditions with R.H. lower than usual. 



 

The nano-porosity is only slightly influenced by the soda/silica ratio in the range of 0.12-0.16, while 

the macro-porosity and the total pore volume increase when the concentration of the activating 

solutions increases. 
 

 
 

Figure 3 Pore size distribution for mortar samples determined by dynamic vapor sorption analyzer 
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Abstract 
This contribution highlights the influence of pore solution composition on the activation and hydraulic reactivity 
of ternesite. The hydration of pastes with different contents of ternesite and belite, content with and without 
presence of [Al(OH)4]- as activator was investigated. Neat ternesite systems showed poor reactivity in water 
even after 7 days and beyond, whereas [Al(OH)4]- activation leads to high reactivity at early ages, but only 
moderate reaction rate at later ages once the [Al(OH)4]- is depleted from the solution. When combining ternesite 
and belite, [Al(OH)4]- activation gives a much higher reaction rate and extent of ternesite in comparison to 
belite. This is partly explained by the release of additional SO4 from ternesite leading to the formation of AFm 
and AFt as main hydration product. Ternesite has proven to be more reactive than systems containing belite and 
anhydrite, with the same stoichiometric ratios as for ternesite (i.e. 2Ca2SiO4•CaSO4), in the presence of 
[Al(OH)4]-. 
Additionally, the reactivity and dissolution of ternesite in pore solution has shown that there is a strong 
relationship between dissolution rates of ternesite and alumina ions generation in the pore solution. It was found 
that the alumina concentration of the solution is very important for the dissolution as it: (1) probably alters the 
activation of ternesite surface with (2) potentially complex the adsorption of [Al(OH)4]- ions on surface active 
sites and (3) changes of the speciation in pore solutions. Ternesite dissolution is highly dependent on alumina 
ion concentration, while it is practically not sensitive to the pH (i.e. OH- concentration) when no alumina is 
present. The dissolution of ternesite in cement alumina-rich pore solutions comprises three stages: (1) activation 
of the solid surface; (2) generation of SO4, Si and Ca ions in the solution (induction period); and (3) a 
precipitation of hydrates according to the solubility indices. 
 
Originality 
The clinker phase ternesite, known as component of kiln and pre-heater coatings which in the literature were 
described to be practically unreactive, showed hydraulic reactivity under certain conditions. In the presence of 
soluble or i.e. reactive Al(OH)3, ternesite shows a higher dissolution rate and thus higher reactivity than belite 
alone or even belite together with additional calcium sulphate. 
Ternesite is known to form in CSA cements where Al(OH)3 is known to be a by-products of the ye’elimite 
hydration. The dissolution of ternesite is accompanied with the release of a highly reactive calcium silicate 
phase that consumes Al(OH)3 to form strätlingite and thus actively contributing to the hydration and strength 
development. 
 
Keywords: (2Ca2SiO4•CaSO4), mixture proportioning, cement manufacture, clinker reactivity 
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1. Introduction 
Calcium sulphospurrite (i.e. ternesite; 𝐶𝐶𝐶𝐶5(𝑆𝑆𝑆𝑆𝑆𝑆4)2𝑆𝑆𝑆𝑆4 or 2𝐶𝐶2𝑆𝑆 ∙ 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆4 or 𝐶𝐶5𝑆𝑆2𝑆𝑆̅) is known since 
decades in the cement industry. This phase is often related to the formation of rings and build-ups in 
the preheating zone (Herr, et al., 1968) (Pryce, 1972) (Weisweiler & Dallibor, 1987). It was also often 
found as unwanted phase in CSA clinkers with a not optimized raw material design and or poor pyro 
processing (Adolfsson, et al., 2007) (Belz, et al., 1995) (Makhmudova, et al., 2011) (Marroccoli, et al., 
2010) (Osokin, et al., 1992) (Roy, et al., 1999) (Soner, 2009). Furthermore, the theory about the low 
reactivity of ternesite with water has been established since decades (Belz, et al., 1995) (Sherman, et 
al., 1995) (Tadzhiev, et al., 1973).  
In contrast, recent investigations research activities have proven the hydraulic reactivity of ternesite, in 
calcium sulphoaluminate systems where high content of reactive, i.e. X-ray amorphous, alumina is 
present. The reactivity in those systems is even superior to belite (Bullerjahn, et al., 2014a) (Bullerjahn, 
et al., 2014b), at least at early ages of hydration. Furthermore, preliminary tests have shown a 
beneficial effect of this mineral when combined with fly ash (FA) and/or ground granulated blast 
furnace slag (GGBFS) and many other cementitious systems with a relatively high aluminates content. 
The processes and mechanisms of dissolution and precipitation of cement mineral phases have been 
understood under consideration by cement scientists for many years. In the context of ternesite, an 
understanding of dissolution mechanisms and kinetics would support the understanding of possibilities, 
limitations and advantages that may arise by combing ternesite with calcium sulphoaluminate or 
calcium aluminate cements to predict phase assemblage of hydrated binders. Thermodynamic 
modelling of the cement hydration shows us whether a certain reaction may proceed and what 
maximum extent may be obtained, but does not provide information regarding the time required (i.e. 
kinetics). Hence our deductions about the processes controlling the dissolution of ternesite will always 
depending on the accessibility of alumina during the time of investigation. Thus, during our research 
programme an X-ray amorphous alumina source (i.e. highly reactive) is used for the investigations.  
The actual study focus on the importance of the presence of Al(OH)4

- ions in the pore solutions to 
activate ternesite. The scope is further to understand the dissolution and hydration mechanisms of 
ternesite in the absence and presence of alumina: what are the limiting factors from thermodynamics, 
kinetics, and potentially microstructure distributions, which answer the questions: (1) what is it and 
where can it go? (thermodynamics), (2) how quickly will it get there? (kinetics), and (3) what does it 
look like? (microstructural development).  
To be able to better understand the mechanisms, many experiments have been put forward to describe 
dissolution of ternesite and the impact of alumina addition in the pore solution on its extent and the 
resulting hydrates assemblage and microstructure. A multi-method approach is used here incl, 
calorimetry, pH measurements, conductometry, thermogravimetric analysis (TGA), X-ray diffraction 
(XRD) combined with Rietveld analysis, SEM-BSE imaging and thermodynamic modelling. 
2. Materials and experiments  
2.1. Materials preparation and production 
Approximately 300 g of each raw mix (from reagent grade materials: calcium carbonate, gypsum and 
quartz from Merck) was homogenized in stoichiometric ratios for one hour in a tubular mixer. Sodium, 
potassium and iron were added to the beta-C2S raw mix to stabilize this polymorph and minimize the 
transformation to gamma-C2S during the clinker cooling. The raw mix design for C2S was 64.00 g 
CaO, 34.20 g SiO2, 0.34 g Na2CO3, 0.20 g K2CO3 and 0.90 g Fe2O3. Finally, each raw mix was ground 
for one minute in the vibration disc mill. Each raw mix was placed in a corundum crucible and 
compacted with a pestle (about ¾ of the crucible was filled). The sample was heated up from 25 °C to 



 

900 °C (heating rate ~30 K/min) and kept at this temperature for two hours. Afterwards, the sample 
was heated up to the final temperature of about 1150 °C or 1250 °C, respectively and sintered for 1 
hour. The clinker was finally rapidly cooled to room temperature at air by placing the hot clinker on a 
steel plate. The clinkers were ground to the targeted Blaine of 4000 cm²/g. The mineralogy of the used 
clinkers is given in Figure 1. 
Table 1 Mineralogical composition of the synthetic ternesite and belite clinkers 
  T1 T2 B 
  [%] 
β-C2S beta-C2S (belite) 8.8 6.7 78.2 
γ-C2S gamma C2S   19.4 
C5S2$ ternesite 83.5 91.8  
C$ anhydrite 4.4 0.7  
S quartz 0.8 0.8 0.4 
C lime 2.5   
C2F Srebrodolskite   2.1 

 
Additionally, a second batch of about 1kg of synthetic ternesite was produced from reagent grade 
materials where these materials were mixed and homogenized for 30 minutes in a tubular mixer. The 
homogenized material was mixed with water (1:1) to obtain viscous slurry which was ground for 2 
minutes in a planetary ball mill (300 min-1; 20 mm ball filling). Finally, the slurry was dried for at 
least 48 hours at 110 °C. The same tempering and sintering procedure, as described above, was 
applied. The cooling procedure was slightly modified to reduce the thermal shock for the corundum 
crucibles. The clinker was cooled down to 800 °C within the oven and finally rapidly cooled at air to 
room temperature. The clinker were ground to the targeted fineness with a d90 < 60 µm.  The 
mineralogy is given in Figure 1 and Table 1 the particle size distribution (PSD) and PSD frequency are 
given in Table 2 and Figure 2. 

 
Figure 1 XRD measurement of the synthetic ternesite (T2) 
 
Additionally, an X-ray amorphous aluminium hydroxide (commercial product, Geloxal 10) with a 
specific surface area of about 18.1 m²/g (acc. to BET) is used for the experiments. 
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Figure 2 Particle size distribution (PSD) and the derivative of the PSD of the synthetic ternesite  
Table 2 Physical parameters of the ternesite clinker (T2) by laser diffraction (LD; Malvern MasterSizer 2000, 
Fraunhofer model, propanol-2-ol (dispersant)) and specific surface area (BET); d4,3 = volume mean diameter 
Span  0.58 
Rosin Rammler slope n  0.97 
d4,3 µm 23.858 
BET m²/g 4.285 

 
2.2. Isothermal conduction calorimetry (ICC) 
The hydration kinetics was investigated by isothermal conduction calorimetry measurements using a 
TAM AIR calorimeter at 20 °C. For this purpose, all materials (cements and water) were stored for at 
least 24 hours at 20 °C ± 1 °C. Cement pastes were prepared by external mixing at a w/c ratio of 0.7 to 
achieve full hydration. The heat flow was measured over 7 days. 
2.3. Dissolution experiments 
All experiments were performed in bi-distilled water and at a fixed temperature of 23 °C ± 0.5 °C. For 
that purposes a jacketed reactor was build, which also was sealed and flushed with N2 to avoid 
atmospheric CO2. To avoid changes of the temperature, the reactor was connected to a thermostat 
(Haake G, Fisons) and the interstice was flushed with water. A device from Mettler Toledo 
(SevenExcellence S475), equipped with conductivity (Cond Inlab 731-ISM) and pH (Inlab Expert 
Pro-ISM) electrodes, was used to record the data constantly in an interval of 30 seconds. The 
electrodes were calibrated against standards before each measurement. Both electrodes are equipped 
with a temperature sensor and the measured values are automatically corrected for temperature 
variations. A water to binder ratio of 100 was chosen for the experiments.  
2.4. Thermogravimetric analyses (TGA) 
Cement pastes were mixed at various water to binder ratios ranging from 0.8 to 1.0 and further 
hydrated at 20 °C or 30 °C in the sealed containers. The exact measurement conditions are further 
described in the respective section of the paper. At given measurement time the hydration was stopped. 
The hardened pastes, were crushed (< 63μm), immersed in isopropanol for 15 min, flushed with ether 
and dried for 15 minutes at 40 °C on a pre-heated glass plate. The resulting powders were investigated 
by thermogravimetric analysis and XRD measurement. TGA was carried out in Netzsch STA 409 
device on 30 ± 2 mg of the resulting powder. Temperature ranged from 30 to 1050 ºC, heating rate of 
20 K/min and continuous purging with N2 were used.  
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2.5. Ex-situ X-ray diffraction analysis (XRD) 
The quantitative phase composition of the clinkers was examined using the X-ray diffraction (XRD) 
analysis coupled with the Rietveld refinement method. The XRD patterns were obtained at room 
temperature (24 ±2 °C) using a Bruker D8 Advance in a θ-2θ configuration with a monochromatic 
CuKα radiation (λ = 1.54059Å) and equipped with the LYNXEYE (1-d) detector. The generator 
settings were 40 kV and 40 mA. The measurement range was 5° to 70° 2θ with a step-size of 
approximately 0.02°. A continuous rotation was applied during the data acquisition. DIFFRACplus 
EVA search/match graphic software was used for the qualitative spectra evaluations together with the 
PDF-2 database (release 2010). The Topas 4.2 software package was used for quantitative analysis. 
Before the quantification of the hydrated samples, the Rietveld refinement of each anhydrous clinker 
was performed. This refinement was used as a starting file for the Rietveld quantification of the 
hydrated samples. For the investigation of thy hydrated phases internal standard was used (10 wt.% 
zincite (ZnO)). The quantitative phase composition of cement pastes was normalised, taking into 
account the amount of chemical bound water deduced by the TGA.  
2.6. In-situ X-ray diffraction analysis  
The XRD patterns of the in-situ measurements were obtained at elevated temperatures (30 ± 2 °C) 
using a Bruker D2 Phaser table-top diffractometer in a θ-θ configuration with a monochromatic CuKα 
radiation and equipped with the LYNXEYE (1-d) detector. The generator settings were 30 kV and 
10 mA. The measurement range was 5° to 35° 2θ with a step-size of approximately 0.02°. The pastes 
were mixed by hand, poured into the sample holder, slightly compacted by vibration and finally 
covered with Kapton foil.  
2.6. Scanning electron microscopy 
For the SEM experiment, a slice of hydrated ternesite alumina paste was impregnated with epoxy resin, 
polished and coated with a thin film of carbon (around 5nm) to avoid the charging effect. JSM-7001F 
JEOL Field Emission Scanning Electron Microscope with EDAX Genesis EDS was used. The 
accelerating voltage was 15 KV in order to provide a good compromise between spatial resolution and 
adequate excitation of all the measured elements in the mix. The spot size was chosen in order to 
generate the desired mapping X-ray results. 
3. Results and discussion 
3.1. Kinetics of reaction of ternesite and belite in presence of alumina  
3.1.1 Reactivity of synthetic ternesite (T2) 
The calorimetry results for pastes of AH3, ternesite and a blend of 70% ternesite with 30% AH3 are 
shown in Figure 3. 
The AH3 shows an exothermic event immediately after the addition of water, reaching a cumulative 
heat of about 20 J/g.  This effect can be associated with the wetting of the material. No further 
exothermic reaction was observed during the experiment. 
Pure ternesite reveals only two very small exothermic peaks, one directly after the addition of water 
(wetting) and a second peak at around 16 hours of hydration. The cumulative heat after 7 days of 
hydration is only about 14 J/g indicating a very small degree of hydration (Bullerjahn, et al., 2014b). 
The blend of 70 % ternesite with 30 % AH3 reveals 3 distinct peaks on the heat flow, within the 
observed period. The wetting of the system and potentially first dissolution of phases results in the 
release of the cumulative heat of about 12 J/g and is followed by a strong exothermic peak. This heat 
release took place from about 1 to 42 hours of hydration reaching a cumulative heat of about 86 J/g. 
The last heat release event ranges from around 42 to 144 hours reaching a final cumulative heat (after 
7 days of hydration) of about 120 J/g.  



 

  
Figure 3 Specific heat (left) and cumulative heat (right) of AH3, ternesite and a blend of 70% ternesite with 30% 
AH3; 20 °C; w/c 1.0; T = ternesite and AH3 = X-ray amorphous aluminum hydroxide 
It is not yet clear which reaction (i.e. dissolution and precipitation of phases) leads to the observed 
reactions. The events are probable associated to the dissolution of ternesite and precipitation of 
ettringite and other  (potentially X-ray amorphous) phases (see section 3.2).  
3.1.2 Comparison of the reactivity of synthetic ternesite (T1) and belite (B) 

  
Figure 4 Specific heat (left) and cumulative heat (right) of blends of B and AH3 with and without C$ and T1 with 
AH3 and C$; 20 °C; w/c 1.0; T = ternesite, AH3 = X-ray amorphous aluminum hydroxide and C$ = anhydrite, B 
= Belite 
The calorimetry results of T1 and B in blends with AH3, with and without additional anhydrite water is 
shown in 3.2. . In all mixes a rapid and intense exothermic reaction occurs, whereby the intensity is the 
highest for blend containing ternesite. The blend of AH3 and belite shows two exothermic peaks. A 
broad heat flow maxima occurs from around 1 to 16 hours immediately followed by a pronounced 
peak centred at around 36 hours of hydration. The addition of anhydrite leads to a significant 
shortening of the dormant period, the absence of the exothermic peak (at around 36 hours) but only to 
a very small increase of the cumulative heat after 7 days of hydration, i.e. degree of hydration. 
The mixes with ternesite show no dormant period, i.e. they are strongly accelerated, but two broad 
exothermic peaks ranging from 1 to around 40 hours and from 40 to 168 hours. The cumulative heat 
for the binder “30% AH3 + 60% T1 + 10% C$” reaches with about 155 J/g almost double the value as 
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both mixes based on belite. The cumulative heat of the blend of ternesite with belite is lower due to the 
dilution of ternesite by belite. 
3.2. Hydrates assemblages  
3.2.1 Comparison of the reactivity of synthetic ternesite (T1) and belite (B) 
The chemical bound water content was derived by using the weight loss at 650 °C. This value can be 
used as a measure of the hydration kinetics, as it was already done for slag (see (Ben Haha, et al., 2012) 
(Escalante-Garcia, et al., 2003)). The comparison between different studied systems, however, is 
problematic as different hydrates with differing water contents also influence the bound water content. 
According to the weight losses given in Figure 5, the water loss is always higher in the case where 
ternesite is present instead of belite. In addition, the amount of AFt phase (i.e. shown by the specific 
peak around 120°C), increases in the ternesite systems, also accompanied by a higher AH3 
consumption (i.e. shown by the smaller peak at around 270 °C) showing an almost 50% higher weight 
loss (i.e. AH3 content) in the belite based systems. This further indicates that the hydraulic reactivity 
of ternesite is enhanced or even driven by the availability of reactive alumina.  

  

Figure 5 Weight loss and differential thermogravimetric analysis (right) of blends of B and AH3 with and without 
C$ and T1 with AH3 and C$; 20 °C; w/c 1.0; T = ternesite, AH3 = X-ray amorphous aluminum hydroxide and 
C$ = anhydrite, B = Belite 
The general hydration trends of the water loss agree with the degree of reaction determined by XRD 
Rietveld analysis. However, as discussed previously (Ben Haha, et al., 2012), not only the degree of 
reaction determines the water loss but also the composition of the binder and the kind of hydrates 
formed. 

 
 
Figure 6 Degree of hydration of belite and ternesite after 7 and 28 days of hydration; 20 °C; w/b 1.0 
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3.2.2 Reactivity of synthetic ternesite (in-situ XRD) 
The reaction of ternesite with water was further assessed using in-situ X-ray diffraction experiments 
(see Figure7.). A water to binder ration of 0.8 was chosen, instead 1.0 as for the ICC measurements, 
to avoid material sedimentation throughout the experiment (i.e. formation of a water film between the 
sample and the Kapton foil). Rietveld calculations were not performed for these experiments. Instead, 
the evolution of chosen peaks (the three major ternesite and ettringite peaks as well as two peaks for 
vaterite), specifically of the area, was followed. The results are presented in Figure 8.  

 
Figure 7 In-situ XRD measurement (Bruker D2) of a mixture of 70% ternesite with 30% amorphous aluminum 
hydroxide over 2 days of hydration; w/b 0.8, at around 30 °C; sample covered with a Kapton foil; AFt = 
ettringite; background subtracted 
 

  
Figure 8 Evolution of the relative peak area of the three major ternesite (left) and three AFt & two vaterite (right) 
reflections during the in-situ XRD measurement over 2 days of hydration; w/b 0.8, at around 30 °C; sample 
covered with a Kapton foil; AFt = ettringite 
Ternesite starts to react immediately after mixing with water, as shown by the decreasing area of the 
major peaks. However no X-ray detectable hydrations products are formed during the first 24 hours. 
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After one day ettringite starts to form and its amount is progressively increasing accompanied by 
further ternesite depletion.  
Besides ettringite, two polytypes of X-ray detectable aluminium hydroxide (gibbsite and bayerite) are 
formed. Significant amounts of vaterite (calcium carbonate; Cc) are formed, reaching a maximum 
around 24 hours and start to disappear afterwards. Furthermore, no crystalline (i.e. X-ray detectable) 
Si-containing phases are detectable during the measurement period. The measurement of the sample 
was stopped after 48 hours as a significant loss of water, by evaporation, has been observed. 

 

Figure 9 XRD measurement (full plot and zoomed section) of a mixture of 70% ternesite with 30% AH3 after 2 
and 7 days of hydration; w/b 0.8, samples were sealed (plastic container) and stored at around 30 °C (same 
conditions as for in-situ measurements) 
Additional samples were prepared at W/C = 0.8 and hydrated at 30 °C, i.e. at the condition 
corresponding to the in-situ XRD experiments. The hydration of these samples was stopped after 2 and 
7 days. The samples were investigated by means of TGA and XRD. The derived hydration degree of 
ternesite and belite after 2 and 7 days was approximately 16% to 24% and 0 to 7%, respectively. The 
amount of ettringite and vaterite after 2 and 7 days was approximately 3% and 7% and 6% and 5%, 
respectively. Furthermore, according to the TGA analyse, approximately 30% of the AH3 has reacted. 
The results confirm the findings from the in-situ measurements. The formation of ettringite and 
calcium carbonate was confirmed due to the weight loss at their specific temperatures (i.e. ettringite 
~110 °C and calcite / vaterite ~740 °C). Moreover, the presence of AH3 is derived from the weight 
loss at ~270 °C.  
3.3. Dissolution experiments  
The evolution of the pore solution conductivity and pH during the dissolution of pure ternesite is given 
in Figure 10. 
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Figure 10 Conductivity and pH during the reaction of ternesite with water 
The conductivity and pH reaches 2.8 mS/cm (i.e. pure water prior to the addition of ternesite) and 11.8 
respectively, during the first minutes of the experiment. Both values increase continuously up to the 
end of the experiment after 72 hours. The pH reaches a value of about 12 and stays almost stable 
during the experiment. However, the conductivity continuously increases. This indicates a very slow 
but continuous dissolution of ternesite in pure water and almost no precipitation.  
The results of the dissolution experiments for the blend of ternesite and alumina hydroxide are given 
in Figure 11. The pH increases rapidly, during the first minutes, to reach 11.1 and then decreases to 
around 10.0. In the same time conductivity continuously increases. 
After around 600 minutes of hydration a small peak appears, whereby the pH increases but the 
conductivity decreases. This suggests that a change of the reaction mechanism occurs. After this effect 
the pH increases rapidly reaching 10.5 and stays rather stable throughout the experiment. The 
conductivity increases up to about 36 hours and starts to decrease slowly afterwards. 

 
Figure 11 Evolution of conductivity and pH during the reaction of a blend of ternesite (70%) and aluminium 
hydroxide (30%) in water at 23 °C ± 0.5 °C; w/c 100 
The in-situ XRD experiments as well as the dissolution experiments suggest that the formation of 
crystalline hydrates is not straightforward. The in situ XRD experiments demonstrate that during the 
initial period ternesite is consumed but no X-ray detectable hydrates are formed. This indicates that 
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instead the reaction is driven by the precipitation of X-ray amorphous hydrates, which are later 
transformed to crystalline hydrates like ettringite. Moreover, the reaction of ternesite and AH3 
continuous which leads further to the formation hydrates. These results are confirmed by the 
dissolution i.e. conductometry experiemnts. The hydration of ternesite in the presence of AH3 results 
in the significant drop of pH when compared to the pure ternesite dissolution, i.e. 10 when compared 
to about 12, respectively. This suggests the high Al concentration in the pore solution and or the 
depletion of calcium by the nucleation of hydrates. 
3.4. Thermodynamic modelling 

 
Figure 12 Results of the thermodynamic modeling of the reaction of Ternesite (70%) and Aluminium hydroxide 
(30%) in water 
The thermodynamic modelling is in agreement with the experimental data (Figure 12). Hydration 
products of the reaction of ternesite in the presence of alumina hydroxide are ettringite, strätlingite and 
C-S-H phase.  
The proportions among these hydrates depend on the ratio between ternesite to alumina hydroxide and 
the degree of reaction of both phases. The higher content of alumina will promote the formation of 
strätlingite, when the lower ratio will promote the formation of ettringite and C-S-H instead.  
3.5. Microstructural development  
As already mentioned above, it is known from literature that ternesite can be present in 
belite-containing CSA type clinkers (Adolfsson, et al., 2007) (Belz, et al., 1995) (Bullerjahn, et al., 
2014a) (Bullerjahn, et al., 2014b) (Makhmudova, et al., 2011) (Marroccoli, et al., 2010) (Roy, et al., 
1999) (Sherman, et al., 1995) (Soner, 2009). For the formation of ternesite, next to the presence of 
belite, an excess anhydrite, a production below or around 1,200 °C and or a slow cooling rate are 
obligatory (Bullerjahn, et al., 2014a) (Pryce, 1972) (Sherman, et al., 1995) (Tadzhiev, et al., 1973) 
(Weisweiler & Dallibor, 1987). From the microscopical observation at the zone C in the left SEM 
micrograph (Figure 13), SEM-EDX analyses reveal that from the inner particle to the outer layer these 
phases are present in this order: quartz, followed by wollastonite, followed by belite and outer zone is 
mainly ternesite. Prior literature data suggest that ternesite is formed always as results of reaction of 
belite and anhydrite (Pliego-Cuervo & Glasser, 1978)  (Sherman, et al., 1995) (Tadzhiev, et al., 1973). 
The presences of crystalline phases such as quartz in this case enhance the formation of belite as 
precursor followed by the formation of ternesite. However, internal studies revealed that C5S2$ can be 
formed form the reaction of CS (e.g. wollastonite) with C and C$. 
 



 

       
Figure 13 SEM Observation of hydrated ternesite-alumina pastes at 2 days (left ) and 42 days (right) of hydration 
At early ages, the hydration process of ternesite is slow: no inner typical cement hydrates are 
observable by SEM (Figure 13), even if they were revealed by XRD and TGA analyses. Alumina 
hydroxide seems to precipitate in the matrix and around ternesite particles leaving large porosity 
present in the matrix. In contrast to the “absence” of hydrates, the presence of characteristic gaps 
between anhydrous phases and hydration products indicate the ongoing cement hydration. Almost all 
small to big grains are still observable in the matrix and most probably only the very smallest ones are 
already dissolved. 
At longer observation time, an increase in the rate of hydration and finally, a high degree of hydration 
is observed: the matrix is densified and significant amounts of AFm, AFt and potentially C-S-H phases 
are distributed throughout the hydrated matrix. Only few big anhydrous grains are left (Figure 13 
right). Even the large quantities of porosities that were left, probable due to an improper mixing, are 
partially filled with long needles AFt phases. The later formed hydrates diffuse to the matrix and fill 
the space occupied originally by water or amorphous alumina and anhydrous ternesite particles. 
4. Conclusions 
The presence of Alumininum hydroxide leads to low pH in the pore solution as shown by dissolution 
experiments. At such low pH, ettringite may not be stable and XRD amorphous hydrates may 
precipitate, e.g. stratlingite. Further dissolution of ternesite increases the calcium and sulphate 
concentration followed by Al(OH)4

- consumption. Consequently ettringite starts to precipitate, e.g. as 
revealed by SEM, XRD and TGA analyses, and in turn the pH starts to increase due to the depletion of 
sulphate from solution.   
This paper lays the foundation of the reactivity of new cementitious phase, ternesite. It could explain 
solely the conditions for its activation. AH3 has pronounced impact on the reactivity and resulting 
microstructure of studied mixes: 

i. For all mixes, AH3 results in the fast formation of hydration products in the presence of ternesite 
whilst belite systems were almost inert: an apparent high degree of hydration is shown up to 7 
days from calorimetry and the characterisation of hydrated pastes 

ii. The porosity of ternesite alumina hydroxide paste systems is well filled with hydrates. The 
distribution of hydration products and porosity are similar to standard high alumina 
cementitious systems. 

iii. The presence of AH3 influence not only the kinetics of the ternesite dissolution but as well 
change the amount of hydrates formed. 

iv. The samples with the highest ternesite content activated with AH3 show a low reaction degree at 
early ages. This is consistent with the low consumption observed by XRD but high reaction 
degree at later ages and a well-developed cementitious matrix 

C 



 

v. Experimental observations as well as thermodynamic modelling predict the same final phase 
assemblage with the main hydration products AFt and AFm phases and C-S-H.  
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Abstract 
The compressive strengths of landfill stabilisates from lignite fly ash were optimized by increasing the 
amount of reactive anhydrated phases. Therefore, the content of calcium oxide (0-10%), calcium 
sulphate (0-5%) respectively solid content FGD water (0-100g/l), specific surface area (3401 cm2/g or 
5744cm2/g) and water/solid ratio (0.35 - 0.45) were varied using the program STAVEX, a PC software 
system for statistical experimental design and analysis. The program is used commonly to optimise 
processes and/or products. 
The results show that a compressive strength of at least 31.6 N/mm2 after 28 days can be achieved for 
ashes with partial addition of fluidized bed ash. The statistical experimental analyses in STAVEX 
indicate that high water/solid ratios and additional calcium sulphate lead to lower compressive 
strength values. The best combination of factors is CaO = 10%, solid content FDG water = 100g/l, 
water/solid ratio = 0.35 and specific surface area = 5744 cm2/g. A higher value for the compressive 
strength of landfill stabilisates is possible when the lower and upper limits for sulphate can be 
determined. 
 
Originality 
Due to the growing worldwide scarcity of raw materials, resource management is of increasing 
concern. Secondary raw materials with properties of interest become important. In the present study 
results of classical research methods were combined with experimental design to optimize the physical 
properties of landfill stabilisates. The use of STAVEX makes it possible to reduce the number of 
experiments to a minimum by excluding unnecessary factors. 
 
Keywords: experimental design; STAVEX, lignite fly ashes; landfill stabilisates; quantitative phase 
analyses 
 



 

1. Introduction 
Lignite fly ashes (LFA) are formed in large quantities in the combustion of lignite for 
generation of electricity. In the year 2008 8.67 million tons LFA and 0.40 tons of ash from 
fluidized bed combustion (FBC) were produced in Germany alone (VGB Power Tech e.V. 
2011). Lignite fly ashes are complex, finely dispersed phase mixtures with large amounts of 
amorphous phases. An overview of mineral phases identified in LFA is given in Pöllmann 
(2010). In general there are three different types of LFA: calcium-rich, silica-rich and 
alumosilica-rich. The composition of these solid products is dependent on the coal types and 
technological process used in thermoelectric power stations (Vassilev & Vasileva 2005). The 
ashes have hydraulic properties of interest for building applications. The high contents of lime 
and sulfate in the ashes prevent the application as an additive for concrete (Schmidt 2000). 
Currently most of lignite fly ashes are mixed with water from the flue gas desulfurization 
(FGD) and stored as landfill stabilisates in former brown coal mining areas. Even though 
comparable chemical and mineralogical compositions of source materials exist, the 
stabilisates demonstrate different physical properties. The reasons are not well known (Pöhl 
1994, Heinrich-Bisping 1995, Schreiter, Bambauer & Pöhl 1995, Seidel 1996). 
Investigations of the chemical composition and the quantitative phase content of calcium-rich 
LFAs from the middle Germany coal district and landfill stabilisates made from them, show 
that the compressive strength is dependent on the water/solid ratio, specific surface area of fly 
ash and the ratio of available calcium, aluminium, sulphate and silicon ions in the source 
materials. Similar to Portland cement the formation of ettringite is also responsible for early 
strengths in landfill stabilisates whereas the formation of calcium-silicate-hydrate (CSH) 
phases leads to the final strength. The ratio of available ions is important when forming a 
maximum of ettringite and CSH phases. Surplus calcium and sulphate ions lead to the 
crystallisation of secondary gypsum, which influences the physical properties. 
The 28d compressive strengths of landfill stabilisates from lignite fly ash were optimized by 
increasing the amount of reactive anhydrated phases. Therefore, the content of calcium oxide, 
calcium sulphate, specific surface area and water/solid ratio were varied using the programme 
STAVEX (Aicos Technologies AG). STAVEX is a PC software system for statistical 
experimental design and analysis. The programme is used commonly to optimise processes 
and/or products. The software contain designs for laboratory tests, in which all factors for the 
target figure can be varied at the same time (Aicos Technologies AG 2012). The target value 
can be optimized to a minimum, maximum or a given value. After implementation of 
experiments the program allows a statistical evaluation and provide suggestions for further 
steps. 
The goal of the work presented here is to find a combination of factors such that the 
development of 28d compressive strength of landfill stabilisates can be predicted reliably. The 
results provides a contribution to the future application of LFA as an alternative binder. 

2. Experimental 
2.1 Materials 
For the production of the landfill stabilisates a calcium-rich LFA from the middle Germany 
coal district and a associated flue gas desulfurization (FGD) water were used. The FGD water 
has a solid content (gypsum) of 130g/l. In the clear phase 6946 mg/l sulphate and 766 mg/l 
calcium are dissolved. The used LFA were mixed with 15% FBC ash, because in preliminary 
investigations it was noted that these had a positive effect on the development of the 
compressive strength of landfill stabilisates. Their chemical composition is shown in Table 1. 
The samples contain about 90% Al2O3, SiO2, SO3 and CaO. 

Tab. 1:Major and minor element oxides of lignite fly ash with 15% FBC ash (in wt%). 

Composition LOI Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 BaO 
Content 0.81 0.17 2.73 15.4 24.1 1.01 15.1 0.45 34.9 1.11 3.32 0.34 



 

The mineral composition of the LFA used is shown in Table 2. Altogether, 15 phases were 
quantitatively determined. The largest proportion, with more than 50%, are the amorphous 
phases (glass). Anhydrite, larnite, tricalciumaluminate, ye'elimite, lime, periclase and the 
reactive parts of the amorphous content form hydration products in conjunction with water 
(ettringite, CSH phases, gypsum, portlandite, brucite). All other phases are inert and exist 
unchanged in the landfill stabilisates as filling material. 

Tab. 2: Quantitative phase content of lignite fly ash with 15% FBC ash (in %) (mean value from 3 
measurements). amo = amorphous content, anh = anhydrite, geh = gehlenite, lar = larnite, tric = 
tricalcium-aluminate, ye'e = ye'elimite, li = lime, cc = calcite, he = hematite, mag = magnetite, mer = 
merwinite, mul = mullite, per = periclase, ano = anorthite, qz = quartz. 

Composition amo anh geh lar tric ye'e li cc he mag mer mul per ano qz 
Content 52.2 7.7 6.1 2.7 3.3 1.8 4.8 1.0 0.8 0.2 2.7 1.4 1.4 5.5 8.2 
standard 
deviation 1.7 0.1 0.5 0.2 0.2 0.2 0.1 0.0 0.1 0.1 0.5 0.6 0.1 0.2 0.3 

The added contents of CaO and CaSO4 were produced from CaCO3 (1000°C) respectively 
CaSO4*2H2O (550°C) in the muffle furnace. 

2.2 Methods 
For the measurement of the chemical and mineralogical composition of LFAs, the samples 
were dried for 24 hours at 105°C. The ashes were then ground in a vibratory disk mill. 
Subsequently the chemical composition was measured with a wave-length dispersive X-ray 
spectrometer (Siemens, SRS 3000) on a wax tablet. The loss on ignition was determined after 
1h, at 815°C in the muffle furnace.  
Phase analyses were executed on a PANalytical X'pert Pro x-ray diffractometer with a copper-
ceramic tube and X'Celerator RTMS detector. The quantitative phase content was determined 
with 15 % rutile as an internal standard. The x-ray diffraction diagrams were qualitatively 
evaluated with the software X'pert High Score Plus and quantitatively with the program 
Autoquan, based on the Rietveld method. 
The specific surface areas of the samples were measured after DIN 196-6. For the used ashes 
in raw state it is 3401cm2/g. To increase the reactivity of the ashes the specific surface area 
was optimized in grinding tests in the vibratory desk mill (30 sec at 700 rpm, 90 sec at 700 
rpm, 180 sec at 700 rpm, 30 sec at 1400 rpm, 90 sec at 1400 rpm, 180 sec at 1400 rpm). The 
highest specific surface area with 5744 cm2/g was reached at 180 sec at 700 rpm. 

2.3. Experimental process 
Preliminary investigations have shown that the compressive strength of landfill stabilisates 
from LFA and FGD water is dependent on the water/solid ratio, CaO, CaSO4 and specific 
surface area. These factors have been entered in to the software STAVEX with the following 
range of factors: 
   water/solid ratio:   0.35-0.45 
   CaO:     0-10% 
   CaSO4:     0-5% 
   specific surface area:   3401cm2/g; 5744cm2/g. 
The compressive strength after 28d was set as a target value. The program distributed the 
factors statistically over the experimental space and displays different designs. For the first 
series of tests the design "Ecken-Zentroid-Plan" with confirmation tests, shown in Table 3, 
was selected.  
The design contains 18 tests that are necessary for statistical evaluation. After entry of test 
results the software calculated a model representing the ideal combination of factors to reach 
the local and global optimum. By running a confirmatory test the data can be verified and 
evaluated by the user. 



 

Tab. 3: "Ecken-Zentroid-Plan". 

experiment CaO (%) CaSO4 (%) specific 
surface area (cm2/g) 

water/ 
solid ratio 

1 0 0 5744 0.35 
2 10 5 5744 0.45 
3 0 5 3401 0.45 
4 0 5 3401 0.35 
5 0 5 3401 0.45 
6 10 0 3401 0.35 
7 10 0 3401 0.45 
8 10 5 3401 0.35 
9 10 5 3401 0.45 

10 5 3 3401 0.4 
11 0 3 5744 0.45 
12 5 0 5744 0.45 
13 0 5 5744 0.4 
14 5 5 5744 0.35 
15 10 0 5744 0.4 
16 10 3 5744 0.35 
17 0 0 3401 0.4 
18 5 0 3401 0.35 

With the results from the statistical analysis of the first test series a second design with 
reduced factors was created. The factor CaSO4 was changed with solid content FGD water. 
The following range of factors was assigned to the factors: 
   CaO:     5-10% 
   solid content FGD water  0-100g/l. 
The factors water/solid ratio = 0.35 and specific surface area = 5744 cm2/g were taken for all 
samples. For the second test series the design "Central Composed Plan" with 9 tests, shown in 
Table 4, was selected. 

Tab. 4: "Central Composed Plan". 

Experiment 1 2 3 4 5 6 7 8 9 
Solids content 

FGD water (g/l) 0 0 100 100 50 50 50 12.5 87.5 

CaO (%) 5 10 5 10 7.5 5.625 9.375 7.5 7.5 

With the guidelines from the designs the landfill stabilisates were produced with LFA and 
FGD water after DIN 196-1 and stored until measurement of compressive strength at 20°C 
and ≥ 90% relative humidity. Storage under water was not possible because the test specimen 
were unstable even after a storage period of 2 days. After 28 days the compressive and 
flexural strengths of 2 test specimen in each case were determined according to DIN 196-1. 

3. Results and Discussion 
The results from the measurement of compressive strength of the first test series are shown in 
Figure 1. By varying the variables CaO, CaSO4, water/solid ratio and specific surface area 
with the program STAVEX a maximum compressive strength of 24.7 N/mm2 (test 7) could be 
achieved.  
The statistical evaluation of the test results provides the model shown in figures 5 and 6, in 
which the optimal factor combination for the factor range as well as the global optimum with 
90% confidence interval (Fig.3) were calculated. Figure 2 represent the normal plot of model 
errors. The Shapiro-Wilk-test shows no signs of non-normality of model deviations. The 
adaption of the model to the experimental results is moderate (Fig. 4). 



 

 
Fig. 1: 28d compressive- and flexural strength (N/mm2) of landfill stabilisates from the first test series. 

 

 
Fig.3: Calculated combination of factors for 
determining the maximum compressive strength 
of landfill stabilisates from the first test series. 

 
Fig. 2: Normal plot of model deviations from the 
first test series. 

Fig. 4: Model diagnosis from the first test series. 

  

Fig. 5: 3D contour plot with the factors 
water/solid ratio, CaO (%) and CaSO4 (%) from 
the first test series. Specific surface area set at 
5744 cm2/g. 

Fig. 6: Contour plot with the factors CaO (%) and 
CaSO4 (%) from the first test series. Specific 
surface area set at 5744 cm2/g and water/solid 
ratio at 0.35. Triangles mark observed values. 

global range of factors
CaO 10 10
CaSO4 0 0
water/solid ratio 0.37 0.35
specific surface area 5744 5744
upper bound 18.13 21.51
compressive strength 23.65 26.96
lower bound 28.10 31.47
validation test 25.2

determining the maximum with 90% confidence interval

adjustment moderate
normality from model deviation yes
mean value independent from Level yes
variance independent from level yes

model diagnosis



 

The model in figure 5 shows the factors CaO, CaSO4 and water/solid ratio as a 3D contour 
plot. The specific surface area is fixed at 5744 cm2/g. The local optimum is at the point CaO 
=10%, CaSO4 = 0% and water/solid ratio = 0.35. If the factors water/solid ratio ˃ 0.35, CaSO4 
˃ 0% and CaO < 6, the compressive strength decreases. For water/solid ratios ˃ 0.42 the 
compressive strength is particularly low, if the factor CaSO4 < 2. When the variable CaSO4 is 
at higher water/solid ratios ˃2 the compressive strength of the landfill stabilisates increases, 
due to the higher water demand of the sample. 
Figure 6 presents the contour plot for the factors CaO and CaSO4.The water/solid ratio is at 
0.35 and the specific surface area fixed at 5744 cm2/g. The local optimum with 26.96 N/mm2 
is at the point CaSO4 = 0% and CaO = 10%. The confirmatory test with the calculated 
combination of factors resulted in a compressive strength of 25.6 N/mm2. The global optimum 
sought is outside the range of factors, on the negative axis of CaSO4.  
The interpretation of the results from the first test series leads to the conclusion that the factor 
combination water/solid ratio = 0.35, CaO = 10% and specific surface area = 5744 cm2/g has 
a positive influence on the 28d compressive strength of landfill stabilisates. However, the 
sulfate content is a limiting factor, necessary for the crystallization of ettringite, but in excess 
leads to the formation of secondary gypsum. Accordingly, the global optimum may be 
reached when the sulfate content in the starting materials is reduced. In the landfill stabilisates 
of the first test series sulphate is too high. Since the sulphate content in the LFAs cannot be 
reduced, in the second test series the solid content of the FGD water (gypsum) were varied 
together with the CaO content. The factors water/solid ratio = 0.35 and specific surface area = 
5744 cm2/g were taken for all samples. The results from the measurement of compressive 
strength of the second test series are shown in Fig.7. 

 
Fig. 7: 28d Compressive- and flexural strength (N/mm2) of landfill stabilisates from the second test series. 

By varying the factors CaO and solid content FGD water with the program STAVEX in the 
second test series, a maximum compressive strength of 31.6 N/mm2 (test 4) could be achieved. 
The model created on the basis of the experimental results is shown in figures 11 and 12. The 
normal plot of model deviations is illustrated in figure 8. A test after Shapiro & Wilk (1965) 
shows no signs of non- normality of model deviations. The adaption of the model to the 
experimental results is moderate (Fig. 10). In the calculation of the ideal factor combination 
the global optimum corresponds with the local optimum. For the factors CaO = 9.45% and 
solid content FGD water = 59.1g/l the software predicted a compressive strength of 35.05 
N/mm2 (Fig.9). The contour plot of the model of second test series shows, however, that the 
global optimum is not sufficiently adapted to the test results. Such is particularly clear for the 
factor combination CaO = 9.375% and solid content FGD water = 50g/l (test 7). This 
combination is close to the calculated global optimum but only reaching a compressive 
strength of 24.7 N/mm2 (Fig.11). It is likely that the actual global optimum is in the range of 
the measured maximum compressive strength. To confirm these assumption further tests with 
adapted range of values are necessary.  



 

 

 
Fig.9: Calculated combination of factors for 
determining the maximum compressive strength 
of landfill stabilisates for the second test series. 

 
Fig. 8: Normal plot of model deviations for the 
second test series . 

Fig.10: Model diagnosis for the second test series. 

  

Fig. 11: Contour plot with the factors CaO (%) 
and solids content FGD water (g/l) from the 
second test series. Triangles mark observed 
values. 

Fig. 12: 3D contour plot with the factors CaO (%) 
and solids content FGD water (g/l) as well as 
target value compressive strength (N/mm2) from 
the second test series. 

4. Conclusion 
The increase of the proportion of reactive phases in LFA has a positive effect on the 
development of the compressive strength of landfill stabilisates after 28d. For the factor 
combination CaO = 10%, solids content FGD water = 100 g/l, water/solid ratio = 0.35 and 
specific surface area = 5744 cm2/g a maximum compressive strength of 31.6 N/mm2 were 
measured. The results for LFA with FBC ash show that the increase of the specific surface as 
well as a low water/solid ratio of 0.35 and the addition of CaO improve the compressive 
strength of landfill stabilisates. An increase of the sulphate content has a negative effect on 
the compressive strength development. Studies on the quantitative phase composition of 
landfill stabilisates have shown that excess sulphate, which cannot be bound in ettringite, 
leads to the formation of secondary gypsum. Thus, the structure of the test specimens can be 
destroyed by crystal growth pressure. The sulfate content is therefore a limiting component 
and has a positive effect on the development of the compressive strength of landfill 
stabilisates, only if an ideal value is adjusted to the maximum amount of ettringite. The 
statistical analysis of the experimental results with STAVEX leads to the conclusion that the 

global range of factors
CaO 9.45 9.45
solids content FGD water 59.1 59.1
lower bound 16.58 16.58
compressive strength 35.05 35.05
upper bound ? ?

determining the maximum with 90% confidence interval

adjustment moderate
normality from model deviation yes
mean value independent from Level yes
variance independent from level yes

model diagnosis



 

available data are not sufficient to determine the global optimum. Therefore, the observed 
range of values has to be further limited on the basis of previous studies. It is possible that the 
factor combination of the global optimum leads to compressive strengths corresponding to 
Portland cement CEM 32.5. 
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Abstract 
The world population in urban areas has increased over the past years and the trends indicate that by the year 2025 
will reach more than 4.3 billion.  Parallel to the above, the amount of municipal solid wastes will also increase, from 
1300 million tons as for today, to 2200 million tons in 2025.   From such wastes, currently an average of 5% is glass, 
and less than 30% is recycled, which means that 46 million tons are landfilled; by 2025 the estimation is of 77 million 
tons of landfilled glass.  Although glass is fully recyclable, various aspects complicate the recycling by the glass 
industry, one of them is sorting by color.  Waste glass has been used in the partial substitution of portland cement and 
as an aggregate in concretes; nonetheless, the latent risk of alkali silica reaction is a major concern. The use of waste 
glass in alkali activated binders has great potential as waste glass is readily available in almost any urban area. 
However, there has been little research about it and one of the concerns is the possibility of producing hydraulic 
binders, as some of the reaction products can be soluble in water. Activation with alkaline compounds used for other 
alkali activated cements is viable and composite binders with other sources of calcium, such as  carbonates or slags, 
have shown promising results in pastes and concretes.  This paper will discuss the composition and structure of the 
reaction products in various binders bearing waste glass and will analyze the advantages of recycling glass as an 
alternative binder over the recycling in the glass industry. 
 
Originality 
Waste glass has been used as a raw material to produce portland cement clinker, as a substitute of portland cement in 
composite binders  and as an aggregate in mortars or concretes.  Little or no attention has been given to waste glass as 
a raw material to produce alkali activated binders. Soda-lime-silica glass constitutes more than 90% of the glass 
produced world wide. Due to its chemical and structural features, is prone to dissolution under alkaline environments 
such as those of alkali hydroxides or silicates. Such dissolution leads to the formation of gel compounds that may have 
cementitious properties, but also show the disadvantage of the water solubility.  Nonetheless, the use of other 
supplementary cementitious materials, the proper activator and aggregate in concretes may lead to hydraulic 
alternative binders. This paper evaluates the potential of glass as a raw material to produce alternative alkali activated 
binder and considers how is better to recycle glass as a binder as an alternative to its recycling in the glass industry.  
 
Keywords: soda-lime-silica glass, waste glass, alkali activated binders, alternative binders  
 



 

1. Introduction 
The world population continues growing and projections from the United Nations (shown in Figure 1) 
indicate that population in urban areas is increasing while that of rural areas tends to decrease. It is 
estimated that by the year 2050, from a total of about 9.3 billion people, more than 6.25 billion will 
live in urban areas.   Such projections in the world populations poses a great challenge, as it creates an  
increased demand for goods, such as the two most  commercialized worldwide, i.e. water and concrete. 
The amount of urban wastes will also increase and actions must be implemented to exploit the 
opportunities in them.  
On the other hand , the energy demands of mankind are satisfied mostly by burning fossil fuels and 
trends from the US Energy Information Administration point that such situation will prevail in the 
near future and that the world energy consumption will increase 56% by the year 2040 (EIA).  In this 
sense, the production of Portland cement (PC) production currently contributes with about 8-10% of 
the anthropogenic CO2 (Avila-Lopez et al., 2015); it relies on burning fuels and alternative energy 
sources face barriers (Gartner, 2004). New alternatives in cement technologies are needed to satisfy 
the future demands sustainably. 
 

 
Figure 1 World population, urban and rural areas 

 
2. Binders for the future  
Alternative binders of  low emissions are one route to satisfy the future needs of construction materials 
in a sustainable way. Various available raw materials have cementitious potential of some degree, 
these can be  natural (e.g. volcanic materials), synthetic (e.g. metakaolin) or byproducts (e.g. fly ash). 
Such materials can be used to develop binders based on the partial or total substitution of PC, 
representing a potential sustainable solution.  Partially substituted cements have been widely studied 
for decades and are still the subject of a lot of research. On the other hand, PC cement free binders 
include various families of binders with different composition and properties, some have been used for 
decades (as the supersulphated or alkali activated slag) while other are more recent (e.g. those known 
as geopolymers).   
One group of PC free binders are those called Alkali activated cements (AAC), which are considered 
among the most important for the 21st century (Shi et al., 2011). AAC can be divided depending on the 
composition of the raw materials. High-Ca binders (Bernal et al 2014) with compositions SiO2-CaO-
Al2O3 and may include slags from  blastfurnace, cupola, steel, phosphorous, etc.,), these are the  most 
mature commercially applied. On the other hand the low-Ca (Provis et al, 2014) with compositions 
SiO2-Al2O3 and may include fly ashes, clays, volcanic ash, etc. Combination among the above groups 
has been reported (Yang et al 2012, Bernal et al 2012).  The above cements are regarded by many the 
cements of the future, although much research and work is needed to understand the reaction 



 

mechanisms, the long term durability, to create  the standardization framework towards commercial 
widespreading, etc.   
3. Glass   
One interesting material with potential in construction materials is waste glass.  Glass has been in use 
by mankind for thousands of years in a wide range of applications due to its chemical, thermal, 
mechanical optical and aesthetical features. In 2007, glass production in Europe was of more than 37 
million tons, which was about 30% of the global production, that can be estimated at more than 125 
million tons (EC, 2015). The global glass industry generates a revenue of about 75 billion dollars and 
Europe, China and north America account for 75% of the global demand glass (GMIR, 2013).  Among 
the various compositions, the soda-lime-silica glass accounts for more than 95% of the glass produced 
worldwide, and nearly 90% is used as containers (Sobolev, 2003). Glass is not biodegradable and 
landfilling is not a most environmentally friendly solution, so recycling is the alternative.   
3.1 Glass in construction materials 
Urban Waste Glass (UWG) is a promising alternative material for use in construction materials as it 
requires conventional processing infrastructure in order to turn it into a useful material; its uses in 
cement and concrete are varied. In asphalt applications, the use of waste glass did not change the 
mechanical properties and that glass reflects nocturnal light and increases traffic safety (Su and Chen, 
2002). UWG has been used as a raw material in the manufacture of PC, as an aggregate, inert filler or 
as a binder partially replacing PC (Nunes et al, 2013, Chen et al., 2002).  In substitution of PC, another 
work reported that the use of 5-20% of glass did not accelerate the setting or increased the early 
strength of PC pastes (Swharz and Neithalath, 2008); nonetheless, the glass showed pozzolanic 
behavior. A study on mortars, indicated that the incorporation of 10-20% of glass as a filler, increased 
in 29-86% the flexural strength and 3191% the compressive strength (Oliveira et al., 2013). In a short 
term study on concretes, it was found that glass improved water absorption by capillarity, the effects 
on strength  depended on the aggregate size replaced (deCastro and de Brito, 2013); however, it has 
been reported that strength reduces as the coarse aggregate is replaced by glass (Topçu and 
Canbaz,2003).   In spite of the above, the high alkali content of glass and its reactive nature poses 
latent risk of deleterious expansion processes from the alkali silica reactions (Caijun and Zheng, 2007, 
Topçu and Canbaz,2003), as reported for as early as 14 days (Maraghechi et al, 2012) and shown in 
Figure 2; the latter authors indicated that the cracks formed during the glass crushing propagate the 
alkali silica reaction 
 

 
Figure 2. gel from alkali silica reaction in glass aggregate particles. Adapted from (Maraghechi et al, 

2012) 
 
Considering the above, most of the recycled Urban Waste Glass  will be of the type of soda-lime-silica 
of a  chemical composition of 65-75% SiO2, 6-12% CaO 12-15% Na2O , with other minor components 
such as  Al2O3  and Fe2O3.  UWG does not fit into the groups of AAC described above due to the low 



 

Al2O3 contents; nonetheless, it complies with the requisite demanded to all of the supplementary 
cementitious materials, i.e. a glassy fraction that will promote its reactivity.  
3.2 Abundance and recycling of  Urban Waste Glass 
In the United States of America, the Municipal Solid Wastes (MSW) in 2012 reached 251 million tons 
and only 87 million tons were recovered; from those 11.6MT were UWG and only 28% was recycled 
and 8.3 million tons were landfilled.  Nonetheless, glass recycling has increased, from 1980 to 2012 as 
the amount of glass recycled increased from to 0.75 to 3.2 million tons (EPA, 2012). The situation in a 
developing country like Mexico points that the amount of MSW increased from 30 to 41 million tons 
from the year 2000 to 2011;  glass is about 5% of such waste and only 17% is recycled, about 2 
million tons are landfilled per year. 
Current MSW are of about 1, 300 million tons per year and given the evolution of the world 
population, the increase of population in urban areas, the change in habits of the society, etc., the 
figure will increase to 2,200 million tons per year by the year 2025 (Hoornweg and Bhada-Tata, 2012).  
This represent an increase of 1.2 to 1.42 kg/person  a day. The amount of MSW varies depending on 
the income level (see Figure 3), countries with the highest income generate more MSW.   On the other 
hand, the composition of MSW changes also with the culture, economic development, climate and 
energy sources, among other factors. Figure 4 shows the average waste composition in the world in 
2009, from which it can be noted that glass averages 5% 

 
Figure 3 Share of generation of Municipal Solid Waste as a function of income. (Hoornweg and Bhada-Tata, 
2012) 

 
Figure 4 Average Composition of Municipal Solid Wastes world wide (Hoornweg and Bhada-Tata, 2012) 



 

Considering the above, Table 1 presents estimations of the amount of glass waste from MSW  
currently available and a projection for the year 2025. Considering an average of 5% of glass in the 
MWS and a 30% recycling rate, the amount of glass landfilled, and hence available for use in 
cementitious matrices, will increase from 45.5 to 77 million tons per year by 2025. This represents an 
interesting figure that could favor the reduction of CO2 emissions from the production of binders. 

Tab. 1 Projections of waste glass from municipal solid wastes   
 Urban Residents 

(billions) 
Municipal Solid 
Wastes  (million 

tons)  

Glass in MSW 
(assuming 5% glass 

in MSW) 

Glass Landfilled 
(assuming 30% is 

recycled) 
Ten years ago 2.9    

Today 3 1,300 65 45.5 
Year 2025 4.3 2,200 119 77 

 
3.3 Glass as a binder.  
Soda-lime silicate glass is prone to dissolution in alkaline environments; at pH higher than 10.7 
amorphous silica dissolves to form soluble silicates (Torres-Carrasco et al. 2014), this process is 
favored by higher temperatures (Torres-Carrasco et al. 2014, Espinoza-Perez, 2010). The use of NaOH, 
Na2CO3 and mixtures of them, to dissolve glass,  have been reported in the literature (Avila-López et 
al, 2015, Espinoza-Perez, 2010, Martinez-Lopez et at,  2013, Ortega-Zavala et al., 2013, Redden and  
Neithalath, 2014). 

 
Figure 5 Compressive strength development of glass of various colors, for 2 different activators 
 
3.3.1 Pastes of activated glass 
Binders of alkali activated 100% glass develop strength over time as shown in Figure 5. The strength 
is affected by the type of activator, %Na2O, temperature and surface area, etc. Figure 5 shows that the 
use of waterglass is not necessarily more effective for higher early strength, in contrast with findings 
for alkali activated blast furnace slag (Escalante-Garcia et al., 2012). The effect of the color of glass 
seem to be less important for activation mixtures of NaOH/Na2CO3. One difference on the effect of the 



 

type of activator from Figure 5, is that glass activated with water glass show a trend for higher strength 
after 28 days, while those activated with mixtures of NaOH/Na2CO3 seem to have reached a steady 
strength. The microstructures of binders 100% glass activated by different activators show the 
formation of a dense matrix of reaction products; cracks appeared due to the a drying effect of the 
sample under the high vacuum of the microscope column (Burciaga-Diaz et al., 2013). 
Novel binders based on a combination of glass and limestone have shown interesting properties. A 
statistical analysis pointed an optimal composition indicating the values for parameters such as 
CaO/SiO2 ratio, order of mixture, type of activator, %NaO, temperature, etc.  The analysis of variance 
revealed that the factors with significant contribution to the strength were  CaO/SiO2 ratio, % Na2O 
and curing temperature (Avila-Lopez et al. 2015). A prediction of the 28 days strength of 38± 13.61 
MPa was confirmed experimentally.  Figure 7 shows a microstructure of a binder waste glass-
limestone activated with 9%Na2O and a mixture of NaOH/Na2CO3; two zones of reaction products 
were noted, one darker that was rich in Ca and one brighter rich in Si, also, thermal analysis suggested 
the formation of C-S-H hydration products.  

 
 Figure 6. Scanning electron microscopy micrographs obtained by backscattered electron imaging. (a) Binder 
cured with 12%Na2O, water glass modulus of 1.25, Curing T= 40°C; (b) 10%Na2O NaOH/Na2CO3 T =60°C. 
VD=glass particle, PR: Reaction product 
 

 
Figure 7. Scanning electron microscopy micrographs obtained by backscattered electron imaging from a binder 
based on mixtures of waste glass and limestone activated with 9%Na2O and a mixture of NaOH/Na2CO3.  
adapted from (Avila-Lopez et al. 2015). 
 



 

Figure 8 presents results from of 29Si magic angle spinning nuclear magnetic resonance of pastes of 
waste glass-limestone and unreacted glass.  The backbone of the glass structure is the network of 
tetrahedral SiO4, which are connected at all corners to form a three dimensional network. The presence 
of network modifiers reduce the connectivity on the network (Jones et al., 2011), so the unreacted 
glass shows predominance of Si in Q2 (-86 to -91 ppm) Q3 (-93 to -101 ppm) and Q4 (-104 to -112 
ppm) coordination (Shi et al., 2006, Davidovits, 2011).  After 28 and 180 days of reaction of the 
activated glass-limestone binder, the spectra shifted towards  a predominance of Q2 signals, which 
evidence the presence of SiO4 tetraedra equivalent to chain silicates (Fernandez-Jimenez et al., 2003) 
in which the thetrahedra are middle groups in chains as in C-S-H (Burciaga-Diaz et al., 2013); the 
signal at -93 ppm could indicate unreacted glass and the formation of silica gel condensed after the 
glass dissolution and recondensation (Singh et al., 2005) in agreement with the densification of the 
microstructures (Figure 7) and energy dispersive spectroscopy results. 

 
Figure 8 29Si Magic angle spinning nuclear magnetic resonance of unreacted glass and reacted glass-limestone 
composites.   
Sodium silicate gels formed after activation of 100% glass show lack of hydrolytic stability, which 
results of strength losses under moist curing of pastes (Redden and Neithalath, 2014); some of our 
pastes show such behavior as seen in Figure 9a. Retaining glass powder as a major constituent and 
including sources of  Ca and Al by using ground granulated blast furnace slag and metakaolin was 
found to better control the strength loss under moisture exposure  (Redden and Neithalath, 2014; 
Torres et al., 2009; Ortega-Zavala et al., 2013) as noted for composites of UWG-blastfurnace slag in 
Figure 9b.  Moreover, undergoing research results indicates that composites of waste glass activated 
with quick lime result in hydraulic binders. 



 

 
Figure 9 (a) Comparison of strength development in dry and wet conditions, (b) strength of composites of glass-
blastfurnace slag cured dry and under water.  
3.3.1 Alkali activated UGW in concretes  
Figure 10  Strength results of a concrete prepared with 350kg/m3 of UWG activated with less than 
15%Na2O and cured at different conditions; limestone was used as aggregates. One day curing at 
60°C then at 20°C resulted in strengths of 17 and 32 MPa after 3 and 28 days, respectively; on the 
other hand, curing permanently at 40°C resulted in slightly lower strengths.  Figure 10 includes the 
strength development of a composite binder of glass and metakaolin cured at 20°C, which showed 
lower initial strength, but 28 day strength of about 25MPa. 
  

 
Figure 10 Compressive strength development of concretes with glass and glass-metakaolin binders. 
A concrete with 280kg/m3 of UWG combining a limestone filler and a water/cement ratio of 0.4, was 
activated with less than 13%Na2O of combinations of NaOH/Na2CO3 cured for 72h at 40°C then at 
room temperature; the  3 day strengths were of 9-11 MPa, while those after 28 days were  of 28-
35MPa.  Figure 11 shows a macrostructure of one of such concretes, which showed water resistance 
after more than 28 days. More studies are in progress on concretes with UWG based binders, the 
results are promising. 
 



 

 
Figure 11 Macrostructure of a concrete with a binder of Urban waste glass and a CaCO3 filler. Scale in cm  
4.  Availability of glass and other main byproducts   
Blastfurnace slag and fly ash are the by-products most used in alkali activated cements of high and 
low calcium, respectively.   In 2013, about 1,167.3 million tons of pig iron were produced (WSA, 
2014); by considering that 250kg of slag are produced per ton of pig iron, about 290 million tons of 
slag were produced, but data on how much was granulated is not defined. On the other hand,  the 
world production of fly ash is of about 770 million tons, from which only 53% are used (Heidrich et 
al., 2013).  Fly ash and blastfurnace slag are relatively abundant, but their availability is 
geographically restricted to industrial activities.  In contrast, UWG is relatively less abundant, but 
widely available, which facilitates the possibilities worldwide to use the more than 65 million tons of 
glass currently available in MSW, which will increase to 119 million tons by the year 2025 (Table 1). 
5. Recycling Glass, as a binder or in the glass industry 
Glass can be 100% recycled indefinitively without any loss in quality (Sobolev, 2013); however, the 
recycling process waste glass to produce glass can be a complex task (Torres-Carrasco, 2014)  that 
requires recollection, sorting by colors, cleaning, etc.. In contrast, the reutilization of waste glass as a 
raw material for alkali activated cements does not require color sorting and the ACC are noble enough 
to tolerate a range of impurities, making the recycling of glass as a binder  comparatively simpler.  So 
the question is whether using glass as a binder is more environmentally friendly. According to the 
Glass Packaging Institute (GPI) for every six tons of recycled container glass, a ton of CO2 is saved; or 
0.167 tons of CO2 saved per ton of recycled glass. In contrast, regarding the use of UWG in alternative 
binders, assuming that 1 ton of portland cement results in 0.9 tons of CO2, and a conservative 
estimation that AAC cements reduce 60% the CO2 emissions relative to portland cement, then each 
ton of glass recycled as a binder, would save about 0.54 tons of CO2.  Recycling glass as a binder 
saves more than 200% CO2 than recycling to produce new glass.  This makes the recycling of glass as 
a binder a sustainable route to turn a waste into a useful material. However, much research is still 
needed.  
  
7. Conclusions 

• Soda-lime-silica glass by-product is a promising raw material to produce alkali activated 
cements, since it is a readily available abundant resource in municipal wastes. 

• Recycling waste glass as a binder is technologically simpler and more advantageous in terms 
of CO2 emissions than the recycling in the glass industry 

• Waste glass can be combined with other wastes or raw materials such as blast furnace slag or 
metakaolin to produce green alkali activated cements, which are attractive towards the 
production of environmentally friendly products. 

• Extensive laboratory work is needed to understand and promote its hydraulic properties and 
durability. 



 

• Research is needed to correlate formulation, dosification and properties, as well as to validate 
mid and long term behavior to extrapolate laboratory research to commercial exploitation. 
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Abstract 
The setting process of the Alkali Activated Cement (AAC) generally is too rapid to be handled at the building site; to 
prolong the setting time of this type of cement is a key issue of its application. This paper reports a new invented 
approach to regulate alkali activated slag-fly ash activated (AASFA). A special mineral admixture was prepared and its 
parameters are optimized. Results indicate that this admixture has strong effect to prolong the setting time, it prolongs 
the initial setting time from 50 to 320 min and retards the final setting time from 180 to 500 minutes, the adding of this 
special admixture also enhances the strength of the AAS very significantly, the hydration products and the early 
hydration process of this new type of cement is investigated, the gel Ettringite (AFt) in this cement delay the rapid 
hydration of ASSFA and nearly no crystal hydration product is found in the hardened paste of this cement, after 
significant retardation of setting time the peaks of exothermal curve of the hydration did delay but appeared earlier. 
This type of agent can service as a retarder of AAC not only as gypsum in Portland cement and but also chemical 
retarding agents in the Portland cement and concrete. 
 
Originality 
The rapid setting time of ASS is one of the key drawback which impedes it being widely utilized, to economically 
regulate the setting time of AAS to a reasonable range is very significant to the engineering utilization of this typical 
low carbon cement, whereas, the ordinary agents used to adjust the setting time of ACC are not so effective, in this 
paper a special admixture to retard the hydration process of AAC is prepared, it has very strong retarding effect to 
control the setting process of AAC, at the same time, some of the performances of this cement are improved, this paper, 
a economic and powerful retarder for AAC is found 
 
Keywords: AAS, Setting time, admixture, AFt, gel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

1. Introduction 
Global cement production remains a very rapid increasing rate for several decades and it reached 4.18 billion 
tons in 2014. The emissions of CO2 closely related to global warming emerge inevitably in the cement 
production process (Puertas F. et al., 2014). And the CO2 induced by cement production was one of the 
largest emitters, which was around 6 to 7% of the planet's total CO2 emissions (Shi C. J. et al., 2011). Since 
limestone, raw materials needed for the production of cement, is non-renewable resource, reducing energy 
consumption is highly demanded (Phair J., 2006). In light of the foregoing facts, there would appear to be 
little doubt that alternative binders, less aggressive to the environment, must (at least partially) replace 
ordinary Portland cement (OPC) (Muhammad T. 2014; Juenger M. C. G. et al., 2011).Alkali-activated 
materials constitute a possible alternative to Portland cement, as the main raw materials for them, e.g. 
granulated blast furnace slag, fly ash, metakaolin, et al, are industrial by products with potential volcanic 
activity (Susan A. B. et al., 2014; Chang J. J., 2003). Compared to the OPC, alkali-activated cement (AAC) 
concrete has excellent performance like high frost, and high corrosion resistance (Ravikumar D. et al., 2013; 
Huang H. L. et al., 2014). Furthermore, this cement production process is simple and energy-saving, which 
will become key factors for reducing CO2 emissions (Gartner E. et al., 2004).  
Although the alkali-activated cement has excellent durability (Gong C., Yang N., 2000), there are a lot of 
drawbacks of AAC, one of the most significant is it’s rapid setting time. The hydration characteristics of 
AAC determine its rapid setting time, not easy to reach standards prescribed for Portland cement. 
Condensation process of paste depends on the composition of raw materials and curing conditions (Matija G. 
et al., 2013; Zheng J. J. et al., 2012), and initial setting time AASC is between 25 min and 3d. Water glass 
(M = 1.5, pH = 13.0), NaOH (pH = 13.6), Na2CO3 (pH = 11.3) respectively were used to activate slag, under 
the same conditions, when water glass was activator, the setting time is especially short (FernaÂndez J. A. et 
al., 2001). The research of Chang drew similar conclusion (Chang J. J. et al., 2005). Lee N. K.(Lee N. K. et 
al., 2013) used different modulus of sodium silicate activating slag - fly ash, also he changed the slag/ fly ash 
ratio and added H3PO4, to study its setting time as well as mechanical properties at room temperature, the 
result was not satisfactory, and with the alkalinity increasing, setting time got shorter. Wang used water glass 
(SiO2/Na2O = 1/1.5) to activate granulated blast-furnace slag, finding that condensation occurs at 15 min 
(WANG S. D. et al., 1995). Retarders proper to OPC has few effects on AAC, and often prolonged 5~30 min 
setting time led to a sharp decline in compressive strength. Gel substance containing amorphous alkali 
alumino silicate is found in alkali-activated fly ash (Palomo A. et al., 1999). The primary hydration product 
of alkali-activated cement was the amorphous C- (A) -S-H with low calcium silicon ratio, and the minor 
product changed with the type of activator, distinguished from OPC (Shi C. J. et al., 2006). The rapid setting 
of AASF results from the quick forming of the C-S-H gel at high alkalinity ambience (Chang J. J., 2003). 
The active magnesia is used to prolong the setting time and the reduction of the shrinkage of AAC (Shen W. 
G. et al., 2011). To find an approach to effectively retard the setting time of AASFA, an economic agent is 
prepared and its composition is optimized, and the properties and hydration product is studied.  
2. Experimental 
2.1. Raw materials 
The chemical composition and mineral compositions of the ground blast furnace slag and fly ash used are 
tabulated in table 1 and Figure 1, respectively. The HM of slag is 1.920 according to table 1, which exceed 
1.4 to ensure sound hydration property. Slag was from Wuhan Iron and Steel Company Limited, and its 
specific surface area was controlled as 380m2/kg trough grinding by ø500mm x 500mm mill. And fly ash is 
Class F obtained from Qingshan Thermal Power Plant, Wuhan, its density is 2340kg/m3. 

Tab. 1 Chemical composition of MgO and silica/% 
 Al2O3 CaO MgO K2O Fe2O3 MnO SiO2 SO3 TiO2 

Slag 15.50 38.14 9.14 0.43 1.70 0.31 32.69 1.73 0.70 
Fly ash 33.01 3.71 0.61 - 4.14 0.01 47.22 1.44 1.61 

The quality index of PG is shown in table 2 and mineral compositions in figure 1. 
 

 

 

 

 

 

 

 



 

(a) slag                                                                  (b) fly ash 
 
 
 

 
 
 

 
 
 

 
 

(c) PG                                                                   (d) SAC 
■= Gehlenite, △= Mullite,▽= Quartz，□= Gypsum，○= Hemihydrate Gypsum, 

●=sulfate calcium, ▲=sulphate aluminium calcium 
Figure 1 XRD spectra of raw materials 

XRD patterns in figure 1 showed that there was a obvious characteristic peak, all the minerals represented an 
amorphous form with high chemical activity. The main mineral in slag is gehlenite, whereas the main 
minerals in fly ash were quartz and mullite, in PG were gypsum and hemihydrate gypsum, in SAC were 
sulfate calcium and sulphate aluminum calcium. The index of PG is showed in table 2. 

Tab. 2 Quality index of PG 
Test item Results 
SO3 (%) 40±2 

Crystal water(%) 16±2 
pH 7 

Free water(%) 14±2 
Impurity(%) Little and harmless to the properties of cement 

Particle size (5-20mm) (%) ≥ 90 
Particle strength 8-10N 

The strength grade of SAC and OPC used is P·O42.5 and 42.5R, respectively. The Chemical analyses of 
them are listed in table 3. 

Tab. 3 Chemical analyses of SAC and OPC/% 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss 

OPC 23.44 7.19 2.96 55.01 2.24 2.87 2.86 
SAC 9.80 22.00 2.20 48.00 3.00 13.00 0.55 

Water glass was used as alkaline activator, having a modulus (Ms) of 1, in this experimental, the ratio of 
water glass was 6% (Na2SiO4), permanently.  
2.2. Experimental Mixing Proportion 
The experimental proportion is listed in table 4, all the W/B ratios were according to the water requirement 
of normal consistency. 
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Tab. 4 Mix proportion of raw materials (mass ratio %) 
Sample S+Fa(S:FA=6:4) SAC+PG   SAC:PG WG W/B 

N38 91.18 2.82 92:8 6 27.89 
N316 91.18 2.82 84:16 6 28.49 
N324 91.18 2.82 76:24 6 27.29 
N48 90.24 3.76 92:8 6 27.89 

N416 90.24 3.76 84:16 6 28.09 
N424 90.24 3.76 76:24 6 27.09 
N58 89.30 4.70 92:8 6 27.72 

N516 89.30 4.70 84:16 6 27.41 
N524 89.30 4.70 76:24 6 27.08 
N68 88.36 5.64 92:8 6 27.29 

N616 88.36 5.64 84:16 6 27.49 
N624 88.36 5.64 76:24 6 27.59 
N78 87.42 6.58 92:8 6 27.19 

N716 87.42 6.58 84:16 6 26.89 
N724 87.42 6.58 76:24 6 27.49 

Note: S=slag, FA=fly ash, SAC=sulphate aluminium cement, PG=phosphogypsum, WG= water glass 
2.3. Experimental Process 
Test of normal consistency and setting time was performed using a vicat apparatus according to GB/T 1346-
2011, China. Room temperature maintained at 20±2℃, and relative humidity at 50 ± 5%. Then during the 
test, the moulds were stored under the moisture curing box of 20±1℃, as the room temperature greatly 
affects the settingtime and workability of the alkali-activated fly ash/slag cement, and relative humidity of 
90%. 
After mixing (add powders to WG solution), the mix was filled into the cubic (40×40×40mm) moulds in 
twice and vibrated for 60 seconds to eliminate the voids. The samples were then covered with cling film to 
avoid moisture loss. The conditions in room were the same as 2.2.1. After 24 h, samples were demoulded 
carefully and the cubes were transferred into the water tank maintained at 21 ± 2℃.The compressive strength 
ofthe cubic samples, in triplicate, was determined at the curing age of 3, 7 and 28 days. 
For XRD, hydrated samples were ground in an agate mortar to a fine powder. A D8 Advance diffractometer, 
German AXS, was used with the following conditions: 3KW, the radius of goniometer≥ 200mm, angle 
ruggedness = 0.001°, from -10°~168° in 2θ. 
For SEM, inner block of the samples was polished to a size of 2 x 2cm. A JSM-5610LV Scanning Electron 
Microscope, JEOL, with a magnification times of 18 x ~ 300,000 x.  
In isothermal conduction calorimetry, the heat of hydration of cement is directly measured by monitoring the 
heat flow from the specimen when both the specimen and the surrounding environment are maintained at 
approximately isothermal conditions. A C80 Calorimeter, SETARAM, France, was used to detect the heat 
evolution, and the w/b was 1. Each reactant was allowed to equilibrate separately to 20℃. The rates of heat 
evolution, dQ/dt in mW/g, were measured and recorded using a computer data acquisition system, as well as 
the total heats evolved. 
3. Results and discussion 
3.1. Setting Time 
The content of slag, fly ash and retarder was 94%, and content of retarder agent varied from 3% to 7% in 
table 4. All percentages involved in figures were mass ratio. 
 
 
 
 
 
 
 
 
 

 
 
 

(a) the initial time of AASF                 (b) the final time of AASF 
Figure 2 Effect of SAC and PG on the setting time of AASF 
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As can be seen in figure 2, in the 5% retarder agent, both the initial and the final times were the longest. Yet 
the 24% PG showed a slight deviation. When the ratio of PG was 16%, the initial time which was 311 min, 
as well as the final time which was 554 min, was longer compared to when it was 8% and 16%. The setting 
time tended to be similar when the ratio of retarder was above 5%. On this condition, the influence of PG 
was not remarkable. According to Damidot’s AFt solubility product theory (Damidot D. et al., 1993), on the 
condition of high alkalinity, the Ksp of Aft is greater, like formula (5):  

Ksp= [Ca2+]6·[Al(OH)4-]2·[SO42-]3·[OH-]4                        (5) 
The reaction of C4A3 S in 3%Y accelerated, as showed in formula (6) (Hargis C. W. et al., 2013), however 
the hydration product ettringite was gelatinous and imperfect crystalline state, not easy to separate out, 
resulting that there was not adequate Aft to adhere to the surface of the cement particles for preventing the 
continuation of hydration.  

C4A3 S + 8CS  + 6CH2 =3 C3A·3CS ·H32                     (6) 

When the dosage of Y increased to 5%, the reaction product of C4A3 S Aft could overlap the cement particles 
to form a protective film for delaying the hydration process, as a consequence, the setting time was 
prolonged.  
Soluble phosphate (H3PO4, H2PO4-, HPO4

2-) and soluble fluoride (HF, NaF) in PG played a significant role in 
retarding the setting time of AASF, and the former took hold. When the PG was added into the AASF, 
insoluble calcium phosphate and calcium fluoride generated, which came from soluble phosphorus and 
fluorine, and adsorbed on electric double layer formed on the surface of cement particles. The hydration 
process was hindered. Ettringite which came from the hydration of PG also attached to the surface of paste, 
resulting in the elongation of setting time.  
3.2. Compressive Strength 
Figure 3 shows the compressive strength development of the blends pastes, P/Y is8%,16% and 24%. As 
shown in figure 3(a), with the Y content from 3% to 5%, the Strength at 3day increased from 6.8 MPa to 
42.9 MPa, and from 5% to 7%, the strength decreased to 41.96% of the peak intensity. After 28day, the 5% 
Y provided the highest strength, which is 65.8MPa. The Y content shifted from 5% to 7%, resulting in the 
difference between strength overlooked, less than 1%. In figure 3(b), the strength of each stage of 5% Y 
were higher than others, after 3 day, the strength was 45 MPa, then 28 days later, the strength reached 72.8 
MPa, 10.64% higher than that of 8% Y. However, as to figure 3(c), the strength at 28 day just presented a 
small fluctuation from 71.6 MPa ~ 63.4 MPa, it can be seen that the retarding AASFA cements with suitable 
proportions have much higher strength than the control group. 
 
 
 
 
 
 
 

 
 
 
 

(a) 8% PG                                                              (b) 16%PG 
 
 
 
 
 
 
 
 
 
 
 

(c) 24%PG 
Figure 3 Effect of PG on the Compressive strength of AASF 
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3.3. XRD    
XRD curves of the N516 blends are shown in figure 4 as well as OPC and AASF cured for 3 day for 
molding.The results of XRD analysis of theproducts indicated that quartz and mullitewerethe chief 
crystalline phases (Zhang Z. H. et al., 2014) (which were also found inthe raw material fly ash and 
apparently remained unaltered afteractivation). The broad and diffuse peak from the original slag around 25-
35° 2θ reflects the short range order of the glass structure. At later ages the peak shifts to a slightly smaller 
value of 2θ due to the formation of C-S-H gel. No other crystalline phases containing Ca2+ ion like Aft could 

be identified in the XRD.  
Figure 4 XRD spectra of N5, OPC and AASF for 3 days  Figure 5 the heat evolution of different cement 

3.4. Heat evolution 
As known the heat of hydration may be defined as the amount of heat evolved during setting and hardening. 
Heat evolution tests were performed over water glass alkali-activated blends listed in figure 5, having 
identified several phase peaks. To the AASFA, the first peak due to the dissolution of slag and fly ash, 
followed by an induction period with a low heat release and, finally, a second exothermic peak related to the 
final structure formation and influenced by the concentration of the alkaline activator. Comparing with 
Portland cement, the first peaks of AAC is much higher and earlier. But the retarding AAC has much earlier 
peak than the rapid setting AAC, this mainly because the SAC hydrates very fast and yields gel AFt, which 
retards the setting of AAC. The cement hydration process was traditionally studied using the calorimetric 
method. The hydration stages were identified by heat liberation measurement and the hydration mechanism 
was explained based on heat evolution, while the setting process related directly with the contacting of solid 
phase especially the contacting among hydration products, the setting process of AAC need to be explored 
with new methods and theories. 
4. Conclusions 
AAC is an alternative binder for the future, but its rapid setting process is one of the main ethnic bottle necks 
for its engineering application. In this work, a new retarder agent for AAC is invented, this admixture has 
strong effect to prolong the setting time, it can adjust the initial setting time from 50 to 320 min and the final 
setting time from 180 to 500 minutes, the adding of this special admixture also can enhance the strength of 
the AAS very significantly, the hydration products and the early hydration process of this new type of 
cement is investigated, the gel Ettringite (AFt) in this cement delay the rapid hydration of ASSFA and nearly 
no crystal hydration product is found in the hardened paste of this cement, after significant retardation of 
setting time the peaks of exothermal curve of the hydration did delay but appeared earlier. This type of agent 
can service as a retarder of AAC not only as gypsum in Portland cement and but also chemical retarding 
agents in the Portland cement and concrete. 
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Abstract 
Alkali-activated supplementary cementitious materials (SCM’s) are gaining increasing acceptability as 
alternative cementitious binders due to the various benefits they offer, including low CO2 emission. 
Much research has been directed towards understanding the kinetics of reaction and 
physicomechanical properties of the activated materials but our knowledge of long-term impact of 
alkali on the chemistry of mineral distribution and microstructure is limited. The title study describes 
phase development in the Na2O-CaO-Al2O3-SiO2-H2O (NCASH) system at 20-85 °C based on ~ 60 
different compositions, cured for up to 12 months. Formation of zeolites is observed in aluminosilicate 
-rich compositions. Isothermal chemographs are drawn showing short to long-term projections of 
observed phase assemblage. The patterns show consistency but even after 12 months reaction may still 
contain metastable but persistent phases. 
 
Originality 
Isothermal equilibration of multiple compositions generated from a variety of starting reactants 
including gels and mixture of crystalline phases have been employed. Data illustration adopts a 
generic approach which should be more useful than presenting isolated and monotropic data. 
  
Keywords: geopolymers; alkali-activated cement; paste mineralogy; zeolite; X-ray diffraction 
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1. Introduction 

It is a common practice to activate supplementary cementitious materials (SCM’s) such as fly 
ash, calcined clay and blast furnace slag with highly concentrated alkali (Macphee & 
García-Lodeiro, 2011; Palomo, Alonso, Fernandez-Jiménez, Sobrados, & Sanz, 2004). Such 
compositions are frequently termed geopolymers. The high alkalinity has great impact on 
mineral distribution, microstructure and other properties of cement paste (García Lodeiro, 
Macphee, Palomo, & Fernández-Jiménez, 2009; García Lodeiro, Fernández-Jimenez, Palomo, 
& Macphee, 2010; Li, Le Bescop, & Moranville-Regourd, 1997). 
Much research has been directed towards understanding the kinetics of hydration of 
alkali-activated SCM’s. However, our knowledge about the influence of alkali on phase 
assemblage in blended cements is insufficient to make predictions of the mineralogical 
consequences. There is need for systematic studies of phase development with changing 
composition and an improved database to enable a full understanding and the consequent 
impact on the engineering properties of composites and the evolution of mineralogy and 
engineering properties in both the short and long term. 
This paper presents a summary of phase development in the Na2O-CaO-Al2O3-SiO2-H2O 
(NCASH) system at 20-85 °C, investigated using ~60 compositions made from laboratory 
grade chemicals including sodium aluminate and sodium silicate. 

2. Experimental 

Sets of bulk compositions similar to those used in (Okoronkwo & Glasser, 2015) for the study 
of the CASH system were used but adding a known amount of sodium- containing reactants 
to include sodium in the system. All reaction compositions were generated from 
stoichiometric mixtures of calcium oxide, CaO, sodium aluminate, NaAlO2, (Fisher Scientific) 
and sodium metasilicate pentahydrate Na2SiO3.5H2O (Sigma Aldrich), and reacted in an 
excess of distilled water; typically the w/s ratio was ~20. The various mix proportions used 
are given in (Okoronkwo, 2014) and the compositions are shown projected on a ternary grid 
shown in figure 1. The Na contents of compositions used in this study are in the range 20 – 50 
molar %Na2O of anhydrous mixture, equivalent to 0.16 – 0.32 moles of “Na2O” per litre of 
colloidal reactant mixture. Generally, the compositions are such that Na2O/(Al2O3+SiO2) 
molar ratio = 1. 
Samples were sealed in PTFE or HDPE and cured with periodic agitation at 20, 55 and 85°C 
for about 1 to 12 months. 
The solid products were sampled at intervals up to about 12 months, dried under silica gel and 
characterized by X-ray powder diffraction, XRD, complimented with SEM, FTIR and/ or 
TG/DTA.  
Mineralogical examinations of dried solids were by XRD using a Bruker D8 Advance X-Ray 
powder diffractometer with CuKα radiation. The angular scan was between 5 – 45 °2θ with a 
step size of 0.02 and count time of 1 second per step. XRD patterns were collected at ~20 °C. 
The morphology of selected samples was examined with a Hitachi S-520 Scanning Electron 
Microscope. DTA/TG data were collected with a Stanton Redcroft STA-781 simultaneous 
thermal analyser. Previously dried samples were heated at the rate of 10 °C/min from 20 °C to 
1000 °C in a flowing N2 atmosphere. Infrared spectra of samples were either collected by the 
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Attenuated Total Reflection (ATR) method with a Nicolet IR100 Spectrometer or PerkinElmer 
UATR. Both spectrometers were equipped with a diamond cell. Measurements were collected 
in the mid-infrared region 400 - 4000 cm-1 at a resolution of 4 cm-1. 
The results report the most persistent assemblage obtained for each sample. 
 

         
Figure 1: Bulk Compositions of the reactants mixtures used in this study projected on the 
Na2O-CaO-Al2O3-SiO2-H2O ternary. Dots represent reaction bulk compositions 

3. Results and discussion 

The details of the XRD patterns, SEM micrographs and IR patterns of solid products 
(Okoronkwo, 2014) will be published subsequently. The present state of knowledge 
concerning the phase development in the NCASH system at 20, 55 and 85 °C are summarized 
in this paper. 
 
3.1. Phase diagrams 

Chemographic projections of the phase assemblages encountered in the soda-lime 
-alumina-silica-water (NCASH) system at 20, 55 and 85 °C are compared in figures 2 -4. The 
estimated bulk composition of the reactive fraction of the cement or, if reaction is complete, 
the bulk composition of the mix, is projected at the appropriate point the position of which 
relative to the features shown enables the mineralogy to be predicted. 
In the short-term (months to few years), under the conditions of the present study at 20 °C, 
strätlingite, zeolite A and zeolite X are the major crystalline phases developed in 
aluminosilicate-rich compositions relevant to high replacement levels of cement by SCM’s 
(Figure 2a). At 55 °C, zeolite P occurs in high silica compositions, in addition to strätlingite, 
zeolite A and X as illustrated in figure 3a. At 85 °C, strätlingite, zeolites A and X are 
completely replaced by zeolite P and hydroxysodalite (figure 4a). Hydrogarnet solid solution 
remains very stable across the range 20 - 85 °C as illustrated (figure 2-4).  
The kinetics of gel transformation to the corresponding crystalline phases is generally more 
rapid in the NCASH system compared to the CASH system (Okoronkwo & Glasser, 2015), 
for example, C-S-H based gel is readily converted to a tobermorite-type phase at 55 – 85 °C 
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within periods of some months – this is attributed to increased silica and alumina solubility in 
the presence of alkali. The acceleration of crystallization relative to alkali- free compositions 
is a noteworthy feature. 
The zeolites encountered in the title study and assigned compositions are given in Table 1. In 
the long-term (many years), zeolite A is believed to convert to mainly zeolite X in the relevant 
phase assemblages at 20-55 °C  (Yang, Li, Wang, & Navrotsky, 2006), while 
hydroxysodalite dominates the alumina- rich regions at 85 °C. Zeolites are known to nucleate 
and crystallize metastably but, once crystallized, to persist. However persistence is often 
limited and the title study shows that phase assemblages are often time dependent, in 
agreement with the findings of (Johnson & Arshad, 2014). Therefore prediction of the stable 
zeolite type is still uncertain: what is reported from experiment is a compromise between 
phase equilibrium and metastable formation.  
In figures 2-4, (a) depicts the short term and (b) long-term (over 1 year) results. Broken and 
dashed lines show coexisting solids and the suggested disposition of tie lines; light upward 
diagonal pattern show regions of coexisting gels. The heavy black line shows the siliceous 
hydrogarnet solid solutions starting at the C3AH6 composition and extending towards 
grossularite, treating the range of solid solutions as continuous. The system is assumed to be 
water-saturated and to contain overwhelmingly hydroxide as the soluble anion, i.e., excluding 
carbonate and sulfate. Alternating regions of two and three solid phases are lettered and 
regions of single phase gel compositions are shaded. The diagram is, as noted, a compromise 
between phase equilibrium and observation, which shows that probably metastable features 
need to be included to account for the experimental observations. Nevertheless the diagram 
looks like an equilibrium diagram and the observed phase distributions support construction 
in the same way as if an equilibrium were obtained in the sense that the observed phases does 
not create a violation of the Gibbs phase rule. The coexisting phases in the “long-term 
“assemblage pattern are shown in the diagrams marked (b) in figure 2-4 and summarised in 
Table 2.  
 
The diagrams presented here should not be considered as definitive: the phase relations are 
immensely complicated and equilibrium not readily established. However we can conclude 
that the system is complicated by two gel phases which are discontinuous. The alumina- silica 
rich gel (A-S-H based gel) containing sodium is the so- called “geopolymer” gel. It appears to 
be thermally the more fragile of the two gels although sodium also appears to facilitate 
crystallisation of the alumina-substituted C-S-H based gel. The potential for crystallisation 
processes raises questions about long term persistence of the “geopolymer” gel. The data 
highlight the potential for dimensional instability in these compositions, should phase changes 
occur within already hardened materials; the densities of the phases ranges considerably from 
low-densities typical of gels and open-structured zeolites to the much denser siliceous 
hydrogarnet phase. The volume changes attending phase transformation will have as yet 
unknown consequences to the strength of composites. It is yet to be determined if some of 
these product crystalline phases have cementitious potential. The gel phases are almost 
certainly cementing but crystallization could result in strength loss arising from changes to the 
specific volume of solids while loss of cohering forces across phase boundaries could lead to 
weakening. Much remains to be done to prove the correlation between mineralogy and 
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engineering properties and the evolution of these relations with time and the sequence of 
mineralogical transformations. 
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Figure 2: Phase development in the NCASH system at 20 °C: (a) short term (months) (b) long-term 
(years). The abbreviation ST corresponds to strätlingite, C2ASH8, which has an essentially fixed 
composition, ZA, Zx, Zp and H-SOD correspond to zeolite A, zeolite X, zeolite P and hydroxysodolite 
respectively. Phases marked with asterisks are purely speculative; regions in(b) are described in Table 2 
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Figure 3 : Phase development in NCASH at 55 °C: (a) short term (months) (b) long-term (years); 
phases marked with asterisks are speculative; regions in (b) are described in Table 2. 
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Figure 4 : Phase development in NCASH at 85 °C: (a) short term (months) (b) long-term (greater than 
1 year); phases assemblages marked with an asterisk are speculative; lettered regions in (b) are 
described in Table 2. 
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Table 1 : List of observed zeolites and assigned compositions 

Phase Assigned composition Relevant Reference 
Zeolite A (Na2,Ca)6[AlSiO4]12. nH2O (Ismail, Mohamed, Ibrahim, Kini, & 

Koopman, 2010; Vanagida, Amaro, & 
Seff, 1973) 

Zeolite X (Na2,Ca)44 [Al11Si13O48]8. nH2O (Olson, 1970) 
Zeolite P_(low 
Si end member) 

(Na2,Ca)4[AlSiO4]8. nH2O (Allen, Stuart Carr, Chapple, Dyer, & 
Heywood, 2002; Atkins, Glasser, & 
Jack, 1995; Hansen, Håkansson, 
Landa-Canovas, & Falth, 1993) 

Zeolite P_(high 
Si end member) 

(Na2,Ca)3[Al3Si13O32]2. nH2O 
 

(Hansen et al., 1993) 

Hydroxysodalite Na2Ca)3[AlSiO4]6. nH2O (Engelhardt, Felsche, & Sieger, 1992; 
Felsche, Luger, & Baerlocher, 1986) 
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Table 2 : List of coexisting phases in long-term assemblage pattern shown in diagrams marked (b) in 
figure 2-4 

20 °C 55 °C 85 °C 
• CH, HG ss • CH, HG ss • CH and HG ss 

• CH, HG ss and C-S-H 
–based phase  

• CH, HG ss and C-S-H 
-based phase 

• CH, HG ss and C-S-H 
phases 

• HG ss and 
C-S-H-based phases 

• HG ss and 
C-S-H-based phases 

• HG ss and C-S-H-based 
phase;  

• CH, HG ss, ST, and 
C-S-H-based phase;  

• HG ss, Zx, and C-S-H 
based phase  

• HG ss, H-SOD, and 
C-S-H based phase 

• ST and C-S-H-based • HG ss, Zx, and ST • HG ss and H-SOD 

• ST, ZA and 
C-S-H-based phase  

• Zx, Zp and C-S-H 
based phase 

• Zp, H-SOD and C-S-H 
based phase  

• Zx, C-S-H-based phase 
and silica 

• Zp, C-S-H based phase 
and silica  

• Zp, C-S-H based phase 
and silica 

• Zx, C-S-H-based phase 
and silica 

• Zp and A-S-H based 
phases  

• Zp and A-S-H based 
phases  

• Zx , A-S-H-based 
phase and alumina  

• Zp, Zx and A-S-H 
based phase 

• Zp, H-SOD and A-S-H 
based phase 

• Zx, ST and alumina; • Zx, A-S-H based phase 
and alumina 

• H-SOD, A-S-H based 
phase and alumina  

• ST, HG ss and alumina • Zx, ST and alumina • H-SOD, HG ss and 
alumina  

• HG ss and alumina • HG ss, ST and alumina • HG ss and alumina 

• ST, and HG ss • HG ss and alumina  

• CH and HG ss • HG ss and ST  
In cement notations: N= Na2O, C=CaO, A= Al2O3, S=SiO2, H= H2O, ratios are molar; HG ss = 
hydrogarnet solid solution; ST=strätlingite; CH= portlandite; ZA,=zeolite X; Zx = zeolite X; Zp=zeolite 
P;  H-SOD = hydroxysodalite 
 



 

11 
 

4. Conclusions 

The results show that the presence of alkali in lime –alumina- silica-water compositions 
affects not only the kinetics of reaction but the stability of the hydrate phases and therefore 
influences the phase assemblage. The phase assemblage in the regions relevant to Portland 
cement, i.e. the Ca-rich regions of the NCASH system, are comparable with those of the 
alkali-free CASH system (Okoronkwo, 2014; Okoronkwo & Glasser, 2015) and are affected 
only slightly at 20 - 85 °C. But as compositions move into the region of high aluminosilicate 
compositions relevant to highly SCM-substituted formulations, significant differences are 
observed as a variety of zeolite phases are stabilized in the presence of alkali. At 20 °C, 
zeolite A and X appear to be the most persistent zeolites but with rising temperature zeolite X 
apparently becomes more stable at high silica compositions while zeolite A is more stable in 
compositions high in alumina. At 55 °C, zeolite P becomes more persistent in high silica 
compositions where it is formed in addition to zeolite A and X. In the range 55 °C to 85 °C, 
zeolite P solid solution, and sodalite type phases are preferentially formed at high silica and 
alumina compositions respectively. 
It was not possible to include alkali, other than Na, in this study and also, the alkali 
concentrations were changed only within narrow limits. It is also possible that the aqueous 
chemistry achieved by adding NaOH will differ significantly from that achieved using sodium 
aluminate and sodium silicate. However the title study shows how studies of this system can 
be progressed: data from isolated points can be integrated by adopting a more systematic 
approach and that the data obtained can in principle be made generic. Relations between 
mineralogical evolution and mechanical properties, e.g., strength, are yet to be made 
systematic. 
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Abstract 
Alkali-activated aluminosilicate material, geopolymer, has been expected to be an alternate material for concrete. In 
this study, fly ash was activated only by alkali hydroxide solution with autoclave curing to achieve both high strength 
and high content of zeolite. Zeolite has cation exchange ability, so the proposed geopolymer material is expected to 
have high capability in captering hazardous trace elements. The autoclave curing temperature was set at 180oC for 
highly production of zeolite. There are suitable range of Si/Al ratio of amorphous phase and preferable grain fineness 
of fly ash to obtain enough strength and production of zeolite under constant mixing ratio of fly ash and sodium 
hydroxide. Gmelinite was the main product in any cases. On the other hand, production amount of Zeolite NaP1, 
Hydroxysodalite and unidentified product with 9-10o broad peak in XRD profile depend upon the properties of fly ash. 
Compressive and flexural strength showed good correlation with pore size distributing property of hardened materials. 
High  strength specimen obtained less porosity in 1-100µm and much porosity in 0.003-0.1µm. Cation exchange 
capacities of powderized specimens were 80-150 cmol/kg. The patition coefficients for cesium were 33-71 L/g, the 
higher reaction rate of fly ash, the higher absorption capacity.  
 
Originality 
Conventional method to synthesise Zeolite from fly ash is to alkali activate fly ash in alkali hydroxide solution, so, the 
production is in powder state. Even if its absorption capability is high, there are two major problems; firstly, extra cost 
is needed in treatment of its waste water remained after its processing, secondly, difficulty in handling caused by its 
powder state. There is a need to solidify the powder state synthesised Zeolite with cementitious material, if we want to 
apply it in style of board or container.  So, our fabrication method to generate Zeolite directly in block style is the first 
originality. 
The commercialized or researching geopolymer material is majorly using sodium silicate solution to earn high early 
strength. Even though there are some cases to fabricate geopolymer from fly ash only using alkali hydroxide solution, 
those hardened material contain less Zoelite because of its steam curing under atmospheric pressure. So, our Zeolite 
generated geopolymer material produced by autoclave curing is the second originality. 
 
Keywords: geopolymer; zeolite; Gmelinite; absorption; CEC 
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1. Introduction 
The amount of coal ash from coal-fired power stations in Japan was 12,660 thousand tons in 2012. Its 
major part, 66% of the coal ash was utilized as cement raw material. On the other hand, only 1.6% of 
coal ash was used as fly ash for concrete admixture and blended cement. From the perspective of 
raising effective utilization amount of fly ash, and suppressing totally estimated CO2 emission till 
casting concrete, there is a need to enhance the utilization especially for concrete additive and raw 
material for building materials. One optional method to utilize much amount of fly ash in unit volume 
is geopolymer, so there are many researchers on it now. There is a research about the reaction of fly 
ash in solidified system. Fly ash was mixed with 8 mol/l NaOH solution, the reaction kept progressing 
upto 60% till 60 days during the heat curing at 85oC. The state of compound was amorphous phase 
and it was evaluated as the precursor of zeolite (Fernandez et.al, 2005).  
Geopolymer block was prepared by mixing fly ash with 7.6 mol/l of NaOH solution and 1.35-1.57 
g/cm3 of sodium silicate solution and cured at 85oC till 180 days. In case of 1.35 g/cm3 of sodium 
silicate solution, the crystaline compounds produced after 180 days curing were Chabazite-Na and 
Sodalite, the other product Zeolite-P was appeared in case of 1.57 g/cm3 mixing case (Criado et al., 
2007).  
There are some patented fabrication methods to obtain zeolite contained block in Japan, but they are 
all applying dehydration and pressurization molding methods, so there remained a need for waste 
water treatment.  
Aiming to generate zeolite directly in geopolymer material with avoiding waste water treatment, the 
authores proposed a fabrication method to mix fly ash with only alkali hydroxide solution, and 
applying autoclave curing. There still remained some awaiting solutions, i.e. influence of 
physicochemical properties of fly ash and fabrication conditions. For instance, different zeolite can be 
produced even applying same mixture, Gmelinite and Analcime, in the case of 180oC and 220oC 
autoclave curing, respectively (Yamamoto, 2014). 
2. Experimental 
2.1. Materials 
Twelve fly ashes were provided from coal power plants in Japan. Those fly ashes were all in raw state, 
meaning without selecting and classified for concrete admixture usage. Authors aimed to utilize raw 
fly ash which isn’t controlled its quality with conforming JIS A 6201. Chemical composition, 
mineralogical properties, and physical properties are shown in Table 1, Table 2, and Table 3, 
respectively. Chemical composition was analyzed by XRF, mineralogical properties were analysed by 
XRD with internal standard method, and median size was measured by laser diffraction method. Silica 
content is ranged from 53.9% to 67.1%, alminum content is ranged from 20.0% to 31.7%, Si/Al molar 
ratio in amorphous phase is ranged from 1.9 to 3.1, and Median size is ranged from 9.9µm to 28.4µm. 
Physicochemical properties of raw fly ashes are varied widely. 
Solid sodium hydroxide was dissolved in deionized water for preparation of sodium silicate solution. 
Parametric concentration of the solution was individually adjusted in advance. 
2.2. Fabrication of specimens 
Fly ash was mixed with sodium hydroxide solution parametrically in solid mass ratio (mass %) as 4.1, 
6.3, 8.2, 10.1 and 12.6%. On the other hand, water to fly ash mass ratio (mass %) was fixed as 33.8% 
in any mixture. 
The paste was mixed by using Hobart mixer (N-50) for 5 minutes, then casting into 40x40x160mm 
mold with vibrating for 4 minutes on vibrating table, those equipments are usually used for mortar 
experiments according to JIS A 6201. 
The columnar specimen was de-mould after 1 hours of 80oC steam curing and keep its steam curing 
for totally 24 hours, then cured in 180oC autoclave for 6 hours. Specimens were dried in 60oC drying 
oven to control water content in low level evenly. 
 
 
 
 



 

Table 1 Chemical compositions of fly ash (mass%) 
No. SiO2 Al2O3 Fe2O3 TiO2 MgO CaO Na2O K2O SO3 Ig.loss 
A 62.9 20.0 4.5 1.3 1.1 1.7 0.1 1.3 0.7 2.0 
B 58.0 24.2 7.7 1.2 1.3 2.6 0.7 1.8 0.6 1.5 
C 60.7 24.4 4.6 1.6 2.0 3.5 0.01 0.6 0.5 1.9 
D 67.1 22.0 3.0 1.3 0.5 1.7 0.02 0.9 0.3 3.0 
E 62.1 20.2 7.3 1.2 1.8 2.5 <0.01 1.4 0.5 2.5 
F 54.1 31.7 2.8 1.9 1.3 3.4 0.9 0.5 0.2 5.0 
G 59.1 21.0 6.3 1.3 0.6 1.8 0.5 1.1 0.2 7.6 
H 54.8 25.3 7.4 1.6 1.4 3.9 0.9 1.3 0.8 2.2 
I 55.9 25.8 5.4 1.6 0.9 2.0 0.6 1.2 0.3 6.1 
J 53.9 28.0 4.7 1.7 1.0 1.9 0.6 1.1 0.3 6.7 
K 61.2 22.3 6.4 1.3 1.2 2.4 0.6 1.3 0.4 2.7 
L 64.6 20.9 6.0 1.1 0.9 1.5 0.6 1.3 0.3 2.5 

 
Table 2 Mineralogical contents and Si/Al ratio in amorphous 
phase of fly ash  Table 3 Physical properties of fly ash 

No. Mullite 
(mass%) 

α-Quartz 
(mass%) 

Magnetite 
(mass%) 

Amor-
phous 

(mass%) 

Si/Al 
(molar 
ratio) 

 No. Density 
(g/cm3) 

Blaine 
finess 

(cm2/g) 

Median 
diameter 

(μm) 
A 7.1 8.5 3.6 78.8 3.0  A 2.31 3610 9.9 
B 11.1 17.9 1.4 68.1 1.9  B 2.28 2930 15.9 
C 14.6 14.4 0.7 68.5 2.6  C 2.10 3280 28.4 
D 12.0 17.1 0.9 67.0 3.0  D 2.18 2830 27.5 
E 11.2 21.6 4.5 60.2 2.6  E 2.31 3170 16.7 
F 20.3 9.7 0.1 70.0 1.9  F 2.16 3930 21.3 
G 14.6 18.1 3.5 63.7 3.0  G 2.12 2522 18.2 
H 13.8 11.0 1.8 73.4 2.2  H 2.18 2612 13.2 
I 18.3 14.8 1.2 65.7 2.4  I 2.14 2976 18.6 
J 20.8 12.1 0.3 66.7 2.3  J 2.22 3192 17.9 
K 12.8 14.7 2.8 69.6 2.8  K 2.19 2633 17.1 
L 11.3 15.2 2.4 71.1 3.1  L 2.16 2890 17.4 
 
2.3. Measurements and Analytical Process 
Compressive and flexural strength was measured by loading device and the loading speed was 
controlled along JIS A 6201. 
Zeolite products were identified by XRD, and pore size distribution was analyzed by mercury 
intrusion porosimetry (MIP). The samples for MIP were dried in D-dry system for 24 hours after 24 
hours immersion into acetone. The D-dry is a method to dry specimen by vacuuming to the 
equilibrium vapour pressure above ice at -79˚C (6.7 x 10-2 Pa). Reaction ratio (α) of fly ash after 
curing was estimated by selective dissolution method with applying on grinded specimen, firstly, 
dissolution by 4N-HCl with rotating in 60oC of hot bath for 15 minutes, then separate liquid by 
centrifugal separator under 3,000 rpm, afterward repeating washout by hot water and centrifugal 
separation for three times. Secondly, dissolve the residue by Na2CO3 solution with rotating in 80oC of 
hot bath for 20 minutes, then repeating centrifugal separation under 3,500 rpm and washout by hot 
water for three times. Each solid to liquid ratio was set as 1 g : 30 ml . Weight of final residue (RS), 
initial weight of fly ash (RFA), Ignition Loss of fly ash (I), and Na2O content of fly ash (MNa) were used 
for determining the reaction ratio as follow equation(1). 
 

α=1-RS/((1-I-MNa)RFA)     (1) 



 

 
Partition coefficient, absorption capacity, for cesium was estimated by batch test. Washing pulverized 
specimen, sieved under 0.425mm size, with deionized water and drying for 1 day in 40oC drying oven. 
Control concentration of CsCl solution for 1.0 mg/l in pH 5-6 by dropping NaOH solution or HCl. 
Mixing 1.0 g of washed pulverized specimen with 100 ml of CsCl solution, then immersing for 1 day 
with 120 rpm rotating, then standstill 1 day standing. After the filtration of supernatant liquid by 0.45 
µm membrane filter, absorption amount of cesium was quantified by ICP-MS. The patition coefficient 
was estimated by applying JIS K 1478.  

Figure 1 Compressive and flexural strength of specimens 

Compressive strength (N/mm2) Flexural strength (N/mm2) 



 

3. Results and Discussion 
3.1. Compressive and Flexural Strength  
Mixture in NaOH/FA=8.2 mass% derived highest compressive and flexural strength in almost all fly 
ash cases, as shown in Figure 1. In this mixture, the compressive and flexural strength of hardened 
specimen excepting D, F, and G showed equal to or greater than 30 MPa and 5 MPa, respectively. 
Strength of hardened specimen E, I, and F were higher in mixture of NaOH/FA=6.3 mass% or 10.1 
mass%. Physicochemical properties of fly ash might have effect on strength and have proper alkali 
concentration for obtaining high strength. 
Figure 2 shows suitable mixing alkali concentration, NaOH/FA ratio, relating to fly ash properties, 
Si/Al ratio in amorphous phase and Median diameter, extracting the point that derives higher strength 
than the ordinary conventional concrete. Data with wide difference before meaning processing, as 
shown in Figure 1, were rejected. Moderate Median diameter, i.e. 13-20µm, with moderate Si/Al ratio, 
i.e. from 2.2 to 2.6, derived enough high strength even in low NaOH/FA ratio, i.e. 6.3 mass% as 
shown in Figure 2. Amorphous phase of fly ash with moderate Si content ratio would have moderate 
reaction phase to derive high connectivity among FA particles even in low alkaline concentration. 
 

 
 
3.2. Reaction Products  
Results of mineralogical analysis, XRD charts, specimens from fly ash A to F, with NaOH/FA=8.2 
mass% are shown in Figure 3. Analytical results of all specimens, A to L, are shown in Table 4. 
Though there are difference in production amount, the main product was Gmelinite (Na4 
Al4Si8O24·12H2O). Zeolite NaP1 (Na6Al6Si10O32·12H2O) and Hydroxysodalite (Na6 Al6Si6O24･7.5H2O) 
were produced in a few specimens, depending upon the fly ash properties. Only one specimen, D, 
made from fly ash of Si/Al=3.0 and 27.5 µm in Median diameter produced only small amount of 
Zeolite NaP1 without Gmelinite. There were also same tendency, less amount of Zeolite production, 
derived from fly ash not only with high Si/Al ratio in amorphous phase higher than 3.0, but also with 
large Median diameter largere than 15 µm, i.e. fly ash G and L. 

Figure 2 Relation among physicochemical properties of fly ash to obtain higher strength than ordinary 
concrete 

 



 

 

 
3.3. Reaction and Porosity 
Pore size distribution in specimen has much influence to the strength properties as shown in Figure 4. 
High compressive and flexural strength were derived from not only less total pore volume but also 
from less volume in large size pore, larger than 1 µm. The notice micro pore property is that high 
volume in small size pore, less than 0.1 µm, accompanied by less volume in large pore derives high 
strength property. This phenomenon might be derived from packing effect of reacting product into 
pore around fly ash particles.  
Reaction ratio of fly ash also has much influence to the strength properties as shown in Figure 5. 
Reaction ratio in specimen K, A, B, C, J, H were more than 40% that derived high strength, but 
specimen E had high reaction ratio, about 40%, with deriving low compressive strength and high 
flexural strength as shown in Figure 1. This result was from higher reaction of fly ash with high 
packing effect of reacting product into micro pore around fly ash particles, much amount of small size 
pore as shown in Figure 4. Though, the notice point is that specimen-4 has larger amount of large size 
pore, larger than 1 µm, as shown in Figure 4. This property shows its initial total pore volume was 

Figure 3 XRD profiles of NaOH/FA=8.2mass% cases 

Table  4 Products in case of NaOH/FA=8.2mass% 
No. Products 

A ●Gmelinite, ▲Hydroxysodalite,  
○unknown (peak at 9-10o) 

B ●Gmelinite, ●unknown (peak at 9-10o) 

C ●Gmelinite, ●Zeolite NaP1,  
▲unknown (peak at 9-10o) 

D △Zeolite NaP1 

E ●Gmelinite, ○Zeolite NaP1,  
▲unknown (peak at 9-10o) 

F ▲Gmelinite, ▲Zeolite NaP1, ▲Hydroxysodalite 
G ▲Gmelinite, ▲Zeolite NaP1  

H ●Gmelinite, ▲Zeolite NaP1, ▲Hydroxysodalite, 
▲unknown (peak at 9-10o) 

I ●Gmelinite, ▲Zeolite NaP1,  
▲unknown (peak at 9-10o) 

J ●Gmelinite, ○Zeolite NaP1,  
●unknown (peak at 9-10o) 

K ●Gmelinite, ●unknown (peak at 9-10o) 
L ○Gmelinite, ▲unknown (peak at 9-10o) 

*●: large, ○: medium, ▲: little 
 
 



 

high, might be a reason from insufficient packing effect of fly ash particle that derived from its 
specific particle size distribution. 
3.4. Cation Exchange Capacity and Absorption Property 
Cation exchange capacity (CEC) was 80-150 cmol/kg, showing high correlation with reaction ratio as 
shown in Figure 6 in comparison with Figure 5. Though, even in case of low strength specimen, D and 
F, enough CEC could be obtained. Those CEC shows about 10 times higher than the conventional 
concrete. 
Absorption property against cesium is high in all specimens, i.e. 33-71 L/g as shown in Figure 7. 
There was slight correlation with Median diameter of fly ash, higher absorption property in moderate 
Median diameter as 10 to 20 µm. There was almost no correlation with Si/Al ratio or amount and type 
of reaction products, so far more research on specific surface area and influence of amorphous product 
is needed.  

 
4. Conclusions 
Manufacturing procedure for Zeolite generated geopolymer material that made from fly ash and alkali 
hydroxide solution was proposed and influences of physicochemical properties of fly ash on properties 
of the hardened material were investigated to obtain the following results. 
1) Appropriate concentration of sodium hydroxide solution was extracted as NaOH/FA = 8.2 mass%. 
Excepting a part of fly ash, high Si/Al in amorphous phase with high Median diameter, this mixture 
will derive highly generation of Zeolite (Gmelinite, Zeolite NaP1) with high strength. 

Fig. 5 Reaction ratio of fly ash in case of NaOH/FA=8.2mass% 
 

Fig. 4 Pore size distribution in case of NaOH/FA=8.2mass% 
 

Fig. 6 Cation exchange capacity in case of NaOH/FA=8.2mass% 
 

Fig. 7 Partition coefficient against cesium in case of 
NaOH/FA=8.2mass% 

 



 

2) Micro pore property of hardened material has dominant influence on strength. Large size pore, 
more than 1 µm, should be depressed with gaining small size pore, less than 0.1 µm, to obtain high 
strength. 
3) Hardened material made from any fly ash will derive high cation exchange property and high 
partition coefficient against cesium. 
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Abstract 
The purpose of study the results of which are reported and discussed in this paper was to analyze state-
of-the-art with regard to plasticizing alkaline cements and to develop solutions for the use of 
plasticized alkaline cements in contemporary concretes. A necessity to plasticize alkaline cements 
arises from structural instability of some chemical admixtures that are effective  in case of OPC in 
highly alkaline environment (pH = 13.0 − 13.6). The results of study showed that superplasticizers 
based on polyesters had lost their steric effect due to hydrolysis. On the other hand, selectivity action of 
chemical admixtures is related to changes in the composition of alkaline cements: according to 
national standard of Ukraine (DSTU B V.2.7-181:2009) the contents of OPC clinker in 5 types of 
alkaline cements can vary from 0 % to 100 % and the content of  alkaline component − from 1.5 to 
12.0 %. Furthermore, the degree of changes in structure of admixtures depends not only on pH values, 
but on the nature of an alkaline component (sodium or potassium carbonates and silicates), on 
technology and application of such cements. By summarizing associated problems and tasks a wider 
range of surfactants which were assumed not to destroy in alkaline media has been chosen for 
experimental verification and application as plasticizing admixtures in the alkaline cements. These 
surfactants with a molecular structure which is stable in alkaline media are organic compounds with 
low and high molecular weight and have been selected from a class of acyclic (aliphatic) or fatty 
compounds: polyols; polyethers, oxyethylated fatty alcohols, carboxylic acid, salt of carboxylic acid 
and alkali, sodium lignosulfonate. Superplasticizers based on polyesters, which are traditionally used 
for plasticizing OPC, have been taken for comparison. The effectiveness of these chemical admixtures 
was measured by a plastometry method based on determination of yield stress (τ0) of a cement paste, 
which correlates with its plastic strength (Pm). Plastometry is a reliable method to study the influence 
of admixtures on coagulation structure of cement pastes and for prediction of rheological properties of 
fresh concrete (or mortar) such as consistency characteristics (slump, flowability) and their retention. 
The effectiveness of chemical admixtures, depending on nature of their main active substance, was 
estimated by the following criteria: initial value of plastic strength, duration of induction period and 
rate of increase of Pm values after this period is over. A number of compositions of the alkaline cements 
and chemical admixtures were taken as variables in this study. A comparative assessment of mentioned 
chemical admixtures showed that each alkaline cement composition needed its particular admixture. 
With this complex of performance criteria (plasticizing effect, consistency retention, retardation of 
setting or hardening) a conclusion was drawn that admixtures based on sodium lignosulfonate, 
alkaline salt of carboxylic acid, polyester and polyether are the most effective for structure formation 
of the alkaline cement pastes with a minimum content of alkaline component (for example, sodium 
metasilicate - 0.7 % calculated on Na2O). However, chemical admixtures based on polyesters were 
found to be effective for modification of the alkaline cements only containing limited contents of 
alkaline component which is, in its turn, connected with the slag content. A negative action of alkali on 
structure of polyesters occurs only in case of the slag alkaline cement (granulated blast-furnace slag – 
from 90 to 100 %) and a maximal content of alkaline component, for example, sodium metasilicate – 
1.5 % calculated on Na2O. This results in suppression of plasticizing effect of the polyester-based 
admixtures and loss of consistency with time. The results of study suggested to develop a systematic 
approach to classification of various chemical admixtures in their plasticizing action with regard to 
alkaline cements. 
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Originality 
Authors of the paper have been working in the field of alkaline (alkali- activated ) cements − a class of 
cementitious materials that appeared in the field of construction more than 50 years ago in 1957 in 
Kiev, Ukraine (USSR) (scientific school headed by Professor V.D.Glukhovsky) and  the novelty of 
which is supported by a number of patents granted in the USSR, Ukraine and abroad.  These cements 
differ from traditional cements like portland cements in raw materials, manufacturing technology, 
hydration products which contain alkaline aluminosilicate hydrates that are similar to natural 
minerals-zeolites and in properties. Diversification of alkaline cements results in a necessity to 
continue with studies in the direction of detailed study of structure formation and other processes. 
These data are of great value for commercial-scale application of these materials. Contemporary 
construction needs plasticized concretes. With regard to alkaline cement concretes a proper choice of 
plasticizing admixtures is connected with a selective action of available admixtures because these 
admixtures should work in highly alkaline environment of the alkaline cements. A proper choice of 
chemical admixtures among those available on the market and among other chemical compounds is an 
urgent task. The authors have carried out an extensive search of such plasticizing admixtures and 
compounds, tested them and the results of this search and comparative tests are presented in details 
and discussed in the paper. 
 
Keywords: admixture; alkaline cement; granulated blast furnace slag; cement paste;  plastic strength  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

1. Introduction 

Classification of chemical admixtures on the main technological effect led to the conclusion 
that their most widely used type are regulators of rheological properties of fresh mortars and 
concrete mixtures (Batrakov V.G., 1998, Fainer M., 2012), primarily plasticizers and 
superplasticizers (SP). Such admixtures may be completely different in effectiveness 
depending on dosage and belonging of their chemical composition (nature of main active 
substance) to one of the main types (Spiratos N., et al, 2003): based on sulfonated 
naphthalene formaldehyde (type "NF"), based on sulfonated melamine formaldehyde (type 
"MF"), based on modified lignosulfonates (type "LST"), based on polycarboxylate (type "PC") 
and polyacrylate esters (type "PA"). Essentially SP types "PC" and "PA" can be considered as 
one type as polyesters of carboxylic acids which are characterized by increased effectiveness 
in comparison with other types (Damtoft J.S., et al, 1999). 
The mentioned types of SP are effective for cements based on portland cements (OPC), for 
which they were designed. Well known alkaline cements according to the national standard of 
Ukraine (DSTU B V.2.7-181:2009) are presented by five types and changing of clinker from 
0 % to 100 % and content of alkaline component from 1.5 % to 12.0 % depending on 
composition (type) of cement. In approaches to ensure effective plasticizing of alkaline 
cements there is a big difficulty connected with changes in structure of admixtures (Jolicoeur 
C., et al, 1992). 
It was shown that application of SP in high alkaline environment is difficult due to structural 
instability (Krivenko P.V.,  et al, 2004). Effectiveness of SP in alkaline cement decreases in 
the order: type "LST" > sodium gluconate > type "NF" and type "MF" > type "PA" (Pushkar 
V.I., 2010). It was concluded that effective plasticizer for alkaline cement should be 
characterized primarily by affinity of polar groups to cation of alkaline component of cement. 
Thus providing of plasticizing effect become more complicated when alkaline component is 
introduced into cement in the form of aqueous solution (Krivenko P.V., et al, 2010). 
Justification of less plasticizer effectiveness can be based on changes of its molecular 
structure in various alkaline environments, such as water solutions of Ca(OH)2 (pH = 12.40), 
NaOH (pH = 13.6) and liquid glass ( pH = 13.40) (Ege S., 1997, Palacios M., et al, 2005). In 
highly alkaline environment (pH > 13.0) the degree of changes in structure of admixtures 
depends not only on pH value, but also on nature of alkaline component. Besides up to 
empirical Traube’s rule the decreasing length of hydrocarbon groups on one methylene 
moiety (divalent organic radical –CH2–) leads to reduction of surface activity  of substance 
from given homologous raw into (3 to 3.5) times. For example, SP type «PC» undergoes 
hydrolysis of ester groups to form carboxylate salts and ethers (Ege S., 1997, Palacios M., et 
al, 2003). As result, main chain comprising carboxylate groups is adsorbed on surface of 
mineral particles of alkaline cement alkali (e.g., slag) while side chains comprising ethers and 
monohydric alcohols detached from main chain. Accordingly, the steric effect of this type of 
admixtures is practically absent. 
Decrease in effectiveness of chemical admixtures can be caused both by increase of pH values 
as well as by features of alkaline compounds (Glukhovsky V.D., 1981), i.e. by  choice of their 
anionic group. SP types "MF" and "NF" undergo greatest structural changes associated with 
use of soluble alkali metal silicates in cement, particularly with increasing silica modulus of 
liquid glass (Jolicoeur C., et al, 1992). 
It is known that substances from the class of polyols are the most effective plasticizers for 
cements with pH > 13 and preserving of their suspensions consistency (Collepardi M., et al, 
2006). Influence of polyols in highly alkaline medium on consistency of fresh concrete and its 
retention as well as on strength of hardened concrete depends on number of hydroxyl groups 
per molecule and molecular mass of admixture (Rudenko I., et al, 2012). 
The purpose of research was experimental justification of organic compounds as plasticizers, 
which are characterized by enhanced stability of molecular structure in aqueous suspensions 
of alkaline cements. 
 As such surfactants were considered low and high molecular weight compounds of the 
following classes (types): 



  

1 - polyols - organic substances with more than one functional hydroxyl group (–OH ) , and 
characterized by the general formula CnH2n + 2On; 
2 - polyethers (products of polyols ethoxylation) - substances with the general structural 
formula (OH–[–R–O–]nH), where R - hydrocarbon containing at least two carbon atoms, n - 
degree of ethoxylation; 
3 - oxyethylated fatty alcohols - polyoxyethylene ethers of alcohols with the general structural 
formula (R–O– [CH2–O–CH2]nH ); 
4 - carboxylic acids - organic compounds   containing one   or      more   functional carboxyl 
(–COOH) and hydroxyl (–OH ) groups; 
5 – salts of alkaline metal hydroxides and organic acids - carbon acid containing carboxyl 
group (–COOH ) and sulphonic acid containing sulfonate group (–SO3H). 
These organic compounds belong to class of acyclic (aliphatic) compounds or fatty 
compounds, which are either involved in the preparation of plasticizers, or are such. Therefore 
it is possible to assume these products promises more effective combination for operation in 
alkaline medium. 
In complexes of admixtures (CAD) it may be advantageous to use ionic surfactants, which are 
adsorbed due to hydrophilic groups by mineral particles of alkaline cement, together with 
nonionic surfactants, which increases the surface activity of CAD due to covalent bonds of 
lipophilic groups. 
Among the considered types of organic compounds nonionic surfactants include products 
with extended polar group obtained by ethoxylation. In turn, ionic surfactants may belong 
both to acyclic and carbocyclic compounds, to contain mentioned polar groups    (–O–, –ОН, 
–СООН, –SO3Н), amides (–NH2), nitro group (–NO2) and others. For example, as such 
anionic surfactant may act admixture of type "LST", which is  diphilic compound with 
functional group (–SO3Na). 
Effectiveness of surfactants as plasticizers for alkaline cements pastes, mortars and concretes 
can be assessed by a number of methods which give idea about changes of their yield stress 
(τs) as a viscous-plastic bodies, i.e. by normal consistency of cement paste and setting time, 
plastic strength (Pm) and its change over time, that is by changes in rheological properties of 
coagulation structure (Rebinder P.A., 1979). Thus it is necessary to take into account 
differences in structure formation of cement suspensions with varying degree of dilution with 
water or aggregate (filler). 
2. Experimental 

2.1. Raw Materials 
As component of alkaline cement it was used granulated blast-furnace slag (GBFS) with 
54.5% of glass phase, real density γ = 2,88 g/cm3. Average chemical composition of GBFS is 
given in table 1. As part of alkaline cement it was also used OPC clinker, the chemical 
composition of which is presented in table 1. As alkaline components of cements sodium 
carbonate (Na2CO3) and sodium metasilicate pentahydrate (Na2SiO3⋅5H2O) were used. 
Cements were prepared by mixing of ingredients in mixer “Hobart”. Specific surface area 450 
m2/kg (by Blaine). 

Tab. 1 Chemical compositions of raw materials 
Component 
of cement 

Content of oxides, % 
SiO2 Al2O3 Fe2O3 MnO MgO CaO Nа2O K2O SO3 

GBFS 39,0 5,9 0,3 0,5 5,9 47,3 - - 1,5 
OPC clinker 21,3 5,9 4,62 - 1,2 64,9 0,3 0,31 0,86 

Considered compositions (table 2) covers three types of alkaline cements with changing 
contents of GBFS from 0 % to 100 %, i.e. alkaline slag cement (type I), alkaline portland 
cement (type II) and alkaline slag portland cement (type IV). 
Thus, GBFS serves as unifying constituent and main factor in compositions of alkaline 
cements (table 3). 
In the study mentioned types of admixtures were used: 1 - glycerol and ethylene glycol 
(polyols); 2 - polyethylene glycol (polyether); 3 – “Synthanol” and "OS-25" – products based 
on polyoxyethylene   glycol ethers of synthetic primary highest fatty alcohols; 4 - salicylic 



  

acid (C6H4(OH)COOH); 5 - admixture based on sodium gluconate “Mapetard SD-2000” 
(“Mapei”); 6 - sodium lignosulfonate "LST” (“Borrespers”). In addition, were used traditional 
for OPC admixtures (SP types "PA" and "PC”): “Dynamon SR 2” and “Vinavil fluxe” 
(“Mapei”), “Stachement 2572” (“Stachema”) and "JK-04PP” (“JIANKAI”). Sodium 
lignosulfonate was used as component of CAD in cement compositions №2 ... №8. 
The admixrures were introduced with mixing water as solutions, as paste (“Synthanol”) and 
as powder ("OS-25", “LST”, "JK-04PP”, “Vinavil flux”). 

Tab. 2 Compositions of alkaline cements 

Cement 
compositio

n 

Type of 
cement 

Content, % 

GBFS OPC 
clinker 

alkaline component CaSO4·0,5Н2
О Na2CO3 Na2SiO3⋅5Н2O by Na2O 

№ 1 II 0.0 100.0 - 2.5 0.7 9.0 
№2 IV 50.0 50.0 2.5 - 1.5 - 
№2а IV 50.0 50.0 2.5 - 1.5 6.5 
№3 IV 50.0 50.0 - 3.0 0.9 - 
№4 IV 69.0 31.0 3.0 - 1.8 - 
№5 IV 69.0 31.0 - 3.5 1.0 - 
№6 IV 88.0 12.0 3.5 - 2.0 - 
№7 I 100.0 - 4.0 - 2.3 - 
№8 I 100.0 - - 5.0 1.5 - 
№9 I 100.0 - 4.5 - 2.6 - 

Tab. 3 Features of alkaline cements 

Cement 
composition 

(up to Tab.2 ) 

Normal 
consistency of 

cement paste, % 

Setting time,  
h:min 

Compressive strength, MPa 

2 d 7 d 28 d 

№ 1 26.0 0:30 32.0 39,0 49,0 
№2 23.0 0:45 21.4 30,6 39,4 
№2а 24.0 1:10 21.7 38,5 48,6 
№3 22.0 0:59 23.5 34,0 41,4 
№4 24.0 0:55 15.1 31,3 40,2 
№5 23.5 1:08 18.9 32,6 41,9 
№6 24.5 1:00 6.9 26,3 38,9 
№7 23.4 0:50 7.2 26,9 39,5 
№8 23.6 0:55 11.6 28,5 40,2 
№9 24.9 0:20 10.2 24,5 40,1 

2.2. Experimental Process 
The effectiveness of plasticizers can be assessed using a variety of techniques which allow 
determining of yield stress. In concrete technology the most popular is definition of this value 
by slump with Abraam’s cone. For cements with sufficiently range of compositions, i.e.  
alkaline cements, it may be considered appropriate transition from test of fresh concrete to 
test of cement pastes in determining of plasticizers effectiveness according to plastic strength  
by loading of cone to the point where it reaches predetermined depth (h) in cement paste 
(Rebinder P.A., 1958). Plastic strength of cement pastes Pm (1∙10-3 Pa = 1 mPa) was 
determined by formula: 

2h
FkPm =

          
(1) 

where: k = constant which depends on angle at vertex of the cone, F = force (load) acting on 
the cone (H), h = depth of immersion of the cone in the cement paste (m). 
In the study of structure formation of alkaline cements in presence admixtures it was accepted 
that character of initial structure formation of cement paste, which can be determined by 
changes Pm, is valid characteristic to determine influence of admixtures on consistency 
retention of fresh concrete or mortar. 



  

In the study of plasticizing effects of admixtures depending on their nature (types), content of 
water in cement pastes was corresponded to normal consistency of reference (see Table 3) 
varied and were determined by values of initial plastic strength (Pm) . 
Intensity of structure formation (consistency retention) depending on admixtures nature was 
determined while water in cement pastes was limited to ensure their normal consistency to 
measure changing of Pm over time. 
3. Results and Discussion 
It was confirmed the statement that effectiveness of admixtures in alkaline cements depends 
on composition of cement (Gots V.I., et al, 2013, Runova R.F., et al, 2013). 
Polyesters can be suitable as plasticizers for alkaline cement pastes containing no GBFS 
(100 % OPC clinker). The plasticizing effect is characterized by increasing of initial Pm from 
50 to 10 mPa when admixture type "PC" was used in cement paste and up to 15 mPa for 
admixture type "PA" (Figure 1). Retention of plasticizing action of these admixtures is due to 
gradual dissolution of relatively low content of sodium metasilicate (0.7 % Na2O) in alkaline 
cement, which does not lead to degradation of admixture up to 1 h during structure firmation. 
Polyesters have an effective influence on structure formation of cement pastes only up to 
certain limit in alkaline component. For example, at 50 % GBFS in the presence of sodium 
carbonate (1.5 % Na2O) the plasticizing effect of the CAD is confirmed by decrease of the 
initial Pm from 50 mPa (reference) to (10 to 11) mPa (Figure 2). Introduction of admixtures 
type "PA" and "PC" can increase duration of induction period prior to structuring up to 2 h, 
followed by intensive Pm growth (see Figure 3), when sodium metasilicate is used the 
duration of this period increase up to 2.5 h. 
The plasticizing effect of admixtures based on polyesters reduces (increases initial Pm) with 
increasing of GBFS and consequently alkaline component in cement. Thus, initial Pm = (13 to 
18) mPa when content of GBFS is 69 % and Na2O increases up to 1.8 % for sodium carbonate 
and up to 1.0 % for sodium metasilicate. When 88 % GBFS and Na2O increases and is equal 
(2.3 % to 2.6 %) for sodium carbonate and 1.5 % for sodium metasilicate, initial Pm ≈ (16 to 
20) mPa. Furthermore, structure formation is enhanced. 
With maximum GBFS (100 %) and corresponding increase of alkaline component in cement, 
initial values of Pm increases (18 mPa to 24 mPa) and duration of induction period reduces to 
1 h, depending on anion of alkaline component (Figure 4). Replacement of sodium 
metasilicate by sodium carbonate with corresponding increase in the concentration of Na2O 
cause shortening of induction period in structure formation of cement pastes modified with 
admixture type "PA". 
Thus, destructive influence of high alkali medium on admixtures based on polyesters 
associated with hydrolysis is confirmed. 
Polyols unlike to polyesters in cement pastes with 100 % OPC clinker (composition №1) have 
not plasticizing effect, as it evidenced by increase of Pm from 50 mPa to 60 mPa with ethylene 
glycol and up to 55 mPa with glycerol (Figure 1). 
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Figure 1 Influence of admixtures on initial plastic strength of  alkaline cement pastes type II 
(composition #1 in table 2) 1 – without admixture (reference); 2 – sodium lignosulphonate; 3 – 

polycarboxylate; 4 – polyacrylate; 5 – sodium gluconate; 6 – polyethylene glycol; 7 – oxyethylated 
fatty alcohol; 8 – ethylene glycol; 9 – glycerol 



  

Feasibility of polyols in CAD generally increases with rise of alkaline component in cement. 
Thus, in cement pastes containing 50 % GBFS and 2.5 % sodium carbonate (1.5% Na2O) 
using this type of admixtures is not sufficiently efficient from the point of plasticizing effect 
(Figure 2) and consistency retention as well (Figure 3). Additive of calcium sulphate 
hemihydrate as regulator of setting or replacing of sodium carbonate with sodium metasilicate 
in cement does not significantly reduce initial values Pm and have not positive affect on 
kinetics of structure structure formation of cement paste. However, with increasing (69 to 
88) % GBFS and, respectively, alkaline component (1.8 to 2.0) % by Na2O for sodium 
carbonate and to 1.0 % for sodium metasilicate efficiency of CAD based on polyols increases, 
that is accompanied with reduction of initial Pm up to (30 to 32) mPa (i.e. by 36 % to 40 %) 
and increasing duration of induction period to 0.5 h. When 100 % GBFS in cement initial Pm 
(see Figure 2) is reduced even more significantly - up to 23 mPa (by 46 %) and duration of 
induction period can be prolonged to 1 h (Figure 4). 
It should be noted that in alkaline cement pastes of type I polyols exhibit plasticizing effect 
without participation of admixture type “LST”. Increasing plasticizing effect can be achieved 
when number of hydroxyl groups in polyol molecule and accordingly increase its molecular 
weight takes place (see Figure 5). However, polyols and admixture type “LST” in CAD can 
increase plasticizing, as it evidenced by initial Pm decrease. 
Sodium lignosulfonate in alkaline cements of type II with 100 % OPC clinker (composition I) 
has high plasticizing effect with decreasing of initial Pm from 50 mPa to 15 mPa (Figure 1). 
The duration of induction period is approximately 1 h followed by intensive structure 
formation. 
Polyethers and oxyethylated fatty alcohols are characterized by plasticizing effect in alkaline 
portland cement (type II). This effect is confirmed by decrease of initial Pm by 30 % and 10 %, 
respectively (Figure 1). 
In contrast to polyesters the efficiency of polyethers increases with growth of GBFS in 
alkaline cement. Polyethers act similarly to polyols. Thus, at 50 % GBFS in presence of 
sodium carbonate introduction of polyethylene glycol can not effectively change consistency 
of cement paste or to extend induction period of structure formation (Figure 3). Growth of Pm 
can bee observed even 10 min after mixing. Replacing of sodium carbonate with sodium 
metasilicate in presence of calcium sulphate hemihydrate in cement induction period can be 
extended only up to 0.5 h. 
With increasing of GBFS up to 69 % the efficiency of polyethylene glycol increases. Thus, 
initial Pm is reduced from 50 mPa (reference) to (32 to 35) mPa (Figure 2) and induction 
period of structure formation is extended to 40 min. Growth of GBFS content up to 88 % 
causes higher plasticizing effect of polyether, which is fixed by decrease of initial Pm up to 
(22 to 24) mPa (by 52 % to 56 %). With maximum content of GBFS (100 %) plasticizing 
effect of  polyethylene glycol increases with a corresponding decrease of initial Pm up to (17 
to 18) mPa (64 % to 66 %) and prolongation of induction period up to 1 h 20 min. It should be 
noted that use of sodium metasilicate instead of sodium carbonate causes increasing duration 
of induction period in all range of GBFS content. 
Thus, molecular structure of polyethers is more stable in high alkaline medium, including 
soluble sodium silicates than of polyesters. 
Efficiency oxyethylated fatty alcohols as CAD’s component in alkaline cements also 
increases proportionally to GBFS and to alkaline component, generally enables reducing 
initial Pm and to extend induction period during structure formation of cement pastes. For 
example, with 88 % GBFS and 3.5 % sodium carbonate, admixture “Synthanol” as part of 
CAD exhibits plasticizing effect. It is evidenced by lessening of initial Pm up to 30 mPa from 
reference value 50 mPa, i.e. by 40 % (Figure 2). With further increase of GBFS and alkaline 
component in cement the effectiveness of this type of admixture increases. Thus, at 100 % 
GBFS and use of sodium carbonate (Figure 2) increasing plasticizing effect of admixture can 
be observed by decrease of initial Pm up to 21 mPa (by 58 %) and by prolongation of 
induction period up to 1 h (Figure 4). Effectiveness of admixture increases when sodium 
carbonate is replaced with sodium metasilicate. Modification of alkaline cement with this type 
of admixture is effective for regulation of induction period, which is followed by intensive 



  

growth of plastic strength. Even with minimum quantity of admixture (0.5 %) induction 
period increases up to (1 to 2) h. 
(а) polyol                                                                    (b) polyol 

                                                         
(c) type “PA”                                                             (d) type “PC” 

   
(e) polyether                                                               (f) alkaline salt of carboxylic acid                                                                                

   
(g) oxyethylated fatty alcohol              (h) carboxylic acid                                                                             

  
Figure 2 Effect of GBFS and admixtures on initial plastic strength of alkaline cement pastes 



  

(a) polyol     (b) polyol      

     
 

 (c) polyether                  (d) alkaline salt of carboxylic acid 

     
 

(e) polyester     (f) polyester 

     
Figure 3 The influence of admixtures on intensity of structure formation of alkaline cement type IV  

(composition #2 in table 2) 
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Figure 4 The influence of admixtures on intensity of structure formation of alkaline cement type I  

(composition #7 in table 2) 
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Figure 5 Effect of admixtures on initial plastic strength of alkaline cement pastes  

(type I, composition #9 in table 2) 
Sodium salt of carboxylic acid has greatest impact on reducing of initial Pm and retention of 
structure formation of alkaline cements. 
Thus, in alkaline cements of type II with 100 % of OPC clinker (composition №1) plasticizing 
effect of sodium gluconate can be confirmed by diminution of initial Pm from 50 mPa to 25 
mPa (Figure 1) with the lowest intensity of structure formation. When 50 % GBFS in 
presence of sodium carbonate this admixture as part of CD exhibits highest plasticizing effect: 
initial Pm reaches 5 mPa (reduction within 90 %) (Figure 2), the induction period is extended 
up to (2 to 2.5) h followed by intensive growth of plastic strength (Figure 3). Introduction of 
calcium sulphate hemihydrate or replacing of sodium carbonate with sodium metasilicate 
cause increase in induction period up to 3 h. 
Carboxylic acid as component of CAD is effective only with high content of alkaline 
component. Thus, in alkaline cement with 88 % of GBFS, admixture of salicylic causes 
reduction of initial Pm within 50 % in comparison with reference (Figure 2) and duration 
of induction period up to 1.5 h. Increasing of alkaline component at 100 % GBFS in 
cement have not adverse effect on efficiency of this admixture. 
4. Conclusions 
Comparative evaluation of admixtures for alkaline cements allows conclusions on 
appropriateness of their practical application. 
1. By initial values of plastic strength of alkaline cement pastes the plasticizing effect of 
admixtures decreases in following orders: 
• cement type II (100 % OPC clinker and less than 1.0 % Na2O) - polyester > sodium 
lignosulfonate > alkaline salt of carboxylic acid > polyether > oxyethylated fatty alcohol > 
polyol ; 
• cement type IV (50 % to 69 % GBFS and 1.0 - 1.5 % Na2O) - alkaline salt of carboxylic 
acid > polyester > polyether > polyol ; 
• cement type I (88 % to 100 % GBFS and > 1.5 % Na2O) - alkaline salt of carboxylic acid > 
polyether > polyester > oxyethylated fatty alcohol > carboxylic acid > polyol. 



  

2. Effectiveness of admixtures by retention of consistency decreases in rows:  
 • cement type II - alkaline salt of carboxylic acid > polyester > sodium lignosulfonate > 
oxyethylated fatty alcohol > polyether > polyol;  
 • cement type IV - alkaline salt of carboxylic acid > polyester > polyether > polyol;  
 • cement type I - alkaline salt of carboxylic acid > oxyethylated fatty alcohol > polyether > 
carboxylic acid > polyol > polyester. 
2. Effectiveness of admixtures by retardation of setting or hardening decreases in rows:  
• cement type II - alkaline salt of carboxylic acid > polyester > oxyethylated fatty alcohol > 
polyol > sodium lignosulfonate > polyether; 
• cement type IV - alkaline salt of carboxylic acid > polyester > polyether > polyol; 
• cement type I - alkaline salt of carboxylic acid > carboxylic acid > oxyethylated fatty 
alcohol > polyether > polyol > polyester. 
4. Identificated regularities may be considered for application of mentioned organic 
compounds as basis in commercial plasticizers (superplasticizers) for concretes and mortars. 
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Abstract   
The use of calcium aluminate cement (CAC) concrete in construction is increasing as the need for rapid 
repair solutions for deteriorating infrastructure rises. CAC is particularly useful because of its rapid 
strength gain property, even at low temperatures. However, the use of CAC in construction has been 
limited by a lack of understanding of the process of conversion, in which metastable hydrates convert to 
stable hydrates. This study examined two concrete mixtures, one containing a limestone aggregate and 
one containing a siliceous aggregate.  The pore solution chemistry of each concrete system was 
determined, along with that of a CAC cement paste to determine the impact of aggregates. Pore solution 
chemistry of siliceous and limestone CAC concrete systems, as well as CAC paste was observed prior to 
and after conversion. Pore solution was expressed using mechanical methods, and the pore solution was 
analysed using inductively couple plasma optical emission spectrometry (ICP-OES). Results have shown 
that aluminium concentrations decreased and calcium concentrations increased in the limestone 
aggregate system and CAC paste system. Concentrations of aluminium and calcium remained constant 
prior to and after conversion in the siliceous aggregate system. These results indicate aggregate 
mineralogy does have a significant impact on pore solution chemistry and phase dissolution in CAC 
systems.  
 
Originality 
This work presents pore solution chemistry information for calcium aluminate cement concrete systems. 
The pore solution chemistry of calcium aluminate cement has not been extensively explored, particularly 
in concrete system. This is despite the fact that previous work has shown that aggregate mineralogy can 
have a significant impact on concrete properties in CAC concrete. This study examines the effect of 
aggregate mineralogy on pore solution chemistry in CAC concrete systems as well as the changes in 
pore solution chemistry that occur during the conversion process. This work will further the 
understanding of hydration in calcium aluminate cement systems, particularly for use in construction 
activities where it can be used as an alternative binder in rapid repair concrete.  
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1. Introduction 
Calcium aluminate cement (CAC) concrete has been used in the construction industry for over 
100 years. Recently, there has been an increased interest in use of the material in cast-in-place 
rapid repair settings, particularly in North America. This interest has been spurred by the 
material’s rapid strength gain properties, particularly at low temperatures. However use of this 
cement in construction has been limited since the 1970s, due to a lack of understanding of the 
conversion process, in which metastable hydrates convert to stable hydrates resulting in a 
subsequent loss of strength. Several high profile collapses attributed to conversion in the U.K. 
in the 1970s lead to significant limitations on the use of the material in structural applications 
(Concrete Society Technical Report 1997). Later investigations found that the limitations put 
in place were primarily due to a lack of understanding concerning the conversion process and 
hydration in CAC systems within the construction industry (Midgley 1990; 
Concrete Society Technical Report 1997; Scrivener and Capmas 1998), a problem that still 
exists today in the general construction community. This work seeks to increase understanding 
of CAC hydration, particularly in concrete systems, through an examination of the pore solution 
chemistry as CAC concrete systems undergo conversion. Presented is the pore solution 
chemistry for two concrete systems (one containing siliceous aggregate, one containing a 
limestone aggregate). These results are compared to a pure CAC paste system. Pore solution is 
monitored in each system prior to and after conversion to determine the effect of conversion on 
pore solution chemistry.  

The main phase in CAC, monocalcium aluminate (CA), forms four main phases during its 
hydration process: CAH10, C2AH8, C3AH6, and AH3. When placed in contact with water the 
hydration of CA is characterized by rapid dissolution of Ca2+ and Al3+ followed by a rapid 
precipitation of hydration products. This results in an exothermic reaction that is concentrated 
in a short time and can lead to a significant temperature rise, even in relatively small volumes 
(Scrivener and Capmas 1998; Scrivener 2003). This is important to note, because temperatures 
during hydration can affect the hydrate structures formed. Two hydrates that are formed, CAH10 
and C2AH8, are both metastable and will convert into the stable hydrate C3AH6. This reaction is 
known as conversion, and is accompanied by the formation of AH3 gel, and the release of water 
(Scrivener and Capmas 1998). The conversion process is driven by temperature as well as 
access to moisture.  At low curing temperatures (T< 15°C) the initial metastable hydrate favored 
to form is CAH10. At higher temperatures (T>30°C) C2AH8 is favored to form initially. At 
curing temperatures between 15°C and 30°C, both CAH10, C2AH8 will form, though neither is 
thermodynamically favored and formation will be slow (Bushnell-Watson and Sharp 1990). 
CAH10 will convert into C2AH8, accompanied by the formation of AH3 gel and water release. 
The C2AH8 will subsequently convert to the stable C3AH6, again accompanied by the formation 
of AH3 gel and water release. This process is thermodynamically inevitable, and the rate at 
which it occurs is a function of the temperature history of the material during hydration. 
Increasing the curing temperature and exposure to moisture will result in faster conversion from 
the metastable hydrates to the stable hydrates (Fryda et al. 2001; Fryda et al. 2008; Muller 2010).  

The density of the metastable hydrates (density (g/cm3): CAH10=1.72, C2AH8=1.95) is lower 
than that of the stable hydrates (density (g/cm3): C3AH6=2.52, AH3=2.4) (Fryda et al. 2008). 
The increase in density as the hydrates undergo conversion causes porosity to form in the 
hydrated cement paste, thus causing compressive strength to drop. After conversion occurs, and 
a minimum strength has been reached, the water released by conversion can continue to hydrate 
unhydrated cement grains resulting in continued long-term strength gain (Scrivener and 
Capmas 1998; Fryda et al. 2008). It is important to note that conversion is a process that occurs 
only in pure CAC systems. The testing outlined in this manuscript does not apply to systems 
where CAC is a component of a blended binder system. In these systems the hydration products 
are typically not subject to conversion as they are stable in the long-term. Much of the research 
concerning CAC conversion has been performed on pastes, mortars and to only a small extent 
on concrete (Midgley and Midgley 1975; Cussino and Negro 1980; Midgley 1984; Fentiman 
1985; Bachiorrini et al. 1986; Indelicato 1990; Kuzel and Baier 1996; Fryda et al. 2001; Lamour 



et al. 2001; Darweesh 2004; Gosselin 2009; Ukrainczyk and Matusinović 2010; Klaus et al. 
2013).  

In addition to the impact that temperature history has on conversion, previous research has 
alluded that aggregate mineralogy has an impact on the conversion process in CAC concrete 
(Cussino and Negro 1980; Negro et al. 1982). In a study by Cussino and Negro, it was observed 
that the specimens containing siliceous aggregate experienced strength reductions due to 
conversion beginning after 90 days; however mixtures containing either limestone aggregates 
or limestone powder used as a partial replacement for CAC were still steadily gaining strength 
in the same time period (Cussino and Negro 1980). Analysis of the samples containing just 
limestone powder showed the formation of calcium monocarboaluminate. Further studies 
confirmed that when CAC was mixed with finely ground limestone powder, calcium 
monocarboaluminate was formed, which improved the strength in these systems, even after 
conversion (Negro et al. 1982; Fentiman 1985). The formation of calcium monocarboaluminate 
was only confirmed in systems containing finely ground limestone powder, not systems 
containing larger-size concrete aggregates. Systematic scientific studies have not been 
conducted to fully elucidate the role that aggregate mineralogy plays on the conversion process, 
chemistry, and hydration within CAC systems.  

Work has been completed to examine the pore solution chemistry in CAC paste systems. Barrett 
et al. (1994) performed experiments where they placed a standard grade CAC in a dilute lime 
solution and monitored ionic concentrations in the solution over 10 hours (Barret and 
Bertrandie 1994). Results from this work indicated that during hydration, as hydrates precipitate 
from solution, the concentrations of calcium and aluminum in solution decreased significantly. 
Gaztanaga et al. examined the pore solution chemistry in a CAC paste cured at 20⁰C using a 
standard grade CAC out to 30 days (Gaztanaga et al. 1993). The authors reported that calcium 
concentrations continued to decreased after initial hydration from 20 ppm at 1 day after casting 
to 1 ppm at 30 days. Aluminum concentrations also decreased significantly over the curing 
period. The pH ranged from 12.53 to 12.69 in that same time period. This analysis was 
performed on systems that had been cured at 20⁰C over their lifespan, and therefore examined 
only unconverted CAC concrete systems (Gaztanaga et al. 1993). Neither of these works 
examined how the pore solution chemistry in hardened systems changed during the conversion 
process, and therefore it is still not well understood how elemental composition of the pore 
solution is affected by conversion in hardened systems. Additionally, these authors examined 
cement paste systems specifically, and the impact of aggregate mineralogy was not observed. 
As described above, changes in mineralogy in CAC concrete systems can have significant 
impacts on strength, particularly after conversion. Therefore, understanding the influence of 
mineralogy on pore solution chemistry will explain some of the differences occuring in these 
systems when different aggregate types are employed.  

2. Experimental 

2.1 Materials 
2.1.1 Cement  
A standard grade CAC was used for all mixtures presented in this study. The oxide composition 
of the CAC used in this study is presented in Table 1.  

Table 1: Cement Oxide Analysis

 

 

2.1.2 Aggregates 



Two different aggregates were used in the concrete mixtures produced in this study. A siliceous 
river gravel from Oregon in the United States and a limestone from Washington state in the 
United States. The siliceous aggregate was predominantly composed of SiO2 and Al2O3.The 
limestone was composed of CaCO3. Both fine and coarse aggregates were created from the 
same source for each type. A summary of information about these aggregates can be found in 
Table 2. 

Table 2: Aggregate Description and Properties 

 
 
2.1.2 Concrete and Cement Paste Mixtures 
Table 3 shows the concrete and paste mixtures used for this study.   

Table 3: Concrete and cement paste mixture designs 

 

 

The cement content and w/cm remained constant between mixtures. Aggregate contents were 
modified according to the aggregate properties to achieve the same unit mixture size of 0.77 
m3. A set retarding agent (Chryso brand Fondu Retard) and a super plasticizer (Chryso brand 
Optima 203) were both used to achieve acceptable working time and workability in the mixtures. 
Aggregates were premixed to achieve consistent, near-saturated surface dry conditions prior to 
being used in concrete mixtures. Aggregate moisture contents were measured prior to mixing, 
and total water content was adjusted for each mixture to maintain an effective w/cm of 0.4. 

Concrete samples were cast into 100 mm (diameter) x 200 mm (height) plastic cylinders and 
sealed with plastic caps to prevent moisture loss. The cement paste samples were cast in 75 mm 
(diameter) x 150 mm (height) plastic cylinders and sealed with plastic caps to prevent moisture 
loss. Specimens were organized to have at least 75mm of space around them in all directions 
to allow for adequate air flow and prevent self-heating. Fryda et al. (2001) noted that specimens 
that reached temperatures higher than 70°C while setting converted immediately to the stable 
C3AH6  and AH3 hydrates (Fryda et al. 2001). Self-heating for samples during initial hydration 
prior to 24 hours was monitored. Temperatures remained below 60°C in all three systems, and 
therefore these samples were still unconverted.  

 

 

2.2 Experimental Process 

Mixture Label Aggregate 
Type w/cm

Fine 
Aggregate 

(kg/m3)

Coarse 
Aggregate 

(kg/m3)

Cement 
Content 
(kg/m3)

Siliceous System Siliceous 0.40 730 890 440
Limestone System Limestone 0.40 855 938 440

CAC Paste - 0.40 0 0 440



2.2.1 Curing Regime 
Standard curing procedures for this method involved two phases of curing: phase 1, the initial 
24 hour period after casting, and phase 2, the period between 24 hours and 28 days. During 
phase 1 curing, after being cast, samples were kept at ambient temperature and humidity 
conditions in the laboratory in the capped sample molds. Ambient temperature in the laboratory 
was 23 ± 3 °C. During phase 2 curing period, the samples were removed from the molds and 
placed immediately into a 50 ± 2 °C water bath. This procedure followed the procedure laid out 
by Fryda et al. (Fryda et al. 2008). The elevated temperature of 50°C accelerates the conversion 
process of metastable hydrates to stable hydrates, allowing for full conversion within two days 
after submersion in the water bath (Fryda et al. 2008; Muller 2010). Conversion was monitored 
through compressive strength testing. All samples were fully converted by Day 3, after casting. 
The specimens remained in the heated water bath until tested. This curing regime was followed 
for all specimens.  

2.2.2 Pore Solution Extraction and Measurement 
Pore solution was extracted from the samples at 24 hours, 3, 7, 14, and 28 days. Measurements 
from Day 1 were on unconverted samples, and later age measurements (Day 3-28) were on 
converted samples. Concrete or paste slices, 25-50 mm slices thick, were obtained from the 
sample cylinders using a diamond saw. The slices were placed into plastic freezer type bags 
and crushed into small fragments using a hammer. (< 9.5mm). Aggregates were removed by 
hand from the concrete samples. The remaining crushed material was then placed into a pore 
solution extraction device that expressed the pore solution from the sample under a high 
pressure (450 MPa for paste samples, 1130 MPa for concrete samples). Each sample produced 
1 ml to 5 ml of pore solution. Samples from unconverted systems (1 day samples) produced 
much less pore solution, ~0.5 - 1 ml per sample, compared to converted samples (3-28 day 
samples) which produced ~ 2 – 4 ml per sample. This was expected as the metastable hydrate 
products produced during CAC hydration bind a significant amount of water into their hydrate 
structures that is then released during conversion (Scrivener and Capmas 1998). Consecutive 
samples from each test date and system had their pore solution expressed until enough solution 
(5 ml) was obtained for testing.  

The pH was measured within several hours of pore solution expression using a pH electrode. 
Pore solution samples were then acidified in a matrix of 2% HNO3 prior to analysis in 
inductively coupled plasma-optical emission spectrometry (ICP-OES). The ICP-OES apparatus 
used was a Leeman Labs, Inc. Prodigy High Dispersion ICP.  

3. Results and Discussion 

3.1 Pore solution chemistry  
Figure 1 shows the elemental concentrations of sodium (Na), potassium (K), aluminum (Al), 
and calcium (Ca) in the pore solution for the Limestone System, the Siliceous System and the 
CAC paste over time. The pH evolution in these systems is also presented in Figure 2.  

 

 



 
a) Sodium Concentration

 
b) Potassium Concentration 

 



 
c) Aluminum Concentration 

 
d) Calcium Concentration 

Figure 1 Elemental concentration (1a-1d) of CAC concrete and paste systems over time when subjected 
to accelerated conversion curing regime 



 

Figure 2: pH evolution of CAC concrete and paste systems over time when subjected to accelerated 
conversion curing regime 

Silicon concentrations were also measured, however the concentration for all systems was 
below detection limits for each test date. Figure 1a and Figure 1b show the concentration for 
the alkalis in each system, sodium (Na) and potassium (K). The trend is similar for both 
elements. Alkali concentrations in the Siliceous System were low (less than 350 ppm Na and 
less than 200 ppm K) and remained relatively constant at all ages. In the CAC Paste system the 
alkali concentrations at Day 1 were 1490 ppm Na and 4700 ppm K. The alkali concentration 
then dropped continuously until day 14, where it stayed relatively constant through day 28 at 
300 ppm Na and 200 ppm K. Alkalis in the Limestone System also were high prior to 
conversion at 1900 ppm Na and 6200 ppm K and dropped significantly after conversion to a 
concentration of 1000 ppm Na and 3400 ppm K at day 3. This initial reduction in concentration 
was followed by a continuous, longer-term decrease through 28 days. Earlier research by 
Gaztanaga et al. observed that alkali concentrations increased slightly over time in an 
unconverted system (Gaztanaga et al. 1993). These results indicate that the conversion process, 
and subsequent continued hydration of unhydrated cement grains may actually bind some 
alkalis into the converted hydrate structures. 

Aluminum concentrations followed similar trends as were seen for the alkali concentrations. 
The Siliceous System’s aluminum concentration was low (below 300 ppm Al) and remained 
relatively constant at all ages. The Limestone System, however, experienced an decrease in 
aluminum concentration from day 1 (unconverted) at 4550 ppm Al to day 3 (converted) at 1750 
ppm Al. The aluminum concentration in the Limestone system then continued to decrease 
through 28 days to 790 ppm Al. The CAC Paste system also saw a decrease in aluminum 
concentration, decreasing from day 1 (unconverted) at 2820 ppm Al to day 3 (converted) at 
1430 ppm Al, eventually decreasing to 150 ppm of Al at day 28. The Siliceous System’s 
aluminum concentration remained relatively constant and low compared to the Limestone 
System and CAC Paste Al concentrations, and did not experience a similar decrease in 
concentration after conversion. These results show that there was relatively little activity in the 
Siliceous System compared to the Limestone System and Paste System, nor did the Siliceous 



System did not experience reductions in concentration of Al, Na, and K as was seen in the 
Limestone System and Paste System during conversion. These results indicate that the siliceous 
aggregates reduced overall reactivity in the CAC system.  

The pH evolution between systems was quite different, as can be observed in Figure 2. The pH 
in both the Limestone System and CAC Paste pore solutions were significantly higher than the 
pH in the siliceous system. It has been shown that Al2O3 becomes more soluble as pH rises in 
cement systems (Winnefeld and Lothenbach 2010). Therefore, the higher pH observed in the 
Limestone System and the CAC Paste system may have allowed for increase dissolution of 
cement grains during the initial hydration period. This is supported by the high concentrations 
of aluminum in the pore solution of the Limestone System and the CAC Paste at early ages. 
The relatively lower pH observed in the Siliceous System may have reduced the overall degree 
of hydration in the Siliceous System compared to the Limestone System. The lower pH 
indicates that there may not have been as high of a degree of hydration occurring in the Siliceous 
System, early on, as is occurring in the Limestone System. Therefore, as conversion occurs in 
the Limestone System and CAC Paste, porosity will form due to the densification of metastable 
hydrates in the system and additional stable hydrates (AH3 and C3AH6) will be able to 
precipitate out of solution due to the high level of ionic activity in the solution compared to the 
Siliceous System. The formation of these additional hydrates may explain why higher strengths 
were observed in systems containing limestone aggregates compared to those containing 
siliceous aggregates (Cussino and Negro 1980).  The effect of conversion on pH in CAC 
systems was varied. Both the Limestone System’s and CAC Paste’s pH decreased from day 1 
(unconverted) to day 3 (Converted). However, an increase of 0.5 pH was observed in the 
Siliceous System during conversion. This indicates pH changes during conversion are 
significantly affected by aggregate mineralogy in CAC systems. 

Calcium concentrations, as shown in Figure 1d indicated that over time, and after conversion, 
calcium concentrations in the pore solutions in the Limestone System stayed relatively constant, 
whereas calcium concentrations in the CAC Paste systems started low, decreased slightly 
directly after conversion, and then increased significantly after 28 days. Calcium concentrations 
in the Siliceous System, however, started high with a subsequent decreased after conversion. 
The level of calcium concentrations in all systems were generally less than those observed for 
potassium, sodium, or aluminum indicating that a low amount of calcium is released into the 
pore solution during conversion, and that much of the calcium that does dissolve during initial 
hydration is quickly bound into the initial hydrates formed. Previous work, as described above, 
has stated that the strength differences observed between siliceous and limestone aggregate 
CAC concrete systems was due to the formation of calcium monocarboaluminate due to 
dissolution of the limestone and resultant release of calcium into the pore solution (Cussino and 
Negro 1980; Negro et al. 1982; Fentiman 1985; Lamour et al. 2001). The reaction between the 
cement and aggregates in the concrete system was assumed to be analogous to that observed 
when finely ground limestone powder was included in CAC paste systems (Cussino and Negro 
1980; Negro et al. 1982; Fentiman 1985). The low level of calcium in the pore solution in the 
Limestone System indicates that the limestone aggregates were not going into solution to help 
form calcium monocarboaluminate, contradicting the assumptions of the studies mentioned 
previously. Further studies using alternative analysis techniques need to be performed, however, 
to confirm whether calcium monocarboaluminate forms in these systems containing limestone 
aggregates.  

It is important to note that comparisons between absolute elemental concentration values should 
not be made between concrete and paste systems when examining the pore solution. Only 
comparisons of trends between concrete and paste systems should be examined. This is because 
the relative amount of porosity, hydrates, and pore solution in each system will be significantly 
different, resulting in differences in concentration due to the amount of free water in each 
specimen. Additionally, there is some concern that the release of water caused by the 
conversion of hydrates from metastable hydrates to stable hydrates may result in significantly 



reduced concentrations after conversion (Gaztanaga et al. 1993). This may explain the drop in 
concentration in the alkalis and aluminum in the Limestone Aggregate and CAC Paste samples. 
However, similar decreases in concentration were not observed in the Siliceous System for the 
aluminum and alkali concentrations, indicating that this may not actually have a significant 
effect. A further examination of the amount of pore solution that is released during conversion 
for each system, and the effect on concentrations should be done to clarify this possible source 
of error.  

3.2 Leaching Study  
An additional study was done to understand the amount of leaching that occurred in the systems.  
Specifically to determine if the significant drop in concentration of the aluminum, potassium, 
and sodium from day 1 (unconverted) to day 3 (converted) in the Limestone System and CAC 
Paste was caused by leaching of these elements into the water bath in which they were stored. 
In order to examine this concrete cylinders from the Limestone System were soaked in water 
at 50⁰C, and then concentrations of potassium, sodium, aluminum, silicon, and calcium, as well 
as pH of the soak water were monitored over time.  

Plastic cylinders measuring 150 mm in diameter and 300 mm in height were filled with 3000 
cm3

 of tap water and placed in a heated oven at 50⁰C. Cylinders made from the Limestone 
System mixture were submerged in the water after 24 hours of curing at ambient laboratory 
temperatures (similar to the curing regime described above). The volume of water used kept 
the cylinders submerged with a 25 mm depth of water over the concrete cylinder, as well as 25 
mm of water surrounding the cylinder’s circumference. The cylinders were capped and 
wrapped in plastic paraffin film to prevent moisture loss to the environment. Samples were 
taken from the water prior to submersion of the concrete cylinders, as well as at 3, 7, 14, and 
28 days after the concrete was cast. These samples were then analyzed in the same method as 
those above through the use of the ICP-OES and pH meter. Three specimens were maintained 
and the results were averaged and are presented in Table 4.  

Table 4: Elemental concentration and pH evolution of concrete cylinder curing water over time 

 

These results indicate that very little leaching occurred in these systems. As with the concrete 
and paste systems, silicon concentrations were below detection limits. Potassium, aluminum, 
and calcium concentrations increased after submersion of the samples in the water, indicating 
that there was some leaching initially, however the increase in concentration was very low (~ 
150 ppm) for each element. While some leaching may have occurred in these systems, it would 
not have been significant enough to explain the total decrease in concentration observed in the 
Limestone System and CAC Paste system pore solutions. Therefore the decrease in aluminum, 
potassium, and sodium concentrations observed in the Limestone System and CAC Paste were 
most likely due to the precipitation of hydrates from solution. The small amount of leaching 
that did occur in this system, did result in a significant increase in pH, however, after the 
concrete cylinders were submerged in the water.  



4. Conclusions 
The study presented in this paper examined the pore solution chemistry in CAC concrete and 
paste systems. This work has shown that the pore solution chemistry evolution during the 
conversion of CAC concrete can be significantly affected by the mineralogy of the aggregates 
used in the system. The pH of the Limestone System was significantly higher than that of the 
Siliceous System at all ages. The concentrations of aluminum, potassium, and sodium were low 
(around 320 ppm Na, 120 ppm K, and 200 ppm Al) and stayed relatively constant before and 
after conversion in the Siliceous System, whereas a significant decrease in the concentration of 
these elements was observed in the Limestone System (1900 ppm to 1000 ppm Na, 6000 ppm 
to 3500 ppm K, and 4500 to 1800 ppm Al). Concentration trends in the CAC Paste system were 
similar to those observed in the Limestone System.  

These results indicated that the addition of siliceous aggregates into a hydrating CAC system 
significantly reduce the overall pH and activity of the system. The reason for this drop in pH is 
still not well understood and further work needs to be completed to better understand these 
results. The drop in pH may have caused a reduction in the dissolution of cement grains prior 
to conversion. Subsequently, less material is available to precipitate out of solution during 
conversion. This may have been the cause for the significantly lower strengths in CAC concrete 
made with siliceous aggregates compared to limestone aggregates observed by previous studies. 
Further work needs to be completed to understand the phases present in each of these systems, 
overall porosity differences, as well as the rate at which they form during hydration and 
conversion.  
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Abstract 
This paper reports on a comparative study of the mechanical performance at high temperatures of a commercial 
Portland cement (CEM I 42.5 (OPC)), a hybrid cement (CEM HYC = 30% clinker + 32.5 % BFS + 32.5 % FA 
+ 5 % alkaline activator) and a geopolymer (fly ash-activated with waterglass solution). Two types of 
mechanical tests were conducted on samples made of each of these three cementitious systems: i) high-
temperature mechanical tests to determine mechanical strength and ii) post-thermal treatment tests to evaluate 
residual strength after two hours of exposure to temperatures ranging from 400 °C to 1000 °C. Differential 
thermo-gravimetric (DTA)/TG, X-ray diffraction and Hg porosimetry were applied to track the mineralogical 
and microstructural variations taking place in the materials. The results of these tests were correlated to the 
observed mechanical behaviour. The results from the three binders have provided new ideas about the 
relationship between the elemental composition of materials and high-temperature performance. This 
relationship will be an important factor to take into account when determining the high-temperature 
performance of future cements and concretes.  
 
Originality  
The high-temperature strength of cementitious materials is a key factor of safety in fire events. This paper 
presents the physical and chemical changes taking place during and after exposure to high temperatures in 
different types of cement materials (OPC, hybrid cement and geopolymer) and the factors playing the most 
important roles in the changes brought about by temperature.  
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1. Introduction 

Ordinary Portland cement (OPC) is the most widely used hydraulic binder in the world. The main 
product of hydrating OPC is a calcium silicate hydrate gel (C-S-H, having a linear structure), which is 
the main reason for the fine mechanical properties of OPC; the secondary products are portlandite and 
AFt phases (Taylor., 1997. And Lea´s.,1998). Other types of cement exist that are more ecological 
than OPC, because they release less CO2 into the atmosphere: belite cements, sulfobelite cements, 
alkali cements and hybrid cements (Shi et al 2011, Palomo et al. 2014). In alkali cements and hybrid 
cements, a liquid or solid alkaline activator is needed to stimulate the hydration reactions. 

Alkali cements (geopolymers) are obtained through the alkali activation of natural aluminosilicates or 
industrial by-products (metakaolin, fly ash). The main product of the reaction, the reason for the 
mechanical properties of alkali cements, is a hydrate alkaline aluminosilicate gel (N-A-S-H gel) 
having a three-dimensional structure, and the secondary products are zeolites (Palomo et al. 2004, 
Fernández-Jimenez et al. 2006, Duxson et al. 2007). 

Hybrid cements are a blend of traditional Portland cements and alkali cements. They have a low 
clinker content (20-30 %) and a high content of supplementary cementitious materials. To yield good 
initial mechanical strength in hybrid cements, an alkaline activator (normally a solid) is employed; 
thus, hybrid cement, like OPC, can be hydrated with water. In this case, the main product of the 
reaction is a complex mixture of (C,N)-A-S-H or N-(C)-A-S-H gels that eventually evolve into a more 
thermodynamically stable C-A-S-H gel (A. Palomo et al. 2007, I. Garcia-Lodeiro et al. 2011, 2013). 

Although chemically all three types (OPC, alkali cement and hybrid cement) are made up of basically 
the same CaO-SiO2-Al2O3 oxides plus iron and alkalis, the proportions of these components differ, as 
do the composition and structure of the cement gels formed in each case and the type of secondary 
reaction products found. The presence of a high CaO and alkali content is well known to tend to 
reduce the strength of cement at high temperatures, while the oxides SiO2 and Al2O3 favour cement 
strength. In this paper, a comparative study of the behaviour of these three types of cement at high 
temperatures demonstrates these facts. 

To determine the high-temperature behaviour of these cements and ascertain its correlation with initial 
cement composition and the hydrated phases, a study was conducted to explore how the mechanical 
properties of cement vary under the effect of temperature, both in situ and after heat treatment. The 
study also applied XRD to examine mineralogical modifications and studied weight variations 
(through TG) and microstructural changes (through Hg porosity). Cement behaviour at high 
temperatures is a key factor in fire safety. The results report data of interest for designers of future 
eco-cements. Experience of catastrophic fires in important or potentially dangerous buildings all 
around the world has shown a vital need for research into new fire-resistant materials to be applied in 
the highly responsible construction of tunnels, underground structures, skyscrapers and other strategic 
objects. 

2. Experimental procedure 

The cement types used in this project were an OPC (CEM I/N 42.5), an industrially manufactured 
hybrid cement (HYC = 30 % clinker + 32.5 % BFS +32.5 % FA +5 % alkaline activator (private 
information)) and a fly ash-based alkali cement. The chemical composition of all three materials is 
shown in Table 1. 
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Table 1. Chemical Composition of the Raw Materials (% by Mass) 

1LOI: loss on ignition   
2HYC:  The solid alkaline activator is included in  the dry-mix powder  
 

The OPC and HYC are hydrated with water and cured at ambient temperature, while the fly ash-based 
alkali cement is hydrated with a solution containing 75 % 8M NaOH + 25 % waterglass and is cured 
at 85 ºC. The liquid/cement (L/S) ratios and the curing conditions are specified in greater detail in 
Table 2. Prismatic specimens of the pastes were prepared. Specimen geometry varied according to the 
type of test to be performed (see Table 3). The finished specimens were kept in the curing chamber 
until 28 days old. At that age a series of four specimens per cement type and geometry type were 
tested to provide benchmarks. The rest of the specimens were used to conduct the high-temperature 
tests. 

Table 2. Characteristics of the Materials Studied 
 

Name Activator L/S Ratio Curing Condition 
 

OPC 
 

No 
 

0.3 H2O 
24 h in the curing chamber (25 °C, 98 % HR), then 
demoulded and stored in the curing chamber for 28 days 
 

HYC Yes (solid) 0.3 H2O 24 h in the curing chamber (25 °C, 98 % HR), then 
demoulded and stored in the curing chamber for 28 days 
 

FAW Yes (liquid) 0.4 solution 24 h in an individual sealed plastic bag placed in an oven 
(85 °C, 𝐻𝐻𝑅𝑅 > 90 % ), then demoulded and stored in the 
curing chamber for 28 days [16,26] 

 
To determine the high-temperature behaviour of the cements, two types of tests were administered. In 
Trial 1, in-situ tests were applied to find compressive strength (4×4×14-mm specimens) and bending 
strength (4×14×50-mm specimens) in an Instron 3369 (U.K.) inside an Entech (Sweden) furnace. The 
specimens were heated at a rate of 5 °C/minute up to 200 °C to prevent the appearance of thermal 
gradients that might cause premature failure. Once the target temperature was attained, each specimen 
was stabilized for 15 minutes before the test was conducted. Three-point bending tests were 
conducted with supports spaced at 40-mm intervals, in application of the Bernoulli theorem. In all 
cases, the preload was 5 N  (Fernández-Jiménez et al. 2008). In Trial 2, to test residual strength, the 
10×10×60-mm specimens were heat treated at different temperatures (see Table 3) for two hours, 
after which they were allowed to air cool and their residual bending and compressive strength was 
tested using an Ibertest Autotest-200&10-SW hydraulic machine (Madrid, Spain). The pore size 
distribution of pastes at 28 days and before the heat treatment at 600, 800 and 1000 ºC was 
determined by mercury porosimetry. 
 
 

 
CaO SiO2 Al2O3 Fe2O3 MnO/Mn2O3 MgO SO3 Na2O K2O TiO2 Other 1LOI 

OPC 62.5 19.5 5.60 2.31 0.05 0.77 3.33 0.05 1.03 0.24 1.41 3.09 
2HYC 39.7 32.5 12.2 3.83 0.80 0.94 3.12 1.04 0.78 0.5 1.90 2.32 

FA 4.39 51.5 27.5 7.23 
 

1.86 0.15 0.70 3.46 
  

1.89 
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Table 3. Mechanical Characterizations 

Trial  Specimen Details  Target Temperature 

High-temperature 
Strength Tests 

(Trial 1) 

Compressive Strength (σC) 

 

4×4×14 mm 25, 400, 600, 800, 1000 °C 

Bending strength (σR) 
 

4×14×50 mm 25, 400, 600 °C 

Post-thermal 
Mechanical Test 
(Trial 2) 

Residual strength after 
exposure to high 
temperatures 

 

10×10×60 mm 25, 400, 600, 800, 1000 °C 

 

At 28 days, prior to the high-temperature tests, the pastes were characterized by XRD and TG/DTA. 
After the heat treatment at 800 and 1000 °C, the pastes were also characterized by XRD to determine 
the mineralogical changes caused by temperature. The XRDs of powdered samples were obtained 
with a Philip diffractometer, using C: 0.5 s; step size: 0.02 °. Differential thermal and thermo-
gravimetric (DTA/TG) analysis was conducted with an STA 409 analyzer (in an oxidizing atmosphere 
(air)); the heating rate was 10 °C, and the range analyzed was from 25 to 1000 °C, uKα1,2(1730) 
radiation. The settings were: variable 6-mm divergence slit; 2 theta: 5-60 °.  
 
3. Results and discussion  

Figure 1 shows the diffractograms of the three hydrated cements after 28 days (benchmark) and the 
materials after heat treatment at 800 °C and 1000 °C. The 28-day OPC diffractogram shows the 
anhydrous clinker phases plus the presence of the typical hydration phases, the halo associated with 
the formation of the C-S-H gel, portlandite and ettringite. At 800 and 1000 °C, these phases vanish. 
They break down giving rise to CaO and larnite (at 1000 °C). The 28-day HYC (Figure 1 (b)) displays, 
together with the inert fly ash phases (quartz and mullite), a halo between 25 and 35 °C associated 
with the formation of a mixture of gels (N,C-A-S-H and C-A-S-H) (A. Palomo et al 2007, I. Garcia-
Lodeiro et al. 2011, 2013).; its crystalline phases are ettringite and portlandite. Nevertheless, the 
signal intensity in HYC is clearly lower than it is in OPC. As a consequence of the heat treatment, 
said phases break down and new phases are formed: at 800 °C, α´-C2S and gehlenite (Ca2Al2SiO7,), 
and at 1000 °C, rankinite, gehlenite, wollastonite and pseudowollastonite. The higher aluminium 
content of HYC helps stabilize the gehlenite-type phase, and thus larnite is not formed (as it would be 
in OPC). The 28-day fly ash-based alkali cement diffractogram does not display new crystalline 
phases (only mullite and quartz from the original ash) together with the halo associated with the 
formation of N-A-S-H gel. As a consequence of heat treatment, at 800 °C the formation of nepheline 
(NaAlSiO4,) is observed. The intensity of these peaks increases considerably at 1000 °C, where the 
presence of disordered albite (Na(Si3Al)O8) is also detected. The presence of alkalis and a high 
aluminium content makes these feldspathoid-like phases stabilize. 
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Figure 1. XRD pattern for (a) OPC, (b) HYC and (c) 
FAW after heating to 25 °C and later heating to 
800 °C and 1000 °C.  

Legend: A, Alite, 031-0301; An, Anhydrite, CaSO4, 037-
1496; C, Calcite, CaCO3, 081-2027; E, Ettringite, 041-
14513 CaO. Al2O3.3CaSO4. 32H2O; G, Gehlenite, 
Ca2Al2SiO7, 035-0755; L, Larnite, Ca2SiO4, 033-0302; M, 
Mullite, Al4.4Si1.2O9.6, 084-1205; N, Nepheline, NaAlSiO4, 
035-0424; P, Portlandite, Ca(OH)2, 044-1481; Q, Quartz, 
SiO2, 046-1045; R, Rankinite, Ca3Si2O7, 022-0539; 
W,Wollastonite-2M, CaSiO3, 075-1396; a, Disordered 
Albite, Na(Si3Al)O8, 010-0393; α´, Calcium silicate, 
alpha´-Ca2SiO4,036-0642; h, Hematite, Fe2O3, 033-0664; 
l, Lime, CaO, 037-1497; m, Maghemite, Fe2O3, 033-
0664/039-1346/076-0956; w, Pseudowollastonite, 
Ca3(Si3O9), 074-0874. 

 

Figure 2 shows the results of characterizing the 28-day-old hydrated pastes by DTA/TG. In all three 
cements a series of endothermal peaks appears between 50 and 150 °C. These peaks are partly 
associated with the loss of water (moisture), although they are mainly associated with the loss of 
water making up the hydrated phases. In OPC, the water losses of the gel (C-S-H) and the ettringite 
(3CaO. Al2O3.3CaSO4. 32H2O) give rise to peaks that overlap between 100 and 150 °C. These peaks 
give rise to weight losses of roughly 11 % (see Figure 2(b)). HYC displays similar but less intense 
peaks, with weight losses on the order of 9.01 %. This may be due to the formation of a smaller 
quantity of reaction products (which in the case of ettringite is true) or the fact that the water content 
in the gels formed in hybrid cements is lower. FAW alkali cement displays an even lower signal with 
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a clearly inferior weight loss (6.74 %). The interpretations are similar to those applied to the case 
above: a lower degree of reaction or formation of gels whose water content is lower. 

While it is true that the quantity of water present in C-A-S-H and N-A-S-H gels has not yet been 
quantified, based on the fact that the structure of C-A-S-H gels is two dimensional and that of 
N-A-S-H gels is three dimensional, it logically follows that when the number of bonds increases in the 
gels (polymerization by condensation), the water content of the gels declines. Therefore, the authors 
of this paper believe that these water loss reductions are due to some extent to the lower degree of 
reaction of the cement but primarily to the lower water content of the more highly polymerized gels. 

As the temperature continues rising, another endothermal peak appears at 430 to 450 °C (OPC and 
HYC). This peak is associated with the breakdown of the portlandite (Taylor., 1997, Villain  et al 
2007) (detected by XRD). This signal is much more intense in OPC than in HYC. The endothermal 
peaks at temperatures of around 650 °C, which appear in OPC and HYC, are associated with the 
release of CO2 from the calcium carbonates. This decarbonation was similar in both materials. 

The FAW cement presents none of the signals discussed above. It displays only an endothermal 
shoulder centred at 594 °C with very minor mass variations. This indicates that transformation 
reactions may be taking place (possibly amorphization followed by recrystallization) at this 
temperature (T.Bakharev. et al 2006; Fernández-Jiménez et al 2008, 2010). 

 

 
Figure. 2. (a) DTA and (b) TG curves for the three cement samples 

 

High-temperature strength trial: Figure 3 shows the variations in in-situ strength of the cements 
according to temperature. At ambient temperature, OPC displays the best mechanical strength under 
compressive stress, while HYC displays the best mechanical strength under flexural stress. When the 
temperature rises to 400 °C, the strength of OPC declines, the strength of HYC remains steady, while 
the strength of FAW increases slightly. From 400 °C - up, compressive strength falls drastically in all 
three cements.  
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Figure. 3. Mechanical strength, Trial 1. High-temperature test of (a) compressive strength and (b) 
bending strength 

Figure 4 shows the residual strength values after two hours of exposure to 400, 600, 800 and 1000 °C 
followed by sudden air cooling. The OPC and HYC cements display similar behaviour. Their 
resistance to flexural and compressive stress decline after exposure to temperature. The FAW alkali 
cement also loses resistance to flexural stress, yet its compressive strength increases. This process is 
associated with partial sintering followed by a recrystallization process that affects the material’s 
dimensional stability. That is why, once cooled, the compressive strength of the cement increases, but 
its bending strength does not. 

 

 

 

 

 

 

 

 

Figure. 4. Relative residual mechanical strength after two hours at high temperature: (a) compressive 
strength and (b) bending strength 

Figure 5 shows how cement porosity changes after exposure to high temperatures. OPC and HYC 
present a lower initial porosity that increases in linear fashion as the temperature rises from ambient 
temperature to 800 °C. However, between 800 °C and 1000 °C, porosity remains steady or even 
declines. Contrariwise, FAW alkali cement presents a higher initial porosity that hardly increases at 
all with exposure to temperature and declines considerably between 800 °C and 1000 °C. 
Temperature also affects the distribution of pore size, as shown in Figure 6. In all three cements, 
temperature makes pore size increase. This effect is much more significant in OPC than in the other 
two cement types. 

(a) (b) 

(a) (b) 
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OPC cement, as seen by TG, presents a higher water content (Figure 2). With rising temperature, this 
water evaporates and has to find its way out. This generates strong pressure inside the matrix, making 
porosity and pore size increase (Figures 5 and 6). These processes, plus the breakdown reactions of 
the portlandite (more water) and carbonates give rise to the drastic reduction of mechanical strength 
both in situ and after thermal treatment. 

Although HYC also loses water, it presents a slightly more stable behaviour than OPC, possibly 
because its reaction products have a lower water and Ca content and a higher aluminium content than 
OPC (Figure 1). At between 800 and 1000 °C, HYC recrystallizes in the gehlenite phases, which help 
to stabilize the material. At between 25 and 400 °C, FAW cement loses 6.7% of its weight through 
water loss, yet its porosity is not seriously changed (Figure 5), and its strength increases instead of 
declining. This suggests that in N-A-S-H gels the water is zeolitic and can be lost without seriously 
affecting the structural stability of the material. At higher temperatures what happens is that, due to 
the presence of a higher alkali content, a partial sinterization process takes place that makes 
nepheline- and albite-type phases form. The solidification of these phases explains the reduction in 
porosity between 800 and 1000 °C. Although the pores formed are larger, their number is clearly 
lower than in the other cements. That is the reason why this cement presents good residual 
compressive strength at high temperatures.  

 

Figure. 5. Variation in porosity of the materials  

 

Figure. 6. Variation in pore size distribution with temperature in (a) OPC, (b) HYC and (c) FAW 
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4. Conclusion  

The main conclusions that may be drawn from this work are: 

• -Cements based on Portland cement present a drastic drop in mechanical strength as of a point 
between 400 °C and 600 °C, due to water loss in the C-S-H gel and the breakdown of the gel. 
This process is observed in both types of tests, in both Trial 1 and Trial 2. In other words, 
once the material has cooled, it does not recover even a small extent of its initial mechanical 
strength. The temperature causes the formation of larnite, which could be rehydrated in 
contact with water.  

• -Fly ash-based alkali cements maintain and even increase their mechanical strength up to 
600 °C. Their high alkali content favours the formation of a molten phase at temperatures of 
around 600 to 700 °C. The solidification of this phase gives rise to the formation of 
nepheline-type crystalline phases that improve mechanical strength under compressive stress 
after cooling but do not improve mechanical strength under flexural stress, due to dimensional 
stability problems. 

• -Hybrid cements, HYC, present a behaviour that is somewhere between that of OPC and that 
of fly ash-based alkali cement. Although hybrid cements lose strength at lower temperatures 
than do alkali cements, at high temperatures they outperform Portland cement. Their superior 
behaviour is associated with the fact that hybrid cements have a lower calcium content and 
therefore give rise to gehlenite- and rankinite-type phases, which are poorly hydraulic. 
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Abstract 
Based on the background that large amount of nickel slag are stacked in China, the utilization of nickel slag to prepare 
autoclaved aerated concrete (AAC) was researched. Calcium silicate hydrate is synthesized from nickel slag by adding 
cement, lime, fly ash(FA) and gypsum by hydrothermal method at 185℃. The products mainly consist of disordered 
calcium silicate hydrate, but more crystallized phase such as tobermorite forms for the presence of inorganic 
admixtures. The alkali cations and SO4

2- anions are effective accelerators and the superplasticizer 
triethanolamine-oleate is conducive the formation of uniform distribution of small and independent pore structure. The 
AAC samples were prepared on a laboratory scale with nickel slag dosage range 18%-30% when the compressive 
strength can be 3.9 MPa-5.7MPa. Compared with the traditional AAC, fly ash or sand was partly substituted by nickel 
slag in order to develop a potential technique of environment protection during the recycling of solid waste and the 
AAC production process. The samples of different curing stage were examined by XRD as well as SEM analyses. 
Results show that the main minerals in the AAC product are tobermorite, anhydrite, protoenstatite, dolomite, albite and 
augite, with small amount of other minerals brought in by the nickel slag. It was also suggested that most minerals in 
the nickel slag participated in the hydration reaction during the procuring process, and the chemical elements in them 
got into the structure of platy tobermorite in the subsequent autoclaving process. 
 
Originality 
Nickel slag, by-product of the nickel metallurgy, become a new kind of solid waste of Chinese metallurgy industry. It is 
glad that the nickel tailings are rich in siliceous, magnesium and calcium minerals such as augite, which meets the raw 
materials requirement of autoclaved aerated concrete to some extent. In fact, autoclaved aerated concrete synthesized 
from nickel slag and fly ash has been prepared successfully. The AAC samples which prepared on a laboratory scale 
shows good mechanical properties. Compared with the conventional nickel slag treatment method, it is the first time to 
use nickel slag to prepare aerated concrete which can improve the slag consumption and avoid secondary pollution. So 
the utilization of nickel slag as starting materials for aerated concrete is first originality. It is well known that nickel 
slag is low activity and not eazy to participate in the hydration reaction. Experiments shows that the alkali cations and 
SO4

2- anions are effective accelerators. So the inorganic admixtures used to promote the dissolution of calcareous is the 
second originality.  
Due to the unstable quality and low activity of nickel slag, when prepare the aerated block, the slurry is easy to make 
partial reunite and segregation that makes non-uniform pore structure. With the addition of triethanolamine oleate in 
the solidified specimens, the pore distributions are almost uniform, tiny and independent. So using triethanolamine 
oleate as superplasticizer to prepare AAC is the third originality. 
 
Key words: aerated concrete; nickel slag; the utilization of solid waste; tobermorite 
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1. Introduction 
Nickel slag in China has been largely piled up through the history of nickel production (Tao Yang et al., 
2014). Now more than 10 million tons of nickel slag is estimated to discharge in China, posing a severe 
threat to the environmental condition. Nickel slag (NS) is one type of metallic tailings to be most 
difficultly reused in the traditional building materials, due to its nature of low reaction activity and 
high MgO content. It has been reported that nickel slag can be used to extract the iron (Fe) and prepare 
pyroceram with good quality (Izet Ibrahimi et al., 2010, Wang Zhong-jie et al., 2010, Zhao Feng-qing et al., 
2006). But the secondary pollution and low consumption of nickel slag restrict the broad 
commercialization of such methods. 
Autoclaved aerated concrete (AAC) is a lightweight and highly porous wall material with excellent 
insulation ability (Narayanan N et al., 2000, Karakurt Cenk et al., 2010). According to Chinese national 
standard, AAC is the only one type of wall materials owning the ability to meet 50% of the building 
energy saving request without adding other affiliated thermal insulation materials (Tao Hong-sen, 2004). 
The background that Chinese government is promoting building energy saving and carbon emission 
reduction gives autoclaved aerated concrete a broad application prospect. The commercial AAC is 
usually produced with cement and lime as calcareous materials, and with quartz sand or fly ash as the 
siliceous materials. To extend the range of raw materials and lower the production costs, several 
researchers have investigated the possibility of replacing the traditional raw materials of AAC by 
industrial waste, such as air-cooled slag (Mostafa NY, 2005), coal bottom ash(Kurama H et al., 2009), 
efflorescence sand and phosphorus slag(Ma Bao-guo et al., 1999), lead–zinc tailings (Li Fang-xian et al., 
2008) and iron ore tailings (Wang Yan et al., 2000). These studies mainly focused on exploring suitable 
alternative siliceous materials, and few researches involved the investigation into calcareous materials. 
In this study, nickel slag (NS) were used as mainly raw materials to prepare AAC. Because the high 
MgO content in NS, NS was used to part to replace lime as calcareous material. Besides, SiO2 in the 
NS was considered as partly alternative siliceous resource to reduce the consumption of quartz sand or 
fly ash. Because of the low activity of the nickel slag, inorganic admixtures were used to promote the 
dissolution of calcareous and siliceous compounds and their effects on the formation of calcium 
silicate hydrate as well as its degree of crystallization were examined by XRD and SEM. The object of 
the present work is to investigate the micro structural properties and phase compositions of the AAC 
prepared by NS, and to make primary understanding of reaction mechanism during the process of 
precuring and autoclaving, especially the behavior of NS in the hydrothermal reaction. 
2. Experiments 
2.1. Raw Materials 
The AAC samples were prepared by the following raw materials: cement, lime, nickel slag (NS), fly 
ash (FA) and natural gypsum. They were all ground in a SMΦ500 × 500 type ball mill. The results of 
chemical analyses and specific surface area tests of the raw materials are listed in Table 1. The specific 
surface area of NS is 658.8 m2·kg-1, FA is 667.6 m2·kg-1, cement is 378.4 m2·kg-1 and natural gypsum 
is 406.2 m2·kg-1. XRD of the NS sample shows that the main minerals are augite, dolomite, enstatite, 
proto-enstatite and enstatite calcian, accompanied by minor phases including clinochrysotile, albite, 
calcite and diopside (Figure 1), in accordance with the chemical analysis result that most of the 
minerals included are rich in CaO and MgO. The XRD analysis of natural gypsum sample shows that 
the main mineral in it is CaSO4·2H2O and no other crystalline phases were identified. Aluminum 



powder was used as a gas producing agent for the slurry foaming, and triethanolamine-oleate was used 
as superplasticizer. Different kinds of inorganic admixtures such as K2SO4 and Al(OH)3 in analytically 
pure were required to accelerate the formation of calcium silicate hydrates and tobermorite structures. 

Tab. 1 Chemical compositions and specific surface area of raw materials 
Oxide composition (wt%) NS FA cement 
SiO2 54.53 56.25 21.58 
Fe2O3 6.37 4.02 4.51 
CaO 10.75 5.63 64.19 
Al2O3 4.43 26.63 5.76 
MgO 21.9 1.25 1.36 
K2O 0.22 1.62 — 
Na2O 0.16 0.55 — 
LOI 0.5 3.28 0.47 
Specific surface area (m2·kg-1) 658.8 667.6 378.4 
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 Figure 1 XRD pattern of nickel slag. 
2.2. Procedure 
Firstly, the prepared powder of the raw materials and the inorganic admixtures were thoroughly dry 
mixed. Then warm water (50 ± 1 ℃) was added and m        and 
superplasticizer were added and mixed with the slurry for another 40s. The obtained slurry was casted 
into preheated steel molds of 40 × 40 × 160 mm to allow it to expand and harden at the temperature of 
50 ± 1 ℃ for 12 h under a steam saturated condition. Cutting the blocks to flat after their swollen up 



surface, the samples were demolded and put into an industrial autoclave for hydrothermal reaction for 
8 h at 13.5 bars. 
2.3. Analysis 
The bulk density and compressive strength tests were conducted according to GB 11968-2008, 
“Autoclaved aerated concrete blocks” which specifies that bulk density should be determined by oven 
dry of 24 h at 60 ± 5℃, and then another 24 h at 80 ± 5℃, following by oven dry at 105 ± 5℃ until 

samples tested reached constant weight, and compressive strength tests were performed at loading rate 
of 2.0 ± 0.5 kN/s and on samples with moisture content of 8-12%. 
The X-ray diffraction (XRD) spectra of different samples were obtained with a DX-2700 
diffractometer (Dan dong, China) with copper Ka radiation at 30 mA and 50 kV. A step size of 0.04° 
was selected over a 2θ range of 5–80°. The microstructure of the samples under different curing stage 
was observed with a QUNTA-2000 VANTAGE scanning electron microscope (SEM). The fractured 
surfaces of the samples were coated with Au prior to examination.  
3. Results and Discussion 
3.1. Mechanical properties 
The result of compressive strength test of the AAC sample and its related raw materials proportions 
are given in Table 2. The dosage of inorganic admixtures was 0.06% and superplasticizer dosage was 
0.05% of the total solid mixture and aluminum powder dosage was 0.08%. The water/solid ratio was 
0.6. As preferred, at the designed proportions, the compressive strength of AAC samples could get 3.9 
MPa and the dry density of AAC was 612.8 kg·m-3, the compressive strength of sample in the absolute 
dry condition (DCS) can reach up to 4.3 MPa and its corresponding specific strength reaches as high 
as 7.1 when the NS dosage was 30%. The compressive strength could get 4.5 MPa and the dry density 
was 621.1 kg·m-3, the compressive strength in the absolute dry condition (DCS) can reach up to 5.1 
MPa and its corresponding specific strength reaches as high as 8.2 when the NS dosage was 36% and 
the compressive strength could get 5.7 MPa and the dry density was 612.8 kg·m-3, the compressive 
strength in the absolute dry condition (DCS) can reach up to 6.2 MPa and its corresponding specific 
strength reaches as high as 10.1 when the NS dosage was 42%.  

Tab. 2 Material proportions and mechanical properties of AAC sample. 
Mixture composition of AAC (wt%) Dry density 

(kg·m-3) 
Compressive 
strength (MPa) 

DCS 
(MPa) 

Specific 
strength NS FA Lime Cement Gypsum 

30 30 24 14 2 612.8 3.9 4.3 7.1 
24 36 24 14 2 621.1 4.5 5.1 8.2 
18 42 24 14 2 617.3 5.7 6.2 10.1 

3.2. Pore structure properties 
The pore morphology of solidified specimens with and without the superplasticizer 
triethanolamine-oleate was also investigated. Figure 2b shows the pore morphology with the addition 
of 0.02 mass% of triethanolamine-oleate. With the addition of triethanolamine-oleate, the pore 
morphology has changed obviously, while the other specimens almost unchanged. Due to the unstable 
quality and low activity of nickel slag, when prepare the aerated block, the slurry is easy to make 
partial reunite and segregation that makes non-uniform pore structure. As shown in Figure 2a, the pore 
distribution is not uniform; it has macro-porous and interlocking pores. This pore structure is not 
conducive to the formation of high-strength lightweight aerated concrete. In contrast, with the addition 
of triethanolamine-oleate in the solidified specimens (Figure 2b), the pore distributions are almost 



uniform, tiny and independent.  

 
(a) AAC sample without superplasticizer 

 

(b) AAC sample with superplasticizer 
Figure 2 Pore structure of AAC sample. 

3.3. XRD analyses 
XRD analyses were performed to investigate the phase changes in the AAC samples during the 
process of precuring and autoclaving. The XRD patterns of the dry mixture (DM) of raw materials, 
hardened aerated concrete (HAC) sample precured under the saturated steam curing for 12 h after 
being mixed with warm water and the final AAC sample are shown in Figure 3. As indicated in DM’s 
spectrum, most minerals in NS are identified, except clinoenstatite and diopside. The non-detection of 
these two minerals is likely due to the fact that the overall amount of those minerals originally 
comprising small amount in NS are in more minor quantities after addition into the dry mixture with 
only 30% in weight, so that the XRD is not sensitive enough to allow detection at such low level. 
Gypsum and alite from the raw materials of cement, natural gypsum and lime, respectively, were 
detected as expected. A diffused band existing between 22° and 38° of 2θ was caused by the 
incorporation of FA. 
It can be seen from HAC’s spectrum, after being precured around 50℃ for 12 h, the diffraction peaks 
of alite and gypsum disappeared. The AFt, a new phase, was formed. The broad band at around 17-38° 
of HAC and AAC indicated the existence of C-S-H gels. The appearance of AFt and C-S-H gels and 
the disappearing of alite and gypsum were the results of the hydration reaction between gypsum, 
cement, lime, NS and FA. The intensity reduction of enstatite and lime’s characteristic peaks indicated 
that the raw material particles participated in the pozzolanic reaction. Comparing spectra of DM and 
HAC, the peaks of dolomite, enstatite, augite and proto-enstatite decreased significantly. That means 
these crystalline minerals in NS, which were inert at room temperature, participated in the hydration 
reaction forming C-S-H gel and AFt during the procuring process. 
From spectrum of AAC, it can be seen that the major minerals in the final AAC products are 
tobermorite, anhydrite, and some residual minerals including protoenstatite, dolomite, albite and 
augite, accompanied by clinoenstatite, diopside, clinochrysotile and albite in minor quantities. The 
changes in peak intensity of minerals from DM，HAC and AAC were clearly detected. That is to say 
the minerals in NS were evidently involved into the hydrothermal reaction during the 8h autoclaving 



process. The reason why the half width of tobermorite peaks was broad was that the structure of 
tobermorite crystals would be complicated by the incorporation of Mg2+, Al3+ and other minor 
composition from FA. During the precuring treatment, most minerals from NS and FA participated in 
the hydration reaction forming AFt and C-S-H gel, and through autoclaving process, the hydration 
products of C-S-H gel and AFt were converted to tobermorite and anhydrite. The chemical elements 
that decomposed from NS or FA were absorbed into the tobermorite crystals through the transfer of 
AFt and C-S-H gel. The presence of those elements in tobermorite leaded to numerous tobermorite 
crystals with different lattice parameters and broad half width of the tobermorite peaks in XRD 
patterns. 
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Figure 3 XRD patterns of DM, HAC and AAC samples. 

3.4. SEM analyses 
The surface microstructure of HAC sample (Figure 4) shows that, except for AFt and C-S-H gel, there 
was no other crystalline hydration products formed, which was in good accordance with the XRD 
results in Section 3.3. 



 
Figure 4 SEM of hardened aerated concrete sample. 

The SEM images of the AAC sample are shown in Figure 5. Because of the relatively low water/solid 
ratio, the micro-morphology of sectional view between artificial pores was dense, which can be seen 
from Figure 5a. The dense structure had good contribution to high compressive strength of the AAC 
samples. The surface microstructure of one artificial pore was presented in Figure 5b. Long-strip 
shaped anhydrite interpenetrating with platy tobermorite crystals was observed. Combining Figure 5b 
with Figure 4, it can be seen that AFt and C-S-H gel were transformed into tobermorite and anhydrite. 
Further magnification of Figure 5b is shown in Figure 5c. It clearly shows that the platy tobermorite is 
well crystallized with a width of 1–2 μm. The platy tobermorite interfinger and overlap with each 
other forming firm skeleton and empty cavities between the plates. As a result of such microstructure, 
high compressive strength, heat preservation performance and good thermal insulation of this material 
would be guaranteed. 

 
(a) surface of sectional view 

 
(b) inner surface of one artificial pore 



 
(c) further magnification of b 

Figure 5 SEM of AAC sample (a: surface of sectional view; b: inner surface of one artificial pore; c: further 
magnification of b). 

4. Conclusions 
The results show that nickel slag can be used as substitution of quartz sand or fly ash to produce AAC 
products by providing SiO2 and CaO compositions. Using it can reduce the pollution of solid waste 
emissions on the environment, for the elimination of nickel slag. The AAC product with a dry density 
of 612.8 kg·m-3 and compressive strength of 3.9 MPa was produced by the raw material composition 
of 30% nickel slag, 30% fly ash, 14% cement, 24% quick lime and 2% gypsum, the AAC product with 
a dry density of 621.1 kg·m-3 and compressive strength of 4.5 MPa was produced by the raw material 
composition of 24% nickel slag, 36% fly ash and the AAC product with a dry density of 617.3 kg·m-3 
and compressive strength of 5.7 MPa was produced by the raw material composition of 18% nickel 
slag, 42% fly ash, the addition amount of cement, quick lime and gypsum are the same. The 
transformation of tobermorite structure from calcium silicate hydrates was more reliable for the low 
activity nickel slag in the presence of inorganic admixtures. Through the pore structure analysis, it 
could be find that the superplasticizer triethanolamine-oleate is conducive the formation of uniform 
distribution of small and independent pores. The main minerals in the AAC are platy tobermorite, 
long-strip anhydrite and other residual minerals from the nickel slag.  
Acknowledgements 
The financial help of the National Spark Program of China (No. 2013GA690231) and the Perspective Study 
Project of Jiangsu province of China (No. BY2014108-18) are gratefully acknowledged. 
References 
-Tao Yang, Xiao Yao, Zuhua Zhang, 2014. Geopolymer prepared with high-magnesium nickel slag: 
Characterization of properties and microstructure, Construction and Building Materials, 59,188-194. 
- Izet Ibrahimi，Musa Ｒizaj，Agim Ramadani, 2010．Research the possibility of transforming the ferronickel 
slag in the product with the economic and environmental importance. Environmental Application＆Science, 2, 
276-281. 
- Wang Zhong-jie, Ni Wen, Yan Jia, 2010. Crystallization behavior of glass ceramics prepared from the mixture 



of nickel slag, blast furnace slag and quartz sand，Journal of Non-Crystalline Solids, 356,1554-1558. 
- Zhao Feng-qing, Xiao Jin-yi, Liu Hong-jie, 2006. Autoclaved brick from low-silicon tailings: preparation and 
discussion. Proceedings of 3rd International Conference on Energy and Environment Materials ICEEM-3, 
China: Guangzhou, 137-140. 
- Narayanan N, Ramamurthy K, 2000. Structure and properties of aerated concrete: a review. Cement Concrete 
Composite, 22(5), 321-329. 
- Karakurt Cenk, Kurama Haldun, Ilker Bekir, 2010. Utilization of natural zeolite in aerated concrete production. 
Cement Concrete Composite, 32(1), 1-8. 
- Tao Hong-sen, 2004.Research for developing aerated concrete by using fly ash with high calcium of Gehua 
power plant in Hongshan[In Chinese], Wuhan [Dissertation]. WuHan:Wuhan University of Technology. 
- Mostafa NY, 2005. Influence of air-cooled slag on physicochemical properties of autoclaved aerated concrete. 
Cement Concrete Reseach, 35(7),1349-1357. 
- Kurama H, TopcuÍB, Karakurt C, 2009. Properties of the autoclaved aerated concrete produced from coal 
bottom ash. J Mater Process Technol., 209(2), 767-773. 
- Ma Bao-guo, Xu Zheng,1999. Study on a new kind of aerated concrete containing efflorescence 
sand-phosphorus slag-lime [In Chinese]. J Build Mater; 2(3):223-228. 
- Li Fang-xian, Chen You-zhi, Long Shi-zong, 2008. Experimental investigation on aerated concrete with 
addition of lead-zinc tailings [In Chinese]. J Southwest Jiaotong University, 43(6), 810-815. 
- Wang Yan, Yin Jie, Chen Ji-chun, Peng Chang-qi,2000. Aerocrete made with low silicon tailings of Cheng 
Chao iron ore mine. J Wuhan University Technology – Mater Science, 15(2), 58-62. 



 

Preparation and properties of the carbonated steel slag aggregates 

used for concrete 
 

Bo Pang, Zonghui Zhou*1 
Shandong Provincial Key Laboratory of Preparation and Measurement of Building Materials, 

Engineering Center of Advanced Building Materials of Ministry of Education, University of Jinan, 
Jinan 250022, China  

 
Abstract: 
A kind of carbonated steel slag aggregate (CSA) was prepared by using carbonating steel slag powders 
to find out the possibility to replace normal aggregate (NA) in concrete. The steel slag powders were 
produced with fine ground steel slag which were sieved through different size of sieve. The CSA was 
produced by granulation and carbonation in different CO2 pressure and temperature for certain 
amount of time. XRF, SEM, mercury penetration analysis and were performed to research composition 
and microstructure of CSA. The results show that the most probable pore size decreased from 8.38nm 
to 4.03nm while the pore volume was decreased from 0.2363cc/g to 0.1488cc/g after carbonation. The  
optimal case is A3,B4,C4 and D4(water 15wt.%,70oC,0.3Mpa ,4 hours) and the compressive strength 
of the CSA was increased by 124% after carbonation. The carbonated products were spindle and 
columnar shape calcium carbonate crystals from SEM image and chake ratio and expansion ratio of 
CSA is less than 5% and 2% respectively. 
Originality 
Steel Slag is the largest amount of the iron and steel industry waste material and it is difficult to be 
used as building material because of its high alkalinity and high free calcium content, while natural 
aggregate reserves are dwindling. The utilization of carbonating artificial steel slag as aggregate not 
only saves the construction costs and reduce the slag alkalinity and free calcium content, but also 
improves stability. Moreover, because of its high morphology and bulk effect, the workability of 
concrete can be far improved.  
Key terms: durability, steel slag, aggregate, carbonation. 
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1. Introduction 
The emissions of steel slag in China account for more than half of total world, but the utilization is 
only 22%, far behind other developed countries. The volume stability, grindability and packing effect 
of steel slag is poor which will limit its applications in the field of building materials.(Atkins & 
Glasser, 1992; Baláž et al., 2008; "Chapter 10: Construction materials," 1997) Besides, the heavy 
metal elements and other harmful substances in steel slag will harm the environment if not properly 
handled. 
Carbonation is an effective means of utilizing steel slag, the stability problem of steel slag can be 
solved by artificially fixing carbon dioxide which make a large number of applications of steel slag as 
aggregate in concrete possible (Kuo & Shu, 2014; Mombelli et al., 2014). And the greenhouse effect 
can be relieved by carbonation reaction absorbing large amounts of carbon dioxide. 
From the perspective of stability of concrete, the steel slag powders and pore size distribution become 
more uniform without high energy consumption. Thus, suitable carbonation process is more conducive 
to the carbonation of free calcium oxide, magnesium oxide and other unstable ingredients. The 
concrete with CSA can avoid instability caused by later volume expansion of aggregate (Chen, Zhao, 
Chen, Li, & Chen, 2011; Santos et al., 2013). 
In this paper, a kind of carbonating steel slag aggregate (CSA) was prepared by using carbonating 
steel slag powders to find out the possibility to replace normal aggregate (NA) in concrete. 
2. Experimental 
2.1. Raw Materials 
A kind of Basic Oxygen Furnace slag provided by Jinan Iron and Steel Works Company 
(ground by a lab ball mill for 30 min and then sieved through a sieve of 600 μm) was used as raw 
materials. The composition of steel slag was illustrated in Table 1. 
In order to compare the performance of normal aggregate concrete (NAC) to steel slag 
aggregate concrete (SSC) and carbonated steel slag aggregate concrete (CSC), natural coarse 
aggregate and fine aggregate were used. Crushed limestone aggregate of 2.36-18 mm in size 
was used as coarse aggregate . Natural river sands with fineness of 2.95 was used as fine 
aggregate .  

Table 1 Chemical composition of the cement and steel slag studied here. 

 
2.2. Experimental Process 
2.2. Production of carbonated steel slag aggregate 
In the first stage of the experimental program, 5% wt. fly ash and 95% wt. steel slag powder were 
mixed by V-type mixing machine for 10 min. The amount of sprayed water used during pelletization 
process has been determined as the coagulant to form spherical pellets with the motion of rolling disc, 
and in this work, 20 wt.% water was used. The formation of pellets occurred between 10 to 12 min in 
trial productions. The total pelletization time was determined as 20 min for the compaction of fresh 
pellets. The untreated CSA was produced at 30 min and then immediately dried in an oven at 70oC for 
3 hours. Additionally, parts of steel slag powder were made into bricks (1×4×9 cm3 ) by compression 
molding in a pressure of 8 MPa.  
The factors which can affect the properties of CSA include the amount of mixed water, carbonation 
time, CO2 pressure and temperature. In this study, 4 factors of carbonation were considered and an 
orthogonal experiment of 4 factors and 4 levels was carried out to find out the optimal process 
parameters for CSA. The carbonation temperature was selected among 50 oC, 60 oC, 70 oC, 80 oC,CO2 
pressure was selected among 0.2 MPa, 0.25MPa, 0.3MPa, 0.35MPa, the mix water was selected 
among 5 wt.%, 10 wt.% , 15 wt.% , 20 wt.% and carbonation time was selected among 2 h,3 h, 4 h, 
5h.  

 CaO SiO2 Al2O3 Fe2O3 MgO MnO TiO2 P2O5 V2O5 CaO 
free 

Ignition 
loss 

Steel slag 46.73% 14.77% 5.52% 18.42% 6.27% 2.76% 1.18% 1.67% 0.90% 6.52% 3.04% 



 

In the second stage, the dried CSA and the bricks were carbonated in a carbonation reactor. The 
reactor had been sealed to a certain temperature and vacuumed to a certain degree of vacuum before 
carbonation. Then CO2 was introduced into the reactor until the pressure reached a certain pressure. 
The produced CSA was sieved into fractions from 2.36 to 18 mm sizes as coarse aggregates, 
carbonized bricks were crushed and sieved into fractions from 0.3 mm to 4.75 mm sizes as fine 
aggregates after carbonation. 
Mechanical properties of CSA were as the main assessment of process parameters.Thus, index of 
crushing (which was tested according to GBT14685-2011 standard for pebbie and crushed stone for 
building) and compressive strength were carried out to invaluate the comprehensive strength of both 
corse and fine aggregate, the stability of service of corse aggregate respectively. 
The significant 4 factors and the optimal case for the carbonation process of CSA were determined by 
orthogonal experiment and range analysis.The result is shown in Table 2 and the optimal case is 
A3,B4,C4 and D4(water 15wt.%,70oC,0.3Mpa ,4 hours) 
 

Table 2 Chemical composition of the cement and steel slag studied here. 
 

 
A water 
(wt.%) B Temperature (oC) C CO2 pressure (MPa) D Time 

(hours) 
K1 78.66 177.11 195.34 154.67 
K2 278.33 145.74 137.09 184.49 
K3 309.83 212.66 171.57 140.32 
K4 213.94 222.73 197.38 259.7 
k1 15.732 35.422 39.068 30.934 
k2 55.666 29.148 27.418 36.898 
k3 61.966 42.532 34.314 28.064 
k4 42.788 44.546 39.476 51.94 

Range 52.162 15.398 12.058 23.876 
Optimal cases A3 B4 C4 D4 

 
3. Results and Discussion 
3.1. Pore structure analysis of aggregate 
Mercury intrusion porosimetry test was carried out to investigate the pore structure of aggregate after 
carbonation. The cumulative intrusion curves in function of the pore diameter are shown in Figture 1. 
According to the volume of the mercury intruded per unit mass of the sample, the internal pores less 
than 1 μm in CSA were great impacted by carbonation treatment that the aggregate was two-fold 
reduction in total volume of pores less than 0.1μm. 
 

 
Figture 1 Pore diameter vs. volume intruded of untreated CSA and CSA  



 

 
Figture 2 Pore diameter vs. pore shape factor of untreated CSA and CSA 

Carbonation reaction reduced the volume of internal pores in the aggregate, thus the shape, tortuosity 
and other properties of inside pores changed. It can be seen from Figture 2 , pore shape factor of the 
aggregate less than 1μm was significantly increased (the smaller pore shape factor is, the shape of the 
pore is closer to ball shape)after carbonation, so the water absorption rate decreased while its 
impermeability properties increased. 
3.2. Microscopy of aggregate 
The pores in untreated CSA were larger and the particles around surface were more loose, few 
hydration products and carbonated product were existed among steel slag particles. (seeing in Figture 
3)And after accelerated carbonation reaction, spindle and columnar shape crystal precipitation by 
reaction of carbon dioxide and calcium were grenarated, carbonate calcium crystals precipitated and 
overlapped each other on the interspersed of steel slag powders, filling the gap, so that the aggregate 
was more dense. (seeing in Figture 4) 

             
Figture 3 The SEM image of untreated CSA.               Figture 4 The SEM image of CSA. 
3.3.Mechanism properties of aggregate 
In order to investigate the stability and overall mechanical properties of the aggregate mechanics 
service, the mechanism properties were tested by index of cruching  and compressive strength. The 
compressive strength of aggregate was obtained by separate measurement of compressive strength of 
each aggregate under press load while the index of crushing was the results based on the weight 
percentage of crushed aggregate (400KN for 5s) under the sieve. From the mechanical properties of 
aggregate (seeing in Figture 5), the compressive strength of CSA increased by four times after 
carbonation treat, but it was lower compared with NA and SSA. The compressive strength of the CSA 
was increased by 124% and stability of mechanices service was improved after carbonation. It can be 
seen that although the comparessive strength of NA and SSA is higher, the service in strength is more 



 

unstable. This situation may be attributed to the irregular shap and unstable composition of NA and 
SSA. 

 
Figture.5. The mechanism properties of aggregate. 
 
3.5. The volume stability of aggregate 
Volume stability of steel slag has drawn great concerns that cementitious material could not undergo 
any appreciable volume change after hardening. However, the high alkalinity and high temperature 
environment would accelerate reaction of CaO and MgO in steel slag, then result in volume expansion. 
The high-temperature rapid catalytic test used in this study was autoclave expansion and immersion 
expansion test which conformed to GB/T 24175-2009 in China. Aggregate was put into an autoclave 
reactor and autoclaved at a saturated steam of 2 MPa for 3h, so the reaction of free-CaO and MgO 
would promote aggregate to chalking. In order to test the stability of fine CSA, the carbonated bricks 
were tested before crushing. The immersion expansion was tested by evaluating the volume expansion 
rate of aggregate in 80 oC water bath for 6 h.Besides, the immersion expansion was tested in 1 mol/L 
NaOH solution to facilitate the reaction of calcium and magnesium.(Zhao, Zhu, Li, Wei, & Zhou, 
2008) 

  
Figture.6. The chake ratio and expansion ratio of CSA and SSA after autoclave chake and immersion expansion 
test.  
The results shown in Figture 6 reflected that carbonation treatments significantly reduced the 
expansion ratio of the steel slag, approximately 50% of the SSA and 3% of CSA were broken or 
cracked during the experiment and the rupture points were almost in the center of the SSA, while most 
of spalling occured around the surface of CSA. Moreover, the volume stability of carbonated bricks 
was satisfactory, the chaked ratio and expansion ratio were 0% (the duplicate test came to the same 
conclusions).Expansion of aggregate in solution was different with that in cement-based, therefore, the 
volume stability of concrete was needed to be investigated. 
4. Conclusions 



 

According to the volume of the mercury intruded per unit mass of the sample, the internal pores less 
than 1 μm in CSA were great reduced by carbonation treatment that the aggregate was two-fold 
reduction in total volume of pores less than 0.1μm. The final optimal case is A3,B4,C4 and D4(water 
15wt.%,70oC,0.3Mpa ,4 hours) and the compressive strength of the CSA was increased by 124%. The 
carbonated products were calcium carbonate crystals from SEM image and the volume stability of the 
aggregate after carbonation is satisfactory. 
Acknowledgements 
This research work has been made possible thanks to financing from National Natural Science 
Foundation of China (No.51172098) and Shandong Province Science and Technology Development 
Plan (2014GSF117017). It could not have gone ahead without the materials supplied by Zonghui 
Zhou. 
References 
- Atkins, M., & Glasser, F. P. (1992). Application of portland cement-based materials to radioactive waste 
immobilization. Waste Management, 12(2–3), 105-131.  
- Baláž, P., Turianicová, E., Fabián, M., Kleiv, R. A., Briančin, J., & Obut, A. (2008). Structural changes in 
olivine (Mg, Fe)2SiO4 mechanically activated in high-energy mills. International Journal of Mineral Processing, 
88(1–2), 1-6. 
- Chapter 10: Construction materials. (1997). In L. H. H.A. van der Sleet & Q. Ph (Eds.), Studies in 
Environmental Science (Vol. Volume 70, pp. 187-208 
- Chen, H., Zhao, C., Chen, M., Li, Y., & Chen, X. (2011). CO2 uptake of modified calcium-based sorbents in a 
pressurized carbonation–calcination looping. Fuel Processing Technology, 92(5), 1144-1151. 
- Kuo, W.-T., & Shu, C.-Y. (2014). Application of high-temperature rapid catalytic technology to forecast the 
volumetric stability behavior of containing steel slag mixtures. Construction And Building Materials, 50(0), 
463-470.  
- Mombelli, D., Mapelli, C., Barella, S., Gruttadauria, A., Le Saout, G., & Garcia-Diaz, E. (2014). The efficiency 
of quartz addition on electric arc furnace (EAF) carbon steel slag stability. Journal Of Hazardous Materials, 
279(0), 586-596. 
- Santos, R. M., Van Bouwel, J., Vandevelde, E., Mertens, G., Elsen, J., & Van Gerven, T. (2013). Accelerated 
mineral carbonation of stainless steel slags for CO2 storage and waste valorization: Effect of process parameters 
on geochemical properties. International Journal of Greenhouse Gas Control, 17(0), 32-45. 
- Zhao, Q. L., Zhu, L., Li, L., Wei, M., & Zhou, M. K. (2008). Chinese steel slag for dry-mix mortar. Zkg 
International, 61(2), 77-86.  
 
 



 

Properties of Cement-based Construction Materials  

Prepared with Construction Waste and CO2 Curing   
 

Zhan Bao Jian1, Poon Chi Sun1*, Shi Cai Jun2 
 

1. Department of Civil and Environmental Engineering, 
The Hong Kong Polytechnic University, Hong Kong 

2. Department of Civil Engineering, Hunan University, Changsha, 410000, China 
 
 
Abstract 
The construction sector consumes huge quantities of raw materials and generates large amounts of 
waste. This is the very reason that researchers and engineers worldwide are exploring every possible 
means to recycle and reuse construction and demolition waste (CDW). Moreover, the production of 
cement-based construction materials contributes about 5-8% of all global anthropogenic CO2 emissions, 
and this figure will continue to increase in the coming decades as developing countries, led by China, 
will consume more and more cement and concrete to fuel the booming urbanization programme. 
 
Our previous studies have demonstrated the feasibility of incorporating industrial by-products and CDW 
in concrete products. The use of a CO2 curing technique for concrete production can also capture CO2 
generated from flue gas of industrial processes. In this study, concrete block specimens were prepared 
with a mixture of cement and recycled aggregates and subject to CO2 curing in a flow- through reactor at 
ambient conditions. The physical and mechanical properties of the CO2 cured samples were examined. 
Thermal analysis methods were used to assess the CO2 uptake and non-evaporable water contents, which 
are related to the hydration process. The results show that the CO2 uptake by the concrete blocks was in 
the range of 5.2% - 8.2% by their dry mass. There was more non-evaporable water in the CO2 cured 
sample than the reference sample. Moreover, the CO2 cured concrete blocks attained higher compressive 
strength than the reference one. 
 
Originality 
In order to promote sustainable development of the construction industry, there is an urgent need to 
explore different options for reducing carbon dioxide emissions from cement production, recycling solid 
wastes from construction and demolition activities. This paper presents an innovative way for the 
production of concrete blocks, which can not only reuse the concrete waste for new construction 
materials but also capture CO2 from flue gas permanently.  
 
Keywords: construction materials; construction waste; CO2 sequestration; strength; hydration. 
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1. Introduction 

For the last few decades, the Hong Kong government has promulgated a series of policies to 
encourage waste reduction, recycling and reuse in order to relieve the pressure from the 
imminent exhaustion of available landfilling space (EPD, 2010). In view of this, recycling of 
construction and demolition waste, which accounted for about 3300 tons of waste disposed of 
each day at landfills in 2012 in Hong Kong, has drawn great practical and research interests. 
The Hong Kong Polytechnic University has undertaken a significant research programme to 
explore practical ways for recycling construction and demolition waste in new concrete 
products (Poon C.S., et al, 2006; Kou S., et al, 2008; Poon C.S., et al, 2009; Kou S., et al, 2012a, 
2012b). However, it has been widely reported that inclusion of recycled aggregate inevitably 
leads to degradation of mechanical and durability performance of the new concrete products to 
some extent (Tu T., et al, 2006; Poon C.S., et al, 2007; Tabsh S., et al, 2009; Kou S., et al, 2009; 
Kou S., et al, 2011), due to the weak and old cement mortar adhered to the recycled aggregates. 
Only when the weak mortar layer was removed or strengthened by some additional means, 
the performance of recycled aggregate concretes could be comparable to natural aggregate 
concretes (Ryu J.S., 2002; Li J., et al, 2009). 
Atmospheric carbonation, which is a well-known chemical process of between cement 
hydration products with atmospheric carbon dioxide, has been found to be able to improve the 
mechanical properties (Jerga J., 2004) and reduce the subsequent drying shrinkage (Bertos F., 
2004) of concrete products. Furthermore, it was demonstrated that, if the carbonation 
reactions happen at very early stage of cement hydration, the cement matrix can attain a 
higher strength within a very short period compared to the conventional hydration process 
(Berger R., et al, 1972; Young J., et al, 1974). Besides the performance improvement, the 
carbonation curing can also make the concrete product a compelling carbon absorbent (Shi C., 
et al, 2012; Zhan B., et al, 2013). But most of the previous studies carried out carbonation 
using pressurized CO2 gas reactors. This paper reports on an experimental study focusing on 
the effect of using flow-through CO2 curing (FCC) at ambient pressure on the properties of 
concrete blocks prepared with recycled aggregates. 

2. Experimental programm 

2.1 Materials 
ASTM Type ⅠPortland cement was used for preparation of concrete blocks in this study. The 
chemical composition and basic physical properties are listed in Table1. 

Table 1 Chemical compositions of cement 

Composition CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI 
Content, % 63.15 19.61 7.32 3.32 2.14 0.13 0.32 2.03 2.34 

 
The recycled aggregate with a particle size less than 5 mm was derived from crushed cement 
mortars which had been laboratory prepared with a proportion of cement: crushed granite: 
water = 1:3:0.6. The grading analysis results and physical properties of recycled aggregate are 
shown in Table 2.  
A commercially supplied CO2 (Hong Kong Oxygen) gas with a CO2 concentration higher than 
99% was used for the CO2 curing experiment. 



 

Table 2 Characteristics of recycled aggregate 

 Passing percentage, % Physical properties 
Sieve 
size, mm 

4.75 2.36 1.18 0.6 0.3 0.15 
Fineness 
modulus 

Density, 
g/cm3 

Water 
absorption, % 

 93.3 67.9 43.3 25.5 13.8 8.1 3.5 2.24 7.9 

 
2.2 Preparation of concrete blocks 
A mix proportion of cement:recycled aggregate:water = 1:3:0.55 was adopted for preparing 
the concrete mixture; the concrete blocks were prepared in steel cylindrical mould with 
internal dimensions of 52 mm in diameter and 50 mm in height. First, all the constitutes of the 
concrete mixtures were mixed by a mechanical mixer. Then a pre-weighed amount of the 
mixture to achieve a density of 2086 kg/m3 was used to fill the steel mould (initially overfilled 
slightly). The designed density was determined by a number of trials. Then, a maximum 
pressure of 30 MPa was applied to compact the mixtures to just fill up the moulds and the 
pressure was maintained for 30 seconds. Immediately after compacting, the compacted 
materials were forced out from the moulds. 

2.3 CO2 curing process 
The flow-through CO2 curing (FCC) appratus is shown schematicaly in Figure 1. The main 
body of the flow-through reactor is a transparent polycarbonate tube with an internal diameter 
of 150 mm and a length of 400 mm. In order to adjust the gas flow rate, the gas inlet of tube is 
equipped with a flow control valve to control the range from 0.2-10 L/min. While the gas 
outlet is connected to a container filled with limewater to absorb the surplus CO2. Three 
samples per batch were cured and tested. 
 

 
 

2.4 Assessment 
Once the FCC process was completed, a constant load rate of 0.6 kN/s was applied to 
determine the compressive strength of CO2-cured specimens.  
After the compressive strenght testing, the fractured specimens were collected and oven-dried 
atr 105℃ for 24 hours, then they were crushed and ground into powder smaller than 150 μm. 
For each batch, about 40-50g of the powder was used for determination of CO2 uptake (Wc) 
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Figure 1 Schematic of flow-through CO2 curing setup 



 

and non-evaporable water content (Wn) in the specimens. The powder samples were heated in 
a muffle furnace to 500℃, 850℃ and 1050℃, holding for 1 hour at each tempartuer interval, 
as depicted in Figure 2.  
The same method was used to determine the carbonate and non-evaporable water contents 
originally present in the recycled aggregate (RA). The determinations of Wc and Wn are based 
on the following equations: 
 
Wc = (M500 – M850 – Mc@RA)/M1050                                              (1) 
Wn = ((M105 – M1050 – Mc@RA – Mn@RA)/M1050) - Wc                                                   (2) 
 
Where, M105, M500, M850 and M1050 represent respectively the mass of powder sample after 
oven-dried, heating at 500℃, 850℃ and 1050℃; Mc@RA and Mn@RA represent the mass of CO2 
and non-evaporable water contents in RA, respectively. 
 

 
Figure 2 Temperature profile for thermogravimetric analysis 

3. Results and disccusion 

3.1 Strength development 
Figure 3 shows the development of compressive strength of the concrete blocks with  curing 
time ranging from 2 hours to 24 hours. It can be seen that an increase in curing period from 2 
hours to 24 hours improved the compressive strength from 13.8 MPa to 28.1 MPa for the FCC 
cured samples. Generally, within the same curing period, the compressive strength of the 
carbonated specimens was significantly hihger (about 15 MPa) than that of the reference 
samples which were air cured (AC) under the laboratory conditions (22±1℃, 70±10% RH). 
In particular, after 2 hrs of curing, blocks cured by the conventional method basically had no 
strength, but the CO2 curing samples attained about 14 MPa. The results indicate that, 
compared to the conventional curing method adopted in the normal commercial applications, 
the flow-through CO2 curing procedure provided a significantly more efficient way for curing 
of concrete blocks, and  it ensures the concrete blocks is strong enough for stacking, transfer 
and transport even afer 2 hours of curing period. 
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Figure 3 Strength development of concrete blocks versus curing time 

 
Figure 4 Strength variation of concrete blocks after 24 hours FCC versus gas flowing rate 

 
Figure 4 shows the variation of the compressive strength of the concrete blocks as a function of 
CO2 gas flowing rate. With an increase in gas flowing rate from 0.5 L/min to 4 L/min, the 
compressive strength of concrete blocks was within a narrow range from 26.9 MPa to 29.4 MPa. 
Considering the experimental error, it can be deduced that changes in gas flowing rate within a 
range from 0.5 L/min to 4 L/min would have little impact on the compressive strength of 
concrete blocks after 24 hours curing period. 
 
3.2 CO2 uptake 
The results of CO2 uptake are presented in Figure 5, in which part (a) shows  the trend of CO2 
uptake with curing time while part (b) shows the influence of gas flow rate on CO2 uptake. It 
is quite clear that CO2 was captured by the concrete blocks very rapidly in the first 4 hours of 
curing, as the uptake was 3.97% afterthe first 2 hours and increased to 5.52% after 4 4 hours. 
The extented curing period of up to 24 hours only led to a slight further increase in CO2 
uptake.  
The inluence of the gas flowrate on CO2 uptake is quite similar to that on strength 
development of the concrete blocks. When the flowrate was varied from 0.5 L/min to 4 L/min, 
the CO2 uptake changed within a small range from 6.61% to 7.57%. Logically, the lower 
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flowrate of CO2 gas means more residence time of CO2 with concrete blocks (Sormeh K.H., 
et al, 2010), and thus enable more CO2 to reacte with new cement particles and old mortar in 
RA. The current results, however, did not show a similar pattern as previous study, in part 
because of long enough curing period (24 hours). 

   

Figure 5 CO2 uptake as a function of: (a) curing time; (b) gas flowing rate 
3.3 Discussion 
In general, for most conventional concrete products, the hardening progress is an immediate 
consequence of cement hydration in the concrete mixture. The degree of cement hydration is 
related to the non-evaporable water content in the hydration products, and it also determines the 
hardened properties of the concrete products. The results show the flow-through CO2 curing 
can lead to a rapid strength development of the concrete blocks within a few hours, which is not 
merely the result of “cement-water” hydration. The reaction product of the carbonation, 
carbonates, which were intermixed with calcium silicate hydrates might have  contributed to 
the improved strength of the cement matrix (Berger R., et al, 1972). Therefore, the 
determination of CO2 uptake and non-evaporable water content is necessary. 
 

Table 3 Results summary of CO2 uptake and non-evaporable water content 

 FCC-Curing time variation FCC-Flowing rate variation 24 hours 
air curing  2 hrs 4 hrs 8 hrs 12 hrs 24 hrs 0.5 L/min 1 L/min 2 L/min 4 L/min 

Wn 3.07% 2.86% 3.65% 3.58% 4.17% 4.04% 4.17% 3.40% 4.17% 2.65% 
Wc 3.97% 5.52% 5.63% 6.34% 7.28% 6.61% 6.61% 7.57% 7.28% 0.47% 

 
Table 3 summarize the results of CO2 uptake (Wc) and non-evaporable water content (Wn) of 
the concrete blocks after the different curing regimes. It’s important to note that, after the 
same curing period (24 hours), there was a significantly higher non-evaporable water content 
in the CO2 cured samples (4.17%) than in the air-cured samples (2.65%), which means the 
flow-through CO2 curing can also accelerate the formation of cement hydration products. 
Based on the experimental results multivariable regression analysis was performed to 
examine the relationship between CO2 uptake (Wc), non-evaporable water content (Wn) and 
compressive strength (fc) of the concrete blocks, and the following relationship is obtained: 
 
fc = 291.457Wc + 465.459Wn -10.940     (R2 ≈ 0.9379)                                  (3) 
 
The R square value shows that there is a strong correlation among Wc, Wn and fc. The 
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predicted compressive strength values are also compared with the experimentally measured 
values ( Figure 6). It can be seen that the predicted values fit very well with the 
experimentally measured values. 
 

 
Figure 6 Plots of predicted value of compressive strength versus experimentally measured value 

4. Conclusion 

This work investigated the influence of the flow-through CO2 gas curing procedure on the 
properties of concrete blocks prepared with recycled aggregates. The CO2 cured concrete 
blocks which were cured for only 2 hours had significantly higher compressive strength than 
the reference samples cured by the conventaionl method for 1 day. The strength increase was 
rapid in the first 4 hours. Furthermore, a maximum of 7.57% CO2 uptake was achieved during 
24 hours of curing period. The CO2 gas flow rate ranging from 0.5 L/min to 4 L/min had little 
impact on the final strength within 24 hours of the curing period. Also, the CO2 curing process 
increased the non-evaporable water content; and a strong correlation was found among 
non-evaporable water content, CO2 uptake and compressive strength by multivariable 
regression analysis. 
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Abstract 
Blended cement using supplemental cementitious materials such as fly ash and blast-furnace slag, which leads to 
reduction of CO2 emission in the process of cement production, has been extensively used in many countries.  However, 
in Japan, the consumption of blended cement accounts for only 20 %.  Especially, use of fly ash cement for concrete 
structures is rare except for dam concrete.  This is mainly because strength development of concrete with fly ash cement 
is slower at early ages compared to ordinary Portland cement.  The purpose of this study is to propose fly ash cement 
which is expected to be used for general concrete structures including reinforced concrete buildings.  In order to 
improve strength development of fly ash cement at early ages, samples of clinker with high C3S content up to 72 %, by 
Bogue equation, were manufactured at an actual cement plant.  Strength development of concrete with fly ash cement 
using the high C3S clinker was experimentally investigated.  Influence of curing temperature on strength development 
was also investigated.  Tendency of shrinkage cracking due to dying was investigated with uniaxial restraint tests.  It 
was proved that early-age strength development of fly ash cement was significantly improved by using the high C3S 
cement especially at low temperature.  Shrinkage cracking resistance was also improved by adjusting SO3 content 
compared with ordinary Portland cement and conventional blended cements. 
 
Originality 
It should be emphasized that a sample of cement clinker with high C3S content of up to 72 % by Bogue equation was 
successfully produced with an actual cement plant.  Effects of mineral composition of cement on strength development 
and shrinkage cracking resistance of concrete with fly ash were experimentally investigated.  Influence of free CaO 
content in the cement was also taken into account.  Early-age compressive strength of concrete with fly ash cement was 
much improved by using the high C3S cement containing between 15 and 20 % fly ash without using special chemical 
admixtures or modifying mix proportion. 
 
Keywords: Fly ash, C3S, Compressive strength, Drying shrinkage, Shrinkage cracking 
 

                                                 
1 Corresponding author: smiyazaw@ashitech.ac.jp, Tel +81-284-62-0605, Fax +81-284-64-1061 



 

1. Introduction 
The amount of cement consumed in Japan per year is approximately 45 million tons and ordinary 
Portland cement (OPC) accounts for about 70 % of the total cement consumption.  During the 
production of Portland cement, large amount of CO2, which is thought to be a main cause of global 
warming, is emitted into the air, since limestone (CaCO3) decarbonates through the process of clinker 
production.  On the other hand, blended cements such as blast-furnace slag (BFS) cement and fly ash 
(FA) cement give off less amount of CO2 than Portland cement, and they are expected to be used more 
extensively.  Although BFS cement has often been applied to civil engineering structures, FA cement 
has rarely been used for concrete structures except for dam concrete.  And the consumption of FA 
cement accounts for no more than 0.1% of the total cement consumption in Japan.  It should be also 
pointed out that the addition of BFS or FA at concrete mixing plants is very rare in Japan because of 
insufficient facilities and delivery systems. 
In general, strength of concrete with conventional FA cement develops more slowly at early ages than 
that with OPC, which is one of the reasons why FA cement is not widely used for concrete.  In order 
to increase application of fly ash cement to general concrete structures, it is desirable to improve early-
age strength development.  Several measures to accelerate strength development of FA cement have 
been suggested in published papers.  Experimental study using different size fractions of FA revealed 
that fine particles in FA made higher contribution toward strength development of mortar than coarse 
particles (Erdoğdu K., Türker P., 1998).  It was reported that compressive strength of FA cement 
mortar was increased from the age of 3 days onward by replacing a part of FA by limestone powder 
(Weerdt K. De, et al., 2011).   
Conventional blended cements are generally produced by blending FA or BFS with OPC, whose C3S 
content ranges typically from 55 % to 60 %.  There are some researches on the effect of mineral 
composition of clinker on strength development of blended cement.  It was reported that early-age 
compressive strength of FA cement concrete could be improved by using high-early strength Portland 
cement with C3S content of 65 % (Morioka M. et al., 2002).  It was also reported that clinkers with 
C3S content up to 73 % was successfully prepared in a laboratory and it was effectively used for FA 
cement with a high replacement ratio (Hou G., et al, 2007).  However, these studies have not been 
applied to practical uses.  Ultra-high-early-strength Portland cement with high C3S content was put to 
practical uses more than 40 years ago (Teramoto H., 1972), but this type of cement is not 
manufactured in these days.  The authors reported in a published paper that clinkers with very high 
C3S content up to 71 %, by Bogue equation, were manufactured at an actual cement plant, and that 
strength development of BFS cement could be improved by using the high C3S clinker (Nito N. et al., 
2014, Miyazawa S. et al., 2014).   
The purpose of this study is to propose FA cement which can be widely used for concrete structures 
including reinforced concrete buildings.  In order to improve strength development of FA cement at 
early ages, some samples of clinker with very high C3S content about 70 %, by Bogue equation, were 
manufactured at an actual cement plant.  The optimum free CaO content of the base cement for FA 
cement has not been investigated and OPC is generally used as base cement for FA cement.  As a 
result, free CaO content of base cement for FA cement has generally been less than 1 %.  Therefore, 
the effect of free CaO content on strength development of concrete was also investigated.  Strength 
development of concrete with FA cement using the high C3S clinkers was experimentally investigated, 
taking the effect of curing temperature into account.  Temperature rise due to cement hydration were 
also tested.  Drying shrinkage of concrete was measured and tendency of cracking due to dying 
shrinkage was investigated with uniaxial restraint tests.   
2. Experimental 
2.1. Materials 
Chemical compositions and mineral composition of materials used in the experiments are shown in 
Table 1, in which mineral compositions of the cement samples are calculated with Bogue equation.  
Samples of cement A, which were to be used as base cement for FA cement, have larger C3S content 
and larger free CaO content than that of conventional high-early strength Portland cement.  Blaine 
fineness of the samples of cement A is higher than ordinary Portland cement (OPC).  The samples of 
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cement A were produced at an actual cement plant.  In the manufacture process of the samples of 
cement A, the kinds of raw materials, including wastes and industrial by-products such as coal ash and 
construction generated soil, were the same as those for OPC which had commercially been produced 
at the cement plant, but the proportions of the raw materials were modified to obtain the intended 
mineral compositions.  
Influence of free CaO content on properties of FA cement, samples of cement A with free CaO 
content of around 2 % and 3 % were prepared.   In Series I and II, free CaO content of cement A is 
around 3 %.  In Series III, in order to adjust free CaO content, cement A and high-early strength 
Portland cement (H) were blended at the ratio 1 : 1.  As a result, the content of C3S and free CaO of 
base cement for FA cement (A+H) became 69.2 % and 1.8 %, respectively.   

Table 1 Chemical composition of cements and fly ash 

Series Cement 
Chemical composition of cement (%) Mineral composition (%) 

ig-loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O f.CaO C3S C2S C3A C4AF 
I A 1.74 19.2 5.57 2.93 64.8 1.94 2.58 0.44 0.37 3.2 69.3 2.7 9.8 8.9 
 N 0.78 21.0 5.71 3.11 63.5 2.23 2.40 0.43 0.35 0.8 57.2* 16.1* 8.7* 9.9* 

II A 1.29 18.8 5.30 2.77 64.8 2.12 3.36 0.41 0.40 3.0 72.0 -0.4 9.4 8.4 
 N 1.09 20.7 5.33 3.11 64.0 2.01 2.24 0.44 0.34 0.6 57.0 16.3 8.9 9.5 

I, II FA 1.10 58.5 27.6 4.6 3.1 1.1 0.20 1.1 0.85 - - - - - 
III A 1.10 19.4 5.65 2.85 65.4 1.96 2.32 0.43 0.35 3.2 70.0 2.9 10.2 8.7 

 H 0.70 20.2 5.12 2.88 65.8 1.31 2.53 0.18 0.35 0.4 68.4 6.5 8.7 8.8 
 N 0.87 21.0 5.86 3.08 63.2 2.08 2.39 0.45 0.38 0.8 59.3* 13.5* 8.9* 9.8* 
 BB 1.26 26.0 9.26 1.77 53.6 3.84 2.24 0.33 0.29 - - - - - 
 FA 2.04 59.2 25.4 5.31 2.86 1.21 0.46 0.62 1.40 - - - - - 

*: minor additional constituents excluded 

Table 2 Physical properties of cements 

Series Cement Density 
(g/cm3) 

Blaine 
fineness 
(cm2/g) 

Setting time (h:m) Compressive strength (N/mm2) 

Initial Final 1d 3d 7d 28d 

I A 3.11 4800 1:40 1:55 22.6 41.7 52.1 59.8 
 N 3.16 3500 2:35 3:40 - 30.6 44.7 61.2 

II A 3.10 4820 1:30 2:15 28.5 47.1 54.5 60.7 
 N 3.16 3340 2:15 3:20 - 30.8 44.9 60.6 

III A 3.14 4940 1:25 1:55 25.1 42.6 52.9 60.3 
 H 3.15 4440 2:05 3:05 25.4 47.9 60.5 69.0 
 N 3.16 3290 2:15 3:30 - 28.4 43.4 60.0 
 BB 3.04 4080 3:25 4:15 - 21.1 38.4 64.5 

Table 3 Properties of fly ash (FA) 
Item Series I, II Series III JIS A 6201 

SiO2, % 58.5 59.2 ≥45.0 
Moisture content % 0.1* <0.5* ≤1.0 

Loss on ignition % 1.1 2.04 ≤5.0 
Density, g/cm3 2.24* 2.28 ≥1.95 
Fineness    

Amount retained when wet-sieved on 45μm sieve, % 9* 12* ≤40 
Blaine, cm2/g 3690 3510 ≥2500 

Flow, percent of control, % 112* 110+ ≥95 
Strength activity index, %  7 days 72* 74 － 

28 days 85* 84 ≥80 

91 days 103* 102 ≥90 
                   *: obtained from quality control data at the plant 
                         +: based on previous results 

 



 

In Series II, for the FA cement samples, gypsum was added at mixing concrete in amount such that 
SO3 content of FA cement was 3.4 %.   In Series I and III, SO3 content of FA cement did not be 
adjusted.  
Samples of Fly ash (FA) used in this study are by-products from two different coal-fired power plants.  
Their properties, which are shown in Table 1 and Table 3, agree with the requirements of Class II fly 
ash specified by JIS A 6201 (Japanese Standards Association, 2012).  Class II fly ash, which 
corresponds to Class F fly ash specified by ASTM C618-05 (American Society of Testing and 
Materials, 2005), is the most typical fly ash for use in concrete in Japan.   
For comparison, conventional FA cement, in which 15 % of N is replaced by FA, was used in series II.  
Blast-furnace slag Portland cement (cement BB), which are widely used in Japan, were also used in 
series III.  The base cement for the cement BB was OPC and the replacement ratio of ground 
granulated blast-furnace slag was about 40 %.   
The samples of cement N, which fall into a category of OPC, were used for making control specimens.  
In series I and Series III, the samples of cement N contain minor additional constituents up to 5 %, 
which is the maximum requirement specified by JIS R 5210 (Japanese Standards Association, 2009), 
and the mineral compositions in Table 1 refer to the main constituent of the cements, excluding minor 
additional constituents.  In Series II, the sample of cement N does not contain minor additional 
constituents. 
Fine aggregate and coarse aggregate used to make concrete specimens were river sand and crushed 
hard sandstone respectively, and the result of sieve analysis of them are shown in Table 4.  Air-
entraining and water-reducing agent (ad1), whose main ingredients are lignin-sulfonic acid compound 
and polycarboxylic acid, was used for all the mixtures.  In addition, in order to obtain the target air 
content of concrete, two types of air-entraining agents (ad2) were used.  Alkylcarboxylic acid type 
agent was used for concretes with FA and alkylether type agent was used for concrete without FA. 
2.2 Mix proportion of concrete 
The mix proportions of concrete are shown in Table 5.  Water to cement ratio of concretes was fixed 
at 0.55.  Slump was 19 ± 2.5 cm and air content was 5.0 ± 1.5%.  The content of air-entraining and 

Table 4 Results of sieve analysis of aggregates   
Sieve size (mm)   25 20 15 10 5 2.5 1.2 0.6 0.3 0.15 

Cumulative percentage 
passing (%) 

Coarse aggregate 100 96 74 23 0 0     
Fine aggregate        100 89 63 39 19 6 

 
Table 5 Mix proportions of concrete  

Series Cement W/(C+FA) s/a 
(%) 

Unit content （kg/m3） ad1 
(xC%) 

ad2 
(xC%) W C FA S G 

I A 0.55 46.0 185 336 - 801 944 1.0 0 

 A90-FA10   180 295 33 806 949 1.0 0.0015 

 A80-FA20   180 262 65 801 944 1.0 0.003 

 A70-FA30   180 229 98 796 938 1.0 0.005 

 N   180 327 - 812 957 1.0 0 

II A-FA15 0.55 46.0 180 278 49 802 946 1.0 0.003-0.006 

 N-FA15   175 271 48 814 960 1.0 0.0025-0.0035 

 N   180 327 0 812 957 1.0 0 

III A40-H40-FA20 0.55 46.0 180 262 65 802 945 1.0 0.006-0.007 

 N   180 327 - 812 957 1.0 0-0.001 

 BB   175 318 - 817 963 1.0 0-0.002 

ad1 : air-entraining and water-reducing agent 
ad2 : air-entraining agent 
 
 



 

water-reducing agent (ad1) was taken to be 1.0 % for 
all the mix proportions and slump of concrete was 
controlled by adjusting water content. The dosage of 
air-entraining agent (ad2) was varied as shown in 
Table 5, depending on the temperature of concrete at 
casting.   
In series I, in order to investigate the influence of 
replacement ratio of FA on compressive strength of 
concrete with high C3S cement, the replacement ratio 
of FA was varied as 0 %, 10 %, 20 % and 30 %. 
The replacement ratio of FA was taken to be 15 % in 
series II and 20 % in series III.  Semi-adiabatic 
temperature rise due to cement hydration and 
influence of curing temperature on strength 
development at early ages were studied in series II 
and III.  Shrinkage cracking resistance were also 
investigated in series II and III.   
2.3 Experimental procedures 
Temperature rise of concrete due to heat of cement hydration was observed under semi-adiabatic 
condition.  Concrete was casted in molds with internal dimension of 200mm in width, depth and 
height, which were made of foamed polystyrene with 200 mm in thickness, and the temperature of the 
central portion of concrete was measured for two weeks after casting.   
Concrete specimens of cylinders with 100 mm in diameter and 200 mm in length were prepared for 
compressive strength tests.  Concrete were casted at 20 ± 2 oC and the specimens were cured under 
water at 20 oC until the measurements of compressive strength at the ages of 3, 7, 28 and 91 days.  
For the specimens cured in sealed condition, concrete was casted at 23 ± 2 oC and were cured in the 
molds at 20 ± 1 oC, and casted at 13 ± 2 oC and cured at 10 ± 1 oC until the measurements of 
compressive strength.  Compressive strength tests were carried out at the ages at 1, 2, 3, 5 and 7 days.  
Three specimens were prepared for each condition. 
For drying shrinkage tests, concrete prisms of 100 mm in width and depth, and 400 mm in length were 
prepared.  The specimens were casted at 23 ± 1 oC and cured under water at 20 ± 1 oC until 7 days 
after casting, and they were dried in a room at 20 ± 1 oC and 60 ± 5 % R.H..  Length change of the 
specimens was measured for 6 months of drying period by using a dial gauge with precision of 0.001 
mm, where the distance between gauge plugs attached on both sides of the specimens was 300 mm.  
Two specimens were prepared for each mix proportion. 
In order to study shrinkage cracking tendency, restraint stress of concrete caused by drying shrinkage 
was measured by uniaxial restraint tests as shown in Figure 1.  A deformed reinforcing bar with 
nominal diameter of 25 mm was embedded at the center of concrete beam specimens of 100 mm in 
width and depth, and 1100 mm in length as a retraining body.  Both the libs and lugs of the reinforcing 
bars were removed within the central portion with 300 mm in length and this portion was sealed with 
Teflon sheet with 0.2 mm in thickness in order to eliminate bond between reinforcing bar and concrete.  
The concrete were casted at 13 ± 2 oC and cured in sealed condition until the age of 3 days and they 
were exposed to drying condition at 20  ± 1 oC and 60 ± 5 % R.H..  Restraint stress of concrete caused 
by drying shrinkage was obtained from the strain of the reinforcing bar which was measured with 
strain gauges.  During the drying period, the time at cracking in the specimens was detected from a 
sudden decrease in strain of the reinforcing bar.  Three specimens were prepared for each mix 
proportion. 
3. Results and Discussion 
3.1. Heat of hydration 
Test results for temperature rise of concrete due to cement hydration under semi-adiabatic condition 
are shown in Figure 2.  Temperature rise of FA cement with high C3S cement is compared with 
conventional FA cement and cement N in Figure 2 (a) and the effect of replacement ratio of FA is 

 
(a) Apparatus for restraint stress test 

 

 
(b) Specimens stored in drying condition 

Figure 1 Test for restraint stress in concrete due 
to drying shrinkage 

 Reinforcing bar 

Mold 

Teflon sheet 

 

Specimen 



 

shown in Figure 2 (b).  
Observed temperature rise 
of concrete with A40-H40-
FA20 is about the same as 
that with N.  This means 
that FA cement with high 
C3S cement can be used in 
the same way as OPC to 
concrete structures from 
the view point of thermal 
cracking due to cement 
hydration, in case the 
replacement ratio of FA is 
about 20 %.   On the other hand, conventional FA 
cement using OPC as base exhibits low temperature 
rise and it is suitable to control thermal cracking in 
concrete structures, which is widely known.  
3.2. Compressive strength 
3.2.1 Compressive strength under water at 20 oC 
The relation between replacement ratio of FA and 
compressive strength of concrete, which was cured 
under water at 20 oC, is shown in Figure 3.  It can be 
seen that compressive strength of concrete using 
cement A decreased with increase in replacement ratio 
of FA at 28 days or earlier.  At 91 days, however, 
concrete with 10 % FA gained higher strength than 
concrete without FA.  When compared to concrete with 
cement N without FA, compressive strength of 
concrete using cement A with FA was about the same 
at 20% replacement up to 7 days.  Although 
compressive strength of concrete with cement A 
without FA did not increase beyond the age of 28 days, 
compressive strength of concrete with FA increased 
even after 28 days, which may be due to pozzolanic 
activity of FA.   
Influences of difference in properties of cement 
samples between Series are shown in Figure 4, where 
the samples of cement A with different free CaO 
contents (3.2 % in series I and 1.8 % in series III) were 
used.  It can be seen from Figure 4 that difference in 
free CaO content has little effect on compressive 
strength of concrete with FA cement using high C3S 
cement within the range of CaO content less than 3 %. 
3.2.2 Compressive strength of sealed concrete at early ages cured at different temperature 
Test results for compressive strength of concrete at early ages up to 7 days, which were cured in sealed 
condition at 10 oC and 20 oC, are shown in Figurer 5 and Figure 6.  In these figures, the observed 
compressive strength is plotted against maturity calculated by equation (1), since compressive strength 
of concrete at various temperatures has often been estimated on the basis of maturity concept.  

 𝑀𝑀(𝑡𝑡) = ∑ (𝜃𝜃𝑧𝑧 + 10)𝑡𝑡
𝑧𝑧=1                                                                                                              (1) 

Where: 𝑀𝑀(𝑡𝑡) = maturity at age t (oC･day), θz = the average temperature at age z (oC) and t, z = age of 
concrete (day). 

 
Figure 3 Compressive strength of concrete 

cured in water at 20 ℃ (Series I) 

 
Figure 4 Compressive strength of concrete 

cured in water at 20 ℃ (Series I, III) 
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Figure 2  Semi-adiabatic temperature rise of concrete 
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When compared to the case of 20 oC, development of compressive strength of concrete was delayed at 
10 oC for any type of cement.  However, compressive strength of concretes with A-FA15 and A40-
H40-FA20 increased earlier than those with N even if they were cured at 10 oC.  In Figure 5 and 
Figure 6, linear relations can be seen between log10(t) and compressive strength for each test condition, 
fitted lines were determined by regression analysis and are shown with the equations.   
At construction sites, strength development of concrete at early ages is one of the indices to determine 
the form removal time which often affects the execution speed.  For example, it is specified by 
Architectural Institute of Japan that forms may be removed after confirming that concrete strength 
reaches the specified strength of 5 or 10 N/mm2, depending on the service life of structures 
(Architectural Institute of Japan, 2009).  The ages at which compressive strength of concrete reaches 
the specified strength, for example 10 N/mm2, are obtained from the fitted lines in Figure 5 and Figure 
6, and they are shown in Table 6.  It can be seen from this table that the age for conventional blast-
furnace slag cement (BB) and conventional FA cement (N-FA15), at which compressive strength of 
10 N/mm2 is attained, is later than N at each temperature.  Especially at 10 oC, the age for BB is later 
than N by more than 2 days.  For concretes with A-FA15 and A40-H40-FA20, however, it is earlier 
than N by 0.3 - 0.7 days.  Therefore it can be said that some delay in form removal caused by using 
conventional blended cement can be avoided by using the FA cement in which the base cement with 
high C3S cement and high specific surface area is used.   
 

Table 6 Age of concrete to obtain compressive strength of 10 N/mm2 

Series Temperature 
Age of concrete (days) 

N BB A40-H40-FA20 N-FA15 A-FA15 
II 20 ℃ 1.6 ‐ ‐ 2.0 0.9 
 10 ℃ 2.7 ‐ ‐ 3.1 2.3 

III 20 ℃ 1.4 2.3 1.1 ‐ ‐ 
 10 ℃ 3.0 5.3 2.5 ‐ ‐ 

 

   
Figure 5 Compressive strength of sealed concrete (Series II) 

   
Figure 6 Compressive strength of sealed concrete (Series III) 
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3.3 Shrinkage cracking resistance of concrete subjected to drying 
Test results for drying shrinkage of concrete are 
shown in Figure 7.   Drying shrinkage of concrete 
with A40-H40-FA20 is slightly less than that with 
N, when the specimens were store under standard 
curing and drying conditions, namely - cured under 
water until the age of 7 days and then dried at 20 oC, 
60 % R.H..   
Although this test method is useful to roughly 
estimate the tendency of shrinkage cracking as 
concrete property, it is efficient to carry out 
restraint stress test under an actual condition in 
order to control shrinkage cracking in a specific 
concrete structure.   
In this study, restraint stress of concrete subjected to drying at 20 oC, 60 % R.H. after sealed curing for 
3 days after casting.  The test results were shown in Figure 8 and Figure 9, in which tensile stresses are 
expressed as plus values on the vertical axis.  It can be seen from these figures, that the restraint 
stresses increased with progressive drying and through cracks were observed with sudden decreases in 
restraint stress in the most specimens.   
The period of drying until cracking in each specimen is shown in Table 7.  It can be seen from these 
experimental results that the period of drying until cracking in A40-H40-FA20 concrete was slightly 
shorter than in N concrete and was slightly longer than in BB concrete.  In case of A-FA15, which has 
relatively large SO3 content, the period of drying until cracking was much longer than N.  Therefore, it 

 
Figure 7 Drying shrinkage of concrete (Series III) 
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Figure 8  Restraint stress of concrete  (Series  II) 

   
Figure 9  Restraint stress of concrete  (Series  III) 
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Table 7 Period of drying until cracking (days) 
Series Cement No.1 No.2 No.3 Average 

 N 30 34 37 33.7 
II N-FA15 116 119 >165 >117.5 
 A-FA15 89 136 138 121.0 
 N 34 40 40 38.0 

III BB 29 31 37 32.3 
 A40-H40-FA20 28 37 41 35.3 

 



 

can be said that the resistance to shrinkage cracking of FA cement using high C3S cement can be 
improved by increasing SO3 content.    
It should be noted that the restraint stress tests in this study were conducted in a single environmental 
condition and in a single degree of restraint.  Therefore, the influences of these test conditions on test 
results should be investigated in the future. 
4. Conclusions 
The purpose of this study is to propose general-purpose fly ash cement, which can be widely used for 
concrete structures including reinforced concrete buildings.  In the experiments, some cement samples 
with high C3S content and high specific surface area were experimentally produced at an actual 
cement plant.  Strength development and restraint stress due to drying shrinkage of concrete were 
experimentally investigated and the test results were compared to ordinary Portland cement and 
conventional blended cement.   
(1) Cement clinker with C3S content up to 72 % by Bogue equation could be successfully produced at 

an actual cement plant. 
(2) Compressive strength development of blended cement containing less than 20 % fly ash was 

accelerated by using the high C3S cement compared to ordinary Portland cement and conventional 
fly ash cement even at low temperature. 

(3) The age of concrete at form removal, which was obtained on the basis of its compressive strength, 
was earlier for concrete with the high C3S cement containing 15 - 20 % fly ash than with OPC, 
conventional fly ash cement and conventional blast-furnace slag Portland cement. 

(4) It was suggested from restraint stress tests that the resistance to shrinkage cracking of concrete 
with fly ash cement using the high C3S cement could be improved by increasing SO3 content in 
the blended cement. 
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Abstract 
Calcium aluminate cements (CAC) are commonly used in building chemistry applications like self-levelling 
overlayment or underlayment, tile adhesive, special mortars.... In these applications specific properties like rapid 
hardening, rapid drying or shrinkage compensation are delivered through hydration of CAC in combination with 
calcium sulphates leading to rapid precipitation of ettringite, alumina hydrates and possibly AFm hydrates in some 
cases (monosulfo or monocarbo aluminates). Historically the main hydraulic phase of CAC has been monocalcium 
aluminate CaO.Al2O3 or CA. This paper investigates the impact of a mineralogical evolution from CA to C12A7 on early 
hydration and properties in combination with calcium sulphate. Hydration kinetics is measured by micro calorimetry. 
Solid and liquid phase evolution are characterised and their evolution is linked with macroscopic properties. Although 
CA or C12A7 globally leads to the same family of hydrated compounds (mainly ettringite and alumina hydrate), 
important differences are observed in the kinetics of precipitation. C12A7 leads to a more efficient hydration occurring 
in one step whereas it is usually divided in two steps with CA as shown by micro calorimetry. Early age properties are 
enhanced in the case of C12A7: quicker hardening and drying, better shrinkage compensation. Globally the system 
appears to be more robust to chemistry or temperature changes. These differences are interpreted through a mechanism 
based on solubility rate and stoichiometry of the predominant calcium aluminate phase. 
 
Originality 
This works explores a new mineralogy of calcium aluminates with as the main phase C12A7 to optimize ettringite 
formation. 
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1. Introduction 
In dry mix mortars, calcium aluminate cements (CAC) and calcium sulfates assemblages are 
commonly used, especially in applications such as self-levelling underlayment, technical mortars; tile 
laying or tile grouts. These assemblages present a quick hydration reaction and bonding of water 
through the formation of ettringite, C3A.3CaSO4.32H2O and can therefore deliver unique properties 
like rapid hardening, rapid and self-drying, and controlled dimensional stability. These properties can 
be balanced by adjusting the type and the proportion of the binders. For the CAC, the most common 
type is the one containing CA as the main phase, but today products containing mainly C12A7 are also 
available (Kwasny-Echterhagen R., 2011). The calcium sulphate may be chosen in the form of 
gypsum, plaster (calcium sulphate hemi-hydrate) and anhydrite. Ordinary Portland cement (OPC) or 
hydrated lime can also be added in order to bring even more lime to the hydration reaction. The choice 
of these components will act on the formation of ettringite and lead to different dry mix properties. In 
this study the behaviour of self-leveller underlayment (SLU) formulated with three different binder 
systems are compared. Two of them are based on a CAC containing CA. In one of them OPC was 
added to evaluate the effect of the extra lime addition to the properties. In a third mortar, the CAC 
contains mainly C12A7. In all cases, the calcium sulphate was plaster. The hydration kinetics and 
mortar properties were monitored. They show significant differences, which illustrates the versatility 
of these mixed binder assemblages. 
2. Experimental 
The two calcium aluminate cements used in this study are industrial products from Kerneos and are 
made by fusion. Their main characteristics are shown in table 1. Both CACs had a Blaine surface area 
of 3000cm2/g. As the C12A7 rich calcium aluminate cement is a new type of product a quick SEM 
investigation was run to analyse its microstructure. In order to evaluate the intrinsic properties of these 
cements, the dissolution rate in water has been characterised by measuring the ions concentration 
increase during the dissolution. A dilute suspension containing 0.5 g/l of cement was prepared. This 
low concentration was chosen to reduce the risk of formation of hydrates. Samples of the solution 
were taken at defined time and the calcium content was measured by ICP-MS. 

Table 1 Mineral composition of the two CACs at 3000 cm2/g 
 CA C12A7  Silicates C4AF Spinel C3FT 

CAC-CA 55 2 15 10 10 6 
CAC-C12A7 1 60 13 21 0 4 

The reactivity in formulation has been compared by properties of the SLU formulations presented in 
table 2. Fillers, sand, redispersable latex powder, admixtures (retarder, accelerator, cellulose ether) and 
water content are the same for all formulations, only the binder system is modified. With CA based 
CAC a ternary binder [CAC-CaCO4-OPC] is necessary to reach optimised properties of SLU: 
M1(OPC) formula. The consequence of removing OPC from this type of system is exemplified in M2 
formula. With C12A7 based CAC, SLU can be optimised using a binary binder [CAC-CaSO4]: M3 
formula. Structuration of the SLU mortars has been characterised by ultra-sound velocity, strength 
development and size variation (measured from the liquid state), hydration has been followed by 
micro-calorimetry and XRD using a Bruker D8 diffractometer.  

Table 2 mortars formulations 
 M1(OPC) M2 M3 
CAC-CA 20 20  
CA-C12A7   20 
OPC : CEM I 4   
CaSO4.1/2H2O 7 10 10 
Fillers and Sand 67 68 68 
RDP and admixtures 2 2 2 
Total 100 
Water 24 

 



 

3. Results and discussion 
The SEM pictures in BSE mode show in Figure 1 the microstructure of the C12A7 rich cement. The 
general picture on the left at low magnification show the cement grains, with a typical morphology of 
a crushed fused clinker. The grains have a very low porosity; edges are sharp and well defined. The 
grains generally contain dendritic structures, typical of a quenched liquid. Sometimes the grains have 
larger crystal size. The EDS analyses (not shown) on the large dark areas shows that these areas are 
composed of C12A7. This is the phase which shows the higher proportion, as also confirmed by the 
XRD analyses. Apart from the large C12A7 crystals, it is difficult to distinguish other phases. Minerals 
were very finely inter-mixed, as it happens for eutectical composition. However these areas are 
brighter suggesting a higher overall heavy element concentration. These areas show high iron content. 
Some TiO2, and also a small amount of SiO2 are measured. These areas likely consist of intermixed 
crystal of Brownmillerite, perovskite and silicate. When looking carefully at the composition, the 
Al2O3/Fe2O3 molar ratio is greater than 1. This suggest that the Brownmillerite in this cement have 
Al2O3/Fe2O3 >1, which is different to standard grade CACs, where this ratio is usually smaller 
(Pöllmann H., 2012). The microstructure of this C12A7 rich cement is therefore mainly characterised 
by dendritic C12A7 crystals embedded in a eutectic mix made of three main phases. More details on the 
mineralogy can be found in the literature (Touzo B., 2014). 
The calcium concentration during the dissolution of the CACs has been measured after 5 minutes. At 
this time the concentration of the diluted suspension has still not reached a plateau. The measured 
calcium concentrations are 0.4mmol/l for CAC-CA and 1.2mmol/l for CAC-C12A7. This suggests a 
quicker dissolution of CAC-C12A7, as it is able to deliver faster ions to the solution. As the hydration 
reaction of these systems occurs through dissolution-precipitation reaction (Scrivener, K.L., 1998), we 
can expect faster overall hydration kinetics for this type of clinker. 

  
Figure 1 Microstructure of the CAC-C12A7 cement. 

Hardening of the SLU formulations shows that M1(OPC) and M2 are characterised by a two steps 
process separated by an inflection point on the ultra sound velocity curve (figure 2a/). Such an 
inflection point is not observed for M3 for which hardening seems to occur in only one step. 
Calorimetry curves (figure 2b/) reveal the same difference between the two types of formula: multistep 
process for M1(OPC) and M2 with several peaks over a long period, one step process for M3 with a 
single and sharper peak.  
A balance of the heat of hydration and precipitated hydrates has been evaluated after 24 hours and is 
presented in table 3. For the three formulas, the main hydrate detectable by XRD is ettringite. Other 
hydrate phases may be present, including alumina gel, but their occurrence is not is not studied in this 
paper. The formulas with CAC-CA have precipitated similar amount of ettringite and display the same 
heat of hydration. The absence of OPC retards the kinetics of hydration but has no impact on the total 
heat released at 24h. The results of the CAC-C12A7 hydration are significantly different and show 
higher ettringite content and heat of hydration. This is not linked to the amount of active phase in this 
formula as they are of the same order of magnitude. 
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Figure 2 Comparison of sound velocity and microcalorimetry at 23°C for the three SLU mortars 

 
Table 3: Comparison of the hydration results of the three mortar types at 24 hours. 

 M1( OPC) M2 M3 
Ettringite, peak intensity at 9.77 Å - 24h (cts) 512 580 812 
Cumulated heat of hydration (J/g) 23C-24h 86±4 86±4 117±6 

Compressive strength at 24h-23°C (figure 3) shows similar values for M1(OPC) (22 MPa) and M3 (24 
MPa), but a reduced values for M2 (14 MPa). Low temperature (5°C) during hydration has a 
significant impact on strength development of M1(OPC), but nearly no effect on M3 (containing CAC 
with C12A7 as major phase). The dimension changes of the three mortars during the first 6 hours are 
displayed in figure 4. They do not show the same behaviour, but M1(OPC) and M3 reach equivalent 
dimensional change at the end of the observation time. These two mortars first tend to shrink but later 
some expansion occurs, leading to very limited dimension variation. Removing OPC from the recipe 
inhibits the expansion leading to a total neat shrinkage of M2. As reported before, the total heat release 
and ettringite content in M1(OPC) and M2 are similar. This suggests clearly that controlling the 
proportion of hydrates is not sufficient to master dimension change. The kinetics also plays a key role. 
The ettringite formed in M2 does not seem to be sufficient to limit shrinkage. 
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Figure 3 development of compressive strength at 5°C and 23°C 

The three mortars presented in this study have quite significantly different behavior. Although they are 
of the same nature their composition modify the hydration path, the proportion of formed ettringite 
and as a consequence the macroscopic properties. But the relation between the micro- and 
macroscopic observation are not straightforward. The two mortar compositions with the CAC-CA 
show a strong difference on strength and shrinkage behaviour despite the same heat of hydration and 

a/ b/ 



 

ettringite quantity at 24h (table 3, figure 3). The hydration kinetics is also not the same. In these three 
mortars, three formulation logics are used to form ettringite, according to following equations:  
M1(OPC):  OHCaSOACOHCaSOCCA OH

24324 3232132 2 ⋅⋅ →⋅++    (1) 
M2:   324324 23232133 2 AHOHCaSOACOHCaSOCA OH +⋅⋅→⋅+    (2) 
M3:  324324712 75.032321325.0 2 AHOHCaSOACOHCaSOAC OH +⋅⋅ →⋅+  (3) 
In M1(OPC) lime coming from the OPC brings some supplemental lime for the formation of ettringite. 
In M2 and M3 only the aluminate and the sulphate are used. With C12A7 more lime is therefore 
available, and the balance between the three main components, CaO, Al2O3 and SO3, is closer to the 
stoichiometry of ettringite. Therefore, it is expected that the mortar M3, formulated with a C12A7 rich 
calcium aluminate has a stronger ettringite yield. 
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Figure 4 dimension change (shrinkage measurement) at 23°C 

The kinetics of hydration and the formation of ettringite can be better understood by comparing the 
saturation indices (SI) of the hydrate phases during the dissolution of the anhydrous phases present in 
these mortars. These Saturations indices can be calculated using Phreeqc (Parkhurst, D.L., 2013), a 
software designed to calculate ionic concentrations in geochemistry, and a thermodynamic database 
containing cement hydrate phases, called CEMDATA07 (Lothenbach B., 2006), converted to a 
Phreeqc compatible format. The SI for the main CACs and sulphate hydrates were evaluated as a 
function of the dissolution of anhydrous compounds, in a ratio corresponding to equation (2) and (3). 
The results are presented in figure 5. The Saturation indices are plotted against the total concentration 
of calcium in the solution (therefore this concentration is the sum of the calcium ions dissolved from 
the aluminate and the sulphate). In figure 5 it can be seen that with the C12A7 cement, ettringite is 
saturated very shortly after the beginning of the dissolution. This means that all the conditions to form 
ettringite are fulfilled and this phase can precipitate. The combined effect of a faster dissolution rate 
and the quick saturation of ettringite can then explain the much faster kinetics of the M3 mortar. 
However, it is possible to increase the saturation index of ettringite in the case of mortar M2. OPC can 
be added, which will bring more CaO in solution and help to precipitate ettringite. This modification 
speeds up the reaction, but it is not sufficient to reach the faster kinetics of the M3 mortar.  
The higher ettringite saturation index in M1(OPC) and M3 may also be responsible for the lower 
shrinkage. Indeed Expansion (or shrinkage compensation) is often related to ettringite formation, 
which lead to local crystallisation pressure (Bizzozero J., 2014). The latter increases with increasing 
saturation index. Although this may be not the only parameter ti take into account, this has been 
recently suggested in the litterature. 
These results illustrate how the kinetics can be controlled by a proper management of the mineral 
phase in the mortar composition. Additives are important to regulate the set, but a good balance of the 
binder mix is essential to optimize the reaction of ettringite formation. The proper management of the 



 

mineral phase, particularly the type and proportion of sulphate is also used to manage other properties 
such dimension variation (Amathieu L., 2003). Mortars containing the C12A7 rich CAC also exhibit  
interesting hydration kinetics at 5°C (figure 3). This is assumed to be due to slow diffusion of calcium 
ions from OPC particles to the bulk of the solution and/or to quicker dissolution of C12A7 compare to 
CA. Furthermore M3 will also be more robust to raw materials since it will not be affected by OPC 
variation. 
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Figure5 Saturation index of hydrates assuming dissolution of the calcium aluminates and calcium sulphate 

corresponding to equation 2 and 3. 
4. Conclusion 
Calcium aluminate cements and calcium sulfates assemblages have a fast hydration reaction. They can 
form ettringite quickly which ties up large amount of water molecules in its structure. This property 
makes these blends very useful to manufacture fast setting and/or hardening mortars, such as self-
levelers. In the present article, we have investigated the impact of a mineralogical evolution from CA 
to C12A7 on early hydration and properties in combination with calcium sulphate hemi-hydrate. 
Although CA or C12A7 globally leads to the same family of hydrated compounds (mainly ettringite and 
alumina hydrate), important differences are observed in the kinetics of precipitation. C12A7 leads to a 
more efficient hydration occurring in one step whereas it is usually divided in two steps with CA. 
Early age properties are enhanced in the case of C12A7: quicker hardening and drying, better shrinkage 
compensation. Globally the system appears to be more stable to chemistry or temperature changes.  
More generally, these results have shown that the combination of CAC, OPC and sulphates is flexible 
and can be adjusted. A good choice and management of the blend will make it possible to reach 
desired flow, sets and strength properties, and also to master dimension change. 
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Abstract 

Recently, fire resistant cementitious materials are requested to deal with a fire broken out relatively so high 
frequency in tunnels caused by traffic accidents. In this concept, Portland cements materials are inadequate, because 
they are not fire resistant and the limit of fire resistance is only 400oC. Namely, the hydrates lose almost the combined 
water until 400oC is reached and the strength becomes weakened so abruptly over 400oC temperature. Geopolymer 
materials are suitable to this objective, because they are fire resistant. The temperature limit is generally 1000oC and 
the resistance of potassium silicates binders is somewhat higher than that of sodium silicate binders.  

In this paper, a potassium silicate binder was studied in comparison with a sodium silicate binder and ordinary 
Portland cement by preparing standard mortars. Coal fly ash(FA) added with blast furnace slag(BS) is used as active 
filler. BS content ratio is set on four levels: 0, 10, 20 and 30% by volume of active filler. Specimens were prepared at 
room temperature by curing up to 7 days. Fire resistance was tested in an electric furnace and phots were taken to 
observe outer shapes. Then, compressive strength was measured. The fracture surface was observed under a scanning 
electron microscope, SEM. Results are summarized as follows: 
(1) As expected, the potassium silicate binder showed superior fire resistance to the sodium silicate binder as well as to 
the Portland cement. The SEM observation revealed much amount of glass for plain specimens (0%BS, solely FA) and 
some glass for 10%BS specimens, both fired at 1150oC. Increasing addition of BS, however, improved the glass 
formation. Accordingly, both specimens, 20%BS and 30%BS, are surely fire resistant up to 1150oC and more. The 
compressive strength was nearly 20N/mm2 irrespective of BS addition. Some cracks were observed on outer shapes for 
the glass form specimens, 0%BS and 10%BS. 
(2) The sodium silicate binder showed insufficient fire resistance and much glass formation was observed for all 
specimens fired at 1150oC.  The compressive strength was scarce after firing at this temperature. 
(3) For geopolymer specimens enhancement of strength was encountered by firing up to 500oC, irrespective of 
potassium silicate and sodium silicate binders. Accordingly, polycondensation may proceed up to this temperature. 
However, the strength decreased after firing over 500oC and the strength becomes governed by not polycondensation 
but ceramics sintering over this temperature. 

Finally, it should be added that the glass form specimens are still self-standing so that the mixed sand may be 
strongly concerned to the self-standing. Incidentally, the threshold temperature of fire resistance is 1200oC. However, 
this study was performed up to 1150oC  for convenience of the furnace at hand. 
 
Originality 
(1)The research objective is an application of geopolymer to segment and heat resistant materials for tunnels. 
(2)The FA-based geopolymer mortars modified with BS were used to obtain higher strength and the influence of BS 
content ratios were examined. 
(3)Two types of alkali solution, Na-type and K-type, were used. 
(4)It is shown that all geopolymer mixture has larger compressive strength than ordinary Portland cement(OPC) in 
mortars, when the heating temperature is equal to 800 oC or less.  
(5)Geopolymer specimens were expanded and swelled at 1150oC, and two reasons might cause this phenomenon. One 
is related to FA, the other is related to BS: unburned carbon in FA would become carbon dioxide and sulfur in BS 
would become sulfurous acid gas at high temperature. 
 
Keywords: geopolymer, fly ash, high temperature resistance, granulated blast-furnace slag, compressive strength, 
appearance, unburned carbon 
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1. Introduction 
Geopolymer(GP) is a binder of which hardening require aluminosilica powders acting as active 

fillers in alkali solution to promote polycondensation. GP is expected as an environmentally friendly 
and next-generation binder replacing Portland cements, because GP production can be reduced the 
emission of carbon dioxide down to nearly 80 percent of that of Portland cement which needs much 
limestone as an essential raw material (K. Ikeda. 2006). Moreover, GP has an advantage of effective 
use of wastes as resources, because various industrial by-products: not only fly ash(FA) and 
granulated blast-furnace slag(BS) but also slags of urban refuse incineration ash and sewage sludge 
and so on can be used as active fillers(J.Davidvits. 1991;K.Ichimiya. et al., 2011). 

FA-based GP materials have generally high thermal resistance, because it contains much 
sodium(Na) and potassium(K) derived mineral polymers instead of calcium(Ca) derived hydrates 
which are peculiar to Portland cements. On the other hand, FA-based GP materials exhibit generally 
weaker fracture strength. To achieve higher strength, addition of BS to FA is effective. However, large 
amounts of Ca-contents would bring lower thermal resistance. That is, FA and BS act reversely each 
other in respect of thermal resistance and fracture strength (K.Ichimiya. et al., 2013; T.W.Cheng et 
al. ,2003). There have been in sufficient knowledges so far on the thermal deterioration of FA-based 
GP materials modified with BS. 

In this study, the change of shape appearance and fracture strength of FA-based geopolymer 
modified with BS were examined at high temperature, using two types of alkali solution, Na-type and 
K-type in order to apply GP materials to tunnel internal constructions to protect them from fire. 
 
2. Experimental 
2.1. Source Materials and Mix Proportion 

Two types of alkali solution were used: one is the mixture of sodium silicate, caustic soda and water 
(Na-type) and the other is the mixture of potassium silicate, caustic potash and water (K-type). 
Chemical compositions of the filler are shown in Table 1, specifications of source materials are shown 
in Table 2 and SEM images of FA and BS are shown in Figure 1.  The FA of JIS class I has SiO2 and 
Al2O3 components amounting to 85% in total that is about 1.8 times of the BS.  However, the amount 
of CaO in the FA is far less than that of the BS. That is, 2.53% and 41.44%, respectively.  Table 3 
shows the mix proportions of GP mortar and Table 4 shows those of mortars prepared from ordinary 
Portland cement(OPC).  In these tables, unit aggregate weight is kept constant in order to make clear 

 
Tab.1   Chemical compositions of source filler (%). 

 SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO K2O P2O5 SO3 
FA 52.29 1.40 32.34 7.37 - 2.53 1.51 1.03 0.67 0.76 
BS 31.11 0.51 16.84 0.31 0.26 41.44 5.87 0.83 - 2.84 

 
Tab.2   Specifications of source material.  

Type Item Symbol Materials 

GP  
Mortar 

Active filler 
FA Fly ash, JIS class I, Density=2.36g/cm3, Specific surface area=5327cm2/g 

BS Ground granulated blast-furnace slag, Density=2.92 g/cm3 
Specific surface area=4009cm2/g 

Alkali 
solution 

Na type Mixture of sodium silicate, caustic soda and water, Density=1.27g/cm3 

K type Mixture of potassium silicate, caustic potash and water, 
Density=1.27g/cm3 

Aggregate S ISO standard sand, Density=2.64 g/cm3 

OPC 
Mortar 

Cement OPC Ordinary Portland cement, Density=3.15 g/cm3 

Water W Tap water 

Aggregate S ISO standard sand, Density=2.64 g/cm3 



 

 

   
(a) FA                                                             (b)BS 

Figure 1  SEM images of FA and BS used. 
 
 

Tab.3   Mix proportions of GP mortar 

 
Unit weight (kg/m3) 

GP solution FA BS S 
BS0 244.2 533.6 0.0 1535.4 

BS10 244.2 480.3 66.0 1535.4 
BS20 244.2 426.9 132.0 1535.4 
BS30 244.2 373.6 198.0 1535.4 

 
 

Tab.4   Mix proportions of OPC mortar 

 
Unit weight (kg/m3) 

W C S 
OPC 255.9 511.8 1535.4 

 
 

                  
Figure 2. Steam curing scheme.                                  Figure 3. Thermal resistance test scheme. 

 
the difference of paste property. BS content ratio is set on four levels: 0, 10, 20 and 30% by volume of 
active filler. In addition, paste specimens were prepared for SEM observation in the same way of 
mortars with no addition of sand(S).   
 
2.2. Preparation Method of GP  

A Hobart type five litter mixer was used. Mixing was performed in the sequence of dry mixing of 
fine aggregate, FA and BS for 30sec, wet mixing with GP solution for 1 min, pause for 15sec and 
secondary wet mixing for 120 sec in case of GP mortars. On the other hand, OPC mortar was mixed in 
the sequence of wet mixing of OPC and water for 30 sec, wet mixing with standard sand for 60 sec, 
pause for 90 sec and secondary wet mixing for 60sec. Specimens strength test was based on JIS R 
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5201. FA-based GP required heat curing to accelerate hardening. Steam curing is applied to this 
objective, employing a program-controlled curing chamber. Temperature and humidity were set as 
shown in Fig 2. After steam curing, specimens were stored in curing room (20oC and 60%RH) for 
seven days.      
2.3. Thermal Resistance Test 

Specimens of 7 day age and 40x40x160mm dimension were divided into two pieces with a bending 
strength test machine. They were put on the heat resistant-plates and heated by an electric muffle 
furnace following the scheme shown in Fig 3. The heating temperature was set on three levels: 500oC, 
800oC and 1150oC, holding for two hours. The 1150oC is a supposed maximum temperature in case of 
a fire in tunnels. The 500oC is a deterioration limit of OPC pastes and the 800oC is placed between 
500oC and 1150oC for reference. After this heat treatment, strength of the heated specimens was 
measured as well as taking photos to store the shape appearance of specimens. 
 
3. Results and Discussion 
3.1. Shape Appearance of Mortars after Heating 

Fig.4 shows the whole view of shape appearances of present specimens after heating in comparison 
with OPC specimens; Fig.4(a) is OPC and Na-type GP mortars and Fig.4(b) is OPC and K-type GP 
mortars. At a glance, color variation and shape instability are noted. The change of color is related to 
primarily by elevating temperatures and secondly by mix proportions. Namely, the change of color 
depends on the redox state of iron. The shape instability will be mentioned later in details. 

For Na-type mortars heated at 500 oC, all specimens including OPC one exhibit grey in color 
irrespective of mixtures, keeping the original color of the source fillers and the cement in which 
ferrous is prevailed. Strictly saying, the OPC one seems somewhat darker. After heating at 800oC,  
OPC specimen maintains the grey in color, but seems somewhat lighter. On the other hand, GP 
specimens turn to yellow brown to grey brown. This suggests some ferrous turns to ferric depending 
on mix proportions, namely FA contents. According to Table 1, the iron content of FA and BS is 
7.37% and 0.31%, respectively. Therefore, iron contribution of FA to the coloring is much larger. 
Incidentally, iron content of OPC is usually 3%. After the maximal heat-treatment at 1150oC, big 
difference of color takes place as well as in shape appearance as referred to later. OPC mortar shows 
dark grey in color. The plain GP mortar, BS0, shows black in color and this dark color suggests some 
liquid or glass formation due to partial melting. For other specimens decreasing brown color suggests 
decreasing ferric and vice versa increasing ferrous. 

For K-type mortars, the OPC specimens are basically common to those of Na-type. For specimens 
treated at 500 oC, the coloring trend is nearly the same to Na-type mortars. However, other GP 
specimens treated at 800 and 1150 oC are quite different from those of Na-type and delayed brown 
coloring is noted. Namely, the brown color tone becomes more intense for specimens treated at 1150 

oC, suggesting the redox state of iron is different between Na-type and K-type GP during the heat 
treatment.  

Talking about the features that are the shape appearance after heating, intact and no intact 
specimens are recognized. The former is stable and unchanged in shapes typically seen in all 
specimens heat-treated at 500 oC and 800 oC irrespective of Na- and K-type mortars as well as OPC-
mortars. Problem is the specimens treated at 1150 oC. Primarily, K-type mortars seem to be stable, but 
some cracks are noted in detailed observation as mentioned later. Secondly, no cracks are observed for 
Na-type mortars. Instead, expansion and swelling are noted in conjugation of partial melting and 
bubbling caused by degassing. Some fissures and sometimes braking due to over swelling are seen, 
depending on the amount of BS contents. OPC-mortars seem to be intact, but resulting poor strength 
as referred to in strength section. 

Compositional reason is considered to the partial melting of Na-type motars, that is, lower melting 
points of Na-bearing compositions. Degassing is generally observed in both of FA and BS. The former 
contains some unburnt coal as liberated carbon commonly seen in coal fly ash. The latter contains 
some sulfur. Specifically, coal fly ash discharged from pulverized coal combustion boilers is round 
shaped and glassy and some carbon is confined in the glassy portion. BS is also glassy and the sulfur 



 

is dissolved in the glassy portion, too. It is estimated the confined carbon and the dissolved sulfur 
remain intact until the partial melting points are reached. When melted, gas-bubbling would take place 
in the fluids caused by degassing, and then, pores would remain in solidified bodies according to 
cooling. It can be said that degassing of the sulfur would play an important role, because the swelling 
increases in accord with BS contents. No bubbling and swelling are observed for the plain specimen, 
BS0. However, as mentioned, partial melting is estimated from the black colour. Thereby, the carbon 
would act as a reducing agent, but no bubbling and swelling take place, because the BS0 contain no 
blast furnace slag having a certain amount of sulphur. Probably, the free carbon in FA is eliminated as 
CO2 or CO gas before partial melting takes place. At the moment, however, the precise relationship 
between the carbon and the sulphur is unknown.  
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Figure 4   Comparison of feature appearance of mortars after heating. OPC, BS0, BS10, BS20 and BS30  
from left to right. 

 

 
 Figure 5   An enlarged picture showing cracks of K-type GP mortars after 1150oC heating,  

Left, BS0 and right, BS10. 
 

As mentioned, there are big difference between Na-type and K-type mortars in shape appearance. 
Namely, all Na-type GP specimens added with BS expand and swelled at 1150oC, but K-type 
specimens show no marked expansion and swelling at all. However, detailed observation revealed 
some cracks in BS0 and BS10 of K-type as shown in Fig.5 in enlarged scale. Presumably, the cracks 
were generated during cooling process.  



 

The expansion and swelling of shapes mentioned above can be well-explained from the SEM 
images of paste samples. Fig.6 shows the selected SEM images of fracture surface of hardened GP 
paste after heated at 1150oC. 

 For Na-type pastes, it is estimated that melting took place in all specimens, judging from the 
formation of round shaped pores. For BS0 including no BS, the pores would be the relicts of carbon 
degassing occurred before melting. Probably, deformation of solid bodies would be avoided due to 
high viscus nature of the melt. With increasing BS contents, the viscosity of the melt would decrease 
gradually, judging from gradual flattened features as well as agglomerated voids to yield enlarged 
voids. 

For K-type pastes, two distinct features can be recognized. One is glass-like boundless flattened 
texture with some pores seen in BS0 and the other is ceramic-like sintering texture with many pores 
seen in other specimens added with BS. The BS0 specimen contains no BS, solely composed of the fly 
ash filler, so that degassing of free carbon would take place before melting. Then, the voids would 
agglomerate to become large pores according to elevating temperature. Subsequently, most of the 
pores would be lost due to smoothing caused by relatively low viscosity of the fluid. It should be 
stressed that some glassy portion is noted in BS10, exhibiting round glass shapes. Accordingly, BS10 
is partially melted. Other specimens, BS20 and BS30, show not smooth round pores but jagged round 
pores, indicating no fluid formation.  

Judging from the aspect of ceramics, BS0 and BS10 of K-type specimens are weak to thermal 
shocks, because glassy portions have little pores. On the other hand, BS0 of Na-type specimen is also 
glassy, but has many pores so that this specimen is thermal shock resistant due to the pinning effect of 
the pores to stop the crack propagation. This interpretation well-explains the shape appearance in Figs. 
4 and 5. Moreover, mixing the sand might be very important for self-standing, even if partial matrix 
melting takes place. 
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BS0                                 BS10                                BS20                               BS30 
Figure 6  Selected SEM images of hardend GP paste after 1150oC heating (x500) bar 50㎛ 

 
Subsequently, the detailed SEM pictures for overall specimens as a function of heating temperature 

are represented in Figs. 7 and 8 for Na-type and K-type specimens, respectively.  
    For Na-type specimens, sintering proceeds with increasing temperature accompanied with reaction 
between fillers and GP binders. Original shapes of fly ash globules can be recognized until 800oC is 
reached. However, in specimens heated at 1150oC, no globules can be detected any more, only 
showing glass formation embedded with elongated and dotted crystalline materials as well as with 
enlarged pores irrespective of mixing proportion.  The trend is nearly the same to K-type specimens. 
However, judging from the shapes of pores as mentioned, only BS0 and BS10 specimens are 
estimated to be glassy after heated at 1150oC. Enormously developed grain-grow textures are seen in 
BS20 and BS30 specimens after heated at this temperature. 
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 Figure 7   SEM images of Na-type GP paste after heating (x500) bar 50㎛ 
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  Figure 8   SEM images of K-type hardend  GP paste after heating (x500) bar 50㎛ 
 



 

 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 9   Weight loss ratio as a function of heating temperature. 
 

Fig.9 shows the relation between weight loss in ratio and heating temperature.  When supposed that 
weight loss is caused by release of internal water components, OPC keep the internal water at more 
than 1150oC. However, actual release of water component would be until 500oC is reached. After that , 
the release might be CO2 components. Incidentally, it is said that OPC bodies release almost entirely 
the water component until 400oC is reached and loss abruptly the strength. To the contrary, present 
data show the internal water of GP is almost entirely released until 500oC is reached irrespective of 
Na-type and K-type. After that, strength development is expected with increasing polycondensation of 
the GP binder. It is noted also that higher BS content GP has much internal water components than 
lower BS content GP.  
3.2. Compressive strength 

Fig.10 shows the comparison of compressive strength of mortars before and after heating. The 
compressive strength was measured in conformity with the test method for the compressive strength of 
cement, although some specimens have cracks as mentioned. The compressive strength of OPC 
specimens, common to Na-type and K-type, decreases with increasing temperature. After heating, 
however, OPC specimens lose the strength abruptly.  

For Na-type mortars, GP mortars acquire more strength with heating at 500oC and maximal strength 
of 75N/mm2 is encountered for BS30. However, the strength decreases markedly with heating over 
500oC temperature. Scarce strength is obtained after heated at 1150oC that is objective heating 
temperature. Polycondensation of GP binder developed until 500 oC heating. After that, however, 
ceramics sintering occurs to interrupt the polycondensation (Refer to Figs. 7 and 8). 

 

   
(a)  Na-type GP mortar                                                    (b)  K-type GP mortar 

Figure 10  Compressive strength of GP mortars cured at 20oC for seven days in comparison with OPC mortars 
cured at the same condition. 
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For K-type specimens, the trend of strength is nearly the same for both specimens unheated and 
heated at 500oC. Maximal strength of 63N/mm2 is reached by 500oC heating for BS30. Although 
intermediate temperature heating at 800oC gives rise to smaller strength than Na-type specimens, 
specimens heated at 800oC and 1150oC show nearly the same strength, remaining at not scares but 
around 20N/mm2 irrespective of BS addition. The development of polycondensation is nearly the same 
to Na-type specimens, but ceramics sintering raises the strength much more in K-type specimens 
(Refer to Figs. 7 and 8). 
 
4. Conclusions 

FA-based GP modified with BS has been prepared, applying Na-type and K-type alkali solutions 
and thermal resistance has been tested.  The objective is to develop fire resistant materials for tunnel 
interiors. Results are as represented in Fig.10 and main points are summarized as follows. 
(1) Compressive strength of Na-type mortars gradually increases with addition of BS and 50N/mm2 is 
reached by the addition of 30% BS at room temperature. The strength enhanced up to 75N/mm2 with 
increasing BS addition, when heated at 500oC. However, further elevation of heating temperature 
spoils the strength and scares strength is obtained for specimens treated at 1150oC. Accordingly, Na-
type GP has less potential to tunnel application. 
(2) Compressive strength of K-type mortars also gradually increases with addition of BS and 
60N/mm2 is reached by the addition of 30%BS at room temperature. The strength enhanced up to 
55N/mm2 with increasing BS addition, when heated at 500oC. Further elevation of heating temperature 
shows different results from those of Na-type mortars and considerably high strength is obtained for 
mortars treated at 1150oC, showing nearly 20N/mm2 irrespective of BS addition. Accordingly, K-type 
GP has a potential to tunnel application and further study may improve the strength much more. 
(3) Strength of GP mortars of both for Na-type and K-type is governed by the development of 
polycondensation until 500oC is reached. However, further elevation of heating temperature supresses 
the polycondensation and the strength is governed by ceramics sintering.  
(4) At 1150oC that is objective temperature of tunnel application, partial melting of Na-type binders 
takes place irrespective of BS addition, resulting weak strength. To the contrary, the partial melting is 
limited to specimens of FA plain and 10%BS addition for K-type binders. These two specimens show 
some cracks, but exhibited nearly 20N/mm2 as equal as the strength observed to other specimens 
containing 20 and 30%BS.  
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Abstract 
Metakaolin-based geopolymers (containing no calcium) at early ages are typically seen to contain soluble 
silicates, geopolymer gel and unreacted metakaolin. The objective of this study was to establish a protocol 
to probe nanostructural evolution of the geopolymer gel. First, the soluble silicates were removed and the 
geopolymer reaction was stopped at selected reaction times. HCl extraction was used to further separate 
geopolymer gel and unreacted metakaolin. Specimens before and after extraction were examined using 29Si 
and 27Al MAS NMR. The 29Si spectrum of the geopolymer gel was obtained by subtraction, and deconvoluted 
peaks were assigned to Q4 and small amounts of lower-Q-number aluminosilicates. To assist in the 
deconvolution, fully-reacted geopolymers were characterized to determine the peak position and width for 
Q4 geopolymer gels, while peak parameters and relative intensities for lower Q-number aluminosilicate 
phases were estimated using cross-polarization 1H-29Si MAS NMR. The Si/Al ratio of the geopolymer gel was 
estimated from intensities of these deconvoluted peaks. In addition, moles of Si and Al in each phase were 
estimated based on intensities of the 29Si and 27Al spectra and found to be consistent with the Si/Al estimated 
from deconvolution of the geopolymer gel spectra. The weight of each phase was computed from the 
intensities of the 29Si and 27Al spectra and found to be consistent with the residue weights measured from the 
extraction. This study is the first attempt to quantify structures of early age geopolymers.  
 
 
Originality 
Early age nanostructural evolution is critical to the understanding of setting and early strength development. 
29Si NMR has been used to examine the early-age reaction but only qualitatively, perhaps because it takes 
15 hours or longer to a collect 29Si spectrum suitable for quantitative analysis. 27Al NMR and infrared are 
much faster but do not provide quantitative information. This study is the first attempt, based on the authors’ 
knowledge, to quantify the early-age geopolymers using 29Si NMR. 
 
Keywords: geopolymer; early age; nanostructure 
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1. Introduction 
Geopolymers are being promoted as a sustainable alternative to conventional portland cement for use as 
the binder in structural concrete. Whether the precursor is a manufactured product such as metakaolin 
or a waste material such as fly ash, it needs not be processed at a high temperature and is not formed by 
decomposition of limestone, so CO2 emissions are greatly reduced from that of portland cement.  
 
Geopolymers exhibit very high compressive strengths. For example, a fly ash-based geopolymer was 
reported with a compressive strength of around 60 MPa at 5 hours (Palomo et al., 1999), which of course 
reflects the specific composition and the temperature of reaction. However, little research has shown 
how to correlate this strength development with nanostructural evolution so that the strength 
development can be controlled.  
 
Additionally, it is critically important to control setting, i.e., the transition from liquid to solid, if 
geopolymers are to be used in structural concrete. Very little is known regarding the geopolymer setting. 
The geopolymer reaction process has been conceptually divided into several stages—dissolution of 
precursor, gelation of dissolved species (i.e., nanostructural transformation of a suspension or sol to a 
continuous solid skeleton), and further polymerization (Duxson et al., 2007). It is the gelation that is 
presumed to be associated with setting. To understand setting at a fundamental level, the nanostructural 
changes during this gelation must be understood.   
 
Earlier studies have been conducted to quantify structures of mature geopolymers using 29Si NMR 
(Fernández-Jiménez et al. 2006; Kim, 2012), in the same manner as in zeolites (Engelhardt et al., 
1987). For early age specimens, few studies have been reported using 29Si. 27Al NMR is much faster, 
but information obtained is usually limited to its releasing rate from the precursors (Rahier et al., 2007; 
Singh et al., 2005). Fourier transform infrared spectroscopy (FTIR), also quite fast, has been used to 
probe the in situ early-age structures, and the intensity of the Si-O-T (Si or Al) peaks was used to 
estimate the reaction rate (Rees et al., 2007).  But we did not use FTIR for quantitative analysis of 
silicate-activated geopolymers because the overlap between the dissolved silicate species and the 
geopolymer gel, and the FTIR peaks are not as well separated as the NMR peaks and so deconvolution 
is more difficult. 
 
In this study, a combined water and alcohol extraction (Chen et al., 2014) was conducted to remove the 
soluble silicate species and any free water, thereby stopping the geopolymer reaction. Part of this residue 
was further treated using HCl extraction to remove the geopolymer phase. 29Si NMR spectra were 
collected for both residues, and the spectrum of the geopolymer phase was obtained by subtraction of 
the two. Deconvolution was conducted, considering the presence of small amount of low-Q species. To 
validate the Si/Al ratio estimated from this deconvolution, the concentrations of Si and Al were 
estimated by comparing the total intensity of 29Si and 27Al spectra for each residue with standard 
materials. The Si/Al ratio from deconvolution, Si and Al from the intensity analysis were validated using 
the directly measured weights of the residue.  
 
2. Experimental 
2.1. Raw Materials and Specimen Preparation 
Geopolymer mixtures were synthesized using metakaolin (MetaMax®, BASF, Ludwigshafen, Germany) 
as the precursor. The activating solution was prepared using reagent-grade sodium hydroxide (Fisher, 
Waltham, MA, USA) and fumed silica powder (Keanetech LLC, Champaign, USA). The composition 
of this mix design can be expressed as the molar ratio: Na2O:Al2O3:SiO2:H2O = 1:1:4:11. The specimens 
were kept in sealed condition at around 23oC until extraction and analysis.  
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2.2. Specimen Treatment 
At 51 hours after mixing, i.e., around 35 hours after initial set, a weighed sample (about 2 grams) was 
treated with combined extraction. The residue, which is expected to be unreacted metakaolin and 
geopolymer gel, was dried under a modest vacuum for about 24 hours. After drying, the mass of the 
residue was measured to determine the amount of metakaolin and geopolymers. Around 1 gram of dried 
residue was then further extracted in 250 ml HCl (1:20) by stirring for 3 hours to remove the geopolymer 
gel (Fernández-Jiménez et al. 2006). The HCl residue was dried in the same manner and its residue mass 
was measured to determine the mass of unreacted metakaolin. Similar treatments were conducted on 
specimens at 19 days after mixing. 
 
2.3. Si/Al of Geopolymer Phase by Deconvolution 
The residues from both extractions were examined using 29Si NMR. By subtracting the spectrum of the 
HCl residue from that of the combined extraction residue, the spectrum corresponding to the geopolymer 
phase was obtained. By deconvolution, the Si/Al of the geopolymer phase was estimated.  
 
Deconvolution is the process to separate overlapped peaks in a spectrum. By measuring intensities of 
peaks whose chemical shifts reflect replacement of Si by Al, we can quantify the Si/Al of the geopolymer 
gel as was shown previously for zeolites (Engelhardt & Michel, 1987). The NMR processing software 
‘MNova’ was used for this deconvolution. Peaks were assigned to connectivity based on previous work 
on zeolites (Engelhardt & Michel, 1987) and geopolymers (Bernal et al., 2013). A 3-month mature 
geopolymer specimen was analyzed to determine chemical shift and peak width for the geopolymer 
phase in the early age system. All peaks were assigned Gaussian line shapes. Where there were evident 
shoulders or peaks in the spectrum, deconvoluted peaks were located accordingly. To further help 
deconvolution of early age geopolymer phases, 1H-29Si cross-polarization tests were conducted to 
determine the chemical shift and peak width of any low-Q Si species (Q0-3), and those details were 
incorporated in the deconvolution. Throughout the process, the minimum possible number of component 
peaks was used to describe each spectrum. 
 
2.4. Si/Al of Geopolymer Phase by Intensity Analysis 
To validate the Si/Al ratio from deconvolution, the amount of Si and Al, and thus the Si/Al ratio were 
estimated from the intensities of the 29Si and 27Al NMR spectra. The process was comprised of the 
following steps. (1) The total Si and Al was computed from the mass of the specimen and the mix design. 
(2) The Si/Al in the unreacted metakaolin (HCl residue) was estimated using both 29Si and 27Al NMR. 
More specifically, moles of Si were estimated by comparing to the intensity of raw metakaolin with 
known amount of Si. To estimate moles of Al, the HCl residue was firstly activated by NaOH and its 
I27Al/I29Si was calculated, which was then compared with that of NaOH-activated metakaolin with a 
known ratio of Si/Al. The NaOH activation converted any Al (V) and (VI) to Al(IV) because the 
intensity per mole of Al is different in different coordination environments (Massiot et al., 1990). (3) 
The moles of Si and Al of soluble silicates were estimated in a similar manner by comparison to intensity 
of a reference material. (4) Finally the Si and Al in the geopolymer phase was computed by subtracting 
those of the unreacted metakaolin and soluble silicates from the total. 
 
2.5. Validating Moles of Si and Al by Comparing with Residue Weights 
Based on the computed values of Si and Al (section 2.4), weights were computed and were compared 
with measured extraction residues. Formulas were assumed to be (SiO2)x·(Al2O3)y for the HCl residue, 
and (SiO2)m·(Al2O3)n·(Na2O)n for the geopolymer gel. These weights were compared with those directly 
measured from extraction residues.  
 
3. Results and Discussion 
3.1. Mature Geopolymer 
Figure 1 shows the 29Si NMR spectrum of the 3-month geopolymer. It was deconvoluted into five peaks, 
which were assigned to Q4(0-4Al) as generally observed in mature geopolymers. During this 
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deconvolution process, a peak was firstly located at the maximum intensity of the spectrum and it was 
assigned as Q4(2Al), while three other peaks were located based on the positions of any shoulders and 
were subsequently assigned as one Q4(4Al) and two Q4(0Al). Peak widths were constrained to be less 
than 10 ppm, the same assumption made by Bernal et al. (2013) for geoplymers. Two additional peaks 
were added to fit the spectrum and assigned as Q4(3Al) and Q4(1Al). Based on the intensity of each peak, 
the Si/Al was estimated to be 1.97 using an equation derived for zeolites (Engelhardt & Michel, 1987) 
and also used successfully for mature geopolymers (Fernández-Jiménez et al. 2006; Kim, 2012). This 
ratio is consistent with the mix design, where Si/Al was expected to be 2.0. 

 
Figure 1. Deconvolution of 29Si NMR spectrum of the 3-month geopolymer specimen with no 

extraction. 
 

3.2. 51-hour Specimens  
3.2.1 Residue Weights 
The weight of the specimen right after mixing was 1.9950 g and after curing in a sealed condition for 
51 hours was 1.9885 g. Before extraction, the specimen was expected to contain three phases: 
metakaolin, geopolymer and soluble silicates. This specimen was then treated using combined water 
and solvent extraction (Chen et al., 2014) to remove the soluble silicates and free water, and the dried 
residue was 1.1509 g. This residue was further treated using HCl extraction (Fernández-Jiménez et al., 
2006) to remove the geopolymer phase, after which the residue was 0.7525 g.    
 
3.2.2 Si/Al from Deconvolution 
The direct polarization (DP) spectra of HCl and combined extraction residues, and the 1H-29Si spectrum 
(CP) of the combined residue are shown in Figure 2. On deconvolution two peaks were identified in this 
spectrum and assigned as Q2 and Q3. It should be noted that the HCl residue showed no intensity in its 
1H-29Si CP spectrum, so these Q2 and Q3 are derived from the geopolymer phase. Finally, the 
geopolymer spectrum was obtained by subtracting the HCl residue from the combined extraction residue. 
Before the subtraction, the spectra of the HCl and combined extraction residue were normalized to 
0.7525 g and 1.1509 g of each residue, respectively, such that both corresponded to the total initial 
specimen before extraction.  
 
During deconvolution, the four Q4(nAl) peaks were identified from features including shoulders and 
peaks in the DP spectrum. The peak widths were adjusted to be close to the parameters in the 3-month 
specimen. For the Q2 and Q3 peaks, the peak positions and widths were adjusted to be close to the 
parameters in the CP spectrum. Their intensities however were difficult to determine because they 
overlapped with the Q4(nAl) peaks. To roughly estimate the relative amount of Q2 and Q3, the CP 
intensity of the specimen was compared with that of crystalline sodium silicate pellets with 100% low-

Q4(4Al) 

Q4(2Al) 

Q4(1Al) 

Q4(0Al) 
Q4(0Al) 

Q4(3Al) 
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Q sites (Q0-3) under the same NMR testing conditions. By comparing the intensities of all peaks and 
assuming the Q2 and Q3 structures have no aluminium replacement, the Si/Al ratio was estimated to be 
3.61. The assumption of no aluminium replacement may not be accurate, but it is believed to be 
acceptable because in other alkaline-based aluminosilicate systems it has been suggested that Al is 
thermodynamically more likely to condense with higher-Q silicate species (McCormick, Bell, & Radke, 
1989). 
 
3.2.3 Si/Al from Intensity Analysis 
Based on the mix design of the specimen, the Si and Al in the specimen with known mass used for 
extraction at 51 hours were 1.32E-2 and 6.50E-3 moles. Following paragraphs aim to estimate the moles 
of Si, the Si/Al ratio of the HCl residue, and based on these two values the mole number of Al was 
computed. These obtained mole numbers of Si and Al were used to estimate weights of corresponding 
phases in following sections. 
 
To estimate the moles of Si of the HCl residue from its total 29Si NMR intensity, the raw metakaolin 
was used as a standard. A raw metakaolin specimen of 58.4 mg, which contained 5.16E-4 moles of Si 
based on its chemical composition, showed an intensity of 4469 (arbitrary unit). The specimen of the 
HCl extraction residue of 60.2 mg showed an intensity of 5410 (arbitrary unit). By comparing these 
intensities, the Si in the HCl residue (0.7525 g in total) was computed to be 7.63E-3 moles. 
 
Then the Si/Al ratio of the HCl residue was estimated. Because of the presence of 4-, 5- and 6-
coordinated Al, it is not possible to estimate the total amount of Al by comparing the overall intensity, 
as intensity per mole of Al is different in different coordination environments (Massiot et al., 1990). 
Therefore, the HCl residue was activated by NaOH solution so that all Al was converted to 4-
coordination. As a reference, metakaolin was also activated by the same relative amount of NaOH 
solution. Around 100 mg of NaOH-activated MK showed intensities of 2194 and 35346 in 29Si and 27Al 
NMR, respectively, while around 100 mg NaOH-activated HCl residue at 51 hours showed intensities 
of 3079 and 33690 respectively. The Si/Al ratio of the reference materials (i.e., raw MK activated by 
NaOH) however was known to be 1.03, the same as that in the raw MK. Based on this reference, the 
Si/Al of the NaOH-activated HCl residue, and thus also the non-activated HCl residue, was estimated 
to be 1.51.  
 
Using the Si/Al ratio and the moles of Si estimated above, the amount of Al was computed to be 5.04E-
3. The moles of Si and Al were later validated by comparing with the extraction weights. 
 
During the combined extraction, the liquid was collected and evaporated. Its dried mass was 0.4906 g.  
Around 73.9 mg of this residue was tested using both 29Si and 27Al, and the intensities were 272 and 169, 
respectively. No NaOH activation was conducted, as the resulting error in the estimated amount of 
geopolymer phase is expected to be insignificant. By comparing with the reference materials, the moles 
of Si and Al were estimated to be 3.07E-5 and 4.17E-6 respectively in this 73.9 mg specimen. In the 
total 0.4906 g sample, the moles of Si and Al were calculated to be 2.04E-4 and 2.77E-5. 
 
The moles of Si and Al of the geopolymer phase were estimated by subtracting those of the HCl residue 
and soluble silicates from the total Si and Al, respectively. For Si, the total moles and those 
corresponding to HCl residue and soluble silicates were 1.32E-2, 7.63E-3 and 2.04E-4, respectively, 
and thus that in the geopolymer phase was computed to be 5.37E-3 moles. Similarly, moles of Al in the 
geopolymer phase was computed to be 1.43E-3. The Si/Al ratio was therefore 3.74, similar to that 
obtained from spectrum deconvolution. These results were summarized in Table 1. 
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Figure 2. 29Si spectra of 51-hour specimens: (A) DP of HCl residue, (B) DP of combined extration 
residue, (C) 1H-29Si CP of combined extraction residue and (D) deconvoluted spectrum of geopolymer 
phase by subtraction (A) from (B) (metakaolin = MK; geopolymer = GP). 
 

Table 1. Summary of results from extraction, intensity analysis and deconvolution 
 

Specimens 
Total 

weight 
Spectrum subtraction and 

deconvolution Deconvolution 

Weight (g) Si (mole) Al (mole) Si/Al Si/Al 

51h 

Total specimen  1.9885 1.32E-02 6.50E-03 2.00 - 
Residue (HCl) 0.7525 7.63E-03 5.04E-03 1.51 - 
 Removed SS* - 2.04E-04 2.77E-05 - - 

GP gel 0.3984 5.37E-03 1.43E-03 3.74 3.61 

19d 

Total specimen  1.9765 1.35E-02 6.63E-03 2.00 - 
Residue (HCl) 0.1654 1.21E-03 5.58E-04 2.17 - 
 Removed SS - - - - - 

GP gel 1.4760 1.23E-02 6.08E-03 2.02 2.27 
* Removed SS is the soluble silicates removed during combined extraction 
 
3.2.4. Estimated versus Extracted Weights 
The moles of Si and Al were obtained from the intensity above, from which the weights of HCl residue 
and geopolymer phase can be reasonably estimated by assuming a formula. The moles of Si and Al for 
the HCl residue were 7.63E-3 and 5.04E-3, respectively. The weight of the HCl residue therefore could 
be estimated to be the sum of 7.63E-3 moles SiO2 and 5.04E-3 moles of Al2O3, i.e., 0.7152 g. This value 
is close to that obtained directly from weight measurements, 0.7525 g. 
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For geopolymer phase, the moles of Si and Al were 5.37E-3 and 1.43E-3, respectively. In Na-based 
geopolymers, the moles of Na2O and Al2O3 should be theoretically equal to each other to balance the 
charge. The mass therefore can be estimated as sum of 5.37E-3 moles of SiO2, 1.43E-3 moles of AlO3/2 

and 1.43E-3 moles of NaO1/2, or 0.4502 g. The corresponding value from weight measurement 0.3984, 
obtained by subtracting mass of HCl residue (0.7525 g) from that of the combined residue (1.1509 g).  
 
For both HCl residue and geopolymer phase, the estimated mass is close to that from weight 
measurement. This consistency validated the moles of Si and Al from the intensity analysis. Furthermore, 
the Si/Al from the intensity analysis was 3.73, close to 3.61 from the deconvolution. 
 
 
3.3 19-day Specimens  
3.3.1 Residue Weights  
The weight of the specimen right after mixing was 2.0355 g and after curing in a sealed condition for 
19 days was 1.9765 g. This specimen was then treated using combined water and solvent extraction to 
remove the soluble silicates and free water, and the dried residue was 1.6414 g. This residue was further 
treated using HCl extraction to remove the geopolymer phase, after which the residue was 0.1654 g.  
 
3.3.2 Si/Al from Deconvolution 
As shown in Figure 3, deconvolution was conducted in a similar way as for the 51-hour specimen. In 
this case, however, the positions of the Q4(nAl) peaks more closely followed those seen in the 3-month 
specimen shown in Figure 1. No evident shoulders were found, with exception of the Q4(0Al) peak 
which was adjusted to accommodate the shoulder at around -105 ppm. Using similar estimation as for 
51-hour spectrum, the amount of Q2-3 was insignificant at 19 days and thus was not included during 
deconvolution of the spectrum. The Si/Al was estimated to be 2.27. 
 

 
Figure 2. 29Si spectra of 19-day specimens: (A) DP of HCl residue, (B) DP of combined extration residue, 
(C) 1H-29Si CP of combined extraction residue and (D) deconvoluted spectrum of geopolymer phase by 
subtracting (A) from (B) (metakaolin = MK; geopolymer = GP). 
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3.3.3 Si/Al from Intensity Analysis 
Based on the mix design of the specimens, the moles of Si and Al the specimen with known mass used 
for extraction at 19 days were 1.35E-2 and 6.63E-3. Following paragraphs aim to estimate the moles of 
Si, the Si/Al ratio, and based on these two values the moles of Al were computed. 
 
To estimate the moles of Si from the total 29Si NMR intensity, the raw metakaolin was used as a standard. 
Similar to that for the 51 hour specimen, raw metakaolin was used. Around 51.7 mg HCl residue at this 
age was tested using 29Si NMR, showing intensity of 3359 (arbitrary unit). By comparing with the 
reference specimen, the Si in this specimen was estimated to be 3.79E-4 moles. The total mass of the 
HCl residue was 0.1654 g, and thus it contained 1.21E-3 moles of Si. 
  
Then the Si/Al ratio was estimated. Around 140 mg NaOH-activated HCl residue was tested using 29Si 
and 27Al NMR. The intensity of 29Si and 27Al were 2766 and 21083, respectively. Using the activated 
raw MK as a reference, the Si/Al of the NaOH-activated HCl residue, and thus also the non-activated 
HCl residue, was estimated to be 2.17. This was also used to validate the ratio determined from 
deconvoluting the spectrum.  
 
Using the Si/Al ratio and the moles of Si estimated above, the amount of Al in the HCl residue was 
computed to be 5.58E-4. The moles of Si and Al were later validated by comparing with the extraction 
weights. 
 
The amount of soluble silicates was insignificant during the combined extraction, as expected given the 
small amount at 51 hours. Therefore, the moles of Si and Al were estimated by subtracting those of the 
HCl residue only from the total Si and Al, respectively. For Si, the total moles and that corresponding 
to HCl residue were 1.35E-2 and 1.21E-3, respectively, and thus Si in the geopolymer phase was 
computed to be 1.23E-2 moles. Similarly, moles of Al in the geopolymer phase were computed to be 
6.08E-3. The Si/Al ratio was thus 2.02, similar to that obtained from spectrum deconvolution, 2.27. 
These results were summarized in Table 1. 
 
3.3.4. Estimated versus Extracted Weights 
Similar as the calculation for the 51-hour specimens, the weight of the HCl residue therefore could be 
estimated to be the sum of 1.21E-3 moles SiO2 and 2.79E-4 moles of Al2O3, i.e., 0.16 g. This value is 
close to that obtained directly from weight measurements, 0.1654g. 
 
For geopolymer phase, the mass was estimated as the sum of 1.28E-2 moles of SiO2, 6.08E-3 moles of 
AlO3/2 and 6.08E-3 moles of NaO1/2, or 1.7320 g. The corresponding value from weight measurement 
was 1.4760, from subtracting mass of HCl residue (1.6414 g) from that of the combined residue (0.1654 
g).   
 
For both HCl residue and geopolymer phase, the estimated mass is close to that from weight 
measurement. This consistency validated the moles of Si and Al from the intensity analysis. Furthermore, 
the Si/Al from the intensity analysis was 2.02, close to 2.27 from the deconvolution. It should also be 
noted that little Q2 and Q3 was observed as opposed to the 51-hour specimen.  
 
4. Conclusions 
A protocol using NMR deconvolution was developed, during which spectrum of geopolymer phase was 
obtained by subtraction and low-Q Si sites were identified by CP NMR tests. This protocol was used to 
estimate Si/Al of the geopolymer phase in geopolymer specimens at 51 hours and 19 days after mixing. 
To validate these results, amount of Si, Al and thus Si/Al were also estimated by analyzing the intensities 
of both 29Si and 27Al NMR spectra, and by comparing weights measured from chemical extractions. This 
protocol was found to provide valid Si/Al. To the authors’ knowledge, it is the first study to quantify 
phases in early-age geopolymer systems using solid-state NMR.  
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Abstract 
Every year millions of tons of iron rich brown coal fly ash are produced as residue material in German power stations. 
Up to now the ash is mainly used as cement material, mixed with flue-gas desulfurization water to form hydrated 
stabilisates. The iron - rich brown coal fly ash is characterized by high SiO2 and Fe2O3 contents, CaO and Al2O3 are 
moderate. To identify the individual mineral phases, X-ray diffractometry was used on material obtained by selective 
solution experiments. Quartz, brownmillerite, magnesioferrite, hematite, anhydrite, periclase, melilite, diopside, 
merwinite, larnite, mullite, free lime, and apatite were identified. The analyzed filter ashes contain a high content of 
amorphous phase, which is characterized by a distinctive amorphous hump. The identified mineral phases of the fly ash 
were refined by the Rietveld-method and the amounts of mineral contents were determined quantitatively. The 
amorphous content was determined by the internal standard method, using rutile (10 wt-%) as the internal standard. To 
verify the quantified mineral contents, the fly ashes were mixed with increasing amounts of identified mineral phases. 
The verification by mixtures was done in three ways, using the ascending peak areas of stand-alone reflections, 
ascending peak-areas of refined structures and quantification by Rietveld refinement. The ascending peak-shape areas 
of stand-alone reflections of single crystalline phases were used to construct regression lines. Therefore, the determined 
peak areas were applied to the contents of admixed mineral phase. The regression line should intersect the abscissa at 
the value of quantified amount without mixing. To determine the peak shape areas a full profile fit with fixed 
background was used. Due to excessive overlapping of XRD reflections, some of the constructed regression lines 
intersect the abscissa at values different to the quantified content without mixing. In those cases the refined peak-shape 
area of the refined structure was used to create a revised regression line. In addition to the verification using peak 
shapes areas of stand-alone reflections, the quantified, ascending content of admixed mineral phases was used to 
construct regression lines. Therefore, the quantified mineral content of the mixture, determined by Rietveld refinement, 
was applied to the content of admixed mineral phase. The line should intersect the ordinate at the quantified value 
without mixture. To verify the amorphous phase glass powder was used to mixture the fly ash. To verify the quantified 
content of free lime the Franke method was used. 
Eleven of the main phase contents of the fly ash were verified. Generally, the verified values are in accord with the 
quantified amounts without mixture. In cases of the high amorphous content and a high amount of quartz the verified 
contents correspond with minimal differences to the quantified content. Mineral phases with low quantified content 
show little differences to the verified content.  
 
Originality 
Every year several million tons of brown coal fly ash are produced as waste by power plants in Germany. Mixed with 
flue gas desulfurization water the reactive components of the fly ash form hydrated mineral phases. Due to these 
reactions the loose, non-reactive particles of the fly ash became fixed, forming solid bodies with moderate strengths. 
Investigations on the multi-phase content of the fly ash help to understand the reactions forming the hydrated product. 
Using the quantified phase content as base for thermodynamic modelation of the hydration, the quantification has to be 
verified. 
 
Keywords: Rietveld, fly ash, quantification, amorphous content, cementitious material 
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1. Introduction 
Brown coal fly ash (BCFA) is a by-product of power stations that use brown coal as fuel to produce 
electricity. Brown coal had a share of 40.7 % of the primary energy production of Germany in 2006 
(STOLL R. D. et al., 2009). In 2002, approximately 181 Mt of brown coal was burned for power in 
Germany, thereby 7 Mt of BCFA were created (FEUERBORN H-J., 2007). The brown coal is burned at 
1200°C. Incompletely burned coal particles, heat resistant particles of the host rock and reaction 
products of the combustion are transported within the flue gas. These fine-grained particles are 
deposited dry by multistage electrostatic precipitators so forming brown coal fly ash. The contained 
particles are partially hydraulic or puzzolanic. An overview of observed mineral phases in fly ashes 
and their reactivity is given in PÖLLMANN H.P. (2010). By hydration of the fly ash with gypsum 
containing water of the flue gas desulfurization, the waste is used as backfill material in brown coal 
pits, as packing material in decommissioning mines and as building material for landscape buildings. 
To understand and comprehend the reactions of hydration, the fly ash and the hydration product, a so 
called stabilisate, have to be characterized chemically and with mineralogical methods. To confirm the 
final state of hydration, thermodynamic modeling is used. For this purpose, the content of inert and 
reactive mineral phases in the fly ash has to be determined and validated. An adequate method to 
determine the mineral content of the fly ash is the Rietveld method, applied to powder samples, 
measured by XRD. To verify the detected mineral content of the fly ash primarily mixtures were 
produced, examined with XRD and refined with Rietveld.  
 
2. Methods 
2.1. Characterization of BCFA 
Twenty samples of BCFA were characterized chemically, using XRF. The material was analyzed by 
x-ray powder diffraction. The device parameters used are shown in Table 1. X’Pert Highscore Plus 
from PANalytical was used as evaluation software to identify and quantify the mineral content.  
 

Tab. 1: Device parameters, used to obtain powder diffraction data from BCFA 

Device Xpert Pro - Panalytical

Anode Material Cu

Kβ-Filter Zn

Angular range [° 2Θ] 5 - 70

Tube Current [mA] 40

Tube Tension [kV] 45

Differgence Slit Type fixed

Fixed divergence slit size [°] ½

Detector Scanning Line Detector - X'Celerator

Device parameters

 
 
Due to the multiphase character of the measured BCFA the reflections in the diffractograms strongly 
overlap. To identify the main mineral phases conclusively the overlapping character of the reflections 
has to be removed. Therefore the fly ash was treated with several solution experiments. To concentrate 
the silicate phases potassium hydroxide / sucrose extraction was used (GUTTRIDGE W.A. 1979). 
Salicylic acid / methanol extraction concentrates calciumaluminates (STRUBLE L.J. 1985). 
Additionally the samples were treated with hydrochloric acid, with an increasing concentration from 
0.025M up to 0.5M. The microstructure of the fly ash was observed using SEM. Individual grains 
were identified chemically by EDX and the allocation of elements in the particles was obtained by 
element mapping. The crystal structures of the identified mineral phases were used to refine the X-ray 
diffractograms of the measured fly ash with Rietveld method. The internal standard method was used 
to determine the amorphous content of the BCFA. As internal standard the fly ash were admixed with 
10 wt% Rutile (TiO2). The prepared samples were measured three times and the resulting mineral 



 

content obtained from the arithmetic mean. The resulting contents of mineral phases have to be 
verified. 
 
2.2. Verification of quantified mineral content  
An indirect verification of the quantified mineral contents shows the correlation of the varying 
contents in the analyzed fly ashes to the corresponding chemical composition. Ascending or 
descending contents of chemical components should result in ascending or descending mineral 
contents, corresponding to the chemical composition. To verify the quantified mineral contents 
mixtures were used. The identified mineral phases were mixed in increasing, defined percentages with 
the fly ash and the internal standard. The identified mineral phases of the fly ash have been 
synthesized, if necessary, with the sol-gel based Pechini method. The synthesized material has been 
quantified by Rietveld refinement to obtain the amount of amorphous phase and the content of 
occurring secondary phases. The amount of mixture was adjusted to the quantified value in the 
synthesized material. To verify the amorphous content glass powder were used to form the mixture. 
The mixtures were measured by XRD. The ascending admixed mineral content gives rise to increasing 
intensities of corresponding reflections. To analyze the increasing intensities three different methods 
were used. First, the mixtures were quantified by Rietveld refinement, using all relevant, identified 
structures. The increasing quantified mineral content of the admixed phase was applied to the known, 
admixed content. The correlation should result in a regression line intersecting the ordinate at the 
original value of quantified mineral content without mixture. A second method uses single, stand-
alone reflections of the admixed mineral phase. The ascending admixed mineral content results in an 
increasing peak area of the single reflection. The resulting area was applied to the admixed content 
which should give rise to a regression line intersecting the abscissa in prolongation after intersecting 
the ordinate. The value at the point of intersection should be the original content of admixed mineral 
phase in the BCFA without mixture. Due to the overlapping character of the reflections in the 
diffractograms, caused by the multiphase composition of the fly ashes, this method leads to plausible 
results for single peaks of a mineral phase when not underlain by reflections of different mineral 
phases. The third method to analyze the diffractograms of admixed fly ashes is using the peak areas of 
single peaks of refined measurements. The single peak area of each reflection is assigned to the 
refined mineral phase, despite the overlapping character of the reflections. The resulting peak areas are 
applied to the admixed contents, resulting in a regression line. Equivalent to the second method, the 
prolongated regression line should intersect the abscissa at the value of the original content of mineral 
phase without mixture. The increment of the admixed phase depends on the quantified content in the 
fly ash. Mineral phases with a quantified content more than 5 wt% in the original fly ash were 
admixed with an increment of 5 wt%. Mineral phases with a quantified content less than 5 wt% were 
admixed with an increment of 2 wt%. The mixture of glass powder to verify the amorphous content 
was realized by an increment of 10 wt%, due to the high content in the quantified, original fly ash. The 
mixtures were prepared and measured three times. The results represent the arithmetic mean. 
 
3. Results and Discussion 
3.1. Characterization of the brown coal fly ash 
The analyzed brown coal fly ashes are strongly magnetic and have high contents of SiO2 (Tab.2). In 
the pseudo-ternary diagram according to DIETZ (1996), the analyzed BCFA lie between the silica rich, 
the lime rich and the alumosilicatic field of BCFA (Fig.1). The approximation to the field of 
alumosilicatic BCFA is caused by a high content of Fe2O3.  
 

Table 2: Chemical composition of the analyzed BCFA with minimal and maximal content (N=20) 
Compositions (N=20) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 MnO P2O5 

Minimum content [wt%] 36.1 8.01 12 13.2 4.04 1.6 0.11 0.21 0.52 0.13 0.05
Maximum content [wt%] 54.6 15.8 19.5 22.1 6.2 3.3 0.47 1.13 0.94 0.22 2.07  



 

 
Fig.1: Pseudo - ternary diagram (SiO2 - CaO+MgO - Fe2O3+Al2O3) with fields of composition of other hydraulic, 

latent hydraulic or puzzolanic materials (according to DIETZ S., 1996). 
 
X-ray measurements result in diffractograms with few reflections of high intensity and a significant 
number of overlapping reflections of low intensity (Fig.2). Using selective solution experiments the 
mineral phases quartz, brownmillerite, magnesioferrite/magnetite, anhydrite, mullite, free lime, 
pyroxene, hematite, periclase, larnite, melilite, merwinite and apatite were identified.  
 

 
Fig.2: Powder diffractogram (red line) of a BCFA sample using Rietveld-refinement (blue line), difference plot 
(red line below) and pie chart of the quantified mineral content. The main peaks of the identified mineral phases 
are marked. 
 
The quantified fly ashes have a high content of amorphous phase, characterized by a distinctive 
amorphous hump. The main crystalline phase is quartz with an amount of up to 31 wt%. 

Counts 

Counts 



 

Brownmillerite is represented by amounts up to 13 wt%. The content of magnesioferrite/magnetite is 
up to 6 wt%. The rest of the quantified phases show values less than 1 to 4 wt%.  
 

Tab. 3: Quantified mineral content of 20 BCFA samples with minimal and maximal contents. 

Name of mineral Idealised composition Minimal content [wt%] Maximal content [wt%]

Quartz SiO2 18 30.9
Brownmillerite Ca2(Al,Fe3+)2O5 6.3 13.4
Magnetite / Magnesioferrite Fe3O4, MgFe2

3+O4 3.8 5.6

Pyroxene (Ca,Fe,Mg)2[Si2O6] 1.8 3.9

Melilite (Ca,Na)2(Mg,Al)[Si2O7] 2.1 4.4

Lime CaO <1 1.3
Larnite (C2S) Ca2SiO4 1.1 2

Periclase MgO 1.7 3.2
Hematite Fe2O3 1.1 1.3

Mullite Al4.8Si1.2O9.6 2.6 4

Apatite Ca5[(F,Cl,OH)|(PO4)3] 0 1.4
Anhydrite CaSO4 2.6 4.4

Merwinite Ca3Mg(SiO4)2 1.7 1.9

Amorphous ---- 36 53.4

BCFA - quantitative mineral content (N=20)

 
 
The analysis of the microstructure by SEM shows the heterogeneous character of the BCFA consisting 
of spherical aggregates and irregular shaped particles in a range of less than 1 µm up to 200 µm. 
Occasional idiomorphic grains of quartz can be observed. Small particles often are associated with 
bigger particles, covered by anhydrite. The spheres can be classed into spheres with smooth surface, 
spheres with rough surface and spheres with a crystallized surface.  
 

 
Fig. 3: SEM image of a loose BCFA (left) and of a prepared thick section of BCFA with element mapping 
(right). The BCFA consists of spherical aggregates and irregular shaped particles with a heterogeneous chemical 
composition. 
 
 
 
 



 

3.2. Verification of the quantified mineral content of BCFA 
3.2.1 Correlation to chemistry 
Plotting the mineral contents to the chemical compositions of the 20 analyzed BCFA provide the 
correlation of some phases to their inherent chemical components. A positive correlation can be 
considered as an indirect verification of the quantified mineral content (Figs.4 - 9). The values of SiO2 
correlate to the amount of quantified quartz. The amount of CaO correlates to the quantified contents 
of brownmillerite, larnite, merwinite and anhydrite. The values of Fe2O3 correlate to the quantification 
of brownmillerite and magnesioferrite/magnetite. The values of MgO correlate to the quantified 
contents of periclase and magnesioferrite/magnetite. The SO3-values correlate to the quantified 
amount of anhydrite. The only phase correlating to the content of Al2O3 is the amount of amorphous 
phase. So the amorphous content is considered to be the main phase containing Al.  
 

  
Fig.4: Correlation of the quantified quartz content to the determined content of SiO2 (left) and correlation of the 
quantified content of amorphous phase to the determined content of Al2O3 (right). 
 

  
Fig.5: Correlation of the quantified content of brownmillerite in the BCFA to the determined content of CaO 
(left) and Fe2O3 (right). 
 



 

  
Fig. 6: Correlation of the quantified content of magnesioferrite/magnetite to the determined contents of MgO 
(right) and Fe2O3 (left). 
 

  
Fig. 7: Correlation of the quantified content of anhydrite to the determined contents of SO3 (right) and CaO (left). 
 

  
Fig. 8: Correlation of the quantified content of larnite (C2S, left) and the quantified content of merwinite (right) 
to the determined content of CaO in the BCFA. 
 



 

 
Fig. 9: Correlation of the quantified content of periclase to 

the determined content of MgO. 
 
3.2.2 Verification by refinement of mixtures 
The plot of the quantified amorphous phase of the mixed BCFA sample to the admixed content of 
glass powder results in a regression line intersecting the ordinate close to the value of quantified 
amorphous phase in the original BCFA sample (Fig.10). The mixture with the amorphous glass 
powder causes an increase of the distinctive amorphous hump. That’s why only the verification by 
Rietveld quantification of the complete mineral content of mixtures can be used to verify the 
amorphous content. 
 

  
Fig.10: Superposed powder diffractograms of BCFA with a mixture of glass powder from 10 to 80 wt%. The 
application of the quantified amorphous contents of the mixtures to the admixed content provides a regression 
line intersecting the ordinate close to the quantified amorphous content in the original BCFA. 

 
In figures 11 - 13 the verification is presented of the three crystalline main phases of the BCFA, quartz, 
brownmillerite and magnetite/magnesioferrite. The figures show the superposed diffractograms of the 
mixtures and an exemplary main peak of the examined mineral phase in the mixtures. The regression 
lines of the three different approaches of verification are shown. The verification of the quartz content 



 

(Fig.11), using the complete quantified contents of mineral phases in the mixtures, results in a 
regression line intersecting the ordinate close to the quantified content of quartz in the original 
quantified BCFA sample. The methods of verification, using an increasing single reflection 
determining the peak area, once by a full profile fit and secondary by Rietveld refinement, result in 
similar regression lines intersecting the abscissa close to the quantified content of the original sample 
without mixture.  
The verification of the content of brownmillerite (Fig.12), using the complete quantified contents of 
mineral phases in the mixtures, results in a regression line intersecting the ordinate close to the 
quantified content of brownmillerite in the original quantified BCFA-sample. The verification, using 
the area of main peak, obtained by the default profile fit, results in a straight regression line 
intersecting the abscissa in prolongation close to the determined amount, quantified by the Rietveld-
method in the original BCFA sample without mixture. The refined peak areas of brownmillerite, 
applied to the admixed content, result in a line intersecting the abscissa in a higher content than the 
value in the quantified original BCFA-sample.  
To verify the iron containing mineral phase magnetite/magnesioferrite the mixture of magnetite was 
used (Fig.13). In the quantification the structure of magnesioferrite was used, due to the similarity of 
the structure. A refinement with coexisting structures resulted in termination of the refinement, due to 
strong overlapping refinements of the structures used. The increasing content of iron in the admixed 
samples of BCFA, caused by the increasing mixture of magnetite to the original BCFA, results in an 
increased background due the increasing fluorescence using Cu radiation. The increase of the 
background is linear in the admixed content of magnetite. Also the increasing fluorescence causes 
overlapping of the intensities of the occurring reflections. On the basis of widening of the widths of 
reflections towards their bases a decreasing area of the peaks is overlain at increasing amount of 
mixture. The determined peak area of a reflection applied to the amount of admixed magnetite causes 
a quadratic parabola instead of a straight line. This effect can be demonstrated by the internal standard, 
whose content is fixed, despite the admixed content of magnetite (Fig.13). The fluorescence effect 
influences the peak-area of all reflections. That’s why the amount of magnetite/magnesioferrite in the 
quantification of the complete mineral content of the mixtures applied to the admixed amount results 
in a straight line. This line intersects the ordinate close to the quantified content of 
magnesioferrite/magnetite in the original BCFA-sample. To verify the content by increasing peak 
areas of a single reflection of the admixed mineral phase a quadratic function has to be used. The 
prolongated parabola intersects the abscissa close to the quantified amount of 
magnetite/magnesioferrite in the original BCFA-sample without mixture. 
 
The quantified amount of free lime was verified by the Franke-method. 
 
The described methods to verify the quantified mineral content of BCFA were applied to 11 of 13 
identified and quantified mineral phases. The results of quantification and verification are shown in 
Fig.14. 
 



 

 
Fig.11: Diffractograms of BCFA with 5 - 30 wt% mixture of quartz (top). The regression lines, constructed to 
verify the quartz content intersect the axes close to the content of quartz in the original BCFA. 



 

 
Fig.12: Diffractograms of BCFA with 5 - 30 wt% mixture of brownmillerite (top). The regression lines 
intersecting the axes in 2 verifications close to the content of brownmillerite in the original BCFA. The 
regression line, using the admixed content and refined peak areas, intersects the abscissa at a higher value. 



 

 
Fig.13: Diffractograms of BCFA with 5 - 30 wt% mixture of magnetite (top). The regression lines, using the 
peak areas (refined and profile fit), result in a parabola due the increasing fluorescence effect.  



 

4. Conclusion 
Some of the quantified mineral contents of 20 samples of BCFA correlate with their according 
chemical composition. The correlation can be considered as an indirect method of verification. 
The verification of the mineral content of BCFA, using the Rietveld refinement to quantify the 
complete mineral content of the produced mixtures including the amorphous content, shows results 
quite close to the original quantified amounts of mineral phases. The verification of the mineral 
content of BCFA, using a profile fit to determine the increasing peak areas of reflections in the 
mixtures, shows results which can differ from the quantified value in the original BCFA. The 
increased verified amounts of phases are caused by overlapping of reflections of different phases. The 
underlying area of reflections of other phases elevates the basic areas of the reflections and causes 
higher values. Mineral phases with a high content in the fly ash (e.g. quartz) and phases with stand 
alone reflections without underlying intensities of different mineral phases are not affected and show 
results of verified content close to the quantified values in the original BCFA sample. The elevation, 
caused by the overlapping character of the reflections, can be classified by Rietveld refinement. The 
refinement eliminates the elevated peak areas of overlapping single reflections. The verification of the 
mineral content using refined peak areas to determine the increasing peak areas of reflections in the 
mixtures shows results close to the quantified value in the original BCFA (Fig.14). The deviation of 
the verified content of brownmillerite is part of further investigations. The quantified and verified 
content of mineral phases of the BCFA will be used to evaluate the possibilities of improvement of 
BCFA as application as a cementitious material. Furthermore, these methods will be used to calculate 
the hydration using thermodynamic modeling.  
 

 
Fig.14: Comparison of the verified mineral content to the quantified content in the original BCFA without 
mixture. Due to the overlapping character of peaks of some mineral phases, the verified content, using peak 
areas of peaks obtained by full profile fit, show higher values than the quantified mineral content of the original 
BCFA sample. Also the verified content of brownmillerite, using the refined peak area and the admixed content, 
deviates from the quantified content of the original BCFA. 
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Abstract 
In order to clarify the reaction process of MgO-SiO2-H2O system, the reaction products and reaction 
degree were characterized. Further, the reaction thermodynamics was calculated and the reaction 
kinetics was deduced. The results indicated that a large amount of Mg(OH)2 generated and a little 
magnesium silicate hydrate (M-S-H) gel formed with the dissolution of MgO. M-S-H gel was generated 
gradually afterward until silica fume (SF) or Mg(OH)2 was consumed completely. The formation 
reaction of M-S-H gel is the main reaction in MgO-SiO2-H2O system when the dosage of MgO is lower 
than 50 %, while the formation reaction of Mg(OH)2 is the main reaction when the dosage of MgO is 
higher than 50 %. Based on the thermodynamic calculations and the experimental results, M-S-H gel is 
more stable than Mg(OH)2 and the final products tend to be M-S-H gel rather than Mg(OH)2. Based on 
the measured values, the reaction kinetics of MgO follows 𝛼𝛼 = 1 − 𝑒𝑒−𝑘𝑘∗𝑡𝑡 (R2>0.97).  
 
Originality 
1. The reaction process of MgO-SiO2-H2O system was clarified and the content of reaction products 

were quantified. 
2. The thermodynamic calculations were employed to verify the experimental results and the reaction 

kinetics was deduced by using measured values. 
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1. Introduction 

Portland cement-based materials (CaO-SiO2-H2O system) are the most important building materials 
and their output is continually increasing in future. However, the production of Portland cement leads 
to the massive consumption of resources and energy, and releases significant amount of CO2, which 
hinders the sustainable development of the cement industry [1]. Generally, high quality limestone (CaO> 
48%, MgO< 3%) is used in the production of Portland cement clinker, as the volume expansion during 
the formation of Mg(OH)2 in hardened cement pastes usually results in soundness problem [2, 3]. Thus, 
it is necessary to develop novel cementitious materials, which can make use of high-magnesium 
content limestone. 
It is well known that calcium silicate hydrates (C-S-H gels) are the main hydration products and 
primary binding phase in CaO-SiO2-H2O system at room temperature [3, 4]. Similarly, magnesium 
silicate hydrate (M-S-H) gels also present good cementitious properties and contribute to the strength 
development of MgO-SiO2-H2O system [5]. Based on the reaction between the light-burned MgO and 
siliceous materials (e.g. silica gel, silicic acid or amorphous silica), MgO-SiO2-H2O system was 
proposed as a novel material [6-15]. It has been used in the fields of thermal insulation wall [9], 
encapsulation of nuclear or metal containing wastes [13, 14] and refractory castables [15], and was also 
a promising cementitious material [12].  
M-S-H gel and Mg(OH)2 are typical reaction products formed in MgO-SiO2-H2O system [7-15]. Cole 
[16] found a crystalline M-S-H gel formed in the breakdown of a concrete sea-wall and identified as 
4MgO∙SiO2∙8.5H2O. Gollop and Taylor [17] found that M-S-H gel formed in Portland cement pastes 
under the magnesium sulphate attack and was characterized as a poorly crystallized serpentine, 
approximately 3MgO∙2SiO2∙2H2O. Brew and Glasser [18, 19] characterized chemically synthesized 
M-S-H gels and investigated the incorporation of cesium and potassium. Vandeperre et al. [20] referred 
that brucite (Mg(OH)2) could react with the amorphous silica presenting in pulverized fuel ash to form 
M-S-H gels and M-S-H gels might form in blended cement paste with granulated blast furnace slag 
(GBFS). Actually, the reaction products containing Mg were Mg(OH)2 and hydrotalcite-like phases 
rather than M-S-H gels in blended cement paste with GBFS [20] and even reactive MgO [21]. In 
addition, because magnesium was frequently associated with calcium in carbonate rocks (the raw 
material for cement production) [22], the existence of MgO in cement-based materials was inevitable. 
Overall, the reaction kinetics of MgO in MgO-SiO2-H2O system and the competitive relationship of the 
formation of M-S-H gel and Mg(OH)2 were unclearly. 
To simulate the reaction process of MgO-SiO2-H2O system at room temperature, reaction products and 
reaction process of MgO/silica fume (SF) pastes were characterized. Further, the thermodynamic 
calculations and kinetic deductions were employed in this study. The results will make a better 
understanding of the formation process of M-S-H gels and contribute to the development of this novel 
cementitious material. 
2. Experimental 

2.1. Raw Materials 
The chemical compositions of the reactive MgO (obtained by calcining magnesite at 800 °C for 2 h) 
and SF determined by X-ray fluorescence spectroscopy (XRF) are listed in Table 1. The particle size 
distributions of the reactive MgO and SF powders measured by laser diffraction are presented in Fig. 1.  
 
 
 



 

Table 1 Chemical composition of the reactive MgO and SF used in the present study. 

Material 
Composition (wt. %) Specific 

density 
(g/cm3) 

BET specific 
surface area 

(m2/g) 
SiO2 MgO CaO K2O Na2O Al2O3 P2O5 SO3 

MgO 0.29 97.22 1.45 – – 0.21 0.06 0.20 2.96 51.60 
SF 95.74 0.63 1.25 1.07 0.33 0.50 0.20 0.15 2.03 16.04 

Note: –, undetected.  

 

Fig. 1 Particle size distributions of the MgO and SF powders. 
2.2. Sample preparation 
2.2.1 MgO/SF pastes preparation  
According to the mixture proportions listed in Table 2, MgO/SF pastes were prepared by mixing 
reactive MgO, SF and water homogeneously, then sealed in polyethylene bags and cured at room 
temperature (25±1 °C).  

Table 2 Mixture proportion of MgO/SF pastes. 

Sample ID MgO (wt. %) SF (wt. %) W/C ratio 

M0.2S0.8 40 60  
 

1.0 
M0.4S0.6 40 60 
M0.5S0.5 40 60 
M0.6S0.4 40 60 
M0.8S0.2 20 80 

Note: W/C ratio, water to cementitious materials (MgO and SF) ratio by mass. 
2.2.2 M-S-H gel preparation 
In order to verify the difference between reaction products of MgO/SF pastes and M-S-H gel, M-S-H 
gel with a Mg/Si ratio of 1.0 was synthesized as reported in literature [18]: Mg(NO3)2·6H2O solution 
was slowly added in Na2SiO3·5H2O solution, by stirring in a three-necked flask at 0 °C. The 
precipitated composite was filtered and washed using ultrapure water to remove Na+ and NO3

- ions.  
2.3 Testing methods 
2.3.1 Measurement of heat evolution  
The heat evolution of MgO/SF pastes (with water to solids mass ratio of 1.0) was measured up to 10 
days at 25 °C using a TAM-Air isothermal calorimeter according to ASTM C 1702-09 [23]. 
2.3.2 Characterization of reaction products 
MgO/SF pastes cured after 1, 3, 7, 28 and 90 days were first frozen (-195 °C) by immersion in liquid 
nitrogen for 5 min, then dried via freeze-drying technique [24]. X-ray diffraction (X’ Pert Pro 
diffractometer, Cu Kα1, 40 kV and 40 mA) and thermal analysis (Netzsch STA 449C, 10 °C/min in N2 



 

atmosphere) were performed on the dried samples to characterize the reaction products.  
2.3.3 Measurement of MgO content  
The residual MgO content in MgO/SF pastes was determined by quantitative X-ray diffraction 
(Q-XRD, Cu Kα1, 40 kV and 40 mA) using K-value method [25], in which ZnO was used as the 
internal standard material.  
2.3.4 Calculation of Mg(OH)2 and M-S-H gel contents 
The contents of Mg(OH)2 and M-S-H gel were calculated according to the weight loss due to Mg(OH)2 
and M-S-H gel in DTG/TG curves as shown in Eq. 1, Eq. 2 and Eq. 3 [9, 12].  

C[𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2] = ∆𝑀𝑀3 × 𝑀𝑀[𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2]
𝑀𝑀[𝑂𝑂2𝑂𝑂]
�          (1) 

C[𝑃𝑃𝑃𝑃𝑃𝑃]𝑀𝑀−𝑆𝑆−𝑂𝑂 𝑀𝑀𝑔𝑔𝑔𝑔 = ∆𝑀𝑀1                       (2) 
C[𝐶𝐶𝐶𝐶𝑃𝑃]𝑀𝑀−𝑆𝑆−𝑂𝑂 𝑀𝑀𝑔𝑔𝑔𝑔 = ∆𝑀𝑀2 − ∆𝑀𝑀3 − ∆𝑀𝑀4           (3) 
where: C[𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2] is the content of Mg(OH)2; C[𝑃𝑃𝑃𝑃𝑃𝑃]𝑀𝑀−𝑆𝑆−𝑂𝑂 𝑀𝑀𝑔𝑔𝑔𝑔 and C[𝐶𝐶𝐶𝐶𝑃𝑃]𝑀𝑀−𝑆𝑆−𝑂𝑂 𝑀𝑀𝑔𝑔𝑔𝑔 are the 
contents of M-S-H gel (wt. %), characterized by the physically absorbed water (PAW) and chemically 
bound water (CBW); 𝑀𝑀[𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2] and 𝑀𝑀[𝑂𝑂2𝑂𝑂] are molar mass of Mg(OH)2 (g/mol) and H2O (g/mol); 
∆M1 and ∆M2 are the weight loss in the range of 50-200 °C and 200-1000 °C in TG curves, 
respectively; ∆M3 and ∆M4 are the weight loss due to dehydration of Mg(OH)2 and decomposition of 
MgCO3, the initial and final point of these reactions were determined by a virtual baseline of DSC 
curves (as shown in section 3.1.2.2). 
2.3.5 Reaction degree  
The reaction degree (α) of MgO was calculated according to Eq. 4.  

𝛼𝛼 = 𝐶𝐶0 (𝑀𝑀𝑀𝑀𝑂𝑂) − 𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)
𝐶𝐶0 (𝑀𝑀𝑀𝑀𝑂𝑂)�        (4)  

where: 𝐶𝐶0 (𝑀𝑀𝑀𝑀𝑂𝑂) and 𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂) are the mass ratio of MgO in MgO/SF pastes cured at 0 and t days, 
which are normalized using the residual mass ratio of samples calcined at 1000 °C. 
3. Results and Discussion 

3.1 Reaction process  
3.1.1 Heat evolution  
Three peaks (designated as I, II and III, at around 0.5h, 12h and 48h) were observed in the rate of heat 
evolution curves of MgO/SF pastes (Fig. 2a) [12]: the initial peak (I) relates to the exothermic wetting 
of mixtures; the second peak (II) corresponds to the formation of Mg(OH)2; the third peak (III) 
attributes to the formation of M-S-H gel. The second peak became less distinct and the third peak 
became broader with the decrease of MgO content (Fig. 2a), resulting in a decreased early cumulative 
heat. For instance, the cumulative heat of M0.4S0.6 paste (255.88 J/g) was lower than that of M0.5S0.5 
paste (299.06 J/g) and M0.6S0.4 paste (302.94 J/g) at early curing age (100 h), while at later curing age 
(300 h), the cumulative heat were 351.83 J/g, 370.32 J/g and 400.05 J/g, respectively. The results 
indicate that the formation of Mg(OH)2 is restrained by increasing the content of SF, which also 
confirms that the formation of M-S-H gel is a continuous process.  



 

 

(a) Rate of heat evolution               (b) Cumulative heat 
Fig. 2 Heat evolution of MgO/SF pastes. 

3.1.2 Composition variations of MgO/SF pastes 
The XRD patterns of synthetic M-S-H gel and SF (Fig. 3) proves that broad peaks in the range of 
23-28 °, 32-38 ° and 58-62 ° [18] correspond to M-S-H gel and another broad peak at 15-25 ° is related 
to amorphous SiO2 [12, 26]. In addition, the sharp peaks at 36.9 °, 42.9 °, 62.3 °, 74.7 ° and 78.6 ° are 
attributed to MgO [9] and the peaks at 18.6 °, 38.0 °, 50.8 °, and 58.6 ° are corresponded to Mg(OH)2 
[10]. The peaks of Mg(OH)2 appeared in the XRD patterns of all MgO/SF pastes at early age (3 days). 
However, no Mg(OH)2 was found in M0.2S0.8 and M0.4S0.6 pastes after 90 days (Fig. 3d), and the 
formation of M-S-H gel was confirmed. Notably, all MgO completely reacted in M0.2S0.8 paste after 90 
days. 

 

(a) cured for 3 days, MgO and SF       (b) cured for 90 days and M-S-H gel 
Fig. 3 XRD patterns of MgO/SF pastes, MgO, SF and synthetic M-S-H gel. 

3.1.2.1 The content of MgO  
The content of MgO was determined by using Q-XRD method and shown in Fig. 4. The content of 
MgO rapidly decreased in the first 7 days, and then slowly decreased. After 90 days, no MgO remained 
in M0.2S0.8 and M0.4S0.6 pastes, while the content of MgO in M0.5S0.5, M0.6S0.4 and M0.8S0.2 pastes were 
1.34 %, 2.91 % and 3.07 %, respectively. 



 

 

Fig. 4 The content of MgO in MgO/SF pastes. 
3.1.2.2. The content of Mg(OH)2  
Fig. 5 and Fig. 6 show the DSC/DTG curves of MgO/SF pastes. The first endothermic valley (∆M1, 
ranges from 50-200 °C) corresponds to the weight loss of PAW of reaction products (mainly due to 
M-S-H gel) [12, 14]; the second endothermic valley (∆M3, around 400 °C) is related to the removal of 
hydroxyl from Mg(OH)2 [9-13, 27]; the exothermic effect around 850 °C is associated with the 
recrystallization of M-S-H gel [6, 10-14]. In addition, ∆M2 (ranges from 200-1000 °C) is the weight 
loss of CBW of reaction products (including Mg(OH)2, MgCO3 and M-S-H gel) [12]. ∆M4 is the 
weight loss due to the decomposition of MgCO3 [12, 27], and the initial and final points are determined 
by a virtual baseline of DSC curves (as shown in Fig. 6a). 

 

(a) cured for 3 days                 (b) cured for 90 days 
Fig. 5 DSC curves of MgO/SF pastes. 

 

(a) cured for 3 days                   (b) cured for 90 days 
Fig. 6 DTG curves of MgO/SF pastes. 



 

The content of Mg(OH)2 was calculated according to Eq. 1 and shown in Fig. 7. The content of 
Mg(OH)2 in M0.2S0.8, M0.4S0.6, M0.5S0.5, M0.6S0.4 and M0.8S0.2 pastes increased to 13.29 %, 22.85 %, 
25.27 %, 35.52 % and 59.34 % in the first 14 days, and then slowly decreased. No Mg(OH)2 was found 
in M0.2S0.8 paste after 90 days and a small amount of Mg(OH)2 (about 5 %) was found in M0.4S0.6 paste. 

 

Fig. 7 The content of Mg(OH)2 in MgO/SF pastes. 
3.1.2.3 The contents of PAW and CBW 
Due to the formation of M-S-H gel, the first endothermic valley was gradually distinct (Fig. 5).  
Therefore, the contents of PAW and CBW due to M-S-H gel (shown in Fig.8) were considered to be 
capable of reflecting the content of M-S-H gel. The contents of both PAW and CBW continually 
increased, which was related to the gradual formation of M-S-H gel. The contents of PAW and CBW in 
M0.4S0.6 paste were higher than other MgO/SF pastes, which indicate the content of M-S-H gel in 
M0.4S0.6 paste was higher than other MgO/SF pastes. 

 

(a) The content of PAW               (b) The content of CBW. 
Fig. 8 The contents of PAW and CBW in MgO/SF pastes. 

3.2 Reaction thermodynamics 
Thermodynamic has been proven to be a useful method to predict whether a reaction can take place and 
the final state when the reaction is completed in cement-based materials [28, 29], which is also 
employed in the reaction process of MgO-SiO2-H2O system in this study. In chemistry thermodynamic, 
standard molar entropy (Smθ) is the entropy content of 1 mole substance; standard molar enthalpies of 
formation (∆fHmθ) is the change of enthalpy from the formation of 1 mole compound from its elements, 
and standard molar Gibbs free-energy (∆fGmθ) is the Gibbs function change of 1 mole compound from 
its elements, with all substances in their standard states at 101.3 kPa and 298 K. The thermodynamic 
parameters of minerals or species of MgO-SiO2-H2O system are shown in Table 3. 

Table 3 Thermodynamic parameters of the minerals or species in MgO-SiO2-H2O system at 25 °C, 1 



 

bar [30]. 

Minerals or Species 
Sm

θ 
(kJ∙mol-1) 

∆fHm
θ 

(kJ∙mol-1) 
∆fGm

θ 
(kJ∙mol-1) 

Mg2+ (aq) -138.00 -466.85 -454.89 
OH- (aq) -10.71 -230.02 -157.34 
H+ (aq) 0.00 0.00 0.00 
H2O (aq) 69.95 -285.83 -237.19 
MgO (s) 26.95 -601.50 -569.23 
SiO2 (Amorphous) 47.40 -903.20 -850.59 
H3SiO4

- (aq) 112.55 -1426.16 -1253.98 
H2SiO4

2- (aq) -12.97 -1396.62 -1187.02 
Mg(OH)2 (s) 63.14 -924.54 -833.56 
M3S2H2 (Chrysotile) 221.30 -4361.66 -4034.02 
M3S4H (Talc) 260.80 -5915.90 -5536.27 

The thermodynamic calculations (∆rSθ, ∆rHθ and ∆rGθ) of potential reactions of MgO-SiO2-H2O system 
were calculated according to the following equations (Eq.5-Eq.7). ∆rSθ >0 means that the reaction tends 
to be more uniform; ∆rHθ <0 means that it is an exothermic reaction and they are benefit to reactions 
occurring spontaneously. ∆rGθ is the thermodynamic potential that measures the “usefulness” or 
process-initiating work obtainable from a thermodynamic system. Chemical reaction occurs 
spontaneously, when ∆rGθ <0 and under an isothermal constant pressure condition. K is the reaction 
equilibrium constant, which is a sign of reaction degree. A higher K value means that the conversion 
degree of reactant is higher and the tendency of positive reaction is more greatly. 

∆𝑟𝑟𝑆𝑆θ = ∑ ν𝑖𝑖𝑖𝑖 𝑆𝑆𝑚𝑚𝜃𝜃                                          (5) 

∆𝑟𝑟𝑂𝑂θ = ∑ ν𝑖𝑖𝑖𝑖 ∆𝑓𝑓𝑂𝑂𝑚𝑚𝜃𝜃                                       (6) 

∆𝑟𝑟𝐺𝐺θ = ∑ ν𝑖𝑖𝑖𝑖 ∆𝑓𝑓𝐺𝐺𝑚𝑚𝜃𝜃 = −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝑙𝑙                            (7) 
where: νi is the stoichiometric reaction coefficients; R=8.314 J/(mol∙K); T is the temperature in K.  
If a reaction presents negative ∆rGθ value, indicating that the reaction will occur. Some potential 
reactions of MgO-SiO2-H2O system are listed in Table 4, the reactions ①, ② and ③ are the 
dissolution of reactive MgO and amorphous SiO2 and the reactions ④, ⑤ and ⑥ are the formation 
of Mg(OH)2 and M-S-H phases. From the ∆fGm

θ and ∆rGθ value of reactions, it can be inferred that 
M-S-H phases are more stable than Mg(OH)2, further, the formation of M-S-H phases is much easier to 
occur than the formation of Mg(OH)2, as the ∆rGθ values of reactions ④ (-63.99 kJ∙mol-1) and ⑤ 
(-261.32 kJ∙mol-1) are much higher than that of reaction ⑥ (-299.58 kJ∙mol-1). Similarly, from the data 
of K, the formation of M-S-H phases is carried out more completely than the formation of Mg(OH)2.  
Table 4 Thermodynamic calculations of potential reactions based on thermodynamic parameters listed 

in Table 3. 

Id. 
Minerals  

or Species 
Reaction equation 

∆rSθ 
(kJ∙mol-1) 

∆rHθ 
(kJ∙mol-1) 

∆rGθ 
(kJ∙mol-1) 

LogK 

① MgO MgO+2H+ → Mg2++H2O -95.00 -151.18 -122.85 21.52 
② H2SiO4

2- SiO2 + 2OH- → H2SiO4
2- -38.95 -33.38 -21.75 3.81 

③ H3SiO4
- SiO2 + OH- + H2O→ H3SiO4

- 5.91 -7.11 -8.86 1.55 
④ Mg(OH)2 Mg2+ +2OH- ↔ Mg(OH)2 222.56 2.35 -63.99 11.21 



 

⑤ Chrysotile 
3Mg2+ + 6OH- + 2SiO2 ↔ 
3MgO∙2SiO2∙2H2O + H2O 

674.71 -60.42 -261.32 45.78 

⑥ Talc 
3Mg2+ + 6OH- + 4SiO2 ↔ 
3MgO∙4SiO2∙H2O + 2H2O 

689.36 -94.09 -299.58 52.48 

3.3 Reaction kinetics 
3.3.1 Theoretical deduction of reaction kinetics equation 
The reaction process of MgO-SiO2-H2O system was divided into two stages in [13, 14]: firstly MgO 
reacted with water to form Mg(OH)2 and then Mg(OH)2 reacted with dissolved silica to form M-S-H 
gel. Wei et al [9, 12] calculated the thermodynamics of MgO-SiO2-H2O system and confirmed that the 
formation of M-S-H gel and Mg(OH)2 occurred simultaneously. The dissolution of MgO was regarded 
as the starting point and the reaction is shown in Eq. 8): 

𝑀𝑀𝑀𝑀𝑂𝑂 + 𝑂𝑂2𝑂𝑂 → 𝑀𝑀𝑀𝑀2+  + 2𝑂𝑂𝑂𝑂−          (8) 
Based on the above results, it concluded that the dissolution rate of MgO decreased as the reaction 
proceeded, which corresponding to the decrease of the content of MgO. The content of MgO rapidly 
decreased at early age when the content of MgO was high while the content of MgO slowly decreased 
when the content of MgO was low. We were surprised to find that the reaction rate of MgO in 
MgO-SiO2-H2O system is proportional to the first power of the content of MgO. The reaction kinetics 
equation conforms to the following Eq. 9: 
−𝑑𝑑[𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)] 𝑑𝑑𝑑𝑑⁄ = 𝑘𝑘 ∗ 𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)     (9) 
where: k is the reaction rate constant. 
By integrating both sides, Eq.9 can be modified as: 

−∫ 𝑑𝑑𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)
𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)

𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂)
𝐶𝐶0 (𝑀𝑀𝑀𝑀𝑂𝑂) = 𝑘𝑘 ∫ 𝑑𝑑𝑑𝑑𝑡𝑡

0           (10) 

The above equation can also be written as follows: 
𝐶𝐶𝑡𝑡 (𝑀𝑀𝑀𝑀𝑂𝑂) = 𝐶𝐶0 (𝑀𝑀𝑀𝑀𝑂𝑂)𝑒𝑒−𝑘𝑘∗𝑡𝑡           (11) 
The relationship of α and t is shown as Eq. 12 by combining Eq. 7 and Eq. 11. 
𝛼𝛼 = 1 − 𝑒𝑒−𝑘𝑘∗𝑡𝑡                       (12) 
3.3.2 Verification of reaction kinetics equation 
The measured values of α in different MgO/SF pastes were fitted using the above reaction kinetics 
equation (Eq. 12), and the fitted curves and parameters are shown in Fig. 9 and Table. 5, respectively. 
The results showed that the reaction kinetics followed the well-defined kinetics equation and the 
correlation was obvious (R2 > 0.97), which confirmed the theoretical deduction process. By combining 
with the rate equations and appropriate rate constants, it is possible to calculate the value of α and the 
dissolution rate of MgO at any curing age. 

 



 

Fig. 9 Fitted curves of reaction kinetics of MgO in MgO/SF pastes. 
Table 5 Fitted parameters of reaction kinetics equations.  

Sample ID K (10-6 s-1) R2 
M0.2S0.8 2.748 0.973 
M0.4S0.6 2.040 0.988 
M0.5S0.5 1.542 0.984 
M0.6S0.4 1.577 0.971 
M0.8S0.2 3.018 0.977 

Note: R2 is the correlation coefficient. 
The reaction kinetics of MgO in different MgO/SF pastes were concerned with the relation between the 
reaction degree (α) and curing age (t). The rate constant decreased with the increase of MgO content 
when the dosage of MgO was lower than 50 %, while the rate constant increased with the increase of 
MgO content when the dosage of MgO was higher than 50 %. 
4. Conclusions 
Based on the results presented above, the following conclusions can be drawn from the present study: 
(i) Mg(OH)2 forms with the dissolution of MgO, and the presence of OH- enhances the dissolution of 
amorphous SiO2. M-S-H gels generate from the reaction between Mg2+ and hydrated silica, and 
consequently promotes the dissolution of Mg(OH)2 and SiO2. The formation of M-S-H gels continues 
until all amorphous SiO2 or Mg(OH)2 is completely reacted.  
(ii) The formation reaction of M-S-H gel is the main reaction in MgO-SiO2-H2O system when the 
dosage of MgO is lower than 50 %, while the formation reaction of Mg(OH)2 is the main reaction when 
the dosage of MgO is higher than 50 %. 
(iii) Based on the thermodynamic calculations, M-S-H gels are more stable than Mg(OH)2, further, the 
formation reaction of M-S-H gels is carried out more completely than the Mg(OH)2. That is why the 
content of M-S-H gels gradually increased and the content of Mg(OH)2 decreased after 7 days.  
(iv) The reaction kinetics of MgO in MgO-SiO2-H2O system conforms to 𝛼𝛼 = 1 − 𝑒𝑒−𝑘𝑘∗𝑡𝑡 (R2 >0.97). 
Because the decrease of SF dosage, the rate constant decreased with the decrease of SF content when 
the dosage of MgO is lower than 50 %. Because the formation rate of M-S-H gels is lower than 
Mg(OH)2, the rate constant increased with the increase of MgO content when the dosage of MgO is 
higher than 50 %. 
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Abstract 
 
Geopolymer cement has attracted wide interest for use as an alternative to ordinary Portland cement in order to reduce 
both cost and environmental impact in cement-based construction. However, the majority of geopolymer mixes require 
a strong alkali solution to activate the reaction and elevated temperature for curing. To improve the applicability of 
geopolymer, room-temperature-cured geopolymers were made with reduced concentration in the alkali solution using 
Australian-sourced fly ash and slag. Achieving 87 MPa at 28 days, room-temperature-cured (20°C) geopolymer 
showed better compressive strength than high-temperature cured (60°C) polymers. By replacing the alkali activator in 
the mixes with water, the cost, energy consumption and handling risks of the room-temperature-cured geopolymer were 
reduced. 25 wt% replacement showed a slight increase strength to 89 Mpa, whereas 50 wt% replacement reduced the 
strength to around 60MPa but still produced usable binder material. The results also showed that when compared with 
naphthalene and lignosulfonate-based superplasticizers, polycarboxylate-based superplasticizers had the least 
detrimental effect (less than 10% decrease) on strength. An increase in the addition of slag increased the strength of the 
geopolymer.  
 
Originality 
Room-temperature-cured geopolymer is still not used as widely as geopolymers cured at elevated temperature. 
Variations in the composition of the ingredients fly ash or slag heavily affected the strength of the hardened geopolymer. 
The main original contribution of the current work is the development of mix properties that can cure at room 
temperature using locally sourced fly ash and slag with specific chemical compositions. The other originality of the 
work is the investigation of a water replacement method with the aim of reducing the causticity of the mixes.  
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1. Introduction 
Geopolymer cement is often considered a more sustainable alternative to Portland cement for general 
construction applications, with overall lower energy consumption and carbon dioxide emission rates. 
Geopolymer cements are acknowledged for their holistic approach, relying on minimally processed 
natural materials or industrial by products (Davidovits 2011), such as fly ash, an underutilised waste 
byproduct obtained from coal-burning power stations (Pan 2010), which are the main power source in 
many countries and districts (Rangan 2014). Considering the quantity of alkali activator in mixed 
geopolymer compounds, the use of geopolymer reduces CO2 emission by up to 80% compared with 
Portland cement (Zhang, Provis et al. 2014). 
Geopolymers are composed of amorphous to semicrystalline microstructures, a product of dissolution 
of aluminosilicate oxide materials in a strongly aqueous alkali polysilicate solution, usually KOH or 
NaOH solution, formed through a process called geopolymerization that progresses in four stages: 1) 
dissolution of the aluminosilicate solid in the alkaline solution, 2) formation of oligomer species along 
with the silicates initially supplied, 3) precipitation and polycondensation of the oligomers, forming 
gels, 4) that grow and arrange gradually in a longer and more complex framework (Singh, Vyas et al. 
2013, Zhang, Provis et al. 2014). The outcome of geopolymerization is a 3-dimensional structure 
composed of tetrahedral silicate and aluminate units bonded together by shared oxygen atoms in a 
structure similar to that of natural zeolites (Nugteren, Butselaar-Orthlieb et al. 2009, Zhang, Provis et 
al. 2014).  
In many instances, geopolymerization requires elevated temperature (40 to 80°C) and a very strong 
alkali activator with OH- concentration in the range of 8 to 16M. The majority of geopolymers used in 
Australia are cured under elevated temperature (Turner and Collins 2013). Curing at elevated 
temperature reduces the benefit of geopolymer in terms of energy consumption and limits the use of 
the material in cast-in-situ applications. Moreover, the high alkalinity of the activator imposes threats 
and risk in the fabrication of the material. To improve the applicability of the geopolymer, it is 
preferred that the geopolymer concrete could be mixed using a milder condition of activation and be 
cured under room temperature.  
In this work, a fly ash/slag-based geopolymer cement is made and tested using locally sourced fly ash 
and slag activated by a K-based mild activator (≤8M). In this system, the geopolymer hardens at room 
temperature (Izquierdo, Querol et al. 2009), like regular Portland cement. To investigate the feasibility 
of further reduction in the concentration and causticity of the activator, water is used to partially 
replace the activator and the effect of the replacement on compressive strength is investigated. The 
effect of superplasticizer (SP) and slag content on compressive strength are also studied.  
 
2. Experiment 
2.1. Raw materials 
The fly ash employed in the current research was classified as low-calcium Class F (J. Davidovits 
2014) dry fly ash supplied by Cement Australia. Ground granulated blast furnace slag (GGBFS) was 
also provided by Cement Australia. Their chemical compositions are showed in Table 1: 

Tab. 1 Fly ash and GGBFS chemical composition (%) 
Composition SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O LOSS 

Fly ash 48.4 12.1 30.6 2.7 1.3 0.3 0.2 1.7 
Slag 34.8 0.3 14.2 41.7 5.5 0.3 0.3 0.6 

The alkali solution was obtained in most cases by a combination of potassium silicate solution 
supplied by PQ Australia under the commercial brand name Kasil 2040® (26.7% SiO2, 13.3% K2O 
and 60.0% H2O; density 1390 kg/m3) and potassium hydroxide (KOH 8M) solution, with a SiO2/K2O 
ratio equal to 1.7. Alternatively, one geopolymer mix was synthesized with an alkali solution 
composed of sodium silicate, with the commercial name Grade D® (29.4% SiO2, 14.7% Na2O and 
60.0% H2O; density 1530 kg/m3), and sodium hydroxide (NaOH 8M), with the Na2SiO3/NaOH ratio 
fixed at 2.5. Both alkali solutions were manufactured at least one day prior to use, to allow silicate 
dissolution to occur and to prevent the geopolymer bleeding and segregating (Pan 2010).  



 

The three different types of water-reducer admixtures used in this study were supplied by Grace 
Australia. Their characteristics are presented in Table 2.  

Tab. 2 Superplasticizer characteristics 
Superplasticizer Chemical Base pH Density (g/cm3) Color 

N Naphthalene-based  1.2 Dark Brown 
PC Polycarboxilate-based  1.1 Light Brown 
LS Lignosulfonate-based    

2.2. Experimental process 
Synthesis of the geopolymer was performed following the method based on a fly ash/slag/K-
silicate/H2O system proposed by Davidovits (2014), reacting at room temperature (20 ± 2oC) without 
thermal activation. For synthesis of the geopolymer pastes, the alkali solution, water and SP (when 
employed) were mixed in a constant speed mixer at 200rpm for 20s. Then the fly ash and slag, dry 
mixed together by hand, were added to the mixer over 90s at 1000rpm. The paste was allowed to mix 
for 40 more seconds at 4000rpm.  
The geopolymer was cast in 20 x 20 mm cubic moulds and vibrated for approximately 30s on a 
vibrating table. Five specimens were prepared for each test variable. After casting, the samples were 
covered by film to avoid loss of water due to evaporation. The compressive tests were performed in a 
universal electro-mechanical testing machine (Instron 33R 4204) at a strain rate of 0.1 mm/min.  
The mix designs (weight proportion) of all specimens are shown in Table 3. 

Tab. 3 Mix Design (all numbers are expressed in terms of the weight proportions except for curing 
temperature and SP type). 

Mix Fly Ash Slag Alkali Solution Water SP Curing 
temp SP type 

Reference 0.74 0.26 0.38 - - 20oC - 
Na60 1 - 0.45 (Sodium) - - 60oC - 
W25 0.74 0.26 0.285 0.095 - 20oC - 
W50 0.74 0.26 0.19 0.19 - 20oC - 
W75 0.74 0.26 0.095 0.285 - 20oC - 
N0.5 0.74 0.26 0.38 - 0.005 20oC Naphthalene 

PC0.5 0.74 0.26 0.38 - 0.005 20oC Polycarboxilate 
S12 0.88 0.12 0.38 - - 20oC - 
S40 0.60 0.40 0.38 - - 20oC - 

3. Results and Discussion 
3.1. Room-temperature-cured geopolymer 
Na-based geopolymer (Na60) cured at 60oC is compared here with the K-based geopolymer (reference) 
cured at 20oC. The use of high-temperature curing was necessary since the Na-based geopolymer 
would not harden even with addition of slag. Room-temperature curing of geopolymer has two major 
advantages. Firstly, less alkaline solution is required to maintain workability due to the fact that the K-
based solution is considerably less viscous than the Na-based one. This reduces the cost of energy 
consumption and the handling risks. Secondly, curing at room temperature reduces energy 
consumption. Figure 1 shows the compressive strength of the geopolymer fabricated using elevated 
temperature curing and room temperature curing. The same fly ash was used in both studies.  
. 



 

 
 Figure 1 Comparison of K-based room-temperature-cured geopolymer and elevated-temperature-cured Na-

based geopolymers. For comparison purposes, the results obtained by (Pan 2010) with a mix design identical to 
that of N60 is presented.  

As shown in Figure 1, the room-temperature-cured geopolymer (Reference in Figure 1) demonstrates 
similar compressive strength at 7 days to that of the elevated-temperature-cured geopolymer (N60). At 
28 days, however, although the N60 does not present a significant increase in strength, the room-
temperature-cured geopolymer shows a 43% increment in its strength, behaving in a manner similar to 
that of Portland cement. The 28-day strength of the reference out-performs both N60 and the mixes 
used by (Pan 2010). 
3.2. Effect of free water content 
The alkali solution is the most expensive and the most critical material in terms of energy 
consumption, and its usage requires precautions due to difficulties associated with handling caustic 
solutions (Provis and Van Deventer 2009). Alkali solution replacement by deionized water was 
conducted at three distinct percentages: 25% (W25), 50% (W50) and 75% (W75). The addition of free 
water into geopolymer mixes increases workability while introducing pores, because both the free 
water and the water expelled from the binder during geopolymerization play no role in fly ash-based 
geopolymer chemistry (D. Hardjito 2005, Rangan 2014). Therefore, a high amount of water in relation 
to geopolymer solids or alkalis is often related to decreases in the compressive strength of the material 
(D. Hardjito 2005).  

 
Figure 2 Compressive strength of geopolymer paste with different free water content at 7 and 28 days. 

As shown in Figure 2, however, the addition of free water does not always cause loss of strength. It 
can be seen that at 7 days, the strength decreases, with the amount of free water in the fluid in the 



 

order of reference (0 wt% of free water) > W25 (25 wt% of alkali is replaced by free water) > W50 
(50 wt% is replaced) > W75 (75 wt% is replaced). Interestingly, the strength at 28 days reveals no loss 
of strength when 25 wt% alkali is replaced by free water. It appears that, with that free water content, 
the strength development is slower in early ages without affecting the strength at 28 days.  
A possible explanation for this phenomenon is that water, besides improving the mobility of ions and 
the workability of the mixtures, reacts with the calcium silicates from the calcium-rich source material 
(slag) to produce hydration products similar to those in Portland cement paste (Taylor 1997, Rangan 
2014). Our results indicate that, even with water replacement of 50 wt%, the product is still a usable 
blinder with a compressive strength around 60 Mpa, which is a mere 30% less than the compressive 
strength without water replacement and similar to that of Na60.  
3.3 Effect of SPs 
Geopolymer workability has always been a significant problem, as the conventional water-based SPs 
that are well developed for Portland cement paste are often found to be incompatible with the alkali 
activators (Nematollahi and Sanjayan 2014). From the results and discussion in section 3.2, the 
addition of a certain amount of free water may permit the use of water-based SP.  
In this section, three types of SP were added into the room-temperature-cured geopolymer to test their 
effect on strength. These three SPs present the three main types of SP, namely naphthalene-based 
(N0.5), polycarboxilate-based (PC0.5), and lignosulfonate-based (LS0.5). During mixing, it was found 
that the lignosulfonate-based SP was not miscible with the K-based activator and formed large solid 
agglomerates, whereas the naphthalene-based and polycarboxylate-based SPs were miscible with the 
activator but, as demonstrated in Figure 3, both decreased the strength of the K-based geopolymer.  
However, it was found that the polycarboxylate-based SP caused less decrease in strength (22.3% and 
8.1% for 7 and 28 days respectively) than the naphthalene-based SP (34% and 23.7% for 7 and 28 
days respectively). From Figure 3 it can be observed that, like free water, the SPs slow the 
development of strength at early ages. The reduction in compressive strength may be due to the 
instability and incompatibility of these ionic SPs in an activator that is rich in ions. The results 
demonstrate, however, that the polycarboxylate-based SP is a good candidate for use in free water to 
adjust the workability of geopolymers in future investigations. 

 
Figure 3 Compressive strength of mixes with different added SPs at 7 and 28 days. 

3.4 Effect of slag content 
Figure 4 shows the compressive strength of mixes with different slag content (12wt% of solid and in 
S12, 26% in reference and 40wt% in S40) at 7 and 28 days respectively. It can be seen that both the 7-
day and the 28-day strength results increase with the amount of slag in the mixes. Furthermore, the 
increase of GGBFS in the fly-ash-based geopolymer mixture was observed to reduce both workability 
and setting times considerably. The reduction in workability can be explained by the reduction of fly 
ash in the mixture as it is replaced by the slag, because fly ashes usually are composed of spherical 
particles that enhance workability (Provis and Van Deventer 2009). The reduction in setting time was 



 

probably associated with the amount of free CaO in the slag chemical composition, that increases the 
hardening rate and may generate flash setting (Puligilla and Mondal 2013, J. Davidovits 2014). 

 
Figure 4 Compressive strength of mixes with different amounts of slag at 7 and 28 days respectively. 

The observed increase in the compressive strength at both ages can be attributed to the network 
formation of aluminosilicate geopolymer at a very early age, associated with the slag in the 
composition. Furthermore, slag dissolves slowly and maintains the calcium ion supply for a longer 
period, extending fly ash dissolution and increasing the extent of a rapid aluminosilicate gel formation 
(Puligilla and Mondal 2013).  

 
4. Conclusions 
Using Australian-sourced fly ash and slag, the room-temperature-cured geopolymers appeared to have 
compressive strength equal or superior to that of the high-temperature-cured polymer. The 28-day 
strength of the room-temperature-cured geopolymer was around 87 MPa. The results suggest that the 
cost and handling risk of room-temperature-cured geopolymer can be further reduced by replacing the 
alkali activator in the mixes with water. 25 wt% of replacement showed no detrimental effect on 
strength; 50 wt% of replacement caused 30% loss in strength but still produced usable binder material. 
The compatibility test of SP showed that polycarboxylate-based SP had the least detrimental effect 
(less than 10% decrease) on the strength of the geopolymer. The strength of the geopolymer was found 
to increase with the slag content.  
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Abstract 
Many studies have shown that the formation of geopolymers proceeds according to a mechanism of 
dissolution - restructuring - polymerization resulting in a solid material. Nevertheless, texturing of the 
material is rarely studied, mainly because of the experimental difficulty to discriminate during 
geopolymerization alumino-silicate products, i.e. the geopolymer itself, from the alumino-silicate raw 
material.  
In this study, SAXS, SANS, rheology, conductivity measurements were used experimentally to provide 
fundamental new information on the phenomenology of aggregation of aluminosilicate oligomers and 
on their rearrangement over time within the geopolymeric matrix. A reactional mechanism was 
proposed. The dissolution of metakaolin leads to the liberation of aluminate and silicate, most likely in 
monomeric form, into solution. These species are reacting with silicates entities already existing in 
activating solution and form some complex mixture of alumino-silicate species increasing the 
visco-elastic modulus by formation of oligomers interacting to form the geopolymer network over time. 
This growth occurs in a volume and the interface is defined locally by nanoaggregates separating the 
solid from the pore solution. Water is consumed during the hydrolysis/dissolution of metakaolin and 
then regenerated by polycondensation reactions in the porosity of the solid geopolymer. 
 
Originality 
Geopolymerization reactions are generally studied in terms of local elemental distributions or the 
chemical environment, but the structural evolution of the material during geopolymerization are rarely 
investigated, although it determines the processes of material gelation and its potential subsequent 
reorganization This work consists in an extensive experimental study of the geopolymerization reaction 
by a multi-technic approach involving dynamic rheometry, conductivity measurements, small angle 
X-rays and neutron scattering.  
These reactions were here observed at several reaction progresses and at a multi-scale-level. The 
multi-technic approach used allows us to characterize these reactional mechanisms on the nanoscale 
and determine some characteristics of the formation of geopolymer through aggregation of 
alumino-silicate oligomers. 
 
Keywords: Geopolymer; alkali-activation; structuration, reactivity 
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1. Introduction 
The term “geopolymer” denotes a class of amorphous three-dimensional aluminosilicate 
binder materials, formed at low temperature (Davidovits 1991). These inorganic polymers are 
synthesized by the reaction of a strongly alkaline silicate solution with an aluminosilicate 

source such as metakaolin (Duxson, Lukey et al. 2007). The formation of geopolymer 

proceeds according to a mechanism of dissolution/restructuration/polymerisation, which leads 
to a consolidated material (Prud'homme, Michaud et al. 2011), (Phair and Van Deventer 
2001). The final solid is typically X-ray amorphous or semi crystalline and presents the 
particularity to be a precursor of zeolitic structures (Fernandez- Jimenez, Macphee et al. 
2005), (Provis, Lukey et al. 2005). A potential field of application of geopolymer materials is 
in immobilization of heavy metals and low-level nuclear waste (Palomo and Palacios 2003), 
(Fernandez Jiminez, Lachowski et al. 2004), (Desbats-Le Chequer and Frizon 2011), (Xu, 
Zhou et al. 2006). For each of these applications, an understanding of the chemical and 
physical phenomena responsible for the formation and hardening of the aluminosilicate gel is 
essential, especially for the development of innovative formulations suitable for these specific 
uses.  
The mechanisms occurring during the geopolymerization process are well described in a 
review by Shi et al. (Shi et al., 2011) and the reaction steps are relatively well accepted 
Duxson et al., 2007), (Rees et al., 2007). The first step consists of alkaline digestion and the 
hydrolysis of the aluminosilicate source, releasing aluminate and silicate monomers that are 
probably partially deprotonated (Hajimohammadi et al., 2010), (Buchwald et al., 2011) These 
species react together to form a gel consisting of oligomers rich in aluminates; the gel 
gradually becomes richer in silicon and thermodynamically more stable (Fernandez-Jiminez 
et al., 2006), (Rees et al., 2007b). The consolidation of the material is then attributed to the 
formation of a 3D aluminosilicate network through polycondensation reactions (Shi et al., 
2011). Material structuring is generally studied in terms of local elemental distributions or the 
chemical environment, especially for aluminum and silicon (Hajimohammadi et al., 2010), 
(Rees et al., 2007b), (Yip et al., 2005), but the material texture/structure is rarely investigated, 
although it determines the processes of material gelation and its potential subsequent 
reorganization.  
SAXS experiments were used to determine the influence of formulation parameters on the 
dissolution kinetics of metakaolin, on the formation of porous network and on size evolution 
of the alumino-silicates species over time. However, these results, discussed in details in 
(Steins et al, 2012), give few information about the aggregation mechanisms because of the 
contribution of metakaolin signals to the scattering intensity. Therefore we have chosen to 
consider neutron scattering with contrast matching by isotopic exchange in order to focus on 
the mechanism(s) of aggregation of aluminosilicate oligomers and their rearrangement over 
time within the geopolymers. For this purpose, the use of SANS, coupled with other analysis 
methods, like SAXS, dynamic rheometry, conductivity measurement, appears to be very 
promising in shedding light on how the formulation and reaction kinetics are correlated to the 
organization/reorganization of the gel. 
2. Materials and methods 
2.1. Activating Solution and Geopolymer Synthesis 



 

To focus on a model system and avoid the precipitation of calcium silicate hydrate phases 
mixed with geopolymeric materials, the choice was made to synthesize a metakaolin-based 
geopolymer paste. The metakaolin used was a Premix MK (Grace Construction) whose main 
characteristics can be found in Table 1. 
 

Tab. 1 Chemical composition of metakaolin 
Oxides SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O. K2O 

% 
weight 54.4 1.27 38.40 0.1 <0.2 1.6 <0.2 0.62 

 
Alkali hydroxide activating solutions were prepared by dissolving NaOH, KOH, and CsOH 
(Prolabo, Rectapur, 98%) pellets in Milli-Q water possibly mixed with pure D2O solution. 
Amorphous silica provided by Rhodia (Tixosil 38) was added to the mix. 
Three series of mixtures were prepared in the same molar ratios: 1:1.8:1:12 
Al/Si/Na/H2O-D2O. The Al2O3/Na2O ratio was adjusted to 1 to maximize the 
geopolymerization reactions. Mixing was performed in two steps. First, alkali silicate 
solutions were prepared by dissolving and mixing amorphous silica in alkali solution for 24 h. 
During the second step, geopolymer samples were prepared by mixing metakaolin and alkali 
solution. For SAXS experiments and during the first hours of polymerization, data collection 
was performed in situ and the solutions were stored several days before being re-exposed to 
X-rays. 

2.3 SAXS Experiments. 

Small-Angle X-ray Scattering (SAXS) measurements were performed on a test bench built by 
Xenocs using Mo radiation (λ = 0.71 Å). The characteristics of the bench and the data 
pre-treatment methods used have been described by Steins et al. (Steins et al, 2012). Solutions 
were introduced 24h after being prepared in glass capillary tubes with a diameter of about 2 
mm and analysed. They were characterized again 72h after being synthesized in order to 
check their stability and no gelation was observed after this time. Geopolymers were 
introduced into glass capillary tubes about 2mm in diameter immediately after being 
synthesized, and the measurements were performed immediately. SAXS diagrams were 
recorded at regular intervals for 20h, not including the first 30 min, which were used to fill 
and mount the capillary tubes and start the data acquisition. The scattering intensities were 
expressed versus the magnitude of the scattering vector q = [(4π)/λ]sin(θ/2), where λ is the 
wavelength of the incident beam and θ is the scattering angle. The experimental resolution is 
given by Δq/q = 0.05. The acquisition times were 1800s and 900s with activating solutions 
and geopolymers, respectively. Solution diagrams were analysed using SasView software. 

2.4. SANS Experiments 

Small-angle neutron scattering (SANS) technique was used for determining the real scattering 
length density of geopolymers and to measure the fraction of closed and opened porosity in 
varying the contrast of the confined water within the geopolymer. 
SANS experiments were performed on the PACE spectrometer at the Laboratoire Leon 
Brillouin (Orphee Nuclear Reactor, Saclay, FRANCE). PACE is a spectrometer for studying 
isotropic scattering. Experiments were performed for a single configuration (λ = 5Å, sample- 
detector distance = 1.4 m) with a range of scattering vector modulus q from 3.10−2 to 3.10−1 



 

Å−1. The samples were sandwiched between 1-2 mm-thick quartz windows and maintained at 
25 ° C. The treatment was carried out using the software Pasinet. The absolute intensity was 
obtained by taking into account the transmission, the sample thickness and the contribution of 
the empty cell. The coherent background was estimated considering the amount of protonated 
water within and around the sample as well as those coming from the solid structure. Due to 
the Porod law observed using SAXS technique, a final correction was applied to get a q-4 
decay for the wide angle part of the SANS spectra. Then, the intensity was normalized by 
water scattering in order to correct for the inhomogeneities of the detector response. 
Depending on the contribution we wanted to fade, we have taken advantage of the different 
scattering length densities, ρ, for light water (H2O) and heavy water (D2O). There are 
0.558.1010 cm-2 for H2O and 6.341.1010 cm-2 for D2O at room temperature (Sears 1992). 

2.5 Rheological Experiments.  

Rheological measurements were performed using a controlled-stress TA Instruments ARG2 or 
AR1000 rheometer operating in the dynamic controlled deformation mode. A helical 316 L 
geometry (Bénard et al., 2005), (Poulesquen et al., 2011) was chosen to facilitate the mixing 
and prevent the occurrence of MK sedimentation in the geopolymer paste. Geopolymer pastes 
were prepared outside the rheometer using the procedure described above. This operation 
takes about 5 min. The geopolymer paste was then introduced into the rheometer bowl. The 
measurements of the elastic modulus G’ and the viscous modulus G” started immediately 
after a 60-s oscillatory pre-shear step at 100 s-1. A constant deformation γ = 10-4 was applied 
at the angular frequency ω = 1 rad.s-1: a low deformation had to be applied in order to keep 
within the linear viscoelasticity domain and prevent the geopolymer network from being 
disrupted during its formation. The maximum value of tan (δ) = G”/G’ was used as a criterion 
for determining the network percolation time (or the setting time). 
3. Results and Discussion 
3.1. Preliminary study to the contrast matching method.  
First, the metakaolin was place into different H2O–D2O mixtures in order to determine the 
isotopic composition corresponding to the scattering length density of the metakaolin. Figure 
1a shows the metakaolin scattering curves for different H2O–D2O mixtures for a metakaolin 
volume fraction of 0.3, corresponding to the volume fraction of metakaolin in the considered 
formulation. The immersion of metakaolin in various solvents yields a variation in the 
scattered intensity for two reasons: first the background attributed to incoherent scattering 
from varying amounts of hydrogen in the solvent, and secondly the scattering contrast 
between the pore solution and the solid network. The H2O–D2O mixture for which the 
broadcast signal disappears was then determined by plotting the variation of the square root of 
the intensity scattered by the metakaolin at q = 5.97 10-2 nm-1 as a function of the D2O volume 
fraction in the solution (Fig. 1b). The isotopic mixtures corresponding to extinction in terms 
of the contrast of the metakaolin is H2O/D2O: 35/65 (v/v) and further experiments were done 
by using this H2O/D2O in the geopolymer mix.  
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Figure 1: Small-angle neutron scattering experiments conducted on metakaolin. 

 
3.2. Influence of D2O on geopolymerization reactions 
Once proper isotopic H2O–D2O mixture determined, and before considering the study of 
geopolymerization reactions by SANS, we wanted to verify that using deuterium in 
geopolymer synthesis doesn’t lead to structural modifications of the material.  
 
3.2.1 Influence of D2O on the gelling time 
Figure 2 shows the evolution of the rheological parameters (G’, G’’ and tan δ) during a 
geopolymerization reaction for materials synthezied with 100% H2O and with 35/65 (v/v) 
isotopic H2O/D2O mix.  

 
Figure 2: Viscoelastic parameters (G’, G’’ and tan δ) versus time for Na-geopolymer made with 

100%H2O and 35/65 H2O/D2O mixture at T = 25°C. 
 
Regardless of the isotopic composition of the solution, the overall geopolymerization process 
is similar but the dissolution− condensation kinetics and gelling time are different. Gelling 
time is 4h10 for light water geopolymer, while it is 5h30 for heavy water geopolymer. 



 

Because of its heavier atomic mass, diffusion of heavy water is slower than light water 
(Mazumdar et al., 2011) and the hydrogen bonds with deuterium atoms are slightly stronger 
than with hydrogen atoms (Daboll et al., 1962): the energy needed to break the O-D bond is 
higher than the energy nedded to break the O-H bond (Daboll et al., 1962). Whatever the 
reason, metakaolin hydrolysis is slower with the use of heavy water.  
Furthemore, due to the different values of tan δ, we cannot exclude an impact of D2O on the 
local interactions between entities. 
 
3.2.2 Influence of D2O on the structuration step  
The geopolymerization kinetics have been studied for the two geopolymers H2O/D2O = 35/65 
and 100/0 (v/v), following the protocol used by Steins et al. and extensively discussed in 
(Steins and al., 2012). Figure 3 shows the time resolved X-ray scattering intensity during 
geopolymerization for (a) the light water geopolymer and (c) the heavy water geopolymer. 
The time resolved scattering intensity corrected by the signal corresponding to the metakaolin 
dissolution are respectively plotted on (b) and (d) for these two geopolymers. (see Steins et al. 
2012 for more details).  
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Figure 3: Time-resolved X-ray scattering intensity during geopolymerization for Na-geopolymer made 
with 100%H2O (a) and 35/65 H2O/D2O mixture (c) at T = 25°C. Corrected sctarring intensities and 

assessment of the radii of gyration by a Gunier model are plotted on (b) and (d) respectively for 
100%H2O 35/65 H2O/D2O geopolymers. 

 
Here again on a general point of view, the evolution of the scattering intensity for both 
geopolymer are very similar and the only difference at first sight is the kinetics of the 



 

reaction.  
According to (Steins et al., 2012), we can assume that these corrected spectra correspond only 
to the formation and structuring of new building blocks in a process that evolves over time. 
Consequently, this allows us to study the characteristics of these secondary structural and 
nanometric units and the kinetics of their formation or aggregation to form the 3D 
geopolymer network. From these curves, using the Guinier approximation (qRg ≤ 1), we 
can determine a characteristic size or radius of gyration (Rg) for these new oligomers 
developed in solution after the dissolution of the metakaolin particles: this value is equal to 
2.1 nm (±0.1nm) for both geopolymers. In observing Figure 3, it appears that this 
characteristic size does not change during the first step of the reaction for a given sample 
material and that only a fraction of these entities increase. Then, in a second step, the upturn 
in the small-angle intensity can be analyzed as a sign of aggregation of these nanoaggregates; 
the local interface varies slightly because the intensity observed between 2 and 4 nm−1 is very 
similar for all of the spectra after 3 to 4 h for light water sample and after 5 to 6h for 
deuterium containing geopolymer. Considering the characteristic dimensions of the silica 
entities (the monomers) determined from SAXS measurements in activating solutions by 
Steins et al. (0.18 nm), and assuming that the aluminate and silicate tetrahedra arising from 
the dissolution of metakaolin are of comparable dimensions, we could estimate the 
aggregation numbers for  these secondary structural units to be about 11 to 12 monomeric 
repetitions for both sodium-based geopolymers (by dividing the corresponding Rg values by 
0.18 nm). According to the literature, these units appear to have a cyclic structure 
(Sagoe-Crentsil, 2007). 
3.2.2 Influence of D2O on the electric conductivity of the geopolymer paste.  
Figure 4 shows the evolution of electric conductivity versus time for the geopolymers 
synthesized with light water and the light water/ heavy water mixture.  

0 5 10 15 20 25 30
4

8

12

16

20

24

σ 
(m

S
/c

m
)

Temps (h)

 100 H
 35/65 H/D

 
Figure 4: Evolution of electric conductivity for the geopolymers synthesized with 100%H2O and a 

35/65 H2O/D2O mixture at T = 25°C.  
 
The electrical conductivity of a cement paste can be used as an indicator of the setting process 
and structural changes: the conductivity depends on the chemical composition of the solution 



 

and the mobility of the dissolved species. Here again, for both geopolymers, the global 
behaviors are very similar: the plateau on electric conductivity is reach a bit sooner on light 
water sample and has a shorter duration.  
During the first hours, the decrease in conductivity results from the consumption of 
hydroxides during the dissolution of metakaolin. A plateau on the conductivity occurs after 
this decrease, indicating that the chemical composition of the solution doesn’t evolve 
significantly. This is due to the reaching of a quasi-stationary state resulting from the 
dissolution of metakaolin and the precipitation of alumino-silicate species. The end of this 
plateau corresponds to the gelling time determined by dynamic rheometry. The network 
progressively growth from the oligomers and water released during condensation is less and 
less mobile (Provis et al., 2008), (Provis, 2014) until being mainly trapped in the pore 
structure (Duxson et al., 2007).  
3.3. Study of structural evolution during geopolymerization by SANS 
As it has been previously proven, the substitution of H2O by D2O in the geopolymer 
formulation leads only to a slowing down of the reactions, but doesn’t lead to structural not 
phenomena changes. We are therefore allowed to study the geopolymerization reactions by 
neutron scattering with contrast matching by isotopic exchange method. 
Figure 5 shows the scattered intensity of the deuterium containing geopolymer versus the 
scattering vector (Fig. 5a) and the variation of the scattered intensity in function of time for a 
given scattering vector (q=0.3nm-1) (Figure 5b).  
 

2x10-1 100
2x10-1

100

13h
15h
17h
19h
21h
23h

1h
3h
5h
7h
9h
11h

I (
cm

-1
) 

Q (nm-1)   
a: Small-angle neutron scattering. Scattered intensity 

versus scattering vector modulus with different solution 

isotopic compositions (H2O–D2O) for the metakaolin. 

b: Small-angle neutron scattering. Variation of the square 

root of the intensity scattered by the metakaolin as a 

function of the D2O volume fraction. 
 

Figure 5: Evolution of the scattered intensity in function of the scattering vector q (a) and of the 
scattered intensity at q=0.3nm-1 in function of time (b) for the sodium-based geopolymer synthesized 

with an isotopic mix H2O/D2O: 35/65 at T=25°C.  
 
Scattered intensity increases with time and more significantly at low scattering vectors: at 
high angles, intensity is mainly due to incoherent scattering of the solvent. (Figure 5a). 
Intensity at q=0.3nm-1 (Figure 5b) is globally sigmoidal with three steps: 
 



 

- During the first hours, an induction phase is observed. Dissolution of metakaolin begins 
when it is mixed with activating solution and leads to the formation of several ionics 
species in solution. The scattered intensity remains null because there is no neutronic 
contrast between the solvent and the dissolved ions. 

- For 5h ≤ t ≤ 21h, a growing stage begins. The rise in intensity is due to an increase of 
the volumic fraction of dissolved species and a aggregation mechanism (Guinier and 
Fournet, 1955),  

- t ≥ 21h intensity value reach a plateau probably linked with a slowing down of the 
aggregation reactions.  

The sigmoidal nature of the scattered intensity at q=0.3nm-1 (Figure 5b) is characteristic of a 
change in a volume (Avrami, 1939), (Navarro-Verdugo et al., 2011). By using the Avrami 
model (Avrami, 1939), (Avrami, 1940), generally used for the nucleation/growth mechanisms, 
and assimilating the nucleation step to the formation of geopolymer precusors and the growth 
step to the aggregation of these oligomers, it is possible to determine a dimension 
characterizing the growth of the geopolymer (Escuder and Miravet, 2013), (Huang et al., 
2005).  
If we consider X(t)=I(t)/I(∞ ) as the volume fraction of oligomer aggregated with time, 
Equation 1, which is the Kolmogorov-Johnson-Mehl-Avrami function (Avrami, 1941), 
establishes  

( )ntKtX −−= exp1)(  1 
 

With K the reaction rate, function of temperature, geometry and concentration of particles, n 
the Avrami exponent coefficient and characteritics of the geometry and growth of the 
aggregates.  
Experimentally K and n parameters are determined from Eq. 2:  

[ ]( ) tnKtX lnln)(1lnln +=−−  2 

 
Figure 6 shows the evolution of the volume fraction of oligomer aggregated with time X(t) 
and the plot of ln(-ln[1-X(t)]) versus ln (t) adjusted with affine function (in red). This 
adjustment doesn’t take into account the first points of the curves, corresponding to the 
nucleation step. 
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Figure 6: Evolution of the volume fraction of oligomer aggregated versus time (a) and Avrami plot 
associated (b) for a Na-Geopolymer with an isotopic mix H2O/D2O: 35/65 at T=25°C.  



 

 
Avrami parameters, obtained from this adjustment are n =3 and K = 2.6.10-4. By considering 
an heterogeneous nucleation of geopolymer (Lee and van Deventer, 2000), (Jia et al., 2009), 
i.e. a development of aggregates on the surface of metakaolin particles, n value can be 
attributed to a tridimensional growth mechanism. This growth step is probably controlled by 
two phenomena: the formation of ionic species stemming from the dissolution of metakaolin, 
which is a diffusion controlled process, and the pH value, or alkalinity, of the solution, 
controlling metakaolin hydrolysis, which is an interface controlled growth.  
3.4. Proposed reactional mechanism 
Geopolymerization reactions have been monitored by several methods and Figure 7 
summarized the evolution of scattered intensity obtained by SAXS and SANS, of the 
conductivity of the material and of the viscoelastic parameters G’ and G’’ versus time for 
Na-Geopolymer with an isotopic mix H2O/D2O: 35/65. 
 

 

Figure 7: Evolution of the scattered intensity for SAXS and SANS experiments, SAXS and SANS, of 
the conductivity of the material and of the viscoelastic parameters G’ et G’’ versus time for 

Na-Geopolymer with an isotopic mix H2O/D2O: 35/65. 
 
Figure 7 can be divided into three steps (1), (2) and (3):  

- Step (1) corresponds to t ≤ 5h: viscoelastic parameters rise, electrical conductivity 
decreases and intensity measured with SAXS decreases, and intensity measured by 
SANS remains nil.  
Proposed mechanism: during the first hours, dissolution of metakaolin leads to the 
liberation of aluminate and silicate, most likely in monomeric form, into solution. 
These species are reacting with silicates entities already existing in activating solution 
and form some complex mixture of alumino-silicate species increasing the 
visco-elastic modulus by formation of oligomers. This is confirmed by the scattered 
intensity measured by SAXS: dissolution of metakaolin leads to a decrease of SAXS 



 

intensity (Steins et al. 2012) and simultaneously an increase of the G’ and G’’ 
modulus (Poulesquen et al., 2011), (Favier et al., 2013). The consumption of 
hydroxides in this dissolution process leads to a decrease of the measured 
conductivity. While reaction progress, a supersaturated oligomers solution is reached 
and undergo polycondensation reactions to form a three-dimensional aluminosilicate 
network (Duxson et al., 2007). This can be observed on the viscoelastic moduli by 
their sudden rising and the detection at t=5h of gelling criterion (Poulesquen et al 
2011). During this gelling stage the chemical composition of the solution doesn’t 
evolve significantly: dissolution of metakaolin is compensated by the formation of 
oligomers and a plateau is observed on the conductivity. After gelling time, and 
formation of the geopolymer network, the water released during the condensation step 
is trapped into the gel pores. (Provis et al., 2008) 

- Step (2) corresponding to 5h < t ≤ 20h starts when the gelling time is reached and the 
plateau on the conductivity ends. During this step, the scattered intensities observed 
by SAXS and SANS rise and the conductivity decreases.  
Once the polycondensation have started, geopolymerization reactions are controlled 
by the dissolution of metakaolin (Favier et al., 2013). The aggregation and 
densification of the materials are going on: the connectivity of the aluminosilicate 
network increases which leads to an increase of the electronic/neutronic contrasts 
between solution and geopolymer network. The decrease in conductivity can be 
related to the consumption of hydroxide ions during geopolymerization and a 
decrease of the global ionic mobility of the system, which is due to the charge 
compensation of tetrahedral aluminium by alkali and a progressive segmentation of 
the porosity.  

- Step (3) corresponds to t > 20h. Conductivity and scattered intensities became stable 
with time. The covering of metakaolin particles by aggregates, the lowering of pH 
limits both the dissolution of metakaolin and the formation of new alumino-silicates 
species. This slowing down of aggregation phenomena leads to a stabilization of the 
scattered intensities and measured conductivity. 

4. Conclusions 
SAXS, SANS, rheology, conductivity measurements were used experimentally to provide 
fundamental new information on the phenomenology of aggregation of aluminosilicate 
oligomers and on their rearrangement over time within the geopolymeric matrix. 
A reactional mechanism in was proposed. The dissolution of metakaolin leads to the 
liberation of aluminate and silicate, most likely in monomeric form, into solution. These 
species are reacting with silicates entities already existing in activating solution and form 
some complex mixture of alumino-silicate species increasing the visco-elastic modulus by 
formation of oligomers interacting to form the geopolymer network over time. This growth 
occurs in a volume and the interface is defined locally by nanoaggregates separating the solid 
from the pore solution. Water is consumed during the hydrolysis/dissolution of metakaolin 
and then regenerated by polycondensation reactions in the porosity of the solid geopolymer.  
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Abstract 
Fly ash and silica fume are industrial by-products with pozzolanic properties. Therefore, they can be largely used in 
combination with lime to produce cementitious pastes so as to reduce the consumption of raw materials, energy, and 
the CO2 emission during the cement production. This study explored the compressive strengths of the lime-pozzolana 
pastes produced by high calcium hydrated lime, type F fly ash and silica fume. The water-binder ratio and curing 
conditions were varied, and the total pozzolana content was limited by 40% by weight. Results showed that the 
compressive strengths were increased by the decreased water-binder ratio and the early strengths were substantially 
increased by the addition of silica fume and water curing during the early ages. However, the specimens were unstable 
in water and lost some strengths between ages of 28-90 days if continuously wetted. In contrast, specimens exposed to 
air after the initial water curing of 28 days continued to gain strengths up to 32.6 MPa. Some researches in literature 
have shown that, when lime is wetted, its crystal structure undergoes changes and has negative impacts on the physical 
properties of the lime. Therefore, this study presumes that the pre-soaking lime in water can allow these changes to take 
place before the paste is made, thereby mitigating the negative effects on strength developments. Further investigations 
were conducted on the strength gains of the ternary pastes made with natural lime, or lime pre-soaked in water for 14 
days before use. Two different paste mix proportions with varying amounts of lime were investigated at a water-binder 
ratio of 0.35 and cured in saturated lime water at 25 °C until the time of test. Results showed that the strengths of the 
pastes made by pre-soaking lime were continuously increased. In summary, the lime-pozzolana paste is a promising 
binder, which can be used in the absence of the Portland cement. With proper mix proportions, curing regimes, and 
high strength-to-weight ratios, the lime-pozzolana pastes are expected to reduce the weight and the overall cost of the 
structures. 
 
Originality 
An innovative non-cement binder, lime–pozzolana pastes (LPP), prepared mainly by high calcium hydrated lime has 
been produced. Such binder is promising and can be an alternative to the Portland cement so that the amounts of 
industrial wastes and the carbon dioxide released during the cement manufacture can be reduced. This study found that 
the silica fume is required for the LPP to gain high early strength and the water curing at 60 °C increases the 28-day 
strength of the LPP by 40%. In addition, this study discusses the mechanisms responsible for the strength developments 
of the binders. In contrast to the studies in literature, this study particularly explored the decreased strengths of the 
specimens with continuous water curing. The decreased strengths are likely due to the microstructure changes of the 
crystal structure of Ca(OH)2 during the continuous wetting. This study also shows that such strength problems can be 
resolved by using pre-soaking lime during the production of LPP. 
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1. Introduction 
The modern construction industry currently pursue the goals for reducing the raw materials, energy 
consumption and the emission of greenhouse gases (GHGs). Among the GHGs, a lot of CO2 is emitted 
during the production of Portland cement (PC) due to the calcination of limestone and the burning of 
fossil fuels. Attempts have been made to reduce these negative effects by incorporating pozzolanic 
materials into PC so the amount of cement used is reduced. Pozzolanic industrial waste products such 
as fly ash (FA) and silica fume (SF) do not need further processing and thus reduce the consumption 
of energy, raw materials, and CO2 emission. ACI 116R defines fly ash as a finely divided residue, 
which is resulting from the combustion of powdered coal and transported by flue gases from the 
combustion zone to the particle removal system. Type F fly ash derives from bituminous and 
anthracite coals, (Dodson V., 1990; Neville A.M., 1995) and can contain up to 10% CaO (Shehata 
M.H. et al., 1999). Similarly, ASTM C1240 defines silica fume (SF) as a very fine pozzolanic material, 
which is composed mostly of amorphous silica and produced in electric arc furnaces, considered as a 
by-product of the manufacture of silicon and its alloys. On the other hand, natural lime can be blended 
with pozzolana to produce adequate strengths so as to further reduce the consumption of energy, raw 
materials and CO2 emission. According to ASTM C51, high calcium hydrated lime is produced from 
CaCO3 bearing rocks containing 0-5% magnesite (MgCO3). The non-hydraulic hydrated lime (NHL) 
contains insignificant quantities of reactive SiO2, Al2O3 and Fe2O3 so it is not cementitious. In addition, 
the CaCO3 bearing rock, such as limestone or chalk, is calcined at a temperature ranging from 900 to 
950 °C in a kiln to produce quick lime (CaO), which is then slaked with water to produce hydrated 
lime (Ca(OH)2).  
Lime-pozzolana paste (LPP) attains strength by the reaction of Ca(OH)2 in NHL with SiO2 and Al2O3 
in SF and FA to produce cementing C-S-H and C-A-H phases, as shown in equations (1) and (2). 

Ca(OH)2 + SiO2 + H2O → C-S-H               (1) 
Ca(OH)2 + Al2O3 + H2O → C-A-H             (2) 

The strength gain can also result from the carbonation of Ca(OH)2 by the reaction with atmospheric 
CO2 to produce CaCO3. The atmospheric CO2 first dissolves in the pore water to produce carbonic 
acid, as shown in equation (3), and then the carbonic acid reacts with Ca(OH)2 to produce CaCO3, as 
shown in equation (4) (Pavlik Z. et al., 2012; Borges P.H.R. et al., 2010; Saetta A.V. et al., 1993). 

CO2 + H2O → H2CO3               (3) 
H2CO3 + Ca(OH)2 → CaCO3 + 2H2O             (4) 

Recent researches show revived interest in lime-based binders (Day R.L. et al., 1994; Grist E.R. et al., 
2013; Lanas J. et al., 2004;). The paste specimens prepared by hydrated lime with natural pozzolana of 
554 m2/kg Blaine fineness by a mass ratio of 1:4, calcium chloride as the activator and water curing at 
50 °C for up to 90 days had 28-day and 90-day cylindrical crushing strengths of 17 MPa and 19 MPa, 
respectively (Day R.L. et al., 1994). The strengths rose continuously until 14 days, remained constant 
until 28 days, and then rose slightly until 90 days (Day R.L. et al., 1994). On the other hand, mortar 
specimens prepared by natural hydraulic lime and sand by a volume ratio of 1:1 and cured in water at 
ambient laboratory conditions had 28-day and 365-day cubic crushing strengths of 9 MPa and 16 MPa, 
respectively (Lanas J. et al., 2004). The strength increased only slightly to 9.5 MPa during the 
hydration time between 28 and 180 days but rose steadily after 180 days (Lanas J. et al., 2004). Later 
study showed that the strengths of the mortar specimens prepared by blended natural hydraulic lime 
with 25% SF and 25% FA and cured in water for 90 days rose continuously and had strengths of 19.9 
MPa at 28 days and 29.8 MPa at 90 days (Grist E.R. et al., 2013). In addition, those specimens 
prepared by lime blended with 30% SF had 28-day and 90-day strengths of 28.7 MPa and 37.6 MPa 
(Grist E.R. et al., 2013). In summary, specimens in most of the studies were cured in water until the 
time of testing and had high strengths. However, onsite structures are often cured in water for only 
limited periods. In view of this issue, this study investigates the strength development of the paste 
when exposed to air after an initial water curing regime. 
Several authors have reported that when Ca(OH)2 is continuously wetted, morphological changes take 
place in the crystal structure and the physical and chemical properties of the Ca(OH)2 are altered. The 
single prismatic Ca(OH)2 crystals break down into many small plate-like crystals (Cazalla O. et al., 



 

2000; Margalha M.G. et al., 2013; Mascolo G. et al., 2010; Rodriguez-Navarro C. et al., 1998). The 
plate-like crystals are initially randomly aligned, resulting in increased viscosity, plasticity, reactivity, 
and strength, and then the plates realign themselves face to face with time, resulting in reduced 
viscosity and yield stress (Ruiz-Agudo E. et al., 2010). Such results suggest that the pre-soaking can 
allow these physical changes to take place before the lime is put to use, thereby mitigating their 
negative effects in the paste. In addition, the pre-soaking lime allows the hydration of residual and 
dead-burnt CaO and prevents their potential expansive pressures due to the hydration in hardened 
paste. The residual CaO occurs in lime due to incomplete hydration during slaking and the dead-burnt 
CaO is formed due to high calcination temperature or localized overheating at normal calcination 
temperature. The conversion of residual CaO to Ca(OH)2 by hydration can be completed in 3 days at 
20 °C (Gao P. et al., 2008). On the other hand, the dead-burnt CaO hydrates slowly and may take 
many days to complete the conversion (Chatterji S. et al., 1995).  
To explain the strength decreases in specimens with water curing, this study further investigates the 
effects of the lime pre-soaking for 14 days before its use on the strength developments of lime-
pozzolana pastes prepared with non-hydraulic lime (NHL), type F fly ash (FA), and silica fume (SF). 
Two different pastes with SF:FA:NHL of 15:15:70 and 20:20:60 are investigated. All pastes are 
prepared at a water-binder ratio (w/b) of 0.35 and are cured in water at room temperature until the time 
of test. 
2. Experimental 
2.1. Materials  
This study uses NHL manufactured in accordance with ASTM C821, type F FA produced in 
accordance with ASTM C618, and SF. The densities of the powders were determined in accordance 
with ASTM C188, and their chemical properties are given in Table 1. In addition, a polycarboxylated 
superplasticizer (SP) in accordance with ASTM C494 type G admixture was used. 
 

Table 1 Chemical and physical properties of powders used in the tests. 
Material Chemical composition (%) Densities 

(g/cm3) SiO2 Al2O3 Fe2O3 CaO Ca(OH)2 CaCO3 MgO 
NHL 
FA 
SF 

1.5 
58.3 
93 

1.0 
27.9 
2.0 

0.5 
3.3 
1.0 

- 
4.4 
1.2 

90.0 
- 
- 

6.0 
- 
- 

1.0 
- 

0.5 

2.45 
2.00 
2.31 

 
2.2. Preparation of Specimens  
SF and FA were used as supplied, but NHL was sieved by ASTM #50 sieve to remove hard lumps and 
sintered particles. To study the effect of pre-soaking lime, NHL was immersed in water with an 
overtopping of 100 mm for 14 days, oven dried for 24 hr, then crushed, and sieved through ASTM #50 
sieve. Cylindrical specimens of φ50 mm×100 mm were prepared in this study. Two pastes with 
SF:FA:NHL of 15:15:70 and 20:20:60 were designated as HLC-1 and MLC-1 and prepared using 
natural lime. On the other hand, two pastes prepared with same mix proportions and the pre-soaked 
lime were designated as HLC-2 and MLC-2. All specimens were made at a w/b of 0.35. 
The materials for each mix were weighed to the nearest gram, and a paddle mixer shown in Figure 1(a) 
was used for mixing. Mix water was added to the pan followed by SF and FA and were mixed to 
produce a uniform pozzolana paste, as shown in Figure 1(b). NHL was then added to the pozzolana 
paste in three equal portions, and each addition was followed by mixing at low speed of 140 rpm to 
produce a uniform paste. A stiff paste as shown in Figure 1(c) was formed and drops of SP were added 
while mixing at low speed to bring the paste to imminent flow, as shown in Figure 1(d). The paste was 
then mixed at a high speed of 245 rpm for 1 min. and was used to cast test cylinders with 50-mm 
diameter and 100-mm height. 
2.3. Curing  
Fresh specimens were placed in covered plastic boxes at room temperature. Most specimens were de-
molded after 7 days of curing. In tests for various pozzolana contents and w/b, the specimens were 
kept in the molds for another 7 days before starting water curing to allow the weak specimens to gain 



 

strength. In all other tests, water curing started immediately after de-molding. The specimens were 
cured in saturated lime water. To explore the effect of water curing at room temperature, the curing 
box was covered and kept under ambient laboratory conditions at 25 oC. To explore the effect of water 
curing at high temperature, specimens were placed in water maintained at 60 oC until the age of 28 
days, and then they were placed in dry open boxes in air under ambient laboratory conditions at 25 oC. 
To explore the effect of air curing, specimens were placed in dry open boxes in air under ambient 
laboratory conditions of 25 oC and 70% RH until the time of testing. 
 

Figure 1 Preparation of the pastes: (a) paddle mixer, (b) silica fume and fly ash paste, (c) stiff LPP paste before 
adding SP, and (d) final paste used to cast test specimens. 

 
2.4. Compressive Strength Test  
Water cured specimens were surface dried by compressed air. Air cured specimens were tested in the 
dry state. The specimens were weighed to the nearest 0.1 g and loaded with a computer controlled 
servo hydraulic compression testing machine at a constant rate of 3.14 kgf/cm2/s until failure. Each 
record was an average of three tests. 
2.5. XRD Analyses on Lime 
NHL powders used for the analyses were sieved through ASTM #200 sieve, placed in a plastic sample 
holder, and the surface was levelled smooth with a glass pane. The sample was then placed in an X-
ray diffractometer (D2 Phaser, Bruker Corp.) and irradiated with X-ray with a dwell time of 0.3 s and 
step size of 0.02°. 
3. Results 
3.1. Effect of Pozzolana Content and Water-Binder Ratio  
The purpose of these tests was to determine the strength developments as the powder proportions and 
w/b were varied. With a fixed SF content of 10%, the FA content and w/b was varied from 0 to 30% 
and 0.30 to 0.60, respectively. Specimens were tested for compressive strengths at 7, 14, 21 and 28 
days. The results are shown in Figure 4. A steady strength increase with increased pozzolana content 
and reduced w/b was observed. 

(b) 

(a) 

(c) 

(d) 



 

 
 

Figure 4 Strength development of pastes with 10% silica fume and varying fly ash at (a) w/b=0.3, (b) w/b=0.4, 
(c) w/b=0.5, or (d) w/b=0.6, cured in air for 7-14 days and then in water for 14-28 days. 

 
Increasing pozzolana content provided more silica and alumina, which could react with calcium 
hydroxide to form binding C-S-H and C-A-H phases, resulting in high strength. A high w/b resulted in 
less binding powder in a given volume of paste, and excess water which did not participate in the 
chemical reactions of the binding powders occupied space and contributed to porosity. For example, 
for the specimens with 10% SF, 30% FA, and 60% NHL, increasing the w/b from 0.3 to 0.6 reduced 
the amount of powder in the paste by 28% and increased the porosity. The two factors caused a great 
reduction in 28-day strength from 21.1 MPa to 7.4 MPa. However, too little water in the paste can lead 
to incomplete reaction of the powders and strength reduction. It is thus important to determine the 
minimum w/b that gives the best results. 
On the other hand, the strength developments in the long term are shown in Figure 5. Specimens were 
prepared with paste containing 10% SF and FA amounts of 15%, 20%, 25%, or 30%. Another set of 
specimens was made with 40% FA and no SF. Specimens had a w/b of 0.35 and were continuously 
cured in water at room temperature until test. It is shown that the 28-day strengths of the pastes with 
FA contents between 20% and 30% were very close, indicating that SF content contributes more to 
early strength than the total pozzolana content. Without SF, the strength development is very slow, as 
shown in the paste with 40% FA but no SF. Moreover, the strengths were slightly decreased during the 
hydration time between 28 days to 90 days. The mechanisms responsible for these strength decreases 
due to water curing are discussed in Section 3.3. 
3.2. Effect of Curing 
All specimens were made with 10% SF, 30% FA, 60% NHL at w/b of 0.35 and classified as four 
groups with different curing conditions. The first group of the specimens was cured in water at room 
temperature throughout, the second group of specimens was cured in water at room temperature up to 
28 days and then cured in air, the third group was cured in water at 60 °C up to 28 days and then cured 
in air, and the fourth group was cured in air throughout. The results are given in Figure 6. Specimens 
cured in water at room temperature have 28-day compressive strength of 18.7 MPa, and those cured in 
water at 60 °C have 28-day strength of 26.5 MPa. Air cured specimens have 28-day strength of 12.6 



 

MPa. Specimens cured continuously in water beyond the hydration time of 28 days have a slight drop 
in strength to 17.4 MPa between 28-90 days before rising to a strength of 31.3 MPa at 180 days. On 
the other hand, specimens cured in water at room temperature and then in air have strength 
continuously rising to 23.1 MPa at 180 days, and those cured in water at 60 °C and then in air attain a 
strength of 32.6 MPa at 180 days with a peak of 34.9 MPa at 90 days. Similarly, specimens cured in 
air throughout had a strength of 12.5 MPa at 180 days but also show a peak strength of 18.9 MPa at 90 
days. In addition, specimens cured in air had strength dropped from 9.0 MPa at 7 days to 6.1 MPa at 
14 days. Microcracks were observed on the surface of those specimens at 14 days, but beyond that 
time the cracks reduced with age and eventually disappeared. 
 

 
Figure 5 Long-term compressive strengths of pastes made with w/b=0.35 and cured in water at room 

temperature. 

 
Figure 6 Effect of curing condition on the compressive strength of paste with 10% silica fume, 30% fly ash, and 

60% lime at w/b=0.35. 
 

Curing specimens at high temperature increased the rate of pozzolanic reaction and the early strength. 
All specimens exposed to air after an initial period of water curing continued to gain strength through 
a combination of pozzolanic reaction and carbonation of free lime by atmospheric carbon dioxide. 
Specimens cured in air throughout showed poor strength developments, implying the importance of 
wet curing at the early age. The initial cracking of specimens cured in air resulted from drying 
shrinkage as specimens lost the moisture, and this cracking led to reduction in strength. At early 
hydration time, the loss of moisture was high and a large volume change occurred, leading to 
microcracks. The tendency to lose moisture was reduced as the remaining pore water was consumed 
during the pozzolanic reactions. The products of pozzolanic and carbonation reactions also increased 
the volume of the paste, thereby compensating the shrinkage. With the increased hydration time, 
deposition of products of pozzolanic reaction and carbonation filled the cracks, suggesting that LPP 
has good autogenous healing properties. The ability of cementitious pastes to heal cracks through the 
deposition of reaction products, known as autogenous healing, has been reported by several authors 
(Termkhajornkit et al., 2009; Van Tittelboom et al., 2012). 
 



 

 
3.3. Effect of Pre-soaking Lime 
The changes in compressive strength with age for the four mixes, in which specimens HLC-1 and 
MLC-1 were prepared with natural lime and specimens HLC-2 and MLC-2 were prepared with pre-
soaked lime, are shown in Figure 7. The pastes prepared with natural lime showed an initial strength 
higher than those made with pre-soaked lime, but specimens HLC-1 showed no strength gain beyond 
the hydration of 56 days and specimens MLC-1 lost strength after hydration time of 28 days. On the 
other hand, the strengths of the pastes prepared with pre-soaked lime increased steadily. 
The strength developments of the pastes HLC-1 and MLC-1 are likely influenced by the physical 
changes in lime as well as the pozzolanic reactions between Ca(OH)2 in NHL and SiO2 and Al2O3 in 
SF and FA. When compared with those prepared with pre-soaked lime, the higher initial strength of 
the specimens prepared with natural lime was attributed to the initial high plasticity of the paste due to 
the random alignment of NHL crystals and that rearrangement made the NHL more reactive. In the 
pastes HLC-1 beyond hydration time of 56 days and the pastes MLC-1 beyond hydration time of 28 
days, the strength decreased as the NHL crystals realigned themselves face to face, inducing loss of 
plasticity and reactivity. The paste HLC-1 contained more Ca(OH)2 so the morphological changes 
took longer time to complete and the strength reduction was delayed. On the other hand, the strength 
developments of the pastes HLC-2 and MLC-2 were less influenced by the physical changes in NHL. 
They were influenced primarily by the pozzolanic reactions between NHL and SF and FA, resulting in 
a steady increase in strength. The higher intensity of Ca(OH)2 in the pre-soaked lime was consistent 
with the decomposition of lime crystals into smaller particles upon soaking, as shown in Figure 8. 
 

 
Figure 7 Strength developments in pastes HLC-1 and MLC-1 prepared with natural NHL and pastes HLC-2 and 

MLC-2 prepared with pre-soaked NHL at a w/b of 0.35 and cured in water at room temperature. 
 

 

 
Figure 8 X-ray diffraction patterns of natural NHL and NHL pre-soaked in water for 14 days and then oven 

dried for 24 hr. 
 
 
 



 

4. Conclusion 
This study shows that the LPP with 10% SF, 30% FA, and 60% NHL has good physical properties for 
concrete production. The 28-day strength is sufficient for most concrete applications when very high 
strength is not required. This study also shows that the 28-day strength of the paste can be enhanced 
by water curing at 60 °C. Therefore, LPP has the advantage over the Portland cement paste for its 
appreciable strength gain beyond 28 days and can be used alongside the Portland cement paste or 
replace the paste in some instances with economic and environmental advantages. On the other hand, 
this study shows that the LPP strength continues to rise when exposed to air after an initial period of 
water curing. This observation is important since concrete specimens in practice are cured in water for 
limited periods only. Specimens prepared with natural NHL kept in water for long time lost some 
strength between the ages of 28 and 90 days and such erratic strength gain patterns were possibly 
influenced by the microstructure changes of the Ca(OH)2 during the continuous wetting. However, 
pre-soaking lime has been shown to improve the strength characteristics of LPP by giving a steady 
strength gain. 
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Abstract 
As part of the management of magnesium radioactive wastes, geopolymers are considered as a possible immobilization 
material for the fuel cladding of old reactors (Uranium Naturel Graphite / Gas). However, the durability of these 
materials in storage condition remains to be studied, particularly their behavior under irradiation. Chemical and 
mechanical stability under irradiation should be checked. 
Experiments conducted at high doses with gamma rays or electrons demonstrate the stability of the geopolymers. These 
results are encouraging for the use of geopolymer as a conditioning material. Alpha particles, whose effect is simulated 
with swift heavy ions, led to a partial crystallization of the geopolymers. 
These results should be completed by studies on the influence of the crystallization on geopolymers performances. 
Originality 
Very few studies have been conducted on geopolymers irradiation. To our knowledge, geopolymers have never been 
irradiated under swift heavy ions and electrons. Moreover, gamma irradiations previously carried out did not consider 
the material durability at doses above 750 kGy. Comparing the damages due to gamma-rays, electrons and heavy ions, 
the contribution of the LET (Linear energy transfer) to the modifications of the geopolymers could be assessed. 
Keywords: geopolymer; irradiation; durability; crystallization; compressive strength; nuclear waste 
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1. Introduction 
Geopolymers are amorphous and mesoporous materials (Duxson, P. et al, 2005) considered as 
an alternative to Portland cement for the immobilization of low and intermediate nuclear 
wastes (Berger, S. et al., 2009; Blackford, M.G. et al., 2007; Provis, J.L. et al., 2008; Vance 
E.R. et al., 2009) and in particular for those containing Mg-Zr alloys (Lambertin, D. et al., 
2012). Geopolymers are formed from alkaline activation of aluminosilicate source and their 
structure is composed of tetrahedra of silicates and aluminates (Rowles, M.R. et al., 2007). 
The negative charge on the aluminate tetrahedra is balanced by an alkaline cation. 
To validate the potential of geopolymers for nuclear waste immobilization, the possible 
structural modifications of geopolymers under irradiation has to be studied. However, such 
studies have been scarcely reported in the literature (Deng, N. et al., 2015; Lambertin, D. et 
al., 2013; Rooses, A. et al., 2013).  
Deng et al. show an increase in porosity after gamma irradiation in geopolymers synthesized 
from fly ash. The mechanical strengths of metakaolin-based geopolymers (Lambertin, D. et 
al., 2013) show improved performance, probably due to structural relaxation revealed by the 
pair distribution function. However, these studies are still incomplete and needs to be pursued. 
Firstly, the irradiation effect on the porosity must be specified at high doses (up to 9 MGy) 
because previous studies (Deng, N. et al., 2015; Lambertin, D. et al., 2013) have 
demonstrated a change in porosity only at lower doses (under 750 kGy). Additionally, the 
mechanical strengths need to be specified for higher doses too. Furthermore, a possible 
dehydration of the material due to radiolysis of water, as has already been observed in glasses 
(Brunet, F. et al., 2008), has to be studied. Finally, the radionuclides present in radioactive 
waste can be of different types (beta, gamma, alpha emitters) and the effect of each radiation 
on the geopolymer structure must be studied independently. Thus, the present work attempts 
to define and explain structural modifications (porosity, hydration, mechanical strength) under 
different type of irradiation.  
2. Experimental 
2.1. Raw Materials 
Several aluminosilicate sources can be used for geopolymer synthesis: fly ash, blast furnace and 
metakaolin. Here, the selected aluminosilicate source was a metakaolin (ARGICAL M1000, Imerys) 
with a molar composition of 2.4 SiO2 : 1 Al2O3. This choice was to avoid the complications associated 
with the introduction of impurities related to the use of co-products such as fly ash or blast furnace 
slag. Moreover, as it is considered to add fluoride to the geopolymer formulation, the absence of 
calcium was required. Activation solutions were prepared by dissolving NaOH, KOH or CsOH 
(Analar Normapur, Prolabo, VWR Chemicals) in Milli-Q water. The silica used was Tixosil 38 
provided by Rhodia. The molar composition of the activation solution was 1 Al : 1.6 Si : 1 M : 12 H2O 
with “M”standing for Na, K or Cs. 
2.2. Experimental Process 
The activating solution was obtained by dissolving silica in the hydroxide solution. After 24 hours of 
mixing, the metakaolin was incorporated under stirring with a rotating blade. The resulting mixture 
was poured into plastic tubes of 9 cm height and 2.2 cm diameter. Samples were stored for several 
days in their closed tube until the hardening of the paste. During all the irradiations, the samples were 
in atmospheric conditions. 
Concerning the study of the compressive strength, 4 x 4 x 16 cm3 samples were prepared and sent to 
be irradiated in aluminium container. Non-irradiated blanks were kept in similar conditions and 
containers in order to discriminate the real influence of radiation from the effect of aging during their 
stay in the irradiation chamber. To study the gamma rays effect on dehydration and porosity some 
samples were placed on 100 ml Pyrex glass ampoules sealed under argon. 
For irradiation with heavy ions, geopolymers were specially shaped using a circular saw in the form of 
a wafer (1 cm x 7 mm x 1 mm - ℓ x L x H). Samples were cured at 100 % relative humidity 



 

atmosphere at 20 ° C until their irradiation.  
For electronic irradiation, samples must be in the form of 1.2 mm thick tablets with a 2.2 cm diameter. 
As it is crucial for the thickness not to vary from one wafer to another, the surfaces were finished by 
sanding to obtain a uniform thickness.  
Gamma irradiation took place at Isotron (Marseille, France). In this facility, due to the high dose rate 
delivered, about 5000 Gy / h, high doses (up to 9 MGy) can be rapidly obtained. In ampoules, sample 
weights were adjusted between 2 and 20 g in order to avoid unsustainable gas pressure build-ups due 
to hydrogen production.  
For heavy ions irradiation, 36Ar ions of 75 MeV / A energy were used. The dose rate was about 
500 kGy / h and the dose varied between 0.5 and 2 MGy corresponding to a flow of 3.48.108 ions / 
cm / s and a fluence between 9.85.1011 and 3.94.1012 ions / cm². The dose was calculated by using the 
linear enegy transfer (LET) determined for each sample. In these experiments it was on average 3.3 
MeV / mg / cm². Samples thickness kept a LET variation of less than 30 % between the inlet and the 
outlet of the particle in the material.  
Electronic irradiation was conducted with electrons of 2.5 MeV. The dose rate was between 0.5 and 
20 MGy / h and the dose varied between 0.5 and 300 MGy. The temperature was controlled to be less 
than 45 °C to avoid structural modifications due to heating. 
2.2. Analytical methods 
The SEM pictures were obtained with a Inspect S50 device (Bruker). Samples were metallized and 
analysed under high vacuum conditions. 
Powder XRD diagrams were recorded with a X’PER PRO device (Panalytical). The wave length used 
was the one of CuKα1 of 1.541 Ǻ. 
Porosity was studied by isothermal nitrogen adsorption-desorption measurement performed with a 
Micromeritics ASAP 2020 apparatus. Samples were freeze-dried before the analysis. The 
measurements were performed after degassing under a secondary vacuum at 90 °C during 2 h then at 
350 °C during 10 h. 
Compressive strength measurements were performed on 4 x 4 x 16 cm3 prismatic samples (EN196-1). 
Samples were cured for 4 days at 20 °C at atmospheric pressure. 
3. Results and Discussion 
3.1. Crystallization   
When a particle penetrates a material it deposits energy throughout its path. Damages or changes in 
irradiated materials caused by the particle could be observed on the sample surfaces by SEM imaging. 
The samples analyzed were sodium, potassium and cesium geopolymers irradiated with heavy ions. 
Figure 1 shows two images obtained with a magnification of 5000, representing the surface of a non-
irradiated sample and (Na, K ou Cs)-geopolymer irradiated with heavy ions. 

 
(a) Sodium geopolymer non-irradiated          (b) Sodium geopolymer irradiated with 36Ar ions 

Figure 1 SEM photos of sodium geopolymer before and after 36Ar ions irradiation. 
Needles are observed and distributed all over the entire irradiated sample surface. These needles are of 
small size, 14.9 µm length on average, but well-shaped thus providing a strong indication that they 
result from a crystallization process. Geopolymers are thermodynamically metastable amorphous 



 

phases. It is well known they can form stable crystal structures by heating between 600 and 1400 °C 
(Bell J.L. et al., 2008; 2009; Duxson P. et al., 2006a; 2006b; 2007). Needles observed in the SEM 
images correspond to the crystallographic habitus of nepheline, a phase that can be synthezised from 
zeolite precursors (Lutz et al., 1985). Consequently, the activation due to the energy deposition 
delivered by heavy ions in the geopolymer could be similar to the one due to thermal energy.  
These observations have been supplemented by a XRD characterization in order to validate the 
hypothesis of crystalline phases formed under heavy ion irradiations. Figure 2 shows the different 
diffraction patterns obtained for the samples in sodium geopolymers irradiated with heavy ions at 0.5, 
1 and 2 MGy. They were compared with that the one obtained for the non-irradiated reference.  
 

 
Figure 2 XRD of geopolymers non-irradiated and irradiated at 0.5, 1 and 2 MGy. 

Diffraction peaks obtained for the reference geopolymer (non-irradiated) matched the patterns of 
quartz (Q), anatase (A) and illite (I) initially present as secondary phases in the metakaolin used to 
synthesize the geopolymer. These crystalline phases are poorly reactive and are known to persist upon 
geopolymerization. A new peak corresponding to the nepheline (N) appeared after irradiation. This 
result corroborated the SEM observations were the observed needles could correspond to the 
nepheline crystals.  
Gamma irradiated samples were also analyzed by XRD although no new features were visible by SEM. 
Unlike the samples irradiated with heavy ions, no additional crystal peak was observed.  
Finally, electronic irradiated samples did not show any crystal phases issued from zeolite formation. 
As the irradiation was realized at the same dose rate than the one used for heavy ions irradiation, this 
demonstrated that the appearance of the crystalline phases was indeed an effect of high energy 
deposition of heavy ions. So, the geopolymer structure is deeply modified upon high energy deposition. 
3.2. Porosity  
Only samples irradiated with heavy ions at the highest dose (2 MGy) were analyzed by nitrogen 
adsorption. The pore size distribution obtained by the BJH method showed the pore volume as a 
function of pore diameter (Å).  

 
Figure 3 Pore size distribution of a sodium geopolymer before and after 36Ar ions irradiation at 2 MGy. 

The distribution was centered on 100 Å before as well as after irradiation. However, irradiation results 
in a refinement of the pore size distribution. Additionally, a secondary peak centered on 175 Å 
appeared. A new porosity within the material was thus formed after irradiation that could be due to the 
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intergranular porosity caused by the appearance of the crystalline phases. Similar results were 
observed for potassium and cesium geopolymers. 
BJH analyzes were also performed on the gamma irradiated samples up to 6 MGy. 

 
Figure 4 Pore size distribution of a sodium geopolymer before and after gamma irradiation at 1 and 6 MGy. 

All the studied samples had the same pore size distribution centered at 90 Å.  
In conclusion, it seemed that the gamma irradiation did not modify the microstructure of geopolymers 
unlike heavy ions irradiation. The same analyses were conducted after electronic irradiation until 
300 MGy and no evolution of the porosity was observed either. 
3.2. Compressive strength 

The compressive strength of the immobilization material based on hydraulic binder, measured at 90 
days, must be higher than 20 MPa to fulfill the requirements of the French national radioactive waste 

management agency (ANDRA, 2012). Figure 5 shows the results obtained for compression tests of the 
gamma irradiated samples until 9 MGy. The study of the mechanical properties of the geopolymer was 

not possible for the samples irradiated with heavy ions or electrons because the irradiation set-up 
required, to insure uniform irradiation, samples of sizes too small for significant mechanical testing.

 
Figure 5 Compressive strength of sodium geopolymer before and after gamma irradiation from 0.65 to 9 MGy. 

For gamma irradiation, the compressive strength values were still above the limit imposed by the 
French national radioactive waste management agency for immobilization matrices based on hydraulic 
binder. Our results thus showed that geopolymers may have the required mechanical stability under 
irradiation for usage as waste embedding matrices. 
4. Conclusions 
The major effect of the irradiation on the geopolymer structure is the crystallization of the material but 
it is only observable under heavy ions irradiation. Geopolymers are zeolite precursors and a sufficient 
energy input (e.g. a temperature rise) can allow the geopolymer to reorganize into a crystalline 
structure. In sodium, potassium and cesium geopolymers, feldspathoid phases were clearly identified 
by SEM, XRD and nitrogen adsorption. It would be interesting to compare the activation energy 
necessary to form these phases from amorphous precursors with that of the energy supplied during the 
irradiation. In future works, the quantification of the crystalline phase with a possible effect of the 
dose will be achieved by 29Si NMR. 
The objectives of this study were to validate the stability of the geopolymer matrix under irradiation in 
terms of structural changes. This stability has been demonstrated in gamma irradiation by testing the 
mechanical strength. The experiments showed that the compressive strength was stable under 
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irradiation up to 9 MGy with values remaining above the limit imposed by the French national 
radioactive waste management agency for matrices based on hydraulic binders. 
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Abstract 
In the last years many studies have been addressed on the development of new types of cement with the aim to find a 
sustainable alternative to traditional ordinary Portland cement. Alkali-activated materials (AAM) seem particularly 
attractive for this purpose, even if effective admixtures such as plasticizers still need to be designed limiting so far the 
diffusion of AAM for geopolymer concrete preparation. 
AAM come from the alkali-activation of aluminosilicate powders with suitable amorphous content. Among all the 
suitable aluminosilicate precursors, great interest is nowadays focused on the possibility to activate industrial waste 
(e.g., slag or fly ash). The use of waste as precursors, along with a room temperature curing, makes these materials 
low-polluting binders potentially suitable for green building products. 
The purpose of this paper is to study the influence of different superplasticizers on the AAM properties.  In particular, 
first, second and third generation superplasticizers (i.e., lignin-, naphthalene-, melamine-, polycarboxylic ether-, and 
acrylic based superplasticizers) have been used for the preparation of carbon fly ash pastes and mortars in order to 
improve their physical and mechanical properties at the fresh and hardened state. Different amounts were tested with 
the aim to determine the best concentration. The results are then compared with those of reference AAM prepared 
without any admixture addition. 
Among the investigated admixtures, the mix with the polycarboxylic ether based plasticizer has the best behavior in 
terms of both fresh and hardened state properties. The optimum amount of SP corresponds to a dosage of 1% by mass 
of fly ash. Test results show an increase in terms of workability of both geopolymeric pastes and mortars in comparison 
with AAM samples without any admixture addition. Moreover the use of polycarboxylic ether based superplasticizer 
does not compromise the final strength of hardened material. 
 
Originality 
The originality of the present research lies in the study of the most suitable superplasticizers to be used in the AAM and 
their correct dosage. The presence of an adequate admixture would greatly contribute to increase the mortar fresh state 
behavior, as well as the physical-mechanical properties and the microstructure of the resulting product. According to 
the state of the art, these results are meaningful for the advancement of knowledge on promoting the use of AAM in 
building industry. 
 
Keywords: Alkali-activated materials; Admixtures; Workability; Mechanical properties 
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1. Introduction 
Nowadays the most important challenge for cement industry is to find alternative and sustainable 
solutions to mitigate environmental footprint of its activities. Indeed, the productive process of 
ordinary Portland cement (OPC) is responsible for around 8% of all man-made global CO2 emissions 
mainly due to the high temperature process (i.e., 1450°C) required for clinker production (Imbabi M. S. 
et al., 2012; Provis J. et al., 2014). In this context alkali activated materials (AAM) are gaining 
increasing interest as sustainable binders. AAM, including geopolymers, come from the alkali-
activation of aluminosilicate powders with suitable amorphous content. These materials can be 
obtained using 100% industrial waste as precursor (i.e., fly ash or blast furnace slags) without high-
temperature processes. As such, replace OPC with alkali activated binders can lead to an 80% 
reduction in CO2 emission in atmosphere (van Deventer J.S.J. et al., 2012). In the last years, many 
studies conducted on geopolymeric mortar and concrete proved their strong potential as building 
materials; with a tailored mix design high mechanical strengths and good durability performances can 
be achieved (Hardjito D. et al., 2004; Natali M.E. et al., 2014).  
Superplasticizers (SPs) are widely used in OPC concrete production. There are several types of 
plasticizer and superplasticizer admixtures such as ligninsulphonates- (first generation), naphthalene- 
and melamine-based (second generation) and polycarboxylic ether- or acrylic-based (third generation) 
(Nematollahi B. et al., 2014a). These admixtures hinder flocculation of cement particles by 
electrostatic or steric repulsion. Therefore, adding a small amount of SP can reduce the water/cement 
(w/c) ratio without influencing workability of concrete and thus improving its mechanical and 
durability performances. In alternative SPs can be used to plasticize the mix at fresh state without 
modifying the w/c ratio and the final properties of hardened concrete. 
In order to use geopolymeric binder as building material it is important to evaluate the effect of 
available superplasticizers on it. Nevertheless, only few studies focus on this topic and results are 
often contradictory (Rashad A.M., 2013). 
In a previous study on fly ash based geopolymers (Criado M. et al., 2009) it was investigated the 
rheological behavior of geopolymeric fly-ash pastes activated with an alkaline dissolution of 85% of 
sodium hydroxide (12M NaOH) and 15% of waterglass (Na2SiO3). It was found that polycarboxylates 
based superplasticizer is the most effective one, causing an increase in workability and a decrease in 
yield stress and plastic viscosity of fly-ash systems. Other authors (Laskar A.I. et al., 2013) 
investigated the rheological behavior of alkali-activated fly-ash concrete testing first and third 
generation water reducing admixtures. According to the results, there is a critical value of molar 
strength of sodium hydroxide equal to 4M, below which admixtures tested improved workability of 
concrete. In particular, lignin-based first generation plasticizer was the most effective. Moreover a 
good correlation between rheological parameters and slump test results was found. 
This paper presents a study on the effects of different commercial superplasticizers on AAM pastes 
and mortars. The research work was divided in two parts. First, tests on alkali activated pastes were 
conducted: seven types of admixtures (first, second, and third generation) were tested in two different 
concentrations in order to assess their influences on the workability of the fresh slurry. From these 
tests, the best admixtures and their optimum amount were selected and utilized for the preparation of 
mortar samples with the aim to study the fresh and hardened properties of the material. 
2. Experimental 
2.1. Materials 
In the present study fly ash (FA) sourced from Enel Produzione S.p.A., UB Torrevaldaliga Nord 
(Civitavecchia, Roma, Italy) was used as AAM precursor. The chemical composition of FA is given in 
Table 1. 

Tab. 1 Chemical compositions of fly ash 
Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 
Content [%] 49.37 29.23 2.71 6.63 1.05 0.33 <0.05 0.60 3.28 

 
The fly ash exhibits a d50=22.10 μm and its mineralogical composition includes crystalline phases of 
quartz, mullite and maghemite, and an amorphous content equal to 69±0.8 wt% (Bignozzi M.C. et al., 



 

2014). The activating solution was obtained by mixing 83wt% of sodium silicate solution 
(SiO2/Na2O=1.99, density at 20 °C =1.5±0.2 g/cm3, Ingessil, Verona, Italy) and 17wt% of 8M sodium 
hydroxide (NaOH 8M). The ratio of sodium hydroxide and sodium silicate solutions was adjusted in 
order to achieve a Na2O/SiO2 molar ratio equal to 0.12 based on the total content of sodium oxide and 
silica present in the sample. For mortar samples, silica sand (SiO2>96 wt.%) with a fixed grain size 
distribution (dmax = 2 mm) was used as fine aggregate, according to UNI EN 196-1 (UNI EN 196-1). 
Seven types of superplasticizers were tested (Table 2): 
− 2 ligninsulphonate-based first generation plasticizers (named LIG-a and LIG-b, respectively); 
− 1 melamine-based second generation SP (named MEL); 
− 1 polynaphthalene-based second generation SP (named NAP); 
− 1 polycarboxylic ether based third generation SP (named PCE); 
− 2 acrylic SPs (named ACR-a and ACR-b, respectively). 

Tab. 2 Commercial admixture composition 
Sample name Composition Generation 
LIG-a Ligninsulphonate I 
LIG-b Sodium ligninsulphonate I 
MEL Sulphonated melamine II 
NAP Polynaphthalenmethan-sulphonate II 
PCE Polycarboxylic ether III 
ACR-a Acrylic III 
ACR-b Vinylphosphonic acid/acrylic acid copolymer III 
 
2.2. Experimental Part 
2.2.1 Tests on alkali-activated pastes 
As preliminary study on the influence of admixtures on workability of AAM, mini-slump test on fly-
ash based pastes was conducted. Fly ash (65.7 wt%) was mixed by hand for four minutes with alkaline 
solution (29.7 wt%) and water (4.6 wt%) in order to achieve a liquid/solid (L/S) ratio equal to 0.52. 
The admixture was added during the last minute of mixing process. Two different mixes for each type 
of superplasticizer were prepared, using respectively 0.6% and 1% of admixture by mass of binder, 
with the aim to investigate the influence of different amount of SPs on the plasticizing effect. Samples 
are named according to the admixture composition name (Table1), followed by the amount of SP 
expressed in percentage by mass of binder utilized (i.e., PCE06 refers to a sample with 0.6% of 
polycarboxylic ether-based by mass of fly ash). Furthermore, a control AAM paste without any 
admixture was prepared (named RIF). After mixing, pastes were poured into a truncated conical mold 
(dmin = 19 mm, dmax = 38 mm, h = 57 mm). The mold was lifted up and the mean diameter of spread 
paste was measured within one minute. This test was repeated after 5, 15, 30, 45 and 60 minutes on the 
same samples, in order to assess the ability of the pastes to maintain the workability during time. 
2.2.2 Tests on alkali-activated mortars 
The SPs with the best behavior in terms of paste flowability were used for the preparation of AAM 
mortar in their best amount. Mortar samples are named maintaining the same acronym of AAM paste. 
Mortar samples were prepared mixing 23.8wt% of FA with 10.7wt% of alkaline solution and 64.3wt% 
of sand. An amount of extra-water of 1.2wt% was added in order to achieve a L/S ratio equal to 0.5. 
For samples preparation a Hobart mixer was used with a procedure similar to the one used for cement 
mortar. Consistency at fresh state was determined by flow-table test, according to UNI 7044 (UNI 
7044). This test was repeated for each mortar after 5, 15 and 30 minutes in order to evaluate trend of 
workability during time. At the end of 30 minutes, the slurry was poured in PVC molds (40x40x160 
mm) in two layers and each layer was vibrated on a shaker table according to European standard UNI 
EN 196-1 (UNI EN 196-1). The specimens were sealed in plastic bags and cured at T = 25 °C and 
R.H. >65%. After 1 day of curing, prismatic specimens were de-molded and cured in the same 
conditions until the day of test. After 7 and 28 days of curing, compressive strength (Rc) was 
determined by an Amsler Wolpert testing machine (maximum load: 100 kN). Results are an average of 
5 values. Air content of fresh slurry was determined on the reference mix (RIF) and on the two mixes 



 

(PCE1 and ACR-a06) which showed the best improvement in workability. An air entrainment meter 
with a capacity of 1dm3 (106 mm3) was used, according to EN 1015-7 (EN 1015-7). 
 
3. Results and Discussion 
3.1 Behavior of alkali-activated pastes 
Figure 1 plots the results of mini-slump test expressed in spread of paste versus time. First generation 
ligninsulphonate- and second generation naphthalene based admixtures (LIG-a, LIG-b, NAP) do not 
significantly improve workability of geopolymeric pastes with the addition of both 0.6% or 1% of SP 
by mass of binder. Even if in some cases (LIG-b1) a good consistence is obtained at the initial time 
(t=0’), the workability decreases rapidly during time. Moreover, in a few cases, the slump of LIG-b06 
and NAP1 is lower than the RIF. The best results are obtained with the second generation melamine 
based (MEL06) and third generation admixtures (PCE1, ACR-a06, ACR-b06). As can be seen in 
figure 1, the spread of these pastes is higher than the reference paste without any admixture (RIF) 
during all the test time (60’). Melamine and acrylic based admixtures do not change substantially the 
paste consistency increasing their amount from 0.6% to 1%. On the contrary, when polycarboxylic 
ether based admixture is used, there is an improvement in workability with the increase in the SP 
amount. Considering the initial time (t=0’), the increase in slump of MEL06, PCE1, ACR-a06 and 
ACR-b06 samples, with respect to RIF sample, is 6.1%, 10.1%, 5.5% and 7.2%, respectively. 
According to these results, melamine-, polycarboxylic ether- and two acrylic based SPs are considered 
as the best four superplasticizers for mortar sample preparation. 

 
Figure 1 Workability of fly ash pastes at different time. 

3.2 Behavior of alkali-activated mortars 
The effect of the previously selected superplasticizers on workability of AAM mortars has been 
monitored for 30 minutes and results are presented in Figure 2(a). All SPs improve the spread of the 
RIF mortar during all the test time (30’).  

  
a) b) 

Figure 2 Behavior of AAM mortars. a) Spread versus time; b) Compressive (Rc) strength at 7 and 28 days of 
curing. 
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even after 30 minutes. The consistency of the two mixes with acrylic-based admixtures at time zero is 
the same (80%), but ACR-b06 shows a higher loss of workability during time than ACR-a06. The mix 
containing melamine based SP has an initial consistency very similar to the one of the RIF (75% and 
72%, respectively) and for this reason MEL is considered as the less effective superplasticizer in terms 
of workability improvement of AAM mortars. All values found from the test of air entrainment 
conducted on RIF, PCE1 and ACR-a06 fresh mortars are in the range of 5.0 ± 0.2 %. As can be seen in 
Figure 2(b), the addition of the superplasticizers to the mortars does not seem to influence particularly 
the mechanical properties of the final material. MEL06, PCE1 and ACR-a06 mortars show values of 
Rc similar to the reference mortar after both 7 and 28 days, reaching a compressive strength around 40 
MPa after 28 days of curing. OnlyACR-b06 shows a value of Rc slightly lower than RIF after 28 days 
of curing. 
Finally, Figure 3 presents a correlation between workability and compressive strength of the 
investigated AAM mortars. Results are presented adopting the mortar without any addition of 
admixture as reference. In case of melamine based admixture the improvement of workability (+1.4%) 
cannot be considered significant, even if there is an increase equal to 4.90% of compressive strength of 
final product. The addition of acrylic SPs improves spread of fresh slurry (+4.8%), but in case of 
ACR-b06 there is a decrease in compressive strength (-3.7%). The most effective admixture is the 
polycarboxylic ether-based superplasticizer in the amount of 1% of SP by mass of binder (PCE1). 
Indeed, with this SP, increases in both workability (+8.7%) and compressive strength (+5.1%) are 
achieved. These results are in agreement with a recent study (Nematollahi B. et al., 2014b) on the 
effects of SPs on the workability and strength of fly-ash based geopolymer pastes.  

 
Figure 3 Effects of the admixtures on AAM mortars workability and compressive strength (28days). 

4. Conclusions 
The aim of this study was to evaluate the influence of different commercial admixtures, usually 
employed for OPC concrete production, on the properties of alkali-activated materials. 

− The first part of experimental work conducted on AAM pastes revealed that not all the 
commercial admixtures are effective for AAM materials. In particular, when lignin- and 
polynaphthalen based SPs are added to the mixture, no significant workability improvements 
are observed. Instead, in case of melamine-, polycarboxylic ether- and acrylic based SPs 
addition, pastes achieve better consistency. Moreover, results show that the different amount 
of 0.6% and 1% of SPs by mass of binder seems not to be a relevant parameter for most of 
SPs adopted. Instead, when polycarboxylic ether based superplasticizer is added to the mix, 
the optimum amount of SP by mass of binder is found to be equal to 1%. Below this value, the 
admixture does not significantly improve the workability of AAM pastes. 

− Results obtained from tests on AAM mortars show that all the four analyzed SPs (MEL, PCE, 
ACR-a, ACR-b) work as superplasticizers, improving the workability of the fresh slurry. 
Moreover, the addition of MEL, PCE and ACR-a SPs to the mixes does not influence the final 
mechanical properties of the mortars. Among the investigated admixtures, the third generation 
polycarboxylic ether based superplasticizer is the most effective. Indeed, an improvement of 
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both consistency of fresh state and mechanical performances of hardened material is found 
when 1% of PCE-based superplasticizer is added to the mix. 

The presence of an adequate admixture would greatly contribute to increase the mortar fresh state 
behavior, as well as the physical-mechanical properties and the microstructure of the resulting product. 
According to the state of the art, these results are meaningful for the advancement of knowledge on 
promoting the use of AAM in building industry. 
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Abstract 
In this paper, a high strength and excellent durability alkali-activated slag geopolymer cement material was synthesised 
using the solid sodium silicate (modulus = 2.0) and slag powders. Based on previous experimet, the optimal 
composition was  that mass ratio obtained: slag/ solid sodium silicate = 5:1, and the added water was 23% of the total 
mass of slag and solid sodium silicate.The setting time, compressive strength and conductivity after freezed at different 
temperature was measured from 25ºC to -25ºC.The results showed that the setting time of the slag based geopolymer 
paste firstly increased and then decreased with the decreasing of the curing temperature. The compressive strength of 
the slag based geopolymer paste gradually reduced with the decreasing of the curing temperature, the 28 days 
compressive strength at 25ºC, 10ºC, 0ºC, -10ºC,-25ºC were 110.8 MPa, 61.9 MPa, 52.1 MPa,18.9 MPa, and 2.2 MPa, 
respectively. The experimental results showed the conductivity of the slag based geopolymer paste gradually dropped 
with the decreasing of curing temperature, which really reflected the decreased geopolymerisation trend of the slag 
based geopolymer. 
 
Originality 
Alkali-activated slag based geopolymer material was a type of environmentally friendly and economical material that 
was produced from industrial waste.. Experts and scholars research in this area was very widely, and there were many 
reports and papers. But those reports and papers were almost on the room temperature and high temperature, so far 
there was no related reports and papers at low temperature. The temperature range adopted in this paper was from 25 
ºC to -25ºC. Compressive strength and curing time after freezed at different temperature was measured. Then drew a 
series of related rules, for the future under the condition of low temperature construction to provide certain 
experimental basic data. 
 
Keywords: alkali-activated slag; geopolymer; low temperature; compressive strength; curing time 
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1. Introduction 
It is well known that a notable feature of the construction industry is a significant demand for both 
energy and raw materials (Moll S. et al., 2005). In addition, recent studies highlighted that the 
concrete industries' share to green-house gas emissions is about 10% of its global production (Fiksel J., 
1996) and nearly one half of it can be directly or indirectly related to the production of cement (Moya 
J. A. et al., 2010).Since the Portland cement was invented, the cement and concrete industry has been 
faced with environmental and energy intensity issues (Fling R. S., 1975). Both of these issues are now 
becoming more serious as a point of international interest because the world begins to move towards 
the concept of sustainable development (Junaid M. T. et al., 2014). 
In the last decade, or so, extensive research has been undertaken by academics and engineers alike 
with the view to find a kind of new material as an alternative to OPC concrete for more sustainable 
construction. This kind of new material is called “geopolymer”. “Geopolymer” was first introduced as 
a new material by Joseph Davidovits in 1978 (Davidovits J., 1991; Gordon L. et al., 2011). 
Geopolymer was a kind of three dimensional structural alumosilicate inorganic polymers composed by 
the [AlO4] and [SiO4] tetrahedron, which were mainly prepared by alumosilicate or industrial waste. 
Based on material classification, geopolymers belong to inorganic polymers (Komnitsas K. A., 2011; 
Shvarzmana A. et al., 2003; Temuujin J. et al., 2009). Due to their unique three-dimensional oxide 
network structure from inorganic polycondensation, geopolymers possess favorable features such as 
high strength, corrosion resistance, water resistance, high temperature resistance, enclosed metal ion, 
and many other advantages (Zhang S. et al., 2004). Geopolymers have broad applications in 
transportation, emergency repairs, metallurgy, and nuclear waste disposal (Hua X. et al., 2000; Van 
Jaarsveld J. et al., 1999; Van Deventer J. et al., 2007).  
The slag based geopolymer paste has been gradually deemed to be potentially revolutionary materials 
in recent years for the great advantages, using in replacements part of traditional Portland cement, 
superior thermal and chemical resistance properties as well as a potential value in stabilizing 
radioactive and toxic wastes (Cheng T. W. et al., 2003; Palomo A. et al., 1999; Zhang J. G. et al., 
2008). Thus, it is now researched and focused by more and more people. 
In this study, we mainly used solid sodium silicate and slag as raw material preparation to the slag 
based geopolymer cement materials. Because steel production increased year by year, which led to the 
increasing production of slag, preparation of geopolymer cement or concrete using slag as raw 
materials, not only reduces the impact on the environment, but also can reduce CO2 emissions. 
Meanwhile, solid water glass is easy to store and transport, and provides more convenience for this 
large-scale production and application of the slag based geopolymer paste in the future. 
So far, studies on geopolymerisation behavior of slag based geopolymer paste are mainly at room 
temperature and high temperature stage (Galle C. et al., 2000; Liu L. P. et al., 2012; Mo B. H. et al., 
2014; Siddique R. et al., 2012; Song X. L. et al., 2013; Ulm F. J. et al., 1999; Zhang Z. T. et al., 2015). 
However, the use of slag based geopolymer paste is limited in the high latitude regions because the 
temperature is very low in the winter. Therefore, study on the setting of slag based geopolymer paste 
under low temperature has important value for engineering application in high latitude regions. 
In this paper, our mainly study is geopolymerisation behavior of slag based geopolymer paste under 
low temperature. For achieving this goal, we treated the setting time, compressive strength, SEM, and 
conductivity as design factors. Through this study, we had more understanding on geopolymerisation 
behavior of slag based geopolymer paste at different temperatures, in order to make a better use of 
slag based geopolymer paste.  
2. Experimental procedure 
2.1. Materials 
The primary raw materials used in this study were provided by local suppliers. The chemical 
compositions of slag (Chengde Group Company, Beihai Guangxi, P.R. China)given by the X Ray 
Fluorescence were summarized in Table 1，and the specific surface area of the slag was 1.9 m2/g. The 
slag used in these experiments was dried by the electrothermal constant-temperature dry box at 105 °C 
for 3 h and then cooled to room temperature. The alkaline activators used were solid sodium silicate, 
which was obtained from industrial-grade water glass (Zhongfa Water Glass Factory, Foshan 
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Guangdong, P.R. China) with comprising of 50.0-52.0 mass% SiO2, 26.0-28.0 mass% Na2O, and 20.0-
24.0 mass% H2O; molar ratio: SiO2/Na2O = 2. The specific surface area of the solid sodium silicate 
was 1.24 m2/g. 

Tab. 1 Chemical compositions of tailings /% 
Compositions CaO SiO2 Al2O3 MgO SO3 TiO2 MnO Fe2O3 K2O Na2O LOIa 

Content 47.39 29.73 11.89 5.99 1.79 0.95 0.65 0.49 0.47 0.30 0.35 
a Loss on ignition 
 
2.2. Sample preparation 
In this paper, by comparing the performance of experimental operation, the mix proportions of 
samples were mass ratio: slag/ solid sodium silicate = 5:1, and the amount of water was 23% of the 
total mass of slag and solid sodium silicate. Because the slag，solid sodium silicate and water mixture 
were an exothermic reaction , the slurry would rapidly solidified. Firstly, the slag, solid sodium silicate 
and water used in these experiments were cooling by the refrigerator at 0 °C for 3 h. Secondly, the slag 
was quickly mixed with solid sodium silicate and free water, preparation of the fresh mixtures 
represented an intensive mixing for 2 min using electrical mixer at 3000 rpm. Thirdly, the samples 
were cast in 20×20×20 mm-edge cube alloy molds. A thin layer of oil was sprayed into the alloy 
molds prior to filling to aid in the removal of hardened paste upon curing. The alloy molds were 
vibrated on a vibration table for 2 min to remove air bubbles and then sealed immediately afterwards. 
A total of five mixtures were prepared and 6 samples were cast from each mixture. 
All specimens kept in the molds were cured undisturbed at certain condition ( temperature 25°C, 10°C, 
0°C, -10°C, -25 °C; relative humidity 90%) for a further 1 d, 3 d, 7 d, 28 d in a laboratory grade oven 
and the refrigerator to allow the AAS paste to harden. At the end of the curing process, the specimens 
were removed from their molds and initial physical properties were recorded. 
2.3. Method 
2.3.1 Setting time measurement 
The setting time of the slag based geopolymer paste at 25ºC, 10ºC, 0ºC, -10ºC,-25ºC was measured 
using a Vicat apparatus (RV-300B, China). 
2.3.2. Compressive strength testing 
In general, the conversion occurs extremely rapidly at 50 °C and above, and its effects may not be 
appreciable after many days. At lower temperatures, however, conversion can occur very slowly, 
within a few weeks or even months. Therefore, some of the slag-based geopolymer paste samples 
were cured at lower temperature, with the measured relative humidity, respectively. Compressive 
strength testing was conducted on specimens using a DNS100 universal testing machine. The 
displacement rate used was 0.5 mm/min. To obtain the average compressive strength, three samples 
from each mixture were tested. 
2.3.3. SEM testing 
Scanning electron microscopy (SEM) performed to analyze the polished surfaces of the specimens on 
S-340 device (Japan Hitachi Limited Company). Specimens were impregnated using an absolute ethyl 
alcohol, polished with SiC paper, and then coated with gold. 
2.3.4. Impedance spectroscopy testing 
As shown in Figure 1 the slurry prepared was quickly cast into 40 mm diameter×20 mm height 
cylindrical mold, buried electrode and sealed molds. Then the mold was placed in pre-configured 
temperature constant temperature oven, connected with lines, and then started measuring the 
conductivity change with time .The beginning of recorded once 1 min , with increased in test time was 
recorded once 0.5h-1h. When the conductivity value was almost stable, experimental test ended. The 
impedance analyzer test condition is: Frequency: 1 kHz, Voltage: 1 V.  
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Figure1 Diagram of impedance spectroscopy experimental equipment. 

3. Results and Discussion 
3.1 Setting time  
Previous studies reported that the alkali activator used in the geopolymer was greatly affected by the 
temperature (Bakharev T., 2005). Accordingly, in the present study, different temperatures, 25 °C, 
10 °C, 0 °C, -10 °C and -25 °C were considered.  
The initial and final setting times were shown in Figure 2. As seen in Figure 3, the properties of the 
geopolymer paste samples strongly depend on their curing temperature and their curing time. The total 
setting time varies between 20 and 210 min. Setting time of samples in curing temperature of -10 °C 
above decreased as curing temperature increased. The shortest setting time was obtained at samples in 
curing temperature of 25 °C. The final setting time of geopolymer paste samples were found to be 
shorter than the normal Portland cements. The lower curing temperature, the shorter the time needed 
for setting of samples. The reason was that when the curing temperature became lower, the reaction of 
slag based geopolymer paste became very slow and even stopped; this could be evidenced in Figure 4. 
Therefore, the geopolymer system needed less time for setting.  
Davidovits referred that geopolymer cement hardens rapidly at room temperature. Fast setting was the 
result of the high CaO content in the slag; leading to improved polymerization and hardening of the 
gel phase (Davidovits J., 1991; Temuujin J. et al., 2009).  
During alkali activation, the alkalinity of the solid sodium silicate leaded to the release of Ca, Si and 
Al from the slag. The ions that were released from the slag particles must diffuse through the exterior 
layer of hydrate reaction products which rapidly formed around the unreacted slag particles. The 
alkaline conditions accelerate the reaction process of activation, as the presence of hydroxide enhances 
slag dissolution, and also increases the solubility of silica and alumina (Bernal S. A. et al., 2011). 
However, if the temperature was too low, it would inhibit the reaction process. 
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Figure 2 Effect of temperature on initial setting time and final setting time of slag based geopolymer paste. 
3.2 Mechanical properties 
Figure 3 showed that for different curing temperature and alkali activated at different curing ages, the 
compressive strength of slag based geopolymer paste. Compressive strength tests of all specimens 
were conducted using a DNS100 universal testing machine. A minimum of six specimens for each 
type were tested for 1 d,3 d,7 d,28 d compressive strengths after casting, which was equivalent to 
strength development after 28 d (Neville A. M., 1990). It had been shown (Hardjito D. et al., 2004; 
Kong D. L. Y. et al., 2008) that curing age does not have a significant effect on strength of slag based 
geopolymer paste after the 28 d. The curing temperature was constant, the compressive strength of 
slag based geopolymer paste increased by adding time, afterwards tended to stable. The curing ages 
was fixed, the compressive strength of slag based geopolymer paste reduced with decreasing 
temperature. When the curing temperature was -25 °C, the compressive strength of slag based 
geopolymer paste achieved the minimum value, which was almost negligible.  
At lower curing temperature (-25 °C), the dissolution of slag particles was slowly, the geopolymer gels 
grew slowly and geopolymer samples were still gelatinous and moist. The amounts of precursors 
(primarily Al) dissolved from amorphous phases in slag were insufficient to polymerize with 
amorphous Si precursors in activators to form plenty of aluminosilicate gels. Therefore, the 
compressive strength was lower because of the plentifully existing of sol phase and water in the 
system as shown in Figure 4. We believed that at this temperature and below the temperature, the 
compressive strength of slag based geopolymer paste was due to the water inside the slurry was frozen 
intensity generated. This was the result we had done in Figure 2 and Figure 5 consistent. 
Elevating the curing temperature was known as increasing the extent of dissolution of precursors 
(primarily Al and Si) from the amorphous phases in slag particles and accelerating the formation of 
hard structure especially in the early-stage of geopolymerization reaction. At early ages, the pores 
were slightly large, but gel continues to grow after cured for a period, the large voids were gradually 
filled with the reaction products and long chains and branches were formed as the geopolymerization 
proceeding.  
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Figure 3 Effect of temperature and time on the compressive strength of slag based geopolymer paste. 

 

 
Figure 4 SEM micrographs of slag based geopolymer paste cured at different temperatures for 28 days (a:25 °C; 

b:10 °C; c :0 °C; d:-10 °C; e:-25 °C) 
 

3.3 Conductivity of slag based geopolymer paste with time under different temperature  
In fact, the water consumption was an important factor to influence ionic electrical conductivity of the 
geopolymer material (Cui X. M. et al., 2008). Moreover the water and temperature were closely 
related. In our work, we fixed mass ratio: slag/ solid sodium silicate = 5:1, and the amount of water 
was 23% of the total mass of slag and solid sodium silicate, and change the curing temperature from -
25 °C to 25 °C as shown in Figure 5. The relationship between the curing temperature and electrical 
conductivity had different changing tendency. The results were shown that the electrical conductivity 
first increased and then decreased with the increment of reaction time in 25 °C but it would be 
decreased with the increment of reaction time in other temperature. Because of the increasing 
electrical conductivity in direct proportion with the increment of temperature, the electrical 
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conductivities of the activator solutions initially increased rapidly after cured at higher temperature 
(25 °C) in a dry oven. In this experiment, as the room temperature was about 20 °C, the change of the 
electrical conductivities will be controlled by free Na+ and free water in the sealed environment (Cui X. 
M. et al., 2008) . 
Figure 5 showed the variations of electrical conductivities of the sealed slag based geopolymer paste 
against time at different curing temperatures. In the transformation of the gel phase, a simple 
dissolution–rearrangement–polycondensation reaction was supposed to take place. 
The electrical conductivity of the sample cured at 25 °C first increased inconspicuously, in the early 
stages of the reaction process. This process could be explained by considering two aspects: (1) 
electrical conductivity increases with the increase of temperature (Cui X. M. et al., 2008) and (2) the 
slag particles were dissolving into the slurry. As the dissolution continues, the dissolved precursor 
species rearranged themselves and gradually polymerized. The electrical conductivity of the sample 
increased relatively small for 31 min before the dissolution and polycondensation processes 
approaching equilibrium. Thereafter, there was a slowly decreased in conductivity as the dissolved 
precursor species begin to polymerize. This result appears to give a reasonable prediction to estimate 
the progress of the geopolymerization reactions in the preliminary stage. 
The slag based geopolymer paste cured at 10 °C and 0 °C had set and formed hard structure after 25 
and 40 min. The electrical conductivity of the sample changed conspicuously in the beginning, then 
the change tendency was gentle separately in 78 and 96 min, the following closely appeared the slowly 
drop in 192 and 148 minutes, finally this conductivity would hold constant. This process could be 
explained by considering three aspects: (1) electrical conductivity decreased relatively fastly with the 
decrease of temperature and (2) the dissolution and polycondensation processes approach equilibrium 
and (3) the dissolved precursor species begin to polymerize. 
The slag based geopolymer paste cured at -10 °C and -25 °C had set and formed hard structure after 
70 and 25 min, and the electrical conductivity of the sample remarkably changed separately in the 
front of 80 and 50 min, the following closely this conductivity would hold constant. This process 
could be explained by considering two aspects: (1) electrical conductivity decreased relatively fastly 
with the decrease of temperature and (2) the dissolved precursor species begin to polymerize. 
The ICP analysis of slag based geopolymer paste indicated that there was no Ca2+ and Mg2+. The 
change on electrical conductivity of slag based geopolymer paste cured at 25 °C, 10 °C and 0 °C was 
that the dissolution and polycondensation processes had not developed but the slag absorbed some 
water and Na+ in slurries and resulted in the decrease of free water and Na+ (Cui X. M. et al., 2008). 
The electrical conductivity in -10 °C and -25 °C changed except above reason mainly was free water 
and Na+ were frozen. So, the electrical conductivity of the cured sample decreased. This experimental 
data also provided a good way to keep slag based geopolymer slurry in reserve for much longer time. 
Behavior of water and Na+ in the reaction system could be interpreted as follow: when the slurry 
reached the supersaturation point in the corresponding condition, the dissolution rate slowed down; 
predominant polycondensation process replaced the dissolution process, water was expelled from the 
solidified gel matrixes. In this instance, polymerization of dissolved species were highly significant, 
precursors rearranged themselves and polymerized rapidly, some of the alkali cations (Na+) are 
bonded into the aluminosilicate gel network, which leads to an abrupt decrease of the electrical 
conductivity. It would appear that the polymerization reaction in this slag based geopolymer system 
goes to completion very early at elevated temperatures.  
Obviously, the experimental results clearly explained the trends in reaction velocity and extent as a 
function of curing temperature and time in the early stages of the geopolymerization. These results 
were highly consistent with the reaction kinetic model for geopolymerization proposed by Provis and 
Deventer (Provis J. L. et al., 2007) . 
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Figure 5 Conductivity of slag based geopolymer paste vs time at different temperture. 
 

4. Conclusions 
In this paper, setting time, compressive strength and conductivity were used to discuss the 
geopolymerisation behavior of slag based geopolymer paste under low temperature (within the range 
from -25 °C to 25 °C) on the dissolution, rearrangement, polymerization processes of the 
geopolymerization reaction. The results obtained in this experiment were that the depression of curing 
temperature suppressed the dissolution of slag particles and polymerization reaction of precursors in 
the initial geopolymerization reaction of the slag based geopolymer system. Prolonging curing time 
improved the formation of hard structure especially in the early stage of geopolymerization reaction. 
This trend was highly consistent with the results of the variations of compressive strength conducted 
by universal testing machine. Appropriate depression in curing temperature put off the harden process 
and provided more construction time. However, curing at too low temperatures (-10 °C and -25 °C) 
resulted in a negative effect on physical properties of geopolymer slurries restrains the transformation 
into high strength structure of geopolymer samples. Hence, the slag based geoplymer paste can be 
applied in conditions of enviromental temperature > -10 °C. 
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Abstract 
Magnesium phosphate based cements are rapid setting and have high early strength. To prolong the setting 
time,retarding additives are often used in magnesium phosphate cements. In the present paper, the magnesium 
phosphate cements (MPCs) consisting of magnesia, potassium phosphate and fly ash with different retarders were 
investigated. Effect of different additives, i.e. sodium tripolyphosphate (ST), borax (NB) and boric acid (BA), on the 
early hydration and properties of MPC were examined, including the setting time, temperature rise during initial 
hydration, strength and electrical conductivitydevelopment. Hydration products of MPC paste were analyzed by X-ray 
diffraction (XRD), and the morphology of early hydrates was observed by scanning electron microscopy (SEM).  
 
The test results showed that ST has an acceleration effect on the setting process, while NB and BA have retarding effect 
on the hydration. BA has longer retardation time than NB, compared with the MPC sample without additive. The MPC 
hydration system has a fast temperature rise during early hydration. The higher the temperature rise rate, the shorter 
the setting time, which is caused by the higher reaction rate. These factors combined to lead to the high early strength. 
The electrical conductivity measurement showed that high early strength development is corresponding to low 
electrical conductivity (high electrical resistivity). The XRD and SEM analysis showed that the MPC sample with ST 
form more reaction product, MgKPO4·6H2O (MKP), than other MPC samples in the early hydration age. According to 
the electrical conductivity curves, the hardening process of MPC is divided into two stages, the first is a solution-
precipitation stage (electrical conductivity increasing) and the second is a diffusion-control stage (electrical 
conductivity decreasing).  
 
Originality 
In the present study, Electrodeless Resistivity Meter (ERM), a new method for electrical conductivity measurement of 
cementitious materials was applied to monitor conductivity variation during setting and hardening of magnesium 
phosphate cement. The early strength development, setting time, and temperature rise of magnesium phosphate cement 
with different additives were determined. By analyzing the conductivity variation, together with setting time, strength 
development, mechanism of cement setting and hardening process could be inferred. The results showed that the 
electrical conductivity could be used as an indication for the setting characteristics as well as the structural formation 
of the hardened cement pastes.There is a good correlation between electrical conductivity and setting, temperature rise 
and strength development. The lower electrical conductivity of cement samples, the shorter the setting time is, and the 
higher strength development is. This is the first originality. 
By analyzing the curves of electrical conductivity, the hydration process of MPC can be divided into two stages. The 
first stage is called solution-precipitation stage, theelectrical conductivity increases during this stage. The second stage 
is called diffusion control stage, the electrical conductivity decreasesduring this stage, and finally to reduce to stable 
state. So the explanationon the hydration and hardening stage by electrical conductivity method is second originality. 
 
Keywords: Magnesium phosphate cement; early hydration; strength development; retarding additive; hardening stage
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1. Introduction 
Now a days, the durability of concrete structures in service has been paid increasingly more attention. 
To renovate these deteriorated structures in time, magnesium phosphate cements (MPCs) are 
competetive materials, because MPCs have high early strength and strong adhesion with Portland 
cement concrete substrate. The early MPC sused ammonium di-hydrogen phosphate (ADP) as the 
phosphate phase, thus unsavory ammonia gas would emit from the ammonium phosphate based 
cement products. To solve this problem, a type of MPC with mono-potassium phosphate (MPP) rather 
than ADP has been developed. The new MPC not only has no ammonia gas emitting, but also can 
bond a large volume of industrial wastes [Wagh, et al, 2005; Ding and Li, 2005]. The previous reserch 
results have shown that the new MPChas the properties of quick seting, excellent adhesive property, 
high strength, and excellent resistance to chemical corrosion [Wagh, et al, 2003; Ding, et al, 2006; Ma 
et al., 2014a, 2014b]. It is very suitable to be applied for rapid repair of damaged concrete structures, 
such as airport runways, bridge decks, and pavements. Furthermore, it was also used for the 
solidification and waste management [Singh, et al, 1997], and for making fiber composites [Patrick K 
and Matthew,2010; Ding, et al, 2011]. 
For a fresh mixture of cementitious materials, the development of its electrical conductivity (or 
resistivity) with time is a fingerprint of property and microstructure development during setting and 
hardening. With the setting and hardening of cement paste, its electrical conductivity generally 
reduces, because the cement paste forms a denser microstructure. Therefore, the cementing process of 
cement can be analyzed by monitoring the electrical conductivity of fresh cement mixture. Better 
understanding of cement hydration process can be realized from measurement of the electrical 
conductivity[Abo El-Enein,1995]. For the electrical conductivity (reciprocal of resistivity) of cement 
based materials, the method of contact electrodes was used by most of previous researchers. 
Interactions usually occur at the contact interface between electrodes and the paste. These interactions 
result in polarization and creation of a counter electromotive force, or voltage. Current cannot be 
accurately measured because of these polarization effects[Hnsson and Hansson, 1983; Hughes, et al, 1985]. 
In order to achieve an accurate measurement of conductivity, an electrodeless resistivity method(as 
shown in Fig. 1) was used in the current study. The new resistivity meter had been firstly utilized to 
interpret the preliminary hydration process of Portland cement [Li, et al, 2003.]. It successfully solved 
the contact problem,and has been proved a very effective method to monitor the resistivity (or 
conductivity) variation of Portland cement. Thereafter, the microstructure development of 
cementitious materials in early ages [Li, et al, 2008.], the cement hydration mechanism [Xiao and  Li, 
2009], the early-age monitoring of hydration of fresh concrete [Li, et al, 2007], and the determination of 
concrete setting time [Xiao and  Li, 2008] were also studied by the non-contact electrical resistivity 
measurement. 
The setting time of magnesium phosphate cements is usually too short for the engineering utilization. 
To prolong the setting time,retarding additives are often used in magnesium phosphate cements. To 
understand the relation of earlyproperties and electrical conductivity development the new MPC, in 
the present paper, the magnesium phosphate cement (MPC) consists of magnesia, MPP and fly ash 
with different retarders were investigated. Effect of different additives, i.e. sodium tripolyphosphate 
(ST), borax (NB) and boric acid (BA), on the early hydrationproperties and electrical 
conductivitydevelopment of MPC were examined. The early properties include setting time, 
temperature rise during the initial hydration and strength. The hydration products of MPC paste were 
analyzed by X-ray diffraction (XRD), and the morphology of early hydrates was observed by scanning 
electron microscopy (SEM). The relationship between early properties and electrical conductivity of 
MPC paste were analyzed. 
2. Experimental 
2.1. Raw Materials 
The raw materials used were dead burned magnesia (an industrial product for refractory), mono-
potassium phosphate (MPP, a chemical agent), fly ash (FA) and fine aggregate (river sand).Two types 
of dead burned magnesia with the same chemical composition areused in the study. One is a fine 
magnesia powder(average particles size is 30.6µm) and the other is magnesia grains (the particle size 



 

is 1~2mm).Table 1 shows the chemical composition and average size of the raw materials. Chemical 
reagents borax (Na2B4O7·10H2O, NB), boric acid (H3BO3, BA) and sodium tri-phosphate (Na5P3O10, 
ST) were used as retarding additives. The additives were incorporated into the dry MPC binder when 
it was mixed in a mixer. The raw materials constitutions of test samples were listed in Table 2.  
 
The phosphate to magnesia molar ratio of the dry MPC binder was 1:4, and 40% of the weight of the 
dry binder was replaced by fly ash. In cement mortar specimens, the weight ratio of fine aggregate to 
dry binder was 1:1. For comparison, the mortar samples without additive and without fly ash were also 
prepared, and they are denoted as control and M9F0, respectively. The test samples with different 
additives were denoted as NB4, BA4 and ST6, respectively. Water to MPC binder ratio was 0.20. 
 

Table 1. The chemical composition and average particles size of raw materials 
Material MgO 

/%)           
Al2O3 

/% 
SiO2 

/% 
P2O5 

/% 
CaO  
/% 

Fe2O3 

/% 
Averagesize 
/µm 

Magnesia 89.51 2.35 4.91 0.11 1.44 1.16 30.6 
Fly ash 1.87 26.69 50.54 -- 8.07 7.76 19.6 

Table 2. Chemical analysis and additions of additives 
Additives Chemical  analysis Addition in MPC binder 

(weight percent of magnesia) 
NB Technical grade, >99%. borax 4% 
BA Technical grade, >99%. boric acid 4% 
ST 22.7%-23.6% phosphorus 6% 

 
2.2 Measurement of early properties and micro analysis 
The final setting time of the cement mortar was carried out using a Vicat apparatus. The specimens for 
compressive strength were mortars which were formed in the mold of 40mm×40 mm×40mm cube. 
The exposure conditions for specimens curing were 25±2oC and 60±5% relative humidity. The early 
strengths of four samples at 1h, 4h, 7h, and 24h were tested. Compressive strength was determined by 
ELE Auto Test machine and the loading rate was 0.375MPa/sec. The hydration reaction of MPC is an 
exothermal process. We also recorded the temperature rise by using a digital multimeter, METEX, 
during the hydration process of small (100g) mortar sample. The hydration products of cement paste in 
the first hour were analyzed by X-ray diffraction (XRD). XRD analysis for the powder specimens was 
carried out using a Philips PW 1830 X-ray diffractometer, with a scanning rate of 0.5o 2θ /min.The 
micro morphology of early reation prodcuts were observed by scanning electron micrograph 
(SEM,model JEOL-6300F). 
2.3 Electrical conductivity measurements 
The electrodeless resistivity measurementwas shown in Fig. 1[Li, et al, 2003]. The measurement 
principle is the same as a transformer. In transformers, Alternating current (AC) is used and mutual 
inductance can be produced. A transformer usually consists of two coils of wire wound on the same 
core. One is the primary coil (input coil), and the other is the secondary coil (output coil). Mutual 
induction causes voltage to be induced in the secondary coil.  
In the non-contacting system, during measurement, a ring of concrete (or mortar, paste) specimen is 
placed around the right arm of a transformer core. This concrete specimen ring acts as a secondary of 
transformer. On the other side of the arm, there is a coil which acts as the primary of transformer. 
When an AC voltage is applied to the primary of transformer, a toroidal voltage will be inducted in the 
secondary of transformer, i.e. the specimen ring. Subsequently, a toroidal current will be produced 
inside the specimen ring. According to Ohm Law and the geometric shape of the specimen ring, the 
resistivity of the specimen can be calculated. In the current study, net MPC cement paste was used to 
cast the specimen ring. After the cement paste was mixed, it was poured into the test model box 
immediately. The measurement was started when the fresh mixed paste in the box was quickly leveled 



 

off. The data was recorded by a computer and was proceed in Microsoft Excel. For convenience, the 
conductivity (reciprocal of resistivity) was used in the current study.  
 
 

 
Fig. 1Schematic of noncontacting resistivity measurement [Li, et al, 2003]. 

 
3.Results and Discussion 
3.1 Compressive strength development  
The strength development of the MPC samples with different additives during the first 24h is showed 
in Fig. 2. The results indicate that MPC can develop high early strength. All the MPC samples 
developed a majority of strength with the initial 7h hydration. After then, the rate of strength 
increasebecomes slow. The early strength of all the samples has the following order, ST6> control> 
NB4>BA4> M9F0. After 1h reaction, the strength of sample ST6 and control were over 20 MPa, and 
sample NB4 reached to 15 MPa. Sample BA4 had no measurable strength at 1h, but after 7h hydration, 
it developed over 35 MPa in strength. 
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Fig. 2 Early strength development of MPC              Fig. 3. Temperature rise during hydration of 

mortar with different additives                                             MPCwith different additives 
 
3.2 Temperature rise 
Due to the intensive exothermic hydration reaction of MPC, the temperature of hydration system rises 
quickly. Fig. 3was the temperature rise curves during initial reaction. The results showed that during 
the initial hydration, sample ST6 has the highest temperature rise rate, sample control ranged at the 
second. NB4 and BA4 have the lowest temperature increase rate. Therefore,additive ST accelerated 
the reaction, but NB and BA retarded the reaction. BA had the most remarkable retarding effect, so it 
had the lowest absolute temperature rise. On the curves, before 6min., temperature rise of NB4 was 
lower than that of BA4. However, after 6min, the rate of temperature riseof NB4 was higher than BA4. 



 

In fact, temperature rise reflects the heat evolution rate of cementitious material, and the latter depends 
on cementing rate. Therefore, the effect of different additive on the hydration of MPC can be reflected 
by the temperature rise. 
 
3.3 Setting time  
Fig. 4 shows the final setting time of MPC with different components. Due to the very short interval 
between initial and final setting time, only final setting time was tested here. The setting time of 
sample control is 7min. Compared with sample control, additive ST has no retarding effect but has a 
slight acceleration to the setting. However, both NB and BA have retarding effect on MPC set process. 
As seen in Fig.3, the effect of NB on retardation is smaller than that of BA. 
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Fig. 4 Setting time of the MPCpastes               Fig. 5 Conductivity variation of MPC pastes 

 
3.4 Development of electrical conductivity 
The electrical conductivity of cementitious  materials decreases during hydration [Garboczi and Bentz 
1992; Ma et al., 2014c, 2014d]. With hardening,cement paste develops a dense structure and its 
electrical conductivity reduces to the minimum. This is because theoverwhelming proportion of 
electrical current passing through the hardened cement paste is carried by the porefluid (pore water). 
Although many factors influence the conductivity development of cement based materials, such as 
chemical composition of cement, curing condition, moisture content, time and so on.  For all variables 
which have an influence on the electrical conductivity ofcement, moisture content has by far the most 
significant effect. As moisture content of concrete decreases, there is less pore water to carrythe 
current, and conductivity decreases. In a hardenedcement paste, if its internal relative humidity (RH) is 
at very low degree, the water remaining in thepores is essentially non-conductive. This is most likely 
due to the surface forces, which render theions dissolved in the pore water immobile.  
 
In the current study, when mixed with water, MPP solves in water quickly.Then, magnesia starts to 
dissociate into the acid solution. Hydration products begin to form. After then, setting and hardening 
process occur successively. The electrical conductivity development curves of MPC were showed in 
Fig. 5. The conductivity curves of control and ST6 went very sharply with time after theinflexion (the 
peak). This indicates that there was very fast set occurred inside the cement paste and a dense 
microstructure well developed. The peak in sample ST6 appeared earlier (2.8 min.) than that of sample 
control (4.5min.). Therefore, ST6 has a shorter setting time than that of control. However, there was 
no sharp peak on the NB4 and BA4 curves. It indicated that a relative lenitive chemical reaction 
happened in the systems. In fact, BA4 showed a longer and more flatten zone on the curve than NB4 
did. The peak of sample NB4 occurred earlier (7.8 min.) than sample BA4 did (9.1 min.). Therefore, 
the latter showed a more effective retarding on MPC than the former. The conductivity of samples 
NB4 and BA4 went down slowly as compared to sample control and ST6. In fact, about 3 minutes was 
needed for mixing MPC paste and placing it into the resistivity measurement apparatus. Herein, the 



 

setting time of the sample control, ST7 and NB4 was very close to the time at peak plus 3min. In the 
other words, the peak points could be used to identify the initial setting time.  
 
All conductivity curves showed a common characteristic. That is, there are inflexions at the beginning 
period of hydration (though the inflexions on sample BA4 are not obvious). Before the inflexions, the 
conductivity increase rapidly, because free ions concentration increase quickly with the solution of 
reactants. This leads to the increase of conductivity. After the inflexions, the conductivity of cement 
reduces, which was caused bythe reduction of free ion concentration and dense microstructure 
formation.Moisture reacts with cement powder and was chemically fixed in hydration products. 
 
According the analysis, the hydration process of MPC could be divided into two stages. The first stage 
is solution-precipitation which occurs before the inflexion. In this stage, the solution rate of reactants 
is larger than the precipitation rate of products. The paste was a plastic liquid, and mass (ions) transfer 
quickly through it. The electrical conductivity is rising with time. The second stage is a diffusion-
control stage which comes forth after the inflexion. In this stage, moisture was consumed continuously 
and the migration of free ions becomes difficult in the dense paste structure. The inflexions could be 
the transition from the stage of solution-precipitation to the diffusion-control stage. During the 
transition stage, dissolution and precipitation could reach a balance. After the inflexion, more and 
more products formed, and the matrix became denser. There is less and less moisture content because 
it is combined into the hydrates and fixed inside the molecule structure of MKP. Therefore, free ions 
decrease with the hardening of paste. Those factors lead to the gradual decrease of conductivity with 
time, and finally to a stable value. 
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 Fig. 6 XRD analysis of MPSC paste after 1 hour hydration 

 
3.5Micro analysis 
The XRD spectra of the cement paste samples after 1h hydration were showed in Fig. 6. The main 
crystal phases inside MPC matrix are unreacted magnesia (periclase) and product MgKPO4·6H2O 
(MKP), and little quartz brought by raw material FA. The formation of MgKPO4·6H2O might follow 
as the below hydration reactions.   
KH2PO4 → K+ + H2PO4

- 
KH2PO4 → K+ + HPO4

2 - + H+ 
KH2PO4 → K+ + PO4

3-+ 2H+ 

MgO + H2O → MgOH+ + OH- 
MgOH+ + 2H2O → Mg(OH)2 + H3O

+ 
Mg(OH)2→ Mg2+ + 2OH - 

Mg2+ + 6H2O = Mg(H2O)6
2+K++ Mg(H2O) 6

2++  PO4
3-= MgKPO4·6H2O  (MKP) 



 

In the XRD spectra,after 1h reaction,it was found that the diffraction peaks of MKP crystal were 
evident inside samples of control, NB4 and ST6, while inside sample of BA4, only the main 
diffraction peak (2θ=20.93o) was found. From the diffraction intensity after 1h, it could be inferred 
that the most products formed in sample ST6, the second most was in sample control, then NB4 took 
the third place. Sample BA4 looked containing the least MKP.The amount of hydration products in the 
initial hydration also reflects the reaction rate. Therefore, the setting time, early strength development 
and temperature rise were consistent with the reaction rate. 
To observe the morphology of early reaction products of MPC, the dead burned magnesia grains (with 
the particle size of 1-2mm)were immersed in saturated MPP solutions for reaction. Four MPP 
saturated solutions were prepared respectively. Among them, one MPP solution did not contain any 
additive. In the other three MPP solutions, the concentration of ST, NB, and BA was 5% by weight. 
After 3dimmersion, those reacted magnesia grains were taken out, and then were observed under SEM. 
Before the SEM observation, the original surface of magnesia particles was observed bySEM and 
optical microscopy (Olympus SZH10), respectively. Fig. 7 shoews that the original surface of 
magnesia particle is smooth and the finer magnesia crystals aggregate tihgly. When the magnesia 
paricles were immersed in MPP solution, the magnesia partical showed transparentapearence and 
some bubbles produced immediately, as shown in Fig. 8.  
 

               
 Fig. 7 Original surface of magnesia particles               Fig. 8 Magnesia particles in the MPP solution 
 
Fig. 9shows the micro morphology of products formed on the surface of magnesia grain, which were 
formed in MPP solutions withdifferent additives. On the surface of the magnesia grains, different 
morphologiescan be seenfrom SEM photos in Fig. 9. After being immersed in blank MPP solution, the 
products on the surface of magnesia grain looked amorphous. However, after reacted in MPP solution 
with ST, tightly aggregated fiber-shaped products were formed. A large amount of fiber-shaped 
products formed on the magnesia surface might lead to the rapid formation of microstructure, then 
developed high strength quickly. Fiber-shaped mixed with gel productsformed on the surface of 
magnesia grains in MPP solution with NB. However,fewer fiber-shaped products was formed, and 
there werecolloidal hydrates intergrowth among the fiber-shaped products. Tothe MPP solution with 
BA, only cracks were found on themagnesia surface after reaction, there is no fiber-shaped product 
formed. The results indicated that the different additives in MPC will lead to different morphologies of 
the reaction products, and will influence the properties of MPC. According to the results of strength 
and micrograph, it is reasonable to infer that the formation of fiber-shaped products (MKP) could lead 
to a high strength development. 
 



 

          
(a) Immersed by MPP without addtive                      (B)Immersed by MPP with ST 

          
(b) Immersed by MPP with NB           (d)   Immersed by blank MPP with BA 

Fig. 9. Micro morphology of reaction prodcuts on the surface of magnesia particles 
4.Conclusions 
In this paper, eraly hydration and electrial conductitvity of magnesium phosphate cements were 
investigated.The relation of seeting, strength, temperature rise and electrical conductivity of MPC was 
discussed. And the hydration and hardening precess was analyzed. Main conclusions from this study 
include:  
(1) There is a correlation between compressive strength development and conductivity variation. The 
lower the conductivity, the higher the strength. Compared with sample without additive, ST increased 
early strength while and BA reduced early strength. In spite of NB slightly deferred the strength 
development in the first hour, it developed comparable 1d strength with sample ST6 and control. 
(2) There is also a correlation between setting time, temperature risesand conductivity 

development.ST slightly accelerates the reaction and has the highest temperature rise rate. NB and 
BA retarded the hydration reaction and had small temperature rise rate.  A faster conductivity 
reducing rate represents a rapid setting process and a large temperature rise rate.  

(3) The curves of electrical conductivityindicated that the hydration process of MPC can be divided 
into two stages. During the first stage, solution-precipitation stage, the conductivity increases. 
During the second stage, diffusion-control stage, the conductivity decreases, and finally fall to in a 
stable value. The results indicated that the electrical conductivity method is a powerful tool in 
property characterization of cementitious materials.  

(4) The MKP formation in MPC pastespeeds up the microstructure formation  of  MPC paste matrix, 
which leads to  the high trength, rapid setting and high temperature rise duiring the hydration of 
MPC.  
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Abstract 
Sustainability is becoming a keynote subject in engineering and architecture. One topic related to the increment of the 
sustainability is the incorporation of photosynthetic organisms on the structures envelope. In this sense, the development 
of cementitious materials with enhanced bioreceptivity to stimulate natural colonization may provide a new solution. 
Accordingly, modifications on the bioreceptivity imply both chemical and physical properties, where the chemical 
properties may be easily adjusted by the use of magnesium phosphate cements (MPC) with lower pH than the Ordinary 
Portland Cement. This work aims to characterize specimens made of magnesium phosphate cement with different levels 
of bioreceptivity, which were obtained by means of different dosages in terms of aggregate size, water to cement ratios 
and amount of cement paste. Moreover, it also aims to evaluate the suitability of the materials to be colonized by living 
organisms under both laboratory and environmental conditions. 
For the aforementioned purpose, a dosage criterion was established to produce 13 different levels of bioreceptivity, which 
were characterized in terms of roughness and porosity. Having the characterization, specimens were assessed through 
an accelerated algal fouling test and an analysis after a field-scale exposition. The analysis of the accelerated algal 
fouling test was carried out weekly by means of colorimetric analysis and visual appearance while the analysis of the 
field-scale experiment was only after one year of exposition. Removal of the microorganisms present on the specimens’ 
surface was carried out in order to identify and quantify the growth comparing the most and less suitable positions: 
horizontal and vertical display respectively. 
The most representative results refer to the fact that magnesium phosphate cements dosage criterion should be modified 
in order to better control the roughness and porosity although different levels of bioreceptivity were achieved. Moreover, 
results of the accelerated algal test showed colonization of the specimens from the first week and a total coverage after 4 
weeks. Slight differences were recorded between specimens with different roughness and porosity although the evolution 
of the biofouling was different. Then, results of the field-scale experiments differ completely from the aforementioned 
results. No algae were found on the specimens’ surface and a low bacterial and fungal growth was recorded. Differences 
between laboratory and field-scale results may be consequence of the uncontrolled environmental conditions and 
competitive relationships between species for the second situation. 
To sum up, results show the possibility of using magnesium phosphate cement-based materials to stimulate natural 
colonization of cementitious materials leading to a more sustainable construction. However, the study of the 
environmental conditions as well as the organisms present in the environment should be considered for designing the 
bioreceptivity. 
 
Originality 
The work here presented is in the framework of an innovative research of multi-layered panels (patent 
PCT/ES2013/070438). Colonization of building materials by living organisms is usually considered as negative, 
considering it as biodeteriorative. However, when the purpose is the stimulation of the natural colonization and the design 
of the material is based on that purpose, the effect may be considered positive from environmental as well as aesthetical 
points of view. 
The originality is also clear due to the complete coverage of the issue, from the selection of a dosage criterion, the 
characterization of the most interesting properties for the purpose, to the evaluation of the colonization under both 
laboratory and environmental conditions. 
Finally, the novel results obtained in the experimental program, mainly corresponding to the evaluation of the 
colonization make this work interesting and scientifically useful. 
 
Keywords: bioreceptivity; magnesium phosphate cement; accelerated algal fouling test; field-scale experiments; building 
materials. 
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1. Introduction 
Traditionally, sustainability has been defined as a triple bottom line concept in which society, 
environment and economics are highly interrelated and of equal importance (Elkington 1997, Cooper 
2002). Several variations of the concept can be found on literature going from the triple bottom line 
proposed by Elkington (1997) to the strong sustainability model proposed by Hart (2000). According to 
Hart (2000), strong community sustainability can derive from models where the economy and society 
are recognized as fundamentally dependent upon the environment. Therefore, care of the environment 
is becoming essential to also achieve social and economic benefits. 
The construction industry is responsible for high levels of greenhouse gasses (GHG) emissions and 
energy consumption. 6-7 % of the annual worldwide emissions are consequence of the cement industry 
(production of approximately 1 ton of CO2 per ton of cement) and approximately 4 GJ of energy are 
necessary to manufacture a ton of cement (Manso et al., 2014b). However, efforts have been made to 
reduce the environmental impacts caused by the construction sector through improvements in materials 
and practices. Between them, the cement industry is expected to contribute to CO2 mitigation globally 
acting as a material with carbon capture and storage capability (Schneider et al., 2011).  
Increasing the primary bioreceptivity of cementitious materials to stimulate colonization of 
photosynthetic organisms is expected to contribute to a more environmentally friendly construction 
sector. The aforementioned concept refers to all intrinsic properties of a material involved in a 
colonization process: chemical and physical properties. Regarding the chemical properties of a 
cementitious material, Magnesium Phosphate Cements show suitable properties in terms of pH and 
chemical composition. pH slightly varies depending on the ratio between the magnesia and the 
phosphates sources, the nature of the phosphate source, the nature of the retarder and its amount. 
However, those acidic and alkaline components neutralize each other providing as a result products with 
a relative neutral pH (Wagh, 2004). 
The research here presented fits in the framework of a patented multi-layered concrete panel (Manso et 
al., 2014c). The first layer consists of conventional concrete and is responsible for the structural function 
of the panel. Production of this layer would depend on project requirements. Subsequently, there is a 
second layer with the main function of protecting the first one. This layer has a waterproof capability 
and could also improve the adhesion between the first and the third layer. The third layer is the one with 
an improved bioreceptivity and the one related to the current study. Thanks to this improvement of 
bioreceptivity, rain water retention as well as stimulation of colonization by living organisms will be 
achieved. Finally, the fourth and last layer would be a discontinuous one in order to allow different 
designs of the surface. Areas without this layer can retain water which allows organisms to colonize the 
surface. Exit of water is then redirected to these areas promoting better local conditions for colonizing 
organisms. 
This work aims to characterize and evaluate the suitability of specimens with different levels of 
bioreceptivity produced with magnesium phosphate cements (MPC) to be used as a biological substrate. 
For the aforementioned purpose, a physical characterization of different MPC mix designs was carried 
out in terms of porosity and roughness estimation. Then, the evaluation of their bioreceptivity was 
determined by means of an accelerated algal fouling test and a field-scale experiment with the purpose 
of comparing the results obtained for both scales. 
 
2. Experimental 
2.1. Materials and dosages 
With the aim of producing magnesium phosphate cement specimens with different porosity and 
roughness, Ammonium Dihydrogen Phosphate (ADP, NH4H2PO4) and Magnesium oxide (MgO) 
maintaining an ADP:MgO ratio of 1:1.75 were used as a hydraulic binder.  Moreover, a 6% of borax 
(Na2B4O7·10H2O) was added to the mix as a retarder. Then, distilled water and two different silica 
aggregate sizes were used (0/2 mm and 2/4 mm). Specimens made of Ordinary Portland Cement (OPC, 
cem I 52.5R) were carbonated and used as a reference material. The pH of MPC and carbonated OPC 
specimens was 6.7 and 9 respectively (Manso et al., 2014a). 



 

Three different considerations to compose the mortar specimens were taken into account. First, two 
different aggregate sizes were used in order to modify macroporosity of the specimens. Then, three 
different water to cement ratios (w/c) for each kind of cement were defined. Regarding to MPC 
specimens, three different values were selected: 0.15, 0.2, and 0.28. In contrast, w/c ratios used for the 
reference material, OPC, were significantly higher: 0.3, 0.4 and 0.6. Differences between the ranges of 
w/c ratio correspond to the different stoichiometric water amount required for the hydration of the two 
types of cement (Hall et al., 1998). Finally, different cement paste contents were used based on increases 
and reductions of the estimated reference cement paste content, C, obtained by means of the formulation 
proposed by Klein (2012) for OPC dosages. Table 1 summarizes the dosages used for the production of 
mortars with different bioreceptivity.  

Tab. 1 Dosages for specimens’ production 
Specimens Type of 

cement 
Aggregate 
size (mm) 

w/c 
ratio 

Cement paste 
content (%) 

Aggregates:Cement:Water 
ratio (a:c:w ratio) 

Ma20-0.75C 

Magnesium 
Phosphate 
Cement 
(MPC) 

0/2 

0.2 
Reduction of 
25 % 

4.8:1:0.20 

Ma20-1C Reference 3.6:1:0.20 

Ma28-0.5C 

0.28 

Reduction of 
50 % 

8.2:1:0.28 

Ma28-0.75C Reduction of 
25 % 

5.5:1:0.28 

Ma28-1C Reference 4.0:1:0.28 

MA20-0.5C 

2/4 

0.2 

Reduction of 
50 % 

7.2:1:0.20 

MA20-
0.75C 

Reduction of 
25 % 

4.8:1:0.20 

MA20-1C Reference 3.6:1:0.20 

MA15-0.5C 0.15 
Reduction of 
50 % 

6.6:1:0.15 

MA15-1C Reference 3.3:1:0.15 
Pa40-1C Ordinary 

Portland 
Cement 
(OPC) 

0/2 
0.4 Reference 4.4:1:0.40 

Pa60-1.75C 0.6 Increment of 
75 % 

3.2:1:0.60 

PA30-1C 2/4 0.3 Reference 3.8:1:0.30 
 
2.2. Specimens production and experimental tests 
2.2.1 Specimens production 
40 x 40 x 160 mm³ OPC specimens were produced according to the standard UNE-EN 196-1 while 
MPC specimens were cast in 135 x 30 x 150 mm³ polyurethane elastomer molds. Moreover, the 
procedure followed in the MPC specimens production process was slightly different, starting by mixing 
all dry components before adding the distilled water. Finally, 80 x 80 x 20 mm³ specimens were produce 
and tested to evaluate their bioreceptivity under both accelerated laboratory tests and field-scale 
experiments. 
2.2.2 Characterization tests 
The porosity was determined according to ASTM C642 to estimate the percentage of voids in the 
hardened specimens after carbonation. That parameter was also obtained by means of the application of 
the Arquimedes’ principle. The roughness was determined by means of a high precision laser beam 
mounted on an automated laser measurement table developed at Ghent University (De Belie et al., 2004). 
From the measurements of the surface profile, the center-line roughness (Ra) can be calculated 
according to the standard BS 1134. For the determination of the roughness, 72 surface profiles were 
obtained from 3 replicates for each of the six compositions (four profiles per specimen with profile 
length 8 cm and 1.5 cm between each profile) (De Muynck et al., 2009).  
2.2.3 Experimental setup 



 

An accelerated algal fouling test was carried out using the algae specie Chlorella vulgaris var. viridis. 
The aforementioned test was carried out by means of a modular water run-off test developed at the 
Magnel Laboratory for Concrete Research of Ghent University (see Figure 1) (De Muynck et al., 2009). 
A total of 18 specimens were tested, corresponding to three replicates for each one of the six dosages 
selected from the characterization stage. The run-off period was set to start every 12 h and ran for 90 
min. Furthermore, the setup was submitted to a 12 h day and night regime, which started simultaneously 
with the run-off periods. During the day regime, light was provided by means of Sylvania Grolux 30 W 
lamps. The temperature and relative humidity ranged between 22 °C (night)–25 °C (day) and 82% 
(day)–90% (night), respectively (Manso et al., 2014b). 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Accelerated algal fouling test setup. 
Algae from one week old cultures were inoculated in the reservoir at final concentrations of about 
6.5 ×108 cells L−1. Every week, the contents of the reservoirs were replaced by new algal cultures, after 
cleaning of the reservoirs. Additionally, every two weeks, the reservoirs were replaced by new ones. 
Regarding the field-scale setup, 30 replicates of each selected dosage were randomly embedded in 
expanded polystyrene plates of 3 cm thickness. Furthermore, expanded polystyrene support plates were 
produced to place some of the samples horizontally and others vertically, fixed by means of a metallic 
structure. Setups were placed in the way that vertical specimens will face the north-west orientation (see 
Figure 2).  
 
 
 
 
 
 
 
 
 

Figure 2 Setup of the field-scale experiment. 
2.2.4 Evaluation tests 
The analysis of the samples tested in the accelerated algal fouling test was carried out by means of 
colorimetric analysis and visual appearance. Specimens were studied weekly and in triplicate, 
immediately after the run-off period in order to have specimens in the same humidity condition. In 
contrast, the analysis of the specimens placed outdoor was performed by the identification and 
quantification of the predominant culturable microorganisms.  
First, colorimetric measurements were performed by means of a X-Rite SP60 colorimeter (X-Rite, USA) 
with an 8 mm aperture. Four measurements per specimen at fixed positions (on the four corners at 1 cm 
from the borders) were carried out. Characteristic pigments of Chlorella vulgaris are chlorophyll a, b 
and carotenoids and their maximum absorbance peaks are localised around 430 nm and 670 nm for 
chlorophyll a, around 450 and 640 nm for chlorophyll b and around 460 nm for carotenoids (De Muynck 
et al., 2009). Therefore, drops in reflectance should be observed at these specific wavelengths when 
biofouling is present. Moreover, the visual comparison through photographs was carried out. 
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Regarding field samples, they were analysed once after one year of exposition. Three replicates per 
dosage for each inclination were randomly chosen and crushed for analysis by means of scanning 
electron microscope (SEM) and three other replicates were used to collect the biological growth. The 
removal of the biological growth was carried out by means of sterile cotton swabs. Those samples were 
then inoculated in different culture media to detect bacteria, algae and fungi. After specific incubation 
(Manso, 2014), different classical assays were carried out in order to identify the microorganisms.  
3. Results and Discussion 
3.1. Characterization tests 
Specimens were weighted under different conditions in order to get three different weights: the dry 
weight, the immersed weight and the weight of the saturated specimen with dry surface obtained 
accordingly to ASTM C642 standard. Percentage of voids was then calculated from the values presented 
above. Unfortunately, the application of the standard resulted in a loss of water during the manipulation 
of the specimens. The above was mainly observed for the specimens made with the 2/4 mm aggregate 
size, inducing to an underestimation of their percentage of voids. Therefore, the application of the 
Archimedes’ principle was considered in order to overcome the aforementioned limitation of the ASTM 
standard. Figure 3 show the results obtained by means of the application of the Archimedes’ principle. 

 
Figure 3 Influence of cement paste content in percentage of voids. 

A general trend was observed for all dosages, in which increments of cement paste content imply, as it 
was expected, a drop in the percentage of voids. Furthermore, it was evident that the reference value of 
the amount of cement paste, 100 % of C, produces specimens with lower percentage of voids for MPC 
mortars than for OPC mortars. In addition, MPC specimens with the highest amount of cement paste 
showed lower percentage of voids than most of the OPC specimens with a cement paste content of 175 % 
of the reference value. The above may indicate the existence of differences between the matrix of MPC 
and OPC specimens due to the use of a different hydraulic binder. 
Regarding roughness determination, six different mix designs were tested, three corresponding to MPC 
specimens and the other three to OPC specimens. The MPC mix designs were selected based on the 
percentage of voids as well as the visual appearance: MA15-0.5C, Ma20-0.75C and Ma28-1C. Table 2 
shows the average of the Ra-values obtained for each mix design. 

Tab. 2 Surface roughness and visual appearance 
 MA15-0.5C Ma20-0.75C Ma28-1C PA30-1C Pa40-1C Pa60-1.75C 

Ra-value 0.15 ± 0.04 0.04 ± 0.01 0.06 ± 0.01 0.16 ± 0.07 0.03 ± 0.01 0.03 ± 0.02 

Appearance 

      
 
Two main groups of samples with similar Ra value can be distinguished. First, specimens with 2/4 mm 
aggregates showed the maximum surface roughness, OPC specimens being slightly rougher. Then, the 
second group corresponds to the other dosages. In that last group, the same roughness was obtained for 



 

OPC specimens although having completely different surface patterns. Furthermore, Ma28-1C 
presented a higher roughness than Ma20-0.75C specimens although having the first one higher w/c ratio 
and higher cement paste content. Regarding the OPC specimens with 0/2 mm aggregate size, it is 
thought the results correspond to the fact air voids were formed in Pa60-1.75C specimens, modifying 
the general smooth aspect of the surface.  
3.2. Evaluation tests 
3.2.1 Accelerated algal fouling test 
Figure 4 shows a comparison of changes in reflectance between the six different degrees of 
bioreceptivity tested along the time. In order to provide clear curves, only 6 curves per mix design are 
provided. Furthermore, the scales of reflectance for MPC and OPC graphs are different in order to 
facilitate interpretation of OPC graphs.  
 

 
Figure 4. Change in reflectance for different specimens in function of the number of weeks subjected 

to accelerated fouling (WBT: wet before test) 
Completely dissimilar results were obtained for OPC and MPC mortars. Reflectance curves for the 
different MPC specimens were quite similar, recording presence of Chlorella vulgaris after 1 week of 
exposure. Furthermore, the test was finished after 10 weeks of exposure for MPC samples, since 
specimens were completely fouled.  
The initial reflectance of MPC samples was higher than for OPC ones due to the color of the specimens’ 
surface. Consequently, not only the initial reflectance was higher for MPC specimens, but also the 
darkness of the surface due to algal biofouling was it. Figure 5 shows the evolution of the visual aspect 
of all six mix designs. MPC specimens had an initial light brown color while OPC samples were grey 
and darker. It was also thanks to this initial light color of MPC specimens that it was possible to detect 
color changes already in the first week, when the specimens’ surface become slightly greenish. 
Furthermore, from the fourth week until the end of the test accumulation of algae was observed, with a 
characteristic progressive darkening of the samples. Due to this change in lightness, an evident drop in 
reflectance was observed. From graphs of MPC samples (Figure 4), it seems that there is no influence 
of porosity and roughness on biofouling. However, visual examinations showed a different reality. As 
mentioned before, four different points per specimen were analyzed. Furthermore, considering that three 
replicates were studied, curves correspond to the average of 12 points. Consequently, initial 



 

heterogeneities are not detected from Figure 4. Independent of physical parameters, biofouling of MPC 
samples started in the upper part of the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Evolution of the visual appearance of MPC specimens subjected to accelerated fouling and 
difference in initial colour between MPC and OPC specimens. 

3.2.1 Field-scale experiment 
Five genera of bacteria and seven of fungi were found on the specimens. Table 3 shows the genera found 
per specimen and position of specimens on the setup. A lower variability of bacteria than expected was 
found on both, horizontal and vertical specimens. Regarding the variability of fungi, it was observed a 
higher number of fungal genera than bacterial. 

Tab. 3 Bacterial and fungal identification 

Specimens Bacteria Fungi 
Horizontal Vertical Horizontal Vertical 

Ma20-0.75C 
Aerococcus 
Bacillus 
Kocuria 

- 

Alternaria 
Cladosporium 
Fusarium 
Penicillium 

Cladosporium 
Fusarium 
Rhizopus 
Saccharomyces 

Ma28-1C Bacillus 
Kocuria Bacillus Alternaria 

Fusarium 
Fusarium 
Penicillium 

MA15-0.5C - Flavobacterium 
Kocuria - Fusarium 

Saccharomyces 

Pa40-1C Bacillus 
Streptococcus 

Bacillus 
Flavobacterium 
Kocuria 

Fusarium 
Saccharomyces Saccharomyces 

Pa60-1.75C Bacillus - Fusarium Saccharomyces 

0 weeks       1 week         3 weeks         5 weeks      10 weeks 

Ma20-0.75C 
 
 

Ma28-1C 
 
 

MA15-0.5C 
 
 
 

Pa40-1C 
 
 

Pa60-1.75C 
 
 

PA30-1C 



 

Flavobacterium 
Streptococcus 

Penicillium 
Saccharomyces 

PA30-1C Bacillus 
Streptococcus Flavobacterium 

Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 

Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 

Bacillus was found as the most ubiquitous genera of bacteria, which was isolated from the majority of 
the samples as Table 3 shows. The genera Flavobacterium and Streptococcus were only found on OPC 
specimens, indicating their preferences for basic substrates. In contrast, Alternaria and Penicillium were 
only found on MPC specimens suggesting the opposite. However, it is not possible to conclude more 
from the results obtained and it may be necessary to expand the experimental campaign and repeat the 
tests at different times. 
SEM images also show the presence of microorganisms on the specimens’ surface. Figure 6 shows some 
of the most representative images. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. SEM images showing the surficial biological growth related to bacteria (a, b) and fungi (c, 
d). 

4. Conclusions 
Promising results have been shown in the previous section regarding the use of MPC-based materials as 
a biological substrate. Regarding the dosage criterion used to determine the different mix designs, the 
main conclusion was that it is necessary to modify the dosage criterion. The aforementioned criterion 
was established for OPC dosages according to the nature of the hydraulic binder. However, the rheology 
of MPC and OPC are completely different and an adjustment of the methodology should be carried out 
for MPC applications.  
Regarding the evaluation under laboratory conditions, MPC specimens showed a faster and higher level 
of colonization by Chlorella vulgaris. Chemical properties seemed to have greater influence on algal 
colonisation since all MPC specimens were fully colonized after 4 weeks of exposition.  
In contrast, field-scale experiments showed a different reality. No algal nor visible growth was detected 
on specimens exposed to the environment and a low presence of bacteria and fungi was detected. 
Differences between the two different experiments may be consequence of the uncontrolled 
environmental conditions and the competitive relationships between species. 
Finally, although results suggest that the use of MPC-based materials as biological substrate is possible, 
the correlation between laboratory and field-scale experiments require a greater experimental program 
considering not only the intrinsic properties of the material but also the environmental conditions and 

a b 

c d 



 

an analysis of the microorganisms present in the specific environment at different times of the test. 
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Abstract 
Alkali-activated aluminosilicates (geopolymers) have been considered applicable substituent to ordinary Portland 
cement due to high performance and preferentially to reduced consumption of CaO, consequently reduced CO2 
emission. During geopolymer formation silicate and aluminate species assume tetrahedral in which aluminum is 
negatively charged but it is balanced by cations present in alkaline solution. However, in contact with water 
alkali-activated aluminosilicates can release these cations thus diminishing mechanical strength, for example. 
Phosphate species can be inserted in geopolymer structure due to their condensation capability improving mechanical 
properties and in this case phosphates assume positive charge neutralizing negative aluminum species. In this work we 
focus in acidic activation of aluminosilicates using phosphoric acid and environmental changing around species of Si, 
Al and P. Aluminosilicate (Al2O3-2SiO2) synthesized by sol-gel method, with Al/Si ratio close to 1, was mixed with 
phosphoric acid and then a stiffed solid was obtained with Al:Si:P ratio = 1:1:1, respectively. The process of the acidic 
activation of aluminosilicates was investigated using following methods: X-ray diffraction (XRD), nuclear magnetic 
resonance (NMR), scanning electron microscopy (SEM). Precursor aluminosilicate presents amorphous phase 
containing Q4, Q4(1Al), Q4(2Al), Q4(3Al) SiO4 tetrahedral species and Al(I), Al(IV) and Al(VI) species. When 
phosphoric acid is added to aluminosilicate, the specimens maintain the amorphous phase with a displacement of curve 
but 29Si-NMR shows preferentially isolated Q3 and Q4 species indicates SiO2 groups are formed and 27Al-NMR shows 
prevailing Al(IV) at -12 ppm associated with PO4 species. Overall, the results indicate that phosphate species bond 
preferentially to Al isolating some silica groups in the geopolymers but with some Al-O-P-O-Si connections. XRD 
displacement curve also indicates reduction of interplanar distances that may be associated with more consolidated 
structure. 
 
 
Originality 
This work presents a material that can stiff at 3 days under a moderation heating (~70 °C) with a superior mechanical 
strength when compared to OPC concrete prepared at time period. The acidic-activated aluminosilicate prepared in 
this work also can be recycled only by addition of water and material obtained can be used in a non-structural 
application such as sidewalks, partitions, floor rips, etc. 
 
 
Keywords: Geopolymer, Phosphoric Acid, Alternative cement based material. 
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1. Introduction 
Geopolymers represent new classes of inorganic materials which possess an interesting adhesive and 
mechanical properties, also geopolymers have been classified as eco-friendly binder material suitable as 
cement substituent. The term geopolymer was firstly defined by Davidovits in the 1970s, (1991) while 
searching for an alternative material to organic polymers, which in case of fire could present low level of 
combustion and no release of toxic gases. (Lyon, R. E., et al., 1997) However geopolymers have found 
applications in different fields including structural ceramics, waste management, oil exploration, and 
bioceramics. (Willians, R.P. and van Riessen, A., 2011; Shi, C. and Fernández-Jiménez, A., 2006; Duxson, P. 
et al., 2007) 
Aluminosilicates, such as metakaolin, fly ash and blast furnace slag are generally the raw material applied in 
geopolymers production; these materials possess the capacity to polymerize as organic polymers, under 
alkaline conditions, forming an amorphous three-dimensional network of silicon and aluminum tetrahedrally 
coordinated with oxygen. 
Geopolymers have excellent mechanical properties, heat resistance and chemical attacks, (Lloyd, R. R., et al., 
2012) low environmental impact and therefore have received considerable  attention from scientific 
community as an alternative material to Portland cement. It is estimated that Portland cement replacement by 
concrete geopolymers may reduce by 80% the emission of CO2, (Duxson, P. et al., 2007) since geopolymer 
technology employs particularly natural or synthetic clay minerals, as well as industrial by-products rich 
aluminosilicate; unlike the cement industry which has its entire limestone-based process. 
Similarly to conventional cements, controlled modification of chemical composition of these compounds 
may modify and/or modulate certain properties of interest. The chemistry of these compounds is very similar 
to the zeolites (although the zeolites are crystalline materials). Recently, SiO4 tetrahedra has been replaced by, 
phosphorus, germanium and boron, generating a new based-geopolymer material. (Willians, R.P. and van 
Riessen, 2011; Douiri, H. et al., 2014; Louati, S. et al., 2014) 
Phosphoric acid activation is a recent approach used to generate a novel geopolymer material. According to 
Cao et al. the negative charges of the [PO4] tetrahedral are balanced by positive charges [AlO4] tetrahedral. 
Acid activated geopolymers have not been explored extensively but some researchers observed materials 
with superior mechanical, thermal and dielectric (Perera, D. S., et al., 2008; Le-Ping, L., et al., 2010; Cui, 
X.M., et al., 2011, Louati, S., et al., Douiri, H. et al., 2014) The applications of phosphoric acid based 
geopolymers are not only restrict as structural material (OPC replacement) but they also can be used as 
adsorbent in waste water treatment (Liu, L.P., et al.) and as electronic packing materials.(Cui, X.M., et al.) 
The scope of this work is to evaluate the microstructural modification of aluminosilicate prior activated by 
phosphoric acid followed by second water activated of phosphoric acid geopolymer powder. Second water 
activation permitted that geopolymer powder recovered stiffness, a property not observed for OPC materials. 
2. Experimental process 
2.1. Aluminosilicate powder preparation: 
The aluminosilicate (AS) was prepared by sol-gel method to keep Si/Al molar ratio=1, in order to obtain 
Al2O3-2SiO2. TEOS, (tetraethyl orthosilicate, Merck) was used as silica source and aluminum nitrate ninth 
hydrated (Sigma-Aldrich) as alumina source TEOS was firstly diluted in anhydrous ethanol and aluminum 
nitrate dissolved in distilled water which was slowly dropped into TEOS/ethanol solution under continuous 
stirring. The mixing solution was kept at 70 °C until gelation. Then, the gel was dried at 70 °C for 2 hours 
and then at 120 °C for 3 hours. The xerogel was fired at 800 °C for 2 hours. 
2.2. Phosphoric acid activation of aluminosilicate (ASP) 
Aluminosilicate was activated with phosphoric acid to produce a stiff material in the molar ratio Si/P=1. 
Phosphoric acid (Merck, 85%) was added in plastic flask containing aluminosilicate, the slurry was 
mechanical mixed by 5 min and then vibrated in vortex for 15 min. The flask was sealed and stored at 70 °C 



 

for 3 days. After the hardened material was demolded and dried at 100 °C for 1 hour, powdered and passed 
through a 38 µm sieve. Subsequently, the phospho-aluminosilicate in dry powder was tested for its 
reactivation in water, using the water / solid = 0.40. After addition of freshly distilled boiled water, the slurry 
was stored in a plastic container at room temperature with 100% humidity. 
2.3. Materials Characterization: 
Aluminosilicate (AS), phospho-aluminosilicate (ASP) and hydrated phosphor-aluminosilicate had their 
particle sizes standardized in a 38 µm sieve. Qualitative XRD experiments were conducted in the Shimadzu 
XRD-6000 diffractometer with Cu Ka radiation, 40 kV and 30 mA, using a scan 15 <2θ <50 and step 0,02º / 
2s. Particle morphologies were observed by scanning electron microscope HITACHI TM 3000, with an 
accelerating voltage of 15 kV electrons. NMR investigation were conducted in Bruker AVANCE NMR-II 
spectrometer (11.4 T), operating at frequencies of 99.38 MHz and 202.40 MHz for 29Si and 31P, respectively. 
The experiments for 27Al were conducted in Bruker AVANCE-III (18,8T) at the frequency of 208.56 MHz. 
The samples were compressed at 4 mm zirconia rotor and spun at a frequency of 10 kHz. 
3. Results and discussion 
As mentioned before, materials based on Al2O3-nSiO2 system, however these materials can vary in chemical 
composition (Al/Si ratio) and impurities that could affect the final properties of the material. In this work, we 
chose for the synthesis of aluminosilicate with Al2O3-2SiO2 composition, using the sol-gel method, in order 
to keep control of Al/Si = 1; this control is critical to better assess the processes involved in the formation 
and properties of geopolymers. 
The aluminosilicate produced by sol-gel method was an amorphous material, with a central peak in the 
region 22.8°-2θ, (Figure 1a), AS powder presented similar diffraction pattern to natural metakaolin. 

 
Figure 1 AS Characterization: (a) Diffraction patterns of AS powder, (b) SEM image of AS powder 

AS particles prepared in this work do not have uniform structures with sizes less than 38 µm (determined by 
sieving), as shown in figure 1b. Differently from natural metakaolin, which exhibit lamellar structures, (Yong 
H. C., et al., 2012), in this work AS has independent particles without any agglomeration. 
27Al - NMR spectrum shown in figure 2a, reveals AS has 3 chemical shifts in approximately 60, 32 and 3 
ppm, corresponding to AlO4, and AlO5 AlO6 units respectively; this region of the spectrum correspond to 
metakaolin ressonances. (Zheng, G. et al., 2009) Furthermore, it is also observed that the three spectral 
resonance lines have almost the same intensity, indicating that the Al distinct populations are very similar in 
quantity, unlike the observed by Cui, X.M., et al. (2009) who observed the fully overlapping peaks, and with 
greater population to AlO4, AlO6. 
The 29Si NMR spectrum (figure 2b) shows a broad resonance bandwidth (FWHM ~ 29 ppm). However, it is 
still possible to distinguish three peaks in the regions of -98, -104 and -109 ppm and shoulder at -89 ppm. 
The peak in the region of -109 ppm is associated with the presence of free silica in its amorphous form or as 
cristobalite. (Yong, H.C., et al., 2012; Lizcamo, L., et al., 2012; Barbosa, V. F. F., et al., 2000), the peaks 
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with a chemical shift in -98 and -104 ppm were assigned as Q4 (2Al) and Q4 (1Al ), (Lizcamo, L., et al., 
2012), respectively, and the shoulder region in -89 ppm may contain species Q4 (3Al) and/or Q4 (4Al); due to 
AS amorphous characteristic overlapping peaks are expected. 

 
Figure 2 NMR spectra for AS samples for different nuclei: (a) 29Si, (b) 27Al 

After addition of phosphoric acid in AS, and cure at 70 °C for 3 days, a stiff material was obtained, herein 
called ASP (phospho-aluminosilicate), figure 3a indicates that the ASP maintains the amorphous structure, 
but in relation to the AS, there is a displacement in the center of the XRD amorphous peak to the right 
indicating that there was a change in the initial structure of aluminosilicate, suggesting the inclusion of 
phosphates into AS structure. It can be considered that the phosphoric acid dissolve the AS structures 
forming a three dimensional network with chemical bond like Si-O-Al-O-P. Figure 3b shows the SEM image 
of ASP particles after grinding of hardened material with particles size smaller than 38 µm.  

 
Figure 3 ASP Characterization: (a) Diffraction patterns of AS and ASP powders, (b) SEM image of ASP powder 

The modifications produced by phosphoric acid addition in the AS structure were also observed by NMR 
27Al, 29Si and 31P nuclei, as indicated in figure 4. 
Initially a displacement of the 29Si resonance spectrum (Figure 4a) to higher field is an indicative of the 
proximity of phosphorus atoms (31P). Contrasting the 29Si spectrum presented to AS (figure 2b), the 29Si 
spectrum for ASP has improved resolution, another indication of reorganization of tetrahedral structures of 
SiO4, the spectral lines in -91, -101 and -110 ppm, were assigned as Q3, Q4 (mAl, nP) and Q4 respectively. 
(Perera. D.S., et al., 2008) According to Perera, et al. (2008) Q3 unit is a rearrangement of metakaolin 
network; the intermediate peak at -101 ppm reports a mixed environment with both AlO4 and PO4 species 
simultaneously connected or not to Q4 unit., and the resonance in -110 ppm indicates the presence of free 
silica. These crosslinks present in geopolymer materials decrease their porosity resulting in a higher 
mechanical strength.  (Wagh, A.S., 2004) 
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Figure 4 NMR spectra for ASP samples for different nuclei: (a) 29Si, (b) 27Al, (c) 31P 

The 27Al-NMR spectrum for ASP (figure 4b) shows strong absorption peak at -12 ppm, in a more negative 
spectrum field. Conforming to Perera et al., (2008) this signal at -12 ppm indicates the formation of 
octahedral structure around Al atoms coordinated by both atoms, Si and P [Al(O-P)x(Si-O)6-x]. The other 
resonances lines present in 58, 32 and 3 ppm indicate the presence of unreacted aluminosilicate. 
The 31P-NMR spectrum shown in figure 4c only shows a resonance at -16 ppm; the two adjacent signals are 
sidebands. This region in 31P-NMR spectrum is associated with the units Q1, i.e., species with phosphate 
oxygen making one connection. Additionally, s reported by Wang et al., (2004) it is not possible to 
distinguish what type of connection is being formed, P-O-P, P-O-Si or Al-P-O, since the resonance units for 
Q1 may appear at 31P-NMR from -9 to -35 ppm. 

 
Figure 5 Diffraction patterns of ASP anhydrous and ASP hydrated samples. 
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It was observed ASP after powdering can be hydrated and a solidified material can be obtained over again. 
XRD was used to follow ASP hydration over 28 days. In figure 5, it was observed that five days of hydration 
ASP hydrated still retains its amorphous characteristic with a slight XRD amorphous peak displacement to 
the left, possibly by the insertion of water molecules in the network. However, between the fifth and the 
eighth day of hydration ASP undergoes into crystallization process with formation of AlPO4 and/or opal 
(SiO2∙xH2O), figure 5. Crystalline or semi crystalline AlPO4-SiO2 systems belong to the group of materials 
which have high thermal and chemical resistance. However, these systems are formed at high temperatures. 
Thus, it is observed a reduction of the peaks assigned to AlPO4 in the following days of hydration, 
recovering to its amorphous state after 23 days of hydration. This behavior is very common for zeolites 
SAPO especially after the removal of templates in temperatures superior to 100 °C. (Vomscheid, R., et al., 
1993) 
4. Conclusion 
The addition of phosphoric acid to the synthetic aluminosilicate promoted the reorganization of SiO4 and 
AlO4 tetrahedral structures, leading to a more consolidated material, in accordance to XRD amorphous peak 
displacement to a smaller interplanar distances and displacement of NMR resonances to higher fields for 
both 29Si and 27Al nuclei. Phosphates species had preferentially proximity to aluminum species in order to 
keep a neutral charge of material. 
ASP specimen presented an innovative characteristic of reutilization of building material after breaking or 
demolition with no further treatment, such behavior is not presented by ordinary Portland cement.  
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Abstract 
By the reaction of circulating fluidized bed combustion fly ash (CFA) with alkaline activator (AA), short fiber 
reinforced foam geopolymer (FRG) composites were first synthesized and characterized in this study. Three different 
synthetic fibers, polypropylene (PP), polyester (PET), and polyacrylonitrile (PAN) were employed as the reinforced 
materials. The fiber length (6, 12, and 19 mm) and fiber dosage (0, 0.1, 0.4, 0.7 wt. %) were the two variables 
conducted for the study of each type FRGs. The water to CFA mass ratio for all prepared samples was 0.86 to ensure 
the proper workability of their paste in the early age. Flexural strength, compressive strength, and flexural modulus 
were investigated to describe the mechanical properties of prepared samples, and scanning electron microscopy (SEM) 
was carried out to characterize the interior microstructure and fracture surfaces.  
The results indicated that the density of all prepared geopolymer samples fall in the range of 380~435 Kg/m3, fibers 
with 12 mm length and 0.1 wt. % dosage provided the optimal properties, and PAN fiber is demonstrated the optimal 
one among the three fibers. In addition, reinforced fibers were proved to significantly improve the flexural modulus 
compared with control samples. 
 

Originality 

(1 )Fiber reinforced foam geopolymer (FRG) composites using circulating fluidized bed combustion fly ash was first 
synthesized and characterized in this study. 
(2) 0.1 wt. % fiber was demonstrated the optimal dosage for FRG reinforcement, which could significantly improve the 
flexural strength, compressive strength and flexural modulus of FRGs. 
(3) Two competitive effects of incorporated fibers in FRG were first introduced and applied in this study. 
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1. Introduction 
Geopolymers are a class of inorganic polymer binder materials with Si-O-Si and Si-O-Al bonds in a highly 
cross linked X-ray amorphous network (Davidovits J., 1991; Provis J. L. et al., 2007). Since it was first 
proposed by Davidovits (Davidovits J., 1982) in 1978, geopolymer materials have shown significant 
potential in construction applications to be an alternative to ordinary Portland cement (OPC). These 
materials do show many desirable attributes, such as excellent fire resistence, thermal stability, low cost, low 
density, easy processing, and much less CO2 footprint compared with OPC (Papakonstantinou C. G. et al. 
2001; Rees C. A. et al., 2008). However, similar to ceramics, pure geopolymer composites also exhibit 
relatively low mechanical properties and brittleness failure, and thereby limit its use in structural 
applications. 
The incorporation of fibers as reinforcement in cement based materials have awarded the materials with 
desirable improvement in mechanical strength, toughness and capacity of energy adsorption (Mohammadi Y. 
et al., 2008; Yazıcı Ş. et al., 2007). Similarly, the deficiency of geopolymer composites could also be 
overcome by the introduction of various kinds of reinforcing materials, such as continuous fiber (He P. et al., 
2010; Zhao Q. et al., 2007), short fiber (Bernal S. et al., 2010; Dias D. P. et al., 2005; Zhang Z. H. et al., 
2009), particulate (Barbosa V. F. et al., 2003), and organic compound (Zhang Y. J. et al., 2012). However, 
the hard processing and defection of unidirectional reinforcement of continuous fiber reinforced geopolymer 
composites limit its applications in many fields (He P. et al., 2010). On the contrary, short fiber reinforced 
geopolymers have attracted a lot of attention, and have shown delightful improvement in mechanical 
strength, toughness, shrinkage, and capacity of energy absorption (Bernal S. et al., 2010; Dias D. P. et al., 
2005; Sun P. et al., 2008). Nevertheless, most studies of short fiber reinforced geopolymers focused on the 
reinforcement of one single fiber, there basically no articles published systematically studied the influence of 
short fiber type, length and incorporation dosage on the properties of reinforced foam geopolymers. 
On the other hand, as we all know that geopolymers are usually obtained by the reaction of high 
aluminosilicate materials with alkaline activator (usually the combination of high alkali solutions and 
alkali-silicate solutions) (Komnitsas K. et al., 2007; Rattanasak U. et al., 2009; Sun P., 2005). The high 
alumino-silicate source materials, such as coal fly ash, blast furnace slag, metakaolin, volcanic ash etc., were 
the essential part for the synthesis of geopolymer. As an important industrial by-product of coal combustion 
power plants, fly ash was considered to be the best alternative for the manufacturing of geopolymer 
composites (Rattanasak U. et al., 2009; Sun P., 2005). Circulating fluidized bed combustion fly ash (CFA) is 
one kind of special fly ash that differs distinctly from typical conventional pulverized coal combustion fly 
ash (PFA) in physical and chemical characteristics (Hall M. L. et al., 2002; Lecuyer I. et al., 1996). Due to 
the low combustion temperature (800~900 oC) and desulfuration progress (Anthony E. J. et al., 2001; Li F. et 
al., 2006), CFA was usually in low pozzolanic activity and high sulphur content. In addition, millions tons of 
CFA was produced every year, but little was used, resulting in hundreds of million tons of CFA have piled 
up in mountains around the world, especially in China (Zhang Z. et al, 2012). Therefore, the CFA have 
posed severe challenges to both the government and power plants (Xu H. et al., 2010a; Xu H. et al., 2010b). 
In this paper, short fiber reinforced lightweight foamed geopolymer using circulating fluidized bed 
combustion fly ash (CFA) was first synthesized and characterized. Three different synthetic fibers, 
polypropylene (PP), polyester (PET) and polyacrylonitrile (PAN), were employed for the reinforcement of 
the materials. The effect of fiber length (6, 12, and 19 mm) and fiber dosage (0, 0.1%, 0.4%, and 0.7% by 
weight of CFA) of each fiber on the mechanical properties was investigated. The scanning electron 
microscopy (SEM) was employed to analyze the microstructure and fracture surfaces of FRGs with different 



 

 

fiber contents and fiber length. Compressive strength, flexural strength and fracture behaviour have been 
tested and analyzed.  
2. Experimental 
2.1 Materials 
The aluminosilicate source used in this study was CFA from China Coal Group Corp. (Shuozhou, China). 
The CFA was ground in a laboratory ball mill and separated prior the geopolymer synthesis. The CFA 
particles was irregular in shape, and unlike the high reactive fly ashes (Guo X. et al., 2010; Zhao Y. et al., 
2010), little spherical vitreous particles exist in this kind of CFA, and that is the reason of the low pozzolanic 
activity of CFA. In addition, the CFA particles was 3–30 μm in size. The chemical composition of the CFA 
was determined by X-ray fluorescence spectrometer (XRF, PANalytical, Netherlands) and the result is 
shown in Table 1. Sodium silicate solution (8.9 wt. % Na2O, 27.8 wt. % SiO2, 63.3 wt. % H2O) and sodium 
hydroxide (A.R. 96% pure) were employed as the activator for the geopolymer synthesis. Industrial 
hydrogen peroxide with 30% concentration was supplied by Pengcai Fine Chemical Engineering Ltd. Co., 
Langfang, China. The three synthetic fibers used in this study was supplied by Bosaite Constructional 
Engineering Material Ltd. Co., Changsha, China, and its typical properties was summarized in Table 2. 
 

Tab. 1 Chemical composition of CFA by XRF 
  SiO2 Al2O3 CaO Fe2O3 MgO SO3 LOI 

Percentage/% 41.98 34.20 10.98 2.84 1.44 6.07 5.60 

LOI: loss on ignition at temperature of 960 oC. 

Tab. 2 Typical properties of three fibers 
Fiber type Density 

/g/cm3 
Diameter 

/um 
Modulus of elastic 

/GPa 
Tensile strength 

/MPa 
Elongation at break 

/% 
PP 0.91 8~12 4~10 400~700 8~12 

PET 1.36~1.41 12~16 8~12 750~950 13~18 

PAN 1.18 10~15 15~19 700~1000 16~24 

 
2.2 Experimental design and sample preparations 
All samples were made from CFA. Alkaline activator (AA) used in this study was the combination of 
sodium silicate solution (74.0 wt. %), sodium hydroxide pellets (10.8 wt. %) and deionized water (15.2 
wt. %), which is according to our previous study (Liu Z. et al., 2014). Additionally, 24 hrs at least were 
aging before the AA was used. For all samples, the mass ratio of AA to CFA was 1.3, the dosage of foaming 
agent (H2O2 solution) and foam stabilizer (the mixed solution of 1.0 wt.% sodium dodecyl benzene sulfonate, 
0.8 wt.% triethanolamine and 98.2 wt.% deionized water) was 6.67% and 1.67% (by weight of CFA), 
respectively. For the slurry to gain high flowability, extra deionized water (20g in this study) was added for 
each batch of geopolymer matrix. The fiber dosage (by weight of CFA) and length changed from 0-0.7%, 
6-19 mm, respectively, and they were the two variables conducted to be investigated. Details of experimental 
mixture design were shown in Table 3. 

Tab. 3 Experimental mixture design of short fiber reinforced geopolymer composites 

Samples a CFA/g 
Fiber incorporation  

W/C b  
Length/mm Dosage /wt.% 

Blank 300 —— 0 0.86 
PP-L6-D1 300 6 0.1 0.86 
PP-L6-D4 300 6 0.4 0.86 



 

 

PP-L6-D7 300 6 0.7 0.86 
PP-L12-D1 300 12 0.1 0.86 
PP-L12-D4 300 12 0.4 0.86 
PP-L12-D7 300 12 0.7 0.86 
PP-L19-D1 300 19 0.1 0.86 
PP-L19-D4 300 19 0.4 0.86 
PP-L19-D7 300 19 0.7 0.86 
PET-L6-D1 300 6 0.1 0.86 
PET-L6-D4 300 6 0.4 0.86 
PET-L6-D7 300 6 0.7 0.86 
PET-L12-D1 300 12 0.1 0.86 
PET-L12-D4 300 12 0.4 0.86 
PET-L12-D7 300 12 0.7 0.86 
PET-L19-D1 300 19 0.1 0.86 
PET-L19-D4 300 19 0.4 0.86 
PET-L19-D7 300 19 0.7 0.86 
PAN-L6-D1 300 6 0.1 0.86 
PAN-L6-D4 300 6 0.4 0.86 
PAN-L6-D7 300 6 0.7 0.86 

PAN-L12-D1 300 12 0.1 0.86 
PAN-L12-D4 300 12 0.4 0.86 
PAN-L12-D7 300 12 0.7 0.86 
PAN-L19-D1 300 19 0.1 0.86 
PAN-L19-D4 300 19 0.4 0.86 
PAN-L19-D7 300 19 0.7 0.86 

a. In the samples codes: PP, PET, and PAN represent three different fibers is sample; L and the following number is the 
length of fiber; D and the following number is the dosage of fiber by weight of CFA. 
b. W/C is the mass ratio of water to CFA, water here is the total water including the water in sodium silicate, hydrogen 
peroxide and foam stabilizer, and plus the extra water added in matrix. 
 
Before the mix of CFA with AA, PP fiber of single length was first dispersed into dry CFA in an ordinary 
cement paste mixer, and stirred on low speed for 60s to make the fiber be more homogeneously dispersed in 
the CFA. Then AA solution, foam stabilizer, and extra distilled water were added in with the mixer working 
on low speed, and then stirred on high speed for 10 min. After that, foaming agent was then added and 
stirred for another 30s to make the slurry homogeneously. Then, the fresh paste was cast into triple cuboid 
molds (40×40×160 mm3) covered with polyethylene films. At last, the cuboid molds was transfered into a 
standard curing box and cured at 60 oC, 95% RH for 24 hrs. After thermal curing process, the geopolymer 
pastes have gain enough strength for demoulding, and then the geopolymer samples were exposed in the 
room environment for further test and charaterization. 
2.3 Characterizations 

Density 

The density of the samples after 28d was measured by the simple method of dividing the mass by the volume. 
All the reported density results are the average of measurements from 3 samples.  

Flexural strength and flexural modulus 



 

 

Three-point bending tests were performed immediately after the curing of 28 d had finished. A CS200 
universal strength testing apparatus (50 KN capacity, Ningbo Weiheng, China) accompanied with 
displacement detector was used to detect the loading force and deflection displacement during bending test. 
Three specimens of each composition were tested. The flexural strength (FS) was determined using the 
following formula: 

FS =  3𝐹𝐹𝑚𝑚𝑙𝑙
2𝑏𝑏𝑡𝑡2

                            (1a) 

Where 𝐹𝐹𝑚𝑚 is the maximum loading force during bending test, 𝑙𝑙 is the span of two supporting pivots, b and 
t represent the width and thickness of tested sample respectively. 
Values of flexural modulus (EF) were calculated using the following equation (HIBBELER R. C., 2006):  

𝑓𝑓𝑚𝑚 =  𝐹𝐹𝑚𝑚𝑙𝑙
3

48𝐸𝐸𝐹𝐹𝐼𝐼
                        (1b) 

Where 𝑓𝑓𝑚𝑚 is the maximum bending defection of samples, 𝐸𝐸𝐹𝐹 is the flexural modulus, and the 𝐼𝐼 in formula 
(1b) represent the cross sectional moment of inertia. For the cuboid sample prepared in this study, 𝐼𝐼 was 
calculated using the equation (1c): 

I =  𝑏𝑏𝑡𝑡
3

12
                              (1c) 

Compressive strength 

The compressive strength (CS) of samples was measured by the simple method of dividing the loading force 
(FC) by the cross sectional area (A), as shown in formula (2): 

CS =  𝐹𝐹𝐶𝐶
𝐴𝐴

                              (2) 

SEM-EDX 

A scanning electron microscope (Zeiss evo18, Germany) equipped with energy dispersive X-ray analyzer 
was employed to characterize and analyze the microstructure and composite elements of fabricated fiber 
reinforced foam geopolymers. The SEM-EDX investigation was carried out in details on the fresh fractured 
surfaces and fiber-matrix interfaces of reinforced samples. 
3. Results and discussion 
3.1 Density  
Measured density results of three different types of fiber reinforced geopolymer samples versus different 
fiber dosage and different fiber length were shown in Fig. 1. The density values of all prepared samples were 
fallen in the range of 380~435 Kg/m3, with the maximum gap around 50 Kg/m3, and from an overall 
perspective, the FRGs reinforced with PET fiber behaved the maximum density of all. Except the 19 mm 
PET and PAN fiber, all the other FRGs behaved similar density variation trends: as the fiber dosage 
increased, the density firstly declined and then climb up to the highest level. It is merely that, for PP-FRGs, 
the minimum density spot occurred at fiber dosage of 0.4 wt.% (as shown in Fig. 1a). However, for 
PET-FRGs and PAN-FRGs (see Fig. 1b and 1c), the minimum spot occurred at 0.1 wt.%. In addition, for 19 



 

 

mm PET and PAN fiber, as the fiber dosage increased, the density of geopolymer composites increased, no 
declined tendency was observed.  
 

 
Fig. 1 Density of three types of fiber reinforced geopolymer composites 

Unlike compacted fiber reinforced geopolymers, the density usually decreased as the fiber content increased 
(Alomayri T. et al., 2013a; Alomayri T. et al., 2013b). Instead, for foamed fiber reinforced geopolymers in 
this study, the density decreased firstly and then increased to a high level. It could be explained that, when 
the fiber content is low, the fiber in geopolymer was dispersed homogeneously and had little effect on the 
expansion of geopolymer matrix, which was caused by the generated foams of foaming agent. And even, 
before the setting of geopolymers, the fiber in geopolymer matrix might provide some support to the 
established foams and prevent the collapse of foamed slurry in some extent. However, as the fiber content 
increased, the incorporated fibers crossed and intertwined with each other in geopolymer. Therefore, the 
cross-linked fibers limited the expansion of geopolymer matrix and lead to the increasement of the density. 
Further demonstration was observed in the SEM microscopy of Fig.5. 
3.2 Compressive strength and flexural strength 
Fig. 2 has shown the tested flexural and compressive strength results of FRGs. It is obvious that, for all three 
types of fiber (except the 19 mm fiber) reinforced geopolymer samples, the flexural and compressive 
strength showed a similar “ N ” shape change tendency: as the fiber content increased, the test strength firstly 
raised to the maximum spot, then declined to the minimum level, and then behaved an weak increase. In 
addition, for all three kinds of fibers of 6 mm or 12 mm in length, the maximum and minimum values of 
both the flexural and compressive strength occurred at the fiber dosage of 0.1 wt. % and 0.4 wt. %, 
respectively. For the 19 mm fiber, despite the fiber type, the mainly trend was that the flexural strength and 
compressive strength both decreased with the increasement of fiber dosage until the fiber content reach 0.4 
wt. %. Beyond 0.4 wt. %, the strength of fiber reinforced samples declined mildly, the flexural strength of PP 
or PET fiber reinforced geopolymers increased instead.  
The strength results were quite different with those of fiber reinforced compacted geopolymer (FRCG) 
composites, which indicated that the compressive strength and flexural strength of FRCGs usually show only 
one single peak curve or monotonic increasing results as the fiber content increased (Alomayri T. et al., 



 

 

2013b; Zhang Z. H. et al., 2009). In addition, the maximum test strength of FRCGs usually occurs at the 
dosage of a value which was far more than 0.1 wt. % in this study for fiber reinforced foam geopolymer. 
Zhang et.al (Zhang Z. H. et al., 2009) found the maximum dosage was 0.5 wt. % for PP fiber reinforced 
compacted geopolymer, and 2.1 wt. % in the study of Alomayri (Alomayri T. et al., 2014). Considering the 
foamed internal structures of FRGs synthesized in this study, it is not hard to conclude a proper explanation. 
For foamed lightweight geopolymers, the effective junction area among geopolymer matrix was far less than 
that of dense geopolymers. Therefore, the incorporated fibers may lead to two competitive effects: firstly, the 
fibers in foamed geopolymer matrix may deduce the effective junction area among geopolymer matrix and 
do some damage to the interior foamed structures, which will lead to the decrease of test strength; secondly, 
the fibers embedded in geopolymer matrix could award the geopolymer with some strength gain by the 
“fiber-bridging mechanism” (Alhuthali A. et al., 2012), because of the better adhesion between fibers and the 
geopolymer paste. When the fiber content is low (such as 0.1 wt.% in this study), the little amount of fibers 
would do little damage to geopolymer foam structures, and the strength of themselves played an important 
role in strength gaining of geopolymer composites. However, as the fiber content increased to 0.4 wt. %, the 
geopolymer structure damaging effect caused by the incorporated fibers played the leading role, leading to 
the reduction of test strength. Further addition of fiber lead to the intertwining of fibers, and intertwining 
fibers helped to improve the strength of geopolymer samples in some extent, but this improvement is weak 
as the geopolymer structure have been damaged to a certain extent. Further evidence was also observed in 
the SEM photographs (Fig. 5 and 6) of fiber reinforced geopolymers. 

 
Fig. 2 Flexural and compressive strength of three types of fiber reinforced geopolymers with different fiber length 

and fiber dosage 
Additionally, from an overall perspective, despite the fiber type, the maximum flexural strength and 
compressive strength was both observed at the length 12 mm and 0.1 wt. % in dosage. In terms of fiber type, 
PAN fiber reinforced geopolymers showed the optimal strength behaviour overall, with the maximum 
flexural and compressive strength of 0.96 MPa and 2.26 MPa respectively.  
3.3 Flexural modulus 



 

 

Based on the results of test strength, fiber reinforced geopolymer samples at optimal conditions in relation to 
fiber length (12 mm), fiber dosage (0.1 wt. %) and fiber type (PAN) were conducted for flexural modulus 
charaterization.  

 

 

 
Fig. 3 Flexural modulus of PAN fiber reinforced geopolymer composites at: (a) fiber length of 12 mm with 

different fiber dosage; (b) fiber dosage of 0.1 wt. % with different fiber length. 
The flexural modulus of PAN fiber reinforced geopolymer composites at the fiber length of 12 mm with 
different fiber dosage is shown in Fig. 3a and the flexural modulus variation trend was in agreement with 
that of the flexural strength (as shown in Fig. 2). The flexural modulus of PAN fiber reinforced geopolymers 
at the optimal fiber dosage of 0.1 wt. % with different fiber length was shown in Fig. 3b, which indicated 
that the geopolymer composites reinforced with 12 mm fiber demonstrated the maximum flexural modulus 
when compared with the other fiber length and the unreinforced one. The flexural modulus is a measure of 
resistance to deformation of the composite in bending. It was observed that none of the fiber reinforced 
samples are completely broken at peak load. This could be due to the crack bridging by incorporated fibers, 
which makes their flexural modulus higher than unreinforced ones (Alomayri T. et al., 2014). And also, the 



 

 

improved flexural modulus of fiber reinforced geopolymers could be used to explain the improvement of 
flexural strengths, as the two variables behaved similar change trends vs. fiber dosage and fiber length. 
The flexural modulus of different fiber reinforced geopolymers at optimal fiber length and dosage is shown 
in Fig. 4. There’s no doubt that fiber reinforced geopolymers showed significantly improvement in flexural 
modulus values over pure geopolymer specimen and PAN fiber was the optimal one among the three fibers, 
which was in agreement with the test strength result (as shown in Fig. 2). 

 
Fig. 4 Flexural modulus of fiber reinforced geopolymer composites vs. reinforced fiber type 

3.4 SEM-EDX 

   

   

Fig. 5 Typical SEM images of fracture surface of 12 mm PAN fiber reinforced geopolymer composites at varying 



 

 

dosage of fiber:(a) 0 wt.% (blank); (b) 0.1 wt.%; (c) 0.4 wt.%; (d) 0.7 wt.% 
The unreinforced pure geopolymer and the 12 mm PAN fiber reinforced geopolymer composites with 
varying fiber dosage were selected for SEM characterization (see Fig. 5), and the SEM investigation was 
carried out on details of fracture surfaces and fiber-matrix interfaces of prepared samples.  
Fig. 5a shows the fracture surface of pure foamed geopolymer specimen. It can be seen that most of the 
pores in matrix are unbroken and relatively regular spherical in shape, and majority of the pores are 200-500 
µm in size. When 0.1 wt. % fibers were added, as shown in Fig. 5b, the pore structures remained in good 
conditions and few pores was damaged when compared with the unreinforced one. In addition, few fibers 
observed in Fig. 5b were mostly buried in geopolymer matrix and the pore structure suffered little damage. 
All of these indicated the test strength would basically not decreased and presented an improvement (see Fig. 
2) instead, as the interfacial adhesion between fiber and matrix enable higher strength (Alomayri T. et al., 
2014). However, when the fiber dosage reach to 0.4 wt. % or higher to 0.7 wt. %, as shown in Fig. 5c and 5d, 
the pore structures were damaged seriously as the pore shape became irregular and harmful interconnected 
pores increased. Therefore, the test strengths would behave a significant decrease over that of the pure 
geopolymers and 0.1 wt. % fiber reinforced ones (see Fig. 2). Even so, by the comparation of Fig. 5c and 5d, 
it is not hard to find that majority fibers in sample are intertwined or cross-linked with each other, which may 
improve the flexural and compressive strength in some extent. In general, natural fiber-polymer composites 
display crack deflection, de-bonding between fiber and matrix, pull-out effect and a fiber-bridging 
mechanism, all of which contribute to fracture toughness (Alhuthali A. et al., 2012). In this study, most of 
protrudent fibers from geopolymer matrix are bare, which indicates the weak adhesion between fiber and 
matrix and no fracture of fibers occurs as the sample cracked, and that is the reinforced mechanism of the 
“pull-out effect”. Additionally, by the comparation of the flexural modulus values (see Fig. 3 and 4) with the 
modulus of elastic of fibers (as shown in Table 2), the flexural modulus of reinforced geopolymer 
composites was far less than that of fibers, which demonstrated the pull-out effect. 
Fig. 6 has shown several typical distribution conditions of fiber in geopolymer matrix. Unlike fiber 
reinforced dense geopolymers, the fiber-matrix contact area of fiber reinforced foam geopolymer was far less 
than that of dense geopolymer composites. Therefore, the significantly reduced contact area would also 
weaken the adhesion and constraining force of matrix to fibers. Then, just as shown in Fig. 6a and b, serious 
cracking and stripping occurred at the area where the fiber dispersed, which indicated the damaging effect of 
incorporated fibers. Therefore, the foam structures would be damaged and the test strength of samples would 
decreased. However, when the fiber dosage is high, the incorporated fibers would not just damage the 
microstructure of composites, but would improve the stability of interior structures by the intertwining and 
linking among incorporated fibers (as shown in Fig. 5d and 6c). And also, the test strength would behave 
some improvements when the fiber content changes from 0.4 wt. % to 0.7 wt. % (see Fig. 2). Fig. 6d has 
shown the condition the fiber embedded in geopolymer matrix with majority area exposed and special area 
“A” on the bare fiber was chosen for EDXA. The quantities of primary elements were obtained by 
SEM-EDX and the results have been shown in Fig. 7. 



 

 

   

   

Fig. 6 SEM images of some typical distributions of fiber in geopolymer matrix 

 

Fig. 7 Energy-spectrum scanning results of chosen area “A” in Fig. 6 
As shown in Fig. 7, typical elements, such as Si, Na, Ca, etc., behaved relatively large and high energy 
absorption peaks, which demonstrated high amount of such elements existed in the surface of “bare” fibers. 
Further speaking, some chemical reactions happened on the fiber-matrix interfaces and coated the fiber with 
a reaction layer. According to Guo et al. (Guo X. et al., 2010), in the early age of geopolymerization, the 
leaching rate of alumina is faster than that of silicate. However, the quantitative results showed that the 
quantities of alumina is far less than that of silicate, which demonstrated that the components of the fiber 
layer coatings mainly derived the AA, small quantities of components were contributed by the dissolved 
elements of CFA. 
4. Conclusions 
In this paper, short fiber reinforced foamed light weight geopolymer composites with relatively high flexural 
and compressive strength were first synthesized on the basis of high water to CFA mass ratio of 0.86. 
Overall, significantly improvements in flexural and compressive strength, and flexural modulus could be 
observed by the incorporation of small dosage of short fibers. The density values of all the prepared samples 



 

 

fell in the range of 380~435 Kg/m3. Both the compressive strength and flexural strength results 
demonstrated that the optimal fiber length and fiber dosage for short synthetic fiber reinforced geopolymer 
were 12 mm and 0.1 wt. %, with which the maximum flexural and compressive strength (0.96 and 2.26MPa 
respectively) occurred. Similarly, the maximum flexural modulus values occurred at the condition where the 
fiber length is 12 mm and fiber dosage is 0.1 wt. %. In addition, PAN fiber was demonstrated the optimal 
one among the three reinforced fibers.  
Two competitive effects of incorporated fibers to the geopolymer composites were introduced for the 
reinforced mechanism of fiber reinforced foam geopolymers in this study. On one hand, the fibers in foamed 
geopolymer matrix may deduce the effective junction area and do some damage to the interior foamed 
structures, which will lead to the decrease of test strength. On the other hand, the test strength and stability of 
geopolymers could be awarded considerable improvement by the fiber bridging mechanism or the 
intertwining effect among incorporated fibers. The SEM investigation has demonstrated the two competitive 
effects of fiber reinforced foam geopolymer composites. In addition, from SEM graphs, most of the fibers on 
the fracture surface of samples were long and bare, which demonstrated the “pull-out effect”. Furthermore, 
the SEM-EDXA indicated chemical reactions occurred on the fiber-matrix interface. 
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Abstract 
A novel clinker with low Ca/Si ratio (low CO2 emissions) and low sintering temperature (low energy 
consumption) was synthesized. The clinker mainly contains C3S2 and CS. Two progressive routes were 
adopted to sinter the type of clinker: chemical pure reagent synthesis and industrial raw material 
preparation. The quantitative analysis of mineral composition was performed by X-ray powder 
diffraction using the Rietveld method. Results showed that in the first route the optimal formation 
temperature was about 1400℃ with soaking time more than 10 hours; as for the second approach, it 
showed that alkali metal, alkaline-earth metal and feldspar family mineralizer can facilitate the 
reaction, decreasing the f-CaO seriously and increasing the yield of C3S2 and CS significantly. However, 
the amount of mineralizer must be well controlled since Na+, Mg2+ and Al3+ could be incorporated into 
the crystal lattice of CS and C2S, resulting in solid solution.     

The products of the carbonation were characterized by X-ray powder diffraction (XRD). The 
microstructures of the products were observed using a scanning electron microscope (SEM) with 
energy dispersive spectroscopy (EDS) analysis. Experiments indicated that C3S2 and CS could serve as 
effective agents for CO2 sequestration by carbonation, whose products (CaCO3 and SiO2) could 
contribute to strength development.  
 
Originality 
This new type of clinker is aimed at current issues of CO2 emissions and energy consumption due to its 
low Ca/Si ratio and sintering temperature. As we know, traditional Portland cement manufacture 
requires 1450℃ and during its hydration process a large quantity of water is consumed. However, in 
the new clinker system 1300℃ was already high enough for all the minerals to occur, meanwhile in 
the early stage, water was just a medium to transfer CO2 without consumption in the consequent 
carbonation of CS and C3S2. The aim of this paper is to develop the novel low Ca/Si clinker with 
lowered sintering temperature capturing CO2 without water consumption. 
Keywords: clinker, low Ca/Si ratio, low sintering temperature, carbonation, capturing 
CO2 
1. Introduction 
As is known for us that the Portland cement manufacturing industry is under great pressure to 
global climate because of the large volumes of CO2 it emitted during the manufacture of 
Portland cement clinker. Several estimates put this declining industry total as high as 5% of 
total global anthropogenic CO2 emissions? In this case the cement industry is bound to 
respond rapidly to the perceived societal requirement for the reduction of CO2 by either 
improving traditional production technology or developing new types of clinker(Gartner 
2004), or other employing silicate minerals as a strategy to remove carbon form the 
atmosphere. Optimizing centuried consistent calcination process of cement is relatively easy 
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to commence, this approach has narrow limitation and fundamentally fails to decrease the 
amount of CO2 though. Recently, there has been increasing investigation into the mineral CO2 
sequestration in order to mitigate global warming in the relatively long time. This basic 
concept, first published by Seifritz(Seifritz 1990) and later developed by Lackner and 
colleagues(Lackner, Wendt et al. 1995, Lackner, Butt et al. 1997, Lackner 2002, Lackner 
2003). Through mineral carbonation, the weathering of silicate minerals on land and the 
precipitation of carbonates in oceans is a natural negative feedback mechanism stabilizing the 
Earth’s climate over geological time scales(Dessert, Dupré et al. 2003). Moreover, Standard 
Gibbs free energy of reaction for various silicate minerals (see in Table 1) is apparently 
favorable for the carbonation. Various strategies have been explored to intentionally 
accelerate the carbonation of silicate minerals containing divalent cations (predominantly 
Ca2+ and Mg2+) to precipitation(Fernández Bertos, Simons et al. 2004, Olajire 2013, Sanna, 
Uibu et al. 2014). Early work investigated the kinds of carbonation minerals and the 
conditions which could accelerate carbonation processs. Among the primary minerals able to 
react with CO2, Ca/Mg-silicates such as wollastonite(CaSiO3)(Bukowski and Berger 1979, 
Maxim and McConnell 2005, Huijgen, Witkamp et al. 2006, Santos, Toledo-Fernández et al. 
2006, Daval, Martinez et al. 2009) and olivine(Mg2SiO4)(Wogelius and Walther 1991, Bearat, 
McKelvy et al. 2006, Hanchen, Prigiobbe et al. 2006, Gadikota, Matter et al. 2014, Smith, Li 
et al. 2014) are favored by researchers and this is mainly owing to potential advantages of 
mineral CO2 sequestration are permanent and inherently safe storage of CO2 due to the 
thermodynamically stable nature of the carbonate product and the vast sequestration capacity 
because of the widespread and the abundant occurrence of suitable feedstock(Lackner 2002). 
In addition, other natural minerals like serpentine(Wilson, Raudsepp et al. 2006) has been 
reported to capture CO2, broadening the fields of mineral carbonation technologies. Apart 
from naturally existent minerals, steel slag(Huijgen and Comans 2005), cement kiln 
dust(Huntzinger, Gierke et al. 2009), coal combustion fly ash(Montes-Hernandez, 
Perez-Lopez et al. 2009) and municipal solid waste incinerator bottom ash(Rendek, Ducom et 
al. 2006) have potentials to take in CO2 as well. As for conditions accelerating the generation 
of carbonates and mechanisms playing a limiting-step role during the carbonation process, the 
sequestration process was invetigated experimentally by systematic variation of the (1) 
reaction time and temperature (2) CO2 state (especially in supercritical CO2) and pressure (3) 
particle size (4) liquid to solid ratio alkalinities in aqueous solutions (5) agitation power and 
the carbonation route are: 
1. Leaching of M(where M is divalent species like Ca or Mg)(Daval, Martinez et al. 2009): 

2
2 2 2( ) 2 ( ) ( ) ( ) ( )x y x yM Si O s xH aq xM aq ySiO s xH O l+ +

+ + + +            (1) 

2. Dissolution of CO2 and subsequent conversion of (bi)carbonate species(Huijgen, 
Witkamp et al. 2006): 

3

2
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                                                      (2) 
3. Nucleation and growth of calcium or magnesium carbonate(Huijgen, Witkamp et al. 

2006): 



2
3 3(aq) HCO ( ) ( ) H (aq)M aq MCO s+ − ++ +                        (3) 

2 2
3 3(aq) CO ( ) ( )M aq MCO s+ −+                                (4) 

Finally, the carbonation processs can be re-written by combining Eqs.(Bearat, McKelvy et al. 
2006, Prigiobbe, Hänchen et al. 2009)  

2 2 3 2( ) ( ) ( ) ( )x y x yM Si O s xCO g xMCO s ySiO s+ + +                               (5) 

Although investigators are well clear about conditions to qualitatively accelerate the 
carbonation process in laboratory and characterization methods to quantitatively analyse the 
resulting carbonates(Wilson, Raudsepp et al. 2006, Whitfield and Mitchell 2009), a limited 
number of studies on the re-use of carbonation products have been published so far(Bukowski 
and Berger 1979). In this sense, the possibility of re-use applications could be evaluated as 
alternatives for Portland cement due to its low sintering temperature of clinker(Gal'perina, 
Grurn-Grzhimailo et al. 1982, Kotsis and Balogh 1989, Ibanez, Pena et al. 1990, 
Emrullahoglu, Emrullahoglu et al. 2004, Kartal and Akpinar 2004, Antipina 2012) and low 
Ca/Si ratio. What’s more, Portland cement-based concrete is made by mixing aggregates 
(both coarse and fine), ordinary Portland cement (OPC), admixtures (mineral or chemical) 
and water.  
In the present paper, we focus on the elaboration and characterization of environmentally 
friendly cement of low Ca/Si ratio, obtained at low burning temperatures with CO2-reactive 
properties and an experimental study is presented on (1) the synthesis of this clinker from 
both chemical reagents and industrial raw materials (2) the structural research of its 
carbonation products at different Relative Humidity (RH), temperature and concentration of 
CO2 in support of the development of a rapid CO2 sequestration process (3) strength 
development of carbonates. Finally the mechanisms of how the carbonates produced at varied 
conditions contribute to compressive strength would be explored.  
 
Table 1 Standard Gibbs free energy of reaction for various carbonation reactions of typical naturally 
existent phases. 

Mineral Reaction ΔGr (KJ mol-1) 
Wollastonite CaSiO3+CO2⇆CaCO3+SiO2 -39.5 

Rankinite Ca3Si2O7+3CO2⇆3CaCO3+2SiO2 -157.1 
Olivine Mg2SiO4+2CO2⇆2MgCO3+SiO2 -34.7 
Basalt MgSiO3+CO2⇆MgCO3+SiO2 -32.6 

Anorthite CaAl2Si2O8+CO2⇆CaCO3+2SiO2+Al2O3 -20.4 
Serpentine Mg3Si2O5(OH)4+3CO2⇆3MgCO3+2SiO2+2H2O -18.1 

Values of ΔGr are based on data from Robie and Hemingway(Robie and Hemingway 1995) 
 
2. Experimental 
2.1 Raw Materials  
Clinker containing CS-C3S2 was synthesized using (1) the reagent grade of CaCO3 and SiO2 
(2) industrial raw materials of limestone and quartzite, limestone was obtained from the 
Qinglong Mountain in Nanjing and quartzite was obtained from Xuzhou. The primary oxide 



compositions of the raw materials determined by chemical analysis are shown in Table 2. 
 
Table 2 Chemical compositions of raw materials (wt.%) 

Material limestone quartzite 
CaO 54.93 0.48 
SiO2 0.34 93.95 
Al2O3 0.24 2.38 
Fe2O3 0.25 1.96 
SO3 0.06 0.03 

MgO 0.13 0.32 
LOI 43.31 0.36 

 
2.2 Preparation and Mixture of raw materials 
Two kinds of mixtures were prepared by combining the raw materials in different proportions 
(for S1: the initial proportions of CaCO3 and SiO2 are 68.58% and 31.42% by mass, 
respectively, S2: the proportions of limestone and quartzite are 67.72% and 32.28% by mass, 
respectively). The homogenization of the samples was performed by ball milling for 12h. The 
homogenized samples were mixed with water and pressed into a disk mold (φ40mm×25mm) 
at a pressure of 15MPa and then the watery disks were dried in an oven at 100 for 2h. The 
samples were later calcined in a Si-Mo resistance furnace whose temperature was calibrated 
by Ferro testing rings ((Ferro France SARL, Saint Dizier Cedex, France, ±5 °C) and heated at 
a rate of 10℃/min to 1000℃ for 30min, then sintered at 1200℃ for 180min.The synthesized 
clinker was removed from the furnace and rapidly cooled with forced air. The sintered clinker 
batches were ground using a Tungsten-Carbide vibratory ring pulveriser for 20s, getting a 
fineness of 489m2/kg (Blain surface area). The clinker powders were mixed with distilled 
water at a water/solid ratio (w/s) of 0.4 in order to obtain slurry prior to carbonation. All the 
experiments were performed in the same resistance furnace to guarantee the same atmosphere 
and heat field inside the furnace, which would help curtail variations in the experiments. 
2.3 Curing Conditions 
The slurry talked above was placed in a carbonation tank which can control RH, the 
concentration of CO2 and temperature. This tank is a closed space whose RH control sensor is 
related with temperature (function relationship). Therefore, unlike traditional RH control with 
spray execution system, this kind of RH control method must be well adapted with 
temperature.    
2.4 Characterization 
2.4.1 X-ray diffraction 
Samples needed to perform the powder diffraction measurements are supposed to finely 
ground. XRD data were collected on a X’ARL with Cu Kα radiation (λ=0.154 nm) running in 
reflection geometry(θ/2θ) at room temperature. The X-ray tube was operated at 40kV and 40 
mA. The data were collected from 10° to 70° (2θ) with a step size of 0.01° for a period of 
60min. 
2.4.2 Backscattered scanning electron imaging 
Backscattered scanning electron (BSE) imaging was performed on polished sections of the 
samples with a JSM-6510 scanning electron microscope (JEOL Ltd.) equipped with a 



W-filament and operated at an accelerating voltage of 15 kV; the spot size of the electron was 
30 nm. The chemical compositions of the microscopic clinker phases were measured by 
energy dispersive X-ray spectroscopy (EDS, Thermo Scientific NORAN System7 X-ray 
Microanalysis System). A total of 1000 counts were accumulated in each spectrum, 
corresponding to total 
counting times of 30–60s; the spot size of the electron beam was 40nm. 
3. Results and discussion 
3.1 Mineral composition 
The synthesized clinker was characterized using XRD with the Rietveld quantitative analysis 
performed with GSAS(Larson and Von Dreele 1994) EXPGUI(Toby 2001, Lake and Toby 
2011).The refinements were performed based on the following structures: CS(Mazzucato and 
Gualtieri 2000) (ICSD 26553), C3S2(Gard, Nicol et al. 1960, Agrell and Gay 1961)（ICSD 
34338）. Fig 1 presents that pseudowollastonite and rankinite are the main crystalline phases 
in the clinker. Free lime, β-C2S, γ-C2S, quartz and cristobalite are not observed in it, 
indicating that the clinkering process is complete at 1400°C. Fig. 5 presents a fitted plot of the 
sample sintered at 1300 °C for 4 h, indicating that pseudowollastonite, rankinite and 
ferrosilite are the main crystalline phases in the clinker and the content are 24.6%, 72.7% and 
2.7% by mass, respectively. The average Rwp in all the Rietvled refinements was 
13.05±2.86%. 
 

 
Fig.1 GSAS plot of the Rietveld refinement for a chemical pure reagent synthesized sample calcined at 
1400°C for 10h. 



 
 
 
 

 
Fig. 2 GSAS plot of the Rietveld refinement for industrial raw material synthesized sample sintered at 
1300 °C for 4 h 
 
3.2 Carbonation Products 
3.2.1 X-ray diffraction analysis 
Fig.3 illustrates the XRD patterns of this cement pastes after 1d carbonation. It is indicated 
that vaterite was the main calcium carbonate formed in the 1d paste. In addition to vaterite, 
there existed a large amount of unreacted CS and C3S2 and this is to a great extent due to the 
short carbonation time. 



 
Fig.3 XRD patterns of cement pastes after 1 d of carbonation curing. 

 
3.2.2 Pore structure 
Pore size distributions of the carbonation paste specimens are shown in Fig. 4 for curing 
durations up to 28 d. The pore size in all samples decreased with the increasing carbonation 
ages. Greater changes to the pore structure were observed between 7 d and 28 d compared to 
between 3 d and 7 d.  
Fig. 4 shows the pore size distributions of paste specimens after 1 d, 3 d, 7 d and 28 d of 
curing in accelerated carbonation chambers. The results show that the pore volumes were 
markedly lower as the carbonation duration prolonged. Closer examination revealed that the 
earlier pastes experienced a relatively greater volume of coarser pores, 0.6–1μm, for all the 
carbonated 1 d, 3 d and 7 d samples. However, pastes carbonated for 28 d had a relatively 
lower volume of fine pores, 0.01–0.04 and 0.3-1μm.  

 

 



 
Fig. 4 Pore size evolution of paste prisms after different days of carbonation 

 
 
3.2.3 SEM morphology of carbonates 
Fig. 4 shows the SEM image of the paste after 1 d of carbonation. The figure illustrates the 
well-crystallized block-shaped CaCO3 formed in pores and around pore walls. The size of the 
relatively large CaCO3 crystal was approximately 1μm. The EDS elemental analysis of point 1 
in Fig. 4 reveals the presence of Ca, C and O in the round-faced carbonates, suggesting that 
the carbonates were vaterite.  
 
 
 
 
 
 
 



 

 
Fig.5 SEM morphology image of vaterite after 1 d of carbonation. 

 
4 Conclusions 
( I ) Compared with conventional Portland cement clinker, this novel clinker synthesized from 
limestone and quartzite has lower sintering temperature.  
(Ⅱ) This binder has the potential of taking in CO2 and the products of the carbonation are 
likely to contribute to the microstructure evolution and its performance, indicating that the 
strength of the network structure is related to the binding strength and the morphology of the 
carbonate crystals. 
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Abstract 
Fly ash was used as a raw material to immobilize the heavy metal has attracted more attention due to its availability in 
large quantities and its ability in improving geopolymer physical properties. The change of the microstructure of fly ash 
based geopolymer is still unclear. The time dependent of the band vibration of Si-O-Si and Al-O-Si in the fresh pastes of 
Fly ash based geopolymer were investigated using Fourier transform infrared spectroscopy in this paper. The heavy 
metal of Cr3+ or Cr6+ were added as constant in fresh paste of the fly ash based geopolymer. The concentrations of the 
heavy metal in paste were measured also, the immobilization efficiency is calculated, too. The results from 
immobilization efficiency of the heavy metal shown that the immobilization efficiency of Cr3+ is more than that of Cr6+ in 
fly ash based geopolymer. The results of FTIR indicated that the addition of Cr3+ or Cr6+ didn’t influence the trend of 
polymerization occurred in Fly ash based geopolymer. The asymmetric stretching of Si-O-Si in the fresh paste of Fly 
ash based geopolymer changed. Compared with the paste without heavy metal ions, 10 cm-1 wavenumber’s 
displacement changed while Cr6+ added within 25 min, this change stopped after 40 min; 24 cm-1 wavenumber’s 
displacement changed while Cr3+ added within 40 min. This discovery confirmed Cr3+ was easier than Cr6+ to join the 
Si-O-Si polymerization of the Fly ash based geopolymer. About 10 cm-1 displacement for the band of Al-O-Si occurred 
while Cr3+ or Cr6+ incorporated, the structure of O-Si-O seems independence of Cr3+ or Cr6+ incorporation. After 
leaching, the Cr2p still exist in fly ash based geopolymer with Cr3+, however, the Cr2p can be seen hardly in fly ash 
based geopolymer with Cr6+. 
 
Originality 
Fly ash was used as a raw material to immobilize the heavy metal has attracted more attention due to its availability in 
large quantities and its ability in improving geopolymer physical properties. The change of the microstructure of fly ash 
based geopolymer is still unclear. The time dependent of the band vibration of Si-O-Si and Al-O-Si in the fresh pastes of 
Fly ash based geopolymer were investigated using Fourier transform infrared spectroscopy in this paper. The heavy 
metal of Cr3+ and Cr6+ were added as constant in fresh paste of the fly ash based geopolymer. The concentrations of the 
heavy metal in paste were measured also. The results from concentrations of the heavy metal showed that the 
concentration of Cr3+ is less than that of Cr6+, the results of FTIR indicated that the addition of Cr3+ or Cr6+ didn’t 
influence the trend of polymerization occurred in Fly ash based geopolymer; The wavenumber of Si-O-Si in the fresh 
paste of FA based geopolymer changed. Compared with the paste without heavy metal ions, 10 cm-1 wavenumber’s 
displacement changed while Cr6+ added within 25 min, this change stopped after 40 min; 24 cm-1 wavenumber’s 
displacement changed while Cr3+ added within 40 min. This discovery confirmed Cr3+ was easier than Cr6+ to join the 
Si-O-Si polymerization of the FA based geopolymer. About 10 cm-1 displacement for the band of Al-O-Si occurred while 
Cr3+ or Cr6+ incorporated, the structure of O-Si-O seems independence of Cr3+ or Cr6+ incorporation. 
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1. Introduction 
Geopolymers, a kind of alkali-activated alumino-silicates mineral binders with alkaline silicate 
solution is a precursor and intermediate products of zeolite (Davidovits J., 1979; Davidovits J.,1994; 
Palomo A., 1999). Its excellent capabilities to immobilize heavy metal have been verified (Douglas 
Comrie,1988). Fly ash as one of the raw materials in geopolymers has been paid more attention due to 
its large source and causing geopolymers good physical and mechanical properties (Phair J. W., 2004). 
For example, Mollah utilized the fly ash geopolymer as radiation shielding materials in 1992, Van 
Jaarsveld (Van Jaarsveld, J. G. S., 1999) and Phair (Phair J. W., 2004) researched the fly ash 
geopolymer stabilized Pb and Cu in 1999. In China, Many researchers studied the Fly ash 
geopolymer to absorb Pb2＋, Zn2＋, Cu2＋, Pb2＋, Cd2＋(Jin Mantong, 2004; Long fumei, 2006)et al 
(Shaobin Wang, 2007).  
Comrie (Comrie, D. C., 1988) was the pioneer in stabilization Cr3+ using geopolymer mortar, the 
trivalent chromium was from paint sludge, the findings shown that the efficiency of immobilization 
trivalent chromium is lower than that of other bivalent heavy metals ions. But the reason had not been 
explained. Besides, Although many efficiencies of immobilization have been obtained, but the 
mechanism of arresting heavy metal have little known yet. That geopolymers immobilizing the 
chromium residue have been researched by Zhejiang University in 2004, China, The results 
shown that the leaching toxicity was far less than the national standard when the addition of the 
chromium residue is 30%, GGBS is 40%~60%.  
Liu Sifeng studied the geopolymer stabilized the sludge doped trivalent chromium using the 
XPS and FTIR. She found the stabilization mechanism is not only the physical encapsulation 
but also the chemical bond. 
The FTIR is usually being used for characterization the mode of vibration and frequency of Molecular 
groups in preparation geopolymer. Many findings have been achieved (WANG Li-hua,2005; Mollah, 
M. Y., 1992; Li ZJ, Liu SF, 2007; LIU Sifeng, WANG Peiming, LI Zongjin, 2008; Yousuf M., 1994). 
The evolution of main structure in fly ash at different time on the fresh paste of fly ash based 
geopolymers is the key stage for different valence chromium, the literature has little been reported. In 
this paper, the chemical shift of the main structure for fly ash based geopolymer with Cr3+ /Cr6+ was 
been observed in site by FTIR. The chemical action has been explored. 
2. Experimental 
2.1. Raw Materials 
The materials used in this study were class-F fly ash, metakaolin, water glass, and alkalines. Fly ash 
was provided by China Light and Power plant and the metakaolin used in this paper was obtained by 
calcining kaolin at 700°C for 12 h. The chemical compositions, analyzed using X-ray fluorescence 
spectroscopy, are listed in Table 1. Water glass with a solid content of 37%, SiO2=28.05%, 
Na2O=8.7%, H2O=63%, and modulus of 3.3 was produced by Qingdao Dongyue Sodium Silicate Co. 
Ltd, China. A general purpose grade of sodium hydroxide (96.0% NaOH) was used as a reagent.  
Cr3+and Cr6+ is from a solution of CrK(SO4)2 and K2Cr2O7 in water, respectively, and the 
concentration is 40ppm in mix alkaline solutions of NaOH and Na2SO3. 
Tailings were sourced from Zibo factory of aluminium corporation of China limited (CHALCO) in 
Shandong province, China. As seen from table 1, the siliceous and aluminum constituents are 
dominant compositions of tailings. These tailings were heated in a muffle furnace at 800 ℃ for an 
hour to thermally activate the kaolinite. Diaspore and kaolinite changed into corundum and metakaolin 
respectively due to dehydration during heating, the other minerals such as hematite, anatase, sericite 
and quartz in tailings remained no change. Then the calcined tailings were ground by a ball mill to a 
fineness of 10% residue on a 45 μm sieve. 

Tab. 1 Chemical composition of raw materials        wt.% 
Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 MnO K2O 

Metakaolin 56.41 29.82 5.63 0.81 0.32 1.73 1.52 0.06 2.30 
Fly-ash 49.95 20.15 11.81 8.53 2.93 1.13 1.35 0.23 1.98 

2.2. Experimental Process 
2.2.1 Samples preparation for the time dependent FTIR 
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First, the Na2SiO3/NaOH=7.6, and water, if any, were mixed thoroughly, and then cooled down to 
room temperature, 40ppm of concentration in mix alkaline solution solutions of NaOH and 
Na2SO3 is prepared. The raw powder materials which the ratio of class-F fly ash and metakaolin is 9 
were weighed, and dry mixed together homogeneously for 1–2 min in a mixer at low speed. The 
mixed alkaline solution was poured into a mixer and blended with the dry powder for 2–3 min at low 
speed, then for 1–2 min at high speed, which the mass ratio of alkaline solution with 40ppm of 
Cr3+and Cr6+ and raw powder materials is 40. After 15min, the FTIR of time dependents were 
measured. 
The FTIR spectra in the 4000–400 cm−1 range were recorded at room temperature using a Bio-Rad 
FTS 6000 infrared analyzer. Samples were prepared by the standard KBr pellets methods. 
2.2.2 Samples preparation for leaching and XPS 
Samples subjected to leaching tests were dried first, then crushed and sieved into 0~600 μm particle 
size, and the leaching tests were conducted using the TCLP procedures described in USEPA (1986). 
Acetic acid at pH=2.88±0.1 was utilized, and the liquid/solid ratio was kept at 20:1 with the 
temperature controlled at 20°C. The bottles were tumbled at 29 rpm in a rotary device at room 
temperature for 18 hours. At the end of the extraction, the leachate was filtered. The leachate was 
neutralized by nitric acid before the ion concentrations were measured.  
The concentration of Cr in the leachate was analyzed using Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES, Perkin-Elmer 3000 XL). The calibration standards were prepared 
using the standard solutions which were certified by the supplier. 
Powder samples after leaching were used for XPS analysis. X-ray photoelectron spectroscopy (XPS) 
was performed using a Physical Electronics PHI 5600 multi-technique system with Al monochromatic 
X-ray at a power of 350 W. 
3. Results and Discussion 
3.1. Time dependent FTIR 
Fourier Transform Infrared Spectroscopy (FTIR) was performed on the fly ash based geopolymer 
paste. Characteristic peaks of fly ash geopolymer without Cr ions, consisting of Si–O-Si or Si-O-Al 
asymmetric stretching mode near 1150 cm-1,which the peak is strong and wide, Si-O-Si symmetric 
stretching at approximately 760 cm−1, O-Si-O bending vibration near 520 cm-1 were identified without 
Cr ions as shown in Fig.1. 
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   Figure 1  FTIR spectrum of the fly ash based geopolymer with and without Cr6+or Cr3+,Solid/liquid is 40 
 

Fig.2 and Fig.3 show the time dependent spectrum of fly ash geopolymer with Cr3+ and Cr6+. The 
frequencies about the bending vibration of O-Si-O and the bending vibration of O-Si-O display in 
table 2 and table 3, the frequencies shifts unobviously of Si-O-Si symmetric stretching have been 
ignored. 

Tab.2 The asymmetric stretching  of Si–O-Si or Si-O-Al in the fly ash based geopolymer 
before and after +3Cr  or +6Cr addition (cm-1)  

 25min 40min 60min 75min 200min 240min 
Without heavy metal 1154 1164 1169 1171 1171 / 

+6Cr addition 
1144 
(-10) 

1161 
(-3) 

1169 
(0) 

1171 
(-1) 

1172 
(+1) 

1168 
 

+3Cr  addition / 1140 
(-24) / 1168 

(-3) 
1170 
(-1) / 

 
Tab.3 The bending vibration of O-Si-O in the fly ash based geopolymer 

 before and after +3Cr  or +6Cr incorporation (cm-1) 
 25min 40min 60min 75min 200min 240min 

Without heavy metal 522 523 526 531 534 / 
+6Cr addition 519 

(-3) 
524 
(+1) 

526 
 

529 
(-2) 

534 
 

534 
 

+3Cr addition /  521  
(-2) 

/ 
 

526 
(-5) 

536 
(+2) / 

Note: the number in brackets is the deviation is of the wavenumber; “－” express the wavenumber of the 
FA based   geopolymer with heavy metal is lower than that without heavy metal, “＋” is the reverse. 

Compared with Fig.1, the corresponding main peak of TO4（T=Si, Al）in fly ash based geopolymer 
with and without Cr ions is same that the asymmetric stretching vibration frequency of Si-O-Si or Si-
O-Al become higher with time first, then stop. The increasing trend of vibration frequency indicated 
that the addition of Cr ions can’t change the polymerization trend. In 40 minutes, the Cr ions addition 
caused the vibration the frequency shift to lower. The vibration frequency change to lower is related to 
chromium ion valence, the maximum frequency position shift reach 10 cm-1 at 25 minutes for the fly 
ash based geopolymer with Cr6+, after 40 minutes, the frequency is beginning to stabilize. However, 
the maximum frequency position shift is about 24 cm-1 at 40 minutes for the fly ash based geopolymer 
with Cr3+. The results indicated that Cr3+ is more easier to join the structure formation than Cr6+. 
The Cr3+ or Cr6+ addition on the frequency of O-Si-O bending vibration is shown in table 3. The 
vibration frequency of fly ash based geopolymer with Cr 6+ or Cr3+ ions is same as that without Cr ions, 
this shown that the addition of Cr3+ or Cr6+ influence on the O-Si-O bending vibration hardly. 
3.2. leaching test and XPS analysis  
3.2.1 Leaching test 
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To compare the immobilization efficiency of the fly ash geopolymer on Cr3+ and Cr6+, the results of 
leaching test are shown in Figure 2.  

 
   Figure 2  Immobilization efficiency of Cr6+or Cr3+ 

From Figure 2, To immobilize Cr3+ is more efficient than that of Cr6+ . 
3.2.2 XPS analysis 
Powder of the paste of fly ash based geopolymer with Cr3+ and Cr6+ were used for XPS before and 
after leaching. The findings are shown in Figure 3. 
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   Figure 3  Binding Energy of Cr2p before and after leaching of fly ash geopolymers with Cr3+or Cr6+ 
After leaching, the Cr2p still exist in fly ash based geopolymer with Cr3+, it is difficult to leach out 
completely. But the Cr2p can be seen hardly in fly ash based geopolymer with Cr6+, it indicated that 
Cr3+ is possible to join the chemical reaction or physical encapsulation than Cr6+. 
4. Conclusions 
The characteristic peaks of Si-O-Si or Al-O-Si existing in fly ash geopolymer shift to higher with time 
with Cr ions or not, the valence state of Cr ion don't influence the polymerisation trend. 
The vibration frequency change to lower is related to chromium ion valence, the maximum frequency 
position shift reach 10 cm-1 at 25 minutes for the fly ash based geopolymer with Cr6+, after 40 minutes, 
the frequency is beginning to stabilize.  
The maximum frequency position shift is about 24 cm-1 at 40 minutes for the fly ash based 
geopolymer with Cr3+.  
The addition of Cr3+ or Cr6+ influence the O-Si-O bending vibration hardly. 
After leaching, the Cr2p still exist in fly ash based geopolymer with Cr3+, however, the Cr2p can be 
seen hardly in fly ash based geopolymer with Cr6+. 
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Abstract 
Alkali activation of slags gives the chance to produce special low energy, high strength and durable binders. The best 
way to examine the influence of chemical composition of slags on the properties of hardened pastes, is to focus on 
specially prepared synthetic glasses - models, that have defined compositions. For examinations there were prepared 
four different calcium aluminosilicate glasses. The Al2O3/SiO2 ratio of the glasses was in the range 0.25 to 1.2. 
The process of the alkaline activation of the glasses was observed by using following methods:  
compressive strength tests, X-ray diffraction (XRD), nuclear magnetic resonance (NMR), scanning electron microscopy 
(SEM). It was confirmed that the  Al2O3/SiO2 ratio of the glass has significant influence on the rate of hydration 
processes. The kind of used calcium aluminosilicate glass and  Al2O3/SiO2 ratio in the binder has fundamental influence 
on the phase composition and microstructure of the hydrated pastes. 
In case of high Al2O3/SiO2 ratio glasses there is a possibility of very high compressive strength obtaining in very short 
times. Using of alkali activation allowed to make binders that indicate the compressive strength above 100MPa after 
one day of hydration. 
 
Originality 
The presented paper contain results of our examinations on the influence of alumina ratio on the properties of hardened 
pastes. The examinations on that field are conducted by our team for lastseveral years.  
 
Keywords: zeolites, hydrogarnets, geopolymers, slags, synthetic glasses, alkaline activation, autoclaving. 
 
1. Introduction 
Taking into the consideration the tendencies in the modern bonding materials industry, the clearest are those 
connected with economical and ecological factors. Not only increasing prices of every kind of energy, but 
also higher ecological consciousness of the society, are forcing the conduction of the examination for finding 
new materials that can replace the high energy-consuming and pollutant bonding materials. The research 
brought measurable advantages, manifested by commonly used fly ashes and blast furnace slags as cement 
and concrete additions.  
 Deliberating the tendencies of presently conducted examinations in field of bonding materials and 
taking into consideration the directions of development of building industry that uses waste materials, there 
was defined the target of this work – the influence of type of aluminosilicate glasses on the hydration 
processes in high alkaline solutions. The most interesting for researchers are glasses from  CaO – SiO2 – 
Al2O3 system that have compositions similar to melilite glasses (the gehlenite – akermanite solid solution). 
Most of the produced industry slags and ashes have the composition of melilite glasses. But the chemical 
compositions of industry slags are not always constant. These phases and chemical composition variabilities 
are significant in aspect of using these wastes as cement and concrete additions. There are available wide 
literature resources, that describe an influence of those variabilities on the binders and concrete properties. 
 
2. Target and range of work 
 The best way to examine the influence of chemical composition of slags on the properties of 
hardened pastes, is to focus on specially prepared synthetic glasses - models, that have defined compositions. 
The creation of such models allow to describe more precisely the relationship between usable properties of 
hardened mortars and chemical composition of synthesized glasses. The similar examinations were carried 
out earlier by Małolepszy (Małolepszy, 1989), Mc Dowell (MacDowell et al, 1986), Deja (Deja , 2004; Deja, 
2005), Davidovits (Davidovits 1979, Davidovits 1988, Davidovits 1991, Davidovits 1992, Davidovits 1994b, 
Davidovits 1994a) and others (Kurdowski W., Sorrentino F. 1983; Mascolo 1973; Häkkiner 1986; Xu 2002; 
Grutzeck et al 2004; Richardson et al 1994; Palomo 2004; Wail 2005) 
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 In order to increase the alkaline activation efficiency and for the improvement of the properties of 
hardened materials, it is purposeful to get answers for the following questions: 
 - How does the chemical composition influence on the rate of hydration process with alkali 
activation? 
 - How does the chemical composition influence on the phase composition of hydration products? 
 -  How does the chemical composition influence on the usable properties of hardened pastes? The 
main objective of this work was to get answers for the placed questions. Even partly answers may improve 
the work on the new technologies that allow to exploit different types of industrial wastes and new 
generations of glasses from communal wastes burning more effectively. 
 

 
Fig. 1. The CaO - SiO2 - Al2O3 system with marked compositions of the glasses. 
 
Based on the earliest examinations results of other authors and taking advantages of our preliminary 
examinations, there was formulated thesis - “The molar Al2O3/SiO2 ratio in aluminosilicate glasses plays 
determining role during alkaline activation of that glasses”. The value of that ratio is rate-determined factor 
of hydration processes and type of formatted products. 
 For examinations there were prepared four different aluminosilicate glasses. The prepared glasses 
has different  Al2O3/SiO2 ratio. The batch was made of pure oxides CaO, Al2O3, SiO2 and in case of the “D” 
glass also from MgO. The chemical compositions of two of them (“B” and “C”) were placed on the gehlenite 
field. The “A” glass was placed on the anortite field and the “D” glass was the typical melilite glass. The 
Al2O3/SiO2  ratio in “D” glass was set as in “A” glass, but additionally it contained magnesium oxide. The 
glasses were melted in the induction furnace and the rate of heating was as fast as possible, and it was about 
200°C/min. The process of melting takes no longer than 10 minutes due to decreasing volatilization of the 
oxides and possibility of changing the chemical composition of glasses. The temperature of melting was set 
to ~100°C higher than the melting point and the hot melt was poured out, directly from the furnace, into the 
ice water due to increase the rate of cooling. The Fig. 1 shows the  CaO - SiO2 - Al2O3 system with marked 
compositions of particular glasses. 
3. Characteristics of obtained glasses 
 All the XRD examinations in this work were carried out on Philips X’pert. The XRD examinations 
results from obtained glasses shown in Fig. 2. The patterns show rise of background, what supports the high 
vitrification level of the glasses. There are visible little amount of gehlenite crystallites - Ca2Al(AlSiO7), (G) 



 

and merwinite - Ca3Mg(SiO4)2, (M) that were formed during the glass cooling. The Rietveld analysis shows 
the vitrification level above 96%. 
All the DTA examinations in this work were carried out on QMS 403D Aëlos. The synthesized glasses 
indicate thermal effects that are characteristic for the glasses. In the Fig. 3 it is shown the results of DTA 
analysis. The analysis show strong thermal effect of glass state transformation. In examined glasses this 
effect is connected with exothermic process of gehlenite crystallization, and in case of “D” glass, the 
merwinite and melilites crystallization – what indicates the double exothermical effect between 920 – 970°C. 
In described group of glasses, the relative increase of CaO causes the shift of Tg towards of higher values. In 
case of A glass, that contains the highest amount of silica, the observed value of ΔCp during state 
transformation is the lowest and is equal 0.502 (Table 1). 
 
Table 1. Thermal characteristics of phase transformations occurring during the heating and the composition of particular 
glasses. 

No. Tg 

[oC] 
∆Cp 
[J⋅g-1⋅°C-1] 

Tmax krys. 

[oC] 
∆Hkryst. 
[J⋅g-1] 

∆T= 
Tk-Tg 

[°C] 

Amount of moles Al2O3/Si
O2 CaO Al2O3 SiO2 

Mg
O 

A 541 0.502 - - - 0.88 0.44 1.76 - 0.25 
B 566 0.804 953 2.18 387 1.46 0.73 0.73 - 1.0 
C 703 2.366 983 4.431 262 1.51 0.76 0.63 - 1.2 
D 751 4.203 920 2.03 169 0.73 0.15 0.6 0.22 0.25 

 

 
Fig. 2. XRD patterns of obtained synthetic glasses. 
 
This fact indicates the increase of the glass state stability, that renders the difficulty of crystallization. 
Increasing amount of Al2O3 causes sudden change of the molal heat capacity from 0.502 to 2.366 marker of 
configurational entropy. Observed increase is a result of increasing of disrupted chemical bonds during glass 
state transformation. The disrupting is an effect of Al3+ ions introducing into silicate structure of glass. The 
presented DTA curves show the exothermic effect near the 950°C in every examined glass. As a result, the 
glasses were calcined in  950°C for ~2 hours and the obtained materials were examined by XRD method. 
The results are shown in Fig. 4. The presented patterns show that compositions of devitrification products are 
similar and there is mainly gehlenite and little amount of Al2O3. Presented patterns are also the confirmation 
of the glass synthesis correctness. 
 



 

 
Fig. 3. DTA analysis of obtained synthetic glasses. 

 
Fig. 4. XRD analysis of obtained synthetic glasses after calcination. 

 
4. Pastes preparation 
 In order to realize the assumed target of work, there was necessary to examine the alkaline activation 
processes and to examine the hardened pastes. To evaluate obtained pastes, the following methods were used: 
compressive strength 
X-ray diffraction (XRD) 
nuclear magnetic resonance (MAS-NMR) 
scanning electron microscopy (SEM) 
 
The Nuclear Magnetic Resonance (MAS-NMR) spectra were measured on the APOLLO console (Tecmag) 
at the magnetic field of 7.05 T produced by the 300 MHz/89 mm superconducting magnet (Magnex). A 
Bruker HP-WB high-speed MAS probe equipped with the 4 mm zirconia rotor and KEL-F cap was used to 
spin the sample at 8 kHz. The frequency scale in ppm was referenced to TMS. 



 

All the SEM/EDS examinations in this work were carried out on the Nova NanoSEM 200. 
 

Tab. 2. The composition and designation of examined pastes. 

 
 
 There were prepared pastes from the obtained glasses and as the following also the prism samples 
with dimensions 10×10×60mm. Molded pastes were maturated in different conditions. First part of samples 
were maturated in  20°C, with humidity ≥ 95% for 28 days. The second part was maturated for 24 hours like 
the first part and after that the samples were autoclaved for 12 hours in 230°C. The hydration of glasses was 
carried out in alkaline environment with using NaOH as activator. The designation of samples and amount of 
activator is given in Table 2. The amount of activator is given as the mass percent of glass and as equivalent 
of  Na2O. The water/binder ratio was specified during preliminary examinations. In spite of similar grain-size, 
there were observed significant differences in water demand.  
 
5. Examinations of mechanical properties  
 The examination results of hardening times2 and compressive strengths are shown in Fig. 5 and 6. 
The significant differences in hardening times were observed between samples AN, DN and BN, CN. The 
hardening time for AN samples was about 24h and the amount of used activator has not caused significant 
changes. The “D” glass was more active than the “A” glass and the influence of amount of the activator in 
case of this glass was more visible. The strength tests for “A” and “D” glasses are relatively low and there 
are between  24.5 – 28.0 MPa. The activity of the gehlenite glasses (“B” and “C”) is significantly higher. The 
hardening times are very short and the measured strength resistance is relatively high – even up to 100 MPa. 
According to the results, it is possible to say that the “B” type glasses allow to prepare pastes with the 
highest strength resistance. The obtained results of examinations confirm the significant influence of used 
activator in case of gehlenite glasses. The obtained results correspond with examinations of Małolepszy, who 
found that the most active phase crystalline in  blast furnace slags is the gehlenite. The obtained strength tests 
and hardening times results also correspond with heat evolution examination during 24h of hydration. 

2 The hardening time is not Vicat test of the setting time. The hardening time of examined glasses was too short to 
conduct such tests, so the presented results show times after which the sample become inflexible. 

Designation Activator amount 
Na2O [% mass.] 

AN1 1.2 
AN3 3.5 
AN7 7.0 
BN1 1.2 
BN3 3.5 
BN7 7.0 
CN1 1.2 
CN3 3.5 
CN7 7.0 
DN1 1.2 
DN3 3.5 
DN7 7.0 

 

                                                 



 

 
 

Fig. 5. The hardening times 
 

 
Fig. 6. The strength tests results. 

 
6.Analysis of the phase composition by XRD method 
Particular XRD patterns of A series (Fig. 7) are similar. There is visible rise of background, as a result of 
unreacted glass and C-S-H presence. In comparison with the  pattern of pure glass, there are visible peaks 
that are characteristic for sodium zeolites (Z) and for gismondite (Gi) – Ca2Al4Si4O16·9(H2O) – it is one of 
crystalline form of C-A-S-H phase. 
The patterns of the “D” glass, that have similar composition to “A” glass, are more diversified then patterns 
of “A” glass. The presence of small amount of magnesium (the 8.8% in this case) brings significant increase 
of the activity. There are much more crystalline products among the products of hydration. The increasing 
amount of activator does not cause significant influence on the kind of formed hydration products. In the 
DN1, but especially in DN3 and DN7 pastes, there were observed, besides amorphous phase, weakly 
crystallized C-S-H phase – the d = 0.307nm speaks for it. The increasing amount of used activator cause 
presence of little amount of the C-A-S-H phase, mainly as a gismondite. Also in case of “D” glass the 
hydrotacite Mg6Al2CO3(OH)6 4H2O (HT) were observed, what confirms the examinations  of earliest 
researchers [16]. Wide half-intensity width of the peak of the “A” and “D” patterns speaks for the large 
quantity of the amorphous or submicrocrystalline phases among the hydration products.  
 



 

 
Fig. 7. XRD patterns of the A pastes. 

 
Fig. 8. XRD patterns of the D pastes. 

 
The presented patterns speak for that the little amount of the magnesium brings significant increase of the 
crystalline hydration products, what testify the higher  “D” glass activity in relation to the “A” glass. In the 
pure “D” glass and also in the pastes made from “D” glass, there is visible high peak near 27° 2Θ angle. In 
pure glass that peak speaks for the merwinite presence, that was formed during alloy cooling. The intensity 
of this peak increases with the increasing amount of used activator, but in this place the coincidence of the 
gismondite and merwinite is occurred. In case of “A” and “D” glasses little amount of calcium – sodium 
zeolites were observed.  
The autoclaving process significantly influence the hydrates composition comparing to naturally cured 
samples (Fig 9 and 10). After autoclaving, there is still visible high rise of background in the patterns, what 
speaks for high amount of amorphous phase and unreacted glass. There is clearly visible, that autoclaving 
process cause increase of the crystalline products amount – mainly analcime (A) - Na[Al Si2 O6]·H2O, which 
for the sake of the regular structure gives very strong peaks. There were also observed sodium zeolites (Z)  
Na5,7[Al5,7 Si10,3 O32]· 12H2O. The hydrothermal curing of the “A” and “D” glasses cause forming little 
tobermorite amount (T) Ca5Si6O16(OH)2·8H2O. The presence of unreacted glass after autoclaving process 
speaks for the low activity of the “A” and “D” glasses. The main hydration product, after autoclaving, is the 
hibschite-katoite solid solution Ca3Al2[(SiO4)1,5-2,5](OH)1-6, (HK) affiliated to hydrogarnets group. Making 
comparison of autoclaved “A” and “D” pastes, there are visible the differences between the rises of 
background of particular glasses. The differences speak for the higher activity of the “D” glass. 



 

 
Fig. 9. XRD patterns of the autoclaved “A” pastes. 

 
Fig. 10. XRD patterns of the autoclaved “D” pastes. 

 
Fig. 11. XRD patterns of the “B” pastes. 

 
Fig. 12. XRD patterns of the “C” pastes. 

 



 

 Presented in Fig 11 and 12 patterns of the “B” and “C” glasses are totally different from patterns of 
the A and D glasses. In both pure glasses (“B” and “C”) it was found the presence of the crystalline gehlenite 
(G) 2CaO·Al2O3·SiO2, whereas in examined pastes it was found the presence of the hydrogehlenite (HG) – 
2CaO·Al2O3·SiO2·8H2O. After analyzing the peak intensity, it was found that the amount of the C-S-H phase 
in case of “B” and “C” samples is lower than in case of “A” and “D” samples. In case of the “B” and “C” 
samples there was observed great amount of the crystalline katoite (K) – Ca3Al2[(OH)8-6|(SiO4)1-1.5]. The 
intensity of the characteristic for katoite peaks in “C” samples is significantly higher than in case of “B” 
samples. Generally, higher peaks intensity in case of “C” samples demonstrate better crystallization of 
hydration products in “C” series of the samples. It is probably because of this that the hydration process of 
“C” series is significantly slower than “B” series, what influence on the crystallization rate. 

 
Fig. 13. XRD patterns of the autoclaved B pastes. 

 
Fig. 14. XRD patterns of the autoclaved C pastes. 

 
It is clearly visible, that autoclaving process of “B” and “C” samples cause higher crystallization level of 
hydration products than in naturally matured samples. Also fading of background speaks for the higher 
crystallization level. Among the hydration products the hibschite-katoite Ca3Al2[(SiO4)1,5-2,5](OH)1-6 was 
found. Except of this, there was also the crystalline alumina hydroxide -  boehmite (B) Al2O3·H2O found, 
what influences on the durability of such pastes. It was also found the presence of analcime (A), 
hydrogehlenite (HG) and zeolites (Z) among the hydration products. 
 The XRD examinations have proved the differences among hydration products of particular glasses. 
The differences are visible in quantitative and qualitative consideration. The formed products of “B” and “C” 
glasses hydration are significantly richer in crystalline forms than in case of “A” and “D” samples. The 
analysis of the patterns shows significant influence of the amount of alumina ions, that are introduced into 
the glass during the melting process. The hydration products of the low-alumina glasses contain mainly 
amorphous phases and little amount of crystalline products, that increases with increasing of the amount of 
used activator. The hydration products of the hi-alumina glasses contain significantly more crystalline 
products. In case of hi-alumina glasses, a lot of crystals are formed, even if the little amount of activator is 



 

used. The influence of amount of used activator is relatively lower in case of “B” series, what speaks for the 
high degree of reaction regardless of the amount of activator.  
 
7. The NMR examinations 
 The results of the NMR examinations allow to determine the structural changes, that  proceed during 
the hydration process in natural conditions and during the autoclaving process. The examinations were 
conducted for the  Si29 atoms. The spectrums of the hydrated samples correspond to the spectrums of pure 
glasses (Fig. 15 -18). There is no significant splitting of spectral lines, however the spectrums are stretched, 
what speaks for the presence of several types of structures in hydrated samples, among of which one or two 
are dominant. For the 28 days old samples, the decrease of half-intensity width is observed and the shift of 
the peak maximum towards to the negative values in comparison with the pure glasses spectrums.  This shift 
speaks for the forming of phases, that contain the higher rank tetrahedrons – in this case the tetrahedrons of 
chains. For the naturally matured samples there were observed the presence of skeleton structures (Q4). It is 
the confirmation of the presence of C-A-S-H phase in form of geopolymers, that Davidovitz has already 
described [10]. In every sample there were observed peaks between (-95) - (-100) ppm range, and (-65)–(-70) 
ppm range of the chemical shift. The presence of these peaks speaks for the presence of little amount of the 
crosslinking tetrahedrons (Q3) and isolated tetrahedrons (Q0). The formed hydrates are dimers and chains 
mainly - the (-80) ppm peak confirms that. It is interesting that in case of high-alumina glasses the higher 
rank tetrahedrons are observed. In case of the naturally matured samples and during the autoclaving process, 
the decomposition of chains proceeds. It indicates the possibility of influencing on the type of hydration 
products by changing the hydration conditions. In order to calculate more preciesly extremes of NMR 
crurves the second derivate was calculated, which is visible in the backroud of data. 
 



 

 
Fig. 15 – 18.  NMR examinations of particular glasses. 

 



 

8. The SEM observations of the microstructure 
 The observations of the microstructure of particular samples were carried out with using of electron 
microscopy. In case of the “A” glass (Fig. 19a,b,c), the pictures of the fracture indicate that the hydration 
products of this glass is mainly amorphous form of C-S-H phase with low C/S ratio and it contains some 
amount of the alumina and sodium ions (Fig. 19g). In the attached pictures there is clearly visible a lot of 
large unreacted grains of the glass, that are enclosed by thin C-S-H film. In case of samples that were 
activated with 7% of activator addition, there was observed low amount of crystalline forms.  
 The similar situation for “D” series (Fig. 20a,b,c) was observed, but the degree of the reaction, that 
evaluated on the basis of amorphous products of hydration, is noticeable higher than in case of the “A” series. 
Among the hydration products it was found the C-S-H phase and the presence of crystalline forms, especially 
with using of 7% of the activator addition, what was also confirmed by the XRD examinations. In case of the 
“D” series a lot of unreacted grains were also observed. 
 The samples made from “B” series indicate the amorphous microstructure with large amount of fine-
crystalline inclusions. The examined samples contain the C-S-H phase, but the microstructure is dominated 
by the compacted gel phase and very fine-crystalline forms of C-A-S-H (Fig 21g). The presence of the 
crystalline forms of C-A-S-H were confirmed by the XRD examinations. In case of “B” series there were 
noticed no unreacted grains, what demonstrate really high reactivity of this glass. The empty spaces between 
grains were filled in by amorphous or fine-crystalline forms of hydration products. 
 In hardened pastes of the “C” series it is  also possible to notice the amorphous form of the hydration 
products, but the quantity of amorphous phase is significantly lower than in case of the “B” series. The 
attached pictures (Fig. 22a,b,c) are the confirmation of the large amount of the crystalline hydration products, 
that are well-visible in the pictures. In case of this glass there was noticed the barely presence of some 
unreacted grains on the whole observed surface of the fracture, what speaks for high reactivity of this glass. 
The microstructure of “C” hydrates is noticeably less compacted than in case of “B” series. The spaces 
between grains were filled in by the crystalline or amorphous hydration products, however the crystals 
growth cause the voids forming. The SEM observations do not show the micro-cracks presence. 
 The observations of pastes after autoclaving indicate that the autoclaving process cause the increase 
of amount of the crystalline hydration products. In case of the “A” series (Fig 19d,e,f,h) after autoclaving 
process there were noticeable some crystalline products, but there are still a lot of amorphous hydration 
products. The main hydration product is the C-S-H  phase and the crystalline phases contain the alumina ions 
(Fig. 19h). The examined samples contain the tobermorite-like forms, what was also confirmed by XRD 
examinations. 
 Also the observations of the “D” series (Fig. 20a,b,c) are the confirmation of noticeable increase of 
the crystalline forms amount. The degree of reaction is also noticeably higher. There is less unreacted grains 
in the observed surface and the presented grains are tight enclosed by the thick C-S-H and C-A-S-H layer 
(Fig. 20h). As the main hydration product after autoclaving there is observed the C-S-H phase which has 
higher crystallization level than in case of naturally matured samples. 
 The observations of “B” series (Fig. 21d,e,f) show the significant changes of the sample 
microstructure. In the attached pictures the most visible are the large well-crystallized hydration products. 
Surprisingly it was hard to locate the amorphous hydration products, presented mainly as C-A-S-H (Fig. 21h). 
In observed surfaces there was observed a great amount of large, regular crystalline forms. The observations 
indicate less compacted microstructure than naturally matured samples. The samples look as they are more 
porous because of the crystals growth. 
 The conducted observations allow to state that the autoclaving process, also in case of “C” series 
(Fig. 22d,e,f), causes significant microstructure changes. There was observed  a great amount of very large 
well-crystallized hydration products. As the crystalline products the C-A-S-H and aluminum hydroxide was 
identified. The autoclaving conditions foster the crystallization process - thanks to that the crystals can attain 
so impressive dimensions.   
 



 

 
Fig. 19. The results of the SEM observations of the  “A” series, a;b;c – naturally matured samples, d;e;f – after 

autoclaving samples. 

 
Fig. 19g. The results of the SEM/EDS observations of the  “A” series, naturally matured sample. 



 

 
Fig. 19h. The results of the SEM/EDS observations of the  “A” series, after autoclaving sample. 



 

Fig. 20. 
The results of the SEM observations of the  “D” series, a;b;c – naturally matured samples, d;e;f – after autoclaving 

samples. 

 



 

Fig. 20g. The results of the SEM/EDS observations of the  “D” series, naturally matured sample. 

 
Fig. 20h. The results of the SEM/EDS observations of the  “D” series, after autoclaving sample. 

 



 

Fig. 21. The results of the SEM observations of the  B series, a;b;c – naturally matured samples, d;e;f – after 
autoclaving samples. 

 
Fig. 21g. The results of the SEM/EDS observations of the  “B” series, naturally matured sample. 



 

 
Fig. 21h. The results of the SEM/EDS observations of the  “B” series, after autoclaving sample. 



 

Fig. 22. 
The results of the SEM observations of the  “C” series, a;b;c – naturally matured samples, d;e;f – after autoclaving 
samples. 

 



 

Fig. 22g. The results of the SEM/EDS observations of the  “C” series, naturally matured sample. 

 
Fig. 22h. The results of the SEM/EDS observations of the  “C” series, after autoclaving sample. 

 
9. Summary 
 The examinations that were carried out in the range of this work, allow to describe and characterize 
the hydration products that were formed during the hydration of aluminosilicate glasses. They also allowed 
to describe the relation among the different kinds and properties of the hydration products and contents of 
alumina ions in prepared glasses. Thanks to the conducted examinations it was possible to prepare the 
binders, that allowed to obtain very high compression strength in very short times. Using the NMR allowed 
to imagine the polycondensation level of tetrahedrons in structures of the hydration products. The fusion of 
different examinations methods allowed to draw interesting conclusions. The most significant achievement 
of this work is the indication of new examinations branches – for example the presence of boehmite among 
the hydration products of one of the examined series. It was also important fact to confirm that there is a 
possibility of zeolites forming during alkali activation in natural conditions.  
There is the necessity of conducting the further examinations on the exact mechanism of the influence of 
alumina ions on the glass activation process. The Al2O3  deeply influences on the glass structure and make it 
more “open”, by deterioration of the silica tetrachedrons chains. The maximum amount (the Pauling’s rules) 
of the alumina in the glass structure cannot be higher than 50%, as it is in Gehlenite - most active crystalline 
phase in the blast furnace slags. The highest content of alumina than 50% brings decreasing of the glass 
activity - the C glass has shown lower activity than the B glass. 
The phases compositions and microstructure of examined pastes and especially amorphous hydrated calcium 
silicates fraction allow to use this kind of materials as special binders in mining, ecological building or 
immobilization. 
 



 

10. Conclusions 
Based on the results of the tests the following conclusions can be drown: 
The  Al2O3/SiO2 has significant influence on the rate of hydration processes. 
The kind of used aluminosilicate glass and  Al2O3/SiO2 ratio in the binder has fundamental influence on the 
phase composition and microstructure of the hydrated pastes. 
The main hydration product of low  Al2O3/SiO2 ratio glasses is the amorphous C-S-H phase. This phase has 
low C/S ratio. 
Among the hydration products of low  Al2O3/SiO2 glasses the zeolites were identified, independently of the 
process conditions. 
In naturally matured high  Al2O3/SiO2 ratio pastes, as a main hydration product the amorphous C-A-S-H 
phase was observed. There were also observed geopolymers and hydrogarnets. 
In case of high  Al2O3/SiO2 ratio glasses there is a possibility of influencing on the final phase composition 
of hydrates by changing the process conditions. The natural maturing cause mainly the hydrogarnets forming 
and in autoclaving process the zeolites are mainly formed. 
In case of high Al2O3/SiO2 ratio glasses there is a possibility of very high compressive strength obtaining in 
very short times. Using of alkali activation allowed to make binders that indicate the compressive strength 
above 100MPa after one day of hydration. 
The structural examinations indicate that during the glass hydration process the ordering of structure 
proceeds. Also during the ordering, the increase of tetrahedrons rank proceeds. In case of high  Al2O3/SiO2 
ratio glasses, the highest rank in naturally matured samples was found. The highest rank in low  Al2O3/SiO2 
ratio was found after autoclaving process. 
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Abstract 
In the last few years, considerable attention has been given to the development of special cements, capable to 
reduce CO2 emissions and energy, as well as limestone consumption. Supersulfated cements are primarily 
comprised of blast-furnace slag, (80-90%), calcium sulfate (10-20%) and an alkaline activator, such as Portland 
cement (around 5%) or alkali hydroxides. The supersulfated cements (SSC) were used in the 1950-1960s in Europe, 
especially for mass concrete applications, but their lower early-age strength gain limited their commercial 
application. Later, changes in the iron manufacturing processes yielded slags that no longer fulfilled the minimum 
Al2O3 content requirement required for SSC, leading to its alternative use in blends with Portland cement (GBFS-
cement). Recently, the standard for the supersulfated cement in Europe was superseded by the norm EN 15743/2009, 
however, the mechanism of hydration as well its optimum composition are not well understood. In this paper, the 
effects of the type and the content of the alkali activator were studied. The use of calcium hydroxide and potassium 
hydroxide was studied at dosages of 0.2, 0.5 and 0.8% in SSC containing 90% blast furnace slag and 10% calcium 
sulfate (anhydrite). The results showed that the compressive strength of mortars were strongly influenced by both 
the type and content of activator, mainly those made with KOH. In these cases, low amounts of activator provided 
higher strength values. The XRD analysis confirmed a higher consumption of calcium sulfate and higher formation 
of hydration products (etringitte) in pastes made with KOH. Mortars made with no portland cement containing 90% 
slag, 10% calcium sulfate (anhydrite) and 0.2% KOH reached the minimum compressive strength of 32.5 MPa 
required by EN 15743/2009,  showing  promise as alternative binders to Portland cement. 
 
Originality 
Although supersulphated cement was used in the 1950-1960s in Europe, its mechanisms of hydration and its 
optimum composition are still not well understood. The success of SSC has been attributed mainly to the chemical 
composition of slag and its glass content. However, recent research has shown that optimization of the proportions 
of slag-calcium sulfate-alkali activator also plays a very important role on the process of hydration. There has 
been  no previously published investigation considering the influence of amounts of hydroxides and the type of 
activator on the process of hydration and the mechanical properties. 
 
Keywords: blast furnace slag, anhydrite, alkali activator, hydroxides, supersulfated cement  
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1. Introduction 
Currently, the cement industry is under increasing pressure to reduce either the energy or CO2 emissions 
in the production of Portland cement clinker. Further, Portland cement manufacturing represents one of 
the large consumers of natural raw materials, especially limestone. On the other hand, a wide variety of 
waste materials such as fly ash from coal combustion (FA), ground granulated blast-furnace slag (GGBS) 
can either to be used as supplementary cementitious materials or even to produce new types of binder. 
Use of additional cementitious constituents in binary and ternary systems in cement production, has 
become a highly promoted approach for achieving sustainability.  
Supersulfated cements are binders free or almost free of Portland cement. They are comprised for the 
most part of blast-furnace slag (up to 90%), calcium sulfate (10-20%) and an alkaline activator, which is 
often Portland cement, though in a relatively small quantity (around 5%).  
The alkaline activator is necessary to raise the pH and promote the dissolution of slag. The dissolved 
aluminum, calcium and silicon ions react with the added calcium sulfate ( ) to form the main products, 
ettringite ( ) and C-S-H phases (Eq 1) (Grounds, Z. et al, 1994).  
 

                                                            (1) 
 

The activation of granulated blast-furnace slag (GBFS) by sulfates was first documented by Hans Kühl 
(1909) and later resulted in its standardization in Germany as DIN 4210 (1959). Later, changes in the iron 
manufacturing processes yielded slags that no longer fulfilled the minimum 13% Al2O3 content 
requirement, leading to it being used instead in blends with Portland cement (GBFS-cement) (Jeunger 
M.C.G. et al., 2011). 
Recently, the standard for supersulfated cement in Europe was superseded by the norm EN 15743/2009, 
which no longer requires a minimum Al2O3 content for the GBFS. The requirements “consist of at least 
two-thirds by mass of the sum of calcium oxide (CaO), magnesium oxide (MgO) and silicon dioxide 
(SiO2). The remainder contains aluminium oxide (Al2O3) together with small amounts of other 
compounds. The ratio by mass (CaO + MgO)/(SiO2) shall exceed 1.0” (EN 15743, 2009). 
The hydraulic activity of slag depends on its chemical, mineralogical and physical characteristics: the 
higher the fineness, amorphous phase, lime and alumina contents, the higher the hydraulic property of the 
slag, Generally, highly alkaline slags can react with calcium sulfate without an alkaline activator, and 
slags with high Al2O3 and CaO content react faster and result in higher compressive strength 
(Gruskovnjak, A. et al, 2008). 
The behavior of SSC also depends on the type of calcium sulfate;  anhydrite is the most widely used due 
to its low solubility (Gruskovnjak, A. et al, 2008; Grounds, Z. et al, 2003; Dutta, D.K, et al, 1990; Erdan, 
e. et al, 1993; Mun, K.J. et al., 2007). Calcium sulfate hemihydrate has also been used (Mehrotra, V.P., et 
al, 1982; Singh, M. and Garg, M., 2002), but in this case the use of chemical admixtures retarders is 
necessary to control its fast setting characteristics. 
In addition to, the characteristics of slag and calcium sulfate, different types of alkali activator can also 
influence SSC properties. Portland cement (OPC) (or cement clinker) is the most widely used in previous  
investigations (Grounds, Z. et al, 2003; Dutta, D.K, et al, 1990; Erdan, e. et al, 1993; Mehrotra, V.P., et al, 
1982; Singh, M. and Garg, M., 2002; Bijen, J. and Niel, E., 1981) in amounts ranging between 2 and 5%. 
Lime (calcium hydroxide) was also observed in amounts between 2 and 10% (Mun, K.J. et al., 2007; 
Mehrotra, V.P., et al, 1982). Mehrotra et al (1982) investigated lime and OPC as activators (both at 5%) 
and they found better compressive strength results using OPC. However, the mechanisms of hydration are 
not well understood. In a more recent paper, potassium hydroxide was also used as the alkali activator, 
used at a dosage of 0.5% and attained 38 MPa at 28 days (Gruskovnjak, A. et al, 2008).     
However, an overdose of such alkaline activators leads to a significant reduction in strength due to 
expansive reactions related to ettringite formation (Jeunger M.C.G. et al., 2011; Matschei, T. Bellmann, F. 
and Stark, J., 2005). 
In this paper, the effects of the type and the content of the alkali activator were studied in SSC, free of 
Portland cement. Both calcium hydroxide and potassium hydroxide were studied at dosages of 0.2, 0.5 
and 0.8% in SSC containing 90% of blast furnace slag and 10% of calcium sulfate (anhydrite). 
2. Experimental 
In the present study, the slag came from a Brazilian steel company and its composition is presented in 
Table 1. The amount of Al2O3 is relatively low, however, it meets the current EN 15743 limits. X-ray 
diffraction (XRD) showed that the slag presented glass structure and a particle size smaller than 60 µm 
with a d50 of 8 µm (Figure 1). 



Table 1: Chemical composition of slag 
Oxides Slag A EN 15743 
SiO2 32.2 - 
Al2O3 8.2 - 
Fe2O3 0.8 - 
CaO 49.5 - 
MgO 5.0 - 
SO3 1.4 - 

Na2O 0.1 - 
K2O 0.5 - 
TiO2 0.6 - 
MnO 1.3 - 

CaO+MgO+SiO2 86.7 ≥66.7 
(CaO+MgO)/SiO2 1.7 ≥1.0 

 
Figure 1: X-Ray diffractogram and particle size distribution of slag used. 

To obtain anhydrite (CaSO4) for SSC, gypsum (CaSO4.2H2O) was burned for 1 h at 650oC (Dutta, D.K, et 
al, 1990) and the mineralogical composition was confirmed by XRD (Figure 2). 

                                                            
Figure 2: X-Ray diffractograms of gypsum (G) and anhydrite (A).  

Pastes with a w/c ratio of 0.4 were prepared. Using a TamAir isothermal calorimeter, heat evolution 
measurements were determined on 20g of SSC over a hydration period of 7 days at 23oC. For XRD and 
DTA/TG analysis, these pastes were cured in saturated lime water solution and at 7 and 28 days were 
crushed into particles smaller than 9.5 mm, immersed in acetone for 2 h and dried by filtration to remove 
the pore fluid. These dried samples were crushed again to obtain particles smaller than 75 µm. These 
powders were then submitted to X-ray diffraction analysis using CuKα radiation, over a 2θ range of 3°–
70°, using steps of 0.05° and 1 s counting time, thermogravimetric analysis (TGA) heated in nitrogen at 
10 oC/minute. The compressive strength of 50 mm mortar cubes was determined (1:2.75:0.485 --
cement:sand:water) at 7 and 28 days, cured in water lime solution as per ASTM C109 (2008) (Table 2). 



Table 2: Analysis made on SSC (90% slag and 10% anhydrite) 
Activator Analysis – Age 

Type Amount  (%) Pastes 0.4 (w/c) Mortars 

KOH 0.2 
0.5 
0.8 

Isothermal calorimetric 
7 days 

Compressive strength 
7 and 28 days TGA, XRD 

7 and 28 days 
Ca(OH)2  

3 Results and Discussion 
3.1 Compressive Strength  
The results showed that the compressive strength of mortars were strongly influenced both the type and 
content of alkali activator. Mortars made 0.2 and 0.5 % KOH presented very similar strengths which were 
23 MPa at 7 days and 34 MPa at 28 days. However, with 0.8% of activator, these values decreased by 
almost 50% to 14 MPa and 18 MPa at 7 and 28 days respectively. For mortars made with 0.2 and 0.5% 
Ca(OH)2, mortars also presented similar values, however, in this case, mortars with 0.8% of activator 
reached higher 7 day  values, as observed in Figure 3.  
For mortars made with KOH, only those made with 0.8% KOH did not achieve the minimum compressive 
strength requirement of EN 15743, only attaining 16 MPa and 32.5 MPa at 7 and 28 days respectively.   
For mortars made with the Ca(OH)2 activator, only those made with  0.8% reached the minimum required 
by EN 15743 (2009). 

 
Figure 3: Compressive strength of mortar cubes of SSC (90% slag, 10% anhydrite) made with KOH and Ca(OH)2 as 

activator.   
3.2 Isothermal calorimetric measurements  
The pastes made with each activator (potassium and calcium hydroxide) were tested by isothermal 
calorimetry for up to 7 days of hydration (Figure 4). 
The heat flow rate for all three pastes using Ca(OH)2  as the activator was much lower than those made 
using  KOH. For Ca(OH)2, a lower and  delayed activity was observed, with a very long induction period 
and a wide main hydration peak. The pastes made with KOH were characterized by a relatively short 
induction period and an intense main hydration peak between 10 and 17 h (for 0.5 and 0.8% of activator 
respectively). For KOH, the pastes with 0.2% activator presented the lowest heat flow rate. For Ca(OH)2  
0.2% the curves could not be obtained. It was possible to observe that the pastes containing 0.5% and 
0.8% Ca(OH)2 presented very similar heat flow rate curves while the pastes made with KOH were more 
directly influenced by the content of activator. 
 Also, the pastes made with 0.5 and 0.8% of either activator resulted in the highest total heat evolution 
and with very similar values as can be observed in (Figure 4). 
 



 

 
Figure 4: Isothermal calorimetric measurements: heat flow rate and total heat release with 0.2, 0.5 and 0.8% of 

KOH and Ca(OH)2 up to 7 days. 
 
3.3 Microstructure: XRD and TGA  
The pastes made with KOH and Ca(OH)2 activators were analyzed using X- ray diffraction at 7 days and 
28 days of hydration (Figure 5). The main crystalline product of hydration found was ettringite (JCPDS 
41-1451) and a very weak peak of gypsum (JCPDS 03-0053) was also present. Anhydrite was also 
identified in all pastes. 
For pastes with KOH, the XRD patterns were very similar at 7 and 28 days. Also, no significant 
difference was observed among the pastes with 0.2, 0.5 and 0.8% of activator.   
For all pastes made with Ca(OH)2,   it is possible to verify that the peak intensity of ettringite increased 
and those of  anhydrite decrease from 7 days to 28 days. For these pastes, it seems that increasing the 
amount of activator increased the formation of ettringite, mainly at 7 days.  
The TGA curves (Figure 6) exhibited endothermic peaks around 40oC and 80oC due the presence of 
adsorbed water and ettringite, respectively. In pastes with KOH activator, the presence of ettringite was 
slightly more intense than those containing Ca(OH)2, especially at 7 days. In pastes made with KOH, at 
7 and 28 days, the peak intensities of ettringite remained very similar; in pastes with calcium hydroxide, 
a little increase was noted for the paste with 0.2%. For both activators, the peak relative to adsorbed 
water increases as times increases, indicating a less porosity of the paste making the removal of water 
adsorbed more difficult.   
At 7 days, the paste made with 0.2% KOH presented the highest total weight loss, indicating a higher 
degree of hydration. The paste with 0.2% Ca(OH)2 presented the lowest weight loss, indicating a lower 
degree of hydration. At 28 days, the total weight loss was very similar for both types of activators and at 
all dosages.     



 

 

 

 
Figure 5: X-Ray diffractograms of pastes with 0.2, 0.5 and 0.8% of KOH and Ca(OH)2 at 7 days and 28 days 

E: ettringite, G: gypsum, A: anhydrite 



 

 
 

 

 
Figure 6: DTG/TG curves of pastes with 0.2, 0.5 and 0.8% KOH and Ca(OH)2 at 7 days and 28 days. 

 
 
 



4 Conclusions 
In this paper, the effects of the type and the content of the alkali activator on the process of hydration of 
supersulfated cements (SSC) were studied. Both calcium and potassium hydroxide were used as alkali 
activators at dosages of 0.2, 0.5 and 0.8%. In all cases, the SSC was made with 90% of blast furnace slag, 
and 10% of calcium sulfate (anhydrite). Based on the analyses of the results obtained, it is possible to 
draw the following conclusions: 
- Both the type and the content of alkali activator strongly influenced the compressive strength 
development: mortars with KOH provided higher strengths. For KOH-activated SSC, lowers amounts of 
activator provided higher compressive strength values. For Ca(OH)2, the opposite was observed. 
Isothermal calorimetric measurements confirmed that KOH provided higher rates of reaction and higher 
total heat evolution than Ca(OH)2. Lower amounts of KOH increased the heat evolution values while for 
Ca(OH)2, the opposite was observed. 
- Pastes made with KOH promoted a higher consumption of anhydrite and increased formation of 
ettringite, mainly at 7 days, indicating that it increased the solubility of slag even with only 0.2% of 
activator. Higher amounts of Ca(OH)2 were necessary to  promote the consumption of anhydrite and 
formation of ettringite. Additional tests are needed to confirm if excessive formation of ettringite would 
result in excess expansion of mortars made with 0.8% of KOH. 
- SSC mortars prepared with 90% slag and 10% calcium sulfate and activated with either 0.8% 
Ca(OH)2 or 0.2% KOH met the minimum compressive strength requirement of  the EN 15743 (2009) 
standard. 
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Abstract 
The development of alternative and greener cementitious materials based on industrial wastes is one way to reduce 
the environmental impact of the building sector. The main objective of this work is to perform a detailed analysis 
of the strength and structure of alkali-activated ground granulated blastfurnace slag at different times of hydration. 
In particular, we have investigated the structure development of the material by use of the complementary 
techniques, X-ray diffraction (XRD) and Infrared spectroscopy (IR). For the alkali-activation, water glass with 
various moduli was used. For all sample compositions, both the silica and water contents were kept at fixed values 
whereas the sodium content was systematically varied.  
 
As a consequence, the structure of the solutions used for the activation, the pH of the alkali-activated slag samples 
as well as the initial stage of the hydration of the samples were varied systematically. From the results it is obvious 
that the modulus of the water glass used for the activation has a great influence on both the strength and the 
structure developed, both at short and longer time of hydration. In this contribution, we will discuss how various 
parameters such as sodium content, pH and the structure of the solution used for the activation influence the 
strength and structure development of alkali-activated slag up to fourteen days of hydration.  
 
 
Originality 
As obvious from the literature, several previous studies deal with the strength and structure development of alkali-
activated slag. However, in this study we have systematically varied the modulus of the water glass used for the 
alkali-activation to investigate its influence on the strength and structure development. In addition, we relate the 
early reaction and hydration with these more long term properties.  
 
 
Keywords: alkali-activated slag, water glass modulus, strength, structure. 
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1. Introduction 
It is well-known that Portland cement is a material with large negative environmental impact partly due 
to extensive use of natural resources and partly due to the large amount of CO2 that is released during 
the production process. With today’s requirements on reduction of greenhouse gas emissions it is, 
therefore, of importance to reduce the use of materials containing Portland cement, or to find other more 
environmentally friendly solutions. Promising alternatives are industrial waste products like ground 
granulated blastfurnace slag and fly ash, which both are known to have cementitious properties under 
alkali-activation (Shi, C.  et al. 2006). The production of these materials utilizes industrial wastes and 
contributes thereby both to reduce the use of natural resources and to the reduction of CO2 emissions. 
Other advantages with alkali-activated cementitious materials are the different porosity and finer pore 
structure compared with that of OPC (Lecomte, I.  et al. 2006; Shi, C. et al. 2006; Chen, W. and 
Brouwers, H. J. H. 2007), which for instance results in good resistance to various aggressive media and 
freeze-thaw damages (Bai, Y.  et al. 2011; Fu, Y. W.  et al. 2011) . 
 
In contrast to ordinary Portland cement, where only water is needed to start the chemical reaction that 
giving rise to the strength and structure development, this type of cementitious materials needs to be 
alkali-activated. In general, the most used alkali activators belong to the groups alkali-hydroxides and 
alkali-silicates, (Shi, C. et al. 2006), of which the most commonly used type is sodium silicate solutions 
(Na2O⋅nSiO2), also called water glass, of various moduli n. From the literature, it is obvious that both 
the strength and the structure development are dependent on the solution used for the activation, see for 
instance (Mozgawa, W. and Deja, J. 2009; Ben Haha, M.  et al. 2011).  
 
The reaction process of alkali activated material is usually described as a destruction-condensation 
process (Pacheco-Torgal, F.  et al. 2008). The first stage involves the breakdown of covalent bonds of 
Ca-O, Mg-O, Si-O-Si and Al-O-Si from the cementitious particles and transport of molecules into the 
surrounding liquid phase. Thereafter, ions in the liquid phase react and form so-called hydration products, 
which nucleate on the particle surfaces. Due to the high pH in the initial stage of the hydration, which 
affects the solubility of ions, the main hydration product of alkali-activated slag is considered as a poorly 
crystalline calcium silicate hydrate (C-S-H) with low Ca/Si ratio (Wang, S.-D. and Scrivener, K. L. 
1995). At early ages, the hydration product is in general an Al-substituted C-S-H gel with a Ca/Si ratio 
in the range of 0.5 - 1 (Brough, A. R. and Atkinson, A. 2002).  
 
 
2. Materials and methods 
The main focus of this study is on the strength and structure development during the first 14 days of 
hydration of the Swedish ground granulated blastfurnace slag Merit 5000 from SSAB Merox AB 
(hereafter referred to as M). Characteristics of the material are shown in table 1. 
 
Table 1: Main chemical composition and characteristics of the slag material Merit 5000 

Slag material SiO2 

wt% 

MgO 

wt% 

Al2O3 

wt% 

CaO 

wt% 

Glass content 

(%) 

Specific surface area 

(cm2/g) 

M (Merit5000) 34 17 13 31 99 5000 

 
For the alkali-activation of the slag, water glass of various moduli n (SiO2/Na2O, molar ratio) were used. 
As the starting solution, a commercial available water glass (Sibelco Nordic), which contains 27.6 wt% 
SiO2 and modulus n = 3.35, was used. The modulus n was varied by the addition of NaOH solutions of 
different concentrations (previously prepared by dissolving appropriate amounts of sodium hydroxide 
pellets (Fisher Scientific) in deionized water). In order to allow for thermal equilibrium, each alkali-
solution was prepared more than one day prior to the sample preparation. For all samples, the ratio of 
sodium silicate solution to the slag material was 0.4, and the water-to-slag (dry material) ratio was w/s 
= 0.5. Thus, only the concentration of NaOH was varied, which not only influences the modulus n but 
also the pH of the alkali-solutions, as shown in table 2. In table 2 it is furthermore shown how the 



Na2O/CaO and Na2O/slag ratios and the pH are varied for the different samples (i.e. slag material and 
water glass solution of various compositions). The samples are hereafter denoted by the water glass 
modulus used for the activation, as shown in table 2.    
 
Table 2: Characteristic of the water glass solutions and the alkali-activated samples. Note here that M stands for 
the slag material (Merit 5000) used in this study. 

Sample 
 

SiO2/Na2O  
(modulus n)* 

pH  
(water glass) 

pH  
(sample) 

Na2O:CaO 
(mole %) 

Na2O:Slag 
(wt %) 

M2.59 2.59 11.8 12.6 11.3 4.2 
M2.07 2.07 12.6 13.1 13.8 5.2 
M1.69 1.69 13.3 13.6 16.4 6.3 
M0.99 0.99 13.9 >14 25.2 10.3 

*by molar 
 
The measurement of the compressive strength was performed on smaller cylindrical paste samples by 
use of a Tensometer. The X-ray diffractograms were collected using a Siemens D5000 powder 
diffractometer using an incident beam chromator with CuKα radiation (λ = 1.54 Å). Before the 
measurements, at 2, 7 and 14 days, the hydration was stopped by crushing the material in ethanol, as 
commonly done, see e.g. (Feng, X.  et al. 2004; Wei, C. 2006; Murmu, M. and Singh, S. P. 2014). After 
drying in vacuum for approximately one week, each sample was measured in the 2θ interval 10 – 70° 
and at a scan rate of 0.04 degrees/seconds. Data analysis was performed by use of the PowderX and the 
JADE (MDI) software.  
 
Infrared spectra were collected by a Bruker IR spectrometer used in reflectance mode in the wavenumber 
interval 600 – 7500 cm-1. Each spectrum was collected with an average of 500 repetitive scans. A number 
of consecutive preprocessing steps were applied to the raw spectra. Smoothing was employed using 
Eilers’ algorithm with d = 2 and λ = 10 (Eilers, P. H. C. 2003). The spectral background was subtracted 
by fitting a piecewise polynomial to each spectrum (Cao, A.  et al. 2007). The spectra were vector 
normalized so that the integrated intensities were equalized for a quantitative comparison of the results.  
 
 
3. Results and discussion. 
 
3.1 Strength development 
Figure 1 shows the compressive strength obtained for the different sample composition at different days 
of hydration. It can be observed that a lower sodium content (higher moduli of the activator) results in 
a lower strength at both 2 and 7 days. Thus, as expected, an increased amount of sodium results in an 
increasing compressive strength (Wang, S. D.  et al. 1994). It can furthermore be noted that for the 
samples activated by water glass of moduli n=0.99 (M0.99) and 2.59 (M2.59) (i.e. the highest and lowest 
sodium content), the increase in compressive strength is linear in the entire measured hydration interval. 
However, for the samples M1.69 and M2.07 (i.e. samples activated by water glass of modulus n=1.69 
and 2.07), the situation seems to more complex. For the sample containing lower amount of sodium 
(higher value of the modulus) the compressive strength is about the same for both 2 and 7 days whereas 
a substantial increase is observed at 14 days of hydration. For the sample M1.69 the compressive 
strength is slightly increasing between 2 and 7 days but significantly decreased after 14 days. The reason 
for such a behavior is not obvious but one explanation could be that this specific sample composition 
gives rise to an unstable gel formation, which in turn results in a larger amounts of micro-cracks at 
longer times of hydration (Lee, N. K. and Lee, H. K. 2013). Another explanation, which will be 
discussed below, is the specific silicate structure formation in the C-S-H gel. 
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Figure 1: Compressive strength development of the investigated samples. The legend shows the modulus values 
of the water glass used for the activation. 
 
3.2 X-ray diffraction XRD 
As can be observed from figure 2A, the X-ray diffractogram of the raw slag material display a bump 
centered around 2θ = 300. This is expected since the predominant phase of the material is amorphous 
(glass content 99%, see table 1) with only minor crystalline phases (shown by the more narrow peaks). 
By use of the JADE software these crystalline parts are attributed mainly to magnesium, iron and/or 
aluminum containing compounds as shown in the figure. In addition, there are peaks showing SiO2 and 
some smaller amounts of other minerals that cannot be determined with certainty.  
 
Figure 2 (B-D) shows the XRD results for the hydrated samples at 2, 7 and 14 days. From these figures 
it is obvious that some structural changes occur and that these are somewhat dependent on the solution 
used for the activation. After 2 days (figure 2B) is can be observed that most of the peaks remain, even 
if the intensity seems to be somewhat reduced compared to the raw material. The peak at about 2θ = 31° 
(dotted line in the figures), which is one of the most pronounced peaks for the raw material seems to 
have disappeared in the sample M0.99 whereas it is still traceable for the other sample compositions. 
Thus, it seems that the mineral phases giving rise to this peak are completely consumed during the 
hydration of this sample composition. This is further supported by that other peaks related to the same 
phases are highly reduced.  In addition, there is an indication on a growing peak slightly below 2θ = 30° 
(dashed line in the figures), which should be due to calcium carbonate (CaCO3) in the form of calcite 
(PDF 5-586) and/or the formation of C-S-H gel. In the case of the sample M2.07 this peak is most 
pronounced, which indicating that the structure development is fastest for this sample. It should be noted 
that this is also the composition for which the fastest initial setting time previously was obtained (Jansson, 
H.  et al. 2015; Jansson, H. and Tang, L. 2015). For the sample M2.59 this peak is completely absent. 
Whether this is due to a delayed (or slower) structure development, for this sample composition, or if 
the degree of carbonation is lower as compared to the other compositions cannot be established from 
the present results. 
 
However, the solubility of ions is highly dependent on pH. From studies on alkali activated slag materials 
it was found that the solubility of Si, Ca, Al and Mg is strongly dependent on pH at all times during the 
hydration process (Song, S. J. and Jennings, H. M. 1999). At higher pH values (> 11.5) the 
concentrations of Si and Al are increasing whereas the concentrations of Ca and Mg are decreasing with 
increasing pH. Since both the silica content (Greenberg, S. A. and Chang, T. N. 1965) and pH (Song, S. 
J. and Jennings, H. M. 1999) affect the formation and nature of C-S-H, one possible reason for slower 
structure development of the sample M2.59 is that the lower pH of this solution (see table 2) not only 
largely reduces the solubility of silicates but also the activation ability (Wang, S. D. et al. 1994). This in 
turn, should result in a slower structure development and also a lower compressive strength (figure 1) 
for this sample composition.  



 

 
Figure 2: A) X-ray pattern of the raw powder material Merit 5000. The symbols used in the figure refer to ♦SiO2 
(PDF 47-1300 and 46-1045),  Al2O3 (PDF 23-1009),  Fe3O4 (PDF 26-1136),  (Mg,Fe)2SiO4 (PDF 21-1258) 
and  MgAl2O4 (PDF 21-1152). Panels B-D show Merit 5000 activated with water glass of modulus n as given 
in the figures after 2 (B), 7 (C) and 14 (D) days of hydration.  
 
At 7 days the peak located at 2θ = 29 °, which is the main peak of calcite, is pronounced for all samples. 
At the same time of hydration, the peak at about 2θ = 37° shows a reduced intensity compared to the 
raw material for all sample compositions whereas for other peaks there are only some traces left. Thus, 
with increased time of hydration crystalline parts are consumed and at 14 days of hydration most of the 
samples appear to be mainly amorphous as shown by the lack of clear peaks for most of the sample 
compositions. However, for the samples activated by water glass of higher moduli (n=1.69, 2.07 2.59) 
there are indications on new peaks in the region of 2θ = 10° to 15°, which probably is due to hydrocalcite 
like phases (Kim, M. S.  et al. 2013). This would then be in agreement with previous results where it 
was suggested that this type of phases should occur in materials of higher degree of hydration (Song, S. 
J. and Jennings, H. M. 1999).  
 
 
3.3 Infrared spectroscopy IR 
Figure 3 shows the normalized infrared spectra for the slag at the hydration times 1, 7 and 14 days. For 
all samples there are indications on carbon dioxide from air, as shown by the typical CO2 stretching band 
at about 2350 cm-1. In addition, all spectra show characteristic peaks at about 1440 cm-1 and 1600 cm-1 
that are due to calcium carbonate (CaCO3) and water (OH) bending, respectively. In general these peaks 
are almost invisible at 1 day of hydration but become more pronounced at longer times. It can be 
observed for these peaks that the highest and lowest intensities are found for the samples activated with 
the water glass of lowest and highest moduli, respectively.  
 
However, here we will concentrate on the so-called silicate fingerprint region, which occurs between 
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750 and 1200 cm-1. This region is the most interesting for the structure determination and structure 
development of cementitious materials, see e.g. (Bjornstrom, J.  et al. 2004; Garcia-Lodeiro, I.  et al. 
2008) as well as for resolve the structure of other silicate containing materials like water glass, see e.g. 
(Halasz, I.  et al. 2007; Dimas, D.  et al. 2009; Halasz, I.  et al. 2010; Jansson, H. et al. 2015). In the 
insets of figures 3 A-C the silicate fingerprint region is therefore shown in more detail for all sample 
compositions at the same time of hydration. Figure 3D shows the integrated area under the curve of the 
silicate fingerprint region. Figure 4 shows the different sample compositions at different days of 
hydration.  
 

  
 
Figure 3: Infrared spectra for the different sample compositions at different times of hydration. For all panels, n 
refers to the modulus of the water glass solution used for the activation. The insets in figures A-C show the silicate 
region (band) in detail. Figure D show the integrated area of the silicate region (band). 
 
From figures 3 and 4 it can be observed that for the sample M0.99, the main peak (i.e. the maximum 
intensity) is fixed in both position (at 993 cm-1) and intensity at all times of hydration. However, the 
entire silicate band shows some broadening towards lower wavenumbers with increasing time of 
hydration, which results in an increasing area of the band (figure 3D).  
 
For the sample M1.69 the position of the peak maximum is slightly shifted to higher wavenumber 
between day 1 and 7, but remains on the same position from day 7 to day 14. In addition there is a 
broadening of the band towards both higher and lower wavenumbers between 1 and 7 days of hydration. 
At longer times of hydration, i.e. between 7 and 14 days, both the broadness and intensity of the band is 
decreased. This results in that the band area is increasing between 1 and 7 days but is then decreasing 
from day 7 to day 14 (figure 3D).  
 
When increasing the water glass modulus used for the activation to n=2.07 (M2.07) there is no clear 
broadening of the band but a similar scenario as for the sample M1.69 can be observed, both regarding 
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the changes in the position of the peak maximum and the band intensity, even if they are much less 
pronounced in this case. From day 1 to day 14 the position of the peak maximum is changed from 991 
to 997 cm-1. As can be observed from figure 3D, this results in that the peak area is almost constant for 
all times of hydration, only a slight increase is observed between 1 and 7 days of hydration followed of 
an even slighter decrease between 7 and 14 days of hydration.  
 
For the sample M2.59, which is activated with the water glass solution of the here highest investigated 
modulus (i.e. n=2.59) there is a completely different scenario. In this case the peak is shifted from 1013 
cm-1 at day 1 to 1008 cm-1 at day 14. The intensity is as highest at day 1 and decreases with increasing 
days of hydration. In addition, the silicate region shows reduced broadening on the low wavenumber 
side. Thus, the area of the silicate fingerprint region is largest at 1 day of hydration (see figure 3D). 

 
Figure 4: Infrared spectra for the different sample compositions at different days of hydration.  
  
The hydration process of water glass activated slag materials can be considered as a polymerization 
process in which smaller silicate tetrahedral structural units connects via silicon-oxygen bridges. The 
different units are generally denoted by the silicate connectivity called QX. In this terminology, X ranges 
from 0-4 and denotes the number of neighboring Si atom(s) connected to a SiO4

4- tetrahedron via the 
oxygen atom. It has previously been shown (Shi, C. et al. 2006) that the polymerization process, in 
principle, starts with low molecular units such as silicate monomers (SiO4, silicate tetrahedron, Q0) and 
dimers (Si2O7, two connected silicate tetrahedrons, Q1) and other low molecular weight compounds. As 
the reaction proceeds, these smaller molecular units are connected into longer polymer chains, composed 
of Q2 and Q1 structural units. In an infrared spectrum the polymerization process of silicates can be 
observed by both the position (i.e. the maximum intensity) of the main peak and the broadening of 
silicate region. For larger silicate structures, the position of the main peak is expected at higher 
wavenumbers and more low molecular weight species at lower wavenumbers, respectively (Dimas, D. 
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et al. 2009). The broadening of the silicate region towards higher wavenumbers can be considered to be 
a fingerprint evidence for the degree of the silicate polymerization, i.e. chain formation (Bjornstrom, J. 
et al. 2004). In addition, the width of infrared bands is dependent on the number of chemical 
environments. For crystalline materials the number of chemical environments is small and a narrow 
infrared band (or peak) is observed. On the other hand, if the sample is mainly amorphous, the larger 
number of chemical environments causes a broadening of the band. 
 
As can be observed in figures 3 and 4, the scenario for the position of the main peak (maximum intensity 
of the band) is somewhat different for the different sample compositions. For the sample M0.99 the 
position of the main peak remains at the same wavenumber at all times of hydration, which indicates 
that no larger silicate structures are formed at longer times of hydration. Thus, in this case the results 
suggest that the silicate connectivity QX remains constant at all times of hydration. In the case of the 
samples M1.69 and M2.07 there is a slight increase with increasing time of hydration whereas for the 
sample activated by the n=2.59 solution (M2.59), the situation is the opposite. This would then indicate 
on an increasing connectivity, i.e. larger silicate structural units are formed, in the two former samples 
whereas larger structures are separated into smaller units in the latter sample during the hydration. 
However, in case of the sample composition M2.07, this effect is very small, which further support a 
fast structure development as indicated by the results from XRD.  
 
The shift of the maximum intensity might be an unexpected result. However, since it is known (Lecomte, 
I. et al. 2006; Rawal, A.  et al. 2010) that only smaller structural units, i.e. lower degree of silicate 
polymerization (or connectivity QX), is expected to occur in the C-S-H gel this could be an indication 
on that the early reaction and structure development, i.e. the polymerization process, should also be 
dependent on the starting condition. Thus, the specific degree of polymerization (or connectivity QX) of 
the silicate units in the water glass used for the activation is not only important for the initial reaction 
(Jansson, H. et al. 2015) but also at longer times of hydration.  
 
In fact, in a combined NMR and IR study (Jansson, H. and Tang, L. 2014; Jansson, H. et al. 2015) on 
the specific solutions here used for the alkali-activation of the slag material, it was shown that the 
polymerization degree of the silicate structural units in water glass is highly dependent on the modulus. 
For lower moduli the solution consists to a larger extent of smaller silicate units (monomers (Q0) and 
dimers (Q1)) whereas higher moduli results in higher fraction of larger structural aggregates. As a 
consequence, the data in figures 3 and 4 suggests that the initial sizes (polymerization degree) of the 
silicate structures in samples activated by the water glass of the highest modulus are too large and 
therefore not favorable for the structure development of the alkali-activated slag. Thus, it seems that the 
larger structural aggregates have to split up into smaller units before they can participate in the 
development of the C-S-H gel, and that this depolymerization process occurs over a long period of time. 
In case of the activation of water glass of lower moduli (up to n=2.07), this would then result in that low 
molecular weight aggregates polymerize into larger chains. This is also what is seen in figures 3 and 4, 
especially for samples M1.69 and M2.07, where the maximum of the main peak (maximum intensity) 
is moving to somewhat higher wavenumbers with increasing time of hydration (even if the effect is very 
small in case of the M2.07 sample). Thus, for these samples it seems that there is an ongoing 
polymerization process whereas the situation for the sample M2.59 is the opposite. The very small shift 
to higher wavenumbers with increasing days of hydration for the M2.07 sample would then indicate a 
more balanced polymerization – depolymerization situation already from day 1. This could also be the 
reason for the steep increase in compressive strength at longer times.  
 
The extension of the silicate region towards higher wavenumbers is most pronounced for the sample 
M1.69 (between day 1 and 7) whereas for the sample M2.07 the broadening is less distinct. For the cases 
when water glass of moduli n=0.99 and 2.59 (M0.99 and M2.59) are used for the activation there is none 
or only a slight narrowing of the silicate region at higher wavenumbers, respectively. As mentioned 
above, the high wavenumber boundary of the silicate fingerprint region is known to be sensitive to the 
polymerization during the C-S-H development. An extension to higher wavenumber indicates formation 
of silicates of higher connectivity QX, which results in that also ring structures are formed (Bjornstrom, 
J. et al. 2004). However, even if the predominantly silicate configurations expected in C-S-H gel are of 



Q1 and Q2 types, where Q1 is the end groups of the chains, there are studies that show that also larger 
structural units such as Q3 and Q4 can exist if the Ca/Si ratio of the gel is small (Cong, X. D. and 
Kirkpatrick, R. J. 1996; Kirkpatrick, R. J.  et al. 1997; Yu, P.  et al. 1999). Thus, in case of sample M1.69, 
for which the compressive strength is decreasing between 7 and 14 days and the infrared spectra show 
a broadening of the silicate fingerprint region towards higher wavenumber, there are indications on that 
not only chains are formed but possibly also that ring structures are developed during the structure 
development, and then especially between 1 and 7 days of hydration. As can be observed for the other 
samples, for which the compressive strength increases with increasing time of hydration, both the chain 
lengths and the silicate structure seem to be constant between 1 and 14 days of hydration.  
 
For some of the samples there is also a change in the extension of silicate region on the low wavenumber 
side of the silicate fingerprint region. In analogy with studies on water glass (Halasz, I. et al. 2010), 
where the (Na)O-Si-O(Na) stretching vibrations is shown around 830 cm-1, the low frequency 
broadening, in case of hydrated slag material, likely shows how slag ions, such as calcium ions, are 
connected to the silicate structure. As a result, the increasing intensity of this peak, with increasing time 
of hydration, should indicate a higher connectivity of calcium ions in the developed structure. Different 
water glass moduli results in different pH values of the activator (see table 2), which, in turn have an 
influence on the solubility of ions necessary for the structure development of the material (Song, S. J. 
and Jennings, H. M. 1999). For the present study this would then indicate that for the sample M0.99 
there are large amounts of Si in the mixture but very small amounts of Ca. Thus, in this case the 
probability for calcium-silicate bonding is high. For samples of lower pH, the scenario should be the 
opposite. In the case of the sample M2.59, the higher solubility of Ca and lower solubility of Si results 
in that fewer possible sites for the calcium-silicate bonding. 
 
 
4. Conclusions  
In this work, the strength and the structure development of slag as a function of water glass modulus n 
was analyzed by X-ray and Infrared spectroscopy. During the first two weeks of hydration, the results 
have indicated a complex scenario with the presence of different crystalline and amorphous phases as 
seen by X-ray. For slag activated by water glass of lower moduli the consumption of crystalline phases 
are faster, which results in a higher compressive strength at early ages. The analysis of the Infrared (IR) 
spectra for samples with different moduli indicates that the polymerization degree and process is 
different for the different sample compositions. When water glass of modulus n=2.59 is used for the 
alkali-activation, there is an ongoing depolymerization of silicates even after 14 days of hydration, 
whereas the opposite is found for slag activated by water glass of lower moduli.  
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Abstract 
This paper presents the life cycle assessment results for Calcium Aluminate Cements (CAC) according to the 
guidelines defined in the ISO standards 14040 and 14044 for Life Cycle Analysis (LCA). 
After a focus on the methodology and data sources used (system boundaries, indicators, calculation rules), the 
paper presents some results on the intrinsic environmental footprint of CAC production from cradle to factory 
gate. The intrinsic footprint of CAC binder products per tonne could vary from one type of CAC to another, 
depending on some sensitive parameters such as: alumina content, production process technology, type of raw 
material consumed, localization of production. 
However if in some aspects the intrinsic footprint could be considered as relatively high, it cannot be directly 
compared with those of other types of mineral binders: as required by the ISO standard for LCA approach, a 
comparison of the environmental impacts of different solutions shall be done only for a same functional unit, i.e. 
when the formulations, the application uses, as well as the performance of the products are taken into account. 
The second part of the paper investigates CAC within several dry mix mortar formulations and demonstrates 
that significant environmental benefits can be achieved with CAC-based formulations, in comparison with more 
traditional mix-designs. LCA iso-performance comparisons demonstrate the key value of CAC as catalysts that 
can significantly reduce the consumption of various formulation ingredients with a higher environmental 
footprint.  
As a conclusion, a direct comparison of the environmental footprint per ton of components is not relevant and it 
is necessary to consider the entire life cycle of the application including the installation, usage and service life. 
The environmental footprint of a component should be balanced with its main functions in the formulation to 
adjust the best performance versus footprint ratio.  
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This paper details the first original data set on life cycle analysis of calcium aluminates cement as a raw 
material and in their application. 
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1. Introduction 
The building industry uses large quantities of raw materials that have a high energy consumption and 
generate greenhouse gas (GHG) emissions. The building sector indeed contributes up to 30% of the 
global annual GHG emissions and consumes up to 40% of all energy (UNEP, 2009). Working on an 
optimised choice of materials from the building design phase contributes to minimizing the overall 
environmental impact of buildings not only at the construction stage but also during the use and end-
of-life stages.  
In this context, the development of local regulations, rating systems and tools for sustainable building 
assessment is increasing in most countries around the world. Green building certification schemes are 
acting as a catalyst, creating new sustainable development forces impacting all actors within the 
construction sector and are as such drivers of change. The assessment tools have varying levels of 
maturity across different countries and organisations, ranging from simple examinations of embodied 
environment performance of products to building performance evaluation and full lifecycle assessment 
(WBCSD Cement sustainability initiative, 2010). For example, in its last version, the Leadership in 
Energy and Environmental Design (LEED) system (USGBC, 2014) dedicates some credit categories 
to building materials’ environmental assessment. The Materials and Resources credit category focuses 
on minimizing the embodied energy and other impacts associated with the extraction, processing, 
transport, maintenance, and disposal of building materials. The objective is to increase the use of 
products and materials with life cycles and ingredients that improve overall environmental, economic 
and social performance. 
The decision making process to choose building materials is complex: material sustainability criteria 
are increasingly becoming part of the decision process, but are typically further down the priority list 
compared to functional performance and design team influences. The most prominent materials 
sustainability aspects are the embodied energy and carbon, recycled content and local sourcing (Arup - 
WBCSD, 2012). As a consequence, each actor of the business system is asking for more and more 
information on the environmental footprint of final buildings’ components in order to:  
- Promote one material category in comparison with other ones; 
- Justify the environmental performance of new building products and systems in comparison with 

traditional materials; 
- Develop innovative products or systems. 
After the presentation of the Life Cycle Analysis (LCA) methodology, the paper will give in a first 
part some key figures on the intrinsic energy and carbon footprint of Calcium Aluminate Cement 
(CAC) production. A second part is dedicated to the presentation of the environmental footprint of 
some CAC-based formulations of dry mix mortars for flooring applications.  
2. Methodology 
2.1. LCA methodological framework 
LCA is globally recognized as the best methodological framework for assessing the potential 
environmental impacts of currently available products.  
The life-cycle approach is not only used at institutional and public levels to define sustainability 
policies, it is also used by main business associations and private companies as a framework for 
sustainability, in order to help reduce the overall environmental burdens across the whole life cycle of 
goods and services. 
As defined in the ISO 14040 and 14044 standards (2006), LCA is a method to assess the 
environmental aspects and potential impacts associated with a product, process, service, by: 
- Compiling an inventory of relevant energy and material inputs as well as environmental releases, so-

called Life Cycle Inventory (LCI); 
- Evaluating the potential environmental impacts associated with identified inputs and releases; 
- Interpreting the results leading to more informed decisions. 
Besides, the ISO 14025 standard (2006) provides international principles and guidelines for 
Environmental Product Declaration; core product category rules are defined in the EN 15804 standard 
for construction products (CEN, 2012). Figure 1 provides an overview of standards for Environmental 
Labelling based on Life Cycle Analysis approaches. 



 
Figure 1 Overview of international Standards for Environmental labelling and Life Cycle analysis methodology. 
LCA studies offer a clear and comprehensive picture of the energy and materials flows through the 
whole life cycle of a system and give a global and objective basis for comparisons. Results are 
presented for a defined functional unit so that the value of that function can be balanced with its 
associated environmental effects.  
From a research and development point of view, LCA is used in decision making as a tool for product 
design improvement and innovation. In such an approach, also called Ecodesign, the choice of 
materials, the selection of technologies, the implementation of specific design criteria are the key 
parameters to consider. From an industrial point of view, LCA allows the benchmarking of product 
system options and can therefore also be used in decision making of purchasing and technology 
investments, innovation systems, etc. 
2.2. System boundaries and data sources 
As a general rule, the selection of life cycle inventory system boundaries shall reflect the goal and 
scope of the study, in relation to the defined “functional unit”. The functional unit, used as a common 
denominator, provides the basis for the addition of material flows and environmental impacts for any 
of the life cycle stages for the studied product.  
System boundaries and data sources are detailed in the paragraphs 3 and 4, using main terms and 
definitions described in Table 1 and Table 2.  

Table 1 Terms and definitions for system description (EN 15804) 
Terms Definition 

Core Process Process(es) the manufacturer has influence upon 

Upstream / 
Downstream Process 

Process(es) that either precedes (upstream) or follows (downstream) 
a given life cycle stage 

Product Stage Include raw material extraction and processing, processing of secondary material input 
(e.g. recycling processes), transport to the manufacturer, and manufacturing 

Construction Process Transport to the building site and installation into the building 

Use Stage Use or application of the installed product 
(maintenance, repair, replacement, refurbishment, operational energy and water use) 

End-of-life Stage De-construction, demolition, transport to waste processing, waste processing for reuse, 
recovery and/or recycling disposal 

Tab. 2 requirements regarding data type (EN 15804) 

Stages Production of raw 
materials, commodities Product manufacture Installation 

processes 
Use 
processes 

End-of-life 
processes 

Process type Upstream Core Downstream 

Data type Generic data Specific data or 
manufacturer’s average Generic data 



2.3. Calculation rules and indicators 
As the LCA study was conducted in Europe, the EN 15804 standard has been taken as reference for 
calculation. In particular:  
- Recovered matter has been considered using stock method, with a null input environmental burden; 
- The same rule has been applied to recovered energy; 
- For cut-off rule, data for a minimum of 99 % of total inflows to the core module has been included 

(e.g. wear of ball mill liner has been excluded). 
The EN 15804 standard proposes a long list of key parameters to be included in EPD for building 
construction materials. As the goal of this article is not to provide EPD figures for CAC, only two 
impact indicators have been selected in this paper: the use of non-renewable primary energy, and the 
impact on climate change, using definition consistent with EN 15804. 
The impact on climate change is usually assessed through the indicator developed by the International 
Panel for Climate Change (IPCC, 2007). Greenhouse effect is a normal phenomenon. What is at stake 
is the greenhouse effect increase due to anthropogenic emissions. The resulting general increase in 
temperature can alter atmospheric and oceanic temperatures, which can potentially lead to alteration of 
circulation and weather patterns. A rise in sea level is also predicted due to thermal expansion of the 
oceans and melting of polar ice. 
Energy coming from energetic non-renewable resources such as petroleum oil, natural gas, uranium is 
expressed in MJ and measures the quantity of energy resources extracted from the environment, 
including both energy used for the process and feedstock energy. Energy from secondary fuels is not 
included in this parameter. 
2.4. Limitations  
The results of the study should be considered with regard to the hypothesis, assumptions and 
methodology chosen. The uncertainty level largely depends on the quality of data sources: in general, 
the order of magnitude is 10 to 15% of uncertainty in a LCA study. Main uncertainties come from 
LCA databases, some data missing or being not necessarily representative of the state-of-the-art. 
Furthermore, as LCI results largely depend on the performance of the upstream business chain, data 
shall not be considered as absolute values but need to be updated with regard to significant changes in 
LCA databases.  
3. Calcium Aluminate Cement Eco-profile results 
Eco-profiles are reports on product-specific environmental impacts. These profiles are based on LCI 
which are calculated from KERNEOS average CAC production data. They include key environmental 
performance indicators, of which two will be presented in this paragraph.  
3.1. System description, process flow and data sources 
Eco-profiles results refer to the production of CAC and are based on a cradle-to-gate system (Figure 2). 
Data pertain to the following declared unit: “production of 1 ton of CAC” based on EN 15804 rules. 
The declared unit is used here instead of the functional unit, since the precise function of the product 
or scenarios at the building level are unknown.  
The production stage covers supply and transportation of raw materials and fuel, electricity production, 
manufacturing and associated processes in the plant, up to the point (also called “factory gate”) where 
the product is ready for transportation to the customer. The packaging of the finished material is not 
included; a sensitivity analysis has shown that the impact of packaging is negligible compared to other 
steps. The wide scope of cement usage doesn’t allow us to narrow the study to one specific life 
scenario (use, and end-of-life) therefore we consider cradle-to-gate boundaries. 



 
Figure 2 System boundaries of Calcium Aluminate Cement production, from cradle to gate. 

According to LCA ISO 14040 and ISO 14044 standards, data shall be characterised with regard to 
their temporal, geographical and technological representativeness. These data are summarized in 
Table 3. The data used corresponds to the standard technologies used to produce CAC. For product 
manufacturing, the data refers to the production of the Kerneos European plants and are representative 
of the CAC sales in Europe (2013 production year for all parameters). For technological 
representativeness, CAC are manufactured from a clinker using a reverberatory furnace (fusion 
process).  

Table 3 Data characterisation 

Process stages Data source Year Geographical 
representativeness 

Technological 
representativeness 

CORE PROCESS 
Manufacturing KERNEOS 2013 European factories Standard technologies 

UPSTREAM PROCESS 
Bauxite extraction IAI 2005 Worldwide Average technologies 

Limestone extraction Buwal 250 1996 Germany Average technologies 

Electricity production IEA 2010 2008 Europe average  Average technologies 

Other energy sources production APME 2003 Europe Average technologies 

Transportation to plant KERNEOS 2013 European supply Average technologies 
A simplified scheme of the fusion process is presented in figure 3. This process has been modelled in 
order to simulate the specificities inherent to Kerneos CAC Binders. The mineral composition of 
calcium aluminate cements is traditionally based on CA (monocalcium aluminate). Recently a new 
cement has been developed that has C12A7 (mayenite) as main compound opening new possibilities for 
mortar formulations. This binder is optimized for self-levelling compounds and is used in conjunction 
with a sulfate source (Touzo B. et al., 2014). 



 
Figure 3 Fusion process for CAC manufacturing 

3.2. Calculated indicators and interpretation 
The results in terms of environmental impacts, non-renewable energy resource use and carbon 
footprint refer to the declared unit (1 ton of CAC). Results are given in detail for the following life 
cycle stages: 
- Total: from Cradle to Gate; 
- Upstream process: the raw material supply step includes raw material extraction and transportation; 
- Energy Production and Core process: fuel and electricity production includes acquisition, 

transformation (for electricity generation), transportation and distribution and manufacturing 
processes in plant (including CO2 coming from decarbonation and fuel combustion). 

Figure 4 presents results for two CAC (low alumina content) used within the dry mix mortar industry, 
a major difference being their main mineralogical phases: CA versus C12A7. 
The footprint results are calculated from average figures taking into account production from several 
plants, using different raw material sources, electricity mix and considering uncertainty on some 
parameters. 
In a similar manner to Portland cement, greenhouse gases emitted during the production phase of CAC 
in a reverberatory furnace are mostly due to the clinker production where 50% of the emissions are 
related to fuel combustion and 35% to 40% to the decarbonation process. 
Non-renewable energy consumed during the production phase of CAC in a reverberatory furnace 
mostly arises from the clinker production stage, where more than 80% of the energy is coming from 
fuel combustion during the burning of raw materials. 

 
Figure 4 Intrinsic energy and carbon footprint of Kerneos CAC. 
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As depicted in previous figures, results are influenced by several parameters: 
- Influence of raw materials  
For both considered indicators (climate change and non-renewable primary energy use), results vary 
from one CAC to another, mainly because of the type of raw materials used that have an influence on 
the energy required for clinker burning. The raw materials mix could vary from one plant to another, 
depending on its localisation and specific supply constraints. The intrinsic footprint (CO2 footprint and 
energy use) of the raw materials could then be significantly different, depending on the localisation of 
the raw materials production, the type of transportation, the nature of the materials themselves and the 
level of transformation before effective use within Kerneos plants.  
- Influence of calcium content 
The calcium content in CAC mainly comes from calcium carbonate sources that generate CO2 during 
the clinker production (CO2 from decarbonation). 
- Influence of manufacturing plants’ localisation 
A significant amount of electricity is used for cement milling. As the breakdown of energy sources for 
electricity production may vary from one country to another, the localisation of a manufacturing plant 
could influence the CO2 footprint of CAC (about 10% of the final CO2 footprint). 
4. Simplified LCA results for CAC-based dry mix mortar (flooring application) 
As explained before, life cycle assessment results shall be presented for a defined functional unit, so 
that the overall environmental footprint of a system can be balanced with the effectively achieved 
performance. This second set of results gives an illustration of a simplified life cycle approach 
conducted for a specific application of CAC in a self-levelling underlayment (SLU) dry mix mortar, 
for flooring application. This example constitutes one of the main applications of CAC in building 
chemistry.  
4.1 System description and functional unit  
According to the EN 15804 standard, the functional unit of a construction product is based on the 
quantified and relevant functional use or on the performance characteristics of the construction product 
when integrated into a building. It takes into account the product’s reference service life.  
For reasons of simplification, the functional unit (FU) of a SLU flooring mortar can basically be 
defined as follows: apply an SLU on a flooring surface of 1 m2 (equivalent to 9.6 kg of dry mortar 
applied in a 5 mm-thick layer) whatever the mechanical properties. It is indeed not sufficient to 
represent the level of performance of the studied products and such data shall be completed with 
multiple performance characteristics. Based on the fact that there are no specific European norms for 
SLU, technical characteristics are defined according to EN 13813 for screed which is applicable as 
well as local standards such as CSTB (French Scientific and Technical Center for Building) for 
performances and measurements methods as follows:  
• High mechanical strength (compressive strength - CS at 28 days) 
• Quick setting (initial setting time - IST) 
• Rapid return to service: rapid hardening, fast drying (compressive strength CS at 24 hours) 
• Dimensional stability (shrinkage or expansion rate) 
• Flexibility (flexural strength - FS at 28 days) 
In this simplified approach, results are focused on raw materials and dry mix mortar production stages. 
Other life cycle stages such as installation, maintenance and end-of-life have been considered as 
similar for all solutions (expected to have the same service life) and thus excluded from the scope of 
the study, since they are out of Kerneos business and research scope. This has no impact on 
conclusions.  
24 different and model formulations of SLU dry mix mortars have been studied, divided into 3 
categories, depending on the binder composition (see Figure 5): CAC-rich binder in ternary system, 
CAC-rich binder in binary system and OPC-rich binder in ternary system.  



 
Figure 5 Possible mineral binder compositions for SLU dry mix mortars – Ternary diagram representation. 
More details on the compositions are given in Tab. 6 only for 14 of the 24 studied formulations for 
simplification reasons. Composition and performance results for other formulations are only presented 
in the figures.  
The binder content includes mineral binders (OPC, CAC, C$) and organic binders (redispersible 
powder); it varies from 13% to 48%. OPC-rich formulations have a higher binder content (from 28% 
up to 40%) than the CAC-rich binary formulations (from 13% to 32%). For ternary CAC-rich 
formulations, the binder content varies from 21% to 48% for the highest performing system. 

Table 6: Composition of dry mix mortar formulations 
 

OPC CA based 
binder 

C12A7 
based 
binder 

C$ -
HHα 

C$ - 
Anhydrite 

C$ - 
Gypsum Lime Redisp. 

powder 
Filler 

(Sand) 
Filler 

(CaCO3) 
Other 

Organics 

Binary CAC-rich with C12A7 based CAC 
1   8% 4%    0.6% 44% 43% 0.40% 
2   12% 6%    0.9% 41% 40% 0.40% 
3   16% 8%    1.2% 38% 37% 0.40% 
4   20% 10%    1.5% 35% 33% 0.40% 
6   17% 13%    1.5% 33% 35% 0.40% 
7   15% 15%    1.5% 33% 35% 0.40% 
9   15%   15%  1.5% 33% 35% 0.40% 

10   17%  13%   1.5% 33% 35% 0.40% 
Ternary OPC-rich with CA based CAC 
14 32% 5%  1%   0.20% 1.7% 39% 21% 0.40% 
17 26% 8%  4%    2.0% 29% 32% 0.40% 
Ternary CAC-rich with CA based CAC 
19 7% 11%  2%    1.5% 41% 38% 0.40% 
20 3% 16%  6%   0.3% 2.4% 47% 25% 0.40% 
22 4% 18%  8%   0.10% 4.5% 35% 30% 0.40% 
24 8% 21%  8%   0.10% 5.5% 29% 29% 0.40% 



4.2. Data sources  
The data is mainly sourced from Kerneos and Peramin Ecoprofiles, internal studies, or from public 
LCA databases extracted from the SimaPro and TeamTM softwares (Table 7).  

Table 7 Details on LCA data used in the model 
Component Data sources Country Year CO2 footprint 

(kg eq CO2/tproduct) 
Total non-renewable 

primary energy 
(GJeq/tproduct) 

OPC – CEM I ELCD 2.0 Europe 2010 896 3.9 
CA based binder KERNEOS Europe 2013 672 3,4 

C12A7 based binder KERNEOS Europe 2013 1102 9,5 
C$ – Hemihydrate α ELCD 2.0 Europe 2010 241 3.6 

C$ – Anhydrite ELCD 2.0 Europe 2010 98 1.8 
C$ – Gypsum ELCD 2.0 Europe 2010 2.6 0.04 

Quicklime Ecoinvent 2.2 Switzerland 2010 973 5.4 
Redisp. powder Ecoinvent 2.2 Europe 2010 2604 88 

Filler – Limestone Ecoinvent 2.2 Europe 2010 13 0.3 
Filler – Sand ELCD 2.0 Europe 2010 2.4 0.04 

Defoamer Peramin Europe 2011 2619 68 
Other Organics Ecoinvent 2.2 Europe 2010 3000 to 26000 40 to 140 

4.3. Results and discussion 
LCA results are summarized in the following table and graphs.  
Table 8 Results on technical performance and LCA indicators (climate change & non-renewable primary energy) 

 1 2 3 4 6 7 9 10 14 17 19 20 22 24 
Climate Change 
(kg CO2 / FU) 1.5  2  2.6  3.1 2.9  2.7  2.4 2.8  4.0  3.7  2.2  2.4  3.2  4.2  

NR primary 
Energy (MJ/FU) 21  26  34  40  39  36  32  37  34  36  25  34  53  66  

CS 28 days 10  23  37  47  58  48  33  54  15  21  16  31  40  62  
CS 24 hours 4  10  19  29  28  21  20  33  7  12  8  16  19  28  
FS 28 days 3  6  9  10  11  8  8  11  5  7  4  7  9  18  

IST 106 91 77 55 70 58 41 45 100 40 85 50 55 165 
First results on the climate change indicator have been expressed with regard to the binder content, to 
position the different recipes. 

  
Figure 6 Impact of the binder content on a dry mix mortar carbon footprint. 



The impact on climate change of a SLU dry mix mortar is closely linked to its mineral and organic 
binders’ contents (see Figure 6). The arrangement and proportions of the various binders explain some 
of the carbon footprint variations that can be observed for a same total binder content (see scenario 4 
to 11, where the CAC/C$ ratio varies from 70/30 to 50/50).  
The following graphs present the ratio between environmental footprint (Figure 7 for climate change, 
and Figure 9 for non-renewable primary energy consumption) and the early age technical performance 
achieved (compressive strength at 24 hours, 23°C, 55% R.H) for the various SLU dry mix mortars. 

Figure 7 Ratio Performance CS 24 hours versus carbon Footprint.  
The impact on climate change of OPC-rich formulations is higher, for a relatively low early age 
technical performance (also observed for compressive strengths, measured at 28 days, see Figure 8).  
In contrast, ternary and binary CAC-rich formulations have a lower impact on climate change while 
delivering higher performance (especially for binary formulations based on C12A7 based CAC).  
At a same level of performance (e.g. 8 MPa CS at 24 hours – pt 14, 15, 19 and 13), the carbon 
footprint can be reduced by 50% with ternary CAC-rich formulations and by 63% with binary CAC-
rich formulations in comparison with OPC-rich formulations. 
For the high performance formulations (e.g. 28 MPa CS at 24 hours – pt 24, 6 and 4), the carbon 
footprint can be reduced by ca. 30% with a C12A7 based binder formulation in comparison with a 
ternary CAC-rich system – despite a higher intrinsic carbon footprint of C12A7 based binder in 
comparison with CA based binder (see Figure 7). Similar results have been obtained for CS measured 
at 28 days (see figure 8). 



 
Figure 8 Ratio Performance CS 28 day / carbon footprint. 

The non-renewable primary energy consumption indicator points out the significantly better 
compromise that can be reached with binary formulations based on C12A7 based CAC (see Figure 9). 
For example, the formulations with a middle-range of performance (e.g. 20 MPa CS at 24 hours – pt 
22, 3, 9, 7 and 8) can be achieved with a C12A7 based binder formulation with lower energy 
consumption (30% of reduction) in comparison with a ternary CAC-rich system. More than 40% of 
reduction of the use of non-renewable primary energy can be achieved with a binary formulation based 
on C12A7 binder for the highest level of performance (28 MPa CS at 24 hours – pt 24, 4 and 6). Similar 
results have been observed for compressive strengths measured at 28 days. 

 
Figure 9 Ratio Performance at 24 hours (CS) versus non-renewable energy footprint. 



5. Conclusions 
A product environmental footprint mainly results from the industrial and supply chain performance 
with a large influence of raw materials’ choice, manufacturing plant localisation, and energy efficiency. 
A simplified reflection only based on product composition and mineralogy would not be sufficient to 
conclude on a potentially better environmental footprint of one product, in comparison to another. 
Furthermore, a direct comparison of the environmental footprint per ton is not relevant and it is 
necessary to consider the entire life cycle of the application including the installation, usage and 
service life. Therefore the environmental footprint of a formulation component should be balanced 
with its main functions in the complete system, in order to reach the best performance versus footprint 
ratio. The analysis of the CAC positioning in terms of environmental impact in different dry mix 
mortar formulations demonstrates that significant environmental benefits can be achieved with CAC-
based formulations in comparison with more traditional mix designs. By acting as catalysts, CAC can 
significantly reduce the consumption of some formulation ingredients with a higher environmental 
footprint, while delivering superior performance.  
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Abstract 
The ore-dressing tailing of bauxite (hereinafter referred to as tailing), one new kind waste of Chinese aluminum 
industry due to the application of ore-dressing-Bayer process and ore-dressing-sintering process in China, is rich in 
aluminosilicate minerals such as kaolinite and thus meets the requirement of starting materials for geopolymer 
preparation. Geopolymer, derived from various waste but with excellent performance, is considered as the low-CO2 
emissions cementitious materials. The inadequate long-term results, however, is a key barrier to its extensive 
application in practice, especially in construction. In this paper, the strength development of geopolymer synthesized 
from 70 % calcined tailing and 30 % slag and cured for 6 years is investigated. The geopolymerization products and 
microstructure evolution are also studied using XRD, SEM, TG-DSC and Mercury Intrusion Pore structure analysis 
(MIP). The results show that the strength of the long-term mortars dose not reduce but steadily increases from 50.0MPa 
at 28 days to 75.0MPa at 6 years. The hardened specimens become more compact with advancing ages because of the 
progressive geopolymerization, thus the lower porosity in aged geopolymer is accordingly observed in pore structure 
analysis. X-ray amorphous phase, geopolymerization gels, is both detected in the early-age and the long-term 
geopolymer, but calcite is presented in aged specimens, especially in 6-year paste, indicating that carbonation occurs 
and the studied geopolymer is vulnerable to carbonation in atmospheric environment. In spite of carbonation, the high 
stability of N-A-S-H gels that are the dominant products in this relative low-calcium system and the more and more 
compact matrix permit geopolymer mortar to possess the gradually increased strength. 
 
Originality 
The experiments related to the long-term geopolymer are so insufficient that the application of geopolymer in 
engineering is limited. This paper not only provides the results about the changes in strength, microstructure and 
products in the range from month to year but also confirms the inherent disadvantage of carbonation of geopolymer. 
The results may help geopolymer to be used in practice. 
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carbonation 
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1. Introduction 
The term geopolymer was applied to a class of solid materials synthesized by the reaction of an 
aluminosilicate powder with alkaline solution [1]. The related research involving preparation, 
geopolymerization, microstructure, performance and applications of geopolymer has attracted many 
investigators over the past several decades because of geopolymer’s low-energy requirements and 
low-CO2 emissions compared to traditional OPC [2]. Many previous works showed that geopolymer 
can provide such excellent performance as high early-age strength [3], chemical attack resistance [4] 
and thermal insulation [5], but the commercial uptake of the technology to date has been effectively 
non-existent [1]. The one of two barriers is the unanswerable questions relating to durability of 
concrete using geopolymer, considering the requirement for structural concretes to last for at least 
several decades, where data on such time scales are simply not available for a newly developed 
material [6]. 
A few results of the middle and long-term samples in laboratory, which are helpful to understand the 
service life of geopolymer, can be drawn from some literature. The metakaolin-based geopolymer 
paste continuously cured at 40 ºC and 95 % RH for 7 months showed a reduction of strength due to 
amorphous → crystalline transformation [7], indicating that the long curing duration under elevated 
temperature is not recommended to obtain a geopolymer with the increasing strength. A gain of 
strength was observed in geopolymer synthesized from fly ash and metakaolin and cured at a room of 
20-25 ºC with a relative humidity of 45-55 % for 9 months, however the deterioration of strength due 
to gradual precipitation and crystallization in aluminosilicate gels was detected in geopolymer 
containing salt contamination such as KCl and CaCl2 [8]. It was found that the incorporation of 20 % 
limestone powder in alkali-activated slag was seem to improve the compressive strength during the 
curing duration of 560 days at 40 ºC for 24 h and then at 25 ºC prior to testing [9]. Besides above 
results in air curing, some experiments carried out in solution also gave researchers useful information 
to understand the long-term performance of geopolymer. Although the excellent resistance to chemical 
attack of geopolymer has been accepted, the long-term acceleration results implied that degradation 
occurred when samples subjected to aggressive solution such as sulfate for 12 months or acid for 18 
months [10, 11]. After 2-year immersion in water, 15% Na2SO4, and Dead Sea water, the strength of 
pressed specimens made of grounded porcellanite and quartz sand decreased by 17.5-20 % [12]. 
According to the existing studies, the long-term performance, especially strength, is inconstant and 
susceptible to formulation and curing environment. 
The prolonged curing also causes the change in microstructure and phases. The silicate gel formed by 
gelation of the waterglass was partly consumed to form linear-chain Al-substituted C–S–H with long 
chains in alkali-activated slag at early age, but extra Al was substituted into the C–S–H and additional 
cross-linking probably occurs at 1 year [13].  The longer curing age, 3 years, not only led to form 
crystalline phases such as narcite, but also permitted to remove water formed during 
geopolymerization process and to increase of amorphicity degree [14]. These changes absolutely 
affect the long-term performance of geopolymer because the evolution of physical characteristics 
always depends on composition and structure. 
It is important that the laboratory experiment contributes to explore the service properties of 
geopolymer, but the dramatic difference in laboratory and service conditions results in the difficulty of 
directly using laboratory data to access the service life of geopolymer in real world.  Some attempts, 
hence, has been done to confirm the long-term performance under nature conditions. The negligible 
carbonation depth value (2 mm), the precipitation of Ca(OH)2 in the microcracks to aid the self-healing 
process and a highly dense interfacial transition zone were observed in 7-year alkali-activated slag 
concrete curing in open air at 19-38 ºC and 70-76 % RH, implying that the well-designed geopolymer 
has potential to retain good durability and stable microstructure with advancing age [15, 16]. An 
increase in strength of alkali-activated slag concrete manufactured in  Kiev, Ukraine, between 1964 
and 1982, was reported by Hua Xu, et al. [17]. It is believed that this good durability was attributed to 
the combination of a highly polymerized, relatively low-Ca, amorphous C-S-H outer product, with an 
inner product that undergoes continuing hydration via a cyclic process involving carbonate anions. 
The longer service data of geopolymer emphasized its good stability in nature environment. Concrete 



 

made with Purdocement, a commercial product invented by Arthur Oscar Purdo using slag, was quite 
vulnerable to carbonation, but the residual mechanical strength was still high after 60 years [18]. 
These previous studies in real word may be suitable to explain the long-term performance of alkali-
activated slag because three above cases are completely involved slag. If there are some changes in 
starting materials, the results should be corrected. In this work, the starting materials are multiple 
powders, including slag and calcined ore-dressing tailing of bauxite, which is different from that of the 
existing studies. Therefore, it is necessary to investigate the strength development, products change 
and microstructure evolution of aged specimens cured in open air.  
 
2. Experimental 
2.1. Raw Materials 
The ore-dressing tailing of bauxite (hereinafter referred to as tailing) was supplied by Zibo factory of 
Aluminum Corporation of China Limited in Shandong province, China. Its chemical compositions are 
collected in table 1 and mineral compositions are shown in figure 1. The further information related to 
this tailing can be available in Jiayuan Ye’s work [19]. 
The powder of slag with specific surface area of 405 m2/kg used to aid setting at ambient temperature 
was supplied by Shougang Group, Beijing, China. The chemical compositions of slag are also shown 
in table 1. 

Table 1 Chemical compositions of tailing and slag（%, in weight） 
 SiO2 Fe2O3 Al2O3 CaO MgO MnO TiO2 Na2Oeq. SO3 LOSS ∑ 

Tailing 32.24 8.67 37.39 3.15 0.85 - 2.31 0.85 - 13.74 99.20
Slag 33.54 1.17 12.52 37.93 9.29 0.57 0.95 - 2.51 1.25 99.73

Chemical compositions were determined using chemistry titration. LOSS is loss on ignition of tailing and slag, 
and was measured at 900 ºC to constant weight. Na2Oeq. is the equivalent content of Na2O and is calculated by 
Na2O+0.658K2O. 
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Figure 1 XRD patterns of original and calcined tailing 

In order to obtain high active powder, tailing was heated in a muffle furnace at 800 ºC for one hour. 
After heating, kaolinite changed into X-ray amorphous phase because of dehydration and disorder, 
which permits the calcined tailing to easily react with alkaline solution. Corundum, deriving from the 
diaspore, was detected in calcined tailing, while the other minerals such as anatase and muscovite in 
the tailing underwent no change. The calcined tailing was ground in a ball mill to a fineness of 10 % 
residue on a 45 μm sieve by weight. 
Sodium silicate solution was modified using solid sodium hydroxide to 1.80 of Ms (molar ratio of 
SiO2 to Na2O). The well-mixing solution with 45.77 % solid species was sealed using glass plates and 
was heated on an electric resistance heater until boiling, then the cooled solution was stored at 20 ºC in 
a room for minimum of 24 hours prior to use to allow equilibration. 
ISO quartz sand, the fine aggregates in mortars, was provided by China Building Materials Academy 
(CBMA). Its chemical and physical parameters such as particle size are consistent with ISO 679. 
2.2 Experimental procedures 



 

The blended powder, which was composed of 70 % calcined tailing and 30 % slag, was activated by 
20 % sodium silicate solution (by weight, but excluding water). After 4-minute mechanical mixing, 
mortar was molded into a mould with 40 × 40 ×160 mm and then vibrated for 2 minutes. After 24 
hours curing at 95 %±5 % RH and 20 ºC±1 ºC, mortar was demolded and was continually cured under 
the above conditions for 1 year. At the end of ambient and wet curing, mortar was shift from a 
humidity chamber to a base room and stored for additional 5 years.  The relative humidity varied 
between 40 % and 80 %, the temperature range is 18 ºC to 22 ºC because of a heater in winter and an 
air conditioner in summer.  
Paste with thickness of 1 cm, used for XRD, TG-DSC and SEM-EDS analysis, was prepared as the 
same mixture and curing procedure as that of mortar. 
The compressive and flexural strength, products and porosity were investigated. Three mortars were 
used for flexural strength testing and then six halves for compressive strength.  Strength was 
performed on a TYE-300D flexural and compressive strength testing machine (Wuxi Jianyi Instrument, 
China). Pore parameters of mortars were measured using a Micromeritics Autopore III 9420. The 
crushed paste was characterized by XRD, TG-DSC and SEM-EDS to understand changes in phases of 
aged geopolymer. XRD patterns were colleted on a Bruker AXS D8-Advance automated 
diffractometer with Cu-Kα radiation generated at 40 kV and 250 mA, from 5° to 70° at 4° (2θ) per 
minute and in steps of 0.02° (2θ). TG-DSC was examined using on a Netzsch STA 449F3 from room 
temperature to 1200 ºC at 20 ºC/min in nitrogen. Cross-section morphology for fresh fractured surface 
with no carbon or golden film of pastes was taken using a FEI QUANTA 250G in low vacuum mode 
of 70 Pa. The energy dispersive spectroscopy (EDS) was collected using an OXFORD X-MAX. 
 
3. Results and Discussion 
3.1. Strength development 
The strength development of mortar cured under ambient environment is shown in figure 2. It is found 
that both flexural and compressive strength gradually grow to greater than 10.0 MPa and 70.0 MPa 
respectively at 6 years. The strength increment with advancing curing duration absolutely confirms the 
stability in mechanical property of studied geopolymer. It is attributed to strengthen the confidence in 
durability and service life of geopolymer. 
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Figure 2 The development of strength of long-term mortars cured at normal temperature for 6 years 
The increased strength of aged geopolymer is likely to be a consequence of continuous hydration that 
causes the denser microstructure. The previous and limited studies agree with this speculation. They 
suggest that a compact and homogeneous matrix is available via the progressive reaction of slag 
particles in aged concrete activated by sodium silicate solution [16] or via a cyclic process involving 
carbonation anions in long-term concrete activated by carbonates or carbonate/hydroxide mixtures 
[17]. A cyclic process can be essentially referred to as secondary reaction between slag and carbonates, 



 

which is the same as that occurred at early age and thus is also the progressive reaction. Hence, the 
progressive reaction consequently leads strength of above both aged concrete to grow. In this work, 
the formulation is different from these existing studies, for example the combination of starting 
materials including calcined tailing and slag, but the increased strength follows the same law of the 
progressive reaction.  
The long-term strength of geopolymer is quietly scarce. There are only two cases reported by 
researchers. One is Ukrainian aged slag concrete that was manufactured using five different 
formulations [17]. The 7-year compressive strength of concrete 1 measured in 1971 increases by 15 
MPa compared to the design strength, the 18-year, 28-year and 30-year strength of concrete 5, 4 and 3 
measured in 2000 increases by 9 MPa, 10 MPa and more than 16 MPa, respectively.  The strength of 
concrete 2 employed for longer time, from 1965 to 2001, increases by 22 MPa. The other one is 
Belgian concrete cast in 1957 [18].  It is still accessible at the ground floor in factory Delle, 2015. The 
current compressive strength is approximate 50 N/mm2, which is a high mechanical strength. Above 
results show researchers the ultimate strength and are fairly important to evaluate the mechanical 
stability of geopolymer during an extended service life. In this work, the strength is traced during 6-
year curing, thus the resultant results not only show the ultimate strength but also the intermediate 
strength, which enriches the database of the long-term geopolymer and can reproduce the tendency of 
strength development. 
3.2. Phase changes 
Figure 3 shows the change in phases of geopolymer with advancing age. The scattering peak centered 
at 27 °(2θ) in paste is associated with the X-ray amorphous phase, geopolymerization gels. The sharp 
and visible peaks link to minerals such as corundum, muscovite, anatase and quartz derived from 
calcined tailing, indicating that these minerals are inert species and are resistant to alkali-activated 
reaction because they are still detected in 6-year specimens. In spite of the same X-ray characteristics 
of gels and inert minerals in the early and late age specimens, an additional crystalline phase, calcite, 
is visible in the long-term paste. The presence of calcite suggests that the studied geopolymer is 
vulnerable to carbonation. The more and more obvious Bragg peaks corresponding to calcite in paste 
with advancing ages arises from the more serious carbonation. 
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Figure 3 The comparison of XRD patterns of the long-term and early-age paste and calcined tailing 

The detailed phases of 6-year pastes can be available in figure 4. Compared to mineral compositions in 
the calcined tailing and the early-age paste, two new crystalline phases, calcite and natron, are 
observed. They are all a result of carbonation in atmospheric conditions, but they are sourced from 
different routes. Calcite is a product of the reaction with gels containing calcium and CO2, while 
natron is result from a process involving Na-rich pore solution and carbonate anions. Calcite is a 
common outcome of carbonation in cementitious materials. In this work, the presence of slag in 
blended powder mainly composed of SiO2 (32.6 %), Al2O3 (29.9 %), CaO (13.6 %) may cause the 



 

coexistence of C-S-H or C-A-S-H and N-A-S-H in hardened pastes. Thus it is possible to generate 
calcite when carbonation occurs. Natron is unusually presented in the carbonated specimens, but the 
high alkalinity in geopolymer makes pore solution be impregnated with alkali ions, which favors the 
formation of natron when water is lost via evaporation and consumption. Accordingly, natron seems to 
be easily presented in the aged geopolymer because of the mass loss of water. For example, natron is 
observed in the surface layer of 7-year concrete prepared using slag and sodium silicate solution [15]. 
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Figure 4 The XRD pattern of 6 years old geopolymer paste 

The information shown in figure 5, TG-DSC curves, again confirms that carbonation occurs in aged 
geopolymer due to a significant endothermic peak and a weight loss associated with the decomposition 
of calcite at approximate 700 ºC. The weight loss of calcite decomposition gradually increases from 
1.4 % for 2.5-year specimens to 2.0 % for 4 years and to 2.5 % for 6 years, indicating the deeper 
carbonation which is consistent with the observation of XRD analysis.  

0 200 400 600 800 1000
84

86

88

90

92

94

96

98

100

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

W
ei

gh
t l

os
s 

/ %

Temperature / ℃

 

922 ℃
900 ℃

914 ℃

680 ℃

702 ℃

710 ℃

 

 

6 years

2.5 years

4 years

28 days

Exo.

D
SC

/(
m

W
/m

g)

28 days

4 years

6 years

2.5 years

 
Figure 5 The TG-DSC curves of the long-term and early-age geopolymer paste 

Both the early-age and long-term pastes show the nearly same thermal characteristics below 600 ºC. It 
is well known that the gradual weight loss is entirely caused by loss of water, including evaporation, 
dehydration and dehydroxylation of geopolymerization products, when geopolymer is heated up to 
elevated temperature [20]. There is no difference in the type of gels, regardless of curing duration. 
Therefore, the behavior of weight loss in early-age geopolymer is similar to that of aged one. However, 
an exothermic peak linking with the formation of crystalline phase is solely observed in aged 
geopolymer. The decomposition of calcite in aged geopolymer provides the free CaO which can react 
with aluminosilicate gels to form feldspar-like product, such as gehlenite. 
General speaking, the carbonation of C-S-H gels or C-A-S-H gels always causes a destruction of gels 
due to the loss of calcium [21, 22], thus a deterioration of strength may accordingly occur arising from 
microcracks. According to above comments, geopolymer, especially high calcium system, seems to 
have a greater risk of carbonation via decalcification of C–S–H or C-A-S-H [15]. However, some 



 

previous studies show that the extent of carbonation in alkali-activated materials is acceptable. The 
annual rate of carbonation in slag concrete activated by sodium silicate solution is only1 mm [6]. The 
maximum depth of carbonation in aged alkali-activated slag concrete serviced for more than 18 years 
is not greater than 8 mm [17]. A gain of strength and the increment of 20.0 MPa are observed due to 
the progressive geopolymerization in alkali-activated slag exposed to sodium carbonate solution for 12 
months [23]. In this work, besides the reason of the progressive geopolymerization for the increasing 
strength in aged geopolymer, another two reasons are as follows: the occurrence of cross-linked gels 
(N-A-S-H) and pre-curing in a humidity chamber for 1 year before exposure to open air. The blended 
powder composed of aluminum- and silicon- rich calcined tailing and slag provides tow type gels, one 
of which is N-A-S-H, and the other of which is C-(A)-S-H. The structure of former is not altered under 
carbonation in spite of part remove of sodium ions, therefore gels still possess bonding capacity [24].  
1 year pre-curing in humidity environment with 95 % RH in which carbonation is difficult to occur 
permits geopolymer to well mature, the compact matrix may weaken the harmfulness of carbonation 
in late curing in open air.  
3.3. Pore structure 
The progressive geopolymerization in continuing curing specimens certainly affects the evolution of 
pore structure. The changes in porosity and pore size distribution can be seen from figure 6 and 7.  
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Figure 6 The cumulative pore volume of the early-age 

and long-term geopolymer paste 
Figure 7 The pore size distribution of the long-term 

and early-age geopolymer paste 
The onset of uplift in curve of cumulative pore volume for 28-day specimens is about 3 μm, which 
correlates with the presence of large pores with dimension of micrometer. Then the curve climbs 
gently until the higher pressure at which mercury can be intruded into the smaller pores is reached, 
indicating that the dispersive rather than concentrative distribution of macropores is available. After 
the gent rise, the curve sharply climbs from 50 nm to 6 nm as a consequence of the great amount of 
micropores at nanometer scale.  
Compared to the curve of cumulative pore volume of early-age specimens, the characteristics of that 
are observed differently in the long-term geopolymer. The onset of uplift shifts from micrometer to 
nanometer due to the disappearance of several macropores. The ultimate volume of mercury intrusion, 
e.g. pore volume or porosity, becomes small linking with the denser matrix.  
The non-stop geopolymerization doubtlessly causes the above difference in the curve of cumulative 
pore volume between the early-age and the long-term specimens. The larger amount of gels is 
obtained with advancing duration, pores and cracks are accordingly filled and a small porosity is 
identified. Therefore, the rightward shift of the onset of uplift and the shorter curve are observed. The 
more gels also introduce the more capillary pores and gels pores into geopolymer, which results in a 
persistent and rising curve at nanometer less than 10 nm. 
Carbonation is also considered as a key factor that is able to alter pore structure. The change in pore 
structure depends on two opposing effect: The occurrence of microcracks due to shrinkage arising 
from decalcification in calcium-rich gels, resulting in an increase in porosity [15]; While the 
precipitation of calcite in pores and cracks, resulting a reduction in porosity [25]. On balance, the 
precipitation of calcite has a more dominant effect than microstructure, therefore the smaller porosity 
is observed in carbonated specimens [25]. In this work, the formation of calcite infers that carbonation 



 

occurs. Carbonation, coupling with persistent geopolymerization, collectively leads porosity to 
decrease. 
The detail of pore size distribution shown in figure 7 confirms above comments on the change in pore 
structure. Some visible distributions located at macrometer and hundreds of nanometers suggest that 
the large pores are presented in 28-day specimens. However, these characteristics associated with 
large pores disappear and distribution centers at 10 nm in aged geopolymer, which results from the 
newly generated gels and their filling effect. 
3.4. Morphology observation 
SEM images of pastes cured for different ages are shown in Figure 8. Specimens seem to have the 
similar morphology with porous gels, but the large pores with the dimension of several micrometer are 
more visible in the early-age geopolymer than that in the long-term geopolymer. It is believed that the 
progressive reaction makes pores incessantly fill with gels as mentioned in pore structure analysis, 
hence the large pores somewhat disappear with advancing ages. Another difference in morphology, 
the more pores smaller than 1 μm in the long-term specimens, is detected as shown in figure 8 (a) and 
(c). It is a result of connection of gels to form capillary pores.  

  
(a) 6 years                                                           (b) 4 years 

  
(c) 2.5 years                                                      (d) 28 years 

Figure 8 The ESEM images of the long-term and early-age geopolymer paste 
The porous cross-section is a typical morphology of geopolymer. In this work, carbonation is observed 
in aged geopolymer, is there any influence on this typical morphology? Despite extensive efforts the 
microcrack zone arising from carbonation of high-calcium gels such as C-S-H and C-A-S-H is not 
found. The images of surface layer are similar to that of cores of aged geopolymer. The reason for that 
is the low-calcium formulation in this work. The mole ratio of Ca:Si:Al is 1:2.5:2.7, which is a relative 
low-calcium geopolymer, therefore the product is a coexisting system composed of C-S-H or C-A-S-H 
and N-A-S-H in studied geopolymer. Some literature provides a proof that it is possible to form 
multiple phases in hardened geopolymer. Geopolymer synthesized from 15 % OPC and 85 % high-
calcium fly ash with Ca:Si:Al ratio of 1:1.2:0.6 are assumed that the increased strength is attributed to 
the formation of additional C-S-H and C-A-S-H gels [26]. Two types of geopolymer solely made of 
high-calcium fly ash, which has Ca:Si:Al of 1:1.1:0.6 and 1:1.2:0.6 respectively, are also identified 



 

that calcium silicate hydrate and/or calcium aluminate hydrate  and sodium aluminosilicate hydrate are 
collectively formed during hydration [27, 28]. The same products, the coexisting C-A-S-H and N-A-S-
H gels, are found in the blended slag-fly ash binders with Ca:Si:Al of 1:2.1:1.0 as well [29]. The 
decalcification of the C-S-H or C-A-S-H type gels as a consequence of the chemical reaction with 
atmospheric CO2 is usually able to induce microcracking in pastes [21], but these gels are not 
dominant products in studied geopolymer because of the aluminosilicate system with extremely low 
calcium. Instead, N-A-S-H type gels which are resistant to carbonation and thus have an unaltered 
structure [24], are decisive phases, which leads carbonation zone to be not observed in ESEM images.  
However, calcite does exist in aged geopolymer. Where is it? Figure 9 emphasizes that calcite is 
observed in a hole more than 200 μm. The high content of calcium, 17.0 % in area A and 18.7 % in 
area B of EDS as shown in table 2, and the almost absence of silicon, aluminum and sodium confirm 
that the crystalline phase is calcite. Calcite seems to prefer to be formed in large holes that are air 
vents as no calcite is found in small vents and pores. The large vents are fully filled with solution at 
early age, but they will dry up due to evaporation and bonding in gels, calcite accordingly precipitates 
in aged geopolymer as a result of the chemical reaction between pore solution and atmospheric CO2. 

  

Figure 9 The crystalline phase in the large pore of 6 years old geopolymer paste 
Table 2The EDS result of area A and area B in figure 9 

Elements / % 
Area  

C O Na Mg Al Si K Ca Fe 
A 11.5 64.9 1.4 0.4 2.1 2.4 0.1 17.0 0.2 
B 16.0 62.1 0.6 0.5 0.9 1.0 / 18.7 0.1 

 
4. Conclusions 
(1) The prolonged curing geopolymer synthesized from 70 % calcined tailing and 30 % slag and 
activated by sodium silicate solution shows the gradually increasing strength during 6-year curing. The 
reasons for this gain are the progressive geopolymerization and the denser matrix with advancing ages. 
(2) The observation, such as the lower porosity and the compacter microstructure, in pore structure 
and morphology analysis of aged geopolymer is a consequence of the progressive geopolymerization. 
(3) X-ray amorphous phase, geopolymerization gels, is both detected in the early-age and the long-
term geopolymer, indicating the long-term stability of gels. However, calcite is presented in aged 
specimens, especially in 6-year paste, which infers that the studied geopolymer is vulnerable to 
carbonation in atmospheric environment. 
(4) Although SEM with EDS confirms the presence of calcite that precipitates in the large hole, the 
carbonation zone with microcracks is not found as the predominant products in relative low-calcium 
geopolymer are N-A-S-H type gels which are able to keep cross-linking structure from deterioration in 
carbonation process.  
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Abstract 
The potential application for fire resistance requires the foam geopolymers being in no-cracking state and good 
thermostability during heat exposure. Fly ash based foam geopolymers reinforced with polyacrylonitrile (PAN) fiber 
were synthesized in this study, aiming to achieve its brittleness modification and evaluate the thermal evolution of 
geopolymer matrix with the incorporated fibers at different calcination temperatures. The results showed that the 
incorporated PAN fiber (0.1 wt. %) could significantly improve the mechanical strengths and slightly lower the bulk 
density. High temperatures (>600 oC) exposure have been shown to lead to significant increase in mechanical strengths, 
which has been evidenced that was mainly due to the fusion of geopolymer gel and crystals’ formation. In addition, 
during high temperatures exposure, the SEM investigation indicated complex thermal evolution reaction between 
geopolymer gels and PAN fibers. The buried PAN fibers could still be observed after 800 oC calcination, revealing that 
the geopolymer matrix provided a protective barrier against the degradation of the fibers. 
 
Originality 
Fly ash is well known to be one of the largest industrial wastes around the world, and its recycling utilization for the 
synthesis of sustainable materials has attracted worldwide attentions. Due to the inorganic attribute and its specific 
generating process, fly ash has been widely regarded as an promising material for the manufacturing of fire proofing 
materials. Fly ash based geopolymers were synthesized for the investigation of its potencial application in fire proofing 
field. However, like most inorganic non-metal materials, fly ash based geopolymers usually exibit low flexural 
toughness and easy cracking properties. This paper aims to achieve the fracture toughness improvement and investigate 
the morphology changes and phase changes during heat exposures. Therefore, the orginality of this paper could be 
conclueded as follows: 
(1) Fly ash based foam geopolymers reinfored with 0.1 wt.% PAN fibers show significant improvement in flexural 

modulus; 
(2) The geopolymers matrix was demonstrated to provide PAN fibers with an efficient barrier aginst high 

temperatures; 
(3) This study initially demonstrated the N-A-S-H gels was stable in below 600 oC evironment, and mainly amorphous 

phases transfered to crystals after higher temperatures (>800 oC) exposure. 

Keywords: foam geopolymer; fly ash; polyacrylonitrile fiber; thermal evolution; phase change 
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1. Introduction 
Geopolymers are a class of inorganic polymer binder materials with Si-O-Si and Si-O-Al bonds in a highly 
cross linked X-ray amorphous network (Davidovits J., 1991; Provis J. L. et al., 2007). Due to its special 
inorganic attributes and unique fundamental structure, the materials have shown excellent thermal stability, 
relative high strength, low shrinkage, and excellent fire resistance (Davidovits J., 1991; Papakonstantinou C. 
G. et al., 2001; Rees C. A. et al., 2008). In addition, the geopolymers are usually obtained by the reaction of 
aluminosilicate source (mainly fly ash, metakaolin, slag, etc.) with high alkaline activator, and cured with 
mild temperature (50~80 oC) and normal pressure (Komnitsas K. et al., 2007; Rattanasak U. et al., 2009). 
The manufacturing process awards the geopolymers with low cost, easy processing, and environmental 
friendly properties (Komnitsas K. et al., 2007; McLellan B. C. et al., 2011; Rattanasak U. et al., 2009). It has 
been reported that geopolymers can generally perform 80% or greater reduction in CO2 footprint and 60% 
less energy consumption when compared with the manufacturing of ordinary Portland cement (OPC) 
(Komnitsas K. et al., 2007; McLellan B. C. et al., 2011). Therefore, out of the consideration of 
environmental protection and energy crisis, geopolymers have been widely regarded as “green concrete” and 
been considered to have a significant potential to replace or partly replace traditional OPC (Duxson P. et al., 
2007b). 
However, despite the numerous excellent properties that the geopolymers have shown, they are still limited 
in the applications for structural constructions, mainly due to the consideration of safety and durability of the 
materials. Instead, geopolymers are prevailing to be used as non-bearing functional materials, which are 
mainly used for thermal insulation (Hung T. C. et al., 2014; Kamseu E. et al., 2011), sound absorbing (Hung 
T. C. et al., 2014; Li R. et al., 2015), sewage treatment (Al-Zboon K. et al., 2011; Zhang Y. et al., 2013), and 
heavy metals immobilization (Cheng T. W. et al., 2012; Komnitsas K. et al., 2013), etc. Foam geopolymer is 
an innovation on geopolymers in recent years, they are usually obtained by the introduction of air bubbles 
into fresh geopolymer paste prior gelcasting. Due to the easy processing and uniformity of introduced pores, 
chemically foaming method (alumina powder and hydrogen peroxide as the main foaming agents) have 
attracted growing amounts of attentions (Masi G. et al., 2014a). Comparing the foam geopolymer composites 
with the dense type, the former possesses lower density (mainly in the range of 300~800 Kg/m3) (Hlaváček P. 
et al., 2015; Sanjayan J. G. et al., 2015; Yang K. H. et al., 2014) and consumes far less raw materials, which 
can not only reduce the manufacturing cost significantly, but make the materials more safe and 
environmental friendly. In addition, the highly developed internal foam structure awards the foam 
geopolymers with excellent thermal insulation property (the thermal conductivity can be as low as 0.03 
W/(m•K) (Vaou V. et al., 2010).  
Consequently, foam geopolymers have been widely regarded as the best alternatives to be used as thermal 
insulating materials or fire resistence materials. However, like most inorganic materials, the foam 
geopolymers also behave brittleness failure and low flexural strength, limiting its use in heat insulation. The 
introduction of fibers in geopolymer matrix can prevent catastrophic brittle failure, and equip the 
geopolymer composites with amazing high ductile properties (Lee B. Y. et al., 2012; Nematollahi B. et al., 
2015; Ohno M. et al., 2014). Even so, the study in terms of fiber reinforced foam geopolymers is very few. 
To the authors’ knowledge, only four articles (Chen S. et al., 2013; Luo X. et al., 2014; Masi G. et al., 2014b; 
Rickard W. D. A. et al., 2013) available were on that by far, but they all failed to investigate the heat 
evolution process of geopolymer matrix combined with the reinforced fibers. Additionally, the potential 
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application in heat insulation of foam geopolymers also needs the materials to be in good thermal stability. 
Polyacrylonitrile (PAN) fiber is one kind of popular engineering reinforced materials, mainly due to its 
low-cost, outstanding modulus of elastic, excellent alkaline and acid resistance, etc. (Hearle J. W. S. et al., 
2008). Most of important, the PAN fiber possesses higher temperature resistance than the other ordinary 
fibers, such as polyester fibers and polypropylene fibers (Hearle J. W. S. et al., 2008). 
Therefore, out of the consideration of brittleness failure and thermal behaviour of foam geopolymers, 
multidirectional PAN fiber reinforced foam geopolymer composites are fabricated in this study. The primary 
focus of this study is to achieve the brittleness modification of foam geopolymer, and evaluate the heat 
evolution process of both geopolymer matrix and the incorporated fibers, which has not been yet reported 
before. Sample composition characterizations were performed by thermo gravimetric-differential thermal 
analysis (TG-DTA) and X-ray diffraction (XRD). The scanning electron microscopy (SEM) was employed 
to analyze the microstructures of geopolymers with different fiber contents or fiber length. Compressive 
strength and flexural strength were also tested and analyzed. 
2. Experimental 
2.1 Materials 
The aluminosilicate source used in this study was circulating fluidized bed combustion fly ash (CFA) from 
China Coal Group Corp. (Shuozhou, China). The CFA was ground in a laboratory ball mill and separated 
prior the geopolymer synthesis. The CFA particles (Liu Z. et al., 2014), was irregular in shape, and unlike 
the high reactive fly ashes (Guo X. et al., 2010a; Zhao Y. et al., 2010), little spherical vitreous particles exist 
in this kind of CFA, and that is the reason of the low pozzolanic activity of CFA. In addition, the CFA 
particles were mainly 5-50 μm in size. The chemical composition of the CFA was determined by X-ray 
fluorescence spectrometer (XRF, PANalytical, Netherlands) and the result is shown in Table 1. Sodium 
silicate solution (8.9 wt. % Na2O, 27.8 wt.% SiO2, 63.3 wt.% H2O ) and sodium hydroxide(A.R. 96% pure) 
were employed as the activator for the geopolymer synthesis. Industrial hydrogen peroxide with 27 % 
concentration was supplied by Pengcai Fine Chemical Engineering Ltd. Co., Langfang, China. The PAN 
fiber used in this study was supplied by Bosaite Constructional Engineering Material Ltd. Co., Changsha, 
China, and its typical properties was summarized in Table 2. 

Tab. 1 Chemical composition of CFA by XRF 
  SiO2 Al2O3 CaO Fe2O3 MgO TiO2 Na2O SO3 P2O5 K2O LOI 

Percentage/% 41.98 34.20 10.98 2.84 1.44 1.37 0.09 6.07 0.34 0.31 5.60 
LOI: loss on ignition at temperature of 960 oC. 

 
Table 2 Typical properties of PAN fiber 

Density 
/g/cm3 

Diameter 
/µm 

Modulus of elastic 
/GPa 

Tensile strength 
/MPa 

Elongation at break 
/% 

1.18 12~20 15~19 700~1000 > 15 
2.2 Experimental design and sample preparations 
All samples were made from CFA. Alkaline activator (AA) used in this study was the combination of 
sodium silicate solution (74.0 wt. %), sodium hydroxide pellets (10.8 wt. %) and deionized water (15.2 
wt. %), which is according to our previous study (Liu Z. et al., 2014a). Additionally, the AA was prepared 24 
hours before using them to make the geopolymer. For all samples, the mass ratio of AA to CFA was 1.3, the 
dosage of foaming agent (H2O2 solution) and foam stabilizer (the mixed solution of 1.0 wt% sodium dodecyl 
benzene sulfonate, 0.8 wt% triethanolamine and 98.2 wt% deionized water) was 6.67% and 1.67% (by 
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weight of CFA), respectively. For the slurry to gain high flowability, extra deionized water (20g in this study) 
was added for each batch of geopolymer matrix. The fiber dosage and length were the two variables 
conducted to be investigated. Details of experimental mixture design were shown in Table 3.  
Before the mix of CFA with AA, PAN fiber with single length was first dispersed into dry CFA in an 
ordinary cement paste mixer, and stirred on low speed for 60s to make the fiber be more homogeneously 
dispersed in the CFA. Then AA solution, foam stabilizer and extra distilled water was added in with the 
mixer working on low speed, and then stirred on high speed for 10 min. After that, foaming agent was then 
added and stirred for another 30s to make the slurry homogeneously. Then, the fresh paste was cast into 
triple prismatic molds (40×40×160 mm3) covered with polyethylene films. At last, the cuboid molds was 
transfered into a standard curing box and cured at 60 oC, 95% RH for 24 hrs. After thermal curing process, 
the geopolymer pastes have gain enough strength for demoulding, and then the geopolymer samples were 
exposed in the room environment for 28 days. After 28 days ambient environment curing, the optimal batch 
of geopolymers were chosen for heat treatments (200, 400, 600, 800, 1000 oC, respectively) using electronic 
resistence furnaces. After heat exposure, further test and charaterization would be done. 
The density of the samples after 28 days was measured by the simple method of dividing the mass by the 
volume. All the reported density results are the average of measurements from 3 samples. The microstructure 
of the samples was determined using a scanning electron microscope (Zeiss evo18, Germany). Moreover, 
XRD patterns were recorded by an X’TRA high-performance powder X-ray diffractometer (Smartlab 9000, 
Japan) with Cu Kα radiation generated at 40 mA and 40 kV. Thermo gravimetric analysis (TGA, LECO 
TGA701 instrument, America) was carried out in an atmosphere of flowing air in alumina crucibles over a 
temperature range from 30 to 1000 oC. Compressive strength and flexural strength tests were performed 
immediately after the curing of 28 d had finished, using a CS200 universal strength testing apparatus (50 KN 
capacity, Ningbo Weiheng, China). Heat treatment was carried out using a box-type electronic resistence 
furnace (1200 oC capacity, Shandong Longkou, China), and 60 min was kept at each objective temperature. 

Table 3 Experimental mixture design of PAN fiber reinforced geopolymer composites 

Samples a CFA/g PAN fiber W/C b Length/mm Dosage / wt.% 
Blank 300 —— 0 0.86 

S-L6-D1 300 6 0.1 0.86 
S-L6-D4 300 6 0.4 0.86 
S-L6-D7 300 6 0.7 0.86 
S-L9-D1 300 9 0.1 0.86 
S-L9-D4 300 9 0.4 0.86 
S-L9-D7 300 9 0.7 0.86 

S-L12-D1 300 12 0.1 0.86 
S-L12-D4 300 12 0.4 0.86 
S-L12-D7 300 12 0.7 0.86 
S-L19-D1 300 19 0.1 0.86 
S-L19-D4 300 19 0.4 0.86 
S-L19-D7 300 19 0.7 0.86 

a. In the samples codes: S is sample; L and the following number is the length of PAN fiber; D and the following 
number is the dosage of PAN fiber by weight of CFA. 
b. W/C is the mass ratio of water to CFA, water here is the total water in sodium silicate, hydrogen peroxide and foam 
stabilizer, and plus the extra water added in matrix. 

3. Results and discussion 
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3.1 Density and test strength without exposing to elevated temperatures 
Density results for PAN fiber reinforced foam geopolymer composites (FRFGC), as well as control samples 
were shown in Fig. 1. From an overall perspective, the density of all the prepared samples fall in the range of 
395-422 Kg/m3, which was far less than that of ordinary lightweight concrete. Except the 19 mm fiber, all 
the other FRFGC behaved similar density variation trends: as the fiber dosage increased, the density firstly 
declined to the minimum point and then climb up, 0.1 wt. % fiber dosage corresponding to the minimum 
density. In terms of 19 mm fiber reinforced geopolymer composites, the density values increased with the 
increasing of fiber contents. 

 
Fig. 1 Density of FRFGC versus fiber dosage and fiber length without heat treatment 

  
Fig. 2 Flexural and compressive strength of PAN- FRFGC without heat treatment 

Fig. 2 has shown the tested flexural and compressive strength results of FRFGC. It is obviously indicated 
that, except the 19 mm fiber, the flexural and compressive strength of all FRFGC showed a similar “N” 
shape change tendency: as the fiber content increased, the test strength firstly raised to the maximum spot, 
then declined to the minimum level, and then climbed up. In addition, the maximum and minimum values of 
both the flexural and compressive strength occurred at the fiber dosage of 0.1 wt. % and 0.4 wt. %, 
respectively. In terms of PAN fiber of 19 mm in length, the flexural and compressive strength of FRG 
basically decreased with the increasement of fiber dosage (see Fig. 2).  
Obviously, the test strength results of fiber reinforced foamed geopolymer (FRFGs) are quite different with 
those of fiber reinforced non-foamed ones. For fiber reinforced compacted geopolymer composites (FRCGs), 
the flexural strength and compressive strength usually show one single peak curve or monotonic increasing 
results as the fiber content increased (Alomayri T. et al., 2013; Alomayri T. et al., 2014; Zhang Z. H. et al., 
2009). Additionally, the maximum strength of FRCGs usually occurs at the fiber dosage value which is far 
higher than 0.1 wt. % of FRFGs in this study. Zhang et al. (Zhang Z. H. et al., 2009) demonstrated 0.5 wt. % 
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was the optimal fiber dosage for polypropylene-FRCGs, whereas the optimal value was 2.1 wt. % for cotton 
fabric reinforced geopolymers in Alomayri’s study (Alomayri T. et al., 2013). For foamed geopolymer 
composites, the inherent effective junction area among matrix is far less than that of compacted ones. 
Therefore, when reinforced PAN fibers were dispersed in foamed geopolymer matrix, two competitive 
effects may be introduced and play important roles in the mechanical behaviour. Firstly, PAN fibers in foam 
geopolymer matrix may deduce the effective junction area among geopolymer matrix and do some damage 
to the interior foam structures, which will lead to the decrease of test strength; secondly, the fibers embedded 
in geopolymer matrix could award the geopolymer with some strength gain by the “fiber-bridging 
mechanism” (Alhuthali A. et al., 2012), because of the better adhesion between fibers and the geopolymer 
paste. In this study, when PAN fiber dosage is 0.1 wt. %, the little amount of fibers was not enough to bring 
considerable damages to the interior structures, and embedded fibers may awarded the geopolymer some 
strength gain by the fiber-bridging mechanism. However, as PAN fiber content increased to 0.4 wt. %, the 
geopolymer structure damaging effect caused by the incorporated fibers played the leading role, leading to 
the reduction of test strength. Further addition of fiber lead to the intertwining of fibers, which may improve 
the strength in some extent.  
3.2 Density and test strength results after exposing to elevated temperatures 
Without exposing to elevated temperatures, the density results and both the flexural strength and 
compressive strength results demonstrated the sample PAN-L9-D1 the optimal one (with lowest density and 
highest strength). Therefore, the samples of PAN-L9-D1 batch were chosen for heat treatment and thermal 
analysis. Geopolymer sample without heat treatment was donated as S-W, and the samples suffering 200, 
400, 600, 800, and 1000 oC treatment were donated as S-200, S-400, S-600, S-800, and S-1000, respectively.  

 
Fig. 3 Density results of geopolymer composites without and after heat treatment 

The density results of blank control and the optimal reinforced geopolymer composites without and after 
heat treatment are detailed shown in Fig. 3. It is obvious that, as the roasting temperature increased, the 
density of fiber reinforced geopolymer composites and unreinforced pure geopolymer behaved the same 
variation tendency: firstly showed a weak decline and then monotonically increased, minimum density value 
occurred at the temperature of 200 oC. The density decline from S-W to S-200 was caused by the loss of 
internal free moisture in FRG. When the roast temperature rise to 400 oC, basically no increase was observed 
when compared with S-200. However, beyond 400 oC, the density behaved a rapid increase, especially from 
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800 to 1000 oC. The thermal shrinkage plays the lead role in the rapid increase of FRFGC’ density, and 
further evidences are provided in the thermal analysis and SEM investigations. 

 
Fig. 4 Flexural and compressive strength results without and after heat treatment 

Fig. 4 has shown the flexural strength and compressive strength results of the optimal batch sample after heat 
treatment, along with the strength value of unroasted S-W. Obviously, as the roast temperature increased, 
both the flexural strength and compressive strength firstly declined and then rose to a high level, which was 
quite in agreement with that of density result after heat treatment. From 200 to 400 oC, there basically no 
strength gain was observed. However, beyond 400 oC, rapid increase occurred on both flexural and 
compressive strength. According to Fig. 4, the minimum flexural strength and compressive strength are 0.7 
MPa and 1.97 MPa respectively, both corresponding to the sample S-200. However, the maximum values 
correspond to the S-1000, around 1.43 MPa and 3.5 MPa respectively. 
3.3 Thermal analysis 

 
Fig. 5 Measurement diagram for thermal shrinkage 
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Fig. 6 Thermal properties of: (a) weight changes of blank control, reinforced PAN-L9-D1 sample, and PAN fiber; 
(b) shrinkage rates in terms of X, Y direction and volume. 
The thermal properties of thermogram and thermal shrinkage have been detailed shown in Fig. 6, which were 
carried out to evaluate the thermal stability of the reinforced geopolymer composites, and the measurement 
diagram for thermal shrinkage have been shown in Fig. 5. As shown in Fig. 6a, the PAN fiber shows no 
weight loss until up to around 290 oC. In range of 290 to 600 oC, about 6 % weigh loss occurred, which was 
caused by the oxidization and slight decomposition of PAN fiber (Rahaman M. S. A. et al., 2007) in the 
atmosphere of flowing air. The sharp decrease in range of 600 to 800 oC may be caused by the burning of the 
fiber. In terms of geopolymer composites, the thermograms of both blank sample and FRG show severe 
weight loss (about 12 %) from 30 to 200 oC due to the dehydration of free water (Alomayri T. et al., 2013), 
indicating that bulk free water still existed after 28 days air dying. Above 300 oC, the weight loss was mainly 
due to the dehydroxylation of chemically bounded water (Alomayri T. et al., 2013; Duxson P. et al., 2007a). 
However, by the comparation between blank and FRG sample, slightly quicker weight loss occurred on FRG 
from about 330 oC to 700 oC, which may be attributed to the decomposition of PAN fibers. 
The thermal shrinkage investigation of FRG sample PAN-L9-D1 was carried out on X and Y directions (as 
shown in Fig. 5) and holistic volume change. As shown in Fig. 6b, as the calcination temperature increases, 
the shrinkage curves on X direction was similar with that of Y direction, it is merely that the shrinkage rate 
of the former was slightly greater than the latter. Additionally, both the X and Y dimensions changed mildly 
until exceeding 400 oC. Above 400 oC, great thermal shrinkages occurred, especially in the range of 600 to 
800 oC. The maximum shrinkage rates for dimensions and volume were around 15 % and 37 %, respectively. 
The combination of thermograms and thermal shrinkage curves would be good method for the analysis of 
density results of FRFGC. As shown in Fig. 6, the weight loss mainly occurred below 600 oC, and beyond 
that, basically no weight loss occurred. However, the volume of FRG behaved monotonically decreasing 
with the increasement of temperature. Therefore, the FRG density behaved remarkable increase beyond 600 
oC (see Fig. 3). Below 600 oC, the density only shows mild change as both the mass and volume decreased. 
3.4 Phase characterization 

  
Fig. 7 XRD patterns of: (a) raw CFA, S-W, and blank control without heat treatment; (b) optimal FRG without and 

after heat treatment. 
XRD patterns for CFA, pure geopolymer control, and the optimal FRG without and after heat exposing are 
detailed shown in Fig. 7.  Before exposed to elavated temperatures, as shown in Fig. 7a,  raw CFA and 
geopolymer composites (S-W and Blank) displayed mainly amorphous XRD charateristics, several sharp 
peaks observed in S-W and Blank were identified as α-quartz, hematite, etc., which were introduced by CFA. 
The broad “hump” in the XRD spectrum of geopolymers in the range of 20~40o of 2θ demonstrated the 



 

9 

 

geopolymer gel’s exist (Duxson P. et al., 2007a; Garcia-Lodeiro I. et al., 2011), and the reduced crystal 
intensity in geopolymers demonstrated the amorphous level was further improved after geopolymerization 
when compared with that of CFA. In addition, the comparision between the XRD patterns of CFA and 
geopolymer indicated anhydrite in CFA could be consumed during the geopolymerization, and the enhanced 
intensity around 29.5o (2θ) in geopolymer demonstrated the severe carbonation occurred, which was caused 
by the the reaction between CO2 and calcium hydroxide (or calcium silicate) (Guo X. et al., 2010b; Olajire A. 
A. et al., 2013). However, in views of Ul Haq et al., carbonation in alkaline activated geopolymer systems 
contributes to the enhancement of mechanical properties of geopolymers (Haq E. U. et al., 2014).  
For the geopolymer composites exposed to the elevated temperatures, as shown in Fig. 7b, great phase 
changes have taken place, especially beyond 600 oC. For the composites being heated from 200 to 600 oC, 
little changes were observed, indicating the FRFGC were chemically stable below 600 oC. It is merely that 
the intensity around 29.5o of 2θ disapeared when the composites being heated at 600 oC, which indicated the 
transformation of calcite. For the FRFGC heated at 800 oC, some crystals, such as nepheline (PDF# 79-0991), 
yoshiokaite (PDF# 46-1336), etc., appeared. When heat treatment temperature were further increaced to 
1000 oC, nepheline became the main phase of geopolymer, and lazurite (PDF# 77-1703), sodalite (PDF# 
70-5029), and little unnamed zeolite (PDF# 42-0217) were also observed. Additionally, beyond 800 oC, the 
broad “hump” between 20 to 40o (2θ) gradully disapeared, indicating the amorphous geopolymer gel’s 
fusion and transformation at high temperatures, and the results was quite in aggrement with the study of Ye 
et al. (Ye J. et al., 2014). And simutaneously, more thermostable and stiffer crystals formed, which gave a 
proper explaination of significant strength gain after high temperature treatment (see Fig. 4). Therefore, apart 
from the defect of severe thermal shrinkage (as shown in Fig. 6b), heat treatment helped to significantly 
improve the mechanical properties of the foam geopolymer materials, which have shown another advanced 
attribute with the spalling behaviour during heat exposure of cement based materials (Kodur V. K. R. et al., 
2000).  
3.5 Microstructure evolution at elevated temperatures 
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Fig. 8 SEM of geopolymer microstructures exposed to elevated temperatures. 

The fracture surface conditions of geopolymer composites after exposing to different temperatures are shown 
in Fig. 8. Below 600 oC, both the sample S-200 and S-400 (as shown in Fig. 8a and 8b) shows smooth 
surfaces, without remarkable changes observed. However, when the calcination temperature is up to 600 oC, 
the geopolymer surface became slight coarser than that of lower temperature calcined samples, which 
indicates that the heterogeneous geopolymer system begin to fuse and participate in chemical reactions. As 
the calcination temperature reach to 800 oC, geopolymer gel’s fusion and phase transformation (see Fig. 7b) 
led to the extreme coarse surfaces. For the sample after 1000 oC treatment, as shown in Fig. 8e, the surface 
became dense and smooth instead. What’s more, the pore structures became smaller and shallower than that 
of other samples exposed to lower temperatures. The microstructural changes after different temperatures 
exposure could reflect and support the density and mechanical properties changes (as shown in Fig. 3 and 
Fig. 4). 
In terms of the incorporated PAN fibers, according to their distribution morphologies, they could be 
classified into bare fiber part and buried fiber part. As shown in Fig. 8a-e, the fibers in bare state could only 
be observed in S-200 and S-400 samples, demonstrating that the PAN fibers is thermostable in below 400 oC 
air condition, which is in agreement with TG result (Fig. 6a). However, for the fiber parts buried in 
geopolymer matrix, they could still be observed in S-800 sample (see Fig. 8d) coated with geopolymer 
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reaction layer, though the TG result have demonstrated that the PAN fibers would decompose completely in 
800 oC air. Therefore, the existence of buried PAN fibers in S-800 samples revealed that the geopolymer 
matrix provided a good protective barrier from the degradation of the PAN fibers during high temperature 
treatment. Additionally, the residual holes (see Fig. 8a and 8c), which was occupied by the fibers before 
fracture behaviour, and the bare fibers appeared on the surface of geopolymers, demonstrates the pull-out 
mechanism (Alhuthali A. et al., 2012; Lin T. et al., 2008) during the breakage of the sample.  
3.6 Particle evolution at elevated temperatures 
For more comprehensive and deep understanding of the effect of elevated temperatures on the properties of 
geopolymer composites, different temperatures treated samples were finely grounded and separated in the 
alcohol, as well as the raw CFA and the sample without heat treatment. 
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Fig. 9 SEM of geopolymer particles after different temperatures treatments. 

Fig. 9 shows morphologies of geopolymer particles after different temperatures treatments. As shown in Fig. 
9a, the raw CFA particles are mainly irregular in shape and show rugged surfaces, which may demonstrate 
the high water demand and large specific area of CFA. When the high alkaline activator was introduced in 
the activation process, this yielded a degree of geopolymerization with the CFA particles partly being 
involved in the alkaline activation and numerous finely aluminosilicate gel and N-A-S-H gel products (Liu Z. 
et al., 2014b) observed on the surface (see Fig. 9b). As demonstrated in the analysis of XRD patterns (Fig. 7), 
geopolymer systems is thermostable in lower temperatures environment, so the particles of S-200 and S-400 
(Fig. 9c and 9d) maintained similar morphological features as that of the S-W. However, when the 
calcination temperature exceeded 600 oC, as shown in Fig. 9c-g, the finely geopolymerization products 
gradually disappeared, which may be caused by its fusion and translation into dense crystals. Additionally, as 
the calcined temperature increased, the particles of geopolymer products turns into dense, regular, and 
tabular, with fewer pores existed in the particles. For the S-600 sample, as shown in Fig. 9e, the particles 
show numerous micropores and layer by layer piled components, which may led to the bad strength 
behaviour. On the contrary, for the sample S-1000 (Fig. 9g), the particles show few micropores and dense 
fracture section with no layered components observed.  
4. Conclusions 
The foam geopolymer composites reinforced with PAN fiber were first synthesized in this study. Without 
heat treatment, the geopolymer sample incorporated with 0.1 wt. % and 9 mm in length PAN fiber 
demonstrated the optimal mix design, with minimum density and maximum flexural and compressive 
strength of 397 Kg/m3, 0.96 MPa, and 2.33 MPa, respectively. After the optimal batch samples were calcined 
with different elevated temperatures, great changes occurred on the density, flexural and compressive 
strength. As heat treatment temperature increased, the FRG behaved similar variation trend of density with 
that of both flexural and compressive strength results: first declined and then increased monotonically with 
the increasing of temperature.  
The thermal gravity analysis and thermal shrinkage result of FRFGC reveal that geopolymer samples exhibit 
both significant weight and dimension losses after heat treatments. The weight loss of geopolymer 
composites are mainly attributed to the loss of physical bounded and chemical bounded water. However, the 
thermal shrinkages mainly occurred beyond 400 oC, where the XRD analysis demonstrated the mainly 
occurred region of geopolymer multiphase. Additionally, the combination of XRD and SEM results reveal 
that the amorphous aluminosilicate gel, main product of geopolymer system, would fuse and transform into 
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dense and thermostable crystals as the heat treatment temperature increases. And the fused amorphous gel 
and transformed crystals were recognized as the main reason of strength improvement after heat treatment. 
The particle morphologies further demonstrated geopolymer system’s evolution rules during different 
elevated temperatures. 
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Abstract 
Additionally to more traditional research streams like new clinker substitutes and their composition, alternative fuels 
and refinements in process technology, in recent years a number of radical innovations as alternatives for OPC 
emerged. Although no market entrance occurred up until today, they have an impact on the innovation system and the 
research community. These approaches raised interest among researchers and even the cement industry, which was 
partly involved in financing start-up companies like Calera, Novacem or Celitement. In this paper these three start-ups 
are investigated regarding the organization of the innovation process and their broader implications for the cement 
technology innovation system. Although these approaches hitherto did not provide evidence as alternatives to OPC, 
their emergence alone has meaningful implications for the research community. 
Common to all these approaches is that although no detailed information on the process chains and technical feasibility 
were disclosed for the research community, all start-ups where able to gain funding from renowned public and industry 
partners. But during the innovation process, Novacem (M-S-H-/Brucite-/Hydromagnesite-system) experienced a 
remarkable shift within the binder system (from Mg(OH)2/MgCO3 to M-S-H-gel). Calera’s (metastable CaCO3-system) 
vision shifted from an OPC-substitute via mere filling materials towards other technological areas like desalination. 
The replacement of OPC as initially propagated thus turned out to be non-realistic for these inventions and in the case 
of Novacem, the venture went insolvent in 2013. Against this Celitement (Calciumhydrosilicate-system) continues work 
on special binders for a first market entrance, with prospects for a broader dissemination into further market segments 
and first steps to build a reference unit at technical level. Still, technical and organizational conditions request long 
time frames. Success of the venture is depending on long-term financial support, personal continuity and intense 
cooperation among the involved partners from basic research institutes and the cement industry. 
From the perspective of Technology Assessment and innovation research the following implications can be derived 
from these low-carbon innovations. Albeit the problems identified, the inventions first indicate that there are prospects 
for success even for radical innovations. Second, to realize this potential, the structural conditions of the traditional 
innovation system have to be approached: The example of Celitement reveals that start-ups have to adapt the pre-
existing innovation culture. Being dependent on durability and safety, it is not sufficient to sale an idea before the 
proof-of-principle - what might be very different in other new and emerging technologies. Third, the example of 
Celitement reveals the potentials of using advanced analytics within the established C-S-H based material system. Even 
within the well-known material system, substantial new insights can be derived. Fourth, organizational and financial 
deficits regarding basic research have to be approached, whereas collaboration between industry partners and basic 
research institutes and resources for long-term research projects are necessary preconditions for progress of radical 
inventions. Last, associations and approving bodies should take more active roles in providing supporting framing 
conditions even for such unfamiliar approaches regarding resources, process technology or stakeholders involved. 
 
Originality 
The broader implications of recent new alternative cement binder developments for the established research system are 
examined. With the case of Celitement it is shown, how new research cooperation leads to new research directions in 
cement technology. Beside technological progress, organizational innovations are highlighted. Linking basic research 
with applied research and the tight cooperation with an industry partner are key for progress achieved so far. 
Supportive conditions regarding the broader cement innovation system are investigated. High-end cement science using 
new analytical techniques and modelling is just beginning and marks a methodological breakthrough. None-the-less, as 
research faces these new opportunities, and as traditional approval and standardization procedures are time 
consuming, we expect the material metabolism within the cement sector may remain nearly unchanged within the next 
decades. This ultimately requests framing conditions which support long-term projects in basic research. 
 
Keywords: alternative cements; research organization; radical innovations; green cements; basic research 
 
 

                                                      
1 Corresponding author: ulrich.dewald@kit.edu, Tel +49-721-60822707, Fax +49-721-60824806 
 



 

2 
 

1. Introduction 
Over the last years a number of alternative cements raised attention not only among the cement 
research community. Out of a multitude of different alternative cements that have been discussed in 
the literature (e.g. Gartner E., 2011; Schneider M. et al., 2011), investigations of three radical 
inventions are approached in this paper. Calera, Novacem and Celitement were already discussed at 
earlier cement conferences and it is now possible to reflect the progress of these approaches and to 
discuss the implications of their trajectories for the broader cement research system. All of these 
approaches experienced very different developments. While Novacem with a focus on magnesium 
silicate hydrates (M-S-H-gel) went insolvent in year 2012, Calera’s vision to produce synthetic CaCO3 
materials shifted away from cementitious materials to other industrial processes (like desalination). 
Without raising carbon-negative expectations Celitement still continues work on a low-CO2 cement 
with a reduced calcium share based on newly identified interim phases that occur during hydration of 
calcium silicate hydrates. 
All these approaches belong to a group of alternative binder systems that go beyond the traditional 
research strategies towards more sustainable cements, but they represent new ambitious approaches 
regarding technological differences to the existing clinker based system.2 They emerged in a period 
where a broad debate on climate change and appropriate mitigation measures stimulated discussion 
within the cement research community on more radical alternatives to OPC. Numerous articles 
highlighted the range of barriers, which even count for less radical approaches towards “greener 
cements”. Scholars (e.g. Phair J.W., 2006) highlighted the role of composition based standards and the 
race towards early-strength as existing paradigms that even hamper progress of less radical approaches 
like belite cements. It is important to emphasize that some of these barriers go far beyond such of a 
mere technological character. Issues such as the system of standardization and approving, the handling 
at the construction site, capabilities of workers and specific requirements of construction business like 
cost-and time orientation, respective tendering procedures and so on are serious non-technical barriers 
for any types of material-related innovations in construction (Dubois, A. and Gadde L.-E., 2002). 
Combined with the economic constraints of a basic industry with high investments and sunk costs, a 
low-cost material and limited competition on the base of unique selling points, the resistance among 
stakeholders to seriously engage with such approaches is comprehensible.  
Nonetheless, efforts are necessary and within the research community many scholars – although 
favouring very different solutions to the problem – agree in that major steps to reduce the emissions 
are only possible if progress in alternative clinkers will be realized (Barcelo L. et al., 2014; Scrivener 
K., 2014; Provis J. L. and Bernal S. A., 2014). Staying within the traditional paths of more efficient 
combustion technologies, rising shares of traditional clinker substitutes and more efficient process 
technologies is even not sufficient to meet the self-given targets in the CSI initiative, not to speak of 
the expectations raised with CCS technologies.  
Regarding these overall framing conditions, the research on innovation trajectories of these three 
radical innovations provides insights and these might inform the debate on basic research for 
alternative binders. It is the main aim of this paper to analyse the insights from the three radical 
approaches regarding cement technology and research. To do so, extensive accompanying systems 
analysis and technology assessment tasks have been conducted in the field of cement research and 
technology development for more than 10 years. Besides activities conducted by the research team in 
the field of material flow analyses, cost evaluations and design of comprehensible process chains for 
alternative binders (Calera, Novacem, Celitement) this contribution especially focuses on the 
innovation processes and the broader structural framing conditions under which basic research in 
cement technology is conducted. All this aims to contribute to a broader understanding of the need but 
as well the restrictions for basic research on alternative binders. 
                                                      
2 Although a range of other approaches fit into the category of alternative binders, approaches based on other 
materials like new belite riche formulations (compare Barcelo L. et al, 2014) or geopolymers (Provis J. L. and 
Bernal S. A., 2014) are not investigated in this paper. Most of them are already known for decades but a broader 
market entrance was not observed up until today. Further on these approaches move away from the paradigm of 
a universal cementitious material as a mass product. 
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Therefore, the paper is structured as follows. First we outline the approach of technology assessment 
and the research design. In chapter 3, the overall framing conditions under which research on 
alternative binders is conducted are discussed. Following this, chapter 4 zooms into trajectories of 
different inventions and outlines the specifics of each of them. A focus is set on the insights from the 
Celitement project. Chapter 5 then provides generalized conclusions based on these insights and 
finishes with some general remarks on the role of alternative binders. 
2. Methodology 
2.1. TA and accompanying systems analysis for new and emerging technologies 
To evaluate and classify the methodological approach and the aim of this investigation correctly, it is 
important to emphasize that our research is based on Technology Assessment (TA). Technology 
Assessment emerged in the 1970s as a research-based policy-advising activity. In its first period, when 
technology was regarded to follow its own dynamics independently from public policy or societal 
concerns, the main task of TA was seen in advising and early-warning against risks and early 
recognition of chances associated with new technologies (Grunwald A. and Achternbosch M., 2014). 
Starting from this, different forms of TA emerged, with variants focusing on interaction with the core 
researchers on the one side and TA as policy advice with no integration into research processes at the 
other side. The approach of Constructive Technology Assessment (CTA) was developed to early 
engage at the laboratory level as the subject of interest, reflection, and intervention. Nowadays the TA 
portfolio covers the whole spectrum from the political, e.g. parliamentarian level as advisory task up to 
involvements in R&D programs and research projects with economic and societal relevance. The 
combination of both, integration into single research projects and the reflection of the broader framing 
conditions for a new technology, is labelled Accompanying Systems Analysis (ASA). It is a cross 
section task to advise the technical activities by integrating viewpoints of systems analyses. Within an 
ASA a comprehensive evaluation of framing conditions for the proposed technology is performed. 
From a holistic viewpoint the question will be explored, whether the proposed technology is promising 
with regard to ecological, economic and societal aspects. 
2.2. Research Process 
The empirical insights provided are based on a two-stepped research process. First, a comprehensive 
technology assessment (TA) of conventional and alternative approaches in cement technology was 
conducted since year 2007. In-depth systems analytical investigations of three alternative binders 
(Calera, Novacem, Celitement) were established on the micro-level of single low-CO2 or green 
cements (compare the contribution of Achternbosch M. et al., in this volume). Detailed results of 
systems analytical investigations on Novacem and Calera were published for the cement research 
community elsewhere (Achternbosch M. et al., 2012a; 2012b; 2013a; 2013b; 2014). A more general 
analysis of CO2-emissions and strategies to lower these were published in 2011 (Achternbosch M. et 
al., 2011). In this paper we explicitly focus on the insights of this research regarding the role of 
alternative binders in the research system. To realize this, research was expanded since 2011 to 
identify the characteristics of the technological innovation system and its structural assets with a focus 
on Germany. Followed by a literature review 12 face-to-face interviews were conducted between 
March and December 2012 with decision makers mostly from German industry and research institutes, 
from testing laboratories and from industry associations. A semi-standardized questionnaire was used 
to identify the views of different stakeholders on alternative binders. Furthermore the roles of the 
interviewees within the innovation system and their own expectations regarding a more sustainable 
cement technology were discussed. The interviews with up to three interview partners took between 
40 and 120 minutes and were transcribed. Thus our research embeds the investigation of different 
alternative binder technologies in a broader assessment of cement technology and its options towards 
“greener” solutions, including quantitative and qualitative research methods.  
3. Alternative binders – framing conditions 
3.1. Framing conditions for basic research  
In general basic research in direction of alternative binder concepts suffers from a range of 
unfavorable framing conditions. First, insights into research processes at universities and research 
institutes reveal a strong orientation on process innovations that are often conducted in cooperation 



 

4 
 

with partners from industry. Against this, access to basic funding outside of these university-industry-
projects is much more challenging. Different reasons were mentioned by interview partners. First the 
long time horizons and requirements for new construction materials regarding approvals and standards 
pose a high risk for researchers to have an impact with their research findings, as the gap to the market 
is immense. According to this, many of the discussed alternative cements mean a paradigm shift from 
a more or less homogeneous mass product to a specialized product with more complex cement 
chemistry and higher requirements regarding workability and control of hydration reaction. A serious 
barrier in this context is that full understanding of the governing chemical processes is still lacking. 
High-end cement science using new analytical techniques is just beginning and marks a 
methodological breakthrough (Sanchez, F. and Sobolev K., 2010). By this a gap is emerging between 
basic researchers and their provision of basic analytical knowledge on the one side and practitioners 
with an empirical knowledge base on the application side.  
The challenge for each project on alternative binders is then to bridge the gap between efforts at the 
micro-scale and realization at the macro-scale. Stemming from this, the prospects to establish radically 
new alternative products is low, although if the proof-of-principle was produced at the micro-level.  
In competitive tenders for basic research funding the public perception of cement as an established and 
“old” product diminishes the chances to succeed against new and emerging technologies in sectors like 
life sciences or information and communication technologies. As a structural pattern in the cement 
research system university research teams often fulfill a range of tasks with very different objectives. 
Beside industry-cooperation and the essential task to conduct basic research the institutes at 
universities often operate testing and certification laboratories for established products. Conducting the 
surveillance and quality assurance of state-of-the-art products is a task that is important to secure 
safety and durability but might limit time, resources and efforts regarding basic research.  
Access to basic funding suffers from the image of a mature and “perfect” product, where it is 
challenging to convince the broader public that further improvements are necessary and can be 
realized with basic research. 
The economic constraints for improvements in alternative cements are well-known. Scrivener and 
Kirkpatrick (Scrivener K. L. and Kirkpatrick R. J., 2008) emphasize the need to achieve a critical 
mass and by this address the gap between production of a new material at the lab and the scale-up to 
continuous production as in a modern cement plant. Furthermore, the time gap between invention and 
market access is challenging even for more incremental innovations. Research on the innovation 
trajectory of limestone cements in Germany (Manns W. et al., 2000) reveal a process of nearly 20 
years from first trials in industry laboratories until entry into the basic cement standard. As even 
innovations in the existing system of Portland limestone cements extend to a semi working life, what 
is then to be expected for more radical approaches?  
Some scholars see a responsibility for this decade-long timeframe from invention to implementation in 
the restrictive regulative environment, which is asynchronous to needs and restraints of economic 
actors searching for fast return on investment (e.g. Hooton R. D., 2008). By this it is questionable 
whether short-dated capital investment strategies that might fit for other new and emerging 
technologies are suitable for research on alternative binders as well. Especially the work on another 
group of alternative binders, alkali-activated materials (AAMs) in Australia (van Deventer J. S. J. et 
al., 2012; Provis J. L. and Bernal, S. A., 2014) has demonstrated that progress in direction of market 
entrance can be achieved only if all relevant stakeholders including administrative bodies, approval 
agencies, and lead usersvin demonstration projects take an active role in the development process. 
Further on they highlight the outstanding importance of standards: “…the strategic development of 
standards is pivotal to the commercialisation of geopolymer cement.” (van Deventer J. S. J. et al., 
2012:99). In line with other researchers (Phair, J. W., 2006; Hooton, R. D., 2008) they emphasize the 
need to redesign standards according to the different chemical paradigms of alternative binders. 
Prescriptive constraints in the existing main standards like minimum cement content pose exclusion 
criteria for such alternatives, even for new formulations within the existing portfolio of Portland 
cements and different SCMs (supplementary cementitious materials). On the other side, interviewees 
pointed to the restraints of special standards from the customers’ view. 
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Applied to the target of this contribution, we try to figure out the constellations and efforts in three 
approaches towards alternative binders. 
3.2. Political framing conditions 
Apparently the rise of interest in alternative binders partly fell into a period of intensified discussions 
on climate change and the role of CO2-emitting industries like cement industry. Rising pressure from 
governments and from international discussions on the causes and effects of climate change may have 
stimulated the search for more sustainable products. 
One policy instrument that emerged as a result from the UN Framework Convention on climate 
change (UNFCCC) negotiation process is the EU Emissions Trading Scheme, which started its pilot 
phase in 2005 (Rehan and Nehdi, 2005). Although initially being introduced as one of the flexibility 
instruments to reduce the overall burden of the emission reduction commitments of the Kyoto Protocol, 
the ETS was resolutely battled by cement industry with regard to carbon leakage and a loss of 
competitiveness. As a result of interventions by energy intensive industries some mechanisms were 
introduced to lower the feared economic impacts. So called “grandfathering” – the free allocation of 
emission certificates was introduced. In its current state (around 5 EUR per t/CO2) no stimulating 
effects of the ETS-scheme on sustainable innovations can be estimated, due to missing economic 
incentives to avoid CO2 emissions (Climate Strategies, 2014). Stocks of certificates have been 
accumulated by producers and the overcapacity of certificates does not lead to higher prices for 
certificates.  
3.3. The need for alternative binders and different options 
Independent from these unfavorable framing conditions there is a consensus among researchers for an 
ongoing need for progress in the field of alternative binders. This is figured out in several recent 
publications. Barcelo et al. (2014) pointed out – without denying the efforts in more conventional CO2 
reduction strategies – that these approaches are not sufficient to meet the targets as proposed in the 
Cement Technology Roadmap 2009 by IEA/WBCSD. Other institutions, like EU Commission, hold 
the same position in a recent technical report (2013), drawing on the same roadmap. In IEA/WBCSD 
2009 it is stated, that “Existing options to reduce emissions in the sector, while helpful, are not 
sufficient to counteract growth in demand. New products and technologies are needed, including CCS 
and new cement types.” Although pointing out detailed requirements and milestones for SCMs, energy 
efficiency measures, biofuels and CCS, no further details on the types of new cements and how to 
promote them are provided. The Cembureau Roadmap published in 2011 acknowledges the existence 
of a range of novel cements, and even estimates a share of 5 percent of these alternative cements in 
2050 (Cembureau 2011). However, opposed to the conventional approaches favored in the report, no 
policy recommendations or responsibilities regarding novel cements are outlined in the report. By this 
it can be assumed that there is no shared view on the role of alternative cements among different 
stakeholders in cement technology. This fits with the responses from own interviews with researchers 
from universities and from industry. The responses reflected conflicting views: at the one end it was 
stated that incremental efforts are sufficient and no radical approaches can or need to be implemented 
into the existing system. Opposed to this, others mapped a new era for alternative binders based on 
recent efforts and new possibilities that emanate from the successful use of advanced analytics.  
This means, that existing approaches for alternative cements have a critical role. On the one side they 
have a chance to sign future pathways for low-carbon alternatives to established technologies, while 
on the other side a failure of these radical approaches might legitimate the strategies of those 
stakeholders taking a conservative position against alternative binders. This further highlights the 
importance to seriously engage on the role of alternative binders within the cement research 
community.  
4. Insights on three radical inventions  
In recent years, more radical innovations coming from outside the cement community – all are still far 
away from being ready for the market – are media intensive introduced as "solutions" to solve the 
CO2-problem of the global cement production. New "green cements" like Novacem, Calera and 
Celitement take prominent positions not only within the cement community but as well attracted 
interest in the public debate on construction and resource efficiency. Novacem and Calera are dealing 
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with mineral sequestration, trying to produce MgO and/or CaO containing binder resulting from non-
carbonate resources. Mineral sequestration is based on an artificial weathering of predominantly 
calcium or magnesium silicate-containing rocks, first being discussed in 1990 and today also referred 
to in the context of geo-engineering (Zevenhoven et al., 2011). Extensive research and development 
work on mineral sequestration is done in particular in the National Energy Technology Laboratory, 
Albany and the Los Alamos National Laboratory. Despite major advances in basic research, 
particularly in understanding the chemical processes, up to now there are no large-scale 
implementations realized. With Novacem and Calera, “green cement” developments try to solve the 
CO2 problem by introducing products with an added value at the market instead of generating a 
material which has to be disposed of. Opposed to this, Celitement remains within the C-S-H based 
system. New interim phases of calcium silicate hydration were identified and stabilized based on high-
end analytical methods like synchroton radiation which allow a high spatial resolution of structures. 
We now describe the three approaches regarding main technological characteristics3 but as well the 
innovation trajectories of each of them.  
4.1 Technological characteristics  
4.1.1 Novacem  
The basic vision of Novacem is to develop a binder system based on magnesium silicate hydrates (M-
S-H-gel) in contrast to calcium silicate hydrates (C-S-H-gel) for ordinary cement (Achternbosch et al., 
2012a, Achternbosch et al., 2012b). The performance of the produced gels is difficult to assess in 
advance, since little experiences exist with such magnesia-based binders in the cement community (e.g. 
Zhang T. et al., 2011, Brew D. et al., 2005). Natural magnesium silicate hydrates show low strength 
values. The cementitious material is based on caustic magnesia (MgO) magnesium hydrocarbonate 
and amorphous silica acid. Technologically, the process for producing Novacem is based on an 
autoclave process using magnesium silicate-containing rocks. To fix carbon dioxide the rocks are 
converted to magnesium (hydro-) carbonates using supercritical CO2. The autoclave products are 
calcinated in kilns resulting in caustic magnesia and amorphous silica. Up to now, magnesium oxide 
cements have not been used in significant quantities and never for manufacturing structural elements. 
Remarkably, all cement standards explicitly exclude MgO. And the psychological barrier should not 
be underestimated: for more than one hundred years magnesium oxide is an undesired compound 
banned in cement manufacturing. This issue is ingrained in the community and so the barriers to 
introduce magnesia-based binders to the market are extremely high, although a broad range of 
applicants may be expected. Efforts in the future cannot be excluded, but so far technical realization 
conditions cause to expect complex process technology associated with an unfavorable energy balance 
(Achternbosch 2012 a,b). 
4.1.2 Calera 
Calera’s concept of developing a binder system is to copy bio-mineralisation during formation of 
corals or sea shells. According to Calera Corporation, Brent Constantz from Stanford University CA 
contacted the investor Vinod Khosla in 2007 with his idea about a new "green cement" using seawater 
and alkaline industrial waste to replace the conventional Portland cement. The Calera Corporation was 
founded in the same year. The portfolio consists of a “green cement” based on the vaterite polymorph 
of CaCO3, as an aggregate for concrete, and materials of mineral sequestration for dumping (Constantz 
B. 2010. The Calera research team expanded its research on calcium sources (synthetic or geologic 
brines) and on techniques to manufacture alkalinity independently from natural resources using 
electrochemistry. Metastable vaterite is intended to replace partially OPC, similar as limestone does as 
main component in CEM II. According to Calera also a Self-Cement can be produced, composed 
mainly of vaterite and special additives, transforming all vaterite in aragonite when hardening during 
28 days. These products seem to show relatively low performance. According to Combes et al. (2006) 
the mechanical properties of synthetic CaCO3 materials based on aragonite remain poor. The 
technological effort to produce pure CaCO3-based cementious is assessed to be significant higher as 
stated by the inventors (Achternbosch M. et al., 2014). 

                                                      
3 For a indepth discussion of process chains and material flows compare Achternbosch (subm). 
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4.1.3 Celitement 
Celitement is a development of the Karlsruhe Institute for Technology (KIT). This binder is based on 
calcium hydro silicates with a low calcium share (Stemmermann et al., 2010). These interim species 
appear during hydration of common hydraulic calcium silicates. KIT researchers have developed a 
technology to stabilize these species and to use them as binders. By implementing a part of the water 
that is needed for hardening into the dried cement powder, a highly reactive binder system is designed. 
Compared to OPC, the calcium content is halved or even lower. The rest of the water is added during 
hardening. Alike conventional cements based on OPC, the hardened end-product of Celitement 
contains the same C-S-H-phases, which are responsible for strength but without the “backpack” of 
other side phases. Compared to other radical innovations Celitement is based on limestone and 
silicate-carriers, also the main resource in conventional cement. Currently the Celitement technology 
starts with Ca(OH)2 and quartz which are hydrothermally treated at 190°C or 200°C for producing 
calcium silicate hydrates. These species show no hydraulic reactivity. Structural disorder is necessary 
to transform these materials into a reactive and hydraulic state. A promising way to introduce 
structural disorder is mechanical milling (tribomechanical activation). Celitement thus shows familiar 
properties, both in terms of product composition, but also in terms of process technology. Parts of the 
engineering processes remain unchanged or are well established for technical operation. A challenge is 
the implementation of the tribomechanical activation step at technical scale. 
4.2 Innovation trajectories 
4.2.1 Novacem 
Equally proposing carbon-negative cements, Novacem was founded by researchers of Imperial 
College in London. These initiated seeding rounds to acquire funds beginning in 2008. The three 
investors were the Royal Society Enterprise Fund, Imperial Innovations, a technology transfer 
company of Imperial College and London Technology Funds, a government-backed venture-capital 
provider for technology-based start-ups. Additionally, a so-called “green-cement bond” was placed in 
2010, and Lafarge, the world largest cement producer, was an early subscriber to it (Evans S., 2009). 
This illustrates the interest raised by green cement start-ups even for leading industry players. 
Moreover, the start-up acquired public research funds, where they cooperated with mining giant 
RioTinto and the construction company Laing O`Rourke in research projects. In financial terms, the 
invested sum reached single-digit millions of Euros, ten times less than the sum collected by Calera. 
The start-up received awards and was listed in MIT Technology Reviews list of the ten most important 
innovations in year 2010. But, as in the case of Calera, large scale realization conditions remained 
unattended by inventors and no scientifically comprehensible information on products and their 
properties were launched. The start-up failed to raise new funds in year 2012 for further running its 
operations and declared insolvency (Novacem, 2012). Property rights were sold to an Australian 
company (Calix), which is still working on Magnesia-based niche applications for OPC (Ordinary 
Portland Cement).  
4.2.2 Calera 
Calera acquired funds by Khosla Ventures, a Californian venture capital firm with investments in 
diverse low-carbon technologies with the idea about a new "green cement" using seawater and alkaline 
industrial waste to replace the conventional OPC. A funding of estimated 50 million dollars between 
2007 and 2011 (according to New York Times, 2010) enabled to finance a large research group with 
about 70 researchers and to construct a pilot plant in Moss Landing, California, to produce “carbon-
negative” cements. Brent Constantz, researcher at Standford University and founder of a couple of 
former start-ups in Silicon Valley, was the central investigator and founder of the company. He 
dropped the company in 2011, when strategic reorientations occurred. Critical issues like sources for 
alkalinity, resource streams under large-technical conditions and undesired side-effects like potential 
generation of enormous quantities of HCl shifted the focus of Calera to other potential applications. 
These were investigated during the research activities. Diverse cooperation activities were launched in 
the field of water desalination, clean power generation and other activities. Although a range of 
national and international projects were announced, no large-scale realization regarding production of 
cement-like materials occurred until recently. The initial ambition to produce a carbon-negative 
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alternative to OPC was downgraded to a mere filling material. Initial founder Constantz again founded 
start-up with the aim to curb demonstration projects. Information on materials produced and properties 
are not publicly available, but members of the start-up still propose their vision of calcium carbonate-
based cements or an aggregate (Constantz B. et al., 2015).  
4.2.3 Celitement 
Celitement as a start-up of Karlsruhe Institute of Technology (KIT) and Schwenk group, a southern 
German cement producer, was founded in 2009. Preparatory work at KIT was conducted since the late 
1990ies at the Institute of Technical Chemistry (ITC) of KIT. For the identification of new phases 
during cement hydration the researchers were able to utilize high-end analytics like the synchroton 
radiation facility provided by KIT. Unperceived by the broader cement technology community, 
patents were filed in 2005 and 2007. After that, the KIT researchers searched for industry partners to 
commercialize the technology. This fell into a phase of rising attempts even for federal research 
institutes to open up for new funding opportunities. With the aim to generate funds from selling 
licenses to industry partners, KIT actively promoted the research process and backed the research with 
strategic funding (Grunwald A., Achternbosch M., 2014). In 2009, the start-up Celitement was 
founded as a private limited company in collaboration with Schwenk group. Therein, shareholders 
comprise the core developer team, members of the KIT’s management board and the cement 
manufacturer. Two years later, a pilot plant was launched at the KIT campus with a daily production 
capacity of 100 kg. From then on additional research for large-scale implementation was conducted in 
cooperation with industry partner Schwenk. Beside investments of KIT and Schwenk, the start-up 
raised funds from federal ministry of research and education between 2009 and 2013. As in the other 
cases, around 2010 and 2011 a number of public awards shifted attention to the start-up. And, no 
information on products and properties is available yet. Currenty, a large-technical production plant is 
designed for a capacity of 50.000 t/a and the market entry for high value-added products for mortars 
and finery is targeted, according to a recent project report (Schweike, U. et al., 2014). The targeted 
year for the launch of a reference plant is 2018. The long-term collaboration of basic research and a 
cement manufacturer within a national basic research institute is the most striking difference to the 
other two start-ups according to the institutional set-up.4  
Regarding the organization of the innovation process, different clusters of activities can be outlined 
around the main actors involved (compare Fig. 1). The first regards the core project team. Here, the 
formal context of Celitement as a GmbH serves as platform for regular and ongoing face-to-face 
interaction between all relevant core stakeholders in the innovation process. Furthermore, the pilot 
plant at the KIT facilities serves as a showroom for the technology and a meeting point for the core 
actors. With facilities concentrated in one building for the researchers, the cement manufacturer and 
the KIT management the physical preconditions for such a research project are supportive. They 
enable face-to-face interaction and exchange of tacit knowledge. Regularly, members of the cement 
manufacturer and the responsible manager work at the site of the pilot plant. Spatial proximity of the 
core actors can be seen as a crucial asset.  
As a next cluster, the surrounding activities according to KIT have to be mentioned. The embedding 
within a state research institution (KIT) provides beneficial conditions. The project was designed as a 
long-term activity and by this protected from more competitive types of research with short-term 
orientations. With the embedding into the so-called program-oriented research of the KIT the 
Celitement project is coupled to a broader research consortium that covers all parts of the process 
chain from basic research till application related research activities. Within the back-up structure of 
the KIT, easier access to the large devices like the synchrotron facility ANKA can be secured, what 
was a precondition for the progress realized so far. Moreover, being part of a public research institute 
enabled access to basic funds at early stages of development and different forms of third-party funds 
during progress of the research activities.  

                                                      
4 Another difference is the integration of accompanying technology assessment which is probably another reason 
for the successful progress of the project. 



 

9 
 

The future vision of Celitement is to serve as a knowledge broker for producers of construction 
materials and respective production equipment. By this, no own large scale production is envisaged, 
but test production lines can be established at the pilot plant at the research facilities of KIT. This hints 
to the next cluster of activities within the project constellation, according to the role of the cement 
manufacturer SCHWENK Zement KG. The cement manufacturer, who is shareholder within 
Celitement, connects the research project to the broader cement technology community. The 
manufacturer is well-known for an advanced research orientation and covers activities in many 
application fields of construction materials, ranging from basic mass products to special products for 
high valued-added applications. Not being a listed corporation facilitates the design of long-term 
research strategies even within the fast-moving and cyclical construction business. Being involved in 
standardization committees and business associations provides channels to discuss the approach and 
promote the preparatory steps for market entrance. By this, parallels to the structural characteristics 
outlined for Geopolymer cement in Australia can be identified. Likewise, efforts in raising acceptance 
and industry participation were preconditions for progress achieved there (van Deventer, J. S. J. et al, 
2014). 

 

 
Figure 1 Project constellation in the Celitment project. 

 
The broad range of actors involved enables the link between micro-level research and large-scale 
empirical research and testing. As an effect, research conducted on new interim CSH phases triggered 
research efforts by other university groups and industry research teams.   
So far, the scale-up from a pilot plant to the reference plant with a capacity of 50.000 t/a is the next 
challenging step. The first market entrance in the field of high value-added special applications is a 
difference to the other approaches introduced. But economic motives for a return on invest and to sign 
that the products provide quality-based advantages support this approach. A step-wise introduction on 
the way to an alternative for a mass material seems a reliable strategy. Focussing on a process 
technology without to tight involvement into product design leaves opportunities for a broader 
utilisation in other product areas. This is in line with the licensing strategy and has potential to 
stimulate research on different fields of application. 
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Further research targets on additional homogeneous feedstock for the hydrothermal process step in the 
production of calcium hydrosilicate-based binders which allow a broader set of silicate-rich precursor 
materials. Research on a new application field of Celitement based products in aerated concrete and 
building insolation was launched recently, again with an industry partner.  
5. Conclusions from the three approaches  
Albeit unfavourable sectoral conditions the examples highlight a move to a more dynamic research 
landscape with new actors advocating alternative approaches and ambitions to introduce new and 
advanced technologies. By this, efforts with regard to the conclusion of Phair (2006:772) can be 
observed: “Debunking the idea that cement is a low-technology or ‘solved’ problem is equally vital to 
ignite greater interests in its research and development.” All alternative approaches contribute to this 
in enlarging the knowledge base and pointing to different approaches in the field of alternative binders. 
But one always has to keep in mind the specific conditions under which basic industries with their 
mass material flows like cement function. 
Based on the insights from the three radical inventions Calera, Novacem and Celitement several 
concluding remarks can be drawn. Starting from the assumption, that radical approaches are necessary 
to lower global emissions from cement production, a range of obstacles was identified. First, sectoral 
conditions provide a highly challenging environment ranging from missing economic incentives, 
practices at the construction site till the rigid system of standards and approvals. Regarding these 
conditions, none of the three approaches provided any product so far which has been developed to 
marketability. Calera and Novacem experienced strategic reorientations respectively insolvency 
(although patents and expertise were overtaken by Calix as in the case of Novacem). In so far, these 
start-ups followed a more short-dated strategy in a more conventional start-up behavior, where 
attention among the cement community was raised and promises were given, albeit the early stages 
within their research processes. So far, the researchers involved were not able to meet the high 
expectations they raised. The analysis of the innovation trajectories detects that both approaches were 
too early advertised as “the solution” towards low-carbon and even carbon-negative construction 
materials, without delivering a proof-of-principle. Especially, this counts for the question whether 
these approaches would have the potential to serve as a real alternative to cement as a mass material 
and not for niche applications. In this sense, the attraction both approaches generated for serious 
investors from construction or cement business should be noted. Barriers of technical feasibility and 
access to necessary resources seemed to be underestimated by the relevant stakeholders. Combined the 
analysis of the innovation trajectories allows concluding that the start-ups partly did not synchronize 
their activities according to the structural constraints and requirements of research on basic 
construction materials. In the case of Celitement a recent progress report (Schweike U. et al., 2014) 
outlines the aim to install a reference plant with 50.000 t/a production in year 2018. The market 
entrance is envisioned in special binders, mortar and finery. Different to the other approaches, which 
were downgraded to fillers during the innovation process, Celitement still aims to compete in high-
performance products like special binders. A broader diffusion to mass construction materials might 
follow in the middle-term future. The gradual introduction of a new group of binders seems necessary 
due to the specific framing conditions of construction materials. 
6. Broader implications for cement research 
Although appointing these deficits, both approaches enriched debates on alternative cements and led 
stakeholders from industry and engineering companies to seriously engage with alternatives. The 
examples reflect efforts in basic research and opened up discussions on previously unattended areas of 
knowledge generation. Even if approaches with a commercial interest failed, the intellectual property 
passed to other actors and an impact of these approaches can only be excluded for the near-term future 
and not at all. And as a further effort, especially in combination with promising alternative cements 
like Celitement or Geopolymer cements, a need for a more proactive role of those stakeholders which 
set the framing conditions for progress on alternative cements gets apparent. While organizations like 
CSI and Cembureau raise detailed expectations regarding conventional research routes (SCMs, 
advanced process technologies) and even CCS, they are cautious regarding alternative cements. 
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Starting with these general impact on different kinds of alternative binders, we finish with 6 
concluding remarks. 
Albeit the problems identified, the inventions first indicate that there are prospects for success even for 
radical innovations. In the case of Celitement preconditions for a long-term research strategy were 
provided. The inclusion of Schwenk signs seriousness both in direction of cement industry but as well 
in direction of public research, as it proofs prospects for a realization. 
Second, to realize this potential, the structural conditions of the traditional innovation system had to be 
taken into account: The examples of Novacem and Calera reveal that start-up models that introduce a 
very different innovation culture might fail. Being dependent on durability and safety, it is not 
sufficient to sale an idea before the proof-of-principle - what might be very different in other new and 
emerging technologies.  
Third, the example of Celitement reveals the potentials of using advanced analytics within the 
established C-S-H based material system. Even within the well-known material system, substantial 
new insights with high potentials can be derived. By this, this legitimates to speak of a radical 
approach, although the resource base and large parts of the production technology are already 
established within cement production. 
Fourth, organizational and financial deficits regarding basic research have to be approached, whereas 
collaboration between industry partners and basic research institutes and resources for long-term 
research projects are necessary preconditions for progress of all radical inventions. 
Last, associations and approving bodies might take more active roles in providing supporting framing 
conditions even for approaches, which are not familiar regarding resources, process technology or 
stakeholders involved.  
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Abstract 
This paper deals with the preparation process, mechanical properties and microstructure study of the 
special type of alkali activated concrete composed of solely industrial byproducts or wastes. Low 
calcium fly ash and blast furnace slag were used as common raw materials, however the innovation 
lies in the utilization of waste technological sludge containing high amount of alkalis. This sludge was 
used as an activator of the aluminosilicate substances where it served as a donor of sodium ions within 
the polycondensation reactions during the alkali activation process. The optimal mix design in the 
meaning of the mechanical properties was determined. Early age compressive strength of prepared 
concrete was approximately 10 MPa and after 28 days it reached more than 50 MPa. The 
measurement and the control of shrinkage and workability were also very important with regard to 
final processing of concrete. The microstructure was investigated by means of scanning electron 
microscopy equipped with energy dispersive detector. The results demonstrate that this non-traditional 
concrete has excellent potential to be utilized in the concrete industry not only because of its good 
properties but also because of its minimalized price and ecological impact. 
 
Originality 
Alkali activated materials have been well known for many years. However their wider use in the 
concrete industry is limited by the growing price of raw materials. Especially the commonly used alkali 
activators such as alkali metal hydroxides or waterglass are very expensive whereby the alkali 
activated concretes become economically disadvantageous. The novelty of the paper lies in the 
development of a new concrete which is formed by only by-product materials including the alkali 
activator composed of high alkali waste technological sludge. Currently this waste is expensively 
disposed so there is an understandable interest of the supplier to its effective ecological disposal. 
Another benefit of the article lies in the description of mix design, study of microstructure and 
mechanical properties. Finally, it is proved that the production of new alkali activated concrete is 
significantly cheaper than that of common concrete based on ordinary Portland cement while 
maintaining the same strength class. 
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1. Introduction 
One of the main but the energy-intensive materials in building industry is Portland cement. 
Therefore there is a search for the opportunities of its savings. Portland clinker is very often 
replaced by the by-product materials (blast furnace slag, fly ash), used for the fabrication of 
blended cements and concretes. Another usage of these secondary raw materials is the 
production of non-traditional inorganic alkali-activated binders which are much less energy-
intensive and more environmentally friendly than the concretes based on the hydration of 
ordinary Portland cement (OPC). 
The worldwide production of OPC to meet the infrastructure developments indicates that 
concrete will continue to be the chosen material for constructions in the future (Sumajouw 
D.M.J. et al., 2007). According to the European Cement Association, the cement industry has 
been growing at an average 2.1 percent per year in the past and is projected to grow at the 
same rate going forward. The global production of cement was almost 4 billion metric tons in 
2012. However, the production of OPC is associated with the consumption of natural 
resources and energy as well as with the release of significant amount of carbon dioxide (CO2) 
to the atmosphere. Currently, the cement industries consume 3.9 GJ per metric ton of clinker 
and produce 820 kg of CO2 from the same amount (Gupta A., 2011). Therefore the production 
of blended cements keeps rising. These types of cements consist of a mixture of Portland 
clinker and replacement material, which can be either naturally derived or the product of 
silica-rich waste material that reacts with calcium hydroxide to form calcium silicate hydrate. 
Popular pozzolans used today include fly ashes, blast furnace slag and silica fume. In addition 
to this traditional process of energy saving there is a search for another ways to increase the 
utilization degree of materials with hydraulic properties. A possible solution could be the 
alkali activation of previously mentioned aluminosilicate materials. 
The use of alkaline activators to stimulate the latent pozzolanic properties of materials has a 
long history. The development of alkali-activated binders had major contribution in 1940s 
with the work of Purdon (1940). The substantial research of alkali metal compounds with soil 
or other aluminosilicates was performed in Kiew by Glukhovsky (1959). However, significant 
publicity of alkali activated materials was brought by Davidovits (1979), when he patented 
the binders based on alkali activation of metakaolin with alkali solutions. He called these 
binders “geopolymers” and included them into polysialate group (Davidovits J., 2008). In 
recent years particular emphasis is placed on the alkali activation of waste aluminosilicates, 
because a large proportion of these products are still stored in landfills (Xu J.Z. et al., 2005). 
The technology of geopolymerization provides also a cheap alternative for the immobilization 
of toxic materials containing heavy metals (Kalina L. et al., 2012). 
This paper is focused on the development of new concrete which is formed by only 
by-product materials including the alkali activator composed of high alkali waste 
technological sludge. Therefore, this concrete provides economical as well as ecological 
benefit. Unfortunately, the production of waste technological sludge activated concrete is 
associated with specific problems described below. 
2. Experimental 
2.1. Raw Materials 
The main material used to produce the alkali activated concrete was blast furnace slag (BFS) 
with the basicity coefficient KB = 1.18 and the Blaine fineness being 380 m2/kg. Other 
secondary raw material used was low-calcium fly ash (LCFA) obtained from Počerady Power 
Station, ČEZ Group. The chemical composition of BFS and LCFA as measured by X-ray 
fluorescence analysis (XRF) is given in Table 1. 

Tab. 1 Chemical compositions of raw materials / wt. % 
raw 

materials SiO2 Al2O3 CaO Na2O K2O MgO SO3 Fe2O3 TiO2 MnO 

BFS 34.7 9.1 41.1 0.4 0.9 10.5 1.4 0.3 1.0 0.6 
LCFA 47.3 29.8 4.3 0.9 1.5 1.3 1.1 12.2 1.4 0.2 

The XRD analysis of blast furnace slag and fly ash indicated the presence of great amount of 
amorphous phase. The main crystal minerals identified in BFS were melilite and merwinite. 
Conversely in LCFA mullite, quartz and iron phases – hematite and magnetite were detected. 



 

The characterization of waste technological sludge was found as follows. This sludge contains 
mainly the solid particles and water. The particle size distribution D50 of solid particles 
measured by laser granulometry in dry state was ~116 µm. Hence the amount of solids in the 
sludge was taken into account when calculating the total amount of aggregate fraction 0/4 in 
concrete. The determined amount of water in the sludge was calculated into the water/binder 
ratio of concrete. The contents of dissolved Na2O and SiO2 in the sample were measured 
through the conductometric titrations. The overall proportions of Na2O and of SiO2 were 
6.8 ± 0.3 wt. % and 13.1 ± 0.5 wt. % respectively. The deviations are caused by the changes 
in the composition of different batches of sludge having been monitored for 6 months. 
2.2. Experimental Process 
Another objective of this paper was to find the mix design definition of alkali activated 
systems. The definition was based on OPC concrete mix design but certain changes arising 
from the nature of the non-traditional concrete had to be incorporated. The key parameter was 
the binder content in the concrete, which is a parameter the influence of which on Portland 
cement concretes is very well understood but which has not been studied systematically in the 
case of alkali-activated concretes (Bernal S.A. et al., 2011). The amount of binder b was 
determined by modified water-cement ratio (w/c), in which cement c is replaced by all 
components which create the binder b i.e BFS and LCFA. From selected amount of mixing 
water w and (w/b) of 0.45, the amount of binder was calculated: 

)(w/b
wb =  [kg ∙ m-3] (1) 

It is very important to determine the kind of raw material which can be used as the binder (b). 
In this case, blast furnace slag as well as fly ash were the binder components mixed together 
at defined ratio. The amount of mixing water w was derived from the Lyse´s rule for the 
consistence class of S5. The volume of aggregates Va can be determined through a volume 
balance, subtracting the volumes of other ingredients from unitary volume of concrete Vcon 
(1 m3 = 1 000 l), 

airbwcona VVVVV −−−=  [m
3] (2) 

where Vw and Vb are the volume of water and binder resp., both in m3. The calculation of the 
volume of binder Vb was based on the determination of its specific weight. This value was 
obtained by means of pycnometry using petroleum instead of water preventing the binder 
from possible hydration. Vair was the volume of entrapped air in concrete, which depended on 
the maximum size of aggregates. For the granulometric calculation, it was necessary to 
determine the volume concentration of the binder B in the system aggregates/binder according 
to this equation: 

100⋅
+

=
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V

B  [vol. %] (3) 

The volume of total aggregates Va was divided into the volumes of each available fraction, in 
accordance with the particle size distribution of Füller ideal curve, as required for their 
optimal combination (Collepardi M., 2006). The percentage of particular fractions was 
calculated using the Füller Thompson equation, 
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where Px is the volume percentage of material passing through a sieve with opening d, and 
Dmax is the maximum size of the coarsest aggregate grain. The masses of sand and gravel were 
calculated using obtained volume percentages and the densities of these aggregates. 
Finally, the addition of alkali activator was determined. Its amount was calculated based on 
the weight ratio of Na2O in waste technological sludge and in binder (b). The optimum mass 



 

ratio of 
b

ONa2  was 0.08, which was experimentally determined also from the mechanical 

properties. 
The preparation of alkali activated concrete was carried out using common concrete 
technology methods. Waste technological sludge was placed into the concrete pan mixer 
(BS LBM 75) and mixed together with water and modified polynaphthalene sulfonate 
superplasticizer (2 wt. % from binder phase) for 3 minutes. Then aluminosilicates 
(BFS/LCFA) and aggregates were added. The total time of mixing was 9 minutes. Fresh 
concrete was cast into the steel molds (10×10×10 cm; 7.5×7.5×29 cm) and cured at laboratory 
temperature for 24 hours. The workability of fresh concrete was determined according to the 
European standard procedure EN 12350-5:2009 (Testing fresh concrete. Flow table test) 
measuring the spread of the concrete on a flat plate subjected to jolting. The compositions of 
prepared concretes are shown in Table 2. 

Tab. 2 Concrete compositions / wt. % 
raw 

materials 25/75 50/50 75/25 100/0 

BFS 6.1 12.2 18.3 24.4 
LCFA 18.3 12.2 6.1  – 
sludge 26.3 26.3 26.3 26.3 

0/4 3.9 3.9 3.9 3.9 
4/8 16.6 16.6 16.6 16.6 
8/16 23.0 23.0 23.0 23.0 
water 5.8 5.8 5.8 5.8 

2.3. Test methods 
2.3.1 Shrinkage tests 
The shrinkage tests were based on ASTM C596. After 24 hours of moist curing the specimens 
were demolded, the comparator reading was taken and the specimens were stored for 6 days 
in the humidity chamber at relative humidity of ~99 %. Then the bars were removed, their 
surface was dried by wet towel and the zero reading was performed. After that the bars were 
stored in laboratory conditions (45 ± 5% relative humidity, 23 ± 2 °C) for 28 days and their 
length changes were measured. 
2.3.2 Compressive strength test method 
Concrete samples were tested to determine their compressive strength according to the ČSN 
EN 12390-3 standard procedure (Testing hardened concrete – Part 3: Compressive strength of 
test specimens). This standard is a czech version of the European Standard EN 12390-3:2009. 
The compressive strengths were tested at the age of 1, 7 and 28 days. The curing conditions 
were the same as for the samples subjected to the shrinkage tests. The mechanical properties 
were determined by means of compressive and bending strength tester Betonsystem Desttest 
3310. 
2.3.3 Scanning electron microscopy 
Scanning electron microscopy was used to examine the fracture surfaces in the secondary 
electron mode using Zeiss EVO LS10 electron microscope. The specimens were stuck on 
carbon tape and the exposed fractured surfaces were sputter coated with gold. The energy 
dispersive X-ray results of sample surfaces were obtained at selected locations using an 
Oxford AZtec System. 
3. Results and Discussion 
3.1. Mechanical properties  
Compressive strength evolutions of the concrete cubic specimens are shown in Figure 1. The 
strength of these materials decreases with higher content of fly ash at the expense of blast 
furnace slag. It is clearly shown that the compressive strength increases until the seventh day. 
Then the samples were removed from wet environment and stored in laboratory conditions 
with the relative humidity (R.H.) of approximately 45 %. After 28 days the compressive 
strengths of almost all samples were lower than the strengths after 7 days. The surface of the 
specimens was covered with small cracks. Such surprising decrease in mechanical properties 



 

can be attributed to significant shrinkage effect which will be described below. However the 
sample with the weight ratio of fly ash and slag 50/50 exhibited no reduction in strength 
unlike the rest of samples. It can be concluded that the compressive strength of these 
materials increases only up to a specific addition of fly ash in the mixture. Another parameter 
which is important to keep in mind is the workability of fresh mixtures. It was found that the 
addition of fly ash to the mixture considerably reduces the workability. Whereas the sample 
with the binder phase containing only BFS (100/0) belonged to F4 class of the flow table test, 
the sample marked as 50/50 and the sample comprising 75 wt. % of fly ash in the binder 
phase (25/75) belonged to F2 class and F1 class, respectively. 

 
Figure 1 Effect of fly ash addition on the compressive strength evolution of alkali activated 

BFS/LCFA concretes 
3.2. Shrinkage  
The influence of LCFA content in BFS/LCFA concrete specimens on drying shrinkage can be 
observed in Figure 2. It can be seen, that all three concretes containing LCFA show lower 
drying shrinkage than the reference concrete 100/0, where only BFS was used as a solid 
precursor in binder. The lowest shrinkage among the tested samples was recorded for that 
with 50 % LCFA, which accounts for 35 % of shrinkage reduction when compared to the 
concrete 100/0. The concrete containing only 25 % of LCFA in the binder (75/25) showed 
24 % lower shrinkage if compared to plain BFS concrete.  

 
Figure 2 Effect of fly ash addition on drying shrinkage of alkali activated BFS/LCFA concrete after 

7 days of moist curing 
These results correspond to those presented by Aydin (2013), who reported the shrinkage 
reduction of about 25 % and 35 % for 20 % and 40 % LCFA content, respectively, compared 
to the plain BFS mortar. The decrease of shrinkage values with increasing LCFA content in 
BFS/LCFA mortars was also reported by Chi and Huang (2013). One of the possible reasons 



 

for the changes in shrinkage behaviour depending on BFS/LCFA ratio can be the differences 
in the binding phase, which is composed of hybrid CNASH gel or the blend of CASH and 
NASH gels (Marjanović et al., 2015). As the NASH gel is expected to be less space-filling 
than CASH gel (Provis et al., 2012), the different ratio of both gels can affect the porosity of 
the system and consequently the extent of shrinkage, which depends, among other, on the 
pore size distribution (Collins et al., 2000). An important role is also played by so called 
“dilution effect” caused by higher addition of LCFA at the expense of BFS causes the 
decrease of the amount of binder phase in the material. Smaller amount of binder phase leads 
to the reduction in the capillary tension caused by the formation of water menisci developed 
in capillary pores which is responsible for the shrinkage of the materials. 
3.3. Microstructure  
The microscopic appearance of alkali activated concrete was examined by scanning electron 
microscope using EDX analysis. The main objective was the determination of binder phase 
responsible for the mechanical properties of the material. Figure 3 shows the fracture surface 
of concrete (50/50) cured for 28 days consisting of spherical particles of LCFA and 
longitudinal grains of BFS. The EDX spectrum collected from fly ash particles with the main 
peaks reflecting Al, Si and O revealed possible presence of mullite and quartz (spot 1). Some 
particles contained also small amount of Fe, probably in Fe2O3 or Fe3O4 phases. Blast furnace 
slag grains rich in O, Si, Ca, Mg and Al (spot 2) showed the presence of merwinite, melilite, 
as well as amorphous calcium aluminosilicate glass. In the alkali activation process of slag, 
the binder phase (CSH gel) is formed at the grain surface of slag (spot 3). The EDX analysis 
indicates CSH gel with Ca/Si ~ 1.1 and Al/Ca ~ 0.2 (Tab. 2). These ratios are almost the same 
as in hydrated blended Portland cement, but the binder phase differs in the presence of 
distinct amounts of alkali ions in its structure. 

 
Figure 3 SEM picture of fracture area of alkali activated BFS/LCFA concrete 

The second type of binder phase is created around and probably inside fly ash particles. The 
reaction product is generated both inside and outside of fly ash particle until the particle is 
completely or almost completely consumed. When alkaline solution penetrates the particles, 
the interior space is filled up with the reaction product forming a dense matrix. The chemical 
composition differs from the phase created around slag particles. The main difference is lower 
value of Ca/Si ~ 0.8 and conversely higher content of sodium (Table 3, spot 4). This gel is an 
alkaline aluminosilicate NASH phase, often called geopolymer, characterized by a 
three-dimensional structure, where Si4+ and Al3+ cations exhibit the tetrahedral coordination 
and are connected by oxygen bonds. The negative charge on the AlO4

¯ group is compensated 
by the presence of alkaline cations (Fernández-Jiménez A. et al., 2005). 

Tab. 3 EDX results at selected locations / at. % 
spot O Na Mg Al Si Ca Fe 

1 55.3 0.9 0.8 13.7 28.5 0.8 – 
2 51.6 0.5 8.7 7.7 16.0 15.5 – 
3 42.2 3.5 1.9 5.1 22.4 24.9 – 
4 63.3 7.9 3.6 3.6 11.6 9.4 0.6 



 

4. Conclusions 
It was found out that the mix design for alkali activated concretes based on a model for OPC 
concrete with several adjustments is fully sufficient for the production of these types of 
concrete. The saving more than 30 % from the final price of common concrete based on OPC 
was calculated while maintaining the same strength class. 
Optimal binder composition of alkali activated BFS/LCFA concrete considering the 
workability, the compressive strength and the drying shrinkage was adjusted to 50 % of BFS 
and 50 % of LCFA. Although the shrinkage of alkali activated BFS was reduced using LCFA, 
it is still too high and poses probably the highest disadvantage for the practical applications of 
this concrete. Therefore, further research is needed to reduce the shrinkage more efficiently. 
Mineralogical and microstructural analysis identified that the main binder products are Al 
containing CSH gel with alkali ions in the structure and NASH geopolymeric gel.  
The results demonstrate that the production of alkali activated concretes from waste materials 
should provide possible cheap alternative to recent building materials. 
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Abstract 

The solidification / stabilization (S/S) of Cr(VI) by alkali-activated slag binder (AAS) with water 
glass as activator was evaluated using the Toxicity Characteristic Leaching Procedure (TCLP) in the 
present study. X-ray diffraction analysis and the determination of reduction rate of Cr(VI) to Cr(III) 
were done to investigate the S/S mechanism. The experimental results showed that the leachability of 
Cr(VI) was dependent on the dosage and modulus of water glass and the pH of extracted medium. In 
the TCLP procedure, the Cr(VI) (concentration up to 1% by mass of slag) was well solidified/stabilized 
in AAS with the leachability below the regulatory limit. Part of Cr(VI) was reduced to Cr(III) in the 
leaching process with decreased pH, Whereas, the Cr(III) was severely leached when the pH was lower 
than 7 that is too low to precipitation for Cr(III) . It was revealed the reduction of Cr(VI) to Cr(III) in 
AAS was crucial for S/S of Cr(VI). XRD analysis indicated that Cr contained phases in AAS solidified 
waste were amorphous rather than crystalline. The hydrotalcite-like phase formed in AAS hydration 
maybe another mechanism for fixation of Cr(VI) by anion exchange. In addition, compacted structure 
also played an important role in Cr retention by physical encapsulation. Overall, AAS provided a 
bright prospect as an effective binder in the S/S of Cr(VI). 
 
Originality 
Portland cement stabilization/solidification (S/S) has been widely used to isolate heavy metals from the 
natural environmental, whereas, Cr, in particular, Cr(VI) was observed to be problematic for lack of 
effective chemical fixation. Alkali-activated slag as one of the potential alternative binders has been 
concerned for its low CO2 emission, high economic competition and low permeability along with high 
resistance to acid attack and chemical attack. However, there exist only few previous reports regarding 
the treatment of Cr(VI) by AAS. So, in the present study, the potential for using alkali-activated slag 
binder (AAS) to solidification / stabilization (S/S) of Cr(VI) and the retention mechanism were 
investigated. 
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1. Introduction 
Chromium is one of the common pollutants frequently generated from industrial facilities, 
such as electroplating, production of pigments, stainless steels and other alloys, leather and 
textiles, as well as ore and petroleum refining. Chromium is present in several different forms 
in the environment and the most stable oxidation states are hexavalent chromium (Cr(VI)), 
and trivalent chromium (Cr(III))(Hwang I. et al., 2005). Cr(III) is essential for humans 
metabolism and relatively nonreactive and less toxic, whereas Cr(VI), frequently as oxyanion 
like CrO4

2- and Cr2O7
2-, is a severe toxic contaminant of natural waters, sediments and soils 

and is classified as a carcinogen associated with the risk of respiratory tract cancer. 
Cement-based stabilization/solidification(S/S) has been widely demonstrated to be able to 
isolate hazardous wastes from the natural environment as a result of its simple and 
inexpensive treatment process and the resultant alkaline pH which can render many metal 
contaminants insoluble (Halim C.E. et al., 2004). S/S was identified as the best demonstrated 
available technology for many of hazardous wastes by the United States Environmental 
Protection Agency (US EPA). Recent works have shown that some cations such as Pb2+, Cd2+, 
Hg2+ and Zn2+ are very effectively immobilized by incorporation into Portland cement-based 
materials (PC) (Giergiczny Z. et al., 2008; Gollmann M. A. C. et al., 2010). However, Cr, in 
particular, Cr(VI) was observed to be problematic. 
Wang and Vipulanandan (Wang S. et al., 2000) studied the Solidification/stabilization 
efficiency of Cr(VI) based on K2CrO4 with a Portland cement matrix. They concluded that 
K2CrO4/cement ratio should be limited to 0.2% in order to meet the TCLP limit of 5 mg/L and 
the immobilization of Cr(VI) was achieved due to the formation of CaCrO4 with low 
solubility. Lasheras-Zubiate (Lasheras-Zubiate M. et al., 2012) also noted that precipitation of 
calcium chromites was one of the most important mechanisms responsible for Cr(VI) 
retention in Portland cement. Another potential mechanism in Portland cement accounting for 
fixation of Cr(VI) was Cr-ettringite, which was verified by Jain et al. (Jain N. et al., 2008), 
Peyronnard et al. (Peyronnard O. et al., 2009), and Pandey et al. ( Pandey B. et al., 2012). In 
addition, introduction of a limited amount of Cr(VI) into the silicate network of cement was 
also possible (Omotoso O. E., 1998). Although a part of Cr(VI) were stabilized on account of 
above mechanisms in the PC-based matrix, a large majority remained in the soluble chromate 
form independent of PC amount (Bulut U. et al., 2009). 
Moreover, Portland cement manufacture is characterized by energy intensive, high 
consumption of mineral material and abundant global greenhouse gas emission. Generally, 
approximately four billion tones of Portland cement are produced every year with 20 EJ of 
energy consumed (approximately 2-3% of global primary energy use) and nearly four billion 
tones of CO2 released (around 6 to 7% of the total CO2 emissions of earth). In view of 
foregoing disadvantages, Shi (Shi Caijun et al., 2011) believed that environmental friendly 
alternative binders must (at least partially) substitute for Portland cement.  
In order to achieve safe disposal of Cr(VI), some additional reductants such as Fe0, Fe2+, S2-, 
CaSx (Du Jingjing et al., 2012; Zhang Jianguo et al., 2008) were added to PC based S/S 
matrices by reducing Cr(VI) to Cr(III)  and enabling precipitation in highly insoluble forms. 
Whereas, this technique was uneconomic since reductants must be used. 
As one of the potential alternative binders, alkali-activated slag cement has been concerned 
for its low CO2 emission, high economic competition and low permeability along with the 



 

high performances such as high mechanical strength, high early strength development, high 
resistance to acid attack and chemical attack, etc (Bakharev T. et al., 2003; Sun Peijiang et al., 
2013), which may provide better fixation capacity of toxic metals than PC.  
Ground granulated blast furnace slag (GGBFS) is an industrial by-product of the iron and 
steel industry with the major components of SiO2, CaO, MgO, and Al2O3 strongly affecting 
the hydraulic reactivity of GGBFS. Sometimes, trace elements in GGBFS may play important 
roles in specific applications, although normally they do not influence the hydraulic reactivity. 
Many studies have reported that sulfur contained in GGBFS is mainly present in reduced 
form (S2-) (Bernal S. A. et al., 2014; Bellmann F. et al., 2009), which provides a low redox 
potential which can partially reduce Cr(VI) to Cr(III) ( Macias A., 1997; Duchesne J. et al., 
2004).  
In light of aforementioned physical and chemical advantages, AAS is expected to be a better 
matrix for solidification/stabilization of Cr(VI). There exist only a few previous reports 
regarding the treatment of Cr(VI) by AAS. Deja (Deja J., 2002) investigated the 
immobilization of Cr6+, Cd2+, Zn2+, Pb2+ in alkali-activated slag binders, and showed a high 
efficiency for Cr6+ immobilization based on the monolithic TANK leaching procedure using 
deionized water as the extraction fluid. In that literature, compacted microstructure may be 
responsible for high retention of Cr(VI). However, in actual situation, wastes contaminated by 
heavy metals generally lie in more aggressively acidic environment, for instance, acid rain or 
landfill conditions. 
What´s more important, pH value usually affects not only the solubility of heavy metal 
components (Sinyoung S. et al., 2011; Shi Huisheng et al., 2009), but also redox reactions, 
which is crucial for treatment of Cr(VI) ( Wazne M. et al., 2007; Jagupilla S. C. et al., 2009). 
So investigating the effect of pH value on the leachability and oxidation states of chromium in 
AAS matrix is of significance. 
Hence, the objectives of this paper were to: (1) investigate the S/S efficiency of Cr(VI) by 
AAS with various modulus and dosage of water glass, (2) examine the influence of pH value 
on the leachability and oxidation states of chromium from AAS, (3)discuss the retention 
mechanism of Cr(VI) in AAS. 
 
2. Materials and methods 
2.1. Materials 
The blast furnace slag used for AAS matrix was a by-product in the manufacture of iron from 
Chongqing Iron & Steel (Group) Co., Ltd, China. The GGBFS was ground in a laboratory 
ball mill to a specific surface of 450 m2/kg with the oxide composition presented in Table 1.  

Tab. 1 Oxide composition of blast furnace slag (% by mass) from X-ray fluorescence analysis 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O TiO2 MnO Cr2O3 LOI 

39.75 30.39 10.90 0.63 7.67 2.37 0.29 0.56 6.13 0.49 0.06 0.61 

LOI is loss on ignition at 1000 °C  
The alkaline activating solutions were formulated by blending a commercial water glass with 
30.23% SiO2, 12.48% Na2O and 51.0% H2O by mass, together with technical grade sodium 
hydroxide to reach the desired modulus (Ms, which is the SiO2/Na2O molar ratio) of 0.5, 1.0, 
1.5, 2.0 or 2.5.The activator concentrations of Na2O by mass of GGBFS were 3%, 4%, 5%, 
6%, 8%, respectively. Na2CrO4 and all other chemicals used for the determination of 



 

concentration of Cr were of analytical reagent grade. Ultra-pure water (resistivity is 18.25MΩ 
cm-1) was used for all sample preparation and dilutions. 
2.2 S/S matrices synthesis 
Pastes with a constant water/GGBFS ratio of 0.3 and an equivalent Cr(VI)/GGBFS ratio of 
1% by mass were prepared in accordance with the Chinese standard procedure. Sodium 
chromate was firstly dissolved in ultra-pure water before mixed with GGBFS and alkaline 
activator. Pastes were then cast into metal cubic mounds of 40×40×40 mm with the aid of a 
jolting apparatus and demoulded after 24 h. All the specimens were sealed in a plastic bag 
preventing water exchange and Cr release to environment and maintained at 98% relative 
humidity and 20 °C to definite ages (3, 7 and 28 days). 
2.3 leaching tests 
The S/S specimens for each of curing duration were broken with a hammer followed by 
passing through a 9.5 mm and a 4.75 mm sieve. Pieces with diameters between 4.75 and 9.5 
mm were used for the leaching tests. 
The stabilization/solidification efficiency of chromium by AAS was assessed according to 
toxicity characteristic leaching procedure (TCLP), which simulates landfill conditions to 
determine the mobility of toxic contaminants and sets limits to determine whether the material 
under scrutiny is toxic or not in USA. The TCLP used a 0.1 M acetic acid solution (pH≈2.88) 
as the extracting medium. In order to compare the effect of pH on leachability of chromium, 
extracting solutions of pure water (pH≈7) and 0.3 M acetic acid solution (pH≈2.64) were also 
used, respectively. 
100 g of crushed sample was respectively extracted with 2000 ml extracting solution into a 
2000 ml lidded polythene bottle. The bottle was fixed onto an end-over-end shaker and 
rotated at the frequency of 30±2 rpm for 18 h. The solution was then filtered through a 
0.45µm membrane filter. The pH values of the filtrate were determined and Cr(VI) as well as 
Cr(total) concentrations were respectively analyzed by a UV-vis spectrophotometer according 
to the Chinese national standard GB/T 15555.4-1995 and GB/T 15555.5-1995. 
2.4 XRD 
The samples after 28 days of curing were immersed in absolute ethyl alcohol to stop 
hydration and grounded to a particle size of < 45 μm for XRD. X-ray diffraction patterns were 
recorded on a Phillips X’Pert X-ray Diffractometer utilizing Cu Kα radiation. 
2.5 Reduction capacity tests 
To determine the rate of reduction of Cr(VI)，the concentrations of Cr(VI) in solidification 
matrices were determined using an alkaline digestion procedure (HJ687-2014). Then the rate 
of reduction of Cr(VI) was calculated according to the formula: the degree of reduction of 
Cr(VI) to Cr(III) was calculated using the Cr(VI) determined in alkaline digestion method 
divided by the Cr introduced to the synthetic matrices. 
 
3. Results and discussion  
3.1 Compressive strength test 
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Fig.1 Effects of Ms on compressive strength   Fig.2 Effects of Na2O% on compressive strength  

The results of compressive strength tests at 3 d, 7 d and 28 d are shown in Fig.1 and Fig.2. 
From Fig1, it can be noticed that all the AAS matrices gave high compressive strength far 
exceeding the minimum limit compressive strength of 350 kPa (Malliou O. et al., 2007). With 
the increase of curing time, the compressive strengths of all AAS matrices were quickly 
developed. Depending on the modulus of water glass used, the compressive strength 
presented a parabola development tendency and the Ms of 1.5 gave the highest compressive 
strength. The higher dosage of water glass accelerated the destruction of GGBFS and 
coagulation structure formation and hence resulted in the higher compressive strength. In 
general, the release mechanism for Cr from S/S matrix was diffusion controlled (Dalmacija M. 
et al., 2011; Yang Yufei et al., 2011).The higher compressive strength with more compact 
structure can effectively hinder the migration of Cr by physical encapsulation. 
3.2 leaching tests 
3.2.1 TCLP leaching tests 
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Fig.3 Effect of Ms on concentrations of Cr     Fig.4 Effect of Na2O% on concentrations of Cr 

Fig.3 and Fig.4 respectively show the hexavalent chromium and total chromium content on 
different periods in the TCLP leachates with different water glass modulus or Na2O 
equivalent. It stated clearly that the leaching concentrations of Cr varied as a parabolic curve 
with the increase of the modulus of water glass, which reached the peak valley at the modulus 
of 1.5 from Fig.3. In addition, the leaching concentrations of Ms 1.5 were similar to the 
results of Ms 1.0. The slight advantage was caused by denser structure with higher strength at 
Ms 1.5, which indicated that physic encapsulation played a role in solidification of Cr to some 
extent. Besides, the solidification capacity was stronger at later hydration period. It confirmed 
that higher degree of hydration took good advantage on solidification. It can be seen from 



 

Fig.3 the leaching concentration of Cr(total) was 1.88 mg/L under the Ms 1.0, which is 
already much less than the TCLP regulatory limit of 5 mg/L. Fig.4 showed that the leaching 
concentrations of Cr were gradually decreased by the raise of Na2O equivalent. The result of 
Cr(total) for 5% Na2O at 28 days was only 2.25 mg/L which satisfied the standard of TCLP. 
What is more, for 8% Na2O, the concentration fell to 2.76 mg/L even at the early hydration 
period of 7 days. On the other hand, appropriate Na2O equivalent could be selected in the 
different condition of Cr to solidify. From both Fig.3 and Fig.4, another important 
phenomenon that the leaching concentrations of Cr(VI) were less than the amount of Cr(total) 
could be easily discovered, which indicated that part of Cr(VI) were reduced to Cr(III).  
 
3.2.2 Effect of pH of extracted medium on leaching concentrations of Cr                                                                                                          
The pH of extracted medium had an obvious effect on the Cr concentrations of the leachates 
showed in Tab.2. The leaching concentrations of Cr(VI) were reduced gradually by 
decreasing the pH of extracted medium from 7 to 2.64. In the presence of unreacted sulfide 
species contained in GGBFS, part of Cr(VI) leached during the leaching tests reacted with 
sulfide to transform into Cr(III) before precipitating as Cr(OH)3 and the leached Cr(VI) was 
reduced. However, the trend of Cr(total) was not in accordance with Cr(VI), for which  a 
suitable pH was required to solidify. Cr (III) was sparingly soluble at pH greater than 6 
(Pandey B et al., 2012). It could be provided from Tab.2 that the pH of leachates were all 
higher than 6 by the extracted solutions with pH of 7 and 2.88 in favour of the formation of 
Cr(OH)3. But the pH lower than 6 for the leachate by extracted solutions of 0.3M acetic acid 
solution leaded to a higher concentration of Cr(III).  

Tab. 2 pH and Cr concentrations (mg/L) in leachates for different extracted medium at 28 days 

 Pure water ( pH≈7) 0.1 M acetic acid solution 
(pH≈2.88, TCLP) 

0.3 M acetic acid solution 
(pH≈2.64) 

Na2O% Cr(VI) Cr(total) pH Cr(VI) Cr(total) pH Cr(VI) Cr(total) pH 

3 56.9 57.6 12.10 32.8 38.5 6.91 7.6 66.4 5.28 

4 27.9 31.8 12.18 12.3 16.8 6.84 2.8 32.1 5.19 

5 5.45 6.95 12.11 0.09 2.25 6.60 0.07 21.6 5.02 

6 1.76 2.18 12.05 0.06 2.16 6. 53 0.05 20.9 4.94 

8 0.31 0.57 12.14 0.03 1.64 6. 46 0.20 15.1 4.75 

 
3.3 Reduction capacity tests 
To further assess the treatment results, the reduction degree of Cr(VI) to Cr(III) was 
calculated after a curing period of 28 days and is given in Fig.5. In accordance with 
compressive strength results and TCLP results, the degree of reduction enhanced with the 
increase in water glass content. In 1% Cr(VI) doped AAS matrix, nearly 99.2% Cr(VI) was 
reduced to Cr(III), which was considered as the key treatment for the success of Cr 
immobilization by Zhang (Zhang Jianguo et al., 2008). It was worth mentioned that although 
the amount of S2- in GGBFS was slight, it was strong enough to wholly reduce Cr(VI) to 
Cr(III) up to 1% Cr(VI) by mass of slag without any additional reductants in the proper 
conditions. 
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3.4 XRD results 
Fig.6 presents the X-ray diffraction patterns of neat AAS and Cr contaminated AAS samples 
(Ms=1.5, 6% Na2O) hydrated for 28 days. For all samples, the major hydration products 
C-S-H and hydrotalcite-like phase were clearly identified. Addition of Cr(VI) did not 
obviously influence the XRD pattern. The major peaks of C-S-H appeared with the 
background hump in the 2θ range of 25° ～ 35°. The hydrotalcite-like phases with 
characteristic peak at 2θ≈11.7° were commonly formed in alkali-activated slag with sufficient 
MgO content (Haha M. B. et al., 2011). The hydrotalcite (Mg6Al2(OH)16CO3·4H2O) is a 
member of anionic clay family known as layered double hydroxides (LDHs) consisting of two 
dimensional positively charged brucite-like layers, where some Mg2+ cations are substituted 
with Al3+ cations to give net positive charge and CO3

2- anions loaded in the interlayer for 
charge compensating. The interlayer bonding is relatively weak and can be easily exchanged 
by other anions such as CrO4

2- or Cr2O7
2- , which was responsible for part of Cr(VI) retention 

in AAS matrix. No new Cr(III) phases were detected , indicating the formation of amorphous 
rather than crystalline compounds that was in accordance with the reports of Graham 
(Graham M. C et al., 2006) and Du (Du Jingjing et al., 2012).  
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Fig.6 XRD patterns of AAS samples with and without Cr(VI) 

4. Conclusion 
In this study, alkali-activated slag was used to treat Cr(VI). The solidification / stabilization 
(S/S) process has been assessed by the mechanical and leaching properties. Moreover, the Cr 



 

retention mechanisms were preliminarily discussed by means of reduction capability tests and 
XRD. The following conclusions can be drawn based on the experimental study. 
(1) The high compressive strength of AAS based S/S matrices were advantageous for 
retarding the leaching of Cr by effective physical encapsulation. The compressive strength 
increased with amount of water glass for all the samples. The highest strength was observed 
at water glass modulus of 1.5. 
(2) TCLP tests demonstrated that the modulus and dosages of water glass significantly 
influenced Cr concentration in leachates. Ms 1.5 gave the best S/S efficiency and increasing 
dosage enhanced retention. The TCLP regulatory limit of 5mg/L has been satisfied with water 
glass modulus of 1.5 and 5% Na2O at 28 days. 
(3) The leachabilities of Cr were dependent on the pH of extracted medium. In leaching 
process, part of Cr(VI) was reduced to Cr(III) and the reduction tendency was more obvious 
with lower pH value. Then Cr(III) precipitated as insoluble compounds in proper pH 
environment (higher than 6). However, when pH of leachate was lower than 6, a large number 
of Cr(III) leached. 
(4) Reduction capability tests revealed that alkali-activated slag showed high potential to 
reduce Cr(VI) into Cr(III) without any additional reductants, which was essential to safe 
treatment of Cr(VI). XRD analysis revealed that Cr(III) contained phases were amorphous.  
Moreover, the hydrotalcite-like phases formed in AAS would fix a part of unreduced Cr(VI). 
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Abstract 
The current work aims to investigate the possibility of using fly ash (FA) and residual rice husk ash 
(RHA) to produce unfired building bricks (UBB) with applying densified mixture design algorithm 
(DMDA) method. In this investigation, little amount of cement was added into the mixtures as binder 
substitution. Whereas, unground rice husk ash (URHA), an agricultural by-product, was used (10–30%) 
as partial replacement of fine aggregate. The UBB of 220×105×60 mm in size were prepared for the 
tests of dimensions, visible defects, compressive strength, flexural strength, water absorption, bulk 
density and void volume to evaluate the hardened bricks properties according to related Vietnamese 
standards. Forming pressure of 35 MPa was applied to form the bricks in the steel mold. The test 
results reveal that all brick specimens obtained good mechanical properties. Compressive strength, 
flexural strength and water absorption of the bricks were respectively in range of 15.1–22.1 MPa, 
2.3–3.5 MPa and 9.5–17.3% while the other properties of the bricks were well conformed to 
corresponding Vietnamese standards. Furthermore, it was definitely proved many potential applications 
of FA and RHA in the production of UBB with small amount of cement substitution. 
 
Originality 
In this investigation, the combination of FA and RHA was used as main binder materials. Additionally, 
densified mixture design algorithm (DMDA) method, which incorporating mineral admixtures are used 
to fill the void of aggregates and hence increase the density of the aggregate system, was applied to 
design brick ingredients proportion to ensure the good physical and mechanical properties of the 
bricks. Especially, unground rice husk ash (URHA), an agricultural by-product, was added into the 
mixtures as partial substitution of fine aggregate (natural sand). Using URHA as fine aggregate in the 
mixtures greatly reduced the negative impacts on environment due to its disposal. Moreover, the 
utilization of URHA in unfired building bricks production was not only significantly contributed to the 
lighter bricks due to the much lower density of URHA but also remarkably reduced the cost of final 
products in the production process because of the much lower cost of URHA (almost free) in 
comparison to those of natural sand. 
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Unfired building brick, fly ash, rice husk ash, cement, forming pressure



 

 

1. Introduction 

Brick is a prevalent building material that is used in a wide range of construction projects. In 
India, for example, the construction industry consumes approximately 20 billion bricks each 
year [1]. The worldwide annual production of construction bricks is currently about 1391 
billion units and the demand for bricks is expected to be continuously rising [2]. 

There are various kinds of building bricks in the world. Most of them are conventional bricks 
that are produced from natural clay with high-temperature kiln firing or mainly from ordinary 
Portland cement (OPC). The rest minorities are unfired building bricks (UBBs) that are 
produced from various sources of solid waste materials and are not fired at high temperature. 
According to official government estimates, the demand in Vietnam for UBBs in 2015 and 
2020 is expected to be 32 and 42 billion units, respectively. 

The production and use of OPC has generated a significant amount of carbon dioxide (CO2) to 
the environment and accounted for around 7% of total CO2 emissions [2]. Additionally, each 
fired-clay brick has approximately 2.0 kWh of embodied energy and causes the releases about 
0.41 kg of CO2 into the environment during its production [3]. The conventional fired clay 
and OPC bricks are the major contributors to man-made CO2 greenhouse gas emissions. 
Therefore, the use of these materials needs to be cautious. 

Vietnam has large amount of RHA and FA. Moreover, the use of UBBs greatly contributes to 
save natural resources, reduces pollution, and low down wastes disposal costs. Therefore, the 
utilization of UBBs has become the trend of many countries in the world. Recently, there are 
many studies on the use of only FA or RHA in the production of bricks by different methods 
[2]. Commonly, a mixed of FA with other materials (bottom ash, slag, limestone powder, 
silica fume, natural clay, etc.) has been used for making bricks [4-6], similarly with RHA 
[1,7,8]. However, just few researchers study on the application of combined FA-RHA for 
producing bricks. 

On the other hand, it is noted that although many studies about building bricks made from 
waste materials meet the various standard requirements, so far commercial production and 
their application have still limited. Therefore, for wide production and utilization of UBBs, 
further research is necessary. The primary aim of this research is to evaluate the possibilities 
of using combined FA-RHA as main binder materials for producing UBBs. 

2. Experimental Program 

2.1 Materials 

Type I Portland cement, FA, and RHA were used as main binder materials for bricks 
production. The physical and chemical properties of cement, FA, and RHA used in this study 
are given in Table 1. Natural sand and URHA were used as fine aggregates in the mixtures. 
Natural sand (density 2.6, absorption capacity 1.4%) was provided from local quarries, whereas 
URHA (density 2.1, absorption capacity 27.5%) was sourced from Southern Vietnam. Figure 1 
shows the scanning electron micrograph (SEM) of URHA. It is noticed that all the aggregates 
used in this study should be in saturated surface-dry condition. Mixing water was local tap 
water. All materials conform to the related ASTM standards. 



 

 

Table 1 Physical and chemical analysis of cement, FA, and RHA 

Items Cement FA RHA 
Physical properties Specific gravity 3.15 2.08 2.18 

Chemical compositions (%) 

SiO2 22.1 63.9 95.6 
Al2O3 5.5 20.0 - 
Fe2O3 3.4 6.6 0.24 
CaO 62.8 3.8 0.7 
MgO 2.6 1.3 - 

Others - 2.3 0.54 

 

Figure 1 Scanning electron micrograph of URHA 

2.2 Experimental methods 

Combined FA-RHA was used as main binder materials with 15% (wt.) cement substitution, 
whereas 0%–30% of natural sand was replaced by URHA. Brick mixture design followed 
DMDA method. In this study, all the mixtures were the same in terms of water-to-binder 
ratios (w/b = 0.35) and forming pressure (P = 35 MPa). Table 2 shows the mixture proportions 
of bricks in weight of materials. Solid brick samples with a standard dimension of 
220×105×60 mm were prepared for the tests of dimensions, visible defects, compressive 
strength, flexural strength, water absorption, bulk density, and void volume. After casting, all 
the brick samples were cured at ambient temperature until the required testing ages. The 
preparation and testing of the bricks were conducted in accordance with TCVN 6477-2011 [9] 
and TCVN 6355-2009 [10], respectively. 

Table 2 Brick mixture proportion 

Mix. W/B 
Mix-proportion, kg/m3 

FA RHA Cement Sand URHA Water 
R40C15U00 

0.35 

305.6 203.7 89.9 1452.8 - 209.7 
R40C15U10 305.6 203.7 89.9 1307.5 145.3 209.7 
R40C15U20 305.6 203.7 89.9 1162.2 290.6 209.7 
R40C15U30 305.6 203.7 89.9 1017.0 435.8 209.7 



 

 

3. Results and Discussions 

3.1 Dimensions and visible defects 

Table 3 and Table 4 present the test results of dimensions and visible defects of the standard 
solid construction bricks, respectively. These results demonstrate that the bricks conform to 
TCVN 1451:1998 [11] in both aspects. The slight differences that were detected are because 
of deformities of the steel mold caused by repeated use under high pressure. Furthermore, 
Figure 2 shows that all brick samples were of a consistent shape and dimensions with 
free-visible defects. 

Table 3 Dimensions of brick samples 

Sample codes 
Forming pressure 

(MPa) 
Dimensions (mm) 

Length Width Height 
R40C15U00 

35 

222.38 106.37 59.95 
R40C15U10 222.48 106.38 60.60 
R40C15U20 222.67 105.96 60.02 
R40C15U30 222.05 106.00 59.99 
Allowable tolerance [11], (mm) 220 ± 6 105 ± 4 60 ± 3 

Table 4 Visible defects of brick samples 

Type of visible defects 
Allowable 
level [11] 

Visible defects of 
brick samples 

1. The curvature on the top, bottom and side-edges 
faces, in millimeter, no more than 

4 No 

2. The number of cracks through the thickness, 
pulling to a width that not exceeding 20 mm, no 
more than 

1 No 

3. The number of wound chipped (edges and 
corners) from 5 mm to 10 mm in depth and from 10 
mm to 15 mm in length, no more than 

2 No 

 

Figure 2 Unfired building brick samples 



 

 

3.2 Compressive strength 

Compressive strength is an important property of hardened bricks. The compressive strength 
development with age and the effect of URHA addition on compressive strength of brick 
samples are presented in Figure 3 and Figure 4, respectively. The experimental results show 
that the brick samples achieved the compressive strength of higher than the required strength 
as required by TCVN 6477:2011 [9]. 

Generally, the compressive strength of all brick samples increased with curing age (Figure 3). 
This increase occurred due to the positive relationship between curing age and the development 
of both cement hydration and pozzolanic reaction. On the other hand, the test result in Figure 
4 illustrated that the addition of URHA as fine aggregate in the mixtures created a significant 
influence on the compressive strength of bricks. The higher the URHA replacement levels, 
the lower the compressive strength will be. In fact, after 28 days of age, the bricks containing 
10%, 20%, and 30% of URHA content had compressive strength of 19.8, 16.0, and 15.1 MPa, 
respectively, that corresponding to around 11.2%, 37.9%, and 46.1% reduction in compressive 
strength compared to URHA-free bricks. 

According to TCVN 6477:2011 [9], the brick samples both with and without URHA content 
can be respectively classified as Grade M15 and M20, which are considered as the good 
quality of solid construction bricks. 
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Figure 3 Compressive strength development of 

bricks at various ages 
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Figure 4 Effect of URHA content on 

compressive strength of bricks 

3.3 Flexural strength 

Test results of flexural strength of brick samples at various ages and with different URHA 
contents are shown in Figure 5 and Figure 6, respectively. It could be observed that the brick 
samples achieved the flexural strength of higher than the required strength under TCVN 
1451:1998 [11]. 

As consistence with compressive strength development, flexural strength increased with curing 
age (Figure 5) and URHA content had a significant effect on the flexural strength of brick 
samples (Figure 6). The addition of URHA caused a significant decrease in flexural strength of 
bricks. In fact, the brick samples with 10%, 20%, and 30% of URHA replacement levels 
obtained the respective flexural strength of 3.1, 2.8, 2.3 MPa. On average, the respective 
flexural strengths were around 13.8%, 25.6%, and 48.1% below that of URHA-free bricks. 



 

 

These lower values were because of the presence of highly porous URHA particles, as observed 
by SEM image of URHA (Figure 1), which reduced structural density and flexural strength 
compared to the URHA-free bricks. 
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Figure 5 Flexural strength development of bricks 

at various ages 
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Figure 6 Effect of URHA content on flexural 

strength of bricks 

3.4 Water absorption 

Water absorption is a key parameter affecting the brick durability. Figure 7 presents the effect 
of URHA content on water absorption of bricks samples at 28-day of age. Most of the brick 
samples had water absorption capacity of lower than 16%, which was required by TCVN 
1451:1998 [11].  

In addition, water absorption increased significantly with URHA content. Actually, at 10%, 
20%, and 30% of natural sand replaced by URHA, there was 29.4%, 43.4%, and 53.1% increase 
respectively in water absorption of bricks in comparison to that of the bricks without URHA 
content. These increases were mainly due to highly porous URHA particles (Figure 1) and 
much higher water absorption capacity of URHA (27.5%) compared to that of natural sand 
(1.4%). Moreover, the water absorption of bricks containing higher than 25% URHA content 
exceeded the limited level (16%) required by TCVN 1451:1998 [11]. The result was consistent 
with strength development of the bricks. 
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Figure 7 Effect of URHA content on water absorption of bricks 



 

 

3.5 Bulk density 

Bulk density value is an important indicator used to classify solid construction bricks. Figure 8 
shows the relationship between average bulk density values and URHA content for 28-day-old 
brick samples. All of brick samples registered bulk density values that were significantly higher 
than 1600 kg/m3, the minimum density required of solid construction bricks [11]. 

The addition of URHA to the mixture significantly reduced the bulk density of bricks (Figure 8). 
This was mainly due to the much lower specific density of URHA in comparison with that of 
sand that reduced the mass per-unit volume and caused the lower density value. On average, at 
10%, 20%, and 30% levels of URHA replacement, there were 6.1%, 13.2%, and 19.0% 
decreases, respectively, in the bulk densities in comparison to the URHA-free bricks. On the 
other hand, lower bulk density values are associated with higher absorption capacity and lower 
strength of bricks. This trend was mainly due to the increasing number of voids formed within 
the bricks by the highly porous URHA particles (Figure 1). 
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Figure 8 Effect of URHA content on bulk density of bricks 

3.6 Void volume 

Figure 9 shows the void volume test result for the brick samples at 28 days of age. The result 
shows that all of the brick samples achieved void volumes values that were significantly below 
the maximum 65% allowed under the standard for construction bricks [9]. Furthermore, this test 
confirmed that the brick samples met strength and water absorption requirements under relevant 
Vietnamese standards [11]. 

The results of the void volume test (Figure 9) indicated that void volume was directly 
proportional to the ratio of URHA used. It was found that adding URHA increased the void 
volume within the bricks significantly because of high porosity caused by the highly porous 
particles in URHA (Figure 1). On average, at 10%, 20%, and 30% levels of URHA 
replacement, there were 1.9%, 15.7%, and 29.4% decreases, respectively, in the void volume 
compared to that of the URHA-free bricks. This result is consistent with the water absorption 
test result as well as with the strength development of brick samples as discussed above. 
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Figure 9 Effect of URHA content on void volume of bricks 

4. Conclusions 

Based on the above experimental investigations, the following conclusions can be drawn: 

1. The dimensions and visible defects of the brick samples complied with TCVN 1451:1998. 
All brick samples were of a nice shape, consistent in dimensions, and free of visible defects. 

2. URHA content created a significant effect to all the hardened properties of bricks. The 
higher level of URHA replacement caused the lower strength, the greater void volume and 
water absorption, and the lower bulk density of bricks.  

3. At optimum amount of URHA addition, all the properties of bricks was well conformed 
to related Vietnamese Standards as the good quality of solid construction bricks. 

4. It was possible to produce unfired building bricks by using combined FA-RHA with 
small amount of cement addition. 
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Abstract 
The utilization of thermal-treated metallurgical sludge as cement admixtures has been studied in this paper. 
X-ray diffraction (XRD) showed that all of three kinds of thermal-treated metallurgical sludges (S-I-850, 
S-II-850, and S-III-850) contained lots of active minerals. Scanning electron microscopy (SEM) showed that a 
lot of sub-2μm particles and micro-pores have a large distribution on the surface of thermal-treated 
metallurgical sludges. The activity indexes of S-I-850 for 3d, 7d and 28d were 54.7, 68.9, 74.1, respectively. It  
reaches the requirements of activity indexes of class-B steel slag and fly ash. The leaching test results indicated 
that mortar CS-I-850 was effective at immobilizing heavy metal ions. S-II-850 and S-III-850 also could meet the 
requests of activity indexes of the class-B steel slag and fly ash, but these two kinds of metallurgical sludges 
maybe have less application value for cement admixtures since there were a large amount of organic matters 
before incineration.  
 
Originality 
Metallurgical sludge is the most complex solid waste in steel industry. Characterization of metallurgical sludge 
was studied. Feasibility of metallurgical sludge as cement admixtures was explored by thermal treatment and 
activity indexes experimenst. Environmental safety and risk assessment were also conducted. 
 
Keywords: Metallurgical sludges; cement admixtures; activity indexes; leaching test 
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1. Introduction 
With the development of steel industry, the global crude steel output increases constantly. Since 1996, 
China’s crude steel output has been in the first place. In 2012, it was 725 million tons, while in 2013, 
it was 779 million tons with an increase of 7.5%, which predicts a little rising tendency in the 
following years. However, several billion tons metallurgical solid wastes have been discharged at the 
same time, such as gas ash, sludge, sintering dust and steel slag. If these solid wastes are directly 
thrown into surroundings, they may cause serious threat to the environment, do great harm to our 
health and lead to generous waste of resource. Safe and effective ways have been explored by 
researchers from home and abroad, most of whom focused on the methods of reducing the solid 
wastes or making the solid wastes harmless, but the utilization rate of solid wastes is still very low. 
The principal utilization has been focused on slag (Maier, et al., 2012; Zhang, et al., 2012.), fly ash 
(Arezoumandi, et al., 2013; Kumar, et al., 2013) and municipal solid waste incineration fly ash(Wu, 
et al., 2011). But there were few investigations on the metallurgical sludge, thus more attention 
should be paid to metallurgical sludge.  
In the procedure of steel production, metallurgical sludge accounts for about 10wt.% of the whole 
weight. Due to a large amount of muds and irons, different sources and different collective ways, 
metallurgical sludge is the most complex solid waste in steel industry (Shi., et al., 2008). The sludge 
contains lots of metallic oxide, which is more than several tens times or even hundreds of times as 
much as municipal solid waste. If pile up metallurgical sludge randomly, it will not only occupy a 
variety of lands, but also take risk of secondary pollution to environment, for the reason that some 
heavy metals (Mn2+、Cu2+、Cr2+ , etc) may come into soil and underground water with the erosion 
by rain (Das, et al., 2007). 
Building material industry is a huge field that needs a lot of materials. Since some raw materials are 
on the verge of exhaustion, new materials to substitute the traditional materials should be studied. 
Hence, building material industry is the largest industry to produce solid wastes, and also the largest 
industry to reuse them. Compared to the traditional methods, applying metallurgical sludge to 
building materials is beneficial not only to the sustainable development of resource, but also to the 
effects of society, economy and environment. Several kinds of metallurgical sludges can be reused 
into building materials, as reported in some papers. Mymrin V., et al. have developed a new 
environment-friendly construction materials based on red mud and ferrous slag, and their strength can 
be improved by adding small amounts (2wt.%) of CaO or Portland cement. The high strength of new 
materials rendered them applicable in the construction of roads and airfield runways, industrial and 
municipal dumps（Mymrin, et al., 2003）. It was feasible to use red mud and coal gangue to replace up 
to 50wt.% of the raw materials to produce cementitious material, which can be called as 
silica–alumina based cementitious material (Zhang，et al., 2009).. 
Due to large quantities of organic matters and heavy metals are contained in metallurgical sludge, 
making it used as resource is restricted. But after oven drying or incineration, the main components of 
thermal-treated metallurgical sludge are belong to the system of CaO-SiO2-Al2O3-Fe2O3, which are 
similar to blast furnace slag and fly ash. Therefore, it is possible to explore a method of applying 
thermal-treated metallurgical sludge to cement admixtures. Herein, the feasibilities of three kinds of 
thermal-treated metallurgical sludges as cement admixtures were studied. The theoretic analysis, 
activity indexes experiments, properties and leaching test have been conducted in the study. 



 

2 Materials and methods 
2.1 Materials 
A class P.O 42.5 Portland Cement from Anhui Conch Cement Co., Ltd. was used in this study. Three 
kinds of metallurgical sludges were from a local steel company. The phase, water content, loss on 
ignition (LOI) and lower calorific value of original metallurgical sludges are shown in Table 1. 
Sludge-I was pre-treated by being dried at 105oC for 10h, both of Sludge-II and Sludge-III were 
incinerated at 850oC for 1 h due to a large amount of organic matters. The main chemical components 
of thermal-treated metallurgical sludges are shown in Table 2. 

Table 1 Properties of the original metallurgical sludges 

Original sludge Phase Water content/wt.% LOI /wt.% Lower calorific value/J•g-1 

 Sludge-I Loose state 25.60 36.00 2699.00 

 Sludge-II Soft state 3.90 67.60 20249.00 

 Sludge-III Mushy state 8.74 36.90 7744.00 

 
Table 2 The main chemical components of the thermal-treated metallurgical sludges /wt.% 

2.2 Methods 
In this paper, three kinds of metallurgical sludges were pre-treated by oven drying or incineration 
according to their phase and water contents at the beginning. Since there are no relevant standards for 
metallurgical sludge to refer to, so this study made theoretic analysis and activity indexes experiments 
according to Chinese national standard “Granulated blastfurnace slag used for cement production” 
(GB/T203-2008), “Steel slag powder used for cement and concrete” (GB/T20491-2006), “Fly ash 
used for cement and concrete” (GB/T1596-2005) and “Methods of testing cement-determination of 
strength” (GB/T17671-1999). Thermogravimetry-Differential Thermal Analysis (TG-DTA) and 
X-Ray Diffraction (XRD) as well as Scanning Electron Microscopy (SEM) were used to investigate 
thermal-treated metallurgical sludges. Leaching test was conducted to assess the security of some 
heavy metals according to Chinese national standard “Identification standards for hazardous 
wastes-Identification for extraction toxicity” (GB5085.3-2007). The mixture ratios about the 
experiments of activity indexes are shown in Table 3.    

 

Chemical   
components 

CaO SiO2 Al2O3 MgO Fe2O3 P2O5 SO3 K2O Na2O MnO TiO2 ZnO 

S-I-105 7.42 12.97 47.97 1.39 20.78 3.66 1.44 0.10 0.23 3.63 0.30 1.63 

S-II-850 2.44 4.76 40.90 0.41 30.80 12.40 3.44 0.07 — 0.10 0.44 0.34 

S-III-850 8.24 14.2 40.20 0.60 27.40 1.49 1.77 0.20 0.44 0.27 0.26 0.19 



 

Table 3 The mixture ratios about the experiments of activity indexes of thermal-treated metallurgical sludges 

Samples Cement/g 
Metallurgical  

sludge/g 
Sand/g Water/mL  

C 450 0 1350 225 

CS- I-650 315 135 1350 225 

CS- I-750 315 135 1350 225 

CS- I-850 315 135 1350 225 

CS- II -850 315 135 1350 225 

CS-III-850 315 135 1350 225 

Note: Sludge-I was incinerated at 650oC, 750 oC and 850 oC for 1h, both of Sludge-II and Sludge-III were 
incinerated at 850oC for 1 h due to a large amount of organic matters. 
3 Results and discussions 
3.1 The activity of using thermal-treated metallurgical sludge as cement admixtures 
3.1.1 Theoretical activity 
3.1.1.1 Mass indexes  
According to GB/T203-2008, mass indexes of thermal-treated metallurgical sludges can be 
represented by K. K is determined by the mass fraction of some chemical components, and the 
formula is shown as follows. 

                       

2 3

2 2

CaO MgO Al O

SiO TiO MnO

W W W
K

W W W
+ +

=
+ +                                      (1) 

Where K is mass index; WCaO is the mass fraction of CaO, %; WMgO is the mass fraction of MgO, %; 
WAl2O3 is the mass fraction of Al2O3, %; WSiO2 is the mass fraction of SiO2, %; and WMnO is the mass 
fraction of MnO, %. 
If K＞1.2, it is an active cement admixture; if K＜1.2, it is an inactive admixture. According to 
formula (1), the mass indexes of S-I-105, S-II-850 and S-III-850 were 3.36, 8.25, 3.33, respectively.  
It is suggested that they all could be used as cement admixtures in theory. 
3.1.1.2 Alkaline indexes 
The alkaline indexes of three kinds of thermal-treated metallurgical sludges can be represented by Mo, 
which is defined as dividing mass fraction of alkaline oxide by mass fraction of acid oxide and 
amphoteric oxides. In thermal-treated metallurgical sludges, MgO, CaO, Fe2O3, MnO, K2O, Na2O and 
TiO2 are alkaline oxides; SiO2, Al2O3, P2O5, SO3 and ZnO are acid oxides or amphoteric oxides, 
therefore Mo can be represented as formula (2).  

               Mo= 
WMgO+WCaO+WFe2O3+WMnO+WK2O+WNa2O+WTiO2

WSiO2+WAl2O3+WP2O5+WSO3+WZnO
                     (2) 

 
Where Mo is alkaline index; WMgO is the mass fraction of MgO, %; WCaO is the mass fraction of 
CaO, %; WFe2O3is the mass fraction of Fe2O3, %; WMnO is the mass fraction of MnO, %; WK2O is the 
mass fraction of K2O, %; WNa2O is the mass fraction of Na2O, %; WTiO2 is the mass fraction of TiO2, %; 
WSiO2 is the mass fraction of SiO2, %; WAl2O3 is the mass fraction of Al2O3, %; WP2O5 is the mass 
fraction of P2O5, %; WSO3 is the mass fraction of SO3, %; WZnO is the mass fraction of ZnO, %. 



 

If Mo >1, it is an alkaline admixture; if Mo =1, then it is a neutral admixture; and if Mo <1, it is an 
acid admixture. According to Table 2, chemical components of thermal-treated metallurgical sludges 
have been analysed. The alkaline indexes of S-I-105, S-II-850 and S-III-850 were 0.52, 0.55, 0.65, 
respectively. Therefore, they were all acid cement admixtures. Cement admixtures with different 
alkaline indexes could have great effects on the properties of cementitious materials. When cement 
admixture is an acid admixture and featured by high activity, it can improve long-term compressive 
strength of mortars (Yang, 2011) 
3.1.2 Activity indexes experiments  
Table 4 shows the compressive strength of mortars and activity indexes of thermal-treated 
metallurgical sludges. From Table 4, S-I-650 and S-I-750 had very low activity, and neither of them 
could meet the requests of the class-A and class-B steel slag as well as fly ash. There maybe two 
reasons for the results. At the temperatures of 650 oC and 750 oC, on the one hand, the remaining 
organic matters haven’t been completely combusted, which may influence the hydration process of 
mortars. On the other hand, when the temperature between 500 oC and 950 oC, other crystal types of 
Al2O3 would transit into γ-Al2O3 (γ-Al2O3 has strong catalytic activity (Tang, et al., 2011), which has 
effect on compressive strength of mortars), and the lower temperatures could not make the crystal 
transition of Al2O3 completely, thus the active ingredients weren’t adequate when compared to S- 
I-850. 

Table 4 The compressive strength of mortars and activity indexes of thermal-treated metallurgical sludges  

 
Compressive strength/MPa  Activity index/% 

3d 7d 28d  3d 7d 28d 

C 21.4 28.4 43.7  - - - 

CS- I-650 0.3 0.5 1.3  1.2 1.8 3.0 

CS- I-750 0.2 0.4 2.9  1.0 1.4 6.6 
CS- I-850 11.7 19.5 32.4  54.7 68.7 74.1 

CS- II -850 13.1 19.9 34.1  61.2 70.1 78.7 
CS-III-850 10.7 18.5 31.5  50.0 65.1 72.1 

CC-Aa - - -  - ≥65 ≥80 

CC-Bb - - -  - ≥55 ≥65 

CFc - - -  - - ≥70 

Note:CC-Aa is the mortar that 30wt.% Class-A steel slag mix with 70wt.% cement. CC-Bb is the mortar that 
30wt.% Class-B steel slag mix with 70wt.% cement. CFc is the mortar that 30wt.% fly ash mix with 70wt.% 
cement. 
The activity indexes of S- I-650, S- II -850 and S-III-850 were all approach to the requirements of the 
class-A steel slag, and reached the requests of the class-B steel slag and fly ash, indicating that 850 oC 
could be a temperature to obtain highly purified γ-Al2O3, which was similar to the results of Li (Li, et 
al., 2007). From the point of developing tendency of activity indexes, mortars CS- I-650, CS- II -850 
and CS-III-850 contained high activity for 3d, then the activity indexes slowly increased with the 



 

following hydration time. Their activity indexes were at the rang of 65%-80% for 7d and 28d, which 
may be related to the properties of thermal-treated metallurgical sludges.  
3.2 The properties of thermal-treated metallurgical sludge  
3.2.1 Thermogravimetry-Differential Thermal Analysis (TG-DTA) 
The Thermogravimetry-Differential Thermal Analysis (TG-DTA) of three kinds of original 
metallurgical sludge is shown in Fig 1. From Fig 1, TG curves show the weight loss in the whole 
process, and the process can be roughly classified into three stages. (1) The stage of water escaping 
from metallurgical sludge. At the range of 50 oC ~ 400oC, the water deprived from metallurgical 
sludges, accompanying the adsorption of heat. The water escaped from sludges around 50 oC ~ 200 oC 
is often called freedom water, those around 150 oC ~ 400 oC are ascribed to the elimination of 
constitutional water. It can be seen from Fig 1 that Sludge-I had much more free water and 
constitutional water than Sludge-II and Sludge-III, thus the weight of Sludge-I decreased rapidly. (2) 
The stage of organic matters escaping from metallurgical sludges. Around 400 oC ~ 800oC, the 
organic matters adsorbed lots of heat and decompose to be gas, like NOX, SOX, and CO2. Due to the 
decomposition of organic matters, the weight of original metallurgical sludges decreased rapidly and 
constantly. (3) The stage of decomposition of minerals. Around 800 oC ~1000oC, the minerals adsorb 
heat and decompose into other components, such as calcium iron oxides decompose into Ca2Fe9O13 
and CaO. What’s more, between 500 oC and 950 oC, the process of crystal transition into γ-Al2O3 has 
caused heat adsorption, without any change of weight. 
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(a) Sluge- I (b) Sludge- II (c) Sluge- III 

Fig 1 TG-DTA of the original metallurgical sludges.  
3.2.2 X-Ray Diffraction (XRD)  
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Fig 2 XRD of the thermal-treated metallurgical sludges 



 

X-Ray Diffraction (XRD) of thermal-treated metallurgical sludges is shown in Fig 2. From Fig 2, it 
can be seen that the main minerals of S-I-850 were CaSO4, Ca2Fe9O13, CaO and Ca3Al2O6, the main 
minerals of S-II-850 were Ca3Al2O6 and Ca2Fe2O5, and the main minerals of S-III-850 were Ca3Al2O6 
and Ca2Fe2O6. From the results, it can be known that there were a great number of active minerals in 
thermal-treated metallurgical sludges. Particularly, they all contained Ca3Al2O6（C3A) which is a kind 
of highly active component of metallurgical sludges. It could influence the long-term compressive 
strength and structure of mortars, and is featured by fast hydration speed and large hydration heat. 
When three kinds of thermal-treated metallurgical sludges hydrated with cement, C3A reacted with 
water and generated to be C3AH, and the other inert components fill the structure of hydration 
products to make mortars more compact. Due to the existence of CaSO4 and C3A in Sludge-I, 
ettringite also be generated in the hydration process which would influence the initial compressive 
strength of mortars (Wang, et al., 2013). 
3.2.3 Scanning Electron Microscopy (SEM) 

      

  (a) S-I-850                  (b) S-II-850              (c) S-III-850 

Fig 3 SEM of thermal-treated metallurgical sludge  
Scanning Electron Microscopy (SEM) of three kinds of thermal-treated metallurgical sludges are 
shown in Fig 3. Fig 3(a), (b) and (c) present that a lot of sub-2μm particles and micro-pores have a 
large distribution on the surface of thermal-treated metallurgical sludges. These small particles and 
micro-pores had great effect on the hydration process because they were featured by great specific 
surface area. At the initial stage of hydration, the larger the specific surface was, the faster the 
hydration speed would be (Xu, 1986). Three kinds of thermal-treated metallurgical sludges had a 
rapid hydration speed initially, which can be seen from the results of the compressive strength for 3d. 
But the long-term compressive strength slightly increased from the results of 14d and 28 d, due to the 
content of active components decreased with time.  
3.3 Leaching test  
Due to a large amount organic matters were contained in Sludge-II and Sludge-III before incineration, 
thus the two kinds of metallurgical sludges have few application values when used as cement 
admixtures. From Table 1, it can be seen that these two kinds of original metallurgical sludges had 
high lower calorific value, therefore they were possible to be used as fuel (Liu, et al., 2013). Only   
CS- I-850 was chosen to have leaching test and the results are shown in Table 5. 
As is shown in Table 5, the extraction toxicities of heavy metal ions in CS- I-850 were much less than 
requests of “Identification standards for hazardous wastes-Identification for extraction toxicity” 
(GB5085.3-2007), which indicated that using S-I-850 as cement admixtures do no harm to 
environment. The reasons for the results are the formations of etrringite and C-S-H gel (Chrysochoou, 



 

et al., 2006; Gougar, et al., 1996; Hong, et al., 2002). On the one hand, ettringite can immobile 
harmful elements and heavy metal oxyanions. The columnar and channel sections of ettringite 
structure enable the relatively easy substitution of sulfate with oxyanions of similar structure and 
radius, such as chromate, arsenate, vanadate and selenite (Chrysochoou, et al., 2006; Gougar, et al., 
1996). On the other hand, there are a lot of micro-pores in the structure of C-S-H gel, increasing the 
specific surface area of structure and advancing the adsorption of toxic elements (Chen, et al., 2009; 
Gougar, et al., 1996; Hong, et al., 2002). 

Table 5 The leaching test results of CS- I-850 /（mg•L－1） 

Heavy metals Threshold limits  CS- I-850 

As 5 <0.05 

Ba 100 <0.01 

Be 0.02 <0.01 

Cd 1 <0.01 

Cr 15 0.01 

Cu 100 <0.01 

Ni 5 <0.01 

Pb 5 <0.05 

Se 1 <0.05 

Zn 100 <0.01 

4 Conclusion   
From the present investigation, X-ray diffraction (XRD) showed that all of three kinds of 
thermal-treated metallurgical sludges ( S-I-850, S-II-850 and S-III-850) all contained lots of active 
minerals. Scanning electron microscopy (SEM) showed that lots of sub-2μm particles and 
micro-pores have a large distribution on the surface of metallurgical sludges, which accelerated initial 
hydration process. 
After being incinerated at 850oC for 1 h, activity indexes of S-I-850 for 3d, 7d and 28d were 54.7, 
68.9, 74.1, respectively. It was able to reach the requirements of the activity indexes of class-B steel 
slag and fly ash. After leaching test, CS-I-850 was effective at immobilizing heavy metal ions. S-II 
-850 and S-III-850 also could meet the requests of activity indexes of class-B steel slag and fly ash , 
but they had a large amount of organic matters before incineration, therefore they had few application 
value for cement admixtures. 
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Abstract 
 
Alkali-Activated Materials (AAMs) are generally regarded as one of the most effective alternatives to CO2 emission-
intensive Portland cement. The primary objective of the present study was to explore the viability of alkali-activating 
industrial by-products such as blast furnace slag and fly ash with waste glass to prepare new cementitious materials.  
The paper describes the methodology developed to obtain an alternative alkaline activator based on waste glass. 
Pastes were prepared with alkali-activated slag (AAS) and fly ash (AAFA) with a number of activators. In the AAS 
systems these included solutions containing waterglass, NaOH/Na2CO3 and waste glass. A constant concentration (5 % 
by mass of slag) was used throughout. The activators in the fly ash systems (AAFA) were 8-M NaOH, 10-M NaOH + 
15 % waterglass and 10-M NaOH mixed with waste glass. These mortars were tested for mechanical strength and 
porosity and the pastes were characterised with FTIR, XRD, 29Si and 27Al NMR, and BSEM/EDX. The degree of 
reaction was also determined in all the systems with 29Si NMR and 1:20 HCl.  
Irrespective of the origin, i.e., dissolved waste glass or commercial waterglass, the Si in the AAS and AAFA systems 
exhibited similar behaviour and the two types of activator yielded pastes and mortars with comparable characteristics 
and properties.  
 
 
 
Originality 
 
The need to minimise greenhouse gas (mainly CO2) emissions has driven the pursuit not only of cement alternatives to 
Portland cement (as Alkali-Activated Materials (AAMs)), but also to alternative activator to commercial sodium 
silicates, whose manufacture is characterised by high power demand. Urban and industrial waste glass, as SiO2- and 
Na2O-rich vitreous materials, can be used as partial or total replacements for such commercial sodium silicates in the 
preparation of MMs. 
After dissolution in alkaline solutions, waste glass can activate blast furnace slag and fly ash to generate new 
cementitious materials with microstructure, properties and mechanical strength comparables to those obtained with 
commercial waterglass.  
 
Keywords: alkaline materials, waste glass, alternative activators, waterglass, characterization, properties 
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1. Introduction 
 
Portland cement (OPC) is considered the excellence building material because there is not binder that 
holds the acceptance that has this material. This is due to its high performance, its good quality/price 
ratio and because it is possible to find the raw materials to produce it almost everywhere in the world. 
However, the production of Portland cement is considered a complex and highly intensive process as 
far as energy is concerned, from the use of raw materials to the production and grinding of clinker.  
 
Additionally, the cement industry is considered one of the industries that emit larger amounts of CO2 
into the atmosphere worldwide. In the manufacturing process about 900 kg of CO2 per tonne of 
cement produced are emitted (Hasanbeigi et al., 2010; Yang et al., 2014), being approximately 5-7% 
of global emissions caused by humans (Chen et al., 2010). The main CO2 emissions in the cement 
industry come directly from the combustion of fossil fuels and the calcination of limestone into 
calcium oxide. An indirect amount of CO2 comes from the consumption of electricity generated by 
burning fossil fuels and milling processes. Approximately around 33% of CO2 emissions are 
originated from the fuel and the rest originates from the calcination of limestone (66%) (Anand et al., 
2006). 
 
Due to of the environmental problems associated with the production of Portland cement emerge some 
alternative to try to obtain the sustainable development, for instance, through technological progress in 
the cement plants; using alternative materials (waste and industrial by-products) as partial or complete 
replacements for oil, fuel, raw materials or clinker (cement with additions) or across the development 
of new cementing materials more eco-efficient.  
 
Some of these alternative types cements are those resulting from the chemical interaction between 
strongly alkaline solutions or amorphous aluminosilicates, which can be natural or industrial wastes 
such as fly ash or blast furnace slag (Fernández-Jiménez et al., 1999; Glukhovsky et al., 1983, 1980; 
Puertas, 1995). The alkaline solutions used in this process are usually: alkaline metal or alkaline-earth 
hydroxides (ROH, R(OH)2), weak acid salts (R2CO3, R2S, RF), strong acid salts (Na2SO4, 
CaSO4·2H2O) and R2O(n)SiO2-type siliceous salts, where R is an alkaline ion such as Na, K or Li. 
From the standpoint of resistance and durability of the final products formed, the most effective 
solutions are NaOH, Na2CO3 and hydrated sodium silicates or waterglass solutions (Palacios and 
Puertas, 2007; Palomo et al., 2014; Puertas and Torres-Carrasco, 2014; Torres-Carrasco et al., 2014).  
 
The hydrated sodium silicates (waterglass) have provided optimal mechanical resistance in alkali 
activated materials (AAMs) and good durability. The SiO2 present in the chemical composition of 
these activators causes the final reaction products to have special characteristics compared to other 
activators (Fernández-Jiménez and Palomo, 2005a; Fernández-jiménez et al., 1999). These sodium 
silicates are inorganic chemical compounds produced from combination, in varied proportions, of 
purity silica salts (SiO2) and sodium carbonate (Na2CO3). The fusion of these materials at temperatures 
above 1000 °C causes the stone sodium silicate (Na2O·xSiO3) as an amorphous glass (Brykov and 
Korneev, 2009; Larosa-Thomson et al., 1997). This solid silicate is then dissolved in water to obtain 
the soluble or liquid silicate, which is used in various industrial applications. However, this industrial 
process is extensively criticized because it is a highly polluting process from the environmental point 
(CO2 emissions) and from the energy point, due to high temperatures used to bring about the fusion 
(Brykov and Korneev, 2009; Larosa-Thomson et al., 1997).  
 
The motivation of this work is to try to get new sodium silicates through the reuse of waste glass. The 
urban and industrial waste glasses are an amorphous material with a chemical composition consisting 
essentially of SiO2 (65-75%), CaO (6-12%), Na2O (12-15%), Al2O3 (0.5-5%) y Fe2O3 (0.1-3%), 
attempting to replace as much as possible the commercial activator (waterglass) employed to the 
present (Torres-Carrasco et al., 2014).  



 

Glass is an ideal material to be recycled, where once recycled, their use can help save energy in 
preparing new glasses due to requires 26% less energy, it is less expensive and reduces raw materials 
employed in the preparation of glasses. However, there is a percentage between 10-30% of these waste 
glasses are not re-allocated to the preparation of new glass containers because they have some kind of 
impurities either metal or ceramic type. The construction sector plays an important role in the reuse of 
this percentage of waste glass, using them as pozzolanic additions in the preparation of Portland 
cement; in the preparation of vitroceramic composites together with other industrial waste or by-
products, such as fly ash, slag and ceramic discards; or as a prime material for synthesizing solid 
sodium silicates or purified silica. In this later application, very recent research by our group (Puertas 
and Torres-Carrasco, 2014; Puertas et al., 2012a, 2012b; Torres-Carrasco et al., 2014, 2012) have 
shown that sodium silicate-based urban waste glass may serve as an active component in the 
preparation of alkali-activated slag (AAS) or fly ash (AAFA) cements. The optimal conditions of 
solubility and concentration of ions, mainly SiO2 and Al2O3, have been established, which allowed us 
to use these solutions as an alternative activator in the preparation of alkali activated slag or fly ash 
pastes (Puertas and Torres-Carrasco, 2014; Puertas et al., 2014; Torres-Carrasco et al., 2014).  
 
With this work we want to show that the use of waste glass as activator in aluminosilicate materials 
can originate systems with very similar mechanical performance than when a commercial sodium 
silicate (waterglass) is used.    
 
 
2. Experimental 
2.1. Raw Materials 
 
In this study were used as starting raw materials an urban or industrial waste glass, a type F fly ash and 
Spanish vitreous blast furnace slag. Table 1 gives the chemical composition of all materials.  
 
The vitreous phase accounted for 99% of the slag content and specific surface of this material was 325 
m2/kg. The following activating solutions, all at a constant 5% Na2O by slag mass were used (Puertas 
and Torres-Carrasco, 2014; Torres-Carrasco et al., 2014):  
 
 50/50 molar solution of NaOH and Na2CO3 (Panreac analytical grade 98% sodium hydroxide 

and 99.8% sodium carbonate), yielding a solution with a pH of 13.6.  
 Commercial waterglass (Merck, 27% SiO2, 8% Na2O and 65% H2O by weight) with a 

SiO2/Na2O ratio of 1.2.  
 50/50 molar solution of NaOH/Na2CO3 solutions with different amounts of dissolved waste 

glass (from 1 to 25 g per 100 mL of solution).  
 
The SiO2/Al2O3 ratio in the fly ash was ≈ 2. Three alkaline activators were used to activate the fly ash: 
NaOH 8M, NaOH 10M + 15% of waterglass and a solution of NaOH 10M mixed with different 
proportions of  waste glass (10, 15 and 25 g per 100 mL of solution) (Torres-Carrasco and Puertas, 
2015).  
 
The aforementioned amounts of glass (particle size of under 45 µm) were mixed with the solutions 
(NaOH/Na2CO3 for blast furnace slag and NaOH 10M for fly ash) and magnetically stirred at 80 ± 2ºC 
for 6 hours. The solution was subsequently filtered and the liquid used as the activator (Torres-
Carrasco et al., 2014).   
 
 
 
 
 



 

Tab. 1 Chemical composition of slag, fly ash and waste glass used (XRF analysis, %wt.)  
 

Materials SiO2 Fe2O3 Al2O3 CaO MgO K2O TiO2 Na2O LOI 
Slag 

Fly ash 
Waste glass 

35.5 
54.4 
70.7 

0.4 
6.4 
0.5 

13.6 
27.5 
2.0 

41.0 
2.7 

11.7 

4.1 
1.5 
1.2 

- 
3.13 
1.08 

- 
1.27 

- 

0.01 
1.5 

11.7 

2.72 
2.10 
0.83 

2.2. Paste preparation and trials conducted  
 
Paste specimens measuring 1x1x6 cm were prepared for all systems with a liquid/solid ratio of 0.4 or 
0.44, depending on the type of activator to slag, and 0.3 for fly ash, to ensure that plasticity was a 
recommended in European standard EN 196-3 (Table 2). Fly ash pastes were cured for 20 hours at 
85°C and then, all pastes were subsequently cured in a chamber at 99% relative humidity and 20 ± 2°C 
until test date (1, 2, 7 and 28 days). The prismatic specimens were tested for compressive strength. 
After the mechanical tests, the pastes were treated with acetone/ethanol to detain hydration/activation 
for subsequent analysis. The characterisation trials were conducted on the same pastes, but only on the 
7-day specimens. The tests conducted on these pastes were:  
 

• Total porosity and pore size distribution were found with Hg intrusion porosimetry on a 
Micromeretics Autopore IV 9500 analyser.   

• The XRD patterns for the samples were recorded on a Bruker AXS D8 Advance 
diffractometer fitted with a Lynxeye super speed XR detector and a 2.2-kW Cu anode.  

• The FTIR spectra were obtained by analysing compressed KBr pellets containing 1.0 mg of 
sample in 300 mg of KBr on an ATIMATTSON Genesis Series FTIR-TM spectrometer. 

• The solid state nuclear magnetic resonance (29Si and 27Al MAS NMR) spectra were obtained 
from 64 scans run on a Bruker MSL 400 spectrometer.  All the samples were placed in a 4-
mm zirconium MAS rotor and spun at 10000 Hz. For the 27Al spectra, the relaxation time 
applied was 5s and 360 acquisitions were obtained per scan. For the 29Si spectra, the values 
were 10s and 1200 acquisitions. After the spectra were recorded, the curves were 
deconvoluted with DMFIT software, which fits the theoretical to the experimental curves.   

• Seven-day samples were embedded in an epoxy resin and cut, polished and carbon-coated for 
examination under a JOEL JSM 5400 scanning electron microscope equipped with a solid-
state backscattered detector and LINK-ISIS energy dispersive (EDX).  

 
Tab. 2 Pastes prepared and activation conditions  

 

Binder Sample name Activator type L/S Glass content SiO2/Na2O pH 

Slag 

AAS N/C 
AAS WG 

AAS N/C-1 
AAS N/C-10 
AAS N/C-15 
AAS N/C-20 
AAS N/C-25 

NaOH/Na2CO3 
Waterglass 

NaOH/Na2CO3 
NaOH/Na2CO3 
NaOH/Na2CO3 
NaOH/Na2CO3 
NaOH/Na2CO3 

0.40 
0.44 
0.40 
0.40 
0.40 
0.40 
0.40 

- 
- 

1 g 
10 g 
15 g 
20 g 
25 g 

0 
1.2 

0.08 
0.54 
0.63 
0.85 
0.86 

13.60 
13.76 
13.79 
13.70 
13.63 
13.60 
13.48 

Fly ash 

AAFA N8 
AAFA WG 
AAFA-10 
AAFA-15 
AAFA-25 

NaOH 8M 
NaOH 10M + 15% WG 

NaOH 10M 
NaOH 10M 
NaOH 10M 

0.30 
0.30 
0.30 
0.30 
0.30 

- 
- 

10 g 
15  g 
25 g 

0 
0.19 
0.10 
0.11 
0.16 

13.9 
13.8 
13.6 
13.4 
12.9 

 
 



 

3. Results and Discussion 
3.1. Alkali-activated slag: mechanical strength and paste characterisation  
 
3.1.1. Mechanical strength and porosity  
 
The mechanical performance of the pastes studied is reflected in Figure 1. For alkali-activated slag 
pastes, the figure shows that compressive strength rose with curing time in all the pastes. The lowest 
strength values were recorded, at all ages, for paste AAS N/C, i.e., the paste prepared with 
NaOH/Na2CO3 as the activator, and the highest for paste AAS WG, prepared with waterglass solution. 
The graph also shows that the higher waste glass content in the activating solution in the AAS N/C 
family of pastes, the higher was their mechanical strength, although none was as strong as paste AAS 
WG. The strength values found for paste AAS N/C-25 were observed to lie in between the strength 
developed by pastes AAS N/C and AAS WG, although closer to the later. The 28-day compressive 
strength in paste AAS N/C was 44 MPa, in paste AAS WG, 83 MPa and in paste AAS N/C-25, 66 MPa. 
That behaviour is consistent with the known facts that the nature of the alkaline activator is a 
determinant in alkali-activated slag pastes, mortars and concretes (Fernández-Jiménez and Palomo, 
2005a; Fernández-Jiménez and Puertas, 2003a; Palacios and Puertas, 2007), and that waterglass-
activated materials develop the highest strength. Another determinant in the strength of these materials 
is the SiO2/Na2O ratio in the waterglass solution, whose optimal values stands at around 1.0-1.5 (Wang 
et al., 1994). According to the solubility data recorded, treating 25 g of waste glass in a NaOH/Na2CO3 
solution yielded a solubility of 4.53 g/100 mL, from which silica ratio in the solution used to prepare 
paste AAS N/C-25 was calculated to be 0.86 (Puertas and Torres-Carrasco, 2014; Torres-Carrasco et 
al., 2014).  
 
The total porosity and pore size distribution (in the 100-0.01 µm range) for the pastes are respectively 
given in Figure 1b, where the porosity values are shown in percentage of the total sample volume. 
According to the figure, total porosity was greatest in paste AAS N/C at all ages, ranging from 18 to 
24%. In the pastes prepared with Si-containing activators, total porosity was significantly lower: 4-9% 
in AAS WG and 7-9% in paste AAS N/C-25. Pore size distribution followed a similar pattern, with a 
greater proportion of mico-and mesopore in the pastes prepared with the activators containing silicon. 
The paste prepared with 25 g/100 mL of waste glass had a larger fraction of pore smaller than 0.01 µm. 
These total porosity and pore size distribution findings are consistent with the compressive strength 
found for the materials tested (see Figure 1a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 a) Compressive strength of AAS pastes prepared with different alkaline activators; b) pore size 
distribution in pastes AAS N/C, AAS WG and AAS N/C-25 
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3.1.2. Characterization of reaction products: FTIR,  29Si and 27Al NMR MAS and BSEM/EDX 
 
The FTIR spectra for the anhydrous slag and the 7-day alkali-activated pastes were determined (Figure 
2a). An analysis of these spectra confirmed that reaction products formed as a result of the alkaline 
activation of the slag. The FTIR spectra for the pastes showed that the Si-O vibration band generated 
by the SiO4 groups in the anhydrous slag shifted from 996 cm-1 to 961-969 cm-1 due to the formation 
of a calcium aluminosilicate hydrate, a C-A-S-H-type gel (Fernández-Jiménez and Puertas, 2003b; 
Puertas et al., 2011, 2004). The band at around 460 cm-1 was attributed to ν4 [Si-O-Si] bond vibrations, 
while the signal at around 669 cm-1 was due to the stretching vibrations generated by the Al-O bonds 
in the AlO4 groups. The spectra also contained signals at 1420 cm-1 attributed to ν3[CO3

2-], while the 
vibration bands detected between 875 and 711 cm-1 were associated with ν2[CO3

2-] and ν4[CO3
2-], 

respectively, confirming paste carbonation or weathering. The bands in IR spectra for pastes AAS WG 
and AAS N/C-25, especially for the Al-O and Si-O vibrations, exhibited similar positions, widths and 
intensities.  
 

Figure 2 FTIR spectra for a) the anhydrous slag and 7-day pastes ; b) the anydrous fly ash and alkali-activated 
fly ash pastes 

 
 
Figure 3a shows the 29Si and 27Al MAS NMR spectra for the anhydrous slag and the three 7-day AAS 
pastes. The identification of the components of the 29Si NMR MAS spectra was based on prior 
aluminosilicate studies (Richardson, 1999; Richardson et al., 1994). The spectrum deconvolution data 
are listed in Table 3. The 29Si MAS NMR spectrum for paste AAS N/C contained a wide signal with 
several peaks. Its deconvolution revealed the presence of unreacted Q0 and Q1 units from the 
anhydrous slag. In addition, other signals were detected and attributed to Q1 (end of chain), Q2 (1Al), 
(0Al), Q3(1Al) and Q3(0Al) units (Fernández-Jiménez and Puertas, 2003b). These units were 
associated with the formation of C-A-S-H gel, the man reaction product in slag alkali-activation 
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(Fernández-Jiménez and Puertas, 2003b; Myers et al., 2013; Puertas et al., 2011). The same signals 
were visible on the 29Si MAS NMR spectrum for paste AAS WG, although clearly shifted toward more 
negative values. Lastly, the shape and deconvolution data for the paste AAS N/C-25 29Si MAS NMR 
spectrum were intermediate to the characteristics of the other two pastes. 
  
The 27Al MAS NMR spectra for anhydrous slag and the three pastes exhibited three clearly identified 
signals. Two were located in a wide, intense and asymmetrical band at around 60 ppm: one centred on 
around 59 ppm and associated with tetrahedral aluminium (AlT) and a smaller signal at around 31 ppm 
due to the presence of pentahedral aluminium (AlP). A third, less intense but narrower signal, 
indicating the presence of octahedral aluminium (Alo), appeared at 8 ppm (Fernández-Jiménez and 
Puertas, 2003b). The AlT signal at 59 ppm was narrower on the spectra for the AAS WG and 
AAS N/C-25 pastes than on paste AAS N/C. That, together with the greater intensity of the signal, was 
an indication that part of the AlT had been taken up into the structure of the C-A-S-H gel. 
 

 
Tab. 3 Deconvolution data for 29Si and 27Al MAS NMR spectra by the nature of the activator (anhydrous slag 

and 7-day pastes) 
                  

Sample   Q0 
(slag) 

Q0/Q1 
(slag) 

Q1 

 (end of chain) 
Q2 

 (1Al) 
Q2 

 (0Al) 
Q3  

(1Al) 
Q3 

 (0Al) 

Slag 
Pos. (ppm) -68.60 -75.50 - - - - - 
Width 7.62 7.62 - - - - - 
Integral (%) 20.54 79.46 - - - - - 

AAS N/C 
Pos. (ppm) -67.52 -73.40 -78.05 -81.90 -85.91 -91.07 -95.07 
Width 6.22 6.22 6.22 6.22 6.22 6.22 6.22 
Integral (%) 8.23 23.32 19.98 19.56 18.09 5.27 5.55 

AAS WG 
Pos. (ppm) -66.92 -73.59 -78.47 -81.82 -85.86 -92.76 -97.47 
Width 7.05 7.05 7.05 7.05 7.05 7.05 7.05 
Integral (%) 6.26 20.08 15.69 18.05 27.80 7.41 4.71 

AAS N/C-25 
Pos. (ppm) -66.59 -73.14 -78.17 -81.56 -85.50 -91.20 -96.30 
Width 6.65 6.65 6.65 6.65 6.65 6.65 6.65 
Integral (%) 6.22 23.06 19.25 18.10 23.30 5.59 4.48 

Parameters (%) AAS N/C AAS WG AAS N/C-25 
 ɫα = Q0 + Qslag 68.45 73.34 70.72 
 ɫɫƩQ2/QTotal 0.55 0.62 0.58 
 Q2 (0Al)/Q2 (1Al) 0.92 1.54 1.28 
 Q1/ƩQ2 

 
0.53 0.34 0.46 

 ƩQ3/Q1 + ƩQ2 
 

0.18 0.20 0.16 
 MCL (main chain length) 6.74 9.00 7.24 
          ɫQslag = Q0/Q1slag; ɫɫQTotal = ƩQn where Qn stands for Q1, Q2 and Q3 units 

 
 
 
 
 
 
 
 



 

Tab. 4 EDX determination of atomic ratio 

    
    

Sample Zone Number of 
analyses Ca/Si Al/Ca Al/Si 

AAS N/C C-A-S-H gel 20 1.06 ± 0.07 0.35 ± 0.04 0.37 ± 0.05 

AAS WG C-A-S-H gel 20 0.80 ± 0.05 0.30 ± 0.03 0.24 ± 0.02 

AAS N/C-25 C-A-S-H gel 20 0.94 ± 0.07 0.34 ± 0.04 0.31 ± 0.02 

 
The BSEM/EDX study conducted (see Figure 3b) revealed microstructural differences in the pastes 
depending on the activator used in their preparation. Further to its micrograph, paste AAS N/C 
contained substantial quantities of anhydrous slag particles, as well as an open and scantly compact 
structure. Less anhydrous slag and a more compact and uniform C-A-S-H gel were observed in the 
paste AAS WG micrograph. The microcracks characteristic of the intense drying shrinkage associated 
with these pastes were likewise visible (Palacios and Puertas, 2007; Puertas and Torres-Carrasco, 
2014). The AAS N/C-25 microstructure exhibited intermediate features, with smaller amounts of 
anhydrous slag than paste AAS N/C but a less uniform morphology than AAS WG. Table 4 gives the 
results of local analyses in different zones of the C-A-S-H gel to determine their Ca/Si ratios, which 
were found to be around 1 or less. 
 
An analysis of the deconvoluted 29Si and 27Al MAS NMR spectra and the microstructural studies 
revealed structural and compositional differences among the calcium silicate hydrates formed with the 
three activators. These differences can be gleaned from Table 3, which gives data for the 7-day 29Si 
MAS NMR spectra. The calcium aluminosilicate hydrate formed in paste AAS WG had a lower 
Q1/ΣQ2 ratio than the same product in the other two pastes. In other words, the former had a greater 
proportion of Q2 units and consequently longer tetrahedral silicate chains (around 9 tetrahedra, see 
Table 3). Paste AAS WG also had a higher percentage of Q3 units, denoting more intense inter-chain 
cross-linking and the formation of layered structures in some areas (Puertas et al., 2011). The 27Al 
MAS NMR spectra, in turn, revealed a higher AlT content in this gel. More polymerised C-A-S-H gel 
structures have low Ca/Si ratios, such as obtained in this study (paste AAS WG had a Ca/Si ratio of 
around 0.9). The mean chain lengths of the C-A-S-H gels, found with the Richardson method 
(Richardson, 1999; Richardson et al., 1994) (Table 3), were shown to follow the pattern: 
 
 

AAS Wg < AAS N/C-25 < AAS N/C  
 
 
 

The silicon present in the activator has been shown to contribute to the formation of calcium 
aluminosilicate hydrate in AAS WG pastes (Myers et al., 2013; Puertas and Torres-Carrasco, 2014; 
Puertas et al., 2011, 2004). The findings for all the trials conducted here showed that the silicon 
present in glass waste (AAS N/C-25) also favoured the formation of a silicon-rich C-A-S-H gel. The 
29Si and 27Al MAS NMR spectra confirmed greater reactivity in these pastes than in paste AAS N/C 
(from 73.34 % to 70.72 %, see Table 3), as well as more densely polymerised structures with higher 
Q1/ΣQ2 ratios, a larger proportion of Q3-type cross-linked units and more AlT in the gel structure, as 
deduced from smaller Ca/Si ratios (see Table 4). Again, the differences between the AAS WG and 
AAS N/C-25 gel structure and composition were due to the difference in the activator SiO2/Na2O ratio. 

  
 
 
 

 
b) 

a) AAS N/C 
Ca/Si = 1.06 AAS N/C-25 

29Si NMR MAS 27Al NMR MAS a) 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 a) 29Si and 27Al MAS NMR spectra for the anhydrous slag and the 7-day alkali-activated paste b) 
BSEM/EDX images of AAS N/C, AAS WG and AAS N/C-25 activated slag pastes 

 
 

 
3.2. Alkali-activated fly ash: mechanical strength and paste characterisation  
 
3.2.1. Mechanical strength and porosity  
 
The compressive strength developed by the oven-cured, 1x1x 6 cm activated fly ash specimen pastes 
are plotted in Figure 4. Mechanical strength was observed to rise when a solution of NaOH 10M was 
used instead of a NaOH 8M solution. Moreover, when SiO2 (present in the commercial waterglass 
solution) was added to the activating solution, strength rose to 28-day values of around 37 MPa and 
1-day values of 30 MPa (Torres-Carrasco and Puertas, 2015). When the source of the SiO2 in the 
solution was waste glass, even higher strength values were observed. The best results were obtained 
with 15 g in 100 mL of NaOH 10M, which yielded strength greater than the 37 MPa observed with 
commercial waterglass. An excess of waste glass (25 grams), however, lowered strength to values 
below the findings for NaOH 8M. This can be explained in terms of the solution pH (see Table 2), 
which declined considerably as the content of Si from the waste glass in the medium rose, as well as in 
terms of the SiO2/Na2O ratio. According to the values in Table 2, the SiO2/Na2O ratio for the 
waterglass solution was 0.19. As the waste glass content in the medium grew, the dissolved silicon 
also grew (Torres-Carrasco and Puertas, 2015), and with it the SiO2/Na2O ratio, up to values of 0.16 in 
the solution with 25 g of glass. In contrast, the solution containing 15 g of glass, which delivered the 
best results, had a SiO2/Na2O ratio of 0.11 and a pH closer to the pH of the waterglass solution.  
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Figure 4 a) Compressive strength of fly ash pastes activated with different alkaline solutions; b) pore size 

distribution in AAFA N8, AAFA WG and AAFA-15 
 

The variation in the SiO2/Na2O ratio in these solutions may entail changes in the degree of 
polymerisation of the dissolved chemical species (McCormick et al., 1987a, 1987b). Analogously, 
therefore, when the SiO2/Na2O ratio rises in these systems, the degree of polymerisation also rises. 
Further to these studies, when 15 g of waste glass were added to 100 mL of NaOH 10M, the dissolved 
silica was essentially monomeric (Puertas and Torres-Carrasco, 2014; Torres-Carrasco et al., 2014), 
but as the glass content grew, the solution may have become saturated, hindering the full solubilisation 
of the glass and inducing a higher degree of polymerisation.  
 
The compressive strength values observed in the pastes could be explained on the grounds of the 
mercury intrusion porosimetry findings (Torres-Carrasco and Puertas, 2015). As Figure 4b shows, 
total porosity did not vary significantly over time, because the geopolymerisation reaction took place 
and was accelerated by the heat (85 °C) applied during the first 20 hours. The largest share of reaction 
products were generated in that first period and redistributed over time to form more cohesive 
structures. In systems with 100 % fly ash as the binder, alkaline activation of the ash particles and the 
formation of the reaction products hold material porosity more or less constant throughout the 
hardening process (Zeng et al., 2010). In this study, the pastes with the lowest total porosity were the 
ones activated with the NaOH 10M + WG solution. Total early age porosity was greatest in NaOH 
8M-activated fly ash paste, where it ranged from 23 to 26 %. In the pastes prepared with Si-containing 
activators, total porosity was slightly lower: 22-25 % in both NaOH 10M + WG and NaOH 
10M + glass. Analysis of the pore size distribution revealed that small pores (0.1-1 µm) accounted for 
a higher fraction in all the pastes. These total porosity and pore size distribution findings are consistent 
with the compressive strengths described above.  
 
 
3.2.2. Characterisation of reaction products: FTIR, 29Si and 27Al NMR MAS and BSEM/EDX 
 
An analysis of the FTIR spectra (Figure 2b) showed that the most characteristic bands were: a main 
band at around 1 000 cm-3 associated with the asymmetric vibrations generated by T-O-T bonds 
(where T is Si or Al). In all the systems, regardless of the type of activator used, this band, located at 
around 1 060 cm-1 in the original fly ash, narrowed and shifted to lower frequencies after the fly ash 
was activated: to around 1 010 cm-1 (AAFA N8), 1 003 cm-1 (AAFA WG) and 1 004 cm-1 (AAFA 
N10-15). These shifts indicate that the glass component in the fly ash reacted with the alkaline 
activator to form reaction products, primarily N-A-S-H, an aluminosilicate gel (Fernández-Jiménez 



 

and Palomo, 2005b). The rest of the bands characteristic of N-A-S-H gel between 800 and 500 cm-1, 
which were also present, were associated with the vibrations generated by the tetrahedra formed.  
 
A comparison of the 29Si MAS NMR spectra for all the pastes obtained by activating the fly ash with 
different solutions revealed that the end, and consequently the most thermodynamically stable, product 
formed was similar in all cases. The formation kinetics of this compound varied, however, depending 
on the nature of the activator. All the spectra were typical of the formation of an aluminosilicate gel 
(N-A-S-H gel) with high silicon content. These spectra for 7-day pastes exhibited five main signals, 
associated with silicon surrounded by zero, one, two, three or four aluminium tetrahedra in the 
aluminosilicate gel (Table 5). Their signals appeared at around -110, -104, -98, -93 and -88 ppm 
respectively (with an error of ± 1 ppm). Nonetheless, in the AAFA WG and AAFA N10-15 systems, 
the presence of soluble silica in the medium sourced from the activator itself would be expected to 
affect the initial dissolution of the ash and the nature of the early age species formed: from the outset, 
the Al released would react with the silicon ions in the solution to form compounds whose Si/Al ratios 
were greater than 1. The Si/Al ratios were found with the Engelhardt (Engelhardt and Michel, 1987) 
equation (1), in accordance with Lowenstein’s rule. The Engelhard equation is defined as:  
 

(Si/Al)NMR =  n = 0, 1, 2, 3 y 4         (1) 

 
Table 5 shows the Si/Al ratios obtained with the Engelhard equation were similar for the AAFA WG 
and AAFA N10-15 systems. That confirmed that the nature of the activating solution played an 
important and analogous role in the two systems as a source of soluble silica in the medium, inasmuch 
as the ratio found for the NaOH 8M solution was slightly lower. This was subsequently verified by the 
degree of reaction and the percentage of dissolved silica and alumina found after the 1:20 HCl attack 
(see Table 5) and BSEM/EDX exploration (see Table 6). Moreover, gel formation kinetics were 
conditioned by the amount and type of polymeric species present in the solution while, as noted earlier, 
the existence of monomeric species in both systems (AAFA WG and AAFA N10-15) led to very 
similar compositions in the two gels. 
 
Backscattered electron microscopy (BSEM) was used to determine the Si/Al and Na/Al ratios in the 
sodium aluminosilicate (N-A-S-H gel) (see Table 6). The Si/Al ratio in the gel formed in the NaOH 
8M system was slightly lower than the ratio found when the activator used was NaOH 10M with 15 % 
waterglass or the solution containing waste glass. When the activator contained Si, the Al and Na 
content in the medium declined; moreover, the gels in the NaOH 10M + 15 % WG and NaOH 10M 
+ 15 g waste glass solutions exhibited identical Si/Al ratios. These results corroborated the 
percentages of dissolved silica and alumina found by the HCl attack, according to which the Si/Al 
ratios were very similar in these two systems and higher than in the AAFA N8 systems. Here also, the 
similarity in the behaviour of waste glass and waterglass is an indication that the former shows 
promise as a possible substitution for commercial sodium silicate.  
 
The SEM microstructural study (Figure 5b) provided insight into geopolymer formation and how it 
was affected by the nature of the activating solution. In the earliest stages of the reaction, the alkaline 
solution dissolved part of the outer shell of the fly ash particles, exposing the smaller particles (located 
inside the larger ash) to alkaline attack. In that stage the reaction mechanism involved was dissolution. 
An amorphous aluminosilicate (N-A-S-H) gel, the main reaction product, was observed alongside 
unreacted spheres.    
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 a) 29Si MAS NMR spectra of alkali activated fly ash pastes: AAFA N8, AAFA WG and AAFA N10-15 
and b) detail of crystalline phases (chabazite-Na-like zeolite) formed in fly ash pastes activated with NaOH 8M, 

NaOH 10M + 15% WG and NaOH 10M + glass 
 
 

Tab. 5 29Si NMR signals for 7-day alkali activated fly ash. Degrees of reaction, percentage of dissolved silica 
and alumina after a selective 1:20 HCl attack on alkali-activated systems. SiO2/Al2O3 ratio of the reaction 

products  
 

Sample 
  Residual xylanol 

group Aluminosilicate gel 
Qx4b (Si/Al)cNMR 

    Si(4Al) Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(0Al) 

AAFA 
N8 

δ (ppm) - -83.14 -88.1 -93.12 -98.81a -104.86 -110.29 -115.98 
 Width - 5.20 5.20 5.20 5.20 5.20 5.02 5.20 1.85 

Integral (%) - 5.85 13.42 15.58 23.67 21.01 13.5 6.98 
 

AAFA 
WG 

δ (ppm) - -84.3 -88.77 -93.52 -98.75a -103.9 -108.29 -113.06 
 Width - 5.20 5.20 5.20 5.20 5.20 5.20 5.20 2.04 

Integral (%) - 8.71 11.1 16.62 25.69 16.95 12.72 8.21 
 

AAFA 
N10-15 

δ (ppm) -77.95 -83.99 -87.88 -93.15 -98.80 -104.72 -110.21 -115.08 
 Width 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 2.01 

Integral (%) 1.92 4.49 12.42 17.73 25.70 21.00 11.59 5.16 
 Degree of reaction   Composition of reaction products (wt.%)  

Sample  (%)  SiO2 Al2O3 SiO2 + Al2O3 SiO2/Al2O3 

AAFA N8 28.80 
 

26.60 15.10 41.70 1.76 
AAFA WG 31.60 

 
42.77 20.53 63.30 2.08 

AAFA N10-15 34.10 
 

29.00 15.28 44.28 1.89 
a Highest intensity peak 
bSilica polymorphs : quartz (-108 ppm); coesite (-108, -113.9 ppm); cristobalite (-108.5); tridymite (-109 to -114 ppm)  
c Calculated from the Engelhard equation  

 

AAFA N8 AAFA WG AAFA N10-15 

ppm ppm ppm 

AAFA N8 AAFA WG AAFA N10-15 a) 

b) 
AAFA N8 AAFA WG AAFA N10-15 



 

Tab. 6 BSEM/EDX-determined chemical composition of 7-day sodium aluminosilicate gel obtained by 
activating fly ash with three solutions 

 
Activating 

solution Si Al Na Si/Al Na/Al 

AAFA N8 18.74 ± 1.40 10.64 ± 2.40 5.90 ± 1.97 1.86 ± 0.50 0.61 ± 0.32 

AAFA WG 19.79 ± 0.92 9.62 ± 1.08 7.30 ± 2.30 2.08 ± 0.22 0.78 ± 0.30 

AAFA N10-15 19.61 ± 0.50 9.53 ± 0.96 7.79 ± 1.85 2.08 ±0.20 0.84 ± 0.27 
 

 
4. Conclusions 
 
The data presented here will be valuable in the design and development of high-performance pastes, 
based on alkali-activated slag and fly ash materials with waste glass as activator, and in the selection 
and application of appropriate testing methodologies for these materials.  
 
The solutions resulting from the treatment of waste glass acted as alkaline activators, partially 
dissolving vitreous blast furnace slag and generating compounds and microstructures similar to the 
products observed in waterglass-prepared AAS. The behaviour of these pastes in terms of strength and 
microstructural development was comparable to the performance observed in AAS pastes prepared 
with conventional activators. The present findings showed that the composition and structure of the C-
A-S-H gels formed in two AAS pastes, one prepared with waterglass and another with activators 
containing waste glass, were similar.  
 
The main reaction product in the alkaline activation of fly ash is an amorphous polymer, an 
aluminosilicate hydrate (N-A-S-H gel) whose chemical composition and microstructure vary 
depending on the nature of the activator used. That factor plays an instrumental role in the kinetics, 
structure and composition of the gel initially formed, in which the dissolved silicate from the NaOH 
10M + 15% waterglass and NaOH 10M + 15g waste glass solutions had a substantial impact on the 
composition of the reaction products. In light of the similarities between the AAFA WG and AAFA 
N10-15 systems revealed by the analysis of the mechanical properties, degree of reaction and 
microstructure of alkali-activated fly ash paste, waste glass may be regarded as an alternative to 
sodium silicates in the preparation of geopolymers. 
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Water-reducing admixtures in a bottom ash hybrid cement 
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Abstract 
Cementitious materials known as hybrid cements, a new generation of binders, are made from a wide 
spectrum of aluminosilicate compounds (such as fly ash, bottom ash, blast furnace slag and 
metakaolin), small percentages of portland clinker and a number of types of activator. A good deal of 
research effort has been devoted to characterising these materials. Nonetheless, many of their 
behavioural traits have yet to be fully explained. The present study determined the effects of several 
commercial water-reducing admixtures/superplasticisers  on hybrid cement pastes  containing  over  
70 % bottom ash. The binder was hydrated in the presence of a 1-% concentration of three such 
admixtures (labelled A, B and C). Hybrid cement heat of hydration was analysed using isothermal 
conduction calorimetry. The effect of the admixtures on paste initial and final setting times was 
assessed during early age hydration. A preliminary review of the hybrid cement paste in the presence 
of the admixtures was followed by a more in-depth study of its rheology, which included monitoring its 
viscosity with flow curves. Admixture A had no significant effect on hydration. In contrast, products B 
and C had a visible impact on paste hydration kinetics, setting and rheology, retarding hydration as a 
whole. Admixture B, a first-generation superplasticiser, induced the most intense modifications.  
 
 
Originality 
The present research reveals the variations in bottom ash hybrid cement paste workability when 
different water-reducing admixtures were applied. The early age hydration findings confirm the 
feasibility of using market water-reducing admixtures in hybrid cement.  
 
 
Keywords: hybrid cement paste; water-reducing admixtures; calorimetry; setting time; rheology. 
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1. Introduction 

 
Portland cement manufacture calls for working temperatures of up to 1 500 °C, with the 
concomitant emission of vast amounts of greenhouse gases (such as CO2 and NOx) during 
fuel combustion and limestone decarbonation. Factor in the need for raw materials whose 
extraction irreversibly deteriorates the landscape and the result is an environmentally 
detrimental process on many counts.  
One of the approaches most widely and traditionally deployed by cement manufacturers to 
reduce the clinker factor is to include active (mineral) additions in portland cement. This 
alternative, which lowers the industry’s energy intensiveness and environmental impact, also 
helps to solve other environmental and economic problems by finding a use for industrial by-
products that would otherwise occupy enormous space in costly controlled landfills. The 
advent of supplementary cementitious materials (SCMs) has given rise to different types of 
binders used universally and classified in the standards on the commercial application of 
portland cements, which specify both the type and the maximum amount of mineral additions 
allowed. 
One of the challenges that has drawn greatest interest in the scientific community concerned 
with the future of cement is the development of alternative materials that make massive use of 
certain industrial by-products. These are less expensive and less environmentally harmful 
than ordinary portland cement and perform as well or better than OPC. Alkaline hybrid 
cements, one type of such alternative binders, form when mixes containing just 20-30 % of 
portland clinker and 70-80 % of industrial by-products are alkaline activated (Palomo A., et al., 
2007). 
The enormous versatility of such hybrid blends in terms of their constituent raw materials, 
which include large proportions of fly ash, several types of slag and metakaolin, has drawn 
intense scientific and technological interest. While many of these raw materials have been 
studied in depth by a good number of authors in the twentieth century (Shi C., et al., 2011; 
Garcia-Lodeiro I., et al., 2011, 2012, 2013; Donatello S., et al., 2013a; Fernández-Jiménez A., et al., 
2013a, 2013b), alkaline activation today affords options not feasible in the past. This is the 
case of hybrid cements based on high proportions of bottom ash, a product that accumulates 
at the bottom of coal-fired steam power plants. 
Many factors relating to hybrid cement applications have yet to be clarified. This paper 
addresses one which has been scantly researched to date: the effect of water-reducing 
admixtures on this type of cement.  
Admixtures constitute an essential component of any modern concrete, including concretes 
made with hybrid cements.  
Prior studies (Palacios M., et al., 2005; Criado M., et al., 2009) showed that the effectiveness of 
some commercial admixtures declines substantially in highly alkaline media. M. Palacios et 
al. (2004) in fact reported that nearly all commercial admixtures undergo significant structural 
change at pH values of over 13.  
Donatello et al. (2013b), in turn, observed that the inclusion of water-reducing admixtures in 
fresh hybrid cement pastes prepared with high percentages of bottom ash retarded cement 
hydration considerably. These authors turned that finding to advantage to study early 
hydration in such cements. Given the complexity of the chemical reactions taking place in 
these systems, such delays were seen as an opportunity to acquire greater insight into that 
chemistry.  
Nonetheless, little or nothing has been done to date to improve the performance of hybrid 
cements as an essential component of future concretes. The present study aimed to determine 
the fluidising effect of a number of water-reducing admixtures on the hydration of hybrid 
cements containing high percentages of bottom ash. 
 
2. Materials and methods 
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The raw materials used in the present study included an ordinary portland clinker and bottom 
ash, both ground to <45 µm and subsequently mixed with solid alkaline activators. This 
hybrid cement blend, labelled HM-4, contained 78 % bottom ash, 18 % clinker and 4 % 
activator chemicals. Its composition, determined on a Philips PW-1004 X-ray spectrometer, is 
given in Table 1. 
 

Table 1 Chemical composition (wt %) of hybrid cement HM-4 
 SiO2 Al2O3 CaO Fe2O3 MgO Na2O SO3 K2O TiO2 P2O5 * LOI 

HM-4 45.4 22.3 13.4 6.4 1.5 2.0 1.9 3.0 0.8 0.2 0.4 2.7 
* Other 
 
Workability was assessed in the paste with no admixture and with each of the three water 
reducers described in Table 2.  
 

Table 2 Properties and chemical composition of commercial admixtures 
Trade name Label Main characteristics Components 

Sikament NF  A Superplasticiser and 
water reducer 

Modified naphthalene-
formaldehyde  

Sikament 185 B Superplasticiser and 
water reducer Lignosulfonate  

Sikament 500 C Superplasticiser and 
water reducer Modified vinyl copolymers  

 
A w/c ratio of 0.4 was used to prepare the pastes. The mix water contained 1.0 % (cement dry 
weight) of admixture, except for the reference (R), which contained no water-reducing 
product. Setting times were measured with a Vicat needle apparatus as specified in European 
standard EN 196-3 on samples immersed in water kept at the test temperature throughout. 
Hybrid cement paste hydration kinetics was studied on 5-g samples of HM-4 mixed at a w/c 
ratio of 0.4. Measurements were taken at 25±5 °C on a Tam Air Thermometric isothermal 
conduction calorimeter using distilled water as the external standard. A Haake RotoVisco 1 
rotational viscometer fitted with a coaxial cylinder and operating at a shear rate of 500 s-1 was 
used to determine the apparent viscosity of the pastes. The flow curves or rheograms were 
obtained at a constant temperature of 25.0±0.5 °C in an experiment in which shear stress was 
measured as the shear rate was ramped up from 0 to 500 s-1 and then down to 0 s-1. The 
ramping scheme is illustrated in the sketch in Figure 1. The cement pastes were characterised 
using the Bingham equation adopted for non-Newtonian fluids:  
τ =τ0 + η ⋅ γ , 
where τ is shear stress (Pa); γ is shear rate (s-1); τ0 is yield stress (Pa); and η is plastic 
viscosity (Pa·s). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Ramping scheme for the rheology trials: from 0 to 500s-1 at 100s-1 steps lasting 30s each with 
a 15s acceleration/deceleration period. 
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3. Results and discussion 
 
Figure 2 shows the setting times determined with a Vicat needle for the four HM-4 cements: 
the reference paste and the three pastes hydrated in the presence of water-reducing admixtures. 
Further to these findings, all the admixtures retarded both the initial and final setting times 
significantly. That was expected and directly related to the dispersing properties of these 
water-reducing admixtures. The data in Figure 2 show that hybrid cement paste HM-4 

exhibited excellent workability after the 
addition of the commercial plasticisers used 
in this study. While they pose no notable 
rheological problems, their reaction to the 
admixtures used varied depending on the 
molecular structure of these products. The 
most prominent delay in the hybrid cement 
initial and final setting times was induced 
by product B, a first-generation 
superplasticiser.  
These setting time findings are, moreover, 
wholly consistent with the calorimetric data 
for these pastes discussed below.  

       Figure 2 Initial and final set according to 
       the Vicat test. 

 
Figure 3 shows the total heat output with 
the heat flow rate released during the first 
60 hours of HM-4 cement hydration, in the 
presence and absence of admixtures. It is 
clear that admixtures B and C, and 
especially B, raised the total heat of 
hydration substantially, the inference 
being that after 60 hours the degree of 
reaction in the hybrid cement appeared to 
rise in the presence of the commercial 
admixtures (Fig.3, (a)). The induction 
period, an important stage in the early 
hours of hydration, was considerably 
longer in the presence of all three 
admixtures (Fig.3, (b)). In other words, the 
conduction calorimetry findings also 
showed that setting took place later in the 
pastes with than the paste without the 
admixtures. In a previous paper (Donatello 
S., et al., 2013b) the present authors 
reported that admixture B (not A or C) had 
a very visible effect on the hydration rate 
of a cement similar to HM-4.  

       Figure 3 (a) Total heat output and (b) heat  
       flow rate.  
 
 
Those effects were less readily perceived on the heat flow rate for the binder in the presence 
of admixtures A and C. One such effect is the existence of a “secondary” peak on the heat 
flow, which the authors associated with the simultaneous precipitation of ettringite and 
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portlandite. Irrespective of its inter-relationship with hybrid cement hydration mechanisms, 
that finding was interpreted as an indication that admixture properties were not seriously 
altered by the alkalinity in the medium. While the organic structures of this type of 
plasticisers decompose readily in alkaline media, they were less affected by the media 
generated in hybrid cement pastes. That supports the assumption that, technologically 
speaking, the use of hybrid cements to make concrete would entail fewer practical drawbacks 
than observed with “traditional” alkaline concretes. 
Figure 3 shows that from the standpoint of the heat flow rate, hydration follows a practically 
identical pattern in hybrid and portland cement. The calorimetric stages are apparently the 
same in both types of binder, although the portland cement content in hybrid cements is a 
minority component, with SCMs (bottom ash in this specific case) as the majority 
components. 
The rheology of the cement HM-4 pastes with and without water-reducing admixtures was 
compared on the grounds of the variation in paste viscosity over time. Figure 4 reproduces the 
0- and 60-minute flow curves for the pastes studied, in which shear rate is plotted against 
shear stress. The plastic viscosity chart was derived by directly applying the Bingham model 
(Banfill P.F.G., et al., 1981) to these curves. 
 

 
 
 
 
 
 
 
 
 
 
 
 
                Figure 4 (a) 0-min, (b) 60-min flow curves and (c) plastic viscosity for cement HM-4. 
 
 
 
The profile of the flow curves in Figure 4, which are characteristic of traditional cement paste, 
confirms their thixotropy: the downward arm of the shear rate curve was consistently located 
below the upward arm, although in the presence of the admixtures these two arms were very 
close to one another (Fig.4, (a), (b)). 
A second finding revealed by Figure 4 is that in the admixtured HM-4 pastes, regardless of 
the water reducer used, plastic viscosity rose between 0 and 60 minutes, whereas in the 
reference paste plastic viscosity was clearly lower after 60 minutes than at the outset (Fig.4, 
(c)). 
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The apparent viscosity of the pastes studied is plotted in Figure 5. As expected, the pastes that 
exhibited the highest plasticity over time, the cements with admixtures B and C, evolved most 
slowly. They remained highly plastic for 5-5.5 hours and were characterised by long setting 
times. All three admixtures used in this study induced paste “de-flocculation”. The greater or 
lesser intensity of that effect depended on the nature of the admixture. Products B and C, 
based respectively on lignosulfonates and vinyl copolymers, induced intense de-flocculation 
in HM-4, compared to a more moderate effect for naphthalene-based admixture A. 
 

The aforementioned effects of these 
admixtures on hybrid cement HM-4 
were fairly similar to the effects 
reported by other authors on ordinary 
portland cement with relatively small 
proportions of SCMs. At the same 
time, these effects differed 
substantially from the behaviour 
observed in alkaline cement pastes. 
Chemical admixtures are generally 
known to alter a series of portland 
cement paste characteristics, including 
the response of cement particles to 
hydration reactions (Cheung J. et al., 
2011). 

            Figure 5 Apparent viscosity versus time. 
 
 
The capacity of most such admixtures to disperse cement particles is, however, indisputably 
the property with the greatest impact on modern concrete technology (Flatt R.J., et al., 2001; 
Spiratos N., et al., 2003). They reduce water demand by generating substantial electrical 
repulsion at the water-particle interface, which prevails over the Van der Waals attraction 
among cement particles. This process is actually controlled by a succession of mechanisms, as 
follows: floc disaggregation resulting from vigorous water and cement mixing; admixture 
diffusion in the paste; attraction between the negatively charged admixtures and the positively 
charged surfaces of the solid particles, leading to the speedy adsorption of the former on the 
latter; and electrical-stearic repulsion, which prevents particle re-agglomeration and favours 
the release of the water trapped in the initially formed flocs (Spiratos N., et al., 2003).  
According to a very rational explanation of the above mechanisms put forward by Flatt R.J. et 
al. (2001), one fraction of the admixture is consumed in the chemical reactions that favour the 
formation of organo-mineral phases. A second fraction is adsorbed onto the particle surface, 
playing the actual dispersive role, while a third remains dissolved in the medium as a surplus 
that is neither consumed nor adsorbed. 
The complex mechanisms governing SCM-bearing portland cement hydration, in conjunction 
with the frequent modification of the chemicals used in commercial admixtures, hinder any 
precise determination or explanation of all the effects of such products on concrete behaviour. 
M. Palacios et al. (2004) conducted extensive research on the stability of water-reducing 
admixtures in alkaline media. The ultimate aim was to ascertain the effectiveness of such 
admixtures in cement pastes whose chemistry differs widely from the chemical composition 
of ordinary portland cement and whose most prominent characteristic is their much higher 
alkalinity than normally found in OPC. These authors’ primary conclusion was that most of 
the plasticisers studied were unstable in media with pH values of over 13. They found that 
polycarboxylate and vinyl copolymer admixtures (like admixture C studied here) undergo 
alkaline hydrolysis in highly basic media. As a result of that chemical reaction, the backbone 
of the organic molecule, which contains esters, separates from the ether-bearing lateral chains, 
significantly altering the product’s dispersive capacity. 
What, then, happens with HM-4-like hybrid cements? 
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The intense effect of admixture B, a lignosulfonate, on cement HM-4 setting and hydration 
kinetics can be attributed to the delay induced by lignosulfonate as observed by other authors 
when working with portland cement (Ray I., et al., 1994; Cheung J. et al., 2011). Yousuf M. et al. 
(1995) concluded that lignosulfonate inhibits portland cement hydration reactions by 
hindering portlandite precipitation and affecting the degree of silicate polymerisation.  
Two factors would, then, appear to explain admixture B behaviour in the HM-4 pastes. The 
first is that since during hybrid cement hydration the pH value barely exceeds 13 and only 
briefly, the lignosulfonate would not be exposed to pH>13 for excessively long periods, 
which could cause significant alterations and hamper its retarding and dispersing functions. 
The second is related to electrical-stearic dispersion, which affects not only the portland 
cement particles, the minority component in hybrid cements, but also the bottom ash particles. 
As noted earlier, admixtures B and C had a much more intense effect on cement HM-4 than 
admixture A. The former two had a similar impact on paste plasticity, which was maintained 
over fairly long periods of time. The factors discussed in connection with admixture B would 
be equally applicable to superplasticiser C. 
Park C.K. et al. (2005) concluded that plastic viscosity was generally higher in the portland 
cement-fly ash system than in cements without the addition. The presence of the ash, then, 
also induced substantial change in system rheology: hybrid cements such as HM-4 have a 
very high percentage of ash in their composition. 
Lastly, admixture A was the plasticiser that yielded results that resembled the behaviour of 
the reference cement most closely, an indication that the dispersive effect generated by 
admixture A in hybrid cement pastes was much less intense than observed in admixtures B 
and C. This naphthalene-formaldehyde admixture would, then, appear to be the most alkaline-
sensitive of the three products studied. It may be at least partially altered during hybrid 
cement hydration, particularly when pH>13, for whatever duration. 
 
4. Conclusions 
 
The present study of the effect of a number of commercial water-reducing admixtures on a 
portland-alkaline cement hybrid containing large proportions of bottom ash revealed the 
following. 
 

a) The type of admixture used to prepare the fresh pastes has an uneven effect on setting 
and viscosity. Lignosulfonate- and vinyl copolymer-based plasticisers have an intense 
effect on paste rheology, maintaining plasticity for long periods of time, whereas the 
effect induced by naphthalene-formaldehyde admixtures is perceptible but not intense. 

b) The effect of the admixtures on the hybrid cement studied resembles their effect on 
portland cement very closely and much more so than their behaviour in alkaline 
cements. This finding is of utmost importance because it means that, contrary to what 
has been observed in connection with alkaline cements, commercial admixtures 
designed for portland cement are wholly suitable for alkaline hybrid cements. 
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Abstract
A waste indicator that shows the degree of effective utilization of recyclable resources as raw material substitution and
fuel substitution in cement production was studied. In addition, this waste indicator was used to evaluate Portland
cement and blended cement.
The results showed that there has been little increase in recent years in the amount of recyclable resources (wastes and
by-products) that are used in the Japanese cement industry. However, the amount of wastes used in Portland cement
has shown a relative increase, and there are indications that more advanced resource recycling systems have been used,
particularly in relation to unutilized resources. Additionally, the recycling rates of wastes and by-products utilized in
the Japanese cement industry have been shown to vary widely. In particular, the recycling rates for by-products such as
blast furnace slag and by-product gypsum are extremely high, at 100%, whereas the recycling rates for wastes such as
cinder, soot, sewage, and sludge are found to be quite low.
Furthermore, we proposed a waste indicator of cement, considering the recycling rates of wastes and by-products. The
evaluation results of this waste indicator were found to be larger for the PC > FB > BB sequence, and results showed
that Portland cement provides a larger contribution to resource recycling compared to blended cement. This could be
attributed to the large use of wastes that have a low recycling rate in Portland cement compared to those in blended
cement.

Originality
Previous proposals have been made by the Japan Society of Civil Engineers' Committee on Development of
‘Environment-Harmonized Concrete Material Science and Engineering’ as environment-harmonized indicators that
can show environmental harmony properties in cement and concrete. Wastes and by-products have been treated as the
same in waste indicator shown in previous report. Waste indicator that reflects the difficulty level of effectively utilizing
wastes and by-products is thought to be ideal for use in efficient resource recycling for society. In this respect, this
research proposed a waste indicator that considers the recycling rate for wastes and by-products. The recycling rate
for wastes and by-products used in the Japanese cement industry were displayed as inventory data, and these data were
reflected for performing evaluations of waste indicator of cements. An evaluation of Portland cement and blended
cement was performed using the waste indicator, and it was shown that Portland cement was superior to blended
cement from the standpoint of promoting utilization of wastes that are difficult to process and being able to further
increase resource recycling.

Keywords: Portland cement; Blended cement; Environmental impact assessment; Waste indicator; Recycling rate
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1. Introduction
In accordance with the international framework agreed upon by the Conference of the Parties (COP) at
the United Nations Framework Convention on Climate Change, and in accordance with the various
countermeasures implemented to reduce CO2 emissions, cement industries worldwide are also aiming
to reduce their CO2 emission (WBCSD, 2012). In contrast, in addition to global warming by CO2

emissions, there are many other problems that affect the global environment such as land utilization,
natural resource consumption, the destruction of nature, air pollution, acid rain, and ozone layer
destruction. Various political countermeasures have also been implemented in response to state affairs
in various counties around the world to counteract these environmental issues.
Japan has high disposal costs related to the disposal of waste, because there is a limited land that can
act as a landfill site for wastes. Furthermore, Japan lacks abundant natural resources compared to other
countries that have developed cement industries. Therefore, Japanese cement industry is expected to
reduce the amount of wastes generated domestically by reusing such wastes, while also reducing CO2

emissions. Alternative raw materials and alternative fuels are aggressively used in worldwide cement
industry at present. In this situation, one of the distinctions in Japanese cement industry compared with
other countries is that alternative raw materials are largely used to production of Portland cement
without admixtures (Gartner, 2015).
The Japanese civil engineering and construction industries are conducting various actions to reduce
the environmental load. For example, at the Japan Society of Civil Engineers’ Committee on
Development of ‘Environment-Harmonized Concrete Material Science and Engineering’ (Japan
Society of Civil Engineers, 2012), indicator related to local production and consumption, indicator
related to wastes and indicator related to the greenhouse effect were proposed as environment-
harmonized indicators that are capable of showing environmental harmony properties in cement and
concrete. Additionally, an evaluation method for environmental impact has been proposed, which uses
a comprehensive indicator that integrates all of the above-mentioned indicators. The evaluation aims
to achieve harmony over a larger range, by considering not only global warming but also local
production, local consumption (environmental impact related to transportation) and waste reducing.
Although indicators related to wastes (hereinafter, referred to as “waste indicator”) promote the
utilization of recyclable resources (wastes and by-products), the previous waste indicator (Japan
Society of Civil Engineers, 2012) was found to treat wastes and by-products in a same article. In
reality, there are large differences in the degrees of difficulty involved in effectively utilizing and
processing wastes and by-products. Using the recyclable resources for which processing are difficult
should be highly evaluated. Therefore, it is considered that waste indicator is desirable that can reflect
the difficulty degree of effectively using.
In this study, waste indicator that reflects the difficulty degree of effectively utilizing wastes and by-
products was studied. In addition, an evaluation of Portland cement and blended cement is performed
using this waste indicator, and an assessment is then performed to identify which cement is the most
ideal for use with resource recycling.

2. Evaluation of waste indicator
2.1. Previous waste indicator and the introduction of weighting wastes and by-products
In this chapter, waste indicator that had been proposed in a report submitted by the Japan Society of
Civil Engineers (Japan Society of Civil Engineers, 2011) and the handling of recyclable resources in the
waste indicator were considered. Firstly, the current indicator, Iw, are shown in equation (1):

Iw = (Ur − Cw) / (Uv + Ur) (1)

where Ur (kg/ton) is the amount of recyclable resources used, Cw (kg/ton) is the amount of waste
generation, and Uv (kg/ton) is the amount of virgin resources used; when Ur＜ Cw, then Iw = 0, and
where the recyclable resources include both wastes and by-products.



Although efforts are being made to distinguish between wastes and by-products, it is generally thought
to be more difficult to convert wastes into useful resources than it is to convert by-products. Thus, the
following equations were considered as waste indicator that better reflect the effective utilization of
wastes:

Iw1 = (Uw − Cw) / (Uv + Ur) (2)

where Uw (kg/ton) is the amount of wastes used, and

Iw2 = {Σ (αi × wi) + Σ (βj × bj) − Cw} / (Uv + Ur) (3)

where αi (-) is weighting factor based on the difficulty of recycling a waste of i (0 < αi ≤ 1); wi (kg/ton)
is the amount of the waste i used; βj (-) is weighting factor based on the difficulty of recycling a by-
product of j (0 < βj ≤ 1); and bj (kg/ton) is the amount of the by-product j used.

Equation (2) takes the amount of recyclable resources used in equation (1) and substitutes this with the
amount of wastes used. Additionally, equation (3) introduces coefficients αi and βj, to reflect the
difficulty level of recycling wastes and by-products. Both of the indicators place great importance on
the utilization of wastes as recyclable resources. Equation (2) sets the coefficients from equation (3) to
αi = 1 and βj = 0; and equation (1) sets the coefficients from equation (3) to αi = βj = 1. These
indicators are then used in the section below, to consider the current status of the Japanese cement
industry.

2.2. Consideration of evaluation results
Table 1 presents the results of evaluated waste indicator of Portland cement (primarily ordinary
Portland cement, high-early-strength Portland cement, moderate-heat Portland cement and low-heat
Portland cement) in Japan in the years of 2006 and 2011 by using “Principal uses and consumption of
wastes and by-products in cement industry” (Japan Cement Association, 1999; 2013a) and the data of
cement production volume in Japan (Japan Cement Association, 1999; 2013b) disclosed by the
Japanese Cement Association. Additionally, table 1 also presents the results from waste indicator
based on the overall amount of
wastes and by-products used in the
Japanese cement industry in relation
to all types of cement as “Cement
industry”. From this table, we can
see that the value of Iw evaluated
from the cement industry as a whole
is larger than the Iw value for
Portland cement; this is attributed
that the results of cement industry
include blended cement. In addition,
table 2 presents the annual increase
rate for waste indicator according to
the calculated results found in table
1.
Table 1 clearly demonstrates that the
value of waste indicator increased
with increasing βj. However, it is
possible to see that the annual
increase rate for the waste indicator
presented in table 2 decreased with
increasing βj. In addition, the

Table 1 Evaluation results of waste indicator (αi= 1)

Year
Portland cement Cement

industry
βj = 0
（Iw1）

βj = 0.5
（Iw2）

βj = 1
（Iw）

βj = 1
（Iw）

2011 0.154 0.185 0.217 0.236
2006 0.102 0.130 0.158 0.218
2000 - --- - 0.182
1995 - - - 0.146
1990 - - - 0.140

Table 2 Increase rate of waste indicator (αi = 1)

Year
Portland cement Cement

industry
βj = 0
（Iw1）

βj = 0.5
（Iw2）

βj = 1
（Iw）

βj = 1
（Iw）

2006→2011 1.510 1.423 1.373 1.082
2000→2006 - - - 1.198
1995→2000 - - - 1.246
1990→1995 - - - 1.042



increase rate for value of Iw in cement industry, calculated from the total amount of wastes and by-
products, continually decreased over the years beginning in 1995. Trends exist related to the increase
rate for the value of Iw calculated from the total amount of wastes and by-products, and these are
thought to signify the recent trend of using amounts of wastes and by-products are stagnating. In
contrast however, for Iw1 where βj = 0, given that the values increased by 1.5 fold between 2006 and
2011, it is possible to speculate that an even more advanced resource recycling system could be
attained by further increasing the amount of wastes, which are difficult to process, while slowing the
increase in the amount of used recyclable resources.
It is possible to speculate about a promising scenario where βj from equation (3) is uniformly
calculated as 0, 0.5 and 1, while uniformly calculating αi from equation (3) as 1. However, weighting
is normally determined for each kind of wastes and by-products, and it would therefore be ideal to
show the difficulty level associated with the recycling. On the basis of the above consideration, waste
indicator which is weighted by the difficulty degree of recycling of each waste and by-product was
considered in following chapter.

3. Waste indicator reflecting the recycling rates of wastes and by-products
3.1. Application of weighting by recycling rate to the waste indicator
In accordance with the evaluation presented in the previous chapter, a further evaluation indicator was
considered that can more efficiently utilize recyclable resources. In general, to create a more efficient
resource recycling system, the following matters need to be achieved: the amount of recycling needs to
be increased, the permanent disposal amount needs to be decreased or the amount of natural resources
used must be reduced.
In relation to the recycling mentioned above, the recycling rate indicates the lower value in recyclable
resources for which processing is more difficult. Therefore, the proactive utilization of unutilized
resources with low recycling rates is thought to be important in activating a resource recycling system
that is useful for society as a whole.
On the basis of the above considerations, equation (4) was developed as an indicator for wastes (Iw3),
where weighting is considered according to the recycling rate.

Iw3 = {Σ (γk × wk) – Cw} / (Uv + Ur) (4)

where γk (-) is (100- the recycling rate for a recyclable resource of k (%))/100, wk (kg/ton) is the
amount of the recyclable resource k used, and where Ur equals Σ wk.

In relation to the above equation, we implemented a weight based on the recycling rate for each
recyclable resource, without distinguishing between wastes and by-products. In other words, we used a
weighting that corresponded with the recycling rate, while setting both αi and βj from equation (3) to γk
from equation (4). An evaluation was then performed related to the some types of cement using such
indicator and the results were then considered.

3.2. Shifts in the recycling rate for various recyclable resources
Firstly, figure 1 shows the recycling rate for wastes and by-products that were used in the Japanese
cement industry in both 1996 and 2011. The values from close years to 1996 were used for 1996,
where data of recycling rate were lacking. From figure 1, it is possible to see that the recycling rate for
almost all of the wastes and by-products increased from 1996 to 2011, due to the implementation of
approaches related to ameliorating environmental problems in recent years. In particular, the recycling
rate largely increases for sewage, sludge, waste plastic and wood tips, but in contrast the recycling rate
for cinder and soot was relatively low at 24% compared with other articles. This shows that a
sufficient resource recycling system of cinder and soot has not yet been implemented. In contrast, by-
products such as blast furnace slag and by-product gypsum have been at 100% since 1996; therefore
an efficient recycling system has been in place for these articles.



On the basis of the above results, it is possible to observe that the recycling rate varies widely for each
kind of wastes and by-products utilized in the cement industry, and also that the degree of effective
utilization varies over the years in relation to the same article.

3.3. The evaluation results of the waste indicator and discussion
The waste indicator (Iw3) value of Portland cement (PC) for the years 1996 and 2011 were evaluated
using equation (4). In this evaluation, γk was calculated based on figure 1. In addition, wk was
calculated based on “Principal uses and consumption of wastes and by-products in cement industry”
(Japan Cement Association, 1999; 2013a) and the data of cement production volume in Japan (Japan
Cement Association, 1999; 2013b) disclosed by the Japanese Cement Association. The obtained
values of γk and wk are presented in table 3. The PC2011 and PC1996 from table 3 represent Portland
cement from 1996 and 2011. In addition, table 3 includes values for Portland blast-furnace slag
cement (BB) and Portland fly-ash cement (FB) mentioned hereafter. Since the recycling rates of
foundry sand, waste activated clay, reclaimed oil, meat and bone meal and waste coal have not existed,
these materials were combined into the category ‘Others’. The γk value calculated from the average
recycling rate of industrial waste in Japan was given as γk of ‘Others’ since the γk value of category
‘Others’ cannot be identified.
The evaluation results of waste indicator (Iw3) of Portland cement are shown in figure 2. The labels
‘1996 basis’ and ‘2011 basis’ in the figures indicate the annual recycling rate for wastes and by-
products used in the evaluation. Upon comparing the amount of wastes and by-products used (wk) and
recycling rate (γk) using the same annual rate, the evaluation values for 2011 were shown to be higher
than those for 1996. This can be attributed to the effects gained from increased amount of wastes and
by-products from 1996 to 2011 being greater than the effects gained from an increased recycling rate.
In addition, the results from evaluating both 1996 and 2011 based on the recycling rate from 1996
(PC1996 and PC2011 from the 1996 basis) show that the evaluation values for 2011 were higher than
those for 1996. This is attributed that superior evaluation value will be gained in larger amount of
wastes and by-products while holding the recycling rate constant.
Next, the waste indicators (Iw3) for Portland cement (PC), Portland blast-furnace slag cement (BB)
and Portland fly-ash cement (FB) were evaluated applying wk and γk in table 3 to equation (4). The
blast furnace slag and fly ash content rates to BB and FB were assumed to be 42.6% and 15.5%,
respectively while simulating the Type B cement shown in the JIS (Japan Industrial Standard) R5211
for Portland blast-furnace slag cement and R5213 for Portland fly-ash cement. The wk for each of the
wastes and by-products in the BB and FB were set by multiplying the wk value for PC by the content

Figure 1 Recycling rates of wastes and by-products that were used in the Japanese cement industry
(Japan Environmental Management Association for Industry, 2013; Ministry of the Environment, 1999; Ministry of the Environment,
2012a; Ministry of the Environment, 1996; Ministry of the Environment, 2012b; Ministry of Land, Infrastructure Transport and Tourism
Home page, 1995; Ministry of Land, Infrastructure Transport and Tourism, 2014; Clean Japan Center, 1996; Japan Coal Energy Center,
1997; Japan Coal Energy Center, 2012; Nippon Slag Association, 2013.)



rate of Portland cement in BB and FB ((100–42.6)% and (100–15.5)%). In addition, coal ash and fly
ash were not separated, and the fly ash was tallied as being included in the coal ash found in the
original data (Japan Cement Association, 1999; 2013a). However, fly ash is thought to have different
attributes from coal ash (a kind of wastes) as a non-free product circulating in the Japanese market. As
such, a new item independent from coal ash was set for the fly ash. Consequently, the wk for fly ash in
FB was set based on the content rate (15.5%), and the wk value for coal ash was the result of
subtracting the fly ash from the wk in the coal ash obtained from the original data.
Figure 3 shows the evaluation results of waste indicator that reflects the recycling rate (Iw3) for each of
the cements in 1996 and 2011. A comparison of the Iw3 for both 1996 and 2011 shows that the
evaluation values increased for all evaluated cements of 2011 compared to 1996. This is due to the

Figure 2 Evaluation results of waste indicator
of Portland cement in case of
weighting by recycling rates

Figure 3 Evaluation results of waste indicator
of each cement in case of weighting
by recycling rates

Table 3 γk and wk of each cement in 1996 and 2011
γk (-) wk (kg/t)

1996 2011 PC1996 BB1996 FB1996 PC2011 BB2011 FB2011
Blast furnace slag 0.00 0.00 0.0 426.0 0.0 0.0 426.0 0.0

Fly ash 0.00 0.00 0.0 0.0 155.0 0.0 0.0 155.0
Coal ash 0.30 0.02 34.6 19.9 29.3 115.8 66.5 97.8

Sewage, Sludge 0.62 0.22 9.6 5.5 8.1 46.4 26.7 39.2
By-product gypsum 0.00 0.00 26.2 15.0 22.1 37.5 21.5 31.7

Waste soil from construction 0.68 0.12 0.0 0.0 0.0 33.8 19.4 28.6
Cinder, soot 0.98 0.76 4.6 2.6 3.9 24.2 13.9 20.5

Nonferrous slag 0.21 0.08 14.8 8.5 12.5 11.7 6.7 9.9
Wood chips 0.78 0.21 0.0 0.0 0.0 10.2 5.8 8.6
Waste plastic 0.76 0.22 0.0 0.0 0.0 7.6 4.4 6.4

Steel slag 0.09 0.02 12.9 7.4 10.9 7.7 4.4 6.5
Waste oil 0.70 0.61 1.3 0.8 1.1 4.6 2.6 3.9
Waste tyre 0.09 0.10 2.7 1.5 2.3 1.3 0.7 1.1

Others 0.63* 0.48* 28.4 16.3 24.0 28.4 16.3 24.0
Total - - 135.1 503.6 269.2 329.3 615.0 433.2

Virgin materials (total) - - 1520.9 873.0 1285.2 1326.8 761.6 1121.1
*: γk value calculated from the average recycling rate of industrial wastes in Japan (Ministry of the

Environment, 1996; 2012b) was given.



effects from increasing the amount of wastes and by-products outweighing the effects from increasing
the recycling rate as mentioned previously. In addition, the evaluation values increased in the sequence
PC > FB > BB in each of the years when comparing each of the cement types. This is due to the larger
use of wastes with low recycling rates as raw materials and fuel materials in Portland cement as
compared to blended cement. These results indicate that Portland cement provides a larger
contribution than blended cement from the standpoint of increasing resource circulation and promoting
utilization of recyclable resources that are difficult to process.
Derived from efforts to reduce the amount of carbon output in recent years, other efforts to reduce CO2

consumption by increasing the amount of by-production admixtures have been used. In contrast,
Portland cement provides a larger contribution than blended cement for reusing of recyclable
resources that are difficult to process and for reducing the landfill disposal volume of wastes as shown
in the current study. From these results, we can conclude that in addition to selecting an appropriate
cement in accordance with regional and country circumstances while maintaining the balance between
resource circulation as well as CO2 output and the effects to the environment, it may also be necessary
to reduce the load to the environment.

4. Conclusions
In the current study, environmental indicators to represent the effective utilization of recyclable
resources such as wastes and by-products in cement industry (waste indicator) were studied. In
addition, waste indicator of Portland cement and blended cement were evaluated, and an evaluation
was then performed to identify which cement is more ideal for effective utilization of recyclable
resources. The results obtained from this study have been outlined as follows:
1) New waste indicators of cement, which consider the degree of recycling difficulty of recyclable

resources, were proposed by improving the waste indicator proposed in a report of the Japan Society
of Civil Engineers.

2) From the results of evaluating waste indicators, it was shown that the stagnation in the amount of
recyclable resources used in the Japanese cement industry has become more prevalent in recent
years. However, the amount of wastes used to Portland cement has been increasing relative to other
cements, which acts as an advanced resource recycling system by further increasing the utilization
degree of lower-utilised resources.

3) By using the waste indicator to reflect the recycling rates for each of the recyclable resources, we
were able to quantitatively evaluate the contribution to the resource recycling system in the cement
industry.

4) The results of evaluating waste indicators that reflect the recycling rates of recyclable resources
showed an increase over the sequence PC > FB > BB, and showed that Portland cement provided a
larger contribution than blended cement to the resource recycling system.
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Carbon footprint of building ceramics: An analysis based on LCA model
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Abstract
The product carbon footprint quantifies the greenhouse gas (GHG) emissions during the life cycle of a product, from
raw materials extraction, through production, transportation, use and recycling, to the disposal of the used product. In
this study, the carbon footprint of building ceramics produced in eastern China has been estimated, following the life
cycle assessment and the actual production. The calculation boundary includes raw materials extraction, raw materials
transportatio and building ceramics production. The carbon footprint of building ceramics is 8.65 kg CO2 per square
metres. The proportion of every process also has been identified. The manufacture accounts for 80.7 % of the carbon
footprint. The proportion of carbon footprint in other processes is less than 20%. Some measures to reduce the carbon
footprint have been suggested, including substituting coal with other fuel, establishing a gas pressure control system,
applying low temperature quick fire technology, using microwave drying, etc. Last, the important of developing new
ceramic raw materials is pointed.

Originality
Some methodologies, including IPCC, ISO 14040, ISO 14044, PAS 2050, GHG Protocol, etc, are followed to build the
carbon footprint compute model of building ceramics. Combining with the case in eastern China, caculation boundary
is determined, including raw materials extraction, raw materials transportation and building ceramics production.
Then seven manufacturers located in eastern China are investigated. Relevant information and data are collected from
manufacturers and published literatures to calculate the carbon footprint of building ceramics. At last, some advices
are given to reduce the carbon footprint.

Keywords: building ceramics, life cycle, carbon footprint
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1. Introduction
Climate change has become one of the most relevant global challenges. One way to combat climate
change is to calculate and then reduce the climate impacts of single product. An estimate of the total
amount of greenhouse gas (GHG) emitted from a life cycle perspective of a product gives an overview
of the contribution to climate change from this product (Galli A. et al., 2012; Jensen J.K., 2012),
usually referred to as product carbon footprint. A full life cycle product carbon footprint is necessary
to identify carbon emissions in the product value chains and thereby address the climate change on the
product level in the most efficient way. Product carbon footprint also make it possible to compare the
climate impact of competing building materials, e.g. building ceramics come from different countries
but sell in the same store. However, only limited amount of product carbon footprint including the raw
material acquisition, production, distribution and the consumer stage have been published about
building materials.
The building ceramics manufacturing is a highly energy-intensive production process and one of the
main contributors to carbon emissions since it contains several stages in which the products is subject
to thermal treatment (Monfort E., 2010). As the largest producer of building ceramics in the world
since 1993, China accounts for the maximal proportion of global emissions by building ceramics
manufacturing from fuel use and power generation, which made China the leader in carbon emissions
from the building ceramic industry. In fact, carbon emissions from building ceramics manufacturing
reached 100 million metric tons in 2007 due to the production of 50 billion square metre building
ceramics in China (Yang H. et al., 2010).
Many studies have focused on carbon emissions from industries like electricity generation (Atkins M.
J. et al., 2010; Ou X.M. et al., 2011), iron and steel (Tong H.F. et al., 2010), copper (Giurco D. et al.,
2007) and etc, but few literatures focus on carbon emissions from building ceramics manufacture. This
paper presents a carbon footprint calculation method from the process of building ceramics production.
Also, reduction options of carbon emissions are presented, as well as the effects that might be
accomplished.
2. Methodology
This study intends to quantify the carbon footprint of building ceramics produced in eastern China,
following the life cycle theory.
2.1. Research scope
In order to collect relevant information and data, seven building ceramics manufacturers located in
eastern China have been investigated. And the data used to calculate is mean value. In view of
building ceramics is one kind of raw materials for construction, the system boundary has been defined
by cradle-to-gate. The functional unit provides a reference unit to which the collecting data are
normalized. The functional unit is defined as one square meters. And it considers carbon dioxide
emissions only in this paper.
2.2. Data collection
According to system boundary, the data should be collected is comprised of raw material acquisition
data, transportation data, production data. Transportation and production unit process have been
collected at the ceramic mill, while raw material acquisition unit has been collected from published
literatures and other tools.
2.3. Carbon emissions calculation model
Figure 1 shows carbon emissions kinds in product life cycle. It can be seen that two kinds of carbon
emissions process are included: direct carbon emissions and indirect carbon emissions. Carbon
emissions from combustion covers all fossil fuel combustion, such as coal, natural gas, diesel oil, etc,
while carbon emissions of carbonate includes all decomposing of carbonate during calcining process,
such as limestone.



Figure 1 Carbon emissions kinds in product life cycle
Quantity of carbon emissions from combustion can be calculated using the following equation (1)
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In the equation, Cf donates the carbon emissions from combustion, Mi donates the quantity of ith fuel
consumed, Ei donates the lower calorific value of ith fuel, Qi is the carbon content per unit calorific
value of ith fuel, Ri is the oxygenation efficiency of ith fuel, and n is the amount of energy.
Carbon emissions of carbonate can be calculated by equation (2)
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Where CP is carbon emissions of carbonate during calcination, Mj is the quantity of jth carbonate
consumed, Fj is the emission factor of jth carbonate, m is the amount of carbonate.
And indirect carbon emissions can be calculated by equation (3)
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Where CE is indirect carbon emissions, Mk donates electricity or heating power, Fk is the emission
factor.
3.Inventory analysis
3.1. Mining of raw materials
Building ceramics production includes a wide range of raw materials, but they can be roughly divided
into plastic materials, desert materials, flux materials and auxiliary chemicals material. Because the
dosage is small, auxiliary chemicals material is omitted. Mining characteristics of the same kind
material is similar, and their carbon emissions of mining process are very close, so choose a material
on behalf of the category. Kaolin is selected to represent plastic materials, quartz represents desert
materials, and feldspar represents flux materials. On account of limestone produces carbon dioxide in
the process of calcinations, it is considered separately. Data sources are listed in table 1. Raw materials
exploitation data show in table 2.

Tab. 1 Data sources used in the data collection
Unit process Data source

Kaolin Li X.P., 2009
Feldspar Simapro software database
Quartz GaBi software database

Limestone Simapro software database
Tab. 2 Energy consumption in raw materials exploitation

Energy Unit Kaolin Feldspar Quartz Limestone
Anthracite kg/kg 3.92E-03 --- 1.73E-04 ---
Crude oil kg/kg 4.00E-02 3.47E-03 5.48E-03 3.47E-03
Natural gas m3/kg 3.25E-04 --- 6.65E-04 ---

As showed in table 2, anthracite, crude oil and natural gas are consumed in raw materials exploitation.
And their default values of associated parameters are listed in table 3.

Tab. 3 Default values of associated parameters about fossil fuels
Fossil fuel Lower calorific value Carbon content per unit calorific value Oxygenation efficiency
Anthracite 2.321E-02 TJ/t 27.4 t-C/TJ 95%



Crude oil 4.262E-02 TJ/t 20.1 t-C/TJ 98%
Diesel 4.333E-02 TJ/t 20.2 t-C/TJ 98%

Natural gas 3.893E-05 TJ/ m3 15.3 t-C/TJ 99%
According to equation (1), carbon emissions of kaolin, feldspar, quartz and limestone are 0.13
kgCO2/kg , 0.01 kgCO2/kg, 0.02 kgCO2/kg, 0.01 kg CO2/kg, respectively.

Tab. 4 Carbon emissions in raw materials production

Carbon emissions Unit Kaolin Feldspar Quartz Limestone
kgCO2/kg 0.13 0.01 0.02 0.01

3.2. Raw materials transportation
Raw materials used for building ceramics production are purchased from some other parts of the
country. Table 5 shows the raw materials transportation in line with purchasing situation.

Tab. 5 Raw materials transportation data
Raw material Mode of transport Shipping distance

Clay Waterage 1230 km
Pyrophyllite Waterage 620 km
White mud Waterage 300 km
Kaolin Waterage 400 km
Feldspar Waterage 400 km
Pyroxene Waterage 730 km

Wollastonite Land carriage 300 km
Limestone Waterage 620 km

As to carbon emissions in transportation, it needs to combine with other researches (Zeng J. et al.,
2012; Zhong P. 2005). Carbon emissions of raw material transportation can be calculated using these
results which listed in table 6.

Tab.6 Energy consumption of different mode of transportation
Mode of transport Energy consumption per unit transportation/MJ(t·km)-1

Land carriage (gasoline car) 3.038
Land carriage (Diesel vehicle) 2.055

Waterage 0.468
3.3. Production process
Building ceramics production includes ingredient, ball-milling, drying, molding, firing, etc. Raw
materials consumption and energy consumption during the production for 1 m2 building ceramics are
showed in table 7 and table 8. From table 7, carbon emissions in raw materials exploitation process is
1.15 kg CO2.

Tab. 7 Resources consumption for 1 m2 building ceramics production
Raw material Consumption

Clay 4.13 kg
Pyrophyllite 3.41 kg
White mud 1.97 kg
Kaolin 1.54 kg
Feldspar 3.01 kg
Pyroxene 2.07 kg

Wollastonite 1.25 kg
Limestone 0.69 kg

Tab. 8 Energy consumption during the production for 1 m2 building ceramics
Energy Electricity Natural gas Diesel Anthracite

Consumption 4.34 kWh 1.41 m3 0.02 kg 1.44 kg
Combining with relevant data mentioned before, carbon emissions in raw materials transportation for
1 m2 building ceramics is 0.52 kg. Carbon emissions in production is from two parts: carbon emissions
of energy consumption and carbon emissions from carbonate calcining. In the calculation of
production, emission factor of electricity and limestone are 0.788 kg/kWh, 0.43kg/kg (Zeng J. et al.,
2012), respectively. So carbon emissions in building ceramics production is 6.68 kg/m2. Moreover,
carbon emissions of limestone calcining is 0.30kg. Thus the total carbon emissions in production is



6.98kg. So according to calculation method above, carbon footprint of building ceramics is 8.65 kg
CO2/m2.
4. Discussion about improvement measures
The report (Zeng L. et al., 2006) shows carbon emissions in ceramics industry is over 10% more than
advanced level. That means it is really urgent to reduce carbon emissions in building ceramics
industry.

Figure 2 Proportion of carbon emissions in every stage
A general approach of carbon reduction starts with the identification of the main processes of
emissions and after that through good knowledge of processes try to reduce emissions. Proportion of
carbon emissions in every stage is presented in figure 2. It can be seen that production is the main
process of carbon emissions, and in this process 80.7% of CO2 is emitted. In that way some solutions
are effective when carbon emissions have to be controlled.
In the production process, fuel switching from coal to diesel oil or natural gas is a good way to reduce
carbon emissions. Natural gas has greater value of lower heating value in comparison to coal, at the
same time it has significantly smaller emission factor, implicating that for the production of energy
from coal annual carbon emissions will be reduced. With the same reason, if coal is substituted by
diesel oil, the annual emissions will be reduced, too. In this point, attention should be focused on
finding ways to use more natural gas or diesel oil in building ceramics production.
Additionally, a gas pressure control system in the kilns/shuttle kilns can be used to reduce carbon
emissions (Quinteiro P. et al., 2012). In this way an air curtain is created to prevent the release of
combustion gases to the atmosphere. And a constant pressure leads to a decrease of the natural gas
consumption. So this improvement measure could be resulted in the decrease of carbon emissions.
Applying low temperature quick fire technology to reduce firing temperature and the periodic time in
the combustion process, the energy consumption would decrease, which would cause the reduction of
carbon emissions (Peng J. et al., 2012). After applying low temperature quick fire technology, the
firing cycle time is about 20 minutes shorter than normal and corresponding energy consumption
reduced 30% (Zeng L. et al., 2006). That would lead to the reduction of carbon emissions.
Microwave drying is another technology which could reduce the energy consumption, and
consequently the carbon emissions is reduction. Using this technology, materials can be heated both
inside and outside at the same time and moisture evaporation time can be shortened greatly. So
production efficiency can be greatly improved, thus carbon emissions can be reduced greatly in drying
process.
If afterheat is recycled in the process, fuel consumption could be reduced and carbon emissions would
be reduced too. Therefore afterheat recycling is also an efficient way to reduce carbon emissions.
Last but not least, along with the scale of the ceramic market becoming larger and larger, high-quality
ceramic resources become less and less. There are abundant clay resources in Guangdong before, but
now they become increasingly rare. Now clay resources often introduce from abroad, such as Ukraine.
Although carbon emissions in raw materials exploitation may not seem enormous, long distance
transportation can't be ignored. Developing new ceramic raw materials is the important content in the
future research work.
5. Conclusions



The range of calculation method showed in this paper contains raw materials exploitation, raw
materials transportation and production process. Using this method, carbon footprint of building
ceramics is 8.65 kg/m2. Proportion of carbon emissions of raw materials exploitation, raw materials
transportation, production is 13.3%, 6.0%, 80.7%, respectively, and building ceramics production is
the main carbon emissions process. Because of that, special attention is focused on the production
process. Some methods can be used to reduce carbon emissions, including substituting coal with other
fuel, establishing a gas pressure control system, applying low temperature quick fire technology, using
microwave drying, etc. Beyond that, developing new ceramic raw materials is important. The obtained
results might provide useful information for further development of manufacturing building ceramics
with emitting less CO2.
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Abstract
Traditionally, setting time of cement paste is measured using the Vicat setting time test method. However, the rate of
hydration and time of initial and final set is affected by the temperature of the paste. Current specifications for the
Vicat setting time allows a range of conditioning temperatures during testing. Small changes in temperature can
have a significant effect on the time of initial and final set. It is important to know a more exact time of final set,
particularly in studies of autogenous deformation. Chemical shrinkage and autogenous deformation are of equal
magnitude until rigidity in the paste structure occurs and internal strains can be developed. Adequate rigidity
occurs at the time of final set and, at this time, a separation of chemical and autogenous shrinkage can be observed.
This study examined the effects of temperature variations in the Vicat setting time test on final set to determine the
initiation of autogenous shrinkage measurements. Setting time, autogenous deformation, and chemical shrinkage of
portland cement pastes with a w/c = 0.35 were measured. Setting time was measured according to the Vicat method.
Volumetric measurements using the membrane method were used for determining autogenous deformation, and an
automated dilatometry method per ASTM C1608 was used for chemical shrinkage measurements. Surface
temperature of the paste sample was measured during the Vicat test. Variations in final setting time of cement pastes
of up to 1.5 h were observed and resulted in variations of up to 30% in the magnitude of autogenous deformation.
These variations were caused by inconsistent temperature control for setting time. Recommendations for the three
test methods to accurately determine when autogenous deformation measurements should be initiated in the
laboratory are presented.

Originality
This study looked at the validity of the Vicat method for determining the setting time of cement pastes studied in
autogenous deformation tests. This research addresses issues with temperature control to accurately measure the
time of final set to determine initiation of autogenous shrinkage measurements. Modifications to the current test
methods are recommended to accurately determine final set to accurately measure the magnitude of autogenous
deformation.

Keywords: setting time; autogenous deformation; chemical shrinkage
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1. Introduction

Autogenous deformation is a phenomenon closely related to changes in internal relative humidity (RH) of
the cement paste (Jensen and Hansen 1996; Jensen and Hansen 2001; Lura and Jensen 2007). In
ordinary portland cement concretes with high water to cement ratios (w/c) (>0.42) (Holt 2001),
autogenous deformation is negligible when compared to drying shrinkage. While in concrete with low
w/c ratio (<0.40) autogenous deformation can result in shrinkage significant enough to induce micro- or
macro-cracking and may impair the concrete quality. The amount of autogenous shrinkage is even greater
in these low w/c mixtures when coupled with supplementary cementitious materials, such as silica fume
(Lura 2003). While the mechanisms leading to autogenous shrinkage are not yet fully understood, it is
generally agreed upon that a relationship exists between autogenous shrinkage and changes in RH of
capillary pores in the cement paste.

The relationship between autogenous shrinkage and changes in capillary pore RH can be explained by the
difference in chemical shrinkage between cementitious materials with low w/c ratios. For instance, the
chemical shrinkage of ordinary portland cement is typically around 0.07 g water/g cement, which means a
7% mass of water per mass of cement is needed to complete the hydration process. The addition of
supplementary cementitious materials to the system can increase the magnitude of autogenous shrinkage
significantly. The same coefficients of chemical shrinkage in blended portland cement systems with silica
fume, slag and fly ash are 0.22, 0.18 and 0.10 to 0.16 g water/g cement (range for fly ash) (Bentz 2007).
This means that for complete hydration in these systems, more water is required. In systems prone to
large amounts of chemical shrinkage, the internal RH decreases due to increasing water demand resulting
in capillary tension arising from water leaving small capillaries (<50 nm) which can be great enough to
cause these pores to collapse. As a result, macroscopic shrinkage occurs (Mehta and Monteiro 2006). In
a hardened microstructure even relative small changes in strain can result in significant stress build-up
which may result in cracking, especially at early ages.

To capture the autogenous deformation or to assess the effectiveness of shrinkage mitigation strategies,
many measurement techniques and apparatus to assess autogenous deformation have been developed.
These techniques include the membrane method (Yates 1941; Lura and Jensen 2007), corrugated tube
method (Mohr and Hood 2010), and the rigid form method (Pease et al. 2004). Strains caused by
autogenous deformation occur at the time of final set. At this point the microstructure has developed
enough rigidity for such strains to be induced, and thus the zero point for autogenous deformation
measurements. A common method to measure the time of final set is using the Vicat needle, with
procedures outlined in ASTM C191 (2013). Furthermore, divergence between the autogenous
deformation and chemical shrinkage occur at the time of final set, thus indicating adequate rigidity in the
microstructure (Sant et al. 2006). It has been postulated that these methods are applicable for determining
the zero point for autogenous deformation. This research investigated the variation of final set measured
by the standard Vicat needle test, as well as combined autogenous deformation and chemical shrinkage
testing to determine the effect on the total amount of autogenous deformation in cement pastes.

2. Experimental

2.1 Materials and mixture design
A Type I/II portland cement was used in the study. The chemical composition of the cement is seen in
Table 1. All paste mixtures were created with deaerated, deionized water and the cement was screened
over a 0.85 mm sieve prior to mixing. A w/c of 0.35 was used for all experiments.

Table 1 - Oxide analysis of Type I/II portland cement



2.2 Experimental procedures
All samples were mixed using ASTM C305 procedures for hydraulic cement paste. Prior to casting, all
materials used were brought to 23 ± 2 °C. After casting, the samples were transferred into the appropriate
testing environment for the duration of the test. In experiments where combined testing was done, all
samples were cast from the same batch of paste to ensure consistency in the samples.

The setting time was measured using the Vicat needle following procedures outlined in ASTM C191.
Volumetric autogenous deformation was measured using the membrane method, outlined by Lura and
Jenson (2007). Approximately 70 g (±2 g) of paste was used in all of the autogenous deformation testing.
The sample was cast in a polyurethane membrane and vibrated to eliminate air voids. The sample was
then submerged in temperature controlled paraffin oil at 23 °C. The paraffin oil was used to eliminate
water transmission through the membrane to and from the sample. The mass change was measured for 60
h from time of contact. An automated dilatometry method, per ASTM C1608, was used to measure
chemical shrinkage with image analysis. Each chemical shrinkage test was the average of three samples.
Procedures are found in work by Fu et al. (2012). Sample height was modified to account for
depercolation issues observed in low w/cm pastes (Sant et al. 2006; Sant et al. 2011; Fu et al. 2012). A
sample height of 3 mm (~3 g of paste) was used. After casting, the samples were placed in a temperature
controlled water bath at 23 °C, and monitored for 60 h from time of contact. The recorded images were
processed with computer software developed by the Laboratory of Construction Materials at École
Polytechnique Fédérale de Laussane to determine the total water uptake. This image analysis provides
significant enhancement to the accuracy of chemical shrinkage results (Costoya 2008; Fu 2011).

3. Results and Discussion

3.1 Effect of temperature on Vicat setting time
To study the variation in time to initial and final set, five replicates were cast and tested under similar
conditions. In addition, surface temperature of the samples was recorded at each measurement with an
infrared thermometer. Conditioning requirements per ASTM C191 allow for a temperature range of 6 °C
for the cement and molds, 4 °C for the mixing water and 4 °C for the moist cabinet (ASTM Standard
C191 2013). Table 2 shows the results from this study. The average time to initial set for all replicates
was 188 min with a standard deviation of 20.1 min. The average time to final set for all replicates was
358 min with a standard deviation of 45.9 min.

Table 2 - Variation in initial and final set

It can be seen in Table 2 there was a range of 42 min for initial set and 96 min for final set. These
differences were caused by variations in the sample temperature. Figure 1 shows the surface temperature
profile for each replicate. It can be seen that in all samples there was a continuous upward trend in
temperature before initial set had occurred. This indicated setting time would occur sooner in these
replicates than in similar samples tested isothermally. While all samples met the conditioning
requirements in ASTM C191 (23 ± 3 °C for cement, molds and plates, and 23 ± 2 °C for mixing water)
and ASTM C511 (23 ± 2 °C for moist room), the allowable conditioning range may not be acceptable for
determining final set for autogenous deformation measurements.



Figure 1 - Surface temperature profile of setting time samples
3.2 Effect of final set on autogenous deformation
Samples for autogenous deformation and setting time were cast from the same batch of paste. Three sets
of samples were cast to determine the difference in the magnitude of autogenous deformation based on
the average Vicat final setting time of 5 aforementioned setting time replicates. Figure 1 shows the
variation that final set has on the amount of measured autogenous deformation. One standard deviation of
the final set from Table 2 was taken as the upper and lower bounds of set time variation.

Figure 2 - Effect of setting time on autogenous deformation



Since strain development does not begin until there is sufficient rigidity in the microstructure, the zero
strain point was taken as the time of final set. The magnitude of autogenous strain was calculated at 60 h
from initial contact between the cement and water for all tests. The average amount of autogenous
deformation for samples (a)-(c) at 60 h was -1170, -920, and -880 µε for the lower bound, measured, and
upper bound of setting time, respectively. The standard deviation for the lower bound, measured, and
upper bound were 60, 115, and 100 με, respectively. The variation between the lower bound and
measured set time was 32.7% for sample (a), 32.9% for sample (b), and 17.5% for sample (c). The
variation between the upper bound and measured set time was 4.1% for sample (a), 3.9% for sample (b),
and 5.8% for sample (c). Therefore, the variation in the measured final set per ASTM C191 may result in
significant errors in the amount of measured autogenous deformation. Due to self-heating, it is
recommended that active temperature control of the sample for Vicat setting time be employed to match
the temperature profile of the autogenous deformation sample.

3.3 Combination testing

An alternative to using the Vicat setting time is to choose where the chemical shrinkage and autogenous
deformation curves separate. In this testing, three sets of samples were cast. For each set, the autogenous
deformation and chemical shrinkage samples were cast from the same batch. Figure 2 displays the results
from this testing. The average of three tests, and an envelope of ±1 standard deviation are plotted for both
the chemical shrinkage and autogenous deformation.

Figure 3 - Chemical shrinkage and autogenous deformation
It can be seen that there is a difference between the chemical shrinkage and autogenous deformation
curves at all ages, although these are supposed to match until final set occurs. The researchers believe the
differences in sample size (3 g for chemical shrinkage and 70 g for autogenous shrinkage) contribute to
differences in the results. Additionally, temperature profiles of the two different testing procedures may
not align, similar to that discussed above with setting time and autogenous shrinkage. Further research on
coupled samples to determine temperature profile still needs to be done. Other researchers have reported
this can be determined using the membrane method for autogenous deformation and a buoyancy method
for chemical shrinkage. These two methods follow the same fundamental principal of measurement
(buoyancy) (Sant et al. 2006). Whereas in this research, dilatometry was used for chemical shrinkage and
buoyancy was used for autogenous deformation. It is possible similar methods must be used in order for
these two curves to align. Further research is needed to confirm.

The error associated with using this method can also be profound due to the error seen in the early age
(<10 h) for the autogenous deformation curves. An alternative is to detect when the slope of the curves



differ. However, in order to determine this in an unbiased manner, the minimum of the derivative of the
curves must be calculated. Since this could not be achieved in an unbiased manner, a final time of set
could not be extracted from this combination of testing. While there are models to have a best fit curve
for chemical shrinkage (Xiao et al. 2009; Fu et al. 2012), there currently is not a best fit model for
autogenous shrinkage.

4. Conclusions

The Vicat setting time is typically used for the measurement of initial and final set of pastes. Although
this is the standardized test method, it has limitations when determining the amount of autogenous
deformation. The following conclusions and recommendations were discovered from this research:

 Variation of up to 42 min and 96 min were observed in initial and final set in paste while meeting
the conditioning requirements of ASTM C191. Self-heating of the samples was observed,
resulting in these variations of setting time. Active temperature control, or reduction in size of the
sample to ensure temperature control is recommended for determination of final set for
autogenous deformation measurements. Incorrectly measuring the final set may result in an error
of 30% or greater in the total amount of autogenous deformation.

 The use of chemical shrinkage, coupled with the membrane method, could be an alternative to
Vicat setting time to determine the amount of autogenous deformation. However, modifications
to the membrane method (e.g. sample size, buoyancy liquid, membrane type) need to be
completed to allow for the chemical shrinkage and autogenous deformation curve to align. It is
proposed to determine a best fit model for the autogenous deformation curve. From this curve, a
difference in slope between the chemical shrinkage and autogenous deformation curves can be
found in an unbiased manner. Furthermore, it is possible different measurement techniques, such
as dilatometry and buoyancy, are not compatible to align the chemical shrinkage and autogenous
deformation curves. However, further research is needed to confirm.
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Abstract
Due to the intrinsic nature of a heterogeneous and anisotropic microstructure of cement based materials and the small
indentation size, the measured microhardness values are subject to considerable variability. This work presents an
in-depth assessment of microhardness of a hardened cement pastes (HCPs) from a statistical perspective. Hundreds of
microhardness measurements were conducted on a HCP sample using a Vickers Microhardness Tester. The results
shown that the microhardness measured from the HCP feature significant scatter and a large standard deviation,
varying from tens to hundreds. The data-set of microhardness values was not normally distributed but fit best with a
three-parameter lognormal model. Using a statistical software, the probability density function of the microhardness
distribution can be readily obtained. The arithmetic mean and its 95% confidence intervals of the measured
microhardness values can be used to best represent the microhardness characteristics of HCPs.

Originality
Hundreds of microhardness measurements were conducted on hardened cement pastes. The variation and distributions
of microhardness values was analyzed with a view of statistics. The results confirmed that the microhardness
distribution of hardened cement pastes is not normally distributed but can be well fitted with a 3-parameter lognormal
model. Instead of often used mean to present the measured microhardness values, mean with ± 95% confidence
interval was proposed to precisely present true value of microhardness of hardened cement pastes.
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1 Corresponding author: dangyudong@gmail.com, Tel +86-13122618838



1. Introduction
Microhardness testing is a relatively non-destructive method commonly used to evaluate the quality and
characterize the microstructural gradients of various solid materials (Fröhlich et al., 1977). The value of
microhardness is obtained by determining the response in terms of indentation size of an indenter forced into
the material’s surface. Currently, three types of microhardness testers are commercially available and widely
used by practitioners and researchers, i.e., Baby Brinell hardness tester, Knoop hardness tester and Vickers
hardness tester (Pelleg, 2012). For each tester, an indenter with certain size and shape is equipped, including
a 1mm carbide ball, a diamond needle with an apical angle of 136°, or a narrow rhombus shaped diamond
indenter. Usually, the sample surface must be highly polished before the test, and a microscope or display
monitor with a magnification of above 400× are used to accurately measure the size of indented print.
Generally, microhardness testing is employed where a 'macro' strength or hardness test fails to sufficiently
characterize the micro-scale mechanical properties of metals, alloys, composites, or ceramics. It has also
been accepted as a supplementary method for assessing the micro-mechanical properties of cement based
materials (Erlin & Campbell, 1999; Igarashi et al., 1996b). For instance, concrete is the most widely used
man-made material on earth and its physicochemical properties at the microscopic level are of great interest
to engineers and scientists (Hewlett, 2003). Micro-mechanical properties of hardened cement pastes (HCPs)
and interfacial transition zone (ITZ) between HCPs and coarse aggregate in concrete could be linked to
macro-mechanical and durability properties of concrete materials (Ollivier et al., 1995; Powers, 1958).
In the past forty years, microhardness testing has been widely used to evaluate the micro-mechanical
properties of cement based materials. In 1996, Igarashi et al. firstly comprehensively reviewed and discussed
the use of microhardness testing in cement based materials (Igarashi et al., 1996b). Igarashi et al. (1996a) and
Cross et al. (2000) also evaluated the indentation size effect (ISE) of HCPs, and a linear correlation was
found between (average) microhardness and compressive strength of cement pastes. Extensive studies
employed the microhardness test to examine the influence of supplementary cementitious materials, water to
cement ratio, polymer modification, carbonation, sulphate attack and high temperature on the properties of
ITZ, cement mortar or concrete (Asbridge et al., 2002; Bonakdar et al., 2012; Cross et al., 2000; Gao et al.,
2005; Gao et al., 2002; Hossain & Khandaker, 2006; Hossain & Lachemi, 2007; Hu et al., 2005; Kong et al.,
2014; Xu et al., 2001; Xuan et al., 2009; Zhu & Bartos, 2000; Erlin & Campbell 2000). Thus, it is believed
that microhardness of HCPs and ITZs is a sensitive parameter to reflect the changes in mix design or service
conditions of cement based materials.
So far, less attention has been paid on the accuracy and reliability of microhardness testing for characterizing
cement based materials. In some studies, the methods about sampling, polishing and testing for
microhardness of cement based materials were with accordance to the ASTM standard (2010) method for
microhardness testing. The ASTM method is designed for metals and ceramics. As metals and ceramics
feature a relatively pure solid phase and homogeneous microstructures, their microhardness values tend to be
highly reproducible and accurate. In contrast, cement based materials (paste, mortar and concrete) feature
two or more solid phases and heterogeneous and complex microstructures, their microhardness values are
inherently scattered. The variability in their microhardness stems from their diverse composition: various
solid phases with different strength and modulus (e.g., HCPs and ITZ), liquid filled pores with size of
nanometers to micrometers scale, and voids with air (Bernard et al., 2003).
Knowing the distribution of data is essential to choosing the right statistical method. In most studies related
to microhardness evaluation of cement based materials, the value of microhardness was often reported by the
mean or average of several or dozens of measurements. However, the microhardness data distribution has not
been fully explored for HCPs or ITZ, and the rationality of using arithmetic mean value as the representation
of microhardness of cement based materials merit further investigation. The arithmetic mean or average
value is only valid and comparable when the population of data-set is normally distributed (Montgomery,



2013). If the assumption that the data follow a normal distribution is invalid, the findings or conclusions
drawn from the analysis would be inaccurate (Steel & Torrie, 1997).
Cement based materials are inherently heterogeneous in nature and the interpretation of their microhardness
test results is thus complicated. However, in most studies, only mean or average value of microhardness was
reported and compared, regardless of the distribution of the microhardness dataset. Even worse, in many
laboratory tests, it is very common to routinely make several or dozens indents and discard several largest
and smallest values without reason before averaging the rest. It is obvious that such adjustments are wrong
and the corresponding conclusions may also be erroneous. In order to shed more light on this issue, , this
study presents an in-depth assessment of the microhardness variation of a hardened cement paste with water
to cement ratio of 0.30. A total of 175 microhardness measurements were conducted on the hardened cement
paste using a Vickers Microhardness Tester. Subsequently, the distribution of the measured microhardness
values was statistically analysed. In light of the data distribution, a method was proposed to calculate the
95% confidence intervals of microhardness characteristic of HCPs.
2. Materials and Methods
2.1 Raw materials
AGB175-2007 specified Portland cement P∙II 42.5R (equivalent to ENV197-1:2000 specified CEM I 42.5R)
with a Blaine fineness of 360m2/kg was used in this study, The chemical compositions of cement are 22.6%
SiO2, 3.77% Fe2O3, 5.38% Al2O3, 62.53% CaO, 0.61% MgO, 3.36% SO3, 0.51% Na2Oeq, and 1.15% loss on
ignition. The water used in this study was potable water.
2.2 Preparation of sample and curing method
Cement and water with a proportion of 10:3 were added into a mixer and mixed for 180s. Then, the mixed
fresh paste was cast into a 50 mm × 50 mm × 50 mm steel molds and then transferred in the molds into a
standard moist curing room with temperature of 20±2˚C and relative humidity of > 95% for 24h. Thereafter,
the hardened specimens were demolded and continuously kept in the standard moist curing room for another
27 days.
2.3 Sample polishing
After 28 days of moist curing, a small sample with size of 10 mm × 10 mm × 10 mm was wet-cut from
centre of the original paste specimen. Thereafter, the sample was polished on an automatic machine using
various polishing paper with grade of #320, #600, #800 and #1200 sequentially, until an adequately flat
mirror surface was obtained. Note: The finest polishing paper, an American National Standards Institute
(ANSI) sizing standard specified 1200#, was used to gain a well-polished surface. The manufacturer of the
sand paper claimed that the median grit size of 1200# is 2.5µm. Before the microhardness testing, the
polished sample was cleaned in deionized water before being dried in a container with RH 59% for 12 h.
2.4 Microhardness testing and data analysis
A Vickers Microhardness Test System was employed for the microhardness measurements on the hardened
cement paste. The system consists of a Vickers microhardness tester (HXS-100AY, Shanghai Highwell
Opto-electronic technology Co. Ltd), a digital camera, and a computer with image processing program. A 2.5
mm × 2.5 mm flat area on the cement paste was randomly chosen as the test area and the load level of 0.01kg
was applied with loading time of 15 seconds. The microhardness is typically determined using kgf and mm
and is calculated as follows:

Where, F = force, kgf; d = mean diagonal length of the indentations, mm. According to ASTM Standard
(2010), if the Vickers hardness value was found to be 400, and the test force was 0.1kgf, the results should be
reported as follows: the HV value should be reported as “400 HV 0.1”. Note: in this work, all HV values
were abbreviated to “400”.
The indentation was repeated for 175 times on different areas of the same paste sample surface, and the



interval distance of adjacent vertexes was 50 µm. The indentations were done one by one in X-Y direction. It
should be noted that the obvious voids or weak areas were avoided during indentation. After each indentation,
four vertexes of two diagonals of indented print were manually marked, then the area of the impression and
the microhardness value were automatically calculated by the equipped image processing program.
In order to analyse the measured microhardness data from the HCP, a statistical analysis software Minitab
(Minitab Inc.) was employed, which provides various simple ways to analyse the distribution of the data.
3. Results and discussion
3.1 Descriptive statistics of calculated microhardness values
To illustrate the variability of the 175 microhardness values measured from the HCP, a scatter plot and a
summary of statistics of measured data are reported in Figure 1 and Table 1, respectively. The calculation of
all statistics in Table 1 is with accordance to e-Handbook of Statistical Methods published by NIST
(Croarkin & Tobias, 2006). The measured microhardness shows significant scatter, as the value varied from
37.4 (Minimum) to 755.0 (Maximum). Most data are distributed in the range of 40 to 300, and half amount
of data are distributed in the range of 57.0 (Q1, 25-percentile) to 92.8 (Q3, 75-percentile). Figure 2 illustrates
two typical microscopic prints on the HCP sample after microhardness indentation. Figure 2a shows an
unusual example of indentation possibly located on an unhydrated cement particle, but Figure 2b is a
common example for HCPs.

Figure 1 Scatter plot of the measured microhardness values

Figure 2 Microscopic images on surface of hardened cement pastes after microhardness indentation. Note: the
microhardness of a and b were “662 HV 0.1kg” and “78MPa HV 0.01kg”, respectively

Table 1 Statistical summary for the 175 measurements of microhardness



Statistic Formula Value

Total measurements, N n 175

Mean 90.7

Geometric mean 78.3

Standard Deviation
wi is the i th weight

76.7

Standard Error of Mean 5.80

Coefficient of Variation 0.845

Minimum , Sort the dataset in ascending order 37.4

1st Quartile (Q1) (25%) First (25%) quantile 57.0

Median (50%) Median or second (50%) quantile 69.5

3rd Quartile (Q3) (75%) Third (75%) quantile 92.8

Maximum , Sort the dataset in ascending order 755.0

Range (Maximum-minimum) 717.6

Interquartile Range Q3 - Q1 35.8

Mode
The mode is the element that appears most often in the data

range
51.3

Skewness 5.551

Kurtosis 39.875

Two main reasons possibly caused such scatter and high standard deviation. Firstly, for the HCP with w/c of
0.3 after 28 days moist curing, the cement hydration is far from being complete (Lin & Meyer, 2009). As
such, there is a significant amount of unhydated cement particles embedded in cement hydration products
(C-S-H gel, Portlandite, ettringite (AFt), etc.). It is known that the nanoindentation tested hardness of
Portland cement clinker is much higher than that of C-S-H and Portlandite (Velez et al., 2001; Constantinides
& Ulm, 2004; Zhu, Hughes et al., 2007). The measured microhardness value was thus greatly affected by the
unhydrated cement particles distributed in the heterogeneous matrix of sample surface. Secondly, unlike the
clear indented print for metallic materials (Bauer et al, 2006), the majority of observed prints on HCPs
feature edges rounded by several small cracks (Figure 2b and Figure 3). This is due to the highly brittle
nature of HCPs. As such, the determination of the vertexes of print’s diagonals is more subjective and may
change as a function of the operator experience.



Figure 3 SEM image of print after microhardness indentation. Note: the microhardness of this indentation was “37 HV
0.05kg”, this image is gained by a Field Emission Scanning Electron Microscopy (Quanta 200 FEG, FEI, Hillsboro, OR)

with an accelerating voltage of 20 kV.
Clearly, the common practice of reporting a single (mean) microhardness value of several measurements to
characterize the micro-mechanical properties would have been inadequate for the HCP.
Usually, only a mean value of microhardness was reported without indication of how it was calculated. In
some studies, one or several largest and smallest data were routinely discarded then the rest of the data were
averaged (Lin & Berndt, 1995). However, this practice factitiously affects the calculated average and data
spreads such as the range and standard deviation. Furthermore, the average of the microhardness is only
reliable when the microhardness values follow a normal distribution. Because the mean value of
microhardness can be greatly influenced by maximum and minimum values measured, it is important to test
the normality and analyze the distribution of the data first before using the mean value in a meaningful
manner.
For a normally distributed population, its mean, median and mode should be nearly equal (Montgomery,
2013). However, for the data in this study, the three statistics are totally unequal, with the mode (51.3) < the
median (69.5) < the mean (90.7). As shown in Table 1, the skewness of 5.551 and Kurtosis of 39.875 also
indicate that the distribution of HCP microhardness values is not normal but clearly positive (or right)
skewed, since the skewness of standard normal distribution should be less than 1 and kurtosis should be
nearly 3 (Croarkin & Tobias, 2006).
3.2 Testing for data distribution of the microhardness values
It is always a necessary practice to know the distribution of data-set before analysing them. There are several
statistical methods, such as maximum likelihood method, minimum distance method (Kolmogorov–Smirnov
test), and minimum chi-square method (χ2 test), that can be employed to estimate the model of distribution
and its parameters based on sample data (Basu et al., 2009).Several statistical analysis software, such as IBM
SPSS, SAS, Matlab, and Minitab, are commercially available and can readily distinguish the distribution of
the data-set and estimate its key statistical parameters. In this work, Minitab (Minitab Inc.) was used to
identify the distribution of microhardness data.
Little attention has been paid on microhardness distribution of cement based materials. Cross et al. (2000)
firstly reported microhardness testing of cement paste and ITZ from a statistical viewpoint and concluded
that the microhardness data did not follow a normal distribution but a log-normal distribution. However, only



15 indentations were made on each sample; as such, the conclusion was not sufficiently supported by the
experimental data. Asbridge et al. (2002) reported the work to perform the statistical analysis of
microhardness data, which entailed the application of t test to determine whether the mean microhardness of
pastes with or without metakaolin and with different w/c ratio were significantly different from one another.
Most recently, the probability density plot was explored as a potential tool to evaluate the microhardness of
cement pastes or concrete matrix (Dang et al., 2012; Glinicki et al., 2013; Ranachowski et al., 2012).
The data distribution of brittle materials such as ceramics has been well noticed and studied (Factor &
Roman, 2000; Lin & Berndt, 1995; Schneider et al., 1999). It has been reported that the probability
distribution function (PDF) of Vickers microhardness corresponded to Gaussian (or normal law), a lognormal
distribution (Yanchev et al., 1995) or a Weibull distribution (Lin & Berndt, 1995; Yurkov et al., 1994).
Schneider et al. (1999) found that the microhardness values were abnormally distributed but the diagonal
length of indented prints followed the Normal Law. In this work, these three distributions as well as gamma
distribution were explored as the potential model for the HCP microhardness values, and their probability
plots are shown in Figure 4.

Figure 4 Probability plot of microhardness with Normal, 3-parameter lognormal, Weibull and Gamma distributions.
Note: The three solid lines are the reference lines to illustrate which distribution best fits current data. The upper, middle
and lower lines indicate the limits to identify whether the current data can be considered fit the particular distribution
with +95% CI, 100% CI and -95% CI, respectively. The more data points roughly follow a straight line, the more

confidence to consider good to fit between particular distribution and current data.

Table 2 Goodness-of-fit test of various distributions

Distributions Anderson-Darling statistic (AD value) p-value
Normal 23.393 <0.005

3-parameter Lognormal 1.065 *
3-parameter Weibull 5.973 <0.005
3-Parameter Gamma 5.266 *

*: For some 3-parameter distributions, the p-value cannot be calculated and is represented by asterisks in Minitab

Figure 4 and Table 2 present the probability plot and goodness-of-fit test of the HCP microhardness values
with the four distributions at 95% confidence level. Note that lower Anderson-Darling value (AD) and higher
p-value indicate a better fit and the calculations of AD value and p-value are detailed in the e-Handbook of



Statistical Methods (Croarkin & Tobias, 2006). It is generally valid to compare AD values between different
distributions and then select the distribution with the lowest AD value. In addition, a low p-value (e.g., < 0.05)
indicates that the data do not follow that distribution. The top left graph in Figure 4 reveals that all the
plotted data points are far from the reference line and many data points are located outside the two 95%
confidence interval reference lines. In addition, the AD Value of normal distribution is the highest and the
p-value is less than 0.005, which clearly affirm that the microhardness data are not normally distributed.
Among the four distribution models, Figure 4 and Table 2 both suggest that the 3-parameter lognormal
distribution best fits the HCP microhardness data than the others. This is based on the observation that the
data points roughly follow a straight reference line (the top right graph in Figure 4) and the AD value is
smallest for the 3-parameter lognormal distribution.
3.3 Distribution of microhardness values and its distribution characteristic parameters
According to basic knowledge of lognormal distribution (Balakrishnan & Chen, 1999; Weisstein, 2006) , it is
easy to derive its probability density function (PDF), cumulative distribution function (CDF) and other
characteristic parameters of the distribution, which are provided in Table 3, Figure 5.

Table 3 The formula of PDF and CDF and its characteristic statistics

Statistics Formula
Value

(θ=35.35, µ=3.621,
σ =0.812)

PDF [38,39] N/A

CDF[38,39] N/A

Mean[38,39] 87.5

Median
[38,39]

72.7

Mode [38,39] 54.7

95% confidence
interval [40,41]

(80.5, 95.1)

Note: α indicates significance level; zα/2 corresponds to the α/2 significance level. To achieve a significance level of 0.05
for a two-sided test, the absolute value of the test statistic (|zα/2|) must be greater than or equal to the critical value 1.96
(which corresponds to the level 0.025 for a one-sided test).
For the formulas of PDF and CDF in Figure 5, Hv is the microhardness value, f(Hv) and F(Hv) are the
probability density and cumulative density of microhardness value (range from 0 to 1), respectively. The
three parameters of PDF and CDF are threshold parameter θ, location parameter µ, and scale parameter σ,
respectively. Note that: the PDF and CDF of 3-parameters lognormal distribution are similar to that of
2-parameter lognormal distribution, except that Hv is shifted by an amount of threshold parameter θ.
In this work, the parameters of lognormal distribution were obtained using Minitab. These include the
threshold parameter θ of 35.35, location parameter µ of 3.621, and scale parameter σ of 0.812. With these
parameters, the mean, median and mode of data set can be calculated. Referring to the recommended method
and Central Limit Theorem for a lognormal distribution (Olsson, 2005; Zhou & Gao, 1997), the 95%
confidence intervals of the mean of microhardness values can be calculated as well. These characteristic
parameters of the HCPmicrohardness data are provided in Table 3.



(a) PDF (b) CDF
Figure 5 Probability density function (PDF) and Cumulative distribution function (CDF) of measured microhardness

values of HCP corresponding to 100 measurements.
The values of mean, median and mode calculated based on the 3-parameters lognormal distribution (listed in
Table 3) are very similar to those of the data listed in Table 1. However, this does not mean that these values
could be readily obtained using the common methods listed in Table 1. For a data-set with less data points or
outliers artificially discarded, such statistical parameters would exhibit very different values if calculated
using the two different methods. This is illustrated in Table 4. Note that for the values listed in the 4th to 8th
rows of Table 4, they were calculated using first 150, 100, 75, 50, 25 data points of the same data-set of 175
measurements, assuming 150, 100, 75, 50 and 25 measurements were conducted on the same HCP. This
highlights the need to test the microhardness of HCPs with sufficient number of measurements, such that a
better fit of PDF and thus a more representative and reliable data approximation are achieved.

Table 4 The mean, median and mode of microhardness calculated using different methods

Calculating method
Proposed method in
this study as Table 3

Common method as shown in Table 1

Total
measurements

175 175 150 100 75 50 25

Mean 87.5 90.7 93.4 95.9 101.1 112.4 140.5
Median 72.7 69.5 69.9 68.5 67.5 68.5 69.5
Mode 54.7 60.0 60.0 60.0 60.0 70.0 50.0

4. Concluding Remarks
The measured microhardness values are subject to considerable variability due to the intrinsic nature of a
heterogeneous and anisotropic microstructure of HCPs (as illustrated in Figure 6) and the small indentation
size. As the size of each indented print is similar or slightly larger than that of the original cement particles,
the microhardness value reflects a combined response of the cement paste matrix, including unhydrated
cement particles, hydrated cement products, as well as pores or cracks. As such, it is impossible to draw solid
conclusions by comparing the mean or average of values using a small number of microhardness
measurements.
In this work, statistical analysis enabled by hundreds of microhardness measurements reveals that the
traditional assumption of a normal distribution do not reflect the reality of HCPs; instead, a 3-parameter
lognormal distribution model is more appropriate to represent the microhardness distribution of HCPs.
Using a commercially available statistical software, the goodness-of-fit and the parameters of the lognormal
model can be readily obtained. In order to appropriately represent the microhardness of HCPs, the mean with
its 95% confidence intervals were proposed.



Figure 6 Schematic of different indentation impressions on hardened cement pastes. a and b indicate that the indentation
located on unhydrated cement particles; c indicates the indentation located on fully hydrated products; d, e and f

indicate the indentation located on areas with pores or cracks

It is strongly suggested that microhardness technique should be carefully employed in cement based
materials. Especially, discarding the outliers without proper reasoning and consistency may lead to erroneous
conclusions. Microhardness sampling must be performed randomly and systematically, as the conclusion
drawn from factitiously selected microhardness testing would be highly questionable. In practice, the values
could be discarded only if there is strong reason to believe that the measurement is invalid (e.g., the
indentation is located in an apparent air void or crack area or suffered from vibration during the test).
More laboratory experiments should be conducted to fully understand the mechanism underlying the
significant scatter and the large standard deviation of HCP microhardness data-set. The statistical features of
cement pastes with various supplementary cementitious materials, w/c ratios and curing methods are also
need further study. Moreover, the microstructure of mortar and concrete is far more complicated than that of
HCP, in light of the contribution of fine aggregate, coarse aggregate, and ITZ to the data variability. Any
knowledge gained from microhardness testing without statistical analysis merits a fresh re-examination.
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Abstract
In the cement production process, human body contact and inhalation of cement, serious damage to the human
digestive tract, the respiratory tract, great harm to health, so the national standard describes the limit of water
soluble chromium (VI).This paper expounds the development of the reference material for water-soluble
chromium（Ⅵ）content of cement, including sample preparation, test of homogeneity and stability, determination
method, data processing and statistical uncertainty. The Certified Reference Material （CRM） is intended for
the calibration of analytical instruments and the chemical analysis method of cement. It is also used in checking
technical ability of chemical analysts.

Originality
The preparation and implementation of the standard sample is the first time in China. This paper summarize the
operation precautions for the detection of cement water-soluble chromium（Ⅵ）. Combined with environmental
protection and the development situation of cement industry, reference material preparation to improve the
detection of cement water-soluble chromium（Ⅵ）content levels has important . The cement enterprise improves
the production technology through the accurate measurement of this project, in order to improve the quality and
safety of cement products.
Analysis of statistical data, and then use the Grubbs test method to eliminate outliers, Cochran test experimental
data statistics are accuracy. After eliminating outliers, regard the average values of the measured data for each
laboratory as a single measurement under the condition of obeying normal distribution or approximate normal
distribution. So it can constitute a new set of test data, calculate the total average value and standard deviation,
and assess the uncertainty of the identified values.

Keyword: cement; water-soluble chromium; reference material development
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1 General
In the cement production process, human body contact cement and inhalation of cement, it’s serious
damage to the human digestive tract, the respiratory tract, great harm to health. We refer to BS
EN16-10：2006，the water soluble chromium (VI) determination for cement. And put forward “the
national standard of determination of the water-soluble Chromium（Ⅵ）content for cement”. We have
developed the reference material for water-soluble chromium（Ⅵ）content of cement. The Certified
Reference Material（CRM） is intended for the calibration of analytical instruments and the chemical
analysis method of cement. It is also used for checking technical ability of chemical analysts. This
paper expounds the development of the reference material for water-soluble chromium（Ⅵ）content of
cement, including sample preparation, test of homogeneity and stability, determination method, data
processing and statistical uncertainty.
2 Sample preparation
The ordinary Portland cement 150kg is obtained from Beijing a cement company. The sample is
sieved with a 0.9mm sieve, mixed, packed into 25L plastic barrel loaded with sealing cover and
sealed.
The chemical composition of Portland cement is determined. The results see table 1.

Table 1: The results of the chemical composition of Portland cement %
Chemical

composition
Loss on
Ignition SiO2 Al2O3 Fe2O3 TiO2 CaO MgO

Content 4.82 20.56 6.24 2.29 0.29 57.54 4.28
Chemical

composition SO3 K2O Na2O Cl- water-soluble chromium（Ⅵ）

Content 2.15 1.02 0.19 0.007 0.00040

Table 1 Sulfur trioxide content not more than 3.5%, Loss on Ignition not more than 5.0%, magnesium
oxide not more than 5.0%, Cl not more than 0.06%, it is in accordance with the chemical index of
cement product standards of GB175-2007 Common Portland cement. The content of main component
is more appropriate. The sample must be representative.
The cement samples prepared is packed in plastic bags and vacuumed seal. Each bag contains about
1kg of CRM. The minimum packaging unit for the standard sample is prepared.
3 Test of homogeneity
The assessment of homogeneity is carried out with the variance analysis method. Random number

calculated by 2×
3 N (N is the total number of units). Randomly select 10 bags of standard sample.

Minimum total number of units is about 120 bags packing.
In repeated condition, determine water-soluble chromium（Ⅵ） content and calcium oxide in the
sample with the same method by the same operator. According to Cement-Test methods-part
10:determination of the water-soluble chromium（Ⅵ）content of cement,450g is the minimum sample
weight. The contents of calcium oxide (CaO) are determined with EDTA titration, 0.5g is the
minimum sample weight. Two determination results is carried for each bag of standard samples
randomly.
Statistic method for test of homogeneity:
Using the variance analysis method, m=10 groups data, each group is second independent repeated
result, n=2.
Then: Group mean value:
Total mean value:
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Sum of squares between groups:

Sum of squares within groups:

Determination of total number:

Free degree between groups:

Free degree within groups:
Mean square between groups:

1
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Mean square within groups:
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Between-unit and within-unit variance ratio: among

wthin

MS
F

MS


Between-unit standard uncertainty:, The calculation is shown in section 7.2.
The uncertainty of uniformity of the statistical results is shown in table 2.

Table2: The uncertainty of uniformity of the statistical results
Determination of

project
Calcium oxide（CaO）

(%)
Water-soluble Chromium（Ⅵ）

(%)

57.53 0.00041

0.0276 0.0000000016

0.0410 0.0000000018

0.00276 0.00000000016

0.00456 0.00000000020

Sbb 0.030 0.0000045

F 1.65 1.25

F0.05(9,10) 3.02 3.02

Water-soluble Chromium（Ⅵ）content and calcium oxide content in cement variance ratio F are less
than critical value F0.05(9,10)=3.02,so the processing results with the method F show that the samples
are homogeneous.
4 Stability test
Stability test is carried out once a year with the change of the content of water soluble chromium (Ⅵ)
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to assess stability. Stability testing has been performed four times in the past four years by the
determination method of BS EN 196-10:2006.
The evaluation of data from a stability study is to check by GB/T 15000.3-2008/ISO Guide35:2006. A
model is to be preferred over the linear model. Study on the stability of the data is shown in table 3.
For the estimator for the slope, the following expression can be used:
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Use the following formula to calculate the Intercept:
The standard deviation of points on a line is calculated by the following formula:
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The uncertainty associated with the slope is calculated:
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Free degree n=2 and probability level, distributed threshold t equal to 4.30.

Table3:Stability study data

Determination of date Member of the
month Measured value(%) Standard value(%) XCRM-Xmeas(%)

2010 December 0 0.00042 0.00044 -0.00002

2011 December 12 0.00042 0.00044 -0.00002

2012 December 24 0.00043 0.00044 -0.00001

2013 December 36 0.00043 0.00044 -0.00001

b1 3.3×10-7

b0 4.2 ×10-4

s（b1） 1.2×10-7

0.95, 2 1( )nt s b  5.1×10-7

lts bu s t  4.3×10-6

Owing to
The stability of reference material characteristic values, in the stability test period is judged by the
comparison between 1  b and 0.95, 2 1( )nt s b  .where )(    12,95.01 bstb n ＜ , the slope is not significant, said the
change over time and no significant changes in value of characteristic quantity of reference material,
so the reference material has good stability.
Stability monitoring: From table 3 the test results show that the test results are in the repeatability
limit range for qualified. No more than2×Sr(That is2×0.000015%=0.00003%). The stability of the
new reference material is consistent with the requirements. The stability of CRM is guaranteed for
three years period.
5 Determination methods for property value
The determination method of chromium（Ⅵ）content are commonly used by chromatography of ions,



5

atomic absorption spectrometry, s-diphenylcarbazide spectrophotometry. After homogeneity test,
choose 8 laboratories to definite value. The determination method of the reference material is
determined with BS EN 196-10:2006, that is s-diphenylcarbazide spectrophotometry.
Summary of the method: The cement sample, standard sand and water is mixed into mortar and
filtered. An aliquot of filtrate is treated with s-diphenylcarbazide. Adjust the acidity, color. The
absorption is measured spectrophotometrically at 540 nm. The concentration of chromium（Ⅵ） in
solution is obtained on the standard curve.
Operation precautions:
1) The pot of cement mortar mixer should adopt stainless steel pot.
2) S-diphenylcarbazide solution should be used within a week.
3) The test water (Distilled water or de-ionized water) is used to prepare mortar.
4) Ensure that the filtration equipment (Bush hopper, small beaker) is dry at each measurement.
5) If the filtered filtrate turbidity, Filter dries again.
6) At the same time, blank test, test results should be deducted from the blank value.
7) Before determination, the sample is sieved on a 0.9mm sieve, mixed.
6 Data processing and statistical uncertainty
Each room provides 5 sets of test data. The test data are shown in Table 4.

Table 4: Test data of reference material for water-soluble chromium（Ⅵ）content of cement /%
Laboratory

number 1 2 3 4 5 Average Standard
deviation

1 0.00039 0.00042 0.00042 0.00040 0.00040 0.00041 0.000013

2 0.00041 0.00043 0.00044 0.00039 0.00041 0.00042 0.000019

3 0.00048 0.00048 0.00047 0.00047 0.00048 0.00048 0.000005

4 0.00042 0.00042 0.00041 0.00042 0.00042 0.00042 0.000004

5 0.00042 0.00044 0.00040 0.00044 0.00043 0.00043 0.000017

6 0.00050 0.00051 0.00051 0.00051 0.00051 0.00051 0.000004

7 0.00047 0.00047 0.00044 0.00047 0.00045 0.00046 0.000014

8 0.00042 0.00043 0.00042 0.00043 0.00043 0.00043 0.000005

The test data were collected and processed. With Grubbs test method, eliminate outliers, using
Cochran test method, test whether or not the equal accuracy. All data is normal distribution
investigation after excluding abnormal value. In the normal distribution or approximate normal
distribution conditions, average value of each laboratory is as a single measurement value, form a
group of measured data. Calculate the average value and standard deviation.
There are p laboratory tests. Each laboratory according to the repetitive conditions test n times,
received a set of data xij.
Then i=1,2,3,……p;
j=1,2,3,……n。
Calculate the average value of each test chamber

6.2 Calculate the average value and standard deviation between the average value of each test
chamber.
6.2.1 Calculate the average value
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6.2.2 The standard deviation between the average values of the test chamber.

6.3Grubbs test method
According to GB/T4883-2008 statistical interpretation of data-detection and treatment of outliers in
the normal sample, the average value of a laboratory is for , there is residual error , when, the average
value of this laboratory should be removed. Grubbs test data is shown in table 5.
Calculate the relevant parameters according to the formula:
If , it should be removed
Where
x ——the total average value;

——the standard deviation between the average value of the test chamber;

λ(0.05,n) ——the critical value of Grubbs test methods When the significant level is 0.05.
Table 5: Summary statistics of cement water soluble chromium (VI) content of standard sample.

Project Value
n 8

0.00044
s 0.000036

|Max Up| 0.00007
λ(0.05,n) 2.032

λ(0.05,n)·s 0.00007
Abnormal value No

6.4 Cochran test method
According to GB/T6379.2-2004 Accuracy (trueness and precision) of measurement methods and
results, the part2 : basic method for determination of repeatability and reproducibility of a standard
method measurement, test and alternative the maximum variance group of various component test
data by Cochran. The statistical theory:
If the P set of experimental data is obtained in accordance with the same method, the same process,
we can think of this p group is the accuracy of experimental data. According to the Cochran criterion,

calculate the Cochran statistical quantity:




 p

i
is

C s

1

2

2

max

Where

is ——the standard deviation of each data;

maxs ——the maximum value of .
When the significant level is 0.05, if statistical quantity C is not more than critical value C(0.05,m,n), there

is no suspicious data set. If C is greater than C(0.05,m,n), the maximum variance data is as outliers, continue
test after eliminate the maximum deviation, no abnormal data so far.

Cochran test results are shown in table 6.
Table 6: Cochran test results

Project Value

n 8
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0.0000000004

0.0000000011

C 0.333

C(0.01,m,n) 0.463

C(0.05,m,n) 0.391

Abnormal value No

6.5 The normal distribution test method
According to GB/T4882-2001 Statistical interpretation of data - normality tests.
6.5.1Skewness test
Used to test the asymmetry, calculate skewness coefficient A:

6.5.2Kurtosis test
Used for testing the kurtosis, calculate kurtosis coefficient B:

Calculate the relevant parameters according to the formula:

1
/

n

i ij
j

x x n


 
;

1

1 ( )
p

i
i

X x
p 

 

 2

2
1

1 n

i
j

m
n x x



 
;

 3

3
1

1 n

i
j

m
n x x



 
;

 4

4
1

1 n

i
j

m
n x x



 
When the skewness coefficient of A is smaller than the critical value of A1, kurtosis coefficient B is in
kurtosis range B1 - B1’, then the measured data is in line with the normal distribution, the A1, B1 - B1’is
critical value with the confidence probability P and the number of measurements n . The normal
distribution test data see table 7.
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Table 7: The normal distribution test

Project Value

n 40

0.00044

s 0.000036

m2 1.2E-09

m3 2.6E-14

m4 3.4E-18

A 0.59

A1 0.59

B 2.25

B1 2.15

B1' 3.99

The test results Normal distribution

7 The evaluation of uncertainty
7.1 The certified value from the standard value and uncertainty representation. calculate uncertainty
by using GB/T15000.3-2008/ISO Guide35:2006
7.1 The evaluation of average value uncertainty:

7.2 The evaluation of between-unit standard uncertainty
If result F be equal or greater than1:

If result F be less than1, the determination method is poor repeatability, the determination of

repeatability is checking by using withinMS Instead of between-unit homogeneity. Calculate

repeatability standard deviation of the bbs effects:

Where

withinMS ——within unit variance, Repeatability variance of the bottle of the uniformity of research;

withinMSv ——free degree, M (n-1).
7.3 The evaluation of long-term stability standard uncertainty

Where
S (b1)——the uncertainty associated with the slope;
t ——valid for 36 months.

7.4 stsu is short-term stability standard uncertainty. The short-term stability of uncertainty is
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negligible.
7.5The certified value of the expanded uncertainty
Assume that the variables are independent. With CRM certified values related to the uncertainty can
be expressed as:

charu ——the average value standard uncertainty;
ubb ——between-unit standard uncertainty;
ults ——long-term stability standard uncertainty;
usts ——the short-term stability of uncertainty。
7.6 Expanded uncertainty

Where
k——contains the factor, k=2.
Synthetic uncertainty of the certified value is shown in Table 8.

Table 8: The certified value and uncertainty

Project Water-soluble chromium（Ⅵ）content（%）

The certified value 0.00044

0.000036

0.000013
ubb 0.0000045
ults 0.0000071

0.000015
（k=2） 0.00003

8 Conclusions
This paper expounds the preparation of the reference material for water-soluble chromium（Ⅵ）
content of cement, including sample preparation, test of homogeneity and stability, determination
method, data processing and statistical uncertainty. Grubbs test method Cochran test method and the
normal distribution test method are used in data processing.
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Abstract
Cement production is an important source of CO2 emission.China is both the largest producer of
cement and the biggest emitter of CO2 emission in the world.In this article, calculation methods
proposed by International Panel on Climate Change(IPCC),World Business Council for Sustainable
Development(WBCSD)Cement Sustainability Initiative(CSI) and China Building Materials
Academy(CBMA) were compared, the calculating formula,items, parameters and the scope of standard
were also analyzed, meanwhile, the adaptability of various methods were discussed, in order to provide
reference for establishing a scientific calculation method of CO2 emission of China cement industry.
Originality
There is not a useful national level calculation method of CO2 emission with cement production in
China, though the calculation is very important. Many scholars have researched the cement production
process. CBMA put forward a method which could be used in the calculation of enterprise CO2
emission. Comparing with the IPCC and CSI, the differences between them were analyzed in detail in
this paper, in order to provide reference for establishing a scientific calculation method of CO2
emission with China's cement production
Keywords: cement production; CO2 emission; calculation method

1. Introduction
Cement industry is the important and fundamental industry for the national economic
construction and production development. It has achieved rapid progress with the output of
2.47 billion tons in 2014, accounting for about 60% of the world cement production. At
present, there are more than 1700 cement clinker production lines across the country.
According to prediction from national authorities, cement output will maintain 3-4% of
growth rate for a long period to come.
Cement industry is a typical resource and energy consumption industry. A large amount of
limestone, coal and power resources are consumed in the production of cement clinker. The
decomposition of limestone, combustion of coal and consumption of power may emit CO2

directly or indirectly. Cement industry has become the second largest source of CO2 emission
in the industrial sector, with the proportion rising in total emission. The CO2 emission of
cement industry accounted for about 11% of the total emission in 2011.
Developing scientific calculation method of the CO2 emission and strict management on CO2

emission is the important foundation to realize energy conservation and emission reduction of
cement industry. In this paper, combing the main content of calculation methods of CO2

emission at home and abroad, calculation parameters, the difference of formula were
compared in order to reveal the factors that influenced the calculation of CO2 emission of
China cement production selection and construction.
2 The technological process of cement industry
There are several processes in cement production, such as raw material production and

1 Corresponding author: wanglan@cbmamail.com.cn, Tel +86-10-51167476



transportation, raw meal and fuel preparation, clinker calcination, cement preparation and
send, waste heat power generation, production management, and other processes, involving
equipment for transportation, crushing, grinding and calcination. All equipment and processes
need to consume a certain amount of electricity or thermal energy with forming CO2 emission
unit. Characteristics of cement production process show that the main source of CO2 emission
is the decomposition of calcareous raw materials, the combustion of all kinds of fuel and
power consumption of equipment.
(1) The decomposition of calcareous raw materials
A large amount of limestone needs to be consumed in cement production. One ton of cement
clinker needs 1.3 tons calcareous raw materials, considering the loss in production. Under the
condition of high temperature, the decomposition of calcareous raw materials may produce
about 42% CO2. According to the estimation, the average CO2 emission is about 500-550kg/t
clinker, accounting for about 55% of the total emission.
(2) The fuel combustion
The main fuel in cement production is material coal. A small amount of diesel/petrol and
other fuel will use during ignition and vehicle transportation. The hydrocarbon contained in
fossil fuel may release large amount of CO2 during calcination process. Alternative fuel is the
new development requirement in cement industry. The energy components in alternative fuel
may release CO2 during calcination process, but the carbon intensity is lower than that of
traditional fossil fuels. It is estimated that CO2 emission caused by combustion accounts for
35% of the total emission, the average value is about 300-350 kg/ t clinker.
(3) The power consumption
The CO2 emission caused by power consumption belongs to indirect emission, various
processes such as mining, fuel preparation, clinker calcination, cement preparation,
production management and others need to consume a certain power. At present, most of the
cement enterprises have installed the waste heat power generation system, which makes the
total power consumption significantly reduced. It is estimated that emission caused by power
consumption accounts for about 10% of the total emission.
3 The international standards on CO2 emission
CO2 emission of cement production has caught general concern from international
communities. The International Panel on Climate Change (IPCC)and the World Business
Council for Sustainable Development (WBCSD) Cement Sustainable Initiative(CSI) all
released typical calculation methods of CO2 emission with cement production.
3.1 IPCC method
IPCC issued the national greenhouse gas inventory guides in 1996 and 2006, which put
forward the calculation method and general principles of CO2 emission in industrial process,
including cement process. In the 1996 guideline, assuming all the calcium oxide from CaCO3,
without considering the emission of MgCO3 in the clinker, developed the calculation method
based on calcium oxide content in clinker and clinker output (IPCC, 1996,2006).
IPCC released three kinds of calculation methods of CO2 emission in 2006 according
different research scales. Method 1 was to simply estimate in the case of lack of clinker
production statistics, using cement production data to infer, and according to the clinker into
exports, CO2 emission factor were directly used to estimate CO2 emission in cement
production. Method 2 was to calculate CO2 emission directly on the basis of clinker



production data, using national or default emission factors, considering the correction of kiln
dust. Method 3 was based on the enterprise data, such as the type, weight, composition,
emission factor and calcination proportion of carbonate feeding in raw meal, taking the kiln
bypass dust and non-fuel combustion emission into account. Method 1 and 2 were applied to
calculate the national CO2 emission and method 3 was used to calculate the emission of
enterprise.
Based on fuel consumption and emission factor, IPCC issued a calculation method of CO2

emission from the burning of fuel in cement production. For non-conventional fossil fuel,
CO2 emission from combustion was not included in the total emission. The IPCC provided a
unified requirements and technical framework for establishing the list of national greenhouse
gas emission, and also provided a guidance and basic principle for CO2 emission in cement
industry.

Tab. 1 The IPCC methods
Calculation formulas

Method 1

CO2 emission =
  EFECM clcx

i
clici 








 Im

where：CO2 emission—CO2 emission from cement production，t；
Mci—cement weight，t；
Ccli—the proportion of clinker in cement ，%；
Im—purchase amount of clinker，t；
Ex—sales amount of clinker，t；
EFclc—the clinker emission factor in specific cement，tCO2/t clinker

Method 2 CO2 emission = CFEFM ckdclccl 

Method 3
CO2 emission =

i i i d d d d k k k
i k

EF M F M C F EF + M X EF       （  ）- （ 1-  ） （  ）

where：EFi—emission factor of carbonate，t CO2/t carbonate；

Mi—the consumption of carbonate in kiln，t；
Fi—the proportion of carbonate calcination，%；
EFd— the emission factor of non- calcination carbonate in CKD not recycling in
the kiln，t CO2/ t carbonate；
Mk—the weight of organic carbon or other carbon in raw materials，t；
Xk—the proportion of organic carbon or other carbon in raw materials，%；
EFk—the CO2 emission factor of organic carbon or other carbon in raw materials，

t CO2/ t carbonate。

3.2 WBCSD/CSI method
On the basis of IPCC calculation methods, CSI has released three versions cement

calculation systems. The CSI method clearly developed calculation boundary and divided the
CO2 emission into direct and indirect emissions. Direct emissions included six aspects, such
as emission from carbonate calcination, organic carbon in raw meal combustion, traditional



fossil fuel combustion, alternative fossil fuel burning and biomass fuel combustion. Indirect
emissions included that caused by outsourcing electricity or out sourcing cement clinker.
Direct emissions corresponded with process emission and energy emission, as proposed by
IPCC. According to parameter and data source, the calculation method could be divided into
raw meal method and clinker method, the later as the emphasis. There were several
differences between CSI and IPCC, deduction the content of calcium oxide and magnesia
from non-carbonate, correcting emission factor according to the measured content; taking the
dust non-complete calcination into account. Meanwhile, the clinker emission factor would be
determined according to the specific situation of the enterprise (WBCSD-CSI, WRI/WBCSD,
2004).

Tab. 2 CSI methods

Analysis method
Principle
parameter

Input methods Output methods
Simple input

method
Detailed input

method
Simple output

method
Detailed output

method
Raw meal
consumed

loss

Raw meal
consumed CO2

content

Clinker
produced

Default value

Clinker produced
CaO, MgO analysis

CO2 from organic
carbon

Partially included
separate analysis
for raw materials
with high TOC

content

Included as part of
CO2 content no

separate accounting
required

Default value
TOC analysis or
default value

CO2 from bypass
dust

Included complete
calcination
assumed, no
analysis

Residual CO2

content

Default value
of clinker
complete
calcination
assumed

CaO, MgO analysis
or default value of

clinker

CO2 from CKD LOI CO2 content
Default value
or analysis

Analysis or default
value

Additional raw
materials fed to
calciner or kiln

inlet

Not covered
CO2 content
accounted
separately

Included no
separate

accounting
required

Included no
separate accounting

required

3.3 The CO2 emission standard in China
The national 12th five-year plan put forward “establish and improve the statistics calculation
system of greenhouse gas emissions, gradually establish a CO2 trading market, promoting low
CO2 pilot and demonstration”. The national climate change program (2014-2020) pointed out
“until the year 2020, CO2 emission in cement industry should be basically stable as that at the
end of the 12th five-year level” and the CO2 emission database should be established quickly.
For cement industry, it is important not only to implement action goal of controlling GHG
emissions, speeding up the adjustment of industrial structure, promoting the progress of
science and technology, but also to strengthen the management on CO2 emissions, put
forward the calculation method, make evaluation criterion and evaluation method, etc.



According to the response to climate change and major requirements to reduce CO2 emission,
the calculation method of CO2 emission with cement production was drafted by China
Building Materials Academy (CBMA). This method based on IPCC guidelines and CSI
method, combing with the characteristics of China cement industry, dividing the cement
production into seven units (Lan wang.2011). In view of IPCC, CSI methods, focusing on the
raw materials in the calculation of CO2 emission, the relevant part of the standard was
introduced in this paper.

Tab. 3 CBMA methods
CO2 from raw materials

Source 1：CO2 from carbonate

scene1：Not using alternative materials

40
44

56
44

1  CCR mc

scene2：using alternative materials

 FL
R

R
cc

c
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Cc – CaO mass fraction，%；
Cm –MgO mass fraction，%；
Rc –CO2 mass fraction in raw meal，%；
Lc– Ignition loss of raw meal，%；
Fc–conversion factors of coal ash added in clinker；

Source 2：CO2 emission from the decomposition of part carbonate minerals in flue gas
dust of kiln exhaust stack (kiln head)

1000
1

2
URR e



Ue-in producing unit clinker, the dust amount in the flue gas of kiln exhaust stack
Source 3：CO2 emission from the decomposition of part carbonate minerals in bypass
dust

10003
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Qd – bypass dust amount in producing unit clinker，kg /tcl；
Be –CO2 emission factor of bypass dust, kg /tcl
Rb-ignition loss of bypass dust，%。

Source 4：CO2 emission from non-fuel carbon burning in raw meal

ZRrP aro 
12
44

0

Pro- CO2 emission from the combustion of non-fuel carbon in raw meal, t
ra – the ratio of raw meals and clinker output；



Ro- mass content of non-fuel carbon in raw meal,%,

4 Methods comparison
4.1 Calculation items
The IPCC methods focused on the corporate level emissions data, though putting forward the
national level calculation method, its calcination projects focused on clinker calcination
process, the emission of energy consumption was not included. IPCC methods provided the
general thought and guiding method for establishing the CO2 emission calculation method of
cement enterprise, however accurate emission factors needed to be modified according to
actual situation.
After two updates a comprehensive calculation of carbon dioxide was proposed by CSI, with
covering the whole cement production process. The emission was divided into direct emission
and indirect emission. Direct emission included CO2 from raw materials and fuel burning,
indirect emission referred to that from outsourcing power and outsourcing clinker from other
companies, and indirect emission could be used for evaluating the overall environmental
performance of the enterprise.
CBMA methods on the basis of the IPCC, CSI methods, combining with the cement industry
characteristics in our country and the future development trend, considering the direct
emission/indirect emission, put forward emission factors of each calculating item. The
characteristic was that fully considering the impact on emission caused by alternative
materials, alternative fuels, collaborative disposal of waste, outsourcing fine mixed material,
and determining carbon intensity of unit clinker and unit product. This method was a
powerful tool for calculating CO2 emission on factory level. The comparison of calculation
items with three calculation methods was list in table 4.

Tab. 4 Comparison of IPCC, CSI and CBMAmethods

emission IPCC CSI CBMA

CO2

from
raw

materials

Clinker calcination   

Dust calcination   

Organic carbon
burning

 

CO2

from
fuel

burning

Traditional fuel  

Fossil alternative fuel  

Biomass alternative
fuels

 

Fuel non-using in
kiln

 

CO2 from outsourcing
electricity

 

CO2 from outsourcing clinker  

CO2 from outsourcing fine
grinding admixture materials



4.2 Calculating parameters
IPCC released three kinds of calculation methods of CO2 emission in 2006 according
different research scales. Method 1 was a simple estimate in the case of lack of clinker



production statistics, using cement production data to infer, and according to the clinker into
exports, CO2 emissions factor are directly related to the simple estimation used in cement
production. Method 2 was to be calculated on the basis of clinker production data, using
national or default emission factors, considering the correction of kiln dust. Method 3 was
based on the enterprise data, such as the type, weight, composition, emission factor and
calcination proportion of carbonate feeding in raw meal, taking the kiln bypass dust and
non-fuel combustion emission into account. Method 1and 2 were applicable to calculate the
national CO2 emission and method 3 was used to calculate the enterprise emission.
WBCSD simple input method only needed four parameters, such as the calcination rate of
carbonate in kiln ash, ignition loss of kiln ash, ignition loss and correction factor of dust
collecting materials. The detailed input method needed the original proportion of carbonate in
kiln ash, the calcination rate of carbonate in kiln ash, carbonate content, organic carbon or
other fuel quantity of raw materials, organic carbon or non-fuel carbon in the raw material,
bypass dust content, the carbonate content in bypass dust ,correction factor. The simple
clinker method required clinker emission factor, the calcination rate of raw carbonate in kiln
ashes, organic carbon content in the raw material and the consumption ratio. The detailed
clinker method needed the CaO, MgO content in clinker, the original proportion of carbonate
in kiln ash, the calcination rate of raw carbonate in kiln ashes, raw meals consumption,
carbonate content and composition of raw meals, organic carbon and other non-fuel carbon
content in raw materials, etc.
The CBMA method was based on the actual production data to calculate emission on the
enterprise level, for the CO2 from raw material these parameters were needed, such as CaO,
MgO content in clinker, the kiln dust content, the ignition loss of raw meals, the carbonate
content of raw meals, the content of the bypass dust , carbonate content and ignition loss of
the bypass dust
The main difference between the IPCC, WBCSD/CSI, and the CBMA was the selection of
clinker emission factors. IPCC put forward three default values, 510 kgCO2/t clinker,
considering the revised dust emission factor of 520 kgCO2/t clinker, considering the
correction of MgO on the basis of dust correction of 525 kgCO2/t clinker; the default emission
factor recommended by WBCSD/CSI was consistent with the default values 525 kgCO2/t
clinker, the emission factor of CBMA method was determined based on the measured data,
considering emission from dust and organic carbon.
5 Enlightenment to our country
The CO2 emission with cement production could be calculated according to the purpose, data
availability and accuracy. To report enterprise emission of different statistical period,
microcosmic calculation method was needed, such as the IPCC method 3, WBCSD/CSI and
CBMA method. For calculating the national level carbon emissions, IPCC method 1 and
method 2 were adaptive. The measuring calculation methods complemented each other. At
present our country has not yet issued a national level unified calculation method, the
calculation method is only for cement production enterprise, and there are great difficulties
for calculating provinces or national emission. Scientific research institutions in our country
has begun to research CO2 emission inventory compilation in cement industry, establishing a
comprehensive system of carbon emission coefficient of the system is the top priority, the
IPCC, WBCSD/CSI and CBMA methods establish the calculation methods of macro level,



and provide references for scientific and comprehensive accounting of China cement
production .
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Abstract
By igniting the sample in air at (950 ± 25) °C, the influence of this oxidation on the loss on ignition is great. The
error resulting from the oxidation of metallic iron, bivalent iron or bivalent manganese is usually considered
negligible and only the correction for the extent of oxidation of any sulfides is applied. This paper expounds two
correction methods for the loss on ignition in slag cement. A method is through determining the increase in the
SO3 content during ignition. The SO3 content after ignition is through the determination of total sample after
ignition by the barium sulfate gravimetric method. Another method is through determining the decrease in the
sulfide sulfur content during ignition, the determination of sulfide sulfur content by iodometry.

Originality
The usual method is through the increase of the content of sulphur trioxide before and after ignition to correct
the loss on ignition in slag cement. This paper provides a specific determination procedure of the content of
sulphur trioxide in the burning base. This method adopts platinum crucible for determination of the loss on
ignition, and the samples after ignition all are used for determination of sulfur trioxide, instead of using the
burning base to indicate the content of sulphur trioxide, that avoid the improper operation and the inaccurate
results.
The second originality is by reducing sulfide content before and after ignition to correct ignition loss, different
from traditional method, and helps us through many aspects to realize the correction of the loss on ignition in
slag cement. This paper also provides a specific determination procedure of the content of sulfide.

Keywords: slag Portland cement;correction;sulfur trioxide;sulfide；iodometry
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1 General
The loss on ignition is determined in an oxidizing atmosphere. By igniting the sample in air at (950 ±
25)℃, the carbon dioxide and water are driven off and any oxidizable elements present are oxidized
to some extent. Oxidations have great influences on the loss on ignition in slag cement. By
determining the increase of the content of sulphur trioxide before and after ignition to correct the loss
on ignition in slag cement. For the determination of the content of sulphur trioxide after ignition
should all the sample is determined by barium sulfate weight method, the determination results are
expressed in the original sample. Some operators have used the inappropriate determination methods,
or calculated the content of sulphur trioxide with the burning base. Another correction method of the
loss on ignition in slag Portland cement is by determining the decrease of sulfide sulfur content before
and after ignition, the determination of sulfide sulfur content by iodometry.
2 One method is through the increase of the content of sulphur trioxide before and after
ignition to correct the loss on ignition in slag cement.
(1) Discussion on determination method of the loss on ignition in slag cement
Determination of the cement sample after ignition may have agglomerate, adhesion on the crucible,
and uneven. Determination of the loss on ignition do not use porcelain crucible. Determination of the
loss on ignition is the best use of platinum crucible. Weighing the caking sample by coulomb titration
or other methods are not suitable for determination of sulfur trioxide content. Determination method
should be chosen barium sulfate gravimetric method to determine the entire sample. The
determination results express in the original sample. Specific analysis steps are as follows:
Weigh, to ± 0, 0001 g, 1, 00 g of cement into a platinum crucible that has been previously ignited and
tared. Cover the pot cover, and leave a gap. Place the covered crucible in the electric furnace
controlled at (950 ± 25) °C for 15min~20 min. Allow the crucible to cool to room temperature in the
desiccator. Determine the constant mass without an examination constant. The sample after ignition
transfer to 200 ml beaker, crush the sample with the flattened end of a glass stirring rod until
decomposition is complete. With a little hot hydrochloric acid (1 + 5) wash pot, add about 40 ml
water, add 10 ml of hydrochloric acid (1 + 1), crush the sample with the flattened end of a glass
stirring rod until decomposition is complete. Allow the solution to digest for (5 ± 0.5 min) at a
temperature just below boiling. Filter the residue on a medium filter paper into a 400 ml beaker. Wash
with hot water 10~12 times, collect filtrate and lotion in 400 ml beaker. Adjust the volume to about
250 ml. Place a piece of quantitative filter paper at the bottom of the glass rod .Cover the watch glass
and heat to boil, While stirring vigorously, maintain the solution at boiling point and add drop by drop
10 ml of the barium chloride solution(100 g/L) heated to just below boiling for a few minutes to form
precipitation well, then allow the covered beaker to stand at room temperature for 12 h to 24 h before
filtration or stand at least 4 h in a warm place (arbitration analysis should let stand at room
temperature for 12 h to 24 h, ensuring that the volume is kept in about 200 ml.
Filter the precipitate on a fine filter paper, wipe the breaker with a glass rod of glue head and wash
with boiling water until free from chloride ions, tested by the silver nitrate test.
The move has been burning precipitation and filter paper at the same constant porcelain crucible,
ashing, completely in 800℃~950℃ high temperature furnace burning within 30 min, take out the
crucible, placed in a cool to room temperature in the desiccator, weighing.Burning repeatedly, until
constant mass.
(2) The correction calculation for the loss on ignition (w'LOI) in slag cement
Calculate the mass of oxygen added by oxidation of sulfides that occurs during the determination of
loss on ignition from the masses of sulfate, as SO3, before ignition and after ignition respectively（wi

and wf）, from Equation：w'LOI= wLOI+0.8×(wf-wi)
There: w'LOI is the corrected loss on ignition;

wLOI is the observed loss on ignition.
3 Another method is through determining the decrease of the sulfide content during ignition.
(1) methods abstract:
This method is through the determination of the decrease in the sulfide sulfur content during ignition
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to correct the increase of quality due to oxidation of sulfides usually present in such cement.
It gives essentially the same result as the correction based on the increase in SO3 content during
ignition.
(2) Determination
Weigh, to ± 0, 0001 g, 1, 00 g of cement into a platinum crucible that has been previously ignited and
tared. Place the covered crucible in the electric furnace controlled at (950 ± 25) °C, Allow the crucible
to cool to room temperature in the desiccator. Determine the constant mass without an examination
constant. The sample after ignition transfer to the 100 ml bottle carefully. Crush the sample with the
flattened end of a glass stirring rod. Determine the sulfide sulfur content (Sf) of the sample ignited,
and determine the sulfide sulfur content (Si) of the original cement sample by iodometry.
According to the actual determination of the loss on ignition and the change of sulfide sulfur content
before and after ignition, correct calculation:
The sulfide sulfur content is determined by iodometry: The cement is decomposed by hydrochloric
acid under reducing conditions. The sulfides are transformed into hydrogen sulfide, which is carried
over by a gaseous stream into an ammoniacal solution of zinc sulfate. The amount of precipitated zinc
sulfide is determined by iodometry.

1 - blowing air pump;

2 - rotameter;

3 - washing cylinder, 250 mL, 100 ml inside copper sulfate solution (50g/L);

4 - dropping funnel, 20 mL;

5 - reaction flask, 100 mL;

6 - electric furnace, 600 w, and 1 kva ~ 2 kva regulating transformer connected;

7 -- beaker, 400 ml, inside 20 mL ammonium zinc sulfate solution and 300 mL water.

Figure Typical apparatus for the determination of sulfide

The determination of sulfide sulfur analysis steps:
Place 20 mL of the ammoniacal zinc sulfate solution (100 g/L) and 300 mL water in a beaker.
According to the instrument installation drawing, insert glass airway into the beaker.
Weigh, to ± 0,000 1 g, 1, 00 g of cement. Place in a 100 ml stoppered round bottom flask with a
ground glass joint. Add about 2, 0 g of tin (II) chloride and 10 mL water. Gently shake to scatter the
sample completely, according to the instrument installation drawing connection parts immediately.
Release 20 ml hydrochloric acid (1 + 1) from the dropping funnel to the flask, quickly close the
pistons. Switch on the air pump and adjust the flow to about 100 ml/min to 150 ml/min (4 ~ 5 bubbles
per second). Heat the contents of the flask to boiling and boil for 4 min to 5 min. Cut off the heat, and
continue the passage of air for 4min~5min.
Close air pump. Disconnect the delivery tube and leave it in the solution for use as a stirrer. Add 10
mL gelatin solution (5g/L) and 5.00 mL potassium iodate (0.03 mol/L), add 40 ml hydrochloric acid
(1 + 1) under the full stirring. Titrate with sodium thiosulfate standard titration solution (0.03mol／L)
until pale yellow. Then add 2 ml of starch solution (10g/L) and titrate until the colour changes from



blue to colourless
Potassium iodate standard titration solution excessive 2 ml and 5 ml is appropriate.
4 Conclusions
With the increase of the content of sulfur trioxide and the decrease of the content of sulfide during
ignition, it can be accurate effectively correct the loss on ignition in slag cement. At the same time,
comparison of the two correction methods can help us further understand the process of sulfur
transformation between various valences. The results of the two correction methods are basically the
same. The operator can choose the method according to the actual situation.
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